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ABSTRACT 24 

Staphylococcus aureus only synthesizes straight-chain or branched-chain saturated fatty 25 

acids (SCFAs or BCFAs) via the type II fatty acid synthesis (FASII) pathway, but as a highly 26 

adaptive pathogen, S. aureus can also utilize host-derived exogenous fatty acids (eFAs), 27 

including SCFAs and unsaturated fatty acids (UFAs). S. aureus secretes three lipases, Geh, sal1, 28 

and SAUSA300_0641, which could perform the function of releasing fatty acids from host 29 

lipids. Once released, the FAs are phosphorylated by the fatty acid kinase, FakA, and 30 

incorporated into the bacterial lipids. In this study, we determined the substrate specificity of S. 31 

aureus secreted lipases, the effect of human serum albumin (HSA) on eFA incorporation, and the 32 

effect of FASII inhibitor, AFN-1252, on eFA incorporation using comprehensive lipidomics. 33 

When grown with major donors of fatty acids, cholesteryl esters (CEs) and triglycerides (TGs), 34 

Geh was found to be the primary lipase responsible for hydrolyzing CEs, but other lipases could 35 

compensate for the function of Geh in hydrolyzing TGs. Lipidomics showed that eFAs were 36 

incorporated into all major S. aureus lipid classes and that fatty acid-containing HSA can serve 37 

as a source of eFAs. Furthermore, S. aureus grown with UFAs displayed decreased membrane 38 

fluidity and increased production of reactive oxygen species (ROS). Exposure to AFN-1252 39 

enhanced UFAs in the bacterial membrane, even without a source of eFAs, indicating a FASII 40 

pathway modification. Thus, the incorporation of eFAs alters the S. aureus lipidome, membrane 41 

fluidity, and ROS formation, which could affect host-pathogen interactions and susceptibility to 42 

membrane-targeting antimicrobials.  43 

 44 
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IMPORTANCE 47 

 Incorporation of host-derived exogenous fatty acids (eFAs), particularly unsaturated fatty 48 

acids (UFAs), by Staphylococcus aureus could affect the bacterial membrane fluidity and 49 

susceptibility to antimicrobials. In this work, we found that Geh is the primary lipase 50 

hydrolyzing cholesteryl esters and, to a less extent, triglycerides (TGs) and that human serum 51 

albumin (HSA) could serve as a buffer of eFAs, where low levels of HSA facilitate the 52 

utilization of eFAs, but high levels of HSA inhibit it. The fact that the FASII inhibitor, AFN-53 

1252, leads to an increase in UFA content even in the absence of eFA suggests that membrane 54 

property modulation is part of its mechanism of action. Thus, Geh and/or the FASII system look 55 

to be promising targets to enhance S. aureus killing in a host environment by restricting eFA 56 

utilization or modulating membrane property, respectively. 57 

 58 
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INTRODUCTION  70 

Antibiotic-resistant bacteria pose a major threat to global health, killing more people than 71 

HIV/AIDS or malaria (1). Among them, Staphylococcus aureus has been deemed one of the 72 

most serious threats, infecting the skin, soft tissue, and blood. It causes nearly 120,000 73 

bloodstream infections with 20,000 associated deaths per year in the United States alone (2). S. 74 

aureus adapts to the host environment by incorporating exogenous fatty acids (eFAs) into its cell 75 

membrane, thereby allowing the bacteria to reduce energy consumption from de novo fatty acid 76 

biosynthesis, bypass the innate immune response, and withstand drug activity (3–11). 77 

Elucidating the effects of body fluids on the metabolism of the bacteria is critical to 78 

understanding the host-pathogen interaction and evolution of antimicrobial resistance (3, 12–14).  79 

S. aureus only synthesizes straight-chain or branched-chain saturated fatty acids (SCFAs 80 

or BCFAs) via the type II fatty acid synthesis pathway (FASII) but can also utilize host-derived 81 

SCFA and unsaturated fatty acids (UFAs) or free fatty acids (FFA) (4, 6, 8, 15, 16). In our recent 82 

study, lipidomics analysis of S. aureus grown in human serum showed that bacteria incorporate 83 

UFAs into the bacterial membrane lipids, and cholesteryl esters and triglycerides are the major 84 

donors of fatty acid substrates in serum (3). Human serum albumin, an abundant carrier protein 85 

in the bloodstream that binds to acidic and lipophilic compounds, has been shown to sequester 86 

