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Editorial on the Research Topic

Bacterial Mechanisms of Antibiotic Resistance: A Structural Perspective

Antibiotic-resistant bacteria are responsible for millions of hard-to-treat infections annually. Since
antibiotic “miracle drugs” were first introduced into clinical use, resistance has closely followed;
more recently, this problem has been greatly exacerbated by their extensive use in medicine
and agriculture, combined with the remarkable ability of bacterial populations to rapidly evolve
and exchange genetic material. The rise of multidrug resistance (MDR), coupled with declining
availability of newly approved or in-development treatments, threatens to fundamentally alter our
ability to treat infections. Whether the most pessimistic predictions of a future “post-antibiotic
era” become reality over the coming decades will depend on actions taken in the present. This
Research Topic collects together articles that highlight the recent contributions of structural
biology and related approaches to our understanding of antibiotic resistance and adaptions used
by bacteria against drugs that target key cellular structures, complexes or pathways, as well as drug
development efforts to counter these resistance mechanisms. New insights from such approaches
are likely to be critical in future efforts to develop strategies to overcome existing resistance
mechanisms and to identify targets for novel antibiotic development.

EFFLUX PUMPS AND TRANSPORTERS

The tripartite assemblies built around the Resistance-Nodulation-Division (RND) family of
proton-powered secondary transporters play a prominent MDR role in Gram-negative bacteria.
While RND assemblies have been a focus of a recent dedicated Frontiers Research Topic (Vargiu
et al., 2016), their structural biology is one of themost rapidly advancing directions within theMDR
field and two important experimental studies are reported within this collection.

First, Zwama et al. use X-ray crystallography to dissect the role of the so-called hoisting loop,
located at the border of transmembrane helix 8 and the PC2 subdomain, in the prototypical
RND family member AcrB. This study demonstrates how the random coil-to-α-helix transition
of this loop leads to opening and closing of the drug-channel entrance. Crucially, this work
elucidates one of the last remaining problematic areas regarding the functional RND-pump
cycle, namely the energy transduction and conformational coupling between remote regions of
the RND-transporters.
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Another persistent question within the RND field is the
structural basis for the apparent broad-substrate specificity
provided by these pumps. Ramaswamy et al. address this using
molecular dynamics simulations of the centrally important
RND-transporters MexB and MexY from Pseudomonas
aeruginosa. This study characterizes the potential binding
pockets of these transporters and their substrates which,
by innovative use of electrostatic complementarity analysis,
allows the authors to reveal key differences between these
transporters. Importantly, this first comparative study of
the major P. aeruginosa transporters suggests that the deep
binding pocket of the tight conformer plays a central role in
substrate selectivity.

While the role of RND transporters in efflux and tripartite
assemblies has been extensively studied, until recently, much
less was known about the structural organization of the ABC-
transporter family members participating in tripartite assemblies.
A wide-ranging review by Greene et al. synthesizes the recent
advances in structure and function of the MacB-family of ABC-
transporters, which form unique tripartite assemblies with a role
in macrolide efflux and protein export. The authors provide a
tantalizing novel model of functional mechanotransmission and
discuss the links to homologous tripartite systems from other
pathogenic bacteria, which similarly export protein-like signaling
molecules, virulence factors, and siderophores.

Genetic regulation of efflux pumps is a key mechanism
of resistance, with their associated transcriptional regulators
emerging as promising therapeutic targets, and yet, this remains
one of least well-understood areas in MDR. Bridging this gap,
Issa et al., provide a comprehensive review of the recent progress
in the structural biology of regulator families in P. aeruginosa,
including the one-component system regulators of the TetR,
LysR, MarR, AraC families, and two-component systems (TCS)
families of regulators. In a related work, Milton et al., combine
molecular modeling with biochemical and cellular studies to
propose a potential mechanism of interaction between TCS
response regulators and 2-aminoimidazole compounds which
can inhibit bacterial biofilm formation, disperse preformed
biofilms, and re-sensitize MDR bacteria to antibiotics. This study
focuses on two important pathogens, Acinetobacter baumannii
and Francisella tularensis, and provides promising new insights
into this potential new therapeutic avenue.

CELL WALL ALTERATIONS

The complex role played by the bacterial cell-envelope structure,
and particularly the lipid A (endotoxin) component of
lipopolysaccharide (LPS) outer membrane layer, in modulating
the bacterial susceptibility to host antimicrobials such as cationic
antimicrobial peptides, is subject to an in-depth review by
Kahler et al.. The role of LPS in bacterial pathogenesis and
immunological evasion has recently been the focus of increased
attention and this work provides a timely summary of the
knowledge of the effects of phosphoethanolamine decoration
of lipid A in pathogenic Neisseria strains and the potential of
targeting the EptA-enzyme responsible for therapeutic purposes.

Another way bacteria protect themselves against external
agents is by altering the peptidoglycan (PG) cell wall and a
well-known example is replacing the D-Ala moiety of PG to
D-lactate to confer vancomycin resistance in enterococci. In
their review article, Yadav et al. explain how various chemical
modifications to PG help defend bacteria against host-generated
antimicrobials, such as lysozyme and other hydrolytic enzymes,
as well as antibiotics. Such knowledge can help guide new
therapeutic approaches that weaken the bacterial cell wall and
increase susceptibility to existing antibiotics.

RIBOSOME-TARGETING ANTIBIOTICS

AND RESISTANCE MECHANISMS

Ribosomes are the essential RNA-protein complexes responsible
for protein synthesis in all cells. However, unique aspects of the
bacterial ribosome allow for specific antibiotics that interfere
with every aspect of ribosome function. These chemically diverse
drugs have been a major component of our clinical arsenal for
many decades and three articles here focus on their action and
associated resistance mechanisms.

Polikanov et al. provide a detailed review of ribosome-
targeting peptide antibiotics, with specific emphasis on each
drug’s interaction with either the small (30S) or large (50S)
ribosome subunit and mechanism of action. Accumulating
information on these antibiotics, including high-resolution
ribosome-drug structures, offers opportunities to develop
improved, next generation antibiotics with enhanced activity
and, through modification of regions dispensable for ribosome
inactivation, improvements in other properties such as
uptake/retention or reduced toxicity.

Markley and Wencewicz describe the known mechanisms of
resistance to tetracyclines, drugs that have been in clinical use for
over 60 years. Resistance via efflux, ribosome modification, and
the action of ribosome protection proteins are well-established,
but their effects have been successfully countered through the
design of more recent generations of tetracyclines such as
tigecycline. However, these drugs are also now threatened by the
emergence of the tetracycline-inactivating enzymes, which are
the main focus of this review. Similarly, Golkar et al. describe
the chemical structures, mechanisms of action, and resistance
for a second major class of drugs, the macrolides, which
bind in the peptide exit tunnel. Like tetracyclines, macrolides
are subject to resistance via efflux, ribosome modification or
mutation, and protection proteins. Additionally, their efficacy is
also threatened by macrolide modifying phosphotransferase and
esterase enzymes, the structures, and activities of which are the
major focus of this comprehensive review.

SULFONAMIDES AND β-LACTAMASES:

RESISTANCE AND FRONTIERS IN DRUG

DEVELOPMENT

Sulfa drugs (sulfonamides) were first introduced in the 1930s
and have a long history of efficacy against bacterial disease.
These drugs inhibit bacterial dihydropteroate synthase (DHPS)
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by mimicking one of its substrates, para-aminobenzoic acid
(PABA). Mutations in DHPS cause resistance to sulfonamides
but their mechanism is often unknown. Griffith et al. identify
five mutations of DHPS associated with sulfonamide resistance
in Staphylococcus aureus and investigate their impacts on strain
susceptibility and fitness, and enzyme kinetics. Three of the
mutations contribute to resistance by sterically blocking the outer
ring moiety of sulfonamides, whereas the other two increase
fitness of the strain. The work reveals a critical weakness
of sulfonamides with implications for drug design: resistance
mutations target the part of the antimicrobial that is most
important for its efficacy.

Discussion of antimicrobial resistance would not be complete
without mention of β-lactamases, a common mechanism of
resistance in bacteria, including the ESKAPE pathogens. These
enzymes hydrolyze β-lactam antibiotics before they reach their
molecular targets, the so-called penicillin-binding proteins.
In his review, Palzkill explains the molecular basis for the
differing specificities of three important groups of Class A β-
lactamases (the TEM, CTX-M, and KPC enzymes) for oxyamino-
cephalosporins. He highlights mutations that increase the
conformational heterogeneity within the active sites of these
enzymes to accommodate cephalosporins and the existence
of global suppressor mutations elsewhere in the protein to

compensate for loss of stability. Finally, in their review, van den
Akker and Bonomo describe extensive efforts by a number of
groups to develop β-lactamase inhibitors, including five approved
for clinical use. They emphasize the success of strategies that
exploit specific aspects of enzyme mechanism in the design of
these critical antimicrobial agents.
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Hoisting-Loop in Bacterial Multidrug
Exporter AcrB Is a Highly Flexible
Hinge That Enables the Large Motion
of the Subdomains
Martijn Zwama 1, 2, 3, Katsuhiko Hayashi 1, 2, Keisuke Sakurai 1, Ryosuke Nakashima 1,

Kimie Kitagawa 1, Kunihiko Nishino 2* and Akihito Yamaguchi 1*

1Department of Cell Membrane Structural Biology, Institute of Scientific and Industrial Research, Osaka University, Osaka,
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The overexpression of RND-type exporters is one of the main causes of multidrug
resistance (MDR) in Gram-negative pathogens. In RND transporters, such as Escherichia
coli’s main efflux pump AcrB, drug efflux occurs in the porter domain, while protons
flow through the transmembrane domain: remote conformational coupling. At the border
of a transmembrane helix (TM8) and subdomain PC2, there is a loop which makes a
hoisting movement by a random-coil-to-α-helix change, and opens and closes a drug
channel entrance. This loop is supposed to play a key role in the allosteric conformational
coupling between the transmembrane and porter domain. Here we show the results of
a series of flexibility loop-mutants of AcrB. We determined the crystal structure of a three
amino acid truncated loop mutant, which is still a functional transporter, and show that
the short α-helix between Cβ15 and the loop unwinds to a random coil in the access
and binding monomers and in the extrusion monomer it makes a partially stretched
coil-to-helix change. The loop has undergone compensatory conformational changes
and still facilitates the opening and closing of the channel. In addition, more flexible
mutated loops (proline mutated and significantly elongated) can still function during
export. The flexibility in this region is however limited, as an even more truncated mutant
(six amino acid deletion) becomes mostly inactive. We found that the hoisting-loop is a
highly flexible hinge that enables the conformational energy transmission passively.

Keywords: multidrug resistance, antimicrobial resistance, RND, AcrB, mechanism, pathogens, transporters,

crystal structure

INTRODUCTION

Multidrug resistance (MDR) is a serious problem in global health we face today (World Health
Organization, 2014). Antimicrobial resistance in gram-negative bacterial pathogens is one of the
main challenges (Poole, 2004; Li et al., 2015). The overexpression of tripartite efflux systems is
a major cause of MDR in these gram-negative pathogens (Poole et al., 1993; Nikaido, 1998; Blair
et al., 2014). These complexes can facilitate efflux directly across the outer membrane as they consist
of a Resistance-Nodulation-Division (RND) efflux pump and an outer membrane protein, bridged
together by an adapter protein (Zgurskaya and Nikaido, 2000; Lomovskaya and Totrov, 2005). In
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Escherichia coli, the main RND transporter is AcrB, part of
the AcrAB-TolC complex (Nishino and Yamaguchi, 2001).
This secondary efflux pump facilitates efflux by using the
electrochemical proton gradient (Zgurskaya and Nikaido, 1999)
and besides being the main cause of MDR when overexpressed,
its physiological function in bacterial cells is to export naturally
occurring toxic compounds, such as bile salts (Thanassi et al.,
1997; Nishino et al., 2009). RND transporters also play a major
role in virulence and in MDR in other organisms, such as
the MexAB-OprM efflux system in Pseudomonas aeruginosa.
Overexpression of RND transporters cause MDR as they
recognize and transport a wide range of structurally unrelated
compounds, ranging from dyes to antibiotics and from small
compounds to large compounds (Nikaido and Pagès, 2012). The
physiologically active form of AcrB is a homotrimer consisting
of three protomers, each representing one step in the drug-
extrusion cycle. This functionally rotating mechanism is shown
by each of the three monomers in the asymmetrical crystal
structure of AcrB: access, binding and extrusion (Murakami et al.,
2006; Seeger et al., 2006). During this cycle, conformational
changes take place in both the transmembrane (TM) and
the porter region, which are about 50Å apart. These regions
therefore have to be energy-coupled with each other in a remote
conformational way.

In the transmembrane domain, several helix bundles and
amino acids change their conformation upon protonation and
deprotonation of crucial amino acids and the interaction with
the conformational changes in the porter domain of AcrB. In
the binding monomer, Asp407 is exposed to the periplasm
by a water-void and a proton can bind. Now the transition
to the extrusion state can occur. During this transition from
the binding to the extrusion state, six N-terminal TM-helices
(TM1-TM6) and six C-terminal TM-helices (TM7-TM12) are
twisted relatively to each other as a result of the ion-pair
breakage between Asp407, Asp408 and Lys940. During this
transition to the extrusionmonomer, residue Arg971 extends and
bends downwards to TM10 and the phenyl-ring of Phe948 is
tilted downwards and Met970 bent away. In this way, Arg971
is exposed to a water-void open to the cytoplasm and can
release a proton. Now, in the extrusion monomer, the loop at
the N-terminal end of TM8 performed a hoisting-like motion
by its conformational change from a random coil to an α-
helix (to make an extended TM8), presumably playing a key
role in conformational transmission and facilitating the motion
of PN1/PC2 during the transition to the extrusion monomer
(Eicher et al., 2012; Yamaguchi et al., 2015).

At the interface of the transmembrane and porter domain,
thismost significant conformational change during this extrusion
cycle occurs at the region between the β-strand (Cβ15) of the
PC2 subdomain and TM8 (Figure 1). This segment comprises
13 amino acid residues (860TGMSYQERLSGNQ872). In the
extrusion monomer, this segment forms three turns of the α-
helix which extends the top of TM8. On the other hand, in the
access and binding monomer, a part of this helix (868LSGNQ872)
unwinds to a random coil, enabling the upward swinging
motion of PC2 by extending the distance from TM8 to Cβ5.
This random-coil-to-α-helix change also opens and closes the

membrane surface channel (CH1) during the drug extrusion
cycle (Murakami et al., 2006; Figure 1B). Considering the
location of the loop and the significant conformational change
during the export cycle, the loop is assumed to be implicated in
the mechanism of the energy transduction in AcrB (Murakami
et al., 2006; Su et al., 2006; Sennhauser et al., 2007; Seeger et al.,
2008; Pos, 2009; Eicher et al., 2012, 2014; Long et al., 2012;
Yamane et al., 2013; Yu et al., 2013; Du et al., 2015; Yamaguchi
et al., 2015). We created a series of loop-flexibility mutants
of AcrB, ranging from low flexibility (truncated mutants) to
high flexibility [proline (which break the helix) and significantly
elongated (flexible gly/ser linkers) mutants] and checked the
export activity of all of these mutants. Additionally, we solved the
crystal structure of a truncated mutant at 3.0Å to elucidate the
role of this segment of AcrB and to better understand the remote
conformation coupling mechanism of RNDmultidrug exporters.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
The E. coli MG1655 strain (Blattner et al., 1997) was used as
the wild-type strain in this study. The 1acrB (NKE96) (Nishino
et al., 2008) and 1tolC (NKE95) (Horiyama and Nishino, 2014)
deleted mutants were derived from MG1655. Gene deletion
was performed according to the method of Datsenko and
Wanner, with recombination between short homologous DNA
regions catalyzed by phage λ Red recombinase (Datsenko and
Wanner, 2000). The drug resistance markers were eliminated
using plasmid pCP20, as previously described (Datsenko and
Wanner, 2000). The Bacterial strains were grown at 37◦C in
Luria-Bertani broth (Sambrook et al., 1989).

Drug Susceptibility by MIC
The minimal inhibitory concentrations (MIC) for wild-type
and mutant AcrB were determined using LB-agar plates
supplemented with substrates. The substrates were added in a
series of dilutions. Agar plates were stamped with the desired
strains and grown at 37◦C overnight. The MIC values are the
concentration of drugs in the agar plates at which no cells were
viable anymore. For growth curves, cells were grown from diluted
exponentially growing cells in 96-well plates for 8 h at 37◦C.
OD600 nm readings were performed by using the Infinite M200
Pro (Tecan).

Drug Exclusion Assay
For ethidium bromide exclusion efflux determination,
BL211acrB E. coli cells were used. Overnight cultures of
the E. coli cells were diluted and grown at 37◦C until OD600 nm

0.5–0.6 was reached. Cells were harvested and washed twice with
Efflux Buffer (100mM potassium phosphate (pH 7.5) and 5mM
MgSO4) and diluted to final OD600 nm of 18. 10µM of ethidium
bromide and 10mM arabinose was added. Ethidium bromide
fluorescence was measured by SH-8100 reader (Corona Electric
Co.) using λex = 530 nm and λem = 600 nm. Exclusion assays
were repeated at least four times providing the error envelopes.
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FIGURE 1 | The location of the hoisting-loop in the AcrB drug transporter. (A) A side view of the AcrB trimer. Each protomer representing one step in the drug
extrusion cycle is depicted in green, blue and light red for access, binding and extrusion, respectively. The hoisting-loop is shown in dark red. (B) A close-up view of
the hoisting-loop in the binding and extrusion monomers. Dark red indicated the residues 860TGMSYQERLSGNQ872. The open and closed channel 1 (CH1) can be
seen. (C) A close-up of the hoisting-loop region including TM8 and PC2 for the access, binding and extrusion monomers of AcrB. In the extrusion monomer, the PC2
domain (light red) is shifted downwards significantly along with the elongation of TM8 (altering the hoisting-loop from a random coil to an α-helix). Abbreviations: TM8,
transmembrane 8; HL, hoisting-loop; CH1, channel 1; Rif, rifampicin; PBP, proximal binding pocket.

Protein Expression and Crystallization
C-terminally His6-tagged mutant AcrB (hoisting-loop truncated
mutant) were expressed in JM1091acrB E. coli cells harboring
the pAcBH plasmid. The final mutant AcrB buffer condition was
20mM sodium phosphate pH6.2, 10% (v/v) glycerol, 0.05% (w/v)
n-Dodecyl-β-D-maltoside and the final protein concentration
was 20 mg/ml. Crystals of AcrB variants were made by the
hanging drop vapor diffusion method at 25◦C. The protein
solution was mixed with an equal volume of reservoir solution.
The reservoir solution contained 100mM SPG (succinic acid,
sodium phosphate monobasic monohydrate and glycine) buffer
at pH5.0 and 20% (w/v) PEG1500.

Crystallographic Analysis
X-ray diffraction data were collected at 100K on beamline
BL44XU at SPring-8 (Hyogo, Japan). X-ray data set was indexed,
integrated and scaled using iMosflm (Battye et al., 2011) and
Scala (Evans, 2006) from CCP4 program suite (Lebedev et al.,
2012). The initial structure was solved by molecular replacement
usingMOLREP (Vagin and Teplyakov, 2000) with wild-type AcrB
(3AOA with manual truncation of hoisting-loop) as a search
model. The model refinement was performed through multiple
cycles of manual rebuilding using the program COOT (Emsley
et al., 2010) and refinement using REFMAC5 (Murshudov et al.,
2011) with jelly-body option.

Frontiers in Microbiology | www.frontiersin.org October 2017 | Volume 8 | Article 209510

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


Zwama et al. Hoisting-Loop AcrB Highly Flexible Hinge

RESULTS

Truncated Hoisting-Loop
To check the role of the hoisting-loop segment,
860TGMSYQERLSGNQ872 located at the N-terminal end of TM8
(Figure 1), we created a shortened (truncated) hoisting-loop
mutant by deleting the three amino acids Leu868, Asn871 and
Gln872 (one turn of the α-helix, Figure 4). We tested the efflux
ability of the mutated pump by determining the growth ability
of AcrB-expressing E. coli cells (both wild-type and mutant)
in the presence of various structurally unrelated compounds:
minocycline, erythromycin, ethidium bromide, cloxacillin,
acriflavine, benzalkonium, crystal violet and rhodamine 6G.
We also tested the truncated mutant on ethidium bromide
exclusion ability in E. coli cells, compared to wild-type AcrB
expressing and acrB-knockout cells. When ethidium enters
the cell, it binds to DNA and becomes fluorescent. Active
AcrB transporters export ethidium out of the cell from the
periplasm or outer leaflet of the inner membrane before it enters
the cytoplasm and the fluorescence is kept significantly low,
hence acrB-knockout cells give a high fluorescent signal. The
mutant was expressed equally to wild-type AcrB (Supplementary
Figure 1). Figure 2A shows the growth curves panels for a
selected concentration of the compounds (all concentrations
can be seen in Supplementary Figure 2) and Figure 2B shows
the ethidium bromide accumulation in wild-type and mutant
AcrB. We found that the truncated mutant is a transporter
which retains its exclusion ability for all tested compounds.
The growth curves showing the vitality of the cells are in some
concentrations (especially higher ones) just slightly lower than
for wild-type AcrB (Supplementary Figure 2), but the mutant
basically retains complete efflux efficiency compared to wild-type
AcrB. The ethidium bromide exclusion assay also indicates that
the truncated mutant is a functional transporter, able to pump
ethidium out of the periplasm, with a fluorescent signal very
close to wild-type AcrB. The deletion of three amino acids in this
hoisting-loop segment of AcrB seems to have no effect on the
function of the transporter.

Crystal Structure of the Hoisting-Loop
Truncation Mutant AcrB
As the truncated mutant was a functional transporter, it raised
the question how a loop-deletion mutant AcrB can still make the
required conformational changes for the drug extrusion cycle.
We were also speculating if the entrance of the surface channel
CH1 was open or closed and thus whether or not the truncated
loop would still be able to have a gating function for CH1. In
order to address these questions, we solved the crystal structure
of the hoisting-loop-truncated mutant AcrB at 3.0Å. The crystal
was formed by hanging drop vapor diffusion at 25◦C at reservoir
pH 5.0 (see section Materials and Methods). In general, the
structure is almost identical to wild-type AcrB (RMSD 0.70,
0.67 and 0.78Å for access, binding and extrusion monomers,
respectively). Surprisingly, the structure shows that the entrance
of CH1 to the proximal binding pocket is still completely open in
the access and binding monomers (Figure 3A), similar to wild-
type AcrB (Figure 3). The shortened loop flexibly retains the

same length between Cβ5 and TM8 as in wild-type during the
export cycle by unwinding a part of the α-helix (Figure 3C).
Now, the random coil region is 864YQERSGAP871 in the access
and binding monomers of the truncated mutant. Although the
channel is completely open in the binding monomer, in the
extrusion monomer, we found that the loop was tightened and
stretched compared to wild-type AcrB. In contrast to wild-type
AcrB, the loop was not an α-helix extending the top of TM8,
but a stretched coil from the top of TM8 to the bottom of
PC2 (Figures 3B,C). As seen in Figure 3C (which compares
the secondary structure of wild-type and truncated AcrB), the
top region of the TM8 helix became a coil rather than a helix
in all monomers, indicating a shift: the random coil became
slightly longer in the access and binding monomer and became
a tight stretch in the extrusion monomer. The rest of the
protein domains were unchanged compared to wild-type AcrB,
indicating that the truncated loop was still able to act as a gate
for CH1, facilitating efflux for certain compounds by opening the
channel completely (Figure 3A), although the truncation of the
loop did cause a significant tightening of the loop (Figure 3B).
It also shows that this significantly moving region of AcrB is
very flexible and that the deletion of three residues (about one
turn of the α-helix) does not limit the ability of movement of the
porter-region sub-domains, nor the energy transduction from the
TM-domain to the porter-domain. A full comparison of the wild-
type and truncated (3AA deletion) AcrB movement throughout
the drug extrusion cycle can be seen in Supplementary Videos 1,
2 (cartoon and surface representation, respectively).

Flexibility of the Hoisting-Loop Segment
The previous results indicate that a truncated mutant of AcrB
is an active transporter and the protein adapts to a slightly
different structural arrangement by undergoing compensatory
conformational changes while maintaining full efflux ability.
Now, we wanted to test the flexibility of this region more
extensively. We created several more flexible and less flexible
hoisting-loop mutants. First, we replaced the amino acid
residues at both ends of this loop by proline residues (L868P
and Q872P), as depicted in Figure 4. The proline mutations
break the helix-formation and, as a result, the random
coil structure would be fixed in the extrusion state. We
created single and double mutants of these residue mutations.
Furthermore, we created even more flexible mutants, by the
introduction of repeats of GGS-residues: elongated mutant
AcrB. The three elongated mutations were 868LSGGSGNQ,
868LSGGSGGSGNQ, and 868LSGGSGGSGGSGNQ (Figure 4).
In addition, we constructed a hoisting-loop 6 amino acid
truncated mutant, 3 amino acids more than the truncatedmutant
discussed previously, by deleting the six residues 863SYQERL868

from the loop (Figure 4). We tested all mutants (including the
previously discussed truncated mutant) on efflux activity by
determining the agar plate Minimal Inhibitory Concentration
(MIC) values for nine compounds, which are shown in Table 1.
We found that all proline mutants and the hoisting-loop
(3AA deleted)-truncated mutant were fully functional. Also,
the very flexible significantly elongated mutants with GGS-
repeats were completely active. Even the 9AA elongated mutant
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FIGURE 2 | Efflux ability of the 3 amino acid truncated hoisting-loop mutant of AcrB. (A) Growth curves of wild-type (green) and mutant (red) AcrB expressing E. coli
cells, compared to acrb-knockout cells (blue). The concentration of the drugs is written above each panel (in µg/mL) and a complete growth curve set for other
concentrations can be found in Supplementary Figure 2. Shown is one of the results, repeats of the experiment gave similar results. (B) The ethidium bromide exclusion
ability of the truncated mutant (red) compared to wild-type AcrB (green) and acrb-knock-out (blue). Exclusion assays were repeated at least four times providing the ±

standard deviations shown by the error-envelopes. Abbreviations: WT, wild-type; KO, knock-out; HL (3AA), hoisting-loop 3 amino acids deleted mutant.

FIGURE 3 | The crystal structure of a hoisting-loop truncation mutant AcrB. (A) Surface view representation of the binding monomer of the truncated mutant (3 amino
acid deletion), zoomed in to the channel 1 (CH1) region. Although the loop (shown in red) is shortened, it still has an open channel. (B) A close-up view of the
truncated hoisting-loop (dark red) in the access, binding and extrusion monomers in the crystal structure (3.0Å, Supplementary Table 1) of the 3 amino acid truncated
AcrB mutant. (C) Secondary structure comparison of wild-type and truncated mutant AcrB of the hoisting-loop region from the Cß15 (PC2 domain) and the top of the
TM8 in the access, binding and extrusion monomers. A random coil or stretched helix are depicted as a green bar and the helixes are depicted as a green helix
depicted above the sequence. Abbreviations: CH1, channel 1; HL, hoisting-loop; TM8, transmembrane 8.

is an active transporter, showing that the loop does not play
an active role in the energy transduction. However, when
the flexibility of the hoisting-loop was decreased too much
(the 6AA deleted hoisting-loop mutant), the protein become
mostly (but not entirely) inactive for all tested compounds.
This shows that the flexibility of this region is a very
important factor for the activity of the transporter. There

is a limit in shortening the length of the hoisting-loop of
about one turn of the helix (as discussed previously, see
Figures 2, 3) and removing about two turns makes the efflux
of compounds out of the cell very inefficient, probably by
limiting the required movement of the PC2 domain. All mutants
were expressed equally to wild-type AcrB (Supplementary
Figure 1).
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FIGURE 4 | The range of flexibility of the hoisting-loop mutants. Sequence alignment of wild-type and hoisting-loop mutants of AcrB (here written as
860TGMSYQERLSGNQAP874 ). The triangle on the left indicates the degree of flexibility from low (red) to high (blue). “Truncated (6AA)” is the 6 amino acid
deletion-mutant and “Truncated (3AA)” is the 3 amino acid deletion-mutant. Each “Pro Single” is either mutation L868P or Q872P, and “Pro Double” represents both
mutations. The flexible elongated mutations are shown as “Flexible (+GGS),” “Flexible (+GGSGGS),” and “Flexible (+GGSGGSGGS).” A dot shows a deletion
mutation and a line simply represents the relative difference compared to the most elongated flexible mutant in order to align all mutants.

TABLE 1 | Minimal Inhibitory Concentration (MIC) values for several structurally unrelated drugs.

Strain Flexibility Minimal Inhibitory Concentration (MIC, µg/mL)

CLX BZK EtBr CV NB R6G MINO ACR EM

1tolC 0.25 4 8 2 2 32 0.5 8 2

acrB-KO 2 4 16 2 16 32 0.5 16 4

Wild-type AcrB 256 512 1,024 16 1,024 8,192 >2 1,024 128

Truncated (6 amino acids) Lowest 16 32 256 8 128 256 0.5 32 32

Truncated (3 amino acids) 256 128 1,024 16 1,024 8,192 >2 1,024 128

Pro single (L868P) 256 128 1,024 16 1,024 8,192 >2 512 128

Pro single (Q872P) 256 256 1,024 16 1,024 8,192 >2 1,024 128

Pro double (L868P+Q872P) 256 512 1,024 16 1,024 8,192 >2 1,024 128

Elongated (+GGS) 512 512 >1,024 16 1,024 >8,192 >2 1,024 128

Elongated (+GGSGGS) 256 512 1,024 16 1,024 8,192 >2 1,024 128

Elongated (+GGSGGSGGS) Highest 512 512 1,024 16 1,024 8,192 >2 1,024 128

MIC concentrations were determined by step-wise dilutions gradients of the compounds in agar plates and the growth ability of MG1655∆acrB E. coli cells (expressing the proteins

from the plasmid) was determined. Values are in µg/mL. The colors indicate the degree of flexibility from low (red) to high (blue). Abbreviations: CLX, cloxacillin; BZK, benzalkonium;

EtBr, ethidium bromide; CV, crystal violet; NB, novobiocin; R6G, rhodamine 6G; MINO, minocycline; ACR, acriflavine; EM, erythromycin.

DISCUSSION

We show that the hoisting-loop is a highly flexible hinge that
enables the large conformational changes of the subdomains of
AcrB. Helix-breaking proline mutants, elongated loop mutants
and truncated mutants show that this loop is extremely flexible.
These protein mutants are still able to execute the required drug
extrusion cycle (Table 1). The results of the truncated mutant
indicate that the loop’s conformational changes are a result of
the movement of the protein during its extrusion process, and its
flexibility enables these significant conformational changes in the
AcrB drug transporter. The flexibility is indeed important for the
protein function, as the 6 amino acid truncated mutant becomes
mostly inactive (Table 1).

Crystal structures of AcrB TM-mutants by Eicher et al. (2012)
support the hypothesis that there is a relationship between the
TM-region and porter domain and between the conformational
changes within the TM-domain and the configuration of certain

amino acids within the proton relay pathway (Guan and Nakae,
2001; Su et al., 2006; Takatsuka and Nikaido, 2006; Eicher et al.,
2014). In the access and binding monomers, Asp407, Asp408
(both TM4) and Lys940 (TM10) form ion pairs. In the extrusion
monomer, the Lys940 is titled about 45◦ and the ion pairs
are broken. In addition, residue Arg971 (TM11) changes its
conformation significantly in the extrusion monomer compared
to the other monomers (Murakami et al., 2006; Seeger et al.,
2006; Sennhauser et al., 2007; Yamaguchi et al., 2015). In the
bindingmonomer, Arg971 is separated from the cytoplasm by the
residues Phe948, Met970 and Gln437, but open to the periplasm
by a water channel (a center void). On the other hand, in the
extrusion monomer, Arg971 is extended and exposed to a water
channel connected to the cytoplasm, where it can supposedly
release a proton to the interior of the cell. It is postulated that
after the release of the proton from Arg971 to the cytoplasm, the
residue takes a new proton from Asp408 and as a consequence,
protonated Lys940 can restore its ion bond with Asp408, to
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form the access monomer. From this point, the proton of
Lys940 is able to translocate to the deprotonated Asp408 and
the proton from Asp407 can subsequently bind to Lys940, to
form the bindingmonomer (Fischer and Kandt, 2011; Yamaguchi
et al., 2015). Although the movements of the different regions
and subdomains (such as TM2, TM8, 1α, the two TM-helix
repeats, PN1/PC2 and PN2/PC2 and amino acids such as Lys940
and Arg971), as well as the protonation and deprotonation in
the different stages of transport is well defined (Eicher et al.,
2014) and possible mechanisms hypothesized (Eicher et al.,
2014; Yamaguchi et al., 2015), it remains unclear how exactly
the conformational coupling across the transmembrane and the
porter domains occurs.

We found that the flexible hinge of the hoisting-loop helps
facilitating the radical movements of the subdomains passively,
as the elongated loop mutants (even the 9AA elongated mutant)
exhibit the same phenotype as wild-type AcrB. As there are no
other significant conformational changes in loops and regions
linking the TM- and porter-domains directly during the drug
extrusion cycle (e.g., similar to the hoisting-loop discussed
in this study), another hypothesis needs to explain remote
energy coupling mechanism of RND transporters. Computer
simulations may shed a light on the complex mechanism of the
exporter. Energy transduction might be due to the subtle changes
in the TM-domain, explained by packing efficiency through the
solvent-entropy effect translated to the porter domain, described
by thermodynamics by computer simulations (Mishima et al.,
2015) rather than a direct allosteric energy coupling. The
structure of the AcrB trimer has often been compared to the
αβ-subunits of bovine F1-ATPase, which also comprises similar
functional access, binding and extrusion states by its monomers.
Perhaps similar to F1-ATPase (Abrahams et al., 1994), the most
stable conformation is disturbed (in this case by the binding
of ATP instead of a proton) and the adjacent subunits react
accordingly to these changes (compensating for energy loss)
(Ito and Ikeguchi, 2015). This may be compared to the trimer
reorganization of both the TM- and the porter-domain (the
functionally rotating mechanism) and the interaction of the
monomers with each other within the homotrimer (the entropy
loss in one monomer due to the conformational changes during
the export cycle is balanced by the entropy-gain of the other
two monomers), facilitated by the necessary compensation of
the protonation and deprotonation of AcrB (the proton-motive-
force is necessary to energize the energy-unfavorable transitions
during the export cycle) (Mishima et al., 2015). Although
computer simulations can show the thermodynamic properties
of the transporter during transport, they have their limitations

and more biochemical and biophysical studies need to be done
in order to elucidate the remote energy coupling mechanism of
RND transporters. From our study, it is clear that the hoisting-
loop region of AcrB plays an important role as facilitator between
the transmembrane and porter domains, acting as a flexible
hinge.

In summary, we show that the hoisting-loop is extremely
flexible and necessary. Even a truncated loop mutant is able
have a functional gating mechanism with an open CH1 channel,
although additional truncation significantly inhibits the function
of the exporter. Fully active elongated mutants show us that
this region of AcrB is extremely flexible and that an increase
of flexibility does not inhibit the energy transduction nor the
function of the protein. The flexible loop can facilitate the
significant changes in the porter subdomains PC1 and PC2. Our
knowledge and understanding of RND transporters is crucial for
the development of new antibiotic therapeutics.
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Secondary multidrug transporters of the resistance-nodulation-cell division (RND)
superfamily contribute crucially to antibiotic resistance in Gram-negative bacteria.
Compared to the most studied transporter AcrB of Escherichia coli, little is known
about the molecular determinants of distinct polyspecificities of the most important
RND transporters MexB and MexY of Pseudomonas aeruginosa. In an effort to add
knowledge on this topic, we performed an exhaustive atomic-level comparison of
the main putative recognition sites (access and deep binding pockets) in these two
Mex transporters. We identified an underlying link between some structural, chemical
and dynamical features of the binding pockets and the physicochemical nature of the
corresponding substrates recognized by either one or both pumps. In particular, mosaic-
like lipophilic and electrostatic surfaces of the binding pockets provide for both proteins
several multifunctional sites for diffuse binding of diverse substrates. Specific lipophilicity
signatures of the weakly conserved deep pocket suggest a key role of this site as a
selectivity filter as in Acr transporters. Finally, the different dynamics of the bottom-loop
in MexB and MexY support its possible role in binding of large substrates. Our work
represents the first comparative study of the major RND transporters in P. aeruginosa
and also the first structure-based study of MexY, for which no experimental structure is
available yet.

Keywords: RND efflux pumps, multidrug transporter, Pseudomonas aeruginosa, antibiotic resistance, molecular
dynamics, molecular modeling

INTRODUCTION

Pseudomonas aeruginosa is an opportunistic human pathogen and a leading cause of nosocomial
infections worldwide due to the emergence and spread of multi, extensive, and pan-drug resistant
isolates susceptible to very few antimicrobial agents (Fischbach and Walsh, 2009; Poole, 2011).
The intrinsic resistance of P. aeruginosa to multiple antibiotics results from the synergy between
its low permeable outer membrane and the action of (chromosomally encoded) multidrug efflux
systems like the ones constituted by the resistance-nodulation-cell division (RND) superfamily
of secondary transporters (Hancock, 1998; Li et al., 2015), which contribute to both intrinsic
and acquired resistance (Poole, 2001; Poole and Srikumar, 2001; Dreier and Ruggerone, 2015).
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Several RND type efflux systems have been identified in
P. aeruginosa PAO1 (Webber and Piddock, 2003; Poole, 2005;
Lister et al., 2009; Zechini and Versace, 2009; Fernández and
Hancock, 2012; Blair et al., 2014; Delmar et al., 2014; Sun et al.,
2014), with the most significant for multidrug resistance being
MexAB-OprM (Poole et al., 1993; Gotoh et al., 1995) and MexXY-
OprM (Aires et al., 1999; Mine et al., 1999; Westbrock-Wadman
et al., 1999). These two machineries contribute additively to
the resistance to common substrate antibiotics (Lee et al., 2000;
Llanes et al., 2004); moreover, their different specificities (viz.
MexB for β-lactams and MexY for aminoglycosides) drastically
reduce the susceptibility of infectious strains to numerous classes
of antibiotics (Llanes et al., 2004).

The MexAB-OprM tripartite system was the first RND-type
multidrug efflux system to be discovered in P. aeruginosa at
approximately the same time as the AcrAB-TolC system of
E. coli (Poole et al., 1993). MexB resembles AcrB with a jellyfish-
like structural topology formed by an asymmetric trimer with
each protomer comprising three domains (Ruggerone et al.,
2013) (Figure 1A): (i) a trans-membrane domain (TMD) of
12 α-helices embedded in the inner membrane (IM), where
the chemical-to-mechanical energy conversion takes place; (ii)
a pore (porter) domain (PD) located in the periplasm, where
substrate recruitment and transport occur; and (iii) a periplasmic
funnel domain (FD), which connects the RND transporter
to the outer membrane protein (OMP) via the assembly of
membrane fusion proteins (MFPs) (Symmons et al., 2015) in
the constituted pump. Substrate transport is characterized by
the typical “functional rotation mechanism” (Supplementary
Figure 1) in which concerted (but not necessarily synchronous)
cycling of the protomers occurs through all of the so far identified
asymmetric states: Loose (L) (a.k.a. Access) in which a substrate
binds to a peripheral site termed access pocket (APL); Tight
(T) (a.k.a. Binding) in which the substrate binds to a deeper
pocket (DPT); and Open (O) (a.k.a. Extrusion) in which the
substrate is released into the central funnel leading toward the
OMP (Murakami et al., 2006; Seeger et al., 2006; Pos, 2009).
The two pockets, APL and DPT (Figure 1B and Supplementary
Figure 1), were previously identified in AcrB [and the latter also
in MexB (Nakashima et al., 2013)] as the binding sites responsible
for the recognition and selectivity of different types of substrate
molecules based on their molecular weight or chemical type
(Nakashima et al., 2011; Kobayashi et al., 2014; Iyer et al., 2015;
Schuster et al., 2016). The pockets are separated by a G-rich (a.k.a.
switch) loop whose flexibility has been shown to be important for
the transport of high-molecular mass compounds (Nakashima
et al., 2011; Eicher et al., 2012).

The MexY system, identified later, shares an overall sequence
identity (similarity) of nearly 47% (66%) with MexB and nearly
48% (67%) with AcrB and AcrD (Supplementary Table 1).
Thus, MexY is expected to resemble them in global features
like structural fold, location of main ligand binding pockets
and functional rotation mechanism (Srikumar et al., 1997;
Murata et al., 2002; Eda et al., 2003a). However, MexB and
MexY display relevant differences in their substrate specificities
(Table 1 and Supplementary Figures 2, 3). For instance, the
substrate specificity of MexB is very similar to that of AcrB

(e.g., both proteins transport macrolides such as erythromycin,
most beta-lactams, chloramphenicol, etc.) and slightly yet
significantly different from that of MexY (aminoglycosides
such as gentamicin, tobramycin, amikacin, and isepamycin are
transported only by MexY but not by MexB and AcrB) (Krahn
et al., 2012; Dreier and Ruggerone, 2015).

Previous studies on these Mex pumps focused on identifying
domains responsible for substrate recognition by means of
chimeric domain swapping (Tikhonova et al., 2002; Eda et al.,
2003b). A few investigations attempted to identify the substrates
of Mex pumps (Masuda et al., 2000b; Collu et al., 2012), the
residues involved in substrate selectivity (Middlemiss and Poole,
2004; Wehmeier et al., 2009) and also to explain the structural
basis for the differential binding of inhibitors to MexB and MexY
(Nakashima et al., 2013). However, the molecular basis for the
diversity in the substrate profile of these Mex pumps remains
largely unknown. One of the key steps to bridge this gap would
be to map the differences in substrate specificities between these
proteins to distinct structural, chemical and dynamic features of
their main putative substrate-binding pockets. Unfortunately, the
absence of an experimental structure of MexY and the availability
of only one structure of MexB bound to compounds [the ABI-
PP inhibitor D13-9001 within DPT (Nakashima et al., 2013)]
have made it hard to reach this goal. However, given the overall
good sequence identity and similarity of MexY with MexB of
P. aeruginosa and with AcrB of E. coli for which high resolution
X-ray structures are available, reliable computational modeling of
MexY and related structure-based studies are possible.

In addition, as these biological systems are not static in vivo,
understanding their dynamics in terms of statistically relevant
conformations, interactions with solvent, and physicochemical
nature of the putative binding pockets is essential for a
more robust comparison. In this regard, computational
modeling, in particular all-atom molecular dynamics (MD)
simulations, have already proven to be valuable in addressing
the molecular mechanisms of RND transporters (Schulz
et al., 2010; Vargiu et al., 2011, 2014, 2018; Collu et al., 2012;
Fischer and Kandt, 2013; Ruggerone et al., 2013; Zuo et al.,
2015, 2016; Ramaswamy et al., 2017a,b; Matsunaga et al.,
2018). By employing homology modeling and extensive multi-
copy µs-long MD simulations, we recently identified the
underlying link between the microscopic environment of the
dynamic binding pockets and drug properties that governs and
regulates substrate recognition and transport in AcrB and AcrD
transporters of E. coli (Ramaswamy et al., 2017b). Very little
is known of the physicochemical and dynamic features of the
corresponding binding pockets in MexB and hardly anything for
MexY.

In this work, we characterized and compared the main
putative binding pockets (APL and DPT) of MexB and MexY in
terms of molecular descriptors like accessible volume, lipophilic
index, electrostatic potential, hydration profile and distribution
of multi-functional sites (MFSs). These descriptors depend on
the sequence, structure and dynamics of the pockets, and clearly
affect the molecular recognition of substrates. We identified
features that potentially explain the highly multifunctional nature
of these pockets in MexB and MexY. In particular, the ability of
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FIGURE 1 | General structure of an RND transporter and comparison of the putative binding pockets (AP and DP) between MexY and MexB. (A) The general
structure of an RND transporter highlighting the three main domains (TMD, PD, and FD) with different colors. (B) The figure in the middle shows the top view of the
four main domains (colored differently) enclosing the AP and DP. The locations of the pockets are schematically shown as red and blue colored circles for AP and DP,
respectively. The insets highlight the mismatched residues of MexY and MexB as yellow-colored beads with the residue labels colored by residue type (non-polar
residues in black, polar residues in green, basic residues in blue, and acidic residues in red). The residue labeling follows the notation “MexY (MexB).”

MexY to accommodate a very diverse set of substrates ranging
from hydrophobic macrolides to hydrophilic aminoglycosides,
can be explained by the intermediate lipophilic profile (scaling
between that of AcrB and AcrD) in synergy with the mosaic-like
electrostatic environment of its main putative binding pockets.
Furthermore, correlating our previous findings on the structure-
function relation of Acr transporters (Ramaswamy et al., 2017b)
with those of Mex transporters could be informative to new
drug design attempts addressing efflux pumps-based antibiotic
resistance (Ruggerone et al., 2013).

RESULTS AND DISCUSSION

Sequence Comparison
Since bacteria respond to adverse environmental stress by altering
their genetic makeup, we first analyzed the sequences of MexB
and MexY from all available bacterial strains of P. aeruginosa.
Both these protein sequences were found to be well conserved
across the strains deposited in UniProtKB1 (accessed November
2017). MexB of P. aeruginosa and AcrB of E. coli showed a

1http://www.uniprot.org/blast

comparable sequence identity (∼47 and∼48%, respectively) and
similarity (∼66 and ∼67%, respectively) with MexY having least
gaps (none in the binding pockets) over maximum sequence
coverage (Supplementary Table 1). Further, on comparing MexY
to MexB (Figure 1B and Supplementary Figure 3), we noticed
that both AP and DP were less conserved than the overall
proteins, sharing only around 35 and 34% identities, respectively.
However, in terms of chemical composition of the pockets,
the DP of both MexB and MexY showed an equal proportion
of hydrophobic residues (∼50%), but different proportions of
polar and charged residues (32 and 11% in MexB vs. 23 and
16% in MexY, respectively). The AP exhibited a slightly higher
proportion of hydrophobic residues and a lower proportion
of polar and charged residues in MexB than in MexY (56%
vs. 50%, 21% vs. 27%, and 13% vs. 15%, respectively). Most
of the residues identified as essential to establish interactions
with the substrates and/or the inhibitors in AcrB (Elkins and
Nikaido, 2002; Nakashima et al., 2011; Vargiu et al., 2011;
Eicher et al., 2012; Yao et al., 2013; Kobayashi et al., 2014;
Blair et al., 2015; Opperman and Nguyen, 2015) were well
conserved in MexB. The characteristic hydrophobic trap (HP-
trap) sitting within the DP and rich in phenylalanine residues
was completely conserved in MexB but not in MexY. The

TABLE 1 | Antibiotic substrate specificities of the paralog RND transporters MexB and MexY from P. aeruginosa (Li et al., 1995; Köhler et al., 1996; Zhao et al., 1998;
Ziha-Zarifi et al., 1999; Masuda et al., 2000a; Chuanchuen et al., 2001; Okamoto et al., 2001; Hocquet et al., 2003; Llanes et al., 2004; Mesaros et al., 2007; Nakashima
et al., 2013).

Transporter(s) MexB MexY MexB and MexY

Substrates Most beta-lactams (except imipenem),
novobiocin, trimethoprim and triclosan

Aminoglycosides (gentamicin, tobramycin, amikacin),
Penicillins (except carbenicillin and sulbenicillin),
Cephems (except cefsulodin and ceftazidime)

Macrolides (erythromycin, spiramycin),
Fluoroquinolones, chloramphenicol,
Tetracyclines

Substrate type Hydrophobic Hydrophilic Amphiphilic

Classes of compounds are indicated, with examples of specific compounds within parentheses (2D chemical structures of these compounds are shown in Supplementary
Figure 2). General physicochemical property of antibiotic substrates of MexB and MexY are also specified.
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HP-trap does interact only smoothly with the transported drugs
(Kinana et al., 2016) but it is likely a preferred target site
for inhibitor design in AcrB (Bohnert et al., 2008; Vargiu
et al., 2011, 2014; Ruggerone et al., 2013; Opperman and
Nguyen, 2015; Ramaswamy et al., 2016). The corresponding
HP-trap region in MexY though mostly hydrophobic contains
the hydroxyl group of Y605 (corresponding to F610 in MexB
and AcrB) and the nitrogen atom of the indole ring of W177
(corresponding to F178 in MexB and AcrB) (Nakashima et al.,
2013).

MD Simulations of MexB and MexY
The all-atom MD simulations of apo-form of MexB were
started from the crystallographic structure with PDB code
3W9I (pre-MD of MexB). As no experimental structure of
MexY is available to date, we generated a reliable multi-
template homology model of this transporter using the crystal
structures of MexB (PDB code 3W9I) and AcrB (PDB code
4DX5). Details of the rigorous validation of this model
(pre-MD of MexY) are reported in Supplementary Material
(Supplementary Table 2). The stability of the MexY model
and its suitability for subsequent quantitative analyses were
further validated by performing 4 independent µs-long MD
simulations.

Considering the root mean square deviation of the whole
protein backbone and of each protomer with reference to
the initial structure (Supplementary Figure 4), we established
the equilibration time of ∼0.2 µs to be the most suitable
for both MexB and MexY simulations. On the remaining
∼4 µs-long (4 × 1 µs) cumulative MD trajectory of each
protein, we performed a cluster analysis to extract statistically
relevant conformations sampled by the proteins (Supplementary
Figures 5, 6). The most populated clusters were used to
characterize the distribution of accessible binding volumes,
molecular lipophilicity, electrostatic potential and MFSs. The
trajectories themselves were further analyzed for hydration
patterns within the APL and DPT of both proteins. In
the following, we discuss separately the results of these
characterizations.

Access Pocket of the Loose Protomer
Pocket Volume and Essential Dynamics
The accessible volume at the recognition pocket is the first of
the many factors governing optimal ligand binding in addition
to shape and electrostatic complementarity (Ruiz-Carmona et al.,
2014). Promiscuous RND transporters were earlier identified to
have a large binding site with a reasonable degree of plasticity
to facilitate binding of molecules of a wide range of sizes
(Edward et al., 2003; Nikaido and Takatsuka, 2009; Marsh,
2015).

The APL of MexB featured an average value of ∼1120 Å3

with the most populated cluster (about 28% of the simulation
time) showing a pocket volume of around 1440 Å3. In the
case of MexY, the APL showed a larger average volume of
∼1590 Å3 with the most populated cluster (covering ∼19%
of the simulation time) showing around 2180 Å3 (Figure 2
and Table 2). Interestingly, while in MexB the volume of APL

diminished significantly from that in the pre-MD structure
(3350 Å3), the values calculated in MexY were overall in line
with the initial volume of ∼1600 Å3 (Table 2). The opening
of this site in the crystal structures 2V50 (Sennhauser et al.,
2009) and 3W9I (Nakashima et al., 2013) of MexB with
respect to the MD-based structures could, for instance, have
been induced by the presence of other (perhaps unresolved)
molecules, as suggested earlier for the DPT of AcrB (Seeger
et al., 2006; Sennhauser et al., 2007; Fischer and Kandt,
2013).

It is also worth pointing out that both Mex transporters
display smaller APL average volumes compared to AcrB and
AcrD (about 2510 ± 440 Å3 and 3010 ± 380 Å3, respectively).
In particular, during MD we observed a compression of the
APL volume of nearly 66% in MexB vs. 30% in AcrB. It is to
be noted that a constricted state of MexB (PDB code 2V50)
with respect to AcrB was previously reported by Sennhauser
et al. (2009) from their crystallographic studies. Nonetheless,
the volumes of APL in MexB and MexY (Table 2) are much
larger than those of the largest substrates [e.g., erythromycin
having a volume of 727 ± 2 Å3 (Malloci et al., 2015)]
transported by these pumps. This indicates the possibility of a
substrate to bind in different orientations and/or at different
sub-pockets, a hypothesis compatible with the multisite-drug-
oscillation (Yamaguchi et al., 2015) and diffuse binding (Marsh,
2015) in these proteins.

In addition to pocket volume calculations, we performed
principal component analysis (PCA) of equilibrium MD
trajectories in order to identify the essential dynamics of regions
lining the putative main binding pockets. Porcupine plots of
the top three principal components (Figures 2B,D) show the
entire APL of MexB and MexY exhibiting almost a coherent
motion with slightly larger magnitude (depicted by length of the
arrows) in the case of MexB. The dynamicity of the bottom-loop
lining the base of APL and earlier identified as a peculiar feature
of AcrB but not AcrD (Ramaswamy et al., 2017b) appeared
to be different even in Mex transporters (Figure 3). The most
populated cluster in MexB and in fact all cluster representatives
were characterized by an “up” conformation, comparable to the
pre-MD or the crystal structure of MexB (PDB code 3W9I).
In the case of MexY, the corresponding bottom-loop showed
an intermediate state between the “up” state of its pre-MD
and its MexB template structure and the “down” state seen in
the AcrB template structure (PDB code 4DX5). The magnitude
of Cα displacements of the bottom-loop was different in Mex
(<6.4 Å in MexB and <8.9 Å in MexY) and Acr (<12.5 Å in AcrB
and <6.7 Å in AcrD) transporters (Ramaswamy et al., 2017b).
On comparing the amino acid sequence among these different
transporters, we found it interesting that this loop is poorly
conserved across the Mex (MexB: LELGNA, MexY: PDLGST)
and Acr (AcrB: VELGTA, AcrD: SGLGSS) transporters, with
only residues LG being fully preserved across the four proteins.
This could partly explain the differential dynamicity of the
bottom-loop observed in our simulations. Further studies are
needed to investigate the role of this loop in synergy with the
G-loop in regulating substrate access and transport in these RND
transporters.
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FIGURE 2 | Volume dynamics of APL of MexB and MexY. (Left panel) Distribution of the volume of APL of MexB (A) and MexY (C), calculated for the 10 top cluster
representatives extracted from equilibrium MD trajectories. Histograms refer to the volumes, lines to the relative population of the corresponding clusters. The
volumes calculated for the pre-MD structures of MexB and MexY are shown as dashed lines. (Right panel with side view of the protomer) Porcupine plots
representing collective motions along the PC eigenvector for APL in MexB (B) and MexY (D) simulations shown as arrows (>2Å) attached to Cα atoms indicating the
magnitude of the corresponding eigenvalues. Features of APL are colored blue and green in MexB and MexY, respectively. The G-loop and bottom-loop are shown
as thicker tubes. The substrate path from the periplasmic entrance (dot) to the exit gate (arrow head) is shown with a dashed arrow passing between the two main
loops likely governing substrate access and transport in RND pumps.

Lipophilic Index (LI) and Molecular Lipophilicity
Potential (MLP)
In addition to steric features, an adequate lipophilic profile is
essential for suitable binding of hydrophobic or amphipathic
molecules such as macrolides (e.g., erythromycin and

TABLE 2 | Volumes of APL and DPT of MexB and MexY.

System Volume (Å3)

Pre-MD MD clusters

APL

MexB 3350 1120 ± 290

MexY 1600 1590 ± 350

DPT

MexB 5120 2310 ± 200

MexY 3840 2400 ± 210

For MexB, the pre-MD structure corresponds to the crystal structure identified by
PDB code 3W9I while for MexY it is the final optimized model used as starting
configuration for MD simulations.

spiramycin) transported by both Mex proteins. In order
to characterize the lipophilicity of the pocket, estimate its
dependence on the conformation of the protein, and compare
closely related RND transporters, we calculated the LI of APL
for the pre-MD structures and for representative structures of
all clusters. There was no remarkable difference in LI of APL
between pre-MD and MD values of MexB and MexY in our
case [Table 3 and Supplementary Figure 7 (Upper panel)], as
observed also for the LIs of Acr proteins (Ramaswamy et al.,
2017b) [AcrB: 7.2 vs. 7.0 (±1.0) and AcrD: 1.2 vs. 1.6 (±0.6) for
pre-MD and MD, respectively].

Considering the four RND transporters, we found that
MexB and MexY featured intermediate LIs between those of
AcrB (highest) and AcrD (lowest). Specifically, for the Mex
transporters, the LIs were slightly higher for MexY than for
MexB, despite the higher percentage of hydrophobic residues
at this site in the latter protein. This is due to the reduced
exposed lipophilic surface (Oberhauser et al., 2014) associated
with the aforementioned closure of the pocket in MexB
during MD simulations. To verify this aspect we considered
open structures of MexB [both crystal structures with PDB

Frontiers in Microbiology | www.frontiersin.org June 2018 | Volume 9 | Article 114420

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


fmicb-09-01144 June 1, 2018 Time: 14:50 # 6

Ramaswamy et al. Promiscuity Determinants in MexB/Y Transporters

FIGURE 3 | Main conformational states of the bottom-loop in MexB (Left panel) and MexY (Right panel). The conformation of the most populated MD clusters and
the pre-MD structures are shown in blue and orange cartoons, respectively. The conformation of AcrB (PDB code 4DX5) is also shown for reference in red. The
conformations of the G-loop are also indicated with the same color code.

codes 2V50 (Sennhauser et al., 2009) and 3W9J (Nakashima
et al., 2013), and homology models built using AcrB with
PDB code 4DX5 (Eicher et al., 2012) as template] and top
five models of MexY built using 2V50 as template. The
average LI values computed were 6.4 ± 2.5 and 5.5 ± 1.0
for MexB and MexY, respectively, in line with the features
of the residues lining the pocket. Overall, the intermediate
values of the Mex transporters reveal that the specific chemical
environment of their APs is neither entirely hydrophobic
nor entirely polar in both proteins as noticeable from their
molecular lipophilic surfaces (Figures 4A,B), thereby giving
rise to weak binding with dispersed interactions, possibly
facilitating substrate transport (Marsh, 2015; Yamaguchi et al.,
2015).

Electrostatic Potential
The recognition of charged substrates (viz. polycationic
aminoglycosides by MexY and zwitterionic or anionic β-lactams

TABLE 3 | Lipophilic indexes of APL and DPT of MexB and MexY.

System Lipophilic Index

Pre-MD MD clusters

APL

MexB 2.7 2.7 ± 0.9

MexY 4.2 4.5 ± 1.2

DPT

MexB 20.1 4.1 ± 2.3

MexY 15.9 8.9 ± 2.2

See Table 2 for further details.

by MexB) is mediated by electrostatic complementarity, which
is essential for initial substrate recruitment and augmentation
of their association rate (Selzer et al., 2000; Levy et al., 2007).
The APL of MexY has a slightly greater number of polar and
charged residues compared to that of MexB. This difference
was mirrored in the different electrostatic potentials of the two
transporters, as can be seen from their projection onto the
solvent accessible surface areas in Figures 4C,D. In particular,
two main regions are clearly visible in MexB: a negative patch
near the base of APL and on the PC2 domain, and positive
patches near the zone exposed to the periplasmic cleft entrance
(mostly on PC1). This separation was less intense in MexY,
which compared to MexB also featured an overall greater
distribution of positive patches within the APL. The marked
influence of electrostatics on substrate recognition and transport
in MexY was already highlighted in an experimental mutation
study reported by Poole and co-workers (Lau et al., 2014). In
particular, three residues (D133, Y613, and K79) principally
lining the AP compromised (D133, Y613) or enhanced (K79)
aminoglycoside resistance upon substitution. These effects
are in agreement with our findings, as the removal of the
positive charge on K79 along the transport path likely enables
a more efficient transport of molecules such as polycationic
aminoglycosides, while substituting D133 with S or A, thus
removing a negative patch in that pocket, probably has a
negative effect on the recognition/binding of positively charged
molecules.

It is interesting to note that the electrostatic nature of MexB
and MexY seen here are comparable to that of AcrB (more
negative) and AcrD (more positive), respectively. However,
based on the homology to Acr transporters of E. coli in which
residues essential for specificity to anionic β-lactams in AcrD
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FIGURE 4 | MLP and electrostatic potential of APL of MexB and MexY. (Upper panel) MLP isosurfaces observed within 4 Å of APL of MexB (blue) and MexY (orange)
in pre-MD (A) and the representatives of the most populated cluster (B) as seen from the center of the protomer. The hydrophobic/aromatic residues are shown as
sticks in the structures. Isosurfaces at 0.75 (solid), 0.5 (dark transparent), and 0.25 (light transparent) are shown in blue (MexB) or orange (MexY). The HP-trap and
Vestibule sites are also labeled in the pre-MD structure of MexB. The G-loop is shown in yellow cartoon. (Lower panel) The electrostatic potential plotted on the
molecular surface representation of APL in the pre-MD (C) and the most populated cluster representative (D) of the Mex proteins as seen from the periplasmic front
of the protomer. The color code is red to blue from negative (−10 kbT/e) to positive (+10 kbT/e) potential, where kb is the Boltzmann constant, T is the absolute
temperature and e is the electron charge.

FIGURE 5 | Hydration of APL of MexB and MexY. (A) Comparison of RDF profiles of water oxygen atoms around APL of MexB (red solid line) and MexY (brown
dash-dotted line) extracted from the equilibrium MD trajectories. (B) Comparison of SDF of waters within the APL. The SDF was calculated over the configurations
forming the most populated cluster of MexB (Left) and MexY (Right). The isosurfaces are shown at density isovalue of 2.5 (transparent surface) and 5 (solid mesh).
The AP and DP are marked in green and red, respectively, while the G-loop in yellow cartoon representations. The hydrophobic/aromatic residues of the pocket are
shown as cyan and orange sticks in the respective structures.

were recently identified (Kobayashi et al., 2014), we found the
corresponding residues (Q in MexB/MexY at position of R568
in AcrD; M in MexB/MexY at position of R625 in AcrD; E in
MexB and D in MexY at position of G672 in AcrD) to differ in
MexB and MexY. This lack of sequence identity may indicate
a different selection filter for charged substrates in these Mex
transporters.

Hydration Analysis
The radial distribution function (RDF) and spatial distribution
function (SDF) profiles of water oxygen atoms around the APL

residues in MexB and MexY were assessed for any possible
difference in the density of hydration. The first solvation shell
was found at around 2 Å from any residue lining the pocket
in both proteins, displaying a slightly lower intensity in MexB
(Figure 5A). The SDF was calculated on the trajectory of the
most populated cluster extracted from MD simulations of MexB
and MexY to get more insights into the spatial distribution of
water in the pocket (Figure 5B). The SDF profiles featured no
water density spots near the hydrophobic residues in APL of both
MexB and MexY but showed a slightly higher number of dense
regions in MexY at identical density isovalues (Figure 5B). The
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other lesser populated clusters showed no water dense regions at
similar isovalue in both proteins.

From visual inspection, the RDF plots of MexB and MexY are
comparable to those of AcrB and AcrD, respectively, which can be
related to the similarity in the overall physicochemical makeup
of their putative binding pockets. However, MexB featured
much less water dense regions than MexY at density isovalues
corresponding to the spots found earlier in AcrB and AcrD
(Ramaswamy et al., 2017b).

Deep Pocket of the Tight Protomer
The DP was earlier suggested to be the recognition site for low
molecular mass compounds and inhibitors (the latter interacting
strongly with the HP-trap within this site) (Murakami et al.,
2006; Nakashima et al., 2011, 2013; Eicher et al., 2012; Vargiu
and Nikaido, 2012; Vargiu et al., 2014; Sjuts et al., 2016; Wang
et al., 2017). According to the available X-ray structures of AcrB
(Murakami et al., 2006; Seeger et al., 2006; Sennhauser et al., 2007;
Eicher et al., 2012) and MexB (Sennhauser et al., 2009; Nakashima
et al., 2013), this pocket is open only in the Tight protomer;
therefore, all the analyses concerning this site were performed on
the Tight protomer of MexB and MexY.

Pocket Volume and Essential Dynamics
The volume of the DPT ranged from 2000 to 2800 Å3 in both
proteins (average values around 2310 and 2400 Å3 for MexB
and MexY, respectively), and also the most populated clusters
featured a very similar volume of ∼2500 Å3 (Figures 6A,C).
The pre-MD structures showed a much larger DPT in both
proteins (5120 and 3840 Å3 in MexB and MexY, respectively)
(Table 2). This result resembled our previous findings for the
major RND transporters of E. coli (Ramaswamy et al., 2017b),
where the average volumes of the DPT of AcrB and AcrD
were around 2610 and 2770 Å3, respectively, during MD, and
3710 and 3850 Å3, respectively, in their pre-MD structures.
As concluded in that study, despite a large collapse of the
pocket (55% in MexB and 37% in MexY) with respect to
the conformations in the initial (pre-MD) structures, the DPT
remained large enough to accommodate ligands even in these
Mex proteins. A marked dynamical behavior of the DPT was
evident in both transporters as seen from the PCA analysis, the
switch-loop and the PN2 (bottom-right region in Figure 6D)
being the most flexible regions in MexB and MexY, respectively
(Figures 6B,D).

In MexY, the sterically bulky side chain of W177
(corresponding to F178 in MexB) oriented into the DPT
reduced the volumes in both pre-MD and MD-derived
conformations. Also, the populations of the identified clusters
indicate a non-preferential distribution of conformations
adopted by DPT in contrast to what we found in Acr transporters
(Ramaswamy et al., 2017b), where specific conformations were
predominant.

Lipophilic Index (LI) and Molecular Lipophilicity
Potential (MLP)
The difference between the DPT of MexB and MexY became
more noticeable from their MLP surfaces (Figures 7A,B) and LI

values (Table 3). With its phenylalanine-rich hydrophobic region
wide open in MexB, the MLP features high-value isosurfaces over
the whole bottom of the DPT ; interestingly, MexY also features a
relatively wide and strong MLP in the same region. This result is
consistent with the observed higher LI in the pre-MD structure
of MexB compared to that of MexY. The differences observed in
Figures 7A,B and Table 3 are less marked as compared to that
seen for AcrB and AcrD (Ramaswamy et al., 2017b).

An evident reduction in the MLP isosurfaces and in the LI
values (for the latter, 80 and 44% in MexB and MexY, respectively)
was observed when considering the weighted average computed
for the cluster representatives extracted from MD trajectories.
This is partly attributed to the larger shrinkage of the DPT in
MexB (55% in volume) than in MexY (37%) thereby influencing
the calculation of the LIs as shown for APL (see Table 3 and
Supplementary Figure 7).

In the case of DPT , even though the corresponding HP-
trap region is conserved in its overall hydrophobic nature, the
residues W177 and Y605 in MexY are less hydrophobic than their
phenylalanine counterparts in MexB. Nevertheless, the values of
the LI as well as their difference between MexB and MexY are
greater in the lesser-conserved DPT than in the APL, as observed
for the homologous Acr transporters (Ramaswamy et al., 2017b).
This suggests that the DPT might act even in this case as a
lipophilicity-based selectivity filter.

Electrostatic Potential
The differences in the electrostatic potential between the DPT
of MexB and MexY appear to be strikingly distinctive like
that of the lipophilic potential in these Mex transporters. The
electrostatic potential projected onto the surfaces of the DPT
indicated a significantly greater positively charged environment
in MexB compared to the more negative pocket of MexY
(Figures 7C,D). This is consistent with the sequence analysis
showing that the DPT of MexY and MexB are, respectively,
composed of around 14 and 5% (2 and 7%) negatively (positively)
charged residues. Moreover, these electrostatic features are
in good agreement with the desired complementarity needed
to accommodate the charged substrates transported by these
proteins. The greater negative charge in the DPT of MexY favors
positively charged aminoglycosides and disfavors negatively
charged molecules; however, along with the scattered positive
charges, the DPT in MexY may feebly favor binding of
β-lactams (especially zwitterionic). Likewise, MexB with its
predominant positive electrostatic potential surface in the
DPT may attract negatively charged as well as zwitterionic
β-lactams, and extrude them with greater efficiency along
with weakly acidic quinolones such as cinoxacin and nalidixic
acid, in comparison to its lower efficiency in pumping
out cationic antibiotics (oleandomycin, erythromycin, and
puromycin) (Table 1).

Hydration Analysis
The overall hydration of the DPT and HP-trap as reflected by
the RDF plot was not very different between the Mex proteins
(Figure 8A). In contrast, the spatial positions of water dense
regions as seen from the SDF (Figure 8B) showed the DPT of
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FIGURE 6 | Volume dynamics of DPT of MexB and MexY. (Left panel) Volume distribution of DPT of MexB (A) and MexY (C). (Right panel) Porcupine plots of the PC
eigenvector for DPT of MexB (B) and MexY (D) simulations shown as arrows (>2Å) attached to Cα atoms indicating the magnitude of the corresponding
eigenvalues. The DPT is highlighted in cyan and green in MexB and MexY, respectively. The G-loop and bottom-loop are shown as thicker tubes.

FIGURE 7 | MLP (Upper panel) and electrostatic potential (Lower panel) surfaces of DPT of MexB and MexY as seen from PC2-PN1 side. (A,C) and (B,D)
correspond to the results from pre-MD and the representative of the most populated cluster, respectively. See Figure 4 for further details.

MexY with more high-density regions than that of MexB, possibly
due to a greater number of charged residues in the translocation
channel part of the DPT . The HP-trap region was devoid of water
in both proteins due to the shrinkage of the pockets during MD.

The presence of a polar residue (Y605) might have had a minor
influence on the hydration of the corresponding HP-trap region
in MexY, provided it was less buried by the hydrophobic bulky
side chain of W177.
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FIGURE 8 | Hydration of DPT and HP-trap in the T protomer of MexB and MexY. (A) Comparison of RDF profiles of water oxygen atoms around the DPT and
HP-trap in the T protomer of MexB (red solid line) and the corresponding regions of MexY (brown dash-dotted line). (B) Comparison of SDF for waters in the DPT

calculated over the configurations forming the most populated cluster of MexB (Left) and MexY (Right) illustrating the variation in the immediate environment of the
hydrophobic residues. The position of the HP-trap of MexB is indicated by an arrow. See Figure 5 for further details.

Fragment-Based Binding Site
Characterization
MDR transporters like the Mex pumps investigated here
often feature recognition sites endowed with several binding
hotspots (Vargiu and Nikaido, 2012; Ruggerone et al., 2013;
Yamaguchi et al., 2015) whose number, strength and spatial
distribution determine the level of promiscuity of their
interactions (Ciulli et al., 2006). Therefore, by using fragment
moieties (Supplementary Figure 8) characterized by different
physicochemical features, we probed the APL and DPT of the
two proteins to map their possible MFSs (Imai et al., 2011;
Ramaswamy et al., 2017b).

As expected, several MFSs were identified within the APL
and DPT of both transporters (Figure 9 and Supplementary
Table 3). In particular, MexY had a larger (lower) number
of MFSs in the APL (DPT) than MexB. Considering the pre-
MD and the top 5 clusters extracted from MD trajectories, the
APL and the interface/G-loop region almost always showed the
presence of at least 1 MFS in both proteins. For the DPT ,
however, a marginal difference was found, with MexB housing an
average of 1 MFS compared to 0.7 in MexY. This difference was
greater in the DPT of Acr transporters (AcrB with 1.3 and AcrD
with 0.3 MFSs on average) (Ramaswamy et al., 2017b), which
feature greater diversity in their substrate profile as compared
to MexB and MexY. Note that the MFS identified in the DPT
of the pre-MD structure in MexB is located exactly where the
inhibitor D13-9001 (Nakashima et al., 2013) was experimentally
resolved. In comparison to AcrB crystal structures, this is the

site where several substrates like minocycline (Murakami et al.,
2006; Nakashima et al., 2011; Eicher et al., 2012), doxorubicin
(Murakami et al., 2006; Eicher et al., 2012), and inhibitors like
D13-9001 (Nakashima et al., 2013) and MBX compounds (Sjuts
et al., 2016) were resolved. Conformational changes during the
MD simulation impacted the number and location of MFS
compared to their pre-MD structures, nevertheless retaining
the promiscuity in both transporters (Supplementary Figure 9
and Supplementary Table 3). An interesting feature was that
though several consensus sites (CSs) populated with hydrogen
bond donors and acceptors were observable in both proteins,
those of MexB had many more aromatic-preferred sites than
MexY.

The position of the MFSs was not the same for all MD-
derived clusters (Supplementary Figure 9 and Supplementary
Table 3) and this dynamicity (in addition to the scattered
profile) in the distribution of MFSs results from the exposure
of different weak binding sites during conformational changes
in the protein. Presence of such MFSs is likely very important
to avoid the substrate from being trapped in a single site and to
facilitate its efflux by multisite-drug-oscillation (Yamaguchi et al.,
2015).

CONCLUSION AND PERSPECTIVES

We presented here an extensive comparative investigation
of the structural and dynamic features of the two major
RND multidrug transporters in P. aeruginosa, MexB and
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FIGURE 9 | The various MFSs identified in the APL and DPT of MexB and MexY. The binding modes of the different probes are shown as lines for hydrogen-bond
donor (cyan) and hydrogen-bond acceptor (violet), as beads for aliphatic (yellow), and as CPK for aromatic (ochre) ligands. The AP and DP are marked in green and
red, respectively, while the G-loop in yellow cartoon representations. (Note: The categorizing of MFSs here is arbitrary due to indistinct boundaries between the
pockets. The sites not labeled as MFS here are all CSs; for further details see section “Materials and Methods”).

MexY. To the best of our knowledge this is the first
structure-based study of MexY and also the first thorough
quantitative comparison of the main putative binding pockets
of the two transporters. We identified specific features of
their multidrug binding pockets that partly explain the
similarities and differences in their substrate selectivity profiles.
Both proteins feature dispersed (mosaic-like) profiles of
lipophilic and electrostatic surfaces within their access and
deep binding pockets, which provide several multifunctional
sites for diffuse binding of chemically dissimilar compounds.
Several differences spotted in the molecular descriptors
of the binding sites of MexB and MexY can be related to
their different specificity profiles. Our results point out
that the lesser conserved DPT could likely be the major
substrate selection site in both proteins. In addition, the
observed dynamics of the bottom-loop support our earlier
hypothesis for Acr pumps of E. coli (Ramaswamy et al.,
2017b) that their different dynamics contributes to the
binding of substrates of different sizes. Collectively, our
findings add a valuable piece to fill in the knowledge gap
in molecular recognition and transport by bacterial RND
transporters, an issue of importance in addressing antibiotic
resistance.

MATERIALS AND METHODS

The protocol followed in this study is the same as that we used
in our previous work for Acr transporters of E. coli (Ramaswamy
et al., 2017b).

Homology Modeling of MexY
Since no experimental structure of MexY has been solved
yet, we built a model of its asymmetric trimer structure by
multiple template-based homology modeling using Modeler 9.13
(Šali and Blundell, 1993). The amino acid sequence of full
length MexY transporter protein from P. aeruginosa PAO1 was
retrieved from the UniProt database (The UniProt Consortium,
2015) (UNIPROT ID: Q9ZNG8), and subsequently searched
for the best available template structures bearing homologous
relationship to the query sequence using the NCBI-BLAST
tool (Madden, 2013) against the Protein Data Bank (PDB)2.
The high-resolution crystal structure of AcrB at 1.9 Å [PDB
code 4DX5 (Eicher et al., 2012)] and MexB at 2.7 Å [PDB
code 3W9I (Nakashima et al., 2013)] were chosen as templates
for multiple-template based modeling of MexY. The protein

2www.rcsb.org
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sequences were optimally aligned by ClustalOmega (Sievers
et al., 2011) and the results were visually inspected to ensure
the absence of gaps in important secondary structure regions.
Modeler 9.13 (Šali and Blundell, 1993) was used to generate
a total of 100 asymmetric models of MexY based on AcrB
and MexB templates using an optimization method combining
slow MD with very thorough variable target function method
through 300 iterations, and this whole cycle was repeated twice
unless the objective function MOLPDF was greater than 106.
The resulting models were ranked using discrete optimized
protein energy (DOPE) (Shen and Sali, 2006) score values,
and the top 5 models (with the lowest DOPE score) were
selected for individual structure quality checks. Each model
was further subjected to loop refinement using Modeler, and
to overall structure relaxation by energy minimizations using
AMBER14 (Case et al., 2014). The most reliable model was then
selected based on various geometric and stereochemical quality
factors evaluated for backbone angles, side chains flips, rotamers,
steric clashes etc. using PROCHECK (Laskowski et al., 1993),
ERRAT (Colovos and Yeates, 1993), ProSA (Wiederstein and
Sippl, 2007), Verify3D (Eisenberg et al., 1997) programs available
in MolProbity (Chen et al., 2010) and Structure Analysis and
Verification Server3.

We performed comparative structural evaluation by
superimposition of the modeled MexY structures over
experimentally determined X-ray crystal structures of AcrB
and MexB used as templates. Likewise, the template structures
were also evaluated with the same programs to serve as reference
for the results obtained for the MexY models. Visual inspections
were performed with VMD1.9.1 (Humphrey et al., 1996) and
PyMOL (Schrödinger, 2015).

Molecular Dynamics Simulations of
MexB and MexY
Molecular dynamics simulations of the crystal structure of
MexB (PDB code 3W9I) and of the most reliable homology
model of MexY were carried out using the AMBER14
(Case et al., 2014) program. Protomer specific protonation
states (Eicher et al., 2014) were adopted with E346 (E345)
and D923 (D919) protonated in both Loose and Tight
protomers while deprotonated in the Open protomer of
MexB (MexY). The residues D407 (D406), D408 (D407),
D566 (E563) were protonated only in the Open protomer of
MexB (MexY). The proteins were successively embedded in 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
bilayer patches, solvated with explicit TIP3P water model. The
residual charge of the systems was neutralized by appropriate
numbers of randomly placed K+/Cl− ions (Schulz et al., 2010,
2011, 2015; Vargiu et al., 2011). The ions count was suitably
adjusted to account for an osmolarity of 0.15 M KCl. Embedding
of the protein into a pre-equilibrated POPE bilayer patch
was done using the PPM server (Lomize et al., 2012) and
subsequently the CharmmGUI tool (Jo et al., 2008). The lipid
residue nomenclature was converted from the CHARMM to
AMBER format using the charmmlipid2amber.py python script

3http://services.mbi.ucla.edu/SAVES/

provided with AmberTools. The central pore lipids were added
after calculating the number of lipids to be added to each leaflet
by dividing the approximate area of the central pore by the
standard area per lipid of POPE molecules (Dickson et al.,
2014). The topology and the initial coordinate files were created
using the LEaP module of AmberTools14. Periodic boundary
conditions were used and the distance between the protein
and the edge of the box was set to be at least 30 Å in each
direction.

Multi-step energy minimization with a combination of
steepest descent and conjugate gradient methods was carried
out using the pmemd program implemented in AMBER14 to
relax internal constrains of the systems by gradually releasing
positional restraints. Following this, the systems were heated
from 0 to 310 K by a 1 ns heating (0–100 K) under constant
volume (NVT) followed by 5 ns of constant pressure heating
(NPT) (100–310 K) with the phosphorous heads of lipids
restrained along the z-axis to allow membrane merging and to
bring the atmospheric pressure of the system to 1 bar. Langevin
thermostat (collision frequency of 1 ps−1) was used to maintain
a constant temperature, and multiple short equilibration steps of
500 ps under anisotropic pressure scaling (Berendsen barostat)
in NPT conditions were performed to equilibrate the box
dimensions. A time step of 2 fs was used during all these runs,
while post-equilibrium MD simulations were performed with
a time step of 4 fs under constant volume conditions after
hydrogen mass repartitioning (Hopkins et al., 2015). The particle-
mesh Ewald (PME) algorithm was used to evaluate long-range
electrostatic forces with a non-bonded cutoff of 9 Å. During the
MD simulations, the length of all R-H bonds was constrained
with SHAKE algorithm. Coordinates were saved every 100 ps.
The ff14SB (Maier et al., 2015) version of the all-atom Amber
force field was used to represent the protein systems while lipid14
(Dickson et al., 2014) parameters were used for the POPE bilayer.
After equilibration, multi-copy µs-long MD simulations were
performed for each system, namely four ∼1 µs-long production
simulations for each transporter (for a total simulation time of
∼8 µs). Trajectory analysis was done using cpptraj module of
AmberTools14 and VMD1.9.1, and graphs were plotted using the
xmgrace tool.

