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Staphylococcus aureus 1s a significant human pathogen known for its ability to cause a range of
infections, from minor skin conditions to life-threatening diseases. The ability of S. aureus to
utilize exogenous fatty acids (eFAs) from the host environment has emerged as a crucial factor in
its pathogenesis and antibiotic resistance. This dissertation explores the mechanisms and
biological consequences of eFA utilization by S. aureus by employing advanced lipidomic
techniques to elucidate the underlying processes. Chapter 2 investigates the substrate specificity
of S. aureus-secreted lipases, the effect of human serum albumin on eFA incorporation, and the
effect of the FASII inhibitor AFN-1252 on eFA, highlighting the adaptive mechanisms that S.
aureus employs to maintain membrane integrity and resist antimicrobial agents. Chapter 3
introduces a novel analytical approach integrating an online Paterno-Biichi (PB) reaction with

hydrophilic interaction liquid chromatography-ion mobility-mass spectrometry (HILIC-IM-MS)



to determine the position of carbon-carbon double bonds in unsaturated lipids. This technique
enhances the resolution and accuracy of lipidomic analyses, and provides detailed insights into
the structural modifications of lipids produced by S. aureus under different growth conditions
and treatments. Chapter 4 summarizes the key findings and discusses the broader implications of
eFA use in S. aureus. These results underscore the importance of lipid metabolism in bacterial
adaptation and resistance, and suggest potential targets for therapeutic intervention. Overall, this
dissertation contributes to a deeper understanding of the metabolic strategies employed by S.
aureus to thrive in various host environments. By elucidating the mechanisms of eFA utilization
and its effects on membrane dynamics, this study provides a foundation for the development of
novel antimicrobial therapies aimed at disrupting bacterial lipid metabolism and mitigating the

threat of antibiotic-resistant infections.
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CHAPTER 1: Introduction



1.1. Overview of Staphylococcus aureus as a Significant Human Pathogen

Staphylococcus aureus is a formidable gram-positive bacterium known for its
opportunistic pathogenicity, genetic diversity, and adaptability to diverse host environments.
Discovered in 1880 by Scottish surgeon Sir Alexander Ogston during his investigations of
surgical wound infections, Staphylococcus was named for its characteristic growth pattern
resembling grape clusters (from the Greek Staphyle- “bunches of grapes” and kokkos- “berry”)
(1, 2). Soon after, the German physician Friedrich Julius Rosenbach isolated a staphylococci
strain identified as Staphylococcus aureus, which he named for its distinguishable golden-yellow
colored colonies (from the Latin aurum- “gold”) (3). By the early 1900s, S. aureus infections had
reached a fatality rate of almost 82%, piquing the interest of investigators in studying the course
of action and diseases caused by this bacterium (4).

Penicillin was introduced against S. aureus infections in the 1940s, and although it
initially improved treatment outcomes, resistant bacterial strains quickly evolved, presenting
significant challenges to the new age of antibiotics (5-9). In response to the spread of penicillin-
resistant strains, the antibiotic methicillin was introduced in 1961 for clinical use; however, this
marked a critical point because methicillin-resistant Staphylococcus aureus (MRSA) emerged
within the same year and has since become a leading cause of healthcare-associated and
community-acquired infections worldwide (9-12).

S. aureus is a common commensal organism of the human microbiota and a potent
pathogen capable of causing life-threatening infections (13-16). Colonization occurs in
approximately 30% of the general population and primarily affects the human skin and nose (17—
19). When the mucosal membrane or dermal barrier is compromised, such as through wounds,

surgical procedures, or persistent skin disorders, S. aureus can penetrate the underlying tissues,



organs, or bloodstream, causing a range of superficial and invasive infections (13, 15, 20, 21).
Foreign implants, such as catheters and prosthetic joints, are also vulnerable to bacterial and
biofilm-related infections, which comprise complex bacterial communities that adhere to
surfaces (14, 15, 22-26). The versatility of S. aureus to infiltrate nearly every host biological
system poses the most significant risk of infection in individuals with compromised immune
systems, chronic illnesses, and those undergoing invasive procedures. However, S. aureus strains
capable of causing invasive, life-threatening infections in previously healthy individuals have
emerged in community settings (16, 17).

Despite decades of dedicated research and antimicrobial development, the treatment of S.
aureus infections remains a substantial and urgent medical challenge worldwide. The complexity
of MRSA strains, in particular, presents significant hurdles, leading to higher healthcare costs,
extended hospital stays, and tragically, higher mortality rates (27, 28). The USA300 strain first
emerged in community settings but has now become the primary source of both community- and
hospital-associated infections (29-31). To date, more than 20 years have passed since a new class
of antibiotics was clinically introduced to treat these infections (32). Owing to its substantial
impact on morbidity and mortality, the World Health Organization (WHO) has classified MRSA
as a high-priority pathogen, and the Centers for Disease Control and Prevention (CDC) have
deemed it a serious threat to public health (12, 33). This burden of MRSA and its threat to global
health underscores the urgent need for effective infection control measures, education, and the
development of novel therapeutics.

1.2. Host-Pathogen Interaction

There is a great deal of interest in deciphering host-pathogen interactions with S. aureus

and their subsequent consequences, although the emphasis has primarily been on how



mammalian hosts detect or react to bacterial pathogens and less on understanding the pathways
by which potential pathogens respond to environmental cues or the immune system (19, 34).
However, an expanding area of research focuses on how S. aureus senses the environment to
adapt to individual niches on and within the host, utilizes these cues to express specific virulence
factors, and alters the host response to infection, thereby providing key insights into the
molecular mechanisms of infectious diseases (19). This is vital for identifying novel targets to
develop therapeutics to reduce pathogen virulence.

S. aureus deploys an arsenal of virulence factors to promote pathogenesis across various
host environments and has evolved the ability to resist host defense antimicrobial components
(25, 31, 35-39). Lipids play a crucial role in S. aureus pathogenesis in addition to their role in
other cellular processes. They modulate the production of virulence factors and are involved in
biochemical cell signaling, membrane protein function, respiratory energy metabolism, and
bacterial membrane formation. This link between lipid metabolism and pathogenesis provides a
potential avenue for the development of novel therapeutics (19, 22, 34, 38, 40-43). In S. aureus,
the cytoplasmic membrane is primarily composed of the major lipids diglycosyldiacylglycerols
(DGDG), phosphatidylglycerol (PG), lysyl-phosphatidylglycerol (LysylPG), and cardiolipin
(CL), with PGs being the most abundant (44-46).

S. aureus acclimates to diverse host environments by continuously adjusting its
membrane composition according to environmental cues such as changes in temperature,
salinity, osmolarity, pH, and presence or absence of oxygen, thereby directly influencing the
biophysical properties of the membrane with modifications to phospholipid headgroups and fatty
acid chain structures (42, 47-53). These modulations play crucial roles in the survival and

virulence of S. aureus throughout the host and in its resistance to antimicrobial agents (43, 54,



55, 45, 52). Further understanding of the multifaceted mechanisms involved in bacterial fatty
acid synthesis, phospholipid structural modifications, and the consequential change in lipid
packing and membrane fluidity is vital to provide insight into the adaptations of S. aureus in
host-pathogen interactions and reveal potential targets to combat antimicrobial resistance.

1.3. Lipid Metabolism in Staphylococcus aureus

1.3.1. Overview of Bacterial Lipids

Staphylococcus aureus sustains the function and integrity of its membrane by regulating
its total phospholipid content and fatty acid composition. Saturated straight-chain or branched-
chain fatty acids (SCFAs or BCFAS) are synthesized by the bacterium through the de novo Type
Il fatty acid synthesis (FASII) pathway (56). Lipid packing levels in organisms are typically
modulated using unsaturated fatty acids (UFAS), acyl chains that contain one or more double
bonds. A vital caveat of S. aureus phospholipid synthesis is its inability to synthesize UFAS
endogenously (42, 44). Instead, it uses branching to regulate membrane fluidity by synthesizing
iso- and anteisobranched-chain fatty acids derived from amino acid precursors (42, 57-59).
Additionally, S. aureus can incorporate exogenous fatty acids (eFAs) from the host into its
phospholipids, reducing energy consumption from de novo fatty acid biosynthesis and modifying
the membrane composition to bypass the innate immune response and withstand drug activity
(56, 59-65, 46). Using host sources for eFA can directly impact FASII regulation and lipid
metabolism in S. aureus; therefore, it is important to first consider how the bacterium synthesizes

de novo fatty acids and endogenous phospholipids.



1.3.2. Fatty Acid Synthesis Pathway

Unlike the mammalian Type | fatty acid synthesis system, which is characterized by a
single multifunctional polypeptide, S. aureus presents a unique case. It employs a discrete set of
genes, with each gene encoding a specific enzyme for individual steps in FASII (40, 41, 49).
Fatty acid synthesis in S. aureus consists of an initiation phase and elongation cycle to produce
SCFAs or BCFAs. Precursors of SCFA are derived from acetyl-CoA, which is converted to
malonyl-CoA by acetyl-CoA carboxylase (ACC). FabD (malonyl-CoA-ACP transacylase)
transfers the malonyl group of malonyl-CoA to an acyl carrier protein (ACP), forming malonyl-
ACP (40). The branched-chain amino acids leucine, isoleucine, and valine are acetyl-CoA
precursors used in BCFA synthesis (66).

Initiation of FASII in S. aureus is facilitated by a single 3-ketoacyl-ACP synthase IlI
(FabH), utilizing malonyl-ACP and acetyl-CoA to form B-ketoacyl-ACP (40, 66). The FASII
elongation pathway involves a series of four enzymatic reactions that progressively extend the
acyl chain attached to ACP by two carbons per cycle, as depicted in Figure 1.1 (41). Upon
introduction by FabH, B-ketoacyl-ACP is reduced using FabG (p-ketoacyl-ACP reductase),
dehydrated by FabZ (B-hydroxyacyl-ACP dehydratase), and then reduced by Fabl (enoyl-ACP
reductase 1) to complete the cycle. The enzymatic activity of f-Hydroxyacyl-ACP dehydratases
typically produces unsaturated fatty acids. However, in contrast to other microorganisms, S.
aureus contains only one isoform of this enzyme, FabZ, which is considered unable to introduce
double bonds into the growing acyl chain (41, 57). The acyl-ACP molecule produced from
FASII either undergoes subsequent rounds of elongation facilitated by condensation with
malonyl-ACP using FabF (B-ketoacyl-ACP synthase Il), or continues into the bacterial

phospholipid biosynthesis pathway (40, 41).
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1.3.3. Membrane Lipid Synthesis Pathway

Membrane phospholipid synthesis in S. aureus begins with acylation of glycerol-3-
phosphate (G3P). Acyl-ACP end-products of the FASII elongation pathway are converted to
acyl-PO4 by PIsX (acyl-acyl carrier protein: phosphate transacylase) by transferring the acyl
group to inorganic phosphate. Acyl-phosphate is then converted to the universal bacterial
phospholipid precursor phosphatidic acid by PIsY (glycerol-3-phosphate acyltransferase) and
PIsC (1-acyl-sn-glycerol-3-phosphate acyltransferase) (43, 60, 67).

Phosphatidic acid can be converted to glycolipids, such as diglycosyldiacylglycerols
(DGDG) and monoglucosyldiacylglycerol (MGDG), or phospholipid phosphatidylglycerol (PG),
which is the most abundant lipid species in S. aureus (Figure 1.2) (43, 44). PG is then used as
the central phospholipid from which other phospholipids are derived. Lysyl-phosphatidylglycerol
(Lysyl-PG) is formed through the transfer of L-lysine to PG, catalyzed by the transmembrane
enzyme multi-peptide resistance factor MprF (68). Cardiolipins (CLs) are synthesized from the
condensation of two PG molecules using cardiolipin synthase 1 and 2 (cls1 and cls2) (69). S.
aureus can change the lipid species content within its membrane in response to external stimuli,

altering the sensitivity of host-pathogen interactions and dictating antibiotic efficacy.

1.3.4. Exogenous Fatty Acid Utilization

Staphylococcus aureus has adapted alternate metabolic pathways to incorporate eFAs
from the host environment to support its growth and virulence (63). The bacterium can only
synthesize saturated fatty acids, but can also utilize host-derived SCFAs and UFAs. These eFAs
play an essential role in providing an additional source of energy and building components for
membrane biosynthesis, especially in environments where endogenous synthesis may be limited

or inhibited. To facilitate the incorporation of eFAs into the membrane, S. aureus

8



K PlsX FakA/FakB
FASII

S Acyl-PO,

G3P ] pisy

v
Acyl-Glycerol-3-PO,

AcylACP— |
S

A 4
0 Q o

)J\ T
R1)FJ; O/K\OH i N
g il

(o] o
Diacylglycerol

G H

Phosphatidic acid

OH
OH OH
it OH | Ho
P HO o
R O’K\o o oH
R, O H o

Diglycosyldiacylglycerol
(DGDG)

o] o o o
A LY. A
S R ANS e
H H

g e
o] Cardiolipin o]
(CL)

Figure 1.2. Membrane lipid biosynthetic pathway in S. aureus.

