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Staphylococcus aureus is a notorious human bacterial pathogen with
considerable capacity to develop antibiotic resistance. We have ob-
served that human infections caused by highly drug-resistant
S. aureus are more prolonged, complicated, and difficult to eradicate.
Here we describe a metabolic adaptation strategy used by clinical
S. aureus strains that leads to resistance to the last-line antibiotic,
daptomycin, and simultaneously affects host innate immunity. This
response was characterized by a change in anionic membrane phos-
pholipid composition induced by point mutations in the phospholipid
biosynthesis gene, cls2, encoding cardiolipin synthase. Single cls2
point mutations were sufficient for daptomycin resistance, antibiotic
treatment failure, and persistent infection. These phenotypes were
mediated by enhanced cardiolipin biosynthesis, leading to increased
bacterial membrane cardiolipin and reduced phosphatidylglycerol.
The changes in membrane phospholipid profile led to modifications
in membrane structure that impaired daptomycin penetration and
membrane disruption. The cls2 point mutations also allowed S. au-
reus to evade neutrophil chemotaxis, mediated by the reduction
in bacterial membrane phosphatidylglycerol, a previously unde-
scribed bacterial-driven chemoattractant. Together, these data
illustrate a metabolic strategy used by S. aureus to circumvent anti-
biotic and immune attack and provide crucial insights into membrane-
based therapeutic targeting of this troublesome pathogen.

S. aureus | daptomycin | cardiolipin | phosphatidylglycerol | neutrophils

he Gram-positive organism, Staphylococcus aureus, is one of
the most important human bacterial pathogens, with a
worldwide distribution and an ability to cause infection of almost
any human tissue (1). Effective treatment of staphylococcal in-
fections has been hampered by the emergence of antibiotic re-
sistance, leading to increased reliance on last-line antibiotics such as
daptomycin (2). Daptomycin is a cyclic lipopeptide antibiotic that
interacts with bacterial cell membranes, but the precise mecha-
nisms of action remain elusive (3). Notably, human infections
caused by daptomycin-resistant S. aureus have been associated
with persistent and complicated infections (2, 4). We and others
have recently shown that clinically derived daptomycin-resistant
isolates caused persistent infections in nonmammalian and mu-
rine septicaemia models (5, 6), raising the question about the
correlation between daptomycin resistance, immune evasion, and
bacterial survival in vivo (5, 6).
Bacteria have evolved highly conserved mechanisms mediating
adaptation and maintenance of membrane integrity to defend

3722-3727 | PNAS | February 26,2019 | vol. 116 | no.9

against host microbicidal peptides (7, 8). Mutations in genes
related to phospholipid biosynthesis are consistently reported in
Gram-positive bacteria resistant to daptomycin (4). The most
abundant phospholipid found in Gram-positive bacterial
membranes, including staphylococcal membranes, is phos-
phatidylglycerol (PG). PG can be converted to cardiolipin
(CL) and lysyl-phosphatidylglycerol (L-PG) by the enzymes
cardiolipin synthase (Cls) and multiple peptide resistance
factor (MprF), respectively (9-11). Gain-of-function muta-
tions in MprF have been associated with daptomycin re-
sistance (8, 9, 12). Most human bacterial pathogens have a
Cls homolog that catalyzes condensation of two PG mole-
cules to yield one CL and one glycerol molecule (13). In S.
aureus, there are two cls genes, with cls2 encoding the major
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CL synthase (10, 11). Thus far, the bacterial membrane ad-
aptation response to antibiotic and innate immune exposure
in humans is poorly understood.

Neutrophils form one of the most fundamental host innate im-
mune effectors against bacterial pathogens, including S. aureus (14).
The clinical significance of neutrophils is well illustrated by the
predisposition to severe and recurrent staphylococcal infections in
patients with functional or quantitative neutrophil deficiencies (15).
Neutrophil recruitment to the site of infection caused by Gram-
positive bacteria is often mediated by bacterial-driven chemo-
attractants such as formylated peptides and phenol soluble modulins
or by endogenous cytokines (e.g., IL-8) released from host cells (16,
17). In response, bacteria have evolved mechanisms that interfere
with neutrophil chemotaxis, including chemotaxis inhibitory protein
of S. aureus and formyl peptide receptor-like 1 inhibitor (18, 19).
Deepening our understanding of how bacteria evolve during human
infection to simultaneously circumvent key innate immune effectors
and antibiotic selection pressure is crucial in our pursuit of novel
therapeutic strategies.

