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Staphylococcus aureus is a gram-positive bacterium, which has developed resistance to
many antimicrobials. Methicillin-resistant S. aureus (MRSA) was first isolated in 1961. Since
then, glycopeptides (e.g. vancomycin), lipopeptides (e.g. daptomycin), and long-acting
lipoglycopeptides (e.g. dalbavancin) have been developed. MRSA, however, has developed
resistance against all three types of antimicrobials over time. VVraSR is one two-component
system (TCS) out of the 16 prototypical TCSs in S. aureus, which is activated in response to cell-
envelope-targeting antimicrobials, such as vancomycin and p-lactams. A third component, VraT,
has been shown to be essential for VraSR full activation, making it a three-component regulatory
system VraTSR. The molecular inducer of VraTSR has been proposed to be the inhibition of
transglycosylation in the peptidoglycan layer, and hundreds of genes have been shown to be in

the VraR regulon, including those related to cell wall synthesis. On the other hand, cell wall



synthesis has been hypothesized to crosstalk with cell membrane metabolism via three potential
ways: lipoteichoic acids (LTAs), acetyl-CoA, and lipid Il. In fact, overall decreased levels of
lipid abundance have been observed in multiple S. aureus strains that have developed resistance
against vancomycin, daptomycin, or dalbavancin, some of which harbor mutations in VraTSR
along with other mutations. None of the strains, nevertheless, have mutations only in VraTSR
until we isolated S7-D2 from the parent S7 strain by serial passage against dalbavancin. S7-D2
has a non-synonymous mutation in vraT (c. 377C>T; p. P126L) compared to S7. We
hypothesized this mutation to be gain-of-function. By using this strain pair and vraTSR loss-of-
function mutants, we aim to elucidate the contribution of vraTSR to the remodeling of the cell

envelope and the modulation of antimicrobial susceptibility.

Chapter 1 provides background on S. aureus and bacterial TCSs and their relation to
antimicrobial susceptibility. In Chapter 2, we applied a multi-omics methodology
(transcriptomics, metabolomics, and lipidomics), along with various phenotypic characterization,
to assess the role of VraTSR. We found that the loss-of-function mutations in VraTSR resulted in
a general increase in antimicrobial susceptibility and that an increase in only limited lipid species
was unexpectedly observed. On the contrary, the gain-of-function mutant S7-D2 (confirmed by
transcriptomics) exhibited characteristic decreased levels of lipids. We also showed from the
multi-omics studies several aspects that could have implications in resistance modulation, e.g.,
decreased membrane fluidity and upregulated arginine deiminase pathway and betaine
biosynthesis pathway, and in crosstalk between cell wall and cell membrane, e.g. LTAs and
acetyl-CoA. We proposed several future experiments to follow up on the observations from the

multi-omics studies. From a practical standpoint, inhibiting the lipid synthesis with AFN-1252



and the VraTSR with histidine kinase inhibitors appear promising in modulating resistance to

cell-envelope-targeting antimicrobials, and more studies are warranted.

The agr system is another TCS in S. aureus that plays critical roles in quorum sensing
and virulence. The phenol-soluble modulins (PSMs) produced from Agr and released by S.
aureus have been suggested to antagonize the lipid shedding mechanism of daptomycin
inactivation by binding to the released lipids. Others have shown that S. aureus survival in the
presence of daptomycin is enhanced with loss of the Agr function. In Chapter 3, we examined
several pairs of S. aureus strains with dysfunctional Agr (KO or mutants) for their survival with
exposure to daptomycin and their lipid profile (released and membrane lipids) in static time-kill
experiments and in vitro pharmacokinetic/pharmacodynamic (PK/PD) modeling. We found that
the contribution of dysfunctional Agr to enhanced survival varied depending on the genetic
background or the type of mutations and that the enhanced survival did not correlate with the
released lipids. We proposed that PSMs might not be the only molecules released by S. aureus
that contributed to the antagonizing effects. Studying other released factors might help shed light
on the variations among the Agr dysfunctional mutants in terms of enhanced survival against

daptomycin. Chapter 4 summarizes the overall findings and proposes future directions.
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Chapter 1 Introduction

1.1  Staphylococcus aureus and Methicillin-Resistant S. aureus

Staphylococcus aureus is a gram-positive bacterium. The cell envelope structure of a
gram-positive bacterium is composed of the plasma membrane, the periplasmic space, and the
peptidoglycan layer (Figure 1.1). The peptidoglycan layer is a mesh of two sugars, N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), connected by the pentaglycine
cross-links on the amino acid side chains. Teichoic acids and lipoteichoic acids are also integral
parts of the gram-positive cell wall, the latter of which has a lipid anchor inserted in the bacterial
membrane. Methicillin-resistant S. aureus (MRSA) was first reported in 1961 from the United
Kingdom (1), invalidating almost all antimicrobials including the most potent (3-lactams at the
time (2). Although several antimicrobials in the categories of glycopeptides, lipopeptides, and
lipoglycopeptides have been developed after methicillin resistance appeared in the 1970s (1),
MRSA has developed resistance to these drugs (3—5) and still causes a wide range of infections,
commonly involving the skin, soft tissue, bone, joints, and the infections associated with
indwelling catheters or prosthetic devices (6). The Centers for Disease Control and Prevention
(CDC) categorizes MRSA as a serious threat and has reported 323,700 cases of MRSA and
10,600 deaths in the United States in 2019 (7). As a result, there is an urgent need to study
MRSA and its resistance mechanisms to the antimicrobials developed after methicillin resistance

appeared.

1.1.1. Cell Envelope-Targeting Drugs against MRSA

Vancomycin (Figure 1.2A), a glycopeptide, is a first-line anti-MRSA antibiotic which
targets peptidoglycan synthesis. The amino acids (D-Ala-D-Ala), where the pentaglycine cross-
links form, are exactly where vancomycin targets (Figure 1.1) (8, 9). When the cross-links
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break, the bacteria cannot resist turgor pressure and is less likely to survive. Clinical and
Laboratory Standards Institute (CLSI) has established laboratory breakpoints for defining
vancomycin resistance in MRSA. MRSA is divided into three categories based on their
minimum inhibitory concentrations (MICs): vancomycin-susceptible (VSSA; MIC<2 ug/mL),
vancomycin-intermediate (VISA; MIC=4-8 pg/mL), and vancomycin-resistant S. aureus (VRSA;
MIC>16 pg/mL) (10). Heteroresistant VISA (hVISA) has also been reported (11-17) and can be

identified by modified population analysis profiling (PAP) (12).

A VRSA strain was first identified in 1997 from Japan (17), and since then efforts have
been made to develop alternatives to vancomycin. Lipopeptides (e.g. daptomycin, Figure 1.2B)
have been developed as last-resort antimicrobials to treat MRSA (18). Unlike vancomycin,
daptomycin binds with Ca?* in the growth medium to become a de facto cationic peptide that is
electrostatically attracted to the negatively charged membrane (Figure 1.1) (19). It then inserts
its hydrophobic tail into the membrane and oligomerizes (19). There has been conflicting
evidence on the precise mechanism of bacterial death mediated by daptomycin, but membrane
depolarization through loss of K* ions and delocalization of key peripheral proteins are
consistently observed (19). Alternatively, dalbavancin is a long-acting lipoglycopeptide derived
from teicoplanin and dosed once weekly because of its extended half-life (20, 21). Regarding
structure (Figure 1.1C), dalbavancin can be viewed as a combination of glycopeptide and
lipopeptide; hence, it has been shown to interact with both the cell wall and the cell membrane
(20). Although the D-Ala-D-Ala in the peptidoglycan layer of the cell wall and anionic lipids in
the cell membrane seem to be different targets, cross-resistance among vancomycin, daptomycin,
and dalbavancin has been observed, where increases in vancomycin resistance generally

correlate with increases in daptomycin and dalbavancin resistance (22-24). In addition,



downregulation of cell wall autolysis and/or upregulated synthesis of cell wall components are
consistently observed in S. aureus strains that are resistant to vancomycin and/or daptomycin
(23, 25-30). Such observations in strains resistant to daptomycin suggest that crosstalk between
cell wall synthesis and cell membrane metabolism might exist in S. aureus, possibly acting

together to develop resistance to cell-envelope-targeting antimicrobials.

1.1.2. Crosstalk between Cell Membrane and Cell Wall Synthesis in S. aureus

S. aureus synthesizes three major classes of phospholipids: phosphatidylglycerols (PGs),
lysyl-PGs, and cardiolipins (CLs) (31-33). A schematic of the lipid synthesis pathway is shown
in Figure 1.3. Lipid synthesis starts with glycerol 3-phosphates (GPs) and fatty acids from the
FASII fatty acid synthesis pathway to form phosphatidic acids (PAs) (34). PGs can be produced
from PAs via several steps in the lipid metabolism pathway. PGs can, in turn, result in the
formation of CLs through the action of cardiolipin synthase (Cls) and the formation of lysyl-PGs
through the action of phosphatidylglycerol lysyltransferase (MprF) (35, 36). PGs and lysyl-PGs
are negatively charged and are the major targets of daptomycin. Furthermore, PGs can donate
their GP headgroups to lipoteichoic acids (LTAS), forming the backbone of LTAs and leaving
the diacylglycerols (DAGS) as the by-product. DAGs can accept glucose molecules and serve as
the lipid anchor for LTASs (36-38).

As can be seen above, LTAs are a major connection between cell wall synthesis and lipid
synthesis in S. aureus, in that their backbone and lipid anchor can be generated from the lipid
metabolism pathway (Figure 1.3). There are two other routes through which lipid synthesis is
metabolically closely connected with cell wall synthesis. Firstly, acetyl-CoA is essential for both
the synthesis of fatty acids (34) and the synthesis of NAGs and NAMs in the formation of the

peptidoglycan layer (9) (Figure 1.3). Secondly, a polyisoprenoid lipid (lipid Il; structure shown



in Figure 1.4) serves as an anchor to transport peptidoglycan precursors from cytosol to outside
(8, 39, 40). The crosstalk between cell wall synthesis and lipid metabolism in S. aureus might be

an underlying mechanism behind the observed cross-resistance (22-24).

1.2 Cell Envelope Stress Response and Resistance to Peptide Antimicrobials

1.2.1. Bacterial Two-Component Regulatory Systems

Two-component systems (TCS) are one of the major signal transfer mechanisms in
prokaryotes, such as bacteria and many archaea (41-43). They enable microorganisms to sense,
respond and adapt to a wide range of environments, including but not limited to pH, nutrient
level, redox state, osmotic pressure, and antimicrobials (44, 45). TSCs control various aspects of
bacterial cell physiology, e.g. cell division, biofilm formation, quorum sensing, and sporulation
(41, 45). They also play important roles in the expression of virulence factors, toxin production
and secretion, invasion, and antimicrobial resistance (41, 45—47). Several databases are available
for the identification and analysis of microbial signal transduction and TCS proteins. For
instance, the P2CS database (Prokaryotic 2-Component Systems) makes accessible 164,651 TCS
proteins from 2,758 prokaryotic genomes (48) and the microbial signal transduction (MiST) 4.0

database allows for the profiling of signaling systems with metagenomic functions (49).

A prototypical TCS consists of a dimeric sensor histidine kinase (HK) and its cognate
response regulator (RR) (41, 50, 51). Although the structures of HKs are diverse (50-52), an HK
typically harbors an N-terminal extracytoplasmic or periplasmic sensor domain, a
transmembrane domain, and usually one or more intracellular signal domains (41, 53). On the C-
terminal of an HK is a catalytic core consisting of a DHp (dimerization and histidine
phosphorylation) domain and a CA (catalytic and ATP-binding) domain (41, 53). On the other

hand, an RR is composed of a phosphoacceptor receiver (REC) domain and a DNA-binding
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output domain (50, 53). Upon exposure to inducers, the signal is perceived in the sensor domain
and transmitted through the transmembrane and intracellular signal domains, eventually to the
catalytic core where APT binds to the CA domain and autophosphorylates the conserved
histidine residue in the DHp domain (41, 50, 53). The phosphoryl group is then transferred to the
conserved aspartic acid residue in the REC domain of the cognate RR (41, 50, 53). The
phosphorylated RRs most frequently inform downstream target genes by binding to the promoter
region (41, 50, 53). In some instances, RRs can also bind to RNA and proteins or exert
enzymatic activities (41, 53). In addition to the kinase property of HKs, most HKs can also
dephosphorylate their cognate RRs, controlling the levels of phosphorylated RRs and, therefore,
downstream responses to external stimuli (41). The structures and functions of HKs vary and
have been comprehensively reviewed in (54-56). On the other hand, RRs can be divided into
four subfamilies based on the structures of the DNA-binding domains (50): OmpR subfamily
(winged-helix DNA-binding domain) (57), LuxR subfamily (helix-turn-helix DNA-binding
domain) (58), AraC subfamily (helix-turn-helix DNA-binding domain) (58), and LytR subfamily
(10-stranded B-folds DNA-binding domain) (59). The OmpR subfamily is the largest among the

four (50, 57).

1.2.2. Two-Component Regulatory Systems in S. aureus

There are 16 prototypical TCSs in the core genome of S. aureus, among which WalKR
(also known as YycGF or VicKR) is the only one essential for bacterial survival under normal
growth conditions (60) and has been linked to cell-wall metabolism (61). The other 15 TCSs are
nonessential (50). They, nevertheless, have been associated with a variety of cellular functions,
such as antimicrobial resistance (VraSR, BraSR, and GraSR) (30, 62—64), virulence (SaeSR and

AgrCA) (65, 66), bacterial respiration, nitrate metabolism and fermentation (SrrBA, NreBC, and



AirSR) (67-70), cell-wall metabolism (ArlSR and LytSR) (71, 72), and nutrient sensing and
metabolism (HssSR, PhoRP, and KdpDE) (50, 73-75). A review of the structural families, main
target genes, functions, known stimuli, and trans-strain conservation of the TCSs in S. aureus has

been detailed in (50).

Other sensory systems than the 16 TCSs also exist in S. aureus. The bla operon consists
of the blaZ, blal, and blaR1 genes, which code for B-lactamase, repressor, and sensor
transducers, and is located on the mobile genetic element or genomic DNA (50, 76). Eukaryote-
like serine/threonine kinases (STK) and phosphatase (STP) are also present in S. aureus (77, 78).
The bacterium has one major STK (Stk1, also denoted as PknB or PkrC) and one major STP
(Stp1) (77, 78). In some S. aureus strains, e.g. N315 and Mu50, a second hypothetical
cytoplasmic STK has also been found in the SCCmec element (77, 78). Stk1/Stp1 does not have
a cognate RR, but it has been shown to be capable of phosphorylating the RRs in the VraSR and
the GraSR TCSs, VraR and GraR, respectively (50, 77, 79). Additionally, Stk1 has been
implicated in virulence regulation and has been shown to possess regulatory effects on cell
signaling, central metabolism, stress response, purine biosynthesis, cell-wall metabolism,
autolysis, and glutamine synthesis (50, 77, 80-84). It has also been associated with vancomycin

susceptibility (85, 86).

1.2.3. The VraTSR Three-Component Regulatory System in S. aureus

The VraSR TCS has a third component, VraT, and together the three component
regulatory system VraTSR is named for its association with vancomycin resistance and may be
especially important for responding to cell-envelope-targeting antimicrobials, such as
vancomycin and B-lactams (87). VraS is the HK, and VraR is the RR (88). As with prototypical

TCSs, VraS is capable of undergoing autophosphorylation, and its phosphoryl group is rapidly



transferred to VraR. Only phosphorylated VraR dimerizes and becomes biologically active, and
thus VraS confers tight control on the phosphorylation states of VraR through rapid
phosphorylation and dephosphorylation (88). A proposed scheme of the phosphotransfer-
mediated VraTSR signaling pathway is shown in Figure 1.5 (87). It has been shown that cell
wall synthesis-associated genes, pbp2, murZ/murA, and sgtB, are regulated by the direct binding
of VraR to their respective promoters (89), and that the transcription of over 200 genes are

affected by the induction of the VraTSR system (28).