FFAs to restrict their exploitation by the bacteria (17, 18), but we hypothesize that it may also 87 

serve as a reservoir of fatty acids. 88 

 To facilitate the incorporation of eFAs into its membrane, S. aureus secretes three 89 

lipases, S. aureus lipase 1 (sal1), glycerol ester hydrolase (Geh), and SAUSA300_0641 (0641 or 90 

sal3), to release FFA from lipids found in serum (Figure 1) (4, 5, 15, 19–22). Once FFAs are 91 

released by the lipases, they can be taken up by the bacteria, phosphorylated by the fatty acid 92 
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kinase (FakA), and incorporated into the bacterial lipids, with or without further elongation via 93 

the FASII pathway (Figure 1) (3–7). When using triglycerides (TGs) as substrates, Geh can 94 

release both short- (4-carbon) and long-chain substrates (16 and 18-carbon), with a preference 95 

for the long-chain fatty acids linoleic acid (18:2) and oleic acid (18:1), whereas sal1 prefers 96 

short-chain fatty acid (4-carbon) substrates (4, 5, 19–21).  0641 was also found to prefer 97 

hydrolyzing short-chain fatty acids (4-carbon or fewer) from triglycerides (22). Several studies 98 

have revealed the importance of these lipases as multifaceted virulence factors in S. aureus 99 

infections; however, the substrate specificity of Geh, sal1, and 0641 on cholesterol esters and the 100 

impact of Geh, sal1, or 0641 knockouts on eFA utilization have not been examined previously.  101 

Incorporated serum UFAs can alter lipid packing, affecting the binding of membrane-102 

targeting antimicrobials, and as an adaptive mechanism to drug exposure, S. aureus has been 103 

shown to modify its membrane and cell wall composition (9, 25–28). AFN-1252, a FabI 104 

inhibitor, has been developed as a FASII-targeting antibiotic, but its effect on broad lipidomic 105 

changes has not been well characterized (7). The therapeutic efficacy of AFN-1252 also remains 106 

in debate, as it shows promising treatment for skin and soft-tissue bacterial infections, but FASII 107 

bypassing variants that utilize host-derived eFAs, bring into question its long-term effectiveness 108 

(9–11, 18, 29–31). Although S. aureus can uptake eFAs and use them to evade the effects of 109 

FASII inhibitors and antibiotics, UFAs have also long been known to be toxic to the bacteria (4, 110 

32–34). Polyunsaturated fatty acids (PUFAs), such as the abundant mammalian fatty acid 111 

arachidonic acid, can inflict damage on S. aureus upon incorporation into its membrane and kill 112 

the pathogen through a lipid peroxidation mechanism (32, 35, 36). 113 

Despite previous work on the effect of exogenous fatty acids on S. aureus, several 114 

significant questions remain. First, the substrate specificity of the released lipases toward 115 
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cholesterol esters remains unknown. Second, the comprehensive lipidomic changes resulting 116 

from eFA utilization have not been completely elucidated. Third, the role of albumin as a 117 

reservoir for fatty acids and its impact on eFA incorporation efficacy has not yet been 118 

determined. Fourth, the effect of the FASII inhibitor, AFN-1252, on eFA utilization has not yet 119 

been investigated. To answer these questions, we grew S. aureus and geh, sal1, 0641, or fakA 120 

knockout (KO) mutant strains in tryptic soy broth (TSB) supplemented with eFAs under various 121 

conditions and conducted comprehensive lipidomic analyses of these bacteria. We further 122 

characterized the changes in membrane fluidity and formation of reactive oxygen species 123 

resulting from the incorporation of unsaturated eFAs.  124 

We found that a) Geh is the primary lipase responsible for hydrolyzing cholesteryl esters, 125 

and, to a less extent, triglycerides; b) exogenous fatty acids were incorporated into the bacterial 126 

membrane when grown in serum regardless of the lipase knockout; c) human-serum albumin can 127 

serve as a buffer of eFA for S. aureus, facilitating the use of eFAs at a low concentration but 128 

inhibiting eFA utilization at high concentrations; d) AFN-1252 leads to an increase of UFAs in 129 

its membrane with or without eFAs; e) incorporation of unsaturated eFAs leads to increased 130 

membrane fluidity during the exponential growth phase; and f) incorporation of unsaturated 131 

eFAs increases reactive oxygen species formation, inhibiting S. aureus growth. 132 

RESULTS 133 

S. aureus lipase knockouts grown in serum still incorporate UFAs. S. aureus and 134 

geh-, sal1-, 0641-, or fakA- knockout mutant strains (Δgeh, Δsal1, Δ0641, or ΔfakA) were grown 135 

in the presence and absence of human serum, and changes in the lipidome were identified 136 

through hydrophilic-interaction liquid chromatography (HILIC) ion mobility-mass spectrometry 137 

(IM-MS) to determine the role of each enzyme in this environment. HILIC first resolves lipid 138 
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species on a scale of seconds based on the polarity of the head groups and then by acyl chain 139 

length and degree of unsaturation within the subclass (37–39). Lipid separation is further 140 

increased through ion mobility, a gas-phase separation orthogonal to liquid chromatography 141 

(LC). As described previously, lipid identification is enhanced by using collisional cross section 142 

(CCS) values obtained from the IM-MS analysis (37, 38). Some serum-derived lipids, such as 143 

phosphatidylcholines, phosphatidylethanolamines, and sphingomyelins, are not truly 144 

incorporated into the bacterial membrane (3). Thus, major lipids that are synthesized by S. 145 

aureus, diglucosyldiacylglycerols (DGDGs), lysyl-phosphatidylglycerols (LysylPGs), 146 

phosphatidylglycerols (PGs), and cardiolipins (CLs), were examined (39–41). 147 

We determined the total carbon and unsaturation degrees of the lipid acyl side chains for 148 

the major lipid species in the wild type (WT) and Δgeh, Δsal1, Δ0641, ΔfakA mutants (Figure 2). 149 

