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Abstract

Staphylococcus aureus is a highly feared Gram-positive pathogen. The rise in
antibiotic resistance has made S. aureus infections intractable. To find new ways to
treat S. aureus infections, it is important to understand how this organism protects itself
from antibiotics. We probed S. aureus transposon libraries with different classes of
antibiotics and used Tn-Seq to identify intrinsic resistance factors that are important in
withstanding antibiotics. We identified and validated the importance of a number of
previously known intrinsic resistance factors such as mprF, fmtA and the graRS/vraFG
multi-component sensing system, as well as a number of novel factors whose
involvement in antibiotic resistance has not been previously appreciated. In the course
of this work, we realized that Tn-Seq data could be mined to predict antibiotic
mechanism of action. We used a machine learning approach to predict that a class of
anti-MRSA antibiotics that were thought to cause membrane damage actually bind to
lipid Il and inhibit cell wall synthesis. This predicted mechanism was validated. Finally,
we report the identification of a class of disubstituted urea compounds against which the
inactivation of mprF is protective. As the inactivation of mprF usually sensitizes to most
antibiotics, these compounds might belong to a new class of inhibitors that could be
used as tool compounds to further probe S. aureus cell biology. We have developed a
strategy that could be useful in identifying the targets of such compounds. The results
described here have opened several interesting avenues for a more in-depth

understanding of S. aureus biology and antibiotic resistance.
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Chapter 1: Envelope structures of Gram-positive bacteria

A version of this chapter has been published [1].
1.1 Introduction

The cell envelope is one of the most important parts of the bacterial cell and the
target of numerous antibiotics. Many of the proteins involved in cell envelope
biosynthesis or its modification contribute to antibiotic resistance. In order to study
resistance to these antibiotics, an understanding of the cell envelope structure, its
biosynthesis and its modification is crucial.

The cell envelope is a complex, dynamic, multilayered structure that serves to
protect bacteria from their unpredictable and often hostile surroundings. The cell
envelopes of most bacteria fall into one of two major groups. Gram-negative bacteria
have an inner, cytoplasmic membrane surrounded by a thin layer of peptidoglycan (PG)
and an outer membrane containing lipopolysaccharide. The outer membrane functions
as a permeability barrier to control the influx and egress of ions, nutrients and
environmental toxins, and it also contributes to osmoprotection. Gram-positive bacteria
lack a protective outer membrane but the PG layers are many times thicker than those
in Gram-negative organisms [2, 3]. Embedded in the inner membrane and attached to
the PG layers are long anionic polymers called teichoic acids (TAs), which play multiple
roles in cell envelope physiology as well as pathogenesis [4-6]. Membrane-embedded
and wall-associated proteins serve as environmental sensors, regulate passage of
nutrients and ions across the cytoplasmic membrane, facilitate efflux of toxins and other
molecules, modulate surface adhesion, and participate in enzymatic synthesis,

degradation, and remodeling of the cell envelope during growth and division, and in



response to environmental stress [7-11]. Other important cell envelope components in
Gram-positive organisms include capsular polysaccharides (CPS), which are covalently
attached to PG, and extracellular polysaccharides, which form an amorphous outer
layer [12, 13] (Fig. 1.1).

The importance of the cell envelope for bacterial survival makes it a target for
antibiotics, and several classes of clinically used antibiotics inhibit biosynthesis of PG,
resulting in osmotic rupture. Other antibiotics damage the membrane barrier [14].
Because resistance to clinically used antibiotics has become widespread, there is a
push to better understand cell envelope biogenesis and regulation, and to identify new
cell envelope targets that can be exploited in the development of next generation
antibiotics. In this chapter, we will focus on important cell envelope components of
Gram-positive pathogens using Staphylococcus aureus as a focal point, except where
other Gram-positive pathogens are better studied. Attention will also be given to the
non-pathogenic Bacillus subtilis because its genetic tractability and other biological
characteristics have led to its adoption as the principal Gram-positive model organism.
1.2 Cell membrane

Gram-positive organisms are surrounded by bilayer membranes that can vary
substantially in composition but typically include large amounts of phosphatidylglycerol
and cardiolipin. In Bacillus species, phosphatidylethanolamine is abundant as well [15-
17]. Many Gram-positive species express at least one type of
aminoacylatedphosphatidylglycerol [18, 19]. For example, in S. aureus, lysyl-
phosphatidylglycerol is found in significant amounts, particularly during logarithmic

growth [20]. This phospholipid is synthesized by a polytopic membrane protein, MprF,



which catalyzes the transfer of lysine from lysyl-tRNA to phosphatidylglycerol on the
inner leaflet of the membrane and then translocates this species to the outer leaflet of
the membrane [20, 21]. Lysyl-phosphatidylglycerol reduces susceptibility to
antimicrobial peptides produced during host infection [22] and also provides protection
against aminoglycosides, bacitracin, daptomycin, and some B-lactams [23, 24].
Daptomycin-resistant S. aureus clinical isolates frequently contain mutations that
increase MprF expression or translocase activity [25-28]. Other species of Gram-
positives have MprF homologs that have been implicated in similar functions [29]. It is
thought that the positive charges of lysyl-phosphatidylglycerol serve to repel positively
charged antibiotics or antibiotic-metal complexes [23, 29].

The composition of both the head groups and the fatty acyl chains in membrane
phospholipids can change rapidly in response to environmental conditions, such as low
pH, osmotic stress, or temperature extremes [30]. For example, branched chain fatty
acid content in membranes can vary substantially depending on growth conditions.
Membrane lipid composition affects membrane viscosity, which modulates membrane
permeability and can influence both solute transport and protein interactions. Membrane
lipid homeostasis is thus a crucial process and interfering with it can compromise
viability [30, 31].

In addition to the lipid components, the cell membrane contains the lipid anchor
component of lipoteichoic acid (LTA), and includes numerous transmembrane and
lipoproteins with functions in cell envelope synthesis, transport of cell envelope
precursors and nutrients, and export of toxic compounds (Fig. 1.1). Among these

transmembrane proteins are the sensory components of several two-component



sensing systems that regulate the cell's response to external stimuli, including cell
density and presence of damaging toxins. For instance, the amount of lysyl-
phosphatidylglycerol in S. aureus is regulated by a complex of proteins that includes a
two-component signaling system, GraRS, and a two-component ABC-transporter-like
system, VraFG. This complex, which senses and responds to a variety of stimuli,
including the presence of antimicrobial peptides, also regulates D-alanylation of TAs
[32-35]. Modulating the negative charge density of the cell envelope through lysinylation
of phosphatidylglycerol and D-alanylation of TAs decreases susceptibility of S. aureus
to antimicrobial peptides produced during host infection and increases resistance to

cationic antibiotics administered to treat infection [4, 29, 36, 37].
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Figure 1.1: The Gram-positive cell envelope. The complex Gram-positive cell
envelope is the first line of defense for the organism. Here, the S. aureus envelope is
shown as an example. Major pathways involved in the synthesis of the cell envelope
include capsule, PG and TA synthesis. TAs can be modified by D-alanylation. D-
alanylation and lysyl-phosphatidylglycerol synthesis are known factors for antibiotic
resistance. Envelope stress response regulators modulate the organism's response to
toxic molecules or conditions that perturb the cell envelope. Importers and exporters,
ubiquitously present among bacteria, serve the necessary role of channeling in nutrients

and pumping out toxic molecules. Finally, surface protein display systems function to



(Continued) tether proteins to the cell membrane or cell wall, which perform important

roles in adhesion and interaction with the environment.

1.3 Peptidoglycan

Gram-positive bacteria are surrounded by many layers of peptidoglycan (PG),
which form a protective shell that is 30-100 nm thick [2]. The PG layers are covalently
modified with carbohydrate polymers including wall teichoic acids (WTAs) or functionally
related anionic glycopolymers as well as CPS. The PG layers also scaffold numerous
proteins, some of which are bound non-covalently through interactions with PG-binding
modules such as LysM domains [7] while others are covalently attached by sortases
[38] (Schneewind and Missiakas 2012). Some wall-associated proteins play important
roles in cell envelope remodeling during growth and division, whereas others scavenge
nutrients and metals from the environment or serve as adhesins that promote surface
binding and colonization [9]. PG has numerous important functions but perhaps the
most important is that it stabilizes the cell membrane, enabling it to withstand high
internal osmotic pressures. This function is critical for cell survival because the turgor
pressure pushing against the cell membrane can reach 20 atmospheres in some Gram-
positive bacteria [39, 40]. Since PG is essential for viability and the biosynthetic
pathway is highly conserved in Gram-positive and Gram-negative organisms, PG
biosynthesis is a target for many clinically used antibiotics, including B-lactams, which
are the most successful class of antibiotics in history, and vancomycin, which is still
widely used to treat serious Gram-positive infections, including methicillin-resistant

Staphylococcus aureus (MRSA) infections.



1.3.1 Peptidoglycan structure

PG is composed of linear chains of repeating disaccharide units cross-linked
via peptide side chains (Fig. 1.2). The disaccharide subunit is completely conserved and
consists of N-acetylglucosamine (GIcNAc) coupled through a B-1,4-linkage to N-
acetylmuramic acid (MurNAc) [41]. The average chain length of the glycan strands can
vary considerably across species. In S. aureus, the glycan strands are relatively short,
averaging 6-18 disaccharide units [42, 43] while in B. subtilis, the glycan chains are
much longer. Early measurements of B. subtilis glycan strands indicated an average
chain length of 54-96 disaccharide units, but more recent experiments using atomic
force microscopy to probe size exclusion-purified glycan strands have suggested that
glycan chains can reach 5000 disaccharide units in length [43, 44]. The longer glycan
chains found in B. subtilis may be a result of the cylindrical shape, which results in a
substantially greater stress imparted on the cylindrical walls compared with the poles

[44].
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Figure 1.2. PG structure, and common variations. PG consists of chains of
alternating GIcNAc and MurNAc residues. The MurNAc residues are functionalized with
pentapeptide units which are cross-linked via the substituents on L-Lys to generate the
mature PG. The linear glycan chain is highly conserved across both Gram-positives and
Gram-negatives. The stem pentapeptide is well conserved across Gram-positives, aside
from B. subtilis which contains meso-diaminopimmelic acid instead of L-Lysine at
position 3 of the stem pentapeptide. There is considerable variation in the substituents
on the L-Lys across Gram-positive species as indicated. PG can be modified by O-

acetylation of MurNAc or N-deacetylation of GICNAc moieties in response to challenge

from antimicrobials such as lysozyme.

MurNAc, a sugar unique to bacteria, contains a C3 lactate group. In nascent
(uncrosslinked) PG of Gram-positive organisms, this group is bonded to the N-terminus

of a linear peptide consisting of five amino acids. The first, L-alanine, is typically
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followed by D-isoglutamine, and the terminal dipeptide is D-Ala-D-Ala. Position 3 of the
pentapeptide chain is either L-lysine or meso-diaminopimelic acid (m-DAP), with the
former being found in S. aureus, Streptococcus pneumoniae, Enterococcus faecalis,
and Enterococcus faecium, and the latter being found in B. subtilis [41]. The g-amino
group of L-Lys is typically coupled to one or more additional amino acids. In S. aureus,
for example, L-lysine is coupled to pentaglycine, although serine can also be
incorporated in some strains [41, 45]. S. pneumoniae and E. faecalis contain dipeptide
substituents consisting of L-Ala-L-Ser or L-Ala-L-Ala, respectively [41, 46, 47]. S.
pneumoniae PG is unusual in that it can be a mixture of either dipeptide-substituted or
un-substituted stem peptides [47, 48]. E. faecium contains a D-aspartate substituent [3,
49]. Canonical glycan strand crosslinking occurs via formation of an amide bond
between the side chain or branching peptide on amino acid 3 of one stem peptide and
the backbone carbonyl of amino acid 4 on another stem peptide, with the loss of the
terminal D-ala [41]. Crosslinks can also form to the carbonyl of amino acid 3 in some

species of Gram-positive organisms [41, 50-52].

1.3.2 Peptidoglycan biosynthesis

PG biosynthesis takes place in distinct stages, the first of which involves assembly of a
UDP-MurNAc pentapeptide in the cytoplasm. This stage is followed by coupling of the
phospho-MurNAc pentapeptide to the undecaprenyl phosphate (Und-P) "carrier lipid"
embedded in the membrane to form a lipid-linked monosaccharide known as Lipid |,
which is glycosylated to form the disaccharide Lipid II. Additional amino acids, if any,

are appended to the pentapeptide chain at this point and then Lipid Il is translocated



across the membrane. In the final stage of PG biosynthesis, Lipid Il is polymerized and
the resulting glycan strands are cross-linked to give mature PG. The lipid carrier
released during glycan chain polymerization is recycled back into the cell to continue
synthesis. Most of the enzymatic steps for the majority of the biosynthetic pathway are

well-conserved across both Gram-negative and Gram-positive bacteria (Fig. 1.3).
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Figure 1.3: Synthesis of PG and antibiotics that target PG synthesis. The
enzymatic steps for PG synthesis are well conserved across species. Here, the
biosynthesis of S. aureus PG is shown as an example. The synthesis begins with the
assembly of the GIcNAc-MurNAc-pentapeptide and its attachment to carrier lipid Und-P
in the cell membrane. After this point, the L-Lysine at position 3 is substituted with
additional amino acids and then flipped to the outside of the cell where it is cross-linked

by PBPs. The same lipid carrier is also utilized for WTA (shown here) and capsule
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(Continued) synthesis. The synthesis of PG is crucial to the cell and over time, several

antibiotics have been discovered that target various steps in PG biosynthesis.

Assembly of Lipid Il:

The first committed step in PG synthesis involves the MurA-catalyzed transfer
of enolpyruvate from phosphoenolpyruvate to the C3 hydroxyl of UDP-GIcNAc [53].
Some low GC Gram-positive organisms, including S. aureus, S. pneumoniae and B.
subtilis contain two murA alleles, which are differently regulated [54-56]. The secondary
murA allele may allow for increased flux into the PG biosynthetic pathway in response
to cell wall stress [54]. MurB reduces the C3 enolate to the lactate, resulting in formation
of UDP-MurNAc [57]. The pentapeptide chain is then coupled in a stepwise manner,
with MurC, MurD, MurE adding L-alanine, D-glutamic acid and L-lysine (or m-DAP),
respectively. Using D-Ala produced from L-Ala by D-alanine racemase (Alr), D-Ala-D-Ala
ligase (Ddl) makes the dipeptide, which is then added to the UDP-MurNAc-tripeptide by
MurF. Since peptide bond formation is thermodynamically unfavorable, the ligases use
ATP to activate the amino acids and provide a driving force for coupling [58-60].

The next stage of PG synthesis begins with the transfer of phospho-MurNAc
pentapeptide to a lipid carrier in the bacterial membrane, typically Und-P, although
Mycobacterium smegmatis uses decaprenylphosphate [61]. This step is catalyzed by
MraY [62-64] and produces the first lipid-linked intermediate, Lipid I. Finally, MurG
catalyzes the addition of GIcNAc to give Lipid Il [65-67]. Amidation of the a-carboxylate
of iso-glutamic acid at position 2 of the peptide chain, which is observed in many

organisms [3], most likely occurs intracellularly after lipid-linked PG precursors are
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formed. The enzymes involved in this modification were recently identified in S. aureus
as MurT and GatD [68, 69].

When a peptide branch is present, the required amino acids are usually added
to the completed Lipid Il moiety. One exception is Lactobacillus viridescens where the
first amino acid of the L-Ala-L-Ser bridge is added to the UDP-N-
acetylmuramylpentapeptide [70]. In S. aureus, the pentaglycine is assembled by FemX,
FemA and FemB, which sequentially add one, two and two glycines, respectively.
These enzymes utilize glycyl-tRNA donors [71-74]. Serines rather than glycines are
incorporated in a similar manner in other staphylococcal strains [75, 76]. This
incorporation of serine contributes to resistance to lysostaphin, a glycylglycine
endopeptidase [75]. The corresponding enzymes in E. faecalis and S. pneumoniae
have also been identified [77, 78]. It is interesting that the Mur ligases use ATP-
activated amino acids directly, but the enzymes that assemble the branching peptides
use charged tRNAs. When tRNAs were found to be the aminoacyl donors for PG
precursors in the 1960s, it caused some excitement because tRNAs were previously
known only for their involvement in protein synthesis [79]. It is now known that
phospholipids as well as PG precursors are aminoacylated by acyl-tRNAs (see above).

The final step in the cytoplasmic phase of PG synthesis involves the
translocation of Lipid Il across the membrane. Although it was initially thought that
FtsW, a SEDS family protein, was the Lipid Il flippase due to FRET-based assays in
liposomes [80], MurJ, a MVF family protein, was later nominated as the Lipid Il flippase
in an elegant bioinformatic approach [81]. Convincing in vivo evidence then showed that

Murd is indeed the Lipid Il flippase in a number of organisms [81-83]. Surprisingly, MurJ
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homologs in B. subtilis were not found to be essential, and this caused some concern in
the attribution of Murd as the Lipid Il flippase in Gram-positive organisms. However, it
was subsequently shown that in B. subtilis, there is also a secondary Lipid Il flippase,
Amj, in addition to but unrelated to MurJ, that enables survival when MurJ (YtgP) is
deleted [84]. It is not sufficiently clear why B. subtilis has two lipid Il flippases, but it is
suggested that expression of Amj is stimulated as an alternate pathway to flip Lipid Il

when Murd, the primary flippase, is inhibited [84]

Glycan polymerization and cross-linking:

Once Lipid Il is on the outside of the cell, it is polymerized and crosslinked.
Glycan polymerization is accomplished by peptidoglycan glycosyltransferases (PGTs;
also known as synthetic transglycosylases), while crosslinking is accomplished by
transpeptidases. These activities are often found as domains in a single protein, but
monofunctional variants of both enzyme classes exist. The nomenclature of PG
biosynthetic enzymes is somewhat confusing as many are designated as penicillin-
binding proteins, which highlights the fact that they covalently bind B-lactams [85], but
obscures their catalytic function, which vary. There are two main categories of PBPs -
high molecular mass PBPs that contain a second domain and low-molecular mass
PBPs. The high molecular mass PBPs are further divided into Class A and Class B
PBPs, with the Class A PBPs distinguished by the presence of an N-terminal PGT
domain and the Class B PBPs distinguished by the presence of an N-terminal domain of
unknown function. The penicillin-binding domains found in both Class A and Class B

PBPs function as transpeptidase domains, serving to crosslink glycan strands. The low
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molecular mass PBPs, sometimes called Class C PBPs, typically function as D,D-
carboxypeptidases, serving to hydrolyze the terminal D-alanine of the stem peptide [86-
88]. Some organisms including S. aureus contain low molecular mass PBPs that
function as transpeptidases, rather than carboxypeptidases. Methicillin-sensitive S.
aureus (MSSA) strains contain four PBPs. PBP1 and PBP3 are Class B PBPs [89, 90],
PBP2 is a Class A PBP [91], and PBP4 is a low molecular weight PBP that acts as a
transpeptidase to form additional crosslinks in PG [92-94]. MRSA strains contain an
additional PBP, PBP2A, that is highly resistant to B-lactams. PBP2A serves to crosslink
PG when the other PBPs have been inactivated by B-lactams [95, 96]. In addition to
these enzymes, S. aureus also contains two monofunctional transglycosylases, SgtA
and MGT [97-99]. Under optimal laboratory growth conditions, only PBP1 and PBP2 are
essential for viability [90, 100, 101]. It is typical for bacteria to contain multiple PBPs and
PGTs, with some essential and others important for survival under stressful conditions.
In part, this redundancy reflects the central importance of PG for viability. Rod-shaped
organisms such as B. subtilis typically have more PBPs than cocci such as S. aureus
[102]. In B. subtilis, PG synthesis occurs both at the septum during cell division and
along the cylindrical walls during cell elongation, and there is considerable evidence that
different biosynthetic machines are involved in these different modes of PG synthesis
[102-105]. Deconvoluting the cellular functions of PBPs and other cell wall biosynthetic
enzymes has been a major challenge due to redundancy and possible interdependency

[101, 1086].
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Recycling of carrier lipid:

The Und-P carrier lipid is present in limited amounts in bacterial membranes.
In addition to serving as a carrier lipid for PG synthesis, Und-P is a carrier for WTA
precursors as well as CPS precursors. To ensure an ongoing supply of all these cell
wall precursors, the carrier lipid must be rapidly recycled. Hence, once Lipid Il has
reacted to form the glycan strands of PG, the undecaprenyl pyrophosphate released is
converted to Und-P by UppP and other phosphatases [107-109], and Und-P is flipped
back inside the cell by an unknown mechanism to enable another round of precursor

synthesis.

1.3.3 Tailoring modifications of peptidoglycan

Tailoring modifications of PG subunits modulate the properties of the cell
envelope and may protect bacteria from antimicrobial peptides and proteins (Fig. 1.2).
There are a number of tailoring modifications found in Gram-positive bacteria. These
include N-deacetylation, the removal of C2-acetyl groups from GIcNAc and/or MurNAc
sugars, and O-acetylation of the MurNAc C6 hydroxyl [110, 111].

N-deacetylation has been shown to protect bacteria from lysozyme, a host
muramidase that can cleave the glycosidic bond between GIcNAc and MurNAc residues
[112]. Some Gram-positive organisms including S. pneumoniae, Bacillus anthracis, B.
subtilis and other Bacillus species are naturally lysozyme resistant and contain a high
proportion of N-deacetylated sugars in their cell wall [113-115]. In S. pneumoniae,
approximately 80% of the glucosamine residues and 10% of the muramic acid residues

are N-deacetylated [114]. This is comparable to the 88% and 34%, respectively,
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observed in B. anthracis [115]. The enzyme responsible for GIcNAc deacteylation,
PgdA, was first identified in S. pneumoniae [114]. PdaA, a MurNAc deacetylase [116],
as well as a second MurNAc deacetylase, PdaC, which also has chitin deacetylase
activity [117], has been identified in B. subtilis. The pgdA mutant in S. pneumoniae was
shown to have attenuated virulence [114] and the pdaA mutant in B. subtilis is unable to
germinate [118], indicating the possibility of other roles of N-deacetylation.
O-acetylation of the MurNAc moiety has been observed in several Gram-
positive and Gram-negative species in variable amounts. In some strains of S. aureus,
for example, 60% of MurNAc residues are O-acetylated [119]. O-acetylation has been
shown to be important for lysozyme resistance and the gene responsible was identified
as oatA in S. aureus [120]. Homologs of OatA have also been identified in other Gram-
positive organisms, including S. pneumoniae [121] and E. faecalis [122]. Interestingly,
while most Gram-positive organisms use OatA homologs for O-acetylation, Gram-
negative organisms use proteins of a different family called Pat. B. anthracis produces
both kinds of acetyltransferases, and the Pat transferases have been implicated in
acetylation of secondary cell wall polysaccharide [123, 124]. In addition to resistance to
lysozyme, O-acetylation has been shown to play a role in B-lactam resistance in S.
pneumoniae and Listeria monocytogenes [121, 125], and in pathogenesis and immune
evasion in S. aureus [126, 127]. O-acetylation is critical for infection by L.
monocytogenes, and is reported to decrease cytokine production during early stages of
infection of mice [125]. GIcNAc residues in PG can also be O-acetylated but this is more
unusual. In Lactobacillus plantarum, GIcNAc O-acetylation plays a role in inhibiting L.

plantarum'’s major autolysin [128].
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In addition to these modifications, PG can be modified at the MurNAc C6
position with different glycopolymers including TAs, teichuronic acids and CPS. Proteins
are also covalently attached to the pentaglycine branch of stem peptides of PG by
sortases [38]. In S. aureus, sortase-mediated protein attachment is thought to occur on

the outside of the cell before Lipid Il is polymerized [129, 130].

1.4 Teichoic Acids

The cell envelopes of Gram-positive bacteria are rich in teichoic acids (TAs).
There are two major classes of TAs: lipoteichoic acids (LTAs), which are anchored to a
lipid embedded in the cell membrane, and wall teichoic acids (WTAs), which are
covalently attached to PG. LTAs are believed to be present in all Gram-positive bacteria
with the exception of some Micrococcus strains [131]; WTAs are found in many,
including B. subtilis, S. aureus, Staphylococcus epidermidis, S. pneumoniae and
enterococcal species. In organisms where canonical WTAs are not found, other anionic
glycopolymers are attached to PG, and may play analogous roles [132]. Under
phosphate-limiting conditions, some B. subtilis strains produce teichuronic acids instead
of WTAs [133-135]. It is estimated that WTAs and other polyanionic polymers comprise
up to 60% of the cell wall mass [136]. Along with LTAs, these polymers play central
roles in numerous cellular processes. Some of these functions are covered in detail

below.
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1.4.1 Wall teichoic acid structure

WTAs typically consist of a disaccharide linkage unit that is connected at the
reducing end to PG via a phosphodiester linkage and at the non-reducing end to a main
chain polymer. The structure of the main chain can vary considerably across species
but always contains phosphodiester linkages that impart anionic charges to the cell wall
(Fig 1.4). In S. aureus and B. subtilis WTA main chains are composed of glycerol-
phosphate or ribitol-phosphate repeats. The WTA main chains are coupled through a

disaccharide linkage unit to PG [4, 132, 137, 138].

Strain WTA structure Reference
S. aureus \ \
" —GlcNAc-ManNAc £ GroP ——{RboP— Brown et al. 2010
B. subtilis W23 ﬁ 'n Brown et al. 2013
Pereria and
B. subtilis 168 —GlcNAc—ManNAc{GroP)ﬁ Brown, 2008
{~2-acetamido-4-amino-2,4,6-trideoxyGal — Gluc ~RboP - GaINAG - GalNAC—— | penapite et &l.
S. pneumoniae R | n P
’ choline-Pcholine-P 2012
Gluc :
. | Theilacker et al.
£ o0l | { cal—GalNAc—GIcNAc—Gal—RboP ). 2012
E. faecium \ Bychowska et al.
Unatr | GalNAc-GaINAC-GroP - 2012

Figure 1.4. WTA structure, and common variations. WTAs are anionic polymers with
a sugar-phosphate backbone attached to the C6 position of MurNAc in PG. The
structure of WTAs is highly variable across Gram-positive species. WTA polymer
structures for specific strains are indicated here with the following abbreviations:
Glycerol-phosphate (GroP), Ribitol Phosphate (RboP), N-acetylmannosamine
(ManNAc), Galactose (Gal), Glucose (Gluc), N-acetylgalactosamine (GalNAc), N-

acetylglucosamine (GIcNAc), phosphorylcholine (choline-P).
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In S. pneumoniae, the main chain repeat is composed of 2-acetamido-4-
amino-2,4,6-trideoxygalactose, glucose, ribitol-phosphate and two GalNAc moieties,
each decorated with phosphorylcholine. The incorporation of phosphorylcholine in
WTAs is extremely rare and appears to be exclusive to S. pneumoniae [139, 140]. In E.
faecalis 12030, the repeating unit contains D-glucose, D-galactose, 2-acetamido-2-
deoxy-D-galactose, 2-acetamido-2-deoxy-D-glucose and ribitol-phosphate [141]. In E.
faecium U0317, the WTA polymer is simpler, consisting of repeating units of two

residues of 2-acetamido-2-deoxy-D-galactose and glycerol-phosphate [142].

1.4.2 Wall teichoic acid biosynthesis

The biosynthetic pathways for WTA assembly in B. subtilis and S. aureus have
been well established [143-146] (Fig. 1.5). The assembly begins in a similar manner to
PG assembly. Briefly, phosphoGIcNAC is transferred from UDP-GIcNAC to the Und-P
lipid carrier by the initiating enzyme called TagO in B. subtilis and TarO in S. aureus
[147], and then this "starter unit" is further elaborated by a series of intracellular
enzymes to assemble the full polymeric precursor. TarA adds the next sugar, a ManNAc
from UDP-ManNAc to the starter unit [148, 149], after which TarB adds a
glycerolphosphate moiety from CDP-glycerol to this disaccharide lipid [148, 150]. While
the structures of the main chains made in B. subtilis and S. aureus are similar,
particularly in WTAs from B. subtilis W23 and S. aureus, there are substantial
differences in the biosynthetic pathways that were not evident from bioinformatic
analysis [143, 144, 151, 152]. Whereas in B. subtilis 168, TagF adds glycerol-phosphate

units to make the full polymer [151], in B. subtilis W23, which makes ribitol-phosphate
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WTAs, the polymer is primed and polymerized with only ribitol-phosphates by TarK and
TarL respectively, and in S. aureus, TarF adds a glycerol phosphate unit, but TarL then
adds ribitol-phosphate units to make the full polymer [143, 144, 152]. It is not yet
possible to predict the enzymatic functions of putative teichoic acid primases and
polymerases accurately. Once the full chain is polymerized inside the cell, it is flipped by
a two-component ABC transporter, TarGH, to the outer surface of the bacterial
membrane and ligated to the PG [153]. The exact mechanism by which this transport
takes place is not yet known. The pathway in S. pneumoniae and other species has not
been as well elucidated and most of the enzymes, apart from those responsible for
choline uptake, have been deduced by bioinformatic analysis and remain to be
experimentally validated [139].

Unlike PG, WTAs are not essential for survival of S. aureus in vitro as the first
two genes in the pathway can be deleted. However, the subsequent genes in the
pathway were identified as essential [154, 155]. This apparent paradox was resolved by
studies showing that the downstream genes in the WTA pathway can be deleted as
long as one of the first two genes has been disrupted [156]. This finding implied that the
essentiality of the downstream genes was conditional on flux into the pathway, and it
was suggested that lethality due to a late block in WTA biosynthesis could arise from
accumulation of a toxic metabolite or from sequestration of the Und-P carrier lipid in
WTA intermediates, which would lead to inhibition of PG biosynthesis [157]. It was
recently shown that inhibiting a late step in WTA biosynthesis results in rapid depletion
of the PG precursor Lipid I, consistent with lethality arising from inhibition of PG

biosynthesis [93]. Other cell envelope polymers such as CPS are synthesized on the
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Und-P carrier lipid, and the biosynthetic pathways for some of these also contain a mix
of non-essential early genes and conditionally essential late genes [158]. Conditional
essentiality of the late genes depends on whether intermediates can be metabolized
through an alternative pathway to release the carrier lipid.

The final step of the WTA pathway involves the ligation of WTAs onto PG. The
LytR-CpsA-Psr protein family was recently shown to be involved in this process [159-
161]. B. subtilis, S. aureus, and S. pneumoniae strains have three LytR-CpsA-PsR
homologs. In the case of S. aureus, one of these homologs, LcpC, has been shown to
be involved in ligation of CPS to PG [162]. The other two appear to be involved in
ligation of WTAs to PG [163], but their cellular functions had not been clearly delineated.
Recent studies in the Kahne and Walker lab have shown that while LcpA and LcpB are
able to ligate WTA onto PG in a reconstituted in vitro assay, LcpA is the primary WTA

ligase in vivo [164].

1.4.3 Lipoteichoic acid structure

In most organisms, LTAs are synthesized by completely different biosynthetic
pathways from WTAs, except in the case of S. pneumoniae where the repeating units
are structurally identical and are thought to be assembled using the same enzymes
[139, 140]. The most common LTA structure comprises a polyglycerol-phosphate chain
anchored to a glycolipid in the membrane. This type of LTA is found in S. aureus, B.
subtilis, and L. monocytogenes. In other species of Gram-positive organisms, LTAs
contain additional sugar moieties connecting the glycolipid anchor to the polyglycerol-

phosphate polymer. The glycolipid anchor is usually diacylglycerol with two glucose
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moieties (Glc;DAG), as in S. aureus and B. subtilis, but it can also contain more than
two glucose residues (Clostridium difficile) as well as other sugar moieties such as

galactose (in L. monocytogenes) or GIcNAc (in Clostridium innocuum) [5, 165].

1.4.4 Lipoteichoic acid synthesis

LTA synthesis begins in the cytoplasm with the assembly of the glycolipid
anchor (Fig. 1.5). In S. aureus and B. subtilis, YpfP (also called UgtP) is responsible for
attaching both glucose units to diacylglycerol (DAG) to give the glycolipid anchor,
Glc,DAG [166, 167], which is then flipped across the membrane by LtaA [168]. LtaS
then builds the polymer chain by transferring glycerol-phosphate from
phosphatidylglycerol to Glc,DAG [169]. Deleting ypfP or ItaA does not abolish the
synthesis of LTA, but results in polymers with altered structure. Evidently, LTA can be
synthesized on DAG, as well as Glc,DAG [168]. LtaS is a polytopic membrane protein
with an extracellular domain. The crystal structure of the extracellular domain of LtaS
(eLtaS) bound to glycerol-phosphate has been reported and suggests a possible
covalent mechanism for LtaS in which an active site threonine reacts with
phosphatidylglycerol to form a covalent glycerol-phospho-threonine intermediate. This
intermediate is resolved by reaction with the hydroxyl group of the growing LTA chain
[170, 171]. Some organisms such as L. monocytogenes, contain a two-enzyme pathway
to make LTA main chains [172]. One enzyme, LtaP, functions as a primase to add one
unit of glycerol-phosphate to the glycolipid anchor. In the case of L. monocytogenes,
this glycolipid anchor is Gal-Glc-DAG. A polymerase, LtaS, then extends the chain. LtaP

is not essential for LTA synthesis; however LTAs from a /faP null mutant are longer than
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those from the wild type strain [172], as in a ltaA or ypfP deletion in S. aureus. The
mechanistic basis for length differences between "primed" and "unprimed" glycolipid
anchors is not understood. A recent crystal structure of LtaS from L. monocytoygenes
reveals a glycerol-phosphate binding site that may accommodate part of the growing
LTA chain [173]. While glycerol-phosphate polymerization activity has not been
reconstituted for any LtaS, perhaps because some of the transmembrane helices form
part of the active site for polymerization, eLtaS from S. aureus was shown to be
sufficient for cleavage of the phosphodiester bond in phosphatidylglycerol [174]. The
diacylglycerol product released in the LtaS reaction with phosphatidylglycerol is
recycled back into the cell and the protein responsible for recycling has been identified
as diacylglycerol kinase DgkB [175].

While S. aureus contains only one LtaS and L. monocytogenes has LtaP and
LtaS, B. subtilis, has four LtaS homologs [169, 171]. It has been reported that while
three of these homologs - LtaS, YqgS, and Yfnl - have LtaS-like activity, one of them,
YvgJ, functions as a primase [176]. Unlike in L. monocytogenes, the B. subtilis primase
is not required for normal LTA synthesis, suggesting that the LtaS enzymes are capable
of initiating synthesis of LTA polymers efficiently. Yfnl has been shown to make LTA
polymers that are substantially longer than those produced by LtaS or YqgS [176]. The
observation that yfnl expression is regulated by the alternative sigma factor SigM, which
responds to stress conditions [177], suggests that certain stresses call for the
production of elongated polymers in B. subtilis [176]. Phenotypically, [taS mutants show
increased cell elongation and chain length, reduced cell diameter, cell bending, lysis

and abnormally thick septa, whereas single deletions of the other three homologs do not
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have any obvious defects. The ltaS-yqgS double mutant has sporulation defects; all

other double mutant combinations with /taS can sporulate. These results implicate LtaS

and YqgS in sporulation. The quadruple mutant is viable, although it has a more severe

phenotype than the single /taS mutant [171]. Deletion of /taS in S. aureus has also been

accomplished, but viable mutants have suppressors that enable growth through a

mechanism that involves increased levels of cyclic-di-AMP, which may regulate cell

membrane functions [178, 179]. Even with the suppressor, these mutants have severe

cell division defects [169, 179, 180]. Hence, LTAs are critical even for in vitro growth of

many Gram-positive organisms.
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Figure 1.5: TA biosynthesis and modification pathways. LTA and WTA biosynthetic

pathways in S. aureus are shown here. Although both are anionic sugar-phosphate
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(Continued) backbones, they are assembled differently by separate biosynthetic
pathways in S. aureus. TAs are further modified with D-alanine residues by the dlt
pathway and with a- or B- GIcCNAC residues installed by glycosyltransferases TarM and
TarS, respectively. TAs perform several functions for the cell including playing roles in
biofilm formation, adhesion, phage attachment, virulence and antibiotic resistance, most
notably resistance to B-lactams. D-alanylation has been shown to play an important role
in these functions as well. Specifically, the absence of D-alanine modifications
sensitizes to cationic antimicrobial peptides, including host defensins. The only known
roles for a- and - GIcNAC modifications are in phage attachment, and for 3-GIcNAcs,
in B-lactam resistance. Due to its roles in adhesion, virulence and antibiotic resistance,
attempts are being made to target TA biosynthesis and modification pathways. The

known compounds targeting these pathways are shown here.

1.4.5 Tailoring modifications of teichoic acids

Both LTAs and WTAs are often modified with D-alanine esters to modulate the
charges of the cell envelope. They can also be modified with sugar moieties. These
tailoring modifications have been implicated in numerous functions in cell physiology
and infection.

D-alanylation: The ribitol (in WTA) or glycerol (as in S. aureus LTA) groups in
TAs are frequently decorated with D-alanine moieties, which introduce positive charges
to neutralize the negatively charged phosphates in the polymer backbone. On ribitol
groups, D-alanylation occurs at the C2 position [132]. D-alanine moieties are added by

four proteins, DItKABCD, encoded by the dlt operon (Fig. 1.5). DItA activates D-alanine as
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the AMP ester and then transfers it to the sulfhydryl group on the phosphopantetheinyl
arm of the carrier protein DItC [181-184]. DItA is similar to carrier protein ligases found
in non-ribosomal peptide synthetases [4, 5, 185]. The next steps are not understood.
DItB is a polytopic membrane protein belonging to the mBOAT family (for membrane-
bound O-acetyl transferases), which is ubiquitous in all kingdoms of life [186]. DItD
contains a single membrane spanning helix and an extracellular domain with predicted
esterase/thioesterase activity [4, 187]. It has been proposed that DItC transfers D-
alanine to Und-P to form an acyl-phosphate intermediate, which is then transferred
through the membrane by DItB to modify LTAs with the assistance of DItD [183, 187].
There is no evidence for the proposed acyl-phosphate intermediate and the reaction to
form it from the thioester is thermodynamically unfavorable, although it may conceivably
be coupled to hydrolysis of the pyrophosphate released during D-alanine activation by
DItA. Pulse-chase experiments have suggested that D-alanines installed on LTAs are
subsequently transferred to WTAs [188, 189], but the mechanistic details of the transfer
are unclear. In particular, it is not known whether an enzyme is involved in the process.

