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Abstract

The worldwide problem of antibiotic resistance has become one of the most serious
health threats of this century and will undoubtedly become top clinical priority. In the U.S.
alone, antibiotic-resistant bacteria cause at least 2 million infections and 23,000 deaths a
year resulting in a $55-70 billion per year economic impact. The rise in the number of
resistant bacteria is mainly attributed to the improper and overuse of antibiotics, and the
ability of these bacteria to evolve elaborate genetic systems to counteract pharmaceuticals.
As the number of efficacious antibiotics continues to rapidly dwindle without
replenishment, the possibility of entering a post-antibiotic era can become a reality. To
combat this ever-growing threat, the Centers of Disease Control and Prevention (CDC)
stress four core actions; (1) preventing infections from occurring and spreading, (2)
tracking resistant bacteria, (3) improving the use of antibiotics, and (4) promoting the
development of new antibiotics and new diagnostic tests for resistant bacteria. With those
actions in mind, our goal is to rededicate efforts towards understanding fundamental
bacterial physiology and pathology, with a special focus on mechanisms of cell wall growth
and drug resistance. A clearer understanding of the molecular events underpinning
antibiotic resistance phenotypes can be instrumental in guiding the design of next
generation diagnostics, antibiotics, and therapeutics.

The bacterial cell envelope is a vital extracellular component of prokaryotic cells,
providing structural support and osmotic stability. Some of the most potent antibiotics in
use today are molecules that inhibit the assembly of the bacterial cell wall. Despite the
tremendous clinical importance of bacterial cell wall targeted antibiotics, it is surprising

that several key aspects of cell wall biosynthesis and processing remain poorly



characterized. A deeper understanding of the catalysis of cell wall associated enzymes will
undoubtedly bestow researchers with the complemented ability to identify new antibiotic
targets and antibiotics. Chapter 2 will discuss the technologies that have been developed to
date to understand cell wall coordination. These molecular probes are designed for the
understanding of enzymatic mechanisms and dynamics of biosynthesis pathways.

The work discussed in Chapter 3 describes the initial efforts to combat antibiotic
resistance, with the specific goal of developing a novel bacterial diagnostic assay. Diverse
fluorescent D-amino acids were synthesized and incubated with different bacterial species.
These D-amino acids containing C-terminus variations were shown to be incorporated into
bacterial peptidoglycan with subtle differences within and between bacterial species. We
show that the enzymes responsible for incorporation (transpeptidases) have remarkable
flexibility in accepting unnatural D-amino acid derivatives. The incorporation profile has
the potential to form the basis of a novel bacterial detection method.

We next exploited the incorporation of unnatural D-amino acids for decoration of
bacterial cell surfaces with tetrazine ligation handles, as discussed in Chapter 4. Such an
approach can provide an alternative method of installing molecules of interest to the
exterior of the cell. Peptidoglycan labeling of live bacteria through this ligation approach
paves the way for future in vivo studies due to its non-toxic effects and proven
biocompatibility, as mentioned in Chapter 5. In this section, we present the first evidence
that bacteria remodel their PG with exogenous D-amino acids in a live host animal. These
results suggest that extracellular D-amino acids may provide pathogens with a mode of

late-stage in vivo cell-surface remodeling.



The work discussed in Chapter 6 and 7, as opposed to previous methods, starts to
explore and exploit the intracellular pathway of peptidoglycan biosynthesis. We developed
a novel strategy aimed at hijacking peptidoglycan biosynthetic machinery to install specific
reporter handles that track changes in cell wall composition. Described is a panel of
synthetic cell wall precursor analogs that mimic substrates for vancomycin resistant-linked
enzymes. Reporter handles were included at strategic points within these molecules to
generate resistance-specific output signals. Monitoring cell wall alterations during drug
evasion with temporal resolution revealed insight into adaptation dynamics and Kinetics.
In Chapter 8, we demonstrated that cell wall analogs can be unparalleled chemical probes
in revealing key features of the cell wall crosslinking in live bacteria. We assessed the
proficiency of two vital enzymes (D,D- and L,D-transpeptidases) with the goal of unraveling
the interplay between these two modes of crosslinking. We showed how subtle structural
modifications to the primary sequence of peptidoglycan can control crosslinking

efficiency. Such probes may guide drug regimen and establish new drug targets.



Chapter 1

Fundamentals of Antibiotic Resistance

1.1 Antibiotic Resistance

The worldwide problem of antibiotic resistance has become one of the most serious
health threats of the 21st century and will undoubtedly become a top clinical priority. An
estimated 23,000 people each year in the United States alone are killed from complications
of drug-resistant bacteria.> Once was a time when a plethora of antibiotics were available
at our disposal to combat almost any class of bacterial infection. Since golden age of drug
discovery (1940-1970), the selective pressure forced upon bacteria has now created
potential life-threatening infections. For many decades, the number of new FDA approved
antibiotics easily outpaced the emergence of resistant bacterial strains. Infections that could
have previously been life-threatening were quickly cleared with a simple treatment of
antibiotics. Unfortunately, the current landscape is vastly different. Drug resistant bacterial
infections are now commonplace. Hospitals are becoming primary sites for the
dissemination of resistant strains.? The rampant, and sometimes unnecessary, use of
antibiotics has directly contributed to the rapid rise in drug resistance. As a result, a large
fraction of clinically important antibiotics have had their potency dramatically reduced.
Not only are bacteria becoming drug-resistant, but severe infections and strains have
emerged that are resistant to every antibiotic available.® The World Health Organization
recently warned that “we are heading for a post-antibiotic era, in which common infections
and minor injuries can once again kill”.*

Most of the drugs in the clinical pipeline are based off and are simply modifications of

existing antibiotics. Our supply of efficacious drugs has rapidly dwindled, therefore leaving



few treatment options when a multi-drug resistant bacterial infection arises. Although the
development of new antibiotics was abundant after their initial discovery, more recently it
has proven to be increasingly difficult to identify new antibiotic agents, with no new
discoveries within the past 30 years (Figure 1.1). Nearly every antibiotic used in the clinic

today is based off a discovery decade’s ago.

No registered 30
hnch -year gap
discovered B Nearly every antibiotic
after 1984 n use today is based on
1 1 than 30 years ago
L-L-- 0 0.0

1890 1800 1910 1820 930 1940 1950 1860 1970 198 2000 2010

Figure 1.1 Timeline of Antibiotic Discovery. Chart highlighting the number of antibiotic
classes discovered by decade.®

New sources of sensitizing and treating bacteria are therefore needed to solve the
challenge of resistance. To combat this ever-growing threat, the Centers of Disease Control
and Prevention (CDC) stress four core actions; (1) preventing infections from occurring
and spreading, (2) tracking resistant bacteria, (3) improving the use of antibiotics, and (4)
promoting the development of new antibiotics and new diagnostic tests for resistant
bacteria.! With these alarming threats and stressed actions in mind, our lab set out to
combat resistance by gaining a clearer understanding of the molecular events underpinning
antibiotic resistance phenotypes. Access to such mechanisms will allow for development

of new antibiotic targets and diagnostic tests.



1.2. Antibiotic Targets

Antibiotics can be classified into five major categories by mechanism of action: (1)
interference with membrane integrity (2) inhibition of nucleic acid synthesis (3) inhibition
of protein synthesis (4) inhibition of essential small molecules and (5) inhibition of cell
wall synthesis.® Antibiotics such as cationic polymyxins act to disrupt cellular membranes
and onset cell lysis. These drugs are an older class that fell out of favor due to toxicity and
are often referred to as the “last resort” antibiotics for threatening multidrug resistant gram-
negative infections. Fluoroguinolones are an example of drugs that act to inhibit bacterial
DNA synthesis. They are the one of the most commonly used antibiotics due to their broad-
spectrum, however resistance develops quickly. Aminoglycosides are examples of protein
synthesis inhibitors, functionalized with hydrophilic sugars containing protonated
polycations. They function to specifically inhibit ribosomes to prevent translation of
MRNA. Small molecule inhibitors include the antibiotic trimethoprim, an inhibitor of
dihydrofolate reductases, preventing synthesis of vital tetrahydrofolate.® The focus of this
thesis will be on the bacterial cell wall processing and resistance to antibiotics that act to
inhibit its synthesis and overall integrity.

1.3 Bacterial Cell Wall

Nearly all bacteria are protected by a cell wall that resides to the exterior of the
cytoplasmic membrane. This multilayered organelle contributes morphological structure
and maintains osmotic stability from environmental factors. Surfaces are comprised of
heterogenous mixtures of lipids, proteins, and glycans. Of the primary targets for induction
of bacteria death, the cell envelope remains one of the more prolific means of inhibiting

vital biochemical processes.’ Its fundamental importance has been highlighted by the many



antimicrobial agents developed to inhibit cell wall synthesis and/or disrupt the cells
structural foundation. Some of the most potent antibiotics in use today are molecules that
inhibit the assembly of the bacterial cell wall. More specifically, most block peptidoglycan
(PG) biosynthesis, an essential constituent of the cell wall. Gram-negative bacteria contain
an outer membrane that encloses a thin layer of PG (5-7 nm). Gram-positive bacteria in
comparison lack an outer membrane but compensate their integrity with a thick PG layer
(20-80 nm) on the outer layer. A third, less prominent class are mycobacterium which are
structurally characterized by long-chain mycolic acids, arabinogalactan, and a thin layer of

PG (Figure 1.2).8

Gram-negative bacteria Gram-positive bacteria Mycobacteria

Lipopolysaccharide ) ) ) A
: Teichoic acid poteichoi d

Gly(olipldT

Cg (= Cg
M Outer membrane

Lipoprotein

Periplasm

Cytoplasmic membrane

Figure 1.2 Cell Wall of Bacteria. Schematic representation of Gram-negative (left), Gram-
positive (middle), and mycobacteria (right) bacteria. Gram-negative bacteria consist of
peptidoglycan between a cytoplasmic and outer membrane. Gram-positive bacteria are comprised
of a thick peptidoglycan layer. Mycobacteria have a thick layer of mycolic acids, followed by a
thin layer of peptidoglycan.