As seen in the Figure, S. aureus grown in TSB-only displayed higher levels of fully saturated 150 

lipid species compared to those grown in human serum for each lipid class. This is not surprising 151 

since without exogenous fatty acids, the bacteria can only synthesize saturated SCFA or BCFA 152 

de novo. Consistent with previous studies, the ΔfakA mutant possessed a higher abundance of 153 

long acyl side chains (8). All strains contained DGDG, PG, and LysylPG saturated lipids with 32 154 

to 37 total carbons, with 33 and 35 carbons being the major species across classes in each strain. 155 

Upon further targeted fragmentation experiments using tandem MS (MS/MS) on select DGDG 156 

and PG lipids, no differences in acyl chain composition were observed across the most abundant 157 

lipids of the wild type, Δgeh, Δsal1, Δ0641 and ΔfakA strains grown in TSB-only (Supplemental 158 

Data in Excel). C15:0 was consistently identified as the major component of saturated PGs while 159 

C20:0 was the most abundant FA moiety in DGDGs.   160 
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When WT S. aureus was grown in TSB supplemented with 20% human serum, lipid 161 

profiles of all membrane lipid classes contained elevated levels of UFAs (such as 33:1, 34:1, 162 

35:1, 36:1, 33:2, 34:2, 35:2, and 36:2) that were absent from strains grown in TSB-only (Figure 163 

2). Linoleic acid (C18:2), palmitic acid (C16:0), and oleic acid (C18:1) comprise the majority of 164 

fatty acids found in human serum, along with a slightly lower amount of stearic acid (18:0) and 165 

arachidonic acid (C20:4) (42, 43). MS/MS experiments confirmed C18:1 and C18:2 were the 166 

dominant UFAs utilized by the WT and lipase mutants (Supplemental Data Set 1). Comparable 167 

levels of C20:1 and C20:2 were also observed, suggesting elongation of oleic and linoleic acids 168 

by S. aureus. When grown in the presence of serum, PG lipids in the WT and lipase KOs with 169 

odd-numbered total carbons (e.g, 33 and 35) contain C15:0 as the most abundant acyl side chain 170 

while PGs with even-numbered total carbons (e.g., 34 and 36) contain C16:0, instead of C15:0, 171 

as a major fatty acid. This pattern was not seen in the ΔfakA mutant, however, indicating the 172 

increase in C16:0, palmitic acid, likely arose from the serum. As expected, the ΔfakA mutant 173 

prevented the incorporation of eFAs into the bacterial membrane (Figure 2). This is consistent 174 

with previous reports of S. aureus incorporating serum-derived UFAs into the bacterial lipids and 175 

the necessity of FakA to incorporate eFAs into membrane lipids (3, 7, 8). We noted that ΔfakA 176 

showed similar intensities to the WT and lipase KOs for PG 32:2, PG 33:2, and LysylPG 33:2 177 

only when grown in TSB-containing human serum. Although individual lipase knockouts did not 178 

completely prevent the incorporation of host-derived UFAs, the Δgeh mutant exhibited the least 179 

UFA abundance overall in DGDGs and CLs. However, Δ0641 also displayed lower UFA levels 180 

than the WT, implying possible overlapping functions exist between the lipases (4, 5). Much 181 

higher levels of saturated lipids, especially lipids with saturated chains 30:0 and 32:0, were 182 
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observed in the ΔfakA strain grown in serum, which could indicate upregulation of de novo fatty 183 

acid synthesis caused by the loss of FakA.  184 

Substrate specificity of S. aureus secreted lipases. To further elucidate the overlapping 185 

substrates among the lipases, the WT and Δgeh, Δsal1, Δ0641, ΔfakA mutants were grown in the 186 

presence of cholesteryl esters (CEs) and triglycerides (TGs), the major donors of eFAs in serum 187 

(3). TSB was supplemented with CE and TG standards containing the unsaturated fatty acids 188 

C18:1, C18:2, or C20:4 at a final concentration of 100 μM for each lipid. Comprehensive 189 

lipidomics was conducted in the same way as described above (Figures 3 and S1).  190 

When grown in the presence of CEs, the WT, Δsal1, and Δ0641 strains displayed similar 191 

eFA incorporation in PG (Figure 3B), DGDG, LysylPG, and CL (Figure S1) lipid species. 192 

Neither the ΔfakA nor Δgeh strain contained UFAs in any major lipid classes. This suggests that 193 

Geh is the lipase responsible for hydrolyzing cholesteryl esters. Elongation of the supplemented 194 

CE unsaturated fatty acids was observed in the wild type, Δsal1, and Δ0641 mutants as 195 

evidenced by the presence of C20:1, C20:2, and C22:4 (Supplemental Data in Excel). MS/MS of 196 

