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ABSTRACT: Modern medicine is founded on the discovery of penicillin and subsequent
small molecules that inhibit bacterial peptidoglycan (PG) and cell wall synthesis.
However, the discovery of new chemically and mechanistically distinct classes of PG
inhibitors has become exceedingly rare, prompting speculation that intracellular enzymes
involved in PG precursor synthesis are not ‘druggable’ targets. Here, we describe a β-
lactam potentiation screen to identify small molecules that augment the activity of β-
lactams against methicillin-resistant Staphylococcus aureus (MRSA) and mechanistically
characterize a compound resulting from this screen, which we have named murgocil. We
provide extensive genetic, biochemical, and structural modeling data demonstrating both
in vitro and in whole cells that murgocil specifically inhibits the intracellular membrane-
associated glycosyltransferase, MurG, which synthesizes the lipid II PG substrate that
penicillin binding proteins (PBPs) polymerize and cross-link into the cell wall. Further, we
demonstrate that the chemical synergy and cidality achieved between murgocil and the β-
lactam imipenem is mediated through MurG dependent localization of PBP2 to the division septum. Collectively, these data
validate our approach to rationally identify new target-specific bioactive β-lactam potentiation agents and demonstrate that
murgocil now serves as a highly selective and potent chemical probe to assist our understanding of PG biosynthesis and cell wall
biogenesis across Staphylococcal species.

Peptidoglycan (PG) is an essential carbohydrate polymer of the
bacterial cell wall, providing strength to resist osmotic pressure,
maintaining cell shape, and coordinating cell division and
septation. PG is composed of chains of a repeating disaccharide
unit comprising N-acetyl-glucosamine (GlcNAc) and N-acetyl-
muramic acid (MurNAc) that are cross-linked by short
peptides.1 The PG monomer is synthesized within the

cytoplasm in a multistep process, starting with the conversion

of UDP-GlcNAc to UDP-MurNAc through the activities of

MurA and MurB. Subsequently, UDP-MurNAc is modified by a
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series of Mur ligases (MurC-F), which sequentially synthesize a
pentapeptide comprising L-Ala-D-Glu-L-Lys (or DAP)-D-Ala-D-
Ala. This soluble PG precursor is then linked to a lipid carrier
(undecaprenyl-phosphate; C55−P) by the membrane protein
MraY (resulting in undecaprenyl-P-P-MurNAc-pentapeptide
and referred to as lipid I). Completion of PG monomer
synthesis is catalyzed by MurG, a membrane-associated
nucleotide-sugar glycosyltransferase, which utilizes UDP-
GlcNAc substrate to form undecaprenyl−P-P-GlcNAc-Mur-
NAc-pentapeptide, or lipid II.1,2 Following species-specific
modifications and export to the cell surface, lipid II serves as the
substrate for a family of penicillin binding proteins (PBPs) that,
depending on their specific activity, polymerize linear chains of
the PG polymer via transglycosylation (TG) of disaccharide
units and/or cross-link adjacent PG polymers by trans-
peptidation (TP) of their peptide side chains.1−3 β-lactam
antibiotics such as penicillins, cephalosporins, and carbapenems
act as irreversible competitive inhibitors of PBP enzymes,
thereby blocking PG synthesis and cross-linking leading to cell
lysis.4

Staphylococcus aureus, a leading cause of serious Gram-
positive bacterial infections, has become alarmingly resistant to
β-lactams and now reflects over 50% of clinical isolates reported
in the U.S.A. and throughout the world.5,6 S. aureus has four
PBPs (PBP1−4), each susceptible to β-lactam inhibition.3

Methicillin-resistant S. aureus (MRSA) strains are broadly
resistant to β-lactams due to the acquisition of the mecA gene,
encoding an additional PBP (PBP2A) with intrinsically low
binding affinity to β-lactams.7−11 MRSA evades the action of β-
lactams by the cooperative function of PBP2 providing TG
activity and PBP2A providing the necessary TP/cross-linking
activity to maintain PG synthesis.3,9,12,13 However, in addition
to PBP2 and PBP2A, a large number of accessory factors are
required for the full expression of β-lactam resistance of MRSA
and many of these are, in fact, PG synthesis enzymes
responsible for lipid II synthesis and modification.14−18

Cognate inhibitors to such targets are particularly attractive
from the perspective of developing combination agents, which
if paired with β-lactams are synergistic and restore the activity
of β-lactams against MRSA.17−22