Peptidoglycan is a polymer matrix composed of the repetitive glycan units N-
acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc).® Extension of these
sugar strands is accomplished through transglycosolases, with further crosslinking by D,D-

transpeptidases (Ddt) or sometimes referred to as penicillin binding proteins (PBPs) linking

adjacent oligiopeptides. Of note, the oligopeptide unit contains several D-amino acids, a
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distinctive characteristic of bacteria. The transpeptidase domains of PBPs are responsible
for this cross-linking to provide the peptidoglycan with increased integrity and to endow
strength to the cell. PBPs create an acyl intermediate from its natural substrate
pentapeptide. A nearby amine nucleophile displaces the intermediate to form a covalent
bond between two peptide chains. Many antimicrobial agents reduce the mechanical
strength of peptidoglycan by interfering with this process, such as B-lactams and
glycopeptides.® p-lactams inhibit cell wall maturation by acting as a suicide substrate,
forming a covalent bond with PBPs thus inhibiting crosslinking from occurring.
Glycopeptide antibiotics inhibit crosslinking by binding D-Ala-D-Ala at the end of the stem
peptide, sterically preventing PBPs from interacting with its pentapeptide substrate.®
Nevertheless, the two mechanisms of cell wall targeting (-lactam, glycopeptides) act to

block crosslinking, preventing the cell from gaining proper rigidity and strength.®
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Figure 1.3 Chemical structure of peptidoglycan and cartoon representation. The glycan
strands consist of alternating GlcNac and MurNAc residues. Linked to each MurNAc residue is a
peptide, sequence varying among bacterial species.
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Figure 1.4 Schematic of Peptidoglycan Crosslinking. Cartoon representation of the enzymatic
processes of transglycosolation (glycosidic bond formation) and transpeptidation by PBPs (stem
peptide cross-linking). Above is a 4-3 crosslink generated by PBPs, linking the fourth position D-
alanine to the third L-lysine of a nearby stem peptide. B-lactam antibiotics act to inhibit the process
of transpeptidation to prevent cell wall crosslinking.

1.4 Peptidoglycan Biosynthesis

The PG biosynthetic pathway is a critical process in the cell and is exploited as a
target for the design of many efficacious antibiotics. Biosynthesis is a complex process that
involves approximately 20 enzyme reactions (Figure 1.5). Reactions to generate the
building blocks of peptidoglycan occur both in the cytoplasm and on the inner and outer
sides of the cytoplasmic membrane. Every enzyme involved in the biosynthetic pathway is
essential for the bacteria to survive, making them excellent antibiotic targets. However, the
ever-developing resistance to -lactam antibiotics and vancomycin has led to increased
efforts to characterize the metabolic activity of other less-studied enzymes of this
peptidoglycan pathway. Although there are many steps in the biosynthetic pathway, the

overall process can be simplified into three main stages: (1) synthesis of Park’s nucleotide



in the cytoplasm (2) synthesis of critical lipid I and lipid 1l and (3) translocation of lipid Il

across the membrane for PG polymerization and crosslinking.
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Figure 1.5 Peptidoglycan Biosynthesis. The biosynthesis pathway starts with the
formation of Park’s nucleotide in cytoplasm, followed by linking to a lipid to produce lipid
I1. Finally, lipid 11 is translocated across the cytoplasmic membrane and then inserted into
the existing PG through transglycosylation and transpeptidation reactions.*?
Peptidoglycan biosynthesis initiates in the cytoplasm with the conversion, of
fructose-6-phosphate to UDP-MurNAc by the GIm enzymes. The Mur proteins then
catalyze the sequential addition of the stem peptide amino acids to generate Park’s
nucleotide, a soluble nucleotide precursor.’** Covalent linkage of Park’s nucleotide to the
inner cell wall is accomplished by MraY, resulting in a undecaprenol bound PG precursor,

termed Lipid 1.°® The ensuing PG processing reactions are all membrane bound enzyme
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catalysis. MurG adds GIcNAc to the Lipid | intermediate to generate Lipid II, a
disaccharide PG precursor. Lipid Il is then transferred to the outer side of the cell
membrane by a lipase protein.’® The identity of this flippase is still under debate, with
studies supporting the claim of MurJ, FtsSW or RodA as proteins responsible for
translocating Lipid Il from the inner cell membrane to the outer cell membrane.t’-?
Following translocation if Lipid Il across the plasma membrane, the PG precursor is
polymerized into the cell wall finalizing the ultimate PG structure. This polymerization
step, as stated previously, is accomplished by the PBPs.?? The PBPs are membrane bound
proteins that are structurally related, but mechanistically diverse, catalyzing the
transglycosolation and transpeptidation reactions. As mentioned previously, these enzymes
are the targets of B-lactam antibiotics (penicillins, cephalosporins, monobactams, and
carbapenems) (Figure 1.6). The mechanism by which PBPs are inhibited is through
mimicry of the D-Ala-D-Ala residue of the stem peptide, forming irreversible covalent
bonds with the enzymes, rendering them inactive.? The glycopeptide antibiotics, including
vancomycin, inhibit PBPs through binding of the D-Ala-D-Ala motif of lipid Il blocking
the ensuing transglycosolatyion and transpeptidations reactions. Therefore, glycopeptides
generally act as steric inhibitors of PG maturation to reduce cellular mechanical strength.?*
Resistance to B-lactam antibiotics and glycopeptides are a result of bacteria chemically

modifying their PG to withstand and reduce affinity of antibiotic towards the PG structure.

1.5 Resistance to Antibiotics that Target PG Crosslinking

1.5.1 B-lactam Resistance

The stem peptide structure of PG varies as a function of the stage of the bacterium,

shape, the growth medium, the presence of resistance determinants relating to the cell wall,
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and the presence of antibiotics. The selective pressure of antibiotics has caused bacteria to
evolve mutations in enzymes associated with PG processing, deconstructing normal
synthesis of the stem peptide to evade cell wall acting drugs. As stated earlier, B-lactam
antibiotics impose their activity by forming an irreversible covalent bond with PBPs.
Blocking of transpeptidation and transglycosolation leads to weakening of the PG causing
cell lysis. Since there are more than one essential PBP in bacteria, resistance involves
complex mechanisms. The use of B-lactam antibiotics has resulted in four major categories
of resistance mechanism: (1) reduced membrane permeability or action of efflux pumps
(2) expression of PBPs with reduced affinity to -lactams (3) degradation of B-lactams by

B-lactamases and (4) bypassing PBP crosslinking with L,D-transpeptidases.°
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Figure 1.6 Chemical structures of four clinically important p-lactam antibiotics. The 3-lactam
ring is highlighted in green.

An inherent feature of some bacteria to resist antibiotics is through prohibiting
antibiotic access to its molecular target in sufficient concentration. Both Gram-positive and
Gram-negative bacteria possess peptidoglycan, yet the outer lipid membrane of Gram-
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negative bacteria restricts some antibiotics from accessing its target. Some bacteria have
also overexpressed membrane proteins that act as efflux pumps. Efflux pumps export toxic
material outside of the cells and can exhibit this activity towards B-lactam antibiotics,
preventing them from inhibiting their PBP targets.?®

PBPs involved in B-lactam resistance present mutations in the protein sequence
concentrated around the active site region. For example, a subtle modification in the active
site region of PBP2a from Staphylococcus aureus (S. aureus) generates low affinity
towards B-lactam antibiotics. This enzyme becomes primarily expressed when the major
PBPs of S. aureus become inhibited by B-lactams. These low p-lactam affinity PBPs,
however, in some cases can only initiate transpeptidation if the stem peptide is branched
(i.e. (Gly)n) (Figure 1.3).% In S. aureus, the genes femA and femB are essential for the
incorporation of glycine on the stem peptide cross bridges. Knockout studies of these
proteins show PBP2a is essentially unable to perform crosslinking on substrates lacking
glycines, therefore represent a practical antibiotic target.?’

The third mechanism of B-lactam resistance involves chemical degradation of the
antibiotic. B-lactamases act to hydrolyze the B-lactam ring (Figure 1.6), thus inactivating
the antibiotics before getting to their intended PBP targets. Release of the ring strain
renders the antibiotic non-reactive towards PBPs and is mainly found in Gram-negative
pathogens. These enzymes can ultimately be found associated to the cell membrane,
secreted into the extracellular space, or secreted in the periplasmic space (for Gram-
negative bacteria). Although p-lactams are susceptible to [-lactamases, cocktail

therapeutics have been applied to counteract their function. B-lactamase inhibitors such as
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Tebipenem are used in combination of B-lactams to extend their lifetime and PBP
inhibition.?

The final major class of B-lactam resistance was only recently discovered and
involves the complete bypass of PBP crosslinking. Bacteria of this resistance are shown to
have highly active D,D-carboxypeptidases, enzymes that generate stem tetrapeptides from
the natural stem pentapeptides by hydrolyzing the terminal D-alanine (Figure 1.3). This
essentially renders PBPs ineffective, as tetrapeptides are not substrates for these enzymes.
Bacteria then funnel their crosslinking towards L,D-transpeptidases (Ldts), with
tetrapeptides as their substrates. Ldts, unlike PBPs that catalyze a 4-3 peptide bond,
generate 3-3 crosslinks. Due to this crosslinking mechanism, p-lactam antibiotic are
ineffective due to differences in stem peptide substrates. These enzymes were first
identified in Enterococcus, Mycobacterium, and Clostridium spp.2®% Ldts will be the
major focus and will be discussed in greater detail in Chapter 8 of this thesis.