DGDG and PG lipid species confirmed the fatty acyl composition of 34:1 and 34:2 to be C14:0 197 

and C20:1 or C20:2, 35:1 and 35:2 contained C15:0 and C20:1 or 20:2, and PG 36:4 contained 198 

C14:0 and C22:4.  199 

In the presence of TGs, the Δgeh strain again had the most significant impact on the 200 

incorporation of eFAs (Figure 3C and 3D). However, Δgeh did not completely abolish eFA 201 

incorporation within PG and LysylPG lipids. Differences in the fatty acid composition of PG 202 

36:1 and PG 36:2 between the wild-type, Δsal1, Δ0641 strains and Δgeh were identified with 203 

C18:1 being the most abundant acyl side chain in the Δgeh strain and C20:1 for Δsal1 and Δ0641 204 

strains (see Supplemental Data in Excel). Interestingly, increased levels of saturated lipids were 205 
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observed in Δgeh, indicating an upregulation of de novo fatty acid synthesis in this lipase KO. 206 

Overall, this suggests Geh is the major enzyme hydrolyzing the long-chain triglycerides, but 207 

other lipases can also hydrolyze such TGs.  208 

Human serum albumin as a source of eFAs and its effect on eFA incorporation. 209 

Figure 2 showed that eFAs were incorporated into the bacterial membrane when grown in serum, 210 

regardless of the lipase knockout, indicating that there may be sufficient amounts of FFAs in the 211 

serum, so lipases may not be as necessary in this nutrient-rich environment. FFAs in the 212 

bloodstream are typically bound to human serum albumin (HSA), a carrier protein present at 213 

high concentrations (35-50 mg/mL) in human blood (44). Albumin concentrations vary 214 

throughout the body and sites of infection and decrease with increasing age, highlighting the 215 

importance of understanding the effect of HSA on the utilization of serum fatty acids in S. 216 

aureus (18, 44–46). Here, the WT and ΔfakA strains were grown in the presence and absence of 217 

fatty acid-containing and fatty acid-free HSA.  218 

We found that fatty acid-containing albumin can indeed serve as a source of eFAs, 219 

indicated by the incorporation of UFAs in the WT when grown in the presence of fatty acid-220 

containing HSA (Figure 4A for PGs and Figure S2 for other lipid classes). However, we note 221 

that most unsaturated lipids observed when grown in the presence of fatty acid-containing HSA 222 

only contain one or two double bonds, much less than those observed when grown in the 223 

presence of eFA standards, indicating the majority of fatty acids carried by HSA are mono-224 

unsaturated fatty acids (47, 48). As expected, there were no UFAs incorporated into the 225 

membrane lipids with the ΔfakA strain or when the WT was grown in the presence of fatty acid-226 

free HSA.  227 
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To determine if albumin aids S. aureus with incorporating FFAs into the bacterial 228 

membrane, the WT and ΔfakA mutant were grown in media containing FA-free HSA with the 229 

eFA standards: oleic acid (18:1), linoleic acid (18:2), and arachidonic acid (20:4). As seen in 230 

Figures 4A and S2, we found that FA-free HSA at 10 mg/mL significantly enhanced the 231 

incorporation of UFAs as indicated by the higher levels of unsaturated lipids (Figure 4A). 232 

However, concentrations of albumin vary throughout the body, so in a separate experiment, a 233 

range of 20 to 40 mg/mL was used. We found that FA-free HSA proportionately decreased the 234 

incorporation of UFAs as its concentration increased (Figures 4B and S3). As observed with FA-235 

free HSA at 10 mg/mL, the WT grown with FA-free HSA at both 20 and 30 mg/mL showed 236 

greater levels of PG 33:1 and 33:2 than the WT grown with eFAs only. These results suggest that 237 

HSA could enhance the utilization of eFAs by S. aureus at low concentrations but inhibit the 238 

utilization at high concentrations. 239 

Effect of eFAs on membrane fluidity. Antibiotics, such as daptomycin, have been 240 

shown to have increased bactericidal activity against S. aureus with incorporated UFAs, which 241 

corresponds to increased membrane fluidity, and decreased daptomycin bactericidal activity 242 

against S. aureus with a high percentage of saturated FAs (25). The membrane fluidity of the WT 243 

and ΔfakA mutant were assessed at two time points representing the exponential phase (5 hr) and 244 

stationary phase (24 hr) of growth with the fluorescent probe 1,6-diphenyl 1,3,5-hexatriene 245 

(DHP) in the presence and absence of eFA standards or human serum. 246 

As expected, an increase in membrane fluidity was observed at mid-exponential phase in 247 

the WT when grown in the presence of eFAs or serum than without, indicated by a decrease in 248 

polarization value (Figure 5A). Comparatively, ∆fakA consistently displayed a significantly more 249 

rigid membrane compared to the WT in eFAs (P < 0.05) and in serum (P < 0.05).  This is 250 
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consistent with incorporation of UFAs into the S. aureus membrane. However, the ∆fakA mutant 251 

also displayed overall increases in membrane fluidity in conditions compared to growth in TSB-252 

only during mid-exponential phase (Figure 5A). Although UFAs are not incorporated in the 253 