Although it was shown that VraT is required for the functioning of VraS and VraR (87),
the role of VraT is not yet entirely understood. Fernandes et al. (90) have demonstrated that VraT
is membrane-bound (87, 90) and harbors an extracellular C-terminal domain (90). The molecular
signal for the induction of the VraTSR system is unknown but has been proposed to be the
damage inflicted to cell wall peptidoglycan by antimicrobials (88). Fernandes et al. (90) have
narrowed down the potential inducers of the VraTSR system and have suggested that the
inhibition of transglycosylase activity, instead of the changes in the amount of lipid-linked
peptidoglycan precursors (e.g. lipid II), seems to play important roles in the activation of the

VraTSR system (90).

1.2.4. VraTSR, WalKR, Antimicrobial Resistance, and the Associated Phenotypic Changes

In strains of S. aureus that have developed resistance to vancomycin and/or daptomycin,
mutations or increased expression of vraTSR are frequently observed (26-28, 91-94). Although
inactivating vraTSR increases susceptibility to cell wall antimicrobials (87, 95), mutations in
vraT and vraS are common in resistant strains, likely because they lead to increased expression
of vraR (27, 93). On the other hand, WalKR is often mutated in strains resistant to daptomycin

and/or vancomycin (96-98). WalKR is known to regulate cell wall metabolism by affecting cell



wall degradation (99, 100). In S. pneumoniae, the induction of yycF (or walR) elevates the
expression of fatty acid synthesis genes, such as fabKDGF and accABC (101, 102). Whole
genome sequencing of daptomycin-resistant S. aureus, both clinical and laboratory strains, has
also revealed mutations in genes related to lipid metabolism, including mprF (the most
commonly observed) (94, 103), cls, and pgsA (104, 105). Notably, upregulation of vraSR have
been linked to cell wall thickening in these strains, indicating a connection between altered lipid
metabolism and increased cell wall thickness (94). In addition to cell wall thickness, , cell surface
charge tends to be more positive in strains resistant to daptomycin, possibly due to weaker

association with the drug based on electrostatic repulsion (106—108).

1.3  The Agr System, Lipid Shedding and Daptomycin Tolerance

Most of our work has focused on correlating changes in membrane composition with
changes in antimicrobial susceptibility. However, others have put forth a theory by which shed
cell envelop components may affect drug activity against bacterial cells (109). In fact, bacteria
can release a diverse array of molecules to intercept antibiotics, including monomeric PGs,
capsular polysaccharides, aminoglycosides, and outer-membrane vesicles (109). Monomeric PGs
and other lipids released by S. aureus upon daptomycin exposure have been proposed to
inactivate daptomycin as a novel mechanism of daptomycin tolerance (110). The authors found
that amphipathic peptides called phenol soluble modulins (PSMs) can bind the released lipids
and thus prevent the inactivation of daptomycin (110). PSMs are produced by the accessory gene
regulatory (Agr) system (Figure 1.6), which also controls the secretion of multiple virulence
factors through the action of RNAIII (111). The regulator of the Agr system is the cyclic peptide
AIP, which is produced from its linear peptide precursor AgrD by the endopeptidase AgrB (111).

Binding of AIP to the histidine kinase AgrC initiates phosphorylation of the RR AgrA and leads



to the upregulation of RNAII (P2 promoter), RNAIII (P3 promoter) and PSMs (111). Pader et al.
(2016) suggested that loss of the Agr quorum-sensing system enhances S. aureus survival during
daptomycin treatment because the absence of PSMs in Agr-defective S. aureus allows
daptomycin to be sequestered in the released lipids. However, the authors failed to elucidate the
detailed composition of the membrane lipids and the shed lipids, in that they profiled the lipid
composition with the fluorescent probe FM-4-64 (110), which is designed to bind the outer
leaflet of the plasma membrane and has not been demonstrated for binding of discrete lipids in
solution (112). Additionally, the authors did not examine the effects of lipid shedding on
daptomycin activity under clinically relevant kinetic drug exposures. Hence, we aim to assess the
detailed lipid composition by hydrophilic interaction liquid chromatography-ion mobility-mass
spectrometry (HILIC-IM-MS)-based lipidomics and the impacts on daptomycin tolerance by
static time-kills and in vitro pharmacokinetic/pharmacodynamic (PK/PD) modeling to better

understand the contribution of lipid shedding to daptomycin tolerance.

1.4  Dissertation Overview

In this thesis, | have applied a multi-omics approach in evaluating the roles of a specific
regulatory system, the VraTSR system, in the development of resistance phenotypes in S. aureus.
Analyses of the transcriptome, metabolome and lipidome have been performed to gain insights
into how the VraTSR system and, more importantly, VraT lead to characteristic metabolic
changes with decreased susceptibility to cell-envelope-targeting antimicrobials, e.g. vancomycin,
daptomycin and dalbavancin. I have also examined the effects of small molecule inhibitors on
the killing effects of the cell-envelope-targeting antimicrobials. These studies have shed light on
various metabolic routes governed by the VraTSR system, which lead to the observed

susceptibility changes. However, limited studies have been conducted on VraT, and our results



warrant further research on this membrane-bound protein. In addition, | have also examined the
role of lipid shedding in daptomycin tolerance in various S. aureus strains as well as in a clinical
PK/PD model of daptomycin. This allows for a different angle of inspection of the lipid

metabolism and its effects on the resistance phenotypes in S. aureus.

Chapter 2 focuses on the VraTSR system. It describes the lipid profile and resistance
phenotypes of vraTSR loss-of-function mutations, followed by the multi-omics results of the S.
aureus strain with a gain-of-function mutation in vra7. Multiple follow-up experiments to the
omics studies are detailed, and the modulation of resistance phenotypes by small molecule
inhibitors is also examined in Chapter 2. Chapter 3 focuses on lipid shedding and its relationship
with daptomycin tolerance in S. aureus strains defective in the Agr system. Finally, Chapter 4

summarizes the overall findings and the future directions.
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reprinted with permission from (111). Copyright 2011 American Chemical Society.
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Chapter 2 Contributions of the VraTSR Three-Component Regulatory System to the

Susceptibility to Cell-Envelope-Targeting Antimicrobials in Staphylococcus aureus

2.1 Introduction

When cell-wall active antimicrobials, e.g. glycopeptides, lipopeptides, lipoglycopeptides
and f-lactams, damage the cell wall, Staphylococcus aureus can mount a response in an effort to
counteract the drug exposure. There are 16 known two-component systems (TCSs) that help S.
aureus to detect and respond to cell envelope stress, including WalKR, GraRS, ArIRS, AirRS,
BraRS, and VraSR (50, 95, 113—116). There is a third component to the VraSR TCS, VraT, and
the phosphorelay signal transduction of the VraTSR system has been detailed in Section 1.2.3.
Briefly, VraS phosphorylates VraR upon exposure to cell-envelope active antimicrobials, which
regulates lots of genes including those involved in cell wall synthesis (28, 87-89). The
membrane-bound VraT is required for the full activation of VraTSR, which is likely to be

induced by the inhibition of transglycosylation activity (87, 90).

Point mutations and/or upregulations in the vraTSR system are commonly observed in S.
aureus that have developed resistance against vancomycin and/or daptomycin (2628, 91-94).
We previously also observed vraTSR mutations in the JE2 S. aureus strains that were isolated
after exposure to multistage escalated concentrations of vancomycin or dalbavancin (24, 117).
Additionally, we showed that the levels of the membrane lipids, phosphatidylglycerols (PGs),
correlated with the susceptibility to vancomycin, daptomycin and dalbavancin (24, 117). We also
examined another MRSA strain, N315 (104, 118), and clinical MRSA isolates that are part of the
Werth Lab strain collection, including W308 (117) and VAPH-884 (119). The increased
resistance to vancomycin, daptomycin and/or dalbavancin in the S. aureus strains after serial

passage or in vitro pharmacokinetic/pharmacodynamic (PK/PD) modeling generally correlated
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with decreased levels of membrane lipids, except in some instances involving S-lactam seesaw
effects where there were increased levels of membrane lipids even when the vancomycin,
daptomycin and/or dalbavancin resistance increased (24). Most of the resistant strains harbored
more than one mutation, except the studies with W308 as the parent strain where a couple of
dalbavancin-nonsusceptible strains isolated from in vitro PK/PD modeling had point mutations in
only the walK or walR gene (117). Some of the resistant strains had mutations in vraTSR, but

none of the vraTSR mutations occurred by themselves (24, 118).

Previously in our lab, we isolated a vancomycin-susceptible MRSA strain, S72982 (S7;
vancomycin MIC: 1 pg/mL), from a patient with MRSA bacteremia who was treated with a
vancomycin and dalbavancin-containing regimen (120). By exposing this strain to multistage
escalated concentrations of dalbavancin until the dalbavancin minimum inhibitory concentration
(MIC) was 1 pg/mL, we were able to isolate a vancomycin-intermediate S. aureus (VISA) strain
S7-D2 with a vancomycin MIC of 4 pg/mL and with only one point mutation in vraT (C.
377C>T,; p. P126L) as compared to S7 by whole-genome sequencing (120). This strain pair
served as a good starting point for studying the role of the vraTSR system in producing resistance
to cell-envelope-targeting antimicrobials, not only because it harbored only one point mutation

but also because the mutation was in the not-well-studied vraT gene.

For this Chapter, we hypothesized that viraTSR contributed to the remodeling of cell
envelope to modulate susceptibility. This hypothesis was based on the following two aspects: 1)
the vraT mutation in S7-D2 has been associated with vancomycin and dalbavancin resistance
(120); and 2) characteristic changes to lipid metabolism have been observed in S. aureus strains
with mutations in vraTSR and increased resistance to cell-envelope-targeting antimicrobials (24,

118). Furthermore, we hypothesized that small molecule modulators of lipid metabolism or vraS-
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targeting histidine kinase inhibitors could directly modulate susceptibility to cell-envelope-
targeting antimicrobials. Lipid synthesis inhibitors have been developed as antimicrobials over
the past few decades. For example, HDSF is a bacterial phospholipase inhibitor (121), statins are
polyisoprenoid synthesis inhibitors, and compound 1771 is a known inhibitor of lipoteichoic acid
(122). FASII inhibitors, on the other hand, target the FASII fatty acid synthesis pathway (34,
123). Among them, cerulenin acts where the fatty acid chains are elongated (FabF inhibitor),
while triclosan and AFN-1252 act where the precursors to lipid synthesis are formed (Fabl
inhibitor) (34, 123). These compounds are potential modulators of lipid metabolism in S. aureus.
It would be of interest to determine how the lipid synthesis inhibitors would affect the lipid

metabolism and if the lipid synthesis inhibitors could favor a susceptible phenotype.

Histidine kinase inhibitors are another potential modulator of the VraTSR system and
antimicrobial resistance. Histidine kinases, such as VraS, are unique in bacteria, and therefore
histidine kinase inhibitors would not target human kinases. We propose to examine the histidine
kinase inhibitors developed by Dr. Michael E. Johnson’s group (Center for Biomolecular
Sciences and Department of Medicinal Chemistry & Pharmacognosy, University of Illinois at
Chicago, Chicago IL) (124). Those histidine kinase inhibitors were designed to specifically
target the VraTSR three-component regulatory system, and have been shown to exhibit synergy
with oxacillin, a f-lactam cell-wall active antimicrobial (124). With demonstrated synergy with
oxacillin, those inhibitors hold promise in being synergistic with other cell-envelope active
antimicrobials, such as vancomycin, daptomycin and dalbavancin. Among the developed
histidine kinase inhibitors, we chose to examine F1374-0037 specifically due to its demonstrated
binding to VraS (and not VraR or some other histidine kinases) (124) and its relatively high

solubility in the aqueous environment.
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In this Chapter, we will first examine how the loss-of-function mutations of the vraTSR
system might affect the resistance phenotypes and the lipid metabolism, using the JE2 transposon
strains and the in-house generated N315 vraS knock-out (KO) strain. We will then focus on the
S7 and S7-D2 strain pair. Presumably, the 377C>T non-synonymous mutation in S7-D2 is likely
a gain-of-function mutation because the vancomycin and dalbavancin MIC significantly
increased in S7-D2 (120). Hence, including vraTSR loss-of-function mutants in our studies is
necessary to get a more complete view of the effects of the regulatory system on antimicrobial
resistance. For the S7 strain pair, a multi-omics approach (transcriptomics, metabolomics and
lipidomics) will be applied. We believe that such an approach will reveal insights into how the
vraTSR regulatory system functions on different levels in the context of antimicrobial resistance,
with a specific focus on vancomycin, daptomycin, and dalbavancin. Finally, we will determine
the effects of the lipid synthesis inhibitors (cerulenin and AFN-1252) and the histidine kinase
inhibitor (F1374-0037) on modulating the resistance phenotypes of S7 and S7-D2. Results from
these studies will shed light on the role of the VraTSR system in the development of resistance to

cell-envelope-targeting antimicrobials and suggest potential modulators of the resistance.

2.2 Results

2.2.1. vraTSR loss-of-function mutants exhibited varied lipid metabolism and resistance
phenotypes

The 377C>T point mutation in S7-D2 could be loss-of-function or gain-of-function.
Although we hypothesized the mutation to be the latter, we started with transposon mutants and
KOs to test the effects of loss-of-function mutations in vra7SR on antimicrobial resistance and
lipid synthesis. We obtained the vraT, vraS, and vraR transposon mutants (vraT::Tn, vraS::Tn,

and vraR::Tn) from the Nebraska Transposon Mutant Library (125). These transposon mutants
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were derived from the USA300 JE2 strain (125). We performed broth microdilution MIC tests on
the three transposon mutants and population analysis profiling (PAP) on vraS$ and vraR
transposon mutants to characterize their resistance to vancomycin, daptomycin, and dalbavancin
compared to the WT. By definition, the broth microdilution MIC measurements report the
minimum concentration of antimicrobials at which bacterial growth is inhibited (10).
Alternatively, PAP is the gold standard for the identification of heteroresistant VISA (hVISA)
(12, 126), but in this case, it allows for the detection of bacterial killing profiles at different
antimicrobial concentrations and the assessment of overall susceptibility by comparing the area
under the curve (AUC). We found that JE2 transposon mutants of vraT, vraS, and vraR were
more susceptible to dalbavancin by broth microdilution (>2-fold decrease in MIC for vraT::Tn
and >4-fold decrease for vraS::Tn and vraR::Tn) and that vraT::Tn was also more susceptible to
daptomycin (a 4-fold decrease in MIC) (Table 2.1). No significant changes were observed in
susceptibility to vancomycin in the broth microdilution tests (Table 2.1). PAP revealed that the
vraS and vraR transposon mutants were more susceptible to vancomycin and daptomycin
(Figure 2.1), although the change in daptomycin susceptibility was minimal. Combining the
broth microdilution and PAP results, the JE2 vraT, vraS, and vraR transposon mutants showed
increased susceptibility to vancomycin, daptomycin, and dalbavancin, except for vraT::Tn whose
vancomycin PAP has not been quantified. Furthermore, we did not test high enough daptomycin
concentrations to confirm what the necessary concentration was to eliminate any growth in PAP.

More experiments investigating these two aspects would be noteworthy.

To examine the role of the VraTSR system in a different genetic background, we chose
the well-studied MRSA strain, N315 (2). Using the pIMAY plasmid (127), we successfully

generated a vraS KO in N315. The polymerase chain reaction (PCR) product of the vraS KO was
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expected to have 1340 bp of nucleic acids, consistent with what the agarose gel image showed in
Figure 2.3. The vraS KO was subsequently subjected to MIC measurements using the broth
microdilution method. Its vancomycin and daptomycin MICs were not significantly changed as
compared to the WT, which coincided with the JE2 vraS::Tn (Table 2.1). The dalbavancin MIC
of the N315 vraS KO was unfortunately not adequately determined (Table 2.1) and should be
verified in future experiments. The general trend that increase in susceptibility to vancomycin,
daptomycin, and dalbavancin was observed in the vraS KO and the JE2 transposon mutants led
us to believe that the vraTSR mutations were possibly gain-of-function in the S. aureus strains
with increased resistance to cell-envelope-targeting antimicrobials (detailed in Section 2.1),

especially S7-D2.

