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Landscape of Actinobacteria in biotechnology related topics. Image: Dirk Tischler.

Actinobacteria (Actinomycetes) represent one of the largest and most diverse phyla 
among Bacteria. The remarkable diversity is displayed by various lifestyles, distinct 
morphologies, a wide spectrum of physiological and metabolic activities, as well as 
genetics. Interestingly, most Actinobacteria have a high GC-content (ranging from 
51% to >70%) and belong to Gram-positive or Gram-variable type microbes. Many 
species are well known for large genomes which may be of linear style as in case 
of rhodococci or circular. Many of those harbor linear megaplasmids as a kind of 
genetic storage device. Frequently gene redundancy is reported and in most cases 
the evolutionary history or a functional role remains enigmatic.

Nevertheless these large genomes and megaplasmids provide access to a number of 
potential (homologous) biocatalysts which await elucidation. Actinobacteria are well 
known for their biotechnological potential which is exemplarily described for amino 
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acid producing Corynebacteria, secondary metabolite producing Streptomyces, 
pathogenic targets as Nocardia and Mycobacteria, carotenoid building Micrococcus 
strains, acid fermenting Propionibacteria, health and food related Bifidobacterium 
strains, rubber degrading Gordonia species, and organic pollutant degrading 
rhodococci among others.

In many cases individual pathways or enzymes can be modified or recombinantly 
employed for biocatalysis. Even some genetic tools to work directly in those microbes 
have been successfully used as for example in Corynebacterium or in Rhodococcus 
species. During the last decade more and more genomes have been sequenced and 
made available for data mining and become accessible by state of the art genomic 
manipulation methods as minimal genomes, knock-out or artificial evolution.

With respect to this large and ancient phylum many questions can be asked either from 
a scientific or industrial point of view. In order to provide some crystallization points we 
like to raise some examples as follows. How small can be an actinobacterial genome? 
What is the driving force to comprise large and repetitive genomes/megaplasmids? 
What is needed to generate an actinobacterial power house for industry? Can we 
annotate novel biocatalysts from scratch and improve functional annotation? What 
are common and different features with respect to other bacteria and/or fungi? How 
many novel antibiotics are hidden among Actinobacteria? Is there more potential 
among extremophile members or are they only specialized?

Here especially the production of natural compounds is of high interest.
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Editorial on the Research Topic

Actinobacteria, a Source of Biocatalytic Tools

ACTINOBACTERIA: ANCIENT PHYLUM WITH LARGE

BIOTECHNOLOGICAL POTENTIAL STILL TO BE UNCOVERED

Actinobacteria (Actinomycetes) represent one of the largest and most diverse phyla among the
Bacteria. The characteristics and phylogeny of actinobacteria have been well-described throughout
the years (Anteneh and Franco; Embley et al., 1994; Stackebrandt et al., 1997a,b; Stach and Bull,
2005; Stackebrandt and Schumann, 2006; Ventura et al., 2007; Gao and Gupta, 2012; Goodfellow,
2012a,b; Schrempf, 2013; Lawson, 2018; Lewin et al., 2016). Still actinobacteria are hotspots for
discovery of new biomolecules and enzyme activities, fueling an active field of research. The
remarkable diversity is displayed by various lifestyles, distinct morphologies, a wide spectrum of
physiological and metabolic activities, as well as genetics.

Most actinobacteria have a high GC-content (ranging from 51% to over 70%) and belong to
Gram-positive or Gram-variable type microbes (Stackebrandt and Schumann, 2006; Ventura et al.,
2007; Lawson, 2018). Many species are well-known for their large genomes, which may be of linear
style, as in case of rhodococci, or circular (Ventura et al., 2007; Sen et al., 2014; Lewin et al.,
2016). Many also harbor linear megaplasmids as a kind of genetic storage device (König et al.,
2004; Medema et al., 2010; Wagenknecht et al., 2010; Bottacini et al., 2015). These plasmids often
encode special metabolic features such as secondary metabolite synthetic machineries or alternative
degradation pathways. However, a number of representatives comprise smaller genomes such as
some Bifidobacteria, Corynebacteria, Mycobacteria, and Propionibacteria species (Ventura et al.,
2007; Lewin et al., 2016). Interestingly, smaller genomes are often encountered in pathogens or in
those, which live in ecological niches. The smallest actinobacterial genomes can be found among
Tropheryma, which is known as the Whipple’s disease microbe (Bentley et al., 2003; Raoult et al.,
2003). Gene redundancy or genes encoding for closely related enzymes are frequently reported and
in most cases the evolutionary history or a functional role remains enigmatic (McLeod et al., 2006;
Tischler et al., 2009, 2010, 2013; Roberts et al., 2011; Riebel et al., 2012; Gröning et al., 2014; Riedel
et al., 2015a,b; Nguyen et al., 2017; Chen et al., 2018; Gran-Scheuch et al.). In this context horizontal
gene transfer was found to play a major role in the genome fluidity of actinobacteria (Ventura et al.,
2007). However, this seems not to be true for all actinobacteria or limited to some features such as
secondary metabolism as discussed for Streptomyces and Rhodococcus, respectively (McLeod et al.,
2006; Lewin et al., 2016).
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The large actinobacterial genomes and megaplasmids
provide access to an impressive number of potential biocatalysts
and pathways (Lewin et al., 2016). A few examples of novel
biocatalysts linked to gene redundancy are cited above, but
still more truly novel enzymes or pathways await elucidation.
Actinobacteria are well-known for their biotechnological
potential which is exemplarily described for amino acid
producing Corynebacteria (Poetsch et al., 2011; Goldbeck
et al.; Pérez-García et al.), secondary metabolite producing
Streptomyces (Niu et al., 2016; Senges et al., 2018), pathogenic
targets as Nocardia and Mycobacteria (Cosma et al., 2003;
Wilson, 2012), carotenoid building Micrococcus strains
(Rostami et al., 2016), acid fermenting Propionibacteria
(Rabah et al., 2017), health and food related Bifidobacterium
strains (Lawson, 2018), rubber degrading Gordonia species
(Linos et al., 1999; Heine et al., 2018), and organic pollutant
degrading rhodococci (McLeod et al., 2006; Kim et al., 2018)
among others.

In many cases individual pathways can be exploited for
the production of valuable products, or enzymes can be
recombinantly produced and exploited for biocatalysis. Even
some genetic tools to work directly in actinobacteria have
been successfully used as for example in Corynebacterium
(Nešvera and Pátek, 2011). Recently some additional systems
have been established to create e.g., Kocuria and Rhodococcus
hosts (Montersino et al.; Toda and Itoh). The first system
allowed actually to express genes of various origins in Kocuria,
whereas the Rhodococcus system was used for identification
of the natural phospholipid ligand of a monooxygenase.
During the last decade more and more genomes have been
sequenced and made available for data mining and become
accessible by state-of-the-art genomic manipulation methods.
Novel pathways and enzymes are frequently described from
actinobacteria as a result of the progress in various omics
approaches and high-throughput methods. Except for novel
pathways or enzymes, genome analyses have revealed that
actinobacteria also employ rather unique cofactors, such as the
F420 cofactor (Selengut and Haft, 2010; Greening et al., 2016;
Nguyen et al., 2017; Ney et al.). With respect to biocatalysis
and derived applications a number of recent studies can be
mentioned. These comprise whole-cell systems (Oelschlägel
et al., 2015; Okamoto et al., 2017; de Carvalho, 2017; Goldbeck
et al.; Yin et al.) enzymatic cascades (Kara et al., 2015;
Ni et al., 2016; Zimmerling et al., 2017), structure-function
relationships (Riebel et al., 2012; Montersino et al., 2013;
Riedel et al., 2015a,b; Sucharitakul et al., 2016; Scholtissek
et al., 2017; Scholtissek et al.) as well as mechanistic insights
(Greening et al.; Ney et al.; Westphal et al.).

Secondary metabolite production is of industrial interest and
here especially Streptomyces has to be mentioned which provides
access to antibiotics as well as siderophores (Medema et al.,
2010; Čihák et al.; Botas et al.; López-García et al.; Senges et al.,
2018; Suárez Moreno et al.). Secondary metabolite production is

frequently investigated either on a regulatory level (Botas et al.)
or via metabolomics (Senges et al., 2018) and of course within
biotechnological studies. It was found that the lifestyle and the
development stage seem to be crucial for secondary metabolism.
Spore formation among Streptomyces is such a specialized
development stage and of importance for cell regulatory
processes, but also with respect to applications (Bobek et al.).
Further, some regulatory elements are solely present among
actinobacteria and need to be functionally tested (Koepff et al.;
López-García et al.; Šetinová et al.). Growth limiting conditions
(Fe-, N-, S-limitations or presence of toxic compounds/elements)
are often used to overproduce target compounds and among
those the secondary metabolites siderophores (Retamal-Morales
et al., 2017, 2018b; Senges et al., 2018) and biosurfactants
(Kügler et al., 2015; Retamal-Morales et al., 2018a) can
be mentioned.

Actinobacteria also harbor extremophile branches, which
become more and more attractive for biotechnological
investigations (Shivlata and Satyanarayana, 2015). Examples
include antimicrobial compound producers as many
Streptomyces spp. (Radhakrishnan et al., 2007; Xue et al.,
2013), siderophore producing strains as Thermobifida fusca
(Dimise et al., 2008) and Thermocrispum agreste (Heine et al.,
2017), andmany rhizosphere specialists with various interactions
toward plants, fungi and/or other bacteria (Palaniyandi et al.,
2013). Besides the above described actinobacteria mainly
derived from soil, also other habitats and ecological niches are
explored and successfully conquered by various actinobacteria.
Among those interesting resources for biotechnology are present
(Shivlata and Satyanarayana, 2015).

In conclusion, it becomes obvious that the large and diverse
group of actinobacteria is of interest from different perspectives
such as general microbiology, ecology, phylogeny, biochemistry,
and regulation, environmental concerns, pathogenicity as well
as biotechnology. Still there are new members being discovered
that belong to this phylum or reclassifications occur according
to new findings with respect to morphology and phylogeny.
The increasing amount of data from various omics fields allows
us to uncover more and more properties which can be of use
for various (biotechnological) purposes. We believe that the
potential of actinobacteria for biotechnology was only touched
lightly thus far: there is more to be uncovered!
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Mycobacterial F420H2-Dependent
Reductases Promiscuously Reduce
Diverse Compounds through a
Common Mechanism
Chris Greening1,2*†, Thanavit Jirapanjawat1,2,3†, Shahana Afroze1,3†, Blair Ney1,2,3,
Colin Scott1, Gunjan Pandey1, Brendon M. Lee1,3, Robyn J. Russell1, Colin J. Jackson3,
John G. Oakeshott1, Matthew C. Taylor1 and Andrew C. Warden1*

1 Land and Water Flagship, The Commonwealth Scientific and Industrial Research Organisation, Acton, ACT, Australia,
2 School of Biological Sciences, Monash University, Clayton, VIC, Australia, 3 Research School of Chemistry, Australian
National University, Acton, ACT, Australia

An unusual aspect of actinobacterial metabolism is the use of the redox cofactor F420.
Studies have shown that actinobacterial F420H2-dependent reductases promiscuously
hydrogenate diverse organic compounds in biodegradative and biosynthetic processes.
These enzymes therefore represent promising candidates for next-generation industrial
biocatalysts. In this work, we undertook the first broad survey of these enzymes as
potential industrial biocatalysts by exploring the extent, as well as mechanistic and
structural bases, of their substrate promiscuity. We expressed and purified 11 enzymes
from seven subgroups of the flavin/deazaflavin oxidoreductase (FDOR) superfamily
(A1, A2, A3, B1, B2, B3, B4) from the model soil actinobacterium Mycobacterium
smegmatis. These enzymes reduced compounds from six chemical classes, including
fundamental monocycles such as a cyclohexenone, a dihydropyran, and pyrones, as
well as more complex quinone, coumarin, and arylmethane compounds. Substrate
range and reduction rates varied between the enzymes, with the A1, A3, and B1 groups
exhibiting greatest promiscuity. Molecular docking studies suggested that structurally
diverse compounds are accommodated in the large substrate-binding pocket of the
most promiscuous FDOR through hydrophobic interactions with conserved aromatic
residues and the isoalloxazine headgroup of F420H2. Liquid chromatography-mass
spectrometry (LC/MS) and gas chromatography-mass spectrometry (GC/MS) analysis
of derivatized reaction products showed reduction occurred through a common
mechanism involving hydride transfer from F420H− to the electron-deficient alkene
groups of substrates. Reduction occurs when the hydride donor (C5 of F420H−) is
proximal to the acceptor (electrophilic alkene of the substrate). These findings suggest
that engineered actinobacterial F420H2-dependent reductases are promising novel
biocatalysts for the facile transformation of a wide range of α,β-unsaturated compounds.
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INTRODUCTION

Industrial biocatalysts are making a substantial impact in
the selective synthesis of pharmaceuticals and other specialist
chemicals (Nestl et al., 2011; Clouthier and Pelletier, 2012).
Enzymes that mediate selective alkene reduction are in particular
demand (Stuermer et al., 2007). The most widely investigated
of these enzymes are the “old yellow enzyme” family of
NAD(P)H-dependent flavoproteins. These often-promiscuous
enzymes have been shown to catalyze hydride addition to
activated alkene groups of diverse substrates of both natural (e.g.,
quinones) and synthetic (e.g., cyclohexenones) origin (Williams
and Bruce, 2002; Stuermer et al., 2007; Amato and Stewart,
2015). Their catalytic cycle proceeds by hydride transfer from
bound FMNH2 to the substrate, protonation of the reduced
substrate by a conserved tyrosine, and reduction of the cofactor
by the external hydride donor NAD(P)H (Fox and Karplus,
1994). Such enzymes are in development as in vitro biocatalysts
and are critical in several industrial fermentation processes
(e.g., levodione synthesis; Stuermer et al., 2007; Amato and
Stewart, 2015). Despite these successes, there is still demand for
the discovery of novel reductive biocatalysts to provide more
flexible platforms for development of specific in vitro and in vivo
syntheses.

Actinobacteria represent a particularly promising source
of novel biocatalysts. This phylum includes genera reputed
for their biodegradative capacity, notably Mycobacterium and
Rhodococcus, as well as Streptomyces strains that are vital sources
of natural products (Barka et al., 2016). One reason these
organisms are so metabolically versatile is that they synthesize
the unusual redox cofactor F420 (Greening et al., 2016; Ney et al.,
2017). The low standard redox potential (E◦′ = −340 mV) and
obligate two-electron chemistry of F420H2 means that it can
reduce compounds otherwise recalcitrant to activation (Walsh,
1986; Greening et al., 2016). Actinobacteria reduce F420 using
either the F420-dependent glucose-6-phosphate dehydrogenase
(Fgd) (Bashiri et al., 2008; Nguyen et al., 2017) or the F420-NADP
oxidoreductase (Fno) (Eker et al., 1989; Ebert et al., 1999).
They subsequently couple the reoxidation of F420H2 to the
hydrogenation of diverse organic compounds. This depends
on a suite of F420H2-dependent reductases from two different
superfamilies, the luciferase-like hydride transferases (LLHT
superfamily; Ebert et al., 1999; Heiss et al., 2003; Ikeno et al., 2006)
and the flavin/deazaflavin oxidoreductases (FDOR superfamily;
Taylor et al., 2010; Gurumurthy et al., 2013; Ahmed et al.,
2015; Greening et al., 2016). The enzymatic activities and
industrial potential of these enzymes have remained largely
unexplored.

F420H2-dependent reductases of the FDOR superfamily have
been advocated as particularly promising reductive biocatalysts
(Ahmed et al., 2015; Greening et al., 2016). These reductases
are abundant in mycobacteria and other Actinobacteria, where
they have diverged into at least 14 distinct subgroups (A1–
A3, B1–B6, AA1–AA5; Ahmed et al., 2015). While several
native functions have been proposed, e.g., menaquinone and
biliverdin reduction (Gurumurthy et al., 2013; Ahmed et al., 2015,
2016), the enzymes also mediate promiscuous activities, such as

nitroimidazole prodrug activation (Cellitti et al., 2012; Mohamed
et al., 2016a,b), biodegradation of furanocoumarins (Taylor et al.,
2010; Lapalikar et al., 2012b; Jirapanjawat et al., 2016), and
decolorization of triarylmethane dyes (Guerra-Lopez et al., 2007;
Jirapanjawat et al., 2016). The findings that these enzymes can
reduce such structurally and chemically diverse compounds
suggests that they may also have the latent capacity to act
upon industrially relevant non-natural chemicals. Mechanistic
studies focused on mycobacteria indicate that these enzymes
adopt a distinct mechanism from old yellow enzymes that may be
relevant for selective synthesis (Greening et al., 2016; Mohamed
et al., 2016b). For example, the reduced cofactor is thought to
bind the enzyme from the solvent phase and directly mediate
hydride addition to the substrate (Mohamed et al., 2016a,b); The
cofactor can then be re-reduced in vitro and in vivo by Fgd
(Purwantini and Daniels, 1996; Bashiri et al., 2008). In addition,
the proton donor for reduced substrates is a solvent-accessible
hydroxonium ion rather than a tyrosine residue (Mohamed et al.,
2016b).

In this study, we explored the substrate promiscuity across
multiple subgroups of the F420H2-dependent FDORs to
determine their potential value as next-generation biocatalysts.
To do this, we tested 11 of these enzymes from the model
laboratory organism Mycobacterium smegmatis against 47
different substrates, ranging from synthetic building blocks to
more complex polycyclic compounds. This revealed that, in
common with old yellow enzymes, several of these enzymes can
promiscuously reduce diverse cyclic and polycyclic compounds
harboring activated alkene groups. Subsequent structural
modeling and mechanistic studies suggested that these enzymes
reduced these diverse substrates through a common mechanism:
regioselective hydride transfer from F420H− to the proximal
electrophilic alkene group. The considerable promiscuity of these
enzymes suggests they are promising candidate biocatalysts, but
engineering will be required to optimize their rates in industrial
processes.

MATERIALS AND METHODS

Recombinant Protein Expression and
Purification
Eleven F420H2-dependent reductases of the FDOR superfamily
(MSMEG loci 5998, 2850, 2027, 5030, 6325, 3380, 0048,
6848, 6526, 5170, 3880; Supplementary Table S1) and the
F420-reducing glucose-6-phosphate dehydrogenase (Fgd)
were recombinantly overexpressed in E. coli BL21(DE3).
MSMEG_6325, MSMEG_6526, MSMEG_3880 and fgd were
expressed overnight in modified auto-induction TB2.0 media
at 28◦C (200 rpm) as previously described (Taylor et al.,
2010; Lapalikar et al., 2012b). For the remaining proteins,
cells were grown in lysogeny broth (LB) at 37◦C (200 rpm)
and induced at OD600 0.6 with 0.2% L-arabinose for 2 h.
Cells were harvested by centrifugation (10,000 × g, 20 min,
4◦C), resuspended in lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, 10 mM imidazole, pH 8.0), and lysed in a EmulsiFlex-
C3 homogenizer (ATA Scientific, Australia). The enzymes
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were purified from soluble extracts by Ni-nitrilotriacetic acid
(NTA) affinity chromatography using gravity columns as
previously described (Taylor et al., 2010; Ahmed et al., 2015)
and stored in elution buffer (50 mM NaH2PO4 300 mM NaCl,
250 mM imidazole, pH 8.0) until use in enzymatic assays.
The high purity of the proteins was confirmed by running the
fractions on NuPAGE Novex 10% Bis-Tris gels (Invitrogen,
Australia) at 200 V and staining with Coomassie Brilliant
Blue. Protein concentration was determined by measuring
absorbance at 280 nm using a NanoDrop ND1000 (NanoDrop
Technologies) and calculating concentration with the Beer–
Lambert equation. Molar absorption coefficients were calculated
for each protein based on amino acid sequences (Supplementary
Table S1). F420 was extracted, purified, and concentrated from
a recombinant F420 overexpression strain of M. smegmatis
mc24517 (Bashiri et al., 2010) as previously described (Isabelle
et al., 2002).

Enzyme Activity Assays
Forty-seven different compounds were sourced from Sigma-
Aldrich and dissolved into 1 M working stocks in dimethyl
sulfoxide, except hypoxanthine and guanine that were dissolved
in 1 M NaOH solution. The structures of the compounds
tested are shown in Supplementary Tables S2, S3. Enzymatic
assays were performed by spectroscopically monitoring the
reoxidation of pre-reduced F420H2 in the presence of FDOR
and substrate. F420 was enzymatically reduced to F420H2 by
overnight incubation with 1 µM Fgd and 12 mM glucose
6-phosphate as described (Ahmed et al., 2015). The enzyme was
subsequently repurified as described (Ahmed et al., 2015). All
reaction mixtures contained degassed Tris buffer [200 mM Tris,
0.1% (w/v) Triton X-100, pH 8.0] sequentially supplemented
with 50 µM substrate, 25 µM F420H2, and 1 µM of the FDOR.
Enzyme concentration was decreased to 10 nM for substrates
observed to be rapidly reduced, i.e., quinone compounds.
Reaction rates were monitored by recording the initial linear
increase in 420 nm absorbance using an Epoch 2 Microplate
Spectrophotometer (BioTek). All assays were performed at
room temperature (approximately 25◦C). We only detected
significant levels of enzyme-independent, substrate-dependent
F420H2 reoxidation for quinone and arylmethane substrates,
at rates that we previously reported (Jirapanjawat et al., 2016).
We observed no enzyme-dependent, substrate-independent
or spontaneous F420H2 reoxidation in the timeframe of our
assays. Specific activities were calculated after subtracting
rates of enzyme-independent F420H2 reoxidation and were
expressed in nmol s−1 µmol−1 enzyme as previously described
(Taylor et al., 2010). The rate of reduction of three of these
compounds, namely 1,4-naphthoquinone, 3-cyanocoumarin,
and 5,6-dihydro-2H-pyran-2-one, was also measured in
cofactor-recycling assays. Assays used 100 µM substrate,
0.1 µM enzyme, 10 µM F420, 2.5 mM glucose-6-phosphate,
and 0.45 µM Fgd. Time course high performance liquid
chromatography (HPLC) assays, performed according to
published methodologies (Lapalikar et al., 2012b), measured
loss of absorbance (at λmax) of the substrates at regular time
intervals.

Molecular Docking
Substrates were docked into the previously solved X-ray crystal
structures of MSMEG_2027 (1.5 Å resolution; PDB: 4Y9I; Ahmed
et al., 2015) and MSMEG_6526 (1.7 Å resolution; PDB: 4KZY;
Ahmed et al., 2015). F420 was docked into the cofactor-binding
pockets based on the cofactor-bound structures of Rv3547 (PDB:
3R5R; Cellitti et al., 2012) and Rv2074 (PDB: 5JAB; Ahmed et al.,
2016) respectively. AutoDock Vina was used to computationally
dock the substrates into their corresponding enzymes, with
enzymes and ligands prepared using AutoDockTools operating
with default settings (Morris et al., 2009). The docking results
were visualized and analyzed in UCSF Chimera (Pettersen et al.,
2004).

Substrate Reduction and Derivatization
The chemical standards and reaction products of menadione,
3-cyanocoumarin, and 2-cyclohexen-1-one were detected
by mass spectrometry. These compounds were reduced by
incubating them with the promiscuous F420H2-dependent
reductase MSMEG_2027 for 2 h at 37◦C. The assay mixture
comprised 100 µM substrate, 10 µM F420, 1 µM Fgd, 1 µM
MSMEG_2027, and excess G-6-P in either 20 mM Tris buffer,
pH 8.0 (for menadione and 2-cyclohexen-1-one) or 50 mM
ammonium acetate buffer, pH 7.5 (for 3-cyanocoumarin). For
menadione, the standard and reaction products were derivatized
with methoxyamine. Specifically, the standard and products
were dried by rotary evaporation, resuspended in 20 µl pyridine
containing 20 mg mL−1 methoxyamine hydrochloride, and
incubated at 37◦C for 1.5 h. To this solution, 20 µl of N-methyl-
N-(trimethylsilyl)trifluoroacetamide (MSTFA) was added and
the solution was incubated at 37◦C for 1 h. For cyclohexenone,
the standard and reaction products were derivatized by spiking
the solution with 1 mM 2,4-dinitrophenylhydrazine and
incubating the solution at 30◦C for 2 h.

LC/MS and GC/MS
The standard and reaction products of 3-cyanocoumarin were
measured on an Agilent 6100 Series Single Quadrupole liquid
chromatography-mass spectrometry (LC/MS) with diode array
detector. Samples were separated on an Agilent Poroshell 120
EC-C18 column (2.7 µm, 2.1 × 100 mm). A gradient of two
buffers, buffer A (0.1% formic acid in H2O) and buffer B
(0.1% formic acid in acetonitrile), was applied as follows: 0–
0.5 min, held at 10% B; 0.5–6.5 min, 10–60% B; 6.5–7 min, held
at 90% B. A positive mode electron ionisation (EI) scan was
undertaken, and in these conditions the molecular ion could not
be detected as the loss of the cyano (CN) group was universal.
The derivatized cyclohexenone standard and reactions products
were determined on an Agilent 1290 Infinity/6550 quadrupole
time-of-flight (Q-TOF) LC/MS system equipped with an Agilent
Poroshell 120 EC-C18 2.1 × 50 mm 2.7 µm column. A gradient
comprising two buffers, buffer A (20 mM ammonium acetate,
pH 7.0) and buffer B (100% acetonitrile), was applied as follows:
0–1 min, held at 10% B; 1–10 min, 10–90% B. Positive mode
electrospray ionisation (ESI) was utilized, and a scan from 50 to
300 m/z was conducted. The menadione standard, its reaction
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FIGURE 1 | Substrate range of the F420H2-dependent reductases. The results show the specific activities of five FDOR-A and six FDOR-B enzymes with 16 organic
compounds. Specific activities are shown with (A) quinones, (B) coumarins, and (C) pyrones, pyrans, cyclohexenones, and triarylmethanes. Error bars show
standard deviations from three independent replicates. The reactivity of six of the enzymes with quinone and triarylmethane compounds was previously reported
(Jirapanjawat et al., 2016). The structures of the substrates are shown in Supplementary Table S2. The 32 compounds tested that were not compatible with the
FDORs are listed in Supplementary Table S3.

product, and their methoxime derivatives were detected on an
Agilent 7010 gas chromatography-mass spectrometry (GC/MS)
triple quadrupole system. Samples were separated on an Agilent
19091S 30 m × 250 µm × 0.25 µm HP-5 ms column over a
gradient of 60–320◦C at a rate of 7◦C min−1, and a positive EI
scan at 70 eV was conducted.

RESULTS

F420H2-Dependent Reductases Reduce
Structurally Diverse Cyclic and
Polycyclic Compounds
Eleven F420H2-dependent FDORs from M. smegmatis were
expressed recombinantly and purified (Supplementary Table S1).
We purified enzymes spanning multiple phylogenetically

distinct subgroups, namely three enzymes each from the well-
described FDOR-A1 and FDOR-B1 subgroups (Taylor et al.,
2010; Lapalikar et al., 2012b; Ahmed et al., 2015), as well as
representatives from five other subgroups (A2, A3, B1, B2, B3,
B4; Ahmed et al., 2015). On the basis of previously reported data
(Lapalikar et al., 2012b; Gurumurthy et al., 2013; Jirapanjawat
et al., 2016), we determined the specific activities of the purified
enzymes with 47 organic compounds following addition of the
pre-reduced cofactor F420H2 (Supplementary Tables S2, S3). Of
these, 16 compounds were enzymatically transformed. These
compounds included fundamental monocyclic compounds, such
as 3,4-dihydro-2H-pyran, 2-cyclohexen-1-one, and 5,6-dihydro-
2H-pyran-2-one, as well as aromatic bicyclic and tricyclic
compounds from the quinone, coumarin, and arylmethane
chemical classes (Supplementary Table S2). Specific activities
for the 16 substrates ranged from very low if reproducible
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for some compounds (e.g., <1 nmol s−1 µmol enzyme−1

for the pyran compound) to high for the quinones
(e.g., >104 nmol s−1 µmol enzyme−1 for 1,2-naphthoquinone)
(Figure 1). Enzymes purified from the A1, A3, and B1 classes
had the broadest and highest activities, with MSMEG_2027
(A1) proving catalytically compatible with all but two of the 16
substrates, whereas enzymes from the A2, B2, B3, and B4 classes
had low activities with all non-quinone substrates.

Comparisons across the compounds tested for activity suggest
that the presence of an electrophilic alkene is necessary
for reduction to occur and implicates this group as the
hydride acceptor. For example, activity was observed with
pyrones that were α-substituted (e.g., 5,6-dihydro-2H-pyran-
2-one; Figure 1C) but not γ-substituted (e.g., chelidonic
acid; Supplementary Table S3). This is also supported by the
finding that, whereas malachite green and crystal violet can be
reduced, azure B cannot; while all three compounds contain
triphenyl and N,N-dimethyliminium moieties, azure B lacks the
central delocalized alkene group (Supplementary Tables S2, S3).
Consistent with the proposal that the activated alkene is the
hydride acceptor of F420H2-dependent reductases, enzymatic
activity with coumarin derivatives was modulated by the nature
of aromatic directing groups at the C3 position (Figure 1);
moderate activities were observed with electron-withdrawing
cyano and chloro groups, very low activities with an electron-
donating amino group, and no activity with 3-hydroxycoumarin
(Figure 1B). This suggests that electron-withdrawing groups
render these compounds susceptible to nucleophilic attack by
removing electron density from the π system. It is possible that
differential interactions of these substrates with the substrate-
binding pockets also contribute to the differences in the rates of
reduction both between substrates and between enzymes.

For three of the compounds, we also measured specific
activities with another independent assay that measured substrate
reduction by HPLC in a cofactor-recycling system containing
the Fgd (Supplementary Figure S1). While the relative activities
between enzymes were comparable, initial reduction rates were
generally higher in the cofactor-recycling systems and resulted in
substrate conversions exceeding 90%.

F420H2-Dependent Reductases
Selectively Reduce Electrophilic Alkene
Groups
We subsequently sought to understand the structural basis
of how FDORs could reduce such diverse substrates. To do
this, we used automated substrate docking to compare the
binding of representative substrates to the high-resolution crystal
structures of the highly promiscuous MSMEG_2720 (Ahmed
et al., 2015) (A1) and the more specific MSMEG_6526 (Ahmed
et al., 2015) (B2) enzyme. Compounds representing four major
substrate classes were tested, namely menadione (quinone
class), 3-cyanocoumarin (coumarin class), 2-cyclohexen-1-one
(monocyclic compounds), and malachite green (arylmethane
class). Consistent with the results of the activity assays
(Figure 1), all substrates were predicted to be structurally
compatible with MSMEG_2027, whereas only menadione

and malachite green were predicted to specifically bind
MSMEG_6526 (Supplementary Figure S2 and Table S4).

In the MSMEG_2027 models, substrates are accommodated
in the large substrate-binding pocket adjacent to the cofactor-
binding site (Figure 2). All four substrates are predicted
to make extensive hydrophobic interactions with aromatic
residues in the active site, including a triad of tyrosine
residues (Tyr120, Tyr123, Tyr126) that have previously been
shown to facilitate hydrophobic shielding during nitroimidazole
activation (Mohamed et al., 2016b). There was also evidence
of hydrophobic interactions between substrate and cofactor,
including different degrees of π-stacking interactions with the
isoalloxazine ring (Figure 2). Few polar interactions were
predicted, except hydrogen bonds between the cyano group of 3-
cyanocoumarin and the carbonyl oxygen of 2-cyclohexen-1-one
with the hydroxyl group of Tyr123. The orientation of the
substrates is likely to be realistic. For example, the binding
poise of menadione suggests that menaquinone (the proposed
physiological substrate of FDOR-A1 enzymes (Gurumurthy et al.,
2013; Ahmed et al., 2015), which comprises a menadione
headgroup and a polyisoprene tail) can be accommodated
in the active site, given the polyisoprene tail at the C2
position is predicted to be oriented away from the active
site.

The docking results indicate that hydride transfer can occur
directly between cofactor and substrate within the hydrophobic
environment of the MSMEG_2027 active site. Menadione, 3-
cyanocoumarin, and 2-cyclohexen-1-one are predicted to be
oriented such that their activated alkene groups are within 5 Å
of the nucleophilic C5 center of F420H− (Figures 2A–C). This
suggests that, in line with the activity assays (Figure 1) and
previously proposed mechanisms (Taylor et al., 2010; Lapalikar
et al., 2012b; Ahmed et al., 2015; Mohamed et al., 2016b),
catalysis will occur through nucleophilic attack of the C5 hydride
to the electrophilic alkene. In the case of malachite green, the
alkene moiety (C1 position) of the substrate is 4.2 Å away
from C5 of the cofactor, whereas the N,N-dimethylamine and
N,N-dimethyliminium moieties point toward the solvent phase
(Figure 2D). Binding modes in which the N,N-dimethyliminium
moiety was proximal to the cofactor caused steric occlusion.
This again suggests that the alkene rather than imine moiety
serves as the initial site of hydride transfer from F420H−. In
comparison, docking with the less promiscuous MSMEG_6526
enzyme suggested that menadione and malachite green are
only accommodated at orientations where the distance between
the hydride donor and acceptor exceeds 7 Å, which will
be suboptimal for catalysis (Supplementary Table S4). This
reflects that MSMEG_6526 has a smaller binding pocket than
MSMEG_2027 due to its larger flanking loops (Ahmed et al.,
2015).

F420H2-Dependent Reductases Mediate
Substrate Reduction by Direct Hydride
Transfer
We determined the mechanistic basis of substrate promiscuity
among the F420H2-dependent reductases. To do so, we used
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FIGURE 2 | Structural basis of substrate activation by F420H2-dependent reductases. The secondary structure and surface rendering of the cofactor- and
substrate-binding site of MSMEG_2027 are shown based on the 1.5 Å resolution crystal structure (PDB: 4Y9I) (Ahmed et al., 2015) of the enzyme. The structures
are computationally docked with (A) menadione, (B) 3-cyanocoumarin, (C) 2-cyclohexen-1-one, and (D) malachite green. The distance between the proposed
hydride donor (C5 of F420H−) and hydride acceptor (electrophilic carbon of the substrate) are shown. Residues within 5 Å of the substrate are shown. Docking
results with the more specific F420H2-dependent reductase MSMEG_6526 are shown in Supplementary Figure S2 and are compared with MSMEG_2027 in
Supplementary Table S4.

mass spectrometry to determine the products formed by the
reduction of three representative substrates. LC/MS and GC/MS
studies demonstrated that, following incubation of menadione,
3-cyanocoumarin, and 2-cyclohexen-1-one with MSMEG_2027,
each substrate peak increased by 2 m/z (Figure 3). This
suggests that this enzyme catalyses the reduction of menadione
(172 Da) to either menadiol or 2,3-dihydromenadione (both
174 Da) (Supplementary Figure S3), 3-cyanocoumarin (171 Da)
to 3-cyanochroman-2-one (173 Da) (Figures 3C,D), and
2-cyclohexen-1-one (96 Da) to either 2-cyclohexen-1-ol or
cyclohexanone (both 98 Da) (Figures 3E,F). This is consistent
with previous observations that F420H2-dependent reductases
mediate hydride transfer and subsequent protonation of their
substrates (Taylor et al., 2010; Lapalikar et al., 2012b; Ahmed
et al., 2015; Jirapanjawat et al., 2016; Mohamed et al., 2016b).
In previous LC/MS studies, we demonstrated that malachite
green (329 Da) was transformed by MSMEG_2027 to produce
a decolorized product likely to be the protonated form of
leucomalachite green (331 Da) (Jirapanjawat et al., 2016).

While these findings suggest F420H2-dependent reductases
mediate hydride transfer from F420H2 to substrate, they do not

resolve whether the site of attack is the alkene or carbonyl
groups of the compounds. To resolve this, we derivatized
the standard and reaction products of menadione with
methoxyamine hydrochloride (carbonyl-specific) and MSTFA
(alcohol-specific). GC/MS analysis of the reaction products
revealed that reduction of menadione occurred exclusively via
the alkene group (Figures 3A,B). Single and double methoxime
derivatives of reduced menadione could be detected, indicating
2,3-dihydromenadione was formed as the major reaction
product. No trimethylsilyl ester derivatives were formed under
these conditions, underlining the absence of menadiol and other
quinol products. Menadiol is nevertheless likely to form under
physiological conditions through keto–enol tautomerism. In the
case of cyclohexenone, the standard and reaction products were
derivatized with 2,4-dinitrophenylhydrazine (carbonyl-specific),
and analyzed by LC/MS. Analysis of product formation revealed
the emergence of the hydrazone derivative of cyclohexanone,
again indicating that reduction was mediated through the alkene
(Figures 3E,F). Previous studies have inferred that coumarin
reduction also occurs through the activated alkene group (Taylor
et al., 2010; Lapalikar et al., 2012a,b).
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FIGURE 3 | Mass spectra infer that F420H2-dependent reductases mediate hydrogenation of substrates. The spectra show the detection of substrate standards and
reaction products following reduction with MSMEG_2027. GC/MS spectra of the single methoxime derivatives of the (A) menadione standard and (B)
2,3-dihydromenadione product. Mass spectra of the underivatized compounds are shown in Supplementary Figure S3. Keto–enol tautomerization is likely to result in
menadiol formation under physiological conditions. LC/MS spectra of the (C) 3-cyanocoumarin standard and (D) 3-cyanochroman-2-one product. The cyano
groups were ionized by in-source fragmentation. LC/MS spectra of the dinitrophenylhydrazone derivatives of the (E) 2-cyclohexen-1-one standard and (F)
cyclohexanone product. A mass spectrum of the underivatized product could not be obtained. In all cases, corresponding compounds are shown to the right of the
spectra. A mass spectrum showing the reduction of malachite green to leucomalachite green was previously published (Jirapanjawat et al., 2016).

DISCUSSION

In this study, we explored the potential of actinobacterial
F420H2-dependent reductases as industrial biocatalysts. We show
that mycobacterial FDORs use the electron donor F420H2 to
hydrogenate diverse organic compounds at a wide range of
rates. On the basis of these findings, we propose in Figure 4
that all FDOR substrates studied can be reduced through a
common hydrogenation mechanism: The cofactor binds the
FDOR in its deprotonated state (F420H−; Mohamed et al.,
2016a) and the substrate thereafter binds the adjacent pocket
through hydrophobic interactions with aromatic residues and

the cofactor. Alignment of the nucleophilic C5 center of
F420H− with the electrophilic alkene group of the substrate
will promote direct hydride transfer. Subsequent steps will
result in delocalization of electron charge and protonation
of the substrate by a solvent-accessible hydroxonium ion
(Mohamed et al., 2016b). The FDORs promote this mechanism
in multiple ways: binding the substrate and cofactor in
proximal sites; generating a hydrophobic environment that
promotes hydride transfer; and facilitating protonation by
binding hydroxonium ions through conserved tyrosine residues
(Mohamed et al., 2016b). The overall mechanism of these
enzymes is therefore equivalent to the old yellow enzymes
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FIGURE 4 | Unifying mechanism for the hydrogenation of representative
substrates by F420H2-dependent reductases. Reaction mechanisms are
proposed for (A) menadione, (B) 3-cyanocoumarin, (C) 2-cyclohexen-1-one,
and (D) malachite green. On the basis of previous studies, it is predicted that
the cofactor binds in its deprotonated state (F420H−) (Mohamed et al., 2016a)
and that a hydroxonium ion serves as the proton donor for the substrate
(Mohamed et al., 2016b).

(Stuermer et al., 2007), though the hydride and proton donors
are distinct.

The hydrogenation mechanism proposed here is supported
by our studies exploring the observed substrate range of the
FDORs (Figure 1). We showed that, in line with findings about
the substrate range of old yellow enzymes (Stuermer et al., 2007),
the presence of an electrophilic alkene group was a prerequisite

for reduction to occur and that rates were enhanced in electron-
withdrawing conjugated systems. The outlined mechanism is
also consistent with the results of the structural modeling
(Figure 2) and mechanistic studies (Figure 3 and Supplementary
Figure S3) that identified the probable sites of hydride attack
and inferred hydrogenated reaction products using four model
substrates, menadione, 3-cyanocoumarin, 2-cyclohexen-1-one,
and malachite green. Similar mechanisms have been proposed
for other important reactions known to be mediated by
F420H2-dependent reductases of the FDOR superfamily, namely
activation of nitroimidazole prodrugs (Mohamed et al., 2016a,b),
reduction of biliverdin to bilirubin (Ahmed et al., 2015, 2016),
and the terminal step in the biosynthesis of tetracyclines
(Wang et al., 2013). Our mass spectral analysis suggests that
these mechanisms are regioselective, with hydride transfer
only favorable to electrophilic alkene groups proximal to the
nucleophilic C5 center. It will be necessary to extend studies
to substrates that will produce prochiral products to determine
whether this process also occurs stereoselectively, i.e., through cis
or trans hydrogenation. The observation that substrate reduction
is faster in the cofactor-recycling assays is also of interest,
and suggests that there is a mechanism that enhances cofactor
exchange between FDORs and Fgd (e.g., complex formation).

Our findings warrant the further exploration of F420H2-
dependent FDORs in in vitro and in vivo biocatalytic processes.
Their inherent substrate range, combined with their ease of
heterologous overexpression and the presence of a viable
cofactor-recycling system, suggests that these enzymes have
promise in in vitro systems. There may be particular value
in exploring the use of these enzymes for hydrogenating
substrates incompatible with inorganic catalysts or old yellow
enzymes (Stuermer et al., 2007; Clouthier and Pelletier, 2012).
Particularly promising are the findings that enzymes in the
FDOR superfamily mediate critical steps in the biosynthesis of
tetracycline antibiotics (Wang et al., 2013) and the preliminary
results that the membrane-bound FDOR-AA family can saturate
linear fatty acid chains (Ahmed et al., 2015). However, at least two
major innovations are needed if F420H2-dependent reductases
are to be more widely developed: Firstly, given the observation
that most substrates were reduced at low rates, the directed
evolution of promising FDORs (e.g., MSMEG_2027) will be
required to enhance their activities with desirable substrates.
Secondly, new processes must be developed if F420 is to be
cheaply and conveniently produced (Greening et al., 2016). It
may be possible to engineer the production of this cofactor
in recombinant systems, but this depends on the resolution
of the complete F420 biosynthesis pathway. Alternatively, it is
plausible to synthesize deazaflavin analogs that are catalytically
compatible with F420H2-dependent reductases, which have
previously been shown to exhibit cofactor promiscuity (Lapalikar
et al., 2012a). There is more immediate promise in using these
enzymes within actinobacterial hosts and recombinant systems
to produce natural products or bioremediate contaminants. With
the vast majority of F420-dependent oxidoreductases remaining
functionally unannotated, it is expected that further study of these
enzymes will reveal novel reactions of potential industrial and
pharmaceutical relevance.
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F420 is a microbial cofactor that mediates a wide range of physiologically important
and industrially relevant redox reactions, including in methanogenesis and tetracycline
biosynthesis. This deazaflavin comprises a redox-active isoalloxazine headgroup
conjugated to a lactyloligoglutamyl tail. Here we studied the catalytic significance of
the oligoglutamate chain, which differs in length between bacteria and archaea. We
purified short-chain F420 (two glutamates) from a methanogen isolate and long-chain
F420 (five to eight glutamates) from a recombinant mycobacterium, confirming their
different chain lengths by HPLC and LC/MS analysis. F420 purified from both sources
was catalytically compatible with purified enzymes from the three major bacterial families
of F420-dependent oxidoreductases. However, long-chain F420 bound to these enzymes
with a six- to ten-fold higher affinity than short-chain F420. The cofactor side chain also
significantly modulated the kinetics of the enzymes, with long-chain F420 increasing the
substrate affinity (lower Km) but reducing the turnover rate (lower kcat) of the enzymes.
Molecular dynamics simulations and comparative structural analysis suggest that the
oligoglutamate chain of F420 makes dynamic electrostatic interactions with conserved
surface residues of the oxidoreductases while the headgroup binds the catalytic site. In
conjunction with the kinetic data, this suggests that electrostatic interactions made by
the oligoglutamate tail result in higher-affinity, lower-turnover catalysis. Physiologically,
we propose that bacteria have selected for long-chain F420 to better control cellular
redox reactions despite tradeoffs in catalytic rate. Conversely, this suggests that
industrial use of shorter-length F420 will greatly increase the rates of bioremediation and
biocatalysis processes relying on purified F420-dependent oxidoreductases.

Keywords: F420, redox, biocatalysis, biodegradation, mycobacterium, actinobacteria, cofactor

INTRODUCTION

Diverse enzymes employ flavins and similar cofactors to mediate biological redox reactions (Leys
and Scrutton, 2016). In addition to using the universal flavin cofactors FAD and FMN, some
bacteria and archaea employ the deazaflavin cofactor F420 (Ney et al., 2017). In its enzyme-unbound
state, this redox cofactor has unique redox properties compared to free FMN and FAD, namely a
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lower standard redox potential (−340 mV) and exclusive two-
electron reactivity (Walsh, 1986; Greening et al., 2016). Due to
these properties, F420 can mediate a wide range of otherwise
challenging redox transformations, including the one-carbon
reactions of methanogenesis (Thauer et al., 2008; Greening et al.,
2016). In mycobacteria and streptomycetes, the cofactor has been
shown to be important for central metabolism (Bashiri et al.,
2008; Ahmed et al., 2015), secondary metabolite biosynthesis
(Ikeno et al., 2006; Wang et al., 2013), cell wall production
(Purwantini and Mukhopadhyay, 2013; Purwantini et al., 2016),
and biodegradation pathways (Taylor et al., 2010; Jirapanjawat
et al., 2016). Beyond its physiological importance, F420 has
received recent attention for its potential industrial applications.
Notably, actinobacterial F420H2-dependent reductases catalyze
the penultimate step of tetracycline antibiotic biosynthesis (Wang
et al., 2013), the reductive activation of the clinically approved
antituberculosis prodrug delamanid (Cellitti et al., 2012), and
the biodegradation of environmental contaminants such as
nitroaromatic explosives (Ebert et al., 1999) and arylmethane
dyes (Jirapanjawat et al., 2016). F420 has also been identified as
a promising next-generation cofactor to mediate in vitro and
in vivo biocatalytic cascades (Taylor et al., 2013; Greening et al.,
2017).

Nevertheless, there remains an incomplete understanding of
how the chemical structure of F420 relates to its physiological
function and industrial application. Structurally, the cofactor
comprises two major components (Figure 1A): (i) a redox-active
headgroup comprising a modified isoalloxazine tricycle and (ii) a
catalytically-inactive side chain comprising a ribitylphospholactyl
moiety and an oligoglutamate chain of variable length (Eirich
et al., 1978; Ashton et al., 1979). Fo (8-hydroxy-5-deazaflavin),
a chromophore used by DNA photolyases, serves as the
biosynthetic precursor to F420 (Graupner and White, 2001). The
phospholactyl and oligoglutamate constituents are added to this
precursor by three dedicated biosynthetic enzymes (CofC, CofD,
CofE) (Nocek et al., 2007; Forouhar et al., 2008; Grochowski et al.,
2008; Bashiri et al., 2016). It is well-established that key chemical
substitutions in the isoalloxazine group confer the unique redox
properties of deazaflavins over flavins (Walsh, 1986; Greening
et al., 2016). However, it remains to be understood why organisms
have selected to incorporate the lactyloligoglutamate side chain.
It also remains elusive why the length of the oligoglutamate
chain varies between organisms: two to three residues in
methanogens without cytochromes, three to six in Proteobacteria
and methanogens with cytochromes (Methanosarcinales), and
five to eight in Actinobacteria and Chloroflexi (Gorris and van
der Drift, 1994; Bair et al., 2001; Ney et al., 2017). The side
chain does not significantly affect the chemical reactivity or
redox properties of F420 relative to its precursor Fo (Greening
et al., 2016); indeed, previous studies have shown that the redox
potential of F420 is the same as Fo (−340 mV) and hence is
not modulated by the oligoglutamate tail (Jacobson and Walsh,
1984). Moreover, while the charged nature of F420 ensures it
does not diffuse from the cell in contrast to its precursor
Fo (Ney et al., 2017), this does not explain why organisms
selected to synthesize a polyanionic rather than monoanionic
cofactor.

We recently hypothesized that catalytic constraints may
have driven the synthesis of the side chain in F420 (Ney
et al., 2017). Specifically, the oligoglutamate chain may facilitate
higher-affinity electrostatic interactions between enzyme and
cofactor. We propose that, in addition to driving specific F420-
dependent reactions, such high-affinity interactions may be
crucial for maintaining redox homeostasis and discriminating
between cofactor pools (Ney et al., 2017). In support of this
observation, two cofactor-bound crystal structures suggest that
the oligoglutamate chain can interact with surface cationic
residues of F420-dependent oxidoreductases (Cellitti et al., 2012;
Ahmed et al., 2016), though the significance of this has not
been considered. Other structural analyses have proposed that,
while the ribityl and phosphate groups of F420 make hydrogen
bonds with surrounding residues, the oligoglutamate tail instead
extends into the solvent phase without contributing to binding
(Bashiri et al., 2008). In this work, we addressed the effect of
the oligoglutamate side chain on the catalytic activity of F420-
dependent oxidoreductases. To do this, we purified F420 from
two sources: short-chain F420 from a methanogen and long-
chain F420 from a mycobacterium. We subsequently studied the
cofactor binding affinities and substrate consumption kinetics of
mycobacterial F420-dependent oxidoreductases in the presence
of these different F420 variants. We focused on a representative
from each of the three main superfamilies of F420-dependent
oxidoreductases found in bacteria (Selengut and Haft, 2010),
namely the luciferase-like hydride transferases (LLHTs; TIM
barrel fold) (Bashiri et al., 2008; Greening et al., 2016) and
flavin/deazaflavin oxidoreductase superfamilies A (FDOR-As;
monomeric split β-barrel proteins) and B (FDOR-Bs; dimeric
split β-barrel proteins) (Ahmed et al., 2015; Greening et al., 2016).

MATERIALS AND METHODS

F420 Production
Long-chain F420 was recombinantly overproduced in
Mycobacterium smegmatis mc24517 cells harboring an inducible
pYUBDuet shuttle vector encoding the F420 biosynthesis genes
cofC, cofD, and cofE (Bashiri et al., 2010). Cultures were grown
in twenty 2 L Erlenmeyer flasks each containing 500 mL LB
broth supplemented with 0.05% Tween 80 (LBT), 50 µg mL−1

hygromycin B and 20 µg mL−1 kanamycin. The cultures were
grown to stationary-phase in a rotary incubator (200 rpm) at
37◦C for 5 days before harvesting. Short-chain F420 was extracted
from a thermophilic methanogen strain, Methanothermobacter
marburgensis A60. We isolated the strain by repeated serial
dilution of geothermally heated sediments from Ngatamariki,
New Zealand. 16S rRNA gene sequencing of genomic DNA
extracts (NucleoSpin Tissue Kit, Macherey-Nagel) using the
archaeal-specific primer set 109f/912r confirmed the strain
shared 99% sequence identity with the well-studied laboratory
strain Methanothermobacter marburgensis MarburgT (Liesegang
et al., 2010). For F420 production, the strain was cultured in thirty
1 L bottles each containing 400 mL of a previously defined media
supplemented with 29 mM sodium formate (Sparling et al., 1993)
and a H2/CO2 atmosphere (80:20 v/v). Cultures were grown to
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FIGURE 1 | Chemical composition of F420 purified from different sources. (A) Chemical structure of F420 showing the redox-active isoalloxazine headgroup and
lactyloligoglutamyl tail. The number of glutamate residues (n) varies between bacteria and archaea. (B) Absorbance spectrum of F420 purified from Mycobacterium
smegmatis mc24517 (black) and Methanothermobacter marburgensis A60 (gray). (C) HPLC trace showing F420 purified from M. smegmatis mc24517 varies in chain
length between five to eight glutamates. (D) HPLC trace showing F420 purified from Mtb. marburgensis A60 predominantly contains two glutamate residues.

stationary-phase in a rotary incubator (100 rpm) at 60◦C for
3 days with periodic gas feeding before harvesting.

F420 Purification
F420 was harvested from the mycobacterial and methanogen
cultures through variations on an existing protocol (Isabelle
et al., 2002). The cells were harvested by centrifugation at
10,000 × g for 20 min, the resultant pellets were washed, and
the cultures were resuspended in 20 mM TrisHCl (pH 7.5) at
a ratio of 1 g per 10 mL. The cells were autoclaved at 121◦C
to release F420, a heat-stable cofactor, into the buffer. The cell
debris was removed by centrifugation at 18,000 × g for 20 min
and the supernatant was decanted and vacuum-filtrated through
0.45 µm filter paper. The F420 was isolated by FPLC (fast
protein liquid chromatography) with a Macro-prep High Q Resin
anion exchange column (Bio-Rad). A gradient of buffer A (20
mM TrisHCl, 100 mM NaCl, pH 7.5) and buffer B (20 mM

TrisHCl, 1 M NaCl, pH 7.5) was applied, with buffer B increasing
from 0 to 100% over 10 column volumes. Fractions containing
F420 were identified via analysis of absorbance spectra on a
SpectraMax R© M3 Multi-Mode Microplate Reader (Bio-Strategy,
Australia). Fractions containing F420 were pooled. The F420
solution was further purified and concentrated by hydrophobic
interaction chromatography through a high capacity C18 column
equilibrated in H2O. F420 was eluted in 2 mL fractions in 20%
methanol, dried by rotary evaporation, and stored at−20◦C.

HPLC and LC/MS Analysis
An ion-paired reverse phase HPLC (high-performance
liquid chromatography) protocol was used to determine the
oligoglutamate chain length of F420 purified from mycobacterial
and methanogen sources. An Agilent 1200 series system equipped
with an Agilent Poroshell 120 EC-C18 2.1 × 50 mm 2.7 µm
column and diode array detector was used. The F420 species
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were separated at a flow rate of 0.3 mL min−1 using a gradient
of two buffers, namely A (20 mM ammonium phosphate,
10 mM tetrabutylammonium phosphate, pH 7.0) and B (100%
acetonitrile). A gradient was run from 25 to 40% buffer B as
follows: 0–1 min 25%, 1–10 min 25–35%, 10–13 min 35%, 13–16
min 35–40%, 16–19 min 40–25%. F420 absorbance was measured
at 420 nm using a diode array detector. This system was also
used to execute an absorbance scan from 400 to 600 nm on the
sole F420-2 peak of the methanogen F420 and the prominent
F420-6 peak of the mycobacterial F420. The length of the F420
oligoglutamate tails were verified by a reverse phase LC/MS
(liquid chromatography / mass spectrometry) protocol with an
Agilent 1100 series LC/MSD TOF equipped with a Poroshell
120 EC-C18 2.1 × 100 mm 2.7 µm column. A gradient protocol
comprising of Buffer A (20 mM ammonium acetate pH 6.8) and
Buffer B (100% acetonitrile) was applied as follows: Held from
0 – 1 min at 5% B; 1 – 10 min from 5 – 20% B. Negative mode ESI
was used with a capillary voltage of 2500 V and gas temperature
of 300◦C. The system was run at a flow rate of 0.2 mL min−1 and
chemical species were scanned from 150 – 1500 m/z.

Enzymatic Assays
The F420-reducing glucose 6-phosphate dehydrogenase (Fgd;
MSMEG locus 0777) and two F420H2-dependent reductases
(FDORs; MSMEG loci 2027, 3380) from M. smegmatis mc2155
were recombinantly overexpressed in Escherichia coli BL21(DE3)
using previously described vectors and protocols (Taylor et al.,
2010; Ahmed et al., 2015). Cells were harvested by centrifugation,
resuspended in lysis buffer, and lysed in an EmulsiFlex-C3
homogenizer (ATA Scientific, Australia) according to previously
described protocols (Greening et al., 2017). Enzymes were
purified from soluble extracts by Ni-nitrilotriacetic acid (NTA)
affinity chromatography using gravity columns as previously
described (Taylor et al., 2010; Ahmed et al., 2015) and stored
in elution buffer (50 mM NaH2PO4 300 mM NaCl, 250 mM
imidazole, pH 8.0) until use in assays. The high purity of the
proteins was confirmed by running the fractions on NuPAGE
Novex 10% Bis-Tris gels (Invitrogen, Australia) and staining
with Coomassie Brilliant Blue. We measured the activities
of the enzymes by monitoring the rates of F420 reduction
or F420H2 oxidation in the presence of different substrate
concentrations; this serves as a reliable measure of substrate
transformation given F420-dependent oxidoreductases directly
mediate hydride transfer between cofactor and substrate in
an equimolar manner (Greening et al., 2016; Jirapanjawat
et al., 2016). Enzyme activities were measured in 96-well plates
containing degassed TrisHCl buffer [200 mM TrisHCl, 0.1%
(w/v) Triton X-100, pH 8.0] sequentially supplemented with
substrate at the specified concentration, 50 µM of the relevant
cofactor, and 100 nM of the relevant enzyme. Reaction rates were
measured by monitoring the initial linear change of absorbance
of the reaction mixture at 420 nm using a SpectraMax R© M3
Multi-Mode Microplate Reader (Molecular Devices); loss of
absorbance was observed due to Fgd-mediated reduction of
F420, whereas gain of absorbance occurred due to FDOR-
mediated reoxidation of F420H2. Prior to measurement of FDOR

activity, F420 was enzymatically reduced with 1 µM Fgd in a
nitrogen glovebox for 4 h and purified by spin filtration as
previously described (Ahmed et al., 2015). Reaction velocities
were calculated by subtracting rates of no-enzyme controls from
the initial linear rates of F420 reduction or F420H2 reoxidation
measured.

Intrinsic Tryptophan Fluorescence
Quenching
F420 dissociation constants were calculated by monitoring the
decrease of intrinsic tryptophan fluorescence upon gradual
titration of F420 as previously described (Ahmed et al., 2015).
A SpectraMax R© M3 Multi-Mode Microplate Reader (Molecular
Devices) with a quartz cuvette containing 500 nM of protein
in 20 mM TrisHCl, pH 8.0 at 24◦C was used. Samples were
excited at 290 nm and emission was monitored at 340 nm. One
microliter aliquots of F420 standards in the same buffer were
added to produce a solution with final concentrations ranging
from 0 to 12.3 µM F420, with the concentration recalculated for
the incremental increase in volume. The fractional saturation
(F/Fmax) was plotted against the concentration of free F420, and
the Kd derived from fitting the data points to the function:
F/Fmax = Fmax

∗[Free F420] / (Kd + [Free F420]).

Molecular Dynamics Simulations
Molecular dynamics simulations used the 1.5 Å resolution crystal
structure of MSMEG_2027 [PDB: 4Y91 (Ahmed et al., 2015)] and
1.2 Å resolution structure of MSMEG_3380 [PDB: 3F7E (Taylor
et al., 2010)]. The structure of the 26 residues missing from
the MSMEG_2027 crystal structure was predicted by homology
modeling in Phyre2 (intensive mode) (Kelley et al., 2015) using
M. tuberculosis Rv3547/Ddn [PDB: 3RZ (Cellitti et al., 2012)]
as the template. Simulations were visualized in the VMD:
Visual Molecular Dynamics software (Humphrey et al., 1996)
and calculations were performed using Amber16 (University
of California San Francisco) employing the ff14SB forcefield
(Maier et al., 2015). The Antechamber module within Amber16
was used to parameterize the F420-2 and F420-6 moieties with
the GAFF2 forcefield and mulliken charges, and ionsjc_TIP3P
parameters were used for the Na+ counterions. F420-2 and
F420-6 were modeled into the structure of MSMEG_3380 and
docked into the structure of MSMEG_2027 using AutoDock Vina
(Morris et al., 2009). For MSMEG_3380, the positions of the
cofactor up to the first glutamate residue were based on the
cofactor position in the homologous protein Rv1155 [PDB: 4QVB
(Mashalidis et al., 2015)]. Diglutamate and hexaglutamate tails
were manually constructed and initial geometry optimisations
were performed in Discovery Studio 3.5 (Accelrys). The
headgroup was constructed in its deprotonated F420H− form
(Mohamed et al., 2016a) and all carboxylate groups were modeled
in deprotonated form. Protein-cofactor complexes were solvated
in an octahedral TIP3P water box with a minimum periodic
boundary distance of 10.0 Å from the solute. Each system was
relaxed for a maximum of 25,000 steps of steepest descent
and 25,000 steps of conjugate gradient whilst constraining the
protein atoms, after which a production run of 400 ns was
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performed at 298 K and 1 bar with a pressure relaxation time
of 2.0 ps. Langevin dynamics was employed with a collision
frequency of 5.0 and SHAKE constraints were applied to all
hydrogen atoms. The ribityl-bearing nitrogen of the headgroup
of each F420 moiety had light positional restraints enforced
(10 kcal mol−1 Å2) to prevent the headgroup from leaving
the active site and to allow maximal rotational freedom within
the active site so as minimize bias on the interaction energy.
MMPBSA (Molecular Mechanics Poisson Boltzmann Surface
Area) calculations were carried out on 2,000 frames of each 400 ns
simulation employing an ionic strength of 0.15 mM and fillratio
setting of 4.0.

Comparative Structural Analysis
For comparative structural analysis, protein sequences of F420-
dependent oxidoreductases from different subgroups within the
LLHT, FDOR-A, and FDOR-B superfamilies were retrieved
from the NCBI database. Multiple sequence alignments were
constructed with Clustal Omega (Sievers et al., 2011). Homology
models of MSMEG_0777 and Rv0132c were constructed
in RaptorX (Källberg et al., 2012) using M. tuberculosis
Rv0407/Fgd as the template (Bashiri et al., 2008). Protein
structures were visualized in UCSF Chimera (Pettersen et al.,
2004).

RESULTS

The F420 Oligoglutamate Chain
Influences Cofactor-Binding Affinity and
Reaction Kinetics of F420-Dependent
Oxidoreductases
At present, no chemical syntheses or enzymatic cascades
have been developed for cell-free production of F420. We
therefore obtained sufficient F420 for this study through large-
scale cultivation of two F420-producing strains, namely the
new methanogen isolate Methanothermobacter marburgensis
A60 and a previously described F420 overproduction strain
of Mycobacterium smegmatis mc24517 (Bashiri et al., 2010),
under conditions that would promote high-level F420 production.
F420 was purified from these strains through a sequence
of anion-exchange chromatography, hydrophobic interaction
chromatography, and rotary evaporation. We detected the
eponymous absorbance peak of F420 in the purified fractions
(Figure 1B). To confirm chain length, we separated the purified
F420 on a HPLC equipped with an anion-exchange column and
detected the cofactor at 420 nm using a diode array detector.
F420 purified from M. smegmatis contained between five to
eight glutamates (Figure 1C), consistent with previous mass
validation (Bashiri et al., 2010; Ney et al., 2017). In contrast,
HPLC traces showed that all detectable F420 purified from Mtb.
marburgensis contained two glutamate residues (Figure 1D). The
mass of the dominant chemical species was validated by LC/MS
(Supplementary Figure S1).

We used intrinsic fluorescence quenching to determine the
binding affinities of the two purified F420 variants for three

F420-dependent oxidoreductases from M. smegmatis: the F420-
dependent glucose 6-phosphate dehydrogenase MSMEG_0777
(LLHT family), the F420H2-dependent quinone reductase
MSMEG_2027 (FDOR-A family), and a promiscuous F420H2-
dependent reductase of unknown function MSMEG_3380
(FDOR-B family). We observed that long-chain mycobacterial
F420 bound the enzymes with nanomolar affinities (Kd values)
of 650 nM, 190 nM, and 54 nM respectively (Figure 2 and
Supplementary Figure S2), similar to values derived from
previous enzymatic studies (Bashiri et al., 2008; Ahmed et al.,
2015). In contrast, short-chain methanogen F420 bound with
six- to ten-fold lower affinities, i.e., 4.1 µM, 1.4 µM, and
570 nM respectively (Figure 2 and Supplementary Figure S2).
We observed no significant binding of the biosynthetic precursor
Fo, at concentrations up to 50 µM, for any of the three
enzymes. This finding suggests that interactions between the
F420 oligoglutamate chain and mycobacterial F420-dependent
oxidoreductases are crucial for high-affinity cofactor-enzyme
associations.

We compared the reaction kinetics of the three enzymes in
the presence of the different F420 variants. The enzymes were
catalytically active in the presence of F420 purified from both
sources. Consistent with previous findings (Bashiri et al., 2008;
Taylor et al., 2010; Ahmed et al., 2015), reaction kinetics of all
three enzymes followed Michaelis–Menten models (Figure 3),
though the kinetic parameters differed depending on the length
of the F420 oligoglutamate chain. Observed substrate turnover
rates (kcat) were between 1.9 and 3.7 times greater in the presence
of short-chain F420 compared to long-chain F420 (Table 1); such
enhancements of initial rate were observed irrespective of the F420
concentration used (Supplementary Figure S3). A decrease in Km
was also observed in the presence of the long-chain species, with
differences ranging from 3.5-fold for MSMEG_2027 to a modest
1.5-fold for MSMEG_0777 and MSMEG_3380 (Table 1). Hence,
high-affinity cofactor binding results in both enhanced substrate
binding and decreased reaction turnover.

The Oligoglutamate Chain Makes
Multiple Electrostatic Interactions with
Surface Anionic Residues of FDORs
To determine the structural and mechanistic basis for these
differences, we used molecular dynamics simulations to compare
the binding of long-chain (F420-6) and short-chain (F420-2)
variants of F420 to the available crystal structures of the
FDOR-A MSMEG_2027 (Ahmed et al., 2015) and the FDOR-B
MSMEG_3380 (Taylor et al., 2010). An overarching characteristic
of all simulations was that, following equilibration of the
position of the cofactor tail, the glutamate residues made
multiple transient electrostatic contacts with specific arginine
and lysine residues on the surfaces of the oxidoreductases.
The first two glutamates of both F420-2 and F420-6 made
interactions with residues Lys73, Arg49, Lys44, and sporadically
Lys68 of MSMEG_2027 (Figures 4A,B). These glutamate
residues also interacted with Arg205, Arg23, and Arg54 of
MSMEG_3380, but these interactions were more transient
(Figures 4C,D). In both cases, the terminal four glutamates
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FIGURE 2 | Affinity of F420 for F420-dependent oxidoreductases depends on
oligoglutamate chain length. The intrinsic fluorescence quenching caused by
the binding of the cofactor was measured with the (A) F420-dependent
glucose 6-phosphate dehydrogenase MSMEG_0777, (B) F420H2-dependent
reductase MSMEG_2027, and (C) F420H2-dependent reductase
MSMEG_3380. Quenching is shown with long-chain mycobacterial F420 ( )
and short-chain methanogen F420 (©). Supplementary Figure S2 shows
additional data points for the methanogen F420 that are omitted here. Error
bars show standard deviations from three independent replicates.

of F420-6 made multiple transient electrostatic interactions
with surface cationic residues, but these residues were highly
dynamic and displayed little specificity in the various interactions
they formed. These additional interactions also appeared to

FIGURE 3 | Kinetics of substrate oxidation/reduction of F420-dependent
oxidoreductases depends on F420 oligoglutamate chain length. Three
activities were measured, namely (A) F420-dependent oxidation of glucose
6-phosphate by native Fgd activity, (B) F420H2-dependent reduction of
menadione by native MSMEG_2027 activity, and (C) F420H2-dependent
reduction of cyclohexenone by promiscuous MSMEG_3380. Activities are
shown with long-chain bacterial F420 ( ) and short-chain methanogen F420

(©). Error bars show standard deviations from three independent replicates.

stabilize the core interactions made by the cofactor, for example
between the phosphate group and Lys53 of MSMEG_3380
(Figures 4B,D). The multiple alternative tail conformations
observed remained favorable even though the headgroup was
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TABLE 1 | Kinetic parameters of F420-dependent oxidoreductases in the presence of long-chain F420 and short-chain F420.

Enzyme F420 Kd (µM) KM (µM) Kcat (s−1) Kcat/KM (M−1 s−1)

Fgd: Glucose 6-phosphate oxidation

F420-long 0.65 ± 0.05 26.8 ± 4.4 0.292 ± 0.012 10900

F420-short 4.18 ± 0.29 41.3 ± 4.3 1.086 ± 0.029 26300

MSMEG_2027: Menadione reduction

F420-long 0.19 ± 0.02 25.6 ± 9.2 0.084 ± 0.007 3280

F420-short 1.43 ± 0.12 88.2 ± 18.4 0.244 ± 0.018 2770

MSMEG_3380: Cyclohexenone reduction

F420-long 0.054 ± 0.010 259 ± 41 0.025 ± 0.001 96

F420-short 0.57 ± 0.05 407 ± 52 0.046 ± 0.002 177

The dissociation constants (Kd) of the different F420 species is shown in the second column. The kinetic parameters of substrate oxidation or reduction by the enzymes is
shown in the subsequent four columns. Error margins show standard deviations from three independent replicates.

FIGURE 4 | The F420 oligoglutamate chain makes electrostatic interactions with FDORs. Snapshots are shown of the molecular dynamics simulations of
(A) MSMEG_2027 with F420-2 (t = 63.89 ns), (B) MSMEG_2027 with F420-6 (t = 273.45 ns), (C) MSMEG_3380 with F420-2 (t = 337.6 ns), and (D) MSMEG_3380
with F420-6 (t = 24.66 ns) with some of the more stable interactions observed. The colors on the secondary structure of the enzyme represent flexibility as calculated
by the backbone RMSD over the course of the whole simulation, with red representing high mobility and blue representing high stability. Black dashed lines indicate
electrostatic interactions. The cofactor is depicted in stick representation with thicker bonds, whereas the relevant residues are depicted as sticks with thinner
bonds. Interacting residues are not shown for F420-6 for clarity.

weakly restrained within the active site (Supplementary Figure
S4).

We subsequently evaluated the cofactor-enzyme binding
energies for the trajectories using MMPBSA analysis, which

confirmed that the oligoglutamate chain modulated binding.
While the cofactor-enzyme contacts reduced solvation energy,
this was offset by the combined energies from 1 to 4 electrostatic
and other non-bonded interactions, resulting in a lower total
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FIGURE 5 | MMPBSA-calculated binding energies of F420 variants with
F420-dependent oxidoreductases. Data based on the 400 ns trajectories for
the molecular dynamics simulations with (A) MSMEG_2027 and
(B) MSMEG_3380. The calculated binding energies are shown for F420-2 in
blue and F420-6 in red.

1Gbinding for the complex. Consistent with the additional
dynamic interactions observed, F420-6 reached lower 1Gbinding
values than F420-2 in simulations with both MSMEG_2027
and MSMEG_3380 (Figures 5A,B). Such observations are
consistent with the lower Kd values determined in the
tryptophan fluorescence quenching experiments (Figure 2
and Supplementary Figure S2). Loss of multiple electrostatic
interactions between the enzyme and cofactor tail increased
the solvation energy and often pushed 1Gbinding into positive
territory (Figure 5B). The internal bond, angle, and dihedral
energies of the cofactor were essentially unaffected by the various
binding modes (Supplementary Figure S4), emphasizing that
most binding energy changes occur due to flexibility of the
oligoglutamate chain rather than the isoalloxazine ring. These
findings in turn suggests that there are no combinations of
interactions that would release the headgroup from the active site
and instead cofactor dissociation may be driven by tail solvation.

Interestingly, we observed that the monomeric enzyme
MSMEG_2027 exhibited markedly different cofactor binding
modes compared to the dimeric enzyme MSMEG_3380. While
most of the interacting positive charges were accommodated

on the flexible loop regions of MSMEG_2027 (Lys44, Lys68,
Lys73), the main contacting residues of MSMEG_3380 (Arg205,
Arg23, Arg54) all lie on highly stable β-sheet and helical
secondary structural regions. Multiple sequence alignments
and comparative structural analysis suggest that these cationic
residues were highly conserved within their respective FDOR-
A and FDOR-B superfamilies (Supplementary Figures S5, S6).
Most notably, the sequence motif Gx[KR]xG[QKE]xR occurs in
all enzymes in the FDOR-A superfamily, among them enzymes
sharing less than 25% identity. This sequence forms a loop
joining two β-strands (Ahmed et al., 2015); the Gly residues
likely contribute to the flexibility of the loop and the cationic
residues serve as the main site of sustained interaction with
the oligoglutamate chain (Figure 4). Conserved cationic surface
residues are also proximal to the F420 oligoglutamate chain in
the LLHT superfamily (Supplementary Figures S5, S6), providing
further support that electrostatic interactions generally occur
between bacterial F420-dependent oxidoreductases and the F420
oligoglutamate chain.

DISCUSSION

Since the structure of F420 was proposed in Eirich et al.
(1978), studies on its catalytic behavior have focused on its
redox-active headgroup (Walsh, 1986; Greening et al., 2016)
and the role of its side chain has not been addressed.
In this study, we reveal that the F420 oligoglutamate chain
modulates catalysis in bacterial F420-dependent oxidoreductases.
Our experimental findings demonstrate that synthesis of long-
chain F420 results in higher-affinity enzyme-cofactor interactions.
Molecular dynamics simulations focused on FDOR-A and
FDOR-B representatives provide a rationale for these findings
by showing that the F420 tail electrostatically interacts with
conserved cationic residues on the surface of mycobacterial
F420-dependent oxidoreductases; while the diglutamate chain
can make sustained electrostatic interactions, the multiple
additional transient interactions made by oligoglutamate chain
offsets solvation energy and increases binding energy. We made
compatible findings across three different protein families in the
presence of both physiological and non-physiological substrates.
It is therefore probable that the oligoglutamate chain of F420
is of general relevance to catalysis of bacterial F420-dependent
oxidoreductases.

We also observed that higher-affinity cofactor binding
modulates reaction kinetics by increasing substrate affinity
but decreasing turnover. Such findings likely reflect that
mycobacterial F420-dependent oxidoreductases mediate catalysis
through a ternary complex, with hydride transfer occurring
directly between the isoalloxazine headgroup of the cofactor
and the substrate (Greening et al., 2016; Mohamed et al.,
2016b). If cofactor dissociation is the rate-limiting step in
the catalytic cycle of these oxidoreductases, higher-affinity
cofactor-enzyme interactions may result in lower cofactor
dissociation rates (koff) and hence reduced substrate turnover.
It is also plausible that conformational changes caused by
the electrostatic interactions are transmitted to the adjoined
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isoalloxazine- and substrate-binding sites, thereby modulating
substrate affinity; this may be particularly important in FDOR-
A proteins, where interactions between the terminal glutamate
residues and the lysine-rich loop region may stabilize the split
β-barrel fold and in turn the substrate-binding site. The finding
that substrate turnover of F420-dependent oxidoreductases is
accelerated in the presence of short-chain F420 is important
for biotechnological reasons: it suggests that F420 purified from
methanogen sources will result in higher turnovers in the
various bioremediation and biocatalysis processes for which F420-
dependent oxidoreductases have been advocated (Taylor et al.,
2013; Greening et al., 2016, 2017). A tradeoff would be the
reduction in substrate affinity, but this is likely to be negligible
for biocatalytic applications given they rely on high substrate
concentrations. Obstacles in metabolic engineering must be
overcome, however, if short-chain F420 is to be heterologously
produced at industrially-relevant scales.

Future studies are required to determine whether the observed
tradeoffs between affinity and turnover are physiologically
relevant. We hypothesize that the oligoglutamate chain ensures
the affinity of interactions between cofactor and enzyme remain
in the physiologically desirable nanomolar range. In turn, this
may increase the substrate specificity of the oxidoreductases
that bind the cofactor. In bacterial cells, loss of this chain
may compromise specific F420-dependent reactions and have
wider effects on redox homeostasis and cofactor partitioning.
Consistently, studies on nitroimidazole resistance suggest that the
enzyme responsible for oligoglutamate chain elongation, CofE
(F420-0:γ-glutamyl ligase), is required for optimal functionality
of F420 in mycobacterial cells, though is less important than the
other F420 biosynthetic enzymes (Haver et al., 2015). In contrast,
most methanogens appear to suffice with a diglutamate- rather
than oligoglutamate-containing side chain. One explanation is
that F420-dependent enzymes in such organisms may be less
kinetically constrained, given F420 serves as the primary catabolic
cofactor and is generally present at higher concentrations
than in bacterial cells (Thauer et al., 2008). However, further
studies are required to understand the significance of the
F420 diglutamate chain in the catalysis of F420-dependent
oxidoreductases in methanogens and why Methanosarcinales
synthesize longer-chain F420 variants (Gorris and van der Drift,
1994).

The observed differences between bacterial and archaeal F420
may also be relevant for understanding the evolution of the
biosynthesis of deazaflavins. The F420 biosynthesis pathway

appears to have undergone a complex evolutionary trajectory,
with phylogenetic evidence unable to resolve whether the
cofactor originated in bacteria, archaea, or the last universal
common ancestor (Nelson-Sathi et al., 2015; Weiss et al.,
2016; Ney et al., 2017). We recently proposed that Fo served
as the primordial cofactor in deazaflavin-dependent enzymes,
but selective pressure to produce a membrane-impermeable
derivative resulted in the evolution of F420 biosynthetic enzymes
(CofC, CofD, CofE) and in turn the production of short-chain
F420 (Ney et al., 2017). We propose here that the synthesis of
longer-chain derivatives was driven by selection pressure for
higher-affinity cofactor-enzyme interactions or more controlled
redox homeostasis. This was likely mediated through evolution
of the CofE, which is a single-domain enzyme in short-chain F420
producers but is fused with an FMN reductase domain in most
long-chain producers (Ney et al., 2017); recent structural and
kinetic studies on mycobacterial CofE have demonstrated this
second domain is essential for elongation of the oligoglutamate
chain (Bashiri et al., 2016). It is plausible that the three families of
bacterial F420-dependent oxidoreductases co-evolved with CofE,
resulting in higher-affinity cofactor-enzyme interactions.
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3-Hydroxybenzoate 6-hydroxylase (3HB6H, EC 1.13.14.26) is a FAD-dependent
monooxygenase involved in the catabolism of aromatic compounds in soil
microorganisms. 3HB6H is unique among flavoprotein hydroxylases in that it harbors
a phospholipid ligand. The purified protein obtained from expressing the gene encoding
3HB6H from Rhodococcus jostii RHA1 in the host Escherichia coli contains a mixture of
phosphatidylglycerol and phosphatidylethanolamine, which are the major constituents
of E. coli’s cytoplasmic membrane. Here, we purified 3HB6H (RjHB6H) produced in the
host R. jostii RHA#2 by employing a newly developed actinomycete expression system.
Biochemical and biophysical analysis revealed that Rj3HB6H possesses similar catalytic
and structural features as 3HB6H, but now contains phosphatidylinositol, which is a
specific constituent of actinomycete membranes. Native mass spectrometry suggests
that the lipid cofactor stabilizes monomer-monomer contact. Lipid analysis of 3HB6H
from Pseudomonas alcaligenes NCIMB 9867 (Pa3HB6H) produced in E. coli supports
the conclusion that 3HB6H enzymes have an intrinsic ability to bind phospholipids with
different specificity, reflecting the membrane composition of their bacterial host.

Keywords: expression strain, flavoprotein, monooxygenase, phospholipid, Rhodococcus

INTRODUCTION

Rhodococcus jostii RHA1 is a biotechnologically and environmentally important bacterium
from the order Actinomycetales. Together with the genera Nocardia, Corynebacterium and
Mycobacterium, Rhodococcus forms a distinct group of bacteria called mycolata (Finnerty, 1992;
Brennan and Nikaido, 1995; Chun et al., 1996; Gürtler et al., 2004), characterized by a complex

Abbreviations: 3HB6H, recombinant 3-hydroxybenzoate 6-hydroxylase from Rhodococcus jostii RHA1 produced in
Escherichia coli; Pa3HB6H, recombinant 3-hydroxybenzoate 6-hydroxylase from Pseudomonas alcaligenes NCIMB 9867
produced in Escherichia coli; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; Rj3HB6H,
recombinant 3-hydroxybenzoate 6-hydroxylase from Rhodococcus jostii RHA1 produced in Rhodococcus jostii RHA1#2.
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cell envelope (Sutcliffe, 1998; Guerin et al., 2010; De Carvalho
et al., 2014) and an impressive catabolic diversity, allowing
adaptation to different carbon sources for growth (van der Geize
and Dijkhuizen, 2004). In comparison with other mycolata,
R. jostii RHA1 is particularly rich in oxygenases (203 putative
genes) and ligases (192 putative genes), gained primarily through
ancient gene duplications or acquisitions (McLeod et al., 2006;
Yam et al., 2010).

We recently reported the crystal structure of R. jostii RHA1
3-hydroxybenzoate 6-hydroxylase (3HB6H), produced as a
recombinant protein in Escherichia coli (Montersino et al.,
2013). 3HB6H (EC 1.13.14.26) is a NADH and FAD-dependent
monooxygenase that catalyzes the para-hydroxylation of
3-hydroxybenzoate to 2,5-dihydroxybenzoate, using a Tyr-His
pair for substrate binding and catalysis (Sucharitakul et al.,
2015). The crystal structure analysis revealed that 3HB6H
has the conserved fold of group A flavoprotein hydroxylases
(Montersino et al., 2011; Huijbers et al., 2014), but differs from
the other family members in additional binding of phospholipids.
The tightly bound phospholipids were identified as a mixture
of PG and PE, which are the major constituents of the E. coli
cytoplasmic membrane (Pulfer and Murphy, 2003; Oursel et al.,
2007). The fatty acyl chains of the phospholipid ligands of
3HB6H protrude into the substrate-binding pockets, whereas the
surface-exposed hydrophilic headgroups are involved in enzyme
dimerization (Figure 1) (Montersino et al., 2013).

To shed more light on the role of these lipid guests, bearing
in mind the different lipid compositions of Gram-positive and
Gram-negative bacterial membranes (Finnerty, 1992; Sutcliffe,
1998), in the present work we produced Rj3HB6H in a newly
developed R. jostii RHA1#2 expression strain and, in addition,
3HB6H from Pseudomonas alcaligenes NCIMB 9867 (Pa3HB6H)
in E. coli. Biochemical and biophysical characterization revealed
that Rj3HB6H possesses similar catalytic and structural features
as 3HB6H, but contains PI as glycerophospholipid ligand.
Lipid analysis of Pa3HB6H indicates that lipid binding
is an intrinsic property of prokaryotic 3-hydroxybenzoate
6-hydroxylases.

MATERIALS AND METHODS

Chemicals
Aromatic compounds were purchased from Sigma-Aldrich (St
Louis, MO, United States) and Acros Organics (Morris Plains,
NJ, United States). Catalase, FAD, FMN, arabinose, antibiotics,
Terrific broth (TB) and LB broth (Miller) (LB) were from Sigma-
Aldrich (St Louis, MO, United States). Pefabloc SC and DNase
I were obtained from Roche Diagnostics GmbH (Mannheim,
Germany). Restriction enzymes and Pfu DNA polymerase were
from Thermo Fischer Scientific (United States). 4-androstene-
3,17-dione was from Merck (Oss, Netherlands). Crystallization
kits were purchased from New Hampton (Aliso Viejo, CA, United
States). Immobilized metal affinity chromatography columns
(His GraviTrap) were from GE Healthcare Bioscience AB
(Uppsala, Sweden). All other chemicals were from commercial
sources and of the purest grade available.

Bacterial Strains and Primers
All bacterial strains and primers used in this study are listed in
Tables 1, 2.

Construction of Rhodococcus
Expression Vector Q2+
The E. coli-Rhodococcus shuttle vector pRESQ (van der Geize
et al., 2002) was modified by insertion of the RP4 oriT of
pK18mobsacB (Schäfer et al., 1994) enabling trans-conjugal
transfer of the resulting vector. For this, the oriT-region was
amplified from pK18mobsacB by PCR using forward primer
oriT-F and reverse primer oriT-R (Table 1). The obtained
549 bp PCR-product was cloned into the SmaI-site of pRESQ,
resulting in pQmob. A duplicate region of 424 bp on pQmob
was removed by deleting the 760 bp XbaI-BspHI fragment,
yielding pQmob1d. The egfp gene from pIJ8630 (Sun et al.,
1999) was amplified by PCR using forward primer egfp-
PciI-F, containing a PciI restriction site, and reverse primer
egfp-PciI-R, also containing a PciI restriction site (Table 1).
The 744 bp PciI-PciI fragment containing the egfp gene
was cloned into the PciI-site of pQmob1d to generate
peGFPQ.

The R. jostii strain RHA1 genomic region consisting of gene
ro00440, its promoter region and the prmA promoter (PprmA)
(here referred to as region reg1-PprmA; GenBank accession
number CP000431: nt 521345 - nt 523358) was amplified
from genomic DNA of R. jostii RHA1 by PCR using forward
primer reg1-BglII-F, containing a BglII restriction site, and
reverse primer prmA-NdeI-R, containing an NdeI restriction
site (Table 1). The 2014 bp BglII-NdeI reg1-PprmA fragment
was cloned into the BglII-NdeI sites of peGFPQ, yielding
prMOeGFPQ1.

The R. jostii RHA1 gene ro00452 and its promoter region
(here referred to as region reg2; CP000431: nt 534363 – nt
536227) were amplified by PCR using forward primer reg2-PciI-F,
containing a PciI restriction site and reverse primer reg2-PciI-R,
also containing a PciI restriction site (Table 1). The 1880 bp PciI-
PciI reg2 fragment was cloned into the PciI-site of prMOeGFPQ1,
resulting in prMOeGFPQ2.

For construction of expression vector Q2+, the egfp gene of
prMOeGFPQ2 was replaced with a multiple cloning site (MCS).
For this, part of the MCS of pBluescript KS was amplified by
PCR using forward primer MCS-NdeI-F, containing an NdeI
restriction site and reverse primer MCS-PciI-R, containing a PciI
restriction site (Table 1). The 125 bp NdeI-PciI MCS fragment
was cloned into the NdeI–PciI site of prMOeGFPQ2, replacing
the NdeI–PciI region containing egfp, resulting in the expression
vector Q2+.

Cloning and Production of 3HB6H in
R. jostii RHA1#2
The 1321 bp NdeI-XmnI fragment of pBAD-3HB6H-His6
(Montersino and van Berkel, 2012) containing the 3HB6H
gene including the His6-tag, was cloned into the NdeI-HindIII
(Klenow-fragment treated) site of expression vector Q2+ to
generate Q2+-3HB6H-His6.
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FIGURE 1 | Lipid binding in 3HB6H from R. jostii RHA1. Cartoon of the three-dimensional structure of the 3HB6H dimer (Montersino et al., 2013). The protein is
shown in light blue and the FAD cofactor is depicted as stick model in yellow. The lipid cofactor and the aromatic substrate are shown as stick models in red and
dark blue, respectively.

TABLE 1 | List of primers used in PCR.

oriT-F 5′-CATAGTCCACGACGCCC-3′

oriT-R 5′-TCTTTGGCATCGTCTCTCG-3′

egfp-PciI-F 5′-GCACATGTCGGAGGTCCATATGGCCATGGT-3′

egfp-PciI-R 5′-GCACATGTATTACTTGTACAGCTCGTCCATGC-3′

reg1-BglII-F 5′-GGAGATCTGACATTCCCGCGATACG-3′

prmA-NdeI-R 5′-GGCATATGTGCGCCTCCTGGATCG-3′

reg2-PciI-F 5′-GGACATGTCCCGGTCCTCCACCACCCCGTCT-3′

reg2-PciI-R 5′-GGACATGTCGGTGCGGGCGACGTCATATGTCG-3′

MCS-NdeI-F 5′-TTGCATATGCACCGCGGTGGC-3′

MCS-PciI-R 5′-GGGAACATGTGCTGGGTACC-3′

TABLE 2 | List of bacterial strains.

R. jostii RHA1 The complete genome of Rhodococcus sp.
RHA1 provides insights into a catabolic
powerhouse. (McLeod et al., 2006)

R. jostii strain RHA1#2 Used as a host for protein production. This
strain is a spontaneous mutant of R. jostii
RHA1, carrying deletions of ∼0.9 Mb on the
1.12 Mb linear plasmid pRHL1 and ∼0.2 Mb on
the 0.44 Mb linear plasmid pRHL2. The
deletions together comprise ∼11.3% of the
9.7 Mb R. jostii genome.

E. coli DH5α Used as host for cloning procedures.

E. coli TOP10 Used for production of 3HB6H (Montersino and
van Berkel, 2012) and Pa3HB6H.

Rhodococcus cells were electroporated as described previously
(van der Geize et al., 2000). Prior to electroporation, plasmid
DNA was desalted by dialyzing 10 µL plasmid DNA for 30 min

on a Millipore “V” Series filter disk (0.025 µm) floating on MiliQ
water.

Cultures of R. jostii RHA1#2 were grown in LB broth
supplemented with 50 µg·mL−1 kanamycin at 30◦C at 200 rpm.
R. jostii RHA1#2 cells harboring Q2+3HB6H-His6 were grown
overnight in 3 mL LB broth, diluted 1:300 in 300 mL LB broth
in a 3 L Erlenmeyer flask and grown for 20–24 h. Cultures
were induced by adding 2 mM 4-androstene-3,17-dione dissolved
in acetone. Growth was continued for 48 h after induction.
Cells were harvested by centrifugation at 4◦C and pellets were
washed once with ice-cold 20 mM potassium phosphate, pH 7.2,
containing 300 mM NaCl. After centrifugation at 4◦C, cells were
stored at−20◦C.

Cloning and Production of 3HB6H from
Pseudomonas alcaligenes NCIMB 9867
The xlnD gene sequence encoding for Pa3HB6H (UniProt:
Q9F131) was synthesized and subcloned in a pBAD vector by
GeneArt (Invitrogen, Carlsbad, CA, United States). The resulting
construct (pBAD-Pa3HB6H-His6) was verified by automated
sequencing of both strands and electroporated into E. coli TOP10
cells for recombinant expression.

For enzyme production, E. coli TOP10 cells, harboring the
pBAD-Pa3HB6H-His6 plasmid, were grown in TB medium at
37◦C supplemented with 100 µg·mL−1 ampicillin until an optical
density (OD600 nm) of 0.8 was reached. Expression was induced
by the addition of 0.02% (w/v) arabinose and incubation was
continued for 40 h at 17◦C. Cells were harvested by centrifugation
at 4◦C and stored at−20◦C.
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Enzyme Purification
Rj3HB6H was purified to apparent homogeneity using an
Åkta Explorer chromatography system (GE-Healthcare).
R. jostii RHA1#2 cells containing the recombinant protein
were suspended in ice-cold 20 mM potassium phosphate,
pH 7.2, containing 300 mM NaCl, 1 mM Pefabloc SC, 1 mg
DNAse and 100 µM MgCl2, and subsequently passed twice
through a precooled French Pressure cell (SLM Aminco, SLM
Instruments, Urbana, IL, United States) at 16,000 psi. The
resulting homogenate was centrifuged at 25,000 × g for 45 min
at 4◦C to remove cell debris, and the supernatant was applied
onto a Ni-NTA agarose column (16 mm × 50 mm) equilibrated
with 20 mM potassium phosphate, pH 7.2, containing 300 mM
NaCl. After washing with five volumes of equilibration buffer,
the enzyme was eluted with 300 mM imidazole in equilibration
buffer. The resulting Rj3HB6H fraction was supplemented
with 100 µM FAD and loaded onto a Source Q-15 anion
exchange column (16 mm × 90 mm), pre-equilibrated with
50 mM Bis-Tris, 0.1 mM EDTA, pH 7.2. After washing with
two volumes of equilibrating buffer, the enzyme was eluted
with a linear gradient of 0–1 M NaCl in the same buffer. Active
fractions were pooled, concentrated to 10 mg·mL−1 using
ultrafiltration (Amicon 30 kDa cutoff filter), and applied onto a
Superdex S-200 (26 mm × 600 mm) column running in 50 mM
potassium phosphate, 150 mM NaCl, pH 7.2. Active fractions
were concentrated to 10 mg·mL−1 using ultrafiltration (Amicon
30 kDa cutoff filter) and dialyzed at 4◦C against 50 mM Bis-Tris,
pH 7.2. The final Rj3HB6H preparation showed a single band
after SDS-PAGE. The specific activity of the purified enzyme was
21 U mg−1 using the standard activity assay (Table 3A).

Pa3HB6H was purified to apparent homogeneity, applying
essentially the same procedure as described above for Rj3HB6H.
The final Pa3HB6H preparation showed a single band after
SDS-PAGE. The specific activity of the purified enzyme was
34 U·mg−1 using the standard activity assay (Table 3B).

Purified enzymes were flash frozen in 1 mL aliquots in
liquid nitrogen and stored at −80◦C. Before use, thawed enzyme
samples were incubated with 0.1 mM FAD and excess FAD was
removed using a gel filtration column (10 mm × 100 mm)
containing Bio-Gel P-6DG.

Biochemical Characterization
Molar absorption coefficients of protein-bound FAD were
determined from absorption spectra of Rj3HB6H and Pa3HB6H
recorded in the presence and absence of 0.1% (w/v) SDS,
assuming a molar absorption coefficient for free FAD of
11.3 mM−1

·cm−1 at 450 nm. The enzyme concentration of
Rj3HB6H was determined by measuring the absorbance at
453 nm using a molar absorption coefficient for protein-
bound FAD of 10.3 mM−1

·cm−1. The enzyme concentration
of Pa3HB6H was determined by measuring the absorbance at
450 nm using a molar absorption coefficient for protein-bound
FAD of 11.0 mM−1

·cm−1. Rj3HB6H and Pa3HB6H activity
was determined at 25◦C by measuring NADH consumption
at 360 nm (Montersino and van Berkel, 2012). The standard
assay mixture contained 50 mM Tris-SO4, pH 8.0, 200 µM

4-hydroxybenzoate and 250 µM NADH. Steady-state kinetic
parameters were determined from measurements at 25◦C in
50 mM Tris-SO4, pH 8.0. Hydroxylation efficiencies were
determined by oxygen consumption experiments, essentially as
described before (Montersino and van Berkel, 2012).

Crystallization and Structure
Determination
Crystals of Rj3HB6H for structure determination were obtained
by the sitting drop vapor diffusion method at 20◦C by mixing
equal volumes (2 µL) of protein and reservoir solutions. Protein
solutions consisted of 30 mg·mL−1 enzyme in 1 mM FAD,
2 mM 3-hydroxybenzoate, and 50 mM Bis-Tris, pH 7.2, whereas
precipitant solutions consisted of 30% PEG 4000, 0.2 M lithium
sulfate, and 0.1 M Tris-HCl, pH 8.5. Yellow crystals grew in 1 day.

X-ray diffraction data were collected at Grenoble and
processed with the CCP4 package (Winn et al., 2011). The
Rj3HB6H structure was solved by molecular replacement using
the structure of a monomer of 3HB6H (pdb entry: 4BJZ) as
search model. Crystallographic computing and model analysis
were performed with COOT (Emsley et al., 2010), PHENIX
(Adams et al., 2010) and the CCP4 package (Potterton et al.,
2004). Pictures were generated with Pymol (Schrodinger, 2015)
and CCP4 (Potterton et al., 2004). Data collection parameters and
refinement statistics are presented in Table 4.

The atomic coordinates and structure factors of Rj3HB6H
(code 5HYM) have been deposited in the Protein Data Bank1.

Lipid Identification and Native ESI-MS
Experiments
Extraction and identification of protein-bound lipids from
Rj3HB6H and Pa3HB6H was performed as described for
3HB6H (Montersino et al., 2013). For nanoflow ESI-MS
analysis under native conditions, enzyme samples were prepared
in 50 mM ammonium acetate, pH 6.8. For analysis under
denaturing conditions, enzyme samples were diluted either in
50% acetonitrile with 0.2% formic acid or in 5% formic acid.
Native MS analysis was performed using a LC-T nanoflow ESI
orthogonal TOF mass spectrometer (Micromass, Manchester,
United Kingdom) in positive ion mode with a capillary voltage
of 1.3 kV. The cone voltage was varied between 90 and 150 V
and source pressure was set to 6.9 mbar to enhance transmission
of large ions. Lipid identification was performed using a
Quattro Ultima nanoflow triple quadrupole mass spectrometer
(Micromass, Manchester, United Kingdom) in negative ion
mode, with a capillary voltage of 1.3 kV and a cone voltage
of 150 V. For MS/MS analysis, argon was supplied in the
collision cell (2.0 × 10−3 bar). Collision energy was adjusted
to gain optimal fragmentation. Both mass spectrometers were
equipped with a Z-spray nano-electrospray ionization source.
Measurements were performed by using gold-coated needles,
made from borosilicate glass capillaries (Kwik-Fill; World
precision Instruments, Sarasota) on a P-97 puller (from Sutter
Instruments, Novato, CA, United States). Needles were coated

1http://pdbe.org/5HYM
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with a gold layer using an Edwards Scancoat six Pirani 501 sputter
coater (Edwards laboratories, Milpitas, CA, United States). All
TOF spectra were mass calibrated by using an aqueous solution
of cesium iodide (25 mg·mL−1).

Sequence Comparison
Protein sequences were retrieved using protein resources from
the National Centre for Biotechnology Information2 and UniProt
Database3. Multiple sequence alignments were made using
CLUSTALW (Thompson et al., 1994). Phylogenetic plots were
made using FigTree4.