Glycosylation: The maijority of ribitol phosphate groups in WTAs in S. aureus
are glycosylated with GIcNAc on the ribitol C4 position [4]. Similarly, LTAs can also be
glycosylated with GIcNAc or a-galactose in B. subtilis [5]. In S. pneumoniae, LTA can be
glycosylated with GalNAc [190]. In staphylococci, it has been shown that D-alanylation
and glycosylation compete for the same position on LTAs. Approximately 70% of the
glycerol-phosphates carry D-alanines while 15% carry GIcNAc moieties [6]. WTA
precursors are glycosylated intracellularly and the enzymes responsible for

glycosylation have been identified in a number of organisms. In B. subtilis 168, TagE
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attaches a-glucosyl units to the polyglycerol-phosphate WTA chains [191]; in B. subtilis
W23, TarQ attaches B-glucosyl units to the polyribitol-phosphate WTA chains [192]. In
S. aureus, TarM attaches a-GIcNAc residues while TarS attaches B-GIcNAc residues
[192-194]. No enzymes responsible for LTA glycosylation, which occurs extracellularly,
have yet been identified. It is likely that these enzymes use membrane-anchored sugar
substrates that cannot diffuse away from the cell, and therefore do not resemble the
nucleotide-diphosphate sugar transferases that glycosylate WTA precursors inside the
cell.
1.4.6 Roles of teichoic acids and their tailoring modifications in cell physiology
and immune evasion

Roles in cell division and morphology: TAs perform several crucial functions
for the cell. In B. subtilis, WTAs are required to maintain the rod-shaped morphology
[195-197]. In the quadruple mutant lacking all four LtaS homologs, there are severe cell
division and septation defects that cause filamenting and clumping of cells and the
mutant grows very slowly, indicating that LTAs are required for proper cell division [171].
Disruption of YpfP caused the rod-shaped cells to become bent and distended, and also
disrupted the localization of the cytoskeletal protein MreB, important for the rod-shape in
B. subtilis [198]. Interestingly, YpfP has also been implicated in a metabolic sensing
role, localizing to the division site in a nutrient-dependent manner and inhibiting the
assembly of FtsZ. It is important that the number of Z-rings to cell length is maintained
at a constant ratio so cells do not initiate division before reaching the correct cell mass.
Thus, YpfP could play a significant role in cell cycle events [199]. In S. aureus, both

LTAs and WTAs have been implicated in cell division: mutants defective in either LTA or
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WTA biosynthesis have major septal defects, including placing new septa at angles
non-orthogonal to previous septa and forming multiple septa almost simultaneously.
These mutants are also impaired in separation after division [169, 180, 200]. In S.
aureus, LTAs are more critical to the cell than WTAs in vitro as evidenced by the fact
that the /taS deletion strain is viable only in the presence of supressors [179], whereas
tarO mutants grow fairly well. WTAs, however, become very important in vivo [201-203].
Simultaneous disruption of WTAs and LTAs is lethal in both S. aureus and B. subtilis
[171, 180, 204]. In S. aureus, cells lacking both polymers are unable to form the
essential division ring (Z-ring) [204]. Interestingly, in the absence of WTAs, D-alanyl
modifications on LTAs become essential. Both WTAs and D-alanylation have been
implicated in autolysin regulation, and when WTAs and D-alanines are both missing,
cells lyse rapidly. The evidence suggests that LTAs and WTAs have overlapping but not
fully redundant roles in cell division and autolysin regulation [204].

Roles in ligand binding and scaffolding: TAs have been implicated in binding
cations, and this correlates inversely with D-alanylation levels [132, 205]. Cation
homeostasis is thus an important function of TAs that can be regulated through D-
alanylation. WTAs also serve as phage receptors in S. aureus [192, 194, 206, 207].
Phage binding is mediated by the GIcNAc modifications added on to WTAs [192, 194].
A requirement for glucose in TAs for phage adsorption has been shown in B. subtilis
168 as well [191, 207]. WTAs have also been implicated in other protein scaffolding
roles. For instance, in S. aureus, FmtA, a protein that plays a role in methicillin-
resistance in MRSA strains, was shown to bind to WTAs [208]. In S. pneumoniae,

several proteins bind specifically to the choline moieties on TAs. These proteins, which
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include the highly studied virulence protein PspA, have been implicated in numerous
functions from adhesion to virulence, and cell wall hydrolysis [209-213]. In L.
monocytogenes, InIB, a protein that promotes entry into mammalian cells is shown to
interact with LTAs [214]. The domain necessary for interaction with LTAs in this protein
contains GW modules (conserved modules of ~80 amino acids which have the
dipeptide Gly-Trp). These modules have also been identified in Ami, a L.
monocytogenes autolysin and the S. aureus autolysin Atl [215]. Autolysins are
hydrolases that degrade PG and thus play an essential role in cell division and
separation. In S. aureus, WTA plays a role in Atl localization. While Atl is usually
localized to the cross-wall, it is mislocalized across the cell surface in WTA deficient
strains. Mislocalization of autolysins could be one reason WTA-deficient mutants are
prone to autolysis [216]. It has been suggested that D-alanylation is also involved in
autolysin regulation [217]. Similarly, PBP4 in S. aureus is also mislocalized when WTAs
are absent [218], indicating a role for WTAs in the localization of PG biosynthetic
machinery.

Roles in antibiotic resistance and virulence: In MRSA, the lack of WTAs
dramatically reduces the organism's resistance to B-lactams, indicating that WTAs play
a major role in methicillin-resistance of S. aureus [200]. The influence of WTAs on
resistance has been traced specifically to the B-GIcNAc modification on WTAs, which
suggests that B-GIcNAcylated WTAs scaffold a factor required for B-lactam resistance
[192]. In S. aureus, WTAs also provide resistance to antimicrobial fatty acids on the skin
during skin colonization [219]. D-alanylation plays an important role in modulating

resistance to certain antibiotics. It is very important for repelling cationic antimicrobial
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peptides (CAMPSs), a crucial part of host immune response [220-222]. This has been
observed in several Gram-positive species including S. aureus [222], S. pneumoniae
[223] and E. faecalis [224]. An increase in D-alanylation is also observed in mutants
resistant to daptomycin, an antibiotic used to treat MRSA [225]. Antimicrobial resistance
due to D-alanylation has been attributed to its functions in imparting positive charges to
the cell surface and its contributions to changes in the biophysical aspects of the cell
envelope [226, 227].

TAs in their D-alanylated form play a major role in biofilm formation, adhesion
to the surface of cells and medical devices, colonization of host tissue, and virulence,
likely due to surface charge effects [4, 5, 132, 228, 229]. Biofilms, which consist of
viable cells held together by an extracellular matrix of DNA and proteins from lysed cells
as well as extracellular polysaccharides and other polymers, form on surfaces of
medical instruments or in hosts, and enable the organism to evade both natural and
synthetic antimicrobials [230-232]. Thus, adhesion and biofilm formation are key tools in
a pathogen's arsenal. The role of TAs in adhesion and effective host colonization has
been well established in several Gram-positive organisms [224, 233-235]. In S. aureus,
WTA glycosylation has specifically been implicated in adhesion [236]. For all these
reasons, TAs are potent virulence factors and mutants lacking TAs or D-alanylation
have highly attenuated virulence [203, 220, 237-240]. As mentioned above, several
choline-binding proteins in S. pneumoniae have roles in virulence and mutants made to
grow independent of choline have highly attenuated virulence [241].

LTAs contribute to the immune response generated during infection by Gram-

positive bacteria [242]. Although there was some controversy concerning whether the
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immunomodulation arises from LTAs or from lipoproteins that are often copurified [243,
244], evidence suggests that LTAs likely affect the immune system response on their
own as well [245-247]. LTAs are reported to stimulate the production of cytokines [248-
250] and those from S. pneumoniae and S. aureus can activate immune cells via toll-
like receptor 2, lipopolysaccharide binding protein and CD14 [251, 252]. They also
activate the complement system of the immune response [253, 254] and can affect
other macrophage parameters, including secretion of tumor necrosis factor a and nitrite
[255]. Antibodies have been identified that are directed towards non-D-alanylated LTAs
in E. faecalis [256]. Due to this ability to modify host immunity, efforts are ongoing to
develop LTA-conjugated vaccines against gram-positive bacteria [5]. The choline-
binding proteins anchored to TAs in S. pneumoniae could be used as vaccine

candidates as well [213, 257].

1.5 Capsular Polysaccharides

Capsular polysaccharides (CPS) are highly variable glycopolymers that are
anchored to PG [13, 158, 162, 258]. They extend above the cell wall and have been
implicated in phage resistance and immune evasion [259, 260]. Although not present in
all Gram-positive organisms, encapsulation is observed in most highly-pathogenic
strains. Since CPS is best studied in S. pneumoniae, we will focus on the structural

diversity in CPS in S. pneumoniae and their function in immune evasion.
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1.5.1 Structural diversity of capsular polysaccharides

A phenomenal 93 different serotypes of pneumococcal capsule have been
identified over the years and most of the serotypes can cause infection [13, 261].
Recombinational exchanges at the CPS biosynthetic locus can result in a large amount
of variation in capsular type [262]. Disruption and sequence changes in the genes of the
CPS cluster occurring naturally can change the CPS serotype from one to another [263-
265] contributing to the diversity of pneumococcal capsules. These differences are
usually observed in the gene responsible for modifying sugar moieties in CPS with O-
acetyl groups. In fact, in vivo switching from one capsule type to another has been
observed [266]. This switch has been attributed to a change in the number of short
tandem TA nucleotide repeats in the putative O-acetyltransferase gene, which could
explain reversible switching between serotypes that might occur in vivo [265].

CPS is made of long chains of repeating oligomeric units and the repeating
units vary between serotypes. As an example, the repeat unit of S. pneumoniae
serotype 2 is made of a backbone with glucose-rhamnose-rhamnose-rhamnose unit and
a glucose-glucuronic acid side chain [267]. Recently, serotypes of S. pneunomiae that
have CPS containing two different repeat units have been described [268, 269]. There
are multiple different serotypes in S. aureus as well. Out of the 11 serotypes described
for S. aureus, serotpyes 5 and 8 are responsible for the majority of human infections

[259].
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1.5.2 Capsular polysaccharides, host immunity and vaccine development

It has long been known that CPS reduces the ability of bacteriophage to
interact with the cell surface [270]. CPS plays a major role in virulence of bacterial
pathogens and capsule mutants are avirulent. Capsule has been shown to facilitate
abscess formation by activating T-cells in the host immune system [271]. The
complement system is important in immune response activation and clearing an
infection. Capsule is able to mask the binding of opsonic C3 fragments to the
complement receptor, thus decreasing opsonization and phagocytosis by leukocytes
[272, 273]. This has also been demonstrated in E. faecalis, where capsule masks C3
deposits and LTAs from detection by the host immune system, thereby decreasing
tumor necrosis factor a production [274]. In Group B Streptococcus, the terminal sialic
acid groups on capsules have been shown to interact with Siglecs on human
leukocytes. They are suggested to mimic the human cell surface glycans, reducing the
activation of innate immune response [275, 276].

Due to the high immunomodulatory ability of CPS, it has been explored for
vaccine development. It has been known for a long time that immunization with
polyvalent pneumococcal polysaccharide is effective as a vaccine [277, 278]. It was
later shown that conjugating the polysaccharides to a carrier protein resulted in a more
effective vaccine [279]. Today different variations on pneumococcal vaccines are
available, incorporating up to 23 polysaccharide variants (PPSV23), or conjugate
vaccines incorporating 7 (PCV7) or 13 (PCV13) CPS serotypes [280-282]. PCV13 is
used for immunization of infants <2 years of age and has recently also been approved

for immunizing adults 50 years or older in series with PPSV23. PPSV23, however, is not
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effective in infant immunization. This is because PPSV23 generates immune responses
that are T-cell independent and therefore, poorly supported by the immature immune
systems of children <2 years. In contrast, PCV13 generates immune responses that are
mediated by T-cell dependent mechanisms effective in infants [281]. Efforts are being
made in improving not only the polysaccharide composition of vaccines but also the
carrier protein used to conjugate the polysaccharide. The immunogenic properties of the
carrier protein could alter the immune response to the vaccine [283, 284]. There is a
concern that pneumococcal conjugate vaccines select for non-vaccine serotypes.
Pelton et al. reported that immunization with PCV7 during 2000-2003 reduced vaccine
serotypes from 22% to 2% but increased the incidence of non-vaccine serotypes from
7% to 16% [285]. With over 90 different serotypes of S. pneumoniae, this is an
important concern, and studies are ongoing to resolve this issue [286, 287].

Capsular conjugate vaccines against serotypes 5 and 8 of S. aureus have also
been explored [288-290]. However, these vaccines have so far not passed clinical trials
[291, 292], and evidence has emerged that this reduced efficacy could be due to
interference from natural non-opsonic antibodies to PNAG, the S. aureus

exopolysaccharide, present in human serum [293].

1.6 Exopolysaccharides and biofilm formation

Apart from these major cell envelope structures, other glycopolymers called
exopolysaccharides are secreted by cells as well. These exopolysaccharides are long
chains that associate with each other to form the biofilm matrix [231, 294, 295].

Polysaccharide intercellular adhesin (PIA) in S. epidermidis is a well-studied component
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of biofilms [296, 297]. It is a linear polymer of 3-1,6-linked GIcNAc moieties, although
some residues can be N-deacetylated. PIA/PNAG is suggested to be held to the cell
surface by ionic interactions of the positively charged, un-acetylated moieties of the
polymer, so N-deacetylation is important for surface localization of PIA [298]. PIA is
synthesized by the icaADBC operon in S. epidermidis, and homologs have been
identified in other species including S. aureus [296, 299-301]. In S. aureus, this high
molecular mass exopolysaccharide termed PNAG is produced by biofilm forming
strains. Due to its role in modulating immune responses, vaccines using conjugated
PNAG are also being explored [302]. Its role in biofilm formation has created interest in
the study of the role of each enzyme in the icaADBC operon and how it is regulated [12,
303] (Arciola et al. 2015; O'Gara 2007). There are also ica-independent methods for
biofilm formation which include roles by TAs and cell-surface associated proteins. The
mechanism for biofilm formation in MRSA appears to be ica-independent; whereas it is
ica-dependent in the sensitive strains [303]. Biofilm formation is thus a complex and

highly regulated system.

1.7 Antibiotics targeting the cell envelope

Due to the crucial importance of the cell envelope to cell survival, many antibiotics that
target cell envelope synthesis have been developed over the years (Fig. 1.3) [14]. There
are some antibiotics that target the intracellular steps of PG synthesis, including
fosfomycin, which inhibits MurA, the first committed step of PG synthesis [304].
However, the greatest clinical successes have been achieved by those antibiotics that

target the extracellular steps of cell wall synthesis. These include the unusual
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substrate-binding antibiotics, which form complexes with cell wall precursors instead of
the enzymes that process them. Binding to these precursors prevents their use and
results in inhibition of cell wall synthesis. Vancomycin, a glycopeptide antibiotic used to
treat MRSA, belongs to the substrate-binding class of antibiotics. It binds to the D-Ala-D-
Ala motif of the stem peptide in Lipid Il and nascent PG, thereby interfering with both
Lipid Il polymerization to form PG strands and with subsequent crosslinking of the
strands [305-308]. Binding to and sequestering Lipid || has been established as the
mechanism of action of some other antibiotics including ramoplanin, a cyclic
lipoglycodepsipeptide antibiotic [309, 310], nisin and other lantibiotics [311-314], and the
recently discovered teixobactin [315]. All these compounds recognize the
pyrophosphate-sugar moiety of Lipid Il. Plectasin, a fungal defensin, also acts by
binding to Lipid Il [316]. Human defensins have also been shown to interact with Lipid Il
[317, 318]. It is interesting that antimicrobial peptides produced by the host as part of
the innate immune response use Lipid Il binding to counteract bacterial threats. The
structural diversity of the compounds that bind Lipid Il is truly astonishing and indicates
that this cell wall precursor is an exceptional target.

Development of resistance to compounds which bind to essential substrates is
particularly slow for several reasons. They typically act on the extracellular surface of
the membrane and are not subject to efflux pump-mediated resistance mechanisms.
Moreover, because they do not bind to a protein target, a single mutation in the gene
encoding the target cannot confer high level resistance [319]. In the case of
vancomycin, intermediate resistance can arise through multiple mutations that modify

the envelope, but high level resistance only arises due to modification of the structure of
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the target substrate [320-322]. The modification, which involves replacing D-Ala-D-Ala
with a dipeptide to which vancomycin cannot bind, requires several enzymes as well as
a two-component sensing system, and the genes encoding these enzymes are encoded
on a cassette that is transferred between organisms [323, 324]. Glycopeptide resistance
genes originated in a glycopeptide producer as a means of self-immunity, but have now
spread widely, particularly in enterococcal strains [325]. D-Ala-D-Lac, synthesized by the
vanA cassette, is the most common replacement for D-Ala-D-Ala in vancomycin
resistant strains. Vancomycin has a thousand fold lower affinity for D-Ala-D-Lac because
a crucial hydrogen bond between the drug and the target can no longer be formed [323,
326, 327]. A change from D-Ala-D-Ala to D-Ala-D-Ser in Lipid Il can also cause moderate
resistance to vancomycin [328, 329]. Although high level vancomycin resistance is
common in enterococci (VRE), it has not yet emerged as a major problem in S. aureus,
likely due to reduced frequency of transfer of the resistance cassette between
enterococci and staphylococci [324, 330]. The several cases where vancomycin-
resistant S. aureus (VRSA) have been identified have involved co-infection with VRE
[331-335]. The barriers that prevent facile transfer of vanA resistance into S. aureus are
not well understood, and there is concern that these barriers may be overcome with
continued evolution. While there is interest in substrate binders as a class, none of the
ones that recognize the sugar pyrophosphate portion of Lipid Il have been developed
for clinical use, although ramoplanin is in clinical trials [336]. As with vancomycin, high
level resistance to ramoplanin does not develop spontaneously. Moderate ramoplanin
resistance develops after multiple passaging and involves cell envelope modifications

that may impede access to the Lipid Il target on the cell surface [337]. If any Lipid Il
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binders come to be used clinically, resistance genes from the producing organisms may
eventually find their way into relevant pathogens, like in the case of vancomycin.
B-lactams, a remarkably successful class of antibiotics, are also among the
extracellular PG synthesis inhibitors. B-lactams are proposed structural mimics of D-Ala-
D-Ala and inhibit the transpeptidase activity of PBPs by acylating the active site,
preventing the cross-linking of stem peptides [338, 339]. Widespread resistance to [3-
lactams first emerged in the form of B-lactamases, which degrade B-lactams [340].
Combination antibiotics of B-lactams with B-lactamase inhibitors are used to treat many
B-lactam resistant infections. One example is Augmentin, a combination of amoxicillin
and clavulanic acid [341-343]. While B-lactamases continue to be a major concern in
Gram-negative organisms such as Klebsiella pneumoniae and Pseudomonas
aeruginosa [344, 345], some Gram-positive organisms have acquired a different
mechanism of resistance. Methicillin-resistant S. aureus (MRSA) expresses a penicillin-
binding protein (PBP2A) that has reduced affinity for -lactams [95, 96, 346]. When
native PBPs are inhibited by B-lactams, PBP2A can continue to crosslink PG. Due to
the growing concern about the spread of MRSA, a significant amount of time has been
invested in designing next generation B-lactams that can target the resistant PBP,
including ceftobiprole [347] and ceftaroline [348]. In addition, other classes of antibiotics
have been developed to treat MRSA, including daptomycin, tedizolid, linezolid, and the

glycopeptide analog oritavancin [349-352].
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1.8 The quest for novel antibiotic targets

Resistance to antibiotics of all classes is a serious concern for the future of
human health, and efforts should be made to identify novel pathways that can be
targeted by new antibiotics or whose inhibition can potentiate the effects of existing
antibiotics in resistant strains. Efforts are ongoing to identify and target the multiple
other steps involved in the PG biosynthetic pathway. For instance, inhibitors of the Lipid
Il flippase in S. aureus, DMPI and CDFI, have been identified [353]. Targeting pathways
that contribute to resistance to current antibiotics is also being explored as a viable
option. Apart from the B-lactamases described above, the potential for targeting such
auxiliary proteins and pathways is immense, particularly in the case of MRSA, where
many cellular factors contribute to 3-lactam resistance [354]. For instance, changes to
the stem peptide and interpeptide bridge re-sensitize MRSA to 3-lactams [45, 72, 76,
355]. This has also been observed in S. pneumoniae [356]. In S. aureus, inactivation of
one of the PBPs involved in cross-linking of stem peptides, PBP4, is shown to play a
role in resistance to B-lactams [357]. This has also been shown for the inhibition of PG
amidation [68]. Inactivation of tarO, encoding the first step in WTA biosynthesis, also
sensitizes MRSA to B-lactams [200]. Finally, factors affecting methicillin-resistance also
include proteins of hitherto unknown functions. FmtA is an example of one such protein
factor [358]. Further understanding of the roles and identification of compounds that
target these auxiliary factors could be useful in designing effective combination
therapies with B-lactams to treat MRSA.

Since TAs and their modifications perform such important functions in cell

survival, virulence, and B-lactam resistance, they are being investigated for their
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potential in combination therapies and as anti-virulence targets (Fig. 1.5). Tunicamycin,
a well-known natural product inhibitor of the first step for WTA synthesis [359], has been
shown to restore B-lactam susceptibility in MRSA [200]. Although tunicamycin is toxic to
eukaryotes, potent, non-toxic TarO inhibitors could have great potential [360]. In
addition, the conditionally essential nature of the WTA pathway has been exploited in a
pathway-specific screen to identify downstream inhibitors with antibiotic activity [361].
Targocil and several other downstream inhibitors of the ABC transporter (TarGH) that
exports WTA polymers have been reported [202, 362-364]. An inhibitor of LTA
polymerization (compound 1771, [2-ox0-2-(5-phenyl-1,3,4-oxodiazol-2ylamino-ethyl-2-
naphtho[2,1-b]furan-1-ylacetate]) was also described recently [365]. Finally, due to its
numerous roles in adhesion, virulence, and biofilm formation, the D-alanylation pathway
is a potential candidate for anti-virulence therapy. A compound that inhibits the first
enzyme in the pathway has been reported [366], but has not been shown to inhibit D-
alanylation in cells. Recently, an inhibitor of DItB, amsacrine, that inhibits D-alanylation
in cells, has been discovered [367]. Agents that inhibit biofilm formation and adhesion
mediated by other factors are being actively investigated as well [368]. Inhibitors of TAs
and their modifications are yet to make it to the clinic [369], although late stage WTA

inhibitors have shown some efficacy in combination with B-lactams against MRSA in

animal models [202].
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Chapter 2: Validation of Tn-Seq approach to identify intrinsic resistance factors

Portions of this chapter have been assembled into a manuscript that has been
submitted for publication [370].

2.1 Why is understanding factors that contribute to antibiotic resistance
important

Antibiotics have had a dramatic impact on life expectancy and the safety of
medical procedures since they were introduced into the clinic in the early 1930s. The
period between the 1950s and 1960s, known as the "Golden Age of Antibiotics", saw
the development of numerous antibiotic classes that are still in use today, including
tetracyclines, macrolides, aminoglycosides and glycopeptides [371, 372]. With the
increased use of antibiotics both clinically and for agricultural purposes, there has been
a surge in antibiotic resistance [372, 373]. Depending on the antibiotic, resistance can
arise and spread quickly. For example, methicillin, a f-lactam antibiotic, was introduced
in 1960 and resistance was identified in 1961 [374-376]. Today, methicillin-resistant S.
aureus (MRSA) infections account for more than half of all fatalities due to antibiotic
resistance in the U.S. [377, 378].

Resistance has been reported to antibiotics of all classes and mechanisms of
action. The emergence of resistance is inevitable and must be managed by a number of
approaches. In addition to tracking resistance and controlling antibiotic usage, it is
necessary to identify new antibiotics to treat resistant infections. Some recent efforts to
identify novel antibiotics were highlighted in the previous chapter. However, finding
novel targets and chemical scaffolds to target drug-resistant infections has been

difficult. Most "new" antibiotics are analogues of existing antibiotics, and some are old
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antibiotics that have been repurposed by including compounds that target a resistance
mechanism [379]. Augmentin, described in the previous chapter, is an example of the
latter therapeutic strategy.

The previous chapter discusses the rise of antibiotic resistance in the context of
the cell envelope, one of the major targets of many classes of antibiotics. Two major
modes of resistance were discussed: acquired resistance and intrinsic resistance.
Acquired resistance results from genetic transfer of antibiotic resistance cassettes from
a resistant organism to a sensitive one. This type of resistance is observed in MRSA,
with the of acquisition of the staphylococcal cassette chromosome mec (SCCmec),
containing mecA, which encodes for PBP2A, and in vancomycin-resistant S. aureus due
to the acquisition of the vancomycin resistance cassette by S. aureus, as described in
the previous chapter [95, 324, 330]. Intrinsic resistance arises due to factors that
contribute to the cellular response to antibiotics. Whereas the sole purpose of acquired
resistance factors is to confer resistance to antibiotics, intrinsic resistance factors
typically play roles in the normal physiology of an organism in addition to increasing
fitness under antibiotic stress. Several examples of intrinsic factors to various cell wall
antimicrobials were discussed in the previous chapter. The contribution of intrinsic
resistance factors to antibiotic resistance is not unique to S. aureus. For instance, the
outer-membrane of Gram-negative organisms renders them intrinsically resistant to
most antibiotics [380-383].

Understanding intrinsic resistance factors provides insight into the biology of an
organism and may lead to the discovery of new therapeutic approaches. For instance,

the fem factors and tarO, described in the previous chapter, are important in S. aureus

42



cell envelope biosynthesis and are targets for B-lactam potentiators [71-73]. Although
hitherto relatively unexplored, knowledge of intrinsic resistance factors may also guide
the use of appropriate combinations of existing antibiotics to suppress resistance that

could arise to each individual antibiotic [379].

2.2 Transposon libraries and their use in identifying intrinsic resistance factors

Transposon libraries have been useful tools in identifying intrinsic resistance
factors. Transposons are mobile genetic elements that can be moved into different parts
of the genome by an enzyme called a transposase [384]. Since their discovery in the
1950s, these transposable elements have become widely used to make libraries of
insertional inactivation mutants [385-388]. Many intrinsic resistance factors in S. aureus
have been identified by arraying mutants selected on plates and screening them
individually for increased susceptibility to a given antibiotic. For example, the gene
previously known as /Im and subsequently identified as tarO, was found to confer
resistance to B-lactams in MRSA by replica plating a library of transposon mutants on a
B-lactam [389]. Several other intrinsic factors that protect MRSA from B-lactams have
been identified using the same approach. Similarly, mprF was first identified by replica
plating a transposon mutant library in a Staphylococcus xylosus background on the
cationic peptide gallidermin [22].

Several recent advances have made the use of insertional mutagenesis highly
efficient. The characterization of the mariner transposon has allowed the facile creation
of high-saturation libraries because the mariner transposase does not have extensive

sequence recognition requirements: it catalyzes insertion into TA dinucleotides [390,
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391]. Next-generation sequencing methods have made it possible to rapidly map the
location of all transposon insertions in DNA isolated from pooled mutant libraries, even
for mutant libraries containing ~700,000 individual mutants [388, 392]. There are several
variants of transposon sequencing including InSeq, Tn-Seq, HTS and TraDIS [388], but
all involve sequencing across a transposon-genome junction to identify the location of
the transposon insertion. InSeq and Tn-Seq are similar in that the DNA sample
preparation for sequencing includes an Mmel digestion step [388, 392, 393]; HTS and
TraDIS are similar in that DNA samples are prepared using a shearing method (see Fig.
2.1) [201, 388, 394, 395]. In-Seq/Tn-Seq methods produce DNA of a uniform length,
which may reduce PCR bias [388]. In any event, the ability to rapidly analyze fitness of
all genes in a huge mutant pool upon treatment with an antibiotic allows global

identification of intrinsic resistance factors.
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Figure 2.1: Schematics of two methods for sample preparation of pooled
transposon libraries for lllumina sequencing. The transposon cassette consists of
the drug marker and construct specific barcodes (if any), flanked by inverted terminal
repeats (ITRs). The transposase recognizes these ITRs and moves the cassette into a

location on the genome. (A) In Tn-Seq, the ITR contains an Mmel recognition site.

Samples are digested with Notl to generate transposon-genome junctions and
biotinylated adaptors (shown in grey) are added to facilitate subsequent purification of

desired fragments. Then, samples are digested with Mmel, which cuts 20bp ahead of its
recognition site. This results in biotinylated fragments containing ~16bp of the genome
and transposon-genome junction. These fragments are then amplified by PCR to
generate the final product. lllumina adaptors are also added at this stage. The amplified
product is purified and sequenced by lllumina sequencing. Sequences from each
fragment, referred to as reads, are mapped to the genome. Full details of this protocol
are described in Santiago et al. [392] (B) In the second method, the ITR does not
contain an Mmel site. The DNA is randomly sheared, resulting in fragments of varying
length. PolyA or PolyC tails are added to the fragments. These are then subjected to
PCR using a transposon specific primer to amplify transposon-genome junctions. This
PCR reaction is used as a template to perform the next nested PCR which further
amplifies the transposon-genome junction, and adds lllumina primers, adaptors and the
sample index. These are then sequenced by lllumina Sequencing and sequences are
mapped to the genome. Full details of this protocol are described in Valentino et al.
[201]. Sample indexing makes it possible to multiplex several samples together and

sequence a pooled library at the same time.
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Figure 2.1 (Continued):
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The technique of coupling high-throughput sequencing and transposon libraries
has been used to identify essential genes in a number of organisms [393, 396, 397]. It
has also been used to study the fitness of genes for various pathogens including Vibrio
cholerae and P. aeruginosa in a number of infection models and infection-related
ecologies [398-401], and under pressure of antibiotics [402, 403]. In S. aureus, in
addition to identifying genes essential for in vitro growth under ambient, high, and low
temperatures [154, 201, 392, 404], and analyzing fitness of genes in infection-related
environments [201, 405, 406], this technique has also been used to identify genes that
are important under pressure of small molecules [204, 367]. However, a systematic
analysis of genes that can confer resistance to multiple classes of antibiotics in S.
aureus has not yet been reported. We sought to determine whether Tn-Seq can be
used to identify intrinsic resistance factors in S. aureus for antibiotics of different
classes. This work was completed in collaboration with Dr. Marina Santiago, a former
graduate student in the Walker Lab and Dr. Melissa Martin from Dr. Michael Gilmore's

lab at Massachusetts General Hospital.

2.3 Experimental approach and data analysis

For these experiments, we used two different transposon libraries in the
methicillin-sensitive S. aureus strain HG003. The first transposon library (Library 1),
made by transformation with a temperature sensitive plasmid, contained insertions in
71,000 unique sites [201]. The second library (Library 2) was made using a phage-
based transposition approach [392, 407, 408]. The efficiency of the phage-based

approach enabled the multiplexing of six different transposon constructs containing
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inactivation and outward facing promoter constructs to create a library containing
694,755 unique insertions (Fig. 2.2) [392]. The constructs with outward-facing
promoters are useful for determining mechanisms of resistance that involve up-
regulation of specific genes [408]. For this initial analysis, however, we wanted to
identify effects due to gene inactivation alone, and so the insertions due to only one of
the transposon constructs, the inactivation construct, were included in the present

analysis, which covered 126,040 unique sites [392].

" Blunt: Erm: B. 5 ber of read —
I-l‘m—i !-l—m—l onor Number of reads | TAsites hit

ITR — ITR ITR ITR Ppen 3,168,491 115,859
Fom Pcap 2,938,859 105,437

Pen: P 3P Prss Ptuf 4,594,924 130,003
0 B ,R Perm 4,361,930 111,657
Dual 3,176,044 105,759

Dual: p,, Tuf P Blunt 5,126,052 126,040
--m Total 23,366,335 694,755

Pem
Figure 2.2: Transposon library 2 is constructed with six different transposon
constructs. (A) The six different transposon constructs are shown: Blunt constructs are
inactivation constructs only and contains no outward facing promoters. Dual contains
two promoters oriented in opposite directions suitable for upregulating neighboring
genes which are oriented in opposite directions. Perm, Ppen, Pcap, Ptuf are outward
facing promoters of varying strengths. (B) Number of reads and TA sites hit due to each
donor construct from two biological replicates are indicated. The whole library has
694,755 unique mutants, but the inactivation constructs alone covered 126,040 unique

sits. Adapted from Santiago et al. [392].
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DNA from both libraries was prepared for sequencing as described previously
[201, 392], using a shearing method for Library 1 and Mmel digestion for Library 2 (see
Fig. 2.1 and Methods). The two libraries were treated with sub-minimum inhibitory
concentrations (sub-MICs) of six antibiotics. There were some differences in sample
treatment for the two libraries, and we focused on the factors that were identified under
both sets of treatment conditions (see Methods). This makes it unlikely that factors
identified are artifacts of methods of library creation or sampling.

We wanted to evaluate the utility of a Tn-Seq approach for identifying intrinsic
resistance factors using a relatively small set of antibiotics before expanding our efforts
(see the Chapters 3 and 4). Therefore, we focused on six clinically used antibiotics:
ciprofloxacin, oxacillin, gentamicin, linezolid, vancomycin and daptomycin. These six
antibiotics were chosen for their clinical relevance and selected as representatives of
antibiotics that target major pathways: DNA synthesis, protein synthesis, cell wall
synthesis, and membrane stability (Fig. 2.3 A-B) [409-415]. For each antibiotic, four

DNA samples from different treatment conditions (see Methods) were sequenced.
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Figure 2.3. Intrinsic resistance factors that contribute to antibiotic resistance can
be identified by Tn-Seq. A) The structures of the six different antibiotics used in the
Tn-Seq experiments are shown. B) The targets of the six antibiotics are shown. C) A
pooled transposon insertion library is grown with or without antibiotic and subjected to
Tn-Seq to quantify the number of sequences (reads) that map to each insertion location.
The black lines in the three genes depicted represent the number of reads attributed to
a particular insertion location. In this example, the red gene has a similar number of
reads in the treated and untreated samples. The orange gene has a lower number of
reads in the treated sample than in the untreated control. Inactivation of this gene
decreases bacterial fitness in the presence of the tested antibiotic. Genes of this type

are known as intrinsic resistance factors. Finally, the blue gene has a higher number of
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(Continued) reads in the treated sample than in the untreated control. Inactivation of

this gene increases bacterial fitness in the presence of the test antibiotic.

The reads obtained for each condition were mapped to the genome using the
Galaxy web server, hosted by the Tufts Genomic Core facility [416-418]. This provides
the number of reads due to insertions in each site mapping to a gene. The number of
reads mapping to a gene in a treated sample can be compared to the number of reads
due to insertions in the control condition (Fig. 2.3C). An advantage of this approach is
that the genes which when inactivated provide a fithess advantage, as given by an
increase in number of reads mapping to the gene in treated condition relative to the
untreated control, and genes which when inactivated result in a fithess disadvantage, as
given by a decrease in number of reads mapping to the gene in the treated condition
relative to the untreated control, can both be identified in a single experiment. This
approach is more efficient than individually identifying sensitive mutants by replica
plating of individual mutants.

There have been numerous advances in computational methods to analyze the
data resulting from next-generation sequencing [204, 392, 393, 396, 419-423]. Here, the
fold change in number of reads mapping to a gene in treated condition relative to the
untreated control was calculated using the Mann-Whitney U statistical method, as
described previously [204] with one additional step: before comparing the number of
reads/gene using the Mann-Whitney U test, the experimental condition (antibiotic
treatment) was normalized to the untreated control using simulation-based re-sampling

to minimize differences between the two conditions [396, 423]. After analyzing all
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experiments for both libraries separately, the p-values and depletion/enrichment ratios
for each gene under an antibiotic treatment were combined, using Fischer's method for
p-values and the geometric mean of fold changes in reads mapping to each gene.