Results

Mutations in S. aureus Cardiolipin Synthase Lead to the Evolution of
Daptomycin Resistance and Antimicrobial Failure. We have pre-
viously collected and reported on S. aureus isolates from nine
patients with bloodstream infection who were all treated with
daptomycin (4). Samples were collected as soon as the infection
was detected and later in infection when resistance to dapto-
mycin and treatment failure was evident (4). All patients had
persistent bacteremia and complicated infections involving heart
valves, bone and joints, and deep soft tissues (4). Whole-genome
sequencing of the nine paired samples identified nonsynonymous
point mutations in c¢ls2 in daptomycin-resistant isolates, which were
tightly positioned in the two predicted N-terminal transmembrane
domains encoded by cls2, resulting in A23V, T33N, L52F, and F60S
amino acid substitutions (Fig. 14) (4). To study these nucleotide
changes in cls2, independent of other mutations observed in the
clinical daptomycin-resistant strains, allelic replacement experi-
ments were performed to introduce the individual point mutations
into a daptomycin-susceptible clinical isolate (A8819) producing
A8819cis2a23v, A8819cis2r33n, and A8819¢isarsar (SI Appen-
dix, Table S1). Several attempts to generate the F60S substitution
were unsuccessful. Daptomycin susceptibility was most perturbed
with the T33N mutation (A8819¢io133n), Which led to a minimum
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Fig. 1. Effect of Cls2 amino acid substitutions on daptomycin killing and re-
sistance emergence. (A) The predicted amino acid change in Cls2 by individual
cls2 point mutations. C, carboxyl terminus; N, amino terminus; PLD, phos-
pholipase D domain; TM, transmembrane domain. (B) Time-kill analyses
showing quantitative bacterial counts during exposure to 2 pg/mL daptomycin.
Dashed line indicates the detection limit. Comparison of the area under the
curve between mutants and WT by one-way ANOVA (*P < 0.05, **P < 0.01).
(C) Daptomycin MIC of staphylococcal cells at each time point from the time-
kill analysis. Error bars represent mean + SEM, three independent experiments.
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inhibitory concentration (MIC) of daptomycin similar to that ob-
served in our clinical resistant isolates (MIC 2 pg/mL) compared
with the susceptible parent strain (MIC 0.5 pg/mL) (SI Appendix,
Table S1). This magnitude rise in MIC of daptomycin has been
associated with therapeutic failure and poor patient outcomes (2),
confirming the significance of the increase. Chromosomal repair of
the T33N mutation (A8819¢is»r33nna3T) restored daptomycein sus-
ceptibility back to WT levels (MIC 0.5 pg/mL) (SI Appendix, Table
S1). L52F and A23V mutations also increased MICs of daptomycin
but to a lesser degree (up to 1 pg/mL) (SI Appendix, Table S1).
To assess the functional effect of the reduced daptomycin sus-
ceptibility with the cls2 mutations, we performed daptomycin treat-
ment assays (Fig. 1B). Daptomycin concentrations (2 and 4 pg/mL)
were chosen to mimic free daptomycin concentration observed in
deep tissues and bones under standard human dosing (20, 21).
Using a concentration of 2 pg/mL, we showed that daptomycin was
rapidly bactericidal (>3 log;o reduction in cfu) against all strains
over 8 h; however, significant regrowth occurred back to the starting
inocula by 24 h for A8819¢i»133n and A8819¢ir sor (Fig. 1B). In
contrast, killing to undetectable levels was seen for the daptomycin-
susceptible parent strain (A8819) and the T33N repaired strain
(A8819¢is2T33nN33T)- Similar findings were observed with dapto-
mycin concentrations up to 4 pg/mL (SI Appendix, Fig. S1). Dap-
tomycin treatment failure with A8819¢isor33n and A8819¢isr 5o
directly correlated with progressive resistance, with an MIC of
daptomycin increasing up to 4 pg/mlL, suggesting that additional
adaptation occurred under daptomycin exposure (Fig. 1C). To-
gether, these data show that as seen in patients, the observed cls2
point mutations genetically predisposed S. aureus to resistance
evolution and therapeutic failure under antibiotic selection.

