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Bacterial cells are encased in a cell wall, which is required to maintain cell shape
and to confer physical strength to the cell. The cell wall allows bacteria to cope with
osmotic and environmental challenges and to secure cell integrity during all stages
of bacterial growth and propagation, and thus has to be sufficiently rigid. Moreover,
to accommodate growth processes, the cell wall at the same time has to be a highly
dynamic structure: During cell enlargement, division, and differentiation, bacteria
continuously remodel, degrade, and resynthesize their cell wall, but pivotally need
to assure cell integrity during these processes. Finally, the cell wall is also adjusted
according to both environmental constraints and metabolic requirements. However,
how exactly this is achieved is not fully understood. The major structural component
of the bacterial cell wall is peptidoglycan (PG), a mesh-like polymer of glycan chains
interlinked by short-chain peptides, constituting a net-like macromolecular structure
that has historically also termed murein or murein sacculus. Although the basic
structure of PG is conserved among bacteria, considerable variations occur regarding
cross-bridging, modifications, and attachments. Moreover, different structural
arrangements of the cell envelope exist within bacteria: a thin PG layer sandwiched
between an inner and outer membrane is present in Gram-negative bacteria, and
a thick PG layer decorated with secondary glycopolymers including teichoic acids,
is present in Gram-positive bacteria. Furthermore, even more complex envelope
structures exist, such as those found in mycobacteria. Crucially, all bacteria possess
a multitude of often redundant lytic enzymes, termed “autolysins”, and other cell
wall modifying and synthesizing enzymes, allowing to degrade and rebuild the
various structures covering the cells. However, how cell wall turnover and cell wall
biosynthesis are coordinated during different stages of bacterial growth is currently
unclear. The mechanisms that prevent cell lysis during these processes are also
unclear.

This Research Topic focuses on the dynamics of the bacterial cell wall, its
modifications, and structural rearrangements during cell growth and differentiation.
It pays particular attention to the turnover of PG, its breakdown and recycling, as
well as the regulation of these processes. Other structures, for example, secondary
polymers such as teichoic acids, which are dynamically changed during bacterial
growth and differentiation, are also covered. In recent years, our view on the bacterial
cell envelope has undergone a dramatic change that challenged old models of cell
wall structure, biosynthesis, and turnover. This collection of articles aims to contribute
to new understandings of bacterial cell wall structure and dynamics.

Citation: Dorr, T., Moynihan, P. J., Mayer, C., eds. (2019). Bacterial Cell Wall Structure
and Dynamics. Lausanne: Frontiers Media. doi: 10.3389/978-2-88963-152-0
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Editorial on the Research Topic
Bacterial Cell Wall Structure and Dynamics

The bacterial cell wall is a complex, mesh-like structure that in most bacteria is essential for
maintenance of cell shape and structural integrity. Historically, the cell wall has been of intense
research interest due to its necessity for most bacteria and absence from the eukaryotic realm,
positioning it as an ideal target for some of our most powerful antibiotics (Schneider and Sahl,
2010). In addition, bacterial cell wall fragments can have immunostimulatory and cytotoxic
properties and thus play important roles in pathogenesis and disease (Goldman et al., 1982; Fleming
et al., 1986; Royet et al., 2011; Sorbara and Philpott, 2011; Jutras et al., 2019).

The cell wall consists mainly of peptidoglycan (PG), a mesh of polysaccharide strands (composed
of a poly-[N-acetylglucosamine (GlcNAc)-N-acetylmuramic acid (MurNAc)] backbone) cross-
linked via short peptide bridges attached to the MurNAc residues (Vollmer et al., 2008a). PG is
synthesized on the external face of the cytoplasm. Synthesis steps include cytoplasmic generation of
the lipid-linked disaccharide-pentapeptide precursor lipid II, translocation of lipid II to the outside
of the cell by flippases (Mur] and/or Amj); and finally assembly of the cell wall by penicillin-binding
proteins (PBPs) and Shape, Elongation, Division, and Sporulation (SEDS) proteins (Ruiz, 2008;
Typas et al., 2011; Meeske et al., 2015, 2016; Cho et al., 2016; Taguchi et al., 2019). The assembly
process can be further subdivided into polymerization of the GlcNAc-MurNAc-pentapeptide via
glycosyltransferase reactions catalyzed by class A PBPs and SEDS proteins, and crosslinking of the
peptide sidestems into a tight meshwork by class A and B PBPs and L,D-transpeptidases in a not
(yet) fully-understood manner (Zhao et al., 2017). In addition, the PG mesh can be decorated with
secondary cell wall polymers, such as wall teichoic acids (polyol-phosphate polymers) or capsule
polysaccharides that are covalently attached to PG (Rajagopal and Walker, 2017). In the case of
mycobacteria, layers of polysaccharides and long-chain lipids are added to the PG layer, making
the cell wall structure even more complex (Jankute et al., 2015).

While the cell wall must be rigid enough to maintain high intracellular pressures and withstand
environmental assaults, it also needs to be flexible enough to allow for cellular expansion. In
addition to synthesis functions, the cell wall is thus also constantly broken down, turned over,
and remodeled (Park and Uehara, 2008; Reith and Mayer, 2011; Mayer et al., 2019). This is
accomplished by a poorly-understood, remarkable group of enzymes that collectively can cleave
and/or modify a variety of PG structures. So-called “autolysins,” for example, are a functionally
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diverse group of enzymes that cut PG crosslinks
(endopeptidases), peptide sidestems (amidases,
carboxypeptidases), or the sugar backbone (muramidases,
lytic transglycosylases) (Scheurwater et al., 2008; Vollmer et al.,
2008b). PG-acetyltransferases “decorate” MurNAc backbone
structures with acetyl residues, imparting increased lysozyme
resistance (Moynihan and Clarke, 2011). L,D-transpeptidases
(Mainardi et al., 2008) orchestrate D-amino acid (DAA) exchange
reactions that can replace terminal D-Ala residues with a variety
of alternative DAAs (Cava et al., 2011); this can be exploited to
label PG with fluorescent compounds (Kuru et al., 2012). Many
of these systems fulfill important functions such as daughter
cell separation, sacculus expansion during growth, insertion
of macromolecular trans-envelope protein complexes, and PG
recycling (Scheurwater and Burrows, 2011; Vollmer, 2012;
Johnson et al., 2013).

Due to its importance for bacterial survival and the many
open questions concerning mechanistic details of synthesis and
turnover, the cell wall remains at the center of a large number
of active research programs. The last decade in particular
has seen a resurgence in interest in the bacterial cell wall—
a Pubmed search with the keywords “peptidoglycan synthesis
bacteria” reveals a total of 7,762 publications, of which 3,532
(45%) were published in the last 10 years. This renewed interest
has been fueled by novel imaging techniques (super-resolution
imaging and the development of live cell wall stains) and by
new revelations of processes that had been thought to be well-
understood for decades. Some recent examples include the
finding that the class A “penicillin-binding proteins” (aPBPs)
require outer membrane cofactors for in vivo function (Paradis-
Bleau et al., 2010; Typas et al., 2010), and that RodA/FtsW
possess glycosyltransferase activity (Taguchi et al., 2019). At
the same time, the cell wall remains a highly attractive target
for antibiotic development, which has in the last decade
become ever more important due to the rise in antibiotic
resistance development.

In this special topic issue, we explore some new developments
in the realm of bacterial cell wall biology. This collection
of articles touches upon several cornerstones of PG research,
with contributions focusing on the cell wall as a target
for novel antibiotics, and aspects of its synthesis, turnover
and modification.

THE CELL WALL AS A TARGET FOR
ANTIBIOTIC DISCOVERY

In a bioinformatics tour-de-force, Juki¢ et al. describe novel
inhibitors of UppS, an isoprenyl transferase enzyme that catalyzes
a critical step in the biosynthesis of the lipid carrier molecule
undecaprenol pyrophosphate (UPP). UPP is essential for the
translocation of the PG precursor lipid II and other extracellular
polysaccharides and thus constitutes a promising target for a
novel class of cell envelope antibiotics. These inhibitors were
identified by virtual docking models that predicted molecule
binding based on UppS crystal structures and their interaction
with a known inhibitor, bisphosphonate BPH-629. This clever

approach resulted in the identification of several inhibitors, one
of them with M range inhibitory activity.

Drug-resistant Mycobacterium tuberculosis strains are a major
global threat that is not being adequately met with current
drug discovery efforts. In their review article, Cataldo et al.
describe the history of peptidoglycan-targeting drugs and their
use in mycobacteria. The authors provide a potential path
forward by discussing recent advances such as therapies using p-
lactam/B-lactamase inhibitor combinations and the use of phage
endolysins for the treatment of mycobacterial infections.

CELL WALL SYNTHESIS AND
ARCHITECTURE
Using X-ray crystallography and liquid state NMR,

Maya-Martinez et al. investigate the structure-function
relationships of PBP4 of Staphylococcus aureus, a class C PBP
that unexpectedly has no PG hydrolase (D,D-peptidase) activity,
but only transpeptidase activity. S. aureus is characterized by
a very high degree of PG cross-linking and PBP4 apparently
plays a major role in this hyper-crosslinking. The authors show
transpeptidase activity of PBP4 with disaccharide peptides
in vitro, producing dimeric, multimeric, and cyclic products.
Structural studies with an active site mutant (S75C) revealed
potential binding sites for the donor and acceptor stem peptides
involved in the transpeptidation reaction.

Hottmann et al. report on peptidoglycan metabolism in
the oral Gram-negative pathogen Tannerella forsythia (Phylum
Bacteroidetes). T. forsythia depends on an exogeneous supply
of the cell wall sugar N-acetylmuramic acid (MurNAc), as it
lacks genes generally essential for bacteria for de novo synthesis
of the peptidoglycan precursor UDP-MurNAc. A pathway
for the catabolism of MurNAc involving a MurNAc-6 kinase
(MurK) and a MurNAc-6P hydrolase (MurQ etherase) was
established in T. forsythia, which counteracts a proposed cell
wall synthesis pathway that utilizes salvaged MurNAc from the
medium. Accordingly, a mutant in murK exhibited increased
tolerance to low external MurNAc concentrations, presumably
since blocking MurNAc degradation enhances peptidoglycan
precursor synthesis.

The exact in vivo architecture of PG is poorly understood.
Li et al. used Atomic Force Microscopy (AFM) for a detailed
study of PG architecture, particularly at the septum, in B.
subtilis. Surprisingly, B. subtilis undergoes significant changes in
thickness and overall cell wall architecture in different growth
phases. Li et al. were also able to isolate and image septa at
varying stages of completion, visualizing the PG dynamics of
septal closure at high resolution.

In a thought-provoking perspective article, Vincent et al.
present a hypothesis for the evolutionary origins of the
unique mycobacterial cell wall through a series of horizontal
gene transfers. They support their argument by observing the
distribution of key cell-wall biosynthetic enzymes across the
order, which suggests that the arabinogalactan components
pre-date the outer membrane and virulence related lipids. In
their article, the authors propose an experiment whereby the
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evolutionary origins of the leaflet could be tested by attempting
to reconstruct the mycobacterial cell wall in an Actinobacterium
that currently lacks this feature.

CELL WALL TURNOVER AND
MODIFICATION

Duchéne et al. describe new phenotypes for endopeptidase
mutants in Lactobacillus plantarum. The mechanisms of
regulation and physiological functions of cell wall lytic enzymes
are still poorly understood, particularly in non-model organisms.
L. plantarum is an ideal system to study PG hydrolase phenotypes
due to its relatively small number of PG lytic enzymes (a
“mere” twelve!). The authors carefully dissect the cell biological
consequences of the loss of L. plantarum’s endopeptidases and
assign new putative functions to these enzymes. This study
thus lifts the curtain on endopeptidase function in a Gram-
positive non-model organism, which is of particular importance
given the high level of redundancy of PG lytic enzymes in
many model bacteria, which ordinarily makes gene-phenotype
association difficult.

During cell wall turnover in the Gram-positive pathogen S.
aureus, the MurNAc-GlcNAc disaccharide is released from PG by
the major autolysin Atl and its components eventually reused for
PG biogenesis. Kluj et al. report on the fate of this disaccharide,
which is taken up and is concomitantly phosphorylated by
a phosphotransferase system (PTS) transporter. In order to
facilitate PG recycling, the product MurNAc-6P-GlcNAc is
split intracellularly by a novel phospho-glycosidase (MupG),
constituting the first characterized representative of a novel class
of phospho-muramidase enzymes distributed mainly within the
Firmicutes bacteria.

Hager et al. report on an intriguing mode of attachment used
by some bacteria (e.g., Bacillus anthracis and Paenibacillus alvei)
to bind cell-surface proteins to the cell envelope: pyruvylated
secondary cell wall polymers act as high-affinity ligands for
binding. In this study, the enzymatic pathway leading to
the synthesis of pyruvylated disaccharide repeats, [-4-beta-
GIcNAc-1,3-(4,6-Pyr)-beta-ManNAc-1-], of the P. alvei cell
wall polymer was reconstituted. The reconstitution involved
recombinant CsaB enzyme, catalyzing the attachment of a
pyruvate to position 4 and 6 of ManNAc in the lipid-linked
precursor molecule.

Devine provides a concise mini-review about the phosphate
starvation regulation in the Gram-negative E. coli and the Gram-
positive B. subtilis. In both organisms, phosphate limitation
is sensed by the two-component system PhoPR. However,
the mechanisms controlling the Pho response differ. In
Bacillus subtilis, phosphate-limitation response is linked with
wall teichoic acid metabolism. PhoR activity is controlled by
biosynthetic intermediates of WTA metabolism, which either
promotes or inhibits autokinase activity. In E. coli, phosphate
is sensed directly through substrate-responsive conformational
changes in a phosphate transporter.

Vermassen et al. give a comprehensive overview of the
biochemistry and in vivo cleavage activity of PG lytic enzymes.

This review highlights the “mix and match” approach that many
cell wall lytic enzymes have undergone, combining different
PG cleavage catalytic functions (e.g., lytic transglycosylase and
peptidase activity) within the same enzyme.

The unique chemical nature of PG allows it to act as a potent
signaling molecule. Irazoki et al. provide an overview of the
process of PG release across a broad range of bacteria and PG
sensing by a wide range of hosts. The authors highlight the
multiplicity of systems to generate and sense bacterial PG and
suggest that there is still a great deal to be learned about the
sensing of these important molecules. They conclude that this
field will be driven by the development and application of new
analytical technologies to identify novel PG receptors.

Peptidoglycan recycling among many Gram-negative bacteria
is achieved through a core pathway of degradation, recovery and
recycling. In some pathogenic Neisseria, the recycling system
is partially defective, which leads to an increase in the release
of immunostimulatory PG fragments. In their review article,
Schaub and Dillard discuss some of the differences between
Neisserial PG turnover and other, more intensively studied
bacteria such as E. coli. They conclude by proposing Neisseria sp.
as an attractive model system for the study of cell wall growth and
turnover due to their lower number of cell wall-active enzymes,
variation in cell shape, and natural competence.

In addition to variations in glycan composition and stem-
peptide composition, PG can also be O-acetylated at the C-
6 of MurNAc, or, less frequently, GIcNAc. Sychanta et al
provide an overview of recent advances in understanding the
biochemistry of O-acetyltransferase systems in Gram-positive
and Gram-negative bacteria. They also discuss current efforts at
understanding the impact of inhibiting these systems and address
unanswered biological questions such as the source of acetate for
wall modification.

Bacterial cell wall biology remains a major frontier, both in
our quest to develop a profound understanding of fundamental
microbiology and to discover novel compounds that may be used
to treat infections caused by antibiotic resistant bacteria. We
hope that this special issue further advances this frontier and
inspires additional exploration—peptidoglycan is, in many ways,
still as mysterious as it was 7,762 publications ago.
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We report the successful implementation of virtual screening in the discovery of
new inhibitors of undecaprenyl pyrophosphate synthase (UppS) from Escherichia col.
UppS is an essential enzyme in the biosynthesis of bacterial cell wall. It catalyzes
the condensation of farnesyl pyrophosphate (FPP) with eight consecutive isopentenyl
pyrophosphate units (IPP), in which new cis-double bonds are formed, to generate
undecaprenyl pyrophosphate. The latter serves as a lipid carrier for peptidoglycan
synthesis, thus representing an important target in the antibacterial drug design.
A pharmacophore model was designed on a known bisphosphonate BPH-629 and
used to prepare an enriched compound library that was further docked into UppS
conformational ensemble generated by molecular dynamics experiment. The docking
resulted in three anthranilic acid derivatives with promising inhibitory activity against
UppS. Compound 2 displayed high inhibitory potency (ICsg = 25 wM) and good
antibacterial activity against E. coli BW25113 AtolC strain (MIC = 0.5 ng/mL).

Keywords: UppS, inhibitors, cell-wall, pharmacophore model, antibacterial agents, undecaprenyl pyrophosphate
synthase

INTRODUCTION

The alarming increase in number of resistant bacterial strains is forcing academia and
pharmaceutical companies into a hasten development of new antibacterial drugs. Therefore,
new design approaches leading to discovery of new compounds, mechanisms of action or even
new bacterial targets are desirable (Van Geelen et al.,, 2018). One of the most recent and fairly
underexplored targets is UppS (EC: 2.5.1.31) (Jukic et al., 2016).

Undecaprenyl pyrophosphate synthase is an essential cytoplasmic enzyme in the biosynthesis
of peptidoglycan that catalyzes the formation of isoprenoid UPP (Cs5-PP) from FPP and IPP in

Abbreviations: AUC, area under the curve; cpds, compounds; FPP, farnesyl pyrophosphate; GlcNAc-MurNAc-
pentapeptide, N-acetylglucosamine-N-acetylmuramyl-pentapeptide; IPP, isopentenyl pyrophosphate; MD, molecular
dynamics; PMB, polymyxin B; ROC, receiver operating characteristic curve; SAR, structure-activity relationship; UPP,
undecaprenyl pyrophosphate; UppS, undecaprenyl pyrophosphate synthase.
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the presence of Mg?*. UPP is a constituent of lipid II, the
last peptidoglycan precursor, which is responsible for the flip-
flop of the GlcNAc-MurNAc-pentapeptide moiety across the
cytoplasmic membrane (Liang et al., 2002; Teng and Liang,
2012b). The enzyme is specific for the bacteria and is not present
in the human cell, thus representing an important target in the
development of novel antibacterial agents (Apfel et al., 1999).
Despite the many published crystal structures of apo enzyme
(Ko etal., 2001) or enzyme co-crystalized with substrates (Chang
et al.,, 2004) and inhibitors (Guo et al., 2007), there is still no
registered drug targeting UppS (Jukic et al., 2016).

There are currently 40 crystal structures in the PDB.
Historically, first two published structures came from from
Micrococcus luteus (PDB ID: 1F75) (Fujihashi et al., 2001) and
Escherichia coli (PDB ID: 1JP3) (Ko et al., 2001) and were
published back in 2001. Nowadays, the majority of reported
crystal complexes are from the E. coli, but all of the reported
structures belong to the same sequence similarity cluster with
> 40% similarity and include Gram positive and Gram negative
bacteria. Analysis of available crystal structures shows that UppS
is a homodimer composed of two identical subunits, each
composed of approximately 250 amino acids in length, totaling
to 29 kDa. The essential information about the subunits is the
extensive movement of the enzyme core and most importantly
the loop at the top of the active site. More specifically, while the
substrate is bound to the enzyme, the active site remains closed,
however, it normally opens during the product binding before it
is released (Fujihashi et al., 2001; Ko et al., 2001).

The active site of UppS is particularly large due to a rather
sizable final product (55 carbon atoms), which needs to be
accommodated at the catalytic gorge. Thus, it is not unexpected
that the active site is shaped as a long tunnel along the length
of enzyme core. The complexity of this active site is a challenge
for the pharmaceutical chemists, because it can accommodate a
greater number of small-molecule inhibitors and also possesses
several disctinct binding sites. This information has to be taken
into account during an in silico design of new UppS inhibitors
(Teng and Liang, 2012a; Kim et al., 2014).

Among the most potent UppS inhibitors are bisphosphonates,
traditionally indicated for bone-related diseases, namely
suppressing bone resorption and bone loss. Ever since the
pamidronate FDA approval in 1991, bisphosphonates have been
widely prescribed, yet the precise mechanistic properties are
still unclear (Allen, 2018). Surprisingly, the most recent studies
suggest that bisphosphonates are promising opioid alternatives
for the treatment of chronic pain, more specifically the
complex regional pain syndrome type I (CRPS-I); however, this
mechanism of action also needs to be clarified (Kaye et al., 2018).
Ultimately, it has been shown that some bisphosphonates bind
to and inhibit UppS. Their structure mimics the pyrophosphate
moiety of the substrates IPP and FPP, thus indicating the possible
mechanism of action, which was solidified with published co-
crystal structures (Figure 1). With 40 available crystal structures,
19 report small-molecule inhibitors and amongst them, 6 are
with bisphosphonate inhibitors (Guo et al.,, 2007). Among all
of 40 reported structures, crystal complex of bisphosphonate
inhibitor BPH-629 in E. coli UppS (PDB ID: 2E98) displays the

highest resolution of 1.9 A and was used in our work. One of the
four known binding sites of bisphosphonates coincides with the
FPP binding site, shown as binding site 1 on Figure 1.

Over the years, there has been a few in silico studies performed
on UppS in an attempt to design new UppS inhibitors (Kuo
et al., 2008; Peukert et al., 2008; Kim et al., 2014; Sinko et al,,
2014). They have been successful only to some extent due to
the complexity of the enzyme dynamics and high flexibility of
the enzyme. However, bisphosphonates remain the most visible
inhibitors to this day (Jukic et al., 2016).

Another extensive study of UppS active site flexibility using
a molecular dynamics simulation showed the importance of the
so called expanded pocket for the computer-aided drug design
(Sinko et al., 2011). This expanded pocket state occurs during
the ligand binding and reaches up to a total volume of 1032
A3, as could be seen in a co-crystal structure of bisphosphonate
BPH-629 (Figure 2) with E. coli UppS (PDB: 2E98). Upon ligand
removal the active site pocket shrinks down to a volume of
432 A3, which is slightly larger than a final volume of an apo-
UppS form (332 A3, PDB: 3QAS). These types of inhibitors
compared to non-bisphosphonates need a greater active site
expanding due to the nature of their multiple binding. For
example, the known tetramic acids and dihydropyridin-2-one-
3-carboxamide inhibitors (Peukert et al., 2008), which bind to
FPP binding site (Binding site 1; Figure 1), only require an
active site of approximately 300 A3 in volume. This implies
that of the known UppS inhibitors, only bisphosphonates bind
to an open enzyme form, while others bind to the closed
form, which is similar to the non-ligand bound apo state
(Sinko et al.,, 2011). The expanded pocket of the open enzyme
form was thus proven to be the most suitable for molecular
docking.

In this paper, we present a combination of pharmacophore
design and molecular dynamics as a possible approach for
discovery of new UppS inhibitors. For this purpose a known
crystal structure of the enzyme with the bisphosphonate BPH-
629 (PDB ID: 2E98) was taken as a starting point for the design
of new UppS inhibitors.

MATERIALS AND METHODS

Cloning, Overexpression, and

Purification of the E. coli UppS

An overnight preculture of E. coli C43(DE3) carrying the
pET2130::uppSg. plasmid was used to inoculate 1 liter of
2YT medium supplemented with ampicillin. The culture was
incubated with shaking at 37°C until the optical density at 600 nm
reached 0.8. Isopropyl-p-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 1 mM and incubation was
continued for 3 h at 37°C. The cells were then harvested at 4°C
and the pellet was washed with buffer A (20 mM Hepes (pH
7.5), 150 mM NaCl). The cells were resuspended in the same
buffer (10 mL) and disrupted by sonication in the cold using a
Bioblock Vibracell 72412 sonicator. The resulted suspension was
centrifuged at 4°C for 30 min at 100,000 x g with a Beckman

Frontiers in Microbiology | www.frontiersin.org

January 2019 | Volume 9 | Article 3322


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

Juki¢ et al.

UPS Inhibitors

LeusS.

S

A
Ser? :(E
Arg??

E%

Arg39

binding site 2

%\"'mso
Hisd3
Ser71
—t Arg??
e Glu73

Asn28

IIrH%
Ser72

e
Sk,

Argd9

binding site 1

green with residues that form lipophilic interactions in red.

FIGURE 1 | Binding sites of co-crystalised bisphosphonate inhibitor (depicted in blue stick model; BPH-629) in E. coli UppS (presented as a green-colored ribbon
model; PDB ID: 2E98). Four observed binding sites (emphasized) are presented with small-molecule inhibitor in blue, amino acid residues forming polar contacts in

é/ Phe89
Leuss
\
\'n|ﬁ:§ Asnl44
/ .\lr\l:l:%
X Tyrlds 3 Alarad

Tyr6s
binding site 3

Alad7,

A
Leu93

L %\lm
Tetat
Serss
(;lu%‘% (e
Leul0o
Ser99
vasie

§ His103

binding site 4

TL100 apparatus and the pellet was discarded. The supernatant
was kept at —20°C until purification.

The N-terminal Hise-tagged UppSg. protein was purified on
Ni2 T -nitrilotriacetate (Ni?T-NTA) agarose according to Qiagen®
recommendations. All procedures were performed at 4°C. To
perform the binding experiment, the supernatant was mixed
with Ni?*-NTA-agarose beads for 1 h that had previously
been washed with buffer B (buffer A containing 10 mM
imidazole). The washing and elution steps were performed with
a discontinuous gradient of imidazole (10 to 250 mM) in buffer
A. Eluted proteins were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and the relevant
fractions were pooled and dialyzed into 100 V of buffer A.
The protein concentration was determined by nano-volume
spectrophotometry (molecular mass of Nter-Hisg UppS = 29,542
Da; gy = 38,960 M~!.cm™1!). For the storage of the protein at
—20°C, glycerol was added to the buffer to a final concentration
of 10%.