Surprisingly, no other clinically successful agents targeting
non-PBP enzymes involved in PG biosynthesis have been
developed, although fosfomycin, which targets MurA activity,
has limited clinical utility.23 In fact, even the discovery of small
molecules displaying whole cell bioactivity and which clearly
target specific enzymes involved in intracellular steps of PG
monomer biosynthesis has been exceedingly rare and is limited
to liposidomycin targeting MraY24−26 and D-cycloserine, which
inhibits alanine racemase and D-Ala-D-Ala ligase enzymes that
catalyze the synthesis of MurF substrate.23 Noteworthy, all PG
inhibitors described are derived from natural products and
conspicuously absent are reports of synthetic compounds with
potent whole cell activity and rigorous mechanism-of-action
(MOA) evidence describing target-specific inhibition of any
enzyme involved in PG lipid II synthesis. Indeed, the paucity of
bioactive target-specific inhibitors to the PG pathway has left
many to question whether enzymes involved in lipid II
synthesis are druggable.23,27

Here, we describe a phenotypic screen for synthetic small
molecules that potentiate the activity of β-lactam antibiotics
against MRSA. We identify the steroid-like compound we have
named murgocil and demonstrate it to be a highly selective
inhibitor of MurG, abolishing the conversion of lipid I to lipid

II in vitro and impairing PG synthesis in drug treated cells.
Further, murgocil resistance mutations isolated in MRSA and
Staphylococcus epidermidis map exclusively to murG, revealing
the MOA of murgocil in a whole cell context across β-lactam
susceptible and resistant Staphylococci spp. and demonstrating
that these mutations are sufficient to confer MurG-based
murgocil resistance in vitro. Docking studies using a homology
model of S. aureus MurG based on the Escherichia coli MurG
crystal structure28,29 and Staphylococcal murgocil MurG amino
acid substitution mutations predict that murgocil binds to a
deep cleft within the MurG protein, resulting in a competition
with UDP-GlcNAc substrate as well as potentially locking the
enzyme into a rigid, inactive form. Finally, we demonstrate that
murgocil is synergistic and cidal in combination with β-lactam
antibiotics against MRSA and that mechanistically this is
mediated in part by murgocil-dependent delocalization of PBP2
from the division septum and where PG and cell wall
biosynthesis normally occurs.

■ RESULTS AND DISCUSSION
Phenotypic Screen for β-Lactam Synergy Identifies

Murgocil. Genetic studies have identified a growing number of
auxiliary factors required for MRSA β-lactam resistance since
gene deletion or depletion in their expression levels restores
MRSA susceptibility to diverse β-lactams.14−18,30,31 With few
exceptions, these factors participate in the coordinated process
of cell division and cell wall synthesis, the latter of which
involves the synthesis of PG as well as other cell surface
polymers, including wall teichoic acid32,33 and lipoteichoic
acid.34 We and others have demonstrated that small molecule
inhibitors of several of these factors are synergistic with β-
lactams against MRSA strains.17−22,30−35 Based on these
findings, we initiated a phenotypic screen to empirically
identify small molecule inhibitors with synergistic activity in
combination with imipenem (IPM), with the expectation that
such chemotypes would reflect inhibitors to auxiliary factors
involved in MRSA β-lactam resistance.
Previously, we have reported a 20 000 compound library of

synthetic small molecules19 demonstrated to display growth
inhibitory activity against MRSA when tested at 8 μM in
combination with ertapenem (EPM) at a subminimal inhibitory
concentration (4 μg/mL; note this is referred to as the EPM
drug resistance breakpoint concentration to which the drug is
defined as clinically ineffective against MRSA). EPM was
selected instead of IPM at this stage due to its superior stability
in liquid medium. However, as this primary assay was
performed at a single drug screening concentration in liquid
medium, it was not possible to discern whether compounds in
the library are bioactive or nonbioactive alone or conclude
whether such compounds comprising this bioactive library
exhibit additivity or synergy in combination with EPM. To
address this issue, we performed a secondary phenotypic screen
where MRSA strain COL was seeded into LB agar plates
containing either the subminimal inhibitory breakpoint
concentration (4 μg/mL) of IPM versus 32 μg/mL MIC of
IPM against COL), or mock treatment (2% DMSO) and each
plate pair robotically spotted using 1 mM stock solutions of
focused library compounds (250 nL compound/spot; 384
compounds/plate) onto the surface of the agar plate. IPM was
selected over EPM for performing this secondary screen as it
fulfills the preferred potency and spectrum of a desired β-lactam
in our combination agent strategy. After 18−24 h incubation,
visually comparing the zone of growth inhibition attributed to
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Figure 1.Murgocil inhibits PG biosynthesis. (a) Macromolecular labeling of S. aureus strain RN4220 cells treated with murgocil specifically produces
a dose dependent depletion of PG synthesis. Chemical structure of murgocil is shown. (b) PAP analysis of MRSA COL treated cells with 1/4 MIC of
murgocil, moenomycin, or mock control (DMSO at 2% final concentration) in combination with a range (0−64 μg/mL) of imipenem (IPM).
Chemical synergy is scored by enumerating colony forming units (CFU) post drug treatment. (c, d) S. aureus murgocil-treated cells (2.5×, 5×, and
10× MIC; 5, 10, 20 μg/mL) display a dose dependent accumulation of the PG intermediate, UDP-N-acetyl-muramoyl-pentapeptide (UPD-
MurNAc-pentapetide) comparable to vancomycin-treated cells at 10 ×MIC (5 μg/mL). (e) Antisense-mediated depletion of murG expression by 50
mM xylose supplementation (bottom panel) induces MRSA COL hypersensitivity to murgocil versus vector control (top panel) treated cells. (f)
MRSA COL maintaining overexpression plasmid ptuf-MurG (bottom panel) displays murgocil dose dependent resistance versus control (top panel)
treated cells.