In order to prioritize genes, usually a fixed cut-off is used for either fold change or
p-value, or both, depending on the data-set. In examining these data, however, we
found that it would not be possible to use fixed cut-offs based on depletion/enrichment
ratios to compare the effects of the different antibiotics. Even when used at the same
fraction of the MIC, different antibiotics exert different selective pressure on the mutant
pool; moreover, very small concentration differences can have large effects on
depletion/enrichment ratios (see Chapter 3). Therefore, to enable comparison across
different antibiotic treatments we adjusted the cut-off for fold-change in mapped
reads/gene for the treated samples relative to the controls so that we obtained
approximately the same number of hits for each antibiotic. Only genes with a p-value
<0.05 were considered. For the analysis here, we used a sliding cut-off in reads/gene
that resulted in a maximum of 20 genes for each antibiotic. Fold change cut-offs ranged
from ten-fold (0.1 to 10) for ciprofloxacin to 55-fold for oxacillin. It should be noted that
this list of top genes for each antibiotic includes genes with fewer reads mapping to
them in the treated sample compared to the control as well as genes with more reads
mapping to them. The former represent intrinsic resistance factors because disrupting
them results in decreased fitness in the presence of an antibiotic, but the latter are also
of interest as they provide information on how antibiotic resistance can arise via gene

inactivation.
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2.4 Intrinsic factors that decrease or increase susceptibility to antibiotics

Of the genes implicated in antibiotic resistance via the analysis described above,
80 were unique (Table 2.1). Whereas the top 20 gene list for most of the six antibiotics
included few or no genes with more insertions under the treatment condition than the

control, half of the genes in the list for gentamicin belonged in this category.
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Table 2.1: 80 unique genes were identified as important for fithess by treatment of pooled transposon
libraries with six antibiotics

Oxa Cip Gen Lin Van Dap

Oxa Cip Gen Lin Van Dap

Cell Envelope

Transcriptional Regulators

SAOUHSC_00646
SAOUHSC_00703
SAOUHSC_00952
SAOUHSC_009938
SAOUHSC_01359
SAOUHSC_01361
SAOUHSC_01423
SAOUHSC_01462
SAOUHSC_01739
SAOUHSC_01759
SAOUHSC_02305
SAOUHSC_02423
SAOUHSC_02571
SAQOUHSC_03049

DNA/RNA/Protein Synthesis

SAOUHSC_00803
SAOUHSC_01095
SAOUHSC_01099
SAOUHSC_01352
SAOUHSC_01620
SAOUHSC_ 01688

Protein Modification/Transport

SAOUHSC_00023
SAOUHSC_00467
SAOUHSC_00503
SAOUHSC_01228
SAOUHSC_02362
SAOUHSC_02298
SAOUHSC_02299
SAOUHSC_02300
SAOUHSC_01979
SAQUHSC_02303
Multicomponent Sensory System
SAOUHSC_00665
SAOUHSC_00666
SAOUHSC_o0667
SAOUHSC_00668
SAOUHSC_02098
SAOUHSC_02099
SAOUHSC_02100
SAOUHSC_D2261
SAOUHSC_02262
SAOUHSC_02265
SAOUHSC_01419

N

SAOUHSC_00877
SAOUHSC_01162
SAOUHSC_01747
SAOUHSC 01778

Oxidative Phosphorylation/ETS

SAOUHSC_00878
SAOUHSC_00982
SAOUHSC_01001
SAOUHSC_01002
SAOUHSC_01040
SAOUHSC_01772
SAOUHSC_01776
SAOUHSC_01852
SAOUHSC_01915
SAOUHSC_01960
SAOUHSC_01962
SAOUHSC_02340
SAOUHSC 02345

Metabolism/Metabolic Transporters

SAOUHSC_01708
SAOUHSC_01043
SAOUHSC_01611
SAOUHSC_01803
SAOUHSC_02552
SAOUHSC_01430
SAOUHSC_00536
SAOUHSC_02360
SAOUHSC_01013

Hypothetical

SAOUHSC_00468
SAOUHSC_00774
SAOUHSC_00788
SAOUHSC_00965
SAOUHSC_01025
SAOUHSC_01050
SAOUHSC_01568
SAOUHSC_01569
SAOUHSC_01645
SAOUHSC_01724
SAOUHSC_02149
SAOUHSC_02228
SAQUHSC_A02189 |

II.II

1

Oxacillin = Oxa

Ciprofloxacin = Cip

Gentamicin = Gen

Linezolid = Lin

Vancomycin = Van

Daptomycin = Dap

Significant increase in reads -
Significant decrease in reads
No effect
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All these genes were in the oxidative phosphorylation pathway (Fig. 2.4). It is
known that gentamicin and other aminoglycosides rely on the membrane potential to
gain entry into cells [424, 425]; disrupting genes in the oxidative phosphorylation

pathway therefore limits cellular penetration.
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Figure 2.4: Inactivation of the oxidative phosphorylation pathway confers
resistance to gentamicin. A) Schematic of the oxidative phosphorylation pathway is
depicted here. Reads due to transposon insertions were greatly enriched in the eleven

genes named in the figure in samples treated with gentamicin. Inactivation of the
oxidative phosphorylation pathway is a known mechanism of resistance to gentamicin,
which depends on the membrane potential for cell entry. B) A subset of genes involved

in oxidative phosphorylation were tested to determine if inactivation confers resistance

to gentamicin. Top panel shows the fold change in reads/gene in the gentamicin-treated

sample compared to the control. Bottom panel shows fithess compared to WT of mutant
strains in which the indicated genes were inactivated. Spot dilutions of WT and mutant
strains were plated on gentamicin and fithess was calculated as the ratio of the highest

dilution that allowed growth of WT relative to the mutant (see Methods).
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Figure 2.4 (Continued):
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Our fitness analysis also identified many other genes previously known to affect
antibiotic resistance. For example, sigB (SAOUHSC 02298) was among the hits with
oxacillin treatment. This gene, and the other components involved in the alternative
sigma factor pathway, rsbV (SAOUHSC _02300) and rsbW (SAOUHSC _02299), were
significantly depleted (>100 fold depletion in reads/gene for all three genes) (Table 2.1).
It has been shown that over-expressing SigB causes cells to have thicker cell walls,
increased transcript levels of penicillin binding proteins, and elevated MICs to 3-lactams
[426]. Similarly, reads in all three genes of the vraTSR operon (SAOUHSC 02100,
SAOUHSC 02099, SAOUHSC 02098), which encodes a multi-component sensing
system (MCS) that regulates the cell wall stress stimulon [427-430], were substantially
depleted in the presence of vancomycin. This MCS regulates expression of the acquired
vanA gene cassette in vancomycin-resistant S. aureus (VRSA) [428], and also of other
downstream targets involved in cell wall biosynthesis in other strains [427, 429, 430].
Since its regulon includes cell wall biosynthesis genes, it has also been implicated in 3-
lactam resistance [427, 429]. Although insertions in these genes are also depleted
under oxacillin and gentamicin treatment, they do not meet our cut offs for top 20 most
important genes. This suggests that this MCS, while important in other conditions, is
uniquely critical for withstanding vancomycin. Reads in pbp4, which encodes a
penicillin-binding protein involved in secondary crosslinking of peptidoglycan and in 3-
lactam resistance [93, 357, 431], were also found to be depleted under oxacillin

treatment. NorA, which encodes an efflux pump that is known to be involved in
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ciprofloxacin resistance [432, 433], was identified as an important factor under
ciprofloxacin treatment in our analysis as well.

In addition to these and other known intrinsic resistance factors, we have
identified 13 hypothetical genes that are important for resistance (Table 2.1). While no
inactivated gene was shared between all six antibiotics in the top 20 list, we did identify
21 genes that were hits with more than one antibiotic, and 8 of these were hits with
more than two antibiotics. These 8 genes included mprF (SAOUHSC _01359), ndh
(SAOUHSC _00878), fmtA (SAOUHSC _00998), components of the graRS/vraFG multi-
component sensing system (SAOUHSC 00663-668), and two genes of unknown
function, SAOUHSC_01025 and SAOUHSC_01050.

Since growing a mutant library in a liquid culture allows competition between
mutants to occur, this method selects for those factors that are of particular importance
in that treatment condition. Our ability to detect numerous previously identified
resistance factors via a fithess profiling approach was encouraging given the substantial
differences between testing an antibiotic against a spatially separated single mutant and
testing it against a huge pooled mutant collection. To further validate the approach, we
tested the fitness of selected mutants against all six antibiotics using a spot dilution
assay (Fig 2.5). The spot dilution assay allows the detection of sensitivities of mutants
that might otherwise be missed in an end-point MIC assay format. Mutants were chosen
based on the genes identified as hits under more than one condition. In general, the
agreement between Tn-Seq results and the spot dilution assays was excellent. Given
that the spot dilutions do not involve competition between thousands of mutants, were

performed at a single concentration (chosen so WT growth is relatively unaffected; see
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Methods), and used mutants made in different genetic backgrounds, the high validation
rate is remarkable. This suggests that some important intrinsic resistance factors are

shared across S. aureus strains, both MRSA and MSSA.
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Figure 2.5: Tn-Seq results were validated by testing transposon inactivation
mutant fitness in spot dilution assays. Tn-Seq results and validation for selected
genes are shown. ndh encodes an NADH dehydrogenase involved in oxidative
phosphorylation; f/mtA is a cell surface protein of undetermined function; mprF
synthesizes lysyl-phosphatidylglycerol. Asterisks indicate those conditions under which
the pertinent gene was among the top twenty hits for that antibiotic. (A) Bar graph
depicting fold change in reads per gene relative to the untreated control for each of the
six antibiotics. (B) Bar graph depicting fithess compared to WT of transposon
inactivation mutant strains (obtained from Nebraska library) in which the indicated
genes are inactivated. Fitness was assessed by spotting ten-fold dilutions of WT and
mutant strains on antibiotic plates and comparing the highest dilutions that resulted in
growth (see Methods). Because the data is shown on a logarithmic scale, the lack of a
bar indicates that no change (fold change = 1) was observed for that mutant under the
relevant treatment condition. (C) Spot dilution assay plates are shown for each of the
antibiotics tested. Fitness assessed by spot dilution validated the Tn-Seq results for

genes which were within the top twenty list of genes, except in one case.
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Figure 2.5 (Continued):
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2.5 Intrinsic factors that impact multiple classes of antibiotics

Of the eight genes found to impact multiple classes of antibiotics, ndh (NADH
dehydrogenase) is the only one that when inactivated, promotes resistance to some
antibiotics while sensitizing to others. Ndh is a component of the electron transport
chain. The electron transport chain creates a membrane potential, which is required for
penetration of gentamicin through the cell membrane [434]. We showed here that in
addition to conferring resistance to gentamicin when inactivated, ndh is an intrinsic
factor for oxacillin, linezolid and ciprofloxacin. Ndh is in the same pathway as several
genes that are commonly found to be inactivated in small colony variants (SCVs), a
phenotype correlated with persistent infections that are resistant to -lactams as well as
aminoglycosides [435-438]. B-lactam resistance is attributed to slow growth that occurs
when cells switch to anaerobic growth when genes involved in oxidative
phosphorylation are inactivated [435, 439]. Our data confirms the importance of the
oxidative phosphorylation pathway in antibiotic resistance.

The gene fmtA encodes a cell surface protein of uncertain function. It was
identified as a factor involved in methicillin resistance, and has since been proposed to
act as a carboxypeptidase and a teichoic acid D-ala esterase [208, 358, 440]. We did
not find that inactivation of fmtA results in increased sensitivity to oxacillin in the Tn-Seq
library or in the spot dilution assay. In fact, survival was enhanced in the presence of
oxacillin. However, we did observe increased sensitivity to daptomycin and vancomycin.
This finding is consistent with an important role for FmtA in withstanding cell envelope

stress for at least some classes of antibiotics [441].
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MprF catalyzes formation of lysyl-phosphatidylglycerol, a membrane modification
that confers protection to cationic antibiotics, which are repelled by the increased cell
surface positive charge [20, 23, 28, 442]. MprF is also a known methicillin resistance
factor in MRSA strains [24]. In our studies, mprF was found to be an intrinsic resistance
factor across all the antibiotics tested, although it only makes the top 20 list for four out
of six of them (Table 2.1). All four were validated in a spot dilution assay performed on a
mutant in a USA300 (MRSA) background (Fig. 2.5B)[443]. Since mprF inactivation
potently sensitizes to daptomycin, vancomycin, and ciprofloxacin, which are not rich in
positive charge, the product of MprF, lysyl-phosphatidylglycerol, likely plays biophysical
roles in membrane stability. This has been suggested previously for daptomycin [226,

444).

2.6 GraRS/VraFG is the single most important multi-component sensing system
across tested antibiotics

Multi-component sensing systems (MCSs) allow bacteria to sense and respond
to their environments. These systems typically include a membrane-anchored
extracellular sensory domain fused to an intracellular kinase domain and a separate,
cytosolic response regulator but they can also include additional elements. A stimulus
sensed by the sensory domain results in a change in phosphorylation of the response
regulator, which then modulates the expression of downstream targets [10]. S. aureus
contains many multi-component sensing systems, and we identified multiple
components of three of these systems, agrABCD, vraTSR, and graXRS/vraFG, as top

hits under treatment with at least one antibiotic (Table 2.1).
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AgrABCD has been implicated in quorum sensing and regulation of virulence
factors and autolysin expression [445-449]. Reads mapping to components (agrABCD)
of this MCS were depleted under oxacillin and daptomycin treatments, suggesting that
this MCS could also play a role in the response to these antibiotics, possibly due to its
functions in regulating the autolysin lytM and the penicillin-binding proteins [447, 450,
451]. While agrC was also depleted under these treatments, it did not meet our cut-offs.
AgrB is a transmembrane protein that is involved in the processing of the AgrD
propeptide that is the precursor for mature autoinducing peptide [452]. This
autoinducing peptide is sensed by the sensory kinase AgrC [453]. Although the effects
of quorum sensing are multifold and a single connection of this system with antibiotic
resistance, if one exists, will be hard to isolate, its role in antibiotic resistance has been
previously appreciated [451, 454].

The single most important MCS across all the six antibiotics tested was
graXRS/vraFG. Four components of this system made our cut-offs under gentamicin,
daptomycin, and vancomycin treatment (Table 2.1). Moreover, compared to wildtype,
we found the fitness of a AgraR mutant to be reduced by four to five orders of
magnitude when plated on these antibiotics (Fig. 2.6B).The mutant was also sensitive to
ciprofloxacin, although less so. The regulon of this MCS includes other global regulatory
systems such as agr and walKR, and it has been linked to numerous stress-response
and virulence genes [32], but it is most well-known for regulating mprF and the dlt
operon, both of which are involved in modulating cell surface charge. MprF attaches
lysine to phosphatidylglycerol, as discussed previously, while the dlt operon attaches D-

alanine to lipo- and wall teichoic acids [132]. As discussed in Chapter 1, the dlt pathway
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confers protection to cationic antimicrobial peptides, aminoglycosides, and other
positively-charged antibiotics [222]. Whereas mprF was identified as a top hit under
several treatment conditions, transposon insertions in the dlt genes were poorly
represented in the control libraries because dlf mutants have substantial fithess defects
and do not compete well with other strains. However, we found the fitness of a dltA
mutant to be greatly reduced compared to wildtype when plated on three of the six

tested antibiotics - vancomycin, ciprofloxacin and gentamicin (Fig. 2.6B).
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Figure 2.6: Tn-Seq results were validated by testing the fitness of deletion
mutants in Newman in spot dilution assays. Asterisks indicate those conditions
under which the pertinent gene was among the top twenty hits for that antibiotic. (A) Bar
graph depicting fold change in reads per gene relative to the untreated control for each
of the six antibiotics. (B) Bar graph depicting fithess compared to WT of deletion
mutants. Fithess was assessed as described previously. Because the data is shown on
a logarithmic scale, the lack of a bar indicates that no change (fold change = 1) was
observed for that mutant under the relevant treatment condition. (C) Spot dilution assay
plates are shown for each of the antibiotics tested. Concentrations for plates were
selected as the maximum concentration at which WT is minimally affected, that is,

where growth is apparent for at least three or four of the seven dilution factors.
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Figure 2.6 (Continued):
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Binding of the zwitterionic fluoroquinolones to the cell surface is known to be
antagonized by calcium or magnesium ions, and perhaps the presence of D-alanine
moieties is similarly antagonistic [455]. The sensitivity of dltA mutants to vancomycin
has been previously reported and was suggested to be due to increased binding of
vancomycin to the cell surface [217]. It was previously shown that the number of
positive charges on aminoglycosides correlates with activity against the dltA mutant
[367], but we did not observe a strong correlation between the number of positive
charges and the fitness of the dltA mutant across different classes of antibiotics. As D-
alanylation plays pleiotropic roles in the cell envelope, the fitness of the dItA mutant in
the presence of different antibiotics may reflect different roles.

We observed some differences in the sensitization patterns of the dltA and mprF
mutants. The dIfA mutant was not as sensitive to daptomycin as the mprF and graR
mutants were. Conversely, the mprFF mutant was not as sensitive to vancomycin as the
dItA and graR mutants were. Our results suggest that the importance of the
graRS/vraFG MCS can be explained in part by the combined action of these two

members of its regulon, dItA and mprF.

2.7 Contribution of intrinsic resistance factors to antibiotic resistance can vary
across S. aureus strains

In the spot dilution assay, inactivation of mprF resulted in a large increase in
sensitivity to oxacillin in the USA300_FPR3757 background, but the inactivation mutant

did not show increased sensitivity to oxacillin in the methicillin-sensitive strain Newman
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(Fig. 2.5, 2.6). This suggests that the contribution of mprF as an intrinsic resistance
factor is larger in the USA300_FPR3757 background than in Newman. The initial study,
which identified mprF's contribution to B-lactam resistance also reported this difference
in strain background. While a dramatic decrease in MIC was observed for MRSA strains
COL and KSAS8, no decrease in MIC was observed for MSSA strain, RN450 [358].
Strain-specific contributions of another intrinsic resistance factor, pbp4

(SAOUHSC _00646), have been previously reported. Pbp4 deletion was shown to
sensitize community-acquired MRSA strains, MW2 and USA300, to oxacillin and
naficillin, but the mutant did not show additional sensitivity in HA-MRSA strains N315
and VISA strain, Mu50 [357]. The reason for these differences is not evident. Studies
have detailed numerous genetic and gene expression differences between S. aureus
strains [456-461], suggesting that teasing out the reasons for the relative contribution of

intrinsic resistance factors to each strain background will not be simple.

2.8 Conclusions

We have demonstrated that Tn-Seq can be used to rapidly identify intrinsic
factors that are impediments to antibiotic activity. Fitness based on Tn-seq profiles
correlated well with fitness of individual mutants plated on antibiotics. In addition to
several previously characterized factors, we identified several hypothetical genes that
are important for antibiotic resistance, indicating that there are still gaps in our
knowledge of factors involved in antibiotic resistance. Further investigation into the
physiological roles of these hypothetical proteins will be useful in creating a more

complete picture of antibiotic resistance in S. aureus. The possible differences in
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contributions of intrinsic factors in different strain backgrounds is a significant aspect of
S. aureus to keep in mind. Focusing small molecule targeting efforts on factors that are
important for multiple antibiotics across multiple clinically relevant strain backgrounds,
like mprF and the dlt operon, will be of greater clinical use than focusing on those
factors which are highly strain-specific, like pbp4. The methods described in this study
can be rapidly scaled to identify intrinsic resistance factors for any antibiotic, which
could be targets for the development of small molecule potentiators, as well as, to
identify and prioritize more multi-class intrinsic factors that are particularly important in

the S. aureus arsenal.

2.9 Methods

Library 1 antibiotic treatment: Library 1 was constructed by transformation of a
temperature sensitive plasmid as previously described [201]. Briefly, a 100 ul aliquot of
this initial S. aureus HG003 transposon library freezer stock, containing 10%cfu, was
used to inoculate 100 ml of Mueller Hinton (MH) cation adjusted broth and incubated for
15 h at 37°C with shaking at 200 rpm. A 10 pl aliquot (1060fu) of this input culture was
then inoculated into a final volume of 200 ul in a 96-well plate broth microdilution format
and incubated at 37°C for 8 hours, approximately 5.5 generations (5 x 10cfu/200 pl).
The 1/2x, 1/4x and 1/8x MIC wells for the library pool were determined based on the
MIC of a small mutant pool (consisting of ten innocuous transposon mutants). This
small pool was used to determine MICs in order to compensate for potential resistant
mutants in the library pool. The chosen wells (1/2x, 1/4x and 1/8x) were then

subcultured (3 x 10°cfu) into a second iteration of serial dilutions of antibiotics as
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described above and incubated for 15 hours at 37°C, approximately 9 generations (2 x
108cfu/200 pl). The 1/2x, 1/4x and 1/8x MIC wells were determined based on the small
pool and these wells were transferred to 10 ml of BHI broth, incubated for 4 h at 37°C
with shaking at 200 rpm. Biological replicates were conducted for each growth
condition. Genomic DNA was harvested using DNeasy Blood and Tissue kit (Qiagen,
Valencia, CA) following the manufacturer’s instructions.

Library 2 antibiotic treatment: Library 2 was constructed by phage-based
transposition of six different transposon constructs as previously described [392].
Tryptic soy broth (TSB) supplemented with 25mg/L Ca2+ and 12.5mg/L Mg2+ was used
for all antibiotics except for oxacillin, which was tested using cation-adjusted MH Broth.
For all antibiotics, an untreated control was prepared in the same media as was used
for the tested antibiotic. A stock of the complete library was thawed and diluted to an
ODeoo of 0.2 and grown to an ODggg of ~0.4 to minimize changes in library composition
prior to treatment. The culture was then diluted to 4 x 10°cfu/mL and added to 1mL of
media with 2x the desired concentration of the antibiotic, to give a final starting inoculum
of 2x10° cfu/mL in 2mL culture volumes. Daptomycin and Vancomycin were tested with
a final starting inoculum of 10”cfu/2mL. Samples were grown at 37°C and harvested
when they reached stationary phase. The samples were treated with 2x, 1x, 0.5x and
0.25 x the MIC of the antibiotic. Further details on sample harvesting are discussed in
Chapter 3.

Tn-Seq preparation and lllumina sequencing: Library1 was prepared using the
shearing method [394]. We treated Library 2 with a panel of antibiotic concentrations,

along with an untreated control. Then we identified antibiotic concentrations that caused
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the transposon library to reach stationary phase with a few hour delay compared to the
untreated control. Library samples treated with these antibiotic concentrations were
prepared for sequencing following the protocol described in Santiago et al. 2015 [392].
Samples from at least two of the concentrations of Library 2 were sent for sequencing.
lllumina sequencing was completed by Harvard Biopolymers Facility or Tufts Genomic
DNA Sequencing core facility.

Data analysis: We identified datasets from Library 2 in which reads mapped to
approximately 40% of the TA sites hit in the untreated control (with the exception of
vancomycin treatment which hit 67% of the TA sites hit in the untreated control). These
were processed for further analysis. This percentage decrease was chosen such that
we could identify genes with an increase and decrease in number of reads mapping to
them. Library 2 contains transposon constructs with outward-facing promoters that can
upregulate proximal genes in addition to the traditional construct which can only insert
into and inactivate genes. For these experiments, we only considered data from the
inactivation constructs. Data was analyzed as described previously with some
modifications [392]. Data from biological replicates was combined, and before
comparing the number of reads/gene using the Mann-Whitney U test, the experimental
data was normalized to the control using simulation-based resampling [396, 423]. Then,
data for each antibiotic treatment from each of the Library 1 experiments was combined
with the data from the Library 2 experiments using the geometric mean of the ratios and
Fisher's method for combining corrected p-values. Top hits were identified by first
filtering for genes with a p-value less than 0.05, then by increasing the ratio cut-off by

integers until less than or equal to 20 genes were left.
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Spot dilution assays: Identified hits goxA, goxB, ndh and fmtA were validated using
transposon mutants from the Nebraska library in background USA300_FPR3757
[443].Deletion mutants in dltA, mprF and graR were tested in MSSA strain Newman.
Agar plates were prepared with TSB supplemented with Ca2+ (25mg/L) and Mg2+
(12.5mg/L) and a sub-MIC concentration of the 6 antibiotics. Overnight cultures of
mutants were diluted 1:100 in fresh TSB and grown to an ODgg of 1. They were then
diluted serially by 10 fold, spotted on agar plates and incubated at 37°C overnight. The
concentration of the antibiotic at which WT was severely inhibited, showing growth in
only the highest 1 or 2 dilutions on agar plates under these conditions was determined.
This was considered to be the MIC under this condition. The spot dilution assays were
then set up using three different antibiotic concentrations. The concentration closest to
the MIC at which WT was at most 3 logs more depleted than non-antibiotic control was
used to calculate fitness. This concentration was used so that reduced fitness of any
mutants could be observed. The exception to this was when the MIC concentration for
gentamicin was used to evaluate the resistance of inactivation mutants in the oxidative
phosphorylation pathway. Control plates with no antibiotic were set up for all strains
assayed and under these conditions, mutants and WT showed equal levels of growth.
Fitness was assessed by determining the highest dilution for which growth was
observed for a mutant and the WT strain. The highest dilution showing full growth for
the mutant was then divided by the highest dilution showing full growth for the WT to
calculate its fithness compared to WT. These were plotted on a log scale. Those spots
that showed hazy growth indicative of cell lysis, those that showed mixed populations of

colonies of different sizes suggesting the possibility of suppressors and reduced fitness
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relative to spots with homogenous colonies, and those that had fewer than 10 individual

colonies were not regarded as full growth.

75



Chapter 3: Genes that contribute to bacterial fitness in the presence of
peptidoglycan biosynthesis inhibitors.

3.1 Rationale for expanding the set of Th-Seq derived fitness profiles

We showed in the previous chapter that Tn-Seq is a useful approach to identify
important intrinsic resistance factors under antibiotic treatment. The throughput of this
technique allows for the simultaneous assessment of the fitness of inactivation mutants
of the non-essential genes represented in the transposon library across a large number
of antibiotics with relative ease. We will refer to the fitness of all genes under an
antibiotic as the fitness profile of the antibiotic, and the fitness of a gene across the
antibiotics assayed as the fitness profile of the gene. Knowledge of such fitness profiles
of genes and of antibiotics can be useful in a number of ways. Three of these purposes
are discussed in this chapter and the next.

First, the fitness profiles of genes generated across multiple antibiotics targeting
the same biosynthetic pathway can be used to nominate a collated list of genes that
impact the inhibition of this pathway. We chose to focus here on PG biosynthesis
inhibitors because PG is the first line of defense for bacteria and its biosynthesis is
targeted by multiple antibiotics at various stages of the pathway, resulting in a greater
diversity of mechanisms of action that can be assessed. Such a collated list of genes
can enable the prioritization of factors that are likely to be important in the cell wall
interaction network. Investigating such factors could result in more insight into S. aureus
physiology. Such factors are also of interest because their inhibition may reduce

bacterial fithess under multiple antibiotics.
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Fitness profiles of genes across multiple antibiotics will likely be the same for
genes which are interacting with each other and are involved in the same system. For
instance, we might expect that the components of the graRS/vraFG system have the
same fitness pattern across a number of antibiotics since they are all involved in the
same multi-component sensing system. Therefore, a second possible application for
such genome-wide fitness profiles is to identify potential pathways in which a gene of
unknown function could be involved by identifying the known genes whose fitness
patterns across multiple antibiotics are most similar to that of the gene of interest. We
describe here a machine learning approach that we used to nominate potential
pathways two genes of unknown function, SAOUHSC 01025 and SAOUHSC 01050,
could be associated with. Finally, the fitness profiles for antibiotics can be used to
predict the mechanism of action of an unknown antibiotic. This will be discussed in
Chapter 4.

The work described in Chapters 3 and 4 was completed in collaboration with
Marina Santiago. Dr. Tim Meredith, Dr. Wonsik Lee, Michael George and Truc Do in the

Walker lab contributed some of the data sets that were used in this work.

3.2 Peptidoglycan biosynthetic inhibitors tested

In this chapter, we focus on antibiotics that inhibit PG biosynthesis. As an
essential first line of bacterial defense, numerous inhibitors for PG biosynthesis have
been developed over the years, as described in Chapter 1. The antibiotics used for this
analysis have diverse mechanisms of action (Table 3.1). Oxacillin is a B-lactam that

inhibit the transpeptidase activity of penicillin-binding proteins (PBPs) [338, 339].
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Moenomycin A inhibits the transglycosylase domain of PBP2, interfering with the
polymerization of the glycan chain [462, 463]. These are enzymatic inhibitors of PG

biosynthesis.

Table 3.1: Peptidoglycan biosynthetic inhibitors that were tested in Tn-Seq
Antibiotic Chemical Class Target
Oxacillin B-lactam Transpeptidase domain of PBPs
Moenomycin A Phosphoglycolipid Transglycosylases
Vancomycin Glycopeptide D-ala-D-ala of lipid I
Ramoplanin Glycopeptide Pyrophosphate-sugar moiety of lipid 1l
Lysobactin Glycopeptide Pyrophosphate-sugar moiety of lipid 1l
Bacitracin Cyclic peptide Und-PP
Targocil Triazoloquinazoline TarGH

Another class of inhibitors is the substrate binding inhibitors, discussed in chapter
1. These include vancomycin, which binds to the D-ala-D-ala subunit of lipid Il therefore
inhibiting the cross-linking and polymerization of PG [305-308]. Ramoplanin and
lysobactin also bind to lipid Il and inhibits the transglycosylation reaction. Unlike
vancomycin, ramoplanin and lysobactin bind to the sugar-pyrophosphate moiety of lipid
I1'[309, 310, 464-467]. In addition, while vancomycin is bacteriostatic, ramoplanin and
lysobactin are both bactericidal and result in rapid lysis [467]. Bacitracin can be
regarded as a product binder. It binds to the undecaprenol pyrophosphate released
after lipid Il polymerization and cross-linking, preventing its recycling and use in future
lipid Il synthesis [468]. Targocil is unique in its PG biosynthesis inhibition since it is an
inhibitor of TarGH, the WTA exporter [361, 362]. Due to inhibition of a conditionally
essential step in the WTA pathway, targocil ties up the lipid carrier, preventing its use in
PG synthesis, as described in Chapter 1. Experimental evidence for the depletion of

lipid Il by targocil has been generated recently [93]. In fact, this study showed that while
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vancomycin and moenomycin A result in accumulation of lipid I, bacitracin results in a
depletion of lipid Il levels, consistent with their mechanism of action [93]. The diversity of
mechanisms of action of the antibiotics sampled suggests that the genes identified as
common hits across all these antibiotics will be important for withstanding pressure that

results from PG biosynthesis inhibition in general.

3.3 Identifying a core set of genes relevant under cell wall perturbation

We wanted to identify non-essential genes whose inactivation results in a fitness
difference under a majority of the PG biosynthetic inhibitors tested. As the antibiotics
have diverse mechanisms of action (Table 3.1), genes which are identified across a
majority of these antibiotics will likely play a critical role in the cell wall interactome.

For this approach, we used only data from the blunt inactivation constructs, for all
antibiotics under all concentrations tested, which had a minimum of 300,000 reads, and
a number of TA sites hit that was at least 40% of the number of TA sites hit in the
untreated condition. We determined that these conditions could enable us to identify
genes that are relevant to the treatment condition (see Section 3.7). Data sets from two
or more concentrations of each of the seven antibiotics were used in this analysis.

We needed a method to compare the multiple concentrations used to treat the
cell as well as compare between antibiotics. The method described in Chapter 1, which
involved combining fold changes and p-values of each gene under each concentration
of antibiotic tested using geometric mean and Fisher method respectively, is useful for
identifying the most important factors under each treatment condition. For this analysis,

we wanted to take into account genes that were enriched or depleted under all
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concentrations of antibiotic tested, to take into account all those genes that are relevant
under the tested condition. The fold changes for each gene were modified to account for
essentiality (see Methods). The top 75% of those genes with mapped reads that were
more than 1.5x enriched or depleted relative to untreated, up to a maximum of 200
genes, were considered for each concentration condition. Next, a list of relevant genes
for each antibiotic was generated by compiling a list of the unique genes from each
concentration condition. Only the enrichment or depletion status of each gene was
considered when comparing between antibiotics or concentrations, and not the actual
fold changes.

There are two advantages to using this approach over the geometric mean
approach for this analysis. (1) Genes which are not affected under one concentration
(<1.5x fold change) but moderately affected in another (>1.5x fold change) are not lost.
For example, SAOUHSC 00620 which encodes the SarA regulator, is within the top
twenty enriched genes under moenomycin 0.08ug/mL condition with a fold change in
reads of 5.8. While this fold change might not seem impressive, SarA is a known
regulator of AbcA. AbcA overexpression is reported to increase the MIC of moenomycin
A by ten-fold and deletion of sarA enhances abcA expression under starvation
conditions [469]. Clearly, sarA is a physiologically relevant gene under moenomycin
treatment. However, the geometric mean of the fold changes of this gene over the
tested concentration range is 1.32, which is indicative of no change. This is because at
lower concentrations no change is observed in reads mapping to this mutant. Assaying
multiple concentrations was therefore beneficial for this analysis. (2) It accounts for the

fact that the enrichment and depletion fold changes cannot be expected to be the same
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for factors that are in common across these antibiotics, because of their different
mechanisms of action and possibly different effective concentrations. Therefore, a gene
which is highly affected under treatment pressure by one antibiotic, and only moderately
affected by another could be identified.

To identify a set of genes that are relevant under cell wall perturbation, we
searched for those genes that are hits across 5 out of the 7 PG synthesis inhibitors
(moenomycin A, vancomycin, ramoplanin, targocil, oxacillin, bacitracin and lysobactin)
(Table 3.2). These 57 genes are likely to play important roles in the cell envelope
interaction network. Further investigation into the functions of these genes will enable a

better understanding of bacterial cell envelope physiology, interactions and regulation.
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Table 3.2: Genes that are relevant under cell wall perturbation

Moe Ram Van Oxa Bac Lys Tar

Cell Envelope

SAOUHSC_00691
SAOUHSC_00997
SAOUHSC_00998
SAOUHSC_01359
SAOUHSC_01361
SAOUHSC_01462
SAOUHSC_01652
SAOUHSC_01857
SAOUHSC_02012
SAOUHSC_02319
SAOUHSC_02352

SAOUHSC_02423
SAOUHSC_02834
SAOUHSC_02124

Hypothetical

SAOUHSC_00408
SAOUHSC_00455
SAOUHSC_00618
SAOUHSC_00718
SAOUHSC_00760
SAOUHSC_00793
SAOUHSC_00846
SAOUHSC_00965
SAOUHSC_01025
SAOUHSC_01050
SAOUHSC_01271
SAOUHSC_01382
SAOUHSC_01902
SAOUHSC_01979
SAQOUHSC_02004
SAOUHSC_02149
SAOUHSC_02628
SAOUHSC_02727

SAOUHSC_A01436

uppP
atl

fmtA
mprF
ICpA
divivVA
pbp3
ftsK-like
sgiB
rodA
mnaA
UDP-GIcNAc pyrophosphorylase
sortase
pcrB

extracellular
extracellular
membrane protein
membrane protein
membrane protein
membrane protein
membrane protein
CAAX protease
membrane protein
membrane protein
membrane protein
membrane protein
membrane protein
extracellular
extracellular
membrane protein
membrane protein
extracellular
intracellular

Moe = Moenomycin; Ram = Ramoplanin
Van = Vancomycin; Oxa = Oxacillin
Bac = Bacitracin; Lys = Lysobactin

Tar = Targocil
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Table 3.2 (Continued): Genes that are relevant under cell wall perturbation

Moe Ram Van Oxa Bac Lys Tar

Metabolism
SAOUHSC_00019 adsS
SAOUHSC_02354 glyA
SAOUHSC_02374 abgB
SAOUHSC_01370 PRAI

Transcriptional Regulators
SAOUHSC_02809  gntR

SAOUHSC_02664 transcriptional regulator

Multi-component sensing systems
SAOUHSC_00664  graX
SAOUHSC_00666  graS
SAOUHSC_00667  vraF
SAOUHSC_00668  vraG
SAOUHSC_01420 arlR
SAOUHSC_02099  vraS
SAOUHSC_02100  vraT
SAOUHSC_02261 agrB
SAOUHSC_02264  agrD

Stress responses

SAOUHSC_00504  mcsB
SAOUHSC_00480  mazG family
SAOUHSC_02150  thioredoxin
SAOUHSC_00938  thioredoxin-like
SAOUHSC_02369  rpoE

RNA/Protein Synthesis and modification
SAOUHSC_00663  riml
SAOUHSC_02358  hemK
SAOUHSC_01269  miaB

Other
SAQUHSC_02121 camS

Moe = Moenomycin; Ram = Ramoplanin
Van = Vancomycin; Oxa = Oxacillin

Bac = Bacitracin; Lys = Lysobactin

Tar = Targocil
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3.4 Previously characterized genes relevant under cell wall perturbation

We identified several genes whose functions have been previously
characterized. As expected, this list included numerous genes with functions in the cell
envelope. In this section, we discuss some of these genes. Two of these factors fmtA
and mprF as well as the multi-component sensing systems graXRS/vraFG, vraRST, and
agrABCD, components of which were hits in the more stringent criteria used for smaller
set of antibiotics, have been previously discussed in detail. The only discrepancy we
find is with fmtA, which is identified as depleted in the presence of oxacillin under this
analysis but was enriched when considering data from the second smaller library,
described in chapter 2. This is because the analysis in chapter 2 also included data
obtained in the Gilmore lab and these data sets showed reads in fmtA to be over 100x
increased in the presence of oxacillin, which we did not observe in our data set at any
concentration.

The gene uppP, also known as bacA, is known to be important for resistance to
bacitracin [470]. UppP is an undecaprenyl pyrophosphate phoshphatase which
dephosphorylates the carrier lipid in order to enable its recycling and furthur use in PG
synthesis [109]. Some species of bacteria can have various number of enzymes
showing UppP activity and therefore, uppP is not essential in these organisms, including
S. aureus [108]. Although we found both uppP and another phosphatase showing uppP
activity, pgpB, to be upregulated in the presence of bacitracin in our Tn-Seq data, only
uppP was found to be important across other PG biosynthetic inhibitors, corroborating

that it is likely the primary undecaprenyl pyrophosphate phoshphatase in S. aureus.

84



Atl is a bifunctional autolysin that has an amidase domain and a glucosamnidase
domain [471]. It has been shown that the deletion of atl inhibits penicillin-induced lysis
[472], which could account for the fithess advantage we observed for the at/ mutant in
the presence of oxacillin in our Tn-Seq assay. We found that Atl is important for fitness
of S. aureus in the presence of other cell wall antibiotics. S. aureus has numerous
peptidoglycan hydrolases but only Atl stood out as important under a number of PG
biosynthesis inhibitors.

We also identified two genes encoding proteins involved in WTA biosynthesis:
IcpA and mnaA. Recent evidence has shown that LcpA is the primary WTA ligase in S.
aureus, as discussed in Chapter 1[164]. MnaA is a UDP-GIcNAC-2-epimerase that
converts UDP-GIcNAc to UDP-ManNAc and in the absence of mnaA, WTA synthesis is
abolished [473]. The inactivation of LcpA and of MnaA both have been shown to
sensitize MRSA to B-lactams [164, 473]. While reads in mnaA and IcpA were both
depleted under oxacillin treatment in our data set, these genes did not meet our cutoffs
because they were not among the top 200 depleted genes. We also find here that
WTAs are important for fitness under non-p-lactam PG biosynthesis inhibitors. As
expected, we find that reads in mnaA are enriched in the presence of targocil. It has
been previously shown that the pharmacological inhibition of WTA synthesis rescues
from the lethality of targocil [361]. We do not find the enrichment for reads in IcpA in the
presence of targocil. This is consistent with the role of LcpA in the WTA biosynthesis
pathway. Inactivation of LcpA will not have an antagonistic effect on targocil because it
is further downstream of the WTA export step that targocil inhibits and therefore, unable

to prevent the tying up of the carrier lipid that causes PG biosynthesis inhibition.
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3.5 Three previously uncharacterized genes important for under cell wall stress

Hypothetical genes comprised the largest category of the hits identified (19 out of
57 genes). We validated the contribution of three of these genes, SAOUHSC 02149,
SAOUHSC 01025 and SAOUHSC 01050, to fitness in the presence of various
antibiotics.

SAOUHSC 02149 was identified as relevant under all PG biosynthetic inhibitors
analyzed except for oxacillin, for which it did not meet our cut-offs. SAOUHSC 02149 is
a small 174 amino acid protein that has one transmembrane helix. The bulk of this
protein is extracellular, as predicted by TMHMM server. SAOUHSC 02149 has a
predicted bacterial Pleckstrin homology (PHb) domain, which is known to bind
phosphatidylinositol in eukaryotes [474]. However, it has been shown that less than
10% of proteins with this domain bind phosphatidylionisitol with high affinity and
specificity [475], and S. aureus does not produce phosphatidylinositol. It has been
suggested for one member of this family, a mammalian inducible tyrosine kinase, that
this domain could be acting as putative effector of Ca®* signaling due to its interaction
with Calmodulin [476]. This is interesting in the context of daptomycin as daptomycin is
known to require Ca** for bioactivity [477, 478]. However, the other antibiotics
SAOUHSC 02149 is relevant for, like moenomycin and vancomycin, do not require
Ca?* for activity, suggesting that this protein plays other roles in S. aureus, in addition to
roles relating to Ca®* interactions (if any).

We tested the transposon inactivation mutant obtained from the Nebraska library
[443] against vancomycin and daptomycin and found it to be sensitive relative to WT in

the spot dilution assay described in Chapter 2, as indicated by the Tn-Seq analysis (Fig.
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3.1A). Moreover, the up-regulation of SAOUHSC 02149 promoted resistance to
daptomycin, and less dramatically to vancomycin as well (Fig. 3.1B). Its role in
resistance to these clinically relevant antibiotics supports the importance of elucidating

the function of SAOUHSC_02149.
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Figure 3.1: Tn::SAOUHSC_02149 is sensitive to cell envelope antibiotics
vancomycin and daptomycin. (A) Spot dilution assays of USA300 JE2 WT and a
Nebraska library transposon mutant of SAOUHSC 02149 (Tn::02149) shows that the
mutant is more sensitive than WT to both vancomycin and daptomycin. (B) Growth
curves of the inactivation mutant and the complemented strain showed that under
daptomycin (top) and vancomycin (bottom), the overexpression of SAOUHSC 02149 is

protective, although the effect is more pronounced for daptomycin.
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SAOUHSC 01025 is predicted to have six transmembrane helices, a 93 amino
acid extracellular domain, and four more transmembrane helices. SAOUHSC_01050 is
predicted to have three transmembrane helices and a 191 amino acid extracellular
domain. BLAST and PSI-BLAST searches of SAOUHSC_01025 and SAOUHSC_01050
do not reveal high homology to any known genes.