Amino Acid Substitutions in S. aureus Cardiolipin Synthase Enhance
Cardiolipin Biosynthesis and Alter Bacterial Membrane Phospholipid
Composition. To determine the effect of the clinically derived cls2
point mutations on membrane phospholipid composition, we
extracted total lipids from the daptomycin-susceptible clinical
strain (A8819), the three cls2 point mutants (A8819¢is2T33N,
A8819¢is2a23v, and A8819¢iso152F), and the repaired strain
(A8819¢1soT33nN33T). We first assessed lipid profiles using TLC
(81 Appendix, Fig. S24), which showed that relative to A8819, the
three cls2 point mutants had an increase in membrane CL content
and a reduction in PG, with no change in L-PG. A time-course
lipid analysis over bacterial growth phases supported these find-
ings (SI Appendix, Fig. S2 B and C). The concentration of indi-
vidual phospholipid species was then quantified using liquid
chromatography coupled with mass spectrometry (LC-MS). Con-
sistent with the TLC analysis, the percentage of CL among total
phospholipids increased significantly in the three cls2 point mu-
tants compared with A8819, whereas the PG content decreased
significantly (Fig. 24). None of the cls2 mutations had an effect on
L-PG. Overall, the membrane phospholipid changes were most
pronounced for A8819¢iorasn (Fig. 24), which paralleled the
magnitude of daptomycin resistance. As seen with daptomycin
susceptibility, repair of the T33N mutation restored the membrane
phospholipid profile back to WT levels (Fig. 2B and SI Appendix,
Fig. S2D). The increase in CL in the cls2 point mutants was not
secondary to an increase in c¢ls2 transcription or Cls2 membrane
quantity, and Cls2 membrane localization was unchanged com-
pared with A8819 (SI Appendix, Fig. S3).

To test whether the cls2 mutations increased cardiolipin syn-
thesis activity in vivo, bacteria were metabolically labeled with °C-
glycerol, which is incorporated into the glycerol backbone and head
group of PG and CL (SI Appendix, Fig. S4). The formation of
complex PG or CL mass isotopomers (+3, +6, and +9) by LC-MS
can then be used to measure de novo biosynthesis of these phos-
pholipids (SI Appendix, Fig. S4). Compared with WT, we showed
that CL biosynthesis significantly increased over time in our T33N
mutant strain (Fig. 2C), and this was mirrored by a reduction in PG
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Fig. 2. Effect of c/s2 point mutations on membrane phospholipid profiles.
(A) The molar ratio of PG, CL, and L-PG among total phospholipids de-
termined by LC-MS. (B) Repair of Cls2 T33N (T33NN33T) restored membrane
phospholipid profiles to WT levels. Phospholipid biosynthesis was assessed
after treatment with '*C-glycerol. The ratios of (C) '*C-CL, (D) '3C-PG, and (E)
3C-L-PG (all isotopomers) among total lipid content were determined by LC-
MS. Mean =+ SD, three independent experiments. *P < 0.05, **P < 0.01, and
***P < 0.001, one-way ANOVA. n.s., nonsignificant. Student’s t test was used
to compare T33N to WT (C-E).

biosynthesis (Fig. 2D). Given that PG is both a metabolic end-
product and precursor for CL, these results suggest that CL is
synthesized from a subpool of PG in the mutant to account for the
different degree of *C-labeling. No difference in biosynthesis of
L-PG was observed (Fig. 2E). Together, these data confirm that
clinically relevant Cls2 amino acid substitutions caused enhanced
membrane cardiolipin biosynthesis that was proportional to the
degree of antibiotic resistance.

