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Abstract

Antibiotic resistance is a threat to public health that demands to be met with
either new and innovative antibiotics or alternative therapies. The occurrence of
antibiotic resistant bacteria is a multifactorial process but often involves improper
use of antibiotics or sharing of genetic components that allow bacteria to survive
when challenged with antimicrobial agents. Specific resistance mechanisms
usually fall under one of the following categories: inactivation of drug, target
modification, active efflux, and limiting uptake. As reviewed in Chapter 1, all of the
antibiotics that have been assembled in arsenal against bacterial pathogens during
the “Golden Age” of antibiotic discovery have been met with resistance and many
are now losing clinical efficiency. The ongoing antibiotic crisis continues to worsen
as challenges impede further drug discovery and development. There are two
major challenges related to the process of bringing a new antibiotic to market, it is
not only costly to develop and test but there are diminishing returns in mining
natural products with new mechanisms of action. In order to develop new treatment
options, a more in-depth understanding of bacterial biology and resistance

mechanisms is needed.

As discussed in Chapter 2, an unappreciated mechanism of resistance that
relates to limiting uptake is accessibility. It is evident that bacteria are actively
protecting the cell surface, the site of many prominent antigens and binding sites,
and that there is a lapse in understanding of the requirements to reach the surface
of those cells. Chapter 3 describes a novel assay that aims to assess accessibility
to the surface of live cells in a systematic and high-throughput way. Additionally,
modulations to the bacterial cell surface were introduced in order to determine
what factors, if any, impede accessibility. The assay workflow relies on site specific
incorporation a free thiol handle onto the peptidoglycan layer of the cell wall and
use of a library of compounds that range in size and flexibility with a bioorthogonal
binding moiety and a fluorescent reporter molecule that can be tracked via flow
cytometry. The assay is able to quantitatively report on the ability of each library

member to reach the bacterial cell wall. Chapter 4 describes an application of the
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accessibility assay to a screen of a transposon mutant library in effort to reveal

genes that impact accessibility.

Chapter 5 describes a novel assay platform called SaccuFlow that allows
for a high-throughput and quantitative investigation into bacterial peptidoglycan
interactions with a range of molecules. For the first time whole native isolated
peptidoglycan or sacculi from any organism is demonstrated to be compatible with
flow cytometry analysis which is key to the assay. The utility of the assay is
demonstrated in a high-throughput pilot screen for inhibitors of an important
Staphylococcus aureus enzyme, sortase A which covalently installs bacterial
proteins onto the cell wall. Sortase A is a promising target for anti-virulence drug

discovery.
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Chapter 1

1.1 Antibiotic Resistance

Bacterial resistance to antibiotics is a continuous challenge plaguing public
health. The first antimicrobial agents to be developed, sulfonamides and penicillin,
marked the beginning of not only the “Golden Age” of antibiotic discovery but the
first understanding of this resistance phenomenon. The types of bacteria and the
mechanisms used by those organisms to become resistant are highly diverse. In
fact some forms of resistance arose in conjunction with the inception of the
antibiotic. A large number of natural product antibiotics are sourced from bacteria
engaging in bacterial warfare. In the competition for space and resources, bacteria
in the environment evolved to biosynthesize highly effective antibiotics to ward off
potential competitors. To counter this potentially lethal challenge from neighboring
microorganisms, bacteria evolved various modes of resistance to reduce the
efficacy and more effectively compete for the limited resources. For example,
before it debuted in the clinical space, resistance to penicillin was already detected
in an Escherichia coli (E. coli) strain that expresses an enzyme called penicillinase
(more commonly known as B-lactamase). Penicillinase has the ability to chemically
inactivate penicillin (and similar B-lactama antibiotics), a natural product antibiotic
harvested from the Penicillium chrysogenum fungus. This chemical modification
renders the antibiotic ineffective. The discovery of this resistance prior to use of
the antibiotic as a therapeutic treatment option potentially indicates that the
microorganism evolved the resistance mechanism in effort better equip
themselves to survive in the fight for space and resources. These findings were
swiftly followed by identification of penicillin resistance in Staphylococcus aureus
(S. aureus) stains from hospitalized patients and in several additional organisms

to follow.14

Resistance can also emerge during treatment with antibiotics. During the
course of administration of antibiotics for an infection, the susceptible population
of bacterial cells will readily succumb to the therapeutic agent. However, those

cells that possess genetic variations (or sometimes altered phenotypic features)



that confer a survival advantage can persist during the challenge of high levels of
antibiotics. The surviving cells are able to propagate in the host, thus, leading to
the rise of a resistant population. Throughout the Golden Age (1940 to 1980) many
new classes of antibiotics were introduced to the clinical space in order to continue
the fight against bacterial pathogens. However, the detection of drug-resistant
strains across a wide range of bacterial species was discovered soon after the

introduction of those agents into the clinic®

In the years following the Golden Age of antibiotics, there has been a lapse
in the approval of new antibiotics by the FDA. While there are promising candidates
currently under development, it is unlikely that the current rate of discovery can
effectively compete with the critical need for new treatment options.52 Contributing
to this lapse is the extensive amount of time (in excess of a decade) coupled with
the high cost (up to billions of dollars) that is required to bring a promising antibiotic
candidate through all stages of development.® However, it is not just time and cost,
most antibiotics are derived from natural products (with the others being
synthetically produced) and a growing lack of biodiversity has made it challenging
to discover novel natural products that result in the discovery of antibiotics with
unique mechanisms of action.1° Still action must be taken because according to
the Centers for Disease Control (CDC), in the U.S. alone an estimated 2.8 million
people contract an antibiotic resistant infection and more than 35,000 people die
due to those infections. This continued antibiotic crisis has created the need for
either an antibiotic pipeline revitalization or alternative solutions to combat bacterial
infections. However, for either of those to occur, a more comprehensive
understanding of bacteria, their vulnerable molecular targets, and resistance

mechanisms is urgently required.

1.2 Bacterial Cell Walls

Bacteria can be classified as Gram-positive, Gram-negative, or
mycobacteria. The main factor for classification is the composition of the bacterial

cell wall (Figure 1.1). Gram-positive bacteria have a cell wall that is composed of



a thick peptidoglycan (PG) layer followed by a cytoplasmic membrane. The PG
layer provides structure to the cell wall and prevents cell lysis by internal turgor
pressure. PG is a mesh-like polymer made up of repeating disaccharide units of
N-acetylglucosamine (GIlcNAc) and N-acetylmuramic acid (MurNAc). Off of each
MurNAc unit is a short peptide, anywhere from 3 to 5 amino acids long, referred to
as the stem peptide. The chemical composition of the stem peptide is prominently
distinct from peptides produced by the ribosome, which include unusual
connectivities and stereocenters. The typical sequence of a bacterial stem peptide
is L-alanine-D-glutamic acid-meso-diaminopimelic acid (mDAP) (or L-lysine)-D-
alanine-D-alanine. However, there are hundreds of possible stem peptide
structures and amino acid substitutions across all of the diverse and naturally
occurring bacterial species in existence. A unique feature of all known PG scaffolds
is the crosslinking of the individual stem peptides. Crosslinking is an enzyme
mediated reaction that occurs between neighboring stem peptide strands and the
degree to which PG is crosslinked can influence the cell wall rigidity and integrity.
The PG scaffold can be further diversified via the covalent incorporation of
additional biomacromolecules. For example, polymers called teichoic acids (TAS)
and proteins covalently decorate the PG of Gram-positive bacteria. These
modifications can play important roles in the physiology of these organisms,
including serving as virulence factors, regulating cell morphology and growth,
aiding in adherence and colonization, and evading not only antibiotics but the

immune system as well.11-14
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Figure 1.1 Bacterial Cell Wall Structures. Schematic representation of the
bacterial cell wall components for Gram-negative, Gram-positive, and
mycobacteria. Gram-negative bacterial cell walls are composed of an outer
membrane, thin layer of peptidoglycan, and an inner membrane. Gram-positive
bacterial cell walls consist of a thick peptidoglycan layer followed by a cytoplasmic
membrane. Mycobacterial cell walls contain a mycomembrane, followed by an

arabinogalactan layer, a peptidoglycan layer, and a cytoplasmic membrane.®

In contrast to Gram-positive bacteria, the PG scaffold of Gram-negative
bacteria is not immediately accessible to the extracellular space. Instead, Gram-
negative bacteria possess an outer membrane (OM) followed by a thin PG layer
and an inner membrane (IM). The OM is an asymmetric bilayer, whereby the inner
leaflet consists of canonical phospholipids but the outer leaflet is composed of
glycolipids known as lipopolysaccharides (LPS). LPS is integral to the OM
structure and stability. It also poses a large permeability barrier and differing
compositions in the polysaccharide region of LPS known as O-antigen can aide
bacterial pathogens in immune evasion. A high number of proteins are imbedded
within the OM and are known as outer membrane proteins or OMPs. The most
notable OMPs are those that act as porins, which allow for the passive diffusion of
small polar molecules across the OM (including antibiotics). The OM is covalently



connected to the PG layer via a lipoprotein known as Lpp or Braun’s lipoprotein

and is generally considered a very formidable barrier.t 16

Mycobacteria have a unique cell wall structure consisting of the following
layers: mycomembrane, arabinogalactan (AG), PG, and an inner membrane. The
mycomembrane is composed of mycolic acids (MAs), which are long chain fatty
acids and they are present in the mycomembrane as either free mycolic acids,
covalently linked to the arabinogalactan, or attached to sugars forming trehalose
monomycolate (TMM), trehalose dimycolate (TDM), or glucose monomycolate.
The mycomembrane is also proposed to contain porins to facilitate the entry of
small hydrophilic molecules into the cell and secretion machinery to potentially
allow the release of virulence factors to the extracellular environment. Like the OM
of Gram-negative bacteria, the mycomembrane is considered a barrier to
permeability of many molecules including antibiotics. Another component of the
mycobacterial cell wall is AG which is a highly branched polysaccharide primarily
composed of arabinose and galactose. In a similar fashion to Gram-negative
bacteria, mycobacteria possess a thin layer of PG. However, quite uniquely, the
PG of mycobacteria is linked to the AG layer. A phosphodiester bond forms
between a PG backbone sugar moiety and a sugar residue of the AG matrix,
resulting in a covalent bond between the two. The mycobacterial cell wall is
complex and there are many aspects related to its biology that remains poorly

understood.17-1°

1.3 Bacterial Resistance Mechanisms

Bacteria of any classification can potentially develop resistance to
antibiotics and immune system components using any of the following
mechanisms: 1) inactivation of drug, 2) target modification, 3) active efflux, and 4)

limiting uptake.

In an act of defense, bacteria can express enzymes that will inactivate a
drug by either modifying it or destroying it. The main target of enzymes that preform

a modification are antibiotics that inhibit ribosomal protein synthesis. These



enzymes will catalyze various modifications such as acetylation, phosphorylation,
and adenylation. The ultimate effect of the chemical modification of the antibiotic
is the creation of a steric hindrance that reduces the binding ability of the drug to
its target. A common example is the modification of the ribosome targeting
antibiotic, chloramphenicol, by chloramphenicol acetyltransferases (CATs) which
are typically expressed in Gram-negative bacteria. The CATs can perform
acetylation on key hydroxyl groups of chloramphenicol, a modification that results
in an abolishment of the affinity of the drug for the ribosome.?° Then there are
enzymes expressed by bacteria that function in the destruction of the antibiotic
instead. An example of this can be found in the battle B-lactam antibiotics vs
penicillinases or B-lactamases. -lactams are the most widely used antibiotic class,
a commonly prescribed B-lactam is penicillin. The mechanism of action of B-
lactams relates to the structure of the antibiotic. To explain this further an
understanding of PG biosynthesis is integral. Bacteria synthesize the PG wall with
the help of an arsenal of enzymes, a critical group being penicillin-binding proteins
(PBPs). PBPs catalyze the formation of crosslinks between neighboring stem
peptides, a process known as transpeptidation. During transpeptidation, PBPs will
specifically recognize the D-ala-D-ala motif of the stem peptide and an active site
serine residue will attack the amide bond between the two D-alanines. This causes
a release of a terminal D-alanine and the formation of an acyl enzyme intermediate
between the PBP and the remaining stem peptide. The intermediate is then broken
by a nucleophilic attack from a free amine on an adjacent stem peptide strand,
forming a new amide bond, and covalently crosslinking the two strands together.
If this enzyme is inhibited and transpeptidation cannot occur, the disruption in the
biosynthesis of an essential cell wall component like PG can induce cell death. B-
lactams have a structure that mirrors that of the D-ala-D-ala motif (Figure 1.2),
however they possess a strained ring with a very reactive carbonyl that is
susceptible to a nucleophilic attack. p-lactams can essentially act as a substrate
of PBPs and an attack of this B-lactam ring by a PBP will result in a covalent linkage
between the drug and enzyme, inhibiting PBP activity further. However, bacteria

have cleverly armed themselves with an enzyme, B-lactamase, which will cleave



the amide bond in the B-lactam ring effectively destroying the active component of
the drug before it can reach its target, the PBPs. This effective resistance strategy
has plagued many generations of B-lactam antibiotics such as penicillins,

cephalosporins, and carbapenems.?1-23
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Figure 1.2 B-lactam Antibiotic Structure. General structure of a [B-lactam
antibiotic and the D-alanine-D-alanine motif of the PG stem peptide, highlighted in
red is the site of enzymatic attack and serves in demonstrating the structure

similarity of this site for both molecules.

Instead of targeting the drug, bacteria can modify the target site instead.
Modification can occur by a few different methods, it is possible that the organism
will evolve point mutations within the gene that encodes for the target, there can
be alterations to the binding site (often enzyme catalyzed changes [e.g.
methylation of a critical binding site residue]), or there can be a replacement or
bypass/loss of the target. Point mutations and alterations in the binding site are
efforts that both result in decreased binding affinity between the drug and its target,
this has been seen in numerous examples with antibiotics such as rifamycin??,
fluoroquinolones?®, and macrolides.?5-2 If the bacteria replace or bypass the target,
they will adapt in order to produce a new target that can perform similar functions
to the original but it is not affected by the antimicrobial agent. An interesting
example of this occurs in enterococci and contributes to the development of

vancomycin resistance. Similar to B-lactams, the glycopeptide class antibiotic



vancomycin also inhibits PG biosynthesis which can induce cell death.
Vancomycin binds to the D-ala-D-ala motif early in the PG biosynthesis pathway
on a precursor called lipid II. This binding is thought to prevent not only
transpeptidation but also transglycosylation (a process carried out by enzymes to
link together the PG sugar backbone).?®2° Some strains of enterococci bacteria,
however, have acquired a gene cluster which encodes for PG machinery capable
of remodeling the PG in response to vancomycin.®%-3! One phenotype resulting
from this remodeling is the replacement of the terminal D-alanine in the stem
peptide sequence for D-lactate or D-serine. These are tolerable alterations to the
PG scaffold and allows the organism to survive vancomycin treatment by reducing
its affinity (loss of a hydrogen binding partner).32-38 The other phenotype results in
the removal of the terminal D-alanine, which reduces the number of binding sites

available to vancomycin, rendering it less effective.?3 30,39

A different mechanism of resistance bacteria can use against antibiotics
depends on a protein called an efflux pump. Efflux pumps function in the transport
of harmful materials out of the bacterial cell and into the extracellular environment.
There are six main families of efflux pumps: the ATP-binding cassette (ABC)
family, the multidrug and toxin extrusion (MATE) family, the major facilitator
superfamily (MFS), the proteobacterial antimicrobial compound efflux (PACE)
family, the resistance-nodulation-cell division (RND) family, and the small
multidrug resistance (SMR) family. These families differ by physical structure of
the efflux pump (i.e. homo- and heterodimeric, tripartite/trimers, V-shaped), the
trigger that incites pump function (i.e. adenosine triphosphate [ATP], ligand/proton
binding event), the substances they are able to expel, and the classification of

bacteria in which they are expressed.?3 40-42

The last resistance mechanism that will be discussed in this chapter
involves the ability of bacteria to limit the uptake of antimicrobials based on the
structural components of their cell wall. Many antibiotics have intracellular targets
so the understanding is that they will need to penetrate through the cell wall to be

effective. For Gram-negative bacteria the OM is a physical barrier to permeation.



The LPS on the OM is responsible for the permeability challenge. To review, the
outer leaflet of the OM is composed of LPS, a molecule consisting of a lipid base
and a polysaccharide chain extending from that base. The lipid base, called lipid
A, consists of densely packed saturated fatty acids which create a gel like layer
with low levels of fluidity. LPS packing coupled with the high anionic charge of the
polysaccharide region, makes diffusion through the OM extremely difficult.4
Another prominent barrier of uptake in Gram-negative bacteria involves the porins
that heavily decorate the OM. Porins are water filled channels in which hydrophilic
molecules can diffuse through to gain access into the cell, however it is often seen
that these hydrophilic agents are not actually effective against Gram-negative
bacteria.*+4> Bacteria control porin-mediated resistance by either changing the
type of porin expressed (selectivity, not all porins permit the same types of
molecules to diffuse through), changing the level to which the porins are
expressed, or inducing a shift in functional efficiency of the porin. While these
changes typically result in low level resistance, they can be coupled with the power
of an efflux pump to increase resistance capacity (as molecules diffuse in through

the porins, the efflux pumps can shuttle them quickly back out).?3 46-51

In mycobacteria the mycomembrane is lipid rich so hydrophobic molecules
such as rifampicin and fluoroquinolones may gain passage through the membrane
however any hydrophilic agents will struggle to penetrate through. Mycobacteria
do express porins like Gram-negative bacteria, but they are expressed at low
levels and are very size restrictive. There are many aspects related to permeation
through the mycobacterial cell wall that are still unknown.>? Gram-positive bacteria
lack an OM-type structure and are generally considered to be more permeable,
however hints of uptake limitation have been observed. For example, in S. aureus
the development of vancomycin resistance has been observed to be related to the
production of a thickened cell wall (due to accelerated PG biosynthesis) that limits
drug penetration through the PG to the lipid Il target.53-55



10

1.4 Staphylococcus aureus Specific Resistance Mechanisms

S. aureus is a Gram-positive pathogen that is most commonly observed in
skin infections. However, it can cause more severe infections such as that of the
bloodstream and organs which can be fatal.>¢-5” According to the CDC, the hard to
treat methicillin resistant strain of S. aureus (MRSA) infects an estimated 70,000
people and causes over 9,000 deaths a year, making it a serious health threat. A
majority of the work presented in this dissertation centers around S. aureus so its

specific mechanisms of resistance and evasion are of particular interest.

