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Daptomycin is a bactericidal antibiotic of last resort for serious infections caused by methicillin-
resistant Staphylococcus aureus (MRSA)™. Although resistance is rare, treatment failure can occur
in >20% of cases>* and so there is a pressing need to identify and mitigate factors that contribute
to poor therapeutic outcomes. Here, we show that loss of the Agr quorum-sensing system, which
frequently occurs in clinical isolates, enhances S. aureus survival during daptomycin treatment.
Wild-type S. aureus was killed rapidly by daptomycin but Agr-defective mutants survived
antibiotic exposure by releasing membrane phospholipid, which bound and inactivated the
antibiotic. Although wild-type bacteria also released phospholipid in response to daptomycin, Agr-
triggered secretion of small cytolytic toxins, known as phenol soluble modulins, prevented
antibiotic inactivation. Phospholipid shedding by S. aureus occurred via an active process and was
inhibited by the B-lactam antibiotic oxacillin, which slowed inactivation of daptomycin and
enhanced bacterial killing. In conclusion, S. aureus possesses a transient defence mechanism that
protects against daptomycin, which can be compromised by Agr-triggered toxin production or an
existing therapeutic antibiotic.

S. aureus encodes multiple virulence factors, many of which are controlled by Agr*®, a
quorum-sensing system encoded by a 4 gene operon (agrBDCA) and a gene encoding a regulatory
RNA (RNAIII). However, invasive S. aureus infections often give rise to Agr-defective mutants,
typically involving agrA or agrC, hypothesised to provide a selective advantage in the presence of

antibiotics’™*

. To test this hypothesis, we determined the killing kinetics of wild-type S. aureus or agr
mutants by clinically-relevant antibiotics.

Agr status did not affect the rate of staphylococcal killing by vancomycin, oxacillin or
gentamicin (Supplementary Fig. 1, 2). By contrast, whilst wild-type S. aureus was killed by
daptomycin, loss of quorum-sensing components of Agr (AgrA or AgrC) enabled S. aureus strains
USA300 or SH1000 to survive in the presence of daptomycin during the first 8 hours of exposure (Fig.

1a,b). A mutant lacking the regulatory RNAIIl component of agr was killed as efficiently as the wild-

type (Fig. 1a), as were agrA or agrC mutants complemented with the relevant genes on plasmids
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(Supplementary Fig. 3). After the initial period of killing, CFU counts of both wild-type and agr-
mutant S. aureus recovered to similar levels by 24 h, without the acquisition of resistance, explaining
why all strains had identical daptomycin MIC and MBC values (Fig. 1c, Supplementary Table 1,
Supplementary Fig. 4). This biphasic killing and subsequent recovery profile is similar to several
previously reported daptomycin killing assays, although the contribution of Agr to this phenomenon
was unknown™".

In addition to agr-deletion mutants, clinical isolates with dysfunctional Agr systems were
also less susceptible to daptomycin than strains with functional Agr, indicating a potential role in
treatment failure (Supplementary Fig. 5).To test this, mice were inoculated via the intraperitoneal
route™® and then treated with daptomycin. Similar to that reported previously™®, daptomycin
treatment reduced the size of the wild-type population 15-fold by 8 h, compared with mice treated
with PBS alone (Fig. 1d). By contrast, daptomycin did not significantly decrease the size of the AagrA
mutant population (Fig. 1d). Therefore, the loss of Agr activity confers a selective advantage to S.
aureus during daptomycin exposure, resulting in treatment failure.

Staphylococcal infections are often caused by mixed populations of agr mutants and wild-

81012 51d we therefore explored how this affected daptomycin susceptibility of the

type bacteria
whole population. Using various ratios of wild-type and agrA mutant S. aureus, we found that larger
agr-mutant sub-populations resulted in greater survival of both the Agr-defective strain and the
wild-type (Fig. 1e, Supplementary Fig. 6). Similarly, we found that the presence of the AagrA mutant
in the peritoneal cavity of mice protected wild-type bacteria from daptomycin (Fig. 1f), providing
additional evidence that agr-mutants can promote daptomycin treatment failure.

To understand the mechanism by which S. aureus agr mutants survived daptomycin
exposure we determined the antibiotic activity in spent culture supernatants. After 8 h incubation
with wild-type USA300, daptomycin activity was reduced 50%, although this was still sufficient for

bacterial killing (Fig. 1g,h; Supplementary Fig. 7). However, there was a rapid and total loss of

daptomycin activity in cultures of the AagrA mutant and the antibiotic was no longer bactericidal
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(Fig. 1g,h). In keeping with this, culture supernatant from the USA300 AagrA mutant exposed to
daptomycin protected wild-type bacteria from subsequent daptomycin challenge both in vitro and in
vivo (Supplementary Fig. 8). Similar findings were obtained with S. aureus SH1000, where the agrA
mutant inactivated daptomycin within 4 h, whereas this did not occur until 8 h in the wild-type
(Supplementary Fig. 9). These experiments indicated that daptomycin was inactivated by a secreted
factor, which we confirmed by showing that the supernatant from the AagrA mutant exposed to
daptomycin inactivated a subsequent dose of the antibiotic, whilst supernatant from bacteria not
exposed to the antibiotic did not (Supplementary Fig. 10).