Changes in S. aureus Membrane Composition Block Daptomycin
Mediated Lipid Extraction, Membrane Penetration, and Disruption.
To assess the effect of Cls2-mediated lipid changes on daptomy-
cin-membrane interactions, we reconstituted Gram-positive bac-
terial bilayer membranes immobilized on a planar surface for
characterization by neutron reflectometry (NR) (22, 23) (SI
Appendix, Fig. S54). The bilayers were incubated with isotopic
solvents (D,O and H,O), and the NR profiles of WT and
A8819¢ys2T33n Were modeled simultaneously to analyze the bi-
layer structures (Fig. 3 4 and B). The cardiolipin-rich membrane
caused by the Cls2 T33N amino acid substitution was thicker
compared with the WT membrane (57.8 + 3.7 A versus 49.4 + 3.3
A, respectively) (Fig. 3 C and D and SI Appendix, Fig. S5B and
Tables S2 and S3). Despite the overall differences in membrane
thickness, the cell surface charge was similar, and using super-
resolution microscopy of cell surface-bound fluorescent dapto-
mycin, we showed that the level and distribution of daptomycin
binding on A8819¢sxT3sn cell surface was similar to A8819 (S7
Appendix, Fig. S6). These data support the hypothesis that struc-
tural modification of the membrane impairs daptomycin pene-
tration and membrane disruption rather than initial binding.
Using NR, we then characterized the effect of the observed
membrane changes on daptomycin interactions. Daptomycin
treatment at 2, 4, and 8 pg/mL significantly shifted the fringe of the
NR curves of the WT membranes in a concentration-dependent
manner (Fig. 34, arrows), indicating extraction and solubilization
of the membrane by daptomycin. In contrast, there was a less
pronounced change in reflectivity for the cardiolipin-rich,
daptomycin-resistant A8819¢js>133n membrane (Fig. 3B). Anal-
ysis of the NR curves showed that at a daptomycin concentration

3724 | www.pnas.org/cgi/doi/10.1073/pnas.1812066116

of 2 pg/mL, the lipid volume fraction of the WT membrane was
reduced, and no daptomycin was seen within the membrane
consistent with a lipid extraction mechanism (24) (Table 1 and
SI Appendix, Table S4). At a higher daptomycin concentration
(4 pg/mL), antibiotic membrane penetration was evident, extending
through the bilayer and causing dislocation of acyl-chains (Table 1
and SI Appendix, Table S4). At the highest concentration (8 pg/mL),
the membrane was completely solvated by daptomycin, with a
substantial decrease in the lipid volume fraction from 86.5 to 26.6%
(Table 1 and SI Appendix, Table S4). For the thicker, cardiolipin-
rich A8819¢y»33n membrane, only mild lipid extraction was ob-
served at 2, 4, and 8 pg/mL with the lipid volume fraction only
reducing from 78.5 to 62.8% (Tablel and SI Appendix, Table S5).
The A8819¢ix133nv membrane resisted daptomycin penetration and
remained intact (Table 1 and SI Appendix, Table S5).

To further define the daptomycin—-membrane interaction, we
then used small-angle neutron scattering (SANS), which provided
information on the daptomycin aggregation characteristics within
the bilayer membranes under physiologically relevant conditions
(25). Consistent with our NR data, at a clinically relevant dapto-
mycin concentration of 4 pg/mL, we observed daptomycin pene-
trate and form aggregates straddling the bilayer membrane for
WT (A8819) but not for the A8819¢>133nv membranes (Fig. 3 E
and F). These data also concur with our bacterial killing data,
which showed complete bacterial killing for WT A8819 but ther-
apeutic failure toward A8819¢isor33n (SI Appendix, Fig. S1). Using
established core-shell and hollow-cylinder models to characterize
the daptomycin aggregates (25), it was estimated that daptomycin
constituted a 28 + 0.86 A radius spherical micelle structure within
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Fig. 3. Daptomycin-membrane interactions. The neutron reflectivity pro-
files (symbols) and fits (lines) of (A) A8819 and (B) A8819¢s>t33n membrane
models in DO and H,O are shown. The NR profiles in H,O are offset for
clarity. The arrows indicate fringe shifts of NR profiles. The molecular models
of reconstituted (C) A8819 and (D) A8819¢is>t33n membranes show a thicker
but more CL-rich membrane structure (with CL in yellow, PG in red, and L-PG
in blue). Small-angle neutron scattering profiles measured for (£) A8819 and
(F) A8819¢s2t33n membranes treated with and without daptomycin (4 pg/mL).
The arrow indicates the lipid bilayer, whereas the star indicates the Bragg
peak as the sign of micelle formation.
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Table 1. Summary of bilayer coverage and contents for the symmetric membrane bilayer deposited on silicon oxide surface
A8819 A8819¢is2133n
Layer 0 pg/mL Dp* 2 pg/mL Dp* 4 pg/mL Dp* 8 pg/mL Dp* 0 pg/mL Dp* 2 pg/mL Dp* 4 pg/mL Dp* 8 pg/mL Dp*

