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S. aureus is the leading cause of both hospital and community-
associated infections worldwide and a principle cause for mor-
bidity and mortality1, especially with the emergence and rapid 

spread of MRSA, which is resistant to all known β-lactam antibiot-
ics2. Worse yet, resistance to vancomycin, linezolid and daptomycin 
have already been reported in clinical MRSA strains, compromising 
the therapeutic alternatives for life-threatening MRSA infections3. 
The most serious infections such as endocarditis, osteomyelitis, 
necrotizing pneumonia and sepsis occur when dissemination of the 
bacteria into the bloodstream occurs4.

Among the currently approved antimicrobials, the latest discov-
ery of a new drug class occurred more than 30 years ago. To bridge 
this discovery gap, various strategies have been investigated includ-
ing the use of antimicrobial adjuvants. These are molecules that 
inhibit a bacterial resistance mechanism to an existing antibiotic, 
effectively increasing bacterial susceptibility to that drug and reviv-
ing its clinical utility5. Another strategy is to target pathogen viru-
lence, but not growth or viability. This approach is gaining interest 
because the desired antivirulence agents may not impose the strong 
selective pressures on bacteria that favor evolution of resistance and 
persistence mechanisms, and, as they do not affect viability, they 
should not disrupt beneficial flora6.

Here we aimed to combine these strategies for enhanced ther-
apeutic potential and sought to discover an inhibitor with dual 
action: attenuating virulence and reversing antibiotic resistance. 
Our work began with a cell-based, high-throughput screen to iden-
tify molecules that target cell-envelope-related virulence factors. 
We used a screening platform that detects antagonism of a lethal 
concentration of targocil, a chemical inhibitor of the wall teichoic 
acid (WTA) flippase TarG7, against S. aureus. WTA are phosphate- 
rich polymers that make up a large proportion of the cell wall of 

Gram-positive bacteria and that have important roles in virulence 
and resistance to β-lactam antibiotics8. WTA biosynthesis is encoded 
by genes that exhibit paradoxical dispensability patterns9–11: genes 
encoding early steps in the pathway (tarO and tarA) are dispensable, 
whereas those encoding late steps (such as tarG) cannot be deleted, 
unless flux into the pathway is prevented, for example, by deleting 
either tarO or tarA (Supplementary Fig. 1). This unique dispens-
ability pattern provided the basis for a cell-based screening platform 
for antagonism of the lethal action of late-step inhibitors such as 
targocil (Supplementary Fig. 1) that successfully captured inhibitors 
of the early steps of WTA biosynthesis12 and of cell-wall biogenesis 
components that feed into the WTA pathway, namely the undeca-
prenyl diphosphate synthase UppS13,14. These inhibitors potentiated 
the activity of β-lactams12–14. Other cell-envelope-related genes are 
connected to the WTA pathway through synthetic lethal interac-
tions, for example, genes encoding the lipoteichoic acid (LTA) syn-
thase LtaS, the machinery for d-alanylation of both LTAs and WTAs 
(DltABCD), and members of a regulatory protein complex compris-
ing a signaling system (GraXRS) and an ABC transporter (VraFG)15. 
Consequently, we hypothesized that the targocil-antagonism screen 
might also detect inhibitors of these cell-envelope-related compo-
nents, and that such inhibitors should resensitize MRSA to β-lactam 
antibiotics.

Using this screening platform, we discovered an inhibitor of 
GraR, MAC-545496. GraR (glycopeptide-resistance-associated 
protein R, also known as ApsR, antimicrobial-peptide sensor pro-
tein R) is a response regulator protein of a multicomponent regula-
tory system including the sensor kinase GraS, a signal transduction 
accessory protein GraX that is associated with the ABC transporter 
VraFG16. Among the GraR-regulated genes are mprF and dltABCD, 
encoding proteins that add lysine to membrane phospholipids and 
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d-alanine to cell-wall teichoic acids, respectively, to increase the 
positive charge of the surface17,18. Its regulon responds to insults to 
the bacterial cell envelope by factors that contribute to host innate 
immunity such as cationic antimicrobial peptides (CAMPs) and 
oxidative stress17,19,20. GraR and its regulatory system are important 
for virulence of S. aureus; mutants are attenuated in vivo in different 
animal models of infection17,19–22, abrogated for intracellular replica-
tion and survival21 and defective for biofilm formation under cer-
tain conditions23.

MAC-545496 shows potency in the nanomolar range, revers-
ing β-lactam resistance in MRSA and synergizing with CAMPs. 
Alone, it shows remarkable activity in macrophages and attenuates 
S. aureus virulence in a G. mellonella larvae infection model. This 
work provides a proof of principle for antibacterial compounds that 
have dual antivirulence and antimicrobial adjuvant properties. The 
work described herein provides a new research tool to probe the 
GraXRS regulatory system and an antibacterial lead series of a new 
chemical class and mechanism, expanding the possibilities for the 
fight against drug-resistant Staphylococcal infections.