One way S. aureus circumvents immune response is through the use of a
surface protein called protein A. Protein A is capable of binding to the fragment
crystallizable (Fc) portion of any immunoglobulins present in the extracellular
milieu. This binding allows for the surface of the bacterial cell to become coated
with antibodies that are oriented in a manner that prevents immune recognition
and phagocytosis of those cells.58%° Another mechanism S. aureus employs to
escape phagocytosis is the variable production of an extracellular capsule layer.
The capsule is constructed from polysaccharide chains referred to as capsular
polysaccharides (CPS). It can be advantageous for S. aureus to be encapsulated
by CPS due to the proposed anti-phagocytic effect of the layer as a deterrent of

opsonization, allowing for escape and survival.60-62

Most critical to survival, however, is cell wall integrity. For Gram-positive
bacteria, cell wall integrity depends upon the degree of PG crosslinking. To review,
crosslinking is an integral step of the PG biosynthesis pathway and is performed
by enzymes called transpeptidases. If transpeptidases are inhibited, the cell wall
biosynthesis is halted causing an inhibition of further cell growth.53 S. aureus relies
on four PBP transpeptidases. While these PBPs are susceptible to B-lactam
antibiotics, there are strains that have adapted to survive this inhibition in order to
protect their cell wall integrity. For example, in the case of the pathogenic MRSA,
the bacteria have acquired the mecA gene which encodes for a fifth PBP, PBP2a,
from an organism not of S. aureus origin. PBP2a is able to continue transpeptidase

activity even in the presence of B-lactams due to its low affinity for those
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antibiotics.%* The thick layer of crosslinked PG resulting from biosynthesis creates
a mesh-like network and there are pores that funnel through the PG to the
cytoplasmic membrane. However, depending on the level of crosslinking, the pore
sizes can vary. Most small molecules are able to sieve through the PG pores but
large molecules or complexes can struggle, due to sterics, to penetrate through.®
In fact this barrier-like function is thought to disarm one component of the
complement system, the membrane attack complex (MAC). The MAC targets
pathogen cell membranes and kills via lysis. The thick PG layer in Gram-positive
bacteria, such as S. aureus, prevents the lytic MAC from accessing the

cytoplasmic membrane.%®

There are also polymers on the cell surface termed teichoic acids (TA) that
can function in antibiotic and immune system evasion. There are two types of TAs,
lipoteichoic acids (LTA) and wall teichoic acids (WTA). LTAs are anchored in the
cytoplasmic membrane and span the PG scaffold while WTAs are covalently
attached to the PG. Compositionally, TAs are anionic, phosphate-rich
glycopolymers which can undergo D-alanyl modification and glycosylation.®% 67 The
presence of TAs and relevant modifications in S. aureus has been assigned a
variety of roles but a major one is influencing resistance. For example the D-alanyl
modification has been implicated in decreasing the overall net negative charge
available for cationic antimicrobial peptide binding resulting in resistance.%®
Similarly, the altered surface charge due to D-alanylation is thought to also play a
role in resistance to antibiotics of the glycopeptide class, such as vancomycin.®®
Alternatively, for the antibiotic daptomycin, resistance is thought to be the result of
a thickened cell wall. Daptomycin resistant S. aureus strains present with
upregulated WTA biosynthesis. This increases the density of those polymers on
the surface potentially limiting the access of daptomycin to its target, the
cytoplasmic membrane. Although another factor in daptomycin resistance may be
altered surface charge as well.”%"1 Lytic enzymes (e.g. lysozyme) can be resisted
by S. aureus and this is achieved by a culmination of increased PG crosslinking,
O-acetylation of the MurNAc unit in the PG sugar backbone, and presence of
WTASs.”? Lastly, there has been observed resistance to antimicrobial fatty acids
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potentially due to the hydrophilicity of WTAs resulting in the exclusion of the
typically hydrophobic fatty acids from penetrating and reaching their target, the

cytoplasmic membrane.”®

There is still many facets about resistance mechanisms used by bacteria,
like S. aureus, to evade antibiotics and the immune system that are unknown. This
lack of understanding can potentially stymie the development of new and
innovative therapies against these pathogens. The work discussed in this
dissertation aims to provide more information on the underappreciated resistance

mechanism of accessibility to bacterial cell surfaces.
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Chapter 2

2.1 Accessibility as a Resistance Mechanism

As discussed in Chapter 1 when detailing the limiting uptake resistance
mechanism, it is evident that bacteria are actively shielding the cell surface. This
creates a challenge of accessibility to the antigens, ligands, and binding sites that
are important to many antibiotics and immune system components to function.
However the issue of accessibility is often unaccounted for in the literature. There
are a few studies that touch on the topic but do not address accessibility directly.>
10 For example, one paper investigated antibody binding to an epitope called
fluorescein isothiocyanate (FITC). This epitope was installed onto the
peptidoglycan (PG) of Staphylococcus aureus (S. aureus) via sortase A, a S.
aureus enzyme that covalently anchors proteins to the growing PG wall. The FITC
moiety can be conjugated to a preferred substrate of sortase A. The now
fluorescent substrate can be supplemented in during cell growth and sortase A will
process it for placement onto the growing PG wall. The ability of the anti-FITC
antibody to be recruited was determined in the presence of the prominent S.
aureus surface polymers, wall teichoic acids (WTAs), and compared to cells with
WTA biosynthesis inhibited. Without WTAs, antibody recruitment was significantly
higher than the native cells with WTA. The authors specifically address that this is
evidence that WTA is serving as a barrier to potential opsonin recruitment to the
cell surface. They further clarify that surface charge and WTA density may
sterically and/or electrostatically deter opsonins.! While this example touches on
accessibility, it is not an explicit investigation of how powerful the challenge of
accessibility can be, especially as it relates to our understanding of the ability of
antibiotics or immune system components to interact with targets on bacterial cell

surfaces.

Perhaps the strongest example to date that addresses accessibility is an
investigation into the longstanding notion that peptidoglycan recognition proteins
(PGRPs) are able to discriminate between different structures of PG. PGRPs are

innate immunity molecules that can recognize and bind to PG. The PGRPs that
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Drosophila (fruit flies) possess are well studied and binding of these PGRPs to PG
signals several different responses such as the generation of antimicrobial agents
and induction of phagocytosis. PGRPs can also act as amidases and hydrolyze
the PG, which is documented to occur with both Drosophila and mammalian
PGRPs. For Drosophila though, it is thought that the PGRPs they possess, PGRP-
SA and PGRP-LC, can discriminate between and preferentially interact with PG
that has lysine in the third position of the stem peptide or PG with meso-
diaminopimelic acid (mDAP) at the third position instead. PGRP-SA is thought to
interact with the lysine containing PG primarily and PGRP-LC interacts with mDAP-
type. However they discover that when WTA is genetically deleted from S. aureus,
lysine-type PG, and from Bacillus subtilis (B. subtilis) which contains mDAP-type
PG, the binding of both PGRPs to either bacteria is increased. This majorly
contradicts the supposed specificity of these proteins and points to the fact that
accessibility of the cell wall plays a large role in the ability of the immune system,

specifically PGRPs in this case, to respond to an infection.1-12

Given that accessibility is able to mediate the interactions of an immune
system component with a PG binding site, it may be reasonable to question if this
may not be the only interaction that is being hindered and possibly misevaluated
due to limited accessibility. The impact of accessibility needs to be understood and
characterized more in-depth. There are numerous studies that investigate cell wall
permeation which relates to accessibility but there seems to be a lack of a
guantitative and systematic characterization of accessibility to live bacterial cell
surfaces, information that could be vital in guiding future drug design.

2.2 Probing Accessibility

In effort to highlight the need of a novel assay that can assess accessibility,
it is pertinent to understand what has already been done. Some of the earliest
examples of permeation studies began being reported in the 1970s. One of the
first investigations worked to devise a library of hydrophilic molecules and
determined their permeation through whole cells by tracking molecular weight

changes and disruption of osmotic stability in various solvents before and after



22

treatment with the library. Overall the study revealed only the smallest molecules
in the library were allowed to achieve what they were determining to be
permeation.'® In a similar vein other libraries have been tested for permeation into
native isolated whole PG (sacculi) and spores. Instead of small molecule libraries
however, these consisted of polymers of various lengths. One study used
increasing chain lengths of polyethylene glycol while another used dextrans. Both
studies looked at permeability or uptake by measuring pellet weight before and
after treatment. These studies had similar conclusions, revealing that the longer
the molecule is the less permeable. However measuring by mass is error prone
and the sensitivity of detection of mass shifts is low.1415> Strides were taken to
improve the readout of permeation by first introducing a radioactive moiety
attached to the polymer chain, one could then measure the radioactivity of the
resulting cell pellet in order to deduce permeation levels. This study also concluded
that smaller lengths diffuse into the cell faster. However the radiation is likely to
induce DNA damage, if not cell death/lysis, so the integrity of the sample is in
question.'® The final iteration of this assay and perhaps the most effective involved
the creation of a library of fluorescein labeled dextrans that ranged in length. These
were used to probe permeation into sacculi of Escherichia coli (E. coli) and B.
subtilis. They measured the fluorescence of the sacculi pellet with a
spectrofluorometer over the course of an hour. They did identify that smaller
dextrans are more permeable however these results were only qualitative. For all
of these studies it is also impossible to know where within the cell wall the

molecules permeated to (no specificity).!’

Around the same timeframe as the fluorescent dextran study a different way
to assess permeability was being developed. This assay relies on the horseradish
peroxidase (HRP) enzyme, which is typically used to amplify signals in a
photometric assay by catalyzing the conversion of a chromogenic substrate to a
product with a measurable absorbance. It also relies on hybridization, which is the
process of combining two single strands of DNA or RNA by complimentary base
paring. This group created HRP linked oligonucleotide probes, one short in length
and one longer, and these probes can get hybridized in bacterial cells should it be
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able to permeate through the cell wall to the bacterial DNA. Once hybridized, a
fluorescent HRP substrate can be added and that measurable fluorescence
becomes a read out of permeability. This needs to be done on fixed cells however
so there is a loss of the active metabolism and related processes that occur in live
cells. The actual intent of the assay was to measure how permeable the cells
become after treatment with autolysins (cell wall degrading enzymes) but there
was a sample set that looked at the cells before autolysin treatment that showed
the larger oligonucleotide could not hybridize in intact cells but the smaller probe
did give a weak signal.*® Another study taking place at this time and is still widely
used today involves the use of fluorescent dyes particularly ones that result in the
staining of nucleic acids of bacterial cells and flow cytometry to track that staining.
Uptake of the dye can be impacted by changes in permeability of the cell wall and
that should be reflected in the cellular fluorescence levels. While this does not
provide a systematic analysis of accessibility it can be an efficient read out of cell

wall integrity, especially after treatment with an antimicrobial agent for example.1®-
20

Another assay that reports on compound uptake and accumulation is one
that has been used extensively for Gram-negative bacteria and involves the use
of liquid chromatography with tandem mass spectrometry (LC-MS/MS). Essentially
the bacteria can be treated with a library of compounds, harvested, washed to
remove excess compound, lysed, and analyzed via LC-MS/MS. The LC can
separate the components in the lysate and tandem MS can help identify the peaks
with an eye towards picking out compounds from the screen that may have
accumulated in the cell. However there is not a simple way to know where the
compound has localized to within the cell wall unless each layer of the cell wall is
extracted and analyzed separately.?>* However, there is a modified version of this
assay that allows for specific accumulation in either the periplasmic or cytoplasmic
space. This is done through use of the protein, streptavidin, which is expressed
with a specific peptide tag that instructs the cell to export it to either the periplasmic
or cytoplasmic space. The cell is then treated with biotin that has been
functionalized with a cyclooctyne handle, which is capable of participating in strain-
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promoted alkyne—azide cycloaddition (SPAAC), a copper free form of click
chemistry. The functionalized biotin will bind to the streptavidin and the cell can be
treated with a library of bioorthogonally functionalized (azide) molecules that can
react with the click partner. In this assay set up the cells still need to be lysed and
MS is still used to identify the hits.?>?” There is also another permeability assay
that uses SPAAC partners. This assay uses an azide functionalized choline that
can be incorporated into the outer membrane of Gram-negative bacteria. This
functionalized choline can be labeled by a fluorophore linked cyclooctyne and the
fluorescence level can be detected by flow cytometry. The aim of the assay
however is to look at outer membrane integrity, the fluorescence labeling levels in
intact cells is low, however if genes critical to outer membrane stability are knocked
out or the cells are treated with outer membrane disrupters there should be an
increase in signal due to an increase of accessibility of the azide functionalized
choline.?®

Lastly many efforts have been made towards computational models that
work to predict permeability of molecules and analyze the physiochemical
properties of the hit compounds. This method has been extensively explored with
the model organism being mycobacteria. While these models can be informative
they need to be supported by experimental data. In tandem with these permeation
models, minimum inhibitory concentration (MIC) assays are performed to validate
the hits, which determines the lowest concentration of an antimicrobial agent that
can be used to prevent visible growth of the bacteria of choice. However there is
no clear indication from a MIC value that the molecule permeated into the cell wall
and reached a target.®-3?

The technigues in each of these examples do have their value. While the
early permeability studies paved the way for interest in this area much could be
improved upon with the technology that is available today. For instance, it would
be more advantageous to assess surface accessibility of whole, live cells as
opposed to the sacculi alone. In isolating the PG from native whole cells, there is
a loss of important structural information that may impact the accessibility data.

Also many of these studies rely on noncovalent interactions and that creates an
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inability to identify where these library compounds localized to within the cell
envelope. There is also a lack of quantitative data that can be achieved in a high-
throughput manner. The HRP-based and nucleic acid dye assays provide valuable
information on cell wall integrity but have not been employed in a way that allows
for a systematic evaluation of cell surface accessibility. The LC-MS/MS assays
could allow for more systematic characterization but the method is technically
challenging and low throughput. Modeling provides excellent physiochemical data
of the permeating molecules (in theory) but the tandem MIC assays only speak to
cell death, it does not tell you where the compound actually localized to and
imparted its effect. Chapter 3 will describe a novel assay that was designed to
assess accessibility to the surface of PG in live S. aureus cells in a systematic way.
Additionally, modulations to the bacterial cell surface were introduced in order to
determine what factors, if any, are impeding accessibility. The general approach
of the assay relies on the metabolic incorporation of an unnatural free thiol handle
onto the stem peptide of the PG and the use of a library of compounds that range
in size and flexibility. The library members are functionalized with a bioorthogonal
binding handle and a fluorescent reporter molecule that can be tracked via flow
cytometry. This results in quantitative data about the ability of each library member
to reach the bacterial cell surface with the aim that this could be a guide for future

drug design.
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Chapter 3. Systematic Assessment of Accessibility to the Surface of

Staphylococcus aureus

Adapted from: Ferraro, N. J.; Kim, S.; Im, W.; Pires, M. M., Systematic Assessment of
Accessibility to the Surface of Staphylococcus aureus. ACS Chem Biol 2021.

3.1 Abstract

Proteins from bacterial foes, antimicrobial peptides, and host immune
proteins must navigate past a dense layer of bacterial surface biomacromolecules
to reach the peptidoglycan (PG) layer of Gram-positive bacteria. A subclass of
molecules (e.g., antibiotics with intracellular targets) also must permeate through
the PG (in a molecular sieving manner) to reach the cytoplasmic membrane.
Despite the biological and therapeutic importance of surface accessibility,
systematic analyses in live bacterial cells have been lacking. We describe a live
cell fluorescence assay that reports on the permeability of molecules to and within
the PG scaffold. The assay has robust reproducibility, is readily adoptable to any
Gram-positive organism. Moreover, our study shows that teichoic acids impede

the permeability of molecules of a wide range of sizes and chemical composition.

3.2 Introduction

Bacterial cell walls are essential barriers that protect bacteria against an
onslaught of potentially lethal external insults. The therapeutic effectiveness of
most antibiotics hinges on their ability to permeate through bacterial surface
biomacromolecules to ultimately reach their target. At the same time, bacteria cell
wall features have evolved in order to reduce the accessibility of antibacterial
agents. For example, Staphylococcus aureus (S. aureus) resistance to
vancomycin can result from cell wall thickening, which effectively captures
vancomycin molecules and prevents their association with their lipid 1l target.t A
molecular sieving concept through the dense cell wall has also been evoked to
describe trends in antibacterial activities of synthetic mimics of antimicrobial
peptides.? Similarly, central components of the human innate and adaptive

immune system, such as lysozyme and antibodies, target cell surface components
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and do not need to cross the membrane bilayer, yet they too can have their

activities modulated by cell surface biopolymers.3-

cell surface biomacromolecules ( )
can interfere with the ability of #\ ‘t ‘
small molecules and large proteins

to reach the peptidoglycan §
. J

R

wall teichoic acid

\ 4

peptidoglycan
5353535348

Iipoteichoic; acid

Figure 3.1 Schematic representation of the surface composition of S. aureus
delineating key biomacromolecules that can potentially impact penetration of

molecules.
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Gram-positive bacteria have a cell wall that includes a thick PG layer on the
exterior side of the cytoplasmic membrane (Figure 3.1). PG is a mesh-like polymer
made up of repeating disaccharides N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc). Each MurNAc unit is connected to a short and
unusual peptide (stem peptide) with the canonical sequence of L-Ala-iso-D-Glu-L-
Lys-D-Ala-D-Ala or meso-diaminopimelic acid (m-DAP) in place of L-Lys at the 3rd
position.® For all known bacteria, neighboring stem peptides are crosslinked to
endow the PG matrix with rigidity and integrity. Cell walls are further decorated
with a number of polymers and proteins that play important physiological roles
such as regulating cell morphology and growth, serving as virulence factors, and
aiding in adherence and colonization.” Bacterial PG is an essential component of
the bacterial cell wall and its unique structure makes it a prominent target for the
innate immune system. Critically, a significant number of FDA-approved antibiotics
also target PG by inhibiting the biosynthesis of it.8-° Given the importance of PG in
antibacterial therapy, a better understanding of the accessibility to this polymer is

imperative.

3.3 Results and Discussion

Early seminal works have described a molecular sieving effect of polymers
permeating through bacterial PG, which is likely a product of its lattice structure.1®
11 While illuminating, these experiments were performed in vitro with isolated PG
(sacculi). In contrast, we set out to develop a method to systematically measure
accessibility to the PG scaffold of live bacterial cells. The basis of the assay is a
site selective incorporation of a reactive epitope within the PG of live cells followed
by treatment with heterobifunctional reporter molecules of varying sizes that attach
to the PG scaffold (Figure 3.2). The reporter molecules are linked to fluorophores,
and, therefore, cellular fluorescence levels describe the ability of the probes to
navigate through surface exposed biomacromolecules. Covalent PG tagging is
expected to result in reliable measurements that can be readily quantified using
standard techniques amendable to high throughput analyses (e.g., flow
cytometry). We initially reasoned that a thiol functional group could be installed
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within bacterial PG, which lacks native thiols, by the process of metabolic tagging
of the PG with synthetic stem peptide analogs containing D-cysteine.*?*® During
cell growth and division, synthetic PG analogs enter the biosynthetic pathway in
place of endogenous building blocks, and this process provides a robust route to

introduce non-native functional groups within bacterial PG.’
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Figure 3.2 Proposed assay to tag the bacterial PG scaffold with thiol handles
followed by a fluorescent probe that contains a bioorthogonal binding partner for
the thiol handle.

A small panel of synthetic PG analogs was synthesized, each of which
contained a cysteine residue (Figure 3.3). The panel contained three derivatives
of the single D-amino acid, D-cysteine (1). During cell growth, single b-amino acids
supplemented in the culture medium, such as D-cysteine, are swapped in the place
of the D-alanine that occupies the 5th position within the stem peptide of S. aureus
(Figure 3.4).1218 A wide range of single D-amino acid PG probes have been
developed to elucidate fundamental steps in bacterial cell wall biology.1’2® We
also included oxidized D-cystine (2) and D-cysteine amidated (3) at the C-terminus
in an attempt to maximize PG tagging, which can result in higher levels of unnatural
D-amino acid incorporation and/or retention.??2¢ Alternatively, cell treatment with
the dipeptide D-Cys-D-Ala (4) was expected to result in the incorporation of D-
cysteine at the 4th position of the stem peptide.1?2°-%0 p-Cys-D-Ala mimics the D-
Ala-D-Ala dipeptide PG precursor, therefore it should be processed intracellularly
by the MurF enzyme to generate D-cysteine containing PG. Lastly, cysteine was
placed at the N-terminus of a tetrapeptide (5) synthetic analog of the PG stem
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peptide. We?83! and others32-3° recently showed that structural analogs of PG stem

peptides can be crosslinked into the growing PG scaffold of live cells.
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Figure 3.3 Chemical structure of PG analogs modified with a cysteine residue and

the fluorescent reporter Mal-FlI.
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Ouir first goal was to identify which cysteine-based label would result in the
highest level of thiol handles on the surface of S. aureus. To accomplish this, S.
aureus cells were grown overnight in the presence of each PG analog to promote
incorporation throughout the entire PG scaffold. Then, cells were treated with the
reducing agent dithiothreitol (DTT) to unmask the thiols on the PG, which were
expected to exist primarily as disulfides due to the oxidizing nature of the culture
media. Cells were washed with PBS to remove excess reducing agent and
incubated with maleimide-modified fluorescein (Mal-Fl).

DTT

o-Ala

5th position

Figure 3.4 Modes of incorporation of single amino acids by swapping into the 5th
position on the peptidoglycan stem peptide of S. aureus cells. D-cystine is
incorporated (singly or doubly) within the PG scaffold and is subsequently reduced

with DTT to generate D-cysteine.

Our results clearly showed that some of the PG metabolic tags resulted in
significant increases in fluorescence levels (Figure 3.5). Incubation of cells with D-
cystine (2) led to a ~12-fold increase in cellular fluorescence relative to DMSO
treated cells. Interestingly, this large increase suggests that the total amount of
cysteines within the modified PG are far greater than the number of cysteines

found within endogenous S. aureus cell surface proteins. Likewise, treatment of S.
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aureus cells with the enantiomeric L-cystine, which is not expected to be processed
by PG transpeptidases, led to a minimal increase in cellular fluorescence
compared to DMSO treated cells (Figure 3.6A). Next, a titration experiment was
carried out and we found that 25 yM was an optimum concentration of Mal-Fl

based on labeling levels (Figure 3.6B).
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Figure 3.5 (A) Chemical structure of PG analogs modified with a cysteine residue

and the fluorescent reporter Mal-FI. (B) Flow cytometry analysis of S. aureus
(ATCC 25923) treated overnight with 1 mM of synthetic PG analogs, reduced with
DTT (5 mM), and incubated with 25 yM of Mal-Fl. Data are represented as mean
+/- SD (n = 3). P-values were determined by a two-tailed t-test (* denotes a p-

value <0.05, **<0.01, ***<0.001, ns = not significant).