In addition to the resistance phenotypes, we compared the lipid metabolism of the JE2
vraT, vraS and vraR transposon mutants to that of the WT by the untargeted hydrophilic
interaction liquid chromatography-ion mobility-mass spectrometry (HILIC-IM-MS) method. We
aimed to determine if the overall lipid abundance increased in the loss-of-function mutants
because of the following two reasons: 1) we previously observed the reversed trend in the
resistant S. aureus strains from the serial-passage experiments and in vitro PK/PD modeling (24,
104, 117-119); and 2) we hypothesized that at least a portion of those resistant strains possessed
gain-of-function mutations in vraTSR. The lipid profile (Figure 2.2) demonstrated that,
compared with the WT, the levels of PGs (the major lipid species) and lysyl-PGs in vraS::Tn and
vraR::Tn generally decreased, while those in vraT::Tn were not significantly different except for
PG 30:0, which also significantly decreased. On the other hand, the levels of FAs generally
increased in all three mutants, especially the most abundant FA 20:0. As for DGDGs, several

species significantly decreased (DGDG 30:0 in vraT::Tn; DGDG 30:0, 31:0, and 32:0 in
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vraS::Tn and vraR::Tn), while DGDG 34:0 significantly increased in vraT::Tn and vraS::Tn.
Taken together, we observed from the lipid profile that viraT::Tn showed only increase in limited
lipid species, e.g. FA 20:0 and DGDG 34:0, and that vraS::Tn or vraR::Tn led to decrease in
lipids other than FAs, and increases only in the same small number of lipid species as for
vraT::Tn. These observations were not entirely consistent with our expectations and could
indicate that loss-of-function vraT mutations are not sufficient to lead to lipid changes, but gain-
of-function point mutations might. Such an implication furthers the need to examine the S7 and
S7-D2 strain pair. The observations could also indicate that the WalKR TCS may be more
important in governing lipid metabolism upon exposure to cell-envelope active antimicrobials, as
mutations in this system have been observed, standalone or with mutations in other genes, in
multiple S. aureus strains that developed resistance to vancomycin, daptomycin, or dalbavancin
over time via serial-passage or in vitro PK/PD modeling (24, 104, 117-119). Those strains have

further been shown to have modulation effects on lipid metabolism (24, 104, 117-119).

2.2.2. S7-D2 had a growth defect and a more rigid bacterial membrane

The increased antimicrobial susceptibility of the vraTSR loss-of-function mutants
supported our hypothesis (section 2.1) that the vraT mutation in the S7-D2 strain is a gain-of-
function mutation. As a result, we next examined the S7 and S7-D2 strain pair. Because
vancomycin resistance is frequently associated with loss of fitness (128, 129), we started with
comparing the growth curve of S7-D2 with its parent strain S7 over a 24-h period. The growth
curves (Figure 2.4A) indicated that S7-D2 had a prolonged lag phase compared with the
vancomycin and dalbavancin susceptible parent, S7. The parameters of the linear regression of

the mid-exponential phase were also shown in Figure 2.4A, and demonstrated that S7-D2 had a
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slower growth rate (increase in ODgoo by 0.1329 per hour) compared with S7 (increase in ODeoo

by 0.2048 per hour).

Daptomycin susceptibility is associated with membrane fluidity (130-132) and to the best
of our knowledge, this commonly observed attribute has not been clearly linked with vraT
activities. Hence, we used the fluorescent membrane probe TMA-DPH (1-(4-
trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-toluenesulfonate) (excitation and
emission wavelengths of 360 and 426 nm) (133—135) to measure membrane fluidity of the S7
strain pair at the stationary phase as previously described (134). TMA-DPH inserts into the
bacterial membrane after incubation, and when excited by light, TMA-DPH emits light in both
vertical and horizontal directions relative to the excitation light, denoted as F L and F||
respectively. A metric for membrane fluidity is the fluorescence polarization, defined as the ratio
of (F|| - FL1) to (F|| + FL). When the membrane is rigid, the TMA-DPH molecule cannot move
around easily in the membrane. Thus, the emission light in the vertical direction tends to be
smaller, and the fluorescence polarization is closer to 1. Simply put, the fluorescence polarization
is inversely proportional to membrane fluidity. In our experiment, as shown in Figure 2.4B, the
membrane of S7-D2 is significantly more rigid than S7, which could be due to decreased levels
of branched-chain lipids and/or decreases in membrane fluidity-increasing lipids, such as

cardiolipins (136).

2.2.3. Transcriptomics analysis of S7 and S7-D2

RNA sequencing has been proven to generate quantitative results as quantitative reverse
transcription PCR (RT-qPCR) (137, 138). In an effort to gain insights into how vraT gain-of-
function mutations could alter gene expression, the total RNA of S7 and S7-D2 during mid-

exponential phase growth (Table 2.2) was sequenced, and bioinformatics tools were utilized to
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assess for differentially expressed genes (DEGs) and functional clustering of the DEGs. Because
we wanted to limit our analyses to genes with a high magnitude of change and to findings that
were less likely due to chances (139), we set a cutoff for logofold change to be greater than 1 or
less than -1 and a cutoff for adjusted p to be less than 0.05, although we briefly touched upon

some genes that fell out of those thresholds to get a more complete view of certain pathways.

With the annotation in the reference genome USA300-FPR3757, the bioinformatics
analysis resulted in a total of 486 DEGs with adjusted p less than 0.05, 71 of which had log>fold
change greater than 1 and 68 had log>fold change less than -1. Using VolcaNoseR (140), we
generated a volcano plot of the DEGs (Figure 2.5A) and labeled the top 15 DEGs ranked by
Manhattan distance from the origin. We also included on the plot ten genes of interest to us
(argF, betA, fabH, IytM, thrB, thrC, vraS, vraR, purE, and purK). [ytM codes for an autolytic
enzyme involved in the growth and division of S. aureus, which hydrolyzes the pentaglycine
cross-bridge of the staphylococcal peptidoglycan layer (141, 142). thrB and thrC are constituents
of threonine synthesis, and the synthesis of threonine has been shown to support S. aureus
growth in serum and has implications for host adaptation and pathogenesis (143). Purine
synthesis, where purE and purK play roles, has been implicated in virulence and persistent
MRSA bacteremia (144—147). The remaining genes (argF, betA, fabH, vraS, and vraR) are

detailed in the following sections and are related to stress response and fatty acid synthesis.

Because vraT is not annotated in the reference genome, we repeated the data processing
with the same reference genome, using the locus tags instead of the annotated gene names. We
specifically identified vraR, vraS and vraT from the locus tags (SAUSA300 1865,

SAUSA300 1866, and SAUSA300 1867, respectively). The individual counts, fold changes,

and adjusted p-values of the three genes were shown in Figure 2.5B, which demonstrated that
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their levels were significantly increased in S7-D2 and confirmed our hypothesis that the single
point mutation in S7-D2 (vraT 377C>T) was indeed gain-of-function. All other transcriptomics
analyses were still performed using the annotated results. Notably, the locus tag method outputs
1,497 DEGs with adjusted p less than 0.05, compared to 486 DEGs with adjusted p less than
0.05 using annotation. Such a huge difference suggested that large numbers of unannotated
hypothetical proteins might be missing from our annotated analyses. This is a limitation until a

better annotated S. aureus genome can be obtained.

In Table 2.3, we listed a selection of genes related to the cell wall synthesis and their
respective log>fold changes, adjusted p-values, and the proteins they encode. The pbp and sgt
genes are involved in transpeptidase and glycosyltransferase activities in peptidoglycan synthesis
(148). Penicillin-binding protein (PBP) 1, PBP3, and PBP4 are transpeptidases, among which
PBP1 is required for the survival of S. aureus (149). Unlike the previous 3 PBPs, PBP2 has
bifunctional transpeptidase and glycosyltransferase activities, and the alternative PBP2A
(transpeptidase) is additionally needed for -lactam resistance in MRSA strains (150, 151). SgtA
and SgtB are nonessential monofunctional glycosyltransferases (149). Although SgtA and SgtB
have shown glycosyltransferase activity in vitro, only SgtB can support the growth of S.
aureus in the absence of the main glycosyltransferase PBP2 (148, 152, 153). SgtB alone,
however, cannot support the growth of S. aureus in the presence of B-lactam antimicrobials when
an interaction between PBP2 and PBP2A is needed (148, 152, 153). In our transcriptomics
results, we observed an overall increase in the pbp genes and the sgt genes, especially pbp2 and
sgtB (logafold change=0.965 and 1.18, respectively). There was also a general increase in the
expression of the mur genes, as shown in Table 2.3, except mur4 which significantly decreased

in S7-D2 (log2fold change=-0.415). The Mur enzyme family is also involved in the
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peptidoglycan synthesis, of which MurA-MurF is responsible for the conversion from UDP-N-
acetyl-glucosamine to UDP-N-acetylmuramoyl-pentapeptide (Figure 2.6) (154—156) and MurG
functions to add the pentapeptide moiety to Lipid I and generate Lipid II (157). Considering the
increase in pbp, sgt, and mur genes, the results suggested that the peptidoglycan synthesis was
likely to be upregulated in S7-D2, which might lead to the decreased susceptibility to

vancomycin and daptomycin in S7-D2.

In Table 2.4, we also listed a selection of genes involved in the FASII fatty acid synthesis
pathway (Figure 2.7), which might affect downstream lipid synthesis and, ultimately, cell
membrane synthesis. The fab genes and acc genes witnessed an overall increase in their
expression levels, with fabH (also shown in Figure 2.5A), fabF, accB and accC being the top
four with the largest increase (logzfold change=1.21, 0.939, 0.859 and 0.797, respectively). FabH
and AccBC initiate the FASII fatty acid synthesis pathway, while FabF elongates the fatty acid
chains (Figure 2.7). On the contrary, the expression level of fabZ, which forms frans-2-enoly-
ACP from 2-hydroxyacyl-ACP and ultimately leads to the formation of acyl-ACP before exiting
the FASII fatty acid synthesis pathway (Figure 2.7), was significantly decreased in S7-D2. It
would be interesting to compare the expression levels of the fatty acid synthesis genes with the
lipidomics results to get more insights into how lipid metabolism might be modulated by the
VraTSR system. Based on the select list of fatty acid synthesis genes, we would expect to
observe elongated fatty acid acyl chains due to elevated fabF levels and decreased lipid

abundance owing to lowered fabZ levels along with elevated fabH and accBC levels.

Furthermore, we performed functional annotation clustering with the Database for
Annotation, Visualization and Integrated Discovery (DAVID) (158), using S. aureus subspecies

USA300 as the background genome. With an input of 852 genes (all DEGs from the annotated
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analysis without cut-offs), DAVID was able to match 374 gene IDs to their database, and the
results found four functional annotation clusters. Among the four clusters, clusters 1 and 2
possessed categories with adjusted p-values less than 0.05, as shown in Table 2.5. The individual
genes involved in each cluster are shown in Figure 2.8, with sdrE, fnbB, sbi appearing in both
clusters. As can be seen from Figure 2.8, cluster 1 was mostly involved in adhesion and the
genes involved showed an overall decrease in S7-D2. Notably, sdrD and sbi in cluster 1 also
appeared on the upper left corner of the volcano plot (Figure 2.5A), further suggesting that S7-
D2 might have decreased adhesion capability. Cluster 2 had genes mostly involved in TCSs
associated with virulence, which also demonstrated an overall decrease in S7-D2 (Figure 2.8).
However, the caveat with the DAVID clustering results lay in the fact that only 374 out of 852
genes were matched and that only 3 categories from 2 clusters were significantly enriched, each
with a few gene counts. While the DAVID results shed light on the group of genes possibly

enriched, manual clustering would be of utmost importance as a future step.

To further confirm the cell adhesion capabilities of S7 and S7-D2, we measured the
degree of biofilm formation, as biofilm formation starts with the attachment of bacterial cells to a
surface in the current five-stage model (159, 160). With the crystal violet assay (161), we found
that S7-D2 formed a thinner layer of biofilm than S7 over a 24-h growth period (Figure 2.9).
This result was consistent with the transcriptomics results, suggesting decreased level of

adhesion in S7-D2.

2.2.4. Metabolomics analysis of S7 and S7-D2
Because changes in the levels of gene expression do not directly translate to changes in
the levels of the metabolites, we opted to analyze the metabolomics of S7 and S7-D2 to obtain a

more meta-level understanding of the vraTSR effects. The bacterial strains were grown to late
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mid-exponential phase (Table 2.2), as well as stationary phase, because gene expression changes
typically precede metabolic changes. Each sample was analyzed by targeted and untargeted
metabolomics, the latter of which served to calculate a normalization factor for the former. The
targeted metabolomics was performed by Dr. Haiwei Gu’s group (College of Health Solutions,
Arizona State University). After the results from the targeted metabolomics were normalized, a
list of compounds with p-value <0.05 (Student’s #-test, two-tailed, equal variance) was generated.
One compound prominent from the list of significantly altered metabolites was UNAG, as it is
one of the key components of the peptidoglycan layer. Figure 2.10 demonstrated that UNAG

significantly decreased in S7-D2 during both mid-exponential and stationary phases.

Significantly enriched pathways were then identified in MetaboAnalyst (162), using
N315 as the reference strain because it was the only one available for S. aureus at the time of
analysis. Herein we will denote the pathways with -logiop no less than 1.5 as “top pathways”
(Figure 2.11 for the mid-exponential phase; Figure 2.19 for the stationary phase). The
significantly altered metabolites for each pathway were shown in Figure 2.12 — Figure 2.18 for
the mid-exponential phase and Figure 2.20 — Figure 2.29 for the stationary phase. Common top
pathways which appeared in both phases were: purine metabolism (KEGG: SAU00230 (163)),
aminoacyl-fRNA biosynthesis (KEGG: SAU00970 (163)), arginine biosynthesis (KEGG:
SAU00220 (163)), glycine, serine and threonine metabolism (KEGG: SAU00260 (163)), alanine,
aspartate and glutamate metabolism (KEGG: SAU00250 (163)), and B-alanine metabolism
(KEGG: SAU00410 (163)). Furthermore, four top pathways were unique to the stationary phase:
glyoxylate and dicarboxylate metabolism (KEGG: SAU00630 (163)), cyanoamino acid
metabolism (KEGG: SAU00460 (163)), pyrimidine metabolism (KEGG: SAU00240 (163)) and

TCA cycle (KEGG: SAU00020 (163)).
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The betaine biosynthesis module (KEGG: SAU MO00555 (163)) in the glycine, serine and
threonine metabolism pathway and the arginine biosynthesis module (KEGG: SAU M00844
(163)) in the arginine biosynthesis pathway were detailed below in Section 2.2.3.1 and Section
2.2.3.2, respectively. The decrease in all the metabolites across the panels in the purine pathway
(mid-exponential: Figure 2.12; stationary: Figure 2.21) and the pyrimidine pathway (stationary:
Figure 2.27) was consistent with the growth defect in S7-D2 as discussed in Section 2.2.2.
Moreover, the decrease in the levels of valine and isoleucine (mid-exponential: Figure 2.15;
stationary: Figure 2.22) was in line with the increased rigidity of the bacterial membrane of S7-
D2 as discussed in Section 2.2.2. The branched-chain amino acids valine and isoleucine (and
leucine) are precursors to membrane branched-chain fatty acids in S. aureus (164, 165), and their
decreased levels might relate to decreased levels of branched-chain lipids in the bacterial

membrane and the observed decrease in membrane fluidity in S7-D2.

To better understand how certain variations on the gene level between S7 and S7-D2
translate to metabolic changes, we decided to take a combined look at the transcriptomics and

metabolomics results.

2.2.3.1 The betaine biosynthesis pathway

The first pathway that stood out was the betaine biosynthesis pathway (a simplified view
of the pathway shown in Figure 2.30A). S. aureus can take up betaine or choline via multiple
transporters, e.g. BecT, OpuB(ab), OpuC(abed), OpuD, OpuD2 and ProP (166, 167) (Figure
2.30A). Betaine can also be synthesized from choline through the action of BetA (oxygen-
dependent choline dehydrogenase) and BetB (aldehyde dehydrogenase), with betaine aldehyde
as the intermediate (166, 167). Several of the transporters mentioned above were upregulated or

downregulated in S7-D2 (Figure 2.5A and Table 2.6), among which the upregulated bccT
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exhibited the largest log>fold change. The genes encoding for the enzymes that convert choline to
betaine, bet4 and betB, were also upregulated in S7-D2. Despite the mixed changes in the
transporter genes, the metabolomics results (Figure 2.30B) demonstrated that choline and
betaine were significantly increased in S7-D2 during the mid-exponential phase, while only
choline did so during the stationary phase and its abundance was less different between S7 and

S7-D2 comparing the stationary phase with the mid-exponential phase.