Results
High-throughput screening and hit prioritization. We screened a 
library of ~45,000 diverse synthetic small molecules (sourced from 
ChemDiv and ChemBridge) at 20 μM for targocil antagonism, that 
is, growth rescue in the presence of 8× the minimum inhibitory 
concentration (MIC) of targocil (16 μg ml−1) in duplicate against  
S. aureus Newman (Supplementary Table 1). The screening param-
eters were carefully designed (inoculum size of between ~2 × 105 
and 5 × 105 colony-forming units (CFU) ml−1, endpoint before 
observation of suppressor mutants) to minimize the detection of 
spontaneous suppressors of targocil, which has a relatively high 
frequency of resistance (>10−6)24. This resulted in a high degree of 
reproducibility (99.19% replication rate). This screen yielded 544 
primary targocil antagonists detected in both replicates (~1.21% hit 
rate; Fig. 1a and Supplementary Fig. 2a); additionally, 364 molecules 
showed growth rescue in only one of the replicates, which is likely 
due to spontaneous suppressors to targocil and not true antagonism 
(Supplementary Fig. 2a).

Seeking compounds with the ability to synergize with β-lactams, 
we performed a secondary screen of these active compounds at a 
concentration of 10 μM for potentiation of the β-lactam cefurox-
ime at one eigth of the MIC (64 μg ml−1) against S. aureus USA300 
(performed in duplicate). This strain is a pandemic hypervirulent 
community-acquired MRSA, which is the most prevalent MRSA 
strain in North America, and has spread worldwide25. This second-
ary screen revealed nine potent β-lactam synergizers (Fig. 1a and 
Supplementary Fig. 2b). We performed dose-dependent analyses 
to rank these actives (Supplementary Fig. 3); MAC-545496 (1) and 
MAC-533252 (2) showed the most potent synergism with cefurox-
ime. Interestingly, both compounds were structural analogs that 
both have a benzoyl thiourea moiety (Supplementary Fig. 3). Other 
compounds (MAC-534930 (3) and MAC-535051 (4)) possessed 
the central carbonyl thiourea moiety but showed lower activity 
(Supplementary Fig. 3). MAC-533252, however, showed solubility 
issues in the test culture medium hindering further characteriza-
tion and was deprioritized. MAC-545496 was resupplied and its 
synergy with β-lactams and antagonism with targocil was recon-
firmed (Supplementary Fig. 4). Importantly, MAC-545496 reversed 
the β-lactam resistance of MRSA USA300. Clinical Laboratory 
Standards Institute (CLSI) guidelines recommend using oxacil-
lin sensitivity to determine methicillin resistance in S. aureus26. A 
very low-dose of MAC-545496 (0.06 µg ml−1, which is equivalent 
to ~ 150 nM) was sufficient to lower the oxacillin MIC to below 
the CLSI clinical breakpoint (Fig. 1b); S. aureus is deemed to be 
methicillin sensitive at MIC values less than this breakpoint. MAC-
545496 potently synergized with cefuroxime; concentrations as low 

as 0.03 µg ml−1 (~75 nM) lowered the β-lactam MIC from 512 to 
8 µg m−1 against S. aureus USA300 (Supplementary Fig. 4a). MAC-
545496 also synergized with cefuroxime and oxacillin against a col-
lection of ten S. aureus clinical isolates (Supplementary Table 2). In 
addition, MAC-545496 potentiated the effect of cefuroxime against 
representatives of other circulating MRSA strains such as USA100, 
USA400 and USA500 to different extents, with the exception of 
CMRSA4, a USA200/EMRSA16 isolate (Supplementary Table 3). In 
methicillin-sensitive S. aureus (MSSA) isolates, we detected mod-
est potentiation by MAC-545496 (two- to fourfold reduction in 
cefuroxime MIC), as these strains are already sensitive to β-lactams 
(Supplementary Table 3). Remarkable synergy against S. aureus 
USA300 was observed with all other tested β-lactams: penicillins 
(methicillin, nafcillin and piperacillin); cephalosporins (cefadroxil, 
cefaclor, ceftizoxime and ceftazidime); and the carbapenem imipe-
nem (Supplementary Fig. 5). MAC-545496 also synergized with the 
antimicrobial peptides colistin and polymyxin B (Supplementary 
Figs. 5 and 1c, respectively). Modest potentiation (two- to fourfold 
change in MIC) occurred with gentamicin, daptomycin, bacitracin 
and vancomycin, while no change was observed with tetracycline, 
chloramphenicol, azithromycin, rifampicin, novobiocin, ciprofloxa-
cin, d-cycloserine and sulfamethoxazole (Supplementary Fig. 5).