Although there were similar labeling levels observed with the other PG
analogues, we expected that D-cystine, the disulfide form of D-cysteine, would
result in more consistent labeling levels compared to the other compounds due to
the fact that the others may exist at varying levels of oxidized product during the

incubation period in the oxygenated media. It should be noted that larger
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concentrations of D-amino acids in the culture media (e.g., 100-250 mM D-serine)
has resulted in reduced levels of PG crosslinks.3¢37 Based on these results, we
selected the PG probe D-cystine for all subsequent assays that use the thiol-

maleimide pair.
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Figure 3.6 (A) Flow cytometry analysis of S. aureus (ATCC 25923) treated
overnight with 1 mM of DMSO/L-cystine/D-cystine, reduced with DTT (5 mM), and
incubated with 25 uM of Mal-FI. (B) Flow cytometry analysis of S. aureus (ATCC
25923) treated overnight with 1 mM of D-cystine, reduced with DTT (5 mM), and
incubated with increasing concentrations Mal-Fl. Data are represented as mean
+/- SD (n = 3).

Localization studies were performed next to test whether the Mal-Fl is
imbedded within the bacterial PG scaffold after reacting with the thiol handle. Our
laboratory had previously demonstrated that treatment of S. aureus with single D-
amino acid probes resulted in the chemical modification of the stem peptide using
a range of biochemical techniques.'? 18 25 S, aureus cells were treated with D-

cystine followed by Mal-FI and visualized by confocal microscopy. Our results



38

showed that the reporter probe had similar labeling profile as S. aureus labeled
with the single amino acid probe D-LysFl (Figure 3.7). The same cells were
subjected to a sacculi isolation procedure and imaged by confocal microscopy as
well. Satisfyingly, the pattern of labeling in the isolated PG scaffold mirrored that
of the whole cell and are suggestive of the probe being covalently attached to the
PG scaffold.

whole cell sacculi

D-cystine
MalFlI

D-LysFI

Figure 3.7 Confocal microscopy of S. aureus or isolated sacculi from S. aureus.
S. aureus (ATCC 25923) treated overnight with 1 mM of D-cystine or D-LysFl. Cells
treated with D-cystine were reduced with DTT (5 mM) and incubated with 25 pM of
Mal-FI and imaged. Scale bar = 5 mm. Cells were either imaged by confocal
microscopy or subjected to a secondary step in which the sacculi was isolated and

imaged.
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A second line of evidence of PG binding by the accessibility probe was
provided by treatment of S. aureus with digestion enzymes (Figure 3.8). As before,
S. aureus were labeled with D-cystine followed by Mal-Fl, subjected to treatment
with either proteinase K or mutanolysin, and cellular fluorescence was measured
periodically. Mutanolysin is a muralytic enzyme that cleaves the polysaccharide
backbone of PG, thus triggering the release of PG fragments from the cell.
Fluorescent probes that are covalently attached to the PG should, likewise,
separate from the cells upon treatment with mutanolysin, leading to a reduction in
cellular fluorescence levels. As expected, S. aureus cells treated with mutanolysin
demonstrated a fluorescence level that was half that of the starting level by 120
minutes. Conversely, fluorescence levels of S. aureus cells treated with proteinase
K (a promiscuous protease that typically cleaves the peptide bond adjacent to
aliphatic and aromatic amino acids) remained mostly unchanged over the course

the entire experiment.

Two additional sets of experiments were performed to confirm the tagging
of the PG scaffold by Mal-Fl. First we performed BioOrthogonal Non-Canonical
Amino acid Tagging (BONCAT) of S. aureus (WT) using L-azidohomoalanine
(AHA), which is an analog of L-methionine.®84° The substrate promiscuity of
methionyl-tRNA synthetase allows for the incorporation of AHA into newly
synthesized proteins, including those that are surface exposed in S. aureus. We
anticipated that, likewise, proteins covalently anchored within the PG by sortase
would be readily labeled by AHA. After overnight incubation with AHA, cells were
washed and treated with DBCO-FI. Given the large size of DBCO-FI, we
anticipated that protein tagging would occur primarily (but not exclusively) within
surface exposed proteins. Our results showed that treatment with both mutanolysin
and proteinase K resulted in a significant decrease in cellular fluorescence (Figure
3.9A-B). These results confirm that proteinase K can access, and release proteins
tagged with fluorophores. Therefore, the lack of change in fluorescence levels in
cells treated with D-cystine followed by Mal-FI are consistent with PG-specific

labeling of D-cystine.
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Figure 3.8 Flow cytometry analysis of surface labeled S. aureus (ATCC 25923)
treated proteinase K (dark bars) or mutanolysin (clear bars). Labeled cells were
treated with 1 mM of D-cystine, reduced with DTT (5 mM), and incubated with 25
MM of Mal-Fl. Data are represented as mean +/- SD (n = 3). P-values were
determined by a two-tailed t-test (* denotes a p-value <0.05, **<0.01, ***<0.001,

ns = not significant).

Moreover, the isolated sacculus of S. aureus cells, treated with D-cystine

followed by Mal-FI, was analyzed using an assay we recently described
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(SaccuFlow).*! SaccuFlow enables the quantification of isolated PG fluorescence.
Using this assay, we observed similar sensitivity of PG relative to whole cells upon
treatment with mutanolysin and proteinase K (Figure 3.9C). Together, these
results are strongly suggestive of the modification of bacterial PG following the
two-step labeling procedure (installation of D-cystine within the PG scaffold

followed by covalent attachment of the accessibility probe).
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Figure 3.9 Flow cytometry analysis of S. aureus (ATCC 25923) treated with 50
pMg/mL mutanolysin (A) or 500 ug/mL proteinase K (B). S. aureus cells were treated
with 1 mM of L-azidohomoalanine and incubated with 25 yM of DBCO-FI before
enzyme treatment. (C) Flow cytometry analysis of sacculi isolated from S. aureus
(ATCC 25923) treated 500 pg/mL proteinase K (dark bars) or 50 pg/mL

mutanolysin (clear bars). S. aureus cells were treated with 1 mM of D-cystine,
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reduced with DTT (5 mM), and incubated with 25 uM of Mal-FI prior to sacculi

isolation procedure. Data are represented as mean +/- SD (n = 3).

Accessibility to the bacterial PG layer and permeation within the PG scaffold
by molecules from the extracellular space should be tied to their physiochemical
properties (e.g., charge, size, and flexibility). To test these concepts, we
assembled two libraries of accessibility probes that, like Mal-Fl, display maleimide
and fluorescein functional groups. One library contained a flexible polar
polyethylene glycol (PEG) spacer and while the other was composed of a rigid
polyproline spacer, both of varying lengths (Figure 3.10A-B). As before, the PG
scaffold of S. aureus cells was tagged with thiol handles by incubating with D-
cystine. Accessibility to the PG scaffold was investigated by treating cells with
members of both libraries and subsequently analyzing by flow cytometry (Figure
3.10C-D). A stark difference in surface accessibility was noted between the two
libraries. Increasing the length of the spacer in Mal-pegn-Fl resulted in a gradual
and consistent decrease in fluorescence, whereas there was a sharp decrease in
cellular fluorescence with the series of Mal-pron-Fl. These results indicate that
rigidity of a molecule may not be favorable for reaching the PG scaffold of bacteria.
Instead, flexibility may promote the maneuvering of molecules across surface
biopolymers. A similar labeling profile was observed with two other strains of S.
aureus, including the MRSA strain USA300 (Figure 3.11). These results likely
reflect the conserved nature of D-cystine labeling in these organisms and could

make this assay applicable to other S. aureus strains.
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Figure 3.10 (A) Cartoon representation of the two libraries. (B) Chemical
structures of accessibility probes. (C-D) Flow cytometry analysis of WT S. aureus
(ATCC 25923) treated overnight with 1 mM of D-cystine, reduced with DTT (5 mM),
and incubated with 25 uM of designated accessibility probes. Data are represented
as mean +/- SD (n = 3).

Molecular dynamics (MD) simulations were conducted to determine the

conformational variations of the spacer of the Mal-pegn-FI and Mal-pron-Fl library
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members in solution. Snapshots of the last 50-ns in MD simulations of the probes
show that Mal-pegn-FI (Figure 3.12A) displays considerably more flexibility than
Mal-pron-Fl (Figure 3.12B), which can help explain the results observed in cell
surface labeling experiments. More specifically, the root-mean-square deviation
(RMSD) values from the equilibrium structure between the shortest spacer and the
longest spacer for the Mal-pegn-Fl series increases more than 5-fold, whereas for

the Mal-pron-Fl series there is only a 2-fold increase (Figure 3.12C).

B
250001 500001

200004 (%) 40000+ -§-

150004

10000+ % %

30000+

20000+ % %':

5000+ 100004
o....mﬁ% o....mﬁﬁ
6 8 B8 8 12 24

0 2 4 12 24 0 2 4

fluoresence (a.u.)
fluoresence (a.u.)

Mal-peg,-FI Mal-peg,,-Fl

Figure 3.11 Flow cytometry analysis of (A) S. aureus (USA300) and (B) S. aureus
(SCO1) treated overnight with 1 mM of D-cystine, reduced with DTT (5 mM), and
incubated with designated accessibility probes. Data are represented as mean +/-
SD (n = 3).

We proceeded to investigate the role of surface biopolymers on PG
accessibility. There are two main surface biopolymers on S. aureus cells known as
lipoteichoic acids (LTA) and wall teichoic acids (WTA).#2*> WTA is highly anionic
and forms a dense glycan layer that is covalently attached to the stem peptide
(Figure 3.1). Previous reports have described the influence of WTA on

bacteriophage susceptibility,® antibody binding,> antibiotic resistance (e.g.,
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daptomycin),*” and recognition by innate immune proteins that bind to PG (e.g.,

Peptidoglycan Recognition Protein).*® Inhibitors of WTA biosynthesis, such as

tunicamycin, have been developed as anti-infective agents.*®*2 Tunicamycin

inhibits TarO, which is responsible for the first step in WTA biosynthesis.>3
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Figure 3.12 Molecular dynamics simulations of (A) PEG-based and (B) Pro-based

accessibility probes in solution. Depicted are overlaid snapshots of every 1-ns

during the last 50-ns of the simulation. Yellow represents the maleimide terminus,

dark grey represents the spacer regions, and red represents the fluorescein

terminus. (C) Summary of the root mean square deviation and radius of gyration

for all systems (100 ns).
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We sought to gain a more systematic description of the impact of WTA on
accessibility to S. aureus PG by using a tarO deletion strain and tunicamycin-
based WTA inhibition. Both modes of WTA disruption resulted in large increases
in cellular labeling with the accessibility probes (Figure 3.13). For example,
fluorescence levels in S. aureus (tarO) treated with the 36-atom long spacer, Mal-
pegi2-Fl, was higher than S. aureus (WT) treated with Mal-Fl.
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Figure 3.13 WT S. aureus (ATCC 25923) cells were incubated with 1 mM of D-
cystine (dark bars), co-incubated with tunicamycin (tuni, 0.1 uyg/mL) and 1 mM of
D-cystine (grey bars), or S. aureus (AtfarO) were incubated with 1 mM of D-cystine
alone (white bars) overnight. Next, cells were reduced with DTT (5 mM), and
incubated with 25 pyM of designated accessibility probes. Data are represented as
mean +/- SD (n = 3).

Tunicamycin treatment yielded higher overall levels of cellular fluorescence
in a concentration dependent manner (Figure 3.14A). There was minimal additive
effect when AtarO cells were treated with tunicamycin (Figure 3.14A). The boost
in cellular fluorescence was more pronounced with rigid spacers as demonstrated
by the ratio of cellular fluorescence when treated with Mal-proas-FlI and Mal-Fl. In

the absence of tunicamycin treatment, cellular fluorescence of Mal-prois-FI was
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~6.5% relative to Mal-FI and this ratio jumped to ~40% upon tunicamycin

treatment.
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Figure 3.14 (A) Flow cytometry analysis of S. aureus (ATCC 25923) treated
overnight with 1 mM of D-cystine or DMSO in the presence of given concentrations
of tunicamycin. The next day cells were washed with PBS, reduced with DTT (5
mM), and incubated with 25 uyM of Mal-FI. (B) Flow cytometry analysis of S. aureus
(ATCC 25923) and S. aureus (AtarO) treated overnight with 1 mM of D-cystine or
DMSO in the presence of absence of 0.1 ug/L of tunicamycin. The next day cells
were washed with PBS, reduced with DTT (5 mM), and incubated with 25 pM of
Mal-FI. Data are represented as mean +/- SD (n = 3).

Additionally, we also tested a series of maleimide-modified fluorophores in
S. aureus (WT) and S. aureus (tarO) to evaluate the role of the fluorophore in the
PG labeling (Figure 3.15). Our results showed that two other fluorophores (AF488
and AF647) behaved similar to fluorescein in having a low labeling level in the
absence of D-amino acid modification and an increase in the absence of WTA in
comparison to WT when treated with D-cystine. Two other fluorophores (BODIPY

and Cy5) resulted in considerable non-specific labeling.
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Figure 3.15 Flow cytometry analysis of S. aureus (ATCC 25923) and S. aureus
(AtarO) treated overnight with (A) 1 mM of D-cystine or (B) DMSO, reduced with

DTT (5 mM), and incubated with designated accessibility probes. Data are

represented as mean +/- SD (n

fluorophores tested.

3). (C) Chemical structures of the five




49

We next set out to test how robust the concept of this assay is by changing

the reactive partners. Instead of thiol and maleimide, we assembled a panel of

probes centered on an

azide-modified D-lysine

(D-LysAz)

and

DiBenzoCycloOctyne (DBCO) conjugated to a fluorescent handle (Figure

3.16A).>+% This pair of reactive functional groups is bioorthogonal and readily

forms a triazole covalent bond in the absence of metal catalysts. (Figure 3.16B)
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Figure3.16 (A) Chemical structures of D-LysAz, DBCO-FI, and DBCO-pegn-Fl.
(B) Schematic diagram of the PG labeling of live cells. (C) Flow cytometry analysis
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of WT S. aureus (ATCC 25923) treated overnight with 1 mM of D-cystine or D-
LysAz followed by a treatment with either 25 uM of Mal-FI or DBCO-FI.

We found that S. aureus cells incubated with D-Lys Az followed by treatment
with DBCO-FI resulted in a ~12-fold increase in cellular fluorescence compared to
cells not treated with the unnatural b-amino acid. Moreover, the fold increase in
cellular fluorescence was very similar to the values observed using the D-cystine
and Mal-Fl pair. (Figure 3.16C) Cellular treatment with the enantiomer L-LysAz
led to background fluorescence levels, another indication that fluorescence signals
represent covalent modification of the PG scaffold (Figure 3.17A). In addition,
mutanolysin analysis revealed a similar profile (Figure 3.17B) and confocal
microscopy showed identical localization pattern (Figure 3.17C) to the thiol-

maleimide pair.
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Figure 3.17 (A) Flow cytometry analysis of surface labeled S. aureus (ATCC
25923) treated overnight with 1 mM of D-LysAz or 1 mM of L-LysAz and incubated
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with 25 yM of DBCO-FI. (B) Flow cytometry analysis of surface labeled S. aureus
(ATCC 25923) treated overnight with 1 mM of D-LysAz and incubated with 25 yM
of DBCO-FI. Cells were washed with PBS, and incubated with mutanolysin.
Periodically, cells were fixed with formaldehyde and analyzed by flow cytometry.
(C) Confocal microscopy analysis of surface labeled S. aureus (ATCC 25923)
treated overnight with 1 mM of D-LysAz and incubated with 25 yM of DBCO-FI.
Cells were washed with PBS, fixed with formaldehyde, and imaged. Data are
represented as mean +/- SD (n = 3).

The effect of WTA on PG accessibility was evaluated for the bioorthogonal
pair (Figure 3.18). Loss of WTA in the deletion strain resulted in a two-fold increase
in cellular fluorescence across all spacer lengths. Co-incubation of cells with
tunicamycin resulted in ~9-fold increase in cellular fluorescence with the DBCO-
pegs-Fl probe and a ~17-fold increase with the longest DBCO-pego-F| probe.
These results suggest that the assay platform is robust and the chemistry is not a

factor in measuring access to the PG scaffold.
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Figure 3.18 WT S. aureus (ATCC 25923) cells were incubated with 1 mM of D-

LysAz alone (dark bars), co-incubated with tunicamycin (tuni, 0.1 pg/mL) and 1
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mM of D-LysAz (grey bars), or S. aureus (AtarO) were incubated with 1 mM of D-
LysAz alone (white bars) overnight. Next, cells were treated with 25 yM of

designated accessibility probes. Data are represented as mean +/- SD (n = 3).

Next, we sought to evaluate the role of positively charged, branched
polyethylenimine (BPEI) in potentiating B-lactam antibiotics against MRSA.56-57
Whereas tarO-null strain and tunicamycin pre-treatment results in cells lacking
WTA, BPEI has been proposed to directly interact with WTA without inhibiting its
biosynthesis. Binding of BPEI to WTA was suggested to result in the synergy of -
lactam antibiotics by causing delocalization of penicillin binding proteins. We
reasoned that neutralization of WTA by BPEI could also alter accessibility of
molecules to the PG scaffold. To test this, S. aureus cells were treated with BPEI
and challenged with our probes (Figure 3.19). Our results reveal that BPEI
improved the accessibility of smaller molecules to the PG, which likely plays a role
in its synergistic activity with small molecule antibiotics. The increased accessibility
appeared to be size dependent, as larger molecules did not permeate better when
co-incubated with BPEI.
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Figure 3.19 Flow cytometry analysis of WT S. aureus (ATCC 25923) treated
overnight with 1 mM of D-LysAz, co-incubated with 0, 32, or 64 pg/mL of BPEI at
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stationary phase, followed by a treatment with 25 uM of designated probes. Data
are represented as mean +/- SD (n = 3). P-values were determined by a two-tailed

t-test (*denotes a p-value <0.05, **<0.01, ***<0.001, ns = not significant).

We also set out to assess the effect of LTA on surface accessibility.>8-°
Unlike WTA, LTA is anchored into the bacterial membrane via a glycolipid group.
Although the roles of LTA have not been fully elucidated, LTA has been implicated
in a diverse set of functions including interaction with host toll-like receptors,%°
organization of cell division machinery,%'-62 and regulating biofilm formation.®® The
gene responsible for LTA biosynthesis, ItaS, is essential for growth of S. aureus®?
but becomes conditionally essential when the chaperon ClpX is inactivated.®* In
our assay, we found that accessibility to the PG of cells lacking LTA was
significantly increased (Figure 3.20). Deletion of clpX alone did not lead to an
increase in the permeation of DBCO-FI, indicating that deletion of ClpX alone

cannot account for the increased permeability.
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Figure 3.20 (B) Flow cytometry analysis of WT S. aureus (SA546), S. aureus
(AclpX AltaS), or S. aureus (AclpX) treated overnight with 1 mM of D-LysAz,
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followed by a treatment with 25 uM of designated probes. Data are represented as
mean +/- SD (n = 3). P-values were determined by a two-tailed t-test (*denotes a

p-value <0.05, **<0.01, ***<0.001, ns = not significant).

We then investigated the role of LTA D-alanylation on surface accessibility
using a small molecule inhibitor, amsacrine, that was previously described.%®
Introduction of a positively charged D-alanine within LTA results in the
neutralization of the anionic teichoic acids. This modification has been shown to
influence a number of biological functions including biofilm formation,-66
sensitivity to antibiotics (e.g., antimicrobial peptides and daptomycin),>8 6769 and
recognition by human innate immune system.”® However, its role in surface
accessibility has not been evaluated. We found that treatment of S. aureus with
amsacrine resulted in a modest increase in cellular fluorescence with DBCO-pegs-
FI (Figure 3.21). Collectively, these results provide direct evidence that chemical
or biochemical alterations to teichoic acids on the surface of bacteria can regulate
the permeation of molecules. In turn, these results may reveal a new facet to the
diverse ways that bacteria modulate access to essential components of the cell

wall.
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Figure 3.21 Flow cytometry analysis of WT S. aureus (ATCC 25923) treated
overnight with 1 mM of D-LysAz, co-incubated with O or 10 pg/mL of amsacrine
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overnight, followed by a treatment with 25 uM of designated probes. Data are
represented as mean +/- SD (n = 3).