To identify the secreted daptomycin inactivator, we examined culture supernatant from the
AagrA mutant and found that its capacity to inactivate the antibiotic was not sensitive to heat or
proteases, suggesting an enzyme-independent process (Fig. 2a). Daptomycin targets
phosphatidylglycerol (PG), the most abundant lipid in the staphylococcal membrane, triggering

membrane blebbing without lysis®®?*

. Therefore, we hypothesised that membrane phospholipids
released into the extracellular space could bind and inactivate daptomycin, as has been
demonstrated for pulmonary surfactant®. In support of this hypothesis, treatment of AagrA culture
supernatant with phospholipases or Triton X-100 significantly impaired daptomycin inactivation (Fig.
2a). Analysis of culture supernatants revealed that daptomycin triggered the release of lipid from the
AagrA mutant (Fig. 2b, Supplementary Fig. 11) and we confirmed the presence of membrane
phospholipid via thin-layer chromatography (Supplementary Fig. 12). This identified PG as the most
abundant lipid species (>65% total phospholipid), along with a small quantity of lysyl-PG (LPG) and
cardiolipin (CL) (Supplementary table 2; Supplementary Fig. 12). At concentrations similar to those
found in the culture supernatant, purified PG inactivated daptomycin in a dose-dependent manner
(Fig. 2c). By contrast, LPG only inhibited daptomycin activity at supraphysiological concentrations,
and cardiolipin had no effect on the antibiotic (Fig. 2c). Furthermore, a mixture of PG, LPG and CL at

the approximate ratio found in the membrane®* efficiently inactivated daptomycin (Fig. 2d). In

keeping with these findings, purified PG, and to a lesser extent LPG, protected S. aureus from
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daptomycin, whilst CL did not (Fig. 2e). Together, these data confirm that released membrane PG
was responsible for inactivating the antibiotic.

Next, we investigated whether the presence of phospholipids in the supernatant occurs via
an active process or was simply a consequence of membrane damage caused by the antibiotic. The
presence of inhibitors of respiration, protein biosynthesis or lipid biosynthesis significantly reduced
lipid-release in response to daptomycin, as did reducing the incubation temperature to 4 °C (Fig. 2f).
By contrast, inhibitors of protein biosynthesis or respiration did not block lipid released from
bacteria due to damage caused by lysostaphin or high temperature (Supplementary Fig. 13). We
therefore concluded that lipid released in response to daptomycin occurred via an active
mechanism.

Previous work with Escherichia coli suggested that outer membrane vesicles provide
protection against membrane-targeting antimicrobials®®. However, most of the phospholipid
released by S. aureus existed as monomers or small micelles and although some of the released
phospholipid was in the form of membrane vesicles, these contained very little daptomycin and
were inefficient at inactivating the antibiotic (Supplementary Fig. 14).

We then determined why S. aureus lacking a functional Agr system, but not wild-type,
inactivated daptomycin. The simplest explanation was that the wild-type did not release lipids in
response to daptomycin. However, exposure of wild-type S. aureus to daptomycin resulted in
release of phospholipid at similar levels and composition to the AagrA mutant, demonstrating that
the Agr quorum-sensing system does not influence lipid-release (Supplementary Fig. 12, 14, 15;
supplementary table 2). Using pull-down assays, we discovered that daptomycin bound to
phospholipid in culture supernatant from AagrA but not wild-type S. aureus (Supplementary Fig. 15).
Because Agr triggers the secretion of numerous products™®, we hypothesised that these prevented
the binding of daptomycin by phospholipid from wild-type bacteria. In support of this hypothesis,
we discovered that spent culture supernatant from wild-type bacteria prevented AagrA bacteria

from inactivating daptomycin (Supplementary Fig. 16). Further analysis determined that the agent
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responsible was heat-sensitive and passed through a 3 kDa cut-off filter, indicative of a small peptide
(Supplementary Fig. 16). AgrA regulates the expression of 7 small peptide cytolysins known as
phenol soluble modulins (PSMs), categorised into alpha (PSMa1-4) or beta (PSMB1,2) families®”?%.
Given the surfactant properties of PSMs we hypothesised that they prevented the sequestration of
daptomycin by phospholipids.

Mutants in both the USA300 and SH1000 backgrounds lacking PSMa cytolysins inactivated
daptomycin and survived exposure to the antibiotic in a similar manner to agr-mutants (Fig. 3a,b)
(Supplementary Fig. 17). By contrast, PSMB-defective mutants were impaired in daptomycin
inactivation and were as susceptible to the antibiotic as the wild-type, despite releasing similar levels
of phospholipid to the Apsma mutant (Fig. 3a,b,c; Supplementary Fig. 11). Supplementation of the
culture medium with a mixture of synthetic PSMa, but not PSMB, peptides restored killing of
ApsmafP mutants (Fig. 3d,e; Supplementary figure 18). Of all the PSMs, PSMal was most effective at
preventing daptomycin inactivation by the USA300 Apsmap mutant and was also able to prevent the
inactivation of daptomycin by USA300 AagrA mutant and purified PG, most likely via its surfactant
properties (Fig. 3f; Supplementary fig. 518). To test whether PSMa1 bound to released phospholipid
we measured the haemolytic activity of the toxin in the presence of shed membrane phospholipid,
or purified PG. The presence of phospholipid completely inhibited the haemolytic activity of PSMa1,
indicating direct binding of the cytolysin to the phospholipid (Supplementary Fig. 19). Based on these
findings, we hypothesised that PSMa peptides enhanced daptomycin-mediated killing of S. aureus
by preventing antibiotic sequestration by the released phospholipid. Using BoDipy-tagged
daptomycin, we found that wild-type S. aureus steadily accumulated daptomycin over time (Fig. 3g).
By contrast, binding of daptomycin to S. aureus AagrA decreased over time. In the presence of
PSMo.1 peptide, however, daptomycin bound strongly to the AagrA mutant, demonstrating that this
cytolysin promoted binding of the antibiotic to bacteria, as observed for the wild-type (Fig. 3g).

Daptomycin shares functional similarities with cationic antimicrobial peptides (CAMPs), and

we therefore hypothesised that lipid shedding may also confer protection against these membrane-
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acting antimicrobials. We found that lipid shedding by the AagrA mutant was triggered by both nisin
and melittin, which target the staphylococcal membrane, and that PG inactivated the antimicrobial
peptides (Supplementary Fig. 20). These findings suggest that CAMPs may have provided a selection
pressure for the evolution of the phospholipid-shedding response to membrane damage.