Mode of action determination. MAC-545496 does not exhibit 
intrinsic growth inhibitory activity against S. aureus; therefore, we 
reasoned that it targets the product of a non-essential gene. First, 
we used a chemical–genomic approach to study the mechanism of 
MAC-545496. This included a screen of the Nebraska transposon 
mutant library (NTML), a sequence-defined bursa aurealis trans-
poson (Tn) mutant library consisting of 1,920 strains, each contain-
ing a single mutation covering the non-essential genes of S. aureus 
USA300 (ref. 27). We hypothesized that a mutant in the gene encod-
ing the target of MAC-545496 would be significantly less resistant 
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Fig. 1 | High-throughput screening identifies potent bioactives that 
reverse β-lactam resistance in MRSA. a, The workflow undertaken in this 
study. b, Representative checkerboard assay against S. aureus USA300 of 
MAC-545496 with oxacillin indicating the clinical breakpoint set by the 
CLSI (FICI ≤ 0.0332). Note that 0.06 µg ml−1 MAC-545496 is equivalent 
to ~150 nM. c, Representative checkerboard assay of MAC-545496 with 
polymyxin B against S. aureus USA300 (FICI ≤ 0.2812). These checkerboards 
were repeated three times independently, yielding similar results.
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to β-lactams, with no further increase in such susceptibility in the 
presence of MAC-545496. We screened the NTML at subinhibi-
tory concentrations of cefuroxime (16 and 32 µg ml−1) in the pres-
ence and absence of MAC-545496 at 1 and 0.5 µg ml−1, respectively  
(Fig. 2a,b and Supplementary Fig. 6a). Putative hits comprised 
mutants in graR, vraF, vraG, SAUSA300_1219 (desK) and 
SAUSA300_1220 (desR). Checkerboard assays demonstrated 
that only the graR transposon mutant (graR::Tn) clearly showed 
reduced resistance to cefuroxime (MIC of 4 µg ml−1 as compared 
to 512 µg ml−1 for the wild type) and a lack of synergy between the 
β-lactam and MAC-545496 (Fig. 2c and Supplementary Fig. 6b). 
Furthermore, the graR mutant showed a much higher targocil MIC 
as compared to the parent strain, phenocopying targocil antagonism 
with MAC-545496 (Supplementary Fig. 6c). Importantly, ΔtarO 
showed synergy between cefuroxime and MAC-545496, ruling out 
early step WTA biosynthesis as a target (Supplementary Fig. 6d).

Together, these data suggested that GraR was the target of  
MAC-545496. Notably, GraR is involved in a synthetic lethal inter-
action with WTA15, which may explain the ability of a GraR inhibi-
tor to antagonize the lethal action of targocil and synergize with 
β-lactams (through the involvement of WTA in spatial and temporal 
regulation of the major autolysin AtlA and penicillin-binding pro-
tein PBP4). The regulatory effects of GraR on AtlA and potentially 
other components of the GraR regulon17 might also contribute to 
the synergy between a GraR inhibitor and β-lactams. Checkerboard 

analyses of mutants with disruptions in genes encoding the remain-
ing components of the GraXRS VraFG regulatory system and a 
member of the regulon (MprF) revealed that, with the exception of 
graS::Tn (which behaved similarly to the wild type), these mutants 
showed partial reduction in resistance to cefuroxime and/or colis-
tin, as well as a partial reduction in synergy of these antibiotics with 
MAC-545496 as compared to graR::Tn (Supplementary Fig. 7). 
Indeed, signal transduction by phosphotransfer from a stimulated 
(phosphorylated) GraS to activate GraR by phosphorylating its con-
served Asp51 residue may be bypassed by VraFG through GraX16. 
Alternatively, GraR can be phosphorylated and activated by the ser-
ine–threonine kinase Stk1, a master regulator of cell-wall homeo-
stasis, substituting at least partially for GraS activities28. Together, 
this may explain the lack of phenotypes in graS::Tn as compared to 
the other mutants. The partial phenotypes of the mutants down-
stream of GraR in the signal transduction cascade, as well as the 
lack of it in GraS, together provided further evidence that GraR 
was the target of MAC-545496. Indeed, the effects of MAC-545496 
on the antimicrobial activity of the different classes of antibiot-
ics (Supplementary Fig. 5) matches with reported phenotypes of 
graR disruption in chemical–genomic experiments leading to dif-
ferent degrees of sensitization to CAMPs29, β-lactam30, aminogly-
cosides29–31, daptomycin29,30, vancomycin29,30 and bacitracin29, with 
no reported changes in susceptibility to other antibiotics such as 
d-cycloserine or novobiocin.
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Additional confirmation included selection for spontane-
ous resistant mutants in which MAC-545496 lacked activity. As  
MAC-545496 is not growth inhibitory against S. aureus, this was 
done in the presence of sub-MIC concentrations of cefuroxime in 
liquid medium (frequency of resistance ≈ 6.6 × 10−6, determined 
from a separate experiment conducted on solid medium). We 
tested four of the resulting mutants and they showed no synergism 
between MAC-545496 and cefuroxime (Fig. 2d and Supplementary 
Fig. 8a) despite having the same MICs as the wild type for cefu-
roxime and other antibiotics (vancomycin, tetracycline and gen-
tamicin; Supplementary Fig. 8b), demonstrating the specificity of 
these mutations to MAC-545496. We sequenced the regions flank-
ing the graXRS and vraFG operons using Sanger sequencing and 
mapped the mutation as a G217* nonsense mutation of GraR lead-
ing to an 8-amino-acid truncation of its C terminus (G649T single-
nucleotide polymorphism in graR). Notably, GraR is a member of 
the OmpR subfamily of response regulators, with a typical winged 
helix–turn–helix domain extending from residues 173 to 203, 
whereas its receiver domain extends from residues 1 to 122 with 
the conserved aspartate residue at 51 (ref. 17). The two domains are 
tethered by a flexible linker region as in OmpR family transcrip-
tional factors32. Hence, the truncation does not seem to affect the 
functional domains of the protein, which is consistent with the 
retention of normal GraR activity in the resistant mutants, which 
is evident from their β-lactam-resistance phenotype. Furthermore, 
aligning the full-length GraR to the truncated protein (modeled to 
either BasR or MtrA, which are other OmpR family proteins) shows 
that the truncation led to slight conformational changes mostly 
at the linker region (Supplementary Fig. 8c). Complementation 
and genetic recapitulation of the MAC-545496-resistance muta-
tion were performed in the graR::Tn background; full-length  
GraR increased resistance to cefuroxime and restored synergy with 
MAC-545496, whereas the truncated version increased resistance 
32-fold but lacked synergy (Supplementary Fig. 9). Next, we deter-
mined the binding affinity of MAC-545496 to recombinant GraR 
protein by isothermal titration calorimetry. MAC-545496 displayed 
strong binding affinity to the full-length protein (Kd ≤ 0.1 nM, the 
quantification limit of the instrument; Fig. 2e and Supplementary  
Fig. 10). We tested other active and inactive analogs of  
MAC-545496, analog I (10) and analog VI (15), respectively (dis-
cussed below). These showed high affinity (Kd ≤ 0.1 nM) and no 
detectable binding, respectively (Fig. 2e and Supplementary Fig. 10), 
consistent with the biological activity in whole cells. Furthermore, 
MAC-545496 bound with almost three orders of magnitude lower 
affinity to the truncated resistant GraR relative to the full-length pro-
tein (Fig. 2e and Supplementary Fig. 10), consistent with the lack of 
activity of MAC-545496 against the resistant mutants. Notably, cir-
cular dichroism confirmed that the secondary structure of the trun-
cated protein was maintained and matched that of full-length GraR; 
both were in agreement with the predicted secondary structure of 
the proteins (Supplementary Fig. 11). Together, these data further 
support the conclusion that GraR is the target of MAC-545496.