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb400487f | ACS Chem. Biol. 2013, 8, 2442−24512444



each spotted compound between ± IPM supplement provided
a simple assessment of each possible chemotype (Supporting
Information (SI) Figure 1).
Murgocil Inhibits PG Biosynthesis. Based on their

minimum inhibitory concentration (MIC) against MRSA
COL in the absence or presence of IPM (4 μg/mL),
physicochemical properties, and compound availability, 134
compounds were evaluated further for possible PG inhibitory
effects by performing macromolecular labeling (MML) of drug-
treated cells. MML was performed in S. aureus strain RN4220
by measuring the relative incorporation of radiolabeled
precursors of PG versus DNA, RNA, protein, or phospholipid
across a range of concentrations. Two potent PG inhibitory
compounds were identified. L-108 is a structural analog of
CDFI (SI Figure 2 panel f), a previously described PG synthesis
inhibitor targeting the S. aureus cell wall assembly protein,
SAV1754 19 (and which serves as a positive control for the
screen) and murgocil, a steroid-like synthetic compound
(Figure 1 panel a). Interestingly, murgocil inhibition was
highly selective for PG synthesis; all other macromolecular
pathways assayed were unaffected at concentrations up to 20-
fold the MIC of murgocil. Further, the murgocil EC50 value
(1.5 μg/mL) for inhibiting PG synthesis approaches very
closely its MIC against RN4220 (MIC = 2−4 μg/mL; SI Table
1). Corroborating this inhibitory effect on PG synthesis, high
pressure liquid chromatography (HPLC) analysis of murgocil-
treated S. aureus revealed a dose-dependent accumulation of
UDP-MurNAc-pentapeptide paralleling the inhibitory effect of
vancomycin-treated cells (Figure 1 panel c and d and SI Table

2). Importantly, murgocil also displayed synergistic activity in
combination with IPM against MRSA COL both by the
standard checkerboard assay (Supplementary Figure 3) as well
as by the more sensitive population analysis profiling (PAP)
assay, with synergy approaching that of the PBP trans-
glycosylation inhibitor, moenomycin 12 (Figure 1 panel b).
Further, murgocil displayed a modest cidal (1.5 log kill) effect
alone at 8× MIC in a standard S. aureus kill curve assay and in
combination with IPM at 4 μg/mL, cidality approached that of
the bactericidal agent, levofloxacin, with ∼3 log kill achieved
within 24 h (SI Figure 3 panel b).
To specifically link murgocil to its cognate target within the

PG pathway, 14 MRSA COL strains (see SI Figure 4), each
maintaining a unique xylose-inducible antisense (AS) interfer-
ence plasmid targeting a specific gene involved in PG
biosynthesis,17 were assayed for murgocil hypersensitivity
under conditions in which the target is partially depleted.
Accordingly, any gene-specific AS-mediated depletion strain
displaying marked hypersensitivity to murgocil is a candidate
for the target of the compound. One AS strain corresponding
to a murG knock down uniquely demonstrated a dramatic
murgocil hypersensitivity (Figure 1 panel e and SI Figure 4)
not observed against a broad assortment of antibiotics and
bioactive molecules previously tested.17,36 To corroborate
MurG as the target of murgocil, we also observed that MRSA
COL maintaining an autonomously replicating murG plasmid,
robustly overexpressing MurG (SI Figure 5) was noticeably
resistant to the inhibitor (Figure 1 panel f), resulting in an 8-
fold higher MIC versus wild type and control strains (SI Figure