It has been reported previously that B-lactam antibiotics at sub-inhibitory concentrations
promote daptomycin activity against wild-type S. aureus by increasing the binding of the lipopetide

to the bacterial membrane®*

. We decided, therefore, to determine if this combination therapy
could prevent treatment failure of infection caused by the presence of agr-mutant S. aureus. A sub-
inhibitory concentration of the B-lactam antibiotic oxacillin enhanced killing of the S. aureus AagrA
mutant by daptomycin, by reducing the rate of lipid shedding and therefore prolonging the activity
of the lipopeptide antibiotic (Fig. 4a,b,c,). By contrast, oxacillin did not show synergy with
daptomycin against wild-type S. aureus, despite reducing lipid release, presumably because the lipid-
shedding mechanism is already compromised by PSM production (Fig. 4d,e,f). Similarly to the AagrA
mutant alone, daptomycin was significantly more effective against mixed populations of wild-type S.
aureus and AagrA mutant in the presence of oxacillin both in vitro, and in an in vivo model of
invasive infection, suggesting that daptomycin/B-lactam combination therapy would reduce
treatment failure due to agr-mutant S. aureus (Fig. 4g,h,i,j).

In conclusion, this work has identified membrane phospholipid shedding as a rapid
and transient defence utilised by S. aureus against an antibiotic of last resort, (Supplementary Fig. 21
and extended discussion in the Supplementary data file). However, this defence mechanism is
compromised by Agr-regulated toxins, providing a selective advantage to bacteria with agr-
inactivating mutations during daptomycin exposure. Furthermore, there are several host factors
which inhibit Agr activity®®, indicating that wild-type bacteria may successfully employ this defensive
system during certain types of infection. To combat the sequestration of daptomycin by

phospholipids, we describe a simple dual therapy approach of combining daptomycin with oxacillin.
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The presence of this B-lactam reduces the rate of lipid shedding, slows daptomycin inactivation and

thereby reduces the likelihood of treatment failure.

References

1.

Steenbergen, J. N., Alder, J., Thorne, G. M. & Tally, F. P. Daptomycin: a lipopeptide antibiotic
for the treatment of serious Gram-positive infections. J. Antimicrob. Chemother. 55, 283-288
(2005).

Boucher, H., Miller, L. G. & Razonable, R. R. Serious infections caused by methicillin-resistant
Staphylococcus aureus. Clin. Infect. Dis. 51, $183-197 (2010).

Stefani, S. et al. Insights and clinical perspectives of daptomycin resistance in Staphylococcus
aureus: A review of the available evidence. Int. J. Antimicrob. Agents. 46, 278-289 (2015).
Seaton, R. A. et al. Evaluation of Effectiveness and Safety of High-Dose Daptomycin: Results
from Patients Included in the European Cubicin(®) Outcomes Registry and Experience. Adv.
Ther. 12, 1192-1205 (2015).

Novick R. P. et al., Synthesis of staphylococcal virulence factors is controlled by a regulatory
RNA molecule. EMBO J. 12, 3967—-3975 (1993).

Novick, R. P. & Geisinger, E. Quorum sensing in staphylococci. Annu. Rev. Genet. 42, 541-564
(2008).

Sakoulas, G. et al. Accessory gene regulator (agr) locus in geographically diverse
Staphylococcus aureus isolates with reduced susceptibility to vancomycin. Antimicrob.
Agents Chemother. 46, 1492-1502 (2002).

Fowler, V. G. et al. Persistent bacteremia due to methicillin-resistant Staphylococcus aureus
infection is associated with agr dysfunction and low-level in vitro resistance to thrombin-
induced platelet microbicidal protein. J. Infect. Dis. 190, 1140-1149 (2004).

Mwangi, M.M. et al. Tracking the in vivo evolution of multidrug resistance in Staphylococcus

aureus by whole-genome sequencing. Proc. Natl. Acad. Sci. U. S. A. 104, 9451-9456 (2007).



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Traber, K. E. et al. agr function in clinical Staphylococcus aureus isolates. Microbiology 154,
2265-2274 (2008).

Laabei, M. et al., Evolutionary Trade-Offs Underlie the Multi-Faceted Virulence of
Staphylococcus aureus. PLoS Biol. 13, e1002229 (2015).

Schweizer, M. L. et al. Increased mortality with accessory gene regulator (agr) dysfunction in
Staphylococcus aureus among bacteremic patients. Antimicrob. Agents Chemother. 55,
1082-1087 (2011)

Paulander, W. et al. Antibiotic-mediated selection of quorum-sensing-negative
Staphylococcus aureus. MBio. 3, e00459-12 (2013).

Painter, K.L., Krishna, A., Wigneshweraraj, S. & Edwards, A.M. What role does the quorum-
sensing accessory gene regulator system play during Staphylococcus aureus bacteremia?
Trends Microbiol. 22, 676-685 (2014).

Credito, K., Lin, G. & Appelbaum, P.C. Activity of daptomycin alone and in combination with
rifampin and gentamicin against Staphylococcus aureus assessed by time-kill methodology.
Antimicrob. Agents Chemother. 51, 1504-1507 (2007).

Marco, F., Maria, C.G., Armero, Y., Amat, E., Soy, D., Moreno, A. et al. Daptomycin Is
Effective in Treatment of Experimental Endocarditis Due to Methicillin-Resistant and
Glycopeptide-Intermediate Staphylococcus aureus. Antimicrob. Agents Chemother. 52,
2538-2543 (2008).

Jiang, J.H. & Peleg A. Y. Daptomycin-Nonsusceptible Staphylococcus aureus: The Role of
Combination Therapy with Daptomycin and Gentamicin. Genes 6, 1256—1267 (2015).
Rauch, S., DeDent, A.C., Kim, H.K., Bubeck-Wardenburg, J., Missiakas, D.M., & Schneewind,
O. Abscess Formation and Alpha-Hemolysin Induced Toxicity in a Mouse Model of
Staphylococcus aureus Peritoneal Infection. Infect. Immun. 80, 3721-3732 (2012).

Mortin, L.l Li, T., Van Praagh, A.D.G., Zhang, S., Zhang, X.X & Alder, J.D. Rapid Bactericidal

Activity of Daptomycin against Methicillin-Resistant and Methicillin-Susceptible



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

20.

21.

22.

23.

24.

25.