UppS Inhibition Assay

The UppS enzymatic activity was determined by using a
kinetics-based assay utilizing a radiolabeled substrate. The assay
revolves on the measuring of UPP formation in the reaction
mixture in a final volume of 40 pwL. Stock solutions of all
compounds (2 mM) were prepared in DMSO and the final
concentration of DMSO in the assay was 5% (v/v). The
enzyme was diluted in buffer A to appropriate concentration
so that the consumption of the substrate in the assay is no
higher than 30%. The reaction mixture consisted of 20 pL
of 100 mM HEPES, pH 7.5, 50 mM KCI, 0.5 mM MgCl,,
1.5 uM FPP, 12 uM [“C]-IPP ([**C]-IPP; 289 Bq), 2 L
DMSO with or without the inhibitor and 18 pL of optimal
enzyme solution. The reaction was initiated by adding the

BPH-629
ICsg (. coli) = 0.59 pM

FIGURE 2 | Structure of bisphosphonate inhibitor BPH-629.

enzyme to the reaction mixture and was observed for 30 min
at 25°C before being stopped by freezing with liquid nitrogen.
Reaction mixture was lyophilized and resuspended in 10 pL
of purified water. The radiolabeled substrate, ['*C]-IPP, and
the product, ['*CJUPP, were separated on a Silica gel 60 TLC
plate using 1-propranol / ammonium hydroxide / water in
ratio of 6/3/1 (v/v/v) as a mobile phase (Rf([“c],lpp) = 0.21,
Rf[14C]UPP = 0.56), and quantified with a radioactivity scanner
(Rita Star, Raytest Isotopenmessgerite GmbH, Straubenhardt,
Germany). Residual activities (RAs) were calculated with respect
to a control reaction without the tested compounds and with
5% DMSO. All the experiments were run in duplicate with
standard deviations within &+ 10%. The ICs( values represented
the concentrations for which the RA was 50% and were
determined by measuring the RAs at seven different compound
concentrations.

Frontiers in Microbiology | www.frontiersin.org 1

January 2019 | Volume 9 | Article 3322


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

Juki¢ et al.

UPS Inhibitors

TABLE 1 | Antibacterial activity of the most potent three UppS inhibitors against
wild-type and efflux pump-deficient E. coli BW25113 strains with (+PMB) or
without (—PMB) polymyxin B-formed permeable membrane.

MIC (ng/mL)
BW25113 BW25113 AacrA BW25113 AacrB BW25113 AtolC
-PMB +PMB -PMB +PMB -PMB +PMB -PMB +PMB
1 >32 >32 >32 2 >32 2 >32 >32
>32 >32 >32 >32 >32 >32 0.5 0.5
>32 >32 >32 2 >32 2 >32 >32

Microbiological Evaluation

The three compounds 1, 2, and 3 were tested for their
antibacterial activity against the WT and efflux pump-deficient
(AacrA, AacrB and AtolC) E. coli BW25113 strain (Table 1). The
strains were cultivated in liquid medium at 37°C and inoculated
in a 3-mL top agar at a final concentration of 108 CFU/mL
on agar plates. Then, spots of 4 WL of each compound (range
concentration serially diluted from 32 pg/mL to 0.5 pg/mL)
were performed on each strain, in the presence or not of
0.025 pg/mL of polymyxine B to assess the impact of outer-
membrane permeability on antimicrobial activity. Finally, the
antibacterial activity was observed after incubating the plates ON
at 37°C. All the experiments were performed according to CLSI
guidelines.

RESULTS AND DISCUSSION

Pharmacophore Modeling

Docking of large libraries of compounds is not only complex
but also time-consuming. Therefore, it is highly important to
use a quality compound database for any in silico drug design.
We used ZINC database of compounds, specifically 10.7 million
Drugs Now subset of the ZINC library where compounds
with immediate commercial availability are collected (Irwin and
Shoichet, 2005). Prior to our docking experiment, hierarchical

filtering of the compound database was performed. Database was
first processed with the FILTER software (OpenEye Scientific
Software, Inc., Santa Fe, NM, United States') to eliminate small
fragments or molecules with a greater MW than 1000 g/mol,
known or predicted aggregators and the compounds with
predicted poor solubility (Shoichet, 2006). Compound retention
parameters used were 300 < MW < 1000, 0 < rotational
bonds < 15, 4 < rigid bonds < 55, —4 < clogP < 6.85; detailed
filter configuration can be found in supporting information.
Finally, compound database was filtered for PAINS using RDKit?
Python API software (Baell and Holloway, 2010). In this final
step, every structure in the library was compared to the selection
of PAINS structures defined in SMARTS format and removed
from the database if found similar (Saubern et al., 2011; PAINS
definitions in SMARTS format can be found in supporting info.).
The initial compound library was thus reduced to a library
of approximately 6.5 million compounds and 3D conformer
database prepared with omega2 fast protocol within LigandScout
as detailed in the supporting information.

Next step was pharmacophore modeling in a consecutive
library filtering effort in order to produce an enriched library
for docking experiments. Pharmacophore model (Figure 3) was
designed using LigandScout program (Wolber and Langer, 2005)
based on the structural data of known bisphosphonate inhibitor
BPH-629 (Figure 2) binding mode in UppS binding site 1
(Figure 1; PDB ID: 2E98). Specific features of the inhibitor
were used to pinpoint the previously described key interactions
with the enzyme (Jukic et al., 2016). Ten similar pharmacophore
models were generated and validated in a VS experiment using a
library of reported bisphosphonates (Guo et al., 2007) and decoy
compounds generated on the basis of each active bisphosphonate
with the help of DUD-E database (Mysinger et al., 2012). The
best model according to ROC AUC was used for filtering of
prepared compound library (Figure 3). The model was defined by
specifically negative ionisable features and/or H-bond acceptors
at the BPH-629 bisphosponic acid moiety, aliphatic hydroxyl

'www.eyesopen.com
Zhttp://www.rdkit.org/; access September 16, 2018

FIGURE 3 | Left: 3D representation of a pharmacophore model based on inhibitor BPH-629 (green spheres represent H-bond donating feature (HBD), red spheres
represent H-bond acceptor feature (HBA) while yellow-colored sphere represents a lipohilic feature. Gray colored spheres are exclusion cones based on crystal
structure PDB ID: 2E98); right is a 2D projection of BPH-629 inhibitor with explicitly defined pharmacophoric features.

{ ” HBA, |omsable

hydrophobic feature

HBD HBA, ionisable

Frontiers in Microbiology | www.frontiersin.org

12

January 2019 | Volume 9 | Article 3322


www.eyesopen.com
http://www.rdkit.org/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Juki¢ et al.

UPS Inhibitors

group was marked as hydrophilic H-bond donor feature and
distant aromatic ring as a hydrophobic feature in order to keep
the pharmacophore model feature count low and produce a
useful model for future filtering (Wolber and Langer, 2005).
The exclusion zones calculated by the software on the basis
of crystallized BPH-629 binding mode (PDB ID: 2E98) have
been included in the final pharmacophore model. If additional
lipophilic features were used in the pharmacophore model or
tolerance spheres defined closely along the BPH-629 features,
constructed models proved to be over-defined and could not
be used as a filter in future steps. In the final step, initial
compound library was filtered where individual conformer
molecular features were enumerated and a 3D superposition on
the pharmacophore model was attempted where pharmacophoric
elements had to be satisfied within the defined spherical
bounds and one possible missing feature (LigandScout software
Pharmacophore-Fit scoring function). The exclusion zones
further limited the space available for the individual conformer
to superpose and satisfy the pharmacophore model. Thus a final
library of 13530 compounds was prepared and docked in the
protein conformation ensemble obtained from MD experiment
and clustering of protein conformations along the MD trajectory
(see Supplementary Data for more details).

Molecular Dynamics

Crystal complex (PDB ID: 2E98) was prepared with Yasara
software (Krieger and Vriend, 2015). Missing hydrogens were
added, overlapping atoms adjusted, missing residues modeled,
hydrogen bonds optimized and residue ionization assigned at
pH = 7.4, consistently with previous reports (Krieger et al., 2006;
Krieger et al., 2012; Jukic et al., 2016). Cubic system (10 A around
all atoms) was solvated using TIP3P water model and 0.9%
of NaCl added to the solvation system. Finally, NPT (periodic
boundary conditions) ensemble production run at 310 K was
initiated. Simulation using AMBER14 force field produced 20 ns

trajectory with snapshot saved every 10 ps (Hornak et al,
2006). Energy parameters of the system were stable through
production run as was root-mean-square deviation (RMSD)
values for protein backbone. MD snapshots in 100 ps increments
were collected (200 protein conformation models), clustered
using ClusCo software and visually analyzed with Pymol 3
software (DeLano, 2002). ClusCo software parameters used were
hierarchical clustering in a pairwise average-linkage manner with
backbone rmsd score. 10 clusters were identified by ClusCo and
centroid structures were selected as protein conformations that
represent the movement of the E. coli UppS (Figure 4, left)
(Jamroz and Kolinski, 2013).

Structure-Based Virtual Screening

Ensemble docking experiment (Figure 4, right) was performed
using GOLD (CCDC Enterprise; 5.5 version). Ten protein
structures obtained from clustered (ClusCo) MD trajectory were
aligned to the first structure used in the trajectory, imported
in Hermes GOLD where hydrogens were corrected/added.
Positioning of Asn, Gln, and His tautomers were left intact
as calculated through MD experiment. Waters and Ligands
were removed and the proteins were kept rigid during docking
experiment. Binding site was defined as a 7 A region around the
area occupied by BPH-629 co-crystalized ligand in the binding
site 1 relative to the spacing of first structure used in the trajectory
(Figure 1). Detect cavity setting was used and all H-bond
donors/acceptors were forced to be treated as solvent accessible.
All planar R-NRR; were able to flip as well as protonated
carboxylic acids. Torsion angle distributions and rotatable bond
postprocessing were set at default. Docking was performed with
Chemscore scoring function with early termination enabled and
default GOLD parameter file used. Genetic algorithm settings
were set at ensemble. Parallel gold calculation was performed
with concatenation of results and retention of best binding poses.
No constraints were used in docking experiment. The results

FIGURE 4 | Selected snapshots of E. coli UppS obtained with MD and ClusCo clustering. Individual chains are presented in ribbon model colored distinctly for every
snapshot used in the ensemble docking experiment. In this manner, movement of the protein along the MD trajectory is emphasized and observed (left). Defined
binding site for GOLD ensemble docking experiment in gray-colored line model representation; in green colored line representation there is the center residue of the
defined binding site for docking experiment while the rest of the protein is depicted as purple colored line model (right).
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were analyzed using DataWarrior software and sorted according
to the GOLD ChemScore Fitness. From the entire workflow
as composed in Figure 5, the 34 top-scoring compounds were
purchased from several vendors (see Supplementary Data and
Supplementary Table S1) and evaluated biochemically and
microbiologically.

Biological Evaluation

The 34 purchased compounds were tested for their inhibitory
potencies against E. coli UppS using a radioactivity-based assay.
In these test conditions, the ['*C]-UPP formation is observed
thanks to a radiolabeled substrate (['*C]-IPP) and quantified
with a radioactivity scanner. The results are presented as RAs
of UppS in the presence of 100 pM of each compound
(Supplementary Table S1). For the compounds with RAs below
50%, the IC5o values were determined. Sodium risedronate was
used as a positive control to enable the comparison of the
purchased compounds to a known inhibitor and to confirm
the results of the UppS inhibition assay. Three compounds
showed promising inhibitory potencies against E. coli UppS
in micromolar range (1-3, Figure 6). All three inhibitors are
anthranilic acid derivatives with a larger hydrophobic moiety
attached to the amide group via different linkers, 2-cyanoacryloyl
for compounds 1 and 2 and 2-thioacetyl for compound 3. Of
those, compound 1 was the highest ranking virtual screening
hit with ChemScore GOLD Fitness ChemScore of 41.82 and

an ICsy value of 45 uM. On the other hand, the compound 3
showed the highest in vitro potency with ICsy value of 24 pM
(in silico ChemScore of 32.9201) and is approximately 28-fold
more potent than risedronate (ICso = 660 wM) (Guo et al,
2007). The inhibitory potency of compound 2 (ICsy = 25 wM)
is considered similar as in compound 3.

Binding Site Analysis

Interestingly, the ensamble docking experiment identified
anthranilic acid moiety as favorable and compounds were
commonly bound to similar protein conformations and binding
site volumes, specifically, superimposed protein conformations
on the starting crystal complex (PDB ID: 2E98) with backbone
RMSD of 1.23 A, binding site volume 814.625 A® (compounds 1,
2) and 1.39 A, binding site volume 968.975 A® for compound 3.
Calculation is in accordance with previous observations and alike
bisphosphonates, identified inhibitors bind to the open enzyme
form. Similar observations were reported earlier for benzoic acid
inhibitors (Figure 6; Zhu et al., 2013) where benzoic acid moiety
served as a pyrophosphate mimetic and was connected to a
polyaromatic scaffold as mimic of the native substrate (FPP)
lipophilic tail (PDB ID: 3SGV; Figure 6). Thus, we postulate
the new reported inhibitors (compounds 1-3) could bind to
FPP binding site and act as competitive inhibitors. Furthermore,
anthranilic acid moiety as a pyrophosphate mimetic has been
reported previously, and it has also been conjugated to the

Compound
library collection
10.7M cpds.

Pharmacophore
model & VS
13 530 cpds.

Filtering
5M cpds.

Molecular : :

FIGURE 5 | Completed workflow used for identification of UppS inhibitors. Number of processed compounds (cpds.) is indicated under individual steps.

ENSAMBLE
DOCKING

Biological
evaluation

34 cpds. 3 hit cpds.

pyrophosphate mimetic

HOO!
el
O. N N,O
Xraryry
— ]
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bisphosphonate inhibitor BPH-629, Guo et al.
ICs0 = 0.59 uM

1
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FIGURE 6 | Structural comparison of UppS native substrate farnesyl pyrophosphate (FPP), benzoic acid inhibitor (Zhu et al., 2013), anthranilic acid inhibitor (Wang
et al., 2016), bisphosphonate inhibitor (Guo et al., 2007) and new inhibitors of E. coli UppS discovered by structure-based virtual screening.

lipophilic tail
| — [e]

)
N
pyrophosphate mimetic

anthranilic acid inhibitor, Wang et al.
ICs0 = 45 pM

; \FO
NH

HO

pyrophosphate
mimetic

lipophilic scaffold

2

ICsp = 25 pM ICs0 = 24 uM

Frontiers in Microbiology | www.frontiersin.org

14

January 2019 | Volume 9 | Article 3322


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

Juki¢ et al.

UPS Inhibitors

lipophilic tail in order to mimic FPP. Wang and coworkers
also commented that the electron withdrawing groups on the
anthranilic acid moiety improved the potency, while phosphonic
acid analogs demonstrated reduced activity (Wang et al., 2016).
This reported data can be directly applied for future optimisation
of reported inhibitors. Namely, compounds 1-3 possess an

unsubstituted antranilic acid as a known pyrophosphate mimetic
moiety with distinct lipophilic scaffolds to previously published
inhibitors. Furthermore, the aforementioned inhibitors by Wang
et al. were not evaluated on E. coli UppS but Gram positive
Staphylococcus aureus bacterial strain. Accordingly, to the best
of our knowledge, this is the first time this type of compounds

%"[rl‘euss

%PheS?
%}LeuKS

%msml

Asn28

Gly27%
AspZ:Q%

Ala6® Glu73

Phe70

2

FIGURE 7 | 2D projection of calculated binding modes of reported inhibitors 1-3 in their respective UppS protein binding sites 1. Small-molecules are colored blue,
amino acid residues forming polar contacts are green. Residues that form lipophilic contacts with small-molecule are presented in black and red and are partially
encircled.

P A

BPH-629

FIGURE 8 | Binding modes of compounds 1-3 (presented in blue, magenta and orange colored stick models, respectively) in UppS active site (PDB ID: 2E98).
Co-crystallised ligand BPH-629 is shown as yellow stick model. Protein is depicted as blue or green colored ribbon model with amino acid residues around ligands
presented gren colored stick models.
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are shown to inhibit E. coli UppS. The predicted binding mode
of inhibitors 1-3 is shown in Figure 7 (Laskowski and Swindells,
2011).

All three compounds share a similar binding motif where
anthranilic acid moiety interacts with phosphate binding pocket
(Figure 7). Anthranilic acid carboxylate forms ionic and H-bonds
with Arg39 and Arg77 residues that are further stabilized
with H-bond toward Ser71. Amide bond connecting anthranilic
fragment in all three molecules is positioned in a polar pocket
where favorable H-bond interactions with Ala69, Phe70, Ser71
or Met25, Asp26 backbone amides are available. Compounds 1
and 2 therefore form H-bonds with Asn28 or Ser71 through
amide or neighbor nitrile functional groups while compound 3
forms a H-bond with His43 via its central triazole moiety. Most
potent compound 3 further descends in a voluminous UppS
active site gorge where its flexible tioether linker enables effective
n-m stacking interaction between Phe89 and phenyltriazole
central moiety. Compound 3 additionally makes hydrophobic
contacts with Ala47, Val50, Leu85, Met86, Leu88, Phe89, Ala92,
Leu93, and Ilel41 residues. Compounds 1 and 2 share a
similar binding motif, reaching deeper into active site gorge via
an acrylonitrile linker moiety. Compounds 1 and 2 therefore
make hydrophobic contacts toward Leu85, Leu88, Phe89, and
Ala92, while compound 2 additionally interacts with Leu93 and
Ile141. Comparatively, co-crystalized bisphosphonate BPH-629
analogously positions its acidic moieties at the top of the gorge
making an ionic interaction with Arg77 and H-bonds toward
Gly29, Ser72, His43, and Asn28 (Figure 8). It than immediately
descends to the lipophilic gorge via a 1,3-subsituted benzene
fragment where it forms lipophilic contacts with Met25, His43,
Ala47, Val50, Ala69, and Ile141. Branched nature of compounds
1 and 3 can thus effectively account for favorable positioning
in a lipophilic active site gorge with additional lipophilic
contacts (Leu85, Leu88, Met86, and Phe89). Compound 2 reaches
down the active site gorge due to sheer compound length
where lipophilic interactions with Ala92 and Leu93 are possible
(Figure 8). All three compounds can also be described as
spanning to other binding sites (2, 3, Figure 1) and have space
for further optimisation.

Antimicrobial Evaluation

Upon in vitro examination, no antibacterial activity was observed
for all three inhibitors (1-3) when evaluated with wild-type
S. aureus and E. coli bacterial strains so further examination was
conducted (Table 1). E. coli AcrAB-TolC is a tripartite multidrug
efflux pump system that expels compounds form the cell and this
represents one of the possible mechanisms of bacterial defence
against xenobiotics (Kim et al., 2015). Further microbiological
evaluation revealed that lack of antibacterial activity of UPPS
inhibitors against E. coli can be attributed to their active transport
from the bacterial cytoplasm by efflux pumps. Compounds 1
and 3 were inactive against all strains without a permeable
membrane (MIC > 32 pg/mL), but showed improved MIC
values in efflux deficient E. coli BW25113 AacrA and AacrB
strains in the presence of PMB (MIC = 2 jLg/mL in both). On the
other hand, compound 2 inhibited bacterial growth in both E. coli
BW25113 AtolC strains with or without permeable membrane

(MIC = 0.5 pg/mL). The antibacterial activity in the efflux pump-
deficient E. coli BW25113 AtolC strain is independent from
the presence of polymyxine B. Therefore, it can be postulated
on the basis of the evaluation of compound 2, that transport
across E. coli cell membrane is possible. This compound therefore
represents an interesting starting point for further development,
for example computational searches of similar compounds and
analog synthesis.

CONCLUSION

We have demonstrated a successful implementation of virtual
screening techniques in the discovery of E. coli UppS inhibitors.
With the use of molecular modeling software, we designed
a bisphosphonate-based pharmacophore model and wused
molecular dynamics together with ensemble docking to obtain
three novel micromolar UppS inhibitors. These reported
anthranilic acid derivatives mimic the structure of polar
pyrophosphate and lipophilic moieties of UppS substrates FPP
and IPP. Among the 34 top-scoring compounds, the most
potent compound 2 displayed inhibitory potency with an ICsg
value of 25 pM and good antibacterial activity against E. coli
BW25113 AtolC with or without a permeable membrane
(MIC = 0.5 pg/mL). Our anthranilic acid derivatives 1-3 have
distinct chemical structures compared to previously known
E. coli UppS inhibitors, therefore representing a novel starting
point for antibacterial drug design targeting UppS.
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Tuberculosis (TB), which is caused by Mycobacterium tuberculosis (Mtb), is one of the
leading cause of death by an infectious diseases. The biosynthesis of the mycobacterial
cell wall (CW) is an area of increasing research significance, as numerous antibiotics used
to treat TB target biosynthesis pathways of essential CW components. The main feature
of the mycobacterial cell envelope is an intricate structure, the mycolyl-arabinogalactan-
peptidoglycan (MAGP) complex responsible for its innate resistance to many commonly
used antibiotics and involved in virulence. A hallmark of mMAGP is its unusual peptidoglycan
(PG) layer, which has subtleties that play a key role in virulence by enabling pathogenic
species to survive inside the host and resist antibiotic pressure. This dynamic and
essential structure is not a target of currently used therapeutics as Mtb is considered
naturally resistant to most p-lactam antibiotics due to a highly active -lactamase (BlaC)
that efficiently hydrolyses many p-lactam drugs to render them ineffective. The emergence
of multidrug- and extensive drug-resistant strains to the available antibiotics has become
a serious health threat, places an immense burden on health care systems, and poses
particular therapeutic challenges. Therefore, it is crucial to explore additional Mtb
vulnerabilities that can be used to combat TB. Remodeling PG enzymes that catalyze
biosynthesis and recycling of the PG are essential to the viability of Mtb and are therefore
attractive targets for novel antibiotics research. This article reviews PG as an alternative
antibiotic target for TB treatment, how Mtb has developed resistance to currently available
antibiotics directed to PG biosynthesis, and the potential of targeting this essential
structure to tackle TB by attacking alternative enzymatic activities involved in Mtb PG
modifications and metabolism.

Keywords: mycobacteria, cell wall, tuberculosis, antibiotic resistance, peptidoglycan, p-lactams,

mycobacteriophage lysis enzymes
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INTRODUCTION

According to the latest report available from the World Health
Organization (WHO), it is estimated that in 2017, there were
about 10.3 million new cases of TB worldwide and about 1.8
million people died from this infection. The emergence of
multidrug-resistant (MDR) and extensive drug-resistant (XDR)
strains to the available antibiotics is a worldwide public health
problem of increasing importance, with a treatment success
rate of only about 50%, which decreases to 23% in the case
of XDR-TB (World Health Organization, 2010, 2011, 2014,
2017; Horsburgh et al., 2015). The lack of effective treatment
regimens against MDR-TB and XDR-TB isolates has highlighted
the potential of repurposing existing antibiotic options in
alternative and innovative ways (Mainardi et al., 2011) as all
drugs, except for bedaquiline and delamanid, which are currently
used to treat TB, were approved several years ago, demonstrating
the complexity of TB drug development (Wong et al., 2013;
Keener, 2014; Diacon et al.,, 2016).

A hallmark of Mtb, the causative agent of TB, as a successful
pathogen is its intricate CW (Brennan and Nikaido, 1995;
Jankute et al., 2015) that has been associated with the genetic
differences among human lineages of Mtb (Portevin et al.,
2011). The core of the mycobacteria cell envelope is composed
of three main structures: (1) the characteristic long-chain
mycolic acids (MA); (2) a highly branched arabinogalactan
(AG) polysaccharide; and (3) a very cross-linked and modified
meshwork of PG. The entire complex, referred to as mycolyl-
arabinogalactan-peptidoglycan (mAGP) (Brennan and Nikaido,
1995; Alderwick et al., 2015; Jankute et al., 2015), is essential
for Mtb viability, virulence, and persistence and can modulate
the innate immune response (Brennan and Nikaido, 1995;
Stanley and Cox, 2013; Jankute et al, 2015). In addition, it
acts as an impregnable external barrier responsible for the
intrinsic resistance of Mtb to several drugs (Nikaido, 1994;
Gygli et al., 2017; Nasiri et al., 2017). The essential nature
of CW synthesis and assembly has rendered the mycobacterial
CW as the most extensively exploited target of anti-TB drugs
(Wong et al., 2013; Bhat et al.,, 2017). Ethambutol, isoniazid,
and ethionamide successfully target the synthesis of the various
components of mAGP (Jackson et al, 2013), and resistance
to these drugs, which is mediated by the accumulation of
chromosomal mutations in genes involved in CW biosynthesis
pathways, can arise under selective pressure of antibiotic use
(Eldholm and Balloux, 2016; Gygli et al., 2017; Nasiri et al,,
2017). Mtb has been considered innately resistant to most
B-lactam antibiotics that target PG biosynthesis due to (1) a
highly active B-lactamase (BlaC) that efficiently inactivates
many P-lactams (Wang et al., 2006; Hugonnet and Blanchard,
2007) and (2) the fact that a large proportion of the CW
PG is cross-linked by non-classical L,b-transpeptidases, which
are intrinsically impervious to these antibiotics (Lavollay et al.,
2008; Cordillot et al., 2013). Widespread antibiotic resistance
in Mtb, in combination with the lack of progress in developing
new effective treatments, is threatening the ability of tackling
the outcomes caused by highly resistant Mtb strains. This
highlights the need of considering alternative therapeutic

schemes to combat the global increase in resistance to the
current anti-TB regimens. This review summarizes the current
knowledge about the mechanisms employed by mycobacteria
to circumvent the activity of currently available antibiotics
that target PG biosynthesis with an emphasis on recent
advancements regarding the efficacy of carbapenems, a more
recent class of extended-spectrum f-lactams against highly
drug-resistant Mtb clinical strains, and the potential application
of mycobacteriophage-encoded lysis proteins to kill mycobacteria
by weakening the CW.