Figure 2. murG missense mutations confer murgocil resistance. Heatmap summary of all nonsynonymous mutations identified by illumina-based
whole genome sequencing (>100× genome coverage) of 17 independently isolated murgocil drug resistant mutants in MRSA COL and MRSE strain
CLB26329. Red, nonsynonymous mutation which maps to murG; yellow, additional nonsynonymous mutation identified by whole genome
sequencing; black, no change versus parental genome sequence. Genome position, base change, and resulting amino acid substitution are shown.
Murgocil mutants Sa80−96 and Se1−5 refer to S. aureus and S. epidermidis isolates, respectively. Note: additional substitutions (yellow) are
presumably unlinked to drug resistance as each strain also contains a MurG amino acid substitution.
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5). Conversely, MurG overexpression provided no noticeable
resistance to all control antibiotics tested (SI Figure 5). These
gene dosage effects and highly specific susceptibility changes to
murgocil strongly implicate a direct mechanistic relationship
between MurG and murgocil.
MurG Amino Acid Substitutions Confer Staphylococ-

cal Target-Based Murgocil Resistance. Drug resistance
mutations provide a genome-wide survey of small molecule
MOA in a whole cell context and mapping of such mutations
by Next Generation Sequencing (NGS) methods has proven
highly successful in discerning between target-based and bypass
or compensatory drug resistance mutations.20,37 Therefore, to
independently test whether murgocil is the cognate inhibitor of
MurG, we isolated 12 stable murgocil resistant mutants in
MRSA COL, each demonstrating a MIC increase to >64 μg/
mL (versus MIC = 4 μg/mL against wild type MRSA COL)
and performed NGS analysis. In all cases, a single missense
mutation in murG was identified in murgocil resistant isolates,
and in all but two instances, no additional nonsynonymous
mutations were found elsewhere in their genome (Figure 2). S.
aureus MurG amino acid substitution mutations map to three
regions of the protein: SaMurG-M45I, SaMurG-M45V,
SaMurG-R166L, SaMurG-D168A, SaMurG-D168G, SaMurG-
D168N, and SaMurG-F242L. No substantial growth defect or
altered antibiotic susceptibility phenotype was observed for any
of the mutants. Consistent with their robust enzymatic activity
when tested in vitro, none of the examined MurG mutants
exhibited an attenuated virulence phenotype in a murine
infection model (SI Figure 6).
We also isolated 5 independent murgocil resistant mutants in

the methicillin-resistant Staphylococcus epidermidis (MRSE)
strain CLB26329 (Figure 2), which represents a second
clinically relevant Staphylococcus species. MRSE murgocil
mutants similarly exhibited substantial (16−32-fold) increases
in MIC to murgocil as observed in S. aureus. Following whole
genome sequencing of these isolates, nonsynonymous muta-
tions again uniquely mapped to murG (note S. aureus and S.
epidermidis MurG are >98% identical; see SI Figure 7), with
MRSE murgocil resistant mutants being either identical to
those identified in MRSA COL (e.g., SeMurG-D168N) or new
amino acid substitutions at position 168 (e.g., SeMurG-D168Y
or SeMurG-D168H). These data strongly implicate MurG as
the direct cellular drug target of murgocil and that murG point
mutations are causal for target-based murgocil resistance across
Staphylococci spp.
Murgocil Inhibits MurG Enzymatic Activity. The

cytosolic membrane-associated glycotransferase MurG synthe-
sizes lipid II by catalyzing the transfer of N-acetyl glucosamine
(GlcNAc) from UDP-N-acetyl glucosamine (UDP-GlcNAc) to
the C4 hydroxyl of undecaprenyl-pyrophosphate-N-acetylmur-
amoyl-pentapeptide (lipid I). Reconstitution of the SaMurG-
catalyzed reaction in vitro, using purified recombinant enzyme
and substrates, lipid I, and (14C)-UDP-GlcNAc, respectively,
revealed a full conversion to the synthesis product lipid II,
which migrates slower on the TLC compared to lipid I 38

(Figure 3 panel a). Testing murgocil in this system showed that
lipid II synthesis is strongly impaired in a dose-dependent
fashion (20−400 μM; Figure 3 panel a). An almost complete
inhibition of MurG activity was observed in the presence of
3000 μM murgocil and an IC50 of approximately 115 μM was
determined under the conditions tested (Figure 3 panel b; see
Summary and Implications).