26.

27.

28.

Staphylococcus aureus Peritonitis in Mice as Measured with Bioluminescent Bacteria.
Antimicrob. Agents Chemother. 51, 1787—-1794 (2007).

Wale, L. J., Shelton, A. P. & Greenwood, D. Scanning electron microscopy of Staphylococcus
aureus and Enterococcus faecalis exposed to daptomycin. J. Med. Microbiol. 30, 45-49
(1989).

Cotroneo, N., Harris, R., Perimutter, N., Beveridge, T. and Silverman, J.A. Daptomycin exerts
bactericidal activity without lysis of Staphylococcus aureus. Antimicrob. Agents Chemother.
52, 2223-2225 (2008).

Muraih, J. K., Pearson, A., Silverman, J. & Palmer, M. Oligomerization of daptomycin on
membranes. Biochim. Biophys. Acta. 1808, 1154-1160 (2011).

Chen, Y. F., Sun, T. L., Sun, Y. & Huang, H. W. Interaction of daptomycin with lipid bilayers: a
lipid extracting effect. Biochemistry. 53, 5384-5392 (2014).

Mishra, N. N. & Bayer, A. S. Correlation of cell membrane lipid profiles with daptomycin
resistance in methicillin-resistant Staphylococcus aureus. Antimicrob. Agents Chemother. 57,
1082-1085 2013.

Silverman, J. A., Mortin, L. |., Vanpraagh, A. D., Li, T. & Alder, J. Inhibition of daptomycin by
pulmonary surfactant: in vitro modeling and clinical impact. J. Infect. Dis. 191, 2149-2152
(2005).

Manning, A. J. & Kuehn, M. J. Contribution of bacterial outer membrane vesicles to innate
bacterial defense. BMC. Microbiol. 11, 258 (2011).

Wang, R. et al. Identification of novel cytolytic peptides as key virulence determinants for
community-associated MRSA. Nat. Med. 13, 1510-1514 (2007).

Queck, S. Y. et al. RNAlll-independent target gene control by the agr quorum-sensing
system: insight into the evolution of virulence regulation in Staphylococcus aureus. Mol. Cell

32, 150-158 (2008).

10



266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

29. Rand, K. H. & Houck, H. J. Synergy of daptomycin with oxacillin and other beta-lactams
against methicillin-resistant Staphylococcus aureus. Antimicrob. Agents Chemother. 48,
2871-2875 (2004).

30. Berti, A. D. et al. Penicillin binding protein 1 is important in the compensatory response of
Staphylococcus aureus to daptomycin-induced membrane damage and is a potential target

for B-lactam-daptomycin synergy. Antimicrob. Agents Chemother. 60, 451-458 (2015).

Corresponding author

Please direct correspondence to Andrew M. Edwards

Acknowledgements

The following are gratefully acknowledged for providing bacterial strains, phage or reagents:

Jan Martin Van Dijl (University Medical Center Groningen), Michael Otto (NIH, Bethesda) Ruth
Massey (University of Bath), Malcolm Horsburgh (University of Liverpool), Tim Foster (Trinity College
Dublin) and the Network on Antimicrobial Resistance in Staphylococcus aureus (NARSA) Program:
under NIAID/ NIH Contract No. HHSN272200700055C. Angela Nobbs (University of Bristol) is
acknowledged for helpful discussions and comments on the manuscript. A.M.E. acknowledges
funding from the Department of Medicine, Imperial College. S.W. acknowledges funding from the
BBSRC and Wellcome Trust. K.L.P. is supported by a PhD studentship from the Faculty of Medicine,
Imperial College London. S.H. is supported by a scholarship from the Inlaks Shivdasani Foundation.
T.B.C. is a Sir Henry Dale Fellow jointly funded by the Wellcome Trust and Royal Society (Grant

Number 107660/2/15/2).

Author Contributions

11



290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

V.P.,S.W., T.B.C and A.M.E. designed experiments. V.P., S.H., T.B.C. and A.M.E. performed
experiments. K.L.P. generated and characterised mutants. V.P., S.H., T.B.C. and A.M.E. analysed data.

All authors contributed to the writing of the manuscript.

Competing Financial Interests statement.

The authors declare no competing financial interests.

Figure Legends

Figure 1. Agr-defective S. aureus survives daptomycin exposure by inactivating the antibiotic. a,
survival of USA300 wild-type (WT) or b, SH1000 WT or agr mutants over 8 h in the presence of 20 ug
ml™ daptomycin (n=3 in duplicate, for WT vs agrA or agrC P < 0.001 at indicated time points (*). c,
survival of USA300 WT or agr mutants over 48 h in the presence of 20 pug ml™ daptomycin (n=3 in
duplicate, for WT vs agrA or agrC P < 0.0001 at indicated time points (*). d, CFU counts of USA300
WT or AagrA mutant after 8 h in the peritoneal cavity of mice, treated with 20 pg mI™* daptomycin
(+) or PBS only (-) (* P <0.05, NS P> 0.05, each circle represents a single mouse, for WT groups n=9,
for AagrA groups n=10). e, survival of a mixed population of USA300 WT and AagrA mutant at
various ratios after 8 h in the presence of 20 ug mI™* daptomycin (n=3 in duplicate). f, CFU counts
from the peritoneal cavity of mice infected with wild-type S. aureus or a 1:1 mixture of wild-type and
AagrA mutant bacteria after 8 h of treatment with 20 pug ml™ daptomycin (+, n=10) or PBS only (-,
n=9) (NS P > 0.05, each circle represents a single mouse). g,h, daptomycin activity in culture
supernatants (S/N) from wild-type or AagrA mutant exposed to the antibiotic using a zone of
inhibition assay (g), or bactericidal assay (h)(n=3 in duplicate, WT vs agrA supernatant P < 0.0001 at
indicated time points (*). Data in panels a, b, ¢, g and h were analysed using a two-way ANOVA with
Dunnett’s post-hoc test. Data in panels d and f were analysed by Mann-Whitney test. Where shown,