Next, we reasoned that inhibition of GraR would attenuate the 
expression of proteins in its regulon. We followed the expression 
of mprF through a transcriptional fusion with luxABCDE using a 
luciferase expression assay. MAC-545496 inhibited mprF expres-
sion regardless of colistin induction in the wild-type background 
(Supplementary Fig. 12a). MAC-545496 showed inhibition of mprF 
expression in a concentration-dependent manner; the half-maximal 
inhibitory concentration (IC50) was 0.0376 µg ml−1—matching with 
the concentration range of the synergistic effect with cefuroxime 
(Fig. 2f). In ΔgraR, MAC-545496 did not affect mprF expression, 
which was considerably suppressed as compared to the wild-type 
level (Supplementary Fig. 12b). Notably, in ΔgraS, MAC-545496 
slightly, but significantly, reduced mprF expression despite being 
significantly suppressed relative to the parent strain (Supplementary 

Fig. 12c). Conversely, we followed the expression of ilvD (encoding 
a protein involved in biosynthesis of branched-chain amino acids33) 
as a negative control; its expression was not affected by colistin or 
by MAC-545496 (Supplementary Fig. 12d). Together, these findings 
offer additional support for GraR as the target of MAC-545496.

Effect of MAC-545496 on other bacteria. GraR homologs 
have been characterized in other Gram-positive bacteria such 
as Staphylococcus epidermidis (GraR, also known as ApsR)34 and 
Listeria monocytogenes (VirR)35 showing similar functions as that in  
S. aureus. Coagulase-negative Staphylococci, especially S. epidermidis,  
represent a regular part of the microbiota of the skin and mucous 
membranes of humans36; hence, we tested the activity of MAC-
545496 on S. epidermidis. Despite the high similarity of the GraXRS 
VraFG system of S. epidermidis to that of S. aureus, MAC-545496 
did not synergize with cefuroxime against three S. epidermidis iso-
lates (Supplementary Fig. 13a), nor did it affect the activity of van-
comycin (Supplementary Fig. 13b). Although the GraR homolog 
of S. epidermidis NIH04008 has 91% identity to that of S. aureus 
USA300, aligning the proteins (both modeled to MtrA) shows 
slight conformational differences mostly at the flexible linker region 
and the C terminus (Supplementary Fig. 13c) similar to where the 
full-length S. aureus USA300 and truncated GraR were different 
(Supplementary Figs. 8c and 13c). This might explain the lack of 
effect of MAC-545496 in S. epidermidis. Notably, the GraXRS sys-
tem is unrelated to the Gram-negative antimicrobial-peptide-sens-
ing systems such as the PhoPQ two-component system. Hence, the 
lack of activity of MAC-545496 against Pseudomonas aeruginosa 
PAO1, which presented as a lack of synergy with colistin or cefurox-
ime, was expected (Supplementary Fig. 13d). Together, these find-
ings suggest that MAC-545496 represents a lead with the potential 
for minimal disruptive effects on the beneficial host flora, one of the 
features of an ideal antivirulence agent.