Since betaine protects S. aureus against osmotic pressure (168, 169), we determined if
S7-D2 was capable of tolerating higher osmotic pressure exerted by the hyperosmotic agent
maltodextrin (170). Maltodextrin reduces water activity in cells and their environment (170, 171)
and has been used to experimentally in combination with vancomycin to enhance the killing of S.
aureus biofilms (170, 172). We subjected S7 and S7-D2 to five concentrations of maltodextrin
(10 mg/mL, 25 mg/mL, 50 mg/mL, 75 mg/mL, 100 mg/mL), and compared the growth curves
over a 30-h period, with S7 or S7-D2 alone as controls. The ODgoo of the maltodextrin by itself at
different concentrations was also measured (Figure 2.31), which was relatively consistent over
the 30-h period and served as decent background subtractions for the growth curves. The growth
curves of S7 and S7-D2 with or without exposure to maltodextrin are shown in Figure 2.32A.
There was a general trend of increased growth inhibition as the maltodextrin concentration
increased. The AUC was calculated to account for the total growth over the entire growth period,
shown in Figure 2.32B. We then calculated the ratio of the AUC at each maltodextrin
concentration relative to the AUC of S7 or S7-D2 alone for comparison between S7 and S7-D2,
because S7-D2 has a growth defect at baseline (Figure 2.4A and Figure 2.32A). As can be seen

from Figure 2.32B, the total growth over the 30-h period was decreased to a larger extent for S7-
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D2 than S7 at each maltodextrin concentration. Counter to our initial hypothesis, these findings

suggested that S7-D2 may have lower osmotic tolerance than S7.

Because of the observed differences in choline and betaine abundance during the mid-
exponential vs. the stationary phase (Figure 2.30B), another metric, the growth rate, was
calculated by performing linear regression on a 2-h period during each mid-exponential growth
phase (Table 2.7). Although the growth rate of S7-D2 alone was higher than that calculated in
Figure 2.4A, it was still significantly lower than the growth rate of S7 (»<0.0001; Student’s ¢-
test, unpaired, two-tailed, equal variance). Hence, the growth defect in S7-D2 was also
confirmed in this experiment. Based on the growth rates, a percentage was again calculated to
account for the growth difference between S7 and S7-D2. The results were similar to those from
the AUC measurements: S7-D2 showed lower osmotic tolerance even just during the mid-
exponential phase. Taken together, the increase in the levels of choline and betaine failed to
provide a growth advantage to S7-D2 in the context of osmotic pressure exerted by maltodextrin,
indicating that maltodextrin might inhibit S. aureus growth through mechanisms other than
osmotic pressure. Another possibility is that S7-D2 could be less osmotically tolerant than S7, so
the choline and betaine were upregulated to compensate, but the upregulation still could not fully

make up for the lowered osmotic tolerance in S7-D2.

2.2.3.2 The arginine deiminase pathway

Another pathway that seemed prominent was the arginine deiminase pathway (ADI)
coupled with the urea cycle (Figure 2.33A), because several components of the pathway, namely
arcABCD and arcR, had large fold changes as seen from the volcano plot in Figure 2.5A. ADI is
the main bacterial arginine catabolic pathway, encoded by the arc operon (173). It converts

arginine to citrulline and ammonia in the presence of water via the action of ArcA (arginine
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deiminase). A phosphate group is added to citrulline to form ornithine and carbamoyl phosphate
via the action of ArgF and ArcB (carbamoyl transferases). Finally, through the action of ArcC
(carbamate kinase), carbamoyl phosphate is converted into ammonia and hydrogencarbonate,
with the concurrent production of 1 mol ATP per mol of arginine consumed. Another gene in the
arc operon is arcD, which encodes a membrane-bound arginine/ornithine antiporter. All four
genes, arcABDC, were significantly elevated in S7-D2 (lowest logofold change=4.35, arcC;
highest log>fold change=6.72, arcA) (Figure 2.5A). However, argF was significantly
downregulated (logofold change=-1.94) (Figure 2.5A). Although the expression levels of arcB
(logzfold change=6.16) and argF changed in opposite directions in S7-D2, the increase in arcB
was far larger than the decrease in argF, and thus we could safely conclude that overall, more

citrulline was converted to ornithine and that more carbamoyl phosphate was produced in S7-D2.

arcR is located immediately upstream of the arcABDC genes, and codes for a protein
which regulate genes involved in anaerobic metabolism (173). It has also been shown that ArcR
activates the expression of the arc operon, possibly in conjunction with ArgR (arginine
repressor), which is located upstream of the arcA4 gene in the ADI gene cluster (173). In our
transcriptomics analysis, arcR and argR were both significantly upregulated in S7-D2 (logzfold
change=4.67 and 1.08, respectively). Considering all the genes in the ADI cluster along with
argF, we concluded that the ADI pathway was upregulated in S7-D2 as compared to the parent
strain S7. Consistent with the upregulated ADI pathway, Figure 2.33B showed that the level of
citrulline was significantly increased in S7-D2 during the mid-exponential phase (19.3-fold),
although other metabolites in the ADI pathway were not measured in the targeted metabolomics.
Figure 2.33B also demonstrated that more citrulline was produced in S7 in the stationary phase,

resulting in a 4.02-fold increase than the level in S7-D2. This suggests that the upregulation of
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the ADI pathway likely only happened in the mid-exponential phase when S7-D2 was actively

growing.

In addition to serving as a source of carbamoyl phosphate, citrulline can also be
converted to L-arginosuccinate and then back to arginine in the urea cycle through the actions of
AgrG (argininosuccinate synthase) and AgrH (argininosuccinate lyase) (Figure 2.33A). In our
transcriptomics analysis, both genes had positive logzfold changes but less than 1 (indicative of
slight increase in the gene expression in S7-D2), and only the expression level of agrG was
significantly different between S7 and S7-D2. agrJ (glutamate N-acetyltransferase), coding for
the enzyme AgrlJ that converts N-acetylornithine to ornithine (Figure 2.33A), was slightly
decreased in S7-D2 (non-significantly) (Table 2.8). Surprisingly, based on the metabolomics
results shown in Figure 2.33B, the levels of N-acetylornithine were significantly elevated in both
the mid-exponential phase and stationary phase (49.8-fold and 16.3-fold, respectively). This

might be due to pathways upstream of the AgrJ reaction, leading to N-acetylornithine formation.

In conclusion, the ADI gene cluster has been shown to allow S. aureus to utilize arginine
as an energy source under anaerobic conditions (173). Although we did not grow S7 and S7-D2
under anaerobic conditions, it is possible that the improved ability of S7-D2 to convert arginine
into energy contributes to its better survival in response to the external stress from antimicrobials
such as vancomycin and dalbavancin. However, the mechanisms behind this possibility and the
mechanisms of how overexpression of the vraTSR regulatory system might lead to the elevated

expression of the ADI genes remain unclear and warrant further investigation.

2.2.5. Lipidomics analysis of S7 and S7-D2
Because several genes associated with the FASII fatty acid synthesis pathway were

significantly altered (Table 2.4 and Figure 2.5A), we performed lipidomics on both the mid-
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exponential (Table 2.2) and stationary phase samples of S7 and S7-D2. Figure 2.34A showed
that the short-chain phosphatidylglycerols (PGs) were significantly increased in S7-D2 (28:0 and
29:0 for stationary phase, with an additional 30:0 for mid-exponential phase), while the long-
chain PGs were significantly decreased (34:0, 35:0 and 37:0 for stationary phase, with additional
33:0 and 36:0 for mid-exponential phase). A similar trend was observed for lysyl-PGs (Figure
2.34B) at stationary phase: lysyl-PG 28:0 and lysyl-PG 29:0 were significantly increased while
lysyl-PG 34:0 and lysyl-PG 35:0 were significantly decreased in S7-D2. However, for the mid-
exponential phase, only the short-chain lysyl-PGs (28:0 and 29:0) were significantly increased,
although the levels of long-chain lysyl-PGs were not significantly changed. As for the
cardiolipins (CLs) (Figure 2.34C), the levels were lowered in both mid-exponential phase and
stationary phase in S7-D2, which was consistent with the increased membrane rigidity (Figure
2.4B). Overall, the phospholipid levels in S7-D2 were decreased as compared to S7 in both
phases. This observation was consistent with the decrease in the fabZ expression level (Table
2.4) and the general trend of decreased levels of lipids in the resistant strains of other genetic
backgrounds as observed in previous studies (24, 104, 117-119). It also confirmed our
hypothesis from the lipidomics of the JE2 vraTSR mutants (section 2.2.1) that vraT loss-of-
function mutations are insufficient to lead to lipid changes, but gain-of-function point mutations
might be. However, the levels of branched-chain lipids were not clearly elucidated and could be

achieved by fragmentation of the fatty acid acyl chains with targeted MS/MS experiments (174).

2.2.6. AFN-1252 demonstrated synergy with daptomycin and oritavancin, independent of
vraTSR regulatory system
We hypothesized that AFN-1252 would decrease the lipid abundance in S. aureus while

cerulenin would lead to an increase in lipid species with shorter fatty acid chains, with a
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corresponding decrease in lipid species with longer fatty acid chains. This hypothesis was based
on the targets of AFN-1252 and cerulenin, as AFN-1252 acts on Fabl, which catalyzes the
formation of the precursors to lipid synthesis, while cerulenin acts on FabF, which catalyzes the
elongation of the fatty acid chains (Figure 2.7). To test that hypothesis, we grew S7 and S7-D2
in the presence and absence of subinhibitory (half-MIC) concentrations of cerulenin and AFN-
1252 and measured the lipidomic changes using HILIC-IM-MS. Figure 2.35 demonstrated that
cerulenin shifted the fatty acid chains of various lipid species to shorter chains, while AFN-1252
decreased the lipid synthesis overall, consistent with our expectations. The exception lay in CLs
(Figure 2.36) in the presence of AFN-1252, where the fatty acid composition shifted to shorter
chains in S7, but overall CL levels increased in S7-D2, suggesting that CL synthase was

activated with exposure to AFN-1252 in this strain.

Based on the above lipid profile, the shift of fatty acid chains to shorter lengths and
increase of CL levels by AFN-1252 and cerulenin could result in increased membrane fluidity,
which might, in turn, contribute to bacterial killing by daptomycin (130-132, 136). Because of
the presence of cross-resistance among cell-envelope-targeting antimicrobials (22-24), we aimed
to determine whether such lipid metabolism modulation would enhance the antimicrobial
susceptibility of daptomycin, as well as vancomycin, daptomycin, and oritavancin. We used the
time-kills to assess the synergy between AFN-1252 and those antimicrobials for S7 and S7-D2.
For both strains, synergy was observed for AFN-1252 and daptomycin (S7: 2.911log10CFU
reduction; S7-D2: 2.30log10CFU reduction; 24-h) and for AFN-1252 and oritavancin (S7:
4.65log10CFU reduction; S7-D2: 3.6310og10CFU reduction; 24-h), but not with AFN-1252 and
vancomycin or AFN-1252 and dalbavancin (<2log10CFU reduction; 24-h) (Figure 2.37 and

Figure 2.38). The synergy was independent of the vraTSR regulatory system as S7 and S7-D2
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behaved similarly. The synergy between AFN-1252 and daptomycin has been observed before
(175), but to the best of our knowledge, this is the first time the synergy between AFN-1252 and
oritavancin has been demonstrated. Interestingly, another lipoglycopeptide antimicrobial,
dalbavancin, did not exhibit synergy with AFN-1252, suggesting that the mechanisms of action
of oritavancin might involve the bacterial membrane as daptomycin does while dalbavancin does
so to a lesser extent (20, 176). As a future direction, it would be interesting to determine how the
shift to shorter chain length by cerulenin would affect the killing by the cell-envelope-targeting

antimicrobials.

2.2.7. Histidine kinase inhibitor demonstrated synergy with vancomycin for S7, but not S7-D2
In addition to lipid synthesis inhibitors, we investigated how histidine kinase inhibitors
might modulate the effects of cell-envelope active antimicrobials. Because VraT-specific
inhibitor is not yet developed, we tested F1374-0037, which has been shown to bind specifically
to VraS and not VraR or some other histidine kinases (124). Figure 2.39 showed that S7
exhibited synergy between F1374-0037 and vancomycin (2.121og10CFU reduction; 24-h), but not
S7-D2 (<2log1oCFU reduction; 24-h). One possibility of the variation in killing between S7 and
S7-D2 is that the elevated levels of vraS due to upregulation of vraTSR in S7-D2 might be able
to counteract the inhibition by the histidine kinase inhibitor, and thus, the vancomycin killing
profile remained the same with or without the inhibitor. However, the difference could also be
due to other mechanisms of killing not directly involving binding to vrasS, since, to the best of
our knowledge, how the histidine kinase inhibitors function to kill S. aureus has not been
determined (124). S7 could be producing fewer VraTSR proteins because it was becoming less
viable through other killing mechanisms, especially considering that the N315 vraS KO did not

exhibit MIC-lowering effects against the cell-envelope-targeting antimicrobials (Table 2.1). As a
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result, we would need to rule out other possibilities to fully confirm that the upregulation of
vraTSR contributed to the differences in killing. Future time-kill experiments involving other
cell-envelope-targeting antimicrobials and vraS loss-of-function mutants, e.g. JE2 vraS
transposon mutant and N315 vraS KO, are needed to unveil deeper into the possible

mechanisms.

2.3 Discussion

Several observations from our experiments pointed to the crosstalk between cell wall
synthesis and lipid metabolism. Firstly, the demonstrated decrease in UNAG (Figure 2.10),
together with the decrease in the murA gene expression (Table 2.3), indicated that in S7-D2 less
UNAG might be generated in pathways upstream of the reactions catalyzed by the MurA-F
enzyme family. This observation also coincided with the observation where the initiation of the
FASII pathway was upregulated in S7-D2 (Table 2.4), in that acetyl-CoA, a precursor to both the
synthesis of fatty acids (34) and the synthesis of NAG and NAM (9) (Figure 1.3), might be
converted to the intermediates in the FASII fatty acid synthesis pathway to a greater extent than
to NAGs and NAMs. Nevertheless, the fatty acid synthesis might still be downregulated due to
the decrease in fabZ (Table 2.4) while the peptidoglycan synthesis might be upregulated due to
the increase in other cell wall synthesis-related genes (Table 2.3). Isotopic labeling of acetyl-
CoA and measurement of the cell wall thickness with transmission electron microscopy (128,
177) is likely to provide more evidence for acetyl-CoA as one connecting point between cell wall
synthesis and lipid metabolism in S. aureus. Secondly, inactivating mutations in sg¢B have been
shown to allow S. aureus to survive in the absence of LTAs (148). In the same study, mutations
in vraT have also been demonstrated to support the growth of LTA-deficient S. aureus, although

those mutations did not allow the bacteria to entirely bypass the requirement of LTAs (148).

38



Considering that sgzB significantly increased in S7-D2 (Table 2.3), that the overall lipid
abundance decreased in S7-D2 (Figure 2.34), that SgtB and LTAs are related (148), and that the
backbone and the headgroup of LTAs are products of lipid metabolism in S. aureus (36, 38, 178),
we hypothesize that the amount of LTAs might be increased as a result of vraTSR upregulation,
which might contribute to the observed antimicrobial resistance. It would be helpful to elucidate
the LTA changes in S7-D2 as compared to S7 and the potential roles of vraT in LTA synthesis.
This could be accomplished by Western blot (148) and/or matrix-assisted laser

desorption/ionization mass spectrometry (MALDI-MS) (179).