3.4 Conclusion

In conclusion, we have developed a novel fluorescence-based assay that
reports on the accessibility of molecules to the surface of bacteria. Using S. aureus
as a model organism, we showed that two distinct chemical handles (thiol and
azide) were installed within the PG scaffold of S. aureus. Using two focused
libraries in which each member contained a reactive handle and a fluorophore, we
were able to show the effect of molecular size and flexibility on cellular
accessibility. Molecules that are rigid, such as polyproline, displayed low access
to the bacterial cell surface. Moreover, the presence of WTA (and to a less extent
LTA), played a central role in regulating surface accessibility. Together, these
results demonstrate that the assay outlined here is robust, potentially widely
adaptable, and can play a significant role in elucidating dynamic features of

bacterial cell surfaces.
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3.7 Materials and Methods

Materials. All peptide related reagents (resin, coupling reagent, deprotection
reagent, amino acids, and cleavage reagents) were purchased from Chemimpex
or Broad Pharm. Bacterial strains S. aureus ATCC 25923, USA300, and S. aureus
SCO1 were grown in lysogeny broth (LB). S. aureus AtarO was grown in LB
supplemented with 150 ug/mL spectinomycin. S. aureus SA546, AclpX, and
AclpXAltaS were grown in tryptic soy broth (TSB).

Flow Cytometry Analysis of S. aureus Treated with Thiol Analogue Panel. LB
media containing 1 mM of each respective thiol analogue or dimethyl sulfoxide
(DMSO) were prepared. S. aureus ATCC 25923 cells from an overnight culture
were added to the medium (1:100 dilution) and allowed to grow overnight at 37 °C
with shaking at 250 rpm. The cells were harvested at 4000 rpm and treated with 5
mM dithiothreitol (DTT) at the original culture volume for 5 min, to reverse any thiol
oxidation that may have occurred. The cells were harvested at 4000 rpm and
washed twice at the original culture volume with 1x phosphate-buffered saline
(PBS) to remove residual DTT. The cells were then treated with 25 yM FAM
maleimide, 6-isomer (Mal-Fl) for 30 min at 37 °C, and protected from light. The
samples were subsequently harvested at 4000 rpm and washed three times with
PBS followed by fixation with 2% formaldehyde in 1x PBS for 30 min. The cells
were washed once more to remove formaldehyde and then analyzed using the
Attune NXT flow cytometer equipped with a 488 nm laser and a 525/40 nm

bandpass filter. The data were analyzed using the Attune NXT Software.

Flow Cytometry Analysis of S. aureus Treated with Cystine Enantiomers. LB
media containing either 1 mM D-cystine, L-cystine, or DMSO were prepared. S.
aureus ATCC 25923 cells from an overnight culture were added to the medium
(1:100 dilution) and allowed to grow overnight at 37 °C with shaking at 250 rpm.
The cells were harvested at 4000 rpm and treated with 5 mM DTT at the original
culture volume for 5 min, to reverse any thiol oxidation that may have occurred.
The cells were harvested at 4000 rpm and washed twice at the original culture

volume with 1x PBS to remove residual DTT. The cells were then treated with 25
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MM Mal-FI for 30 min at 37 °C and protected from light. The samples were
subsequently harvested at 4000 rpm and washed three times with PBS followed
by fixation with 2% formaldehyde in 1x PBS for 30 min. The cells were washed
once more to remove formaldehyde and then analyzed using the Attune NxT flow

cytometer as described above.

Flow cytometry analysis of S. aureus treated with a Mal-FlI titration. LB media
containing 1mM of D-cystine was prepared. S. aureus ATCC 25923 cells from an
overnight culture were added to the medium (1:100 dilution) and allowed to grow
overnight at 37°C with shaking at 250 rpm. The cells were harvested at 4000 rpm
and treated with 5 mM DTT at the original culture volume for 5 minutes, to reverse
any thiol oxidation that may have occurred. The cells were harvested at 4000 rpm
and washed twice at the original culture volume with 1X PBS to remove residual
DTT. The cells were then treated with either 5, 10, 25, 50, or 100 yM Mal-FI for 30
minutes at 37°C and protected from light. The samples were subsequently
harvested at 4000 rpm and washed three times with PBS followed by fixation with
2% formaldehyde in 1X PBS for 30 minutes. The cells were washed once more to
remove formaldehyde and then analyzed using the Attune NXT flow cytometer as

described above.

Enzymatic degradation of Whole Cell Samples. LB media containing either
1mM of D-cystine or D-LysAz were prepared. S. aureus ATCC 25923 cells were
added to the LB medium (1:100) and allowed to grow overnight at 37°C with
shaking at 250 rpm. The D-cystine treated cells were harvested at 4000 rpm and
treated with 5 mM DTT, to reverse any thiol oxidation that may have occurred, at
the original culture volume for 5 minutes. The cells were harvested at 4000 rpm
and washed twice at the original culture volume with 1X PBS to remove residual
DTT. The cells were then treated with 25 yM Mal-FI for 30 minutes at 37°C and
protected from light. The samples were subsequently harvested at 4000 rpm and
washed three times with 1X PBS. The D-LysAz treated cells were harvested at
4000 rpm and washed three times at the original culture volume with 1X PBS. The
cells were then treated with 25 yM DBCO-FI for 30 minutes at 37°C and protected
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from light. The samples were subsequently harvested at 4000 rpm and washed
three times with 1X PBS. A zero time point sample was taken from both the Mal-
FI and DBCO-FI treated cells before being subjected to treatment with either 50
pMg/mL mutanolysin in 1X PBS or 500 ug/mL proteinase K in 50 mM TRIS HCI with
5 mM calcium chloride at pH 8. A portion of the cells were taken at 30, 60, 90, 120,
and 600 minutes. At each time point, the collected bacteria resuspended in a final
solution of 1X PBS containing 2% formaldehyde to quench the
mutanolysin/proteinase K reaction. The cells were analyzed using the Attune NxT

flow cytometer as described above.

BONCAT. LB media containing 1mM of L-azidohomoalanine was prepared. S.
aureus ATCC 25923 cells were added to the LB medium (1:100) and allowed to
grow overnight at 37°C with shaking at 250 rpm. The cells were harvested at 4000
rpm and washed three times with 1X PBS. The cells were then treated with 25 yM
DBCO-FI for 30 minutes at 37°C and protected from light. The samples were
subsequently harvested at 4000 rpm and washed three times with 1X PBS. A zero
time point sample was taken before being subjected to treatment with either 50
Mg/mL mutanolysin in 1X PBS or 500 ug/mL proteinase K in 50 mM TRIS HCI with
5 mM calcium chloride at pH 8. A portion of the cells were taken at 30, 60, 90, 120,
and 150 minutes. At each time point, the sample was resuspended in a final
solution of 1X PBS containing 2% formaldehyde to quench the
mutanolysin/proteinase K reaction. The cells were analyzed using the Attune NxT

flow cytometer as described above.

Peptidoglycan Isolation and Confocal Microscopy Analysis of S. aureus. LB
media (25 mL) containing either 1 mM D-cystine, N¢ -azido-D-lysine hydrochloride
(D-LysAz), 100 uM D-LysFIl, or DMSO were prepared. S. aureus ATCC 25923
cells were added to the LB medium (1:100) and allowed to grow overnight at 37
°C with shaking at 250 rpm. The D-cystine-treated cells were harvested at 4000
rom and treated with 5 mM DTT, to reverse any thiol oxidation that may have
occurred, at the original culture volume for 5 min. The cells were harvested at 4000

rom and washed twice at the original culture volume with 1x PBS to remove
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residual DTT. The cells were then treated with 25 yM Mal-FI for 30 min at 37 °C
and protected from light. The samples were subsequently harvested at 4000 rpm
and washed three times with 1x PBS. The resulting pellet was resuspended in 1x
PBS. Whole-cell samples were taken, subjected to fixation with 2% formaldehyde
in 1x PBS, and analyzed via confocal microscopy. The remaining sample
underwent the peptidoglycan isolation protocol. The D-LysAz treated cells were
harvested at 4000 rpm and washed three times at the original culture volume with
1x PBS. The cells were then treated with 25 uM fluorescein-DBCO (DB CO-FI) for
30 min at 37 °C and protected from light. The samples were subsequently
harvested at 4000 rpm and washed three times with 1x PBS. The resulting pellet
was resuspended in 1x PBS. Whole-cell samples were taken, subjected to fixation
with 2% formaldehyde in 1x PBS, and analyzed via confocal microscopy. The
remaining sample underwent the peptidoglycan isolation protocol. The D-LysFI-
and DMSO-treated cells were harvested at 4000 rpm and washed three times at
the original culture volume with 1x PBS. Whole-cell samples were taken, subjected
to fixation with 2% formaldehyde in 1x PBS, and analyzed via confocal microscopy.
The remaining sample underwent the peptidoglycan isolation protocol. To isolate
the peptidoglycan, first, all four cell suspensions (D-cystine-, D-LysAz-, D-Lys-Fl-,
and DMSO-treated cells) were boiled for 25 min to induce cell death. The cells
were subsequently harvested at 14000g. The samples were then treated with 15
mL of 5% sodium dodecyl sulfate (SDS) in deionized water and boiled for 25 min.
The samples were then sedimented at 14000g and subjected to treatment with 15
mL of 4% SDS with boiling for 25 min. The samples were washed six times with
deionized water to remove residual SDS. The resulting pellets were resuspended
in 6 mL of 20 mM Tris HCI at pH 8 and treated with 133 pg/mL DNase in 20 mM
TRIS, pH 8, at 37 °C with shaking at 115 rpm for 24 h. After 24 h, 133 pg/mL trypsin
in 20 mM TRIS, pH 8, was added to each sample and that was incubated for 24 h
at 37 °C with shaking at 115 rpm. The samples were then sedimented at 140009
after the 24 h time period. Both the whole-cell and isolated peptidoglycan samples
were analyzed using the Zeiss 980 Airyscan Imaging System provided by the W.

M. Keck Center for Cellular Imaging.
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Enzymatic degradation of sacculi samples. LB media containing 1mM of D-
cystine was prepared. S. aureus ATCC 25923 cells were added to the LB medium
(1:100) and allowed to grow overnight at 37°C with shaking at 250 rpm. The D-
cystine treated cells were harvested at 4000 rpm and treated with 5 mM DTT, to
reverse any thiol oxidation that may have occurred, at the original culture volume
for 5 minutes. The cells were harvested at 4000 rpm and washed twice at the
original culture volume with 1X PBS to remove residual DTT. The cells were then
treated with 25 yM Mal-Fl for 30 minutes at 37°C and protected from light. The
samples were subsequently harvested at 4000 rpm and washed three times with
1X PBS. The cells were then subjected to the peptidoglycan isolation described
above. A zero time point sample of the sacculi was taken before being subjecting
the sacculi to treatment with either 50 pg/mL mutanolysin in 1X PBS or 500 pg/mL
proteinase K in 50 mM TRIS HCI with 5 mM calcium chloride at pH 8. A portion of
the cells were taken at 30, 60, 90, 120, and 150 minutes. At each time point, the
sample was resuspended in a final solution of 1X PBS containing 2%
formaldehyde to quench the mutanolysin/proteinase K reaction. The cells were

analyzed using the Attune NxT flow cytometer as described above.

Flow Cytometry Analysis of S. aureus Strains Treated with Mal-pegn-FI and
Mal-pron-FI Libraries. LB media containing 1 mM D-cystine were prepared. S.
aureus ATCC 25923, S. aureus ATCC 25923 supplemented with 0.1 pg/mL
tunicamycin, S. aureus AtarO supplemented with 150 pg/mL spectinomycin,
USA300, or S. aureus SCOL1 cells from overnight cultures were added to the
medium (1:100 dilution) and allowed to grow overnight at 37 °C with shaking at
250 rpm. The cells were harvested at 4000 rpm and treated with 5 mM DTT at the
original culture volume for 5 min, to reverse any thiol oxidation that may have
occurred. The cells were harvested at 4000 rpm and washed twice at the original
culture volume with 1x PBS to remove residual DTT. Each strain was then treated
with both libraries, Mal-pegn-FI and Mal-pron-Fl, in parallel. All library members
were used at a 25 yM concentration for 30 min at 37 °C and protected from light.
The samples were subsequently harvested at 4000 rpm and washed three times
with 1x PBS followed by fixation with 2% formaldehyde in 1x PBS for 30 min. The
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cells were washed once more to remove formaldehyde and then analyzed using

the Attune NXT flow cytometer as described above.

Tunicamycin scan. LB media containing 1mM of D-cystine were prepared. S.
aureus ATCC 25923, S. aureus ATCC 25923 supplemented with 0.001, 0.01, or
0.1 pg/mL tunicamycin, S. aureus AtfarO supplemented with 150 pg/mL
spectinomycin, or S. aureus AtarO supplemented with 150 ug/mL spectinomycin
and 0.1 pyg/mL tunicamycin from overnight cultures were added to the medium
(1:100 dilution) and allowed to grow overnight at 37°C with shaking at 250 rpm.
The cells were harvested at 4000 rpm and treated with 5 mM DTT at the original
culture volume for 5 minutes, to reverse any thiol oxidation that may have occurred.
The cells were harvested at 4000 rpm and washed twice at the original culture
volume with 1X PBS to remove residual DTT. The cells were then treated with 25
MM Mal-FI for 30 minutes at 37°C and protected from light. The samples were
subsequently harvested at 4000 rpm and washed three times with 1X PBS
followed by fixation with 2% formaldehyde in 1X PBS for 30 minutes. The cells
were washed once more to remove formaldehyde and then analyzed using the

Attune NXT flow cytometer as described above.

Flow cytometry analysis of S. aureus treated with a series of maleimide-
modified fluorophores. LB media containing 1mM of D-cystine were prepared. S.
aureus ATCC 25923 or S. aureus AtarO supplemented with 150 pg/mL
spectinomycin from overnight cultures were added to the medium (1:100 dilution)
and allowed to grow overnight at 37°C with shaking at 250 rpm. The cells were
harvested at 4000 rpm and treated with 5 mM DTT at the original culture volume
for 5 minutes, to reverse any thiol oxidation that may have occurred. The cells were
harvested at 4000 rpm and washed twice at the original culture volume with 1X
PBS to remove residual DTT. The cells were then treated with 25 uM of each of
the listed maleimide-modified fluorophores for 30 minutes at 37°C and protected
from light. The samples were subsequently harvested at 4000 rpm and washed
three times with 1X PBS followed by fixation with 2% formaldehyde in 1X PBS for
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30 minutes. The cells were washed once more to remove formaldehyde and then

analyzed using the Attune NxT flow cytometer as described above.

Chemistry comparison. LB media containing either 1mM of D-cystine or D-LysAz
were prepared. S. aureus ATCC 25923 cells were added to the LB medium (1:100)
and allowed to grow overnight at 37°C with shaking at 250 rpm. The D-cystine
treated cells were harvested at 4000 rpm and treated with 5 mM DTT, to reverse
any thiol oxidation that may have occurred, at the original culture volume for 5
minutes. The cells were harvested at 4000 rpm and washed twice at the original
culture volume with 1X PBS to remove residual DTT. The cells were then treated
with 25 yM Mal-Fl for 30 minutes at 37°C and protected from light. The samples
were subsequently harvested at 4000 rpm and washed three times with 1X PBS
followed by fixation with 2% formaldehyde in 1X PBS for 30 minutes. The cells
were washed once more to remove formaldehyde and then analyzed using the
Attune NXT flow cytometer as described above. Concurrently the D-LysAz treated
cells were harvested at 4000 rpm and washed three times at the original culture
volume with 1X PBS. The cells were then treated with 25 yM DBCO-FI for 30
minutes at 37°C and protected from light. The samples were subsequently
harvested at 4000 rpm and washed three times with 1X PBS followed by fixation
with 2% formaldehyde in 1X PBS for 30 minutes. The cells were washed once
more to remove formaldehyde and then analyzed using the Attune NXT flow

cytometer as described above.

Flow cytometry analysis of S. aureus treated with azide enantiomers. LB
media containing either 1mM of D-LysAz, Né®-azido-L-lysine hydrochloride (L-
LysAz), or DMSO were prepared. S. aureus ATCC 25923 cells were added to the
LB medium (1:100) and allowed to grow overnight at 37°C with shaking at 250
rpm. The cells were harvested at 4000 rpm and washed three times at the original
culture volume with 1X PBS. The cells were then treated with 25 uM DBCO-FI for
30 minutes at 37°C and protected from light. The samples were subsequently
harvested at 4000 rpm and washed three times with 1X PBS followed by fixation
with 2% formaldehyde in 1X PBS for 30 minutes. The cells were washed once
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more to remove formaldehyde and then analyzed using the Attune NXT flow

cytometer as described above.

Flow Cytometry Analysis of S. aureus Strains Lacking Wall Teichoic Acids
Treated with the DBCO-pegn-Fl Library. LB media containing 1 mM D-LysAz
were prepared. S. aureus ATCC 25923 cells supplemented with 0.1 pg/mL
tunicamycin, S. aureus AtarO cells supplemented with 150 ug/mL spectinomycin,
or S. aureus ATCC 25923 cells from overnight cultures were added to the medium
(1:100 dilution) and allowed to grow overnight at 37 °C with shaking at 250 rpm.
The cells were harvested at 4000 rpm and washed three times at the original
culture volume with 1x PBS. Each strain was then treated with the DBCO-pegn-Fl
library. All library members were used at a 25 uM concentration for 30 min at 37
°C and protected from light. The samples were subsequently harvested at 4000
rom and washed three times with 1x PBS followed by fixation with 2%
formaldehyde in 1x PBS for 30 min. The cells were washed once more to remove
formaldehyde and then analyzed using the Attune NxT flow cytometer as

described above.

Flow Cytometry Analysis of S. aureus Strains Treated with the DBCO-pegn-
FI Library after Surface Neutralization. LB media containing 1 mM D-LysAz
were prepared. S. aureus ATCC 25923 cells from an overnight culture were added
to the medium (1:100 dilution) and allowed to grow overnight at 37 °C with shaking
at 250 rpm. Upon reaching stationary phase, the cells were harvested at 4000 rpm
and washed three times at the original culture volume with 1x PBS. The cells were
then resuspended in 1x PBS that contained DMSO, 32 ug/mL branched
polyethylenimine (BPEI), or 64 ug/mL BPEI. That was allowed to incubate at 37
°C for 30 min with shaking at 250 rpm. Subsequently, the cells were harvested at
4000 rpm and washed three times with 1x PBS before treatment with the DBCO-
pegn-Fl library. All library members were used at a 25 uM concentration for 30 min
at 37 °C and protected from light. The samples were then harvested at 4000 rpm

and washed three times with 1x PBS followed by fixation with 2% formaldehyde in
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1x PBS for 30 min. The cells were washed once more to remove formaldehyde

and then analyzed using the Attune NXT flow cytometer as described above.

Flow Cytometry Analysis of S. aureus Strains Treated with the DBCO-pegn-
Fl Library. TSB media containing 1 mM D-LysAz were prepared. S. aureus
SA546, AclpX, or AclpXAltaS cells from overnight cultures were added to the
medium (1:100 dilution) and allowed to grow overnight at 37 °C with shaking at
250 rpm. The cells were harvested at 4000 rpm and washed three times at the
original culture volume with 1x PBS. Each strain was then treated with the DBCO-
pegn-Fl library. All library members were used at a 25 uM concentration for 30 min
at 37 °C and protected from light. The samples were subsequently harvested at
4000 rpm and washed three times with 1x PBS followed by fixation with 2%
formaldehyde in 1x PBS for 30 min. The cells were washed once more to remove
formaldehyde and then analyzed using the Attune NxT flow cytometer as

described above.

Flow Cytometry Analysis of S. aureus Strains Treated with the DBCO-pegn-
Fl Library after Inhibition of D-Alanylation. LB media containing 1 mM D-LysAz
were prepared. S. aureus ATCC 25923 cells supplemented with 10 pg/mL
amsacrine or S. aureus ATCC 25923 cells from overnight cultures were added to
the medium (1:100 dilution) and allowed to grow overnight at 37 °C with shaking
at 250 rpm. The cells were harvested at 4000 rpm and washed three times at the
original culture volume with 1x PBS. Each strain was then treated with the DBCO-
pegn-Fl library. All library members were used at a 25 yM concentration for 30 min
at 37 °C and protected from light. The samples were subsequently harvested at
4000 rpm and washed three times with 1x PBS followed by fixation with 2%
formaldehyde in 1x PBS for 30 min. The cells were washed once more to remove
formaldehyde and then analyzed using the Attune NxT flow cytometer as

described above.