MAC-545496 inhibits biofilm formation. S. aureus forms biofilms 
on several medically relevant surfaces such as catheters and intraoc-
ular lenses; biofilm formation by this microbe is thought to contrib-
ute to its ability to cause persistent infections37. Biofilm formation 
by S. aureus is further induced by chelating agents commonly used 
as anticoagulants in catheter locks and infusions such as citrates38; 
O’Toole and colleagues revealed that the anticoagulant-induced 
biofilm-formation phenotype depends, in part, on the GraXRS reg-
ulatory system23. Indeed, MAC-545496 did not show effects on the 
background biofilm formed by the wild type in the absence of an 
anticoagulant or biofilms formed by the graR::Tn mutant under any 
of the tested conditions. MAC-545496 only inhibited the citrate-
induced biofilm formation in the wild type in a concentration-
dependent manner (Fig. 3), suggesting additional potential as a lead 
for drug discovery.

In cellulo and in  vivo efficacy as monotherapy. Intracellular  
S. aureus is considered a reservoir that can systemically disseminate 
infection even in the presence of antibiotics, potentially leading to 
clinical failures and relapses after antibiotic therapy39. Therefore, 
complete eradication of intracellular S. aureus, especially those 
inside blood-borne phagocytes, is thought to be key to clinical suc-
cess. Here we tested the effect of MAC-545496 on S. aureus survival 
in RAW 264.7 macrophages. MAC-545496 at 20 µg ml−1 completely 
inhibited replication of S. aureus cells in macrophages detected 12 h 
after infection whether the cells were pretreated with MAC-545496 
before infection or treated after phagocytosis, demonstrating 
the efficacy of MAC-545496 in cellulo (Supplementary Fig. 14a).  
Treatment of S. aureus-infected macrophages with different doses 
of MAC-545496 added 30 min after phagocytosis showed that the 
GraR inhibitor halted S. aureus replication within macrophages 
starting at 0.5 µg ml−1 (Fig. 4a). Of note, prolonged incubation with 

Nature Chemical Biology | www.nature.com/naturechemicalbiology

http://www.nature.com/naturechemicalbiology


ArticlesNATURe CheMicAl BioloGy

MAC-545496 did not alter the phagocytic index of macrophages—
a parameter that would be particularly sensitive to minor tox-
icities affecting the function of macrophages through a myriad of 

off-target effects—as compared to the vehicle treatment (Fig. 4b). 
Recently, Flannagan et al. showed that the GraXRS regulatory sys-
tem is required to evade killing of S. aureus within host antibacte-
rial immune cells including macrophages before commencement 
of replication therein21. Exposure of S. aureus to phagolysosome 
acidification induces the GraXRS system, eliciting an adaptive 
response that increases resistance to antimicrobial effectors that are 
encountered inside macrophage phagolysosomes21. Treatment with  
MAC-545496 recapitulated the phenotype of ΔgraR and ΔgraS 
mutants (Fig. 4a and Supplementary Fig. 14a), effectively inhibiting 
intracellular S. aureus growth.

In vivo, MAC-545496 was effective as a monotherapy for MRSA-
infected Galleria mellonella larvae. Given that MAC-545496 has no 
effect on viability of S. aureus in vitro, we initially performed a con-
comitant infection with S. aureus and treatment with MAC-545496 
as a proof of principle by mixing the different doses of the drug 
into the inoculum suspension immediately before injection into the 
larvae. MAC-545496 activity was evidenced by increased survival 
of the drug-treated larvae as compared to infected untreated ones 
(Fig. 5a). This corresponded to concentration-dependent killing of 
S. aureus in the hemolymph of the larvae observed from the CFUs 
recovered from the hemolymph 200 min after infection (Fig. 5b). 
This matched with the attenuated virulence of the graR::Tn mutant 
relative to the wild type in Galleria (Fig. 5c). Next, we conducted 
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other experiments where treatment of S. aureus-infected larvae with 
MAC-545496 occurred 30 min after infection as a more sensitive 
experimental setup that mimics acquiring bacterial infection before 
initiating antimicrobial therapy. Larval survival results were similar 
to those obtained from the concomitant infection–treatment exper-
iments (Supplementary Fig. 15a). They also matched the patterns 
of CFUs recovered from the hemolymph of the larvae following the 
different treatments (Supplementary Fig. 15b). Notably, to validate 
this model of infection we included cefuroxime and vancomycin 
as negative and positive controls, respectively, as MRSA is resistant 
and sensitive, respectively, to these drugs. The larval survival and 
the CFUs recovered from the hemolymph matched with the respec-
tive activities of these antibiotics against MRSA (Supplementary 
Fig. 15). Galleria possess an active innate immune response that 
is mainly driven by cationic antimicrobial peptides in addition to 
other factors, such as reactive oxygen species and lysozyme. Notably, 
GraR inhibition by MAC-545496 augmented the potency of the oxi-
dative stress (superoxide)-inducing agent paraquat (Fig. 6a), likely 
owing to the role of GraR in the response to oxidative stress, which 
might be attributed to its regulatory activity on MntABC17, an ATP-
binding cassette (ABC)-type transporter for manganese uptake that 
is involved in the superoxide stress response40. In addition, the GraR 
inhibitor synergized with lysozyme (Fig. 6b). This might be due to 
the regulatory activity of GraR on several autolysins17 and/or its 
genetic interaction with peptidoglycan O-acetyltransferase OatA15, 
the major determinant for lysozyme resistance41.