Modulating the gene levels of the FASII fatty acid synthesis pathway could alter the
composition of the synthesized lipids, as implicated by the lipid profile of S7 and S7-D2 with
exposure to AFN-1252 and cerulenin (Figure 2.35 and Figure 2.36). Nevertheless, the lipids
were not shifted to longer chains in S7-D2 (Figure 2.34) despite the significant increase in the
fabF expression levels (Table 2.4), possibly because the extent of the increase in fabF was not
sufficient to lead to the shift to longer chains. At the same time, the upregulation of the initiation
of the FASII fatty acid synthesis pathway caused by the elevated levels of fabH and accBC,
along with the downregulation of the fabZ gene, might indicate that 2-hydroxyacyl-ACP
accumulated in S7-D2, which might be responsible for the overall decrease in lipid abundance in

S7-D2 (Figure 2.34).

In our studies of lipid synthesis inhibitors, we observed in the presence of AFN-1252
there was shift among CLs to shorter chain length in S7 and an increase in CL levels in S7-D2
compared to the unexposed strains (Figure 2.36). The decrease in chain length, as well as the
increase in CLs (136), would decrease the packing of the membrane and thus lead to increased

fluidity of the cell membrane. This might contribute to the synergy between AFN-1252 and

39



daptomycin (Figure 2.38A), because daptomycin has been shown to exhibit decreased
susceptibility when membranes are either too fluid (130, 132) or too rigid (131) (the so-called
“Goldilocks effect” (180)). Additionally, although S. aureus does not synthesize unsaturated
lipids on its own (181), unsaturated PGs have been observed in S. aureus grown in the presence
of AFN-1252 (174). The accumulation of the enoyl-ACP intermediate in the FASII fatty acid
synthesis pathway as a result of the exposure to AFN-1252 (174) could increase the amount of
carbon-carbon double bonds in the bacterial membrane, contributing to increased fluidity and
thus the observed synergy (Figure 2.38A). It would be of interest to identify the trans-2-enoyl-
ACP intermediate from the lipidomics studies and compare their relative amounts to uncover the
underlying mechanisms in greater depth. Those mechanisms could potentially provide an
alternative explanation to why AFN-1252 synergizes with daptomycin than by inhibiting lipid
shedding from S. aureus (175), since it has been shown that the contribution of lipid shedding to

daptomycin tolerance varies (182).

Another observation from the time-kill experiments with AFN-1252 was that oritavancin,
but not dalbavancin, synergized with AFN-1252 in the killing of S7 and S7-D2 (Figure 2.37B
and Figure 2.38B). Oritavancin and dalbavancin are both lipoglycopeptide antimicrobials, which
are derived from the glycopeptides chloroeremomycin and teicoplanin respectively (20, 183).
Oritavancin’s mechanism of action (MOA) involves at least 3 known mechanisms: inhibition of
transglycosylation, inhibition of transpeptidation, and cell membrane interaction/disruption
(176). Dalbavancin exerts its antimicrobial activity through interaction with terminal D-alanyl-
D-alanine residues of peptidoglycan precursors, and its lipophilic side chain has been implicated
in the dimerization of dalbavancin and anchoring it to lipid II in the cell membrane (20). This

anchoring strengthens adherence to the D-alanyl-D-alanine target site and allows for enhanced
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activity compared to vancomycin and teicoplanin (20). Our observation of the differential killing
by oritavancin and dalbavancin in the presence of AFN-1252 suggested that oritavancin might
function more similarly to daptomycin than to vancomycin and this greater similarity to
daptomycin is implied by the above reporting on the membrane disruption/depolarization being

one MOA.

In the transcriptomics analysis, we determined that two of the five pbp genes in S. aureus,
pbp2 and pbp4, significantly increased in the expression levels in S7-D2 as compared to S7
(Table 2.3). However, the MIC of nafcillin, a B-lactam antimicrobial that binds to PBPs non-
specifically (184, 185), did not change for S7-D2 as compared to S7 (16 pg/mL for both strains).
It is possible that the degree to which the two pbps were elevated was not sufficient to bring
about changes in nafcillin MICs. It would be interesting to measure the MICs of other -lactams,
especially those that specifically target PBP2 (e.g. ceftriaxone (185)) and PBP4 (e.g. cefoxitin
(185, 186)), to determine if the elevated pbp levels would result in increased resistance to f3-
lactam antimicrobials. Furthermore, -lactam seesaw effect has been observed in many previous
studies (22, 23, 187, 188), where the susceptibility to f-lactam in MRSA increases as the
resistance to vancomycin or daptomycin increases. By measuring more -lactam MICs, we could
potentially gain insights into the role of the increased PBPs caused by vraTSR upregulation on

the emergence of B-lactam seesaw effect.

In the above discussions and the transcriptomics, metabolomics and lipidomics results
elaborated on in Section 2.2, we showed that increasing VraT activity increases antimicrobial
resistance and plays crucial roles in modulating transcriptomic and metabolic changes.
Furthermore, the presence of the arIlSR and saeSR regulatory systems in functional annotation

cluster 2 (Figure 2.8) suggested the existence of crosstalk among different regulatory systems in
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S. aureus, as observed in previous studies (50, 60, 116), which further necessitates the need for a
better understanding of VraT and the VraTSR system. However, while the structures of VraS
(PDB ID 4GT8) and VraR (PDB IDs 2RNIJ (189), 4GVP (190), 41F4 (190), and 7VE4-7VE6
(191)) have been resolved to various degrees, the structure of VraT has not been clarified and
only its transmembrane domains have been predicted based on the structure of LiaF in Bacillus
subtilis (87). Further elucidating the structure of VraT via biophysical methods is critical and

imperative based on our results.

2.4  Experimental Procedure

2.4.1. Susceptibility Testing and PAP

The susceptibility to vancomycin, daptomycin, and dalbavancin was evaluated by broth
microdilution in accordance with CLSI guidelines (10). PAP was performed by plating overnight
bacterial growth culture (approximately 1x10® CFU/mL) on the brain heart infusion agar (BHIA,
Difco, Detroit, MI) plates containing various concentrations of vancomycin and daptomycin and
incubating the plates at 37°C for 48 h. The CFU/mL was then quantified from the BHIA plates

and evaluated as function of the drug concentrations (12).

2.4.2. Construction of N315 vraS KO

The N315 vraS KO was constructed using the pIMAY plasmid (127). The primers used in
the construction are listed in Table 2.9 and were ordered from Integrated DNA Technologies,
Inc. (Coralville, Iowa). Briefly, the homology arms upstream and downstream of the vraS gene
were amplified using polymerase chain reaction (PCR). The homology arms were joined into one
piece through the splicing by overlap extension PCR (SOE-PCR) and cloned into the pCR®2.1-
TOPO® vector (Invitrogen, Thermo Fisher Scientific, Waltham, MA). Restriction enzymes Kpnl

(NEB, Ipswich, MA) and Sacl (NEB, Ipswich, MA) were used to piece the homology arms into
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the pIMAY plasmid, which was then electroporated into S. aureus N315 strain. Bacterial growth
underwent a series of temperature-sensitive steps for homologous recombination, as detailed in
(127). The resulting colonies were screened by PCR and Sanger sequencing (primers:

vraSup left and vraSdown right in Table 2.9) to confirm successful KO of the vraS gene.

2.4.3. Growth Characterization and Membrane Fluidity Measurement

A 0.5-McFarland bacterial suspension was prepared from overnight growth on tryptic soy
agar (TSA, Becton, Dickinson and Company, Franklin Lakes, NJ) and was diluted 100-fold. 50
uL of the diluted suspension was inoculated into 200 uL. TSB (Becton, Dickinson and Company,
Franklin Lakes, NJ) in a 96-well clear flat-bottom microplate. The optical density at 600 nm
(ODs0o) was read every 10 min for 26 h on the BioTek Synergy H1 microplate reader (Agilent,
Santa Clara, CA). The microplate was shaken continuously at a frequency of 180 cpm (6 mm) at
37°C in the double-orbital mode. Each bacterial strain was measured in pentaplicate. Membrane

fluidity was measured as previously described (134).

2.4.4. Biofilm Quantification and Osmotic Tolerance Characterization

Biofilm formation was quantified by the well-documented crystal violet assay (161). The
osmotic pressure tolerance was characterized by measuring the growth curve, as described in
Section 2.4.3, for 30 h under different concentrations of maltodextrin (0 mg/mL, 10 mg/mL, 25
mg/mL, 50 mg/mL, 75 mg/mL, and 100 mg/mL) (dextrose equivalent 4.0-7.0; Sigma-Aldrich,
St. Louis, MO). All bacteria were grown in five replicates. The ODsoo of maltodextrin standards
was also measured over the 30-h period in triplicate. The area under the curve (AUC) was
calculated in GraphPad Prism (GraphPad Software, Boston, MA). The growth rate at the mid-
exponential phase was calculated by simple linear regression in GraphPad Prism over a 2-h time

period, as tabled in Table 2.2.
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2.4.5. Transcriptomics Sample Preparation and Analysis

Bacteria were grown in 5 mL TSB at 37°C to mid-exponential phase (6.5 h for S7 and 8.5
h for S7-D2). The endpoint ODego for the mid-exponential phase was confirmed on the BioTek
Synergy H1 microplate reader by sampling 250 pL of the bacterial suspension (Table 2.2).
Bacteria were pelleted, resuspended in DNA/RNA Shield™ (Zymo Research, CA), and sent to
Novogene Corporation Inc. (Sacremento, CA) for total RNA isolation and sequencing. Data
processing was performed on Linux (hisat2 (192), SAMtools sort (193) and featureCounts
(194)), with R (DESeq2 (195)), and with the Database for Annotation, Visualization and

Integrated Discovery (DAVID) (158). Each strain was grown in quadruplicate.

2.4.6. Metabolomics Sample Preparation and Analysis

Bacteria were grown in 5 mL TSB at 37°C to mid-exponential phase (6.5 h for S7 and 10
h for S7-D2) and stationary phase (24 h). The endpoint ODsoo for the mid-exponential phase was
confirmed on the BioTek Synergy H1 microplate reader by sampling 250 pL of the bacterial
suspension (Table 2.2). Targeted metabolomics was conducted by Dr. Haiwei Gu’s group at
Arizona State University. Untargeted metabolomics was performed on a Waters Synapt G2-XS
ion mobility-QTOF mass spectrometer (Waters Corp.,Milford, MA). From the untargeted
metabolomics, the total ion abundance was calculated for each sample based on the positive
mode data by summing up the raw abundances of all ions identified in each sample (denoted as
Sn, where n represents each individual sample). The maximum value of S, was identified
(denoted as maxS), and a normalization factor was calculated by the ratio of maxS to S,. The
abundance of each metabolite identified in the targeted metabolomics was multiplied by the

normalization factor to account for any total ion current (TIC) differences among the samples.
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Finally, pathway analysis was conducted using MetaboAnalyst (162) based on the normalized

data. Each condition was performed in quadruplicate.

2.4.7. Lipidomics Sample Preparation and Analysis

Bacteria were grown in 5 mL TSB at 37°C to mid-exponential phase (6.5 h for S7 and 10
h for S7-D2) and stationary phase (24 h for JE2 vraTSR mutants, S7 and S7-D2, and S7 and S7-
D2 grown with or without AFN-1252 or cerulenin). The endpoint ODsoo for the mid-exponential
phase was confirmed on the BioTek Synergy H1 microplate reader by sampling 250 pL of the
bacterial suspension (Table 2.2). AFN-1252 was dosed at 0.0078 pg/mL for S7 and 0.0039
pg/mL for S7-D2, and cerulenin was dosed at 8 pg/mL for S7 and 1 pg/mL for S7-D2. All the

concentrations used were half of the respective minimum inhibitory concentrations (MICs).

For all conditions, bacteria were pelleted and washed twice with sterile water. Lipid
extraction, hydrophilic interaction liquid chromatography-ion mobility-mass spectrometry
(HILIC-IM-MS), and data analysis were performed as previously described (104). Briefly, lipid
was extracted using the Bligh and Dyer method (196—-198). HILIC-IM-MS was conducted on the
Waters Synapt G2-XS ion mobility-QTOF mass spectrometer equipped with an electrospray
ionization (ESI) source. Progenesis QI (Nonlinear Dynamics, Waters Corp.,Milford, MA) was
used for data alignment, peak detection (limited to the chromatographic region from 0.4 to 9.0
min), and normalization. The software selected the reference sample for alignment from the
pooled quality control samples and normalized the data to all compounds to correct for TIC
differences. Analysis of variance (ANOVA; p < 0.05) was used to filter the resulting features,
and student's ¢-tests were performed by a two-tailed distribution and equal variance for

comparison between two samples (104). Each condition was analyzed in triplicate.
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2.4.8. Static Time-kill Assay

A 0.5-McFarland bacterial suspension was prepared from overnight growth on TSA and
was diluted 100-fold. 50 pL of the diluted suspension was inoculated into 200 pL total volume of
MHBS50 or MHB supplemented with 0002% PS80 in a 24-well clear flat-bottom plate. For
oritavancin, 15 mL Falcon tubes was used instead of 24-well clear flat-bottom plates.
Antimicrobials (half-MIC) and inhibitors (2xMIC) were dosed depending on the conditions. The
concentrations are listed in Table 2.10. Samples were taken at designated time points, serially
diluted, and spiral-plated on TSA plates to evaluate the bacterial growth over time. All conditions

were performed in duplicate.
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Figure 2.1 Population analysis profiling against varied concentrations of A) vancomycin and B)
daptomycin of the WT USA300 JE2 strain and the vraS and vraR transposon mutants.
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Figure 2.2 The phosphatidylglycerols (PGs; A), diglucosyl-diacylglycerols (DGDGs; B), lysyl-
phosphatidylglycerols (lysyl-PGs; C) and fatty acids (FAs; D) profile of the WT USA300 JE2
strain and the vraT, vraS and vraR transposon mutants. Individual lipid species are represented as

the number of carbons: the degree of unsaturation in the fatty acid chains. #p<0.001;
0.001<p<0.01; 0.01<p<0.05 (Student’s ¢-test, two-tailed, equal variance). N=3.
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WT KO

Figure 2.3 Electrophoresis gel image confirmed that vraS KO was successfully generated in S.
aureus N315. The polymerase chain reaction (PCR) product of the vraS KO is expected to have
1,340 bp.
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Figure 2.4 Phenotypic characterization of S7 and S7-D2. A) The growth curve of S7 and S7-D2,
measured by the BioTek Synergy H1 platereader for 24 h at 37°C in TSB media. N=5. Linear
regression results of the mid-exponential phase are listed. Time interval: the time period from the
linear regression was performed. Std. error: standard error. B) The membrane fluidity
measurements of S7 and S7-D2 at stationary phase using the TMA-DPH fluorescent probe. N=8§.
#p<0.001 (Student’s t-test, unpaired, two-tailed, equal variance; y-intercept not tested).
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Figure 2.5 Transcriptomics results comparing S7-D2 with S7 (fold change=S7-D2/S7). N=4. A)
Volcano plot of the differentially expressed genes (DEGs) from the annotated analysis with
reference genome USA300-FPR3757. Cutoff for logofold change and —logiop: 1 and 1.5.
Labeled genes: top 15 hits ranked by Manhattan distance from the origin and 10 genes of
interest. B) the counts, log>fold changes, and adjusted p values of vraR, vraS, and vraT from the
unannotated analysis with the same reference genome.
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Figure 2.6 Schematic of the reactions catalyzed by the MurA-F enzyme family. Adapted from
; Black: unchanged.

(154). Red: upregulated;
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Figure 2.7 Schematic of the FASII fatty acid synthesis pathway. AFN-1252 inhibits Fabl, and
cerulenin inhibits FabF. Red: upregulated; ; Black: unchanged;
. Adapted and reprinted with permission from (123). Copyright 2011 Elsevier Ltd.
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Figure 2.8 Individual genes involved in the functional annotation clusters, their log,fold changes
and the proteins they encode (naming based on annotations in the genome USA300-FPR3757
(199)). Red: both clusters; ; Blue: annotation cluster 2. #adjusted
p<0.001;  0.001<adjusted p<0.01; 0.01<adjusted p<0.05.
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Figure 2.9 Biofilm formation of S7 and S7-D2 after 24 h growth, quantified by the crystal violet
method. #p<0.001 (Student’s #-test, unpaired, two-tailed, equal variance). N=48.
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Figure 2.10 UDP-N-acetyl-a-D-glucosamine (UNAG) changes comparing S7 and S7-D2 during
the mid-exponential phase (left) and the stationary phase (right). *p<0.001(Student’s t-test,
unpaired, two-tailed, equal variance). N=4.
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Figure 2.11 Pathway enrichment results from MetaboAnalyst (162) of the targeted
metabolomics of S7 and S7-D2 during the mid-exponential phase. The top pathways are labeled

and summarized.
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Figure 2.12 Individual metabolite changes comparing S7 and S7-D2 in the purine metabolism
pathway (KEGG: SAU00230 (163)) during the mid-exponential phase. #p<0.001;
0.001<p<0.01; 0.01<p<0.05 (Student’s z-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.13 Individual metabolite changes comparing S7 and S7-D2 in the glycine, serine and
threonine metabolism pathway (KEGG: SAU00260 (163)) during the mid-exponential phase.