Exogenous
Fatty Acids
(eFA)

)K Cytidine
O/X\O,_S/P\OH /\g(\ofP\O/P“O/

g

0
CDP-Diacylglycerol

o 0
J’I\ II; HO, ’H
Ry o/\$(\o_/d ~o M __oH
Rsz H
o]
Phosphatidylglycerol
(PG)
Cls1

Cls2 MprF

JL /\(\O/P\O\)\/ “Lysine (+)
"~

o
Lysyl-phosphatidylglycerol
(Lysyl-PG)



secretes at least three main lipases, SAUSA300_ 2603 (Sall, encoded by gehA),
SAUSA300_0320 (Sal2 or Geh, encoded by gehB), and SAUSA300_0641 (Sal3 or 0641,
encoded by gehE), to release fatty acids from lipids found in the serum and low-density
lipoproteins (63, 64, 70-73). Once FFAs are released by lipases, they can be taken up by
bacteria, phosphorylated by fatty acid kinase (FakA), and incorporated into bacterial lipids, with
or without further elongation via the FASII pathway (Figure 1.3) (46, 59, 60, 63, 74).

1.3.5. Effect on Antimicrobial Resistance

Resistance to some cell wall-and cell membrane-targeting antimicrobials in S. aureus has
been associated with variations in phospholipid and fatty acid content. PGs are anionic, carrying
a unit negative charge, and, as the most abundant lipid species, they significantly contribute to
membrane stability and electrostatic interactions (43, 75, 76). Cationic compounds, such as host-
generated cationic antimicrobial peptides (CAMPS), are a class of antimicrobial agents that
utilize the negative charge of PG phospholipids to adhere to and insert into the bacterial
membrane, leading to compromised structural integrity and the breakdown of essential microbial
processes (77-79). To escape this innate immune attack, S. aureus increases the production of
Lysyl-PG, adding a positively charged lysine residue to PG lipids. Upregulation of lysyl-PG
inherently decreases the amount of PG lipids available for binding and increases the membrane
positive charge, which may aid in repelling cationic compounds (36, 43, 78, 80).

Daptomycin is a membrane-targeting cyclic lipopeptide approved by the United States
Food and Drug Administration in 2003 and used as a last-resort treatment for severe MRSA
infections (81, 82). The efficacy of this antibiotic depends on its complex formation with

calcium, which facilitates oligomerization and insertion into the bacterial membrane, forming
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pores, which subsequently leads to cell death (81, 83, 84). Infection treatment failure and S.
aureus resistance have been correlated with membrane adaptations, such as alterations in charge
and fluidity, mutations related to the cell wall or lipid synthesis, and the release of membrane
phospholipid decoys (45, 83, 85-89). One such metabolic adaptation resulting in decreased
daptomycin susceptibility is characterized by a mutation in cardiolipin synthase (cls2), which
increases CL content and decreases PG lipids (45). An increase in CLs has also been associated
with decreased membrane fluidity and inhibition of daptomycin pore-formation activity (69, 83,
85, 90). While S. aureus cannot endogenously synthesize UFAs, it can incorporate exogenous
UFAs, altering lipid packing in the membrane by increasing bacterial membrane fluidity and, in
turn, affecting the binding of membrane-targeting antimicrobials, such as daptomycin (81).

As the bacterial FASII metabolic pathway is distinctly different from the mammalian
fatty acid synthesis system, the unique mechanisms and enzymes of FASII have become targets
for antimicrobial drug development (91-94). AFN-1252 is a FASII-targeting antibiotic
developed to inhibit the Fabl enzyme, thereby inhibiting the endogenous phospholipid synthesis
in S. aureus (94). Its effect on broad lipidomic changes has not yet been well characterized, and
the therapeutic efficacy of AFN-1252 is still debated, as it shows promising treatment for skin
and soft-tissue bacterial infections, but FASII bypassing variants that utilize host-derived eFAs
raise questions about its long-term effectiveness (94-97, 74, 98—102). Revealing the changes in
phospholipids and fatty acid composition within S. aureus from the utilization of eFAs has
significant implications for the nature of the bacterial cell surface, its effect on membrane
biophysical properties, function and activity of antimicrobials, and its interaction with the host

defense system (46).
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1.4. Lipidomic Methods

Lipidomics is a widely used approach for investigating the mechanisms underlying the
utilization of host-derived fatty acids and their effects on the susceptibility of S. aureus to
membrane-targeting antimicrobials. Lipids are hydrophobic or amphipathic small molecules
characterized by their structural and biosynthetic complexities into eight main classes: fatty
acyls, glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids,
saccharolipids, and polyketides (103). The main lipid classes can be further divided into
numerous subclasses and combinations of modifications, reflecting a diverse range of functions
(103—-106). However, most lipids occupy a narrow mass range of approximately 600-900 m/z,
which makes it difficult to resolve the majority of the lipid species (105, 107). Previously, we
developed a hydrophilic interaction liquid chromatography (HILIC) ion mobility-mass
spectrometry (IM-MS) method to identify changes in the lipidome with increased resolution of

isobaric lipid species (107).

Normal-phase and reverse-phase chromatography systems have previously been used to
separate lipids; however, the gradients were long, sometimes longer than 30 min, and did not
achieve reliable separation (104, 107). By combining polar stationary phase columns with a
highly organic gradient separation, HILIC can resolve lipid species based on the polarity of the
head groups (on a scale of seconds) and then by acyl chain length and the degree of unsaturation
within the subclass (85, 105, 107). Despite an impressive improvement from previous methods,
HILIC coupled with MS alone is unable to effectively separate all lipid species in a single run

(108).

To further increase the separation of lipids, an orthogonal gas-phase separation,

ion mobility (IM), is coupled with HILIC and MS. In IM separation, ions are driven through a
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mobility drift region by an applied electric field while an inert background gas (most commonly
helium or nitrogen) impedes ion motion (107). Compact structures undergo fewer collisions with
the gas and move rapidly through the drift region, whereas extended structures undergo more
collisions and move more slowly. Ions with the same charge are separated by size and shape,
which is reflected by their collision cross section (CCS) with the background gas (105, 107).
Traditionally, CCS values have been directly measured using drift-tube IM (DTIM) instruments,
where CCS (or Q) is linearly proportional to the time required for an ion to traverse the drift
region (drift time, #q) in a static electric field (109). On the other hand, traveling-wave IM
(TWIM) instruments use a migrating low-voltage wave to push ions through the buffer gas,
offering higher sensitivity and a faster duty cycle (107, 109). While this dynamic electric field
does not allow for direct CCS measurements, CCS calibrants with similar physical properties to
analytes and known values can be used to calibrate the relationship between CCS and drift time

through a modified Mason—Schamp equation:
Q= (1811)
~\16

Q is the CCS, ze is the ion charge, p is the reduced mass of the ion and drift gas, ¢4 is the drift
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time, 7o is the ion flight time outside the drift cell, B is a constant determined from fitting with
known DTIM CCS calibrants, and 4’ combines the fit term (A) and Boltzmann constant (kg),
drift gas temperature (T), pressure (P), and drift-gas number density (No) (109). Thus, by using
lipid standards as calibrants, accurate CCS values of lipid ions can be obtained, which can be
used to enhance the confidence of lipid identification. Herein, we report a multidimensional
HILIC-IM-MS-based lipidomics approach to characterize the factors affecting the utilization of
eFAs by S. aureus.
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1.5. Overview of Following Dissertation Chapters

The studies detailed in this dissertation aimed to elucidate the influence of various host
environments on the metabolism of S. aureus. Further understanding of the adaptive mechanisms
and subsequent biological consequences of the utilization of exogenous fatty acids by the
bacterium is presented using comprehensive lipidomic profiling methods. Chapter 2 investigates
the substrate specificity of the secreted bacterial lipases Sall, Geh, and 0641 in the presence of
human serum and the major donors of fatty acids in serum. Human serum albumin was assessed
as a viable source of exogenous fatty acids for S. aureus and its ability to restrict or enhance host
fatty acid utilization. The effects of AFN-1252, a FASII inhibitor, on the incorporation of eFAS
into the bacterial membrane and possible adaptive mechanisms are presented. Building upon the
observed lipid changes that occur in S. aureus, the formation of reactive oxygen species and cell
membrane fluidity were also explored, emphasizing the metabolic adaptations of S. aureus in the
host environment. Chapter 3 presents an innovative analytical approach for determining the
carbon-carbon double bond position in unsaturated lipids and fatty acids by integrating an online
photochemical Paternd-Buichi reaction with HILIC-IM-MS. This approach uses 2-acetylpyridine
as the reagent and demonstrates its applicability in tracking the metabolic adaptation of S.
aureus, resulting in more detailed lipid characterization. Overcoming analytical challenges in
lipidomics is necessary to gain insight into the adaptive mechanisms of resistant bacterial strains.
Chapter 4 summarizes the overall findings and describes the future directions for this project
and related research. Together, these studies provide valuable insight into identifying potential
targets for the development of novel therapeutics, further the understanding of exogenous fatty
acids utilized by Staphylococcus aureus and subsequent biological consequences, and contribute

to unraveling the complexity of the host-pathogen interaction.
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CHAPTER 2: Elucidating the Impact of Bacterial Lipases, Human Serum
Albumin, and FASII Inhibition on the Utilization of Exogenous Fatty Acids by

Staphylococcus aureus

This chapter has been reproduced with permission from Pruitt EL, Zhang R, Ross DH, Ashford
NK, Chen X, Alonzo F III, Bush MF, Werth BJ, Xu L. Elucidating the Impact of Bacterial
Lipases, Human Serum Albumin, and FASII Inhibition on the Utilization of Exogenous Fatty
Acids by Staphylococcus aureus. mSphere. 2023; 8(6):¢0036823. (©2023). with minor edits.
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2.1. Introduction

Antibiotic-resistant bacteria pose a major threat to global health, killing more people than
HIV/AIDS or malaria (110). Among them, Staphylococcus aureus has been deemed one of the
most serious threats, infecting the skin, soft tissue, and blood. It causes nearly 120,000
bloodstream infections with 20,000 associated deaths per year in the United States alone (111). S.
aureus adapts to the host environment by incorporating exogenous fatty acids (eFAs) into its cell
membrane, thereby allowing the bacteria to reduce energy consumption from de novo fatty acid
biosynthesis, bypass the innate immune response, and withstand drug activity (98-100, 112—
117). Elucidating the effects of host fluids on the metabolism of the bacteria is critical to

understanding the host-pathogen interaction and evolution of antimicrobial resistance (112, 118—

120).

S. aureus only synthesizes straight-chain or branched-chain saturated fatty acids (SCFAs
or BCFAs) via the type 11 fatty acid synthesis pathway (FASII) but can also utilize host-derived
SCFA and unsaturated fatty acids (UFAs) or free fatty acids (FFA) (113, 115, 117, 121, 122). In
our recent study, lipidomics analysis of S. aureus grown in human serum showed that bacteria
incorporate UFAs into the bacterial membrane lipids, and cholesteryl esters and triglycerides are
the major donors of fatty acid substrates in serum (112). Human serum albumin, an abundant
carrier protein in the bloodstream that binds to acidic and lipophilic compounds, has been shown
to sequester FFAs to restrict their exploitation by the bacteria (101, 123), but we hypothesize that

it may also serve as a reservoir of fatty acids.

To facilitate the incorporation of eFAs into its membrane, S. aureus secretes three lipases,
S. aureus lipase 1 (Sall), glycerol ester hydrolase (Geh), and SAUSA300 0641 (0641 or sal3), to

release FFA from lipids found in serum (Figure 2.1) (113, 114, 121, 124-127). Once FFAs are
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released by the lipases, they can be taken up by the bacteria, phosphorylated by the fatty acid
kinase (FakA), and incorporated into the bacterial lipids, with or without further elongation via
the FASII pathway (Figure 2.1) (112—116). When using triglycerides (TGs) as substrates, Geh
can release both short- (4-carbon) and long-chain substrates (16 and 18-carbon), with a
preference for the long-chain fatty acids linoleic acid (18:2) and oleic acid (18:1), whereas Sall
prefers short-chain fatty acid (4-carbon) substrates (113, 114, 124-126). 0641 was also found to
prefer hydrolyzing short-chain fatty acids (4-carbon or fewer) from triglycerides (127). Several
studies have revealed the importance of these lipases as multifaceted virulence factors in S.
aureus infections; however, the substrate specificity of Geh, Sall, and 0641 on cholesterol esters
and the impact of Geh, Sall, or 0641 knockouts on eFA utilization have not been examined

previously.