∆fakA mutant, it is possible that the presence of eFAs could lead to a change in endogenous fatty 254 

acid synthesis regulation, including synthesis of BCFA, resulting in a more fluid membrane 255 

overall. In contrast to the mid-exponential phase of growth, no significant differences in fluidity 256 

were found between the WT and ∆fakA mutant during the stationary phase (Figure 5B), which 257 

may result from the varied lipid composition with growth phases (8, 53). Little difference was 258 

displayed between strains in TSB only and TSB containing eFA standards, but both strains were 259 

more fluid in the presence of human serum, indicating the impact of the nutritional environment 260 

on responses within the membrane composition.  261 

AFN-1252 enhances UFAs with or without eFA source. An attractive target for drug 262 

discovery is the FASII pathway in S. aureus. AFN-1252 is an inhibitor that targets the FabI 263 

enzyme, an enoyl-acyl carrier protein (ACP) reductase that is essential in the final elongation 264 

step of FASII (31, 54, 55). We hypothesized that the FASII inhibitor would enhance the 265 

incorporation of eFAs due to suppression of endogenous FA synthesis. Thus, S. aureus was 266 

grown in the presence of AFN-1252, eFAs, or a combination of both. Exposure of S. aureus to 267 

AFN-1252 and eFAs resulted in bacterial membrane composed predominantly of UFAs (Figure 268 

6), confirming promotion of eFA incorporation by AFN-1252 (10).  269 

Interestingly, the UFA content in the WT grown with only AFN-1252 in the absence of 270 

eFAs also increased although displaying a different lipid profile from that of eFA only group 271 

(Figure 6 and S4). Upon MS/MS fragmentation, these UFA-containing lipids exhibited different 272 

patterns from those grown in the presence of eFAs, mostly containing fatty acids with one double 273 
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bond. As also seen in prior experiments when S. aureus is exposed to eFAs, PG 33:1 was found 274 

to be composed of C15:0 (241 m/z) and C18:1 (281 m/z), but in the presence of AFN-1252 only, 275 

PG 33:1 was found to be composed of C14:0 (227 m/z) and C19:1 (295 m/z) (Figure 7). This is 276 

not surprising as AFN-1252 inhibits FabI, which reduces a double bond to a saturated carbon-277 

carbon bond in the FASII cycle, indicating possible accumulation of the ACP intermediate (55). 278 

PG 33:2 in S. aureus with AFN-1252 contained C14:1, C19:1 (295 m/z), C16:1 (253 m/z) and 279 

C17:1 (267 m/z), further suggesting accumulations of the unsaturated ACP intermediate (Figure 280 

7B). Such fatty acid compositional changes reveal a different aspect of the mechanism of action 281 

of AFN-1252, which warrants further investigation in the future. 282 

Effect of eFAs on ROS formation. When S. aureus was grown with exogenous fatty 283 

acid sources, host-derived fatty acids were incorporated into the membrane, resulting in 284 

increased levels of PUFAs (Figures 2, 3, and 4) and growth inhibition by UFAs (Figure 8A). 285 

PUFAs such as linoleic acid (18:2), a major UFA found in human skin, and arachidonic acid 286 

(20:4), which is released in humans during inflammatory responses, have been shown to be toxic 287 

to the bacteria and kill through lipid peroxidation (35, 36). Reactive oxygen species (ROS), 288 

produced by phagocytes in PUFA-rich environments, also play an integral role in bacterial 289 

killing by oxidative damage (56, 57). To examine the effect of incorporated eFAs on ROS 290 

formation in the bacterial cells, the WT and ∆fakA mutant were grown with and without eFA 291 

standards, and ROS production was measured using the fluorogenic dye, H2DCFDA. We 292 

observed a significant increase of ROS in the WT strain when the measurements were taken in 293 

an eFA-rich environment (Figure 8B). Small increases in ROS formation were also observed in 294 

∆fakA mutant, but not as significant as in the WT strain. This suggests that the incorporation of 295 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 30, 2023. ; https://doi.org/10.1101/2023.06.29.547085doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.29.547085
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Page 14 of 40 
 

PUFAs into the membrane lipids is necessary to increase oxidative stress and enhance their 296 

killing activity.  297 

DISCUSSION  298 

Role of lipases in the utilization of serum lipids by S. aureus. Although S. aureus is 299 

known to utilize serum lipids and is thought to depend on Geh to incorporate eFAs from 300 

lipoproteins, comprehensive lipidomic studies on the role of bacterial lipases and their substrate 301 

specificity on cholesteryl esters have not yet been performed (3, 4, 20, 58). We found that the 302 

incorporation of fatty acids from cholesteryl esters required Geh, but not Sal1 and 0641 (Figure 303 