Principal Component Analysis
To characterize and highlight possible similarities and differences
in the collective motions of the binding pockets, we calculated
the covariance matrices from the equilibrium trajectory and
performed a PCA (García, 1992; Daidone and Amadei, 2012).
As customary in PCA analysis, the covariance matrix was
constructed taking the three-dimensional positional fluctuations
of Cα atoms from their ensemble average position (after
least-squares fitting to remove rotational and translational
motion). Diagonalization of the covariance matrix yields a set
of eigenvectors and corresponding eigenvalues, which represent
the direction and amplitude of the motion, respectively. The
eigenvectors are then ranked according to the decreasing order
of their associated eigenvalues, such that the first eigenvector
represents the largest contribution to the total fluctuation of the
system. To visualize the motions represented by the eigenvectors,
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the structures from the trajectories can be projected onto
each eigenvector of interest [principal component (PC)] and
transformed back into Cartesian coordinates. The two extreme
projections along each eigenvector can then be interpolated to
create an animation or compared to understand which parts of
the protein are moving according to that specific eigenvector
and to what extent. Usually (a combination of), the first few
principal components are able to represent most of the collective
motions [the “essential dynamics” (Daidone and Amadei, 2012)]
occurring in an MD simulation among the different regions of a
protein.

Clustering of MD Trajectories
A cluster analysis of the MD trajectories was performed using
the average-linkage hierarchical agglomerative clustering method
implemented in cpptraj module of AMBER. Such clustering helps
to reduce the number of structures for analysis yet retaining the
large conformational space sampled during the MD runs. In this
approach, we clustered in two separate instances the trajectory
based on root mean square deviation (RMSD) (cutoff set to 3 Å)
of the AP in L protomer and of the DP in T protomer. For each
protein, the representative structures from each of the 10 top
clusters generated in each of the two cases considered (AP in L,
DP in T) were used to perform quantitative analyses in order to
account for dynamical behavior. All non-protein molecules were
stripped from the trajectory during post-processing to reduce
additional memory usage and to speed up file processing.

Pocket Descriptors
The list of the pocket descriptors identified for the present
study includes: (i) cavity volume; (ii) molecular lipophilicity
potential; (iii) electrostatic potential; (iv) site hydration; and (v)
fragment-based binding site characterization. The various pocket
descriptors used to characterize the binding site were calculated
using specific programs after validating their applicability to RND
systems by assessing results against available crystal structures
and experimental data, as well as previous computational reports
(Imai et al., 2011; Schulz et al., 2011; Vargiu et al., 2011, 2014;
Vargiu and Nikaido, 2012; Fischer and Kandt, 2013; Ramaswamy
et al., 2017b).

Cavity Volume
Evolution of size and shape of the AP and DP during MD
simulations was examined using the two-probe sphere method
of rbcavity program bundled in the rDock suite (Ruiz-Carmona
et al., 2014). This allows obtaining detailed information on the
pocket volume and plasticity of the site. In this method, the
binding site volume was identified by a fast grid-based cavity
detection algorithm (Morley and Afshar, 2004) within a sphere of
radius 13 Å for APL and 14 Å for DPT , centered over the pockets,
using large and small probe radii of 6.0 and 1.5 Å, respectively.
These radii were found to be optimal for our case after evaluating
different combinations and checking through visual inspection
their accuracy in predicting volume of the pocket space by
keeping the possible inclusion of regions extending outside the
pocket of interest at its least.

Molecular Lipophilicity Potential
The three-dimensional distribution of lipophilicity in space or on
a molecular surface can be described using molecular lipophilicity
potential (MLP), which represents the influence of all lipophilic
fragmental contributions of a molecule on its environment. The
MLP value of a point in space (k) is generated as the result of
intermolecular interactions between all fragments in the molecule
and the solvent system, at that given point. Thus, MLP can be
calculated from the fragmental system of logP and a distance
function as shown in the following equation (Gaillard et al.,
1994):

MLPk =
N∑

i=1

Fi.f (dik)

where N is the number of fragments, Fi is the lipophilic
contribution of fragment i of the molecule and f(dik) is a function
based on the distance of the measured point in space k to
fragment i.

In this way, summing up all positive and all negative MLP
values associated to each point on the binding pocket yields the
lipophilic index (LI) as:

LI =
6MLP+

6MLP+ + | 6MLP− |
. 100

The lipophilicity of AP in L protomer and of DP in T protomer
were qualitatively and quantitatively estimated in this way using
MLP Tools (Oberhauser et al., 2014) plugin available for PyMOL.

Electrostatic Potential
The electrostatic potential surface maps were computed by
APBS (Baker et al., 2001), after pre-processing structures of
MexB and MexY to assign charges and atomic radii using
the PDB2PQR server (Dolinsky et al., 2004). All electrostatic
potential calculations were performed at 0.15 M physiological salt
concentration, with a solvent probe of radius 1.4 Å, a solvent
dielectric constant of 78.5, a biomolecular dielectric constant of
2.0, a temperature of 310 K, a minimum grid spacing of 0.5 Å and
keeping the other Poisson–Boltzmann parameters at default.

Hydration Analysis
The RDF indicates the probability of finding water molecules
at a certain distance from a region or residue of interest and is
commonly used to analyse the solution structure revealed from
either experimental or computer simulations data.

The RDF analysis of water oxygen atoms was performed using
cpptraj module of AMBER14, in which the RDF is computed
from the histogram of the number of solvent particles found
as a function of the distance R from an (ensemble of) atom(s),
normalized by the expected number of solvent particles at that
distance in bulk. The normalization is estimated from:

Density∗
([

4π

3
(
R+ dR

)3
]
−

[
4π

3
dR3

])
where dR is equal to the bin spacing, the default density value
is 0.033456 molecules Å−3, which corresponds to density of
water approximately equal to 1.0 g mL−1. Bin spacing of 0.1 and
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a maximum bin value of 4.0 was used in this case to calculate the
RDF of all water oxygen atoms to each atom of AP in L protomer
and of DP in T protomer over the entire length of the simulation.

Though RDF clearly shows a difference in the water
distribution around the desired regions, it lacks the ability to
present the information about the spatial positions of these
differences. Hence, SDF of waters around the whole protein was
calculated using the Gromacs utility g_spatial (Abraham et al.,
2015) on the trajectory frames grouped into the most populated
conformational clusters extracted from MD simulations. SDF
allows determining the three-dimensional density distribution of
aqueous solution around the binding pockets of the transporters.
RDF and SDF together highlight the hydration around the
binding pockets of these proteins, which can be effectively used
to understand the molecular mechanism of interaction of water
molecules penetrating the pocket in a dynamic manner.

Fragment-Based Binding Site Characterization
The FTMap server (Kozakov et al., 2015) implementing the
FTSite algorithm is a tool helpful in the identification of binding
sites and of the fragments that could be possible source of
structure- and fragment-based drug design attempts. The main
aim of such fragment-based binding site analysis is to obtain a
measure of the ability of the protein (and in particular the pockets
under study) to bind a drug-like molecule.

FTMap identifies the important hot spots based on the
consensus clusters of 16 standard probes which include molecules
varying in size, shape and polarity (Supplementary Figure 8).
Such a diverse library of probes is useful to capture a range
of interaction types that include hydrophilic, hydrophobic,
hydrogen-bonding and aromatic interactions. The regions where
clusters of different probes of the same or different type overlap
are marked as CSs and MFSs, respectively, and are ranked based

on the number of their clusters. Clusters in close proximity to a
top ranked cluster are merged with it and the protein residues
within this region become the top ranked putative ligand binding
site.
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The MacB ABC transporter forms a tripartite efflux pump with the MacA adaptor protein

and TolC outer membrane exit duct to expel antibiotics and export virulence factors

from Gram-negative bacteria. Here, we review recent structural and functional data

on MacB and its homologs. MacB has a fold that is distinct from other structurally

characterized ABC transporters and uses a unique molecular mechanism termed

mechanotransmission. Unlike other bacterial ABC transporters, MacB does not transport

substrates across the inner membrane in which it is based, but instead couples

cytoplasmic ATP hydrolysis with transmembrane conformational changes that are used

to perform work in the extra-cytoplasmic space. In the MacAB-TolC tripartite pump,

mechanotransmission drives efflux of antibiotics and export of a protein toxin from

the periplasmic space via the TolC exit duct. Homologous tripartite systems from

pathogenic bacteria similarly export protein-like signaling molecules, virulence factors

and siderophores. In addition, many MacB-like ABC transporters do not form tripartite

pumps, but instead operate in diverse cellular processes including antibiotic sensing, cell

division and lipoprotein trafficking.

Keywords: antibiotic resistance, tripartite efflux pump, MacB, mechanotransmission, ABC transporter, lantibiotic,

membrane protein, antimicrobial resistance

INTRODUCTION

ABC (ATP-binding cassette) transporters are present in all three domains of life, and mediate
transmembrane transport of a diverse array of substrates including drugs, sugars, ions, amino
acids and proteins (ter Beek et al., 2014; Locher, 2016). All ABC transporters possess conserved
nucleotide binding domains (NBDs) that facilitate power generation through ATP hydrolysis, and
transmembrane domains (TMDs) that determine transporter function. The NBDs at the core of all
ABC transporters are homologous, while the TMDs are structurally heterogeneous and proposed to
have discrete evolutionary origins (Wang et al., 2009; ter Beek et al., 2014; Locher, 2016). Analysis of
available ABC transporter crystal structures shows that there are at least seven structurally distinct
ABC transporter folds, of which MacB is the most-recently determined representative (Figure 1).
MacB is therefore the “holotype” for the Type VII ABC transporter superfamily (Crow et al., 2017),
and the first structurally-characterized member of a clade of ABC transporters classified by Saier as
the ABC3 superfamily (Wang et al., 2009).
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FIGURE 1 | Seven ABC transporter superfamilies. A single representative from each superfamily is shown colored by protein chain. PDB identifiers are given in

parentheses. The seven ABC folds are here further divided into three “classes” based on function. Families I-III are importers, Type IV and V are exporters and Types VI

and VII are mechanotransducers. Note that the two ABC exporter families here termed Type IV and Type V are also sometimes referred to as type I and II ABC

exporters. From left to right: the molybdate transporter (Hollenstein et al., 2007) (ModABC), vitamin B12 transporter (Korkhov et al., 2012) (BtuCDF), folate importer

(Xu et al., 2013) (Ecf-FolT), multidrug exporter (Dawson and Locher, 2006) (Sav1866), the sterol transporter (Lee et al., 2016) (ABCG5/G8), the lipopolysaccharide

extractor (Luo et a., 2017) (LptBFG) and the enterotoxin and macrolide transporter (Crow et al., 2017) (MacB). Folds are named by extension of a previously

established convention (ter Beek et al., 2014). Adapted from Crow et al. (2017).

ABC transporters with roles in antibiotic resistance are
typically exporters, and operate by some variation of an
alternating access mechanism (see below) (ter Beek et al.,
2014; Locher, 2016). In bacteria, ABC exporters possess six
transmembrane helices (TMHs) and operate as dimers. In
eukaryotes, they typically exist as apparent fusions of two half
transporters, that are otherwise structurally similar to their
bacterial counterparts (Locher, 2016). Key examples of ABC
exporters include Sav1866 from Staphylococcus aureus (Dawson
and Locher, 2006), Bacillus subtilis LmrA (van Veen et al., 1996)
and P-glycoprotein from humans (Aller et al., 2009).

Structures of ABC transporters in the presence and absence
of ATP reveal different conformations which led to the proposal
of an alternating access mechanism for transport (ter Beek et al.,
2014; Locher, 2016). ATP-dependent conformational changes in
the NBDs cause the TMDs to cycle between “inward open” and
“outward open” states allowing substrate to be bound at one side
of the membrane and released on the other. In the inward open
state, the NBDs are parted and substrates can bind to a site at
the interface of the TMDs, exposed to the cytoplasmic side of
themembrane (Johnson and Chen, 2017). ATP binding promotes
tight association of the NBDs and is communicated to the TMDs
through a conserved coupling helix (Dawson and Locher, 2006).
The resultant reorganization of the TMD results in an “outward-
open” state with a reduced affinity for substrate allowing release
on the distal side of the membrane (Ramachandra et al., 1998;
Johnson and Chen, 2018). ATP hydrolysis then resets the
transporter to an inward facing conformation. The stoichiometry
of ATP hydrolysis per translocation event is unclear since

heterodimeric transporters with only one functional NBD are
translocation competent (Zutz et al., 2011). Transport may be
further aided by the transmembrane proton electrochemical
gradient (Singh et al., 2016). Structures of occluded states, in
which the binding site is not accessible to either side of the
membrane, lack substrate but represent plausible intermediates
on the pathway between inward and outward open states
(Choudhury et al., 2014; Lin et al., 2015a; Bountra et al.,
2017). Variations of the mechanism in which only the outward
facing state takes part in transport have been proposed (Perez
et al., 2015; Locher, 2016). Indeed, it has been suggested
that the diverse structures and substrates of ABC transporters
are incompatible with a single unified transport mechanism
(Locher, 2016).

In Gram-positive bacteria, ABC transporters are widely used
to expel xenobiotics (Lubelski et al., 2007). Antibiotic efflux
by Gram-negative ABC transporters has been less well studied
although expression of Stenotrophomonas maltophila SmrA (Al-
Hamad et al., 2009) or Serratia marcescens SmdAB (Matsuo et al.,
2008), in hypersusceptible E. coli, provides resistance to multiple
drugs including norfloxacin and tetracycline. Overexpression of
E. coli MsbA confers resistance to multiple drugs in E. coli and
Lactococcus lactis (Reuter et al., 2003; Woebking et al., 2005).

Most ABC exporters operate independently to transport
substrates across the cytoplasmic membrane in which they are
embedded. However, in Gram-negative bacteria specific ABC
transporters can form part of tripartite efflux pumps, larger
assemblies that span the entire cell envelope and mediate
transport across the outer membrane.
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TRIPARTITE EFFLUX PUMPS (TEPs):

BACTERIAL NANOMACHINES DRIVING

ANTIBIOTIC EFFLUX

Gram-negative bacteria use tripartite efflux pumps that span
both inner and outer membranes to export and efflux noxious
molecules including antibiotics. They are a major determinant
of multidrug resistance (Hinchliffe et al., 2013). The pumps
consist of an outer membrane exit duct exemplified by E. coli
TolC (Koronakis et al., 2000), a periplasmic adaptor protein
and an inner membrane transporter. The periplasmic adaptors
have a conserved, multi-domain, architecture consisting of
membrane proximal (MP), β-barrel, lipoyl and hairpin domains,
although some adaptors lack one of these domains (Greene
et al., 2013; Hinchliffe et al., 2014). The energy-transducing
inner membrane transporter comes from one of four distinct
classes. The Resistance-Nodulation-Cell Division (RND) e.g.,
AcrB and Major Facilitator Superfamily (MFS) transporters e.g.,
EmrB both couple export to dissipation of the transmembrane
electrochemical ion gradient. Conversely, ATP hydrolysis is used
by two distinct ABC transporters, HlyB and MacB, that account
for the third and fourth TEP types (Figure 2). In E. coli, all
four TEP classes use one outer membrane efflux protein, TolC
(Hinchliffe et al., 2013).

The Different Classes of Transporter

Powering TEPs
Structures of the best characterized RND inner membrane
component, AcrB, were first determined over 15 years ago. AcrB
functions as a homotrimer, with each monomer containing 12
TMHs and an extensive periplasmic domain projecting 70 Å into
the periplasm (Murakami et al., 2002). Subsequent structures

revealed asymmetric AcrB trimers in which individual AcrB
monomers adopted different conformational states (Murakami
et al., 2006; Seeger et al., 2006). This led to the proposal of a
transport mechanism in which each monomer cycles between
open, loose and tight substrate-binding states to effect transport.
The broad substrate specificity of AcrB is explained by multiple
binding sites for drugs and entry routes from both the outer
leaflet of the inner membrane and the periplasm (Nakashima
et al., 2011; Eicher et al., 2012; Zwama et al., 2018). More
recently, structures of the assembled AcrAB-TolC complex have
been obtained using negative-stain and cryo-electronmicroscopy
(cryo-EM) (Du et al., 2014; Daury et al., 2016; Wang et al., 2017).

MFS transporters associating with TEPs have been less
well studied. In E. coli, the exemplar is EmrB which, with
its cognate adaptor EmrA, confers resistance to hydrophobic
compounds including the proton-motive force uncoupler, CCCP,
and nalidixic acid (Lomovskaya and Lewis, 1992). EmrB is
predicted to have 14 TMHs and, unlike other TEP transporters,
lacks a substantial periplasmic domain (Tanabe et al., 2009).
Consistent with this, EmrA does not have an MP domain
(Hinchliffe et al., 2014) that in other transporters forms extensive
interactions with the transporter periplasmic domain (Du et al.,
2014). MFS transporters have been reported to operate either as
monomers or dimers (Quistgaard et al., 2016). Purified EmrB
was reported to form dimers (Tanabe et al., 2009) whereas
the diameter of a modeled EmrA hexamer was compatible
with monomeric EmrB (Hinchliffe et al., 2014). Further
studies are required to understand the EmrB stoichiometry
in vivo and the EmrA-EmrB interactions underpinning pump
assembly.

In E. coli, two very different ABC transporters form TolC-
dependent TEPs; HlyB and MacB. HlyB acts in concert with
the adaptor HlyD to export the large protein toxin, hemolysin

FIGURE 2 | Four classes of Tripartite Efflux Pump. From left to right, Resistance-Nodulation-Cell Division (RND) family pump, AcrAB-TolC; Major Facilitator

Superfamily (MFS) pump, EmrAB-TolC; Type I secretion system (T1SS), HlyBD-TolC; MacB superfamily pump, MacAB-TolC. IM and OM indicate the inner and outer

membranes respectively.
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A (HlyA), from the cytoplasm across both membranes in a
concerted step (Thanabalu et al., 1998). Topological analysis,
and the crystal structure of a peptide exporting homolog
(PCAT1), demonstrate HlyB has a classic 6-TMH topology
with the NBD fused to the C-terminus (Lin et al., 2015a).
Conversely, sequence analysis of E. coli MacB suggested that
it has an atypical topology. An N-terminal cytoplasmic NBD
is followed by four TMHs, with a large periplasmic domain
of approximately 200 amino acids situated between TMH1
and TMH2. The 4-TMH topology predicted from amino
acid sequence was experimentally confirmed by site-specific
chemical modification of single cysteine residues (Kobayashi
et al., 2003). Subsequent bioinformatic analysis revealed the
MacB architecture is widespread throughout bacterial genomes
(Khwaja et al., 2005; Wang et al., 2009).

The MacAB-TolC TEP Mediates Antibiotic

Resistance and Export of Virulence Factors
MacB, along with its periplasmic adaptor protein MacA, was first
identified in a screen of E. coli transporter genes as providing
resistance to macrolide drugs in a strain lacking the major
RND efflux pump AcrAB (Kobayashi et al., 2001). Further
studies demonstrated that expression of MacAB increases
E. coli resistance to colistin and bacitracin (Crow et al., 2017).
Additionally, the MacAB-TolC TEP supports the export of small
proteins such as enterotoxin STII (Yamanaka et al., 2008), and is
suggested to export the heme-precursor protoporphyrin (Turlin
et al., 2014).

The role of the MacAB-TolC TEP has been investigated
in other Gram-negative species. S. maltophila MacAB confers
resistance to a variety of macrolides, aminoglycosides and
polymyxins (Lin et al., 2014). InNeisseria gonorrhoeae,mutations
in the macAB promoter increase macrolide resistance in a
strain lacking the RND pump MtrCDE (Rouquette-Loughlin
et al., 2005). Acinetobacter baumannii MacAB expression is
significantly upregulated in both multidrug-resistant clinical
strains (Lin et al., 2015b), and colistin-resistant strains devoid
of LPS (Henry et al., 2012). Expression of the Vibrio cholerae
MacAB homolog VarDEF increases resistance to four different
macrolides by 8-fold or greater (Lin et al., 2017), and these
genes were upregulated in presence of polymyxin B (Matson
et al., 2017). In Pseudomonas species, homologs of MacB secrete
toxins (Balibar et al., 2005; Dubern et al., 2008; Lim et al.,
2009; Cho and Kang, 2012; Li et al., 2013), and siderophores
such as pyoverdine (Imperi et al., 2009; Hannauer et al.,
2010). Deletion of MacB impacts virulence of Salmonella in
a mouse model (Nishino et al., 2006), possibly by promoting
survival within macrophages (Bogomolnaya et al., 2013). Taken
together, MacB, in concert with the adaptor MacA and the
outer membrane exit duct, TolC, can underpin efflux of a
variety of drugs and export of virulence factors from multiple
Gram-negative bacterial species. While TolC expression is
constitutive, expression of MacAB in Salmonella and E. coli
is regulated by the PhoPQ two-component system (Nishino
et al., 2006). Among other stimuli, PhoPQ senses and responds
to host antimicrobial peptides and peptide antibiotics (Bader

et al., 2005; Prost et al., 2007). Thus, MacAB production
is likely to be induced in response to challenge with these
agents.

STRUCTURAL BIOLOGY OF THE

MacAB-TolC SYSTEM

Studies by the Zgurskaya lab demonstrate that the ATPase
activity of reconstituted MacB is dependent on intact MacA.
Furthermore, MacAB mediated antibiotic resistance in vivo
requires the presence of the outer membrane efflux channel TolC
(Tikhonova et al., 2007). Taken together, these data confirm
that MacAB-TolC forms a functional TEP. Recently, crystal
structures of the individual components, and a cryo-EM structure
of the entire pump, have been elucidated, providing substantive
insight into the assembly and function of theMacB-powered TEP
(Table 1, Figure 3).

The Outer Membrane Exit Duct, TolC
The first structural component of a TEP solved was the TolC
outer membrane channel (Koronakis et al., 2000; Figure 3).
Three TolC monomers trimerise to form a 12-stranded β-barrel
and a 100 Å long α-helical tunnel extending down into the
periplasm. An equatorial domain comprising the N- and C-
termini forms a belt around the middle of the α-helical domain.
This α-tunnel is composed of six pairs of coiled coils packing
together, and has an approximate diameter of 35 Å for almost
its entire length. At the bottom of the channel, three aspartate
residues, one from each monomer, form a constriction of ∼4Å
effectively closing the channel at the periplasmic side of the
membrane. This closed conformation of the tunnel is constrained
by an inter- and intra-monomer network of hydrogen bonds
and salt bridges. Crystal structures of TolC variants, in which
this stabilizing network was disrupted by one or more point
mutations, suggested how the duct opens to allow passage of
substrate (Bavro et al., 2008; Pei et al., 2011). Subsequently,
pseudoatomic cryo-EM structures of the AcrAB-TolC pump,
in the presence and absence of substrate, revealed the iris-
like opening of the periplasmic constriction of wild-type TolC
(Wang et al., 2017). TolC homologs from other organisms are
divergent in sequence and exhibit variation in the structure of
the equatorial domain (Akama et al., 2004; Federici et al., 2005;
Kulathila et al., 2011; Su et al., 2014; Guan et al., 2015; Yonehara
et al., 2016). However, the same β-barrel and α-tunnel structure is
evident suggesting the gross topology is likely to be conserved in
all outer membrane efflux channels fromGram-negative bacteria.

The Periplasmic Adaptor Protein, MacA
Structures of E. coli and Aggregatibacter actinomycetemcomitans
MacA have both been solved by X-ray crystallography (Yum
et al., 2009; Xu et al., 2012). Like the RND pump adaptors,
AcrA (Mikolosko et al., 2006) and MexA (Higgins et al., 2004),
the MacA adaptor comprises helical hairpin, lipoyl, β-barrel
and MP domains. The native MacA protein also has an N-
terminal TMH, which distinguishes it from other adaptors,
including AcrA and MexA, typically anchored to the inner
membrane by anN-terminal lipoyl group (Hinchliffe et al., 2013).
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TABLE 1 | Structures in the Protein Data Bank associated with MacAB-TolC.

Protein Organism PDB Details Resolution (Å) Publication

TolC E. coli 1EK9 Trimer, closed state. C-terminal 43 amino acids removed. 2.1 Koronakis et al., 2000

MacA A. actino 4DK0 Functions as a hexamer, TMH removed. 3.5 Xu et al., 2012

E. coli 3FPP Functions as a hexamer, TMH removed. MP present but not

resolved.

2.99 Yum et al., 2009

S. pneu 5XU0 SeMet, functions as a hexamer, MP domain and TMH removed. 2.95 Yang et al., 2018

MacB A. actino 5LIL ATPÈS-bound

dimer (P21).

3.35 Crow et al., 2017

5LJ6 ATP-bound dimer (P6522). 3.9 Crow et al., 2017

5LJ7 ATP-bound dimer (P21). 3.25 Crow et al., 2017

A. baumannii 5GKO SeMet labeled, nucleotide-free dimer. 3.39 Okada et al., 2017

5WS4 ADPβS-bound dimer. 3.4 Okada et al., 2017

S. pneu 5XU1 Nucleotide-free dimer. 3.3 Yang et al., 2018

MacAB-TolC E. coli 5NIL Nucleotide-free MacA6MacB2TolC3 assembly

Cryo-EM (MacB region).

5.3 Fitzpatrick et al., 2017

E. coli 5NIK Nucleotide-free MacA6MacB2TolC3 assembly.

Cryo-EM (MacA-TolC region). TolC in the open state.

3.3 Fitzpatrick et al., 2017

MacB periplasmic

domains

A. actino 3FTJ Monomer, functions as dimer in full-length protein. 2.0 Xu et al., 2009

E. coli 5C59 SeMet monomer

(P21 β = 99.7◦).

Functions as a dimer in full-length protein.

3.0 Ha and Kim,

unpublished

E. coli 5LJ8 Monomer, extended conformation (P21 β = 92.9◦).

Functions as a dimer in full-length protein.

1.95 Crow et al., 2017

MacB cytoplasmic

NBD

E. coli 5LJ9 Nucleotide-free monomer.

(C2221), functions as a dimer in full-length protein.

2.3 Crow et al., 2017

E. coli 5LJA Nucleotide-free monomer

(P6122), functions as a dimer in full-length protein.

2.4 Crow et al., 2017

A. actino, Aggregatibacter actinomycetemcomitans; S. pneu, Streptococcus pneumoniae; SeMet, selenomethionine labeled; MP, Membrane proximal; TMH, Transmembrane helix.

However, the MacA crystal structures were determined using
protein constructs lacking this N-terminal TMH. Both E. coli
and A. actinomycetemcomitans MacA crystallized as hexamers
without additional stabilization using chemical cross-linking
reagents or engineered disulfide bonds (Yum et al., 2009; Xu
et al., 2012). The MacA hexamer resembles an inverted funnel
with the 70 Å stem formed by the hairpin domains and a
wider mouth formed by association of the lipoyl and β-barrel
domains. The cryo-EM structure of E. coli MacA within the
context of the assembled pump revealed a similar hexameric
organization (Fitzpatrick et al., 2017). Notably, six lipoyl domain
loops, one from each monomer, project into the center of
the MacA channel. The resulting constriction is stabilized by

inter-protomer hydrogen bonds between glutamine residues at

the tip of the loop (Fitzpatrick et al., 2017). These glutamine
residues are conserved in MacA proteins (Yum et al., 2009;
Fitzpatrick et al., 2017) but replacement with alanine did not

affect MacAB conferred erythromycin resistance (Fitzpatrick
et al., 2017). Instead, steered molecular dynamics simulations
suggested that the lipoyl domain loops favor unidirectional
movement of erythromycin through the MacA channel. The

construction in the MacA hexamer could therefore act as a gate
to regulate flow of substrates through the assembled efflux pump
(Fitzpatrick et al., 2017).

The Inner Membrane ABC Transporter,

MacB
The structure of the isolated periplasmic domain of the
monomeric MacB periplasmic domain was solved almost 10
years ago revealing the presence of two subdomains (Xu et al.,
2009). However, without the context of the membrane, it was
difficult to infer details of the transport mechanism. Now, a series
of structures of full-length MacB have helped reveal molecular
details of its operation. MacB from A. actinomycetemcomitans
and A. baumannii were crystallized in ATP- and ADP-bound
forms, respectively (Crow et al., 2017; Okada et al., 2017;
Figure 3). MacB crystallized as a dimer consistent with analytical
ultracentrifugation and atomic force microscopy studies (Lin
et al., 2009). Each MacB monomer comprises an N-terminal
NBD, four TMHs and a large periplasmic domain between
TMH1 and TMH2. Helical extensions of TMH1 and TMH2
from each monomer form a four helix bundle that elevates
the periplasmic domain above the plane of the membrane,
giving a mushroom-like appearance. TMH3 and TMH4 pack
on the outside of the helical bundle and are linked by a
short extracytoplasmic loop which has been referred to as the
“shoulder” (Crow et al., 2017). The cytoplasmic N-terminus of
TM1 is connected to the NBDs by an amphipathic helix running
parallel to the membrane surface and a “skirting loop.” The
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FIGURE 3 | Key structures from the MacAB-TolC tripartite efflux pump.

Protein data bank accession codes are given in brackets and the reported

resolution indicated in blue text. The complete MacAB-TolC pump is a

cryo-EM structure with higher resolution in the MacA/TolC region and lower

resolution in MacB (Fitzpatrick et al., 2017).

major coupling helix is located on the cytoplasmic side of the
membrane between TM2 and TM3, and provides a means of
communicating conformational changes from the NBDs to the
TMDs, as suggested for other ABC transporters. A second helix
at the C-terminus, the minor coupling helix, also makes contact
with the NBD. Deletion of the minor coupling helix had a modest
impact on activity of E. coliMacB (Crow et al., 2017) but a greater
effect on A. baumannii MacB mediated macrolide resistance
(Okada et al., 2017), which may reflect differences in the assays
used.

The two subdomains of the MacB periplasmic domain are
the Porter, named for structural similarity to a domain of AcrB,
and the Sabre named for the acronym: Small, alpha/beta rich,
extracytoplasmic. The Sabre domain is formed from a contiguous
stretch of residues (347–465 in A. actinomycetemcomitansMacB)
while the Porter domain is formed from two β-α-β motifs found
on either side of the Sabre domain (residues 306–346 and 466–
503). The Porter domain is directly connected to both stalk
helices of the MacB monomer. The same fold is evident in the
ADP-bound A. baumannii MacB structure although there are
striking differences in conformation (see mechanotransmission
section below). The crystal structures reveal that the architecture
of MacB is clearly distinct from classic ABC exporters such
Sav1866 (Figure 4). Like other multidrug exporters, Sav1866 is
characterized by a 6-TMH topology, C-terminally fused NBD,
and a coupling helix located between TMH4 and TMH5 of each
monomer that reciprocally “cross-over” to engage the NBDs.
MacB, in contrast, has four TMHs, an N-terminally fused NBD, a

FIGURE 4 | Topological comparison of MacB (a Type VII ABC transporter) with

classical exporter Sav1866 (a Type IV ABC transporter). (A) Topology diagrams

based on structures of MacB and Sav1866. (B) Linear domain arrangements

for MacB (upper) and Sav1866 (lower). CH, Coupling Helix; NBD,

Nucleotide-Binding Domain. White boxes indicate transmembrane helix

numbering.

large periplasmic domain and amajor coupling helix that engages
the NBDs in intra-molecular fashion.

The Assembled MacAB-TolC Tripartite

Pump
The significant technical challenge of isolating an assembled
MacAB-TolC pump and maintaining it through the purification
procedure was achieved by creating a fusion of MacA to
the C-terminus of MacB, and subsequently by introducing
specific cysteine residues into MacA and MacB to stabilize their
interaction with disulfide bonds (Fitzpatrick et al., 2017). Crystal
structures of E. coli MacA (Yum et al., 2009), E. coli TolC
(Koronakis et al., 2000) were already available. Docking these,
and a homologymodel of E. coliMacB based on theA. baumannii
MacB structure (Okada et al., 2017), into a cryo-EMmap enabled
the structure of the E. coli MacAB-TolC assembly to be solved
(Fitzpatrick et al., 2017) (Figure 3). The assembled tripartite
pump comprises a single MacB dimer, MacA hexamer and the
trimeric TolC exit duct. The complete MacAB-TolC assembly
is approximately 320 Å long, comparable to the size of the
AcrAB-TolC pump (Du et al., 2014; Daury et al., 2016).

The structure reveals how the three components interact in
the context of an assembled pump (Fitzpatrick et al., 2017). The
tips of theMacA hairpin domains intermesh with the periplasmic
ends of the TolC coiled coils. These “tip to tip” interactions were
first suggested on the basis of in vitro binding experiments (Xu
et al., 2010), and EM analysis of a complex of E. coli MacA
and a hybrid protein bearing the tip regions of the TolC helical
barrel (Xu et al., 2011). Association with MacA stabilizes the
TolC trimer in an open state in which the aspartates at the
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periplasmic constriction are almost 30 Å apart. This results in a
continuous channel from the top of TolC down to the lipoyl loop
constriction in MacA. Adaptor interactions with the periplasmic
domain of MacB are mediated by the MacA β-barrel and MP
domains. The annulus of MacA β-barrel domains sit on top of
MacB with three MacA monomers contacting each MacB. The
ring of MacA MP domains makes extensive contacts with the
MacB periplasmic domain consistent with previous biochemical
studies (Modali and Zgurskaya, 2011). Two MacA MP domains
contact the Sabre, and one interacts with the Porter subdomain
of each MacB monomer. The MacA hairpin and lipoyl domains
do not contact MacB (Fitzpatrick et al., 2017).

The MacB structure within the assembled complex resembles
that of the ADP-bound A. baumannii structure. The NBDs are
separated and the MacB stalk helices bend away from each other
leading to a separation of the periplasmic domains and formation
of a periplasmically accessible cavity between MacB and MacA
(Fitzpatrick et al., 2017).

THE MECHANOTRANSMISSION

MECHANISM OF MacB

Canonical ABC transporters provide a transmembrane substrate
pathway in the form of a vestibule or cavity located between
the two halves of the dimer interface (Choudhury et al., 2014).
Analysis of the MacB structures described above indicate there
is not a sufficient channel to provide a transmembrane pathway
for substrate in either the ATP or nucleotide-free state (Crow
et al., 2017). Furthermore, a functional MacAB-TolC pump is
required to export peptide substrate enterotoxin STII (Yamanaka
et al., 2008; Crow et al., 2017). STII is exported to the periplasm
by the Sec system, and requires the action of the periplasmically
located Dsb system to catalyze the formation of its two disulfide
bonds (Foreman et al., 1995). Taken together, these data suggest
MacB does not transport substrates across the inner membrane
but instead accepts substrates in the periplasm and, in concert
with MacA, ejects them across the outer membrane via the TolC
exit duct (Figure 5). This mechanism is functionally akin to the
“periplasmic vacuum cleaner” model, proposed for RND-type
transport pumps, in which substrates are bound in the periplasm
and ejected across the outer membrane (Aires and Nikaido,
2005). The network is completed by standalone transporters
in the inner membrane which remove substrates from the
cytoplasm (Tal and Schuldiner, 2009).

How then do ATP-induced changes in the cytoplasmic NBDs
affect the periplasmic domains ofMacB? Comparison of the ATP-
bound and free forms of MacB reveal long-range conformational
changes in the transmembrane helices, stalk and periplasmic
domains (Crow et al., 2017; Fitzpatrick et al., 2017; Okada
et al., 2017). In the nucleotide-free form, ATP binding induces
dimerization of the NBDs causing the major coupling helix
to push upwards on TM2. The resultant “zipping up” of the
transmembrane helices into a rigid 4-helix bundle brings the
periplasmic domains of each monomer together, eliminating
the cavity between them (Figure 6). We term these long-range
movements mechanotransmission, as ATP hydrolysis is not used
to transport a substrate across the membrane in which the ABC

FIGURE 5 | Toxin secretion and antibiotic resistance by the MacAB-TolC

tripartite efflux pump. (Left) A model for enterotoxin STII secretion: (1)

Enterotoxin STII is produced ribosomally in the cytoplasm and transported to

the periplasm by the Sec machinery. (2) The N-terminal secretion signal (purple

bar) is cleaved and two disulfide bonds are incorporated by DsbA. (3) Export

of enterotoxin across the bacterial outer membrane is driven by the

MacAB-TolC pump. (Right) A model for antibiotic detoxification: (i) antibiotics

(here erythromycin) in the cytoplasm are directed to periplasm by inner

membrane pumps. (ii) Antibiotics in the periplasm are driven across the

bacterial outer membrane by MacAB-TolC. Adapted from Crow et al. (2017).

FIGURE 6 | Mechanotransmission mechanism of MacB. ATP binding and

hydrolysis cause large, transmembrane conformational changes in MacB

structure. Rather than transporting substrates across the inner membrane,

MacB-like proteins coordinate reversible dimerization of their NBDs with

periplasmic conformational changes. TEP-forming MacB homologs use

periplasmic conformational change to drive substrates across the bacterial

outer membrane via TolC-like exit ducts. MacB homologs that do not form

TEPs are proposed to use similar motions during lipoprotein trafficking and

transmembrane signaling. Adapted from Crow et al. (2017).

protein resides, but instead to transmit conformational changes
from cytoplasmic NBDs to achieve useful work in the periplasm.
The importance of the relative movements of the stalk helices was
underlined by a severe reduction in MacB function in vivo when
the helices were locked together with a disulfide bond (Crow
et al., 2017).

Docking of the ATP-bound MacB form into the cryo-EM
MacAB-TolC structure has led to the suggestion that MacB
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could harness mechanotransmission to operate the assembled
pump as a molecular bellows (Crow et al., 2017; Figure 7). The
MacA hexamer accommodates the MacB periplasmic domain in
both open (ATP-free) and closed (ATP-bound) conformations.
Initially, the pump is in a nucleotide-free state in which the
stalk helices and periplasmic domains of MacB are separated.
Consequently, substrates can enter the cavity at the interface of
MacB and MacA. ATP binding brings the NBDs together and the
mechanotransmission mechanism results in tight association of
the stalk helices and MacB periplasmic domains. The ensuing
reduction in the cavity volume creates pressure which forces
the substrates upwards into the MacA channel and through the
MacA gate described above. Once the pressure is equalized, the
gate closes, preventing backflow of substrates. ATP hydrolysis
then resets the pump, with the MacB stalk helices moving apart
allowing substrates to bind and another round of efflux to
proceed. The proposed model requires a mechanism to prevent
substrate egress back through MacB. Cryo-EM analysis of the
assembled AcrAB-TolC TEP revealed a∼10 Å contraction along
the long axis of the pump in the substrate-bound state (Wang
et al., 2017). A similar contraction of the MacAB-TolC TEP
could ensure that MacA packs more tightly around MacB to
ensure substrates are driven out through MacA/TolC rather than
escaping into the periplasm. Clearly, structures of a substrate-
bound state of the MacB-driven TEP will be invaluable in
determining the precise details of its mechanism.

FIGURE 7 | A molecular bellows mechanism for the MacAB-TolC pump driven

by mechanotransmission. The proposed catalytic cycle of the MacAB-TolC

efflux pump (Top) is shown in comparison with the operation of a fireplace

bellows (Bottom). Substrates are driven out by

mechanotransmission-induced changes in the MacB periplasmic domains and

prevented from flowing back into the periplasm by a valve in MacA. The

individual pump components are colored: MacB (red), MacA (purple), TolC

(green) and substrate (blue). Adapted from Crow et al. (2017).

Little is known about how substrates are recognized by MacB.
Unexplained electron density at the cleft between the MacB
periplamic domains in the assembled pump could represent an
endogenous substrate (Fitzpatrick et al., 2017), but details remain
obscure. Mutagenesis of a patch of predominantly hydrophobic
residues, on the interior surface of the periplasmic domain,
reduced MacB conferred resistance to erythromycin, bacitracin
and colistin. This patch constitutes a plausible substrate binding
domain (Crow et al., 2017). However, it is still unclear whether
antibiotics are directly effluxed or resistance is mediated as an
indirect effect of transport of another substrate. Zgurkskaya
and colleagues demonstrated E. coli MacA co-purified with
lipopolysaccharide and suggested the native substrate could be
a glycolipid (Lu and Zgurskaya, 2013).

Biochemical data suggests that MacA is able to influence the
ATPase activity of MacB and may have a role in communicating
the presence or absence of substrate in the periplasm to
the cytoplasmic NBDs (Tikhonova et al., 2007; Modali and
Zgurskaya, 2011; Lu and Zgurskaya, 2012). Deletion of the
cytoplasmic region, or N-terminal MacA TMH, compromised
the MacA-mediated stimulation of MacB ATPase activity in vitro
and prevented MacAB mediated macrolide resistance in vivo
(Tikhonova et al., 2007). The structural basis for ATPase
stimulation remains unclear, because the MacA TMH was not
resolved in the MacAB-TolC cryo-EM structure (Fitzpatrick
et al., 2017).

MacB FAMILY MEDIATED ANTIBIOTIC

RESISTANCE IN GRAM-POSITIVE

BACTERIA

The classic view of adaptor proteins is that they serve to
bridge the inner and outer membrane components of TEPs.
Bioinformatic analysis suggesting the widespread presence
of adaptor proteins in Gram-positive bacteria was therefore
somewhat unanticipated (Harley et al., 2000; Zgurskaya et al.,
2009). Many of the genes encoding these Gram-positive adaptor
proteins are found in operons with homologs of macB. The first
of these systems to be characterized, YknXYZ, is responsible
for protection from the endogenous toxin, sporulation delaying
peptide (SDP). The release of SDP causes lysis of nearby cells to
provide nutrients for producing cells to complete sporulation – a
process that has been described as bacterial cannibalism. Mature
SDP is a 42 amino acid peptide with one disulfide bond (Liu
et al., 2010). Structures of the adaptor protein YknX (Xu et al.,
2017) reveal that it has the same fold and hexameric arrangement
as E. coli MacA (Yum et al., 2009; Fitzpatrick et al., 2017).
Similarly, the permease component YknZ is clearly homologous
to the transmembrane and periplasmic domain of MacB (Xu
et al., 2016; Fitzpatrick et al., 2017), while YknY encodes a
cytoplasmic NBD. Sec-dependence of SDP export suggests that
like MacB, YknXYZ probably mediates its protective effect from
the extracytoplasmic side of the membrane—perhaps by keeping
SDP away from the bilayer. Interestingly, a co-transcribed
membrane protein, YknW, may influence the oligomerisation
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and/or conformational state of the adaptor YknX, but its role
remains enigmatic (Yamada et al., 2012).

In Enterococcus faecalis, a MacB-type transporter and cognate
adaptor are required for protection against endogenously
produced AS-48, a 70 amino acid cyclic peptide antibiotic
(González et al., 2000). A 10 gene cluster organized into two
operons is associated with AS-48 biosynthesis. The first operon
encodes genes responsible for AS-48 production and export
across the cytoplasmic membrane while the second operon, AS-
48EFGH, is important for resistance to exogenous AS-48 (Diaz
et al., 2003). Together, AS-48G (NBD) and AS-48H (TMD)
encode a MacB-like ABC transporter with an extracytoplasmic
domain of approximately 230 amino acids. AS-48E is predicted to
contain four TMHs and cytoplasmic N- and C-termini. Further
investigation is required to establish the role of AS-48E and
whether it influences the AS48-FGH pump activity in a similar
manner to YknW in the SDP-exporting pump described above.

A global analysis of Streptococcus pneumoniae D39 gene
expression showed upregulation of an operon (Sp0785-0787) in
response to bacitracin and the human defensin LL-37. Deletion
of this operon increased susceptibility to LL-37 and lincomycin
(Majchrzykiewicz et al., 2010). Analysis of these genes suggest
they encode a periplasmic adaptor protein and transporter
homologous to MacB. Very recently, structures of the equivalent
proteins from S. pneumoniae R6 (Spr0693-0695) were obtained
(Yang et al., 2018). These structures reveal remarkable structural
similarity to the Gram-negative proteins already crystallized. S.
pneumoniae MacA (hereafter SpMacA) was crystallized in the
absence of the MP domain and is made up of characteristic β-
barrel, lipoyl and α-helical hairpin domains. A lipoyl domain
loop from each monomer projects into the SpMacA channel
in a similar fashion observed in the E. coli MacA structure
(Fitzpatrick et al., 2017). However, the residue at the tip is not
conserved and the physiological role of the SpMacA loop was not
tested (Yang et al., 2018). SpMacB is remarkably similar to the
Gram-negative MacB structures (Crow et al., 2017; Fitzpatrick
et al., 2017; Okada et al., 2017; Yang et al., 2018). It was
crystallized in the presence of the non-hydrolysable ATP analog
AMP-PNP although this was not resolved in the structure, and
the arrangement of the stalk helices is more similar to the ADP-
bound or nucleotide-free form (Fitzpatrick et al., 2017; Okada
et al., 2017; Yang et al., 2018). As with E. coliMacAB (Tikhonova
et al., 2007), the ATPase activity of SpMacB reconstituted in
proteoliposomes was stimulated by co-reconstitution with full-
length SpMacA, but not by variants lacking the cytoplasmic
region and N-terminal TMH (Yang et al., 2018).

In these Gram-positive systems, an adaptor protein is present
but in the absence of an outer membrane, what is its role? Cryo-
EM studies of vitrified cell samples reveal a discrete zone between
the inner membrane and peptidoglycan akin to a Gram-positive
“periplasm” (Matias and Beveridge, 2006; Zuber et al., 2006).
The presence of these adaptors could therefore form channels to
remove xenobiotics from this space, and prevent their immediate
re-association with the membrane. The height of the SpMacA
channel is consistent with the dimensions of this periplasm-like
zone (Yang et al., 2018) and purified YknX adaptor is able to bind
peptidoglycan (Xu et al., 2017). Further analysis of Gram-positive

MacAB-like assemblies is vital to understand their roles
in vivo.

SENSING AND RESISTING THE THREAT

OF LANTIBIOTICS USING THE MacB

ARCHITECTURE

Lantibiotics are post-translationally modified peptides
containing the polycyclic thioether amino acids lanthionine
or methyllanthionine e.g., bacitracin and nisin (Draper et al.,
2015). They are produced by low G+C Gram-positive bacteria
and typically interfere with cell wall/peptidoglycan biosynthesis
by binding to precursors such as undecaprenyl-pyrophosphate
(UPP) and Lipid II (Draper et al., 2015). Multiple methods
of resistance to lantibiotics exist, but intriguingly one class of
resistance proteins are ABC transporters homologous to MacB
proteins. These systems are exemplified by BceAB of B. subtilis
but multiple homologs in other Gram-positive bacteria have
been characterized including Streptococcus mutans MbrAB
(Tsuda et al., 2002), Listeria monocytogenes AnrAB (Collins et al.,
2010), S. aureus VraFG (Meehl et al., 2007), and Streptococcus
agalactiae NsrFP (Khosa et al., 2013).

BceA encodes an ATPase domain, while BceB is a membrane
permease with ten TMHs and a large extracellular domain
between TMH7 and TMH8. The final four TMHs and
intervening periplasmic domain are topologically similar to
MacB. Intriguingly, the BceAB-type transporters appear to have
coevolved with a two-component system (TCS) that works with
BceAB to sense and respond to extracellular antibiotics (Coumes-
Florens et al., 2011; Dintner et al., 2011). Typically, TCSs consist
of a membrane intrinsic histidine kinase that phosphorylates a
response regulator to control gene expression in response to an
external stimulus. Two-hybrid analysis of the proteins suggest
that BceB and BceS directly interact (Kallenberg et al., 2013;
Dintner et al., 2014). However, unlike in classical TCS systems,
the histidine kinase (BceS) cannot directly sense antibiotics
and requires the presence of BceB and an active BceA ATPase
domain to respond to bacitracin (Rietkötter et al., 2008). Two
different mechanisms for BceB mediated detoxification have
been suggested. Kingston and colleagues proposed that BceAB
induces resistance by flipping UPP into the inner leaflet of the
cytoplasmic membrane, thereby protecting it from bacitracin
(Kingston et al., 2014). Conversely, Dintner and coworkers
demonstrated purified BceAB complex could directly bind
bacitracin-Zn2+, the active form of the peptide, with nanomolar
affinity. They therefore suggested that BceABmediates resistance
by direct efflux of bacitracin itself (Dintner et al., 2014). Though
the nature of the substrate in vivo remains unclear, BceAB is
active in both the sensing and detoxification of bacitracin.

Analysis of the BceB sequence suggests a possible fusion of
two MacB architectures in which the first periplasmic domain
has been lost (Dintner et al., 2014). Consistent with this
idea, bacterial two-hybrid analysis suggests BceB monomers
do not interact. Furthermore, size-exclusion chromatography
analysis of detergent-purified BceA:BceB complex suggested
a 2:1 stoichiometry, although the purified complex did not
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have ATPase activity (Dintner et al., 2014). Mutations affecting
both sensing, and detoxification, of bacitracin map to the C-
terminal half of BceB, including TMH8 (Kallenberg et al.,
2013). This helix is equivalent to TMH2 in MacB, suggesting a
mechanotransmission-like mechanism could also underpin BceB
action.

Unlike YknYZ and SpMacB discussed in the previous section,
BceAB is not associated with an adaptor protein. However,
interestingly, the activity of a BceAB homolog from S. aureus
(VraDE) is modulated by a two-TMHmembrane protein (VraH)
that has cytoplasmic N- and C-termini. Two-hybrid analysis
demonstrated VraH interacts with VraE and increases resistance
to daptomycin and gallidermin but the mechanism of this
modulation is not clear (Popella et al., 2016).

INSIGHTS INTO THE WIDER MacB FAMILY

OF ABC TRANSPORTERS

TEP-Forming MacB Homologs
The structures and mechanisms detailed here are also likely to
apply to MacB homologs operating as part of tripartite efflux
pumps to export substrates other than antibiotics (Table 2).
One such example is export of the siderophore pyoverdine by
Pseudomonas aeruginosa PvdRT-OpmQ. Pyoverdine is matured
by periplasmic enzymes, and mutants lacking PvdRT accumulate
pyoverdine in the periplasm. These observations suggest that the
MacB homolog PvdTmediates transport from the periplasm, not
the cytoplasm (Hannauer et al., 2010). In other Pseudomonas
species, homologs of MacAB are required for phytotoxin
secretion (Cho and Kang, 2012). In these systems, the toxin
biosynthetic operons include homologs of MacAB. By analogy
with MacB, another pump would be required to export the
non-ribosomally synthesized peptide across the cytoplasmic
membrane into the periplasm, a role which could be fulfilled by
SyrD-type ABC transporters (Quigley et al., 1993).

The MacB-type ABC transporter DevCA, adaptor protein
DevB and TolC homolog HgD form a TEP responsible for
glycolipid export underpinning heterocyst formation in the
nitrogen fixating cyanobacterium Anabaena. Deletion of the N-
terminus of DevB prevents substrate export, but not association
with DevCA, suggesting the cytoplasmic region of the adaptor
protein can control the activity of the pump as proposed for
E. coliMacAB-TolC (Staron et al., 2011, 2014).

Enteroaggregative E. coli express a virulence plasmid-encoded
MacB based TEP dedicated to the export of dispersin, a
positively-charged, surface-associated protein, that prevents
bacterial aggregation (Nishi et al., 2003). A similar TEP exports
the dispersin homolog, CexE, from enterotoxigenic E. coli
(Pilonieta et al., 2007). The structure of 10 kDa dispersin is made
up of two antiparallel 3-stranded beta-sheets with decorating α-
helices at either end, resulting in a 20 Å diameter, 50 Å long
“bullet” shape (Velarde et al., 2007). The narrowest dimension
is consistent with transport through the periplasmic cavity of
MacB (and the lumen of the TolC exit duct) but may represent
the upper size-bound for folded substrates that are transported
by MacB-dependent TEPs.

TEP-Independent MacB Homologs
The MacB architecture is also found in proteins that operate
independently of adaptor proteins/TEPs (Table 3). For example,
LolCDE, an ABC transporter with the same topological
organization asMacB, underpins lipoprotein trafficking in Gram-
negative bacteria. Lipoproteins destined for the outer membrane
are first transported across the cytoplasmic membrane by
the Sec system, and then successively acylated by membrane
intrinsic machineries (Narita and Tokuda, 2017). LolCDE then
extracts the lipid moiety of lipoproteins from the outer leaflet
of the inner membrane and passes it to the periplasmic
chaperone LolA for delivery to the outer membrane. LolD
encodes an NBD, while LolC and LolE both have the 4-TM
helix MacB type architecture (Yakushi et al., 2000; Narita and
Tokuda, 2017). The structure of the periplasmic domain of
LolC revealed a fold homologous to MacB, suggesting that
lipoprotein extraction could be performed by the LolCDE
complex using a mechanotransmission mechanism (Crow et al.,
2017).

The MacB architecture is also found in FtsEX which is
required for efficient cell division in Gram-negative bacteria
(Schmidt et al., 2004; Yang et al., 2011; Du et al., 2016),
sporulation in Bacillus (Garti-Levi et al., 2008) and survival
of mycobacteria (Mavrici et al., 2014) and Streptococcus (Sham
et al., 2011). In these organisms, the FtsEX complex is proposed
to regulate the activity of extracytoplasmic cell wall amidases
in the final stages of cell division. The periplasmic domain
of Mycobacterium tuberculosis FtsX lacks a significant Sabre
subdomain, but the Porter subdomain is remarkably similar
to that of E. coli MacB (Mavrici et al., 2014; Crow et al.,
2017). The absence of the Sabre and conservation of the Porter
subdomain in FtsEX raises interesting questions regarding the
role of these subdomains in MacB and other Type VII ABC
transporters, including LolCDE and FtsEX. As far as we are
aware, the Porter subdomain is present in all members of
the Type VII ABC superfamily and is likely an intrinsic part
of the mechanotransmission apparatus. The role of the Sabre
subdomain is less obvious but it may be adapted to carry out
specific tasks in different proteins.

HrtAB is another ABC transporter homologous to MacB
found throughout Gram-positive bacteria. The HrtAB pair were
initially proposed to protect cells from the toxic effect of high
concentrations of heme by removing it from the cytoplasm
(Stauff et al., 2008; Bibb and Schmitt, 2010). Direct transfer of
substrates from the cytoplasm to the extracellular space has not
yet been demonstrated, and more recent studies suggest HrtAB
removes heme from the membrane in S. aureus (Wakeman
et al., 2012) and L. lactis (Joubert et al., 2014). Consistent
with this idea, mutation of two conserved tyrosine residues in
the periplasmic domain abrogated HrtAB mediated tolerance
of heme stress. Comparison of HrtB with MacB suggests these
residues map to the top of the stalk, and so it is tempting to
speculate that they could co-ordinate heme during transport.
Further study of HrtAB is essential to assess whether this
assembly receives substrates from the cytoplasm or not, and
whether it can transport such substrates across the inner
membrane.
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TABLE 2 | Representative MacB superfamily TEPs.

Protein Organism(s) Complex Substrate(s) Function(s) References

MacB Gram-negative

bacteria

MacAB-TolC (TEP) Enterotoxin STII, Erythromycin,

Colistin, Bacitracin, Kanamycin,

Glycolipids, Protoporphyrin

Toxin secretion

Antibiotic resistance

Cell envelope biogenesis?

Detoxification?

Kobayashi et al., 2001;

Yamanaka et al., 2008; Lu and

Zgurskaya, 2013; Turlin et al.,

2014; Crow et al., 2017

PvdT Pseudomonas

aeruginosa

PvdRT-OpmQ (TEP) Pyoverdine Siderophore export

Virulence?

Imperi et al., 2009; Hannauer

et al., 2012

AatP Enteroaggregative

E. coli (EAEC)

AatABCP (TEP) Dispersin Biofilm dispersal signaling Nishi et al., 2003; Velarde et al.,

2007

DevC Anabaena sp. DevABC-TolC Glycolipids Heterocyst envelope biogenesis Staron et al., 2011, 2014

CexP Enterotoxigenic

E. coli (ETEC)

CexPABC CexE? CexE secretion? Pilonieta et al., 2007

TABLE 3 | Representative non-TEP forming homologs of the MacB ABC transporter.

Protein Organism(s) Complex Substrate(s) Function(s) References

LolC,

LolE,

LolF

Gram-negative bacteria LolCDE or LolDF Lipoproteins Lipoprotein extraction and

trafficking

Yakushi et al., 2000; Narita and

Tokuda, 2017

FtsX Gram-positive and

Gram-negative bacteria

FtsEX – Cell division Yang et al., 2011; Mavrici et al., 2014;

Du et al., 2016

YknZ Bacillus amyloliquefaciens YknXYZ Antimicrobial peptide? Detoxification? Yamada et al., 2012; Xu et al., 2017

BceB Bacillus subtilis BceABS Bacitracin, Sensing & detoxification Dintner et al., 2014

HrtB Gram-positives HrtAB Heme? Detoxification? Stauff et al., 2008; Bibb and Schmitt,

2010

AS-48H Enterococcus faecalis AS-48EFGH Mature AS-48? Bacteriocin AS-48 export? Diaz et al., 2003

YbbP is an E. coli protein of unknown function that appears
to represent a fusion of two MacB permease units with two
linking TMHs. Surveying this, and other homologs, reveals that
the MacB 4-TMH architecture may be organized in different
ways. The NBDs may be fused to the TMDs or encoded in
a separate polypeptide. Similarly, the transmembrane domains
may organize as homodimer (MacB and FtsX) or heterodimer
of individual units (LolCE). Alternatively, the two permease
domains may be fused into a single polypeptide with two
interceding TMHs, and either one (BceB) or two periplasmic
domains (YbbP; Figure 8). As previously noted by Milton
Saier, one permutation that appears to be absent in this ABC
superfamily is the fusion of two permease domains and two
NBDs into a single polypeptide (Khwaja et al., 2005). In cases
where the TMDs represent an apparent fusion of two monomers,
the NBD is always encoded as a separate protein (Khwaja et al.,
2005).

CONCLUSIONS AND FUTURE

DIRECTIONS

MacB and its homologs confer resistance to antibiotics, but
the current evidence suggests they do not transport substrates
across the cytoplasmic membrane. Crystal and cryo-EM
structures demonstrate how the distinctive MacB architecture
uses a mechanotransmission mechanism in which the energy

from cytoplasmic ATP hydrolysis is communicated through
transmembrane movements to perform useful work in the
extracytoplasmic space. Despite recent advances, many questions
remain. The absence of a substrate-bound structure is one of
the biggest barriers to our collective understanding of MacB-
type ABC transporters. Substrate-bound structures of other
ABC exporters are the exception, not the rule (Johnson and
Chen, 2017; Mi et al., 2017), but they would demonstrate how
substrate is recognized by the MacB periplasmic domain. The N-
terminus of MacA affects the ATPase activity of MacB but this
region has not been resolved in any of the current structures;
clearly structural information demonstrating how this region of
MacA can affect MacB is vital to completely understand the
mechanism.

All the available structures have been determined using
detergent-solubilised proteins but the presence of a membrane
environment dramatically alters the ATPase activity of MacB
and its response to MacA (Tikhonova et al., 2007; Picard et al.,
2018). Mass spectrometry analysis of purified MacB suggested it
specifically binds phosphatidylethanolamine molecules (Barrera
et al., 2009) while different phospholipids were found to
differentially affect the activity of the MacB homolog LolCDE
(Miyamoto and Tokuda, 2007). Structures of MacB within
the context of a lipid bilayer may help reveal how specific
phospholipids can modulate transporter activity.

Another important line of enquiry will be to better understand
the range of substrates that MacB-like proteins interact
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FIGURE 8 | Topological organization of MacB family members. Linear domain arrangement (Left) and transmembrane topologies (Right) are shown for MacB and

four representative homologs. From top to bottom, macrolide and toxin transporter MacB, cell division protein FtsEX, lipoprotein trafficking LolCDE, YbbAP (unknown

function), bacitracin sensing and efflux protein BceAB. MacB type ABC transporters share a distinctive transmembrane topology although NBDs are not always fused

to transmembrane encoding domain and some families exist as apparent fusions of two half-transporters. Sequence identity between the periplasmic domains of

each Type VII motif is low, but the extracellular domain of Mycobacterium tuberculosis FtsEX (Mavrici et al., 2014) also contains a Porter subdomain suggesting this

could be a common element of Type VII ABC proteins.

with. The peptide substrates of MacB and its homologs are
commonly small disulfide bonded peptides reminiscent of
some antimicrobial peptides such as mammalian defensins.
Expression of MacB-like proteins influences survival of
Salmonella and Streptococcus pyogenes in macrophages (Phelps
and Neely, 2007; Bogomolnaya et al., 2013). Whether MacB
can protect pathogenic bacteria within host systems by efflux
of defensins or other substrates bears further investigation.
Moreover, the sheer structural diversity and size-range of
the MacB substrate repertoire (ranging from ∼0.5 kDa
macrolides to 10 kDa proteins such as dispersin) requires
explanation.

In Bacillus, an additional membrane protein that is not
found in conventional tripartite systems from Gram-negative
bacteria, YknW, associates with and affects the activity of the
Gram-positive MacAB homolog YknXYZ. Furthermore, a small

membrane protein, AcrZ, modulates the action of the E. coli
AcrAB-TolC TEP (Hobbs et al., 2012). Many small membrane
proteins in E. coli remain uncharacterized (Storz et al., 2014), and
so the possibility of other proteins affecting the activity of MacB
cannot be excluded.

MacB mediated antibiotic resistance, and the involvement
of its homologs in different facets of bacterial physiology
make Type VII ABC transporters an attractive target for
antibiotic therapy. Inhibitors of MacAB have not been isolated,
but screening of chemical libraries identified two different
inhibitors that target the MacB homolog LolCDE (McLeod
et al., 2015; Nayar et al., 2015; Nickerson et al., 2018).
Mutations conferring resistance map to the stalk helices,
and interestingly, one of these inhibitors stimulated the
ATPase activity of LolCDE in vitro (Nickerson et al., 2018).
These inhibitors may therefore function by uncoupling ATP
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hydrolysis from the mechanotransmissive movement of the
extracytoplasmic domains. Clearly, a general class of inhibitors
that could interrupt mechanotransmission would be immediately
useful as tools to study MacB-like transporters and, in the
longer term, as potential new antibiotics. Indeed, targeting
MacB-like ABC transporters for inhibition is particularly
attractive, not only because FtsEX and LolCDE are essential,
but also because this class of transporters is absent in
humans.

The importance of the MacB architecture in bacterial
physiology is becoming increasingly apparent. The recent
structures now provide a template to understand its action not
only in antibiotic resistance but in underpinning a variety of

fundamental bacterial cell processes which are themselves targets
for antimicrobial therapy.
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Bacterial antibiotic resistance is a worldwide health problem that deserves important

research attention in order to develop new therapeutic strategies. Recently, the World

Health Organization (WHO) classified Pseudomonas aeruginosa as one of the priority

bacteria for which new antibiotics are urgently needed. In this opportunistic pathogen,

antibiotics efflux is one of the most prevalent mechanisms where the drug is efficiently

expulsed through the cell-wall. This resistance mechanism is highly correlated to the

expression level of efflux pumps of the resistance-nodulation-cell division (RND) family,

which is finely tuned by gene regulators. Thus, it is worthwhile considering the efflux

pump regulators of P. aeruginosa as promising therapeutical targets alternative. Several

families of regulators have been identified, including activators and repressors that

control the genetic expression of the pumps in response to an extracellular signal, such

as the presence of the antibiotic or other environmental modifications. In this review,

based on different crystallographic structures solved from archetypal bacteria, we will

first focus on the molecular mechanism of the regulator families involved in the RND

efflux pump expression in P. aeruginosa, which are TetR, LysR, MarR, AraC, and the

two-components system (TCS). Finally, the regulators of known structure from

P. aeruginosa will be presented.

Keywords: multidrug resistance, efflux pumps regulators, activator, repressor, X-ray structures

INTRODUCTION

Just after the introduction of antibiotics on the market in the mid-twentieth century, bacterial
resistance was recognized as a natural but worrisome phenomenon (McDermott et al., 2003; Hede,
2014). More than 60 years later, the resistance is still a worldwide health concern (Frieri et al., 2017),
threatening the effectiveness of antibacterial therapy, and challenging the efforts of developing
novel antibiotics (Li et al., 2015), but fortunately some studies tend to give hope in this research
area (D’Costa et al., 2011; Rolain et al., 2016).

To survive, bacteria have developed an inexhaustible range of antibiotic resistance mechanisms
(Coates et al., 2002; Levy and Marshall, 2004). One of them involves the efflux of toxic compounds
through bacterial cell-wall bymembrane-bound protein transporters calledmultidrug efflux pumps
(Poole and Srikumar, 2001; Rahman et al., 2017). These multidrug efflux systems (MES) existed in
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bacterial genomes long before the use of antibiotics by human
to cure infection (Davies and Davies, 2010). MES are essential
in bacterial physiology and natural defenses (Poole, 2008; Li and
Nikaido, 2009; Alvarez-Ortega et al., 2013; Blanco et al., 2016),
including export of organic solvent, detergents, fatty acids, toxic
lipids and quorum sensing molecules. Because many structurally
unrelated compounds are extruded by the same system, MES are
also responsible for the multidrug resistance (MDR) phenotype
(Nikaido, 2009). Efflux pumps have been categorized into five
different families (Li and Nikaido, 2009), based on three criteria:
the amino acid sequence identity, the energy source required to
drive export and the substrate specificities (Li et al., 2015). The
five major known families are the ATP-binding cassette (ABC)
(Szakács et al., 2008; Locher, 2009), the small multidrug resistance
(SMR) (Schuldiner, 2009), the major facilitator superfamily
(MFS) (Kumar et al., 2013; Yan, 2015), the resistance-nodulation-
cell division (RND) (Du et al., 2014; Yamaguchi et al., 2015; Daury
et al., 2016; Vargiu et al., 2016) and the multidrug and toxic
compound extrusion (MATE) (Hvorup et al., 2003; Kuroda and
Tsuchiya, 2009). ABC superfamily belongs to the primary active
transporters class which function depends on ATP hydrolysis,
whereas the other pumps are secondary active transporters
(symporters, antiporters, and uniporters) using energy from
proton and/or sodium gradient (Mousa and Bruner, 2016).

Multidrug efflux transporters overexpression is tightly
regulated by transcriptional activators and/or repressors upon
the presence of toxic compounds (Sun et al., 2014). Interestingly,
the regulators themselves are potentially triggered by the
substrate that will be transported in turn by the regulated pumps
(Schumacher and Brennan, 2002). A very specific and imbricated
regulation system seems to link the transcriptional regulators
to the cognate efflux pumps expression. In order to combat
antibiotic resistance, all the different resistancemechanismsmust
be targeted, and despite recent encouraging results (Fair and Tor,
2014; Khameneh et al., 2016; Cheesman et al., 2017), multidrug
transporters remain largely responsible for antibiotherapy
failures (Sun et al., 2014). Because the last discovered antibiotic
is specific to Gram positive (Gram+) bacteria (Ling et al., 2015),
it is urgent to find new drugs targeting the Gram negative
(Gram-). This is also supported by the fact that most of the main
problematic multiresistant pathogens in hospitals or “ESKAPE”

Abbreviations: ABS, Activation binding site; ABC, ATP-binding cassette;

CA, Catalytic and ATP binding domain; DBD, DNA-Binding Domain;

DHp, Dimerization and histidine phosphotransfer domain; GAF, cGMP-

specific phosphodiesterases, Adenylyl cyclases, FhlA domain; HAE1,

hydrophobe/amphiphile efflux 1; HAMP, Histidine kinases, Adenyl cyclases,

Methylaccepting proteins, Phosphatases domains; HK, Histidine kinase

domain; HTH, Helix-turn-helix; LBD, Ligand binding domain; LTTR, LysR-

type transcription regulators; MATE, Multidrug and toxic compound extrusion;

MDR,Multidrug resistance; MES,Multidrug efflux systems; MFS,Major facilitator

superfamily; PAS, Per arnt sim domain; PDB, Protein data bank; RBS, Regulatory

binding site; RD, Regulatory domain; REC, N-terminal receiver domain; RND,

Resistance-nodulation-cell division; ROS, Reactive oxygen species; RR, Response

regulator; SD, Sensor domain; SK, Sensor kinase receptor; SMR, Small multidrug

resistance; TCS, Two-component system; TetR, Tetracycline repressor; TF,

Transcription factor; TFBS, Transcription factor binding site; TG, Target gene;

TM, Trans-membrane domain; TSA, paratoluene sulfonate.

bacteria are Gram- (Tacconelli et al., 2017). This acronym
comes from the initials of six superbugs which are Enterococcus
faecium and Staphylococcus aureus, both Gram+, and the Gram-
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa and Enterobacter. The particularity of Gram- bacteria
is the presence of two membranes and a soluble space in between
called the periplasm. Consequently, the efflux pumps must cross
two lipidic barriers and the periplasm to transport the molecules
out of the cell. This can be achieved by RND transporters
that represent the major drug efflux pumps in Gram- bacteria,
and more specifically by the hydrophobe/amphiphile efflux 1
(HAE1) sub-family (Nikaido, 2018) in which the transporter is
a homotrimer that belongs to a tripartite complex. These efflux
pumps are constituted of three different proteins forming an
elongated nanomachine. The transporter itself, called RND, is
localized in the inner membrane. It is the motor of the pump
activated by the proton motive force. Another partner protein
called Outer Membrane Factor (OMF) is embedded in the
outer membrane. The third protein called Membrane Fusion
Protein (MFP) is localized at the periplasm with a lipidic anchor
inserted in the inner membrane. The 3D structure of the whole
assembly has been solved recently by cryo-EM (Du et al., 2014;
Daury et al., 2016; Wang Z. et al., 2017) highlighting how the
different protein partners interact. Similar assembly architecture
is also observed in the ABC family despite a different oligomeric
organization of the transporter (Fitzpatrick et al., 2017). The
fact that the HAE1-RND efflux system is only found in Gram-
makes them interesting and specific target. Nevertheless, more
than 10 years of research on this transporter family has not
provided active and non-toxic drug yet. Thus, targeting the efflux
pump expression regulation appears as an attractive alternative.
Prokaryotic transcriptional regulators are classified into two
groups: the one-component system and the two-components
system. The gene expression regulation of the same HAE1-RND
could involve both systems. A better comprehension of the
molecular basis of efflux pumps genes expression is highly
needed to pave the way for the design of new drugs toward
multidrug resistance by efflux pump.

This review will focus on the regulators of the HAE1-RND
efflux pumps (later called RND for simplification) involved in
drug-resistance, with a particular focus on the regulator families
controlling the pumps of P. aeruginosa, one of the most difficult
bacteria to treat in clinic. For each family of the two-component
and one-component regulators, a description of the molecular
mechanism will be given based on structural knowledge obtained
from archetypal organisms.

THE REGULATION OUTLINE OF

P. AERUGINOSA RND EFFLUX PUMPS

Pseudomonas aeruginosa is an opportunistic bacterium that
has the ability to rapidly grow in diverse environmental niches,
from different soils to human respiratory tract. It is involved
in severe human diseases like meningitis, septicaemia or cystic
fibrosis and is also a major cause of nosocomial infections due
to its high capacity to develop resistances (Poole, 2011). One of
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the most efficient resistance mechanisms is the overexpression
of the tripartite RND-MFP-OMF efflux pumps. Up to twelve
genes coding for the efflux pumps were identified in PAO1
genome, each of them showing substrates specificity (Stover
et al., 2000). Nevertheless, only five of the efflux pumps
are involved in resistance in clinical strains, i.e., MexAMFP-
MexBRND-OprMOMF, MexXMFP-MexYRND-OprMOMF,
MexCMFP-MexDRND-OprJOMF, MexEMFP-MexFRND-OprNOMF,
and MexJMFP-MexKRND-OprMOMF (Lister et al., 2009; Li et al.,
2015). These tripartite pumps are encoded in operon, but some of
them do not bear their own OMF gene, such as MexXY, MexJK,
MexVW, and MexMN. In that case, they usually assemble with
OprM, the versatile OMF of P. aeruginosa, which structure has
been extensively studied (Phan et al., 2010, 2015; Monlezun et al.,
2015). MexAB-OprM is the only pump that is constitutively
expressed and is able to transport most of the antibiotic families
whereas the others are more selective and are induced under
specific conditions. Dedicated activators or repressors regulate
the efflux pumps expression, but complementary regulators,
including the two-components system, could intervene to finely
orchestrate the operons transcription. A blast analysis (https://
blast.ncbi.nlm.nih.gov/) of the regulators based on P. aeruginosa
amino acid sequences and known 3D structure homologs allows
us to identify the main families of regulators in P. aeruginosa
as illustrated in Figure 1. A majority of them belongs to the
TetR family. We will first describe the regulators function of
each family from archetypal structures. We will start with the
two-component system (TCS) and then the one-component
systems, i.e., TetR, LysR, MarR, and AraC. Finally, we will
present MexR, NalD and MexZ, the only 3D structures solved
from P. aeruginosa one-component regulators so far.

THE TWO-COMPONENT SYSTEM

REGULATORS IN P. AERUGINOSA

In bacteria, efficient adaptation to environmental changes is
very often orchestrated by the two-component systems (TCS)
(Stock et al., 2000). As such, TCS is one of the most abundant
bacterial molecular devices to cope the variety of environmental
signals (Krell et al., 2010; Capra and Laub, 2012; Jung et al.,
2012). In particular, according to the whole genome prediction, P.
aeruginosa owns around 130 different TCS (Rodrigue et al., 2000)
and uses more than 60 TCS to regulate virulence and antibiotic
resistance (Gooderham and Hancock, 2009; Muller et al., 2011;
Li et al., 2015). All the TCSs regulating P. aeruginosa efflux
pumps belong to the prototypical system, which mechanism will
be described here.

Regarding the specific genes regulation of the RND efflux
pumps, five TCSs were identified so far (see Figure 1 for those
involved in resistance in clinical strains) (Li et al., 2015). The
RocS2-RocA2 system was shown to downregulate the expression
of the constitutive efflux pump MexAB-OprM in order to favor
biofilm set up (Sivaneson et al., 2011). The TCSs ParR-ParS and
AmgR-AmgS switch on the expression of the efflux pumpMexXY
following bacterial envelope stress and membrane perturbation
by either colistin or polymyxin B (Fernández et al., 2010;

FIGURE 1 | Regulation systems of the RND efflux pumps involved in antibiotic

resistance from P. aeruginosa. Genes are schemed as arrows, proteins are

oval shaped. The MFP are in yellow, the RND in green, the OMF in blue. The

regulators from the TetR family are in orange, the MexR regulator from the

MarR family is in salmon, MexT from the LysR family is in purple, CmrA coded

by an AraC regulator is in light purple written in red, TCS are in gray written in

red, all the other partners are in gray, written in black. Repression is indicated

by “–“ sign and activation is indicated by “+” sign. All the 3D structures are

generated with PyMol (http://www.pymol.org; DeLano, 2009).

Muller et al., 2011; Lau et al., 2015). Besides, ParR-ParS also
upregulates the efflux pump MexEF-OprN operon by enhancing
the expression of the activator MexS (Wang D. et al., 2013).
Finally, both systems CzcR-CzcS and CopR-CopS stimulate the
expression of the heavy-metal efflux pump CzcABC (Perron
et al., 2004; Caille et al., 2007). This pump is not involved in
antibiotic resistance but it is mentioned here as the only TCS
crystal structure solved so far in P. aeruginosa. Indeed, the sensor
domain of the zinc-responsive histidine kinase CzcS shows the
typical mixed α/β-fold of the PhoQ family (Wang D. et al., 2017).

Most of these TCS targeting the efflux pump genes of P.
aeruginosa belong to the OmpR/PhoB family, except RocS2-
RocA2, which is part of the CheY family. The architecture of
the OmpR/PhoB and CheY families corresponds to the typical
TCS which is a duet of phosphor-relay proteins (Figure 2): (1)
a receptor Histidine-Kinase (HK), also named Sensor Kinase
(SK), receives the extra-cytoplasmic (or periplasmic) signal and
then activates (3) a cognate intracellular response regulator
(RR) through a concerted trans-phosphorylation process (2).
Subsequently, activated RR displays generally a DBD domain that
targets a repeated sequence (4) upstream or within the promoter,

Frontiers in Molecular Biosciences | www.frontiersin.org June 2018 | Volume 5 | Article 5752

https://blast.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/
http://www.pymol.org
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Housseini B Issa et al. Structural Knowledge of the Efflux Pumps Regulators

in order to up-regulate or to repress the expression of specific
genes (Krell et al., 2010; Capra and Laub, 2012; Zschiedrich et al.,
2016).

Despite the lack of the full-length structure of HK, more
than 100 structures of the different domains and fragments
from different bacterial species shed light on the transduction
mechanism upon ligand binding (Bhate et al., 2015; Zschiedrich
et al., 2016). HK are membrane proteins and function as
homodimeric receptors. The canonical monomer is made of
4 domains: (i) a sensor domain (SD) that recognizes various
signals (gas, ions, osmotic change, temperature, light or variable
organic compounds including antibiotics (Krell et al., 2010),
(ii) a transmembrane domain (TM), (iii) one or several signal
transduction domains (i.e., the domains HAMP - histidine
kinases, adenyl cyclases, methylaccepting proteins, phosphatases,
PAS—per arnt sim or GAF—cGMP-specific phosphodiesterases,
adenylyl cyclases, FhlA) and (iv) an autokinase domain
made of two subdomains DHp (dimerization and histidine
phosphotransfer) and CA (catalytic and ATP binding). Thus,
HK are multi-domains receptors with variable and complex
architectures, but the structure of the transmembrane and the
cytosolic domains tend to be more conserved than the sensor
domains across the receptor family (Krell et al., 2010; Bhate et al.,
2015; Zschiedrich et al., 2016).

The different domains of HK show diverse folds, mainly
from α/β to all-α classes. Behind the variety of stimuli and
domain structures, signal transduction mechanism tends to be
well conserved, driven by key α-helices connecting the different
domains along the receptor. Signal transduction mechanism
starts at the sensor domain by the p-helices (periplasmic helices)
which are localized at the dimer interface of the sensor domain.
Upon binding of the ligand, helices rearrangements, described
as a piston-like shift, are transmitted to the TM domain across
a bundle of two pairs of anti-parallel α-helices connected to
the cytosolic domain, mainly HAMP, PAS, or GAF domains.
As for the sensor domain, cytosolic domain folds are variable
but the signal transduction is again driven by specific α-helices,
in particular a tandem of input and output helices. Through
dynamic scissoring and rotation of the α-helices bundle, a
major structural event is the transition from a symmetrical apo-
conformation (ligand-free) to an asymmetric holo-conformation
(ligand-bound) and then active state. To summarize the complex
signal transduction within the receptor structure, a global α-
helices coiled-coil disturbance mediated by the key helices
stretching and rotation leads to an asymmetric kinase-competent
state (Wang C. et al., 2013; Mechaly et al., 2014; Molnar et al.,
2014; Gushchin et al., 2017).

The catalytic event of HK takes place at the DHp and
CA domains. It starts with the auto-phosphorylation of the
conserved histidine of DHp domain which is a symmetrical
dimer of helix-turn-helix. The CA domain binds to the upper
region of the DHp and captures the phosphoryl group from
one ATP to phosphorylate the histidine of DHp. Depending of
the orientation of the helices, histidine phosphorylation could
be within the same protomer (cis-phosphorylation) or between
(trans-phosphorylation) the subunits of the homodimer receptor
(Casino et al., 2009, 2010). The lower part of DHp receives the

response regulator RR. Again, a critical switch to an asymmetric
conformation of the DHp correlates with the active kinase state.
The formed phosphor-histidine is then available for the trans-
phosphorylation to the RR.