Computational Methods. Different polymerized states of Mal-pron-FI (n: 3, 5, 7,
10, 13, 16, 31) and Mal-pegn-FI (n: 2, 4, 6, 8, 12, 24) were modeled and simulated

to check the influences of the length and type of the spacer groups on the
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conformational variations of the probes. The force field parameters for maleimide
(Mal) and fluorescein (FI) groups and patches among moieties were generated
and assembled by analogy from the CHARMMS36 force field. 13 Each probe was
solvated by an appropriate size of TIP3P# box with neutralizing ions (Na*) following
the CHARMM-GUI Solution Builder protocol.> All simulations were performed
using OpenMM-7.4.1 simulation package® and the equilibration and production
inputs generated by CHARMM-GUI Input Generator.” For each system, after short
minimization and 125-ps NVT (constant particle number, volume, and
temperature) equilibration run, a 100-ns NPT (constant particle number, pressure,
and temperature) production simulation was performed at 303.15 K and 1 bar. We
performed two independent simulations for each system with different initial
velocities to improve sampling and check the convergence.

Scheme 3.1 Synthesis of D-Cys-D-Ala (dipeptide)
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Fmoc-D-Alanine-OH (1.1 eq, 195 mg, 0.62 mmol) was added to a 25 mL peptide
synthesis vessel charged with 2-Chlorotrityl chloride resin (500 mg, 0.57 mmol)
and DIEA (4.4 eq, 0.436 mL, 2.50 mmol) in dry DCM (5mL). The resin was agitated
for 1 h at ambient temperature and washed with MeOH and DCM (3 x 15 mL each).

The Fmoc protecting group was removed with a 20% piperidine in DMF solution
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(15 mL) for 30 minutes at ambient temperature, then washed as previously stated.
Fmoc-D-Cysteine(Trt)-OH (2 eq, 667 mg, 1.14 mmol), HBTU (1.9 eq, 410 mg, 1.08
mmol), and DIEA (4 eq, 0.397 mL, 2.28 mmol) in DMF (15 mL) were added to the
reaction vessel and agitated for 2 h at ambient temperature. After 2 h the resin was
washed as previously stated and the Fmoc protecting group removal was also
performed as described above followed by washing. The resin was added to a
solution of TFA/H20/TIPS (95%, 2.5%, 2.5%, 20 mL) with agitation for 2 h at
ambient temperature. The resin was filtered and the resulting solution was
concentrated in vacuo. The residue was trituated with cold diethyl ether. The
sample was analyzed for purity using a Waters 1525 Binary HPLC Pump using a
Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient elution with
H20/CH3CN. Crude product was used.
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ESI-MS calculated [M + H]*: 193.0641, found: 193.0641

x10 5 |*ESI Scan (rt: 0.377-0.444 min, 13 scans) Frag=180.0V D-Cys_D-Ala.d Subtract
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Scheme 3.2 Synthesis of D-Cys(NH2)
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A 50 mL peptide synthesis vessel charged with rink amide resin (1000 mg, 0.45
mmol) underwent the Fmoc removal procedure and was washed as described
above. Fmoc-D-Cysteine(Trt)-OH (1.5 eq, 395 mg, 0.67 mmol), HBTU (1.4 eq, 238
mg, 0.63 mmol), and DIEA (3 eq, 0.235 mL, 1.35 mmol) in DMF (20 mL) were
added to the reaction vessel and agitated for 2 h at ambient temperature. After 2
h the resin was washed as previously stated and the Fmoc protecting group
removal was also performed as described above followed by washing. The resin
was added to a solution of TFA/H20/TIPS (95%, 2.5%, 2.5%, 20 mL) with agitation

for 2 h at ambient temperature. The resin was filtered and the resulting solution
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was concentrated in vacuo. The residue was trituated with cold diethyl ether. Crude

product was used.

ESI-MS calculated [M + 2H]?*: 61.0251, found: 61.0401

x10 3 [*ESI Scan (rt: 0.373-0.417 min, 9 scans) Frag=180.0V D_Cys(NH2).d Subtract
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Counts vs. Mass-to-Charge (m/z)

Scheme 3.3 Synthesis of cysteine modified tetrapeptide
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Fmoc-D-Alanine-OH (1.1 eq, 195 mg, 0.62 mmol) was added to a 25 mL peptide
synthesis vessel charged with 2-Chlorotrityl chloride resin (500 mg, 0.57 mmol)



77

and DIEA (4.4 eq, 0.436 mL, 2.50 mmol) in dry DCM (5mL). The resin was agitated
for 1 h at ambient temperature and washed as described above. The Fmoc
protecting group was removed and the resin was washed as previously stated.
Fmoc-L-Lysine(Boc)-OH (5 eq, 1335 mg, 2.85 mmol), HBTU (4.9 eq, 1059 mg,
2.79 mmol), and DIEA (10 eq, 0.992 mL, 5.70 mmol) in DMF (15 mL) were added
to the reaction vessel and agitated for 2 h at ambient temperature. After 2 h the
resin was washed as previously stated and the Fmoc protecting group removal
was performed also as described above followed by washing. Fmoc-D-glutamic
acid a-amide (1.5 eq, 157 mg, 0.85 mmol), HBTU (1.4 eq, 151 mg, 0.79 mmol),
and DIEA (3 eq, 0.148 mL, 1.71 mmol) were added to the reaction vessel and
agitated for 2 h at ambient temperature and washed as described above. The
Fmoc deprotection and coupling procedure was repeated for Fmoc-L-Alanine-OH
and Fmoc-L-Cysteine(Trt)-OH using the same equivalencies as used for Fmoc-L-
Lysine(Boc)-OH. The Fmoc group was removed after the coupling of the last amino
acid, Fmoc-L-Cysteine(Trt)-OH, and washed as before. The resin was then added
to a solution of TFA/H20/TIPS (95%, 2.5%, 2.5%, 20 mL) with agitation for 2 h at
ambient temperature. The resin was filtered and the resulting solution was
concentrated in vacuo. The residue was trituated with cold diethyl ether. The
compounds were purified using reverse phase HPLC using 95% H20/ 5% MeOH
starting and gradient elution. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60
mm) column; gradient elution with H2O/CH3sCN.
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MALDI-TOF calculated [M + H]*: 519.248, found: 519.354
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Scheme 3.4 Synthesis of D-LysFI
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A 25 mL peptide synthesis vessel charged with rink amide resin (250 mg,
0.11 mmol) underwent the Fmoc removal procedure and was washed as described
above. Boc-D-Lysine(Fmoc)-OH (5 eq, 257 mg, 0.55 mmol), HBTU (4.9 eq,
204 mg, 0.53 mmol), and DIEA (10 eq, 0.191 mL, 1.10 mmol) in DMF (15 mL)
were added to the reaction vessel and agitated for 2 h at ambient temperature.
After 2 h the resin was washed as previously stated and the Fmoc protecting group
removal was also performed as described above followed by washing. The resin
was coupled with 5,6-carboxyfluorescein (2 eq, 82 mg, 0.22 mmol), HBTU
(1.9 eq, 79 mg, 0.20 mmol), and DIEA (4 eq, 0.076 mL, 0.44 mmol) in DMF (15
mL) and agitated for 16h at ambient temperature. The resin was washed as
previously described and then added to a solution of TFA/H20/TIPS (95%, 2.5%,
2.5%, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered
and theresulting solution was concentrated in vacuo. The residue
was trituated with cold diethyl ether. The sample was analyzed for purity using a
Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C18(2) 100A (250
X 4.60 mm) column; gradient elution with H2O/CH3CN. Crude product was used.
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ESI-MS calculated [M + H]*: 504.1765, found: 504.1765

x10 3 |+ESIScan (rt: 0.385-0.424 min, 8 scans) Frag=180.0V D_Lys(FITC).d Subtract
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Scheme 3.5 Synthesis of AmineFlI
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5,6-carboxyfluorescein (2 eq, 206 mg, 0.55 mmol) was added to a 25 mL peptide

synthesis vessel charged with 1,3-Diaminopropane trityl resin (500 mg, 0.27
mmol), HBTU (1.9 eq, 194 mg, 0.51 mmol), and DIEA (4 eq, 0.383 mL, 1.08 mmol).
The resin was agitated for 16 h at ambient temperature. Then the resin was
washed as previously described and then added to a solution of TFA/H20/TIPS
(95%, 2.5%, 2.5%, 20 mL) with agitation for 2 h at ambient temperature. The resin
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was filtered and the resulting solution was concentrated in vacuo. The residue was
trituated with cold diethyl ether. The resulting sample was analyzed for purity using
an Agilent 1200 HPLC with a Phenomenex Luna 5u C4 300A (250 x 2.00 mm)
column; gradient elution with H2O/CH3CN. Crude product was used for further

synthesis of PEG based library.
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ESI-MS calculated [M + 2H]?*: 217.0733, found: 217.0734

x10 * +ESI Scan (rt: 0.385-0.441 min, 11 scans) Frag=180.0V FITC_amine.d Subtract
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Scheme 3.6 Synthesis of Mal-pegn-Fl Library

0 0O 0] OH
4 H 2 ‘ O DIEA, DMF

N N 0 0. . X _DIEA.DMF__
¢“ﬁr “foﬂL > T

0] 0 n 0 HOOC
0 H
N~ NH2
@]

(0] (0]

N/\)LN’\‘{O\/i‘O/\)LN/\/\N
N\ H n H

o) COOH

All library members were synthesized using the same method. Mal-amido-PEGn-
NHS (n =2, 4, 6, 8, 24, 10 mg) or Mal-PEG12-NHS was added to AmineFI (3 eq)
dissolved in dry DMF and DIEA (3 eq). This was allowed to react for 3 h with
agitation. The reaction mix was purified using reverse phase HPLC using 70%
H20/ 30% MeOH starting and gradient elution. The resulting sample was analyzed
for purity using an Agilent 1200 HPLC with a Phenomenex Luna 5p C4 300A (250
X 2.00 mm) column; gradient elution with H2O/CHsCN.
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ESI-MS calculated [M + H]*: 743.2558, found: 743.2523
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Mal-pegas-Fl
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ESI-MS calculated [M + H]*: 831.3083, found: 831.3076
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ESI-MS calculated [M + H]*: 919.3607, found: 919.3602
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ESI-MS calculated [M + H]*: 1007.4131, found: 1007.4123

x10 5 |*ESI Scan (rt: 0.434-0.501 min, 13 scans) Frag=180.0V MAL-PEG8-FITC.d Subtract
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Mal-pegi2-Fl
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ESI-MS calculated [M + H]*: 1112.4809, found: 1112.4798
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Mal-pegz24-Fl
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Scheme 3.7 Synthesis of Mal-pron-Fl Library
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Fmoc-L-Lysine(Mtt)-OH (2 eq, 1124 mg, 1.80 mmol), Oxyma Pure (2 eq, 255 mg,
1.80mmol), and DIC (2 eq, 0.278 mL, 1.80 mmol) were added to a 50 mL peptide
synthesis vessel charged with H-Rink amide ChemMatrix resin (2000 mg, 0.90
mmol) in DMF (20mL). The resin was agitated for 2 h at ambient temperature and
washed as described above. The Fmoc protecting group was removed and the
resin was washed as previously stated. Fmoc-L-Proline-OH (5 eq, 1518 mg, 4.50
mmol), Oxyma Pure (5 eq, 639 mg, 4.50 mmol), and DIC (5 eq, 0.696 mL, 4.50
mmol) in DMF (20 mL) were added to the reaction vessel and agitated for 5
minutes at ambient temperature. The resin was then drained and immediately after
Fmoc-L-Proline-OH (5 eq, 1518 mg, 4.50 mmol), Oxyma Pure (5 eq, 639 mg, 4.50

HBTU, DIEA

DMF
2h,rt
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mmol), and DIC (5 eq, 0.696 mL, 4.50 mmol) in DMF (20 mL) were added to the
reaction vessel and that was allow to react with agitation for 2 h at ambient
temperature. After 2 h the resin was washed as previously stated. The Fmoc
deprotection, previously described, and coupling procedure, at the same
equivalencies, was repeated for all subsequent Fmoc-L-Proline-OH residues
added to reach the desired n lengths. The resin was split off atn = 3, 5, 7, 10, 13,
16, and 31 proline residues. Once the polyproline segments were built, each resin
pool could undergo the Fmoc removal procedure. To the resin 3-
maleimidopropionic acid (3 eq), Oxyma Pure (3 eq), and DIC (3 eq) were added
and agitated for 2 h at ambient temperature. The resin was washed as described
above. Next the Mtt protecting group of the lysine residue was removed by adding
a TFA cocktail solution (1% TFA in DCM) to the resin and agitating for 15 minutes.
The solution was drained, and this procedure was repeated five additional times.
The solution was then drained, rinsed with DMF, and washed as previously
described. Finally the resin was coupled with 5,6-carboxyfluorescein (2 eq), HBTU
(1.9 eq), and DIEA (4 eq) in DMF (20 mL) and agitated for 16h at ambient
temperature. The resin was washed as previously described and then added to a
solution of TFA/H20/TIPS (95%, 2.5%, 2.5%, 20 mL) with agitation for 2 h at
ambient temperature. The resin was filtered and the resulting solution was
concentrated in vacuo. The residue was trituated with cold diethyl ether. The
compounds were purified using reverse phase HPLC 70% H20/ 30% MeOH
starting and gradient elution. The resulting sample was analyzed for purity using
an Agilent 1200 HPLC with a Phenomenex Luna 5u C4 300A (250 x 2.00 mm)
column; gradient elution with H2O/CH3CN.
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ESI-MS calculated [M + H]*: 1140.4672, found: 1140.4670
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ESI-MS calculated [M + H]*: 1334.5727, found: 1334.5716
x10 3 |*ESI Scan (rt: 0.410-0.466 min, 11 scans) Frag=180.0V MAL-PRO7-FITC.d Subtract
w
4- ®
<
(32}
@
3 T
2
1 .
0 . - - N e [T II‘“IHN' l [ . P e e
1320 1325 1330 1335 1340 1345 1350

93

Counts vs. Mass-to-Charge (m/z)




94

Mal-proio-Fl

3500

2000

1000

ESI-MS calculated [M + 2H]?*: 813.8611, found: 813.8690

x10 2 |*ESI Scan (rt: 0.395-0.478 min, 16 scans) Frag=180.0V MAL-PRO10-FITC.d Subtract
N~
N O
4- ™ o
™ ™
) o ©
2]
1_
0 1 \\I.:lur||‘ |I‘|Il\. ‘u. w1 II\‘ ot |.|‘ M I‘.l‘ ||\| ‘Il‘l‘ o ol |\||‘I: [ I |‘II.\I "‘I“r‘ 1

808 809 810 811 812 813 814 815 816 817 818 819 820
Counts vs. Mass-to-Charge (m/z)



95

Mal-prois-Fl
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ESI-MS calculated [M + 2H]?*: 959.4403, found: 959.4489
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ESI-MS calculated [M + H]*: 1104.5274, found: 1104.5062
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ESI-MS calculated [M + 3H]3*: 1221.9512, found: 1221.9176

x10 2 |*ESI Scan (rt: 0.670-0.687 min, 4 scans) Frag=180.0V MAL_PRO31_FITC.d Subtract
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Scheme 3.8 Synthesis of DBCO-pego-FlI
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DBCO-PEGg-amine was added to fluorescein isothiocyanate isomer | (2 eq) and
DIEA (2 eq) in DMF and allowed to react at ambient temperature for 2 h. The
reaction mix was purified using reverse phase HPLC using 70% H20/ 30% MeOH
starting and gradient elution. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60
mm) column; gradient elution with H20/CH3CN (DMSO signal has been

subtracted).
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3.9 Extensions

Demonstrated in this chapter is a systematic characterization of
accessibility to the surface of the PG layer in the Gram-positive organism S.
aureus. Also demonstrated is the power of this assay to identify how the flexibility
of a molecule impacts its ability to reach a surface target and the key features of
the cell wall of S. aureus that interfere with surface accessibility. Using this same
system we aim to investigate the surface accessibility of various Gram-positive
bacteria. In keeping with our initial study, a thiol functional group was chosen to be
installed within bacterial PG. The cysteine-based label chosen was based on the
results obtained with S. aureus. The oxidized form of D-cysteine, D-cystine, had
appreciable incorporation levels that resulted in robust reporter molecule signals

when tested in S. aureus.

Accessibility to the bacterial PG layer by molecules introduced to the
extracellular space should be tied to the incoming molecules physiochemical
properties (e.g. flexibility, size, and charge). As previously described on this
chapter, we assembled two libraries of probes in order to investigate the
accessibility to the PG layer in various Gram-positive organisms. One library
contained a flexible polar polyethylene glycol (PEG) spacer and the other a rigid
polyproline spacer of varying lengths. All members of both libraries displayed a
reactive maleimide moiety and a fluorophore, fluorescein. Surface accessibility
was assessed for all the following organisms: Bacillus subtilis, Lactobacillus casei,
Lactococcus lactis, Staphylococcus epidermidis, Streptococcus pyogenes,
Enterococcus faecalis, and Listeria monocytogenes. This covers both commensal
bacteria and those that are pathogenic. The assay was performed as detailed
previously in this chapter, bacterial cells were grown overnight in the presence of
D-cystine, the enantiomer, L-cystine, or DMSO to promote incorporation
throughout the PG scaffold. After growth overnight, due to the oxidizing nature of
the culture media, cells were treated with the reducing agent dithiothreitol (DTT) to
unmask the free thiols on the PG which were expected to exist primarily as

disulfides. To remove excess reducing agent, cells were washed with phosphate
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buffered saline (PBS) and incubated with either maleimide-modified fluorescein

(Mal-FIl) or members of both libraries (Mal-pegn-FI or Mal-pron-Fl). Cellular

fluorescence levels were then quantified by flow cytometry. (Figure 3.22)
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Figure 3.22 Gram-positive organism scan after treatment with 1mM D-cystine or

L-cystine, reduced with DTT (5 mM), and incubated with 25 yM of designated

accessibility probes. Analysis was preformed via flow cytometry.

Similar to the profiles seen for multiple strains of S. aureus, a striking

difference in surface accessibility can be seen between the two libraries for most

of the organisms tested. The increasing length of the PEG spacer in the Mal-pegn-

Fl probes resulted in a gradual decrease in fluorescence, whereas the Mal-pron-

Fl probes resulted in a sharper decrease of fluorescence. Treatment with L-cystine,
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which is not expected to be processed by PG biosynthesis machinery, resulted in

minimal fluorescence increase.