error bars represent the Standard Deviation of the mean.
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Figure 2. Agr-defective S. aureus inactivates daptomycin by shedding membrane phospholipid. a,
daptomycin activity in TSB only (TSB) or culture supernatant from USA300 AagrA exposed to
daptomycin and subsequently treated with heat (80 °C, 20 min), proteinase K (prot. K, 10 pg ml™),
trypsin (10 ug ml™), phospholipases (PLP) A1, A2 or D (each at 5 U mI™), or 0.1% Triton X-100 (TX-
100) (n=4, in duplicate, for untreated samples vs phospholipase or TX-100-treated samples P <
0.0001 (*). b, lipid shedding from USA300 AagrA mutant exposed, or not, to 20 ug ml™ daptomycin
(n=3 in duplicate, for daptomycin treated vs untreated P < 0.0001 at indicated time points (*). c,
activity of daptomycin after incubation with purified phosphatidylglycerol (PG), lysyl-
phosphatidylglycerol (LPG), cardiolipin (CL), phosphatidic acid (PA), or diacylglycerol (DAG) at the
indicated concentrations (n=3 in duplicate, for TSB without lipid vs indicated lipids (*) P < 0.0001). d,
activity of daptomycin after incubation with a mixture of purified PG, LPG and CL (8:1:1 ratio), which
approximates that found in the staphylococcal membrane (n=3 in duplicate, for TSB without lipid vs
indicated lipid concentrations (*) P < 0.0001). e, daptomycin MIC/MBC of wild-type (WT) or agrA
mutant in the presence of 10 uM purified PG, CL or LPG (n=3 in duplicate, data represent the median
values, for TSB without lipid vs indicated lipids (*) P < 0.0001. f, lipid shedding from USA300 AagrA
mutant exposed to 20 pug ml™ daptomycin at 37 °C (CTL), 4 °C, respiratory inhibitors 2-n-Heptyl-4-
hydroxyquinoline N-oxide (HQNO) or NaNs, or antibiotics tetracycline (Tet) or chloramphenicol (Chl)
(n=3 in duplicate, for TSB only (CTL) at 8 h vs TSB containing inhibitors or at 4 °C P < 0.0001 (*)). Data
in panels a, ¢, d, e and f were analysed using a one-way ANOVA with Tukey’s post-hoc test. Data in
panel b were analysed using a 2-way ANOVA with Dunnett’s post-hoc test. Where shown, error bars

represent the standard deviation of the mean.

Figure 3. Alpha phenol soluble modulins prevent daptomycin inactivation by S. aureus.
a, survival of USA300 wild-type or psm mutants during exposure to 20 pg ml™* daptomycin and b, the
activity of the antibiotic in associated culture supernatants (in both cases n=3 in duplicate, for WT vs

Apsmoor Apsmol P < 0.0001 at indicated time points (*)). In b, open circles are obscured by filled

13
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circles at 4, 6 and 8 h ¢, the quantity of lipid shed from USA300 wild-type or psm mutants incubated
with daptomycin in a. d, survival of the USA300 psma mutant in the absence or presence of
mixtures of PSMao. peptides (a1-4), PSMP peptides (B1,2) or PSMo. and PSMB (au1-4, B1,2). The
survival of wild-type S. aureus in the absence of peptides is included for comparison (n=3 in
duplicate, for Apsmop without peptides vs Apsma with PSMo peptides P < 0.0001 at the indicated
time points (*). Filled triangles are obscured by filled squares and filled circles. e, the activity of
daptomycin in culture supernatants from the experiment described in d (n=3 in duplicate, for
Apsmof without peptides vs Apsmo with PSMo. peptides P < 0.0001 at the indicated time points
(*). f, activity of daptomycin in the presence of 25 uM phosphatidylglycerol (PG) + 20 uM PSMal
(n=4, for PG without PSMa1 vs PG with PSMol P < 0.01). g, binding of BoDipy-labelled daptomycin
to wild-type, AagrA mutant or AagrA mutant in the presence of PSMal (n=3 in triplicate, for WT vs
agrA P < 0.001 at the indicated time points (*). Data in panels a, b, ¢, d, e and g were analysed were
analysed using a 2-way ANOVA with Dunnett’s post-hoc test. Data in panel f was analysed using a

student’s t-test. Where shown, error bars represent the standard deviation of the mean.

Figure 4. Oxacillin prevents lipid shedding and daptomycin inactivation. a,b,c, USA300 AagrA was
exposed to a sub-inhibitory concentration (0.25 pg ml™) of oxacillin (oxa), daptomycin (20 ug mi™)
(dapt), both antibiotics (or neither) in combination, and survival (a) or b, lipid release or c,
daptomycin activity measured over 8 h (n=3 in duplicate, for TSB containing daptomycin only vs
daptomycin + oxacillin P < 0.001 at the indicated time points (*). d,e,f, USA300 wild-type exposed to
0.25 ug ml™ of oxacillin, daptomycin (20 pg ml™) or both antibiotics in combination and survival (d)
or e, lipid release or f, daptomycin activity measured after 8 h (n=3 in duplicate, for TSB containing
daptomycin only vs daptomycin + oxacillin P < 0.05 at the indicated time points (*). g,h,i, USA300
wild-type and AagrA at a 1:1 ratio were exposed to oxacillin, daptomycin or both antibiotics in
combination and survival (g) or h, lipid release or i, daptomycin activity measured over 8 h (n=3 in

duplicate, for TSB containing daptomycin only vs daptomycin + oxacillin P < 0.0001 at the indicated

14



368  time points (*). j, CFU counts from the peritoneal cavities of mice after 8 h treatment with oxacillin,
369  daptomycin, neither or both antibiotics in combination (* P < 0.05, NS P > 0.05, each circle

370 represents a single mouse, for each group n=5). Data in panels a-j were analysed by 2-way ANOVA
371  with Dunnett’s post-hoc test. Where shown, error bars represent the standard deviation of the

372 mean.
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Methods

Bacterial culture

Bacterial strains and plasmids used in this study are detailed in Supplementary Table 3. S. aureus was
grown, unless otherwise stated, in tryptic soy broth (TSB) at 37 °C, with shaking (180 RPM). Where
required, culture medium was supplemented with kanamycin (50 ug ml™), chloramphenicol (10 pg
ml™) or tetracycline (10 pg ml™). Staphylococcal CFU were enumerated by serial dilution and plating
onto tryptic soy agar (TSA). E. coli was grown in Luria Broth at 37 °C, with shaking at 180 RPM or on

LB agar with ampicillin (100 ug ml™) as required.