Actually, the RR protein is a kinase itself and catalyzes its
own phosphorylation on a conserved aspartate. The prototypical
RR of the OmpR/PhoB superfamily presents two domains:
a conserved N-terminal receiver (REC) domain linked to a
more variable C-terminal domain, mainly a DBD. The typical
REC domain consists of a typical α/β fold with five parallel
β-strands surrounded by five α-helices. The REC domain
docks onto the lower part of the DHp domain and catalyzes
its own aspartyl-phosphorylation from the phospho-histidine
donor. This phosphor-relay disturbs the molecular surface of
REC and triggered the switch of two conserved residues T/S
and F/Y localized between the strands β4-β5 of REC, nearby
the phosphor-aspartate. This event induces the symmetric
dimerization of the REC domain (Gao and Stock, 2009) and
brings in close proximity the C-terminal DBDs each other. Thus,
the DBD tandem is able to recognize and to interact with the
DNA repeat sequence. Remarkably both REC domains of the
RR dimer form a symmetrical head-to-head complex, whereas
the associated DBD are poised asymmetrically on the cognate
DNA, in a head-to-tail manner (Narayanan et al., 2014; Lou et al.,
2015; He et al., 2016). Structural determination of the DNA-RR
complexes revealed that the DBD-DNA interface is conserved,
described as a winged-helix fold where the recognition α3
penetrates the major groove whereas the α-β hairpin wings
interacts with the minor groove, motif found in the LysR and
MarR of the one-component system (see below) (Blanco et al.,
2002; Narayanan et al., 2014; Lou et al., 2015; He et al., 2016). The
surface contact of the DBD-DNA complex covers around 1,800
Å2 with mainly van der Waals interactions toward the ribose
groups and electrostatic attractions to the phosphates backbone.

THE ONE-COMPONENT SYSTEM

REGULATORS

The one-component regulator system comprises both activators
and repressors depending on the location of their binding site
(TFBS) with the one of the RNA polymerase (RNAP). If the
TFBS interferes with RNAP binding, the transcription factor will
act as a repressor. When located upstream, the transcription
factor helps RNAP recruitment as an activator or by competing
with a repressor. One-component regulators can either act
locally, interfering directly with the regulated operon, or remotely
through general signaling events. These regulatory proteins are
composed of two domains, one DNA-binding domain (DBD)
comprising a Helix-Turn-Helix (HTH) motif, and one sensory
domain involved in the oligomerization of the protein, often
triggered by the binding of the sensor molecule. The one-
component regulators are implicated in most of the essential
signaling events in prokaryotic cells that is why a majority of
bacterial regulators belong to this system. They are classified
into more than 20 families (Cuthbertson and Nodwell, 2013)
mainly based on sequence similarity of the DBD (Grkovic et al.,
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FIGURE 2 | Structural overview of the two-component systems (TCS). The different model structures of histidine kinases (HK) are from the E. coli NarQ, CpxA, and

HK853 (pdb codes 5JEQ, 5IEF, 4BIV, and 2C2A). The model structures of the response regulator (RR) are from the E. coli KdpE and RR468 (pdb codes 3DGE, 4KFC,

and 4KNY). The different protein domains are indicated in dashed-squares: Sensor Domain (SD), TransMembrane domain (TM), transduction domain HAMP (histidine

kinases, adenyl cyclases, methylaccepting proteins, phosphatases), Catalytic Domain (CA), Dimerisation, and Histidine phosphotransfer domain (DHp), Receiver

domain (REC), and Dinucleotidic acid Binding Domain (DBD). (1) After ligand binding to the p-helices (NO3 in the example of NarQ sensor kinase) of the symmetrical

receptor homodimer, (2) important helices rearrangement forms an asymmetrical active state which triggers the auto-phosphorylation of DHp by CA. In this example,

the CA of one monomer brings the ATP to the DHp of the other monomer. (3) The phosphor-histidine is then exposed to the REC domain of the response regulator

(surface representation) that takes over the same phosphate following HK-RR complex formation. (4) Dimerisation of the aspartyl-phosphorylated RR allows DNA

recognition by the DBD domain in a tandem manner, with the helix-turn-helix motif inside the major groove and the hairpin winged in the minor groove. All the 3D

structures are generated with PyMol (http://www.pymol.org; DeLano, 2009).

2002), and most of them belong to six major families: TetR,
MarR, LacI, LysR, AraC and MerR (Spengler et al., 2017).
Four of them are involved in P. aeruginosa RND efflux pumps
regulation (TetR, MarR, LysR, AraC) and they will be described
here.

The TetR Family
The tremendous amount of sequences deposited in the
UniProtKB databank (>2,300 verified TetR family assigned
sequences in 2005; Ramos et al., 2005) supports the fact that
most of bacterial genomes carries several TetR regulators to
control vital and diverse functions. Interestingly, more than
15% of them regulate membrane-associated proteins, which are
transporters in majority. As expected, the number of solved
structures deposited in the protein data bank (PDB) is still low

with hardly more than 280 entries (December 2017). The first
solved 3D structure of a member of this family corresponds to
the tetracycline repressor (TetR) from E. coli [2TCT (Kisker et al.,
1995); 2TRT (Hinrichs et al., 1994)] repressing the expression of
TetA, a MFS efflux pump expulsing the tetracycline antibiotic.
Surprisingly, structural alignment of the known structures of this
family did not provide conservedmotif because of a low sequence
identity (as low as 7%), despite the well conserved fold of the
N-terminal DBD domain (≈50 amino acids). Nevertheless, this
analysis highlights the fact that most of the studied regulators
are frequently involved in antibiotic resistance or virulence
of pathogenic bacteria. The larger group of solved structures
corresponds to EthR from Mycobacterium tuberculosis with 57
entries (Carette et al., 2012; Blondiaux et al., 2017; Nikiforov
et al., 2017). It negatively regulates the expression of EthA
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monooxygenase implicated in the inactivation of the anti-
tuberculosis drug ethionamide.

In spite of low sequence identity, the 3D structure of these
regulators is conserved (Figure 3A). It is formed of 9 α-helices,
with α1-α3 corresponding to the DBD and α4- α9 to the ligand-
binding domain (LBD) (Deng et al., 2013). The contacts between
the two domains involve α1 with α4 and α6, the latter being
perpendicular to the dimer interface formed by α8 and α9 of each
subunit (Figure 3). These inter-domain helices play a key role
in the regulator activation through conformational modifications
induced by the ligand binding. Among the 280 structures of TetR
deposited in the PDB, more than 80 are declared to be associated
with ligands. The chemical nature of these ligands is diverse, from
a simple benzenediol such as resorcinol interacting with RolR,
regulator of the aromatic catabolism from Corynebacterium
glutamicum (3AQT, Li et al., 2011), to a more complex nucleotide
derivative compound like isovaleryl coenzyme A (IV-CoA), an
important building block in the formation of iso-fatty acids,
interacting with AibR from Myxococcus xanthus (5K7H, 5K7Z;
Bock et al., 2017). Most of the regulators classically repress the
transcription in their apo-form, except for the AibR which is
a repressor in a ligand-bound form of a whole operon bearing
five genes involved in the biosynthesis process of IV-CoA, once
bound to the same ligand. Besides, protein partners instead of
chemicals also modulate some regulators. For instance, the SlmA
regulator involved in cell-division of E. coli (Schumacher and
Zeng, 2016) or AmtR, the nitrogen regulator of Corynebacterium
glutamicum (Palanca and Rubio, 2016), both have to bind to
DNA and another cognate protein at the same time to act. The
diversity of the TetR regulator/ligand complexes is not limited
to the ligand nature, but also depends on the localization of
the binding regions which could be at the protein surface, close
to the dimer or the domain interfaces, or in a deeply buried
cavity that could even cross the entire protein like ActR (see
Figure 8 from Cuthbertson and Nodwell, 2013 for a graphical
representation). It differs also by the stoichiometry of the binding
molecules, perfectly exemplified with TtgR (Alguel et al., 2007), a
repressor of the key efflux pump TtgABC in Pseudomonas putida.
Unlike TetR, which is only activated by tetracycline, TtgR can
accommodate different molecules in the same ligand-binding
site. Five structures have been solved of TtgR in complex with
different antimicrobial molecules (2UXH, 2UXI, 2UXO, 2UXP,
and 2UXU). In three different structures, the ligand occupies
a large cavity formed by helices α5-α8, within each monomer
(quercetin in 2UXH, chloramphenicol in 2UXP and naringenin
in 2UXU). In the complex with tetracycline (2UXO), a single
monomer site is occupied despite the structural similarity with
quercetin or naringenin. On the contrary, the structure of TtgR
with phloretin shows both cavities occupied with an additional
molecule close to α6 but in one monomer only. Using isothermal
calorimetry to measure the binding of the different molecules,
it has been shown that the affinity of phloretin for the different
binding sites differs by two orders of magnitude, suggesting the
existence of a positive cooperativity between the two sites.

Because of the important diversity of the ligands and the
binding sites, it will not be possible to bring out a prototypical
interaction mechanism. Nevertheless, the global structural

analysis of the LBD shows a conserved helical architecture built
around helices α5–α7 forming the so-called triangle that can
be superimposed easily despite a root-mean-square deviation
(rmsd) of more than 15 Å. This long atomic distance is due
to differences in helices length and curvature. α8 is parallel to
α5, stabilizing the triangle. Even if most of LBD domains are
formed by 6 helices (α4 to α9), TetR belongs to a subclass itself,
together with some minority proteins like the ActR regulator of
actinorhodin efflux pump from Streptomyces coelicolor (Willems
et al., 2008). We notice that the family name TetR was historically
given because it was the first structure solved, but it is actually
not representative since the folds are quite variable. For instance,
in a sub-class of the TetR family, two additional helices are
inserted between the classical α8 and α9, keeping the C-terminal
helix at the conserved dimer interface. The two extra helices
adopt a coiled-coil structure forming an arm that shell the
second monomer, thus stabilizing the dimer. This is not the only
difference in this sub-family. They also present a shorter helix α4
at the interface between the LBD and the DBD, the upper part
of the traditionally curved α4 being unstructured but still parallel
to α5.

In all the TetR family regulators, the dimer interface is formed
by two antiparallel coiled-coil helices from each monomer (α8
and α9), forming a symmetrical four-helices bundle with the
other monomer. The dimer is not always symmetrical, that is why
ligands are not always present in both cavities of the complex
structures. This is the case of QacR (Schumacher et al., 2004),
which presents amuch smaller cavity in one of the twomonomers
due to the flexibility of the last turn of α5, giving more freedom
to α6 that can move upper then reducing the triangle cavity. The
binding of the ligand in only one cavity is sufficient to release the
transcription repression, but two dimers of QacR must interact
with DNA (Schumacher et al., 2002), so at the end two ligand-
bound cavities are necessary for the DNA recognition. In QacR
the enlarged cavity can accept two different molecules (ethidium
and proflavin), even if proflavin displaces ethidium from the
binding site. Ligand binding pushes α6 in an allosteric way, which
is transmitted to α4 that adopts a pendulum-like movement as
described in Resch et al. (2008), driving away the two DNA
binding sites (Figure 3C). It has also been described in HrtR,
the heme homeostasis regulator in Lactococcus lactis (Sawai et al.,
2012), an induced structural modification of this α4 from a partial
random-coil to stable α-helical structure once associated to the
cognate DNA. In the case of QacR, the distance between the
two sites increases from 37 to 45 Å, causing the detachment
of the regulator from the DNA fragment (Schumacher et al.,
2001). It has been suggested by Reichheld et al. (2009) that
the rigidification of the structure drives the DNA release. This
hypothesis is based on far-UV circular dichroism experiments
on TetR wild-type and mutants in the presence of increasing
concentration of urea, with and without ligands. In the absence
of the ligand, the DBD unfolds first followed by the LBD. In
presence of the ligand, the two domains unfold at the same time,
suggesting cooperativity. The instability of DBD domain without
the ligand would be a clue for its DNA adaptation.

The DBD, generally localized at the N-terminus of the protein,
is composed of α1, HTH domain, and the beginning of α4.
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FIGURE 3 | TetR family of regulators. (A) Structure of SimR (PDB code 3ZQL) from Streptomyces antibioticus, presenting an elongated N-terminus in comparison

with the classical TetR regulators and two additional α helices (in pink) in between the dimer interface α8 and α9 helices (light yellow and brown). The inducer binding

triangle (α5–α7) is colored yellow, brick and salmon. The DBD domain [α1 plus the HTH (α2 and α3)] is colored blue. Helix α4, transmitting the conformational

modifications from LBD to DBD is colored in green. In several structures, the upper part of α4 is unfolded and adopts a helical structure after ligand binding. (B)

Structure of QacR from S. aureus (PDB code 1JT0) representing the sub-group of the TetR regulators, acts as a dimer of dimers interacting in antiparallel manner on

the 5
′

-CTATA-n9-TATAG-3
′

DNA pseudo-palindromic fragment. The two monomers near the center of the DNA sequence are called proximal monomers and the

other two are called distal monomers. (C) Schematic representation of the TetR regulation mechanism. When the ligand binds to the LBD, the enlarged triangle cavity

pushes α5 and α6, which induces the folding of the helices extremities. As a consequence, α4 unbends to create a linear helix. The induced movement pushes away

the two DBD domains, releasing the regulator from the DNA fragment. All the 3D structures are generated with PyMol (http://www.pymol.org; DeLano, 2009).

Among the 280 deposited TetR structures, only 19 are associated
with the cognate DNA fragments, highlighting the difficulty to
stabilize these protein/DNA complexes. These regulator-DNA
complex structures were crucial to understand the functional
mechanism of this regulator family. There are two sub-classes of
DNA-binding mode: one represents DNA promoters interacting
with a dimer (1QPI: TetR; 3ZQL: SimR; 3LSP and 3LSR:
DesT; 3VOK: HrtR; 5UA2 and 5UA1: KstR; 5DY0: AmtR;
4I6Z: Tm1030; 5K7Z: AibR). The second involves two dimers
interaction (1JT0: QacR; 5HAW, 5HBU and 5k58: SlmA; 4PXI
and 5H58: CprB; 2YVH: CgmR; 4JL3: Ms6564; 5GPC: FadR)
(Figure 3B). The first DNA complex was determined 5 years after
the first structures of TetR by the same research group (1QPI;
Orth et al., 2000). The main interacting region corresponds to
the HTH domain formed by α2 and α3, which is also the most
conserved sequence region used to create an identification profile
of the TetR family (Ramos et al., 2005). The two helices deeply
enter the DNA major groove but most of the contacts involve α3
only. In DesT, a regulator that controls the fatty acid saturation
ratio in membrane lipid biogenesis, additional interactions were
described with the DNA minor groove involving the elongated
N-terminus of the protein (Miller et al., 2010). This is also the
case for SimR, an exporter of a potent DNA gyrase inhibitor
from Streptomyces antibioticus, which presents an even longer N-
terminus that turns back to the added “arm” between α8 and α9

of the secondmonomer (Le et al., 2011). CprB from S. coelicolor, a
receptor of c-butyrolactones, a class of quorum sensingmolecules
(Bhukya et al., 2017), also takes part of this N-terminal extended
sub-family. AmtR, the global nitrogen regulator ofC. glutamicum
that is activated by a protein instead of a small molecule (Palanca
and Rubio, 2016), also shows an additional C-terminal helix of
unclear function. The recognized DNA operator is often formed
by one central base pair (bp) surrounded by a palindromic
sequence of a minimum of 6 bp in each opposite direction
from the center (Yu et al., 2010). So, the complex is formed
by a symmetrical protein dimer bound to a symmetric DNA
fragment. Among the sub-class acting as a dimer of dimers, the
regulators bind two overlapping DNA palindromic sequences
instead of one in a cooperative manner. It is the case of QacR
(Grkovic et al., 2001; Schumacher et al., 2002), which represses
the expression of the MFS efflux pump QacA, transporting toxic
organic compounds like the quaternary ammonium compounds.
In this case, the palindromic DNA fragment is elongated by 28
bp with a longer central non-palindromic sequence (6 instead
of 1) in order to accommodate the two dimers. For this class
of regulators, the following nomenclature has been adopted:
depending on the distance of the dimer from the central DNA
sequence, there are the proximal and the distal subunits. Both
dimers bind on opposite side of the promoter sequence, the
two proximal monomers being very close to each other, sharing
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several DNA base pairs in their binding site. With the opposite
bindingmode, the two dimers axis form an angle of<180◦ except
Ms6564 (Yang et al., 2013), a broad regulator in Mycobacterium
smegmatis that presents a smooth interaction involving water
molecules which allow a sliding motion of the regulator along
the genome to target several genes. For instance, the measured
angles are 130◦ for both QacR and SlmA (the smallest ones), 142◦

for CprB and 145◦ for CgmR (Itou et al., 2010; Bhukya et al.,
2014). In spite of this particularity, the interaction of two dimers
with the DNA is very similar to that of one dimer. The main
difference is a larger spacing between the two DNA binding sites
within a dimer (3 bp for TetR-like regulators and 4 bp for QacR-
like), reducing the induced bending of the DNA fragment (≈3◦

compared to ≈16◦ for the one-dimer class) and increasing the
α3-α3’ distance from≈34 to ≈37 Å. This distance is comparable
to one turn of DNA-B form and was questionable for a long time.
The numerous unbound and ligand-bound structures show very
variable distances between these two α3 helices, ranging from
37.4 to 48.1 Å (Yu et al., 2010). This was confusing for scientists
in their interpretation of the regulation mechanism, as discussed
by Frénois et al. (2004) when they compared the structure of EthR
solved with hexadecyl octanoate in LBD, and that of QacR solved
in different forms (free, complexed with a ligand and complexed
with DNA).

When superposing the DBD from the solved TetR structures
in complex with DNA, it clearly appears that the HTH and the N-
terminus of α4 of the DNA binding site match perfectly without
any amino acid insertion. There are eight important residues for
the binding: the two first correspond to the first residues of α2
and α4 that are not conserved since the interaction involve the
protein backbone only with the phosphates of the DNA. The
six other residues correspond to the whole α3 helix except the
central residue oriented toward α2 (T41 in TetR). The nature of
these amino acids varies with the cognate DNA sequence, even
though most of the protein/DNA interactions involve the DNA
backbone and not the nucleic base. This is the case for AibR
presenting seven residues interacting with phosphates backbone
and only two involving specific contacts with the base (Bock et al.,
2017). Nevertheless, one residue is particularly well conserved,
a tyrosine (Y42 in TetR and Y40 in QacR) that interacts with
the same DNA phosphate as the amine group of the N-terminal
residue of α4, reinforcing the DNA binding. This phosphate
corresponds to the center of the DNA palindromic sequence. The
amino acid the most deeply buried into the DNAmajor groove is
positioned four residues before the conserved tyrosine (Y-4), in
the turn preceding helix α3. This amino acid is often a short one
(Ramos et al., 2005). In the case of FadR, a regulator involved in
the fatty-acid degradation and synthesis pathways, mutation of
each of these two conserved residues led to a significant reduction
of DNAbinding as proved by electrophoreticmobility shift assays
(Yeo et al., 2017). It seems that the regulator could slide on the
DNA until the α3 helix recognizes the cognate sequence, using a
short residue at position Y-4 to entermore deeply into the groove.
Then the clamp formed by the tyrosine and the first residue of α4
lock the interaction.

The LysR Family
The transcription factors (TF) belonging to the LysR family
(LysR-Type Transcription Regulators: LTTR) are the most
abundant in prokaryotes. This is due to the fact they regulate
the expression of genes coding for proteins involved in very
diverse functions like β-lactamase, transporter, amino acids
biosynthesis, metabolic signaling, secretion, oxidative-stress
response, cell division, quorum sensing, virulence, motility,
detoxification, attachment (Schell, 1993; Maddocks and Oyston,
2008; Jiang et al., 2018). The family was named after the
extensively studied transcription regulator of lysA implicated in
lysine biosynthesis (Stragier et al., 1983) and is composed of
both activators and repressors (Maddocks and Oyston, 2008)
depending on the location of the transcription factor binding site
(TFBS). The genetic organization of LTTRs targeted promoters
and TFBSs has been studied by a computational protocol termed
Phylogenetic Profile of Consensus Motifs issued by the analysis
of Phylogenetic Footprinting technics (Oliver et al., 2016). In the
LysR family, the gene coding for the TF is divergently oriented
from its target gene (TG) and located<100 nucleotides upstream
the beginning of the TG, and sometimes up to 500 bp from
the initiation codon (Heroven and Dersch, 2006). Two to three
different TFBSs are found in the intergenic region, the inter-motif
length between the two first is generally seven nucleotides, except
for the LyrR which is six. When the third motif exists, it very
often overlaps with the second one, the global site being called
the ABS (activation binding site) (Figure 4A). LysR also differs
for this rule, because it presents 19 bp intermotif length between
TFBSs 2 and 3. In each case, the transcription activation involves
the binding, with different affinities, of two activated TF dimers
in a cooperative manner, triggered by one or several inducers. An
overlap of TF promoter and TFBSs causes an auto-repression by
the TF when bound to the TFBS on the opposite strand of the
DNA. The global site is called the RBS (regulatory binding site).
Depending on the affinity of the TF for one of the different TFBSs,
the TF will be an activator or a repressor. The mean length of the
TFBSs is 15 bp and the consensus sequence, originally described
as 5’-T-n11-A-3’ (Goethals et al., 1992), has been extended to
5′-CTATA-n9-TATAG-3′ (Oliver et al., 2016). Based on DNaseI
protection assays combined with structural analysis (Wang and
Winans, 1995; Muraoka et al., 2003; Picossi et al., 2007), a
model has been proposed for the molecular mechanism of the
LysR-type transcription regulators when three TFBSs are present,
which is the majority of the LysR-type intergenic organization
(Figure 4A). The affinity of the TF for the first and last TFBSs
is greater than for the second one. Then in absence of the co-
inducer, the formation of the dimer imposes a large bending of
the DNA from 50 to 100◦. With the inducer, the dimer interacts
with the second TFBS which releases the third TFBS and unbends
the DNA of 9◦ up to 50◦. From this conformation, the TF will
interact with the α-subunit of the RNAP so that the transcription
of the TG can start. This mechanism model was reinforced by
DNA-binding studies performed on modified DNA sequences,
and is known as the “sliding dimer” (Porrúa et al., 2007). To
get insights into the molecular details of this model, several 3D
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FIGURE 4 | LysR family of regulators. (A) Schematic representation of the LysR regulation mechanism. Two dimers of transcription factors are involved in the regulation

and bind at two different sites on a long DNA fragment (usually 75 bp), the RBS and the ABS. The RBS contains TFBS1, the transcription-binding site of higher affinity,

and the promoter sequence of the LysR. The ABS is usually composed of TFBS2 and TFBS3, overlapping with the target gene promoter (TGp). In the repression state,

the second dimer binds to the TFBS3, and the dimer of dimers of TF imposes a high bending of the DNA fragment. In presence of the inducer, the dimer of dimers

undergoes conformational changes leading to its sliding from TFBS3 to TFBS2, which releases the DNA bending. This gives access of the TGp to the RNAP and the

TG transcription can start. (B) Structure representation of the dimer of dimers of CbnR (1IZ1: upper view) and TsarR (3FZJ: bottom view). In order to visualize the DNA

placing the structure of the DBD/DNA complex of CbnR (5XXP) is superposed on the DBD of each proteins’ monomer. One dimer is colored gray and magenta. In the

second dimer, one monomer is light brown and the other monomer is colored by domains. The DBD is in green. The RD is in rainbow. The TsaR structure would

correspond to an intermediate state, as its RD domains are in a very different conformation compared to CbnR. There is an increase of the distance between the two

helices α3 from RD2 (α3-RD2 on the figure), a concomitant decrease distance of the two HTH dimers and a kink of the DNA fragment. This could mimic the

intermediate state before the TF jump (C) is a perpendicular view of (B) All the 3D structures are generated with PyMol (http://www.pymol.org; DeLano, 2009)..

structures were necessary and several examples will be described
below.

The LysR-type genes code for proteins of around 330 amino
acids. When searching for LysR transcription regulator in the
PDB, it issues 87 entries corresponding to 27 different proteins,
the majority corresponds to BenM from Acinetobacter baylyi
or sp., DntR from Burkholderia sp. or cepacia, OxyR from
Vibrio vulnificus, CysB from Salmonella typhimurium, TsaR
from Comamonas testosteroni and AphB from Vibrio vulnificus.
Their structure shows a HTH motif in the DBD at the N-
terminus like the TetR family, and a regulatory domain (RD)
receiving an inducer (Henikoff et al., 1988). A long helical linker
separated the two domains. The HTH is the most conserved
region and is used to identify the members of this family in
genome analysis (Schell, 1993). In contrary to the TetR HTH
motif, there are two additional β-strands between α3 and α4,
a particular topology called winged-HTH. It also differs by
the relative orientation of the three helices forming the DBD
domain. Unlike the TetR family, the N-terminus of LTTR is
localized at the dimer interface. As a consequence, all the
helix axes are reverted as we can see by comparing Figure 3A

with the DBDs on the ABS site of Figure 4C. The rest of the
sequence is not very conserved except the C-terminal fragment
of about 15 residues. Mutational analysis indicated implication in
DNA binding or oligomerization (Schell et al., 1990; Bartowsky
and Normark, 1991) which was partially confirmed with the

first crystal structure of the RD of CysB from Salmonella
typhimurium, the regulator of the cysteine regulon expression
(1AL3, Tyrrell et al., 1997). The co-inducer binding domain
is composed of two α/β Rossmann fold-like subdomains RD1
and RD2 (Figure 4B) with a long β-sheet in between. The
RD architecture forms a bend where the co-inducer interacts.
Punctual mutations introduced in the co-inducer binding site of
CysB led to an uncontrolled activation phenotype in spite of a
proper interaction with the TFBS according to gel-shift assays
(Colyer and Kredich, 1996). The nature of the replacing residue
was important since the mutant T149M is comparable to the wild
type, whereas T149P shows only a 10% activity, which suggests
that the conformational flexibility of the protein is required for
the co-activator effect.

Several structures of the isolated RD domain were solved with
a monomer or a dimer in the asymmetric unit of the crystal, but
none of them reveals the functional mechanism by a tetramer.
The first structure of a full-length LTTR corresponds to the one
of CbnR from Cupriavidus necator, involved in the degradation
of chlorocatechol converted from 3-chlorobenzoate, using cis,cis-
muconate as inducer (1IXC and 1IZL: Muraoka et al., 2003).
The structure shows a tetramer that can be considered as a
dimer of dimer, composed of two types of subunits with different
conformations (Figures 4B,C upper panel), either compact or
extended forms. Within one dimer, the main interacting region
corresponds to the helical linker α4 localized between the DBD
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and the RD. The two α4 helices bind in an anti-parallel manner,
imposing the head-to-head orientation of both DBD interacting
by their N-termini. In this architecture, the distance between
the two α3 helices is compatible with an interaction with the
major groove of the B-form DNA. The angle between α4 and
the RD axis is about 50◦ in the compact form and 130◦ in
the extended form. Contacts between two RD domains appear
through the interaction of the tetramer, i.e., two LTTRs dimers.
It has to be noticed that the so-formed RD dimer interface is
similar to those described in the structures of the isolated domain
from several LTTRs, such as BenM from Acinetobacter baylyi
regulating aromatic compound degradation (2F8D: Ezezika et al.,
2007a). The two dimers are properly superimposed without
showing any hinge movement between RD1 and RD2, with the
exception of the C-terminal α/β domain of RD1 that is more
divergent. Because the last helix is localized in the continuity
of the linker α4 in the extended form of CbnR (see Figure 4C

upper panel), this swapping domain could be involved in the
conformational changes necessary for proper function of this
family of regulators. The global quaternary structure of CbnR is
compatible with an interaction with two DNA binding sites on
a bended DNA fragment, supporting that the crystal structure is
biologically relevant. Among the different full-length structures
solved later, the one of TsaR (3FXU and 3FZJ: Monferrer et al.,
2010) from the soil bacteria Comamonas testosteroni brought
interesting insights in the regulation mechanism of the LTTRs.
TsaR regulates the degradation of paratoluenesulfonate (TSA),
a commonly found industrial pollutant, that also induces the
regulator transcription itself. The tetrameric structure solved
in complex with TSA is flatter than CbnR and presents less
contacts between the different RD domains as they swing almost
perpendicular to the tetramer plane, which yields a different
interface (Figures 4B,C lower panel). In this conformation, the
hinge between the DBD and the RD reaches 153◦ whereas 130◦

was measured for CbnR. On the contrary, for the compact form,
the angle of 50◦ is conserved. The distance between the two
pairs of α3 helices of the DBD domain varies largely because of
the surface convexity between two pairs of DBDs. It has been
suggested that the open form structure of TsaR could represent
the active tetramer whereas the more compact form of CnbR
tetramer, through contacts between the third helix from the RD2
domains (α3-RD2) (see Figure 4B lower panel), would represent
the inactive form. The transit to the active form could be induced
by the binding of the TSA inducer in the cleft formed by two
RD domains: in the structure of TsaR, the crossing β-sheet is
broken in the middle when compared to CnbR. The hypothesis
of a switch from a compact to an extended conformation of
the tetramer once activated by the inducer in the RD cleft was
confirmed by several LTTRs structures, i.e., ArgP regulating
chromosome replication in Mycobacterium tuberculosis (Zhou
et al., 2010), NdhR from Synechocystis involved in the control of
carbon metabolism (Jiang et al., 2018), many of BenM (Ezezika
et al., 2007b), and the SAXS experiments performed on DntR
(Lerche et al., 2016). Nevertheless, the activation does not always
depend on an inducer binding. For instance, a redox switch
activates the oxidative stress regulator OxyR (Jo et al., 2015,
2017). Two cysteines (C199 and C208) from the helix α3-RD2

form a disulfide bond in the presence of H2O2, which results
in the unfolding of the helix and subsequent conformation
modifications.

Only three structures of LTTR were solved in complex with
DNA [two of BenM (4IHT, 4IHS) and one of CbnR (5XXP)]
and all of them concern only the N-terminus DBD, including
the HTH and the α4 in order to stabilize the dimer (Alanazi
et al., 2013; Koentjoro et al., 2018). As already mentioned, the
antiparallel α4 helices coiled-coil and the N-terminus are at
the proximity of the pseudo-palindromic DNA center. Helix
α3 enters deeply in the DNA major groove and brings most
of the specific contacts with the DNA bases. The wingled β-
strand between the HTH and α4 makes contacts with the DNA
minor groove, mainly through the phosphates, and one residue
(R53) makes selective contact in BenM, which is absent in CbnR.
Nevertheless, most of the selective residues are located in α3.
Among these residues (A28, Q29, P30, P31, and R34 in CbnR),
the remarkable mutation Q29A did not modify the interaction
with DNA as proved by EMSA. Nevertheless, the mutant does
not activate the transcription of the TG. This supports the
importance of residues of the ABS site instead of the RBS. A
plausible hypothesis is the involvement of Q29 in the RNA
polymerase recruitment, since it is highly conserved among the
LTTR family.

The MarR Family
The members of the Multiple Antibiotic Resistance Regulator
(MarR) family are usually repressors found in bacteria and
Achaea genomes (Wilkinson and Grove, 2006). They are
mainly activated by sensors of environmental changes, like the
presence of nutrients or toxins. Logically they often regulate
genes coding for exporters of antibiotics, but they are also
implicated in virulence, degradation processes, stress response
and metabolic pathway (Alekshun and Levy, 1997; Perera
and Grove, 2010). MarR family are also involved in aromatic
compounds metabolism which is one of the attractive field in
industrial research of renewable energy (Davis and Sello, 2010;
Fuchs et al., 2011; Bugg and Rahmanpour, 2015; Kallscheuer
et al., 2016; Grove, 2017). Due to the essential role, MarR family
is widely spread in bacterial genomes, up to 24 in Bacillus subtilis
according to UniProt data bank.

The MarR transcription regulators are small proteins of <150
residues containing a winged HTH domain at the N-terminus
similar to the LTTR family but acting in a dimeric form like
TetR family. About 120 structure entries are in the PDB and
the first one (1JGS) corresponds to MarR regulator from E. coli
(Alekshun et al., 2001). Compare to the other regulator families,
the structure of MarR is quite simple, made of a DBD domain
with an extension α-helix at each extremity (Figure 5). Those
additional helices (α1 and α6) are the dimer interface. Besides,
some MarR regulators present additional elements, for instance
the regulator PcaV, involved in protocatechuate metabolism, an
intermediary product of lignin degradation from Streptomyces
coelicolor, possesses an additional β-strand between α2 and α3,
forming a β-sheet wing (strands β1 and β2) (Davis et al., 2013).
Another additional secondary structure is found in HucR from
Deinococcus radiodurans (2fbk, Bordelon et al., 2006) involved
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FIGURE 5 | MarR family of regulators. (A,B) are two perpendicular views of a cartoon representation of a MarR family member, HcaR (pdb code 5BMZ). One

monomer is gray, the other one is in rainbow. The conserved arginine 98 of the wing entering the DNA minor groove is represented in sticks. The different

ligand-binding sites are indicated by red circles. They are labeled L for ligand, (C) for chloramphenicol from TcaR, and S for salicylate (see text for details). Whatever

the activation mechanism (ligand binding, cysteine oxidation or pH sensing) the conformation change at the DBD is induced by a pincer movement of the helices at

the dimer interface combined with a twist of the lower part of the protein, as modeled on the schematic representation in (C). All the 3D structures are generated with

PyMol (http://www.pymol.org; DeLano, 2009).

in oxidative stress response to uric acid. HucR possesses an
additional helix at its N-terminus that stabilizes the dimer in the
absence of DNA by pinching the helices of the dimer interface.

TF from the MarR family recognizes one or two types of
intergenic region among the different regulated genes. The
TFBSs are 16 to 20 bp long and are not always perfectly
palindromic (Martin and Rosner, 1995; Perera and Grove, 2010).
Like the LysR family, the HTH motif (here α3 and α4) enters
in the DNA major groove and the supplementary β-strand
wing interacts with the minor groove. This wing extension is
essential for DNA binding, especially the arginine of the loop
connecting the β-strands (Kumarevel, 2012), which deeply enters
the DNAminor groove (Figure 5A). The importance of this basic
amino acid for the regulation mechanism was analyzed for the
ST1710 regulator from Sulfolobus tokodaii involved in antibiotic
resistance. Several basic residues from this loop were mutated
into alanine (R90A), showing a decrease of binding affinity for the
cognate DNA sequence by gel-mobility shift assays (Kumarevel
et al., 2009). When two TFBSs are necessary for gene regulation,
the binding position of two TFs is either on opposite side or
adjacent on DNA depending on the intergenic length and of the
size of the β-strands wing, even though a dissociation of the
wing was reported in the structure of Rv2887 regulator from
Mycobacterium tuberculosis in complex with two TFBSs of 30 bp
(Gao et al., 2017).

Concerning the LBD, it is reduced to a smaller fold so that
the “triangle cavity” described previously in the TetR family does
not really exist, even if α5 and α6 seem to adopt a triangle-like
shape (Figure 5). This structure is sufficient to create a cavity
surrounded by helix α1 and sometimes a long loop between α1
and α2 like in ZitR, a zincmetalloregulator (Zhu et al., 2017). This
cavity is a receiving platform for several kinds of molecules, like
coumaric acid, ferulic acid, vanillin and 3,4-dihydroxybenzoic
acid in the case of HcaR from Acinetobacter, a regulator of the
hydroxycinnamate degradation pathway (Kim et al., 2016). The
binding of a molecule into the cavity will rearrange the dimer

interface conformation by modulating the distance between the
two HTH domains and subsequently controlling the regulator
release from the DNA. Nevertheless, structural modification of
the regulator could be small for a large group of MarR regulators,
like in SlyA, a virulence regulator from Salmonella (Dolan et al.,
2011). The apo-form and ligand-bound structures are already in
a conformation favorable to B-DNA interaction, with a distance
of around 30 Å between the two DNA recognition helices. In
this case, the presence of the inducer simply add stability to the
regulator-DNA complex as demonstrated on MexR by thermal
unfolding experiment and surface plasmon resonance (Andrésen
et al., 2010). This is also supported by the structure of PcaV
(4G9Y and 4FHT; Davis et al., 2013) showing the importance
of an arginine (R15) in the functional mechanism (Figure 5A).
By comparing the structure of the apo-form and the regulator
complex with the natural ligand 3,4-dihydroxybenzoic acid, the
R15 occupies the binding site in the absence of ligand. It is
then pushed away by the ligand and forms hydrogen bonds with
residues localized in α2, α3, α3-α4 loop, α1 of the other monomer
and the ligand itself. This pulls α1 by 10◦ toward the second
monomer with an allosteric effect on the DBD orientation and
a large movement of the β-sheet wing. To sum up, R15 and the
ligand make a stable bridge between the DBD and the dimer
interface by many hydrogen bonds. This specific mechanism was
also described for NadR, the Neidderial Adhesin NadA repressor
from Neisseria meningitidis studied by HDX-MS and molecular
dynamic (Brier et al., 2012). Other binding sites were suggested
for this family. In the case of the monomeric MarR (1JGS), two
molecules of sodium salicylate bind on each side of the HTH-α4
of the DBD domain (Figure 5A). This compound is an inhibitor
of MarR that will activate marA gene transcription (Cohen et al.,
1993). It suggests the possibility of a regulation mechanism
directly at the DBD site. Several other possible interacting sites
were described, based on the structures of TcaR solved with
different compounds (4EJT, 4EJU, 4EJV, 4EJW, Chang et al., 2010,
2013). For instance, kanamycin binds to similar sites as the ligand
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of PcaV, but chloramphenicol binds to an unusual large cavity
below the dimer interface (see C in Figure 5A), as well as a second
site close to the α4. The latter is similar to that of salicylate in
MarR or MTH313, a MarR homolog from Methanobacterium
thermoautotrophicum (Saridakis et al., 2008).

Nevertheless, ligand binding is not the only activationmode of
MarR family regulators. Some of them are sensitive to oxidative
stress like AbfR from Staphylococcus epidermidis (Liu et al., 2017).
The monomer possesses two cysteines, each one in the terminal
helices (α1 and α6). The regulator binds to DNA in a reduced
state. Under oxidative environment, sulfenic acid intermediates
catalyse disulfide-bridge formation of the cysteines, which results
in a large movement of the two monomers and destabilizes
DNA interaction. The same regulation mechanism is also
found in OhrR, the regulator of a peroxidase that reduces
organic hydroperoxides to alcohols (Newberry et al., 2007).
Upon oxidation by hydroperoxides, helix α5 of OhrR is locally
unfolded which brings in close proximity the two cysteines to
form the disulfide-bond responsible for a rigid-body rotation
of the winged-HTH and then DNA release. Another regulation
mechanism that depends on the pH was described for HucR
regulator (Deochand et al., 2016). As shown by circular dichroism
study at different pH, the N-terminal helices from eachmonomer
interact by H51 stacking which protonation results in a molten
globule intermediate with a low affinity for DNA. This explains
the necessity for an additional helix at N-terminus to maintain
the 3D structure of HucR during the conformation changes.

The AraC/XylS Family
The transcription regulators of AraC f amily (AFTRs) are
generally activators found in all bacterial genomes, except in
archaebacteria (Gallegos et al., 1997). Like most of activators, the
main TFBS is located around the−35 region of the promoter,
which eases direct interaction with the RNAP (Ptashne and
Gann, 1997). The members of the AFTR group are involved
in pathogenesis, virulence and environment sensing, responding
to oxidative stress, pH, temperature and antibiotics. They are
also highly implicated in the regulation of essential metabolism
pathways of the carbons, such as sugars, amino acids, alcohols or
herbicides degradation (Gallegos et al., 1997; Egan, 2002; Ibarra
et al., 2008).

The regulators of this family are generally 300 residues
long, with some exceptions such as MarA or SoxS from E.
coli which are reduced to the sole DBD domain (Rhee et al.,
1998). When searching “AraC transcription” in the PDB, only 22
entries are listed which is low compared to the other families.
An explanation was published in an essay of Schleif and his
group who investigated the AraC regulation mechanism (Schleif,
2003). Because AraC interacts with more than 40 bp, it must
be partially unfolded in the absence of DNA to reduce the
binding energy for a reversible interaction. Thus, the intrinsically
disordered state of this regulator family makes them difficult to
handle (Schleif, 2010). Nevertheless, with the constant progress in
protein expression and purification methods, several structures
were obtained for more than ten different members of the family.
Most of the ATFRs are made of two domains: a response domain
(RD) involved in protein dimerization and a conserved DBD of

around 100 residues. The HTH motif interacts with the DNA
in a similar way to the TetR family with one helix entering the
DNAmajor groove. But unlike TetR, there is no wing interacting
with the minor groove and one monomer carries two HTH
separated by a long linking-helix. When both HTH interact with
two contiguous DNA major grooves (Rhee et al., 1998), the
DNA is bended by ≈35◦ (Martin and Rosner, 2001). Besides,
some proteins, such as the transcription factor Rob involved
in antibiotic resistance and organic solvent tolerance in E. coli,
makes direct contacts with only one DNA major groove with the
first HTH, whereas the second interacts with the RNAP (Bhende
and Egan, 2000). The tandem HTHs are generally at the C-
terminus but in Rob regulator (PDB code 1D5Y), the HTHmotifs
are localized at the N-terminus. Even though the interacting
configuration of the AraC family is quite specific, HTH motifs
are poised from either side of the DNA fragment (Kwon et al.,
2000) in a comparable manner to the QacR sub-group of TetR.
Affinitymeasurements andDNA foot-printing experiments show
that AraC recognizes DNA sequences as a tandem or inverted
repeat orientation with different affinities (Carra and Schleif,
1993; Reeder and Schleif, 1993).

The RD domain is not conserved across the AraC family and
it has very different functions. Both RD and DBD domains are
independently associated by a long linker. A chimeric construct
of the AraC-RD with the LexA-DBD from the LexA repressor
(Bustos and Schleif, 1993) results in a protein that was able
to dimerize and to repress lexA operator in response to L-
arabinose. In spite of more than 20 years of work, the full-
length structure of AraC is still unsolved. Nevertheless, crystal
structures of the RD domain were solved with and without
the arabinose ligand (Soisson et al., 1997; Weldon et al., 2007).
The domain is a jellyroll that ended by a helix coiled-coil. RD
dimer is found in the asymmetric unit only in the presence of
arabinose. The dimer interface involves hydrophobic residues
from the coiled-coil motif and an additional helix from the region
between the jellyroll and the coiled-coil. The arabinose binds
in a cavity formed by the jellyroll and locked by N-terminal
loop of 10 residues. Without arabinose, this loop was not visible
in the electron density. Genetic, biochemical and biophysical
characterizations of AraC brought hypothesis on the regulation
mechanism by the N-terminal loop (Carra and Schleif, 1993). In
E. coli, L-arabinose is involved in the regulation of four operons,
araBAD, araE, araFGH and araC. AraC represses the expression
of araBAD and araC promoters by binding to two different
DNA half sites separated by around 200 bp, the proximal site
araI1 and the distal site araO2, leading to the formation of a
DNA loop (Figure 6A). In this configuration, the N-terminal
loop makes contacts with the DBD, constraining the monomer
in a compact structure. Arabinose binding results in the release
of this loop by a “light switch” mechanism, allowing the RDs
to form a totally different dimer. Then the DBD shifts from
araO2/araI1 to araI1/araI2 sites, closer to the RNAP and the
induction of the araBAD promoter. This mechanism is found in
several regulators like ToxT from Vibrio cholerae (Lowden et al.,
2010) or RegA from Citrobacter rodentium (Yang et al., 2009,
2011) respectively regulated by fatty acids or bicarbonate. The
structure of the full-length protein ToxT from Vibrio cholerae
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FIGURE 6 | AraC family of regulators. (A) Illustration of the “DNA-looping” and “light-switch” models as described in the text. The proximal araI1 and the distal araO2

are separated by around 200 bp. The addition of arabinose will trigger the movement of the N-terminal loop that will close the arabinose-binding site and release

arabinose from the DBD, giving more flexibility to the protein (“light switch” mechanism). One dimer will shift from araI1 to araI2 and the other one from araO2 to araI1,

together with a modification of the dimer conformation (“DNA-looping” mechanism). The new dimer will be closer to RNAP and then will be able to induce the araBAD

promoter. (B) Structure of ToxT (3GBG) colored in rainbow. The second monomer in gray was generated by crystallographic symmetry in order to illustrate a possible

dimer formation via the RD domain. The DNA fragment was modeled according to MarA structure (1BL0). Palmitoleic acid is in red. The small transition-helix is

modeled in magenta from 4MLO structure, in close proximity to the loop linking the RD to the DBD. (C) Structure of a dimer of XylR (4FE4, 4FE7) showing an AraC

DBD domain and a LacI-RD domain. One monomer is colored in rainbow and the other one in gray. The swapping domain D219-Y270 is colored in yellow and

orange. This dimer illustrates a possible “proximal dimer” conformation of the DNA-looping mechanism. All the 3D structures are generated with PyMol (http://www.

pymol.org; DeLano, 2009).

was solved in the absence of DNA (3GBG; Lowden et al.,
2010; Figure 6B). The RD domain is very similar to that of
the AraC but without the N-terminal loop. Instead, Li et al.
(2016) revealed a small α-helix (D101 to E110) in proximity of
the RD to DBD linker. Mutational analysis in ToxT of Met103,
Arg105 or Asn106 showed a threefold activation increase of the
ctxA promoter, pointing out the important role of this small
α-helix (Childers et al., 2007). It could play the same role as
the N-terminus loop of AraC by controlling protein flexibility.
Another regulator of the AraC family was solved full-length:
XylR (4FE4, 4FE7; Ni et al., 2013; Figure 6C). It is activated in
E. coli in the absence of glucose, in order to use D-xylose as
an alternative carbon source (Brückner and Titgemeyer, 2002).
From structural comparison, the C-terminal DBD domain is very
similar to that of AraC, but not the N-terminal RD domains.
The XylR-RD domain looks like the periplasmic binding-protein
of PurR from the LacI/GalR regulator family. It is composed
of two α/β sub-domains linked by a small loop. The ligand-
binding cavity is localized at the interface between the two
α/β sub-domains. At the beginning of the swapping region
between the RD and DBD domains, a flexible loop (D219-
L232) in the complex structure with D-xylose changes into α-
helix in the apo-form, which modulates the binding affinity
of the DBD toward the cognate DNA operator. XylR forms

antiparallel dimers orienting the DBD domains in a head-to-
head manner. Because XylR has to interact with two distant
operator sites, a DNA loop must be formed by the DBD dimer,
as demonstrated by AFM studies performed on XylR dimer in
complex with a 500 bpDNA fragment. Note that unlike AraC, the
DNA loop is formed in presence of the inducer ligand D-xylose.
Nevertheless, there is a cross talk between the two regulatory
mechanisms since AraC binds a DNA region containing the XylR
promoter. It gives the possibility to activate one or the other
sugar-producing pathway according to the available source of
carbon.

All of the AFTRs does not respond to this simple mechanism.
For example, InvF from S. enterica serovar Typhimurium is not
able to activate virulence genes without the chaperone protein
SicA (Darwin and Miller, 2000). It is suggested that InvF would
function as a monomer but associated with SicA. MarA (Rhee
et al., 1998; Gillette et al., 2000) and SoxS (Griffith and Wolf,
2002) involved in response to oxidative stress are small proteins
of around 100 amino acids, formed by HTH domain only, thus
devoid of responsive domain for a signaling ligand. They act as
monomers and their regulation depends on the position of the
TFBS toward the RNAP.

The tight regulation mechanism of AraC has inspired
biotechnology developments and it is largely used as bacterial
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expression systems for recombinant protein expression
(Brautaset et al., 2009).

The One-Component Regulators of

P. aeruginosa RND Efflux Pumps
As mentioned in the introduction, very few structural
information is available on P. aeruginosa regulators, with
only three solved structures to date: MexR, NalD and MexZ.
Two of them are involved in the regulation of the MexAB-OprM
pump which is considered as constitutive, although mutations
in either mexR, nalC or nalD cause an over-expression of
the pump (Boutoille et al., 2004; Sobel et al., 2005). MexR
is the primary regulator of MexAB-OprM; it belongs to the
MarR family and binds to its own promoter and that of the
mexAB-oprM operon. One MexR regulatory pathway involves
the binding of ArmR, a polypeptide of 53 amino acids, which
expression is controlled by NalC, another TetR repressor. The
structure of NalC has not been solved yet but it shows 31%
of similarity with the N-terminal half of MLR_4833 from
Mesorhizobium loti (3BHQ), corresponding to a canonical
DBD of the TetR family. The LBD structure is not known but
pentachlorophenol and other chlorinated phenol molecules have
been identified as NalC signaling inducer (Muller et al., 2007;
Ghosh et al., 2011). Several structures of MexR were solved:
in the apo-form (1LNW, Lim et al., 2002), in complex with
the C-terminal part of ArmR (3ECH, Wilke et al., 2008) and a
clinical mutant (R21W) that induces overexpression of the pump
(4ZZL, Anandapadamanaban et al., 2016). In addition, another
apo-form structure was solved upon oxidation of the cysteines
(3MEX, Chen et al., 2008), highlighting a new mechanism
of regulation by inter-monomer disulfide bond (Chen et al.,
2010). The comparison between the four different structures
gives some information on the induced conformational changes
necessary for the regulation. In the MexR/ArmR complex, ArmR
binds into the classical MarR cavity with an oligomeric ratio
of 1:2. The C-terminus enters deeply in the protein toward
the cavity of the second monomer, labeled as “C” on Figure 5.
In the mutant R21W structure, the dimer is more packed
with a more constricted ligand cavity: the tryptophan mutant
is stacked in between four prolines (P37 and P38 from each
monomer) at the position normally occupied by G49 of ArmR
(Figure 5C). This will cause the closure of the pincer formed by
helices α1 and α6, and consequently will increase the distance
between the two β-wings. The dimer does not fit anymore
to a B-DNA conformation, which releases the repression and
promotes Pseudomonas antibiotic resistance by MexAB-OprM
efflux. The structure of the oxidized MexR is comparable to
that of mutant R21W despite the 16 Å displacement of the
α3-α4 loop resulting in the disulfide bond formation between
C62 and C30 from each monomer. The distance between
the two helices α4 of the wilt-type dimer (29 Å) is more
suitable for tandem DNA major grooves interaction (34 Å)
compared to the mutant (23.5 Å). These structures have brought
important information to understand the regulationmechanisms
of MexR.

Another regulator of known structure is NalD, a secondary
regulator of MexAB-OprM transcription (Morita et al., 2006).

NalD is a TetR repressor that recognizes a TFBS upstream the
operon mexAB-OprM. The NalD structure was solved in its apo-
form (Chen et al., 2016) and is very similar to that of TtgR, the
regulator of TtgABC efflux in Pseudomonas putida, which has
a less folded α4 helix. It was proved that NalD is able to bind
to novobiocin in a similar pocket to that of TtgR, resulting in
resistance increase of P. aeruginosa strains.

The repressor NfxB of the MexCD-OprJ efflux pump was
first classified in the LacI/GalR family, but the closest sequence
homology turns to be the TetR-like regulator LFRR from
Mycobacterium smegmastis, especially the DBD domain. Besides,
MexL also belongs to the TetR family, with sequence identity
alignment coverage of 93%. It shares 46.5% sequence identity
with the DBD domain of NalD, which suggests a possible
competition for the same TFBS. Another TetR repressor is the
primary repressor MexZ of the MexXY-OprM efflux pump,
which selectively transports aminoglycosides. The structure of
MexZ was solved in its apo-form (Alguel et al., 2010). It presents
a classical TetR structure, with a partially unfolded α4 helix. At
present, the inducer molecule of MexZ is not known. A novel
protein partner ArmZ, classified as a RNA-ligase, is suggested to
sequestrate MexZ which releases the repression of mexXY (Hay
et al., 2013). The gene of MexZ is the most frequently mutated
in P. aeruginosa strains from cystic fibrosis patients (Smith et al.,
2006). Most of the mutations are found in the DBD or strategic
positions such as the dimer interface. One mutation has been
reported on the surface of the helix α7 (L128M, see Figure 3;
Guénard et al., 2014), which suggests α7 as part of the recognition
site of ArmZ.

Finally, an activator regulates the efflux pump MexEF-OprN
this time: MexT, which belongs to the LysR family (Fetar
et al., 2011). MexT acts as a primary regulator of the pump
together with the repressor of oprD porin. A redox mechanism
seems to regulate MexT through mexS gene which codes for
an oxydoreductase that upregulates MexEF-OprN (Morita et al.,
2015; Richardot et al., 2016). We modeled the structure of MexT
based on that of the DntR regulator from Burkholderia and
localized in the RD domain the only cysteine that could possibly
react to the ROS (Reactive Oxygen Species). Nevertheless, this
cysteine can hardly form a disulfide-bond within a dimer of
MexT according to the homology model structure. Recently a
secondary activator of MexEF-OprN was described to upregulate
MexEF-OprN through MexS and MexT (Juarez et al., 2018): it is
named CmrA for Chloramphenicol Resistance Activator (Juarez
et al., 2017). This regulator belongs to the AraC family and
presents several cysteines, which is interesting in the context of
the redox regulation mechanism.

CONCLUSION

As a multidrug-resistant pathogen, Pseudomonas aeruginosa
possesses many RND efflux pumps. But some of them are
functionally redundant, which is a priori not needful in term
of biological evolution. Surprisingly, efflux pumps that transport
similar molecules are not regulated by the same transcriptional
systems. This certainly reflects the need to a prompt reactivity
of the bacteria upon environment modification. All the 3D
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structures of the different regulators solved from different
bacteria brought complementary informations to genetic,
biochemical and biophysical data, in particular the crystal
structures gave important insights in the comprehension of the
main regulatory mechanisms. Nevertheless, with the intention
of doing specific drug-design, high-resolution structures of
regulators from P. aeruginosa are still necessary. Recent
structures of the virulence factor regulator MvfR, member of the
LysR family from P. aeruginosa, solved in complex with inducer
and inhibitor, illustrate the interest of the structural approach
(Kitao et al., 2018). Both molecules bind within the same
cavity with subtle interaction differences that are the keystone
of the regulation mechanism. Thus, the knowledge of the 3D
structures of each specific regulator is mandatory to develop new
and specific drugs. From the complex signaling regulation of
RND pumps expression illustrated on Figure 1, it is clear that

there is a real lack of information concerning the structures of
P. aeruginosa regulators. As this bacterium belongs to the group
of themost problematic clinical pathogens, structural study of the
regulators of P. aeruginosa are urgently needed.
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2-aminoimidazole (2-AI) compounds inhibit the formation of bacterial biofilms, disperse

preformed biofilms, and re-sensitize multidrug resistant bacteria to antibiotics. 2-AIs have

previously been shown to interact with bacterial response regulators, but the mechanism

of interaction is still unknown. Response regulators are one part of two-component

systems (TCS). TCSs allow cells to respond to changes in their environment, and are

used to trigger quorum sensing, virulence factors, and antibiotic resistance. Drugs that

target the TCS signaling process can inhibit pathogenic behavior, making this a potent

new therapeutic approach that has not yet been fully exploited. We previously laid the

groundwork for the interaction of the Acinetobacter baumannii response regulator BfmR

with an early 2-AI derivative. Here, we further investigate the response regulator/2-AI

interaction and look at a wider library of 2-AI compounds. By combining molecular

modeling with biochemical and cellular studies, we expand on a potential mechanism

for interaction between response regulators and 2-AIs. We also establish that Francisella

tularensis/novicida, encoding for only three known response regulators, can be a model

system to study the interaction between 2-AIs and response regulators. We show

that knowledge gained from studying Francisella can be applied to the more complex
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A. baumannii system, which contains over 50 response regulators. Understanding the

impact of 2-AIs on response regulators and their mechanism of interaction will lead to

the development of more potent compounds that will serve as adjuvant therapies to

broad-range antibiotics.

Keywords: biofilms, antibiotic resistance, two-component systems, response regulators, Acinetobacter

baumannii, Francisella

INTRODUCTION

The formation of biofilms contributes to significant bacterial
persistence in the environment, pathogenicity, and resistance to
antimicrobials (Donlan, 2002). Bacteria spend an estimated 80%
of their time in a biofilm state, adhering to surfaces, and one
another. A biofilm is composed of an extracellular matrix which
provides protection against a variety of physical and chemical
assaults. In a biofilm state, bacteria can be up to 1,000-fold
more resistant to antibiotics than their planktonic counterparts
(Donlan and Costerton, 2002; Rasmussen and Givskov, 2006;
Percival et al., 2011). Understanding how biofilms are formed and
developing small molecule therapies are vital steps in combating
antibiotic resistance.

Acinetobacter baumannii and Francisella species are of
particular interest in studying the impact of biofilms on human
health. A. baumannii is highly prevalent in hospitals and has
shown extensive multi-drug resistance in the clinical setting
(Dijkshoorn et al., 2007; Perez et al., 2007). A. baumannii belongs
to a group of pathogens known as the ESKAPE pathogens,
named as such because the bacteria easily “escape” antibiotics
through the rapid acquisition of resistance (Rice, 2008). Recently,
the World Health Organization has listed A. baumannii as
a critical priority for combating antibiotic resistant bacteria
(World Health Organization, 2017). On the other hand, while
infection by Francisella species is less common, Francisella
tularensis/tularensis is listed by the Centers for Disease Control
and Prevention as a Category A select agent (Sjöstedt, 2007).
Its ease of aerosolization, high infectivity, and ability to quickly
incapacitate those infected makes F. tularensis/tularensis a
highly viable biowarfare agent. Both bacteria utilize biofilms to
increase their persistence, pathogenicity, and antibiotic resistance
(Durham-Colleran et al., 2010; Imperi et al., 2011; McConnell
et al., 2013; Sutera et al., 2014; Kröger et al., 2016).

The response regulator proteins BfmR and QseB are
responsible for controlling biofilm formation as well as degrees of
antibiotic resistance in A. baumannii and F. tularensis/novicida
(the mouse model of F. tularensis/tularensis), respectively.
Francisella species encode an exceptionally small number of
response regulators (Larsson et al., 2005) compared to other
bacteria. This reduced complexity makes F. tularensis/novicida
an excellent system to the cellular effects of targeting response
regulators with small molecule therapies. Response regulators
work in combination with a sensor kinase to form the
ubiquitous communication two component system (TCS)
scheme (Stock et al., 2000). Typically, the sensor kinase is
a transmembrane histidine kinase that detects an external
signal. This response triggers an autophosphorylation event.

The phosphate group is subsequently transferred to a partner
response regulator, changing it from an “inactive” to “active”
state. The activated response regulator propagates the signal
through transcriptional regulation. Response regulators are
phosphorylated at a conserved site in the N-terminal receiver
domain. A variable C-terminal DNA-binding domain facilitates
binding to target DNA promotor sites. A highly flexible linker
region of varying length connects these two domains. It is
common for response regulators to be monomers in solution
until activation triggers dimerization of the receiver domain. This
brings the two DNA-binding domains in closer proximity to
better bind the two half sites of the cognate promoter (Gao and
Stock, 2009).

Derivatives of a cell-permeable, non-toxic family of 2-AIs
are known to interact with response regulators (Thompson
et al., 2012; Stowe et al., 2015; Milton et al., 2017). This class
of compounds has been widely shown to inhibit and disperse
biofilms, and also to work as an adjuvant therapy with traditional
antibiotics to re-sensitize multidrug-resistant bacteria (Ballard
et al., 2008; Richards et al., 2008a,b; Rogers and Melander, 2008;
Brackett et al., 2014). Adjuvants act as a complementary therapy
to antibiotic treatment. Their use has been proposed to extend the
lifespan of antibiotics and reduce further resistance. The potential
to re-sensitize bacteria to antibiotics makes adjuvants a powerful
tool against the ever increasing antibiotic resistance (Wright,
2016; González-Bello, 2017; Melander and Melander, 2017).
Understanding how potential adjuvant compounds function
within the cell will aid in the development of more potent
therapies. The specific mechanism through which 2-AIs interact
with response regulators is still relatively unknown.

We first identified that an early 2-AI derivative could interact
with the N-terminal and C-terminal domains of BfmR, as well as
with full length protein (Thompson et al., 2012). We probed the
interactions between response regulators and 2-AIs by validating
QseB as a cellular target for the compounds (Milton et al., 2017).
This provided the first direct evidence that QseB was binding to
2-AIs, and that 2-AIs impacted QseB-specific cellular functions,
biofilm formation and β-lactam resistance.

Here we provide further evidence that BfmR is a cellular
target of 2-AIs. Based on our previous findings with QseB, we
propose that F. tularensis/novicida can act as a model organism
for studying how 2-AIs interact with response regulators within
the more complicated A. baumannii system. Additionally,
understanding the differences between the two systems will aid in
the development of organism specific and broad range adjuvant
therapies. Here, we combine cellular, biochemical, and molecular
dynamics techniques to further elucidate the mechanism of
action of 2-AIs and response regulators. These findings will aid
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in the development of more potent compounds that can act as
broad range or specific adjuvant therapies.

MATERIALS AND METHODS

Bacterial Strains, Media, and Antibiotics
A. baumannii 19606 and 1605 were obtained from ATCC as
19606 and BAA-1605, respectively. A. baumannii strain 5075 was
obtained from the Manoil lab at the University of Washington.
Cells were grown in LB at 37◦C for biofilm assays and Muller
Hinton Broth 2 for MIC assays. Antibiotics were purchased from
Sigma-Aldrich.

Cloning, Expression, and Purification
The coding region of bfmR from A. baumannii strain 19606
was in the expression vector pET28a (Novagen). Protein was
over-expressed in BL21(DE3)pLysS cells at 37◦C in LB. At an
OD600 of 0.6-0.8, cells were induced with 1mM isopropyl β-
D-thiogalactopyranoside (IPTG) at 30◦C, for 4 h. Harvested cell
pellets were stored at−80◦C for later use.

BfmR pellets were resuspended in lysis buffer (20mM Tris
pH 7.9, 400mM NaCl, and 5mM imidazole) at 10mL g−1 of
pellet. Cells were sonicated and the resulting lysate clarified at
20,400× g for 15min. Clarified lysate was loaded onto 10mL of
Ni-NTA resin (QIAGEN) pre-equilibrated in lysis buffer. Bound
protein was washed with 10 column volumes of lysis buffer
and 10 column volumes of 20mM Tris pH 7.9, 1M NaCl, and
15mM imidazole. The protein was eluted with a linear gradient
from lysis buffer to elution buffer (20mM Tris pH 7.9, 400mM
NaCl, and 300mM imidazole). Fractions containing protein were
pooled and dialyzed into 20mM Tris pH 7.9 and 200mM NaCl.
The affinity tag was cleaved by 100 units of thrombin for 2 h at
room temperature. Cleavage was quenched with 0.1mM AEBSF
and sample continued in dialysis of 20mM Tris pH 7.9 and
200mMNaCl.

Thermal Shift Assays (TSA)
The compounds were dissolved in 100% PEG 400 to a final
concentration of 1mM. Reactions were carried out using final
concentrations of 5µM BfmR, 25µM compound, 10% v/v PEG
400 and 10x SYPRO orange (ThermoFisher Scientific). Samples
were prepared in three technical replicates on a CFX384 Touch
Real-Time PCRDetection System (BioRad). Samples were heated
from 25 to 95◦C in 0.5◦C increments, holding for 30 s at each step.
Fluorescence was detected using the default HEX wavelengths.
Data was fit to a Boltzmann curve using SigmaPlot. Assays were
repeated in triplicate.

Biofilm Inhibition Assays
Overnight cultures of A. baumannii 19606 in LB were
subcultured to an OD600 of 0.01 in the same media.
Compounds were added from stock solutions to give the desired
concentrations to be tested. Inoculum with no compound added
served as the untreated control. Samples were aliquoted (100 µL)
into the wells of the 96-well PVC microtiter plate. Sample plates
were then wrapped in plastic and incubated under stationary
conditions for 24 h at 37◦C. After incubation, the plates were

visually inspected for the presence of consistent bacterial growth.
The medium was discarded from the wells and the plates were
washed thoroughly with water. Plates were then stained with 110
µL of 0.1% aqueous crystal solution violet (CV) and incubated
at ambient temperature for 30min. Plates were washed with
water again. The remaining stain was solubilized with 200 µL of
100% ethanol and incubated again at ambient temperature for
10min. A sample of 125 µL of solubilized CV stain from each
well was transferred to the corresponding wells of a polystyrene
microtiter dish. The absorbance of each well was measured at
540 nm and biofilm inhibition was quantified by calculating the
540 nm absorbance of treated wells as a percentage of untreated
control wells. The IC50 value was defined as the concentration
of compound at which a 50% reduction in biofilm formation
was observed compared to the untreated control. Assays were
repeated with between three and eight biological replicates.

Minimum Inhibitory Concentration (MIC)
Assays
MIC assays were performed according to Clinical and Laboratory
Standards Institute (CLSI) standards. MIC values of the
compounds alone were established prior to studies with
antibiotics A. baumannii cells were pre-incubated with 2-AIs for
30min prior to assessment in theMIC assay. Assays were initially
repeated with two biological replicates. Compounds that showed
MIC lowering activity were further repeated.

Docking and MMGBSA Rescoring
Both Autodock Vina (Trott and Olson, 2010) and Schrodinger
GLIDE-XP (Friesner et al., 2006) docking approaches were
employed in a large region encompassing the N-and C-
terminal domains of QseB, PmrA, and BfmR. When employing
Autodock Vina, AMBER16 (Case et al., 2016) models of
the systems were prepared using TLEAP and the systems
energy minimized for 800 steps employing steepest descents
followed by 8,000 steps of conjugate gradient minimization
using the ff14SB forcefield. In the case of Autodock Vina,
potential binding sites were first detected using blind docking.
Here we employed large docking region (ca 30 × 30 × 30
Å3), completely encompassing the N/C domains. Inhibitor
binding pose regions located using this approach were then
subsequently re-investigated using smaller docking boxes for
finer sampling. In all cases, a Autodock Vina high exhaustiveness
setting of 80 was used to sample inhibitor/response-regulator
configurations and a total of 20 top-Vina score docking poses
saved for subsequent molecular mechanics generalized Born
surface area (MMGBSA) rescoring described below. In house test
problems, including PDB Bind high quality crystal structures,
reveal that this hybrid Vina+MMGBSA approach recovers the
crystallographically relevant poses (configurations) as the lowest
MMGBSA scored docking pose ca. 75% of the time (with RMSD
<2 Å). Additionally, the lowest MMGBSA score has improved
affinity correlation compared to docking scores (Hou et al., 2011;
Greenidge et al., 2013; Zhang et al., 2014). Parallel exploration
using Schrodinger GLIDE-XP first identified potential binding
sites in response regulator models using SiteMap on systems
prepared with ProteinPrep energy minimized with 2,500 steps
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of conjugate gradients and collection of 5–10 top GLIDE-XP
scored poses. Predicted inhibitor binding locations for these two
(Vina+MMGBSA/GLIDE-XP) distinct approaches were found
to be in agreement with small differences in specific residue
interaction motifs beyond the scope of the present discussion.

MMGBSA-Min and MMGBA-SA
Docking poses from Autodock Vina or GLIDE-XP are subjected
to MMGBSA rescoring employing a combination of AMBER16
(Case et al., 2016) driven by our own C++ and bash script
base. Our automated workflow: (1) collected docking poses
of all ligands (in mol2 format), (2) performed ligand formal
charge perception (C++/OpenBabel), (3) quantum chemical
determination of each of the ligand charges using AM1-
BCC, (4) determination of additional internal ligand force
field parameters using AMBER-GAFF, (5) energy minimized
poses in complexes with the receptor/protein employing a
GPU/CPU hybrid MD-simulated annealing (300K MD followed
by energy minimization) procedure before computing the
MMGBSA/MMPBSA score.

Molecular Dynamics of Response
Regulator Systems
AMBER16 (Case et al., 2016) was used to prepare the coordinates
of PmrA. Coordinates were extracted from PDB ID 4S05 with
the DNA removed. The initial system, prepared using the TLEAP
module along with the ff14SB forcefield, was immersed in boxes
of TIPS3P waters. A distance of 15 Å around any protein
heavy atom was used as the criterion of choosing the box size.
The system was energy minimized for 8,000 steps of conjugate
gradient minimization, and then heated to 300K over 200 ps
using the NPT ensemble, while harmonically constraining the
protein atoms to initially equilibrate the water box density.
After energy minimization, the system was allowed 5 ns of
unconstrained equilibration at constant volume and temperature
(300K). After equilibration, the PmrA system was employed in
solvated dynamics in aqueous solution. Dynamics was explored
at 300K for 250 ns. The structures were saved every 5 ps.
The structural evolution in solution of the initial “extended”
conformation in the absence of DNA was examined both in
principal component analysis of the dynamics coordinate as
well as clustering the backbone coordinates of PmrA over
the 250 ns timeframe using the average-linker algorithm to
obtain approximate populations of the top 5-clusters as well as
representative PDB-snapshots for the clustered families.

RESULTS AND DISCUSSION

2-AIs Bind QseB and BfmR
The formation of a protein-ligand complex is often associated
with an increase in protein stability. Complex formation can be
determined by measuring the change in the protein’s melting
temperature (Tm), a strategy generally used in drug discovery
(Pantoliano et al., 2001; Lo et al., 2004; Niesen et al., 2007).
Previously, we developed a high-throughput fluorescence based
thermal shift assay to evaluate the binding of 2-AIs to QseB
(Milton et al., 2017). This same assay was performed with BfmR

to identify binding interactions (Supplementary Figures 1, 2). As
a result, compounds that bind QseB tightly enough to induce a
significant change in the Tm also bind BfmR (Figure 1). AGL-
726, 778, 793, 802, 753, 777, 811, 810, 756, 833, and 782 increase
the Tm of QseB and BfmR above background. Additionally, AGL-
745, 770, and 787 showed binding potential for BfmR. This
suggests that compounds may be designed to target a broad range
of response regulators or be modified to interact with only a
specific response regulator.

We previously observed with QseB that a compound can
interact with a response regulator, but the 1Tm upon binding
does not change significantly above background levels (Milton
et al., 2017). As a result, it is likely that a compound with a
moderate to high binding affinity can be confidently detected
using the thermal shift assay. This allows for quick identification
of leads from a library of compounds.

Biofilm Inhibition
QseB and BfmR have been shown to play a central role in the
regulation of biofilm formation in F. tularensis/novicida and A.
baumannii, respectively (Tomaras et al., 2008; Durham-Colleran
et al., 2010; Liou et al., 2014). Since Francisella species only
encode three known response regulators, F. tularensis/novicida
has the potential to be an excellent model system to study
the effects of 2-AIs on response regulators. We previously
demonstrated that AGL-600 and 726 inhibited the formation of
F. tularensis/novicida biofilms (Milton et al., 2017). Due to the
phenotypes associated with QseB knockouts (Durham-Colleran
et al., 2010) and our direct evidence that these compounds bound
QseB, we concluded that QseB was a target of the 2-AIs in vitro.
As with QseB, deletion of bfmR results in a complete loss of
biofilm formation (Tomaras et al., 2008). Since BfmR also directly
binds the 2-AIs, we expected the compounds to have similar
biofilm inhibition properties in A. baumannii.

The library of compounds were screened for their ability
to inhibit the formation of A. baumannii biofilms using the
traditional crystal violet assay (O’Toole, 2011). All compounds
inhibited biofilm formation to varying degrees (Figure 2). A
majority of the compounds identified as BfmR binding partners
ranked among the most potent inhibitors, with initial screening
IC50 values for biofilm inhibition between 10 and 50µM. This
suggests a correlation between compounds that bind BfmR and
compounds that reduce A. baumannii biofilm growth.

Based on thermal shift data, three compounds were
selected for further comparison between A. baumannii and
F. tularensis/novicida biofilm inhibition. AGL-726 significantly
increased the Tm values of QseB (Milton et al., 2017) and BfmR
(Supplementary Figure 1) above background, with 1Tm of 6.77
± 1.25 and 8.73 ± 1.26◦C, respectively. The compound is one
of the most potent biofilm inhibitors with an IC50 of 15.03
± 1.99µM for F. tularensis/novicida and 17.45 ± 1.17µM for
A. baumannii (Figure 3A). To test a less extreme example, we
investigated AGL-833. AGL-833 has a nearly identical 1Tm for
QseB and BfmR, 1.90 ± 0.26 and 1.93 ± 0.35◦C, respectively.
AGL-833 also proved to be a potent biofilm inhibitor with
IC50 values of 11.56 ± 0.74 and 15.75 ± 0.87µM for F.
tularensis/novicida and A. baumannii, respectively (Figure 3B).
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FIGURE 1 | Top binding compounds for QseB and BfmR based on protein thermal shift. (A) Compounds that significantly increased the Tm of both QseB and BfmR.

Compounds are grouped based on structural similarities. (B) Additional compounds that interact with BfmR. 753 and 782 are not shown due to patent pending.

FIGURE 2 | Biofilm inhibition by 2-AI compound library. Biofilm inhibition IC50 rankings for A. baumannii 19606 biofilms.

Finally, AGL-600 was investigated. We previously reported
that while AGL-600 binds QseB, binding manifested as an
insignificant 1Tm (Milton et al., 2017). Likewise, AGL-600 has
little impact on the 1Tm of BfmR (Supplementary Figure 1).
The lower binding affinity correlates with a decrease in biofilm
inhibition. AGL-600 inhibits F. tularensis/novicida with an IC50

of 57.64 ± 15.12µM and A. baumannii with an IC50 of 59.78
± 10.58µM (Figure 3C). Overall, these results demonstrate that
evenminor modifications to the variable region of the compound
can have significant impacts on the 2-AI’s ability to bind response
regulators and provide support and that, like QseB, BfmR is also
a cellular target of 2-AIs.

2-AIs Impact the Minimum Inhibitory
Concentration of Antibiotics
Response regulators are often involved in antimicrobial
resistance. For instance, QseB has been shown to play a

role in polymyxin B resistance (Mohapatra et al., 2007). The
addition of AGL-600 and AGL-726 were able to lower the
minimum inhibition concentration (MIC) of polymyxin B in F.
tularensis/novicida (Milton et al., 2017). This finding provided
further evidence that QseB is a cellular target of 2-AIs.

BfmR has been shown to mediate resistance to meropenem
and colistin (Russo et al., 2016). 2-AIs that interact with BfmR
in vivo may impact antibiotic resistance. To test the effects
of the library of 2-AIs on antibiotic resistance, MIC lowering
activity was evaluated for two strains of A. baumannii. Strain
1605 is a multidrug resistant A. baumannii isolated frommilitary
casualties (Tien et al., 2007) and strain 5075 is a highly virulent
isolate often used as a model strain to evaluate antimicrobial
treatments (Jacobs et al., 2014). Both strains were tested for
increased sensitivity to meropenem, imipenem, and doripenem
in the presence of our library of 2-AIs (Supplementary Table 1).
Many of the compounds that interact with BfmR in the thermal
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FIGURE 3 | Comparison of biofilm inhibition and BfmR binding properties for

three select compounds across bacterial species. (A) AGL-726 binds BfmR

and QseB with the highest change in Tm. This binding correlates with low IC50

values. (B) AGL-833 stimulates a minor increase in the Tms of BfmR and

QseB while still having potent biofilm inhibition properties. (C) AGL-600 binds

very weakly, if at all, to BfmR and QseB, which probably contributes to a

higher IC50 values for biofilm inhibition.

shift experiment have MIC lowering activity, specifically 726,
756, 770, 778, 786, 802, and 833. Five additional compounds
which have biofilm inhibition IC50 values less than 100µM (503,
600, 621, 754, and 773), also showed MIC lowering activity.
These results further support that the response regulator BfmR
is a cellular target of 2-AIs, and that the compounds can act as
adjuvant therapies.

AGL-600, 726, and 833 all had potent MIC lowering
activity (Table 1). All three compounds reduce the MIC in a
dose-dependent manner. AGL-833 had to be used at lower
concentrations due to having a lower MIC value than AGL-600
and 726 when tested in the absence of antibiotics, 12.5, 50, and
50µM, respectively. Regardless, AGL-833 proved to be a potent
MIC lowering adjuvant. Deletion of bfmR results in roughly a 2-
fold lower MIC for meropenem than WT A. baumannii strain
AB307-0294 (Russo et al., 2016). At concentrations four times
lower than the MIC values of the 2-AIs alone, these compounds
were able to reduce the MIC values of three carbapenem
antibiotics at or beyond what was observed in a bfmR deletion
mutant. While resistance likely varies greatly between strains, it

is highly probable that the MIC lowering activity seen in these
compounds can be attributed to BfmR being a cellular target.

Interactions between 2-AIs and Response
Regulators
To further understand how 2-AIs are interacting with response
regulators, we turned to structural biology techniques. The
highly flexible nature of response regulators makes solving
the full-length structure difficult. To date, we have solved the
structures of the N-terminal receiver domains of QseB and
BfmR using x-ray crystallography [PDB ID 5UIC and 5HM6
(Milton et al., 2017; Draughn and Milton et al. unpublished)],
as well as the C-terminal DNA binding domain of BfmR
[PDB ID 2NAZ (Draughn and Milton et al. unpublished)].
These structural domains can be combined using chemical
crosslinking and molecular dynamics simulations to model full
length response regulators (Olson et al., 2013, Draughn and
Milton et al. unpublished). We have further employed molecular
dynamics simulations and docking procedures to shed light on
the interactions between 2-AIs and response regulators.

In lieu of a complete structure of QseB, we have used a
homology model of PmrA from Klebsiella pneumoniae [PBD ID
4S04 and 4S05 (Lou et al., 2015)]. QseB and PmrA share 43%
sequence identity and 61% sequence homology (Supplementary
Figure 3). Alignment of the QseB N-terminal domain [PDB ID
5UIC (Milton et al., 2017)] with PmrA [PDB ID 4S05 (Lou et al.,
2015)] crystal structures results in a Cα RMSD of 1.805 Å. Full
length structures indicate that PmrA has a linker length of ∼6
amino acids. Based on sequence alignment, we predicted that
QseB has an ∼8 amino acid linker. Combined, this information
suggests that our PmrA derived model is a suitable stand-
in for full length QseB. This model has allowed us to probe
potential interactions between QseB and 2-AIs (Milton et al.,
2017). From these studies, a binding interface between the N-
and C-terminal domains was identified as the highest potential
binding site. Similarly, an early model of BfmR identified the
same 2-AI binding site (Thompson et al., 2012). This observation
was supported by experimental finds which demonstrated that
the N- and C-terminal domains of BfmR could bind a 2-AI
independently. Both N—and C—terminal domain constructs of
BfmR were independently pulled down by a 2-AI compound
(Thompson et al., 2012). This suggests that a compound binding
site lies at the interface between the two domains. All subsequent
docking experiments for BfmR and QseB have identified some
variation of the N- and C-terminal domain interface as the most
favorable binding site for 2-AI compounds. Further structural
studies will be necessary to confirm that the domain interface is
the binding site and elucidate the specific residues that facilitate
2-AI compound binding.

As a follow up to prior studies employing docking with
the current generation of 2-AI compounds (Milton et al.,
2017), we performed “large-box” blind docking using Autodock
VINA to the solution equilibrated “tucked” state of QseB.
The low MMGBSA scored pose positions for compounds lie
in cavities at the interface between the N- and C-terminal
domains (Supplementary Figure 4). These poses have low RMSD
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TABLE 1 | MIC lowering activity of AGL-600, 726, and 833.

AGL-600

A. baumannii 1605 A. baumannii 5075

Antibiotics 0 µM 30 µM 60 µM 0 µM 30 µM 60 µM

Imipenem MIC (µg/mL) 32 – 4 32 2 –

Fold reduction 8 16

Meropenem MIC (µg/mL) 32 – 4 32 2 –

Fold reduction 8 16

Doripenem MIC (µg/mL) 32 – 8 32 2 –

Fold reduction 4 16

AGL-726

A. baumannii 1605 A. baumannii 5075

Antibiotics 0 µM 10 µM 15 µM 30 µM 0 µM 10 µM 15 µM 30 µM

Imipenem MIC (µg/mL) 32 16 8 – 32 – 8 4

Fold reduction 2 4 4 8

Meropenem MIC (µg/mL) 32 8 6 – 32 – 4 2

Fold reduction 4 5.3 8 16

Doripenem MIC (µg/mL) 32 8 6.0 – 32 – 6 1

Fold reduction 4 5.3 5.3 32

AGL-833

A. baumannii 1605 A. baumannii 5075

Antibiotics 0 µM 2 µM 4 µM 0 µM 2 µM 4 µM

Imipenem MIC (µg/mL) 32 32 4 32 16 8

Fold reduction 0 8 2 4

Meropenem MIC (µg/mL) 32 32 4 32 32 4

Fold reduction 0 8 0 8

Doripenem MIC (µg/mL) 32 32 4 32 16 4

Fold reduction 0 8 2 8

excursions over 30–60 ns while bound to the response regulator.
This suggests that the compound binding sites identified are
temporally stable and have reasonable residence times for ligands
that bind with µM affinity.