Incorporated serum UFAs can alter lipid packing, affecting the binding of membrane-
targeting antimicrobials, and as an adaptive mechanism to drug exposure, S. aureus has been
shown to modify its membrane and cell wall composition (98, 128—-131). AFN-1252, a Fabl
inhibitor, has been developed as a FASII-targeting antibiotic, but its effect on broad lipidomic
changes has not been well characterized (116). The therapeutic efficacy of AFN-1252 also
remains in debate, as it shows promising treatment for skin and soft-tissue bacterial infections,
but FASII bypassing variants that utilize host-derived eFAs, bring into question its long-term
effectiveness (9496, 98—101). Although S. aureus can uptake eFAs and use them to evade the
effects of FASII inhibitors and antibiotics, UFAs have also long been known to be toxic to the
bacteria (113, 132—-134). Polyunsaturated fatty acids (PUFAs), such as the abundant mammalian
fatty acid arachidonic acid, can inflict damage on S. aureus upon incorporation into its

membrane and kill the pathogen through a lipid peroxidation mechanism (132, 135, 136).

18



Despite previous work on the effect of exogenous fatty acids on S. aureus, several
significant questions remain. First, the substrate specificity of the released lipases toward
cholesterol esters remains unknown. Second, the comprehensive lipidomic changes resulting
from eFA utilization have not been completely elucidated. Third, the role of albumin as a
reservoir for fatty acids and its impact on eFA incorporation efficacy has not yet been
determined. Fourth, the effect of the FASII inhibitor, AFN-1252, on eFA utilization has not yet
been investigated. To answer these questions, we grew S. aureus and geh, sall, 0641, or fakA
knockout (KO) mutant strains in tryptic soy broth (TSB) supplemented with eFAs under various
conditions and conducted comprehensive lipidomic analyses of these bacteria. We further
characterized the changes in membrane fluidity and formation of reactive oxygen species

resulting from the incorporation of unsaturated eFAs.

We found that a) Geh is the primary lipase responsible for hydrolyzing cholesteryl esters,
and, to a less extent, triglycerides; b) exogenous fatty acids were incorporated into the bacterial
membrane when grown in serum regardless of the lipase knockout; ¢) human-serum albumin can
serve as a buffer of eFA for S. aureus, facilitating the use of eFAs at a low concentration but
inhibiting eFA utilization at high concentrations; d) AFN-1252 leads to an increase of UFAs in its
membrane with or without eFAs; e) incorporation of unsaturated eFAs leads to increased
membrane fluidity during the exponential growth phase; and f) incorporation of unsaturated

eFAs increases reactive oxygen species formation, inhibiting S. aureus growth.
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Figure 2.1. Schematic overview of exogenous fatty acid utilization by S. aureus.
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2.2. Results

2.2.1. S. aureus lipase knockouts grown in serum still incorporate UFAs.

S. aureus and geh-, sall-, 0641-, or fakA- knockout mutant strains (Ageh, Asall, A0641,
or AfakA) were grown in the presence and absence of human serum, and changes in the lipidome
were identified through hydrophilic-interaction liquid chromatography (HILIC) ion mobility-
mass spectrometry (IM-MS) to determine the role of each enzyme in this environment. HILIC
first resolves lipid species on a scale of seconds based on the polarity of the head groups and then
by acyl chain length and degree of unsaturation within the subclass (137-139). Lipid separation
is further increased through ion mobility, a gas-phase separation orthogonal to liquid
chromatography (LC). As described previously, lipid identification is enhanced by using
collisional cross section (CCS) values obtained from the IM-MS analysis (137, 138). Some
serum-derived lipids, such as phosphatidylcholines, phosphatidylethanolamines, and
sphingomyelins, are not incorporated into the bacterial membrane (112). Thus, major lipids that
are synthesized by S. aureus, diglucosyldiacylglycerols (DGDGs), lysyl-phosphatidylglycerols

(LysylPGs), phosphatidylglycerols (PGs), and cardiolipins (CLs), were examined (139-141).

We determined the total carbon and unsaturation degrees of the lipid acyl side chains for the
major lipid species in the wild type (WT) and Ageh, Asall, A0641, AfakA mutants (Figure 2.2).
As seen in the figure, S. aureus grown in TSB-only displayed higher levels of fully saturated
lipid species compared to those grown in human serum for each lipid class. This is not surprising
since without exogenous fatty acids, the bacteria can only synthesize saturated SCFA or BCFA de
novo. Consistent with previous studies, the Afak4 mutant possessed a higher abundance of long
acyl side chains (117). All strains contained DGDG, PG, and LysylPG saturated lipids with 32 to

37 total carbons, with 33 and 35 carbons being the major species across classes in each strain.
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Upon further targeted fragmentation experiments using tandem MS (MS/MS) on select DGDG
and PG lipids, no differences in acyl chain composition were observed across the most abundant
lipids of the wild type, Ageh, Asall, A0641 and AfakA strains grown in TSB-only. C15:0 was
consistently identified as the major component of saturated PGs while C20:0 was the most

abundant FA moiety in DGDGs.

When WT S. aureus was grown in TSB supplemented with 20% human serum, lipid
profiles of all membrane lipid classes contained elevated levels of UFAs (such as 33:1, 34:1,
35:1, 36:1, 33:2, 34:2, 35:2, and 36:2) that were absent from strains grown in TSB-only (Figure
2.2). Linoleic acid (C18:2), palmitic acid (C16:0), and oleic acid (C18:1) comprise the majority
of fatty acids found in human serum, along with a slightly lower amount of stearic acid (18:0)
and arachidonic acid (C20:4) (142, 143). MS/MS experiments confirmed C18:1 and C18:2 were
the dominant UFAs utilized by the WT and lipase mutants. Comparable levels of C20:1 and
C20:2 were also observed, suggesting elongation of oleic and linoleic acids by S. aureus. When
grown in the presence of serum, PG lipids in the WT and lipase KOs with odd-numbered total
carbons (e.g, 33 and 35) contain C15:0 as the most abundant acyl side chain while PGs with
even-numbered total carbons (e.g., 34 and 36) contain C16:0, instead of C15:0, as a major fatty
acid. This pattern was not seen in the AfakA mutant, however, indicating the increase in C16:0,
palmitic acid, likely arose from the serum. As expected, the AfakA mutant prevented the
incorporation of eFAs into the bacterial membrane (Figure 2.2). This is consistent with previous
reports of S. aureus incorporating serum-derived UFAs into the bacterial lipids and the necessity
of FakA to incorporate eFAs into membrane lipids (112, 116, 117). We noted that AfakA showed
similar intensities to the WT and lipase KOs for PG 32:2, PG 33:2, and LysylPG 33:2 only when

grown in TSB-containing human serum. Although individual lipase knockouts did not
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completely prevent the incorporation of host-derived UFAs, the Ages mutant exhibited the least
UFA abundance in DGDGs and CLs. However, A0641 also displayed lower UFA levels than the
WT, implying possible overlapping functions exist between the lipases (113, 114). Interestingly,
there was an overall increase of UFAs in Ageh, suggesting an upregulation of eFA incorporation-
related genes in the absence of Geh. Much higher levels of saturated lipids, especially lipids with
saturated chains 30:0 and 32:0, were observed in the AfakA strain grown in serum, which could

indicate upregulation of de novo fatty acid synthesis caused by the loss of FakA.

2.2.2. Substrate specificity of S. aureus secreted lipases.

To further elucidate the overlapping substrates among the lipases, the WT and Ageh, Asall,
A0641, AfakA mutants were grown in the presence of cholesteryl esters (CEs) and triglycerides
(TGs), the major donors of eFAs in serum (112). TSB was supplemented with CE and TG
standards containing the unsaturated fatty acids C18:1, C18:2, or C20:4 at a final concentration
of 100 uM for each lipid. Comprehensive lipidomics was conducted in the same way as

described above (Figure 2.3 and Figure 2.4).

When grown in the presence of CEs, the WT, Asall, and A0641 strains displayed similar eFA
incorporation in PG (Figure 2.3 B), DGDG, LysylPG, and CL (Figure 2.4) lipid species. Neither
the AfakA nor Ageh strain contained UFAs in any major lipid classes. This suggests that Geh is
the lipase responsible for hydrolyzing cholesteryl esters. Elongation of the supplemented CE
unsaturated fatty acids was observed in the wild type, Asall, and A0641 mutants as evidenced by
the presence of C20:1, C20:2, and C22:4. MS/MS of DGDG and PG lipid species confirmed the
fatty acyl composition of 34:1 and 34:2 (Figure 2.3 E and F) to be C14:0 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 C14:0 and C22:4.
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Figure 2.3. Relative abundance of lipids of WT (USA300 LAC) and geh-, sall-, 0641-, or fakA-
knockout mutant strains grown in the presence of cholesteryl esters or triglycerides containing
C18:1, C18:2, or C20:4 at 100 uM for each lipid. (A) and (B): saturated and unsaturated lipids in
the strains grown in the presence of cholesteryl esters, respectively. (C) and (D): saturated and
unsaturated lipids in the strains grown in the presence of triglycerides. (E) and (F): MS/MS
fragmentation spectra of two unsaturated PGs. Statistical analysis was conducted using unpaired
ttests. *, P<0.05, ** P<0.01; *** P<0.001; **** P<0.0001. N =3 per group.
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Figure 2.4. Relative abundances of lipids of WT (USA300 LAC) and geh-, sall-, 0641-, or
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In the presence of TGs, the Ageh strain again had the most significant impact on the
incorporation of eFAs (Figure 2.3 C and D). However, Ageh did not completely abolish eFA
incorporation within PG and LysylPG lipids. Differences in the fatty acid composition of PG
36:1 and PG 36:2 between the wild-type, Asall, A0641 strains and Ageh were identified with
C18:1 being the most abundant acyl side chain in the Ageh strain and C20:1 for Asall and A0641
strains. Interestingly, increased levels of saturated lipids were observed in Age#, indicating an
upregulation of de novo fatty acid synthesis in this lipase KO. Overall, this suggests Geh is the
major enzyme hydrolyzing the long-chain triglycerides, but other lipases can also hydrolyze such
TGs. To further affirm the role of the Geh lipase, the Ageh+geh complement strain was grown
with CEs and TGs. Complementation of the lipase mutant restored the abundance of eFA
incorporation, with no notable differences in relation to the WT in the presence of cholesteryl

esters or triglycerides (Figure 2.5).

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

Figure 2.2 showed that eFAs were incorporated into the bacterial membrane when grown
in serum, regardless of the lipase knockout, indicating that there may be sufficient amounts of
FFAs in the serum, so lipases may not be as necessary in this nutrient-rich environment. FFAs in
the bloodstream are typically bound to human serum albumin (HSA), a carrier protein present at
high concentrations (35-50 mg/mL) in human blood (144). Albumin concentrations vary
throughout the body and sites of infection and decrease with increasing age, highlighting the
importance of understanding the effect of HSA on the utilization of serum fatty acids in S. aureus
(101, 144-146). Here, the WT and AfakA strains were grown in the presence and absence of fatty

acid-containing and fatty acid-free HSA.
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We found that fatty acid-containing albumin can indeed serve as a source of eFAs,
indicated by the incorporation of UFAs in the WT when grown in the presence of fatty acid-
containing HSA (Figure 2.6 A for PGs and Figure 2.7 for other lipid classes). However, we note
that most unsaturated lipids observed when grown in the presence of fatty acid-containing HSA
only contain one or two double bonds, much less than those observed when grown in the
presence of eFA standards, indicating the majority of fatty acids carried by HSA are mono-
unsaturated fatty acids (147, 148). As expected, there were no UFAs incorporated into the
membrane lipids with the AfakA strain or when the WT was grown in the presence of fatty acid-

free HSA.