IMPACT OF THE ATYPICAL
MYCOBACTERIAL PG STRUCTURE ON
RESISTANCE TO ANTIBIOTICS THAT
TARGET PG BIOSYNTHESIS

A distinctive feature of the mycobacterial CW is its unusual
PG layer (Alderwick et al, 2015; Jankute et al, 2015), which
is essential for survival of Mtb and that is linked with the
exceptional immunogenic activity associated with the CW. The
PG macromolecule contains a number of unique subtleties that
enable Mtb to survive inside the host and resist different antibiotics
(Gygli et al, 2017; Nasiri et al, 2017). The PG layer of Mtb
is surrounded by other layers dominated by lipids, carbohydrates,
and phosphatidyl-myo-inositol-based lipoglycans that provide a
permeability barrier against hydrophilic drugs (Nikaido, 1994;
Brennan and Nikaido, 1995; Hoffmann et al., 2008). PG acts
as a pro-inflammatory inducer that is hypothetically masked
within the mAGP complex (Brennan and Nikaido, 1995; Jankute
et al,, 2015), which constitutes the major structural component
of the cell envelope. Access of antibiotics that target PG biosynthesis
is critical for their efficacy, and it is now assumed that several
pathogenic bacteria have developed different strategies to hide
PG (Atilano et al, 2011, 2014), thus circumventing their
antibacterial activity. Mycobacterial PG forms the basal layer of
the mAGP complex, where glycan chains composed of alternating
N-acetylglucosamine (GlcNAc) and modified N-acetylmuramic
acid (MurNAc) residues, linked in a p (1 — 4) configuration
(Alderwick et al., 2015), are interconnected through oligopeptides.
The muramic acid residues in Mtb are found containing a
combination of N-acetyl and N-glycolyl derivatizations. In the
latter case, the N-acetyl group present in MurNAc residues has
been oxidized to an N-glycolyl group through the action of the
enzyme N-acetyl muramic acid hydroxylase (NamH) to form
MurNGly (Raymond et al., 2005). Although the precise function
of the N-glycolyl modification, a structural modification that is
unique to mycobacteria (and closely related genera) is yet to
be elucidated, it has been hypothesized that it contributes to:
(1) the stability of the mycobacterial CW, by strengthening the
mesh-like structure of the PG layer providing sites for additional
hydrogen bonding between different parts of the PG macromolecule
(Brennan and Nikaido, 1995); (2) the increase of f-lactam
resistance (Raymond et al., 2005); (3) the protection of bacteria
from degradation via lysozyme (Raymond et al., 2005); and (4)
the overall innate immune response triggered by the CW of

Frontiers in Microbiology | www.frontiersin.org

19

February 2019 | Volume 10 | Article 190


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

Cataldo et al.

Mycobacterial Peptidoglycan as a Target for Therapy

mycobacteria, as the glycolylated form of the muramyl dipeptide
is an important contributor to the unusual immunogenicity of
mycobacteria. This component of the mycobacterial PG is a
strong inducer of NOD2-mediated host responses (Coulombe
et al, 2009; Schenk et al, 2016), although playing a limited
role in the pathogenesis of Mtb infection (Hansen et al., 2014).
Beside the contribution of glycolylated muramic acid residues
to the overall host-mycobacteria interaction, Mtb PG-derived
muropeptides released by the action of a group of enzymes
called “resuscitation-promoting factors,” encoded by the rpf genes
have also been associated with B-lactam and vancomycin tolerance
and increased outer membrane (OM) impermeability (Kana
et al, 2010; Wivagg and Hung, 2012). The pentapeptide
chains of the mycobacterial PG can also be modified by
amidation, glycylation, or methylation (Mahapatra et al., 2005),
which contributes to its resistance to endopeptidase activity
of PG hydrolases (Lavollay et al, 2008). However, the
functional significance of these modifications for Mtb drug
resistance is unknown.

The mature PG architecture is also marked by a high degree
of direct peptide cross-links, a characteristic that is not frequently
found in other bacteria. Overall, 80% of the peptides are
cross-linked in two types of linkages in order to maintain
the complexity of the mycobacterial cell envelope during growth
and under non-replicating conditions (Lavollay et al., 2008).
Mycobacterial PG cross-linking is catalyzed by b,D-
transpeptidases (penicillin-binding proteins) and typically by
the combined action of non-classical L,p-transpeptidases (Ldts)
and D,D-carboxypeptidases. The action of these enzymes results
in PG peptides, which connect neighboring glycan chains,
that are linked through 4 — 3 (p-Ala-mDAP) and 3 — 3
(mDAP-mDAP) linkages, respectively (Figure 1; Lavollay et al,,
2008). The latter set of proteins contributes to the intrinsic
resistance to f-lactams and provides protection from PG
endopeptidases (Lavollay et al., 2008; Cordillot et al., 2013).
Another unique feature of mycobacterial PG is that it provides
the attachment site for AG (which is catalyzed by the Lcpl
phosphotransferase) (McNeil et al, 1990; Baumgart et al,
2016; Grzegorzewicz et al., 2016; Harrison et al., 2016), a
highly branched molecule assembled from arabinofuranose
and galactofuranose monosaccharides, which overlays the PG
and that can also preclude PG synthesis from being targeted
by p-lactams (Schubert et al., 2017).

MYCOBACTERIAL INTRINSIC
RESISTANCE TO ANTIBIOTICS THAT
TARGET PG BIOSYNTHESIS: A NEW
TRICK FOR AN OLD DOGMA

PG biosynthesis (Figure 1) represents the site of action of the
most widely used class of antibacterial agents for infection treatment
(Vollmer et al., 2008; Bugg et al, 2011; Cho et al., 2014; Pavelka
et al, 2014). However, except for D-cycloserine, an oral
antimycobacterial agent that is specifically recommended by the
WHO as a second-line anti-TB agent used as a last option for

the treatment of TB (Hwang et al, 2013), antibiotics that target
PG synthesis such as the p-lactams are only rarely used in the
treatment of TB (Wong et al, 2013; Wivagg et al, 2014). This
lack of efficacy against Mtb has primarily been attributed to a
chromosomally encoded broad spectrum class A p-lactamase enzyme
BlaC (Flores et al., 2005; Wang et al., 2006; Hugonnet and Blanchard,
2007), which hydrolyses the core p-lactam ring and deactivates the
antibiotic, to different drug efflux pumps, to low affinity penicillin-
binding proteins (PBPs) and to the expression of PG-biosynthetic
enzymes insensitive to P-lactams (non-classical transpeptidases)
(Wivagg et al, 2014; Gygli et al, 2017; Nasiri et al, 2017). In
addition, the PG is camouflaged by the MA-rich mycobacterial
OM that limits penetration of antibiotics (Figure 2; Brennan and
Nikaido, 1995; Jankute et al., 2015).

Resistance to p-Cycloserine in Mtb
D-cycloserine is a structural analog of p-alanine and interferes
with the formation of PG biosynthesis, by acting as a competitive
inhibitor of alanine racemase (Alr) and D-alanine-p-alanine
ligase (Ddl) enzymes, which are involved in PG synthesis (Prosser
and de Carvalho, 2013a,b,c). Ddl is the main target of D-cycloserine
and is preferentially inhibited over Alr in Mtb (Prosser and
de Carvalho, 2013a). Resistance to this antibiotic has been
associated with loss-of-function mutations in metabolism-related
genes of ubiquinone and menaquinone and ald (Rv2780), which
encodes an L-alanine dehydrogenase (Hong et al., 2014; Desjardins
et al, 2016). A recent study has identified novel mutations
connected with D-cycloserine resistance in MDR and XDR Mtb
strains, which demonstrate that resistance to this antibiotic is
highly complex and involves diverse genes associated with
different cellular processes such as lipid metabolism,
methyltransferase, stress response, and transport systems (Chen
et al, 2017). In another study, a genomic screening of more
than 1,500 drug-resistant strains of Mtb revealed the presence
of three main alr mutations (alry, M319 T, alry, Y364D,
alry, R373L) that confer Dp-cycloserine resistance (Nakatani
et al, 2017). Despite the importance of D-cycloserine as a
second-line drug used to treat MDR- and XDR-TB, the
mechanisms underlying p-cycloserine resistance in Mtb clinical
strains are still undetermined.

The emergence of MDR and XDR Mtb strains has become
a serious health threat and has initiated the search for
new therapeutic strategies. Some of those strategies include
revisiting the potential use of f-lactams as an alternative
therapeutic approach to tackle drug-resistant TB when no
acceptable alternative exists (Hugonnet et al., 2009; Keener,
2014; Diacon et al., 2016).

Resistance to p-Lactams in Mitb

Recent developments have led to the suggestion of using
carbapenems, a modern class of extended-spectrum f-lactams,
as the last line of defense against recalcitrant drug-resistant
TB (Hugonnet et al., 2009; Payen et al., 2012; Gonzalo and
Drobniewski, 2013; Davies Forsman et al., 2015; Jaganath et al.,
2016; Payen et al., 2018). Among p-lactams, carbapenems are
unique as they are not only relatively resistant to the hydrolytic
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FIGURE 1 | Summary of the mycobacterial peptidoglycan biosynthesis pathway. The peptidoglycan precursors are produced in the cytoplasm, and peptidoglycan
monomeric units are assembled in the inner leaflet of the cytoplasmic membrane. Polymerization and cross-linking of tetrapeptide side chains take place at the
periplasm. Inhibitors of the peptidoglycan biosynthetic enzymes are colored in red, and peptidoglycan bonds that are targeted by mycobacteriophage endolysins are
colored in green. Adapted from Abrahams and Besra, 2018, with permission.
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FIGURE 2 | Schematic representation of the mycobacterial cell envelope layers. Inhibitors of mycolic acids and peptidoglycan biosynthesis are indicated in red.
The mycobacteriophage lysis protein targets are indicated as follows: the pacman cartoon represents digestion of the PG by the endolysins; scissors illustrate LysB
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PG, peptidoglycan; PIMs, phosphatidylinositol mannosides; PLs, phospholipids; TDM, trehalose dimycolate. Adapted from Catalao and Pimentel, 2018 with

activity of BlaC, but also act as potent inhibitors of this enzyme
(Tremblay et al., 2010). The efficacy of carbapenems in killing
Mtb is further increased by the ability of these compounds
to inhibit the different enzymes that contribute to the assembly
of mycobacterial PG (Gupta et al, 2010; Dubée et al., 2012;
Erdemli et al, 2012; Cordillot et al, 2013; Bianchet et al.,
2017; Kumar et al., 2017a). While most f-lactams inhibit p,p-
transpeptidases (PBPs), which are the enzymes that catalyze
the formation of 4 — 3 transpeptide linkages in the PG network
(Zapun et al, 2008), they are unable to inhibit the L,D-
transpeptidases (Ldts) that catalyze the formation of 3 — 3
transpeptide linkages. As the PG of mycobacteria contains a
high proportion (up to 80%) of 3 — 3 cross-links (Lavollay
et al, 2008; Cordillot et al, 2013), B-lactams will not fully
prevent the assembly of the mycobacterial PG. Carbapenems
inhibit not only p,p-transpeptidases but also L,D-transpeptidases
(as well as p,p-carboxypeptidases) (Baranowski et al., 2018;
Garcia-Heredia et al., 2018).

Ldt and PBP enzymes are structurally unrelated and contain
cysteine and serine residues in their active sites, respectively.
Mtb genome encodes five L,D-transpeptidases, designated by
Ldty, to Ldtys (Cordillot et al., 2013). It was shown that the
presence of L,D-transpeptidases can markedly alter f-lactam
susceptibility (Lavollay et al., 2008; Gupta et al, 2010; Dubée
et al., 2012; Kumar et al, 2012; Cordillot et al., 2013; Kieser
et al, 2015; Wivagg et al, 2016). In addition, recent studies
indicate that Mtb strains that lack both Idt,;, and Idt, display
enhanced susceptibility not only to amoxicillin, a fB-lactam
antibiotic, but also to vancomycin, a glycopeptide antibiotic
(Schoonmaker et al., 2014). Furthermore, a synergistic effect

of carbapenem with rifampicin was observed against rifampicin-
resistant clinical isolates of Mtb (Kaushik et al., 2015, 2017).

Most of the anti-TB drugs associated with CW biosynthesis
inhibition lack the ability to reduce treatment duration of TB
drug regimens. This is related to the fact that some bacteria
can withstand the presence of the antibiotics by becoming
dormant, i.e., being unable to replicate, as dormant bacteria do
not actively synthesize the CW and are presumably not affected
by the presence of inhibitors of the CW synthesis. Recent research
has shown that a combinatorial treatment that is based on the
use of the P-lactamase inhibitor clavulanate and meropenem is
effective against both actively replicating and non-replicating
XDR Mtb isolates (Solapure et al., 2013). However, its high cost
and intravenous administration present challenges to its widespread
use. According to the WHO anti-tuberculosis classification, the
carbapenems are included in Group D3, which indicates that
safety and efficacy information to support its use against TB
is restricted and should not be considered as an alternative
regimen designated to treat TB (WHO, 2011, 2014). The existing
in vivo and clinical studies suggest that there are advantages in
carbapenem use as they are usually well-tolerated, although the
variance in the extent of the treatment, dosing, and the absence
of pharmacokinetic data limit interpretation of the effectiveness
of these antibiotics against TB. Information regarding carbapenem
resistance is scarce; mutations in CW biosynthesis genes and
in crfA have been associated with resistance to different carbapenem
antibiotics such as imipenem, meropenem, and biapenem (Lun
et al,, 2014; Kumar et al, 2017b). Nevertheless, these studies
have been an enormous contribution to the recent and increased
effort for repurposing B-lactams as an ultimate therapeutic option
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to treat life-threatening TB-infected patients and to unveil to
what extent the wider Mtb human clinical isolates population
may be susceptible to these antibiotics (Tiberi et al., 2016).

MYCOBACTERIAL PG ASSEMBLY
ENZYMES AS TARGETS FOR
ANTIBIOTICS

The PG layer provides shape and rigidity to an individual cell
of Mtb (Brennan, 2003). Since it is mainly restricted to bacterial
cells, the enzymes that are involved in the biosynthesis of PG
offer an attractive target for the development of new antibiotics
against TB. In addition, the enzymes that catalyze the PG
biosynthesis pathway in mycobacteria are essential, and therefore,
their inhibition is expected to result in selective destruction of
the bacteria (Moraes et al, 2015; Bhat et al., 2017; Abrahams
and Besra, 2018). The biosynthesis process of mycobacterial PG
is similar to other bacteria (Figure 1). The first step is catalyzed
by the acetyltransferase and uridyltransferase activities of GImU
(Rv1018c), to yield UDP-GIcNAc (Zhang et al, 2009). The
functional resemblance of the GImU uridyltransferase with human
enzymes (Peneft et al,, 2001) turns this enzyme into an unsuitable
target (Rani and Khan, 2016). However, the lack of GlcN-1-P from
mammals makes the acetyltransferase domain a promising target,
and different substrate analogs of GIcN-1-P have been designed
and shown to exhibit an inhibitory effect against GImU by blocking
synthesis of UDP-GIcNAc (Figure 1; Li et al, 2011; Tran et al,
2013; Rani et al, 2015). The sequential MurA-F ligase pathway
involves the formation of the UDP-N-acetylmuramic acid
(UDP-MurNAc)-pentapeptide.  MurA  (Rv1315), a UDP-N-
acetylglucosamine 1-carboxyvinyltransferase, and MurB (Rv0482), a
UDP-N-acetylenolpyruvoylglucosamine reductase, are implicated
in the formation of UDP-MurNAc. NamH (Rv3808), a UDP-N-
acetylmuramic acid hydroxylase, hydroxylates UDP-MurNAc to
UDP-N-glycolylmuramic acid (UDP-MurNGlyc) in the cytoplasm
to generate both types of UDP-muramyl substrates, although Mtb
PG is enriched in the latter (Mahapatra et al., 2005; Raymond
et al, 2005). Specific inhibitors of Mtb MurA and MurB have
not been described to date. The broad-spectrum antibiotic,
fosfomycin, which targets Gram-negative MurA, has no activity
against Mtb since the critical cysteine (Cys,,;) residue, which is
required for inhibition by the drug, is replaced in Mtb by an
aspartic acid residue, contributing to the intrinsic resistance
against this antibiotic (Kim et al, 1996). A limited number of
inhibitors have been reported against MurB, specifically the
3,5-dioxopyrazolidine and benzylidene thiazolidinedione derivatives
which can competitively inhibit the formation of UDP-MurNAc
(Figure 1; Kumar et al, 2011; Rana et al, 2014). Inhibitors of
NamH have not been reported, probably due to the fact that namH
is not essential in Mtb (Hansen et al, 2014). Therefore, NamH
may not be a key target for anti-TB therapy. However, Mtb strains
that lack namH are hypersusceptible to B-lactam antibiotics, and
therefore, inhibitors of NamH could potentiate the effect of
carbapenems (Raymond et al., 2005; Hansen et al., 2014). From
this point, the pentapeptide chain is attached to UDP-MurNAc/

Glyc by the ATP-dependent Mur ligases (Figure 1), beginning
with UDP-N-acetylmuramoyl-L-alanine addition by MurC
(Rv2151c). This is followed by p-isoglutamate addition by MurD
(Rv2155¢), m-DAP addition by MurE (Rv2158¢c), and finally
p-alanyl-p-alanine addition by MurF (Rv2157c). This generates
the muramyl-pentapeptide product UDP-MurNAc/Glyc-L-Ala-D-
isoGlu-m-DAP-p-Ala-D-Ala, also known as Park’s nucleotide
(Figure 1; Pavelka et al., 2014). Several inhibitors of the Mur
ligases have been identified (Hrast et al., 2014). One example
is the substituted 5-benzylidenethiazolidin-4-one derivatives that
inhibit the formation of the pentapetide chains (Tomasic et al.,
2010). However, their utilization is limited against Mtb Mur
ligases given that only MurC and MurE have been biochemically
characterized (Mahapatra et al, 2000; Li et al, 2011). Ddl is
the target of D-cycloserine, a structural analog of p-Ala, inhibiting
the binding of either the two p-Ala substrates to Ddl (Bruning
et al, 2011; Prosser and de Carvalho, 2013c). The assembled
Park’s nucleotide is then transferred to undecaprenyl phosphate
present at the membrane by MraY (Rv2156c) generating Lipid
I. Nucleoside-peptide antibiotics that inhibit MraY have been
described, including muramycin, liposidomycin, caprazamycin,
and capuramycin (Dini, 2005; Wiegmann et al., 2016; Tran et al.,
2017). Remarkably, capuramycin has been shown to kill
non-replicating Mtb, an uncommon characteristic of the majority
of CW biosynthesis inhibitors (Koga et al., 2004; Reddy et al,
2008; Nikonenko et al., 2009; Siricilla et al., 2015). The final
intracellular step of PG synthesis is catalyzed by MurG, a
glycosyltransferase that is responsible for producing lipid II, the
final monomeric block of PG. An Escherichia coli designed
inhibitor of MurG was tested against Mtb with limited success
and has become the first inhibitor identified against the Mtb
glycosyltransferase (Trunkfield et al., 2010).

Translocation of lipid II across the plasma membrane is
carried out by a flippase. This was initially thought to be an
FtsW-like protein, Rv2154c (Mohammadi et al., 2011). However,
recent research has shown that FtsW/RodA enzymes elongate
PG chains through a transglycosylase activity (Meeske et al,
2016; Emami et al., 2017), and therefore, the best candidate for
the PG precursor flippase is currently Mur] (Rv3910). Following
the transport of PG precursor across the mycobacterial membrane,
the bifunctional PonA1/PBP1 (Rv0050) and PonA2/PBP2 (Rv3682)
enzymes, PBPs that possess both the transglycosylase and
transpeptidase domains attach the GlcNAc moiety to the muramyl
moiety of the nascent PG chain (Figure 1). Lipid II inhibitors,
such as the depsipeptide antibiotics ramoplanin and enduracidin
(Fang et al., 2006) and teixobactin (Ling et al., 2015), that prevent
the transglycosylation of the translocated lipid II by binding
to it have been described recently. The transpeptidase activity
of PonAl and PonA2 catalyzes the classical 4 — 3 cross-
linkages between m-DAP and p-Ala of the adjacent pentapeptide
chains present in neighboring glycan chains, with the cleavage
of the terminal p-Ala. Other D,Dp-transpeptidation and D,D-
carboxypeptidation reactions are catalyzed by the monofunctional
PBPs, both resulting in the cleavage of the terminal p-Ala of
the peptide stem (Zapun et al., 2008). Among the muropeptides
present in the Mtb PG, up to 80% of the cross-links are
3 — 3 links between m-DAP residues of two adjacent tetrapeptide
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stems, with the release of the fourth position p-Ala (Lavollay
et al, 2008), performed by non-classical r,p-transpeptidases,
Ldtyy, (Rv0116c), Ldty, (Rv2518c), Ldty; (Rv1433), Ldtyy
(Rv0192), and Ldtyys (Rv0483) (Lavollay et al., 2008; Cordillot
et al., 2013). As mentioned before, the L,p-transpeptidase and
D,D-carboxypeptidase activities are unaffected by most f-lactam
antibiotics, except the carbapenems (Gupta et al., 2010; Dubée
et al., 2012; Kumar et al., 2012; Cordillot et al., 2013; Rullas
et al, 2015; Bianchet et al., 2017; Kumar et al, 2017a).
Moenomycin, a glycolipid that inhibits the transglycosylase
activity of PBPs (van Heijenoort et al., 1987) is yet to have
recognized efficacy against Mtb. The existence of other antibiotics
that act on the availability of PG precursors: (1) the glycopeptides,
vancomycin and teicoplanin, that bind to the p-Ala-p-Ala terminus
of the pentapeptide stem and prevent PG polymerization (Reynolds,
1989); (2) the lantibiotic family of antibiotics, such as nisin,
that interact with the pyrophosphate moiety of lipid II, with
the consequent delocalization of this molecule that can
form a pore in the cytoplasmic membrane and inhibit PG
biosynthesis (Wiedemann et al., 2001), opens new avenues
to find suitable synergistic antibiotic combination schemes
for effective treatments.

PROSPECTIVE USE OF
MYCOBACTERIOPHAGE ENDOLYSINS
TO DEGRADE THE MYCOBACTERIAL PG

The mycobacterial PG is modified by several enzymes, which
confer resistance to some widely used antibiotics (Mahapatra
et al, 2005; Raymond et al., 2005). Mycobacteriophages, the
viruses of mycobacteria, synthesize enzymes to eliminate each
layer of the cell envelope (recently reviewed in Catalao and
Pimentel, 2018), so that phage particles can escape from the
bacterial cell at the end of a replicating cycle. Mycobacteriophage-
encoded PG hydrolases (endolysins) are predicted to target
and degrade nearly every bond in mycobacterial PG (Figure 1;
Payne and Hatfull, 2012; Cataldo et al., 2013; Pimentel, 2014).
Given the essentiality of the mycobacterial cell envelope (Brennan
and Nikaido, 1995; Jankute et al., 2015; Chiaradia et al., 2017),
it is reasonable to consider that the enzymatic degradation of
mycobacterial CW by the mycobacteriophage lytic enzymes
(Gil et al., 2008, 2010; Payne et al., 2009; Catalao et al., 2011;
Gigante et al., 2017) may be a promising therapeutic approach
to kill extracellular pathogenic mycobacteria (Grover et al,
2014) or after their internalization by macrophages (Lai et al.,
2015). However, access of mycobacteriophage endolysins to
their substrate, the PG, is hindered by the MA-rich mycobacterial
OM, which restrains their use as anti-TB therapeutic agents
(Figure 2). Therefore, transport of phage enzymes and/or
antibiotics that target the PG metabolism through this OM
remains the major constraint in the application of these
compounds in therapy (Cataldao and Pimentel, 2018). As the
enzymes involved in MA and AG biosynthesis and integrity
play an important role in the development of drug resistance
in Mtb, inhibition of the synthesis of these CW layers would

damage the CW as a barrier, increase its permeability, and
increase the susceptibility of bacteria to various anti-mycobacterial
drugs (Figure 2). Mycobacteriophage-encoded LysB proteins
are specific lysis proteins that act enzymatically, not only
hydrolyzing lipids on the outer leaflet of the OM, but also,
importantly, detaching it from the CW by cleaving the ester
linkage to the AG polymer due to a mycolyl-arabinogalactan
esterase activity (Figure 2; Gil et al., 2008, 2010; Payne et al.,
2009; Gigante et al., 2017). Interestingly, it has been recently
reported that ethambutol, one of the first-line drugs for TB
treatment, leads to the loss of the MA layer by blocking
polymerization of arabinose in AG, which impairs de novo
synthesis of the outer envelope layers (Schubert et al., 2017).
As cell division seems to be unaffected by ethambutol, the
authors proposed that the inhibition of MA synthesis generates
a defective CW composed predominately of exposed PG.
Inactivation of the Ag85 complex (fbpA, fbpB, and fbpC) proteins
that possess mycolyltransferase activity and are involved in
biogenesis of trehalose dimycolate (TDM), a glycolipid that
has been proposed to be present in the outer leaflet of the
mycobacterial OM, increased sensitivity both to first-line TB
drugs and to erythromycin, imipenem, rifampicin, and vancomycin
(Lingaraju et al., 2016). Since production of TDM by Ag85 is
essential for the intrinsic antibiotic resistance of mycobacteria
(Morris et al., 2005), Ag85-specific inhibitors or TDM hydrolysis
by LysB (Figure 2; Gil et al., 2010) can have a positive impact
on the fight to control mycobacterial drug resistance.

Understanding the mechanisms used by mycobacteriophages
to deteriorate each layer of the extremely complex mycobacterial
cell envelope is highly relevant for the design of new strategies
against mycobacteria. Given the abundance of isolated
mycobacteriophages, which constitute an enormous reservoir
of CW degrading enzymes capable of hydrolyzing each specific
linkage of the mycobacterial cell envelope (Hatfull, 2006; Payne
and Hatfull, 2012), it is worth to consider the possibility of
using these enzymes in synergistic combinations with CW
targeting antibiotics, which have a limited access to their target,
the PG in normally growing bacteria (Figure 2).