2). On the other hand, none of the lipase mutants grown in the presence of TGs showed a 304 

complete lack of UFA incorporation; however, UFAs were decreased in the Δgeh mutant 305 

compared to Δsal1 and Δ0641. This is consistent with previous studies that observed a geh 306 

mutant could still incorporate some UFAs into PG lipids in the presence of human low-density 307 

lipoproteins (4). It is likely that Sal1 or 0641 can hydrolyze FAs from TGs to compensate for the 308 

absence of Geh. PUFA-containing lipids were not seen at significant levels, whereas 309 

monounsaturated lipid species were abundant, implying that the 20:4 PUFA is not preferentially 310 

utilized from TGs. Thus, our data suggest that Geh is essential for hydrolyzing UFAs from CEs, 311 

whereas other lipases have overlapping functions to release fatty acids from TGs.  312 

Concentration-dependent effect of human serum albumin on eFA incorporation. We 313 

determined that in addition to serum lipoproteins, human serum albumin can serve as a source of 314 

eFAs for the bacteria, primarily supplying oleic and linoleic acid (Figure 4A). Although a 315 

previous report demonstrated that albumin could sequester exogenous oleic acid from S. aureus, 316 

preventing the inactivation of the antibiotic daptomycin, that study used fatty acid-free HSA at 317 

10 mg/L (18). Furthermore, we observed that eFA utilization by S. aureus had an inverse 318 
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relationship with albumin concentration, where lower HSA levels promoted FFA incorporation 319 

whereas higher levels reduced incorporation. Hypoalbuminemia, diagnosed at albumin levels 320 

<35 mg/mL, has recently been significantly associated with increased risk and adverse outcomes 321 

of deep musculoskeletal S. aureus infections (49, 50). Our findings of albumin concentration 322 

affecting eFA incorporation corroborate virulence pathways by which the bacteria utilize host 323 

fatty acids to promote survival during infection and tolerate antibiotic treatments (4, 10, 27). 324 

Although all lipid species displayed an overall decreasing abundance pattern with increasing 325 

albumin concentration, PG 15:0/20:4 levels remained comparatively high at 40 mg/mL, which 326 

may be a result of albumin preferentially binding to monounsaturated fatty acids, therefore 327 

leaving PUFAs such as arachidonic acid (20:4) and linoleic acid (18:2) more readily available. 328 

Cell membrane fluidity changes. As expected from incorporating host-derived fatty 329 

acids into its phospholipids, the membrane fluidity of S. aureus increased in eFA-rich 330 

environments (Figure 5). Consistent with previous studies of the ΔfakA mutant grown with oleic 331 

acid, ΔfakA had a significantly more rigid membrane at the mid-exponential phase than the wild-332 

type due to its lack of ability to incorporate eFAs (8, 27). On the other hand, the fluidity of ΔfakA 333 

strains also increased overall upon eFA and serum treatment (Figure 5A). This provides evidence 334 

that differences in membrane fluidity are not entirely due to eFA incorporation, instead 335 

suggesting that these environments signal for altered endogenous fatty acid metabolism and 336 

composition (8, 61), such as the production of branched-chain fatty acids. 337 

FASII modification and eFA utilization with AFN-1252 exposure. Therapeutic value 338 

of FASII inhibitors remains in debate, as S. aureus can bypass suppressed endogenous fatty acid 339 

synthesis by utilizing eFAs (9, 11, 18). Lipidomics of S. aureus grown with AFN-1252-only 340 

revealed a significant increase in the proportion of UFAs with abnormally long chains (C19:1) 341 
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and phospholipids with various fatty acid combinations (C14:1, C16:1, C17:1, or C19:1), 342 

suggesting accumulation of the acyl-ACP intermediate at the inhibited FabI step (9, 55, 64). In 343 

the presence of eFAs and AFN-1252, the bacteria indeed incorporated more eFAs than eFAs 344 

alone, but the overall UFA content is lower than when treated with AFN-1252 only (Figure 6). 345 

This data indicates S. aureus preferably continued to initiate new acyl chains, leading to 346 

intermediate accumulation, rather than completely favor FASII bypass with eFA; however, 347 

preferred pathways and adaptive mechanisms differ based on experimental conditions such as 348 

fatty acid sources or FASII inhibitor concentrations (9, 10, 55, 63, 65). AFN-1252 has 349 

demonstrated promising synergistic effects when combined with daptomycin by blocking decoy 350 

phospholipid release or bacterial growth (18, 65). We speculate that the increased UFA ratio of 351 

S. aureus in the presence of AFN-1252 could also contribute to enhanced daptomycin activity, as 352 

daptomycin targets specific fluid areas of the membrane (15, 25, 66). 353 

To summarize, using comprehensive lipidomics and genetic KOs, this work demonstrated 354 

the importance of various S. aureus lipases in the utilization of host-derived CEs and TGs, 355 

identified a surprising role of HSA as a buffer of eFAs, and revealed an underappreciated 356 

biological consequence of the FASII inhibitor AFN-1252, all of which could lead to new 357 

approaches to enhance S. aureus killing in a host environment. 358 

MATERIALS AND METHODS 359 

Bacterial strains and growth conditions. Studies were conducted using the USA300 LAC 360 

wild-type (WT) strain of Staphylococcus aureus, along with isogenic ∆geh, ∆sal1, ∆0641, and 361 