Construction of agr mutants
Mutants deficient in RNAIII, agrA or agrC were generated in USA300 LAC with pIMAY as described

3132 primers, detailed in Supplementary Table 4, were used to amplify DNA corresponding

previously
to approximately 500 bp up- and down-stream of the coding regions to be deleted. Primers were
designed to include regions of homology that facilitated fusion of amplicons using the Gibson
assembly kit (New England Bioscience). The resulting product was digested at the 5’ and 3’ ends
using Kpnl and Sacl and ligated into similarly digested pIMAY, before transformation into E. coli
DC10B. Constructs were recovered from DC10B using a Qiagen midiprep kit and transformed into

31,32

electro-competent S. aureus USA300 LAC*>“. Mutants were selected for using anhydrotetracycline,

3132 on blood agar plates to identify agr mutants defective for haemolysis.

as described previously
This approach resulted in full, markerless deletion of agrA or RNAIIl, and deletion of nucleotides 127-
1119 from agrC as confirmed by PCR using oligonucleotides labelled as ‘Out Fwd’ or ‘Out ReV’ in
Supplementary Table 2 to amplify and sequence the mutated locus. DNA sequencing confirmed loss
of relevant regions of DNA without the acquisition of mutations in flanking regions. Mutations in
agrA or agrC were complemented using plasmid pCN34 containing the agrA or agrC gene under the

control of the P2 promoter®*3*.
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Determination of antibiotic minimum inhibitory and bactericidal concentrations (MIC/MBC)

MICs were determined using the broth microdilution protocol®. Stationary-phase S. aureus grown
in TSB was adjusted to 5 x 10° CFU mI™ in fresh TSB or Muller-Hinton Broth (MHB), each containing
CaCl, (50 ug ml™) and a range of concentrations of daptomycin. After static incubation at 37 °C in air
for 18 h, the MIC was defined as the lowest concentration at which there was no visible growth®>3¢.
MBC values were defined as the lowest concentration of antibiotic required for a >1000-fold

37,38

reduction in CFU counts compared to the inoculum®”**. In some cases, MIC or MBC assays were

done in TSB supplemented with 10 WM purified lipids.

Spent culture supernatant bactericidal activity assay

Bacterial cells were removed from spent culture supernatant by centrifugation (17,000 X g, 10 min)
and filtration through a 0.2 um filter. Wild-type USA300 was then added to the supernatant to a
density of 5 x 10° CFU ml™ and incubated statically at 37 °C in air for 18 h. Bacterial CFU were then

determined by serial dilution and plating onto TSA.

Determination of antibiotic bactericidal activity

Stationary-phase bacteria were inoculated into 3 ml TSB containing antibiotics to ~10% CFU mI™:
daptomycin (20 pg ml™) with CaCl, (0.5 mM); gentamicin (10 ug mI™); vancomycin (10 pg ml™) or
cloxacillin (1.25 pg ml™) or antimicrobial peptides nisin (20 pg ml™) or melittin (50 pg mI™). Cultures
were subsequently incubated at 37 °C with shaking (180 RPM) and bacterial viability determined by
CFU counts. Stationary-phase bacteria were used as this is when Agr is active in vitro. Most
experiments used mono-cultures of strains but some utilised mixtures of wild-type and agr-mutant
bacteria, with the inoculum maintained at a total of 10® CFU ml™. All concentrations used fall within
previously described free serum concentrations from humans or animal models given clinically-

relevant therapeutic doses and were at least 2.5 X MIC, which has been shown previously to be
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bactericidal for the antibiotics used®™*.

In some assays the respiratory inhibitors 2-n-Heptyl-4-hydroxyquinoline N-oxide (HQNO, 10 pg ml™)
or sodium azide (0.05%) were included, or the protein synthesis inhibitors tetracycline (10 pg ml™) or
chloramphenicol (20 pg ml™). Other assays included the beta-lactam antibiotic oxacillin (0.25 pg ml™)
or the lipid biosynthesis inhibitor platensimycin (7.5 pg ml™).

In several cases, the culture supernatant was recovered for analysis of daptomycin activity or lipid
content. Bacteria were removed by centrifugation (17,000 x g, 5 min) and filtration through a 0.2 uM
filter.

In other assays, bacteria were pelleted by centrifugation (17,000 x g, 5 min), the supernatant
removed and the bacteria resuspended in an equal volume of filter sterilised spent culture

supernatant from a different strain before immediate use in assays.

Daptomycin activity determination

A well of 10 mm was made in TSA plates containing 50 ug ml™ CaCl, followed by the spreading of 50
ul stationary phase wild-type USA300 LAC (~10° CFU ml™) in TSB across the surface. The spread
bacterial inoculum was allowed to air dry and the wells filled with supernatant from cultures that
had been processed by centrifugation (17,000 X g) and filter sterilization (0.2 um filter) to remove
bacterial cells. Plates were incubated for 16 h at 37 °C before the zone of growth inhibition around
the well was measured at 4 perpendicular points. In some cases, fresh daptomycin was added to
culture supernatants, incubated for 0-8 h at 37 °C and antibiotic activity determined as described
above. In other experiments, culture supernatants were pre-treated with heat (80 °C, 20 min), or
Triton X-100 (0.1%), phospholipases (5 U mI™) or proteases (10 ug ml™) for 16 h at 37 °C prior to the
addition of fresh daptomycin. In addition to culture supernatants, daptomycin activity was
determined in the presence of purified lipids and/or PSMa.1 peptide at the concentrations indicated

in the figure. All experiments used the same batch of agar plates and a standard plot was generated
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for each experiment using a range of daptomycin concentrations, enabling the conversion of the size

of the zone of inhibition into percentage daptomycin activity.