CONCLUDING REMARKS

Inhibition of the assembly of the bacterial CW by anti-
mycobacterial agents that successfully target the synthesis of
its various components has proven useful in tackling TB (Wong
et al.,, 2013; Bhat et al., 2017). However, modification of CW
targets mediated by specific enzymes or the accumulation of
chromosomal mutations and degradation/modification of drugs
by production of antibiotic inactivating enzymes has rendered
Mtb resistant to most classes of antimicrobials (Eldholm and
Balloux, 2016; Gygli et al., 2017; Nasiri et al., 2017). Infections
due to Mtb are an increasing problem worldwide, and the
emergence of XDR-TB suggests that Mtb may become refractory
to any chemotherapeutic agent in the future (Horsburgh et al.,
2015; World Health Organization, 2017). The limited number
of new anti-mycobacterial agents approved for therapy and
the wide variety of Mtb intrinsic and acquired drug resistance
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mechanisms to the available drugs have contributed to an
increased effort to repurpose the use of antibiotics that are
not commonly used in anti-TB therapy and to find suitable
synergistic antibiotic combinations for effective treatment of
life-risk TB (Mainardi et al., 2011; Wong et al., 2013; Keener,
2014; Diacon et al., 2016). Recent studies have uncovered the
possibility of targeting the mycobacterial PG biosynthesis and
degradation as an alternative option for anti-TB therapy (Tomasic
et al.,, 2010; Trunkfield et al., 2010; Li et al., 2011; Rana et al.,
2014; Ling et al., 2015; Rani et al, 2015; Rullas et al., 2015;
Tran et al, 2017). In addition, several observations suggest
that inhibition of PG synthesis by transpeptidase inhibitors
such as the carbapenems or glycopeptide antibiotics could
synergize with other CW inhibitors and increase their efficacy
(Figures 1 and 2; Hugonnet et al, 2009; Kumar et al.,, 2012;
Kieser et al., 2015; Schubert et al., 2017). The recent developments
toward the potential application of mycobacteriophage-dedicated
enzymes targeting the complex mycobacterial CW arrangement
have also renewed the interest of repurposing mycobacterial
PG metabolism as an anti-TB therapy target (Gil et al., 2008,
2010; Payne and Hatfull, 2012; Cataldao and Pimentel, 2018).
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Peptidoglycan (PG) is an essential component of the cell envelope, maintaining bacterial
cell shape and protecting it from bursting due to turgor pressure. The monoderm
bacterium Staphylococcus aureus has a highly cross-linked PG, with ~90% of peptide
stems participating in DD-cross-links and up to 15 peptide stems connected with
each other. These cross-links are formed in transpeptidation reactions catalyzed by
penicillin-binding proteins (PBPs) of classes A and B. Most S. aureus strains have three
housekeeping PBPs with this function (PBP1, PBP2, and PBP3) but MRSA strains
have acquired a third class B PBP, PBP2a, which is encoded by the mecA gene and
required for the expression of high-level resistance to B-lactams. Another housekeeping
PBP of S. aureus is PBP4, which belongs to the class C PBPs, and hence would be
expected to have PG hydrolase (DD-carboxypeptidase or DD-endopeptidase) activity.
However, previous works showed that, unexpectedly, PBP4 has transpeptidase activity
that significantly contributes to both the high level of cross-linking in the PG of S. aureus
and to the low level of B-lactam resistance in the absence of PBP2a. To gain insights
into this unusual activity of PBP4, we studied by NMR spectroscopy its interaction in
vitro with different substrates, including intact peptidoglycan, synthetic peptide stems,
muropeptides, and long glycan chains with uncross-linked peptide stems. PBP4 showed
no affinity for the complex, intact peptidoglycan or the smallest isolated peptide stems.
Transpeptidase activity of PBP4 was verified with the disaccharide peptide subunits
(muropeptides) in vitro, producing cyclic dimer and multimer products; these assays also
showed a designed PBP4(S75C) nucleophile mutant to be inactive. Using this inactive
but structurally highly similar variant, liquid-state NMR identified two interaction surfaces
in close proximity to the central nucleophile position that can accommodate the potential
donor and acceptor stems for the transpeptidation reaction. A PBP4:muropeptide model
structure was built from these experimental restraints, which provides new mechanistic
insights into mecA independent resistance to p-lactams in S. aureus.

Keywords: peptidoglycan, NMR, X-ray crystallography, penicillin-binding protein 4, Staphylococcus aureus, cyclic
muropeptides
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INTRODUCTION

Monoderm bacteria are surrounded by a cell wall containing a
multi-layered peptidoglycan (PG) sacculus and secondary cell
wall polymers such as teichoic acid and capsular polysaccharide
(Silhavy et al, 2010). The PG is a mesh-like polymer that
encases the cytoplasmic membrane to maintain the shape and
rigidity of the cell. It is composed of glycan chains made of
alternating -1,4-linked N-acetylmuramic acid (MurNAc) and
N-acetylglucosamine (GIcNAc) residues, which are connected
by short peptides (Vollmer et al., 2008). PG precursor synthesis
starts in the cytoplasm, where the UDP-MurNAc-peptide and
UDP-GIcNAc precursors are assembled. The final PG precursor,
lipid I, is then assembled at the inner leaflet of the cytoplasmic
membrane, flipped across to the outer leaflet, and utilized by
PG synthases to polymerize the glycan chains in processive
glycosyltransferase (GTase) reactions and form the peptide cross-
links by transpeptidation (TPase reactions) (Macheboeuf et al.,
2006). The latter activity, catalyzed by penicillin-binding proteins
(PBPs), is the target of B-lactam and glycopeptide antibiotics.
In the context of the increasing problem of antimicrobial
drug resistance and the role of PG fragments in the innate
immune response, it is crucial to get more information on the
interactions between proteins and cell wall components such as
PG (Zapun et al., 2008; Sung et al., 2009). Some PG-interacting
proteins are able to bind antibiotics or soluble PG fragments
with an affinity that is amenable to structural studies using X-
ray crystallography (Sobhanifar et al., 2013). For example, the
structure of the TPase PBP2x from Streptococcus pneumoniae
has been determined by crystallography. A hypothetical model
of the possible complex with a large peptidoglycan fragment has
been proposed based on structures of non-covalent and covalent
PBP complexes with B-lactam antibiotics (Bernardo-Garcia et al.,
2018). Liquid-state NMR has also been used to determine the
structure of complexes with lower affinity (Lehotzky et al., 2010).
However, interaction studies involving large fragments or the
entire peptidoglycan polymer are in most cases not amenable
to liquid-state NMR. Furthermore, the peptidoglycan sacculus is
a large (10° Da), dynamic, and heterogeneous structure, which
hampers structural investigations by electron microscopy and X-
ray crystallography. Solid-state NMR has emerged as a promising
method to characterize peptidoglycan structure and dynamics
(Kern et al.,, 2010; Romaniuk and Cegelski, 2015). Solid-state
NMR can be used with any sample whose molecules re-orient
on a time scale that is much slower than the ms-range time-scale
of the NMR experiment. Thus, solid-state NMR can be applied
to hydrated insoluble cell walls or hydrated intact cell samples,
with the advantage of an improved spectral resolution resulting
from the local dynamics present in the hydrated state (Gang et al.,
1997; Kern et al., 2010). In this context, solid-state NMR has
been used to measure structural constraints on a complex formed
between the LD-transpeptidase from Bacillus subtilis Ldtgs and
intact peptidoglycan sacculi (Schanda et al., 2014).

Infection with methicillin-resistant Staphylococcus aureus
(MRSA) results in diverse clinical manifestations, ranging
from minor skin infections to life-threatening bacteremia and
pneumonia. S. aureus has one monofunctional GTase and

four PBPs, of which PBP2, the sole bifunctional class A PBP,
is responsible for the majority of PG synthesis (Pinho and
Errington, 2004; Sauvage et al.,, 2008). PBP2 is essential in S.
aureus strains susceptible to methicillin, but its TPase activity
can be replaced by that of an acquired and unusual class B PBP,
PBP2a, when cells are grown in the presence of methicillin (Pinho
et al., 2001). Of the two other class B PBPs, the essential PBP1
plays a role in cell division and separation, whereas the function
of the non-essential PBP3 is still vague (Pinho et al., 2000; Pereira
et al., 2007). PBP4 is the only class C PBP present in S. aureus.
Members of this class usually exhibit DD-carboxypeptidase (DD-
CPase) or endopeptidase (DD-EPase) activity. PBP4 from S.
aureus is unique within the class C PBPs, as it was shown in
vivo and in vitro to possess DD-TPase activity in addition to
DD-CPase activity, leading to a highly cross-linked PG (Wyke
et al., 1981; Loskill et al., 2014; Srisuknimit et al., 2017).
PBP4 does not appear to work on nascent PG, but catalyzes
further cross-linking reactions in polymeric PG (Atilano et al,,
2010).

To perform its transpeptidase activity, PBP4 initiates a
nucleophilic attack by the hydroxyl group of the catalytic
Ser75 residue on the terminal D-Ala-D-Ala amide bond of
the peptidoglycan stem peptide. The C-terminal D-Ala is
subsequently released from the peptide and an acylenzyme
intermediate forms. Enzyme deacylation follows when the
terminal amino group of the glycine bridge of a second peptide
stem acts as an acyl acceptor, resulting in a peptide cross-
link between two adjacent peptidoglycan stems. The CPase
activity follows a similar reaction scheme, except that the
acceptor is a water molecule, yielding a tetrapeptide stem
after enzyme deacylation. The PB-lactam ring of methicillin
and other antibiotics of the PB-lactam family can act as
mimics of the D-Ala-D-Ala extremity of the acyl-donor peptide
stem. However, unlike the natural substrate, the P-lactam-
PBP acylenzyme is very stable and results in long-term
inactivation of the PBPs. Different B-lactam-PBP acylenzymes
have been structurally characterized at atomic resolution but
muropeptide- or peptidoglycan-PBP adducts have thus far only
been modeled due to the intractable nature of crystallizing
these larger substrate complexes (Bernardo-Garcia et al,
2018). Some methicillin-resistant strains of S. aureus carry
mutations in either the promotor region or the pbp4 gene
itself, leading to an increased expression of PBP4 and/or
increased PG cross-linkage but without significantly altering
B-lactam binding (Chatterjee et al, 2017; Hamilton et al,
2017).

Rational modification of the B-lactam scaffold to potentially
overcome PBP4-mediated resistance would therefore require
additional structural information on the PG fragment-PBP4
adducts. To obtain such data, we studied here the interaction
of PBP4 with different natural substrates or substrate analogs.
We characterized the activity of PBP4 in vitro and measured the
interaction between PBP4 and different PG fragments by X-ray
crystallography, liquid- and solid-state NMR. From the NMR
data obtained we built a structural model of a peptidoglycan
fragment-PBP4 complex that may help explain the unusual DD-
TPase activity of this PBP.
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MATERIALS AND METHODS

Preparation of Peptidoglycan and
Muropeptides

S. aureus strain SH1000 (wild type) was a generous gift of S. J.
Foster (University of Sheffield). S. aureus cells were grown in 1.5L
of Tryptic Soy Broth (TSB) until an ODggg of 0.8-0.9 (Bui et al.,
2012; Figueiredo et al., 2012). Cells were subsequently cooled
down at 4°C and harvested by centrifugation at 10,000 x g for
20 min. Bacterial cell walls were purified from the cell pellets
according to a published protocol for Streptococcus pneumoniae
(Bui et al., 2012). To remove wall teichoic acids, 10 mg of cell
wall was treated with 48% hydrofluoric acid at 4°C for 48h.
PG (~5mg) was recovered by centrifugation at 264,000 x g
and 4°C for 45min. The PG pellet was washed with water and
resuspended in 1 mL of buffer containing 0.02% sodium azide
for storage at 4°C. Uniformly !*C,'>N-labeled peptidoglycan
SH1000 samples were obtained by growing S. aureus cells in a M9
medium containing 4 g/L of 1*C-glucose and 1 g/L of "NH,4CL

To generate muropeptides, 150 wL of the S. aureus SH1000
stock suspension of PG was incubated overnight at 37°C with 50
nL of 320 mM sodium phosphate, pH 4.8 and 10 wL of 1 mg/mL
cellosyl (Hochst AG, Frankfurt, Germany). The mixture was
boiled at 100°C for 10 min to inactivate the enzyme, the sample
was centrifuged at 10,000 x g for 20 min, and the supernatant
containing the muropeptides was collected. The muropeptide
solution was stored at 2-8°C. To generate the soluble PG
glycan chains with monomeric peptides the PG was digested
with recombinant lysostaphin from Staphylococcus simulans
(Sigma-Aldrich). In a typical preparation, 20 mL of a 5 mg/mL
suspension of unlabeled or '3C,'>N-labeled PG in 5 mM sodium
phosphate at pH 7.0 was incubated under stirring at 37°C for
24 h with 2 mg of lysostaphin (final concentration 100 jLg/mL).
Lysostaphin was inactivated and precipitated by placing the
mixture at 100°C for 10 min. The mixture was centrifuged at
10,000 x g for 30 min and the supernatant containing the PG
fragments was recovered and stored at —20°C.

Soluble fragments were dialyzed against water. Before
aliquoting the samples or before lyophilization, the concentration
of the stock solution was estimated by liquid-state NMR using the
Eretic pulse sequence (Frank et al., 2014) and a reference 1 mM
sucrose sample in 90%:10% H,O:D,0.

Synthesis of Branched Lactoyl Peptides

Fmoc-D-Glu-NHTrt and D-LacO'Bu were synthetized as
previously described (see Supporting Information in Ngadjeua
et al, 2018). Orthogonal Fmoc and 1-(4,4-dimethyl-2,6-
dioxocyclohexylidene)-3-methylbutyl (ivDde) protecting groups
were used for sequential assembly of the branched peptide
stem (see Ngadjeua et al., 2018 for similar peptides containing
a D-iAsn bridge). First, the main peptide stem (D-Lac-L-
Ala-D-iGIn-L-Lys-D-Alaj,r;) was elongated from the Wang-
D-Ala resin by successive coupling reactions with Fmoc-
protected amino-acids. Second, the e-NH, group of L-Lys was
deprotected by hydrazinolysis, and Fmoc-Gly and 2 Fmoc-Gly-
Gly were successively introduced to build the pentaglycine-
bridge in three steps (Figure2A). Final deprotection of

acid-labile Fmoc and Trt protecting groups and cleavage
from the resin was achieved under gentle stirring at room
temperature with 2mL of a TFA solution containing DCM,
TIPS, and water (80:20:5:5 v:v:v:v). The solution was filtered
to remove the resin, which was washed with 1mL of the
TFA solution. The TFA solutions were pooled and evaporated
under reduced pressure before solvent extraction and purification
by rpHPLC (Supplementary Information). 11 mg (14.2 pmol)
and 4mg (4.7 pmol) of pure tetrapeptide and pentapeptide,
respectively, were isolated. The purity of each sample was
analyzed by HPLC and their chemical structure characterized
by mass spectrometry (Supplementary Figure S2) and NMR
(Supplementary Figure S1 and Supplementary Table 1).

Expression and Purification of S. aureus
PBP4 and PBP4(S75C)

Unlabeled recombinant native PBP4 (residues 21-383) was
expressed as previously published (Hamilton et al., 2017).
Unlabeled PBP4(S75C) was expressed, purified and treated with
thrombin to remove the His-tag as previously reported for the
native enzyme, except that 5 mM TCEP was included in all buffers
used during purification (Alexander et al., 2018). The expression
and purification protocol was adapted for the production of
13C 15N -labeled PBP4 and PBP4(S75C) samples for NMR studies.
To maintain good protein yields, thrombin cleavage of the
GSSHHHHHHSSGLVPRGSHM N-terminal His-tag was not
performed. Plasmid carrying the PBP4 or PBP4(S75C) gene was
transformed into E. coli BL21(DE3). Freshly transformed bacteria
were sequentially adapted over 1 day from LB to minimal M9
medium (37 mM Na,HPO,4, 22mM KH,PQOy4, 8.5mM NaCl,
1g L7! 'NH4CL 2g L™! D-glucose-1*Cg for 3C,'>N-labeled
proteins or D-glucose for '>N-only labeled proteins, 1 mM
MgSOy, 0.1 mM CaCly, 0.1 mM MnCl,, 50 uM ZnSOy, 50 uM
FeCls, 1 mg pyridoxine, 1 mg biotin, 1 mg hemicalcium salt of
panthothenic acid, 1 mg folic acid, 1 mg choline chloride, 1 mg
niacinamide, 0.1 mg riboflavin, 5mg thiamine). M9 preculture
grown overnight at 37°C with ODgop ~2-2.5 was used to
inoculate 1L of M9 culture medium in a 1:10 ratio. The latter
culture was grown at 37°C until ODggp = 1. Expression was
then induced for 3h at 37°C with 1 mM IPTG. After harvesting
the cells by centrifugation at 6,000 x g and 4°C for 20 min,
the pellet was resuspended in 20mL of lysis buffer (25 mM
Tris-HCl, 500 mM NaCl, 20 mM imidazole at pH 7.5, which
contained in addition 2mM B-mercaptoethanol in the case
of PBP4(S75C)). One tablet of cOmplete EDTA-free (Roche),
10 mg of lysozyme and RNase/DNase were added, and cells were
disrupted by sonication. The lysate was clarified by centrifugation
at 46,000 x g during 45min at 4°C and cell debris were

discarded. The supernatant was loaded onto a HisTrapTM (GE
Healthcare) chromatography column. A wash was performed
with 5 column-volumes of Buffer A (25mM Tris-HCI, 1M
NaCl, 20mM imidazole at pH 7.5). The protein was eluted
with a 10-100% linear gradient of Buffer B (25mM Tris-
HCI, 500mM NaCl, 500 mM imidazole at pH 7.5). Fractions
containing the protein were pooled and concentrated and then
loaded to a Superdex200 (16/60) column pre-equilibrated with

Frontiers in Microbiology | www.frontiersin.org

January 2019 | Volume 9 | Article 3223


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

Maya-Martinez et al.

Recognition of Peptidoglycan by Staphylococcus aureus PBP4

the NMR buffer (100 mM potassium phosphate, 150 mM KCl
at pH 7.0). Fractions containing the pure protein were pooled
and concentrated for the requirements of NMR studies. For
the production of the '3C,”°N,?H-labeled PBP4 sample, two
additional pre-cultures were performed before the 1L-culture
for the sequential adaptation of cells to a 50%H,0:50%D,0O
M9 medium and 100% D,O M9 medium. The 1L-culture was
furthermore achieved in 100% D, O with D—Glucose—13CéH7.

Pull-Down Experiments

Stored sacculi were resuspended, washed twice with water and
twice with the interaction buffer, 100 mM potassium phosphate
(pH 7.0), and isolated by centrifugation for 10 min at 16,000 x g.
The PBP4 protein sample was prepared as described previously
and the buffer was exchanged on a NAP' -5 desalting column
(GE-Healthcare) pre-equilibrated with the interaction buffer,
and the protein concentration was adjusted to 20 uM. After
resuspension in the interaction buffer, 100 L of sacculi solution
was incubated with 100 wL of 20-puM PBP4 at 4°C overnight. The
supernatant was discarded and kept for analysis by SDS-PAGE.
Sacculi were washed 3 times with 100 L of interaction buffer and
finally resuspended in Laemmli buffer for SDS-PAGE analysis.

PBP4 Activity Assays With Muropeptides
or With PG From S. aureus SH1000

Assays were carried out in a final volume of 50 pL containing
10mM Tris/HCl at pH 7.5, 10 mM MgCl,, 0.1% Triton X-100,
and 10 uM PBP4 or PBP4(S75C). A ~5mg mL~! suspension of
PG or 25 pL of a ~5mg mL~! solution of muropeptides were
added and the reaction mixture was incubated at 37°C overnight.
The enzymatic reaction was stopped by boiling the samples for
10 min. Muropeptides were reduced and analyzed by HPLC as
described (Boneca et al., 1997).

PBP4(S75C) Activity Assays With Imipenem

and Native Mass Spectrometry

Purified PBP4(S75C) at 1.2mg mL~! was incubated at ~23°C
for 30 min in buffer C (20mM MES pH 6, 300mM NaCl,
5mM Tris(2-carboxyethyl)phosphine (TCEP)) with or without
1.25mM imipenem prior to being frozen at —20°C. For mass
spectrometry analysis, samples were thawed and diluted 500
times in 5% acetonitrile and 0.1% formic acid. 5 pL of each
sample was injected onto a 5-mm C4 column connected to a
Waters Xevo GS-2 QTof mass spectrometer via a NanoAquity
UPLC system. Samples were eluted in a 2-min gradient from
5 to 100% acetonitrile at a flow rate of 20 wL min~'. Mass
spectra (Supplementary Figure S3) were summed and peak
masses deconvoluted using Waters’ MassLynx software (V4.1).

X-Ray Crystallography of PBP4(S75C)

PBP4(S75C) was crystallized using the sitting drop vapor
diffusion method with streak seeding. Protein at 25-35mg
mL~! was added to precipitant solution (8 mM zinc chloride,
80 mM sodium acetate pH 5, 100 mM sodium fluoride, and 16%
polyethylene glycol 6000) in a 1:1 (v/v) ratio and incubated
at 23°C. Immediately after mixing the protein and precipitant
solution, the drops were streak-seeded with a housecat whisker

that had been swished through a drop containing PBP4(S75C)
crystals. Prior to harvesting, the PBP4(S75C) crystals were
soaked in 1 mM ampicillin and 8 mM HO-D-Lac-L-Ala-D-iGln-
[L-Lys(Gly)s]-D-Ala-D-Ala-COOH pentapeptide for 40-60 min
before glycerol was added to 15% (v/v). Crystals were then
promptly harvested and stored in liquid nitrogen.

Data collection was performed under cryogenic temperatures
(I00K) at the Advanced Light Source synchrotron (U.C.
Berkeley) on beamline 5.0.2. Data from one crystal that diffracted
to 1.9 A resolution were processed using Xia2 (Winter et al.,
2013) and XDS (Kabsch, 2010) with a space group of C121
and merged with Aimless in the CCP4 software package (Winn
et al., 2011). Phaser (McCoy et al., 2007) was employed to
solve the structure by molecular replacement using PDB ID
5TXI as the starting model. The Phenix suite of programs was
used for model generation and refinement (Adams et al., 2010).
Briefly, AutoBuild was used with several iterative rounds of
manual manipulation of the model with Coot (Emsley et al,
2010) followed by refinement with Phenix.refine with TLS being
used in the later stages of refinement. Supplementary Figure S$4
was generated using PyMOL (The PyMOL Molecular Graphics
System, Version 2.1.1 Schrodinger, LLC). The final structure was
deposited into the PDB under the accession code 6DZ8.

NMR Resonance Assignment

Data for 'H- and *C-NMR resonance assignment of synthetic
tetra- and pentapeptide were recorded at 20°C on a 2 mg mL™!
solution of the peptide in 50 mM potassium phosphate buffer
at pH 6.5 with 10% D,0 on a Bruker 600-MHz spectrometer
equipped with an Avance IITHD console and a cryogenically
cooled triple-resonance probe. Collected experiments on both
peptides included 1D 'H, 2D-TOCSY and 2D-NOESY with
excitation sculpting for water suppression and sensitivity-
enhanced 13C-HSQC.

Data for *C,'>N-labeled peptidoglycan fragments from S.
aureus strain SH1000 obtained by lysostaphin digestion were
recorded at 20°C on a 2mg mL™! solution in 50 mM potassium
phosphate buffer at pH 6.5 with 10% D,O on a Bruker 850-
MHz spectrometer equipped with an Avance IITHD console
and a cryogenically cooled triple-resonance probe. 2D '3C-
HSQC and 'N-BEST-TROSY experiments served as starting
points for assignments. 3D BEST-HNCACB, BEST-HNcoCACB,
BEST-HNCO, HccoNH, hCcoNH, hNcacoNH experiments were
collected for the assignment of resonances to nuclei of peptide
stems 'H, *C and PN (Favier and Brutscher, 2011). These
experiments were complemented with >N- and '3C-NOESY-
HSQC. A 2D hCcH-TOCSY dataset was collected for the
assignment of carbohydrate resonances.

Data for 'H-, 3C- and 'N-NMR backbone resonance
assignment of wild-type PBP4 were recorded at 25°C on an
800 uM 13C,!>N,?H-labeled PBP4 sample in 100 mM potassium
phosphate buffer containing 300mM KCl and 5% D,O at
pH 7.5 on Bruker spectrometers with 'H Larmor frequencies
ranging from 700 to 950 MHz equipped with an Avance IITHD
console and a cryogenically cooled triple-resonance probe. The
superimposition of the '>N-BEST-TROSY of this sample and
an equivalent '*C,'>N-only labeled sample proved the H/D

Frontiers in Microbiology | www.frontiersin.org

January 2019 | Volume 9 | Article 3223


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

Maya-Martinez et al.

Recognition of Peptidoglycan by Staphylococcus aureus PBP4

back-exchange to be essentially complete in the conditions
used to purify the protein. Collected experiments included a
"N-BEST-TROSY, a BEST-HNCACB/BEST-HNcoCACB pair,
a BEST-HNCA/BEST-HNcoCA pair, a BEST-HNCO/BEST-
HNcaCO pair, and a 'N-NOESY-HSQC. Deuteration of
this 384-amino acid protein construct was instrumental
for magnetization transfer through scalar couplings in 3D
experiments. All NMR data were processed with Topspin 3.5
(Bruker) and analyzed with CcpNmr (Vranken et al., 2005)
for resonance assignment. Assignments were 100% complete
for synthetic peptides and peptidoglycan fragments. For PBP4
unambiguous resonance assignment was obtained for 65.5,
67.7, 69.0, and 67.0% of the backbone amide nuclei, carbonyl
carbons, a-carbons, and B-carbons, respectively. Close to 13%
of the amide resonances remained undetected at pH 7.5 and
on the pH-stability range of the protein. The corresponding
residues are probably in dynamic part of the protein in solution
or their backbone amide is largely accessible to the solvent.
Among the amide resonances, 25% were detected but remained
unambiguously assigned due to coherence transfer issues in the
3D experiments and signal overlap. Assignments of resonances
on wild-type PBP4 were transferred to PBP4(S75C) upon
superimposition of '>N-BEST-TROSY experiments recorded in
the same conditions.