1.5.2 Glycopeptide Resistance

The glycopeptides vancomycin, teicoplanin, and telavancin are currently employed
in hospital settings as “last resort” antibiotics for Gram-positive pathogens. As mentioned
previously, these antibiotics act to bind to the terminal D-Ala-D-Ala of peptidoglycan lipid
Il precursors through hydrogen bonds, impeding the transpeptidation and
transglycosolation reactions (Figure 1.7).3! Resistance mechanisms associated with these
antibiotics are primarily linked to the generation of alternate peptidoglycan precursors. To
decrease antibiotic affinity to peptidoglycan, bacteria synthesize intracellularly the
dipeptides D-Ala-D-Lac or in some bacteria D-Ala-D-Ser. These peptidoglycan building

blocks get incorporated into the grown stem peptide by the enzyme MurF (Figure 1.5).
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Lipid Il precursors displaying one of these altered C-termini results in poor affinity of
glycopeptides to the stem peptide, via loss of a hydrogen bond (-D-Ala-D-Lac) or steric
effects (-D-Ala-D-Ser). Reduced glycopeptide affinity results in PBP crosslinking and

viable bacteria.

HO Ho
O NHA D-Ala D-Ala O NHAe D-Ala D-Lactate
o e

Figure 1.7 Vancomycin Peptidoglycan Binding. Vancomycin binding to D-Ala-D-Ala of PG
stem peptide through five hydrogen bonds. By binding to D-Ala-D-Ala, transpeptidation is
inhibited and cell death occurs. Replacing terminal D-Ala with D-Lac causes 1000-fold reduced
affinity of vancomycin towards PG and crosslinking still occurs.

There are six primary genes responsible for the development of glycopeptide resistance
(vanR, vans, vanH, vanA, vanX, vanY) (Figure 1.8). VanR and vansS are proteins part of a
two-component regulatory system that control the transcription and expression of the
remaining vanHAXY genes. Membrane bound vanS senses a glycopeptide antibiotic
resulting in a structural change becoming a kinase, phosphorylating the cytoplasmic protein
vanR, a transcription factor in the expression of the vanHAXY genes. VanH is a
dehydrogenase, which reduces pyruvate to D-lactic acid (D-Lac), and the vanA ligase,

catalyzes the formation of an ester bond between D-Ala and D-Lac. The resulting

depsipeptide D-Ala-D-Lac replaces the native D-Ala-D-Ala dipeptide in peptidoglycan
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synthesis via the MurF ligation step. However, the production of peptidoglycan precursors
terminating in D-Lac is still insuffient to lead to high-level of glycopeptide resisatcne.
Bacteria must also deplete their intracellular pool of D-Ala-D-Ala dipeptide to prevent
competing ligations. Two enzymes are involved in D-Ala-D-Ala peptidoglycan precursor
depletion, vanX and vanY, which hydrolyze the D-Ala-D-Ala dipeptide and hydrolyze the
stem peptide to reduce pentapeptide precursor pools, respectively. All these genes
combined turnover D-Ala-D-Ala containing peptidoglycan precursors to D-Ala-D-Lac

precursors, effectively causing glycopeptide resistance.

regulatmn required for glycopeptide resistance accessory proteins
~i vanR )l vanS >—{ vanH > vanA > vanx>—{ vanY >—»
regulator sensor dehydrogenase ligase D,D-dipeptidase D,D-carboxy- unknown
peptidase

Figure 1.8 Genes for glycopeptide resistance. The two-component regulatory system vanS-vanR
respond to vancomycin to activate downstream genes. VanH produces D-Lac from pyruvate, vanA
ligates D-Ala and D-Lac to produce D-Ala-D-Lac dipeptide. VanX acts cleaves the glycopeptide
building block D-Ala-D-Ala, and vanY is a D,D-carboxypeptidase that cleaves D-Ala terminal
peptide to reduce the pentapeptide precursor pool.®

There are six types of glycopeptide resistance that have been characterized mainly
in the bacterial class of Enterococci. Five of the classes (VanA, B, D, E, and G) are
associated with acquired resistance from other bacteria by gene transfer of an unknown
origin. VanC is instrisic glycopeptide resistance to the bacteria Enterococcus gallinarum
and Enterococcus flavescens. These classes of resistance are distinguished by the location

of the resistance genes (plasmid vs chromosome) and by the mode of gene regulation and

expression (inducible vs constitutive) (Table 1.1).
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Acquired resistance level, type

Intrinsic resistance,
Low

Strain High, Variable, Moderate, low level,
characteristic VanA VanB VanD VanG VanE type VanC1/C2/C3
MIC, mg/L

Vancomycin 64-100 4-1000 64-128 16 8-32 2-32

Teicoplanin 16-512 0.5-1 4-64 0.5 05 0.5-1
Conjugation Positive Positive Negative Positive Negative Negative
Mobile element Tn1546 Tn1547 or Tn1549
Expression Inducible Inducible Constitutive Inducible Inducible Constitutive Inducible
Location Plasmid chromosome  Plasmid chromosome  Chromosome  Chromosome  Chromosome Chromoseme
Modified target p-Ala-p-Lac p-Ala-p-Lac p-Ala-p-Lac p-Ala-p-Ser p-Ala-p-Ser p-Ala-p-Ser

NOTE. b-Ala-o-Lac, p-alanine-p-lactate; o-Ala-n-Ser, p-alanine-p-serine.

Table 1.1 Level and type of resistance in Enterococci.’!

For the purposes of this thesis, only VanA and VanB type of glycopeptide resistance
will be discussed. VanA is the most common type of glycopeptide resistance to date.
Bacteria with this set of genes are highly resistant to vancomycin (MIC 64-1000 ug/mL)
and also the glycopeptide teicoplanin (MIC 16-512 ug/mL). VanB type bacteria have a
similar mechanism of becoming resistant, however, are shown to have moderate resistance
to vancomycin (4-64 pg/mL). A major distinction between VanA and VanB is the
sensitivity to teicoplanin, where VVanB Enterococci do not trigger the expression of the
genes in the presence of teicoplanin. There is approximately 67%-76% sequence identify
of the proteins between VanA and VanB, which may also contribute to the their overall
activity and contribution to glycopeptide resistance.!

1.6 Conclusions

Although much has been learned in the peptidoglycan biosynthetic pathway and
crosslinking, there remains a large gap in our fundamental understanding of the metabolic
processes at play pertaining to bacterial cell wall synthesis. Research is now being directed
to understand the fundamentals of bacterial cell wall processing. Technologies are now
being developed to probe and image the biosynthesis and dynamics of the cell wall to
answer long-standing questions in the microbiology field. Efforts are being rededicated

towards understanding basic bacterial physiology and pathology, with a special focus on
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specific mechanisms related to drug resistance. Chapter 2 of this thesis will solely focus on

some of the efforts directed at elucidating the cell wall biosynthetic pathway.
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Chapter 2

Metabolic Labeling of Bacterial Cell Surfaces

2.1 Abstract

As mentioned previously in Chapter 1, the cell wall is a key structural component
of the cell envelope of bacteria. This highly complex structure and its construction provides
the cell with the needed integrity to survive hostile environmental conditions. In this
chapter, focus will be on the techniques and applications area of bacterial cell surface
remodeling. The repertoire of tools at our disposal has allowed researchers to modulate the
cell surface with non-native molecules to gain access to key dynamics and mechanisms of
cell wall biosynthesis. Chemical probes have been designed to monitor and track a subset
of macromolecules including peptidoglycan, proteins, glycans, and lipids. Metabolic
labeling of the bacterial cell envelope is an evolving technology that will lead to better
understanding of cell wall growth and dynamics, improve diagnostics, and may potentially
lead to new medical therapeutics. This Chapter will serve as a published review and will
be based only on the most recent applications of metabolic labeling, rather than a
comprehensive outlook.
2.2 Introduction

Metabolic labeling is a technique in which a non-biologically synthesized molecule
is utilized as a substrate by endogenous machinery of the living organism. The probe
synthesized is incorporated into a macromolecule of interest by enzymes, essentially
“tricking” the organism being studied in accepting this unnatural substrate. Many studies
previously took advantage of this metabolism with radioactive molecules or isotopes. Such

an approach has its advantages, however, is not ideal as in most circumstances as it is
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costly, requires specialized equipment, and such probes simply may not be feasibly
developed to study specific metabolic pathways. Many metabolic studies today have
departed from these approaches and are now utilizing metabolic probes containing
fluorophores or reactive handles to perform specific chemistries (i.e. biotin pull-down)

(Figure 2.1).

Chemically modified
biomolecule

Y=3¢ (“Label”) X=Y34

. Labeled
Bioorthogonal biomolecule can
reaction

X be analyzed in
g A native context

Chemically modified
exogenous substrate (“Probe”)

Metabolic Live bacterium
incorporation

Figure 2.1 Metabolic Labeling of Bacterial Cell Surfaces. A synthesized probe (red hexagon)
modified with a reporter group X (i.e. fluorophore, bioorthogonal handle) is incorporated through
the metabolic pathway of bacteria and gets displayed on the cell surface. If X contains a
biorthogonal handle, a secondary step can be done to covalently attach a molecule of interest Y
(i.e. fluorophore).!

Metabolic probes functionalized with fluorescent trackers has flooded the bacteria
research field with new discoveries. Long-standing questions in microbiology related to
enzymatic activity have been answered ever since their discovered use. This review will
focus on a subset of bacterial cell surface targets, surveying the most recent studies of the
extracellular macromolecules of peptidoglycan, carbohydrates, surface proteins, and

lipids.

2.3 Metabolic Probes for Peptidoglycan Synthesis

The majority of metabolic probes in this review involve incorporation of non-native

molecules into peptidoglycan of the cell wall. Peptidoglycan synthesis involves both a
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cytoplasmic and an extracellular phase (Figure 1.4). The ability of noncanonical D-amino
acids to incorporate into the peptidoglycan by transpeptidases was critical to the early
studies on peptidoglycan machinery and synthesis (Figure 2.2).>2 These past efforts
sparked a rededicated effort to understand physiological processes associated with
peptidoglycan synthesis. Key events with respect to peptidoglycan biosynthesis are now
well understood, and significant progress has been made in enzyme substrate mimicry to

understand more complex mechanisms.*?

metabolic
labeling

Figure 2.2 D-Amino Acid Incorporation into Peptidoglycan. Schematic representation of
unnatural D-amino acid incorporation into the peptidoglycan stem peptide.