Murine infection model

Animal work was conducted in accordance with the Animals [Scientific Procedures] Act 1986
outlined by the UK Home Office regulations. Work was approved by the UK Home Office after ethical
approval by the Imperial College Animal Welfare and Ethical Review Body (AWERB). Six- to eight-
week-old female C57BL/6 mice (Charles River, United Kingdom) were infected via the intraperitoneal
route with 2.5 x 10’ CFU USA300 LAC or a 1:1 mixture of wild-type and AagrA mutant USA300 LAC
(total of 2.5 x 10’ CFU). For the indicated experiment, wild-type bacteria were resuspended in spent
culture supernatant from either wild-type of agrA bacteria exposed to daptomycin. Mice were then
treated with 250 pl PBS containing daptomycin (40 g ml™) and calcium (0.5 mM), with or without
oxacillin (0.5 ug ml™), injected into the peritoneal cavity (i.e. the daptomycin concentration within
the peritoneal cavity was ~20 pg ml™ and, where used, oxacillin was present at 0.25 pg mI™"). Control
groups were treated with PBS alone. Experiments were continued for 8 h before animals were
humanely sacrificed by cervical dislocation and death confirmed by severing the femoral artery. The
peritoneal cavity was washed with PBS and CFU counts determined on blood agar plates. Wild-type
and AagrA mutant bacteria were differentiated on the basis of haemolytic activity. The size of the
groups used was determined prior to undertaking the experiment using power analysis based on in
vitro data®. Tubes containing the inocula and antibiotic solutions were blinded prior to commencing
the experiment. Mice were randomly allocated to individual study group cages by animal husbandry
technicians who were not involved in the study. Each group was randomly allocated to a treatment.
In keeping with Home Office regulations, any animals that displayed 2 or more of the following signs
were humanely killed by a Schedule 1 method and excluded from the study: reduced movement,

hunched posture, shivering, dyspnoea or cyanosis or circling.



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

Bacterial growth and Agr activity assays

Bacteria were inoculated into the wells of black microtitre plates with clear bottoms containing 200
ul TSB to a concentration of ~10” CFU mlI™ and incubated in a Polarstar Omega multiwell plate reader
at 37 °C with shaking (500 RPM)**3*. The plate reader was programmed to take ODgo readings every
30 min for 17 h. Simultaneously, GFP fluorescence from the agr-P3 promoter was measured using an
excitation filter of 485 nm and an emission filter of 520 nm to generate values expressed as relative

fluorescence units***,

Haemolysis assay

Spent culture supernatants (1 ml) from stationary phase bacteria were subjected to serial 2-fold
dilution in fresh TSB before the addition of sheep blood to 2%. Supernatant/blood mixtures were
incubated statically at 37 °C for 1 h before intact blood cells were removed by centrifugation. The
degree of red cell lysis was determined by measuring Asso>". Blood incubated in TSB only served as a
negative control, whilst TSB containing 0.1% Triton X-100 served as a positive control and was

considered to represent 100 % lysis.

Membrane lipid detection

S. aureus membrane lipid was detected and quantified using FM-4-64 (Life Technologies)*. Bacterial
culture supernatants (200 pl) or other solutions were mixed with FM-4-64 to a final concentration of
5 ug ml™, and fluorescence measured with a Tecan microplate reader using excitation at 565 nm and
emission at 660 nm. Standard plots of purified phospholipids were used to determine the relative

concentration of lipid in culture supernatants.

Daptomycin pull-down assays
Daptomycin was labelled with desthiobiotin (Pierce) as described in the manufacturer’s instructions.

Briefly, desthiobiotin (100 pl, 10 mM) was mixed with daptomycin (100 ul, 6 mM) and PBS to 1 ml
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before incubation at room temperature with gentle rocking for 1 h. The reaction mixture was then
dialysed against H,0 at 4 °C to remove unbound desthiobiotin using a Float-A-Lyser G2 device
(Spectrum labs) with a molecular weight cut-off of 0.1 kDa. The antibiotic activity of the labelled
daptomycin was confirmed using a MIC assay and LC-MS analysis of labelled daptomycin was
employed to confirm labelling of the antibiotic (data not shown). For the pull-down assay spent
culture supernatant (1 ml) was incubated with 20 pug ml™ desthiobiotin-labeled daptomycin for 1 h at
37 °C with end-over-end mixing at 10 RPM. In some assays 10 uM PSMa1 was included. Streptavidin-
agarose beads (200 pL) were washed with PBS and added to the supernatant containing labelled
daptomycin and incubation continued for 1 h at 37 °C. Beads were then allowed to settle for 10 min
before centrifugation at 500 x g for 10 min to pellet remaining beads in suspension. The supernatant
was then removed and the pelleted beads washed with TSB. An additional round of centrifugation
and a TSB wash was done before the beads were resuspended in elution buffer (100 pl, 4 mM biotin)
followed by incubation at 80 °C for 20 min. TSB was then added to the beads and elution buffer,
mixed by pipetting and beads removed by centrifugation as described above. The supernatant was

recovered and lipid content measured using FM-4-64 dye as described above.