HG1' 60.5 + 4.8* 31+ 10 30.3 + 6.4 (HG), 4.5 + 0.1 (Dp) 10.5 + 1.5 (HG + Dp) 525 +83 23.7+7.9 26.8 +5.9 23.7 + 8.2

Tails® 86.5+0.8 717 + 1.5 52.8 + 1.3 (Tails), 4.5 + 0.1 (Dp) 26.6 + 1.6 (Tails), 12.5 + 1 (Dp) 78.5 + 1.3 66.3 + 1.4 62 + 1.1 62.8 + 1.1

HG2Y 46 + 5.4 33.6 + 3.8 15.8 + 2.9 (HG), 17.2 + 1.2 14.7 £ 0.2 (HG), 11.9 + 3.1 27.7 £ 2.1 16+ 2.8 16.8 + 2.8 179 +28
(Tails), 4.5 + 0.1 (Dp) (Tails), 12.5 + 1 (Dp)

Dp layer — — 174 +1.9 126 +1.3 — — 149+ 14 141+ 0.9

*Dp, daptomycin.

"HG1, head groups of the inner leaflet of the membrane.
*Values are volume fractions (%) with two SDs.

STails, acyl-chains of the membrane bilayer.

YHG2, head groups of the outer leaflet of the membrane.

the membrane bilayer (SI Appendix, Fig. S7). Taken together,
these results show that S. aureus adapts during treatment with
daptomycin in human infections by increasing its cardiolipin
membrane content leading to a thicker membrane that resists
daptomycin lipid extraction, and membrane penetration and dis-
ruption, promoting bacterial survival.

Cls2 Amino Acid Substitutions Impair Neutrophil Recruitment in Vivo
and Promote Bacterial Survival. Apart from impairing daptomycin—
membrane interactions, we hypothesized that the altered bac-
terial membrane phospholipid profile caused by cls2 point mu-
tations may have an effect on S. aureus-host interactions.
Neutrophils are the dominant innate immune cell for controlling
S. aureus infection (14, 15). To interrogate neutrophil behavior
in vivo and in real time with high resolution, we utilized the
vertebrate zebrafish (Danio rerio) model system (26). In common
with humans, zebrafish have cellular and soluble immune arms
and complex tissue environments that enable a mechanistic un-
derstanding of human infectious diseases (26, 27). To assess
neutrophil trafficking and recruitment to a localized soft tissue
staphylococcal infection, we used transgenic embryos with red
fluorescent neutrophils (Tg[hz:dsRed]) (28) that were infected into
the somatic muscle with GFP-expressing S. aureus (Fig. 44). No-
tably, neutrophil recruitment to the localized infection site was
significantly compromised for infection with the three cls2 point
mutants compared with infection by A8819 after 6 h postinfec-
tion (Fig. 4 B and C). Mutation repair for the T33N strain
(A8819¢is233nN33T) Was sufficient to restore neutrophil recruitment
back to WT (A8819) infection levels (Fig. 4D). This attenuated
neutrophil response affected bacterial clearance, with more persis-
tent infection observed with A8819¢ys>133n compared with the WT
and repaired strains (Fig. 4E). To further validate the observed
neutrophil migration findings in zebrafish, we assessed human
neutrophil migration within an ex vivo assay. As shown in Fig. 4F,
significantly less human neutrophil recruitment was observed with
A8819¢15>133n7 compared with the WT strain. Mutation repair of the
T33N mutant (A8819¢i>r33nngsT) caused similar neutrophil re-
cruitment as WT (Fig. 4F). These results indicated that the Cls2
amino acid substitutions equipped S. aureus with the ability to cir-
cumvent neutrophil recognition and response, leading to a persis-
tent infection as observed in patients and animal models (2, 5, 6).