Fluorescent D-amino acids since then have been developed to tailor to photochemical
needs and the biological system being studied. For example, it was shown that D-amino
acids can be modified for enhanced solubility and be applied for high spatiotemporal
STORM imaging to obtain virtual time-lapse images of peptidoglycan synthesis.'® In
another study, fluorescent D-amino acids were utilized to study peptidoglycan maturation
and dynamics in Mycobacterium tuberculosis (M. tuberculosis). It was found that the
transpeptidases associated with this pathogen are localized in compartments, showing
variations in peptidoglycan synthesis at polar ends of the cell.}* Modified peptidoglycan
precursors have also been shown to hijack intracellular synthetic pathways to probe the
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presence of peptidoglycan and the activity of enzymes associated with modifying
precursors to become resistant to cell wall antibiotics.’>*° In addition, to test the
effectiveness of cell wall antibiotics simple assays were developed with coherent use of D-
amino acids as probes of cell wall growth and morphology.?%-22

Significant advances in these labeling techniques have allowed exploration of
peptidoglycan and its implication in host-microbe interactions. Hudak and coworkers
elegantly displayed a powerful approach in which D-amino acids can be utilized to
visualize endogenous bacteria and their localization within a mammalian host.?®
Pinpointing infectious bacteria or microbiota location has implications in fundamental
understanding of intestinal diseases and inflammatory responses. Our lab has recently
applied peptidoglycan remodeling to study Staphylococcus aureus (S. aureus) bacterial
colonization within Caenorhabditis elegans.?* We showed that bacterial cell surfaces
remodeled with tetrazine based D-amino acids can be manipulated for the fast trans-
cyclooctene ligation of fluorophores to study in vivo cell wall reconstruction. Other similar
bioorthogonal chemistries have been developed to remodel bacterial surfaces using aza-
bicyclononene dienophiles.?® The method of fluorescent D-amino acids labelling has also
been developed to compare peptidoglycan and teichoic acid synthetic processes in a one-
pot metabolic approach, showing real time differences in growth patterns.?

More recently, fluorescently tagged D-amino acids are now being utilized to track new
sites of peptidoglycan synthesis and its co-localization with other cell wall components
important for cell coordination.?” For example, the correlation between peptidoglycan
synthesis and activity of the bacterial protein FtsZ, a central component of cell division

responsible for coordinating an assembly of cell wall proteins, was analyzed by the use of
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a fluorescent D-amino acid analog.?83! Fluorescent probes were also applied toward the
investigation of another crucial cell division protein, MreB.323 These experiments showed
through the use of these probes the consequential result of MreB inhibition and its role in
proper bacterial shape for division.

Other enzymatic approaches of cell wall remodeling besides D-amino acid
incorporation are also being investigated. Recent studies have hijacked the function of
sortase A, a surface-bound transpeptidase enzyme that covalently attaches bacterial
proteins onto the PG scaffold of most notably S. aureus. In anchoring proteins, sortase A
recognizes the short, LPXTG peptide motif
(where X is any amino acid) and catalyzes the acyl-transfer onto lipid Il of S. aureus.®*3®
Speigel and co-workers showed that a fluorescein-tagged sortase peptide was metabolically
incorporated into the bacterial cell surface.®” Installment of a fluorescein molecules on the
cell surface further led to bacterial opsonization by antifluorescein antibodies for as a
potential immunomodulation strategy. Sabulski and co-workers improved sortase
incorporation efficiency by combining the antibiotic cell wall targeting with the sortase
sequence to covalently remodel the cell surface at lower dosages.® They showed that this
combination led to high antibody recruitment at low micromolar concentrations, and also
showed this metabolic process can be used to modify bacterial surfaces in live hosts.
Another peptide substrate containing a VLK motif was discovered to be incorporated into
the cell wall of S. aureus, shown to be independent of sortase activity providing yet another
technique of remodeling bacterial cell surfaces.®

The carbohydrate backbone of bacterial peptidoglycan can also be metabolically

labelled, adapting from the pioneering work of Bertozzi and Kiessling.*® Efforts by Grimes
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and colleagues selectively labelled N-acetyl-muramic acid residues with bioorthogonal
derivatives to track mechanisms of cell wall recycling and immune system responses. 142
Bacterial cell consumption and visualization of glycan units of peptidoglycan upon
macrophage engulfment can be useful to identify specific fragments that are broken down
during infection. Similarly, another carbohydrate backbone derivative was synthesized to
monitor peptidoglycan remodeling and cytoplasmic transport in the gram-negative
pathogen Pseudomonas aeruginosa.*?

2.3 Metabolic Probes for Carbohydrate Synthesis

Bacterial surfaces contain a great diversity of glycans, including polysaccharides,
glycoproteins, teichoic acids, and glycolipids. More recently, research has been dedicated
towards the study of Mycobacterial pathogenesis and cell wall synthesis of carbohydrates.
In order to develop more efficacious therapeutic treatments of pathogenic M. tuberculosis,
the understanding of the mycobacteria cell envelope in both extracellular and intracellular
bacteria is necessary. This class of bacteria have a peptidoglycan layer surrounded by
glycolipids, arabinogalactan, and mycolic acids attached to trehalose disaccharides.**
Fluorescent unnatural trehalose molecules have initially been developed to be incorporated
through M. tuberculosis metabolic pathways for diagnostics.*>*” Bertozzi and colleagues
have applied trehalose metabolic labelling for visualization of antibiotic perturbations on
mycobacterial cell envelope.*-° Other probes have been designed to be readily applied for
high-throughput screening for inhibitors essential mycobacterial processes.>*

Additional methods have been devised to label cell surface-associated glycans.
More specifically, the outer membrane lipopolysaccharide (LPS) of pathogenic Gram-

negative bacteria that contributes to virulence.?®>5? A chemical approach was shown to
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enable selective imaging of Gram-negative and Gram-positive microbiota through the use
of 3-deoxy-D-manno-octulosonic acid (KDO), a molecule selective for metabolic labelling
of the outer surface LPS in Gram-negative bacteria.>® Other components of the LPS core
have been metabolically labeled as well. For instance, pseudaminic acid residues were
remodeled with azido click chemistry handles for potential screening of agents inhibiting
this biosynthetic pathway.>* Chemical glycoengineering has also been extended beyond
lipoglycans to glycoproteins. Azide-containing analogs of naturally abundant
monosaccharide N-acetylglucosamine (GIcNAc) as well as rare bacterial monosaccharides
FucNAc, bacillosamine, and DATDH that are exclusive to pathogenic strains such as
Helicobacter pylor were synthesized and metabolic preferences explored.>

2.4 Additional Bacterial Cell Surface Probes

Bacterial cell surfaces are decorated with a plethora of proteins which can serve as
effective targets for modulation of the bacterial envelope. The use of recombinant
technology to incorporate cell surface modulations has provided a valuable platform for
studying proteins within the cell wall. Labelling of bacterial proteins has been extensively
investigated and applied in a wide range of techniques by use of orthogonal
tRNA/aminoacyl-tRNA synthetase pairs that transfer a defined unnatural amino acid to a
growing polypeptide chain.>® More recently, an approach was utilized that metabolically
labeled newly expressed bacterial surface proteins. Pezacki and co-workers employed
bioorthogonal non-canonical amino acid tagging (BONCAT) to fluorescently detect
surface proteins.®”%® Endogenous methionine residues were replaced  with

homopropargylglycine to metabolically label surface proteins for subsequent click
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chemistry with fluorophores. This method allowed for rapid screening and identification
of living pathogenic bacteria.

Metabolic labeling of lipoproteins has also been an area of investigation in cell
surface remodeling. These bacterial proteins are essential for membrane maintenance,
transport, and signal transduction.®® In one study, metabolically altered lipoproteins were
biotinylated via copper catalyzed click chemistry, which provided a handle for selective
pull down of metabolically labeled targets. Ensuing selective pulldown, proteomic analysis
identified the lipoprotein targets and led to the discovery of lipoprotein modifications.*
Other studies described an alkyne-modified trehalose monomycolate chemical reporter that
can metabolically tag O-mycoloylated proteins in Corynebacterium glutamicum, a
subgroup of mycobacteria.5*6!

2.5 Conclusions and Future Outlook

Metabolic labeling of the bacterial cell surface has yielded unique insights into
growth, division, and enzyme dynamics. Only a small fraction of metabolic probes have
been described in this review to provide powerful information of biosynthesis of
peptidoglycan, carbohydrates, proteins, and lipids of the cell envelope. The incorporation
of non-genetically encoded molecules using cell wall analogues has greatly advanced the
field of microbiology within the past decade. Remodeling the cell surface has provided
new directions of research that were previously unattainable. Our understanding of cell
wall biosynthesis and dynamics is still in its infancy. Extraordinary breakthroughs remain
with the use of cell surface probes, that hopefully may lead to solved long-standing

mysteries and new therapeutics interventions. From herein, the focus of the remaining
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chapter will concern the use of metabolic probes for the study of fundamental

peptidoglycan processes.
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Chapter 3

Metabolic Profiling of Bacteria by Unnatural C-terminated b-Amino
Acids

3.1 Abstract

Bacterial peptidoglycan is a mesh-like network comprised of sugars and
oligopeptides. Transpeptidases cross-link peptidoglycan oligopeptides to provide vital cell
wall rigidity and structural support. It was recently discovered that the same transpeptidases
catalyze the metabolic incorporation of exogenous D-amino acids onto bacterial cell
surfaces with vast promiscuity for the side-chain identity. It is now shown that this
enzymatic promiscuity is not exclusive to side chains, but that C-terminus variations can
also be accommodated across a diverse range of bacteria. Atomic force microscopy
analysis revealed that the incorporation of C-terminus amidated D-amino acids onto
bacterial surfaces substantially reduced the cell wall stiffness. We exploited the
promiscuity of bacterial transpeptidases to develop a novel assay for profiling different
bacterial species.