Measurement of cell-associated daptomycin

Daptomycin was labelled with BoDipy FL SE (D2184, Life Technologies). Daptomycin (50 pl, 50 mg mI
') was mixed with Bodipy (100 wl,10 mg ml™ in DMSO) and the reaction volume made to 1 ml with
sodium bicarbonate (0.2 M pH 8.5) before incubation at 37 °C for 1 h. Unbound Bodipy was removed
by dialysis as described above for desthiobiotin. Also as above, the antibiotic activity of the labelled
daptomycin was confirmed using a MIC assay, and LC-MS analysis of labelled daptomycin was
employed to confirm labelling of the antibiotic (data not shown). Bacterial cells were incubated in
TSB containing the labelled antibiotic for 0-8 h, as described for killing assays before they were
washed 3 times in TSB. BoDipy-labelled daptomycin bound to bacterial cells was quantified with a

Tecan microplate reader using excitation at 502 nm and emission at 510 nm.
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Lipid extraction and thin-layer chromatography

Lipids were extracted from spent culture supernatants using a method based on that described by
Bligh and Dyer”. Culture supernatants or TSB containing various purified lipid standards and
daptomycin were extracted with 1 sample volume of chloroform:methanol (2:1, v/v). The samples
were mixed by vortexing and then centrifuged (17,000 x g, 10 min) to separate the aqueous and
organic phases. The aqueous phase was removed and the organic phase evaporated at room
temperature. Samples were then resuspended in 100 pl of chloroform:methanol (2:1, v/v). Samples
were then separated by one-dimensional TLC as described previously®. In brief, equal volumes of
lipid extracts were spotted onto silica 60 F254 HPTLC plates (Merck) and migrated for 25 min with
chloroform:methanol:ammonium hydroxide (30%) (65:30:4, by volume)*. TLC plates were allowed
to dry by evaporation before lipids were detected using iodine vapour. Purified lipid standards
included phosphatidylglycerol, cardiolipin, lysyl-phosphatidylglycerol, phosphatidic acid and
phosphatidylethanolamine. All standards were purchased from Sigma-Aldrich with the exception of
lysyl-phosphatidylglycerol (Avanti Polar lipids). To ensure accurate comparison between spent
culture supernatant and the lipid standards, purified lipids were added to TSB at 100 uM and
daptomycin (20 pg ml™) added before the mixtures were subjected to the lipid extraction procedure.

The identity and relative proportions of lipids were determined as described previously®**°

. Lipids
were extracted from spent culture supernatant into chloroform:methanol (2:1 v/v) as described
above. Samples were then subjected to 2D thin layer chromatography, firstly with
chloroform:methanol:ammonium hydroxide (30%) (65:30:4, by volume) and then with
chloroform:acetic acid:methanol:water (170:25:25:4, by volume). Plates were then dried and lipids
visualised with iodine as described above. The identity of each spot was determined by reference to
the migration pattern of purified phospholipid standards as described previously***°. Each spot was

scraped from the plate using a sterile scalpel and the quantity of phospholipid in each determined by

digestion with 0.3 ml 70% perchloric acid at 150 °C for 3 h. The digested phospholipid was then
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incubated with a detection reagent (10% ascorbic acid, 2.5% ammonium molybdate, 5% perchloric
acid at 1:1:8 ratio by volume) at 37 °C for 2 h, and quantification by measurement at 750 nm and
reference to standards of known concentrations*>*°. The concentration of each lipid was derived
from quantification of lipid in culture supernatant from USA300 WT or AagrA mutant using FM-4-64

and reference to a standard plot generated using purified phosphatidylglcyerol.

Daptomycin resistance emergence assay

Bacterial strains were inoculated into TSB containing daptomycin (20 pg ml™) and CaCl, (0.5 mM)
and survival over 8 h measured as described in the Methods section for the determination of
antibiotic bactericidal activity. After 8 h bacteria were pelleted by centrifugation (17,000 x g, 5 min),
washed twice in TSB and resuspended in 3 ml fresh TSB, before incubation at 37 °C with shaking (180
RPM) for 16 h to stationary phase. The activity of daptomycin in the culture supernatants was
determined by the zone of inhibition assay (daptomycin activity determination in the Methods
section). The bacterial populations were then inoculated once again into TSB containing daptomycin
(20 pg ml™*) and CaCl, (0.5 mM) and survival over 8 h measured. We also determined the daptomycin
MIC of recovered bacterial populations as described in the Methods section. At the end of the
second period of daptomycin exposure, the daptomycin activity was determined and bacteria
transferred into antibiotic-free TSB. This assay was repeated for a third time. Measurements of
bacterial survival, daptomycin activity and daptomycin MIC were made for all three rounds of

daptomycin exposure.

Synthetic peptides

Synthetic peptides were generated by Peptide Protein Research Ltd, UK according to previously
described sequences, with formylated methione (fM) at the N-termini*’: PSMoil
fMGIAGIIKVIKSLIEQFTGK; PSMo2 fMGIIAGIIKFIKGLIEKFTGK; PSMa3 fMEFVAKLFKFFKDLLGKFLGNN;

PSMo4 fMAIVGTIIKIIKAIDIFAK; PSMB1 fMEGLFNAIKDTVTAAINNDGAKLGTSIVSIVENGVGLLGKLFGF;
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PSMB2 fMTGLAEAIANTVQAAQQHDSVKLGTSIVDIVANGVGLLGKLFGF. In addition, a peptide comprised
of the reverse sequence of PSMal (PSM-rev; KGTFQEILSKIVKIIGAIIGM) was synthesised. Unless
otherwise indicated, peptides were used in assays at 10 UM, which was based on concentrations
described for stationary phase cultures of USA300°°. When used in combination, 10 uM of each

peptide was used.

Statistical analyses

Unless otherwise mentioned, data are represented as the arithmetic mean average from 3 or more
independent experiments and error bars represent the SD of the mean. For multiple comparisons,
data were analysed using a one-way ANOVA for data generated from a single time point or two-way
ANOVA for data collected from multiple time points. Post-hoc tests were only used when the overall
ANOVA P value was <0.05. Unless stated otherwise, for one-way ANOVA the Tukey post-hoc test was
used and for two-way ANOVA Dunnett’s or Sidak’s multiple comparison tests were used as
appropriate. For single comparisons data were analysed using an unpaired, 2-tailed Student’s t-test.
Where there are significant differences in values, these are described in the legend and indicated on
the figure (*). Non-significant differences are only highlighted for animal studies but were omitted
from other figures for clarity. For each experiment, n refers to the number of independent biological
repeats, followed by the number of technical replicates in each case. CFU counts from murine
experiments are presented as the value obtained from each animal. These data were compared
using Mann-Whitney or two-way ANOVA tests as indicated in figure legends and median values used

for comparisons.
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