To determine if albumin aids S. aureus with incorporating FFAs into the bacterial
membrane, the WT and AfakA4 mutant were grown in media containing FA-free HSA with the
eFA standards: oleic acid (18:1), linoleic acid (18:2), and arachidonic acid (20:4). As seen in
Figure 2.6 A and Figure 2.7, we found that FA-free HSA at 10 mg/mL significantly enhanced
the incorporation of UFAs as indicated by the higher levels of unsaturated lipids. However,
concentrations of albumin vary throughout the body, so in a separate experiment, a range of 20 to
40 mg/mL was used. We found that FA-free HSA proportionately decreased the incorporation of
UFAs as its concentration increased (Figure 2.6 B and Figure 2.8). As observed with FA-free
HSA at 10 mg/mL, the WT grown with FA-free HSA at both 20 and 30 mg/mL showed greater
levels of PG 33:1 and 33:2 than the WT grown with eFAs only. These results suggest that HSA
could enhance the utilization of eFAs by S. aureus at low concentrations but inhibit the

utilization at high concentrations.
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Figure 2.6. Effect of human serum albumin (HSA) on the incorporation of exogenous fatty acids
(eFAs) to WT and fakA-knockout strains. (A) Effect of 10 mg/mL fatty acid-containing HSA and
10 mg/mL fatty acid-free (FA-F) HSA on the incorporation of eFAs mixture (oleic acid 18:1,
linoleic acid 18:2, and arachidonic acid 20:4). (B) The effect of increasing concentrations of FA-
F HSA (20-40 mg/mL) on the incorporation of eFAs. Statistical analysis was conducted using
unpaired ¢ tests. *, P <0.05; **, P<0.01; *** P <0.001; **** P <0.0001. N =3 per group.
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2.2.4. Effect of eFAs on membrane fluidity.

Antibiotics, such as daptomycin, have been shown to have increased bactericidal activity
against S. aureus with incorporated UFAs, which corresponds to increased membrane fluidity,
and decreased daptomycin bactericidal activity against S. aureus with a high percentage of
saturated FAs (128). The membrane fluidity was assessed in the WT and Afak4 mutant at two
time points, 5 hours and 24 hours of growth, with the fluorescent probe 1,6-diphenyl 1,3,5-

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

As expected, an increase in membrane fluidity was observed at 5 hours in the WT when
grown in the presence of eFAs or serum than without, indicated by a decrease in polarization
value (Figure 2.9 A). Comparatively, AfakA consistently displayed a significantly more rigid
membrane compared to the WT in eFAs (P < 0.05) and in serum (P < 0.05). This is consistent
with incorporation of UFAs into the S. aureus membrane. However, the Afak4 mutant also
displayed overall increases in membrane fluidity when grown with eFAs or serum compared to
growth in TSB-only at 5 hours (Figure 2.9 A). Although UFAs are not incorporated in the AfakA
mutant, it is possible that the presence of eFAs could lead to a change in endogenous fatty acid
synthesis regulation, including synthesis of branched-chain fatty acids, resulting in a more fluid
membrane overall. In contrast to the mid-exponential phase of growth, no significant differences
in fluidity were found between the WT and AfakA mutant during the stationary phase (Figure 2.9
B), which may result from the varied lipid composition with growth phases (117, 149). Little
difference was displayed between strains in TSB only and TSB containing eFA standards, but
both strains were more fluid in the presence of human serum, indicating the impact of the

nutritional environment on responses within the membrane composition.
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2.2.5. AFN-1252 enhances UFAs with or without eFA source.

An attractive target for drug discovery is the FASII pathway in S. aureus. AFN-1252 is an
inhibitor that targets the Fabl enzyme, an enoyl-acyl carrier protein (ACP) reductase that is
essential in the final elongation step of FASII (96, 150, 151). We hypothesized that the FASII
inhibitor would enhance the incorporation of eFAs due to suppression of endogenous FA
synthesis. Thus, S. aureus was grown in the presence of AFN-1252, eFAs, or a combination of
both. Exposure of S. aureus to AFN-1252 and eFAs resulted in bacterial membrane composed
predominantly of UFAs (Figure 2.10), confirming promotion of eFA incorporation by AFN-1252

(100).

Interestingly, the UFA content in the WT grown with only AFN-1252 in the absence of
eFAs also increased although displaying a different lipid profile from that of eFA only group
(Figure 2.10, Figure 2.11, and Figure 2.12). Upon MS/MS fragmentation, these UFA-
containing lipids exhibited different patterns from those grown in the presence of eFAs, mostly
containing fatty acids with one double bond. As also seen in prior experiments when S. aureus is
exposed to eFAs, PG 33:1 was found to be composed of C15:0 (241 m/z) and C18:1 (281 m/z),
but in the presence of AFN-1252 only, PG 33:1 was found to be composed of C14:0 (227 m/z)
and C19:1 (295 m/z) (Figure 2.13). This is not surprising as AFN-1252 inhibits Fabl, which
reduces a double bond to a saturated carbon-carbon bond in the FASII cycle, indicating possible
accumulation of the ACP intermediate (151). PG 33:2 in S. aureus with AFN-1252 contained
Cl14:1 (225 m/z), C19:1 (295 m/z), C16:1 (253 m/z) and C17:1 (267 m/z), further suggesting
accumulations of the unsaturated ACP intermediate (Figure 2.13 B). Such fatty acid
compositional changes reveal a different aspect of the mechanism of action of AFN-1252, which

warrants further investigation in the future.
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2.2.6. Effect of eFAs on ROS formation.

When S. aureus was grown with exogenous fatty acid sources, host-derived fatty acids
were incorporated into the membrane, resulting in increased levels of PUFAs (Figure 2.2,
Figure 2.3, and Figure 2.4) and growth inhibition by UFAs (Figure 2.14). PUFAs such as
linoleic acid (18:2), a major UFA found in human skin, and arachidonic acid (20:4), which is
released in humans during inflammatory responses, have been shown to be toxic to the bacteria
and kill through lipid peroxidation (132, 136). Reactive oxygen species (ROS), produced by
phagocytes in PUFA-rich environments, also play an integral role in bacterial killing by
oxidative damage (152, 153). To examine the effect of incorporated eFAs on ROS formation in
the bacterial cells, the WT and Afak4 mutant were grown with and without eFA standards, and
ROS production was measured using the fluorogenic dye, HDCFDA. We observed a significant
increase of ROS in the WT strain when the measurements were taken in an eFA-rich
environment (Figure 2.15). Small increases in ROS formation were also observed in AfakA4
mutant, but not as significant as in the WT strain. This suggests that the incorporation of PUFAs
into the membrane lipids is necessary to increase oxidative stress and enhance their killing
activity. To confirm if ROS were responsible for growth inhibition, we cotreated the S. aureus
strains with the radical-chain-terminating antioxidant a-tocopherol (Vitamin E) (136). Extended

lag phases observed with UFAs were partly eliminated by a-tocopherol treatment (Figure 2.14).
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Growth Curves with eFAs and a-tocopherol
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Figure 2.14. Growth curves of the WT and fakA-KO strains grown in the presence or absence of
the eFA standard mixture containing fatty acids 18:1, 18:2, and 20:4 at 100 uM and treated with

80 uM a-tocopherol (Vitamin E). All data represent means + standard deviations for conditions
measured in biological triplicate.
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Figure 2.15. Formation of reactive oxygen species in WT and fakA-KO strains in the absence or
presence of eFAs. All data represent means + standard deviations for conditions measured in
biological triplicate.
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2.3. Discussion

2.3.1. Geh is the primary lipase for the utilization of serum lipids by S. aureus.

Although S. aureus is known to utilize serum lipids and is thought to depend on Geh to
incorporate eFAs from lipoproteins, comprehensive lipidomic studies on the role of bacterial
lipases and their substrate specificity on cholesteryl esters have not yet been performed (112,
113, 125, 154). We found that the incorporation of fatty acids from cholesteryl esters required
Geh, but not Sall and 0641 (Figure 2.2). On the other hand, none of the lipase mutants grown in
the presence of TGs showed a complete lack of UFA incorporation; however, UFAs were
decreased in the Ageh mutant compared to Asal/l and A0641. This is consistent with previous
studies that observed a geh mutant could still incorporate some UFAs into PG lipids in the
presence of human low-density lipoproteins (113). It is likely that Sall or 0641 can hydrolyze
FAs from TGs to compensate for the absence of Geh. PUFA-containing lipids were not seen at
significant levels, whereas monounsaturated lipid species were abundant, implying that the 20:4
PUFA is not preferentially utilized from TGs. Thus, our data suggest that Geh is essential for
hydrolyzing UFAs from CEs, whereas other lipases have overlapping functions to release fatty

acids from TGs.

2.3.2. eFA incorporation is inversely related to human serum albumin concentration.

We determined that in addition to serum lipoproteins, human serum albumin can serve as
a source of eFAs for the bacteria, primarily supplying oleic and linoleic acid (Figure 2.6).
Although a previous report demonstrated that albumin could sequester exogenous oleic acid from
S. aureus, preventing the inactivation of the antibiotic daptomycin, that study used fatty acid-free

HSA at 10 mg/L (101). Furthermore, we observed that eFA utilization by S. aureus had an
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inverse relationship with albumin concentration, where lower HSA levels promoted FFA
incorporation whereas higher levels reduced incorporation. Hypoalbuminemia, diagnosed at
albumin levels <35 mg/mL, has recently been significantly associated with increased risk and
adverse outcomes of deep musculoskeletal S. aureus infections (155). Our findings of albumin
concentration affecting eFA incorporation corroborate virulence pathways by which the bacteria
utilize host fatty acids to promote survival during infection and tolerate antibiotic treatments
(100, 113, 130). Although all lipid species displayed an overall decreasing abundance pattern
with increasing albumin concentration, PG 15:0/20:4 levels remained comparatively high at 40
mg/mL, which may be a result of albumin preferentially binding to monounsaturated fatty acids,
therefore leaving PUFAs such as arachidonic acid (20:4) and linoleic acid (18:2) more readily

available.

2.3.3. Cell membrane fluidity increases in eFA environment.

As expected from incorporating host-derived fatty acids into its phospholipids, the
membrane fluidity of S. aureus increased in eFA-rich environments (Figure 2.9). Consistent with
previous studies of the Afak4 mutant grown with oleic acid, AfakA had a significantly more rigid
membrane at the 5 hour time point than the wild-type due to its lack of ability to incorporate
eFAs (117, 130). On the other hand, the fluidity of AfakA strains also increased overall upon eFA
and serum treatment (Figure 2.9 A). This provides evidence that differences in membrane
fluidity are not entirely due to eFA incorporation, instead suggesting that these environments
signal for altered endogenous fatty acid metabolism and composition (117, 156), such as the

production of branched-chain fatty acids.
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2.3.4. AFN-1252 exposure leads to accumulation of unsaturated FASII intermediate.

Therapeutic value of FASII inhibitors remains in debate, as S. aureus can bypass
suppressed endogenous fatty acid synthesis by utilizing eFAs (98, 99, 101). Lipidomics of S.
aureus grown with AFN-1252-only revealed a significant increase in the proportion of UFAs
with abnormally long chains (C19:1) and phospholipids with various fatty acid combinations
(C14:1, C16:1, C17:1, or C19:1), suggesting accumulation of the acyl-ACP intermediate at the
inhibited Fabl step (98, 151, 157). In the presence of eFAs and AFN-1252, the bacteria indeed
incorporated more eFAs than eFAs alone, but the overall UFA content is lower than when treated
with AFN-1252 only (Figure 2.10). This data indicates S. aureus preferably continued to initiate
new acyl chains, leading to intermediate accumulation, rather than completely favor FASII
bypass with eFA; however, preferred pathways and adaptive mechanisms differ based on
experimental conditions such as fatty acid sources or FASII inhibitor concentrations (98, 100,
151, 158, 159). AFN-1252 has demonstrated promising synergistic effects when combined with
daptomycin by blocking decoy phospholipid release or bacterial growth (101, 159). We speculate
that the increased UFA ratio of S. aureus in the presence of AFN-1252 could also contribute to
enhanced daptomycin activity, as daptomycin targets specific fluid areas of the membrane (121,

128, 160).

To summarize, using comprehensive lipidomics and genetic KOs, this work demonstrated
the importance of various S. aureus lipases in the utilization of host-derived CEs and TGs,
identified a surprising role of HSA as a buffer of eFAs, and revealed an underappreciated
biological consequence of the FASII inhibitor AFN-1252, all of which could lead to new

approaches to enhance S. aureus killing in a host environment.
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2.4. Experimental

2.4.1. Bacterial cultures and growth conditions.

Studies were conducted using the USA300 LAC wild-type (WT) strain of Staphylococcus
aureus, along with isogenic Ageh, Asall, A0641,and AfakA mutants. Each strain was grown in
triplicate in 1 mL of tryptic soy broth (TSB) at 37°C with shaking for 24 hours in Eppendorf
tubes. For human serum treatments, TSB was supplemented with 20% heat-treated pooled
gender human serum (BiolVT; Hicksville, NY). To determine lipase substrate specificity, the
WT, lipase KOs, and Ageh+geh complement strain were grown in the presence of pure
cholesteryl ester and triglyceride lipid standards found in serum, containing the fatty acid mix:
C18:1, C18:2, and C20:4 (Nu-Chek Prep, Inc., Elysian, MN) in ethanol each at 100 uM in TSB.
To determine the effect of albumin on eFA sources, the WT and Afak4 mutant were grown with
fatty acid-containing and fatty acid-free HSA (Sigma-Aldrich, St. Louis, MO) at 10-40 mg/mL in
TSB. To determine the effect of AFN-1252 (MIC 0.002 mg/L) on eFA incorporation and FASII
pathway modifications, the WT was grown in the presence of 0.5 x the MIC of AFN-1252

(MedChemExpress LLC, Monmouth Junction, NJ) at 0.001 mg/L in TSB.