RESULTS

Biochemical Properties of Rj3HB6H
Expression of the 3HB6H gene from R. jostii RHA1#2 yielded
about 7 mg of purified Rj3HB6H protein from 10 g wet cells
(Table 3A). Rj3HB6H displayed the same absorption spectrum as
3HB6H, with maxima at 274, 383, and 453 nm and a shoulder at
480 nm (Montersino and van Berkel, 2012). A molar absorption
coefficient of protein-bound flavin, ε453 = 10.3 mM−1 cm−1, was
used for both proteins.

Determination of steady-state kinetic parameters
revealed that Rj3HB6H behaves similarly as 3HB6H using
3-hydroxybenzoate as variable substrate and fixed NADH
concentration (kcat = (20 ± 1) s−1; KM = (35 ± 3) µM;
kcat/KM = (5.7 ± 0.8) × 105 s−1

·M−1) and with variable
concentration of NADH (preferred coenzyme) and fixed
3-hydroxybenzoate concentration (kcat = (20 ± 1) s−1;
KM = (68 ± 5) µM; kcat/KM = (3.0 ± 0.4) × 105

s−1
·M−1). Rj3HB6H displays a very low NADH oxidase

activity (<1 U·mg−1). Uncoupling of hydroxylation of 3-
hydroxybenzoate occurs to a minor extent (less than 10%),
while 2,5-dihydroxybenzoate is a strong non-substrate
effector (kcat = (6 ± 0.8) s−1; KM = (150 ± 30) µM;
kcat/KM = (4.0± 1.3)× 104 s−1

·M−1), efficiently stimulating the
rate of flavin reduction by NADH (Montersino and van Berkel,
2012; Sucharitakul et al., 2012, 2013; Ni et al., 2016).

Structural Characterization
Rj3HB6H crystals grew in similar conditions as found for
3HB6H, and are isomorphous to those of 3HB6H, where

2www.ncbi.nlm.nih.gov
3http://www.uniprot.orgwww.uniprot.org
4tree.bio.ed.ac.uk

TABLE 3A | Purification of Rj3HB6H produced in R. jostii RHA1#2.

Step Protein
(mg)

Activity
(U)

Specific activity
(U·mg−1)

Yield
(%)

Cell extract 208 355 2 100

His GraviTrap 37 300 8 84

Mono-Q 16 230 14 65

His GraviTrap 7 168 21 47

TABLE 3B | Purification of Pa3HB6H produced in E. coli.

Step Protein
(mg)

Activity
(U)

Specific activity
(U·mg−1)

Yield
(%)

Cell extract 1080 260 0.2 100

His GraviTrap 45 244 5 94

Mono-Q 12 225 19 87

His GraviTrap 5 170 34 66

TABLE 4 | Crystallographic data collection and refinement statistics of Rj3HB6H.

Protein Data Bank Code 5HYM

Unit cell (Å) a = b = 106.98 c = 143.39

Space group I4122

Resolution (Å) 2.30

Rsym
a,b (%) 15.1 (50)

Completenessb (%) 99.7 (100)

Unique reflections 18,766

Redundancyb 7.5 (5.8)

I/σb 8.4 (3.0)

No. of atoms 3,198

Average B value (Å2) 33.4

Rcryst
c (%) 20.6

Rfree
c (%) 26.2

r.m.s. bond length (Å) 0.015

r.m.s. bond angles (◦) 1.75

aRsym = 6| Ii–I| /6Ii where Ii is the intensity of ith observation and I is the mean
intensity of the reflection. bValues in parentheses are for reflections in the highest
resolution shell. cRcryst = 6| Fobs − Fcalc | /6Fobs where Fobs and Fcalc are the
observed and calculated structure factor amplitudes, respectively. Rcryst and Rfree
were calculated using the working and test set, respectively. r.m.s., root mean
square

lithium sulfate was present instead of sodium acetate. The three-
dimensional structure of Rj3HB6H was solved at 2.3 Å resolution
by molecular replacement (Table 4). The isoalloxazine moiety
of FAD was refined with full occupancy in the in conformation.
Similar to the crystallographic analysis of 3HB6H, no substrate
could be detected in the active site of the enzyme, despite
presence of excess 3-hydroxybenzoate in the crystallization drop.
The protein crystallizes as a dimer, just as 3HB6H (Montersino
et al., 2013), and contains a phospholipid molecule in each
subunit. The electron density of the phospholipid in the crystal
structure was refined as two acyl chains, one of twelve and one
of seventeen carbon units. Superimposition of the Rj3HB6H and
3HB6H models (root mean square deviation = 0.22 Å) shows
minor deviations (Figure 2A). The phospholipid is located in
a tunnel, which runs from the dimer interface to the active
site (Figure 2B), and interacts with the opposite monomer. The
phosphate group resides at the protein surface near Arg350
and Lys385, and the electron density of the headgroup is
consistent with the presence of a cyclohexanehexol moiety
(Figure 3A).

Identification of Protein-Bound Lipid
Molecules
Assignment of protein-bound phospholipids was achieved by
ESI-MS analysis of the low molecular weight components
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FIGURE 2 | Three-dimensional structure of Rj3HB6H. (A) View of α-carbon
traces of the refined structures of 3HB6H (green; pdb code 4BJZ) and
Rj3HB6H (red; pdb code 5HYM), following superposition of corresponding
main chain atoms. FAD is shown as a stick model in yellow. The lipid ligands
are shown as stick models in shades of blue in the back of the protein. (B) The
phospholipid is located in a tunnel, which runs from the dimer interface to the
active site. The FAD cofactor is depicted in yellow. The lipid cofactor is colored
by elements, and the active site residues His213 and Tyr217 are in dark red.
The 3-hydroxybenzoate in blue is a superposition from the structure of the
3HB6H variant H213S, which contains bound substrate (pdb code 4bk1).

extracted from denatured Rj3HB6H. The mass spectrum in
negative mode (Figure 3B) displayed three main peaks with
m/z values of 823, 837, and 851. From the MS pattern
it was evident that Rj3HB6H binds a phospholipid with a
bigger headgroup compared to that of the lipid found in
3HB6H.

Fragmentation analysis and comparison of data to reference
lipid MS spectra led to a match of the obtained mass peaks
with those of PI, having aliphatic chains containing 15 to 19
carbons. Peak 1 (m/z 823) is assigned to PI (15:0/18:0), peak 2
(m/z 837) is assigned to PI (16:0/18:0) (Sharp et al., 2007; Morita
et al., 2011) and peak 3 ((m/z 851) is assigned to PI (16:0/19:0)
with alternate acylate form (tuberculostearic acid) (Drage et al.,
2010).

Typical fragmentation of PI was visible in the MS/MS spectra
by signature peaks with m/z values of 153, 223, 241, and 297,
representing glycerol phosphate water (m/z 153) and inositol

FIGURE 3 | Identification of phosphatidylinositol in Rj3HB6H. (A) Weighted
(2Fo-Fc) electron-density map of the lipid cofactor. (B) ESI-MS spectrum of
lipid extract collected in negative mode. For peak assignment, see “Results”
section.

headgroup fragments (Lang and Philp, 1998; Pulfer and Murphy,
2003; Oursel et al., 2007) (data not shown). Minor peaks at
approximately 2 m/z values lower than the identified peaks
represent the same PI, containing one unsaturated bond.

Protein Oligomeric Composition
To gain further insight into the enzyme–lipid interaction, we
determined the oligomeric protein composition of 3HB6H and
Rj3HB6H using native MS (Leney and Heck, 2017). As a first
step, we determined the experimental masses of the denatured
proteins. The measured values (46,766 ± 4 Da for 3HB6H and
46,761 ± 2 Da for Rj3HB6H) agree with the mass deduced from
the primary sequence, lacking the N-terminal methionine.

Native MS of 3HB6H showed eight charge states
corresponding to five different protein forms (Figure 4A
and Table 5). The charge state distribution ions +12, +13,
and +14 represent the monomeric apoprotein (average mass
46,835 ± 5 Da; red stars), the monomeric holoprotein (average
mass 47603± 6 Da; green stars), and the monomeric holoprotein
containing additionally one PG/PE molecule (average mass
48,312 ± 7 Da; blue stars). The charge state distribution ions
+18, +19, +20, +21, and +22 predominantly represent the
dimeric holoprotein with either one or two PG/PE molecules
bound (average mass 95,868 ± 16 Da; orange stars, and
96,643 ± 14 Da; purple stars, respectively). Tandem MS
experiments revealed that one, two, three, or four ligands can
be expelled from 3HB6H. The assignment of bound ligands was
made on the basis of total mass increase and comparison with
the mass of the native apoprotein (Table 5).

Native MS of Rj3HB6H also showed a range of charge
state distributions (Figure 4B and Table 5). The charge state
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FIGURE 4 | Oligomer distribution and lipid composition of 3HB6H enzymes as determined by native ESI-MS. Mass spectra were recorded in 50 mM ammonium
acetate, pH 6.8. (A) Mass spectrum of 3HB6H. (B) Mass spectrum of Rj3HB6H. (C) Mass spectrum of Pa3HB6H. Masses and intensities of numbered peaks are
listed in Table 5. (D) Cartoons of the various subunit compositions. Apoprotein is indicated in white, holoprotein in yellow and lipid molecules in black.

distribution ions +12, +13, and +14 represent the monomeric
apoprotein (average mass 46,829 ± 1 Da; red star), the
monomeric holoprotein (average mass 47613 ± 1 Da; green
stars), and the monomeric holoprotein containing one PI
molecule (average mass 48,458 ± 2 Da; blue star). The latter
species differs from the related 3HB6H species (Figure 4A, blue
stars) because it has a bigger lipid headgroup. The major species

in the native mass spectrum ofRj3HB6H corresponds to the holo-
Rj3HB6H dimer with PI bound to both subunits (average mass
96,938 ± 32 Da; Figure 4B, yellow stars). Only by magnification
it is possible to detect a minor peak representing the holo-
Rj3HB6H dimer with one PI bound (average mass 96,128± 5 Da;
Figure 4B, orange stars). A cartoon of the different subunit
compositions of 3HB6H is presented in Figure 4D.
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TABLE 5 | Oligomeric forms of 3HB6H determined by native ESI-MS.

Peaka m/z Average mass (Da) 1 mass (Da)

3HB6H

1 3,603 46,835 ± 5

2 3,663 47,603 ± 6 767b

3 3,717 48,312 ± 7 1,477b

4 5,048 95,868 ± 16 2,198c

5 5,088 96,643 ± 14 2,973c

Rj3HB6H

1 3,608 46,829 ± 1

2 3,663 47,613 ± 1 784b

3 3,728 48,458 ± 2 1,629b

4 4,807 96,128 ± 5 2,470c

5 4,616 96,938 ± 32 3,280c

Pa3HB6H

1 3,651 47,448 ± 2 790b

2 3,706 48,167 ± 2 1,509b

3 5,035 95,662 ± 7 2,346c

4 5,073 96,738 ± 8 3,062c

aPeaks are indicated in Figure 4. bCalculated using apo-monomer. cCalculated
using apo-dimer.

Conservation of Lipid Binding Site
To analyze whether the lipid-binding site of 3HB6H is conserved
among species, we explored the natural diversity of 3HB6H
enzymes. 3HB6H activity has been reported for Gram-positive
and Gram-negative bacteria and for yeasts. Besides from the
R. jostii prototype, the enzymes from Klebsiella pneumonia M5a1
(Suárez et al., 1995; Liu et al., 2005), Pseudomonas alcaligenes
NCIMB 9867 (Gao et al., 2005), Polaromonas naphthalenivorans
CJ2 (Park et al., 2007), Corynebacterium glutamicum ATCC
12032 (Yang et al., 2010), Rhodococcus sp. NCIMB 12038 (Liu
et al., 2011) and Candida parapsilosis (Holesova et al., 2011) have
been characterized to some extent.

From the structural data of the R. jostii 3HB6H enzyme and
the multiple sequence alignment presented in Figure 5 it can
be inferred that residues directly involved in lipid binding in
Rj3HB6H are not always conserved in the orthologs; among
the bacterial enzymes studied, most sequence divergence occurs
in 3HB6H from P. alcaligenes NCIMB 9867 (Pa3HB6H). This
prompted us to study the lipid binding properties of the
Pseudomonas 3HB6H enzyme.

Expression of the Pa3HB6H gene in E. coli TOP10 cells
yielded about 10 mg of enzyme from a 1 L batch culture.
Purified Pa3HB6H had a specific activity of 34 U·mg−1

(Table 3B) and migrated in SDS-PAGE as a single band with
an apparent subunit mass of 47 kDa (not shown). ESI-MS
established that native Pa3HB6H is a dimer, and not a trimer as
suggested earlier (Gao et al., 2005), and that the enzyme indeed
contains lipids (Figure 4C and Table 5). The mass spectrum
of extracted lipids showed peaks with m/z values characteristic
of PG and PE with aliphatic chains ranging from 14 to 19
carbons, similar to the previously identified lipids in 3HB6H
from R. jostii RHA1 produced in E. coli (Montersino et al.,
2013).

DISCUSSION

3HB6H is a flavoenzyme that catalyzes the para-hydroxylation
of 3-hydroxybenzoate to gentisate, a key step in the catabolism
of lignin-derived aromatic compounds in the soil (Pérez-Pantoja
et al., 2010). Up to now, 3HB6H is the only flavoprotein
monooxygenase that has been found to bind phospholipids
(Montersino et al., 2013). Structural analysis showed that the
hydrophobic tails of the phospholipids deeply penetrate into
the substrate-binding domains, whereas the hydrophilic parts
are exposed on the protein surface, connecting the dimerization
domains (Figure 1). Attempts to obtain native lipid-free protein
were not successful, indicating that the phospholipids are
important to attain a properly folded protein (Montersino et al.,
2013).

3HB6H binds a mixture of PG and PE, the major constituents
of the E. coli inner membrane (Montersino et al., 2013). By
expressing its gene in R. jostii RHA1#2, we aimed at unraveling
the lipid binding abilities of 3HB6H in the original host.
Although E. coli gives considerable higher yields (Montersino
and van Berkel, 2012), significant quantities of soluble His-
tagged Rj3HB6H were obtained. The difference in enzyme
yield could be linked to the type of induction and promoter
strength used in the R. jostii RHA1#2 strain, which is based
on the propane monooxygenase operon (Sharp et al., 2007).
Nevertheless, our results show that the newly developed R. jostii
RHA1#2 strain opens new prospects for actinomycetes as host
cells for production of recombinant proteins (Nakashima et al.,
2005).

Rj3HB6H displayed similar catalytic and structural properties
as 3HB6H, and the mode of lipid binding was highly conserved
(Figure 2). Gratifyingly, the crystallographic data and mass
spectrometry analysis provided clear evidence that Rj3HB6H
contains PI as natural glycerophospholipid cofactor (Figure 3).
The crystal structure showed that the inositol headgroups of the
phospholipids are located at the protein surface, and that the sn-2
acyl moieties are in contact with helix 11 of the other subunit
(Figure 1). Based on MS/MS analysis, we identified the bound
phospholipids as a mixture of PIs with carbon chains between
15 and 19 carbons. One of the extracted lipids was identified as
tuberculostearic acid, an alternative acylated form of palmitate
present in the membranes of Rhodococcus and Mycobacterium
(Drage et al., 2010).

Rj3HB6H is a dimer both in solution and in crystal form,
but native MS showed a ratio of monomer to dimer of about
1:3 (Figure 4B). Release of only one PI from the dimer resulted
in monomerization in the gas phase. A similar observation was
made with 3HB6H, but with this enzyme more dimers containing
only one bound lipid (PG or PE) were detected (Figure 4A).
3HB6H dimers containing two phospholipids seem to be more
stable in the gas phase than dimers containing one phospholipid.
This strongly supports that lipid binding near the dimer interface
stabilizes monomer contacts.

Native MS-analysis showed that Pa3HB6H is a homodimer
and not a trimer as postulated earlier (Gao et al., 2005). The
dimeric nature is in agreement with the structural properties
of 3HB6H and Rj3HB6H. MS-analysis also revealed that
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FIGURE 5 | Multiple sequence alignment of known 3HB6H enzymes. UniProt ID numbers: Q0SFK6, R. jostii RHA1; E7CYP8, Rhodococcus sp. NCIMB 12038;
Q8NLB6, C. glutamicum ATCC 12032; Q3S4B7, P. naphthalenivorans CJ2; Q6EXK1, K. pneumonia M5a1; Q9F131, P. alcaligenes NCIMB 9867; CPAG_03410, C.
parapsilosis. Identical residues are shown in red. Flavin binding motifs are underlined in blue [I: GXGXXG; II: DG; III: GD (Eppink et al., 1997)]. The His-Tyr pair
involved in substrate binding and hydroxylation is marked with red dots. The yellow lines mark residues involved in dimerization contacts. Blue triangles indicate
residues involved in lipid binding. Secondary structure assigned from the 3HB6H crystal structure (4BK1). Diagram was produced using ESPript (Robert and Gouet,
2014).

recombinant Pa3HB6H binds the same type of phospholipids
as 3HB6H. This supports that lipid binding is an intrinsic
property of 3HB6Hs. As a main result, it appears that the
3HB6H family uses phospholipids as a common tool to increase
their dimerization strength. Phospholipid binding is independent
of the type of lipid headgroup, but relies on the presence of
hydrophobic tunnels running from the protein surface to the
active site.

Like PG/PE in E. coli (Oursel et al., 2007), PI is the major lipid
membrane component in Rhodococcus (Nigou et al., 2003). This

may explain why PG/PE are found as lipid ligands of 3HB6H and
Pa3HB6H, while PI is found in Rj3HB6H. PI is the precursor
for lipoarabinomannan and PI-mannoside synthesis. Glycolipid
synthesis and reorganization of membrane composition allow
Rhodococcus to adapt to environmental changes (Lang and Philp,
1998; Sharp et al., 2007; Guerin et al., 2010; Morita et al., 2011;
De Carvalho et al., 2014). Binding of PI may localize 3HB6H
at the cytoplasmic membrane, via inositol recognition of other
proteins or specific phospholipid patching on the inner side
of the membrane (Morita et al., 2011). At those specific spots,
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uptake of aromatic compounds from the environment may be
coupled more efficiently to their catabolism.

Taking together, phospholipids do not have a direct catalytic
role in 3HB6H, but are involved in stabilizing the dimer contact
and, possibly, substrate orientation (Montersino et al., 2013).
At this stage, we cannot exclude that bound phospholipids
have some other function, for instance in directing the
cytoplasmic membrane localization or in guiding/protecting
molecules from entering the active site. In addition, the R.
jostii RHA1#2 expression strain described here represents
a useful alternative for the production of (whole-cell)
biocatalysts.
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p-Hydroxybenzoate hydroxylase (PHBH; EC 1.14.13.2) is a microbial group

A flavoprotein monooxygenase that catalyzes the ortho-hydroxylation of

4-hydroxybenzoate to 3,4-dihydroxybenzoate with the stoichiometric consumption

of NAD(P)H and oxygen. PHBH and related enzymes lack a canonical NAD(P)H-binding

domain and the way they interact with the pyridine nucleotide coenzyme has remained

a conundrum. Previously, we identified a surface exposed protein segment of PHBH

from Pseudomonas fluorescens involved in NADPH binding. Here, we report the first

amino acid sequences of NADH-preferring PHBHs and a phylogenetic analysis of

putative PHBHs identified in currently available bacterial genomes. It was found that

PHBHs group into three clades consisting of NADPH-specific, NAD(P)H-dependent

and NADH-preferring enzymes. The latter proteins frequently occur in Actinobacteria.

To validate the results, we produced several putative PHBHs in Escherichia coli

and confirmed their predicted coenzyme preferences. Based on phylogeny, protein

energy profiling and lifestyle of PHBH harboring bacteria we propose that the pyridine

nucleotide coenzyme specificity of PHBH emerged through adaptive evolution and that

the NADH-preferring enzymes are the older versions of PHBH. Structural comparison

and distance tree analysis of group A flavoprotein monooxygenases indicated that

a similar protein segment as being responsible for the pyridine nucleotide coenzyme

specificity of PHBH is involved in determining the pyridine nucleotide coenzyme

specificity of the other group A members.

Keywords: Actinobacteria, coenzyme specificity, fingerprint sequence, flavoprotein, monooxygenase, NAD(P)H,

phylogenetic analysis, protein evolution

INTRODUCTION

p-Hydroxybenzoate hydroxylase (PHBH; EC 1.14.13.2) is a group A flavoprotein monooxygenase
that catalyzes the ortho-hydroxylation of 4-hydroxybenzoate to 3,4-dihydroxybenzoate, a common
intermediate step in the degradation of aromatic compounds in soil bacteria (Harwood and Parales,
1996):
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The structural and mechanistic properties of NADPH-specific
Pseudomonas PHBH have been studied extensively (Entsch and
van Berkel, 1995; Entsch et al., 2005; Palfey and McDonald, 2010;
Crozier-Reabe and Moran, 2012; Ballou and Entsch, 2013). As a
consequence, this enzyme has emerged as the prototype group
A flavoprotein hydroxylase (van Berkel et al., 2006; Suemori
and Iwakura, 2007; Montersino et al., 2011; Montersino and van
Berkel, 2013; Huijbers et al., 2014).

The isoalloxazine moiety of the flavin cofactor of PHBH is
mobile and adopts different positions in and out the active site
(Gatti et al., 1994; Schreuder et al., 1994; Figure 1). Reduction
of the flavin by NADPH is assumed to take place in the out
position (van Berkel et al., 1994; Wang et al., 2002; Ballou
and Entsch, 2013). After NADP+ release, the reduced flavin
moves to the in position, where the reaction with oxygen and
subsequent hydroxylation of the aromatic substrate occurs. A
similar mobility of the flavin cofactor has been observed in other
group A flavoprotein monooxygenases, including among others
phenol hydroxylase (Enroth et al., 1998), 3-hydroxybenzoate 4-
monooxygenase (Hiromoto et al., 2006), and 2-hydroxybiphenyl
monooxygenase (Kanteev et al., 2015).

Despite their important biological role (Huijbers et al., 2014),
relatively little is known about the occurrence of NADH-
preferring PHBHs and how PHBH and its relatives interact
with the pyridine nucleotide coenzyme. Unlike many other
NAD(P)H-dependent oxidoreductases (Scrutton et al., 1990;
Ojha et al., 2007; Cahn et al., 2016, 2017; Sellés Vidal et al., 2018),
group A flavoprotein monooxygenases lack a canonical pyridine
dinucleotide binding domain (van Berkel et al., 2006; Treiber and
Schulz, 2008; Huijbers et al., 2014; Mascotti et al., 2016). For
PHBH from Pseudomonas fluorescens (PHBHPf ), an interdomain
binding for NADPH was proposed (Eppink et al., 1998a). Based
on this binding mode, a switch in coenzyme specificity was
achieved by replacing five amino acid residues of the solvent
accessible helix H2 of the FAD domain (Figure 1) (Eppink et al.,
1999). Support for the interdomain binding of the pyridine
nucleotide was obtained from the crystal structure of the R220Q
variant of P. aeruginosa PHBH in complex with NADPH (Wang
et al., 2002). However, this substrate-free complex presented
an inactive conformation, which pointed to significant ligand
dynamics during the reductive half reaction (Ortiz-Maldonado
et al., 2003; Entsch et al., 2005; Westphal et al., 2006; Ballou and
Entsch, 2013).

To learn more about the evolutionary relationship of
the pyridine nucleotide coenzyme specificity of PHBHs,
we here performed a phylogenetic analysis of putative
PHBHs and investigated the sequence-function relationship

Abbreviations: PHBH, p-hydroxybenzoate hydroxylase; PHBHPf , PHBH from
Pseudomonas fluorescens; PHBHRo, PHBH from Rhodococcus opacus 557;
PHBHRr , PHBH from Rhodococcus rhodnii 135; PHBHRo1CP, PHBH from
Rhodococcus opacus 1CP; PHBHCn1, PHBH-1 from Cupriavidus necator JMP134;
PHBHCn2, PHBH-2 from Cupriavidus necator JMP134.

of actinobacterial and proteobacterial PHBHs. The results were
used to predict the structural features that determine the pyridine
nucleotide coenzyme specificity of other group A flavoprotein
monooxygenases.

MATERIALS AND METHODS

Cloning and Sequencing of Rhodococcus
PHBH Genes
Cultivation of Rhodococcus opacus 557 and Rhodococcus rhodnii
135 was performed with 4-hydroxybenzoate as sole source of
carbon and energy (Jadan et al., 2001). Genomic DNA from R.
opacus 557 and R. rhodnii 135 was prepared from cells obtained
after centrifugation of 50mL cultures, which were subsequently
washed with 50mM Tris-HCl, pH 7.6 and treated with phenol-
chloroform to extract the DNA (Sambrook and Russel, 2001).
Escherichia coli DH5α (GIBCO BRL) and clones obtained were
grown while shaking at 37◦C in lysogeny broth (LB) medium
(Sambrook and Russel, 2001) containing ampicillin (100 µg per
mL).

Oligonucleotides were designed and synthesized according to
the N-terminal and internal sequences of PHBHRo and PHBHRr

(Montersino and van Berkel, 2013). In addition, primers were
designed using the sequences of conserved regions of PHBHPf

(Weijer et al., 1982), and PHBHs from Acinetobacter sp. ADP1
(DiMarco et al., 1993) andAzotobacter chroococcum (Quinn et al.,
2001).

The constructs pROPOB1 and pRRPOB1 were obtained by
cloning the 870 bp PCR products of primers fw-Rh557 [GAA
(CT)AC CCA (AG)GT (CG)GG CAT (ACT)GT] and rev-pobA
[CGGT(GC)G G(GC)G G(GC)A C(AGT)A T(AG)T G] with
R. opacus 557 or R. rhodnii 135 DNA into the EcoRV site
of pBS T-tailed as described elsewhere [pBluescript II SK(+),
Stratagene; (Marchuk et al., 1991)]. Inserts obtained from EcoRV
digested plasmid DNA were labeled with digoxigenin by using
the DIG DNA Labeling and Detection Kit Nonradioactive
(Boehringer, Germany) for the detection of fragments on
Southern blots of EcoRI-digested R. opacus 557 or R. rhodnii
135 DNA. Respective DNA-fragments were purified from agarose
gels, ligated into EcoRI-digested and dephosphorylated pBS.
The resulting plasmid was transformed into E. coli DH5α
and obtained colonies checked by colony hybridization as
described elsewhere (Eulberg et al., 1997). Positive clones
pRoPOB1-1 contained a 9.8 kb EcoRI fragment of R. opacus
557 DNA and pRrPOB1-1 a 7.8 kb EcoRI fragment of R.
rhodnii 135 DNA, respectively, comprising the complete pobA
genes. Subclones containing less flanking DNA regions were
obtained by using various restriction endonucleases as shown in
Figure S1.

DNA sequencing and sequence analysis was performed with
common primers such as T3, T7, M13, or rM13 and respective

Frontiers in Microbiology | www.frontiersin.org December 2018 | Volume 9 | Article 305043

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Westphal et al. Coenzyme Specificity of P-Hydroxybenzoate Hydroxylase

FIGURE 1 | Flavin mobility in p-hydroxybenzoate hydroxylase. Cartoon image

of the crystal structure of PHBHPf with the FAD cofactor in the in (red;

pdb entry 1pbe) and out (yellow; pdb entry 1pdh) conformation. The substrate

is colored green and the region containing helix H2 is colored blue. The

indicated amino acids in the helix H2 region have been replaced by

site-directed mutagenesis to alter the pyridine nucleotide coenzyme specificity

(Eppink et al., 1999).

software as described previously (Gish and States, 1993; Thiel
et al., 2005; Felsenstein, 2009).

Rhodococcus opacus 1CP is a model strain for the degradation
of aromatic compounds (Eulberg et al., 1997) and encodes a
single PHBH-like protein (accession number ANS30736) which
is 99% similar to the other Rhodococcus PHBHs reported herein.
The corresponding gene pobA was amplified by PCR and cloned
into pET16bp as described earlier Riedel et al., 2015. Using the
primers pobA-fw (5′-catatgaacacacaggtcgggatc-3′) and pobA-rev
(5′-ggtacctcagcccagcggggtgc-3′) allowed introducing NdeI/NotI
restriction sites for cloning. The subsequent cultivation and
expression was done as described below for the Cupriavidus
enzymes.

Cloning and Expression of Cupriavidus
necator PHBH Genes
Ralstonia eutropha (also designated as Cupriavidus necator)
JMP134 harbors a number of enzymes involved in degradation
or aromatic compounds and amongst those two PHBH-like
proteins (accession numbers KX345395 and KX345396 for
PHBHCn1 and PHBHCn2, respectively; Pérez-Pantoja et al., 2008.
The PHBH-encoding genes AOR50758 and AOR50759 were
codon optimized according to the codon table of Acinetobacter
sp. ADP1, synthetically produced, obtained in a pEX-cloning
vector and cloned into pET16pb by methods reported earlier
Oelschlägel et al., 2015; Riedel et al., 2015. Cloning was performed
using E. coli DH5α and LB medium (10 g tryptone, 5 g yeast
extract and 10 g NaCl per L) was used with ampicillin (100 µg
per ml). For gene expression, the pET construct was transferred
to E. coli BL21 (DE3) pLysS and cultivated in LB medium
containing ampicillin (100 µg per ml) and chloramphenicol (34
µg per ml). Fernbach flasks (1 L) were used and the cultures
were grown at 37◦C until an OD600 of 0.2 and subsequently

cooled to 20◦C. At an OD600 of about 0.5 the gene expression
was induced by adding IPTG (0.5mM) and the cultures were
continued at 20◦C for 20 h. Afterwards cells were harvested by
centrifugation (1 h at 5,000 x g, 4◦C) and the pellets were stored
at−20◦C.

Purification of PHBH Enzymes
The cell pellets were resuspended in 50mM Tris/sulfate
buffer (pH 7.5) while adding 8 units DNaseI (AppliChem—
BioChemica, Darmstadt). Cells were broken through ultrasonic
treatment (15 times 30 s, 70% power using a HD 2070,
MS 72, Bandelin Sonoplus) in an ice-bath. Cell debris was
removed by centrifugation (20,000 × g for 20min, 4◦C).
After filtration through a cellulose membrane (0.2µm pore
size) to remove remaining particles, the crude extracts were
subjected to Ni-chelate chromatography using a 1ml HisTrap FF
column (GE Healthcare) mounted in an ÄKTA fast-performance
liquid chromatographer (GE Healthcare). The column was pre-
equilibrated with 10mM Tris/sulfate buffer (pH 7.5). After
applying the cell extract, the column was washed with 3ml
loading buffer and then with loading buffer containing 25mM
imidazole until no protein eluted anymore (about 6ml). Next we
started a gradient to achieve 500mM imidazole in the loading
buffer within 6ml. Target protein eluted during this gradient.
Fractions were collected in 1ml size and checked for standard
PHBH activity (see section Enzyme Activity Measurements and
Product Analysis). Active fractions were pooled and concentrated
and buffer exchanged using Amicon Ultra-15 centrifugal filter
devices (30 kDa) in 50mMTris/sulfate buffer (pH 7.5) containing
45% glycerol. The enzyme samples were stored at −20◦C until
further use. Protein concentration was determined by means of a
Bradford assay.

Enzyme Activity Measurements and
Product Analysis
Enzyme activity measurements were performed at 30◦C in
50mM Tris/sulfate buffer (pH 7.5), containing 60µM FAD,
175µM NAD(P)H (or 0 to 175µM if varied) and 500µM
4-hydroxybenzoate (or 0–500µM if varied). Reactions were
started by adding 20–40 nM of enzyme solution. All assays were
performed in triplicate and either followed by the decrease
in absorption at 340 nm (ε340 = 6.22 mM−1 cm−1) or by
HPLC analysis of 3,4-dihydroxybenzoate. For HPLC analysis,
five samples were taken at 1min intervals and reactions were
stopped adding ice-cold methanol. Before analysis, samples
were centrifuged at 17,000 x g for 2min to remove protein
precipitates. HPLC (10 µl sample volume) was performed
with a C18 reverse phase column (Knauer) running in a
Ultimate3000 (ThermoScientific) UHPLC system. Elution was
done isocratically with 0.1% trifluoroacetic acid, containing
30% methanol (flow rate 1ml per min; 6min total run
time). Authentic standards of 4-hydroxybenzoate, NAD(P)H,
NAD(P)+ and 3,4-dihydroxybenzoate were used to calibrate the
system. Absorption was continuously monitored at 215 nm and
spectra of eluting compounds were acquired with a diode array
detector.
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Phylogenetic Analysis
PHBH protein sequence analyses were performed using the
NCBI BlastP-service (Altschul et al., 1990). In total, 70 PHBHs
of various bacterial phyla were selected and used for in silico
analyses. The protein sequences from P. putida KT2440
(NP_746074; salicylate hydroxylase), C. testosterone TA441
(BAA82878; 3-(3-hydroxyphenyl)propionate hydroxylase),
S. chlorophenolicum L-1 (AAF15368; pentachlorophenol
monooxygenase), and Acinetobacter sp. ADP1 (AAF04312;
salicylate hydroxylase) served as appropriate out-group, as
reported earlier (Suemori et al., 2001; Pérez-Pantoja et al., 2008).

The sequence information was used for a phylogenetic
analysis allowing functional annotation of PHBH genes. Several
algorithms (Fitch-Margoliash, maximum parsimony, maximum
likelihood, and neighbor joining) were applied to obtain reliable
sequence alignments and representative distance trees. The
following software tools were used: Clustal-X (ver. 1.8) (Higgins
and Sharp, 1988; Thompson et al., 1997), GeneDoc (ver. 2.6.003),
the PHYLIP 3.66 package (PROTDIST and FITCH) (Felsenstein,
2005), and MEGA5 (Tamura et al., 2011). Bootstraps of 1,000
replicates were calculated from the corresponding alignment by
means of the PHYLIP 3.66 package (SEQBOOT, PROTDIST,
FITCH, and CONSENSE) (Felsenstein, 2005).

Sequence logos were constructed as follows: the PHBHPf

protein sequence was used as input query for a BlastP (NCBI)
(Altschul et al., 1990) search using the non-redundant protein
sequences database. Only sequences with an E-value smaller
than 1e−100 were selected. After filtering the output sequences
for duplicates, crystal structure sequences and cloned protein
variants using Sequence Dereplicator and Database Curator
(SDDC, ver. 2.0) (Ibrahim et al., 2017), the sequences of the
protein segment involved in pyridine nucleotide coenzyme
binding were selected and aligned using Clustal Omega (Sievers
et al., 2011). The top 200 protein segment sequences were used
to generate a sequence logo using theWebLogo server (ver. 2.8.2,
Crooks et al., 2004). This process was repeated with the PHBHRo

protein sequence as query input.

Protein Energy Profiling
The phylogenetic analysis and its outcome is of major relevance
for the identification of the pyridine nucleotide coenzyme
binding sites. The above described methods were validated by
the herein described protein energy profiling, which allows for
drawing sequence—structure relations (Heinke et al., 2015).

Obtaining energy profiles from protein structures is realized
by means of a coarse-grained residue-level pair potential
function. Based on the theoretical assumptions elucidated in
Wertz and Scheraga (1978), Eisenberg and McLachlan (1986),
and Dressel et al. (2007), this energy model approximates the
hydrophobic effect by utilizing buried and exposed preferences
for each of the 20 canonical amino acids. Given a set of globular
protein structures, one can determine the frequencies for each
amino acid of being exposed on the outside or buried inside
the protein by using the DSSP program (Kabsch and Sander,
1983) as proposed by Ofran and Rost (2003) or by determining
residue orientation and local spatial residue packing (Dressel
et al., 2007; Heinke and Labudde, 2012). The energy potential (Ei)

is calculated using the following equations:

ei = − ln

(

fbur,i

fexp,i

)

, (1)

eij = ei + ej, (2)

Ei =
∑

j∈Protein,j6=i
g
(

i, j
) [

eij
]

. (3)

Given a residue at sequence index i, the single-residue potential
ei is computed using the amino acid-specific buried-exposed
frequency ratio (Equation 1). As shown in Equation (2), the pair
potential eij between two residues at indices i and j corresponds
to the sum of single-residue potentials in this model. Finally,
by iterating over all residues that are in contact with residue i,
the potential Ei is derived (Equation 3). A contact between two
residues (i and j) is assumed, if the Cβ - Cβ atom distance is<8 Å
(in case of Gly, Cα atom coordinates are used as spatial reference
points instead).

The sequence of residue energy potentials (E1,...,Ei,...,En)
corresponds to the protein’s energy profile (Dressel et al., 2007;
Heinke and Labudde, 2012, 2013; Heinke et al., 2015). In
addition, an algorithm for aligning two energy profiles has been
adapted from Mrozek et al. (2007) which, besides detecting
similarities and differences of residue energy potentials, can also
give a distance scoring function (referred to as dScore) as a
measure of global energy profile similarity of two energy profiles
P1 and P2 (Heinke and Labudde, 2013; Heinke et al., 2015):

dScore(P1, P2) = − log

(

xr − xP

xOpt − xP

)

, (4)

where

xOpt =
δ (|P1| + |P2|)

2
. (5)

The dScore corresponds to the normalized energy profile
alignment raw score xrwith respect to the average score xP
obtained from random energy profiles and the highest possible
dScore xopt of two profiles with lengths |P1| and |P2|. Here, δ acts
as an alignment parameter with δ > 0. The negative logarithm
leads to a distance-like formulation, with two identical energy
profiles yielding a dScore of 0.

Two PHBH structures PDB ID: 1d7l (Ortiz-Maldonado et al.,
1999) and PDB ID: 1bgj (Eppink et al., 1998a) were retrieved
from the Protein Data Bank (Rose et al., 2011) and used as
modeling templates for automated comparative modeling using
Modeler (ver. 9.14) (Eswar et al., 2006).

Seventy PHBH sequences (including 15 sequences of
biochemically characterized PHBHs and 55 randomly selected
PHBH sequences from various bacteria) were used for automated
comparative modeling (average sequence identity of ∼50%). For
each PHBH sequence, five comparative models were generated
from which the model with the best corresponding DOPE score
(Eswar et al., 2006) was selected for energy profile calculation. In
the first step of energy profile analyses, energy profile distance
trees were generated. As shown recently (Heinke and Labudde,
2013; Heinke et al., 2015) such distance trees can indicate
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functional and structural relations and, in case of PHBHs, can
support the proposed molecular evolution. To obtain such
distance trees, pairwise energy profile alignments were computed
as elucidated and, for each energy profile alignment, the
corresponding dScore was derived, leading to an energy profile
distance matrix. By utilizing the un-weighted pair group method
arithmetic mean (Sokal and Michener, 1958) and neighbor
joining (Saitou and Nei, 1987) with the derived distance matrix
as input, distance trees were generated.

Evolutionary Rate Calculation
The Rate4Site tool (ver. 2.01) (Mayrose et al., 2004) was used
for determining conserved amino acids in PHBH proteins
specific for NADPH and NADH, respectively. Multiple sequence
alignments were made from selections containing only sequences
of pseudomonads and rhodococci, which were used as input to
calculate evolutionary rates for all amino acids applying default
settings of Rate4site. The obtained values for conservation were
scaled to b-factors ranging between 0 and 100. These b-factors
were used to color the image of the crystal structure of PHBHPf as
example of a NADPH-specific protein. In a similar way, the image
of the model structure of PHBHRo as an example of a NADH-
preferring protein, was colored. The program Pymol (ver. 1.4)
(Schreudinger, 2011) was used to create structure images.

NADPH Docking in PHBH From
Pseudomonas fluorescens
The three-dimensional structure of the PHBHPf monomer
with the FAD cofactor in the out conformation (PDB ID:
1pdh) was used to access the mode of NADPH binding.
Docking was performed using HADDOCK (ver. 2.0) (de Vries
et al., 2010). The solvated docking was carried out with the
recommended parameters of HADDOCK. A distance restraint
of 9.0 Å was set between C4N of NADPH and C4a of
the flavin cofactor. For rigid-body energy minimization, 2,000
structures were generated, and the 200 lowest energy solutions
were used for subsequent semi-flexible simulated annealing and
water refinement. Resulting structures were sorted according
to intermolecular energy and clustered using a 6.5 Å cut-off
criterion. Subsequent cluster analysis was performed within a
2.0 Å cut-off criterion. The structure with the lowest score was
selected for generating an image showing the NADPH binding
mode of PHBHPf .

Accession Numbers
PHBH sequences determined in this study are available from
the GenBank/EMBL/DDBJ nucleotide sequence databases under
accession numbers KF234626 for R. opacus 557 and KF234627
for R. rhodnii 135.

RESULTS

Pyridine Nucleotide Coenzyme Specificity
of Biochemically Characterized PHBHs
Most biochemically characterized PHBHs with known amino
acid sequence are strictly dependent on NADPH (Table 1).
However, PHBH from R. opacus 557 (PHBHRo) and PHBH from

R. rhodnii 135 (PHBHRr) show a clear preference for NADH
(Jadan et al., 2001, 2004). This prompted us to determine the
amino acid sequences of PHBHRo and PHBHRr (see Methods).
Genomic R. opacus 557 DNA contained a 1,179-bp open reading
frame coding for a PHBH polypeptide of 392 amino acids. The
amino acid sequence predicted from the open reading frame
corresponded with the experimentally determined N-terminal
sequence of the protein (MNTQVGIVGGGPAGLM) and with
the N-terminal sequence (TDHFRQYPFAWFGILAEAPP) of an
internal 25 kDa tryptic fragment. Genomic R. rhodnii 135 DNA
contained a 1,191-bp open reading frame coding for a PHBH
polypeptide of 396 amino acids.

In this paper, amino acid residues are numbered according
to the sequence of PHBHPf (CAA48483) to facilitate reference
to the 3D-structure. The amino acid sequences of PHBHRo

(accession number KF234626) and PHBHRr (accession number
KF234627) both share 46.7% identical positions with PHBHPf

(Figure 2). Their helix H2 regions, proposed to be involved
in determining the pyridine nucleotide coenzyme specificity
(Eppink et al., 1999), deviate in amino acid sequence from that of
NADPH-specific PHBHs (Figure 2). The latter enzymes typically
contain the fingerprint sequence 32-ERxxx(D/E)YVLxR, while
the NADH-preferring Rhodococcus PHBHs contain the sequence
32-E(S/C)RTREEVEGT.

Pyridine Nucleotide Coenzyme Specificity
of Newly Produced PHBHs
His10-tagged forms of two putative PHBHs originating from
C. necator JMP134 were successfully produced by recombinant
expression in E. coli BL21 (DE3) and purified by nickel-
chelate chromatography (see section Materials and Methods).
HPLC experiments confirmed that both isoforms produce 3,4-
dihydroxybenzoate as sole product from 4-hydroxybenzoate
(Figure S2). Activity measurements with either NADH or
NADPH established that PHBHCn2 is strictly dependent on
NADPH whereas PHBHCn1 can utilize both coenzymes to
perform aromatic hydroxylation. Determination of the apparent
kinetic parameters kCAT and KM (Table 2) through monitoring
NAD(P)H consumption as well as 3,4-dihydroxybenzoate
production revealed that PHBHCn1 has a slight preference
for NADH and that the NADPH-specific PHBHCn2 is about
four times more active than PHBHCn1. These experiments
also revealed that both enzymes suffer to some extent from
uncoupling of substrate hydroxylation resulting in hydrogen
peroxide as by-product, thus yielding aromatic product/NAD+

ratios of 0.73 and 0.81 for PHBHCn1 and PHBHCn2, respectively.
We also determined the pyridine nucleotide coenzyme

specificity of the His10-tagged form of a putative PHBH from R.
opacus-1CP (see sectionMaterials andMethods). Kinetic analysis
of this enzyme (PHBHRo1CP) established a clear preference for
NADH (Table 2).

The amino acid sequences of the PHBHs from C.
necator JMP134 and R. opacus 1CP are in agreement with
the experimentally determined coenzyme specificities.
PHBHCn2 contains the NADPH-preferring sequence
motif 32-EQRSPEYVLGR, while PHBHRo1CP contains
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TABLE 1 | Pyridine nucleotide coenzyme specificity of biochemically characterized p-hydroxybenzoate hydroxylases.

Source Accession number Cofactor preference References

Pseudomonas fluorescens CAA48483 NADPH Howell et al., 1972; Weijer et al., 1982; van

Berkel et al., 1992

Pseudomonas putida WCS358 CAB64666 NADPH Bertani et al., 2001

Pseudomonas fluorescens IFO14160 BAB20910 NADPH Suemori et al., 1995, 2001

Pseudomonas aeruginosa PAO1 NP_248938 NADPH Entsch et al., 1988; Entsch and Ballou, 1989

Acinetobacter sp. ADP1 YP_046383 NADPH DiMarco et al., 1993; Fernandez et al., 1995

Pseudomonas fluorescens ATCC13525 AAA25834 NADPH Shuman and Dix, 1993

Rhizobium leguminosarum B155 AAA73519 NADPH Wong et al., 1994

Azotobacter chroococcum ATCC9043 AAB70835 NADPH Quinn et al., 2001

Corynebacterium glutamicum ATCC 13032 NP_600305 NAD(P)H Huang et al., 2008

Pseudomonas sp. CBS3 CAA52824 NAD(P)H Seibold et al., 1996

Rhodococcus opacus 557 KF234626 NADH Jadan et al., 2001, this paper

Rhodococcus rhodnii 135 KF234627 NADH Jadan et al., 2001, this paper

Rhodococcus opacus 1CP ANS30736 NADH This paper

Cupriavidus necator JMP134 KX345395* NAD(P)H This paper

Cupriavidus necator JMP134 KX345396* NADPH This paper

*The accession numbers of proteins with N-terminal His10-tags obtained of codon optimized genes are provided and correspond to original sequences from the JMP134 genome as

follows: KX345395 to YP_298206, and KX345396 to YP_299212 (see Figure S3).

the NADH-preferring sequence motif 32-ESRTREEVEGT.
The NAD(P)H-dependent PHBHCn1 contains the sequence
32-EDCTQAHVEAR.

PHBH Distribution Among the Tree of Life
Bacteria capable of degrading various aromatic compounds
convert the consecutive degradation products into 4-
hydroxybenzoate, which then can be funneled into the
protocatechuate pathway. Thus, the PHBH enzyme necessary for
this route can be expected to be common amongmicroorganisms
capable of degrading these aromatic compounds.

Using the amino acid sequence of the NADPH-specific
PHBHPf as query sequence for a BlastP search, we identified
many putative PHBHs among bacterial phyla with an aerobic
lifestyle. Most of them are present in proteobacteria, while
roughly 10% is present in Actinobacteria. In the other domains of
life, PHBH is rarely present. In Archaea, a few putative PHBHs
are found, while in Eukarya a small number of hypothetical
PHBHs are identified in basidiomycetes such as Ceratitis capitata,
XP_004528594; Trichosporon oleaginosus IBC246, KLT40385;
and Trichosporon asahii var. asahii CBS 2479, EJT53028. Some of
them are similar to PHBH-like proteins of proteobacteria, while
others show a high similarity to PHBH-like proteins encoded by
Streptomyces species (cf. Figure S3a).

By limiting the BlastP output to an E-value smaller
than 1e−100, 6135 sequences were retrieved. From these
sequences, 1423 had an unique sequence for the loop-helix
H2 region. Taking the first 200 sequences of this group for
construction of a sequence motif showed that the previously
found motif 32-ERxxx(D/E)YVLxR for NADPH specificity is
more accurately described by 32-ERx(S/T)x(D/E)YVL(G/S)R
(Figure 3A). Similarly, by using the NADH-preferring PHBHRo

protein sequence as BlastP query, we found 6,337 sequences

with an E-value smaller than 1e−100, having 1564 unique
loop-helix H2 regions. Taking the first 200 sequences of this
group for construction of a sequence motif showed that
the NADH-preferring PHBH motif is represented by 32-
ExR(S/T)Rxx(I/V)ExT (Figure 3B). After filtering duplicates
from the combined total number of 12472 PHBH sequences,
6,482 sequences were unique. Thus, a large overlap exists between
the two groups. In the dataset obtained using the PHBHPf

sequence, 145 sequences were not present in the dataset obtained
with the PHBHRo sequence. Vice versa, 347 sequences were not
found in the PHBHPf dataset. The distribution of the sequences
not present in each dataset (Figure S3b) shows that most of the
sequences only present in the Ro-dataset are found among the
first 2,000 sequences, while those for the sequences only present
in the Pf -dataset are located in the last 3,000 sequences of each
group.

Interestingly, among the actinobacterial sequences presently
available, most comprise the NADH-preferring fingerprint.
However, Mycobacteria have a mixed type motif, often
the first or both arginine(s) of the NADH-fingerprint are
present but the remaining part is lacking. In addition,
many mycobacterial sequences have parts of the NADPH-
preferring fingerprint, especially, x(D/E)YVL(G/S)R. Among
the Streptomyces sequences many have the NADH-preferring
fingerprint, but some also have a mixed type like Mycobacteria.
However, these mixed-type fingerprints do not have larger parts
of the NADPH-fingerprint and are more similar to the sequence
of Cupriavidus PHBHCn1 and thus might accept both NADH and
NADPH. Among rhodococci, the NADH-fingerprint is highly
conserved and only a few examples of a mixed type were
identified, for example among plant pathogens as Rhodococcus
fascians, which shows a similar sequence to some Mycobacteria.
Hereafter, we focused on bacterial PHBHs from which 70
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FIGURE 2 | Multiple sequence alignment of selected PHBHs. Accession numbers are given in Table 1. PHBHRo is KF234626 and PHBHRr is KF234627. Identical

residues are shown in red. Flavin binding motifs are underlined in blue (I: “GXGXXG”; II: “DG”; III: “GD”; Eppink et al., 1997). Secondary structure assigned from the

PHBHPf crystal structure (PDB ID: 1pbe) is indicated above the sequences. The pyridine dinucleotide cofactor recognizing fingerprint region is boxed and residues in

direct contact with the substrate are marked with an asterisk. The diagram was produced using ESPript (Robert and Gouet, 2014).

Frontiers in Microbiology | www.frontiersin.org December 2018 | Volume 9 | Article 305048

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Westphal et al. Coenzyme Specificity of P-Hydroxybenzoate Hydroxylase

TABLE 2 | Apparent steady-state kinetic parameters of newly produced PHBH enzymes.

Enzyme Method and corresponding results

UV/VIS—NAD(P)H consumption HPLC—product formation

VMAX [U mg−1] kCAT [s−1] KM [µM] VMAX [U mg−1] kCAT [s−1] KM [µM]

Variable NADH (0–175µM), constant 4-hydroxybenzoate (500-µM)

PHBHCn1 12.3 ± 0.5 9.4 ± 0.4 49.8 ± 5.6 not determined

PHBHRo1CP 20.0 ± 0.9 15.3 ± 0.7 39.7 ± 5.0 not determined

Constant NADH (175µM), variable 4-hydroxybenzoate (0–500-µM)

PHBHCn1 9.9 ± 0.2 7.6 ± 0.2 20.2 ± 2.3 9.0 ± 0.1 6.8 ± 0.1 19.3 ± 1.4

PHBHCn2 - no activity measurable -

PHBHRo1CP 16.8 ± 0.3 12.9 ± 0.2 30.4 ± 2.4 21.8 ± 1.0 16.8 ± 0.8 49.9 ± 7.3

Variable NADPH (0–175µM), constant 4-hydroxybenzoate (500-µM)

PHBHCn2 49.1 ± 3.7 37.0 ± 2.8 146 ± 20 not determined

PHBHRo1CP 19.8 ± 2.0 15.0 ± 1.5 153 ± 16 not determined

Constant NADPH (175-µM), variable 4-hydroxybenzoate (0–500-µM)

PHBHCn1 8.6 ± 0.1 6.5 ± 0.1 19.4 ± 1.2 6.1 ± 0.2 4.6 ± 0.1 20.4 ± 2.5

PHBHCn2 27.0 ± 1.0 18.0 ± 0.7 26.4 ± 4.4 40.0 ± 1.8 30.4 ± 1.5 30.6 ± 5.6

PHBHRo1CP 11.3 ± 0.1 8.7 ± 0.1 35.0 ± 1.6 12.5 ± 0.4 9.6 ± 0.3 42.0 ± 4.9

FIGURE 3 | Sequence logos were generated from the aligned sequence parts

of PHBHs involved in pyridine nucleotide coenzyme binding using the

WebLogo server (ver. 2.8.2, Crooks et al., 2004). (A) Sequence logo generated

with the NADPH-specific PHBHPf as BlastP query input; (B) Sequence logo

generated with the NADH-preferring PHBHRo as BlastP query input.

sequences (including the 15 biochemically characterized PHBHs
and 55 randomly chosen candidates of various bacteria) were
chosen for further analysis of the pyridine nucleotide coenzyme
specificity.

Phylogenetic Analysis
The 70 selected PHBH amino acid sequences and 4 distinct
proteins (as out-group as reported elsewhere; Pérez-Pantoja
et al., 2008) were used to generate an extended multiple
sequence alignment (Figure S1). All sequences in the alignment

(except ZP_01743892) harbor the three consensus sequences of
flavoprotein hydroxylases involved in FAD binding (Eppink et al.,
1997). Furthermore, residues in direct contact with the aromatic
substrate are strongly conserved. These residues include Tyr201
and Pro293, which interact with the phenolic moiety, and Ser212,
Arg214, and Tyr222, involved in binding the carboxylic group
of 4-hydroxybenzoate (Schreuder et al., 1989). With exception of
Ser212 (97% Ser, 3% Thr), these residues are 100% conserved.

As already indicated by the pairwise similarity data, the
distance tree of bacterial PHBHs (Figure 4) does not reflect the
taxonomic relationships, in contrast to what one might expect
for a chromosomally encoded enzyme. While some branches
in the distance tree represent sequences of only relatively
closely related strains, such as various Burkholderia strains or
various Rhodococcus strains, other branches represent relatively
closely related PHBHs from taxonomically distant bacteria (e.g.,
from the phyla of proteobacteria Acinetobacter sp. ADP1, C.
necator JMP134, Polaromonas sp. JS666, Mesorhizobium loti
MAFF303099, and Rhodospeudomonas palustris CGA009).

Interestingly, the distance tree clearly reflects the pyridine
nucleotide coenzyme preference shown in Table 1. All NADPH-
specific PHBHs are located on one side of the tree and on the
opposite side the NADH-preferring enzymes are clustered. In
between these types we mostly find PHBHs for which a pyridine
nucleotide coenzyme preference is not proven yet. However,
this preference can be predicted from the phylogenetic tree, and
we conclude that representatives closer to the NADH-assigned
PHBHs can use both coenzymes, with a preference for NADH.
We experimentally confirmed this conclusion by determining the
pyridine nucleotide specificity of PHBHCn1, a newly produced
representative of this group (Table 2). In the other part of
the tree closer to the NADPH-assigned enzymes, PHBHs may
also use both pyridine nucleotides but tend to be stricter or
even exclusively dependent on NADPH. The out-group of the
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FIGURE 4 | Distance tree illustrating the sequence similarities and predicted pyridine nucleotide coenzyme specificities of PHBHs. The distance tree is based on a

similar alignment as that in Figure 2, but now with 74 sequences (Figure S1). The biochemically characterized PHBHs (Table 1) are indicated in blue. The additional

accession numbers for (putative) PHBHs are as follows: Acinetobacter sp. ADP1, YP_046383; Agrobacterium tumefaciens C58, NP_356114; Arthrobacter sp. FB24,
YP_833518; Azospirillum sp. B510, BAI75926; Azotobacter chroococcum, AAB70835; Azotobacter vinelandii DJ, ACO77655; Bacillus licheniformis ATCC 14580,

AAU25427; Bacillus pseudofirmus OF4, ADC50567; Bradyrhizobium japonicum USDA 110, BAC53103; Bradyrhizobium japonicum USDA 6, BAL13703; Brucella
melitensis bv. 1 16M, NP_541618; Brucella suis 1330, NP_699825; Burkholderia mallei ATCC 23344, YP_104900; Burkholderia pseudomallei K96243, YP_110066;
Burkholderia sp. 383, YP_373884; Burkholderia vietnamiensis G4, YP_001116192; Burkholderia xenovorans LB400, YP_558978; Caulobacter crescentus CB15,
AAK24375; Caulobacter sp. K31, ABZ72972; Chelativorans sp. BNC1, YP_675122; Citromicrobium sp. JLT1363, ZP_08701715; Corynebacterium efficiens YS-314,
NP_737743; Corynebacterium sp. ATCC 13032, NP_600305; Corynebacterium sp. ATCC 51369, BAE46572; Cupriavidus metallidurans CH34, YP_586155;
Cupriavidus metalliredurans CH34, ABF12349; Frankia sp. EuI1c, YP_004016464; Magnetospirillum sp. MS-1, ZP_00055298; Mesorhizobium loti MAFF303099,

BAB53364; Novosphingobium sp. DSM 12444, YP_497706; Polaromonas sp. JS666, YP_549804; Pseudomonas aeruginosa PAO1, NP_248938; Pseudomonas
aeruginosa UCBPP-PA14, ABJ15196; Pseudomonas fluorescens IFO14160, BAB20910; Pseudomonas fluorescens Pf0-1, ABA76215; Pseudomonas fluorescens,
CAA48483; Pseudomonas putida KT2440, AAN69138; Pseudomonas putida W619, YP_001748818; Pseudomonas putida WCS358, CAB64666; Pseudomonas sp.
ATCC 13525, AAA25834; Pseudomonas sp. CBS-3, ABQ44581; Pseudomonas sp. CBS3, CAA52824; Pseudomonas sp. IMT40, AF302797; Pseudomonas sp.

(Continued)

Frontiers in Microbiology | www.frontiersin.org December 2018 | Volume 9 | Article 305050

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Westphal et al. Coenzyme Specificity of P-Hydroxybenzoate Hydroxylase

FIGURE 4 | strain HR199, CAB43481; Pseudomonas syringae syringae 642, ZP_07262285; Pseudomonas syringae tomato T1, ZP_03395760; Ralstonia eutropha
JMP134, YP_298206; Ralstonia eutropha JMP134, YP_299212; Ralstonia solanacearum GMI1000, CAD15949; Ralstonia solanacearum MolK2, CAQ35892;

Rhizobium leguminosarium B155, AAA73519; Rhodococcus equi ATCC 33707, EGD23308; Rhodococcus erythropolis SK121, EEN40131; Rhodococcus jostii,
ABG94344; Rhodococcus opacus 557, KF234626; Rhodococcus opacus PD630, EHI40131; Rhodococcus rhodnii 135, KF234627; Rhodopseudomonas palustris
CGA009, CAE27222; Roseovarius nubinhibens ISM, ZP_00961398; Rubrobacter xylanophilus DSM 9941, YP_644338; Rugeria pomeroyi DSS-3, YP_164877;
Rugeria sp. TM1040, ABF63294; Saccharopolyspora erythraea sp. NRRL 2338, WP_009944246.1; Sagittula stellata E-37, ZP_01743892; Serratia plymuthica AS9,

AEF45612; Sinorhizobium meliloti 1021, NP_438035; Sphingomonas sp. LB126, CAB87572; Streptomyces avermitilis MA-4680, NP_824694; Streptomyces
coelicolor A3(2), NP_627304; Xanthomonas axonopodis citri 306, AAM35248; Xanthomonas campestris ATCC 33913, AAM39675. Some of the PHBH-like

hypothetical proteins have been annotated as putative 2-polyprenyl-6-methoxyphenol hydroxylases. The start codons of the sequences of Rubrobacter xylanophilus
DSM 9941, YP_644338, and Cupriavidus metallidurans CH34, YP_586155, were set manually in accordance to the other sequences in the alignment. Sequences

from P. putida KT2440 (NP_746074; salicylate hydroxylase), C. testosterone TA441 [BAA82878; 3-(3-hydroxyphenyl) propionate hydroxylase], S. chlorophenolicum
L-1 (AAF15368; pentachlorophenol monooxygenase), and Acinetobacter sp. ADP1 (AAF04312; salicylate hydroxylase) were used as out-groups (orange).

FIGURE 5 | Model of NADPH binding in PHBHPf . Cartoon image of the PHBH

protein chain in light blue, substrate in green, FAD cofactor (in the out position)
in yellow and the docked NADPH colored by element. Amino acid residues

Arg33, Gln34, Tyr38, Arg42, Arg44, His162, and Arg269, putatively involved in

NADPH binding, are shaded in mauve. Hydrogen bonds are indicated by black

dashes.

distance tree includes NAD(P)H-dependent enzymes (Pérez-
Pantoja et al., 2008) and intersects the NAD(P)H using putative
PHBHs close to the NADH-preferring PHBH type. From an
evolutionary point of view this makes sense since a PHBH-
predecessor proteinmight have used both nicotinamide cofactors
or even had a preference for NADH. However, more questions
on the PHBH evolution need to be answered, e.g., has the
pyridine nucleotide coenzyme preference happened by chance or
by adaptation, and why does it seem to be stable among certain
bacteria, especially among Actinobacteria? Most Actinobacteria
show a NADH-preferring fingerprint or a slightly altered one
with the exception of Mycobacteria. This might be related to
lifestyle and environment of those bacteria, which needs further
investigations.

Energy Potentials of Residues Determining
the Pyridine Nucleotide Coenzyme
Specificity of PHBH
To get more insight into the evolutionary relationship of the
pyridine nucleotide coenzyme specificity, we extracted energy
potentials of residues located in the PHBH coenzyme fingerprint
motifs from energy profile datasets. Pairwise alignments of these

sub-energy profiles have been computed and used for deriving
dScores which, similar to the strategies elucidated in theMaterials
and Methods section, have been processed by un-weighted
pair group method arithmetic mean clustering (Figures S4, S5)
or neighbor joining hierarchical clustering (Figures S6, S7).
A multiple sequence alignment-like representation of these
energy potentials (Figures S8, S9) illustrates a strong relationship
between residue composition, pyridine nucleotide coenzyme
specificity, and energetic properties. First, it becomes clear that
conserved residues in these motifs yield a conservation of their
energetic state, with most energy potentials being relatively low.
It can be proposed that these energetically conserved residues
serve as fold stabilizing elements in these motifs as well as
in the intra-molecular environment of helix H2. Compared
to NADPH-specific and NAD(P)H-dependent PHBHs, NADH-
preferring PHBHs yield a high-energetic, unstable environment
(Figure S10), which is energetically determined by the presence
of two conserved Glu-residues and variable positions which
are predominantly occupied by destabilizing residues, such as
Asp, Glu and Arg (Zhou and Zhou, 2004). In contrast to these
findings, residues in the coenzyme fingerprint motif of NADPH-
specific and NAD(P)H-dependent PHBHs yield comparatively
low energy potentials and thus are partly stabilizing the binding
moiety. It can be concluded that this deviation in molecular
stability can contribute to the pyridine nucleotide coenzyme
specificity and is an important driver of PHBH evolution.

Evolutionary Rate of NADPH-Specific and
NADH-Preferring PHBHs
We used the Rate4site program (Materials and Methods section)
to assess the evolutionary rate of NADPH-specific and NADH-
preferring PHBHs. Figure S11 shows that the NADH-enzymes
have more regions (colored red) susceptible to mutation
compared to the NADPH-enzymes. Indeed, also the loop region
with the coenzyme-binding motif is a little more mutation
sensitive in the NADH-preferring enzymes, indicative of a strong
selection favoring specific amino acids in the NADPH-specific
enzymes.

Pyridine Nucleotide Coenzyme Binding
Studies from PHBH variants generated using site-directed
mutagenesis support the idea that Tyr38 and Arg42 of helix
H2 confer the specificity of PHBHPf for NADPH (Eppink
et al., 1998b, 1999; Huang et al., 2008). Based on these findings
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FIGURE 6 | Conservation of loop segment putatively involved in determining the pyridine nucleotide coenzyme specificity of group A flavoprotein monooxygenases.

(A) Alignment of the sequences forming the loop structures putatively involved in NAD(P)H binding. Alignment of sequences was made using Clustal-X. PDB-entry

(Continued)
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FIGURE 6 | codes of the sequences used: 5tue, uncultured bacterium, tetracycline destructase (Tet50); 5tum, Legionella longbeachae, tetracycline destructase

(Tet56); 5tuk, uncultured bacterium, tetracycline destructase (Tet51); 4a6n, Bacteroides thetaiotaomicron, tetracycline degrading monooxygenase (TetX); 2r0c,

Lechevalieria aerocolonigenes, rebeccamycin biosynthetic enzyme (RebC); 3ihg, aklavinone-11-hydroxylase (RdmE); 1pbe, Pseudomonas fluorescens,
4-hydroxybenzoate-3-hydroxylase (PHBH); 5tti, Pseudomonas putida, 4-hydroxybenzoate-3-hydroxylase (PHBH); 5vqb, Streptomyces venezuelae, rifampicin

monooxygenase (RIFMO); 5kow, Nocardia farcinica, rifampicin monooxygenase (RIFMO); 4k5s, Streptomyces argillaceus; Baeyer-Villiger monooxygenase (MtmOIV);

2qa2, Streptomyces sp. PGA64, aromatic hydroxylase (CabE); 2qa1, Streptomyces sp. PGA64, aromatic hydroxylase (PgaE); 4j31, Saccharomyces cerevisiae;
kynurenine monooxygenase (KMO);4k22, Escherichia coli, 3-octaprenylphenol 2-monooxygenase (UbiI);2bry, Mus musculus, catalytic region of molecule interacting

with CasL (MICAL);2dkh, Comamonas testosteroni, 3-hydroxybenzoate hydroxylase (MHBH); 1pn0, Trichosporon cutaneum, phenol hydroxylase (PHHY); 2x3n,

Pseudomonas aeruginosa, probable FAD-dependent monooxygenase (ProMO); 3gmc, Mesorhizobium loti, 2-methyl-3-hydroxypyridine-5-carboxylic acid oxygenase

(MHPCO); 2rgj, Pseudomonas aeruginosa, phenazine-modifying monooxygenase (PhzS; 3rp8, Klebsiella pneumoniae MGH 78578, urate oxidase (HpxO); 2vou,

Arthrobacter nicotinovorans, 2,6-dihydroxypyridine-3-hydroxylase (DHPH); 4hb9, Photorhabdus luminescens, probable FAD dependent monooxygenase (ProMO);

4bk1, Rhodococcus jostii RHA1, 3-hydroxybenzoate 6-hydroxylase (3HB6H); 5evy, Pseudomonas putida, salicylate hydroxylase (SalH); 5eow, Pseudomonas putida
KT2440, 6-hydroxynicotinic acid 3-monooxygenase (6HNAMO). Secondary structure elements are indicated above the alignment, with the loop segment colored

orange and the amino acid residue number of the last element in the alignment is listed for each sequence. The asterisk (*) indicates the position of R44 of Pf-PHBH
and the circumflexes (∧) indicate the glycine residues of the GxG motif in other sequences. The secondary structural elements above the sequences refer to the

structure shown in Figure 1. (B) Distance tree related to the alignment of the sequences forming the loop structures putatively involved in determining the coenzyme

specificity of group A flavoprotein monooxygenases. Enzymes in the beige area (top) prefer NADPH, those in the yellowish area (bottom) prefer NADH as coenzyme.

and the fact that the nicotinamide ring of NADPH binds at
the re-side of the flavin (Manstein et al., 1986), we docked
the NADPH in the enzyme-substrate complex of PHBHPf

with the isoalloxazine moiety of the FAD cofactor oriented
in the out conformation. As can be seen from Figure 5, the
docking predicts that His162 and Arg269 interact with the
pyrophosphate moiety of NADPH (Eppink et al., 1998a; Wang
et al., 2002) and that Arg33, Tyr38 and Arg42 of the NADPH-
specific fingerprint sequence 32-ERx(S/T)x(D/E)YVL(G/S)R are
involved in orienting the adenosine 2′-phosphate part of NADPH
(Eppink et al., 1999).

Pyridine Nucleotide Coenzyme Specificity
in Related Enzymes
At present, crystal structures of 28 different group A flavoprotein
monooxygenases are available in the Protein Data Bank, and
for most of these enzymes, the preference for the nicotinamide
cofactor is known. Structural alignment of the subfamily
members showed similar folds for the FAD and substrate binding
domains, which is indicative for a conserved interdomain
binding mode of the NAD(P)H coenzyme (Treiber and Schulz,
2008). We aligned the loop segments of these enzymes, putatively
involved in NAD(P)H binding, based on the structural position
of the adenine moiety of the FAD cofactor and the N- and
C-termini of these loops. The alignment obtained from the
loop segment sequences (Figure 6A) suggests that the proteins
can indeed be grouped in NADPH- or NADH-dependent
enzymes and the associated distance tree shows this feature
as two separate clusters (Figure 6B). The NAD(P)H-dependent
enzymes are located in both the NADH- and NADPH-cluster.
Based on type of cluster, the “putative monooxygenase” from P.
luminescens (PDB ID: 4hb9) is likely NADH-dependent, whereas
the “putative monooxygenase” from P. aeruginosa (PDB ID:
2x3n) is likely NADPH-dependent.

Within the whole subfamily, there is no clear consensus motif
present for NADH- or NADPH-dependency. However, most
NADPH-dependent enzymes have an arginine at position 44
(PHBHpf numbering), which is capable of H-bond formation, in
contrast to the corresponding residue in the NADH-group. The

NADH-group has instead a ’GxG’ motif near the end of the loop,
with x being mostly a hydrophobic residue.

The loop segments do not show a clear consensus structure
(Figure 7). Those from PHBH enzymes contain a small helix,
but none of the others structures have this feature. A few
structures are missing some amino acid residues in the loop
segment, due to low electron density in the diffraction dataset,
which indicates that here the loop is flexible. This flexibility
might change upon NAD(P)H binding, which could be essential
to allow for the isoalloxazine moiety movement of FAD (i.e.,
“in/out” conformation).

DISCUSSION

This paper provides new insights into the pyridine nucleotide
coenzyme specificity and evolutionary relationship of PHBH.
Based on the known coenzyme preferences of a limited
amount of biochemically characterized PHBHs and phylogenetic
analysis of putative PHBHs, sequence logos for NADPH-
specific and NADH-preferring enzymes could be inferred. The
pyridine nucleotide coenzyme specificities of newly produced
proteobacterial and actinobacterial PHBHs are in agreement
with our phylogenetic analysis, which shows that PHBHs
group into three clades comprising sequences of NADPH-
specific, NAD(P)H-dependent and NADH-preferring enzymes.
The present findings also support that the 2’-phosphate of
NADPH does not interact with the side chain of Arg44 (Wang
et al., 2002), but binds more close to Tyr38 and Arg42 (Eppink
et al., 1999).

Energy profiling established that NADH-preferring PHBHs
yield a high-energetic unstable environment around helix H2.
This supports that this environment is a predominant site for
evolutionary adaptations and leads us to suggest that the pyridine
nucleotide coenzyme specificity linked to this sequence has
evolved differently according to the evolutionary pressure in the
host cell.

It has been estimated that the FAD-binding domain of
flavoprotein monooxygenases appeared in coincidence with
the emergence of aerobic metabolism, around 2.9 billion
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FIGURE 7 | Cartoon images of loop segment structures putatively involved in NAD(P)H binding of group A flavoprotein monooxygenases. Structures in the beige box

(top) are NADPH-preferring enzymes, those in the yellowish box (bottom) are NADH-preferring enzymes. Substrates or inhibitors present in the used crystal structures

are sketched in green.

years ago (Mascotti et al., 2016). Because both nicotinamide
cofactors were already present, the pyridine nucleotide coenzyme
specificity of PHBH must have evolved later. What can
we learn from the present study regarding the evolutionary

history of the pyridine nucleotide coenzyme specificity of
PHBH?

First, we raised the question on convergent or divergent
evolution. Especially, since NADH ismainly involved in catabolic
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and NADPH in anabolic pathways, one might argue that
two different ancestor proteins arose from different pathways,
which led by convergent evolution to PHBH-like proteins but
with different nicotinamide cofactor dependency. However, the
extensive phylogenetic analysis and alignments made herein do
not support this theory since all (putative) PHBHs have highly
similar sequences, a comparable length, conserved secondary
structure elements and thus a similar fold. Therefore, a divergent
evolution of PHBHs from one predecessor must have led
to the differences in nicotinamide cofactor dependency. The
phylogenetic distance tree suggests that the PHBH ancestor could
use both nicotinamide co-substrates and the NADH-preferring
PHBHs are supposed to be closer related to this predecessor and
therewith the older enzymes (Figure 4). Thus NADPH-specific
PHBHs have likely evolved more recently.

Next, we asked ourselves if this evolutionary event occurred
by chance or by adaptation (Zhu et al., 2005). As noted
above, most of the NADH-preferring (putative) PHBH enzymes
are harbored by k-strategists as actinobacterial Rhodococcus,
Corynebacterium, or Streptomyces species (Juteau et al., 1999;
Margesin et al., 2003; Singer et al., 2011). These microorganisms
can handle nutrient limited and highly populated environments,
known to be stress tolerant, have a huge catabolic power,
and are slow in reproducing. On the other hand, r-strategists
such as proteobacterial Pseudomonas and Acinetobacter species
(Margesin et al., 2003), reproduce fast, colonize quickly nutrient
rich environments, form less stable populations and are attractive
prey for other organisms. They need to adapt to a certain
environment very fast; thus, they can reproduce in a sufficient
manner to ensure survival of their species. Interestingly, all
NADPH-specific PHBH proteins are harbored by those r-
strategists. Moreover, some of these pseudomonads are known
to need high levels of NADPH for generating a reductive
environment (Singh et al., 2007, 2008). The prevalence of
NADPH in such organisms could have caused an adaptive,
stepwise evolution toward NADPH-dependence of PHBH
enzymes. This is also in agreement with the fact that mutations
of few amino acids already change the nicotinamide cofactor
preference (Eppink et al., 1999).

Based on phylogeny and lifestyle of various PHBH harboring
bacteria we propose that the pyridine nucleotide coenzyme
specificity of PHBH has emerged through adaptive evolution.
It can be assumed that the PHBH ancestor could use both
nicotinamide cofactors with a preference for NADH as source
of reducing equivalents. In rhodococci, which are k-strategists
characterized by slow doubling times (Kurosawa et al., 2010)
and in general a high stress tolerance, the NADH-dependent
PHBHs retained. These enzymes are the older versions of PHBH.
In case of r-strategists, which possess a high energy-consuming
lifestyle, the available NADPH acted likely as a driving force to
evolve strictly NADPH-dependent PHBHs. These enzymes are
supposed to have evolved more recently. Thus, we can state
that NADPH converting PHBHs have evolved by adaptation
to their host and therewith present the youngest PHBH
enzymes.

Our data indicate that group A flavoprotein monooxygenases
all share with PHBH a similar mode of NAD(P)H binding.
However, the here identified pyridine nucleotide coenzyme
recognition motifs are specific for PHBH enzymes. Other
group A flavoprotein monooxygenases (Huijbers et al., 2014);
(Mascotti et al., 2016) likely contain similar motifs, but the
sparse availability of biochemical data on the pyridine nucleotide
coenzyme specificity of these enzymes does not allow for a
reliable prediction of these motifs.

CONCLUSION

In this paper, we have described new insights into the pyridine
nucleotide coenzyme specificity of p-hydroxybenzoate
hydroxylase (PHBH) and related group A flavoprotein
monooxygenases. By integrating data from phylogeny,
structural modeling and enzyme kinetics, it was established
that PHBHs group into three clades consisting of NADPH-
specific, NAD(P)H-dependent and NADH-preferring enzymes.
Furthermore, the results suggest that the NADPH-specific
enzymes evolved through an adaptive process from NADH-
preferring enzymes and that the loop segment responsible for
the pyridine nucleotide coenzyme specificity of PHBH is also
involved in the pyridine nucleotide coenzyme specificity of the
other group A members. The present work might stimulate
future studies directed at understanding the pyridine nucleotide
coenzyme specificity of group A flavoprotein monooxygenases
in molecular detail.
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Actinobacteria are an important source of commercial (bio)compounds for the
biotechnological and pharmaceutical industry. They have also been successfully
exploited in the search of novel biocatalysts. We set out to explore a recently identified
actinomycete, Streptomyces leeuwenhoekii C34, isolated from a hyper-arid region,
the Atacama desert, for Baeyer–Villiger monooxygenases (BVMOs). Such oxidative
enzymes are known for their broad applicability as biocatalysts by being able to perform
various chemical reactions with high chemo-, regio-, and/or enantioselectivity. By
choosing this specific Actinobacterium, which comes from an extreme environment, the
respective enzymes are also expected to display attractive features by tolerating harsh
conditions. In this work, we identified two genes in the genome of S. leeuwenhoekii
(sle_13190 and sle_62070) that were predicted to encode for Type I BVMOs,
the respective flavoproteins share 49% sequence identity. The two genes were
cloned, overexpressed in E. coli with phosphite dehydrogenase (PTDH) as fusion
partner and successfully purified. Both flavin-containing proteins showed NADPH-
dependent Baeyer–Villiger oxidation activity for various ketones and sulfoxidation activity
with some sulfides. Gratifyingly, both enzymes were found to be rather robust by
displaying a relatively high apparent melting temperature (45◦C) and tolerating water-
miscible cosolvents. Specifically, Sle_62070 was found to be highly active with cyclic
ketones and displayed a high regioselectivity by producing only one lactone from 2-
phenylcyclohexanone, and high enantioselectivity by producing only normal (-)-1S,5R
and abnormal (-)-1R,5S lactones (ee> 99%) from bicyclo[3.2.0]hept-2-en-6-one. These
two newly discovered BVMOs add two new potent biocatalysts to the known collection
of BVMOs.

Keywords: Atacama, actinobacteria, Baeyer–Villiger monooxygenase, flavoprotein, biocatalysis

INTRODUCTION

Enzymes are attractive catalysts for several industrial processes by being biodegradable,
non-toxic, efficient, and selective. These biocatalysts can offer a high level of safety, low energy
consumption, and a global environmentally friendly process (Santiago et al., 2016). Enzyme-based
approaches often fulfill all the requirements for ecological and economical viable processes
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(Dijkman et al., 2013; Reetz, 2013; Woodley, 2017; Pellis et al.,
2018). The recognition that enzymes can be used in industrially
relevant processes is reflected in a predicted growing market
for biocatalysts (Dewan, 2014; Research and Markets, 2017).
Particular examples of enzymes that show industrial potential
are Baeyer–Villiger monooxygenases (BVMOs). BVMOs are
well-studied enzymes (EC. 1.14.13.XX) that can be used for
the production of (enantiopure) esters, lactones, and sulfoxides
by incorporating an atom of oxygen in an organic substrate
releasing a molecule of water using NADPH as cofactor (Bučko
et al., 2016). These enzymes typically display a high chemo-,
regio-, and enantioselectivity while operating at mild reaction
conditions (Leisch et al., 2011). In the last years some new
Type I BVMOs have been discovered and characterized from
different organisms, such as YMOB (Yarrowia monooxygenase)
from the yeast Yarrowia lipolytica, which shows activity on some
ketones and sulfides (Bordewick et al., 2018), the BVMOAFL706
and BVMOAFL334 from the fungus Aspergillus flavus, which
showed a broad substrate acceptance including substituted
cyclic, aliphatic, and aromatic ketones (Mthethwa et al., 2017),
BVMOLepto from Leptospira biflexa, which was used in whole-cell
reactions conversions of various ketones (Ceccoli et al., 2014) and
PockeMO from Thermothelomyces thermophila, which displays a
high thermostability and shows activity on bulky substrates (Fürst
et al., 2016). However, the BVMOs require special conditions
that challenge the application of these biocatalysts on a large
scale, like the expensive nicotinamide adenine dinucleotide
phosphate (NADPH) as coenzyme. To reduce the costs related
to the coenzyme usage, efficient external regeneration systems
have been developed. For example, the thermostable phosphite
dehydrogenase (PTDH) from Pseudomonas stutzeri WM88 can
be used to regenerate NAD(P)H (Johannes et al., 2005; Torres
Pazmiño et al., 2009). Another major issue concerning the
application of BVMOs is the poor stability they often display
at industrial conditions, like the presence of cosolvent, high
temperature and, in some cases, high salinity (Woodley, 2017;
Pellis et al., 2018). Generally, enzymes isolated from mesophilic
organisms do not tolerate such conditions. Extremozymes, which
are enzymes derived from extremophilic organisms, are typically
more suited to withstand harsh environments (Karan et al.,
2012). Currently, there is only one BVMO that can tolerate
harsh conditions: phenylacetone monooxygenase (PAMO) from
Thermobifida fusca (Fraaije et al., 2005). This biocatalyst was
obtained by a genome mining approach specifically targeting
this mesothermophilic actinobacterium. PAMO was found to
be rather thermostable while tolerating cosolvents (de Gonzalo
et al., 2006; Rodríguez et al., 2008). Recently, other moderately
stable BVMOs, isolated from mesothermophilic microbes, were
reported (Fürst et al., 2016; Romero et al., 2016). Inspired by
these, we considered performing genome mining to another
extremophilic actinobacterium to search for novel BVMOs.

The Atacama desert is a hyper-arid area in the north of
Chile, characterized by: (a) a large daily temperature variation,
where in some areas it ranges from −8 to 50◦C (Pulschen
et al., 2015); (b) low water availability, the area is considered
the driest desert in the world (Azua-Bustos et al., 2012);
(c) exposition to high ultraviolet (UV) light, this zone is

characterized by its high altitude, prevalent cloudless conditions
and relatively low total ozone column, making this desert
one of the highest UV radiation sites on Earth (Paulino-
Lima et al., 2013; Pulschen et al., 2015) and; (d) high salinity,
the desert contains extremely large natural deposits of anions
(as Cl, ClO3

−, SO4
2−, ClO4

−, and others). These geographic
and environmental characteristics make the microorganisms
thriving in the Atacama desert unique, comprising a genetic
and molecular treasure that could lead to novel (bio)chemistry
(Bull and Asenjo, 2013; Bull et al., 2016; Idris et al., 2017).
Several microorganisms have been isolated from the Atacama
desert, being an interesting environment to search bacteria with
different adaptive qualities to be exploited for biotechnological
applications. Among the microorganisms isolated, numerous
Actinomycetes have been characterized, including a particular
species, Streptomyces leeuwenhoekii C34, found to produce novel
natural products (Okoro et al., 2009). This actinobacterium is a
Gram-positive mycelial bacterium rich in novel pharmaceutical
compounds (Busarakam et al., 2014). S. leeuwenhoekii was found
in a soil sample, grows from 4 to 50◦C, optimally at 30◦C,
from pH 6.0–11, optimally at 7.0, and in the presence of 10%
w/v sodium chloride. Because of its highly biotechnological
potential, this bacterium was sequenced after its discovery
(Gomez-Escribano et al., 2015). Genomic analysis revealed a 72%
G+C content, the presence of a linear chromosome (8 Mb) and
two extrachromosomal replicons, the circular pSLE1 (86 kb) and
the linear pSLE2 (132 kb). The S. leeuwenhoekii genome contains
35 gene clusters apparently encoding for the biosynthesis of
specialized metabolites with potent antibiotic activity such as
chaxamycins and chaxalactins (Rateb et al., 2011; Busarakam
et al., 2014). Genome mining in Streptomyces isolates has
already been reported for the identification and characterization
of novel BVMOs, including: (i) MtmOIV, a BVMO isolated
from S. argillaceus which is a key enzyme in the mithramycin
biosynthesis pathway (Gibson et al., 2005), (ii) the BVMOs PenE
and PntE forming pentalenolactone precursors in the pathway of
antibiotic biosynthesis in S. exfoliates and S. arenae, respectively
(Seo et al., 2011), ( iii) two BVMOs from S. coelicolor acting on
thioanisole and a heptanone (Park et al., 2007), and (iv) PtlE
from S. avermitilis has also been described to be involved in a
pentalenolactone biosynthetic pathway (Jiang et al., 2009). We
performed a search in the predicted proteome of S. leeuwenhoekii
using the sequence motifs described for Type I BVMOs (Fraaije
et al., 2002; Riebel et al., 2012). In this work, we report the
discovery, expression and characterization of two novel Type I
BVMOs fused to PTDH.

MATERIALS AND METHODS

Genome Analysis
The GenomeNet server1 was used for searching proteins that
harbor specific sequence motifs (Rossmann fold G-x-G-x-x-
[GA] and the Type I BVMOs fingerprints [AG]-G-x-W-x-x-x-
x-[FY]-[GM]-x-x-x-D and F-x-G-x-x-x-H-x-x-x-W-[PD]) using

1www.genome.jp/tools/motif/MOTIF2.html
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the predicted proteome of S. leeuwenhoekii (code: Actinobacteria,
Streptomyces, sle). The UniProt server was used for the
identification of the proteins2 and the NCBI server for the
BLAST searches and identity sequence confirmation3. Multiple
sequence alignments were prepared using 45 protein sequences
in MUSCLE software (v3.8.31) configured with default settings
for highest accuracy and employing the UPGMB clustering
method. The phylogenetic tree was reconstructed using the
maximum likelihood (ML) method implemented in MEGA 7.0
(500 bootstrap replications). The default substitution model
was selected assuming an estimated proportion of invariant
sites and 4 gamma-distributed rate categories to account for
rate heterogeneity across sites (WAG model). Nearest-Neighbor
Interchange (NNI) ML heuristic method was chosen. Initial
tree(s) for the heuristic search were obtained by applying the
BioNJ method to a matrix of pairwise distances estimated using a
JTT model (Whelan and Goldman, 2001; Kumar et al., 2016).

Reagents, Bacterial Strains, and
Plasmids
All chemical reagents were purchased from Sigma-Aldrich, Difco
or Merck, unless otherwise stated. Oligonucleotide primers
synthesis and DNA sequencing were performed by Macrogen.
The genes were amplified by PCR from genomic DNA isolated
from S. leeuwenhoekii C34. Escherichia coli TOP10 (Thermo
Fisher Scientific) and E. coli NEB 10β (New England Biolabs)
were used as host strain for recombinant DNA. The pCRE2
vector was used for expressing the target proteins fused to PTDH
equipped with an N-terminal His-tag (Torres Pazmiño et al.,
2009). Lysogenic broth (LB), terrific broth (TB), and mannitol
soya flour media (SFM) were used for bacterial growth (Hobbs,
1989). PTDH-PAMO (phenylacetone monooxygenase fused
to PTDH) and PTDH-TmCHMO (Thermocrispum municipale
cyclohexanone monooxygenase fused to PTDH) were from
GECCO-Biotech.

Cloning, Expression, and Purification
Streptomyces leeuwenhoekii was grown in SFM and its genomic
DNA was isolated and purified using Purelink R© Genomic
DNA kit (Invitrogen) according to the recommendations
of the manufacturer. Genes encoding the putative enzymes
were amplified by PCR using Phusion High-Fidelity
DNA Polymerase with the same program: 95◦C-420 s,
[95◦C-40 s, 59◦C-40 s-73◦C-120 s] × 35 cycles, 73◦C-600 s
and 4◦C-overnight. For the sle_13190 gene the forward and
reverse primers were: 5′-CCT GCG GCT GAC TCG AGA TCT
GCA GCT GGT ATG GCC CGC GCC GAA and 5′-TTT TGT
TCG GGC CCA AGC TTG GTA ATC TAT GTA TCC TGG
TCA GCG CAG TTC GAG GCC, respectively. For the sle_62070
gene the forward and reverse primers were 5′-CCT GCG GCT
GAC TCG AGA TCT GCA GCT GGT ATG ACA CAA GGT
CAG ACG TTG TCC and 5′-TTT TGT TCG GGC CCA AGC
TTG GTA ATC TAT GTA TCC TGG TCA GCT CAC CGT
GGA GCC, respectively. For the sle_41160 gene the forward and

2www.uniprot.org
3blast.ncbi.nlm.nih.gov/Blast.cgi

reverse primers were: 5′-CCT GCG GCT GAC TCG AGA TCT
GCA GCT GGT ATG GCC GAG CAC GAG CAT and 5′-TTT
TGT TCG GGC CCA AGC TTG GTA ATC TAT GTA TCC
TGG TCA CGC GGT CAC CCC. For the pCRE2 amplification
the primers were 5′-CCA GGA TAC ATA GAT TAC CAA GCT
TGG GCC CGA ACA AAA AC and 5′-ACC AGC TGC AGA
TCT CGA GT. The PCR conditions were optimized to a final
concentration of 3% DMSO and 125 nM of each primer. Purified
PCR products were cloned into the pCRE2 vector by Gibson
assembly (Gibson et al., 2009). Products were used directly
for transformation of competent E. coli TOP10 cells. Colonies
were grown on LB-agar plates supplemented with ampicillin at
37◦C. Plasmids were isolated (Wizard R©Plus SV Minipreps DNA
Purification System) and sequenced for cloning confirmation
(Macrogen). Verified plasmids were transformed in competent
E. coli NEB 10β used for protein expression. For purification,
a single colony was taken for growing a preculture in LB at
37◦C overnight. An aliquot of the preculture (1:100) was used
to inoculate fresh TB medium supplemented with 50 µg mL−1

ampicillin. Cultures were incubated at 37◦C with shaking until
an OD600 of 0.7 was reached after which expression was induced
by adding L-arabinose. To optimize the expression, different
inducer concentrations (0.002, 0.02, and 0.2%) and temperatures
(17, 24, 30, and 37◦C) for 16, 24, and 48 h were tested. Cells
were harvested by centrifugation (6,000 × 20′ at 4 C using a
JLA-9100 rotor, Beckman Coulter) and suspended in lysis buffer
(50 mM Tris–HCl pH 7.0, 10% w/v glycerol, 1.5 mg mL−1

lysozyme, 10 µM FAD and 1 mM PMSF). Cell extracts (CE) were
obtained by sonication (Vibra cell, Sonics, and materials) for
10′ (amplitude 70%, 7 s on and 7 s off). The cleared cell extracts
(CCEs) were obtained by centrifugation at 10,000 rpm for 1 h
at 4◦C (Centrifuge 5810R, Eppendorf). CCE, CE, and insoluble
fraction were analyzed by SDS−PAGE to verify expression of
the respective BVMOs. After establishing proper expression
conditions, CCE was prepared, filtered (0.45 µM) and loaded on
3 mL of nickel sepharose HP (GE Health Care) pre-equilibrated
with buffer and incubated for 1 h at 4◦C in a rotating system.
Then, the column was washed with ten column volumes of
buffer (50 mM Tris–HCl pH 7.0, 10% glycerol, 0.5 M NaCl)
followed by two column volumes of 50 mM Tris–HCl pH 7.0,
10% glycerol, 0.5 M NaCl and 5 mM imidazole. The protein was
eluted using buffer with 500 mM imidazole. Fractions containing
yellow protein were loaded on a pre-equilibrated Econo-Pac
10DG desalting columns (Bio-Rad). The final sample was flash
frozen with liquid nitrogen and stored at −80◦C. The purity
of each purified enzyme batch was confirmed by SDS-PAGE
analysis.

Fluorescence and Spectrophotometric
Analysis
To determine the protein concentration based on FAD content,
samples were diluted until an absorbance of around 0.5 at 440 nm.
After collecting a full UV-vis spectrum, sodium dodecyl sulfate
(SDS) was added to a final concentration of 0.1% w/v. An
UV-vis spectrum was recorded again after 10 min. The spectrum
obtained with SDS was used to determine the FAD concentration
(ε = 11,300 M−1 cm−1), and the extinction coefficient for the
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protein by comparison with the spectrum of the native protein
(Fraaije et al., 2005).

The apparent melting temperatures (TM ’) were determinate
by using the ThermoFAD method (Forneris et al., 2009). For
this, 20 µl samples were prepared in a 96-well PCR plate. The
samples contained 1 mg mL−1 enzyme in different buffered
solutions: 50 mM Bis-Tris HCl, 50 mM Tris-HCl, or 10 mM
CAPS NaOH buffer adjusted at desired pH, cosolvents, and other
additives. The plate was heated from 20 to 99◦C, increasing the
temperature by 0.5◦C every 10 s, using an RT-PCR instrument
(CFX96-Touch, Bio-Rad). By measuring fluorescence using a
450–490 nm excitation filter and a 515–530 nm emission filter, the
TM ’ or unfolding temperature was determined as the maximum
of the derivative of the sigmoidal curve.

Enzyme activity was screened by measuring the oxidation of
NADPH at 340 nm (ε = 62,220 M−1 cm−1) in 96-well F-bottom
plates (Greiner Bio-One GmbH) at 25◦C using a SynergyMX
micro-plate reader (BioTek). The reactions were performed
in 200 µL containing 10% glycerol, 50 mM Bis-Tris HCl,
50 mM Tris HCl or 10 mM CAPS at the desired pH, cosolvent
concentration, and additive, 0.45 µM of purified BVMO, 150 µM
NADPH, 10 µM FAD, and 5.0 mM phenylacetone. As a
control, to measure NADPH consumption in the absence of
substrate (uncoupling activity), phenylacetone was omitted. For
determining kinetic parameters, activity was analyzed using a
V-660 spectrophotometer (Jasco) using a 100 µL quartz cuvette
at 25◦C, and NADPH oxidation at 340 nm was followed. The
reaction mixture contained 50 mM Tris-HCl pH 8.0, 10%
glycerol, 100 mM NaCl, 0.45 µM of purified BVMO, 150 µM
NADPH, 10 µM FAD, and substrate solubilized in 1,4-dioxane
(2.5% v/v final concentration). The control reaction contained no
substrate and the same concentration of cosolvent. The reaction
was started by adding the nicotinamide cofactor and mixing, after
which the absorbance was measured for 60 s.

Biotransformation Studies
The substrate scope analysis was performed using 6 different
substrate mixtures (400 µM final concentration of each substrate
and 2.5% v/v 1,4-dioxane). For transformations, the reaction
mixture was prepared in 500 µL containing Tris–HCl pH 7.0,
10% glycerol, 100 mM NaCl, 30 µM FAD, 10 mM Na2PO3·5H2O,
150 µM NADPH, and 2.7 µM of purified enzyme in a 20 mL glass
vial. The mixture was subsequently shaken at 150 rpm and 24◦C
for 24 h. The mixture was extracted three times by mixing one
volume of ethyl acetate for 60 s. Subsequently, anhydrous sulfate
magnesium was added to the organic solution to remove residual
water. Analysis was carried out using a GCMS-QP2010 Ultra
(Shimadzu) with electron ionization and quadrupole separation
with a HP-1 column. The temperature program, column data and
injection volumes are in the Supplementary Table S1.

After identifying the positive substrates and optimizing
the conditions, biotransformations with single substrates
were carried out in buffer Tris–HCl pH 8.0 using the same
concentration for the additives, enzyme, cofactor and phosphite
described above. The conversion of racemic bicyclo[3.2.0]hept-
2-en-6-one, phenylacetone, 2-phenylcyclohexanone, and
4-phenylcyclohexanone was performed using a final substrate

concentration of 5.0 mM. For benzoin, a concentration of
1.0 mM was used. The reaction mixtures were incubated at
24◦C and 150 rpm for 2 and 24 h. After incubation, samples
were extracted three times with one volume of tert-butyl methyl
ether containing 0.1% v/v mesitylene as an external standard
and vortexed for 1 min. Then, the GC analysis was performed
in the same instrument described above, for chiral analysis
of bicyclo[3.2.0]hept-2-en-6-one, 2-phenylcyclohexanone and
4-phenylcyclohexanone the substrates were analyzed using a
7890A GC System (Agilent Technologies) equipped with a
CP-Chirasil-Dex CB column. The enantiomers were identified
by comparing with reported retention times and biocatalytic
preference (Alphand et al., 1996; Vogel and Schwarz-Linek, 1999;
Bocola et al., 2005; Romero et al., 2016).

1H-NMR Analysis
For 1H-NMR analysis, the reactions were carried out at
4 mL for 2-phenylcyclohexanone (10 mM) and 10 mL for
benzoin (1.0 mM). Extraction was performed three times with
ethyl acetate, dried over anhydrous sulfate magnesium and
concentrated by rota-evaporation. The extracts were suspended
in 1 mL CDCl3 and NMR analysis was performed in a 400 MHz
Varian Unity Plus spectrometer.

Statistical Analysis
All analyses were performed using GraphPad Prism v6.05 for
Windows (GraphPad Software, La Jolla, CA, United States). To
assess statistical significant differences between more than two
groups of data, a two-way ANOVA test was used, with the
Tukey post-test used to compare each different group, using a
p< 0.05. Kinetic parameters were obtained by fitting the obtained
data to the Michaelis–Menten equation. Chromatograms and MS
spectra were analyzed using GCMSsolution Postrun Analysis 4.11
(Shimadzu). The library for the MS spectra was NIST11.