∆fakA mutants. ∆geh, ∆sal1, and ∆0641 mutants were generated as previously described (5). To 362 

generate a ∆fakA mutant, five hundred-fifty base pair regions of homology upstream and 363 

downstream of the fakA open reading frame (SAUSA300_1119) were amplified from WT S. 364 
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aureus genomic DNA using primer pairs fakA-SOE-1 365 

(CCCGGTACCGGTGATTTAAGCGTAAGTCA) and fakA-SOE2 366 

(GGTAGTTTTTTATTTTAAATTTTTCAAGTTGTCCTCCT) or fakA-SOE3 367 

(AGGAGGACAACTTGAAAAATTTAAAATAAAAAACTACC) and fakA-SOE4 368 

(CCCGAGCTCACCTTTAACAGTTATAGTTTG). The resulting amplicons were used in a 369 

splicing by overlap extension (SOE) PCR along with primer pair fakA-SOE-1 and fakA-SOE4. 370 

The final amplicon was subcloned into the pIMAY plasmid after digestion with restriction 371 

endonucleases KpnI and SacI (73). Allelic replacement was carried out as previously described 372 

(74). This series of knockouts (KOs) target individual lipases or FakA. Each strain was grown to 373 

stationary phase in triplicate in 1 mL of tryptic soy broth (TSB) at 37℃ with shaking for 24 374 

hours in Eppendorf tubes. For human serum treatments, TSB was supplemented with 20% heat-375 

treated pooled gender human serum (BiolVT; Hicksville, NY). To determine lipase substrate 376 

specificity, the WT and KOs were grown in the presence of pure cholesteryl ester and 377 

triglyceride lipid standards found in serum, containing the fatty acid mix: C18:1, C18:2, and 378 

C20:4 (Nu-Chek Prep, Inc., Elysian, MN) in ethanol each at 100 μM in TSB. To determine the 379 

effect of albumin on eFA sources, the WT and ∆fakA mutant were grown with fatty acid-380 

containing and fatty acid-free HSA (Sigma-Aldrich, St. Louis, MO) at 10-40 mg/mL in TSB. To 381 

determine the effect of AFN-1252 on eFA incorporation and FASII pathway modifications, the 382 

WT was grown in the presence of AFN-1252 (MedChemExpress LLC, Monmouth Junction, NJ) 383 

at 0.025 μM in TSB.  384 

Lipidomics analysis. Cultures were pelleted by centrifugation, washed by resuspension 385 

and centrifugation in phosphate-buffered saline (PBS), and dried in a vacuum concentrator. Total 386 

lipids were extracted by the method of Bligh and Dyer (65). Dried extracts were reconstituted in 387 
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2:1 acetonitrile-methanol. Extracts were analyzed by hydrophilic interaction liquid 388 

chromatography (HILIC) coupled with ion mobility-mass spectrometry (IM-MS). 389 

Chromatographic separations were carried out with a Phenomenex Kinetex HILIC column (50 x 390 

2.1 mm, 1.7 μm) on a Waters Acquity FTN UPLC (Waters Corp., Milford, MA) (38). The 391 

solvent system consists of mobile phases (A) 95% acetonitrile/5% water with 5 mM ammonium 392 

acetate and (B) 50% acetonitrile/50% water with 5 mM ammonium acetate. A flow rate of 0.5 393 

mL/min was used with the following linear gradient conditions: 0-0.5 min, 100% A; 2 min, 90% 394 

A; 3.5-4 min, 70% A; and 4.5-6 min, 100% A. Injection volumes were 5 μL for both positive and 395 

negative modes. CCS calibration was created with phosphatidylcholine and 396 

phosphatidylethanolamine CCS standards as previously described (38). IM-MS analysis was 397 

performed on a Waters Synapt XS HDMS (Water Corp., Milford, MA) in both positive and 398 

negative ionization modes as described previously (wave velocity, 500 m/s; wave height, 40 V) 399 

(37, 38). Additional targeted MS/MS experiments were performed with a collision energy ramp 400 

of 30-45 eV to determine FA contents of selected DGDG (positive mode) and PG (negative 401 

mode) lipid species.  402 

Data analysis. Data alignment and peak detection were performed in Progenesis QI 403 

(Nonlinear Dynamics; Waters Corp., Milford MA) with normalization to all compounds. 404 

Retention time calibration and lipid identification were calculated with the Python package, 405 

LiPydomics (66). Multivariate statistics were created through LiPydomics and ClustVis (66, 67). 406 

MS/MS analysis and identification of the most abundant FAs was performed in Skyline utilizing 407 

a targeted lipid library generated with LipidCreator (68, 69). 408 

Cell membrane fluidity assay. The WT and ∆fakA mutant strains were grown to mid-409 

exponential and stationary phase in 5 mL of TSB at 37 ℃ with shaking in Falcon tubes. Each 410 
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strain was grown in the presence and absence of 20% human serum (v/v) or the fatty acid mix: 411 

oleic acid (18:1), linoleic acid (18:2), and arachidonic acid (20:4) (Nu-Chek Prep, Inc., Elysian, 412 