NMR Titration Experiments

Interaction studies with °N-labeled PBP4(S75C) and different
substrates were monitored by superimposition of >N-BEST-
TROSY spectra at 25°C for different substrate-to-protein ratio.
Synthetic peptide stems and peptidoglycan fragments were
extensively dialyzed against water using a Spectra/PorTM dialysis
membrane with a 100-500 Da cutoff (Spectrum Laboratories,
Inc.) and lyophilized before preparation of a few-mM stock
solution in the protein buffer, with 50 mM potassium phosphate
at pH 6.5. A 326-uM solution of PBP4(S75C) was titrated with
2, 8, 22, and 52 molar equivalents of tetrapeptide. A 150-uM
solution of PBP4(S75C) was titrated with an estimated 2, 10,
25, 50, 100, and 180 molar equivalents of muropeptides from
S. aureus strain SH1000. A 150-uM solution of PBP4(S75C)
was titrated with estimated 2, 10, and 16 molar equivalents of
peptidoglycan fragments obtained by lysostaphin digestion. A
150-uM solution of PBP4(S75C) was incubated with 1.2 molar
equivalents of imipenem and showed significant chemical shift
changes for some of the resonances. Addition of another 1.2
molar equivalents of imipenem did not yield further chemical
shift changes. CcpNmr was used to monitor protein chemical
shift perturbations (CSP) for every assigned amide resonance
by superimposition of the >’N-BEST-TROSY spectra. CSPs (A3)
were calculated on a per-residue basis for the highest substrate-
to-protein ratio as follows:

2
2
_ 1y oy YN (15y _ g5y
Ad = \/ (8P3P4S756:5uh 8PBP457SC) + [VH 8PBP4575C:suh 8PBP4575C >

where yy and yy are the 'H and >N gyromagnetic ratios,
respectively, and SXPBP4(S75C);S,41,, and 8Xp3p4(575c) are the

protein resonance chemical shift value in the presence and
absence, respectively, of the substrate at the highest ratio.

NMR-Data Driven Docking

Models of PBP4 in complex with muropeptides were built with
the version HADDOCK?2.2 of “The HADDOCK web server for
data-driven biomolecular docking” (de Vries et al.,, 2010). As
starting structures, we used the X-ray crystallography structure
of PBP4 (PDB ID 6C39) and a GlcNAc-MurNAc-L-Ala-D-iGln-
[L-Lys(Gly)s]-D-Ala muropeptide structure generated in-house
using CNS (Schanda et al., 2014). The PBP4 and two muropeptide
structures were then docked within HADDOCK. All atoms
of the muropeptides were considered as passive Ambiguous
Restraints (AIR). Residues of PBP4 that showed chemical shift
perturbations above the threshold in Supplementary Figure S6
were considered as active AIRs. Calculations were performed
with 2,000 structures during the HADDOCK rigid body energy
minimization, 400 structures during the refinement, and 200
structures during the refinement in explicit water. Structure
scores were calculated from the weighted energy average,
HADDOCK score = Eygw + 0.2 Epglectrostatics + 0.1 Eair
4 Edesolvation- 1The output model structures were sorted with
the HADDOCK built-in clustering tool using the Fraction of
Common Contacts (FCC) method (Rodrigues et al., 2012) with
a 0.61-A cutoff and a minimum of 4 structures per cluster. To
improve the convergence during the HADDOCK run, a 2.5-A
unambiguous restraint was introduced between the oxygen of
the catalytic serine S75 of PBP4 and the carbonyl carbon of D-
Ala* of one muropeptide stem, as well as between the oxygen
of the catalytic serine S75 of PBP4 and the amine nitrogen of
the bridging Gly5 of another muropeptide stem. After on-line
FCC clustering of the solutions, the two clusters with the best
HADDOCK scores and lower energy were analyzed in more
detail within PyMOL.

RESULTS

PBP4 Does Not Interact With

High-Molecular Weight PG

As PBP4 contributes to the high degree of cross-linking in the
PG of S. aureus, we first considered the mature peptidoglycan
of S. aureus as a substrate for PBP4 DD-TPase activity. We
thus incubated the enzyme with PG from S. aureus strain
SH1000, digested the resulting PG with cellosyl muramidase, and
analyzed the obtained muropeptide profile by HPLC. PBP4 did
not alter the muropeptide profile, indicating that high-molecular
weight PG is not a substrate for the transpeptidase reaction
(Figure 1A). However, it is possible that high-molecular weight
PG is recognized and coordinated by the enzyme in an accessory
role. To test this, we isolated PG from S. aureus cells and assayed
for interaction with PBP4 by a pull-down experiment. PBP4
was not pulled down with PG, showing that the enzyme does
not have a high affinity for PG (Figure 1B). This result also
precluded being able to perform binding experiments by solid-
state NMR spectroscopy and, therefore, we turned to liquid-state
NMR spectroscopy approaches to probe for interactions between
PBP4 and soluble peptidoglycan fragments.
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FIGURE 1 | PBP4 does not modify or interact with purified PG. (A) PG from S. aureus SH1000 was incubated with PBP4, followed by preparation and HPLC analysis
of muropeptides. The muropeptide profile of the sample with PBP4 (bottom chromatogram) showed no significant difference to the control sample without PBP4 (top).
This shows that PG is not a substrate for PBP4. (B) Interaction of PBP4 with peptidoglycan sacculi using pull-down experiments. Pull-down experiments were
performed with purified PG from S. aureus strain SH1000. Samples were analyzed by SDS-PAGE stained by Coomassie Blue. PBP4 was present in the supernatant
fractions (lanes 1 and 2) and largely absent in the PG fractions (lanes 3 and 4) showing that PBP4 does not interact with PG.

Preparation of Different Soluble
Peptidoglycan Fragments

In order to proceed we aimed to prepare different soluble
peptidoglycan fragments to analyze enzyme/substrate complexes
by X-ray crystallography or liquid-state NMR spectroscopy.
As potential DD-TPase, DD-CPase and DD-EPase activities of
PBP4 target the peptides in PG, we first considered chemical
synthesis of defined tetrapeptide and pentapeptide stems. To
this end, we synthesized two branched lactoyl-peptides, HO-D-
Lac-L-Ala-D-iGIn-L-Lys(Gly)5-D-Ala-COOH tetrapeptide and
HO-D-Lac-L-Ala-D-iGIn- [L-Lys(Gly)s]-D-Ala-D-Ala-COOH

pentapeptide, which both resemble the native peptides in
the PG of S. aureus, by divergent Fmoc solid-phase peptide
synthesis using orthogonal protecting groups (see Methods) in
24 and 8% yield, respectively (Figure 2A). Milligram quantities
were obtained for each of the tetrapeptide and pentapeptide
products, following HPLC purification, solvent exchange against
water and lyophilization. We also prepared alternative possible
substrates for PBP4 by digesting PG from S. aureus by different
hydrolases (Figure 2B). For this, PG was prepared from S. aureus
grown either in unlabeled growth media or in growth media
for 1¥C,'>N-isotopic labeling. The PG was digested overnight
with the cellosyl muramidase or the lysostaphin endopeptidase.
Cellosyl generates a mixture of cross-linked and un-crosslinked
disaccharide peptide subunits (muropeptides); lysostaphin
generates glycan chains bearing un-crosslinked peptides. After
heat inactivation of the hydrolases, the PG fragments were
extensively dialyzed against water using a 500-kDa cut-off
membrane, and lyophilized. In each case we recovered a few
mg of a white powder of soluble peptidoglycan fragment
mixture from approximately 10 mg of PG. Synthetic peptides
and 13C,'>N-labeled soluble fragments prepared from PG were
analyzed by liquid-state NMR spectroscopy using different
homonuclear or heteronuclear experiments. Figure 2C shows
the resonance assignments for the 'H,!3C-correlation spectrum
of the synthetic pentapeptide, confirming its chemical structure
(see Supplementary Figure SIA for tetrapeptide spectra,

Supplementary Figure S2 for HPLC and MS characterization
and Supplementary Table 1 for resonance assignments on both
peptides). Figure 2D shows the 'H,'’N-correlation spectrum
of soluble PG fragments obtained by digestion with lysostaphin
(see Supplementary Figure S1B  for 'H,'3C-correlations).
The intensities and line widths of the resonances suggested
that the generated fragments behave mainly as monomers in
solution. Resonance assignments through 3D heteronuclear
experiments aided the characterization of fragments of different
chemical structures within the mixture (Figure 2D). The amide
resonances of terminal residues of a peptide chain could be
clearly distinguished from the resonances derived from amino
acids present within the peptide. This allowed us to identify
the terminal D-Ala* and D-Ala® in the tetrapeptides and
pentapeptides, respectively, and to quantify each species in the
mixture. Similarly, terminal glycines with a free carboxylic acid
and penultimate glycines with a free amine (resulting from the
hydrolysis of a Gly-Gly peptide bond by lysostaphin) produce a
I5N-chemical shift ranging from 114 to 117 ppm, while amide
resonances from internal glycine residues show N chemical
shifts ranging from 107 to 111 ppm (in pink in Figure 2D).
Quantifying the signals from these two sets of Gly resonances
revealed that lysostaphin cleaved the glycine bridge to leave
mainly 2 to 3 Gly residues at the Lys, showing that lysostaphin
predominantly cleaves the pentaglycine-bridge at these positions.
This observation is in agreement with results obtained from
lysostaphin digestion of the cell wall-anchored MalE-Cws
protein, which yielded a major soluble protein fraction with the
addition of three Gly from the PG pentaglycine bridge at its
C-terminus as shown by mass spectrometry (Schneewind et al.,
1995).

PBP4 Produces Cyclic Muropeptides by
TPase Reactions
To test the activity of S. aureus PBP4, we incubated the

enzyme with muropeptides from S. aureus SH1000 and analyzed
the reaction products by HPLC and MS (Figure 3). PBP4
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FIGURE 2 | Preparation and NMR spectroscopy of PG fragments (A) Scheme of the synthetic route to branched lactoyl-peptides. Wang-D-Ala resin was obtained by
Fmoc deprotection of the commercially available functionalized solid-phase support for peptide synthesis. Protecting groups: Fmoc, fluorenylmethoxycarbonyl; Trt,
trityl; IvDde, 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl. (B) Scheme of the PG structure showing the cleavage sites of the muramidase cellosyl! (purple)
and the endopeptidase lysostaphin (green). (C) TH,13C-correlation NMR spectrum (13C—HSQC) collected at 20°C on a 2.3 mM sample of
HO-D-Lac-L-Ala-D-iGIn-L-Lys(Gly)5-D-Ala-D-Ala-COOH pentapeptide in 50 mM potassium phosphate buffer, pH 6.5 containing 10% D5 O. (D) TH,"5N-correlation
NMR spectrum (15N—HSQC) of a ~500 uM solution of PG fragments obtained by digestion with lysostaphin of PG from S. aureus SH1000 grown in a
13¢,15N-labeled medium. Resonances are color-coded with residue-type. Bb and sc indices stand for backbone and side-chain, respectively. The percentage of
peptides with one, two or more Gly residues attached to the e- amino group of Lys (after processing with lysostaphin) was ~6% of (1 Gly), ~51% of (2 Gly), and ~42%
of (more than 2 Gly), suggesting a preferred cleavage of the pentaglycine bridge between the Gly residues at positions 2 and 3.

showed DD-CPase activity against the monomeric muropeptide,
disaccharide pentapeptide(Glys) (peak5), which was nearly
quantitatively converted to disaccharide tetrapeptide(Glys) (peak
A). Interestingly, all the oligomeric peaks (for example, the
dimer 11, trimer 15, tetramer 16, or pentamer 17) were
completely converted by PBP4 to products with higher retention
times (peaks B, C, D, and E). MS analysis of these products
identified these as cyclic products, ostensibly as a result
of intramolecular TPase activity of PBP4 (Figures 3B,C). As
expected, the active site mutant PBP4(S75C) was inactive in
this assay (Figure 3A). Remarkably, although PBP4(S75C) lacked
CPase or TPase activity with muropeptide substrates, this version

was nevertheless sensitive to acylation by p-lactams and, more
specifically, by the carbapenem class compound imipenem as
shown by MS (Supplementary Figure S3).

PBP4 Does Not Interact With Synthetic
Stem Peptides

X-ray structures of wild-type PBP4 alone or in complex with -
lactams have been previously deposited in the PDB (PDB IDs:
6C39, 5TWS8, 5TXI, 5TY7). Here we chose to study interactions
with stem peptides using the catalytic serine mutant (S75C) to
prevent any possible TPase activity that might interfere with the
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FIGURE 3 | PBP4 forms cyclic muropeptides in vitro. (A) HPLC chromatograms of muropeptides from S. aureus SH1000 incubated with PBP4 or the inactive version
PBP4(S75C). (B) Proposed structures of muropeptides present in the fractions in panel A and consistent with the molecular weight determined by mass spectrometry.
G, N-acetylglucosamine; M(r), N-acetylmuramitol; L-Ala, L-alanine; D-iGin, D-isoglutamine; D-Ala, D-alanine; L-Lys, L-lysine; Gly, glycine. (C) Theoretical and
measured neutral atomic mass units (amu) determined by MS of fractions collected from the PBP4 products in the middle chromatogram in (A).

formation of a complex amenable for structural characterization
by X-ray crystallography or NMR spectroscopy.

PBP4(S75C) was crystallized under similar conditions to those
previously used for wild-type PBP4 (Alexander et al., 2018),
yielding data to 1.86-A resolution. Supplementary Table 2 shows
the details of the data collection and refinement statistics for
PBP4(S75C). PBP4(S75C) crystallized with two highly similar
molecules present in the asymmetric unit (Ca alignment of
chains A and B gives an r.m.s.d. of 0.35 A over 359 aligned atoms).
As expected, the structure of PBP4(S75C) (deposited under PDB
ID 6DZ8) closely aligns with the structure of wild-type PBP4
(PDB ID 6C39), giving a Ca r.m.s.d. of 0.41 A over 359 aligned
atoms (Supplementary Figure S4). Despite soaking ampicillin
and the synthetic pentapeptide stem with PBP4(S75C) or PBP4,
we were unable to identify electron density for either of these
compounds in the maps generated.

In the absence of a clear extra density that could correspond
to the peptide stem in the PBP4 or PBP4(S75C) crystals, we
investigated this interaction by liquid-state NMR. Assignment
of the sequential backbone resonances of PBP4 was first
achieved by using a series of conventional 3D heteronuclear
experiments recorded on a 'H,'3C,'*N-labeled sample of PBP4
complemented with data on a 2H,'*C,'°N-labeled sample
due to the size (over 30-kDa) of the protein (Figure4).
Backbone resonance assignment was achieved at 70% and was
mainly limited by sensitivity issues in the 3D experiments in
relation to the relatively high molecular weight of the protein.
Assignments were transferred to PBP4(S75C) by superimposing
the 2D 'H,'°N-BEST-TROSY experiments (Favier and Brutscher,
2011) of the two proteins (Supplementary Figure S5). The
spectra showed a very limited number of chemical shift
variations, indicating that the structure is not significantly
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affected by the S75C substitution. This is in agreement with
the highly similar structures of the wild-type and mutated
protein determined by X-ray crystallography at similarly high
resolution.

A 326puM sample of 15N-labeled PBP4(S75C) was
then incubated with increasing amounts (2, 8, 22, and
52 molar equivalents to the protein) of the synthetic
unlabeled lactoyl-tetrapeptide =~ HO-D-Lac-L-Ala-D-iGIn-L-
Lys(Gly)s-D-Ala-COOH, and 2D 'H,'®N-correlation spectra
('N-BEST-TROSY) were collected for each titration point
(Figure 5A). The addition of the peptide did not create any
significant chemical shift perturbations for the amide resonances
of PBP4(S75C), showing that any possible interaction of the stem
peptide with the protein must have a dissociation constant that
exceeds 110 mM. This result likely explains the failure to obtain
co-crystals or loaded (soaked) crystals of PBP4(S75C) and PBP4
with synthetic peptides.

PBP4 Interacts With Larger PG Fragments
We asked whether the low affinity of PBP4 for small peptide
substrates, too low for structural studies by either X-ray or
NMR, could be due to the absence of the GlcNAc-MurNAc
disaccharide motif or extended glycan strands. To address this
question, we tested for interactions between PBP4(S75C) and PG
fragments obtained by either cellosyl or lysostaphin digestion,
using the same NMR approach as before (Figures 5B,C, left).
In both cases, the 'H,'">N-correlation spectra revealed small but
consistent chemical shift perturbations following the addition of
increasing amounts of PG fragments, suggesting binding with a
fast exchange regime and a dissociation constant in the range of
hundreds of uM to a few mM.

Our next goal was to determine the interaction site(s) on
PBP4(S75C) for the soluble peptidoglycan fragments. Chemical
shift perturbations were calculated for the highest fragment-
to-protein ratio of 180 and 16 molar equivalents for the
soluble fragments obtained by cellosyl and lysostaphin digestion
(Supplementary Figure S6), respectively, and reported on the
PBP4 structure to localize interaction interfaces on the protein
(Figures 5B,C, right). These results were compared to the one
obtained for the interaction of PBP4(S75C) with the previously
mentioned carbapenem, imipenem (Figure 5D). We found that
the natural substrates and the antibiotic bound to the same
regions of PBP4 that are shared with the published binding sites
of cephems (ceftaroline) and penams (nafcillin) on wild-type
PBP4. However, we observed additional residues with perturbed
chemical shifts in the case of the soluble PG fragments, suggesting
a more extended interface encompassing surfaces flanking both
sides of the central serine nucleophile and catalytic pocket.
The positioning of these two extended surfaces suggests that
they indeed mimic the binding sites of the extended donor
and acceptor substrates of the TPase reaction. Several residues
remote from the B-lactam binding site and located in the C-
terminal domain of PBP4 (1328, K331, V336, F347, V356, and
V361) also experienced significant chemical shift perturbations
with muropeptides (Figure 5, Supplementary Figure S7). These
shifts could be caused by a secondary muropeptide binding site
or a remote allostery.

Structural Model of a PBP4:Muropeptide

Complex

We then calculated a model of the complex formed between
PBP4 and the acceptor and donor muropeptides using
HADDOCK 2.2/CNS by docking two muropeptide structures
with tetrapeptide stems onto the PBP4 structure and using the
measured NMR chemical shift perturbations as ambiguous
distance restraints to drive the docking during the energy
minimization process. Based on the evidence that S75 is
required for the TPase catalysis (by analogy to the reactivity
with carbapenem antibiotic), the distances from the S75 serine
oxygen atom to both the carbonyl carbon of D-Ala? of the donor
peptide stem and the amine nitrogen atom at the N-terminus of
the pentaglycine bridge of the acceptor peptide were constrained
to 2.5 A. These two restraints, justified by the necessity to bind
both substrate peptides near the active site residue, improved the
convergence of this multi-body docking process. The calculation
was run with 4,000 structures during the rigid body energy
minimization and 200 structures during the first and second
energy refinements (the latter in explicit water). All residues
of the protein that made intermolecular contacts within a 5-A
cutoff in the initial rigid body docking were allowed structural
reorientations during the simulated annealing process. The
muropeptides were assumed fully flexible and all of their atoms
were considered as ambiguous interaction sites to facilitate the
sampling of different structural conformations at all steps of
the simulated annealing process. The final minimization of the
complexes in water revealed the presence of two clusters of
similar energies (HADDOCK score: —93.5 £ 2.7 and —93.3
=+ 3.7; electrostatic energy: —375.5 + 70.0 and —416.2 + 5.5
kcal mol™!; desolvation energy: —10.9 4 10.1 and —0.1 & 4.1
kcal mol™1; cluster size 120 and 35 structures, respectively)
(Figures 6A,B). They show an inverse position of the donor and
acceptor muropeptides relative to the catalytic pocket (centered
on the central nucleophile S75 as depicted in Figure 6C).

DISCUSSION

S. aureus PBP4 is an unusual class C PBP showing TPase
activity in vivo (Loskill et al, 2014; Hamilton et al, 2017)
and in vitro (Qiao et al., 2014; Srisuknimit et al., 2017) in
addition to its expected CPase activity. PBP4 is involved in
B-lactam resistance in the S. aureus laboratory mutant 27s,
in which the deletion of PBP4 led to a decrease in cross-
linking and an increase in ceftizoxime susceptibility. The authors
further observed that deletion of the PBP4 gene resulted in the
disappearance of a peak within the muropeptide profile (Leski
and Tomasz, 2005), which was previously identified as a cyclic
muropeptide predominantly naturally occurring in methicillin-
and cefotaxime-resistant mutants of S. aureus (Boneca et al,
1997). However, there was no direct evidence for the hypothesis
that PBP4 produces these cyclic structures. Here we show that
purified PBP4 is indeed able to catalyze the formation of cyclic
muropeptides in vitro. The cyclisation reaction might merely
be the result of a hyper-active TPase enzyme. Alternatively,
cyclisation reactions might have the function to limit the
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FIGURE 4 | Assignment of the amide resonances in PBP4. Display of the TH,75N-BEST-TROSY spectrum of a PBP4 sample (800 M) in 100 mM potassium
phosphate buffer containing 300 mM KCl and 5% DO at pH 7.5, collected at 25°C on an 850-MHz spectrometer. Assignment of backbone amide resonances
obtained from 3D experiments is reported. Only 92 over 321 detected amide resonances remained unassigned due to the low sensitivity in 3D experiments.

availability of free PG strands to undergo intermolecular cross-
linking. Furthermore, cyclic muropeptides might be a poorer
substrate for PG hydrolases (autolysins) and might thus protect
the cell from lysis due to an imbalance of synthetic and
hydrolytic enzymes. Testing these hypotheses should provide
new insights into the mechanism by which PBP4 is capable
of conferring mecA-independent resistance to B-lactams in S.
aureus.

Investigating the mechanism of transpeptidation by PBP4
with atomistic details requires different substrates or substrate
mimetics in quantities amenable for structural biology methods.
Here we developed the synthesis of branched lactoyl peptides
using orthogonal protecting groups, which could be completed
in future work with the anchoring of disaccharides or longer
glycan chains to the lactoyl moiety. We have also isolated PG
fragments from S. aureus cells and characterized their interaction
with PBP4 by NMR spectroscopy, which is particularly useful
to analyze mixtures without further purification and decrease in
overall yields (Figure 2D).

Our different crystallization or soaking assays of PBP4, in
the presence of synthetic pentapeptide or tetrapeptide stems
or soluble peptidoglycan fragments obtained by enzymatic
digestion, point out the difficulty in obtaining a high-resolution
crystallographic structure of PBP4 in complex with mimetic
or natural substrates. This difficulty may be explained by the
low affinity of PBP4 for its substrate, the partial instability
of the donor/PBP4 acylenzyme and/or the flexibility and
heterogeneity of the soluble fragments obtained by digestion.
NMR is an alternative technique to screen for interaction
with a specific substrate among heterogeneous mixtures and to
extract structural information on complexes with relatively weak
affinities (Carlomagno, 2012). We therefore measured chemical
shift perturbations induced by the substrates onto the enzyme
in order to probe for interactions. Our NMR data show that
a simple peptide stem does not yield to significant complex
formation, while a complete muropeptide permits the detection
of significant chemical shift perturbations near the catalytic
pocket. We used these NMR data as experimental constraints
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FIGURE 5 | Mapping the interaction surface of PBP4(S75C) with synthetic peptides, PG fragments and imipenem. Parts of TH,15N-BEST-TROSY spectra of
PBP4(S57C) before and after addition of different ligands which are shown on the left side: (A) lactoyltetrapeptide HO-D-Lac-L-Ala-D-iGIn-[L-Lys(Gly)5]-D-Ala-COOH
(black, green, and red with 1:0, 1:22, and 1:52 protein:peptide molar ratios, respectively, at a protein concentration of 326 M); (B) muropeptides from S. aureus
strain SH1000 (black, green, and red with 1:0, 1:50, and 1:180 protein:fragment molar ratios for a protein concentration of 150 wM) (C) PG fragments obtained by
digestion with lysostaphin (black, green, and red with 1:0, 1:10, and 1:16 protein:fragment molar ratios for a protein concentration of 150 wM); (D) imipenem (blue and
green with 1:0 and 1:1.2 protein:antibiotic molar ratios for a protein concentration of 150 wM). Right panels in (B-D) display a surface representation of the PBP4
structure in beige. Residues showing significant chemical shift perturbations after addition of ligands at the higher ligand-to-protein ratio are color-coded in red. The
active-site serine is shown in yellow.

to dock the muropeptide on PBP4, and the initial structures  In the two final models, the donor and acceptor peptides access
were energy minimized. We obtained models for the complex  the catalytic pocket from two opposite sites, thus solving the
that satisfied the experimental observations of two different  steric problem of approaching the two Lys and (Gly)s bulky
interaction regions for the disaccharide-peptide units, which  chains near the catalytic serine S75. The somewhat similar
could represent the donor and acceptor strands (Figures 6A,B).  energies obtained for the two clusters did not permit however to
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FIGURE 6 | NMR-data driven model of the PBP4:muropeptide complex. (A) Lowest energy structure of the optimal cluster solution obtained with HADDOCK
(Haddock score of 93.5 £ 2.7). (B) Lowest energy structure of the second optimal cluster (Haddock score of —93.3 =+ 3.7). Donor and acceptor muropeptide
substrates are colored in blue and green, respectively. (C) Surface representation of the structure of PBP4 in beige. Residues of PBP4 with significant NMR chemical
shift perturbations and active site serine are colored in red and yellow, respectively. The residues highlighted show a side-chain reorientation between the PBP4
protein alone and in complex with muropeptides.

discriminate unequivocally between the two sets of solutions. In  ceftaroline cephems has been solved by crystallography (PDB IDs
the lowest energy model (Figure 6A), the donor strand follows ~ 5TX9, 5TW4) and shows few structural differences in proximity
an orientation that would place the D-Ala*-D-Ala® scissile bond  to the antibiotic (Alexander et al., 2018). The replacement of E183
in a similar geometry to that of the opened B-lactam ring in the by an alanine disrupts the Van-der-Waals interaction between
acylenzyme (PDB IDs 5TW8, 5TXI, 5TY7). The lysine side-chain  this residue and R200 and induces a rotation of R200, increasing
and glycine bridge then point in the same direction as the f-  significantly the accessibility of the catalytic pocket for one of
lactam’s adjacent ring side-chain, while the terminal nitrogen of ~ the substrates, donor and acceptor peptide stems in models
the pentaglycine bridge of the acceptor strand lines up with the - of Figures 6A,B, respectively (Supplementary Figure S8B). The
lactam nitrogen. This arrangement is consistent with the analogy =~ mutation of F241 to an arginine could have a similar impact on
model suggested by Tipper and Strominger in 1965 for the donor  the accessibility of the catalytic serine S75 to the second substrate,
substrate and the inhibitor (Tipper and Strominger, 1965). In  acceptor and donor stem peptide models of Figures 6A,B,
the second model (Figure 6B), the donor stem approaches the  respectively. Based on our results, we suggest that the CRB
catalytic cavity on its more open side (F241, Y239) and the  mutations, by changing the accessibility to the catalytic serine
terminal carboxylic group of the D-Ala localizes at the same place ~ S75, facilitates the transpeptidation of the two substrates,
as the p-lactam carboxylate in the structure of the acylenzyme  whereas this could also facilitate the hydrolysis of the antibiotic
(PDB IDs 5TW8, 5TXI, 5TY7). In this model, the longest and  acylenzyme. These hypotheses need to be further tested in vitro
narrowest side of the catalytic pocket (E183, R200) is occupied  and in vivo in CRB mutants.