Using our spot dilution approach described in chapter 2, we tested the fithess of
mutants with inactivating transposon insertions in SAOUHSC 01025 (tn::1025) and
SAOUHSC 01050 (tn::1050) obtained from the Nebraska library [443], against a panel
of twelve antibiotics with a range of different targets. We wanted to evaluate the fithess
of these mutants under both cell wall and non-cell wall antibiotics in order to determine if
these factors are particularly relevant for cell wall antibiotics. We tested oxacillin,
vancomycin, moenomycin, targocil, bacitracin, fosfomycin, daptomycin, gentamicin,
ciprofloxacin, linezolid, mupirocin and rifampicin (Fig 3.2). We have discussed the
mechanisms of action of most of these antibiotics in this and the previous chapter.
Mupirocin is an inhibitor of protein translation by targeting isolecuyl-t-RNA synthetase
[479] and rifampicin inhibits RNA polymerase, thereby interrupting RNA synthesis [480,
481]. With one exception, both mutants showed moderate and similar reductions in
fithness when plated on non-cell wall related antibiotics. The exception was that tn:: 71050
was far more sensitive to gentamicin than tn:: 7025, an unusual pattern not observed
with any other antibiotic. Against cell wall active antibiotics, both tn:: 7025 and tn:: 7050
showed greater reductions in fithess compared to WT, with tn:: 7025 often found to be
more susceptible than tn::7050. Moenomycin provides a striking example of this as the

fitness of the tn:: 1025 mutant decreased by four orders of magnitude while the fitness of
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the tn:: 7050 mutants did not change. In general, however, both mutants showed
reduced fithess compared to the wild type strain. The decreased fithess of both mutants
when plated on most cell wall active antibiotics compared with other antibiotics is

consistent with an important role in cell envelope integrity.

89



Figure 3.2: Tn::SAOUHSC_01025 and tn::SAOUHSC_01050 are particularly
sensitive to antibiotics that damage the cell envelope. The abbreviations used here
are mup = mupirocin, lin = linezolid, rif = rifampicin, cip = ciprofloxacin, gen =
gentamicin, van = vancomycin, bac = bacitracin, tar = targocil, fos = fosfomycin, moe =
moenomycin A, dap = daptomycin. Top panel: A summary of the fitness of these
mutants relative to WT was assessed by spot dilution against the above antibiotics.
Bottom panel: spot dilution assay plates for these mutants on all antibiotics tested are

shown here.
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Figure 3.2 (Continued):
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We used triton X100-induced autolysis in an initial attempt to evaluate whether
tn::7025 and tn:: 7050 mutants had significantly less stable cell envelopes than the WT,
but we found no difference in induced lysis rates (Fig. 3.3). In growth curve assays,
tn::7025 and tn:: 71050 mutants showed a slightly slower doubling time of 25.37min and
24 .39min respectively, compared to the WT doubling time of 22min, which is not
indicative of significantly compromised fitness. These factors appear to be more
important when there is cell wall stress than in the absence of such stress.
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Figure 3.3. Tn::SAOUHSC_01025and tn::SAOUHSC_01050 show no increase in
sensitivity to triton X-100 induced lysis. Lysis curves of WT, tn::71025 and tn:: 7050
with or without triton X-100 show that WT and mutants lyse at similar rates. OD600

values were normalized to the initial starting OD of each sample.

92



3.6 Machine learning approach to suggest potential pathways genes of unknown
function could be involved in

We wanted to determine if the fithess profiles of genes across multiple classes of
antibiotics can be used to evaluate pathways in which they could be involved. This is
based on the hypothesis that genes which have similar phenotypes, that is, similar
patterns of sensitization and resistance across various classes of antibiotics will function
in closely related pathways. For instance, components of the graXRS/vraFG operon
can be expected to have highly similar fitness profiles across various antibiotics
because they physically interact to respond to stresses (Fig. 3.4 A)

We optimized the K-nearest neighbors algorithm using the sci-kit learn library
[482] to identify genes with the most similar fithess profiles (i.e., fitness of a gene across
different antibiotic conditions) to SAOUHSC 01025 and SAOUHSC 01050 (see
Methods). For this approach, we used the data sets discussed in Chapter 2 for the
antibiotics oxacillin, daptomycin, vancomycin, gentamicin, linezolid and ciprofloxacin to
have representation from inhibitors of diverse mechanisms of action. A "fitness value"
was calculated for each gene for each antibiotic, which incorporates the fold changes in
reads for the genes, and adjusts the fold changes for genes which have very few reads
mapping to them, as these fold changes were considered to be less significant as
compared to fold changes that result from a large number of reads mapping to the
genes (see Methods). As expected when we used the optimized algorithm to identify the
genes with the most similar profiles to either graX, graS, vraF, and vraG, we found at
least two of the other components of the system were among the five closest genes in

the genome.
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We then applied the algorithm to identify the five genes with the most similar
profiles to SAOUHSC_01025 and SAOUHSC_01050. SAOUHSC_01025 and
SAOUHSC 01050 were most similar to one another and shared three of four other
nearest neighbors, graS, mprF, and cvfC (Fig. 3.4B). In addition, graR was identified as
similar to 1025 and vraG to 1050. Unlike mprF, which is a member of the graRS/vraFG
sensing system's regulon, SAOUHSC 01025 and SAOUHSC 01050 were not shown to
be regulated by this system [32]. It is possible that they are involved in responding to
the same stresses through an alternate pathway. Nevertheless, the connections
identified here strongly suggested that they have functions related to maintaining
membrane integrity and withstanding envelope stress, consistent with their roles in cell
envelope antibiotic resistance. CvfC, one of the genes identified as similar to both 1025
and 71050, is a known virulence factor, and its inactivation results in reduced hemolysin

production in S. aureus MSSA strain RN4220 [483, 484].

Antibiotics

Low (0) High (1)
Fitness

Figure 3.4. SAOUHSC_01025 and SAOUHSC_01050 are important for cell
envelope integrity A) Schematic depicting the fitness of a subset of genes upon

treatment with different antibiotics. Each column represents an antibiotic and each row
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(Continued) represents a gene. Genes having related functions, such as the
components of the graRS/vraFG MCS, have similar fitness profiles across a panel of
antibiotics. Therefore, for any given test gene, it is possible to identify the five genes
with the most similar enrichment/depletion patterns, and it is assumed that these genes
have functions that are related to the function of the test gene. B) The K-nearest
neighbors algorithm predicted that SAOUHSC 01025 and SAOUHSC 01050, which
encode polytopic membrane proteins of unknown function, were most similar to one
another and also shared three of four other identified neighbors. As these neighbors
play an important role in protecting S. aureus from certain classes of antibiotics, we
predict that SAOUHSC 01025 and SAOUHSC 01050 are important for cell envelope

integrity.

This connection with cvfC prompted us to evaluate the hemolytic phenotypes of
tn:: 71025 and tn::71050. Increased hemolysis as shown by a black clearing on blood agar
plates, was observed for these mutants relative to WT (Fig. 3.5), suggesting possible
roles in virulence and heme metabolism for these proteins. While the increase in
hemolysis is contrary to what was observed for cvfC mutants previously, studies on
cvfC were performed in RN4220 which has a mutated agr locus [485]. Since many
functions including virulence are regulated by the agr operon, and attenuated virulence
was observed in a cvfC mutant in an RN4220 strain but not in a Newman strain [483], it
is possible that background mutations in parent strains account for these differences.
Assaying the hemolytic phenotype of inactivation of cvfC in the USA300 JE2 strain

background will allow us to better evaluate any possible connection with cvfC. We can
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also determine if SAOUHSC 01025 and SAOUHSC 01050 have roles in virulence with
in vivo studies in infection models. If the roles of these proteins in virulence are
validated, it would result in the identification of two new virulence factors in the S.

aureus arsenal.

tn:: 10258 tn::1025

tn::1050 tn::1050

Figure 3.5. Tn::SAOUHSC_01025 and tn::SAOUHSC_01050 showed increased
hemolysis. WT, tn:: 71025 and tn:: 7050 plated on blood agar plates show increased
hemolysis by mutant strains relative to WT. Plates were imaged from both the front (left
panel) and back (right panel). Hemolysis is visualized as a black clearing on the red

agar plates.

3.7 Discussion on parameters to consider for library treatment

There are a number of parameters to consider when treating a transposon library
with antibiotics including the concentration of the antibiotic used for treatment, the
amount of time a sample is grown for, and the starting inoculum of the library. These are
discussed in detail below, and the detailed protocol for transposon library treatment is

described in Methods.
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Concentration selection:

Determining concentrations with which to treat antibiotics in the library was not a
clear-cut task. We wanted to test concentrations at which genes whose inactivation
results in fitness advantage and those which result in a disadvantage could both be
identified. If the concentration used is too low and does not result in sufficient selective
pressure, there will likely be no observable effects on the library. However, a
concentration that is too high will deplete most of the mutants in the library as most
mutants cannot be expected to result in high-level resistance to the antibiotics.

The percentage of TA sites hit in the treated conditions as compared with the
untreated control was used as a marker for the selective pressure of the treatment
condition. We found that data sets for treated samples in which the number of TA sites
hit was at least 40% of the number of TA sites hit in the untreated control resulted in the
identification of genes that have a fithess disadvantage in the presence of the treatment.
A majority of the mutants were sensitive in treated data sets in which the number of TA
sites hit were less than 40% of the number of TA sites hit in the untreated control,
making it difficult to identify those mutants which are particularly relevant for the
treatment condition.

We did not observe a strong correlation with the amount of time a treated culture
takes to reach an OD600 of 1 and the selective pressure. For example, cultures treated
with bacitracin at 8ug/ml reached a growth suitable for harvesting at 8hrs and the data
set had reads mapping to 88% of the TA sites hit in the untreated control, whereas, for
two other antibiotics, fosfomycin at 12.5ug/ml and DMPI at 1ug/ml which also reached

the desired growth level between 8-8.5hrs, the data sets had reads mapping to only
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18% and 36% of TA sites hit in the untreated control respectively. It is therefore prudent
to test multiple concentrations for each antibiotic. In this study, cultures of the
transposon library described in Santiago et al. [392] were treated at different fractions of
the MIC of the antibiotic, and at least two concentrations of each antibiotic were
subjected to Tn-Seq . The two concentrations sequenced were selected as those which
resulted in a moderate (1-3 hour growth delay relative to the untreated control) and a
severe (>15 hour growth delay). See Methods for full details on the sample harvesting
protocol.

Starting inoculum and culture volume:

These two parameters have to be optimized in order to achieve sufficient
representation of the library and a significant difference in fold changes of reads for
fithess advantaged and disadvantaged mutants from the background. The library we
used has ~700,000 mutants, therefore, an inoculum of at least 10" cfu is necessary to
obtain full representation of the library during experimentation. However, the choice of
the inoculum has to be balanced with culture volume and the desired number of
generations the sample should undergo prior to harvesting.

For instance, a 50mL culture with 107 cfu inoculum will take approximately 11
generations to reach an ODggo of 1, however, a 2mL culture with 107 cfu inoculum would
take only 6 generations to reach an ODgg of 1. Antibiotics tested in 2mL culture with 107
cfu inoculum resulted in only marginal enrichment and depletion of mutants relative to
the untreated control resulting in less robust data sets than those obtained with 50mL
culture volumes (Dr. Tim Meredith, personal communication). This is because a mutant

that has a 10 min growth delay relative to wild type will be outcompeted by wild type
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when they are pooled together. In 6 generations the population of cells will consist of 4
times as many WT cells as mutant cells, whereas in 11 generations, it will consist of 12
times as many WT cells as mutant cells. Therefore, having a larger number of
generations will allow mutants that have a fitness advantage to significantly outcompete
and stand out from those that have no advantage under the tested condition. Similarly,
mutants that result in a fithess disadvantage will be more significantly outcompeted by
fitter mutants after a larger number of generations, making it easier to identify these
from the pooled library.

However, assaying antibiotics in a 50mL culture volume dramatically reduces the
throughput of the approach. In addition, it requires a larger amount of compound than a
2mL culture format, which is a concern if the compound to be tested is not readily
available. For these reasons, we reduced the starting inoculum to 4 x 10° cfu's to
ascertain 11 generations in a 2mL culture volume for subsequent antibiotic samples. A
caveat to keep in mind is that this inoculum does not provide full representation of the
transposon library. Therefore, for future Tn-Seq efforts, if a compound does not result in
a satisfactory data set with these treatment conditions, 50mL culture format with 107 cfu
inoculum can be tested. A larger number of generations amplifies the effects of
moderately resistant and moderately sensitive mutants and so, if the goal of the
experiment is to identify only the most important factors to the treatment condition, then

a smaller number of generations might be preferable.
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3.8 Conclusions

We were able to successfully use Tn-Seq of multiple antibiotics to identify a core
list of genes that are relevant under cell wall stress. Characterizing the functions of
these genes may identify processes that are important to maintaining the integrity of the
cell wall in the face of external stress. The proteins encoded by these genes could make
valuable potential targets for potentiators to multiple antibiotics targeting peptidoglycan.
Such broad-spectrum potentiators could be of great clinical value as they can be used
in combinations with a number of antibiotics. We also identified numerous hitherto
uncharacterized genes that are particularly relevant under cell wall perturbation,
emphasizing that our knowledge of the major players in the cell envelope is incomplete..
The preliminary results described here for three of these hypothetical genes.
SAOUHSC 02149, SAOUHSC 01050, and SAOUHSC 01025, substantiate our claim
that these genes are indeed crucial players in the cell envelope, important for resistance

to multiple PG biosynthesis inhibitors.

3.8 Methods

MIC determination for Tn-Seq experiments: Glycerol stocks of HG003 Ad11 strain
were made by streaking out the strain onto 8 tryptic soy agar (TSA) plates and grown
overnight at 30°C. Colonies were resuspended into 25mL of tryptic soy broth (TSB).
Cells were spun down (16,000xg for 3min) and resuspended in enough 12.5% glycerol
in TSB to yield 5 x 10'° cfu/mL. These were aliquoted and frozen at -80°C until further
use. Thawed glycerol stocks were diluted to a ODgg of 0.2-0.3 in 10mL TSB and

outgrown at 30°C until the ODggg is ~ 0.4. The culture was then diluted to 10" cfu/mL
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and then diluted 1:25 to 4 x 10° cfu/mL in TSB supplemented with Ca?* (25mg/L) and
Mg?®* (12.5mg/L). Antibiotics were diluted to 2x the desired concentration and serially
diluted by 2x for 9 dilutions in a total volume of 100uL of cation-adjusted TSB. 100uL
culture was added to 100uL pre-diluted antibiotics to yield a final starting inoculum of 2 x
10° cfu/mL in 96 well plates. A no-antibiotic control well was included. Plates were
incubated at 37°C with shaking and MIC was read after incubation for 18 hours as the
concentration at which the blanked ODgq of a well is <0.2.

Sample harvesting for Tn-Seq: The above process was repeated with a few changes.
Cation-adjusted TSB was used for all antibiotics except oxacillin and bacitracin which
were tested in Muller-Hinton Broth Il. Exceptions were vancomycin, moenomycin A,
ramoplanin and targocil, for which inoculum used was 10”cfu/2mL. A glycerol stock of
the aliquoted HGOO3 transposon library [392] was thawed and used as starter culture.
This was processed as described previously to 4 x 10° cfu/mL in media. Antibiotics were
generally tested at 2x, 1x, 0.5x and 0.25x of MIC. Antibiotic dilutions were prepared at
2x the desired starting concentration in 1TmL of media in 15mL culture tubes. 1mL of
diluted culture was added to 1mL pre-diluted antibiotics to yield a final starting inoculum
of 2 x 10° cfu/mL. A no-antibiotic control was prepared for each set of samples. Culture
tubes were incubated at 37°C with shaking and growth was monitored over time.
Untreated cultures under these conditions reached stationery phase between 4.5 and 5
hours. Treated conditions which showed delayed growth relative to untreated control
were harvested when they reached stationery phase and cell pellets were frozen at -

80°C until samples could be processed for Tn-Seq.
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Sample preparation for Tn-Seq and Sequencing: Harvested pellets were processed
for Tn-Seq as previously described [392]. Six samples containing different experiment
barcodes were pooled together and run using single end, lllumina Hi-Seq with 40% ®X
spike-in. Two sets of six samples can usually be run in one flow cell therefore, for each
set of 12 samples at least one untreated control processed at the same time as the
remaining samples was included. Sequencing was conducted at either the Tufts
Genomics Core or at Biopolymers Facility at Harvard Medical School.

Data analysis: Reads from pooled libraries were first processed through the Galaxy
server of the Tufts Genomics Core, as previously described [392, 416-418]. Number of
reads in the sample and TA sites hit could be determined at this stage, if needed, by
using the python Hit Sites Counter script written by Dr. Marina Santiago. Reads from
each treated sample were compared to the reads in untreated control by Mann-Whitney
U analysis, after simulation based re-sampling to normalize the two samples as
previously described [392, 396]. P-values obtained from Mann-Whitney U analysis were
corrected for multiple hypothesis testing by using the Benjamini-Hochberg correction as
previously described [392].

Identifying core set of genes common among PG biosynthesis inhibitors: Genes
which had a fold change in reads mapping to them of >1.5x or <0.66x in the treated
sample relative to untreated were collated for each concentration of an antibiotic. This
gene list was compared between the different concentrations of the antibiotic, to create
a list of unique genes. Those genes where reads were depleted (<0.66x fold change in
reads) in one concentration but enriched (>1.5x fold change in reads) in another

concentration were not regarded as hits. If however, a gene was unaffected (fold
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change between 1.5x and 0.66x) in one concentration, but affected in another, it was
considered a hit. Only the enrichment or depletion status of a gene was consideredin
comparison and not the actual fold change. Thus a final list of genes with enriched and
depleted genes was created for each antibiotic. These were compared across
antibiotics to identify those that were in common among different classes of antibiotics.
57 genes were identified to be hits in at least five out of seven PG biosynthesis
inhibitors.

Gene function prediction using machine learning: We used the machine learning
algorithm, K-nearest nearest neighbors, in an unsupervised manner, to identify other
genes with similar resistance and sensitization patterns using the scikit-learn Python
library [482]. In order to reduce the proportion of essential genes that are identified as
hits, all fold changes were first modified for essentiality. This was done by identifying a
minimum number of reads in control and experiment by counting all reads in that
condition and dividing by 10,000. All read counts/gene that fell below this value were
assigned this minimum value. Therefore, any fold changes that are due to a very low
number of read counts in each sample set, for example, a fold change of 3x caused due
to 3 reads/gene in one sample and 1 read/gene in the other, will now have a fold
change closer to 1x will However, because of the different selective pressures exerted
by each antibiotic, we cannot use this modified fold change of reads that map to each
gene in the experiment versus the control as the metric for classification. In addition, we
wanted to distinguish between the two following conditions: 1) A ratio change of 0.1 due
to 100 reads in the control and 10 reads in the experiment and 2) A ratio change of 0.1

due to 1000 reads in the control and 100 reads in the experiment. If both genes are the
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same length, option 1 will be much less relevant than option 2 because 100 reads/gene
and 10 reads/gene both correspond to a gene with a significant fithess defect while a
change from 1000 reads/gene to 100 reads/gene is more likely to be a significant
change. Therefore, we converted the ratios into a more appropriate value. This value,
representing fithess under the antibiotic treatment is calculated by multiplying the
converted ratio above by the number of reads mapping to that gene in the treatment
condition, and normalizing to the length of the gene. Then, genes were ordered from
smallest to largest “fitness”. To place all the samples on the same scale, the gene with
the smallest “fitness” was given a value of 0, and the gene with the highest “fithess” was
given a value of 1. All other genes were placed in order between these values, in
increments that increase by 1/(total number of genes). This final value, which we call
the “normalized fitness value”, is the value we use for the machine learning analysis.
Finally, essential genes were removed from the dataset, and the K-nearest neighbors
algorithm was further optimized by adjusting the Minkowski distance metric to output the
genes with the most similar resistance/sensitization pattern to the test gene. We
identified the five genes (the five nearest neighbors) having the most similar pattern of
“normalized fitness values”.

Spot dilution assays: Spot dilution assays were completed as described in Chapter 2.
SAOUHSC 01025 and SAOUHSC 01050 were validated using transposon mutants
from the Nebraska library in background USA300 JE2 [443].

Triton X-100 induced lysis assay: Lysis assays were performed as previously
described [363]. Overnight cultures of WT and mutants were diluted 1:100 in fresh TSB

and grown to an ODgq of 0.6. The cultures were harvested, washed with cold, sterile
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water and re-suspended in 0.05M Tris-HCI, pH 7.2, with or without 0.05% Triton X-100.
Samples were incubated at 37°C and ODgy was measured every 20min for 3 hours.
OD was normalized to the initial measurement for each sample. Error bars were
obtained from two separate biological replicates.

Growth curves: Overnight cultures were diluted to ODgg 0.01 in 25ml TSB and grown
with shaking at 37°C and 43°C until stationary phase. ODgyp was measured every 20
min for the first 100 min until the cultures reached exponential phase, and every 10 min
subsequently. Doubling time was calculated between an ODgg of ~ 0.2 and ~1.2.
Hemolysin Assay: Cultures of mutants and wild type were grown to an ODggo of 1.0
and then streaked out on Columbia agar plates with 5% sheep blood (purchased from
Thermo Scientific) using 1uL inoculation loops. Plates were imaged after overnight

incubation at 37°C.
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Chapter 4: Predicting the mechanism of action of antibiotics

4.1 The use of fitness profiles to cluster antibiotics by mechanism of action

While certain genes are particularly important for resistance, such as those that
are involved in the targeted pathway, other genes might be peripherally involved and
therefore moderately important, and still others are unlikely to be involved at all. We
would expect that the relavance of different genes under antibiotic treatment would be
similar for antibiotics targeting the same pathway. In other words, we hypothesized that
the enrichment and depletion patterns of the genes in response to an antibiotic will
make a unique fitness profile for that antibiotic and that this fithess profile will likely be
shared among antibiotics that target the same enzyme or pathway as they should have
similar effects on the fitness of mutants. We see evidence of this from the numerous
mutants we find to be similarly affected for vancomycin and ramoplanin.

The relative fithess of transposon mutants under antibiotic pressure as given by
the fold change in reads mapping to the gene under treatment condition vs. the
untreated control can be used to identify those antibiotics that have the most similar
fitness profiles. This has also been shown previously in Pseudomonas aeruginosa,
where 14 tested antibiotics were compared using hierarchical clustering of the relative
fithess generated by Tn-Seq analysis. In this study, they showed that antibiotics of
same mechanism of action - aminoglycosides and B-lactams - clustered together [403].

In order for such clustering approaches to be successful, we need to have
multiple fitness profiles for different antibiotics, including those profiles that are more

similar to each other as well as those which are dissimilar. For this reason, we
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expanded the set of Tn-Seq derived fitness profiles for antibiotics to include antibiotics

which target a number of different pathways.

4.2 An expanded set of antibiotics were tested in Tn-Seq

We assayed 16 antibiotics in addition to those described in previous chapters
(Table 4.1).

Cell envelope antibiotics: In addition to oxacillin, moenomycinA, vancomycin,
ramoplanin, lysobactin, bacitracin and targocil, whose mechanisms of action have been
discussed in previous chapters, we also included cefaclor, D-cycloserine, fosfomycin,
DMPI, CDFI, and WTI-11. Cefaclor is also a B-lactam antibiotic. While oxacillin has not
been shown to be selective for any particular PBP, cefaclor has been shown to be
selective for PBP3 and under some conditions for PBP2 as well [486, 487]. D-
cycloserine interrupts the formation of the D-ala-D-ala subunit of the pentapeptide side
chain of lipid Il by inhibiting both the D-alanine racemase and the D-ala-D-ala ligase
[488-490], and fosfomycin inhibits the synthesis of UDP-MurNAc from UDP-GIcNAc by
MurA [304]. DMPI and CDFI are inhibitors of the lipid Il flippase, resulting in depletion of
the substrate needed for PG synthesis [353]. Like targocil, WTI-11 targets TarGH to
inhibit WTA export as well as PG biosynthesis. It is however, structurally unrelated to
targocil. WTI-11 was recently identified by Leigh Matano and Heidi Morris in the Walker
Lab.

Polymixin B, is thought to be a membrane disrupting agent but a full
understanding of its mechanism of action in S. aureus is not available. In treatment of

Gram-negative infections, polymixin is considered to be the drug of last resort. In these
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organisms, the cyclic lipopetide polymixin binds selectively to lipopolysaccharides lining
the outer leaflet of the outer-membrane, inserts its hydrophobic tail into the outer-
membrane, eventually destabilizing the outer-membrane, and crossing to the inner
membrane which it also destabilizes resulting in lytic cell death [491]. Gram-positive
organisms do not synthesize lipopolysaccharides, and are usually less sensitive to
polymixin [492]. Nevertheless, it has been observed in Group B Streptococcus that lack
of D-alanylation on LTAs sensitizes to polymixin [227], suggesting that polymixin can
cause damage in Gram-positives as well. In M. smegmatis, polymixin has been shown
to interact with enzymes involved in the respiratory complex, specifically an NADH
dehydrogenase and malate:quinone oxidoreductase [493]. However, there is no
knowledge of any additional targets for polymixin in S. aureus. Daptomycin is suggested
to both disrupt membrane stability and have effects on PG biosynthetic machinery [409,
410, 494], although the exact mechanism of either of those mechanisms remains
unknown. Daptomycin is regarded as a drug of last resort in the treatment of MRSA

infections.
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Table 4.1: Antibiotics tested in Tn-Seq cover a variety of chemical classes and targeted pathways

Antibiotic Chemical Class Target Pathway Target
Oxacillin B-lactam Transpeptidase domain of PBPs
Cefaclor B-lactam Transpeptidase domain of PBPs
Moenomycin A Phosphoglycolipid Transglycosylases
Vancomycin Glycopeptide D-ala-D-ala of lipid Il
Ramoplanin Glycopeptide Pyrophosphate-sugar moiety of lipid Il
Lysobactin Glycopeptide PG biosynthesis Pyrophosphate-sugar moiety of lipid Il
D-cycloserine Amino-acid derivative Ddland Alr
Fosfomycin Phosphonic acid derivative MurA
DMPI Indole Lipid 1l flippase
CDFI Indole Lipid 1l flippase
Bacitracin Cyclic peptide Und-PP
Linezolid Oxazolidinone 508 subunit of ribosome
Chloramphenicol Carboxylic acid amide Protein Synthesis 50S subunit of ribosome
Tetracycline Polyketide 30S subunit of ribosome
Mupirocin Monooxycarbolic acid Isoleucyl -RNA synthetase
Rifampicin Ansamycin RNA synthesis DNA-dependent RNA polymerase
Targocil Triazologuinazoline WTA export, TarGH
WTI-11 Furanocoumarin PG biosynthesis TarGH
Moxifloxacin Fluoroquinolone Topisomerase 1V and DNA gyrase

Ciprofloxacin

Fluoroquinolone

DNA synthesis

Topisomerase IV and DNA gyrase

Novobiocin Aminocoumarin DNA gyrase and topoisomerase 1V
Sulfamethoxazole Sulfonamide Dihydropteroate synthetase
Folate synthesis
Trimethoprim Aminopyrimidine Dihydrofolate reductase
Polymixin B Cyclic peptide Membrane disruption Membrane
Membrane disruption,
Daptomycin Lipopeptide PG synthesis Membrane (other targets possible)
(hypothesized)

Non-cell envelope antibiotics: In addition to linezolid, mupirocin and rifampicin

bond formation [495, 496], tetracycline binds to the 30S subunit inhibiting delivery of the
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whose mechanisms of action were discussed in Chapter 3, we also included
chloramphenicol, tetracycline, moxifloxacin, ciprofloxacin, novobiocin, sulfametoxazole
and trimethoprim. Chloramphenicol and tetracycline are both protein synthesis inhibitors

but while chloramphenicol binds to the 50S subunit of the ribosome inhibiting peptide




aa-tRNA [496-498]. Ciprofloxacin, moxifloxacin and novobiocin are all DNA synthesis
inhibitors that inhibit DNA gyrase and topoisomerase V. In S. aureus, unlike
ciprofloxacin and moxifloxacin which are quinolones that primarily inhibit topoisomerase
IV [499], novobiocin is an aminocoumarin that primarily inhibits DNA gyrase [500]. DNA
gyrase and topoisomerase |V are both involved in DNA replication and are homologs of
each other, however, the latter is better at separating concatenated plasmids and
daughter chromosomes than is DNA gyrase [501]. Topoisomerase |V inhibition results
in slower inhibition of DNA synthesis than DNA gyrase inhibition [502]. In addition, while
novobiocin inhibits the catalytic activity of DNA gyrase, ciprofloxacin stabilizes the
gyrase-DNA complex which ultimately leads to multiple DNA breaks and initiates cell
death. It has been suggested that this leads to induction of the SOS response, and
production of reactive oxygen species [503]. Sulfamethoxazole and trimethoprim inhibit
different steps in the folate biosynthesis pathway. Folic acid is used in numerous other
metabolic pathways including purine and pyrimidine synthesis. Sulfamethoxazole
inhibits dihydropteroate synthetase [504-506] and trimethoprim inhibits the downstream
step dihydrofolate reductase [507-509].

This set of antibiotics covers a variety of mechanisms of action and in some
cases even when they inhibit the same pathway, they target different steps of the
pathway, possibly resulting in slightly different fitness profiles. We wanted to evaluate
whether these diverse fitness profiles will be useful in identifying antibiotics which have
similar mechanisms of action, and whether this can then be used to predict mechanisms

of action for unknown compounds.
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4.3 Hierarchical clustering of antibiotic fitness profiles

As a first attempt, we used a hierarchical clustering approach. Hierarchical
clustering is a useful statistical tool to determine how different samples compare to each
other on a big-picture level. It assigns all samples to one group, then the samples are
split into two groups so that the two groups are maximally different from each other.
This process is repeated iteratively until all samples are assigned to one cluster where
each branch represents a group of samples more similar to each other than they are to
the other members of the parent branch [510, 511].

In order to facilitate comparison across all treated antibiotic conditions, we
included only one concentration of each antibiotic tested. The "fitness value" described
in Chapter 3, section 3.6 were used for this analysis as well. To reduce noise, we only
considered the top and bottom 1% of genes, that is, those with the highest and lowest
fithess values. As we were considering only the highly affected genes in each sample,
we were able to use more selective concentration conditions (including those with <40%
of TA sites hit in the treated conditions relative to the untreated condition) for this
analysis. Hierarchical clustering was then used to visualize how similar and different the
fingerprints for each antibiotic were (Fig. 4.1). As expected, antibiotics with the similar
targets or mechanism of action like ramoplanin and vancomycin, ciprofloxacin and
moxifloxacin, sulfmethoxazole and trimethoprim, and DMPI and CDFI did cluster
together. This implies that the fitness profiles of these antibiotics were more similar to

each other and more dissimilar to the fitness profiles of other antibiotics.

111



Color Key

-2 0 2
Row Z-Score

S GELC-TELELLLLCLCLCOECOQCCCSA L
BoCuZoﬁooouooo-:uEEuoBEO
NOEDEEC 2880308 Na>FT 22820
3P e EE G OXXS2ESU8EZSEEED
c® o5 0C _C(UOOD.EO‘GX_COOXOOCD
—_ = o == S O 04-4_._0 — O
3 E D.-o-lo u—>m£mc_o CU)
C g0 XZ2Fom= @
T8 SF-o8 EzZ"TBESZSA of
> £ 5= = =
o @
= =
5 3

Figure 4.1. Hierarchical clustering showed that antibiotics of similar mechanisms
of action have similar profiles and cluster together. This heat map shows fitness
profiles of genes (across the vertical axis) under various antibiotics (across the
horizontal axis). The colors indicate the spread of fithess of genes with red
corresponding to low fitness and green corresponding to high fitness. Antibiotics with
similar mechanisms of action such as vancomycin and ramoplanin, and folate synthesis

inhibitors, suflamethoxazole and trimethoprim clustered together.

However, there were some instances where clustering did not show the expected
result. For instance, targocil and WTI-Il have the same target (TarG) but did not cluster

closely together. Linezolid, which is also a protein synthesis inhibitor targeting the
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ribosome clustered apart from the chloramphenicol-tetracycline subcluster. Bacitracin
did not cluster together either with the substrate-binding inhibitors vancomycin and
ramoplanin, or the other cell wall inhibitors. While this could possibly be indicative of its
unique mechanism of action, we still expect that its fitness profile would be more similar
to that of other cell envelope antibiotics than to that of non-cell envelope antibiotics. In
order to improve the accuracy of clustering and to develop an approach that can be
used to predict mechanism of action of unknown compounds, we used the K-nearest

neighbors algorithm.

4.4 K-nearest neighbors algorithm to classify antibiotics by mechanism of action
The K-nearest neighbors algorithm, which was introduced in Chapter 3, section
3.6, is useful for classifying data into multiple classes [482]. This algorithm can be used
to classify data in a supervised or unsupervised manner. In the supervised approach,
the algorithm "learns" by using a training data set of antibiotic fitness profiles which are
manually classified into a specific number of classes. It then compares the fithess
profiles an antibiotic of unknown class to this training set and calculates the class of
antibiotic that is most similar to this unknown antibiotic using a distance metric (Fig.
4.2). The Minkowski distance metric was used here. In the unsupervised approach, no
information is given about antibiotic classes and the algorithm searches for antibiotic
fithess profiles that are most similar to each other. It was found experimentally that the
supervised approach performs better than the unsupervised approach, which is very

similar to hierarchical clustering.
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Figure 4.2. A schematic description of the K-nearest neighbors algorithm to
predict antibiotic mechanism of action. (A) Antibiotics with the targets in the same
pathway have similar fitness profiles, as indicated by the same pattern of red (low
fitness) and green (high fitness) for genes across the antibiotic pairs vancomycin and
ramoplanin, trimethoprim and sulfamethoxazole, and CDFI and DMPI. The fitness
profile of the same set of genes for a new unknown antibiotic can be compared to the
known fitness profiles of genes for the known class of antibiotics to identify the known
antibiotic with the most similar fingerprint. This allows the prediction of the mechanism
of action of the unknown antibiotic. (B). A simplified schematic represents the theory
behind the supervised K-nearest neighbors classifier [482]. A training data set is
created consisting of known antibiotics classified by their mechanisms of action. The
algorithm compares the fitness profile of an unknown antibiotic to the fitness profiles in
this training set by calculating the distance of each mutant fitness in that antibiotic to its

closest X-number of neighbors. Cumulatively, this allows the prediction of the training
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(Continued) class it is most similar to. In this example, the unknown antibiotic is most
similar to class A antibiotics, suggesting that it may bind to lipid Il like vancomycin and

ramoplanin.

Classifying known antibiotics for supervised machine learning:

The number of classes into which antibiotics are classified for the training data
set for the K-nearest neighbors algorithm was a parameter that could be optimized to
make the results of the algorithm more informative. Antibiotics could be broadly
classified into two groups - cell envelope and non-cell envelope antibiotics. However,
this will not provide as much information as a more detailed classification according to
the target and modes of killing of the antibiotic. The narrower the groups are the better
the ability of the algorithm to report on the finer details about the mechanism of action of
the antibiotic, but such a narrow classification, while increasing the breadth of classes in
the training set, would reduce the depth, that is, many of the classes would have only
one representative antibiotic. This would increase the error rate of the algorithm.

For this initial analysis, the antibiotics were classified into broader classes based
on the results of hierarchical clustering and unsupervised K-nearest neighbors algorithm
(Table 4.2, column 2). While PG biosynthetic inhibitors could be placed into one group,
we could also separate lipid Il binders and lipid |l flippase inhibitors into separate
classes because we had sampled more than one antibiotic in these classes. However,
as discussed above, due to the lack of more RNA synthesis inhibitors, and other protein
synthesis inhibitors that target aminoacyl-t-RNAs, mupirocin and rifampicin had to be

placed into a separate category for "other non-cell envelope target".
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The concentrations of the antibiotics tested affected how the antibiotics could be
classified. For instance, while the higher concentration of WTI-11 exerted more
selective pressure and was more closely related to PG biosynthesis inhibitors, the
conditions used in targocil treatment exerted less selective pressure and its fitness
profile was more similar to that of a lower concentration of WTI-11. Therefore, targocil
and other antibiotic conditions which did not result in as high selective pressure, were
placed into a separate "Unclassifiable" class. The classification and therefore the
performance of the algorithm can be improved if antibiotic conditions included in this
analysis result in approximately equivalent levels of selective pressure. This stresses
the importance of sampling a range of concentrations and allowing for sufficient number

of generations for each antibiotic.

Optimizing the algorithm:

This algorithm was optimized so that the following requirements are satisfied: (1)
An antibiotic tested at two different concentrations should be most similar to each other,
provided these concentrations are within a 2x window, for instance, moenomycin A
tested at 0.16ug/mL and 0.32ug/mL (2) Two antibiotics of the same chemical class with
same target should be most similar to each other for example, CDFI and DMPI, (3) Two
antibiotics of different chemical classes with same targets should be similar to each
other, for example, targocil and the lower concentration of WTI-11, and (4) two
antibiotics that target enzymes in the same pathway should be most similar to each
other, for example, trimethoprim and sulfamethoxazole. For each antibiotic, the top 25%

and bottom 25% of genes in terms of fitness values were collated, resulting in a unique
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set of 1614 total genes. These were then used to evaluate the nearest neighbor to an

unknown test antibiotic, that is, the antibiotic class with fitness profiles most similar to

the unknown test antibiotic. The optimized algorithm was trained on 24 of the 25

antibiotics and the remaining antibiotic was tested as the "unknown". The algorithm

classified the mechanism of action of test antibiotics as per the supplied classification

19 out of 25 or 76% of the time (Table 4.2, column 3).

Table 4.2: Machine learning can predict the class of an unknown antibiotic

Antibiotic

Class for supervised learning Predicted class

Oxacillin
Cefaclor
Moenomycin A
Fosfomycin
D-cycloserine
WTI-11 (via lipid IT depletion)

PG Synthesis

DMPI PG Synthesis (Lipid II Flippase)
CDFI
vancomycin PG Synthesis (Lipid II Binding)
Ramoplanin
lymixi
Polym er Membrane Disruption
Daptomycin

Chloramphenicol
Tetracycline

Linezolid

Protein Synthesis

Moxifloxacin
Ciprofloxacin

DNA Synthesis

Trimethoprim
Sulfamethoxazole

Folate Synthesis

Rifampicin
Mupirocin

Other non-cell envelope target

Targacil
Bacitracin
Lysobactin

Novobiocin

Unclassified

Unclassified

Table 4.2: The table shows 25 antibiotics (column 1) and the categories they were

classified into for the training set (column 2). Each antibiotic was used as a test
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(Continued) antibiotic for the K-nearest neighbors algorithm trained on the remaining
24 antibiotics. The class predicted for each antibiotic by machine learning is indicated
(column 3). The algorithm is able to classify a majority of the antibiotics correctly (shown
in green), although there are a some errors (shown in red). There were two antibiotics

that was correctly placed into the unclassified category (shown in yellow).