3.2 Introduction

Tremendous strides have been made in the treatment and prevention of bacterial
infections. However, two major hurdles in diagnostics continue to impede further progress:
identification of the type of bacteria and the level of drug resistance. These two time-
sensitive components often dictate the course of treatment. Methods that improve our
ability to address these needs may have significant clinical utility. We envisioned a
peptidoglycan metabolic labeling strategy that could form the basis of a precise and facile
diagnostic test to determine these two components in a single step. Many enzymatic

transformations are necessary to properly assemble the peptidoglycan precursors. The
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lipid-anchored peptidoglycan precursors are then flipped to the outside of the cytoplasmic
membrane where they are incorporated onto the growing peptidoglycan matrix. These
covalent modifications are crucial for tuning the physical and mechanical properties of the
peptidoglycan. The amount and nature of these modifications are inherently linked to the
type of bacteria and may also be related to phenotypic differences within these species.
Chemical modifications of the peptidoglycan can mainly be attributed to the enzymatic
processes by penicillin binding proteins (PBPs). The transpeptidase domains of PBPs are
responsible for the cross-linking of neighboring stem peptides, a function that endows the
peptidoglycan with increased rigidity and strength.! The cross-linking of the peptidoglycan
is vital to bacteria. Interference with this process via -lactam and glycopeptide treatment
is lethal to many bacteria.? Recently, an alternate reaction of transpeptidase was discovered
whereby terminal D-alanines were “swapped” with D-amino acids from the surrounding
medium (Figure 3.1a).> We and others have recently demonstrated that bacterial cell
surfaces can be labeled with unnatural D-amino acids with expansive promiscuity in the
identity of the side chain.>* This led us to explore the possibility that non-native C-
terminal variants are competent transpeptidase substrates (Figure 3.1b). Furthermore, we
hypothesized that species- and strain-specific variations in the physical composition of the
peptidoglycan (for example, thickness, charge, and cross-linking level) and peptidoglycan
processing (for example, transpeptidase and carboxypeptidase domains of PBPs) could be
probed and profiled with these C-terminal variants. Herein, we show that non-native C-
terminated D-amino acids are incorporated onto bacterial cell surfaces. Most importantly,
these variants may provide a facile and sensitive platform to differentiate between bacterial

species and phenotypes within individual species.
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Figure 3.1 a) Schematic representation of the peptidoglycan processing by PBP transpeptidase. b)
Basic unit of D-amino acid and derivatives that have been shown to be tolerated. ¢) Schematic

representation of the assay to assess D-amino acid incorporation. d) Chemical structures of D-amino
acid derivatives synthesized and evaluated.
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3.3 Results and Discussion

3.3.1 Incorporation of Non-native C-terminated D-Amino Acids

Initially, we synthesized a panel of fluorescently labeled D-amino acid derivatives
to probe the promiscuity of the C-terminus by PBP transpeptidases (Figure 3.1d). The
fluorescent nitrobenzoxadiazole (NBD) was chosen for its small size and we had
previously shown that the native D-lysine (DK) carboxylic acid version (DK-Acid) is
readily incorporated onto the surface of bacteria.'* This panel of variants was designed to
allow the interrogation of the heteroatom specificity at the C-terminus, a requirement of a
carbonyl group, and the ability to accommodate bulky functional groups.

We first evaluated the relative incorporation levels of the various D-amino acid
derivatives using the Gram-positive bacterium Bacillus subtilis (B. subtilis) AdacA, which
lacks the carboxypeptidase gene (dacA).!? The dacA PBP carboxypeptidase enzyme
catalyzes the hydrolysis of the fifth position D-alanine, thus effectively reducing the overall
level of incorporation by exogenously supplemented D-amino acids. B. subtilis cells were
incubated in the presence of the C-terminus variants from our panel of compounds and
incorporation levels were quantified based on the NBD fluorescence using flow cytometry.
As we had previously observed, the carboxylic acid variant (DK-Acid) is readily
incorporated onto the bacterial surface (Figure 3.2a).

Next, we probed the requirement of a negatively charged terminus by evaluating
the neutral D-amino carboxamide derivate (DK-Amide). Remarkably, the incubation with
DK-Amide led to a nearly two-fold increase in incorporation levels compared to DK-
Acid.' It is interesting to note that vegetative B. subtilis cells naturally possess a high level

of amidated meso-diaminopimelic acid (m-DAP), which becomes the acyl acceptor upon
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cross-linking  (Figure  3.1A).134

Therefore, the final cross-linked
product will also have a carboxamide
group at the same location as the amide
of a peptidoglycan swapped with D-
amino carboxamide. The similarly
charged and sized carbothioamide
variant (DK-Thioamide) highlights the
importance of an oxygen atom at the
carbonyl position for B. subtilis PBP
transpeptidase. This requirement for
the presence of a carbonyl group was
further probed by the incubation of
cells with a variant lacking carbonyl
(DK-ol). The loss of fluorescence
signal suggests that the carbonyl
group is essential for substrate

recognition by PBP transpeptidase. A

slight increase in steric bulk in the
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Figure 3.2. Incorporation of D-amino acid
derivatives. Flow cytometry analysis of B. subtilis
AdacA (a) and wildtype B. subtilis (b) incubated
overnight in the presence of 100 uM of stated
compounds. Data are represented as mean + SD
(n=3). c) Fluorescence and differential interference
contrast (DIC) microscopy imaging of B. subtilis
wildtype cells labeled overnight with 200 uM DK-
Amide. Scale bar represents 3 pm.

amidated terminus (DK-MeAmide) proved to be deleterious for surface labeling of B.

subtilis, with a near complete loss of incorporation. The intolerance of the methyl group in

DK-MeAmide suggests that the lack of charge and steric bulkiness combine to endow the

compound with incompatible attributes as a substrate for transpeptidase-mediated
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swapping. The basic amide scaffold was investigated further by the extension of four
methylene units with a terminal amino group (DK-ButAmide). This perturbation led to a
complete loss of incorporation, which is presumably due to the size and charge reversal of
the terminal modification.

The introduction of an additional amino group (DK-Hydra), generating a
modification similar in size to methyl-amide, mostly restored the ability of the molecule to
be incorporated onto bacterial surfaces (Figure 3.2). The site-specific surface display of
hydrazide moieties provided by DK-Hydra should be compatible with bio-orthogonal
chemistries involving complementary aldehyde/ketone groups, thus opening up the
possibility of the installation of a second and distinct molecule on the surface.'>'® The
esterification of the D-amino acid to the neutral C-terminus DK-OMe is also well tolerated
as indicated by the level of surface labeling. The homologation of the methyl ester (DK-
OEt) yielded a slightly bulkier variant that labeled bacteria to a comparable level to DK-
OMe. As expected, the presence of dacA causes a reduction in incorporation levels for
several of the D-amino acid variants (Figure 3.2B).

3.3.2 Confirmation of b-Amino Acid Incorporation

In order to confirm that the observed fluorescence signal was a result of the
replacement of surface bound D-alanine with exogenously supplied D-amino acid variants,
we performed a series of secondary assays. First, the stereospecificity of the labeling
process was evaluated by monitoring the surface labeling with enantiomeric counterparts
LK-Acid, LK-Amide, LK-OMe (Figure 3.3). Minimal fluorescence levels were observed
for the L-amino acid derivatives, thus highlighting the importance of the stereochemistry

in the transpeptidase mediated swapping.

38



H,N oH H,N NHz H,N O
o} o) o]
LK-Acid LK-Amide LK-OMe
3000 -
— 2500 -
3
©
~ 2000
(0]
e
o 1500 A
£
(2]
© 1000 -
o
=
%= 500 A
0 -
5 g g g 3 2 &
s o () O ()
: £ : 5 3
= o S v ¥ 5 3
o i

Figure 3.3. Stereospecificity of incorporation. (A) Chemical structures of LK-Acid, LK-Amide,
and LK-OMe. (B) Flow cytometry analysis of B. subtilis AdacA incubated overnight in the presence
of 100 uM of DK-Acid, LK-Acid, DK-Amide, LK-Amide, DK-OMe, and LK-OMe. Data are

represented as mean + SD (n=3).

To further demonstrate that these D-amino acid variants were indeed incorporated
on the bacterial surface we treated labeled cells with dithionite, which readily reduces the
NBD nitro group to a non-fluorescent aryl amine derivative. Dithionite was chosen as the
reducing agent because of its poor lipid bilayer permeation, limiting the quenching to NBD
moieties present on the extracellular space of gram-positive bacteria (Figure 3.4). B.
subtilis cells were labeled with D-amino acid variants and subsequently treated with
dithionite. This reducing agent treatment led to a complete loss of fluorescence signal. The

results suggest that these D-amino acid variants reside in the extracellular space of bacteria

— consistent with their incorporation within the peptidoglycan.
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Figure 3.4. (A) Schematic representation of the quenching of surface exposed NBD moieties to the
highly polar reductant dithionite. (B) B. subtilis AdacA were labeled overnight with 100 uM of D-
amino acid derivative and analyzed by flow cytometry. Cellular fluorescence was quantified with
and without a treatment of 5 mM sodium dithionite. Data are represented as mean + SD (n=3).

To delineate the localization of D-amino acid variants, B. subtilis were visualized
using fluorescence microscopy following overnight labeling with DK-Amide and a variant
displaying a larger tetramethylrhodamine fluorophore (DK-TAMRA-Amide). Cells

displayed slightly elevated

Q ﬁ\/\/o > NS
septal labeling with both 3 Koo
variants, consistent with E J

[a] HN’\(NH’

previous reports on
Figure 3.5. Fluorescence and differential interference contrast
peptidoglycan (DIC) microscopy imaging of B. subtilis wildtype cells labeled
overnight with 200 uM DK-TAMRA-Amide. Scale bar represents 3
um.
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biosynthesis (Figure 3.5).