#p<0.001; **0.001<p<0.01 (Student’s #-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.14 Individual metabolite changes comparing S7 and S7-D2 in the alanine, aspartate and
glutamate metabolism (KEGG: SAU00250 (163)) during the mid-exponential phase. #p<0.001;
0.001<p<0.01 (Student’s ¢-test, unpaired, two-tailed, equal variance). N=4.

60



Glycine P rl}ljne Aepartate

#
200000 - 2x10%+ 4000000 -
3 g g
=] g g
< 1500004 < 1.5%10% < 3000000~
E s g
= i 2
: 100000 2 1x10%+ E2000000-
8 S =
= = =
E 50000 E 5x107+ £ 1000000~
2 z z
0- 0- 0-
S7  S7-D2 S7 S7-D2 S7 S7-D2
Threonine Isoleucine Valine
800000 5%107 5%107
g 8 8
£ 600000- g 4077 E 407
E g )
2 2 3x1074 2 3x107
= 400000 S =
= S 2x107 £ 2x107
= = =
E 200000 = =
5 5 1x107- 5 1x107+
z Z. z.
0- 0- 0-
S7  S7-D2 S7  S7-D2 S7  S7-D2
Glutamic acid
#
3x1074
51
=
=<
-
E 2x107-
=
-
=
s
= 1x107
E
5
4
0_
S7  S7-D2

Figure 2.15 Individual metabolite changes comparing S7 and S7-D2 in the aminoacyl-fRNA
biosynthesis pathway (KEGG: SAU00970 (163)) during the mid-exponential phase. #p<0.001;
0.001<p<0.01; 0.01<p<0.05 (Student’s ¢-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.16 Individual metabolite changes comparing S7 and S7-D2 in the arginine biosynthesis

pathway (KEGG: SAU00220 (163)) during the mid-exponential phase. #p<0.001 (Student’s ¢-
test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.17 Individual metabolite changes comparing S7 and S7-D2 in B-alanine metabolism
pathway (KEGG: SAU00410 (163)) during the mid-exponential phase. #p<0.001;
“0.001<p<0.01 (Student’s t-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.18 Individual metabolite changes comparing S7 and S7-D2 in the streptomycin
biosynthesis pathway (KEGG: SAU00521 (163)) during the mid-exponential phase.
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Figure 2.19 Pathway enrichment results from MetaboAnalyst (162) of the targeted

metabolomics of S7 and S7-D2 during the stationary phase. The top pathways are labeled and

summarized.

65



Oxaloacetic acid Acetvl-CoA Glutamic acid

# #
400000+ 400000 4x107+
@ @ 5]
= 2 =
= = = 74
< 300000 = 300000 < 10
= E z
= 2 z
< 200000 < 200000 = 2x107-
g 8 S
= = )
£ 100000 £ 100000 E 1x107+
=] =) =}
z z z
0- 0- 0-
S7  S7-D2 S7  S7-D2 S7  S7-D2
Aconitic acid Glyceric acid Glycine
* % * %k
60000 - 30000 20000
] o
= S = 15000
= 40000 £ 20000 g
= = 2
< = = 10000
= 20000 = 10000 =
E g E 5000~
=] =] =]
z z z
0- 0- 0-
S7  S7-D2 S7  S7-D2 S7  S7-D2
Glutamine
%k k
1.5x107
1
=
=
=
S 1x107
=
<
=
L
B
= 5x106
E
P
=]
4
0_

S7  S7-D2

Figure 2.20 Individual metabolite changes comparing S7 and S7-D2 in the glyoxylate and
dlcarboxylate metabolism pathway (KEGG: SAU00630 (163)) during the stationary phase.

p<0 001; O 001<p<0.01; 0.01<p<0.05 (Student’s #-test, unpaired, two-tailed, equal variance).
N=4.
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Figure 2.21 Individual metabolite changes comparing S7 and S7-D2 in the purme metabolism
pathway (KEGG: SAU00230 (163)) during the stationary phase. p<0 001; 0.001<p<0.01,
0.01<p<0.05 (Student’s #-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.22 Individual metabolite changes comparing S7 and S7-D2 in the aminoacyl-/RNA
biosynthesis pathway (KEGG: SAU00970 (163)) during the stationary phase. #p<0.001;
0.001<p<0.01; 0.01<p<0.05 (Student’s ¢-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.24 Individual metabolite changes comparing S7 and S7-D2 in the glycine, serine and
threomne metabohsm pathway (KEGG: SAU00260 (163)) during the stationary phase. p<0 001;
0 001<p<0.01; O 01<p<0.05 (Student’s ¢-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.25 Individual metabolite changes comparing S7 and S7-D2 in the alanine, aspartate and
glutamate metabolism (KEGG: SAU00250 (163)) during the stationary phase. #p<0.001;
0.001<p<0.01 (Student’s #-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.27 Individual metabolite changes comparing S7 and S7- D2 in the pyrlmldme

metabolism (KEGG: SAU00240 (163)) during the stationary phase. p<0 001; 0.001<p<0.01
(Student’s #-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.28 Individual metabolite changes comparmg S7 and S7-D2 in the TCA cyle (KEGG:

SAU00020 (163)) during the stationary phase. p<0 001; 0.001<p<0.01 (Student’s #-test,
unpaired, two-tailed, equal variance). N=4.
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Figure 2.29 Individual metabolite changes comparing S7 and S7-D2 in B-alanine metabolism

pathway (KEGG: SAU00410 (163)) during the stationary phase. #p<0.001; *0.01<p<0.05
(Student’s #-test, unpaired, two-tailed, equal variance). N=4.
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Figure 2.30 A) Schematic of the betaine biosynthesis pathway from choline to betaine via the
action of BetA and BetB. Choline and betaine can also be transported into the bacteria via
various choline/betaine transporters. B) Choline and betaine changes comparmg S7 and S7-D2.

Top panel: mid-exponential phase; bottom panel: stationary phase. p<0 001; 0.001<p<0.01, ns:
non-significant (Student’s z-test, unpaired, two-tailed, equal variance). N=4. Choline/betaine
transporter illustration created with BioRender.com.
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Figure 2.31 The ODsoo of different concentrations of maltodextrin over the 30-h growth period,
measured by the BioTek Synergy H1 platereader at 37°C in TSB media. N=3.
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Figure 2.32 Quantification of the total growth over the 30-h period of S7 and S7-D2 under
different maltodextrin concentrations. A) The growth curve measured by the BioTek Synergy H1
platereader at 37°C in TSB media. N=5. Left: S7; Right: S7-D2. B) Calculations of the area
under the curve (AUC) based on the growth curve in A. Absolute values and ratios are shown.

Ratios were calculated relative to the AUC of the bacteria alone. #p<0.001 (Student’s #-test,
unpaired, two-tailed, equal variance).
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Figure 2.33 A) Schematic of the arginine deiminase (ADI) pathway coupled with the urea cycle
(KEGG pathway SAU00220). Adapted and reprinted with permission from (163). Copyright
1995-2024 Kanehisa Laboratories. B) Citrulline and N-acetylornithine changes comparing S7
and S7-D2. Top panel: mid-exponential phase; bottom panel: stationary phase.

#p<0.001(Student’s t-test, unpaired, two-tailed, equal variance). N=4. Red: upregulated;
; Black: unchanged;
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Figure 2.34 The phosphatidylglycerols (PGs; A), lysyl-phosphatidylglycerols (lysyl-PGs; B),
and cardiolipins (CLs; C) profile of the parent S7 and the S7-D2 strains during the mid-
exponential phase (left) and the stationary phase (right). Individual lipid species are represented

as the number of carbons: the degree of unsaturation in the fatty acid chains. #p<0.001;
0.001<p<0.01; 0.01<p<0.05 (Student’s ¢-test, two-tailed, equal variance). N=3.
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Figure 2.35 The phosphatidylglycerols (PGs; A), diglucosyl-diacylglycerols (DGDGs; B), and
lysyl-phosphatidylglycerols (lysylPGs; C) profile of the parent S7 (left) and the S7-D2 (right)
strains with or without exposure to half-MIC concentration of AFN-1252 or cerulenin. All
samples were grown to the stationary phase. Individual lipid species are represented as the
number of carbons: the degree of unsaturation in the fatty acid chains. #»p<0.001; **0.001<p<0.01;
*0.01<p<0.05 (Student’s ¢-test, two-tailed, equal variance). N=3.
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Figure 2.36 The cardiolipins (CLs) profile of the parent S7 (left) and the S7-D2 (right) strains
with or without exposure to half-MIC concentration of AFN-1252 or cerulenin. All samples were
grown to the stationary phase. Individual lipid species are represented as the number of carbons:
the degree of unsaturation in the fatty acid chains. #p<0.001; “0.001<p<0.01; “0.01<p<0.05
(Student’s t-test, two-tailed, equal variance). N=3.
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Figure 2.37 The time-kills of S7 (left) and S7-D2 (right) with AFN-1252 (2xMIC) and half-MIC

of A) vancomycin or B) dalbavancin. N=2.
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Figure 2.38 The time-kills of S7 (left) and S7-D2 (right) with AFN-1252 (2xMIC) and half-MIC
of A) daptomycin or B) oritavancin. N=2.
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Figure 2.39 The time-kills of S7 (left) and S7-D2 (right) with F1374-0037 (2xMIC) and half-

MIC of vancomycin. N=2.
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Tables

Table 2.1 Susceptibility profile of the USA300 JE2 strains and the N315 strain pair. The MICs
were measured by the broth microdilution method.

Minimum inhibitory concentration (ug/mL)

JE2 strains Vancomycin Daptomycin Dalbavancin
WT 1 05 0.0078
vraT::Tn 0.5 0.125 <0.0039
vraS::Tn 0.5~1 0.25~0.5 <0.00195
vraR:Tn 0.5~1 0.25 <0.00195
N315 strains Vancomycin Daptomycin Dalbavancin
WT 0.5 0.125 0.0039
vraS KO 0.5 0.125 <0.0078
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Table 2.2 The growth time and end-point ODeoo of the S7 and S7-D2 mid-exponential phase
samples for multi-omics analysis. Transcriptomics and metabolomics: quadruplicates;
lipidomics: triplicates.

S7 S7-D2
Time ODeoo Time ODeoo
Transcriptomics | 6.5h [ 0.539 0.588 0.664 0.634 |[85h | 0.583 0.585 0.577 0.487
Metabolomics | 6.5h 0.73 0.785 0.743 0.77 10h | 0.734 0.776 0.737 0.805
Lipidomics 6.5h 0.604 0.598 0.553 10h 0.611 0.603 0.679
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Table 2.3 The logzfold changes and adjusted p-values of a selection of genes involved in cell
wall synthesis. The proteins they encode are also listed (naming based on annotations in the
genome USA300-FPR3757 (199)).

Protein Fold change (log,) Adjusted p-value

(Benjamini)
pbpl Penicillin-binding protein 1 0.225 0.0865
pbp2 Penicillin-binding protein 2 0.965 2.57E-28
pbp3 Penicillin-binding protein 3 0.0327 0.772
pbp4 Penicillin-binding protein 4 0.300 0.0381
SgtA Transglycosylase 0.156 0.271
sgtB Glycosyltransferase 1.18 1.41E-22
murA S erboinyirancierae 0415 206E-5
murB UDP—N-aceter?:dIEztr:SveoylgIucosamine 0.426 9.99E-4
murC UDP-N-acetylmuramate--L-alanine ligase -0.0575 0.603
murD UDP—N—acetyImurz}rlr:gztla-t;:lanyl-D-glutamate 0.220 0.0140
MUrE UDP—N—acetyImurlz}a/r;gzlﬁlgaarzl—D-gIutamate—-L- 0.253 0.0425
murE UDP-N-acetylmuramoyl-tripeptide--D-alanyl- 0.238 0.123

D-alanine ligase

Undecaptrenyldiphospho-
murG muramoylpentapeptide B-N- 0.221 0.0352
acetylglucosaminyltransferase
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Table 2.4 The log-fold changes and adjusted p-values of a selection of genes involved in the
FASII fatty acid synthesis pathway. The proteins they encode are also listed (naming based on
annotations in the genome USA300-FPR3757 (199)).

Protein

Fold change (log,)

Adjusted p-value

(Benjamini)
fabH 3-oxoacyl-(acyl carrier protein) synthase 111 1.21 1.19E-9
fabD Malonyl CoA-acyl carrier protein transacylase 0.102 0,576
fabF 3-oxoacyl-(acyl carrier protein) synthase Il 0.939 5.32E-9
fabG 3-oxoacyl-(acyl carrier protein) reductase 0.234 0.231
fabz (3R)-hydroxymyristoyl-ACP dehydratase -0.910 1.05E-19
accA Acetyl-CoA carboxylasg carboxyltransferase 0.149 0.178

subunit o
accB Acetyl-CoA carboxylase, plotln carboxyl carrier 0.859 2 24E-10
protein
accC Acetyl-CoA carboxylasg biotin carboxylase 0.797 5 53E-18
subunit
accD Acetyl-CoA carboxylase subunit 0.242 0.0718

89



Table 2.5 Functional annotation clustering results from DAVID, listing only the categories with
adjusted p <0.05. Annotation cluster 1: cell adhesion; annotation cluster 2: virulence.

Annotation cluster 1 Enrichment score: 1.46
Fold Adjusted p-
Category Term Count % p-value . value FDR
enrichment L
(Benjamini)
GOTERM_CC_DIRECT 60100055;33;(”30‘3””'” 6 160 0.00700 4.24 00350  0.0350
UP_KW_CELLULAR_COMPONENT KW-0964~Secreted 6 1.60 0.00966 3.92 0.0483 0.0483
Annotation cluster 2 Enrichment score: 1.28
Fold Adjusted p-
Category Term Count % p-value . value FDR
enrichment R
(Benjamini)
UP_KW_BIOLOGICAL_PROCESS KW-0843~Virulence 7 1.87 0.00196 4.24 0.0275 0.0255
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Table 2.6 The log,fold changes and adjusted p-values of various choline/betaine transporters.

opuC(a) opuC(b) opuC(c) opuC(d) opubD
Fold change (log,) 0.508 0.0155 -0.309 -0.406 -0.597
Adjusted p-value 0.0339 0.936 0.0397 0.0321 0.000302

(Benjamini)
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Table 2.7 Linear regression results of the mid-exponential phase based on the growth curves in

Figure 2.32 A. The slope, y-intercept and R2 are listed. A percentage of the slope (0 mg/mL) was
calculated. Time interval: the time period from the linear regression was performed. Std. error:

# . : : :
standard error. p<0.001 (Student’s #-test, unpaired, two-tailed, equal variance; y-intercept not

tested).
Maltodextrin 0 mg/mL 10 mg/mL 25 mg/mL 50 mg/mL 75 mg/mL 100 mg/mL
Concentration
S7
Slope (std. 0.2033 0.2041 0.1413" 0.1787" 0.1385 0.1104"
error) (0.002895) (0.006346) (0.002553) (0.002339) (0.001526) (0.001413)
Y-intercept -0.9758 -0.9625 -0.7056 -0.8920 -0.7733 -0.6305
(std. error) (0.02030) (0.05083) (0.02045) (0.01873) (0.0122) (0.01132)
R’ 0.9874 0.9426 0.9799 0.9893 0.9924 0.9898
Slope - 100.4% 69.50% 87.90% 68.13% 54.30%
% of 0
mg/mL
Time interval 6h-8h 7h-9h
S7-D2
Slope (std. 0.1771 0.1792 0.09903" 0.08320" 0.07687" 0.06493"
error) (0.002881) (0.002597) (0.005194) (0.005435) (0.001440) (0.002233)
Y-intercept -1.101 -1.412 -0.7750 -0.6686 -0.6600 -0.5821
(std. error) (0.02595) (0.02858) (0.06753) (0.07066) (0.01872) (0.02904)
R? 0.9836 0.9869 0.8523 0.7881 0.9784 0.9306
Slope - 101.2% 55.92% 46.98% 43.40% 36.66%
% of 0
mg/mL
Time interval 8h-10h 10h—-12h 12h-14h
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Table 2.8 The log,fold changes and adjusted p-values of some genes in the arginine deiminase
pathway and the urea cycle not included in Figure 2.33A.

argF argJ argG argH
Fold change (log,) -1.94 -0.280 0.582 0.171
Adjusted p-value 1.66E-11 0.110 0.00787 0.240

(Benjamini)
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Table 2.9 List of primers used in the construction of the N315 vraS KO.