2.4.2. Generation of bacterial mutant strains.

Lipase deletion mutants (Ageh, Asall, AO641) and the Geh complement strain
(Ageh+geh) were generated in a previous study (64). To generate a Afak4 mutant, five hundred-
fifty base pair regions of homology upstream and downstream of the fak4 open reading frame
(SAUSA300 1119) were amplified from WT S. aureus genomic DNA using primer pairs fakA4-

SOE-1 (CCCGGTACCGGTGATTTAAGCGTAAGTCA) and fakA-SOE2

(GGTAGTTTTTTATTTTAAATTTTTCAAGTTGTCCTCCT) or fakA-SOE3
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(AGGAGGACAACTTGAAAAATTTAAAATAAAAAACTACC) and fakA-SOE4
(CCCGAGCTCACCTTTAACAGTTATAGTTTG). The resulting amplicons were used in a
splicing by overlap extension (SOE) PCR along with primer pair fakA-SOE-1 and fakA-SOEA4.
The final amplicon was subcloned into the pIMAY plasmid after digestion with restriction
endonucleases Kpnl and Sacl (161). Allelic replacement was carried out as previously described

(162). This series of knockouts (KOs) target individual lipases or FakA.

2.4.3. Lipidomics analysis.

Cultures were pelleted by centrifugation, washed by resuspension and centrifugation in
phosphate-buffered saline (PBS), and dried in a vacuum concentrator. Total lipids were extracted
by the method of Bligh and Dyer (163). Dried extracts were reconstituted in 2:1 acetonitrile-
methanol. Extracts were analyzed by hydrophilic interaction liquid chromatography (HILIC)
coupled with ion mobility-mass spectrometry (IM-MS). Chromatographic separations were
carried out with a Phenomenex Kinetex HILIC column (50 x 2.1 mm, 1.7 pm) on a Waters
Acquity FTN UPLC (Waters Corp., Milford, MA) (138). The solvent system consists of mobile
phases (A) 95% acetonitrile/5% water with 5 mM ammonium acetate and (B) 50%
acetonitrile/50% water with 5 mM ammonium acetate. A flow rate of 0.5 mL/min was used with
the following linear gradient conditions: 0-0.5 min, 100% A; 2 min, 90% A; 3.5-4 min, 70% A,
and 4.5-6 min, 100% A. Injection volumes were 5 uL for both positive and negative modes. CCS
calibration was created with phosphatidylcholine and phosphatidylethanolamine CCS standards
as previously described (138). IM-MS analysis was performed on a Waters Synapt XS HDMS
(Water Corp., Milford, MA) in both positive and negative ionization modes as described

previously (wave velocity, 500 m/s; wave height, 40 V) (137, 138). Additional targeted MS/MS
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experiments were performed with a collision energy ramp of 30-45 eV to determine FA contents

of selected DGDG (positive mode) and PG (negative mode) lipid species.

2.4.4. Data analysis.

Data alignment and peak detection were performed in Progenesis QI (Nonlinear
Dynamics; Waters Corp., Milford MA) with normalization to all compounds. Retention time
calibration and lipid identification were calculated with the Python package, LiPydomics (164).
Multivariate statistics were created through LiPydomics and ClustVis (164, 165). MS/MS
analysis and identification of the most abundant FAs was performed in Skyline utilizing a

targeted lipid library generated with LipidCreator (166, 167).

2.4.5. Cell membrane fluidity assay.

The WT and AfakA mutant strains were grown to 5 hours and 24 hours in 20 mL of TSB
at 37°C with shaking in Falcon tubes. Each strain was grown in the presence and absence of 20%
human serum (v/v) or the fatty acid mix: oleic acid (18:1), linoleic acid (18:2), and arachidonic
acid (20:4) (Nu-Chek Prep, Inc., Elysian, MN), each at a final concentration of 100 pM. Cultures
were pelleted by centrifugation, washed, and resuspended in normal saline at a McFarland
reading of 0.9. Cell membrane fluidity was measured by polarizing spectrofluorometry using a
BioTek Synergy H1 plate reader (BioTek Instruments, Winooski, VT) with the fluorescent probe,

1,6-diphenyl-1,3,5-hexatriene (DPH).

2.4.6. Growth curves.

Overnight cultures of the WT and AfakA strains were diluted 1:100 in TSB for growth
curve measurements. Cells were added to a Costar 96-well flat-bottom microplate and grown
with the fatty acid mix (18:1, 18:2, 20:4) at 100 uM or a-tocopherol (Sigma-Aldrich, St. Louis,
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MO) at 80 uM. Growth was monitored at 600 nm using a BioTek Synergy H1 plate reader

(BioTek Instruments, Winooski, VT) set at 37°C with continuous, double orbital shaking.

2.4.7. Reactive oxygen species measurements.

The WT and AfakA mutant strain were grown in 7 mL of MHB50 at 37°C with shaking
for 24 hours in Falcon tubes. Both strains were grown in the presence and absence of the fatty
acid mix: oleic acid (18:1), linoleic acid (18:2), and arachidonic acid (20:4) (Nu-Chek Prep, Inc.,
Elysian, MN), each at a final concentration of 100 uM. Cultures were pelleted by centrifugation,
resuspended in 7 mL MHB50 containing the fluorogenic dye, 2°,7’-dichlorodihydrofluorescein
diacetate (H2DCFDA) at a concentration of 10 uM, and incubated for 45 minutes at 37°C
protected from light. Cultures were pelleted by centrifugation, washed with saline, and
resuspended in 7 mL of MHBS50. Cells were added in triplicate to a black Nunc 96-well flat-
bottom microplate in the presence or absence of the fatty acid mix with a final volume of 200
puL. Reactive oxygen species were measured by fluorescence readings (A excitation=485 nm, A

emission=535 nm) using a BioTek Synergy H1 plate reader set at 37°C for 8 hours.
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CHAPTER 3: Tracking the Metabolism of Unsaturated Fatty Acids in S.

aureus Using Online Paterno-Biichi Reactions
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3.1. Introduction

Antimicrobial resistance has become a substantial challenge to modern medicine and
global health, with the gram-positive pathogen Staphylococcus aureus posing one of the most
serious threats (12, 27). As a highly adaptive bacterium, S. aureus can utilize exogenous fatty
acids found in the host environment to promote survival and enhance virulence (46, 61, 65, 74,
168). Lipids, particularly glycerophospholipids, are essential for various biological functions and
cellular processes. Specific compositions of fatty acids and lipid isomers, such as cis/trans
configuration (R versus S), acyl chain position (sn-1, sn-2, and sn-3), and location of carbon-
carbon double bonds (C=C), distinctly affect cellular interactions and physiochemical properties
of cell membranes (169, 170). S. aureus can only synthesize straight-chain or branched-chain
fatty acids via the type II fatty acid synthesis pathway (FASII), but its ability to incorporate host
fatty acids allows bacteria to reduce energy consumption, bypass innate immune responses, and
withstand drug activity (46, 61, 62, 64, 65, 74, 168, 171). Structural and isomeric lipid variations
can also affect the susceptibility of S. aureus to membrane-targeting antimicrobials, highlighting
the importance of elucidating metabolic evolution and lipid modifications in resistant bacteria
(46, 81, 172, 173).

Despite comprehensive studies on the effects of exogenous fatty acids on S. aureus, the
complete molecular composition of the incorporated lipids has yet to be determined. Detailed
lipid characterization could confirm which s position is acylated by exogenous fatty acids,
whether exogenous lipids undergo further elongation via FASII, and derive additional pathway
modifications. While FASII elongation has previously been examined, these studies required
extensive sample preparation, including additional fatty acid extractions after total lipid

extraction and separate fatty acid analysis with gas chromatography (74, 97, 174, 175). Modern
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mass spectrometry (MS) is a driving force for qualitative and quantitative lipidomic analyses;
however, resolving the compositional isomers and distinguishing the C=C location of
unsaturated lipids remains a challenge (169, 170, 176). Several methods have been explored to
increase the structural sensitivity and efficiency of lipid ionization, including ozone-induced
dissociation (OzID), ultraviolet photodissociation (UVPD), electron impact excitation of ions
from organics (EIEIO), and photochemical reactions coupled with tandem MS (MS/MS) (177—
192). One of the most effective photochemical derivatization methods for C=C identification is
the Patern6-Biichi (PB) reaction, a [2+2] cycloaddition in which a photochemically excited
carbonyl-containing compound forms a four-membered oxetane ring with a C=C bond (186,
193—-195). Upon collision-induced dissociation (CID), ring cleavage produces fragment ions
specific to the original double-bond location (Figure 3.1) (179, 181, 186188, 196-198).
Unlike other double-bond assignment methods that require specialized or significantly
modified instruments, the PB reaction method has been successfully integrated into shotgun,
direct analysis, matrix-assisted laser desorption/ionization (MALDI), ion mobility (IM), and
liquid chromatography-mass spectrometry (LC-MS) workflows but relies on identifying
diagnostic fragment ions with very low abundances (184, 186, 188, 189, 196, 197, 199-201).
Acetone was the most commonly used PB reagent in these studies; however, this solvent has
adverse effects on lipid analysis because of its major Norrish type I side reactions that decrease
the PB reaction yield, increase chemical interference, and its low molecular mass of 58 Da leads
to overlap with other products (184, 187, 202). Alternatively, recent screening of various
carbonyl compounds revealed 2-acetylpyridine (2-ACP) to be a better-suited PB reagent for

enhancing reaction yields, increasing the intensity of sn-position diagnostic ions, and simplifying
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Figure 3.1. Schematic of the Patern6-Biichi reaction between the PB reagent, 2-acetylpyridine,
and an unsaturated lipid. (HG) represents an unspecified lipid headgroup. Upon UV excitation,
two possible regioisomers of the strained four-membered rings were produced. Collision-induced
dissociation (CID) yields pairs of diagnostic fragment ions specific to the original C=C location.

53



spectral complexity owing to its molecular mass of 121.14 g mol™!, which eliminates overlapping
PB products (187, 187, 192, 203—-205). The sensitivity of low-intensity diagnostic ions has been
improved through the integration of hydrophilic interaction liquid chromatography (HILIC) and
ion mobility spectrometry. HILIC is an advantageous method for coupling with MS because it
can resolve lipid species on a scale of seconds, based on the polarity of the head groups, acyl
chain length, and degree of unsaturation within the subclass. lon mobility (IM) is an orthogonal
gas-phase separation method that sorts identically charged ions according to their size and shape
(105, 197, 206, 207). HILIC-PB-MS/MS workflows have been developed for complex biological
sample analyses, including comparisons of C=C location isomers for disease phenotyping of
human breast cancer tissues, type 2 diabetes plasma, and human bladder cancer tissues (189, 206,
208). However, these lipid profiling methods use acetone as the PB reagent or conduct PB

derivatization offline prior to analysis.

In this study, we integrated the Paterno-Biichi reaction with our existing HILIC-IM-MS
methods into a single workflow for comprehensive analysis of lipid metabolism in S. aureus at
detailed structural levels. By implementing the PB reaction online and utilizing 2-acetylpyridine
(2-ACP) as the PB reagent, we aimed to overcome the limitations of previous lipid profiling
methods and enhance the efficiency of C=C location determination in bacterial lipids. In our
experimental setup, the PB reagent 2-ACP was injected post-HILIC separation immediately
before ESI, as illustrated in Figure 3.2. This approach maintained the retention times of the lipid
classes and did not require changes in the mobile phase (ACN/H20). Online PB reactions allow
for real-time derivatization of unsaturated lipid species, enabling the simultaneous
characterization of the incorporation and modification of exogenous lipids in S. aureus. Analysis

of the bacterial lipidome using HILIC-PB-MS/MS provided significant insights into the
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utilization of host fatty acids, confirming that S. aureus elongates fatty acids from the carboxylic
acid end. Additionally, integrated HILIC and IM techniques increased the sensitivity and
precision of the identification of lipid structural features. Our findings demonstrate the potential
of the online PB reaction in conjunction with advanced MS techniques to enhance the
understanding of microbial lipid metabolism, particularly in the context of host-pathogen
interactions and antimicrobial resistance. By refining methodologies for detailed lipid analysis
and leveraging the capabilities of mass spectrometry, we are advancing toward a comprehensive
elucidation of lipid metabolism in microbial systems. This progress has significant implications
for the development of targeted antimicrobial strategies and effective countermeasures against

bacterial resistance.
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Figure 3.2. Schematic of the online HILIC-PB-MS/MS setup, including photos of the 3-D
printed flow microreactor. This setup was adapted from Yang, X.; Xia, Y. Mapping Complex
Disulfide Bonds via Implementing Photochemical Reduction Online with Liquid
Chromatography—Mass Spectrometry. J. Am. Soc. Mass Spectrom. 2021, 32 (1), 307-314.
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3.2. Results and Discussion

3.2.1. Comprehensive structural elucidation of lipids by HILIC-PB-MS/MS

Glycerophospholipids are divided into distinct subclasses based on the polarity of their
different headgroups, which affect the ionization efficiency of lipids in positive and negative ESI
modes (207, 209). Although intact phosphatidylglycerols (PGs) and fatty acids (FAs) are
preferentially analyzed in negative ESI mode, using the nitrogen-containing reagent 2-
acetylpyridine for charge-tagging and PB derivatization has been shown to significantly improve
signal abundance and sensitivity in positive mode for nonpolar lipids, presumably because of the
higher proton affinity of the pyridine moiety (192, 204, 205, 207, 209-212). Therefore, positive
ESI mode was used for subsequent online PB experiments.