by the long glycine chain of the acceptor (Figure 6B). This model

can explain the selectivity of PBP4 during the transpeptidation ~ AUTHOR CONTRIBUTIONS

reaction for acceptor peptide stands containing complete (Glys)

chains (Srisuknimit et al.,, 2017). Both models suggest that side-  RM-M contributed to NMR sample preparation and was in
chain reorientations must occur in particular for residues R200,  charge of NMR data collection and analysis on PBP4 and
E183, R186, E114, and F241 during the docking protocol in order PBP4(S75C). JA was in charge of all of the X-ray PBP4(S75C)
to accommodate the substrates (Supplementary Figure S8A).  sample preparation, data collection and analysis. CO was in
This structural reorganization enhances accessibility of the long  charge of the characterization of the peptidoglycan. IA has
peptide stems to the otherwise more closed S75 catalytic cavity  prepared all peptidoglycan and most protein samples for NMR.
(Figure 6C). DV has prepared all peptidoglycan samples for HPLC and mass
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has three mutations in the pbp4 gene that result in E183A and  contributed to MS writing. CL was in charge of the docking with
F241R amino-acid substitutions in PBP4 (Banerjee et al., 2010).  HADDOCK. AB has assigned the NMR peptidoglycan fragments
The structure of the latter protein acylated by the ceftobiproleand  and participated in PBP4-fragment interaction studies. MF has
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for the commonly essential bacterial cell wall sugar N-acetylmuramic acid (MurNAc)
and, thus, strictly depends on an exogenous supply of MurNAc for growth and
maintenance of cell morphology. A MurNAc transporter (Tf_MurT; Tanf_08375) and
an ortholog of the Escherichia coli etherase MurQ (Tf_MurQ; Tanf_08385) converting
MurNAc-6-phosphate to GlcNAc-6-phosphate were recently described for T. forsythia.
In between the respective genes on the T. forsythia genome, a putative kinase gene is
located. In this study, the putative kinase (Tf_MurK; Tanf_08380) was produced as a
recombinant protein and biochemically characterized. Kinetic studies revealed Tf_MurK
to be a 6-kinase with stringent substrate specificity for MurNAc exhibiting a 6 x 10%-
fold higher catalytic efficiency (kcat/Km) for MurNAc than for N-acetylglucosamine
(GIcNAC) with kegt values of 10.5 s~ and 0.1 s™! and Ky, values of 200 uM and
116 mM, respectively. The enzyme kinetic data suggest that Tf_MurK is subject
to substrate inhibition (Kjg; = 4.2 mM). To assess the role of Tf_MurK in the
cell wall metabolism of T. forsythia, a kinase deletion mutant (ATf_murK::erm) was
constructed. This mutant accumulated MurNAc intracellularly in the exponential phase,
indicating the capability to take up MurNAc, but inability to catabolize MurNAc. In
the stationary phase, the MurNAc level was reduced in the mutant, while the level of
the peptidoglycan precursor UDP-MurNAc-pentapeptide was highly elevated. Further,
according to scanning electron microscopy evidence, the ATf_murK::erm mutant was
more tolerant toward low MurNAc concentration in the medium (below 0.5 wg/ml) before
transition from healthy, rod-shaped to fusiform cells occurred, while the parent strain
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required > 1 png/ml MurNAc for optimal growth. These data reveal that T. forsythia
readily catabolizes exogenous MurNAc but simultaneously channels a proportion of the
sugar into peptidoglycan biosynthesis. Deletion of TF_murK blocks MurNAc catabolism
and allows the direction of MurNACc solely to peptidoglycan biosynthesis, resulting in a
growth advantage in MurNAc-depleted medium. This work increases our understanding
of the T. forsythia cell wall metabolism and may pave new routes for lead finding in the

treatment of periodontitis.

Keywords: oral pathogen, red complex consortium, N-acetylmuramic acid kinase, MurNAc auxotrophy,
peptidoglycan metabolism, cell wall recycling

INTRODUCTION

Tannerella forsythia is an anaerobic, Gram-negative oral
pathogen affiliated to the Bacteroidetes phylum of bacteria
(Tanner and Izard, 2006). It acts as a late colonizer within
oral biofilms and is found alongside Porphyromonas gingivalis
and Treponema denticola, together constituting the so called
“red complex.” This bacterial consortium is associated with
severe forms of periodontitis, an inflammatory oral disease
of global importance that is characterized by destruction of
alveolar bone and soft tissues, ultimately leading to tooth
loss if untreated (Holt and Ebersole, 2005; Hajishengallis and
Lamont, 2012). Anne Tanner initially described the “fusiform®
(spindle-shaped) morphology of a slow-growing Bacteroidetes
strain isolated from the human oral cavity, formerly named
Bacteroidetes forsythus or Tannerella forsythensis, and finally
renamed Tannerella forsythia (Tanner et al., 1986). It was later
recognized by Wyss that the organism has a strict dependency
on the amino sugar N-acetylmuramic acid (MurNAc) and that
growth defects and morphological changes, such as fusiform
morphology, are consequences of impaired cell wall metabolism
caused by MurNAc depletion (Wyss, 1989). MurNAc and
N-acetylglucosamine (GIcNAc) are essential components of the
peptidoglycan (PGN) of the bacterial cell wall. Alternatingly
connected, these amino sugars form the glycan strands of
PGN which are crosslinked via peptides to form a net-like
polymeric fabric surrounding and stabilizing the bacterial cell
and conferring cell shape (Holtje, 1998; Young, 2003).
Inspection of available T. forsythia genome sequences revealed
that this bacterium lacks genes commonly required for the de
novo biosynthesis of PGN in bacteria (Friedrich et al., 2015).
These are the gImS and glmU genes, required for UDP-GIcNAc
biosynthesis and the murA and murB genes, which encode
enzymes involved in the formation of the PGN precursor uridine
diphosphate-N-acetylmuramic acid (UDP-MurNAc) (Mengin-
Lecreulx et al., 1982; Typas et al., 2012). T. forsythias inability
to de novo synthesize MurNAc implicates that the bacterium
has to attain this compound from external sources for viability.
Escherichia coli and other bacteria possess a phosphotransferase
system (PTS) transporter (MurP) for the uptake and concomitant
phosphorylation of MurNAc yielding MurNAc-6P (Dahl et al.,
2004; Borisova et al., 2016), as well as a MurNAc-6P etherase
(MurQ) for catabolization of MurNAc-6P by cleaving oft the
lactyl ether substituent, yielding GIcNAc-6P and D-lactate (Jaeger

et al., 2005; Hadi et al., 2008; Jaeger and Mayer, 2008). According
to genome analysis, in T. forsythia, PTS-type transporters are
missing; however, recently, a PTS-independent uptake system
for MurNAc (Tf_MurT; Tanf 08375) was identified in the
T. forsythia type strain ATCC 43037, which belongs to the sodium
symporter superfamily (Ruscitto et al., 2016). The corresponding
Tf_murT gene is present within an operon, together with an
ortholog of the E. coli MurNAc-6-phosphate etherase gene
murQ (Tf_murQ; Tanf_08385) and a putative sugar kinase gene
Tf_murK (Tanf_08380). We have shown in a recent study, that an
E. coli MurNAc-PTS transporter mutant (AmurP) can be rescued
for growth on MurNAc as sole carbon source only upon co-
expression of the transporter Tf MurT and the putative kinase
Tf MurK. This suggested that Tf MurK would phosphorylate
MurNAg, yielding MurNAc-6P, which would be subsequently
cleaved by the etherase Tf_MurQ, yielding GIcNAc-6P (Ruscitto
etal., 2016).

In the present study, we biochemically characterized the
T. forsythia kinase Tf_ MurK of the Tf murTKQ operon from
the type strain ATCC 43037 revealing stringent specificity of
the enzyme for MurNAc. Further, we constructed a Tf murK
deletion mutant and characterized changes of this mutant in
cell wall metabolism in comparison to the parental strain,
providing evidence for the steady uptake of exogenous MurNAc
by T. forsythia cells as well as for the presence of a novel pathway
that channels MurNAc to PGN biosynthesis and is elaborated in
parallel to MurNAc catabolism.

MATERIALS AND METHODS

Bacterial Strains, Growth Conditions,

and Growth Curves

T. forsythia type stain ATCC 43037 - in the following referred to
as T. forsythia wild-type (WT) - was obtained from the American
Type Culture Collection (Manassas, VA, United States).
T. forsythia WT and an isogenic ATf murK::erm mutant created
in the course of this study (see Supplementary Figure S1)
were grown in liquid or solid-agar brain heart infusion (BHI)
medium (37 g/l; Oxoid, Basingstoke, United Kingdom) at
37°C for 4-7 days under anaerobic conditions in an anaerobe
jar (AnaeroJar; Oxoid). The media were supplemented with
10 g/l yeast extract (Sigma, Vienna, Austria), 1 g/l L-cysteine
(Sigma), 5 pg/ml hemine (Sigma), 2 pg/ml menadione (Sigma),
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5%(v/v) horse serum (Thermo Fisher Scientific, Vienna, Austria),
and MurNAc (Carbosynth, Compton, United Kingdom) at a
concentration of 20 pg/ml (Tomek et al.,, 2014) if not stated
otherwise. Erythromycin (Erm; 5 pg/ml) and gentamycin (Gm;
50 pg/ml) were added to the media when appropriate.

To determine the influence of MurNAc depletion on the
growth of T. forsythia WT and ATf _murK::erm mutant, growth
curves were recorded upon supplementation of the culture
medium with 0.1, 0.5, 1.0, and 20.0 p.g/ml MurNAc. Bacterial cells
were inoculated to a starting optical density at 600 nm (ODggo) of
0.1 and grown until the stationary phase had been reached (75 h).
Biological triplicates were measured with a cell density meter
(Ultraspec 10; Amersham Biosciences, Austria), three times, each,
at any given time point.

Escherichia coli BL21(DE3) was grown in lysogeny broth
(LB Lennox, 10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl) at
37°C under continuous shaking at 140 rpm; kanamycin (Km;
50 pug/ml) was added when appropriate.

Plasmid Construction, Expression, and
Purification of Tf MurK

For recombinant production of C-terminally Hise-tagged
Tf_MurK in E. coli, the T. forsythia murK gene (Tf_murK,
Tanf_08380) was cloned in the expression vector pET28a
(Novagen, Darmstadt, Germany). Genomic DNA of T. forsythia
ATCC 43037 was prepared, using the GenElute Bacterial
Genomic DNA Kit (Sigma, Vienna, Austria) and served as a
template to amplify a 852-bp DNA fragment containing Tf murK
by PCR, using the primer pair 1068for/1068rev (Table 1). PCR
product and vector were digested with Ncol and Xhol (NEB,
Frankfurt, Germany) and ligated into pET28a using T4 DNA
ligase (Thermo Fisher Scientific, Waltham, MA, United States).
The resulting plasmid, was named pET28_Tf MurK and
transformed into E. coli BL21(DE3) by electroporation.

For overexpression of Tf MurK, 2 1 of LB medium
supplemented with Km were inoculated with 20 ml of
an overnight culture of E. coli BL21(DE3) harboring
pET28_Tf MurK. The cells were grown at 37°C in a baffled
5 l-flask and vigorous shaking. At an ODgoy ~0.7, protein
expression was induced by addition of isopropyl-p-D-
thiogalactopyranoside (IPTG; 1 mM final concentration)
and the culture was further incubated overnight at 20°C. Cells
were harvested by centrifugation at 4000 g for 20 min at 4°C
(F12-6 x 500 LEX rotor, Thermo Fisher Scientific, Waltham,
MA, United States). The cell pellet was resuspended in 20 ml of
20 mM Na,HPOy (pH 7.5) containing 500 mM NaCl and 1 mM
DTT (buffer A), and cell lysis was achieved using a French cell
disruptor (Sim Aminco Spectronic Instruments, Inc. Rochester,
NY, United States), three times at 1’000 psi. Subsequently, the
soluble extract was separated from cell debris by centrifugation
at 38’000 g (Sorvall, SS-34 rotor, Beckmann, Krefeld, Germany)
for 60 min at 4°C.

For purification of recombinant Tf MurK (rTf_MurK) by
Ni2T affinity chromatography, the supernatant obtained before
was filtered through a 0.2-pm filter (Sarstedt, Numbrecht,
Germany) and loaded on a 1-ml His-Trap column (GE

TABLE 1 | Oligonucleotide primers used for PCR amplification reactions.

Primer Sequence (5'-3')

1068for GCGCCATGGCGATACTGATTGCAGATAGC

1068rev GCGCTCGAGTACGGTTTTTGCAACTGTCGAATAG

622 ATAATCCCGGATCATGGTCGTTCG

623 CTTTGCGCACCCGACGAGATGATG

624 TTCAGACGCCGGAAGAGATG

625 GGATTGCGAACGATTGTACC

1068upfor ACACCGACCGACCTCGTATTTCCTTTC

1068uprev CGAACGGGCAATTTCTTTTTTGTCATATTTTGATATATATTT
TTTTCTTATACAAGAT

1068downfor GTCCCTGAAAAATTTCATCCTTCGTAGATGACATTTATCA
AAATAACAGAACAGG

1068downrev GGTAAGCGGTCATCATCTCTCGTCGG

524 GTAAAACGAACGGGCAATTTCTTTTTTGTCAT

525 CCCTGAAAAATTTCATCCTTCGTAG

460 ATGACAAAAAAGAAATTGCCCGTTCGTTTTAC

461 CTACGAAGGATGAAATTTTTCAGGGACAAC

Nucleotides used for overlap-extension PCRs are written in bold, artificially
introduced restriction enzyme sites are italicized.

Healthcare, Freiburg, Germany), pre-equilibrated with ten
column volumes each of H,O and buffer A (20 mM Nay,HPOy,
500 mM NaCl, 1 mM DTT, pH 7.5,), using a protein
purification system (Akta Purifier, GE Healthcare). Protein
elution was achieved by applying a linear gradient from 0 to
500 mM imidazole in buffer A. Elution fractions were analyzed
by SDS-PAGE using 12% polyacrylamide gels stained with
Coomassie Brilliant Blue G250 (Laemmli, 1970) and rTf_MurK-
containing fractions were pooled and applied to size-exclusion-
chromatography (HiLoad 16/60 Superdex 200 column, GE
Healthcare) using buffer A as eluent; fractions containing pure
rTf_MurK according to SDS-PAGE were pooled. The protein
concentration of the rTf MurK pool was calculated using the
extinction coefficient at 280 nm (20,775 M~! cm™!, ExPASy,
ProtParam tool) as measured in a 1-ml quartz cuvette (Hellma,
Miillheim, Germany) using a SpectraMax M2 spectrometer
(Molecular Devices, Biberach, Germany).

Activity of rTF_MurK, Mg?*-Dependency
and ldentification of the Reaction
Product

Product formation upon rTf MurK kinase activity was analyzed
by electrospray ionization-time of flight mass spectrometry (ESI-
TOF-MS) using a MicrO-TOF II (Bruker Daltonics, Bremen
Germany), operated in negative ion mode, after separation on
an UltiMate 3000 RS, high-performance liquid chromatography
(HPLC) system (Dionex, Thermo Scientific, Sunnyvale, USA).
1 pg of Tf MurK was added to a 100-pl reaction mixture
containing 1 mM MurNAc, 10 mM ATP, 100 mM Tris-HCl
(pH 7.6) and incubated for 1 h at room temperature (RT). In
a parallel approach, 10 mM MgCl, was added to the reaction
mixture to determine the effect of Mg?™ on catalysis. Reaction
aliquots of 10 pl, each, were separated on a ZIC-HILIC column
(150 x 7.5 mm, 200 A, 5 pm; Merck) at 37°C, applying
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a 40-min elution program as described previously (Unsleber
et al,, 2017). Extracted ion chromatograms (EICs) for MurNAc-
P [(M-H)~! = 372.070 m/z] were obtained with the software
Data Analysis (Bruker), the area under the curve (AUC) values
for the EICs for MurNAc-P were determined using the Prism
6 program (GraphPad Software, La Jolla, CA, United States)
and the relative activity of the enzyme was calculated using
these values following a published protocol (Borisova and Mayer,
2017).

The m/z value obtained by MS analyses does not allow to
distinguish between the stereochemistry of phosphosugars. To
show that the product formed by Tf_MurK is indeed MurNAc-
6P, it was cleaved with the etherase rTf_MurQ - available in
our laboratory from a previous study (Ruscitto et al., 2016) -
which specifically converts this phosphosugar into GIcNAc-6P
and D-lactate. For this assay, 1 g of rTf MurK was added to a
100-pul reaction mixture containing 5 mM MurNAc, 10 mM ATP
and 10 mM MgCl, in 100 mM Tris-HCI (pH 7.6) and incubated
overnight at RT. Subsequently, 10 pg (2 pl) of rTf_MurQ were
mixed with 20 l of the reaction and incubated for 1 h at
37°C. The negative control contained 2 pl of distilled water
instead of r'Tf MurQ. After stopping the reaction, the product
was analyzed by ESI-TOF-MS as described above except for
using a Gemini C18 HPLC column (150 x 4.6 mm, 110 A,
5 pm; Phenomenex, Aschaffenburg, Germany) (Borisova et al.,
2014).

Determination of the Substrate
Specificity of rTf_MurK
Substrate specificity of rTf MurK was assayed as described
previously (Reith et al, 2011). ATP, glucose (Glc), GlcNAc,
glucosamine (GIcN), N-acetyl galactosamine (GalNAc) and
GIcNAc-6P were obtained from Sigma-Aldrich (Taufkirchen,
Germany), MurNAc was obtained from Bachem (Bubendorf,
Switzerland). MurNAc-6P was available from a previous study
(Unsleber et al., 2017) and 1,6-anhydro-MurNAc (anhMurNAc)
was synthesized according to a published protocol (Calvert et al.,
2017).

For the substrate specificity assay, the different sugars
- MurNAc, GIcNAc, GalNAc or GIcN at 50 mM final
concentration, each, Glc at 1 mM final concentration or
anhMurNAc at 10 mM final concentration - were added to
a 100-pl reaction mixture containing 100 mM Tris-HCI (pH
7.6), 100 mM ATP and 10 mM MgCl,. The reaction was
started by addition of rTf MurK (10 nM final concentration)
and continued for 16 h at RT. 3-pl samples were taken
from each reaction mixture at time points 0 (tp) and 16 h
(tis) and spotted on a TLC plate (Silica 60 Fis4 Merck,
Darmstadt, Germany). The reaction mixtures were separated
using a basic solvent of n-butyl alcohol/methanol/25% (w/v)
ammonium hydroxide/water in a ratio of 5:4:2:1 (v/v/v/v).
The separated compounds were visualized by carbonization,
for which the TLC plate was quickly dipped in a 5%
methanolic solution of sulfuric acid, followed by drying and
final development of the plate by heating for 15 min at
180°C.

Determination of pH Optimum and

Temperature Stability of Tf MurK

To determine pH stability and pH optimum of rTf MurK, buffers
in the pH range of 2.0-11.0 were used, i.e., Clark and Lubs buffer
(pH 2.0), sodium acetate buffer (pH 3.0-6.0), sodium phosphate
buffer (pH 6.0-8.0), and sodium carbonate buffer (pH 9.0-11.0).
For the pH stability test, rTf_MurK was diluted in buffer to a final
concentration of 2 ng/ml and pre-incubated for 30 min at 20°C.
The reaction was started by adding 5 pl of the pre-incubated
enzyme (10 ng) to a 45-pl mixture containing 1 mM MurNAg,
10 mM MgCl, and 10 mM ATP in 50 mM phosphate buffer
(pH 7.0). After incubation for 30 min at 20°C, the reaction was
stopped by adding 50 pl of a solution containing 1% formic acid
and 0.5% ammonium formate (pH 3.2; stopping solution). For
the pH optimum test, 100-p] reaction mixtures were prepared,
containing 1 mM MurNAc, 10 mM MgCl, and 10 mM ATP, in
a 50 mM buffer of a particular pH in the range of 2.0 to 11.0.
The reaction was started by adding 10 ng of rTf MurK followed
by incubation for 30 min at 20°C; the reaction was stopped by
adding 100 1 of stopping solution. Samples were analyzed by
HPLC connected to ESI-TOF-MS (MicrO-TOF II; Bruker) and
quantified using the Prism 6 program (GraphPad), as described
above (Borisova and Mayer, 2017;Unsleber et al., 2017).

To determine the temperature stability of rTf MurK, the
purified enzyme was pre-incubated at different temperatures (i.e.,
4,20, 37, 45, 55, and 65°C) for 30 min. Subsequently, an aliquot of
that solution corresponding to 10 ng of rTf MurK was added to
a 50 pul reaction mixture (20°C). The reaction was carried out and
terminated as described above. To investigate the temperature
optimum of rTf MurK, a standard 50-pl reaction containing
10 ng of rTf MurK was carried out for 30 min at different
temperatures (i.e., 4, 20; 37, 45, 55, and 65°C) and samples were
subsequently analyzed and the reaction quantified as described
above.

Determination of Enzyme Kinetic

Parameters

Kinetic parameters of Tf MurK-catalyzed phosphorylation of
MurNAc and GIcNAc with ATP were determined by using
a coupled enzyme assay as described previously (Reith et al.,
2011), with minor modifications. In a 96-well plate (Greiner,
Frickenhausen, Germany), a 100-p] reaction mixture containing
additionally 1 mM phosphoenolpyruvate, 0.2 mM NADH, 10 U
of pyruvate kinase, and 7 U of lactate dehydrogenase (all from
Sigma-Aldrich, Taufkirchen, Germany) was incubated with the
amino sugar substrates, ranging from 0.05 to 2 mM for MurNAc
or 0.1 to 250 mM for GlcNAc. The reaction was started by the
addition of freshly prepared rTf MurK; 10 ng (3 nmol) enzyme
was used for the reaction with MurNAc and 1 pg (300 nmol)
enzyme for the reaction with GlcNAc. The change of NADH
absorbance was monitored at 340 nm in a spectrophotometer
(Spark 10 M; Tecan, Ménnedorf, Switzerland) for 45 min at
20°C. The experimental data were fitted to the Michaelis-Menten
equation and, taking into account substrate inhibition, also to the
equation Y = vyay *[S]/ (K + [S]*(14-[S]/Ki), using the program
GraphPad Prism 6. The molar extinction coefficient of NADH at
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340 nm (6220 M~! cm™!) was used to calculate vimax and kcat
values.

Construction of a T. forsythia MurNAc

6-Kinase Deletion Mutant

A knock-out vector was constructed to exchange the Tf murK
gene of T. forsythia ATCC 43037 (Tanf_08380) in frame with
an erythromycin resistance (erm) marker (see Supplementary
Figure S1). A detailed description of the cloning procedure and
the transformation of the knock-out cassettes into T. forsythia
is published elsewhere (Tomek et al, 2014, 2017). For
PCR amplifications, Phusion High-Fidelity DNA polymerase
(Thermo Fisher Scientific, Austria) was used according to the
manufacturer’s instructions. Oligonucleotides (Thermo Fisher
Scientific) used in this study are listed in Table 1. Extraction
of genomic DNA was conducted according to a published
protocol (Cheng and Jiang, 2006). The knock-out vector
contains two homology regions approximately 1-kbp up-
stream and down-stream of Tf murK and the erm marker
cloned in between. Primer pairs 1068upfor/1068uprev and
1068downfor/1068downreyv, respectively, were used to amplify
the up- and down-stream homology regions from genomic
DNA of T. forsythia ATCC 43037. The erm gene (805 bp,
without the promotor region) of pJET/TF0955ko (Tomek
et al., 2014) was amplified using primers 460 and 461.
Subsequently, the knock-out cassette was blunt-end cloned
into the cloning vector pJET1.2, creating the final knock-out
vector pJET1.2/ A Tanf_08380. Transformed and viable clones on
selective plates containing Erm were further tested for correct
integration of the knock-out cassette by screening PCR and
sequencing (Supplementary Figure S1). The deletion mutant
strain, thus, carries an erm marker in place of the Tf_murK gene
and, accordingly, was named A Tf_murK::erm.

Preparation of Cytosolic Fractions and
Metabolite Analysis

The intracellular accumulation of cell wall metabolites in
T. forsythia ATf murK:erm in comparison to T. forsythia WT
was investigated in both the exponential and the stationary
phase; these phases had been determined before by recording
growth curves of the strains as described above (time points
are indicated in Figure 4). For that purpose, two different
volumes of liquid medium (i.e., 50 and 200 ml) supplemented
with 20 pg/ml MurNAc (the MurNAc concentration routinely
used for optimal growth of the bacterium) and appropriate
antibiotics were inoculated with T. forsythia WT and mutant
cells at an ODggg ~0.05. The 200-ml cultures were harvested
(5000 g) after 3 days of incubation under anaerobic conditions,
corresponding to the exponential growth phase (ODggp ~0.6);
the 50-ml cultures were harvested on day 4, corresponding to
the stationary growth phase (ODggg ~1.7, wild-type; ODgpo ~1.2,
mutant). Metabolite extraction was performed as described with
minor modifications (Gisin et al., 2013; Borisova et al., 2014).
After correcting for differences in ODs and culture volumes,
equal amounts of cells were washed with 20 ml of 10 mM Tris-
HCI (pH 8.0), resuspended in 400 pl of Millipore water, boiled

at 100°C for 1 h and centrifuged at 21000 g for 15 min. The
supernatant was then transferred into a fresh tube and treated
with 1.5 ml of acetone (HPLC grade). After centrifugation at
21000 g for 15 min, the supernatant was transferred into a fresh
tube and left open to evaporate under vacuum overnight at 37°C.
The residual liquid was dried off in a centrifugal evaporator.
Dried samples were resuspended in 50 pl of Millipore water
and 5-pl aliquots were analyzed by LC-MS using a Gemini C18
column (150 x 4.6 mm, 110 A, 5 pm; Phenomenex) and a
UltriMate 3000 RS (Dionex) coupled to a MicrO-TOF II mass
spectrometer (Bruker) operated in negative ion mode (Borisova
etal., 2014). EICs were used to calculate the area under the curve
(AUC) using Prism6 (GraphPad). Data were presented as mean
of three replicates.