Discussion of the performance of the alqorithm:

The errors in prediction by the algorithm can in part be explained by the lack of
sufficient number of representatives for each category. For instance, the algorithm
incorrectly classified polymixin as a protein synthesis inhibitor. Polymixin results in
membrane disruption and the only other inhibitor in this class was daptomycin.
However, daptomycin also has effects on PG biosynthesis as discussed earlier, which
makes it unlikely that the fingerprints of daptomycin and polymixin will be highly similar.
Since we have no other inhibitors that result in membrane disruption alone, polymixin is
unlikely to be classified accurately. Our algorithm classified this as a PG synthesis
inhibitor, suggesting that daptomycin's fitness profile is closer to that of PG synthesis
inhibitors. It is not clear why the algorithm is unable to classify novobiocin accurately as
it is @ known DNA replication inhibitor. The differences in the mode of killing for
novobiocin relative to the quinolones, discussed above, might generate a fitness profile
that is dissimilar to those of the quinolones. This could be resolved if more inhibitors
whose mode of killing is similar to novobiocin's are included. The algorithm is also
unable to classify targocil, bacitracin, and lysobactin accurately. The inclusion of the

lower concentration of WTI-11 into a separate "WTA export inhibitor" class, will likely
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enable the algorithm to classify targocil correctly into this class. Before the incorrect
classification of these antibiotics including lysobactin and bacitracin can be addressed, it
would be beneficial to first test the algorithm on fitness profiles generated under more
selective treatment conditions, and then obtain biological replicate data to establish that
experimental conditions such as concentrations tested being too low or the signature
being limited by the fewer number of generations accessible in the small culture volume,
do not contribute to the dissimilar fithess profile.

The algorithm could also be optimized by modifying the classification of
antibiotics. Bacitracin, fosfomycin, targocil and WTI-11 all deplete lipid Il: bacitracin by
preventing the recycling of the carrier lipid and therefore the de-novo synthesis of lipid
I, fosfomycin by preventing its synthesis, and targocil and WTI-Il by sequestering the
lipid carrier, preventing its use in PG synthesis [93]. Although they deplete lipid Il by
different mechanisms of action, classifying bacitracin, fosfomycin, targocil, and WTI-11
into one class, may improve our classification of antibiotics that inhibit PG synthesis by
depleting lipid Il. The algorithm might also be made more robust by using data from all
concentrations of a compound tested so that concentration dependence of classification
can be minimized.

Nevertheless, the algorithm correctly placed an antibiotic into the class of its
known mechanism of action 68% of the time. Compared with another recently published
method, this algorithm performs better. SONAR® which integrates an antibiotic's
synthetic lethal pairs with a genetic interaction network, a system developed for yeast,
was able to predict the target of their test compounds 16 out of 27 times, which is a

success rate of 59% [512].
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4.5 Predicting the mechanism of action of an unknown compound

We next posed the question of whether we can use this algorithm to predict the
mechanism of action of an unknown antibiotic. For this we used a series of natural
product compounds in the same structural class called WAP compounds (WAP1,
WAP2, WAP3), obtained from a collaboration with Dr. Rolf Muller's lab at the Helmholtz
Institute for Pharmaceutical Research. We profiled all three of these compounds as they
are structurally related compounds, the likelihood that they hit the same target is high
and the combined probability of an error by the predictive algorithm will be low. The
WAP compounds are natural cyclic-peptide compounds and are therefore broadly in the
same structural class as ramoplanin, vancomycin and lysobactin. Relatively little is
known about these compounds, except that one related compound, WAP8294A2, is in
phase I/ll clinical trials as an anti-MRSA compound. Cardiolipin and
phosphatidylglycerol are known to antagonize its effects, and it has been suggested that
it causes membrane damage [513-515]. These compounds cause rapid lysis of S.
aureus like lysobactin and ramoplanin. Tn-Seq on the transposon library treated with
these compounds and subsequent analysis by the K-nearest neighbors algorithm
classified the higher concentrations of WAP2 and WAP3 as PG synthesis inhibitors and
WAP1 as Lipid Il binding, in the same class as vancomycin and ramoplanin.

Assays conducted by Dr. Wonsik Lee indicate that WAP1 binds lipid Il in a ratio
of 2:1 inhibitng the processing of lipid Il by PBP2. In this assay, purified PBP2 is
incubated with different amounts of native lipid Il, biotinylated-D-lysine, and the

compound. The polymerized product is visualized as laddering in a western blot using
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streptavidin-HRP conjugate (Fig. 4.3) [516]. These results confirm that as predicted by

the K-nearest neighbors algorithm, WAP1 is a lipid Il binding inhibitor.

L|p|d|| (uM) Lipid Il (uM)
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Figure 4.3: WAP1 binds to lipid Il inhibiting its polymerization by PBP2. The
transpeptidase domain of PBP2 incorporates biotinylated-D-lysine into PG polymers
produced from lipid Il by its transglycosylase domain. The inhibition of this activity

observed by addition of WAP1 suggests that WAP1 is binding to lipid II.

4.6: General discussions on approaches to optimize Tn-Seq based data analysis

In the previous chapter, we discussed various aspects of treatment conditions
can be optimized to obtain good quality data sets. In this section, we will discuss ways
in which the K-nearest neighbors algorithm can be made more robust and a possible
approach to identify more significant hits from Tn-Seq data.

Screening additional compounds will make the K-nearest neighbors algorithm
more robust: We showed that the K-nearest neighbors algorithm was able to accurately
predict mechanisms of action 68% of the time. Apart from optimizing treatment

conditions to obtain equivalent selective pressures across antibiotics and incorporating
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data from all concentrations of antibiotics tested to reduce concentration dependence of
the algorithm, testing additional compounds to increase representation of unique modes
of action might improve the accuracy of the predictions by the algorithm. This will be
particularly useful in situations in which compounds exert two different effects on their
fitness profiles. For instance, in the case of gentamicin, we found that the inactivation of
the oxidative phosphorylation pathway is highly protective. This can mask the fithess
profiles that would originate purely from inhibition of protein synthesis by gentamicin,
making it difficult for the algorithm to classify gentamicin as a protein synthesis inhibitor.
This can, however, be overcome if more compounds which have the same effects on
the cell are profiled. For example, if we perform Tn-Seq on other aminoglycosides, we
would expect that they would cluster together with gentamicin as they also use the
oxidative phosphorylation pathway to enter the cell and inhibit protein synthesis by
targeting the ribosome [425]. Polymixin is another antibiotic which would benefit from
having fitness profiles of other membrane damaging antibiotics to compare with. The
significant hits (p-value <0.05) of polymixin includes mprF and the graXRS/vraFG
operon: reads mapping to these genes were depleted under polymixin treatment. It is
known that these factors contribute to resistance to polymixin [35], suggesting that we
are able to identify factors that are relevant to the activity of the antibiotic, but as
discussed above, we are unable to correctly classify this antibiotic as a membrane
damaging agent because the only other membrane damaging agent is daptomycin,
which also inhibits PG synthesis. We can increase the scope of this algorithm by

profiling more diverse compounds.
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Increasing the number of reads in each sample can improve significance of
depletion and enrichment fold changes in each gene: The power of next generation
sequencing lies in its ability to generate a large number of reads per sample, allowing
greater coverage of each gene. Santiago et al. reported the construction and
characterization of the ultra-high density transposon library used in these experiments
[392]. Combined data from sequencing two biological replicates resulted in 23,366,355
reads from 694,755 insertion sites. This library multiplexes six different transposon
constructs: four constructs containing outward facing promoters (Ppen, Pcap, Piuf, Perm), @
construct with promoters in both directions (Pgua), and an inactivation construct. The
number of reads are consequently split among these six different transposon
constructs, resulting in only 5,126,052 reads due to the inactivation construct,
approximately a fifth of the total number of reads [392]. All our above analyses
considered only inactivation constructs, restricting the number of reads used in the
analysis to a fraction of that obtained during lllumina sequencing.

Including outward-facing promoter constructs in the library is very useful when
looking for genes which are upregulated in the library. Such a strategy can be employed
to identify the target of a compound, or to identify resistance mechanism that arise from
upregulation of specific genes, and not their inactivation. These constructs have been
used to identify several known and unknown mechanisms of resistance for many of the
antibiotics discussed here including Murd upregulation under DMPI treatment and MprF
upregulation under daptomycin treatment .

However, outward-facing promoter insertions in one gene need not always

upregulate a neighboring gene. Whether or not an insertion of a promoter construct will
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be considered as upregulating a neighboring gene depends on the number of insertions
in a particular orientation (Fig. 4.4). If a majority of insertions are in the same orientation
as the direction of transcription of a neighboring gene, then the insertions are
considered to be upregulating a neighboring gene (Fig. 4.4 vi). If on the other hand,
there is no preference in orientation of the insertions, then it is unlikely that the
insertions are preferentially upregulating a gene (Fig. 4.4 vii). In fact, in this scenario, it
is likely that these insertions are acting like the inactivation constructs, interrupting the
activity of the gene into which they insert. Moreover, even if the majority of insertions
are in the same orientation, the gene into which they insert could still be inactivated.
Therefore, it should be possible to include reads from all these constructs in our
analysis (Fig. 4.4).

The concern in including reads from all constructs is the inability to distinguish
between scenarios IV and V in Fig. 4.4 If the enrichment of insertions in a particular
gene is primarily due to outward facing promoters which upregulate downstream genes,
then we cannot be sure if the increase in fitness is due to upregulation of the
neighboring gene or due to inactivation of the gene in question. Evaluating the promoter
data and inactivation data independently, prior to pooling together, will allow us to

distinguish between these two scenarios.
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Figure 4.4. Pooling together reads from inactivation and outward facing promoter
constructs can improve significance of hits identified. This figure shows the
possible situations that can arise due to insertions from inactivation and outward facing
promoter constructs. Two neighboring genes A and B in a treated sample are
considered. The transposon construct is represented with an erythromycin resistance
cassette flanked by colored bands to indicate the nature of the transposon construct -
inactivation (pink), outward facing promoter oriented towards gene B (blue) and an
outward facing promoter oriented away from gene B (purple). Bars represent the reads
in each TA site. Scenarios I, Il and Il consider only inactivation constructs. (I) A roughly
equal distribution of inactivation insertions and number of reads across the two genes

indicate that neither of these genes are affected. (II) Both genes have fewer reads
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(Continued) mapping to them indicating that these have a fithness defect (lllI) While
gene A has an increase in number of reads, indicating a fitness advantage, gene B has
fewer number of reads, indicating a fitness defect. (VI) Gene A and the non-coding
region before gene B have a large number of outward facing promoter insertions,
indicating that gene B is upregulated. With this high number of insertions, it is likely that
gene A is inactivated. (VII) Gene A and the non-coding region before gene B have
promoter insertions in both directions, indicating that gene B is unlikely to be
upregulated. When reads from promoter data and inactivation constructs are compiled
(IV and V), gene A has a large number of reads due to insertions. In comparison to IV
and V, enrichment in gene A in scenario Il might not be statistically significant due to
the fewer number of reads, allowing gene A to be missed as a factor contributing to

resistance.

We showed, using two examples, that using reads from all constructs results in
lower p-values for hits than obtained when using only blunt inactivation constructs. This
results in identification of a larger number of significant genes (Fig. 4.5). Although the
fold changes were not dramatically changed when using all constructs or inactivation
constructs only, the p-values were very different. For instance, mprF
(SAOUHSC _01359) which is a known factor contributing to bacitracin resistance [517],
was identified as a significant hit both when using only inactivation constructs and when
using all constructs, but the p-values (3.93 x 10™'® and 1.48 x 10™ respectively) are
dramatically lower when reads from all constructs are considered. Furthermore, we

were able to identify additional significant hits using reads from all constructs, which did
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not meet the significance cut-off when using only inactivation constructs. These include
fmtA (SAOUHSC _00998) and vraT (SAOUHSC _02100) under bacitracin treatment, and
mprF (SAOUHSC_01359), pbp4 (SAOUHSC_00646), SAOUHSC_01025 and
SAOUHSC _01050 under oxacillin treatment. Several of these have been suggested to
contribute to resistance to the respective antibiotics previously [24, 357, 441], and we
validated above that SAOUHSC 01025 and SAOUHSC 01050 do indeed contribute to
oxacillin resistance. This implies that we were able to identify relevant factors as
significant by using data from all constructs, which would otherwise have been

considered insignificant based on statistical analysis of inactivation constructs alone.
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Figure 4.5: Compiling reads from all constructs together resulted in lower p-
values and more genes that meet the significance cut off. A cumulative list of
significant genes (p-value <0.05) resulting from analysis using reads due to all six
constructs (unsplit) and reads due to only (Continued) inactivation constructs (blunt) are

shown here. Two samples are considered as an example: bacitracin treated at 4ug/mL
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(Continued) and oxacillin treated at 0.78ug/mL. Fold changes in reads in the treated
sample relative to the untreated control are shown on a log scale (top panel) and p-
values corrected for multiple hypothesis testing are shown on a negative log scale
(bottom panel). Since p-values are on a negative log scale, a larger value corresponds
to a lower p-value. The bars that fall below the horizontal axis are those with p-values
>0.05, indicating that these genes were not picked up as significant under the relevant
condition. Analysis using unsplit data allows the identification of a larger number of

significant genes in both examples.

For future studies, compiled reads from all six constructs can be analyzed in
addition to inactivation only constructs to identify significant hits. Furthermore, libraries
can be constructed to better align with the goal of the experiment. For instance, if the
goal is to study intrinsic resistance factors or identify factors that are synthetically lethal
with a mutant, then a library constructed only with inactivation constructs can be more

beneficial than a library with all six transposon constructs.

4.7 Methods:

Hierarchical Clustering: Hierarchical clustering was performed using the statistical
programming language, R, and visualized using the gplots library. The spearman
method was used to measure correlation and complete-linkage clustering to measure
distance. We used the unique set of genes which had the largest 99" percentile of the

data and smallest changes 1% percentile compared to the control to decrease the
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amount of noise in the data, and we used the “fithess value” (described in the previous
chapter) for each gene to perform the comparison.

K-Nearest Neighbors Algorithm for predicting mechanism of action: The sci-kit
learn Python library was used for this analysis [482]. Normalized fitness values were
calculated as described above and the top and bottom 25% of genes were used here. A
training set was created with known antibiotics classified into nine separate classes
based on hierarchical clustering and unsupervised K-nearest neighbors algorithm. This
set is used train a supervised K-nearest neighbors classifier. We use the Minkowski
distance metric, a step size = 0.2, and each antibiotic was weighted uniformly. Two
neighbors were used to predict the mechanism of an unknown antibiotic. With a larger
training data set, this value could be increased which could result in more accurate

predictions.
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Chapter 5: Compounds against which inactivation of mprF is protective

5.1 Summary

In this chapter, we describe the discovery of a B-lactam potentiator and show that
inactivating mprF suppresses its activity. MprF is a known intrinsic resistance factor in
S. aureus and no compounds that select for its inactivation have previously been
described. We have discovered other compounds that are lethal to wildtype S. aureus
but have no activity against a AmprF strain by screening a library of S. aureus lethals
against both strains. These compounds could provide new insights into the bacterial cell
wall, but their targets must be identified. We have established an approach to identify
these targets that exploits synthetic lethality to select against inactivating mprF
mutations. Increased mprF activity is important for clinical daptomycin resistance, and
inactivation of mprF strongly sensitizes S. aureus to daptomycin (and several other
antibiotics). The discovery of compounds that select for mprF inactivation suggests the
possibility that these compounds can be combined to delay the development of

resistance.

5.2 Targeting intrinsic resistance factors

In the previous chapters we have discussed several examples of intrinsic
resistance factors that are important for withstanding antibiotics. Targeting intrinsic
resistance factors has been explored as an approach to potentiate (i.e., increase the
potency of) existing antibiotics in several studies [518-524]. Potentiators may be

particularly useful for overcoming B-lactam resistance in MRSA strains. The B-lactam
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class of antibiotics is widely used to treat bacterial infections. With the rise of resistance
to B-lactams, there is an urgent need to look for ways to extend the use of these
antibiotics and combat resistance. A successful clinical example of a B-lactam
potentiator/B-lactam combination is Augmentin. Augmentin contains a p-lactam,
amoxicillin, and a B-lactamase inhibitor, clavulanic acid, and it was developed to
overcome resistance due to B-lactamase-mediated degradation of B-lactams, which is
the dominant mechanism of resistance in many organisms [341-343]. B-lactamase
inhibitors have been developed for use in combination with B-lactams to treat both
Gram-positive and Gram-negative infections [525-529]. Unfortunately, p-lactamase/[3-
lactam combinations are not effective against MRSA because clinical resistance is not
primarily due to p-lactamases, but due to the acquired resistance protein PBP2A [95,
100, 346].

There are several intrinsic resistance factors that contribute to p-lactam
resistance in MRSA, and all of these are possible targets for compounds that overcome
B-lactam resistance. Only a few of these targets have been explored in the context of
B-lactam potentiation. TarO, which catalyzes the first step in WTA biosynthesis, is
among these targets; and inhibitors of TarO have been shown to synergize with [3-
lactams in MRSA (Fig. 5.1) [200, 530, 531]. Some compounds that inhibit lethal targets
in the PG biosynthetic pathway have also been identified as B-lactam potentiators, but
because these compounds are lethal on their own, they belong in a different category
from compounds that inhibit non-essential targets. For example, the Lipid Il flippase
inhibitors, DMPI and CDFI, have been described as 3-lactam potentiators [353], but also

have antibacterial activity. Inhibitors of FtsZ, the essential protein that forms the Z-ring
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during cell division, have also been identified as a potentiators of B-lactams [532, 533].
Cyslabdan, a small molecule produced by Streptomyces (Fig. 5.1), was shown to
potentiate B-lactams by inhibiting FemA and preventing the synthesis of the
pentaglycine bridge [534]. MRSA strains lacking FemA are viable and capable of
forming crosslinked PG from cell wall precursors containing monoglycine rather than
pentaglycine, but these strains have growth defects [535]. It has been suggested that
femA deletion mutants are sensitive to B-lactams because PBP2A is unable to crosslink
stem peptides containing only monoglycine, however the substrate specificity of PBP2A
has not yet been established. Apart from these examples, several natural compounds
that potentiate B-lactams have been characterized, but their targets have not been
elucidated [536-539]. One of these, epicatechin gallate, a component of green tea, is
proposed to insert into the membrane, release LTA, and delocalize PG synthesis
machinery [540-542]. While B-lactam potentiators for MRSA infections have yet to reach
the clinic, they can be useful tool compounds to explore the impact of inhibiting their
targets on cell physiology. Tunicamycin, for example, has been useful in a number of

studies to explore the effects of preventing WTA synthesis [204, 367].
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Figure 5.1: Examples of compounds that potentiate the activity of B-lactams

We report here the identification of a B-lactam potentiator in a high-throughput

screen of 43,648 compounds. We found that inactivating mprF confers a large fitness

advantage in the presence of the compound. We have also identified structurally related

compounds by screening a ~600-compound library of lethal anti-Staphylococcal agents

against a AmprfF strain. Finally, we have developed a strategy to identify the targets of

these compounds, but have not yet validated it.

5.3 High-throughput screening for -lactam potentiators

We set out to identify compounds that would sensitize MRSA strains to B-lactams

using a cell-based high-throughput screening approach. | carried out a high-throughput
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screen in collaboration with Dr. Jennifer Campbell, a former post-doc in the Walker Lab.
The screen design is shown in table 5.1. Compounds were screened against a MRSA
strain under two conditions: in the absence of a $-lactam and in the presence of a sub-
minimum inhibitory concentration (sub-MIC) of a B-lactam. At the concentration of 3-
lactam used, the MRSA strain will grow unless sensitized to the B-lactam by a
potentiator. Screening two conditions in parallel allows us to weed out those small

molecules that are toxic to MRSA on their own.

Table 5.1: Predicted outcomes for small molecules screened

MRSA + B-lactam | MRSA - B-lactam

No Effect High OD600 High OD600

Toxic small molecule Low OD600 Low OD600

B-lactam potentiator targeting

. Low OD600 High OD600
non-essential factors

Screening conditions:

The appropriate concentration of B-lactam was selected as the concentration at
which a Z' score >0.5 was obtained under test conditions (see Methods). Z' is an
indicator of the robustness of the assay and a score >0.5 is considered to be suitable for
high-throughput screening [543]. Initially, we screened 23,232 compounds against
MW2, a community acquired MRSA strain [458], using a sub-MIC concentration of
methicillin. In the middle of the screen, we decided to change the screening strain and
the B-lactam. We changed the strain because we were displeased with the high level of

variability in the screen, which we ascribed to the fact that MW2 shows heterogeneous
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resistance. We chose a hospital-acquired clinical strain, 1784A, as an alternative
because we found that it displayed more homogenous resistance to 3-lactams, and the
Z' score improved. Because 1784A had not previously been sequenced or
characterized in any way, we asked Dr. Veronica Kos in Dr. Michael Gilmore's lab to
sequence the strain. The sequence data showed that 1784A belongs to the multilocus
sequence type 8 (MLST 8) so it has the same sequence type as strain Newman,
NCTC8325, and USA300 (which is the epidemic community-acquired MRSA strain). An
additional 20,416 compounds were screening against 1784A using a sub-MIC
concentration of oxacillin. All 43,648 compounds screened were included in our analysis

to identify hits.

Classification of hits:

We converted end-point ODgg values to normalized percent survival based on
the positive and negative controls (see Methods). As compounds were tested in
duplicate, we had two values for each compound under each condition, and we
averaged these values. We were initially interested in compounds that resulted in little
to no effect on apparent survival of the wildtype strain; therefore, compounds were
classified into three categories, strong, medium, and weak, based on the average
percent survival in the presence and in the absence of oxacillin (Fig. 5.1A). Classifying
compounds into three categories allowed us to prioritize compounds for follow-up. We
found that it was not possible to categorize compounds based on strict numerical cutoffs
because this approach resulted in misclassification of some compounds. For instance, a

compound that results in a very high percent survival (>95%) in the absence of oxacillin
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and a very low percent survival (<10%) in the presence of oxacillin, is obviously a strong
hit. Likewise, a compound that results in a moderate percent survival (~80%) in the
absence of oxacillin and a moderately low percent survival (20%) in the presence of
oxacillin, can readily be classified in the medium category. However, classification
problems arose for compounds that resulted in, for example, 85% survival in the
absence of oxacillin but only 5% percent survival in the presence of oxacillin. We
needed a standard approach to classify compounds that did not fit neatly into a given
category.

We classified compounds as follows: First, the best fit line between the percent
survivals of positive and negative controls was determined. The slope of this line
describes how our data can vary in a best case scenario. Next, we solved for the
equation y=mx+c using the value for m from the slope of the best fit line. Values for y
and x were specified manually. We solved for the intercept, c, to generate an equation
for a line that was then used as an upper limit cut-off. Such a line was generated for
each category: strong, medium and weak. All data points below these category lines,
which also fell between a minimum and maximum prescribed percent survival in each
condition, were assigned to that category (Fig. 5.2A). This process was applied to all the

compounds screened, and compounds in each category were identified (Fig.5.2B).
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Figure 5.2: Compounds were classified into three categories. (A) Schematic of
algorithm used for classification. A least squares best fit line (black) was determined
between positive (green circle) and negative (brown circle) controls. The slope of this

line was determined. Here it is denoted as 'm'. Using this slope and manually specified
percent survival values for y and x, cut-off lines with the equation y = mx+c were plotted
for each of the three criteria: Strong (red line), Medium (blue line) and Weak (orange
line). Manually specified percent survivals are indicated as black crosses on the cut-off
lines. The values used are x1 = 90% survival in TSB (absence of oxacillin), 10% survival
in the presence of oxacillin; x2 = 75% survival in TSB, 25% survival in oxacillin; x3 =
60% survival in TSB, 35% survival in oxacillin. These points were chosen as the outer-
limits for each category. Outer-bounds were specified for these cut-off lines as we did
not want to consider compounds with percent survivals in TSB below 60% for medium
and strong compounds, or below 50% for weak compounds, as these compounds would
be fairly lethal. Likewise, we did not want to consider compounds which resulted in a
percent survival > 35% in oxacillin as these compounds are likely not potent. Therefore,
while outer-bound cut-offs had to be prescribed manually, this approach enables us to
capture more compounds in each criteria than using a strict percent survival cut-off
would have. Another category of compounds that possibly cause growth defects
(compounds causing between 50% and 80% survival in TSB) was also identified . This
category will include compounds from both the medium and weak hits categories and is
demarcated by a purple outline. (B) A scatter plot of the compounds screened with

strong (red), medium (green) and hits with apparent growth defects (purple) is shown.
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Figure 5.2 (Continued):
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We also wanted to capture potentiators that affected growth of the wildtype
strain by inhibiting non-essential targets. Inhibition of some targets, for example, TarO
or LcpA in the WTA pathway, results in reduced stationary phase density that can be
mistaken for compound toxicity in a screen that uses an end-point ODggg as the
indicator of compound activity. Therefore, we also included those compounds that
moderately affected apparent survival of the wildtype strain (50-80% survival in the
absence [3-lactam). These compounds overlapped with medium and weak hits
categories (see Fig. 5.3), although it should be noted that some have B-lactam
potentiation activity that would have classified them in the strong category if it were not
for the reduced percent survival. We considered compounds that were in the strong and
medium categories to be hits in this assay. Of the 163 compounds that possibly cause
growth defects, we considered compounds that would have been classified in the strong
or medium categories if it were not for the reduced survival, as hits. There were 93 hits
in this category, 33 of which would have been classified in the strong category (Fig.

5.3B). Hits are provided in Appendix 2.

A. B.
Medium Category = Apparent Growth

(156 compounds)  Defects Category Category Number of hits
0.36% (163 compounds)
0.37% Strong hits 39
49
114 Medium hits 156
Apparent Growth Defects 93
Weak Category Total number of unique hits 239

(235 compounds)
0.54%

Figure 5.3: Number of compounds and hits identified in each category. (A) The

number of compounds identified in each category are shown. (B) The number of those
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(Continued) compounds considered as hits are shown here. If we consider all these
hits, our screen had a hit rate of 0.55%. Considering the strong and medium hits only,
our hit rate is 0.45%, which is in line with the typical high-throughput screening hit rate

[543].

5.4 Characterization of lead compounds MR100 and MR101

We chose to focus on a subset of the strong hits that showed high potency in the
screen, and we purchased eight compounds for retesting in B-lactam potentiation
assays against the two screening strains, MW2 and 1784A. Four of these compounds
sensitized the screening strains to oxacillin, but only three of these showed activity
against at least one other MRSA strain. Of these three, two compounds were
structurally related, and one analog showed superior potency and activity against all
four MRSA strains tested. This compound, MR100, sensitized oxacillin in secondary
dual dose response assays against community-acquired strain MW2 (USA400), and
hospital acquired strains USA200, 1784A and B5340A (Fig. 5.4 A-C, and Appendix 3).
We defined a minimum sensitization concentration (MSC) as the concentration of
compound at which maximum reduction is observed in B-lactam MIC in that assay. The
MSC of the compound varied depending on the MRSA strain tested. The lowest MSC
we observed (0.39ug/mL or 0.74uM) was to 1784A, but other strains were sensitized at
only slightly higher concentrations (1.5 ug/mL). MR100 thus had excellent potency. Fold
changes evaluated for these strains with dual dose response assays could be an
underestimate because the lowest concentration of oxacillin tested in these assays was

3.125ug/mL for 1784A, MW2, and USA200 and 50 pg/mL for B5340A. Therefore, fold

141



changes were not calculated for these assays. When we tested MR100 on an expanded
concentration range for three other 3-lactams in addition to oxacillin for sensitization in
MW?2, we found that MR100 sensitized MW2 to cefazolin, nafcillin and oxacillin by 32x.
We did not see sensitization to ceftazidime (Fig. 5.4D). While cefazolin, naficillin, and
oxacillin are non-specific in their selectivity for PBPs [544], ceftazidime has higher
binding affinity for PBP 1 and PBP 2 [545]. There is a possibility that the sensitization of
B-lactams by MR100 depends on the PBP specifcity of the B-lactam, but a larger panel
of B-lactams must be tested in order to draw conclusions about the specificity of the
sensitization by MR100.

We investigated whether MR100 also affected the MIC of other antibiotics in
MRSA strains. While the compound had no effect (only a 2x change, if any) on the MIC
of most antibiotics, we observed strong sensitization to bacitracin (32x), colistin (32x)
and polymixin B (8x). Bacitracin forms a complex with undecaprenyl pyrophosphate and
a metal ion (Zn2+ or Ca2+), which prevents carrier lipid from being flipped back inside the
cell and used to make the peptidoglycan precursor, Lipid Il [93, 546]. Polymixin B and
colistin are membrane damaging antibiotics. All three of the anibiotics whose activity
was potentiated by MR100 function at the membrane. We considered the possibility that
MR100 sensitizes to these antibiotics by reducing membrane stability. However,
because the compound did not significantly sensitize to antibiotics with intracellular
targets, it is unlikely that MR100 affects a target that makes the membrane generally
leaky. Notably, the compound did not strongly potentiate the activity of daptomycin,

which also forms a Ca®* complex and interacts with the membrane [477, 478]. A full
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understanding of how the compound sensitizes MRSA to bacitracin will require

identifying the target.
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Figure 5.4: MR100 is a potent B-lactam potentiator for numerous strains. (A)
Structure of MR100. (B) A sample of the dual dose response plot for sensitization of
1784A to oxacillin. Oxacillin concentration varies along the vertical axis while MR100

concentration varies across the horizontal axis. Percent survivals are shown in different
colors, with dark blue being <20% survival. In this plot, when no compound is added,
the MIC of oxacillin for this strain is 25ug/mL, but in the presence of 0.39ug/mL
(=0.74uM) the MIC of oxacillin drops to 3.12ug/mL, which is the lowest concentration
tested in this assay. (C) The potentiation of oxacillin by this compound to various
hospital acquired strains (1784A, USA200, B5340A, USA200) were determined by dual
dose response assays. The MIC values in the presence and absence of MR100 are
shown in the table. Dual dose response plots for all strains are shown in Appendix 3. As
these assays were limited in the lowest concentration of oxacillin tested, fold changes in
the MIC of oxacillin caused by the compound in these assays could be an
underestimate. (D) The MIC values of a set of antibiotics of different classes were
measured in the presence and absence of MR100. These MIC's were measured using

MW2 in MHB2 because greater potentiation to antimicrobial peptides with this media.
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Figure 5.4 (Continued):
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Lysostaphin 0.125 0.25 2
Vancomycin 1.56 0.78 2
Levofloxacin 0.125 0.125 0
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To characterize MR100 further, we explored its effects on cells in a number of
different assays. In the course of our experiments, we tested its effects on an MSSA
(Fig. 5.5A). We initially ascribed this effect to the possibility that MSSA strains are more
sensitive to this compound; however, when we subsequently tested a new batch of
custom-synthesized compound, we discovered that it was not lethal against HG003
(Fig. 5.5B). This result suggested that MR100 had an impurity that inhibited growth. The
resynthesized batch of the compound will henceforth be referred to as MR101. An NMR
of MR101 was taken to confirm the structure of the compound (Appendix 4). We then
examined MR100 with HPLC to determine whether it had impurities. HPLC
characterization of MR100 revealed that it had some impurities that were not detected in
MR101 (Appendix 4). We could not identify the impurities in MR100 due to the limited
amounts of compound that remained, but we think an impurity likely accounts for the the
lethal MSSA activity observed with this compound.

We sought to determine if any other phenotypes we had observed wth MR100
were due to the impurities, so we tested MR101 for its ability to potentiate several
antibiotics. We found that like MR100, MR101 sensitized MRSA strains to oxacillin,
although the MSC was shifted to 1.5ug/mL (Fig. 5.5C and Appendix 3). Because
MR101 was not toxic to MSSA strains, its sensitization profile could be evaluated
against an MSSA strain. MR101 sensitized to colistin, polymixin and bacitracin in MSSA
strain HGOO03 (Fig. 5.5 D), but we did not observe additional sensitivity to any other cell
envelope or non-cell envelope antibiotics tested. It should be noted that 3-lactam

sensitization is not typically observed in MSSA strains, at least in end-point MIC assays.
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Figure 5.5: Characterization of MR101. (A) MR100 showed lethality to HG003 WT,
but (B) MR101 did not show as much lethality, although some growth rate reduction was
observed. (C) MR101 continued to sensitize MRSA strains to oxacillin as shown in the
sample dual dose plot for MW2. Percent survivals are shown in different colors, with
dark blue being <20% survival. (D) MICs for a panel of antibiotics are shown in the
presence and absence of MR101. These MICs were tested against HG003. Since
HGO003 is an MSSA strain we do not see additional sensitization to B-lactams. We see

dramatic sensitization to colistin, bacitracin, and polymixin as with MR100.
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The recapitulation of all sensitization effects of MR100 by MR101 was puzzling. If
the impurities in MR100 accounted for some of its biological activity, and these are no
longer present in MR101, we would expect that we would not be able to observe the
same sensitization effects. There are two possible interpretations: first, that there are
two targets, one that is essential in MSSA strains and is targeted by the impurites, and
the second that results in sensitization effects and is targeted by the main compound.
The other possible interpretation is that the same impurities are also present in MR101,
but are undetectable. Because the amount of impurities in MR100 was already low (see
appendix 4), we cannot rule out the possibility that MR101 contains a bioactive impurity
that is undectable by HPLC. MR101 should be examined by mass-spectrometry
(Selected-ion monitoring) for the presence of the impurities known to be present in
MR100. It is possible that lower levels of the impurity in MR101 accounts for the
reduced growth inhbiition in MSSA strains by this compound compared to MR100. We
wanted to determine the target(s) of MR100/MR101 because the sensitization profile
suggests that it has an interesting target that we could subsequently develop pure

inhbitors for.

5.5 Inactivation of mprF is strongly protective against MR100/MR101

To identify the target of our compounds, we first tried raising resistant mutants in
a MRSA strain on agar plates containing oxacillin and MR100. (These experiments
were done prior to our discovery that MR100 contained impurities). However,
substantially higher concentrations of MR100 were required on plates than in liquid, and
the colonies isolated did not prove resistant when tested in liquid cultures. Other

researchers have observed similar problems when raising resistant mutants to
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potentiators in combination with B-lactams (Professor Xiang Wang, University of
Colorado, Boulder, personal communication). This problem could be due to changes in
expression levels of genes that constitute a transient stress response. Another concern
with raising resistant mutants to a combination of compounds was that we could obtain
resistant mutants to either compound. It is possible that a majority of the mutations
isolated from a combination with oxacillin would be protective to oxacillin but not the
compound of interest. Another lab member, Marina Santiago, found this to be the case
when she tested a combination of epicatechin gallate and oxacillin in Tn-Seq, and found
all the mutants had previously described B-lactam resistance mutations.

For these reasons, we decided to take advantage of transposon-based methods
to gain insight into the target of MR100/MR101. Tn-seq can help in identifying genes
whose inactivation sensitizes to the compound. Inactivation mutants of these genes
could then be used to raise resistant mutants to this compound, in a similar approach to
that described in Pasquina et al. [367]. We initially used MR100 in Tn-Seq experiments,
but repeated the experiments with MR101. Data was analyzed as described in previous
chapters. The full list of significant hits for both compounds is provided in Appendix 5.

Tn-Seq with MR100 and MR101 showed that reads mapping to mprF were
significantly enriched relative to the untreated control at all concentrations of the
compound, suggesting that inactivation of mprF provided a strong fitness advantage in
the presence of the compound (Fig. 5.8A). In fact, reads mapping to mprF at 12.
5ug/mL, the highest concentration of MR100 tested, was almost 1000x greater than in
the control. We determined manually that insertions due to overexpression and
inactivation constructs were distributed throughout the length of mprF, implying they are

all resulting in inactivation phenotypes. There was a concentration dependent increase
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in the fold change of reads mapping to mprF in treated samples relative to untreated
samples (Fig. 5.6B). Furthermore, at 12.5ug/mL, 90% of the total number of reads in
that sample were due to insertions in mprF (Fig. 5.6C). In addition, reads due to
insertions in components of the multi-component sensing system that regulates mprF
(graRS/vraFG) were also highly enriched relative to untreated control in samples treated
with lower concentrations of MR100 (Fig 5.6A). Enrichment in reads mapping to mprF,
and components of graRS/vraFG was also observed in the presence of MR101,
although the fold change in reads was lower, consistent with reduced compound toxicity
and therefore, reduced selective pressure due to MR101 (Fig. 5.6A). In fact, mprF
remained among the top three most enriched hits for MR101 under both treatment
conditions. These results strongly suggested that inactivation of mprF is a major
resistance mechanism to MR100/MR101.

We validated that inactivation of mprF is indeed protective by evaluating the
growth of a AmprfF strain in the presence of MR100 and MR101. HG0O03 AmprF was
independently constructed by Dr. Ting Pang, a post-doc in the Bernhardt Lab, and Dr.
Samir Moussa, a post-doc in the Walker Lab. We found that as predicted by transposon
results, AmprF is protective against all concentrations of MR100 and MR101 (Fig.
5.6D). Due to the greater lethality of MR100, the protective effect of AmprF is more

dramatic than in MR101.
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Figure 5.6: Inactivation of mprF has a fitness advantage in the presence of MR100
and MR101. (A) Fold changes in reads mapping to mprF and the multi-component
sensing system graRS/vraFG were significantly (corrected p-value <0.05) enriched
under the lower concentrations of treatment with MR100 and under treatment with

MR101. The table shows results obtained when considering all constructs (B) Log of
fold change of reads mapping to mprF in treated conditions relative to untreated control
for each concentration of MR100 is shown for both inactivation constructs only (blunt)
and for all constructs combined (Unsplit). Reads due to insertions in mprF are
dramatically enriched in the presence of compound relative to the control. At 12.5ug/mL,
the fold change in reads mapping to mprF was 987. There is a concentration dependent
increase in fold change of reads mapping to mprfF (C) As the concentration at which the
sample is treated increases, reads due to insertions in mprF account for increasing
percentages of total reads in the respective sample. At 12.5ug/mL, reads due to
insertions in mprF account for almost all the reads (90%) in the sample. (D) Growth
curves indicate that HG003 AmprF is more resistant than WT to both MR100 and

MR101.
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Figure 5.6 (Continued):
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5.6 Identifying other compounds that are also protected by the inactivation of
mprF

The finding that inactivation of mprF was so protective to a compound was
surprising because, as discussed in previous chapters, mprF is a major intrinsic
resistance factor for antibiotics of many different classes including cationic antimicrobial
peptides, cationic aminoglycosides, bacitracin and oxacillin [23, 24, 517]. We also
identified in our Tn-Seq analysis of PG biosynthesis inhibitors that inactivation of mprF
had reduced fitness in the presence of cell-wall active antibiotics like ramoplanin and
vancomycin. Inactivation of mprF also sensitizes to daptomycin, and increased mprF
activity is observed in clinical resistance to daptomycin, the antibiotic of last resort in
treating MRSA infections [25, 27, 28, 36, 226, 547, 548]. Given that mprF inactivation
potentiates the activity of so many compounds, and so far no cases have been reported
where inactivation of mprF suppresses bioactivity, the compounds described here might
belong to a new class of inhibitors. Inhibitors of previously unexplored targets would
have considerable value as tool compounds to further investigate S. aureus biology,
and may be useful in a clinical setting. For example, compounds that select for
inactivation of mprF, could be useful in delaying mprF-mediated resistance to
daptomycin. The merits of such compounds in daptomycin combination therapies still
have to be evaluated, but the possibility that such a compound combination could be
useful is exciting.