Primer Sequence
vraSup_left GGTACCGCATAGAAAGGCGGCGAAAC
vraSup_right CCACAAACAATACTTTAATCGTCATCGATAAATCACCTCTACGTCTCC
vraSdown_left TCGGAGACGTAGAGGTGATTTATCGATGACGATTAAAGTATTGTTTGTGG
vraSdown_right GAGCTCGGAATGCATAGATGACAGCT
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Table 2.10 Concentrations of the antimicrobials and inhibitors used in the time-kill assay.

Concentration (ug/mL)

S7 S7-D2
Vancomycin 0.5 (half-MIC) 2 (half-MIC)
Daptomycin 0.25 (half-MIC) 0.5 (half-MIC)
Dalbavancin 0.0078 (half-MIC) 0.5 (half-MIC)
Oritavancin 0.0156 (half-MIC) 0.0625 (half-MIC)
AFN-1252 0.0312 (double-MIC) 0.0156 (double-MIC)
F1374-0037 0.5 (double-MIC) 0.5 (double-MIC)
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Chapter 3 Varied Contribution of Phospholipid Shedding From Membrane to

Daptomycin Tolerance in Staphylococcus aureus

Portions of this chapter have been adapted and reproduced with permission from:
Shen T, Hines KM, Ashford NK, Werth BJ, Xu L. 2021. Varied Contribution of
Phospholipid Shedding From Membrane to Daptomycin Tolerance in

Staphylococcus aureus. Front Mol Biosci 8:679949.

3.1 Introduction

Daptomycin is a lipopeptide antimicrobial that consists of a cyclic polypeptide with 13
amino acids and a decanoyl fatty acyl tail that plays an important role in the management of
invasive infections caused by methicillin-resistant Staphylococcus aureus (MRSA). Its
mechanism of action involves direct interaction with the negatively charged membrane lipids,
phosphatidylglycerols (PGs), leading to loss of membrane potential and cell death (180, 200—
202). As such, most studies on daptomycin resistance point to development of mutations in genes
that control membrane lipid metabolism and/or lead to changes in surface charge, membrane
fluidity, or both, such as mprF, cls, pgsA, and the dIt operon, which reduces binding of
daptomycin to the cell membrane or prevents disruption of the membrane by daptomycin (103—
106, 108, 203-207). Mutations in two-component regulatory systems that regulate cell wall and
cell membrane metabolism, such as vraSR and walKR (94, 97, 185), have also been shown to
contribute to daptomycin resistance. We previously applied a novel multi-dimensional lipidomic
method to characterizing the detailed lipid profile changes associated with MRSA strains that
have developed resistance to daptomycin and found overall greatly decreased levels of PGs in a
resistant strain with mutations in both pgsA and mprF (104) and greatly elevated levels of lysyl-
phosphatidylglycerols (lysylPGs) and cardiolipins (CLs) in a strain with only an mprF mutation
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(24). Thus, altering lipid metabolism is an important route for bacteria to acquire resistance to

daptomycin.

In recent years, inactivation of daptomycin by phospholipids released by S. aureus upon
daptomycin exposure was proposed as a novel mechanism of daptomycin tolerance (110). The
authors found that this effect may be antagonized by the production of amphipathic peptides
called phenol soluble modulins (PSMs), which bind released phospholipids and thus prevent
inactivation of daptomycin (110, 208). PSM production is regulated by the accessory gene
regulator (Agr) system, which is encoded by a four-gene operon (agrBDCA) and a regulatory
RNA gene (RNAIII) (209). Pader et al. suggested that the loss of the Agr quorum-sensing
system enhances S. aureus survival during daptomycin exposure since PSMs are not released,
and thus there is no competition for daptomycin sequestration by the shed lipids. However, the
detailed composition of membrane lipids and shed lipids by S. aureus strains with variable Agr
activity in response to daptomycin exposure has not been elucidated and the effect of lipid
shedding on daptomycin activity has not been examined under clinically relevant kinetic drug
exposures. In this work, we assessed the impact of Agr function on daptomycin activity and lipid
metabolism in several genetic backgrounds and in static time-kills and in vitro
pharmacokinetic/pharmacodynamic (PK/PD) models to better understand the contribution of

lipid shedding to daptomycin tolerance.

3.2  Results
3.2.1. Not All Agr-Deficiency Slowed Down the Killing of Staphylococcus aureus by
Daptomycin

We compared the survival of agr wild-type and agr-defective S. aureus under

daptomycin exposure using three series of isogenic strain pairs (Table 3.1): SH1000, SH1001
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(full agr KO), and SH1000- (H174L mutation in AgrA); USA300 LAC and USA300 LAC
AagrA; and JE2 transposon mutants in agrA, agrB, and agrC (110, 125, 210, 211). Some of these
strains have been well characterized previously (110, 210, 211), and we also confirmed the Agr
function of SH1001 and the transposon mutants of agrA, agrB, or agrC by examining their
hemolytic activity (Figure 3.1). The daptomycin minimum inhibitory concentration (MIC) was
0.25-0.5 pg/ml for all strains (Table 3.1). Daptomycin time-Kill curves for each strain series are
illustrated in Figure 3.2A-D. The wild-type SH1000 survived similarly or better than the agr
KO strain SH1001, under both high and low aeration for 24 h. SH1000 and SH1001 in Figure
3.2A were grown under lower aeration than in Figure 3.2C. The higher aeration allowed both
strains to re-grow to a higher and similar CFU/mL at 24 h, although the aeration conditions did
not impact the general trend of daptomycin Killing of wild-type vs. agr KO strains. However,
Figure 3.2C also showed that the agr mutant SH1000- survived better than SH1000 and SH1001
for 8 h, with 1.7- and 1.4-logio0 CFU/mI improved survival, respectively, at the 8 h timepoint. In
USA300 LAC background the agr-KO strain survived better than the wild-type for 8 h, with 1.5-
logio CFU/ ml improved survival at the 8 h timepoint (Figure 3.2D). However, JE2 strains
demonstrated similar growth among the wild-type and the agr mutant for 24 h (Figure 3.2B).
Overall, SH1000- and USA300 LAC AagrA displayed a similar trend as observed previously
(110), but the agr-KO SH1001 and transposon agr-mutant strains did not display improved

survival relative to their matching wild-type strains when exposed to 20 g/ml daptomycin.

3.2.2. Lipid Profiles Released by Staphylococcus aureus Upon Daptomycin Exposure Did Not
Correlate With Agr Genotypes and Killing Profiles by Daptomycin
SH1000, SH1001 and SH1000- were grown for 6 h in static time-kills in the presence and

absence of 20 g/ml of daptomycin, and comprehensive lipidomics were carried out on the cell
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pellets and the broth to profile the membrane lipids and shed lipids. Average dry pellet weights
+/— standard deviations of all strains are shown in Table 3.2. The relative abundance of all lipid
species including free fatty acids (FASs), diglucosyl-diacylglycerol (DGDGSs), PGs, lysylPGs, and
CLs were measured and normalized to all compounds. A heatmap depicting the relative
abundance of each lipid is shown in Figure 3.3 (see Figure 3.4 for the bar graphs of the relative
abundance). All three strains released lipids, regardless of daptomycin exposure, but the levels of
shed lipids were higher in the presence of daptomycin. Specifically, the levels of shed PGs were
higher with daptomycin exposure than without for all three strains. The Agr-defective strains,
SH1001 and SH1000-, shed more PGs than the wild-type SH1000 strain under daptomycin
exposure (see Table 3.3 for the complete list of p values using Student’s t-test). The levels of
shed lysyIPGs followed a similar trend, except the undetected minor species lysylPG 36:0. CLs
were also shed more with daptomycin exposure than without. However, the wild-type SH1000
strain released the largest amount of CLs than SH1001 and SH1000-. FAs and DGDGs were
shed only slightly more with daptomycin exposure than without for all three strains, suggesting

that PGs, lysylPGs, and CLs are the major lipid classes released in response to daptomycin.

Comparing the levels of shed lipids with the levels of membrane lipids in cell pellets, we
found that low levels of shed lipids correlated with high level of membrane lipids, and vice
versa, regardless of daptomycin exposure, especially for FAs, DGDGs, PGs, and lysylPGs. The
same trend was observed for shed and membrane CLs when the three strains were grown under
daptomycin exposure. However, when the three strains were grown without daptomycin, the
levels of both shed and membrane CLs were relatively low, suggesting CLs might be synthesized

and shed specifically in response to daptomycin exposure.
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Overall, daptomycin exposure induced more lipids released into the broth, with PGs,
lysylPGs, and CLs being the major classes, but the agr mutants SH1001 and SH1000- showed
similar profile of released lipids, suggesting that the released lipids do not account for their

differential killing profiles (Figure 3.2C).

3.2.3. Killing Profile in a Pharmacokinetic/ Pharmacodynamic Model of Daptomycin Exposure
Did Not Correlate With Agr Genotypes

The changes in bacterial densities over time during clinically meaningful kinetic
exposures to daptomycin in the PK/PD model are illustrated in Figure 3.5A. To our surprise, the
wild-type SH1000 appear to survive better than the agr mutant SH1000- up to 24 h although the
difference was not statistically significant (Student’s t-test, two-tailed, equal variance).
Furthermore, both grew similarly after the second dose of daptomycin administered at 24 h.
These data suggest that lack of Agr function does not provide meaningful advantage to the

bacteria under conditions that replicate clinically relevant daptomycin exposures.

The released lipids in the effluent were evaluated at 4-5 h, when the greatest differences
in survival were observed, and at 28-29 h, when the wild-type and the agr mutant grew back to
similar CFU/ml. DGDGs, PGs, lysylPGs and CLs were identified from the lipidomics analysis,
as shown in Figure 3.5B-E (see Table 3.4 for the complete list of p values using Student’s t-
test), among which PGs were the most abundant. Both strains released more lipids at 4-5 h than
at 28-29 h, and SH1000 released more than SH1000- at 4-5 h, which seems to correlate with the

better survival of the SH1000 strain.

3.3 Discussion
Inactivation of daptomycin by shed lipids of S. aureus is an intriguing potential

mechanism for daptomycin tolerance. However, after examining the time-kill profiles of agr
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mutant and wild-type strains in three different genetic backgrounds, not all agr mutant strains
displayed improved survival relative to their isogenic control strains (Figure 3.2), suggesting
that the protection afforded by defective Agr and thus lack of secreted PSMs is not universal.
Lipidomic profiling of SH1001 (loss of Agr function due to an agrA mutation) (210) and
SH1000- (full agr-KO) (211) showed that both strains released similar lipid profiles to the media
(Figure 3.3) even though their time-kill profiles dramatically differed with only SH1000-
displaying better survival than SH1000 (Figure 3.2C). Furthermore, although SH1001 released
more PGs and lysylPGs, but less CLs, than the wild-type SH1000, SH1000 survived better or
similarly relative to SH1001 depending on the aeration conditions (Figure 3.2). These
observations suggest that the amount of released lipids does not correlate with the survival of S.

aureus in the presence of daptomycin.

Comprehensive lipid profiling suggests that phospholipids, including PGs, lysylPGs, and
CLs, are preferentially released by S. aureus relative to DGDGs and FFAS in response to
daptomycin exposure. Furthermore, the lipids released to the media appear to account for relative
reductions in the residual membrane lipids in the cell pellets, except CLs. The preferential
release of some lipid classes suggests an active releasing process. In particular, daptomycin
exposure also upregulates both the synthesis and the release of CLs. This is intriguing as gain-of-
function mutation in cls2, which encodes cardiolipin synthase, has been associated with

daptomycin resistance (207).

In the comprehensive lipidomics analysis of the static time-kills, the average dry pellet
weight of the agr mutants SH1000- and SH1001 was overall higher than their isogenic wild-type
SH1000 with daptomycin exposure (Table 3.2), which is seemingly contradictory to the survival

profile (Figure 3.2C). However, many factors might contribute to the pellet weight, such as the
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degree of protein synthesis and aggregation of bacterial cells. Additionally, the lipid profile was
normalized to all compounds, and hence the differences in pellet weight is unlikely to confound

our results.

S. aureus and many other bacteria are known to release membrane lipids as extracellular
vesicles into their surrounding environment. These released vesicles are composed of lipids,
varieties of proteins, polysaccharides, and nucleic acids, and thus may contribute to a variety of
biological functions including delivery of intracellular contents for quorum sensing or delivery of
virulence factors to host cells (212, 213). PSMs were found to promote the biogenesis of
extracellular vesicles by disrupting cytoplasmic membrane (213). S. aureus with psma-KO was
found to produce significantly less and smaller extracellular vesicles than wild-type. Other
factors, such as peptidoglycan cross-linking and autolysis enzymes, also affect the formation of
extracellular vesicles. Therefore, it is possible that alternative factors other than PSMs in the
extracellular vesicles released by S. aureus could contribute to the survival of the bacteria under
daptomycin pressure. Elucidation of such factors could shed light on the discrepancy that some

agr mutant strains resulted in improved survival against daptomycin while others did not.

3.4  Experimental Procedure
3.4.1. Susceptibility Testing and Agr Functionality Testing

The susceptibility to daptomycin was evaluated by broth microdilution in accordance
with CLSI guidelines. The Agr functionality was tested on BBL™ Trypticase™ soy agar with
5% sheep blood (TSA II; Becton, Dickinson and Company, Franklin Lakes, NJ, United States) as
previously described (214). Briefly, a 0.5- McFarland suspension of RN4220 was streaked in a

line down the center of the agar plate dividing the plate into two halves, and the test strains were
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streaked from the edge of the agar plate to the center line of RN4220. Hemolysis was examined

after overnight incubation at 37 <C.

3.4.2. Static Time-Kill Assay

Overnight cultures of each strain were inoculated into tryptic soy broth (TSB, Remel
Lenexa, KS, United States) supplemented with 50 pg/ml of elemental calcium and 20 pg/ml of
daptomycin (Merck, Kenilworth, NJ, United States) to ~10® CFU/ml in 50 ml conical tubes,
incubated at 37 <C with shaking. Samples were taken at 0, 2, 4, 6, 8, and 24 h, serially diluted and
spiral plated on tryptic soy agar (TSA; Becton, Dickinson and Company, Franklin Lakes, NJ,
United States) plates to evaluate the bacterial growth over time with exposure to daptomycin.
Experiments were performed under lower aeration (30 ml of culture in 50 ml tube shaken at 85
rpm; SH1000 and SH1001, JE2 and JE2 Aagr) and higher aeration (9 ml of culture in 50 ml tube

shaken at 180 rpm; SH1000, SH1001, and SH1000-, USA300 LAC and USA300 LAC AagrA)

conditions, the latter of which were more consistent with the methods by (110). All experiments

were performed in duplicate.