The poor aqueous solubility of MAC-545496 hindered its sys-
temic testing in a mammalian model of infection; however, mutants 
in the graXRS regulatory system have been shown to be severely 
attenuated in mouse19,20 and rabbit42 models of infection, and to 
be defective in early stage intracellular survival within the mouse 
liver in vivo21. Also, low-virulence isolates from implant-associated 
bone infections harbored mutations disrupting the GraXRS system, 
whereas the regulatory system was intact in highly virulent isolates22. 
These reported in  vivo phenotypes suggest that GraR inhibition 
could be efficacious against MRSA infection in animals similar to 
the effects of MAC-545496 observed in Galleria. Notably, the activ-
ity of MAC-545496 was not inhibited by human serum owing to 
binding of plasma protein as it was capable of potentiating cefurox-
ime activity against S. aureus USA300 in the presence of 10% serum 
(heat-inactivated at 65 °C for 10 min; MAC-545496 at 8 µg ml−1 
reduced the MIC of cefuroxime from 64 to 8 µg ml−1). Pilot medici-
nal chemistry efforts were conducted where we synthesized 12 ana-
logs of MAC-545496 providing insights on the structure–activity  
relationships of MAC-545496 (Supplementary Figs. 16 and 17).  

The potency was enhanced by increasing the piperidine ring size 
to an azepane ring, whereas the nitro group could be replaced with 
other electron-withdrawing groups such as a nitrile group with-
out loss of activity. In addition, while all tested modifications to 
the chloro-pyridinyl group led to loss of activity, some modifica-
tions including the addition of a carboxylic group to this aromatic 
ring led to a marked increase in aqueous solubility albeit at alka-
line pH. These findings will guide future efforts to improve aque-
ous solubility, while preserving bioactivity. Such an analog would 
enable further investigation of the promising mechanism of action 
of MAC-545496 and potentially enable preclinical testing. Together, 
the synergistic effect of MAC-545496 with components of the innate 
immune system such as CAMPs, oxidative stress and lysozyme sug-
gest that GraR may represent a viable target for monotherapy.

Discussion
Antivirulence strategies have gained interest in recent years with 
efforts targeting S. aureus virulence factors including staphylox-
anthin pigment synthesis, quorum sensing and capsule biosynthe-
sis43–47. Also, antibiotic adjuvants represent an emerging strategy 
to revive already existing antibiotics48. GraR, a regulator of the 
response to cell-envelope stress, has been well characterized over 
the past decade and has been recognized as an important virulence 
factor and determinant of antibiotic resistance, making it an ideal 
target for antimicrobial intervention that was yet to be exploited. 
Here we discovered an inhibitor against GraR, that can serve a dual 
role: (i) an antibiotic adjuvant reversing methicillin resistance and 
allowing dose-sparing of β-lactams and CAMPs; and (ii) an anti-
virulence agent that could be used as a standalone therapy against 
MRSA without disrupting the normal flora. Notably, MAC-545496 
had no effect on the closely related commensal S. epidermidis nor 
did it affect Gram-negative bacteria such as P. aeruginosa. With 
potency at the low nanomolar range against MRSA, MAC-545496 
reverses β-lactam resistance, inhibits biofilm formation, abrogates 
intracellular survival and attenuates virulence in vivo. Together, this 
work provides antibacterial leads of a new mechanism expanding 
our arsenal for combating drug-resistant Staphylococcal infections.
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Methods
Strains and reagents. Supplementary Table 4 lists bacteria and plasmids used 
in this work. Bacteria were grown in cation-adjusted Mueller Hinton medium 
(CAMHB) at 37 °C. Antibiotics were obtained from Sigma.

High-throughput screening. The targocil-antagonism screen against S. aureus 
Newman was performed as previously described14,49. The secondary screen for 
cefuroxime synergism against S. aureus USA300 followed general screening 
protocols that have been described previously50.

Antimicrobial-susceptibility testing. MIC determination and checkerboard assays 
were conducted following the guidelines of the CLSI for MIC testing by broth 
microdilution51. When accurate MIC values could not be determined, as for  
MAC-545496, the highest concentration tested was considered to be half the MIC 
value. Fractional inhibitory concentration indices (FICI) were calculated as FICI =  
A/MICA + B/MICB, where A and B are the concentrations of two antibiotics required 
in combination to inhibit bacterial growth and MICA and MICB are the MIC values 
for drugs A and B alone. FICI data were interpreted as ‘synergy’ (FICI ≤ 0.5), 
‘antagonism’ (FICI > 4.0) and ‘no interaction or indifference’ (1.0 ≤ FICI ≤4.0).

Nebraska transposon mutant library screen. Overnight cultures of the NTML 
(at a 384-well density) were performed using the Singer rotor HDA (Singer 
Instruments) in CAMHB containing erythromycin (5 µg ml−1). Subsequently, 
CAMHB with or without cefuroxime and/or MAC-545496 was inoculated using 
the Singer rotor at a 384-well density. The plates were incubated at 37 °C and 
optical density at 600 nm (OD600) was read after 24 h.