We wondered if we could find other compounds against which mprF inactivation
mutants are protective. Leigh Matano and Heidi Morris carried out a ~250,000

compound screen against an MSSA strain of S. aureus and identified 600 compounds
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that killed WT S. aureus. Those compounds were then screened against a AmprF strain
in order to identify those compounds that kill WT but not AmprF. Three confirmed lethal
compounds that were inactive against the AmprF strain were identified. Two of the three
compounds had structural similarities to MR100/MR101 (Fig. 5.7). 1838 M10 and 1841
C20 both have a core urea group with halogen substituted benzene rings like MR101.
1841 C20 also has the presence of the aromatic group substituted with an ester moiety,
which is present in MR101. The structural similarity suggests that these compounds
could share the same target as MR100/MR101. It was exciting to find that other
compounds against which the inactivation of mprF is protective could be identified.
Access to other such compounds increases the number of tool compounds we can use
to study the effects of mprF on the cell wall. Henceforth, we will refer to compounds
against which mprF inactivation is protective as BSIM compounds (Bioactivity

Suppressed by Inactivation of mprF).
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MR100/MR101 1838 M10 1841 C20 1910 B13
HGO03 MIC: 6.25 pg/mL HGO03 MIC: 1.56 pg/mL HG003 MIC: 1.56pg/mL
HGO03 AmprF MIC: >50 pg/mL  HGOO03 AmprF MIC: >50 pg/mL  HGOO03 AmprF MIC: >50 pg/mL

Figure 5.7: Structures of three lethal compounds whose bioactivity is suppressed
by mprF inactivation (BSIM compounds). Two of the three compounds, 1838 M10

and 1841 C20, are structurally similar to MR100/MR101.
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5.7 Strategy for target identification

The identification of other BSIM compounds spurred our interest in identifying the
targets of these compounds. BSIM compounds posed an intriguing problem: how do we
identify the target of a compound when any attempts to raise resistant mutants in a
wildtype strain select for mprF inactivation mutants. When we mapped mutants isolated
from screening a transposon library on agar plates containing MR100, all of the mapped
mutants contained insertions in mprF (see Appendix 5). We needed a strategy to
identify the resistant mutants to our BSIM compounds that are not mprF nulls.

To counter-select against mprF null mutants, we needed to identify a condition
under which inactivation of mprF is not favored. As mentioned above, inactivation of
mprF sensitizes to several antibiotics and we could use a combination of one of these
antibiotics, like bacitracin, with MR100 and attempt to raise resistant mutants. However,
as discussed previously, such compound combinations could result in selecting for
upregulation of stress responses, or mutations that only protect from bacitracin, and fail
to yield target mutations.

In order to increase the chances of finding target mutations, we sought to
identify genes that cause lethality when both the gene (say, gene X) and mprF are
inactivated, that is, genes that are synthetically lethal with mprF. In the case of the lethal
compounds identified above, resistant mutants can directly be raised on a AgeneX
background (Fig. 5.8), once it is confirmed that AgeneX is not protective against the

compound.
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Figure 5.8: Strategy to identify resistant mutants to BSIM compounds that are not
mprF nulls. This strategy requires two steps: (1) A transposon library in AmprF can be
constructed using the phage-based transposition system, where donor strains with the
transposon construct is infected with phage. Phage lysates with packaged transposon
constructs can then be used to move the transposon to a recipient strain containing a
transposase plasmid [392]. This library can be subjected to Tn-Seq and compared with
Tn-Seq conducted on a WT library. Genes that have fewer insertions in the AmprF
background relative to the WT background are synthetically lethal with mprF. In this
example, geneX is synthetically lethal with mprF. (2) An inactivation mutant of geneX
can be constructed. This mutant strain should first be tested against the BSIM

compound to ascertain that it is sensitive to the compound. This can be done using
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(Continued) growth curves. In the example shown here, AmprF (in green) grows
normally in the presence of the compound, but AgeneX (in orange) shows no growth.
Resistant mutants can then be raised to the compound in AgeneX background and
subjected to whole genome sequencing.
5.7.1 Identifying genes that are synthetically lethal with mprF

To identify genes that are synthetically lethal with mprF we constructed a
transposon library in HG003 AmprF::KanR strain using the phage-based transposition
system [392]. This system has been adapted for use with HG003 in a number of ways.
We used a recipient strain in which the resident ®11 prophage was removed by att:FRT
exchange, as described in Santiago et al. [392]. The marked mprF deletion was
transduced into an HGO03 A®11:FRT strains which contained either a functional
transposase or a truncated transposase. The latter served as a negative control for the
transposition. Subsequent steps followed the same protocol as described in Santiago et
al. (See Methods) [392]. For this library, we used the blunt, Pyen, Piyr and Peap
transposon constructs. We chose to include the overexpression constructs in case we
choose to test this library under pressure of other antibiotics in the future. 601,000
colonies were harvested from these four donor constructs to make this library. This
library and the HGOO3 WT library constructed using six different transposon constructs,
described in Santiago et al [392], were subjected to Tn-Seq. Tn-Seq revealed that there
were 353,356 unique mutants in the mprF library.

As mprF is a gene that when inactivated sensitizes to so many antibiotics, we
expected several genes to be important in the absence of mprF, but we found very few

synthetically lethal genes. The Mann-Whitney U analysis revealed very few significant
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hits when only the blunt constructs were considered, so we used data with all the
constructs combined (unsplit). This resulted in a few more hits that met our cut-offs (See
Chapter 4, section 4.6) (Fig. 5.9). As a positive control we found reads mapping to mprF
to be depleted in our deletion library, as expected. We found that the reads mapping to
genes involved in LTA synthesis (ugtP and ltaA) were significantly depleted. LTA
synthesis was discussed in detail in Chapter 1. Briefly, UgtP uses UDP-glucose to make
GlcyDAG, the glycolipid anchor of LTA. LtaA flips this across the membrane and LtaS
subsequently synthesizes the complete LTA polymer on this anchor [168]. We also
found that reads mapping to SAOUHSC 00718, a gene encoding a hypothetical

transmembrane protein, were also depleted.

A
Locus Gene P-value Fold change
SAOUHSC_01359 mprF 4.71E-46 0.038271
SAOUHSC_00718  hypothetical 7.12E-11 0.042821
SAOUHSC_00952 ItaA 4.89E-09 0.134467
SAOUHSC_00953 ugtP 0.03804 0.136
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Figure 5.9: LTA synthesis genes are synthetically lethal with mprF. (A) The few

significant depleted hits include mprF, ugtP and ltaA. All significant hits, their fold
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(Continued) changes and p-values are shown. (B) Log of number of reads/TA site
across the genomic context of /faA and ugtP in the AmprF (top) and WT (bottom)
backgrounds are represented by vertical lines. The regions before ltaA and after ugtP
show similar read count but the regions of /faA (blue bar) and ugtP (green bar) have

significantly fewer genes.

This synthetic lethality of mprF with ugtP and ltaA was validated using an
inducible promoter construct. MprF was cloned into the pTP63 plasmid with its native
ribosome binding site, which integrates into the genome to give a stable single copy of
MprF. This construct is inducible with anhydrous tetracycline. The expression of this
construct was validated by looking for increased resistance of the complemented
HGO003 AmprF to gentamicin, a cationic aminoglycoside (Fig. 5.10A). Once expression
was confirmed, transposon mutants of ugtP and /taA from the Nebraska library were
also transduced into this strain, and lethality was evaluated by plating in the presence
and absence of inducer (Fig. 5.10B). The results showed that the ugtP and ltaA
transposon mutant were indeed synthetically lethal/sick with AmprF. These may be
good strain backgrounds in which to raise resitant mutants. The /[faA mutant appears to
grow better than the ugtP mutant, suggesting that the /faA mutant strain might be an

easier strain to work with than the ugtP mutant.
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HGO003 WT

HGO003 AmprF

HG003 AmprF + p-mprF

HGO03 AmprF + p-mprF + tn:lfaA
HGO003 AmprF + p-mprF + tn:ugtP
HGOO03 tn:/taA

HGO003 tn:ugtP

Noakwn =

Gentamycin — Gentamycin +
Anhydrous Tetracycline  Anhydrous Tetracycline

B. 1 2 3 4 5 6 7T

Minus Anhydrous Tetracycline Plus Anhydrous Tetracycline

Figure 5.10: Validation of synthetic lethality of /taA and ugtP with mprF. (A) HG003

WT (lane1), HG003 AmprF (lane2) and the complemented HG003 AmprF (lane 3) was

first tested with gentamicin. In the absence of inducer both AmprF and the

complemented strain are more sensitive than WT. In the presence of inducer, while the

AmprF strain remains sensitive, the complemented strains grows to WT levels, showing

that the complementation is successful. (B) UgtP and /taA inactivation combined with

mprF deletion mutants are highly lethal when grown in the absence of inducer (lanes 4

and 5, left panel). In the presence of inducer these strains grow to the same extent as

the single inactivation mutants of /taA and ugtP.
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We suggest that resistant mutants to the lethal BSIM compounds identified here,
can be raised in ugtP or ltaA inactivation mutant strain, once it is confirmed that the

BSIM compounds remain lethal in the ugtP or /taA inactivation mutant strains.

5.7.2 Raising resistant mutants to MR101

Unlike the other BSIM compounds identified, MR101 is not lethal and therefore,
we had to determine whether the inactivation of ugtP was lethal prior to raising resistant
mutants to MR101 in the ugtP inactivation bacgkround. However, although a transposon
inactivation mutant of ugtP (tn::ugtP) had a slightly depleted growth rate at higher
concentrations compared to WT, it was not sensitive enough to use for raising resistant
mutants (Fig. 5.11B). Therefore, we went back to our Tn-Seq results to identify other
sensitive mutants. From these list of depleted hits (Appendix 4), we found that
SAOUHSC _00948 was among the most depleted hits under all treatment conditions of
the compound. SAOUHSC 00948 encodes for a transmembrane protein of unknown
function. We tested the transposon inactivation mutant of SAOUHSC_00948 (tn::948) in
a growth curve assay, and found that this mutant was completely killed by the
compound (Fig. 5.11C).

Unfortunately, this mutant does not allow us to counter-select for mutations
inactivating mprF. In fact, inactivating mprF in tn::948 background increased the MIC by
at least 4x (Fig. 5.11D). This suggests, that although we cannot say with certainty that
inactivation of mprF will be the primary mechanism of resistance in the tn::948

background, the likelihood of this exists.
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Figure 5.11: Tn::948 is more sensitive to MR101 than tn::ugtP. Growth curves of (A)
HGO003 WT, (B) HGO03 tn::ugtP, (C) HGO03 tn::948 and (D) HG0O03 tn::948 AmprF
strains in the presence of varying concentrations of MR101 at 37°C. This indicates that
while tn::ugtP has minor growth defect compared to WT, tn::948 is far more sensitive to
MR101, and a better strain to raise resistant mutants in. Inactivation of mprF in this

strain was still protective by at least 4x.

In order to overcome the possibility of mprF inactivation mutants arising in the
tn::948 background, we made a HG003 tn::948 AugtP strain, and raised resistant
mutants in that background. Bacterial cultures of both HG003 tn::948 and HGO03

tn::948 AugtP were inoculated at an ODggo of 0.1 in 96 well format with varying
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concentrations of MR101 and MIC was monitored. A lower starting inoculum was found
to not show any increase in MIC after 2 days of incubation. MIC was visually measured
after 8hours, 24hours and 36 hour of incubation of HG003 tn::948 and HG003 tn::948
AugtP at 30°C. Resistance experiments were conducted at 30°C in order to reduce
background mutations. HG003 tn::948 gains resistance to a much higher concentration,
whereas HG003 tn::948 AugtP only increases by 2-4x in the same time period
(Fig.5.12). The cultures from the wells that showed growth can be diluted and plated to
single colonies. After confirmation of resistance, these colonies can be whole genome
sequenced to identify resistant mutations. Resistance experiments were done in

collaboration with Dr. Michael Welsh, a post-doc in the Walker Lab and this work is on-

going.
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Figure 5.12: A larger increase in MIC of MR101 developed in HG003 tn::948. MIC
measurements shown here are an average of 3 independent starter cultures. HG003
tn::948 appears to gain resistance much faster and to a higher concentration than

HGO003 tn::948 Augtp.
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The reason HG0O03 tn::948 shows an increase in MIC faster than the HG003
tn::948 AugtP strain could be due to the fact that mprF null mutations can arise in the
former strain whereas such mutations cannot occur in the latter strain. This can be
confirmed by targeted sequencing of mprF in the resistant mutants isolated from HG003
tn::948.

We cannot rule out the possibility of suppressors arising to the double
inactivation mutant strain. Suppressors to the inactivation of ugtP is unlikely to be
selected for since tn::948 will still be susceptible to MR101. Should these occur, we can
counter-screen the resistant colonies with tunicamycin, since ugtP is sensitive to
tunicamycin, mutations that compensate for inactivation of ugtP, will likely protect
against tunicamycin [171, 180, 204]. Suppressors of the inactivation of 948 is much
more likely. However, Tn-Seq of the numerous antibiotics we described in previous
chapters shows that tn::948 has similar antibiotics sensitivities as does treatment with
MR101. This suggests that even if we find suppressor mutations to tn:: 948, they would

be of interest and possibly in the same genetic network as the target of the compound.

5.8 Conclusions and Future Directions

In this chapter, we described the identification of a small molecule
(MR100/MR101) that potentiates the activity of the B-lactam in a number of MRSA
strains, and also sensitizes to antimicrobial peptides colistin, polymixin and bacitracin.
The presence of impurities in MR100 was an unexpected challenge, and stresses the
importance of confirming the purity and identity of purchased compounds as well as re-

synthesizing any compounds that look significantly promising. Nevertheless, studies on
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this compound led us to the finding that inactivation of mprF was protective. Based on
this finding, we could identify bioactive compounds that are suppressed by mprF
inactivation. We identified three such BSIM compounds from a screen of 600 lethal
compounds. Compounds like these could be useful not only as tool compounds to
further understand S. aureus cell biology, but might also be used in compound
combinations to delay mprF-mediated clinical resistance to daptomycin. In the face of a
dwindling store of effective antibiotics, the importance of multiple approaches to
increase the life-span of daptomycin cannot be understated.

We have developed a possible strategy to identify the targets of compounds of
this category, which can begin to be applied to the additional compounds identified
here. This strategy is also be generalizable to other compounds (lethal, or non-lethal)
against which an inactivation mutant is protective.

As a part of this work, we identified that mprF is synthetically lethal with LTAs.
This has not been previously observed and the basis for this lethality is not understood.
We found that mprF is not synthetically lethal with WTAs. Transmission electron
microscopy images showed increased cell division defects in the ltaA, mprF double
inactivation mutant that are not observed in the /taA inactivation mutant alone (Appendix
6). This suggests that mprF may, like ugtP and ItaS, have a possible role in cell division.
MprF is an important intrinsic resistance factor and a full understanding of its impact on
cell physiology will be useful in a more detailed picture of the cell envelope interaction
network. This picture will enable the identification of more critical pathways that can be

targeted by new antimicrobials.
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5.9 Methods

Bacterial strains and compounds: A list of strains and primers used is provided in
Appendix 7. MRSA strains USA400 (MW2) and USA200 were obtained from Dr. David
Hooper at the Massachusetts General Hospital. HG003 tn:: 948 (MR087) and HG003
tn::ugtP (WL006) were constructed by phage transduction of Nebraska library
transposon mutations using phage variant 11:FRT or ¢85. HG003 tn::ugtP was made
by Dr. Wonsik Lee. HG003 tn::948 AmprF:KanR (MR108) and HGO0O03 tn::948
AugtP:KanR was made by phage transduction of marked deletion of mprF into MR087,
and a marked deletion of ugtP from RN4220 AugtP:KanR (WLQ77) into MR087. Plasmid
for inducible mprF expression from pTP63 was constructed by amplifying mprF from
HG003 WT genomic DNA using primers i-mprFpTP63F and mprFpTP63R, and ligated
into the Kpnl and EcoRl restriction sites of pTP63 vector using T4 DNA ligase. In order
to include the native ribosome binding site of mprF, the forward primer anneals 25 bp
ahead of the start of the gene. The plasmid was transformed into Stellar competent cells
and confirmed by sequencing with Cm_to_Hindll primer. The confirmed plasmid was
then elctroporated into RN4220 competent cells which contains the helper plasmid
pTP44 that is necessary for pTP63 to integrate (SHM 188). This was transduced using
phage variant 11:FRT into HG003 AmprF:KanR (MR107). Transposon mutants
tn::ugtP and tn::/taA from the Nebraska library were then transduced into MR107.
Anhydrous tetracycline inducer was maintained at 0.4uM throughout the transduction
process. All transductants were verified by PCR with the following primers:
pTP63_mprF_F and pTP63_B_mprF_R (for mprF); ugtP_orf_F and ugtP_orf_R (for

tn::ugtP); ugtP_CA and ugtP_CB (for AugtP); 948_F and 948 R (for 948) and

166



Cm_to_hindlll and mprF_CB_pTP63R (for p-mprF). All transposon mutants are marked
with erythromycin. Strains were maintained with following antibiotics as necessary:
Erythromycin at 5pg/mL, Kanamycin and Neomycin at 50 yg/mL each, Chloramphenicol
at 10pg/mL, anhydrous tetracycline inducer was used at 0.4uM to induce expression of
mprF from pTP63. Screening compounds were ordered from ChemDiv.
High-throughput screening: First, positive and negative controls were set up to
determine robust screen conditions as indicated by Z'. 384 well plates for each of the
screening conditions (see Table 5.2) were used to determine Z'. Half the plate was filled
with 30uL of TSB with or without B-lactams. The remaining half of the plate was filled
with 30uL of TSB containing erythromycin or B-lactams and tunicamycin. The wells
were then topped with 30uL of overnight culture of MRSA strains 1784A or MW2 diluted
1:1000 into fresh TSB. Final concentrations are shown below. Plates were incubated at
30°C and ODgoo was measured after 16-17 hours of incubation. Z' was calculated as
previously reported [543]. Z' measured was >0.5, suitable for high-throughput
screening. Screening of compounds at the Institute for Chemical Genetics (ICCB -
Longwood) was carried out same as above. 300nL of test compounds were pin-
transferred into the plates pre-filled with erythromycin or oxacillin as necessary, and
then topped with bacterial culture. This gave a final compound test concentration of
25ug/mL. Each compound was tested in replicate for each condition. 43,648
compounds from the ChemDiv6 library were screened in duplicate. All assays were

performed in the bio-hood following protocols for BSL2 pathogen screening.
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Table 5.2: Conditions for high-throughput screening for B-lactam potentiators

Positive control Negative control Testwells

For lethality test No antibiotic Oxacillin1.2pug/mL No antibiotic

1784A
. . Oxacillin1.2pug/mL .
llin1.2 L llin1.2 L
For potentiator test Oxacillin1.2ug/m +Tunicamycin 0.4pg/mL Oxacillin1.2pg/m

For lethality test No antibiotic Methicillin 10pug/mL No antibiotic

MW2

Methicillin 10pg/mL Methicillin 10pg/mL
+ Tunicamycin 10ug/mL

For potentiator test Methicillin 10pug/mL

Data analysis: Average values for ODgyy measurements for positive and negative
controls for each of the plates screened was calculated. A normalized percentage

survival for each well was calculated as

(0D 600 of each well —average of positive controls )

— - x 100. Subsequent analysis was
(average of positive controls —average of negative controls )

completed in MATLAB. First, replicate data was evaluated and those wells which did not
replicate were removed. This was done by plotting one replicate of each data point
against the other. Then a least squares best fit line was calculated. The standard
deviations of all the data points from this best fit line was calculated and those data
points that were greater than five times the standard deviation away from this line were
removed. Exceptions to this were if percentage survival in TSB alone was >85% and
percentage survival in oxacillin was <20%. In these two scenarios, both replicates were
included without calculating standard deviations. These steps were done for positive
controls, negative controls and all compound wells separately. The adjusted data for

positive and negative controls were then plotted and a least squares best fit line was
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calculated for the controls. Then, using this slope, three different cut-off planes were
plotted using the y = mx + ¢ equation. Values for y and x were manually specified and
cut-off planes with the equation y = mx+c were plotted for each of three criteria: Strong,
Medium and Weak. The values used are 90% survival in TSB, 10% survival in the
presence of oxacillin for strong hits; 75% survival in TSB, 25% survival in oxacillin for
medium hits; 60% survival in TSB, 35% survival in oxacillin for weak hits. Outer-bounds
were specified for these cut-off planes as we did not want to consider compounds with
percent survivals in TSB below 60% for medium and strong hits, or below 50% for weak
hits, as these compounds would be fairly lethal. Likewise, we did not want to consider
compounds which resulted in a percent survival > 35% in oxacillin as these compounds
are likely not potent. Therefore, while outer-bound cut-offs had to be prescribed
manually, this approach enables us to capture more compounds in each criteria than
using a strict percent survival cut-off would have.

Checkerboard and MIC assays: Dual dose response checkerboard assays as well as
single compound MIC assays were conducted using tryptic soy broth (TSB) for MR100
or cation-adjusted Mueller Hinton broth (MHB2) for MR101 at 30°C with a starting
inoculum of ~10° cfu/mL. Antibiotic concentrations tested varied by 2x across all the
tested wells. MICs were tested in 96 well plates with an assay volume of 150uL. Plates
were incubated for 16-20 hours after which ODggp was read using a plate reader. MICs
for USA200 were measure after 19 hours (in TSB) and 24 hours (in MHB2) since this
strain grows more slowly than others. MICs were recorded as the lowest concentration
at which survival was <20% of control. For testing sensitization to an antibiotic panel in

MW?2 a single concentration of MR100 was used, 10ug/mL for MRSA strains.
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Sensitization by MR101 to the antibiotic panel in Newman was tested at 3ug/mL
MR101.

Growth curves: Assays were conducted in 96 well plates with a total assay volume of
150pL. Strains were diluted to ~10° cfu/mL in MHB2 and incubated at 37°C with
shaking in a plate reader. ODgoo Was read every 20min for 20 hours and plotted on a log
scale.

Identifying resistant mutants by plating: Two transposon libraries constructed by Dr.
Timothy Meredith were used. One library (Library 3) with inactivation (blunt) and
overexpression (Ppen, Ptuf, Pcap, Pem, Prr) constructs was combined with the another
library (Library 4) constructed with transcription terminator (TT) constructs of varying
strengths (weak. good, medium and strong). Based on number of colonies that were
harvested in both libraries, they were combined in 2:1 ratio. Then diluted 1:100 in TSB
and incubated at 30°C with shaking until ODgoo doubled. Library 3 and Library 4 were
combined in 2:1 ratio. Cultures diluted to 0.01 ODgg and ~10° cfu's were plated on
MHB2 agar containing 50ug/mL MR100. Plates were incubated at 30°C overnight.
Resistance was re-tested in growth curves and mutants which were resistant were
mapped using inverse PCR. Resistant mutants were purified to single colonies and
were mapped using inverse PCR [549]. All overnight cultures of mutants were
maintained with Erythromycin Sug/mL. Briefly, genomic DNA from 1mL overnight
cultures was prepared using the Wizard genomic purification kit, and then 5uL of DNA
was digested with Acil for 4 hours at 37°C. This was heat inactivated at 65°C for 20min
and self-ligated with T4 DNA ligase at 16°C overnight. Ligation reactions were PCR

purified. PCR reactions were set up using primers HGTnlnvPCRoutF and
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HGTnInvPCRoutR with 50°C annealing temperature and a 2 min extension time.
Reactions were sequenced with HGTnInvPCRseq at Dana Farber Sequencing Facility.
After identifying two mutants as insertions in mprf, PCR was conducted on six other
mutants using MprFdccfwd2 and MprFdccrev2 primers and sequenced with TM168 at
Genewiz Sequencing facility in order to map the location of the insertion and the type of
transposon construct.

Tn-Seq: Tn-Seq was performed as described in Chapter 3 with some modifications. For
MR100, Libraries 3 and 4 were combined in a 2:1 ratio and then diluted as previously
described (Chapter 2), except a starting inoculum of 10° cfu's/2mL was used. Diluted
transposon library aliquots were treated with 12.5ug/mL, 6.25ug/mL and 3.125ug/mL of
MR100 and incubated at 37°C with shaking, and harvested when it reached stationary
phase. For MR101, the library with only inactivation and upregulation constructs, library
2, described in Santiago et al. was used [392]. The library was treated with 6.25ug/mL,
12.5ug/mL and 25ug/mL. Samples were prepared for Tn-Seq and after lllumina
sequencing at Biopolymers Sequencing facility. Sample preparation and data analysis
was conducted as previously described [392] with one exception. Since the number of
TA sites hit under 12.5ug/mL of MR100 was very low (only 15,305) compared to the
number of TA sites hit in the control condition (168,848), this data set was normalized
only by number of reads and not by simulation-based resampling, which also takes into
account number of TA sites hit. Donor barcodes for each construct are pen: ATTCG,
cap: CCACG, tuf: ATCCG, blunt: TACCG, dual: AATCG, erm: TGCCG, weak TT:

GTACG, medium TT: CGTCG, good TT: AGACG, strong TT: ATACG.
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HPLC: HPLC was performed using a C18 column and water with 0.1% formic acid and
acetonitrile with 0.1% formic acid as solvents. Solvents were varied with time as follows:
for the first 2min, 5% acetonitrile, 2min-8min, ramp to 95% acetonitrile, 8min - 20min,
maintain at 95% acetonitrile, 20-22min ramp down to 5% acetonitrile. Mass
spectrometry of collected fractions was completed in the Kahne lab in Cambridge.
Construction of HG003 AmprF transposon library: Antibiotic resistance cassettes of
plasmids (TM174 and TM175) containing functional and truncated transposases were
switched from kanamycin to chloramphenicol and moved to the HG003 strain with
resident @11 prophage deleted (SHM062 and SHM063) by Dr. Samir Moussa, a post-
doc in the Walker Lab. The kanamycin marked mprF deletion was moved into these
strains by ¢85 transduction (MR039 and MR040). Transductions were confirmed using
MprFdccfwd2 and MprFdccrev2 primers. Donor lysates were made using ¢-11 FRT
phage variant from donor strains TCM239, TCM240, TCM241, TCM242 to obtain phage
packaged with blunt, Ppen, Pcap, Pius, transposon constructs respectively. Phage were
titred and packaging efficiency was determined on RN4220 and TM19 respectively. A
high phage titre (~10° pfu/mL) is desired. We obtained a packaging efficiency of 37-88%
from our phage lysates. These lysates were used to infect the recipient strains (MR039
and MRO040). A test transposition was conducted to determine phage:cell ratio that was
suitable. We obtained ~500 colonies from MR039 with the functional transposase and
no colonies in MR040 with truncated transposase at 5 MOI (multiplicity of infection).
This was scaled up to construct the full library. We harvested a total of 601,000
colonies. Tn-Seq sample preparation and harvesting was conducted at 37°C following

the same protocol as described previously. Data analysis was also conducted as
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previously, with normalization of samples by read count. All TCM strains are described
in Santiago et al. [392].

Spot dilution assays: All strains were diluted from overnight cultures into fresh media
with appropriate antibiotics (and anhydrous tetracycline inducer if necessary) and grown
at 30°C until an ODggp of 1. These were the serially diluted and 5uL were spotted on
agar plates with or without 0.4 uM anhydrous tetracycline and incubated at 37°C
overnight. For assays with tunicamycin or gentamicin, tunicamycin was used at 1ug/mL
and gentamicin at 1.2ug/mL Plates were imaged after overnight incubation.
Transmission electron microscopy: Overnight cultures were diluted 1/100 in fresh
TSB with the presence of appropriate antibiotics or anhydrous tetracycline inducer, if
desired, grown at 30°C until an ODgg 0.3. Samples were outgrown for 2 hours or 4
hours after this point. Cells were harvested by centrifuging at 14,000xg for 3min, and
resuspended in 50uL water. 50uL of 4 parts fixative solution and 1 part glutaraldehyde,
provided by the Electron Microscopy facility was added to the samples. Samples were
allowed to fix at room temperature for 30min and submitted for sectioning to the
Electron Microscopy facility. After staining, the samples were imaged using JEOL

1200EX-80kV microscope.
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Appendix 1: MATLAB code for analyzing high-throughput screening data

ab|= a = xlsread ('1
2
3 Esize (a)
4 - SCREEN_SIZE=47616;
5
[ % make controls file
7
8 fremove the wells which do not replicate
a4 — x_conl=[]l;y_conl=[];
allifes for i = 1:5CREEN_SIZE
11 - if mod(i+l,24)==0 | mod(i,24)==0
12 = x conl(i,l)= a(i,3):
13||= ¥ conl(i,1)= a(i,4);
14 — else
15 — x _conl({i,l)=nan;
16 — v conlii,l)=nan;
1l end
18 — end
19 least sguares best fit of the replicates
20 |= ¥ TS5B=x_conl(:,1):
21 = Y T5B=y conl(:,1);
22 — =~(isnan (X TS5BE) |isnan(¥_T5B)):
23 = p_con=polyfit (X _TSE(q),Y T5B(g),.1):
24 — y_con=polyval (p_con,x_conl);
25 — offset_con=y_conl-y_con;
26 — figure
27 — scatter(x_conl,v _conl, 'b')
28 — hold on
29 — plot (2 _conl,y_con, 'r--"')
30 — title ('TSE1 against T3EB2')
31 = xlabel ('4x 1 TSE1l')
32 - TSE2')
33 = hold off
34
35 %calculate std dev of offsets
36 — X offsetcon = offset con(:,1):
31 = g _offsetcon = ~(iznan(X offszetcon));
38 — absX = abs (X offsetcon (g offzetcon));
39 — stdev_offsetcon = std(absX);
40
41 remove the wells that are too different in replicates
42 = corr TSB con=[];
43 — for i = 1:5CREEN_SIZE
44 — corr T5B con(i,l:2)=a(i,1:2);
45 — if mod(i+l,24)==0 | mod(i,24)==0
48 — if x conl{i,1)>85 & ¥y conl{i,1) > B5
47 — corr T5E con(i,3)=(x conl(i,1l)+y conl(i,1)}) f2;
48 — elseif x conl(i,1)<20 & vy conl(i,1)<20
43 — corr TSB con{i,3)=(x_conl(i,l)+y conl(i,1))/2:
S0 = elseif abs(offset_con(i))<«<S*stdev_offsetcon
oY = corr TSE con(i,3)=(x conl(i,l)+y conl(i,1)) f2;
52 — else
53 — corr T5E con(i,3) = nan;
54 — end
55 — else
56 — corr TS5E con(i,3) = nan;
57 — end
58 — end
59
&0 %do the =zame for oxaclllin control wells
6l — ®x_con2=[]l;v_con2=[];:
62 — for i = 1:5CREEN SIZE
63 — if mod(i+l,24)==0 | mod(i,24)==0
a4 — x conZ{i,l)= a(i,5):
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65
66
&7
(1]
69
70
71
72
73
74
75
76
77
78
79
an
gl
g2
83
24
85
a6
a7
a8
g9
]
91
92
93
94
a5
96

a7

a8

45
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

vy con2(i,1l)= al(i,&);
else
% cond (i,1)=nan;
y _con2(i,l)=nan;
end

end
X OX=x comn2(:,1);
Y OX=y con2(:,1);
g2=~ (isnan (X OX) |isnan (¥ OX));
p2_con=polyfit (X_OX(g2),Y OX(g2),1):
v2 con=polyval (p2_con,x conZ);
offset ox con=y conl2-y2 con;
figure
scatter(®x _conZ,y _cond, 'b')
hold on
plot (x_con,y2 com, 'r—-')
title ('OCxl against O=2')
Xlabel ('Avg % surviwval oxl')
yvlabel ('Avg % surviwval ox2')
hold off

Fcalculate std dev of offsets

X offsetoxcon = offset ox con(:,1);
q_offsetoxcon = ~(isnan (X offsetoxcon));
absXox = abs (X offsetoxcon(g _offsetoxcon)):
stdev_offsetoxcon = std(absXox):

fremove the wells that are too different in replicates
corr_ox con=[]:
for i = 1:5CREEN SIZE

corr ox con{i,l)=a(i,l);

corr ox con(i,2)=a(i,2);

if mod(i+l,24)==0 | mod(i,24)==0
if ® con2(i,1)>85 & v_conm2(i,1) > B85
corr ox _con(i,3)=(x_con2(i,1)+y_con2(i, 1))/ 2;
elseif =x con2(i,1)<20 & vy conZ(i,1)<20
corr ox con(i,3)=(x_con2(i,1)+y_con2(i,1))/2;
elseif abs(offset_ox_con(i))<5%5.78
corr ox _con(i,3)=(x_con2(i,1)+y_con2 (i, 1)) 2;

else
corr ox con(i,3) = nan;

end

else
corr ox con(i,3) = nan;

end

end
rols final with replicates removed - removes 28 out of 39

con_final=[]:
for 1 = 1:5CREEN SIZE
con final(i,1:2)=a(i,1l:2);
if isfinite(corr T5E con(i,3))| isfinite(corr_ ox con(i,3))
con _final (i, 3)=corr_TS5E_con(i,3):
con _final (i,4)=corr_ox con(i,3):
else
con final (i,3:4)=nan;
end
end

count_con=0;

for i = 1:5CREEN_SIZE
if isfinite(con final(i,3))& isfinite(con_final (i,4))
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129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
1l6a
1639
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
130
191
132

count_con = count_contl

end
end
%least =sguares best fit of adjusted controls - but first remowve
X=con_final(:,3):
Y=con_ final(:,4);
g3=~(iznan (X) |isnan(¥));
p_con_final = polyfit (X(g3),Y(g3),1):
v _con_final = polyval (p_con_final,X):;
figure
scatter (con_final(:,3),con_final(:,4))
hold on
plot(con final(:,3),y con final, 'xr—-')

%for actual libr

TSB

; compounds

x_coll=[];y_coll=[]:
for i = 1:5CEEEN S5SIZE
if mod(i+l,24)~=0 & mnod(i,24)~=0
x coll(i,1)= a(i,3):
¥y coll(i,1)= a(i,4);
else
% coll(i,l)=nan;
v _coll(i,l)=nan;
end
end
X T3B sc=x_coll(:,1);
¥ TSB sc=y coll(:,1):
g_T5B_sc=~ (isnan(X T5E_sc) |isnan(Y_T5E_sc)):
p_TS5B sc=polyfit (X TSB sc(qg TSB sc),Y T5B_sc(g TSE_s=c),l1):;
y TSB_sc=polyval (p TSE sc,x coll):
offset T5B _sc=y coll-y T5B sc;
figure
scatter (x_coll,y coll, 'B")
hold on
plot(x_coll,y T5E_sc, 'r--')

title ("TS against TSB2'

xlabel ("Avg % surviwval TSE1')

yvlabel ("Avg % =sur
hold off

iwval TSB2'})

%calculate std dev of offsets

X offsetTS5Bsc = offset _TSE sc(:,1):

g offsetT5Bsc = ~(isnan(X_offsetTSBsc)):
absXTSBsc = abs (X_offsetTS5Bsc(g_offsetTSBEsc) )
stdev_offsetTSBEsc = std(absXTS5Bsc):

fremove the wells that are too different in replicates
corr TSB=[]:
for i1 = 1:5CREEN_SIZE
corr TSEB(i,1l)=a(i,1):
corr T3B(i,2)=a(i,2):
if mod(i+1,24)~=0 & mod(i,24)~=0
if ®x coll(i,1)>85 & y_coll(i,1) > B5
corr T5B(i,3)=(x_coll(i,1l)+vy coll(i,1))/2:
elseif % coll(i,1)<20 & v coll(i,l)<20
corr TSBE(i,3)=(x_coll(i,l)+y coll(i,l))/2;
elseif abs(offset TSB_sc (i) )<6*stdev_offsetT5Bsc
corI“TSE(i,3]=(x_c011(i,1]+y_c011(i,1]]f2:
else
corr TS5E(i,3) = nan;
end
el=se
corr TS5E(1i,3) = nan;
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193
194
1495
196
197
198
195
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

226
227

228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
248
247
248
249
250
251
252
253
254
255
256
257
258
259
260

corr T5B(i,3) = nan;
end
else
corr TSE(1,3) = nan;

end

3968

count_tsk=0;
count_tsbrejects=0;
for i = 1:5CREEN_SIZE

if isfinirte(corr_TSB(i,3))

count_tsb = count_tsb+l;
elseif isnan(corr_TSE(1,3))
count_tsbrejects = count_tsbrejects + 1;

end
end
x col2=[]:v_col2=[]:
for i = 1:5CREEN_SIZE

if mod(i+1,24)~=0 & mod(i,24)~=0

® col2(i,1)= a(i,=);

¥ col2{i,l)= a(i,&):

else

=% col2(i,l)=nan;