To investigate the impact of MurG amino acid substitutions
on enzymatic activity and resistance to murgocil, site directed
mutagenesis was used to generate recombinant proteins
MurG_M45I, MurG_D168N, and MurG_D168G. In line
with the in vivo situation, amino acid substitutions did not
affect MurG enzymatic activity and full conversion to lipid II
was achieved in vitro (Figure 3 panel c). In contrast to wild type
SaMurG, the Lipid II synthesizing activity of all individual
MurG variants was unaffected in the presence of 200 μM
murgocil (Figure 3 panel c), further confirming that these
single amino acid substitutions are causal for murgocil resistant
phenotypes and that they prevent a murgocil/MurG interaction
without affecting binding of the substrate UDP-GlcNAc.

Structural Modeling of S. aureus MurG and Murgocil
Binding. As no crystal structure of the S. aureus MurG protein
is reported, we used a homology model built with the crystal
structure of the MurG/UDP-GlcNAc complex of E. coli28,29 as
the template to investigate how murgocil likely inhibits MurG
as well as the basis of murgocil resistance. SaMurG and
EcMurG share 24% sequence identity, and the alignment
reveals that most major structure elements as well as the
substrate binding site are conserved (SI Figure 7). Indeed,
homology modeling predicts SaMurG and EcMurG are highly
structurally related, consisting of N- and C-terminal globular
domains divided by a large cleft where UDP-GlcNAc substrate
occupies part of the space (Figure 4 panel a). Interestingly, the
four murgocil mutation sites, M45, R166, D168, and F242 are
each located at or near the uracil binding pocket and lined
along the cleft between the two domains. Therefore, we
modeled murgocil into this cleft and predict it binds deep
within this cleft, stacking against the N-terminal and C-terminal
domains (Figure 4 panel b). Two hydrogen bonds were
observed between murgocil and SaMurG: the D-ring primary
hydroxyl group with the backbone NH of V243 and the D-ring

Figure 3. Murgocil inhibits S. aureus -catalyzed lipid II synthesis in
vitro. (a) Murgocil dose dependent inhibition of purified MurG-His6
enzyme activity. Lipid intermediates were extracted from the reaction
mixture, separated by TLC and visualized by PMA staining. Murgocil
inhibitory effect was tested at concentrations ranging from 0 to 400
μM. (b) Graphical summary of murgocil dose dependent inhibition of
MurG-His6 mediated lipid II formation. (c) S. aureus MurG-His6
enzymes containing M45I, D168N, and D168G murgocil resistance
mutations are active but refractory to murgocil-mediated inhibition of
lipid II synthesis. Reactions were performed, as indicated in panel a, at
200 μM murgocil.
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tertiary hydroxyl group with R166 side-chain NH. In this
structural model, the F242 (which aligns with F244 in
EcMurG) phenyl ring stacks against murgocil, capping the
binding pocket of the murgocil D-ring. M45 side-chain is in
direct contact with ligand through hydrophobic interactions.
Although D168 is not within the predicted ligand binding site,
it forms a salt bridge with R166 side-chain and likely indirectly
contributes to murgocil binding.
Interestingly, the binding model of murgocil displays an

overlap of its D-ring and D-ring substitutions with uracil of the
substrate, whereas the rest of the ligand (A-, B-, and C-ring and
C-ring substitution) occupies a completely different site from
where UDP-GlcNAc binds. Therefore, murgocil and UDP-
GlcNAc are predicted to bind largely nonoverlapping regions
within a large V shaped cleft, with the uracil site as the vertex of
the V and where murgocil and UDP-GlcNAc binding would
compete (Figure 4 panel a). However, as this model predicts
murgocil also binds extensively within the cleft but distal the
uridine binding site, it could also potentially act as an allosteric
inhibitor, locking SaMurG into an inactive conformation.
The binding model of murgocil also offers a molecular basis

for murgocil resistance resulting from MurG amino acid
substitution mutations. First, the M45I mutation is expected to

lose favorable hydrophobic interactions with murgocil since the
isoleucine side-chain would then be too short to interact with
murgocil. Similarly, the R166L mutation would remove
hydrogen bond of arginine side-chain NH2 group with the
ligand and the F242L mutation would alter hydrophobic
interactions as well as removal of the π−π stacking between
F242 phenyl ring and ligand D-ring substitution groups.
Although D168 is predicted not to directly contact murgocil,
the salt bridge between D168 and R166 is likely disrupted by
the D168G or D168N mutation resulting in the movement of
R166 side-chain toward D246 to form a new salt bridge (Figure
4 panel c). This altered side-chain of R166 points into the
predicted murgocil binding pocket and would cause VDW
conflict with the inhibitor.