In an effort to translate the assay to Gram-negative bacteria, work is being
done to perform BioOrthogonal Non-Canonical Amino acid Tagging (BONCAT) in
Escherichia coli (E. coli) using L-azidohomoalanine (AHA), which is an analog of
L-methionine.'® The substrate flexibility of methionyl-tRNA synthetase allows for
the incorporation of AHA into proteins that are newly synthesized during cell
growth, including those that are in the outer membrane and potentially surface
exposed. These azide tagged cells can then be tested in the accessibility assay
however with a new library. The new library being built consists of a
DiBenzoCycloOctyne (DBCO) reactive moiety and a fluorescein as the reporter.
The linker between the two is either a rigid polyproline or a flexible Gly-Gly-Gly-
Ser repeating unit. (Figure 3.23)

N

HNJ‘NHZ

I

Figure 3.23 Structural depictions of the new accessibility library, where n= number

of repeating linker units.
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The synthesis of both libraries was accomplished on solid support using
standard peptide coupling procedures. However, DBCO is acid sensitive and
prone to a rearrangement that results in an inactive form of the molecule.
Moreover, there is no shift in molecular weight after rearrangement so it can be
easily missed. Unfortunately during synthesis we encountered this rearrangement,
as evidenced by the loss of UV-VIS spectra integrity (critical wavelengths: 290 nm
and 309 nm for DBCO). (Figure 3.24) To use DBCO in our synthesis it requires
either a resin that can be cleaved in low acid conditions, high acid conditions with

a special protecting group, or for it to be conjugated to the peptide in solution.4*®

Effort is also being made to apply the accessibility assay to mycobacteria.
It has been shown that mycobacteria can process a modified trehalose sugar and
metabolically incorporate it into the mycomembrane as either an arabinogalactan
(AG) linked mycolate, trehalose monomycolate (TMM), or trehalose dimycolate
(TDM).”-12 Interestingly TMM can be metabolically processed into TDM and an AG-
linked mycolate. Trehalose probes, 2-trehalose-azido and 6-trehalose-azido, have
been obtained from a collaborator and preliminary incorporation assays have been
run. Mycobacterium smegmatis are grown to mid-log (ODsoo 0.8-1.2), diluted with
media to ODsoo 0.4, and incubated with either sugar for 4 hours. These cells are
subsequently harvested and labeled with 25uM DBCO-FI. The eventual aim will
be to label the trehalose-azide incorporated cells with the DBCO-based library and

gauge accessibility to the mycomembrane surface. (Figure 3.25)

Another application of the DBCO functionalized library involves the use of
the assay platform SaccuFlow described in Chapter 5. While the current assay can
depict accessibility to the surface of peptidoglycan in whole cells, that is really
describing molecule permeation through the surface polymers and proteins. A
SaccuFlow type assay can describe instead the permeation of molecules through
the peptidoglycan matrix itself. The assay would entail metabolically labeling the
peptidoglycan of live cells with D-LysAZ, harvesting the intact peptidoglycan layer
or sacculi from those cells, treating that sacculi with the DBCO-based library, and
analyzing the fluorescence signal of the sacculi on the flow cytometer.
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Figure 3.24 UV-VIS spectra of the DBCO library (A) GGGS-based and (B) proline-

based. Critical wavelengths: 290 nm and 309 nm for DBCO.
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increasing concentrations of azido modified trehalose, (A) 2-trehalose-azido and
(B) 6-trehalose-azido, after labeling with 25 uM DBCO-FITC.
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Chapter 4. Transposon Screen of Surface Accessibility in Staphylococcus

aureus
4.1 Abstract

Bacterial cell walls represent one of the most prominent targets of
antibacterial agents. These agents include natural products (e.g., vancomycin) and
proteins stemming from the innate immune system (e.g., peptidoglycan-
recognition proteins and lysostaphin). Among bacterial pathogens that infect
humans, Staphylococcus aureus (S. aureus) continues to impose a tremendous
healthcare burden across the globe. S. aureus has evolved countermeasures that
can directly restrict the accessibility of innate immune proteins, effectively
protecting itself from threats that target key cell well components. We recently
described a novel assay that directly reports on the accessibility of molecules to
the peptidoglycan layer within the bacterial cell wall of S. aureus. The assay relies
on site-specific chemical remodeling of the peptidoglycan with a bioorthogonal
handle. Here, we disclose the application of our assay to a screen of a
nonredundant transposon mutant library for susceptibility of the peptidoglycan
layer with the goal of identifying genes that contribute to the control of cell surface
accessibility. We discovered several genes that resulted in higher accessibility
levels to the peptidoglycan layer and showed that these genes modulate sensitivity
to lysostaphin. These results indicate that this assay platform can be leveraged to
gain further insight into the biology of bacterial cell surfaces.

4.2 Introduction

Bacterial resistance to antibiotics has become an imminent threat to global
health and must be met with an antibiotic pipeline revitalization or, in lieu of that,
alternative methods to combat bacterial infections. Intrinsic resistance is a
multifactorial phenomenon but sometimes it can be mediated by a simple lack of
accessibility to the bacterial targets.'® Recent efforts have led to the discovery of
molecules that can potentiate antibiotics by improving permeation to and across
the bacterial cell surface. For example, Gram-negative pathogens can be

sensitized by co-treatment with polymyxins (and similar outer membrane
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destabilizers), which improve permeation of antimicrobials through the bacterial
cell wall.#® Likewise, positively charged Branched PolyEthylenimine (BPEI) has
been shown to potentiate B-lactam antibiotics against the Gram-positive pathogen
methicillin resistant Staphylococcus aureus (MRSA).°10 It was proposed that BPEI
neutralization of negatively charged polymers on the bacterial cell surface
improved permeability.1* These examples demonstrate that improved permeation
to the essential cell wall components can be a powerful modality of reducing

intrinsic resistance to small molecule antibacterials and immune proteins.!?

The cell walls of bacteria are complex in structure and composition. For the
Gram-positive bacterium, Staphylococcus aureus (S. aureus), the cell wall is
composed of a thick peptidoglycan (PG) scaffold that is shielded by proteins and
other biomacromolecules (Figure 4.1).13 The proteins are covalently anchored
onto the PG via the transpeptidase, sortase A.'41> The cell surface is further
functionalized by wall teichoic acids (WTAs), which are anionic glycopolymers that
are covalently anchored onto the PG, and lipoteichoic acids (membrane
anchored).'® The restricted accessibility afforded by teichoic acids and other
surface-bound macromolecules has been implicated in the virulence of
Staphylococci. In Drosophila, it was recently discovered that the accessibility of
peptidoglycan recognition proteins (PGRPs) to PG plays a determinant role in the
host immunity to infection.” Removal of WTAs resulted in considerably increased
accessibility of PGRPs to the PG and predisposed S. aureus to PGRP-mediated
immunity. Additionally, it has been found that WTA-deficient S. aureus fails to
colonize the nasal cavities of rats.’® More recently, it was established that
Staphylococcus epidermidis shift from a commensal to pathogen lifestyle upon
expression of S. aureus-like WTAs.1® Aside from modulating immunity, PG
accessibility can potentially impact drug discovery based on the fact that a number
of FDA approved antibiotics work by inhibiting steps in the bacterial PG
biosynthesis pathway.?%?! The essential nature of accessibility to the PG scaffold
by immune proteins and antibiotics alike means that there is a need to better

understand the genes that control surface accessibility.
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Figure 4.1 Schematic representation of the surface of Gram-positive bacteria. The
PG scaffold is heavily decorated with a number of biomacromolecules, including
WTAs, LTAs, and proteins. These features can reduce the permeation of
extracellular proteins and molecules to the PG scaffold, which can modulate host

immunity and the potency of antibacterial agents.

Among Gram-positive pathogens, S. aureus has proven to be particularly
challenging to treat; it is a formidable foe, as it is well suited to evade attacks by
the host immune system?? and it is a pathogen that can readily become resistant
to standard of care therapies.?3 The difficulty in finding new efficacious antibiotics
against S. aureus highlights the need to explore less conventional therapeutic
approaches such as antibiotic adjuvants or immunotherapies.?*?° For example,
adjuvants can potentiate antibiotics by improving their accessibility to their cognate
molecular targets. Likewise, anti-infective immunotherapeutics (e.g., antibody
recruiting agents developed by our lab?*27. 29) work by targeting specific
macromolecules on bacterial cell surfaces. Despite the pivotal role of surface
accessibility in bacterial pathogenesis, to date there has not been a systematic
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analysis of the genes that control penetration of biomacromolecules across cell
surfaces of S. aureus; information that can directly impact current therapies and
the development of alternative treatments. To address this, we performed a screen
against a non-redundant transposon mutant library using a robust assay that
reports on surface accessibility in S. aureus.

4.3 Results and Discussion

We set out to comprehensively screen nonessential genes in S. aureus for
their ability to alter accessibility to the PG scaffold. The basis of the screening
assay is site-specific incorporation of a bioorthogonal handle via metabolic
remodeling of bacterial PG.'! More specifically, an unnatural amino acid (D-LysAz)
is supplemented in the media, inoculated with S. aureus, and cultured overnight
(Figure 4.2A). During PG biosynthesis and assembly, transpeptidases catalyze
the replacement of the 5th position D-alanine on the stem peptide within the
bacterial PG scaffold for b-LysAz, thus leading to the covalent installation of the
azido-handle (Figure 4.2B). With the azido group installed through the entire PG
scaffold, treatment of cells with a complementary DiBenzoCycloOctyne (DBCO)
handle conjugated to fluorescein (DBCOfl) leads to the specific tagging of the
bacterial PG with fluorescent moieties (Figure 4.2C).3%-31 We previously showed
that cellular fluorescence levels reflect the ability of molecules to reach the PG
scaffold and consequently result in a covalent tag. We hypothesized that this
reporter assay could be leveraged to identify genes that modulate PG accessibility
in S. aureus, thus revealing genes that have implications in immunity and drug
discovery. By screening a non-redundant library of transposon mutants, we
reasoned that any mutants exhibiting increased cellular fluorescence levels could

identify potential genetic alterations that result in higher surface accessibility.
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Figure 4.2 (A) Live cell labeling with D-LysAz and DBCOfl. Cells are analyzed by
the flow cytometer to quantify modification with DBCOfl. (B) The unnatural amino
acid (D-LysAz) is enzymatically installed in place of the terminal D-alanine on the
stem peptide within the bacterial PG during cellular growth. (C) Chemical

structures depicting the reaction between the azido moiety and DBCO.

First, we demonstrated that the assay preformed as expected in wildtype
(WT) S. aureus cells by supplementing the PG label (D-LysAz) during overnight
culture. Subsequent treatment with DBCOfl resulted in cellular fluorescence levels
that were ~6-fold and ~8-fold higher than no amino acid and the L-LysAz,
respectively (Figure 4.3A). We3?3 and others3437 had previously demonstrated
that the enantiomeric L-LysAz does not incorporate into the growing PG scaffold
of bacteria. These results confirm that cellular fluorescence increases in a manner

that is dependent on PG remodeling with azido handles.

To demonstrate the effect of surface accessibility, a similar labeling protocol
was performed with tarO-deleted S. aureus, which results in WTA-free S. aureus

cells.16 3839 Fluorescence levels of AtarO S. aureus labeled with D-LysAz were
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~2-fold higher than WT cells (Figure 4.3A). These results are consistent with
previous findings showing that WTAs control the accessibility of immunoproteins
to the PG.17 40-41

We then performed an additional set of experiments to confirm that the
fluorescent reporter handle reached the PG scaffold. Our research lab recently
described an assay (SaccuFlow) that combines the quantification of flow cytometry
with the analysis of bacterial sacculi.!! Similar to the whole cell assay described in
Figure 2, S. aureus cells were treated with D-LysAz followed by DBCOfI. Instead
of analyzing the whole cell, the sacculus was isolated using a standard isolation
procedure which includes boiling of cells with SDS (to solubilize
biomacromolecules) and treatment with trypsin (to remove proteins anchored on
the PG scaffold). Following these steps, the isolated sacculi are analyzed on the
flow cytometer. As expected, fluorescence levels of sacculi from cells treated with
a combination of D-LysAz and DBCOfl were ~12-fold and ~9-fold higher than
sacculi from cells treated with DMSO or L-LysAz, respectively (Figure 4.3B).
Confocal microscopy confirmed that the whole cells and the isolated sacculi
retained the expected size and shape of the fluorescently labeled cells and

biomacromolecule, respectively (insets of Figure 4.3).
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Figure 4.3 (A) Flow cytometry analysis of WT S. aureus (ATCC 25923) or S.
aureus (AtarO) treated overnight with DMSO, 1 mM of L-LysAz, or 1 mM of D-
LysAz followed by a treatment with 25 yM of DBCO(I. Inset, confocal microscopy
of the WT cells tagged with and treated with D-LysAz followed by a treatment with
25 uM of DBCO(I. (B) Sacculi isolated from WT S. aureus (ATCC 25923). WT cells
were incubated with 1 mM of D-LysAz, 1 mM of L-LysAz, or DMSO alone
overnight. Next, the cells were treated with 25 mM of DBCO-FI and subjected to a
sacculi isolation protocol. The resulting sacculi were analyzed by flow cytometry.
Inset, confocal microscopy of the sacculi from WT cells that were treated with D-
LysAz followed by a treatment with 25 uM of DBCOfl. Data are represented as
mean +/- SD (n = 3).

To confirm the metabolic labeling step did not alter cellular viability, a growth
curve analysis was performed by monitoring the optical density at 600 nm (Figure
4.4). Consistent with our prior results using D-amino acid labeling at the
concentrations used in our assay, cellular viability was not impacted. Together,
these results show that the combination of PG labeling with D-LysAz and treatment
with the DBCOfI in the media results in the fluorescence tagging of bacterial PG

in a manner that reports on cell surface accessibility.

We next shifted our efforts to demonstrate the utility of the surface
accessibility assay by screening a library of S. aureus transposon mutants to
identify genes that could play important roles in controlling permeation to the S.
aureus cell surface. To this end, a transposon (Tn) insertion mutant library was
used as the platform of the screen, which contained 1952 individual strains each
with a single insertion within a nonessential gene in S. aureus USA300. A major
advantage of using the transposon mutant library is the potential to identify genes
that were not previously purported to have biological roles related to accessibility,
thus revealing new targets for the development of adjuvant agents. Before
screening the entire library, the assay was benchmarked in a 384-well format and

it was found that the assay could be readily miniaturized (Figure 4.5).
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Figure 4.4 Cellular viability of wildtype (WT) S. aureus (ATCC 25923) overtime as
tracked by optical density (OD) readings at 600 nm. Media containing 1mM D-

LysAz or DMSO was inoculated by an overnight culture of WT S. aureus cells and

allowed to grow with shaking at 37°C.

Next, the entire library was screened using the combination of D-LysAz and
DBCOfl (Figure 4.6A). While most transposon mutants did not significantly display
altered labeling levels, several transposants exhibited elevated fluorescence levels
(defined as 33%+ above the average and denoted by the green line). These results

suggest that those genes may potentially play a role in surface accessibility.
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Figure 4.5 Flow cytometry analysis of WT S. aureus (ATCC 25923) and AtarO
grown in a 384-well plate with media containing 1 mM of D-LysAz, 1 mM of L-
LysAz, or DMSO overnight, followed by a treatment with 25 yM of DBCOfl. Cells
were analyzed in the 384-well plates using flow cytometry. Two independent trials
were performed to demonstrate the stability of the assay. Data are represented as
mean +/- SD (n = 3).

The 24 transposants with the highest increase in cellular fluorescence were
re-assayed in triplicate and transposon mutants that consistently labeled at a
higher level than wild-type were selected (Figure 4.7). These results showed that
four transposants were confirmed to play a determinant role in the accessibility of
DBCOfl to the cell surface, namely SAUSA300 1989, SAUSA300 1984,
SAUSA300_1992, and SAUSA300_1467. SAUSA300_1989 and
SAUSA300_1992 have been annotated as agrB and agrA, respectively.*? Their
protein products play a central role in processing autoinducing peptides in S.
aureus. Relatedly, the protein product of SAUSA300_1984 (mroQ) acts within the
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Agr pathway.*3 Moreover, the protein product of SAUSA300_1467 (IpdA) has been

shown to have a role in branched-chain fatty acid biosynthesis.*
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Figure 4.7 Flow cytometry analysis of designated S. aureus strains selected from

the transposon screen. Cells were grown overnight with 1 mM of D-LysAz and
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treated the next day with 25 uM of DBCOf|. Data are represented as mean +/- SD
(n=3).

The selected transposants were also tested for labeling with a second
fluorescent probe (DBCOaf488) in order to determine the role of the fluorophore
in PG labeling (Figure 4.8). The labeling pattern of the DBCOaf488 mirrored that
of DBCOfI with the mutants labeling at a higher level than WT.
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Figure 4.8 Flow cytometry analysis of WT S. aureus and selected transposants
after treatment with two different fluorescent probes. The cells were grown

overnight with 1 mM D-LysAz, subsequently labeled with either 25 yM DBCOfI or
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DBCOaf488, and analyzed by flow cytometry. Data are represented as mean +/-
SD (n = 3).

Similarly, we evaluated the impact of a spacer length between the DBCO
handle and the fluorescein moiety across the transposants. A polyethylene glycol
spacer was inserted between DBCO and fluorescein (DBCOpegfl) to test how a
larger molecule would compare to the smaller DBCOfl. It was observed that
increasing the size of the probe resulted in similar profile to that of DBCOfI, which
indicates that the effect of increased fluorescence in the transposants as compared

to WT is relevant for different sized probes (Figure 4.9).
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Figure 4.9 Flow cytometry analysis of WT S. aureus cells and selected
transposants after being grown overnight with 1 mM D-LysAz and labeled the next
day with either 25 yM DBCOfl or DBCOpegfl. Data are represented as mean +/-
SD (n = 3).
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To assess the overall morphology of the transposants scanning electron
microscopy (SEM) imaging was performed, which showed that the general

morphology of these strains was similar to that of the WT cells (Figure 4.10).

Finally, the identified hits were tested for their susceptibility to a larger
molecular weight protein, lysostaphin, which needs to reach the PG layer to impart
its antimicrobial activity (Figure 4.6B). We reasoned that genes that impact
surface accessibility may be able to modulate the activity of lysostaphin by
increasing its access to its target biomacromolecule, the bacterial PG. Lysostaphin
is a bacteriocin that cleaves the pentaglycine cross-bridges found in the cell walls

of S. aureus, leading to bacterial lysis.*®

USA300_1989 USA300_1984

USA300_1992 USA300_1467
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Figure 4.10 Scanning electron microscopy (SEM) images of WT S. aureus and

selected transposants after overnight growth.

Challenge with lysostaphin showed that disruption to those genes resulted
in altered sensitivity, which suggests the possibility that surface accessibility is
playing a role lysostaphin activity. Together, this pilot screen confirmed the ability
of the assay to be miniaturized to formats that are compatible with high-throughput
screening and it reveals potential genes that may control surface accessibility of

S. aureus.
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Figure 4.6 (A) Flow cytometry analysis of transposon library in S. aureus (ATCC
25923) treated overnight with 1 mM of D-LysAz, followed by a treatment with 25
MM of DBCOfl. Fluorescence levels were normalized to the average levels across

all transposon mutants. Fold change refers to the ratio of fluorescence of the strain
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relative to the library average. Black line represents the zero point (average) and
the green line represents +0.33-fold change above the average, which we
designated as potential hits. (B) Percent viability of designated transposon mutants
and wild-type strains of S. aureus when challenged with 5 ug/mL of lysostaphin.
Measurement of cellular viability was performed by analyzing the optical density at
600 nm and at each time point the optical density value was compared to the initial

optical density reading.

4.4 Conclusion

In conclusion, we have shown the application of our novel assay that reports
on accessibility to the PG in identifying genes that potentially control permeation
to the bacterial cell surface in S. aureus. Using site-selective incorporation of a
bioorthogonal handle and a corresponding reactive fluorescent probe, we were
able to screen a transposon mutant library in effort to discern any genetic variations
that led to an increase in fluorescence labeling thus signaling a possible increase
in permeability. The screen revealed four transposants that consistently labeled at
a higher level when compared to WT cells and some of these identified hits showed
increased susceptibility to the bacteriocin, lysostaphin. The protein products of
these transposants can potentially be considered new targets to develop
potentiators for antibacterial therapies. Overall, we have demonstrated the use of
our PG accessibility assay in a high-throughput screen and identified genes that

may control access to the cell wall surface in S. aureus.

4.5 Materials and Methods

Materials. The fluorescent probes were purchased from Click Chemistry Tools,
Lumiprobe, and Conju-Probe. The amino acids were purchased from Chemimpex.
Wildtype (WT) S. aureus (ATCC 25923) and the transposon mutant library
(Nebraska Transposon Mutant Library [NTML] purchased from BEI Resources)
were grown in lysogeny broth (LB). S. aureus AtarO was grown in LB

supplemented with 150 pyg/mL spectinomycin.
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Flow cytometry analysis of labeled whole cells. LB media containing either
1mM of D-LysAz, ImM L-LysAz, or DMSO were prepared. WT S. aureus or AtarO
(supplemented with 150 ug/mL spectinomycin) cells were added to the LB medium
(1:100) and allowed to grow overnight at 37°C with shaking at 250 rpm. The cells
were harvested at 4000 rpm and washed three times at the original culture volume
with 1X PBS. The cells were then treated with 25 yM DBCOf| for 30 minutes at
37°C and protected from light. The samples were subsequently harvested at 4000
rom and washed three times with 1X PBS followed by fixation with 2%
formaldehyde in 1X PBS for 30 minutes. The cells were analyzed using the Attune
NXT flow cytometer equipped with a 488 nm laser and 525/40 nm bandpass filter.

The data were analyzed using the Attune NXT Software.