¥ _coll(i,l)=nan;

end
end
X _O¥_sc=x col2(:,1):
Y 0¥ _sc=y col2(:,1):
q_O¥_sc=~(isnan(X OX sc) |isnan(Y _OX =c)):
p_O¥_sc=polyfit (X OX scig OX =c),Y OX =sc(g OX =c),1):
y_O¥_sc=polyval (p_OX sc,x col2):
offset_OX_sc=y_col2-y OX_sc:
figure
scatter(x_cold,v_colld,'kL')
hold on
plot(x_col2,y CX sc,'r--")
xlabel ("Avg % survival oxl')
vlabel {("Avg % survival ox2')
hold off
%calculate std dev of offszets
¥ offsetC¥sc = offset_OX =c(:,1):
g _offsetO¥sc = ~(isnan(X offsetl¥s=c)):
absX0X¥sc = abs (X_offsetOXsc(g_offsetlOdsc)):
stdev_offsetOXsc = std(absXOXsc);
fFdetermines how were rejected at this step; was 4037 minus 3968

fFcontrols = 69 experimental wells

corr_ox=[]:
for i = 1:5CREEN_SIZE
corr ox(i,l)=a(i,1):
corr ox(i,2)=a(i,2):
if mod(i+1,24)~=0 & mod (i, 24)~=0
if x col2(i,1)>85 & v col2(i,1) > 85
corr _ox(i,3)=(x _col2(i,1)+y colZ(i,1))/2;
elseif % cold(i,1)<20 & ¥_cold(i,1)<20
corr ox(i,3)=(x_col2(i,1)+y col2(i,1))/2;
elself abs (offset OX sc(i))<6*stdev_offsetCXsc
corr ox(i,3)=(x _col2(i,1)+yv_col2(i,1}) F2;
else
corr ox(i,3) = nan;
end
else
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261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
2590
291
292
293
294
285
296
2597
2598
259
300
301
302
303
304
305
306
307
308
309
310
=hlE
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
3z2g

corr ox(i,3) = nan;
end
end

count_ox = 0;
count_oxrejects=0;
for i = 1:5CREEN_SIZE

if isfinite(corr_ox(i,3)) & isfinite(corr_ox(i,3))

COUIIE_OX = CDlJIlt._OX+1;

elseif isnan(corr_ox(i,3))& isnan(corr_ox(i,3})

count_oxrejects = count_oxrejects+l;
end
end

%file of screened compounds without rejected wells

screen_adjusted = []:
for i = 1:5CREEN_SIZE
screen adjusted(i,l:2)=a(i,1:2);

if isfinite(corr T5EB(i,3)) & isfinite(corr_ox(i,3))

screen adjusted(i,3)=corr T5B(i,3):
screen adjusted(i,4)=corr_ox(i,3):
else
screen adjusted(i,3:4)=nan;
end
end
% 87 wells in addition to controls were removed
count_screenedcmpds = 07
count_rejectedcmpds = 07
for i = 1:5CREEN_SIZE
if isfinite(screen adjusted(i,3:4))

count_screensdcmpds = count_screenedcmpds + 17

elseif isnan(screen adjusted(i, 3:4))

count_rejectedcmpds = count_rejectedcmpds + 1;

end
end
%%
%Identi
%24th column of each

¥ ToxXic

Toxic = []1:
for i=1:5CREEN_SIZE
Toxic(i,1l)=a(i,1):
Toxic(i,2)=a(i,2):
if screen_adjusted(i,3)<20
Toxic (i, 3:4)= screen adjusted(i,3:4);

else
Toxic(i,3:4)= nan;
end
end
% gives the total number of lethal hits - for screen
count_toxic = 0;

for i = 1:5CREEN SIZE

if isfinite(Toxic(i,3))
count_toxic = count toxic + 1;

end

end

%%

%Sorting hits

weak hits=[]:

medium hits=[]:

strong_hits=[]:

y_weak=[]:

yv_medium=[]’

hits_withgd=[]:

for i=1:S5CREEN SIZE
weak hits(i,1:2)=a(i,1:2);
medium hits(i,1:2)=a(i,1:2);
strong hits(i,1:2)=a(i,1:2);
hits withgd(i,1:2)=a(i,1:2);
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329 - strong hits(i,3:4)=nan;

330 - medium hits(i,3:4)=nan;

331 = weak hits(i,3:4)=nan;

332 — hits withgd(i,3:4)=nan;

333 $intercepts were determined by using the cut off values below for TS5B and ox:; and
334 %solving the equation y=mxtc where m= slope of best fit line of controls.
335 = v weak(l,1)= 0.9958*% (screen_adjusted(1,3))-24.748;

336 - v medium(i,1)=0.8858* (screen_adjusted(i,3))-49.685;

327 = v strong(i,1)=0.3360* (screen_adjusted(i,3))-79.822;

338 %if TS5B>60 and oxa <35 then weak; if TS5E>75 and oxa<25, then medium; if
339 T5B>80 and oxa<l0, t

340 - if screen adjusted(i,4)<y strong(i,l)& screen adjusted(i,3) » 60 & screen adjusted(i,4)<10
341 - atrong hits(i,3)=3creen_adjusced(i,3);

342 - strong hits(i, 4)=screen adjusted(i, 4):

343 - else

344 - atrong hits(i,3:4)=nan;

345 - end

346 - if screen adjusted(i,4)<y medium(i,l) & screen adjusted(i,3) > 60 & screen adjusted(i,4)<25 & isnan(strong hits(i,3))
347 - medium hits(1,3)=scresn adjusted(1,3):

348 - medium hits(i,4)=screen adjusted(i,4);

349 - else

350 - medium hits(1,3:4)=nan;

351 - end

352 - if screen adjusted(i,4)<y_weak(i,l) & screen_adjusted(i,3)>50 & screen adjusted(1,4)<35 & lsnan(medium hits(i,3)) & isnan(strong_hits(i,3))
353 - weak hits(i,3)=screen adjusted(i,3):

354 - weak hits(i,4)=screen adjusted(i,?);

355 - else

356 - weak hits(i,3:4)=nan;

357 - end

358 — if screen adjusted(i, 3)>45 & screen_adjusted(i,3) <80

359 - if isfinite(medium hits(i,3)) | isfinite(strong hits(i,3)) | isfinite(weak hits(i,3))
360 - hits withgd(i,3)==screen adjusted(i,3);

361 - hits withgd(i,4)=screen_adjusted(i,4);

362 - elsze

363 - nits withgd(i,3:4)=nan;

364 - end

365 - else

366 — hits withgd(i,3:4)=nan;

367 end

368 - end

369 $number of hits - medium and weak hits will have some overlap with hits
370 %with growth defect

37 count_strong = 0;

372 - count_weak = 0;

373 - count_medium=i

374 - count_gd = 0;

315 = for i = 1:5CREEN_SIZE

376 - if isfinite(strong hits(i,3:4))

enil|= count_strong = count_strong + 1;

378 - end

379 - if isfinive (weak hits(i,3:4))

380 - count_weak = count_weak+l;

381 - end

382 - if isfinite (medium hits(i,3:4))

383 - count_medium = count medium + 1;

384 - end

385 - if isfinite(hits withgd(i,3:4))

386 - count_gd = count_gd+l;

387 -

3g8 -

389

390

391 1 adjusted data

392 - figure

393 - scatter(corr T3B(:,3), corr_ox(:, 3}, 'b')

394 - hold on

395 - scatter (medium hite(:,3), medium hits(:,4),'c")

386 - hold on

397 — scatter(strong_hits(:,3), strong_hits(:,4),'c’)

398 — hold on

398 — scatter(Toxic(:,3), Toxic(:,4), 'k', 'filled')

400 — hold on

401 — scatter(hits withgd(:,3), hits_withgd(:,4),'m’)

402 — hold on

403 — plot(con_final(:,3),y_con_final,'r--')

404 — title (')

105 — xzlabel('s = val TSE')

406 — ylabel('s survival Oxacillin')

407 — axis([-20,160,-50,300])

408 — lgnd = legend('Screened compounds’','Medium Hits', 'Strong Hits', 'Toxic', 'Hits with Growth Defects','Location','Northwest')
408 — set(lgnd, 'Col ')

410 — legend('boxoff’)
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Appendix 2: Hits identified in high-throughput screening for g-lactam potentiators

Table A2.1: High-throughput screening hits identified in the strong category

Plate

1842
1870
1871
1879
1891
1891
1891
1893
1895
1898
1502
1903
1305
1306
1508
1510
1511
1511
1912
1912
1913
1913
1514
1914
1314
1914
1915
1915
1915
1915
1915
1916
1916
1917
1917
1918
1919
1919
1919

well

P13
F18
P17
N13
B17
121
M21
P10
D02
Jos
BO7
118
Al0
121
007
011
H11
K02
H20
P13
El6
K22
Bi4
Ccl4
FO3
P15
BO9
B11
D20
H20
017
B12
P21
Al5
K05
P20
G16
Mo4
P17

Average percent survival
minus B-

lactam
95.50
88.76
101.76
96.67
104.00
97.84
96.26
102.70
87.97
92.37
104.53
101.61
87.54
105.09
104.89
102.51
100.05
101.74
95.85
103.21
98.83
98.10
101.45
90.25
87.28
102.39
102.09
91.68
107.61
91.16
108.61
94.93
84.08
95.95
87.72
113.26
89.76
89.62
90.15

plus B-
lactam
4.75
7.17
9.66
5.75
9.45
7.90
9.34
6.14
7.22
9.70
7.95
2.55
4.01
6.42
9.97
1.94
6.32
6.30
3.80
4,75
1.82
3.41
7.29
4.71
7.12
8.73
5.43
2.24
3.27
1.31
1.61
197
3.69
6.67
4.74
3.38
5.42
2.53
1.35

SMILES
n{c{cceel)cln2CCCCOc(ce3)cee3C)c2CC
$(=0){=0){NC1CCCC)efcec(c23)0CC{=0)N2CC|=0) Ne{cee{cacl)C)cd)c3
N1(c2cee(cc2)Cl)C(=0)C(N{CCc{cc3)cen3) C1=0) CC(=0) N ccd)cccd0CCC
c1{C{F){F)F}nc{ccece2)e2nclN{CC3) CCC3C(=0)Nedecee| Flod
cl{c{cc2e({cee{C)c2)nl)cc3C{NCCCN(C)cdceeced)=0)s3
S{NCCclcsc{c2cee(cc2)Cl)nl)(=0)(=0)c3c{OC)cee(F)c3
S{NCCclcsc{c2cec{cc2)Cl)n1){=0){=0)c3cc(C)ccec3C
C{COc{c12)cee(Br)cl)(C{=0)MNCc3cccec3Cl)=C2
C{NC(=0)c{ccecl [N+](=0)[0-])€1C) {=C(C)N=C{N23) C=C{C=C2)C)C3=0
€1{N(CC2)CCC2C{=0)N[CC3)CCN3cdec(C)ecedC) [nH] eSef coc(Cles)nl
nle{CCNC({=0)c2ecc{ OC)ee{OC)c2)esclefcc3)ccc3C(F)(F)F
nlc{c2cee{cc2)Cl)nn(c(cs3)CCNS(=0)(=0)c(cAC)c{C)on4)c13
c1(sc{c2C)CCNS(c3ceeee3) (=0)=0)n2nc{cdcee(ce4) Cljn1
C1{=CC=CN(Cc{cccc2[N+]{=0)[0-])c2)C1=0)C{=0)Mc{cc3)ccc3CC
c1{C{=0)MNc{ccc(c2C(F){F)F)Cl)c2)nc{ceee3)c3nclNACCCCCA
nl{nc{n2)CCn{c3)c{Clcn3)c2ecdc|ceced)nclSCC({=0)NeSceee(Clcs
nl{c2ceec{Cl)c2)ncc3clnenc3MCCC{C)C
n1l{c2cee({cc2) Fyncc3clnenc3Ne|ccd)cecdOc(ces) ceeSCl
S(=0){=0){M{CC)Cclcceeel)c2e(F)ecef{c2)C(=0)MNc3ce(Cl)ec(Cl)c3
5(=0)(=0}{N1CCCCCCL)c2e(F)eee({c2) C{=0)Mc3cc(Cl)cc(Cl)c3
cl{ce{cccIN{CC2)CCN2c3ceeee3F) C{OCC)=0)NC(=0) N cec{c4Cl)Cljcd
cl{ce{cccIN{CC2)CCMN2c3ccee( Cl)e3) C{OCC)=0) NC(=0)Mc(ccd)cccaCl
cfcclSc2ecee{Cl)c2){c3c{nl)ccce3) C{NCCCNACCCCCAC)=0
c1{Cl)cc{F)ccc1CMNC{=0)CCSCefcc2)ccc2Cl
c1{Cl)cc{F)ccclCNC({=0)CCSCe2ecee|Cl)c2
c1{Cl)cc{ccc1Cl)CNC(CSCe2eccec2Cl)=0
C{=0}(Nc{cce(c1Cl)Cl)cl)N2CCC{c3cec{cc3) C)C2

Annotations

Did not retest
Retested - sensitzes only 1784A and MW2

Retested

Inconclusive

MR101/MR100

Structural analog of 1913 E16, retested - 4-8x weaker

S(=0){=0}{c{ccecl)clC{N2Cc3ccee|Cl)c3)=0)c(cee(c4) C(NCCCNSCCCC(C)C5)=0)c24

c1{c2c{sclNCe3cees3) CCCC2)C(=0) Mo ced)ceccdC{OCC)=0
cl{c2c{sc1NCc3ccec|F)c3)CCCC2)C(=0) Ne(cecd) ceedC{OC)=0
N1(Cc2eceec2C)C(=0)CN=C(c3cceee3)c{cc(Cl)ced)cl4
n{CCC{=0)Nc{cc(C)ceclC)el)(c2C)c{c3cecee3)cc2C{C)=0

c{ C{OCC)=0){cc{n1CCC{=0)Nc{cc2)ccc2C(F)(F)F)c3cccee3)clC
S(=0)({=0}{c{ccclc2e3e{[nH]1)CCCC3)c2) NC{cdceeecdCl) CC{OCC)=0
n{CCC{=0)Nc{cce({clCl)C)cl){c2C)c(c3cec|{ce3)OC)cc2C(C)=0
C{=0}(C{clcee|ccl)Cl)=Cec(c23)cec{ O)c2CN(CC4)CCO4)03
S{NCCc{clc([nH]2)cce(C)el)e2C)(=0)(=0)c3cce{c(OC)c3)Br
S{clccececl)(=0){=0)N{c{cccc2C{F)(F)F)c2) CC{=0)Nc3cooe( Cljc3
c1{Nc2c{OC)cce{ OC)c2)c3cfcece3) nefcdece(ced)C)nl
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Table A2.2: High-throughput screening hits identified in the medium category

Plate

1919
1877
1912
1877
1912
1503
1876
1876
1876
1912
1897
1514
1876
1902
1898
1915
12938
1915
1510
1913
1910
1875
1910
1872
1871
1510
1911
1912
1916
1809
1912
1893
1397
1512
1811
1875
1876
1912
1500
1913
1878
1912
1878
1915
1293
1911
1911
1876
1911
1875
12938
1912
1916
1500
1916
1912
1913
1872

Well

Lo4
Do2
113
MO5
D20
El6
J18
Jos
E20
MO7
MOo2
p22
F20
AD2
HO5
F19
FO5
EO3
D13
D15
P13
HOL
N18
M15
B12
F13
L21
B20
021
Mo2
C19
Ci1
G14
110
A2l
M16
Po4
014
coa
D22
BO9
M20
HO5
N22
F12
D11
Bl6
FO&
N17
N12
102

102
A4
Po8

B21
NO9

Average percent survival
minus p-

lactam
66.79
79.44
60.07
61.49
81.27
65.66
76.75
76.86
67.02
64.04
72.57
69.08
63.01
61.44
75.73
66.75
71.76
81.92
69.92
77.54
05.77
70.07
67.22
85.94
70.84
89.19
96.69
106.04
88.07
65.40
93.17
84.46
96.29
82.86
81.15
71.51
71.38
86.14
80.04
96.68
98.06
83.22
91.94
109.11
100.83
97.66
89.36
99.42
96.72
77.50
95.20
67.54
96.28
100.61
102.20
76.99
85.43
81.48

plus B-
lactam
0.26
0.61
0.71
0.72
1.42
1.87
1.54
2.04
2.87
3.08
3.10
3.28
3.59
4.07
4.37
4.38
5.14
5.70
6.16
6.37
6.88
7.94
8.86
9.08
9.28
9.34
10.64
10.69
10.77
10.80
10.81
10.90
10.91
10.93
10.95
11.03
11.11
11.17
11.17
11.70
12.20
12,24
12.53
12.59
12.68
12.69
12,70
12,87
12.95
13.03
13.41
13.43
13.43
14.04
14,12
14.14
14.35
14.62

SMILES Annotation
n1{C)c(c2ecee{cc2)BrienclNCe3ceee(OC)c3

c{ C{NCCCN(CCc(c12)ccecl)C2)=0){cnn3cdcec|c{C)cd)C)c3C(CCS)CCNSC(=0)OC(C){C)C
5(=0)(=0){NC1CCCCL)c(coo|{c2C(=0)MNc(cc3) coc3Br)F)c2
c1{C(=0)N|CCN(C)C)Cc2ccco2)oc{c3cINC(=0)cdcccccdQC) coce3
S{MCCcleccecl)(=0)(=0)cf{coo(c2C{=0)Mc{cc3)cocc3C(C) C)F)c2

nlc{c2cec(cc2)Clynn{c(cs3) CCNS(=0)(=0)cdc({C)colccdC) C)cl3
c1{C{=0)M{CC2)CCM2c|{cccc3C(F){F)F)e3)c(C)oc(ncncANSCCCCCS)cld
[nH]1c2c(cclC{=0)NCC|{CC3) CCN3Cedee| C)cocdC)coe| ceens)c2s

c{ C{NCCCN(CC1)CCMN1c2cccec20C)=0) | cnn3cdceee| Cl)ed)e3C(CCS) CCNSC(=0)OC(C)(C)C
5(=0)(=0)(clc(F)ccc(cl) C(=0)Nc2ee| Cl)cc{Cl)c2)N3CCo( coocd) c34
cl(sc({c2n1)cee(C)c2C)NC(=0)c(cee(c34) OCCO3)cd

M1{Cc2ec|{C)ooc2C)e3c| coofc3) C{=0)NCodcoes4) 5o cooes) c5C1=0

cf C{NCCN1CCC{CC1)Ce2eceec?)=0)(cnn3cdcec| cod) F)e3C{CCS)CCNSC(=0)OC(C){C)C
c1{cce(c2cl0)ccen2)C{Me3cccen3)cdooccocdF
nlc{c2ecee(cc2)Finn|c{cs3)CCNC({=0)c|ccccAC(F) (F)F)cd)c13

cfel)(c2e(nclNc3eccec30C ) cccc2) C{MCCCN(CC4) CCNAcScee|ccs) OC)=0
c1{M{CC2)CCCIC(=0)N(CC3)CCM3cAccee(Cl)cd) [nH] c5c( cec( C)cs)nl
C(=0){Mc(ccl)eccclCl)N2CCC(c3ceece3)C2

c1{Mc{cc2)cocc2F)e3e{coee3)ne{SCo cod)cocacl)nl

MN1{Cclcc?)occ2F)C{=0)C5c| coofc3) C{NCCo| ced)cocdCl)=0)cl3
c1{Mc{cc2)ccc2F)e3e{coce3)ne SCodecce(Cl)ed)nl

cl{c2c3ceef{ce3)F)c(on2) N=CN|CCC{=0)Ncidc{OC)ce(c{ Cl)ca) OC)C1=0
c{c1C){C({=0}N{CCc2eecccc?) C{M3Ccdccee|Cl)ed)=0)c3sc1C(=0)N{CC)CC
c1{c2c({[nH]cl)cocec2)C{ CC3)=CCMN3C(=0)Nc{coc{ cACl)F)ca
N1{c2cee(cc2)Cl)C(=0)C(N{C3CCCC3)C1=0)CC{=0) Nc{cccedC{OCC)=0)cd
nlc{SCc|{c{OC)occ2C{C)=0)c2)nc{c3cINCedcoooed)cooc3

nl{c2c(C)eee Cl)c2)neec3clnenc3NCCCedocoocd
cfclecccclF){ncfcooc2)c2c3Nedeccocd0C)n3
c1{C{=0)Mc2c{OC)cee{Cl)c2)c3c{sc1NCedccesd) CC{C)CC3

c1{SCCN([H]}Ce2eeee{ OC)c20Ce3cec{ ce3Cl)CljnnnnlC

5(=0)(=0){NCc{ccc(c12) OCO1)c2)c|cec{c3C(=0) Nc| coe{cACl ) F)cd) F)c3
5{=0)(=0}(N{CC1)CCC1C(=0)Nc{ccc{c2C(F)(F)F)Cl)c2)c3c(C)noc3\C=C\cdc(C)cc{ccaC)C
c1{cncfcf{cooe2)cl2) NCe({ce3)coc3Cl)C{OCC)=0
ni{c2c{ncl\C=C\clcc3)coc35C)eeec2) S(=0) (=0} cdcec|c(C)cd)F

c1{Mc2cce{c{OC)c2) OC)c3c| CCCC3)ne cocf cd) MC|{=0)c5cc( OC)cc{ OC)c5)c14
c1{c{C)[nH]c{C)clC{OCC)=0)5(=0}{=0)N{CC2)CCM2c{ccce3C(F)(F)F)c3

c{ C{=0)MCC{CC1)CCNICCe{cc2)ecc20C)(enn3cdecee|Cl)ed)c3C{ CC3) CCNSC{=0)OC|{C){C)C
5(=0)(=0){N1CCCC1)c2c(F)cec(c2)C{=0)Nc3cc(Cl)cc(Cl)c3
C1(=0)c2c(|ccec2)Sc{cce{c3)NC{=0)Ncdccee|cAC) [N+] (=0) [O-]1)c3N1CC
C1{=N)N({CC)c2c({ccoc2) N1CC O ce3)coc3Br
c1{nc(C)ec2C{=0)Nclccoe3C(F)(F)F)e3)c2e{nnlcdcec| ced) CC)C
5{=0){=0){NC1CCCCCC1)c2c|F)coc{c2)C{=0)Mc{cc3)ccc3Br
5{=0){=0}){N{C)Cclccececl)c{ccc2e3ede([nH]2) CCCCCA) 3
5({=0)({=0){c|{cccel)elC{N2Cc3ceee| Cl)c3)=0)cfcoc{ c4) C(NCCCNSCCCCCSCC)=0)c24
C(COc(c12)cceiBr)cl){C(=0)NCc3ccee(F)c3)=C2
c1{N{[H])C{=0)c{cc2)ccc2S(=0)(=0) N[ CCC)CCC)se(c{CCN3CC)clc(0C)=0)C3
nl{c2ceecec2)nec3clnenc3NNC{=0) ol cod)cccdC{C)(C)C

¢ C{=0)MCC{CC1)CCN1Cc2ccccc20C) (enn3edecce| Cl)ed)c3C(CCS)CCNSC{=0)OC(C)(C)C
nl{c2ceee(Cl)c2)nec3clnenc3MCCCedocoood

c1{cc{C)c2e(cee{c2) NC{=0)Mcfcc3 jeccc3Cln1)N{CCA)CCNAC
c1{M{CC2)CCC2C(=0)Ncfccc{c3Cl)C)e3)[nH]c{cdnl)ceocd
5(=0)(=0)(NCclccceclCl)c2e(F)cee(c2)C{=0)Mc3cc(Cl)cc(Cl)c3
M1{c2cooo|{Cl)c2)C{=N)c{c(C)n[nH]3)c3N=C15CC(=0) Ncdccoo( C)cd
C1(=0}c2c|{cece2)Scfcoc{ c3)NC(=0) N coc{cAC) Bricd)c3N1CC

M1{c2cee(c(C)c2) C)C{=0)c{c3)c(N=C15Ccdccece|F)cd) [nH]n3
5({=0){=0}){NCclcceeelOC) c2e(F)oce(c2) C(=0) N cecc3C(F) (F)F)c3
M1{Cc2ecee(C)e2)c3efcoc{c3)C(NCCCN(CCA)CCO4)=0)Sc|ccces)e5C1=0
n1{CC2C)c(c(52)cce3)c3cclC{=0)NCcdccee( Bricd
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Table A2.2 (Continued)

Average percent survival

8 | olh
Plate well minus f plus p

lactam lactam  SMILES Annotation
1916 D03 77.12 14.74 N1({c2ceo(cc2) CC)C{=0)c(c3)c{ M=C15CcdcecccdF) [NHIN3
1895 E15 87.24 14.79  c1{C{0CC)=0)c(C)e{[nH]cLC)CCC{NCCCM{CC2)CCN2e3c(C)ece(Cl)c3)=0
1898 co7 88.15 14.83  cl{N2CCC(CC2)C{=0)NCc3ceee|C)e3)[nH]cde{coc(Cl)ed)nl
1897 NO2 96.61 15.04 c1{NC{CSc2necen2Ce{ce3)cce3Cl)=0)sc(c4nl)ceccd
1911 MN18 78.08 15.20 nl{c2ceee(Cl)c2)ncc3clnenc3MCCCA=CCCCCA
1877 C19 109.06 15.23 c12n{ncclC|{=0)Mcfce3)ecc3F) O C=C{cdecce{ OC) cd)N2)cScoceeSF
1902 K03 108.40 15.29 nlc{CCMNC(=0)c2cce(c(C)c2)C)eseledcec(cc3)C
1914 HOS 76.97 15.34 c1(cc(Br)ccclOC)CNC|{=0)CCSCe|cc2)cec2Cl
1906 E07 78.16 1542  N1=C(SCC{=0)Nc2c(C)ecf{cc2C)C)C3=C{N({Cedcccod)C1=0)CCC3
1300 Fo1 89.34 15.44 nlc{Cjonclc2ecee({c2) NC(=0)Ne{ce3)cecc3[N+] (=0)[0-]
1917 B21 108.31 15.53  cl{C(F){F}F)c2e{n(CC{=0}Ncaccee(Cl)c3)n1)CCCC2
1912 N18 76.50 15.57 N1{c2eec(cfCl)c2)OC)C{NC=C\cfceec3C(F)(F)F)c3)=Nc(c4C1=0)cceccd
1911 D15 93.43 15.75  5{=0){=0}{c(ccl)ceclC{=0)N([H]}c2sc(c( CCN3CC)c2C(0C)=0) C3)NACCCT({C)ca
1911 K20 103.92 16.11 nl{c2cee{c{Cl)c2)C)ncc3clnenc3NCACCCCCCA
1911 M16 953.08 16.11 n1{cZccee(Cl)c2)ncc3clnenc3MCACCCCCCa
1895 116 81.67 16.16 [NH]1c{SCC(=0)MNCc2cc(Br)ccc20C)nnelc3ceeee3
1911 F15 101.98 16.17 n1{c2ccee(Cl)c2)nec3clnene3MCCe(ced)cecdDC
1911 D16 82.16 16.18  §{=0)(=0)(c(ccl)ccclC{=0)N([H])c2sc{c{ CCN3C(C)C)c2C{ OCC)=0)C3)NACCCC(C)Ca
1909 H22 92.68 16.18  N12C{c3c{ceee3)N=C15CC{=0)Nefced)eccdC|C) C)=NC{CC{=0)NCcSeees5) C2=0
1917 EO2 73.94 16.26 5(=0)(=0}(NCclcccecl)c2e|Br)cce(c2) C(=0)Mc|cc3)ccc3Br
1911 NO3 93.14 16.31 nl{c2cee({c{C)c2)C)ncc3clnenc3Mc(ceccd C(F)(F)F)cd
1302 BO3 101.71 16.59 n1{ccnclSCC(=0)MNc2ceee(cece3)c23)cdecec|Cl)cd
1915 E02 71.14 16.62  cl{c2c(sclNCe{cee{c30C)0C)e3)CCCC2)C{=0) Nefced)cocdC(OC)=0
1909 N22 101.33 16.68  N12C(c3c{ccee3)N=C1SCC(=0)Ne(ced)cocdC(C)C)=NC(CC{=0)NCefce5)ceeSF) C2=0
1330 N15 79.18 16.75 c1{C2c3cee(cc3) F)e{ CCN2C({=0) N cee{c4Cl)F)ed)efc( C)s1)CC
1878 021 96.76 16.86 nl{c2ceec(F)e2)ne(c3clng| C)ec3C{=0)NCcdcccocd) C
1911 H15 99.20 16.86 c1(c{c2cecee2)en3cdcec(c{Cl)ed) C)e3ncncIN([H] ) o ceS)cccSMNC| C)=0
1876 P14 104.06 16.88 [NH]1c2c(cclC{=0)NCC({CC3)CCM3Cefccd)cecdC)ecee(ccens)c2s
1866 K19 83.05 17.10  n{CC{=0)N1CCCCCC1){c(coec?)c2c35Ce{ced) cecaF)c3
1871 D15 96.07 17.13 c1{n2ccee2)c{ C{NCCCN(CC3)CCM3cdccee|Cl)c4)=0)c{nnlcScee|ccS)F)C
1872 G19 86.09 17.20  n1{CC2C)c(c52)cced)c3eclC{NCCefced)ceedll)=0
1832 17 107.62 17.22 5{=0)({=0)({Mc{ccecle2eee{nn2)OC)cl)c3c( C)ecfcf C)c3)Cl
1871 Ccle 69.23 17.23 5(=0}(=0)(c(ccl)cccln2ecen2) Me3cce{ co3F)F
1302 N16 91.82 17.26 N({CC1)({CCN1c2cccec2) C(CNC(=0)c(cce{c3F)F)c3)ccoc|c45)0C04)cs
1872 K17 98.46 17.40 5(=0}(=0)(c(ccl)cecle(ce(n2)C)o2)Me3cee(cc3C)Cl
1911 A22 113.71 17.51 n1{c2cce{cc2C)Clnec3clnenc3Nedecee(Clca
1876 N18 96.59 17.71  ¢[C[=0)NCC(CC1)CCNICc2ceece20C) (enn3edece(ced)Cl)e3C{CC5)CONSC(=0)0c(C)(C)C
1911 K17 97.49 17.77 nl{c2c(C)eee| Cl)c2)nec3clnenc3NCCedccoocd
1905 MOG 95.37 17.86 c1{sc{c2C)CCNC(=0)c3cece(Br)o3)n2nc(cdcec{ccd) Clinl
1304 m22 76.80 18.08 c1(c(CC2)c|scINC({CSc3coeee3)=0)CN2CC) cdsc{cnd)ccecs
1909 B16 104.84 18.38  N12C(c3c{ceoe3)N=C1SCC{=0)Nc(ced)cooaC(C)C)=NC{ CC{=0)NCe{ces)cccS0C)C2=0
1875 N16 96.20 18.62 [NH]1c2c(cclC{=0)NCc3cccec30C ) cee| cee( C)nd)c24
1910 Lo4 78.20 18.72 c1{Nec2cc(OC)ee|OC)c2)c3c|cece3) ne{SCC(=0)cfcce{c4Cl) Cl)cd)nl
1918 Dol 99.87 18.72 c12¢{c{nnclN3CCC{CC3)C{=0)NCedceee( Cl)cd) C)en{cScoccees)n2) C
1917 N12 91.81 18.81 M{CcleccoelC)(c2e{ C3{ O) CC| cdeccecd)=0) ce( Cl)cc2) C3=0
1911 E20 110.12 19.02 nl{c2cee{cc2) Cl)ncc3clncnc3NC4CCCCA
1873 Al4 101.44 19.13 n1(Cc(cc2)ccc2C=C)c{cc(C)occ3)c3c(CNCodoceoed)c1C(0)=0
1866 K21 75.95 19.35  n{CC{=0)N1CCCCCC1){c(coec?)c2e35Ce{ced) cecAC(F) (F)F)c3
1891 D18 100.68 19.36 nl1{nc(n2)c3cee(ce3)Cle2ne(CleclNCedeeee{OC)c4
1913 121 104.51 19.51 M1{Cc2ecooce?)C{=0)CSclcoe|c3) C{MCCe(cod) cecdACl)=0) 13
1900 Kos 86.98 19.65 5{=0){=0){Mc{cceclC{C)=0)cl)c(ccc2e3cde{[nH] 2) CCCCCCA) 3
1910 M13 78.97 19.82 nl{c2ceee(C)c2)nec3clnenc3Me|ccd) cocd O ccs) coesCl
1894 E22 100.51 20,37  5{=0)(=0}{N{CC1)CCN1c2ccee(C)c2C)c3n[nH]c{C(0CC)=0)c3
1911 POl 98.48 20.46 n1{c2cce(c{Cl)c2)C)ncc3clnenc3NCCCn|ccnd)cd
1911 H18 84.82 20.50 n1{cZccee(Cl)c2)ncc3clnenc3NCCedeocecd
1913 MO5 74.68 20,62 cl{nc2C)n{nc{SCC{=0)NC3CCC{CC3)C)nl)e(c2CedccoecACl)C
1911 104 96.85 20.81 nl{c2cee{cc2) Clincc3clnenc3MNC(=0)c{ccd) cocdC(C)(C)C
1870 Joa 93.80 20.84 cl{cne{nclC(F)(F)F)SC)C{=0)NCc2eccce2Cl
1857 POl 87.25 2100 C1{=0)c2c{ceoc2)Sc(cee(c3)NC{NCCC(C)C)=0)c3NIC
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Plate

1911
1512
1877
1912
1910
1833
1878
1307
1512
1905
1918
1907
1826
1823
1307
1878
1898
1913
1865
12938
1918
1812
1915
1917
1871
1878
1912
1307
1911
1877
1918
1918
1916
12938
1915
1878
1875
1914
1871

well

B17
DO1
D19
M19
NO7
Ko7
Qo2
D16
D14
G21
Jo3
119
105
N13
Cos
c21
F13
H13
L0o3
F11

019
L20
L0

DO5
K02
121

K03
E19

M09
D15
co3
G035
014
GO7
c20
022

Average percent survival

minus p-
lactam
93.14
94.61
110.77
97.56
86.44
75.15
85.34
89.13
81.49
88.72
90.88
91.51
80.25
93.00
73.60
115.62
103.42
88.85
72.60
91.55
74.27
77.00
104.85
99.91
94.99
95.01
106.77
938.63
93.06
109.11
86.62
78.19
88.55
110.16
101.09
99.62
76.56
85.29
93.28

plus p-
lactam
21.01
21.03
21.06
21.16
21.30
21.35
21.39
21.57
21.63
2170
21.78
21.83
22.05
22.20
22.25
22.30
22.33
22.46
22.60
22.79
22.84
22.95
23.05
23.15
23.19
23.51
23.53
23.54
23.56
24.07
24,11
2411
24.25
24.31
24.34
24.87
24.90
24.97
24.99

SMILES
S(=0)(=0)(c(ccl)ceclC{=0)N([H])c2sc(c{ CCN3C(C)C)c2C N)=0)C3)N{C)cacccocs
nlc{c2ceo(cc?) Brinc{c3cINACCC{CCA)C{OCC)=0)ceec3

cf C{NCCM(CCc{c12)cceel)C2)=0){cnn3cdecc(c| C)cd) C)c3C{ CC3) CCNSC(=0)OC|C)(C)C
5({=0)({=0){NC1CCCCCC1)efcoc{ c2C(=0)Nc|cee{ c3F)F)c3)F)e2

c1{Mc2cc| OC)ec{OC)c2)c3c| cece3 ) nefSCedeccccedF)nl
c12n(c(c3c{NCACCCCCA)nl)cococe3) nnc2e5cec|ccs) Cl
c1{cn(cclS(=0)(=0)NC(C)(C)C)CC(=0)Nc{cc(C)cc2C)c2)S(=0)(=0)NC(C)(C)C
n1({Ccfcc2)coc2C) 3o cclCN( CC4) CCCAC(=0) NCeScoooeSC)oooe 3
5{=0)({=0){NCc{ccl)ccclOC)c2e Fleoo(c2) C{=0)Ne3ce| Cl)ec Cl)c3
c1{sc{c2C)CCNS{=0)(=0)c3c|{F)cece|{ F)c3)n2ne{cdeec(ccd) C)nl
5(=0){=0){Mc{ccl)ccclOCC) o coec23) SCCC{=0)MN2)c3
cl{cf{ec2)ec{c2NC{Cefcc3)cec30C)=0) Cl)se{cdnl)ccocd
c1{SCC(=0)N(CCCC)CC)e2e{CCCC2)nefcec(Cl)c3)cl3
N1({Cc2c{ccec2Cl)F)cfc3)c{ccc3C(=0)N4CCCCA)Sclccees)esC1=0
n1{C)c{NCc{cc2)coc2CC)necle3ccec| OC)c3

nl{c2ceee(F)e2)nelc3clng| C)ec3C{NCCe|cod) cocdCl)=0)C
5{=0){=0){clecc{ccl)Cl)C{CNC{Ccf cc2)cce2Cl)=0)c3cces3
S{MCCc{ccl)ceclCl){=0)(=0)c{coc{c2C{=0)Nec(cc3)cec3C)F)c2
c12n(c(c3e{NCACCCCCCA)nl)ces3)nnc2S(=0){=0)cScee(c{C)c5)C
c1{N({CC2)CCC2C(=0)N(CC3)CCNacdccee(C)edC) [nH] cSefcee(C)eS)nl
c12n(c3c({cecce3)nelNefcec(cAC)Br)cd)c(nn2)CC

c1{0C{=0)c2ccoe{OC)c20C)n( C{C){C)C)ne(C)clSc|{ce3)coc3C
c1{C{=0)Mc2ccoec20C) c3e(sclMCedeoo| C)od) CC(C)CC3
n1{C)c{c2ecccce2)enclM Cefcc3)ccc3SC

M1{c2ecee|cc2)Cl)C{=0)C{N{Cc3ccco3) C1=0)CC(=0)Nc|ccd) cocdC{OC)=0
5{=0)({=0){Mc{cceclC{C)=0)cl)clcce2e3ede([nH] 2) CCCCCA)c3
S{MCCcleecceel)(=0)(=0)c2c|F)eoc{c2)C(=0)Mc(ccc(c3F)C)c3
c1(c2cee{cc2C)NC(=0)c3cecec30C) sc(c4nl)ceccd

nl{c2c(C)eee| Cl)c2)nec3clnenc3MNCCo| cod)cocdOC

cf C{NCCMN1CCC{CC1)Ce2eceec?)=0){cnn3cdceoced)c3C( CC5) CCNSC(=0)OC(C)(C)C
n1{CC2)c|c{S2)cee3)c3cclC{=0)MCe{ced)coccdF

nlc{c2eccec{c2) NC(C)=0)onclc3cooece3
n(CCC{=0)MNefeccl)ecclC|{C)C){c2C)e{c3cccee3)ec2C(C)=0
cl{c{C)onclc2eoc(cc2F)F)C(=0) Mo coec3C(F) (F)F)c3
c1(cce{CSCe2ecee(Cl)c2)ol)C(MCCe{cc3)cec3Cl)=0
5{=0)(=0){c{ccclc2e3c([nH] 1) CCCCC3)c2) N CC4) CCNAcScooo| C)esC
N1{CC(C)C)C=Clc(c2C1=0)coec2) NC{=0)N( CC3) CCN3cdcceo| C) cAC
C(=0}{Mc{ccc{c1Cl)Cl)cl)N{CCC{C) C)C{C)c2cces2
N1{c2cce{cc2)Cl)C(=0)C(N(C3CCCC3)C1=0)CC{=0)Nc(ccd)cccaCl
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Table A2.3: High-throughput screening hits identified as potentially causing
growth defects, prioritized by percent survival in the presence of B-lactam.