Examining the electrostatic properties of the interface
between the N-terminal and C-terminal domains reveals an
electronegative region in both QseB and BfmR. A concentrated
electronegative region lines the inside of the interface central to
the protein. This region is adjacent to where the flexible linker
connects the two domains (Figures 4A,C). Similar patterns were
observed in other full length response regulators ComE [PDB
ID 4CBV (Boudes et al., 2014)] and KdpE [PDB ID 4KNY and
4KFC (Narayanan et al., 2014)], described below. Oddly, PmrA,
for which the model of full length QseB is based, does not appear
to have an electronegative interface [PDB ID 4S04 and 4S05 (Lou
et al., 2015)]. This suggests that full length structural information
will be very important for designing potent inhibitors. Docking of
AGL-726 to QseB positions the compound within this interface
(Figure 4B and Milton et al., 2017). The 2-aminoimidazole head

group docks within the electronegative region. This positioning
was observed withmany other 2-AIs (data not shown). BfmR and
QseB share similar electrostatic topologies, providing evidence
as to why the 2-aminoimidazole head group is required for
compound efficacy. Depending on the response regulator, we
propose that compounds can be tailored to interact with the
exterior region of the interface while the conserved head group
binds the electrostatic residues on the interior. This observation
will help to guide the next generation of 2-AI derivatives.

Response Regulator Dynamics
Flexibility likely plays a critical role in a response regulator’s
ability to bind a variety of target DNA sequences. In fact,
a DNA substrate is often used to lock down the mobile C-
terminal domains in crystal structures. In order to understand
how our compounds bind response regulators, it is important to
understand the dynamics of the system.

The flexible linker connecting the N- and C-terminal domains
allows response regulators to sample a wide range of states.
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FIGURE 4 | Electrostatic map of QseB and BfmR. (A) QseB has an

electronegative interface between the N- and C-terminal domains. Negative

charges extend deep into the protein as shown in the blow out. (B) Docking of

AGL-726 places the compound into this interface. The 2-aminoimidazole head

group lines up with the electronegative region, suggesting the head group

neutralizes the negative charges. (C) BfmR also contains a deep

electronegative interface created between the N- and C-terminal domains.

Electrostatic potential ranges from −2 (red) to +2 (blue), with 0 shown in white.

The “tucked” and “extended” states describe the relationship
of the C-terminal DNA-binding domain to the N-terminal
dimerization domain (Milton et al., 2017). These two extreme
states have been observed in the crystal structures of PmrA
from K. pneumoniae [PBD ID 4S04 and 4S05 (Lou et al., 2015)]
and KdpE from Escherichia coli [PDB ID 4KFC and 4KNY
(Narayanan et al., 2014)] (Figures 5A,B). Both structures are
of DNA bound proteins that belong to the OmpR/PhoB family
of response regulators. KdpE has a linker length of ∼8 amino
acids and shares a 31% identity with 56% homology to QseB
and 33% identity with 55% homology to PmrA (Supplementary
Figure 3). Secondary structures of the N-terminal and C-terminal
domains of QseB, PmrA, and KdpE are nearly identical structures
with Cα RMSDs of ∼1.1 Å for the N-terminus and ∼1.5 Å for

FIGURE 5 | Structures of full length response regulators show two

conformations. (A) PmrA (PDB ID 4S05) is in a “tucked/extended” state when

bound to DNA in a crystal. Molecular dynamics of solution state PmrA in the

absence of DNA relaxes to a “tucked/tucked” state. Structure model

represents the top scoring pose from each cluster based on free energy

minimization. (B) Crystal structure of KdpE bound to DNA (PDB ID 4KNY) also

is in a “tucked/extended” conformation. (C) The apo structure of ComE (PDB

ID 4CBV) is in a “tucked/tucked” state similar to the relaxed PmrA.

the C-terminus. Based on these crystal structures, thermal shift
binding data, and molecular docking simulations, we previously
proposed that compounds could bind either the “tucked” or
“extended” state. In the model, compounds that favored the
“tucked” conformation were tighter binders and more potent
inhibitors. Molecular dynamics simulations allow for the model
to be further explored.

The DNA was first removed from the full length crystal
structure of PmrA [PBD ID 4S05 (Lou et al., 2015)] and
immersed in a large box of TIPS3P water. Molecular dynamics
studies revealed that, following early equilibration, the
“extended” chain of PmrA rapidly collapsed to a “tucked”
conformation (Figure 5A) within the first 70 ns of the 250 ns
simulation at 300K. This suggests that there is likely a small or
no energy barrier to folding to the “tucked” state. Examination
of trajectory movies suggests the timescale for compaction
may possibly be determined by the exclusion of intervening
water molecules between the two C-terminal domains and low-
energy gating transitions of a few residues in the linker chain.
Following the C-terminal conformational transition, PmrA
remains “tucked” with smaller scale dynamical fluctuations
(Figure 6). Examining clustered conformations for the full
duration of the simulation with this large amplitude transition,
approximately 76% of the sampled populations take on a
“tucked” conformation in the absence of DNA, with variations
of the “extended” state present at short times. These percentages
are not steady-state populations, per se, but merely reflect the
conformational preferences for a simulation of this length.
Supplementary Figure 5 shows that between 50 and 70 ns there is
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FIGURE 6 | Population distribution of PmrA. Having started with an “extended” state, the populations shifts to predominately “tucked” on a short time scale. (A)

Molecular dynamics of PmrA (PDB ID 4S05) quickly relaxes to a “tucked/tucked” state and samples this state 76% of the time at a 250 ns time scale. (B) The PmrA

crystal structure bound to DNA (center) begins in a “tucked/extended” state. Variations on the “tucked/extended” state are sampled for very short periods of time and

account for small portions of the population at a given time. Structure models represent the top scoring pose from each cluster based on free energy minimization.

a significant increase in the RMSD of the sampled conformations
as compared to the original starting structure. Investigation of
the Cα fluctuations at 70 ns reveals that the major contributor
to change in RMSD is due to significant movement of the C-
terminal residues of the “extended” state chain (Supplementary
Figure 6). This is what one would expect for relaxing a system
to a compact/energetically stable regime from a higher energetic
extended state. Interestingly, the full length crystal structure of
ComE [PDB ID 4CBV (Boudes et al., 2014)] has both dimer
chains in the “tucked” conformation (Figure 5C). The lack of
DNAmay be attributed to this conformation. ComE is a member
of the AlgR/AgrA/LytR family of transcription regulators. Its
C-terminal DNA binding domain is distinct from the winged-
helix-turn-helix found in OmpR/PhoB family. ComE does share
some structural similarities to QseB, PmrA, and KdpE. A ∼10
amino acid linker connects the two domains of ComE. The
N-terminal domain has a 25% identity and 46% homology with
C α RMSD of 3.848 Å to QseB (Supplementary Figure 3). Since

no full length structures of OmpR/PhoB response regulators in
a dimer conformation have been solved, ComE is the closest
representation of a non-DNA bound response regulator dimer.
Monomeric OmpR/PhoB family structures such as DrrB and
MtrA have been solved in a “tucked” conformation, further
suggesting that the “tucked” state is more favorable in solution,
in the absence of DNA.

Based on these observations, we propose a potential
mechanism for response regulator DNA binding. In solution,
response regulators preferentially adopt a tucked conformation,
occasionally sampling more extended poses. When a DNA
substrate is identified, the N-terminal domain “kneels” over one
of the C-terminal domains (Figure 7). This movement results
in one dimer chain becoming tucked while the linker region
of the other chain stretches out. Since 2-AIs likely bind to
the interface between the N- and C-terminal domains, our
working model proposes that they may impact the ability of
the response regulator to “kneel” upon DNA binding (Figure 7).
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FIGURE 7 | Proposed model for response regulator DNA binding and 2-AI

binding. In solution, response regulators are predominantly in the “tucked”

conformation. In the absence of inhibitor, the response regulator is free to

move the C-terminal domains. This assists in binding the target DNA and

allows the N-terminal domain to “kneel” over one of the DNA-binding domains.

Binding of a 2-AI compound likely increases the interactions between the N-

and C-terminal domains, impacting the protein’s ability to position both

DNA-binding domains on the promotor substrate and “kneel” over the

N-terminal domain. Interfering with DNA binding or the protein conformation on

the DNA would be expected to reduce the expression of downstream targets.

Both DNA binding domains are likely needed to sufficiently bind
the target DNA sequence. Thus, a shift in equilibrium between
“tucked” and “extended” states or trapping the response regulator
in a “tucked” conformation may impact DNA binding and/or
regulation of downstream targets. Further studies are needed to
validate this hypothesis. With this in mind, 2-AIs designed to
tightly bind the interface and facilitate interactions with both the
N- and C-terminal domains should be excellent inhibitors.

CONCLUSION

Using a combination of biochemical and cellular techniques, we
confirmed that BfmR is a cellular target of 2-AI compounds.
These results agree with our similar findings for QseB. Sampling
of a library of compounds allowed for comparisons of behavior
across multiple techniques, from which information about the
most promising compounds can be deduced. Based on these
experiments, AGL-726 and AGL-833 appear to have significant
therapeutic potential, due to their ability to bind BfmR with
relatively high affinities, inhibit biofilm formation, and increase

sensitivity to carbapenem derivatives. The confirmation of
both QseB and BfmR as targets of 2-AI compounds and
the identification of the same lead compounds suggests that
studies to determine the inhibition mechanism in one system
will translate to the other. Since Francisella encode only three
response regulators, Francisella could be a model system for
the determination of a 2-AI mechanism of action in A.
baumannii. Understanding the interactions between response
regulators and 2-AIs on a structural level is necessary to fully
understand the mechanism of inhibition. This information will
play a vital role in the development of even more potent
compounds to combat antimicrobial resistance. Molecular
dynamics simulations suggest that response regulators are prone
to spend a majority of their time in the “tucked” state. As
such, this state should be targeted for future drug design. We
hypothesize that the binding of a 2-AI into the interface between
the N—terminal and C—terminal domains will increase the
interaction between these domains, stabilizing the “tucked” state.
This binding could result in reduced sampling of the “extended”
state. The work presented here lays the ground work for
understanding how 2-AI compounds inhibit response regulators.
Further studies are necessary to validate this working model.
A better understanding of how 2-AIs interact with response
regulators and the mechanisms involved in DNA binding will
inform the development of more potent libraries of compounds
with specific and broad range targets.
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Bacteria cause disease by two general mechanisms: the action of their toxins on host
cells and induction of a pro-inflammatory response that can lead to a deleterious
cytokine/chemokine response (e.g., the so-called cytokine storm) often seen in
bacteremia/septicemia. These major mechanisms may overlap due to the action of
surface structures that can have direct and indirect actions on phagocytic or non-
phagocytic cells. In this respect, the lipid A (endotoxin) component of lipopolysaccharide
(LPS) possessed by Gram-negative bacteria has been the subject of literally thousands
of studies over the past century that clearly identified it as a key virulence factor
in endotoxic shock. In addition to its capacity to modulate inflammatory responses,
endotoxin can also modulate bacterial susceptibility to host antimicrobials, such as the
host defense peptides termed cationic antimicrobial peptides. This review concentrates
on the phosphoethanolamine (PEA) decoration of lipid A in the pathogenic species of
the genus Neisseria [N. gonorrhoeae and N. meningitidis]. PEA decoration of lipid A is
mediated by the enzyme EptA (formerly termed LptA) and promotes resistance to innate
defense systems, induces the pro-inflammatory response and can influence the in vivo
fitness of bacteria during infection. These important biological properties have driven
efforts dealing with the biochemistry and structural biology of EptA that will facilitate the
development of potential inhibitors that block PEA addition to lipid A.

Keywords: anti-virulence, phosphoethanolamine transferase, lipopolysaccharide, multidrug resistance,
N. meningitidis, N. gonorrhoeae

INTRODUCTION

The capacity of Neisseria gonorrhoeae (GC) and N. meningitidis (MC) to decorate their lipid A with
phosphoethanolamine (PEA) has profound implications for their ability to survive host-derived
antimicrobials and influence the host’s pro-inflammatory response during infection. In the past
decade a number of studies have been reported that advance our knowledge on the molecular
mechanisms of this lipid A modification.
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We propose that this strategy would render bacteria
susceptible to innate host defenses and reduce the potentially
damaging action of the pro-inflammatory response during
infection. We posit that EptA inhibitors would serve as
adjunctive therapeutics to counteract multidrug-resistant strains
ofN. gonorrhoeae (GC) that threaten the efficacy of currently used
antibiotics. Accordingly, this review is concerned with bringing
together results from molecular and structural studies that have
focused attention on the enzyme EptA that is responsible for PEA
decoration of lipid A in the context of biological studies that
support this modification as a virulence factor.

THE PATHOGENIC Neisseria, THEIR
DISEASES AND
TREATMENT/PREVENTION
CONSIDERATIONS

N. gonorrhoeae causes the sexually transmitted infection
termed gonorrhea with a world-wide yearly estimate of >78
million infections (Newman et al., 2015). Gonorrhea is an
ancient disease with biblical references (Old Testament;
Leviticus 15:1–3). It causes both symptomatic and (frequent)
asymptomatic infections at genital and extra-genital sites in
both men and women that can have serious consequences for
the reproductive and general health of both sexes (summarized
in Rice et al., 2017). Symptomatic disease is driven by the
pro-inflammatory response and is highlighted by a substantial
influx of neutrophils and marked increase in pro-inflammatory
chemokines/cytokines. Most often, gonorrhea presents as
uncomplicated urethritis in men and cervicitis in women.
However, more invasive forms of disease can occur and include
epididymitis, pelvic inflammatory disease (endometritis or
salpingitis), or disseminated gonococcal infection (DGI) that
can involve multiple organs and joints (infectious arthritis)
(Rice, 2005). Women suffer the greatest medical complications
from invasive GC infections, especially if there is fallopian tube
involvement that can result in ectopic pregnancy, and long
lasting damage to their reproductive health. Infected mothers
can also transmit GC to their newborn during vaginal delivery
resulting in ophthalmia neonatorum. Additional extra-genital
infections (rectal and oral) in both sexes occur frequently.
Finally, repeated GC infections can facilitate transmission or
acquisition of the human immunodeficiency virus (HIV) (Malott
et al., 2013).

In contrast to GC, MC is frequently carried as a commensal
in the nasopharyngeal cavity by a high percentage of the
population, but can enter the blood stream and quickly cause
life-threatening disease. Invasive meningococcal disease (IMD)
syndromes meningitis and/or fulminant septicemia seem to
have appeared much later than gonorrhea in the evolution
of Homo sapiens, with the earliest recorded reports from
outbreaks in the early 1800s in Europe and the United States
(reviewed in Stephens et al., 2007). Frequently, IMD occurs as
localized endemic disease but can also be the cause of larger
scale epidemics that include multiple countries and may span

continents over decades driven by serial introductions of new
variants into susceptible populations by travelers (Yezli et al.,
2016). Although sporadic outbreaks of IMD occur throughout
Africa, prevalence is highest in the sub-Saharan belt consisting
of parts of 26 countries which experiences 7000–180,000 IMD
cases annually, typically in a seasonal pattern associated with
the dry season (Borrow et al., 2017b). In this region, high
temperatures and irritation of mucosal surfaces caused by dust
are the most prominent risk factors associated with IMD. While
it is not entirely clear why individuals develop IMD, prior
events which perturb the mucosal innate immune system (viral
infections, smoking, irritants such as dust and dry air) in addition
to an increased risk of transmission via respiratory droplets
(crowded living, salivary exchange through kissing) increase the
probability of contracting IMD. The severity and morbidity of
IMD is associated with perturbations in the complement and
inflammatory cytokine cascade (Dale and Read, 2013) in addition
to immunocompromised states such as asplenectomy (Dionne
et al., 2017) and immunotherapy (Winthrop et al., 2018). The risk
of repeated episodes of IMD and DGI increase in the absence
of an intact functional complement system demonstrating the
importance of this arm of the host defence against these
infections.

Antibiotic resistance expressed by GC and MC has
considerable implications for treatment options affecting severe
complications and control of the disease in the community
(reviewed in Unemo and Shafer, 2014); this topic, including
the biochemistry, genetics and molecular biology of resistance,
has been extensively reviewed (Unemo and Shafer, 2014).
Briefly, from a historical perspective, beginning with the use of
sulfonamides in 1938, which ended in 1942 due to resistance,
the efficacy of every antibiotic that has been brought into
clinical practice to treat gonorrhea has been removed (penicillin,
tetracycline, and fluoroquinolones) or threatened for removal
from the treatment regimen due to antimicrobial resistance. The
prospect of untreatable gonorrhea due to resistance to approved
antibiotics is cause for grave concern (Bolan et al., 2012). While
empiric monotherapy was used previously to treat gonorrhea,
the continued emergence of multidrug (MDR) resistant strains
now requires dual antibiotic therapy consisting of azithromycin
and ceftriaxone, but strains resistant to either antibiotic or both
have emerged (Ohnishi et al., 2011; Fifer et al., 2016; reviewed
in Unemo et al., 2016; Lahra et al., 2018; Public Health England,
2018; Whiley et al., 2018). It is also important to emphasize
that the current treatment regimen is costly and not always
available in less-resourced settings, which frequently have high
incidences of gonorrhea. Clinical trials are in progress with new
antibiotics and there is hope that new treatment options will
soon be available, however, we should plan for GC to develop
resistance to them in due course. In contrast to GC, MC does
not appear to be particularly efficient in developing antibiotic
resistance or, alternatively, at retaining resistance (a review of
MC resistance to antibiotics can be found in Unemo and Shafer,
2014). Although frequently resistant to sulfonamides, MC have
remained relatively susceptible to the antibiotics classically
used for treatment and chemoprophylaxis but rare instances of
penicillinase-producing strains have been reported. MC isolates
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expressing decreased susceptibility to beta-lactams have emerged
during the past two decades and have recently caused an on-
going outbreak since 2016 in Australia (Mowlaboccus et al.,
2017). Decreased susceptibility and low-level resistance to
ciprofloxacin and high-level resistance to rifampin, antibiotics
used frequently for chemoprophylaxis to stop the spread of
disease during outbreaks, have also been reported from many
countries. Thus, while antibiotic resistance in MC is not at the
threat level of GC, there is reason for concern that resistance will
continue to evolve.

Efficacious vaccines, which are based upon the major capsular
serogroups A, C, Y, and W that are responsible for the majority
of IMD, have been successful in controlling epidemics (Borrow
et al., 2017a). A four-component meningococcal serogroup
B (4CMenB) vaccine, Bexsero R©, has been recommended for
pediatric immunization in several countries, including Australia,
Canada, United Kingdom, and Italy (Kuhdari et al., 2016) and
has shown effectiveness in children as a direct intervention
against IMD. Due to the concern regarding emergence of
MDR-GC strains and the lack of new antibiotics likely to
reach the clinic in the immediate future, a renewed interest in
developing a gonorrhea vaccine has developed after years of
neglect since the failure of the pilin-based vaccine trials in the
early 1980s (reviewed in Jerse and Deal, 2013). Encouragingly, in
a population-based survey 4CMenB vaccination was associated
with a reduced prevalence of gonorrhea in the vaccinated vs.
unvaccinated cohorts in Canada and New Zealand (Petousis-
Harris et al., 2017). This has raised the prospect that a
vaccine directed toward GC is possible and recent data
suggests that the NHBA (neisserial heparin binding antigen)
component of 4CMenB raises a sufficiently cross-protective
antibody response in mice to be a potential vaccine candidate
(Pizza, 2018). In addition, other approaches such as the
administration of IL-12 which reverses the immunosuppression
by GC during urogenital tract infection is another means
of raising a cross-protective antibody response to further
infections (Liu et al., 2018). However, the development of a
vaccine for GC infection remains elusive as there is no natural
correlate of protection such as a protective antibody-response
in humans, and further development in this area will need to
continue.

ANTI-VIRULENCE STRATEGIES BASED
UPON MODELS OF IMD AND
GONORRHEA INFECTION

While approaches to GC vaccination are underway, the
prospect of increasing prevalence of MDR-GC is gaining
momentum, with the appearance of isolates which are resistant
to all classes of routinely used and approved antibiotics for
treatment of gonorrhoea. Therefore, the development of novel
antimicrobials is an area of intense interest. One approach that
has gained momentum in the last decade, is the development
of “anti-virulence” compounds which are designed to inhibit
virulence thus enabling the natural immune responses of the
host to clear the infection (Dickey et al., 2017). To be successful,

the virulence target to be inhibited must be essential for the
development of disease by the infectious agent, should be
tractable to structural studies (crystallography or NMR) and
enable high-through put screening strategies to be developed for
identifying and optimizing candidate inhibitors.

The model of infection for GC has been excellently
summarized by Quillin and Seifert (2018). Upon transmission,
GC bind to the epithelial cells of the urogenital tract via type
IV pili which retract enabling close contact and the formation
of micro-colonies. The micro-colonies release inflammatory
mediators: peptidoglycan, lipooligosaccharide (LOS), and outer
membrane vesicles which result in the recruitment of neutrophils
to the site of inflammation. Since the neutrophils are unable
to clear the infection, the influx of neutrophils form a
purulent exudate that then facilitates transmission to the
urogenital tract of the next partner. N. gonorrhoeae can also
colonize the nasopharynx and until recently this was considered
transient and not a significant mode of transmission. However,
antibiotic treatment failure is most commonly associated with
nasopharyngeal carriage and often necessitates a nasopharyngeal
swab test to ensure total cure after therapy (Unemo et al., 2016).

Neisseria meningitidis is most commonly carried
asymptomatically in the nasopharynx of 10% of young adults.
It is transmitted via the respiratory route in salivary droplets
(Stephens et al., 2007). The MC model of colonization of the
nasopharynx also involves type IV pili to initiate attachment
and then close adhesion to the host epithelium when retracted.
However, the meningococcal model of invasion also includes
a wider variety of adhesins required for interaction with
endothelial cells lining the blood vessels during IMD (Stephens
et al., 2007).

Interestingly a single virulence factor, the ethanolamine
transferase EptA (formerly termed lipid A phosphoethanolamine
transferase LptA), has been shown to be required for multiple
aspects of GC and MC pathogenesis including colonization,
inflammation and survival in neutrophils, and we propose this
enzyme has exciting potential as a target for development of
anti-virulence compounds.

FUNCTION OF EptA

EptA is an enzyme required for the decoration of lipid A of
the LOS of the outer leaflet of the outer membrane of Neisseria
spp. (Cox et al., 2003a). The LOS structure of the pathogenic
Neisseria spp., is identical being composed of a conserved
inner core consisting of heptose (Hep) and 3-deoxy-D-manno-2-
octulosonic acid (KDO) attached to a lipid A moiety embedded
in the outer membrane (Figure 1; Bartley and Kahler, 2014).
Substitutions to this inner core are variable and contribute to
the distinct immunoreactivity profiles of these structures. All
structures have an α-chain, β-chain, and γ-chain attached to
the heptose residues, HepI and HepII, of the conserved inner
core. The α-chain attached to HepI is composed of either
a lacto-N-neotetraose (LNT, Galβ1, 4GlcNAcβ1, 3Galβ1, 4Glc
where Gal is galactose, GlcNAc is N-acetyl-glucosamine and
Glc is glucose) which mimics human glycosphingolipids such
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FIGURE 1 | The structure of LOS from pathogenic Neisseria spp. Shown is a predominant LOS isoform produced by the pathogenic Neisseria. The glycosidic α, β,
and γ chains are attached to a conserved core of heptose (Hep) and keto-octulosonic residues (KDO) attached to lipid A. This figure shows two alternative a-chains
commonly expressed by N. gonorrhoeae terminating with GalNAc and N. meningitidis terminating in NeuNAc. Variable glycoforms are expressed upon the phase
variable expression of various glycosyltransferases (reviewed in Bartley and Kahler, 2014). PEA is shown attached to the 4′ position of lipid A in this representation,
but variable phosphoforms have been identified with substitutions also occurring on the 1 position (see text and Lewis et al., 2009; John et al., 2012). Gal, galactose;
Glc, glucose; GlcNAc, N-acetyl-glucosamine; NeuNAc, N-acetyl-neuraminic acid; P, phosphate; PEA, phosphoethanolamine; OAc, O-acetyl group.

as the human I erythrocyte antigen (Mandrell et al., 1988) or a
di-galactose (Galα1, 4Gal) which mimics the human Pk antigen
(Mandrell and Apicella, 1993). The β-chain attached to HepII
is also variable consisting of either O-3 linked PEA groups
(Mackinnon et al., 2002), or a O-3 linked glucose (Banerjee
et al., 1998) attached to HepII of the conserved inner core. Lastly
the γ-chain attached to HepII is conserved with the addition
of a α-2 linked N-acetyl-glucosamine (GlcNAc) residue (Kahler
et al., 1996) which is variably substituted with an O-acetyl group
at position 3 or 6 (Kahler et al., 2006; Bartley and Kahler,
2014).

The lipid A structure is conserved within the Neisseria
spp. (Johnson et al., 1975; John et al., 2012). All species
produce a major hexaacyl lipid A with the hydroxyl groups
at positions 3 and 3′ carrying (R)-3-hydroxydodecanoic acid
[12:0 (3-OH)] and the amino groups at positions 2 and 2′
being substituted with (R)-3-(dodecanoyloxy)tetradecanoic acid
[3-O (12:0)-14:0]. The β1-6 linked di-glucosamine backbone of
lipid A can be variably substituted at the 1 and 4′ positions
with phosphate, di-phosphate, O-phosphorylethanolamine, and
O-pyro-phosphorylethanolamine (Zughaier et al., 2007). This

remarkable heterogeneity appears to be characteristic of GC,
MC, N. lactamica, and some N. polysacchareae but not other
commensal Neisseria spp. (John et al., 2012).

The lipid A phosphoforms in MC and GC are produced by
EptA which is a cytoplasmic-membrane bound enzyme facing the
periplasm encoded by a gene found in the pathogenic Neisseria
but absent in most commensal species (Cox et al., 2003a; John
et al., 2012). Once the LOS structure is processively synthesized
in the cytoplasm (Bartley and Kahler, 2014) it is transported
through the periplasm to the outer membrane by the ABC
transporter complex consisting of lipopolysaccharide transport
proteins (Lpt), LptBCFG. The lipopolysaccharide chaperone
LptA transfers the LOS to the LptED complex in the outer
membrane which inserts the LOS into the outer leaflet of
the outer membrane (Bos et al., 2004). Only a proportion
of lipid A is decorated with PEA headgroups and this can
vary between strains by up to 60% of lipid A molecules
(Liu M. et al., 2010; Liu X. et al., 2010; Piek et al., 2014;
John et al., 2016). A number of transcriptional and post-
translational mechanisms controlling EptA expression have been
identified that collectively result in strain variation of lipid
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FIGURE 2 | Expression of eptA is growth phase-dependent. qRT-PCR analysis of (A) serC and (B) eptA expression in GC isolate H041 grown in GC broth with and
without the addition of 1 µg/ml polymyxin B (PMB). RNA samples were collected during logarithmic growth (Log, OD600 of ∼0.4) and at the end of logarithmic
growth (Late, OD600 of ∼1.0) and subject to qRT-PCR using gene-specific primers. Primers serC_qRT_F (5′-TGTTGCCTGAAGCTGTGTTG-3′) and serC_qRT_R
(5′-TGTTCCGCATGATGCAGGAT-3′) were used for serC expression. Primers lptA_qRT_F (5′-GGCATCGCGATGTTGCAATA-3′) and lptA_qRT_R
(5′-CACGACCGCCATATCCAATTG-3′) were used for eptA expression. 16S rRNA expression was assessed with primers 16Smai_qRTF
(5′-CCATCGGTATTCCTCCACATCTCT-3′) and 16Smai_qRTR (5′-CGTAGGGTGCGAGCGTTAATC-3′). The means and standard deviations of three biological
replicates are shown. The expression of serC and eptA were normalized to 16S rRNA expression at the Log timepoint without PMB treatment. Gene expression data
were analyzed by ANOVA followed by Sidak’s multiple comparisons test. ∗ Indicates P ≤ 0.05. (C) Organization of eptA locus and position of promoters modified
from Kandler et al. (2014). The eptA -10 and -35 promoter elements, transcriptional start point (TSP) is the bolded G nucleotide, putative integration host factor
binding site (IHF) based on the consensus IHF-binding site in E. coli (11 matches of 13 bp) previously described in N. gonorrhoeae (Lee et al., 2006) as indicated by
the underlined sequence, and the translational start codon are shown.

A phosphoforms. eptA is co-transcribed in an operon with
serC, which encodes a putative phosphoserine aminotransferase,
a hypothetical gene (NGO1282), and nfnB, which encodes a
putative nitroreductase [Figure 2 below; (Kandler et al., 2014)].
Expression of eptA, but not serC, is growth phase-dependent
with maximal expression observed at the mid-logarithmic
phase in GC. It is not yet clear why transcription of eptA
is maximal during exponential growth, but the presence of
a putative integration host factor (IHF) binding site 37 bp
downstream of −10 hexamer of the proximal eptA promoter
might provide a mechanism (see Figure 2C for region of
similarity with IHF-binding sites). Previous work by Hill
et al. (1998) has shown that mRNA of IHF declines as GC
enters stationary phase consistent with a potential means
of influencing transcription in a growth phase dependent
manner.

EptA expression is governed at the translational level by two
means: phase variation of the open reading frame and protein
stabilization by oxidoreductases. Translation of full-length EptA

is subject to high frequency mutation due to a phase variable
poly-T track in the 5′ end coding sequence (Kandler et al.,
2014). In the “phase-on” position, the tract consists of 8 Ts. At
a frequency of 10−4 (4 logs greater than spontaneous mutation)
a single T insertion occurs due to slipped-strand mispairing
resulting in premature truncation of EptA (62 amino acid
protein).

The second mechanism of post-translation control of EptA
expression is a result of the requirement for disulfide bonds
that improve stability of the protein in the periplasm. Five
disulphide bonds are donated by oxidoreductases to EptA as it
is transported via the Sec pathway into the periplasmic space.
N. gonorrhoeae and MC contain a cohort of three oxidoreductases
(DsbA1, DsbA2, and DsbA3) which are oxidized at the active
site with a disulphide bond by membrane bound DsbB. The
oxidoreductase rapidly and irreversibly donates the disulphide
bond to thiol groups on substrate proteins resulting in the
release of an oxidized substrate carrying a disulphide bond and
a reduced oxidoreductase. DsbA1 and DsbA2 are paralogs, with
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FIGURE 3 | Reaction catalyzed by EptA. EptA is an esterase that cleaves PEA from phosphatidylethanolamine to release di-acylglycerol. The PEA remains
transiently attached to the active site Thr280 residue before being transferred to the lipid A head group. PEA has only been transferred to the 1 position of lipid A in
this figure however the 4′ position can also accommodate a PEA moiety.

DsbA2 being encoded on a genetic island that is distributed
in MC but absent in GC (Perrin et al., 2002). Both DsbA1
and DsbA2 are bound to the cytoplasmic membrane by a
lipid-linked anchor (Tinsley et al., 2004) and have an overlapping
repertoire of substrates involved in pilin biogenesis (Tinsley
et al., 2004; Sinha et al., 2008). In contrast, DsbA3 is a soluble
periplasmic enzyme, has a stronger oxidizing potential than
that of the other DsbA enzymes and has no involvement
with pilin biogenesis (Vivian et al., 2008, 2009). All three
oxidoreductases have the capacity to introduce disulphide bonds
into EptA, however, only the loss of DsbA3 resulted in protein
instability and loss of function (Piek et al., 2014). Currently it is
not clear whether this post-translational modification pathway
is regulated as no change in expression of oxidoreductases
has been detected in the many studies to-date on regulatory
pathways in MC or GC (summarized in Piek and Kahler,
2012).

STRUCTURE AND FUNCTIONAL MODEL
OF EptA

EptA catalyzes the transfer of PEA from
phosphatidylethanolamine (PtdE) to lipid A at 1 and/or 4′
head group positions (Figure 3). EptA is an integral membrane
protein consisting of an N-terminal transmembrane (TM)
domain and a C-terminal soluble periplasmic-facing domain.
The solved crystal structure of the soluble domain showed it
adopts a hydrolase-type fold with a bound Zn2+ ion at the
enzyme active site near to the catalytic nucleophile, Thr280
(Anandan et al., 2012; Wanty et al., 2013). The soluble domain,
although retaining the esterase activity required for cleavage

of PtdE, was inactive as a lipid A transferase in bacterial cells
suggesting that the TM domain is important for overall function.
The solved 3D structure of full-length EptA revealed that the
N-terminal TM domain was connected to the soluble domain
by a bridging helix and an extended loop (Anandan et al., 2017;
Figure 4).

The membrane domain contains five transmembrane helices
(TMH1-5, Figure 4) oriented approximately parallel to one
another and spanning the inner membrane in a previously
uncharacterized fold. A patch of positively charged residues
(Lys142, Lys144, Arg146, and Lys150) at the cytoplasmic end of
TMH5 are likely to provide interactions with the phospholipid
head groups at the inner membrane surface. The bridging
helix (residues 194–208) has a highly unusual configuration
in the structure and is linked to the soluble domain by an
extended coiled region (residues 210–231). There is a large
interface between the soluble and membrane domains which is
conserved in all lipid A PEA transferases suggesting this region
has a conserved function. Intrinsic tryptophan fluorescence
experiments and molecular dynamics simulations has led to the
proposal that the protein is highly dynamic in the membrane
and support a model that the enzyme carries out catalysis
through a “ping pong” kinetic mechanism. In this model, the
first step requires EptA to bind PtdE using the small periplasmic
helices (PH2 and PH2′) located between TM3 and TMH4. PEA
is cleaved from PtdE and transferred to the Thr280 residue
to form an PEA-enzyme intermediate. The soluble domain
then rotates way from the TM domain, resulting in an open
conformation capable of accepting the larger lipid A into the
binding site pocket and completing the transfer of the PEA
from the enzyme intermediate to the 1 and 4′ positions of
lipid A.
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FIGURE 4 | The molecular structure of EptA. (A) A ribbon diagram showing
the secondary structure elements of EptA. Coloring from blue to red
corresponds to the N- and C- termini, respectively. The orange sphere
denotes the position of the Zn2+ ion. (B) Topology diagram of EptA. The
cylinders correspond to helices and the arrows correspond to the strands.
Key amino acid residues making up the active site of the enzyme are shown in
blue and orange circles. Blue circles correspond to residues which coordinate
the Zn2+ ion and the orange circle corresponds to a conserved glutamate
residue proposed to interact with the amine group of PEA.

ROLE OF EptA IN COLONIZATION OF
MUCOSAL SURFACES

N. meningitidis and N. gonorrhoeae display tissue tropism toward
nasopharyngeal or urogenital mucosal surfaces, respectively,

and models of infection have concentrated on identifying
colonization factors needed for these sites (Stephens et al.,
2007; Rice et al., 2017). EptA mutants of both organisms are
less successful at colonization in these models. EptA mutants
of MC colonize epithelial cell monolayers at lower rates than
the wild-type control strain (Takahashi et al., 2008). Removal
of PEA groups on lipid A leaves free phosphates which at
neutral pH will be negatively charged. In theory, the increased
negative charge of the bacterial surface increases repulsion forces
between the bacterial cell surface and the host cell disrupting
the initial colonization interactions of the bacterial adhesins with
host cell receptors. A second possibility is that the change to
lipid A structure in addition to surface charge may also affect
the positioning and function of outer membrane adhesins thus
affecting attachment and invasion (Tommassen and Arenas,
2017). Although this effect on attachment has been observed
in cell monolayer models of infection for both MC and GC,
eptA mutants of GC were as efficient as wild-type strains in
colonizing the urogenital tract of the female mouse model
(Packiam et al., 2014). No study has as yet examined the
significance of eptA “phase off” mutants of GC or MC in clinical
infections of humans. Diagnosis by culture requires selective
culture of clinical samples on modified Thayer Martin agar which
contains 10 µg/ml of colistin (polymyxin E) that suppresses
the growth of most Gram-negative bacteria but not Neisseria
spp. which are resistant to this antibiotic. This unfortunately
prevents the detection of MC or GC with “phase-off” eptA in
pathology diagnostic laboratories as “phase-on” eptA confers
colistin resistance.

ROLE OF EptA IN RESISTANCE TO
COMPLEMENT MEDIATED KILLING BY
NORMAL HUMAN SERUM

The complement pathway is an important arm of the innate
immune system. Complement protects against infection and
under physiological conditions, its activation is tightly controlled
by soluble and membrane-associated complement inhibitors.
Both GC and MC have sophisticated mechanisms for evading
complement-mediated killing during colonization and invasive
disease (Ram et al., 1999, 2016). The main mechanism of
resistance to complement-mediated killing in MC is determined
by the polysaccharide capsule which inhibits the insertion of
the membrane attack complex (MAC). An intact LOS structure
is also required for full resistance to complement but lipid A
decoration with PEA appears to have no discernible effect (Cox
et al., 2003b; Pizza and Rappuoli, 2015). In contrast, in GC which
lacks a polysaccharide capsule, the loss of PEA decorations on
the lipid A results in susceptibility to complement-mediated lysis.
PEA on the lipid A headgroups increases the binding of the
complement regulatory protein C4b binding protein (C4BP) to
porin B (PorB), thus preventing the activation of the classical
complement pathway (Lewis et al., 2009, 2013). Loss of PEA
from lipid A also affected binding of the alternative pathway
regulator, factor H (fH), to PorB of some strains (Lewis et al.,
2013). Altogether lipid A decorated with PEA alters binding
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of C4BP and fH to PorB and contributes to the ability of GC
to resist complement-mediated killing by both the classical and
alternative complement pathways.

Evasion of complement-mediated killing is commonly
associated with escaping the ability of normal human serum to
the kill the organism once it enters the bloodstream. In this case,
the role of complement resistance by MC during invasive disease
is substantial in enabling bacteremia (Lewis and Ram, 2014).
Female and male genital tract secretions have high levels of
immunoglobulin IgG and complement factors (Birse et al., 2013;
Horton and Vidarsson, 2013). In the model of cervicitis proposed
by Edwards (2008), the lack of a detectable antibody response
in uncomplicated gonococcal cervicitis means there is an
absence of immunoglobulin to initiate the classical complement
pathway. However, the binding of fH to the bacterial surface
by PorB results in rapid inactivation of complement factor C3b
to iC3b, which forms bridges with the host cell receptor CR3
(complement-receptor 3). CR-3 mediates endocytosis of the
bacteria into the cervical epithelia potentially leading to the
ability to colonize the mucosal surface without triggering an
inflammatory response, a characteristic of the asymptomatic
phase of gonorrhea seen in both sexes. Therefore, the interplay of
complement-regulatory proteins on the gonococcal cell surface
is closely associated with colonization events in men and women
(Edwards and Apicella, 2004).

ROLE OF EptA IN THE STIMULATION OF
THE PRO-INFLAMMATORY RESPONSES
OF MACROPHAGES AND NEUTROPHILS

While the endotoxins of MC and GC have an identical lipid A,
most information on the structure and functional relationships
that are necessary for eliciting the pro-inflammatory response
has been conducted with meningococcal lipid A (Zughaier
et al., 2005, 2007; Zimmer et al., 2007). Both endotoxins induce
pro-inflammatory responses from cells via the Toll-like receptor
(TLR) 4/myeloid differentiation factor 2 (MD-2) complex which
sits in the host cell membrane and receives endotoxins from
the soluble CD14 protein which binds endotoxins in serum
(Park et al., 2009). Activation of TLR4/MD2 is dependent upon
the conformational structural variations in lipid A, degree of
lipid A phosphorylation, number and length of acyl chains,
net charge of the molecule, and variations in hydrophobicity
(Zimmer et al., 2007). The role of lipid A decorated with
PEA headgroups in eliciting a stronger cytokine response was
subsequently confirmed by John et al. (2012) and Liu M. et al.
(2010) using purified lipid A with and without PEA decorations
to elicit cytokine responses from cell monolayers. Packiam
et al. (2014) further showed that purified LOS containing
lipid A devoid of the PEA modification from a GC eptA
mutant induced significantly lower levels of NF-κB in human
embryonic kidney Toll-like receptor 4 (TLR4) cells and murine
embryonic fibroblasts than wild-type LOS of the parent strain.
Consistent with these tests, analysis of the chemokine/cytokine
responses of female mice with lower genital tract infection
showed that the parent GC strain possessing lipid A with PEA

decorations elicited a robust pro-inflammatory response that
was significantly dampened in mice infected with the GC eptA
null mutant; while markers of the anti-inflammatory response
were not significantly different in mice infected with either
strain.

The binding of lipid A to the TLR4/MD-2 complex on
macrophages and neutrophils results in cellular activation,
the release of cytokines, chemokines, reactive oxygen species
(ROS), and nitric oxide which will kill phagocytosed bacteria.
In the female mouse model of lower genital tract infection,
Packiam et al. (2014) reported that the GC eptA mutant had
a substantial fitness defect in vivo compared to the wild-type
strain during a competitive, mixed infection. Hobbs et al. (2013)
made similar observations in human male volunteers. They
suggested that the observed fitness defect in the competitive
infection model was due to the strong pro-inflammatory response
elicited by the wild-type GC strain that was sufficient to activate
macrophages and neutrophils which effectively killed the GC
etpA mutants.

Macrophages and neutrophils kill bacteria by phagocytosis
followed by the formation of a phagolysosome which utilizes
oxidative mechanisms (ROS such as hydrogen peroxide,
superoxide etc.) and non-oxidative mechanisms [serine
proteases, cationic antimicrobial peptides (CAMPs), and iron
sequestration] to kill the bacteria (Criss, 2014). Neutrophils will
also secrete neutrophil extracellular traps (NETs) consisting of
DNA coated with CAMPs such as LL-37 to trap the bacteria and
kill them. Wild-type MC and GC evade killing by neutrophils by
avoiding phagocytosis, engaging surface regulatory proteins that
trigger an oxidative burst before the bacteria are phagocytosed,
and using mechanisms that quench or detoxify ROS and resist
CAMPs (Criss, 2014). The eptA mutants from MC and GC are
exquisitely sensitive to killing by CAMPs and are rapidly killed
by neutrophils as a result (Tzeng et al., 2005; Kandler et al.,
2014; Handing and Criss, 2015; Tzeng and Stephens, 2015).
Interestingly, decoration of lipid A with PEA has also been
shown to interfere with the maturation of the phagolysosome
by delaying fusion of azurophilic granules with maturing
phagolysosomes (Johnson and Criss, 2013; Handing and Criss,
2015) and additionally dysregulates autophagy, a process which
normally targets surface macromolecules including bacteria, to
the phagolysosome (Zughaier et al., 2015).

CONCLUSION

The decoration of lipid A with PEA in GC and MC is an
essential pathogenesis factor that distinguishes these pathogens
from most commensal Neisseria spp. This feature stimulates
the pro-inflammatory responses during IMD and gonorrhea
but also provides a protective role against clearance by innate
immune cells such as neutrophils and macrophages that are
attracted to the site of infection. In both instances, the engulfment
of the bacteria leads to a frustrated innate immune response
that results in chronic inflammation and in the case of GC
infected neutrophils become vehicles for transmission between
hosts.
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We propose that inhibition of EptA will improve killing and
clearance of these pathogens by neutrophils thus improving
clearance of infection from mucosal surfaces and providing a
mechanism that curtails transmission of GC in neutrophils.
In addition, EptA enzymes are found in many gram-negative
pathogens (e.g., Escherichia coli, Salmonella enterica, Klebsiella
pneumoniae, etc.), rendering them resistant to colistin therapy
(Gao et al., 2016). Detailed studies are underway to identify
and optimize potential EptA-inhibitors that suppress expression
(Daly et al., 2017) or inhibit the enzyme directly in these bacterial
species. We suggest similar approaches to inhibition of EptA
from Neisseria sp. will be prove to be a beneficial approach
to the development of novel therapies. Therapeutics to boost
the bactericidal activity of phagocytic cells are currently in
development (Munguia and Nizet, 2017), which in combination
with anti-EptA compounds, could be used as novel combination
therapies to effectively reduce transmission of multi-drug
resistant GC and MC isolates.
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Bacterial cells are surrounded by an exoskeleton-like structure, the cell wall, composed
primarily of the peptidoglycan (PG) sacculus. This structure is made up of glycan strands
cross-linked by short peptides generating a covalent mesh that shapes bacteria and
prevents their lysis due to their high internal osmotic pressure. Even though the PG
is virtually universal in bacteria, there is a notable degree of diversity in its chemical
structure. Modifications in both the sugars and peptides are known to be instrumental
for bacteria to cope with diverse environmental challenges. In this review, we summarize
and discuss the cell wall strategies to withstand biotic and abiotic environmental insults
such as the effect of antibiotics targeting cell wall enzymes, predatory PG hydrolytic
proteins, and PG signaling systems. Finally we will discuss the opportunities that
species-specific PG variability might open to develop antimicrobial therapies.

Keywords: peptidoglycan, lysozyme, antibiotic resistance, innate immunity, plasticity

INTRODUCTION

The presence of peptidoglycan (PG) as a key component of the bacterial cell wall is one of the
defining characteristics of bacteria. PG is an exoskeleton-like macromolecule that envelopes the
bacterial cell, preventing them from lysis through osmotic pressure and preserving their shape.
PG is composed of β-1,4 linked glycan strands of N-acetyl muramic acid (NAM) and N-acetyl
glucosamine (NAG), cross-linked by short peptide chains. The sugar moieties’ composition is
shared by both Gram-negative and Gram-positive bacteria while the nature of their peptides differ
between them. In the majority of the analyzed Gram-negative bacteria the basic peptide structure
is L-Ala-D-Glu-mesoDAP-D-Ala-D-Ala while in Gram-positives, the most frequent third amino
acid is Lys (Vollmer et al., 2008). Additionally, the cell wall is subjected to numerous changes
associated with both the growth cycle and environmental challenges (e.g., antibiotic treatment)
(Schneider and Sahl, 2010; Cava and de Pedro, 2014). These changes could occur both in the
peptide and/or in the sugar moieties (Vollmer et al., 2008). For instance, PG peptide stems present
D-amino acids, which have been suggested to serve as a protection from most of the secreted
proteases. However, there are peptidases that can target specifically the muropeptide stems (Uehara
and Bernhardt, 2011). Some of these PG-peptidases can target a bacterial cell by different means
such as their injection via contact-dependent Type VI secretion system (T6SS). Recent studies
have reported the existence of PG modifications, which work as protection mechanisms against
these predatory enzymes (Espaillat et al., 2016). Similarly, the sugar moieties are also the target
of diverse host secreted antimicrobials such as the lysozyme, a hydrolytic enzyme that cleaves
the β-1, 4-glycosydic bond between the NAM and NAG. Some bacteria have devised strategies
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to overcome host lysozyme-mediated lysis by chemical
modification of the NAG and NAM sugars, thereby helping
bacteria to evade the host immune system.

As cell wall is fundamental for survival, its chemical structure
might follow the dynamics proposed by the Red Queen
hypothesis effect (Liow et al., 2011), an evolutionary arms race
where bacteria would alter the PG chemical structure in order to
overcome specific threats to the cell wall. For example, structural
variations in the basic moiety of the tracheal cytotoxin (i.e.,
NAG-anhydro-NAM-tetrapeptide) could lead to a weaker innate
immune response (Luker et al., 1995; Knilans et al., 2017). Also,
certain pathogens might manipulate the host metabolism as
a strategy to evade the immune system and to increase their
access to carbon sources (McConville, 2014; Passalacqua et al.,
2016). In this review, we summarize PG modifications (Figure 1
and Table 1) that confer protection to diverse antimicrobials,
hydrolases and to the innate immune system.

MODIFICATIONS IN PEPTIDOGLYCAN
SUGAR MOIETIES

The sugars present in the glycan backbone of the PG possess the
same central chemical skeleton. NAM is the lactic acid ether of
NAG and the structural variations in both the sugars are limited
to the –NH2 group at C-2 and the –OH group at C-6 of the sugars.

N-Deacetylation of NAG
The N-deacetylation, removal of the acetyl group at position C-
2, from NAG is catalyzed by the enzyme PgdA (Vollmer and
Tomasz, 2000). NAG deacetylation is mostly reported in Gram-
positive bacteria, e.g., Bacillus cereus (Psylinakis et al., 2005),
Enterococcus faecalis (Benachour et al., 2012), Clostridium difficile
(Peltier et al., 2011), Streptococcus suis and Streptococcus iniae
(Fittipaldi et al., 2008; Milani et al., 2010). To our knowledge,
Helicobacter pylori (Wang et al., 2009) and Shigella flexneri
(Kaoukab-Raji et al., 2012) are the only Gram-negative bacteria
having a putative NAG deacetylase homolog.

Mutants in pgdA in various bacterial strains are more sensitive
to lysozyme and less virulent, thereby NAG deacetylation appears
to protect cell wall integrity during infection and also plays a
role in evading the host immune system (Vollmer and Tomasz,
2002; Boneca et al., 2007; Wang et al., 2009, 2010; Benachour
et al., 2012). In fact, oxidative stress works as environmental
trigger for PgdA induction in H. pylori (Wang et al., 2009) linking
further its function to infection. In Listeria monocytogenes,
the activity of PgdA is regulated by the cell division proteins
GpsB and PBP1A. Deletion of gpsB in this bacterium causes
an increase in deacetylated muropeptides that leads to a
lysozyme resistance phenotype. This phenotype is, however,
suppressed upon deletion of PBP1A, thereby underscoring that:
(i) besides its PG synthetic activity, PBP1A also serves as an
important regulatory partner (Claessen et al., 2008) and, (ii) the
relevance of these protein-protein interactions to regulate PgdA
cellular activity (Rismondo et al., 2016, 2018). In addition to
protecting PG from lysozyme’s action, NAG deacetylation plays
also an important role in bacterial predation. Bdellovibrio is

a bacterium that preys on other Gram-negatives by invading
their periplasmic space followed by the release of PG hydrolytic
enzymes that digest the prey’s cell wall. During this predator-
prey interaction, Bdellovibrio deacetylates its own PG to prevent
autolysis (Lambert et al., 2016). Similarly, deacetylation also
enables coping with the presence of major autolysins in other
bacteria, e.g., Lactobacillus lactis N-deacetylation decreases the
susceptibility of PG to the major autolysin AcmA (Meyrand et al.,
2007).

Helicobacter pylori PgdA deacetylase activity was suggested
in vitro using an assay that measured the release of acetic acid
from undigested PG (Wang et al., 2009). However, in another
study, PgdA failed to deacetylate a variety of possible substrates
(e.g., NAG, NAG3, etc.) (Shaik et al., 2011) suggesting that further
studies will be necessary to identify the actual substrate of this
enzyme.

N-deacetylation of NAG also helps the bacterium to evade the
host immune system. L. monocytogenes’ deacetylated PG presents
a reduced recognition by the NOD1 receptor while PG from the
pgdA mutant (fully acetylated PG) induces a massive NOD1-
dependent IFN-β response (Boneca et al., 2007). In a similar way,
a fully N-deacetylated H. pylori PG (using the N-deacetylase from
B. cereus) completely lost its ability to be sensed in vitro by both
NOD1 and NOD2 receptors (Boneca et al., 2007), and Bacillus
anthracis PG containing 88% deacetylated NAG induces very
little or no NLRP3 inflammasome activation (Wolf et al., 2016).
The reduced recognition of deacetylated PG by NOD1 results
also from the inability of lysozyme to degrade it, which limits
the availability of NOD1 agonist to the host and thus a weaker
innate immune response. While in case of NOD2, the incapability
of the receptor to sense the deacetylated PG also contributes to a
weaker response (Boneca et al., 2007; Wang et al., 2009; Melnyk
et al., 2015). Further details about the innate immune system
are in the subsection “Chemical modifications as innate immune
modulators.”

N-Deacetylation of NAM
PdaA and PdaC from Bacillus subtilis catalyze the removal of
the acetyl group from the NAM. pdaC deletion mutant shows
an increased sensitivity to lysozyme (Kobayashi et al., 2012),
while the pdaA mutant fails to germinate, given that this activity
is implicated in the δ-lactam formation of B. subtilis spore cell
wall (Fukushima et al., 2002). PdaA is active on denuded PG
chains (i.e., PG pre-treated with CwlD, an N-acetylmuramoyl-
L-alanine amidase, which cleaves the peptide stems) (Gilmore
et al., 2004). Although, this activity is important for the spore
cortex development in B. subtilis, homologs of this enzyme
are also encoded in the genome of other non-spore forming
microorganisms, e.g., Rhizobium leguminosarum (Fukushima
et al., 2005). Therefore, the biological implications of PdaA like
enzymes in non-sporulating bacteria still need to be determined.
One hypothesis is that this activity could help bacteria to evade
the innate immune system, as a study on various synthetic
structural analogs of muramyl dipeptide (MDP) on NOD2 shows
that the acetyl group in NAM is required for binding of MDP to
the NOD2 receptor and the activation of the subsequent signaling
cascade (Melnyk et al., 2015).
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FIGURE 1 | Schematic representation of various modifications in the N-acetylmuramic acid (NAM) and N-acetylglucosamine (NAG) sugar structures. Arrows carry
the responsible enzymes which catalyze the modification. O-acetylation of NAG or NAM is a reversible modification where OatA/OatB and Pat/Pac enzymes facilitate
the O-acetylation of sugars while Ape works as a de-O-acetylase for the modification. Lt-lytic transglycosylase.

N-Glycolylation of NAM
Four Mycobacterium species namely Mycobacterium smegmatis,
M. kansasii, M. tuberculosis, and M. phlei present N-glycolylated
NAM residues, a PG modification catalyzed by NamH (Azuma
et al., 1970). In M. smegmatis, namH deletion causes increased
susceptibility to β-lactam antibiotics and lysozyme (Raymond
et al., 2005). Although, N-glycolylated NAM confers an enhanced
NOD2 recognition, this PG modification seems to have a limited
role in M. tuberculosis infection (Coulombe et al., 2009; Hansen
et al., 2013).

The degree of N-glycolylation in the PG varies between
species and in response to different antibiotics. M. tuberculosis
treated with D-cycloserine contains only N-glycolyl muramic
acid, while similarly treated M. smegmatis displays a mixture
of N-glycolylated and N-acetylated PG. Similarly, vancomycin
treatment of M. smegmatis, consisted of N-glycolyl NAM residues
only, while in M. tuberculosis, this treatment produces a mixture
of both the N-glycolyl and N-acetyl NAM residues (Mahapatra
et al., 2005). Blocking PG synthesis at the precursor level (e.g., by
vancomycin or D-cycloserine) increases N-glycolylation, which
is in agreement with NamH being cytoplasmic and acting on the
UDP precursor pool.

O-Acetylation of NAM
N-acetyl muramic acid O-acetylation occurs at the OH group
of the C6 of the sugar moiety. Acetylation of NAM seems to

be the most widespread PG modification across a great number
of Gram-negative and Gram-positive bacteria. Conventionally,
the NAM O-acetylation in Gram-positive bacteria is catalyzed
by the O-acetyl transferase OatA (Bera et al., 2005; Rae et al.,
2011; Bernard et al., 2012), whereas in Gram-negative bacteria
is carried out by a family of enzymes, called Pat or Pac
(Dillard and Hackett, 2005; Weadge et al., 2005; Moynihan and
Clarke, 2010). Interestingly, B. anthracis uses both families of
PG O-acetyltransferases, i.e., Oat and Pat/Pac. PatA1 and PatA2
is required for separation of B. anthracis cells, as well as for
proper assembly and attachment of its S-layer (Laaberki et al.,
2011). O-acetyl transferases Adr and OatA play an important
role in cell division of Streptococcus pneumonia and Lactobacillus
plantarum, respectively (Bernard et al., 2012; Bonnet et al., 2017).

N-acetyl muramic acid O-acetylation confers lysozyme
resistance (Bera et al., 2005; Shimada et al., 2010; Bernard et al.,
2012) by preventing lysozyme binding to PG due to steric
hindrance caused by the bulky acetyl group (Pushkaran et al.,
2015). Deletion mutants of patA and patB in Campylobacter
jejuni exhibited decreased lysozyme resistance and intracellular
survival in macrophage cells (Iwata et al., 2016) while these
activities have a minimal impact on C. jejuni’s growth and
fitness in vitro (Ha et al., 2016). In Gram-negative bacteria,
O-acetylation occurs as a result of the coordinated action of
the enzymes PatA and PatB where PatA translocates the acetyl
group from the cytoplasm to periplasm and PatB catalyzes the
transfer of acetyl groups to NAM (Iwata et al., 2016). Deletion
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TABLE 1 | List of bacterial species comprising various modifications in the sugar
moieties of PG.

Modifications Bacterial species Reference

N-deacetylation
of NAG

Gram-negative

Helicobacter pylori Wang et al., 2009

Shigella flexneri Kaoukab-Raji et al., 2012

Gram-positive

Bacillus anthracis Psylinakis et al., 2005

Bacillus cereus Psylinakis et al., 2005

Bacillus subtilis Atrih et al., 1999

Clostridium difficile Peltier et al., 2011

Enterococcus faecalis Benachour et al., 2012

Lactobacillus fermentum Logardt and Neujahr, 1975

Lactobacillus lactis Meyrand et al., 2007

Listeria monocytogenes Boneca et al., 2007

Streptococcus iniae Milani et al., 2010

Streptococcus pneumoniae Vollmer and Tomasz, 2000

Streptococcus suis Fittipaldi et al., 2008

N-deacetylation
of NAM

Bacillus subtilis Fukushima et al., 2005

N-glycolylation
of NAM

Mycobacterium kansasii Azuma et al., 1970

Mycobacterium phlei Azuma et al., 1970

Mycobacterium smegmatis Azuma et al., 1970

Mycobacterium tuberculosis Azuma et al., 1970

O-acetylation of
NAM

Gram-negative

Agrobacterium tumefaciens Weadge et al., 2005

Bacteroides fragilis Weadge et al., 2005

Bacteroides thetaiotamicron Weadge et al., 2005

Bradyrhizobium japonicum Weadge et al., 2005

Campylobacter jejuni Ha et al., 2016

Chromobacterium violaceum Weadge et al., 2005

Helicobacter pylori Wang et al., 2012

Moraxella glucidolytica Martin et al., 1973

Morganella morganii Clarke, 1993

Neisseria gonorrhoeae Dillard and Hackett, 2005

Neisseria meningitidis Dillard and Hackett, 2005

Neisseria perflava Martin et al., 1973

Photorhabdus luminescens Weadge et al., 2005

Providencia alcalifaciens Clarke, 1993

Providencia stuartii Clarke, 1993

Providencia rettgeri Clarke, 1993

Providencia heinbachae Clarke, 1993

Providencia rustigianii Clarke, 1993

Proteus mirabilis Clarke, 1993

Proteus myxofaciens Clarke, 1993

Proteus penneri Clarke, 1993

Proteus vulgaris Clarke, 1993

Pseudomonas alcaligenes Martin et al., 1973

Gram-positive

Bacillus anthracis Laaberki et al., 2011

Bacillus cereus Weadge et al., 2005

Bacillus subtilis Guariglia-Oropeza and
Helmann, 2011

(Continued)

TABLE 1 | Continued

Modifications Bacterial species Reference

Enterococcus faecalis Pfeffer et al., 2006

Enterococcus durans Pfeffer et al., 2006

Enterococcus faecium Pfeffer et al., 2006

Enterococcus hirae Pfeffer et al., 2006

Lactobacillus casei Billot-Klein et al., 1997

Lactobacillus lactis Veiga et al., 2007

Lactobacillus plantarum Bernard et al., 2012

Lactobacillus fermentum Logardt and Neujahr, 1975

Lactobacillus acidophilus Coyette and Ghuysen, 1970

Listeria monocytogenes Rae et al., 2011

Macrococcus caseolyticus Bera et al., 2006

Micrococcus luteus Brumfitt et al., 1958

Ruminococcus flavefaciens Weadge et al., 2005

Staphylococcus aureus Bera et al., 2006

Staphylococcus epidermidis Bera et al., 2006

Staphylococcus haemolyticus Bera et al., 2006

Staphylococcus hyicus Bera et al., 2006

Staphylococcus lugdunensis Bera et al., 2006

Staphylococcus saccharolyticus Bera et al., 2006

Staphylococcus saprophyticus Bera et al., 2006

Streptococcus pneumonia Bonnet et al., 2017

Streptococcus faecalis Abrams, 1958

O-acetylation of
NAG

Lactobacillus plantarum Bernard et al., 2012

De-O-
acetylation

Campylobacter jejuni Ha et al., 2016

Neisseria meningitidis Veyrier et al., 2013

Neisseria gonorrhoeae Weadge and Clarke, 2006

mutant of patA in H. pylori is susceptible to lysozyme. Moreover,
a simultaneous deletion of patA and the N-deacetylase PgdA
makes H. pylori five times more sensitive to lysozyme and
significantly impaired in intestinal colonization (Wang et al.,
2012), highlighting the contribution of both enzymes in H. pylori
virulence. Importantly, the absence of PatB and Ape1 homologs
in H. pylori suggests that further studies are needed to validate
the role of PatA in the O-acetylation of this bacterium. In
Neisseria gonorrhoeae and Neisseria meningitidis, PacA, and PacB
are the enzymes required for NAM O-acetylation and associated
lysozyme resistance (Dillard and Hackett, 2005). Lysozyme
sensitivity of 1PacA in N. gonorrhoeae is dependent on the loss
of two lytic transglycosylases LtgA and LtgD, which compromises
the cell wall integrity and permits lysozyme to access the
PG (Ragland et al., 2017). In vancomycin-resistant E. faecalis,
vancomycin treatment increases cell wall O-acetylation, which
leads to lysozyme resistance and enhanced virulence (Chang
et al., 2017)

In some Gram-positive bacteria, e.g., S. pneumoniae,
L. monocytogenes, and B. anthracis lysozyme resistance relies
on both PG O-acetylation and N-deacetylation. Only a double
mutant in both activities makes the PG susceptible to host
lysozyme (Davis et al., 2008; Laaberki et al., 2011; Rae et al.,
2011). The activity of OatA in L. lactis is regulated by the
pyruvate oxidase SpxB, which is induced by the stress-responsive
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two-component system, CesSR. Induction of OatA by this
stress-signaling cascade renders lysozyme tolerance to L. lactis
(Veiga et al., 2007).

Peptidoglycan O-acetylation also contributes to some
physiological properties in bacteria other than providing
the resistance to lysozyme. In Staphylococcus aureus, NAM
O-acetylation helps to evade the immune system by repressing
cytokine production required for differentiation of pro-
inflammatory T helper cells (Sanchez et al., 2017). NAM
O-acetylation also plays a role in septic arthritis. Gonococcal PG
induces paw swelling in rats. Notably, O-acetylated PG fragments
are more arthritogenic compared to non-O-acetylated PG
(Fleming et al., 1986). These observations are further supported
by a study in S. aureus strains which shows that the 1OatA
mutant in S. aureus is less arthritogenic compared to its parental
strain (Baranwal et al., 2017).

O-Acetylation of NAG
Contrary to NAM O-acetylation, NAG O-acetylation is very
infrequent in bacteria. To date, only L. plantarum has been
reported to have O-acetylated NAG (Bernard et al., 2011). The
O-acetylation reaction is catalyzed by the O-acetyltransferase
OatB. Although O-acetylation of NAG plays no role in lysozyme
resistance, it inhibits the activity of N-acetyl-glucosaminidase
Acm2, a major autolysin of L. plantarum (Bernard et al., 2011).

O-Deacetylation
As commented above, diverse bacterial species O-acetylate
their PG to counteract lysozyme’s cell wall hydrolytic activity.
Additionally, O-acetylation also negatively regulates the activity
of endogenous lytic transglycosylases, which require a free
hydroxyl group at the C-6 position of NAM. Therefore, to
coordinate both lytic and synthetic enzymes, bacteria encode
the O-acetylesterase Ape for undoing the O-acetylation (Weadge
et al., 2005). This activity is highly regulated as it only
O-deacetylates muropeptides with tripeptide stems. Mutants
lacking Ape1 in C. jejuni and N. meningitides are defective in
virulence and have increased chain length and altered cell size
(Veyrier et al., 2013; Ha et al., 2016).

As lysozyme’s PG hydrolytic activity is one of the first defense
lines employed by the host immune system against bacterial
pathogens, most of the above mentioned modifications in the
PG glycan backbone that confer lysozyme resistance also improve
virulence and/or persistence (Laaberki et al., 2011). For instance,
viable but non-culturable (VBNC) E. faecalis cells have high
levels of PG O-acetylation, which inhibits the action of lysozyme
(Pfeffer et al., 2006). Interestingly, a study in staphylococci
demonstrates that O-acetylation of NAM occurs only in the
pathogenic strains and not in the non-pathogenic ones (Bera
et al., 2006). In this context, it is important to study whether
these PG modifying enzymes have emerged during evolution as
a mechanism to cope with adverse conditions that a bacterium
faces during infection. Further knowledge about the enzyme
evolution might unleash the enormous functional diversity of cell
wall related enzymes, and the evolutionary processes that gave
rise to it.

MODIFICATIONS IN PEPTIDE STEM

A structural change not only occurs in sugar moieties but also
in the peptide stem (Vollmer et al., 2008). This peptide “editing”
plays an important role in the fitness and adaptation of bacteria
to diverse stress conditions such as those induced by toxic
molecules, inter species competition, etc. Some of the chemical
modifications and their biological implications are described
further.

Chemical Modifications Providing
Antibiotic Resistance
The case of vancomycin resistance is one of the classical
examples of a PG modification that provides antibiotic resistance.
Vancomycin belongs to the family of the glycopeptide antibiotics.
It affects the last step of PG synthesis by binding to the terminal
D-Ala-D-Ala of the peptide chain and hence, it inhibits the cross-
linking (i.e., transpeptidase) activity of PBPs, which ultimately
leads to bacterial death (McGuinness et al., 2017). The resistance
was first reported in E. faecalis but the same mechanism has been
documented on different clinical isolates (Bugg et al., 1991).

Six types of vancomycin resistance have been reported in
Enterococci, i.e., VanA, B, C, D, E and G (Courvalin, 2006). The
VanA type confers the highest levels of vancomycin resistance
(Arthur et al., 1996). This system is encoded by a specific
conjugative operon, VanA, composed by three elements, (i) a two
component system responsible for the detection of vancomycin
and the induction of resistance genes; (ii) synthesis of D-Ala-D-
Lac dipeptides, catalyzed by a set of genes which convert pyruvate
to D-Lac. Then, a cytoplasmic ligase is able to attach D-Ala to the
newly synthesized D-Lac; and (iii) a cytoplasmic peptidase that
removes the terminal D-Ala-D-Ala of pre-existing peptide stems
resulting in an increased pool of modified precursor (terminal
D-Lac) over the canonical pool. Altogether, due to this minor
change in the PG structure, vancomycin has less affinity to
these peptide termini and consequently the bacterium survives
in the presence of the antibiotic (McGuinness et al., 2017). The
vancomycin resistant type VanC is similar to VanA but it changes
the canonical pentapeptide termination from D-Ala-D-Ala to
D-Ala-D-Ser, thanks to a transmembrane Ser-racemase. For more
detailed information on the molecular basis of the other resistant
types see Courvalin (2006).

The PG cross-linking is another structural property of the cell
wall that bacteria can modulate to develop resistance to certain
antibiotics. PG cross-linking is performed by the transpeptidase
activity of high molecular weight PBPs, which uses the energy
between the terminal D-Ala-D-Ala bond to cross-link the fourth
D-Ala of one peptide stem with the third amino acid (meso-
DAP or Lys) of an adjacent peptide (Vollmer et al., 2008).
Contrary to this canonical DD-cross-link, some bacteria can
also display a PG transpeptidase activity that cross-links the cell
wall in a different manner. This atypical cross-link is done by a
family of enzymes named LD-transpeptidases (Zhao et al., 2017),
which connect two meso DAP residues from adjacent peptide
stems. Indeed, E. coli presents 2–7% of its muropeptides cross-
linked by LD-transpeptidases (Glauner et al., 1988). Normally,
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bacteria lacking this type of enzyme do not present any severe
phenotype (Sanders and Pavelka, 2013). However, selection of
certain mutations on sub-lethal concentrations of Ampicillin
can provide high tolerance to different β-lactam antibiotics via
a substitution of canonical DD- by non-canonical LD-cross-
links. In E. faecalis, the mutation occurs in a cytoplasmic
DD-carboxypeptidase which changes the muropeptide precursor
from penta- to tetra-peptide, favoring the substrate for the LD-
transpeptidases (Mainardi et al., 2005). In the case of E. coli, it
also requires an upregulation of one LD-transpeptidase YcbB, and
the activation of the stringent response (Hugonnet et al., 2016).
Even though these mutations have been selected under laboratory
conditions they provide mechanistic insights about how bacteria
can acquire high antibiotic tolerance to β-lactams.

Chemical Modifications to Combat
Bacterial Competition
Bacteria are usually encountered in polymicrobial communities
where they establish different types of relations with their
co-inhabitants that span from cooperative alliances to fierce
competition (Peters et al., 2012). Recently, our group has
documented an example of how certain PG modifications could
shield the bacterial cell wall during competition (Espaillat et al.,
2016). We discovered that the family Acetobacteraceae displays
an atypical PG modification: an amidation on the L-center
of mesoDAP. Although this might seem a minor change, it
confers a major selective advantage to specific type 6 secretion
system (T6SS) driven cell wall effectors (i.e., DD-endopeptidases)
that target the D-Ala-mesoDAP cross-link. When a cross-linked
muropeptide presents this modification, the cleavage efficacy
of these injected effectors is reduced, suggesting that this
modification could be a resistance mechanism to the predatory
bacteria. We also found that this bacterial family presented a
novel LD-cross-link between the L-Ala on first position of one
peptide moiety and the mesoDAP of an adjacent peptide stem.
This LD-cross-linkage also makes the cell wall more tolerant to
predatory T6SS endopeptidases (Espaillat et al., 2016). In spite
of these in vitro data, it remains unclear whether these PG
modifications have emerged exclusively as a defensive strategy
against surrounding competitors or if they play additional roles
in other aspects of the lifestyle of the bacteria.

Chemical Modifications as Innate
Immune Modulators
The innate immune system is the first barrier that eukaryotes
display against bacterial infections. In general, the innate immune
system is able to recognize pathogen associated molecular
patterns (PAMPs) that activate a response which ultimately
depends on the molecular activator and the host. Usually,
this response is characterized by the production of specific
antibacterials (e.g., antimicrobial peptide, AMP) and also, in
more complex hosts, the activation of inflammation (Wolf and
Underhill, 2018).

One of these PAMPs is the bacterial PG, which is detected
by pattern recognition receptors (PRR). Depending on the host,
these PRRs could be present either on the surface or in the cytosol

of the intestinal epithelial cells (Chaput and Boneca, 2007). The
PG can be either actively excreted by bacteria in case of Bordetella
pertussis and N. gonorrhoeae (Wilson et al., 1991; Cloud and
Dillard, 2002) or passively due to lysis. Here we give a concise
overview of some important aspects on structural diversity
in peptide stems and its recognition by the NOD receptors.
For more details, there are a number of excellent reviews on
PAMP recognition by, e.g., toll-like receptors (TLR), nucleotide-
binding oligomerization domain-containing proteins (NOD) and
PG recognition proteins (PGRP) (Chaput and Boneca, 2007;
Sukhithasri et al., 2013; Wolf and Underhill, 2018).

In mammals, NODs are intracellular proteins which play
an important role in PG detection. NOD1 recognizes GM-
triDAP (NAG-NAM-L-Ala-D-Glu-mesoDAP) as a sensing motif
to activate innate immune response. GM-triDAP being conserved
mainly in Gram-negative bacteria makes NOD1 quite specific
of sensing these bacteria. NOD2 senses the MDP unit as well
as GM-dipeptide, both found in Gram-positive and Gram-
negative bacteria (Girardin et al., 2003a,b; Inohara et al., 2003).
An in vitro study on NOD1 activation in human embryonic
kidney cells shows the activation of nuclear factor-kappa B
by the presence of meso-DAP and meso-lanthionine which
along with non-sensing of GM-tetrapeptide by human NOD1
strengthens the necessity of an exposed meso-DAP in the
NOD1 sensing motif (Tohno et al., 2008). Although it could
be certainly informative to test the response of these NOD
systems to all the possible known variations on the peptide
stem, here we want to comment on two modifications on the
third amino acid of the peptide stem. The amidation on the
L-center of mesoDAP in the PG of commensal bacteria of
Drosophila induces a less potent response of the innate immune
system, to not over stimulate the system and to have basal
levels of AMP (Espaillat et al., 2016). Moreover, amidation
on the D-center of mesoDAP also produces a weaker NOD1
immune response on human cell lines (Girardin et al., 2003a;
Vijayrajratnam et al., 2016). All above mentioned studies about
the variations in the peptide stem are directly linked to low
sensitivity to the innate immune system, which underlines the
necessity of a detailed learning of all possible peptide stem
modifications and their implication on the innate immune
system.

CONCLUSION

With just a few exceptions, PG is a universal component
of the bacterial cell wall and thus, a main target of several
host produced antimicrobials. Many bacterial pathogens have
evolved mechanisms to combat different host defense strategies
by modulating their PG structures. Modifications in the
PG structure have direct implications on several processes
ranging from lysozyme resistance, host immune response and
antibiotic resistance. These modifications are important not
only as adaptation to specific stresses but also since the cell
wall is chemically edited, these modifications will likely have
consequences in the activity of other PG-associated enzymes
and what will be their physical interactions with these new
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muropeptides. In this context, the lack of PG editing enzymes
would not just make it difficult for bacteria to adapt to stress but
also prime a domino effect of PG structural changes with negative
consequences in cell wall integrity. This knowledge is valuable
for the development of novel antibacterial combinatory therapies
to sensitize pathogens that are otherwise non-susceptible to
β-lactams. Also, the use of commensal bacteria with specific
systems (e.g., T6SS effector against the modification) targeting
this PG-editing could be instrumental to devise alternative
enzyme-based therapies for the treatment of antibiotic resistant
infectious diseases.

A comprehensive study on the PG-modulation strategies
which empowers bacterial competition between communities
is still in its infancy. Additional chemical analyses of more
bacterial PGs is fundamental for gaining a comprehensive
understanding of PG variability in nature, as well as under
specific conditions (e.g., during infection). The role of bacterial
PG persistence and pathogenicity has been a topic of extensive
research in recent decades, but still there are many unanswered

questions. Continued efforts to understand the cell wall chemical
diversity and adaptive enzymatic capacity will surely create new
dimensions of antibiotic development strategies.
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The ribosome is one of the major targets in the cell for clinically used antibiotics.

However, the increase in multidrug resistant bacteria is rapidly reducing the effectiveness

of our current arsenal of ribosome-targeting antibiotics, highlighting the need for the

discovery of compounds with new scaffolds that bind to novel sites on the ribosome. One

possible avenue for the development of new antimicrobial agents is by characterization

and optimization of ribosome-targeting peptide antibiotics. Biochemical and structural

data on ribosome-targeting peptide antibiotics illustrates the large diversity of scaffolds,

binding interactions with the ribosome as well as mechanism of action to inhibit

translation. The availability of high-resolution structures of ribosomes in complex with

peptide antibiotics opens the way to structure-based design of these compounds as

novel antimicrobial agents.

Keywords: proline-rich antimicrobial peptides, ribosome, translation, inhibitor, antibiotic

THE RIBOSOME AND TRANSLATION AS AN ANTIBIOTIC TARGET

The ribosome is one of the most conserved and sophisticated macromolecular machines of the
cell. It is composed of two unequal subunits, a small 30S and large 50S in bacteria, which join
together to form a 70S ribosome. While each ribosomal subunit contains a large number of
ribosomal proteins, it is the ribosomal RNA (rRNA) that plays the most critical functional role
defining the ribosome as a ribozyme (Nissen et al., 2000). The small subunit decodes the genetic
information delivered by messenger RNA (mRNA), whereas the large subunit hosts the catalytic
peptidyl transferase center (PTC), where amino acids delivered by transfer RNAs (tRNAs) are
linked into polypeptides (reviewed in Arenz and Wilson, 2016). The ribosome provides a platform
for binding of the mRNA and transfer RNAs (tRNAs). The tRNAs have two functional ends, one
carrying the amino acid and the other end containing the anticodon that recognizes the codon
of the mRNA. The ribosome has three tRNA binding sites: the aminoacyl (A), peptidyl (P), and
exit (E) sites. The A site binds the incoming aminoacyl-tRNA (aa-tRNA), the P site binds the
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peptidyl-tRNA carrying the nascent polypeptide chain and the
E site binds deacylated tRNA before it dissociates from the
ribosome. For translation to proceed efficiently, many protein
factors are needed, which sequentially guide the ribosome
through the protein synthesis cycle (Figure 1). Translation is
initiated on the 30S subunit with the help of initiation factors that
recruit the initiator formyl-methionine tRNA (fMet-tRNAfMet

i )
to the ribosomal P site where it recognizes the start codon of
the mRNA. The 50S subunit associates with the 30S, forming

FIGURE 1 | The target of peptides antibiotics during the proteins synthesis cycle. The initiation of the translation involves the binding of the initiator fMet-tRNA and

mRNA to form a 70S pre-initiation complex with the fMet-tRNA located at the P site. This process is facilitated by initiation factors (IFs) and is inhibited by peptide

antibiotics edeine, GE81112 and thiostrepton. During elongation, the aminoacyl-tRNAs are delivered to the A site by the elongation factor Tu (EF-Tu) allowing

subsequent peptide bond formation to occur. This step of translation can be inhibited by streptogramins A/B, oncocin-112, bactenecin-7, or klebsazolicin. Following

peptide bond formation, the tRNAs are translocated through the ribosome by the elongation factor G (EF-G). This step of elongation is inhibited by dityromycin,

tuberactinomycins, or thiostrepton. After multiple elongation cycles, one of the three stop codons appears in the A site of the ribosome and release factors (RFs) are

typically recruited. Apidaecin specifically inhibits the termination process by preventing the RFs from dissociating from the ribosome. Following polypeptide release, the

post-termination ribosome is recycled by the ribosome recycling factor (RRF) and EF-G so that the components can be reused for the next round of translation.

the 70S initiation complex that is primed for the elongation
phase of protein synthesis. The second codon of the open reading
frame located in the A site of the ribosome is decoded by the
ternary complex, composed of aa-tRNA, elongation factor Tu
(EF-Tu), and GTP. Decoding of the A-site codon by a cognate
aa-tRNA triggers GTP hydrolysis on EF-Tu and release of the aa-
tRNA into the A site. The CCA-3′ terminus of aa-tRNA can then
accommodate into the PTC of the 50S subunit, and the peptidyl
transferase reaction occurs spontaneously extending the nascent
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peptide chain by one amino acid residue. As the polypeptide is
synthesized it passes through a tunnel on the large ribosomal
subunit. The function of this exit tunnel appears to be not only to
provide an unobstructed passage through the ribosome for newly
synthesized polypeptide chains but in many cases to regulate
translation itself. Specific elements within the tunnel monitor the
amino acid sequence of the nascent polypeptide chain and can
arrest translation in response to particular co-factors, such as
drugs or metabolites (Ito and Chiba, 2013; Wilson et al., 2016).
Following peptide bond formation, translocation of mRNA and
tRNAs is catalyzed by the elongation factor EF-G. Translocation
by EF-G shifts the deacylated tRNA from the P site to the
E site and the peptidyl-tRNA from the A site to the P site. The
elongation cycle of EF-Tu delivery of aa-tRNAs and subsequent
translation by EF-G is repeated until a stop codon enters the A
site. Release factors (RFs), such as RF1 and RF2, recognize the
stop codon and promote hydrolysis of the peptidyl-tRNA in the
P site, releasing the newly synthesized protein from the ribosome.
The 70S ribosome is then recycled into individual subunits by the
concerted action of EF-G and the ribosome recycling factor (RRF;
Figure 1).