Sacculi isolation protocol and flow cytometry analysis. The following sacculi
isolation protocol was adapted from an existing protocol.*® LB media containing
either 1mM of D-LysAz, 1ImM L-LysAz, or DMSO were prepared in a deep 96-well
culture plate. WT S. aureus cells were added to the LB medium (1:100) and
allowed to grow overnight at 37°C with shaking at 250 rpm. The cells were
harvested at 4000 rpm and washed three times at the original culture volume with
1X PBS. The cells were then treated with 25 yM DBCOfl| for 30 minutes at 37°C
and protected from light. The samples were subsequently harvested at 4000 rpm
and washed three times with 1X PBS. The final cell pellets were resuspended in
0.25% SDS in 0.1 M Tris HCI at pH 6.8 at the original culture volume, the plate
was wrapped in foil to seal it, and placed in boiling water (plate will float) for 30
minutes. After 30 minutes the cell matter was harvested at 4000 rpm for 10 minutes
and washed three times with 1X PBS. The final pellet was resuspended at the
original culture volume in DI water, the plate was wrapped in foil to seal it, and
sonicated in a bath sonicator (plate will float) for 30 minutes. The cell matter was
harvested at 4000 rpm for 10 minutes and the resulting pellet was resuspended at
half the original culture volume in 15 pg/mL of DNase and 60 pug/mL of RNase in
0.1 M Tris HCI at pH 6.8. This was allowed to incubate for 1 hour with shaking (150
rom) at 37°C. After an hour, at half the culture volume, 50 pg/mL of trypsin in DI
water was added and allowed to incubate for an additional hour. After an hour the
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plate was wrapped in foil to seal it and boiled in a water bath for 5 minutes to
inactivate the enzymes. The cell matter was harvested at 4000 rpm for 10 minutes
and washed once with DI water. The resulting pellet is the isolated sacculi and it

was analyzed using the Attune NxT flow cytometer as described above.

Viability analysis. LB media containing either 1mM of D-LysAz or DMSO were
prepared. WT S. aureus cells were added to the LB medium (1:100) and allowed
to grow at 37°C with shaking at 250 rpm. At each of the designated time points the

optical density at 600 nm was recorded.

384-well plate labeling benchmark. 35 uL of LB media was transferred by a liquid
handling system into a 384-well plate (120 yL max capacity). Each well was
inoculated with either WT S. aureus or AtarO (supplemented with 150 ug/mL
spectinomycin). Inoculated plates were allowed incubate for 8 hours with shaking
at 37°C. 75 pL of fresh LB media containing 1mM of D-LysAz was transferred by
a liquid handling system into a deep 384-well plate (240 yL max capacity). After 8
hours, the newly prepared plate was inoculated and allowed to incubate overnight
with shaking at 37°C. The cells were then harvested at 4000 rpm and washed three
times with 1X PBS. The pellets were then resuspended at the original culture
volume (75 pL) and 10 pL of cells were transferred to a new 384-well plate (120
ML max capacity) containing DB COfl for a final concentration of 25 yM and allowed
to incubate for 30 minutes at 37°C. After 30 minutes the samples were fixed with
2% formaldehyde and analyzed using the Attune NXT flow cytometer as described

above.

Transposon Mutant Screen. 35 uL of LB media was transferred by a liquid
handling system into each well of the desired number of 384-well plates (120 yL
max capacity). A 384 pin replicator was used to inoculate the prepared plates from
the NTML glycerol stock plates. Inoculated plates were allowed incubate for 8
hours with shaking at 37°C. 75 pL of fresh LB media containing 1mM of D-LysAz
was transferred by a liquid handling system into each well of the desired number
of deep 384-well plates (240 yL max capacity). After 8 hours, the newly prepared

plates were inoculated and allowed to incubate overnight with shaking at 37°C.
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The cells were then harvested at 4000 rpm and washed three times with 1X PBS.
The pellets were then resuspended at the original culture volume (75 pL) and 10
bL of cells were transferred to new 384-well plates (120 pL max capacity)
containing DBCOfI for a final concentration of 25 yM and allowed to incubate for
30 minutes at 37°C. After 30 minutes the samples were fixed with 2%
formaldehyde and analyzed using the Attune NXT flow cytometer as described

above.

Triplicate screen of selected transposants. The triplicate screen of the identified
hits was performed as described. LB media containing 1mM of D-LysAz was
prepared. Identified hits grown overnight were added to the LB medium (1:100)
and allowed to grow overnight at 37°C with shaking at 250 rpm. The cells were
harvested at 4000 rpm and washed three times at the original culture volume with
1X PBS. The cells were then treated with 25 yM DBCOfI for 30 minutes at 37°C
and protected from light. The samples were subsequently harvested at 4000 rpm
and washed three times with 1X PBS followed by fixation with 2% formaldehyde in
1X PBS for 30 minutes. The cells were then analyzed using the Attune NXT flow

cytometer as described above.

Fluorophore and length scan. LB media containing 1mM of D-LysAz was
prepared. WT S. aureus or the transposants identified as hits, after an initial
overnight growth, were added to the LB medium (1:100) and allowed to grow
overnight at 37°C with shaking at 250 rpm. The cells were harvested at 4000 rpm
and washed three times at the original culture volume with 1X PBS. The cells were
then treated with 25 yM of either DBCOfl, DBCOaf488, or DBCOpegfl for 30
minutes at 37°C (protected from light). Then the samples were harvested at 4000
rpm and washed three times with 1X PBS. This was followed by fixation with 2%
formaldehyde in 1X PBS for 30 minutes. The cells were then analyzed using the

Attune NXT flow cytometer as described above.

Scanning electron microscopy (SEM). WT S. aureus and the transposants
identified as hits were grown overnight at 37°C in LB media. The cells were then

harvested at 4000 rpm and the resulting pellets were resuspended in a fixative
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solution of 2% glutaraldehyde and 4% paraformaldehyde in sodium cacodylate
buffer. The fixed samples were put onto glass coverslips and left at 4 degrees
overnight. Next the samples were washed to remove fixative three times for 10
minutes with 0.1M cacodylate buffer. Samples were then treated with 2% osmium
tetroxide for 30-60 minutes, washed twice for 10 min with 0.1M cacodylate buffer,
and then washed once distilled H20. Next the samples were dehydrated in graded
ethanol series (30% EtOH for 10 min, 50% EtOH for 10 min, 70% EtOH for 10 min,
95% EtOH for 10 min, 100% EtOH for 10 min) and critical point dried. Finally, the
coverslips were mounted on stubs with silver paint or carbon stickers and sputter
coated with gold paladium. The samples were then imaged using a Zeiss Sigma
HD.

Susceptibility of Transposon Mutants. Identified hits from the triplicate screen
in addition to WT S. aureus and USA300 were grown overnight in LB media. After
growth cells were washed 3 times with 1X PBS and resuspended in buffer and the
optical density at 600 nm was measured, constituting the zero time point. Next 5
Mg/mL of lysostaphin was introduced to each sample and allowed to incubate at
37°C with shaking at 250 rpm. The optical density at 600 nm was taken at each
designated time point (5, 10, 30, 60, 120,180 mins). Percent of initial optical density
was calculated and graphed to represent the decrease in viability of cells over time.
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Chapter 5. SaccuFlow — A High-throughput Analysis Platform to Investigate

Bacterial Cell Wall Interactions

Adapted from: Apostolos, A. J.; Ferraro, N. J.; Dalesandro, B. E.; Pires, M. M.,
SaccuFlow: A High-Throughput Analysis Platform to Investigate Bacterial Cell Wall
Interactions. ACS Infect Dis 2021, 7 (8), 2483-2491.

5.1 Abstract

Bacterial cell walls are formidable barriers that protect bacterial cells against
external insults and oppose internal turgor pressure. While cell wall composition is
variable across species, peptidoglycan is the principal component of all cell walls.
Peptidoglycan is a mesh-like scaffold composed of crosslinked strands that can be
heavily decorated with anchored proteins. The biosynthesis and remodeling of
peptidoglycan must be tightly regulated by cells because disruption to this
biomacromolecule is lethal. This essentiality is exploited by the human innate
immune system in resisting colonization and by a number of clinically relevant
antibiotics that target peptidoglycan biosynthesis. Evaluation of molecules or
proteins that interact with peptidoglycan can be a complicated and, typically,
qualitative effort. We have developed a novel assay platform (SaccuFlow) that
preserves the native structure of bacterial peptidoglycan and is compatible with
high-throughput flow cytometry analysis. We show that the assay is facile and
versatile as demonstrated by its compatibility with sacculi from Gram-positive
bacteria, Gram-negative bacteria, and mycobacteria. Finally, we highlight the utility
of this assay to assess the activity of sortase A from Staphylococcus aureus

against potential anti-virulence agents.

5.2 Introduction

Bacterial cell walls have many functions but none more important than
acting as a protective barrier from potentially harsh external elements and attacks
from host defense mechanisms.'? Bacteria can be categorized based on the type
of cell wall they possess and there are distinctive features of each that can pose a

challenge, or opportunity, for the host the immune system or antibiotics.3* In the
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case of Gram-positive bacteria, their cell wall is composed of a thick peptidoglycan
(PG) sacculus layer followed by a cytoplasmic membrane. PG is a mesh-like
polymer made up of repeating disaccharide units of N-acetylglucosamine (GIcNAc)
and N-acetylmuramic acid (MurNAc). Attached to each MurNAc unit is a short
peptide, referred to as the stem peptide, that ranges from 3 to 5 amino acids in
length. The stem pentapeptide sequence is typically L-Ala-iso-D-Glu-L-Lys (or
meso-diaminopimelic acid [m-DAP])-D-Ala-D-Ala, although there are considerable

variations in the primary sequence.®

Crosslinking can occur between neighboring stem peptides and the degree
to which the PG is crosslinked can influence the cell wall rigidity and integrity.? The
thick PG layer in Gram-positive bacteria is generally believed to be a permeability
barrier to molecules in the extracellular space.®° While most small molecules can
potentially sieve through the PG, there is evidence that the PG is a formidable
barrier for the permeation of larger molecules.'®1? This feature has significant
implications for molecules with intracellular and cell membrane targets; one
example being the membrane attack complex (MAC), a product of the complement
system that targets bacterial cell membranes. The MAC is prevented from reaching
the cytoplasmic membrane of Gram-positive bacteria due in part to its inability to
penetrate through the PG layer.1®14 Gram-positive pathogens can also alter the
composition of their PG to become resistant to specific classes of antibiotics. For
example, both Staphylococcus aureus (S. aureus) and Enterococcus faecium can
alter the PG structure to resist the antibacterial actions of vancomycin.'>” Due to
its critical role in bacterial cell survival, PG is often the target of antibiotics and
components of the human immune system.* 1% Clinically and industrially
important antibacterial agents (e.g., B-lactams, teixobactin, vancomycin,
bacitracin, and moenomycin) target components of the PG biosynthesis as integral
parts of their mechanism of actions. Similarly, components of the human immune
system (e.g., lysozyme, LysM-displaying proteins, and PG recognition proteins
[PGRPs]) must reach the PG to impart their response onto the invading bacterial

pathogen.
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Despite the importance of characterizing interactions with the PG scaffold
of bacteria, there are limited methods to investigate the specific binding of
molecules to PG. More specifically, there is a clear need for a method to determine
PG binding interactions that (1) retains the natural composition of native PG, (2) is
applicable to all types of bacteria, (3) preserves the polymeric nature of native PG,
(4) is readily attainable in high yields, and (5) is compatible with quantitative, high-
throughput analysis platforms. There are several challenges with obtaining PG
samples for analysis. The use of synthetic PG mimics provides some advantages
such as sample homogeneity and the ability to install specific changes to the PG
primary sequence. In fact, a number of important contributions to the field have
been made using synthetic PG mimics.?%2* Our own group has extensively used
synthetic PG mimics in studying cell wall biosynthesis and remodeling. 2526
However, there are severe drawbacks to using synthetic analogs, including the
lack of commercially available building blocks for the disaccharide units and m-
DAP. In addition, there is potential for the loss of polyvalent interactions, which are
prevalent in PG-binding molecules, using monomeric PG analogs. Alternatively,
PG fragments can be obtained by digesting isolated native PG (sacculi) with a
hydrolase enzyme and performing chromatography.?’-?2 This last-resort method is
fraught with challenges due to the difficulty in the separation of fragments,
convoluted characterization of fragments (e.g., site of amidation), and low yields.
Finally, the use of intact cells to study PG interactions has advantages in terms of
retaining the polymeric nature and preservation of the native composition (even if
variable across the PG scaffold). However, isolation of the effect of PG interaction
alone in the background of surface bound proteins and other potential
biomacromolecules is a major hurdle. Herein, we report a new method
(SaccuFlow) that uses sacculi isolated directly from Gram-positive, Gram-
negative, or mycobacterial organisms in combination with flow cytometry to assay
PG binding interactions. To the best of our knowledge, flow cytometry has not yet
been systematically used to evaluate isolated bacterial PG and/or its interactions

with binding partners.
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5.3 Results and Discussion

We reasoned that murein sacculus from bacteria, which is a single
macromolecular scaffold made of PG, would provide a superior platform to analyze
PG interactions due to its ease of isolation and proper mimicry of the PG
composition and structure. While sacculi analysis has been implemented for
decades, these studies have focused primarily on mass spectrometry analysis of
digested low molecular weight PG fragments?°-3! and low-throughput qualitative
analyses techniques (e.g., confocal microscopy?®? and pull-down assays®®). We
envisioned that a higher-throughput and quantitative sacculus analysis platform
could be achieved by performing the analysis using flow cytometry. Sacculi should
be readily detected via flow cytometry because its size resembles that of the
bacterial cell.®* Significantly, sacculi preparations are routinely performed with

relative ease from almost any type of bacteria with these isolation steps.

A

Figure 5.1 (A) Chemical structure of D-LysFl. (B) Cartoon representation of the
metabolic swapping of the terminal D-ala from the bacterial PG with the

exogenously supplied D-LysFI.



138

Initially, we set out to benchmark the detection of bacterial sacculi from a
Gram-positive organism using a standard flow cytometer. We chose to site
selectively tag the sacculi with a fluorescent handle by metabolic labeling of the
PG scaffold. Our research group®-2°, and others?®: 35 37. 38, 40-47 haye previously
demonstrated that co-incubation of unnatural D-amino acids, including those
modified with fluorophores, metabolically label PG of live bacteria cells. More
specifically, fluorescein conjugated D-Lys (D-LysFl) from the culture media is
expected to replace the 5th position D-alanine of the PG stem peptide of S. aureus
during the biosynthesis and remodeling of new PG (Figure 5.1A-B). Generally, 1-
2 % of the stem peptides in the PG scaffold of S. aureus is labeled when cells are
treated overnight with the D-amino acid label under the assay conditions. Bacterial
sacculi were isolated using standard procedures from whole cells, which were

expected to yield fluorescently labeled sacculi (Figure 5.2).

bacterial cell

lD-LysFI

sacculus
isolation

fluorescently labeled sacculus

Figure 5.2 Assay workflow of SaccuFlow for the labeling of sacculi.
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Our results revealed that labeled sacculi formed a tight population of events
that could readily be distinguished from background debris (Figure 5.3A). Most
significantly, fluorescence levels of sacculi from cells treated with D-LysFl were
17-fold higher than cells treated with the control amino acid L-LysFl (Figure 5.3B).
Unlike D-LysFl, its enantiomer does not become incorporated as part of the

bacterial PG scaffold.
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Figure 5.3 (A) Side and forward scatter plot of S. aureus sacculi. (B) Flow
cytometry analysis of sacculi isolated from S. aureus (ATCC 25923) treated
overnight with 500 uM of D-LysFl or L-LysFl. Data are represented as mean +/-
SD (n = 3). P-values were determined by a two-tailed t-test (* denotes a p-
value <0.05, **<0.01, ***<0.001, ns = not significant). (C) Confocal microscopy of
sacculi isolated from S. aureus (ATCC 25923) that was treated with 100 pM D-
LysFI overnight.

The same sacculi was imaged using confocal microscopy, thus confirming
that the sample analyzed was primarily fluorescent sacculi (Figure 5.3C). A D-
LysFl concentration dependent labeling pattern of the isolated PG was also
observed (Figure 5.4A). Next, a series of additional experiments were performed
to confirm that the events being detected on the flow cytometer were, indeed, S.
aureus sacculi. Sacculi labeled with D-LysFI were subjected to treatment with two
PG hydrolases: lysozyme and mutanolysin (Figure 5.4B). As expected, treatment
with mutanolysin resulted in a time-dependent reduction in fluorescence levels due
to the release of PG fragments. O-acetylation of S. aureus PG renders it insensitive
to lysozyme digestion and, likewise, lysozyme treatment.*® Digestion by

mutanolysin was also found to be concentration dependent (Figure 5.4C).

To show the versatility of the tagged sacculi in a flow cytometry platform,
we prepared sacculi from organisms that had been co-incubated with either D- or
L-LysAz (Figure 5.5). We anticipated that D-LysAz treated cells would provide a
bioorthogonal click handle on the PG scaffold that could be covalently linked to a
variety of compounds containing the corresponding reactive moieties. Subsequent
treatment with cyclooctynes should result in strain-promoted alkyne-azide

cycloaddition (SPAAC) ligation with azide groups on the sacculi.*%-%°
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Figure 5.4 (A) Flow cytometry analysis of sacculi isolated from S. aureus (ATCC

25923) treated overnight with varying concentrations of D-LysFl. (B) Flow
cytometry analysis of sacculi isolated from S. aureus (ATCC 25923) treated
overnight with 500 yM of D-LysFl and incubated with either mutanolysin or
lysozyme. (C) Fluorescence read out of sacculi isolated from S. aureus (ATCC
25923) that was treated with 100 pM D-LysFI overnight and subjected to
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degradation by increasing concentrations of mutanolysin overtime. Data are

represented as mean +/- SD (n = 3).

For this assay, azide-tagged sacculi isolated from S. aureus were incubated
with dibenzocyclooctyne (DBCO) linked to fluorescein. Our results showed
increase in of ~8-fold in sacculi fluorescence when cells were treated with D-
LysAz, which is consistent with the successful ligation of fluorescein mediated by
SPAAC (Figure 5.6A). Strikingly, after chemical removal of the wall teichoic acids
(WTA), an increase in fluorescence was observed with the small fluorescently
labeled handle (Figure 5.6B). WTA is an anionic polymer that is covalently
anchored onto PG of some Gram-positive organisms.>*>4 |t is well established that
WTA can block or impede interaction of extracellular molecules with the PG
scaffold. These results highlight the role that surface biopolymers play in
accessibility to the PG scaffold and further demonstrates the ability to use flow
cytometry to systematically assess this important feature related to bacterial cell

wall biology.
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Figure 5.5 Chemical structures representing the SPAAC reaction between azide

and a strained alkyne in DBCO.

Similarly, to test the applicability of this method to mycobacterial and Gram-
negative organisms, Mycobacterium smegmatis (M. smegmatis) and Escherichia
coli (E. coli) were grown in media supplemented with either D- or L-LysAz and their

sacculi were harvested following the standard procedures for each classification.
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The isolated PG was then treated with DfI0 and analyzed by flow cytometry,
showing that only sacculi from cells that had been treated with D-LysAz labeled
extensively with DfIO (Figure 5.7). This highlights the adaptability of SaccuFlow to
bacterial species of varied classifications.
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Figure 5.6 (A) Flow cytometry analysis of sacculi isolated from S. aureus (ATCC
25923) treated overnight with 1 mM of D-LysAz or DMSO. Subsequently, sacculi
were incubated with 25 yM of Dfl0. (B) Flow cytometry analysis of sacculi
isolated from S. aureus (ATCC 25923) treated overnight with 1 mM of D-LysAz.
Where noted, sacculi were chemically treated to remove WTA. Subsequently,
sacculi were incubated with 25 uM of Dfl0. Data are represented as mean +/- SD
(n =23).

Having shown that SaccuFlow was operational and facile, we then set out
to demonstrate that it could report on features related to PG-binding antibiotics.
Vancomycin, a glycopeptide antibiotic that specifically hydrogen-binds the D-Ala-
D-Ala fragment of the stem peptide, conjugated to BODIPY (VBD)>® was analyzed
for binding using SaccuFlow. As anticipated, S. aureus sacculi demonstrated ~8-
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fold BODIPY fluorescence over background, suggesting that vancomycin bound

to isolated PG was detectable by flow cytometry (Figure 5.8).
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Figure 5.7 Fluorescence read-out of sacculi isolated from E. coli BW25113 or M.
smegatis WT that was incubated with 1 mM L- or D-LysAz overnight, and
subsequently treated with 25 uM Dfl0. Data are represented as mean +/- SD (n =
3).