Performance of the 3D-printed flow microreactor and PB reaction time were first
evaluated using the model lipid PC 16:0/18:1(A9) (Figure 3.3). MS/MS spectra were first
acquired with the UV lamp off, and then upon UV irradiation, successful derivatization was
noted by the appearance of a peak at m/z 881.6, a signature 121-Da increase from the
underivatized lipid (m/z 760.5), due to the addition of 2-ACP. Reaction product yields of 20-30%
were achieved under optimized conditions with a flow rate of 200 pL/min and a reaction time of
30 s. As expected, chromatographic peak broadening occurred because of the slower flow rate;
however, good separation of phospholipid classes was still obtained, as demonstrated with a
standard mixture containing phosphatidylcholine (PC), phosphatidylethanolamine (PE), and
phosphatidylglycerol (PG) lipids (Figure 3.4).

Further method validation was performed by MS/MS experiments targeting the
protonated PB reaction products of the monounsaturated lipid standards PC 16:0/18:1, PG

16:0/18:1, PE 16:0/18:1, and PE 18:0/18:1. Fragmentation ion structures and their subsequent
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Figure 3.3. Mass spectrum of PC 16:0/18:1(A9) without 254 illumination and PB-MS spectrum
of PC 16:0/18:1(A9) after 30 s of 254 nm illumination. PB derivatization by 2-ACP was

indicated by the [PB+H]" peak at m/z 881, a signature 121-Da increase from the underivatized
[M+H]" signal at m/z 760.
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Figure 3.4. Extracted chromatograms of PB derivatized lipid standard mix: PG 16:0/18:1, PE

16:0/18:1, PE 18:0/18:1, and PC 16:0/18:1. PB reaction products were detected in positive
ionization mode as [PB+H]+ adducts.

59



notations are depicted in Figure 3.5, with an example of PB-derivatized PG 16:0/18:1(A9). Upon
CID, all lipid spectra displayed a subclass-specific headgroup-loss fragment ion ([PB-HG]")
(Figure 3.6). Fully intact or [PB-HG] " -derivatized lipids were expected to have C=C diagnostic
fragment ion pairs 89-Da apart, indicating the formation of an olefin (*"Fo) and aldehyde (*"Fa)
adduct at the cleavage site. For 16:0/18:1 lipids, m/z 556 (*°Fo) and 467 (*°Fa) revealed the C=C
location at the A9 position, whereas the 18:0/18:1 containing lipid displayed a fragment pair at
m/z 584 (*°Fo) and 495 (*°Fa) (188). Interestingly, the relative abundance of olefin fragment ions
(“"Fo) was consistently higher than that of the corresponding aldehyde fragment ions (*"F4). This
displays a different pattern than the PB-MS/MS methods that use acetone or 2°,4°,6’-
trifluoroacetophenone, as the C=C diagnostic fragments are expected to have similar ion signal
intensities. However, this is not entirely unexpected; as opposed to the use of more neutral PB
reagents, olefin fragment ions from 2-ACP contain a charged pyridine functional group (187,

212).

Fatty acyl-specific diagnostic ions were also observed from the cleavage of the two
isomeric oxetanes, denoted as a- and w-ions, based on the orientation of the pyridine moiety
relative to the carboxylic acid (Figure 3.5). The formation of the photoproduct of oleic acid with
2-ACP ([BC18:1]") was confirmed by signals at m/z 404 and 386 ([P®C18:1-H,0]"). Derivatized
fatty acids of C18 yield a A9 specific a-ion at m/z 262 and ®-ion at m/z 232 (192). We again
noted a difference in the relative abundance between this fragment pair, as w-ions were
consistently higher than a-ions, which may indicate preferential orientation of 2-ACP during the
PB reaction (192). This phenomenon may also be correlated to preferential ionization, as the ®-

ion is an olefin fragment containing the alkyl chain cleaved from the Fa ion.
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Figure 3.5. Fragmentation schematic for 2-ACP derivatized PG 16:0/18:1(A9) Top Pair:
diagnostic C=C fragment ion structures of the intact lipid upon dissociation, where "®F¢ and
PBF, indicate the presence of an olefin or aldehyde at the cleavage site. Middle Pair: Fo and Fa
indicate the presence of an olefin or aldehyde, respectively, at the cleavage site after headgroup
loss. Bottom Pair: Fatty acid P2C18:1 C=C specific o- and w-fragment ions indicate the
orientation of the pyridine moiety from the cleavage of the two isomeric oxetanes.
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Figure 3.6. PB MS/MS spectra resulting from the PB reaction between 2-acetylpyridine and
monounsaturated lipid standards. A, B, C) Each 16:0/18:1 spectrum is labeled with the
derivatized lipid, [PB+H]"; fragment corresponding to the loss of headgroup, [PB-HG]", (m/z
698); product ions at m/z 556 and 467, which were C=C specific diagnostic ions due to oxetane
cleavage, indicating C=C at A9 (labeled in red); and functionalized oleic acid a- and ®- fragment
ions at m/z 262 and 232 (labeled in pink). D) PB MS/MS spectrum of PE 18:0/18:1(A9).
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3.2.2. Application of Online HILIC-PB-MS/MS to Bacterial Lipidome Analysis

To demonstrate the applicability of our online HILIC-PB-MS/MS method for the analysis
of lipid isomers in the bacterial lipidome, we elucidated the modifications made by S. aureus to
the C=C locations of the utilized exogenous FAs. S. aureus only synthesizes saturated fatty acids
via FASII but can utilize host-derived fatty acids, including unsaturated fatty acids. In a recent
study, we found that S. aureus displayed evidence of elongation of exogenous fatty acids C18:1
to C20:1, C18:2 to C20:2, and C20:4 to C22:4 when grown in the presence of human serum,
cholesteryl esters, or triglycerides (213). Elongation of host-derived fatty acids has been
observed in a multitude of studies on S. aureus; however, the exact mechanism behind eFA
elongation has not yet been elucidated, and previous fatty acid composition analyses were
reported on a gas chromatograph using fatty acid methyl esters prepared from extracted lipids

with hydrolysis followed by methylation (168, 46, 74, 97, 102, 174).

In this study, we tracked the location of the modified C=C in PG lipids, which are the
most abundant phospholipids in S. aureus. The wild-type (WT) strain was grown with oleic
(C18:1), linoleic (C18:2), or arachidonic acid (C20:4) under separate conditions to avoid
potential misidentification of source lipids. As polyunsaturated fatty acids can inhibit growth and
inflict damage on S. aureus upon incorporation, bacterial growth was monitored to ensure that all
conditions reached the stationary phase before the cultures were extracted for analysis (Figure
3.7). The total fatty acyl chain composition and degree of unsaturation of PG lipids containing
total carbons C33-35 were identified using our HILIC-IM-MS and MS/MS methods prior to

employing the online PB reaction (Figure 3.8).

Results of the targeted fragmentation of the PB reaction products of PG 33:1 and PG 35:1

are displayed in Figure 3.9. For PG 33:1, C=C fragment ions were observed at m/z 542 (Fo) and
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453 (Fa), indicating C=C at A9 position. These ions are not fatty acyl-specific, as they only
suggest the presence of A9 C=C originating from the terminal methyl group. However, a
significant peak at m/z 386 confirmed the presence of PB-reacted C18:1, whereas the a-ion at
m/z 262 (-H20, m/z 244) and w-ion at m/z 232 validated C18:1(A9). For PG 35:1, C=C
diagnostic ions were observed at m/z 570 (Fo) and 481 (Fa), with mass differences of +28 Da
compared with PG 33:1 fragment ions, indicating C=C at the A9 position from the methyl end.
Fatty acyl composition was determined to be15:0/20:1, as indicated by the MS/MS spectrum
collected in negative mode prior to the PB reaction (Figure 3.9 B) and by the peaks at m/z 299
(C15:0) and m/z 414 (PB-derivatized C20:1). The a- and w-ions observed at m/z 272 and 232,
respectively, confirmed that the C=C location was C20:1(A11). This shift indicated that S. aureus

elongated C18:1(A9) by two carbons at the carboxylic end of the fatty acid to C20:1(A11).

Polyunsaturated fatty acids incorporated into the PG lipids of WT strains grown in the
presence of 18:2 and 20:4 were also investigated. When grown with linoleic acid, S. aureus
incorporated C18:2 into PG 33:2, with C=C located at A9 and A12 (Figure 3.10 C), and
elongated the exogenous fatty acid to C20:2(A11, A14) for PG 35:2 (Figure 3.10 D). In the
presence of arachidonic acid, C=C diagnostic ions were observed but at much lower levels than
those of oleic and linoleic acids (Figure 3.11). This is in accordance with previous Paternd-
Biichi studies of 2-acetylpyridine with C20:4, which showed a higher PB reactivity of
polyunsaturated FAs compared to monounsaturated FAs, leading to multiple attachments of PB
reagents to arachidonic acid, and the reactivity of double bonds depends on the distance between

carboxylic acid and double bonds (192).

Our findings indicated that S. aureus modifies the C=C locations of these exogenous FAs,

enhancing its ability to adapt to and utilize host-derived lipids. By revealing the exact positions
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Figure 3.7. Growth curves of S. aureus WT (USA300 LAC) strain grown in the presence or
absence of 100 uM oleic acid (18:1), linoleic acid (18:2), or arachidonic acid (20:4).
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Figure 3.8. Heatmap depicting the relative abundance of PG lipids (33-35) in the S. aureus WT
(USA300 LAC) strain grown in the presence or absence of 100 uM oleic (18:1), linoleic (18:2),

or arachidonic (20:4) acid. Strains were grown in triplicate. Results are row centered and scaled
by unit variance scaling.
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Figure 3.9. Spectra of PG 33:1 and PG 35:1 from S. aureus WT strain grown in the presence of
oleic acid (18:1). A and B) MS/MS spectra collected in negative ionization mode without the PB
setup to determine the PG fatty acyl composition. C) PB-MS/MS of PG 33:1, [PB + H]", at m/z
856. Product ions at m/z 542 and 453 were specific for C=C at A9 in PG 15:0/18:1. Diagnostic a-
and o-fragment ions for C18:1(A9) were identified at m/z 262 (-H20, m/z 244) and 232,
respectively. D) PB-MS/MS of PG 35:1, [PB + H]" at m/z 884. The product ions at m/z 570 and
481 were specific for C=C at A1l in PG 15:0/20:1. The derivatized C20:1 fatty acid was

confirmed at m/z 414, and diagnostic a- and - fragment ions for C20:1(A11) were identified at
m/z 272 and 232.
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453 (Fa), indicating C=C at A9 position. These ions are not fatty acyl-specific, as they only
suggest the presence of A9 C=C originating from the terminal methyl group. However, a
significant peak at m/z 386 confirmed the presence of PB-reacted C18:1, whereas the a-ion at
m/z 262 (-H20, m/z 244) and w-ion at m/z 232 validated C18:1(A9). For PG 35:1, C=C
diagnostic ions were observed at m/z 570 (Fo) and 481 (Fa), with mass differences of +28 Da
compared with PG 33:1 fragment ions, indicating C=C at the A9 position from the methyl end.
Fatty acyl composition was determined to be15:0/20:1, as indicated by the MS/MS spectrum
collected in negative mode prior to the PB reaction (Figure 3.9 B) and by the peaks at m/z 299
(C15:0) and m/z 414 (PB-derivatized C20:1). The a- and w-ions observed at m/z 272 and 232,
respectively, confirmed that the C=C location was C20:1(A11). This shift indicated that S. aureus

elongated C18:1(A9) by two carbons at the carboxylic end of the fatty acid to C20:1(A11).