PBP2 is Delocalized in Murgocil-Treated Cells.
Previously, it has been demonstrated that lipid II is required
for proper localization of PBP2 to the division septum where
active PG synthesis occurs in S. aureus.3,39 Therefore, the
simplest explanation for the extreme hypersensitivity of the
murG antisense strain to β-lactams and the observed synergy
between murgocil and β-lactams is that murgocil-specific
inhibition of MurG leads to a depletion of lipid II and
consequently PBP2 is delocalized from the septum. To test this,

Figure 4. Homology model of SaMurG/murgocil complex and murgocil binding site. (a) murgocil in magenta and UDP-GlcNAc in green were
overlaid in the V-shaped cleft of SaMurG marked by gray elipses. Murgocil binding site residues are in cyan. (b) Murgocil binding site with four
resistant mutation sites labeled in cyan. Two hydrogen bonds between the murgocil and SaMurG and the salt-bridge of D168 and R166 were
displayed with their atomic distances. (c) Murgocil mutations sites and pyridine binding residues were colored in cyan sticks. An altered
conformation of the R166 side-chain caused by mutation of D168G or D168N and the new salt-bridge with D246 were delineated in brown, along
with M45I mutation. Both panels b and c are in stereo view.
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we performed localization studies of murgocil-treated cells
maintaining a previously described functional superfolder green
fluorescent protein (sGFP)-PBP2 fusion gene integrated into
the pbp2 locus of MRSA COL.20 sGFP-PBP2 correctly
localized to the division septum in mock-treated cells as
previously reported.20 However, sGFP-PBP2 was highly
delocalized among cells treated with murgocil at 5× MIC for
1 h, with discrete patches of sGFP-PBP2 localized throughout
the plasma membrane (Figure 5 panel a) and verified by
quantification of fluorescence signal at the septum versus
fluorescence at the lateral wall under the two conditions tested
(Figure 5 panel a and b). To determine if PBP2 delocalization
was a specific effect of the presence of murgocil and consequent
decrease of its substrate, and not part of general disassembly of
the cell division machinery40 that could be caused by the
presence of the antibiotic, we determined the localization of the
FtsZ ring,20,41 a bacterial ortholog of tubulin, using as a reporter
the FtsZ-associated protein EzrA.42 MRSA COL cells
expressing a functional copy of EzrA-mCherry showed septal
rings both in the absence and in the presence of murgocil
(Figure 5 panel a and b), indicating that murgocil-dependent
delocalization of PBP2 is not due to disassembly of the
divisome.
Fluorescence localization studies of MRSA COL expressing a

functional copy of MurG-GFP integrated into the murG locus
were also unaffected by murgocil treatment, with the fusion
protein localized at the plasma membrane, as indicated by
patches of strong fluorescence, similar to untreated cells (Figure
5 panel a). Therefore, murgocil appears unlikely to interfere
with the normal membrane-association of MurG, an observa-
tion consistent with the fact that murgocil resistance mutations
do not map to the proposed membrane-association interface of
MurG.28 We conclude that murgocil-based delocalization of
PBP2 involves depletion of lipid II rather than disruption of the
Z ring. In addition, we propose that the synergy between
murgocil and β-lactams involves (at least in part) murgocil-
mediated depletion of lipid II substrate, which is required for
both PG synthesis and proper localization of PBP2, and that
the concomitant mislocalization of PBP2 under these
conditions renders cells susceptible to reduced β-lactam
concentrations that are now sufficient to inactivate the residual
functionally competent PBP2 activity remaining at the septum.
Summary and Implications. Here, we describe a MRSA

whole cell β-lactam potentiation screen resulting in the
identification of the highly specific PG inhibitor, murgocil,
targeting the broadly conserved and essential glycosyltransfer-
ase, MurG. Murgocil is demonstrated to inhibit PG synthesis
based on MML profiling as well as HPLC analysis revealing the
accumulation of UDP-MurNAc-pentapeptide in drug-treated
cells. Mechanistically, a series of indirect and direct evidence
provide compelling demonstration of MurG as the drug target
of murgocil; (a) antisense-based depletion of MurG produces a
specific hypersensitization to the compound and reciprocally
MurG overexpression confers murgocil resistance, (b) multiple
independently derived murgocil resistance mutations isolated in
both MRSA and MRSE map to specific residues of MurG, (c)
murgocil inhibits MurG-mediated PG lipid II synthesis in a cell-
free in vitro enzyme assay, and (d) murgocil inhibitory activity
is abolished in vitro when tested against purified MurG variants
containing murgocil resistant amino acid substitution muta-
tions. Further, docking models using the E. coli MurG crystal
structure and Staphylococcal murgocil resistant MurG muta-
tions suggest murgocil binds to the cleft separating N and C-

terminal domains, thereby potentially competing with UDP-
GlcNAc substrate binding to this site as well as possibly locking
SaMurG into a rigid, nonactive form. Finally, we demonstrate
that the synergistic and cidal activity of murgocil in
combination with imipenem is achieved, at least in part, by