Compositional Changes of Membrane Phospholipids Resulted in
Reduced Neutrophil Recruitment in Zebrafish. To investigate the
contribution of the S. aureus bacterial membrane to neutrophil
evasion, total lipids were extracted from each of the cls2 mutant
and the daptomycin-susceptible parent (A8819) and repaired
strains. Liposomes were then processed and injected into the otic
vesicle of zebrafish (Fig. 44, white circle). The otic vesicle is
normally devoid of leukocytes and is relatively confined, pre-
venting dispersion of the liposomes (29). As shown in Fig. 54,
and similar to that seen with infection of live, whole bacterial
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cells (Fig. 4 B-D), the liposomes from the three cls2 point mu-
tants were significantly attenuated in inducing neutrophil re-
cruitment compared with liposomes from A8819 and the T33N
repaired strain (A8819¢is2133nN33T), Suggesting that altered an-
ionic phospholipid composition may be responsible for the im-
mune evasion. To determine the phospholipid driver of this
S. aureus evasion response, purified PG and CL that were free of
DNA, peptidoglycan, wall-teichoic acid, and lipoteichoic acid from
A8819 cells (SI Appendix, Fig. S8) were processed to form lipo-
somes. Injection of the PG- and CL-specific liposomes into the otic
vesicle of zebrafish embryos showed that PG liposomes induced
substantial neutrophil recruitment, whereas the recruitment of
neutrophils by CL liposomes was comparable to the PBS control
(Fig. 5 B and C). These data suggest that PG is the major bacterial-
mediated phospholipid driver of neutrophil chemoattraction, and
the S. aureus adaptation response to daptomycin represents a
bacterial membrane-based stealth strategy to simultaneously evade
an antibiotic and a key innate immune effector cell to promote
survival within a host.
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Fig. 4. Effect of Cls2 amino acid substitutions on neutrophil recruitment. (A)

Schematic of a 48-h postfertilization (hpf) zebrafish showing the S. aureus
injection sites. Rectangle, somatic muscle. White circle, the otic vesicle. (Scale
bar: 250 pm.) (B) Representative images of localized sites of infection with
S. aureus strains at 6 h postinfection. (C) The number of emigrated neutrophils
to the localized site of infection. For WT, n = 22; A23V, n = 29; T33N, n = 34;
L52F, n = 27, pooled from four independent experiments. (D) Neutrophil re-
cruitment was restored to WT levels by the repaired strain A8819¢is>733nN33T-
For PBS, n=12; WT, n=21; T33N, n = 22; T33NN33T, n = 23, pooled from three
independent experiments. (E) The bacterial burden in zebrafish after a somatic
muscle infection. Error bars represent mean + SEM, three independent ex-
periments (***P < 0.001 compared with WT and T33NN33T, y? test for trend).
(F) Human neutrophil recruitment was assessed using a Transwell system, with
neutrophils and bacterial cells in the top and bottom wells, respectively. Five
independent experiments. For C, D, and F, error bars represent mean + SEM.
*P < 0.05, ***P < 0.001 compared with WT, Kruskal-Wallis test.
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Fig. 5. Effect of bacterial membrane phospholipids on neutrophil migration in vivo.
(A) Quantification of emigrated neutrophils into the zebrafish otic vesicle at 6 h after
injection of liposomes constituted from S. aureus membrane phospholipids. For PBS,
n = 14; WT, n = 28; A23V, n = 26; T33N, n = 24; L52F, n = 24; T33NN33T, n = 17,
pooled from four independent experiments. (B) Representative images of zebrafish
otic vesicles (red circles) injected with purified PG or CL liposomes, with (C) quanti-
fication of emigrated neutrophils. For PBS, n = 10; PG, n = 17; CL, n = 17, pooled from
three independent experiments. Error bars represent the mean + SEM. *P < 0.05,
**P < 0.01, and ***P < 0.001 compared with PBS for A and C, one-way ANOVA.

Discussion

S. aureus has evolved a wealth of strategies to optimize its survival in
various host niches and under nocuous selection pressures (30). Here
we report a metabolic resistance mechanism used by S. aureus to
prevent membrane lysis by the last line antistaphylococcal antibiotic,
daptomycin. Single amino acid substitutions in cardiolipin synthase 2
led to a significant increase in the bacterial membrane CL/PG ratios
due to enhanced cardiolipin biosynthesis, which led to a thicker
membrane that resisted daptomycin penetration and membrane
disruption. This adaption also led to immune evasion. Specifically, we
showed that membrane PG acted as a bacterial-driven neutrophil
chemoattractant, and in the context of cls2 point mutations, reduced
PG membrane content led to less neutrophil trafficking to a localized
site of infection and prolonged bacterial survival.