Polyunsaturated fatty acids incorporated into the PG lipids of WT strains grown in the
presence of 18:2 and 20:4 were also investigated. When grown with linoleic acid, S. aureus
incorporated C18:2 into PG 33:2, with C=C located at A9 and A12 (Figure 3.10 C), and
elongated the exogenous fatty acid to C20:2(A11, A14) for PG 35:2 (Figure 3.10 D). In the
presence of arachidonic acid, C=C diagnostic ions were observed but at much lower levels than
those of oleic and linoleic acids (Figure 3.11). This is in accordance with previous Paternd-
Biichi studies of 2-acetylpyridine with C20:4, which showed a higher PB reactivity of
polyunsaturated FAs compared to monounsaturated FAs, leading to multiple attachments of PB
reagents to arachidonic acid, and the reactivity of double bonds depends on the distance between

carboxylic acid and double bonds (192).

Our findings indicated that S. aureus modifies the C=C locations of these exogenous FAs,

enhancing its ability to adapt to and utilize host-derived lipids. By revealing the exact positions
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Figure 3.10. Spectra of PG 33:2 and PG 35:2 from the S. aureus WT strain grown in the
presence of linoleic acid (18:2). A and B) MS/MS spectra collected in negative ionization mode
without the PB setup to determine the PG fatty acyl composition. C) PB-MS/MS of PG 33:2,
[PB + H]+ at m/z 854. The fragment ion pairs at m/z 542 and 453 were specific for C=C at A9 in
C18:2, confirmed by diagnostic a- and o-fragment ions at m/z 262 (-H>O, m/z 244) and 232,
respectively, and the fragment ion pairs at m/z 582 and 493 were specific for C=C at A12 in
C18:2, confirmed by additional diagnostic a- and ®-fragment ions at m/z 302 (-H20, m/z 284)
and 190. D) PB-MS/MS of PG 35:2, [PB + H]" at m/z 882. Product ions at m/z 570 and 481
were specific for C=C A1l in C20:2, confirmed by diagnostic a- and o-fragment ions at m/z 272
and 230, respectively, and the fragment ion pairs at m/z 610 and 521 were specific for C=C at
A14 in C20:2, confirmed by additional diagnostic a- and o-fragment ions at m/z 312 and 190.
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Figure 3.11. Spectra of PG 35:4 from the S. aureus WT strain grown in the presence of
arachidonic acid (20:4). A) MS/MS spectra were collected in negative ionization mode without
the PB setup to determine the PG fatty acyl composition. B) PB-MS/MS of PG 35:4, [PB + H]+
at m/z 878. The location of C = C in C20:4 was determined from the Fo peaks at m/z 606
(A14Fo), 566 (A11Fo), 526 (A8F0), and 486 (AS5Fo). Fragments specific for m-ions were
identified at m/z 310 (ASw), 270 (A8w), 230 (Allw), and 190 (Al4w).
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of C=C in the elongated fatty acids, our method provides critical insights into the metabolic
adaptations of S. aureus. Detailed structural elucidation is crucial for understanding bacterial
lipid metabolism, and could have significant implications for developing strategies to counteract

bacterial infections.

3.2.3. lon Mobility Trends of Paterno-Biichi Derivatized Lipids

We aimed to increase the sensitivity and specificity of our C=C location determination
method by utilizing ion mobility to obtain collision-cross-section (CCS) values, enabling higher
validation of lipid feature identification (197, 212, 214-216). Previous studies have shown that
derivatization can alter the ionization properties and mobility of lipids, resulting in improved
separation and structural differentiation (179, 197). Our analysis of phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) lipid standards (Table 3.1) using IM-MS revealed significant
differences between underivatized and 2-ACP derivatized lipids (Figure 3.13). The consistent
increase in CCS values for 2-ACP derivatized lipids, compared to their underivatized
counterparts, indicated a more significant molecular size and reduced mobility (Figure 3.14).
This shift in drift time reflects the 121-Da mass increase and structural modifications introduced
by the 2-ACP derivatization process. Enhanced resolution and separation of lipid species were
clearly observed in the IM-MS plots, which is particularly beneficial for distinguishing between

the isomeric forms.

The dimensionless compaction factor ([C]) was calculated to describe the relative change

in ion mobility when lipids were derivatized with 2-ACP using the following equation:

2/3
(CCSunderivatized) = Cx* (massunderivatized) /
CCS gerivatized Mmass derivatized
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Table 3.1. PC and PE lipid standards used in the HILIC-PB-MS/MS experiments.

Retention Calibrated

Lipid Adduct m/z Time rRT  CCS(A?)
PC 10:0/10:0  [+H]" 566.4 10.3 7.0 245 .4
PC 12:0112:0  [+H]" 622.4 10.3 6.9 258.4
PC 14:014:0  [+H]" 678.5 10.2 6.7 270.4
PC 16:016:0  [+H]" 734.6 10.2 6.7 2825
PC 16:0/18:2  [+H]’ 758.6 10.2 6.7 284.5
PC 16:018:1  [+H]" 760.6 10.2 6.7 2815
PC 18:118:1  [+H]" 786.6 10.2 6.7 288.6
PC 18:0/18:0  [+H]" 790.6 10.2 6.7 2945
PC 18:0/20:4  [+H] 810.6 10.2 6.7 291.1
PC 20:0/20:0  [+H]" 846.7 10.2 6.7 306.4
PE 10:0110:0  [+H]’ 524.3 8.6 5.8 233.0
PE 12:0112:0  [+H]’ 580.4 8.7 5.8 246.7
PE 14:0114:0  [+H]’ 636.5 8.5 5.7 259.2
PE 16:1/16:1  [+H]’ 688.5 8.2 55 263.5
PE 16:0116:0  [+H]’ 692.5 8.4 5.7 2715
PE 16:0118:1  [+H] 718.5 8.0 5.4 2741
PE 18:1/18:1  [+H]’ 744.6 8.1 55 276.5
PE 18:0118:1  [+H]’ 746.6 8.1 55 279.0
PE 18:0118:0  [+H]’ 748.6 8.2 55 282.7
PE 20:4/20:4  [+H]’ 788.5 7.8 5.3 277.4
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Figure 3.13. IM-MS plots of PC lipid and PE lipid standards. Saturated lipids (squares) were
used to generate calibration curves. Underivatized lipids (circles) are unsaturated lipids and 2-
ACP derivatized lipids (triangles) are their corresponding PB-reacted products. PE 20:4/20:4 was
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standards.
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Figure 3.14. IM-MS plots of underivatized (circles) and 2-ACP derivatized (triangles) PC and
PE lipids. Unsaturated lipid standards are shown in Table 1. PE 20:4/20:4 was excluded from this
graph because the number of double bonds present was >4x other PE standards.
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A compaction factor greater than 1 indicates that the derivatized lipid is more compact than the
underivatized lipid, whereas a factor less than 1 indicates a less compact PB-derivatized lipid
(62, 63). Consistent compaction factors across different lipid classes suggest a predictable impact
of 2-ACP derivatization (Table 3.2). For both PC and PE lipids, compaction factors greater than
1 indicated that derivatization led to a more compact molecular conformation despite the
increase in mass. This paradoxical effect occurs because the addition of the 2-ACP moiety causes
the lipid molecule to adopt a more folded or compact conformation, reducing the overall volume
occupied by the lipid molecule, and thus lowering its CCS trendline along with other PB
products, despite the increased mass. Overall trends of CCS values of these lipid standards
indicated that 2-ACP derivatization consistently increased the drift times of lipids, enhancing
their separation in IM-MS. This improvement provides better resolution and structural
differentiation of lipid species, facilitating more accurate lipidomic analysis.

Detailed isomer differentiation was achieved by identifying specific diagnostic ions,
enabling the pinpointing of multiple double-bond positions within lipid molecules. Various C=C
positions were detected in the PC (Figures 3.15 and 3.16) and PE (Figures 3.17 and 3.18) lipid
standards containing 1-8 double bonds. This advanced structural elucidation of lipids with
multiple unsaturations is vital for understanding the complexity of lipid compositions and their
functional roles in biological systems. S. aureus samples and PG lipids from PB-MS/MS
experiments were further analyzed by post-mobility fragmentation, where C=C diagnostic
fragment ions were observed (Figures 3.19 and 3.20). While MS/MS spectra without ion
mobility tended to exhibit pronounced water loss fragments (-H20), these adducts were notably
absent or much less abundant in the spectra where ion mobility was employed. Post-mobility

fragmentation also yielded an increase in PB products with intact lipid backbones, such as the
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Table 3.2. Compaction factors of 2-ACP derivatized PC and PE lipid standards.

Underivatized Lipid  Derivatized Lipid Compaction Factor[C]

PC 16:0/18:2 (2-ACP) PC 16:0/18:2 1.04
PC 16:0/18:1 (2-ACP) PC 16:0/18:1 1.03
PC 18:1/18:1 (2-ACP)PC 18:1/18:1 1.03
PC 18:0/20:4 (2-ACP) PC 18:0/20:4 1.02
PE16:1/16:1 (2-ACP) PE 16:1/16:1 1.03
PE 16:0/18:1 (2-ACP) PE 16:0/18:1 1.04
PE 18:1/18:1 (2-ACP) PE 18:1/18:1 1.04
PE 18:0/18:1 (2-ACP) PE 18:0/18:1 1.04
PE 20:4/20:4 (2-ACP) PE 20:4/20:4 1.03
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Figure 3.15. Extracted chromatograms and mass spectra of PC lipid standards A and C)
underivatized and B,D) derivatized with 2-ACP. The peaks labeled in purple indicate the
underivatized lipids, and the peaks labeled in red are their corresponding PB products, with a
121-Da mass increase. PC lipids 16:0/18:2 (m/z 758 - 879), 16:0/18:1 (m/z 760 > 881),
18:1/18:1 (m/z 786 = 907), and 18:0/20:4 (m/z 758 = 931) are represented.
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Figure 3.16. IM-MS/MS analysis of PB-derivatized PC lipid standards. The spectra highlight the
fragmentation patterns and diagnostic ions resulting from the PB derivatization of various PC
lipids. A) IM-MS/MS of PC 16:0/18:2 showing diagnostic ions at m/z 779 (A9Fo) and 739
(A9Fa) and m/z 690 (A12Fo) and 650 (A12F4). B) IM-MS/MS of PC 16:0/18:1 displaying
diagnostic ions at m/z 739 (A9Fo) and 650 (A9F ). C) IM-MS/MS of PC 18:1/18:1, with
highlighted diagnostic ions at m/z 765 (A9Fo) and 676 (A9F4). D) IM-MS/MS of PC 18:0/20:4
highlighting olefin diagnostic ions at m/z 831 (A14Fo), 791 (A11Fo), 751 (A8Fo), and 711
(A5F0), and the corresponding aldehyde-containing ions at m/z 742 (A14F4), 702 (A11F4), 662
(A8FA), and 622 (ASFa).