There is a diverse range of clinically important antibiotics
that interfere with protein synthesis by binding at various
functional centers of the ribosome and either freezing a particular
conformation of the ribosome or hindering the binding of its
ligands (Wilson, 2009, 2014). Although these antibiotics have
been successfully employed during the past 70 years for the
treatment of infectious diseases, the rapid spread of antibiotic
resistance among pathogenic microorganisms has greatly limited
the medical utility of our existing antibiotic arsenal. This poses
a serious healthcare threat, highlighting the urgent need for
new classes of compounds and/or improvement of existing
antibiotics. The increase in multi-drug resistant pathogens
has stimulated the development of new approaches to revive
the natural products discovery pipeline and to enrich our
treasure trove of structural scaffolds suitable for optimization
by medicinal chemists. One such avenue is the discovery and
optimization of peptide-based antibiotics. Peptide antibiotics
provide an unmatched platform for rational drug design because
most of them can be chemically synthesized. This allows the
peptide antibiotics to be easily altered by simply changing the
primary sequence of amino acids as well as incorporating non-
natural amino acids and chemical moieties. The many natural
product peptide antibiotics that have already been discovered
usually fall into one of three classes: (i) ribosomally-synthesized
peptides, such as proline-rich antimicrobial peptides (PrAMPs);
(ii) ribosomally-synthesized and post-translationally modified
peptides (RiPPs), such as klebsazolicin (KLB) and thiopeptides
(thiostrepton, micrococcin); or (iii) peptides produced by non-
ribosomal peptide synthetases (NRPSs), such as edeine and
GE81112. With the exception of the streptogramins, none of
the natural product peptide antibiotics that have been identified
and characterized have so far been used clinically, however, the
recent structures of these peptide antibiotics on the ribosome
provides the opportunity to further develop these classes of
potent antimicrobial agents. Here we provide an overview on
the known ribosome-targeting peptide antibiotics that have been

biochemically and structurally characterized. The nine different
classes are organized in the following sections based on whether
they target the small or large subunit of the ribosome.

PEPTIDE ANTIBIOTICS TARGETING THE
SMALL RIBOSOMAL SUBUNIT

So far there are five main classes of peptide antibiotics that target
the small ribosomal subunit (Figures 2A–F), two of which,
target translation initiation, for example, edeine and GE81112
(Figure 1), whereas the other three, the dityromycin/GE82832,
the tuberactinomycin (viomycin and capreomycin), and
odilorhabdin families, inhibit the translocation and/or decoding
step (Figures 1, 2A–F). While edeine, GE81112, odilorhabdins,
and tuberactinomycins interact predominantly with the
16S rRNA to modulate tRNA binding (Figures 2B,C,E,F;
Pioletti et al., 2001; Stanley et al., 2010; Fabbretti et al., 2016),
dityromycin/GE82832 interact with ribosomal protein uS12
(Figure 2D) to inhibit translocation by trapping EF-G in a
compact conformation on the ribosome (Bulkley et al., 2014; Lin
et al., 2015).

Edeine Inhibits Initiation Complex
Formation
The edeine (EDE) class of antibiotics are pentapeptide amide
antibiotics produced by the bacterium Bacillus brevis Vm4
(Gale et al., 1981). For example, the active isomer of edeine
B has an N-terminal β-tyrosine residue linked to a C-
terminal guanylspermidine moiety via glycine and three non-
proteinogenic amino acids, 2,3-diaminopropanoic acid (DAPA),
2,6-diamino-7-hydroxyazelaic acid (DAHAA), and isoserine
(Figure 3A; Westman et al., 2013). Edeines display activity
against both Gram-positive and -negative bacteria, and also
Mycoplasma sp. (Gale et al., 1981). X-ray structures reveal
that EDE has a single binding site on the small 30S subunit,
positioned on the solvent side of the platform, spanning between
helices h24, h44, and h45 (Pioletti et al., 2001; Figure 3B). The
guanylspermidine moiety of EDE overlaps with the position
of the anticodon stem loop of a P-site tRNA (Figure 3C;
Pioletti et al., 2001), consistent with the inhibition of binding of
initiator tRNA to the P site of 30S subunits and 70S ribosomes
(Dinos et al., 2004). Curiously, however, EDE does not inhibit
binding of aa-tRNAs to the P site of 70S ribosomes in the
absence of mRNA, leading to the suggestion that EDE may
influence binding of the P-site tRNA indirectly via perturbing
the path of the mRNA (Dinos et al., 2004). Binding of EDE
induces base-pair formation between G693 and C795 (E. coli
numbering is used throughout the text) at the tips of h23 and
h24, respectively (Figure 3D; Pioletti et al., 2001), in agreement
with the observation that EDE protects these nucleotides from
chemical modification (Woodcock et al., 1991). The G693-C795
base-pair induced by EDE appears to obstruct the path of the
mRNA and may therefore explain the indirect effect that EDE
has on P-site tRNA binding. Whether direct or indirect, by
blocking binding of the initiator tRNA to the 30S subunit, EDE
inhibits formation of the 30S pre-initiation complex and thereby
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FIGURE 2 | Overview of the peptide antibiotics binding sites on the bacterial ribosome. Overview (A) and close-up views (B–F) of the binding sites of the peptide

antibiotics (B) edeine B (EDE, green), (C) GE81112 (GE, red), (D) dityromycin (DIT, yellow), (E) viomycin (VIO, magenta), and (F) odilorhabdin (ODL, orange), which

target the small (30S) ribosomal subunit. The mRNA (blue) and anticodon stem loop (ASL) of A-, P-, and E-site tRNAs (cyan) are shown, and 16S rRNA helix h44 as

well as ribosomal proteins uS12 and uS13 are highlighted for reference. Overview (G) and close-up views (H–L) of the binding sites of the peptide antibiotics (H)

streptogramin type A (dalfoprsitin, DAL, red) and type B (quinupristin, QIN, orange), (I) oncocin-112 (ONC, green), (J) apidaecin-137 (API, magenta), (K) klebsazolicin

(KLB, yellow), and (L) thiostrepton (THS, blue), which target the large (50S) ribosomal subunit. The relative position of A, P, and E-site tRNAs (cyan) are shown, and

23S rRNA helices H43/44 is highlighted for reference.

blocks association of the large subunit to form a competent 70S
initiation complex.

EDE has also been shown to inhibit translation initiation
on eukaryotic cytoplasmic ribosomes, such as in yeast (Gale
et al., 1981). A recent crystal structure of the yeast 80S ribosome
in complex with EDE reveals that although the binding site
overlaps with that observed in bacteria, it adopts a markedly
different conformation on the ribosome (Garreau de Loubresse
et al., 2014). Rather than encroaching onto the P site as on
the bacterial small ribosomal subunit, EDE is bound exclusively
in the E site of the yeast small subunit (Garreau de Loubresse
et al., 2014). Nevertheless, in yeast, EDE appears to also preclude
stable binding of the initiator tRNA at the P site, which leads to
continuous scanning of yeast 40S subunits (Kozak and Shatkin,
1978).

GE81112 Targets Translation Initiation
The GE81112 family of non-ribosomally synthesized tetrapeptide
antibiotics are produced by some Streptomyces species (Brandi
et al., 2006a,b). The GE81112 biosynthetic gene cluster (getA-N)
has been identified in Streptomyces sp. L-49973, leading to
a linear model for GE81112 synthesis via a series of non-
ribosomal peptide synthetases (NRPSs) and non-NRPS enzymes
(Binz et al., 2010). GE81112 peptides are comprised of four
L-amino acids: 3-hydroxypipecolic acid (HPA), 2-amino-5-
[(aminocarbonyl)oxy]-4-hydroxypentanoic acid (AAHPA)

followed by 5-amino-histidine and 5-chloro-2-imidazolylserine
(CIS) residues (Figure 4A; Brandi et al., 2006a,b). Three distinct
GE81112 congeners (A, B, and B1) have been identified, differing
in molecular mass between 643 and 658 Da, with the most active
and best studied being the B1 variant (658 Da; Figure 4A).
GE81112 displays excellent activity against a variety of Gram-
positive and Gram-negative bacteria (Brandi et al., 2006c;
Maio et al., 2016). However, in rich media (e.g., LB broth), the
inhibitory effects of GE81112 are supressed because the uptake
of GE81112 occurs via the oligopeptide permease Opp, which is
blocked by the excess of various peptides present in the media
competing with GE81112 for Opp binding (Brandi et al., 2006c;
Maio et al., 2016). Indeed, the majority of spontaneous resistance
mutations that arise in bacteria exposed to GE81112 lead to
inactivation of the Opp transporter (Maio et al., 2016).

GE81112 was originally discovered in a high-throughput
screen of Actinomycetes secondary metabolites that display
inhibitory activity in an E. coli in vitro cell-free translation
system, but not in a yeast system (Brandi et al., 2006a,b). To
specifically select for novel translation initiation inhibitors, the
screen was performed using two different mRNAs, a natural
mRNA that is dependent on canonical translation initiation
and a synthetic poly(U) mRNA that does not require canonical
initiation events for translation to occur. The inhibition of
translation in vitro by GE81112 from the screen was validated
in vivo by showing that GE81112 inhibits the incorporation
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FIGURE 3 | Binding of the peptide antibiotic edeine is incompatible with the P-site tRNA and mRNA. (A) Chemical structure of the edeine B consisting of β-tyrosine,

isoserine, DAPA (2,3-diaminopropanoic acid), DAHAA (2,6-diamino-7-hydroxyazelaic acid), and guanylspermidine moities. (B) Overview of edeine B (EDE, green)

binding site on the 30S subunit (PDB ID 1I95; Pioletti et al., 2001), with 16S rRNA helices h44 (blue), h45 (red), h23 (orange), and h24 (teal) shown for reference. The

30S subunit is viewed from the subunit interface as indicated by the inset at the bottom left. (C,D) Close-up view of EDE (green) binding site at the tip of helix h23 and

h24 (gray) showing overlap of EDE with P-site tRNA (cyan) and first codon (+1) of the P-site mRNA (blue). Hydrogen bonding between the nucleotides G693-C795 of

the 16S rRNA formed upon EDE binding is indicated with dashed lines in (D) (Pioletti et al., 2001).

of radiolabeled [14C]-phenylalanine, but not [3H]-thymidine
or [3H]-uridine, thus, confirming GE81112 to be an inhibitor
of protein synthesis, but not of DNA replication or RNA
transcription (Brandi et al., 2006a,b). Subsequent experiments
revealed that GE81112 does not inhibit in vitro translation when

using a human (HeLa) system, but is active in an archaeal
(Sulfolobus sulfataricus) system (Brandi et al., 2006a,b) pointing
to its selectivity against prokaryotic translation.

Initial biochemical assays suggested that GE81112 inhibited
formation of the 30S pre-initiation complex (30S-PIC) by
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FIGURE 4 | Binding site of GE81112 on the 30S subunit. (A) Chemical structure of GE81112 congeners A, B, and B1. HPA—3-hydroxypipecolic acid;

AAHPA—2-amino-5-[(aminocarbonyl)oxy]-4-hydroxypentanoic acid; CIS—5-chloro-2-imidazolylserine. (B) Overview of GE81112 binding site on the 30S subunit (PDB

ID 5IWA; Fabbretti et al., 2016), with 16S rRNA helices h44 (cyan), h45 (red), and h24 (teal) as well as ribosomal protein uS13 (orange) and anticodon stem loop (ASL)

mimic (green) of the P-site tRNA shown for reference. The 30S subunit is viewed from the subunit interface as indicated by the inset at the bottom left. The inset on

the bottom right shows packing of the 30S ribosomal subunits in the crystal. Note that the spur (green) of one 30S subunit (30S-1, dark gray) inserts into the P site of

the other 30S subunit (30S-2, light gray) and mimics ASL of the P-site tRNA. (C) Close-up view of the binding site of GE81112 within the ASL mimic (spur, helix 6,

green) compared with (D) canonical binding position and conformation of the ASL of a P-site tRNA (cyan) and mRNA (blue).

preventing binding of the initiator fMet-tRNA to the 30S subunit
(Brandi et al., 2006b). However, this model was subsequently
revised, such that GE81112 does not interfere with the initial
binding of the fMet-tRNA in the “unlocked” 30S-PIC, but
prevents conversion of the “unlocked” into the “locked” 30S-PIC

(Fabbretti et al., 2016; Lopez-Alonso et al., 2017). Correct
recognition of the start codon by the fMet-tRNA is thought
to facilitate conversion from the “unlocked” to the “locked”
30S-PIC, which is accompanied by conformational changes
in the ribosome and fMet-tRNA that promote joining of the
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50S subunit to form the 70S initiation complex. Cryo-electron
microscopy structures of the 30S-PIC formed in the presence of
GE81112 revealed two distinct functional ribosomal states with
the fMet-tRNA either directly engaged with the start codon, or
shifted away and disengaged from the mRNA (Lopez-Alonso
et al., 2017). Unfortunately, the resolution of the complexes did
not allow visualization of GE81112 so it remains unclear whether
both states represent unlocked 30S-PIC with GE81112 bound
or whether the engaged state reflects the locked 30S-PIC in the
absence of GE81112.

The structure of GE81112 on the Thermus thermophilus 30S
subunit was determined using X-ray crystallography (Fabbretti
et al., 2016). GE81112 was found to bind to helix 6 (h6) of the

16S rRNA, which forms the so-called spur of the 30S subunit
(Figure 4B). Within the crystal, the individual 30S subunits are

packed in such a way that the spur of one 30S subunit mimics

the anticodon-stem-loop (ASL) of a tRNA and inserts into the
P site of another 30S subunit, suggesting that GE81112 binds

and interacts with the ASL of a P-site tRNA in the 30S-PIC
(Figure 4C; Fabbretti et al., 2016). Binding of GE81112 to the 30S
subunit induces distortions within the loop of h9, which mimics

the anticodon of the P-site tRNA (Figures 4C,D), suggesting how
GE81112 could prevent recognition of the start codon by the
P-site tRNA. In addition to h9, GE81112 establishes extensive

contact with the C-terminal extension of the ribosomal protein
uS13 (Figures 4C,D). This interaction is, however, unlikely to be
necessary for the action of GE81112 since it cannot occur inmany
other bacterial species, such as E. coli, because the C-terminal
extension of the uS13 is significantly shorter.

Other than uS13, very few additional contacts of GE81112
are observed with the 30S subunit, suggesting that the P-site
tRNA comprises the major determinant for GE81112 binding.
The extensive interaction with P-site tRNA, rather than with the
16S rRNA, may explain the difficulty in obtaining spontaneous

resistancemutations to GE81112, even when the Opp transporter
is overexpressed (Maio et al., 2016). However, 16S rRNA
mutations A794G/U or G926A/C/U that mediate high level
(up to 70-fold) kasugamycin resistance, also lead to a modest
increase (10-fold) in GE81112 resistance, as monitored using
in vitro mRNA translation assays (Maio et al., 2016). Similarly,
the extensive interaction with P-site tRNA, rather than with
16S rRNA, may also explain the difficulty in using chemical
modification techniques to map the GE81112 binding site on
the 30S subunit (Brandi et al., 2006b). Nevertheless, chemical
probing experiments revealed that binding of GE81112 induces
conformational changes within the h44/h45/h24a interface of
the 30S subunit (Brandi et al., 2006b; Fabbretti et al., 2016),
which were proposed to favor the disengaged conformation of the
initiator tRNA and prevent conversion to the “locked” 30S-PIC
and thereby prevent 50S subunit joining (Fabbretti et al., 2016).

GE82832/Dityromycin Targets the
Translocation Step of Translation
Elongation
While ribosomal protein uS13 contributes significantly to
the binding of GE81112, ribosomal protein uS12 in the
30S subunit is the important determinant for binding of
GE82832, a cyclic peptide antibiotic (Figure 5A) produced
by Streptosporangium cinnabarinum (strain GE82832) that
inhibits tRNA translocation by interacting with the 30S
subunit (Brandi et al., 2006a). GE82832 is related to a poorly
characterized antibiotic dityromycin that was discovered decades
ago (Omura et al., 1977; Brandi et al., 2012). Characterization
of both antibiotics has shown that they are structurally and
functionally related, with both inhibiting EF-G-dependent tRNA
translocation on the ribosome (Brandi et al., 2012). The crystal
structure of the 70S ribosome in complex with dityromycin
and GE82832 showed that these antibiotics are unique because

FIGURE 5 | GE82832/dityromycin bind to uS12 on the 30S subunit and inhibit translocation. (A) Chemical structure of the GE82832/dityromycin comprises

proteinogenic (e.g., proline or valine) as well as non-proteinogenic amino acids, such as N,N-dimethyl-threonine (DMT), N-methyl-valine (NMV),

epoxy-hydroxy-dehydro-isoleucine (EHDHI), or dihydroxyl-methyl tyrosine (HMT). (B) GE82832/dityromycin (DIT, yellow) interacts exclusively with the ribosomal protein

uS12 (teal) on the 30S subunit (gray) (PDB ID 4NVY; Bulkley et al., 2014). The anticodon stem loop (ASL) of a P-site tRNA (cyan) and mRNA (blue) are shown for

reference. The 30S subunit is viewed from the subunit interface, as indicated by the inset at the bottom left. (C) Overlap in the binding site of dityromycin (yellow) and

domain III of EF-G (green). Residues within uS12 (teal) that are important for dityromycin binding are highlighted in blue.
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they bind exclusively to ribosomal protein (uS12) rather than
rRNA (Figures 5B,C; Bulkley et al., 2014). uS12 is positioned
on the shoulder of the 30S subunit, where it reaches into the
decoding center and acts as a control element in tRNA selection
(Yates, 1979) and the translocation of tRNA-mRNA through the
ribosome (Cukras et al., 2003).

The mechanism by which dityromycin and GE82832 interfere
with tRNA andmRNA translocation has recently been elucidated
using a crystal structure of EF-G bound to a dityromycin-70S
ribosome complex (Figure 5C; Lin et al., 2015). The binding
of dityromycin to protein uS12 traps EF-G in a compact
conformation on the ribosome, inhibiting EF-G-mediated tRNA
translocation. The binding site of GE82832/dityromycin also
overlaps with that of ribosome recycling factor (RRF; Gao et al.,
2007). Because RRF and EF-G work together in recycling, it
is unclear whether the effects of GE82832/dityromycin on RRF
could be disentangled from its effects on EF-G alone, but a
superposition of RRF bound to both the E. coli Borovinskaya
et al., 2007 and T. thermophilus (Weixlbaumer et al., 2007)
ribosomes shows that RRF and GE82832/dityromycin share a
contact point with uS12.

While the structure of GE82832/dityromycin in complex
with the bacterial ribosome and EF-G explains its activity
as a translocation inhibitor, it is also consistent with
GE82832/dityromycin affecting the ability of EF-Tu to deliver
aminoacyl-tRNA to the ribosomal A-site. The mutation of
several residues of uS12 that are distant from the decoding
center have been shown to increase miscoding errors. Two of
these mutations, Thr57 and Val78 (E. coli; Agarwal et al., 2011),
form part of the binding pocket for GE82832/dityromycin.
Moreover, His76, the same residue that is critical for binding
of GE82832/dityromycin to the ribosome (Brandi et al., 2012),
is involved in EF-Tu signaling when codon recognition has
taken place (Gregory et al., 2009). However, only at high
concentrations (∼10µM) does GE82832/dityromycin inhibit
(∼50%) the delivery of tRNA to the A-site in the absence
of EF-Tu, whereas it has virtually no effect when EF-Tu is
present (Brandi et al., 2006a). While this is likely due to the
fact that aa-tRNA and EF-Tu simply outcompete the antibiotic
from its binding site, it should be noted that overall protein
synthesis and translocation are inhibited at the same rate by
GE82832/dityromycin (Brandi et al., 2006a).

The Tuberactinomycins Viomycin and
Capreomycin Inhibit Translocation
Viomycin and capreomycin are cyclic pentapeptide antibiotics
containing several non-canonical amino acids (Figure 6A),
which are produced by non-ribosomal peptide synthetases
(NRPSs) found in various Streptomyces species (Thomas
et al., 2003). Viomycin and capreomycin are members of the
tuberactinomycin family and display excellent activity against
Mycobacterium tuberculosis, including multidrug resistant
strains (Jain and Dixit, 2008). Tuberactinomycins have a single
binding site on the ribosome that spans the ribosomal interface
between h44 of the small 30S subunit and H69 of the large
50S subunit (Figure 6B; Stanley et al., 2010). Binding of the

tuberactinomycins within h44 requires nucleotides A1492 and
A1493 to adopt a flipped-out conformation (Figures 6C,D;
Stanley et al., 2010), as observed during decoding of aa-tRNA
in the A-site (Ogle et al., 2003). This explains why the affinity
of viomycin to the ribosome greatly increases upon binding
of an A-site tRNA (Holm et al., 2016). Although the crystal
structures of viomycin (and capreomycin) were on non-rotated
ribosomes, biophysical studies indicate that viomycin stabilizes
a rotated conformation of the ribosome with hybrid A/P- and
P/E-tRNAs (Peske et al., 2004; Shoji et al., 2006; Ermolenko et al.,
2007; Pan et al., 2007; Cornish et al., 2008; Ly et al., 2010; Wang
et al., 2012). Thus, viomycin inhibits translation by trapping the
ribosome in an intermediate state on the translocation pathway
and can therefore be considered as a translocation inhibitor,
as originally proposed in the 1970

′

s (Liou and Tanaka, 1976;
Modolell and Vazquez, 1977). Importantly, viomycin does not
prevent binding of EF-G to the ribosome, nor GTP hydrolysis by
EF-G (Modolell and Vazquez, 1977; Peske et al., 2004), however,
by blocking translocation viomycin prevents release of EF-G
from the ribosome and leads to multiple rounds of futile GTP
hydrolysis by EF-G before translocation can occur (Holm et al.,
2016). A pre-translocation complex with A/P and P/E hybrid
site tRNAs and EF-G trapped by viomycin has been visualized by
cryo-electron microscopy (Brilot et al., 2013).

The flipped-out conformations of A1492 and A1493 observed
in the presence of viomycin (Figure 6C) or capreomycin
(Figure 6D; Stanley et al., 2010) are analogous to those observed
in the presence of the misreading inducing 2-deoxystreptamine
aminoglycosides (Ogle et al., 2003). However, compared to
aminoglycosides, the tuberactinomycin antibiotics induce little,
if any, misreading on bacterial ribosomes (Marrero et al., 1980;
Akbergenov et al., 2011). Nevertheless, translational misreading
(Marrero et al., 1980; Wurmbach and Nierhaus, 1983) and stop
codon suppression (Holm et al., 2016) has been reported when
using tuberactinomycins in some in vitro translation systems.
Stabilization of tRNAs in the A-site by viomycin has also
been shown to promote back-translocation (Shoji et al., 2006).
Viomycin also inhibits mRNA and tRNA release and splitting
of ribosomal subunits (Hirokawa et al., 2002; Savelsbergh et al.,
2009; Chen et al., 2017) that is normallymediated by RRF and EF-
G during ribosome recycling. Additionally, viomycin has been
reported to interfere with the canonical translation termination
as well as the ArfA-RF2-dependent rescue system (Zeng and Jin,
2016).

Consistent with its binding site, resistance to viomycin results
from ribosomes that have mutations or alterations in either the
16S or 23S rRNA (Figure 6E; Yamada et al., 1978; Maus et al.,
2005; Johansen et al., 2006), as well as via inactivation of the
TlyA methyltransferase that methylates nucleotides C1409 in
h44 of the 30S subunit and C1920 in H69 of the 50S subunit
(Johansen et al., 2006; Monshupanee et al., 2012). Capreomycin
has been shown to disrupt the interaction betweenM. tuberculosis
ribosomal proteins uL10 and bL12 (Lin et al., 2014), however,
because resistance occurs via mutations in the 23S rRNA, it is
likely that this is a secondary effect rather than the prime reason
for translation inhibition.
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FIGURE 6 | Tuberactinomycins bind to the intersubunit bridge to inhibit translocation. (A) Chemical structures of the tuberactinomycins viomycin and capreomycin,

with the chemical core (black) and drug-specific moieties colored red (viomycin) or blue (capreomycin). Tuberactinomycins are comprised of both proteinogenics (e.g.,

serine) as well as non-proteinogenic amino acids [e.g., (2S,3R)-capreomycidine (L-Cam), or L-2,3-diaminopropionic acid, L-Dap]. (B) Overview and (C,D) close-up

views of the (C) viomycin (VIO, magenta), and (D) capreomycin (CAP, orange) binding sites (PDB IDs 4V7H and 4V7M, respectively; Stanley et al., 2010), both of which

are located between helix h44 (yellow) on the 30S subunit and helix H69 (cyan) on the 50S subunit. Tuberactinomycin binding induces nucleotides A1492 and A1493

of the 16S rRNA to flip out of helix h44 and interact with the mRNA (blue) and A-site tRNA (green) duplex that is formed during decoding. (E) Secondary structure of

the 16S rRNA and positions of the resistance mutation within helix h44.

Odilorhabdins Cause Miscoding by
Tethering tRNA to the Ribosome
Recently, a new class of modified peptide antibiotics,
odilorhabdins (ODLs), has been discovered (Figure 7A;
Pantel et al., 2018). Similarly to tuberactinomycins, ODLs are

produced by NRPSs, but from the Gram-negative bacteria
Xenorhabdus nematophila, which live symbiotically with soil-
dwelling nematodes. The first three naturally occurring ODLs
were identified by screening the supernatants of 80 cultured
Xenorhabdus strains for the presence of antimicrobial activity
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FIGURE 7 | Odilorhabdins bind to the decoding center on the 30S subunit and promote miscoding. (A) Chemical structures of natural odilorhabdins NOSO-95A, B, C

(top), and the fully-synthetic derivative NOSO-95179 (bottom). (B) Overview of the NOSO-95179 binding site (orange) on the T. thermophilus 70S ribosome. 30S

subunit is light gray, the 50S subunit is dark gray. mRNA is shown in dark blue and A-site tRNAs is displayed in green. (C) Close-up view of the NOSO-95179 binding

site within the decoding center of the 30S subunit. Shown are interactions of NOSO-95179 with the 16S rRNA and with tRNA. (D) Antibiotics that bind in the

decoding center on the small ribosomal subunit. Shown are location of the NOSO-95179 binding site relative to the binding sites of other antibiotics known to target

the decoding center: paromomycin (PAR, red), viomycin (VIO, magenta), tetracycline (TET, green), negamycin (NEG, blue). Nucleotides of the 16S rRNA that are critical

for decoding are shown as sticks.

(Pantel et al., 2018). These compounds with molecular weights
of 1,296, 1,280, and 1,264 Da were isolated from the supernatant
of X. nematophila strain K102 and were named NOSO-95A,
NOSO-95B, and NOSO-95C, respectively (Figure 7A, top).
These ODLs consist of 10 amino acids, including four types of

non-proteinogenic amino-acid residues: α,γ-diamino-β-hydroxy
butyric acid [Dab(βOH)] in positions 2 and 3; δ-hydroxy
lysine (Dhl) in positions 8 and 10; α,β-dehydro arginine (Dha)
in position 9; and α,δ-diamino butane (Dbt) in position 11
(Figure 7A, top). The peptidic nature and relative simplicity
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of ODLs opened the way for improvement of their activity by
modifying the chemical structure, resulting in the development
of NOSO-95179 (Figure 7A, bottom), a derivative that exhibits
better selectivity for bacterial vs. eukaryotic target compared to
natural ODLs and thus, represents a preferable lead for further
drug development. Overall, ODLs exhibit promising broad-
spectrum bactericidal activity and are able to cure bacterial
infections in animal models (Pantel et al., 2018).

ODLs bind to the decoding center of the bacterial ribosome
at a site not exploited by any other known ribosome-
targeting antibiotics (Figures 7B,C). In this binding site, ODLs
simultaneously interact with the 16S rRNA as well as with the
anticodon loop of the A-site tRNA. Interaction between the
ODL and A-site tRNA increases the affinity of the aminoacyl-
tRNA to the ribosome, resulting in a decreased accuracy of
translation and impeded progression of the ribosome along
the mRNA (Figure 7C; Pantel et al., 2018). Although, several
classes of antibiotics also target the ribosomal decoding center,
the binding site of ODLs is distinct from those of other
inhibitors, such as tetracycline and negamycin as well as the
tuberactinomycins and aminoglycosides (Figure 7D). Despite
this, the overall mechanism of action of ODLs is conceptually
similar to that of the aminoglycosides or negamycin, whose mode
of translation inhibition depends on the drug concentration.
At lower concentrations, these antibiotics induce amino acid
misincorporation by reducing the fidelity of decoding, whereas
at higher concentrations they interfere with translocation (Wang
et al., 2012; Olivier et al., 2014; Polikanov et al., 2014; Pantel et al.,
2018). Both activities likely reflect a tighter binding of the tRNA
in the A site induced by the ODL. The direct interaction between
ODL and tRNA anticodon not only promotes miscoding, but also
likely hinders the transition of tRNA from the A site into the P site
thus inhibiting translocation at the higher concentrations of the
antibiotic.

PEPTIDE ANTIBIOTICS TARGETING THE
LARGE RIBOSOMAL SUBUNIT

Binding sites of the majority of peptide antibiotics that target
the large 50S subunit cluster around the PTC where peptide
bond formation occurs (Figure 2G), for example, streptogramin
A (Figure 2H; Hansen et al., 2003; Noeske et al., 2014; Osterman
et al., 2017), as well as within the nascent peptide exit tunnel,
as seen for the streptogramins B (Figure 2H) and klebsazolicin
(Figures 2K; Harms et al., 2004; Noeske et al., 2014; Metelev
et al., 2017). The binding sites of the PrAMPs (Figures 2I,J)
span from the PTC into the nascent peptide exit tunnel
(Graf et al., 2017) and thereby overlap the binding sites of
both the streptogramin A and B compounds (Figure 2H). In
contrast, the thiopeptide antibiotics, such as thiostrepton, have
a distinct binding site from other clinically used antibiotics,
which is located far from the PTC and exit tunnel. Instead, the
binding site of the thiopeptides is located within the translation
factor binding site on the large subunit and encompasses the
components of the uL11 stalk base (Figure 2L; Harms et al.,
2008).

Streptogramin Antibiotics Act
Synergistically on the Large Ribosomal
Subunit
Streptogramin antibiotics are produced by several species
of Streptomyces and comprise two structurally distinct
subclasses: group A, which contain 23-membered macrocyclic
polyketide/nonribosomal peptide hybrids and group B, which
comprise 19-membered macrocyclic depsipeptides (Figure 8A;
Li and Seiple, 2017). Streptogramins have been used as livestock
feed additives for decades (Yates and Schaible, 1962) but
were not approved by the FDA until the introduction of
quinupristin-dalfopristin (Synercid) in 1999. The clinical use
of this combination therapy is limited by its intravenous-
only formulation and its narrow spectrum of activity, and is
reserved for hospitalized patients with multidrug-resistant
skin infections or with bacteremia caused by vancomycin-
resistant Enterococcus faecium (Delgado et al., 2000). An orally
bioavailable combination of semisynthetic streptogramins
known as NXL-103 (flopristin-linopristin) underwent phase-II
clinical trials in Pankuch et al. (2011), but has not progressed
further in the clinic.

Streptogramin a Antibiotics Target the Peptidyl

Transferase Center
The binding site of group A streptogramins (SA) spans the A-site
cleft and also encroaches into the P site of the bacterial ribosome
(Figures 2G, 8B). Madumycin II (MADU), the simplest SA
antibiotic, inhibits the ribosome prior to the first cycle of
peptide bond formation (Osterman et al., 2017). It allows
binding of the tRNAs to the A and P sites, but prevents
correct positioning of their CCA-ends into the PTC, thus
making peptide bond formation impossible. Also, binding
of MADU induces rearrangement of nucleotides U2506 and
U2585 of the 23S rRNA resulting in the formation of the
U2506-G2583 wobble base-pair that has been attributed to
a catalytically inactive state of the PTC (Schmeing et al.,
2005; Osterman et al., 2017). Virginiamycin M is another
SA antibiotic that binds in the PTC, causes rearrangements
of nucleotides A2062 and U2585 (Hansen et al., 2003; Tu
et al., 2005; Noeske et al., 2014) and inhibits binding
of A- and P-site substrates (Pestka, 1969; Chinali et al.,
1984). In this case, the oxazole ring of virginiamycin M
reaches into the A-site cleft, where it establishes hydrophobic
interactions.

Streptogramin B Antibiotics Block Elongation of the

Nascent Polypeptide Chain
The nascent polypeptide exit tunnel of the ribosome is targeted
by group B streptogramins (SB), such as pristinamycin IA,
quinupristin, and virginiamycin S (Figure 8B). Crystal structures
of SA (Hansen et al., 2003; Harms et al., 2004; Tu et al., 2005;
Noeske et al., 2014; Osterman et al., 2017) and SB (Harms et al.,
2004; Tu et al., 2005; Noeske et al., 2014) antibiotics in complex
with the ribosome show that both classes bind to adjacent, but
not overlapping, sites on the ribosome, which explains their
synergistic action (Figure 8B; Vannuffel and Cocito, 1996). As
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FIGURE 8 | Streptogramins A and B bind within the ribosomal exit tunnel. (A) Chemical structures of the streptogramin A (dalfopristin) and B (quinupristin) comprise

proteinogenic (e.g., proline, threonine, and serine) as well as non-proteinogenic amino acids, such as phenylglycine and dimethylaminophenylalanine. (B) Transverse

section of the 70S ribosome revealing the binding site of the streptogramin type A (dalfopristin, DAL, red) and type B (quinupristin, QIN, orange) within the exit tunnel

of the large 50S subunit (light blue) (PDB ID 4U26; Noeske et al., 2014). The position of A-tRNA (green) and P-tRNA (blue) as well as mRNA (magenta) on the 30S

subunit (yellow) are shown for reference. (C,D) Two different views of binding site and interaction of dalfopristin (red) and quinupristin (orange) with 23S rRNA

nucleotides (cyan) comprising the PTC and the exit tunnel. The relative position of the aminoacylated CCA-ends of the A-site Phe-tRNA (green) and P-site fMet-tRNA

(blue) are shown for reference.

discussed above, SA antibiotics bind at the PTC and prevent
proper positioning of the A- and P-site tRNAs (Figures 8C,D),
whereas SB antibiotics bind to a site that overlaps with that of
macrolides and presumably interfere with the passage of the
nascent peptide through the exit tunnel. Interestingly, nucleotide

A2062 of the 23S rRNA is sandwiched between the macrocyclic
ring of SA compound (for example, dalfopristin) and the SB
compound (for example quinupristin) (Figure 8C; Harms et al.,
2004; Tu et al., 2005; Noeske et al., 2014), rationalizing why
mutation A2062C in the 23S rRNA of Streptococcus pneumoniae
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leads to SA and SB cross-resistance (Depardieu and Courvalin,
2001). Streptogramins have been approved for clinical use, such
as Synercid, a mixture of the type A streptogramin dalfopristin
and the type B streptogramin quinupristin (Figure 8A; Noeske
et al., 2014), which are effective against methicillin-resistant
Staphylococcus aureus (MRSA; Manzella, 2001).

A unique property of the streptogramin antibiotics is that
groups A and B compounds act synergistically in vivo and in
vitro, such that binding of the SA compound promotes the
binding of the corresponding SB compound (Parfait et al., 1978).
Due to this synergistic action, the concentration of each of the
compounds in the mixture required to achieve the inhibitory
action is significantly lower than the concentration of each of the
compounds when they are used separately (Champney, 2001).
The synergistic action also allows streptogramins to overcome
some resistance mutations (Vannuffel et al., 1992; Canu and
Leclercq, 2001). Moreover, by combining some SA and SB
compounds it is possible to convert a bacteriostatic effect into a
bactericidal lethality. The basis for the synergy between SA and SB
is likely related to a rotation of nucleotide A2062 of the 23S rRNA
that was observed upon binding of SA compounds to the PTC
(Hansen et al., 2003; Harms et al., 2004; Tu et al., 2005; Noeske
et al., 2014; Osterman et al., 2017). In the new drug-induced
conformation, A2062 can enhance binding of SB compounds
via additional stacking and/or hydrogen bond interactions.
Indeed, mutations of A2062 can also lead to streptogramin
resistance (Depardieu and Courvalin, 2001). In summary, the
action of streptogramins is likely to block both A and P sites,
and therefore function during initiation step (Figure 1) or by
inducing peptidyl-tRNA drop-off at an early elongation step
(Figure 1).

Proline-Rich Antimicrobial Peptides Exhibit
Distinct Mechanisms of Action
Unlike most antimicrobial peptides (AMPs), which kill bacteria
by disrupting the bacterial membrane, the subclass of proline-
rich antimicrobial peptides (PrAMPs) can pass through the
bacterial membrane without damaging it and instead inhibit
bacterial growth by targeting intracellular processes, such as
protein synthesis (Casteels and Tempst, 1994; Mattiuzzo et al.,
2007; Seefeldt et al., 2016; Graf et al., 2017). As suggested
by their name, PrAMPs are AMPs rich in proline, but also
contain many arginine residues. PrAMPs are products of the
innate immune system and provide a first line of defense against
invading bacteria. To date, PrAMPs have been found in many
arthropods, such as insects and crustaceans, as well as in some
mammals, such as cows, pigs, goats and sheep (Scocchi et al.,
2011; Graf et al., 2017). PrAMPs are usually synthesized as
inactive pre-pro-peptides that are matured via protease cleavage
to yield the active PrAMP peptides. Non-lytic PrAMPs display
excellent activity against Gram-negative bacteria, such as E.
coli, but are generally less active against Gram-positive bacteria,
such as Bacillus subtilis. This specificity is due to the fact that
the uptake of PrAMPs occurs predominantly via the SbmA
transporter (Mattiuzzo et al., 2007), but can also utilize the YjiL-
MdtM transport system (Krizsan et al., 2015), which are present

in most Gram-negative bacteria, but lacking in Gram-positive
bacteria. Indeed, resistance to PrAMPs can arise due to deletion
or mutation of the SbmA and MdtM transporters (Mattiuzzo
et al., 2007; Krizsan et al., 2015; Seefeldt et al., 2015; Florin et al.,
2017; Mardirossian et al., 2018). It should be noted that the
mammalian PrAMPs, such as Bac7, are generally longer (∼60 aa)
than insect PrAMPs (∼20 aa) and these additional C-terminal
residues promote membrane permeabilization (Skerlavaj et al.,
1990; Podda et al., 2006), suggesting a dual mode of uptake and
action for these PrAMPs.

PrAMPs were shown to interact with the DnaK chaperone,
thus initially suggesting that PrAMPs inhibit bacterial growth via
interfering with DnaK mediated protein folding (Otvos et al.,
2000). Subsequently, it was shown, however, that PrAMPs are
equally effective at inhibiting bacterial strains where the gene
encoding DnaK was inactivated (Krizsan et al., 2014). This
suggested that another intracellular target for PrAMPs must
exist. Indeed, PrAMPs were shown to bind to ribosomes and
inhibit protein synthesis in vivo and in vitro (Krizsan et al.,
2014; Mardirossian et al., 2014). Despite the diverse array of
PrAMPs that have been so far identified, only a subset has been
mechanistically investigated. Of the characterized PrAMPs, two
distinct mechanisms of action have been identified, both of which
involve inhibition of protein synthesis. The oncocin-like PrAMPs
or type I PrAMPs allow translation initiation but prevent the
transition into the elongation phase (Graf et al., 2017), whereas
the apidaecin-like PrAMPs or type II PrAMPs allow translation
initiation and elongation but block the translation termination
phase (Florin et al., 2017).

Type I (Oncocin-Like) PrAMPs
The type I PrAMPs encompass both insect and mammalian
PrAMPs. One of the best-characterized members is Oncocin and
Onc112, which are derivatives of a naturally occurring PrAMP
from the milkweed bug Oncopeltus fasciatus (Figures 9A,B;
Schneider and Dorn, 2001; Knappe et al., 2010, 2011). Other
studied type I insect PrAMPs include pyrrhocoricin from the
firebeetle Pyrrhocoris apterus andmetalnikowin-1 from the green
shield bug Palomena prasina. The best-characterized mammalian
type I PrAMP is Bac7(1-16), a C-terminally truncated derivative
of the naturally occurring bactenecin-7 (Bac7) PrAMP from
the cow (Bos taurus). Recently, a type I PrAMP, Tur1A, was
also identified from the bottlenose dolphin (Tursiops truncatus)
(Mardirossian et al., 2018). Structural studies have revealed that
type I PrAMPs bind within the ribosomal exit tunnel located on
the large subunit (Roy et al., 2015; Seefeldt et al., 2015, 2016;
Gagnon et al., 2016; Mardirossian et al., 2018). As expected
from the high sequence identity, the insect PrAMPs Onc112, Pyr,
Met, mammalian PrAMPBac7(1-16) and dolphin PrAMPTur1A
bind with similar extended conformations within the exit tunnel
(Figures 9B–E). The orientation of type I PrAMPs is inverted
with respect to a nascent polypeptide chain, such that the N-
terminus is located at the peptidyl transferase center (PTC) and
the C-terminus extends into the ribosomal tunnel. Mutations
of 23S rRNA nucleotides located within the ribosomal tunnel,
such as A2503C, A2059C, and especially the A2503C/A2059C
double mutation lead to increased resistance to Onc112, but
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FIGURE 9 | PrAMP and klebsazolicin antibiotics bind within the ribosomal exit tunnel. (A) Transverse section of the 70S ribosome revealing the binding site of the

PrAMPs oncocin-112 (ONC, green) and apidaecin-137 (API, purple) as well as klebsazolicin (KLB, yellow) within the exit tunnel of the large 50S subunit (light blue). The

position of A-tRNA (cyan) and P-tRNA (blue) as well as mRNA (magenta) on the 30S subunit (light yellow) are shown for reference. (B–G) Relative binding position of

(B) oncocin-112 (green, PDB ID 4Z8C; Roy et al., 2015), (C) bactenecin-7 (teal, PDB ID 5HAU; Gagnon et al., 2016), (D) pyrrhocoricin (light red, PDB ID 5HD1;

Gagnon et al., 2016), (E) Tur1A (blue, PDB ID 6FKR; Mardirossian et al., 2018), (F) apidaecin-137 (magenta, PDB ID 5O2R; Florin et al., 2017) and (G) klebsazolicin

(yellow, PDB ID 5W4K; Metelev et al., 2017) compared to the CCA-ends of P-site tRNA (blue) and A-site tRNA (cyan) or (F) RF1 (green). In panel (G), the A-site Phe

and P-site fMet moieties are shown for reference and colored green and red, respectively; THZ, thiazole ring; OXZ, oxazole ring.

surprisingly not to Bac7 (Gagnon et al., 2016). Consistent with
biochemical studies (Seefeldt et al., 2015, 2016; Gagnon et al.,
2016), the structures reveal that the type I PrAMPs do not
significantly overlap with the binding site of a P-site tRNA
and thus allow translation initiation to occur uninhibited (Roy

et al., 2015; Seefeldt et al., 2015, 2016; Gagnon et al., 2016). By
contrast, the N-terminal region of the type I PrAMPs sterically
overlaps the binding site of the CCA-end of an A-site tRNA. This
suggests that type I PrAMPs prevent the transition from initiation
to elongation by blocking the binding and accommodation of
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the aa-tRNA at the PTC on the large subunit (Graf et al.,
2017).

Type II (Apidaecin-Like) PrAMPs
The type II PrAMPs so far include only the insect PrAMPs
belonging to the apidaecin subfamily. The best-characterized
member is Api137, a derivative of the naturally occurring PrAMP
apidaecin 1b from the honey bee Apis mellifera. Apideacin-
like PrAMPs are also found in other bees, wasps and hornets.
Structural studies revealed that similar to type I PrAMPs, type
II PrAMPs, such as Api137, also bind within the ribosomal
exit tunnel (Figures 9A,F; Florin et al., 2017). However, the
orientation of the type II PrAMPs is inverted with respect to
type I PrAMPs, i.e., type II PrAMPs have the same orientation
as a nascent polypeptide chain with the C-terminus located
at the peptidyl transferase center (PTC) and the N-terminus
extending down the ribosomal tunnel (Figure 9F). Biochemical
studies show that Api137 does not inhibit translation initiation
or elongation despite the overlap in binding site with the
growing nascent polypeptide chain (Figure 9F). This paradox
was resolved by the finding that Api137 has a very low affinity
for empty ribosomes and require the presence of a termination
release factor, RF1 or RF2, for stable binding (Florin et al.,
2017). Presumably, the low affinity of Api137 in the absence
of RF1/RF2 leads to its dissociation via prolongation of the
nascent chain during translation elongation. During termination,
Api137 does not interfere with binding of RF1/RF2 to the
termination ribosome, nor with peptidyl-tRNA hydrolysis and
release of the polypeptide by RF1/RF2. In fact, release of
the polypeptide is a pre-requisite to allow Api137 to enter
the ribosomal tunnel and engage its binding site. Following
peptide release, however, binding of Api137 to the ribosome
traps RF1/RF2 on the ribosome, even in the presence of RF3
(Florin et al., 2017). Thus, the action of Api137 needs to
occur in the short time window following RF1/RF2-mediated
peptide release, but before dissociation of RF1/RF2 from the
ribosome.

Although the binding site of Api137 overlaps with type I
PrAMPs, one major difference is that Api137 does not block
entry of the A-site tRNA into the PTC. Instead, the C-terminus
of the Api137 is positioned such that direct contact with RF1
and RF2 in the A site can occur. Specifically, Arg17 of Api137
can form direct hydrogen bond (H-bond) interactions with
the sidechain of glutamine 235 (Q235) of the conserved GGQ
motif. This is consistent with biochemical findings showing that
mutations of Arg17 in Api137 decrease the ribosome affinity
and reduce its inhibitory properties (Krizsan et al., 2014). In
addition, the C-terminal carboxylate group of Api137 is within
H-bond distance to the ribose hydroxyl of A76 of the deacylated
P-site tRNA (Figure 9F), which could also contribute to trapping
RF1/RF2 by preventing the ribosome from undergoing the
RF3-stimulated transition into the rotated state required for
RF1 or RF2 dissociation. Mutations in RF1 and RF2 as well
as in ribosomal protein uL3 have been identified that confer
resistance to Api137 (Florin et al., 2017). These mutations sites
are located distant from the Api137 binding site and are therefore
likely to confer resistance by altering RF1/RF2 binding such

that dissociation can occur even in the presence of Api137.
Additionally, mutations within ribosomal tunnel can also confer
resistance to Api137, including 23S rRNAmutations A2059C and
A2503G, as identified for type I PrAMPs, such as Onc112, but
also alterations within ribosomal proteins uL4 and uL22 rendered
cells resistance to Api137 (Florin et al., 2017).

It should be noted that the number of ribosomes within a
bacterial cell, such as E. coli, is much greater than the number
of RF1 and RF2 molecules (by 200- and 25-fold, respectively;
Bremer and Dennis, 1996; Schmidt et al., 2016) and therefore,
Api137 can only trap RF1 and RF2 on a small subset of the
available ribosomes. Nevertheless, this leads to a rapid depletion
of the free pools of RF1 and RF2 in the cell, such that the
vast majority of ribosomes become stalled during translation
termination. Because of the absence of RF1 and RF2, an increased
level of stop codon readthrough is observed on the termination
stalled ribosomes. Surprisingly, the stop codon readthrough
induced by Api137 is considerably higher than that induced by
the classical misreading antibiotic streptomycin (Florin et al.,
2017). Thus, in summary, type II PrAMPs such as Api137, have
a dual mode of action to, on one hand, trap RF1 and RF2 on a
minority of ribosomes within the cell and, on the other hand, to
stall the majority of ribosomes at the termination phase due to
the absence of available RFs, which in turn increases the rates of
stop codon readthrough.

Klebsazolicin Obstructs the Ribosomal Exit
Tunnel
Klebsazolicin (KLB) is the first member of a new class of
protein synthesis inhibitors, which comes from the opportunistic
human pathogen Klebsiella pneumonia, and was discovered
recently using a genome mining approach (Metelev et al.,
2017). This method allows one to harness a much greater
chemical diversity and can result in the discovery of entirely
new molecular scaffolds. Analysis of genomic data makes it
possible to identify gene clusters encoding biosynthetic pathways
for potential drug candidates, which may otherwise escape
attention due to their inactivity under laboratory growth
conditions (Doroghazi et al., 2014). Ribosomally-synthesized
post-translationally modified peptides (RiPPs) are among the
most abundant antimicrobial agents synthesized by various
bacteria, including human microbiota (Donia et al., 2014; Donia
and Fischbach, 2015).

KLB is the first linear azole-containing RiPP for which
the mode of binding to its target, the bacterial ribosome
(Figures 9A,G), has been structurally characterized. KLB is
synthesized on the ribosome as a precursor, which undergoes
post-translational modifications by dedicated enzymes encoded
in a compact gene cluster (Metelev et al., 2017). KLB appears to
have a modular structure: its 14 N-terminal residues are essential
for the inhibition of the ribosome, while its nine C-terminal
residues are likely to be important for the uptake of the molecule
and are not essential for ribosome binding (Metelev et al., 2017;
Travin et al., 2018). It is likely that natural sensitivity/resistance
to KLB is determined not by the differences in the ribosome
target, but rather to differences in uptake. Moreover, KLB can be
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expressed in a surrogate E. coli host (Metelev et al., 2017), which
suggests avenues for future rational drug design: by changing
the primary sequence of amino acids in the KLB precursor, it is
possible to change properties of the final processed compound.

Structural analysis of the ribosome-KLB complex reveals that
the compound binds in the nascent peptide exit tunnel to

a site that overlaps with the binding sites of macrolides, SB,
the PrAMPs, and significantly obstructs the tunnel (Figure 9G;
Metelev et al., 2017). Similar to PrAMPs, KLB interacts with the
ribosome mainly via stacking with rRNA bases. However, unlike
PrAMPs, which bind the ribosome in an elongated conformation
(Figures 9B–F), KLB adopts a compact, globular conformation

FIGURE 10 | Thiostrepton binding site on the large ribosomal subunit. (A) Chemical structure of the thiostrepton. (B) The binding site of the thiostrepton (THS, blue)

on the large 50S subunit of Dienococcus radiodurans (gray) (PDB ID 3CF5; Harms et al., 2008). The position of 23S rRNA helices H43 and H44 (cyan) and ribosomal

protein uL11 (green) are shown for reference. The 50S subunit is viewed from the subunit interface as indicated by the inset at the top left. (C) Close-up view of the

thiostrepton binding site showing its interactions with 23S rRNA nucleotides A1065 and A1095 located at the tips of helices H43 and H44 (cyan) as well as proline

residues (orange) within the N-terminal domain (NTD) of ribosomal protein uL11 (green). (D) Overlap in binding position of thiostrepton (THS, blue) and domain V of

EF-G (pale green).
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within the exit tunnel (Figure 9G). KLB inhibits protein synthesis
by blocking the elongation after only three amino acids of the
nascent peptide have been polymerized (Metelev et al., 2017). The
KLB binding site does not overlap with the aminoacyl moieties
of the A- and P-site tRNAs (Figure 9G) and the main occlusion
point occurs around the macrolide binding site leaving some
space between the PTC active site and the bound KLB molecule,
so that the 2–3 amino acid long nascent peptide can fit. A unique
and essential 6-membered amidine ring of KLB forms multiple
interactions with the universally conserved nucleotides of the 23S
rRNA at the heart of the PTC. For example, it forms twoH-bonds
with U2584, which resembles a non-canonical U-U base-pair.

Thiopeptide Antibiotics That Interfere With
Translation Factor Binding
There are an array of different thiopeptide antibiotics that inhibit
translation either by interacting with translation factor EF-Tu,
for example, GE2270A, or by directly binding to the ribosome,
with the best characterized being thiostrepton, nosiheptide, and
micrococcin (Bagley et al., 2005; Nicolaou et al., 2009). These
antibiotics are synthesized as precursor polypeptides by the
ribosome and then are post-translationally modified to yield the
active compound (Wieland Brown et al., 2009). The chemical
structure of thiostrepton can be separated into two loops (loop1
and 2) and a dehydroalanine tail, which are linked together
by a tetrahydro-pyridin-3-ylamine moiety (Figure 10A). The 16
distinct chemical moieties that comprise thiostrepton include
many thiazole rings as well as non-canonical and canonical
amino acids, including for example, threonine, isoleucine,
alanine and dehydroalanine (Figure 10A; Kelly et al., 2009).

The thiopeptide antibiotics are effective against Gram-positive
bacteria, in particular, methicillin-resistant Staphlococcus aureus
(MRSA), as well as against the malarial parasite Plasmodium
falciparum (Aminake et al., 2011), but suffer from low water
solubility and poor bioavailability, which has precluded their use
in human medicine (Wilson, 2009).

The crystal structure of the Deinococcus radiodurans large
subunit bound to thiostrepton (as well as nosiheptide and
micrococcin; Harms et al., 2008) revealed that this class of
antibiotics bind in a cleft formed between the N-terminal domain
(NTD) of ribosomal protein uL11 and helices H43 and H44
of the 23S rRNA (Figure 10B). The solution NMR structure of
thiostrepton compares well with the X-ray structure and reveals
high flexibility of the dehydroalanine tail (Jonker et al., 2011).
Within the cleft, thiostrepton interacts with nucleotides A1067
and A1095, located at the tips of H43 and H44, respectively, and
the thiazole rings of thiostrepton stack upon the proline residues
located in the NTD of uL11 (Figure 10C). This thiopeptide
binding site is distinct when compared to other clinically used
antibiotics and therefore cross-resistance with thiopeptides has
not been reported. Nevertheless, mutations in A1067, A1095,
or in the numerous proline residues of the uL11-NTD reduce
thiopeptide binding and confer drug-resistance in bacteria and
archaea (Wilson, 2009; Baumann et al., 2010). Furthermore,
the producer of thiostrepton, Streptomyces azureus, inhibits
drug binding to its own rRNA by 2′-O-methylation of position
A1067 (Thompson et al., 1982). Eukaryotic 80S ribosomes are
naturally resistant to thiostrepton,most probably due to sequence
differences in uL11, which is in agreement with the observations
that yeast 80S ribosomes bearing bacterial uL11 are sensitive to

FIGURE 11 | Relative location of peptide and small-molecular antibiotics on the bacterial ribosome. (A) Overview of the binding sites of the peptide (yellow) and

small-molecular (blue) antibiotics targeting the small (30S) ribosomal subunit: edeine B, GE81112, dityromycin, viomycin, odilorhabdin, negamycin, tetracycline,

paromomycin, streptomycin, spectinomycin, amicoumacin, pactamycin, kasugamycin. (B) Overview of the binding sites of the peptide (yellow) and small-molecular

(blue) antibiotics targeting the large (50S) ribosomal subunit: streptogramin type A (dalfoprsitin) and type B (quinupristin), oncocin-112, apidaecin-137, klebsazolicin,

thiostrepton, orthosomycin (avilamycin), macrolides (erythromycin, carbomycin, spiramycin, tylosin), chloramphenicol, hygromycin A, A201A, lincosamides

(clindamycin), oxazolidinones (linezolid). The relative position of A, P, and E-site tRNAs (cyan) are shown, and 23S rRNA helices H43/44 is highlighted for reference.
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the drug (Garcia-Marcos et al., 2007). The thiopeptide binding
site on the large subunit sterically overlaps with the binding
site of translation factors, such as the IF2, EF-Tu and EF-
G (Figure 10D; Harms et al., 2008). Consistently, thiostrepton
has been reported to inhibit IF2-dependent initiation complex
formation (Brandi et al., 2004; Grigoriadou et al., 2007), EF-Tu
delivery of the aa-tRNA to the A-site (Gonzalez et al., 2007) as
well as accommodation of EF-G, which leads to inhibition of the
translocation reaction (Rodnina et al., 1999; Seo et al., 2006; Pan
et al., 2007; Mikolajka et al., 2011; Walter et al., 2012).

CONCLUDING REMARKS

The available structures of peptide antibiotics on the ribosome
illustrate the diverse manners in which these inhibitors interact
with the ribosome and interfere with translation. High-
resolution structures now open the way for structure-based
design to develop peptide antibiotics with improved properties
by identifying sites that can be modified to enable additional
interaction with the ribosome. Similarly, the structures also
identify residues that are not critical for ribosome binding and
therefore can be utilized to optimize parameters such as uptake
and retention, serum stability as well as reduced membrane
permeabilization and toxicity. The proximity of the binding

sites of peptide antibiotics on the ribosome in relation to other
classes of ribosome-targeting antibiotics (Figures 11A,B) also
offers the opportunity to generate hybrid compounds that span
over multiple binding sites. The increase in sequenced genomes
coupled with improved data mining algorithms is leading to the
identification of potential gene clusters encoding biosynthetic
pathways for novel peptide antibiotics and PrAMPs. It will
be interesting to see what novel ribosome-targeting peptide
antibiotics these approaches will yield and to investigate their
binding sites on the ribosome andmechanism of action to inhibit
translation.
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Tetracycline-Inactivating Enzymes
Jana L. Markley and Timothy A. Wencewicz*

Department of Chemistry, Washington University in St. Louis, St. Louis, MO, United States

Tetracyclines have been foundational antibacterial agents for more than 70 years.
Renewed interest in tetracycline antibiotics is being driven by advancements in
tetracycline synthesis and strategic scaffold modifications designed to overcome
established clinical resistance mechanisms including efflux and ribosome protection.
Emerging new resistance mechanisms, including enzymatic antibiotic inactivation,
threaten recent progress on bringing these next-generation tetracyclines to the clinic.
Here we review the current state of knowledge on the structure, mechanism, and
inhibition of tetracycline-inactivating enzymes.

Keywords: tetracycline destructases, enzymatic antibiotic inactivation, antibiotic adjuvants, tetracyclines,
antibiotic resistance, flavin monooxygenase

INTRODUCTION

Tetracycline Antibiotics
Tetracycline antibiotics were discovered in the 1940s and found widespread clinical use shortly
thereafter (Duggar, 1948; Finlay et al., 1950; King et al., 1950; Roberts, 1996; Nelson and Levy,
2011). Naturally occurring tetracyclines are highly oxidized, type II polyketides composed of a
linear fused tetracyclic scaffold with rings designated A, B, C, D (Figure 1; Stephens et al., 1952;
Chopra and Roberts, 2001). Tetracyclines inhibit bacterial protein synthesis by binding to the 16S
rRNA of the 30S bacterial ribosome subunit, preventing accommodation of incoming aminoacyl-
tRNAs at the acceptor site (A-site) (Brodersen et al., 2000; Wilson, 2009). Tetracyclines make
sequence-independent contacts with sugar phosphates in the primary binding site between h31
and h34. Both synthetic and semisynthetic tetracyclines have found clinical use as low cost, broad-
spectrum, and orally available antimicrobial agents. The minimum active pharmacophore for
bacterial ribosome inhibition is 6-deoxy-6-demethyltetracycline (McCormick et al., 1960; Chopra
and Roberts, 2001). Chemical modification of positions 5–9 is well tolerated and can improve
ribosome affinity, as is the case for the first and second generation scaffolds CTc and doxycycline.
Modification of positions 1–4 and 10–12 strongly attenuates the antibacterial activity. The 1,3-
diketone group at carbons 11 and 12 (pKa ∼7) chelates Mg2+ (Stephens et al., 1956; Jin et al.,
2007). The tetracycline–Mg complex is the biologically active form that permeates the bacterial cell
envelope (Schnappinger and Hillen, 1996) and binds to bacterial ribosomes (Jenner et al., 2013),
transcription factors (Hinrichs et al., 1994), and aptamers (Xiao et al., 2008).

Chemical modification of the tetracycline scaffold has preserved this important class of
antibiotics for >70 years against continuous waves of resistance determinants (Charest et al., 2005;
Liu and Myers, 2016; Sun and Xiao, 2017). The unique 3D chemical shape of tetracycline arises

Abbreviations: ARG, antibiotic resistance gene; CTc, chlortetracycline; FAD, flavin adenine dinucleotide; FMO, flavin
monooxygenase; NADPH, nicotinamide adenine dinucleotide phosphate reduced form; NADP+, nicotinamide adenine
dinucleotide phosphate oxidized form.
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from a bend in the structure at the A,B-ring juncture,
and this seems to be a distinguishing feature from other
tetracyclic polyketides that impart selectivity for ribosome
binding (Brodersen et al., 2000; Stepanek et al., 2016). The D-ring
of tetracyclines has proven to be robust toward semi-synthetic
modifications, as highlighted by the bulky N-t-butyl-glycylamide
side chain of the third generation antibiotic tigecycline, which
plays a dual role in overcoming resistance and increasing affinity
for the 30S ribosomal subunit (Jenner et al., 2013). Access
to fully synthetic tetracyclines, including fourth generation
compounds eravacycline (Ronn et al., 2013; Zhanel et al., 2016)
and omadacycline (Tanaka et al., 2016) – both currently in phase
III clinical trials – has rejuvenated clinical prospects for this
drug class (Liu and Myers, 2016; Sun and Xiao, 2017). With the
approval of next-generation tetracyclines on the horizon, new
mechanisms of tetracycline resistance are certain to emerge as
clinical use increases. Our ability to manage emerging resistance
is critical to ensure future utility of tetracycline antibiotics and
prevent a public health care crisis (Brown and Wright, 2016).

Tetracycline Resistance
Resistance to tetracycline antibiotics was observed from the
very start of clinical use (Schiott and Stenderup, 1954; Roberts,
1996). Despite widespread clinical resistance, tetracyclines
continue to be important agents for treating a variety of
human infections caused by Gram-negative and Gram-positive
bacterial pathogens, along with atypical pathogens including
mycoplasmas, nematodes, and parasitic protozoans (Chopra
and Roberts, 2001). Tetracyclines are also widely used in

veterinary medicine and agricultural applications, including
crop protection and intensive animal farming, which has
contributed to the widespread dissemination of tetracycline
resistance (Thaker et al., 2010; Surette and Wright, 2017).
Molecular mechanisms of tetracycline resistance include efflux
(Izaki and Arima, 1963; Levy and McMurry, 1978; Kaneko
et al., 1985), ribosome protection proteins (Burdett et al.,
1982; Burdett, 1986, 1991, 1996), reduced permeability (Cohen
et al., 1988), ribosome mutation (Ross et al., 1998), and
enzymatic inactivation (Figure 2; Yang et al., 2004; Nguyen
et al., 2014). Efflux pumps and ribosome protection proteins are
the most common types of clinical resistance to tetracyclines
and have been found in most human pathogens (Connell
et al., 2003; Piddock, 2006; Thaker et al., 2010). Seven groups
of efflux pumps have been identified that confer tetracycline
resistance by decreasing the effective intracellular antibiotic
concentration, with most members falling into the major
facilitator superfamily (Guillaume et al., 2004; Piddock, 2006).
Ribosome protection proteins are GTPases with homology
to elongation factors that bind the ribosome analogously to
elongation factors and chase bound tetracycline from the 30S
ribosomal subunit (Connell et al., 2003; Jenner et al., 2013).
Reduced drug permeability is achieved through morphological
changes and the modification or reduced expression of
porins and likely contributes to clinical tetracycline resistance
(Cohen et al., 1988; Schnappinger and Hillen, 1996; Olesky
et al., 2006; Justice et al., 2008). Ribosomal mutations are
uncommon in clinical resistance to tetracyclines, probably due
to the sequence-independent binding mode of tetracycline

FIGURE 1 | Evolution of the tetracycline scaffold. 6-Deoxy-6-demethyltetracycline represents the minimum tetracycline pharmacophore required for inhibition of the
ribosome. Tetracycline (first reported in 1953), CTc (first reported in 1948), and oxytetracycline (first reported in 1950) represent first generation structures.
Metacycline (first reported in 1962), doxycycline (first reported in 1967), and minocycline (first reported in 1961) represent second generation structures. Tigecycline
(first reported in 1993) is the only FDA-approved third generation structure, while omadacycline (first reported in 2013) and eravacycline (first reported in 2013) are
fourth generation molecules currently in phase III clinical trials.
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FIGURE 2 | Molecular mechanisms of tetracycline resistance. (A) Efflux, exclusion, (B) ribosome protection, (C) ribosome modification, and (D) enzymatic
inactivation. Documented ARGs associated with each type of tetracycline resistance are provided.

to the 30S ribosomal subunit (Brodersen et al., 2000); still,
some resistance-conferring mutations and deletions around
the tetracycline-binding site have been reported (Ross et al.,
1998; Gerritis et al., 2002; Trieber and Taylor, 2002). Some
clinical isolates of Helicobacter pylori (Nonaka et al., 2005)
and Propionibacterium acnes (Ross et al., 1998) carry point
mutations in the 16S ribosome that confer tetracycline resistance,
presumably through reduced tetracycline binding affinity. These
ribosome mutations also confer tetracycline resistance in
laboratory strains of Escherichia coli (Cocozaki et al., 2016).
Similar resistance to tigecycline in S. pneumonia, arising from
point mutations in ribosomal proteins and rRNA, has been
introduced in the laboratory via successive passaging (Lupien
et al., 2015). A more obscure resistance mechanism involves
activation of Mg2+-dependent purine nucleotide biosynthesis

via expression of the tet34 gene product, a predicted xanthine–
guanine phosphoribosyltransferase, which attenuates tetracycline
antibacterial activity presumably by increasing the pool of GTP
available to elongation factors to accelerate binding of aminoacyl-
tRNAs to the 30S ribosomal subunit (Nonaka and Suzuki, 2002;
Kim et al., 2003).

Third (tigecycline) and fourth generation (eravacycline and
omadacycline) tetracyclines are known to overcome resistance
via efflux and ribosome protection (Jenner et al., 2013; Zhanel
et al., 2016; Tanaka et al., 2016). However, enzymatic inactivation
has emerged as a new concern for these next-generation
tetracyclines (Moore et al., 2005; Grossman et al., 2012, 2017).
A family of FMOs, the tetracycline destructases (Forsberg
et al., 2015), has been shown to selectively oxidize tetracyclines
leading to covalent destruction of the antibiotic scaffold
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(Yang et al., 2004). Unlike efflux, exclusion, ribosome protection,
and ribosome modification, enzymatic inactivation permanently
eliminates the tetracycline antibiotic challenge by decreasing
intracellular and extracellular antibiotic concentrations (Davies,
1994; Wright, 2005). The clinical impact of enzymatic antibiotic
inactivation can be devastating, as documented by the spread
of broad-spectrum beta-lactamases across the globe (Bush and
Jacoby, 2010; Brandt et al., 2017). The goal of this review is to
highlight recent advances involving the structure, mechanism,
and inhibition of tetracycline destructases to bring awareness and
inspire solutions for this emerging type of tetracycline resistance.

TETRACYCLINE DESTRUCTASES

Antibiotic Destructases
The tetracycline destructases are part of a broadly defined
family of enzymes, which we are calling the antibiotic
destructases, that inactivate antibiotics via a wide variety of
covalent modifications to the antibiotic scaffold (Davies, 1994;
Wright, 2005). Antibiotic destructases are named to reflect
the enzymatic activity associated with covalent modification
of antibiotic scaffolds that permanently destroys antimicrobial
activity and imparts resistance to producing microbes. Antibiotic
destructases differ from xenobiotic modifying metabolic enzymes
in regulation, catalytic efficiency, rate, and substrate specificity.
Xenobiotic modifying enzymes perform housekeeping functions
in the host, primarily clearance, and detoxification of xenobiotics
(Krueger and Williams, 2005). The primary function of antibiotic
destructases is gain of resistance. Thus, xenobiotic modifying
enzymes tend to be broad in substrate scope at the cost of catalytic
efficiency, while antibiotic destructases tend to be narrower
in substrate scope with high specificity and catalytic efficiency
toward a particular structural class of antibiotics (Wright, 2005).

Well-known examples of antibiotic destructases include
beta-lactamases that hydrolyze the strained 4-membered lactam
of beta-lactam antibiotics (Bush and Jacoby, 2010; Brandt et al.,
2017), and aminoglycoside-inactivating enzymes including
phosphotransferases, acetyltransferases, and adenylyltransferases
that modify the free amine and hydroxyl groups of
aminoglycoside antibiotics (Ramirez and Tolmasky, 2010).
Known classes of antibiotic destructases (antibiotic substrates)
include peptidases (bogorol, bacitracin) (Li et al., 2018),
hydrolases (beta-lactams, macrolides) (Bush and Jacoby, 2010;
Morar et al., 2012), thioltransferases (fosfomycin) (Rife et al.,
2002; Thompson et al., 2013), epoxidases (fosfomycin) (Fillgrove
et al., 2003), cyclopropanases (colibactin) (Tripathi et al., 2017),
acyl transferases (aminoglycosides, chloramphenicol, glufosinate,
tabtoxinine-beta-lactam, streptogramin) (Leslie, 1990; Botterman
et al., 1991; Sugantino and Roderick, 2002; Ramirez and
Tolmasky, 2010; Wencewicz and Walsh, 2012; Favrot et al.,
2016), methyl transferases (holomycin) (Li et al., 2012; Warrier
et al., 2016), nucleotidylyl transferases (aminoglycosides,
lincosamide) (Morar et al., 2009; Ramirez and Tolmasky,
2010), ADP-ribosyltransferases (rifamycins) (Baysarowich
et al., 2008), glycosyltransferases (aminoglycosides, rifamycins,
macrolides) (Bolam et al., 2007; Ramirez and Tolmasky,

2010; Spanogiannopoulos et al., 2012), phosphotransferases
(aminoglycosides, chloramphenicol, rifamycins, macrolides,
viomycin) (Thiara and Cundliffe, 1995; Izard and Ellis, 2000;
Ramirez and Tolmasky, 2010; Stogios et al., 2016; Fong et al.,
2017), lyases (streptogramins) (Korczynska et al., 2007), and
oxidoreductases (tetracyclines, rifamycins) (Park et al., 2017;
Koteva et al., 2018). As antibiotic prospecting continues, the list
of antibiotic destructases is certain to grow (Crofts et al., 2017; Li
et al., 2018; Pawlowski et al., 2018).

Unlike other major classes of antibiotic resistance (efflux,
exclusion, target modification), covalent inactivation by
antibiotic destructases permanently neutralizes the antibiotic
challenge and lowers intracellular and extracellular antibiotic
concentrations. If antibiotic levels fall below the MIC, then
resistance is achieved. Covalent modification of antibiotics
can perturb target affinity, block cellular uptake, trigger efflux
mechanisms, or lead to decomposition of the antibiotic (Wright,
2005). Genes encoding for antibiotic destructases are often
present in operons that are co-transcribed with biosynthetic
genes in the antibiotic producing microbe (Li et al., 2018).
Co-transcription ensures self-protection during antibiotic
biosynthesis (Bolam et al., 2007; Mack et al., 2014). Antibiotic
destructases are often transferable through mobilized genetic
elements such as plasmids (Davies and Davies, 2010). Once
transformed into a host microbial cell, the expression of
antibiotic destructases is often inducible and in some cases
can be triggered specifically in response to antibiotic challenge
(Llarrull et al., 2011). Antibiotic destructases can be excreted to
the periplasm or even the extracellular space in order to destroy
the antibiotic before it reaches the microbial cell. Resistance
caused by antibiotic destructases can be overcome, in theory,
by modifying the antibiotic scaffold to evade destructases
(Syriopoulou et al., 1981), co-administration of a destructase
inhibitor (Drawz and Bonomo, 2010), inhibition of destructase
production or localization (Therien et al., 2012), or increasing
intracellular concentrations to overcome destructase production
(McPherson et al., 2012). Thus far, only modification of the
antibiotic scaffold and co-administration of a destructase
inhibitor have proven effective for overcoming resistance by
antibiotic destructases in clinical infections (Fisher et al., 2005;
Drawz and Bonomo, 2010).

Each class of antibiotic destructase represents a distinct
chemical mode of antibiotic inactivation with the evolutionary
potential to broaden or narrow substrate discrimination
(Pawlowski et al., 2018). The evolutionary landscape leans heavily
in favor of optimizing resistance enzymes due to the widespread
selective pressure applied by broad-spectrum antibiotics. To
prepare and respond to the emergence of antibiotic destructases,
a thorough understanding of the genetic origins, dissemination,
structure, and mechanism of the antibiotic destructase must
be established. The rise of beta-lactamases in hospital- and
community-acquired infections is the historical model for
resistance via antibiotic destruction. Continuous innovation
around the beta-lactam pharmacophore and co-administration of
beta-lactamase inhibitors as adjuvants has maintained the clinical
viability of this important antibiotic class (Bush, 2018). Most of
the antibiotic-inactivating enzymes cited above do not represent
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current clinical threats; however, each threatens to emerge
pending widespread clinical use of the corresponding antibiotic
class. The recent success of fourth generation tetracyclines in
advanced clinical trials has raised concerns over selecting for
tetracycline destructases that might compromise future clinical
use of the entire tetracycline class of antibiotics.

TetX – The Flagship
Tetracycline-Inactivating Enzyme
Enzymatic inactivation of tetracyclines was first proposed as a
resistance mechanism in 1984 (Guiney et al., 1984). A plasmid
that conferred tetracycline resistance to E. coli with a strict
requirement for aerobic growth was isolated from the human
commensal Bacteroides fragilis (Matthews and Guiney, 1986;
Park et al., 1987; Speer and Salyers, 1988). Plasmid mapping
revealed the presence of a putative tetracycline efflux pump
and a gene, tetX, encoding for a potentially novel tetracycline
resistance enzyme that catalyzes tetracycline degradation (Park
and Levy, 1988). Growth of E. coli carrying the tetX gene on
an inducible plasmid yielded a distinctive brown colored growth
phenotype, exclusively under aerobic conditions (Speer and
Salyers, 1989). Spent media from tetracycline-treated cultures of
E. coli expressing the tetX gene showed decreased tetracycline
concentrations and loss of tetracycline activity against wild-type
E. coli. Cell-free lysates of E. coli expressing tetX strictly required

exogenous NADPH for tetracycline inactivation, consistent with
TetX being an NADPH-dependent oxidoreductase (Speer et al.,
1991). Two additional variants of the tetX gene, tetX1 and tetX2,
were later identified in another Bacteroides transposon (Whittle
et al., 2001).

In 2004, Wright and coworkers heterologously expressed
TetX, TetX1, and TetX2 in E. coli and purified the recombinant
proteins (Yang et al., 2004). TetX and TetX2 are 99% sequence
identical, and both proteins co-purified with a bound flavin
cofactor and proved to be active FMOs that degrade tetracyclines.
TetX1 is a truncated variant that does not bind flavin
and is thus not a true tetracycline resistance enzyme. TetX
was shown to inactivate first, second, and third generation
tetracyclines including tigecycline (Moore et al., 2005). Oxidation
of oxytetracycline by TetX leads to formation of a variety
of degradation products, including hydroxylation at C11a, the
product of which was isolated and characterized by Wright
and coworkers following an acid quench that provided the
stabilized cyclic hemiketal (Figure 3A; alternate sites of oxidation
and mechanistic considerations are discussed below in the
section “Mechanisms of Tetracycline Oxidation”) (Yang et al.,
2004). Presumably, modification at C11a will attenuate Mg2+

chelation and ribosome binding, which are both required
for biological activity of oxytetracycline (Schnappinger and
Hillen, 1996). Additionally, hydroxylation of C11a destabilizes

FIGURE 3 | (A) Hydroxylation of oxytetracycline by TetX. (B) Mechanism of class A FMOs.
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the tetracycline scaffold leading to complex mixtures of non-
enzymatic degradation products (Yang et al., 2004). X-ray
crystal structures of TetX bound to 7-CTc, 7-iodotetracycline,
minocycline, and tigecycline have been reported and confirmed
TetX to be a class A FMO (structures are discussed below
in the section “Structural Basis for Tetracycline Inactivation”)
(Volkers et al., 2011, 2013). Similar to other class A FMOs,
TetX is predicted to utilize NADPH to reduce the flavin cofactor
in preparation for subsequent formation of a reactive C4a-
peroxyflavin that transfers an electrophilic hydroxyl group to the
nucleophilic C11a of the tetracycline enol (Figure 3B; van Berkel
et al., 2006).

Expanding the Tetracycline Destructase
Family
Mobilization of tetX on transposons in Bacteroides suggests that
dissemination of the tetracycline resistance gene into human
pathogens is possible (Whittle et al., 2002). Indeed, in 2013,
the tetX gene was found in a variety of MDR Gram-negative
pathogens (Enterobacter cloacae, Comamonas testosteroni, E. coli,
Klebsiella pneumonia, Delftia acidovorans, and other members
of Enterobacteriaceae and Pseudomonadaceae) isolated from
a hospital in Sierra Leone (Leski et al., 2013). Several of
the tetX harboring pathogens are on the CDC’s list of
ESKAPE pathogens (Santajit and Indrawattana, 2016), including
Pseudomonas aeruginosa and Acinetobacter baumannii (Aminov,
2009, 2013; Deng et al., 2014). Although tetX has been found
in human pathogens, there is yet to be a documented clinical
case of tetracycline resistance caused by tetX or related genes
encoding for tetracycline destructases. The tetX gene has also
been observed in a variety of environmental bacteria, including
Myroides odoratimimus (Ming et al., 2017), Sphingobacterium sp.
(Ghosh et al., 2009, 2014), and Flavobacterium psychrophilum
(Duchaud et al., 2018), and metagenomic samples including
Chinese soil (Wang et al., 2017), human feces (Ohashi and
Fujisawa, 2017), and hospital wastewater (Wang et al., 2018). The
tetX gene is encountered in a wide range of ecosystems (human
gut, soil, hospital wastewater) and is present on mobile genetic
elements primed for horizontal gene transfer. This pattern of
ARG dissemination is consistent with horizontal gene transfer of
tetX between environmental bacteria and human pathogens, as
has been observed for many other classes of ARGs (D’Costa et al.,
2006; Forsberg et al., 2012; Crofts et al., 2017).

In 2015, a comprehensive functional metagenomic survey
using tetracycline selection identified a new family of tetX
homologs denoted as the tetracycline destructases (tet49–tet55)
(Forsberg et al., 2015). The novel tetracycline destructase
genes showed at most 24.4% amino acid sequence homology
to TetX. Cloning, heterologous expression, and in vitro
characterization of Tet49–Tet55 revealed that all nine enzymes
were functional tetracycline-inactivating FMOs. Comparative
gene analysis revealed a tenth tetracycline destructase gene,
tet56, in the genome of the human pathogen Legionella
longbeachae. Antibacterial susceptibility and in vitro tetracycline
degradation assays proved that tet56 is a true ARG that
confers tetracycline resistance when expressed in L. longbeachae.

This expanded set of tetracycline destructases provided a
unique opportunity to systematically explore substrate selectivity,
characterize degradation products, screen for inhibitors, and
compare structural features across the enzyme family. These
studies led to several important crystal structures of Tet50, Tet51,
Tet55, and Tet56 in a variety of functional states (see section
“Structural Basis for Tetracycline Inactivation”) that provide
mechanistic insight on the diverse oxidation patterns at play for
tetracycline substrates (the section “Mechanisms of Tetracycline
Oxidation”). These studies also led to the discovery of the first pan
tetracycline destructase inhibitor that rescues tetracycline activity
when co-administered to tetracycline destructase expressing
bacteria (see section “Tetracycline Destructase Inhibitors, an
Adjuvant Approach”) (Park et al., 2017).