To show that fluorescence levels were reflective of specific binding
interactions, bacterial sacculi was treated with a synthetic analog of the PG, L-Lys-
D-Ala-D-Ala. As expected, increasing concentrations of L-Lys-D-Ala-D-Ala led to
decreasing fluorescence levels associated with the decrease in binding events of
VBD to sacculi (Figure 5.9). To show the versatility of this assay amongst other
strains, we isolated Bacillus subtilis (B. subtilis) sacculi from a wildtype (WT) strain

and from a strain lacking dacA (dacAA4), the gene responsible for the D-alanyl-D-
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alanine carboxypeptidase.®® VBD would be expected to bind dacAA B. subtilis
sacculi to a higher level in comparison to WT, as lack of the carboxypeptidase
would present additional D-Ala-D-Ala binding points for VBD. Our results
demonstrate a ~3-fold increase in binding of VBD to dacAA sacculi as compared

to WT, as monitored by SaccuFlow (Figure 5.10A).
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Figure 5.8 Flow cytometry analysis of sacculi isolated from S. aureus (ATCC
25923). Subsequently, sacculi were treated with VBD (4 pg/mL) or DMSO. Data
are represented as mean +/- SD (n = 3). P-values were determined by a two-tailed

t-test (* denotes a p-value <0.05, **<0.01, ***<0.001, ns = not significant).

Next, sacculi samples were isolated from an Enterococci faecium (E.
faecium) strain that has a vancomycin inducible resistant phenotype based on
activation of the membrane receptor VanS.5"-%8 The outcome of this activation is
the intracellular removal of the terminal D-alanine in the PG precursor, which
should reduce the bindings available to VBD. Consistent with this phenotypic
switch, analysis of VRE sacculi showed that there was a significant decrease in

fluorescence associated with VRE pre-treated with vancomycin (Figure 5.10B).
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Together, these results confirm that SaccuFlow can be readily adopted to monitor
and quantify interactions of PG-binding molecules, which can have applicability in

studying drug resistance or establish therapeutic interventions.

We tested the ability of the SaccuFlow assay to evaluate the processing
and remodeling of PG. More specifically, we evaluated the possibility of tracking
the activity of the enzyme sortase A from S. aureus. Sortase A is a transpeptidase
that recognizes the sorting sequence LPXTG (where X is any amino acid) and
thereby anchors proteins that contain this sequence onto the bacterial PG.5%-%0 S,
aureus utilizes sortase A to heavily decorate the surface of the PG with proteins
capable of improving host colonization and interfering with human immune
response. Therefore, sortase A is considered an attractive drug target and small

molecules that inhibit sortase A could prove to be promising anti-virulence agents.
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Figure 5.9 Flow cytometry analysis of sacculi isolated from S. aureus (ATCC
25923). Subsequently, sacculi were treated with VBD (2 pg/mL) and increasing

concentrations of L-Lys-D-Ala-D-Ala. Data are represented as mean +/- SD (n = 3).

Prior efforts to investigate sortase A activity have generally used minimal
peptide mimics of PG (e.g., penta-glycine), which may not be entirely

representative of the features of the PG (or its lipid anchored precursor). For our
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assay, sacculi isolated from S. aureus were incubated with purified sortase A
originating from S. aureus and a sorting signal substrate modified with a
fluorophore. We monitored the fluorescence of the sacculi over time via flow
cytometry and, as expected, observed an increase in fluorescence as sortase A
linked the fluorescent sorting signal substrate to the isolated PG (Figure 5.11).
Further, sacculi treated with methanethiosulfonate (MTSET), a covalent inhibitor
of sortase®!, or no sortase at all, demonstrated fluorescence that was at
background levels (Figure 5.11). These results provide clear demonstration that

SaccuFlow can be utilized to investigate processing of PG in a quantitative

manner.
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Figure 5.10 (A) Flow cytometry analysis of sacculi isolated from B. subtilis (WT
and dacAA4). Subsequently, sacculi were treated with VBD (2 ug/mL). (B) Flow
cytometry analysis of sacculi isolated from E. faecium vanA (with and without pre-
incubation of vancomycin). Subsequently, sacculi were treated with VBD (4
Mg/mL). Data are represented as mean +/- SD (n = 3). P-values were determined
by a two-tailed t-test (* denotes a p-value <0.05, **<0.01, ***<0.001, ns =not
significant).
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Finally, to demonstrate the high-throughput capability of SaccuFlow, we
used the established parameters of the sortase A assay to determine the ability of
a library of 1,280 pharmacologically active compounds to inhibit sortase A activity
(LOPAC 1280 library). Using isolated S. aureus sacculi, sortase A, and the
fluorescent sorting signal substrate, we monitored the fluorescence readout of the
sacculi against individual members of the compound library. We predicted that a
reduction in fluorescence would correspond to a reduction of sortase A activity.

< sortase
& sortase + inhibitor
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Figure 5.11 Time course analysis of sortase activity using isolated sacculi from S.

aureus (ATCC 25923) in the presence of the fluorescent sorting signal substrate

(100 uM). Flow cytometry analysis of sacculi treated with sortase, the covalent

inhibitor MTSET (1 mM), and in the absence of sortase.

Our screening results revealed a total of 18 compounds as potential
inhibitors of sortase (Figure 5.12A). Of interest, amsacrine, which was previously
reported to inhibit Mycobacterial topoisomerases®? as well as D-alanylation of
teichoic acids in S. aureus®®, was identified as a potential inhibitor. We further
tested the ability of amsacrine to inhibit sortase A in a titration assay, which showed
a reduction in fluorescence levels in a concentration-dependent manner (Figure

5.12B). This pilot screen demonstrated the feasibility of SaccuFlow to be
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miniaturized and used in a high-throughput screen. Moreover, these results
highlight the potential of SaccuFlow to assess essential enzyme operations within
the PG scaffold and identify substrates or inhibitors of those enzymes of interest,
paving the way to the discovery of potential therapeutics against these validated

drug targets.
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Figure 5.12 (A) Screening of LOPAC 1280 library using 384-well format. Individual
dots represent members of the library in the presence of isolated sacculi and
sorting signal substrate (100 uM). (B) Flow cytometry analysis of sortase activity
in the presence of designated conditions. Data are represented as mean +/- SD (n
= 3).

5.4 Conclusion

In conclusion, we have described the implementation of a new flow
cytometry assay (SaccuFlow) that makes use of the mechanical strength and
native composition of bacterial sacculi. By adopting the assay to flow cytometry,
we showed that it is possible to gain quantitative information on interactions of
molecules with PG. Moreover, versatility of the assay platform was demonstrated
by analyzing sacculi from three different species of Gram-positive bacteria, one
Gram-negative bacterium, and a mycobacterium. Binding studies with
fluorescently labeled vancomycin showed that SaccuFlow can reveal PG
interaction dynamics, including phenotypic changes due to drug resistance.

Finally, enzymatic processing of PG by sortase A was performed to highlight the
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versatility of this assay in studying PG biology. Given the important nature of PG
binding molecules, including several clinically relevant antibiotics and components
of the innate immune system, we expect that this assay platform will find wide

usage across microbiology studies.

5.5 Materials and Methods

Materials. All peptide related reagents (resin, coupling reagent, deprotection
reagent, amino acids, and cleavage reagents) were purchased from Chemimpex
or BroadPharm. Bacterial strains Staphylococcus aureus (S. aureus), Bacillus
subtilis (B. subtilis), B. subtilis dacAA, and Escherichia coli (E. coli) were grown in
lysogeny broth, Enterococcus faecium (E. faecium) was grown in tryptic soy broth,
Mycobacterium smegmatis (M. smegmatis) were grown in lysogeny broth

supplemented with 0.05% Tween 80 for all experiments.

Peptidoglycan Isolation of S. aureus. Lysogeny broth (LB, 25 mL) containing 1
mM D- or L-Lys-azido, 50, 100, or 500 uM D-Lys(FITC), 500 uM L-Lys(FITC), or
no supplemented probe was prepared. S. aureus bacteria were added to the LB
medium (1:100) and allowed to grow overnight at 37°C with shaking at 250 rpm.
The cells were harvested and then resuspended in 1X PBS, boiled for 25 min, and
then centrifuged at 14,0009 for 15 min at 4°C. Cells were then placed in 15 mL of
5% (w/v) sodium dodecyl sulfate (SDS) and boiled for 25 min followed by
centrifugation at 14,0009 for 15 min at 4°C. Following centrifugation, cells were
boiled again in 25 mL of 4% (w/v) SDS for 15 min followed by centrifugation using
same parameters as before. Cells were then washed 6 times with 60 °C DI water
to remove all SDS. After washing, cells were resuspended in 6 mL of 20 mM Tris
buffer (pH 8.0). Pellets were treated with 800 pg DNase for 24 h followed by trypsin
(800 pg) for another 24 h (37°C shaking at 115 rpm). Pellets were boiled for 25
min followed by centrifugation at 14,0009 for 15 min at 4°C, resuspended in 2 mL
of 1X PBS, and further diluted for analysis by flow cytometry. In samples where
wall teichoic acid removal was desired the pellets after the last centrifugation step
were resuspended 1 M HCI and incubated for 4 h at 37°C with shaking. The pellet

was harvested by centrifugation for 10 min at 4,000 rpom and washed with ddH20
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until the pH of the supernatant reached 6-7. The final pellet was resuspended in
1X PBS, and further diluted for analysis by flow cytometry with an Attune NXT flow
cytometer, equipped with a 488 nm laser and 525/40 nm bandpass filter. The data
were analyzed using the Attune NXT Software.

Peptidoglycan Isolation of B. subtilis and B. subtilis dacA. LB was
supplemented with 1X kanamycin during the growth of the B. subtilis dacAA. The
rest of the isolation protocol follows that of the S. aureus isolation protocol detailed

above.

Peptidoglycan Isolation of E. faecium. Tryptic soy broth (TSB) was
supplemented with 16 pug/mL of vancomycin in order to induce the resistance
phenotype during the growth of the E. faecium. The rest of the isolation protocol

follows that of the S. aureus isolation protocol detailed above.

Peptidoglycan lIsolation of E. coli. LB (100 mL) containing 1 mM D- or L-Lys-
azido, or no supplemented probe was prepared. E. coli BW25113 bacteria were
added to the LB medium (1:100) and allowed to grow overnight at 37°C with
shaking at 250 rpm. The cells were chilled on ice, then harvested at 8,000g for 10
min at 4°C. The resulting pellet was resuspended in 3 mL of 1% (w/v) NaCl, then
added slowly to 6 mL of 8% SDS that was in a boiling water bath with a stir bar.
Samples were boiled for 5 h, followed by incubation at room temperature with
continued stirring overnight. The following morning, samples were boiled for 2 h
and then pelleted at 100,000g for 10 min at 25°C. Resulting pellets were
suspended in 3 mL of 4% SDS, boiled for 2 h with stirring. Samples were collected
using the same parameters and washed 5 times with sterile DI H20 to remove all
SDS. Pellets were resuspended in 1 mL of 1X PBS and 200 pg/mL of trypsin was
added followed by incubation at 37°C with shaking at 115 rpm for 2 h. A second
dose of trypsin was added, and samples were incubated overnight. The following
morning, one-tenth volume of 10% SDS was added and samples were placed in
an oil bath at 100°C for 2 h. Sacculi were collected as before, and washed 3X with
sterile DI H20 to remove residual SDS. The final pellet was lyophilized and

resuspended in 400 pL of H20 for further analysis by flow cytometry.
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Peptidoglycan Isolation of M. smegmatis. LB (100 mL) with 0.05% Tween 80
containing 1 mM D- or L-Lys-azido, or no supplemented probe was prepared. M.
smegmatis bacteria were added to the LB medium (1:100) and allowed to grow
overnight at 37°C with shaking at 250 rpm. Cells were then harvested at 14,0009
for 15 min at 4°C and washed 1X in a minimal volume of 1X PBS. Pellets were
resuspended in 10 mM NH4HCOs with a protease inhibitor cocktail (Sigma
SREQ005-1BO). This suspension was lysed using a tip sonicator (Fisher Scientific)
at 60% amplitude for 60 seconds, with at least 60 seconds on ice in between. This
was repeated for 5 cycles. The sonicate was digested with 10 pg/mL DNAse and
RNase for 1 h at 4°C, then harvested at 27,0009 for 30 min at 4°C. The pellet was
resuspended in PBS with 2% SDS and incubated for 1 h at 50°C with constant
stirring. This was collected using the same centrifugal parameters and the SDS
process was repeated 2X. The resulting pellet was resuspended in PBS with 1%
SDS and 0.1 mg/mL Proteinase K at 45°C for 1 h with stirring. The sample was
then heated to 90°C for 1 h and collected as above. This step at 90°C was repeated
2X. The sample was washed 2X with PBS and 4X with dH20. This yielded mycolic-
arabinogalactan-peptidoglycan (mAGP). The final mMAGP sample was lyophilized
and resuspended in H20 for further SPAAC chemistry and analysis by flow

cytometry.

Enzymatic Degradation. Isolated 100 uM D-Lys(FITC) labeled S. aureus sacculi
samples were pelleted in a 96-well plate at 4,000 rpm for 4 min and then
resuspended in a 1X PBS solution containing either 5, 20, or 40 pg/mL mutanolysin
or 250 pg/mL lysozyme and allowed to incubate at 37°C, however a zero time point
was taken before any samples were subjected to enzyme treatment. A portion of
the cells were then taken at 1, 5, 15, 30, and 60 minutes. At each time point, the
collected bacteria were resuspended solution of 1X PBS containing 4%
formaldehyde to quench the enzymatic activity. Samples were analyzed by flow

cytometry as described above.

SPAAC Reaction with Isolated Sacculi. Isolated sacculi samples (50 pL) were
pelleted in a 96-well plate at 4,000 rpm for 4 min and then resuspended in a 1X
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PBS solution containing 25 uM Dfl0. Plates were incubated at 37°C for 30 min and
washed 3X with 1X PBS by centrifugation as before to remove excess FITC.
Samples were then diluted 10-fold for analysis by flow cytometry as described
above.

Vancomycin-BODIPY (VBD) Binding Assays. lIsolated S. aureus sacculi
samples were pelleted in a 96-well plate at 4,000 rpm for 4 min and then
resuspended in a 1X PBS solution containing either 2 ug/mL VBD alone or 2 ug/mL
VBD in conjunction with either 50, 100, 500, 1000, or 10000 pg/mLof the L-Lys-D-
Ala-D-Ala peptide. The plates were incubated for 30 min at 37°C and after
incubation the samples were immediately subjected to analysis by flow cytometry
as described above. Isolated B. subtilis and B. subtilis dacAA sacculi samples were
pelleted in a 96-well plate at 4,000 rpm for 4 min and then resuspended in a 1X
PBS solution containing 4 ug/mL VBD and incubated for 30 min at 37°C. After
incubation samples were washed with1X PBS and subjected to analysis by flow
cytometry as described above. E. faecium (noninduced and induced) sacculi
samples were pelleted in a 96-well plate at 4,000 rpm for 4 min and then
resuspended in a 1X PBS solution containing 4 ug/mL VBD and incubated for 30
min at 37°C. After incubation samples were immediately subjected to analysis by
flow cytometry as described above.

Sortase A Expression and Purification. The plasmid for sortase A from S.
aureus was obtained from Addgene: pET28a-SrtAdelta59. Competent BL21 (DE3)
E. coli were transformed with the plasmid. E. coli cells containing the plasmid from
an overnight culture were diluted 1:100 and grown at 37°C until the ODeoo was 0.4-
0.6. At this time, Isopropyl-p-D-thiogalactopyranoside (IPTG) was added to a
concentration of 0.5 mM and the cultures were shook at 25°C for 16 h. Cells were
collected at 3,000g for 30 min and resuspended in 50 mM Tris-HCI, pH 7.5, and
150 mM NacCl. Pellets were then recollected and lysed in cold lysis buffer (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 10 mM imidazole, 10% vol/vol
glycerol, 1 mg mlt DNase and 1 mg ml~* lysozyme). Cells were lysed using an
ultrasonic cell sonicator and the lysate was separated from cellular debris by
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centrifugation at 20,0009 for 30 min at 4°C. The supernatant was loaded onto a
Ni-NTA agarose resin and eluted with 500 mM imidazole in buffer (50 mM Tris-HCI
pH 7.5, 150 mM NacCl, and 10% vol/vol glycerol). The eluted protein was dialyzed
against buffer without imidazole, aliquoted (protein concentration determined by

Bradford assay), and stored at —20°C until use.

Sortase A Enzymatic Assays. Isolated S. aureus sacculi samples were incubated
with 20 uM sortase A, 100 uM sorting signal substrate, and 1X sortase buffer (10X
contains 500 mM Tris-HCI, pH 7.5, 1.5 M NaCl, 100 mM CaClz). Samples that
contained the covalent inhibitor, MTSET, were run at a concentration of 1 mM. All
were shook at room temperature for the given time. At each time point, 20 uL were
taken out of the reaction, quenched with 0.1% TFA, and washed 3X with 100 mM
Tris, 5 mM EDTA, pH 7 and freshly added 8 M urea. Samples were resuspended
in a final volume of 120 uL 1X PBS and analyzed by flow cytometry as described

above.

For the high-throughput scan using the LOPAC library of 1,280 small molecule
compounds, the same conditions were used. However, sortase was incubated with
1 mM of the compound library and let incubate at room temperature for 20 minutes
before addition of sacculi, FI-LPMTG (sorting signal), and buffer. After the addition
of the remaining reaction components, samples were shook at room temperature
for 4 h before being quenched with 0.1% TFA, then washed in buffer with 8M urea
as above. Samples were resuspended in a final volume of 100 uL 1X PBS and

analyzed by flow cytometry as described above.
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Scheme S1. Synthesis of D-LysFI (shown) and L-LysFlI
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A 25 mL peptide synthesis vessel charged with rink amide resin (250 mg, 0.11
mmol) underwent the Fmoc removal procedure and was washed as described
above. Boc-D-Lysine(Fmoc)-OH (5 eq, 257 mg, 0.55 mmol), HBTU (4.9 eq, 204
mg, 0.53 mmol), and DIEA (10 eq, 0.191 mL, 1.10 mmol) in DMF (15 mL) were
added to the reaction vessel and agitated for 2 h at ambient temperature. After 2
h the resin was washed as previously stated and the Fmoc protecting group
removal was also performed as described above followed by washing. The resin
was coupled with 5,6-carboxyfluorescein (2 eq, 82 mg, 0.22 mmol), HBTU (1.9 eq,
79 mg, 0.20 mmol), and DIEA (4 eq, 0.076 mL, 0.44 mmol) in DMF (15 mL) and
agitated for 16h at ambient temperature. The resin was washed as previously
described and then added to a solution of TFA/H20/TIPS (95%, 2.5%, 2.5%, 20
mL) with agitation for 2 h at ambient temperature. The resin was filtered and the
resulting solution was concentrated in vacuo. The residue was trituated with cold
diethyl ether. The sample was analyzed for purity using a Waters 1525 Binary
HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient elution with H2O/CH3CN.
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L-LysFI
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Scheme S3. Synthesis of FI-LPMTG
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A 25 mL synthetic vessel was charged with 500 mg (0.27 mmol) of Fmoc-Rink
amide resin. The Fmoc protecting group was removed with a 20% piperidine in
DMF solution (15 mL) for 30 minutes at ambient temperature, then washed with
MeOH and DCM (3 x 15 mL each). Fmoc-glycine-OH (3 eq, 240 mg, 0.810 mmol),
Oxyma (3 eq, 115 mg, 0.810 mmol), and DIC (3 eq, 126 uL, 0.810 mmol) in DMF
(15 mL) was added to the reaction vessel and agitated for 2 hours at ambient
temperature and washed as previously stated. The Fmoc removal and coupling
procedure was repeated as before using the same equivalencies with Fmoc-L-
threonine(tBu)-OH, Fmoc-L-methionine-OH, Fmoc-L-proline-OH, and Fmoc-L-
leucine-OH. The Fmoc group of L-leucine was deprotected and resin coupled with
5,6-carboxyfluorescein (2 eq, 203 mg, 0.810 mmol), HBTU (2 eq, 201 mg, 0.810
mmol), and DIEA (4 eq, 187 uL, 1.08 mmol) in DMF (15 mL) shaking over-night.
The resin was washed as previously described. To remove the peptide from resin,
a TFA cocktail solution (95 % TFA, 2.5% TIPS, and 2.5 % DCM) was added to the
resin with agitation for 2 hours protected from light. The resin was filtered and
resulting solution was concentrated in vacuo. The peptide was trituated with cold

diethyl ether and purified using reverse phase HPLC using H20/MeOH to yield FI-
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LPMTG. The sample was analyzed for purity using a Waters 1525 Binary HPLC
Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient
elution with H2O/CH3sCN.
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