Recent studies on the interactions between daptomycin and
bacterial membranes have used indirect methodological approaches
such as measuring permeability loss of liposomes exposed to dap-
tomycin using a fluorescence assay and membrane systems that are
less relevant to Gram-positive bacteria, particularly using phos-
phatidylcholine (PC) and not L-PG (31). It was shown that the
addition of cardiolipin to 10% of total lipids (using a PC/PG mem-
brane system) was sufficient to prevent daptomycin interaction
with membranes (31); however, we have clearly shown that our
daptomycin-susceptible clinical strain (A8819) already has a greater
percent of cardiolipin than 10% (Fig. 24), suggesting the possibility
of discordance between clinically relevant membranes. More re-
cently, alteration of membrane curvature and diverting daptomycin
binding or interference with fluid membrane microdomains have
been proposed using the model organism Bacillus subtilis or en-
terococcal strains (7, 32, 33). However, the phospholipid membrane
composition of these organisms is different to S. aureus, and dap-
tomycin—-membrane interactions appear to be bacterial species de-
pendent. For example, daptomycin has an irregular membrane
binding pattern in B. subtilis and Enterococcus, with a particular
predilection for the division septum (7, 32, 33), whereas we have
observed universal distribution of daptomycin on S. aureus mem-
branes (SI Appendix, Fig. S6 C and D).

Here we have reconstituted clinically relevant S. aureus membranes
and have provided direct structural analysis of daptomycin—-mem-
brane interactions. The scattering of free neutrons by matter provides
excellent structural detail, and this experimental approach has only
recently been used to study biological membranes (25, 34). We used
unsaturated phospholipids with complex head group composition to
reconstitute the membranes, and the surface coverage achieved for
the WT membranes was 86.5% (Table 1), which is higher than what
has been previously reported using unsaturated phospholipids with
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similar techniques (35). Using SANS and NR, we identified three
distinct modes of action of daptomycin on the membrane. At lower
concentrations (2 pg/mL), lipid extraction occurred and caused
lesions in the bilayer membrane, whereas at higher concentrations
(4 pg/mL), daptomycin molecules penetrated into the bilayer and
formed organized micelles. At the highest concentrations (8 pg/mL),
the bilayer was completely solvated by daptomycin. The process of
lipid extraction, penetration, micelle formation, and membrane lysis
was inhibited in the context of the clinically derived Cls2 amino acid
substitution T33N, which coincided with daptomycin resistance. The
daptomycin molecules still attached to the outer leaflet of the
membrane in the A8819¢y>133n strain, and this was corroborated with
superresolution imaging of fluorescent daptomycin binding to bac-
terial cells, but the daptomycin was functionally impaired due to
the barrier created by the thicker CL-rich membrane. This is an
anionic phospholipid driven mechanism of daptomycin resistance
and is independent of the charge-based repulsion theory proposed
for mprF’ mutations that alter L-PG membrane content (4, 12).

Subversion of host immune surveillance contributes to persistent
bacterial infections (36). Given the importance of neutrophils in
eliminating S. aureus (15), we utilized a transgenic zebrafish line car-
rying red fluorescent neutrophils to characterize the interactions be-
tween S. aureus and neutrophils in vivo and in real time during acute
infection. We found that infection with the S. aureus cls2 point mu-
tants compromised neutrophil recruitment, and this was associated
with a more prolonged bacterial burden in the host. This compro-
mised neutrophil migration was further confirmed using human neu-
trophils. The purified PG and CL liposomes used for the neutrophil
migration studies were found to be free of DNA, peptidoglycan,
lipoteichoic acids, and wall-teichoic acids (SI Appendix, Fig. S8), sug-
gesting that established bacterial-driven neutrophil chemoattractants
for compromised neutrophil migration were not at play (37). We then
focused on the phospholipid membrane components and through
injection of purified CL and PG liposomes into zebrafish, established
that PG was a driver for neutrophil chemotaxis. This provided a
mechanistic model whereby Cls2 amino acid substitutions led to in-
creased cardiolipin synthase activity and increased CL production that
was subsequently causing a reduction in PG. This change in lipid
profile not only disturbed daptomycin-membrane interactions but also
reduced neutrophil chemoattraction to a localized site of infection,
finally resulting in a more persistent infection, which has been ob-
served in patients and animal models without a clear explanation (2, 5, 6).
Future analyses are still required to investigate the generalization
of bacterial PG in inducing neutrophil migration and if PG acts
directly as a chemotactic or indirectly via activation of endogenous
cells. In conclusion, we have characterized a bacterial metabolic
adaptation process that leads to simultaneous evasion of host im-
mune and antimicrobial attack, providing important insights for fu-
ture therapeutic targeting for this troublesome pathogen.