STRUCTURAL BASIS FOR
TETRACYCLINE INACTIVATION

Anatomy of a Tetracycline Destructase
TetX and all members of the tetracycline destructase family are
structural homologs of class A FMOs. Class A FMOs are single
component flavoprotein hydroxylases that utilize FAD cofactors
and NAD(P)H electron donors to oxidize small molecule
substrates—primarily through electrophilic hydroxylation of
electron-rich olefins or aromatic rings by a transient, catalytic
C4a-hydroperoxyflavin (vide supra, Figure 3) (van Berkel et al.,
2006; Montersino and Berkel, 2013; Huijbers et al., 2014; Mascotti
et al., 2016; Romero et al., 2018). In general, this particular
type of FMO enzyme is characterized by a single Rossmann
fold that binds FAD through non-covalent interactions with
the adenosine monophosphate moiety, which is linked to the
catalytic isoalloxazine fragment via a polyoxygenated alkyl chain.
Flexibility in this alkyl linker is fundamentally important to
the success of the catalytic cycle, which involves multiple,
dynamic conformational changes in enzyme structure to establish
distinct functional enzyme states differentiated by relative
FAD activation and three-dimensional orientation (vide infra).
TetX and members of the tetracycline destructase family are
structurally similar and functionally homologous (Forsberg et al.,
2015). As shown in Figure 4, the tetracycline-inactivating FMO
enzymes are composed of two major domains – a lower
FAD-binding domain (green) that exhibits the characteristic
Rossmann fold and an upper tetracycline binding domain
(pink) (Volkers et al., 2011; Park et al., 2017). The association
of the two domains is stabilized by a C-terminal alpha-
helix (purple), and specifically in the case of the tetracycline
destructase family, a second C-terminal alpha-helix (cyan) is
present near the tetracycline binding site, which plays an
important role in substrate recognition and loading (Park et al.,
2017).

While the exact sequence of events involving dynamic
conformational changes to the enzyme during the catalytic cycle
are currently unknown (see section “Tetracycline Destructase
Inhibitors, an Adjuvant Approach” for a proposed model),
two enzyme conformers have been observed via X-ray
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FIGURE 4 | X-ray crystal structure of a tetracycline destructase with bound tetracycline substrate and flavin cofactor. The mobility of the flavin cofactor is highlighted
by showing the FAD-IN and FAD-OUT conformations observed during structural studies. (A) X-ray crystal structure of CTc bound to TetX (FAD-IN conformation, PDB
ID: 2y6r). (B) X-ray crystal structure of Tet50 with no bound substrate (FAD-OUT conformation, PDB ID: 5tue). (C) X-ray crystal structure of Tet50 with no bound
substrate (FAD-IN conformation, PDB ID: 5tue). (D) X-ray crystal structure of CTc bound to Tet50 (FAD-IN conformation, PDB ID: 5tui). (E) Surface view of X-ray
crystal structure of CTc bound to TetX (FAD-IN conformation, PDB ID: 2y6r). (F) Surface view of X-ray crystal structure of Tet50 with no bound substrate (FAD-OUT
conformation, PDB ID: 5tue). (G) Surface view of X-ray crystal structure of Tet50 with no bound substrate (FAD-IN conformation, PDB ID: 5tue). (H) Surface view of
X-ray crystal structure of CTc bound to Tet50 (FAD-IN conformation, PDB ID: 5tui). Images were generated using PyMOL v1.7.

crystallographic analysis which are distinct in both FAD-
orientation and tertiary protein structure (Figure 4). The
FAD-OUT conformer, in which the substrate loading channel
is open and the FAD cofactor is pointed away from the
tetracycline binding domain, allows for easy accommodation
of the substrate and ready access of FAD to electron-donor
NADPH to maintain a steady concentration of reduced FADH2
primed for reactivation with molecular oxygen (shown for
Tet50, Figure 4B, surface view Figure 4F). While the FAD-
OUT conformation has not been experimentally observed
for TetX, it has been observed in other class A-type FMO-
enzymes (particularly StaC and RebC) (Ryan et al., 2008;
Goldman et al., 2012) and is fundamentally important to
maintain catalytic efficiency and relevant levels of antibiotic
resistance.

Upon substrate and/or NADPH accommodation, several class
A FMO enzymes undergo a series of discrete conformational
changes that flip the activated FADH2 toward the bound
substrate and allow for both the protected formation of the
reactive C4a-peroxyflavin from FADH2 and molecular oxygen
and subsequent substrate oxidation (Ghisla and Massey, 1989;
Palfey and McDonald, 2010; Montersino and Berkel, 2013;

Huijbers et al., 2014). However, this FAD-IN conformer has
been observed via X-ray crystallography for TetX and Tet50
in the absence of NADPH and substrate. A defined sequence
of mechanistic events has been elucidated for prototypical
class A FMO p-hydroxybenzoate hydroxylase (Eppink et al.,
1998, 1999; Suemori, 2013). While the tetracycline-inactivating
enzymes appear to be class A FMOs, the defined sequence
of events, including NADPH-binding elements, and relevant
extrapolation of these no-substrate, FAD-IN conformers to
solution-phase enzyme dynamic processes remain currently
unknown. Nevertheless, X-ray crystallographic analysis of the
no substrate- and substrate-bound FAD-IN conformers of Tet50
and the substrate-bound FAD-IN conformer of TetX highlights
several structural differences that may aid in the explanation
of the unique, enzyme-specific antibiotic resistance phenotypes
observed in vitro and in whole cell for each of these tetracycline-
inactivating enzymes (Forsberg et al., 2015; Park et al., 2017).

In the absence of the second C-terminal “gatekeeper” helix
observed in members of the tetracycline destructase families,
the FAD-IN conformation for CTc bound to TetX utilizes
several hydrophobic, mostly aromatic residues to shield the
FAD-complex from C4a-peroxyflavin-reactive solvent molecules
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(Figure 4A; Volkers et al., 2011). Indeed, the FAD cofactor
is barely visible in the surface view of the CTc-bound, FAD-
IN conformer of TetX (Figure 4E). However, a small, open
pocket near the substrate-binding site allows for a portion of
the substrate – in this case, CTc – to extend from the active
site of the enzyme into solvent exposed space. In contrast, the
substrate loading channel closes completely in the no substrate-
and CTc-bound FAD-IN conformers of Tet50, where both the
FAD and the substrate are shielded from solvent interaction by
both the “gatekeeper helix” and a hydrophobic phenylalanine
residue in the substrate-binding domain (Phe95, Figures 4C,D)
(Park et al., 2017). This structural difference between FAD-IN
conformers of TetX and Tet50 is highlighted in the surface
views of each protein conformer shown in Figure 4 (TetX
Figure 4E and Tet50 Figures 4G,H). In addition, the structure
variability in FAD-IN conformation has important implications
in substrate recognition and binding, as well as enzyme–
substrate specificity and preference, that directly result in distinct
tetracycline degradation profiles.

Diverse Substrate-Binding Modes
As is the case with most class A FMO enzymes (van Berkel
et al., 2006; Montersino and Berkel, 2013; Huijbers et al.,
2014; Romero et al., 2018), the position of substrate oxidation
is heavily dependent on the spatial orientation of the bound
substrate in relation to the transient enzyme-associated C4a-
peroxyflavin cofactor. Because active site flexibility can lead
to product mixtures (as multiple binding modes can lead to
multiple degradation products), it is important to correlate
experimentally observed binding modes with potential sites of
substrate oxidation that correspond to characterized oxidation
products.

In this regard, the X-ray crystal structure of CTc bound to TetX
can serve as a point of reference to help define spatial coordinates
within the enzyme active site in which the tetracycline substrate
can rotate/bind (Figure 5; Volkers et al., 2011). As is shown
in Figure 5A, enzyme-bound CTc is located above the FAD

cofactor, which is extended toward the substrate-binding domain
within the enzyme active site, as is consistent with the FAD-
IN conformation. In addition, CTc is oriented in such a way
that the A-ring (C1 proximal, C4 distal) is closest to the FAD
cofactor, while the D-ring lies nearer the C-terminal alpha-helix
(C10 proximal, C7 distal). Thus, this orientation can be defined
as mode ID,A, where the mode number (I or II) describes the
proximal or distal position of the C1–C10 hemisphere of the
molecule in relation to the FAD cofactor, and the subscript
identifier describes the west-to-east (left-to-right) association of
the D- and A-rings of the tetracycline substrate in relation to
the FAD cofactor. Correspondingly, a 180◦ horizontal rotation of
the tetracycline substrate bound in mode ID,A (about a vertical
axis) would result in substrate-binding mode IA,D (C1,D-ring
proximal), where the sole modification in binding mode is the
relation of the A-ring (now west) and D-ring (now east) to
the FAD cofactor (Figure 5B). The association of the C1–C10
hemisphere to the FAD isoalloxazine remains unchanged. In
contrast, a 180◦ vertical rotation (about a horizontal axis) of
the tetracycline substrate bound in mode ID,A would result in
the substrate-binding mode IID,A, where the sole modification
in binding mode is the relation of the C1–C10 hemisphere
of the molecule in relation to the FAD cofactor (now distal).
The association of the A- and D-rings to the FAD isoalloxazine
remains unchanged. In this way, four potential binding modes
for tetracycline substrates – modes ID,A, IA,D, IID,A, and IIA,D –
can be defined, and the oxidation of the tetracycline substrate will
be binding-mode specific.

Of the four potential substrate-binding modes, only two
have been experimentally observed via X-ray crystallography for
the binding of substrates to tetracycline-inactivating enzymes
(Figure 6; Volkers et al., 2011; Park et al., 2017). As described
in the previous paragraph, CTc binds to TetX in mode ID,A,
and the primary substrate recognition elements are located in
the substrate-binding domain, where hydrogen-bond donating
residues (Q192, H234, and R213) interact with H-bond accepting
ketone and amide functional groups on the A-ring of CTc

FIGURE 5 | (A) X-ray crystal structure of CTc bound to TetX in binding mode ID,A defines the orientation of FAD relative to each CTc binding mode (PDB ID: 2y6r).
(B) Theoretical and experimentally observed tetracycline binding modes (four total). Image in panel (A) was generated using PyMOL v1.7.
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FIGURE 6 | Recognition elements of CTc A-ring for each experimentally observed substrate-binding mode. (A) X-ray structure of CTc bound to TetX in Mode ID,A

(PDB ID: 2y6r). (B) Expanded X-ray structure of CTc bound to TetX in Mode ID,A with interacting structural residues highlighted and labeled (PDB ID: 2y6r). (C) X-ray
structure of CTc bound to Tet50 in Mode IIA,D (PDB ID: 5tui). (D) Expanded X-ray structure of CTc bound to Tet50 in Mode IIA,D with interacting structural residues
highlighted and labeled (PDB ID: 5tui). Images were generated using PyMOL v1.7.

(Figures 6A,B). While a number of hydrophobic residues in
the substrate-binding domain also interact with the C- and
D-rings of the enzyme-bound CTc (Volkers et al., 2011),
the open cavity near the substrate loading channel of the
FAD-IN conformer of TetX allows mostly weak interactions
with the D-ring – which can also associate with readily
available solvent molecules. In contrast, as shown in Figure 6C,
CTc binds to Tet50 in mode IIA,D (FAD-IN conformer
shown), where several van der Waals interactions between
the C-terminal stabilizing alpha-helix, the second C-terminal

“gatekeeper” helix, and a residue of the lower FAD-binding
domain interact with the N,N′-(dimethyl)amino substituent
of the now “west” tetracycline A-ring. The expanded view
of the mode IIA,D in Figure 6D highlights the important
contribution of the second C-terminal “gatekeeper” helix –
which is present in members of the tetracycline destructase
family of enzymes but noticeably absent in TetX – to substrate
recognition and accommodation. In turn, the substantial
differences in experimentally observed substrate-binding modes
for CTc-bound TetX and Tet50 account for the variability in
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tetracycline degradation profiles observed for both enzymes,
as the proximities of enzyme-reactive functional groups to the
C4a-center of the FAD cofactor directly influence the nature of
potential degradation cascades (Forsberg et al., 2015; Park et al.,
2017).

MECHANISMS OF TETRACYCLINE
OXIDATION

Oxidative “Soft” Spots on the
Tetracycline Scaffold
Due to the unstable nature of tetracyclines to light (Moore
et al., 1983; Halling-Sorensen et al., 2002; Fuoco, 2015), heat
(Nguyen et al., 2015), and acid or base (Yuen and Sokoloski,
1977), the enzymatic and non-enzymatic degradation profiles of
tetracycline antibiotics are complex. The mixtures of products
resulting from tetracycline oxidation are likely responsible
for the distinct brown colored growth phenotype of E. coli
expressing tetracycline destructases (Speer and Salyers, 1989;
Yang et al., 2004; Forsberg et al., 2015). However, because the
spatial orientation of the substrate in relation to the reactive
C4a-peroxyflavin is fundamentally important to the mechanism
of oxidation and tetracycline degradation, the experimentally
observed binding modes of CTc bound to TetX and Tet50 can
be used to identify potential, binding mode-specific, oxidative
“soft” spots on the tetracycline scaffold. These oxidative “soft”

spots can then be used as starting points to propose potential
non-enzymatic degradation cascades to explain experimentally
observed degradation profiles (Yang et al., 2004; Forsberg et al.,
2015; Park et al., 2017).

For CTc bound in mode ID,A, the proposed potential oxidative
sites on CTc are the C11a-enol- and C12-carbonyl-carbon
centers, at distances of 5.8 and 5.0 Å, respectively, from the
C4a-position on the FAD cofactor (as determined from the
X-ray crystal structure of CTc bound to TetX, Figure 7). This
is consistent with the enzymatic hydroxylation of the C11a-
center of oxytetracycline by TetX reported by Wright and
coworkers in 2004, where acid-stabilizing hemiketal formation
of the enzymatic degradation product allowed the authors to
isolate and fully characterize the intermediate (see Figure 3,
vide supra). For CTc bound in mode IIA,D, where the A-ring
is most accessible to C4a-peroxyflavin oxidation, the proposed
potential oxidative sites on CTc are the C1-carbonyl, C2-
enol, and C3-carbon centers at distances of 7.4, 6.7, and
6.1 Å, respectively (as determined from the X-ray crystal
structure of CTc bound to Tet50, Figure 7). It appears that the
tetracycline substrate is merely a victim of fate and the oxidative
“soft spot” that aligns closest to the C4a-peroxyflavin will be
oxidized. Properly defining the distance constraints between
flavin-C4a and oxidation sites will enable some predictive
capacity. A similar oxidative “soft spot” has been reported
for the rifamycin monooxygenase (Rox) that hydroxylates the
C2 position of the hydroxynaphthol leading to formation of
a 1,2-naphthoquinone (Koteva et al., 2018; Liu et al., 2018).

FIGURE 7 | Victim of fate: the site of tetracycline oxidation is determined by binding mode and distance from flavin-C4a. Bond distances to reactive centers on CTc
bound to TetX in Mode ID,A (PDB ID: 2y6r) and CTc bound to Tet50 in Mode IIA,D (PDB ID: 5tui) were determined in PyMOL from the corresponding PDB files. Images
of FAD were generated using PyMOL v1.7.
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In the rifamycin-Rox structure C2 is reported to be 4.7 Å from
flavin-C4a.

Oxidation Initiates a Cascade of
Chemistry
The highly conjugated nature of the tetracycline antibiotics
enables chemical communication across the entire 4-ring
structure, which – in turn – can result in a variety of non-enzyme
catalyzed rearrangement cascades following the enzymatic
oxidation of tetracycline substrates. Indeed, the complex nature
of the enzymatic degradation profiles of tetracycline antibiotics
and instability of oxidized degradation products implies that
non-enzymatic cascade reactions must occur spontaneously
in solution to result in a decrease of observed enzymatic
degradation product. While the primary enzymatic degradation
product of TetX monohydroxylation of oxytetracycline has been
observed (Yang et al., 2004), several degradation cascades have
been proposed to explain LCMS-observed degradation product
formation resulting from the tetracycline destructase-mediated
enzymatic oxidation of binding-mode-specific reactive “soft
spots” on tetracycline scaffolds (Forsberg et al., 2015; Park et al.,
2017).

The nucleophilic or electrophilic nature of the intermediate
C4a-peroxyflavin (pKa ∼ 7–8; Favaudon, 1977; Kemal et al.,
1977) within the enzyme active site can be ambiguous
across class A FMO enzymes and is largely dependent upon
protonation state (protonated C4a-peroxyflavin = electrophilic
species; deprotonated C4a-peroxyflavin = nucleophilic species;
Massey, 1994; Montersino and Berkel, 2013; Huijbers et al.,
2014). The majority act as electrophiles in the hydroxylation of

electron-rich aromatic rings (Wierenga et al., 1979), but Baeyer–
Villiger chemistry has been observed when the substrate is an
electrophilic carbonyl (Ryerson et al., 1982; Schwab et al., 1983;
Walsh and Wencewicz, 2013). Thus, for the Tet56-mediated
degradation of tetracycline resulting in the formation of major
ion [M+H]+ 387.1556, it is proposed that a nucleophilic C4a-
flavinperoxide can add to the C12-ketone of tetracycline to form
a transient, tetrahedral intermediate (Figure 8; Forsberg et al.,
2015). This intermediate can undergo a Baeyer–Villiger-type ring
expansion via a 1,2-alkyl-shift to eliminate the C4a-hydroxyflavin
and provide an intermediate ester, which upon hemiketal
collapse and rearomatization of the former C-ring can provide
a naphthyl-substituted cyclohex-4-en-1,2-dione intermediate.
Alternatively, the same tetrahedral intermediate can undergo
a Grob fragmentation, followed by C-ring aromatization, to
arrive at the same naphthyl-substituted cyclohex-4-en-1,2-dione
intermediate. This cyclohex-4-en-1,2-dione can then tautomerize
and undergo a retro[4+2]-cycloaddition to eliminate either two
equivalents of carbon monoxide (CO) or one equivalent of
transient oxoketene – that, upon hydrolysis, would provide an
equivalent of glyoxylic acid – to afford the proposed degradation
product as the naphthylic acid ([M+H]+m/z = 387.1556). Upon
Michael addition and enol tautomerization, the naphthylic acid
intermediate can provide the corresponding lactone ([M+H]+
m/z = 387.1556).

Correspondingly, for the Tet55-mediated degradation of
tetracycline resulting in the formation of major ion [M+H]+
467.1216, it is proposed that the nucleophilic addition of
the C4a-flavinperoxide to either the C1- or C3-positions
of the tetracycline substrate can result in the formation
of two, rapidly interconverting epoxide species (Figure 9;

FIGURE 8 | Cascade reactions leading to tetracycline degradation products from enzymatic C12-oxidation of mode ID,A-bound tetracycline.
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FIGURE 9 | Cascade reactions leading to tetracycline degradation products from enzymatic C1- or C3-oxidation of mode IIA,D-bound tetracycline.

Park et al., 2017). These species can undergo a ring-expansion
via collapse of the hemiketal-epoxide to provide an intermediate
lactone, which upon elimination of one equivalent of CO
and subsequent intramolecular 5-(enol-exo)-exo-trig cyclization
of the resultant enol-containing alpha-ketoamide, could be
converted to the proposed degradation product ([M+H]+
467.1216). Alternatively, the intermediate lactone could undergo
a second enol oxidation, followed by ketal collapse and extrusion
of carbon dioxide (CO2), to provide the same enol-containing
alpha-ketoamide, which after intramolecular 5-(enol-exo)-exo-
trig cyclization provides the corresponding degradation product.

Alternatively, hydroxylation of C2 with an electrophilic C4a-
peroxyflavin would initiate a cascade resulting in the same
degradation product (Figure 10; [M+H]+ 467.1216). A similar
hydroxylation of C2 in mithramycin biosynthesis initiates a ring
opening cascade to provide the bioactive form of the DNA minor
groove-binding molecule (Gibson et al., 2005). While the precise
degradation products remain unknown for both the enzymatic
oxidation and the following non-enzymatic degradation cascade,
these mechanistic proposals may serve as useful models as more
information becomes available en route to the elucidation of the
enzymatic degradation of tetracycline antibiotics (Yang et al.,
2004; Forsberg et al., 2015; Ghosh et al., 2015; Park et al.,

2017). It is noteworthy that a similar cascade event takes place
for the Rox-mediated inactivation of rifamycin where oxidation
of the C2 position of the hydroxynaphthalene leads to ring
opening of the macrolactam and subsequent linearization of
rifamycin (Koteva et al., 2018; Liu et al., 2018). A detailed
understanding of enzymatic and non-enzymatic degradation
cascades for tetracycline and other antibiotics is critical for
designing future generations of molecules that overcome these
resistance mechanisms and diagnostic tools to detect active
antibiotic-inactivating enzymes in clinical samples. In fact, the
degradation mechanisms of beta-lactam antibiotics by beta-
lactamase enzymes were fundamentally important to the design
of fluorogenic and chromogenic probes used in clinical diagnostic
applications (O’Callaghan et al., 1972; Yu et al., 2012; Ghavami
et al., 2015).

TETRACYCLINE DESTRUCTASE
INHIBITORS, AN ADJUVANT APPROACH

Antibiotic Destructase Inhibitors
There are two clinically proven approaches to overcoming
resistance by antibiotic destructases: (1) modification of the
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FIGURE 10 | Alternative mechanistic pathway leading to formation of the ring contracted degradation product ([M+H]+ 467.1216) initiated by hydroxylation of C2.

FIGURE 11 | (A) Structures of tetracycline (top) and anhydrotetracycline (bottom). Conformation of tetracycline (B) and anhydrotetracycline (C) as viewed from face
and edge of the tetracyclic core. 3D structures of tetracycline and anhydrotetracycline in panels (B) and (C) were energy minimized using Spartan and images were
generated using Mercury software v3.10.

antibiotic structure in a manner that prevents covalent
modification (i.e., successive generations of beta-lactams) (Fisher
et al., 2005); (2) co-administration of an adjuvant that inhibits
production and/or catalytic activity of antibiotic destructases
(i.e., beta-lactam/beta-lactamase inhibitor combinations) (Bush,
2018). Modern beta-lactam antibiotics are now fifth generation
scaffold iterations, and it is rare to push new beta-lactams
into the clinic without co-administration of a beta-lactamase
inhibitor. The first beta-lactamase inhibitors, such as clavulanic
acid isolated from Streptomyces clavuligerus, were found to
be beta-lactams like the parent antibiotic (Reading and Cole,
1977). Nature seems to have invented this adjuvant approach
long before medicinal chemists ever proposed the idea. In
addition to clavulanic acid, S. clavuligerus also produces the
cephalosporin antibiotic cephamycin. The biosynthetic genes
for both clavulanic acid and cephamycin are colocalized in a
“super cluster” operon, resulting in simultaneous production
of the antibiotic and adjuvant to ensure efficacy against beta-
lactamase-producing competitors (Ward and Hodgson, 1993). It

is conceivable that tetracycline producers can also biosynthesize
tetracycline destructase inhibitors to protect the tetracycline
antibiotic, though evidence of which has yet to be discovered.

Anhydrotetracycline – The First
Tetracycline Destructase Inhibitor
Tetracycline producers readily excrete analogs and shunt
products during tetracycline biosynthesis (Pickens and Tang,
2010; Wang et al., 2013). One intermediate and shunt product
in tetracycline biosynthesis, anhydrotetracycline, was found
to be a poor substrate for the tetracycline destructases
(Forsberg et al., 2015; Park et al., 2017). Only TetX was
able to oxidize anhydrotetracycline, albeit very slowly, suggesting
that tetracycline destructases can still bind anhydrotetracycline
in the substrate-binding domain despite the subtle structural
differences compared to the parent tetracycline (Figure 11).
Dehydration of the tetracycline scaffold at C6 provides the
more hydrophobic anhydrotetracycline with a flattened
naphthalene C,D-ring system and some conformational changes
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in the A,B-rings. Despite the subtle structural differences,
tetracycline and anhydrotetracycline show remarkably different
biological activity. Tetracyclines are potent ribosome inhibitors
and have an overall bacteriostatic effect on cells (Wilson,
2009). Anhydrotetracyclines are weak ribosome inhibitors
and have a bactericidal effect on cells, presumably through
membrane depolarization (Rasmussen et al., 1991; Oliva et al.,
1992). Anhydrotetracycline was able to rescue the activity of
tetracyclines when co-administered in checkerboard antibacterial
assays against E. coli expressing tetracycline destructases (Park
et al., 2017). Furthermore, anhydrotetracycline was shown to
be a potent inhibitor of tetracycline destructases in vitro at low
micromolar levels. It remains unclear if anhydrotetracycline is
acting as a true competitive inhibitor or a competitive (slow)
substrate. These initial studies suggest that anhydrotetracycline is
a viable tetracycline destructase lead inhibitor and sets the stage
for developing tetracycline destructase inhibitors as adjuvants
for use in combination therapy with tetracycline antibiotics.
This also raises the question as to whether tetracycline-
producing microbes excrete anhydrotetracycline with the
tetracycline antibiotic to act synergistically as tetracycline
destructase inhibitors and secondary antibiotics with an alternate
mode of action (membrane depolarization). Mixtures of
tetracycline and tetracycline degradation products, including
anhydrotetracycline, have been shown to invert resistance
selection and select against tetracycline efflux pumps (Palmer
et al., 2010; Chait et al., 2011; Stone et al., 2016). Tetracycline
destructases and associated degradation products might play
a variety of roles beyond resistance in natural environments,
including signaling and control of microbial populations (Yim
et al., 2007).

Structural and Mechanistic Basis for
Inhibition
X-ray crystal structures of anhydrotetracycline bound to Tet50
revealed several important distinctions in the binding mode
compared to the previously discussed structures of CTc bound
to Tet50 and TetX (Figure 12; Park et al., 2017). First, a
new binding orientation of the tetracyclic scaffold, Mode IA,D,
was observed (see Figure 5 for reference). The flattened C,D-
ring system enables anhydrotetracycline to bind deeper in the
substrate-binding domain with the C6-methyl group filling a
hydrophobic pocket lined by L198, T207, L205, M222, V181,
P296, and Q44. This orientation pushes the flavin “out” and
orients the gatekeeper helix so the active site is open to solvent.
This binding mode is inaccessible to canonical tetracyclines
with methylation and hydroxylation at C6 due to steric
clashing. The anhydrotetracycline-stabilized Tet50 conformation
is predicted to be catalytically incompetent; however, other
binding modes with anhydrotetracycline might be possible
based on the observed plasticity of the tetracycline destructases
for CTc. Since TetX can slowly oxidize anhydrotetracycline,
it seems possible that anhydrotetracyclines can bind in
alternate modes similar to CTc that might enable the flavin
cofactor to reach the catalytically competent “in” conformation.
The gatekeeper helix might be the distinguishing structural

feature between TetX and other tetracycline destructases
that determines conformational dynamics, substrate plasticity,
catalytic efficiency, and susceptibility to inhibition. The structure
of anhydrotetracycline bound to Tet50 should serve as a guide for
structure-based drug design of improved tetracycline destructase
inhibitors.

Mechanistic Model for Catalysis and
Inhibition
Based on the structural (the section “Structural Basis
for Tetracycline Inactivation”), mechanistic (the section
“Mechanisms of Tetracycline Oxidation”), and inhibition (the
section “Tetracycline Destructase Inhibitors, an Adjuvant
Approach”) studies of the tetracycline destructases, a generic
model for the catalytic cycle of tetracycline inactivation and
inhibition is proposed (Figure 13). The tetracycline destructase
can exist in a resting state with the flavin in the oxidized form
(I). As shown for other class A FMOs (Abdelwahab et al.,
2016), substrate binding (II) can accelerate flavin reduction
by NADPH (III) with the flavin dynamically moving between
the FAD-IN and FAD-OUT states. The timing and location
of C4a-peroxyflavin formation is unclear, but presumably, to
oxidize the substrate, the C4a-peroxyflavin must move to the
“in” conformation (IV). If the tetracycline destructase has a
gatekeeper helix, then the enzyme active site will be closed
when the flavin transitions from “out” to “in” and ultimately is
positioned to oxidize the tetracycline substrate (V). Movement
of the flavin to the “out” conformation will result in movement
of the gatekeeper helix to open the active site and release the
tetracycline product to complete the catalytic cycle (VI). The
oxidized tetracycline products might be subject to further
enzymatic oxidation or non-enzymatic cascade reactions
leading to non-antibacterial tetracycline degradation products.
Anhydrotetracycline is predicted to competitively bind in the
substrate-binding domain, which can lead to formation of a
stabilized tetracycline destructase inhibition complex with the
flavin cofactor essentially “locked” in the unproductive “out”
conformation (VII). Anhydrotetracycline is slowly oxidized by
TetX; thus, it is conceivable that net destructase inhibition is
achieved by anhydrotetracycline acting as a competitive (slow)
substrate (VIII). FMOs are a diverse family of oxidoreductases
that perform a staggering array of transformations (Walsh and
Wencewicz, 2013). There are still many unanswered questions
regarding the timing and mechanism of tetracycline inactivation
and tetracycline destructase inhibition that will require further
structural, mechanistic, and kinetic studies (Eswaramoorthy
et al., 2006; van Berkel et al., 2006; Romero et al., 2018).

FINAL THOUGHTS

Tetracycline Destructases Represent an
Emerging Threat to Next-Generation
Tetracyclines
Antibiotic resistance is a moving target (Wright, 2007).
Tetracyclines have kept pace through advancements in scaffold
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FIGURE 12 | (A) X-ray crystal structure of anhydrotetracycline bound to Tet50 in Mode IA,D (PDB accession number 5tuf). (B) Surface view of X-ray crystal structure
of aTC bound to Tet50. (C) X-ray crystal structure of anhydrotetracycline bound to Tet50 in Mode IA,D with recognition residues highlighted. (D) Expanded X-ray
crystal structure of anhydrotetracycline bound to Tet50 in Mode IA,D with recognition residues highlighted and labeled. Images were generated using PyMOL v1.7.

derivatization, semi-synthesis, biosynthesis, and total chemical
synthesis (Chopra and Roberts, 2001; Liu and Myers, 2016;
Sun and Xiao, 2017). Increased use of third (tigecycline) and
fourth generation (eravacycline, omadacycline) tetracyclines that
overcome resistance by efflux and ribosome protection threaten
to select for new resistance mechanisms. The tetracycline
destructases are FMOs that confer resistance to these next-
generation tetracyclines via covalent inactivation (Moore
et al., 2005; Grossman et al., 2012; Sutcliffe et al., 2013;

Volkers et al., 2013). Antibiotic oxidation is an emerging
inactivation resistance strategy that has only been observed
for one other antibiotic class, the rifamycins (Abdelwahab
et al., 2016; Liu et al., 2016, 2018; Koteva et al., 2018).
Resistance to rifamycin via enzymatic inactivation is not
limited to FMOs; in fact, known rifamycin destructases
include FMOs (Abdelwahab et al., 2016; Liu et al., 2016, 2018;
Koteva et al., 2018), glycosyltransferases (Spanogiannopoulos
et al., 2012), ADP-ribosyltransferases (Baysarowich et al.,
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FIGURE 13 | A mechanistic model for the tetracycline destructase catalytic cycle and inhibition by anhydrotetracycline is proposed. (I) Flavin oxidized, open active
site; (II) substrate binding, flavin oxidized, open active site; (III) substrate bound, flavin reduced, open active site; (IV) substrate bound with C4a-peroxyflavin in “in”
conformation, closed active site; (V) oxidized product bound with C4a-hydroxyflavin in “in” conformation, closed active site; (VI) substrate bound with
C4a-hydroxyflavin in “out” conformation, open active site; (VII) inhibitor bound with flavin in “out” conformation, open active site; (VIII) inhibitor bound with
C4a-peroxyflavin in “in” conformation, closed active site.

2008), and phosphotransferases (Stogios et al., 2016). Future
prospecting for tetracycline ARGs will likely result in the
discovery of non-FMO tetracycline destructases. Tetracyclines,
and rifamycins, are sensitive to chemical photooxidation; so,
it seems appropriate that the first tetracycline destructases,
FMOs, exploit this reactivity (Moore et al., 1983). The
relevance of FMO tetracycline destructases is presumably
limited to aerobic infections due to the strict requirement
of molecular oxygen for tetracycline inactivation (Guiney
et al., 1984). Historically, tetracyclines have been found to
be more effective against aerobic bacteria than anaerobic
bacteria (Chow et al., 1975). Thus, acquisition and expression
of tetracycline destructase FMO genes will be beneficial for
aerobic and facultatively anaerobic pathogens that cause a
variety of aerobic infections, including pulmonary, periodontal,
skin, and post-surgical wound infections (Chopra and Roberts,
2001).

Functional Prospecting Is Needed to
Monitor the Dissemination of
Tetracycline Destructase Genes in
Human Pathogens
Tetracycline destructases have emerged on mobile genetic
elements in human bacterial pathogens (Leski et al., 2013). It
appears urgent to have a management plan for tetracycline
destructases in place before a clinical crisis emerges. Functional
metagenomics is an effective strategy to monitor the
dissemination of tetracycline destructases in hospitals and
should be continuously applied to patient samples and clinical
isolates (Crofts et al., 2017). Tetracycline destructases, including

TetX, evolved in the presence of countless tetracycline variants in
diverse environments and thus gained great substrate plasticity
(Forsberg et al., 2015; Park et al., 2017). This explains the ability
of TetX to oxidize never-before-seen synthetic tetracyclines,
including the clinical antibiotics tigecycline and eravacycline,
through flexibility in substrate-binding mode that allows for
accommodation of tetracyclines with bulky D-ring substituents
(Figure 14; Grossman et al., 2012; Sutcliffe et al., 2013). This
same type of substrate plasticity has been well documented for
the beta-lactamases and carries the risk of causing pan-resistance
to an entire drug class (Bush and Jacoby, 2010). A recent study
showed that random mutagenesis of the tetX gene readily
provided TetX variants with significantly improved activity
toward tigecycline inactivation (Linkevicius et al., 2016). This
suggests that tetX is poised to emerge as a primary resistance
mechanism under tigecycline selective pressure. Similar to
tigecycline, fourth generation molecules like eravacycline
and omadacycline possess bulky D-ring substituents that are
accommodated and solvent exposed by the constitutively
open TetX active site (Figure 14). Comprehensive study of
the functional evolution and evolvability of the tetracycline
destructases is merited to anticipate future enzyme variants that
might emerge in human pathogens (Brandt et al., 2017; Crofts
et al., 2017; Pawlowski et al., 2018). It will be interesting to look
to tetracycline biosynthetic pathways for FMOs that introduce
scaffold oxidations to see if these can undergo gain-of-function
as destructases, which might point toward a pathway of evolution
for the tetracycline destructases (Gibson et al., 2005; Pickens
and Tang, 2010; Walsh and Wencewicz, 2013; Wang et al.,
2013).
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FIGURE 14 | (A) X-ray structure of tigecycline bound to TetX in Mode ID,A (PDB accession number 4a6n). (B) Surface view of X-ray structure of tigecycline bound to
TetX in Mode ID,A. (C) X-ray structure of tigecycline bound to TetX in Mode ID,A with relevant substrate recognition interactions highlighted. (D) Expanded X-ray
structure of tigecycline bound to TetX in Mode ID,A with relevant substrate recognition interactions highlighted for the A-ring (Q192, R213) and the D-ring
N-t-butyl-glycylamide substituent (E367). Electron density for the C2-carboxamide bond was missing in the PDB file 4a6n. The C2-carboxamide bond was added
using the create bond function in PyMOL. Images were generated using PyMOL v1.7.

Inhibitors Are Needed as Tetracycline
Adjuvants for Future Combination
Therapy
Mechanistic and kinetic evaluation of tetracycline destructases
have revealed an impressive capacity for substrate oxidation at
diverse scaffold positions (Figure 7). Further studies will be
needed to map oxidative soft spots to guide the synthesis of
next-generation tetracyclines that block oxidation by tetracycline
destructases and maintain high affinity for the bacterial ribosome.

The high degree of substrate plasticity of the tetracycline
destructases suggests that inhibitors will likely be needed as
adjuvants for combination therapies with tetracycline antibiotics.
The history of beta-lactamases tells us that scaffold iteration
is not enough, and it would be prudent to have inhibitors
in hand before tetracycline destructases become a widespread
clinical resistance mechanism. Anhydrotetracycline has emerged
as the first tetracycline destructase inhibitor and shows potential
to be a pan-destructase inhibitor. TetX can slowly oxidize
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anhydrotetracycline; thus, models as both a competitive inhibitor
and a competitive sacrificial substrate should be applied. Most
beta-lactamase inhibitors are mechanism-based and act as both
sacrificial substrates and covalent inhibitors, providing clinical
evidence that this model of destructase inhibition is viable.
The crystal structure of anhydrotetracycline bound to Tet50
in a novel binding mode that presumably locks the flavin
cofactor in the “out” conformation is a good starting point
for structure-based drug design (Figure 12; Park et al., 2017).
Anhydrotetracyclines do have antibacterial activity as membrane
disruptors and are capable of cell permeation even at sub-
MIC levels relevant for tetracycline destructase inhibition when
used in combination with tetracycline antibiotics (Rasmussen
et al., 1991). In addition to anhydrotetracycline, a variety of
inhibitor scaffolds would be beneficial, as history from beta-
lactamases tells us that multiple inhibitor types will be needed
to keep pace with the constantly evolving destructases (Drawz
and Bonomo, 2010; Bush, 2018). For antibiotic resistance
it is not a question of if, but when it will become a
clinical problem, which begs the question: When will we take
notice? Given the historical precedence for enzymatic antibiotic
inactivation mechanisms to dominate resistance landscapes, it
is conceivable that all next-generation tetracyclines will need
to be co-administered with a tetracycline destructase inhibitor
potentially in our lifetime. Therefore, a proactive approach
to developing next-generation tetracyclines and tetracycline
destructase inhibitors is the prudent solution to avoiding a
clinical crisis . . . for now.
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Since their discovery in the early 1950s, macrolide antibiotics have been used in
both agriculture and medicine. Specifically, macrolides such as erythromycin and
azithromycin have found use as substitutes for β-lactam antibiotics in patients with
penicillin allergies. Given the extensive use of this class of antibiotics it is no surprise
that resistance has spread among pathogenic bacteria. In these bacteria different
mechanisms of resistance have been observed. Frequently observed are alterations in
the target of macrolides, i.e., the ribosome, as well as upregulation of efflux pumps.
However, drug modification is also increasingly observed. Two classes of enzymes
have been implicated in macrolide detoxification: macrolide phosphotransferases
and macrolide esterases. In this review, we present a comprehensive overview on
what is known about macrolide resistance with an emphasis on the macrolide
phosphotransferase and esterase enzymes. Furthermore, we explore how this
information can assist in addressing resistance to macrolide antibiotics.

Keywords: antibiotic resistance mechanisms, macrolide resistance, macrolide phosphotransferase, erythromycin
esterase, ketolides, macrolides, Ere, MPH

INTRODUCTION

After β-lactams and aminoglycosides, macrolides were the third major class of microbial products
to be discovered that possess antibiotic properties (Lewis, 2013). The archetypal macrolide,
erythromycin, was first isolated in 1949 from the soil dwelling bacterium Saccharopolyspora
erythrea in a Filipino environmental sample. Within, what is now considered a very short time, this
macrolide antibiotic entered clinical practice in 1952. This kick-started the golden-era of macrolide
discovery where a plethora of new macrolides were being frequently characterized. Furthermore, it
fueled the development of next-generation macrolides using semi-synthetic approaches (Bryskier,
2000).

Initially, macrolides were primarily used for the treatment of upper respiratory tract, skin
and soft tissue infections, as dictated by the pharmacological properties of these drugs. As next
generation macrolides, improved upon the drug characteristics of these antibiotics, their usage
was expanded. Specifically, macrolides now proved effective in the treatment of infections caused
by Gram-positive bacteria (e.g., Streptococcus pneumoniae, Streptococcus pyogenes, Staphylococcus
aureus), some Gram-negative (e.g., Haemophilus influenzae), as well as atypical pathogens (e.g.,
Chlamydia trachomatis – causative agents of chlamydia, Treponema pallidum – causative agents
of syphilis, Mycoplasma pneumoniae). It has been noted that many of the infections that can be
treated by next-generation cephalosporins also are treatable using macrolides (Zhanel et al., 2001).
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Fortuitously, this provides a much-needed alternative treatment
option for patients allergic to penicillins, and has thus increased
the clinical application of these drugs (MacLaughlin et al., 2000).
It should also be mentioned that the use of macrolides is not
strictly restricted to antibiotics. Several macrolides are also in use
or in clinical development for modulation of immune response
including 12-membered EM-900, 23-membered tacrolimus and
31-membered rapamycin (Gomes et al., 2017).

MACROLIDE ANTIBIOTICS

Chemical Structure of Macrolides
Macrolide antibiotics are synthesized by polyketide-synthases
present in various Streptomyces sp. The archetypal chemical
structure for a macrolide antibiotic consists of a 12–18 membered
lactone ring to which 1–3 different hexose moieties are directly or
indirectly attached (see Figure 1). One of the hexose moieties is
linked at the C5 position of the macrolactone ring and is either
a desosamine or a mycaminose sugar. If it is a mycaminose,
a second sugar, mycarose, is linked to this moiety, creating a
disaccharide at the C5 position. A cladinose is frequently linked
to the C3 position of the ring. Various additional substitutions on
the macrolactone ring are observed creating extensive chemical
diversity among macrolides (Omura, 2002).

Given the modular nature of macrolide antibiotics, which
is a result of these molecules being synthesized by polyketide
synthases, it is to be expected that a large number of different
macrolides can be found in nature. A conservative estimate
is that currently over 2000 different macrolides have been
found by various groups (Omura, 2002). However, despite
this abundance of molecules, only very few of these have
thus far found clinical use. Clearly, not all macrolides possess
the required pharmacological properties, to be sufficiently
effective in the treatment of bacterial infections. Most notably,
one of the persistent roadblocks for the clinical use of
macrolide antibiotics has been their inherent susceptibility
to acid degradation, which make them suboptimal for oral
administration (Hassanzadeh et al., 2007). The desire to
obtain improved pharmacokinetic properties has fueled the
use of semi-synthetic approaches to create next-generation
macrolides.

At present several semi-synthetic macrolides are in clinical
use or in the later stages of clinical development (see Figure 1).
Intriguingly, all of these are derivatives of the first macrolide
to be clinically used, erythromycin. In the 1980s, Taisho
Pharmaceuticals developed clarithromycin. This derivative of
erythromycin is far more stable under acidic conditions, through
a mere methylation of C6 hydroxyl group. (Morimoto et al.,
1984). Around this time, azithromycin, was also developed by
Pliva, as an effective antibiotic with increased acidic stability and
improved pharmacokinetic properties (Girard et al., 1987). In the
1990s, under the pressure of rising resistance (see below), radical
changes to the erythromycin scaffold were tested. Specifically,
removal of erythromycin’s cladinose sugar and oxidation of the
remaining secondary alcohol to a keto group resulted in a scaffold
that retained antibiotic activity, and that was additionally less

susceptible to some forms of macrolide resistance. This sub-
class of macrolides have since received their own name: ketolides
(Bryskier, 2000).

Recently, two research areas have seen advances that will
undoubtedly have a major impact on the development of new
macrolides with improved antibiotic properties. The first is the
increase in our understanding of how macrolides are synthesized
by polyketide-synthases. This has opened the avenue to alter
polyketide-synthases through protein engineering approaches, so
as to create novel macrolides. Currently, this avenue is still in its
infancy, but it shows great promise (Park et al., 2010). The second
area is advances in the total synthesis of macrolides. Specifically,
Seiple et al. (2016) reported the de novo synthesis of several
bioactive macrolides from simple starting blocks, providing a
feasible method for synthesis of thousands of chemically diverse
macrolides. This group was not only able to change the number
of atoms in the macrolactone ring, but also add extra moieties
to the ring, and modify the sugars. This technology is currently
being exploited by Macrolide Pharmaceuticals, a preclinical-stage
company that is developing novel antibiotic compounds.

Mechanism of Macrolide Antibacterial
Activity
Through the study of the effects of erythromycin on bacteria
it was found early on that macrolides had an impact on
protein synthesis (Taubman et al., 1963). Subsequent studies
revealed that this was due to binding of the macrolide to the
ribosome (Taubman et al., 1966). Around that time, studies of
chloramphenicol binding to the 50S ribosome, and interference
of this binding by different classes of antibiotics, suggested
that macrolides interact with the 50S subunit at a related site
(Vazquez, 1966). This binding was also confirmed through
studies of binding of erythromycin to ribosomes from antibiotic-
sensitive and -resistant Bacillus subtilis 168 (Oleinick and
Corcoran, 1969), through the fragment reaction studies (Celma
et al., 1970) and through dimethyl sulfate and kethoxal probing
(Moazed and Noller, 1987). Furthermore, this binding was
shown genetically through two chloramphenicol-erythromycin
resistance mutations on Escherichia coli 23 rRNA (Ettayebi et al.,
1985). However, it took some time before the exact location and
mechanism of ribosome binding and inhibition was determined
through X-ray crystal structures of 50S and 30S ribosomal
subunits and the intact 70S ribosome (Ban et al., 2000; Wimberly
et al., 2000; Schlünzen et al., 2001, 2003; Tu et al., 2005).

Macrolides bind in the peptide exit tunnel of the large
ribosomal subunit, immediately adjacent to the peptidyl
transferase center. They block the lumen of the tunnel preventing
an elongating polypeptide chain to pass through it, causing either
a bacteriostatic effect or a bactericidal result, depending on the
macrolide (Svetlov et al., 2017). It is noteworthy that this exact
site in the bacterial ribosome is not only exploited by macrolides
to exert an antibacterial effect, as also class B streptogramins
and lincosamides bind in this location (Tu et al., 2005; Matzov
et al., 2017). As discussed below, this has implications since
certain mechanisms of resistance to these antibiotics also confer
resistance to macrolides.

Frontiers in Microbiology | www.frontiersin.org August 2018 | Volume 9 | Article 1942146

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


fmicb-09-01942 August 17, 2018 Time: 10:20 # 3

Golkar et al. MPH and Ere Mediated Resistance

FIGURE 1 | Examples of macrolides used in the clinic and in clinical development. A generic structure is also shown that highlights structural elements present in
most macrolides. For semi-synthetic macrolides modifications to the erythromycin scaffold are shown in magenta. MPH- and Ere-mediated modification positions on
macrolides are displayed in orange and red, respectively.
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Despite the chemical diversity of macrolides, there is extensive
similarity in how they bind to the ribosome (see Figure 2).
First of all, the lactone rings, which possess a hydrophobic and
a hydrophilic face, invariably bind to the ribosome with their
hydrophobic face. The desosamine/mycaminose moiety at the
C5 position makes specific hydrogen bond interactions with
the nucleotide residues A2058 and A2059 (E. coli numbering).
Furthermore, for those macrolides that possess a sugar at the
C3 position, this cladinose group makes specific interactions
with the base of nucleotide 2505, though this only contributes
incrementally to the affinity of the macrolide for the 50S subunit
(Hansen et al., 2002).

Intriguingly, for some 16-membered lactone ring macrolides,
that also possess an acetaldehyde group at the C6 position, such
as spiramycin, a covalent bond has been crystallographically
observed between the macrolide’s aldehyde group and the
primary amine group at the N6 position of A2062, creating a
carbinolamine linkage (Hansen et al., 2002). For this, the base
of nucleotide 2062 of the 23S rRNA must reorient by almost 90
degrees so that it protrudes into the lumen of the tunnel. As
the carbinolamine linkage is reversible, this observation does not
imply irreversible binding of these macrolides to the ribosome.

For the ketolides sub-class, the absence of the specific
interactions afforded by the cladinose group are compensated
by interactions created by the cyclic carbamate moiety present
in these antibiotics. The ketolides (because of the carbamate
moiety and the quinolyl allyl group) have been reported to
interact not only to the domain V of 23S rRNA but also with
domain II (helix 35) and possibly domain IV (Hansen et al., 1999;

Xiong et al., 1999; Zhanel et al., 2001; Berisio et al., 2003;
Schlünzen et al., 2003).

It is appropriate to mention here that while macrolides are
known to interfere with protein synthesis through binding to
the bacterial ribosome, this is not universally true. Noteworthy,
the 18-membered ring macrolide, fidaxomicin, inhibits RNA
polymerase (Artsimovitch et al., 2012).

CLINICAL RESISTANCE TO MACROLIDE
ANTIBIOTICS

Bacterial resistance to erythromycin was initially reported in
Staphylococci in 1956, only a few years after its introduction
into clinical practice (MacCabe and Gould, 1956). The first
erythromycin-resistant strains of Streptococci were reported
in the United Kingdom in 1959 and in North America
in 1967 (Lowbury and Hurst, 1959; Dixon, 1968). Since
that time, resistance has been detected in a large number
of bacteria including Staphylococcus spp., Streptococcus spp.,
Bacteroides spp., Enterococcus spp., Clostridium spp., Bacillus
spp., Lactobacillus spp., M. pneumoniae, Campylobacter spp.,
Corynebacterium diphtheriae, Propionibacterium and members of
the Enterobacteriaceae (Leclercq and Courvalin, 1991; Weisblum,
1995; Zhanel et al., 2001).

The extend of macrolide resistance has becoming alarming
depending on the bacterial pathogen and the location. For
example, erythromycin-resistance Campylobacter jejuni rates
have reached 22% in New Delhi, India (Ghosh et al., 2013). Also,

FIGURE 2 | Macrolide binding to the 23S rRNA. (A) The binding of erythromycin to the ribosome is shown. Highlighted also is A2058 and the hydrogen bond it
makes with the 2′ hydroxyl of the desosamine moiety. (B) Additional macrolides are shown illustrating the similarity in their binding modes. Depicted are erythromycin
(purple; pdb code: 4V7U), azithromycin (green; pdb code: 1M1K), carbomycin A (cyan; pdb code: 1K8A) and the ketolide telithromycin (yellow; pdb code: 4V7S).
The figure was prepared using PyMOL (Schrödinger, 2017).
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clarithromycin-resistant Helicobacter pylori has been on the rise
in many countries over the past decade, with rates as high as
∼30% in Japan and Italy, 40% in Turkey and 50% in China
(Thung et al., 2016). In another study, the rate of macrolide
resistance S. pneumoniae among outpatients of county hospitals
in China was reported to be 89–96%. In the same study, the rate of
macrolide resistance MRSA (methicillin-resistant S. aureus) was
found up to 82% and for MSSA (methicillin-susceptible S. aureus)
up to 63% (Xiao et al., 2015). Finally, the incidence of macrolide-
resistant M. pneumoniae in Japan can go as high as 90% and in
Zhejiang province of China to 100% (Pereyre et al., 2016).

As is discussed below, one of the mechanisms of resistance
to macrolides is by target modification, i.e., alterations in the
bacterial ribosome that compromise binding of the antibiotic.
However, as previously mentioned, macrolides exploit the same
pocket in the ribosome as several other antibiotics, specifically
lincosamides and B streptogramins. This implies that the target
modification observed in macrolide resistant bacteria may
also confer resistance to lincosamides and B streptogramins.
Indeed, this has been observed and the associated phenotype
is now referred to as MLSB (Weisblum, 1995; Leclercq, 2002).
Unfortunately, this also implies that certain forms of macrolides
resistance are a far greater clinical and societal problem as they
effectively negate usage of three different classes of antibiotics,
substantially reducing the available armament of antibiotics for
treating bacterial infections.

MECHANISMS OF RESISTANCE TO
MACROLIDE ANTIBIOTICS

As with other antibiotics, resistance to macrolide antibiotics is
not confined to one single mechanism, but several mechanisms
of resistance have been observed. Specifically, mechanisms to: (i)
decrease the intracellular concentration of macrolides, (ii) alter
the target (ribosome), (iii) protect the target (ribosome), and (iv)
chemically modify the antibiotic are observed in clinical isolates.

Decreased Intracellular Concentration
One way in which bacteria are able to evade the action of
macrolides is to reduce the intracellular concentration through
the use of efflux pumps. Several different families of pumps have
been discovered including major facilitators superfamily (MFS),
ATP-binding cassette (ABC) superfamily, multidrug and toxic
compound extrusion (MATE) family, resistance-nodulation-
division (RND) superfamily and small multidrug resistance
(SMR) family (Gomes et al., 2017). These efflux pumps can be
encoded on a chromosome or plasmids, and frequently provide
resistance to multiple classes of antibiotics. Furthermore, they
can often be upregulated in the presence of antibiotics (Ambrose
et al., 2005).

Of particular relevance to macrolides are the Mef and Msr
subfamilies of efflux pumps, which are encoded on plasmids and
which are members of the MSF and ABC families, respectively.
Since Mef proteins are members of the MSF family they do not
use ATP as an energy source to pump the antibiotics to the
exterior of the cell, instead they utilize secondary active transport,

where the energy of ATP is not used directly to transport
macrolides across the membrane. This subfamily of proteins is
one of the important determinants of the macrolide resistance,
with Mef(A) and Mef(E) being the most commonly found. Msr
subfamily of proteins are members of ABC family that use ATP
as an energy source for active transport. Both Mef and Msr
subfamily of proteins are capable of using 14- and 15-membered
macrolides as substrates, including the ketolide telithromycin.
We refer the reader to reviews for further information on
macrolide pumps (Li and Nikaido, 2009; Gomes et al., 2017).

Ribosome Modification
Three types of macrolide resistance conferring modifications to
the ribosome have been observed in bacteria. Most prominently
is methylation of the 23S rRNA by the members of the
Erm family of methyltransferases. These enzymes catalyze the
methylation of the N6 position of nucleotide A2058 in the
23rRNA. This nucleotide makes specific interactions with the
saccharide moiety located at the C5 position of the macrolactone
ring, and methylation interferes with productive hydrogen bond
formation. Mono-methylation of this nucleotide confers low-
to-moderate resistance to macrolides, whereas di-methylation
confers high resistance. It is important to note that di-
methylation by Erm methyltransferases additionally confers
high resistance to all MLSB antibiotics as well as the ketolide
telithromycin, exacerbating antibiotic resistance (Poehlsgaard
and Douthwaite, 2005; Roberts, 2008).

Besides methylation of the rRNA, mutations in the rRNA
can also confer resistance. Mutation of A2058 will alter the
ribosomal target site and prevent binding of macrolides, as
well as lincosamides and group B streptogramins (Franceschi
et al., 2004; Lambert, 2005; Tu et al., 2005). Furthermore, it has
been shown that mutations of A2059 will confer macrolide and
lincosamide resistance (Vester and Douthwaite, 2001; Leclercq,
2002). Numerous other mutations have been reported in both
domains II and V that confer resistance to various macrolides,
and this list is continuously expanding (Vester and Douthwaite,
2001; Hansen et al., 2002).

Mutations in some of the ribosomal proteins are also
capable of conferring resistance. Specifically, alterations have
been identified in the L4 and L22 ribosomal proteins. These
alterations are single amino acid changes or could also consist of
insertion/deletion of one or more amino acids to these proteins.
These mutations have been documented in many clinical isolates,
including S. pneumoniae, H. influenzae, and E. coli (Roberts,
2008). Mutations in L4 and L22 have been proposed to confer
resistance through changing the shape of the peptide exit tunnel
and distortion of the macrolide-binding site, which results in
altered binding kinetics for macrolides (Gabashvili et al., 2001;
Moore and Sauer, 2008; Lovmar et al., 2009; Wekselman et al.,
2017).

Ribosome Protection
Recently a new mechanism of resistance has been described for
macrolides, mediated by members of the ABC-F subfamily of
ATP-binding cassette proteins, such as MsrE (Sharkey et al., 2016;
Su et al., 2018). Electron microscopy and biochemical studies for
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MsrE show that this protein can bind to a stalled ribosome in
which a peptidyl-tRNA is in the P-site. The ATP bound form
of MsrE can than insert a needle-like domain that reaches the
peptidyl transferase center and the adjacent peptide exit tunnel,
i.e., the location where macrolides bind, where it pushes the
antibiotic out of its binding site (Su et al., 2018). Note that
since streptogramins and lincosamides also bind in this region of
the ribosome, MsrE and/or homologs of this protein can confer
resistance to other MLSB antibiotics. Although this is a novel
mechanism of resistance to macrolides, it is reminiscent of what
has previously been described for tetracyclines (Nguyen et al.,
2014; Arenz et al., 2015).

Drug Modification
A third mechanism of resistance to macrolides is the
enzymatically catalyzed modification of these antibiotics.
As a consequence of the alteration facilitated by specific enzymes,
the modified macrolides are no longer capable to bind effectively
to the 50S ribosome, and are thus unable to exert an antibiotic
effect. Thus far two classes of enzymes have been identified in
bacteria that confer resistance to macrolide antibiotics: macrolide
phosphotransferases (MPHs) and Macrolide Esterases (Eres).
Below these two classes of enzymes are discussed in greater
detail.

It is worth noting that a third class of enzymes has
been identified that modify macrolides, i.e., macrolide
glycosyltransferases (Cundliffe, 1992; Quirós et al., 2000;
Bolam et al., 2007). However, these enzymes are not involved
in conferring antibiotic resistance as they are only present in

macrolide producing bacteria where they provide “host cell
antibiotic immunity” (Fyfe et al., 2016). However, it is possible
that in future this self-protection mechanism could be co-opted
by other bacteria and transformed into a bona-fide antibiotic
resistance mechanism.

MACROLIDE PHOSPHOTRANSFERASES

In the search for novel mechanisms of resistance to macrolides,
O’Hara, Kanda and Kono examined the ability of erythromycin-
resistant clinical strains to detoxify macrolides, in the late
1980s. This search initially revealed that bacterial lysate
from a clinical E. coli strains was able to phosphorylate
oleandomycin, in 1988 (O’Hara et al., 1988). Subsequent
work resulted in the purification and characterization of
an enzyme that phosphorylated the hydroxyl group located
at the 2′ position of the C5 linked desosamine moiety of
erythromycin and oleandomycin (see Figure 3). This enzyme was
accordingly named macrolide 2′-phosphotransferase (O’Hara
et al., 1989). Following this discovery several more enzymes
have been found that show a similar activity. These MPHs
all mediate the transfer of the γ-phosphate group from
GTP onto the macrolide substrates and doing so confer
resistance to a group of bacteria ranging from Gram-negative
(E. coli, Pseudomonas, Pasteurella, Klebsiella, Serratia, Shigella)
to Gram-positive (Staphylococcus) (Matsuoka et al., 1998, 2003;
Nguyen et al., 2009; Ferjani et al., 2012; Mendes et al.,
2017).

FIGURE 3 | Enzymatic modifications of erythromycin A catalyzed by MPH(2′)s and Eres.
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Macrolide Phosphotransferase Family
Members
At least 15 gene subtypes of MPHs have been reported, which
are designated mph(A) to (O) (O’Hara et al., 1989; Kono et al.,
1992; Kim et al., 1996; Matsuoka et al., 1998, 2003; Roberts et al.,
1999; Schlüter et al., 2007; Pawlowski et al., 2016, 2018a). Here,
we name their products MPH(2′)-I to MPH(2′)-XV, respectively,
with the assumption that all these MPHs phosphorylate the
hydroxyl on the C5 linked desosamine or mycaminose moiety,
which is present in all macrolides and ketolides that bind to the
23S rRNA where it forms a critical interaction with A2058 (see
Figure 2). However, this is strictly only confirmed for MPH(2′)-I,
II, VIII, IX, and XI. Among these fifteen gene subtype of MPHs,
mph(A), (B), and (C), which are encoded on mobile genetic
elements, are found in clinical isolates of E. coli, Salmonella
sp., Klebsiella sp., and S. aureus. Six more MPHs are encode
on mobile genetic elements, but are thus far only found in
non-pathogenic bacteria, e.g., MPH(2′)-XIV has been observed
in Exiguobacterium and Brachybacterium. However, this could
readily change. The remaining six mph genes are chromosomally
encoded in non-pathogenic bacteria, such as MPH(2′)-VIII
which is present in Brachybacterium faecium and MPH(2′)-XI
which is present in B. subtilis 168.

Examination of the sequence diversity among 14 MPHs
enzymes indicates that the various members can display extensive
differences [only a partial sequence is available for the mph(D)
gene]. For example, MPH(2′)-I and II only share 36% identity.
Though several sequences cluster together, e.g., MPH(2′)-IX, X,
and XI, with pairwise %identity of 46–54 (see Figure 4). Perhaps
somewhat surprisingly, there is no real relationship between
MPHs that cluster with whether they are chromosomally encoded
or on mobile elements, or whether they are in pathogenic bacteria
or in environmental isolates.

Macrolide phosphotransferases can confer resistance to a wide
range of macrolide substrates, but this topic has not yet been
thoroughly investigated, and much remains unknown about their
substrate specificity profile. Comparing substrate specificity of
the clinically relevant MPH(2′)-I and II reveals that MPH(2′)-I
can only efficiently inactivate 14- and 15-membered lactone
macrolides, whereas MPH(2′)-II can additionally inactivate
16-membered lactone macrolides and the ketolide, telithromycin
(Kono et al., 1992; Fong et al., 2017). A similar observation
has been made for MPH(2′)-XII and XIII, with MPH(2′)-XII
mirroring the substrate profile of MPH(2′)-I and MPH(2′)-XIII
mirroring the substrate profile of MPH(2′)-II (Wang et al.,
2015). Also, MPH(2′)-III has been shown to have the same

FIGURE 4 | Radial phylogram of MPH family of proteins. NCBI accession codes for the sequences are provided in brackets. Distance scale represents the number
of differences between sequences (e.g., 0.1 means 10% differences between two sequences). Phylogenetic relationships were calculated using phylogeny.fr
(Dereeper et al., 2008) and displayed using Dendroscope 3 (Huson and Scornavacca, 2012).
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broad substrate specificity as MPH(2′)-II (Chesneau et al., 2007).
MPH(2′)-IX from the environmental bacterium Paenibacillus
sp. LC231 and MPH(2′)-XI from B. subtilis 168 are unable to
confer resistance to macrolides with a C3 cladinose in cell-based
assays. Although, biochemical analysis of drug modification for
both enzymes showed that they can use C3 cladinose containing
macrolides as substrates but cannot inactivate 14-membered
and 15-membered lactone macrolide as efficiently as macrolides
without this moiety (Pawlowski et al., 2016, 2018a). Intriguingly,
MPH(2′)-X, which is a closer homolog to MPH(2′)-IX than
MPH(2′)-XI, is able to effectively provide resistance to several
cladinose containing macrolides (Pawlowski et al., 2018b). This
observation underscores that sequence similarity among MPHs
provides no indication to what the substrate profile for these
enzymes might be.

Structural Insights Into Macrolide
Phosphotransferase Mediated
Resistance
Fong et al. (2017) have recently reported the first three-
dimensional structures for MPH enzymes. Specifically, MPH(2′)-
I and MPH(2′)-II were determined, in their apo state, in complex
with GTP analogs and in complex with several macrolides (see
Figure 5). These structures confirm what sequence comparisons
had suggested that MPHs are members of a large superfamily
that also includes eukaryotic protein kinases (ePKs) and
aminoglycoside phosphotransferases (APHs). The archetypal
structure for the members of this superfamily is composed of
an N-terminal lobe that contains a five-stranded β-sheet and
C-terminal lobe that contains several α-helices. In between these
two lobes is the binding site for a tri-phosphate nucleotide that
is used as the phosphoryl donor. The C-terminal lobe contains
the substrate binding site, but the specific local architecture for
this section can differ significantly between various members of
the superfamily. For the two MPH enzymes, the architecture of
their N-terminal lobe is similar to that seen for the N-terminal
lobes of Ser/Thr and Tyr protein kinases, and APHs (Hon et al.,
1997). The C-terminal lobe is largely identical to what is seen
for a sub-family of APHs, the APH(2′′) group. with which they
share approximately 17% sequence identity (Shi and Berghuis,
2012). On the other hand, MPHs deviate from archetypical ePKs
and APHs in the region between the N- and C-terminal lobes. In
ePKs and APHs, the lobes are connected by a loop 5–12 residues
in size, while in MPH (2′)-I and MPH(2′)-II the linker region
is significantly larger, spanning approximately 25 residues (Fong
et al., 2017).

As stated above, the sequence conservation in MPHs is
not extensive (see Figure 4). However, as the structures of
MPH(2′)-I and MPH(2′)-II reveal, this does not impact the fold
of these enzymes, as their structures are highly similar (Fong
et al., 2017). To further examine the sequence conservation, we
mapped the extent of conservation onto the three-dimensional
structure (see Figure 5). Not unsurprisingly, there are a very
limited number of conserved residues among the 14 MPHs, and
these include residues required for catalysis, e.g., coordination
of the GTP associated Mg2+ ions. Intriguingly, the aspartate

responsible for abstraction of the proton of the macrolide 2′
hydroxyl group, which is absolutely conserved in ePKs and APHs
is apparently a glutamate in MPH(2′)-VIII and MPH(2′)-XV.
Furthermore, there is conservation in the nucleotide binding
pocket, rationalizing why all MPHs studied use GTP as the
phosphoryl donor.

Examination of residue conservation in the macrolide binding
area of MPHs reveals that this is not at all conserved. However,
delving deeper into this, the chemical character of the macrolide
binding pocket is similar in MPHs: generally hydrophobic
with a region of negative charge around the conserved proton
abstracting catalytic base (Fong et al., 2017). Structural studies
of MPH(2′)-I and MPH(2′′)-II showed that the relatively non-
specific hydrophobic nature of the binding site and the fact that
many of the interactions between the macrolides and the enzymes
involve the lactone ring would facilitate the accommodation of a
range of macrolide substrates.

The large contribution of non-specific hydrophobic
interactions to the binding of macrolides to MPHs complicates
the rationalization of these enzymes’ substrate specificity, based
on the three-dimensional structure. For example, while there
is now ample structural data for MPH(2′)-I and MPH(2′)-
II and their interactions with 14-, 15- and for MPH(2′)-II
16-membered macrolactone rings, a structural reason for
the inability for MPH(2′)-I to phosphorylate 16-membered
macrolides is not yet forthcoming (Fong et al., 2017). Recently,
despite having structural data for MPHs, Wright and colleagues
had to resort to using ancestral sequence reconstruction thus
building an evolutionary path for MPH functional divergence
and subsequent site-saturation combinatorial mutagenesis, to
identify residues that dictate the preference of MPH(2′)-IX
for macrolides lacking the cladinose moiety (Pawlowski et al.,
2018a). Intriguingly, the residues identified for impacting
cladinose specificity were non-obvious as they were not in
close proximity of the cladionse binding pocket. This further
emphasizes the complexity in linking sequence to MPH substrate
specificity.

MACROLIDE ESTERASES

In the mid 1980s Courvalin and co-workers identified a plasmid
in a clinical E. coli strain that conferred high level resistance to
erythromycin, but not lincosamides or group B streptogramins,
implying that the resistance mechanism was not caused by
the at that time known Erm methyltransferases that methylate
A2058 of the 23S rRNA (Andremont et al., 1986). Subsequent
characterization of the enzyme encoded on the plasmid revealed
that it exploits a feature present in all macrolides. In the
biosynthesis of macrolides by polyketide synthases the macrolide
aglycon is converted to a cyclic lactone, forming an ester bond.
The enzyme identified by Courvalin and his team hydrolyzes this
ester bond, thus linearizing the macrolide again, which is then
no longer able to bind to its ribosomal binding site (Barthelemy
et al., 1984) (see Figure 3). Actually, the exact product of
the reaction catalyzed by the esterase has not been thoroughly
identified. The current proposal is that the hydrolysed macrolide
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FIGURE 5 | Three-dimensional structure for MPHs. (A) MPH(2′)-I in complex with GDP and erythromycin is shown. The color coding used illustrates sequence
conservation within the 14 MPHs enzymes, with dark blue indicating completely conserved residues, light blue residues that are conserved among more than seven
members, and white residues that are not conserved. (B) The enzyme is shown in surface representation. The figure was prepared using PyMOL (Schrödinger,
2017).

product is naturally very unstable and undergoes spontaneous
rearrangement and dehydration. A detailed mechanism for this
has been proposed (Barthelemy et al., 1984). Nonetheless, based
on the presumed activity, the enzyme was therefore identified as
an erythromycin esterase (Ere). Shortly after the discovery of the
first erythromycin esterase, Courvalin and co-workers identified
a second enzyme with a very similar activity, and additional
members of this family have since been identified.

Erythromycin Esterase Family Members
The first two members of the erythromycin esterase family,
discovered by Courvalin and colleagues from clinical E. coli
strains are known as EreA (Ounissi and Courvalin, 1985) and
EreB (Arthur et al., 1986). Since then, three more erythromycin
esterases have been discovered: EreA2 in multidrug-resistant
Vibrio cholerae (Thungapathra et al., 2002), EreC in multidrug-
resistant Klebsiella penumoniae (Yong et al., 2009) and EreD in
the duck pathogen Riemerella anatipestifer (Xing et al., 2015).
Except for EreD, which is chromosomally encoded, all other
Ere enzymes are encoded on mobile genetic elements, and thus
are found in numerous different bacterial species, including
environmental and clinical isolates. EreA enzyme is mostly found
in environmental isolates, however, it has also been detected in
E. coli and S. aureus. EreA2 is the vastly more clinically relevant
cousin which has been detected in a multitude of important
pathogens such as: Pseudomonas spp. (Kim et al., 2002; Kim and
Cerniglia, 2005), Salmonella indiana (Zhao et al., 2017), Klebsiella
pneumoniae (Abbassi et al., 2008), E. coli (Chang et al., 2000;

Ahmed and Shimamot, 2011), non-typhoidal Salmonella enterica
(Krauland et al., 2010), Salmonella spp. (Murphy et al., 2007), and
Vibrio cholera (Thungapathra et al., 2002). EreB can be found
in a range of pathogens including: E. coli (Arthur et al., 1986;
Nakamura et al., 2000), MRSA (Schmitz et al., 2000b), MSSA
(Schmitz et al., 2000a), Staphylococcus saprophyticus (Fernandez-
Fuentes et al., 2014), Klebsiella oxytoca (Fuentes et al., 2014), and
Salmonella spp.(Fuentes et al., 2014). The remaining two enzymes
EreC and EreD, due to being a much newer addition to the
family of Eres have stayed under the radar of macrolide-research
community with only their discovery being published.

Sequence analyses of the five Ere family members reveals that
there is extensive diversity in this small group. For example,
EreB and EreC display the highest sequence divergence, with
44.8 and 23.0% sequence similarity and identity, respectively.
In contrast, EreA, EreA2, and EreC enzymes share extensive
sequence similarity with the %identity ranging between 90.0 and
92.6% (see Figure 6).

Presently, very limited information is available on the
substrate specificities of Ere enzymes. One of the most in-depth
studies on kinetics and substrate specificities of Eres focused
solely on EreA and EreB and examined just five macrolides
that also included one ketolide (Morar et al., 2012). The
result showed that both enzymes are capable of cleaving 14-
membered macrolides, and that EreB is able to also cleave 15-
membered macrolides. However, neither enzyme is able to digest
telithromycin, the sole ketolide tested. Surprisingly, despite the
clinical relevance of EreA2 and EreC, no information is available
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FIGURE 6 | Radial phylogram of Ere family of proteins. UniProt accession
codes for the sequences are provided in brackets. Distance scale represents
the number of differences between sequences (e.g., 0.1 means 10%
differences between two sequences). Phylogenetic relationships were
calculated using phylogeny.fr (Dereeper et al., 2008) and displayed using
Dendroscope 3 (Huson and Scornavacca, 2012).

of substrate specificities of these two enzymes. For now it is
assumed that due to high sequence similarity with EreA, they
likely have a very similar substrate spectrum, being only able to
degrade 14-membered macrolides (see Figure 6).

Structural Insights Into Erythromycin
Esterase Mediated Resistance
As of yet no three-dimensional structure has been determined
of an erythromycin esterase, however, a search for homologous
proteins with a known structure identified BcR135 and BcR136 as
the closest homologs (PDB codes 3B55 and 2QGM, respectively).
These two proteins are found in Bacillus cereus and are
hypothesized to be involved in succinoglycan biosynthesis. The
BcR135 and BcR136 sequences are 58.6% similar, and as is to be
expected, they possess the exact same fold (Morar et al., 2012).
The extent of sequence similarity of BcR135 and BcR136 vs. Eres
is considerable, and ranges between 30.1 and 38.7% sequence
similarity. Furthermore, similar to Eres they are both capable
of cleaving the broad esterase substrate p-nitrophenyl butyrate
(p-NPB). However, BcR136 has been proven not to possess
macrolide esterase activity, and given the similarity between the
two proteins, this also is likely true for BcR135. Intriguingly, the
structure of BcR135 and BcR136 display a novel fold for esterase
enzymes.

Given the extent of sequence similarity between BcR135 and
BcR136 and the Eres enzymes, their structure can be used to
generate a moderately accurate homology model of the resistance
enzymes. We build a model of EreA based on BcR135, as it
has been proposed that EreA is a metal-dependent esterase
(Morar et al., 2012), and BcR135 has a Ca2+ present in its
structure (note: EreB has not been reported to require a metal
ion for catalysis) (PDB: 3B55). Subsequently, we used this EreA
homology model to examine the sequence conservation among
the five Ere enzymes (see Figure 7).

As shown in Figure 7, several completely conserved residues
are located at the bottom of a groove, i.e., H40, E68, and H279.
Note that these residues are also conserved in BcR135 and
BcR136. It is tempting to speculate that this identifies the active
site of the enzyme. This suggestion is further bolstered by the
observation that the Ca2+ ion in BcR135 is coordinated to two

of these residues. In fact, Morar et al. (2012) have mutated these
specific residues in EreB and shown that these mutations impact
the catalytic activity of the enzyme. The authors speculate the role
of H40 to be of a catalytic base that activates a water molecule
which then becomes a nucleophile that will attack the ester bond
of the macrolide. How this proposed mechanism could apply
to the presumed metal dependent EreA enzyme is unclear. It is
likely that EreA does not in fact require a metal ion for catalysis
and that the calcium ion present in BcR135 is an artifact of the
structure determination and does not reveal critical information
on mechanism of catalysis.

The homology model of EreA also reveals that the walls of
the groove, above the presumable active site, are somewhat less
conserved. This could explain some of the reported differences in
substrate specificity between EreA and EreB. However, given the
very limited data available for the substrate spectrum of different
Eres, combined with the complete absence of information on how
a macrolide might actually bind to an Ere, further discussion
on the structural basis of Ere substrate specificity is not feasible,
and will need to wait until the three-dimensional structure of an
Ere-macrolide complex has been determined.

COUNTERACTING MACROLIDE
RESISTANCE

Three-dimensional structural information on how macrolides
are rendered useless by various bacterial resistance mechanisms
can be exploited for the development of therapies that are
more resilient against such resistance. If additional detailed
information is available for how macrolides bind to the
ribosome, this can be also incorporated. Specifically, two distinct
avenues are available for the rational development of improved
therapies. First, information on features of the macrolide that
are recognized by resistance mechanisms and contrasting this
with how these drugs bind to ribosome can inform the design
of next-generation macrolides, i.e., variants that are unable
to bind to resistance proteins but that retain affinity for the
ribosome. The second avenue for combating macrolide resistance
is to develop inhibitors to the resistance proteins which can
then be used as adjuvants to restore the activity of existing
antibiotics. The validity of this strategy is illustrated by a familiar
β-lactam antibiotic therapy where amoxicillin or ampicillin is
co-administered with sulbactam or tazobactam, which inhibit
some of the commonly encountered β-lactam resistance enzymes
(Drawz and Bonomo, 2010). Below these two avenues are further
explored.

Avenues for Next-Generation Macrolide
Antibiotic Development
When considering the design of a next-generation macrolide,
it would be desirable if this design could address as many
forms of clinically observed resistance as feasible. For
macrolides, the challenge is to address: efflux pump action,
di-methylation/mutation of the ribosome, and the action of
MPHs and Eres. Unfortunately, efflux pumps are well-known for
having a very broad range of action toward xenobiotics, leaving
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FIGURE 7 | Homology model of EreA based on the structure of BcR135. (A) The model is depicted, highlighting secondary structure elements. The colors used
illustrate sequence conservation within the five Ere enzymes, with dark blue indicating completely conserved residues, light blue residues that are conserved among
only 3–4 members, and white residues that are not conserved. (B) The enzyme is rotated and shown in surface representation, highlighting the putative active site
and the location of putative catalytic residues. The figure was prepared using PyMOL (Schrödinger, 2017).

ribosome alteration and antibiotic modification, as the resistance
mechanisms that can potentially be addressed by improved
design. Fortunately, three-dimensional structural information is
available to assist in this design effort.

Ribosome alterations are largely centered on A2058 of the 23S
rRNA, which makes a specific hydrogen-bond interaction with
the C5-linked desosamine/mycaminose moiety of macrolides.
This suggests that alterations in that group could be an avenue
for exploration. However, the effectiveness of abolishing the
hydrogen-bond between A2058 N6 and 2′ hydroxyl of macrolides
for precipitating resistance, suggests that merely removing this
hydroxyl group on the macrolide will not be sufficient and
compensatory interactions have to be engineered to maintain
effective and specific binding affinity of the macrolide with the
ribosome. Interestingly, the MPHs also target this same hydroxyl
group for phosphorylation, and as such alterations in this part
of the macrolide might simultaneously circumvent resistance by
these enzymes. Alternatively, MPH mediated resistance could
be addressed by interfering with the unique manner in which
macrolides bind to these enzymes. Although macrolides bind in
a similar way to the ribosome as to MPHs, the MPH-macrolide
binding seems to be much more fitted. This becomes especially
visible with 16-membered macrolides, where a section of C-9
to C-14 extends to the lumen of the exit tunnel whereas this
particular section forms relatively close interaction with MPHs.
As proposed by Fong et al. (2017) this feature is a potential
avenue by which next generation macrolides could be altered to
prevent interaction with MPH while at the same time retaining
the ribosome binding.

As mentioned previously Ere enzymes take advantage of
the ester linkage present in all macrolides and use a water
molecule to hydrolyze the bond that cyclizes the macrolactone
ring. One possible solution would be to create a macrolide
which in place of an ester bond would have the far more
stable amide bond. This in turn would no longer allow the
Ere enzyme to perform its reaction. However, this will very
likely represent a challenge from the point of view of synthesis.
Even though the de novo synthesis of macrolides has been

described using chemical means, the protocol has been developed
to utilize the ester linkage (Seiple et al., 2016). Furthermore,
also polyketide synthases rely on the creation of cyclizing ester
linkage (Park et al., 2010). An alternative approach would be
to efficiently block the interaction between Ere and macrolide
without impacting ribosome binding. For this to take place
it would be helpful to obtain information on the structural
details of an Ere-macrolide complex. However, even in the
absence of this, we can note that when bound to the ribosome,
the ester bond and neighboring atoms do not make specific
interactions, and there is space to expand on the macrolide
scaffold (Bulkley et al., 2010). It is unlikely that some of the
viable expansions could also be accommodated when macrolides
bind to Eres, given the need for catalysis, thus providing
an avenue to engineer selectivity for the ribosome in the
design.

It is appropriate to emphasize the breakthrough that both de
novo synthesis and protein engineering of polyketide synthases
represent. Prior to these two recent developments, efforts
to modify the macrolide scaffold were extremely challenging.
However, we are now approaching the situation that we
are largely limited by our imagination. This places structural
information for macrolides interactions with both the ribosome
and with the proteins responsible for resistance, at the
forefront to efficiently and effectively guide the exploration
of macrolide chemical space for the development of next-
generations antibiotics.

Adjuvant Development of Macrolide
Therapies
In the context of adjuvant development, it would be optimal to
identify inhibitors of various clinically relevant mechanisms of
macrolide resistance. Analogous to the design of next-generation
macrolides, resistance mechanisms to be potentially addressed
are: efflux pump action, alteration of the ribosome, and the
action of MPHs and Eres. However, not all these mechanisms are
amenable to inhibitor development. Specifically, mutations in the
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ribosome cannot be addressed through inhibitors. Furthermore,
not all enzymes are “drugable,” referring to presence of a distinct
pocket that can be uniquely targeted by small molecules. In this
respect, the homology model of EreA is discouraging as the
pocket shown in Figure 7 might be too shallow. This leaves efflux
pumps, Erm methyltransferases and MPHs as potential targets
for adjuvant development. For targeting pumps or ribosome
alteration, we refer the reader to Van Bambeke and Lee (2006).
Here we will discuss efforts to target MPHs for adjuvant
development.