RESULTS

Genome Analysis and Molecular Cloning
By using the sequence motif for Rossmann fold (GxGxxG/A) and
two previously described Type I BVMO-specific sequence motifs
([A/G]GxWxxxx[F/Y]P[G/M]xxxD and FxGxxxHxxxWP/D)
(Fraaije et al., 2002; Riebel et al., 2012), we could identify three
putative BVMOs in the predicted proteome of S. leeuwenhoekii
C34: Sle_41160, Sle_13190 and Sle_62070 (UniProt codes
A0A0F7VV32, A0A0F7VUW7, and A0A0F7W6X7, respectively)
(Supplementary Table S2). A sequence alignment analysis
revealed that Sle_13190 displays 92% sequence identity with
PntE (pentalenolactone D synthase from S. arenae) (Seo et al.,
2011) while, Sle_62070 only has 50% sequence identity with
PntE. Another known BVMO that is closely related in sequence
with Sle_62070 is PockeMO (Polycyclic Ketone Monooxygenase,
39% sequence identity) from the fungus T. thermophila (Fürst
et al., 2016). These two putative BVMOs share 49% of sequence
identity. On the other hand, Sle_41160, has 36% sequence
identity with HAPMO (4-hydroxyacetophenone monooxygenase
from P. fluorescens) (Kamerbeek et al., 2001) and shares around
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FIGURE 1 | Determination of apparent melting temperature of S. leeuwenhoekii Type I BVMOs. (A) The thermostability of Sle_13190 (white dots) and Sle_62070
(black dots) were measured at different pH (5.0–11.0). (B) The effect in the TM’ by the presence of cosolvents at 5% v/v (white column) and 10% v/v (black column)
was analyzed for Sle_13190 and Sle_62070 in Tris–HCl pH 7.0.

30% sequence identity with the other two predicted BVMOs.
A phylogenetic molecular analysis was inferred using ML
(Whelan and Goldman, 2001). The resultant tree revealed that
Sle_13190 and Sle_62070 belong to a distinct clade of Type
I BVMOs (Supplementary Figure S1). Based on the recently
elucidated crystal structure of PockeMO, it has been reported
that this group of BVMOs have a special structure feature in
common that allows them to accommodate relatively large
substrates in their active site (Fürst et al., 2016). This suggests
that Sle_13190 and Sle_62070 should have the capacity to deal
with bulky compounds. On the other hand, Sle_41160 was
clustered close to HAPMO, a Type I BVMO described to catalyze
the reaction of 4-hydroxyacetophenone to the corresponding
acetate ester (Kamerbeek et al., 2001).

The sle_13190, sle_62070, and sle_41160 genes have 69, 71,
and 73% of G+C% content which is similar to the chromosomal
DNA of S. leeuwenhoekii (Gomez-Escribano et al., 2015). We
amplified the three genes from the isolated genomic DNA after
optimizing PCR conditions. Thereupon, we cloned them into
a pCRE2 vector that harbors a NADPH-recycling PTDH as a
N-terminal fusion partner with a N-terminal histidine tag. The
generated expression plasmids were used to transform E. coli
TOP10, the subsequent expression of soluble protein was tested
at various temperatures. The best results for Sle_13190 and
Sle_62070 were obtained when expression was performed at 17◦C
for 48 h using 0.02% of L-arabinose. For Sle_41160, no expression

could be obtained at any of the tested conditions and therefore
was discarded for further experiments. The proteins were purified
through Ni+2-affinity chromatography in one step, a clear yellow
color was indicative of proper folding and FAD binding. The
purified proteins displayed UV-vis spectra that are characteristic
for flavin-containing proteins displaying a maxima absorbance
at 385 and 440 nm (Supplementary Figure S2). Using SDS as
unfolding agent, the extinction coefficient at 450 nm of each
flavoprotein was determined: 14.1 and 15.7 mM−1 cm−1 for
Sle_13190 and Sle_62070, respectively.

Characterization of the Atacama BVMOs
To obtain a better view on the biochemical properties of the
two purified flavoenzymes, their thermostability and tolerance
toward cosolvents were studied. The ThermoFAD method was
used to probe their thermostability. This method determines the
apparent melting temperature (TM ’) of a flavoprotein based on
the increase in flavin fluorescence when the flavin cofactor is
released upon protein unfolding (Forneris et al., 2009). First,
we determined the TM ’ of the enzymes at various pH values
using different buffers (Tris-HCl, Bis-Tris HCl, or CAPS) in the
presence of 100 mM NaCl and 10% w/v glycerol. Interestingly,
both flavoproteins display a similar pH-dependent unfolding
profile (Figure 1A). For Sle_13190 and Sle_62070, the TM ’ was
around 45◦C between pH 7.5 and 10.0, showing that the two
enzymes are relatively thermostable. To discard a possible buffer
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TABLE 1 | Substrate scope analysis of Type I BVMOs.

Mix Substrate CAS number Sle_13190 Sle_62070

1 2-hexylcyclopentanone 13074 65-2 +++++ ++++

1 3-methyl-2,4-pentanedione 815 57-6 − −

1 benzylphenyl sulfide 831 91-4 − +++

1 Cycloundecanone 878 13-7 − −

1 Indole 120 72-9 − −

1 Phenylacetone 103 79-7 +++++ +++++

2 2-propylcyclohexanone 94 65-5 +++++ ++

2 3-octanone 106 68-3 − ++

2 bicyclo[3.2.0]hept-2-en-6-one 13173 09-6 +++++ +++++

2 Cyclododecanone 830 13-7 − −

2 Cyclopentanone 120 92-3 − −

2 methyl-p-tolyl sulfide 1519 39-7 ++++ ++++

3 2-phenylcyclohexanone 1444 65-1 ++++ +++++

3 androsta-1,4-diene-3,17-dione 897 06-3 − −

3 Cyclopentadecanone 502 72-7 + +

3 Nicotin 54 11-5 − −

3 Vanillylaceton 122 48-5 − −

4 4-hydroxyacetophenone 99 93-4 − −

4 4-phenylcyclohexanone 4894 75-1 +++++ +++++

4 androst-4-ene-3,17-dione 63 05-8 ++++ ++

5 4-octanone 589 63-9 − +

5 Acetophenone 98 86-2 − −

5 Cyclohexanone 108 94-1 +++ +

5 Pregnenolone 145 13-1 − −

5 Thioanisole 100 68-5 +++ ++++

6 2-octanone 111 13-7 + −

6 4-methylcyclohexanone 589 92-4 ++ +++

6 Benzoin 119 53-9 ++ +++++

6 Cyclooctanone 502 49-8 − −

6 Stanolone 521 18-6 ++ +++++

The 30 compounds tested in the substrate scope analysis are shown with their respective CAS number. Conversion was determined semi-quantitatively for each substrate
by analysis of the peak areas in the GC chromatograms normalized by the compound(s) of the mixture that were not accepted by the enzyme. The results are categorized
by the observed degree of conversion as 100–81%, +++++; 80–61%; ++++; 60–41%, +++; 40–21%, ++; <20, +; or <1%, −.

composition effect, HEPES at pH 7.0–7.5 and citrate buffer at
pH 6 were also tested, resulting in highly similar TM ’ values.
Subsequently, the effect of several commonly used cosolvents
on the thermostability was explored by analyzing samples
containing 5 and 10% v/v of DMSO, methanol, acetonitrile
(ACN), ethanol, 1,4-dioxane, acetone, isopropanol, 2-butanol,
ethyl acetate, benzene or hexane (Figure 1B). Again, both
flavoenzymes displayed similar patterns of solvent tolerance. For
both enzymes, a major deleterious effect was observed with
10% ACN, ethyl acetate and 1,4-dioxane, resulting in a drop of
7–8◦C with ACN and ethyl acetate, and a drop of >10◦C with
1,4-dioxane. The data suggest that the enzymes can be employed
in the presence of various solvents.

The effect of increasing concentrations of NaCl, ectoine,
5-hydroxyectoine and proline was also analyzed. These additives
were chosen because the BVMOs may have evolved to operate
in the presence of high concentrations of these compounds
as S. leeuwenhoekii thrives in a highly salty environment.
While Sle_13190 was rather insensitive to increasing amounts
of NaCl, Sle_62070 was more stable at lower concentrations

(Supplementary Figure S3). For the other additives, no
significant differences in effects on the TM ’ values were
observed. While increasing amounts of ectoine resulted in
lower TM ’ values, 5-hydroxyectoine (0–200 mM) and proline
(0–4 mM) did not have a significant effect (Supplementary
Figure S3).

Substrate Profiling of the Atacama’s
BVMOs
After the thermostability analysis, the substrate scopes for both
flavoenzymes were studied through a high-throughput GC-MS
analysis approach by verifying product formation for each
potential substrate. Each enzyme was incubated with six different
mixtures containing 3–6 distinct ketones and thioethers at a
final concentration of 400 µM each and 2.5% 1,4-dioxane as
cosolvent. In this way, a total of 30 different potential substrates
were tested with each BVMO (Supplementary Figure S4).
For regeneration of the nicotinamide coenzyme, the fusion
partner of the recombinant enzymes, PTDH, was exploited by
including phosphite and a catalytic amount of the coenzyme.
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FIGURE 2 | Effects of pH on BVMO and NADPH oxidase activities. The ratio of kobs in the presence (black dots) and absence of 5.0 mM phenylacetone (white dots)
was analyzed at pH 5.0–11.0 for Sle_13190 (A) and Sle_62070 (B).

The conversions were incubated for 24 h at 24◦C and after
extraction the analysis revealed a broad substrate acceptance for
both enzymes. For Sle_13190, 15 compounds were identified as
substrate through detection of formed substrate, while Sle_62070
was found to convert 17 of the 30 tested compounds (Table 1).
The substrate profiles include several cyclic aliphatic ketones,
aromatic ketones, and sulfides, linear aliphatic ketones and
also a steroid, stanolone. The two BVMOs shared most of the
uncovered substrates but also some striking differences were
noted. For example, of the tested octanones, Sle_13190 converted
2-octanone, and Sle_62070 converted 3- and 4-octanone (the
predicted products are included in the Supplementary Figure S5)

To determine the optimal conditions and robustness of
the potential biocatalysts, phenylacetone was selected as model
substrate as it was found to be well-accepted substrate (Table 1).
We measured the rate of NADPH consumption in the absence
or presence of 5.0 mM of this ketone at various pH values
(Figure 2). The data confirm that Sle_62070 has a good
activity with phenylacetone as substrate, and a significantly
higher activity with the substrate over the uncoupling activity
(consumption of NADPH in absence of substrate). The highest
activity (around 2.4 s−1) was observed at pH 7.5–10. Sle_13190
has a relatively low activity on phenylacetone (around 0.24 s−1

at pH 7–9.5), which is only slightly higher when compared with
its uncoupling activity. Based on these activity results we chose
a pH value of 8.0 for the subsequent experiments. We also
compared the effect of seven water-miscible solvents at 2.5, 5, and

TABLE 2 | Kinetic parameters of Sle_62070.

Substrate kcat

[s−1]
KM

[mM]
kcat KM

−1

[s−1 mM−1]

bicyclo[3.2.0]hept-2-en-6-one 4.0 ± 0.06 0.20± 0.01 20

Phenylacetone 4.1 ± 0.2 3.0 ± 0.3 1.3

2-phenylcyclohexanone >4.0 >3.0 1.3

4-phenylcyclohexanone >4.0 >3.0 1.3

NADPH oxidation rates were spectrophotometrically followed in 50 mM Tris–HCl
at pH 8.0, 10% glycerol and 100 mM NaCl at 25◦C (enzyme 0.45 µM, NADPH
150 µM) with four ketones in increasing concentrations. The data obtained were fit
using a Michaelis–Menten equation in GraphPad Prism.

10% v/v (Supplementary Figure S6). This revealed that DMSO
is probably a substrate for both BVMOs. For Sle_62070 the
rate of NADPH consumption increased significantly at higher
DMSO concentrations while for Sle_13190 the observed rate
with DMSO were even equal to the rates in the presence
phenylacetone. BVMO activity on DMSO has also been noted
before and therefore is not a suitable cosolvent (Bordewick
et al., 2018). Interestingly, up to 10% v/v of the other six
cosolvents seem to be compatible with both BVMOs, even at
the highest concentration these cosolvents did not significantly
affect the observed activities. While the BVMO activities were
in the same range when compared in buffer, only some
modest increase in uncoupling activity was seen in the presence
of ACN, methanol and isopropanol. This demonstrates that
both biocatalysts are rather tolerant toward regularly used
cosolvents.

In order to test the effects of known microbial
osmoprotectants we studied their effects on Sle_62070 because
this BVMO seemed to exhibit better kinetic properties.
We chose 1,4-dioxane (2.5% v/v) as cosolvent. The effect
of increasing concentrations of ectoin, 5-hydroxyectoine
(0–200 mM) and proline (0–4 M) on BVMO activity of
Sle_62070 was studied (Supplementary Figure S7). None of
the osmoprotectants exerted a dramatic effect on the BVMO
or uncoupling activities. A slight boost (20%) on BVMO
activity was observed with 200 mM ectoin, while 4 M proline
decreased the BVMO activity by 30%. To have a better view
on the kinetic properties of Sle_62070, the initial rates of
NADPH consumption with a set of ketones and sulfides
were determined (Supplementary Figure S8A). These kinetic
data revealed a relatively high kobs with bicyclo[3.2.0]hept-
2-en-6-one, phenylacetone, 2-phenylcyclohexanone and
4-phenylcyclohexanone, and a lower activity with the
thioethers methyl p-tolyl sulfide, benzylphenyl sulfide and
thioanisole and the cyclic ketones 2-hexylcyclopentanone
and cyclopentadecanone. The other tested compounds did
not shown a significant difference in activity when compared
with the uncoupling rate. The steady-state kinetic parameters
for four substrates on which Sle_62070 displayed a relatively
high activity were determined (Table 2). As it was found for
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TABLE 3 | Biocatalysis performance of Sle_62070.

Bicyclo[3.2.0]hept-2-en-6-one eeN eeA Phenylacetone 2-phenylcyclohexanone 4-phenylcyclohexanone Benzoin Thioanisole

>99% >99% >99% >99% 69% >99% >99% 18%

Biotransformation assays were carried out for 2 h at 24◦C for six different substrates, consumption percentages are shown. Enantioselectivity was determined for

bicyclo[3.2.0]hept-2-en-6-one. N:A, ratio normal and abnormal product, ee, enantiomeric excess of the product calculated as ee = (Amajor − Aminor)
(Amajor + Aminor)

× 100.

other Type I BVMOs, Sle_62070 displays a relatively high
activity with bicyclo[3.2.0]hept-2-en-6-one and phenylacetone,
showing a kcat of 4.0 s−1 for both compounds, and KM
values of 0.2 and 3 mM, respectively (Supplementary
Figures S8B,C). In addition, Sle_62070 shows high activity
with 2-phenylcyclohexanone and 4-phenylcyclohexanone,
displaying kcat values of >4.0 s−1 and KM values of >3.0 mM
for both phenylcyclohexanones (Supplementary Figures
S8D,E). We also attempted to determine kinetic parameters
for Sle_13190, but the observed rates were too low for an
accurate kinetic analysis. Clearly, using the applied conditions,
Sle_62070 is a superior biocatalyst concerning its kinetic
properties.

After establishing the substrate profiles and kinetic properties
of the two newly discovered BVMOs, some substrates were
selected as candidates to perform conversions at a larger
scale. Racemic bicyclo[3.2.0]hept-2-en-6-one was chosen as a
hallmark BVMO substrate for enantio- and regioselectivity,
phenylacetone as a well described ketone for BVMOs, and
thioanisole to include a thioether for testing a sulfoxidation
reaction. 2-Phenylcyclohexanone, 4-phenylcyclohexanone
and benzoin were selected as relatively unexplored BVMO
substrates. All the compounds were tested at 5.0 mM except for
the conversion of benzoin; due its poor solubility it was used
at a concentration of 1.0 mM. Upon incubating the substrates
with 2.7 µM Sle_62070-PTDH for 2 h, complete conversion
was observed with most targeted compounds (Table 3). For
2-phenylcyclohexanone merely 69% was converted and for
thioanisole only 18% conversion was obtained. Extending the
incubation to 24 h only resulted in a minor improvement
(83 and 22% conversion for 2-phenylcyclohexanone and
thioanisole, respectively). Sle_13190 was only tested for the
conversion of benzoin, resulting in 40% conversion after
2 h incubation. By GC-MS analysis it was found that both
enzymes produce benzaldehyde when converting benzoin. NMR
analysis revealed that, except for benzaldehyde, also benzoic
acid is formed upon conversion of benzoin (Supplementary
Figure S9A). Also the conversion of 2-phenylcyclohexanone
was subjected to 1H-NMR analysis. The NMR spectral

data revealed the production of the proximal lactone
when 2-phenylcyclohexanone was converted by Sle_62070
(Supplementary Figure S9B).

To probe the enantioselectivity of Sle_62070, chiral
GC analyses were performed. First, the conversion of
4-phenylcyclohexanone was studied. As reference the
conversion of 4-phenylcyclohexanone with TmCHMO-PTDH
was performed. The reaction using CHMOs is described to
produce preferably the S lactone (Vogel and Schwarz-Linek,
1999; Rial et al., 2008). The results revealed that Sle_62070
is highly enantioselective toward this ketone as only the
S lactone was formed (Supplementary Figure S10). Using
2-phenylcyclohexanone as racemic substrate, Sle_62070 was
found to be highly enantioselective for convert the R enantiomer
substrate. The reaction was compared with TmCHMO-PTDH
which is described to display a higher preference for the
same enantiomer (Alphand et al., 1996; Bocola et al., 2005;
Supplementary Figure S10). The enantioselective properties
of Sle_62070 with racemic bicyclo[3.2.0]hept-2-en-6-one
as substrate was also analyzed. As reference reaction, the
biotransformation of the racemic prochiral cyclic ketone was
also performed with PAMO-PTDH resulting in the formation
of all four possible lactone products (Romero et al., 2016).
After 2 h conversion, two of the four possible lactone products,
in equal amounts, were observed when using Sle_62070: the
(-)-1S,5R normal lactone and the (-)-1R,5S abnormal lactone.
The enantiomeric excess for both products were determined as
>99% (Supplementary Figure S11). Finally, the reaction was
analyzed in time (Supplementary Figures S12A,B) which revealed
that Sle_62070 has no preference for one of the two substrate
enantiomers.

DISCUSSION

By genome sequence analysis, we have identified two new
actinobacterial BVMOs. As far as we know, these are the first
BVMOs described from an Atacama desert’s microorganism.
Both BVMOs were shown to be rather robust by tolerating

FIGURE 3 | Proposed reaction of benzoin oxidation by Sle_62070. Mechanism of the hydrolysis of oxidation product to benzaldehyde and benzoic acid.
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cosolvents up to 10% v/v and by displaying relatively high melting
temperatures. Compared with CHMO from Acinetobacter sp.
or STMO from Rhodococcus rhodochrous (both having a TM ’
of 39◦C), these two new BVMOs showed a higher TM ’ (5–6◦C
higher). The two BVMOs are similar in thermostability when
compared with the recently reported PockeMO (TM ’ of 47◦C)
which was identified from a thermophilic fungus (Fürst et al.,
2016). Both uncovered enzymes showed activity on a wide
variety of ketones and sulfides, a typical feature of Type I
BVMOs. As already can be deduced from the clustering of the
sequences based on sequence homology with other BVMOs
that are known to act on bulky compounds, Sle_13190 and
Sle_62070 also accept rather complex compounds as substrate,
including biphenyls and a steroid. Remarkably, even though
the substrate scope is similar between these two enzymes,
Sle_62070 showed to be more promising by acting on more
compounds and by exhibiting higher activities. Sle_62070 also
revealed to be highly enantio- and regioselective in converting
bicyclo[3.2.0]hept-2-en-6-one into two enantiopure lactones.
Interestingly, it is also efficient in converting benzoin which,
as far we know, was only reported as substrate for CPMO
without any product identification (Riebel et al., 2012). We
have identified for the first time the products formed by
BVMO-catalyzed benzoin oxidation: benzaldehyde and benzoic
acid. For the production of these compounds, we suggest
the formation of a labile ester product which decomposes
to from the two aromatic products (Figure 3). Overall,
this work has delivered two new BVMOs to complement
the available collection of known BVMOs. The extreme
environment of the Atacama desert may develop as an
interesting source for new robust enzymes. Using metagenomic
approaches it should become feasible to tap novel biocatalysts
from this rich source of actinobacterial “biosynthetic dark
matter,” which is unique due to the special soil subsurface
geochemistry, ecological diversity, and environmental conditions

of this hyper-arid desert (Bull et al., 2016; Idris et al.,
2017).
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Class III old yellow enzymes (OYEs) contain a conserved cysteine in their active sites.

To address the role of this cysteine in OYE-mediated asymmetric synthesis, we have

studied the biocatalytic properties of OYERo2a from Rhodococcus opacus 1CP (WT) as

well as its engineered variants C25A, C25S and C25G. OYERo2a in its redox resting

state (oxidized form) is irreversibly inactivated by N-methylmaleimide. As anticipated,

inactivation does not occur with the Cys variants. Steady-state kinetics with this

maleimide substrate revealed that C25S and C25G doubled the turnover frequency

(kcat) while showing increased KM values compared to WT, and that C25A performed

more similar to WT. Applying the substrate 2-cyclohexen-1-one, the Cys variants were

less active and less efficient than WT. OYERo2a and its Cys variants showed different

activities with NADPH, the natural reductant. The variants did bind NADPH less well

but kcat was significantly increased. The most efficient variant was C25G. Replacement

of NADPH with the cost-effective synthetic cofactor 1-benzyl-1,4-dihydronicotinamide

(BNAH) drastically changed the catalytic behavior. Again C25G was most active and

showed a similar efficiency as WT. Biocatalysis experiments showed that OYERo2a,

C25S, and C25G converted N-phenyl-2-methylmaleimide equally well (81–84%) with

an enantiomeric excess (ee) of more than 99% for the R-product. With cyclic ketones,

the highest conversion (89%) and ee (>99%) was observed for the reaction of WT with

R-carvone. A remarkable poor conversion of cyclic ketones occurred with C25G. In

summary, we established that the generation of a cysteine-free enzyme and cofactor

optimization allows the development of more robust class III OYEs.

Keywords: biocatalysis, ene reductase, flavoprotein, inactivation, actinobacteria, protein engineering,

Rhodococcus opacus 1CP, cysteine modification

INTRODUCTION

Protein engineering is a powerful tool to improve the catalytic properties of enzymes. Through
inducing subtle changes in amino acid side chains, it is possible to optimize binding of specific
ligands, thermostability, reaction rates and catalytic efficiency (Balke et al., 2017). Also, the
enantioselectivity can be switched (van Den Heuvel et al., 2000). An encouraging enzyme class
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in the focus of biocatalysis is the flavin-dependent ene reductase
(ER) from the Old Yellow Enzyme family (OYEs, EC 1.6.99.1).
The FMN-containing OYEs catalyze the selective reduction
of activated α,β-unsaturated alkenes yielding valuable alkanes
containing one or two chiral carbon centers (Scheme 1). Capable
of catalyzing the asymmetric trans-hydrogenation of various
alkene substrates such as cyclic enones, maleimides, aldehydes,
or (di)-carboxylic acids (Swiderska and Stewart, 2006a; Nivinskas
et al., 2008; Toogood et al., 2008; Fryszkowska et al., 2009; Gao
et al., 2012; Fu et al., 2013; Riedel et al., 2015; Scholtissek et al.,
2017b; Toogoood and Scrutton, 2018), ERs promise potential
applications in industrial processes due to their exquisite regio-,
stereo- and enantioselectivity. The FMN cofactor receives
electrons from NAD(P)H, but ERs also accept nicotinamide
coenzyme biomimetics (NCBs) (Knaus et al., 2016; Scholtissek
et al., 2017a).

A detailed summary of protein engineering studies on OYEs
was reported earlier (Amato and Stewart, 2015; Toogoood and
Scrutton, 2018). OYE1 from Saccharomyces pastorianus (Saito
et al., 1991) is the most investigated OYE toward mutagenesis so
far. Due to the small size of the active pocket, OYE1 is limited
to smaller substrates and to a strict enantioselectivity (Swiderska
and Stewart, 2006b). Replacement of Trp116 by Ile or Phe led
to an opposite binding of several substrates, which induced an
inverted stereochemical outcome (Padhi et al., 2009; Pompeu
et al., 2013;Walton et al., 2014). Further amino acid replacements
of OYE1 conserved residues Tyr196 (Kohli and Massey, 1998),
Thr37 (Xu et al., 1999), and His191/Asn194 (Fox and Karplus,
1994), affecting both the oxidative as well as reductive half-
reaction.

OYEs from class III (Scholtissek et al., 2017a) were engineered
to improve stability or to modulate their reduction potential
(Spiegelhauer et al., 2010; Riedel et al., 2015). Introduction of a
characteristic salt bridge in OYERo2 generated a protein variant
(OYERo2a) with similar catalytic properties as the wildtype
enzyme (Riedel et al., 2015). However, thermal stability and
tolerance toward organic solvents were highly improved. In
subsequent studies, we observed that several substrates, especially
maleimides, have an inhibitory effect on OYERo2a (discussed as
wild type (WT) here). Considering the presence of a cysteine
residue near the N-terminus of the protein—only conserved
for class III OYEs—it was assumed that this cysteine might
form a thioether due to a Michael addition reaction with

SCHEME 1 | Reaction catalyzed by FMN-containing OYEs. NAD(P)H or

BNAH serve as the electron donor and the substrate (α,β-unsaturated alkene)

is activated by an electron withdrawing group (EWG; e.g., aldehyde, ketone, or

nitro among others). Two potential stereo centers are indicated by an *.

maleimides (Gregory, 1955). This cysteine was already the subject
of a previous study on xenobiotic reductase A (XenA) and
was found to modulate the FMN/FMNH− reduction potential
(Spiegelhauer et al., 2010). Structural investigations of XenA and
two Cys variants revealed that the cysteine residue determines
whether the oxidation of NADPH (reduction of FMN) or the
reduction of the alkene substrate (oxidation of FMNH−) is rate-
limiting.

In this study, we produced C25A, C25S, and C25G
variants of OYERo2a and studied their kinetic and biocatalytic
properties. Interestingly, we found that the Cys replacements
result in substrate-dependent catalytic efficiencies and
enantioselectivities. Moreover, we established that the natural
electron donor NADPH can be cost-effectively replaced by the
synthetic cofactor BNAH.

EXPERIMENTAL

Chemicals and Enzymes
All chemicals and substrates used for buffers and
biotransformations were purchased from Sigma-Aldrich
(Steinheim, Germany), Carl Roth (Karlsruhe, Germany) and
Merck Chemicals GmbH (Darmstadt, Germany) and of the
purest grade available. Nicotinamide adenine dinucleotide
phosphate (NADPH) was purchased from Prozomix
(Northumberland, UK). 1-Benzyl-1,4-dihydronicotinamide
(BNAH) was synthesized as described previously (Paul et al.,
2013).

Site-Directed Mutagenesis, Expression,
and Purification
All plasmids, primers and mutant megaprimers used in this
study are presented in Table 1. Site directed mutagenesis of
oyeRo2awas performed in two steps (Scheme S1, Supplementary
Material).

(1) Synthesis of themutantmegaprimer by templatemutation.
Single-site mutated oyeRo2a genes were amplified by PCR
from pET16bp_oyeRo2a DNA solution (100 ng µl−1) applying
the respective primers (Table 1). The received PCR products
served as mutant megaprimers oyeRo2a-C25S, oyeRo2a-C25A
and oyeRo2a-C25G. (2) Annealing of the mutated megaprimer
(500 ng) and the original pET16bp_oyeRo2a vector (50 ng) using
the GeneMorph R© EzClone Reaction (Agilent Technologies) for
a novel PCR reaction. Add-on DpnI digestion was applied
in order to remove the E. coli template DNA. Resulting
recombinant plasmids pSRoOYE2a_P02, pSRoOYE2a_P03 and
pSRoOYE2a_P04 were transformed into E. coli BL21 (DE3)
pLysS. Expression and purification of the protein variants was
performed as described earlier for OYERo2a (Riedel et al., 2015).

Enzyme Activity and Kinetic
Characterization
Specific activities of ERs were determined spectrophotometrically
by following the consumption of NADPH or BNAH at
340 nm as described earlier (Riedel et al., 2015). However,
the enzyme, buffer and substrate concentrations were slightly
modified to achieve best performance. In a pre-screen it
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TABLE 1 | Plasmids and primers used in this study.

Plasmids Relevant characteristic(s) Source

PLASMIDS

pSRoOYE2a_P01 oyeRo2a of R. opacus 1CP (1.098-kb NdeI/NotI fragment) cloned into pET16bP Riedel et al., 2015

pSRoOYE2a_P02 oyeRo2a_C25S of R. opacus 1CP (1.098-kb NdeI/NotI fragment) cloned into pET16bP This study

pSRoOYE2a_P03 oyeRo2a_C25A of R. opacus 1CP (1.098-kb NdeI/NotI fragment) cloned into pET16bP This study

pSRoOYE2a_P04 oyeRo2a_C25G of R. opacus 1CP (1.098-kb NdeI/NotI fragment) cloned into pET16bP This study

PRIMER

C25S_fw 5′-ATGGCTCCTATGTCTCAATACTCAGCAGATG-3′ This study

C25A_fw 5′-ATGGCTCCTATGGCTCAATACTCAGCAGATG-3′ This study

C25G_fw 5′-ATGGCTCCTATGGGTCAATACTCAGCAGATG-3′ This study

pET_check_rev 5′-CAGCTTCCTTTCGGGCTTTGTTAG-3′ Qi et al., 2016

MEGAPRIMER

oyeRo2a_C25S oyeRo2a gene of R. opacus 1CP (1.098-kb fragment) containing the substitution guanine77→cysteine77 This study

oyeRo2a_C25A oyeRo2a gene of R. opacus 1CP (1.098-kb fragment) containing the substitutions

thymine76→guanine76 and guanine77→ cysteine77

This study

oyeRo2a_C25G oyeRo2a gene of R. opacus 1CP (1.098-kb fragment) containing the substitution thymine76→guanine76 This study

turned out that N-methylmaleimide served as best substrate
to generate reproducible kinetics (data not shown) and thus it
was used herein as the major substrate. The molar absorption
coefficients 6.22 mM−1cm−1 and 4.75 mM−1cm−1 were
used for NADPH and BNAH, respectively. Standard assays
(1.0mL) were performed at 25◦C in 50mM phosphate buffer
(KH2PO4/Na2HPO4; pH 7.1) containing 180µM NADPH and
1mM of the respective substrate.

Steady-state kinetic parameters for the electron donor were
determined using a fixed concentration of N-methylmaleimide
(1mM) and varying the concentration of NADPH or BNAH in
a range from 0 to 350µM. The reaction was started through
the addition of enzyme in a final concentration of 36 nM.
Steady-state kinetic parameters for the substrate were determined
using a fixed concentration of NADPH (180µM) and varying
the concentration of N-methylmaleimide in a range from 0 to
350µM or 2-cyclohexen-1-one in a range from 0 to 20mM. The
reaction was started through the addition of enzyme in a final
concentration of 36–72 nM. All activity assays were performed in
triplicates and the calculatedmean values and respective standard
deviation are given as results later.

Cofactor Analysis and Enzyme Stability
Flavin content of the Cys variants was determined
spectrophotometrically from absorption scans (300–600 nm)
as described earlier for OYERo2a (Riedel et al., 2015) using
the molar absorption coefficient for free FMN (ε445 = 12.5
mM−1 cm−1) (Whitby, 1953). Free flavin was obtained from
incubating the protein sample (25µM) for 20min at 95◦C
either in the dark (closed water bath) or under exposure to light
(open thermomixer), respectively. After a centrifugation step
(20min; 16,000 × g), a spectral analysis was performed on the
supernatant.

Long-time stability of the proteins was investigated at 4◦C
in 50mM KH2PO4/Na2HPO4 buffer (pH 7.1) using enzyme
concentrations of 7–36µM. Eppendorf tubes, containing the

enzyme solution, were kept either in the dark or under exposure
to light. Specific activity was followed for 8 days at intervals of
24 h applying the standard assay with 1mM N-methylmaleimide
as the substrate.

Covalent Enzyme Modification and
Determination of Cysteine Content
In order to monitor enzyme inactivation caused by maleimides
for OYERo2a as well as mutant proteins, specific activity of
untreated enzyme (0.3mg mL−1) was compared with that of
enzyme pre-incubated for 120min in 50mMKH2PO4/Na2HPO4

buffer pH 7.1 at 4◦C with 10mM N-methylmaleimide. The
specific activity was measured as described above using 1mM N-
methylmaleimide as a substrate and pre-incubated or untreated
protein in a final concentration of 3 µg mL−1.

The Ellman’s test was used to quantify the cysteine residues
(Ellman, 1959; Riener et al., 2002). The enzymes (2.2mg mL−1)
were diluted 1:50 with the working solution (2.5mM sodium
acetate, 0.1mM DTNB, 8M urea, 50mM phosphate buffer pH
7.5) and incubated for 3min at 20◦C. Extinctions were measured
at 412 nm (ε412 = 14,150 M−1 cm−1) (Riddles et al., 1979).
To obtain a proper blank, OYERo2a and C25S variant (2.2mg
mL−1) were pre-incubated with 5mM N-methylmaleimide for
3 h tomask all cysteine residues and extinctions weremeasured as
described above. The measured blank value (corrected for DTNB
and for the FAD absorbance of the enzyme) was subtracted from
the normal extinction. Cysteine concentration was calculated
from the calibration y = 73.942 x, whereas y is the cysteine
concentration in µM and x is the extinction. All assays (enzyme
samples and blanks) were performed at least 3-times.

Biotransformation Reactions and
Stereochemistry
Conversion of cyclic enones and maleimides was
performed using 1.5-mL sealed glass vials containing the
following components in a final volume of 1 mL: 25mM
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KH2PO4/Na2HPO4 buffer (pH 7.1), 10mM substrate, 12mM
NADPH, and 2µM enzyme. BNAH, used as a nicotinamide
cofactor mimic, was dissolved in methanol and added in a
final concentration of 16.7mM. Reactions were performed
for 4 h at 18◦C in vials constantly shaken at 650 rpm in the
dark. Extractions followed for 10min with ethyl acetate (1:2)
containing dodecane as an internal standard. Extracts were dried
with MgSO4 and stored at 7◦C prior to gas chromatography
(GC) and HPLC analyses.

Product concentrations were calculated based on calibration
curve equations using 5mM dodecane as an internal standard.
Enantiomeric excess was measured via GC or HPLC with
chiral columns. GC analyses were carried out on a Shimadzu
GC-2010 gas chromatograph equipped with an FID on the
assigned column (see Table S1). The calibration curves using
5mM dodecane as an internal standard were linear in the
range of product detection (R2 > 0.99). Authentic samples
were used to determine the absolute configuration of the
product enantiomers. Specific column information, temperature
programs and retention times are listed in the Supplemental
Material (Tables S1, S2).

Structural Modeling
An amino acid sequence alignment based on previously
published work (Scholtissek et al., 2017a) was used to generate
a sub-alignment of class III OYEs. This served as a template
for the subsequent modeling efforts. The following sequences
with respective available structural data were used to generate
dimeric homology models of OYERo2a and Cys variants
including FMN in their oxidized forms: TOYE (OYE from
Thermoanaerobacter sp.; pdb: 3KRZ; Adalbjörnsson et al., 2010),
XenA (pdb: 3L5L; Spiegelhauer et al., 2010), and YqjM (ene
reductase from Bacillus subtilis; pdb: 1Z41; Kitzing et al., 2005).
For this, the following tools were employed: MEGA7-mac for
the sequence alignment (Kumar et al., 2016), Modeler version
9.15 for comparative homology modeling, and PyMol V1.1r1 for

visualization (Sali and Blundell, 1993; Eswar et al., 2006; Riedel
et al., 2015).

RESULTS

Structural Modeling of Active Site
Wild-Type OYERo2a and Cys Variants
The OYERo2a structure was modeled as a dimer according to
the template structures of TOYE (3KRU; Adalbjörnsson et al.,
2010), XenA (3L5L; Spiegelhauer et al., 2010), and YqjM (1Z41;
Kitzing et al., 2005). This is in congruence with our previously
made observations from structural modeling as well as from
analytical gel filtration of OYERo2a (Riedel et al., 2015). The
FMN cofactor was positioned into the active site by using the
structure of YqjM (1Z41) as the building template (Figure 1A).
A closer look into the active site of OYERo2a (Figure 1B)
showed that all catalytically important amino acid residues are
in a similar position as in the template structures (Scholtissek
et al., 2017a). The class III conserved residue Arg364 points
into the active site of the respective adjacent monomer. The
mutations introduced at Cys25 did not change the model and
thus the active site construction, which is in accordance with
results obtained for XenA, where no structural perturbations
were observed upon changing Cys25 (Spiegelhauer et al., 2010).
However, it is clear that substitution of Cys with Ser at position
25 does nearly perfectly match the OYERo2a structure, while
the substitutions with Ala or Gly yields a more open active
site.

Cofactor Analysis and Stability
A protein-flavin ratio of 1:1 was obtained for all proteins (WT,
C25S, C25A, and C25G), which is in analogy to our previous
study on OYERo2 (Riedel et al., 2015). RP-HPLC analysis
confirmed that the Cys variants contain FMN as prosthetic
group. Protein-bound flavin showed two maxima at 370 and
460 nm and also a characteristic shoulder at around 485 nm

FIGURE 1 | Homology model of OYERo2a. (A) Three-dimensional model of the dimeric protein structure. The FMN prosthetic group is indicated in yellow. (B) Active

site model. The side chains interacting with the flavin are shown in stick models (green) and colored by elements (red = oxygen-containing group; blue = nitrogen

containing group). The FMN cofactor is shown as stick model and colored by elements with carbons in yellow. Note that R364 belongs to the adjacent subunit. C25 is

in hydrogen bonding distance to the O4-atom of the isoalloxazine ring of the flavin.
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FIGURE 2 | Degradation of the flavin cofactor and stability of OYERo2a (WT). (A) OYERo2a (WT) before denaturation (black line) and free flavin after denaturation at

95◦C for 20min while protein was exposed to light. (B) OYERo2a (WT) before denaturation (black line) and after denaturation at 95◦C for 20min while stored in a dark

water bath. (C) Specific activity of OYERo2a over a time interval of 8 days while stored at 4◦C in 50mM KH2PO4/Na2HPO4 buffer pH 7.1 in the dark (black line) or

under exposure to light (gray line).

(Figures 2A,B, black lines). However, depending on the presence
of a light source, the flavin cofactor revealed two different
spectra after denaturation of the protein at 95◦C. When protein
denaturation was performed in a thermomixer under exposure
to light, a maximum in absorption of the flavin was observed
around 355 nm, while a strong decrease in absorption occurred
around 450 nm (Figure 2A, gray line). Denaturation in the dark
revealed the expected FMN cofactor with maxima at 374 and
446 nm (Figure 2B, gray line).

These observations are in congruence with long time protein
stability tests. Incubating the WT protein at 4◦C in 50mM
KH2PO4/Na2HPO4 buffer pH 7.1 in the dark and determination
of the specific activity over a time interval of 8 days, showed
no significant activity drop (Figure 2C, black line). However,
under exposure to light, only 10% residual activity remained
after the same time (Figure 2C, gray line). These observations
are referred to a light-mediated photoreduction of the FMN
cofactor as it was published before for XenA (Spiegelhauer et al.,
2009, 2010). The previous study described photoreduction as
a two-step mechanism ensuring single electron transfer. In a
first step a red anionic flavin-semiquinone is formed, followed
by the formation of a flavin-hydroquinone (Spiegelhauer et al.,
2009). However, while XenA was completely reoxidized after
exposure to air, OYERo2a and variants could not be regenerated.
Instead, using RP-HPLC and as reference the ribityl side-chain
lacking lumichrome (Holzer et al., 2005) revealed that under the
conditions applied here, OYERo2 bound flavin is degraded to
lumichrome.

Inactivation of WT by Covalent Binding of
Maleimides
The amino acid sequence of OYERo2a comprises a single
Cys residue at position 25 (Riedel et al., 2015). Quantitative
determination of the cysteine residues applying Ellman’s test
confirmed that the WT enzyme contains one cysteine (ratio of
mol cys permol protein:1.33± 0.14) whereas the Cys variants did

not possess any cysteine (C25A: 0.21 ± 0.02; C25G: 0.07 ± 0.15;
C25S: 0.08± 0.09) (see Table S3 in Supplementary Material).

Interestingly, using maleimide as a substrate, the specific
activity for the Cys variants was 192% (C25G), 191% (C25S),
and 117% (C25A) of that of OYERo2a (Figure 3A). When
the enzyme was incubated over 2 h in the dark, relative
activity remained between 90 and 100% for each variant
(Figure 3B). However, when the enzymes were pre-incubated
with 10mM N-methylmaleimide for 120min, the activity of the
Cys variants remained stable (80–100% relative activity), while
the OYERo2a became almost completely inactivated (Figure 3C).
This inactivation of the enzyme is a strong indication that Cys25
plays an important role in the binding of OYERo2a substrates.

Steady-State Kinetics
Cofactor Preference

The activity of OYERo2a and Cys variants with the natural
nicotinamide cofactor NADPH was compared with that
of the synthetic nicotinamide cofactor BNAH using N-
methylmaleimide as the fixed substrate (Figure 4). The
OYERo2a and Cys variants followed Michaelis-Menten kinetics
and respective kinetic parameters were determined. From
Table 2 it can be noticed that OYERo2a has similar kcat values
for NADPH and BNAH. However, the Cys variants have much
lower kcat values with BNAH, while a remarkable increase
is observed with NADPH. An exception represents C25G
which has a high turnover frequency with both NADPH and
BNAH. Nevertheless, the catalytic efficiencies (kcat/Km values) of
OYERo2a and Cys variants with NADPH are in the same range.
This is due to a lower Km

NADPH value (34.8µM) for OYERo2a
compared to the variants (55–121µM). For all four proteins the
catalytic efficiency is higher when using NADPH. However, with
OYERo2a the catalytic efficiency ratio between NADPH and
BNAH is 2.5:1, while with each of the three variants the ratio is at
least 10:1. Highest catalytic efficiency was shown for C25G using
NADPH. To conclude, the Cys variants have a strong preference
for NADPH over BNAH.
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FIGURE 3 | Specific activity and time-dependent inactivation of OYERo2a WT and Cys variants with N-methylmaleimide. (A) Specific activities using

N-methylmaleimide as a substrate. (B) Relative activity of WT and variants after incubation for 120min in 50mM KH2PO4/Na2HPO4 buffer pH 7.1 at 4◦C (in the

dark). Samples were taken at several time points to measure enzyme activity. (C) Relative activity of WT and variants after incubation for 120min with 10mM

N-methylmaleimide in 50mM KH2PO4/Na2HPO4 buffer pH 7.1 at 4◦C (in the dark). Samples were taken at several time points to measure enzyme activity.

FIGURE 4 | Steady-state kinetics of OYERo2a (WT) and Cys variants regarding cofactor preference. The assay contained different amounts of nicotinamide cofactors

NADPH (A) and BNAH (B). The Michaelis-Menten model has been used to fit the data.

TABLE 2 | Steady-state kinetic parameters of OYERo2a (WT) and Cys variants regarding cofactor preference.

WT C25S C25A C25G

NADPH BNAH NADPH BNAH NADPH BNAH NADPH BNAH

Vmax (U mg−1) 62.6 ± 1.0 76.3 ± 2.8 147.0 ± 3.2 38.9 ± 2.3 99.5 ± 3.7 18.9 ± 0.8 141.1 ± 2.1 116.4 ± 7.4

Km (µM) 34.8 ± 2.0 169.0 ± 12.4 76.9 ± 4.1 238.7 ± 24.3 120.7 ± 8.7 230.2 ± 17.8 55.2 ± 2.3 516.9 ± 45.0

kcat (s
−1) 44.6 ± 0.7 54.3 ± 2.0 104.6 ± 2.3 27.7 ± 1.6 70.8 ± 2.6 13.4 ± 0.6 100.4 ± 1.5 82.8 ± 5.3

kcat/Km (µM−1 s−1) 1.28 0.32 1.36 0.12 0.59 0.06 1.82 0.16

Assays were performed in triplicates. Data (mean values and standard deviation) were analyzed by means of Kaleidagraph (Synergy Software). The given values are calculated from the

fits of Michaelis-Menten kinetics following either NADPH or BNAH consumption according to Figure 4. The standard error derived of the best fit is provided.

Substrate Dependence

The catalytic efficiency of WT and Cys variants with N-
methylmaleimide and 2-cyclohexen-1-one as substrates was
studied using NADPH as the fixed co-substrate (Figure 5).

Regarding N-methylmaleimide, the apparent kcat of WT is
comparable with the turnover frequency of C25A (Figure 5A).
Both these enzymes share a low Km (around 10µM), resulting
in a high catalytic efficiency in the range of 4600–5700 mM−1s−1
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FIGURE 5 | Steady-state kinetics of OYERo2a WT and Cys variants regarding substrate dependence. The assay contained excess NADPH and different amounts of

the substrates (A) 2-cyclohexen-1-one or (B) N-methylmaleimide. The Michaelis-Menten model has been used to fit the data.

(Table 3). Compared to WT and C25A, C25S has a doubled kcat
with N-methylmaleimide but a tripled Km (30µM) resulting in
a lower catalytic efficiency (Table 3). C25G shows the highest
Km for N-methylmaleimide, and therefore a catalytic efficiency
4 times lower than that of WT (Table 3).

With respect to 2-cyclohexen-1-one, WT showed the highest
catalytic efficiency (Figure 5B). However, compared to N-
methylmaleimide the catalytic efficiencies of all four proteins are
reduced by a factor of 400 (WT) to 2500 (C25S) (Table 3). This
is due to 70–520 times increase of the Michaelis constant and a
10–340 times decrease of the turnover frequency.

Biocatalysis Applying NADPH and BNAH
as Electron Donors
Regarding conversion rates and enantioselectivities, 2-methyl-
N-phenylmaleimide 1 as well as R- and S-carvones (6 and
7) are preferred substrates for all four enzymes (Table 4).
Especially maleimide-like substrates seem to be favored in
terms of kinetics (Table 3) since they show a higher specific
activity and efficient coupling of NADPH-consumption with
ene reduction. Application of NADPH or BNAH (done for 1

and 2) showed no significant differences, neither in conversion
nor in stereochemistry. Comparing WT with the three protein
variants brought no significant differences for substrate 1. For
ketoisophorone 5 and 2-methyl-cyclopentenone 3, WT enzyme
and C25A variant generally performed best. C25G variant
showed very low conversions on all substrates, except of 2-
methyl-N-phenylmaleimide 1. Because C25G is highly active
with N-methylmaleimide, but poorly active with cyclic ketones,
it appears that residue 25 is critical for determining the substrate
specificity of OYERo2 catalysis. This effect was shown with
C25G variants of RmOYE and TsOYE where lower conversions
were found for R-carvone with respect to WT (Nett et al.,
2017).

TABLE 3 | Steady-state kinetic parameters of OYERo2a WT and Cys variants

regarding substrate dependence.

WT C25S C25A C25G

N-METHYLMALEIMIDE

Vmax (U mg−1) 61.0 132.2 72.3 145.9

Km (µM) 9.6 30.4 9.1 94.4

kcat (s
−1) 42.3 91.7 50.1 101.2

kcat/Km (µM−1 s−1) 4.4 3.0 5.5 1.1

coupling efficiency (%)* 97.4 89.9 72.7 100.0

2-CYCLOHEXEN-1-ONE

Vmax (U mg−1) 5.0 1.6 2.9 0.5

Km (mM) 3.5 8.9 5.2 6.2

kcat (s
−1) 3.5 1.1 2.0 0.3

kcat/Km (mM−1 s−1) 1.0 0.12 0.38 0.05

The values are calculated from the fits of Michaelis-Menten kinetics according to Figure 5.

All assays were performed in triplicates and the values have a maximal error of 10%

(standard deviation).

*The coupling efficiency (percentage of alkene reduced per NADPH consumed) is

calculated from the NADPH-oxidation (see Table 2) and N-methylmalemide-reducing

activity.

DISCUSSION

An N-terminal cysteine residue was found to function in
the binding of the FMN cofactor of class III OYEs thereby
modulating the flavin reduction potential (Spiegelhauer
et al., 2010). Additionally, cysteine residues are known for
Michael addition reactions with maleimides, forming thioethers
(Gregory, 1955). To study its role in further detail, the cysteine
residue of OYERo2a was replaced by alanine (A), glycine (G) or
serine (S) through site-directed mutagenesis.

Structural modeling of OYERo2a indicated that the
replacement of Cys25 is not inducing a general structural
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TABLE 4 | Conversion and stereochemistry of OYERo2a (WT) and Cys variants with α,β-unsaturated alkenes.

Substrate WT C25S C25A C25G

Conversion ee Conversion ee Conversion ee Conversion ee

[%] (%) [%] (%) [%] (%) [%] (%)

1 72/84

(NADPH/BNAH)

>99/>99 (R) 71/81 >99/>99 (R) 65/60 >99/>99 (R) 87/81 >99/>99 (R)

2 64/49

(NADPH/BNAH)

>99/99 (R) 27/17 >99/99 (R) n.d./27 n.d./95 (R) n.d./1 n.a.

3 19 >99 (S) 4 >99 (S) 30 91 (S) <1 n.a.

4 <1 n.a. <1 n.a. n.d. n.d. n.d. n.d.

5 26 93 (R) 2 82 (R) 34 65 (R) 1 71 (R)

6 89 >99 (R) 70 >99 (R) 77 >99 (R) 6 >99 (R)

7 78 96 (R) 30 93 (R) n.d. n.d. n.d. n.d.

n.d. not determined; n.a. not accessible due to low conversion or lack of a chiral center; value < 1 = no observable peak detected. All assays were performed in triplicates and the

standard deviation was less than 5% regarding the conversions.

rearrangement of the active pocket. However, while Ser
isosterically replaces the Cys, more space is created when Ala
or Gly is inserted. These three variants (C25 substitutions) were
successfully generated and confirmed by gene sequencing as well
as by the Ellman’s test. The substitutions of Cys25 increased the
initial rates with N-methylmaleimide, but gave rise to somewhat
higher Km values for C25S and C25G. As a result, catalytic
efficiencies decreased by about 32% (C25S) and 75% (C25G),
respectively. Due to a comparable Michaelis constant and a
slightly increased turnover frequency, replacement with alanine
gave a catalytic efficiency increase of about 25%. However, it
seems that the cysteine plays an important role for catalysis of
the substrate 2-cyclohexen-1-one leading to the hypothesis that
2-cyclohexen-1-one is structurally closely related to the natural
substrate of class III OYEs. The results with 2-cyclohexen-1-one
suggest that Cys25 is important for substrate coordination and
positioning properly with respect to the FMN cofactor since
this residue is an essential part of the substrate binding pocket
interacting not only with the O4-atom of the FMN cofactor
but also with Tyr27 (Kitzing et al., 2005; Spiegelhauer et al.,
2010).

In contrast to the WT enzyme, the variants C25A, C25G,
and C25S did not show a time-dependent inactivation with
N-methylmaleimide in the oxidized resting state (Figure 3).
The covalent modification reaction with this maleimide was

completely prevented when Ser/Ala/Gly protein variants were
applied. Because this property is of benefit for biocatalytic
applications, we addressed the catalytic performance of the
OYERo2a Cys variants. It appeared that, under the conditions
applied, the active site cysteine is not affecting the degree of
conversion of N-phenyl-2-methylmaleimide. For conversion of
2-cyclohexen-1-one, the cysteine is required. For all other cyclic
ketones tested, theWT is also favored, since conversion yield and
enantioselectivity is better in most cases.

Besides ene-reducing activity, also the cofactor-dependent
FMN reduction needs to be discussed for WT and Cys
variants. The following observations can be summarized from
this study. WT does most efficiently bind NADPH as well
as BNAH, but the variants show an increased turnover
frequency only with NADPH. Thus more flexibility of the
protein structure might yield a higher turnover frequency for
the initial reductant (here NADPH) but this not necessarily
leads to a higher ene-reductase activity (Table 3). Only in
case of N-methylmaleimide a highly efficient transfer of
electrons was achieved, which is expressed as coupling efficiency.
Therefore, it can be reasoned that the mutual orientation
of both cofactor and substrate with respect to the flavin
influence the overall catalysis as it was discussed above
(Kitzing et al., 2005; Spiegelhauer et al., 2010). With respect
to NADPH/BNAH turnover the C25G variant was most
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efficient and in combination with above mentioned catalytic
properties it may be a valuable starting point to further evolve
succinimide producing biocatalysts. Especially, this variant
showed the highest conversion rates of the pro-chiral N-phenyl-
2-methylmaleimide at highest enantiomeric excess (Table 4).
Further, the BNAH cofactor mimic can replace effectively
NADPH in this biotransformation.

Regarding cofactor choice, catalytic efficiency with BNAH is
lower in all cases compared to NADPH. Despite that, BNAH
seems a reasonable alternative electron donor for OYERo2a
biotransformations since it has no inhibitory effects and
compared to the natural cofactor NADPH it is more economical
(Paul et al., 2013, 2014).

So far, we did not study the operational stability of the enzyme
(incubations with gram amounts of substrate and a cofactor-
regenerating system, using an immobilized form of the enzyme).
We only looked at the inactivation of the oxidized enzyme (the
resting state). Nevertheless, this study is a valuable indication to
make use of the Cys variants when upscaling the reaction for
maleimides for industrial purposes.

CONCLUSION

An N-terminal cysteine residue, occurring only in class III
OYEs, was found to be involved in the catalytic functioning
of OYERo2a. We show that the substrate N-methylmaleimide
inactivates OYERo2a through covalent modification. The
cysteine-lacking variants C25S and C25G are not inactivated by
N-methylmaleimide and show high specific activities with this
substrate (up to 147U mg−1) using NADPH as a cofactor.

Interestingly, the choice of cofactor seems to play a major
role in OYERo2a catalysis. More precisely, an efficient catalysis
was observed for OYERo2a with the cofactor mimic BNAH and
N-methylmaleimide as the pyrrole-dione substrate.
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Development of a Novel Escherichia
coli–Kocuria Shuttle Vector Using
the Cryptic pKPAL3 Plasmid from
K. palustris IPUFS-1 and Its
Utilization in Producing Enantiopure
(S)-Styrene Oxide
Hiroshi Toda and Nobuya Itoh*

Department of Biotechnology, Biotechnology Research Center, Toyama Prefectural University, Imizu, Japan

The novel cryptic pKPAL3 plasmid was isolated from the Gram-positive microorganism
Kocuria palustris IPUFS-1 and characterized in detail. pKPAL3 is a circular plasmid
that is 4,443 bp in length. Open reading frame (ORF) and homology search analyses
indicated that pKPAL3 possesses four ORFs; however, there were no replication protein
coding genes predicted in the plasmid. Instead, there were two nucleotide sequence
regions that showed significant identities with untranslated regions of K. rhizophila
DC2201 (NBRC 103217) genomic sequences, and these sequences were essential
for autonomous replication of pKPAL3 in Kocuria cells. Based on these findings, we
constructed the novel Escherichia coli–Kocuria shuttle vectors pKITE301 (kanamycin
resistant) and pKITE303 (thiostrepton resistant) from pKPAL3. The copy numbers of
the constructed shuttle vectors were estimated to be 20 per cell, and they exhibited
low segregation stability in Kocuria transformant cells in the absence of antibiotics.
Moreover, constructed vectors showed compatibility with the other K. rhizophila shuttle
vector pKITE103. We successfully expressed multiple heterologous genes, including
the styrene monooxygenase gene from Rhodococcus sp. ST-10 (rhsmo) and alcohol
dehydrogenase gene from Leifsonia sp. S749 (lsadh), in K. rhizophila DC2201 using
the pKITE301P and pKITE103P vectors under the control of the glyceraldehyde
3-phosphate dehydrogenase (gapdh) promotor. The RhSMO–LSADH co-expressing
K. rhizophila was used as a biocatalyst in an organic solvent–water biphasic reaction
system to efficiently convert styrene into (S)-styrene oxide with 99% ee in the presence
of 2-propanol as a hydrogen donor. The product concentration of the reaction in the
organic solvent reached 235 mM after 30 h under optimum conditions. Thus, we
demonstrated that this novel shuttle vector is useful for developing biocatalysts based
on organic solvent-tolerant Kocuria cells.

Keywords: Kocuria rhizophila, Kocuria palustris, styrene monooxygenase, styrene oxide, biphasic reaction
system, organic solvent-tolerant biocatalyst
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INTRODUCTION

Enantiopure epoxides are useful building blocks for
synthesizing various chiral materials, including pharmaceuticals,
agrochemicals, and fine chemicals (Farina et al., 2006; Patel,
2008). Direct enantioselective epoxidation of prochiral alkenes
is a straightforward strategy for producing chiral epoxides,
and many chemical approaches have been developed to
achieve this objective (Shi, 2004). Sharpless epoxidation is
an efficient procedure for oxidizing allylic alcohols using a
titanium/tartrate/tert-butyl hydroperoxide system to yield
corresponding chiral epoxides. Many chemical catalysts that
contain transition metals, such as metal–salen complexes
and chiral metalloporphyrins, have been developed for
the enantioselective epoxidation of alkenes (Katsuki and
Sharpless, 1980; Hanson and Sharpless, 1986; Irie et al.,
1991; Chang et al., 1994; Tu et al., 1996). Furthermore,
the biological synthesis of epoxides using monooxygenases
has also been studied (Panke et al., 1998; Martinez and
Stewart, 2000; Hollmann et al., 2003; Farinas et al.,
2004; Champreda et al., 2006). Biological synthesis of
epoxides has several advantages over chemical synthesis,
including superior chemoselectivity, regioselectivity, and
enantioselectivity, as well as improved environmental
sustainability.

The genomes of several styrene-degrading microorganisms
contain styrene monooxygenase (SMO) genes, which are
involved in the first step of styrene degradation and allow
them to catalyze the epoxidation of styrene to enantiopure
(S)-styrene oxide (Hartmans et al., 1990; Beltrametti et al.,
1997; Panke et al., 1998). SMOs consist of two enzymes: flavin
adenine dinucleotide (FAD)-dependent monooxygenase (StyA)
and NAD(H)-dependent flavin oxidoreductase (StyB). SMOs
convert styrene to (S)-styrene oxide with high enantioselectivity
using NADH as an electron donor (Panke et al., 1999;
Hollmann et al., 2003). Many SMOs are well characterized,
and their enzymatic properties and substrate specificities have
been investigated (Marconi et al., 1996; Panke et al., 1998;
Velasco et al., 1998; Lin et al., 2010; Tischler et al., 2012). We
have also reported the isolation and characterization of SMO
genes from Rhodococcus sp. ST-10 (RhSMO; Toda and Itoh,
2012; Toda et al., 2012a) and the development of biocatalysis
reactions for producing enantiopure epoxides from various
aryl- and aliphatic alkenes using RhSMO (Toda et al., 2012b,
2014).

Escherichia coli is the microorganism most frequently used
as biocatalyst host cells owing to its ease of use and
abundant molecular tools for genetic manipulation. However,
E. coli cells are unsuitable for long-term biocatalysis reactions
using organic solvents and toxic compounds because they
are easily inactivated by these substances. To overcome this
problem, organic solvent-tolerant microorganisms, especially
Pseudomonas putida, have been assessed as host cells for
biocatalysis (Heipieper et al., 2007; Park et al., 2007; Verhoef
et al., 2009; Siriphongphaew et al., 2012; Nikel et al.,
2014). Recently, we also reported the construction of a
biocatalysis system possessing RhSMO that uses the organic

solvent-tolerant microorganism K. rhizophila DC2201 as a
host cell and demonstrated the bioproduction of various
enantiopure (S)-epoxyalkanes in an organic solvent–water
biphasic reaction (Toda et al., 2015). K. rhizophila DC2201
is a Gram-positive microorganism belonging to the family
Micrococcaceae in the order Actinomycetales, and its whole
genomic DNA sequence was previously determined (Takarada
et al., 2008). This microorganism has several advantages for
utilization as a biocatalysis host cell, including its organic
solvent tolerance, high halotolerance, robust cell structure,
and small genome size. Furthermore, it was reported that
several Kocuria species produce important natural pigments,
including astaxanthin and β-carotene, which are widely used
as food additives and health supplements (Goodwin, 1980;
Porter and Spurgeon, 1981; Dufosse, 2006). It is expected
that development of genetic modification tools for these
bacteria may contribute to the efficient production of various
useful materials such as pharmaceutical and functional food
components.

Thus, Kocuria species are expected to be useful host
cells for biocatalysis. However, only a few genetic tools are
available for Kocuria cells (Matsumura et al., 2012; Ohta
et al., 2014) and little is known about gene transcription,
protein expression, and metabolite flux in Kocuria cells.
Such tools and information are important for increasing the
potential uses of host cells by controlling recombinant protein
expression and modification of the metabolite pathways of
host cells. Therefore, we aimed to both construct genetic
tools for use in the genus Kocuria and apply them to a
biocatalysis system for producing a wide variety of organic
compounds.

In our previous study, we reported the isolation and
characterization of the two cryptic plasmids pKPAL1 and
pKPAL2 from K. palustris IPUFS-1 and the construction
of the E. coli–Kocuria shuttle vector pKITE101 series
based on pKPAL1 (Toda et al., 2017). These plasmids
were inferred to be theta-replicating plasmids with
copy numbers of 60 per chromosome in Kocuria cells.
The constructed shuttle vector was stably maintained
in K. rhizophila DC2201 cells, and it was available for
heterologous gene expression under control of the gapdh
promoter.

In this study, we isolated and characterized pKPAL3,
another novel cryptic plasmid from K. palustris IPUFS-1. The
whole nucleotide sequence of pKPAL3 was determined, and
four putative open reading frames (ORFs) and two regions
homologous to K. rhizophila DC2201 genomic DNA sequences
were confirmed. The copy numbers of E. coli–Kocuria shuttle
vectors pKITE301 and pKITE303 were assayed, and their
segregation stability and compatibility with other E. coli–Kocuria
shuttle vectors were examined. Moreover, we constructed
a biocatalyst co-expressing RhSMO and LSADH (alcohol
dehydrogenase from Leifsonia sp. S749) using pKITE301 and
pKITE103, and the bioproduction of enantiopure (S)-styrene
oxide from styrene in an organic solvent–water biphasic
reaction system using 2-propanol as a hydrogen donor was
demonstrated.
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MATERIALS AND METHODS

Chemicals
Styrene and styrene oxide were purchased from Nacalai Tesque,
Inc. (Kyoto, Japan). Bis-(2-ethylhexyl) phthalate (DEHP) and
other chemicals were purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Culture Strains and Vectors
Kocuria palustris IPUFS-1 (Toda et al., 2017) was used as a source
of cryptic plasmids. K. rhizophila DC2201 (NBRC 103217),
K. kristinae NBRC 15354, K. varians NBRC15358, K. palustris
NBRC 16318, K. rhizophila NBRC 16319, K. polaris NBRC
103063, K. flava HO-9041 (NBRC 107626), and K. turfanensis
HO-9042 (NBRC 107627) were used as transformation hosts for
the constructed shuttle vectors, while E. coli JM109 and EC100D
pir-116 were used for cloning. pHSG298 and pUC118 were used
to construct the E. coli–Kocuria shuttle vectors. pGEM-T Easy
Vector (Promega Corp., Fitchburg, WI, United States) was used
to construct control plasmids for quantitative polymerase chain

reaction (qPCR). The bacterial strains and plasmids used in this
study are listed in Table 1.

Isolation and Characterization of pKPAL3
from K. palustris IPUFS-1
Standard techniques were used for DNA manipulation
(Sambrook and Russell, 2001). Cryptic plasmids were extracted
from K. palustris IPUFS-1 cells using a previously described
method (Toda et al., 2017). To obtain pure plasmid samples,
extracted plasmids were purified by CsCl density-gradient
ultracentrifugation and separated by agarose gel electrophoresis.
Plasmids were then extracted from agarose gel and purified using
the Wizard SV Gel and PCR Clean-Up System (Promega Corp.).
Transposons were inserted into the purified plasmid with the
EZ-Tn5TM <R6Kγori/KAN-2: kanamycin resistant> Insertion
Kit (AR Brown, Tokyo, Japan) according to the manufacture’s
protocol. Plasmids with transposons inserted were introduced
into E. coli EC100D pir-116 competent cells, and transformed
cells were selected on LB agar plates containing 100 µg/mL
kanamycin. Selected transformants were cultured in 4 mL of

TABLE 1 | Bacterial strains and plasmids in this study.

Bacterial strain/Plasmid Description Source

Bacterial strain

Escherichia coli JM109 F′[traD36, proAB+, lac Iq, lacZ1M15]/1(lac-proAB) recA1, relA1, endA1,
gyrA96, thi-1, hsdR17(rK

− mK
+), e14− (mcrA−), supE44,

TaKaRa

E. coli EC100D pir-116 F− mcrA 1(mrr-hsdRMS-mcrBC) 180dlacZ1M15 1lacX74 recA1 endA1
araD139 1(ara, leu)7697 galU galK λ-rpsL nupG pir-116(DHFR)

AR Brown

Kocuria palustris IPUFS-1 Wild-type Toda et al., 2017

K. rhizophila DC2201 Wild-type NBRC

Plasmid

pHSG298 E. coli cloning vector

pUC118 E. coli cloning vector

pKPAL3 4.4 kbp wild-type plasmid from K. palustris IPUFS-1 This study

pKES3300 E. coli–Kocuria shuttle vector harboring 4.4 kbp fragment from pKPAL3; Kmr This study

pKES3301 E. coli–Kocuria shuttle vector harboring 3.4 kbp fragment from pKPAL3; Kmr This study

pKES3302 E. coli–Kocuria shuttle vector harboring 2.4 kbp fragment from pKPAL3; Kmr This study

pKES3303 E. coli–Kocuria shuttle vector harboring 1.4 kbp fragment from pKPAL3; Kmr This study

pKES3305 E. coli–Kocuria shuttle vector harboring 3.4 kbp fragment from pKPAL3; Kmr This study

pKES3306 E. coli–Kocuria shuttle vector harboring 2.5 kbp fragment from pKPAL3; Kmr This study

pKES3307 E. coli–Kocuria shuttle vector harboring 1.5 kbp fragment from pKPAL3; Kmr This study

pKES3309 E. coli–Kocuria shuttle vector harboring 1.4 kbp fragment from pKPAL3; Kmr This study

pKES3310 E. coli–Kocuria shuttle vector harboring 1.0 kbp fragment from pKPAL3; Kmr This study

pKES3311 E. coli–Kocuria shuttle vector harboring 0.6 kbp fragment from pKPAL3; Kmr This study

pKES3312 E. coli–Kocuria shuttle vector harboring 0.8 kbp fragment from pKPAL3; Kmr This study

pKES33001orf1 E. coli–Kocuria shuttle vector harboring 3.7 kbp fragment from pKPAL3; Kmr This study

pKES33001orf2 E. coli–Kocuria shuttle vector harboring 3.4 kbp fragment from pKPAL3; Kmr This study

pKES33001orf12 E. coli–Kocuria shuttle vector harboring 2.4 kbp fragment from pKPAL3; Kmr This study

pKES33001orf3 E. coli–Kocuria shuttle vector harboring 4.0 kbp fragment from pKPAL3; Kmr This study

pKES33001orf4 E. coli–Kocuria shuttle vector harboring 3.5 kbp fragment from pKPAL3; Kmr This study

pKITE301 E. coli–Kocuria shuttle vector harboring 1.0 kbp fragment from pKPAL3; Kmr This study

pKITE301P Lac promoter of pKITE301 is replaced by gapdh promoter of K. rhizophila
DC2201

This study

pKITE303 E. coli–Kocuria shuttle vector harboring 1.0 kbp fragment from pKPAL3; Thior This study

pKITE103P-LSADH LSADH expression vector Toda et al., 2017
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LB liquid medium containing 100 µg/mL kanamycin, and the
plasmids were prepared using the Wizard Plus SV Minipreps
DNA purification system (Promega Corp.). DNA sequencing
was conducted using a 3130 capillary DNA sequencer (Applied
Biosystems, Foster City, CA, United States) to determine the
nucleotide sequences of the obtained plasmid. The primers used
for the determination of the nucleotide sequences are shown in
Supplementary Table S1.

Construction of E. coli–Kocuria Shuttle
Vectors
To determine the minimum region of pKPAL3 required for
autonomous replication in Kocuria cells, deletion clones were
derived from pKPAL3 (Figure 1). Various pKPAL3 DNA
fragments were obtained by PCR using the primers listed in
Supplementary Table S1. The amplified DNA fragments were
treated with the restriction endonucleases BamHI and SalI
and ligated with pHSG298 that had been amplified by PCR
and incubated with BglII and SalI. Ligated plasmids were
then transformed into E. coli JM109 and selected on LB agar
plates containing 100 µg/mL kanamycin. K. rhizophila DC2201
cells were transformed with pKPAL3 derivatives (pKES3300 to
pKES3312 and pKES33001orf1 to pKES33001orf4) according
to methods detailed in our previous report (Toda et al.,
2017), and transformants were selected on SOB agar (2% [w/v]
tryptone, 0.5% [w/v] yeast extract, 10 mM NaCl, 2.5 mM KCl,
10 mM MgSO4, 10 mM MgCl2, pH 7.0) containing 400 µg/mL
kanamycin.

To construct the pKITE301 vector (Figure 2), the PCR-
amplified fragment of pKPAL3 (amplified using primers
pKPAL3Fdel5nco and pKPAL3Rdel2bgl) was incubated with the
restriction endonucleases NcoI and BglII and ligated with a
portion of pHSG298 that was PCR amplified using primers
pHSG298Fbgl and pHSG298Rnco and incubated with the same
restriction endonucleases. The ligated plasmid was transformed
into E. coli JM109 to yield pKITE301. Similarly, the PCR
fragment of pKPAL3 described above was ligated with a
portion of pUC118 PCR amplified using primer pHSG298Fbgl
and pHSG298Rnco and incubated with NcoI and BglII, and
it was then transformed into E. coli JM109. The obtained
plasmid was cut with BglII and ligated with the thiostrepton
resistance gene (tsr) amplified by PCR to yield pKITE303. All
transformation experiments were performed three times, and
transformation efficiencies were expressed as means and standard
deviations (SDs).

Plasmid copy number was estimated using real-time qPCR,
and plasmid stability in Kocuria cells was determined according
to the methods described in a previous study (Toda et al., 2017).
The primers used for estimating copy number by real-time qPCR
are shown in Supplementary Table S1.

Transformation of Various Kocuria
Species
Competent Kocuria spp. cells were prepared by washing
cells with glycerol solution as described previously (Toda
et al., 2017). Each microorganism was grown on LB medium

FIGURE 1 | Structure of pKPAL3 from Kocuria palustris IPUFS-1. Predicted
ORFs are shown as arrows. Black boxes indicate regions of homology with
genomic DNA from K. rhizophila DC2201.

supplemented with 1.5% (w/v) glycine, except K. polaris
NBRC 103063, to an OD660 of 0.7 at 30◦C with shaking.
The harvested cells were washed twice with sterilized water
and resuspended in 10% (v/v) glycerol with OD660 adjusted
to 50. Electroporation was conducted with 0.5 µg of the
pKITE301 plasmid, and cells were cultured on a selection plate
(SOB medium containing 100 or 200 µg/mL kanamycin). All
transformation experiments using Kocuria spp. were performed
three times, and transformation efficiencies were expressed as
means and SDs.

Development of a RhSMO and LSADH
Co-expressing Biocatalyst
To develop a K. rhizophila DC2201 biocatalyst that expresses
both RhSMO and LSADH genes, the two plasmids pKITE301P-
RhSMO and pKITE103P-LSADH were constructed as follows.
First, to construct a pKITE301P plasmid in which the
lac promoter was replaced with the gapdh promotor from
K. rhizophila DC2201, an NdeI restriction site was introduced
into multicloning sites of pKITE301 using a PrimeSTAR
Mutagenesis Basal Kit (Takara, Shiga, Japan) according to the
manufacture’s protocol to yield pKITE301nde. The promotor
sequence of gapdh was amplified by PCR using K. rhizophila
DC2201 genomic DNA as a template and introduced into the
pKITE301nde vector using the NdeI and NcoI restriction sites.
The obtained plasmid was designated pKITE301P. The RhSMO
gene was amplified by PCR using Rhodococcus sp. ST-10 genomic
DNA as a template, and the PCR product was inserted into
pKITE103P using NdeI and BamHI sites. A PCR fragment of
the LSADH gene from Leifsonia sp. S749 was inserted into
pKITE103P (Toda et al., 2017) using the NdeI and BamHI
restriction sites.

The constructed plasmids were used to transform K. rhizophila
DC2201 cells, and transformants were grown on DC2201 agar
medium (0.5% [w/v] glucose, 1% [w/v] tryptone, 1% [w/v]
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FIGURE 2 | Structure of the E. coli–Kocuria shuttle vectors derived from pKPAL3. Representative restriction endonuclease sites are shown. Solid arrows indicate the
ORFs and their directions of transcription. Black boxes indicate regions of homology with the K. rhizophila DC2201 genome. Kmr, kanamycin resistance gene (kanR);
Ampr, ampicillin resistance gene (bla); Thior, thiostrepton resistance gene (tsr).

yeast extract, 0.5% [w/v] NaCl, 0.3% [w/v] bonito extract,
pH 7.0) containing 400 µg/mL kanamycin and 10 µg/mL
thiostrepton. The transformants harboring both pKITE301P-
RhSMO and pKITE103P-LSADH were selected and used for
further experiments.

Bioproduction of (S)-Styrene Oxide in a
Bi-phasic System
The K. rhizophila DC2201 cells expressing RhSMO and LSADH
were grown on 50 mL DC2201 medium containing 400 µg/mL
kanamycin and 10 µg/mL thiostrepton at 30◦C with shaking.
After cultivation, the culture medium (50 mL) was supplemented
with 2.5 mL of 1 M MOPS buffer (pH 7.5) to stabilize its
pH and 25 mL of DEHP containing 400 mM styrene and
an appropriate amount of 2-propanol (5% to 20% [v/v] in
DEHP). Bioconversion was conducted at 30◦C with shaking,
and an aliquot of the organic layer (500 µL) was collected
after centrifugation for 5 min. The collected samples were dried
with anhydrous Na2SO4 and dissolved in ethyl acetate. Then,
gas chromatography analysis was performed to determine the
concentrations of styrene and (S)-styrene oxide in the reaction
mixture.

Gas Chromatography
Products in the reaction mixture were analyzed using an
HP 6890 GC system (Agilent Technologies, Tokyo, Japan)
equipped with a Chrompack CP-cyclodextrin-β-2,3,6-M19
chiral capillary column (0.25 mm × 25 m, 0.25 µm film;
Valian, Palo Alto, CA, United States). Helium gas was
used as the carrier at 15 psi, and the split ratio was 50.
Both the injector and detector temperatures were 250◦C.
Measurement of the product was performed isothermally
(at a column temperature of 105◦C) with a flame ionization
detector. The retention times of styrene, (R)-styrene oxide,
and (S)-styrene oxide were 2.90, 7.50, and 7.69 min,
respectively.

Nucleotide Sequence Accession
Numbers
The determined nucleotide sequences of pKPAL3 from
K. palustris IPUFS-1, pKITE301, pKITE303, and pKITE301P
were registered with the DNA Data Bank Japan (DDBJ) under
accession numbers LC317093, LC317094, LC317095, and
LC317096, respectively. The nomenclatures of the constructed
vectors should be standardized in the future, according to the
‘Standard European Vector Architecture’ database (SEVA-DB)
for a coherent platform of molecular tools that are subject to a
concise, and standardized format and nomenclature (Silva-Rocha
et al., 2013).

RESULTS

Isolation and Characterization of pKPAL3
We isolated the novel cryptic plasmid pKPAL3 from K. palustris
IPUFS-1 by using a transposon insertion kit in a manner
similar to that described in a previous report (Toda et al.,
2017). The isolated plasmid was designated pKPAL3, and its
whole nucleotide sequence was determined. pKPAL3 consisted
of 4,443 bp with a GC content of 63.5%, and it possessed
four estimated ORFs (Figure 1). BLAST searches indicated
that ORF1, ORF2, and ORF3 showed approximately 40–50%
amino acid sequence identity with hypothetical proteins from
other organisms, but their physiological functions remain
unclear (Table 2). ORF4 exhibited an amino acid sequence
identity of 48.8% with bacterial integrase/recombinase XerD
from Nocardiaceae bacterium Broad-1. However, we were unable
to identify genes encoding replication proteins in pKPAL3.
There were two nucleotide sequence regions that showed
significant identities with untranslated genomic regions of
K. rhizophila DC2201 (black boxes in Figure 1). Region I
consisted of 504 nucleotides and showed 76% identity with
the K. rhizophila DC2201 genome (positions 61704–62167).

Frontiers in Microbiology | www.frontiersin.org November 2017 | Volume 8 | Article 231383

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-08-02313 November 23, 2017 Time: 16:0 # 6

Toda and Itoh Development of E. coli–Kocuria Shuttle Vector

TABLE 2 | BLAST search analysis of putative ORFs of pKPAL3 from Kocuria palustris IPUFS-1.

ORF Position BLAST search Identity (%) Accession no.

ORF1 63-743 Hypothetical protein from Streptococcus pneumoniae PCS70012 53.5 ELU61146

ORF2 966-2003 Hypothetical protein from Corynebacterium epidermidicanis 50.0 AKK03111

ORF3 3061-3459 Hypothetical protein from Cellulomonas cellasea DSM 20118 41.7 KGM01696

ORF4 3512-4426 Putative integrase/recombinase XerD from Nocardioidaceae
bacterium Broad-1

48.8 EGD42648

Region Position Homologous sequence (positions) Identity (%) Accession no.

Region I 2123-2626 K. rhizophila DC2201, complete genome (61704 to 62167) 76 AP009152.1

Region II 2721-2854 K. rhizophila DC2201, complete genome (799495 to 799629;
790542 to 790676; 1921252 to 1921379)

77–84 AP009152.1

K. turfanensis strain HO-9042 genome (2647231 to 2647361;
3417000 to 3417130; 380434 to 380564; 1459868 to 1459991;
3357701 to 3357842; 2547137 to 2547259)

80–81 CP014480.1

K. turfanensis strain HO-9042 plasmid unnamed1 (103019 to
103143; 1885 to 2014; 33792 to 33917; 109507 to 109631)

79–80 CP014481.1

K. turfanensis strain HO-9042 plasmid unnamed4 (28066 to 28195) 79 CP014483.1

Micrococcus luteus NCTC2665 complete genome 77–82 CP001628.1

(2439192 to 2439324; 344175 to 344304; 2304461 to 2304592;
577570 to 577702; 1526931 to 1527030; 1558046 to 1558175)

Micrococcus sp. A7 plasmid pLMA7 (65195 to 65324; 79792 to
79924)

78–81 KJ599675.1

Micrococcus sp. 28 plasmid pSD10 (12672 to 12802; 16904 to
17034)

80 AY034092.1

Micrococcus sp. A1 plasmid pLMA1 (3973 to 4104) 78 LK056645.1

Micrococcus sp. V7 plasmid pLMV7 (61981 to 62111) 79 KF577591.1

Region II consisted of 134 nucleotides, and it showed 77–84%
identities with three homologous regions in the K. rhizophila
DC2201 genome (positions 790542–790676, 799495–799629, and
1921252–1921379). Furthermore, microorganisms belonging to
Micrococcaceae such as K. turfanensis and Micrococcus luteus
possessed chromosomal or endogenous plasmid sequences that
were homologous to portions of region II (Table 2).

Minimum Sequence Region Required for
Autonomous Replication in K. rhizophila
DC2201
We determined the minimum nucleotide sequence required for
self-replication of pKPAL3 in K. rhizophila DC2201 through the
construction of pKPAL3 deletion plasmids. Positive transformant
cells were obtained that had plasmids containing both regions I
and II; however, predicted ORFs encoding hypothetical proteins
or the predicted recombinase (XerD) were unnecessary for
autonomous replication (Figure 3).

Transformation Efficiency
As shown in Figure 3, there were significant differences in
transformation efficiencies for K. rhizophila DC2201 among the
various deletion plasmids. For example, pKES3310 consisted
of the minimum region for replication and exhibited a
transformation efficiency that was four orders of magnitude
higher than that of pKES3300 possessing the entire pKPAL3
plasmid. To investigate the effect of each ORF on transformation
efficiency, we constructed deletion plasmids that lacked each

of the predicted ORFs and examined the transformation
efficiency of host K. rhizophila DC2201 cells with each deletion
plasmid (Figure 4). ORF1 and ORF2 were revealed to have a
negative effect on transformation efficiency. As expected, the
elimination of these ORFs from the plasmid increased the
transformation efficiency of constructed plasmids by more than
100-fold compared with that of pKES3300. On the other hand,
deletion of ORF3 and/or ORF4 showed much less effect on the
transformation efficiency relative to the deletion of ORF1 or
ORF2.

Plasmid Copy Number and Segregation
Stability
To estimate the copy number of pKITE301 in K. rhizophila
DC2201, qPCR analysis was conducted on transformed
K. rhizophila DC2201 using an approach that was similar
to that described in a previous report that targeted tpi, pgk,
and eno genes in chromosomal DNA and kanR in plasmid
DNA (Toda et al., 2017). The copy number of pKITE301
was calculated to be 20 per chromosome by the ratio of
the mean copy number of kanR gene to those of tpi, pgk,
and eno.

We examined the segregation stability of pKITE301,
pKES3300 and the pKES3300 deletion plasmids (pKES33001orf1
to pKES33001orf4; Figure 4) in K. rhizophila DC2201
transformant cells. As shown in Figure 5, pKITE301 exhibited
much lower segregation stability than pKITE101, and the number
of antibiotic-resistant cells harboring plasmids decreased to about
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FIGURE 3 | Determination of the minimum region for self-replication of pKPAL3 derivatives in K. rhizophila DC2201 and their transformation efficiencies. Numbers
indicate the transformation efficiency of the plasmids that are capable of self-replication in K. rhizophila cells.

FIGURE 4 | Transformation efficiency of ORF-deleted variants derived from pKES3300. Numbers indicate the transformation efficiency of the plasmids that are
capable of self-replication in K. rhizophila cells.

2% of that of the original population after 10 subculture passages.
Furthermore, a substantial decrease of segregation stability
was observed only for pKES33001orf4 and pKITE101, while
other deletion plasmids were stably maintained in K. rhizophila
DC2201 cells (Supplementary Figure S1).

Compatibility of pKITE301 and pKITE103
in Kocuria Cells
To confirm the compatibility of the novel shuttle vector
pKITE301 (Kmr), the vector was transformed into K. rhizophila
DC2201 cells harboring pKITE103 (Thior), and transformant
cells that demonstrated resistance to both kanamycin and
thiostrepton were selected. K. rhizophila cells harboring both
plasmids were then confirmed by agarose gel electrophoresis
analysis. Both plasmids were compatible with each other, and
they were able to simultaneously replicate in K. rhizophila
transformant cells in the presence of antibiotics. We also
confirmed that pKITE301 and pKITE103 derivatives are able
to coexist with the Kocuria–E. coli shuttle vector pCK-PSD1
developed by Matsumura et al. (2012) in K. rhizophila, indicating
they are compatible with each other (data not shown).

Transformation of Kocuria Species with
pKITE301
The self-replication of the constructed shuttle vectors was tested
in other Kocuria species (Table 3). pKITE301 showed a broad
range of compatibility with various Kocuria species, and the
transformation efficiencies for these microorganisms were two
to four orders of magnitude higher than those for pKITE101
except for K. rhizophila NBRC 16319. However, no successful
transformant was observed for K. kristinae NBRC 15354 and
K. polaris NBRC 103063. We also attempted transformation of
M. luteus NBRC3333 cells using pKITE301, but no transformant
was observed (data not shown).

Bioproduction of (S)-Styrene Oxide Using
a K. rhizophila RhSMO-LSADH
Co-expression Biocatalyst
To develop biocatalysis systems for producing enantiopure
epoxides, the RhSMO-coding gene was heterologously expressed
in K. rhizophila DC2201 cells under the control of a gapdh
promotor using pKITE301P. LSADH, an alcohol dehydrogenase
from Leifsonia sp. S749, was also expressed in K. rhizophila cells
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TABLE 3 | Transformation efficiencies of pKITE301 and pKITE101 for Kocuria
species.

Strain Transformation
efficiency of

pKITE301
(cfu/µg DNA)

Transformation
efficiency of

pKITE101
(cfu/µg DNA)a

K. rhizophila DC2201 2.7 ± 0.3 × 106 5.3 × 102

K. kristinae NBRC 15354 NDb ND

K. varians NBRC 15358 4.7 ± 1.1 × 105 2.8 × 103

K. palustris NBRC 16318 1.1 ± 0.2 × 104 1.5 × 102

K. rhizophila NBRC 16319 8 ± 1.4 × 10 5 × 102

K. polaris NBRC 103063 ND ND

K. flava NBRC 107626 2.5 ± 1.4 × 106 ND

K. turfanensis NBRC 107627 3.1 ± 0.3 × 105 1 × 102

aData from Toda et al. (2017).
bND, not detected.

FIGURE 5 | Comparison of segregation stability of pKITE301 and pKITE101 in
K. rhizophila DC2201 cells. The percentage of transformant cells possessing
shuttle vectors after each subculture passage without selective antibiotics is
shown:  , pKITE301; �, pKITE101 (data from Toda et al., 2017). The error
bars indicate standard deviations (SDs) of three measurements.

using pKITE103P for regenerating NADH by using 2-propanol
as a hydrogen donor. Bioconversion of styrene to (S)-styrene
oxide was conducted in the organic solvent–water biphasic
system because the produced epoxide is unstable under aqueous
conditions. Table 4 shows that the biocatalyst expressing both
RhSMO and LSADH genes successfully produced (S)-styrene
oxide in the presence of 2-propanol. Under the same conditions,
a negligible amount of product was obtained by Kocuria
cells possessing pKITE301P-RhSMO/pKITE103P. The control
biocatalyst harboring pKITE301P/pKITE103P-LSADH showed
no production of styrene oxide.

To optimize the bioconversion, the effect of 2-propanol
concentration in the organic solvent was investigated. As shown
in Figure 6, the product concentration generally increased in
accordance with the increased 2-propanol concentration, and the
highest production level of (S)-styrene oxide was obtained in the
presence of 15% (v/v) 2-propanol in the organic solvent. Under
this condition, the product concentration reached 235 mM in
a 30-h reaction. However, styrene oxide production decreased

FIGURE 6 | Bioproduction of (S)-styrene oxide using K. rhizophila DC2201
biocatalysts co-expressing the RhSMO and LSADH genes. Symbols indicate
2-propanol concentrations in the bis-(2-ethylhexyl) phthalate (DEHP) organic
solvent phase: �, 5% (v/v); �, 10% (v/v); N, 15% (v/v);  , 20% (v/v);×, 25%
(v/v). The errors bars indicate SDs of three measurements.

at a 2-propanol concentration of 20% (v/v), and a low yield
of (S)-styrene oxide was obtained at a 25% (v/v) 2-propanol
concentration.

DISCUSSION

Recently, we demonstrated that K. rhizophila DC2201 was a
suitable host cell strain for producing aliphatic epoxyalkanes
because they have robust cell structure and organic solvent
tolerance (Toda et al., 2015). Developing genetic tools for
Kocuria spp. is important for increasing the availability of this
microorganism for industrial use to produce various organic
compounds.

In our previous study, we isolated the two cryptic plasmids
pKPAL1 and pKPAL2 from K. palustris IPUFS-1 using the
transposon-plasmid rescue method (Toda et al., 2017).
Unfortunately, we were unable to generate shuttle vectors
from pKPAL2. In that study, other plasmids were detected
in the extracted plasmid sample. Thus, K. palustris IPUFS-1
was assumed to have more than three cryptic plasmids in
their cells. In order to construct a biocatalyst, a combination
of compatible plasmid vectors expressing multiple genes in
one microorganism cell is often required. In this study, we
successfully identified the cryptic plasmid pKPAL3 from
K. palustris IPUFS-1 and constructed a novel E. coli–Kocuria
shuttle vector that is compatible with the pKITE101 plasmid
previously constructed.

pKPAL3 possesses four putative ORFs, which showed high
sequence identity with hypothetical proteins from Gram-positive
bacteria, although the physiological roles of all ORFs remain
unclear except for that of ORF4 (Table 2). The amino acids
sequence of ORF4 showed high sequence identity with the
putative recombinase/integrase XerD from N. bacterium Broad-
1. Blakely et al. (1993) reported that the XerC/D recombinase
system is involved in the stable inheritance of the ColE-1-
related circular plasmid, and it also maintains a portion of

Frontiers in Microbiology | www.frontiersin.org November 2017 | Volume 8 | Article 231386

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-08-02313 November 23, 2017 Time: 16:0 # 9

Toda and Itoh Development of E. coli–Kocuria Shuttle Vector

TABLE 4 | Comparison of styrene oxide production by K. rhizophila DC2201 biocatalysts.

Plasmid Hydrogen sourcea Gene Styrene oxide (mM)b

pKITE301P-RhSMO/pKITE103P 2-propanol RhSMO 1.1 ± 0.8

pKITE301P-RhSMO/pKITE103P-LSADH 2-propanol RhSMO, LSADH 47.0 ± 2.7

pKITE301P/pKITE103P-LSADH 2-propanol LSADH 0

aReactions were performed in the presence of 5% (w/v) 2-propanol in the organic solvent phase with 100 mM styrene. bProduct concentration in the organic phase.

chromosomal DNA from E. coli (Blakely and Sherratt, 1994).
Furthermore, the resU gene, which is a member of the XerD
recombinase gene family in the cryptic plasmid pUE10 from
Deinococcus radiodurans, is involved in the stable replication
and inheritance of pUE10 derivatives, and 1resU derivatives
decreased in segregation stability in D. radiodurans cells (Meima
and Lidstrom, 2000). These findings suggest that ORF4 may be
involved in stabilizing segregation and inheritance of pKPAL3 in
Kocuria cells. Indeed, segregation stability significantly decreased
only in pKES33001orf4 compared with original pKES3300
and other ORF-deleted derivatives as shown in Supplementary
Figure S1. This result supported our speculation.

Notably, pKPAL3 contained two nucleotide sequence regions
(regions I and II; Figure 1) that showed significant sequence
identities with genomic DNA from K. rhizophila DC2201. At least
one and three conserved nucleotide sequences corresponding to
regions I and II of pKPAL3 were confirmed in K. rhizophila
DC2201 genomic DNA, respectively. These nucleotide sequences
are located upstream of the IS 1380 family transposase (region I)
and the IS481 family transposase (region II), and neither codes
for a polypeptide. Additionally, several Kocuria and Micrococcus
species, including K. turfanensis and M. luteus, have sequences
that are homologous to regions I and II in their chromosomal
and plasmid sequences (Table 2). Most of these sequences are
located upstream of transposases as observed in K. rhizophila
DC2201. These findings suggested that such nucleotide sequences
have been horizontally transferred from the same origin via the
transposase gene.

To determine the minimum sequence region required
for autonomous replication of pKPAL3 in Kocuria cells,
deletion plasmids of pKPAL3 were constructed and used to
transform a series of K. rhizophila DC2201 cells. Figure 3
shows that no predicted ORFs are required for autonomous
replication, whereas regions I and II are essential for self-
replication of pKPAL3 in Kocuria cells. Furthermore, we
found that transformation efficiency varied among plasmid
derivatives. Therefore, we investigated the effect of each ORF
on transformation frequency using a deletion series. The results
shown in Figure 4 revealed that the deletion of each ORF except
ORF3 increased transformation efficiency of pKPAL3 plasmids.
Particularly, the deletion of ORF1 and/or ORF2 substantially
increased transformation efficiency, whereas the effect of ORF4
deletion was less than that of ORF1 or ORF2 deletion. Maier
et al. (2004) also reported that a deletion derivative of an
E. coli–Francisella shuttle vector lacking several ORFs exhibited
higher transformation frequency than did the native plasmid. It
is generally known that transformation efficiency is affected by
modifications of plasmids by methylation in host cells and the

configuration of plasmid DNA with respect to oligomerization
and catenation (Ehrlich, 1977; Gryczan et al., 1978; Mottes
et al., 1979; Canosi et al., 1981). Therefore, we deduced that
differences in transformation efficiency of pKPAL3 derivatives
were a consequence of the configurations or modifications caused
by the deletion of ORFs in each plasmid, although the specific
mechanism of this effect remains unclear.

To estimate the copy number of pKITE301 in culture, qPCR
was performed using whole DNA extracted from K. rhizophila
DC2201 harboring pKITE301 as a DNA template. In culture,
pKITE301 showed lower copy number than pKITE101 (Toda
et al., 2017), and it was calculated to be 20 per chromosome.
In comparison with pKITE101, pKITE301 exhibited lower
segregation stability and disappeared during culture in the
absence of antibiotics (Figure 5). Several reports have indicated
that theta-replicating plasmids are stably maintained in Gram-
positive bacteria cultures (Kiewiet et al., 1993; Zhang et al., 1994;
Seegers et al., 1995; Lee and O’Sullivan, 2006), and pKITE101
is also stably maintained in Kocuria cells (Toda et al., 2017).
In contrast, pKITE301 exhibited poor stability in Kocuria cells
in the absence of antibiotics. These results suggest that the
replicating mechanism of pKPAL3 is different from that of the
highly stable theta-type plasmid. As described earlier, the low
stability of pKITE301 may be restored by the addition of ORF4
into pKITE301, although further experiments are necessary to
confirm this conclusion.

The transformation of various Kocuria species by the
constructed shuttle vectors was tested. As shown in Table 3,
several Kocuria species, including K. rhizophila NBRC 16319,
K. varians NBRC 15358, K. palustris NBRC 16318, K. flava NBRC
107626, and K. turfanensis NBRC 107627, were successfully
transformed with pKITE301 at transformation efficiencies of
8 × 10 to 2.5 × 106 cfu/mg DNA; however, no transformants
were observed for K. kristinae NBRC 15354 or K. polaris
NBRC 103063. Further optimization of conditions to prepare
competent cells may be needed for these species and/or strains.
Additionally, it is generally known that most bacteria have
restriction modification (RM) systems that prevent the entry
of foreign DNA into the host cell (Wilson and Murray, 1991).
Two host cells, K. kristinae and K. polaris, are likely to have
eliminated pKITE301 via their RM systems, or these strains were
not competent under the general cell-transformation procedure;
either of these conclusions requires confirmation. In most
cases, the transformation efficiencies of pKITE301 for Kocuria
species exceeded those of pKITE101, except for K. rhizophila
NBRC 16319. These results indicate that the constructed shuttle
vectors can be used for genetic modification of various Kocuria
species.
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To confirm the utility of constructed plasmids for
heterologous gene expression, we constructed the RhSMO-
expression plasmid pKITE301P-RhSMO and the LSADH-
expression plasmid pKITE103P-LSADH (Toda et al., 2017),
and both plasmids were simultaneously transformed into
K. rhizophila DC2201 cells. Under the control of the gapdh
promotor from K. rhizophila, both RhSMO and LSADH genes
were successfully expressed in transformed cells (data not
shown). Using K. rhizophila cells (i.e., pKITE301P-RhSMO
and pKITE103P-LSADH) as a biocatalyst, we conducted
bioconversion of styrene to (S)-styrene oxide in an organic
solvent–water biphasic reaction system. The biocatalyst
harboring both RhSMO and LSADH successfully converted
styrene to (S)-styrene oxide using 2-propanol as a hydrogen
donor, whereas negligible amounts of product were obtained
in the absence of 2-propanol (Table 4). Furthermore, no product
was observed when a biocatalyst possessing only LSADH was
used. These results indicate that both RhSMO and LSADH
were successfully expressed and that LSADH functioned as
a NADH regenerator in Kocuria cells. These results suggest
that these shuttle vectors are more broadly applicable for
constructing multi-enzymatic cascade systems for producing
various compounds in Kocuria cells.

The concentration of 2-propanol (the hydrogen donor for
NADH regeneration by LSADH) in the organic solvent phase
is an important factor for producing styrene oxide because it
affects not only the solubility of the substrate in the aqueous
phase but also the inactivation of the biocatalyst. When 15% (v/v)
2-propanol was added to the organic solvent (i.e., DEHP) phase,
the highest product concentration (235 mM) was achieved after
a 30-h reaction (Figure 6). On the other hand, styrene oxide
production significantly decreased at a 2-propanol concentration

of 20% (v/v), and the lowest production level was observed for
25% (v/v) 2-propanol. Thus, K. rhizophila biocatalysts possessing
the RhSMO–LSADH enzyme system exhibited the maximum
epoxidation rate in the presence of 15% (v/v) 2-propanol and
showed resistance to 20% (v/v) 2-propanol. In corresponding
E. coli recombinant biocatalyst systems, the optimum 2-propanol
concentration was 6% (v/v), and the reaction was greatly
inhibited at concentrations exceeding 10% (v/v), although the
conditions were slightly different (Toda et al., 2012a). Thus, the
K. rhizophila biocatalyst system had higher 2-propanol resistance
than the corresponding E. coli system and achieved higher yields
of (S)-styrene oxide (235 mM) than that of the E. coli biocatalyst
system (150 mM).