Scanning Electron Microscopy (SEM)

T. forsythia WT and ATf murK:erm mutant were cultivated
as described above, using MurNAc concentrations of 0.1, 0.5,
1.0, and 20.0 pg/ml, respectively. Briefly, at an ODggo of ~0.5
(exponential growth phase) or ~1.5 (stationary growth phase),
1 ml of bacterial culture was harvested, each, and centrifuged at
5000 g for 7 min. Cell pellets were washed twice with phosphate-
buffered saline (PBS), suspended in 500 pl of ethanol (25% in
PBS), incubated for 7 min at RT and centrifuged. This step
was repeated using solutions of 35, 50, 60, 70, 80, 90, and 95%
ethanol in PBS and finally 100% ethanol. Finally, the samples
were sputter-coated with gold (EM SDCO005 apparatus; Leica,
Wetzlar, Germany) and imaged with an Inspect S50 scanning
electron microscope (FEI, Eindhoven, Netherlands). A detailed
description of sample preparation for sputter-coating and SEM is
published elsewhere (Tomek et al., 2014).

RESULTS
Tf_MurK Is a Specific MurNAc-6-Kinase

To determine function and specificity of the putative kinase
Tf MurK (Tanf_08380), the 283-amino acid enzyme (theoretical
pL, 6.54; calculated molecular mass, 31.3 kDa) was produced as a
recombinant protein (rTf_MurK) in E. coli BL21(DE3) cells. The
protein was equipped with a C-terminal Hise-tag for purification
purposes. Applying Ni?* affinity chromatography followed by
size exclusion chromatography, rTf_ MurK was purified to near
homogeneity, as judged by SDS-PAGE analysis (Supplementary
Figure S2), whereat rTf MurK migrated at about the expected
size. rTf MurK was obtained at a yield of 4 mg per liter of
bacterial culture.

The activity of rTf_MurK was first assayed with MurNAc and
ATP as substrates applying ESI-TOF-MS (Figure 1). A product
at low intensity (EIC peak height of 2.6 x 10° cps) appeared with
a mass in negative ion mode (M-H)™ of 372.072 m/z, which is
in agreement with the m/z of a supposed MurNAc-phosphate
product. The product yield increased ~10-fold (EIC peak height
of 2.3 x 10° cps) upon addition of 10 mM MgCl, to the reaction,
(Figure 1), indicating that MurK activity is dependent on Mg?*
ions. Thus, all subsequent reactions were supplemented with
10 mM MgCl,. We next determined the stereochemistry of the
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FIGURE 1 | Activity of rTf_MurK is increased in the presence of magnesium
ions. Product yield (MurNAc-6P) increased more than 10-fold (red) when
MgCl, was added (10 mM final concentration) to the Tf_MurK reaction mixture
compared to the reaction without MgCly (black). Shown are the extracted ion
chromatograms (EICs) for MurNAc-6P [(M-H)~ = 372.072 m/z] eluting at a
retention time of 17 min on ZIC-HILIC column.

product generated upon rTf MurK catalysis using T. forsythia
MurNAc-6P etherase (rTf_MurQ) (Ruscitto et al., 2016). The
rTf MurK product ((M-H)™ = 372.072 m/z, retention time of
22 min) was completely converted by rTf_MurQ into a product
with (M-H)™ = 300.059 m/z (retention time 12 min), which is
in agreement with the expected mass of GIcNAc-6P (Figure 2).
Hence, we identified the rTf MurK reaction product using
MurNAc and ATP as MurNAc-6P.

To determine the substrate specificity of rTf_MurK, different
sugar substrates, including MurNAc, GlcNAc, anhMurNAg, Glc,
GalNAc, and GIcN, were tested in a 16-h reaction followed by
TLC analysis (Figure 3). Of the sugars tested, only MurNAc
and GIcNAg, albeit apparently every slow, were converted by
r'Tf_MurK to the corresponding phosphosugar; simultaneously
ATP was converted into ADP, which was also detected on the
TLC plate. The other tested sugars, including anhMurNAc, Glc,
GalNAc, and GIcN obviously did not serve as substrates for the
r'Tf_MurK reaction (Figure 3).

Biochemical Characterization of
Tf MurK and Determination of Kinetic
Parameters

Prior to the determination of the kinetic parameters, the pH
and temperature optima of r'Tf_MurK were determined. Product
formation of the enzyme with MurNAc and ATP was followed at
different pH values and temperatures by determining the EICs of
MurNAc-6P ((M-H)™ = 372.070 m/z) and quantifying the AUC
in comparison to a standard. rTf_MurK was shown to be stable
over a wide pH range between 3.0 and 11.0, with maximal activity
detected between pH 7.0 and 9.0 (Supplementary Figure S3).
For determining enzyme kinetic parameters, 50 mM phosphate
buffer (pH 7.0) was chosen, because the enzyme’s activity was
highest in that buffer; furthermore, the buffering capacity is
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FIGURE 2 | The rTf_MurK reaction product is MurNAc-6-phosphate
(MurNAc-6P). The product of the rTf_MurK kinase reaction with the substrate
MurNAc, MurNAc-6P (red) (A) was degraded by the specific MurNAc-6P
etherase of T. forsythia (rTf_MurQ) yielding the reaction product GIcNAc-6P
(blue) as followed by LC-MS (B). Shown are the extracted ion chromatograms
(EICs) in negative ion mode: (M-H)~ = 372.072 m/z for MurNAc-6P (red) at a
retention time of 22 min and (M-H)~ = 300.059 m/z for GIcNAc-6P (blue) at a
retention time of 10 min on a Gemini C-18 RP-column.

maximal in the optimal pH range of the enzyme. The temperature
optimum for the rTf_MurK reaction was determined to be 37°C,
when the reaction time was restricted to 3 min (Supplementary
Figure S3). However, incubation at 37°C for 30 min almost
completely inactivated the enzyme and incubation at 20°C
for 30 min reduced the activity by ~50% (Supplementary
Figure S3). We thus limited the reaction time to 3 min in
the kinetic experiments and choose a reaction temperature of
20°C, as a compromise between sufficient activity and stability of
rTf_MurK.

For the determination of rTf MurK kinetic parameters
we used a coupled enzyme assay (Reith et al, 2011) in
which the formation of ADP is stoichiometrically coupled to
NADH oxidation by pyruvate kinase and lactate dehydrogenase.
Kinetic parameters were calculated therefrom (Table 2; see
also Supplementary Figure S4). The reaction of rTf MurK with
MurNAc as substrate was much faster than that with GIcNAc as
substrate (Vmax of 39.5 versus 0.5 pmol/min mg) and a 1000-
fold lower K, was determined for MurNAc compared to GlcNAc
(K of 113 versus 116700 wM). With the latter substrate, the
maximum activity at saturation was not reached, not even with
250 mM GlcNAc added to the reaction. With MurNAGg, saturation
was reached; however, at concentrations higher than 1 mM the
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FIGURE 3 | Substrate specificity of rTf_MurK analyzed by TLC. Kinase reaction mixtures containing a sugar substrate as indicated were spotted immediately (0) and
after incubation for 16 h at RT (16). MurNAc, GlcNAc, MurNAc-6P, and GIcNAc-6P served as standards. ATP remains near the spotting point and the reaction
product ADP slightly moves away from this point. The spots representing the reaction products MurNAc-6P (red) and GIcNAc-6P (blue) are indicated.
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TABLE 2 | Kinetic parameters of Tf_MurK.

Substrate Km Vmax [wmol Kcat keat/Km Kis)
[M] min~" mg="] [s~'] [s' M- [mM]
Kinetic parameters fitted to Michaelis-Menten equation:
MurNAC 113 39.5 7.9 69910 nd
GIcNAC 116700 0.5 0.1 0.86 nd
Kinetic parameters fitted considering substrate inhibition:
MurNAC 200 52.6 10.5 52550 4.2

nd, not determined.

enzyme’s activity dropped slightly, indicating that the enzyme was
subject to substrate inhibition. Thus, the kinetic parameters were
re-fitted to an equation that considers substrate inhibition. This
yielded kinetic parameters of rTf MurK for MurNAc of Ky, of
200 WM and a Vpax of 52.6 pmol/min mg (keye of 10.5 s71), and
a MurNAc inhibitory constant (Kjs}) of 4.2 mM was determined
(Table 2).

Growth Advantage of a Tf_murK Mutant
in MurNAc-Limited Medium

A Tf murK mutant was constructed by insertional inactivation
of the Tanf 08380 gene using an erm marker (ATf_murK::erm)
(Supplementary Figure S1). This strategy of mutation in
T. forsythia has been established in our laboratory (Tomek et al.,
2017). A comparison of the SDS-PAGE migration pattern of the
ATf murK:erm mutant with that of T. forsythia WT cells did
not reveal major difference in cellular proteins; especially the
presence of the two S-layer proteins TfsA and TfsB characteristic
of optimally growing T. forsythia cells was a clear indication

that no changes had occurred in the cell wall composition of
the mutant (Supplementary Figure S1). In addition, when grown
in complex medium supplemented with an excess of MurNAc
(20 wg/ml), T. forsythia WT and A Tf_murK::erm mutant showed
very similar growth curves, reaching both a maximum of ODgg
of ~1.6 after 70 h (Figure 4).

However, when the MurNAc concentration in the medium
was reduced to 1.0, 0.5, or 0.1 pg/ml, growth of WT and mutant
cells was different. For the initial 30 h roughly corresponding to
the exponential growth phase, T. forsythia WT and mutant cells
grew identically in complex medium supplemented with limiting
amounts of MurNAc (1.0, 0.5, or 0.1 pug/ml). After this time point,
however, the mutant grew to higher ODgpp values compared
to the WT, revealing a clear growth advantage during the late
exponential and stationary phases (Figure 4). In MurNAc-limited
medium T. forsythia WT cells reached final ODg values of ~1.0,
~0.8, and ~0.6, respectively (Figure 4). In contrast, mutant cells
continued their growth and reached under the same conditions
final ODgg values of 1.5 (almost matching growth upon 20 pg/ml
MurNAc supplementation), 1.2 and 0.9, respectively (Figure 4).

Growth Phase-Dependent Accumulation
of MurNAc and UDP-MurNAc-
Pentapeptide in a Tf_murK Mutant

In an attempt to understand the unexpected growth advantage
of the of ATf murK:erm mutant under MurNAc limitation,
we examined the accumulation of MurNAc and other cell wall
metabolites within the cytosolic fractions of mutant and WT cells
by LC-MS, comparing the situation in the exponential growth
phase at 30 h (ODggp ~0.5) and stationary phase at 75 h (ODggo
~1.6) of growth (indicated with arrows in Figure 4).
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FIGURE 4 | Growth of T. forsythia WT and ATf_murK::erm mutant in the
presence of different MurNAc concentrations. The ODggg of cultures of

T. forsythia WT (solid symbols) and ATf_murK::erm mutant (open symbols)
was measured (shown are the mean values of triplicates and standard error)
and contained MurNAc in concentrations indicated (color-coded). Arrows
indicate the time points referred to as exponential and stationary phase, at
which metabolite accumulation and cell morphology was analyzed

(see Figures 5, 6).

During the exponential growth phase, the ATf murK:erm
mutant accumulated two major metabolites with m/z of
(M-H)~ = 292.107 and (M-2H)?~ = 595.670, corresponding
to MurNAc and UDP-MurNAc-pentapeptide, respectively
(Supplementary Figure S5). The theoretical m/z values of the
investigated molecules are 292.110 for MurNAc and 1192.340
for UDP-MurNAc-pentapeptide. Of the latter, the single
charged ion was detected only with low intensity and mainly
the doubly charged ion (M-2H)>~ = 595.670 m/z appeared.
This was used to quantify the UDP-MurNAc-pentapeptide
content in the extracts (Supplementary Figure S5). MurNAc
appeared as a double peak, because of the separation of the
a- and B-anomers (Supplementary Figure S5C). Figure 5
summarizes the accumulation data determined by integration
of the EICs that were obtained by MS measurements. Assuming
that MurNAc and UDP-MurNAc-pentapeptide have roughly
the same response factors in the MS experiments, we can
conclude that in the exponential growth phase, the relative
concentration of MurNAc in the mutant cell extract was ~10-
fold higher than that of UDP-MurNAc-pentapeptide (Figure 5).
T. forsythia WT cells, in contrast, showed no accumulation
of MurNAc, but yielded UDP-MurNAc-pentapeptide in the
exponential growth phase, in the same relative concentration
as the ATf murK:erm mutant (Figure 5 and Supplementary
Figure S5). However, when ATf murK:erm cells from the
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FIGURE 5 | Accumulation of MurNAc and UDP-MurNAc-pentapeptide in

T. forsythia WT and ATf_murK::erm cells in the exponential and stationary
phase. Relative amounts of MurNAc and UDP-MurNAc-pentapeptide in
extracts of T. forsythia WT (black) and ATf_murK::erm cells (gray) were
determined by mass spectrometry. Shown are the mean values of three
replicates calculated from the area under the curve (AUC) determined for
exponential phase cells (adjusted to ODggp = 0.5) and stationary phase cells
(adjusted to ODggp = 1.5).

stationary phase were analyzed, a different accumulation pattern
was observed in comparison to that from the exponential
growth phase. Here, the intracellular concentration of MurNAc
decreased almost 5-fold and that of UDP-MurNAc-pentapeptide
increased roughly 10-fold (Figure 5), thus reversing the
MurNAc:UDP-MurNAc-pentapeptide ratio from the exponential
growth phase. For T. forsythia WT cells, a slight decrease of
the UDP-MurNAc-pentapeptide level could be observed
(Figure 5).

Thus, in T. forsythia WT cells, in neither growth phase,
a measurable level of MurNAc was detected, indicating rapid
metabolization. In ATf murK::erm cells, in contrast, MurNAc
and UDP-MurNAc-pentapeptide readily accumulated - with a
MurNAc:UDP-MurNAc-pentapeptide ratio of 10:1 and 1:5 in the
exponential and stationary growth phase, respectively.

Morphological Defects of T. forsythia

Cells Grown under MurNAc Limitation
Confirming the previously reported MurNAc auxotrophy of
T. forsythia (strains OMZ 408, FDC 331, and the ATCC 43037
type strain) (Wyss, 1989), in this study, we visualized the effect
of step-wise MurNAc depletion of the culture medium on
T. forsythia ATCC 43037 cell morphology by applying SEM. In
parallel experiments, we compared the situation in T. forsythia
WT and ATf murK:erm cells, in both the exponential and
stationary growth phase (Figure 6).

For optimal growth of T. forsythia, MurNAc supplementation
of the medium was routinely done at a concentration of
20 pg/ml, which in our previous experiment resulted in almost
identical growth characteristics for the WT and ATf_murK::erm
mutant, in both growth phases analyzed (Figure 4). Under this
“optimal” condition, also no difference of either cell shape or cell
aggregation was apparent from the SEM micrographs (Figure 6,
lane 1).

However, we found that reduction of MurNAc
supplementation, besides causing growth defects in T. forsythia
cells, reflected by reduced cell densities at ODggg (cf. Figure 4),
caused severe morphological changes, such as cell thickening
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FIGURE 6 | SEM micrographs of T. forsythia wild-type (WT) and ATf_murK::erm (AmurK) mutant cells when grown under full MurNAc supplementation (first row)
and under MurNAc limiting conditions (rows two to four). Media were supplemented with 20 pwg/ml (full supplementation), 1 wg/ml, 0.5 wg/ml, and 0.1 pwg/ml of
MurNAc. The AmurK mutant is more tolerant toward MurNAc limitation as can be seen from transition from rod-shaped to fusiform cells occurring only at 0.1 wg/ml
MurNAc, with this effect being more profound in the exponential growth phase. Scale bar, 10 pm.
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and development of fusiform cell morphology (Figure 6).
These morphological changes occasionally appeared in the
T. forsythia WT already when the MurNAc concentration
was reduced to 1 pg/ml (which is the second highest
MurNAc concentration that was tested in the course of this
study), but they became more evident when MurNAc in
the medium was reduced to 0.5 pg/ml, and were dominant
at 0.1 pg/ml, where almost exclusively fusiform cells were
present (Figure 6). Whether the evident loss of aggregation
capability of fusiform T. forsythia cells is a direct effect of the
morphological change upon MurNAc depletion or rather of the
concomitant decrease of overall cell density needs to be further
investigated.

Intriguingly, ATf murK:erm mutant cells appeared to be
more tolerant toward MurNAc depletion compared to the
T. forsythia WT implicating that they seemed to require less
MurNAc to maintain their rod-shaped cells in comparison
to the WT. Exponential-phase mutant cells grew mostly as
normal rods in medium containing 1 or 0.5 pg/ml MurNAc.
Only further reduction to 0.1 pg/ml MurNAc caused the
transformation to fusiform morphology. In mutant cells from
the stationary phase, fusiform cells were already visible at
0.5 pg/ml MurNAc and were prominent at 0.1 pg/ml
MurNAc. Thus, morphological alteration of T. forsythia cells
due to MurNAc depletion occurs in WT cells already at
higher MurNAc concentration than in a ATf murK:erm
mutant.

DISCUSSION

In this study, a specific MurNAc-kinase of T. forsythia ATCC
43037, Tf_MurK (Tanf_08380), was biochemically characterized.
Of all tested sugars only MurNAc and, albeit marginally,
GIcNAc were phosphorylated by the kinase. The reaction of
rTf_MurK with MurNAc as the sugar substrate was about 100-
times faster than with the GIcNAc substrate (Viax of 52.6
versus 0.5 pmol/min mg). Moreover, with GlcNAc, rTf MurK
did not reach substrate saturation, reflected by an exceedingly
high Ky of 116 mM. To clearly define substrate specificity
of an enzyme acting on alternative substrates, the specificity
constants (kc,t/Ky) have to be determined (Eisenthal et al., 2007).
For Tf MurK acting on MurNAc and GIcNAc, we determined
keat/Ky values of 52550 and 0.86 s—! M™1, respectively,
resulting in a ratio of the specificity constants of >60000,
which demonstrates the enzyme’s strong preference for MurNAc.
Moreover, the reaction product was identified as MurNAc-6P
through cleavage by the specific MurNAc-6P etherase Tf MurQ
identified previously (Ruscitto et al., 2016). Thus, Tf_MurK can
be unambiguously assigned as a specific MurNAc 6-kinase. The
GlcNAC kinase activity of the enzymes is only marginal and likely
physiologically not relevant.

This is the first report on an enzyme with a stringent substrate
specificity for MurNAc. In 2011, Reith et al. reported a kinase
from Clostridium acetobutylicum (Ca_MurK) with specificity for
MurNAc (Reith et al., 2011). Although this enzyme was named
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FIGURE 7 | Simplified scheme of the MurNAc and PGN metabolic pathways
in T. forsythia. Proteins required for MurNAc uptake and utilization, encoded
by the Tf_murTKQ operon of T. forsythia, are shown in red. Some generally
essential and well-conserved bacterial PGN biosynthetic enzymes are missing
in T. forsythia (colored in blue, crossed out). Black arrows indicate metabolic
enzymes (solid) and pathways (dashed) that are apparently present in

T. forsythia. Question marks indicate enzymes or pathways that are suggested
to be present in T. forsythia based on results obtained in the frame of this
study.

MurK, too, it has only limited overall amino acid sequence
identity with Tf MurK (26.7%, E-value of 8.9 x 10%) and
was shown to act on both, MurNAc and GIcNAc, with a slight
preference for the latter (ratio of specificity constants < 0.4-fold,
and keqr/Ky = 225000 and 510000 s~' M~!, for MurNAc and
GIcNAG, respectively). The Ky value of Tf MurK for MurNAc
(200 wM) and Ky values of Ca_MurK for MurNAc (190 wM)
and GIcNAc (127 pM) were in the same range, reflecting
similar affinities of the enzymes for their substrates. Tf_MurK is
slightly slower (turnover number kc,y = 10.5 s~ compared to
Ca_MurK (ke = 42.8 s~ ! and 65 s~ 1, for MurNAc and GlcNAc,
respectively), in agreement with its stringent substrate specificity.

Evaluation of the kinetic data indicated that Tf MurK is
inhibited by its substrate MurNAc, in excess. Substrate inhibition
is a widespread phenomenon among enzymes (Reed et al., 2010;
Yoshino and Murakami, 2015), leading to velocity curves that rise
to a maximum and then descend as the substrate concentration
increases. For some enzymes, substrate inhibition is a means of
allosteric feedback regulation (Reed et al., 2010). The biological
significance of the inhibition of Tf_MurK by MurNAc, however,
is questionable, since the effect occurs only at very high MurNAc
concentration (Kjis) of 4.2 mM).

Based on amino acid sequence identity Tf MurK can be
classified as a member of the BcrAD/BadFG-like ATPase family
(PF01869). These kinases are proposed to require Mg>* ions
for ATP binding and catalytic activity. Mg?*-dependency of
Tf_MurK was confirmed in this study. Tf MurK was found to
be rather unstable. The enzyme loses activity within minutes
at temperatures > 20°C, which may explain problems with

obtaining catalytically active pure enzyme in a previous study
(Ruscitto et al., 2016). MurNAc 6-kinase activity of Tf MurK,
was indirectly shown in that study by rescuing growth on
MurNAc of an E. coli mutant defective in the MurNAc-specific
phosphotransferase type transporter Ec_MurP by providing a
plasmid expressing both Tf MurT and Tf MurK, but not by
expressing one of the two proteins alone (Ruscitto et al., 2016).
Rapid degradation of rTf_MurK might also be the reason for the
appearance of smaller bands besides the major protein band in
SDS-PAGE analysis (Figure 1). A crystal structure of a Tf_MurK-
like protein of Porphyromonas gingivalis (PG1100) deposited to
the structure database by the Northeastern Structural Genomics
Consortium (pdb code 1ZBS) revealed an open and flexible
structure that might explain the functional instability.

Wyss (1989) reported that T. forsythia strains OMZ 408,
FDC 331 and ATCC 43047 strictly depend on MurNAc for
growth and rod-shaped cell morphology. According to that
study, a T. forsythia cell population remained morphologically
homogeneous and cell densities exceeded 107 cells per ml, when
grown in a medium supplemented with 1 pg/ml of MurNAc,
whereas 0.1 pg/ml MurNAc was found to be the minimal
effective concentration, with a large portion of cells developing
into unusual spherical or spindle-formed “fusiform” cells (Wyss,
1989). Growth experiments presented in the course of this study
confirmed MurNAc auxotrophy for T. forsythia ATCC 43037.
Moreover, we imaged morphological changes of T. forsythia
cells in response to MurNAc limitation by SEM. We observed
an evident growth defect of T. forsythia WT cells already with
1 pg/ml of MurNAc in the medium (Figure 4) and, consistently,
the cells grown under these conditions were shown to exhibit
severe morphological alterations, starting with thickening and
shortening of the cells, followed by converting to fusiform cell-
shape, and finally appearance of thick “lemon-shaped” cells
(Figure 6). Surprisingly, the ATf murK:erm mutant was less
affected by MurNAc limitation than the T. forsythia WT. This
was evident already from the recorded growth curves (Figure 4),
and supported by less pronounced morphological changes upon
growth in MurNAc-limited medium (Figure 6).

The accumulation of MurNAc in ATf murK:erm mutant
cells confirms the function of Tf MurK as a MurNAc kinase
and demonstrates effective MurNAc uptake but a lack of
catabolization capability of MurNAc caused by deletion of
Tf MurK. In WT cells, in contrast, MurNAc does not
accumulate; it is catabolized via Tf_MurK and the downstream
acting Tf MurQ enzyme (Figure 7). Recently, a MurNAc
transporter of the major facilitator superfamily (Tf MurT)
was identified in T. forsythia which is highly conserved
within the Bacteroidetes phylum of bacteria (Ruscitto et al,
2016). Our data strongly suggest that the bacterium salvages
MurNAc from the medium using this transporter and mainly
channels it to the catabolic pathway. Besides utilizing MurNAc
and presumably also muropeptides (Ruscitto et al., 2017) as
nutrient source, T. forsythia assumedly also salvages these
compounds directly for cell wall biosynthesis. Since T. forsythia
is auxotrophic for MurNAc but a mutant defective in this
kinase is still viable, an additional pathway must exist in the
pathogen that shunts MurNAc to the peptidoglycan biosynthesis.
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Accumulation of the PGN precursor UDP-MurNAc-
pentapeptide in stationary phase ATf murK:erm cells shows
that part of the MurNAc is indeed used for cell wall synthesis. In
exponential phase cells, however, the levels of UDP-MurNAc-
pentapeptide are low, as this precursor is readily consumed
for peptidoglycan biosynthesis during bacterial growth. In
stationary phase, when PGN biosynthesis is slowed down, UDP-
MurNAc-pentapeptide levels increase dramatically, since the
membrane-located steps of PGN biosynthesis are rate limiting
(Lara et al., 2005). We have recently identified a salvage pathway
for MurNAc that bypasses de novo biosynthesis of the PGN
precursor UDP-MurNAc (Gisin et al., 2013; Borisova et al., 2014,
2017; Renner-Schneck et al., 2015). This pathway presumably is
present in many Gram-negative bacteria, including T. forsythia
and other members of the Bacteroidetes phylum. Interference
with this pathway in Pseudomonas sp. leads to increased
susceptibility to the antibiotic fosfomycin in pathogens harboring
the target enzyme MurA (Gisin et al., 2013; Borisova et al., 2014).
However, as T. forsythia lacks MurA, inhibition of the MurNAc
salvage route will likely block PGN biosynthesis in this organism.
We are currently attempting to characterize the route from
MurNAc to the PGN biosynthesis, which represents a valuable
target for the treatment of T. forsythia-associated periodontal
diseases (Figure 7).