Human ePKs are primary targets for the treatment of cancer
and have been extensively explored in drug discovery. To this
end the pharmaceutical industry has significantly invested in
the design and synthesis of large libraries of compounds that
target these kinases. Structural resemblance of aminoglycoside
and macrolide phosphotransferases to ePKs, specifically in the
nucleotide binding region sparked the idea of repurposing
ATP competitive kinase inhibitors against these antibiotic
kinases. Soon after the structural homology between APHs
and ePKs was uncovered, several known ATP competitive
inhibitors of ePKs were assayed for their activity toward
APHs. Isoquinoline sulfonamide derivatives, notably CKI-7 were
among the first compounds discovered to inhibit some APHs
such as APH(3′)-IIIa (Shi et al., 2013). Feasibility of using
human protein kinase inhibitors against MPHs and APHs
was also tested in a high throughput manner. The screening
study clearly showed that although some of the inhibitors
can be used against ATP-binding APHs, none were successful
against MPHs which are GTP-binding kinases (Shakya et al.,
2011).

The observation that an array of protein kinase inhibitors
was unable to inhibit MPHs, as these enzymes are GTP-
specific, is actually encouraging. A lingering concern in this
effort has been the possibility of cross-reactivity of MPH
inhibitors with human protein kinases. However, the MPHs’
GTP binding pocket appears to be sufficiently distinct from
the ATP binding pocket in ePKs that selectivity is very
likely feasible. However, the inability to find leads for MPHs
in protein kinase inhibitor libraries implies that leveraging
these libraries for adjuvant development is unlikely to be
successful. An alternative to a “high-throughput” library
screening approaches for inhibitor development is fragment-
based drug discovery (Hajduk and Greer, 2007; Lamoree
and Hubbard, 2017). This approach has several significant
advantages over conventional high-throughput screening
campaigns. Most notably, a large segment of chemical space
can be surveyed using only a limited number of compounds,
and it allows for the discovery of novel scaffolds. In fact, the
consensus within the pharmaceutical industry is that fragment-
based lead discovery outperforms high-throughput screening
approaches as it is more reliable in identifying useful hits
and ultimately provides higher quality leads (Hajduk and
Greer, 2007). Fragment-based drug discovery does require
the three-dimensional structure determination of fragment
hits with their target, but this is not an insurmountable
obstacle as high-resolution structures of 1.5 Å or better

have been obtained for both MPH(2′)-I and MPH(2′)-II
(Fong et al., 2017). Given the structural data available for
various MPHs, combined with fragment-based screening
techniques, it is likely only a matter of time before inhibitors
to this class of resistance enzymes will become available. Of
course, it is realized that such an achievement would only
be the first step in adjuvant development, but nonetheless
a critical one in efforts to combat macrolide antibiotic
resistance.

CONCLUSION

Since their discovery almost 70 years ago, their introduction
into clinical practice in 1952 and the first report of clinical
resistance 4 years later, much has been learned about macrolides,
their mode of action and the various mechanisms by which
pathogenic bacteria are increasingly becoming resistant to
these antibiotics. This wealth of information now sets the
stage for the rational design of much needed therapies
that can either overcome or counteract resistance to these
antibiotics. The detailed structural insights obtained from the
Nobel Prize winning research on how macrolides interact
with the bacterial ribosome, combined with the growing
information on macrolide resistance mechanisms, enables the
rational development of next-generation macrolides. This is
furthermore facilitated by recent advances in the synthesis
of macrolide variants, either through protein engineering of
polyketide synthases, or the de novo synthesis. Complementary,
detailed structural studies of macrolide resistance mechanisms
in conjunction with advanced approaches to inhibitor
development, such as fragment-based screening can accelerate
the development of macrolide adjuvants. Much research remains
to be accomplished, but there is reason for optimism that
macrolides may remain a valuable resource to combat bacterial
infections.
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Staphylococcal species are a leading cause of bacterial drug-resistant infections

and associated mortality. One strategy to combat bacterial drug resistance is

to revisit compromised targets, and to circumvent resistance mechanisms using

structure-assisted drug discovery. The folate pathway is an ideal candidate for this

approach. Antifolates target an essential metabolic pathway, and the necessary

detailed structural information is now available for most enzymes in this pathway.

Dihydropteroate synthase (DHPS) is the target of the sulfonamide class of drugs, and

its well characterized mechanism facilitates detailed analyses of how drug resistance

has evolved. Here, we surveyed clinical genetic sequencing data in S. aureus to

distinguish natural amino acid variations in DHPS from those that are associated with

sulfonamide resistance. Five mutations were identified, F17L, S18L, T51M, E208K,

and KE257_dup. Their contribution to resistance and their cost to the catalytic

properties of DHPS were evaluated using a combination of biochemical, biophysical

and microbiological susceptibility studies. These studies show that F17L, S18L, and

T51M directly lead to sulfonamide resistance while unexpectedly increasing susceptibility

to trimethoprim, which targets the downstream enzyme dihydrofolate reductase. The

secondary mutations E208K and KE257_dup restore trimethoprim susceptibility closer

to wild-type levels while further increasing sulfonamide resistance. Structural studies

reveal that these mutations appear to selectively disfavor the binding of the sulfonamides

by sterically blocking an outer ring moiety that is not present in the substrate. This

emphasizes that new inhibitors must be designed that strictly stay within the substrate

volume in the context of the transition state.

Keywords: infectious disease, antibiotics, drug discovery, fitness cost, kinetics, drug susceptibility, bacterial

genetics
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INTRODUCTION

Sulfonamides are the oldest class of synthetic antibiotics.
They have been in clinical use for over 75 years, with
proven efficacy against many microbial infections (Domagk,
1935; Bermingham and Derrick, 2002). Sulfonamides target
the enzyme dihydropteroate synthase (DHPS) that catalyzes a
key step in microbial folate biosynthesis, the production of
7,8-dihydropteroate from para-aminobenzoic acid (pABA) and
dihydropterin pyrophosphate (DHPP). Sulfonamides exert their
antimicrobial action in two ways, by directly competing with
the substrate pABA and through the formation of pterin-sulfa
dead-end metabolic products (Roland et al., 1979). Prokaryotes
and lower eukaryotes rely on this pathway for the de novo
synthesis of folate that is a critically important cell metabolite,
and disruption of folate biosynthesis therefore severely curtails
their growth. In contrast, higher eukaryotes obtain folate directly
from their diet and have dispensed with the pathway. The
universal presence of DHPS in lower organisms and its absence
in higher organisms explains why sulfonamides have been
successful as broad-spectrum antimicrobials (Bermingham and
Derrick, 2002).

Today, sulfonamides are mainly used in a fix dose
combination with trimethoprim (TMP), a dihydrofolate
reductase (DHFR) inhibitor. Co-trimoxazole, a combination
of sulfamethoxazole (SMX), and TMP, is the most commonly
prescribed. This cheap and orally bioavailable combination is
used as a second-line therapy to treat a wide variety of bacterial
infections including urinary tract infections (UTIs), bronchitis,
traveler’s diarrhea, and methicillin-resistant Staphylococcus
aureus (MRSA) infections. Application of co-trimoxazole
prophylaxis to prevent Pneumocystis jirovecii infections in
immunosuppressed patients, such as those undergoing intensive
cancer chemotherapy or with advanced HIV infections, has
also emerged as a particularly important clinical application
(Bermingham and Derrick, 2002).

The emergence of multidrug and pan resistant bacterial
pathogens is an alarming and increasing phenomenon that
requires immediate action (Boucher et al., 2009). To tackle this
problem, we are revisiting previously identified antimicrobial
targets and applying new strategies to develop inhibitors

that are less prone to resistance mechanisms. Key to this
approach is gaining an improved understanding of the targets’

biochemical mechanisms, active site structures and resistance
mechanisms. In many ways, DHPS is the perfect candidate
for such an approach. Structurally and mechanistically, DHPS

has been well characterized. The crystal structures of DHPS

have been determined from 15 microbial species within the
last 20 years, and more recent structural and computational
studies from our group have revealed the ordered SN1
catalytic mechanism and the detailed configuration of the
near transition state (Yun et al., 2012). These new insights
have already enabled us to generate pyridazine derivatives
with improved DHPS inhibition, identify allosteric inhibitors
that hinder product release, and develop inhibitory pterin-
sulfa conjugates (Zhao et al., 2012, 2016; Hammoudeh et al.,
2014).

In this study, we focus on the structural and mechanistic basis
of sulfonamide resistance in S. aureus DHPS (SaDHPS),
and analyze how recurring resistance mutations can
selectively disfavor the binding of sulfonamides while
retaining the necessary fitness of the enzyme. Crystal
structures of DHPS containing pterin•PPi•Mg•pABA and
pterin•PPi•Mg•sulfonamide have revealed that pABA and
sulfonamides occupy the same locale in the near transition
state (Yun et al., 2012). Our focus will be on this locale and
how the resistance mutations modulate its structure and
dynamics to selectively disfavor the binding of the drug. Our
studies proceeded in three stages; (1) bioinformatics analysis
to identify the key resistance mutations across organisms,
(2) biochemical, resistance and fitness analyses of these
mutations in DHPS from S. aureus, and (3) structural and
computational analyses to understand the mechanistic basis
of these mutations. Our goal is to use these results to support
ongoing drug discovery efforts toward this enzyme and
to develop lead compounds that are not cross-resistant to
sulfonamides.

RESULTS

Primary and Secondary Mutations Confer

Sulfonamide Resistance
The increasing prevalence of MRSA during the past two
decades and the associated sequencing of clinical isolates
has generated a large dataset of SaDHPS sequence variations
in the DHPS-encoding folP gene, including those that are
found in sulfonamide resistant strains. We rigorously analyzed
the available data up to and including 2014 to identify
variations that are clearly associated with sulfonamide resistance.
We identified two classes of resistance-associated mutations;
primary mutations that are directly associated with sulfonamide
resistance and secondary mutations that are only found in
the presence of the primary mutations. An important goal
of this analysis was to differentiate these mutations from the
natural variations in SaDHPS that are present in sulfonamide
susceptible strains but do not directly contribute to resistance.
The results of this survey are summarized in Table 1. F17L,
S18L, and T51M emerge as primary mutations; F17L occurs
at the highest frequency, and S18L and T51M were each
observed in less than 1% of sequences surveyed as single
variants. E208K and KE257_dup (a duplication/insertion of Lys-
Glu at position 257) were categorized as secondary mutations.
E208K is found with both F17L and T51M, and KE257_dup
is only found with F17L. The primary mutation S18L is not
found with either of the two secondary mutations. In an
earlier study, Hampele and coauthors identified 15 mutations
among nine sulfonamide-resistant MRSA clinical isolates that
are not present in the sulfonamide susceptible S. aureus
Rosenbach 25923 strain (Hampele et al., 1997). Although this
study also identified F17L, T51M, E208K and KE257_dup,
our analysis showed that the 11 remaining mutations are
found in sulfonamide susceptible S. aureus strain NCTC 8325
and are apparently natural polymorphisms in SaDHPS that
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TABLE 1 | Survey of DHPS variants and known resistance to sulfonamides.

Sequence

Background

25923 8325* 8325 25923 8325 8325 25923 8325 25923 8325

Resistance

Mutations

None None F17L

KE257_dup

T51M

E208K

T51M

E208K

F17L

E208K

F17L F17L T51M S18L

% Sequences

(n = 136)

28 49 3 8 1.5 3.7 3 2 0.7 0.7

Hampele

Strain

Group 1 Group 2 Group 3 Group 4

Hampele MIC

(µg/mL)

256–>1024 256–>1024 >1024 >1024

Sulfonamide

resistant

No No Yes Yes Yes Yes ND ND ND ND

Hampele strain group and MIC values have previously been published (Hampele et al., 1997). *Indicates that among the wild type folP genes surveyed and categorized as having an

8325 background, 31% lacked the natural variations T59S and L64M seen in the S. aureus strain Rosenbach 25923 (Supplementary Table 1).

do not contribute to sulfonamide resistance (Supplementary
Table 1).

A survey of other organisms was conducted to determine
which of these mutations is conserved across species (Table 2).
Mutations equivalent to F17L were found in Neisseria
meningitidis and Escherichia coli, and mutations equivalent
to T51M were found in Plasmodium species, Pneumocystis
carinii, Mycobacterium leprae, and Streptococcus pneumoniae
(Dallas et al., 1992; Fermer et al., 1995; Lane et al., 1997; Maskell
et al., 1997; Wang et al., 1997b; Elena et al., 1998; Kazanjian
et al., 1998; Mei et al., 1998; Kai et al., 1999; Williams et al., 2000;
Pornthanakasem et al., 2016). A mutation homologous to E208K
was also found in Plasmodium species but not in conjunction
with any of the primary mutations (Pornthanakasem et al.,
2016). We did not identify mutations equivalent to S18L or
KE257_dup in other species. Alignment of DHPS sequences
from S. aureus strains NCTC 8325 and Rosenbach 25923,
and nine other microbial pathogens reveals that the primary
mutations occur at highly conserved regions of the sequence
while the secondary mutations occur in less conserved regions
(Figure 1).

Thermal Stabilities of Sulfonamide

Resistant SaDHPS Mutants
To explore how the resistance mutations identified in this
study affect the stability of SaDHPS, the “wild type” enzyme
from sulfonamide-susceptible strain Rosenbach 25923 and eight
defined mutant enzymes were generated, expressed in E. coli
and purified. Five of the mutant enzymes contained the
single mutations F17L, S18L, T51M, E208K, and KE257_dup,
and three contained the clinically observed double mutations
F17L/E208K, T51M/E208K, and F17L/KE257_dup. The DHPS
from sulfonamide susceptible S. aureus strain NCTC 8325
that harbors the 11 background variations not associated with
sulfonamide resistance was also expressed and purified as a
further control.

Thermal shift assays were employed to measure the
denaturation temperatures (TM) of the purified proteins
and to assess whether the mutations affect their stabilities

TABLE 2 | DHPS mutations associated with sulfonamide resistance in S. aureus,

and their homologs in E. coli (Dallas et al., 1992), N. meningitidis (Fermer et al.,

1995), B. anthracis (Yun et al., 2012), S. pneumoniae (Maskell et al., 1997), P.

falciparum (Wang et al., 1997a), P. vivax (Pornthanakasem et al., 2016), M. leprae

(Kai et al., 1999), and P. carinii (Mei et al., 1998).

Classification Mutation Location Similar Mutations in

Other Microbial Species

Primary F17L Loop 1 E. coli, N. meningitidis, B.

anthracis

S18L Loop 1 None

T51M Loop 2 S. pneumoniae*, P.

falciparum*, P. vivax*, M.

leprae*, P. carinii

Secondary E208K α-helix Loop 7 P. falciparum
†
, P. vivax

†

KE257_Dup α-helix 8 None

*,
†
Indicate that mutations align with T51M and E208K, respectively, but are not strictly

conserved (Figure 1).

(Table 3). These experiments were performed using Sypro-
Orange that fluoresces when exposed to the hydrophobic interior
of unfolded proteins upon denaturation. The SaDHPS primary
mutations did not significantly alter the TM, falling within 1◦C
of wild type 25923. In contrast, the secondary mutations E208K
and KE257_dup both result in a 3–4◦C drop in TM, revealing
that these secondary mutations destabilize the protein structure.
Addition of the F17L or T51M mutations to E208K maintains
the 3–4◦C drop in TM whereas addition of the F17L mutation
to KE257_dup restores the stability of the protein. These results
are consistent with the SaDHPS crystal structure (Hampele et al.,
1997). F17, S18, and T51 are in the two flexible loops 1 and 2
that are disordered in the absence of substrates and unlikely to
contribute to the stability of the protein fold. In contrast, E208
is part of a salt bridge array involving R176, R204, and K207
that appears to stabilize this region of the protein. The structural
basis for the reduction in stability produced by the KE257_dup
mutation is not so obvious and it may simply result from its
location at the dimer interface. However, the compensation
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FIGURE 1 | DHPS amino acid sequence alignment for S. aureus wild type representatives used in this study and nine other clinically relevant microbial pathogens.

The five mutations that directly contribute to sulfonamide resistance are boxed in red. Amino acids that are 100% conserved, highly conserved and weakly conserved

are highlighted in dark blue, light blue, and gray, respectively.

in stability provided by F17L suggests that it may involve the
dynamic allosteric communication between the interface and
the active site that we previously described (Hammoudeh et al.,
2014). The DHPS from NCTC 8325 is ∼4◦C more stable than
wild type DHPS from Rosenbach 25923, indicating that the
11 background mutations generate an inherently more stable
enzyme.

Catalytic Properties of Sulfonamide

Resistant SaDHPS Mutants
We then analyzed the kinetic properties of the purified proteins
(Table 4). The KM values for DHPP, pABA and SMX were
measured using a colorimetric assay that monitors the release
of pyrophosphate. The Ki values of SMX were derived from a
radiometric assay that monitors the incorporation of 14C-labeled
pABA into the 7,8-dihydropteroate product. The Kcat values for
pABA and SMX were also derived from the colorimetric assay.
The primary mutations F17L, S18L and T51M impart a slight
increase in the KM for DHPP, but significantly larger increases
for pABA. In contrast, the effects are reversed for the secondary

mutations where the increases in the DHPP KM values are
more pronounced than those for pABA. When the primary and
secondary mutations are combined, they consistently lower the
pABAKM values toward that of the wild type protein and increase
the DHPP KM values to those seen in the secondary mutations
alone. As anticipated, the KM and Ki values for SMX showed
that the drug efficiently binds and inhibits the wild type enzyme.
F17L, both alone and in combination with the two secondary
mutations, decreases the binding and inhibition of SMX, but this
was not the case with T51M where the effects were less obvious.
S18L also significantly increased the KM for SMX but it was not
possible to measure the Ki value for technical reasons. The same
was true for the secondary mutations alone.

The kinetic data confirmed that SMX is a bona fide substrate
of DHPS, although the turnover rates with the natural substrate
pABA, as reflected in the Kcat values, were consistently lower
for all the variants. The individual mutations, both primary and
secondary, decreased the turnover rates for both ligands, which
confirms that the catalytic efficiency is compromised by each
mutation. Somewhat surprisingly, apart from F17L/KE257_dup,
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there was an additive decrease in turnover rates for both pABA
and SMX when the primary and secondary mutations are
combined. Thus, the “rescue” of the pABA KM by the secondary
mutations does not translate into a similar rescue of Kcat.

Resistant Mutations and Antibacterial MIC

Values
To determine the individual effects of the identified resistance
mutations in S. aureus, we measured the MIC values of
isogenic strains that only contained the mutant DHPS enzymes
(Supplementary Table 1). It was first necessary to perform
allelic replacements of the wild type folP gene with the
mutant genes to generate the required strains in a USA300
AH1263 background, and this was successful for seven of the
eight mutants that were biochemically analyzed. We failed to
generate an isogenic strain containing the T51M/E208K double
mutation after several attempts, and we therefore used the
COL S. aureus strain that naturally harbors these mutations for

TABLE 3 | Changes in thermal stabilization of DHPS imparted by the observed

sulfonamide resistant variations.

DHPS Variant TM (◦C) 1 TM (◦C)

Rosenbach 25923 38.63 ± 0.09

NCTC 8325 42.48 ± 0.01

Primary

mutation

F17L 39.14 ± 0.0 0.51

S18L 39.52 ± 0.003 0.89

T51M 38.7 ± 0.09 0.07

Secondary

mutation

E208K 34.89 ± 0.04 −3.74

KE257_dup 34.26 ± 0.1 −4.37

Double mutation F17L E208K 34.77 ± 0.05 −3.86

F17L KE257_dup 40.34 ± 0.14 1.71

T51M E208K 35.67 ± 0.05 −2.96

Changes in melting temperature (1TM ) are relative to the Rosenbach 25923 wild type

DHPS enzyme.

select experiments. We and others have found that metabolic
intermediates and nutrients in standard testing media can
mask the action of antibiotics, including sulfonamides, and
that minimal inhibitory concentration (MIC) determinations are
more easily and accurately performed in minimal media (Zlitni
et al., 2013; Zhao et al., 2016). We therefore measured the MICs
of the nine S. aureus strains in minimal SSM9PR media lacking
pABA and several products of folate biosynthesis (Reed et al.,
2015). We used chloramphenicol (CAM) as the control antibiotic
that does not act through the folate pathway, and it has anMIC of
3.1–4.2µg/mL for all strains tested. The results are summarized
in Table 5. The most notable increase in resistance by a primary
mutation occurred in the T51M mutant with dapsone, which
is a structurally distinct member of the sulfonamide class. It is
therefore significant that a homologous loop 2 mutation is also
observed in M. leprae and two malarial strains (Table 2), for
which dapsone is a common treatment option (Matsuoka, 2010).

Individually, the primary mutations increased the MIC for
most of the 10 sulfonamides tested in this study, but not
markedly. F17L had the greatest impact, but only 4- to 5-fold
for three of the sulfonamides. S18L and T51M had minimal
effect, and the same was true for the two secondary mutations,
apart from T51M with dapsone. In contrast, the combination
of primary and secondary mutations dramatically increased the
MIC values for all 10 sulfonamides. The largest effect was
observed with T51M/E208K (Table 5), but this may be related to
strain variability because this double mutation was evaluated in
the COL S. aureus strain rather than as an allelic replacement in
USA300 AH1263.

TMP targets DHFR within the folate pathway downstream
of DHPS, and changes in the TMP MIC may indicate fitness
costs associated with DHPS mutations. The primary resistance
mutations significantly decreased TMP MIC, but the secondary
mutations alone had negligible effect. When combined, the
secondary mutations decreased the effect of the F17L mutant.
Addition of pABA to the testing media universally restored
the TMP MICs closer to wild type for all the mutants. This
could indicate that defects in catalysis caused by primary

TABLE 4 | Kinetic characterization of S. aureus DHPS variants.

saDHPS Variant Native Substrate SMX Antibiotic Substrate Turnover

Km DHPP (µM) Km pABA (µM) Km SMX (µM) Ki SMX (µM) Kcat pABA (s−1) Kcat SMX (s−1)

Wild Type 10.0 (±1.4) 3.1 (±0.9) 5.9 (±0.2) 1.3 (±0.5) 4.5 (±0.4) 2.2 (±0.1)

Primary mutation F17L 18.3 (±4.7) 40.2 (±6.1) 202 (±54) 94.1 (±23.7) 1.7 (±0.3) 1.0 (±0.1)

S18L 10.2 (±1.8) 26.2 (±0.2) 140 (±40) ND 3.4 (±0.2) 1.6 (±0.1)

T51M 12.1 (±2.6) 29.8 (±13.2) 3.9 (±1.6) 10.0 (±0.68) 1.9 (±0.2) 0.8 (±0.1)

Secondary mutation E208K 34.5 (±2.2) 15.7 (±4.5) ND ND 3.1 (±0.0) 1.5 (±0.1)

KE257_Dup 21.1 (±1.6) 5.3 (±3.0) ND ND 1.8 (±0.0) 0.9 (±0.2)

Double mutants F17L E208K 21.3 (±6.8) 13.1 (±2.6) 167.5 (±43.6) 362.1 (±33.3) 0.5 (±0.0) 0.3 (±0.1)

T51M E208K 38.1 (±1.5) 9.2 (±3.5) 5.7 (±3.0) 29.0 (±2.7) 0.5 (±0.1) 0.3 (±0.0)

F17L KE257_Dup 22.3 (±5.6) 14.3 (±3.3) 26.0 (±6.0) 158.9 (±31.7) 3.6 (±0.3) 2.1 (±0.2)

DHPP, pABA and SMX KM and Kcat values were measured using a colorimetric assay that monitors pyrophosphate release. A radiometric assay that monitors 14C-labeled pABA

incorporation into 7,8-dihydropteroate was used to determine the SMX Ki values.
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TABLE 5 | µg/ml MIC80 values for DHPS variants.

Primary mutation Secondary mutation Double mutation

R WT F17L S18L T51M E208K KE257_dup F17L E208K F17L KE257_dup T51M E208K*

Sulfacetamide 25 41.7 20.8 12.5 50 41.7 200 133.3 200 – >200

Sulfathiazole 2.6 12.5 4.2 3.1 8.3 8.3 41.7 41.7 83.3

Sulfamethoxazole 4.2 16.7 10.4 6.3 8.3 8.3 50 41.7 66.7

Sulfisoxazole 2.1 6.3 5.2 2.1 6.3 6.3 25 25 58

Sulfapyridine 33.3 100 50 66.7 50 50 200 200 – >200 >200

Sulfadiazine 10.4 25 25 8.3 20.8 20.8 83.3 83.3 200

Dapsone 16.7 20.8 6.3 50 33.3 29.2 50 66.7 200 – >200

Sulfamethoxypyridazine 7.3 25.0 25.0 7.3 12.5 16.7 83.3 83.3 133.3

Sulfadimethoxine 2.6 12.5 4.2 3.6 8.3 8.3 33.3 25 66.7

Sulfadoxine 25 33.3 41.7 12.5 50 41.7 200 83.3 200 – >200

Chloramphenicol 4.2 4.2 3.1 3.1 3.1 3.1 3.1 3.1 3.1

Trimethoprim 1.6 0.065 0.024 0.16 1.6 1.0 0.16 0.20 2.1

Sulfamethoxazole§

Trimethoprim

0.39

0.021

0.78

0.041

0.33

0.017

0.39

0.021

0.52

0.027

0.65

0.034

1.6

0.082

1.6

0.082

3.1

0.16

MIC80 values reported are an average of three experiments. Apart from T51M/E208K, all mutants were cloned via allelic replacement into an isogenic USA300 AH1263 panel.
*T51M/E208K values were derived from the COL S. aureus strain (Supplementary Table 1). §The SMX/TMP combination MICs at the bottom of the Table represent co-trimoxazole at a

ratio of 19:1.

mutations in DHPS cause the downstream enzyme DHFR to
become more crucial for overall pathway function, resulting
in heightened susceptibility to DHFR inhibition as indicated
by the lowered TMP MICs (Figure 2). The supplementation
of pABA may boost DHPS catalytic output, thus returning the
TMP MICs to wild type levels. Appreciable increases in the co-
trimoxazole SMX/TMP combination MICs were only observed
with the double mutants, likely because the heightened TMP
susceptibility of primary mutants drives the combination MIC
closer to wild type levels despite having resistance to SMX
(Table 5).

Fitness Studies of the folP Mutants
The kinetic data showed that the primary resistance mutations
raise the KM of pABA and the secondary mutations lower the
pABA KM back toward the value observed in the wild type
enzyme. Furthermore, the TMP MIC testing revealed fitness
consequences imposed by primary mutations at later stages
of the folate biosynthesis pathway that could be restored by
secondary mutation. Thus, the secondary mutations appear to
restore the fitness of DHPS that is impaired by the primary
mutations. To test whether these apparent changes in fitness of
the isolated enzyme affect bacterial cell growth, the doubling
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FIGURE 2 | Trimethoprim susceptibility among mutants and influence of

supplementation with 5µg/mL pABA. The presence and absence of pABA in

the testing media is indicated by + or – symbol, respectively. Data are

representative of three independent experiments.

FIGURE 3 | Doubling times for the isogenic USA300 folP variant strains.

**indicates p < 0.05, *** indicates p < 0.001 via ANOVA (Dunnett’s multiple

comparisons).

times for the eight isogenic strains were measured (Figure 3).
The strain harboring T51M had the slowest growth rate, but F17L
did not have an altered growth rate. This was surprising because
F17L had the highest consequence to pABA binding (Table 4).
However, the neighboring mutation S18L also had a significantly
increased doubling time relative to the wild type enzymes. The
remaining four mutations had no significant effect on doubling
time.

To test whether the changes in fitness might become apparent
in vivo, the isogenic S. aureus strains were subjected to a
wax moth larvae infection study (Figure 4). In this model

system, the larvae were infected with S. aureus strains from
our isogenic panel of DHPS variants (Supplementary Table 1)
and larval mortality rates were monitored. It was assumed that
any significant decrease in the virulence of a particular strain
would reflect the fitness cost associated with its introduced
DHPS variant. Overall mortality rates at the end of the 72-h
survival study indicated that the T51Mmutant displayed the least
virulence, consistent with the cell growth studies, but there were
no significant changes in mortality-based virulence among any
of the mutants according to Mantel Cox (Log-Rank) analysis.
However, the wax moth larval model did respond as predicted in
the presence of SMX. When administered 100 mg/kg SMX daily,
the larvae could be rescued from the susceptible wild type strain,
but every mutant strain was resistant to the antibiotic.

Structural and Biophysical Analyses of the

pABA/SMX Binding Pocket
Having revealed the importance of Phe17, Ser18, and Thr51
in sulfa drug resistance, we re-examined their structural roles
in the context of the near-transition state structure. We first
modeled and energy minimized the structures of the SaDHPS
near transition states in the presence of pABA and SMX using
our previously determined crystal structures of YpDHPS (Yun
et al., 2012). This proved to be very straightforward because the
residues are highly conserved in the DHPS active site locale.
Like all DHPS structures, loops 1 and 2 are disordered in the
absence of substrates but become ordered in the near-transition
state to create the pABA-binding pocket and to structurally
and chemically optimize the substrates for catalysis (Yun et al.,
2012). This SaDHPS active site locale is shown in Figure 5A,
which highlights the roles of Phe17, Ser18, and Thr51. Phe17,
together with Pro53, Phe172, and Lys203 create the pABA-
binding pocket, with the side chain rings of Phe17, Pro53, and
Phe172 forming edge-to-face interactions with the phenyl ring
of pABA. The adjacent Ser18 does not interact with pABA but
appears to stabilize loop1 in this region. Meanwhile, the hydroxyl
group of Thr51 forms hydrogen bonds with the amino group of
pABA and an oxygen of the pyrophosphate group that has been
released from DHPP prior to the SN1 reaction that forms the
product (Yun et al., 2012). Thr51 appears to help align the amino
group for bond formation to the C11 carbon atom of the pterin
substrate.

To gain more insights into the formation of the transition
state ordered loop structure and the binding of pABA and
sulfonamides, we used isothermal titration calorimetry (ITC).
ITC revealed that, while pABA and pyrophosphate are both
absolutely required to generate the pABA-binding pocket, the
pterin moiety of DHPP is not necessary (Figure 6). This
is consistent with the ordered loop structure that makes
multiple conserved interactions with the enclosed pABA
and pyrophosphate while the pterin moiety is independently
accommodated in an adjacent preformed pocket (Figure 5A).
The binding thermodynamics of SMX are almost identical
to those of pABA (Figure 6), which is consistent with our
published structures that show that both occupy the binding
pocket created by loops 1 and 2 in almost identical fashion
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FIGURE 4 | Wax moth larvae rescue study with isogenic USA300 folP variants. All groups contain 32 larvae and each data point indicates an observed death.

Percentage survival at the end of the study is listed at the top. *** indicates P < 0.001 via Mantel Cox (Log-Rank) survival analysis.

(Yun et al., 2012). In the presence of pyrophosphate, pABA
and SMX have negative free energy (−6.9 and −6.8 kcal/mol
respectively) reflecting a spontaneous binding interaction. The
negative enthalpy measured in these studies is indicative of
binding interactions driven by hydrogen bonding or π-stacking,
again consistent with our structures. Finally, the significant
entropic penalty associated with the binding of pABA and SMX
is consistent with the observed ordering of loops 1 and 2.

Structural Analyses of SaDHPS

F17L/E208K
We crystallized SaDHPS F17L/E208K and determined its
structure in the absence of ligands (apo) and with our previously
published (Zhao et al., 2016) inhibitory pterin-sulfisoxazole
conjugate compound 1530 (Figures 5B,C, respectively). In the
published SaDHPS wild type structures, Phe17 within loop1 is
either distant from the active site locale or missing (Hampele
et al., 1997). However, in our two F17L/E208K structures, F17L
and loop1 adopt a conformation that is similar but not identical
to the known conformation of loop1 in the near transition
state (compare the position of Phe17 in Figure 5A with the
positions of Leu17 in Figures 5B,C). We have previously shown
that compound 1530 binds to the wild type DHPS active site
locale in a similar fashion to the pterin substrate and SMX in the

near transition state (Yun et al., 2012; Zhao et al., 2016). In the
F17L/E208K mutant structure complexed with compound 1530,
Leu17 is directly adjacent to, and may therefore sterically impact,
the oxazole ring of sulfisoxazole (Figure 5C).

The structural consequences of the E208K mutation are
apparent from our two structures. In the wild type SaDHPS
structures, Glu208 forms a salt bridge with Arg176 and the
adjacent Glu179 forms a salt bridge with Arg204 (Figure 5D).
Arg176 and Arg204 also interact via a π-stacking interaction
to stabilize this 4-residue cluster. When the E208K mutation is
introduced, Arg176 relocates to form a salt bridge with Glu179
and Arg204 is displaced (Figures 5B,C). The structures suggest
three ways in which the E208K mutation can contribute to
resistance. First, the relocated Arg204 is adjacent to the oxazole
ring in the 1530 complex (Figure 5C) and may sterically interfere
with the transition state binding of sulfa drugs that have similar
moieties (Table 5). The relocated Arg204 does not impact the
phenyl ring of 1530 and should therefore have minimal impact
on the binding of pABA that occupies the same location. Second,
the relocated Arg204 may form a stabilizing salt bridge with the
carboxyl group of pABA and thereby compensate for the negative
impact on pABA binding of the F17L and T51M mutations.
The equivalent of this interaction with the negatively charged
sulfone of sulfisoxazole is visible in Figure 5C. Finally, disruption
of the Arg176/Glu179/Arg204/Glu208 salt bridge substructure
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FIGURE 5 | DHPS active site locale. (A) The modeled S. aureus DHPS transition state based on the published Y. pestis structure (3TYZ) highlighting the pABA

environment. The protein backbone is shown in pale green cartoon, the residues are in stick representation with green carbon, pABA and DHP are in stick

representation with salmon and magenta carbons, respectively, and pyrophosphate is orange. The essential Mg2+ ion is shown as a fluorescent green ball. (B) The

mutated salt bridge arrangement in the crystal structure of SaDHPS-F17L-E208K. The protein backbone is shown in purple cartoon, and the residues are in stick

representation with purple carbons. (C) The mutated salt bridge arrangement in the crystal structure of the SaDHPS-F17L-E208K-1530 compound complex. The

protein backbone is shown in yellow cartoon, the residues are in stick representation with yellow carbons, and compound 1530 is in stick representation with orange

carbons. (D) The wild type SaDHPS salt bridge arrangement adjacent to the active site locale from the previously published crystal structure (1AD1). The coloring is

the same as (A). In all figures, the dashed gray lines indicate salt-bridges and hydrogen bonds.

may introduce some local flexibility to facilitate the distortions
of the pABA-binding site caused by the F17L, S18L, and T51M
mutations. This is consistent with the thermal shift assay data for
E208K (Table 3).

Modeling Studies of F17L, S18L, and T51M

in the Transition State
We failed to obtain crystal structures of F17L, S18L, and T51M
and we therefore turned to modeling and energy minimization
to gain further insights into their roles in resistance. We
introduced the three mutations independently into the two
modeled SaDHPS transition state structures containing pABA
or SMX, and performed energy minimization. The side chain
of Leu17 is predicted to adopt the same rotamer in the pABA

and SMX complexes that minimally impacts the transition state
structure. However, while this rotamer maintains a favorable
and close interaction with pABA, it sterically impacts the
methylisoxazole ring of SMX. In the case of T51M, the mutation
appears to have an indirect affect by impacting the location of
Pro53 in loop2. As described above, Pro53 loosely forms part
of the pABA binding pocket, but it forms a tight van der Waals
interaction with the methylisoxazole ring of SMX. The modeling
suggests that anymovement of Pro53 toward themethylisoxazole
ring caused by T51M would selectively disfavor the binding of
SMX compared to pABA. Modeling with S18L did not yield a
clear answer, but we suggest that it also acts indirectly to impact
the position of the adjacent Phe17. The conclusions from these
modeling studies are summarized in Figure 7.
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FIGURE 6 | Isothermal titration calorimetric analysis of pABA or SMX binding to DHPS in the presence and absence of sodium pyrophosphate. Trace of the

calorimetric titration of 19 × 2 µl aliquots of 500µM pABA (A) or SMX (B) into 25µM DHPS (top) and integrated binding isotherms (bottom). Red squares represent

the heat of binding in the absence of sodium pyrophosphate. Black squares represent heat of binding in the presence of 10mM sodium pyrophosphate. The solid

black lines represent the best fit to a one site model. The derived thermodynamic parameters are shown as insets in the lower panel.

DISCUSSION

The output of novel antibiotic classes has been greatly reduced in
recent years, and there is a crucial need for new orally bioavailable
antimicrobials effective against pathogenic Staphylococci such
as MRSA and vancomycin-resistant S. aureus (VRSA). The
folate biosynthesis pathway remains a viable target for inhibitor
development due to the essentiality of this pathway in microbes.

Indeed, sulfonamides that target the DHPS enzyme in the
folate pathway remain a useful treatment option for common
infection types such as UTIs, skin and soft tissue infections, and

osteomyelitis (Liu et al., 2011). Opportunities for new therapies
that target the folate pathway are afforded by continuing
advances in our understanding of the catalytic mechanisms of
DHPS and other component enzymes such as 6-hydroxymethyl-

7,8-dihydropterin pyrophosphokinase (Shi et al., 2012; Dennis
et al., 2016), and powerful new technologies to probe and exploit
these mechanisms. In this study, we have analyzed the sequences
of DHPS from sulfonamide resistant clinical isolates of S. aureus
to identify the biochemical and structural basis of resistance. This
information will be invaluable for developing new therapeutics
that target DHPS and minimize the potential for resistance.

We have demonstrated using bioinformatics, biochemistry
and microbiological analyses that five mutations in the enzyme
DHPS directly contribute to sulfonamide resistance. We
designated three of these mutations, Phe17, Ser18, and Thr51, as

“primary” because one of these mutations is consistently present
in resistant strains, and two mutations, E208K and KE257_dup,
as “secondary” because they only appear in the presence of
the primary mutations. Our crystallographic and modeling
analyses reveal how these mutations achieve this resistance at
the structural level. The three amino acids altered by primary
mutations are highly conserved and have fundamental roles in
creating the transition state structure in which two otherwise
flexible loops become ordered by the pyrophosphate of DHPP
and create a pocket that is bound and stabilized by pABA (Yun
et al., 2012). ITC data reported here confirm this mechanism.
Sulfonamides are exquisite mimics of pABA that can also engage
this pocket, and we demonstrate by measuring the KM values
that the primary mutations have a greater negative impact
on sulfonamide binding compared to pABA. Previous studies
have also reported this phenomenon (Fermer and Swedberg,
1997; Vedantam and Nichols, 1998; Gibreel and Sköold, 1999;
Haasum et al., 2001; Levy et al., 2008). The secondary mutations
partially restore pABA binding to the wild type levels but do
not restore the catalytic efficiency that is significantly reduced
by the primary mutations. This is consistent with a recent study
on clinical mutations in Plasmodium species that showed similar
additive increases in sulfonamide Ki and whole-cell resistance
(Pornthanakasem et al., 2016).

Thus, the mechanism of resistance is based on increasing the
KM of the sulfonamides compared to pABA, and the organism
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FIGURE 7 | Close up view of the wild type and F17L mutant of SaDHPS in complex with pABA and sulfamethoxazole (SMX). (A) Wild type with pABA. (B) F17L with

pABA. (C) Wild type with SMX. (D) F17L with SMX. Color scheme – wild type SaDHPS, green carbons and ribbon; F17L SaDHPS, violet carbons and ribbon; pABA,

salmon carbons; SMX, cyan carbons. The complexes were modeled using the YpDHPS transition state complexes (PDB ID: 3TYZ and 3TZF).

can apparently survive with a less efficient DHPS enzyme
under drug selective pressure. Our structural studies reveal
that the discrimination between the binding of sulfonamides
compared to pABA is via the electron deficient outer ring,
exemplified by methylisoxazole in SMX, that is required to
generate the negative charge on the sulfone that mimics the
carboxyl group of pABA. As shown in Figures 5, 7, all three
primary mutations appear to impact this ring and therefore
the binding of the entire drug. The same is also true for
the E208K secondary mutation that leads to a reorganization
of a salt bridge structure adjacent to the active site locale
that also appears to disfavor the binding of sulfonamides
via this outer ring moiety. The way in which KE257_dup
functions at the dimer interface is less apparent. We suggest
that it operates allosterically based on our previous studies
that identified inhibitory compounds that bind at the dimer
interface, rigidify the dimer and significantly slow down the
release of product (Hammoudeh et al., 2014). Overall, the
data are most consistent for the F17L/E208K double mutant.
The kinetics, sulfonamide susceptibility, crystal structures and
modeling all present a consistent picture of how these two
mutations work in concert to efficiently produce high levels
of resistance. This double mutation results in a high level of

resistance and is frequently observed in sulfonamide resistant
strains of S. aureus.

Avoiding resistance is a key component of any successful
drug discovery regime, as has been shown with other notoriously
mutable targets such as the essential NS3/4A protease component
of the hepatitis C virus (HCV). Structural studies with this
protease indicated that the most marked increases in resistance
are seen among inhibitors that extend beyond the “substrate
envelope,” or consensus volume assumed by native substrate
binding (Romano et al., 2010). Our studies reveal the same
basic mechanism of resistance in DHPS but also show the
importance of secondary mutations that can partially offset the
negative impact of primary resistance mutations on enzyme
function. Developing inhibitors that only occupy the volume
assumed by native substrates will continue to be a key strategy
in our drug discovery efforts on DHPS and other key enzymes
in the folate pathway (Yun et al., 2014). An important
conclusion from our studies is that continued development of
the sulfonamide scaffold focused on the ring extending beyond
the native substrate binding pocket is fundamentally flawed.
Historically, structure activity relationship efforts to improve the
efficacy of sulfonamides have focused on the outer ring which
also produces more favorable potency and ADME properties.
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Although sulfanilamide and sulfacetamide lack this ring moiety,
they are significantly less potent, and all potent sulfonamides are
therefore inherently vulnerable to this mechanism of resistance
(Greenwood, 2010).

Our studies demonstrate that the biochemical data derived
from the resistance mutations do not necessarily translate into
cellular MIC or fitness measurements. The flow of precursors
from other metabolic pathways and uptake of exogenous
metabolites contributes to resistance and fitness within the
folate pathway. Our results also reflect that there is direct
interplay between the enzymes within the folate pathway.
Thus, we observed a modulation of TMP growth inhibition
by both primary DHPS mutations and exogenously provided
pABA. This “pABA rescue” effect has been observed with novel
inhibitors generated by our group (Zhao et al., 2016), and
with MAC173979, a pABA biosynthesis inhibitor discovered
by Zlitni et al. (2013). We also demonstrate that resistance
to DHPS inhibitors increases sensitivity to TMP. This indirect
consequence toward the susceptibility of the downstream enzyme
DHFR is consistent with the mutual potentiation effects recently
described between SMX and TMP (Minato et al., 2018). In
these studies, TMP is shown to potentiate SMX by limiting
production of the 7,8-dihydropteroate precursor DHPP, and
SMX is shown to potentiate TMP by ultimately limiting 7,8-
dihydrofolate production. The latter potentiation effect is similar
to the results observed with the primary mutations in our study
which hinder biochemical function.

Secondary mutations are not observed by themselves in our
genetic survey of clinical isolates, perhaps due to its limited
size. E208K when combined with F17L, clearly contributes to
resistance and partially restores the binding of pABA, and one
might expect these benefits to be present without F17L. Our data
show that this is not the case and that E208K fails to provide an
advantage under the selective pressure of sulfonamide treatment.

Class modification is a highly successful strategy to develop
improved antimicrobial agents that continue to engage clinically
validated targets, but are engineered to avoid limiting resistance
mechanisms (Silver, 2011). Many groups, including ours, are
applying this strategy toward the folate biosynthesis pathway,
within which DHPS remains a promising target (Bermingham
and Derrick, 2002; Lombardo et al., 2016). Numerous pathogenic
species acquire sulfonamide resistance through equivalent
mutations to those we have characterized in this study. The
findings from our work describes the structural and biochemical
basis of sulfonamide resistance in S. aureus, which can now
be used for the future development of next generation DHPS
inhibitors suitable for the treatment of many multidrug-resistant
pathogens.

MATERIALS AND METHODS

Genetic Survey of folP Variations

Contributing to Sulfonamide Resistance
Comparative analyses of the DHPS amino acid sequences were
performed against a set of 56 S. aureus reference strains and
80 non-redundant S. aureus DHPS sequences from GenBank

using BLAST (Benson et al., 2005; Pruitt et al., 2005; Boratyn
et al., 2012). Sequence variances in DHPS were recorded and
compared. Based on these analyses, sequences were separated
into the two wild type backgrounds, and 8 subgroups containing
at least one of the 5 variations that contribute to sulfonamide
resistance or a combination of them. Sulfonamide susceptibility
data for each isolate, where available, were associated with
the sequencing data. Amino acid sequence alignments were
performed using Clustal Omega (Goujon et al., 2010; Sievers
et al., 2011).

SaDHPS Expression and Purification
The folP gene of S. aureus Rosenbach 25923 DHPS (EMBL
accession number Z84573) and those of the F17L, S18L,
T51M, E208K, KE257_dup, T51M/E208K, F17L/E208K, and
F17L/KE257_dup mutants were synthesized into the pET16b
vector by GenScript to produce the protein with a N-terminal
10xHis tag. These plasmids were used to transform competent
E. coli BL21[DE3] cells. Resultant cell lines were used to
inoculate 1L LB broth containing 50µg/mL Ampicillin (added
as a selective agent). These cultures were incubated at 37◦C
with shaking at 225 RPM until they reached an OD600 of
0.5. These cultures were then induced with 1mM IPTG and
incubated overnight at 18◦C with shaking at 225 rpm. Cell
pellets were collected with centrifugation at 3700 RCF and
resuspended in a lysis buffer consisting of 50mM Tris pH 8,
500mMNaCl, 5mM imidazole, lysozyme, and protease inhibitor
cocktail (Roche 11-836-170-001). Cells were lysed by sonication
and cell debris was cleared with centrifugation at 14,000 rpm.
Crude lysate was further clarified by filtration through a 0.22µm
filter. DHPS was purified from crude lysate in two steps. Crude
lysate was applied to a GE HisTrap HP 5ml column at a rate of
0.2 ml/min. The column was then washed with 200ml Buffer A
consisting of 50mM Tris, 500mM NaCl, and 5mM imidazole,
pH 8. DHPS was eluted from the GE HisTrap HP 5ml column
using a gradient of 5–500mM imidazole. Elution fractions were
collected and those with an elevated UV spectrum at 280 were
pooled. Pooled fractions were then applied to a HiPrep 16/60
Sephacryl S-200 HR column at a rate of 0.5 ml/min. The column
was then washed with 2 column volumes elution buffer consisting
of 50mM HEPES, 150mM NaCl, and 1mM DTT at pH 7.6.
Elution fractions were collected and examined via SDS-PAGE.
Those fractions yielding a single band at approximately 32 kDa
were pooled as a final product of purification. Samples were flash
frozen using liquid nitrogen and stored for a maximum of 6
months at−80◦C.

DHPS Kinetic Characterization
All kinetic characterization experiments were carried out
in 50mM HEPES with 10mM MgCl2 at pH 7.6. Two
kinetic analyses were employed. The first measures the
pyrophosphate that is released by the DHPS reaction. The
pyrophosphate is converted to orthophosphate using yeast
inorganic pyrophosphatase, and the PiColor Lock Gold assay
(Innova Biosciences) was used to detect orthophosphate. The KM

values for the two substrates pABA and DHPP were individually
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measured by maintaining one of the substrates at a concentration
that was at least 20-fold in excess of the established Kd.

The second kinetic analysis employed a radiometric assay
that measures 14C-labeled pABA incorporation into the 7,8-
dihydropteroate product. The reaction was carried out for 30min
at 37◦C in a total volume of 100 and 10 µl aliquots were
removed at intervals of 5min. Ice-cold 50% acetic acid was added
to stop the reaction. Reaction products were loaded onto PEI
TLC cellulose plates (Analtech 205016) followed by development
in 100mM NaPO4, pH 7. Phos-Screen exposure was followed
by Typhoon imaging. Inhibition constants were determined by
maintaining substrate levels at their Kd. SMX was added at
concentration ranges between 0 and 10mM. The Ki values were
determined using the one-site Fit Ki equation.

Thermal Stability Studies
The stability of wild-type and variant DHPS was assessed using
a thermal stability assay. Sypro-Orange was added to a 10µM
sample of DHPS in the same buffer conditions used for kinetic
studies, resulting in a final concentration of 5X. The fluorescence
of the solution was then measured over a range of temperatures
(23–99◦C). Resultant data were fit to the Boltzmann equation
resulting in the melting temperature of the protein (TM).

Isothermal Titration Studies
Binding of pABA or SMX to DHPS in the presence or absence
of 10mM sodium pyrophosphate was performed on an iTC200
(MicroCal) at 25◦C. Wild type DHPS was dialyzed into 2 L ITC
buffer (50mM HEPES pH 7.6, 5mM MgCl2) overnight at 4

◦C.
Standard ITC experiments were performed in 50mM HEPES,
5mM MgCl2, and 2.5% DMSO. The iTC200 Microcalorimeter
was set to deliver 19 × 2 µl injections of 500µM ligand at 150 s
intervals into 200 µl of 25µM protein solution. All experiments
were completed in triplicate. Data were analyzed using MicroCal
Origin 7.0 software using a one-site binding model with n values
fixed at 1.

Allelic Replacement to Generate Isogenic

USA300 AH1263 folP Mutants
The gene encoding S. aureus folP from wild-type strain
NCTC 8325 was cloned into the PCR2.1TOPO vector. Site-
directed mutagenesis was employed to generate eight variants
of this gene with confirmed sulfonamide-resistance mutations
present singly or in their observed clinical combination which
included F17L, S18L, T51M, E208K, KE257_dup, F17L/E208K,
F17L/KE257_dup, and T51M/E208K. These genes were sub-
cloned into the shuttle vector pJB38, which has a temperature-
sensitive S. aureus origin of replication. After transformation of
S. aureus USA300 AH1263 with the pJB38 plasmids, growth at
43◦C in the presence of chloramphenicol (CAM) allowed for
plasmid integration, after which the bacteria were sub-cultured
and allowed to grow at 30◦C. Growth on anhydrous tetracycline
allowed for the killing of cells that still contained the pJB38
plasmid. Absence of the plasmid was further confirmed by testing
for sensitivity to CAM followed by sequencing of the folP gene,
which was PCR amplified from the genomic DNA of each

mutant. All of the isogenic mutants were successfully generated
with the exception of T51M/E208K.

Minimum Inhibitory Concentration Assay

(MIC)
MIC testing was carried out in SSM9PR media (Reed et al.,
2015). When necessary, pABA was added to achieve a final
concentration of 5µg/ml. Antifolates were serially diluted in
100µl/well 2-fold across 96 well plates. Colonies of each S. aureus
wild type ormutant strain to be tested were resuspended inmedia
to a mid-log OD600 between 0.3 and 0.6, after which they were
further diluted to an OD600 of 0.001, which allowed for 100
ul of bacterial suspension containing 105 CFU to be added to
each well. After 16 h of incubation at 37◦C, the concentration
at which 80% growth inhibition had occurred was determined
visually.

Growth Curve Analysis
Each strain studied was streaked onto LB agar and grown
overnight. The overnight cultures were further diluted 1:100 in
LB and the OD600 was read every 30min. Doubling times were
calculated using the linear range of the growth curve of each
mutant using the following equation (Reeve et al., 2016):

Doubling time =
1Time x log2

log
(

Final conc.
)

− log(initial conc.)

The growth curve experiment was performed with three
biological replicates for each mutant. The calculated doubling
times were compared using One-Way ANOVA Dunnett’s
Multiple Comparisons Test.

Wax Moth Larvae Infection Study
Galleria mellonella larvae were purchased from Fisher Scientific
(14-726-369) in their final instar stage. Larvae were stored at
13◦C prior to experimentation and used within seven days of
receipt. The larvae used in each experiment were obtained in
a single batch and normalized for size. Each sample group
contained 32 subjects. Each experiment had at least two
control groups including a group that was maintained with no
manipulation and a group that was injected with the vehicle
solution 10 µl PBS/5% DMSO. For the rescue experiments,
larvae were injected with SMX at 100 mg/kg daily in PBS/5%
DMSO solution. To prepare the inoculum, S. aureus strains with
chromosomal DHPS mutations of interest were streaked onto
LB agar and incubated at 37◦C overnight. A single colony was
then used to inoculate 5ml LB broth which was brought to
mid-log at 37◦C with shaking at 225 RPM. Cells were collected
via centrifugation and suspended in PBS. Cell density was
normalized to yield a 10 µl injection volume containing 5.9 ×

105 CFU, which has an LD50 at approximately 72 h for the wild
type strain. During the course of the experiment, larvae were
contained in petri dishes at 37◦C. Over a period of 72 h, sample
groups were checked for mortality, which was defined by lack
of motility and alteration in color. Mortality data were analyzed
using GraphPad Prism, with the Log-rank (Mantel-Cox) test used
to determine statistically significant changes in mortality for each
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mutant compared to the wild type strain. The same statistical test
was used to determine significant alterations in mortality due to
SMX treatment for each strain tested.

Crystallography
SaDHPS-F17L/E208K was brought to a concentration of 20
mg/ml in crystallization buffer (50mM HEPES pH 7.6, 150mM
NaCl, and 1mM DTT). Initial crystallization conditions were
determined using the JCSG I-IV screens wherein 200 nl of
SaDHPS were added to 200 nl of well solution in a sitting
drop plate and incubated at 8◦, 18◦, and 23◦C. Initial crystals
were optimized to produce the final conditions of 0.2M sodium
nitrate, 20% PEG 3350, 75mM NaCl, 25mM HEPES, pH 7.6
at 18◦C. Crystals were soaked overnight in compound 1530 at
a 3:1 molar ratio to generate the complex structure. Twenty-
five percent glycerol was added to the crystallization buffer as a
cryoprotectant, and crystals were flash frozen in liquid nitrogen
prior to data collection at 100◦K. X-ray data were collected at
Southeast Regional Collaborative Access Team (SER-CAT) 22-
ID beamline at the Advanced Photon Source, Argonne National
Laboratory. Diffraction images were indexed and integrated with
XDS (Kabsch, 2010), and scaled andmerged with aimless (CCP4)
in space group P43. The structure was solved with PHASER
(McCoy et al., 2007) using the published SaDHPS coordinates
(PDB 1AD4) as the search model. Reciprocal space refinement
was carried out in PHENIX (Afonine et al., 2012) using twin
law h,-k,-l, NCS restraints, and TLS definitions in the final
cycles. Ligand restraints were created with eLBOW (Moriarty
et al., 2009) and real space refinement was performed using
COOT (Emsley and Cowtan, 2004). Both structures have been
deposited in Protein Data Bank with accession codes 6CLU and
6CLV. Data collection and refinement statistics are reported in
Supplementary Table 2.

Modeling and Computational Studies
The SaDHPS transition state complexes with pABA and
sulfamethoxazole were modeled based on the crystal structures
of Yersinia pestis DHPS in the near transition state complex with
pABA (3TYZ) and sulfamethoxazole (3TZF) using the program
COOT (Emsley and Cowtan, 2004) and energy minimized using
the program MOE (Molecular Operating Environment [MOE],

2018). The Amber ff12 force field was used for the protein

and OPLS-AA for the small molecules. The system was energy
minimized to 0.1 kcal/mol/A2.
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The most common mechanism of resistance to β-lactam antibiotics in Gram-negative
bacteria is the production of β-lactamases that hydrolyze the drugs. Class A
β-lactamases are serine active-site hydrolases that include the common TEM,
CTX-M, and KPC enzymes. The TEM enzymes readily hydrolyze penicillins and
older cephalosporins. Oxyimino-cephalosporins, such as cefotaxime and ceftazidime,
however, are poor substrates for TEM-1 and were introduced, in part, to circumvent
β-lactamase-mediated resistance. Nevertheless, the use of these antibiotics has lead
to evolution of numerous variants of TEM with mutations that significantly increase
the hydrolysis of the newer cephalosporins. The CTX-M enzymes emerged in the late
1980s and hydrolyze penicillins and older cephalosporins and derive their name from
the ability to also hydrolyze cefotaxime. The CTX-M enzymes, however, do not efficiently
hydrolyze ceftazidime. Variants of CTX-M enzymes, however, have evolved that exhibit
increased hydrolysis of ceftazidime. Finally, the KPC enzyme emerged in the 1990s and is
characterized by its broad specificity that includes penicillins, most cephalosporins, and
carbapenems. The KPC enzyme, however, does not efficiently hydrolyze ceftazidime.
As with the TEM and CTX-M enzymes, variants have recently evolved that extend the
spectrum of KPC β-lactamase to include ceftazidime. This review discusses the structural
and mechanistic basis for the expanded substrate specificity of each of these enzymes
that result from natural mutations that confer oxyimino-cephalosporin resistance. For
the TEM enzyme, extended-spectrum mutations act by establishing new interactions
with the cephalosporin. These mutations increase the conformational heterogeneity of
the active site to create sub-states that better accommodate the larger drugs. The
mutations expanding the spectrum of CTX-M enzymes also affect the flexibility and
conformation of the active site to accommodate ceftazidime. Although structural data
are limited, extended-spectrum mutations in KPC may act by mediating new, direct
interactions with substrate and/or altering conformations of the active site. In many cases,
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mutations that expand the substrate profile of these enzymes simultaneously decrease
the thermodynamic stability. This leads to the emergence of additional global suppressor
mutations that help correct the stability defects leading to increased protein expression
and increased antibiotic resistance.
Keywords: β-lactamase, β-lactam antibiotics, protein evolution, antibiotic resistance, enzyme structure, enzyme

mechanism

INTRODUCTION

β-lactam antibiotics are the most often-used
antimicrobials representing ∼65% of antibiotic usage worldwide
(Livermore, 2006). The β-lactams act by inhibiting bacterial cell
wall biosynthesis. Specifically, they are covalent inhibitors of
transpeptidase enzymes, commonly referred to as penicillin-
binding proteins (PBPs). These enzymes catalyze a cross-linking
reaction of pentapeptides present in the peptidoglycan layer of
the cell wall (Lovering et al., 2012).

The most common mechanism of resistance to β-lactam
antibiotics is the bacterial production of β-lactamases (Fisher
et al., 2005). These enzymes catalyze the hydrolysis of the amide
bond present in the β-lactam ring resulting in a product that is an
ineffective inhibitor of the PBPs. β-lactamases can be distributed
into four classes (A, B, C, and D) based on primary amino acid
sequence homology (Ambler, 1980; Fisher et al., 2005). Classes
A, C, and D are serine hydrolases that function similarly to
classical serine proteases such as chymotrypsin. They catalyze
attack of the catalytic serine on the carbonyl carbon of the
amide bond to form a covalent acyl-enzyme intermediate that
is subsequently hydrolyzed by a water molecule that has been
activated by a general base. Class B β-lactamases are zinc metallo-
enzymes that contain one or two zinc ions that coordinate a
hydroxide ion for direct attack on the carbonyl carbon of the
amide and do not proceed through a covalent acyl-enzyme
(Palzkill, 2013).

Class A β-lactamases are often encoded on plasmids that
can move by conjugation and, as a result, these enzymes are
widespread sources of resistance (Bush and Fisher, 2011).
Class A β-lactamases are a particular problem for resistance
in Gram-negative bacteria including the ESKAPE pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter species; Pendleton et al., 2013). Individual class
A β-lactamases display a range of substrate specificities although,
as a group, they are commonly known for the efficient hydrolysis
of penicillins and early generation cephalosporins. The extensive
use of these antibiotics and subsequent spread of class A β-
lactamases has led to widespread resistance (Bush and Fisher,
2011). This was countered in the 1980s with the introduction of
oxyimino-cephalosporins, which are still good PBP inhibitors but
poor substrates for β-lactamases. Mechanism-based inhibitors
that target the β-lactamases were also developed to combat
resistance (Drawz and Bonomo, 2010). The introduction and
subsequent use of both these agents, however, placed selective
pressure on bacteria resulting in the evolution of variants
of class A enzymes that have gained the ability to hydrolyze
oxyimino-cephalosporins or that avoid the action of β-lactamase

inhibitors (Petrosino et al., 1998; Gniadkowski, 2008; Salverda
et al., 2010).

This review will focus on three groups of class A β-
lactamases that have evolved in response to the use of oxyimino-
cephalosporins such as cefotaxime and ceftazidime and that
are widespread sources of resistance in Gram-negative bacteria
(Bonomo, 2017). These groups of enzymes include the TEM,
CTX-M, and KPC β-lactamases. Although the evolution of
resistance to mechanism-based inhibitors is clearly an important
source of resistance, the focus of this review is on the evolution
of enzymes with higher activity for catalysis of oxyimino-
cephalosporins (Figure 1).

KINETICS OF β-LACTAM HYDROLYSIS BY

CLASS A β-LACTAMASES

In order to understand the means by which the TEM,
CTX-M, and KPC enzymes and variants inactivate oxyimino-
cephalosporins, it is useful to review the kinetics and mechanism
by which class A β-lactamases catalyze hydrolysis of β-lactams.
Class A β-lactamases are serine hydrolases with a mechanism
similar to serine proteases. After formation of the enzyme-
substrate complex (ES), the active-site serine attacks and forms
a covalent, acyl-enzyme intermediate (EAc). Subsequent catalysis
of the hydrolysis of the acyl-enzyme generates the inactive,
hydrolyzed β-lactamase product (P) (Hedstrom, 2002; Galleni
and Frere, 2007).

E+ S
k1
⇄

k−1

ES
k2
−→ EAc

k3
−→ E+ P

Based on this mechanism, the Michaelis-Menten kinetic
parameters are described by the following equations.

kcat = k2k3/(k2 + k3) (1)

KM = k3(k−1 + k2)/k1(k2 + k3) (2)

kcat/KM = k1k2/(k−1 + k2) (3)

For β-lactamases, the kinetic parameters kcat, KM, and kcat/KM

are composite constants that depend on the rates of multiple
steps in the reaction. kcat reflects the magnitude and relationship
between the acylation (k2) and deacylation (k3) rate constants
(Equation 1). KM is often regarded as an indication of affinity
between the substrate and enzyme, i.e., thatKM approximatesKs,
which is k−1/k1. However, in the β-lactamase mechanism, KM is
also dependent on k2 and k3 (Equation 2; Raquet et al., 1994).
Assuming k−1>k2,KM approximates substrate affinity (Ks) when
the acylation rate (k2) is much slower than the deacylation rate
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FIGURE 1 | Chemical structures of β-lactam antibiotics. Benzylpenicillin and
the oxyimino-cephalosporins cefotaxime and ceftazidime are shown.

(k3), which is often not the case with β-lactam substrates. When
deacylation is rate limiting (k2>k3), the value of KM is lower than
Ks and overestimates the affinity of the enzyme for substrate.
Amino acid substitutions in β-lactamases that result in changes
in KM can be due to changes in Ks, k2 or k3, or a combination
thereof. Finally, kcat/KM reflects the rates of steps occurring
up to the formation of the acyl-enzyme. The deacylation rate
(k3) does not contribute to the value of kcat/KM as seen in
equation 3.

CLASS A β-LACTAMASE MECHANISM

Class A β-lactamases utilize a set of conserved amino acid
residues in the active site to promote substrate binding,

acyl-enzyme formation, and subsequent deacylation to release
product. The class A enzymes contain a β and an α/β domain,
with the active site situated between these closely connected
domains (Herzberg and Moult, 1987; Strynadka et al., 1992).
Residues Ser70, Ser130, Asn132, Glu166, Asn170, Lys234,
Ser/Thr235, Gly236, and Ala/Ser/Thr237 (Ambler numbering
scheme; Ambler et al., 1991) are important contributors to
substrate binding and catalysis (Figure 2). The hydroxyl oxygen
of Ser70 serves as the nucleophile for attack on the carbonyl
carbon of the amide bond (Strynadka et al., 1992; Fisher and
Mobashery, 2009). The main chain NH groups of Ser70 and
Ala237 act as the oxyanion hole and make hydrogen bonding
interactions to stabilize the negative charge that develops on the
carbonyl oxygen tetrahedral intermediate during acylation and
deacylation (Strynadka et al., 1992). Although the details are
controversial, Lys73, Glu166 and a catalytic water are thought to
participate in abstracting the proton to activate Ser70 (Herzberg
and Moult, 1987; Strynadka et al., 1992; Damblon et al., 1996;
Minasov et al., 2002; Meroueh et al., 2005). Ser130 has been
proposed to serve as a proton shuttle between Lys73 and the
leaving group nitrogen (Strynadka et al., 1992). Asn132 forms a
hydrogen bond with the acyl-amide group in the C6/7 side chain
of penicillins and cephalosporins for binding and positioning
of substrate. Lys234 and Ser/Thr235 make interactions with
the C3/C4 substrate carboxylate found on all penicillins,
cephalosporins and carbapenems and therefore are important
for substrate binding. This interaction may also contribute to
stabilization of the acylation and deacylation transition states to
facilitate catalysis (Strynadka et al., 1992; Delmas et al., 2010;
Fonseca et al., 2012). Glu166 serves as the general base for
activating the catalytic water for the deacylation step and amino
acid substitutions at this position lead to accumulation of the
acyl-enzyme intermediate (Adachi et al., 1991; Delaire et al.,
1991; Escobar et al., 1991; Strynadka et al., 1992). Asn170 forms
a hydrogen bond to Glu166 and an active site water to help
position the residue for activating the water. Both Glu166 and
Asn170 are found on an omega loop structure that forms the
base of the active site in class A β-lactamases (Figure 2). As
discussed below, the omega loop plays an important role in
the evolution of increased oxyimino-cephalosporin hydrolysis in
class A enzymes. The residues described above are important
for catalysis of all β-lactam substrates and mutations at these
positions reduce activity. Thus, they form the core residues
required for catalysis. Mutations leading to increased catalysis of
oxyimino-cephalosporins occur at residues other than these core
positions.

TEM EXTENDED-SPECTRUM

β-LACTAMASES (ESBLS)

TEM-1 β-lactamase was reported in 1963 in E. coli and
Salmonella (Datta and Kontomichalou, 1965). It subsequently
spread among Enterobacteriaceae and other Gram-negative
pathogens to become a widespread source of β-lactam resistance.
TEM-1 efficiently catalyzes the hydrolysis of penicillins and
early generation cephalosporins and provides high-level bacterial
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FIGURE 2 | Left: Ribbon diagram of TEM-1 β-lactamase (PDB ID: 1BTL). Key active site residues that are implicated in substrate binding and catalysis and
highlighted in cyan. Right: Enlarged view of the boxed region of the active site with the active site residues labeled. The deacylation water molecule is shown as a red
sphere with hydrogen bonds from this water to Ser70, Glu166, and Asn170 shown as dotted lines. Hydrogen bonds between residues are not shown.

resistance to these drugs. In part due to the widespread presence
of TEM-1, the oxyimino-cephalosporins were introduced in
the 1980s (Bush, 2002). The oximino-cephalosporins, such as
cefotaxime and ceftazidime, include an oxyimino side chain at
the C7 position (Figure 1). The large and inflexible oxyimino side
chain is difficult to accommodate into the active site of TEM-1,
resulting in slow rates of hydrolysis (Table 1). Ceftazidime differs
from cefotaxime by having an even larger side chain that includes
a carboxylate group (Figure 1). The increased bulk of ceftazidime
is associated with a further reduction in rates of catalysis by
TEM-1 compared to cefotaxime (Table 2).

The kinetic parameters for oxyimino-cephalosporin
hydrolysis by TEM-1 reveal low kcat and kcat/KM values
and high KM values compared with good substrates such as
ampicillin or benzylpenicillin. There have been a large number
of studies on cefotaxime hydrolysis by TEM-1 and a list of
kinetic parameters is compiled in Table 1. The list is likely not
comprehensive and there is some variation in assay conditions
such as 25◦C vs. 30◦C but the majority of the listed results
were obtained using similar buffer conditions. There is some
variation in published values, particularly with regard to KM.
KM is generally high and in several studies it was too high to
measure accurately (Table 1). The kcat/KM values, however, are
relatively consistent and average ∼1.7 × 103 M−1s−1 (Table 1).
Published kinetic parameters for ceftazidime hydrolysis also
exhibit variation in KM but with KM generally high (Table 2).
However, kcat/KM values are quite consistent and average ∼40
M−1s−1. Therefore, both cefotaxime and ceftazidime are poor
substrates for TEM-1 β-lactamase. Ceftazidime, however, is
a particularly poor substrate with an ∼45-fold lower kcat/KM

value than that observed for cefotaxime hydrolysis. Published
kcat/KM values for benzylpenicillin hydrolysis are in the range
of 107-108 M−1s−1 and therefore cefotaxime and ceftazidime
hydrolysis is 104-106-fold less efficient (Christensen et al., 1990).
Since kcat/KM reflects the events occurring up to formation

of the acyl-enzyme, the low kcat/KM values for cefotaxime
and ceftazidime hydrolysis reflect low affinity for substrate
binding and/or a slow acylation reaction. Indeed, estimates of
Ks for the binding of cefotaxime and ceftazidime to TEM-1
reveal poor affinity with values of 3.8 and 9.9mM, respectively
(Vakulenko et al., 1999). The rate-limiting step for cefotaxime
hydrolysis by TEM-1 has been shown to be the acylation
step (k2) (Saves et al., 1995). Taken together, these results are
consistent with the large, inflexible oxyimino side chain of
cefotaxime being poorly accommodated in the active site of
TEM-1.

Since the introduction of oxyimino-cephalosporins into
clinical practice, variants of TEM-1 with amino acid substitutions
that result in increased hydrolysis have been emerging (Petrosino
et al., 1998; Salverda et al., 2010; Pimenta et al., 2014). Each
unique variant is given a new number and these variants are
termed TEM extended spectrum β-lactamases (ESBLs). The
number of TEM variants is now greater than 200 (Salverda et al.,
2010; Pimenta et al., 2014). The most common substitutions
in TEM enzymes displaying enhanced oxyimino-cephalosporin
hydrolysis include E104K, R164S/H, M182T, A237T, G238S, and
E240K (Figure 3). The effects of these substitutions have been
studied extensively using kinetic, biophysical, and structural tools
to determine the mechanism by which resistance to oxyimino-
cephalosporins is evolving.

G238S AND R164S SUBSTITUTIONS

The R164S and G238S substitutions are associated with the
largest increases in cefotaxime and ceftazidime hydrolysis when
introduced into the TEM-1 enzyme. These substitutions are likely
the driver substitutions for clinically relevant resistance and are
the most often observed in TEM ESBLs. The G238S substitution
is predominantly associated with enhanced hydrolysis of
cefotaxime and increased resistance. Residue 238 is situated on
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TABLE 1 | Kinetic parameters for cefotaxime hydrolysis by TEM-1 β-lactamase and mutants.

Enzyme kcat (s
−1) KM (µM) kcat/KM (M−1 s−1) Buffer References

TEM-1 wt 0.25 450 5.6 × 102 0.1M phosphate, pH7.0, 25◦C Sowek et al., 1991

TEM-1 wt 9.0 6,000 1.5 × 103 50mM phosphate, pH7.0, 30◦C Raquet et al., 1994

TEM-1 wt 2 1,100 1.8 × 103 pH7.0, 37◦C Petit et al., 1995

TEM-1 wt 2.5 1,684 1.5 × 103 10mM sodium bicarbonate, pH7.0, 37◦C Saves et al., 1995

TEM-1 wt 0.18 230 7.8 × 102 50mM phosphate, 100mM NaCl, pH7.0, 25◦C Vakulenko et al., 1999

TEM-1 wt nda nd 3.9 × 103 50mM phosphate, pH7.0, 30◦C Venkatachalam et al., 1994

TEM-1 wt nd nd 2.8 × 103 50mM phosphate, pH7.0, 30◦C Cantu and Palzkill, 1998

TEM-1 wt 0.64 308 2.1 × 103 50mM phosphate, pH7.0, 25◦C Wang et al., 2002

TEM-1 wt nd nd 2.1 × 103 50mM phosphate, pH7.0, 30◦C Brown et al., 2010

TEM-1 wt nd nd 1.0 × 103 100mM phosphate, pH7.0, 25◦C Dellus-Gur et al., 2015

TEM-1 wt nd nd 2.0 × 103 50mM phosphate, pH7.0, 10% glycerol, 25◦C Hart et al., 2016

TEM-1 wt 0.17 750 1.5 × 102 100mM phosphate, pH7.0, 25◦C Knies et al., 2017

Avg(SD) 2.1 (3.2) 1,500 (2,050) 1.7 × 103 (1.0 × 103)

TEM R164S 2.4 230 1.0 × 104 0.1M phosphate, pH7.0, 25◦C Sowek et al., 1991

TEM R164S 0.2 174 1.1 × 103 50mM phosphate, 100mM NaCl, pH7.0, 25◦C Vakulenko et al., 1999

TEM R164S 1.8 201 8.8 × 103 50mM phosphate, pH7.0, 25◦C Wang et al., 2002

TEM R164S 2.5 536 4.7 × 103 100mM phosphate, pH7.0, 25◦C Dellus-Gur et al., 2015

TEM R164Sb 1.5 100 1.5 × 104 50mM phosphate, pH7.0, 30◦C Raquet et al., 1994

Avg(SD) 1.7 (1) 250 (170) 7.9 × 103 (5.3 × 103)

TEM G238S 66 290 2.3 × 105 50mM phosphate, pH7.0, 30◦C Raquet et al., 1994

TEM G238Sb 20 188 1.1 × 105 10mM sodium bicarbonate, pH7.0, 37◦C Saves et al., 1995

TEM G238S 7.5 577 1.3 × 104 50mM phosphate, pH7.0, 30◦C Viadiu et al., 1995

TEM G238S 16 124 1.4 × 105 50mM phosphate, pH7.0, 30◦C Cantu and Palzkill, 1998

TEM G238S 42 234 1.8 × 105 50mM phosphate, pH7.0, 25◦C Wang et al., 2002

TEM G238S 50 403 1.3 × 105 100mM phosphate, pH7.0, 25◦C Dellus-Gur et al., 2015

TEM G238S 50 190 2.6 × 105 50mM phosphate, pH7.0, 10% glycerol, 25◦C Hart et al., 2016

TEM G238S 14 700 2.2 × 104 100mM phosphate, pH7.0, 25◦C Knies et al., 2017

Avg(SD) 33 (21) 340 (200) 1.4 × 105 (8.9 × 104)

TEM E104K 2.5 470 5.3 × 103 0.1M phosphate, pH7.0, 25◦C Sowek et al., 1991

TEM E104K 25 1,000 2.5 × 104 pH7.0, 37◦C Petit et al., 1995

TEM E104K 9.3 980 9.4 × 103 50mM phosphate, pH7.0, 25◦C Wang et al., 2002

TEM E104K nd nd 1.2 × 104 50mM phosphate, pH7.0, 10% glycerol, 25◦C Hart et al., 2016

TEM E104K 3.9 5,000 6.0 × 102 100mM phosphate, pH7.0, 25◦C Knies et al., 2017

Avg(SD) 10 (10) 1,870 (2,110) 1.0 × 104 (9.2 × 103)

TEM E240K 0.66 140 4.7 × 103 0.1M phosphate, pH7.0, 25◦C Sowek et al., 1991

TEM E240K nd nd 8.5 × 103 50mM phosphate, pH7.0, 30◦C Venkatachalam et al., 1994

Avg(SD) – – 6.6 × 103 (2.7 × 103)

and, not determined.
bEnzyme also contains Q39K substitution.

the β3 strand that forms a side of the active site (Figure 3).
A number of studies have shown that the G238S substitution,
when introduced into the TEM-1 enzyme, results in an∼80-fold
increase in kcat/KM for cefotaxime hydrolysis compared to wild-
type TEM-1 and has a value of ∼1.4 × 105 M−1s−1 (Table 1).
It is somewhat difficult to estimate the changes in kcat and KM

relative to TEM-1 as they are often not determined for wild type
because of high KM values. However, it is clear that KM for
cefotaxime hydrolysis is reduced for G238S compared to TEM-
1 as the value is consistently measurable and is in the range of
300µM while kcat is in the range of 30 s−1 (Table 1). Saves et al.

utilized electrospray mass spectroscopy to determine acylation
(k2) and deacylation (k3) rates for TEM-1 and the G238S mutant
and found acylation is rate-limiting for cefotaxime hydrolysis for
TEM-1, as noted above (Saves et al., 1995). Acylation remains
rate-limiting for the G238S enzyme but k2 is increased nearly
10-fold (Saves et al., 1995). A significant portion of the increase
in kcat/KM observed for the G238S enzyme is thus due to an
increase in the acylation rate. Although values for Ks for G238S
with cefotaxime have not been determined, the fact that acylation
is rate-limiting indicates KM is an approximation of Ks. Since the
KM for cefotaxime is reduced for the G238S enzyme compared to

Frontiers in Molecular Biosciences | www.frontiersin.org February 2018 | Volume 5 | Article 16180

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Palzkill Molecular Basis of ESBL Mutations

TABLE 2 | Kinetic parameters for ceftazidime hydrolysis by TEM-1 β-lactamase and mutants.

Enzyme kcat (s
−1) KM (µM) kcat/KM (M−1s−1) Buffer References

TEM-1 wt 0.0016 80 20 0.1M phosphate, pH7.0, 25◦C Sowek et al., 1991

TEM-1 wt 0.3 4,300 70 50mM phosphate, pH7.0, 30◦C Raquet et al., 1994

TEM-1 wt nda nd 21 50mM phosphate, pH7.0, 30◦C Venkatachalam et al., 1994

TEM-1 wt 0.02 300 66 pH7.0, 37◦C Petit et al., 1995

TEM-1 wt nd nd 55 50mM phosphate, pH7.0, 30◦C Cantu et al., 1996

TEM-1 wt 0.008 200 40 50mM phosphate, 100mM NaCl, pH7.0, 25◦C Vakulenko et al., 1999

TEM-1 wt 0.018 557 32 50mM phosphate, pH7.0, 25◦C Wang et al., 2002

Avg(SD) 0.07 (0.13) 1,090 (1,800) 43 (21)

TEM R164S 3.4 260 1.3 × 104 0.1M phosphate, pH7.0, 25◦C Sowek et al., 1991

TEM R164Sb 9 1,000 9.0 × 103 50mM phosphate, pH7.0, 30◦C Raquet et al., 1994

TEM R164S 1.4 270 5.2 × 103 50mM phosphate, 100mM NaCl, pH7.0, 25◦C Vakulenko et al., 1999

TEM R164S 8.5 1,600 5.3 × 103 50mM phosphate, pH7.0, 25◦C Wang et al., 2002

Avg(SD) 5.6 (3.8) 780 (650) 8.1 × 103 (3.7 × 103)

TEM G238S 0.9 532 1.6 × 103 50mM phosphate, pH7.0, 30◦C Venkatachalam et al., 1994

TEM G238S 26 5,200 5.0 × 103 50mM phosphate, pH7.0, 30◦C Raquet et al., 1994

TEM G238S 0.55 897 6.1 × 102 50mM phosphate, pH7.0, 25◦C Wang et al., 2002

TEM G238S 1.0 343 3.0 × 103 50mM phosphate, pH7.0, 30◦C Cantu and Palzkill, 1998

Avg(SD) 7 (13) 1,740 (2,320) 2.6 × 103 (1.9 × 103)

TEM E104K 0.07 150 4.5 × 102 0.1M phosphate, pH7.0, 25◦C Sowek et al., 1991

TEM E104K 0.3 80 3.7 × 103 pH7.0, 37◦C Petit et al., 1995

TEM E104K 0.41 760 5.4 × 102 50mM phosphate, pH7.0, 25◦C Wang et al., 2002

Avg(SD) 0.26 (0.17) 330 (370) 1.6 × 103 (1.9 × 103)

TEM E240K 0.28 460 6.1 × 102 0.1M phosphate, pH7.0, 25◦C Sowek et al., 1991

TEM E240K nd nd 1.7 × 103 50mM phosphate, pH7.0, 30◦C Venkatachalam et al., 1994

Avg(SD) – – 1.2 × 103 (7.7 × 102)

and, not determined.
bEnzyme also contains Q39K substitution.