Finally, to further confirm that D-amino acid variants were indeed covalently
attached to the peptidoglycan, we isolated and characterized the peptidoglycan from B.
subtilis grown in the presence of DK-Amide. Following separation by RP-HPLC, the
sample was analyzed by MALDI-TOF and was found to have a molecular weight
consistent with the swapping of the terminal D-alanine by DK-Amide (Figure 3.6A). We
also found that (using the NBD absorbance as a handle) isolated peptidoglycan displayed
an absorbance profile consistent with the incorporation of DK-Amide (Figure 3.6B). These
data confirm that the unnatural C-terminated DK-Amide is metabolically incorporated

within the bacterial peptidoglycan.
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Figure 3.6. (A) MALDI-TOF analysis of peptidoglycan isolated from B. subtilis cells labeled
with DK-Amide following RP-HPLC separation. Inset: structure of expected peptidoglycan
repeating unit with the inclusion of DK-Amide and the expected molecular weight. (B) UV-Vis
profile of the crude clarified peptidoglycan isolated from B. subtilis cells incubated with 500
UM of DK-Amide.

Next, we set out to demonstrate that side-chains other than NBD modified lysine
could be tolerated by transpeptidase. B. subtilis (wildtype and AdacA) were incubated
overnight in the presence of D-Cys-OH, D-Cys-NH2, and D-Cys-OMe (Figure 3.7).

Surface-bound cysteine residues were then quantified via the reaction with maleimide

41



activated AlexaFluor 647. Cells labeled with all three cysteine variants displayed a
considerable increase in fluorescence compared to control cells, a clear indication that these
compounds also modify the surface of bacterial cells. In B. subtilis AdacA, a trend reversal
was observed in incorporation efficiency with the methyl ester derivative compared to the
DK-OMe. The esterification of C-terminus D-cysteine led to a two-fold increase in labeling
compared to D-Cys-OH and approximately a fifty percent increase compared to D-Cys-
NH.. These results show that the recognition of the D-amino acid side chain does not
entirely dictate the incorporation efficiency of unusually terminated D-amino acids.

Therefore, our findings suggest that it is possible to modulate bacterial cell surface labeling

of tailor-made D-amino acids via changes to the C-terminus.
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Figure 3.7. Modification of the C-terminus of D-cysteine. (A) Chemical structures of D-Cys-
OH, D-Cys-NH2, and D-Cys-OMe. (B) B. subtilis AdacA and wildtype were incubated with 1 mM
of the specified D-cysteine derivative or without any added D-amino acid. The cells were
subsequently labeled with 50 uM of maleimide activated AlexaFluor 647 for 30 min and the
fluorescence was quantified using flow cytometry. Data are represented as mean + SD (n=3).

3.3.3 Growth Phase effect of D-Amino Acid Incorporation

After establishing that bacterial surfaces can be labeled with unnaturally C-
terminated D-amino acids, we set out to determine whether incorporation efficiency was
linked to the bacterial growth phase. Bacteria possess a range of PBPs that must act in

concert to respond to fluctuating environmental conditions such as nutrient availability and
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Figure 3.8. B. subtilis AdacA (A) and B. subtilis

measured (Figure 3.8). Consistent with the  wildtype (B) were labeled for 5 hours either at
stationary phase or at early log phase. Data are
proposed role in stationary phase cell wall represented as mean + SD (n=3).

remodeling, all D-amino acid variants (except DK-Amide) displayed similar (or better)
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incorporation in the stationary phase. The reversal in trend for DK-Amide could potentially
be linked to its mimicry of amidated m-DAP, which would be a preferred pathway from
the activated acyl-intermediate during the elevated peptidoglycan biosynthesis in the log
phase. The AdacA mutant strain of B. subtilis has proven to be a versatile organism for
assessing the incorporation of unnatural D-amino acids since PBP carboxypeptidase can
reduce overall signals by shortening the stem peptide. However, we reasoned that we could
gain additional insight into the interplay between D-amino acid swapping, crosslinking,
and hydrolysis by monitoring the incorporation in wildtype B. subtilis. Incubation of
wildtype cells with the panel of variants demonstrated that there is a substantial difference
in labeling between the two strains. For most of the variants, there was a considerable
decrease in incorporation levels, except for DK-Amide and DK-Hydra, which remained
virtually unchanged for the early log phase. In fact, DK-Hydra labeled wildtype cells at the
same efficiency as DK-Acid. The change in relative incorporation between two strains of
the same bacterial species indicates that modifying the C-terminus may be a feasible
method for tuning the retention of the D-amino acid derivative once it is loaded on the stem
peptide.

3.3.4 Amidation Effects on Crosslinking

Next, we set out to determine the possible consequences of D-Ala-NH2 mediated
inhibition of transpeptidase crosslinking. We reasoned that inhibition of crosslinking by
the incubation with D-Ala-NH. should modulate the overall porosity of the peptidoglycan
and that this change could be monitored by a permeation probe. The overnight pre-
incubation of B. subtilis cells with D-Ala-NH2 followed by the exposure to FITC-labeled

poly-L-lysine (hydrodynamic diameter of 2.5-7.5 nm) led to a marked increase in cell-
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associated fluorescence compared to D-Ala-OH and control cells (Figure 3.9). The increase
in fluorescence is consistent with a peptidoglycan structure that has greater accessibility to
large macromolecules. The inhibition of peptidoglycan crosslinking by the conversion of
the C-terminus to carboxamide has implications not only on surface porosity but it could
potentially modulate the peptidoglycan stiffness as well.
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Figure 3.9. Porosity of peptidoglycan. B. subtilis wildtype cells first incubated overnight with
either 1 mM or 10 mM of D-Ala-NH, or D-Ala-OH. Cells were then briefly incubated with 0.3
uM of FITC-labeled poly-L-lysine. Association with the fluorescently labeled polymer was
monitored using flow cytometry. Data are represented as mean + SD (n=3).

3.3.5 Kinetics of bD-Amino Acid Incorporation

The elevated incorporation levels observed with DK-Amide were explored next.
Kinetics of incorporation and retention of labeling showed that DK-Amide is incorporated
faster than DK-Acid and it was retained on the surface for hours after incorporation (Figure
3.10A and Figure 3.10B). These results suggest that amidation of the stem peptides by
exogenous D-amino carboxamides may render them poor substrates for transpeptidase, thus

effectively inhibiting subsequent swapping and cross-linking. Attenuation of cross-linking
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fluorescence (a

levels can, in turn, reduce the overall stiffness of the peptidoglycan. We set out to probe
the peptidoglycan of bacterial cells treated with DK-Amide using atomic force microscopy
(AFM).2%-23 We acquired AFM force-indentation curves (Figure 3.11) from wildtype B.
subtilis cells subjected to different growth conditions using either standard medium

(control) or D-Ala-OH/D-Ala-NH; containing media.
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Figure 3.10. (A) Kinetics of incorporation of D-amino acid derivatives. Flow cytometry
analysis of B. subtilis wildtype incubated at various times with 250 uM of DK-Acid (green) and
DK-Amide (blue). Data are represented as mean = SD (n=3). (B) Retention of DK-Amide. B.
subtilis wildtype cells incubated overnight with 100 uM of DK-Amide. Next, cells were chased
with fresh medium devoid of DK-Amide and fluorescence was monitored over time using flow
cytometry. Data are represented as mean + SD (n=3).

While the presence of D-Ala-OH resulted only in minor changes in the mechanical
properties of bacteria, the incorporation of D-Ala-NH2 had a profound effect on the
bacterial cells response to external load. Since constructing quantitative models and
obtaining proper data to extract absolute values of Young’s modulus is complicated, we
opted to perform a relative characterization of the mechanical properties of the bacterial
cell wall by measuring effective stiffness of B. subtilis cells under low to moderate
compressions (50-300 nm). Due to cell-to-cell variations, analysis of the cell population
(we analyzed 6-12 cells per sample; Supporting Information, Table S1) was used to detect

changes in mechanical properties of the cell wall from disruption of the peptidoglycan

46



cross-linking. We observed that effective stiffness of bacteria declined by about 25% when
introducing D-Ala-NH: into the growth medium. The experimental stiffness values (with
corresponding errors of the mean) for cells grown in as is (control), D-Ala-OH, and D-Ala-
NH; spiked media were 148 + 11 mN m™*(n = 9), 131 + 6 mN m™ (n = 11), and 109 + 13
mN m (n = 7), respectively, for loads between 5 and 18 nN. These differences are even
more pronounced at low loads, for example, another set of experiments with a different
probe using loads under 5 nN showed a reduction in stiffness by about 45% from 128 + 13
mN m(n = 5) for normal peptidoglycan to 69 + 5 mN m™ (n = 11) for b-Ala-NH, modified

peptidoglycan. The dramatic drop in the effective stiffness should be interpreted as a
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Figure 3.11. Typical force-indentation curves obtained on i) poly-L-Lysine (PLL) coated glass
surface, ii) Wildtype B. subtilis cells grown in standard medium; iii) Wildtype B. subtilis
incubated overnight in the presence of 10 mM of D-Ala-OH or D-Ala-NH,. Grayed out area
indicates the region used in calculating the effective stiffness of a given cell for all force curves.
The color overlay represents the apparent stiffness of the cell probed at a given location. Note
greater apparent stiffness near midline of a bacterial cell.
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3.3.6 Bacteria Profiling with D-Amino Acids

We measured cell labeling by D-amino acid variants with six additional types of

bacteria aside from B. subtilis to profile the labelling of cell surfaces across different

species (Figure 3.12). Contrary to all other Gram-positive bacteria assayed, DK-Amide

failed to extensively label the surface of Gram-negative E. coli and only DK-Acid

displayed significant incorporation. These differences could potentially reflect poor

permeation of the molecules to the site of the transpeptidase and/or inherent differences in

the E. coli PBPs. Similarly, the
Gram-negative human
pathogen Pseudomonas
aeruginosa (P. aeruginosa)
was labeled poorly with all the
compounds evaluated. Of note,
the decreased B-lactam
sensitivity (same protein target
as D-amino acid variants) by
Gram-negative organisms has
been proposed to be primarily
caused by the lack of outer
membrane permeability.?® The
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Figure 3.12. Differential profiling across several types of
bacteria. Flow cytometry analysis of specified incubated
overnight in the presence of 100 uM of stated compounds.
Relative fluorescence represents the fold increase over
unlabeled cells. Data are represented as mean + SD (n=3).

monocytogenes) with our panel of variants resulted in a labeling profile clearly distinct
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from B. subtilis. While DK-Amide retained the ability to efficiently label L. monocytogenes
cells, DK-Thioamide labeling was slightly more efficient than the carboxylic acid variant
DK-Acid, while DK-Hydra showed almost no incorporation. The Gram-positive
Staphylococcus epidermidis (S. epidermidis) showed overall lower levels of labeling
compared to S. aureus. Unique to the set of bacteria evaluated, DK-Hydra showed a
twofold increase in labeling of S. epidermidis compared to DK-Acid.