We expect that the shuttle vectors developed in this study will
be a powerful tool for modification of some Kocuria spp. and
developing K. rhizophila biocatalysis systems to produce various
useful water-insoluble compounds via organic synthesis.
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Analyses of intracellular NADPH concentrations are prerequisites for the design
of microbial production strains and process optimization. mBFP was described
as metagenomics derived, blue fluorescent protein showing NADPH-dependent
fluorescence. Characterization of mBFP showed a high specificity for binding of NADPH
(KD 0.64 mM) and no binding of NADH, the protein exclusively amplified fluorescence
of NADPH. mBFP catalyzed the NADPH-dependent reduction of benzaldehyde and
further aldehydes, which fits to its classification as short chain dehydrogenase. For
in vivo NADPH analyses a codon-optimized gene for mBFP was introduced into
Corynebacterium glutamicum WT and the phosphoglucoisomerase-deficient strain
C. glutamicum 1pgi, which accumulates high levels of NADPH. For determination of
intracellular NADPH concentrations by mBFP a calibration method with permeabilized
cells was developed. By this means an increase of intracellular NADPH concentrations
within seconds after the addition of glucose to nutrient-starved cells of both
C. glutamicum WT and C. glutamicum 1pgi was observed; as expected the internal
NADPH concentration was significantly higher for C. glutamicum 1pgi (0.31 mM) when
compared to C. glutamicum WT (0.19 mM). Addition of paraquat to E. coli cells carrying
mBFP led as expected to an immediate decrease of intracellular NADPH concentrations,
showing the versatile use of mBFP as intracellular sensor.

Keywords: Corynebacterium glutamicum, Escherichia coli, NADPH, redox state, biosensor, short chain
dehydrogenase

INTRODUCTION

The redox state of cells is represented by the ratio of the internal concentrations of the pyridine
nucleotides NADH and NADPH and their corresponding oxidized forms NAD+ and NADP+
(Blacker et al., 2014). These ubiquitous cofactors are present in cells only in catalytic amounts,
therefore efficient recycling is required for the maintenance of viability and antioxidant protection

Abbreviations: CTAB, cetyl trimethylammonium bromide; IPTG, isopropyl β-D-1-thiogalactopyranoside; TF, transcription
factor.
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(Krömer et al., 2008; Agledal et al., 2010; Mailloux et al., 2011).
Intracellular availability of NADPH is of special relevance for
microbial production processes like the biosynthesis of medicinal
compounds, alcohols, biopolymers, and especially amino acids
like L-lysine and L-valine (Weckbecker and Hummel, 2004;
Sanchez et al., 2006; Bartek et al., 2010; Chemler et al.,
2010; Kocharin et al., 2013; Lindner et al., 2013; Zhao et al.,
2017). Escherichia coli and Corynebacterium glutamicum, two
workhorses for the production of commodity chemicals (Becker
and Wittmann, 2015), maintain their NADPH supply mainly via
the pentose phosphate pathway (PPP) and the tricarboxylic acid
cycle (Marx et al., 1996; Sauer et al., 2004; Spaans et al., 2015). To
increase productivity and yields of microbial production strains
current metabolic engineering strategies aim at an improved
NADPH availability such as the redirection of the metabolism
toward the PPP or introduction of transhydrogenases (Kabus
et al., 2007; Lindner et al., 2013; Wang et al., 2017). Analyses of
intracellular NADPH concentrations and their changes provide
the basis for rational strain design and optimization and serve
also for the detailed understanding of physiological roles of
NADPH (Blacker et al., 2014; Ng et al., 2015; Liu and Wang,
2017). However, research is limited due to the technically
challenging and labor-intensive analysis of internal NADPH
concentrations (Lu et al., 2018).

Genetically encoded biosensors provide non-invasive
optical readouts for internal concentrations of many different
metabolites (Bolbat and Schultz, 2017; Lin et al., 2017).
These sensors allow high throughput analyses of intracellular
metabolite levels in microorganisms as a novel approach for
strain selection and can also be employed to monitor metabolite
levels in the course of cultivations (Schallmey et al., 2014;
Eggeling et al., 2015; Bolbat and Schultz, 2017). For latter
application transcription factor (TF) based sensors and the
commonly used auto-fluorescent GFP derivatives come along
with the drawback of poor dynamic behaviors (Liu et al., 2015;
Liu and Wang, 2017), caused by their oxygen dependency
and slow response times. For analysis of intracellular NADPH
availability, only few biosensors have been described: The
[2Fe-2S]-cluster containing transcriptional regulator SoxR of
E. coli, was recently used for the design of a NADPH biosensor.
Depending on the redox status of SoxR expression of the
fluorescent protein eYFP is activated (Siedler et al., 2014). SoxR
remains reduced and inactive as long as NADPH-dependent
reductases are not limited in their substrate. Lack of NADPH
leads to activation of SoxR and thus expression of eYFP. The
SoxR-dependent NADPH biosensor was successfully applied
to screen E. coli strains harboring gene bank derived variants
of an NADPH consuming alcohol dehydrogenase (Siedler
et al., 2014). A second NADPH sensor named iNAP recently
described by Tao et al. (2017) reduces the probability of false
positive readouts due to its ratiometric signal. The synthetic
iNAP sensor consists of circularly permutated eYFP fused to
the NADH binding domain of Rex from Thermus aquaticus
(Zhao et al., 2015), of which the nucleotide binding pocket
was subsequently mutated for NADPH-specificity by switching
conserved residues (Tao et al., 2017). The iNap sensor offers a
fast, non-TF-based response to changes in the NADPH/NADP+

ratio in various types of cells (Zhao et al., 2016; Tao et al.,
2017).

The protein mBFP was recently described as NADPH-
dependent, metagenomics derived, blue fluorescent protein:
upon binding of NADPH mBFP amplifies the intrinsic
fluorescence of NADPH in an oxygen independent manner
(Hwang et al., 2012), and produces more fluorescence when
supplied with more NADPH (Ng et al., 2015). Oxygen
independent fluorescent proteins such as mBFP, whose
fluorescent properties rely on the binding of the metabolite
of interest, are generally ideal candidates for in vivo analytics
of metabolite concentrations in the course of cultivation (Lin
et al., 2017). The NADPH dependent fluorescence of mBFP
were exploited to screen a series of E. coli strains for improved
NADPH regeneration (Ng et al., 2015). Based on its amino acid
sequence mBFP is classified as short chain dehydrogenase (SDR),
however, no experiments were conducted in this direction so
far. The analysis of fast variations of intracellular NADPH
concentrations by the use of genetically encoded biosensors was
to our knowledge hitherto not reported.

In this study, we characterized NADPH binding, fluorescence
properties, and enzymatic activities of purified mBFP. Based
on this knowledge of its biochemical parameters, we optimized
application of this highly specific NADPH sensor for the in vivo
analysis of fast changes in intracellular NADPH concentrations in
both C. glutamicum and E. coli. The results of these experiments
demonstrate that mBFP is a versatile tool for the quantitative
determination of internal NADPH concentrations and their fast
alterations in bacteria.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Culture
Conditions
Bacterial strains and plasmids used in this study are listed
in Table 1. Pre-cultures of E. coli and C. glutamicum were
carried out in 2xTY medium in baffled Erlenmeyer flasks on
a rotary shaker (130 rpm) at 30 and 37◦C, respectively. CgXII
was used as minimal medium for C. glutamicum (Eggeling and
Bott, 2005) with 10 g L−1 glucose as carbon source. Strains
carrying plasmids were cultivated in the presence of kanamycin
(50 µg/mL) and IPTG (1 mM) for mBFP expression. Growth
of E. coli and of C. glutamicum was followed by measuring
the optical density (OD) at 600 nm in an Ultrospec 2100
pro spectrophotometer (GE Healthcare Life Sciences GmbH,
Freiburg, Germany).

Construction of Plasmid
pEKEx2_mBFPopt
For plasmid construction, transformation and plasmid
isolation from E. coli DH5α standard cloning and molecular
biology procedures were employed (Sambrook et al., 2001),
transformation of C. glutamicum strains by electroporation was
conducted as described (Tauch et al., 2002). Recombinant strains
were selected using 2xTY-agar plates containing kanamycin
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TABLE 1 | Strains and plasmids used in this study.

Strains and
plasmids

Relevant properties and
applications

Sources and
reference

Strains

E. coli DH5α F− thi-1 endA1 hsdR17 (r− m−)
supE44 1lacU169
(ϕ80lacZ1M15) recA1 gyrA96
relA1 F− λ− ilvG rfb-50 rph-1

Hanahan, 1983

E. coli BL21 (DE3) F− ompT gal dcm lon
hsdSB(rB–mB–)
[malB + ]K−12(λS)

Studier and Moffatt,
1986

C. glutamicum
ATCC13032

Wild type American Type
Culture Collection

C. glutamicum1pgi In-frame deletion of pgi gene
(cg0973) of C. glutamicum
ATCC13032

Lindner et al., 2013

Plasmids

pEKEx2 Ptac, lacIq, Kmr Eikmanns et al.,
1991

pCN_mBFP Expression plasmid carrying
mBFP under constitutive
promoter

Ng et al., 2015

pEKEx2_mBFPopt Expression plasmid carrying the
codon-optimized gene for
mBFP under the control of the
IPTG inducible Ptac promoter

This work

(50 µg/mL). Eurofins MWG (Ebersberg, Germany) carried out
synthesis of the mBFPopt gene fragment for a C. glutamicum
codon-optimized mBFP gene (Supplementary Table S1).
The optimized gene was amplified via PCR using the primers
mBFPopt_fw and mBFPopt_rev (Supplementary Table S1)
resulting in a 780 bp amplicon, which was subsequently digested
with the restriction endonucleases SacI and SalI. Ligation of
the 766 bp fragment into SacI and SalI linearized pEKEx2
(8,130 bp) resulted in the final construct pEKEx2_mBFPopt
(8,896 bp). The plasmid pEKEx2_mBFPopt was controlled
by restriction digestions and DNA sequencing (MWG
Eurofins).

Fluorescence Analysis
Fluorescence measurements were carried out in black 96-well
plates (Sarstedt, Nümbrecht, Germany) in a TECAN infinite
M200 plate reader (Tecan Group, Männedorf, Switzerland)
equipped with an injection module. NADPH, NADH and mBFP
holoenzyme fluorescence was recorded at an emission of 451 nm
and excitation at 390 nm. For fluorescence kinetic measurements
cells were harvested after overnight cultivation by centrifugation
(4,000 rpm, 8 min, 4◦C), washed twice with PBS (137 mM NaCl,
10 mM Na2HPO4, 1.8 mM NaH2PO4, pH 7.4) and suspended
in PBS to an OD600 of 1. Fluorescence kinetic measurements
were performed using read intervals of 1–2 s and automatic
injection of substrate (100 mM glucose final concentration) at
indicated time points. For kinetic measurements of the effects
of paraquat first glucose (final concentration 100 mM) was
added after 30 s of pre-incubation to cells suspended in PBS
and then at the indicated time point paraquat (8–16 mM final

concentration) was added. For analysis of mBFP fluorescence
during cultivation of C. glutamicum, cultures were sampled after
2 h of cultivation, and the OD600 of the sample set to 1 with CgXII
minimal medium before the fluorescence was measured in the
plate reader.

Fluorescence microscopy was performed with an Axio
Observer Z1 microscope (Zeiss, Oberkochen, Germany) using
Zen software. For the visualization of mBFP fluorescence,
cells were cultivated and treated as described above for
kinetic measurements; 2% (w/v) glucose (final concentration)
were added immediately before immobilization on agarose
pads (1% w/v of agarose in PBS). For detection of mBFP
fluorescence the Zeiss filter set 49 (Excitation 365 nm, Emission
445/50 nm) was used. To analyze permeabilization of E. coli
and C. glutamicum cell membranes by CTAB treatment, the
LIVE/DEADTM BacLightTM Bacterial Viability Kit was used
according to the manufacturer’s instructions (Thermo Scientific,
Waltham, MA, United States) and the AF microscope filter
to analyze propidium iodide staining of the permeabilized cell
(excitation at 545 ± 30 nm, emission at 610 ± 75 nm). Cells
were cultivated and washed as described above for kinetic
fluorescence measurements, CTAB was added to the washed cells
at concentrations indicated in results 5 min prior before samples
were analyzed by microscopy.

For in situ calibration of the sensor signals, cells were
harvested and washed with PBS as described above for
kinetic fluorescence measurements. The washed cells were
transferred to black 96-well plates and 0.05% (w/v) CTAB
(final concentration) were added. After 2 min of incubation
at room temperature, NADPH at concentrations from 0.01 to
1 mM was added to the CTAB treated cells and subsequently
fluorescence was measured at 395 and 451 nm for excitation
and emission, respectively. Thereby obtained fluorescence values
were plotted against the NADPH concentrations and the
resulting calibration curve was then used for the quantification
of the intracellular NADPH concentrations in the fluorescence
kinetic measurements described above.

In vitro Characterization of mBFP
For purification of mBFP E. coli (pCN_mBFP) cells were
cultivated in TB-medium (Hobbs and Tartoff, 1987) to an OD600
of 12. Cells were harvested by centrifugation (20 min, 3,200 × g,
4◦C, Eppendorf 5804 R Centrifuge), washed twice with start
buffer (50 mM KH2PO4, pH 7), suspended in start buffer, and
disrupted using a Branson Sonifier 250 (Branson Ultrasonics,
Danbury, CT, United States). Amplitude was set to 90%, cycle 0.5
and 10 times 30 s burst intervals with intermittent cooling on ice
were performed. After removal of cell debris by centrifugation
(16,000 × g, 4◦C, 15 min, Eppendorf 5804 R Centrifuge) the
supernatant was centrifuged at 60,000 × g, 4◦C, 1 h (Beckmann
XPN 100 ultracentrifuge) to remove the membrane fraction. The
cytosolic fraction was diluted 1:3 with start buffer and applied
to a HiScreen Capto Blue column (GE Healthcare) equilibrated
with start buffer on an Äkta Purifier chromatography system (GE
Healthcare). After washing the column with 40 mL start buffer to
remove unspecific bound proteins, bound proteins were eluted
using a gradient step with elution buffer (1.5 M KCl, 50 mM
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KH2PO4, pH 7). Fractions were collected, screened by activity
and fluorescence analysis, and analyzed by SDS-PAGE according
to Laemmli (1970).

Thermoshift assays were done in a CFX96TM real-time
PCR detection system (BioRad Laboratories, Hercules, CA,
United States) using SYPRO orange fluorescent dye (Sigma
Aldrich, St. Louis, MO, United States) as described (Niesen et al.,
2007).

Fluorescence of the purified mBFP in absence and presence
of NADPH was determined as described above in an TECAN
infinite M200 plate reader at an emission of 451 nm and
excitation at 390 nm.

Enzymatic activity of mBFP with different substrates
and cofactors was determined using an Ultrospec 2100pro
photometer (GE Healthcare). The reaction was performed at
30◦C in phosphate buffer (0.4 g/L KH2PO4, 12.6 g/L K2HPO4, pH
8). NADPH and NADH were used in concentrations of 200 µM
for the determination of benzaldehyde dependent activity
(or other substrates, see Supplementary Material). Varying
benzaldehyde concentrations were used for the determination
of kinetic parameters (KM, kcat). Protein concentrations were
determined with the Roti-Nanoquant kit (Carl Roth, Karlsruhe,
Germany) using a BSA standard.

RESULTS AND DISCUSSION

The NADPH Sensor Protein mBFP
Possesses Benzaldehyde Reductase
Activity
Genetically encoded biosensors offer various opportunities for
analysis of intracellular metabolites in microorganisms in the
course of cultivation and the development of novel strain
selection strategies (Eggeling et al., 2015; Cheng et al., 2018).
Fluorescent proteins such as mBFP, whose fluorescent properties
exclusively rely on the binding of the metabolite of interest,
are good candidates for in vivo analytics. The metagenome
derived blue fluorescent protein mBFP exhibits blue fluorescence
upon binding of NADPH independently of the availability of
oxygen (Hwang et al., 2012). mBFP was here produced with
E. coli (pCN_mBFP), which carries the plasmid pCN_mBFP for
constitutive high expression of mBFP in E. coli strains (Spaans
et al., 2015). After cell growth, harvest and disruption the mBFP
protein was purified from cell free extracts of E. coli (pCN_mBFP)
to apparent homogeneity by affinity chromatography using
a HiScreen Capto Blue column (Supplementary Figure S1).
Previous studies on mBFP disregarded the possibility that
mBFP may possess an enzymatic function (Polizzi et al.,
2007; Buysschaert et al., 2013) albeit it shares high sequence
similarities with other, well characterized, enzymatically active
SDR (Supplementary Figure S2). We tested purified mBFP with
different known substrates of SDRs thereby using either NADPH
or NADH as coenzyme. Benzaldehyde in combination with
NADPH as cofactor was found to be the preferred substrate of
mBFP (Supplementary Table S2). Minor enzyme activities were
also detected for mBFP with a series of different other aldehydes

as substrates (Supplementary Table S2), however, activities of
mBFP with different substrates were detected exclusively with
NADPH as a cofactor. Further analysis of mBFP activity with
different amounts of the substrate benzaldehyde and the cofactor
NADPH revealed saturation kinetics for both compounds. The
activity data were fitted to Michaelis–Menten kinetics and
resulted in a KM value of 3.1 mM of mBFP for benzaldehyde
(Figure 1A) and a kcat of 4.5 1/s. Analysis of the mBFP activity
data with different NADPH concentrations resulted in a KM value
of 41 µM for NADPH and a kcat of 11.85 1/s (Figure 1B). With
NADH as co-factor, no enzymatic activity of mBFP was detected.
From these results, we conclude that mBFP is an active reductase
with a preference for NADPH as cofactor.

mBFP Exclusively Binds NADPH
The quality of a metabolite sensor stands or falls with the
specificity of the signal induced by the detected molecule.
Noticeable, mBFP amplifies the intrinsic fluorescence of NADPH
upon binding as it is described for other SDRs (Polizzi et al., 2007;
Buysschaert et al., 2012). As expected purified mBFP apoenzyme
shows no emission at 451 nm when excited at 395 nm, but its
presence lead to an increase of the emission signal for 0.5 mM
NADPH about 8.5 fold from 4,532 ± 408 (pure NADPH) to
38,402 ± 277 (NADPH + mBFP) (Figure 2). For NADH no
amplification of its intrinsic fluorescence by addition of mBFP
was detected (Figure 2), demonstrating the specificity of the
mBFP for NADPH.

To analyze mBFPs affinity for different cofactors, thermal
degradation assays (thermofluor) were performed. In these
experiments binding of a cofactor leads to a shift in melting
temperature (TMelt) of the protein under investigation (Niesen
et al., 2007). The TMelt of 47.5◦C determined for the mBFP
apoenzyme was shifted to 55◦C upon addition of 1 mM NADPH
and 52◦C upon addition of 1 mM NADP+ (Figure 3A and
Supplementary Figure S3A), which implies a higher affinity
of mBFP toward NADPH than NADP+. Binding of mBFP to
NADPH and NADP is plausible as redox enzymes often catalyze
reversible reactions. For further characterization, effects of
different NADPH concentrations (0–10 mM) on TMelt of mBFP
were analyzed (Figure 3B). Non-linear regression of the resulting
data revealed a saturation kinetics with a dissociation constant
(KD) of 0.64 mM (Figure 3B and Supplementary Figure S3B).
Interestingly only presence of phosphorylated cofactors led to an
increase in TMelt of mBFP, whereas TMelt determined in presence
of the non-phosphorylated cofactors NADH (47◦C) and NAD+
(47.5◦C) were identical to TMelt of the apoenzyme (Figure 3A).
This result indicates that mBFP does not bind to NADH and
NAD+. The broad dynamic range of fluorescence amplification
in combination with the high specificity for NADPH makes
mBFP a suitable candidate to be used as NADPH biosensor for
in vivo applications.

Use of the Genetically Encoded NADPH
Sensor mBFP in C. glutamicum
Large-scale microbial production of amino acids such as
L-lysine heavily relies on efficient recycling of the cofactor
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FIGURE 1 | Dependence of dehydrogenase activity of purified mBFP from its substrate benzaldehyde (A) and its cofactor NADPH (B); different concentrations of
benzaldehyde (0.5–12.5 mM; (A) and NADPH (0.5–180 µM; (B) were tested in presence of 200 µM NADPH and 12.5 mM benzaldehyde, respectively. Data
represent mean values from three independent measurements, data were fitted according to the Michaelis–Menten equation.

FIGURE 2 | Effects of purified mBFP on fluorescence of NADPH, NADH, NADP+, and NAD+ (each at 0.5 mM) at excitation with 395 nm and emission at 451 nm.
Data represent mean values and SDs of three independent measurements.

Frontiers in Microbiology | www.frontiersin.org October 2018 | Volume 9 | Article 256494

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-02564 October 22, 2018 Time: 14:34 # 6

Goldbeck et al. NADPH Concentrations in C. glutamicum

FIGURE 3 | Thermal shift assays for the analysis of the cofactor preference of mBFP. Melting temperatures of apo-mBFP without (–) or in the presence of (1 mM
each) NADPH, NADH, NADP+, or NAD+ (A). Dependence of mBFP melting temperature on the concentration of its cofactor NADPH (B), NADPH concentrations of
0–10 mM were tested. Melting temperatures were determined by heating from 40 to 70◦C in 0.5◦C steps, and unfolding was monitored as described in Section
“Materials and Methods.” Data represent mean values and SDs of three independent measurements, data in (B) were fitted according to the Michaelis–Menten
equation.

NADPH (Eggeling and Bott, 2015; Xu et al., 2018), which
has therefore been a well-studied target for the engineering
of C. glutamicum strains (Blombach and Seibold, 2010; Wang
et al., 2016). For analysis of NADPH levels in C. glutamicum
via mBFP as a genetically encoded sensor, the plasmid
pEKEx2_mBFPopt was constructed. For this purpose, an
mBFP gene was synthesized with codon-optimization for
C. glutamicum and cloned into the plasmid pEKEx2. The
sensor plasmid was introduced in C. glutamicum WT
and the phosphoglucoisomerase-deficient mutant strain
C. glutamicum 1pgi. Deletion of pgi results in the redirection
of the carbon flux from glycolysis to the pentose-phosphate
pathway, which brings about the generation of high NADPH
concentrations in this strain (Marx et al., 2003). To analyze
NADPH concentrations with the sensor mBFP, cells of
C. glutamicum WT (pEKEx2_mBFPopt) and C. glutamicum
1pgi (pEKEx2_mBFPopt) were cultivated in CgXII medium
with 100 mM glucose as substrate, sampled after 4 h of
cultivation, and their fluorescence analyzed in a plate
reader. A significantly higher fluorescence of 2,125 ± 551
FLU/OD at excitation 395 nm with and emission at 451 nm
was detected for C. glutamicum 1pgi (pEKEx2_mBFPopt)
when compared to C. glutamicum (pEKEx2_mBFPopt),
for which a fluorescence of 613 ± 167 FLU/OD was
determined.

Analyses of these cells by fluorescence microscopy revealed
besides the overall increased fluorescence of C. glutamicum
1pgi (pEKEx2_mBFPopt) when compared to C. glutamicum
(pEKEx2_mBFPopt) that the fluorescence showed only minor
cell–cell variations for each strain (Supplementary Figure S4).
As for C. glutamicum 1pgi an increased NADPH concentration
is expected during cultivation with glucose when compared to
C. glutamicum WT, the observed higher overall fluorescence
for C. glutamicum 1pgi (pEKEx2_mBFPopt) indicates that

by the use of mBFP NADPH levels can be monitored in
C. glutamicum.

mBFP Enables Detection of Fast
Alterations of NADPH Concentrations in
C. glutamicum and E. coli
Current techniques for analyses of intracellular NADPH
concentrations are mostly employed to study steady
state levels but have a limited capacity for analyses of
dynamic changes. However, the latter are the key for the
understanding of sensing and adaptive mechanisms, drug
modes of action, and homeostasis mechanisms (Zampieri
et al., 2017). In bacteria, levels of metabolites often change
upon perturbations within seconds (Chubukov et al., 2014;
Wegner et al., 2015). These fast changes cannot be observed
in real-time by the use of genetically encoded sensors
requiring transcription and translation of a fluorescent
reporter, but the properties of protein based sensors are
matching this task (Liu et al., 2015; Lin et al., 2017). The
protein sensor mBFP binds and enhances specifically the
fluorescence of NADPH and was above shown to be suited
for measurements of intracellular NADPH concentrations in
C. glutamicum.

To test utilization of mBFP for the detection of fast
changes of NADPH levels, the response to fast changes of
nutrient availability was analyzed in C. glutamicum strains
carrying mBFP. C. glutamicum WT (pEKEx2_mBFPopt) and
C. glutamicum 1pgi (pEKEx2_mBFPopt) were cultivated for
12 h in 2xTY complex medium with 1 mM IPTG to induce
synthesis of mBFP. The derived nutrient-starved cells of
C. glutamicum WT (pEKEx2_mBFPopt) and C. glutamicum 1pgi
(pEKEx2_mBFPopt) were washed twice with PBS, suspended
in PBS and transferred into single wells of a 96-well plate.
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Kinetic assays were performed in a Tecan M200 plate reader
equipped with an injector module: mBFP fluorescence was
read in 2 s intervals for 2 min and glucose was injected
automatically into the wells after the first 15 s of the kinetic
assay. As depicted in Figure 4A, a very fast increase of
the mBFP fluorescence within 30–40 s after the addition
of glucose to 658 FLU and 1,374 FLU can be seen for
C. glutamicum WT (pEKEx2_mBFPopt) and C. glutamicum
1pgi (pEKEx2_mBFPopt), respectively. As the addition of
glucose and its metabolization via glycolysis and tricarboxylic
acid cycle besides NADPH probably also causes formation
of the redox intermediates NADH and FADH (Blombach
and Seibold, 2010), which both also show fluorescence at an
emission wavelength of 451 nm when excited at 390 nm,
changes of fluorescence upon glucose addition were also
analyzed for cells of the control strains C. glutamicum WT
(pEKEx2) and C. glutamicum 1pgi (pEKEx2). As depicted
in Supplementary Figure S5 the fluorescence increased after
the addition of glucose from initially 14 FLU to 19 FLU
and from 10 FLU to 50 FLU in C. glutamicum WT
(pEKEx2) and C. glutamicum 1pgi (pEKEx2), respectively. As
fluorescence values obtained for the two mBFP carrying strains
C. glutamicum WT (pEKEx2_mBFPopt) and C. glutamicum
1pgi (pEKEx2_mBFPopt) are about 30 times higher than the
fluorescence values measured for the mBFP-deficient control
strain, the amplification of NADPH fluorescence by mBFP
effectively masks the fluorescence derived from other redox
intermediates such as NADH and FADH in the mBFP carrying
strains.

For determination of intracellular NADPH concentrations
we calibrated the sensor in situ in cells of C. glutamicum
WT (pEKEx2_mBFPopt) and C. glutamicum 1pgi
(pEKEx2_mBFPopt), which were permeabilized by addition
of 0.05% (w/v) of CTAB (final concentration). At this CTAB
concentration small pores are formed in the membrane,
which allow the fast diffusion of small molecules, however,
the cell’s superstructure remains intact (Supplementary
Figure S6). As depicted in Figure 4B, different slopes were
observed for the linear regression lines based NADPH
dependent mBFP fluorescence of permeabilized cells of
C. glutamicum WT (pEKEx2_mBFPopt) and C. glutamicum
1pgi (pEKEx2_mBFPopt), which is probably brought about
different levels of mBFP formed in course of the pre-cultivation.
Based on the in situ calibration for C. glutamicum WT
(pEKEx2_mBFPopt) an increase of the NADPH concentration
from initially 0.127 to 0.185 mM after the addition of
glucose was determined (Figure 4C). The initial NADPH
concentration of 0.175 mM determined for starved cells
of C. glutamicum 1pgi (pEKEx2_mBFPopt) is higher than
the initial concentration determined for C. glutamicum WT
(pEKEx2_mBFPopt), and after glucose addition the NADPH
concentration in C. glutamicum 1pgi (pEKEx2_mBFPopt)
increased up to 0.313 mM. The intracellular concentrations
already reached within 1 min after the addition of the
substrate in both C. glutamicum WT (pEKEx2_mBFPopt)
and C. glutamicum 1pgi (pEKEx2_mBFPopt) are in the
same concentration range as the NADPH concentrations

FIGURE 4 | Analyses of changes of mBFP fluorescence in starved cells of
C. glutamicum WT (pEKEx2-mBFPopt) [filled circles] and C. glutamicum 1pgi
(pEKEx2-mBFPopt) [open circles] upon addition of the substrate glucose
(indicated by the arrow) (A). In situ calibration of mBFP derived signals by the
use CTAB permeabilized cells from C. glutamicum WT (pEKEx2-mBFPopt)
[filled circles] and C. glutamicum 1pgi (pEKEx2-mBFPopt) [open circles] (B) in
presence of different amounts of added NADPH. Steady state levels of
intracellular NADPH concentrations calculated based on in situ calibrations in
C. glutamicum WT (pEKEx2-mBFPopt) and C. glutamicum 1pgi
(pEKEx2-mBFPopt) before and after glucose addition (C). For panels (A,B)
one representative experiment of a series of three independent experiments is
shown. Data in (C) represent mean values and SDs of three independent
experiments.
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determined via metabolite extraction and subsequent HPLC-MS
analyses for WT and Pgi-deficient C. glutamicum cells,
respectively, in previous studies (Marx et al., 2003; Bartek
et al., 2010).

Versatility of the mBFP-based method for observation of
fast variations of NADPH concentrations was also tested in
E. coli DH5α (pEKEx2_mBFPopt). For this purpose, cells of
E. coli DH5α (pEKEx2_mBFPopt) cultivated in 2xTY medium
and induced with 1 mM IPTG for 12 h were harvested by
centrifugation and carefully washed with PBS. One aliquot
of the washed E. coli DH5α (pEKEx2_mBFPopt) cells was
permeabilized by addition of 0.05% CTAB (Supplementary
Figure S7) and then used for an in situ calibration of
the mBFP sensor signal response to different NADPH
concentrations (Figure 5B). Further aliquots of E. coli DH5α

(pEKEx2_mBFPopt) were transferred to wells of a 96-well
plate and used for kinetic assays. Within 30 s upon addition of
100 mM glucose (final concentration) the intracellular NADPH
concentration increased in E. coli DH5α (pEKEx2_mBFPopt)
from 140 to 180 µM, which shows that in both E. coli and
C. glutamicum NADPH accumulates fast in response to increases
of nutrient availability. Protein based sensors like mBFP should
also enable the observation of fast decreases in their analytes
concentrations. Addition of paraquat initiates antioxidative
mechanisms in E. coli, which lead to the depletion of the NADPH
pool (Gu and Imlay, 2011). Indeed, upon addition of paraquat
to glucose-fed cells of E. coli DH5α (pEKEx2_mBFPopt) the
intracellular NADPH concentrations decreased in dependence
of the added paraquat concentration (Figure 5A). As expected
addition of water did not lead to a change of the intracellular
NADPH concentration in control experiments (Figure 5A).
These results demonstrate the functionality of mBFP in
two different hosts and show that it is highly suitable for
the fast dynamic measurements of intracellular NADPH

concentrations required to understand redox mechanisms of
cells.

CONCLUSION

mBFP was here shown to specifically bind to and amplify
fluorescence of NADPH, which are essential prerequisites for
its use as a genetically encoded biosensor for the analysis of
intracellular NADPH concentrations. Plasmid encoded mBFP
allowed to measure fast changes of NADPH concentrations in
both C. glutamicum and E. coli strains and most importantly
it allowed to analyze increases as well as decreases of NADPH
concentrations in real time. It has to be denoted, that each use
of mBFP requires calibration of the signals by permeabilization
of the cell and incubation with different NADPH concentrations
as the mBFP derived fluorescence signal depends both on
the internal NADPH concentration as well as the amount of
mBFP, which also varies. For short time intervals variations of
mBFP amounts can be neglected but to monitor intracellular
NADPH levels in the course of fermentations regular sampling
to perform calibrations with permeabilized cells is probably
necessary. The development of a ratiometric sensor based on
mBFP will probably allow to easily monitor NADPH levels also
during longtime experiments. The monitoring of NADPH levels
in C. glutamicum and E. coli during cultivations is interesting
as NADPH is the redox cofactor limiting production of bulk
chemicals synthesized via anabolic pathways such as amino
acids (Hirasawa and Shimizu, 2016; Xu et al., 2018), but for
this purpose conventional, sampling dependent techniques can
be easily employed (Liu et al., 2018). The general advantage
of a genetically encoded metabolite sensors for NADPH like
mBFP is the site specific analyses of metabolite concentrations,
e.g., in to monitor compartment-specific transient changes of

FIGURE 5 | Analyses of changes of NADPH concentrations in cells of E. coli DH5α (pEKEx2_mBFPopt) upon addition of the substrate glucose (indicated by the
arrow, 100 mM) and consecutive addition of different amounts of paraquat (8 mM paraquat—gray circles, 16 mM paraquat—white triangles, no addition of
paraquat—black circles) (A). In situ calibration of mBFP derived signals by the use CTAB permeabilized cells from E. coli DH (pEKEx2_mBFPopt) in presence of
different amounts of added NADPH (B). One representative experiment of a series of three independent experiments is shown.
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intracellular balances of NADPH in eukaryotic cells (Ying, 2008;
Wiederkehr and Demaurex, 2017). These measurements are
currently performed via analyses of autofluorescence (Blacker
et al., 2012; Blacker and Duchen, 2016), which unfortunately
coincidences in the case of NADH and NADPH. The specificity
of mBFP for NADPH over NADH, the masking of NADH
fluorescence by the strong amplification of the NADPH
fluorescence signal, and the possibility to monitor fast changes
without sampling indicate that mBFP might be a suitable
molecular tool for cell biologist. In its present state, the sensor
protein mBFP is already a well suited to observe fast changes of
intracellular NADPH concentrations in bacteria, which provides
a new insight into the kinetics of microbial metabolism.
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The dicarboxylic acid glutarate is an important building-block gaining interest in the
chemical and pharmaceutical industry. Here, a synthetic pathway for fermentative
production of glutarate by the actinobacterium Corynebacterium glutamicum has been
developed. The pathway does not require molecular oxygen and operates via lysine
decarboyxylase followed by two transamination and two NAD-dependent oxidation
reactions. Using a genome-streamlined L-lysine producing strain as basis, metabolic
engineering was performed to enable conversion of L-lysine to glutarate in a five-
step synthetic pathway comprising lysine decarboxylase, putrescine transaminase
and γ-aminobutyraldehyde dehydrogenase from Escherichia coli and GABA/5AVA
amino transferase and succinate/glutarate semialdehyde dehydrogenase either from
C. glutamicum or from three Pseudomonas species. Loss of carbon via formation of
the by-products cadaverine and N-acetylcadaverine was avoided by deletion of the
respective acetylase and export genes. As the two transamination reactions in the
synthetic glutarate biosynthesis pathway yield L-glutamate, biosynthesis of L-glutamate
by glutamate dehydrogenase was expected to be obsolete and, indeed, deletion of
its gene gdh increased glutarate titers by 10%. Glutarate production by the final strain
was tested in bioreactors (n = 2) in order to investigate stability and reliability of the
process. The most efficient glutarate production from glucose was achieved by fed-
batch fermentation (n = 1) with a volumetric productivity of 0.32 g L−1 h−1, an overall
yield of 0.17 g g−1 and a titer of 25 g L−1.

Keywords: lysine, cadaverine, 5-aminovalerate, glutarate, Corynebacterium glutamicum, Escherichia coli,
Pseudomonas, fed-batch

INTRODUCTION

With an expected global market of 6.1 million tons in 2021, bio-based plastic is in the spotlight
as suitable and environmental-friendly alternative to petro-based plastic1. Polyamides (also called
nylons) are important plastics well known for fiber applications. Polyamides can be produced
by ring-opening polycondensation of lactams as well as via condensation of dicarboxylic acids
with diamines (Shen et al., 2010). For instance, condensation of the diamine putrescine with the

1www.european-bioplastics.org/market
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dicarboxylate sebacic acid yields the polyamide Nylon-4,10 (Shen
et al., 2010). In general, aliphatic dicarboxylic acids such as
succinate, glutarate, adipate, pimelate, and sebacate are important
monomeric building blocks for production of polymers such
as polyamides, but also polyurethanes and polycarbonates
(Jambunathan and Zhang, 2014; Chung et al., 2015; Gobin et al.,
2015). Glutarate is a C5 dicarboxylic acid and a building block in
the chemical industry. For example, hydrogenation of glutarate
yields 1,5-pentanediol, which is a plasticizer and precursor of
polyesters (Mishra et al., 2013). With respect to polyamides,
copolymerization of glutarate with the diamine putrescine yields
nylon-4,5 and its copolymerization with the diamine cadaverine
yields nylon-5,5 (Park et al., 2013; Wang et al., 2017).

Chemically, the most common way to synthesize glutarate
involves ring-opening of butyrolactone with potassium cyanide
and hydrolysis (Vafaeezadeh and Hashemi, 2016). However,
due to the cost and the environmental impact of these
chemical methods it is desirable to establish an effective
bio-based glutarate synthesis. Microbial production of glutarate
was achieved but not optimized in Escherichia coli by using
the L-lysine degradation pathway or 5-aminovalerate (5AVA)
pathway from Pseudomonas putida KT2440 (Adkins et al.,
2013; Park et al., 2013), and in Corynebacterium glutamicum
glutarate was synthetized as a by-product of a 5AVA production
process (Rohles et al., 2016). P. putida converts L-lysine to
glutarate, which is then catabolized via the tricarboxylic acid cycle
(TCA). Lysine monooxygenase (DavB) and 5-aminovaleramidase
(DavA) convert L-lysine to 5AVA (Adkins et al., 2013). Next, the
intermediate 5AVA is transaminated to glutarate semialdehyde
by GABA/5AVA aminotransferase (GabT), which subsequently
is oxidized to glutarate by succinate/glutarate semialdehyde
dehydrogenase (GabD). Independently, an alternative pathway
for the production of 5AVA from L-lysine has been described
and established for C. glutamicum (Jorge et al., 2017b). In this
pathway, L-lysine decarboxylase, putrescine transaminase and
γ-aminobutyraldehyde dehydrogenase from E. coli catabolize L-
lysine to 5AVA without the requirement for molecular oxygen
(Jorge et al., 2017b).

Since glutarate production initiates with L-lysine it is desirable
to use L-lysine overproducing strains as basis for efficient
glutarate production. Since decades C. glutamicum is used
industrially for fermentative production of L-lysine, a process
operated at a scale of 2.4 million tons L-lysine produced annually
(Lee and Wendisch, 2017). Rational metabolic engineering and
genome reduction of C. glutamicum has been applied enhancing
L-lysine productivity and/or yield (Becker et al., 2011; Baumgart
et al., 2013; Pérez-García et al., 2016). The resulting L-lysine
producers have proven to be suitable base strains for the
production of L-lysine-derived chemicals such us cadaverine,
L-pipecolic acid and 5AVA (Kind et al., 2014; Jorge et al., 2017b;
Pérez-García et al., 2017a). In this way, the C. glutamicum strain
GRLys1 was chosen as initial platform for the production of
glutarate here. GRLys1, also called DM19331CGP123 (Unthan
et al., 2015), is a L-lysine producer which carries several genome
modifications allowing L-lysine overproduction from glucose
with a product yield of 0.20 – 0.25 g g−1 (Pérez-García et al.,
2016).

In this work, the dicarboxylic acid glutarate was produced
from L-lysine by heterologous expression of the “cadaverine”
pathway for the synthesis of 5AVA in combination with
different gabTD operons, one from C. glutamicum and three
from Pseudomonas species. Production was optimized by
reducing formation of by-products and by enhancing glucose
consumption. Additionally, in order to couple glutarate
overproduction with biosynthesis of L-glutamate gdh coding for
glutamate dehydrogenase was deleted, thus, the resulting strain
required transamination reactions of glutarate overproduction
yielding L-glutamate to compensate for the absence of glutamate
dehydrogenase (Figure 1). Finally, glutarate overproduction was
tested in a glucose-based fed-batch fermentation.

MATERIALS AND METHODS

Bacterial Strains, Vectors and Growth
Conditions
Corynebacterium glutamicum and Escherichia coli strains and
plasmids used in this work are listed in Table 1. The primers used
were obtained from Metabion (Planegg/Steinkirchen, Germany)
and they are listed in Table 2. E. coli DH5α was routinely
cultivated in LB medium or on LB agar plates at 37◦C.
C. glutamicum strains were routinely precultivated in brain
heart infusion (BHI, ROTH R©) plates or liquid medium overnight
at 30◦C. For C. glutamicum main cultures CGXII medium
(Eggeling and Bott, 2005) was inoculated to an OD600 of 1 and
with glucose as sole-carbon source at the concentration of 4%
(w/v). For the determination of the amino acids and glutarate
production, samples were withdrawn from the cultures when
glucose was depleted. When needed, kanamycin, tetracycline
and/or spectinomycin were used at a concentration of 25, 25 and
100 µg/mL respectively.

Molecular Biology Techniques
E. coli DH5α was used as host for gene cloning. Transformation
of E. coli was performed by heat shock at 42◦C for 90 s
following the rubidium chloride method (Hanahan, 1983),
while C. glutamicum was transformed by electroporation at
2.5 kV, 200 �, and 25 µF (Eggeling and Bott, 2005). The
pair of primers AG01/AG02 and AG03/AG04 were used to
amplified gabT and gabD respectively from genomic DNA of
C. glutamicum ATCC 13032. The pair of primers AG05/AG06
and AG07/AG08 were used to amplified gabT and gabD
respectively from genomic DNA of P. putida KT2440. The
pair of primers AG09/AG10 and AG11/AG12 were used to
amplified gabT and gabD respectively from genomic DNA
of Pseudomonas stutzeri ATCC 17588. The pair of primers
AG13/AG14 and AG15/AG16 were used to amplified gabT
and gabD respectively from genomic DNA of Pseudomonas
syringae DSM 50281. The gabTD operons were cloned by
Gibson assembly (Gibson, 2011) into the vector pECXT99A
(Kirchner and Tauch, 2003) digested with BamHI, yielding
the vectors pECXT99A-gabTDCg , pECXT99A-gabTDPpu,
pECXT99A-gabTDPstu, and pECXT99A-gabTDPsyr . Positive
clones were verified by colony PCR using the pair of primers
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FIGURE 1 | Schematic representation of the metabolic engineering strategy for glutarate production by recombinant C. glutamicum. The biosynthetic pathway for
glutarate production was implemented by heterologous expression in a L-lysine producer and coupled with endogenous L-glutamate synthesis. PPP, pentose
phosphate pathway; TCA, tricarboxylic acid cycle; AR, anaplerotic reactions; glnA, glutamine synthase gene; gltBD, glutamine aminotransferase complex genes;
gdh, glutamate dehydrogenase; ldcC, L-lysine decarboxylase; patA, putrescine transaminase; patD, γ-aminobutyraldehyde dehydrogenase; gabT, GABA/5AVA
amino transferase gene; gabD, succinate/glutarate-semialdehyde dehydrogenase gene. Magenta arrows depict transamination reaction in the 5AVA pathway. Green
arrows depict transamination reaction in the glutarate pathway. Gray shadowed genes are originally from E. coli and were added by heterologous overexpression.
Green shadowed genes are originally from C. glutamicum, P. putida, P. syringae, or P. stutzeri and were added by heterologous overexpression.

X1FW/X1RV. The up- and downstream regions of the gdh gene
were amplified by PCR from genomic DNA of C. glutamicum
ATCC 13032 using the pair of primers GDHA/GDHB and
GDHC/GDHD. The up and down PCR fragments were fused by
cross-over PCR with primer pair GDHA/GDHD and cloned by
ligation (Eggeling and Bott, 2005) into the vector pK19mobsacB
(Schäfer et al., 1994) digested with SmaI. Positive clones were
verified by colony PCR using the pair of primers 196F/197R.
The resulting vector pK19mobsacB-gdh was transferred to E. coli
S17-1. In-frame deletion of the sugR, ldhA, snaA, cgmA, and
gdh genes from C. glutamicum was performed via a two-step
homologous recombination method (Eggeling and Bott, 2005).
All the pK19mobsacB vectors were transferred to C. glutamicum
strains via conjugation using E. coli S17-1 (Simon et al.,
1983). The deletions of sugR, ldhA, snaA, cgmA, and gdh were
verified by colony PCR using the pair of primers SUGE/SUGF,
LDHE/LDHF, SNAE/SNAF, CGME/CGMF, and GDHE/GDHF
respectively.

Transcriptome Analysis
To understand the genome expression response due to the
addition of glutarate to the growth medium, C. glutamicum
wild-type was grown in minimal medium with 4% (w/v) glucose
and either 200 mM glutarate or 200 mM sodium chloride.
Exponentially growing cells were harvested by centrifugation
(4000 × g, 10 min, 4◦C) and kept at −80◦C. RNA isolation was
performed as described (Wendisch, 2003) and the RNA was kept
at −80◦C until further use. DNA microarray analysis, synthesis

of fluorescently labeled cDNA from total RNA, DNA microarray
hybridization, and gene expression analysis were performed as
described previously (Netzer et al., 2004; Polen et al., 2007). The
data are available as Gene Expression Omnibus GSE117175 data
set at http://www.ncbi.nlm.nih.gov/geo/.

Enzymatic Assay for GabT and GabD
The apparent activities of GABA/5AVA transaminase GabT
and succinate/glutarate semialdehyde oxidoreductase GabD were
assayed together (NAD(P)H formation when started with GABA
or 5AVA. The pellet from a 50 mL BHI culture in exponential
phase was washed in 20 mL 50 mM phosphate buffer pH 7.0,
centrifuged for 10 min at 4000 rpm and 4◦C, resuspended in
1 mL of lysis buffer (50 mM phosphate buffer pH 7.0 with
9% glycerol and 1 mM DTT), and disrupted by sonication
(10 min, cycle 0.5, amplitude of 55%, on ice). Centrifugation
was done for 1 h at 14000 rpm and 4◦C to remove cells debris
and the supernatant was used for measuring apparent enzyme
activities. The 1 mL assay mixture contained 150 mM phosphate
buffer (pH 7.0 or pH 9.0), 15 mM α-ketoglutarate, 0.1 mM
pyridoxal 5′-phosphate, 1 mM NAD+ or NADP+, 20 mM 5AVA
or GABA and 0.5 mg/mL of proteins (crude extract). Protein
concentrations were determined with the Bradford assay kit
(Bio-Rad Laboratories, Hercules, CA, United States) using BSA
(bovine serum albumin) as standard. The formation of NADH or
NADPH was monitored photometrically at 340 nm and 30◦C for
3 min using a Shimadzu UV-1202 spectrophotometer (Shimadzu,
Duisburg, Germany).
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TABLE 1 | Strains and plasmids used in this work.

Strains and plasmids Description Source

Strains

GRLys1 C. glutamicum ATCC13032 with the following modifications: 1pck, pycP458S,
homV59A, 2 copies of lysCT311I, 2 copies of asd, 2 copies of dapA, 2 copies of
dapB, 2 copies of ddh, 2 copies of lysA, 2 copies of lysE, in-frame deletion of
prophages CGP1 (cg1507-cg1524), CGP2 (cg1746-cg1752) and CGP3
(cg1890-cg2071). Also called DM19331CGP123.

Unthan et al., 2015

GRLys11sugR1ldhA1snaA1cgmA In-frame deletion of sugR (cg2115), ldhA (cg3219), snaA (cg1722) and cgmA
(cg2893) in GRLys1

This work

GRLys11sugR1ldhA1snaA1cgmA1gdh In-frame deletion of sugR (cg2115), ldhA (cg3219), snaA (cg1722), cgmA
(cg2893), and gdh (cg2280) in GRLys1

This work

E. coli DH5α F−thi-1 endA1 hsdr17 (r−, m−) supE44 1lacU169 (880lacZ1M15) recA1
gyrA96 relA1

Hanahan, 1983

E. coli S17-1 recA, thi, pro, hsd R–M+ (RP4: 2–Tc:Mu−:Km, integrated into the
chromosome)

Simon et al., 1983

Plasmids

pECXT99A TetR, E. coli/C. glutamicum shuttle vector for regulated gene expression (Ptrc,
lacI, pGA1 oriVCg)

Kirchner and Tauch, 2003

pECXT99A-gabTDCg pECXT99A derivative for the IPTG-inducible expression of gabTD operon from
C. glutamicum ATCC 13032

This work

pECXT99A-gabTDPpu pECXT99A derivative for the IPTG-inducible expression of gabTD operon from
Pseudomonas putida KT2440

This work

pECXT99A-gabTDPsyr pECXT99A derivative for the IPTG-inducible expression of gabTD operon from
Pseudomonas syringae DSM 50281

This work

pECXT99A-gabTDPstu pECXT99A derivative for the IPTG-inducible expression of gabTD operon from
Pseudomonas stutzeri ATCC 17588

This work

pVWEx1-ldcC pVWEx1 derivative for IPTG-inducible expression of ldcC from E. coli MG1655 Jorge et al., 2016

pEKEx3-patDA pEKEx3 derivative for IPTG-inducible expression of patD and patA from E. coli
MG1655

Jorge et al., 2016

pK19mobsacB KmR; E. coli/C. glutamicum shuttle vector for construction of insertion and
deletion mutants in C. glutamicum (pK18 oriVEc sacB lacZα)

Schäfer et al., 1994

pK19mobsacB-1sugR pK19mobsacB with a sugR (cg2115) deletion construct Engels and Wendisch, 2007

pK19mobsacB-1ldhA pK19mobsacB with a ldhA (cg3219) deletion construct Blombach et al., 2011

pK19mobsacB-1snaA pK19mobsacB with a snaA (cg1722) deletion construct Nguyen et al., 2015

pK19mobsacB-1cgmA pK19mobsacB with a cgmA (cg2893) deletion construct Jorge et al., 2017a

pK19mobsacB-1gdh pK19mobsacB with a gdh (cg2280) deletion construct This work

Quantitation of Carbohydrates, Organic
Acids and Amino Acids by HPLC
For the quantification of extracellular carbohydrates, organic
acids and amino acids a high-pressure liquid chromatography
system was used (1200 series, Agilent Technologies Deutschland
GmbH, Böblingen, Germany). 1 mL cell cultures were
centrifuged at 14000 rpm for 10 min and the supernatant
were used for analysis or stored at −20◦C. The quantification
of carbohydrates and organic acids was done using a column
for organic acids (300 × 8 mm, 10 µm particle size, 25 Å pore
diameter, CS Chromatographie Service GmbH) and detected by
a refractive index detector (RID G1362A, 1200 series, Agilent
Technologies) and a diode array detector (DAD G1315B, 1200
series, Agilent Technologies) (Schneider et al., 2011). For the
detection of amino acids and the diamine cadaverine, the samples
were derivatized with OPA (ortho-phthaldialdehyde) and
separated with a spherical silica sorbent column [LiChrospher
100 RP18 EC-5 µ (125 × 4 mm), CS Chromatographie Service
GmbH]. Detection then was performed by a fluorescence

detector (FLD G1321A, 1200 series, Agilent Technologies)
(Schneider et al., 2011).

Glucose-Based Fed-Batch Fermentation
A baffled bioreactor with total a volume of 3.6 L was used
(KLF, Bioengineering AG, Switzerland). Three six-bladed rushton
turbines were placed in the stirrer axis with a distance from
the bottom of the reactor of 6, 12, and 18 cm. The aspect ratio
of the reactor was 2.6:1.0 and the stirrer to reactor diameter
ratio was 0.39. Automatic control of the stirrer speed kept the
relative dissolved oxygen saturation at 30%. 2. The feeding started
when the pO2 value raised from 30 to 60% for the first time.
A pH of 7.0 was established and controlled by automatic addition
of phosphoric acid (10% (w/w)) and potassium hydroxide (4
M). The temperature was maintained constant at 30◦C. The
fermentation was performed under head space overpressure
conditions at 0.4 bar. A constant 2.0 NL min−1 of air/O2 flow
with the ratio 5:1 was applied from the top of the bioreactor,
preventing foaming and, therefore, antifoam was not needed.
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TABLE 2 | List of primers used in this work.

Name Sequence (5- > 3)

AG01 CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAG
ATGGAAGATCTCTCATACCGC

AG02 GGGGCGTTCGAATTAGCCCACCTTCTGGTGCGC

AG03 GAAGGTGGGCTAATTCGAACGCCCCGAAAGGAGGCCCTTCAGA
TGTCTTTGACCTTCCCAGTAATC

AG04 GCCTGCAGGTCGACTCTAGAGGATCTCACGGCAAAGCGAGGT
AACG

AG05 CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAG
ATGAGCAAAACCAACGAATCC

AG06 GGGGCGTTCGAATCAGGCGATTTCAGCGAAGCAC

AG07 TGAAATCGCCTGATTCGAACGCCCCGAAAGGAGGCCCTTCAGAT
GCAGCTCAAAGACGCTCAG

AG08 GCCTGCAGGTCGACTCTAGAGGATCTCAGACGCTGATGCACAGG

AG09 CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGA
TGAGCAAGACCAACGAATCC

AG10 GGGGCGTTCGAATCAGGTCAGCTCGTCGAAACAC

AG11 CGAGCTGACCTGATTCGAACGCCCCGAAAGGAGGCCCTTCAGAT
GACTCTGCAACTTGGGCAAC

AG12 GCCTGCAGGTCGACTCTAGAGGATCTCAGATGCCGCCCAGG
CACAG

AG13 CATGGAATTCGAGCTCGGTACCCGGGGAAAGGAGGCCCTTCAGA
TGAGCAAGACTAACGAATCC

AG14 GGGGCGTTCGAATTACGCGATTTCAGCAAAGC

AG15 TGAAATCGCGTAATTCGAACGCCCCGAAAGGAGGCCCTTCAGA
TGCAGCTCAAAGATTCCACAC

AG16 GCCTGCAGGTCGACTCTAGAGGATCTCAGACCGACAGGCAGAGG

X1FW CATCATAACGGTTCTGGC

X1RV ATCTTCTCTCATCCGCCA

GDHA AAAACCCGGGCTTCATGCAGTTACCGCG

GDHB CCCATCCACTAAACTTAAACACTGCTCATCAACTGTCAT

GDHC TGTTTAAGTTTAGTGGATGGGGTAGCTGACGCGATGCTGGCACAG
GGCGTCATCTAA

GDHD AAAACCCGGGTGCTGTTTAGAGCAAGCG

GDHE CGGTCGCCCAATTGAGGAGTGG

GDHF CAGGTTCAGCGATAGCAACAG

196F CGCCAGGGTTTTCCCAGTCACGAC

197R AGCGGATAACAATTTCACACAGGA

SUGE GTTCGTCGCGGCAATGATTGACG

SUGF CTCACCACATCCACAAACCACGC

LDHE TGATGGCACCAGTTGCGATGT

LDHF CCATGATGCAGGATGGAGTA

SNAE GAGCTCGAAAGGAGGCCCTTCAGATGAGTCCCACCGTTTTG

SNAF GAATTCTTAAACAGTTGGCATCGCTG

CGME CCGACGTCTTAAATCGCC

CGMF CATATGTTAAGTCTGGCTTGGTATC

The initial working volume of 2 L was inoculated to an OD600
of 1.5 – 2 from an overnight shake flask pre-culture in complex
medium BHI. Samples were collected by an autosampler and
cooled down to 4◦C until use. The fermentation medium
composition was described previously in Pérez-García et al.
(2017b). Per liter of medium it contains: 40 g (NH4)2SO4, 1.25 g
KH2PO4, 1.125 mL H3PO4 [85% (w/w)], 1 mL PKS-solution
(30 mg mL−1 of 3,4-dihydroxybenzoic acid), 0.55 mL of filtered
FeSO4-citrate solution (20 g L−1 FeSO4 heptahydrate and 20.2 g

L−1 citrate monohydrate), 7 mL of filtered vitamin solution (0.3 g
L−1 biotin, 0.5 g L−1 thiamin hydrochloride, 2 g L−1 calcium
pantothenate, and 0.6 g L−1 nicotinamide) and 1 mM of IPTG.
As carbon source 100 g L−1 of D-glucose monohydrate was
used. The feed-medium contained per liter: 40 g L−1 (NH4)2SO4,
0.4 mL L−1 of vitamin solution, 1 mM of IPTG, and D-glucose
monohydrate in the concentration of 150 g L−1.

RESULTS

Physiological and Genome-Wide
Expression Response of C. glutamicum
to Glutarate
In order to test if C. glutamicum is a suitable production host for
glutarate, its response to glutarate as carbon source or as potential
inhibitor of growth was determined by growth and microarrays
analysis. C. glutamicum wild-type was grown in CGXII minimal
medium with 25 mM glutarate as sole carbon source. No growth
was observed until 25 mM of the preferred carbon source glucose
was added to the medium (Figure 2A). Thus, glutarate is not
a carbon source for C. glutamicum. When present in a blend
with glucose, glutarate was not consumed while glucose was
completely consumed (Figure 2B). Thus, glutarate is not utilized
as co-substrate to glucose. At very high concentrations glutarate
inhibited growth in glucose minimal medium and the inhibitory
constant (Ki) for C. glutamicum wild-type was extrapolated to be
about 0.95 M, i.e., the concentration of glutarate that reduced the
maximum growth rate to half (Figure 2C).

The effect of glutarate on global gene expression in
C. glutamicum was determined by microarrays analysis. For
the preparation of RNA, C. glutamicum wild-type cells growing
exponentially in glucose minimal medium supplemented with
200 mM of either glutarate or sodium chloride were harvested.
Ten genes showed significantly (p < 0.05) increased RNA levels
by a factor of two or more, 9 genes significantly decreased
RNA levels (Table 3). Among the genes showing increased
RNA levels were capD (dTDP-glucose 4,6-dehydratase), mrcB
(carboxypeptidase), cysI (ferredoxin sulfite reductase), and
asd encoding aspartate-semialdehyde dehydrogenase (Eikmanns
et al., 1991). Genes with reduced RNA levels included uspA1
(stress protein UspA) and ufaA (cyclopropane fatty acid
synthase). Genes coding for dicarboxylate uptake systems such as
dccT or dctA (Youn et al., 2008, 2009) were not affected. Overall,
the response to glutarate on the transcription level was weak and
did not indicate candidate genes for uptake, metabolism or export
of glutarate.

Taken together, C. glutamicum appears as a suitable host for
production of glutarate since it tolerates extracellularly added
glutarate well.

Metabolic Engineering for Efficient
Provision of 5AVA for Glutarate
Biosynthesis
The glutarate precursor 5AVA can be generated from lysine
by a monooxygenase (Fothergill and Guest, 1977) or by a
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FIGURE 2 | Growth of C. glutamicum wild-type with the presence of
glutarate. (A) Growth of C. glutamicum wild-type with 25 mM of glutarate as
sole carbon source. (B) Glutarate uptake test of C. glutamicum wild-type
grown on glucose minimal medium supplemented with 20 mM of glutarate.
(C) Growth rates of C. glutamicum wild-type when growing in glucose minimal
medium supplemented with 0, 22, 45, 90, 180, 360, and 720 mM of
glutarate. Values and error bars represent the mean and the standard
deviation of triplicate cultivations.

transaminase-oxidoreductase pathway (Jorge et al., 2017b). Since
the latter does not require molecular oxygen (Jorge et al., 2017b),
a possible bottleneck in batch fermentations, we followed the
transaminase- oxidoreductase pathway option.

Production of 5AVA via this route was achieved by
heterologous overexpression of ldcC (L-lysine decarboxylase
gene), patA (putrescine transaminase gene) and patD
(γ-aminobutyraldehyde dehydrogenase gene) from E. coli in
the L-lysine producer GRLys1. The resulting strain produced
3.3 ± 0.1 g L−1 of 5AVA and 0.5 ± 0.1 g L−1 of glutarate
in 4% glucose minimal medium with the by-products L-
lysine (0.1 ± 0.0 g L−1), cadaverine (0.3 ± 0.0 g L−1) and
N-acetylcadaverine (0.5 ± 0.1 g L−1) (Figure 3). To increase
5AVA, glucose consumption was enhanced via the deletion of the
transcriptional repressor gene sugR (Pérez-García et al., 2016),
formation of L-lactate andN-acetylcadaverine as by-products was

avoided via the deletion of ldhA (L-lactate dehydrogenase) and
snaA (N-acetyltransferase) as described previously (Engels et al.,
2008; Nguyen et al., 2015). Third, cadaverine export was disrupted
via the deletion of cgmA (diamine export system) (Lubitz et al.,
2016). The resulting GRLys11sugR1ldhA1snaA1cgmA
strain was transformed with the vectors pVWEx1-ldcC and
pEKEx3-patDA. In 4% glucose minimal medium, the strain
GRLys11sugR1ldhA1snaA1cgmA(pVWEx1-ldcC)(pEKEx3-
patDA) produced 4.9 ± 0.2 g L−1 of 5AVA and 1.5 ± 0.1 g L−1

of glutarate and 0.1 ± 0.0 g L−1 of L-lysine as by-products
(Figure 3). Thus, in comparison to the parental strain
production of 5AVA and glutarate was increased by 45 and
200%. Moreover, GRLys11sugR1ldhA1snaA1cgmA (pVWEx1-
ldcC) (pEKEx3-patDA) showed better 5AVA yield (0.12 ± 0.10 g
g−1) and volumetric productivity (0.10 ± 0.00 g L−1 h−1)
(Table 4). The good 5AVA production parameters made this
strain a starting point for further metabolic engineering toward
glutarate production.

Establishment of Glutarate Production
Using Different gabTD Operons
Conversion of 5AVA to glutarate involves transamination by
aminovalerate aminotransferase GabT and subsequent oxidation
by succinate/glutarate semialdehyde dehydrogenase GabD.
To identify an gabTD operon suitable for efficient conversion
of 5AVA to glutarate, several gabTD operons from different
microorganisms were cloned in the vector pECXT99A and tested
in the strain GRLys11sugR1ldhA1snaA1cgmA(pVWEx1-
ldcC)(pEKEx3-patDA) for glutarate production.

Since the gabTD operon from P. putida KT2440 was shown
to support glutarate production (Park et al., 2013) and deletion
of the endogenous gabTD operon from C. glutamicum improved
5AVA formation (Rohles et al., 2016; Jorge et al., 2017b), these
operons were overexpressed in the 5AVA overproducing strain
(see above). The gabTD genes from P. syringae and P. stutzeri
have never been tested before with the purpose of producing
glutarate. The GabT (accession number AEJ03917) and GabD
(accession number AEJ03916) from P. stutzeri ATCC17588
showed identities of 81 and 73%, respectively, compared
with GabT (accession number NP_742382.1) and GabD
(accession number NP_742381.1) from P. putida KT2440. The
GabT (accession number YP_233202.1) and GabD (accession
number YP_233203.1) from P. syringae DSM 50281 showed
identities of 86 and 89%, respectively, compared with GabT
and GabD from P. putida KT2440. Therefore, also these
operons were assayed with respect to glutarate production by
C. glutamicum. The generated vectors pECXT99A-gabTDCg

(operon from C. glutamicum), pECXT99A-gabTDPpu (operon
from P. putida), pECXT99A-gabTDSyr (operon from P. syringae),
and pECXT99A-gabTDStu (operon from P. stutzeri) as well as
the empty vector pECXT99A were used to transform 5AVA
producing strain GRLys11sugR1ldhA1snaA1cgmA(pVWEx1-
ldcC)(pEKEx3-patDA).

To test if these operons are functionally expressed in
C. glutamicum, the combined apparent activities of GabT and
GabD were assayed using 5AVA (or GABA) as substrate for
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TABLE 3 | Genes differentially expressed in C. glutamicum grown in glucose minimal medium in the presence of glutarate as compared to sodium chloridea.

Gene IDb Gene Nameb Gene Descriptionb Ratio of mRNA level
(Glutarate/NaCl)c

cg0307 asd Aspartate-semialdehyde dehydrogenase 2.2

cg0417 capD Putative dTDP-glucose 4,6-dehydratase, transmembrane protein 4.3

cg0544 – Putative membrane protein 2.3

cg1248 – Putative GTPase, probably involved in stress response 3.0

cg2337 – Hypothetical protein 2.8

cg2523 malQ 4-Alpha-glucanotransferase 2.6

cg3021 – Putative peptidase M20/M25/M40 family 2.8

cg3027 mrpE Putative secondary Na+/H+ antiporter, monovalent cation:proton antiporter-3
(CPA3) family

2.4

cg3118 cysI Ferredoxin-sulfite reductase 3.4

cg3313 mrcB Putative membrane carboxypeptidase 3.9

cg0980 – Putative secreted protein, related to metalloendopeptidases 0.5

cg1221 – Conserved hypothetical protein 0.4

cg1291 – Putative membrane protein 0.3

cg1551 uspA1 Universal stress protein UspA 0.4

cg1657 ufaA Putative cyclopropane-fatty-acyl-phospholipid synthase 0.3

cg1831 – Putative transcriptional regulator, ArsR-family 0.3

cg1966 – Hypothetical protein 0.4

cg2375 ftsI Penicillin-binding protein 0.5

cg2507 – Putative membrane protein 0.3

aGenes are sorted according to their identifiers and whether they are up- or downregulated. bGene ID, name and description are according to GSE117175. cDifferential
gene expression. Values listed were selected for P < 0.05 and at least mRNA level 2-fold.

FIGURE 3 | 5AVA and by-products titers of GRLys1 strain and the 5AVA producers generated in this work. The cells were grown in 4% glucose minimal medium
supplemented with 1 mM of IPTG. Values and error bars represent the mean and the standard deviation of triplicate cultivations. N-acetylcadaverine values were
measured using standards for N-acetylputrescine which is commercially available.

TABLE 4 | Growth and 5AVA production data of recombinant C. glutamicum strains.

Growth rate Biomass 5AVA titer 5AVA yield 5AVA vol. prod.

Strain [h−1] [g L−1] [g L−1] [g g−1] [g L−1 h−1] References

GRLys1(pVWEx1)(pEKEx3) 0.25 ± 0.02 11.6 ± 0.3 – – – Jorge et al., 2017b

GRLys1(pVWEx1-ldcC)(pEKEx3-patDA) 0.16 ± 0.01 12.0 ± 0.4 3.3 ± 0.1 0.08 ± 0.00 0.07 ± 0.00 Jorge et al., 2017b

GRLys11sugR1ldhA1snaA1cgmA
(pVWEx1-ldcC)(pEKEx3-patDA)

0.13 ± 0.02 9.0 ± 0.3 4.9 ± 0.2 0.12 ± 0.10 0.10 ± 0.00 This work

Samples were harvested and analyzed after glucose depletion. Values represent means and standard deviations of triplicate cultivations.

transamination of α-ketoglutarate and NADP+ or NAD+ as
cofactor for semialdehyde oxidation. Ideally, NAD+-dependent
5AVA oxidation at the near-physiological pH 7.5 combined
with little side activity with GABA resulted from gabTD
overexpression. The empty vector carrying strain only showed

activity at pH 9.0 (1.0 ± 0.1 U/mg) with 5AVA when the assay
mix contained NAD+, but GABA was preferred (1.6± 0.9 U/mg
with NAD+ at pH 9.0; Table 5). This activity is due to the native
expression level from the chromosomal gabTD. Plasmid-borne
overexpression of the endogenous gabTDCg increased apparent
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activities with NADP+ at both pH values and at pH 7.5
the activity with NAD+ and 5AVA was 1.9 ± 0.2 U/mg
(Table 5). Differences in the apparent activities may be due
to different characteristics of the encoded enzymes and/or
different gene expression/protein levels. Characterization of the
encoded enzymes and optimization of gene expression may
help to guide further metabolic engineering. As consequence
of overexpression of the gabTDPpu and gabTDSyr operon,
preferential transamination and NADP+-dependent oxidation
of GABA with high apparent activities (93.3 ± 10.0 and
67.5 ± 5.0 U/mg, respectively) resulted (Table 5). However,
upon overexpression of gabTDStu, the operon from P. stutzeri,
preferential NAD+-dependent transamination and oxidation
of 5AVA was observed (Table 5). At pH 7.5, the combined
transamination/semialdehyde oxidation activity with NAD+ of
18.4± 0.9 U/mg was about 10-fold higher than those with GABA
or with NADP+ (Table 5). Thus, overexpression of gabTDStu

appeared most useful for fermentative glutarate production.
Growth and glutarate production of all strains were compared

in 4% glucose minimal medium (Figure 4 and Table 6).
Overexpression of the native gabTDCg operon improved glutarate
formation by 75% (Table 6). The overexpression of gabTDPpu,
gabTDSyr and gabTDStu operons improved glutarate formation
from 5AVA by 230, 210, and 250% respectively as compared with
the empty vector strain (Table 6). Although the tested gabTD
operons from pseudomonads improved glutarate production, we
cannot exclude that better gabTD operons exist in nature. The
strain overexpressing gabTDStu showed the best performance
regarding glutarate production reaching a titer of 4.7± 0.1 g L−1,
a yield of 0.12 ± 0.00 g g−1, and a volumetric productivity of
0.10 ± 0.00 g L−1 h−1 (Table 6). Moreover, this strain produced
little 5AVA (0.8 ± 0.0 g L−1) and L-lysine (0.2 ± 0.0 g L−1) as
byproducts (Figure 4).

Enforced Glutarate Production Upon
Deletion of Glutamate Dehydrogenase
gene gdh
The two transaminases PatA and GabT involved in glutarate
biosynthesis use α-ketoglutarate as acceptor and yield L-
glutamate. Partially, L-glutamate is converted to α-ketoglutarate

in the transamination reactions of L-lysine biosynthesis
(aspartate transaminase Asd as part of the succinylase and
the dehydrogenase pathways and N-succinyldiaminopimelate
transaminase DapC as part only of the succinylase pathway).
In addition, reductive amination of α-ketoglutarate yielding
L-glutamate is catalyzed by glutamate dehydrogenase (encoded
by gdh; Figure 1), the major enzyme of nitrogen assimilation
of C. glutamicum. The ATP consuming GS/GOGAT system
(encoded by the genes gltBD and glnA) only operates under
nitrogen concentrations below 5 mM (Tesch et al., 1998;
Nolden et al., 2001). In the nitrogen-rich minimal medium
CgXII, we expected that the transaminases of glutarate
biosynthesis would compensate for the absence of reductive
amination of α-ketoglutarate due to gdh deletion and, thus, that
glutarate production would be increased as consequence of gdh
deletion.

To test this hypothesis, gdh was deleted in the C. glutamicum
strain GRLys11sugR1ldhA1snaA1cgmA. Transformation of
the resulting strain GRLys11sugR1ldhA1snaA1cgmA1gdh
with the vectors pVWEx1, pEKEx3, pECXT99A, pVWEx1-ldcC,
pEKEx3-patDA, pECXT99A-gabTDCg, pECXT99A-gabTDPpu,
pECXT99A-gabTDrmSyr , and pECXT99A-gabTDStu yielded the
second set of glutarate producer strains. Growth and production
parameters obtained after growth in 4% glucose minimal
medium are listed in Table 7. As expected, the gdh positive
parent strain GRLys11sugR1ldhA1snaA1cgmA carrying
vectors pVWEx1-ldcC, pEKEx3-patDA, and pECXT99A
grew faster (0.10 ± 0.01 h−1, Table 6) than the isogenic
strain lacking gdh (0.05 ± 0.00 h−1; Table 7). This growth
perturbation was enhanced when neither patA nor gabT
were overexpressed as is the case in the gdh deletion strain
carrying only empty vectors (0.03 ± 0.00 h−1; Table 7). All
gdh deletion strains overexpressing gabTD operons grew faster
than this strain (Table 7). However, none of the gdh deletion
strains grew as fast as its gdh positive parent strain (compare
Tables 6, 7).

Deletion of gdh reduced the biomass concentration in
each case (compare Tables 6, 7). For example, the biomass
concentrations reached by all gdh deletion strains overexpressing
gabTD operons was lower (4.0–4.6 g L−1, Table 7) than those of
the isogenic gdh positive parents strains (5.7–7.2 g L−1, Table 6).

TABLE 5 | Combined enzyme activity assays for transaminase GabT and semialdehyde dehydrogenase GabD in crude extracts of various recombinant C. glutamicum
strains.

Phosphate buffer pH 7.5 Phosphate buffer pH 9.0

5AVA GABA 5AVA GABA

GabTD: NADP+ NAD+ NADP+ NAD+ NADP+ NAD+ NADP+ NAD+

Endogenous- nd nd 0.5 ± 0.2 0.7 ± 0.3 nd 1.0 ± 0.1 1.6 ± 0.9 0.8 ± 0.2

Endogenous overexpressed nd 1.9 ± 0.2 1.2 ± 0.2 3.1 ± 0.9 2.4 ± 0.9 5.2 ± 0.4 8.1 ± 2.3 6.6 ± 1.6

from P. putida 30.8 ± 5.1 2.8 ± 1.1 37.7 ± 5.5 7.3 ± 1.5 45.2 ± 7.9 21.3 ± 1.5 93.3 ± 10.0 15.3 ± 1.8

from P. stutzeri 1.3 ± 0.4 18.4 ± 0.9 1.6 ± 0.6 2.0 ± 0.0 1.2 ± 0.5 27.3 ± 2.5 13.5 ± 1.4 10.8 ± 3.7

from P. syringae 16.9 ± 5.5 9.4 + 2.7 23.5 ± 2.0 18.9 ± 1.7 12.8 ± 2.3 21.9 ± 0.6 67.5 ± 5.0 21.7 ± 4.2

The apparent activities expressed as U per mg protein in crude extracts were assayed at pH 7.5 and pH 9.0 for the substrates 5 AVA and GABA and the cofactors
NADP+ and NAD+. Values represent means and standard deviations of triplicate cultivations.
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FIGURE 4 | Glutarate and by-products titers of the first round of glutarate
producers generated in this work. The strain GRLys11sugR1ldhA
1snaA1cgmA(pVWEx1-ldcC)(pEKEx3-patDA) harboring the vectors
pECXT99A, pECXT99A-gabTDCg, pECXT99A-gabTDPpu,
pECXT99A-gabTDSyr or pECXT99A-gabTDStu was grown in 4% glucose
minimal medium supplemented with 1 mM of IPTG. Values and error bars
represent the mean and the standard deviation of triplicate cultivations.

This may be due at least in part to alteration of the redox balance
in the absence of NADPH-depedendent Gdh.

As consequence of gdh deletion, increased glutarate titers
resulted (compare Tables 6, 7). For example, the gdh deletion
strain overexpressing gabTDCg produced 3.3 ± 0.1 g L−1

with a yield of 0.08 ± 0.00 g g−1 (Table 7) whereas its
gdh positive isogenic parent overexpressing gabTDCg produced
2.3 ± 0.1 g L−1 with a yield of 0.06 ± 0.00 g g−1

(Table 6).
The best glutarate producer strain GRLys11sugR1ldhA1

snaA1cgmA1gdh(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT
99A-gabTDStu) was gdh negative and reached a titer, yield and
volumetric productivity of 5.2± 0.1 g L−1, 0.13± 0.00 g g−1 and
0.09± 0.00 g L−1 h−1, respectively (Table 7).

Bioreactor-Based Production of
Glutarate in Fed-Batch Mode
C. glutamicum is a robust microorganism, which typically
performs well in fed-batch fermentations. This fact was shown,
for instance, for the production of the L-lysine or L-glutamate
derivatives L-pipecolic acid, GABA and 5AVA (Rohles et al., 2016;
Jorge et al., 2017a; Pérez-García et al., 2017a).

To test if glutarate production can be enhanced at maximal
cell density by feeding glucose, two fed-batch cultivations in
2 L scale (initial volume) were performed. The best producer
strain GRLys11sugR1ldhA1snaA1cgmA1gdh(pVWEx1-
ldcC)(pEKEx3-patDA)(pECXT99A-gabTDStu) was used to
inoculate glucose minimal medium with an initial glucose
concentration of 100 g L−1. By the end of the process (80 h)
the glutarate titer reached 25.2 g L−1 (n = 1) (Figure 5), which
corresponds to a volumetric productivity of 0.32 g L−1 h−1. At
the end of the batch-phase 7.3 g L−1 of glutarate were produced,
hence most of the glutarate accumulated was formed during the
feeding-phase. The overall yield for glutarate under the present
conditions was 0.17 g g−1. The by-products 5AVA and L-lysine
were produced along the whole fermentation process, with a
small boost in the feeding-phase. The final titers for 5AVA and
L-lysine were 2.4 and 3.8 g L−1 (Figure 5). No L-glutamate was
observed as by-product.

DISCUSSION

Corynebacterium glutamicum is a suitable host for production
of L-lysine-derived compounds (Lee and Wendisch, 2017)
and, thus, was used as basis for fermentative glutarate
production here. C. glutamicum cannot catabolize L-lysine

TABLE 6 | Growth and glutarate production data of recombinant C. glutamicum strains.

Growth rate Biomass Glutarate titer Glutarate yield Glutarate vol. prod.

GRLys11sugR1ldhA1snaA1cgmA+ [h−1] [g L−1] [g L−1] [g g−1] [g L−1 h−1]

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A) 0.10 ± 0.01 7.4 ± 0.3 1.3 ± 0.2 0.03 ± 0.00 0.03 ± 0.00

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A-gabTDCg) 0.11 ± 0.00 6.8 ± 0.8 2.3 ± 0.1 0.06 ± 0.00 0.05 ± 0.00

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A-gabTDPpu) 0.10 ± 0.01 7.2 ± 0.8 4.3 ± 0.2 0.11 ± 0.00 0.09 ± 0.00

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A-gabTDPsyr ) 0.12 ± 0.01 6.2 ± 0.7 4.0 ± 0.2 0.10 ± 0.01 0.08 ± 0.00

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A-gabTDPstu) 0.10 ± 0.00 5.7 ± 0.9 4.7 ± 0.1 0.12 ± 0.00 0.10 ± 0.00

Samples were harvested and analyzed after glucose depletion. Values represent means and standard deviations of triplicate cultivations.

TABLE 7 | Growth and glutarate production data of recombinant C. glutamicum strains that lack glutamate dehydrogenase.

Growth rate Biomass Glutarate titer Glutarate yield Glutarate vol. prod.

GRLys11sugR1ldhA1snaA1cgmA1gdh+ [h−1] [g L−1] [g L−1] [g g−1] [g L−1 h−1]

(pVWEx1)(pEKEx3)(pECXT99A) 0.03 ± 0.00 3.7 ± 0.2 – – –

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A) 0.05 ± 0.00 4.3 ± 0.4 1.7 ± 0.0 0.04 ± 0.00 0.03 ± 0.00

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A-gabTDCglu) 0.05 ± 0.00 4.1 ± 0.3 3.3 ± 0.1 0.08 ± 0.00 0.05 ± 0.00

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A-gabTDPpu) 0.05 ± 0.01 4.3 ± 0.2 5.0 ± 0.1 0.12 ± 0.01 0.08 ± 0.00

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A-gabTDPsyr ) 0.06 ± 0.00 4.0 ± 0.4 4.7 ± 0.2 0.12 ± 0.00 0.08 ± 0.00

(pVWEx1-ldcC)(pEKEx3-patDA)(pECXT99A-gabTDPstu) 0.07 ± 0.00 4.6 ± 0.3 5.2 ± 0.1 0.13 ± 0.00 0.09 ± 0.00

Samples were harvested and analyzed after glucose depletion. Values represent means and standard deviations of triplicate cultivations.
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FIGURE 5 | Fed-batch glutarate production. The C. glutamicum strain GRLys11sugR1ldhA1snaA1cgmA1gdh(pVWEx1-ldcC)(pEKEx3-patDA)
(pECXT99A-gabTDStu) was tested under industrial relevant conditions using glucose as sole carbon source. The data given include glucose consumption in g L−1

(opened squares); L-lysine (blue triangles), 5AVA (red triangles) and glutarate (green triangles) titers in g L−1; biomass formation (closed circles) in g L−1; and feeding
profile in mL depicted as a line. The initial culture volume was 2 l plus 1 l of feed media.

(Eggeling and Bott, 2005) and was shown here not to be able to
catabolize glutarate. By contrast, L-lysine can be used by some
microorganisms in the secondary metabolism as precursor of
antibiotics and alkaloids (Clevenstine et al., 1979; Shima et al.,
1984). L-Lysine is used as carbon and/or nitrogen source by
a number of bacterial species. For example, Pseudomonas sp.
can use both D- and L-enantiomers of lysine as sole carbon
and nitrogen source (Chang and Adams, 1974; Fothergill and
Guest, 1977). P. putida catabolizes L-lysine through the 5AVA
pathway forming NH4

+ and glutarate, which is oxidized in the
TCA cycle (Fothergill and Guest, 1977). Since C. glutamicum
cannot utilize glutarate as carbon source for growth, it
may lack the ability to activate glutarate to glutaryl-CoA.
Activation of acetate and propionate occur via the acetate
kinase/phosphotransacetylase pathway and CoA transferase
interconverts acetyl-CoA, propionyl-CoA and succinyl-CoA, but
lacks acetyl-CoA synthetase (Veit et al., 2007). Besides acetate
and propionate only one further fatty acid (Jolkver et al.,
2009; Veit et al., 2009) has been shown to support growth
of C. glutamicum. Utilization of the dicarboxylates succinate,
malate, and fumarate requires overexpression of the genes coding
for the uptake systems DccT and/or DctA (Youn et al., 2008,
2009). C. glutamicum responds to externally added glutarate
(see Table 3), indicating that glutarate may be imported into
the cell, however, the relevant import system remains unknown
under the tested conditions. Also, C. glutamicum showed no
growth with glutarate as sole carbon source, which may change
be overexpressing dccT and/or dctA (Youn et al., 2008, 2009).

To achieve glutarate production, a new synthetic pathway
was designed: conversion of L-lysine to 5AVA via cadaverine
using E. coli enzymes (Jorge et al., 2017b) followed by
transamination and oxidation to glutarate by Pseudomonas
enzymes. An alternative pathway to 5AVA involved the enzymes

L-lysine monooxygenase (DavB) and 5-aminovaleramidase
(DavA) from P. putida to convert L-lysine to 5AVA (Fothergill
and Guest, 1977; Adkins et al., 2013; Rohles et al., 2016; Shin
et al., 2016). This pathway is characterized by the requirement
of molecular oxygen for decarboxylation of L-lysine to the amide
5-aminovaleramide followed by deamination, thus, ammonium
is not assimilated by transamination (Fothergill and Guest, 1977).
The pathway to 5AVA used here involves decarboxylation of
L-lysine to the diamine cadaverine, followed by transamination of
cadaverine to 5-aminopentanal by putrescine transaminase PatA
and oxidation to 5AVA by 4-aminobutyraldehyde dehydrogenase
PatD (Jorge et al., 2017b). Thus, this pathway does not
require molecular oxygen, but the transamination reaction
yields L-glutamate and the oxidation reaction yields NADH. By
bypassing molecular oxygen in the pathway, the problems that
may arise due to low dissolved oxygen are avoided with regard to
glutarate production.

Both, the new pathway to 5AVA (Jorge et al., 2017b) and
the DavAB pathway to 5AVA (Fothergill and Guest, 1977) were
combined with subsequent transamination and oxidation to
glutarate. Heterologous expression of the full 5AVA pathway
from P. putida in an E. coli L-lysine producer led to 0.8 g L−1

of glutarate within 48 h. In a C. glutamicum L-lysine producer,
overexpression davBA from P. putida led to co-production of
5AVA and glutarate, and deletion of endogenous gabT reduced
production of glutarate as by-product (Rohles et al., 2016; Shin
et al., 2016). This indicated a) that residual glutarate formation
is likely due to (side)activity of (a) further transaminase(s),
and (b) that the endogenous gabTD operon codes for enzymes
able to convert not only GABA to succinate, but also 5AVA
to glutarate. Deletion of gabTD abrogated glutarate formation
completely indicating that GabD is the only succinate/glutarate
semialdehyde dehydrogenase active in C. glutamicum
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(Jorge et al., 2017b). However, while overexpression of the
endogenous gabTDCg operon improved glutarate formation
and reduced 5AVA accumulation, heterologous expression of
the gabTD operons from Pseudomonas sp. performed better.
A coupled assay of the GabT and GabD reactions revealed that
upon overexpression of the endogenous gabTDCg activity with
the substrate GABA always exceeded activity with the substrate
5AVA (Table 5). On the other hand, heterologous expression
of gabTDStu from Pseudomonas stutzeri revealed the highest
activity with 5AVA, the cofactor NAD+ and pH7.5. Thus, the
enzymes encoded by gabTDStu preferred 5AVA over GABA, and
their properties were compatible with the intracellular pH of
C. glutamicum (Jakob et al., 2007), although apparent activities
at pH 9.0 were generally higher than at pH7.5 (Table 5) as
has been described for Pseudomonas sp. F-126 (Yonaha and
Toyama, 1980). Since cellular metabolism, in general, operates via
NADPH-dependent reduction and NAD+-dependent oxidation
reactions, the preferred use of NAD+ by the enzymes encoded
by gabTDStu was ideal for efficient oxidation of glutarate
semialdehyde to glutarate.

C. glutamicum strain GRLys11sugR1ldhA1snaA1cgmA
1gdh is a genome-reduced L-lysine overproducing strain that
shows fast glucose utilization under aerobic conditions due
to the deletions 1sugR and 1ldhA (Pérez-García et al.,
2016). SugR represses genes of the sugar phosphotransferase
systems, glycolysis as well as ldhA encoding fermentative
L-lactate dehydrogenase, which has to be deleted to avoid
lactate formation (Engels et al., 2008; Teramoto et al., 2011).
C. glutamicum GRLys11sugR1ldhA1snaA1cgmA1gdh does
neither form cadaverine nor N-acetylcadaverine due to deletions
of the genes for diamine acetyltransferase SnaA (Nguyen
et al., 2015) and CgmA, the export system for L-arginine
and diamines (Lubitz et al., 2016). Importantly, production
of glutarate was coupled to biosynthesis of L-glutamate due
to the deletion of glutamate dehydrogenase gene gdh. As
consequence, glutarate production with its two transamination
reactions catalyzed by PatA and GabT was enforced in order
to provide sufficient L-glutamate for growth. C. glutamicum
lacks other amino acid dehydrogenase and assimilates nitrogen
either via glutamate dehydrogenase or via the GOGAT/GS
system. Ammonium assimilation via glutamate dehydrogenase
has high capacity, but low affinity. The high affinity GOGAT/GS
system operates when nitrogen concentrations are below 5 mM
and ammonium assimilation via GS/GOGAT requires ATP
(Tesch et al., 1998; Nolden et al., 2001). The strategy was
successful as it increased glutarate production, however, reduced
biomass yields due to 1gdh were only partially restored upon
overexpression of patA and gabT (compare Tables 6, 7). This
may be due to the fact that in transamination reactions
catalyzed by PatA and GabT no net ammonium assimilation
occurs. A comparable strategy has been used to improve

L-lysine production by coupling of the TCA cycle to the
succinylase branch of L-lysine biosynthesis by deletion of the
gene for succinyl-CoA synthetase, which competes with lysine
biosynthesis for succinyl-CoA (Kind et al., 2013). Although the
L-lysine yield was increased by 60%, slower growth resulted
and the conversion of succinyl-CoA to succinate was not
completely restored [the sum of the fluxes for conversion of
succinyl-CoA to succinate was reduced by about 30% in the
absence of succinyl-CoA synthase; (Kind et al., 2013)]. Coupling
production to reactions or pathways important for growth
bears the potential to select improved strains by laboratory
evolution. This strategy has been successful for selecting faster
growing C. glutamicum strains (Pfeifer et al., 2017; Radek
et al., 2017; Wang Z. et al., 2018) or strains more tolerant to
methanol (Leßmeier and Wendisch, 2015), lignocellulose derived
inhibitors (Wang X. et al., 2018) or thermal stress (Oide et al.,
2015).

Taken together, the metabolic engineering strategy described
here led to a glutarate fed-batch cultivation. During this process
and due to the high feed rate within 24 and 40 h, both biomass
and glutarate concentration increases significantly. When the
maximum biomass concentration was reached the demand of
nutrients was reduced. Therefore, the feed rate was decelerated
until depletion of feed medium after 71 h of cultivation. The
same shift from biomass formation to product formation was
observed previously in similar fed-batch fermentations using
C. glutamicum strains (Rohles et al., 2016; Pérez-García et al.,
2017a,b). With a volumetric productivity of 0.32 g L−1 h−1, an
overall product yield of 0.17 g g−1 and a titer of 25 g L−1. To
the best of our knowledge, these are the highest titers, yields and
productivities for fermentative glutarate production published to
date.
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The bioconversion of lignocellulose in various industrial processes, such as biofuel
production, requires the degradation of cellulose. Actinomadura amylolytica YIM 77502T

is an aerobic, Gram-positive actinomycete that can efficiently degrade crystalline
cellulose by extracellular cellulases. Genomic analysis of A. amylolytica identified 9
cellulase and 11 β-glucosidase genes that could potentially encode proteins that digest
cellulose. Extracellular proteome characterization of A. amylolytica cell-free culture
supernatant by liquid chromatography tandem mass spectrometry analysis revealed
that 4 of these cellulases and 2 of these β-glucosidases functioned during cellulose
hydrolysis. Thin-layer chromatography analysis revealed extracellular β-glucosidases
play a major role in carboxyl methyl cellulose (CMC) degradation of products in
culture supernatants. In this study, 2 of the identified secreted β-glucosidases, AaBGL1
and AaBGL2, were functionally expressed in Escherichia coli and found to have
β-glucosidase activity with wide substrate specificities, including for p-nitrophenyl β-
D-glucopyranoside (pNPG), p-nitrophenyl-beta-D-cellobioside (pNPC), and cellobiose.
Moreover, AaBGL1 and AaBGL2 had high tolerances for glucose. After adding these
β-glucosidases to commercial cellulases, the degradation rates of CMC, Avicel, birch
sawdust, and corncob powder increased by 37, 42, 33, and 9%, respectively. Overall,
this work identifies an alternative potential source of β-glucosidases with potential
applications in commercial cellulose utilization and the bioenergy industry.

Keywords: Actinomadura amylolytica, glucose tolerance, β-glucosidase, GH1, cellulose degradation

INTRODUCTION

Cellulose is an ecologically friendly material, the main component of lignocellulosic materials,
especially agro-industrial residues, such as wheat straw, rice straw, corn stover, bagasse, and wood
chips, and comprises 35–50% of a plant’s dry weight (Khandeparker and Numan, 2008; Brinchi
et al., 2013). Cellulose is a polysaccharide consisting of a backbone of β-1,4-glucose units. A series
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of enzymes is essential for the complete degradation of cellulose
into glucose, including endo-1,4-β-glucanases (endoglucanase,
EC 3.2.1.4), exo-1,4-β-glucanases (i.e., cellobiohydrolases; EC
3.2.1.91), and β-glucosidases (EC 3.2.1.21). Endoglucanases
and cellobiohydrolases act on internal cellulose chains
and cellulose chain ends to release smaller fragments and
cellobiose, respectively, and then the cello-oligosaccharides
are ultimately degraded to glucose by β-glucosidases. The
accumulation of cello-oligosaccharides, such as cellobiose and
cellotriose, inhibits the functioning of both endoglucanases
and cellobiohydrolases during simultaneous saccharification
and, therefore, β-glucosidases play a crucial role in enzymatic
degradation of cellulose by relieving product inhibition of
cello-oligosaccharides for cellulases (Chauve et al., 2010).

A variety of microorganisms, including filamentous fungi,
bacteria, and archaea, have the ability to produce cellulases
(Jayant et al., 2011; Thomas et al., 2017). The filamentous
fungus Trichoderma reesei (i.e., anamorph of Hypocrea jecorina)
is a cellulase overproducer widely used in commercial and
industrial lignocellulose degradation and bioethanol production
(Henrissat et al., 1985; Huang et al., 2014). It secretes
various endoglucanases, exoglucanases and beta-glucosidases
to break down and convert cellulose into glucose (Ouyang
et al., 2006; Peterson and Nevalainen, 2012). However, the
β-glucosidase activity of these cellulase mixtures is too low
to prevent inhibition by cellobiohydrolase following cellobiose
accumulation (Saloheimo et al., 2002; Zhang et al., 2010). The low
β-glucosidase activity of the extracellular secretions of T. reesei
limits their application in degradation of cellulosic biomass
(Nieves et al., 1998; Rahman et al., 2009). Therefore, the discovery
of additional β-glucosidases is necessary to enhance the efficiency
of cellulose hydrolysis.

Based on analysis of sequences, enzymatic properties,
and three-dimensional protein structures, β-glucosidases that
hydrolyze substrates through double displacement mechanisms,
which also permit enzymes to transglycosylate, are classified
as members of glycoside hydrolase (GH) families 1, 3, 5, 9,
16, 30, and 116 (Thongpoo et al., 2013)1. A large number
of β-glucosidases from the GH1 and GH3 families have been
purified from microorganisms and characterized (Wang et al.,
2005). Most bacterial β-glucosidases employed in cellulose
hydrolysis belong to the GH1 family (Cantarel et al., 2009).
A majority of these bacterial β-glucosidases are sensitive to
glucose, with only a few being glucose tolerant (Bohlin et al.,
2010; Datta, 2016), which is a major barrier to efficient utilization
of cellulose (Mallerman et al., 2014). To effectively hydrolyze
cellulose and accumulate high levels of monosaccharides during
enzymatic hydrolysis of lignocelluloses, the GH1 β-glucosidase
should have a high glucose tolerance.

In the work presented here, two secreted GH1 β-glucosidases,
AaBGL1 and AaBGL2, were identified by secretome and
genomic analyses of Actinomadura amylolytica YIM 77502T.
AaBGL1 and AaBGL2 were then functionally expressed in
Escherichia coli BL21 and the resulting recombinant proteins
were purified and characterized. Both AaBGL1 and AaBGL2

1http://www.cazy.org/

can degrade cellobiose and p-nitrophenyl β-D-glucopyranoside
(pNPG). AaBGL1 can also effectively degrade p-nitrophenyl β-
D-cellobioside (pNPC). Furthermore, AaBGL1 and AaBGL2 are
highly tolerant of glucose. After adding these β-glucosidases to
commercial cellulase, the degradation rate of carboxyl methyl
cellulose (CMC), Avicel, corncob powder, and birch sawdust
increased. The demand for β-glucosidases that are insensitive
to glucose is increasing with commercial cellulase utilization.
Compared with other β-glucosidases, both AaBGL1 and AaBGL2
had high Ki values. These results suggest GH1 β-glucosidases
secreted from A. amylolytica have potential applications in
industrial cellulose utilization.

MATERIALS AND METHODS

Strains, Plasmid, and Culture Conditions
Actinomadura amylolytica YIM 77502T (i.e., DSM 45822T and
CCTCC AA 2012024T) was stored in our laboratory (Jiao et al.,
2015). The E. coli DH5α strain (Invitrogen, United States) was
used for cloning and the E. coli BL21 DE3 strain (Invitrogen,
United States) was utilized as the host for expression of proteins.
The pET28a vector (Invitrogen, United States) was used to
construct recombinant plasmids. A. amylolytica YIM 77502T

was cultured on R2A medium (0.5 g/l yeast extract, 0.5 g/l
peptone, 0.5 g/l glucose, 0.5 g/l soluble starch, 0.5 g/l casein
acid hydrolysates, 0.5 g/l sodium pyruvate, 0.3 g/l K2HPO4, and
0.024 g/l MgSO4) at 40◦C. Recombinant E. coli strains were
grown at 37◦C in lysogeny broth (LB) medium (1% tryptone,
0.5% yeast extract, and 1% sodium chloride; pH 7.0) containing
kanamycin (50 µg/ml).

Genome Sequencing and Assembly and
Gene Functions
Actinomadura amylolytica YIM 77502T was cultured in R2A
and then genomic DNA was extracted using a MasterPure
Gram-positive DNA Purification kit (Epicentre MGP04100)
following the standard DNA isolation procedure recommended
by the manufacturer with modifications (Wu et al., 2009).
Whole-genome sequencing was performed on the Illumina
HiSeq 2500-PE125 platform with massively parallel sequencing
Illumina technology at the Beijing Novogene Bioinformatics
Technology Co., Ltd. All high-quality paired reads were
assembled using the SOAP de novo2 into a number of scaffolds
(Gu et al., 2013). Glimmer v3.0 (Chen et al., 2011) was used
for gene prediction in assembled sequences of A. amylolytica
YIM 77502T. The sequence data described here have been
deposited in GenBank (Accession number: CP032402). Proteins
encoded by A. amylolytica were annotated using cluster of
orthologous groups (COG) protein functional classification
(Tatusov et al., 2003). Carbohydrate-active enzymes (CAZymes)
of A. amylolytica YIM 77502T were identified using the CAZyme
Analysis Toolkit3 (Petit et al., 2015). The glycoside hydrolase

2http://soap.genomics.org.cn/soapdenovo.html
3http://allie.dbcls.jp/cooccur/CAT;CAZymes+Analysis+Toolkit.html
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families were analyzed using HMMER software based on the
Pfam database4 (Finn et al., 2011).