Figure 5. Murgocil affects the recruitment of PBP2 to the division
septa. (a) COLsGFP-PBP2 (top panel), COLMurG-GFP (middle
panel), and COLEzraAmCh (bottom panel) fluorescence microscopy
images of (a) unchallenged control cells and (b) cells challenged with
20 μg/mL of murgocil (5× MIC) for 1 h. Murgocil has an effect on
PBP2 recruitment to the division septa when used at concentrations
above the MIC (top), whereas control protein EzrA is unaffected by
addition of murgocil to growing S. aureus cells (bottom). MurG
membrane localization appears unaffected by murgocil treatment
(middle). Gray panels are phase-contrast images of bacterial cells
(white scale bar represents 1 μm), and black panels show the
fluorescence images. (b) Quantification of the effect of murgocil on
the septal recruitment of sGFP-PBP2 and mCh-EzrA. The
fluorescence microscopy images of unchallenged control cells and
cells challenged with 20 μg/mL of murgocil (5× MIC) for 1 h were
used to quantify the amount of PBP2 and EzrA that is specifically
recruited to the division septa. Quantification was performed with 100
cells displaying complete septa for each strain. Horizontal lines
correspond to average fluorescence ratio (FR) values. FR values over 2
indicate preferential septal localization while FR values ≤2 indicate
that a protein is dispersed over the cell surface. FR is calculated by
dividing the intensity of fluorescence at the septum by the intensity of
fluorescence at the lateral wall (after correction by subtraction of the
background).
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mislocalization of PBP2 from the division septum, thus likely
reducing β-lactam drug levels necessary to inhibit the residual
amount of functionally active PBP2 under murgocil drug
treatment conditions.
Despite murgocil targeting a broadly conserved PG

biosynthetic enzyme, its microbiological activity is uniquely
restricted to Staphylococci, lacking bioactivity against other
Gram-positive (e.g., Bacillus subtilis and Streptococcus pyogenes)
or Gram-negative bacteria tested, including E. coli and P.
aeruginosa strains defective in efflux pumps (SI Table 1).
Consistent with murgocil bioactivity spectrum, the proposed S.
epidermidis MurG murgocil binding site is 100% identical to
SaMurG, while B. subtilis MurG is significantly different,
including intrinsic amino acid differences at M45 and D168
(I45 and E168, respectively) (SI Figure 7). Similarly, EcMurG
contains a M45L change and P. aeruginosa MurG possesses
M45L and D168G alterations. These changes alone, being
similar (and in the case of D168G, identical) to those found in
SaMurG murgocil resistant mutants, are predicted to interfere
with murgocil binding and abolish its activity against these
orthologous enzymes. Therefore, the narrow spectrum of
murgocil appears likely to be MurG-mechanism based.
However, further in vitro studies using purified MurG from E.
coli and other recalcitrant bacteria as well as cocrystal structures
of murgocil in complex with SaMurG and (ideally) other MurG
enzymes are required to fully address this issue. Murgocil also
exhibits an unfavorably high rate of spontaneous resistance, in
the range ∼1 × 10−7 at 4× MIC versus standard antibiotics
whose frequency of resistance is more typically in the range ∼1
× 10−8 or lower.23,27 Therefore, although these issues
significantly compromise the antibiotic development potential
of murgocil itself, the compound and MurG drug resistance
mutations described here now provide important structural
modeling-based in silico screening opportunities for new MurG
inhibitory series with potentially broader activity, reduced
susceptibility to resistance, and improved synergistic and cidal
activity when paired with β-lactam antibiotics.
Despite historically intensive efforts in identifying target-

specific bioactive inhibitors to intracellular steps of PG
biosynthesis, it is startling how few molecules have been
discovered that meet these basic criteria for an antibiotic drug
lead.23,27,43,44 Generally, these compounds either lack bio-
activity and/or solely possess in vitro activity against specific
Mur enzymes (in which case the inhibitor is either unable to
penetrate cells or is efficiently effluxed from cells) and/or their
whole cell activity has not been genetically linked to the same
enzyme used to screen and identify such inhibitors.23,27,43