Next, we evaluated our panel of compounds against Lactobacillus casei (L. casei),
a symbiotic gut microorganism.?* Incubation with DK-Amide led to high incorporation
levels in L. casei, while DK-Acid and DK-Thioamide also labeled these cells efficiently.
These findings are intriguing considering that the fifth position in the peptidoglycan of L.
casei is D-lactic acid, not D-alanine.?® Furthermore, to our knowledge this is the first
evaluation of peptidoglycan labeling of symbiotic bacteria via unnatural D-amino acids and
it may have implications on potential therapeutic application of this technology. The Gram-
positive human pathogen Staphylococcus aureus (S. aureus) displayed the largest absolute
fluorescence signals among the set of bacteria tested. It was observed that S. aureus was
labeled with DK-Amide about twice as efficiently as with DK-Acid or DK-Hydra. It is
interesting to note that unlike vegetative B. subtilis cells, S. aureus cells do not contain
amidated m-DAP. Therefore, it appears that the higher labeling efficiency of DK-Amide
can only be partially explained by its m-DAP mimicry.

3.4 Conclusion

In conclusion, we have shown that PBP transpeptidase exhibits remarkable
flexibility in accepting unnatural D-amino acid derivatives as substrates for swapping

surface-bound D-alanines. Most importantly, we demonstrate that subtle differences within
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and between bacterial species could be profiled within our panel of compounds. The
incorporation profile has the potential to form the basis of a novel bacterial detection
method.

3.5 Materials and Methods

All peptide related reagents (resin, coupling reagent, deprotectioon reagent, amino acids,
and cleavage reagents) were purchased from ChemImpex. Alexa Fluor 647 C2 Maleimide
was purchased from Life Technologies. All other reagents were purchased from Sigma and
were used without further purification. Bacterial strains used for these experiments were
B. subtilis AdacA, B. subtilis NCIB 3610, L. monocytogenes 10403s, S. Epidermidis
NRS101, S. aureus SCOL1, L. casei ATCC 393, P. aeruginosa PAOL, and E. coli MG1655.
Peptidoglycan Isolation. B. subtilis AdacA bacteria (50 mL) were grown at 37 °C ODsoo
0.6 in LB medium, at which point the medium was replaced with LB medium
supplemented with 500 uM of DK-Amide. The cells were allowed to incubate at 37 °C for
5 h in this medium before being harvested and washed with 1x phosphate buffer saline
(PBS) (3 x 50 mL each). The cells were then resuspended in 1x PBS and boiled for 7 min
and then centrifuged at 14,0009 for 8 min at 4°C. Cells were then placed in 25 mL of 5%
(w/v) sodium dodecyl sulfate (SDS) and boiled for 25 min followed by centrifugation at
14,000qg for 8 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 5 times with 60 °C DI water to remove all SDS. After washing,
cells were incubated in 6 mL of 50 mM Tris HCI and 2 mg mL-1 Proteinase K for 1 h at
60 °C, and then washed 3 times with DI water. The cell wall pellet was then resuspended

and digested with 250 ug/mL lysozyme in 25 mM sodium phosphate buffer pH 5.6 for 15
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h at 37 °C. The digestion was then ceased by boiling for 3 min. The sample was then
centrifuged at 14,0009 for 8 min, the supernatant was retained and concentrated in vacuo.
The labeled peptidoglycan was purified using PerkinEImer Series 200 HPLC. The purified
DKAmide labeled peptidoglycan was analyzed using a Shimazdo UV-2101PC and Bruker
Microflex MALDI-TOF MS. For the UV-Vis experiment, the peptidoglycan was dissolved
in DI water and scanned from 350-550 nm.

D-Cysteine Two-Step Labeling. LB medium containing 1 mM D-Cys-OH, D-Cys-NHa, D-
Cys- OMe, or dipeptides D-Ala-D-Cys-OH, D-Ala-D-Cys-NH; were prepared. B. subtilis
AdacA or B. subtilis wildtype (NCIB 3610) were inoculated (1:100) in the corresponding
medium and allowed to grow overnight at 37 °C with shaking in a 96-well plate. The
labeled bacteria were harvested at 1,000g and washed three times with original culture
volume with 1x PBS. The bacteria were then suspended in half the volume of the original
culture with 50 uM Alexa Fluor 647 C2 Maleimide in 1x PBS. The bacteria were shaken
for 30 min at room temperature. The bacteria were washed three times with 1x PBS
followed by fixation with 2% formaldehyde in 1x PBS for 30 min at room temperature.
The formaldehyde was removed with one wash of 1x PBS. Fluorescence of the samples
were then analyzed using a BDFacs Canto Il flow cytometer for cells were analyzed using
a BDFacs Canto 11 flow cytometer (BD Biosciences, San Jose, CA) equipped with a 633nm
HeNe laser (L1) and a 660/20 band-pass filter (FL5). A minimum of 10,000 events were
counted for each data set. The data was analyzed using the FACSDivaversion 6.1.1
software.

Bacterial D-Amino Acid Overnight Labeling. LB medium containing 100 uM DK-Acid,

DKAmide, DK-MeAmide, DK-Thioamide, DK-OMe, DK-OEt, DK-Hydra, DK-
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ButAmide, DK-ol, were prepared. B. subtilis, L. monocytogenes, S. aureus, S. epidermis,
L. caseli, E. coli, or P. aeruginosa were inoculated (1:100) in the corresponding medias and
allowed to grow overnight at 37 °C with shaking in a 96-well plate. B. subtilis, S. aureus,
S. epidermidis, E. coli, P. aeruginosa were all grown in LB medium. L. monocytogenes
was grown in Brain Heart Infusion (BHI) medium. L. casei were grown in MRS medium.
The bacteria were harvested at 1,000g and washed three times with original culture volume
with 1x PBS followed by fixation with 2% formaldehyde in 1x PBS for 30 min. at room
temperature. The formaldehyde was removed with one wash of 1x PBS. Samples were then
analyzed using a BDFacs Canto Il flow cytometer using previously stated parameters for
DK-Acid.

Bacterial D-Amino Acid Stationary Phase Labeling. B. subtilis AdacA or B. subtilis
wildtypewere grown at 37 °C to an OD600 1.0 in LB medium, at which point the medium
was replaced with LB medium supplemented with 100 uM DK-Acid, DK-Amide, DK-
MeAmide, DK-Thioamide, DK-OMe, DK-OEt, DK-Hydra, DK-ButAmide, DK-ol. The
bacteria were then incubated at 37 °C with shaking for 5 h in a 96-well plate. The bacteria
were harvested at 1,000g and washed three times with original culture volume with 1x PBS
followed by fixation with 2% formaldehyde in 1x PBS for 30 min at room temperature.
The formaldehyde was removed with one wash of 1x PBS. Samples were then analyzed
using a BDFacs Canto Il flow cytometer cytometer using previously stated parameters for
DK-Acid.

Bacterial D-Amino Acid Logarithmic Phase Labeling. LB medium solutions containing
100 uM DK-Acid, DK-Amide, DK-MeAmide, DK-Thioamide, DK-OMe, DK-OEt, DK-

Hydra, DK-ButAmide, DK-ol were prepared. B. subtilis AdacA or B. subtilis wildtype
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(NCIB 3610) were added to an OD600 0.1. The bacteria were then incubated at 37 °C with
shaking for 5 hina 96 well-plate. The bacteria were harvested at 1,000g and washed three
times with original culture volume with 1x PBS followed by fixation with 2%
formaldehyde in 1x PBS for 30 min. at room temperature. The formaldehyde was removed
with one wash of 1x PBS. Samples were then analyzed using a BDFacs Canto Il flow
cytometer using previously stated parameters for DKAcid.

B. subtilis Wildtype (NCIB3610) Fluorescent Imaging. LB medium containing 200 pM
DK-Amide or DK-TAMRA-Amide were prepared. B. subtilis wildtype (NCIB 3610) were
inoculated (1:100) in the corresponding medium and allowed to grow overnight at 37 °C.
The bacteria were harvested at 1,000g and washed three times with original culture volume
with 1x PBS. The bacteria were analyzed on a glass slide by fluorescence microscopy using
a B-2E/C filter (ex 465-495/em 515-555) for bacteria labeled with DK-Amide and a G-
2E/C filter (ex 528-553/em 590-650) for bacteria labeled with DK-TAMRA-Amide.
FITC-Poly-L-lysine Permeation Assay. LB medium containing 1 or 10 mM of either D-
Ala-OH or D-Ala-NH2 was prepared. B. subtilis wildtype (NCIB 3610) were inoculated
(2:100) in the corresponding medium and allowed to grow overnight at 37 °C with shaking.
The bacteria were harvested at 1,000g and washed three times with original culture volume
with 1x PBS. The bacteria were then suspended in half the volume of the original culture
with 0.3 uM FITC-Poly-L-lysine in 1x PBS for 15 min. at room temperature. The bacteria
were washed three times with 1x PBS, one time with 1 M NaCl, followed by one wash
again with 1x PBS. The bacteria were fixed with 2% formaldehyde in 1x PBS for 30 min

at room temperature. The formaldehyde was removed with one wash of 1x PBS. Samples
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were then analyzed using a BDFacs Canto Il flow cytometer using previously stated
parameters for DK-Acid.