Determination of Cellulose Degradation
Activity of A. amylolytica Fermentation
Broth
Degradation of filter paper was assessed by inoculating strain
A. amylolytica YIM 77502T into a test tube containing filter paper
basic medium (NaH2PO4, KNO3, and MgSO4) after static culture
at 40◦C for 1 month. A. amylolytica was cultured in cellulose
basic medium (NaH2PO4, KNO3, MgSO4, and Avicel 2 g/l) at
40◦C with shaking at 180 rpm for 14 days. The supernatant was
harvested by centrifuging for 10 min at 12,000× g at 4◦C.

The cellulose degradation activity of the above fermentation
broth was measured using CMC (Sigma, United States), Avicel
(Sigma, United States), and cellobiose (Sigma, United States).
Fermentation broth (100 µl) was added to 400 µl PBS buffer (pH
7) containing 1% (w/v) CMC or Avicel to test cellulase activity.
This mixture was incubated at different temperatures (25–90◦C)
for 1 h. The release of reducing sugar from CMC was determined
using the 3,5-dinitrosalicylic acid assay and measuring the
absorbance at 540 nm (Miller, 1959). One unit (IU) of CMCase
activity was defined as the volume of fermentation broth required
to release 1 µmol of reducing sugar from CMC per minute.
Hydrolytic products of the fermentation broth from CMC were
identified by thin-layer chromatography (TLC) using silica gel
60 plates (Merck, Darmstadt, Germany) developed with 1-
butanol/acetic acid/water (2:1:1, v/v/v). Sugars were detected by
heat treatment at 120◦C for 10 min after spraying the plates with
freshly prepared 5% (v/v) H2SO4 in ethanol (Yin et al., 2015).
Glucose (G1), cellobiose (G2), cellotriose (G3), and cellotetrose
(G4) were used as sugar standards. The sugar standards was
purchased from Sigma, United States.

The β-glucosidase activity of the fermentation broth was
measured using cellobiose. Fermentation broth (100 µl) was
added to 400 µl PBS buffer (pH 7) containing 1% (w/v)
cellobiose at different temperatures (25–80◦C) for 30 min to
test β-glucosidase activity. The release of glucose from cellobiose
was determined based on the absorbance at 490 nm of the
mixture using a Glucose Oxidase Assay Kit (Abnova, China).
One unit (IU) of β-glucosidase activity was defined as the volume
of fermentation broth required to release 2 µmol glucose from
cellobiose per minute.

LC-MS/MS Analysis of Secreted
Glycoside Hydrolases
The above fermentation broth was transferred into 5 kD ultra-
filter concentrators (Sartorius, Germany) and centrifuged for
30 min at 4◦C in a swing bucket rotor, resulting in the
medium become concentrated by 30-fold. Extracellular protein
was precipitated overnight by ammonium sulfate precipitation.
The precipitate was resuspended in 150 µL supernatant. Proteins
were isolated and digested as described by Hornburg et al.
(2014). Peptides were desalted on C18 StageTips as previously

4http://pfam.xfam.org/

described and subjected to liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis (Schwanhäusser et al., 2013).
The peptides were then separated using a nano high-performance
liquid chromatography (HPLC; Thermo Fisher Scientific) with
a C18 column. HPLC was directly coupled to a quadrupole-
Orbitrap mass spectrometer via a nano electrospray ion source (Q
ExactiveTM, Thermo Fisher Scientific). The mass spectrometry
(MS) raw data was processed by MaxQuant (v. 1.3.8.2; Cox
and Mann, 2008). MS/MS spectra were searched against the
A. amylolytica YIM 77502T genomic database.

Gene Cloning and Plasmid Construction
The putative β-glucosidase genes aabgl1 (1335 bp) and aabgl2
(1431 bp) from the genomic sequences of A. amylolytica were
amplified via polymerase chain reaction (PCR) with the four
designed primers listed in Table 1 using TransStarFastPfu Fly
DNA Polymerase (TransGen Biotech, China). The PCR cycle
consisted of denaturation at 98◦C for 3 min, followed by 34 cycles
at 98◦C for 10 s, 65◦C for 20 s, and 72◦C for 45 s, and then a
final incubation at 72◦C for 5 min for the final extension. The
PCR products were cloned into the pET28a plasmid, which had
been digested with BamH I and Hind III, using the pEASY-Uni
Seamless Cloning and Assembly Kit (TransGen Biotech, China).
Recombinant plasmids with the correct size fragments were
sequenced. Subsequently, the DNA from the correct recombinant
plasmids were transformed into E. coli BL21 (DE3) for protein
expression.

Sequence Analysis
DNA and protein sequences were aligned using the BLASTx and
BLASTp programs (Madden, 2002)5, respectively. Signal peptides
were predicted using SignalP (Bendtsen et al., 2004)6. The
primary structures of the amino acid sequences were deduced
and analyzed using EXPASY tools7. Multiple alignments with
protein sequences of the closely related AaBGL1 and AaBGL2

5http://blast.ncbi.nlm.nih.gov/Blast.cgi
6http://www.cbs.dtu.dk/services/SignalP/
7http://web.expasy.org/protparam/

TABLE 1 | Primer sets used in this study.

Primer name Sequence (5′→3′) Primer length (bp)

Aabgl1-F GACAGCAAATGGGT
CGCGGAATGAACCTT
CCCGCCGACT

39

Aabgl1-R TGCTCGAGTGCGGCC
GCATCATGGGGCT
CCTCTGTGG

37

Aabgl2-F GACAGCAAATGGGT
CGCGGAATGACAG
CACACGAGACGC

39

Aabgl2-R TGCTCGAGTGCGGC
CGCATCAGTCCGG
CAGTCCGCC

36

All primers were designed by Primer Premier 5. The underlined region represents
the homologous recombinant fragment with the vector.

Frontiers in Microbiology | www.frontiersin.org December 2018 | Volume 9 | Article 3149115

http://pfam.xfam.org/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.cbs.dtu.dk/services/SignalP/
http://web.expasy.org/protparam/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-09-03149 December 15, 2018 Time: 15:10 # 4

Yin et al. Two Glucose-Tolerant GH1 β-glucosidases From Actinomadura amylolytica

(retrieved from NCBI database) were carried out using Clustal X
(Thompson et al., 1997). Phylogenetic analyses were performed
using the MEGA 5 software package (Tamura et al., 2011).
Trees were constructed using the maximum likelihood (ML)
method with a Poisson correction model. Structural models of
AaBGL1 and AaBGL2 were generated with the MODELLER
package (Sali and Blundell, 1993) using the β-glucosidase BglM-
G1 mutant H75R (PDB ID, 5NS7; sequence identity, 47%) from a
marine metagenome and β-xylosidase (PDB ID, 1GNX; sequence
identity, 52%) from Streptomyces sp. as templates.

Expression, Production, and Purification
of Recombinant β-glucosidases
To express the recombinant AaBGL1 and AaBGL2 proteins, the
above transformants were cultured overnight in LB medium
containing 100 µg/ml kanamycin at 37◦C and with shaking
at 220 rpm. One ml of overnight culture was inoculated into
100 ml fresh LB medium containing 100 µg/ml kanamycin and
incubated at 37◦C with shaking at 220 rpm. To induce expression
of the recombinant β-glucosidases, 0.1 ml of 100 mM IPTG
was added to the cell suspension until the cells reached mid-
exponential phase (OD600≈0.6) and incubated at 25◦C with
shaking at 220 rpm for 6 h. Cell pellets were harvested by
centrifuging at 8,000 × g at 4◦C for 10 min and resuspended in
20 ml buffer A (20 mM sodium phosphate, 300 mM NaCl, and
10 mM Tris; pH 8.0).

The resuspended cells were disrupted by ultrasonication.
The lysates were centrifuged at 12000 × g for 30 min at
4◦C. Cell-free extracts were transferred onto a Ni-chelating
affinity column (GE, United States) as the recombinant proteins
possessed an N-terminal His-tag. The column was then washed
with ten column volumes of buffer A and then ten column
volumes of buffer A containing 20 mM imidazole (pH 8.0)
and eluted with buffer A containing 300 mM imidazole (pH
8.0). The eluted proteins were desalted using disposable PD-10
Desalting Columns (GE, United States) and the desalted proteins
were used for enzyme characterization. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using a 10% polyacrylamide gel that was then stained with
Coomassie brilliant blue dye R-250 (Liu et al., 2010). Protein
concentrations were determined with Bradford Protein Assay
Kit (Order NO. C503031, Sangon Biotech, China) using bovine
serum albumin as the standard.

Enzymatic Characterization of
Recombinant β-glucosidases AaBGL1
and AaBGL2
Assays of Enzymatic Activity
β-glucosidase activity was assayed using cellobiose and
p-nitrophenyl-β-D-glucopyranoside (pNPG). Activity against
cellobiose was determined by adding 10 µg of purified protein
to a 200-µl reaction mixture containing 2% (w/v) cellobiose.
After 10 min, the activity was tested using a Glucose Oxidase
Assay Kit (Abnova, China). One unit (U) of β-glucosidase
activity was defined as the amount of enzyme required to
release 2 µmol glucose from cellobiose per minute. When using

pNPG as the substrate, 10 µg protein was added to a 200-µl
reaction mixture containing 2.5 mM pNPG (Sigma, St. Louis,
MO, United States). After 5 min of incubation at the optimal
temperature, the reaction was stopped by adding 0.6 ml of
1 M Na2CO3 (Yang et al., 2015). The pNP was measured by
monitoring the absorbance at 405 nm (Harnpicharnchai et al.,
2009). One unit of β-glucosidase activity was equivalent to
1 µmol of pNP released from the pNPG in 1 min.

Optimal Temperatures and Thermostabilities
The optimal temperatures for AaBGL1 and AaBGL2 were
determined by measuring β-glucosidases activity at different
temperatures (10–80◦C) at the optimal pH according to the
activity assay method. For thermostability analysis, purified
β-glucosidases were incubated in buffer A at temperatures
ranging between 10 to 80◦C for 30, 60, and 120 min. The samples
were rapidly cooled in an ice-water bath and residual activity was
measured by the standard method.

Optimal pHs and Stabilities at These pHs
The optimal pHs for purified recombinant AaBGL1 and AaBGL2
were investigated in pHs ranging from 2.0 to 11 in buffer
(50 mM Na2HPO4-citric acid, pH 2.0–8.0; 50 mM Tris-HCl,
pH 8.0–9.0; and 50 mM glycine-NaOH, pH 9.0–11.0). The
stabilities of purified AaBGL1 and AaBGL2 at different pHs were
assessed by incubating these enzymes in buffers with different
pHs as described above at 4◦C for 12 and 24 h. The amount of
residual activity at the optimal temperature was then determined
according to the activity assay method.

Effect of Metal Ions and Chemical Reagents on
Enzymatic Activity
To evaluate the effects of metal ions and chemical reagents on
enzymatic activity, 10 mM of various metal ions and chemical
reagents (K+, Na+, Fe3+, Mg2+, Mn2+, Ca2+, Cu2+, Co2+,
Zn2+, Ni2+, SDS, and EDTA) were added individually to the
reaction system. The control was tested using the same process
described above without any additive in the reaction mixture.

Effect of Glucose Concentration on Enzymatic
Activity
To investigate the effect of the end product glucose on catalytic
activity, the reaction was carried out in the presence of glucose
concentrations ranging from 0 to 3000 mM. The concentration of
the initial substrate pNPG was 1 mM. For the control, the same
reaction system was used, but glucose was not added.

Determination of Substrate Specificity
To determine the substrate specificity of AaBGL1 and
AaBGL2, cellobiose, beechwood xylan, CMC, Avicel, and
different p-nitrophenyl derivatives, such as p-nitrophenyl-β-D-
glucopyranoside (pNPG), p-nitrophenyl-α-D-glucopyranoside
(pNP-α-G), p-nitrophenyl β-D-xylopyranoside (pNPX), and
p-nitrophenyl-β-D-cellobioside (pNPC), were used as substrates
to measure enzymatic activity. All these substrates were
purchased from Sigma, United States. The release of pNP was
determined by measuring the absorbance at 405 nm of the
mixture using pNP as the standard. One unit (U) of activity
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FIGURE 1 | Glycoside hydrolase (GH) families of Actinomadura amylolytica YIM 77502T. (A) CAZyme analysis. (B) Number of GH genes. Histogram colors indicate
different functions: yellow indicates predicted β-glucosidase, green indicates predicted cellulase, and blue indicates other predicted functions.

was defined as the amount of enzyme released from 1 µmol
pNP/min. β-glucosidase activity for cellobiose was tested using
the Glucose Oxidase Assay Kit (Abnova, China). One unit
(U) of β-glucosidase activity was defined as the amount of
enzyme required to release 2 µmol glucose/min from cellobiose.
Beechwood xylan, glucan, CMC, and Avicel were measured using
the 3,5-dinitrosalicylic acid assay (Miller, 1959). One unit (U) of
enzymatic activity was defined as the amount of enzyme required
to release 1 µmol glucose or xylose-equivalent reducing sugars
per minute. All the substrates were purchased from Sigma (St.
Louis, MO, United States).

Determination of Kinetic Constants
The kinetic constants (Vmax and Km) of AaBGL1 and AaBGL2
were determined using different concentrations of cellobiose
(0.2–2 mg/ml) and pNPG (0.5–5.0 mg/ml) at the optimal pH and
temperature for 5 min. The Vmax and Km of the β-glucosidases
for cellobiose and pNPG were calculated using Lineweaver-Burk
plots.

Enzymatic Hydrolysis
Enzymatic hydrolysis of different lignocellulosic materials, such
as CMC, Avicel, birch sawdust, and corncob, was performed by

adding the appropriate cellulases (Sangon Biotech, China) and/or
AaBGL1 and AaBGL2 to a 0.5 ml reaction system containing
50 mM Na2HPO4-citric acid buffer (pH 6.0) and 0.5 ml of
1% (w/v) substrate at 40 and 50◦C for 24 h. The dosages of
cellulases and β-glucosidases (AaBGL1 and AaBGL2) were 0.2
and 0.02 U/mg, respectively, based on the dry weight of substrate
(Ye et al., 2017). Pretreatment of birch sawdust and corncob with
ionic liquid (1-ethyl-3-methylimidazolium acetate) was carried
out according to the method described in previous studies
(Cheng et al., 2012). After enzymatic hydrolysis, the reactions
were terminated by boiling for 10 min. The supernatants were
collected by centrifugation at 4◦C at 10000 × g for 10 min. The
glucose contents of the hydrolysis liquors were measured using
the Glucose Oxidase Assay Kit (Abnova, China).

RESULTS

Features of the A. amylolytica YIM
77502T Genome
The complete genome of A. amylolytica YIM 77502T consisted
of a single circular 6.8 Mbp chromosome, and a G+C content
of 73.28%. The genome contained 6,373 coding sequences with
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FIGURE 2 | Cellulase activity of A. amylolytica YIM strain 77502T. (A) Hydrolysis experiment using filter paper. (B) Thin-layer chromatography plate analysis of
hydrolytic products of carboxyl methyl cellulose (CMC) in fermentation broth of A. amylolytica, which was cultured with microcrystalline cellulose. (C) CMCase activity
of fermentation broth. (D) β-glucosidase activity of fermentation broth.

an average length of 922 bp. The general genomic features of
A. amylolytica are listed in Supplementary Table S1. Among the
predicted genes, 95.8% (6,105 genes) were assigned a function
and 4.2% (268 genes) had unknown functions. In addition,
86.4% of the sequence encoded genes, while 13.6% belonged to
internal sequences. The functions of these genes were mainly
gene transcription (590), signal transduction (373), amino acid
transport and metabolism (354), carbohydrate transport and
metabolism (344), lipid transport and metabolism (324), energy
production and conversion (289), coenzyme transport and
metabolism (284), and cell wall/membrane/envelope biogenesis
(273), as shown in Supplementary Figure S1.

Genes Encoding Carbohydrate-Active
Enzymes
A CAZyme analysis was conducted to identify potential enzymes
with plant cell-wall degradation ability. Through this analysis,
81 carbohydrate-binding modules (CBMs) distributed in 12

families, 63 glycoside hydrolases (GHs) in 32 families, 2
polysaccharide lyases (PLs) in 2 families, 22 carbohydrate
esterases (CEs) in 5 families, 71 glycosyl transferases (GTs) in
14 families, and 12 auxiliary activities (AAs) in 4 families were
found to be encoded in the genome of A. amylolytica (Figure 1A).
GH1 (glycoside hydrolase family 1) and GH3 were predicted to
function as β-glucosidases and GH5, GH6, GH12, GH48 and
GH74 were predicted cellulases. Altogether, 11 β-glucosidase
genes and 9 cellulase genes were predicted in the genome of
A. amylolytica (Figure 1B).

Cellulase Activity of A. amylolytica YIM
77502T

As shown in Figure 2A, filter paper was degraded by
A. amylolytica YIM 77502T after culturing 1 month. TLC
demonstrated the hydrolytic products of fermentation broth
from CMC were mainly glucose and cellobiose (Figure 2B).
Fermentation broths from cultures in microcrystalline cellulose
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FIGURE 3 | Glycoside hydrolases in the secretome of A. amylolytica.

FIGURE 4 | Three-dimensional model and purification of β-glucosidases
AaBGL1 and AaBGL2. Structural models of (A) AaBGL1 and (B) AaBGL2.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis of
recombinant (C) AaBGL1 and (D) AaBGL2 produced by E. coli BL21. Lane 1,
protein molecular weight marker, mass indicated on the left; lane 2, total
protein in IPTG-induced E. coli BL21/pET28a-aabgl1 or pET28a-aabgl2; lane
3, purified AaBGL1 or AaBGL2.

basic medium for 2 weeks exhibited CMC and cellobiose activity
under test conditions. High CMCase activity was found from 50
to 65◦C, where the highest β-glucosidase activity was observed at
50◦C (Figures 2C,D).

Glycoside Hydrolases in the Secretome
The secretome of A. amylolytica was examined by MS. Secretome
analysis revealed 209 proteins produced by A. amylolytica,
which were mainly involved in carbohydrate transport and
metabolism (43), amino acid transport and metabolism (23),
protein turnover (18), cell wall/membrane/envelope biogenesis
(16), energy production and conversion (10), and signal
transduction (10), as shown in Supplementary Figure S2.
Among these secreted proteins, 4 cellulases belonging to GH5
and GH6, 4 xylanases belonging to GH10, and two β-glucosidases
belonging to GH1 were identified among the secretion proteins
(Figure 3). These two β-glucosidases were designated AaBGL1
and AaBGL2.

Cloning and Sequence Analysis of Genes
aabgl1 and aabgl2
According to the genome sequences of A. amylolytica YIM
77502T, two putative genes encoding β-glucosidases AaBGL1A
(GenBank: MH974516) and AaBGL2 (GenBank: MH974517)
were amplified by PCR and introduced into the pET28a
vector to construct recombinant plasmids pET28a-aabgl1 and
pET28a-aabgl2. AaBGL1 and AaBGL2 consisted of 444 and
476 residues with theoretical molecular weights of 48.47 and
52.61 KDa, respectively. Signal peptides were not predicted
at the N-termini of AaBGL1 and AaBGL2 based on analysis
with Signal P 4.1 Server8. Sequence analysis revealed AaBGL1
and AaBGL2 contained distinct catalytic modules of glycosyl
hydrolase family 1 (GH1) in the predicted enzyme proteins.
The deduced amino acid sequence of AaBGL1 had the highest
amino acid sequence identity (89%) to β-glucosidase (NCBI:
WP 103938629.1) from Actinomadura echinospora. AaBGL2
had 84% similarity with β-glucosidases from Thermomonospora
curvata (NCBI: WP 012852091.1) and Actinomadura echinospora
(NCBI: WP 103937196.1). As shown in Figures 4A,B, the
predicted three-dimensional model structures of AaBGL1 and
AaBGL2 were very similar to other GH1 β-glucosidases
with known structures The monomeric subunit of GH1
β-glucosidase adopts the expected topology of a single (α/β)8
barrel, with additional units of quite well-conserved secondary
structures inserted between the α/β units. A phylogenetic
analysis of the protein sequences revealed AaBGL1 and
AaBGL2 also clustered with β-glucosidases (Supplementary
Figures S3, S4).

Expression and Purification of
β-glucosidases AaBGL1 and AaBGL2
The β-glucosidase genes were successfully expressed in
E. coli BL21 (DE3) and the resulting recombinant proteins
with His-tagged N-termini were purified by Ni-NTA
affinity chromatography. SDS-PAGE analysis indicated
the molecular masses of the recombinant β-glucosidase
proteins were in good agreement with the theoretical ones
(Figures 4C,D).

8http://www.cbs.dtu.dk/services/SignalP/
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FIGURE 5 | Effects of temperature and pH on the activity and stability of the recombinant AaBGL1 and AaBGL2. (A,B) Effect of (A) temperature and (B) pH on the
activity of the recombinant β-glucosidases. The primary activity was designated 100%. Each value in the figure represents the mean ± standard deviation (n = 3).
AaBGL1: 100% = 6.2 U/mg. AaBGL2 100% = 5.6 U/mg.

FIGURE 6 | Effect of glucose concentration on recombinant (A) AaBGL1 and
(B) AaBGL2.

Enzymatic Characteristics of Purified
Recombinant AaBGL1 and AaBGL2
Optimal Temperatures and Thermostabilities
AaBGL1 exhibited high activity at 10–65◦C at the optimal pH of
6.0. AaBGL2 exhibited the highest activity at 50◦C and a pH of 6.0

(Figure 5A). Within 2 h, AaBGL1 and AaBGL2 were stable below
50◦C, but their activity rapidly decreased when the temperature
rose above 50◦C (Supplementary Figures S5A, S6A). The
thermostabilities of AaBGL1 and AaBGL2 were similar to
reported β-glucosidases from fungi and bacteria, which were lost
most activity when the temperature above 50◦C (Santos et al.,
2016; Florindo et al., 2018).

Optimal pHs and Stability at These pHs
The effects of pH on the activity of the β-glucosidases AaBGL1
and AaBGL2 were assessed. AaBGL1 functioned in a broad
optimum pH, retaining more than 95% of the catalytic activity
at pHs ranging from 4.0 to 9.0. The optimum pH of AaBGL2 was
6 (Figure 5B). As shown in Supplementary Figures S5B, S6B,
AaBGL1 was stable in the pH range of 4.0–9.0, retaining 100%

TABLE 2 | Substrate specificities of AaBGL1 and AaBGL2.

Substrates AaBGL1 (U/mg) AaBGL2 (U/mg)

Cellobiose 6.2 ± 0.3 5.6 ± 0.2

pNPG 4 ± 0.2 1.3 ± 0.1

pNP-α-G 0.56 ± 0.05 0

pNPX 0 0

pNPC 0.75 ± 0.1 0.1 ± 0.02

CMC 0 0

Avicel 0 0

Beechwood xylan 0 0

TABLE 3 | Kinetic parameters of AaBGL1 and AaBGL2.

Vmax (µmol/min/mg) Km (µmol/ml) Kcat (s−1)

Cellobiose pNPG Cellobiose pNPG Cellobiose pNPG

AaBGL1 13.2 6.8 95.3 3.3 10.7 5.5

AaBGL2 18.9 1.9 187.7 0.73 16.6 1.7
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FIGURE 7 | Cooperation of AaBGL1 and AaBGL2 with commercial cellulases
in cellulosic material degradation.

residual activity after incubating for 12 h in pH buffer at 25◦C.
AaBGL2 was relatively pH stable, retaining more than 60%
residual activity after incubation for 24 h at pH 4–10 at 25◦C.

Effects of Metal Ions and Chemical Reagents on
Activity
The influence of various metal ions and chemical reagents on the
activity of AaBGL1 and AaBGL2 was also investigated and the
results are shown in Supplementary Figure S7. The enzymatic
activity of AaBGL1 was 102 ± 0.3% and 100 ± 1.2% by K+ and
Mg2+, respectively. Na+, Ca2+, Co2+, Ni2+, and SDS ions at a
concentration of 10 mM did not affect AaBGL1 activity. Fe3+

and Mn2+ slightly inhibited both AaBGL1 and AaBGL2 activity,
while Cu2+, Co2+, Zn2+, Ni2+, and EDTA severely inhibited
AaBGL1 activity. The enzymatic activity of AaBGL2 was not
influenced by K+, Na+, Mg2+, or Ca2+; however, the of addition
Cu2+, Co2+, Zn2+, Ni2+, SDS, and EDTA strongly inhibited
AaBGL2 activity.

Effect of Glucose Concentration on Enzymatic
Activity
The glucose tolerances of AaBGL1 and AaBGL2 were determined
using 1 mM pNPG as a substrate. The activity of AaBGL1 and
AaBGL2 measured in the absence of exogenous glucose was
set as 100%. As shown in Figure 6, glucose had no effect on
AaBGL1 activity when the added glucose concentration was less
than 1000 mM. Even when the added glucose concentration was
2000 times greater than the pNPG concentration, AaBGL1 still
retained more than 40% activity, suggesting AaBGL1 is highly
tolerant of glucose. AaBGL2 also retained 40% activity when
the added glucose concentration was 500 times greater than the
pNPG concentration (Figure 6). This suggests AaBGL2 is also a
glucose-tolerant β-glucosidase.

Substrate Specificities and Kinetic Constants of
AaBGL1 and AaBGL2
Analysis of substrate specificity revealed AaBGL1 hydrolyzed
pNPG, cellobiose, pNP-α-G, and pNPC, but not pNPX,
beechwood xylan, CMC, or Avicel (Table 2). AaBGL2 exhibited
activity for pNPG and cellobiose, but not other tested
substrates. Based on Lineweaver-Burk plots (Supplementary
Figures S8, S9), the Kcat, Km, and Vmax of AaBGL1 and

AaBGL2 calculated using the pNPG and cellobiose as substrates
are shown in Table 3.

Potential Use of AaBGL1 and AaBGL2 for
Enzymatic Hydrolysis of CMC, Avicel,
and Ionic Liquid-Pretreated Birch
Sawdust and Corncob Powder
To evaluate the potential use of AaBGL1 and AaBGL2 in
degradation of lignocellulose, enzymatic hydrolysis of various
lignocellulosic materials, including CMC, Avicel, and ionic
liquid-pretreated birch sawdust and corncob powder, were
performed. As shown in Figure 7, the glucose concentrations in
the hydrolysis liquors were ordered Avicel > corncob > birch
sawdust > CMC. After adding the β-glucosidases AaBGL1 and
AaBGL2 to commercial cellulases, the degradation rates of CMC,
Avicel, birch sawdust, and corncob powder increased by 37, 42,
33, and 9%, respectively. This suggests AaBGL1 and AaBGL2
cooperated with commercial cellulases in cellulose degradation.

DISCUSSION

A. amylolytica Is a Potential Source of
Cellulose Hydrolases
An aerobic Gram-positive actinomycete, A. amylolytica YIM
77502T can digest cellulose rapidly and efficiently. A large
number of glycosidase enzymes, including 9 cellulase genes and
11 β-glucosidase genes, have been predicted in the genome
of A. amylolytica. Other actinomycetes, such as Thermobifida
fusca (Wilson, 2010), Thermobifida halotolerans YIM 90462T

(Yin et al., 2015), Thermoactinospora rubra YIM 77501T

(Yin et al., 2017), and Streptomyces strains (Ventorino et al.,
2016), also display highly lignocellulose-degrading activities. To
date, many cellulose-degrading enzymes have been identified
from cellulolytic actinomycetes (Vanee et al., 2017), indicating
cellulolytic actinomycetes, such as A. amylolytica, are good
potential sources of cellulose hydrolases.

In this research, 4 cellulases and 2 β-glucosidases were
identified from the secretome of A. amylolytica YIM 77502T

cultured with microcrystalline cellulose. These enzymes may be
involved in the degradation of cellulose, but no signal peptides
were found in the 2 identified β-glucosidases, AaBGL1 and
AaBGL2. Broeker et al. (2018) also found 32 proteins lacking
signal peptides in the secretome of Clostridium stercorarium.
These 2 β-glucosidases of A. amylolytica found in the secretome
may be secreted through the release of proteins from cells
through cell lysis or alternative secretion pathways. The sequence
similarity, tertiary structures, and ML phylogenetic trees of
AaBGL1 and AaBGL2 suggest GH1 β-glucosidases are conserved.
Discovery of AaBGL1 and AaBGL2 in the secretome of
A. amylolytica indicates LC-MS/MS is potentially a highly useful
method of discovering new proteins with specific functions.

During cellulose degradation, cellulolytic microorganisms
secrete some hydrolytic enzymes, including free cellulases
(endoglucanase, cellobiohydrolases, and β-glucosidases) and
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FIGURE 8 | Schematic diagram of hydrolytic cellulose from A. amylolytica YIM 77502T.

cellulosome, which consist of a wide variety of polysaccharide-
degrading enzymes (e.g., cellulases, hemicellulases, and
pectinases) (Wilson, 2009; Artzi et al., 2017). Most bacteria
and fungi hydrolyze cellulose by secreting free cellulases
(Cavedon et al., 1990; Ja’afaru, 2013). Meanwhile, a cellulosome
is a supramolecular multienzyme complex that can efficiently
degrade lignocellulose and is found in just a few bacterial
species, including Clostridium (Ruminiclostridium) clariflavum
and Clostridium (Ruminiclostridium) thermocellum (Bayer
et al., 2004; Shiratori et al., 2009; Shinoda et al., 2018). As
described above, A. amylolytica YIM 77502T secreted cellulases
extracellularly to hydrolyze cellulose. A total of 344 and 38 genes
in the genome of A. amylolytica were found to potentially be
involved in carbohydrate transport and secretory transport of
proteins, respectively (Supplementary Figure S1). Of these
genes, membrane transporters are membrane proteins associated
with transportation of macromolecules, such as proteins, across
biological membranes (Saier et al., 2006). ATP-binding cassette
transporters (ABC transporters) are members of a transport
system superfamily and involved in the translocation of various
substrates, such as glucose, cellobiose, and galactose, across
membranes (Kemner et al., 1997; Petit et al., 2015).

Membrane transporters and ABC transporters from
A. amylolytica possibly transfer cellulose-degrading enzymes
and carbohydrates. Through the activity of A. amylolytica
extracellular enzymes, secretome and TLC plate analyses
of CMC hydrolysis products, including endoglucanase,

cellobiohydrolases, and β-glucosidases, revealed hydrolysis
of cellulose to oligosaccharides (cellobiose as the main product)
and monosaccharide (glucose). As shown in a schematic diagram
(Figure 8), cellulose-degrading enzymes are secreted into the
extracellular medium and the cellulosic substrate is degraded
by synergistic hydrolysis of these free glycosidolytic enzymes.
The cellulose hydrolyze these products (cellobiose and glucose),
which are then transported to the cytoplasm across the cell
membrane through ABC transporters. The oligosaccharides
are eventually hydrolyzed to monosaccharides by intracellular
β-glucosidases. Finally, glucose entrance into the Embden-
Meyerhof-Parnas pathway and tricarboxylic acid cycle provided
material (carbon source) and energy (ATP) required for the
growth and reproduction of A. amylolytica. This is the process of
cellulose hydrolysis in pure culture in the laboratory simulation,
but cellulose does not exist in a pure state in nature. Besides
cellulose, there are also large amounts of hemicellulose, lignin,
and pectin in plant biomass. Xylan, one of the main components
of hemicellulose, can be hydrolyzed by xylanases. As shown in
Figures 3, 4 GH10 xylanases were identified in the secretome of
A. amylolytica, indicating they were also induced by cellulose.
Robison reported that Trichoderma reesei Rut C-30 produces
extracellular xylanases when grown on cellulose (Robison,
1984). The complete hydrolysis of lignocellulose requires the
synergistic cooperation of cellulases, xylanase, pectinase, laccase,
and other enzymes (Van Dyk and Pletschke, 2012). Therefore,
for A. amylolytica, the collaborative expression of cellulases and
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xylanases may be a functional adaptation for hydrolysing plant
biomass to be used as a carbon source.

Two β-glucosidases (AaBGL1 and AaBGL2) secreted by
A. amylolytica exhibited synergistic cooperation with commercial
cellulases. After adding AaBGL1 and AaBGL2, the decomposition
rate of Avicel (40%), CMC (37%), and ionic liquid-pretreated
birch sawdust (33%) increased by more than 30%. Meanwhile,
the degradation rate of ionic liquid-pretreated corncob improved
only 9%. Compared to wood, such as birch sawdust, corncob
contains more hemicellulose as it is more than one-third
of the dry matter of the corncob (Sun et al., 2014). This
indicates degradation of substrate by the synergistic action
of different kinds of cellulases is related to the purity or
amount of cellulose in the substrate. It was also suggested
that cellulases need to cooperate with other enzymes, such as
hemicellulases (e.g., xylanase) and pectinase, when lignocellulose
is degraded. The importance of the cocktail method for
degradation of lignocellulosic materials also indicates that more
new enzyme resources need to be found to enhance this
synergistic degradation (Ibrahim, 2011).

The enzymatic properties of AaBGL1 and AaBGL2 include
that, like other β-glucosidases, their activities were completely
inhibited by Cu2+ (Chen et al., 2010; Wu et al., 2018). However,
the activity of AaBGL1 was not affected by 10 mM SDS.
A strong denaturant of proteins, SDS can inactivate most
enzymes (Joo and Chang, 2010). The SDS stability of AaBGL1
suggests it is suitable for application in industrial purposes.
During cellulose hydrolysis by cellulases, the hydrolysis products
inhibit the activity of the enzymes. Most β-glucosidases are
sensitive to the final product of glucose, which limits the use
of β-glucosidase and efficient degradation of cellulose. The
inhibition constants (Ki) of AaBGL1 and AaBGL2 were 1502
and 193.5 mM glucose, respectively. Meanwhile, the Ki of most
fungal β-glucosidases, such as β-glucosidases from Penicillium
citrinum UFV1, Chaetomium globosum, and Neurospora crassa,
are between 0.1 and 10 mM (Bohlin et al., 2010; Da Costa et al.,
2016). This indicates AaBGL1 and AaBGL2 are glucose-tolerant
β-glucosidases. The glucose-tolerances of β-glucosidases are of
great significance due to increases in glucose concentration and
the conversion rates of soluble fermentable sugars from cellulose
degradation.

CONCLUSION

Actinomadura amylolytica YIM 77502T exhibited CMCase and
β-glucosidase activity when cultivated at 40◦C using Avicel as the
sole carbon source. Two GH1 β-glucosidases, designated AaBGL1
and AaBGL2, were identified in the secretome of A. amylolytica
by LC-MS/MS. AaBGL1 and AaBGL2 were successfully expressed
in E. coli BL21, and the recombinant proteins were purified and
characterized. Both AaBGL1 and AaBGL2 were highly glucose-
tolerant β-glucosidases and exhibited synergistic cooperation
with commercial cellulases. Overall, the β-glucosidases studied in
this work (AaBGL1 and AaBGL2) had different specificities and
characteristics and could be used in different biotechnological
applications, such as bioethanol production.
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FIGURE S1 | Clusters of orthologous groups (COG) functional classification of
Actinomadura amylolytica genome-encoded proteins.

FIGURE S2 | COG functional classification of secretome of A. amylolytica.

FIGURE S3 | Phylogenetic dendrogram obtained by maximum likelihood (ML)
analysis based on amino acid sequences showing the phylogenetic position of
AaBGL1 with related β-glucosidases. Bootstrap values (expressed as a
percentage of 1000 replications) are given at nodes.

FIGURE S4 | Phylogenetic dendrogram obtained by maximum likelihood (ML)
analysis based on amino acid sequences showing the phylogenetic position of
AaBGL2 with related β-glucosidases. Bootstrap values (expressed as a
percentage of 1000 replications) are given at nodes.

FIGURE S5 | Effects of temperature and pH on the stability of recombinant
AaBGL1. (A,B) The effect of (A) temperature and (B) pH on stability.

FIGURE S6 | Effects of temperature and pH on the stability of recombinant
AaBGL2. (A,B) The effect of (A) temperature and (B) pH on stability.

FIGURE S7 | Effects of metal ions and reagents on the activity of (A) AaBGL1 and
(B) AaBGL2. Statistical analysis was performed using one-way ANOVA followed
by Tukey’s test for comparison of multiple treatment groups. Data marked with ∗

and ∗∗ were statistically significant different at the p < 0.05 and p < 0.001 cut-off
values, respectively.

FIGURE S8 | Lineweaver-Burk plots of AaBGL1 for pPNG (A) and cellobiose (B).

FIGURE S9 | Lineweaver-Burk plots of AaBGL2 for pPNG (A) and cellobiose (B).

TABLE S1 | The general genomic features of A. amylolytica.
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Production of fuels, therapeutic drugs, chemicals, and biomaterials using sustainable
biological processes have received renewed attention due to increasing environmental
concerns. Despite having high industrial output, most of the current chemical processes
are associated with environmentally undesirable by-products which escalate the cost
of downstream processing. Compared to chemical processes, whole cell biocatalysts
offer several advantages including high selectivity, catalytic efficiency, milder operational
conditions and low impact on the environment, making this approach the current
choice for synthesis and manufacturing of different industrial products. In this review, we
present the application of whole cell actinobacteria for the synthesis of biologically active
compounds, biofuel production and conversion of harmful compounds to less toxic by-
products. Actinobacteria alone are responsible for the production of nearly half of the
documented biologically active metabolites and many enzymes; with the involvement
of various species of whole cell actinobacteria such as Rhodococcus, Streptomyces,
Nocardia and Corynebacterium for the production of useful industrial commodities.

Keywords: Actinobacteria, biocatalysts, nitriles, biotransformation, biofuel, ethylene glycol

INTRODUCTION

Biotransformation is the process by which substrates are converted into useful products using
biocatalysts either in the form of whole cells or their enzymes (Ward and Köhler, 2015; Bezborodov
and Zagustina, 2016).The classical chemical based transformation of substrates is prone to
several disadvantages, including ecologically unfavorable conditions and associated undesirable
by-products (Lin and Tao, 2017). Unlike chemical methods, biocatalysts provide several benefits
such as their availability from renewable resources, they work at low temperature and pH, are
easy to degrade biologically and are selective in both substrate and product stereochemistry (Jemli
et al., 2016). Enzyme based biotransformations, however, are also not free of drawbacks including
their high cost, higher susceptibility to changes in operating conditions and substrate or product
toxicity (Garzón-Posse et al., 2018). In contrast to other catalytic reactions, whole cell biocatalysts
allow transformation of substrates via multiple cascades of reactions, help generation of cofactors,
have high regio- and stereo-selectivity, work under mild operational, environmentally-friendly
conditions, and help selective hydroxylation of non-activated carbon atoms. The latter is not
possible with chemical catalysts (de Carvalho, 2017). In addition to these advantages, compounds
produced by microorganisms are considered to be safe, which attract many health-conscious
consumers (de Carvalho, 2017).

To meet the growing call for efficient and economically feasible biocatalysts, researchers
are testing different groups of microorganisms, including actinobacteria (Mukhtar et al., 2017),
Escherichia coli (Lin et al., 2013; Ladkau et al., 2014; de Carvalho, 2017), Pseudomonas putida
(Gehring et al., 2016), Bacillus cereus (Banerjee and Ghoshal, 2010), Enterococcus faecalis and
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Saccharomyces cerevisiae (Whited et al., 2010; Lin and Tao,
2017). Actinobacteria are widely distributed in nature, with
several phenotypes including anaerobes, aerobes, spore formers,
unicellular, and filamentous forms (Lewin et al., 2016).
They are one of the most diverse, well characterized and
metabolically versatile group of microorganisms. They play
an essential role in maintaining soil structure and carbon
recycling through decomposition of various organic matter such
as cellulose, chitin, and pectin (Priyadharsini and Dhanasekaran,
2015; Kim et al., 2016). Furthermore, they produce several
enzymes (amylases, cellulases, proteases, chitinases, xylanases,
and pectinase) (Mukhtar et al., 2017), antibiotics, antitumor
agents, plant growth regulators, and vitamins (Prakash et al.,
2013; Kamjam et al., 2017).

Over 22,000 biologically active microbial metabolites reported
and actinobacteria alone represented 45% of them which are
followed by fungi (38%) and unicellular bacteria, especially
Bacillus sp. and Pseudomonas sp. (17%) (Bérdy, 2005; Demain
and Sanchez, 2009). Among the described 140 genera of
actinobacteria, only few of them produce the majority of active
compounds (Jensen et al., 2005; Bull and Stach, 2007; Pimentel-
Elardo et al., 2010; Adegboye and Babalola, 2013). Streptomyces
alone represents three fourth of the total active metabolites
produced by actinobacteria (Lam, 2007; Solecka et al., 2012;
Barka et al., 2015; Chater, 2016). Table 1 below highlights
the approximate share of each microbial group for active
metabolite production.

Apart from the above contributions, actinobacteria play
a vital part in the development of a sustainable bioenergy
industry, predominantly through their cellulolytic enzymes
which decompose plant biomass to produce simple
sugars that serve as raw materials for biofuel production.
Furthermore, their diverse biosynthetic capacity allow them
to mediate various environmental interactions which lead
to synthesis of various biologically active products (Lewin

TABLE 1 | Microbial share of active bioactive metabolites (Bérdy, 2005).

Source Total bioactive
metabolites

Antibiotics Other bioactive
metabolites

Bacteria 3800 2900 900

Eubacteriales 2750

Bacillus sp. 860

Pseudomonas sp. 795

Myxobacter 410

Cyanobacter 640

Actinobacteria 10100 8700 1400

Streptomyces sp. 7630

Other genera 2470

Fungi 8600 4900 3700

Microscopic fungi 6450

Penicillium/Aspergillus 1950

Basidiomycetes 2000

Yeasts 140

Slime molds 60

Total 22500 16500 6000

et al., 2016). Here, we review the application of whole cells
actinobacteria for biotransformation of various substrates in
a way to produce more active and less toxic compounds as
well as biofuels.

BIOTRANSFORMATION OF HARMFUL
COMPOUNDS

Nitrile Biotransformation
Microbial or enzymatic biotransformation of nitriles result
the conversion of these toxic compounds into industrially
important compounds like acids and amides. Nitriles constitute
a group of chemicals widely used in drugs, rubbers, and plastic
industries. These compounds contain a cyano group in their
backbone which is highly correlated with toxicity (Ramteke et al.,
2013). Their high rate of manufacture and continuous usage
make them an important source of environmental pollution
and have been detected in different environmental samples
including sediments of water-treatment plants, in marinas and
beach areas (Baxter and Cummings, 2006). Clinically, nitrile
toxicity has been associated with cancer and different health
problems such as bronchial irritation, respiratory disorders,
convulsions, coma, and skeletal deformities (Ramteke et al.,
2013). Some researchers highlighted the link with psycho-
behavioral abnormalities including learning, memory, motor
nerve anomalies in rats treated with aliphatic nitriles such as
acetonitrile, acrylonitrile and crotononitrile (Boadas-Vaello et al.,
2007; Ramteke et al., 2013).

The removal of nitrile compounds from the environment is
possible using microbial methods, due to their associated low cost
and user-friendly approach (Fang et al., 2015). Microorganisms
degrade nitrile compounds through the hydrolytic route, which
comprises two enzymatic systems as indicated in Figure 1.
In the first route, nitrile hydratase (NHase, EC 4.2.1.84)
catalyzes the formation of amides from nitriles, which are later
changed to ammonia and carboxylic acids by amidase (EC
3.5.1.4). Alternatively, nitrilase (EC 3.5.5.1) catalyzes for the
direct conversion of nitriles into carboxylic acids and ammonia
(Ramteke et al., 2013).

The production of acids and amides from nitriles is possible
using chemical catalysts. However, this approach is only achieved

FIGURE 1 | Enzymatic pathways for nitrile hydrolysis (Ramteke et al., 2013).
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under harsh conditions like extreme temperature, acidity or
alkalinity (Nigam et al., 2009). Currently, many microorganisms
having either of the two nitrile degradation enzymatic systems
have been reported. These microorganisms can be categorized
into two groups. The first is made up of bacteria like
Mesorhizobium sp. F28 (Feng and Lee, 2009), Klebsiella oxytoca
(Kao et al., 2006), Rhodococcus erythropolis A4 and Rhodococcus
rhodochrous PA-34 (Vesela et al., 2012), which only contain
a single enzyme system of NHase/amidase and Streptomyces
sp. MTCC 7546 only contains nitrilase (Nigam et al., 2009).
The other group contain bacteria such as Nocardia globerula
NHB-2 (Bhalla and Kumar, 2005), Amycolatopsis sp. IITR215
(Babu et al., 2010), Bacillus subtilis ZJB-063 (Zheng et al., 2008)
and R. rhodochrous BX2 (Fang et al., 2015), which have both
NHase/amidase and nitrilase.

Variation among nitrile degrading microorganisms also
exists in terms of the end products of nitrile degradation.
Bacteria in the single enzyme system like R. rhodochrous PA-
34 convert nitrile only into amides while K. oxytoca and
Mesorhizobium sp. F28 convert nitriles into corresponding
amides and carboxylic acids. Those bacteria which utilize
the two enzyme system result in amides and carboxylic
acids. Among these group of bacteria, R. rhodochrous BX2,
B. subtilis AJB-063 and Paracoccus sp. SKG (Santoshkumar
et al., 2011) displayed completed degradation of carboxylic
acids with final end product of ammonia. As indicated above
nitrile degradation systems vary among different bacterial genera
as well as with in the same genus such as Rhodococcus.
Unlike others, Streptomyces sp. MTCC 7546 in the immobilized
as well as Free State biotransforms acrylonitrile into acrylic
acid without the formation of amides. The authors suggested
that due to several reasons such as operational stability
(allow to reuse the system several times), and ease of
production on a large scale, the conversion of acrylonitrile
using immobilized cells is better than cells in the free state
(Nigam et al., 2009).

Biotransformation of Aromatic Ring
Containing Compounds
Phthalate esters and phenols are the two most common chemicals
used in industry for stabilization and modification of the
characteristics and performance of polymers (He Z. et al.,
2014). Di-n-butyl phthalate (DBP), a type of phthalate ester,
is a component of different merchandises including pesticides,
wrapping materials, makeups, wrappers, wears, and insulators in
electric disposals (Dargnat et al., 2009). Similarly, phenol can be
applied for the manufacturing of drugs, rubbers, polycarbonate
resins, and nylon (Christen et al., 2011).

Phthalates are major environmental pollutants which come
into contact with humans and animals through contaminated
water systems (He Z. et al., 2014). The European community
listed these compounds among the 33 dangerous substances to
be controlled in surface water (Dargnat et al., 2009). As they are
a constituent of plastics which are now ubiquitous in diverse
environments phthalates are now present almost everywhere
(Fang et al., 2010). Phthalate toxicity is associated with endocrine

system disruption in different species of fish and mammals. These
compounds were also observed to interfere with the reproductive
system and in human and animal development (Lottrup et al.,
2006; Li et al., 2010). Concurrent observation of phenols and
phthalate esters has been reported in the Selangor River basin
in Malaysia (Santhi and Mustafa, 2013) and induction of lactate
dehydrogenase release from Sertoli cells, which is associated
with infertility, coexist compared to individual chemical effects
(Li et al., 2010).

Different approaches have been documented for removal
of DBP from natural environments. These are hydrolysis,
photo degradation and biodegradation (Lau et al., 2005;
Jonsson et al., 2006; Chen et al., 2009). Two of the former
approaches were not effective due to the structural nature
of DBP and microbial mediated metabolic transformation of
DBP is the current choice. Microbial mediated degradation
of DBP involves initial conversion of DBP into phthalic
acid and which is further transformed with the help of
two dioxygenase pathways into 4,5-dihydroxyphalate and
4,5-dihydroxyphalate in gram negative and gram positive
bacteria, respectively. Finally, these two compounds are
transformed into a common intermediate protocatechuate
under aerobic conditions (Wu et al., 2011). For the
degradation of phenols the first step is hydroxylation of
phenol to catechol followed by ring cleavage of catechol
into 2-hydroxymuconic semialdehyde for the meta-pathway
aided by catechol-2, 3-dioxygenase and into cis, cis-
muconate with the help of catechol-1, 2-dioxygenase for
ortho pathway. Finally 2-hydroxymuconic semialdehyde
oxidized 4-oxalocrotonate or hydrolyzed it to 2-oxopent-
4-enoate and cis, cis-muconate into muconolactone
(Banerjee and Ghoshal, 2010).

Several bacteria strains have the ability to degrade DBP, such
as Rhodococcus sp. (Yu et al., 2009; Jin et al., 2010), Gordonia
sp. (Wu et al., 2011), Agrobacterium sp. (Wu et al., 2011) and
Enterobacter sp. (Fang et al., 2010). Members of the Rhodococcus
genus, have been demonstrated for degradation of Phenol in
addition to DBP (Saa et al., 2010), individually as well as via
simultaneously mineralization of DBP and phenol (Lu et al.,
2009; He et al., 2013). Individual or synchronous biodegradation
of DBP and phenol by Rhodococcus ruber strain DP-2 was also
reported in similar study (He Y.C. et al., 2014).

Chlorophenols (CPs) are aromatic compounds which contain
a minimum of one chlorine and a hydroxyl group on the
benzene rings. Five types of CPs, as indicated in Figure 2 below,
based on chemical structures include monochlorophenols,
polychlorophenols, chloronitrophenols, chloroaminophenols,
and chloromethylphenols (Arora and Bae, 2014). They are
largely used as fungicidal, germicidal and wood preservatives
agents. They are also important for synthesis of dyes and
drugs (Arora and Bae, 2014). CPs and their derivatives rank
among the top environmental pollutants where industrial wastes,
pesticides, herbicides, and complex chlorinated hydrocarbons are
major sources of contamination (Olaniran and Igbinosa, 2011).
Direct skin contact and eating or drinking of contaminated
substances are major sources of people exposure (Arora and Bae,
2014). Cellular exposure to CPs are associated with cytotoxic,
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FIGURE 2 | Some examples of chlorophenols (Arora and Bae, 2014).

mutagenic and carcinogenic properties, with several types of
polychlorophenols labeled as potential human carcinogens by
the World Health Organization and the International Agency for
Research on Cancers (Igbinosa et al., 2013).

Different possible mechanisms are reported for bacterial
degradation of CPs and their derivatives. In the first mechanism,
hydroxylation of chlorophenolic rings at ortho-positions with the
help of monooxygenases results in formation of chlorocatechols
which are further degraded (Hollender et al., 1997; Solyanikova
and Golovleva, 2011) or hydroxylated prior to ring cleavage
(Nordin et al., 2005). In the second mechanism, with the same
enzyme, hydroxylation of chlorophenolic rings at meta position
results in chlorocatechols which degrade via hydroxylation
(Nordin et al., 2005) or dehalogenation (Xun et al., 1992)
prior to ring cleavage. The third mechanism applicable for
degradation of chloronitrophenols where the degradation may
be initiated by hydroxylation (Arora and Jain, 2012), reductive
dehalogenation (Pandey et al., 2011), or reduction of the
nitro group (Arora and Jain, 2012). Finally, in case of
chloroaminophenols degradation, the pathway may start with
removal of ammonium ions by the enzyme deaminase followed
by the ring cleavage (Arora and Bae, 2014) or the dehalogenation
(Arora and Bae, 2014). The detail mechanisms of different
routes of biodegradation of chlrophenols and its derivatives
with various bacteria, such as Pseudomonas knackmussii B-13,
Rhodococcus opacus 1G, Arthrobacter chlorophenolicus A6,
Streptomyces rochei 303, Pseudomonas sp. NCIB9340, Bacillus
insolitus, Nocardioides sp. K44, Mycobacterium chlorophenolicum
PCP1 and Mycobacterium fortuitum CG-2 are well documented
in a recent review by Arora and Bae (2014); and the following
Figure 3 presents degradation of 4-chlorophenol as an example
of the process.

Hou and his colleagues reported for the first time magnetically
immobilized R. rhodochrous cells for biodegradation of CPs.
Their study demonstrated that R. rhodochrous DSM6263 depends
on constitutively expressed enzymes for hydroxylation of CPs
resulting in chlorocatechol formation and complete degradation.
Their observation was consistent with another study where
Rhodococcus sp. AN-22 (an aniline-assimilating bacterium)

produced cis, cis-muconic acid from catechol (Matsumura et al.,
2006) and highlighted how these compounds could also be
metabolized with immobilized cells of R. rhodochrous DSM6263
(Hou et al., 2016). Researchers advocated the use of immobilized
cells, over free cells, to degrade toxic chemicals due to many
reasons such as long-term stability of the catalyst and the
immobilization also protects cells from harmful effects of toxic
pollutants (Jianlong et al., 2002). Immobilization of cells can be
done using a number of techniques including surface adsorption,
natural or artificial flocculation, covalent or electrostatic binding
to carriers, and encapsulation in a polymer-gel (Hou et al., 2016).

Atrazine (2-chloro-4-(ethylamino)-6-(isopropylamino)-1, 3,
5-triazine) was first introduced in 1950s as an emergent herbicide
and they are among widely used pesticides in different countries
such as United States, Canada, Africa, and Asia Pacific region
(Huang et al., 2003; Jablonowski et al., 2011). Usage of atrazine
banned in European countries in 2004 as atrazine concentrations
in water surpassed or were estimated to surpass allowable limits
(Jablonowski et al., 2011). Due to factors like its widespread
utilization as a herbicide and its persistence in the environment,
it is common to observe traces of atrazine both in surface and
ground water bodies (Gilliom et al., 2006). Traces of atrazine were
detected in widely dispersed areas which are far from urban and
agricultural areas such as in rainwater in different places (Brun
et al., 2008) in fog, arctic ice and seawater.

Contact with atrazine is associated with a serious threat to
human and ecosystem health. One of the most notable effects of
exposure is endocrine (Solomon et al., 2008; Rohr and McCoy,
2010). Many studies link atrazine with harmful effects on the
health of animals and humans, such as sexual abnormalities
(demasculinization) in frogs, low testosterone production in rats
and higher levels of prostate cancer in workers at an atrazine
manufacturing factory (Hecker et al., 2005; Liu and Parales,
2009), and it is also categorized as a group 3 carcinogen according
to the International Agency for research on cancer1. The above
observations indicated that there is cause for concern regarding
atrazine residues in soil, groundwater, and surface waters.

Due to its persistence in the environment and being
highly toxic, it is very important to develop approaches to
degrade and remove atrazine deposits from the environment.
Microbial-degradation is one of the methods for elimination
of atrazine from soil (Tappe et al., 2002). Different species of
microorganisms associated with degradation of atrazine with
various degree of biodegradation where some undergo complete
mineralization while others produce various intermediates
including hydroxyatrazine, deethylatrazine, deisopropylatrazine,
n-isopropylammilide, n-ethylammilide, and cyanuric acid
(Mandelbaum et al., 1995; Ralebits et al., 2002; Ghosh and Philip,
2004; Getenga et al., 2009). Specifically, atrazine degradation
was documented with the help of Rhodococcus sp. BCH2
(Kolekar et al., 2014), Arthrobacter sp. (Getenga et al., 2009),
Nocardioides sp. (Topp et al., 2000). Pseudomonas sp. strain
ADP (Rousseaux et al., 2001; Liu and Parales, 2009) was the
first bacterium reported that could completely mineralize
atrazine; with most of the degradation studies based on study

1https://monographs.iarc.fr/agents-classified-by-the-iarc/
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FIGURE 3 | 4-chlorophenol degradation via ortho postion where the final intermidate, maleylactate, inter for TCA cycle for complet mineralizatio (Arora and Bae,
2014).

this strain. As indicated in Figure 4 (below) atrazine degradation
is achieved because of the presence of the genes, atzA, atzB
and atzC, which code for enzymes such as chlorohydrolase
(AtzA), hydroxyatrazine ethylaminohydrolase (AtzB) and
N-isopropylammelide isopropylaminohydrolase (AtzC),
respectively which convert atrazine sequentially to cyanuric acid
(Neumann et al., 2004). Some strains of Pseudomonas can further
degrade cyanuric acid into CO2 and NH3.

1, 4-Dioxane is a cyclic ether with many applications
including components of deodorants, detergents and various
types of paints. The process for manufacturing of polyesters
also results 1,4-dioxane production. Various factors including
illegal dumping of industrial wastes contribute to 1, 4-dioxane
associated water contamination. High level of 1, 4-Dioxane can
cause liver and nasal cancers in rats module (Dourson et al.,
2014) and are listed as group 2B human carcinogen (Inoue et al.,
2016). These compounds are soluble in water with low volatility
and have a lower chance of absorbance in solids (Stepien et al.,
2014). Therefore, once 1, 4-dioxane appears in the environment

FIGURE 4 | Pathway for atrazine degradation (Liu and Parales, 2009).

it can persist for many days and a high degree of 1, 4-dioxane
pollution was observed in surface water, groundwater, and landfill
leachatewa (Stepien et al., 2014).

Their removal from water bodies is an important public
concern, especially as the routine physical and chemical methods
for water decontamination are not effective for removal of 1,
4-dioxane (Adams et al., 1994). Advanced procedures such as
the combination of ozone and hydrogen peroxide treatments are
expensive to use (Adams et al., 1994; Kishimoto et al., 2008).
Thus, cost effective as well as reliable methods for cleaning of 1,
4-dioxane from water lead to nocardioform actinobacteria such
as Pseudonocardia (Matsui et al., 2016) and Rhodococcus (Deeb
and Alvarez-Cohen, 1999) which account for the major portion
of capable microorganisms. Inoue et al. (2016) tested various
species of Pseudonocardia and Rhodococcus for their ability to
degrade 1, 4-dioxane. Their findings indicated P. dioxanivorans
JCM 13855T (also known as P. dioxanivorans CB1190) (Parales
et al., 1994) was the only Pseudonocardia sp. tested that used 1,4-
dioxane as a carbon source and degraded it. In contrast, they
observed the inability of R. ruber JCM 3205T to degrade 1, 4-
dioxane. However, there are reports on the ability of Rhodococcus
spp. such as R. ruber 219 (Bernhardt and Diekmann, 1991) and
R. ruber T1 and T5 (Oyama et al., 2013) to biodegrade 1,4-
dioxane. This highlighted species variation among Rhodococcus
in relation to effective degradation and utilization of 1, 4-dioxane.

PRODUCTION OF IMPORTANT
COMPOUNDS

Ethylene Glycol Synthesis
Due to the continuing concern about climate change and
depletion of fossil energy, expansion of biological processes using
renewable biological resources to produce different chemical feed
stocks and energy has become an attractive approach for the
chemical industry. Ethylene glycol is a feedstock which serves
as a starting material for the manufacture of several items
including polymers, anti-freeze agents, and coolants (Zhang and
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Yu, 2013). Routinely, ethylene glycol is produced through a costly
chemical process using ethylene derived from the petrochemical
industry as a starting material. Therefore, there is a preference for
biological synthesis of ethylene glycol over chemical methods as
the former has a low impact on the environment and the reaction
is selective (Mattam et al., 2013).

Fermentation of carbohydrates is an economical process
for production of ethylene glycol from biofeed stock.
Corynebacterium glutamicum, an actinobacterium, has been
designed for manufacture of ethylene glycol directly from
glucose via extension of the serine synthesis pathway. Serine is
produced by most microorganisms from 3-phosphoglycerate
(a glycolysis intermediate) using three enzymatic steps: 3-
phosphoglycerate converted into P-hydroxypyruvate with the
help of 3-phosphoglycerate dehydrogenase (PGDH; serA),
followed by conversion of P-hydroxypyruvate to P-serine by
phosphoserine aminotransferase (PSAT; serC) and P-serine to
serine with the help of phosphoserine phosphatase (PSP; serB)
(Peters-Wendisch et al., 2005). Chen et al. (2016) proposed
two ways for ethylene glycol synthesis via the extension of the
serine synthesis pathway where serine is the starting material
for both systems with the end product glycoaldehyde (Chen
et al., 2016). The first route involves deamination of serine
with aminotransferase or amino acid dehydrogenase resulting
in hydroxypyruvate. Finally, glycoaldehyde is produce from
hydroxypyruvate with the help of α-ketoacid decarboxylase.
Similarly, the other route also has two steps where ethanolamide
produced from serine with decarboxylation and then converted
to glycoaldehyde following oxidation by monoamine oxidase.
Finally, glycoaldehyde can be reduce to ethylene glycol by alcohol
dehydrogenase such as yqhD as indicated in Figure 5.

In addition to glucose, C. glutamicum uses several substrates
such as sugars present in molasses (sucrose and fructose), pentose
sugars present in lignocellulosic (Zahoor et al., 2012), n-acetyl-
D-glucosamine and n-acetyl-D-muramic acid (Sgobba et al.,
2018) for manufacturing of various amino acids (Bommareddy
et al., 2014). Production of other compounds such as isobutanol,
cadaverine, and succinate are possible with C. glutamicum
(Blombach et al., 2011; Buschke et al., 2011; Litsanov et al., 2012).

FIGURE 5 | Proposed pathways for synthesis of ethylene glycol from glucose
using serine intermediate (Chen et al., 2016).

Rhodococcus sp. are also associated with production of
Ethylene glycol. Rhodococcus sp. CGMCC 4911 converted 1, 3-
propanediol cyclic sulfate and its derivatives into corresponding
diols. The growing cells of Rhodococcus successfully hydrolyzed
ethylene sulfate, glycol sulfide, 1, 3-propanediol cyclic sulfate,
and 1, 2-propanediol cyclic sulfate with different conversion rates
(He et al., 2015).

Cyclic sulfates and its derivatives are very important
compounds that serve as starting materials for the synthesis of
various useful intermediates (Steinmann et al., 2001). Sulfatases
hydrolyse organic sulfate esters into primary or secondary alkyl
alcohols (Gadler and Faber, 2007). Microbial transformation of
cyclic sulfates into diols can be achieved under mild reaction
conditions. He et al. (2013) reported for the first time that
Rhodococcus sp. CCZU10-1 can convert 1, 3-propanediol cyclic
sulfate and its derivatives into diols, where factors like pH,
temperature, and cells dose affect rate of biotransformation.

Production of Less Toxic and Biologically
Active Drugs
The absolute configuration of chiral centers in molecules
determine the biological activities of the compounds as these
molecules bind with receptors made of enantiomerically pure
protein (Kato et al., 2003). Most of the available chiral carbon
containing drugs are racemic which contain equal concentration
of S (+) and R (+) enantiomers. Since only one of the two
is active and the other associated with toxicity, the current
drug development gives priority to compounds only with a
single enantiomer.

Ibuprofen [(R,S)-2-(4′-isobutylphenyl)propionic acid] are a
group of effective, orally active, nonsteroidal, anti-inflammatory
agents which include drugs such as naproxen, fenoprofen, and
flurbiprofen (Sen and Anliker, 1996). Even though the S-(+)-
ibuprofen form is more than 100 times more effective than the
R-(-)-ibuprofen, the racemic form of ibuprofen is widely used
(Kumaresan, 2010). The (R)-ibuprofen form can be converted to
its enantiomer in the livers and kidneys of pigs and rats, though
this process is not free of toxicity (Liu et al., 2009). Figure 6
below highlighted the application of whole cells N. corallina to
biocatalyse the enantioselective hydrolysis of racemic ibuprofen
nitrile [2-(4-isobutylphenyl) propanenitrile, 1] to optically active
ibuprofen amide [2-(4-isobutylphenyl) propanamide, 2], a
prodrug using nitrile hydratase (NHase) and hydrolyse this amide
into optically active ibuprofen (3) using amidase.

The results of the above observation indicated N. corallina
B-276 displayed nitrile hydratase and amidase activities having

FIGURE 6 | Biotransformation of ibuprofen nitrile 1 to ibuprofen amide 2 and
ibuprofen 3 using Nocardia corallina B-276 (Lievano et al., 2012).
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low stereo-selectivity (Figure 6). This finding also revealed that
N. corallina catalyzed deracemisation of racemic ibuprofen to
(R)-ibuprofen enantiomer with an efficiency of >99%. This
is the first observation where N. corallina B-276 catalyzed
deracemisation processes. Currently, the (R)-enantiomer form of
non-steroidal anti-inflammatory agents are the center of studies
and research focus on resolving rac-ibuprofen (Pignatello et al.,
2008); and due to this, recent efforts have been directed at
resolving rac-ibuprofen (Trung et al., 2006).

A high percentage of optical active S-(+)-ibuprofen was
reported from hydrolysis of ibuprofen amide and four related
2-phenylpropionamides using whole cell Rhodococcus AJ270
(Snell and Colby, 1999). This high purity was achieved through
partial hydrolysis as complete hydrolysis of (R, S)-(+)-2-(4′-
isobutylphenyl) propionamide (ibuprofen amide) results in a
racemic mixture of ibuprofen enantiomers. The findings of this
study suggested that prolonged hydrolysis of ibuprofen amide
resulted in both ibuprofen amide and an optical purity of 90-94%
of s-(+)-ibuprofen if the reaction is stopped before completion.

Due to its huge production and wide usage, ibuprofen is
one of the most commonly detected compounds in wastewater
(Buser et al., 1999). In addition to production of active ibuprofen,
different species of actinobacteria including Patulibacter sp.
strain I11 (Almeida et al., 2013) and Nocardia sp. NRRL 5646
(Chen and Rosazza, 1994; Cy et al., 2018) are involved in
its biodegradation to the level where there is no more risk
the community.

Carvedilol is a non-selective, β-adrenergic receptor antagonist
and α1-adrenoceptor blocker, and it exists in two enantiomeric
forms (Gagyi et al., 2008). The overall cardio-protective action
of Carvedilol is due to its (S)-(-)-enantiomer, which is less
hepatotoxic than the racemic mixture, and (R)-(+)- enantiomer
(Hao and Kim, 2010). Ettireddy et al. (2017) tested Streptomyces
halstedii and other bacteria for their ability to biotransform
racemic carvedilol to its (S)-(-)-enantiomer. The result indicated
some bacteria including S. halstedii exhibited incubation time
dependence enantioselective conversion of carvedilol where the
conversion rate increased up to 10 days of incubation and then
after the rate is reduced and finally become zero.

Chiral amines have been widely used for manufacturing
of several therapeutics such as codeine (pain relief), zoloft /
sertraline (anti-depression), lariam (anti-malaria) and ethambuto
(anti tuberculosis) and agrochemical intermediates including
insecticides (imiprothrin, nornicotine), herbicides (imazapyr,
imazapic) and fungicides (cyprofuram, fenbuconazole) (Ulrich
et al., 2012). Several syntheses of optically active amines
have been studied for many years. Asymmetric synthesis
of chiral cyclic amine from cyclic imine achieved using
whole-cell Streptomyces sp. GF3587 and 3546. As showed in
Figure 7, these strains produced novel imine reductase enzymes
which facilitate enantioselective redaction of cyclic 2-methyl-1-
pyrroline into R-2-methylpyrrolidine and S-2-methylpyrrolidine
in the presence of glucose.

In addition to enantioselective production of active drugs,
regioselective addition or substitution of functional groups
can also produce active drugs. Actinobacteria play a role in
regioselective hydroxylation which mediates the conversion

FIGURE 7 | Asymmetric reduction of 2-methyl-1-pyrroline using
Streptomyces sp. (Mitsukura et al., 2010).

into more active forms. The hydroxylated form of isoflavones
such as daidzein (4′, 7-dihydroxyisoflavone) and genistein
(4′,5,7-trihydroxyisoflavone) are associated with lowering
blood cholesterol and preventing cardiovascular diseases and
cancer (Foti et al., 2005). As presented in Figure 8 below,
some cytochrome P450 monooxygenases of Streptomyces
avermitilis MA-4680 catalyze 3′-specific hydroxylation of
daidzein and genistein to 3′,4′,7-trihydroxyisoflavone and
3′,4′,5,7-tetrahydroxyisoflavone, respectively (Roh et al., 2009).

Microbial biotransformation of natural steroids into
pharmaceutically active intermediates has been practiced for
many years (Fernandes et al., 2003). These active intermediates
play a role in the manufacturing of all type I aromatase inhibitors
(Lombardi, 2002) and several high-value steroidal drugs
(Wadhwa and Smith, 2000).The bioconversion reaction proceeds
with removal of the C-17 side chain of the steroid without any
modification of the steroid nucleus (Szentirmai, 1990; Murohisa
and Iida, 1993). As indicated in Figure 9, Mycobacterium sp.
NRRL B-3683 and Mycobacterium sp. NRRL B-3805 facilitate
a single step C-17 side chain cleavage of sitosterol, cholesterol,
stigmasterol and ergosterol to produce C-19 steroids such as
1-androstene-3,17-dione and 1,4-androstadiene-3,17-dione
(Sripalakit et al., 2006). The initial step of the side-chain
oxidation of sterols is hydroxylation at C-17. The reaction is
catalyzed by cytochrome P450 monooxygenase, then several
dehydrogenase including 3-β-hydroxysterol dehydrogenase
remove hydrogen to introduced a double bound at various points
(Donova and Egorova, 2012).

FIGURE 8 | Schematic presentation for isoflavones hydroxylation with the
help of Streptomyces avermitilis (Roh et al., 2009).
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FIGURE 9 | Sterol side-chain cleavage reaction mediated by Mycobacterium
spp. (Sripalakit et al., 2006).

Amino Acid Production
Amino acids alone or in combination with other molecules can
be used as drugs, food supplements, agriculture chemicals, and
polymers. Ever year the annual production of amino acids has
increased and is currently estimated to be about 3.7 million
metric tons (Ikeda and Takeno, 2013). The global market for
amino acids is estimated to be about US$6.6 billion and expected
to increase by 8-10% each year (Leuchtenberger et al., 2005;
Ikeda and Takeno, 2013). Amino acids including L-lysine, DL-
methionine, L-threonine, and L-tryptophan account for the
largest share in terms of production followed by L-glutamate,
L-aspartate, and L-phenylalanine (Ikeda and Takeno, 2013).

Microbial fermentation is the primary source of most of the
available amino acids in the market. The L-glutamate-producing
bacterium, C. glutamicum, has been the cornerstone for the
introduction of fermentation in industrial manufacturing of
amino acids (Udaka, 1960). This bacterium is still the most widely
utilized strain for manufacturing of important amino acids,
mainly L-glutamate and L-lysine (Leuchtenberger et al., 2005).
Manipulation of metabolic pathways of this bacterium allowed
for the an improved product range including L-phenylalanine,
L-aspartate, L-tryptophan, L-arginine, L-valine, nucleic acids
such as purines, vitamins such as riboflavin and pantothenic acid
(Burkovski, 2008; Gopinath et al., 2012) and significant amounts
of organic acids such as acetic, lactic and succinic acid (Inui
et al., 2004). Figure 10 highlights the biotechnological role of
C. glutamicum. As indicated, C. glutamicum utilizes different
starting materials for manufacturing of amino acids and other
chemical commodities.

Apart from the above mentioned biologically active
compounds, different species of actinobacteria are involved
in the synthesis of active compounds. Table 2 below summarizes
some of these compounds.

PRODUCTION OF BIOFUELS

A recent report indicated 80% of the world’s energy is obtained
from fossil fuels such as petroleum, coal, and natural gas
(Birol, 2017) with huge consequences for all living systems.
Therefore, the search for environmentally benign sustainable
energy from renewable sources continues. Plant biomass is
considered the most promising feedstock to meet the global
demand for sustainable energy and chemicals (Jojima et al., 2013).
Lignocellulosic biomass hydrolysates are the primary polymers of
plant biomass ideal for biofuel production. Glucose and xylose
are the major components of this biomass followed by minor
sugars, such as arabinose, and galactose (Elander et al., 2009).

Microbial conversion of plant biomass to sugars and their
transformation into a wide array of important compounds,
contribute in a major way to the development of a sustainable
biofuel industry (Van Hamme et al., 2003; Fulton et al.,
2015). Unlike other bacteria phyla, actinobacteria are equipped
with the necessary enzymes for degradation of plant biomass
(Berlemont and Martiny, 2013) and form the choice of
biocatalysts in the biofuel industry (Lewin et al., 2016). Several
species of actinobacteria including Streptomyces, Cellulomonas,
Mycobacterium, Propionibacterium, Nocardia, Corynebacterium,
Rhodococcus, and Micromonospora are rich in carbohydrate-
degrading enzymes (glycoside hydrolase, endo/exo glucanases,
cellulases, esterases) (Lombard et al., 2013).

The above mentioned enzymes are used to produce several
types of simple sugars, which are further converted into biofuels
and other compounds. The widespread utilization of bioethanol
from corn and sugarcane and biodiesel from plant oil suffers

FIGURE 10 | The Biotechnological potential of Corynebacterium glutamicum
(Ikeda and Takeno, 2013).
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TABLE 2 | Industrial production of bioactive molecules using whole cells as biocatalysts.

Compound Microorganism Biological activity Reference

nicotinamide Rhodococcus rhodochrous J1 Meyer and Ruesing, 2008

L-lysine Corynebacterium glutamicum Amino acids Burkovski, 2015

L-glutamate Corynebacterium glutamicum Amino acids Burkovski, 2015

carboxylic acids Rhodococcus sp. MTB5 Various application Ismailsab et al., 2017

phenylpropanoic acid Nocardia diaphanozonaria JCM3208 Non-steroidal anti-inflammatory drugs Mitsukura et al., 2002

aromatic dicarboxylic acids Rhodococcus jostii RHA1 Aromatic chemicals synthesis Mycroft et al., 2015

ammonium acrylate Rhodococcus ruber NCIMB 40757 Raw materials for water-soluble polymers Webster et al., 2001

L-malic Acid Nocardia sp. Metabolites Hronska et al., 2015

butyramide Rhodococcus rhodochrous Drugs Raj et al., 2007

daptomycin Streptomyces roseosporus Antibiotics Boeck et al., 1988

hydroxylated adamantine (1-adamantanol) Streptomyces griseoplanus Pharmaceutical intermediate Mitsukura et al., 2006

from several disadvantages (Atsumi et al., 2008; Atabani et al.,
2012; Caspeta and Nielsen, 2013). Therefore, alternative biofuels
including microbially produced specialty biofuels with similar
properties to traditional fuels have increased (Atsumi et al., 2008).
These speciality biofuels which encompasses higher-alcohol
biofuels, fatty acid alkyl esters and various isoprenoid compounds
can be used directly as an energy source or fuel precursors
(Peralta-Yahya et al., 2012; Beller et al., 2015). C. glutamicum is
used for the production of specialty biofuels as this bacterium
inherently resists the effect of isobutanol and synthesizes several
amino acids like glutamate which are important for production of
branched-chain alcohols. Genetic engineering of C. glutamicum
was employed to produce similar amount of isobutanol as E. coli
strains, the known producers of isobutanol (Smith et al., 2010;
Blombach et al., 2011; Yamamoto et al., 2013). For the past few
years, R. opacus PD630 has been the center of studies as they were
capable of depositing up to 80% lipid in their biomass (Alvarez
et al., 2000). The substrates used were alkanes, phenylalkanes,
or non-hydrocarbons as the only source of carbon (Hong et al.,
2011). Moreover, production of long chain fatty acid alkyl esters
(biodiesel) were observed using a Streptomyces strain isolated
from sheep feces (Lu et al., 2013); bisabolene, another alternative
to diesel fuel (Phelan et al., 2014) produced by Streptomyces
venezuelae; also produced 1-Propanol, an industrially relevant
solvent with good fuel properties from Thermobifida fusca
(Deng and Fong, 2011).

In addition to direct involvement in biofuels production,
actinobacteria play a significant role in detoxifying fuel-
associated toxic compounds. Starting from formation to
maturation, microorganisms have been in contact with crude
oil in different reservoirs which contribute for their adaptation
to use and modify nearly all chemical categories in crude oil
(Mohamed Mel et al., 2015). 85% of fossil fuels contain polycyclic
aromatic hydrocarbons (PAHs) and about 13% of these PAHs
contain nitrogen, oxygen or sulfur (hetero-PAHs) (Brinkmann
et al., 2014). Burning of these fuels results different pollutants
such as the oxides of carbon (COx), nitrogen (NOx), and
sulfur (SOx) (Ma et al., 2006). Oxides of nitrogen and sulfur
combine with water vapor in cloud and result acid rain of
sulfuric and nitric acids, which become part of rain and snow
(Gupta et al., 2005).

Among PAHs, sulfur (hetero-PAHs) in the form of thiophenic
compounds such as benzothiophene (BT), dibenzothiophene
(DBT), and their alkylated homologs (Khedkar and Shanker,
2015) have attracted increasingly stringent regulations due to
their harmful effects on the environment and human health

FIGURE 11 | Desulfurization pathway of R. erythropolis strain IGTS8 (Gray
et al., 2003).
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(Brinkmann et al., 2014; Sousa et al., 2016). The harmful effects
of PAHs, particularly hetero-PAHs well documented (Brinkmann
et al., 2014) and associated with mutagenic effects, chromosome
aberrations, toxicity to daphnia and green algae, embryotoxicity
of the zebrafish, and respiratory system irritations.

The concentration of sulfur compounds in crude oil ranges
from 0.1 to 8% (w/w) (Müller et al., 2012) and their combustion
associated with toxic pollution, most countries developed
legislation which demands low level of sulfur in oils, and this
in turn forces companies to produce ultra-low sulfur oil, which
is currently a challenge (Kawaguchi et al., 2012; Khedkar and
Shanker, 2015). Traditionally, reduction of sulfur from crude
oil has been achieved with hydrodesulfurization (Gupta et al.,
2005), a method that depends on high energy and pressure,
which mostly reduces the quality of fuel in terms of energy
(Shafi and Hutchings, 2000).

Biodesulfurization depends on whole microbes or their
enzymes to eliminate sulfur atom selectively from various
refractory compounds present in the fossil fuels. Several strains
of Rhodococcus sp. (Khairy et al., 2015), Mycobacterium sp.
(Kawaguchi et al., 2012), Brevibacterium sp. (van Afferden
et al., 1990),Corynebacterium sp. (Maghsoudi et al., 2001),
Paenibacillus sp. (Izumi and Ohshiro, 2001), Pseudomonas sp.
(Van Keulen et al., 1998), Gordonia sp. (Chang et al., 2000), and
Bacillus sp. (Kirimura et al., 2001) have been studied for their
ability to metabolize various polyaromatic sulfur heterocycles
(PASHs) including BT and DBT (Aggarwal et al., 2013). The
process adopted by this organism is known as the 4S pathway
and involves four enzymes: DszA, DszB, DszC, and DszD
(Wang et al., 2013; Sousa et al., 2016). DszA and DszC are
monooxygenases that insert oxygen into the sulfur compounds,
while DszB is a desulphinase that removes sulfur in the form
of sulfite. DszD supplies FMNH2 to the two monooxygenases
and is responsible for reduction of FMN to FMNH2 through
NADH oxidation to NAD+. The complete reaction as indicated
in Figure 11 result in a phenolic product and SO3

2− (Gray et al.,
2003; Kawaguchi et al., 2012).

Most desulfurization studies in the literature have used DBT
as the model compound. While several rhodococci strains exhibit
non-destructive desulfurization of DBT, R. erythropolis IGTS8
(Kilbane and Jackowski, 1992) was the first to be identified and
has received the most attention. Even recent study highlighted
their potential to desulfurization and denitrogenation of heavy
gas oil by R. erythropolis ATCC 4277 (Maass et al., 2015).
However, most rhodococci are unable to show high activity
for the alkyl derivatives of DBT and show no activity for BT
and other thiophenic compounds. various Gordonia species
demonstrated greater desulfurization potential against broader
range of PASHs compared to rhodococci (Alves et al., 2005). Of
them, G. alkanivorans desulfurized DPT with a 4S enzyme system
similar to R. erythropolis. Besides DBT, it can also specifically
cleave the C–S bond in BT and other thiophenes with a
reaction rate 2-10 times higher when compared to R. erythropolis
(Mohebali et al., 2007; Aggarwal et al., 2013).

Microbial mechanisms also operate for degradation of N and
O heterocycles. Carbazole is representative N heterocycles and
bacteria such as pseudomonas sp. and Rhodococcus sp. (Maass

et al., 2015) reported for mineralization of this compound.
Metabolic pathways employed by most microorganisms for
carbazole degradation are similar which involve ring cleavage
of heterocycles to produce anthranilic acid as intermediates
before their complete mineralization. In this pathway, carbazole
is first degraded to 2′-aminobiphenyl-2, 3-diol by carbazole 1,9a-
dioxygenase which breaks the first C–N bond. This process
allow for the selective removal of refractory organonitrogen
compounds from petroleum. Unlike other dioxygenases active
against aromatic compound carbazole 1,9a-dioxygenase can
catalyze cis-dihydroxylation, monooxygenation and angular
dioxygenation on diverse aromatic compounds (Xu et al., 2006).

Dibenzofuran is representative of an O heterocyclic pollutant
and microbes also developed mechanisms for biodegradation of
these O heterocycles. The detail mechanisms were reviewed by
Xu et al. (2006) and different monooxygenase and dioxygenases
participate in angular dioxygenation, lateral dioxygenation and
lateral oxygenation.

CONCLUSION

Unlike the traditional chemical based production of biologically
active compounds, biocatalysts, particularly whole cell microbial
biocatalysts, provide a cost effective and environmentally sound
approach. Several candidate microorganisms displayed their
ability to catalyze a range of substrates either to change
them into usable compounds or to make them less toxic to
the general community. Compared to other microorganisms,
species in the phylum Actinobacteria are a priority for whole
cell biocatalysts as this group of bacteria produce the highest
percentage of biologically active compounds compared to any
other and they are abundant in a range of environmental
conditions. These inherent characteristics of actinobacteria
encourage screening of various species in this phylum for their
metabolic potential with the discovery of metabolic pathways
applicable into different industries, including pharmaceuticals,
food and bioenergy sectors. While most screening studies for
whole cell actinobacteria as biocatalysts targeted only common
species such as Rhodococcus, Streptomyces and Corynebacterium,
future evaluation should consider other uncommon species
such as Gordonia which has demonstrated promising bio-
catalytic activities. Furthermore, most recent studies of whole
cell actinobacteria as biocatalysts did not show the detailed
mechanisms behind biotransformation such as what genes and
enzymes are involved in the process. Future studies should
focus on the investigation of the mechanisms behind the
biotransformation of certain substrate to product, as this will help
to manipulate each system to maximize the yield.
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The complex development undergone by Streptomyces encompasses transitions from
vegetative mycelial forms to reproductive aerial hyphae that differentiate into chains of
single-celled spores. Whereas their mycelial life – connected with spore formation and
antibiotic production – is deeply investigated, spore germination as the counterpoint in
their life cycle has received much less attention. Still, germination represents a system
of transformation from metabolic zero point to a new living lap. There are several
aspects of germination that may attract our attention: (1) Dormant spores are strikingly
well-prepared for the future metabolic restart; they possess stable transcriptome,
hydrolytic enzymes, chaperones, and other required macromolecules stabilized in a
trehalose milieu; (2) Germination itself is a specific sequence of events leading to a
complete morphological remodeling that include spore swelling, cell wall reconstruction,
and eventually germ tube emergences; (3) Still not fully unveiled are the strategies that
enable the process, including a single cell’s signal transduction and gene expression
control, as well as intercellular communication and the probability of germination
across the whole population. This review summarizes our current knowledge about the
germination process in Streptomyces, while focusing on the aforementioned points.

Keywords: dormancy, germination, Streptomyces, spore, cell wall, gene expression, metabolism, signaling

INTRODUCTION

Soil microorganisms are exposed to periodic nutrient exhaustions and various abiotic and
biotic stresses that inhibit growth. An important survival strategy for many bacteria and fungi
in the face of such physiological stresses is the cells’ transition into a dormant state. In the
dormant state, cells arrest their growth, discontinue replication and transform themselves into
metabolically inactive (or with limited activity), widely resistant forms. Several bacterial clades
living in soil, such as Actinomyces, Streptomyces, and Micromonospora, differentiate into dormant
fungi-like uninucleoid spores (arthrospores or exospores). Arthrospores significantly differ from
the endospores of Bacilli and Clostridia in morphology and function. The endospores exhibit
striking resistance to a wide range of environmental stresses, such as heat, desiccation, and
ultraviolet radiation (Setlow, 2007; Galperin et al., 2012). Their abilities to survive harsh conditions
result from multi-layered surface structures and extremely low water content (Setlow et al., 2006;
Henriques and Moran, 2007). The well-studied endospores of Bacillus subtilis contain high levels of
dipicolinic acid in chelation with divalent cations (Ca2+) and extremely stable small spore proteins
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(Setlow et al., 2006). All these features contribute to the overall
robust endospore resistance. The streptomycete arthrospores,
on the other hand, are more reminiscent of the spores of
eukaryotic fungi, possibly due to their convergent evolution in
the soil environment. Penicillium species, for example, produce
conidiophores (analogous to streptomycete aerial hyphae, see
below) that bear individually constricted conidiospores (Foster
et al., 1945). Both, streptomycetes and molds produce large
numbers of small hydrophobic spores with similar properties;
both contain, for example, a relatively thick coat (Briza et al.,
1990; Pammer et al., 1992; Neiman, 2005), protective small
molecules including sugars (such as trehalose, see below),
and heat shock proteins (Wyatt et al., 2013). Spores of
these organisms not only guard genetic information during
unfavorable conditions, but are also adapted to wind dispersal
and may remain airborne for long periods.

Their complex life cycle and the described similarities with
eukaryotic fungi make streptomycetes unique organisms within
the bacterial kingdom. However, comprehensive information
about the diverse features of spore germination in this antibiotic-
producing clade is still missing. This review attempts to fill
this gap.

The process of germination, when either considering the
germination rate of a single spore or the probability of
germination within a spore population, varies between different
Streptomyces. Some species (mainly S. viridochromogenes and
S. granaticolor) exhibit fast and robust germination with nearly
all spores germinating. That is also why this organism was
subjected to many initial germination experiments (Hirsch and
Ensign, 1976a,b; Mikulik et al., 1977; Bobek et al., 2004; Xu
and Vetsigian, 2017). In contrast, other species (e.g., S. coelicolor
and S. venezuelae) germinate more slowly with a fraction of
spores that does not germinate at all. These exhibit more complex
germination behavior and possess a fraction of germlings that
stop growing soon after germination, probably due to produced
inhibitory compounds, such as germicidins and hypnosins, that
affect their development (Petersen et al., 1993; Aoki et al., 2007,
2011; Ma et al., 2017; Xu and Vetsigian, 2017). Over time,
S. coelicolor became a widely used model streptomycetes whose
genome was the first to be resolved and best annotated within
the genus (Bentley et al., 2002). Therefore, the later genome-
wide expression analyses of germinating spores have also been
conducted on this stain (Strakova et al., 2013a,b, 2014; Bobek
et al., 2014). Hence, most of the findings mentioned here come
from the experimental results obtained with S. coelicolor.

THE Streptomyces CELL CYCLE AND
SPOROGENESIS

Our knowledge of the complex life of Streptomyces with a
certain emphasis on the process of sporulation and spore
maturation (together here called as sporogenesis) offers many
clues for understanding the readiness of spores for successful
germination. The life cycle of Streptomyces, similarly as in the
other arthrospore-forming bacteria, encompasses a development
of a network of branched hyphae that grow into the substrate thus

creating a vegetative mycelium. The subsequent development
of aerial hyphae and spores is considered to be the cell’s
response to nutrient depletion. The sporulation-specific regulon
is activated after repression of sporulation-specific genes by the
BldD-c-di-GMP complex is released (Tschowri et al., 2014; Bush
et al., 2015). A part of the vegetative mycelium lyses to be used
as a surrogate of nutrients. During this developmental phase
the activity of secondary metabolism reaches its maximum to
synthesize various bioactive compounds, including antibiotics, in
its effort to avoid competitive organisms.

The aerial mycelium of Streptomyces is covered with a
rodlet layer, a network of pairwise amyloid fibrils (Wildermuth
et al., 1971) that consist of chaplin and rodlin proteins
(Claessen et al., 2004). This hydrophobic structure lowers
the water surface tension thereby enabling the hyphae to
grow apically into the air (Elliot and Talbot, 2004; Claessen
et al., 2006). The erected sporogenic hyphae are dissected by
sporulation septa. The sporulation septation is synchronized
with a segregation of chromosomes thus forming unigenomic
pre-spore compartments (Ausmees et al., 2007; Wang et al.,
2007; Jakimowicz and van Wezel, 2012; Ditkowski et al., 2013).
This process is controlled by a family of SsgA-like proteins
(SALP) found exclusively in differentiating actinomycetes (Sigle
et al., 2015). Their member SsgA is a protein essential for
sporulation in S. coelicolor; in concert with SsgB it dynamically
controls the assembly of FtsZ rings at septation sites (van Wezel
et al., 2000; Keijser et al., 2003; Sevcikova and Kormanec, 2003;
Willemse et al., 2011). The role of SsgA is related to the de
novo peptidoglycan synthesis; SsgA has been suggested to mark
future germination sites and when the protein is overproduced,
individual spores generate many germ tubes. SsgC, whose
deletion leads to hypersporulation, has been suggested to
function as an antagonist of SsgA. The SALP proteins also include
SsgD that ensures the development of the thick spore wall and
SsgG that controls regular localization of division sites (Noens
et al., 2005, 2007; Traag and van Wezel, 2008).

The following process of spore maturation is the transition
of the dissected aerial hyphae into the mature ovoid spores.
Not much is known about this phase. When spores are only
partially mature (harvested at an earlier stage of sporulation),
they germinate remarkably faster and more synchronously. On
the other hand, the fully maturated spores exhibit less viability
and longer lag-phase in conditions suitable for germination
(Hirsch and Ensign, 1976a). These differences hint at further
but not yet fully understood processes associated with spore
maturation, presumably involving the stabilization of nucleic
acids and proteins, deactivation of the metabolic apparatus,
desiccation, and changes in the cell wall structure. The spore’s
wall thickening is dependent on the so called Streptomyces-spore-
wall-synthesizing complex (SSSC), a system somewhat similar
to the elongasome of rod-shaped bacteria (Kleinschnitz et al.,
2011). Members involved in this complex are the cytoskeletal
actin-like proteins, MreB and Mbl that cooperate in spore
wall synthesis (Mazza et al., 2006; Heichlinger et al., 2011).
Maturation is further accompanied by DNA condensation and
spore pigmentation, such as the production of gray spore pigment
in S. coelicolor (Kelemen et al., 1998). After maturation, the
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rodlet layer forms a thin, basket-like fibrous sheath around
the thickened spore wall (Claessen et al., 2002, 2003; Elliot
et al., 2003) and cell wall hydrolases under control of other
SALP members, SsgE and SsgF, separate individual spores
allowing for their dispersal into the environment (Traag and
van Wezel, 2008; Flardh and Buttner, 2009; Haiser et al.,
2009).

DORMANT SPORE EQUIPMENT

Dormant spores of streptomycetes are the only haploid state in
the development of this multicellular mycelial bacterium. Their
main function is to safeguard genetic information throughout
unfavorable conditions and consequently spread it into new
niches. All the macromolecules that are needed for the future
launch of germination have to be pre-synthesized before
dormancy. Yet, it remains unclear whether dormant spores
possess none or limited metabolism. Despite the commonly held
belief that dormant spores are metabolically inactive, Liot and
Constant suggested some metabolic activity of dormant spores
as their experiments showed that mature spores of S. avermitilis
(suspended in Tris-HCl) are able to oxidize atmospheric H2
to supply maintenance energy (Constant et al., 2008; Liot and
Constant, 2016). A fascinating example of metabolically active
spores comes from another soil-inhabiting actinomycete genus,
Actinoplanes, which produces flagellated spores (zoospores)
that guided by chemotaxis (sugars, amino acids, aromatic
compounds, and mineral ions) are temporarily able to rapidly
swim (Palleroni, 1976; Jang et al., 2016).

Generally, other than the thick cell wall, the lack of water in
spores ensures their resistance to thermal extremities and to other
physical and chemical effects (Kalakoutskii and Agre, 1976). On
the other hand, the dehydrated state results in immobility and
changed conformation of macromolecules; the condensation of
nucleic acids and an inactive form of proteins. The endospores
of Bacilli contain a significant amount (20%) of dipicolinic acid
(Setlow et al., 2006) that stabilizes their macromolecule structures
under dehydrated conditions. In the spores of streptomycetes
that lack the Ca-dipicolinate, the stabilization and protection of
macromolecules is provided by trehalose, instead. During spore
resuscitation, the protective role is transferred to present protein
chaperones that help other proteins reobtain their functional
conformation (Bobek et al., 2004).

Spores subjected to germination in the presence of the
antibiotic rifampicin that inhibits the initiation of transcription
were still able to synthesize proteins (termed early proteins) over
the experimental period. This result suggested that there is also
a pool of stable mRNAs, functional ribosomes, and translational
apparatus that have been preserved during spore maturation
(Mikulik et al., 2002).

In addition, preserved hydrolytic enzymes are accessible for
the initial reconstruction of the cell wall (Haiser et al., 2009). In
S. coelicolor, several hydrolases that might take their part in the
cell envelope reconstruction (SCO1061, SCO1725, SCO3487, and
SCO5466) were shown to be stored throughout spore dormancy
and not synthesized de novo during germination (Strakova et al.,

2013a). This suggests that cells possess the required enzymatic
equipment from the sporulation and/or spore maturation period.

While common opinion has, until recent times, stipulated
that spores require external nutrients to launch germination
(Flardh and Buttner, 2009), B. subtilis spores were recently shown
to germinate even in an environment lacking all germination
factors (Sturm and Dworkin, 2015; van Vliet, 2015). The
launch of germination was stochastic (discussed below) and
depended on the level of a transcription factor involved in
spore assembly. In the case of Streptomyces, the probability of
germination was suggested to be dependent on an insoluble
protein NepA (de Jong et al., 2009). NepA is a structural part
of the streptomycete spore wall which was shown to maintain
the spore’s dormancy. In the absence of this protein spores
germinate faster and more synchronously. Even spores lacking
NepA protein were able to produce hyphae (after 3 days) and
form mycelial clumps (after 7 days of cultivation) when cultivated
in water (de Jong et al., 2009). This would not be possible if
the spores did not possess intracellular nutrient sources, such
as trehalose (Ranade and Vining, 1993) and polyphosphates
(volutin) (Ghorbel et al., 2006; Strakova et al., 2013b) that
promote the metabolic restart before the external sugar can be
sensed and assimilated. Various strains of Streptomyces have been
reported to contain high trehalose levels in their spores. For
example in the glucose excess, spores of S. griseus accumulate
trehalose that comprises up to 25% of their dry weight (McBride
and Ensign, 1987a). Trehalose is also abundant in S. venezuelae
spores, whereas glycogen and polyhydroxybutyrate are absent,
which stands in contrast to vegetative hyphae (Ranade and
Vining, 1993). It has been shown that sporogenic hyphae convert
present glycogen to trehalose during the final period of spore
maturation in S. brasiliensis (Rueda et al., 2001).

Trehalose is a disaccharide consisting of two glucose molecules
that are bound together in α, α-1,1-glycosidic linkage. Trehalose
associates in clusters resulting in a large, continuous aggregates
formation (Sapir and Harries, 2011). According to the water
displacement theory, trehalose present in a system replaces
water under desiccation conditions (Sola-Penna and Meyer-
Fernandes, 1998). Trehalose is present in various organisms;
from Archaea to animals where it may serve as a source
of carbon and energy or act as a signaling molecule (Elbein
et al., 2003). The unique α, α-1,1-glycosidic linkage makes
trehalose non-reducing and therefore unreactive, making it
the best intracellular macromolecules stabilizer. Thanks to
its ability to make hydrogen bonds with membranes and
nucleic acids, as well as its ability to modify the solvation
layer of proteins (Sola-Penna and Meyer-Fernandes, 1998),
trehalose is capable of protecting cellular membranes, DNA,
enzymes (though in their inactive forms), and even whole
microorganisms (Yoshinaga et al., 1997; Kandror et al., 2002;
Jain and Roy, 2010). The sugar may thus help the cells cope
with heat, freezing, desiccation, radiation, and oxidative stresses
(Hottiger et al., 1989; Wiemken, 1990; De Virgilio et al., 1994;
Yoshinaga et al., 1997; An et al., 2000; Benaroudj et al., 2001;
Fillinger et al., 2001). Its multi-protective role is of special
need in dormant stages; the sugar is thought to form a gel
phase in anhydrous conditions, which prevents aggregation
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of macromolecules. Subsequent rehydration allows normal
restoration of cell metabolism. Consequently, trehalose, as a
protective sugar, is quite abundant in bacterial cells, such as those
of Mycobacterium, including M. smegmatis and M. tuberculosis
(Elbein and Mitchell, 1973), in spores of Myxococcus (McBride
and Zusman, 1989) and Streptomyces (Martin et al., 1986), or in
spores of eukaryotic yeast and fungi (Trevelyan and Harrison,
1956; Nwaka and Holzer, 1998). Trehalose is also located inside
mycobacterial and corynebacterial cell wall structures (Lederer,
1976).