3.4.3. Lipid Profiling of Static Time-kill of SH1000, SH1001, and SH1000-

Overnight cultures of SH1000, SH1001, and SH1000- were inoculated into TSB
containing 50 pg/ml of elemental calcium to ~108 CFU/ml in 50 ml conical tubes, with or
without exposure to daptomycin (20 pg/ml) and incubated at 37 <C and 180 rpm with a total
media culture of 9 ml. Each strain was grown in triplicate for 6 h and pelleted by centrifugation,
with 5 ml of the supernatant saved for lipid profiling of the broth. The pellets and the broth were
dried in a SpeedVac vacuum concentrator (Thermo Fisher Savant, Waltham, MA, United States),
the pellets weighed, and both stored at —80°C until analysis. Lipid extraction, hydrophilic
interaction liquid chromatography-ion mobility-mass spectrometry (HILIC-IM-MS), and data
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analysis were performed as previously described (24, 104), using a Waters Synapt G2- Si ion
mobility-QTOF mass spectrometer (Waters Corp., Milford, MA, United States) equipped with an

electrospray ionization (ESI) source.

3.4.4. In Vitro Pharmacokinetic/ Pharmacodynamic Model and Lipid Profiling

A one-compartment glass model was used to test the impact of a simulated daptomycin
exposure on the survival and lipid shedding profile of SH1000 and SH1000-, as previously
described (185, 215). The model apparatus was prefilled with cation adjusted Mueller-Hinton-11
broth (MHB; Becton, Dickinson and Company, Franklin Lakes, NJ, United States) supplemented
with 50 pg/ml of elemental calcium, and fresh medium was continuously added and removed
from the compartment along with the drug via a reciprocating syringe pump network (New Era
Pump Systems Inc.), set to simulate the average plasma half-life of daptomycin (8 h). The
starting inoculum was ~8 logio CFU/mI. Daptomycin was administered at 0 and 24 h as a bolus
injection to achieve the average peak free-drug concentration (Cmax) associated with a 10
mg/kg/day dose (11.3 mg/L) (216). All models were performed in duplicate and run
continuously for 48 h. All effluent (21.6 ml/h per replicate) was collected from 4 to 5 h and 28—
29 h and centrifuged to remove cells. The supernatant was divided into four technical replicates,

and subjected to lipid profiling as described above.
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Figure 3.1 Hemolytic activity of SH1001 and the transposon mutants of agrA, agrB and agrC.
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Figure 3.2 The daptomycin time kill profile of A) SH1000 and SH1001 pair under lower
aeration; B) JE2 transposon series under lower aeration; C) SH1000, SH1001 and SH1000-
series under higher aeration; and D) USA300 LAC pair under higher aeration. #p<0.001;
“0.001<p<0.01; “0.01<p<0.05 (based on the percent survival at each timepoint, relative to the
wild-type, Student’s t-test, two-tailed, equal variance).
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Figure 3.3 Heatmap of the lipid profile in the broth (B) and the bacterial pellet (P) of the time-
kill of SH1000, SH1001 and SH1000-, with (D) or without (ND) daptomycin exposure (row-
centered; unit variance scaling applied to rows). Individual lipid species are represented as the
number of carbons: the degree of unsaturation in the fatty acid chains. FA: free fatty acid;
DGDG: diglucosyl-diacylglycerol; PG: phosphatidylglycerol; LysyIPG: lysyl-
phosphatidylglycerol; CL: cardiolipin. N=3 per group. See Table 3.3 for p values from Student’s
t-test analysis.
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Figure 3.4 The phophatidylglycerols (A), lysyl-phosphatidylglycerols (B) and cardiolipins (C)
profiles in the broth (left) and the bacterial pellet (right) of the time-kill of SH1000, SH1001 and
SH1000-, with (D) or without (ND) daptomycin exposure. Individual lipid species are
represented as the number of carbons: the degree of unsaturation in the fatty acid chains.
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Figure 3.5 The survival profile (A) and lipid profile during 4HR-5HR and 28HR-29HR (B-E) of
SH1000 and SH1000- in the pharmacokinetics/pharmacodynamics (PK/PD) model of
daptomycin exposure. Individual lipid species are represented as the number of carbons: the
degree of unsaturation in the fatty acid chains. DGDGs: diglucosyl-diacylglycerols; PGs:
phosphatidylglycerols; LysylPGs: lysyl-phosphatidylglycerols; CLs: cardiolipins. #p<0.001;
0.001<p<0.01; “0.01<p<0.05 (Student’s t-test, two-tailed, equal variance).
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Tables

Table 3.1 The three series of isogenic S. aureus strain pairs of agr wild-type and agr-defective
used in this study and their daptomycin minimum inhibitory concentration (MIC).

Parent MIC Mutant MIC Mutation Source
(Hg/mL) (Mg/mL)
SH1000 0.25 SH1001 0.25 Full agr KO Dr. Alexander
Horswill
SH1000- 0.5 H174L Dr. Andrew
mutation in Edwards
AgrA
USA300 0.5 USA300 LAC 0.5 Full agrA KO
LAC AagrA
JE2 0.25 JE2 agrA::Tn 0.25 Transposon Nebraska
) mutants transposon
JE2 agrC::Tn 0.5
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Table 3.2 Average dry pellet weights +/- standard deviations of all strains for the comprehensive
lipidomics analysis of the static time-kills of SH1000, SH1001 and SH1000-. N=3.

Experimental Group Average Dry Pellet Weights (mg) =+
Standard Deviations (mg)
SH1000, NO DAP 15.1+0.5
SH1001, NO DAP 14.8 0.3
SH1000-, NO DAP 14.6 0.3
SH1000, DAP 3.1+04
SH1001, DAP 7.2+04
SH1000-, DAP 6.1 +0.1
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Table 3.3 Student’s t-test analysis of the lipids of SH1001 or SH1000- compared to SH1000 in
the broth (B) or the bacterial pellet (P) of the time-kill of SH1000, SH1001 and SH1000-, with
(D) or without (ND) daptomycin exposure (two-tailed, equal variance). p<0.001 is highlighted in
red, 0.001<p<0.01 in blue, and 0.01<p<0.05 in green. “-” dictates that no corresponding lipid
was detected in all three strains under the condition. FA: free fatty acid; DGDG: diglucosyl-
diacylglycerol; PG: phosphatidylglycerol; LysylPG: lysyl-phosphatidylglycerol; CL: cardiolipin.

p Values
Lipids SH1001/B/D SH1000-/B/D SH1001/B/ND SH1000-/B/ND SH1001/P/D SH1000-/P/D SH1001/P/ND SH1000-/P/ND
FA 14:.0 - - - - 0.927 0.158
FA 15:0 0.0539 0.325 0.761

FA17:0 0.444 0.283 0.0725 0.647

FA180 | - | - ] - - 0.863 0.446
FA 19:0 0.105 0.252 0.216 0.319
FA 20:0
FA21:0 0.0749 0.277
FA22:0 0.649 0.0849

DGDG 29:0 0.327

DGDG 30:0

DGDG 310 0.409 0.392

DGDG 32:0 0.873 0.150

DGDG 33:0 0.171 0.417

DGDG 34:0 0.0601 0.169
DGDG 35:0

DGDG 36:0
DGDG 37:0 I

PG 29:0
PG 30:0
PG 31:0
PG 32:0
PG 33:0

PG 34:0 0.567 0.151

PG 35:0

PG 36:0 0.148 0.0599

PG 37:0 0.0999
LysylPG 28:0
LysylPG 29:0
LysylPG 30:0
LysylPG 31.0
LysylPG 32:0 0.500 0.125
LysylPG 33:0 0.0682 0.230
LysylPG 34:0
LysylPG 35:0
LysyPG3eol - ] - | - | -

CL 60:0
CL 61:0
CL 62:0
CL 63:0
CL 64:0
CL 65:0
CL 66:0
CL67:0
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Table 3.4 Student’s t-test analysis of the lipids of SH1001 compared to SH1000- in the broth (B)
or the bacterial pellet (P) of the time-kill of SH1000, SH1001 and SH1000-, with (D) or without
(ND) daptomycin exposure (two-tailed, equal variance). 0.001<p<0.01 is highlighted in blue,
and 0.01<p<0.05 in green. “-” dictates that no corresponding lipid was detected in all three
strains under the condition. FA: free fatty acid; DGDG: diglucosyl-diacylglycerol; PG:
phosphatidylglycerol; LysylPG: lysyl-phosphatidylglycerol; CL: cardiolipin.

p Values
Lipids B/D B/ND P/D P/ND
FA 14:0 - - 0.168]  0.138
FA 15:0 0.887 0894 0130  0.175
FA17:0 0.780[110:0207]  0.0651|  0.158
FA 18:0 - - 0584  0.243
FA 19:0 0.810 0.290]  0.0973]  0.329
FA 20:0 0561 00614 0131 0.203
FA 21:0 0.838 0.441|070:0277|  0.931
FA 22:0 0.7976 0.923] 0.0411] 0588
DGDG 29:0 | 0.0599 0.776] _ 0.0510]  0.0575
DGDG 30:0 0.232[1010202]  0.729]  0.705
DGDG 31:0 |11 0:0280 0.958[110:0234]  0.116
DGDG 32:0 0311]  0.0592 0.560]  0.849
DGDG 33:0 |11 0:0294 0.122 0.109]  0.140
DGDG 34:0 0.116 0.377 0695  0.143
DGDG 35:0 |1 0:0347 0.207 0.488|110:0434
DGDG 36:0 | 0.0692 0374  0.366|  0.0108
DGDG 37:0 0158] - 0.0283]  0.0241
PG 29:0 0.0307 0223 0141  0.122
PG 30:0 0.815 0.635]  0.750]  0.890
PG 31:0 0.0481 0784  0.156] 0529
PG 32:0 0.779 0.686]  0.708]  0.984
PG 33:0 0.392 0.906] 0380  0.357
PG 34:0 0.454 0918 0518 0731
PG 35:0 0.867 0670  0.784]  0.410
PG 36:0 0.152 0.519 0220 0.340
PG 37:0 0.0591 0.646]  0.139]  0.484
LysylPG 28:0]  0.0574 0.420]  0.0709]  0.0673
LysylPG 29:0[110.0107 0.700]  0.327|1110.0486
LysylPG 30:0 0376  oe605] o0.184
LysylPG 31:0[1110.0237 0260  0.373]  0.15
LysylPG 32:0 0.682 0.162 0.336]  0.196
LysyIPG 33:0 0.143 0.329 0.629]  0.0941
LysylPG 34:0 0.502 0.606]  0.278]  0.0892
LysylPG 35:0 0.406 0.410[  0.852] 0.0861
LysylPG 36:0 - - 0.0388] _ 0.0362
CL 60:0 0.0638 0.281 0.978]  0.107
CL61:0 0.193 0.117 0.353]  0.0918
CL 62:0 0.0873 0233 0970 0.116
CL 63:0 0144] 00773 0569  0.151
CL 64:0 0.0637 0105 0931 0127
CL 65:0 0.0675 0.121 0972]  0.124
CL 66:0 0.0643 0134 - -
CL67:0 0.0290 0128 - -
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Chapter 4  Conclusions and Future Directions

Portions of this chapter have been adapted and reproduced with permission from:
Shen T, Hines KM, Ashford NK, Werth BJ, Xu L. 2021. Varied Contribution of
Phospholipid Shedding From Membrane to Daptomycin Tolerance in

Staphylococcus aureus. Front Mol Biosci 8:679949.

In this dissertation, we explored two different regulatory systems in Staphylococcus
aureus, VraTSR and AgrBDCA, and examined how they related to resistance to cell-envelope-
targeting antimicrobials and lipid metabolism. More specifically, we approached the VraTSR
system in Chapter 2 with a multi-omics study, combined with various phenotypic
characterization experiments. In Chapter 3, we looked at S. aureus strains with different Agr
mutations and correlated lipid shedding with their daptomycin tolerance in time-kill experiments

as well as in vitro pharmacokinetic/pharmacodynamic (PK/PD) modeling.

In Chapter 2, we started with S. aureus strains with loss-of-function mutations in vraTSR
and demonstrated that those strains were, in general, more susceptible to vancomycin,
daptomycin and dalbavancin compared to their parent strains. Yet, contrary to our expectations,
increased levels were observed in only limited lipid species in the vraTSR loss-of-function
mutants by lipidomics. We then focused on the S7 and S7-D2 S. aureus strain pair for the
remainder of this Chapter. This strain pair presumably harbors a gain-of-function mutation in
vraT, which was confirmed by the transcriptomics analysis. In the transcriptomics study, we also
found significantly altered genes in the mutant strain, which were associated with cell wall
metabolism, fatty acid synthesis, amino acid synthesis, and stress response. The cell wall

synthesis genes, pbp, sgt, and mur genes, were overall increased in S7-D2. On the other hand, the
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alterations in fatty acid synthesis gene expression pointed to a decrease in lipid abundance in S7-
D2, consistent with the lipidomics results and previous observations that an overall decrease in
lipid abundance correlated with decreased susceptibility to cell-envelope-targeting

antimicrobials.

Multiple experiments to characterize the phenotypes of S7 and S7-D2 were also detailed
in Chapter 2. For example, S7-D2 has a growth defect, typical of strains exhibiting vancomycin
resistance. This was indicated by the metabolomics data, where the levels of metabolites in the
purine and pyrimidine pathways decreased. Furthermore, S7-D2 showed decreased membrane
fluidity, probably due to decreased levels of branched-chain lipids and cardiolipins (CLs). The
former was implicated by the decreased levels of amino acids valine and isoleucine in the
metabolomics, and the latter was demonstrated in the lipidomics. Finally, the transcriptomics
data indicated decreased capability of adhesion and virulence by S7-D2, the former of which was

confirmed by less biofilm formation.

Several aspects of the omics results warrant further investigation. For instance, we can
use targeted MS/MS to investigate the branched-chain lipid levels, which was hypothesized to
decrease in S7-D2 based on fluidity and branched-chain amino acids. We can also use
transmission electron microscopy to study the cell wall thickness, given the increased expression
of cell wall synthesis genes. In addition, the upregulation of the betaine biosynthesis pathway
suggested increased osmotic pressure tolerance in S7-D2, but growth with exposure to the
osmotic agent maltodextrin showed otherwise, which justified the need to test other agents, e.g.
salt. Another potential field for further investigation is the arginine deiminase pathway (ADI), of
which the genes were upregulated in the mutant strain to a large extent; yet there has not been

much direct evidence relating ADI to the VraTSR system and antimicrobial resistance. Lastly,
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crosstalk between the cell wall and the cell membrane was implicated from the omics data in two
aspects: acetyl-CoA and lipoteichoic acid (LTA). We can track the fate of acetyl-CoA with
isotopic labeling to uncover if it is devoted more to the fatty acid synthesis than the
peptidoglycan synthesis and perform Western blot and matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) to reveal the correlation if increased

resistance correlated with increased LTA levels.

Furthermore, in Chapter 2, we demonstrated promising results by modulating resistance
to cell-envelope-targeting antimicrobials with small molecule inhibitors. The synergy between
AFN-1252 and daptomycin and oritavancin was independent of the vraTSR system and could be
explained by the shift of CL chain length, increase in CL levels, and possible increase in trans-2-
enoyl-ACP intermediates. The intermediate increase needs to be verified from the lipidomics
studies as a future step. Future time-Kkill experiments also need to be conducted for cerulenin, as
synergy is similarly expected for this inhibitor as for AFN-1252 due to the observed shift to
shorter lipid chain length by cerulenin. On the other hand, one histidine kinase inhibitor, F1374-
0037, showed synergy with vancomycin for S7 but not S7-D2. More experiments with vraS loss-
of-function mutants and other antimicrobials need to be performed to narrow down possible

mechanisms of killing and to see if the mechanisms directly involved the vraTSR system.

Finally, in Chapter 3, we found that while daptomycin exposure indeed resulted in
increased shedding of membrane lipids to the media, the amount and types of released lipids did
not correlate with the survival of the bacteria against daptomycin or the genotype of the bacteria.
In the cases where there is improved survival, such effects appear to be dependent on
experimental conditions, such as aeration, and ultimately are transient effects. Furthermore, the

role of the Agr system in counteracting this effect appears to be dependent on the nature of the
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Agr dysfunction and genetic backgrounds as demonstrated by the variable effects of our isogenic
strains with different types of agr mutants. Lastly, many factors could affect the formation of
extracellular vesicles released by S. aureus, e.g. phenol soluble modulins, peptidoglycan cross-
linking and autolysis enzymes. Future investigations on those factors might help shed light on

why some Agr-defective strains showed improved daptomycin survival while others did not.
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