MN), each at a final concentration of 100 µM. Cultures were pelleted by centrifugation, washed, 413 

and resuspended in normal saline at a McFarland reading of 0.9. Cell membrane fluidity was 414 

measured by polarizing spectrofluorometry using a BioTek Synergy H1 plate reader (BioTek 415 

Instruments, Winooski, VT) with the fluorescent probe, 1,6-diphenyl-1,3,5-hexatriene (DPH).  416 

Growth Curves. Overnight cultures of the WT and ∆fakA strains were diluted 1:100 in 417 

TSB for growth curve measurements. Cells were added to a Costar 96-well flat-bottom 418 

microplate and grown with FFA standards. Growth was monitored at 600 nm using a BioTek 419 

Synergy H1 plate reader (BioTek Instruments, Winooski, VT) set at 37 ℃ with continuous, 420 

double orbital shaking.  421 

Reactive oxygen species measurements. The WT and ∆fakA mutant strain were grown 422 

to stationary phase in 7 mL of MHB50 at 37 ℃ with shaking for 24 hours in Falcon tubes. Both 423 

strains were grown in the presence and absence of the fatty acid mix: oleic acid (18:1), linoleic 424 

acid (18:2), and arachidonic acid (20:4) (Nu-Chek Prep, Inc., Elysian, MN), each at a final 425 

concentration of 100 µM. Cultures were pelleted by centrifugation, resuspended in 7 mL MHB50 426 

containing the fluorogenic dye, 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA) at a 427 

concentration of 10 µM, and incubated for 45 minutes at 37℃ protected from light. Cultures 428 

were pelleted by centrifugation, washed with saline, and resuspended in 7 mL of MHB50. Cells 429 

were added in triplicate to a black Nunc 96-well flat-bottom microplate in the presence or 430 

absence of the fatty acid mix with a final volume of 200 µL. Reactive oxygen species were 431 

measured by fluorescence readings (λ excitation=485 nm, λ emission=535 nm) using a BioTek 432 

Synergy H1 plate reader set at 37 ℃ for 8 hours. 433 
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FIGURES AND FIGURE LEGENDS 705 

 706 

Figure 1. Schematic showing the release and utilization of exogenous fatty acids by S. aureus.  707 
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Figure 2. Relative abundances of lipids of WT (USA300 LAC) and geh-, sal1-, 0641-, or fakA- 709 

knockout mutant strains grown in TSB or TSB + 20% human serum. DGDG: 710 

diglucosyldiacylglycerol; PG: phosphatidylglycerol; LysylPG: lysyl-phosphatidylglycerol; CL: 711 

cardiolipin. Results are row-centered and scaled by unit variance scaling. N = 4 per group. 712 
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 732 

Figure 3. Relative abundance of lipids of WT (USA300 LAC) and geh-, sal1-, 0641-, or fakA-733 

knockout mutant strains grown in the presence of cholesteryl esters or triglycerides containing 734 

C18:1, C18:2, or C20:4 at 100 μM for each lipid. (A) and (B): saturated and unsaturated lipids in 735 

the strains grown in the presence of cholesteryl esters, respectively. (C) and (D): saturated and 736 

unsaturated lipids in the strains grown in the presence of triglycerides. (E) and (F): MS/MS 737 

fragmentation spectra of two unsaturated PGs. N = 4. 738 
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 740 

Figure 4.  Effect of human serum albumin (HSA) on the incorporation of exogenous fatty acids 741 

(eFAs) to WT and fakA-knockout strains. (A) Effect of fatty acid-containing HSA and fatty acid-742 

free (FA-F) HSA on the incorporation of eFAs mixture (oleic acid 18:1, linoleic acid 18:2, and 743 

arachidonic acid 20:4). (B) The effect of increasing concentrations of FA-F HSA on the 744 

incorporation of eFAs. N = 4. 745 
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757 

Figure 5. Membrane fluidity of WT and fakA-KO (ΔfakA) strains grown to the mid-exponential 758 

phase (A) or stationary phase (B) in the presence of eFA standards (18:1, 18:2, and 20:4) or 20% 759 

human serum. N = 4. 760 
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 773 

Figure 6. Effect of AFN-1252 on the incorporation of eFA standards containing fatty acids 18:1, 774 

18:2, and 20:4. (A) Comparison of the sum of all saturated and unsaturated lipids; (B) 775 

comparison of individual PGs under various conditions. N = 3-4. 776 
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  782 

Figure 7. Fatty acid composition of PG 33:1 informed by MS/MS fragmentation of the parent 783 

[M+H]- ion from WT grown in the presence of (A) eFA only, (B) AFN-1252 only, or (C) AFN-784 

1252+eFA. 785 
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 787 

 788 

Figure 8. (A) Growth curve and (B) formation of reactive oxygen species in WT and fakA-KO 789 

strains in the absence or presence of the eFA standard mixture containing fatty acids 18:1, 18:2, 790 

and 20:4. 791 
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