Selection and characterization of spontaneous resistant mutants. Spontaneous 
resistant mutants were selected for in liquid culture. In brief, isolated colonies 
were resuspended in PBS and diluted to a final OD600 of 0.05 in 200 μl of CAMHB 
containing MAC-545496 and cefuroxime set up in 96-well microtiter plates. The 
drug concentrations were guided by previous checkerboard assays. The following 
concentrations were used (for MAC-545496 and cefuroxime, respectively): 0.0625 
and 16; 0.5 and 64; 1 and 64; 2 and 32; and 2 and 128 μg ml−1. Each combination 
was tested in triplicate. Plates were incubated at 37 °C for 4 d. Bacteria in wells 
showing growth were reinoculated by 100-fold dilution into fresh medium 
containing the same concentrations of the combination and allowed to grow 
overnight. Potential resistant mutants were streaked out for isolation on CAMHB 
agar plates. Individual colonies were picked and were passaged three times without 
selection. Four clones originating from different wells were selected and tested 
in MIC and checkerboard assays. Genomic DNA was prepared and the region 
spanning the graXRS and vraFG operons was PCR amplified and sequenced 
using Sanger sequencing. Frequency of resistance was determined from a separate 
experiment conducted on solid medium whereby serial dilutions of an overnight 
culture of S. aureus USA300 were plated on CAMHB + 0.7% agarose control plates 
and plates containing 2 μg ml−1 MAC-545496 and 128 μg ml−1 cefuroxime. Plates 
were incubated at 37 °C for 48 h. Colonies growing in the presence of both drugs 
were passaged three times without selection and retested in the presence and 
absence of both drugs to confirm resistance to the combination. This experiment 
was conducted twice independently yielding similar results and the frequency of 
resistance was reported as the average of both experiments.

General molecular techniques. Deletion of graR was performed using the 
temperature-sensitive pKOR mutagenesis plasmid and procedure as previously 
described52. In brief, ~1-kb upstream and downstream regions of the target genes 
were amplified through PCR, digested with SacII and ligated together using T4 
DNA ligase. Ligation products were then recombined into the parental pKOR 
plasmid using Gateway BP Clonase (Thermo Fisher Scientific). The resulting 
deletion plasmid, pKOR::∆graR, was passaged through E. coli DH5α and  
S. aureus RN4220 before electroporation into S. aureus USA300. Homologous 
recombination resulted in in-frame deletion of graR, which was confirmed through 
PCR and DNA sequencing. S. aureus USA300 ∆graR carrying the pGYlux::mprF 
reporter plasmid was constructed by electroporation of pGYlux::mprF plasmid 
previously passaged through E. coli DH5α and S. aureus RN4220 into S. aureus 
USA300 ∆graR. The E. coli–S. aureus shuttle vector pCN51 was modified to carry 
aad9 encoding spectinomycin resistance from pCN55, in place of ermC, which 
encodes erythromycin resistance, to construct pCN51Spc as previously described53. 
graR and its C-terminally truncated version were cloned into pCN51Spc; the 
complementation and control vectors were transformed into the S. aureus USA300 
graR::Tn mutant and wild type following passaging into E. coli DC10B as described 
before54. Expression from the cadmium-inducible promoter Pcad-cadC was induced 
by 0.1 µM cadmium chloride.

Bioluminescence assays. The luciferase expression assays were conducted as 
previously described21 in TSB medium at a final volume of 10 ml in 50-ml  
falcon tubes.

Protein overexpression and purification. GraR proteins, whether full length  
or truncated, were overexpressed under previously described conditions28.  

Lysis was achieved using a one-shot cell disrupter (Constant Systems) at 30 kPSI.  
The resulting supernatant was isolated from the insoluble fraction by 
centrifugation at 16,100g for 60 min at 4 °C. His-tag batch purification was 
performed using HIS-Select nickel-affinity gel (Sigma-Aldrich). The purified 
proteins were detected by PageBlue protein-staining solution (Thermo Fisher 
Scientific) on 12% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) and 
quantified by Nanodrop following dialysis using Slide-A-Lyzer dialysis cassette 
(Thermo Fisher Scientific).

Isothermal titration calorimetry binding assays. The heat flow resulting from 
the interactions was measured using a high-sensitivity Nano-ITC low volume 
instrument (cell effective volume 170 μl; TA Instruments). Before use, solutions 
were degassed under vacuum to eliminate air bubbles and dissolved gas. MAC-
545496 or its analogs were diluted into the protein dialysate buffer and placed in 
the cell at a concentration of 30 μM and GraR (full length or truncated) was placed 
in the syringe at a concentration of 135.44 μM. Injections (2 μl) were made every 
300 s. Experiments were conducted at 25 °C. Each injection produced a heat of 
reaction, which was determined by the integration of the heat-flow tracings.  
The heat of dilution was determined in control experiments by injecting the 
proteins into the corresponding dialysate buffers and was subtracted from 
the experimental results. The data analysis and dissociation constant (Kd) 
determination was conducted for each individual run using the NanoAnalyze  
data analysis software (v.3.8.0).