CONCLUSION

A new sugar kinase from the oral pathogen T. forsythia was
characterized, showing narrow specificity for MurNAc and
an essential role in MurNAc catabolism in this organism.
Surprisingly, the kinase mutant revealed a growth benefit and
less morphological perturbations under MurNAc limitation
conditions, indicating that a block in MurNAc catabolism affects
peptidoglycan biosynthesis. The detailed characterization of
the MurNAc kinase Tf MurK and the ATf murK::erm mutant
increases our understanding of the unique cell wall and amino
sugar metabolism of the oral pathogen T. forsythia that may pave
new routes for lead finding in the treatment of periodontitis.
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Peptidoglycan is the fundamental structural constituent of the bacterial cell wall. Despite
many years of research, the architecture of peptidoglycan is still largely elusive. Here, we
report the high-resolution architecture of peptidoglycan from the model Gram-positive
bacterium Bacillus subtilis. We provide high-resolution evidence of peptidoglycan
architecture remodeling at different growth stages. Side wall peptidoglycan from
B. subtilis strain AS1.398 changed from an irregular architecture in exponential growth
phase to an ordered cable-like architecture in stationary phase. Thickness of side wall
peptidoglycan was found to be related with growth stages, with a slight increase after
transition to stationary phase. Septal disks were synthesized progressively toward the
center, while the surface features were less clear than those imaged with side walls.
Compared with previous studies, our results revealed slight differences in architecture
of peptidoglycan from different B. subtilis strains, expanding our knowledge about the
architectural features of B. subtilis peptidoglycan.

Keywords: cell wall, peptidoglycan, structure, remodeling, atomic force microscopy

INTRODUCTION

Peptidoglycan is the major constituent of bacterial cell wall, and it is essential for bacteria to
maintain their specific shape and to protect the cells from rupture by the internal turgor pressure
(Typas et al, 2012). Moreover, peptidoglycan is important because it is the target of many
antibiotics (Bugg et al., 2011). Elucidating the structure of peptidoglycan is a basic objective for
microbiological research, but despite decades of work, the architecture of peptidoglycan is still
not fully understood (Vollmer and Seligman, 2010; Turner et al., 2014). Although the chemical
composition of peptidoglycan is well-characterized, the peptidoglycan architecture and their
dynamics during growth and division are largely elusive. Several peptidoglycan models such as
layered model and scaffold model have been proposed (Dmitriev et al., 2003; Gan et al., 2008). But
direct observation of peptidoglycan architecture has been poorly documented so far.

Atomic force microscopy (AFM) is a powerful technique that allows direct observation off
the surface structure of biological samples with high-resolution (Dufréne, 2008, 2014; Miiller and
Dufréne, 2011), and a series of surprising discoveries about the architecture of peptidoglycan from
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both isolated sacculi and living bacterial cells based on AFM
works were reported during the past decade (Hayhurst et al.,
2008; Andre et al., 2010; Turner et al., 2010, 2013; Wheeler et al.,
2011; Dover et al,, 2015). One of the breakthroughs was the
first high-resolution architecture analysis of isolated sacculi from
the rod-shaped bacterium Bacillus subtilis by direct observation
with AFM in Hayhurst et al. (2008). The side wall peptidoglycan
was reported to be organized into a regular structure of 50-
nm wide “cables” with cross striations running across the short
axis of the cells (Hayhurst et al, 2008). A coiled-coil model
for peptidoglycan architecture was proposed based on AFM
observations (Hayhurst et al., 2008). However, despite extensive
researches, arguments about the peptidoglycan architecture
remained. For example, studies with electron cryotomography
suggested that glycan strands in Gram-positive cell walls run
circumferentially around the cells (Beeby et al., 2013).

Peptidoglycan composition is known to change during
growth. Both glycan chain length and crosslinkage are changing
during the transition from exponential to stationary phase
(Fordham and Gilvarg, 1974; Atrih et al., 1999; Typas et al., 2012).
Bacteria can release D-amino acids into growth medium where
they accumulate to millimolar concentrations in stationary phase
(Lam et al., 2009). These D-amino acids can be incorporated
into peptidoglycan and govern peptidoglycan remodeling in
stationary phase (Lam et al., 2009). However, it remains unknown
if peptidoglycan architecture changes depending on the growth
phase.

Septa (or cross walls), which are formed between two bacterial
daughter cells, are critical wall structures responsible for the
bacterial division. A recent work showed that muropeptides with
unprocessed stem peptides were accumulated in peptidoglycan
at septa sites from B. subtilis, indicating a possible local
difference in chemical composition between septa and side
walls (Angeles et al., 2017). AFM studies on isolated sacculi
pieces from B. subtilis showed that septal peptidoglycan was
organized into ~135-nm-wide “cable” like structures forming
a spiral appearance toward the center (Hayhurst et al.,, 2008).
However, no information on septal architecture in exponential
and stationary phase is available.

In this report, peptidoglycan from B. subtilis strain AS1.398
was isolated and analyzed by high-resolution AFM. The results
revealed the spatial organizations of side wall peptidoglycan and
septa at a nanometer scale, suggesting the structural remodeling
of the peptidoglycan during growth. Compared with previous
studies, our results revealed slight structural differences in spatial
organizations of peptidoglycan from different B. subtilis strains.
This work expanded our current knowledge and provided new
information about peptidoglycan architecture.

MATERIALS AND METHODS

Bacterial Strain and Growth Condition

Bacterial growth was monitored by measuring the optical density
at 600 nm (ODgpy) with a UV/VIS-550 spectrophotometer
(Jasco, Japan). B. subtilis strain AS1.398 from a single colony
was grown Luria-Bertani (LB) broth at 25°C overnight with

shaking at 180 rpm. Then bacterial culture was diluted with
fresh LB broth to a volume of 200 mL to reach a starting cell
density of approximately 0.02 at ODgpo. The cell suspension
was then incubated at 25°C with shaking at 180 rpm. The
growth of the bacteria was monitored at ODgqy at different time
points, with three replicates at each time point. B. subtilis cells
grown to mid-exponential phase (ODggp~*1.2), late exponential
phase (ODgpp~1.8), and stationary phase were collected for
optical microscopic imaging. Optical microscopic images were
taken with an OMV optical microscope (Bruker AXS, Germany)
affiliated with atomic force microscopy (Bruker AXS, Germany).

Purification of Sacculi

According to growth curves, B. subtilis cells grown to mid-
exponential phase, late exponential phase, and stationary
phase were collected. Peptidoglycan was purified as described
previously (Hayhurst et al., 2008). Briefly, cells were harvested,
boiled (7 min), broken by ultrasonication (200~400w)
or high pressure cell disrupter (Constant Systems, Ltd.,
United Kingdom). When isolating intact sacculi, the breakage
step was not needed. Extraction was treated by boiling in
SDS (5% w/v), RNase (0.5 mg/ml), DNase (0.5 mg/ml), and
pronase (2 mg/ml) treatment. Removal of accessory polymers
was achieved by incubation in 48% v/v HF at 4°C for 24 h.
Purified sacculi were washed at least three times with MilliQ
water at room temperature. Then the samples were diluted in
MilliQ water and air dried onto freshly cleaved mica before
AFM imaging. At least three replicates were performed in each
isolation experiment.

AFM Operation

Atomic force microscopy imaging was carried out using a
Multimode VIII AFM with Nanoscope V controller (Bruker
AXS, Germany) equipped with an OMV optical microscope
(Bruker AXS, Germany). All AFM imaging was carried out in
scanasyst mode. Silicon cantilevers (XSC11/ALBS, MikroMash,
Bulgaria) with a spring constant about 2.7 n/m were used for
imaging in ambient conditions. Image processing and analysis
were performed with AFM off-line software NanoScope Analysis
(Bruker AXS, Germany).

Statistical Analysis

Data are presented as the arithmetic mean + standard deviation
(SD). Statistical significance was evaluated using Student’s ¢-test.
p-Values less than 0.05 were considered statistically significant.

RESULTS

Growth Kinetics and Morphologies of

Bacterial Cells

Bacillus subtilis exhibited a typical bacterial growth curve
(Figure 1A). B. subtilis cells formed long filamentous chains
which could be as long as 150 pm in mid-exponential
phase observed with optical microscope (Figure 1B). In late
exponential phase, the filamentous chains of B. subtilis cells were
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FIGURE 1 | Growth kinetics of Bacillus subtilis. (A) Growth curve. Optical image of B. subtilis cells at mid-exponential phase (B), late exponential phase
(C), and stationary phase (D). Atomic force microscopy (AFM) images of sacculi isolated from B. subtilis cells at mid-exponential phase (E), late exponential phase

(F), and stationary phase (G). Scale bar: 10 um.

much shorter than those in mid-exponential phase (Figure 1C).
In stationary phase, only very short cells were observed
(Figure 1D). Except for our Bacillus strain, some other Bacillus
strains were known to be able to form long filamentous chains
(Trick et al., 1984; Ajithkumar et al., 2002). It seemed that growth
conditions could also influence the formation of filamentous
chains in Bacillus species (Fan, 1970; Ferroni and Inniss, 1973).

From observations of isolated intact sacculi of the bacterial
cells at different growth stages, multiple septation sites could be
noticed along the bacterial filamentous chains (Figures 1E,F).
Therefore it seemed that the filamentous chains of B. subtilis
were not formed by loosely associated cells, but fast growing cells
with multiple septa yet to be divided. The average cell length in
stationary phase was 2.72 = 0.63 pm (60 measurements from
three replicates) (Figure 1G), while the measured average length
between each adjacent septation sites was 3.78 & 1.28 jum in mid
exponential cells (70 measurements in 15 bacterial filamentous
chains from three replicates), which was longer than the average
cell length in stationary phase (p < 0.05).

Structure of Side Wall Peptidoglycan
Thickness of isolated sacculi was measured in air by AFM.
Samples from three independent replicates were used for
measurements. The average thickness of single layered side wall
peptidoglycan was 12.59 + 0.89 nm (# = 59) in mid-exponential
phase. This measured value was slightly larger than the measured
thickness of side wall peptidoglycan in another B. subtilis strain
in a previous report (Hayhurst et al., 2008), and the difference
in the measured value might be due to the different strains
used for experiments. The measured average thickness of single
layered side wall peptidoglycan of our B. subtilis strain increased
to 14.44 £ 092 nm (n = 52) in stationary phase, which was
larger than that in mid-exponential phase (p < 0.05). This result
indicates that the thickness of bacterial peptidoglycan might not
be a fixed value, but varies during bacterial growth.

Broken sacculi from B. subtilis which exposed inner surface
of the side wall peptidoglycan were imaged with AFM to
check the surface features both the inner and outer surfaces.
The inner surface of the side wall peptidoglycan exhibited a
relatively rough surface feature, and the overall organization
of inner-side peptidoglycan was largely parallel to the short
axis of the cell (Supplementary Figure 1). However, the outer
surface of sacculi was relatively featureless compared to the inner
surface. It was suggested that hydrolysis of the peptidoglycan
by endogenous autolysins might be one of the reasons that
were responsible for such surface characteristics on outer
side walls (Hayhurst et al., 2008). Our observations on the
inner and outer side of the side wall peptidoglycan were in
consistent with previous AFM observation (Hayhurst et al,
2008).

Next, the architecture of peptidoglycan on the inner surface
of purified sacculi was imaged using high-resolution AFM. In
stationary phase, the spatial organization of the peptidoglycan
resembled the previously reported “cable-like” model (Hayhurst
et al., 2008). These “cables” were densely packed together and
roughly running in a parallel orientation (Figures 2D-F), and
the result could be confirmed in each replicates. Small cables
entangled into larger ones could sometimes be noticed. The
average width of these “cables” was 29.11 £ 5.79 nm (n = 32),
which was much smaller as compared to that in another B. subtilis
strain in a previous report (Hayhurst et al., 2008). However, a
structural difference was observed on side-wall peptidoglycans
from B. subtilis in mid-exponential phase compared to that
in stationary phase (Figures 2A-C). Peptidoglycan in mid-
exponential phase seemed to be less ordered than in stationary
phase, and it might be roughly characterized as a network
like structure, with “ridge-and-groove” like appearances. These
“ridge-and-groove” structures were largely parallel oriented.
Small “ridges” were sometimes to be noticed to entangle into
larger “ridges” (Figures 2A-C).
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FIGURE 2 | High-resolution AFM images of side wall peptidoglycan from
B. subtilis. Peptidoglycan samples were from B. subtilis in mid-exponential
phase (A-C), and stationary phase (D-F). Images were three-dimensional
height images. Scale bar (A,D): 200 nm; scale bar in other panels was
100 nm.

Structures of Septal Peptidoglycan

After treatment with high-power sonication, the isolated sacculi
were broken into pieces. It was surprising to notice that
most of the side wall peptidoglycan was broken into small
pieces, while large amounts of intact septa-like structures were
observed (Figure 3). A large number of peptidoglycan fragments
corresponded to incomplete septa, appearing as annulus-
like structures. Annulus-like structures with attached side
wall peptidoglycans could usually be observed (Supplementary
Figure 2), further confirming that they were incomplete septa.
When more septa were checked, septa structures that represent
all stages of formation through the progression from newly
forming septa to complete septa could be observed (Figure 4).
A thin interior leading edge could be noticed in incomplete
septal disk. Except the interior leading edge, thicknesses at
other parts of the septal disks were evenly distributed. A likely
process was that a thin leading ring was formed at the interior
edge and then thickened with the growth of the septa, until
the septa were completely sealed (Figure 4). This result may
provide some new hints of how septa were progressively
formed.

The thicknesses of complete and incomplete septa from
cells at mid-exponential phase (n = 48) and stationary phase
(n = 45) were measured. The thicknesses of most septa at
both growth stages were between 11 and 16 nm. However,
in exponential phase, small amount of septa with unusual
thicknesses of less than 8 nm (5 out of 48) or as much as 20 nm
(4 out of 48) could be found (Figure 5). Septa with different
thicknesses could be noticed not only in complete septa but
also in incomplete septa, indicating that formation of different
thicknesses was determined before the septa were complete.
Unlike the possible spiral cable-like structure of the septa in
previous report (Hayhurst et al., 2008), the surfaces of most septal
disks isolated from our B. subtilis strain were relatively smooth,
with no obvious supramolecular structural organizations as in
side walls. However, only in some case, “cables” like organizations

FIGURE 3 | Large scale overview of isolated septa. After treatment with
sonication (400w, three rounds), side wall peptidoglycan was severely broken,
but septa remained largely intact. (A-D) Peak force error images. Scale bar:
10 pm.

FIGURE 4 | Progression of septa formation observed with AFM. Images
showed the progression from early septa (A,B) to nearly-completed septa
(1,J). (A,C,E,G,l) Panels were peak force error images, and the (B,D,F,H,J)
panels were corresponding height images. Scale bar: 500 nm.

with ~35 nm (n = 7) width forming concentric rings toward
the center were observed on septa with thin thickness (~8 nm)
(Supplementary Figure 3). The width of the “cables” in our strain
was much smaller than that in the other strain in previous report
(Hayhurst et al., 2008).

DISCUSSION

Bacterial peptidoglycan plays important roles in various
biological processes (de Pedro and Cava, 2015). The
peptidoglycan of Gram-positive bacteria is significantly
thicker and more complex than the peptidoglycan of Gram-
negative bacteria, and the three dimensional architectures of
Gram-positive peptidoglycan was largely unclear in the past.
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FIGURE 5 | Atomic force microscopy images of isolated septa and their
section analysis. (A-D) Complete septa; (I-L) incomplete septa; (A-C,I-K)
were from B. subtilis in mid-exponential phase; (D,l) were from stationary
phase; (E-H,M-P) were section analyses in their corresponding AFM images
above. Allimages were peak force error images. Section analyses were
performed in their corresponding height images. Lines indicated the position
for section analyses. Scale bar: 500 nm.

Application of novel high-resolution techniques such as AFM
in recent years revealed the surface architecture of bacterial
peptidoglycan (Turner et al., 2014). To date, the only previous
AFM work to study the architecture of isolated sacculi from
model Gram-positive rod bacterium B. subtilis was reported by
Hayhurst et al. (2008). They found that the peptidoglycan in the
inner surface of the sacculi was organized into a regular structure
of 50-nm wide “cables” (Hayhurst et al., 2008). We found that
the inner surface of side wall peptidoglycan from B. subtilis in
stationary phase exhibited a “cable” like structure, quite similar
to the previous observation (Hayhurst et al., 2008). However, the
average width of the “cables” was about 29 nm, which was much
smaller than that in the other B. subtilis strain in previous report
(Hayhurst et al., 2008). This result suggests the existence of
differences in peptidoglycan architectures from different Bacillus
strains.

A coiled-coil model was proposed based on previous AFM
observations about the side wall peptidoglycan from B. subtilis
(Hayhurst et al., 2008). However, this model was argued because
the peptidoglycan from B. subtilis seemed to be a uniformly dense
layer observed with electron cryo-tomography (Beeby et al.,
2013) or electron cryo-microscopy (Matias and Beveridge, 2005).
Our work confirmed that the “cable” like structure in side wall
peptidoglycan from B. subtilis exists. Work is still needed in the
future to reconcile the observations by different techniques.

Our high-resolution AFM images showed that there were
slight differences in architecture of side wall peptidoglycan
from different growth stages. In mid-exponential phase, the
side wall peptidoglycan was organized into a “ridge-and-groove”
like structure, which differed from the “cable” like structure
in side wall peptidoglycan from stationary phase. Moreover,
the thicknesses of side-wall peptidoglycan slightly increased

from exponential phase to stationary phase. This variation in
thicknesses might be related to the architectural changes in side
walls. It has been known that bacterial peptidoglycan undergoes
a remodeling process during different growth stage, both in
Gram-positive and Gram-negative bacteria (Typas et al., 2012). In
stationary phase, the crosslinks in peptidoglycan from B. subtilis
were found to increase (Atrih et al., 1999). The peptidoglycan
remodeling in bacteria at stationary phase was known to be
governed by D-amino acids (Lam et al., 2009). Our work on
the architecture of peptidoglycan from B. subtilis at different
growth stages might reflect a remodeling of spatial organization
in peptidoglycan structures.

The septum is an important structure that is responsible
for the division in Gram-positive bacteria (Wu and Errington,
2011). In our work, we found that when treated with high-
power sonication, side wall peptidoglycan was mostly broken
into small pieces, leaving large amounts of intact septa. Previous
research indicated that the circumferential stress in bacterial
cells was greater than the longitudinal stress (Yao et al., 1999),
and therefore it is likely that the general mechanics of stress
in rod shaped cells are the possible reason for the side wall
splitting while the septa remains largely intact. Another possible
explanation that could not be fully excluded was that there
might be difference in rigidity between side walls and septa.
A recent work showed that local differences in the chemical
composition of peptidoglycan between septa and side walls
existed in B. subtilis (Angeles et al., 2017). However, whether local
differences in chemical composition would result in different
rigidity, or whether the septa might be truly more rigid
than side wall peptidoglycan is unknown and awaits further
analysis.

Previous AFM work suggested that the septal disk had up to
three cables across their radius forming a spiral like structure
toward the center (Hayhurst et al, 2008). However, results
with the B. subtilis strain in this report showed that the septal
disk of most observed septa were relatively smooth, with no
obvious surface features. Apart from the surface features of
septa, there were slight differences in the thicknesses and spatial
organization of side wall peptidoglycan between the B. subtilis
strain in previous report (Hayhurst et al., 2008) and the strain we
used. Therefore, we consider that the differences in the surface
features of septal disks might result from different bacterial
strains used.
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Mycobacteria are well known for their taxonomic diversity, their impact on global health,
and for their atypical cell wall and envelope. In addition to a cytoplasmic membrane and
a peptidoglycan layer, the cell envelope of members of the order Corynebacteriales,
which include Mycobacterium tuberculosis, also have an arabinogalactan layer
connecting the peptidoglycan to an outer membrane, the so-called “mycomembrane.”
This unusual cell envelope composition of mycobacteria is of prime importance for
several physiological processes such as protection from external stresses and for
virulence. Although there have been recent breakthroughs in the elucidation of the
composition and organization of this cell envelope, its evolutionary origin remains
a mystery. In this perspectives article, the characteristics of the cell envelope of
mycobacteria with respect to other actinobacteria will be dissected through a molecular
evolution framework in order to provide a panoramic view of the evolutionary pathways
that appear to be at the origin of this unique cell envelope. In combination with a robust
molecular phylogeny, we have assembled a gene matrix based on the presence or
absence of key determinants of cell envelope biogenesis in the Actinobacteria phylum.
We present several evolutionary scenarios regarding the origin of the mycomembrane. In
light of the data presented here, we also propose a novel alternative hypothesis whereby
the stepwise acquisition of core enzymatic functions may have allowed the sequential
remodeling of the external cell membrane during the evolution of Actinobacteria and has
led to the unigue mycomembrane of slow-growing mycobacteria as we know it today.

Keywords: cell envelope, Actinobacteria, Mycobacterium, evolution, genomics

INTRODUCTION

The Actinobacteria phylum of Gram-positive bacteria forms an extremely diverse group that
includes several species that have evolved specific symbioses (commensal or parasitic) with a
wide range of hosts including numerous mammals. For example, certain species from the genera
Mycobacterium and Nocardia are pathogenic while others, belonging to the genus Bifidobacterium,
are part of the normal gut microbial flora and are known to have a beneficial and important effect
on human health (Barka et al., 2016; O’Callaghan and van Sinderen, 2016). Several Actinobacteria
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are also involved in the production of antibiotic compounds
(e.g., Streptomyces sp.), amino acids (e.g., Corynebacterium sp.),
biofuels, and other bioproducts (Becker and Wittmann, 2016;
Lewin et al., 2016).

One of the most studied bacteria from the Actinobacteria
phylum is Mycobacterium tuberculosis, the etiological agent of
tuberculosis, a disease that causes significant morbidity and
mortality. It is a leading cause of death worldwide making
its control a top priority for the World Health Organization
(Pai et al., 2016; Friedrich, 2017). Several bacteria from the
Corynebacteriales order, that includes M. tuberculosis, are studied
for having an atypical structural characteristic: the presence
of a so-called “mycomembrane” that, in an organizational
sense, is believed to resemble the outer membrane of typical
Gram-negative bacteria (Zuber et al, 2008; Touchette and
Seeliger, 2017; Figure 1). This mycomembrane is limited to
members of the Corynebacteriales with some species-specific
variation (Goodfellow and Jones, 2015; Mohammadipanah and
Dehhaghi, 2017). Besides the components common to other
Gram-positive bacteria, Corynebacteriales also have a layer of
arabinogalactan attached to the peptidoglycan layer and to the
inner leaflet of the mycolic-acid containing mycomembrane.
This unusual structure, along with some phylogenetic ambiguity,
have led certain authors to suggest that M. tuberculosis has
more in common with Gram-negative bacteria than with
their Gram-positive relatives (Fu and Fu-Liu, 2002). In the
1970s, two distinct cell envelope cleavage planes were recorded
for freeze-etched mycobacteria (Barksdale and Kim, 1977).
These findings contributed to the original proposal for a
mycobacterial outer membrane. Further unequivocal evidence
was provided by labeling with selective fluorescent probes
(Christensen et al., 1999). In fact, the debate about the existence
and composition of the mycomembrane was partially resolved

only 10 years ago when it was visualized by cryo-electron
microscopy of vitreous sections (CEMOVIS) (Hoffmann et al.,
2008; Zuber et al., 2008). The reasons for the evolution of
this membrane are still not totally clear, although we know
that it is important for several aspects of the virulence and
intrinsic antibiotic resistance of pathogenic species such as
M. tuberculosis (Forrellad et al., 2013; Becker and Sander,
2016). In addition, as this membrane (along with the rest
of the cell envelope) is at the frontline of environmental
interactions, it is expected that differences in the constitution
of the mycomembrane are associated with adaptation to
specific environments or ecological niches (Veyrier et al,
2009).

In this era of large-scale DNA sequencing (Vincent et al.,
2017), we can now investigate and compare the genomic
sequences of bacteria at an unprecedented rate (Land et al., 2015)
and infer the key steps that have led to the development and
modification of the various subcomponents of bacterial cells.
In recent years, numerous actinobacterial genomes have been
sequenced including a broad representation of each genus. As
expected, analysis of these data revealed a great heterogeneity
in terms of the many biological functions associated with these
bacteria (Ventura et al.,, 2007; Gomez-Escribano et al., 2016).
Based on this large amount of sequence information, it is
now possible to carry out an evolutionary analysis of the cell
envelope in order to dissect the genetic events that have led
to its development. Here, we describe the different layers of
the cell envelope for the Actinobacteria phylum with a specific
emphasis on species that harbor the mycomembrane. Although
a number of mysteries still remain, our goal for this article is to
provide new perspectives on the evolutionary path and benefits
surrounding the unique membrane features of this important
group of bacteria.
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By using CEMOVIS, it is possible to visualize a “granular layer”
in between the plasma membrane and the peptidoglycan layer
of Mycobacterium bovis BCG, Mycobacterium smegmatis, and
Corynebacterium glutamicum (Zuber et al., 2008). A previous
study made on other Gram-positive bacteria has shown that
the granular layer is possibly linked to the plasma membrane
and composed of penicillin-binding proteins, lipoproteins, and
lipoteichoic acids (or teichuronic acid in some species; for
review see Tul’skaya et al., 2011) (Zuber et al., 2006). Although,
it seems this structure is common to several Gram-positive
bacteria, the function and its precise composition are poorly
characterized.

Layer I: Peptidoglycan

The cell envelope of Actinobacteria is composed of a layer
of peptidoglycan that provides essential functions such as
rigidity and helps to maintain an optimal osmotic stability
(Vollmer et al, 2008; Jankute et al, 2015). Although
peptidoglycan is common amongst bacteria, there are many
subtle differences in its composition that have been use<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>