Plate

1319
1877
1312
1877
1903
1376
1876
13594
1876
1312
1897
1314
1374
1876
1302
1871
1398
1915
1913
1898
1870
1350
1910
1310
1913
1312
1910
1875
1910
1510
13878
1871
1307
1908
1312
1309
1875
13876
1300
1827
1390
1875
1912
1350
1912
1907
1316
1911

Well

Lo4
Do2
J18
MO5
E1l6
J18
Jos
BO6
E20
MO7
M2
pa2
co4
F20
A02
N21
HO5

K05
FO5
J16
LOo9
L11
D13
D15
N22
P13
HOL
B15
N18
GO6
B12
103
D19
Lo6
M2
M16
PO4
108
P14
Jos
N12
B13

BO7
B21
DO5
N18

Average percent survival
minus B-
lactam

66.79
79.44
60.07
61.49
65.66
76.75
76.86
39.74
67.02
64.04
72.57
69.08
56.06
63.01
61.44
57.20
75.73
66.75
57.45
71.76
58.78
57.42
55.46
69.92
77.54
56.19
65.77
70.07
50.21
67.22
54.62
70.84
50.50
57.78
58.21
65.40
7151
71.38
55.26
35.70
60.92
77.50
67.54
61.35
76.99
56.07
77.12
78.08

plus -

lactam
0.26
0.61
0.71
0.72
1.87
1.94
2.04
2.77
2.87
3.08
3.10
3.28
3.38
3.59
4.07
4.07
4.37
4.38
5.01
5.14
5.23
549
5.78
6.16
6.37
6.65
6.88
7.94
8.72
8.86
8.99
9.28
9.80
10.26
10.69
10.80
11.03
11.11
11.54
12.05
12.72
13.03
13.43
13.60
14.14
14.63
14.74
15.20

SMILES Annotation
C1{=M)M(CC)c2c({cccc2) M1CCOc(cc3)cce3Br
c1{C{=0)N{CCN(C)C)Cc2ccco2)oc(c3cINC{=0)cdcccccdOC) cooe3
5(=0){=0}{NC1CCCCl)ccoc|c2C{=0)Nc(cc3)coc3Br)F)c2
c{C{MCCN1CCC(CC1)Cec2eccec2)=0)(cnn3cdeccecd)e3C(CCS)CCNSC(=0)OC(C)(C)C
nlc(c2cee{cc2)Cl)nn{c(cs3)CCNS(=0)(=0)cdc|C)oc{ccdC) C)cl3
c1{C{=0)N(CC2)CCN2c(ccecc3C(F)(F)F)c3)c(Cloc{ncncdN5CCCCCS)cld
c{ C{MCCCMN{CC1)CCM1c2ccecc20C)=0)( cnn3cdccce|Cl)ed)c3C( CC5)CCNSC{=0)OC(C){C)C
nlc(cc2)c{oclCCe3cccee3)oc2C(NCCCN( CC4)CCNAcScececSF)=0
cl{cc{c2[nH]1)cec|{ccen3)c23)C(=0)N(C{C)C)Cedeccecd
S(MCCclcecoecl)(=0)(=0)c{cec(c2C(=0)Ncfcc3)ccc3CC) C)F)c2
cl{ene(c{cece2)cl2)NCef cc3)cec3Cl) C(OCC)=0
M1{Cc2ecc(C)ecec2C)c3c| coo|c3) C(=0)NCecdcccod ) Scf cooes)e5C1=0
c1{C2=0)c(c3c(ccec3)nl1C)C{N2CC{NCCC)=0)cdcec{ccd)OC
c{ C{MCCN1CCC({CC1)Ce2eccec2)=0) (cnn3ecdeco|ced)F)e3C| CCS)CCNSC(=0)OC(C)C)C
cl{cce(c2c10)ccen2) C(Ne3ceeen3)cdeocecdF
M1{c2cceec?)C{=0)C(N(Cc{cc3)ece3F) C1=0)CC{=0) Mc|ccd ) cccdOCCC
c1{N({CC2)CCC2C(=0)N({CC3)CCN3cdccee(Cl)cd)[nH]cSc(cee(C)eS)nl
cl{c2c({sc1MCe3cc{OC)cec30C)CCCC2)C{=0) Mede{ OC) coc{OC)cd
M1{Cc2ccoe|{C)e2) c3c|coc{c3) C{NCCCN|CC4) CC04)=0)5c|coees)esCl=0
c1{N{CC2)CCC2C(=0) N{CC3)CCN3edccee(C)eAC) [nH] eSc{cee( C)es)nl
5(=0)(=0}(NC1CCCCL)c{cce(c23) OCC(=0)N2CC{=C0)Ncfced)ccedCl)c3
c1{C2c3ccece3)c|CCN2Cedccee(OC)cd) o c{C)s1)CC
c1{Mc2ce{OC)ec(OC)c2)c3c coee3)ne{ SCedcccccdCllnl
N1(Cc2ccee{Cl)c2)C{=0)N(c3cee(c{C)c3) C)C{c(c(c4C(=0)N(CC)CC)C)clsd)=0
5(=0}(=0}{NC1CCCCCL)c2c|F)cee|c2)C{=0)Nec3ce|Cl)ce(Cl)c3
5(=0)(=0)(NCclccecclCl)c2e({F)coo(c2) C{=0)MNc3cc(Cl)ccCl)c3

c1{Mc(cc2)ecec2F)ede|ceee3) ne(SCefced)ceedCl)nl Analog of 1910B15
cl{c2c3cee(cc3)F)o{on2)N=CN{CCC{=0) Nedc| OC)cc|c{Cl)c4) OC)C1=0
MN1(Cc2cce(cc2Cl)F)C(=0)N(CCc3cceee3) Clc(c{c4C(=0)N{CC)CC)C)clsd)=0 Reconfirmed

cfclC}{C{=0)N|{CCc2ececc2) O N3Cedecee| Cl)ed)=0) c3sclC{=0) N CC)CC
5(=0)(=0)(c({ccclc2e3c|[nH]1)CCCCC3)c2)NedeoceodC

cl{n2cccc2)c{ C{NCCCM(CC3)CCN3cdecee| Cl)cd)=0)c(nnlcScec{ccS)F)C
n1(C)c(MCcfcc2)ccc2CC)necle3ccee{OC)c3
C1{=Ce(ce(C(C)(C)C)ec2C(C)(C)C)c20C1=0)c3[nH]c{c{cccdC(0)=0)n3)ca
5(=0){=0}{clecc{ccl)NC{C)=0) N{Ccf cc2) coc2 C{OCC)=0) Cefce3) coe3C
c1{SCCM([H]}Cc2ecec{OC)c20Cc(ce3)ccc3CljnnnnlcC
c1{c(C)[nH]c(C)clC{OCC)=0)5(=0)(=0)N{CC2)CCN2c(cccc3C(F) (F)F)c3
c{C(=0)NCC(CC1)CCNICCc(cc2)ccc20C)(cnn3cdecee(Cl)cd)c3C(CCS)CCNSC(=0)OC(C)(C)C
5(=0}{=0}{Mc(ccc{clC) C)cl)cf{cec2e3ede| [nH] 2) CCCCCCA)c3
5(=0)(=0)(c{ccccl)clC{N2Cc{cc3)cee3Cl)=0)c{coe|c4) C(NCCCNSCCCC(C)C5)=0)c24
c1{C2c3cccee3) o CCN2Ccdccceed) el C)s1)CC

cl{cc(C)e2e{coc{ c2)NC{=0)Nc{cc3)cce3Cl)n1)N(CC4) CCNAC
S{NCCC1=CCCCC1){=0)({=0)c|{ccc(c2C(=0)Nc{cc3)ccc3C{C)C)F)c2 Did not retest
C{=0){NCC{CCN1Cc{cc2)cocc2C) C1)Mefcc3)cec3Cl
N1{c2ecee(c(Cl)c2)OC)C{\C=C\c{ccec3C(F)(F)F)c3)=Nc|c4C1=0)ccccd

cl{c2cee{ cc2C) NC| Ce cec{ c30C)OC) c3)=0) scf cdnl)ceoed
N1(c2cce{cc2)C)C(=N)c(c(C)n[nH]3)c3N=C15CC({=0)Ncdccee{ Cl)cd
5(=0)(=0}(c{ccl)ccc1C(=0) N{[H]}c2sc{c{ CCN3C{C) C)c2C{N)=0) C3)N(C)CACCCCCa
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Table A2.3 (Continued)

Average percent survival

minus - lus B-
Plate Well B plus

lactam lactam SMILES Annotation
1806 G22 51.05 15.20 CIF}{F){F)clcel{cleccol)ne2SCCC{=0)Ne3ceoco{ O)e3)n2
1914 HO5 76.97 15.34  N1({Cc2ecc(C)cec2C)e3c(coc(c3) C{=0) NCodccesa)Scfceees)cSC1=0
1906 E07 78.16 15.42  N1=C(SCC{=0)Nc2c{C)ce(cc2C)C)C3=C{N(Cedcecod)C1=0)CCC3
1912 N18 76.50 15.57  S{=0}(=0)(NCc{ccl)ccclOC)c2e(F)eee(c2)C(=0)Mc3cc|Cl)ce|Cl)c3
1889 P22 81.94 15.75 cl{ncc{c{CCM2Cc{cc3)ccc3C)nl) C2)M( CC4) CCNACSnccons
1869 008 62.65 16.10  cl{sc{c2nl)ccc{C)c2C)N{CCMN({CC)CC)C{=0)c3cceo3
1917 E02 73.94 16.26 5{=0)(=0}{MCclcccecl)c2e| Bricoce|{c2) C{=0)Nc(ce3)cocc3Br
1851 007 56.95 16.50  c1{SCCCN([H])Cc(ccc2e3ccee(Cl)c3C)o2)nnnnlC
1915 E02 7114 16.62 cfcl){c2e{nclMe3ccccc30C) cocc2 ) O MCCCN( CCA) CCNAcScee(ccs) OC)=0
1830 N15 79.18 16.75 c1{C2c3cec(cc3)Fle{ CCN2C(=0)Nc(cee(c4Cl)F)cd)c(c(C)s1)CC
1854 F15 65.65 16.85 5{=0)(=0}{clccc{ccl)Cl)Nefcecc2c3oc|n2)cdeee{ccd) OC)c3 Did not retest
1878 Go2 59.93 17.07  5{=0){=0){NCc{ccl)cccIN(C)C)cfccc2e3cdc([nH]2) CCCCCa)ca
1871 Cl6 69.23 17.23 5{=0)({=0}{c{eccl)cccln2ecen2)Me3cee|cc3F ) F
1808 F17 50.40 17.25  cl{c(nc{CCN2C{C)=0)c(C2)c1C(F)(F)F)sc3C{=0)cdcec|ccd)F)e3N
1901 G20 52.02 17.61 c1{C2=0)c{c3c{ccee3)[nH] 1) N=C{SCC(=0)Nc{ccecd C(F)(F)F)ca) N2cSceecees
1817 8]0z 63.60 17.70 cfclc2ececl)(co{n2)c3cee( Cl)s3) C{=0)Nc|cooccdC{F) (F)F)cd
1904 mM22 76.80 18.08 cl{sc{c2nl)cccc2C)MN|Cefccen3)c3) C{CACCCCCA)=0
1820 106 51.45 18.55 c1{nc2e{ncINc(coe{c3C1)OC)e3) cee( C)c2) ndc| Clec(C)nd
1910 Lo4 78.20 18.72 c1{Mc{cc2)ccc2F)c3c|cooe3) nefSCodocoo|F)cd)nl
1866 K21 75.95 19.35  n{CC(=0)N1CCCCCL)(c(coec2)c2e35Ce| cod)cccaAC(F) (F)F)ca
1910 N13 78.97 19.82  cl{Nc2cc{OC)cc{OC)c2)c3e|cece3)ne{SCC(=0)c(cee{c4Cl)Cl)ca)nl
1806 D10 59.55 19.90 c1{cf{cec{c2MC(=0)c3cccce30C) OC) c2)sc(cdnl)coocd
1809 NO4 69.75 19.90  cl{c{ccccZNC(=0)c3cccc|ccced)c3d)c2)ocsc{cec{C)cS)nl
1864 E17 84.55 20.55 clfcce{CS(=0)c2cee{cc2)C)ol) C{=0)MCc{cc3)ccc30C(C)C
1913 MOS 74.68 20.62  S{NCCc(ccl)cecclCl)(=0)(=0)c|cee{c2C({=0)Mcfcc3)cce3C)F)c2 Did not retest
1838 oo7 52.25 21.15 cl{n2ccecc2)sc{c{C)clC| C)NC(=0)Nefec3 ) cec3C{OC)=0)C
1833 KOo7 75.15 21.35 c12n(c{c3c{NCACCCCCa)nl)ccee3)nnec2eScee(ces)Cl
1868 D07 69.05 21.80  C{=0)(Nc{cce{c1C)Br)cl)N(Cefcee(c23)0C02)c3)C{CCa)CCNACC
1807 C05 73.60 22.25 n1(C)cf{c2ecee{cc2)CljenciNCe3ce{OC)cce30C
1865 L03 72.60 22.60  nloc(c2clCNC{=0)M{CC3)CCN3cdce|C)ecedC)eoocc2
1918 K16 74.27 22.84  5{=0}(=0}{Nc{ccl)cecl OCC)e{cec{c23)5CCC{=0)N2)c3
1812 019 77.00 22.95 cf MCc{ccl)cecdF)(ne(c2cec(cc2) Cl)ce3C(F)(F)F)n3
1918 N1l 70.99 23.26 n1{CC2)c(c(52)cce3)c3cclC(=0)NCe|ccd) cocdF
1875 018 80.30 23.32 [nH]1c2e{cclC{=0}NCc3cceec30C ) cee|coe( C)nd)c24
1849 LOS 71.45 23.50 c1{nnc({CC)s1)M([H]}C{=0)c2c({Cl)cnc{SCece3)coc3F)n2
1869 G18 51.95 23.50 cf{cle{n2CC{=0)Nc(ccc{ c3CI)F)c3)ecceel) (€2)5(=0)(=0) CecdeccecaF
1851 E17 60.00 23.55 nl{c2ccocc2)nnnclSCCCM([H] ) Colcc3)coc3Br
1876 120 65.60 23.69  c(cnnlc2ecoe(Cl)c2)(C(=0)N3CCC{cdcec(cod) C)C3)c1C(CCS)CCNSC(=0)OC(C)(C)C
1910 Joa 73.03 23.90 nl{c2ceeo| C)e2)necdclnenc3Me|ced)coccdOc{ces)ceeSCl
1918 D15 78.19 24.11 [nH]1c2c{cclC{=0)MNc3cccec30C) cocf ceond ) c24
1832 D11 55.15 24.55 n{oc{c12}nenclNCC{CC3)CCN3Ce|ced)eccdCl) c2c5cee ccs) Cl
1855 C12 51.35 24.55 nlc{c{ccc(c2[N+]{=0)[O0-])N(CC3)CCN3C)c2)onclcdccoocd
1915 1a 57.56 24,75  5{=0){=0){c(ccecl)c1C{N2Cc3ceee| Cl)c3)=0) ¢f cocf cd) CNCCCNSCCCCCSCC)=0) c24
1875 Cc20 76.56 2490  cl{c2c3cee(ce3)F)c(on2)N=CN({CCC(=0)Nc|ccc(caCl)F)cd)C1=0
1866 115 50.55 2495  n{CC(=0)N{CCL)CCOL)(c(cece2)c2c3SCefcea)cccdC(F)(F)F)c3
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Appendix 3: Dual dose response assays

MR100

1784A - MR100 B5340A - MR100
= =
E E
= ¥ 80-100 = ¥ 80-100
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1912 H20 (a hit from the strong category)

Tests against USA200 were inconclusive.

1891 B17 (a hit from the strong category)

o . 1784A - 1912 H20 © MW2 - 1912 H20
E E
¥ 25 = 80-100 ¥ 25 = 80-100
é 125 ¥ 60-80 § 125 W 60-80
£ ¥ 40-60 £ ¥ 40-60
g 6.25 § 625
8 W 20-40 g ¥ 20-40
8 8
; 3.125 W 0-20 < 3.125 W 0-20
§ 0 ;3 0
O & O o D O o 0 S D
PR N?,@ SV T VO
0’.‘9 NS
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E
E: ™ 80-100
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- W 40-60
c
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E ™ 0-20
z
8
Q O D D 0 o D 0 o
R O
N NN
& ¥ O
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No activity in any other strain or against any other (3-lactam except nafcillin
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1910 B15 (a hit from the apparent growth defects category)

Oxacillin concentration (pg/mL)

3.125

1784A - 1910 B15

ACompound concentration (ug/mL)
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=60-80
" 40-60
u20-40
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Appendix 4: HPLC and NMR analyses

Figure A4.1: HPLC showed that MR100 had contaminants. The HPLC trace of
MR100 (top) showed two additional peaks of very small percentage area in addition to
the main compound peak. The fractions were collected and analyzed by mass
spectrometry. Percent areas are shown in blue and the m/z value from mass
spectrometry of those fractions are shown in red. M/z values showed that the highest
percent area (79.8%) corresponded to the predicted compound. Based on the
hypothesis that the impurity is likely a by-product of the synthesis process, we were able
to assign a tentative structure to one of the fractions with 2% area. It could not be
assigned a structure with more certainty since more compound was not available for
analysis. The other fractions could not be assigned a structure as the m/z values did not
correspond to any intermediate in the synthesis. The HPLC trace of MR101 (bottom)

showed no additional peaks apart from the main compound peak, indicating that it is a

pure sample.
79.8% m/z: 531
mAU 7 HPLC trace of MR100 ®
200 ::.;
150 | miz: 430.9'
P | miz: 8733 l
| , . 5.2% || 1.7%miz: 205.2
50 ’: <ol ] “gg
04 x| 3 [le
-50 1 S ST 8 -
) IS B O N B T AR A N LS L U I Y \ T | T —1
0 2.5 5 7.8 10 12.5 15 175 20 mir
mAU | HPLC trace of MR101 ]
; 94% &
2000 miz:531 |
1500 - |
1000 | |
o B B |
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Figure A4.2 H1-NMR of MR101
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Appendix 5: Results from transposon-based experiments on MR100/MR101
Tables A5.1 and 5.2: Tn-Seq hits identified as significant in MR100 6.25ug/mL, MR101
12.5pg/mL or MR101 25ug/mL, and that had fold changes <0.2 or >5 in at least one of
these conditions are provided below. Significant fold changes showing enrichment are
shown in green, significant fold changes showing depletion are shown in red, interesting

genes are highlighted in red boxes, and *'s indicate possible jackpotting errors.

Table A5.1: Hits that are >5x enriched under MR100 or MR101 and that were

significant in at least one condition

MR100 MR101
6.25pug/mL 12.5pg/mL 25pg/mL
Fold change P-value Fold change P-value Fold change P-value
SAQUHSC_00427  slel 6.61150907 0.000464 2.95747893 0.001325 6.64097348 2.29E-06
SACUHSC 00865 graR 38.9451537 2.40E-05 ©.31854279 0.004211 10.6786171 3.13E-05
SACQUHSC _0D06GE  gras 33.2531477 1.72E-09 7.36647635 5.91E-06 13.8549086 2.46E-09
SAOUHSC 006687 wraF 36.6826783 1.34E-06 6.65414307 0.000969 11.9389336 6.22E-00
SACQUHSC 00668 wraG 35.9858382 1.33E-17 6.76380014 1.87E-14 12.4239302 6.26E-24
SAOUHSC 00789 7.84285714 0.049478 5.05580177 0.0499 12,1522441 0.004151
SACQUHSC 01193 10.9976777 0.000405  6.3420062 3.50E-06 19.2231159 2.17E-11
SAOUHSC 01359 mprF 53.0244104 B.68E-26 7.83721464 1.35E-17 17.4327433 1.38E-26
SACQUHSC 01433 9.882352%4 6.04E-05 5.71116667 S5.09E-05 16.4518274 3.33E-09
SACUHSC 01472 5.39812749 1.19e-12 2.07704777 0.000969 2.30914331 2.94E-05
SAOUHSC 01974 9.193 1.72E-09 2.51282772 4.94E-05 5.00652828 3.16E-11
SACQUHSC 01975 10.5404399 0.000382 4.1009825 0.049177 8.57813325 0.000423
SAOUHSC 02149 17.9069174 0.035018 6.72142466 0.096299 20.212317 0.005168
SACQUHSC 02369 9.32706767 0.041735 4.19229481 0.083928 6.05231961 0.108343
SAOUHSC_02481 23.6708861 9.36E-05 4.38932787 0.5 7.55644803 0.0683
SACUHSC 02482 26.4651163 0.007185 4.55360381 0.170851 7.41209244 0.014911
SAQUHSC 02483 13.15832884 0.0014321 6.63504878 0.003337 10.5301542 0.001257
SAOUHSC 02664 6.99553911 1.21F-11 3.67384609 3.98E-07 5.81755898 1.20E-12
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Table A5.2: Hits that are >5x depleted under MR100 or MR101 and that were

significant in at least one condition

SAQUHSC 00015
SAQUHSC_00022
SAQUHSC 00023
SAQUHSC_00469
SAQUHSC_ 00541
SAQUHSC_00616
SAQUHSC_ 00618
SAQUHSC_00746
SAQUHSC_00747
SAQUHSC_00748
SAQUHSC_00749
SAQUHSC_007e0
SAQUHSC_0087E
SAQUHSC_00395
SAQUHSC_00948
SAQUHSC 00953
SAQUHSC_00982
SAQUHSC 00983
SAQUHSC_009384
SAQUHSC_ 00997
SAQUHSC_00993
SAQUHSC_ 01002
SAQUHSC_01040
SAQUHSC 01042
SAQUHSC_01043
SAQUHSC_01062
SAQUHSC_01067
SAQUHSC_01069
SAQUHSC_01103
SAQUHSC_01104
SAOQUHSC_01154
SAQUHSC_01175
SAQUHSC 01186
SAQUHSC_01228
SAQUHSC 01239
SAOQUHSC_01251
SAQUHSC 01265
SAQUHSC_01358
SAQUHSC 01391
SAQUHSC_01416
SAQUHSC 01418
SAQUHSC_01491

ssth
sstB
sstC
sstD

ugtP

lcpB
it

MR100
6.25ug/mL
Fold change P-value

0.19069767
0.07026115
0.07142857
0.08746736
0.02
0.25007735
0.12055003
0.04027491
0.0180018
0.02813104
0.0152484
0.06769231
0.05504587
0.02132196
0.00384202
0.21157324
0.16788321
0.04115854
0.15479115
0.07515337
0.13324861
0.14285714
0.05925926
0.13846154
0.01712329
0.07228916
0.04032258
0.04752252
0.08974359
0.08388521
0.44318182
0.17672601
0.08279221
0.0462963
0.07492975
0.14912281
0.02192982
0.06542064
0.42081448
0.05973025
0.05438402
0.06177006

1.54E-05
0.00039
0.008283
0.022054
3.29E-05
0.135487
0.000164
4.41E-11
7. 71E-18
1.81E-08
2.66E-15
1.64E-07
0.000852
2.63E-11
4.75E-23
0.001351
1.92E-05
0.011951
0.000987
1.34E-07
0.009249
0.007185
0.005771
0.001397
0.007185
0.0132395
0.027727
4.60E-07
2.53E-06
4.73E-10
2.97E-05
0.000206
0.000095
5.63E-05
0.004899
8.14E-05
1.65E-08
1.55E-11
1
9.07E-10
1.65E-17
0.002807
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MR101

12.5pg/mL
Fold change P-value

0.1675272
0.66427222
0.53976741
0.15724911
0.05711478
0.24005943
0.83938057
0.11845304
0.10639675
0.107 70854
0.14035769
0.27376564
0.57181274
0.05204123
0.00248289
0.63009847
0.21965391
0.05853337

0.2179789
0.21658265
1.12571532

0.2104465

*2.33983384
0.73282391
1.24767043
0.18088822
0.24978953
0.24720876
0.44787424
0.46332915
0.17248145
0.53098663
0.925586043
0.52002057
0.35389011

*3.05027877.
0.14848239
0.13360432
0.24325657
1.64136615
0.68165393
0.20823717

0.161967
0.5

0.5
0.1866594
0.273881
0.049177
0.5
0.000224
5.43E-09
2.87E-05
2.19E-06
0.001802
0.5
0.111278
4.02E-20
0.5

0.5

0.5

0.5
1.64E-06
0.5

0.5
0.207692
0.5

0.5

0.5

0.5
0.078121
0.5

0.5
0.193103
0.293714
0.5

0.5
0.244185
0.251381
0.02722
2.83E-09
0.280899
0.5

0.5

0.5

25pug/mL
Fold change P-value

*13.6830091
0.42672293
0.47988196
0.17560911
0.05043821
0.19602013
0.63468039
0.18404596
0.25745949
0.22609531
0.25104296
0.08304362
1.27845306
1.05261134

0.1285998
0.17475212
1.67901057
0.04518354
0.67330722

0.1150935
0.78740783

*14.5691936
1.563793208
0.91419109
1.682293204
0.26025807
0.82604058
0.25327849
1.69755667
1.13199619
0.19323961
0.37744002
0.87366442
0.67507657
0.52778073
0.39481066
0.21140387
0.07800257
0.18455858
0.97211067
1.06010851
0.38244487

0.5
0.272584
0.5
0.1833326
0.213573
0.0683
0.5
0.006545
0.000331
0.026433
0.014182
3.77E-08
0.5

0.5
1.67E-16
0004282
0.5

0.5

0.5
2.94E-05
0.5

0.5
0.265983
0.5

0.5

0.5

0.5

0.5

0.5

0.5
0.076314
0.293322
0.5

0.5

0.5
0.400491
0.5
2.15E-13
0.048741
0.5

0.5

0.5



Table A5.2 (Continued):

SACUHSC 01587
SACUHSC 01592
SACUHSC 01600
SACUHSC 01652
SAQUHSC 01653
SACUHSC 01655
SACUHSC 01732
SACUHSC 017538
SACUHSC 01759
SACUHSC_ 01818
SACUHSC 01827
SAQUHSC 01859
SACUHSC 01863
SACUHSC 018382
SACUHSC 01902
SACUHSC 019038
SACUHSC_ 01910
SAOUHSC 01966
SACUHSC 01967
SACUHSC 01987
SACUHSC 02012
SACUHSC 02121
SACUHSC 02269
SACUHSC 02298
SACUHSC 02301
SACUHSC 02303
SACUHSC 02319
SACUHSC 02383
SACUHSC 02383
SACUHSC 02402
SAOUHSC 02456
SACUHSC 02525
SACUHSC 02611
SACUHSC 02622
SACUHSC 02646
SACUHSC 02822
SACQUHSC 02869
SACUHSC 02885
SACUHSC 03052

SACUHSC_A02450

PBP3

mrel’
mreD

ezrh

sgtB

roda

MR100
6.25pug/mL

Fold change
0.14218645
0.18181818
0.10628248
0.00774751
0.06592466
0.10182491
0.10084034

0.0128
0.02389791
0.06699752
0.01144492
0.07580175
0.04006969
0.17158035
0.02644836
0.00497512
0.19915699
0.11226115
0.10561661
0.08691911
0.02439024
0.03464444
0.16036977

0.1061993
0.16393443
1.34736181
0.00774159
0.01346485
0.038834235
0.05204461
0.09458128
0.17607733
0.13278008
0.05529954
0.07359813
0.12121212
0.05316607
0.16808609
0.09190372
0.09198113

P-value

0.02324
0.028886
0.018182
2.02E-24
0.030236
0.041294
0.000135
1.41E-10
2.12E-10
FT.22E-05
3.03E-19
0.006871
0.004112
0.020416
0.000484
4,25E-10
2.24E-07
1.04E-05
0.0054594

0.00266
2.63E-11
1.49E-12
0.006033
0.000682
0.035018
0.000404
4. 48E-15
1.72E-19
9.65E-14
0.001765
0.000818
1.34E-06
2.04E-07
2.22E-10
0.002807
4.60E-07
1.82E-08
0.000337
1.75E-05
0.035472
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12.5pug/mL

Fold change
0.36483077
0.60527632
0.38598226
0.14160993
0.503240163
0.26254831
0.69571568
0.14985117
0.15606689
0.37406005
0.04484985
1.21653455
0.34086147
0.54716749
0.11240258
0.18100585
1.16445753
0.2320912
0.3416649
0.28976841
0.19541281
0.3145378
0.53081039
0.29302036
0.33622999
0.18707565
0.1421893
0.10496037
0.13285381
0.32410944
0.48972449
0.24458186
0.4295226
0.3361789
0.17712605
0.27607935
0.3024524
1.36030669
0.66562507
0.5753627

P-value

0.380056
4.87E-06

0.170851

0.005695
2.65E-05
0.494731
1.53E-05

0.333051

0.045177
0.001024

0.002641
0.280899
0.012812
0.000355
0.000315

0.043118
0.055507
0.014162
1.58E-09
5.53E-10
4.01E-06

6.19E-06
0.434791
0.023799
0.021053

0.007546

MR101

25pg/mL

0.5 0.27287449
0.5 0.611633338
0.39769124
0.37638916
0.45453146
0.20773971
0.5 *19.5858264
0.16560876
0.22157593
0.41681249
0.19570467
0.67019214
0.2072293
0.4330573
0.18943017
0.27908473
2.01961146
0.37757065
0.29689118
0.22594267
0.15944868
0.20285742
0.44470121
0.25458
0.20973773
0.14769289
0.11187623
0.16049417
0.097338648
0.3790519
0.5532154
0.18892202
0.45528147
0.38005058
0.28828321
0.74741266
0.3124141
0.5 1.20293084
0.5 0.71455146
0.5 0.45780267

0.5

0.5

0.5

0.5

0.5

0.5
0.5

0.5

Fold change P-value

0.215668

0.5

0.5
7.06E-07

0.5
0.183326
0.400431
0.026863
0.001141

0.5
0.024959

0.5
0.127325

0.5
0.232353
0.0513391
0.132638
0.054323
0.094564
0.012977
0.002836
5.B9E-05

0.5
0.048741
0.059553
0.009075
3.33E-09
3.04E-05
1.72E-05

0.5

0.5
3.30E-08
0.438087
0.161973
0.246176
0.267173
0.053973

0.5
0.465664

0.5



Figure A5.1: Inactivation insertion mutants in mprF raised to MR100: (A) A
schematic of MprF showing that it is a transmembrane protein with 14 transmembrane
helices. It consists of two separable domains, the synthase and the flippase (Continued)
domain. The synthase domain synthesizes LPG from phosphatidylglycerol and lysyl-t-
RNA. The six helices shown in light blue have been demonstrated to be sufficient for
synthesis of LPG [20]. The flippase domain flips LPG to the correct orientation. The
location of the insertions for each mutant are shown by red stars. Mutants were
identified in both the synthase and the flippase domain. (B) The type of transposon
construct inserted can be determined by sequencing the barcode that is a part of each
donor construct [392]. The results of this mapping is shown and it is evident that each of
these insertions are due to a different transposon construct, making them unique

mutants. The amino acid each insertion interrupts is also shown.
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Appendix 6: Transmission electron microscopy images of ugtP-mprF and ItaA-
mprF double inactivation mutants

Figure A6.1: Transmission electron microscopy images of ugtP mprF and I/taA
mprF double inactivation mutants. Cells were grown overnight in the presence of
inducer and dilute 1:100 in fresh TSB with or without inducer. Cells were grown to 37°C
until they reached an ODggp of 0.3 to normalize for cell count. Samples were outgrown 2
hours or 4 hours after this point and then harvested. Normal WT cells (A) were
compared with the mutant cells in the presence or absence of inducer (B-M). AmprF (B)
and tn::/taA (D) cells showed no defects in cell growth, but tn::ugtP cells (C) showed the
presence of multiple septa (highlighted by red triangles). In the presence of inducer,
tn::ugtP AmprfF cells looked like WT at 4hours (E) and at 2 hours (I). They did not show
the presence of multiple septa that is characteristic of ugtP inactivation. In the absence
of inducer, the double inactivation mutant showed significant lysis after 4 hours (F) and
after 2 hours (J). After 2 hours, the cells clearly showed the presence of multiple septa
that is characteristic of ugtP inactivation (highlighted by red triangles), but by 4 hours
most of the cells were lysed as indicated by the ghost cells. In the presence of inducer,
tn::ltaA AmprF cells showed no defects at 4 hours (G) and 2 hours (M), which is the
phenotype observed for the single /faA inactivation as well. At 4 hours, in the absence of
inducer, these cells showed lysis as well (H), but at 2 hours, they showed the presence

of multiple septa (K) and giant cells, which had clearly delayed cell division (L).
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Figure A6.1 (Continued):
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Appendix 7: Strains and primers used in this work

Table A7.1: List of strains used in this work

Name

Genotype

Source if other than this

work
Trl?glrzp;}cl)s:lon Transposon library constructed in HG003 Gilmore Lab
~695000 mutant transposon library
Transposon | constructed in HG003 with six donor [392]
library 2 | constructs (blunt, Ppen, Pcap, Perm, Pcap, Ppen,
Ptuf, Pdual)
Transposon library constructed in HG003 .
Trl?glrzp;}cl)séon with six donor constructs (blunt, Ppen, Pcap, I(\:/Izrr]::j:l’:r? ted by Dr. Tim
I:’erm7 Pcap7 I:’pen, I:’tuf, Pdual)
Transposon library constructed in HG003
Transposon | with four donor constructs containing Constructed by Dr. Tim
library 4 | varying strengths of transcription Meredith
terminators
Transposon Transposon library constructed in HG003
ANSp AmprF with four donor constructs (blunt,
library 5
I::‘pen, I:)cap, Ptuf)
HGO003 A®P11::FRT with pWwV01:CmR Constructed by Dr. Samir
SHMO062 g :
containing functional transposase Moussa
HGO003 A®11::FRT with pWwV01:CmR Constructed by Dr. Samir
SHMO063 g
containing truncated transposase Moussa
_ Constructed by Dr. Ting
MRO031 HG003 AmprF:KanR Pang
HGO003 A®D11::FRT AmprF:KanR, with
MRO040 pWVO01:CmR containing functional
transposase
HGO003 A®P11::FRT AmprF:KanR, with
MRO041 pWV01:CmR containing truncated
transposase
E. coli Stellar with pTP63 containing an
MR100 anhydrous tetracycline inducible copy of
mprF: CarbR
HGOO03 tn::ugtP:ErmR, with Nebraska Constructed by Dr. Wonsik
WLO006 .
library transposon mutant Lee
HGOO03 tn::ltaA:ErmR, with Nebraska library | Constructed by Dr. Wonsik
WLO009
transposon mutant Lee
HGO003 AmprF:KanR, tn::ltaA:ErmR, with
MR106 | )MR100:CamR
HGO003 AmprF:KanR, tn::ugtP:ErmR, with
MR107 | )MR100:CamR
MRO87 HGO003 tn::SAOUHSC 00948:ErmR,

transduced from Nebraska library
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transposon mutant

HGO003 tn::SAOUHSC_00948:ErmR,

MR108 AmprF:KanR
WLO078 | RN4220 AugtP:KanR Eggs"u"ted by Dr. Wonsik
HGO003 tn::SAOUHSC_00948:ErmR,
MR121 AugtP:KanR
USA300 JE2 tn::SAOUHSC_01025: ErmR,
MR114 transduction from Nebraska library
transposon mutant
USA300 JE2 tn::SAOUHSC_01050: ErmR,
MR118 transduction from Nebraska library
transposon mutant
HGO003 tn::mprFErmR, (1) blunt transposon
MRO020 mutant interrupting amino acid 133, clean
transduction
HGO03 tn::mprF:ErmR, (2) strong TT rev ori
MR025 transposon mutant interrupting amino acid
170, clean transduction
HGO003 tn::mprFErmR, (3) Pdual
MRO024 transposon mutant interrupting amino acid
170, clean transduction
HGO03 tn::mprFErmR, (4) OKTT
MR022 transposon mutant interrupting amino acid
416, clean transduction
HGO03 tn::mprFErmR, (5) strong TT rev ori
MR023 transposon mutant interrupting amino acid
426, clean transduction
HGO003 tn::mprFErmR, (6) Perm
MRO021 transposon mutant interrupting amino acid
495, clean transduction
MR122 USA300:JE2 tn::fmtA, Nebraska library [443]
mutant
MR123 USA300:JEZ2 tn::ndh Nebraska library [443]
mutant
MR124 USA300:JE2 tn::mprF Nebraska library [443]
mutant
MR125 HSA300. JEZ tn::SAOUHSC_01025, [443]
ebraska library transposon mutant
MR126 HSA300. J!E2 tn::SAOUHSC_01050, [443]
ebraska library transposon mutant
MR127 HSA300: J!E2 background strain for [443]
ebraska library
MRO012 Newman AgraR.TetR [204]
MRO046 Newman AdltA [204]
MRO030 Newman AmprF:KanR
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Acquired from John Santa

MRO015 Newman wildtype, MSSA Maria
MRO004 USA400 (MW2) wildtype, community- Acquired from Dr. David
acquired MRSA Hooper
. . . Acquired from Dr. David
MRO005 USA200 wildtype, hospital-acquired MRSA Hooper
Acquired by Jonathan
MRO06 1784A wildtype, hospital-acquired MRSA Swoboda from MRSA
coreA facility
MR034 | HG003 wildtype, MSSA f‘/l‘;cii‘gred from John Santa
Acquired by Jonathan
JGS0404 | B5340A wildtype, clinical isolate Swoboda from MRSA

coreA facility
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Table A7.2: List of primers used in this work

Primer Name

Sequence

For mapping of transposon mutants:

HGTnInvPCRoutF

5 CCACGCGTGCCATAAC 3

HGTnInvPCRoutR

5 TCGTATGCCGTGTTCTG 3

HGTnInvPCRseqF

5 CGGGGACTTATCATCCAACC 3

TM168

5" CATCAAGCAATGAAACACGCC 3

For confirmation of deletion or inactivation mutants:

MprFdccfwd?2 5 CTTAGTATTAGCTAGTATTGCGGC 3
MprFdccrev2 5 CAACAATCAGAAGAATGATAGG 3’

948 TnF 5 CTG GTG CTG TTTGATCCAATTGC 3

948 TnR 5 GTAGATAGCGGATTCCACGC 3’

UgtP orf F 5 ATGGTTACTCAAAATAAAAAGATATTGATTA 3
UgtP orf R 5 TTACTTAGCTTTTTCTCTATTTACTATAAAGT 3’
UgtP CA 5 TCGATTAATTTGTTCATACCAT 3’

UgtP CB 5 ACAAAAGCTTCTAGCTTCAAACC 3

LtaA orfF 5 ATGGTTACTCAAAATAAAAAGATATTGATTA 3
LtaA orfR 5 TTACTTAGCTTTTTCTCTATTTACTATAAAGT 3

For inducible mprF complementation constructs

i-mprF pTP63 F

5 AATCACAGGTACCCAGAAATAATTAGAATTGATGTGAAAA 3

mprF-B-pTP63R

5 CATAACGCTCAGCGGCGACTTAACTTTAGCTC 3

Cm to Hindlll

5 CTCTCCGTCGCTATTGTAACC 3

* Bold indicates putative ribosome binding sites, underlined indicates restriction sites
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