Circular dichroism spectroscopy. Circular dichroism spectroscopy was performed 
with an AVIV circular dichroism model 410 spectrometer. The spectra were 
recorded from 260 to 195 nm in 0.5-nm intervals in a thermostated quartz cuvette 
with a path length of 1 mm maintained at 25 °C with an averaging time of 5 s and 
a 1 nm bandwidth. Circular dichroism spectra were recorded in triplicate and 
averaged and corrected by subtracting the spectra of the dialysis buffer. Data  
are reported in millidegrees and converted to mean residue ellipticity (degrees 
square centimeter per decimole). Wavelength scans were analyzed to determine 
secondary structure content using the K2D predictive algorithms with 
DICHROWEB55.

Biofilm formation assays. Biofilm formation was performed in polystyrene 96-
well plates under previously described conditions23 and detected by the crystal 
violet method56.

In vivo infection of Galleria mellonella larvae. These assays were performed as 
previously described57 with modifications. Isolated colonies of S. aureus streaked 
on CAMHB agar were resuspended in PBS, pH 7.4 and adjusted to an OD600 of 
0.8 for single injection of concomitant infection and treatment (average CFU 
recovered from the hemolymph of the larvae at zero time is ~4.4 × 107 CFU ml−1) 
or an OD600 of 0.2 for experiments in which the larvae received two injections to 
allow spacing between infection and treatment (average CFU recovered from the 
hemolymph of the larvae at zero time is ~1 × 107 CFU ml−1). MAC-545496 was 
diluted into the bacterial suspension immediately before injection. The larvae 
(bred in-house, ~200 mg each) were injected with 10 µl per 100 mg larval weight 
of the bacterial suspensions or sterile PBS containing the same volume of vehicle, 
dilution factor of ~1,000-fold (ten larvae per group in each experiment). The larvae 
were incubated at 30 °C and their viability was checked at regular time intervals. In 
similar assays, five larvae per group were sacrificed 200 min after infection and the 
hemolymph was extracted as previously described57. This endpoint was chosen to 
avoid any larval lethality, especially in the group that was infected with S. aureus 
USA300 but not treated with MAC-545496. The hemolymph was immediately 
serially diluted in PBS and plated on CAMHB agar to quantify the CFU of  
S. aureus recovered from the infected larvae.

Infection of RAW 264.7 macrophages. Wild-type S. aureus USA300 and isogenic 
mutants lacking either graR or graS genes were streaked onto TSA agar and grown 
overnight. Isolated colonies of S. aureus USA300 were inoculated into 5-ml TSB 
medium cultures with and without MAC-545496 (2 µg ml−1) and grown overnight 
at 37 °C with shaking. GraR- and GraS-deficient S. aureus were grown similarly but 
without exposure to the GraR inhibitor.

Stationary-phase cells were washed and diluted in serum-free RPMI (SF-RPMI) 
and used for infection of RAW macrophages at a multiplicity of infection of 
ten. One set of replicates for S. aureus USA300 contained the GraR inhibitor 
(20 µg ml−1) so that the drug was present throughout every step of the experiment. 
Macrophages exposed to bacteria were centrifuged at 277g to synchronize infection 
and after 30 min at 37 °C in 5% CO2, the medium was replaced with SF-RPMI 
containing gentamicin (100 µg ml−1) for 1 h. Here, after phagocytosis, another set 
of S. aureus USA300 replicates were exposed to the GraR inhibitor along with 
gentamicin so that the drug was added after the bacteria were phagocytosed. For 
wells already treated with MAC-545496, the drug was added too. After gentamicin 
treatment, one set of wells were lysed by treatment with 0.5 ml of 0.1% Triton X-100 
after washing with PBS. The remaining well for each infection was incubated with 
RPMI containing 5% (vol/vol) non-heat-inactivated FBS until 12 h after infection 
when the cells were lysed. Lysates were diluted and drop plated onto TSA plates 
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and CFU was determined. Each experiment had two biological replicates for each 
condition or strain. The fold change in CFU ml−1 was determined for each replicate 
and was calculated as the CFU ml−1 at 12 h divided by the CFU ml−1 at 1.5 h. For 
each replicate the data were normalized to the corresponding wild type with only 
DMSO treatment. In another set of experiments, titration of MAC-545496  
was performed by treating macrophages only after phagocytosis. Toxicity of  
MAC-545496 (at 0.5 µg ml−1) on RAW macrophages was assessed by determining 
the phagocytic index using IgG-opsonized beads as previously described58.

Synthesis of MAC-545496 analogs and their characterization. See Supplementary  
Methods file (Synthetic procedures).

Statistical analyses. Statistical analyses were conducted with GraphPad Prism 
5.0 and details are indicated for each assay in the relevant figure captions. All 
results are shown as mean ± s.e.m. unless otherwise stated. The sample size was 
chosen with GraphPad StatMate 2.0 to ensure a minimum of 80% power to 
detect statistically significant effects at a significance level (α) of 0.05 (two tailed). 
However, the actual power of most of the assays was >99%. In the case of MIC and 
checkerboard assays, the experiments were repeated at least three independent 
times and the experiment showing the most conservative effects (if applicable) was 
shown and the mean ± s.e.m. of the FICI was reported where applicable.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data generated or analyzed during this study are included in this published 
article (and its Supplementary Information files). Source data for Figs. 1–6 are 
presented with the paper.
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