THE SPORES’ AWAKENING

Minimal or no metabolic activity enables the spores to
survive harsh conditions such as high temperatures or the
presence of antibiotics and thus stay persevered for years. To
awake, spores require at least aqueous conditions (Hirsch and
Ensign, 1976b). Germination is faster and more convenient,
however, in the presence of required nutrients and other
germination stimuli (Paredes-Sabja et al., 2011). Despite this,
the scattering remains high in the germination rate within a
single population. This being the case, Jyothikumar et al. (2008)
showed by means of time-lapse microscopy that germination
tubes occurred between 3.75 and 7.5 h in their experimental
conditions. The known stimuli that consequently lead to a
more synchronous development are heat shock (Hirsch and
Ensign, 1976a), mechanical disruption of the spore envelopes
(Mikulik et al., 1977; Stastna, 1977; Miguelez et al., 1993), or
the presence of peptidoglycan residues (Shah et al., 2008). But
how may metabolically inert spores detect optimal environmental
conditions? As was shown in the case of the B. subtilis spores,
germination is launched stochastically, though at much lower
frequency in poor environments (Paidhungat and Setlow, 2000;
Epstein, 2009; Sturm and Dworkin, 2015). If the environmental
conditions remain adverse, for example because of the lack of
nutrients, the germinating spore will eventually die (van Vliet,
2015). Thus spores of Saccharomyces cerevisiae, an eukaryotic
yeast, that launch germination in a poor glucose solution,
without any additional nutrients, are not able to further develop
bud emergences in these conditions (Chen et al., 2000). In
the optimal environment, however, spores may even stimulate
each other’s development. In addition to the spore-forming
Streptomyces (Xu and Vetsigian, 2017) and Bacilli (Chen et al.,
2006; Sturm and Dworkin, 2015; van Vliet, 2015), the stochastic
development from a dormant state was observed in non-
sporulating Escherichia coli and M. smegmatis as well (Balaban
et al., 2004; Buerger et al., 2012). Such a strategy where successful
pioneers wake other fellows up in a favorable environment is
probably advantageous and cost-effective from the perspective of
the whole population.

GERMINATION STAGES

Germination is associated with a complete reconstruction of
the cell that involves highly accelerating metabolic activity,

morphological changes that start with uncoating, and
reconstitution of the cellular content. Spore germination is
a sequential process and thus can be divided into three distinctive
steps (defined by Hardisson et al., 1978): darkening, swelling,
and germ tube emergence (Figure 1).

(a) Darkening is associated with cell wall reconstruction
The first step could be described as a transition from pure
physical processes, such as osmosis, that progressively
activate initial biochemical activities requiring energy
sources. During this step spores lose their hydrophobicity
resulting in water influx, swelling, and the subsequent
loss of heat resistance. These processes change the optical
features of spores and allow the cells to re-activate
metabolism within the only several minutes after
germination initiation. The darkening is caused by the
loss of light refraction which requires bivalent cations
Ca2+, Mg2+, Mn2+, Zn2+, and Fe2+ (Hardisson et al.,
1978; Eaton and Ensign, 1980; Salas et al., 1983). The
binding sites for calcium and magnesium are provided
by both, the carboxyl units of peptidoglycan and the
polyphosphate groups of teichoic acid in the spore wall
(Thomas and Rice, 2014). Relatively early the spores
undergo an uncoating, during which calcium accumulated
in the spore envelope is gradually released (Eaton and
Ensign, 1980; Salas et al., 1983). This process is mediated
by a calcium-binding protein CabC whose disruption
leads to prematurely germinating spores on the spore
chain, while an overexpression of the gene delays their
development (Wang et al., 2008). During uncoating, spore
lysozyme-like hydrolases are reactivated and facilitate
changes in spore morphology and optical features. These
enzymes provide lysis and facilitate the reconstruction of
cell wall peptidoglycan to allow the entrance of external
nutrients. Mutants of two cell wall hydrolases, RpfA
and SwlA, exhibited slower germination (Haiser et al.,
2009). The hydrolases cleave covalent bonds inside the
peptidoglycan layer; an act that must be well-coordinated
with the new cell wall synthesis. RpfA belongs to a class of
so called resuscitation-promoting factors, Rpf, a subgroup
of lysozyme-like transglycosylases, which hydrolyze the
beta-(1,4)-glycosidic bond between N-acetylglucosamine
and N-acetylmuramic acid (Mukamolova et al., 1998b,
2002, 2006; Cohen-Gonsaud et al., 2004; Keep et al.,
2006; Telkov et al., 2006; Hett et al., 2008; Haiser et al.,
2009; Ruggiero et al., 2009). These muralytic enzymes
are known to participate in the restoration of active
growth from dormancy not only in Streptomyces but
also in other actinobacteria, like Mycobacterium and
Micrococcus (Mukamolova et al., 1998a, 2006; Keep et al.,
2006). S. coelicolor possesses five Rpf proteins (RpfA to
RfpE) (Haiser et al., 2009) whose individual mutants
delay germination to varying extents; with RpfA and RfpE
having a stronger effect than RpfC and RpfD. This differs
to what can be observed in the wild type (Sexton et al.,
2015). Although a multiple rpf mutant (with deletion of
all five rpf genes) revealed a highly impaired germination,

Frontiers in Microbiology | www.frontiersin.org November 2017 | Volume 8 | Article 2205144

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-08-02205 November 10, 2017 Time: 16:37 # 5

Bobek et al. A Systematic Review on the Germination in Streptomyces

FIGURE 1 | Focus on streptomycete spore germination. Schematic illustration of a germinating spore and electron microscopic images of dormant (a,b) and
germinating (c–e) spores of S. coelicolor: residue of an aerial hypha with a twisted chain of matured spores (a); dormant spores (b); time-lapse imaging of
germinating spores after 2, 4, and 6 h of cultivation (c–e, respectively) in a complex medium (for details see Čihák et al., submitted). The white bars indicate 2.5 µm.

the strain was able to germinate within 12 h. This suggests
that the Rpf hydrolase family is highly important but not
essential for a smooth germination. The Rpfs family could
probably be substituted by other cell wall hydrolases.
Three Streptomyces cell wall lytic enzymes (SwlA to SwlC)
are examples of such possible candidates that may be
responsible for the proper thickness of the dormant spore
wall ensuring its heat resistance (Haiser et al., 2009). In
this reference one may find an overview of predicted
streptomycete cell wall hydrolase genes as well.

(b) Enzymatic activities are recovered during swelling
Continual influx of water causes spores to swell.
A dramatic intracellular decline of the trehalose level
has been observed in S. griseus during spore swelling
(McBride and Ensign, 1987b, 1990). A similar effect was
also observed in M. smegmatis (Shleeva et al., 2017),
Neurospora (Sussman and Lingappa, 1959; Sussman,
1961), and Dictyostelium discoideum (Roth and Sussman,
1966; Ceccarini, 1967). Consequently, the glucose level
increases in swelled spores, suggesting a restored activity
of the trehalase enzyme due to an increased concentration
of intracellular ATP (McBride and Ensign, 1987b). The
hydrolysis of trehalose appears to be an essential step in
spore germination (Nwaka and Holzer, 1998). Based on
observations of the yeast S. cerevisiae, trehalase possesses
an inactive form which is activated by phosphorylation in a
cAMP-dependent manner (Thevelein, 1984). The restored
glucose subsequently provides an internal energy source
for the revived enzymes and initial development. Only
after the intracellular concentration of trehalose declines
do the protected proteins refold into their active forms
with the help of their respective chaperones (Singer and
Lindquist, 1998).

The hydration of the cytoplasm supports the re-activation
of assorted proteins and ribosomes that are preserved from
dormancy (Cowan et al., 2003). Bound chaperones GroEL,
Trigger factor and DnaK assist in the reactivation of the
proteosynthetic apparatus and nascent proteins (Bobek
et al., 2004). These chaperones as well as others (GrpE
and peptidyl-prolyl cis–trans isomerases) are constitutively
expressed throughout the germination course suggesting
that their presence is constantly necessary (Strakova
et al., 2013a). Within several minutes of the germination
starting, the ribosomes present are fully functional and
new proteins are translated from the stable mRNA stock
(Strakova et al., 2013b). The proteosynthesis accelerates
between 30 and 60 min (Strakova et al., 2013a). At this
stage spores are metabolically active and able to utilize
primarily internal energy sources, such as trehalose (see
below; Elbein, 1974; Crowe et al., 1984), to obtain carbon,
nitrogen and energy (Hey-Ferguson et al., 1973; McBride
and Ensign, 1987a). The obtained energy is exploited
not only for the intensive proteosynthesis (Mikulik et al.,
1984, 2008, 2011; Paleckova et al., 2006) but also for
the first DNA replication, which occurs just before or
simultaneously with the germ tube emergence within
about 60 min of germination in S. granaticolor (Mikulik
et al., 1977) or 30–60 min later in S. coelicolor (Ruban-
Osmialowska et al., 2006; Wolanski et al., 2011). Later the
spores are able to detect external nutrient sources and as a
response they adjust metabolic pathways. They are capable
of this due to the activity of present pleiotropic gene
expression regulators acting on both transcriptional (BldD,
cyclic AMP-receptor protein Crp, and sigma and anti-
sigma factors) and translational (ribonuclease RNase III)
levels, as was shown in S. coelicolor (Strakova et al., 2013a).
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(c) The vegetative growth starts with germ tube emergence
The eventual germ tube emergence is a microscopically
observable event that provides the basis for the apically
growing hyphae. The not yet septated tubes rise from the
inner wall of spore (Glauert and Hopwood, 1961) and
progress through the outer rodlet layer. An important role
is carried out by the chaperonin-like protein SsgA that
localizes sites of germ tube emergences. This protein is
located at the sites of the germ tip appearance (Noens et al.,
2007). In S. coelicolor one or two germination tubes appear
after 180 min of germination and elongate by apical tip
extension. At this developmental point two or three DNA
replisomes were demonstrated (Ruban-Osmialowska et al.,
2006; Wolanski et al., 2011). The critical determinant of
the vegetative growth is the DivIVA protein that localizes
at hyphal tips ensuring a new cell wall outgrowth (Flardh,
2003a; Flardh et al., 2012; Hempel et al., 2012; Richards
et al., 2012). Interestingly, DivIVA is expressed from
early on after spore hydration and its synthesis increases
during the whole process of germination (Strakova et al.,
2013a). As was also shown, cell division-associated protein
FtsZ (SCO2082, Grantcharova et al., 2005), which is
the BldD target, and cell growth-associated protein FilP
(SCO5396, Flardh, 2003b; Bagchi et al., 2008) are expressed
at 300 min of S. coelicolor’s germination. FilP protein,
which is associated with DivIVA, accumulates in the
tips of young hyphae and is also expressed soon after
germination starts (Strakova et al., 2013a). FilP resemble
eukaryotic intermediate filaments forming a tangled
cytoskeletal network that confers to rigidity and elasticity
of hyphae (Kelemen, 2017). The onset of these proteins was
previously proposed as the point when the germination
phase finalizes (Strakova et al., 2013a).

PROTEOME RECONSTITUTION AND
TRANSCRIPTION CONTROL DURING
GERMINATION

Several genome-wide studies on gene expression during the
streptomycete spore germination have recently been conducted
(Bobek et al., 2004, 2014; Piette et al., 2005; Strakova et al.,
2013a,b). Furthermore, a biocomputational modeling (Strakova
et al., 2013a,b, 2014) was employed to obtain a global view on
protein synthesis and to characterize the regulatory networks.
The expression profiles of individual proteins from 13 time points
throughout the course of germination have been sorted and
divided among differential functional groups. A study analyzing
the protein synthesis changes between consecutive time intervals
revealed that the transcriptional apparatus is indeed highly active
from the first 30 min of germination but surprisingly, most of
the mRNAs preserved from dormancy are consequently degraded
during the rehydration (Strakova et al., 2013a; Bobek et al., 2014).
The degradation affects mRNAs from the majority of functional
protein groups, i.e., amino acid, carbohydrate, lipid and energy
metabolism, proteasomes, and DNA repair pathways. This does
not mean, however, that the activity of these functional groups

is disabled. For example, besides those mentioned, the degraded
mRNAs also encode proteins involved in translation. This occurs
despite the intensive protein synthesis, suggesting that the
fully active translational apparatus is available from dormancy
and is re-activated very rapidly when the germination starts.
Subsequently, but still during the first 30 min of germination,
the level of most mRNA groups increases again, but now more
likely as a relevant response to the available sources and cell
requirements under new conditions.

The activity of the transcriptional apparatus is strictly
dependent on the set of sigma factors present in distinctive
time points. They direct specific developmental tasks, such as
the cell wall reconstitution, protein refolding, or the osmotic
stress response, and therefore they must be fully accessible at
specific points during germination (Bobek et al., 2014). Thus,
SigW sigma factor (SCO0632), whose homolog in B. subtilis
directs the synthesis of cell wall hydrolases (Helmann, 2006), is
already expressed in S. coelicolor during the initial rehydration
event, suggesting a similar role in the cell wall reconstruction. At
30 min of germination, a set of other sigma factors is activated,
including HrdD and the stress responding ECF family sigma
factors SigR, SigE, SigD, and SigH. SigR as well as SigH direct
cellular responses to osmotic stress (Kormanec et al., 2000;
Kelemen et al., 2001; Viollier et al., 2003; Zdanowski et al., 2006;
Shu et al., 2009; Kallifidas et al., 2010; Sevcikova et al., 2010).
Moreover, the SigR sigma factor, whose regulon comprise DnaK
and ClpB chaperones, ensures control over the process of protein
re-folding (Kallifidas et al., 2010). SigE possibly takes part in
cell envelope reconstruction control, similarly to SigW in the
early phase (Paget et al., 1999; Hong et al., 2002). However,
the highest increase in its cellular level during germination is
exhibited by S. coelicolor’s SigQ sigma factor (SCO4908; Bobek
et al., 2014), whose regulon is now being studied. Most of
the sigma factors mentioned are known to respond to stress
conditions. Several members of the stress response apparatus that
are involved in the antioxidant defense – superoxide dismutase
SodF2 (SCO0999), catalase (SCO0379), and thioredoxins TrxA
(SCO3889) and TrxA4 (SCO5419) – were also shown to be
expressed soon after spore hydration in S. coelicolor (Strakova
et al., 2013a). The detoxification system thus reflects the increased
metabolic activity. Based on the fact that the stress responding
proteins and their regulators (sigma factors) are highly active
during germination, it could be proposed that germination itself
evokes stress-like conditions, due to the entry of water, oxygen
radicals, and salts into the reviving spores.

The ATP level increases approximately 11-fold during
germination (Hirsch and Ensign, 1978). Its production is ensured
by ATP synthase, whose expression is abolished in the crp−
mutant strain (see below). ATP is essential not only as an energy
source for the basal metabolism (Eaton and Ensign, 1980) but also
for cyclic AMP (cAMP) synthesis (Piette et al., 2005). The cAMP
is a signal molecule which accumulates during germination
and is bound by the cAMP-receptor protein Crp, an important
transcription regulator (Susstrunk et al., 1998; Derouaux et al.,
2004). Both Streptomyces mutant strains in which either cya
(a gene encoding adenylate cyclase that catalyzes conversion of
ATP to cAMP) or the crp gene were deleted exhibited a similar,
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dramatic defect in germination. The germination defect caused
by the missing or inactive Crp system can be explained by
the subsequent absence of several members of the affected Crp
regulon that play a crucial role in germination. Other than ATP
synthase, the Crp regulon encompasses the cell wall hydrolases
and chaperones (Piette et al., 2005). Piette et al. (2005) described
morphological differences between spores of S. coelicolor wild
type and its crp− mutant strains. The spore wall of the crp−
strain was twice as thick as that of the wild type strain. This
can be related to the suppressed expression of another cell wall
hydrolase, SCO5466, in the crp− strain during germination.
Besides SCO5466, the expression of the above mentioned RpfA
hydrolase is also under regulation of Crp (St-Onge et al.,
2015). One may assume that the Cya-cAMP-Crp system might
control the muralytic activity of hydrated spores, among other
processes, allowing for cell wall reconstruction; an indispensable
procedure for successful germination. A differential protein
expression analysis between the wild type and crp− strains,
provided by the same authors, revealed decreased expression
of protein chaperones GroEL1, GroEL2, DnaK that could have
a negative effect on protein folding and thus negatively affect
the germination in the crp− strain. The crucial role played by the
Cya-cAMP-Crp system in germination may however rely on the
aforementioned trehalose hydrolysis control.

SECONDARY METABOLISM OF
GERMINATING SPORES

In natural soil environments, germination of spores and seeds
from different organisms is affected by a plethora of external
factors. These include population density of organisms of the
same species, the presence of rival organisms, and respective
intra- or inter-species communication. In laboratory conditions,
physiological differences, including inhibition of development
or degradation of signaling compounds, were observed when
Streptomyces had been cultivated together with B. subtilis or with
bacteria containing mycolic acids in their cell walls (Onaka et al.,
2011; Traxler et al., 2013).

Germinating spores produce signals that play a role in
their own communication framework. The production of an
unknown activator that would induce germination under optimal
conditions can be expected based on an experiment in which
monocultural spores of S. venezualae germinated significantly
faster in higher spore densities or in a medium supplemented by
its own, earlier germlings (Xu and Vetsigian, 2017). On the other
hand, a similar experiment provided by the same authors revealed
a reduction of the germinating spores at higher spore densities in
S. coelicolor. The existence of germination inhibitors produced by
the germlings was firstly shown in S. viridochromogenes (Grund
and Ensign, 1985) and later also in S. coelicolor (Song et al., 2006).
These germination inhibitors include germicidins, gramicidine S,
and hypnosin (Ensign, 1978; Grund and Ensign, 1985; Setlow,
2003; Aoki et al., 2007, 2011). At least four germicidin homologs
are produced by Gcs, a type III polyketide synthase in S. coelicolor
(Song et al., 2006). The expression of its gene (SCO7221) highly
increases at 30 min of germination, as can be found in the whole

genome expression data in Strakova et al. (2013a). The hypnosin,
whose genetic substantiality is not clear, is bound to the spore
surface and released in wet conditions thus probably preventing
premature germination of spore chains on aerial mycelia (Xu and
Vetsigian, 2017).

Recent analytical technologies allow more detailed
investigations into the production of small molecular
compounds. Using high-performance liquid chromatography-
mass spectrometry, three different compounds – a
sesquiterpenoid antibiotic albaflavenone, the polyketide
germicidin A, and the chalcone – were detected to be synthesized
upon germination in S. coelicolor. The two latter compounds
revealed an inhibitory effect on the germination process (Čihák
et al., submitted). Germicidin A is known as an autoregulatory
germination inhibitor of Streptomyces and other bacteria
(Petersen et al., 1993). The compound is expected to be a
widespread interspecies regulator affecting germination of
various sporogenic organisms. Chalcones, as well as other
flavonoids and phenolic compounds, are important signaling
molecules in plant–microbe symbioses, being essential for
the plant survival (Maxwell et al., 1989; Diaz-Tielas et al.,
2012). Although Streptomyces produce flavonoids [e.g., THN
and flaviolin by S. coelicolor (Zhao et al., 2005)], the only
streptomycete chalcone derivative is known in naringerin
biosynthesis, a typical plant secondary metabolite produced by
Streptomyces clavuligerus (Alvarez-Alvarez et al., 2015). The
presence of different germination inhibitors in S. coelicolor is in
accordance with the fact that the germination rate of this strain
is much slower and even decreased with a higher spore densities,
as mentioned above.

Several streptomycete antibiotics produced during
sporulation, such as neomycin in S. fradiae, streptomycin
in S. griseus (Barabas and Szabo, 1968), or actinorhodin in
S. coelicolor (Čihák et al., submitted) are known to be bound on
the spore envelopes and released into the environment during
germination. These antibiotics protect the germinating spores
against environmental challenges before the internal biosynthetic
pathways are re-activated. Some antibiotics, such as cephamycin
C and clavulanic acid both synthesized by S. clavuligerus are
known to be produced soon after germination (Sanchez and
Brana, 1996).

PERSPECTIVES

Spore germination in Streptomyces represents an exceptional
study model of bacterial cell differentiation that presents
a complete transformation of cellular morphology and the
restoration of all physiological processes. More detailed
knowledge about the structure of dormant spores may provide
clues for understanding their readiness to trigger metabolic
activity and cell reconstitution.

An interesting area that deserves our attention is the
probability of germination and germination control. As discussed
in this review, the cell awakening is launched in an aquatic milieu;
the probability of awakening differs, possibly depending on the
accessibility to nutrients and on other biotic and abiotic factors.

Frontiers in Microbiology | www.frontiersin.org November 2017 | Volume 8 | Article 2205147

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-08-02205 November 10, 2017 Time: 16:37 # 8

Bobek et al. A Systematic Review on the Germination in Streptomyces

Stochastic germination seems to be a widespread strategy of
spore-forming organisms that has evolved to ensure the survival
of whole populations. From the one-cell perspective, spores
represent a safe but non-reproductive state, whereas germination
is a risky and irreversible process. From the point of view of the
whole population, early germinating pioneers take advantage by
occupying vacant niches whereas a hesitant strategy is preferable
when conditions become harsh. Therefore, one may assume
that the onset of germination is subject to various controlling
mechanisms that respond to external signals and activate or
suppress the process as is needed. The characterization of these
signals and their sensors has not been established to date.
The transferred signals are eventually reflected in complete cell
reconstruction. This requires the activity of specific genes whose
expression is directed by a unique set of transcriptional factors.
Characterizing these factors and clarifying their regulons would
shed more light on the process by which dormant spores are
awakened.
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Quantitative single-cell cultivation has provided fundamental contributions to our
understanding of heterogeneity among industrially used microorganisms. Filamentous
growing Streptomyces species are emerging platform organisms for industrial
production processes, but their exploitation is still limited due to often reported
high batch-to-batch variations and unexpected growth and production differences.
Population heterogeneity is suspected to be one responsible factor, which is so far
not systematically investigated at the single-cell level. Novel microfluidic single-cell
cultivation devices offer promising solutions to investigate these phenomena. In this
study, we investigated the germination and growth behavior of Streptomyces lividans
TK24 under varying medium compositions on different complexity levels (i.e., mycelial
growth, hyphal growth and tip elongation) on single-cell level. Our analysis reveals
a remarkable stability within growth and germination of spores and early mycelium
development when exposed to constant and defined environments. We show that
spores undergo long metabolic adaptation processes of up to > 30 h to adjust to new
medium conditions, rather than using a “persister” strategy as a possibility to cope
with rapidly changing environments. Due to this uniform behavior, we conclude that
S. lividans can be cultivated quite robustly under constant environmental conditions
as provided by microfluidic cultivation approaches. Failure and non-reproducible
cultivations are thus most likely to be found in less controllable larger-scale cultivation
workflows and as a result of environmental gradients within large-scale cultivations.

Keywords: Streptomyces lividans, filamentous growth, microfluidics, single-cell cultivation, germination, tip
elongation rate, heterogeneity

Abbreviations: AA00, Pure minimal salt cultivation medium; AA04, Minimal salt medium, supplemented 4 selected amino
acids; AA08, Minimal salt medium, supplemented 8 selected amino acids; AA20, Minimal salt medium, supplemented
with all 20 proteinogenic amino acids; CAS, Minimal salt medium, supplemented with BactoTM Casamino Acids; CM,
Complex cultivation medium; HGU, Hyphal growth unit; MSCC, Microfluidic single cell cultivation; MTPC, Microtiter-plate
cultivation; S. lividans, Streptomyces lividans TK24.
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INTRODUCTION

Streptomyces is one of the most promising genera in industrial
research for novel target molecules and structures (Bérdy, 2005;
Olano et al., 2009), as their secondary metabolism facilitates the
formation of more than 7,500 biologically active compounds
(Bérdy, 2005). Among those are, for example the majority
of antibiotics in clinical and agricultural use today (Chater,
2016). On top of that, several members of this genus, such
as Streptomyces lividans, have been promoted as promising
production hosts for heterologous proteins, due to their high
secretional capacity (Sevillano et al., 2016; Anné et al., 2017).
Together with the sequenced genome (Rückert et al., 2015)
and established state-of-the-art genome editing techniques
available (Cobb et al., 2015; Rebets et al., 2016; Wang et al.,
2016), Streptomycetes are nowadays well accessible for targeted
metabolic engineering approaches.

However, their fungus-like filamentous growth behavior often
impedes the implementation of novel production processes
(Claessen et al., 2014; van Dissel et al., 2015; Chater, 2016).
High batch-to-batch variations and unexpected growth and
production differences are reported frequently, caused by the
complex mechanism of growth (van Wezel et al., 2006; van
Dissel et al., 2014) and the linked implications on production
yield and titers (D’Huys et al., 2011). So far it is known that,
besides the genetic background, the apparent growth morphology
(van Dissel et al., 2015) is highly sensitive at least toward media
composition (Reichl et al., 1992), dissolved oxygen concentration
(van Dissel et al., 2014), surface tension (Walisko et al., 2015),
and energy input (Belmar-Beiny and Thomas, 1991; Koepff et al.,
2017). Even the role of germling agglomeration originating from
different spores, aggregating in early growth states and thereby
contributing significantly to pellet size variations and culture
inhomogeneity has been discussed (Zacchetti et al., 2016).

With all these variability factors in mind, the question
remains how the organisms’ intrinsic heterogeneity contributes
to the high batch-to-batch variations. Pinpointing cellular
heterogeneity at population, spore and mycelium level may
help to assess reproducibility issues and reduce the burden
of unpredictability in bioprocess development. Therefore, the
impact of intrinsic cellular heterogeneity as well as the
contribution of different substrate complexity (here: availability
of different amino-acids and complex compounds) during
germination and early mycelium formation needs to be
investigated.

Microscopic time-lapse imaging technologies have developed
over the last three decades as preferred technique for in-depth
mycelial growth investigations. The first video based analysis
on the germination and mycelium formation of Streptomyces
was already published in 1990 (Reichl et al., 1990a,b). Reichl
et al., analyzed various growth parameters, such as individual
hyphal length, number of branches as well as HGU. Later, the
same analytical approach was applied to investigate filamentous
fungi (Spohr et al., 1998; Pollack et al., 2008). Thereby,
a temperature controlled growth chamber placed under a
camera-equipped light microscope was used for cultivation. In
further time-lapse studies Streptomyces was grown on solid

media, either using small agar patches (Hempel et al., 2008)
or plugs (Jyothikumar et al., 2008; Willemse et al., 2012),
flattening the three-dimensional mycelial structures. Recently,
a microfluidic cultivation device was applied to investigate the
whole Streptomyces life-cycle, including germination, mycelium
formation and sporulation (Schlimpert et al., 2016). Nowadays,
such miniaturized cultivation systems can be operated at highly
constant environmental conditions regarding the cultivation
medium, temperature and oxygen concentration. At the same
time single microfluidic devices enable high throughput analysis
and the application of statistical methods due to a high
degree of parallelization (Dusny and Schmid, 2015). These
unique features allow investigating large cell numbers to unravel
cell-to-cell heterogeneity induced by biological and intrinsic
factors, independently from environmental fluctuations. Xu and
Vetsigian (2017) investigated spores of Streptomyces disclosing
phenotypic variability and interactions between communities.
Performing cultivations on agarose-pads, they systematically
investigated the sporulation and growth of four different
Streptomyces strains and identified differences in the germination
fraction, depending on the strain and differences in the level of
medium dilution.

In this study, we investigated the growth characteristics as
well as the variability in germination and early stage mycelium
development of S. lividans TK24 via MSCC inside hundreds
of picoliter sized growth chambers. Live-cell imaging and
subsequent data analysis was performed by a tailor-made image
based data processing workflow. In a first step, our new MSCC
approach was validated by accompanying MTPC applied as
our reference system. In a second step, six different media
compositions with decreasing complexity in terms of available
substrate spectrum were applied to investigate phenotypic growth
variations of S. lividans on the level of entire populations, single
spores, and individual mycelia.

MATERIALS AND METHODS

Strains and Media
All experiments were conducted using S. lividans TK24, a
plasmid-free derivative of S. lividans 66 (Cruz-Morales et al.,
2013), which is a close relative of S. coelicolor A3(2), generally
regarded as the best genetically characterized Streptomyces strain
(Hopwood, 1999).

To prepare S. lividans spore solutions the protocol published
by Kieser et al. (2000) was applied: Solid corn steep agar (Hobbs
et al., 1989) cultures were grown for 10 days at 28◦C to obtain
well-sporulated mycelium. By pipetting 10 mL sterile PBS with
20% (vol/vol) glycerol onto an agar surface and gentle scratching
with a sterilized spreader rod, the spores were dispersed and
subsequently separated form remaining hyphae fragments by a
custom-made cotton wool filter, before being stored at −20◦C as
permanent culture.

For main-culture in chip or MTP cultivations, all together
six different media compositions were applied (Table 1). Full
complex phage medium (CM) (Korn et al., 1978), consists
of 5 g·L−1 peptone, 5 g·L−1 yeast extract, 5 g·L−1 meat
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extract, 0.5 g·L−1 MgSO4·7 H2O and 0.74 g·L−1 CaCl2·2H2O.
The basic minimal medium was composed of 2.07 g·L−1

NaH2PO4·1 H2O, 2.6 g·L−1 K2HPO4, 0.6 g·L−1 MgSO4·7 H2O,
3.0 g·L−1 (NH4)2SO4 and 10 g·L−1 D-glucose, 100 mM 2-
(N-morpholino)ethanesulfonic acid (MES) as well as several
trace elements (1 mg·L−1 ZnSO4·7 H2O, 1 mg·L−1 FeSO4·7
H2O, 1 mg·L−1 MnCl2·4 H2O, 1 mg·L−1 CaCl2), having the
pH adjusted to 6.8 using 1 M H2SO4. To supplement the
minimal media, either 2 g·L−1 hydrolyzed milk protein (BactoTM

Casamino Acids, MM_CAS) or 2 g·L−1 of 3 different amino
acids mixtures were added (Table 1), with ratios following the
natural abundances in Streptomyces protein (Kieser et al., 2000).
Additionally, minimal media without any supplementation was
used as reference medium. The detailed compositions are
provided in Supplementary Material S1.

Microfluidic Cultivation Conditions
Microfluidic single-cell cultivations (MSCCs) were performed
using a modified version of the polydimethylsiloxane (PDMS)
cultivation device described by Grünberger et al. (2015)
(Figure 1A). The chip system consists of 8 arrays of monolayer
cultivation chambers (l × w × h = 90 × 40 × 1 µm), with
40 chambers each (Figures 1B,C). For fabrication details the
reader is referred to Grünberger et al. (2013). The microfluidic
chip was mounted onto a motorized inverted microscope (Nikon
Eclipse Ti, Nikon, Japan) equipped with an incubator (PeCon
Series 2000, PeCon GmbH, Germany) for temperature control.
A S. lividans spore suspension with a concentration of ∼106

spores·mL−1 was inoculated into the chip, according to the
loading procedure as described earlier for Escherichia coli (Probst
et al., 2015). Fluidic connections were established by silicone
tubing (Tygon S-54-HL, ID = 0.25 mm, OD = 0.76 mm, Saint-
Gobain, United States) and dispensing needles (ID = 0.2 mm,
OD = 0.42 mm, Nordson EFD, United States). Media were
infused at approx. 200 nL·min−1 after cell inoculation by a
syringe pump (neMESYS, cetoni GmbH, Germany). The media
described above were systematically tested as growth media.
Specific growth chambers which were most suitable for imaging

TABLE 1 | Media compositions and supplementation for both: chip- and
MTP-based cultivation.

Medium ID Medium basis Supplementation Final
concentration

CM Complex phage medium – –

CAS Minimal medium BactoTM Casamino
acids

2 g·L−1

AA20 Minimal medium All 20 proteinogenic
amino acids

2 g·L−1

AA08 Minimal medium Arg, Asn, Asp, Glu,
Leu, Met, Phe, Thr

2 g·L−1

AA04 Minimal medium Asn, Leu, Met, Phe 2 g·L−1

AA00 Minimal medium – –

Selection for 8 (MM_08) and 4 (MM_04) amino acids was done according to the
proposal in Nowruzi et al. (2008). The individual amino acid concentrations are
provided in Supplementary Material S1.

were selected manually. Each experiment was stopped, as soon as
the mycelia started to overgrow the chamber volume.

Image Processing and Data Analysis
Image analyses were performed using the analysis software
mycelyso (Sachs et al., 2018). For each image frame, the growth
chamber was automatically detected and used as a region of
interest (ROI), removing the need for separate image registration.
Time lapse image stacks (Figure 1D) were segmented (Figure 1E),
skeletonized (Figure 1F) and automatically tracked (Figure 1G)
using the mycelyso software. Automated filtering (standard
mycelyso settings) during the tracking process was applied in order
to remove artifacts due to tracking errors: (a) tracked hyphae must
be tracked for at least 5 consecutive time points, (b) they must
reach a length longer 10 µm at the end of the track, (c) be grown
for at least 5 µm, (d) hyphae must not have an elongation rate
greater than 100 µm · h−1. To exclude erroneous segmentations
due to densely packed mycelia, tracking was only performed
until 20% coverage of the growth chamber was reached. Analysis
results were visually checked using mycelyso Inspector, and a
subset of positions was chosen, which (i) contained a properly
grown mycelium (centered, viable) and (ii) were analyzed without
obvious errors. Data was collected by mycelyso in hierarchical data
format 5 (HDF5) files and further subjected to statistical evaluation
using Python with commonly available modules (i.e., numpy,
scipy, pandas, and matplotlib): data of individual positions was
collected for interpretation and visualization, means and standard
deviations calculated. Germination delay was determined for each
position by the time where the first trackable hypha occurred.
Growth rate of the total mycelium length was determined per
chamber by assuming exponential growth and employing a log-
linear regression model with R2 > 0.9. HGU was determined by
finding the maximum of the quotient the smoothed time-resolved
data “total mycelium length” divided by “count of tips” during the
exponential growth phase. Means of different media compositions
were statistically assessed using both equal and unequal variance
(Student’s/Welch’s) t-test. Data analysis and figure generation is
available as a Jupyter notebook in the Supplementary Analysis
Data (Supplementary Data Sheet 2).

Microtiter-Plate Cultivation (MTPC) of
S. lividans
Microtiter-plate cultivation was performed in 48-well
FlowerPlates© (MTP-48-BOH) covered by gas permeable sealing
foils (F-GP-10) in an automated cultivation device (BioLector,
m2p-labs GmbH, Germany) as previously described (Koepff
et al., 2017) with the following modifications: Wells, prefilled
with 1000 µL cultivation medium were inoculated using 50 µL
spore suspension with an concentration of ∼106 spores·mL−1.
Cultivation parameters were set to 800 rpm shaking frequency,
cultivation temperature of 30◦C, 85% relative humidity and a
10 min recording interval for scattered light measurements.
In all experiments MTP-cultivation was performed parallel to
chip experiments, using the identical spore vial for inoculation,
ensuring identical start conditions for all cultures.
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FIGURE 1 | Microfluidic single-cell cultivation (MSCC) and selected steps of the image based data analysis pipeline. (A) Photographic representation of the PDMS
chip with connected in- and outlet tubing. Colorized liquids were used for demonstration purposes. (B) Schematic chip geometry. Four individual fluid lines with
separate in- and outlets are arranged in 8 x 40 cultivation chamber arrays. (C) 3D illustration of the supply channels and a single cultivation chamber. (D–G) Major
steps of the image processing pipeline: Raw images (D) were binarized (E) before being converted into skeletons (F) which could be subsequently analyzed by
spatiotemporal tracking (G) in terms of total branching length and mycelial sections (Sachs et al., 2018 (in preparation)).

Data Analysis of MTPC Online Signals
Scattered light signal was blanked in each well separately, by
the average of the first 10 values. Lag-phase was calculated as
the time difference between cultivation start and the beginning
of exponential-like growth behavior in the scattered-light signal.
Specific growth rate was determined on spline interpolation (10
knot points) of scattered light data as described elsewhere (Radek
et al., 2017).

RESULTS AND DISCUSSION

Validating Microfluidic Single-Cell
Against Submerse Microtiter-Plate
Cultivation
For research and production purposes, S. lividans is typically
grown in agitated bioreactor environments in submerse cultures
(Kieser et al., 2000; van Dissel et al., 2014). Under such
conditions, the organism shows normal growth kinetics in
biomass related signals, such as scattered light intensity
(Figure 2A). After a lag-phase, in which no growth is detectable,
an exponential increase of scattered light is recorded, then
limitations occur, which cause stagnation and at a later stage even
decrease of the signal pattern.

However, the optically derived scattered light signal, alike all
other macroscopic biomass signals, describes an average status of
the culture as it is affected by all scattering particles within the

liquid volume. Its aggregate character therefore is not suitable to
unravel mycelial growth in detail: It remains unclear whether the
flat-line signal pattern within the first hours of cultivation reflects
a biological adaption process (lag-phase) before germination of
the spores, or if the growth activities are simply occurring below
the signal detection limit. Therefore, such averaged signals cannot
be used to resolve heterogeneities and variability occurring
within the mycelium of individual spores and in-between mycelia
emerging from different spores.

To disclose the activity of single spores and single
mycelia, we cultivated S. lividans inside MSCC devices under
continuous time-lapse imaging (Figure 2B). PDMS based chip
manufacturing enabled us to tailor an application-specific
microfluidic device (Figure 1), suitable for S. lividans cultivation
in its early stage of germination. The height of the growth
chambers (∼1 µm) in the used device approximately match the
diameter of single spores thereby aligning the cellular growth
in 2D monolayers. Constant environmental conditions were
ensured by the continuous and balanced medium supply adjacent
to both openings of each cultivation chamber.

Evaluating the total development of mycelial length for
individual spores grown in CM (Figure 2B) basically revealed
a comparable exponential growth pattern in comparison to
the MTPC reference system. Nevertheless, the microfluidic
analysis unraveled the presence of spore-to-spore variation,
as the culture-wide scattered light signal indicated. Growth
initiation occurred in a wide temporal distribution, but also
the exponential growth behavior varied between individually
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FIGURE 2 | Growth behavior of Streptomyces lividans in MTPC (A,C) and MSCC (B,D). (A) Scattered light intensity obtained from MTP cultivation (MTPC),
exemplarily for CM (n = 3), using a spore suspension for inoculation. (B): Total mycelium length [µm] over process time for n = 8 representative spores in microfluidic
MSCC all grown in CM; image analysis was stopped when complexity of mycelium impaired evaluation. (C,D), Specific growth rates for six media compositions
(each n = 3) with decreasing level of complexity (Table 1) in the MTPC and MSCC. Significant differences (p < 0.05) are indicated by an asterisk (∗).

evolving mycelia. Still, growth rates obtained from the MTP
reference system (Figure 2C) and from single spores in the
microfluidic chip (Figure 2D) approach are generally comparable
under all six investigated media compositions, ranging from
full complex (CM), to pure minimal medium (AA00) with
supplemented minimal medium steps in-between (for detailed
media compositions see Table 1). Once more, this notable
result underlines, that MSCC can mirror submerse conditions
(Grünberger et al., 2013).

As expected, the highest specific growth rates
(0.38 h−1

± 0.11 h−1 in MSCC, 0.33 h−1
± 0.06 h−1 in

MTPC) were obtained in CM, as a broad spectrum of available
substrates facilitates the faster formation of new mycelial
structures. In the remaining media compositions, the estimated
growth rates ranged in MSCC between 0.27 h−1

± 0.07 h−1 for
CAS and 0.22 h−1

± 0.04 h−1 for AA04. In MTPC, the growth
rates were 0.23 h−1

± 0.01 h−1 for CAS and 0.17 h−1
± 0.01 h−1

for AA04. Thus the growth rate on CM was significantly higher,
compared to the growth rate of the media compositions CAS,
AA20, AA04, AA00 (all p < 0.05). No significant growth rate
difference was found between CM and AA8 (p = 0.11).

The slightly higher growth rates, obtained in MSCC (see
Supplementary Material S2) fits well to previously reported
results for different biological systems and cultivation conditions

(Unthan et al., 2014; Dusny and Schmid, 2015). This trend may
be caused by the differences of the cultivation modes (batch vs.
continuous) or, in case of MTPC, potentially the presence of
nutrient gradients in the cultivation wells leading to temporally
changing conditions. This renders a direct and absolute rate
comparison between the two systems difficult.

Interestingly, not only the growth rate, but also growth
rate distributions were found to be a function of the media
complexity: Highest growth rate fluctuations between individual
spores as well as between parallel wells in the MTP setup
were observed in CM. These fluctuating rates may contribute
to pellet size distributions, as recently reported for CM
cultivations (Zacchetti et al., 2016). Also, significantly reduced
size distributions were reported herein for minimal media setups,
which is again an agreement to the rate fluctuations in the
corresponding media setups (Figure 2D).

Spore Germination Time Point
Considering Inner-Culture Variations
Whereas in MTPC and other established cultivation systems
only average lag-phases are determinable, MSCC allows
investigating the initial delay until germination of individual
spores (Figure 3).
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FIGURE 3 | Lag-phase and germination delay by decreasing medium complexity. (A) Lag-phase durations in shaken MTPC for all six medium conditions. Error bars
calculated from n = 3 biologically independent replicates. (B) Germination delays determined by MSCC in n ≥ 6 cultivation chambers. Box plot annotation identical
to Figure 2D. Determination methods for lag-phases and germination delays are provided in the methods section. Significant differences (p < 0.05) are indicated by
an asterisk (∗).

A clear dependency of the medium complexity on the
germination delay, namely the time difference between
inoculation and spore germination, was observed in both
cultivation systems (Figure 3). During MSCC (Figure 3B) the
spores began to form primary hyphae after already 10.0 h ± 2.4 h,
when being cultivated in CM, while significant longer delays
were found in all other media applied in this work (up to
33.5 h ± 3.9 h in AA04) (all p-values < 0.05). Interestingly,
very comparable mean values were obtained for the complex
amino acid combination CAS and the artificial AA20 mixture. In
both media spores show a significant faster spore germination
compared to medium AA04 and AA00 (all p-values < 0.05). In
contrast, the media with 4 (AA04) and 8 (AA08) supplemented
amino acids do not have a positive influence on the germination
delay, since the non-supplemented negative-control (AA00)
showed comparable delays.

Remarkably, the mentioned effects above, obtained by chip-
based cultivation (Figure 3B), showed equivalent tendencies
for the observed lag-phase durations, derived from MTPCs
(Figure 3A). The absolute values ranged between 9.3 h ± 1.1 h
for CM and 27.0 h ± 0.5 h in AA00 medium. Although
the cultivation systems highly differ by design and mode of
operation, average spore germination seems not to be affected
significantly.

The lag-phase is generally understood to be an adaptation
process upon a change of the environmental condition, possibly
resulting in a homogenous switching into a new phenotype
or a phenotypic (stochastic vs. responsive) diversification into
two phenotypes (Kotte et al., 2014). In the present study, these
altered conditions may include the availability of substrates.
Here, the remaining question depicts the occurrence of intrinsic
cellular heterogeneity toward germination time points, as it may
illuminate underlying regulation mechanisms and adaptation
strategies. By studying the distribution of the single-spore
germination time points, we found that interestingly all
germinating spores in the observed growth chambers showed
quite robust and consistent behavior with standard deviations
between 2.4 h (CM, 10.0 h ± 2.4 h) and 3.9 h (AA04,
33.5 h ± 3.9 h).

In opposition to that, when some spores show a rapid
germination, while others remain dormant as persistent
cells, backing up the population in case of emerging more
disadvantageous conditions a bimodal behaviour would have
been suspected. Such a bimodal behavior has been observed for
microbial adaption processes upon the availability of different
carbon sources (Solopova et al., 2014). Differences in the
germination delay in CM and between the minimal media might
be due to the modifications in amino-acid availability (Ensign,
1978) or a combination with other unknown complex medium
compounds, rather than the cultivation method. This lays the
foundation, to use MSCC as a future screening tool for further
germination studies with different medium compositions. Please
note, that the overall spore germination behavior is quite low
(36.12%, Supplementary Material S3), but comparable for
all media (CAS = 31%; AA20–AA00 = 33%), while only with
CM higher outgrowth values (CM = 61%) were reached. The
latter number is well comparable to published results, where in
similar CM a germination fraction of ∼45% was observed after
24 h for S. coelicolor (Xu and Vetsigian, 2017). Interestingly,
during the inoculation procedure of spores into separate
cultivation chambers and subsequent continuous perfusion
with fresh cultivation medium, the accumulation of germicidins
(germination inhibiting agents) was presumably avoided. These
substances were reported to be secreted by germinating spores to
prevent the germination of neighboring spores (Aoki et al., 2011;
Xu and Vetsigian, 2017), but should not have an influence during
MSCC.

Intra-Mycelial Variations: Hyphal
Elongation Rates of Individual Apical
Growth Tips – Within a Single Spore and
In-Between Spores
Beside the previously discussed spore-level parameters, image
analysis allows to take a deeper look at underlying inner-
spore growth performances and fluctuations. This was realized
by dissecting the developing mycelium into individual hyphae
segments, separated at the branching points (Figures 1G,
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FIGURE 4 | Intrinsic growth heterogeneity on mycelium level. (A) Additional length of the developing mycelium in one representative chamber. Primary hyphae (red)
and subsequent hyphae after branching (gray). (B) Number of hyphal tips, exemplarily for several spores in complex medium. (C) Tip elongation rate distribution for
all and 10 representative spores supplied with CM. Outliers may be provoked by missing or falsely annotated links between image frames. (D) Average tip elongation
rate (average of mean tip elongation rate of all evaluated spores of each medium condition). Detailed tip elongation rates for each medium condition are provided in
Supplementary Material S4.

4A). Notably, the primary hypha, arising from the spore,
showed an approximate exponentially increasing tip elongation
rate within the first hours after germination. In contrast, all
subsequent branches grew at linear rates right after branching.
A similar growth pattern discrimination between the first and
subsequent mycelial segments was already previously reported
(Allan and Prosser, 1983; Kretschmer, 1988; Reichl et al.,
1990a; Yang et al., 1992). This underlines the suitability of
the developed microfluidic cultivation system for comparative
growth studies. The exponential development of the total
mycelial length therefore is a result of the exponential increase
of branching points rather than of the growth of the individual
tips (Figure 4B).

Within the mycelial network of a single spore, the elongation
rates fluctuated strongly (Figure 4C), resulting in a mean
elongation rate of 14.1 µm·h−1

± 6.1 µm·h−1 in CM,
over all observed spores (Figure 4C). However, this points
to a robust phenomenon, as no pronounced variations in
the rate distribution were found when comparing different
spores, supplied by the same medium (Figure 4D and
Supplementary Material S2). Thus, inner-spore tip elongation

rate variations probably will not have a strong effect on
macroscopic heterogeneities. Here, the limited chamber height
due to fabrication design could influence data interpretation, as
it may lead to friction of hyphae and result in unsteady growth
behavior over time. The same holds true for inaccuracies within
cell detection over time, due to limitations of the automated
image-analysis workflow.

The HGU, which describes the average length of a hyphal
segment, follows a similar trend as the mean tip elongation
rate (Supplementary Material S5). Highest HGU was found in
CM with an average of 28.7 µm, which is in well accordance
with previous results for S. tendae (Reichl et al., 1992) and
S. coelicolor (Allan and Prosser, 1983) on a comparable medium.
Interestingly, various amino acid supplementations did not have
a strong influence on the HGU as all remaining media setups
resulted in average HGUs between 14.3 µm (AA04) and 17.4 µm
(CAS). Even though there is not much known about the effect
of minimal media supplementation on HGUs in filamentous
bacteria, in tendency reduced HGUs have been reported for MM
setups in comparison to CM, but with a high dependency on
carbon (glucose) availability (Reichl et al., 1992). In the present
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study, however, all minimal media setups contained an identical
concentration of glucose (10 g·L−1) and, except for AA00, a
stoichiometrically adjusted amount of amino acids. From our
results such a general relation between richness of medium and
branching frequency cannot be deduced. By far the strongest
fluctuations in HGUs between spores were recorded for CM as
expressed by a standard deviation of 21.7 µm. The larger pellet
size variations reported for complex compared to minimal media
(Zacchetti et al., 2016) may therefore be explained by this issue. In
minimal media setups reduced HGU fluctuations were obtained
where the variations decrease with the medium complexity.

DISCUSSION

Inner-culture variability resulting in unfavorable fluctuation in
growth and production are repeatedly reported for members
of the Streptomyces genus, and are known to constitute a
risk when employing members of this genus in industrial
production processes (van Dissel et al., 2014). Several genetic
and especially environmental effectors have been identified over
the years, known to contribute to the observed cultivation
difficulties. As bulk measurements can occlude the observation
of heterogeneously reacting subpopulations, we choose to
investigate inner-Streptomyces heterogeneity using MSCC in
combination with an automated image analysis, allowing for
individual, unbiased investigation of growth parameters per
spore and mycelium.

We validated the MSCC for filamentous Streptomyces against
an established MTP cultivation method (Koepff et al., 2017). Here
a high comparability was obtained between the two systems in
germination and early-stage mycelium formation. Differing not
only in working volume by a factor of 106, but also by their
cultivation mode (perfusion vs. batch), this was a notable finding,
confirming the applicability of MSCC in further screening and in-
depth growth investigations for filamentous bacteria. The MSCC
has therefore proven – again – to be a useful and efficient tool to
deeply investigate inner-culture heterogeneity also in filamentous
organisms. To operate this technology to its potential, time-
lapse microscopy accompanied by a powerful image processing
and data analysis software pipeline is a necessary prerequisite.
By analyzing ≈ 680 GB of image stacks in a reproducible
and unbiased manner, it is possible to draw comprehensive
statements across different hierarchical morphological levels that
would otherwise be impossible to derive.

Even though there are variation in mycelium growth,
germination and tip elongation, these variations are a
reproducible phenomenon in each set of spores and therefore
probably not the driving force behind discussed reproducibility
issues and inner-culture heterogeneities. While CM provides a
faster growth performance in all recorded parameters, it goes
along with the burden of higher fluctuations on spore level
(average mycelium growth rate, germination time delay) and
mycelium level (tip elongation rate, HGU). When inner-culture
homogeneity is the main objective, minimal medium setups are
to be preferred. Even though there are inner-culture fluctuations,
especially due to individual spore germination delays, still a

robust inner growth performance of the organism prevails.
In conclusion, this single-cell characterization shifts the focus
back to the already known, especially environmental factors
such as gradients within large-scale processes (Lara et al., 2006)
and variabilities/variances within cultivation workflows (Koepff
et al., 2017), known to trigger batch-to-batch and inner-culture
fluctuations. Filamentous organisms, even more as their bisecting
microbial competitors, demand for highly standardized and
constant cultivation conditions. If such conditions are provided,
it should be possible to obtain reproducible cultivation results.
This strongly underlines the need to investigate the impact of
gradients in large-scale production when using filamentous
organisms, as done manifold for bisecting production hosts such
as E. coli (Löffler et al., 2016) and C. glutamicum (Limberg et al.,
2017).

Further progress within microfluidic fabrication techniques,
will allow the investigation of more complex biological questions
in MSCC, for example the emulation of large-scale bioprocesses
by exposing cells to altering medium conditions over time
(Binder et al., 2017). An improved understanding of the origin,
reason and impact of heterogeneities in Streptomyces large-scale
cultivation will lay the foundation for improved bioprocesses and
cultivation pipelines.
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Spore awakening is a series of actions that starts with purely physical processes and

continues via the launching of gene expression and metabolic activities, eventually

achieving a vegetative phase of growth. In spore-forming microorganisms, the

germination process is controlled by intra- and inter-species communication. However,

in the Streptomyces clade, which is capable of developing a plethora of valuable

compounds, the chemical signals produced during germination have not been

systematically studied before. Our previously published data revealed that several

secondary metabolite biosynthetic genes are expressed during germination. Therefore,

we focus here on the secondary metabolite production during this developmental stage.

Using high-performance liquid chromatography-mass spectrometry, we found that the

sesquiterpenoid antibiotic albaflavenone, the polyketide germicidin A, and chalcone are

produced during germination of the model streptomycete, S. coelicolor. Interestingly,

the last two compounds revealed an inhibitory effect on the germination process.

The secondary metabolites originating from the early stage of microbial growth may

coordinate the development of the producer (quorum sensing) and/or play a role in

competitive microflora repression (quorum quenching) in their nature environments.

Keywords: spore germination, Streptomyces, cell signaling, secondary metabolism, albaflavenone, germicidin,

chalcone

INTRODUCTION

A large variety of compounds is produced by various microorganisms by means of specialized
biosynthetic pathways. Although the special (or secondary) metabolites (Hopwood, 2007; Baltz,
2008; van Keulen and Dyson, 2014) are not essential for growth and reproduction, they often
provide the producing organism with a bioactive role (Keller et al., 2005). Reaching further than
a cell itself physically can, the small diffusible molecules may give an advantage to its producer
by effectively adapting to extracellular conditions to some degree. They may provide defense
(or attack), competition, signaling, or interspecies interactions, depending on the environmental
cues, thus increasing the likelihood of survival in an inhospitable environment (Brachmann et al.,
2013; Martinez et al., 2017). The bioactivity of the small molecules is mostly achieved by affecting
transcription in receiving cells (Camilli and Bassler, 2006).
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Secondary metabolism is of special interest in Streptomyces,
a clade of multicellular bacteria that occupies a high position
in the developmental hierarchy of bacteria due to their
advanced morphology and physiology. Streptomycetes have
evolved a plethora of biosynthetic pathways to produce various
secondary metabolites, especially signal molecules (see below),
or antibiotics (van Keulen and Dyson, 2014). These compounds
provide the organism with a competitive advantage, protection
from unfavorable living conditions and/or facilitate interspecies
interactions (Maxwell et al., 1989).

The genes for the biosynthesis of streptomycete secondary
metabolites are mostly clustered and their expression is highly
regulated (Bentley et al., 2002; Tanaka et al., 2013). The model
S. coelicolor possesses the best annotated genome that encodes
biosynthetic pathways for more than 20 secondary metabolites
(Bentley et al., 2002). The chemical structure has so far been
elucidated in less than 30 percent of the compounds, belonging
to the following groups of natural substances: polyketides,
pyrones, peptides, siderophores, γ-butyrolactones, butenolides,
furans, terpenoids, fatty acids, oligopyrroles, and deoxysugars
(van Keulen and Dyson, 2014). The remaining 70 percent are
called “cryptic compounds” as they are not produced at standard
laboratory conditions (Bentley et al., 2002; Ikeda et al., 2003;
Ohnishi et al., 2008; Tanaka et al., 2013; van Keulen and
Dyson, 2014). To activate these cryptic pathways, streptomycetes
are cultivated under non-standard physical and nutritional
conditions or co-cultured with other microorganisms (Wakefield
et al., 2017). Genetic manipulations within the genes (Luo et al.,
2013) or the transfer of the whole biosynthetic gene cluster into a
heterologous producer (Kalan et al., 2013; Tanaka et al., 2013) are
also commonly used strategies. The successful activation of the
biosynthetic pathways often leads to biosynthesis of previously
unknown compounds (Ikeda et al., 2003; Ohnishi et al., 2008;
Gomez-Escribano et al., 2012; Tanaka et al., 2013). For example,
a polyketide alkaloid, coelimycin P1 (so-called yellow pigment),
is produced from the cpk cryptic gene cluster in S. coelicolor
(Gomez-Escribano et al., 2012).

The complicated development of streptomycetes requires
highly sophisticated control mechanisms mediated by multiple
molecules linked to signaling cascades (Kelemen and Buttner,
1998; Claessen et al., 2006; Gao et al., 2012). A widely studied
signaling system is quorum sensing, in which stimuli are spread
within a population and induce appropriate responses (Phelan
et al., 2011). Based on the signal assessment, the organism can
adapt to its environment and coordinate further development
in response to local population densities (Waters and Bassler,
2005).One of the assumptions made in this work is that cellular
signaling is also employed in spore germination (see below).
However, the nature of the signaling in this developmental
phase remains unclear, as do the chemical characteristics and the
possible regulatory effect of the produced substances.

Streptomyces undergo a cellular differentiation that resembles
the fungal life cycle (Seipke et al., 2012). Their growth starts
with germinating spores that develop into a vegetative mycelium
of branching hyphae. Subsequent development of aerial hyphae
is considered to be a cell response to nutrient depletion; most
of the secondary metabolites are formed at this developmental

stage (Sello and Buttner, 2008; Seipke et al., 2012). The aerial
hyphae are dissected into chains of uninucleoid spores. Spores
are subjected to maturation which ensures their survival in
unfavorable conditions and allows them to spread into new
niches.

The dormant state of spores is characterized by limited
metabolic activity or its complete stagnation (McCormick and
Flardh, 2012). Subsequent germination is the spore’s transition
into a metabolically active vegetative phase. Reactivation of the
dormant exospore takes place in an aqueous environment. In
addition to energy sources (e.g., trehalose) and various nutrients
(Ranade andVining, 1993), the dormant spores of streptomycetes
also contain transcriptome which is a remnant of sporulation
and spore maturation (Mikulik et al., 2002). The residual pool
of mRNA appears to be necessary for the initial germination
phase, serving as a template for the early synthesis of proteins,
such as chaperones and hydrolases. Whereas chaperones are
indispensable in the re-activation of present proteins upon their
release from the trehalose milieu (Bobek et al., 2017), hydrolases
reconstitute the thick hydrophobic spore cell wall (Bobek et al.,
2004; Haiser et al., 2009).

Further development requires the re-activation of the
transcriptional apparatus (Paleckova et al., 2006; Mikulik et al.,
2008, 2011) controlled by the activity of a set of sigma factors,
whose expression takes place from the very beginning of the
process (Bobek et al., 2014; Strakova et al., 2014). Genome-
wide expression data revealed that the activity of most metabolic
pathways is stabilized after the first DNA replication that occurs
between 120 and 150 min of germination of S. coelicolor (Bobek
et al., 2014). After this period, morphologically observable
changes, like the first germ tube emerging from the spore, occur
(Kelemen and Buttner, 1998; Claessen et al., 2006; Ohnishi et al.,
2008).

In the case of non-activated spores, it was found that
about 10–20% of spores do not germinate even under optimal
incubation conditions (Yoshida and Kobayashi, 1994). Sole
spores of S. viridochromogenes have been shown to germinate
more slowly than in the dense population (Xu and Vetsigian,
2017). This indicates an existence of germination activator
produced into the medium. On the other hand, the extract
from the S. viridochromogenes supernatant has been shown
to inhibit the germination of unactivated spores when added
prior to incubation (Hirsch and Ensign, 1976a). The inhibitor
present was later isolated (along with other congeners) and
described as germicidin A (Petersen et al., 1993; Aoki et al.,
2011; Ma et al., 2017). The launch of germination within a spore
population is stochastic, as was shown not only in streptomycetes
(Xu and Vetsigian, 2017) but also in other spore-forming
bacteria (van Vliet, 2015). The probability of germination within
a population differs between different streptomycete strains;
S. viridochromogenes and S. granaticolor exhibit fast and robust
germination whereas S. coelicolor and S. venezuelae show more
complex behavior with a fraction of germlings that stop growing
soon after germination (Mikulik et al., 1977; Bobek et al., 2004;
Xu and Vetsigian, 2017). Activity of early released compounds,
germination activators and inhibitors, may affect the stochasticity
of germination in order to adapt the germination strategy to
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Čihák et al. Secondary Metabolism of Germinating Streptomycete Spores

environmental conditions (Petersen et al., 1993; Aoki et al.,
2007, 2011; Ma et al., 2017). Since it is considered to be
non-productive (Seipke et al., 2012), the initial developmental
phase has hitherto not been given sufficient attention. It is
nevertheless apparent from the genome-wide expression analysis
of S. coelicolor’s germinating spores (germlings) performed by
Strakova (Strakova et al., 2013), that 163 genes involved in the
biosynthesis of secondary metabolites are transcribed during
germination (including those cryptic). It is for this reason that we
chose to focus on the biosynthetic activities of the germinating
spores of S. coelicolor in this article. Secondary metabolites
produced in this phase would possibly function as germinative
signals in the frame of intercellular communication (Rutherford
and Bassler, 2012; Brachmann et al., 2013) or may suppress
competing microflora.

MATERIALS AND METHODS

Preparation of Streptomyces Spores
Streptomyces coelicolor M145 was cultivated on cellophane discs
on solid agar plates (0.4% yeast extract, 1% malt extract, 0.4%
glucose, 2.5% bacterial agar, pH 7.2) at 28◦C for 14 days.
Harvested dormant spores were filtered through cotton wool
and used to screen for associated secondary metabolites. Spores
mixed with 20% glycerol were stored frozen at−20◦C.

Germination and Microbial Growth
Spores were washed twice in 10 mL sterile distilled water and
resuspended in 50mL NMMP (Kieser et al., 2000), R3 (Shima
et al., 1996), or AM (Bobek et al., 2004) liquid medium to a final
spore concentration 108 ml−1. Glucose, glycerol, or mannitol
was used as a carbon source. For boosting synchronicity of the
population, spores were incubated for 10min at 50◦C, followed
by 6-h germination at 37◦C (Hirsch and Ensign, 1976a; Kieser
et al., 2000) before screening for produced secondarymetabolites.

To prepare samples from the stationary phase of growth,
S. coelicolor was further cultivated 48 h at 29◦C in the same
medium. The grown mycelium or supernatant was then used in
the screening for produced secondary metabolites.

Solid Phase Extraction of Secondary
Metabolites
Secondary metabolites were taken from the culture supernatants
extracted using ethyl acetate (Rajan and Kannabiran, 2014),
QuEChERS (Schenck andHobbs, 2004), or solid phase extraction
(Kamenik et al., 2010), which was found to be the most suitable
and was carried out as follows. An Oasis HLB 3cc 60mg
cartridge (hydrophilic-lipophilic balanced sorbent,Waters, USA)
was conditioned with 3mL methanol (LC-MS grade, Biosolve,
Netherlands), equilibrated with 3 mL water (prepared using
Milli-Q water purifier, Millipore, USA) and then 3 mL culture
supernatant (pH adjusted to 3 with formic acid, 98–100%,Merck,
Germany) was loaded. Subsequently, the cartridge was washed
with 3mLwater and absorbed substances were eluted with 1.5mL
methanol. The eluent was evaporated to dryness (Concentrator
Plus, 2013 model, Eppendorf), reconstituted in 200 µL 50%
methanol and centrifuged at 12,000× g for 5 min.

LC-MS Analyses
LC-MS analyses were performed on the Acquity UPLC system
with 2996 PDA detection system (194 - 600 nm) connected
to LCT premier XE time-of-flight mass spectrometer (Waters,
USA). Five µL of sample was loaded onto the Acquity UPLC
BEHC18 LC column (50mm× 2.1mm I.D., particle size 1.7µm,
Waters) kept at 40◦C and eluted with a two-component mobile
phase, A and B, consisting of 0.1% formic acid and acetonitrile,
respectively, at the flow rate of 0.4mL min−1. The analyses were
performed under a linear gradient program (min/%B) 0/5; 1.5/5;
15/70; 18/99 followed by a 1.0-min column clean-up (99% B) and
1.5-min equilibration (5% B). The mass spectrometer operated in
the positive “W”modewith capillary voltage set at+2,800V, cone
voltage +40V, desolvation gas temperature, 350◦C; ion source
block temperature, 120◦C; cone gas flow, 50 L h−1; desolvation
gas flow, 800 L h−1; scan time of 0.15 s; inter-scan delay of 0.01
s. The mass accuracy was kept below 6 ppm using lock spray
technology with leucine enkephalin as the reference compound
(2 ng µL−1, 5µL min−1). MS chromatograms were extracted for
[M+H]+ ions with the tolerance window of 0.03 Da, smoothed
with mean smoothing method (window size; 4 scans, number
of smooths, 2). The data were processed by MassLynx V4.1
(Waters).

Bioactivity Assays
Although albaflavenone is not commercially available, we have
verified its presence using LC-MS in the hexane extract from the
supernatant after 48 h of S. coelicolor’s growth in R3 medium
with glycerol as the carbon source. Cells were centrifuged for
5min (7,000 × g). The supernatant was extracted three times
with 300mL of n-hexane (Lach-Ner, Prague, Czech Republic).
The cells were washed in distilled water and mycelial products
were extracted with 200 mL of n-hexane. Cells were removed
by filtration. After separation of the phases, the n-hexane
layers were pooled (below called as albaflavenone-hexane extract,
Figure 1B).

Germicidin A standard was purchased from Cayman Pharma
(the Czech Republic), chalcone’s standard was obtained from
Sigma-Aldrich (Merck, Germany). Dimethylsulfoxid (DMSO)
was purchased from Lach-Ner (Czech Republic). On a six-
sector culture microtiter plate, ONA medium (1.4% Oxoid
nutrient agar, pH 7.2; Kieser et al., 2000) with a linear
concentration gradient of germicidin A 0–8µg mL−1 (standard
dissolved in sterile distilled water) or chalcone 0–8µg mL−1

(standard dissolved in DMSO), or the albaflavenone-hexane
extract (concentration unknown) was poured into three sectors
as follows. Pure ONA medium was poured into an inclined plate
and allowed to solidify to form a wedge; the plate was then placed
horizontally andONAmedium containing selected compound in
concentration 8µg mL−1 was poured to form a complementary
wedge. The remaining three sectors were filled with either pure
ONA medium for control cultivation respective to germicidin A,
or ONA medium with DMSO for control cultivation respective
to chalcone, or ONAmedium with hexane for control cultivation
respective to albaflavenone. 105 spores were spread on each sector
and incubated 48 h at 29◦C. Number of colony-forming units
(CFU) was assessed and compared.
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FIGURE 1 | Albaflavenone. (A) LC-MS analysis of culture broth extract of S. coelicolor’s spores after 6 h germination in AM medium with glycerol. MS chromatogram

recorded for m/z 219.175. (B) Mass spectrum of compound with tR = 9.01 min. Acquired m/z 219.1741 corresponds to [M+H]+ of albaflavenone with theoretical

m/z 219.1749. (C) LC-MS analysis of hexane extract from supernatant of S. coelicolor after 48 h of culture in R3 medium with glycerol (further referred to as

albaflavenone-hexane extract). MS chromatogram recorded for m/z 219.175. (D) Mass spectrum of compound with tR = 9.00 min. Acquired m/z 219.1736
corresponds to [M+H]+ of albaflavenone ion with the theoretical m/z 219.1749.

A Dehydrogenase Activity Test
Two milliliter of the albaflavenone-hexane extract was mixed
with 5 mL R3mediumwith glycerol and used for 6 h germination
of 5 × 106 spores. A negative control culture was performed
in 5 mL R3 medium with glycerol with 2 mL pure hexane.
The dehydrogenase activity test (as described in Burdock et al.,
2011) was used to measure metabolic activity of germinating
spores by means of triphenyl tetrazolium chloride (TTC). After
the germination course, cells were incubated in the presence of
TTC and an electron-donating substrate for 1 h. Rising triphenyl
formazan (TF) was extracted using ethanol and its concentration
was determined colorimetrically by measuring the optical density
at wavelength of 484 nm. The absorbances were compared
between the tested and negative control samples.

Scanning Electron Microscopy
Streptomyces spores were fixed with 3% glutaraldehyde overnight
at 4◦C. The fixed spores were extensively washed and then
allowed to sediment at 4◦C overnight onto circular coverslips
treated with poly-L-lysine. The coverslips with attached spores
were dehydrated through an alcohol series followed by absolute
acetone and critical point dried from liquid CO2 in a K850
Critical Point Dryer (Quorum Technologies Ltd, Ringmer, UK).
The dried samples were sputter-coated with 3 nm of platinum in
a Q150T Turbo-Pumped Sputter Coater (Quorum Technologies
Ltd, Ringmer, UK). The final samples were examined in a
FEI Nova NanoSEM scanning electron microscope (FEI, Brno,
Czech Republic) at 5 kV using CBS and TLD detectors. Beam
deceleration mode of scanning electron microscope was used in
some cases for minimization of charging artifacts.

RESULTS

In Silico Analysis of the Expressed
Secondary Metabolite Biosynthetic Genes
during Germination of S. coelicolor
Genes that are expressed in the consecutive time points
of germination have been reported by Strakova (Strakova
et al., 2013). From their dataset we selected genes whose
products are involved in the biosynthesis of secondary
metabolites by S. coelicolor, according to the StrepDB database
(http://strepdb.streptomyces.org.uk), where the annotated S.
coelicolor genes are categorized into metabolic groups. We
updated the list of secondary metabolites with regard to newly
published findings (Zhao et al., 2009; van Keulen and Dyson,
2014). The resulting list of genes is summarized in Table 1.
Predicted secondary metabolites, whose respective genes are
expressed during germination, include polyketides, pyrones,
peptides, siderophores, terpenoids, oligopyrroles, and fatty acids.

Secondary Metabolites Produced by
S. coelicolor during Germination and/or in
the Stationary Phase
The fact that genes whose products are involved in the
secondary metabolite biosynthesis were transcribed during
germination encouraged us to investigate whether germinating
spores produce respective compounds up to the 6th hour of
their development. For this purpose, we performed an LC-
MS analysis of the culture supernatants. In order to ensure
that any detected compound is synthesized de novo during
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TABLE 1 | An overview of biosynthetic genes expressed during germination, according to Strakova et al. (2013).

Secondary metabolites Biosynthetic (SCO) genes expressed during germination

Actinorhodin and related congeners 0331; 3978; 4280; 5072-5079; 5081-5086; 5088-5090

Albaflavenone 5223

Calcium-dependent antibiotic (CDA) 3210; 3212; 3214; 3220-3221; 3223; 3225; 3227; 3228; 3230-3232; 3234-3237; 3239; 3241-3242; 3246; 3249

Coelibactin 7682-7684; 7686-7687; 7689-7691

Coelichelin 0490-0498

Coelimycin P1 6273-6275; 6277-6287

Desferrioxamines B, E, G1 a D1 2783-2784

Eicosapentaenoic acid (EPA) 0124-0125

Flaviolin, THN 1206

Geosmin 6073

Hopanoids, ATBH 6759-6763; 6765; 6767; 6769; 6771

Isorenieratene, β-carotene 0187-0191

Streptorubin B, undecylprodigiosin 0126-0127; 5877-5878; 5881; 5891-5894; 5898

Triketid pyrones 7670-7671

Tw95a 5314; 5318; 5320

TABLE 2 | Secondary metabolites detected in the stationary phase of growth.

Secondary metabolite Medium (carbon source) Molecular

formula

Theoretical

mass (m/z)

Acquired

mass (m/z)

Mass error

(ppm)

γ- actinorhodin R3, AM, NMMP (glycerol, mannitol, glucose) C32H22O14 631.1090 631.1081 1.40

Actinorhodinic acid R3, AM, NMMP (glycerol, mannitol, glucose) C32H26O16 667.1300 667.1289 1.60

Albaflavenone R3 (glycerol) C15H22O 219.1736 219.1749 5.90

CDA R3 (glycerol) C67H78N14O26 1495.5290 1495.5292 0.10

Coelimycin P1 R3 (glycerol) C17H20N2O4S 349.1222 349.1229 2.00

Chalcone R3 (glycerol/mannitol) C15H12O 209.0960 209.0966 2.90

Desferrioxamine B R3 (glycerol/mannitol) AM (glycerol/mannitol) C25H48N6O8 561.3625 561.3612 2.30

Desferrioxamine D1 AM (glucose/mannitol) C27H50N6O9 603.3711 603.3718 1.20

Desferrioxamine E R3 (glycerol/mannitol) AM (glucose/glycerol) NMMP

(glucose/mannitol)

C27H48N6O9 601.3561 601.3561 0.00

Desferrioxamine G1 AM (glucose/glycerol) C27H50N6O10 619.3677 619.3667 1.60

Germicidin A R3 (glycerol/mannitol) AM (glucose/mannitol) C11H16O3 197.1170 197.1178 4.10

Germicidin B R3 (glycerol/mannitol) NMMP (glucose/mannitol) C10H14O3 183.1016 183.1021 2.73

Kalafungin R3 (mannitol) C16H12O6 301.0709 301.0714 1.00

Streptorubin B R3 (glycerol/mannitol) AM (glucose/glycerol) C25H33N3O 392.2696 392.2702 1.50

Undecylprodigiosin R3 (glycerol/mannitol) AM (glucose/glycerol) C25H35N3O 394.2866 394.2858 2.00

germination, we included dormant spores (non-activated) as
negative control samples in the analysis. As a positive control
that tests effectiveness of our detection method, samples from the
sporulation phase were included too. The compounds detected
only in the sporulation phase (after 48 h of cultivation) but absent
from the germination are listed in Table 2.

Our LC-MS measurements revealed, however, that the
S. coelicolor’s germlings produce three different compounds
with masses corresponding to the sesquiterpenoid antibiotic
albaflavenone, the polyketide germicidin A, and chalcone
(Table 3; Figures 1–3, respectively). Furthermore, the identity of
germicidin A was confirmed by comparing the actual retention
time with the original standard obtained from Cayman Pharma
(Figure 2).

Actinorhodin Production

Actinorhodin compounds (actinorhodinic acid and γ-
actinorhodin) were detected in both dormant and germinating
spores, as well as in samples from the stationary phase of
growth (Table 2). Streptomycetes produced these compounds
after 48 h of cultivation in R3, AM, and NMMP medium,
regardless of carbon source (glucose, glycerol, or mannitol).
Although the suspensions of dormant spores were washed in
distilled water, we found that dormant spores also contained
these blue pigments. We also found actinorhodinic acid
and γ-actinorhodin in the cell-free supernatant after spore
germination in AM medium. All supernatants containing
the blue pigments also exhibited a pH-dependent color
change.
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TABLE 3 | Secondary metabolites produced during germination.

Secondary metabolite Medium (carbon source) Molecular formula Theoretical mass

(m/z)

Acquired mass

(m/z)

Mass error

(ppm)

Albaflavenone AM (glycerol) C15H22O 219.1741 219.1749 3.70

Germicidin A R3 (glycerol/mannitol) AM (glucose/mannitol) C11H16O3 197.1188 197.1178 5.10

Chalcone R3 (glycerol/mannitol) C15H12O 209.0965 209.0966 0.50

FIGURE 2 | Germicidin A. (A) LC-MS analysis culture broth extract of S. coelicolor’s spores after 6 h germination in R3 medium with glycerol. MS chromatogram

recorded for m/z 197.118. (B) Mass spectrum of compound with tR = 6.48 min. Acquired m/z 197.1188 corresponds to [M + H]+ of germicidin A with the theoretical

m/z 197.1178. (C) LC-MS analysis of germicidin A authentic standard. MS chromatogram recorded for m/z 197.118. (D) Mass spectrum of germicidin A. Acquired

m/z = 197.1170 corresponds to [M+H]+ of germicidin A with the theoretical m/z = 197.1170.

FIGURE 3 | Chalcone. (A) LC-MS analysis culture broth extract of S. coelicolor’s spores after 6 h germination in R3 medium with glycerol. MS chromatogram

recorded for m/z 209.097. (B) Mass spectrum of compound with tR = 3.41 min. Acquired m/z 209.0965 corresponds to [M+H]+ of chalcone with the theoretical m/z
= 209.0966.

pH-Dependent Biosynthetic Activity of
Germlings
Biosynthesis of albaflavenone involves the activity of cytochrome
P450 (CYP170A1) which, depending on pH, can either act as
a monooxygenase (pH 7.0-8.2) or as a farnesene synthase (5.5–
6.5) (Zhao et al., 2009). Whereas β-farnesene was not synthesized
in cultures in R3, NMMP, and AM medium at pH 7.0–7.2, we
showed that the germlings produce a substance corresponding to

albaflavenone. To see whether β-farnesene is produced in more
acidic conditions, we performed a germination experiment in
R3 medium with glycerol at pH 6.0. Secondary metabolites were
extracted by the solid phase extraction, followed by the LC-MS
analysis. To compare, we used an extract after 6 h of cultivation
at pH 7.2 without changing the other conditions. Although the
direct production of β-farnesene was not found, it is clear from
the total ionic and base peak chromatograms that under different
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pH conditions S. coelicolor produces a different spectrum of
substances (Figure 4). Further analysis was beyond the scope of
this manuscript.

Biological Effects of Albaflavenone,
Germicidin A, and Chalcone
Albaflavenone

Since albaflavenone was not commercially available, its possible
effect on germination was tested using the albaflavenone-
hexane extract (see Methods). A negative control, which
contained pure hexane, was included in the experiment.
No quantitative or phenotypic changes were observed in
the tested conditions (Figure 5C). To verify this result,
a dehydrogenase activity test was performed (Figure 5D).
Metabolic activity of living cells that are present in the medium
during germination was determined as a function of their
dehydrogenase activity, proportional to the concentration of
rising TF measured by the optical density at 484 nm (see
Methods for details). The optical density increased in time
during germination at the same rate in both tested and control
samples; the albaflavenone-hexane extract created no observable
effect.

The biological effect of the other two secondary metabolites
on germination was examined using standards of gemicidin A
(Cayman Pharma) and chalcone (Sigma-Aldrich). Experiments
were performed on six-section cultivation titration plates (Gama
Group). Three fields in one column contained ONA medium
with a gradient of tested compound (0–8µg mL−1) and pure
medium without the tested substance was poured into the fields
in the other column as negative controls. Results were evaluated
in terms of the number of colony forming units (CFU) and
phenotypic changes.

FIGURE 4 | pH-dependent biosynthetic activity of germlings. Comparison of

base peak MS chromatograms acquired for culture broth extracts of S.
coelicolor’s spores after 6 h germination in R3 medium with glycerol differing at

pH; (A) pH 6.0; (B) pH 7.2.

Germicidin A

Germicidin A clearly inhibited the germination of S. coelicolor
from the concentration of 4 µg mL−1 (Figure 5A). The average
number of colony-forming units (germinating spores) was 20 on
an ONAmedium with the linear gradient of germicidin A at 4µg
mL−1 and lower; 60 colonies were grownwithout germicidin A as
a negative control. The tested colonies were of the same shape and
size as their controls. Actinorhodin productionwas quantitatively
the same.

Chalcone

Our initial experiments showed that chalcone suppressed
germination of S. coelicolor in concentrations down to 8µgmL−1

on the solid medium (Figure 5B). The average number of CFU
was 20 on a medium with a chalcone gradient (0–8µg mL−1),
contrary to 70 colonies on the chalcone-free medium. The
size of the colonies was inversely proportional to the chalcone
concentrations; the colonies were significantly smaller compared
to the negative control, suggesting a slower germination rate
and/or vegetative growth. Moreover, in the presence of chalcone,
actinorhodin was not produced throughout the whole cell cycle.
The effect of chalcone was additionally examined in R3 liquid
medium. Whereas the concentration 8µg mL−1 revealed to
be subinhibitory, the chalcone concentration of 80µg mL−1

completely suppressed the development as could be seen in
electronmicroscopic images taken from the germination course
in the 4th and 6th hour of cultivation Figure 6. As could be seen
in the image, the developing germ tubes disrupt in the presence
of chalcone, leaving empty cell envelopes.

DISCUSSION

Although many secondary metabolites of streptomycetes have
been discovered, they were most often isolated from the
stationary phase of growth, i.e., in the context of the formation
of aerial mycelium (Janecek et al., 1997; Kieser et al., 2000;
van Keulen and Dyson, 2014). However, our in silico search
within the gene expression data (Strakova et al., 2013; Bobek
et al., 2014) revealed a number of genes (including those cryptic)
responsible for the biosynthesis of secondary metabolites to
be expressed during the course of S. coelicolor’s germination
(see Table 1); especially genes responsible for the synthesis of
desferrioxamines (sco2783-2784), gray spore pigment (sco5314,
sco5318, sco5320), or yellow coelimycin P1 (sco6273-6276,
sco6277-6287, so called cpk cryptic gene cluster) (Lakey et al.,
1983; Gomez-Escribano et al., 2012). We therefore focused our
work on whether germinating spores are capable of activating the
respective biosynthetic pathways and producing any compound
within the 6 h of germination.

Metabolites that could be bound to the spore surface or
present in germination medium were identified by means of
the LC-MS analysis. Simultaneously, the secondary metabolites
produced during the sporulation phase and those associated
with the dormant spores were also included in the analysis in
order to state whether the compounds found in the samples
from germlings were synthesized de novo. The cultivations were
carried out in three different liquid media (R3, NMMP, and AM,
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FIGURE 5 | Biological activities of germicidin A, chalcone, and albaflavenone-hexane extract. Bioassays (A–C) were performed on the six-sector cultivation titration

plates in two sets with negative control triplets (see Methods for more details), representative pictures are shown. (A) (Neg.) negative control culture on ONA medium

without germicidin A. (Grad.) culture on ONA medium with a linear concentration gradient of germicidin A (0–8µg mL−1 respectively to the yellow wedge). (B) (Neg.)

negative control culture on ONA medium with a DMSO gradient without chalcone. (Grad.) culture on ONA medium with a linear concentration gradient of chalcone

(0–8µg mL−1 respectively to the yellow wedge). (C) (Neg.) negative control culture on ONA medium with a pure hexane gradient. (Grad.) culture on ONA medium

with a linear concentration gradient of the albaflavenone-hexane extract respective to the yellow wedge. (D) A dehydrogenase activity test. Spores germinated in the

presence of the albaflavenone-hexane extract (red) or in the presence of pure hexane (black). Metabolic activity was measured at denoted time points by optical

density at 484 nm.

FIGURE 6 | An inhibitory effect of chalcone on spore germination. Electron microscopic images of dormant (left) and germinating spores after two (middle) and four

(right) hours of cultivation in the liquid R3 medium. Control cultivation was performed in the absence of chalcone. In the presence of chalcone (in a concentration of

80µg.mL−1 ), spores or germ tubes are disrupted (indicated by black arrows). The white bars indicate 2.5µm.

see Methods). The nutritionally rich medium R3 was chosen for
the capacity of S. coelicolor to produce a number of structurally
distinct secondary metabolites in it, such as actinorhodin (Shima
et al., 1996) or coelimycin P1 (Gomez-Escribano et al., 2012).

In contrast to the R3 medium, the minimal liquid medium
NMMP, a poorer medium in which streptomycetes produce
fewer secondary metabolites (Hodgson, 1982), was also used.
The reason is that NMMP enables the testing of the effects
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of various ions and nutrients on the production of secondary
metabolites. The AM medium containing 20 amino acids was
also implemented into our experiments as it had been specifically
designed for germination experiments and was used throughout
the whole genome expression analyses (Bobek et al., 2004;
Strakova et al., 2013). It is known that the presence of different
carbon and energy sources in the medium qualitatively affects
secondary metabolism (Janecek et al., 1997). That is why the
presence of various sugars—glucose, glycerol, and mannitol—in
all three media types was tested. In accordance with previously
published data (Kieser et al., 2000), both glycerol and mannitol
were revealed to be a more suitable source of carbon for
secondary metabolites production in the R3 medium in our
experiments. Mannitol and glucose exhibited a higher capacity
for secondary metabolism when NMMP medium was used and
glycerol was shown to have a higher capacity in cases where AM
mediumwas used. Our results also showed that both nutritionally
richer media R3 and AM are more suited to germination and the
production of secondary metabolites than the minimal NMMP
medium, probably due to the presence of Ca2+ ions (Eaton and
Ensign, 1980; Lakey et al., 1983), L-amino acids (Hirsch and
Ensign, 1976b), or various carbon sources (Romero-Rodriguez
et al., 2016) in the richer media.

The elution methods with ethylacetate (Rajan and
Kannabiran, 2014) or the QuEChERS (Schenck and Hobbs,
2004) were not the most appropriate for isolation of secondary
metabolites. Therefore, solid phase extraction (Kamenik et al.,
2010) was applied with optimization for streptomycete secondary
metabolites. These extracts from supernatants of S. coelicolor’s
cultures were used for LC-MS analyses.

Secondary Metabolites of S. coelicolor Not
Produced during Germination
Most of the secondary metabolites, whose biosynthetic genes
had previously been shown to be expressed during germination
(Strakova et al., 2013), were not detected in samples from
germination. These include 21 genes (including sco3230-3232
that encode CDA peptide-synthetase I-III) from the cda gene
cluster [encoding synthesis of the calcium-dependent-antibiotic
(CDA)], the cryptic gene cluster cpk (genes sco6273-6288,
encoding synthesis of a polyketide antibiotic coelimycin P1),
genes sco5314, sco5318, and sco5320 (encoding synthesis of
the gray spore pigment), and genes sco5877-5878, sco5881,
sco5891-5894, and sco5898 from the so-called red gene cluster
(encoding synthesis of undecylprodigiosin), and genes sco2783-
2784 from the desABCD cluster (sco2782-2785, controlling
the synthesis of desferrioxamines). Despite the respective gene
expression, biosynthesis of more complex secondary metabolites
may not occur, since gene expression is only a requirement for
biosynthesis and not evidence of it actually taking place.

On the other hand, we found two actinorhodin congeners
- actinorhodinic acid and γ-actinorhodin (Bystrykh et al.,
1996; Okamoto et al., 2009) in all tested developmental
phases, i.e., stationary phase, dormant and germinating spores.
In germinating spores, expression of several involved genes:
sco5072-5086, sco5088, and sco5090 had been found (Strakova

et al., 2013). Despite the detected expression, we cannot exclude
the possibility that the presence of actinorhodin originates from
the stationary phase rather than from de novo synthesis in
germination (therefore the compounds are not listed in Table 3).
The reason is that actinorhodin (as well as other aromatic
pigments derived from the type II and type III polyketide
synthases) is known to be bound on the spore envelopes
throughout dormancy (Davis and Chater, 1990; Bystrykh et al.,
1996; Funa et al., 1999; Tahlan et al., 2007). This was also
confirmed by the actinorhodin detection in our samples of
dormant spores even after several washings.

Secondary Metabolites of S. coelicolor
Produced during Germination
The latest study on the topic (Xu and Vetsigian, 2017)
concludes that the germination of S. coelicolor M145 may
be positively or negatively affected by unknown substances
produced by the germlings themselves or by other streptomyces
species (e.g., S. venezuelae). The results presented here unveiled
that S. coelicolor produces three secondary metabolites during
germination, belonging to the terpenoids (albaflavenone) and
polyketides (germicidin A, chalcone). As these compounds have
not been detected in dormant spore extracts, we assume that they
are produced de novo during germination. They show a variety
of biological effects and thus perhaps help S. coelicolor suppress
competitive microflora or coordinate its own development at
the early stage of development. The biosynthetic pathways of
the detected substances encompass only a few simple reaction
steps that do not require complicated precursors and whose
biosynthetic genes are expressed during germination, as can
be found in gene expression data (Strakova et al., 2013). In
contrast, structurally complex metabolites (like the CDA) were
not detected in germination (see above).

Albaflavenone
Tricyclic sesquiterpenoid albaflavenone has an aroma similar to
geosmin (Gerber and Lechevalier, 1965; Gurtler et al., 1994).
Its biosynthesis requires only two genes: sco5222-5223 (Moody
et al., 2012). The expression of these genes can be suppressed
by cAMP-receptor protein, Crp, which also occurs in other
bacteria (e.g., in Escherichia coli). The cAMP-Crp control system
is a key regulator of germination, secondary metabolism, and
further development of S. coelicolor (Derouaux et al., 2004; Gao
et al., 2012; Bobek et al., 2017). The system also influences
the expression of biosynthetic gene clusters in S. coelicolor that
extend beyond albaflavenone actinorhodin, prodigiosin, CDA,
and coelimycin (Gao et al., 2012).

So far, the production of albaflavone in streptomycetes has
been described only in the stationary growth in S. albidoflavus
(Gurtler et al., 1994), S. coelicolor, S. viridochromogenes, S.
avermitilis, S. griseoflavus, S. Ghanaensis, and S. albus (Moody
et al., 2012). However, the expression data analysis shows that
the gene sco5223 is activated in germination (Strakova et al.,
2013), indicating the possible formation of this metabolite during
the initial 6 h of cultivation. We actually found a substance
corresponding to albaflavenone in the germination sample in the
AM medium with glycerol. The compound was also detected
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in samples from the stationary phase (positive control in R3
medium with glycerol), but not samples from dormant spores,
indicating its germination-associated de novo synthesis.

Albaflavenone is not commercially available, which is why
we used hexane extracts, where the compound was detected
by LC-MS, for testing its biological activities. We did not see
any effect, however. On the other hand, it can be assumed that
the albaflavenone produced during the germination provides an
advantage in a highly competitive soil environment because it
has a demonstrable antibacterial effect on Bacillus subtilis at the
concentration of 8µg mL−1 (Gurtler et al., 1994). Moreover, if
albaflavenone was incorporated into the hydrophobic envelope
of spores, as other terpenoids do incorporate into the lipophilic
membrane layers, it would affect the permeability of the
envelopes leading to an intense water influx into spores, thereby
accelerating their germination. If we reason that the thickness
of the hydrophobic spore envelope is not unified (Lee and
Rho, 1993), then the water influx comes into different spores
in a different intensity, and therefore, naturally, germination
is a non-synchronous process (Hirsch and Ensign, 1976a;
Xu and Vetsigian, 2017). The spores already germinated
would produce albaflavenone as a signal that environmental
conditions are appropriate for the growth of the whole
population.

β-farnesene is a sesquiterpene relative to albaflavenone with a
wide range of bioactivities (Gibson and Pickett, 1983; Avé et al.,
1987) that serves as a precursor of a number of biosynthetic
pathways, including the geosmin synthesis. The synthesis of
both albaflavenone and β-farnesene is dependent on the type of
activity carried out by cytochrome P450 (CYP170A1). It may
function either as P450 monooxygenase or as P420 farnesene-
synthase. It has been shown that the farnesene-synthase activity
predominates at pH 5.5–6.5 and in the presence of bivalent
cations (Mg2+, Mn2+, Ca2+), while at pH 7.0–8.2, it functions as
the monooxygenase, oxidizing epi-isozizaen first to albaflavenol,
and then to albaflavenone (Moody et al., 2012). Conformation
and final enzymatic activity of CYP170A1 is thus affected by
the pH of the environment. We presume that S. coelicolor
may exploit the dual pH-dependent activity of the enzyme
in order to detect optimal external conditions. Therefore, we
tested whether the biosynthetic activity is dependent on the
pH of the medium during germination. For the experiment
we performed the same R3 medium with a pH of either 7.2
or 6.0. Although we were not able to directly demonstrate the
production of β-farnesene, we proved that the spectrum of
detected substances significantly differed. Further experiments
are required to confirm the expected pH-dependent signaling
activity of the albaflavenon/β-farnesene systems.

Germicidin A
Gcs protein (a polyketide synthase type III, PKS III) is involved in
the germicidin biosynthesis in S. coelicolor (Chemler et al., 2012).
However, expression of its gene sco7221 during germination was
below the detection limit (Strakova et al., 2013). The germicidin
biosynthesis could also be related to the activity of other
genes sco7670-7671, whose expression is active in germination
(Strakova et al., 2013).

Germicidin A production has previously been described
in germination spores and in the stationary growth stage of
S. viridochromogenes (Hirsch and Ensign, 1978; Petersen et al.,
1993). It was also isolated after more than 24 h of submerged
cultivation of S. coelicolor and other streptomyces (Petersen
et al., 1993; Aoki et al., 2011; Ma et al., 2017). The results
of our work, however, show for the first time that germicidin
A is produced by germlings of S. coelicolor (in R3 medium
with glycerol or mannitol, and in AM medium with glucose or
glycerol). In contrast, germicidin B in germinating S. coelicolor
was not produced, which is consistent with the results reported
in S. viridochromogenes (Petersen et al., 1993). On the other hand,
both polyketides, germicidin A and germicidin B, were detected
here in samples from the stationary phase (in both, R3 medium
with glycerol, or mannitol and NMMP medium with glucose or
mannitol).

Germicidins belong to a richly represented group of α-pyrone
natural substances found in bacteria, fungi, plants, and animals
(Schaberle, 2016). Pyrones have many biological effects and
signal molecules for quorum sensing can be found among them
(Brachmann et al., 2013). Germicidin A is a known reversible
inhibitor of spore germination; it prevents the germination at
very low concentrations of 40 pg mL−1; i.e., only 2,400 molecules
per spore (Petersen et al., 1993). We verified this biological effect
in S. coelicolor, where germicidin A had a marked adverse effect
on germination already at as low a concentration in medium as
4µg mL−1. It is known that germicidin A affects the respiration
of spores and mycelia by interacting with the membrane Ca2+-
ATPase, inactivating the enzyme. By this mechanism, germicidin
not only prevents spores from generating sufficient energy for
germination but also inhibits hyphal growth (Eaton and Ensign,
1980; Grund and Ensign, 1985; Aoki et al., 2011). Germicidin
A also exhibits antibacterial activity against gram-positive
bacteria such as Bacillus subtilis, Arthrobacter crystallopoietes, or
Mycobacterium smegmatis (Grund and Ensign, 1985; Aoki et al.,
2011).

Because of its inhibitory effect, the production of germicidin
during germination in optimal conditions might, at first glance,
seem surprising. Its production by germinating spores might
help to co-ordinate germination within the population. Its
self-regulating function could maintain a portion of spores in
their dormant state for a prolonged period as a reserve if the
environment proves to be unfavorable or when germination
occurs in higher spore densities. Conversely, the ungerminated
spores can be further propagated in the environment and,
after overcoming the reversible inhibition, can spread in new
niches.

Chalcone
The detection of chalcone in Streptomyces has not yet been
proven to our knowledge. Its tentative identification presented
here is based on the accurate mass of analyzed supernatants
from the stationary phase and germination in R3 medium
with glycerol or mannitol. Chalcones are intermediates of
flavonoid biosynthesis where the key role in their synthesis plays
1,3,6,8-tetrahydroxynaphthalene-synthase. One of its precursors
is the naringenin-chalcone, whose involvement in the flavonoid
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naringenin biosynthesis was described in S. clavuligerus (Alvarez-
Alvarez et al., 2015). The enzyme, which belongs to PKS III,
is closely related to the plant chalcone synthase (Izumikawa
et al., 2003). Its sco1206 gene in S. coelicolor is expressed during
germination (Strakova et al., 2013).

Chalcone is apparently an instrument of interspecies
interaction, as there are referred its antifungal, phytotoxic and
insecticidal effects are outlined (Diaz-Tielas et al., 2012).
Chalcone could also function as a signaling molecule
in a symbiotic relationship, such as 4,4′-dihydroxy-2′-
methoxychalcone produced by legumes that induce transcription
of nod genes in symbiotic rhizobacteria. The products of these
genes, Nod factors, are involved in the symbiosis where
rhizobacteria produce nitrogen for plants (Maxwell et al., 1989).

Interestingly, other flavonoids - quercetin, kaempferol, and
myricetin—are known to stimulate pollen germination in
Nicotiana tabacum L. (Ylstra et al., 1992). Therefore, we
expected that chalcones produced by germinating spores
would stimulate germination under favorable environmental
conditions. Experimentally, however, we verified the opposite as
the chalcone of S. coelicolor remarkably inhibited germination. At
a concentration of 300µgmL−1, it completely suppressed growth
and at 8 µg mL−1 and lower the compound visibly inhibited
spore germination, colony differentiation, and actinorhodin
production on solid medium. Electron microscopic images taken
from liquid cultivation revealed disrupted germ tubes. This
finding correlates with a described activity of chalcone which was
shown to interfere with cell membrane of Staphylococcus aureus
(Sivakumar et al., 2009).

CONCLUSION

In this work the production of secondary metabolites in
germinating streptomycetes is systematically analyzed for the
first time. Our investigation was based on the hypothesis
that germinating spores exploit intercellular communications
(quorum sensing) to support a coordinated development in
its early stage as well as interspecies communication (quorum
quenching) to suppress metabolic activities of competing
microflora (Chen et al., 2000). This work succeeds the previous
transcriptomic analysis of germination in streptomyces (Strakova
et al., 2013), which has shown the expression of genes from
different antibiotic clusters. Here using LC-MS, we detected three
potentially important secondary metabolites—sesquiterpenoid
albaflavenone, and polyketides germicidin A, and chalcone—
that are synthesized during spore germination of S. coelicolor.
All three detected compound possess capacities to suppress

competitive microflora at the early stage of development. Their
biosynthetic pathways are simple, having only a few reaction
steps that do not require complex precursors.

Albaflavenone had been previously detected only in the
stationary phase of growth of certain streptomycetes (Gurtler
et al., 1994; Moody et al., 2012). It exhibits an antibacterial
effect and could serve as a germination signal for coordinated
development or as a factor of interspecific communication (these
suggestions are not proven here). In contrary, the two other
compounds revealed inhibitory effects on germination that may
explain slower germination rate and less synchronicity in the
model S. coelicolor, in comparison with other Streptomyces
species, such as S. viridochromogenes. Our data are consistent
with the known inhibitory effect of the supernatant of S. coelicolor
on its own germination (Xu and Vetsigian, 2017).

The widespread autoregulator of germination, germicidin
A, is known to be produced by germinating spores of S.
viridochromogenes. Here it was shown that the germlings of S.
coelicolor are also capable of its production. Chalcone is probably
one of the precursors of biosynthesis of a not yet described
flavonoid in S. coelicolor. During germination it functions as a
germination inhibitor that may serve as a means of interspecies
communication.
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cis-Antisense RNAs (asRNAs) provide very simple and effective gene expression control

due to the perfect complementarity between regulated and regulatory transcripts. In

Streptomyces, the antibiotic-producing clade, the antisense control system is not yet

understood, although it might direct the organism’s complex development. Initial studies

in Streptomyces have found a number of asRNAs. Apart from this, hundreds of mRNAs

have been shown to bind RNase III, the double strand-specific endoribonuclease. In this

study, we tested 17 mRNAs that have been previously co-precipitated with RNase III

for antisense expression. Our RACE mapping showed that all of these mRNAs possess

cognate asRNA. Additional tests for antisense expression uncovered as-adpA, as-rnc,

as3983, as-sigB, as-sigH, and as-sigR RNAs. Northern blots detected the expression

profiles of 18 novel transcripts. Noteworthy, we also found that only a minority of asRNAs

respond to the absence of RNase III enzyme by increasing their cellular levels. Our

findings suggest that antisense expression is widespread in Streptomyces, including

genes of such important developmental regulators, as AdpA, RNase III, and sigma

factors.