79



A) PE Lipid Standard Mix B) PBPE Lipid Standard Mix
201 — P 16:1/16:1 81 — *epE 16:1/16:1
— — PE 16:0/18:1 — — PBPE 16:0/18:1
9 154 — PE 18:1/18:1 S 61 — PBpE18:1/18:1
% — PE18:0/18:1 i, PEPE 18:0/18:1
é 10 — PE20:4/20:4 % 44 — PPPE20:4/20:4
o ©
C c
2 2
< 54 2 2
O T T 1 G T T 1
0 5 10 15 0 5 10 15
Time (min) Time (min)
C) PE Lipid Standard Mix D) PBPE Lipid Standard Mix
101 - 10-
546.3 ;ﬁg-g
gé\ 81 0885 g 81 546.3 746.6
X % g
p 6— 718.5 p 6— 688.5
LC> 580.4 g 5804 718.5
g 4 636.5 7885 g 4 636.5
g p92.5 S 692/5
o o 809.5
< 24 l M < 2- h M 788.5 \ ggg:g
839.6 909.6
OMJ‘LJ Idl LLJI A I\h ' . C"l wll ‘mul k.&l kl l i |l
500 600 700 800 900 1000 500 600 700 800 900 1000
m/z m/z

Figure 3.17. Extracted chromatograms and mass spectra of PE lipid standards A and C)
underivatized and B,D) derivatized with 2-ACP. Peaks labeled in blue indicate underivatized
lipids, and the peaks labeled in red are their corresponding PB products, with a 121-Da mass
increase. PE lipids 16:1/16:1 (m/z 688 = 809), 16:0/18:1 (m/z 718 - 839), 18:1/18:1 (m/z 744
- 865), 18:0/18:1 (m/z 746 > 867) and 20:4/20:4 (m/z 788 = 909) are represented.
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Figure 3.18. IM-MS/MS analysis of PB-derivatized PE lipid standards. The spectra highlight the
fragmentation patterns and diagnostic ions resulting from PB derivatization of various PE lipids.
A) IM-MS/MS of PE 16:1/16:1 showing diagnostic ion pairs at m/z 695 and 606 (A9) and m/z
554 and 465 (A9). B) IM-MS/MS of PE 16:0/18:1 showing diagnostic ion pairs at m/z 697 and
608 (A9) and m/z 556 and 467 (A9). C) IM-MS/MS of PE 18:1/18:1 showing diagnostic ion pairs
at m/z 723 and 634 (A9) and m/z 582 and 493 (A9). D) IM-MS/MS of PE 18:0/18:1 showing
diagnostic ion pairs at m/z 725 and 636 (A9) and m/z 584 and 495 (A9). E) IM-MS/MS of PE
20:4/20:4 showing diagnostic ion pairs at m/z 729 and 640 (A5), m/z 588 and 499 (AS), m/z 689

and 600 (A8), m/z 548 and 459 (A8), m/z 769 and 680 (A11), m/z 628 and 539 (A11), m/z 809 and
720 (A14), and m/z 668 and 579 (A14).
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Figure 3.19. PB IM-MS/MS spectra resulting from the PB reaction between 2-acetylpyridine
and the PG 16:0/18:1 standard. The highlighted peaks correspond to the derivatized lipid,
[PB+H]" at m/z 870; loss of headgroup, [PB-HG]" at m/z 698; C=C specific diagnostic ions for
A9 at m/z 556 and 467; loss of a-fragment at m/z 728; and w-fragment at m/z 232.
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Figure 3.20. PB derivatized spectra of PG 33:1 and PG 35:1 from S. aureus WT strain grown in
the presence of oleic acid (18:1). A) PB IM-MS/MS of PG 33:1, [PB + H]" at m/z 856. Product
ions at m/z 542 and 453 were specific for C=C at A9 in PG 15:0/18:1. The diagnostic o-fragment
ion for C18:1(A9) was identified as m/z 232. B) PB IM-MS/MS of PG 35:1, [PB + H]" at m/z
884. The product ions at m/z 570 and 481 were specific for C=C at A1l in PG 15:0/20:1. The

derivatized C20:1 fatty acid was confirmed at m/z 414, and the diagnostic ®-fragment ion for
C20:1(A11) was identified at m/z 232.
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peak at m/z 728 in PG 16:0/18:1 (Figure 3.19). This identified additional diagnostic ions that
could be used to confirm the location of C = C in the lipids and potentially provide more detailed
information on the derivatization process with 2-ACP. Online Paterno-Biichi reactions using 2-
acetylpyridine in conjunction with IM-MS significantly improved analytical capabilities for

studying lipid metabolism and structural diversity.

3.3. Conclusions

In tracking the metabolism of unsaturated fatty acids in Staphylococcus aureus, online
Paterno-Biichi reactions present a promising avenue for streamlined analysis of the incorporation
and modification of exogenous lipids. By integrating the PB reaction with HILIC-IM-MS and
utilizing 2-acetylpyridine as the PB reagent, we overcame the limitations of previous lipid
profiling methods and enhanced the efficiency of C=C location determination in bacterial lipids.
Our experimental setup allowed for real-time derivatization of unsaturated lipid species, enabling
simultaneous characterization of the incorporation and modification of exogenous lipids in S.

aureus.

As ongoing research continues to refine lipid analysis methodologies and enhance the
capabilities of mass spectrometry, the potential for comprehensive elucidation of lipid
metabolism in S. aureus and other microbial systems is becoming increasingly attainable.
Leveraging the PB reaction in conjunction with advanced HILIC and IM-MS techniques
provides the ability to gain further insights into the specific isomeric and positional details of
unsaturated fatty acids within the bacterial lipidome. This progress has significant implications
for the development of targeted antimicrobial strategies and deciphering the mechanisms

underlying microbial resistance to host immune responses and therapeutic interventions.
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3.4. Experimental

3.4.1. Materials and Chemicals

Phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylglycerol
(PG) standards were acquired from Avanti Polar Lipids (Alabaster, AL). Lipid standard solutions
(5 uM) were prepared in 2:1 acetonitrile/methanol (ACN/MeOH) for analysis. 2-acetylpyridine
(2-ACP) was purchased from Sigma Aldrich. The PB reagent solution was prepared using 20
mM 2-ACP in ACN and purged with nitrogen gas for 5 min immediately before use. Optima
LC/MS grade acetonitrile (ACN), methanol (MeOH), water, and ammonium acetate were
purchased from Fisher Scientific (Pittsburgh, PA). Fatty acids used in the bacterial growth
experiments, oleic acid (C18:1), linoleic acid (C18:2), and arachidonic acid (C20:4), were

purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA).

3.4.2. Bacterial Cultures and Growth Conditions

Staphylococcus aureus USA300 LAC wild-type strain was grown in tryptic soy broth or
on tryptic soy agar (TSA). Liquid cultures were prepared in 5 mL TSB in Falcon Tubes by
suspending a single colony from TSA plates and incubating overnight at 37°C with shaking.
Bacteria were subsequently diluted 1:100 in 5 mL of fresh TSB and grown in triplicate for 24 h
with or without the addition of 100 uM oleic, linoleic, or arachidonic acid. Cultures were
pelleted by centrifugation, washed by resuspension and centrifugation in phosphate-buffered
saline, and total lipids were extracted using the method described by Bligh and Dyer (163).
Extracts were dried in a vacuum concentrator and reconstituted in 2:1 acetonitrile-methanol for

analysis.
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For growth curve measurements, the bacterial cultures were diluted 1:100 in TSB and
added to a Costar 96-well flat-bottom microplate. Growth was monitored at 600 nM using a
BioTek Synergy H1 plate reader (BioTek Instruments) at 37°C with continuous double orbital

shaking.

3.4.3. Online Paterno-Biichi Reaction

All chromatographic separations were carried out with a Phenomenex Kinetex HILIC
column (50 x 2.1 mm, 1.7 pm) on a Waters Acquity FTN UPLC (Waters Corp., Milford, MA)
(51). The solvent system consisted of the following mobile phases: A) 95% acetonitrile/5% water
with 5 mM ammonium acetate, and B) 50% acetonitrile/50% water with 5 mM ammonium
acetate. A constant flow rate of 200 uL/min was maintained throughout the 15-minute run time
using the following linear gradient: 0-1.25 min, 100% A; 5 min, 90% A; 8.75 min; 70% A; and

11.25-15 min, 100% A. An injection volume of 5 pL was used in this study.

Similar to the design and setup of Yang et al. and Zhang et al., a flow microreactor was
installed after HILIC separation before ESI, while the PB reagent solution (20 mM 2-ACP in
ACN) was teed-in to the LC eluent at a flow rate of 5 uL/min using a 500 pL Hamilton syringe
and Fisher Scientific syringe pump (189, 217). The reactor was designed using Tinkercad and 3D
printed on a Creality CR-10 Series 3D printer (Shenzhen Creality 3D Technology Co., LTD.).
BGB Analytik UV-transmitting FEP tubing (1/16” OD x 0.75 mm ID) was coiled around a BHK
low-pressure mercury lamp (185/254 nm) for a reaction time of ~ 30 s (217, 218). After

irradiation, the lipid solution was infused into the ESI source of the mass spectrometer.
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3.4.4. Mass Spectrometry Analysis

All MS and MS/MS data were collected in positive or negative ionization mode on a
Waters Synapt XS traveling-wave ion mobility-mass spectrometer (Water Corp.) with the
following instrument parameters: capillary voltage, 2.5-3.0 kV; source temperature, 150°C;
sampling cone, 100 V; source offset, 4 V; desolvation temperature, 250°C; cone gas flow, 10
L/hr; desolvation gas flow, 500 L/hr. Mass calibration and data acquisition were performed in
resolution mode, as previously described (137, 207). Targeted MS/MS experiments were
performed with a 0.5 s scan time over the range of 50-1200 m/z and quadrupole resolution of
15.0 (a.u.). Collision-induced dissociation was applied to the transfer region, with a collision
energy ramp of 25-40 eV. To calculate the TWIM drift times into CCS values, drift times for the
PC and PE standards were manually extracted from their respective mobiligrams in the arrival
time distribution function of MassLynx, and correction calibration calculations were performed

using custom Python scripts, as previously described (219).
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CHAPTER 4: Summary and Future Directions
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Staphylococcus aureus is an insidious pathogen that significantly contributes to the
pandemic of antibiotic resistance and is increasingly threatening global healthcare systems. This
dissertation expands our understanding of the adaptive metabolic strategies through which S.
aureus exploits host-derived fatty acids for survival and virulence. Chapter 2 explored the
incorporation of host-derived eFAs, particularly unsaturated fatty acids, by S. aureus and their
subsequent impact on bacterial membrane fluidity and antimicrobial susceptibility. We identified
glycerol ester hydrolase (Geh) as the primary lipase that hydrolyzes cholesteryl esters,
highlighting its pivotal role in the pathogen’s eFA acquisition mechanism and offering a
potential therapeutic target to disrupt the adaptability of S. aureus in host environments.
Furthermore, interactions between S. aureus and human serum albumin (HSA) revealed a
sophisticated regulatory mechanism: at lower concentrations, HSA serves as a source and
enhances fatty acid availability to support bacterial growth, whereas at higher concentrations, it
restricts access and potentially inhibits bacterial proliferation. We also demonstrated the potential
of the FASII pathway inhibitor AFN-1252 to alter the bacterial lipid profile, suggesting a novel
approach to undermine bacterial resistance through metabolic interference. Notably, the ability
of AFN-1252 to enhance UFA content, even in the absence of exogenous lipids, suggests that
modulation of membrane properties is part of its mechanism of action. These findings advocate
further exploration of metabolic inhibitors as adjunctive therapies to counteract S. aureus
adaptation to the host environment. Chapter 3 integrates online Paterno-Bichi reactions with
HILIC-IM-MS methods to locate carbon-carbon double bonds (C=C) in unsaturated lipid
species. This chapter describes the simultaneous characterization of the incorporation and
modification of exogenous lipids in S. aureus. Understanding the isomeric and positional details

of the fatty acids and lipids used by bacteria is essential for deciphering S. aureus adaptations
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within the host environment and the underlying evolutionary mechanisms of antimicrobial

resistance.

Further investigation of the findings of this study is warranted. Increased levels of
saturated lipid species were observed in the Ageh strain grown in the presence of human serum
or triglycerides (Chapter 2, Figures 2.2—2.5). This increase was attributed to the upregulation
of de novo fatty acid synthesis in the lipase knockout. Given the emerging interest in the role of
Geh as a key player in lipid metabolism and its potential impact on pathogenicity, future studies
should focus on elucidating its precise function and mechanism. It may be beneficial to
investigate whether the increase in saturated lipids under these conditions is due to endogenous
biosynthesis, or whether S. aureus incorporates more host-derived saturated fatty acids without
Geh.

Lipid analysis of S. aureus grown with AFN-1252 (Chapter 2, Figures 2.12, 2.13, and
2.15) revealed an unusual fatty acid composition. This possible modulation of membrane
properties as part of AFN-1252’s mechanism of action would be intriguing to investigate.
Although not presented in Chapter 3, we subjected AFN-1252 treated samples to the PB reaction
(Figure 4.1). We indeed observed the molecular ion of [PB+H]*; however, the PB-MS/MS
spectra did not display the expected fragmentation pattern. This further suggests that double-
bond positions influence this pattern and that AFN-1252 modifies endogenous fatty acids.
Unpublished growth curve experiments (Figure 4.2) comparing WT and AFN-1252 in the
presence of 18:1, 18:2, and 20:4 fatty acid standards demonstrated that AFN-1252 might aid in
the rescue of S. aureus growth in the presence of toxic PUFAs. These exogenous PUFAS are
prone to lipid peroxidation, which is the reason for their inhibition of the growth of S. aureus. In

addition, these
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Figure 4.1. PB-MS/MS of PG 33:1 from S. aureus growth with AFN-1252 only. [PB + H]", at
m/z 856, [PB - HG]", at m/z 684, and [2-ACP + H], at m/z 122 were successfully identified.
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Figure 4.2. Growth curves of S. aureus WT treated with AFN-1252 in the presence or absence of
100 uM oleic acid (18:1), linoleic acid (18:2), or arachidonic acid (20:4).
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cis double bond-containing PUFAs induce stronger changes in membrane fluidity than trans
fatty acids. However, the exact mechanisms that AFN-1252 confers protection of S. aureus
against these PUFAs remains to be elucidated. Overall, future research should consider the effect
of AFN-1252 on ROS formation and explore the use of other PB reagents to obtain an accurate
identification of these modified C=C configurations, providing significant implications for

membrane properties and bacterial adaptation.
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