Moreover, in the few exceptions to this generalization, such
inhibitors instead act to sequester lipid II PG substrate (e.g.,
vancomycin, ramoplanin), undecaprenyl-P- (e.g., friulimicin),
or undecaprenyl-PP (e.g., bacitracin) rather than directly
inhibiting a Mur enzyme.45−47 Indeed, we are unaware of any
report rigorously describing a target-specific bioactive inhibitor
to MurG despite attempts using a variety of target or pathway-
specific in vitro or whole cell screening approaches.48−52 The
potency of murgocil against Staphylococci (MIC 2−4 μg/mL)
is, however, considerably lower than the in vitro IC50 (115 μg/
mL) of the compound against purified S. aureus His-tagged
MurG protein. We believe this likely reflects the inability to
mimic the in vivo complexity of the entire PG synthesizing
machinery in vitro as well as the difficulty in optimizing an
extensive set of conditions tested to effectively solubilize
murgocil while still maintaining recombinant MurG in vitro

enzyme activity. Notwithstanding these technical issues, we
provide compelling mechanistic evidence demonstrating that
murgocil is both a highly selective and potent inhibitor of
endogenous MurG in whole cells. Moreover, murgocil serves as
an important addition to the suite of chemical probes53 to study
MurG function, PG synthesis, and its coordinated assembly
with other cell wall polymers as well as cytoskeletal and cell
division processes in Staphylococci. Importantly, the demon-
stration that combining phenotypic screens, drug resistant
mutant isolation, and mapping by NGS can collectively be used
successfully to uncover target-specific bioactive inhibitors of PG
biosynthesis provides optimism that additional antibacterial
lead series targeting this pathway are expected to be discovered.

■ METHODS
See Supporting Information for Supplementary Methods for general
microbiology, strains and plasmid construction methods.

Accumulation of UDP-N-Acetyl-muramoyl-pentapeptide. S.
aureus SG511 was grown in Mueller-Hinton broth to an OD600 of 0.5
and incubated with 130 μg/mL of chloramphenicol for 15 min.
Vancomycin (10× MIC, 5 μg/mL) and murgocil (2.5×, 5×, and 10×
MIC, 5, 10, 20 μg/mL) were added and incubated for another 30 min.
Cells were harvested and extracted with boiling water. The cell extract
was centrifuged and the supernatant lyophilized. Nucleotide-linked cell
wall precursors were analyzed by HPLC,54 and corresponding fractions
were confirmed by mass spectrometry.

MurG-His6 In Vitro Assay Activity. MurG activity was assayed in
a final volume of 30 μL containing 2.5 Nmol purified lipid I, 5 nmol
UDP-GlcNAc or [14C]UDP-GlcNAc in 60 mM Tris-HCl pH 7.5, 5
mM MgCl2, and 0.5% Triton X-100. Conversion to lipid II was
initiated by addition of 0.2 μg of purified MurG-His6 enzyme. The
reaction mixture was incubated for 60 min at 30 °C. Lipid
intermediates were extracted from the reaction mixture with n-
butanol/pyridine acetate (2:1, vol/vol), pH 4.2, and analyzed by TLC
(silica plates, 60F254; Merck) using chloroform/methanol/water/
ammonia (88:48:10:1) as the solvent. Spots were visualized by PMA
staining reagent A.55 Radiolabeled spots were visualized and quantified
using a phosphor storage screen and a Storm 820 optical scanner (GE
Healthcare, Munich, Germany). Murgocil (molecular mass: 447.582
Da) was added in concentrations ranging from 10 to 500 μM.

Computer Modeling of SaMurG/Murgocil Complex. The
compound murgocil 3D conformation was sampled and selected from
a set of 3D conformations generated by LigPrep.56 A steroid bound X-
ray structure from PDB was taken to guide the final 3D selection. The
X-ray crystal structure of UDP-GlcNAc/EcMurG complex
1NLM.pdb29 was chosen as the template for the homology model
of SaMurG. The alignment from MOE57 based on sequence similarity
was manually adjusted at several regions, in particular, moving a five-
residue deletion at F242 out of the uracil binding site. MOE57 was
used to create a homology model that was further refined with
Macromodel.56 Glide56 and Macromodel56 were used for docking and
complex minimization.

Fluorescence Microscopy. To assess the effect of murgocil at
concentrations above the MIC on PBP2, EzrA, and MurG localization,
overnight cultures of S. aureus strains were diluted 1:500 and grown
until OD600 nm reached 0.3 in tryptic soy broth (TSB, Difco) at 37 °C
with aeration. Cultures were then divided into two prewarmed flasks,
and murgocil was added at 5× MIC (20 μg/mL) to one of them. Cells
were incubated for 1 h at 37 °C with aeration and analyzed by
fluorescence microscopy on a thin layer of 1% agarose in phosphate
buffered saline. Images were obtained using a Zeiss Axio Observer Z1
microscope equipped with a Photometrics CoolSNAP HQ2 camera
(Roper Scientific) using Metamorph software (Meta Imaging series
7.5) and analyzed using ImageJ software.58 Fluorescence ratios were
calculated as previously described.59
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