Keywords: cis-antisense RNA, RNase III, Streptomyces, antibiotics, gene expression control

INTRODUCTION

Bacterial small RNAs are important post-transcriptional regulators that control a variety of cell
processes. A large majority of these RNAs acts on target mRNAs via base pairing, an antisense
mechanism that leads to positive or negative regulation of the target gene, as reviewed in Thomason
(Thomason and Storz, 2010). Such antisense RNAs fall into two groups: cis- (asRNAs) and
trans-encoded (sRNAs) (Romby and Charpentier, 2010).

The trans-acting sRNAs are encoded distinctly from their target mRNA(s), which is also the
reason why the sRNA-mRNA pair mostly shares reduced complementarity. On the other hand, the
sRNAs are usually able to act on multiple targets. The trans-encoded sRNAs have been extensively
characterized and discussed in many reviews (Papenfort and Vogel, 2009; Waters and Storz,
2009). The limited base pairing requires the RNA chaperone protein Hfq in a number of bacteria.
However, Hfq is either missing or its homolog has not yet been found in several bacterial clades,
including Actinomycetes (Sun et al., 2002).

Reported proportions of cis-antisense expression in various bacteria vary from 13% in Bacillus
subtilis (Nicolas et al., 2012), 27% in Synechocystis PCC6803 (Mitschke et al., 2011a), 30% in
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Anabaena (Mitschke et al., 2011b), 46% in Helicobacter pylori
(Sharma et al., 2010), and up to 49% in Staphylococcus aureus
(Lasa et al., 2011). These transcripts are encoded on the
DNA strand opposite to their specific targets. Both asRNA
and mRNA are produced by overlapping transcription, thus
sharing perfect complementarity (summarized in Lasa et al.,
2012). The ability of asRNAs to modulate mRNA levels is not
only mediated by post-transcriptional mechanisms but they may
also directly impact transcription due to collisions between
RNA polymerases traveling in opposite directions [transcription
interference, for review see Thomason (Thomason and Storz,
2010)]. Themechanisms of post-transcriptional action of asRNAs
may be divided into two groups: (i) asRNA influences the
stability of the target mRNA by either tagging for degradation
or stabilizing its structure and/or (ii) asRNA affects translation
either by blocking or promoting ribosome access to the ribosome
binding site (Geissmann et al., 2009; Lasa et al., 2011).

In many cases of negative antisense control, the sense-
antisense RNA complex formation results in its rapid cleavage.
In many bacteria, two dominant endoribonucleases, RNase E and
RNase III, are involved in the degradation process. The RNase
E enzyme, as a member of the degradosome complex with Hfq
in E. coli, cleaves single-stranded RNA (reviewed in Carpousis
et al., 2009). The RNase III enzyme cleaves double-stranded RNA
(MacRae and Doudna, 2007). Although RNase III was initially
shown to be associated with the processing of ribosomal RNAs
(Carpousis et al., 2009; Taverniti et al., 2011), its involvement in
the degradation of sense/antisense pairs is being reported in an
increasing number of publications (Blomberg et al., 1990; Gerdes
et al., 1992; Lasa et al., 2011, 2012; Durand et al., 2012; Lioliou
et al., 2012; Lybecker et al., 2014a,b; Le Rhun et al., 2016).

In Staphylococcus aureus, deep sequencing of the short
RNA fraction revealed a massive accumulation of 22-nucleotide
RNA fragments generated by the RNase III cleavage of paired
transcripts (Lasa et al., 2011). More than 75% of the fragments
corresponded to the overlapping transcription frommost regions
of the chromosome. The number of short RNA fragments
was significantly decreased in an RNase III-deletion strain. In
contrast, such a collection of short RNA fragments was not
found when using a similar transcriptome analysis for the Gram-
negative bacterium Salmonella enterica (Viegas et al., 2007).

Bacteria of the genus Streptomyces undergo a complex
mycelial life cycle. Their growth starts with the germination of
spores that develop into a vegetative mycelium of branching
hyphae. Subsequent development of aerial hyphae is considered
to be a cell response to nutrient depletion (Chater and
Losick, 1997). At this stage part of the vegetative mycelium
is lysed and can be used as a nutrient source, while the
synthesis of antibiotics reaches its maximum presumably to
avoid competitive organisms. Eventually, the aerial hyphae are
dissected into spores by sporulation septa, producing chains of
uninucleoid spores.

The complexity of the morphological and physiological
differentiation in Streptomyces can be documented by the
existence of more than 900 transcriptional protein regulators that
control the metabolic and developmental transitions. Among
them, over 60 sigma factors have been identified thus far

(Gruber and Gross, 2003). Besides sigma factors, one of the most
pleiotropic transcription regulators is AdpA. AdpA is expressed
in an A-factor-dependent manner in Streptomyces griseus and
acts as a transcriptional repressor as well as an activator
thus controlling expression of several hundred genes during
Streptomyces development (Higo et al., 2012). In Streptomyces
coelicolor, not only could AdpA-mRNA bind purified RNase III
in vitro, but, as also shown, AdpA and RNase III coordinated
the expression of each other in a posttranscriptional feedback
loop (Xu et al., 2010). This finding may rationally explain the rnc
(RNase III-deficient) mutant phenotype that affects expression of
genes involved in sporulation and antibiotic production.

Although RNase III from the Streptomyces genus was recently
shown to assist processing of ribosomal RNAs (Jones et al., 2014),
it came to light as a global regulator of antibiotic biosynthesis
(Adamidis and Champness, 1992; Aceti and Champness, 1998;
Huang et al., 2005; Gatewood et al., 2012; Lee et al., 2013; Jones
et al., 2014). In Streptomyces coelicolor, the deletion of the gene
encoding RNase III [rnc gene, also termed as absB (Adamidis
and Champness, 1992)] leads to a severely reduced production of
at least four antibiotics (actinorhodin, undecylprodigiosin, CDA,
and methylenomycin) (Price et al., 1999; Chang et al., 2005; Sello
and Buttner, 2008). Microarray analysis was used to compare
the levels of gene expression in the S. coelicolor parental strain
and the RNase III mutant strain (Huang et al., 2005). A wide
effect of the ribonuclease was found, mainly on genes connected
with sporulation and antibiotic production. In the rnc mutant
strain, sporulation genes were up-regulated, whereas activators
of the antibiotic biosynthetic pathways (e.g., actII-ORF4, redD,
redZ, and cdaR) were down-regulated, which is consistent with
defects in antibiotic production. However, Strakova (Strakova
et al., 2013) revealed that rnc expression is activated from the first
hour of germination, suggesting a more general role for RNase
III, either in ribosomal RNA or in asRNA processing. Subsequent
microarray and co-immunoprecipitation analyses, performed by
Gatewood (Gatewood et al., 2012), revealed at least 777 mRNAs
bound by the RNase III enzyme. The authors also showed that
the absence of the enzyme directly or indirectly affected the levels
of hundreds of mRNAs and at least two small RNAs. These
very valuable results greatly inspired the work described in this
paper.

Confirmation of the expected employment of small RNAs in
the regulation of cell processes, including primary metabolism,
developmental transitions, antibiotic production, and various
stress responses is being increasingly reported (Palecková et al.,
2007; Pánek et al., 2008; Swiercz et al., 2008; D’Alia et al.,
2010; Mikulík et al., 2014). Hundreds of cis-acting asRNAs
were identified using RNA sequencing in two recent studies
(Vockenhuber et al., 2011; Moody et al., 2013). Here, we further
exploited Gatewood’s results to see if there are connections
between asRNAs and RNase III, which have not yet been reported
in Streptomyces. We selected 17 mRNAs that are bound by the
RNase III enzyme in vivo as stated in Gatewood et al. (2012)
to check if they possessed an antisense transcript. Surprisingly,
the search for asRNAs within the selected group of mRNAs
was 100% successful. Moreover, additional analyses revealed
antisense transcripts to selected mRNAs that encode RNase III
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and several transcription regulators (AdpA, SigB, SigH, and
SigR).

Although our data did not elucidate the exact role of newly
found asRNAs in the RNase III-degradation pathway, the current
findings further demonstrate that the antisense mechanism is
widely present in Streptomyces and antisense RNAs are possibly
involved in developmental and antibiotic synthesis control.

MATERIALS AND METHODS

Bacterial Strain, Cultivation
In this study, the Streptomyces coelicolor wild-type (wt) strain
M145 (Kieser et al., 2000) and its RNase III-deletion strain
derivative [rnc, M145 rnc::aac(3)IV (Sello and Buttner, 2008)]
were used. 108 spores were inoculated on solid R2YE medium
(Kieser et al., 2000) covered by cellophane at 29◦C. Bacterial
samples were collected after 24, 48, and 72 h of cultivation, where
each time point represented a different developmental stage, i.e.,
vegetative mycelium, aerial mycelium, and spores.

RNA Isolation
Total RNA was isolated using a TRIzol method (Van Dessel
et al., 2004). Harvested cells were immediately submerged in
TRIzol reagent (Ambion) on ice (1ml of TRIzol per 50 cm2 of
culture dish surface area). Five glass beads (3mm in diameter)
were added to the cell suspension. The cells were disrupted
using a Minilys homogenizer (Precellys) twice for 2min at
3,000 rpm and twice for 2min at 4,000 rpm, cooled on ice
between the cycles. The samples were subsequently centrifuged
for 2min at 10,000 g and purified in TRIzol/chloroform (5:1) and
chloroform. For RNA precipitation, the samples were incubated
in isopropanol at−20◦C overnight and centrifuged for 30min at
10,000 g. RNA samples were washed in ethanol and resuspended
in 30µl of RNase-free water. Residual DNA in the RNA samples
was removed by DNase I treatment (Ambion). Typically, a
concentration between 1 and 3.5µg/µl was obtained. RNA
quality was checked on a 1% agarose gel.

5′ and 3′ Race
RNA samples were isolated after 48 h of cultivation of both
wt and rnc strains. Antisense RNA expressions were tested by
means of the FirstChoice RLM-RACE Kit (Ambion) following
the manufacturer’s protocol with the several exceptions:

1. Because the uncapped 5′ ends of bacterial RNAs are
sensitive to the CIP (calf intestinal phosphatase) enzyme
dephosphorylation, the treatment was omitted from the 5′

RACE procedure.
2. A gene-specific primer (see Figure 1) was used instead of

random decamers in the 5′RACE. The 5′RACE primers as
well as the probes used for Northern blot hybridizations
were designed to cover the ribosome binding site and start
codon of a cognate mRNA. All of the primers were designed
using the Primer3 software (http://sourceforge.net/projects/
primer3/) (Untergasser et al., 2012).

3. The PrimeScript (Takara, 100 units per 10µl of reaction
mixture) reverse transcriptase was always included in the

experiment. Negative control lacking the enzyme was always
attached to the experiment.

4. The reverse transcription proceeded at 42◦C for 45min and
48◦C for 10min.

5. Preceding the 3′RACE, total RNA samples were
polyadenylated by 5 units of Poly(A) Polymerase I (New
England Biolabs), according the manufacturer’s protocol.

Final PCR products were separated on a 1.2% agarose gel.
Products that were found in samples but absent in negative
controls were excised and purified using the Qiagen MinElute
PCR purification kit. The purified products were cloned into
the TOPO vector using the TOPO TA Cloning (Invitrogen)
and transformed into E. coli One Shot TOP10F’ competent
cells (Invitrogen). Plasmids containing the cDNA inserts were
extracted using the QIAprepMiniprep kit, and sequenced to map
5′ and 3′ ends of RNAs reverse-transcribed.

Reverse Transcription and PCR
Experiments were performed according to the reverse
transcription and PCR protocols described in the FirstChoice
RLM-RACE Kit using gene specific DNA probes (details in
Results and discussion). The PrimeScript (Takara, 100 units per
10µl of reaction mixture) was used as a reverse transcriptase. A
negative control PCR reaction used the original RNA sample as a
template.

Northern Blot Analysis

RNA samples (30µg) were denatured for 10min at 70◦C
in RNA loading buffer (95% formamide, 0.1% bromophenol
blue, 0.1% xylene cyanol, 10mM EDTA) and separated in
a 1% agarose gel containing formaldehyde, provided by the
NorthernMax Kit (Ambion). Separated samples were transferred
onto positively charged nylon membranes (ZetaProbe, Bio-Rad)
by electroblotting at 240mA for 45min. The nylon membrane
was UV-crosslinked.

Oligonucleotides were radioactively labeled on their 5′ ends by
γ-32P-ATP using T4 polynucleotide kinase (Thermo Scientific)
and purified (QIAquick Nucleotide Removal Kit, Qiagen).
Hybridization was performed in ULTRAhyb hybridization buffer
(Ambion) overnight at 37–42◦C. The membranes were then
washed twice with 2xSSC, 0.1% SDS (NorthernMax kit) at room
temperature and once with 0.1xSSC, 0.1% SDS (NorthernMax
kit) at 42◦C. The membranes were dried and exposed in a
BAS cassette on the imaging plate (Fuji-Film) for 4 days. The
signals were visualized using a Phosphorimager FX (Bio-Rad)
and quantified using QuantityOne analysis software (Bio-Rad),
where the signals were standardized proportionally to the 5S
RNA levels. Each northern blot was performed at least twice with
samples from separate cultivations in the same conditions.

RESULTS

Using the RNA-seq approach, Gatewood (Gatewood et al., 2012)
compared gene expression between the S. coelicolor M145 wild
type strain and the JSE1880 rnc-mutant strain. The authors
found that approximately 10% of all mRNAs from the vegetative
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FIGURE 1 | Novel asRNAs revealed by 5′and 3′RACE method, and their genome locations (sequence of asRNA in red, sequence of mRNA in blue). Transcriptional

start sites are indicated by arrows. Full green line represents 5′RACE inner primers, dotted green line represents 5′RACE outer primers, full orange line represents

3′RACE inner primers, dotted orange line represents 3′RACE outer primers. (A) Experimental set; (B) Control set; (see text for details).
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state of growth were directly or indirectly affected by RNase
III. In addition, they applied RNA immunoprecipitation to
detect mRNAs targeted by the enzyme (referred to in their
paper as BARD, bead-antibody-RNA-D70A strain). However, the
necessity of involvement of other transcripts for the binding
of the double-strand-specific enzyme to the mRNAs is still
unknown in the case of Streptomyces. In vitro assays showed that
the RNase III digests mRNA transcripts SCO3982 to SCO3988
and SCO5737 unattended (i.e., without asRNA) (Gatewood et al.,
2012), whereas another unattended transcript, SCO0762, was
not cleaved (Xu et al., 2008). Although Streptomyces as GC rich
bacteria form highly structured RNAs, naturally occurring stem-
loop structures of most mRNAs are too short to be bound by the
RNase III enzyme that requires a minimum of approximately 20
bp of double stranded RNA for binding in vivo (Robertson, 1982).

RNase III-Binding mRNAs and Small RNAs
Genome Vicinities
Here, to probe if the antisense RNA expression occurs in the
vicinity of the RNase III-binding mRNAs (or alternatively, the
binding is not complexed with asRNA), we firstly analyzed the
genes whose transcripts are affected by RNase III (i.e., those
mRNAs that are increased by more than two-fold in the JSE1880
rnc-mutant or detected in BARD as listed in the Table S2 in
Gatewood; Gatewood et al., 2012). We asked whether in the
proximity of these genes lies a gene encoding for any of 1713
small RNAs found or predicted in S. coelicolor up-to-date (Pánek
et al., 2008; Swiercz et al., 2008; D’Alia et al., 2010; Vockenhuber
et al., 2011; Moody et al., 2013) that could act on the messenger
by the antisense mechanism. We found out that from the 153
mRNAs increased in JSE1880 (at a single experimental time
point), 45 neighbor with one of the 1713 small RNAs that could
thus theoretically act as an asRNA. From these 45 mRNAs, 21
mRNAs were listed in the BARD, i.e., they bind RNase III.
These data, summarized in Table 1, encouraged us to search for
novel asRNAs expressed in the opposite direction to other RNase
III-binding mRNAs.

Experimental Search for Novel
cis-Antisense Transcripts
Genes for the experimental analyses had been selected
independently of the in silico search above. We altogether
tested 30 genes for the possible novel antisense expression. The
initial experimental set consisted of 17 exemplar genes which we
selected out of a total of 37 genes whose mRNAs were enriched
in the BARD, i.e., they co-precipitated with RNase III (listed in
Table 2, see also Gatewood’s Table 2 and Table S3 in Gatewood
et al., 2012). Within this set, only as1625, as2198, and as5112
genes have been predicted before (see Table 1). The control set
consisted of three other genes—SCO5737, adpA, and rnc (the
gene of RNase III) that had been previously shown to be directly
targeted by RNase III in vitro (Xu et al., 2008, 2010; Gatewood
et al., 2012). Additionally, to determine whether the existence of
antisense transcripts involves only those messengers bound by
RNase III or is even more widespread, we decided to add into
the control set the genes whose transcripts have not been shown

to bind RNase III. For these tests, we selected 10 genes encoding
sigma factors (HrdA, HrdB, HrdC, HrdD, SigB, SigD, SigE, SigH,
SigR, and WhiG) as important transcriptional regulators that
govern gene expression, controlling cell development and/or
responses to various stresses (Bobek et al., 2014).

We reasoned that many asRNAs overlap the ribosome binding
site and the start codon of their target, possibly leading to
negative translational control. Following this, all of the DNA
primers used here to find antisense transcripts have been
designed accordingly (Figure 1). To demonstrate expression of
antisense transcripts, 5′ RACE analyses were performed using
the primers. Sequence(s) extended from the primer was/were
PCR amplified and sequenced. To avoid false positive results,
each reverse transcription was accompanied with a negative
control sample lacking the reverse transcriptase in the reaction.
The resulting electrophoretograms of both the experimental
and the negative control samples were compared to exclude
non-unspecific fragments in the experimental sample from
sequencing.

From the total of 30 samples tested (involving both the
experimental and the control set), 22 revealed a novel antisense
transcript in cis (5′ end(s) detected; see Table 2).

From the 17 samples of the experimental set (i.e., our selection
from those mRNAs enriched in the BARD), 17 cognate asRNAs
were detected (three of them have been predicted previously as
could be seen in Table 1), signifying a 100% outcome within this
group (Figure 1A). The 3′ RACE revealed 16 3′ ends within the
experimental set (scr0168 unsuccessful, northern blot was not
performed).

In the control set (Figure 1B), our RACE data detected
transcripts antisense to adpA (as-adpA), rnc (as-rnc), and three
sigma factor genes (as-sigB, as-sigH, as-sigR). Seven sigma factor
genes and the transcript SCO5737, which is bound by RNase III
in vitro, did not reveal antisense expression.

Due to our primer design, we did not detect such antisense
transcripts acting on messenger’s 3′ end [in Moody (Moody et al.,
2013) termed as cutoRNAs]. Also the experimental approach
did not allow identification of trans-encoded sRNAs, although
similar complementary sequence on the genome could be found
(as examples, novel RNAs as0772, as0600, as3983, and as5216
could theoretically act on other targets throughout the genome).

Sometimes the RACE analysis may produce false positive
results due to the RNA self-priming during the reverse
transcription which could be theoretically caused by stem-loop
structures formation. In order to confirm the existence of the
newly found cis-antisense transcripts and to compare their
expression during Streptomyces cell development (24, 48, and
72 h at standard growth conditions, see methods), we performed
northern blot analyses. From the total of 22 analyzed, 18 asRNAs
revealed an apparent signal (Figure 2; for the raw northern
blot images see Presentation 1 in Supplementary Material). The
signals of the remaining four were too weak or undetectable.

Details describing expression profiles of asRNAs are
summarized in Table S1 and signal quantification is presented in
Table S2 online, where the listed relative values proportional to
the 5S RNA controls correspond with intracellular levels of the
analyzed transcripts.
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TABLE 1 | In silico search for sRNA genes adjacent to mRNAs that are up-regulated in rnc mutant.

Selected genes whose

expression increased in

JSE1880 (blue indicate

transcripts present in the

BARD; Gatewood et al., 2012)

Antisence/adjacent small

RNAs (scr = small

coelicolor RNA)

References Relative orientation of asRNA gene to its

possible mRNA target (red arrow) and the

second adjacent gene (black arrow), *

unknown (ambiguous) strand of asRNA

gene, => orientation of asRNA gene,

cutoRNA—antisense transcripts acting on

messenger’s 3′ end

Comment

SCO 0499 scr 0500 Moody et al., 2013 Ambiguous –> * <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 0500 scr 0500 Moody et al., 2013 Ambiguous –> * <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 1150 scr 1150 Moody et al., 2013 cutoRNA –> <= <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 1565 scr 1566 Swiercz et al., 2008 Ambiguous <– * –> Predicted

SCO 1626 scr 1625 Moody et al., 2013 cutoRNA –> <= <– as1625 analyzed here

SCO 1630 scr 1631 Swiercz et al., 2008 Ambiguous <– * <– Predicted

SCO 1659 scr 1659 Swiercz et al., 2008 Ambiguous –> * –> Predicted

SCO 1700 scr 1700 D’Alia et al., 2010 cis asRNA <– => <– Predicted by RNAz (D’Alia et al.,

2010)

SCO 1906 scr 1907 Swiercz et al., 2008 Ambiguous <– * <– Predicted

SCO 2197 scr 2198 Swiercz et al., 2008 Ambiguous <– * –> Predicted

SCO 2198 scr 2198 D’Alia et al., 2010 cis asRNA <– <= –> Confirmed, as2198 analyzed

here

SCO 3003 scr 3004 Swiercz et al., 2008 Ambiguous <– * –> Predicted

SCO 3113 scr 3114 Swiercz et al., 2008 Ambiguous –> * <– Predicted

SCO 3132 scr 3133 D’Alia et al., 2010 cis asRNA –> <= <– Predicted by RNAz (D’Alia et al.,

2010)

SCO 3216 scr 3216 Swiercz et al., 2008 Ambiguous <– * –> Predicted

SCO 3217 scr 3217 Swiercz et al., 2008 Ambiguous –> * –> Predicted

SCO 4095 scr 4096 Swiercz et al., 2008 Ambiguous –> * –> Predicted

SCO 4142 scr 4143 Swiercz et al., 2008 Ambiguous <– * <– Predicted

SCO 4144 scr 4145 Swiercz et al., 2008 Ambiguous <– * <– Predicted

SCO 4145 scr 4145 Swiercz et al., 2008 Ambiguous <– * <– Predicted

SCO 4145 scr 4146 Swiercz et al., 2008 Ambiguous <– * –> Predicted

SCO 4229 scr 4229 Swiercz et al., 2008 ambiguous <– * –> Predicted

SCO 4249 scr 4249 Swiercz et al., 2008 Ambiguous <– * –> Predicted

SCO 4283 scr 4283 Moody et al., 2013 cutoRNA –> <= <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 4698 scr 4699 Moody et al., 2013 Ambiguous –> <= –> Predicted

SCO 4748 scr 4749 Moody et al., 2013 cutoRNA –> => <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 4882 scr 4883 Swiercz et al., 2008 Ambiguous –> * –> Predicted

SCO 4947 scr 4947 Swiercz et al., 2008 Ambiguous –> * –> Predicted

SCO 5106 scr 5106 Moody et al., 2013 cutoRNA –> => <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 5112 scr 5112 Swiercz et al., 2008 cis asRNA –> * –> Predicted, as5112 analyzed here

SCO 5142 scr 5143 Moody et al., 2013 Ambiguous –> <= –> Predicted

SCO 5145 scr 5145 Swiercz et al., 2008 Ambiguous <– * –> Predicted

SCO 5145 scr 5146 Moody et al., 2013 cutoRNA –> => <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 5163 scr 5164 Swiercz et al., 2008 Ambiguous <– * –> Predicted

SCO 5476 scr 5476 Swiercz et al., 2008 Ambiguous –> * –> Predicted

SCO 5519 scr 5518 Moody et al., 2013 Ambiguous <– * –> Predicted

SCO 5520 scr 5521 Swiercz et al., 2008 Ambiguous –> * –> Predicted

SCO 5521 scr 5521 Swiercz et al., 2008 Ambiguous –> * –> Predicted

(Continued)
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TABLE 1 | Continued

Selected genes whose

expression increased in

JSE1880 (blue indicate

transcripts present in the

BARD; Gatewood et al., 2012)

Antisence/adjacent small

RNAs (scr = small

coelicolor RNA)

References Relative orientation of asRNA gene to its

possible mRNA target (red arrow) and the

second adjacent gene (black arrow), *

unknown (ambiguous) strand of asRNA

gene, => orientation of asRNA gene,

cutoRNA—antisense transcripts acting on

messenger’s 3′ end

Comment

SCO 5536 scr 5536 Pánek et al., 2008 Ambiguous <– * –> Termed #234

SCO 5537 scr 5537 Swiercz et al., 2008 Ambiguous –> * <– Predicted

SCO 5757 scr 5756 Swiercz et al., 2008 Ambiguous –> * –> Predicted

SCO 6277 scr 6277 Moody et al., 2013 cis asRNA –> <= –> mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 6283 scr 6284 Moody et al., 2013 Ambiguous –> * –> Predicted

SCO 6284 scr 6284 Moody et al., 2013 Ambiguous –> * –> Predicted

SCO 6284 scr 6285 Moody et al., 2013 Ambiguous –> <= –> Predicted

SCO 6396 scr 6396 Moody et al., 2013 Ambiguous –> * –> Predicted

SCO 6716 scr 6716 Moody et al., 2013 cutoRNA –> <= <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

SCO 6716 scr 6717 Moody et al., 2013 cutoRNA –> => <– –

SCO 6728 scr 6729 Moody et al., 2013 cutoRNA –> => <– mRNA up-regulated in JSE1880

(Gatewood et al., 2012)

Vice Versa: scr2101 Small RNAs Found in
BARD (Gatewood et al., 2012) Is Antisense
to the SCO2100-SCO2101 Transcript
In Gatewood’s work, expression of two small RNAs, scr6925
and scr2101, was enriched in the rnc strain (scr = small
S. coelicolor RNA). These data imply their antisense role and
subsequent processing by the RNase III enzyme. The expression
of scr2101 was previously revealed by Swiercz (Swiercz et al.,
2008). Gatewood et al. (2012) showed that the molecule is up-
regulated in the JSE1880 strain (lacking the RNase III), where its
level was 7-fold higher compared to that in the wild type strain.
scr2101 was also shown to be bound by the enzyme (presented in
the BARD, although its enrichment was only 0.57). As the RNA’s
gene lies on the opposite strand between SCO2100 and SCO2101,
we raised the question whether these two protein-coding genes
form an operon, producing one common transcript targeted by
the scr2101 antisense RNA. The potential SCO2100-SCO2101
common transcript was used here as a template for reverse
transcription using a DNA probe complementary to the 5′ end
of the SCO2101 mRNA (TGTCCCGGCTGCTCCAGGGA). The
second DNA primer, used for the following PCR amplification,
was identical to the 3′ end of the SCO2100 mRNA sequence
(CGTAGGTCCCCGCCCGCT), thus forming a 635-nt product,
which was indeed produced. Use of a negative control PCR
reaction, where the original RNA was used instead of a template,
eliminated the risk of false positive results (Figure S1). This
finding suggests that the antisense function of scr2101 (which
thus should be termed as as2101) targets the region between
two open reading frames. Although the binding experiments are
outside the scope of this paper, our findings raise demand to
expand the RNase III-binding analyses to the unannotated sRNA
transcriptome.

DISCUSSION

Novel asRNAs to mRNAs That Bind RNase
III in Vitro
The double stranded stems of stem-loop mRNA structures are
thought to be too short to be digested by the RNase III enzyme
(Robertson, 1982). On the other hand, one may argue that the
stem-loop structures on several mRNAs are the only possible
targets for RNase III activity. Indeed, the enzyme is involved
in pre-rRNA, tRNA, and polycistronic RNA processing (Conrad
and Rauhut, 2002; Drider and Condon, 2004), where such stem-
loop structures are present and possibly long enough to be
cleaved by the enzyme. Gatewood clearly showed that some
lone mRNAs are targeted and cleaved by RNase III in vitro

(SCO5737, or the SCO3982 to SCO3988 mRNA region). In
accordance to the first example, our experiments did not reveal
any antisense transcript to the SCO5737 (which encodes a
polynucleotide phosphorylase). Its mRNA transcript is 2,220
nt in length, and thus might be capable of forming several
longer double-stranded regions observed by RNAfold (http://
rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; fig. not
shown), which are most likely targeted by the RNase III enzyme
in vitro.

On the other hand, we show that at least one member of the
SCO3982-SCO3988 operon – SCO3983 possesses an antisense
gene. Its transcript, as3983, is 103 nt long and exhibited a
strongest expression signal in vegetative cells (24 h) of the rnc
strain. The mRNA also had a strong signal at 24 h and 48 h,
even elevated in the rnc strain. Moreover, we observed that the
as3983 sequence is nearly identical to the region adjacent to
SCO3268 and theoretically may thus also act on this transcript
in trans.
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TABLE 2 | The list of analyzed genes.

Genes selected for

the analyses

Encoded protein Relation of mRNA to RNase III RACE
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SCO 0168 Possible regulatory protein 100 2.41 +/− WT – +/+

SCO 0198 Hypothetical protein 47.6 2.70 +/+ WT + −/−

SCO 0219 Putative nitrate reductase delta chain 30 2.18 +/+ WT, RNC + −/−

SCO 0323 Hypothetical protein 138 1.62 +/+ WT, RNC + +/+

SCO 0494 Probable iron-siderophore binding

lipoprotein

19 −2.14 +/+ RNC + −/−

SCO 0703 Putative regulatory protein 119 1.36 +/+ RNC + −/−

SCO 0772 Putative regulatory protein 3 2.46 +/+ WT, RNC + +/−

SCO 0864 Probable ECF-family sigma factor 234 1.70 +/+ WT + −/−

SCO 1626 Cytochrome P450 22.8 −2.6 +/+ WT, RNC + +/+

SCO 2081 Hypothetical protein 86 1.23 +/+ WT, RNC – −/−

SCO 2198 Glutamine synthetase I 12.4 2.9 +/+ RNC + +/+

SCO 3983 Hypothetical protein 1.5 2.14 +/+ WT, RNC + +/−

SCO 4077 Hypothetical protein 184 −1.01 +/+ WT, RNC + +/−

SCO 4878 Glycosyltransferase 1.6 2.00 +/+ RNC – +/−

SCO 5040 Hypothetical protein 122 1.22 +/+ RNC – −/−

SCO 5112 Putative ABC transport systém

integral membrane protein, BldKA

1.4 2.56 +/+ WT, RNC + +/−

SCO 5123 Small membrane protein 247 1.24 +/+ WT, RNC + +/−

C
o
n
tr
o
l
s
e
t

SCO 2792 AdpA In vitro binding +/+ RNC + +/+

SCO 5572 RNase III In vitro binding +/+ WT + +/+

SCO 5737 Guanosine pentaphosphate

synthetase/polyribonucleotide

nucleotidyltransferase

In vitro binding −/− – – +/+

SCO 0600 RNA polymerase sigma factor SigB Unknown +/+ WT + +/−

SCO 0895 RNA polymerase sigma factor HrdC Unknown −/− – – +/−

SCO 2465 RNA polymerase sigma factor HrdA Unknown −/− – – +/+

SCO 3202 RNA polymerase sigma factor HrdD Unknown −/− – – +/+

SCO 3356 RNA polymerase sigma factor SigE Unknown −/− – – +/−

SCO 4769 RNA polymerase sigma factor SigD Unknown −/− – – +/−

SCO 5216 RNA polymerase sigma factor SigR Unknown +/+ WT + +/−

SCO 5243 RNA polymerase sigma factor SigH Unknown +/+ WT + +/+

SCO 5621 RNA polymerase sigma factor WhiG Unknown −/− – – −/−

SCO 5820 RNA polymerase sigma factor HrdB Unknown −/− – – +/−

*The expression was confirmed from the RNA-Seq data (Vockenhuber et al., 2011)/(Moody et al., 2013).

In addition to the identified as3983 RNA, we have found
antisense transcripts to two other mRNAs targeted by RNase
III in vitro. These two mRNAs code important developmental
regulators that influence antibiotic production—AdpA and the
RNase III itself.

According to Gatewood’s results, the adpA mRNA was
enriched 22-fold in the BARD. Therefore, we asked whether
AdpA expression is controlled by an antisense mechanism.
Indeed, our RACE analysis revealed a 223-nt long antisense
transcript termed as-adpA (Figure 1B) and although subsequent
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northern blot weakly detected the transcript in the wt strain
(faint signal at 72 h stage of growth, Figure 2B), it was clearly
found in the rnc strain at later stages, peaking at the 48 h old
mycelium.

The rnc gene (SCO5572) that encodes the RNase III enzyme
is the last member of a three gene operon, about 2,000 nt in
length, that also encodes a hypothetical protein SCO5570 and a
ribosomal protein L32 (SCO5571). A point mutation at amino
acid position 120 of the RNase III protein causes deficiency in
the ribonucleolytic activity of the enzyme, whereas its ability
to bind double stranded RNAs remains intact (Huang et al.,
2005). Observations that the rnc mRNA abundance is increased
in these mutants led to discovery that RNase III cleaves among
others its own transcript (Xu et al., 2008). Consistently, our
northern blot analyses did not detect the rnc transcript in the
wt strain, though we clearly confirmed the as-rnc RNA, which
was detectable during the time course. Hence the antisense
mechanism is probably involved in gene expression control of
regulatory proteins such as the RNase III enzyme or the AdpA
transcription regulator. Our future effort will be focused on more
detailed characterization of the involvement of these two novel
asRNAs in Streptomyces development.

as2198 RNA as an Example from the
Experimental Set
as2198 is an asRNA to the glnA gene (SCO2198, encoding a
glutamine synthase) and was previously independently shown to
be expressed, termed cnc2198.1 (D’Alia et al., 2010). The authors
performed a detailed functional analysis and revealed that
overexpression of cnc2198.1 affects growth rate and antibiotic
production. In the overexpression strain, the intracellular level
of the targeted GlnA protein was decreased by 40%. The authors
speculated that the glnA-cnc2198.1 RNA complex blocks glnA
translation, which may lead to its subsequent degradation. We
further hypothesize that the complex is degraded by the RNase
III enzyme, as our northern blot revealed that the asRNA level
is increased in the rnc mutant. Our RACE mapping estimated
the size of the antisense transcript to be 432 nt, nearly four times
longer than the 121 nt transcript described by D’Alia et al. (2010).
Moreover, the detected 3′ end overlapped the adjacent SCO2197,
revealing that as2198 is in fact the 5′UTR of the SCO2197
mRNA. The fact that our northern blot showed a second, weaker
fragment of 425 nt in size, could mean that the SCO2197
gene possesses another promoter or its transcript is further
processed. Both of the detected fragments, as well as the cognate
SCO2198 mRNA, had the strongest expression signals in samples
from vegetative 24-h old cells, even strengthened in the rnc
strain.

Are the Sense-Antisense Transcripts
Cleaved by RNase III?
Because the sense mRNAs of the antisense transcripts found
here are targeted by RNase III (or at least, their expression was
negatively affected in the presence of the enzyme), we speculated
that the RNase III enzyme is the most likely candidate for the
paired transcript degradations. The 18 northern blot positive

results proved the existence of novel asRNAs. However, only
five of those asRNAs were increased in the rnc strain when
compared to the expression in the wild type strain. These
included as0494, as0864, as2198, as3983, and the as-adpA. On
the other hand, in two other cases, our northern blots suggest
even a positive effect of the presence of RNase III enzyme on
the cellular level of asRNAs (as0323 and as5112, see below).
Consistently, Gatewood (Gatewood et al., 2012) showed that the
majority of known sRNAs, detected in their RNA-seq analysis,
do not exhibit significant expression differences between the
wild-type and the rnc-deletion mutant. As another example of
sense-antisense RNA pair with an undistinguishable or even a
positive effect of the enzyme on its stability in Streptomyces is the
scr4677-SCO4676 complex (Hindra et al., 2014). The possibility
that the RNase III enzyme does not always post-transcriptionally
degrade sense-antisense complexes is also inferred from a study
on sRNA degradation by three different RNases (RNase Y, J1, and
III) in another Gram-positive bacterial model, Bacillus subtilis
(Durand et al., 2012). In Bacillus, RNase III depletion has little
effect on antisense RNAs observed by high-resolution tiling
arrays. Although several RNAs showed increased abundance in
the RNase III mutant, their half-lives were not affected by the
enzyme, as observed by northern blot analysis. The authors
concluded that the role of RNase III in Bacillus subtilis lies
more likely in indirect transcriptional control rather than post-
transcriptional RNA turnover. One may argue that the function
of the enzyme might be substituted by other ribonucleases in rnc
mutants. As the RNase III-bindingmRNAsmay serve as a fruitful
source for novel antisense transcript discoveries, we can assume
that the mRNA-asRNA pairs are targeted by the enzyme but not
always degraded. An involvement of some other RNA-binding
proteins, such as RNA helicase or Hfq-like protein which has
not been found in Streptomyces yet, could be expected (Gerhart
Wagner, Uppsala University, Sweden, personal communication).
On the other hand, the possibility that in other cases the
antisense transcripts might protect their mRNA targets against
the RNase III cleavage should be taken in mind. Clarification of
the exact role of RNase III enzyme in Streptomyces remains to be
established.

asRNAs as a Potential Part of the Gene
Expression Control System in
Streptomyces
The genus Streptomyces can be presented as a model bacterial
group lying on the top of prokaryotic cellular complexity.
Their 8–10 Mbp long genome encodes all the developmental
stages, including morphological changes (spore formation
and germination, vegetative branching hyphae, aerial twisting
mycelium), secondary metabolite production (antibiotics and a
variety of other bioactive compounds, siderophores, pigments,
etc.) and a capacity to respond to all possible environmental
changes (diverse stresses) that are encountered. Developmental
transitions and environmental intricacy require advanced
regulatory networks that involve a concerted action of more than
900 transcription regulatory proteins known thus far. Here we
unveiled 22 novel antisense transcripts, out of which 18 were
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FIGURE 2 | Differential expression analyses of novel asRNAs and their target mRNAs in WT and rnc strains. Three black lines (from long to short) represent RNA

samples from vegetative mycelium (24 h), aerial mycelium (48 h), and spores (72 h), respectively. To enable comparison of the expression profiles, all asRNA-mRNA

pairs from both WT and rnc strains were analyzed on the same blot. Sizes of the products well corresponded to those obtained by RACE. Primers used are shown on

the right. The 5S loading control is included below. The signal quantification is presented in Table S2. (A) Experimental set; (B) Control set; (see text for details).
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confirmed by northern blot analyses. These results suggest an
equivalent role and possibly even bigger number of non-protein-
coding RNA regulators. The cis-antisense transcripts are efficient
gene expression modulators with minimal space requirements
on their genome (Georg and Hess, 2011), with a theoretical
capability to act on nearly all genes. Moreover, the mode
of their action (whether based on co-transcriptional collision
or post-transcriptional 100% complementarity) is simple and
effective. Our work suggests that antisense transcription is
widespread in Streptomyces and somehow connected with
the function of RNase III, although the absence of the rnc
gene did not greatly influence the majority of the transcripts.
It is noteworthy that the majority of antisense transcripts
found here escaped previous sRNA predictions and/or whole
genome searches, suggesting that their expression level is
often low and may be lost during statistical background
subtraction. Nevertheless, the results in this work confirm the
extensiveness of the antisense transcripts and raise the demand
for elucidation of their role in gene expression control in
Streptomyces.
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and 4).

Table S1 | Description of the expression profiles of detected asRNAs.

Table S2 | Quantification of the northern blot signals presented in Figure 2.
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Extracytoplasmic function (ECF) sigma factors are a major type of bacterial

signal-transducers whose biological functions remain poorly characterized in

streptomycetes. In this work we studied SCO4117, a conserved ECF sigma factor

from the ECF52 family overexpressed during substrate and aerial mycelium stages.

The ECF52 sigma factors harbor, in addition to the ECF sigma factor domain, a

zinc finger domain, a transmembrane region, a proline-rich C-terminal extension,

and a carbohydrate-binding domain. This class of ECF sigma factors is exclusive to

Actinobacteria. We demonstrate that SCO4117 is an activator of secondary metabolism,

aerial mycelium differentiation, and sporulation, in all the culture media (sucrose-free

R5A, GYM, MM, and SFM) analyzed. Aerial mycelium formation and sporulation are

delayed in a SCO4117 knockout strain. Actinorhodin production is delayed and calcium-

dependent antibiotic production is diminished, in the 1SCO4117 mutant. By contast,

undecylprodigiosin production do not show significant variations. The expression of

genes encoding secondary metabolism pathways (deoxysugar synthases, actinorhodin

biosynthetic genes) and genes involved in differentiation (rdl, chp, nepA, ssgB) was

dramatically reduced (up to 300-fold) in the SCO4117 knockout. A putative motif bound,

with the consensus “CSGYN-17bps-SRHA” sequence, was identified in the promoter

region of 29 genes showing affected transcription in the SCO4117 mutant, including

one of the SCO4117 promoters. SCO4117 is a conserved gene with complex regulation

at the transcriptional and post-translational levels and the first member of the ECF52

family characterized.

Keywords: Streptomyces, ECF, sigma factor, differentiation, secondary metabolism, antibiotic

INTRODUCTION

Extracytoplasmic function (ECF) sigma factors, together with one- and two-component systems,
are a major type of bacterial signal-transducing proteins (Huang et al., 2015). The ECF
sigma factors belong to the σ70 family, but harbor only two of the four conserved regions
of this group (σ2 and σ4 regions), which is sufficient for promoter recognition and RNA
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polymerase recruitment (reviewed in Mascher, 2013). The ECF
sigma factors activate genes that confer resistance to agents that
threaten the integrity of the envelope or cellular homeostasis
(Kormanec et al., 2016) and are tightly regulated by diverse
and complex mechanisms (Mascher, 2013). Most ECF sigma
factors are negatively regulated by anti-σ factors (ASF), usually
co-expressed with its target ECF sigma factor. The correct
stimulus leads to the inactivation of the ASF and allows the
ECF sigma factors to bind to their target promoters and RNA
polymerase (Mascher, 2013). However, several ECF sigma factors
lack a known ASF and are therefore differently regulated (Staron
et al., 2009; Huang et al., 2015). Members of the ECF41 and
ECF42 families possess C-terminal extensions that regulate
their activities, thereby acting like ASFs (Gómez-Santos et al.,
2011; Wecke et al., 2012), while the activity of other ECF
sigma factors was proposed to be regulated by ASF-independent
transcriptional regulators and post-translational modifications
(Ser/Thr/Tyr phosphorylation) (Mascher, 2013).

Streptomyces is a genus of Gram-positive soil bacteria of
great importance for biotechnology given their ability to produce
a large array of bioactive compounds, including antibiotics,
anticancer agents, immunosuppressants, and industrial enzymes
(Hopwood, 2007). Streptomyces has a complex morphogenesis
that includes hyphal differentiation and sporulation. In high
density laboratory cultures, after spore germination, a fully
compartmentalized mycelium (MI) initiates the development
until it undergoes an ordered process of programmed cell death
(PCD) and develops into a second multinucleated mycelium
(substrate mycelium, early MII). This mycelium further develops
into aerial hyphae andmakes the hydrophobic proteins necessary
for growth into the air (reviewed in Yagüe et al., 2013a).
Secondary metabolism and differentiation are largely controlled
by specific sigma factors that enable the recognition of specific
promoters, directing the expression of specific genes (reviewed
in Kormanec et al., 2016). Streptomyces coelicolor, the best-
characterized Streptomyces strain, harbors 65 σ factors, including
principal σ factors (hrdA-D), general stress response σ factors,
and ECF sigma factors (Kormanec et al., 2016). The S. coelicolor
genome encodes for 51 ECF sigma factors, of which only four
have been characterized so far: SigE, required for a normal cell
wall structure (Hutchings et al., 2006); SigR, a global regulator
of redox homeostasis (Feeney et al., 2017); SigT, regulating
actinorhodin production in response to nitrogen stress (Feng
et al., 2011); and σBldN, an ECF sigma factor required for aerial
mycelium formation (Bibb et al., 2012).

The ECF52 family of sigma factors is characterized by long C-
terminal extensions that contain a zinc finger domain, a variable
number of transmembrane helices and a long proline-rich
C-terminal extension, which includes a carbohydrate-binding
domain (Huang et al., 2015; Figure 1). Members of this family
are only present in Actinobacteria (Huang et al., 2015). In this
work, we studied SCO4117, a conserved ECF52 sigma factor that
was detected as overexpressed during the substrate and aerial

Abbreviations: ECF, extracytoplasmic function; ASF, anti-sigma factor; CDA,
calcium dependent antibiotic; PCD, programmed cell death; ORF, open reading
frame; NGS, next generation sequencing; RT-PCR, reverse transcription PCR.

mycelia stages of Streptomyces development (Yagüe et al., 2013b),
suggesting a role in the regulation of secondary metabolism and
differentiation. To our knowledge, SCO4117 is the first member
of the ECF52 sigma factors that has been characterized.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
All Streptomyces and Escherichia coli strains used in this
work are listed in Table 1. Spores were harvested from SFM
solid plates (Kieser, 2000) after growth at 30◦C for 7 days.
The differentiation analyses were carried out on GYM plates
covered with cellophane and on minimal medium (MM)
plates supplemented with glucose (10 g/l), both inoculated with
107 spores from a fresh water suspension and cultured at
30◦C. The samples for quantification of actinorhodin and
undecilprodigiosin production were obtained from 100-ml
sucrose-free R5A (Fernández et al., 1998) cultures grown
at 30◦C and 200 rpm in 500-ml flasks. Calcium-dependent
antibiotic (CDA) production was measured on nutritive agar
from Oxoid. E. coli strains were cultured in LB and 2xTY
media at 37◦C. The following antibiotics were added to select
plasmid-bearing and mutant strains: ampicillin (100µg/ml),
apramycin (100µg/ml for E. coli, 25µg/ml for S. coelicolor),
chloramphenicol (25µg/ml), hygromycin (100µg/ml for E. coli,
200µg/ml for S. coelicolor), kanamycin (50µg/ml), and nalidixic
acid (25µg/ml).

Nucleic Acid Manipulations
Genomic DNA isolation and conjugation were performed
following standard methods (Kieser, 2000; Sambrook and
Russell, 2001).

Total RNA samples were isolated as previously described
(Rioseras et al., 2016) using RNeasy Mini spin columns and
treated with DNase I (Qiagen). The quantity and integrity of
the RNA samples were measured with Nanodrop 2000 (Thermo
Scientinfic) and 2100 Bioanalyzer (Agilent).

SCO4117 Mutagenesis
The SCO4117 ORF was replaced with the apramycin resistance
cassette. The fragments upstream (UP-1944pb) and downstream
(DW-2234pb) of SCO4117 were amplified by PCR from
S. coelicolor DNA using the primers SCO159-SCO160 and
SCO163-SCO164, respectively. The PCR products were cloned
and sequenced in pCRTM-Blunt II-TOPO R© obtaining pTOPO-
UP and pTOPO-DW. The DW fragment was liberated from
pTOPO-DW by EcoRV/PstI digestion and subcloned in pTOPO-
UP digested with the same restriction enzymes. The resulting
plasmid, pTOPO-UPDW, was linearized with PstI and ligated
with a PstI-fragment from pIJ773 containing an apramycin
resistance cassette with an oriT, obtaining p1SCO4117. This
vector was introduced in the wild-type strain by conjugation
and double recombinants were selected as kanamycin-sensitive
and apramycin-resistant. Southern hybridization and PCR
amplification with SCO134 and 4117R (Table 1) primers were
performed to check the 1SCO4117 mutant.
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FIGURE 1 | SCO4117 structure. Outline of the SCO4116-SCO4119 region, showing the SCO4117 conserved domains and average similarities between SCO4117
and their orthologs in S. griseus, S. avermitillis, S. lividans, S. clavuligerus, and S. venezuelae. Ps indicate the proline-rich C-terminal extension.

To discard polar effects in the expression of the SCO4117
neighbor genes due to the apramycin gene insertion, we
recreated the SCO4117 knockout by CRISPR-Cas9. We used
the system designed by Tong et al. (2015). The 20-nt target
sequence was selected inside the SCO4117 and amplified by PCR
with the primers SCO215 and sgRNA-R. The product of 110
bps was digested with NcoI/SnaBI and cloned in NcoI/SnaBI-
digested pCRISPR-Cas9, obtaining pCRISPR-SgSCO4117. The
SCO4117-surrounding regions were amplified by PCR with
SCO216/SCO217 and SCO218/SCO219 primers. The couple
of DNA fragments were combined by overlap extension PCR
(Lee et al., 2010) with the primers SCO216/SCO219. The PCR
product was cloned and sequenced in pCRTM-Blunt II-TOPO R©.
The insert was released with EcoRV and cloned into pCRISPR-
SgSCO4117 digested with StuI. The final vector pCRISPR-
SCO4117A was introduced into the S. coelicolor wild-type strain
by conjugation. The conjugants harboring the plasmid were
selected using apramycin resistance, plated in SFM and grown at
37◦C for 3 days for plasmid clearance. Mutations were confirmed
by PCR using the primers Mut4117F and Mut4117R (Table 1).

The SCO4117 mutant harboring the nucleotides encoding
for the first 305 amino acids of SCO4117, those including the
sigma factor domain (Figure 1), was created by CRISPR-Cas9.
The 20-nt target sequence was selected inside the SCO4117, but
outside the first 305 amino acids (Figure 1) and amplified by PCR
with the primers SCO215/sgRNA-R. The SCO220/SCO221 and
SCO222/SCO219 primers were used (primer SCO222 contain
the SCO4117 stop codon in frame with the first 305 amino
acids) to amplify the SCO4117 sigma factor-surrounding regions.
DNA fragments were combined by overlap extension PCR with
the primers SCO220/SCO219. The amplicon was cloned and
sequenced in pCRTM-Blunt II-TOPO R©. The insert was released
with EcoRV and cloned into pCRISPR-SgSCO4117 digested
with StuI, obtaining vector pCRISPR-SCO4117B. Conjugation,
mutagenesis, and mutant confirmation was performed as
described above (Table 1).

S. coelicolor 1SCO4117 Complementation
The complementation of S. coelicolor 1SCO4117 was performed
via the integration of plasmid pMS82 (Gregory et al., 2003),
harboring the SCO4117 ORF and an upstream region large
enough to include the two promoter regions identified by Jeong
et al. (2016). The SCO4117 was amplified from the S. coelicolor
chromosome using the primers SCO134 and 4117R. The 2171 bp-
fragment was cloned in pCRTM-Blunt II-TOPO R© and sequenced

to check the absence of mutations. A SpeI fragment obtained
from TOPO-4117 was ligated into pMS82 digested with SpeI
resulting in pMS82-SCO4117. This plasmid was transferred
by conjugation to the S. coelicolor 1SCO4117 mutant. The
conjugants harboring the plasmid were selected by hygromycin
resistance and the correct plasmid insertion at the SCO4848
attB site was verified by PCR using the primers SCO4848F and
pMS82R (Table 1).

Restoration of the wild-type genotype of the 1SCO4117
mutant was achieved using the CRISPR-Cas9 system for
Streptomyces designed by Tong et al. (2015). The 20-nt target
sequence was selected inside the apramycin resistance cassette,
replacing SCO4117 and amplified by PCR with the primers
SCO197 and sgRNA-R. The 120-bps product was digested with
NcoI/SnaBI and cloned in NcoI/SnaBI-digested pCRISPR-Cas9
obtaining pCRISPR-120. A single fragment of 3.7 kb, containing
the complete SCO4117 sequence and the surrounding regions,
was amplified by PCR from S. coelicolor chromosome using
SCO4117-FA and SCO4117-R primers. The product was then
cloned and sequenced in pCRTM-Blunt II-TOPO R©. The resulting
plasmid was digested with EcoRV/SpeI to liberate a 3.7 kb
fragment. The SpeI-end was filled with the Klenow enzyme and
the product was cloned into pCRISPR-120 linearized with StuI.
The final vector pCRISPR-4117, was introduced in S. coelicolor
1SCO4117 by conjugation. Conjugant selection and plasmid
clearance were performed as described above. Restoration of
the wild-type genotype was checked by the loss of apramycin
resistance (Table 1).

Viability Staining
Samples were obtained from GYM plates covered with
cellophane at different developmental stages. The bacteria were
stained with SYTO 9 and propidium iodide (LIVE/DEAD Bac-
Light Bacterial Viability Kit, Invitrogen, L-13152) and observed
under a Leica TCS-SP8 confocal laser-scanning microscope at
wavelengths of 488 and 568 nm excitation and at 530 (green) or
640 nm (red) emissions.

Antibiotic Production and Protein
Quantification
Undecylprodigiosin and actinorhodin were quantified
spectrophotometrically according to Tsao et al. (1985) and
Bystrykh et al. (1996). For actinorhodin quantification, KOH
was added to the culture samples at a final concentration
of 1N. Cellular pellets were discarded by centrifugation
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TABLE 1 | Bacterial strains, plasmids, cosmids, and primers used in this study.

Strain, plasmid, cosmid Description Reference

S.coelicolor M145 SCP1− SCP2−, reference strain Kieser, 2000

S.coelicolor 1SCO4117 SCO4117 replaced with acc(3)IV, AprR This study

E. coli TOP10 F− mcrA 1(mrr-hsdRMS-mcrBC) φ80lacZ1M15 1lacX74 recA1 araD139 1(ara-leu)7697
galU galK rpsL endA1 nupG

Invitrogen

E. coli ET12567 dam-13::Tn9, dcm-6, hsdM, hsdR MacNeil et al., 1992

E. coli ET12567/pUZ8002 E. coli ET12567 harboring pUZ8002, a not self-transmissible plasmid which can mobilize

oriT-containing plasmids by conjugation

Flett et al., 1997

Bacillus subitilis Indicator microorganism for CDA bioassay

PLASMIDS AND COSMIDS

pMS82 Integrative and conjugative vector, HygR Gregory et al., 2003

PCRTM-Blunt II-TOPO® Zero Blunt® TOPO® PCR Cloning Kit, KanR Invitrogen

pIJ773 Apr cassette in pIJ699 Gust et al., 2003

p1SCO4117 SCO4117 deletion construction, a Streptomyces non-replicative plasmid transmissible by

conjugation, AprR KanR
This study

pMS82-SCO4117 Integrative and conjugative plasmid derived from pMS82 with the completed SCO4117 gen

under its own promoter control. HygR
This study

pCRISPR-Cas9 Conjugative and thermosensitive plasmid harboring Cas9 Tong et al., 2015

pCRISPR-120 pCRISPR-Cas9 harboring the apramycin resistance target sequence This study

pCRISPR-SCO4117 pCRISPR-120 harboring a 3.7 kb DNA fragment including SCO4117 This study

pCRISPR-SgSCO4117 pCRISPR-Cas9 harboring the target SCO4117 sequence This study

pCRISPR-SCO4117A pCRISPR-SgSCO4117 harboring a 2.5 kb fragment used to create the SCO4117 knockout This study

pCRISPR-SCO4117B pCRISPR-SgSCO4117 harboring a 2.2 kb fragment used to create the truncated SCO4117
gene harboring the sigma factor domain

This study

PRIMERS

SCO134 GACGTGCTGCTGGTCATAGC This study

SCO4117R GGGACTAGTGTACGCCGCCGAAGTGG This study

SCO159 GGAGGCGATGTCCATCTGTT This study

SCO160 TCAACGCTCATCGCGGAAAG This study

SCO163 CTGCAGGCCCAGTCCCGCTTCAC This study

SCO164 GATATCACTCCTGGTCCTCGACAACT This study

SCO4848F CGTCGTATCCCCTCGGTTG Gonzalez-Quiñonez et al., 2016

pMS82R GAGCCGGGAAAGCTCATTCA Gonzalez-Quiñonez et al., 2016

SCO197 CATGCCATGGTTCCGCGATGAGCGTTGAAAGTTTTAGAGCTAGAAATAGC This study

sgRNA-R ACGCCTACGTAAAAAAAGCACCGACTCGGTGCC Tong et al., 2015

SCO4117-FA GGGGGATATCACGACCGTGATCTCGGCC This study

RT-SCO4117-F CGACGACACGGCCTACGA This study

RT-SCO4117-R CGCACCGCCTGAAGCAT This study

hrdB-F CGCGGCATGCTCTTCCT Kurt et al., 2013

hrdB-R AGGTGGCGTACGTGGAGAAC Kurt et al., 2013

bldN-F CTCACCAGCGAGACCTTTCTGC This study

bldN-R TCGTTGGCGTCGAGCATCT This study

SCO1178-F TCAAGGTCCGGCAGGTCTA This study

SCO1178-R CCGTCCTCCTGCTTGGT This study

chpA-F CTCGTCCTCGTCCTCGACTT Straight et al., 2006

chpA-R GTCGTTCTCGCACTTGTTGC Straight et al., 2006

chpH-F CACCGGTGGTCTGGTTCTC Straight et al., 2006

chpH-R ATCACGGAGATCGTGTTGC Straight et al., 2006

SCO2748-F GAGATCACCCCGAAACTGG This study

SCO2748-R AAGTGCCAGTCGATGACGTT This study

actVA2-F ACTACGCCTCCCAGAACCTC This study

actVA2-R TTGTGCCCGCCGATGTC This study

(Continued)
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TABLE 1 | Continued

Strain, plasmid, cosmid Description Reference

redF-F CGGAGAACAAGGGCAAGC This study

redF-R CAGGGGGATGGCGAAG This study

actII4-F GCGGCTTTTTGGAATGC This study

actII4-R GCAGGGTCTCGTTCAGC This study

SCO215 CATGCCATGGCAGCTCGCTCCACTGGTAGAGTTTTAGAGCTAGAAATAGC This study

SCO216 GATATCCGGGAACCAACGTCGCACGG This study

SCO217 CGGTTCCGCAGGCTCCTACGCGGAAAGCCCCCGCCAAC This study

SCO218 GTTGGCGGGGGCTTTCCGCGTAGGAGCCTGCGGAACCG This study

SCO219 GATATCTGCAGGTGCGGATGATGCAC This study

SCO220 GATATCCGTATCTCCTTCCCCGAACG This study

SCO221 CGGTTCCGCAGGCTCCTACTGGAGGTAGGCCTGCTTG This study

SCO222 CAAGCAGGCCTACCTCCAGTAGGAGCCTGCGGAACCG This study

Mut4117F CCCTGTCGCAACCTCTGC This study

Mut4117R GACGGGCACCCTGCG This study

and actinorhodin concentration was spectrophotometrically
determined at 640 nm applying the linear Beer–Lambert
relationship (ε640 = 25,320). The culture samples for
undecylprodigiosin quantification were vacuum-dried,
resuspended in methanol, acidified with 0.5N HCl and
spectrophotometrically assayed at 530 nm, using the
Beer–Lambert relationship to estimate concentration
(ε530 = 100,500).

CDA production was determined via a bioassay against
Bacillus subtillis. Oxoid nutritive agar (ONA) plates (90mm in
diameter) were inoculated with 5 µl of a Streptomyces spore
suspension at 1 × 105 spores/ml and incubated at 30◦C. After
2 days, the plates were overlayed with 5ml of soft ONA (0.75%
agar), inoculated with B. subtilis (OD = 0.25) and supplemented
with Ca(NO3)2 (60mM). Negative controls were performed in
parallel without adding calcium. Inhibitory halos were measured
after 15 h at 30◦C.

Growth was determined by measuring the protein
concentration with the Bradford assay (Biorad) and a bovine
serum albumin standard (Sigma). Total protein extracts were
obtainedmixing a volume of culture with a volume of 1MNaOH,
boiling for 5min, and removing cell debris by centrifugation at
7740 g.

RNA-Seq and Bioinformatic Analysis
Next-generation sequencing (NGS) was performed by Stab
Vida (Caparica, Portugal) from two biological replicates using
the 1SCO4117 mutant and the S. coelicolor wild-type strain.
Ribosomal RNA was depleted with the Ribo-Zero Bacteria Kit
(Illumina), and the cDNA library construction was carried
out using the TruSeq Stranded mRNA Library Preparation Kit
(Illumina). The DNA was sequenced in the Illumina HiSeq 2500
platform using 100-bp paired-end sequencing reads (at least 20M
reads per sample). Raw data are available via the Gene Expression
Omnibus database (accession GSE107661).

Bioinformatic analysis of the sequenced data was performed
under the Linux operative system using the following software:

FastQC to check the quality of the sequences, Cutadapt
for trimming sequences, Bowtie2 for mapping with the
Streptomyces coelicolor genome and Cuffdiff for differential
expression test analysis (Trapnell et al., 2012). Variations in
transcript abundances were considered significant if they had a
p-value < 0.03 (Supplementary Table 1). Transcript abundances
without significant variations (p-values higher than 0.03) are
shown in Supplementary Table 2.

The transmembrane topology of the SCO4117 gene was
analyzed using the Phobius software (http://phobius.sbc.su.se/).
The SCO4117 orthologs were obtained from the Strepdb database
(http://strepdb.streptomyces.org.uk/): SLI_4349 (S. lividans),
SAV_3491 (S. avermitilis), SVEN15_3779 (S. venezuelae),
SGR_3904 (S. griseus), and SCLAV_3143/ SCLAV_3144 (S.
clavuligerus). Amino acid similarities were estimated using the
software package Lalign (http://www.ch.embnet.org/software/
LALIGN_form.html).

SCO4117 Motif Bound Search
The 46 genes significantly down-regulated in the 1SCO4117
mutant were grouped into 33 putative operons (Supplementary
Table 1). A library of putative regulatory sequences has compiled
from the 250 nucleotide-long sequences located upstream of the
putative operons. BioProspector (Liu et al., 2001) was used to
search for bipartite overrepresented motifs in these sequences.
Searches were performed only in the forward strand, and the
following parameters were varied iteratively: the lengths of the
−35 and −10 motifs were varied between 5 and 7 nucleotides;
the spacer length was varied between 15 and 20 nucleotides in
1-nucleotide intervals. From all generated motifs, the highest
scoring bipartite motif was selected.The motif logo was created
using Weblogo (Crooks et al., 2004).

Quantitative RT-PCR (qRT-PCR)
A High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems) was used to synthetize cDNA from 0.5 µg of RNA
from two biological replicates. Real-Time PCRs of the SCO4117
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gene were carried out on an ABI PRISM 7900 HT thermocycler
(Applied Biosystems). The reactions were performed in triplicate,
containing 2 µl of 2-fold diluted cDNA, 10 µl of SYBR Green
PCR Master Mix (Applied Biosystems), and 300 nM of specific
primers (RT-SCO4117-F/R) (listed in Table 1) in a final volume
of 20µl. The hrdB (SCO5820, amplified using primers hdrB-F/R)
was used as reference since its expression showed no variation
between strains in our RNA-seq results (Supplementary Table 2).
The DNA contamination and primer dimer amplification were
tested in negative controls replacing cDNA by RNA or water.
Amplification conditions were as follows: 2min at 50◦C, 10min
at 90◦C, 40 repetitions of 15 s at 95◦C, and 1min at 60◦C. Primer
efficiencies weremeasured using serial dilutions of genomic DNA
as template and the relative quantification of gene expression
was performed by the 11Ct method (Livak and Schmittgen,
2001).

The expression of the most differentially expressed genes
between the SCO4147 mutant and the wild strain was validated
by qRT-PCR: SCO5077, actVA2; SCO2478, reductase activated
by actinorhodin; and SCO1178 epimerase. We also analyzed
key genes from the actinorhodin (actII-4, SCO5085) and
undecylprodigiosin (redF, SCO5898) clusters; one of the
bald genes (bldN, SCO3323); two of the genes participating
in the aerial hyphae formation (chpA, SCO2716 / chpH,
SCO1675); and SCO0761, a hypothetical protein (primers
are listed in Table 1). The correlation between transcript
abundances quantified by RNA-seq and qRT-PCR was
adequate (regression coefficient of 0.71) (Supplementary
Figure 1).

RESULTS

SCO4117 Gene Structure and
Conservation in the Streptomyces Genus
Gene SCO4117, the only member of the ECF52 family present in
S. coelicolor, encodes a conserved multidomain protein (average
protein similarity of 68.4% among S. griseus, S. avermitillis,
S. lividans, S. clavuligerus, and S. venezuelae). The SCO4117
harbors a putative ECF sigma factor domain (conserved domain
database accession TRIGR02937, 86% average similarity), a
putative zinc finger domain (pfam13490, 86% average similarity),
a putative transmembrane domain (79% average similarity),
a putative carbohydrate-binding module (smart00776, 74%
average similarity), and a proline-rich region separating the
transmembrane and the carbohydrate module (Figure 1).
Surprisingly, in the case of the S. clavuligerus ortholog, there is a
stop codon separating the carbohydrate-binding domain module
ORF (SCLAV_3143) from the other domain ORFs (SCLAV_3144)
(http://strepdb.streptomyces.org.uk/), perhaps due to an error
in the sequence at the proline-rich region. Gene SCO4117 is
localized downstream the actinorhodin positive regulator atrA
(SCO4118), but both genes were described as being expressed
independently (Uguru et al., 2005). This synteny is maintained
in all Streptomyces species analyzed, with the exception of
Streptomyces avermitilis, in which the SCO4117 and atrA
orthologs (SAV_3491 and SAV_4110 respectively) are separated.

Mutation of SCO4117 Affects Antibiotic
Production and Morphogenesis in Different
Culture Conditions (Liquid and Solid) and
Media (Sucrose-Free R5A, GYM, MM, SFM)
The S. coelicolor SCO4117 knockout mutant (1SCO4117) do
not show a significant variation in growth (Figure 2A), or in
the maximum amount of actinorhodin and undecylprodigiosin
production (Figures 2B,C), in sucrose-free R5A liquid cultures.
However, the mutant shows a delay in actinorhodin production
compared to the wild-type strain (Figure 2B). The SCO4117
knockout mutant showed lower CDA production (Figure 2D)
and a delay in MII differentiation (notice the discontinuities
characterizing the MI hyphae in the mutant at 24 h) (Figure 2F)
(Manteca et al., 2006) and sporulation (Figures 2E,F) in solid
GYM solid cultures. The delay in development was not
complemented when SCO4117 and an upstream region large
enough to include the two promoter regions identified by Jeong
et al. (2016) were introduced into themutant using the integrative
plasmid pMS82-SCO4117 (Figure 2G). As discussed below, the
SCO4117 gene expression was not restored in the complemented
mutant (the SCO4117 transcript abundance was 4-fold less
than in the wild-type strain) (Figure 2H). Interestingly, the
1SCO4117 phenotype was only restored when a copy of
the SCO4117 ORF was introduced at the native position in
the 1SCO4117 mutant, using the CRISPR-Cas9 methodology
(Figure 2I). This result discards the possibility of artifactual
mutations at chromosomal positions different to SCO4117,
generating the phenotypes observed.

As discussed below, the above data suggest a complex
regulation of the expression of the SCO4117 gene. Polar effects in
the expression of SCO4117 neighbor genes due to the apramycin-
resistance gene transcription, are unlikely, because, as detailed
below, we did not detect significant variations in the expression
of the SCO4116 and SCO4118 genes in the 1SCO4117 mutant
compared to the wild-type strain (Supplementary Table 2). In
order to further discard a possible effect of the apramycin-
resistance gene in the phenotypes observed, we recreated the
knockout mutant by CRISPR/Cas9. We eliminated the SCO4117
ORF, obtaining the CRISPR/Cas9-1SCO4117 mutant (strain “1”
in Figures 3A,B). This mutant, shows a phenotype similar to the
1SCO4117 mutant (strain “2” in Figures 3A,B).

SCO4117 Gene Expression during
S. coelicolor Development
The expression of SCO4117 was analyzed at three key
developmental stages (MI, 17 h; aerial mycelia, 48 h; sporulating
mycelia, 72 h) by qRT-PCR, in solid GYM cultures of the wild-
type strain. As reported previously in our transcriptomic work
(Yagüe et al., 2013b), SCO4117 is overexpressed during the
sporulating stage in the S. coeliolor wild-type strain (Figure 3C).

The SCO4117 Sigma Factor Regulates the
Expression of Its Own Gene
A mutant expressing the sigma factor domain from the
SCO4117 ORF was created by CRISPR/Cas9 (CRISPR/Cas9-
σ mutant) (Figure 1). The CRISPR/Cas9-σ mutant shows a
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FIGURE 2 | Phenotypical analyses of the 1SCO4117 mutant. (A) Growth curve. (B) Actinorhodin production. (C) Undecylprodigiosin production. (D) CDA

production. (E) Macroscopic view of sporulation (gray color) in the 1SCO4117 mutant compared to the wild strain in GYM plates at 85 h. (F) Confocal laser

fluorescence microscopy pictures (SYTO9-PI staining) of the 1SCO4117 mutant illustrating delay in MII differentiation (24 h) and sporulation (72 h) compared to the S.
coelicolor M145 wild-type strain (GYM plates). Arrows indicate spore chains; the asterisk indicates the discontinuities characterizing the MI compartmentalized

hyphae. (G) Macroscopic view of antibiotic production (red color) in the wild-type strain, the 1SCO4117 mutant harboring plasmid pMS82 and the 1SCO4117
mutant harboring plasmid pMS82-SCO4117, all of them grown in MM plates at 5 days. (H) SCO4117 transcript abundance in the 1SCO4117 mutant harboring

pMS82-SCO4117 (complemented mutant) compared to the wild-type strain in GYM plates at 17 h. (I) Macroscopic view of antibiotic production (red color) in the

1SCO4117 restored mutant in MM plates at 5 days.

FIGURE 3 | Phenotypical analyses of the CRISPR/Cas9-1SCO4117 mutant and SCO4117 gene expression. (A) Macroscopic view of aerial mycelium development

(white color) in the 1SCO4117 mutant (1) and in the CRISPR/Cas9-1SCO4117 mutant (2), both grown in SFM plates at 2 days. (B) Actinorhodin (sucrose-free R5A

extracellular medium, purple color), CDA and undecylprodigiosin production in the 1SCO4117 and CRISPR/Cas9-1SCO4117 mutants compared to the wild-type

strain. (C) SCO4117 transcript abundance at 17, 48, and 72 h in the S. coelicolor wild-type strain.

delayed actinorhodin production and lower CDA production
than the wild-type strain (Supplementary Figure 2). Sporulation
is also delayed, but it is faster than in the CRISPR/Cas9-
1SCO4117 knockout mutant (Figure 4A). Interestingly, the
expression of SCO4117 is slightly up-regulated (1.3-fold) in the
CRISPR/Cas9-σ mutant compared to the wild strain (Figure 4B),
suggesting that the sigma factor domain regulates the expression
of its own gene.

Comparison of 1SCO4117 and
S. coelicolor Wild-Type Transcriptomes
The differences between the 1SCO4117 mutant and the wild-
type transcriptomes were analyzed at 44 h on solid GYM
cultures, the developmental conditions preceding the differences
observed in sporulation (Figures 2E,F). Fifty-six genes showed
altered expression in the 1SCO4117 mutant compared to the

wild-type strain (Supplementary Table 1). As expected, the
SCO4117 transcript was absent in the 1SCO4117 knockout
(Supplementary Table 1). The expression of the SCO4117
neighbor genes (SCO4116 and SCO4118) was not significantly
affected (Supplementary Table 2). Particularly interesting is
that 46 of 56 transcripts, 82% of the total, are down-
regulated in the 1SCO4117 mutant compared to the wild strain
(green bars in Figure 5, Supplementary Table 1), suggesting
a pleiotropic activator effect of the SCO4117 ECF which
is absent in the knockout mutant. 7,679 transcripts did
not show significant variations (p-values higher than 0.03)
(Figure 5).

Several key developmental and physiological genes were
differentially expressed in the 1SCO4117 mutant compared to
the wild-type strain (Figure 5; Table 2). The expression of genes
involved in secondary metabolism (deoxysugar synthases and
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actinorhodin biosynthetic genes) was highly down-regulated (up
to 0.003, i.e., up-regulated 333-fold in the wild-type strain).
The expression of genes involved in aerial mycelium formation
and sporulation (chaplins, rodlins, nepA, ssgB, SCO7449) was
also highly down-regulated in the mutant (up to 0.005, i.e.,
up-regulated up to 200-fold in the wild-type strain) (Figure 5;
Table 2). SCO4684 (encoding the ScoF3 cold shock protein)
was down-regulated in the mutant. The other 22 transcripts
down-regulated in the 1SCO4117 mutant, included, in addition
to SCO4117, transcripts of genes encoding enzymes, stress
and secreted proteins, as well as uncharacterized proteins
(Supplementary Table 1). The 10 transcripts up-regulated in
the 1SCO4117 mutant included: SCO0194, encoding a putative
sigma factor; SCO2162, encoding a quinolinate synthetase;
SCO6102, encoding a nitrite/sulphite reductase; and 6 transcripts
from uncharacterized genes (Figure 5; Table 2).

FIGURE 4 | Phenotypical analyses of the CRISPR/Cas9-σ mutant. (A)

Macroscopic view of sporulation (gray color) in the wild-type strain, the

CRISPR/Cas9-σ mutant and the CRISPR/Cas9-1SCO4117 mutant growing

in GYM plates. (B) SCO4117 transcript abundance in the CRISPR/Cas9-σ

mutant compared to the wild-type strain, both grown in GYM plates at 17 h.

SCO4117 DNA Motif Bound
The 46 genes encoding transcripts down-regulated in the
1SCO4117 mutant (Figure 5) (Supplementary Table 1) might
harbor SCO4117 motif bounds in their promoters. These
genes were grouped into 33 putative operons (Supplementary
Table 1) whose promoter regions were analyzed (see Materials
and Methods). Twenty-nine promoters harbored the putative
“CSGYN-17bps-SRHA” SCO4117motif bound at their promoter
regions (Figure 6) (Supplementary Table 1).

DISCUSSION

The study of the Streptomyces coelicolor SCO4117 knockout
mutant revealed that the SCO4117 ECF sigma factor is a
pleiotropic activator of antibiotic production (actinorhodin
and CDA) in solid and liquid cultures (Figures 2B–D). Aerial
mycelium differentiation and sporulation are also enhanced by
SCO4117 in solid sporulating cultures (Figures 2E,F). The effect
of SCO4117 activating the expression of secondary metabolism
and differentiation was corroborated by transcriptomics. The
expression of secondary metabolism (deoxysugar synthases,
actinorhodin) and differentiation genes (bld, rdl, chp, nepA,
ssgB) was dramatically reduced (up to 300-fold) in the knockout
strain compared to the S. coelicolor wild strain. The effect of
SCO4117 in secondary metabolism was not universal, since the
expression of some secondary metabolite genes (for instance
the undecylprodigiosin genes) did not appear to be affected
(Supplementary Table 2).

Gene SCO4117 encodes a multidomain ECF sigma
factor belonging to the ECF52 family (Figure 1). A putative
SCO4117 motif bound (“CSGYN-17bps-SRHA”) was identified

FIGURE 5 | Transcriptomic analysis of the 1SCO4117 mutant and the S. coelicolor wild-type strain. 1SCO4117 mutant vs. S. coelicolor transcriptome at 44 h on

solid GYM cultures. Venn diagram shows transcripts with significant up-regulation (p-value < 0.03) in the wild-type strain (46 transcripts) or the 1SCO4117 mutant

(10 transcripts) and transcripts without significant variations (7,679 transcripts). Histograms show the abundance of the transcripts with significant variations

(p-value < 0.03) discussed in the text. Abundance values (average from two biological replicates) are shown. Green bars indicate transcripts up-regulated in the S.
coelicolor wild-type strain. Red bars indicate transcripts up-regulated in the SCO4117 mutant.
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TABLE 2 | Abundance values of transcripts showing significant variations (p-value < 0.03) between the 1SCO4117 mutant and the S. coelicolor M145 wild-type strain

quantified in MM solid cultures (44 h), and grouped into functional categories.

Function SCO no◦ Gene Log2 fold-change

(1SCO4117/Wt)

Fold-change

(1SCO4117/Wt)

Secondary metabolism Deoxysugar synthases SCO0381 Glycosyl transferase −5.2 0.03

SCO0382 Dehydrogenase −5.2 0.03

SCO0383 Glycosyl transferase −3.8 0.07

SCO0386 Asparagine synthetase −3.3 0.1

SCO0387 Oxidoreductase −3.1 0.1

SCO0389 Lipoprotein −3.8 0.07

ACT SCO5071 Dehydrogenase −8 0.003

SCO5072 Dehydrogenase −4.5 0.04

SCO5074 Dehydratase −5.6 0.02

SCO5077 actVA2 −3.3 0.1

SCO5078 actVA3 −2.8 0.1

SCO5085 actII-4 −4 0.06

SCO5086 actIII −5.7 0.02

SCO5087 actIORF1 −3 0.1

SCO5092 actVB −3 0.1

Differentiation SCO1541 ssgB −3.4 0.09

SCO2705 chpF −5.1 0.03

SCO2716 chpA −3.8 0.07

SCO2717 chpD −3.8 0.07

SCO2718 rdlA −7.5 0.005

SCO2719 rdlB −5.5 0.02

SCO4002 nepA −4.5 0.04

SCO7449 Spore pigmentationa −2.6 0.2

Stress SCO4684 scoF3 −4.5 0.05

Regulators SCO0194 Sigma factor 2.4 5.2

Catabolic enzymes SCO1236 Urease 2.7 6.5

Anabolic enzymes SCO2162 Quinolinate synthetase 2.2 4.6

SCO6102 Nitrite/sulphite reductase 2.5 5.7

Unknown SCO4256 Hypothetical protein 2.2 4.6

SCO1293 Putative acetyltransferase 2.3 4.9

SCO4258 Putative hydrolytic protein 2.8 6.9

SCO0195 Putative lipoprotein 2.9 7.5

SCO2788 Hypothetical protein 2.9 7.5

SCO7643 Hypothetical protein ∞b ∞b

The genes discussed in the text are indicated.
aSecreted protein related to spore pigmentation (Salerno et al., 2013).
bTranscripts not detected in the wild-type strain.

(Figure 6). This motif differs from the theoretical ECF52
sigma factor promoter signature predicted by Pinto and
Mascher (2016). Both motif bounds are theoretical, but the
promoter signature identified in this work was present in
the promoter regions of 29 putative operons down-regulated
in the SCO4117 knockout mutant. Further experimentation
will be necessary to unequivocally identify the ECF52 sigma
factor promoter signature. Unfortunately, our attempts to
overproduce the SCO4117 protein to study its interaction

with the identified motif, were unsuccessful (data not
shown).

SCO4117 gene expression has a complex regulation. Two
promoters were identified controlling the expression of this
gene (Jeong et al., 2016), one of them harboring the putative
SCO4117 motif bound identified in this work. However, further
uncharacterized regulation should exist, as the two promoters
together with the SCO4117 ORF, did not complement the wild-
type phenotype (Figure 2G), or the SCO4117 gene expression
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FIGURE 6 | SCO4117 putative DNA motif bound. Putative SCO4117 motif bound logo (“CSGYN-17bps-SRHA”) identified in the promoter region of 29 genes

showing affected transcription in the SCO4117 mutant (Supplementary Table 1). The logo was created using Weblogo (Crooks et al., 2004).

(Figure 2H), in the SCO4117 knockout. Polar effects in the
expression of the SCO4117 neighbor genes due to the apramycin
gene insertion, were discarded, because the expression of
the SCO4116 and SCO4118 genes does not show significant
variations in the 1SCO4117 compared to the wild strain
(Supplementary Table 2) and because the same phenotypes
were observed in the CRISPR/Cas9-1SCO4117 mutant and in
the insertional 1SCO4117 knockout (Figure 3). Our results,
might indicate the existence of unknown promoters controlling
the expression of SCO4117, perhaps a cotranscription of the
atrA and SCO4117 genes from the atrA promoter. However,
Uguru et al. (2005) described a putative transcription terminator
between SCO4118 and SCO4117. They also demonstrated
that the atrA knockout phenotype (severe reduction in the
amount of actinorhodin production) is complemented by a
DNA fragment containing atrA, but lacking SCO4117 (Uguru
et al., 2005). The putative SCO4117 motif bound found in
one of the SCO4117 promoters (Figure 6) (Supplementary
Table 1), suggests a positive autoregulation of SCO4117 gene
expression. This autoregulation was observed in a strain
expressing a truncated version of SCO4117 lacking the zinc-
finger domain, the transmembrane region and the carbohydrate
binding module, in which the expression of SCO4117 is activated
(Figure 4B). Positive gene expression autoregulation is common
in ECF sigma factors, allowing the amplification of the activation
signal (Helmann, 2002; Pinto and Mascher, 2016). Further work
will be necessary to fully understand the regulation of the
SCO4117 gene transcription.

The developmental effect of the expression of a truncated
version of the SCO4117 gene encoding the σ factor domain in the
CRISPR/Cas9-σ mutant (delay in differentiation/sporulation)
was lesser than in the absence of the whole gene in the1SCO4117
mutant (Figure 4), indicating that the σ factor domain itself can
modulate development. These results suggest a complex post-
translational regulation of the SCO4117 activity which might
involve the excision of the ECF sigma factor domain from the
membrane by an uncharacterized protease. In fact, Pinto and
Mascher (2016) proposed this kind of regulation for ECF52
sigma factors: the sigma factor domain might be activated
by the carbohydrate-binding module, leading to a proteolytic
cascade or conformational changes that inactivate the zinc-finger
domain to ultimately release an active form of the ECF sigma
factor. Interestingly, in a previous study, we discovered that

SCO4117 is phosphorylated at Ser 15 and Thr 231, suggesting a
putative regulation of the SCO4117 activity by phosphorylation
(Manteca et al., 2011). Further work will be necessary to fully
understand the post-translational regulation of the SCO4117
activity.

Overall, in this work, we demonstrated pleiotropic
effects on the regulation of secondary metabolism and
differentiation of SCO4117, the first member of the ECF52
family characterized. Gene SCO4117 is a conserved gene
overexpressed during substrate and aerial mycelium stages, with
complex regulation at the transcriptional and post-translational
levels.
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ArgR is a well-characterized transcriptional repressor controlling the expression of

arginine and pyrimidine biosynthetic genes in bacteria. In this work, the biological role

of Streptomyces coelicolor ArgR was analyzed by comparing the transcriptomes of S.

coelicolor 1argR and its parental strain, S. coelicolor M145, at five different times over

a 66-h period. The effect of S. coelicolor ArgR was more widespread than that of the

orthologous protein of Escherichia coli, affecting the expression of 1544 genes along the

microarray time series. This S. coelicolor regulator repressed the expression of arginine

and pyrimidine biosynthetic genes, but it also modulated the expression of genes not

previously described to be regulated by ArgR: genes involved in nitrogen metabolism

and nitrate utilization; the act, red, and cpk genes for antibiotic production; genes for

the synthesis of the osmotic stress protector ectoine; genes related to hydrophobic

cover formation and sporulation (chaplins, rodlins, ramR, and whi genes); all the cwg

genes encoding proteins for glycan cell wall biosynthesis; and genes involved in gas

vesicle formation. Many of these genes contain ARG boxes for ArgR binding. ArgR

binding to seven new ARG boxes, located upstream or near the ectA-ectB, afsS, afsR,

glnR, and redH genes, was tested by DNA band-shift assays. These data and those of

previously assayed fragments permitted the construction of an improved model of the

ArgR binding site. Interestingly, the overexpression of sporulation genes observed in the

1argR mutant in our culture conditions correlated with a sporulation-like process, an

uncommon phenotype.

Keywords: ArgR, arginine, ARG box, S. coelicolor, transcriptomics, sporulation, antibiotics

INTRODUCTION

Biosynthesis of amino acids is regulated in microorganisms when these nutrients are abundant in
the culture medium. ArgR first described in Escherichia coli is the model for the ArgR repressor
superfamily; this transcriptional regulator, in response to the presence of arginine, represses the
expression of arginine biosynthesis genes using arginine as a co-repressor and decreases the
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activity of arginine biosynthesis enzymes (Maas, 1994). A similar
effect was found for pyrimidine biosynthesis. The ArgR protein
is widely distributed in bacteria, acting mostly as a repressor of
genes for arginine uptake and biosynthesis (Cunin et al., 1983)
but may also act as an activator, as in the aot operon for arginine
and ornithine uptake in Pseudomonas (Nishijyo et al., 1998; Lu
et al., 2004). It is an essential accessory protein in the site-specific
resolution of ColE1 oligomers in E. coli (Stirling et al., 1988).

In gram-positive bacteria, the control of arginine and
pyrimidine biosynthesis in Lactococcus lactis (Larsen et al., 2008)
and the repression of the corynebacteria argCJBDFR operon
by ArgR are well documented (Yim et al., 2011). L-arginine
has been overproduced in a corynebacteria industrial strain by
increasing the copy number of the arginine operon genes in
an ArgR-defective mutant (Xu et al., 2012). The Bacillus AhrC
repressor, homologous to ArgR, represses the argCAEBD-cpa-
argF gene cluster in the presence of arginine (Smith et al., 1989)
and activates arginine catabolism genes in cooperation with the
RocR activator (Gardan et al., 1997).

In Streptomyces coelicolor and Streptomyces clavuligerus, a
repression system of the arginine biosynthesis genes homologous
to those of other bacteria has been described (Soutar and
Baumberg, 1996; Rodríguez-García et al., 1997). The effect of
arginine as the ArgR co-repressor is weak in Streptomyces,
and high levels of this amino acid are required to observe
repression of arginine biosynthesis genes or a decrease in arginine
biosynthesis enzyme activities (Rodríguez-García et al., 1997).
Arginine, when added to S. coelicolor cultures at 25mM, only
affected the expression of 27 arginine-related genes (0.35% of the
genome; Pérez-Redondo et al., 2012).

The crystallized hexameric ArgR repressor of E. coli is formed
by two trimers (van Duyne et al., 1996). It has been demonstrated
to interact with the operator region of argF (Grandori et al., 1995)
by binding specific DNA sequences known as ARG boxes. A
standard ARG box in E. coli is formed by two 18-bp sequences
separated by 3 bp and is located close to the promoters of
ArgR-controlled genes (Tian et al., 1992). In E. coli, ArgR
binding to the ARG boxes strictly depends on L-arginine as
the co-repressor (van Duyne et al., 1996). In corynebacteria,
the ArgR C-terminal end contains a conserved GTIAGDDTL/I
oligomerization domain (amino acids 146–154 in S. coelicolor
ArgR), which has been demonstrated to be essential for arginine
binding (Yim et al., 2011). ArgR proteins in Bacillus (Dion et al.,
1997) show lower specificity and dependency on L-arginine as
co-repressor, exhibit an equilibrium trimer-hexamer and bind to
ARG boxes normally separated by 2 bp (Song et al., 2002).

DNase I footprinting and electrophoresis mobility shift assay
experiments analyzing the binding of B. subtilis AhrC to the
argCJBDR operon of S. clavuligerus and the binding of ArgR to
the S. coelicolor arginine biosynthesis genes (argC, argG, arcB,
and argH) revealed the presence of ARG boxes arranged as two
20-bp contiguous sequences in these actinomycetes (Rodríguez-
García et al., 1997; Pérez-Redondo et al., 2012; Botas, 2013), as in
the Bacillus system (Dion et al., 1997; Song et al., 2002).

Pérez-Redondo et al. (2012) studied the S. coelicolor
transcriptome at a single developmental time-point (32 h),
identifying 459 genes regulated by ArgR. These genes were

involved in purine and pyrimidine biosynthesis, cell morphology,
and antibiotic production. In this work, we analyzed the
differences between the transcriptomes of the parental strain
and a 1argR mutant at five different time-points in the culture
development, which allowed us to confirm the previous results
and significantly increase the number of ArgR-controlled genes
at other time points and ratify the significance of data obtained
in the single developmental point from previous experiments
(Pérez-Redondo et al., 2012). Novel DNA binding experiments
enabled the location and characterization of new functional ARG
boxes and redefinition of the ARG box model in S. coelicolor. A
bioinformatic search was performed to locate additional putative
ARG boxes that could explain the regulatory role of the ArgR
protein. In addition, a sporulation-like phenomenon in liquid
culture was observed in the 1argR mutant strain. Sporulation
is unusual in S. coelicolor and has never been reported for
Streptomyces argRmutants.

MATERIALS AND METHODS

Strains and Culture Conditions
S. coelicolor M145 was used as a control strain (Bentley et al.,
2002). S. coelicolor 1argR derives from the former strain and
is a mutant with a deletion in the argR gene (Pérez-Redondo
et al., 2012). For transcriptomic studies, S. coelicolor strains
were inoculated in a defined MG medium containing 50 g/l
starch, 12mM glutamic acid as the only nitrogen source, 2.5mM
phosphate and salts (Doull and Vining, 1989; Pérez-Redondo
et al., 2012), using 108 spores stored in glycerol at −80◦C. The
cultures were grown at 30◦C and 300 rpm in triplicate in 500-
ml baffled flasks containing 100ml of medium. Actinorhodin
and undecylprodigiosin were spectrophotometrically determined
at 640 and 530 nm, respectively, as previously described (Kieser
et al., 2000). Dry weight was determined in culture samples (2ml)
washed twice with deionized-ultrapure water and dried for 80 h
at 60◦C. Growth was similar for both strains (not shown).

RNA Isolation, Microarray Hybridization,
and Transcriptomic Data Analysis
Samples from three independent S. coelicolor M145 and S.
coelicolor 1argR cultures were taken at five time points:
32, 42 (exponential phase start and end) 49, 56, and 66 h
(stationary phase). RNA samples with RIN values above 8.5 (2100
Bioanalyzer, Agilent) were employed. Cy5-gDNA andCy3-cDNA
labeling, hybridization in the Sco-Chip2-v2 microarrays (Oxford
Gene Technology), washing, scanning, and signal quantification
were performed as indicated in Yagüe et al. (2014). Fluorescence
intensities were processed and normalized using the limma
package (Smyth, 2004) in the R environment as indicated
previously (Yagüe et al., 2014), except that quality weights were
estimated for the non-control spots (43,798) of each array (Table
S1). These weights were used for normalization and linear
model statistics. For each gene, the normalized Mg values were
calculated as the average among three replicates of the binary
logarithms of the Cy3-cDNA signal divided by the Cy5-gDNA
signal (log Cy3/Cy5). Probe values were previously averaged
if more than one probe for a gene were present (mean of
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4.6 probes per gene in the arrays). For each culture time,
comparisons between the Mg values of the mutant and parental
strains were the basis of the statistical results and corresponded
to the Mc value (fold change). A threshold of 0.01 for the
Benjamini-Hochberg adjusted p-values was used to identify
significantly differentially expressed genes. This resulted in 1544
genes (out of a total of 7,721 present in the microarray), which
passed the threshold in at least one comparison. Significantly
differential expression profiles where identified in the time-
course microarray experiment by means of maSigPro (Conesa
et al., 2006) and grouped in 10 profiles. The GEO accession
number for microarray data is GSE58666.

qRT-PCR
The qRT-PCR was performed in triplicate RNA samples with
the oligonucleotides shown in Table S2, as previously described
(López-García et al., 2010). RNA was retrotranscribed to cDNA
using random primers and the Invitrogen SuperScript III
commercial kit. Amplification and quantification of DNA by
qRT-PCR was performed using a StepOnePlus thermocycler
using SYBR Green PCR Master Mix (both from Applied
Biosystems). The baseline and threshold cycle determination
was performed using Sequence Detection Software (Applied
Biosystems).

The reactions were prepared in a final volume of 20 µl. A
template of 2 µl of undiluted (or 2- to 10-fold diluted) cDNA
was used to give Ct detection between cycles 15 and 25. The final
concentration of 300µM oligonucleotides increased the highest
amplification of the specific product at a lower Ct without primer
dimer formation. The RNA was confirmed to be free of DNA
contamination using negative controls where template cDNA
was replaced with RNA.

The relative quantification of the expression differences of a
target gene between mutant and control strains was performed
using the 11Ct method (Livak and Schmittgen, 2001). As a
reference, the hrdB gene, encoding a constitutive Streptomyces
sigma factor (Buttner et al., 1990), was used.

The efficiency of each oligonucleotide pair was determined
by amplifying serial dilutions of genomic DNA (six different
dilutions, each amplified in triplicate) and measuring the slope
of the resulting line of Ct plotted against the logarithm of
DNA concentration. Slope values between −3.6 and −3.1 were
regarded as valid, indicating efficiencies of 90–100%, which were
required to apply the 11CT method.

The relative expression of a gene in the mutant strain is given
by 2−11Ct, where 11Ct indicates the difference between the
1Ct of both strains analyzed, obtained from the difference in
the Ct of the target gene and the reference gene in each strain.
Relative expression above 1 indicated that the analyzed gene is
overexpressed in the mutant strain, while values below 1 indicate
its repression.

DNA Band-Shift Studies and Structure of
the ArgR Binding Site
To improve the previous model of the ArgR binding site (Pérez-
Redondo et al., 2012), we used the DNA band-shift assays
(EMSA, electrophoretic mobility shift assay) results for 50 DNA

fragments. The conditions used were as indicated in a previous
work (Pérez-Redondo et al., 2012).

In brief, ArgR protein was purified from E. coli as a Strep-
tag fused protein. DNA fragments to be tested by EMSA were
amplified using specific oligonucleotides (Table S2), cloned
in pBluescript SK+ (Stratagene), and labeled by PCR with
Universal 6-FAM oligonucleotides to obtain fluorescent probes.
The DNA-protein binding reaction contained: 5 µL buffer
(10mMTris–HCl, pH 7.4, 5mMMgCl2, 2.5mMCaCl2, 250mM
KCl, 0.5mM DTT, 10mM L-arginine, pH 7.4), poly-(dIdC)
1,3µg/mL, glycerol 10%, 6-FAM-labeled probe 2 nM, and Strep-
ArgR protein 0.8µM in 15 µL. This mixture was incubated for
30min at 30◦C and immediately resolved in a 5% acrylamide
gel using 0.5x TBE as running buffer at 50V. Competition
experiments were done with increasing amounts of unlabeled
specific probe. The chromosomal sequences of the probes used
for DNA binding shift are included in Table S3.

To improve the previous model of the ArgR binding site
(Pérez-Redondo et al., 2012), we used the EMSA which resulted
in 50 DNA fragments shifted. The chromosomal sequences of
the probes used for DNA band-shift assays, obtained by PCR
amplification, are included in Table S3. These sequences were
chosen among those containing putative ArgR binding sites,
according to the previous model. A three-step process was
conducted to identify ARG boxes in the sequences of the positive
probes and to build a new binding-site model. First, the MEME
algorithm, available through the MEME server (Bailey et al.,
2009), was used for motif discovery using two search strategies:
(i) the discriminative mode, fed with both sets of positive and
negative sequences and searching for palindromes 14–20 nt in
length (ZOOPS option), detected a total of 25 ARG boxes in the
input positive sequences and built an ARG box model 14 nt in
length (named ARGNE04); (ii) the normal mode, searching for
palindromes 18–20 nt in length with the ANR option, detected 14
sites among the set of positive probes and produced a model 20
nt in length (ARGNE05). Second, the sequences giving positive
DNA band-shift were scanned with both the ARGNE04 and
ARGNE05models using the FIMO algorithm (Grant et al., 2011).
The results were manually inspected to determine the most likely
binding site(s) in each positive sequence, in terms of sequence
conservation, location relative to the translation start site of the
regulated gene, and the presence of a unique ARG box or two
tandemly arranged ARG boxes (Table 1). Third, 37 ARG boxes
were well-conserved sequences that were selected among the
44 boxes identified in the previous analysis and used to build
the final model using information theory algorithms (Schneider,
1997).

Viability Stain
Culture samples were obtained and processed for microscopy
at different incubation time-points, as previously described
(Manteca et al., 2007, 2008). To detect the dead cell population,
the cells were stained with the cell-impermeant nucleic acid
stain propidium iodide (PI), which only penetrates bacteria with
damaged membranes. In addition, SYTO 9 green fluorescent
nucleic acid stain, which labels all cells (LIVE/DEAD BacLight
Bacterial Viability Kit, Invitrogen) was used to detect viable
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cells. In the presence of both stains, bacteria with intact cell
membranes appeared to fluoresce green, whereas bacteria with
damaged membranes appear red. After being left to sit at
least 10min in the dark, the samples were examined under
a Leica TCS-SP2-AOBS confocal laser-scanning microscope at
a wavelength of either 488 or 568 nm excitation and 530 nm
(green) or 630 nm (red) emission, respectively (optical sections
∼0.2µm). Images were mixed using Leica Confocal Software.
In some cases, samples were also examined in differential
interference contrast mode using the same equipment.

Images were processed with ImageJ. Compartmentalized
hyphae were counted using the cell counter plugin (https://
imagej.nih.gov/ij/plugins/cell-counter.html). The percentage of
hyphae suffering segmentation (sporulation-like) was estimated
by counting 727 hyphae among numerous pictures, and two
different biological replicates, visualized independently in the
same focal plane. The average segment length was estimated from
226 measurements (Figure S1).