Materials and Methods

Media and Reagents. Bacterial strains, plasmids, and oligonucleotides used in
this study are described in S/ Appendix, Table S6. S. aureus cells were cultured
in heart infusion broth (HI) (Oxoid) with constant shaking at 37 °C.

Genetic Manipulation. The vector pIMAY and the Escherichia coli strain DC10B
were used to genetically manipulate S. aureus isolate following the pub-
lished protocol (SI Appendix, SI Materials and Methods) (38).

Daptomycin Susceptibility Testing. Broth microdilution MIC testing was per-
formed based on guidelines by the Clinical and Laboratory Standards Institute.
Daptomycin MIC > 1 pg/mL is officially termed daptomycin-nonsusceptible but
was termed daptomycin-resistant throughout the manuscript for clarity. Time—
kill assays were performed with an initial bacterial inoculum of 10° cfu/mL
in Mueller-Hinton broth supplemented with 50 mg/L calcium and daptomycin.
(SI Appendix, SI Materials and Methods).

Lipid Analysis by Mass Spectrometry. Lipids were extracted following the
published protocol (10). Lipid species were processed and quantified according
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to standard procedures (39). For de novo phospholipid biosynthesis, the met-
abolic labeling was initiated by the addition of glycerol or ['3C]-glycerol
(Sigma-Aldrich) to 1 mM after bacterial growth from optical density 600 nm
of 0.4 for 30 min at 37 °C. Data collected for lipid composition of PG, CL, and
L-PG with '3C-glycerol incorporation were analyzed using Metaboanalyst
(https://mww.metaboanalyst.ca) (S/ Appendix, SI Materials and Methods).

S. aureus Bilayer Membrane Formation and Neutron Reflectometry. Deposition
of the model membrane on the top of a SiO, surface was performed using a
custom-built Langmuir-Blodgett trough (Nima Technology) following published
Langmuir-Blodgett and Langmuir-Schaefer procedures (22) (S/ Appendix, SI
Materials and Methods). Synthetic PG (18:1), CL (18:1), and L-PG (18:1) (Avanti Polar
Lipids, Inc.) were mixed at the molar ratios of 69:12:19 and 23:60:17 to create
A8819 and A8819¢ir33n Symmetric membrane bilayers, respectively. Specular
neutron reflection at solid-iquid interface was carried out on the Platypus time-
of-flight neutron reflectometer at the OPAL 20 MW Multipurpose Research Re-
actor, Lucas Heights, Australia. The final reflectivity (reflected intensity/incident
intensity) is presented as a function of momentum transfer. Analysis of the NR
profiles was performed using MOTOFIT followed by Monte Carlo Analysis to de-
termine 95% confidence intervals (40). (S/ Appendix, SI Materials and Methods).

Small-Angle Neuron Scattering. Synthetic PG, CL, and L-PG were mixed at the
molar ratios of 69:12:19 and 23:60:17 for producing A8819 and A8819¢is>t33n
membrane vesicles, respectively. The samples were measured using the small-
angle neutron scattering instrument, Quokka, at Australian Nuclear Science
and Technology Organization (S/ Appendix, S| Materials and Methods).

Zebrafish Strains, Maintenance, and Leukocyte Enumeration. WT TUbingen and
Tg(lyz:DsRed)"*>® zebrafish (28) embryos were maintained in the Monash
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University Fish Core facility and infected with S. aureus cells according to
standard protocols (27) (S/ Appendix, SI Materials and Methods). Animal proto-
cols were approved by the Monash University Animal Ethics Committee.
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University Human Research Ethics Committee and the informed consents from the
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Liposome Preparation. Staphylococcal PG or CL were extracted from TLC plates
using chloroform/methanol/water (5:5:1) followed by centrifugation. Liposomes
were prepared following an established protocol (42) (S/ Appendix, SI Materials
and Methods).
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