FIGURE 3 | Ribbon diagram of TEM-1 β-lactamase showing the positions at
which substitutions commonly occur among enzyme variants with increased
catalytic activity for oxyimino-cephalosporins highlighted in cyan. The active
site Ser70 nucleophile is highlighted in red.

TEM-1 (Table 1), this suggests that the increased affinity of the
G238S enzyme for cefotaxime also contributes to the increase in
kcat/KM.

The G238S substitution in TEM-1 also results in increased
ceftazidime hydrolysis, albeit to a lesser extent than that observed
for cefotaxime, with a kcat/KM value of ∼2.5 × 103 M−1s−1

(Table 2). This is a 60-fold increase over that observed for
TEM-1. As with cefotaxime, kcat and KM comparisons to wild-
type TEM-1 are difficult. However, the KM for ceftazidime
hydrolysis is reduced to a measurable range for G238S with a
value of ∼1,700µM while kcat is roughly 7 s−1, although there
is high variance in published values (Table 2). A comparison
of kcat/KM values for G238S reveals a 60-fold higher catalytic
efficiency for cefotaxime vs. ceftazidime hydrolysis.

While the G238S substitution increases the rate of cefotaxime
and ceftazidime hydrolysis, it significantly decreases the rate of
hydrolysis of penicillins. For example, kcat/KM for ampicillin
hydrolysis is reduced 10-fold compared to wild-type TEM-1
while kcat is decreased ∼50-fold (Dellus-Gur et al., 2015). Very
similar effects were observed for hydrolysis of benzylpenicillin
by the G238S enzyme (Cantu and Palzkill, 1998). Because kcat
is decreased, the effect of G238S is not simply on binding
affinity for penicillins but includes reduced rates of acylation
(k2), deacylation (k3), or both. Christensen et al. determined
that, for TEM-1, the rates of acylation and deacylation are fast
(>1,000 s−1) and neither is rate-limiting for benzylpenicillin
hydrolysis (Christensen et al., 1990). Using mass spectroscopy,
Saves et al. determined that, for the G238S enzyme, k3 is greatly
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reduced and is rate-limiting for hydrolysis of benzylpenicillin
(Saves et al., 1995). Based on these results, it was suggested the
G238S substitution may affect the positioning of the omega loop
and alter the action of the Glu166 general base, which is present
on the loop, resulting in a decreased deacylation rate (Saves et al.,
1995).

Two models have been proposed to explain the mechanism
of the G238S substitution. One model involves a hydrogen bond
between the side chain hydroxyl of the Ser238 residue and
the oxime group of the oxyimino-cephalosporins that would
improve affinity of the enzyme for the antibiotics and thereby
increase catalytic efficiency (Huletsky et al., 1993). The second
model suggests that steric conflicts of the Ser238 side chain with
residue Asn170 would lead to movement of the β3 strand or
movement of the omega loop thereby causing expansion of the
active site to accommodate the larger oxyimino-cephalosporin
side chain (Saves et al., 1995; Cantu and Palzkill, 1998). An
analysis of kinetic parameters of a series of substitutions at
position 238 supported the steric conflict model in that kcat/KM

for oxyimino-cephalosporin hydrolysis correlated more closely
with side-chain volume than hydrogen bonding potential (Cantu
and Palzkill, 1998). In addition, docking and molecular dynamics
studies of the G238S mutant with cefotaxime have suggested
Ser238 does not hydrogen bond to cefotaxime in the complex
(Singh and Dominy, 2012).

The structures of TEM variants from clinical isolates
containing multiple substitutions including G238S have been
determined. The structure of the TEM-52 enzyme containing
the E104K/M182T/G238S substitutions shows the position of the
loop region of residues 238–243 is moved by 2.8 Å to widen the
active site to accommodate the bulkier side chains of oxyimino-
cephalosporins (Figure 4). It was also noted that lysine from the
E104K substitution is oriented toward the active site (Orencia
et al., 2001). In addition, the structure of the TEM-72 enzyme
containing the Q39K, M182T, G238S, and E240K substitutions
has been determined (Docquier et al., 2011). Curiously, the TEM-
72 enzyme does not show the movement of the 238–243 loop
and the active site is not expanded (Figure 4). This could be
due to the presence of the E240K substitution adjacent to G238S
somehow restraining the conformation. Note, however, that
TEM-1 containing the G238S/E240K double mutant has higher
catalytic efficiency for cefotaxime hydrolysis than G238S alone,
indicating cefotaxime is accommodated into the active site in
the simultaneous presence of G238S and E240K (Venkatachalam
et al., 1994). Finally, the structure of a TEM G238A mutant has
been determined and, similar to TEM-52, shows an expansion of
the active site, however, the expansion is due to movement of the
omega loop because of steric conflict with the substituted alanine
(Wang et al., 2002).

The X-ray crystal structure of the G238S mutant has also been
determined in a TEM-1 enzyme that also contains stabilizing
substitutions that enhance protein expression and crystallization
(Dellus-Gur et al., 2015). These substitutions did not influence
the catalytic properties of the enzyme compared to G238S
without the stabilizing substitutions. The G238S structures were
determined under cryogenic conditions and at room temperature
(Dellus-Gur et al., 2015). The G238S enzyme exists in two

FIGURE 4 | Schematic illustration of a structural comparison of TEM-1 (tan)
(PDB ID: 1BTL), TEM-52 (cyan) (1HTZ), and TEM-72 (pink) (3P98). The omega
loop residues Asn170-Glu171 and the end of the β3-sheet containing
positions 237–240 are shown. The distance between the Asn170 carbonyl
oxygen and residue 240 main chain NH are shown. The numbers indicate
distances in Å. The distance lines are color coded to match the molecules.
The G238S substitution in TEM-52 is associated with a movement of residue
238 and 240 away from Asn170 creating additional space in the active site.
Labels for amino acid residues that are substituted relative to wild type are
colored according to structure with TEM-52 (cyan), TEM-72 (pink).

well-defined conformations of the active site loop at the end of
the β3-strand containing residue 238. One of these is a more
open conformation that could accommodate cefotaxime (Dellus-
Gur et al., 2015). Taken together, the structural results on G238S
suggest, TEM-72 notwithstanding, the substitution is associated
with increased space to accommodate substrate and are broadly
consistent with the steric conflict model.

The R164S substitution results in increased hydrolysis of both
cefotaxime and ceftazidime, although it is most often associated
with TEM ESBLs providing increased resistance to ceftazidime.
Several studies reveal the R164S substitution results in a roughly
5-fold increase in kcat/KM for cefotaxime hydrolysis compared to
TEM-1 with a value of ∼ 8.0 × 103 M−1s−1 (Table 1). Although
cefotaxime KM values are often too high to measure for TEM-
1, KM is measureable for R164S with values in the range of
250µM and kcat in the range of 2 s−1 (Table 1). In contrast to the
relatively modest increase in cefotaxime hydrolysis mediated by
R164S, this substitution is associated with an ∼200-fold increase
in kcat/KM for ceftazidime hydrolysis compared to TEM-1 with
a value of ∼8.0 × 103 M−1s−1 compared to 40 M−1s−1 for
TEM-1 (Table 2). The increased catalytic efficiency is associated
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with a consistently measurable KM for R164S with a value of
∼800µM and a kcat of ∼6 s−1. The large increase in kcat/KM for
ceftazidime hydrolysis by R164S relative to TEM-1 may explain
why the substitution is often associated with ESBLs with high
ceftazidime resistance. Because kcat/KM is a reflection of rates
occurring up to the formation of the acyl-enzyme, the increase in
kcat/KM relative to TEM-1 for both cefotaxime and ceftazidime
hydrolysis by R164S suggests the substitution is associated with a
decrease in Ks (increased affinity) and/or an increase in k2.

As with G238S, the R164S substitution is associated with
decreased penicillin hydrolysis. For example, the kcat for
ampicillin hydrolysis is decreased 25-fold and kcat/KM is
decreased 13-fold for the R164S enzyme relative to wild-type
TEM-1 (Dellus-Gur et al., 2015). Similarly, for benzylpenicillin
hydrolysis, kcat is decreased 70-fold and kcat/KM is decreased 14-
fold (Vakulenko et al., 1999). There are no reported values for
Ks, k2 or k3 for penicillin hydrolysis but the 25- and 70-fold
reductions in kcat suggests k2 and/or k3 values are significantly
lower for penicillin hydrolysis by R164S relative to TEM-1.

Several groups have investigated the structural basis of the
change in substrate specificity provided by R164S. Mobashery
and colleagues noted that the R164S substitution would create
a cavity in the middle of the omega loop and the top of
the loop containing Pro167 and Asn170 would collapse to fill
the void. This rearrangement creates additional space in the
active site (Vakulenko et al., 1999). The structure of TEM-64
(E104K/R164S/M182T), which contains the R164S substitution,
has been determined (Wang et al., 2002). It was found the omega
loop has an altered conformation where the short helix in the
region of residue 170 unwinds and Asn170 moves by 4.5 Å to
create a cavity in the active site that could better accommodate
the C7β side chain of oxyimino-cephalosporins (Wang et al.,
2002; Figure 5). The structure of the R164S mutant has also
been determined in a TEM-1 enzyme that, like G238S described
above, also contains stabilizing substitutions that enhance
protein expression and crystallization without affecting kinetic
parameters (Dellus-Gur et al., 2015). Similar to G238S described
above, structures were determined at cryogenic conditions
and room temperature. The structure of R164S showed the
omega loop is conformationally heterogenous (Dellus-Gur
et al., 2015). An ensemble of different conformations of the
omega loop are present, some of which better accommodate
cefotaxime. Binding of oxyimino-cephalosporins is proposed to
shift the ensemble toward catalytically active conformations. The
structure of a covalently bound boronic-acid analog showed less
conformational heterogeneity, supporting this view (Dellus-Gur
et al., 2015).

E104K AND E240K SUBSTITUTIONS

The E104K and E240K substitutions are also associated with
increases in the hydrolysis of cefotaxime and ceftazidime.
Although these substitutions have been found individually in
ESBLs, they are often found in association with the G238S or
R164S substitutions. The E104K substitution has been studied
by several groups and exhibits an ∼6-fold increase in kcat/KM

FIGURE 5 | Schematic illustration of the omega loop region as well as the
β3-strand and H2 helix of the active site of TEM-1 (tan) (PDB ID: 1BTL) in
comparison to that of TEM-64 (cyan) (1JWZ). The omega loop in TEM-64
undergoes a large conformational change moving Asn170 out of the active
site. Labels for amino acid residues that are substituted relative to wild type are
colored according to structure with TEM-64 (cyan). The boronic acid inhibitor
of the TEM-64 structure is omitted for clarity.

for cefotaxime hydrolysis compared to TEM-1 with a value of
1.0 × 104 M−1s−1(Table 1). KM is consistently measurable for
TEM-1 containing the E104K substitution with an average of
1,800µM, although with high variance in values. kcat is likely
also increased relative to TEM-1 and has a value of ∼10 s−1

(Table 1). For ceftazidime hydrolysis, the E104K substitution is
associated with an ∼40-fold increase in kcat/KM compared to
TEM-1 (Table 2). The KM value for E104K with ceftazidime is in
a measurable range with a value of ∼300µM while kcat is ∼0.3
s−1 (Table 2). There are no published results on Ks, k2 or k3
for E104K for these substrates but the increased kcat/KM values
suggest minimally thatKs is reduced and/or k2 is increased by the
substitution. It has been suggested that electrostatic interactions
of E104K could increase binding of oxyimino-cephalosporins.
Docking and molecular dynamics, however, suggest the lysine at
position 104 does not directly interact with bound cefotaxime,
although ceftazidime was not examined (Sowek et al., 1991; Singh
and Dominy, 2012).

In contrast to the R164S and G238S substitutions, the
E104K substitution has little effect on the hydrolysis of
penicillins. The kinetic parameters for benzylpenicillin hydrolysis
are very similar to TEM-1 with high kcat, low KM and
very high kcat/KM values (Sowek et al., 1991; Hart et al.,
2016). Similarly, kinetic parameters are largely unchanged
for hydrolysis of 6-furylacrylpenicillanic acid (FAP) (Wang
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et al., 2002). These results suggest the E104K substitution
does not significantly modify active site structures that are
necessary for penicillin hydrolysis. Substitutions in TEM-1
that increase oxyimino-cephalosporin hydrolysis therefore need
not reduce hydrolysis rates of excellent substrates such as
penicillins.

The E240K substitution has been evaluated in multiple
publications and exhibits an ∼4-fold increase in kcat/KM for
cefotaxime hydrolysis compared to TEM-1 with a value of ∼6.6
× 103 M−1s−1 (Table 1). The KM for cefotaxime hydrolysis
is decreased to a measurable value of ∼140µM while kcat is
low and has a value of ∼0.5 s−1. With regard to ceftazidime
hydrolysis, the E240K substitution results in a roughly 30-
fold increase in kcat/KM compared to TEM-1 (Table 2). Similar
to the E104K substitution, the E240K substitution results in
only modest changes in kinetic parameters for hydrolysis of
penicillins such as benzylpenicillin (Sowek et al., 1991). Thus,
like E104K, the E240K enzyme is an excellent penicillinase.
Finally, a comparison of the effects of E104K vs. E240K
on kcat/KM for cefotaxime and ceftazidime reveals that both
substitutions result in a ∼5-fold increase for cefotaxime but a
30–40-fold increase for ceftazidime relative to TEM-1, indicating
these substitutions have the largest impact on ceftazidime
hydrolysis.

A237T SUBSTITUTION

The A237T substitution occurs more rarely than R164S or G238S
among TEM ESBLs and when it occurs, it is associated with
other substitutions, particularly R164S (www.lahey.org/studies/
webt.asp). The A237T substitution was first identified in a
selection for mutants of TEM-1 with increased cephalosporin C
resistance (Hall and Knowles, 1976). There have been relatively
few detailed biochemical studies of the effect of the A237T
substitution. Healy et al. showed with purified enzyme that
the A237T substitution results in a 2-fold decrease in kcat
but a modest (1.3-fold) increase in kcat/KM for hydrolysis of
the cephalosporins cephalothin and cephalosporin C (Healy
et al., 1989). In addition, they showed the substitution reduces
hydrolysis of benzylpenicillin and ampicillin with a 7-fold
decrease in kcat and a ∼10-fold decrease in kcat/KM. The A237T
substitution also decreases the thermal stability of the enzyme
by 5◦C. Further, Cantu et al. made similar observations with
regard to the negative effect of A237T on benzylpenicillin and
ampicillin hydrolysis and also showed the substitution causes
a modest 1.3-fold increase in kcat/KM for cefotaxime (Cantu
et al., 1997). A further suggestion that the A237T substitution
increases cefotaxime hydrolysis comes from a study showing that
TEM-24 (Q39K/E104K/R164S/A237T/E240K) exhibits a ∼10-
fold higher Vmax/KM value for cefotaxime hydrolysis relative
to TEM-46 (Q39K/E104K/R164S/E240K) (Chanal-Claris et al.,
1997). There is no structural information available on a TEM
A237T mutant; however, by analogy to structures of the class
A enzymes Toho-1, CTX-M-9, and CTX-M-14 in complex with
cefotaxime, it is possible that the hydroxyl group of Thr237
makes a hydrogen bond to the C4 carboxylate group to enhance

cefotaxime hydrolysis (Shimamura et al., 2002; Delmas et al.,
2010; Adamski et al., 2015).

M182T SUBSTITUTION

The M182T substitution is found in many TEM ESBL enzymes
as well as inhibitor resistant enzymes. M182T is found in
combination with other amino acid substitutions in ESBLs (www.
lahey.org/studies/webt.asp). In contrast to the substitutions
described above, residue 182 is not in the vicinity of the active
site (Figure 3). The M182T substitution, when introduced by
itself into the TEM-1 enzyme, does not alter substrate specificity
(Sideraki et al., 2001; Wang et al., 2002). Instead, M182T acts by
increasing thermodynamic stability and suppressing aggregation
(Sideraki et al., 2001; Wang et al., 2002). A role for the
M182T substitution in ESBL evolution was found in a genetic
study to identify intragenic second-site suppressor mutations
of folding and stability mutants in TEM-1 β-lactamase (Huang
and Palzkill, 1997). For this purpose, a destabilizing mutation in
the hydrophobic core (L76N) was introduced into TEM-1. This
resulted in rapid proteolysis of the enzyme in E. coli and a large
reduction in ampicillin resistance. Suppressor mutations (i.e.,
mutations that restored ampicillin resistance to E. coli containing
the TEM-1 L76N gene) were selected after random introduction
of point mutations in the TEM gene (Huang and Palzkill, 1997).
Using this approach, mutants that reverted the L76N substitution
to leucine and isoleucine were discovered; however, the most
common suppressor was M182T, which is located 17Å from
residue 76 (Huang and Palzkill, 1997). The M182T substitution
was shown to restore protein expression levels of TEM-1 L76N in
E. coli and, importantly, restored expression of other destabilizing
mutations in TEM-1. Based on these results, it was suggested
that in natural ESBLs, M182T acts as a suppressor of folding
and stability defects associated with substitutions that increase
catalysis of extended-spectrum cephalosporins or cause inhibitor
resistance (Huang and Palzkill, 1997). It was named a “global
suppressor” based on similar properties to intragenic second-
site stabilizing mutations that had previously been observed in
staphylococcus nuclease that were named global suppressors
(Shortle and Lin, 1985).

It was later shown that the TEM-1 L76N substitution results
in misfolding leading to aggregation and proteolysis of the
enzyme in the periplasmic space of E. coli (Sideraki et al.,
2001). The addition of the M182T substitution restored the
accumulation of active, folded enzyme in the periplasm and
suppressed the formation of aggregates. It was also shown that, in
guanidinium hydrochloride denaturation experiments, M182T
did not act on the final stability of the L76N enzyme (Sideraki
et al., 2001). Subsequently, it has been shown using circular
dichroism (CD) measurements at increasing temperatures that
M182T does increase the thermodynamic stability of the wild-
type TEM-1 enzyme (Wang et al., 2002). In addition, it was
shown using the CD assay that TEM mutations that increase
oxyimino-cephalosporin hydrolysis such as R164S and G238S,
also decrease the thermodynamic stability of the enzyme, i.e.,
there is a stability-function trade-off (Wang et al., 2002). Previous
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studies had also shown that R164S and G238S have reduced
stability relative to wild-type TEM-1 (Raquet et al., 1995). Adding
the M182T substitution to the G238S enzyme results in increased
thermodynamic stability suggesting that M182T compensates
for TEM ESBL substitutions that trade off protein stability
for improved oxyimino-cephalosporin hydrolysis (Wang et al.,
2002).

Consistent with the results of Wang et al. (2002), Knies et al.
recently showed that M182T increases the thermostability of
wild type TEM-1, that the G238S substitution results in lower
thermostability of TEM-1, and that the M182T substitution
restores stability to theM182T/G238Smutant (Knies et al., 2017).
These authors note, however, that the increased thermostability
does not correlate with increased cefotaximeMICs. They go on to
suggest that the effects of the mutations on other factors may be
important, such as folding/misfolding or kinetic stability (Knies
et al., 2017). Studies on in vivo (in periplasm) folding kinetics
and propensity for misfolded products of TEM ESBL mutants
such as G238S and the influence of mutations including M182T
on such folding will be of interest to further address the in vivo
effect of ESBL substitutions and the role of global suppressor
substitutions.

There have been multiple proposals for the structural basis by
which M182T increases enzyme thermostability. Farzaneh et al.
proposed that the threonine at position 182 results in a new
hydrogen bond between residue 182 and the main chain carbonyl
group of residue 64 (Farzaneh et al., 1996). This would provide an
additional link between the α and αβ domains of β-lactamase and
possibly increase stability. Alternatively, it has been shown that
Thr182 acts as an N-cap residue for the residue 183-195 α-helix
by forming and additional hydrogen bond to Ala185 that would
be expected to increase stability (Minasov et al., 2002).

Finally, it is also noteworthy that several groups have now
shown that there are, in fact, many substitutions in TEM-1
that increase the stability of the enzyme including V31R, I47V,
F60Y, P62S, G78A, V80I, S82H, G92D, R120G, E147G, H153R,
M182T, A184V, T188I, L201P, I208M, A224V, E240H, R241H,
I247V, T265M, R275Q, R275L, and N276D (Bershtein et al., 2008;
Kather et al., 2008; Marciano et al., 2008; Brown et al., 2010; Deng
et al., 2012). A number of these substitutions have been observed
in TEMESBL or inhibitor-resistant enzymes from clinical isolates
including G92D, R120G, H153R,M182T, A184V, A224V, T265M,
R275Q, and N276D (Brown et al., 2010). Therefore, suppression
of folding and stability defects is likely achieved by several
mutational pathways in natural variants.

MULTIPLE SUBSTITUTIONS AND

EPISTASIS IN TEM ESBLS

TEM ESBLs from resistant clinical isolates contain 1–5
substitutions and multiply substituted enzymes are the rule
with single substitutions being relatively rare (www.lahey.org/
studies/webt.asp). Many ESBLs contain a core substitution of
either R164S or G238S with additional substitutions such as
E104K, M182T, A237T or E240K. Enzymes containing R164S
are more often associated with high ceftazidime resistance while

those with G238S are associated with high cefotaxime resistance.
This is related to the fact, as discussed above, that the R164S
substitution gives a large increase in kcat/KM for ceftazidime
relative to wild type TEM-1 and G238S gives a large increase in
cefotaxime kcat/KM relative to wild type. This categorization is
an oversimplification, however, in that R164S does moderately
increase cefotaxime hydrolysis and G238S moderately increases
ceftazidime hydrolysis relative to wild-type TEM-1.

The addition of substitutions to R164S and G238S mutations
results in increased oxyimino-cephalosporin hydrolysis. For
example, the addition of E104K to R164S results in a 30-fold
increase in kcat/KM for ceftazidime and a 2.4-fold increase for
cefotaxime hydrolysis relative to the R164S enzyme (Sowek
et al., 1991). Addition of the E240K substitution to R164S
results in a 7-fold increase in kcat/KM for ceftazidime but
only a modest 1.2-fold increase for cefotaxime hydrolysis
(Sowek et al., 1991). Further, the addition of E104K to the
G238S enzyme results in a 15-fold increase in kcat/KM for
ceftazidime and a 10-fold increase for cefotaxime hydrolysis
relative to the G238S enzyme (Wang et al., 2002). The
addition of E240K to the G238S enzyme results in a 37-fold
increase in kcat/KM for ceftazidime and a 2.6-fold increase
for cefotaxime hydrolysis relative to G238S (Venkatachalam
et al., 1994). Taken together, these findings show that the
E104K and E240K substitutions increase kcat/KM of either
R164S or G238S for both ceftazidime and cefotaxime. However,
the effect is more pronounced for ceftazidime. It has been
noted by Sowek et al., the effect of E104K and E240K on
ceftazidime hydrolysis may be due to favorable electrostatic
interactions of lysine in either position with the carboxylate
group found in the C7β side chain of ceftazidime (Sowek et al.,
1991).

R164S or G238S mutations in combination with E104K or
E240K generally result in additive effects on catalysis where the
combination of two substitutions that each increase hydrolysis
leads to even higher levels of hydrolysis in the double mutant.
Additive combinations reveal that the two substitutions have
independent effects on catalysis (Wells, 1990). However, not
all substitutions associated with TEM ESBLs are additive. For
example, the combination of E104K and E240K, each of which
increases kcat/KM for cefotaxime hydrolysis when introduced
individually into the TEM-1 enzyme, results in an E104K/E240K
double mutant that hydrolyzes cefotaxime with a kcat/KM at the
same level as the E104K substitution alone (Hart et al., 2016).
Similarly, the addition of E104K to a R164S/E240K enzyme
results in an E104K/R164S/E240K mutant that exhibits the same
kcat/KM value for cefotaxime hydrolysis as the R164S/E240K
enzyme (Sowek et al., 1991). Therefore, in these examples, the
presence of E240K negates the effect of E104K (and vice versa).
The lack of additivity means that the two mutations interact,
directly or indirectly, and that the interaction has a negative effect
on hydrolysis.

Non-additive effects of mutations are termed epistasis (de
Visser and Krug, 2014; Dellus-Gur et al., 2015). Epistasis is
an important element of evolution because it determines what
mutational pathways are accessible to natural selection (de Visser
and Krug, 2014; Dellus-Gur et al., 2015). Indeed, these effects
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have been highlighted for a TEMmutant consisting of a promoter
mutation (g4205a) as well as the amino acid substitutions
A42G/E104K/M182T/G238S. This variant provides high-level
cefotaxime resistance to E. coli (Stemmer, 1994; Orencia et al.,
2001). Weinreich et al. showed that out of the 5!=120 mutational
pathways leading from wild type to the final mutant, 102 were
selectively inaccessible paths in that some of the individual
mutations do not increase cefotaxime resistance on all allelic
backgrounds. Because some increase in cefotaxime resistance
is required for selection of intermediate mutations, mutational
pathways that include a step with no selection advantage will be
dead-ends. Thus, negative epistasis excludes some of the possible
pathways by which complex mutations may arise (Weinreich
et al., 2006).

A well-studied example of epistasis in the TEM system from a
structural and functional standpoint is the combination of R164S
with G238S. The combination of R164S andG238S, each of which
increase resistance toward cefotaxime and ceftazidime, results in
a double mutant R164S/G238S with reduced resistance toward
each of these (Giakkoupi et al., 2000). The kcat/KM for cefotaxime
hydrolysis by the R164S/G238S double mutant is the same as
R164S and 20-fold lower than that for G238S, indicating negative
epistasis between the substitutions (Dellus-Gur et al., 2015). In
each case, the kcat/KM for the double mutant is significantly
smaller that the kcat/KM expected if the two mutations were
simply additive.

In order to understand the molecular basis of the observed
epistasis, the structure of the R164S/G238S double mutant
was determined by Dellus-Gur et al. in the context of other
stabilizing substitutions that do not impact kinetic parameters
as described above for G238S and R164S (Dellus-Gur et al.,
2015). As noted above, the G238S substitution induced two
dominant conformations of the G238-loop while the R164S
substitution induced an ensemble of conformations of the
omega loop. The R164S/G238S double mutant exhibited a
wider ensemble of conformations than the single mutants
(Dellus-Gur et al., 2015). In addition, a non-native interaction
between residues 171 and 240 is present which results in a
dominant, large change in the position of the catalytically
important residue Asn170. It was suggested that the entropic
cost of the substrate selecting from the many conformations,
in addition to the unfavorable position of Asn170 results in
the low kcat for cefotaxime hydrolysis by the double mutant,
thereby accounting for the negative epistatic effect of introducing
the second mutation (Dellus-Gur et al., 2015). Based on the
results, the authors suggest there is a delicate balance between
the adaptive benefit of increased structural freedom to allow
oxyimino-cephalosporin access to the active site and the cost
of diluting the catalytically optimal conformation among many
non-productive conformations that decreases catalytic efficiency
(Dellus-Gur et al., 2015). This study also provides evidence for
the importance of conformational ensembles or sub-states in
enzyme action and evolution. The coexistence of multiple sub-
states has been referred to as “floppiness” and is recognized
as an important component of enzyme catalytic efficiency
and evolution (Tokuriki and Tawfik, 2009a; Bar-Even et al.,
2015).

COMPUTATIONAL STUDIES OF

CONFORMATIONAL HETEROGENEITY OF

TEM ESBLS

Computational studies also support a role for conformational
flexibility in the evolution of altered specificity in the TEM-1
enzyme. It has been shown through docking and molecular
dynamics that the G238S and E104K substitutions induce
changes in the conformation of the omega loop as well as
regions consisting of residues 86–118, 213–229, and 267–271
upon binding cefotaxime (Singh and Dominy, 2012). In addition,
a study has demonstrated flexibility in TEM-1 and greater
flexibility in ancestral β-lactamases that exhibit broader substrate
specificity, thereby linking flexibility with broad specificity (Zou
et al., 2015). Further, hidden allosteric sites have been discovered
in the TEM enzyme (Horn and Shoichet, 2004; Bowman et al.,
2015). These sites are binding pockets that are not present
in the crystal structure but become available as the protein
structure fluctuates in solution. Such a site was discovered via
structure determination of a small molecule inhibitor that was
found bound in a pocket 16 Å from the active site that is
not apparent in the apoenzyme (Horn and Shoichet, 2004).
The conformational changes associated with small molecule
binding in the cryptic pocket were communicated to the active
site resulting in movement of a key active site residue thereby
inhibiting the enzyme (Horn and Shoichet, 2004). Hidden
allosteric sites that are sampled among TEM-1 conformations
have also been discovered computationally and thiol labeling
experiments support their presence in TEM-1 (Bowman and
Geissler, 2012; Bowman et al., 2015). Taken together, these studies
support a role for conformational heterogeneity in β-lactamases
and its potential impact on catalysis via communication with the
active site.

Recently, molecular dynamics simulations and Markov State
Models (MSMs) were used to examine the mechanism of action
of the TEM-1 wild type, E104K, and G238S substitutions on
cefotaxime hydrolysis (Hart et al., 2016). The authors showed
that docking of cefotaxime into static TEM ESBL structures
shows a poor correlation with kcat/KM of the variants, suggesting
the static structures do not contain sufficient information
to understand the function of the enzymes. The correlation
was improved using “Boltzman docking” where MSMs based
on molecular dynamics simulations were weighted to the
contribution of each state by its equilibrium probability (Hart
et al., 2016). The results suggested that consideration of
enzyme conformational sub-states rather than a single structure
provides more relevant information on TEM ESBL activity
against cefotaxime. Next, the authors used MSMs constructed
based on molecular dynamics of wild type TEM-1 and the
E104K/G238S enzyme that hydrolyzes cefotaxime >1,000-fold
faster than wild type and identified states that are more
populated by E104K/G238S than by wild type. Interestingly, it
was found that the “cefotaximase states” resembled the wild-
type structure while the omega loop in the wild type undergoes
substantial rearrangements (Hart et al., 2016). This suggests
that E104K/G238S hydrolyzes cefotaxime more efficiently than
wild type because the omega loop is actually more constrained
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in a conformation that will accommodate cefotaxime in the
double mutant while the wild-type TEM-1 samples many non-
productive conformations. Support for this model was obtained
by chemical footprinting and the construction of mutations
predicted to preferentially occupy active conformational states
(Hart et al., 2016). These findings suggest that, contrary to
the view that the active site needs to become more open to
accommodate cefotaxime, for productive catalysis it needs to
be more constrained to limit non-productive sub-states (Hart
et al., 2016). Examination of the most populated states of
E104K/G238S cefotaximase indicated the serine at position 238
and lysine at position 104 act to pin down the omega loop to limit
non-productive conformations (Hart et al., 2016). These results
again highlight the importance of conformational sub-states
and provide a different view from the idea that the expansion
of the TEM-1 active site by ESBL mutations to accommodate
oxyimino-cephalosporins is the causative basis of enhanced
catalytic efficiency.

CTX-M β-LACTAMASE VARIANTS AND

CEFTAZIDIME HYDROLYSIS

CTX-M β-lactamases are class A enzymes that are characterized
by the ability to efficiently hydrolyze cefotaxime (Bonnet, 2004).
These enzymes have spread globally to become the most
widespread ESBLs in Gram-negative bacteria (Cantón et al.,
2012). The CTX-M ESBLs are divided into five clusters based on
amino acid sequence homology including CTX-M-1, CTX-M-2,
CTX-M-8, CTX-M-9, and CTX-M-25 with the names based
on the prominent member of each subgroup (D’Andrea et al.,
2013). The subgroups differ from one another by >10% amino
acid sequence divergence and each subgroup contains a number
of variants that differ from one another by <5% sequence
divergence (D’Andrea et al., 2013). The CTX-M enzymes are
∼35% identical to TEM-1 β-lactamase.

The Toho-1 (CTX-M-44), CTX-M-9, and CTX-M-14
enzymes have been the most intensively studied in terms of
structure and mechanism (Shimamura et al., 2002; Chen et al.,
2005; Delmas et al., 2010). Toho-1 is in the CTX-M-2 subfamily
while CTX-M-9 and −14 are in the CTX-M-9 subfamily and
differ only in a V231A substitution in CTX-M-9 relative to
CTX-M-14 (Chen et al., 2005; D’Andrea et al., 2013). In addition,
CTX-M-9 and CTX-M-14 exhibit similar kinetic parameters
for β-lactam substrate hydrolysis (Chen et al., 2005). Therefore,
structure and function conclusions from studies of one of these
enzymes are likely to apply to the others.

The focus here will be on CTX-M-14 and the role of amino
acid substitutions found in variants that increase ceftazidime
hydrolysis. In contrast to TEM-1, the CTX-M enzymes are
excellent catalysts for the hydrolysis of cefotaxime (Bonnet,
2004). With regard to CTX-M-14, kcat is in the range of 200–
400 s−1 and KM ∼100µM while kcat/KM is ∼3.0 × 106 M−1s−1

(Chen et al., 2005; Adamski et al., 2015; Patel et al., 2015).
Thus, the kcat/KM value for cefotaxime hydrolysis by CTX-M-14
is about 1,500-fold higher than that for TEM-1. Structural
studies of CTX-M-14 and CTX-M-9 apoenzymes reveal that,

contrary to the expectation that a wider active site would better
accommodate cefotaxime, the active site is narrower than that
observed for TEM-1 (Chen et al., 2005; Delmas et al., 2010).
X-ray structures of CTX-M-14 and CTX-M-9 in the presence
of cefotaxime show that the active site expands significantly
with cefotaxime bound in the active site (Delmas et al., 2010;
Adamski et al., 2015). These structures were solved using an S70G
substitution of the nucleophile for acylation in order to trap the
unhydrolyzed substrate (Delmas et al., 2010). The expansion is
accompanied by the breaking of a hydrogen bond between the
main chain carbonyl oxygen of Asn170 and themain chain NH of
Asp240 that connects to omega loop the β-3 strand (Delmas et al.,
2010) (Figure 6). Note that this is a similar region of the active
site as that of TEM-1 where the G238S substitution increases the
hydrolysis of oxyimino-cephalosporins and the proposed effect
of increasing the size of the active site is similar.

Although CTX-M enzymes rapidly hydrolyze cefotaxime, the
related oxyimino-cephalosporin ceftazidime is poorly hydrolyzed
(Bonnet, 2004). Determinations of kinetic parameters for CTX-
M-14 for ceftazidime reveal high KM values of >600µM, kcat
values <5 s−1 and a kcat/KM of 1–5 × 103 M−1s−1 (Chen et al.,
2005; Patel et al., 2015). This kcat/KM value is ∼1,000-fold less
than kcat/KM for cefotaxime hydrolysis by CTX-M-14. Note,
however, that this kcat/KM value for ceftazidime is still ∼100-
fold higher than that observed for TEM-1 indicating CTX-M
is a significantly better catalyst for this substrate than TEM-1.
The difference in kcat/KM for ceftotaxime vs. ceftazidime by
CTX-M enzymes is due to the extra bulk of the C7β side chain
of ceftazidime that contains a carboxypropyl group replacing the
methyl group found in cefotaxime. This leads to steric clashes
in binding ceftazidime in the CTX-M active site (Delmas et al.,
2008).

CTX-M D240G SUBSTITUTION

As noted, the CTX-M enzymes hydrolyze ceftazidime poorly
compared to cefotaxime. In the last 15 years, however, variants
have emerged that are able to hydrolyze ceftazidime (Bonnet,
2004; Cantón et al., 2012; D’Andrea et al., 2013). In particular, the
D240G and P167S substitutions occur individually in multiple
CTX-M subgroups where they enhance ceftazidime hydrolysis
(Bonnet et al., 2001, 2003; Cartelle et al., 2004; Kimura et al.,
2004; Ishii et al., 2007). For example, the D240G substitution has
been identified in the CTX-M-1, −2, −9, and −25 subfamilies
while the P167S substitution has been identified in variants
belonging to the CTX-M-1 and−9 subfamilies (D’Andrea et al.,
2013). CTX-M variants containing D240G or P176S from clinical
isolates are associated with increased MIC values for ceftazidime
and the introduction of the substitutions into CTX-M-14 results
in increased ceftazidime MICs for E. coli containing the mutants
vs. the wild-type CTX-M-14 (Patel et al., 2015).

The D240G substitution, when introduced into CTX-M-
14 or CTX-M-9, results in a 10-fold increase in kcat/KM for
ceftazidime hydrolysis (Bonnet et al., 2003; Chen et al., 2005;
Patel et al., 2015). Residue 240 is at the end of the β3-strand
that flanks the active site and also contains Thr235 and Ser237
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FIGURE 6 | Ribbon diagram of CTX-M-14 β-lactamase showing the positions
of residues Pro167 and Asp240 that are substituted in variants able to
hydrolyze ceftazidime (cyan). The catalytic residue Ser70 is shown in red. (PDB
ID: 1YLT).

that make direct interactions with the C4 carboxylate group
of cephalosporins (Delmas et al., 2010; Adamski et al., 2015;
Figure 6). The X-ray crystal structure of CTX-M-14 containing
the D240G substitution (CTX-M-27) has been determined, and
anisotropic B-factor analysis demonstrated increased flexibility
of the β3- strand that forms the side of the active site (Chen
et al., 2005). This increase in flexibility is thought to expand its
substrate profile by allowing access to the bulkier ceftazidime
molecule (Chen et al., 2005).

The effect of the D240G substitution was further investigated
by determining the structure of CTX-M-9 with the D240G
substitution in complex with a glycylboronic acid containing the
C7β oximino side chain of ceftazidime which forms a covalent
adduct with Ser70 and places the ceftazidime side chain in a
similar position as cefotaxime in the Toho-1 E166A-cefotaxime
structure (Shimamura et al., 2002; Delmas et al., 2008). A
comparison of the positioning of the ceftazidime side chain in the
D240Gmutant to its position in the wild type CTX-M-9 revealed
that the aminothiazole ring was positioned deeper into the active
site, more resembling the position of the aminothiazole ring in
cefotaxime structures (Delmas et al., 2008). This positioning,
in turn, led to more optimal contacts of the NH of the amide
group of the ceftazidime side chain with the Ser237 main chain
oxygen. Molecular dynamics simulations of ceftazidime acyl-
enzyme structures of CTX-M-9 and the D240G mutant based
on the ceftazidime-like boronic acid structures also suggested
more optimal contacts of Thr235 with the C4 carboxylate of
ceftazidime. A new hydrogen bond is observed between the
amino group of the aminothiazole ring and the Pro167 backbone
oxygen, along with an improved Ser237 main chain O interaction
with the amide group (Delmas et al., 2008). Thus, the D240G
substitution, via deeper positioning of the aminothiazole ring,
appears to improve interactions with ceftazidime with multiple
active site groups (Delmas et al., 2008).

CTX-M P167S SUBSTITUTION

The CTX-M P167S substitution, when introduced into CTX-
M-14, results in a 10-fold increase in kcat/KM for ceftazidime
hydrolysis, similar to that observed for D240G (Patel et al.,
2015). Pro167 resides on the omega loop and the peptide bond
between Glu166 and Pro167 is in the cis configuration (Figure 6).
The cis peptide bond contributes strongly to the conformation
of the omega loop and particularly the positioning of Asn170
(Patel et al., 2017). Pro167 is largely conserved among class
A β-lactamases, including TEM-1, and is a cis-proline in these
enzymes (Philippon et al., 2016).

Molecular dynamics simulations based on the structure of
the Toho-1 (CTX-M-44) enzyme have been performed to assess
the effect of the P167S substitution (Kimura et al., 2004). The
results suggested that in the P167S enzyme, the aminothiazole
ring is displaced to prevent steric clash with Ser167 causing the
C4 carboxylate of ceftazidime to hydrogen bond to Ser130 and
Ser237 and enhancing hydrolysis (Kimura et al., 2004).

The CTX-M-14 β-lactamase has also been used as a model
system to examine the structural changes caused by the P167S
substitution that are associated with increased ceftazidime
hydrolysis. A number of X-ray structures of CTX-M-14 P167S
were solved that enabled an evaluation of the changes in structure
between the apoenzyme, the initial enzyme complex with
ceftazidime, and the formation of the ceftazidime-acyl enzyme
(Patel et al., 2017). The S70G mutation was introduced to P167S
to prevent acyl-enzyme formation and capture the structure of
the enzyme-substrate complex and the E166A mutation was
introduced to P167S to prevent deacylation of the acyl-enzyme
to observe the acyl-enzyme structure. It was observed that the
P167S apoenzyme closely resembled CTX-M-14 and the peptide
bond preceding Ser167 was cis, despite a non-prolyl cis peptide
bond being very energetically unfavorable (Jorgensen and Gao,
1988; Patel et al., 2017). The S70G/P167S structure in complex
with ceftazidime revealed that the substrate bound with the
C8 carbonyl oxygen in the oxyanion hole, as expected for a
productive complex. The C4 carboxylate was bound by Thr235
but the C7β side chain was more solvent exposed due to steric
constraints with the omega loop (Figure 7). The omega loop
retained the conformation observed for the wild-type CTX-M-
14 and P167S enzymes, and the peptide bond preceding Ser167
was also cis (Patel et al., 2017; Figure 8). The addition of E166A
to the P167S enzyme to create E166A/P167S also showed the
omega loop in a closed conformation in the apoenzyme structure,
similar to the wild type and P167S apoenzymes (Figure 8).
However, the peptide bond preceding Ser167 was trans. The
addition of ceftazidime to E166A/P167S to form an acyl-enzyme
resulted in a trans peptide bond preceding Ser167 and a large
conformational change of the omega loop with Asn170 moving
4.2 Å out of the active site to create a pocket to accommodate
the ceftazidime side chain (Patel et al., 2017; Figures 7, 8). This
resulted in the aminothiazole ring sinking deeply into the active
site in a buried position (Figure 7). These results suggested
that both the Ser167 substitution and the presence of acylated
ceftazidime are required for the conformational change. Finally,
in order to show that the conformational change was due to
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FIGURE 7 | Protein surface representations of the CTX-M-14 P167S (gray) (PDB ID:5TWD), S70G/P167S with ceftazidime (green) (5TWE), E166A/P167S with
acylated ceftazidime (orange) (5TW6) and E166A with acylated ceftazidime (blue) (5U53) are shown. The positions of Ser70 and Asn170 on the CTX-M structure are
shown in yellow illustrating the movement of the omega loop in the E166A/P167S/CAZ acyl-enzyme separates Ser70 and Asn170 to create space in the active site to
accommodate ceftazidime.

the P167S substitution and not the E166A substitution that
was used to trap the acyl-enzyme, the structure of E166A in
complex with ceftazidime was determined. This showed the acyl-
ceftazidime in the active site with Pro167 in the cis configuration
and the omega loop in the closed conformation indicating the
P167S substitution is required for the conformational change
(Figures 7, 8). Therefore, the P167S substitution and the presence
of acylated ceftazidime were both necessary to drive the structure
toward a trans peptide bond at residue 167 and to induce
conformational change of the omega loop (Patel et al., 2017).

It is interesting to note that the structure of the CTX-M-
9 D140G enzyme in complex with the ceftazidime-like boronic
acid inhibitor and the CTX-M-14 E166A/P167S enzyme with
acylated ceftazidime show the aminothiazole ring sinking to a
deeper position in the active site relative to CTX-M-9 or CTX-
M-14, respectively (Delmas et al., 2008; Patel et al., 2017). This
suggests the P167S and D240G substitutions utilize different
paths to a broadly similar end result—altered positioning of
the aminothiazole ring and better contacts of substrate with
the enzyme. In addition, the TEM-64 (E104K/R164S/M182T)
ESBL enzyme with increased activity toward ceftazidime also
displays a similar conformational change of the omega loop when
complexed to a boronic acid inhibitor (Wang et al., 2002). Finally,
a TEM-1 triple mutant (W165Y/E166Y/P167G) selected from
a random mutagenesis experiment for increased hydrolysis of
ceftazidime displays a large conformational change of the omega
loop creating space to accommodate ceftazidime (Stojanoski

et al., 2015). These studies suggest that enlargement of the
active site via movement of the omega loop, which results in
a shift of the Asn170 residue, is an important mechanism by
which mutations can lead to hydrolysis of the bulky ceftazidime
molecule in class A β-lactamases.

STABILIZING SUBSTITUTIONS IN CTX-M

NATURAL VARIANTS

It has been demonstrated that the P167S and D240G
substitutions both destabilize the CTX-M enzyme (Chen
et al., 2005; Patel et al., 2015). As indicated above, the CTX-M
family consists of a large number of variants containing
amino acid substitutions (D’Andrea et al., 2013). Many of the
substitutions are located outside of the active site and their effect
on CTX-M structure and function is largely unknown. The A77V
substitution is found in multiple subfamilies including the CTX-
M-1, CTX-M-9, and CTX-M-25 groups (Patel et al., 2015). In
addition, A77V has been found associated with either the P167S
or D240G substitutions in each of these subfamilies. Using the
CTX-M-14 model system, addition of the A77V substitution to
either a P167S or D240G enzyme results in enhanced steady-state
protein expression levels in E. coli relative to the P167S or D240G
single mutants (Patel et al., 2015). In addition, the A77V/P167S
and A77V/D240G enzymes exhibit increased thermal stability in
vitro compared to the P167S and D240G enzymes (Patel et al.,
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2015). Based on these results, A77V has been suggested to be a
global suppressor for CTX-M, analogous to M182T for TEM-1.
Given the large number of substitutions among CTX-M variants,
it is likely that other global suppressors are present in the family
of clinical variants.

KPC β-LACTAMASE VARIANTS AND

CEFTAZIDIME HYDROLYSIS

KPC-2 β-lactamase is a class A enzyme that hydrolyzes a broad
range of β-lactam antibiotics including pencillins, cephalosporins
and carbapenems. This enzyme also efficiently hydrolyzes
cefotaxime but only poorly hydrolyzes ceftazidime. The value for
kcat/KM for cefotaxime hydrolysis is ∼3.0 × 105 M−1s−1 (Yigit
et al., 2003; Levitt et al., 2012) while kcat/KM for ceftazidime is
∼1.0× 103 M−1s−1 (Mehta et al., 2015). By comparison, kcat/KM

for ceftazidime for KPC-2 is 25-fold higher than that for TEM-
1 and similar to the kcat/KM value for CTX-M-14. KPC-2 is an
important clinical problem due to its broad substrate profile and
wide distribution in enteric bacteria (Nordmann et al., 2009). The
problem is compounded by the evolution of KPC variants that
with increased ceftazidime hydrolysis rates and resistance (Mehta
et al., 2015; Naas et al., 2016). Over 20 variants of KPC have been
identified that contain a range of amino acid substitutions (Naas
et al., 2016).

A detailed study of the KPC-3 to KPC-11 variants showed that
these enzymes exhibit increased kcat/KM values for ceftazidime
hydrolysis compared to KPC-2 (Mehta et al., 2015). Amino
acid substitutions found among these enzymes include M49I,
P104R, P104L, V240G, V240A, and H274Y (Figure 9). The
P104R single substitution was found to increase kcat/KM for
ceftazidime by 10-fold compared to KPC-2 while P104L exhibited
a more modest 2.5-fold increase (Mehta et al., 2015). The
V240G substitution increased kcat/KM for ceftazidime by 5-fold
and H274Y resulted in a 10-fold increase. Double mutants
containing combinations of the single substitutions exhibited
further increases in kcat/KM. For example, the V240G/H274Y,
P104R/V240G, and P104R/H274Y enzymes displayed 40-, 50-,
and 75-fold increases in kcat/KM, respectively, for ceftazidime
relative to KPC-2 (Mehta et al., 2015). In contrast, the
M49I/H274Y enzyme exhibited similar catalytic efficiency as the
H274Y enzyme, suggesting that M49I does not contribute to
ceftazidime hydrolysis; however, the M49I substitution alone was
not studied. Further, it was shown that the P104R, V240G, and
H274Y substitutions act additively rather than cooperatively, i.e.,
there is no epistasis, when combined into the double mutants.
This indicates that the substitutions act independently and do
not influence each other’s function when present in the double
mutants. This would also suggest that the order in which the
mutations occur to form the double mutant is not important
(Mehta et al., 2015).

There is currently no structural information on the variants
so there is limited understanding of their effect on KPC or the
mechanism by which they alter specificity. However, molecular
modeling of the substitutions onto the KPC-2 structure and
computational docking of ceftazidime suggested that the P104R

FIGURE 8 | Schematic illustration of the omega loop region as well as the
β3-strand and H2 helix of the active site of CTX-M-14 wt (tan) (PDB ID:1YLT) in
comparison P167S (gray) (PDB ID:5TWD), S70G/P167S with ceftazidime
(green) (5TWE), E166A/P167S with acylated ceftazidime (orange) (5TW6),
E166A/P167S apoenzyme (cyan) (5VTH) and E166A with acylated ceftazidime
(blue) (5U53). The omega loop in E166A/P167S with acylated ceftazidime
undergoes a large conformational change moving Asn170 out of the active
site. The ceftazidime molecule is omitted for clarity.

FIGURE 9 | Ribbon diagram of KPC-2 β-lactamase showing the positions of
residues Met49, Pro104, Val240, and His274 that are substituted in variants
able to hydrolyze ceftazidime (cyan). The catalytic residue Ser70 is shown in
red. (PDB ID:2OV5).

and H274Y substitutions could create new hydrogen bonding
interactions with the C7β-oxyimino side chain of ceftazidime
(Mehta et al., 2015). Note that the P104R substitution is in
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the same region of the proteins as the E104K substitution that
commonly occurs in TEM ESBL variants. In addition, the V240G
substitution is analogous to the CTX-M D240G substitution and
could act by a similar mechanism of increasing flexibility of the
β3 strand and allowing the aminothiazole ring of ceftazidime to
sink deeper into the active site upon binding (Chen et al., 2005;
Delmas et al., 2008). Finally, the H274Y substitution appears to
be unique to the KPC variants.

As noted above, several substitutions in TEM and CTX-M
that increase oxyimino-cephalosporin hydrolysis also decrease
stability (Wang et al., 2002; Chen et al., 2005; Patel et al., 2015;
Knies et al., 2017). A similar pattern was observed with the
substitutions found in the KPC-3 to KPC-11 variants. There
was a strong inverse correlation between kcat/KM for ceftazidime
hydrolysis and the Tm of the enzymes (Mehta et al., 2015).
However, the Tm for the wild type KPC-2 (66◦C) is significantly
higher than that for TEM or CTX-M and even the most unstable
KPC variant is more stable than wild-type TEM-1 (Mehta et al.,
2015). Therefore, the high stability of KPC-2 may serve as a
buffer to allow the accumulation of substitutions without causing
unfolding of the enzyme. This type of stability buffer has been
noted previously as a mechanism to enhance protein evolvability
(Bloom and Arnold, 2009; Tokuriki and Tawfik, 2009b).

CONCLUSIONS

The use of oxyimino-cephalosporins in the clinical setting has
led to the evolution of variants of TEM-1, CTX-M, and KPC
enzymes that can hydrolyze these drugs. The TEM-1 enzyme
does not efficiently hydrolyze either cefotaxime or ceftazidime
but there are nowmany variants that exhibit increased hydrolysis
of these drugs. Initial isolates of CTX-M and KPC enzymes
hydrolyze cefotaxime but not ceftazidime; however, variants
now exist that hydrolyze ceftazidime. For TEM-1, recent studies
have pointed to the importance of conformational heterogeneity
of variants with ESBL substitutions. Rather than adopting a
single, stable conformation, some variants exist in multiple

sub-states of conformations that contain active conformers that
can accommodate oxyimino-cephalosporins. One study also
indicates that sampling of non-productive sub-states underlies
the failure of mutant combinations such as R164S/G238S and, in
another study, wild-type TEM-1 itself, to hydrolyze oxyimino-
cephalosporins. Studies with TEM-1 have also indicated that
several ESBL substitutions increase catalytic activity but are
associated with a cost in stability. Global suppressor mutations
then occur to compensate for the stability loss. It will be
of interest to examine the folding, aggregation and stability
effects of ESBL mutations and the compensatory effects of
suppressors in vivo in the periplasm. The substitutions associated
with ceftazidime hydrolysis in CTX-M are different than those
observed in TEM, but act through conformational changes in
similar regions of the active site as TEM-1. KPC variants are
in analogous positions as some TEM and CTX-M substitutions
and may act similarly. Conformational heterogeneity and the
existence of sub-states have not been examined for CTX-M or
KPC variants but may also be an important contributor to the
function of these ESBL enzymes.
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As a bacterial resistance strategy, serine β-lactamases have evolved from cell wall

synthesizing enzymes known as penicillin-binding proteins (PBP), by not only covalently

binding β-lactam antibiotics but, also acquiring mechanisms of deacylating these

antibiotics. This critical deacylation step leads to release of hydrolyzed and inactivated

β-lactams, thereby providing resistance for the bacteria against these antibiotics

targeting the cell wall. To combat β-lactamase-mediated antibiotic resistance, numerous

β-lactamase inhibitors were developed that utilize various strategies to inactivate the

β-lactamase. Most of these compounds are “mechanism-based” inhibitors that in some

manner mimic the β-lactam substrate, having a carbonyl moiety and a negatively

charged carboxyl or sulfate group. These compounds form a covalent adduct with the

catalytic serine via an initial acylation step. To increase the life-time of the inhibitory

covalent adduct intermediates, a remarkable array of different strategies was employed

to improve inhibition potency. Such approaches include post-acylation intra- and

intermolecular chemical rearrangements as well as affecting the deacylation water.

These approaches transform the inhibitor design process from a 3-dimensional problem

(i.e., XYZ coordinates) to one with additional dimensions of complexity as the reaction

coordinate and time spent at each chemical state need to be taken into consideration.

This review highlights the mechanistic intricacies of the design efforts of the β-lactamase

inhibitors which so far have resulted in the development of “two generations” and 5

clinically available inhibitors.
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Resistance against β-lactam antibiotics is in large part mediated
by β-lactamases. The expression of β-lactamases protects the
intended targets of these antibiotics, the penicillin binding
proteins (PBPs), transpeptidase and carboxypeptidase enzymes
critical in the synthesis of peptidoglycan and the bacterial cell
wall (Nikolaidis et al., 2014). β-lactamases provide this protection
as they have evolved from PBPs to recognize β-lactams, yet have
also acquired a deacylation machinery to inactivate/hydrolyze
β-lactam antibiotics (Fisher and Mobashery, 2009). There are
four classes of β-lactamases, A–D, with Classes A, C, and D
being serine β-lactamases that have PBPs as a shared common
ancestor; Class B is reserved for the structurally unrelatedmetallo
β-lactamases (Bush, 2013).

The serine β-lactamases contain key motifs or features to
recognize and facilitate the β-lactam for hydrolysis: (1) a polar
pocket optimized to attract the carboxyl moieties of β-lactams;
(2) an oxyanion hole to attract and stabilize the carbonyl
oxygen of the β-lactam ring; (3) a catalytic serine hydroxyl
moiety that attacks the carbonyl carbon atom which leads
to breakage of the carbonyl carbon nitrogen bond in the β-
lactam; (4) conserved residues involved in a deacylation step
not present in PBPs (Class A β-lactamases utilize for example
a deacylation water that is primed by E166/N170 in the omega
loop, a structural motif not present in PBPs). These features
are complemented by an intricate hydrogen bonding network
involving conserved Lys and Ser/Tyr hydroxyl moieties, in
addition to a likely substrate-assisted hydrogen donation step
that aids in the catalytic mechanism of some of these enzymes
(e.g., Class C β-lactamases; Bulychev et al., 1997; Patera et al.,
2000). These above steps have been investigated for different
β-lactamases (Strynadka et al., 1992; Bulychev et al., 1997;
Chen et al., 2006; Docquier and Mangani, 2016) as well as
analyzed with QM/MM calculations [(Meroueh et al., 2005; Li
et al., 2011; Sgrignani et al., 2014, 2016; Tripathi and Nair,
2016; Lizana and Delgado, 2017)]. To combat the β-lactamase-
mediated resistance against β-lactam antibiotics, many different
β-lactamase inhibitors (BLIs) were developed often using novel
strategies to overcome the deacylationmachinery of β-lactamases
(Papp-Wallace and Bonomo, 2016). This review summarizes
the remarkable breadth of inhibitor development strategies
often involving additional chemical bond rearrangements post-
acylation. These chemical and mechanistic strategies might also
be useful for targeting other enzymes. Overall, the successful
efforts in this arena have led to five β-lactamase inhibitors being
approved for clinical use and others that are still in preclinical
development.

CLAVULANIC ACID, SULBACTAM, AND
TAZOBACTAM; THE “FIRST GENERATION”

The first BLIs that were approved by the FDA were clavulanic
acid, sulbactam, and tazobactam (Figure 1) (Page, 2000; Drawz
and Bonomo, 2010). Each of these BLIs was paired with a
β-lactam (amoxicillin/clavulanic acid, ticarcillin/clavulanic
acid, ampicillin/sulbactam, cefoperazone/sulbactam, and
piperacillin/tazobactam). These three inhibitors shared several

features with β-lactamase substrates, such as penicillin, including
a β-lactam ring fused to a 5-membered ring containing a
carboxylate moiety. Sulbactam and tazobactam are penicillanic
acid sulfones and differ in the C2 substituent which is a methyl
group for sulbactam and a triazolyl containing moiety for
tazobactam (Figure 1). In contrast, clavulanic acid is a clavam
with sulfone replaced by an oxygen. The latter inhibitor differs
from the other two inhibitors at the C2 position. The serine
β-lactamases recognize the inhibitors by positioning the carboxyl
moiety and carbonyl moieties in conserved regions in the active
site as was observed in the pre-acylation Michaelis-Menten
complex of sulbactam bound to the S70C mutant of SHV-1
β-lactamase (Figure 2A; Rodkey et al., 2012). The carboxyl
moiety is in a pocket with hydrogen bond donors T235, S130,
and within electrostatic interaction distances of R244 and K234
(Figure 2A). The carbonyl oxygen is positioned in the oxyanion
hole formed by backbone nitrogens of residues 70 and 237
thereby priming the carbonyl carbon for nucleophilic attack by
the hydroxyl moiety of the catalytic S70 as well as to stabilize the
transition state. Finally, the hydrophobic part of the ring systems
of sulbactam form hydrophobic interactions with the aromatic
face of the side chain of Y105. Overall, this binding mode is
similar to how these enzymes recognize β-lactam substrates
(Beadle et al., 2002).

All three “first generation” inhibitors are mechanism-
based compounds and inhibit serine β-lactamases by limiting
deacylation via additional post-acylation reaction pathways that
can promote semi-stable intermediates including trans-enamine
(Figure 2B) and cis-enamine (Figure 2C) inhibitory species
(Figure 1A; Padayatti et al., 2004, 2005; Totir et al., 2006).
The enamine species both yield a double bond in the vicinity
of, and thereby a conjugated system with, the carbonyl bond
(Figure 1A). This conjugation is thought to decrease the carbonyl
carbon’s susceptibility to nucleophilic attack by the deacylation
water thus preventing deacylation.

A second inhibitory mechanism for these inhibitors likely
entails fashioning an eventual irreversible inhibitory species that
appears after several turn-over events; this inhibitory species
is postulated to involve fragmentation of the inhibitor yielding
covalent modifications on either S130 and/or the catalytic S70
residue (Figures 1A, 2C; Kuzin et al., 2001; Sun et al., 2004).

DEFINING THE IMPORTANCE OF A
LONG-LIVED INTERMEDIATE: SA2-13

Efforts to improve the longevity of the trans-enamine
intermediate have yielded the inhibitor SA2-13 which increases
the lifetime of this intermediate by 10-fold over tazobactam as
observed in the measured kobs,react (Padayatti et al., 2006). This
improvement was accomplished by changing the C2 substituent
to a carboxyl linker such that the latter moiety occupies the
carboxyl binding pocket thereby forming a U-shaped covalent
adduct that stabilizes the trans-enamine intermediate (Padayatti
et al., 2006; Sampson et al., 2011; Ke et al., 2012c; Rodkey
et al., 2014; Figure 2D). SA2-13 thus positions its two carboxyl
moieties in the carboxyl binding pocket during two separate
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FIGURE 1 | Schematic diagrams of different approaches of mechanism-based inhibition of serine β-lactamases. (A) Inhibition by tazobactam; (B) inhibition by

PSR-3-283A; (C) inhibition by penem 1; (D) inhibition by LN-1-255; (E) inhibition by DCM-1-10; (F) inhibition by avibactam; (G) inhibition by vaborbactam; (H) inhibition

by S02030; (I) inhibition by phosphonate 3. Instances where there is conjugation with the double bond of the carbonyl moiety are highlighted by a dashed gray line.

steps in its reaction with the β-lactamase. The position of the
original carboxyl moiety in the SA2-13 complex leads to a minor
steric and electrostatic repulsion with residues in the omega-loop
such that binding of SA2-13 to Extended-Spectrum-β-Lactamase
(ESBL) mutants of SHV-1 causes complete disorder of the
omega loop; this disorder further enhancing SA2-13’s inhibitory
efficacy toward ESBLs as this loop harbors residues needed for
deacylation (Sampson et al., 2011).

SLOWING THE DEACYLATION RATE:
6β-HYDROXYMETHYL CONTAINING
INHIBITORS

The addition of a 6β-hydroxy-methyl moiety to a penicillanic
acid sulfone improved certain inhibitory characteristics
specifically slowing down the deacylation rate (Bitha et al.,
1999a,b; Papp-Wallace et al., 2012; Che et al., 2015). The basis of
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FIGURE 2 | Crystallographically determined binding modes of β-lactamase inhibitors. (A) Sulbactam bound in a pre-acylation/Michaelis-Menten binding mode in the

S70C mutant of SHV-1 β-lactamase. The S70C mutations changes the reactivity of the catalytic S70 nucleophile; the C70 residue forms a covalent sulfonamide bond

with the conserved K73 allowing capture of the pre-acylation complex. Hydrogen bonds between the carboxyl and carbonyl oxygens are depicted as dashed black

lines. The occupied carboxyl pocket and oxyanion hole are labeled “⋄” and “*”, respectively. These labels are used through subsequent panels of this figure where

applicable. The deacylation water is shown as a solid red sphere labeled “wat;” (B) tazobactam, in the trans-enamine conformation, bound to the deacylation deficient

E166A mutant of SHV-1; (C) tazobactam, in the cis-enamine conformation, bound to the inhibitor-resistant S130G mutant of SHV-1. Tazobactam adopts three

conformations two of which are cis-enamine (0.33 occupancy with cyan carbon atoms each labeled “a” and “b”) and a fragmented species with green carbon atoms

labeled “c” (also 0.33 occupancy). These labels for alternate conformations are used when needed in subsequent panels of this Figure. The cis-enamine and

fragmented species have their carbonyl oxygens positioned outside (labeled “#”) and inside the oxyanion hole (labeled “*”), respectively; (D) SA2-13 complexed to

SHV-1; (E) PSR-2-283A complexed to SHV-1. The hydroxymethyl moiety was observed to be in two conformations (labeled “a” and “b”). The major conformation

hydrogen bonds with the deacylation water (not shown) and the second conformation does not. Residue S130 is also in two conformations; (F) penem 1 bound to

SHV-1; (G) LN-1-255 complexed to SHV-1. Two conformations of the tail of LN-1-255 are observed (“a” and “b”); (H) DCM-1-10 bound to SHV-1; (I) Avibactam

bound to Class D OXA-24 β-lactamase; (J) Vaborbactam complexed to CTX-M-15. Two conformations for vaborbactam were observed. The amide moiety of

vaborbactam (labeled “†”) makes hydrogen bonds across the active site groove; (K) S02030 bound to KPC-2. Two conformations were observed for the

carboxyl-triazole moiety (labeled “a” and “b”); (L) Phosphonate 3 complexed to P99 β-lactamase. The iodobenzene ring was present in two conformations. Like in

vaborbactam, the amide moiety of phosphonate 3 makes hydrogen bonds across the active site.
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this effect is attributed to the presence of the hydroxyl-methyl
moiety interacting with the deacylation water when in the trans-
enamine or imine intermediate state of the inhibitor (Figures 1B,
2E). This interaction can thereby either (1) sterically prevent
the deacylation water from being able to nucleophilically attack
the carbonyl carbon; and/or (2) negatively alter the nucleophilic
properties of the deacylation water (Che et al., 2015). These
inhibitors were also observed to undergo fragmentation yielding
inhibitory adducts to Class A and C β-lactamases (Papp-Wallace
et al., 2012). A 6-α-hydroxymethyl penicillanate variant yielded
a similar inhibitory binding mode when bound to TEM-1 with
the hydroxymethyl moiety also interacting with the deacylation
water (Maveyraud et al., 1996).

PENEM; A STRATEGIC DESIGN THAT
ENHANCES THE ACYL INTERMEDIATE

To take advantage of and to increase the longevity of the semi-
stable acyl-enzyme imine intermediate, reactive groups were
added at the C6 position such as the alkylidene group in penems
(Figure 1C; Nukaga et al., 2003; Venkatesan et al., 2004a,b, 2008;
Mansour et al., 2007; Ke et al., 2012b). The design was to,
when in the imine intermediate, allow the nucleophilic sulfur
to react with the carbon in the alkylidene group via a 7-
endo-trig rearrangement. This reaction would form a new 7-
membered ring that via additional rearrangements can lead to an
enamine species that conjugates with the carbonyl carbon bond
(Figure 1C). This in turn limits deacylation by decreasing the
susceptibility of the carbonyl carbon to nucleophilic attack of the
deacylation water. This 7-membered ring enamine intermediate
was crystallographically observed for penem 1 with the carbonyl
oxygen situated in the oxyanion hole with deacylation likely
being diminished due to this conjugation (Figures 1C, 2F; Ke
et al., 2012b).

The alkylidene moiety at the C6 position can have different
aromatic 1-, 2-, or 3-ring systems as substituents of which penem
1 contains a 2-ring heterocycle substitution (Bulychev et al., 1995;
Ke et al., 2012b). When combined with piperacillin, penem 1
lowered MIC values from 64–2,048 to 4–8µg/ml for Escherichia
coli expressing SHV-1, SHV-2, and the inhibitor-resistant R244S
variant (Ke et al., 2012b).

6-ALKYLIDENE-2′β-SUBSTITUTED PENAM
SULFONES: LN-1-255 AND NOVEL
CHEMISTRY

Like the penems above, alkylidene group containing reactive
groups were added at the C6 position of penam sulfones (Chen
et al., 1987; Buynak et al., 1999; Phillips et al., 2005; Kalp et al.,
2007; Che et al., 2012). In particular, the pyridylemethylidene
moiety in LN-1-255 is potent since, when in the imine
intermediate, the nitrogen of the pyridyl group reacts with
the carbon atom of the imine bond to form a bicyclic ring
(Figure 1D; Buynak et al., 1999; Pattanaik et al., 2009). The
carbonyl carbon is now conjugated with the newly formed
bicyclic ring; to maintain its conjugation and thus planarity with

this bulky ring, the carbonyl oxygen “flips out” of the oxyanion
hole (labeled “#” in Figure 2G). This oxygen movement and the
resulting conjugation renders the carbonyl bond very resistant
to deacylation making the inhibitor even more efficient with
a lower turn-over number compared to tazobactam (Pattanaik
et al., 2009).

Remarkably, LN-1-255 and other 6-alkylidene-2′β-substituted
penam sulfones are also potent Class D β-lactamase inhibitors
and have a similar mechanism of enzyme inhibition (Bou et al.,
2010). An additional improvement for LN-1-255 included adding
a dihydroxy-phenyl catechol moiety at the C2 position of the
penam sulfone. This moiety is a siderophore and could allow
improved uptake of LN-1-255 via bacterial iron-acquisition
siderophore channels (Pattanaik et al., 2009). Presently, LN-1-
255 is undergoing preclinical studies to establish it efficacy in
treating infections.

7-ALKYLIDENECEPHALOSPORIN
SULFONES

Like in LN-1-255 and penem 1, the alkylidene moiety
can also be incorporated on the equivalent position in
cephalosporin sulfones, at the 7 position (Buynak et al.,
2000). Such a 7-alkylidenecaphalosporin sulfone is DCM-1-
10 (Figure 1E). DCM-1-10 undergoes a similar acyl-forming
inhibitory mechanism, yet deviates from penem 1 in that it
is the sulfone that reacts with the carbon of the alkylidene
moiety thus forming an 8 atom cyclic intermediate (Figures 1E,
2H). The carbonyl oxygen remains in the oxyanion hole yet
the intermediate is likely protected from deacylation by the
stabilizing effect on the carbonyl bond by being conjugated with
a neighboring double bond (Figure 1E; Rodkey et al., 2013).
DCM-1-10 has only modest potency as its IC50 is 4- and 27-
fold higher for clavulanic acid and tazobactam, respectively.
Nevertheless, the turnover numbers for DCM-1-10 are similar
to tazobactam and the kobs,react is significantly slower compared
to tazobactam and clavulanic acid indicating that DCM-1-10 can
form a relatively stable inhibitory complex (Rodkey et al., 2013).

DIAZABICYCLOOCTANE INHIBITORS; THE
“SECOND GENERATION”

Avibactam (NXL104) is a diazabicyclooctane (DBO) (Coleman,
2011) and is the 4th β-lactamase inhibitor that was FDA approved
as part of the formulation ceftazidime/avibactam (in 2015).
Unlike the above described inhibitors, avibactam inhibition of
serine β-lactamases is mostly reversible (Figure 1F; Ehmann
et al., 2012, 2013). Avibactam is chemically distinct from the
other inhibitors in that its rings are arranged differently with
the strained 4-atom β-lactam ring being absent. Nevertheless,
avibactam contains a carbonyl bond adjacent to a ring nitrogen.
The carboxyl moiety, present in all previously discussed
inhibitors, is replaced by a negatively charged sulfate moiety.
For proper recognition in the active site, the same distance
between the carbonyl oxygen and the negatively charged oxygens
of the sulfate group is maintained relative to its equivalent
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atoms in the above β-lactam containing inhibitors: the negatively
charged oxygens (in either the carboxyl or sulfate moiety) and
the carbonyl oxygen are separated by 4 atoms in both classes of
inhibitors (Figure 1).

Avibactam forms an acyl-enzyme complex with the serine
β-lactamase upon breakage of the C-N bond and concomitant
opening of the 5-membered ring (Figure 1F). Interestingly,
avibactam can be removed from the enzyme via deacylation
and ring closure resulting in an intact avibactam molecule being
liberated. A number of crystal structures have been determined of
avibactam complexes with representatives from all three serine β-
lactamase classes (Xu et al., 2012; Lahiri et al., 2013, 2014, 2015;
King et al., 2015; Krishnan et al., 2015; Calvopiña et al., 2017; Jin
et al., 2017; Lohans et al., 2017).

Despite the mostly reversible mode of inhibition (a property
not evident with the other BLIs listed above), some β-lactamases
are capable of slowly desulfating avibactam once bound to the
enzyme resulting in inactivation of avibactam upon carbamate
hydrolysis (Ehmann et al., 2012, 2013; Figure 1F). Avibactam
forms similar acyl-enzyme complexes in Class A, C, and D
β-lactamases (Xu et al., 2012; Lahiri et al., 2013, 2015; King
et al., 2015; Krishnan et al., 2015) in which the sulfate moiety
is occupying the carboxyl binding pocket and the carbonyl
oxygen is situated in the oxyanion hole (Figure 2I). One possible
explanation that the acyl-enzyme is likely resistant to attack by
the deacylation water could be due to having a nitrogen atom
bonded to the carbonyl carbon atom (Figure 1F) thereby likely
altering this bond as well as its local environment. The chirality of
this tertiary amine, when bound to β-lactamase, can vary from S,
R, or planar (Krishnan et al., 2015). Additional DBO β-lactamase
inhibitors are currently being developed with improved efficacies
with some having dual action potential by also inhibiting PBPs
(Ambrose et al., 2017; Durand-Réville et al., 2017; Moya et al.,
2017a,b; Shapiro et al., 2017; Zhanel et al., 2018). The DBOs in
preclinical development are listed in Table 1; additional DBO
analogs in earlier stages of development can be found here (King
et al., 2016; Wang et al., 2016; Durand-Réville et al., 2017).

BORONIC ACID AND PHOSPHONATE
TRANSITION STATE ANALOGS

Elucidation of the reaction scheme of mechanism-based
inhibition BLIs (Figure 1A) suggested that transitions states can
be mimicked to obtain potent inhibitors. The reaction scheme
indicates that a transition state exists for both the acylation
and the deacylation component of the reaction; exploiting these
transitions state for developing new BLIs will be discussed next.

The cyclic boronic acid inhibitor vaborbactam (RPX7009;
Hecker et al., 2015; Lomovskaya et al., 2017) was recently
FDA approved (meropenem/vaborbactam) and its complex
with CTX-M-15 and P99 β-lactamases was crystallographically
determined (Hecker et al., 2015; Figures 1G, 2J). Vaborbactam
mimics β-lactamase inhibitors/substrates (Figure 2J) by having
(1) a boron atom, like the carbonyl carbon, that can be the
recipient of nucleophilic attack by the catalytic serine; (2) a
carboxyl moiety that occupies the carboxyl binding pocket; (3)

a hydroxyl moiety mimicking the carbonyl oxygen; (4) a ring
system that makes hydrophobic interactions with the Y/W side
chain often found in β-lactamase active sites; and (5) an amide
moiety, found in the penicillin substrate, that can interact with
the different atoms across the active site cleft (with a backbone
oxygen of T237 on one side of the cleft and the amide moieties
of both Asn132 and Asn102 on the other end). When bound
to the active site, vaborbactam adopts an acylation transition
state binding mode with its exocyclic boron oxygen in the
oxyanion hole (Figure 2J). Like DBOs that can reversibly acylate
and deacylated, vaborbactam can be a reversible β-lactamase
inhibitor (Hecker et al., 2015; Lomovskaya et al., 2017). Cyclic
boronate inhibitors can have broad spectrum efficacy as some
are capable of inhibiting all 4 classes of β-lactamases including
metallo β-lactamases (Cahill et al., 2017). Furthermore, these
inhibitors have potential beyond inhibiting β-lactamases as a
cyclic boronate inhibitor was shown to inhibit PBP5 (Brem et al.,
2016).

A different boronic acid inhibitor is S02030 which when
complexed to KPC-2 binds in a deacylation transition state mode
(Figures 1H, 2K; Nguyen et al., 2016). This is in sharp contrast
to vaborbactam. S02030 possesses two boron hydroxyl groups:
one of them occupies the oxyanion hole whereas the second
hydroxyl occupies the pocket normally harboring the deacylation
water, but this water is now displaced (Figure 2K); these hydroxyl
interactions were also observed in a KPC-2 complex with a
small boronic acid fragment molecule (Ke et al., 2012a). S02030
is very potent at inhibiting β-lactamases observed in Klebsiella
pneumoniae and E. coli species. Developing boronic acid β-
lactamase inhibitors is a promising approach as has been shown
for a number of different β-lactamases (Tondi et al., 2010, 2014;
Powers et al., 2014; Bouza et al., 2017; Werner et al., 2017; Caselli
et al., 2018).

In addition to boronic acid analogs, phosphonates also behave
as transition state BLIs. Phosphonates are unique mechanism-
based BLIs; the nucleophilic attack of the catalytic serine leads
to bond breakage and release of part of the molecule adjacent
to the phosphonate (Figure 1I). The structure of phosphonate
3 bound to P99 β-lactamase reveals the phosphorous atom
covalently bonded to the catalytic serine (Figure 2L; Lobkovsky
et al., 1994). Furthermore, one of the phosphonate oxygen atoms
is in the oxyanion hole and the amide moiety makes hydrogen
bond interactions across the active site cleft like vaborbactam
(Figures 2J, 2L). Like with boronic acids, phosphonates have
also been used to probe binding modes of transition states of
β-lactams such as the phosphonate transition state analog of a
cephalosporin bound to a Class C β-lactamase (Nukaga et al.,
2004).

ADDITIONAL INHIBITOR DESIGN
APPROACHES

In addition to these mechanism-based β-lactamase inhibitors,
some groups have targeted developing non-covalent β-lactamase
inhibitors (Eidam et al., 2012; Nichols et al., 2014). This
approach is often initiated by starting from small fragments
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TABLE 1 | Promising DBO inhibitors in pre-clinical development or FDA approved.

DBO name Characteristics References

Avibactam (NXL104) Currently only FDA approved DBO β-lactamase inhibitor. Partnered

with ceftazidime

Reviewed in Coleman, 2011

WCK 4234 Active against Pseudomonas and Acinetobacter Class A, C, and D

β-lactamases. Partnered with imipenem or meropenem

Mushtaq et al., 2017

WCK 5107 (Zidebactam) Active against A. baumannii, Enterobacteriaceae, and Pseudomonas

aeruginosa. Dual target inhibitor (P.a. PBP2). Partnered with cefepime

or sulbactam

Livermore et al., 2017; Moya et al., 2017a,b; Sader et al.,

2017a,b

WCK 5153 Active against A. baumannii and P. aeruginosa. Dual target inhibitor

(P.a. PBP2). Partnered with cefepime or sulbactam

Moya et al., 2017a,b

ETX2514 Active against Gram-negative bacteria including A. baumannii and P.

aeruginosa. Dual target inhibitor (A. b. PBP2). Partnered with sulbactam

Durand-Réville et al., 2017; McLeod et al., 2017; Shapiro

et al., 2017

Relebactam (MK-7655) Active against Enterobacteriaceae, Klebsiella pneumoniae, and

Pseudomonas. Partnered with imipenem

Livermore et al., 2013; Blizzard et al., 2014; Lapuebla et al.,

2015; Haidar et al., 2017; Lob et al., 2017

Nacubactam (OP0595) Active against Enterobacteriaceae, P. aeruginosa, and K. pneumoniae.

Dual target activity (inhibits PBP2) and has “enhancer”-activity.

Partnered with cefepime, piperacillin, or meropenem

Livermore et al., 2015; Morinaka et al., 2015, 2017

and exploiting hydrogen bond, electrostatic, and van der Waals
interactions similar those observed in the mechanism-based
inhibitor complexes. Despite not having a covalent bond with
the catalytic serine, this approach can yield nano-molar affinity
β-lactamase inhibitors (Eidam et al., 2012; Nichols et al.,
2014). An important challenge here is the need to demonstrate
“broad class” inhibition as was seen with DBOs. Alternatively,
“narrow spectrum” inhibitors should not be discounted for
therapeutic purposes as they will likely cause less damage to the
patients beneficial microbiome (Boucher et al., 2017). Another
approach is to utilize naturally observed protein inhibitors of
β-lactamases from Streptomyces, termed β-lactamase inhibitor
proteins (BLIPs), which can be altered to modulate β-lactamase
specificity (Brown et al., 2013; Chow et al., 2016; Adamski
and Palzkill, 2017a,b); peptides derived from BLIPs have
been shown to have antimicrobial activity (Alaybeyoglu et al.,
2015).

CONCLUSION

BLI development has made tremendous progress during the
last decades and exploited numerous different chemical and/or
mechanistic strategies. This includes unusual (post-acylation)
reactions that can involve both intra- and/or inter-molecular
rearrangements. Different areas of the reaction coordinate space
have been exploited to arrive at novel and promising compounds.
Despite all the progress resulting in now 5 inhibitors clinically
available, resistance against these β-lactamase inhibitors has
occurred including against avibactam (Wright et al., 2017);

resistance against vaborbactam has not been observed yet, as the

inhibitor has only recently been FDA approved (Zhanel et al.,
2018). Therefore, continued efforts in this field are needed to
develop BLIs with novel properties such as the dual action DBO
inhibitors that are in preclinical development. Also, developing
BLIs that target both metallo-β-lactamases (Class B) and serine
based enzymes (Classes A, C, and D) remains a goal of the
future.
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