RESULTS

Construction of a New Model to Analyse
ArgR Binding in S. coelicolor
Previous footprinting, EMSA and in vivo luciferase-fused
sequence data demonstrated ArgR binding to several gene
promoters (Rodríguez-García et al., 1997; Pérez-Redondo
et al., 2012). ArgR binding sites (ARG boxes) are imperfect
palindromes up to 20 nt in length (two turns of the DNA helix).
Most evident ArgR binding sites were identified in the arginine
biosynthesis promoters of S. clavuligerus (Rodríguez-García et al.,
1997) and S. coelicolor (Pérez-Redondo et al., 2012). All binding
sites are composed of two contiguous ARG boxes, although
DNA band-shift studies showed ArgR binding sites, formed by a
unique ARG box (Pérez-Redondo et al., 2012). A bioinformatics
model of the S. coelicolor ARG box was built according to these
sequences (Pérez-Redondo et al., 2012). In this work, the results
of EMSA with 50 DNA fragments (27 previously published)
were used to build an improved model of the ArgR binding
site. Of these 50 fragments assayed, 30 yielded mobility shifts,
and 20 fragments failed to show ArgR binding (Table S3). Seven
novel positive fragments correspond to the intergenic regions of
SCO0255-SCO0256 and SCO1863-SCO1864 (ectA-ectB) genes,
to the upstream regions of SCO4425 (afsS) and SCO4426 (afsR)
genes, and to the coding regions of SCO4159 (glnR), SCO5326
and SCO5896 (redH). All the experimental data described in
Materials and Methods allowed that a new model of the ARG
box was built (Figure 1). The total conservation of this model is
Rsequence = 9.9 bits, and the Ri value of the consensus sequence
is 20.9 bits.

The new model was used to analyse the ArgR binding sites
present in the DNA fragments giving positive EMSA. A total
of 44 ARG functional boxes were identified, showing various
conservation values (Table 1). These ARG boxes were arranged
into three types of binding sites: (1) typical binding sites formed
by two contiguous ARG boxes, such as those of arg genes; (2)
binding sites formed by two tandem ARG boxes but separated
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FIGURE 1 | DNA band-shift assays of new ARG boxes and Sequence Logo.

(A) ArgR binding analysis of DNA fragments containing ARG boxes. Free probe

(FP), binding reaction (B), competition reactions with non labeled probe (C). In

all cases competition reactions were made to determine the binding specificity,

however it is only shown the competition for the redH binding assay (amount

of competitor in the reactions: 9.5 and 19x, left and right, respectively). Assays

were performed on intergenic regions of SCO0255-SCO0256 and

SCO1863-1864 (ectA) and coding regions of SCO5326 and SCO5896 (redH).
(B) Sequence logo of ARGNE06 model. Letter height is proportional to the

base frequency in aligned sequences used to build the model, and letter stack

height is conservation in bits at that position.

by one nucleotide; and (3) binding sites formed by a single ARG
box. In the promoter of the rstP gene, there are two possible ARG
boxes separated by 10 nucleotides. It is possible that both boxes
form a single binding site or constitute two independent sites.

To identify ARG boxes in the genes transcriptionally affected
by the lack of ArgR (see below), a bioinformatic search was
conducted in the S. coelicolor chromosome. The list of predicted
ArgR binding sites was filtered by probability (p-value < 10−5)
and information content (Ri > 10.0 bit) (Table S4A). The 315
ArgR putative sites shown control 221 differentially expressed
genes, at either the gene located downstream of the ARG site
or the next. In addition, many ArgR binding sites with lower
probability were identified, some of which were related to
differentially transcribed genes; some are shown in Table S4B.
The functionality of most of these ARG boxes remains to be
validated.

Transcriptomic Studies of S. coelicolor
M145 and S. coelicolor 1argR
Gene expression was analyzed in MG liquid cultures of S.
coelicolor M145 and S. coelicolor 1argR, employing three

biological replicates at five time points. A total of 1544 genes
(∼20% of the S. coelicolor genome) showed differences in
expression (signification level p < 0.01) in at least one of the
5 time points analyzed. These transcripts corresponded to the
genes involved in amino acid metabolism (75 genes), purine
and pyrimidine metabolism (31 genes), nitrogen and phosphate
control (20 genes), DNA repair and recombination (25 genes),
structure and morphology (78 genes), secondary metabolism
(74 genes), coenzyme biosynthesis (13 genes), two-component
systems (57 genes), regulators and sigma factors (106 genes),
or membrane protein-encoding genes (160 genes). Many genes
were related to protein secretion or had unknown functions (767
genes), and others were unclassified genes (138) (Table S5). The
differentially expressed genes in the control strain and 1argR
mutant were fitted into ten prototypical expression patterns
(Figure 2). ArgR behaves mainly as a repressor (profiles 1, 2, 3,
and 4) but can also be a weak activator (profiles 5, 6, 7, and 8),
and few genes showed either repression or activation at various
growth times (profiles 9 and 10). It has to be noted that 50% of
the genes did not fit any of the 10 maSigPro profiles. Only 45 of
the 7,721 genes scanned were deregulated at all times.

Genes Related to Amino Acids and
Pyrimidine Biosynthesis
The genes most affected by the absence of ArgR were those
involved in arginine biosynthesis (Figure 3A). They were
overexpressed in the 1argR mutant, in agreement with previous
observations for type II ArgR repressors (Tian et al., 1992). Fold
changes (or Mc values) for these transcripts oscillated between
7- and 38-fold upregulation in the mutant, and argC was the
most upregulated gene (Table S5). Conserved ARG boxes were
located upstream of argC, argH, argR, arcB, and in the intergenic
argG-gabD bidirectional promoter region (Pérez-Redondo et al.,
2012; Table 1). Amino acid biosynthesis genes, such as hppD
(SCO2927) and glyA3 (SCO5364) involved in glycine-serine-
threonine metabolism or gabD (SCO7035) encoding a succinate
semialdehyde dehydrogenase, were upregulated in the 1argR
mutant (Table S5). Especially remarkable was the effect on gene
SCO1086, encoding a protein with a transglutaminase domain
(125-fold upregulation) (Table S5).

Genes for pyrimidine biosynthesis were highly upregulated
in the 1argR strain, with fold changes close to 4.0; pyrB and
pyrR were the most upregulated genes (Figure 3B; Table S5).
Conserved ARG boxes are present upstream of pyrB, pyrA,
pyrD, and pyrR (Table 1), and some were already confirmed
to be bound by ArgR in vitro (Pérez-Redondo et al., 2012).
The ribonucleotide reductases, forming deoxyribonucleotides in
an oxygen-dependent (nrdABS) or oxygen-independent (nrdRJ)
manner, were upregulated by the absence of ArgR but only at
the early exponential growth phase (32 h) (Pérez-Redondo et al.,
2012). The same was true for the cobB and cobQ genes required
for cobalamin B12 formation, a cofactor controlling nrdABS
transcription (Table S5).

Genes Related to Nitrogen Metabolism
The expression of nitrogen metabolism genes (glnII, glnA, amtB,
glnK, and glnD) in S. coelicolor M145 is shown in Figure 3C.
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FIGURE 2 | Clustering of gene expression profiles in S. coelicolor M145 and S. coelicolor 1argR. S. coelicolor M145 gene expression is indicated by black lines;

expression of S. coelicolor 1argR gene is indicated by gray lines. Clustering was obtained using maSigPro Program.

These genes showed high expression at early times, moderate
expression between 42 and 56 h, and another increase at the
end of the culture. This pattern does not clearly fit any of
the profiles shown in Figure 2. The 1argR mutant displayed
expression similar to the control strain between 42 and 56 h
of growth, but the strong upregulation at early and late times
observed in the control strain did not occur in the mutant
(Figure 3C).

S. coelicolor grows on nitrate as sole nitrogen source, and
it possesses three gene clusters for nitrate reduction: SCO0216
to SCO0219 and SCO4947 to SCO4750, complexes 2 and 3,
respectively, and SCO6532 to SCO6535 (Fischer et al., 2010).
All genes encoding for the nitrate reductase complex 3 are
underexpressed in the 1argR mutant (Figure 3D), with an
expression profile that fitted in group 6, as shown in Figure 2.
Functional ARG boxes are present upstream of amtB (Pérez-
Redondo et al., 2012) and in the 3′ region of SCO4159, glnR
(Table 1).

Membrane and Secretion Proteins
Approximately 150 genes encoding proteins related to secretion
and 160 genes for membrane proteins were up- or down-
regulated in expression compared to the parental and the
1argR strains (Table S5). Some of these genes were strongly
underexpressed (SCO4251 and SCO6934) in the mutant at early
or late culture times. Other genes, especially SCO0615, SCO0665,
SCO6375, and SCO2704, are overexpressed in the 1argRmutant
(Table S5).

Secondary Metabolism Gene Clusters
Lack of ArgR affects the production of the pigmented antibiotics
actinorhodin and undecylprodigiosin (Pérez-Redondo et al.,
2012). Red and Act production in the control strain reached 6
and 50 nmol/mg dry weight and were detected at 56 and 66 h,
respectively. The mutant antibiotic production was reduced to
12% (for Act) and 8% (for Red) of the levels detected in the
parental strain (not shown).
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FIGURE 3 | Expression profile of different genes in S. coelicolor M145 and S.
coelicolor 1argR. (A) Arginine biosynthesis genes. Profiles of argB, argC,
argD, argJ, and argR are shown. Mg values for argR probe in mutant strain

correspond to a nonexistent argR gene, and, thus serve to assess Mg values

reflecting lack of expression. (B) Pyrimidine biosynthesis genes. Only pyrAa,
pyrA, pyrB, and SCO1485 are shown as a model. (C) Profile of glnII amtB,
glnK, and glnD as model of nitrogen metabolism genes. (D) Expression profile

of nar3 genes. S. coelicolor M145 genes (black lines) and S. coelicolor 1argR
genes (gray lines).

All genes for actinorhodin biosynthesis (SCO5071 to
SCO5092) shared the same expression profile with growth
(group 6 in Figure 2). Expression of the act genes in the parental
strain decreased from 32 to 42 h and increased steadily thereafter
to reach a 6-fold level, whereas the genes expression in the
mutant was always lower (18–55% of the level of the parental
strain) and increased after 49 h to reach a final level 23% lower
than that of the parental strain (Figure 4A).

The 23 genes involved in undecylprodigiosin biosynthesis
(SCO5877 to SCO5899) were repressed in the1argRmutant with
respect to the control strain (Figure 4B), following a group 7
profile. As shown below, the coding sequence of redH, SCO5896,
contains a functional ARG box (6.3 bits, Table 1).

Expression of the cpk gene cluster (SCO6268 to
SCO6288) for the biosynthesis of the polyketide coelimycin
P1 (Gomez-Escribano et al., 2012) was also altered in the

1argR mutant. The cpk genes’ expression decreased steadily in
the control strain with time, while in the 1argR mutant, the
transcription increased to a maximum at the 49 h sampling time
and then decreased. However, the complex transcription profile
of these genes (group 10, Figure 2) suggests control mechanisms
in addition to those due to ArgR. Transcription of genes located
close to the cpk cluster, as for the γ-butyrolactone-receptor (scbR)
and the genes involved in γ-butyrolactone synthesis (scbA, scbB),
was also affected by the 1argR deletion and showed the same
expression profile 10 (Figure 2; Table S5). Genes of the act, red,
and cpk clusters are putatively under the control of ARG boxes
(Table S4).

Secondary metabolism genes with expression altered in the
1argR mutant include SCO7700 and SCO7701, which are
involved in methylisoborneol biosynthesis, and eshA (SCO7699),
a regulator of secondary metabolism (Saito et al., 2003, 2006); all
of these show the expression profile of group 2. The whiE genes
(SCO5314-5320), related to the synthesis of the TW95a pigment
(Kelemen et al., 1998), are strongly upregulated in the 1argR
mutant (Table S5). A less pronounced effect (group 2, Figure 2)
was observed in SCO1206 to SCO1208 genes for the synthesis
of the tetrahydroxynaphtalene pigment (Table S5). The geosmine
biosynthesis gene SCO6073 was underexpressed in the mutant at
late times (49 to 66 h, Table S5). A secondary metabolite, ectoine,
confers protection against osmotic stress and stabilizes proteins
at high temperature and extreme pH to the cells (Bursy et al.,
2008; Kol et al., 2010). The ectoine biosynthesis gene cluster
(SCO1864 to SCO1867) was weakly overexpressed (1.5 to 3-fold)
in the 1argR mutant, showing the profile of group 3 (Table S5).
A DNA fragment from the SCO1863-SCO1864 intergenic region
was retarded in vitro by the ArgR protein (Table 1).

Transcriptional Analysis of Genes Involved
in Differentiation, Sporulation, and Gas
Vesicle Formation
Clear expression differences were found in genes involved in
hydrophobic cover formation (rodlins and chaplins), sporulation
(ram, whi), cell wall glycan biosynthesis (cwg) and gas vesicle
formation (gvp) (Table 2).

Genes for Rodlins and Chaplins
The rodlet layer formed by chaplins and rodlins (Claessen
et al., 2004) is partially responsible for the hydrophobicity in
aerial hyphae and spores. The genes encoding chaplins (chpA,
chpB, chpC, chpD, and chpG) and rodlins (rdlA and rdlB) were
upregulated in the 1argR mutant. This overexpression was
particularly high in the exponential growth phase (Table 2). The
chpA, rdlB, and rdlA gene expression increased 30-, 52-, and 114-
fold, respectively, at 42 h (Figure 5, upper panels), while chpC and
chpB were less affected (4.5-fold increase, Table 2).

Cwg Genes
The cwg cluster (SCO6179 to SCO6190) is tentatively involved in
glycan cell wall synthesis (Hong et al., 2002). All cwg genes were
overexpressed (1.3 to 4.3-fold) in the 1argR mutant (Figure 5,
middle panels).
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FIGURE 4 | Expression of act and red genes in S. coelicolor M145 and S. coelicolor 1argR. (A) Actinorhodin biosynthesis genes. Expression profile of actVA1,
actVA5, actII, actIA2, and actVII are shown as model (upper left panel). In lower left panel, columns show the relative expression of each act gene in S. coelicolor
1argR at 32 h compared to S. coelicolor M145 expression, taken as 100. The corresponding genes are indicated below. (B) Undecylprodigiosin biosynthesis genes.

Expression profile of redR, redP, redN, and redK are shown as a model (upper right panel). In lower right panel columns show relative expression of each red gene in

S. coelicolor 1argR at 49 h compared to S. coelicolor M145 expression, taken as 100. The corresponding red genes are indicated below. S. coelicolor M145 genes

(black lines), S. coelicolor 1argR genes (gray lines). The time point at which the expression difference between strains of both sets of genes is maximal (32 or 49 h)

have been chosen for representation in lower panels.

Genes for Gas Vesicles
Two independent gene clusters involved in gas vesicle formation
(gvp genes) were present in the S. coelicolor M145 genome. Both
clusters showed low and relatively constant expression along the
developmental time course in the control strain. However, in

cultures of S. coelicolor 1argR, all gvp genes were overexpressed.
Cluster I gene expression (SCO0649-SCO0657) slowly increased
and peaked at 42 h, as shown for the model gene gvpA (Figure 5,
lower left panel). Transcription for genes in cluster II (SCO6499-
SCO6508) increased along with time in the mutant, showing
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TABLE 2 | Genes related to morphology differentially expressed in S. coelicolor M145 and S. coelicolor 1argR (1).

Code Product Gene Mc 1argR-M145 p BH 1argR-M145

32 h 42h 49h 56h 66h 32 h 42 h 49 h 56 h 66 h

SCO0649 Putative gas vesicle synthesis protein gvpO2 0.328 3.008 1.143 0.467 −0.183 0.856 0.000 0.021 0.557 0.870

SCO0650 Putative gas vesicle synthesis protein gvpA2 0.274 3.122 1.713 0.522 1.138 0.868 0.000 0.000 0.414 0.011

SCO0651 Putative gas vesicle synthesis protein gvpF2 0.230 1.843 0.510 0.216 0.035 0.799 0.000 0.092 0.681 0.967

SCO0652 Putative gas vesicle synthesis protein gvpG2 0.632 2.872 1.248 0.227 0.106 0.381 0.000 0.009 0.803 0.929

SCO0653 Conserved hypothetical protein gvpY2 0.023 1.157 −0.160 0.047 −0.012 0.999 0.004 0.715 0.964 0.992

SCO0654 Conserved hypothetical protein gvpZ2 0.224 2.443 0.979 0.211 0.204 0.909 0.000 0.015 0.781 0.790

SCO0655 Putative gas vesicle synthesis protein. gvpJ2 0.185 1.283 0.827 0.230 −0.231 0.945 0.001 0.030 0.754 0.736

SCO1415 Putative membrane protein smeA 1.002 3.040 1.923 0.302 0.088 0.302 0.000 0.006 0.823 0.960

SCO1416 Putative membrane protein sffA 0.738 1.982 1.474 0.449 0.310 0.066 0.000 0.000 0.353 0.517

SCO1489 BldD, transcriptional regulator of

developmental genes

bldD 0.329 0.778 0.621 0.414 0.183 0.230 0.000 0.004 0.086 0.525

SCO1541 SsgA-like protein ssgB 1.211 4.936 1.902 −0.010 −1.258 0.056 0.000 0.001 0.995 0.023

SCO1674 Putative secreted protein chpC 0.522 1.634 0.363 0.484 −0.984 0.488 0.000 0.426 0.473 0.031

SCO1800 Putative small secreted protein chpE −0.016 0.082 −0.883 0.319 −0.490 0.999 0.848 0.009 0.520 0.182

SCO2082 Cell division protein ftsZ 0.307 0.678 0.093 0.048 −0.159 0.244 0.001 0.658 0.915 0.578

SCO2716 Putative secreted protein chpA 3.918 4.953 2.124 1.431 0.310 0.000 0.000 0.000 0.015 0.734

SCO2717 Putative small membrane protein chpD 0.689 2.057 0.388 0.304 −1.100 0.609 0.003 0.592 0.822 0.141

SCO2718 Putative secreted protein rdlA 5.182 6.836 3.209 2.305 0.705 0.000 0.000 0.000 0.005 0.486

SCO2719 Putative secreted protein rdlB 4.621 5.711 2.595 1.667 0.496 0.000 0.000 0.000 0.018 0.596

SCO2786 beta-N-acetylhexosaminidase hexA 0.345 0.305 −0.240 −0.283 −1.345 0.091 0.077 0.154 0.197 0.000

SCO3356 ECF sigma factor sigE 0.042 −0.592 0.158 0.275 0.640 0.999 0.001 0.387 0.232 0.001

SCO3404 Cell division protein ftsH homolog ftsH2 −0.007 0.548 0.059 0.067 0.249 0.999 0.009 0.807 0.883 0.330

SCO3925 IclR-type transcriptional regulator of ssgA ssgR 0.594 1.519 0.329 −0.152 −0.429 0.159 0.000 0.322 0.815 0.271

SCO3926 Sporulation factor ssgA 0.785 2.219 1.472 0.728 −0.671 0.127 0.000 0.001 0.164 0.139

SCO4035 RNA polymerase sigma factor sigF 0.373 0.740 −0.049 −0.181 −0.407 0.394 0.009 0.888 0.717 0.206

SCO4767 Putative regulatory protein whiD −0.014 1.989 0.352 0.822 1.462 1.000 0.001 0.586 0.339 0.019

SCO4923 Conserved hypothetical protein −0.203 −0.397 0.073 −0.171 0.038 0.232 0.002 0.584 0.330 0.896

SCO5046 Hypothetical protein wblI 0.068 0.391 −0.258 −0.741 −1.258 0.999 0.126 0.302 0.008 0.000

SCO5240 Sporulation transcription factor-like wblE 0.200 0.750 −0.189 −0.368 −0.704 0.706 0.001 0.422 0.222 0.003

SCO5314 whiE protein VII whiE-ORFVII 0.333 5.188 2.766 0.383 0.223 0.942 0.000 0.000 0.768 0.890

SCO5315 polyketide cyclase whiE-ORFVI 0.469 2.869 1.951 0.814 0.034 0.741 0.000 0.001 0.306 0.983

SCO5316 acyl carrier protein whiE-ORFV 1.023 5.555 2.857 0.694 0.454 0.270 0.000 0.000 0.500 0.679

SCO5317 polyketide beta-ketoacyl synthase beta whiE-ORFIV 0.023 1.395 0.409 −0.087 −0.314 0.999 0.003 0.388 0.941 0.683

SCO5318 polyketide beta-ketoacyl synthase alpha whiE-ORFIII 0.143 3.152 1.263 −0.178 0.024 0.995 0.000 0.008 0.851 0.985

SCO5319 whiE protein II whiE-ORFII 0.245 2.398 1.389 0.101 0.216 0.960 0.000 0.014 0.944 0.860

SCO5320 whiE protein I whiE-ORFI 0.083 2.182 0.777 0.100 0.030 0.999 0.000 0.073 0.928 0.981

SCO5321 polyketide hydroxylase whiE-ORFVIII 0.023 1.479 0.325 −0.024 −0.125 0.999 0.000 0.374 0.980 0.877

SCO5580 Putative prokaryotic docking protein ftsY 0.058 0.027 0.290 0.242 0.746 0.999 0.938 0.233 0.526 0.003

SCO5819 Sporulation transcription factor, WhiH whiH 1.978 3.388 1.448 1.197 −0.647 0.000 0.000 0.004 0.026 0.241

SCO6029 Two-component regulator whiI 2.696 3.526 1.840 1.287 0.261 0.000 0.000 0.002 0.039 0.807

SCO6131 Putative carboxypeptidase 0.039 −0.815 −0.648 0.002 0.563 0.999 0.001 0.010 0.998 0.027

SCO6180 Putative transferase cwgB 0.225 1.275 1.786 1.779 1.527 0.572 0.000 0.000 0.000 0.000

SCO6181 Putative transferase cwgC 0.047 0.777 1.267 1.303 1.058 0.999 0.001 0.000 0.000 0.000

SCO6182 Putative dehydratase cwgD 0.148 0.396 0.682 1.108 0.695 0.822 0.061 0.002 0.000 0.002

SCO6183 Putative transferase cwgE 0.325 0.084 1.086 1.551 1.017 0.492 0.817 0.000 0.000 0.001

SCO6185 Putative transferase cwgG 0.361 1.704 2.092 1.867 1.200 0.341 0.000 0.000 0.000 0.000

SCO6186 Putative phosphoheptose isomerase cwgH 0.592 0.846 1.200 0.942 0.746 0.148 0.009 0.001 0.010 0.025

SCO6187 Putative bifunctional synthase/transferase cwgI 0.313 0.338 0.943 0.896 0.213 0.573 0.286 0.003 0.007 0.652

SCO6188 Putative transferase cwgJ 0.087 0.440 0.826 0.766 0.627 0.990 0.111 0.004 0.011 0.024

(Continued)
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TABLE 2 | Continued

Code Product Gene Mc 1argR-M145 p BH 1argR-M145

32 h 42h 49h 56h 66h 32 h 42 h 49 h 56 h 66 h

SCO6499 Putative gas vesicle synthesis protein gvpO 0.185 0.799 1.259 1.507 2.420 0.990 0.170 0.023 0.018 0.000

SCO6500 Putative gas vesicle synthesis protein gvpA 0.163 0.669 1.206 1.464 2.244 0.973 0.108 0.004 0.001 0.000

SCO6501 Putative gas vesicle synthesis protein gvpF 0.196 0.720 0.843 1.014 1.662 0.836 0.011 0.005 0.001 0.000

SCO6502 Putative gas vesicle synthesis protein gvpG 0.263 0.787 0.602 0.923 1.691 0.879 0.068 0.152 0.065 0.000

SCO6503 Hypothetical protein SC1E6.12 gvpY 0.126 0.396 0.521 0.767 0.966 0.978 0.271 0.114 0.049 0.006

SCO6504 Conserved hypothetical protein SC1E6.13 gvpZ 0.323 0.781 0.777 1.201 1.910 0.722 0.039 0.035 0.005 0.000

SCO6505 Putative gas vesicle synthesis protein gvpJ −0.077 0.408 0.768 1.036 1.300 0.999 0.183 0.011 0.002 0.000

SCO6506 Putative gas vesicle protein gvpL 0.172 −0.088 0.420 0.645 1.143 0.860 0.796 0.104 0.033 0.000

SCO6507 Putative gas vesicle synthesis protein gvpS −0.375 −0.076 −0.440 0.416 0.955 0.391 0.840 0.109 0.284 0.001

SCO6682 Hypothetical protein SC5A7.32 ramS −2.158 −0.491 −0.152 −1.645 −1.481 0.004 0.532 0.854 0.034 0.036

SCO6685 Two-component system response

regulator

ramR −0.570 −0.394 −1.116 −0.741 −0.697 0.091 0.177 0.000 0.019 0.016

SCO6715 Putative transcriptional regulator wblH −0.505 0.203 −0.231 0.671 2.427 0.817 0.828 0.775 0.549 0.001

SCO7050 Putative D–alanyl-D-alanine

carboxypeptidase

0.437 0.851 0.460 0.249 0.169 0.306 0.004 0.111 0.605 0.750

SCO7257 Putative secreted protein chpB 1.118 2.174 0.504 0.415 −0.223 0.017 0.000 0.221 0.520 0.772

SCO7699 EshA protein eshA 1.043 2.524 0.185 −0.018 −2.170 0.030 0.000 0.688 0.988 0.000

(1) For each gene, the Mc value is the binary log of the differential transcription between the mutant and the wild strain. A positive Mc value indicates upregulation, and a negative one,

downregulation. Data are the average of three biological replicates and Benjamini-Hochberg adjusted p-values are indicated. Bold numbers indicate p-values below the threshold (0.01)

set to identify significantly diferentially expressed genes.

2- to 4-fold higher expression than in the control strain in
the stationary phase; as a prototype gene of cluster II, gvpA2

expression is shown in Figure 5 (right lower panel).

Genes Related to Spore Formation and Differentiation
All whi genes were involved in sporulation and aerial hyphae
formation (Davis and Chater, 1992), with the exception of whiJ
and whiA, which were significantly upregulated by the absence
of ArgR (Table 2). The whiD, whiI, and whiH genes (Figure 6,
upper panels) and the eight whiE genes (orfI to orfVIII), which
are involved in the formation of the spore pigment (Kelemen
et al., 1998) (Figure 6, lower panels), were most overexpressed
in the mutant. The ARG box located in the whiB promoter
region (Ri 9.4 bits, Table 1) was demonstrated to bind ArgR in
previous DNA band-shift studies (Pérez-Redondo et al., 2012),
and several whi genes are under the predicted control of ARG
boxes (Table S4).

The ramR gene, which encodes an orphan response regulator
related to the SapB peptide and aerial mycelium formation (San
Paolo et al., 2006), was weakly down-regulated in the 1argR
mutant (Table S5). The transcription of genes for key sporulation
regulatory proteins, such as ssgR, ssgA, ssgB, and smeA-sffA
(van Wezel et al., 2000a; Traag et al., 2004; Ausmees et al.,
2007; Willemse et al., 2011), were all upregulated in the mutant
(Table 2).

Other genes related to morphological differentiation had
smaller, but significant, differences in expression between
the parental and 1argR mutant strains. These were the
developmental transcriptional regulator bldD (Elliot et al., 2001),
which presents functional ARG boxes upstream of its coding
sequence (Pérez-Redondo et al., 2012); wblH, a target of WhiA

(Bush et al., 2013); and ftsZ, a key protein of cell division (van
Wezel et al., 2000b; Bush et al., 2013). All weakly increased w
their expression at the first three sampling times (Table S5).
Also upregulated in the 1argR mutant were hexA, encoding
for an N-acetylhexosaminidase involved in glycan degradation
(Mark et al., 1998); SCO4923, putatively involved in septum
formation; SCO7050, for a D,D-carboxypeptidase-like protein;
and SCO7699, reported to be involved in sporulation (Table 2).

Analysis of S. coelicolor M145 and 1argR

Mutant Differentiation
The mycelium from liquid cultures of the 1argR mutant
showed a dark, brownish pigment, which was not observed
in the S. coelicolor M145 mycelium (compare Figure 7A

with Figure 7E). Morphological differentiation was analyzed in
liquid cultures using confocal microscopy. The most important
difference between S. coelicolor M145 and the 1argR mutant
was the presence of nucleoid segregation (Figure 7G), and the
formation of round segments (Figure 7H) with an average
length of 0.9µm ± 0.1 in the 1argR mutant, resembling the
segmentation observed during sporulation in solid cultures.
Hypha segmentation began at 27 h of culture and affected 4.3%
± 0.1 of the hyphae (Figure S1).

Validation of Transcriptomic Data by
qRT-PCR
Transcriptomic data were validated using qRT-PCR at two
developmental time points for thirteen of the genes related to
differentiation and secondary metabolism: whiH, rdlB, SCO1588,
cwgB, chpA, whiE-orfV, gypO, pyrB, ramR, glnII, scbR, redW,
and actV1 (Figure 8). The expression levels of 14 additional
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FIGURE 5 | Expression of genes related to differentiation in S. coelicolor M145 and S. coelicolor 1argR. (Upper panels) Expression profile of genes encoding

chaplins (chpA as model) and rodlins (rdlA, rdlB). (Middle panels) Expression profile of cwg genes. Expression of cwgB, cwgG, and cwgH are shown as model.

(Lower panels) Expression of genes for gas vesicles: gvpA and gvpA2 are shown as model of genes for gas vesicle clusters I and II. S. coelicolor M145 genes (black

lines), S. coelicolor 1argR genes (gray lines). Standard deviation is represented by discontinuous bars.

genes from all the expression profiles shown in Figure 1 were
also validated (Figure S2). The correlation between the qRT-PCR
and microarray results for the 27 genes was very good, with an
R2 value of 0.926 (Figure 8), confirming the reliability of the
transcriptomic data.

DISCUSSION

The differences in the transcriptomes of S. coelicolor M145
and the 1argR mutant strain were previously studied at a
single developmental time point (Pérez-Redondo et al., 2012).

The current studies were extended by analyzing five different
developmental stages in the culture.

The existence of ARG boxes in ArgR controlled genes suggests
a modulator role of ArgR in the transcription. The information
content (Ri) of the operators formed by a single ARG box, listed
in Table 1, ranged from 1.2 bit (afsR) to 14.5 bit (SCO4293). The
presence of one or two ARG boxes, the distance between them,
the Ri value, and their location in relation to other regulatory
signals, may account for different ArgR binding affinities and
allow fine-tuned regulation of the expression of the controlled
genes. ARG boxes were predicted in the genome using the new
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FIGURE 6 | Expression profile of whi genes in S. coelicolor M145 and S. coelicolor 1argR. (Upper panels) Expression of whiH, whiI, and whiD genes. (Lower

panels) Expression of whiE cluster genes. The whiE-orfV, orfVI, orfVII, and orfIII are shown as models. S. coelicolor M145 genes (black lines), S. coelicolor 1argR
genes (gray lines). Standard deviation is represented by discontinuous bars.

model (Table S4). Those sites, if functional, might account for the
altered transcription in the 1argR mutant. Alternatively, in the
absence of an ArgR binding site, the regulatory role of ArgR in
the expression would be indirect.

This study demonstrates that ArgR is a pleiotropic regulator,
which in S. coelicolor represses more than the genes for
arginine and pyrimidine biosynthesis (Cunin et al., 1983; Larsen
et al., 2008). A total of 1,544 genes out of the 7,721 analyzed
were significantly deregulated at least once according to the
microarray experiment (Table S5). Forty-five genes were always
overexpressed (e.g., at 5 time points) in the ArgR mutant (Table
S5), which suggests that the ArgR protein exerts a tight control
over their transcription. Most of them, 29 out of these 45 genes
(64%) had the profile of group 1 (Figure 2), including the 15
genes related to arginine and pyrimidine biosynthesis. The other
16 genes did not fit any of the 10 groups determined bymaSigPro.
The function of many of these 29 genes is unknown, although
SCO6824-SCO6827 resembles a polyketide synthesis gene cluster
and sigM (SCO7314) has been reported to be involved in osmotic
stress control (Lee et al., 2005). ArgR direct control over some
of these 45 deregulated genes was demonstrated by binding to
functional ARG boxes located upstream of SCO1086, pyrA, pyrB,
pyrR, bldD, argH, argC, arcB, argG, and sigM (Table 1), and non-
tested, but predicted ARG boxes could account for the control
of SCO2864-SCO2869, SCO6205-SCO6206, SCO6824-SCO6827

genes (Table S4). However, most of the deregulated genes
(1499) were over- or under-expressed at one, two, three or
four time points, indicating a ArgR relaxed control and/or
interaction with other regulators. The nitrogenmetabolism genes
are controlled in S. coelicolor by GlnR, the global regulator of
nitrogen assimilation, by NnaR (Amin et al., 2012) and also by
PhoP, the global regulator of phosphate metabolism (Rodríguez-
García et al., 2009; Sola-Landa et al., 2013). We found that, in
addition, some nitrogen metabolism genes (glnII, amtB, glnK,
glnD) are regulated by ArgR. This was a direct effect, since
expression of glnR and phoP was not affected in the 1argR
mutant. Arginine is a nitrogen-rich storage compound in many
organisms (Llácer et al., 2008), and the discovery of ArgR
binding-ARG boxes (Pérez-Redondo et al., 2012) in the glnR and
amtB genes, supports a direct regulatory role for ArgR in nitrogen
metabolism.

A similar situation occurs in cell wall biosynthesis genes
(cwg), which were upregulated in the 1argR mutant. The cwg
genes were predicted to be transcribed from the cwgA upstream
promoter, which is controlled by SigE (Hong et al., 2002) in
response to the signal transmitted by the two component system
CseC-CseB (Paget et al., 1999). Our results suggest an additional
ArgR regulation of cwg genes. Expression of genes for secondary
metabolite biosynthesis was also altered in the 1argR mutant.
The act and red genes were repressed, and genes for the TW95a
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FIGURE 7 | Analysis of differentiation of S. coelicolor M145 and S. coelicolor 1argR. Streptomyces coelicolor M145 (upper panels) and Streptomyces coelicolor
1argR (lower panels). (A,E) Macroscopic differences in color between control and mutant strain. (B–D, F–H) Confocal laser-scanning fluorescence microscopy

analysis (SYTO9/PI staining) of strains growing in liquid MG medium. (D,H) correspond to interference contrast mode images. Arrowheads indicate spore-like

structures.

pigment, and coelymicin were overexpressed. The genes for
ectoine biosynthesis, controlled by GlnR (Shao et al., 2015), were
overexpressed at all time points.

In S. coelicolor the gvp genes for a putative regulator and gas
vesicle structural proteins are located in two duplicated clusters.
These gas-filled vesicles are required in aquatic organisms for
flotation, but have never been found in soil-dwelling bacteria
and the presence of these gene clusters (Offner et al., 1998)
is surprising. In fact, disruption of the gvp gene clusters does
not affect the buoyancy of Streptomyces cells in liquid cultures
(van Keulen et al., 2005). An induction of gvp genes was found
following exposure to high concentrations of salt, and it has been
proposed that gas vesicles may counteract hyperosmotic stress.
The expression of both S. coelicolor gvp clusters was upregulated
in the 1argR strain. The Gvp proteins have a very high content
of arginine, glutamate, and proline, up to 42% of the protein
total amino acids in GvpA2, and might have evolved in soil
Actinobacteria as nitrogen storage material, which might explain
the ArgR control on their biosynthesis.

Some putative ArgR binding sequences were found in these
differentially expressed genes, including ARG boxes located in
coding regions. The presence of binding sequences for regulatory

proteins in coding sequences is not unusual; in a study of
the PHO regulon in S. coelicolor, almost 70% of the PhoP-
chromatin-immunoprecipitated enriched fragments, and ∼50%
of the bioinformatically located PHO boxes, were located in
coding sequences (Allenby et al., 2012).

DNA band-shift studies using ArgR protein identified 24
regions containing ARG boxes (Pérez-Redondo et al., 2012).
Here, we show additional DNA fragments bound by ArgR in
vitro (Figure 1A). However, other DNA fragments tested with
putative ARG boxes showed no band retardation on EMSA
(Table S3). The lack of binding in sequences putatively involved
in regulation is not rare. The presence of ARG boxes might
not be sufficient indicator of affinity binding in vitro. In fact,
Sola-Landa et al. (2008) selected, with very stringent criteria,
20 promoters containing PHO boxes but were able to confirm
the functionality of only 40% of them using an in vitro gel-shift
assay. A lack of binding may derive from low Ri boxes but
also depends on the correct spatial configuration of the DNA
in the fragment used, the in vivo requirement of additional
accessory proteins or cofactors that increase the affinity binding
of the regulatory protein, and/or the requirement of in vivo
modifications of the binding regulator (Wade et al., 2007). This is
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FIGURE 8 | Validation by qRT-PCR of microarray data, corresponding to genes involved in primary metabolism, secondary metabolism, and differentiation. (A)

Validation of genes overexpressed in 1argR mutant. (B) Validation of genes underexpressed in 1argR mutant. The expression is presented in relation to the control

strain, taken as 1. Upper panel indicate gene name and culture time at which qRT-PCR was performed. Corresponding lower panel shows gene profile of the

microarray study. Black bars and black lines correspond to control strain S. coelicolor M145. Gray bars and gray lanes correspond to S. coelicolor 1argR. (C) qPCR
vs. microarray: Scatter plot correlating to transcriptomic changes as measured by microarray analysis and qRT-PCR of all genes validated. R2 was 0.926.

the case for RocR and AhrC cooperation in Bacillus to activate
expression of arginine catabolism genes (Gardan et al., 1997)
or the cooperation of the regulatory proteins FarR and ArgR
in corynebacteria, to control argB expression and intracellular
ornithine levels (Lee et al., 2011).

The relationship between ArgR and hyphae differentiation
remained unexplored. As detailed above, S. coelicolor 1argR
mutants showed a spectacular phenotype in liquid cultures,
resulting in the formation of spore-like chains. Microscopy
analysis displayed the division and separation of nucleoids
and the physical strangulation of hypha, forming chains of
individual round segments in mutant liquid cultures, two
principal events associated with sporulation (Figure 7). While
sporulation in liquid cultures has occasionally been described
in other Streptomyces strains (Lee and Rho, 1993; Rho and Lee,
1994; Rueda et al., 2001), in S. coelicolor it is very unusual and
has only been reported in flask cultures submitted to either
nutritional downshift or Ca2+supplementation (Daza et al.,
1989), in S. coelicolor strains overexpressing ssgA (van Wezel
et al., 2000a), and recently, in 2-L bioreactors (Rioseras et al.,

2014). The signals triggering sporulation in Streptomyces hyphae
(the upper parts of the aerial mycelia in solid cultures; the
border of the mycelial pellets in liquid cultures) remain poorly
characterized. Our results suggest that the arginine metabolism
can contribute to modulate sporulation.

The differentiation signals activating sporulation and
secondary metabolism are not completely known, especially in
liquid cultures (Salerno et al., 2013). This work suggests that
ArgR contributes to the regulation of these processes blocking
sporulation in liquid cultures of the parental strain. In addition,
this phenotype correlates with the overexpression in the 1argR
mutant of genes involved in hydrophobic cover formation,
differentiation, and sporulation (e.g., chaplins, rodlins, most
whi genes, ramR, ssgR, ssgA, smeA-sffA). Several possible ARG
boxes were associated with the whi genes, suggesting a direct
interaction with ArgR. In the case of rodlin and chaplin genes, no
putative regulatory sequences were bioinformatically detected,
indicating possible indirect regulation through other genes.
Small but significant differences were found for some genes
related to sporulation, such as sigF (Kelemen et al., 1996), or
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to hyphae septation, such as ftsZ and ftsH2, but not for other
genes involved in the formation of the cytokinetic Z ring (ftsW,
ftsI, ftsQ), (Grantcharova et al., 2003). No significant differences
were found for other genes, such as rodlin and chaplin genes,
genes related to aerial mycelium formation (ramCSAB) (Keijser
et al., 2002; O’Connor and Nodwell, 2005), hyphae elongation or
cellular division (whiA, crgA) (Flärdh et al., 1999). The regulatory
genes differentially expressed in the 1argR mutant with respect
to the S. coelicolor parental strain are potential regulators of
sporulation-like processes detected in liquid cultures. Further
work is necessary to achieve a deeper characterization of the
biochemical mechanism behind activation of sporulation in
liquid cultures.

In summary, this work demonstrates that the ArgR protein
is more pleiotropic than other bacterial ArgRs, affecting the
expression of 1544 genes and triggering a sporulation-like
process under the growth conditions used in this work. A new
weight matrix was developed for the identification of novel ARG
boxes, and a database containing the expression data of genes
differentially expressed in the 1argRmutant was generated.
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Biocontrol Properties of Three
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Control Bacterial Rice Pathogens
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Diana Isabel Vergara-Morales1, Leonardo Castellanos3, Freddy A. Ramos3,
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Bacterial Panicle Blight caused by Burkholderia glumae is a major disease of rice, which
has dramatically affected rice production around the world in the last years. In this
study we describe the assessment of three Streptomyces isolates as biocontrol agents
for B. glumae. Additionally, the presence of other plant-growth promoting abilities and
their possible beneficial effects upon their inoculation on rice plants was evaluated as
an ecological analysis for their future inoculation in rice crops. Two isolates (A20 and
5.1) inhibited growth of virulent B. glumae strains, as well as a wide range of bacterial
and fungal species, while a third strain (7.1) showed only antifungal activity. In vitro
tests demonstrated the ability of these strains to produce siderophores, Indoleacetic
acid (IAA), extracellular enzymes and solubilizing phosphate. Greenhouse experiments
with two rice cultivars indicated that Streptomyces A20 is able to colonize rice plants
and promote plant growth in both cultivars. Furthermore, an egfp tagged mutant was
generated and colonization experiments were performed, indicating that Streptomyces
A20 –GFP was strongly associated with root hairs, which may be related to the plant
growth promotion observed in the gnotobiotic experiments. In order to characterize the
antimicrobial compounds produced by strain A20 bacteria, mass spectrometry analyses
were performed. This technique indicated that A20 produced several antimicrobial
compounds with sizes below 3 kDa and three of these molecules were identified as
Streptotricins D, E and F. These findings indicate the potential of Streptomyces A20 as
a biocontrol inoculant to protect rice plants against bacterial diseases.

Keywords: Streptomyces, biological control, plant growth promotion, Burkholderia glumae, streptothricins

Abbreviations: ACC, 1-aminocyclopropane-1-carboxylate; BPB, Bacterial panicle Blight; CMC, carboxymethylcelulose;
IAA, Indoleacetic Acid; LC-MS, liquid chromatography–mass spectrometry; MLST, Multilocus Sequence Typing; PGPB,
Plant-Growth Promoting Bacteria; SBR, Sheath Brown Rot.
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INTRODUCTION

Bacterial Panicle Blight (BPB) caused by Burkholderia glumae is a
bacterial disease of rice with an increasing occurrence in South
America since its first detection in 2007 (Correa et al., 2007;
Castillo et al., 2011; Ham et al., 2011). This bacterial pathogen
was first detected in Japan (Goto and Ohata, 1956; Tanii et al.,
1976) and is currently widespread around the world. In the last
20 years, B. glumae has shown a significant occurrence in rice-
growing countries in Latin America and United States causing
grain rot and seedling rot of rice (Zeigler and Alvarez, 1987;
Correa et al., 2007; Nandakumar et al., 2007; Diago et al., 2009;
Nandakumar et al., 2009). B. glumae causes bacterial wilt in
a wide variety of plant hosts, but disease in rice is the most
studied due to the dramatic economic effects of BPB in rice
yields (Jeong et al., 2003). Major symptoms of this BPB include
panicle blight, seedling blight, and sheath rot, with a linear lesion
extending downward from the leaf blade collar forms on the
flag leaf. Affected panicles may have one or all of their florets
blighted with grains not filling or aborting, which causes typical
upright brown panicles due to the failure of grain filling (Goto
and Ohata, 1956; Kurita and Tabei, 1967; Goto et al., 1987;
Zeigler and Alvarez, 1987).

In Latin America and the United States, rice yield reductions
due to BPB have reached 75% in severely infested fields as a result
of a reduction in grain weight, sterility of florets and inhibition
of seed germination (Correa et al., 2007; Nandakumar et al.,
2007, 2009; Diago et al., 2009). In addition to the problems
due to BPB, losses due to SBR caused by the phytopathogen
Pseudomonas fuscovaginae have increased dramatically in rice-
producing countries like Indonesia, Malaysia, and Colombia,
with losses up to 76% (Razak et al., 2009). The occurrence of both
pathogens has been favored by changes in climatic conditions and
it is believed that these diseases may occur more frequently in
tropical and semi-tropical countries.

The main current approaches to control B. glumae include
rice breeding to obtain tolerant rice varieties (Mizobuchi et al.,
2013) and isolation and identification of virulent strains, which
have been analyzed at genomic level to identify putative virulence
genes differing among them (Francis et al., 2013; Fory et al.,
2014). Also, improvement of diagnostic tools for achieving
detection at early stages of rice development, and intense
diffusion and training of farmers in symptoms-detection in
the fields have been used as an approach to diminish the
incidence of B. glumae (Sayler et al., 2006; Kawanishi et al., 2011).
Furthermore, recently transcriptome studies for the pathosystem
rice-B. glumae have contributed to an understanding of the
gene expression of this pathogen along rice development
(Kim et al., 2014; Magbanua et al., 2014). Nonetheless, these
approaches are not always efficient, considering that virulent
strains are polymorphic and have developed resistance to
chemical treatments (Hikichi et al., 2001; Karki et al., 2012).

In spite of the dramatic losses due to P. fuscovaginae and
B. glumae, no biological or chemical approach has proven
to be successful for controlling them in Latin America, and
consequently, sustainable alternatives for reducing these two
bacterial diseases of rice in the region are urgently needed.

A possible alternative is a biocontrol approach, which involves the
use of disease-suppressive microorganisms to control pathogens
and improve plant health (Handelsman and Stabb, 1996). Major
aspects of biocontrol are bioprospecting for new active isolates as
well as understanding the mechanisms of pathogen antagonism
for their future improvement and broader use.

Many Streptomyces strains are considered biocontrol agents,
since they produce a wide range of antimicrobials, can persist
in harsh environments, and efficiently colonize the rhizosphere
of different plant species including rice (Qin et al., 2011; Kinkel
et al., 2012). Furthermore, Streptomyces are able to elicit induced
resistance, as it has been described before (Conn et al., 2008;
Kurth et al., 2014). Because of these features, it is not surprising
that diverse Streptomyces strains had been studied to control
fungal and bacterial diseases of rice like Bacterial Leaf Blight
caused by Xanthomonas oryzae, however very few Streptomyces
are currently being developed as biocontrol products.

Research and development of biocontrol products commonly
focuses on four major points: (1) studying the biocontrol traits
for microbial agents, (2) assessment of the plant–microorganism
interaction, (3) monitoring the beneficial and ecological effects
of inoculation of each agent in the rhizosphere, and finally (4)
verifying proper release of the microbial agents upon inoculation
of crops with formulated products (Herrmann and Lesueur, 2013;
Miransari, 2013). In this study, we describe the isolation and
characterization of three Streptomyces isolates and assess their
potential as biocontrol agents in order to explore their interaction
and possible beneficial effects upon inoculation of rice plants.
Colonization and plant growth promotion experiments were
performed in sterile and non-sterile conditions as an approach
to evaluate the ecological effects of their use in rice fields,
and the colonization patterns were visualized microscopically
for one isolate.

MATERIALS AND METHODS

Isolation and Identification of
Streptomyces-Like Isolates
Forty-five samples of rhizospheric soils were collected from rice-
cultivated fields in Tolima (Colombia). In order to conduct
this research, the ANLA (Autoridad Nacional de Licencias
Ambientales) and the Ministry of Environment (Ministerio de
Ambiente y Desarrollo Sostenible) were requested for permission
to collect samples and study the recovered bacteria.

Briefly, plants roots were removed from the soil and
subsequently handshaked for 10 min to remove bulk soil. The
remaining adhering soil was considered as rhizospheric soil, and
was collected by handshaking roots for 10 min in a sterile plastic
bag. Rhizospheric soil samples (4–5 g for each) were then mixed
with 1 g of CaCO3. Samples were further dried at 45◦C for
1 h, as described previously (Gurung et al., 2009). Actinobacteria
were subsequently isolated by spread plate technique following
the serial dilution of soil samples on starch casein agar (Starch
10 g/L, Casein 1 g/L, K2HPO4 0.5 g/L, Agar 13 g/L) and
incubated at 30◦C for a week. In order to select Streptomyces-
like bacteria, microscopic and macroscopic characteristics of the
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obtained colonies were assessed resulting in a total of 60 isolates,
which were further purified and sub-cultured. Single colonies
were characterized by their colony morphology in International
Streptomyces Project media (ISP2, ISP3, ISP4), Nutrient agar
and Mueller Hinton Agar (Supplementary Figure S1). Catalase,
oxidase and their carbon source utilization were tested, as
suggested for Streptomyces-like bacteria (Shirling and Gottlieb,
1968; Goodfellow, 2012).

Antimicrobial Activity Assays
Actinobacteria strains were grown for 5 days in M3.7 liquid media
(glucose 5 g/L, Yeast Extract 5 g/L, (NH4)2SO4 5 g/L, Corn
gluten 5 g/L, CaCO3 2 g/L, NaCl 2 g/L, FeSO4 1 mg/L, starch
10 g/L pH 7.2). Five-day cultures were used for antimicrobial
tests. Antibacterial activities against 21 strains from 15 species
(Supplementary Table S1) were determined by using the Kirby-
Bauer agar well-diffusion method, modified from the CLSI
2011 guidelines (Clinical Laboratory Standards Institute, 2011).
Briefly, each strain to be tested was grown overnight in LB media,
and its OD600 was determined. Bacterial absorbance was then
adjusted to 0.25, and a cotton swab was fully immersed in each
bacterial dilution. The inoculated swab was used to spread the
entire surface of a Mueller Hinton Agar plate, containing 25 mL
of agar five times. Seven mm (diameter) wells were perforated
in the agar, and 50 µL of each actinobacterial culture were
poured into the well. Plates were subsequently incubated at 30 or
37◦C (according to the best temperature for each bacteria to be
tested). Inhibition zones were measured after 24 h of incubation.
Antibacterial assays were also performed against a collection
of 48 B. glumae isolates recovered from rice plants exhibiting
symptoms of BPB (kindly provided by FEDEARROZ-Colombia).

Antifungal activities against 9 fungal plant pathogens
(Supplementary Table S1) were measured as described
previously (Kanini et al., 2013). For this assay, fungal strains were
grown in Potato Dextrose Agar (PDA) plates for 3 days at 25◦C,
and two 6 mm disks of mycelium from each phytopathogenic
fungi were then placed in opposites edges of a new PDA plate.
Following fungal inoculation, two 6 mm wells were open in
opposite sides of the PDA plate, containing 50 µL of a 5-day
culture for each Actinobacteria strain tested. The plates were
incubated at 28◦C for 5 days and antagonistic activity was
estimated by measuring the growth inhibition zone.

Taxonomical Identification and
Multilocus Sequence Analysis (MLST)
Three strains were selected based on their wide range of
antimicrobial activity. Genomic DNA was isolated by using
the Salting-out procedure described previously (Pospiech and
Neumann, 1995), with few modifications. Briefly, single colonies
of each isolate were grown in 30 mL Tryptic Soy Broth, with
shaking at 30◦C for 48 h. Cells were harvested by centrifugation
and washed with 10% sucrose, and suspended in 5 ml of STE
Buffer (75 mM NaCl, 25 mM EDTA pH 8.0, 20 mM Tris-
HCl pH 7.5), containing heat-treated pancreatic RNase A at
10 mg/mL. Hundred microliters of lysozyme (50 mg/mL) were
added to the mixture and incubated for 1 h at 37◦C, with

gentle tapping at intervals. This was followed by the addition of
140 µL of proteinase K (20 mg/ml) and 600 µL of 10% SDS,
with further incubation at 55◦C for 2 h. Two mL of 5M NaCl
were added and mixed by inversion until the temperature of
the suspension reached the 37◦C. The samples were cooled to
room temperature and extracted twice with 5 ml of chloroform.
Aqueous fractions were separated by centrifuging at 10000 g for
10 min at 4◦C, and genomic DNA was precipitated by adding
one volume of isopropanol, mixed by inversion and centrifuged
15 min at 15000 rpm. The obtained DNA pellet was rinsed with
70% ethanol, air-dried and suspended in 100 µL of DNAse-
free sterile water.

Taxonomical identification was first approached by PCR
amplification, sequencing, and analysis of the entire 16S rRNA
locus by using primers 16S_A and 16S_B described by Cui
et al. (2001), and the cleaned PCR products were directly
sequenced using universal primers 27F, 500F, 818R and 1492R
(Supplementary Table S1). Closely related sequences were
obtained from RDP (Ribosomal Database Project) (Cole et al.,
2014) and EZTaxon (Kim et al., 2012). Obtained sequences were
imported into MEGA6 software and aligned with ClustalW for
phylogenetic analysis (Thompson et al., 1994).

Multilocus Sequence Typing was used to elucidate a further
taxonomical affiliation (Guo et al., 2008; Rong et al., 2009).
Briefly, five loci (gyrB, atpD, recA trpB, and rpoB) were PCR
amplified and purified by using the EuroGOLD Gel extraction
Kit (EuroCLONE, Italy). Each fragment was then sequenced
by using primers described previously (Guo et al., 2008),
and listed in Supplementary Table S1. The sequences for all
loci for each strain were concatenated head to tail in frame
and exported in FASTA format. Sequences were aligned using
CLCbio Mainworkbench 6.9.1 (CLC-Bio Qiagen) and MEGA 6.0
(Tamura et al., 2011). A phylogenetic tree was constructed from
the concatenated sequences of all six loci, and representative
Streptomyces strains available in the Streptomyces MLST database
(Jolley and Maiden, 2010)1 Maximum likelihood algorithm trees
were generated with MEGA based on the Tamura-Nei model
(Tamura and Nei, 1993), and a tree with the highest log likelihood
was generated calculating the percentage of trees in which the
associated taxa clustered together. Initial trees for the heuristic
search were obtained automatically by applying Neighbor-Join
and BioNJ algorithms (Gascuel, 1997) to a matrix of pairwise
distances estimated using the Maximum Composite Likelihood
(MCL) approach, and then selecting the topology with superior
log-likelihood value.

In vitro Assessment of Plant Growth
Promotion (PGP) Traits
Biological nitrogen fixation, phosphate solubilization,
indoleacetic acid production (IAA), ACC deaminase and
extracellular enzyme production were evaluated. For this
purpose, each isolate was grown in 100 mL M3.7 medium for
5 days, and each assay was performed with three independent
cultures for each strain.

1http://pubmlst.org/Streptomyces/
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Biological Nitrogen Fixation
To test biological nitrogen fixation, Acetylene Reduction Assay
(ARA) was performed as described elsewhere (Hardy et al., 1968).
To this purpose, 100 µL of washed cells were inoculated into
17 mL of semisolid NFb medium in 25 mL serum bottles with
a cotton cap, and cultures were maintained at 30◦C, without
agitation (Dobereiner, 1995). After 5 days, 2 mL of acetylene
were injected into the flask and a rubber stopper was used to
replace the cotton cap. The acetylene and ethylene concentrations
of each sample were determined by gas chromatography, using
a chromatograph Varian 3400-G-crom, equipped with a flame
ionization detector and a capillary column (Hayesep Porapak N
80/100 column; 6′ X 1/8′′). Ethylene and acetylene estimation was
done by integrating the area under the curve for each compound,
at retention times of 1.417 and 2.40 min, respectively.

Phosphate Solubilization
Phosphate solubilizing abilities were qualitatively determined by
inoculating single colonies of each strain in National Botanical
Research Institute’s Phosphate growth medium (NBRIP)
(Nautiyal, 1999) and SRS media (Sundara-Rao and Sinha, 1963).
Plates were incubated at 30◦C for 5 days, and colonies with
a clear orange halo in NBRIP media and/or a purple color in
SRS media were marked positive for phosphate solubilization.
A quantitative determination was performed by growing each
strain in 100 ml of NBRIP liquid media supplemented with 5 g/L
CaCO3, for 5 days. Subsequently, the solubilized phosphate
present in the supernatant was measured with the Spectroquant
Phosphor Kit (Merck).

Siderophore Production
Siderophore production was determined in Chrome Azurol Blue
agar (Schwyn and Neilands, 1987), modified to use KOH to adjust
the pH, as suggested previously (Mahmoud and Abdallah, 2001).

ACC Deaminase Production
1-aminocyclopropane-1-carboxylate (ACC) deaminase
production was determined by checking the ability of each
strain to use ACC as sole nitrogen source. For this purpose,
single colonies were inoculated in Dorwin-Foster media (DF)
supplemented with 3 mM ACC as sole nitrogen source, or
with 2 g/L (NH4)2SO4 as growth control (Belimov et al.,
2001; El-tarabily, 2008). In each case, 2 µL of a 106 CFU/mL
culture, were spotted on the surface of a DF plate with or
without N source, and growth was evaluated after 5 days at
30◦C, and Burkholderia unamae MT1 641T was included as a
positive control. An absence of phenotypic changes in growth
or sporulation of the isolates in the medium supplemented
with ACC in comparison with an (NH4)2SO4 supplemented
medium were considered as indicators of the capacity of the
microorganisms to use ACC as a source of nitrogen mediated by
the production of ACC-deaminase.

Indoleacetic Acid
For the quantitative determination of Indoleacetic acid (IAA)
and IAA-like molecules, the colorimetric Salkowski’s assay was
performed (Tang and Bonner, 1948). For this purpose, each

Streptomyces strain was grown in 20 mL Tryptic Soy Broth (TBS)
supplemented with 60 mM tryptophan. After 4 days, 1 ml of
Salkowski reagent (Glickmann and Dessaux, 1995) was pipetted
into test tubes containing 1 ml of culture spent supernatant.
The tubes containing the mixture were gently vortexed and
left for 30 min for development of color at room temperature
(26± 1◦C). The intensity of the color was spectrophotometrically
determined at 535 nm.

Extracellular Enzyme Production
Extracellular enzyme production was evaluated in vitro.
Cellulolytic activity was evaluated by spotting 2 µL of 5-day old
cultures on the surface of CMC-media plates, in which CMC
was the sole carbon source. Spots were incubated at 30◦C for
4 days, and then strains were assayed for their ability to degrade
CMC by flooding each plate with a 0.2% Congo red solution
for 15 min, followed by washing with 1 M NaCl. Activity halos
dimensions were then measured from the border of the colony to
the outer edge of the halo. Similarly, ligninolytic activities were
determined in guaiacol containing media and positive activity
was scored when a red halo was formed around colonies, due
to the oxidation of the substrate to tetraguaiacol, as described
previously (Nagadesi and Arya, 2012).

Plant-Growth Promotion Experiments
Gnotobiotic Experiments
Gnotobiotic inoculation experiments were performed in rice
cultivars FEDEARROZ 733 (F733) and FEDEARROZ 60 (F60).
For this purpose, rice seeds were surface sterilized and pre-
germinated in 1% agar, for 5 days in complete darkness (Mattos
et al., 2008). Each seed was then transferred into glass flasks
(15 cm × 4 cm) with 40 mL of semisolid Hoagland media
previously inoculated with 103 CFU/mL of each strain. To this
end, each strain was grown in M3.7 media, and cells were
suspended in sterile saline solution and added to the semi-solid
medium to reach a final concentration of 103CFU/mL, before
solidification of the medium.

Plantlets were then transferred to a greenhouse (Relative
humidity 43% ± 8.6, Average Temperature 24◦C ± 5.2, natural
light). Azotobacter chroococcum (APFN010) and Azospirillum
brasilense (AZPP010) strains (105 CFU/mL) were used as positive
controls, and sterile water was used as negative control. Each
treatment included two biological replicates (two independent
colonies for each bacterial strain), and 10 plants were inoculated
with each inoculum. The entire experiment was performed twice,
and biometric properties (root and shoot fresh weight, plant dry
weight, and length) were measured 15 days post-inoculation.

Soil Inoculation Experiments
Inoculation experiments were also performed in sterile and non-
sterile soil using cultivars F733 and F60 with pregerminated
seeds, as described above. For these assays, 10 mL from a 108

CFU/mL inoculum were mixed with 250 g of sterile soil, to reach
a concentration of 105 CFU/g. Subsequently, pre-germinated
seeds were planted inside the pot and plants were kept in the
greenhouse at 25◦C for 31 days post-inoculation. A. chroococcum
(APFN010) and A. brasilense (AZPP010) strains were used

Frontiers in Microbiology | www.frontiersin.org February 2019 | Volume 10 | Article 290221

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00290 February 25, 2019 Time: 11:51 # 5

Suárez-Moreno et al. Plant-Growth Promotion and Biocontrol of Streptomyces spp. Strains

as positive controls, and sterile water was used as negative
control. Each treatment included two biological replicates (two
independent colonies for each bacterial strain), and 10 plants
were inoculated with each inoculum. Biometric properties (root
and shoot fresh weight, plant dry weight and length) were
measured 31 days post-inoculation. Dry weight for each plant
was determined after drying the plant material at 50◦C, until
obtaining a constant weight.

Plant Colonization Experiments
To assess the ability of the three Streptomyces for rice plant
colonization, two independent assays were performed under
gnotobiotic and soil conditions as described before, using in each
case three biological replicates for each strain, with five plants per
replicate. Bacterial strains were re-isolated from the rhizoplane by
cutting and washing 2 cm segments of each plant root and placing
the excised root segments on the surface of ISP3 plates. Roots of
the soil experiment were placed on ISP3 medium supplemented
with nalidixic acid (20 µg/ml) and nitrofurantoin (10 µg/ml) to
inhibit the growth of other soil microorganisms. The identity
of colonies recovered from the roots was verified from their
phenotype and their antimicrobial profile.

To verify endophytic colonization, inoculated plants were
surface sterilized with 1% sodium hypochlorite and 70% ethanol
for 4 min each, followed by several washes with sterile water.
Each plant was then excised in the root, plant shoot and
leaves, and each part was macerated with a sterile pestle.
Each suspension was then serially diluted and plated in ISP3
plates. Surface sterilization was regarded as optimum when no
growth was observed: (1) after placing the processed plants
on ISP3 plates, and (2) after plating 100 µL from the last
wash in ISP3 (see more details from the experimental set-up in
Supplementary Figure S2).

Finally, to test the persistence and viability of isolates in
the soil, rhizospheric soil portions were sampled from each
treatment. 1 g of each sample was diluted in Tween 80 (0.1% v/v)
and plated in ISP3 medium supplemented with nalidixic acid and
nitrofurantoin. Results were evaluated after 4 days incubation at
30◦C and reported as CFU/g soil rhizosphere.

Fluorescence Microscopy
An egfp tagged mutant from Streptomyces sp. A20 was generated
by intergeneric conjugation with Escherichia coli S17-1 λ pir
harboring pIJ8641 plasmid, (kindly provided by M. Bibb from
the John Innes Centre-Norwich, United Kingdom) (Sun et al.,
1999; Kieser et al., 2000; Willey et al., 2007), and transconjugants
were selected into Apramycin ISP3 plates (100 µg/ml).
Fluorescent transconjugants were further selected for gnotobiotic
inoculation experiments as described before, using either
semisolid Hoagland or sterile vermiculite supplemented with
Apramycin (100 µg/ml). For these experiments, 15 plants were
inoculated with A20pIJ8641, non-tagged Streptomyces A20, and
a non-inoculated set of plants was included as a control.
To assess the colonization process three roots were evaluated
for each treatment at days 1, 2, 3, 10, and 15 days post
inoculation. In each evaluation day, the roots were excised from
the matrix, washed three times with sterile water and cut in

3 mm × 3 mm fragments. Observations were performed in
an Olympus BX41 Microscope with a CCD Infinity 3 Camera
(dichroic mirror DM500; excitation filter BP460-490 and barrier
filter BA520IF).

Purification and Characterization of
Antimicrobial Compounds
Streptomyces A20 was grown in 80 L M3.7 media in a 100
L stirrer tank bioreactor with constant shaking (40 rpm)
at 25◦C. After 4 days, 1 L of culture was centrifuged and
spent supernatants were filter-sterilized using a 0.22 µm
membrane. Bioassay-guided fractionation of A20 fermentation
sterile supernatants was then performed by a sequential
partition with ethyl acetate (2 × 500 mL), followed by
butanol (4 × 500 mL) extraction (Supplementary Figure S3),
to yield organic (EtOAc), butanolic and residual aqueous
fraction (ABP fractions). Each fraction was evaporated to
dryness and suspended into sterile water to be subjected
to antibacterial assays. Active fractions were first purified
by ultra-filtration by using 1, 3, and 10 kDa Amicon
filters (Millipore).

Several chromatographic techniques were used to purify
antimicrobial compounds produced by strain Streptomyces
A20. Briefly, residual aqueous fractions from butanol extraction
were dried and suspended into buffer A (sodium acetate
0.05 M pH 5.5) to be loaded into a strong anion exchanger
column, Q Sepharose Fast Flow, previously equilibrated and
washed with buffer A, using a BioRad Biologic Duoflow
chromatography system. Compounds bound to the column were
eluted with a linear gradient of increasing NaCl concentration
(0–1M). Antimicrobial compounds present in the flowthrough,
were purified by loading it into an S SepharoseTM Fast Flow
column (cation exchange chromatography), and antimicrobial
compounds were eluted again with a gradient of increasing NaCl
concentration. Antimicrobial fractions were then suspended into
20 mM ammonium acetate, containing 0.1% heptafluorobutyric
acid (HFBA), and injected onto a semipreparative C18
reversed phase column (1x 25 cm). Three fractions were
recovered due to their antibacterial activity and were further
analyzed by LC-MS.

Samples for LC-MS were dissolved in 90% methanol and
10 µl injected onto a Gemini C18 column (2 × 150 mm,
5 µm; Phenomenex, Torrance, CA, United States) and separated
using a gradient from water to 90% acetronitrile mobile
phases containing 0.1% formic acid at 0.2 ml min−1. The
column effluent was delivered to an ESI ion trap mass
spectrometer (Amazon SL, Bruker Daltonics, Bremen, Germany)
and mass spectra collected in positive ion mode in the
range 200–2000 m/z.

Statistical Analysis
Most experiments were performed at least three times and
means are given. Statistical analyses included unpaired t-tests
and ANOVA with Dunnett’s post-test and were performed
with PRISM 4.0 software (GraphPad Software, San Diego CA,
United States). A P-value of < 0.05 was considered significant.
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DNA Sequencing and Nucleotide
Sequence Accession Numbers
16S rRNA nucleotide sequences for strains Streptomyces A20,
5.1, 7.1 and Streptomyces racemochromogenes DSM 40194
were deposited in GenBank/EMBL/DDBJ, under the accession
numbers KP082880, KP082881, KP082882, and KP082883.

RESULTS

Isolation and Identification of
Streptomyces Strains With Anti-bacterial
Activity From Rice Cultivated Soils
Sixty actinobacterial-like isolates were obtained from Colombian
soils upon enrichment with CaCO3 however, only three isolates
denoted as A20, 5.1 and 7.1 showed antimicrobial activity against
either two plant pathogenic bacterial strains of B. glumae and
P. fuscovaginae, or fungal phytopathogens. Strains A.20 and 5.1
showed both antibacterial and antifungal activity, whereas strain
7.1 showed only antifungal activity (Table 1).

Biochemical tests indicated that these three strains were
catalase positive; oxidase negative, and their carbon source
analysis indicated that all strains were able to metabolize glucose,
but were unable to use rhamnose, arabinose, xylose or mannitol
as carbon source (Table 2). Taxonomical analyses derived
from 16S rRNA sequencing confirmed that all three strains
belong to the genus Streptomyces and similarity calculations
of the 16S rRNA locus, based on Maximum Likelihood and
Neighbor Joining analyses indicated that the closest relatives
for strain A20 were S. racemochromogenes/S. polychromogenes
and S. flavotricini with similarity values of 99.93 and 99.8 %
respectively, placing this strain within the previously described
clade 38 (Labeda et al., 2012). A similar analysis located strain 7.1
within clades 2 and 71 with similarity values of 99.89 and 99.79%
to S. chrestomyceticus, S. corchorusii/S. canarius. Strain 5.1 was
related to the S. roseoverticillatus clade 65, having 98.9% similarity
to Streptomyces kashimirensis and S. salmonis (Figure 1A).

In order to improve the taxonomical identification,
MLST was performed for all three strains, and type strain
S. racemochromogenes DSM 40194. MLST analyses for 12 strains,
including the closest neighbors for each isolate revealed that all
six loci have unique sequences compared to all available allele
types in the MLST Streptomyces database. MLST profiles for
strains 5.1 and 7.1 defined these two isolates as independent
entities, and MLST profiles for close neighbors these two should
be obtained to improve their taxonomical identification.

All loci obtained for strain A20 were highly similar to
those obtained for strain S. racemochromogenes DSM 40194,
and concatenated loci for both strains shared 97.2% identity at
sequence level, however evolutionary distance calculated with
Kimura 2 parameters, was above the species-definitive MLSA
distance of 0.007 (0.028) (Figure 1B) (Rong and Huang, 2012;
Labeda et al., 2014). Further studies may be required to generate
MLST profiles for other type strains from this cluster in order
to verify these results and define if strain A20 corresponds to a
known species or may be described as a new species.

Streptomyces A20, 5.1, and 7.1 Exhibit a
Wide Range of Antimicrobial Activity
In order to study the strength and range of antimicrobial
activity, all three selected strains were tested by
Kirby-Bauer well-diffusion assays, which indicated that
Streptomyces strains A20 and 5.1 could inhibit the growth
of a wide range of bacterial and fungal phytopathogens
to varying degrees, whereas strain 7.1 was able to inhibit
mainly fungal phytopathogens (Table 1). Strain A20
showed the wider range of activity, with antimicrobial
effects against 20 out of 21 bacterial species tested, and
against all fungal pathogens evaluated (Figure 2). All three
Streptomyces strains were also tested against a collection of
48 pathogenic B. glumae isolates isolated from Colombian
rice-growing areas. In these assays, Streptomyces strains
A20 and 5.1 exhibited antimicrobial activities against 91.48
and 78.72% of pathogens tested, respectively. Remarkably
most of the pathogenic B. glumae isolates were inhibited by
Streptomyces A20.

Streptomyces Strains Isolated From
Colombian Soils Are Able to Promote
Rice Growth in Several Rice Cultivars
In vitro tests suggested that all three strains were able to produce
siderophores, as well as proteolytic enzymes. All three strains
also showed an ability to produce IAA and ACC deaminase, but
none of the Streptomyces isolates could fix nitrogen. Streptomyces
strain 7.1 was able to solubilize inorganic phosphate and showed
a remarkable cellulolytic ability (Table 3 and Figure 3).

Gnotobiotic inoculation experiments suggested that strain
A20 was able to promote rice growth in comparison to non-
inoculated plants, since it generated increases in shoot length
and fresh weight in roots and plants of two different cultivars
being however statistically significant only for cultivar F60
(Figure 4A). Streptomyces 7.1 was able to increase root and
shoot fresh weight in the cultivar F733 and did not have any
effect on rice cultivar F60. Streptomyces 5.1 did not show any
increase in any of the evaluated parameters, in any of the
cultivars tested. In soil experiments, Streptomyces 5.1 was able
to improve the fresh weight of roots and shoots in cultivar 733,
and strains A20 and 7.1 displayed the ability to significantly
increase all the biometric parameters evaluated in cultivar F733
in comparison to the non-inoculated control (Figure 4B and
Supplementary Figure S4).

Plant growth promotion experiments were performed both
with sterile and non-sterile conditions in order to compare
the performance of the three strains in such environments
and foresee their behavior under natural conditions. In
non-sterile soil, plants inoculated with Streptomyces A20
and Streptomyces 7.1 showed increases in their biometric
parameters, with the same trend they showed in the gnotobiotic
experiments. In contrast, strain Streptomyces 5.1 was able
to increase plant length and fresh weight in plantlets from
cultivar 733 (Figure 4C). Importantly, plantlets from non-
sterile soils were smaller due to the presence of fungal strains,
observed along the process (data not shown), which were
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TABLE 1 | Antibacterial and antifungal activity of Streptomyces A20, 5.1, and 7.1.

Strain A20 5.1 7.1

Antibacterial activity

Acidovorax avenae CIAT 4008-2 ++ ++ –

Acinetobacter baumanii ATCC 19606 + – –

Bacillus sp. C636 + + –

Bacillus subtilis ATCC 21556 + +++ –

Burkholderia glumae 320012 +++ ++++ –

Burkholderia glumae AU6208 +++ +++ –

Burkholderia glumae CIAT 4026 ++ +++ –

Burkholderia gladioli CIAT 3704-1 + +++ –

Burkholderia gladioli CIAT 3962 + ++ –

Chromobacterium violaceum ATCC 31532 ++ ++++ –

Enterobacter aerogenes 7ARG + – –

Escherichia coli DH5α +++ ++ –

Escherichia. coli ATCC 23724 +++ – –

Escherichia coli ATCC 25922 ++ + –

Klebsiella pneumonie ATCC 700603 + ++ –

Pseudomonas putida F117 pKRC12 +++ – –

Pseudomonas aeruginosa ATCC 27853 – ++ –

Pseudomonas fuscovaginae CIAT 3638-19 + ++++ –

Pseudomonas fuscovaginae CIAT 3668π3 + ++ –

Staphylococcus aureus ATCC 25923 + +++ –

Antifungal activity

Fusarium sp. DC9 + + –

Fusarium sp. DC 13B + + –

Fusarium oxysporum + + +

Gaeumannomyces sp. + + +

Phomopsis sp. + + –

Ulocladium sp. + + +

Rhizoctonia solani + + –

Colletotrichum sp. 24C + + +

Colletotrichum sp. 26B + + +

Results are means of three inhibition halo-diameter (mm) measurements in three independent replicates for each strain tested. Antibacterial activity: (−) No inhibition
detected, (+) 5–10 mm, (++) 11–15 mm, (+++) 16–20 mm, (++++) > 20 mm. Antifungal activity: (−) No inhibition detected, (+) Inhibition zone detectable.

TABLE 2 | Biochemical characterization of Streptomyces A20, 5.1 and 7.1.

Strain Cat Oxi Glu Suc Fru Rha Ara Ino Xyl Man

A20 + – + – – – – – – –

7.1 + – + + + – – – – –

5.1 + – + – – – – + – –

(−) No sugar fermentation detected or negative reaction. (+) sugar fermentation detected or positive reaction. Cat, Catalase. Oxi, Oxidase. Glu, Glucose. Suc, Sucrose.
Fru, Fructose. Rha, Rhamnose. Ara, Arabinose. Ino, Inositol. Xyl, Xylose. Man, Mannitol.

most likely controlled by antifungal metabolites produced by
isolates A20 and 5.1.

Streptomyces A20, 5.1, and 7.1 Are Able
to Colonize Two Different Rice Cultivars
Under Gnotobiotic and Soil Conditions
Colonization experiments indicated that all Streptomyces strains
tested were able to colonize the roots, since they were recovered
from the rhizoplane in gnotobiotic experiments with roots from
cultivars F733 and F60, even after 31 days post-inoculation

(dpi) (Table 4 and Supplementary Material S2). Streptomyces
A20 and Streptomyces 7.1 were also able to colonize the root
endosphere, as they were recovered from a percentage of
surface sterilized plants (80 and 20 %, respectively) grown in a
gnotobiotic system.

An egfp tagged mutant was generated for strain A20 and
colonization experiments were performed. Our results indicated
that egfp expressing strain strongly associated with root hairs
(Figure 5). Also, our experiments suggested that Streptomyces
A20 first established itself in the main root and on the surface
of the rice seeds (1 dpi, Figure 5), followed by the formation
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FIGURE 1 | (A) Phylogenetic tree based on 16S rRNA sequences of the Streptomyces strains. The evolutionary history was inferred using the Neighbor-Joining
method (Saitou and Nei, 1987). The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. Numbers at branch nodes are bootstrap values. Sequence from Streptoalloteichus tenebrarius NBRC 16177 was included as outgroup.
(B) Phylogenetic tree based on MLST analyses from five loci (gyrB, atpD, recA trpB, and rpoB). The tree was drawn to scale using Maximum Likelihood method and
Tamura-Nei model, with branch lengths measured in the number of substitutions per site. The analysis involved 12 nucleotide sequences. All positions containing
gaps and missing data were eliminated. There were a total of 2896 positions in the final dataset.

of micro-colonies between 2 and 3 dpi, and the colonization of
secondary roots (Figure 5). After 10 days of growth, Streptomyces
A20 had colonized the points of emergence for secondary roots
and the surface of the main and secondary roots. After 15 days an
overall colonization from the surface of the root is observed both
in vermiculite and semisolid Hoagland media.

Streptomyces A20 Produces Several
Hydrophilic Charged Compounds
Strain A20 was chosen for further characterization of
antimicrobial metabolites. Bioassay-guided extraction of
A20 spent supernatants with solvents of increasing-polarity

suggested that the antimicrobial compounds produced by
this strain are hydrophilic ionic compounds since they
remain in the aqueous fraction after the butanol extraction
(Supplementary Figure S3). Ultrafiltration assays followed by
antimicrobial activity assays indicated that the antimicrobial
compounds present in residual aqueous fractions have sizes
below 3 kDa (Table 5). Cation-exchange chromatography
generated three more fractions with antimicrobial activity
(namely fractions 21, 32, and 33), which were further submitted
to ion-pairing chromatography in order to obtain defined
peaks with antimicrobial activity. This technique allowed the
resolution of 2 identical peaks in fractions 32 and 33, and
one single peak in fraction 21, which possessed antibacterial
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FIGURE 2 | Antimicrobial activity of Streptomyces A20, 5.1, and 7.1. (A) Antibacterial assays by Kirby- Bauer well diffusion test. In the figure from left to right: (1)
A. avenae CIAT 4008-2, (2) A. baumannii ATCC19606, (3) S. aureus ATCC 25923, (4) B. glumae CIAT 4026, (5) B. subtillis ATCC 21556, (6) Bacillus C636, (7)
C. violaceum ATCC 31532, (8) E. coli ATCC12167, (9) B. gladioli CIAT 3962, (10) B. gladioli CIAT 3704-1, (11) E. coli ATCC23724, (12) B. glumae 320012, (13)
P. fuscovaginae CIAT 3638-19, (14) E. coli DH5α, (15) K. pneumoniae ATCC 700603, (16) P. aeruginosa ATCC 27853, (17) P. putida F117. (18) Assay scheme. (B).
Antifungal assay as described by Kanini et al. (2013). In the figure from left to right: (1) Fusarium oxysporum, (2) Gaeumannomyces sp., (3) Colletotrichum sp. 24C,
(4) Colletotrichum sp. 26B, (5) Phomosis sp. DC1B, (6) Rhizoctonia solani, (7) Fusarium sp. DC9, (8) Fusarium sp. DC13B, (9) Ulocladium sp., (10) Assay scheme.

activity. All the fractions were subsequently subjected to mass
spectrometry analysis. Results have indicated that strain A20
produces three compounds with same spectra patterns and
m/z values (503.3, 631.4, and 759.4), to those reported for
Streptothricin F, D and E, as suggested by comparison of
their mass spectra (Figure 6) (Ji et al., 2007; Maruyama and
Hamano, 2009). Characterization of the streptothricin D was
confirmed as follows: the MS/MS spectra for the parent ion
at m/z 759.4 [M+H]+, proposed as the pseudomolecular
ion for Streptothricine D, presented daughter ions at m/z
589 [M-L3]+, 571[M-L3-H2O], 554[M-L3-H2O-NH3]+, 553
[M-L3-H2O-H2O]+, and 510 [M-L3-H2O-H2O-CONH2]+
where the L3 represents the chain of three lysine residues of
Streptothricin D, as suggested previously (Ji et al., 2007, 2008,
2009). These analyses were also applied for Streptothricin E
and F, indicating the presence of an ion m/z 171, a signature
peak characteristic of streptolidine lactam for all Streptothricins
(Figure 6) (Ji et al., 2009).

DISCUSSION

High densities of antagonistic Streptomyces sp. have been
associated with plant disease suppression in many soils, and thus
biocontrol via bioinoculants is today regarded as a promising

alternative for the management of bacterial diseases. These
potential biocontrol bacteria can combine several mechanisms
to inhibit pathogens in soil; which include nutrient competition,
production of degradative enzymes, nitrous oxide production
and quorum quenching (Kinkel et al., 2012). Streptomyces
spp. have been widely recognized for their potential for
controlling fungal pathogens, including Fusarium moniliforme,
Fusarium oxysporum f. sp. ciceri, Rhizoctonia solani, R. bataticola,
Magnaporthe grisea, and Magnaporthe oryzae (Emmert and
Handelsman, 1999; Samac and Kinkel, 2001; Taechowisan et al.,
2003; Tian et al., 2007; Zarandi et al., 2009; Gopalakrishnan
et al., 2011; Kanini et al., 2013), as well as rice bacterial
pathogen Xanthomonas oryzae pv. oryzae (Hastuti et al., 2012).
Furthermore, diversity of secondary metabolite production
among Streptomyces has supported the formulation of inoculants
for biocontrol like Mycostop R© (Verdera, Finland) and Actinovate
(Natural Industries, Incorporated, United States), based on
S. griseoviridis K61 and S. lidicus WYEC 108, respectively.

Biocontrol agent selection is not a simple task due to
the diversity of agents and interactions with the host plant
(Mota et al., 2017). Efficient selection strategies have been
proposed in order to increase the possibility of identifying
organisms that can be produced in a large scale and maintain
their viability and efficiency for extended periods of time
(Schisler et al., 1997; Köhl et al., 2011). This study presents a
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TABLE 3 | Traits related with direct plant growth promotion.

Strain Quantitative assay Qualitative assay

BNF Phosphate
solubilization

(µg mL−1)

IAA (µg
mL−1)

Siderophore
Production

ACC
deaminase

Proteases
(mm)

Cellulase
activity (mm)

Ligninolytic
activity

A20 UD 79.53 ± 7.43a 4.07± 1.83a
+ UD 12 ± 1.64 UD UD

5.1 UD 101.54 ± 12.57b 7.98± 0.87b
+ UD 9.64± 1.24 UD UD

7.1 UD 388.53 ± 43.66c 7.7 ± 1.3b
+ UD 17.43± 1.5 21.43 ± 2.06 UD

Each assay was done three times with three biological replicates, and values represent their means ± standard deviation. One way-ANOVA (p < 0.05) was used to
compare means. Values sharing a letter, within a column are not statistically different. UD, Undetectable activity. BNF, Biological Nitrogen Fixation. IAA, Indoleacetic
Acid Production.

FIGURE 3 | Evaluation of Streptomyces strains for key traits related to direct plant growth promotion. Bars correspond to (A) Phosphate solubilization assay or (B)
Indoleacetic Acid production. The results are means of three values ± SD of three independent biological replicates. Means were compared with ANOVA analysis in
combination with Tukey post-test. Means were considered statistically different when p < 0.05, and bars sharing a letter are not statistically different. (C) Qualitative
phosphate solubilization assay, (D) Cellulase qualitative activity assay, (E) Siderophores qualitative production assay, (F) Protease qualitative production assay.

TABLE 4 | Bacterial counts in colonization experiments.

Strain/cultivar Rhizoplane Rhizosphere Endosphere CFU (g dry weight )−1∗

CFU (g soil)−1 Root∗ 2 cm∗ Leaves∗

A20 (733) + 1.66 × 106
± 0.21 a 1.65 × 102

± 0.18 a 1 × 104 –

A20 (60) + 1.3 × 106
± 0.43 a 3.43 × 102

± 0.40 a 1 × 102 –

7.1 (733) + 4.23 × 106
± 0.68 c 4.93 × 102

± 0.3 a – –

7.1 (60) + 7.8 × 105
± 1.17 a,b 1.7 × 103

± 0.172 b – –

5.1 (733) + 2.13 × 106
± 0.32 a – – –

5.1 (60) – 4.9 × 104
± 2.8 b – – –

Numbers represent means ± Standard Deviation for three biological replicates for each strain, with five plants per replicate. Different letters within a column indicate that
values are statistically different, according to one way-ANOVA test (p < 0.05). ∗Endophytic colonization assay was performed under gnotobiotic condition.

systematic assessment of Streptomyces strains for development
of bioinoculants able to promote plant growth and control
rice phytopathogens like B. glumae and P. fuscovaginae. Our
approach included: (1) Screening for actinobacterial isolates

from the rice rhizosphere, favoring selection of bacteria from
the same ecological niche; (2) Screening for PGPR and
biocontrol properties in vitro, (3) Taxonomical identification
for isolates with broader antimicrobial activity, (4) Assessment
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FIGURE 4 | Plant-growth promotion experiments. Bars correspond to (A) Gnotobiotic assay, (B) Sterile Soil assay, and (C) Non-sterile soil assay. The results are
means of twenty values ± SD, from two independent biological replicates. Means were compared with ANOVA analysis in combination with Tukey post-test, means
were considered statistically different when p < 0.05. Bars with (∗) above are statistically different from the negative control. CN, Negative control. C M3.7, Medium
control. AZPP010, A. brasilense. AZFN010, A. chroococcum.

of plant growth promotion and colonization, in vivo, and (4)
Antimicrobial compounds identification.

Sixty actinobacterial-like isolates were obtained from
Colombian soils upon enrichment with CaCO3, but only
three of them (A20, 5.1 and 7.1) showed antibacterial activity
against pathogenic bacterial strains of both B. glumae and
P. fuscovaginae. Taxonomical analyses based on 16S rRNA
confirmed that all three strains belong to the genus Streptomyces,
and MLST results suggested that these isolates might represent
new species within the genus. Evolutionary distance analyses
between concatenated loci from isolate A20 and type strain
S. racemochromogenes DSM 40194 suggested that Streptomyces
A20 is likely to be a new member of this species clade.

Those selected isolates were further studied, regarding their
antimicrobial potential, plant growth promotion and plant
colonization. Despite their common origin (rice rhizosphere),
all strains showed a different spectrum of action, being
Streptomyces A20 able to inhibit growth for a broader range
of bacterial and fungal phytopathogens. When tested against
48 B. glumae pathogenic isolates, most of them were also
inhibited by Streptomyces A20, which indicated that this isolate
could be potentially used, alone or in combination with other
strains to control BPB.

Production of broad-spectrum antimicrobials has been
reported for plant-associated Streptomyces species, supporting

their use to control fungal and nematode phytopathogens
(Emmert and Handelsman, 1999; Samac and Kinkel, 2001;
Taechowisan et al., 2003; Tian et al., 2004; Zarandi et al.,
2009). Furthermore, biogeographic studies about the ecology of
Streptomyces have hypothesized that Streptomyces with broad
and highly potent inhibitory phenotypes might be competitive
‘hot spots,’ which have selected for populations that are useful
inhibitors of resource competitors, which may be the case for rice
rhizosphere (Schlatter and Kinkel, 2014; Behie et al., 2016).

The three selected strains were tested in vitro for properties
that are known to be important for plant growth promoting
activities of bacteria, such as the production of siderophores,
solubilization of inorganic phosphate, phytohormone levels etc.
Overall, these suggested that all three strains can solubilize
phosphate and produce siderophores, proteases, and IAA, which
are also typical of plant-associated Actinobacteria, and have
been related to plant-growth promotion (Nimnoi et al., 2010;
Bouizgarne and Aouamar, 2014; Carvalho et al., 2017).

Many biocontrol bacteria are only capable of preventing or
limiting the establishment of soilborne pathogens after colonizing
plant roots, as root colonization is necessary for the suppression
of root pathogens (Mota et al., 2017). As a result, several studies
have been directed at identifying the different bacterial traits
that may contribute to their rhizospheric competence (De Weert
and Bloemberg, 2006). Since in vitro experiments revealed that
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FIGURE 5 | Microscopic visualization of rice root plants (cultivar F733) colonized with Streptomyces A20 EGFP mutant. This experiment was performed under
gnotobiotic conditions with a non-inoculated control and an EGFP tagged strain (A20 pIJ8641), both in Semisolid Hoagland media and Vermiculite. Numbers above
indicate days post inoculation (dpi), and numbers on bars correspond to the scale in micrometers.

Streptomyces A20, 5.1 and 7.1 strains carry several features
important for biocontrol and plant growth promotion, we were
interested in assessing plant growth promotion and colonization
in vivo, using two cultivars of rice. Plant growth promotion
experiments were performed both with sterile and non-sterile
conditions in order to compare the performance of these strains
in such environments and foresee their behavior under natural
conditions. Our results indicated that in non-sterile soil, plants
inoculated with Streptomyces A20 and Streptomyces 7.1 showed
significant increases in their biometric parameters, with the same
trend they showed in the gnotobiotic experiments. Furthermore,
colonization experiments indicated that all Streptomyces strains
tested were able to colonize the roots, since they were able to
prevail in close association with roots, in two different cultivars,
even after 31 days post-inoculation (dpi).

TABLE 5 | Ultrafiltration analyses for antimicrobial compounds produced by A20.

Fraction P. fuscovaginae UPB0736 B. glumae AU6208

Aqueous phase (FAB) + +

<3 kDa + +

3–10 kDa – –

>10 kDa – –

Ultrafiltration was performed with Amicon filters, by centrifuging at 1300 rpm × 30–
40 min. Each fraction was ultrafiltrated, and the retentate was washed and
centrifuged twice to avoid aggregate formation. (+) Positive antagonist activity (−)
antagonist activity no detectable.

Interestingly, Streptomyces A20 and Streptomyces 7.1 were also
able to colonize the root endosphere, as they were recovered
from a percentage of surface sterilized plants (80 and 20%,
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FIGURE 6 | Structure and HPLC/ESI-MS analysis of the metabolites produced by strain Streptomyces A20. (A) Structures of the streptothricin-class antibiotics.
MS/MS Spectra for (B) Streptothricin F (m/z 503.3), (C) Streptothricin D (m/z 631.4), and (D) Streptothricin E (m/z 759.5). For Streptothricins D and E lower panel
corresponds to the MS/MS analysis of the doubly charged ion species for each compound. Analyzed compounds were obtained from fraction 16 collected in the
RP-HPLC from the original fraction 32.

respectively), grown in a gnotobiotic system. This last trend
was not observed for plants grown in soil indicating that it
might be due to the growth conditions, as well as possible
competition against the other microbiota present in the soil
and associated to the plant. These results are consistent with
similar findings reported for other Actinobacteria, including
Streptomyces strains (S. cyaneus, S. lanatus, and S. galilaeus),
which were also recovered from the endosphere of the roots (Tian
et al., 2004, 2007; Knief et al., 2012). Field experiments with more
extended growth periods may be required to determine if these
strains can colonize the endosphere under natural conditions.

In order to monitor the rice colonization process by strain
Streptomyces A20, colonization experiments were performed with
an egfp tagged mutant. Our results indicated that egfp expressing
strain strongly associated with root hairs and experiments in
inoculated and non-inoculated plants showed an increase in
root-hair formation, which may be related to the plant growth
promotion observed in the gnotobiotic experiments.

Antimicrobial compound identification is convenient
when developing biocontrol products. In this study, several
chromatographic techniques were used to purify antimicrobial
compounds produced by strain A20, that exhibited antibacterial
activity against B. glumae AU6208 and P. fuscovaginae
UPB0736. Results indicated that strain A20 produces three

close related compounds, according to their similar spectra
patterns (m/z values at 503.3, 631.4, and 759.4). The mass
spectra and their MS/MS study allowed identifying those
compounds as Streptothricin F, D and E. A typical streptothricin
structure consists of a streptolidine, a carbamoyl-D-gulosamine
and a β-lysine chain, which varies from one to six units in
streptothricins F to A, respectively (Khokhlov and Shutova, 1972;
Telesnina et al., 1973; Khokhlov, 1983). Streptothricins (STs)
were the earliest reported antibiotics with a broad antimicrobial
spectrum from actinomycetes and are found in approximately
10% of randomly collected soil actinomycetes. These compounds
are also known as nourseothricins, racemomycins, and
yazumycins, and the first member of this group, designated
ST-F, was isolated from Streptomyces lavendulae in 1943
(Waksman, 1943; Maruyama and Hamano, 2009).

STs are known to inhibit protein biosynthesis in prokaryotic
cells and strongly inhibit the growth of eukaryotes like fungi
and have been suggested as a selection marker for a wide range
of organisms including bacteria, yeast, filamentous fungi, and
plant cells. A known example is Nourseothricin (CloNat), an
effective selective agent for molecular cloning technologies in
fungi and plants (Goldstein and McCusker, 1999; Kochupurakkal
and Iglehart, 2013). Despite their wide range of antimicrobial
activity, STs are not currently indicated for clinical or veterinary
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uses because of their inherent toxicity, including nephrotoxicity
(Hartl et al., 1986). On the other hand, streptothricins are
currently being tested as fungistatic agents in agriculture for the
treatment of blast and other plant diseases (Goo et al., 1996).
Lastly, STs have been registered as agrochemical fungicides in
China (Kusumoto et al., 1982).

As indicated in the Streptomyces chemical database
StreptomeDB (Lucas et al., 2013), streptothricins production has
been reported for Streptomyces ginlingensis, S. rochei, S. flavus,
S. lavendulae, S. griseus, S. roseochromogenes, and S. noursei.
Maruyama and Hamano reported an extended study describing
the genetic cluster responsible of the streptothricin synthesis
in S. rochei NBRC12908. Interestingly, this cluster includes a
self-resistance gene encoding a ST acetyltransferase (SAT). In
addition degenerate primers were proposed as a tool to identify
SAT-related immunity genes using highly conserved amino acid
sequences of SATs identified in ST-resistant microorganisms
(Maruyama et al., 2012). We did not obtain amplification for
a potential SAT locus using genomic DNA from Streptomyces
A20 (data not shown); this may indicate that this locus in strain
A20 differs at sequence level from those reported so far, although
it is also possible that strain A20 possesses a different mechanism
for ST tolerance.

Plant growth promotion, colonization abilities and
antimicrobial activities shown by strain Streptomyces A20 suggest
that this strain could be used for plant growth promotion and
biocontrol in rice. One significant advantage for this isolate is that
it was initially recovered from rice sown soils, and thus it fulfills
the premise that microorganisms chosen for inoculation should
ideally be selected from local ecological niches and re-inoculated
into the same environments, to ensure the desired benefits. Field
experiments are necessary to further verify the effects on rice
plants under natural growth conditions. Further studies will
allow establishing the relationship between application of strain
Streptomyces A20 and plant disease suppression, as well as the
spatial-temporal dynamics of the pathogens and antagonists in
soil (Johnson and Dileone, 1999).
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FIGURE S1 | The figure shows the plate count technique used for the
determination of Colony-Forming Units of Streptomyces isolates (A) and the
macroscopic and microscopic characterization of the selected Streptomyces
strains (B).

FIGURE S2 | Rice colonization assays. Two independent assays were performed
under gnotobiotic and soil conditions, using three biological replicates for each
strain, with five plants per replicate in two rice cultivars (F60 and F733). Bacterial
strains were re-isolated from the rhizoplane by cutting and washing 2 cm
segments of each plant root and placing the excised root segments on the
surface of ISP3 plates. To assess the ability of each strain to colonize the
rhizoplane, samples were macerated and serially diluted and plated on ISP3
plates. Note that strain Streptomyces A20 was able to colonize both cultivars. To
verify endophytic colonization, inoculated plants were surface sterilized and each
plant was then excised in the root, plant shoot and leaves, and each part was
macerated with a sterile pestle. Each suspension was then serially diluted and
plated in ISP3 plates, and surface sterilization was regarded as optimum when no
growth was observed after placing the processed plants on nutrient agar plates.
This experiment suggests that strains A20 and 7.1 are able to colonize the
endosphere of both cultivars. Furthermore, microscopy of the treated roots,
stained with Lactophenol blue suggests the presence of Streptomyces A20
mycelium on and around the surface of and adventitious root (see arrows).

FIGURE S3 | Bioassay-guided fractionation of A20 antibacterial compounds. (A)
Fractionation Scheme. (B) Antimicrobial assays in B. glumae AU6208 and P.
fuscovaginae UPB0736. The red numbers in the fractionating scheme (A)
correspond to the fractions tested in the Kirby-Bauer test shown in (B). Control
plates include Gentamycin (Gm) as positive control for antimicrobial activity, and
Water (W) as negative control. To exclude any effect from the media, media, M3.7
was processed in the same way, and fractions 3, 4, 5, and 6 were tested in
control plates.

FIGURE S4 | Picture of inoculated rice plants (Cultivar 733) with Streptomyces
spp. strains vs. controls. Streptomyces 5.1 was able to improve the fresh weight
of roots and shoots in cultivar 733, and strains A20 and 7.1 displayed the ability to
significantly increase all the biometric parameters evaluated in cultivar F733 in
comparison to the non-inoculated control. Azotobacter chroococcum was used
as positive control for plant growth promotion (AC).

TABLE S1 | Microbial strains and primers used in this study.
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