B. subtilis Wildtype Incorporation Kinetics of DK-Acid/DK-Amide. B. subtilis
wildtype (NCIB 3610) was grown at 37 °C to an OD600 1.0 in LB medium, at which point
the media was replaced with LB medium supplemented with 250 uM of DK-Acid or DK-
Amide. A portion of the cells were taken at 0, 20, 40, 60, 90, 150, 210, 270, and 300 min.
At each interval, the collected cells were washed three times with PBS followed by
immediate fixation with 2% formaldehyde in 1x PBS for 30 min at room temperature. The
formaldehyde was removed with one wash of 1x PBS. Samples were then analyzed using
a BDFacs Canto Il flow cytometer using the previously stated parameters for DK-Acid.
Retention Assay of DK-Amide. LB medium containing 100 uM DK-Amide was prepared.
B. subtilis wildtype (NCIB 3610) were inoculated (1:100) in the media and allowed to grow
overnight at 37 °C with shaking. The bacteria were harvested and washed three times with
1x PBS. The bacteria were then suspended in the same volume of the original culture with
1x PBS at 37 °C with shaking. A portion of the cells were taken at 0, 20, 40, 90, 120, 210,
and 300 min. At each interval, the collected cells were immediately fixed with 2%
formaldehyde in 1x PBS for 30 min at room temperature. The formaldehyde was removed
with one wash of 1x PBS. Samples were then analyzed using a BDFacs Canto Il flow
cytometer using the previously stated parameters for DK-Acid.

Measurements of Bacterial Stiffness with Atomic Force Microscope (AFM). We
prepared three types of samples using wildtype B. subtilis cells treated under different
conditions: 1) cells (control sample) grown in standard LB medium; 2) cells grown in LB

medium containing 10 mM D-Ala-OH, and 3) cells grown in LB medium containing 10
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mM D-Ala-NH.. The glass slides used in the AFM fluid cell were coated by poly-L-lysine
(PLL) to promote the adhesion of the bacteria. The slides were cleaned by exposure to air
plasma (PDC-001, Harrick Plasma, Ithaca, NY) for 1 min, then 150 pL of 0.01% solution
of PLL in water were spread on the surface and dried overnight. The slides were baked at
100° C for 10 min before depositing cells. The overnight grown cell culture was diluted to
an optical density at 600 nm (OD600) of 0.6 and suspended in LB broth. 150 uL of cell
suspension was deposited on the glass surface. After 20 min, the glass slide was rinsed
gently 3 times with PBS buffer and assembled into the AFM’s fluid cell with 3 mL of PBS.
To assist in unambiguous interpretation of the force-indentation data a singe contact mode
AFM probe (either silicon nitride or silicon) was used on all cells in a series to ensure
identical probe parameters. The spring constant of the probe was determined from the
thermal noise spectrum in air (84 pN/nm for one probe and 110 pN/nm for another). We
acquired several force-volume maps (force-distance measurements in a two-dimensional
40%40 array) from areas of the sample that were populated with bacteria using MFD-3D
AFM (Asylum Research, Santa Barbara, CA). The maximum force applied to bacteria was
22 nN in one experimental series and 5 nN in another. In analyzing the force-volume maps,
we considered only the extension (loading) part of the force-distance curves obtained near
away from the edges. The curves were considered valid if they showed a featureless force-
indentation curve; those with features indicating a slip of the probe near the edges of the
cell were excluded. The effective stiffness of the cell was taken as the slope of the force-
indentation curve between 5 nN and 18 nN of force for every bacteria sample in one
experimental series and between 1 nN and 4 nN in another. The width of the distribution

(standard deviation) of the stiffness values for individual cells was on average 25-30 %.
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Chapter 4

Metabolic Remodeling of Bacterial Surfaces via Tetrazine Ligations

4.1 Abstract

Bioorthogonal click ligations are extensively used for the introduction of functional
groups in biological systems. Tetrazine ligations are attractive in that they are catalyst-free
and display favorable kinetics. We describe the efficient remodeling of bacterial cell
surfaces using unnatural D-amino acids derivatized with tetrazine ligation handles. The
metabolic incorporation of these unnatural D-amino acids onto bacterial cell surfaces
resulted in a site-selective installation of fluorophores.

4.2 Introduction

Bioorthogonal chemical reactions have proven to be indispensable tools for probing and
monitoring many biological processes with minimum sample interference.’* These
reactions have the advantage of being compatible with biological conditions (aqueous
medium and physiological temperatures), typically induce minimal cytotoxicity, and
display excellent selectivity. To date, a number of ligation strategies have been developed
that are widely utilized.® One of the areas that has advanced the most since the introduction
of biorthogonal ligation reactions is the field of bio-imaging.®” The ability to introduce
tags that illuminate the localization and movement of biomacromolecules has completely
revolutionized the way biological processes are monitored.* In this communication, we
demonstrate for the first time the metabolic site-selective fluorescent labeling of bacterial
cell surfaces using tetrazine-based ligation.

All bacteria are surrounded by a protective cell wall, where the major structural

component is peptidoglycan.® Bacterial peptidoglycan is vital to all known bacteria, as it
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provides resistance to unfavorable external conditions and counteracts internal osmotic
pressure. The polymeric peptidoglycan resides on the exterior surface of bacterial cell
membranes of Gram-positive organisms (inner membranes for Gram-negative
organisms).>% It is composed of repetitive sugar units linked to short oligopeptide chains.
Of note, the oligopeptide unit contains several D-amino acids, a distinctive characteristic
of bacteria. Nascent peptidoglycan is loaded onto the existing structure by penicillin
binding proteins (PBPs). PBPs are a major class of bacterial enzymes that are important

for bacterial growth and division.!*** In particular, transpeptidase domains of PBPs

a

introduce crosslinks between

neighboring oligopeptide strands by

D-A.A. D-Ala
removing the terminal D-alanine to form .: _4.
. . metabolic
an acyl intermediate. The PBP-anchored labeling

intermediate can be captured by a

b

nearby nucleophilic meso-
diaminopimelic acid (m-DAP) or L-

alkene displaying

lysine residue, resulting in the formation b-amino acid

of a covalent crosslink. Recently, it was

demonstrated that unnatural D-amino

acids from the surrounding medium can ( 3
Figure 4.1. (A) Schematic diagram of the swapping of
exogenous D-amino acid with terminal D-Alanine. (B)

Metabolic incorporation decorates the bacterial cell
surface with tetrazine ligation handles.

also  displace  the acyl-
intermediate, thus resulting in the

swapping of the terminal D-
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alanine with unnatural D-amino acids (Figure 4.1 A).}*? Metabolic swapping with
exogenous D-amino acids is a facile method for remodeling bacterial cell surfaces.

The site-selective remodeling of bacterial surfaces can be a powerful way to introduce
small epitopes or entirely non-native biomacromolecules.?* Remodeled surfaces can, in
turn, be leveraged for interrogation of endogenous biological processes (e.g., surface
binding) or as potential therapeutic interventions. We recently exploited this methodology
to induce the recruitment of endogenous antibodies to the surface of various bacteria,
including the human pathogen Staphylococcus aureus (S. aureus), using unnatural D-amino
acids conjugated to small antigenic epitopes.?>?® Although unnatural D-amino acids
represent a novel and promising strategy to decorate bacterial cell surfaces, lack of
tolerability for large amino acid sidechains may prevent its wider utilization. During our
development of antibody-recruiting D-amino acids, we observed a severe reduction in
incorporation with increasing size of the sidechain of the D-amino acid. We propose to
decouple the two components (surface modifications and epitope/macromolecule
installation) by using a two-step process.

In this second generation remodeling strategy, the unnatural D-amino acid delivers a
small biorthogonal handle to the bacterial cell surface with the goal of optimizing
incorporation efficiency (Figure 4.1B). The remodeled cell surface is subsequently exposed
to the complementary ligation handle to afford a covalent linkage. A major advantage of
using bioorthogonal chemistry is that it should permit the introduction of larger molecules
onto the cell surface, which may otherwise be prohibitive using a one-step strategy. D-
amino acids displaying alkyne or azido handles on the side chain have been established as

viable two-step methods of installing fluorophores onto bacterial peptidoglycans using
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copper-catalyzed click reactions.?”'827 The Bertozzi laboratory has recently demonstrated
the feasibility of using strain-promoted click chemistry to fluorescently label bacterial cell
surfaces.'>?% We identified tetrazine ligation as a prime candidate to implement our two-
step strategy with the ultimate goal of efficiently installing highly antigenic molecules
(some of which cannot be achieved using the one-step method) on bacterial cell surfaces
in vivo.

Tetrazine ligation is a relatively new method in the repertoire of click reactions yet it
has already attracted considerable attention due to the combination of its small size, fast
kinetics, and established in vivo compatibility.?33! The reaction proceeds through an
inverse-electron demand Diels-Alder reaction, releasing innocuous nitrogen gas as a
byproduct (Figure 4.2A). Herein, we show for the first time that bacterial cell surfaces can
be selectively remodeled using tetrazine click chemistry via transpeptidase mediated
incorporation of D-amino acids. Most importantly, we show that this strategy affords live-
cell peptidoglycan labeling of the human pathogen S. aureus.

4.3 Results and Discussion

4.3.1 Alkene D-Amino Acid Incorporation

We initially set out to probe the promiscuity of transpeptidase to tolerate D-amino acids
derivatized with alkene functional groups. Previously, we had observed that a number of
unnatural side chains could be accommodated in the swapping of exogenous D-amino acids
with surface anchored terminal D-alanine. Yet, the incorporation efficiency appears to be
highly dependent on the structure of the sidechain. A small panel of D-amino acids were
synthesized using standard solid phase chemistry to probe (1) the structure of the alkene
for tetrazine ligation, (2) transpeptidase restraints in the size/flexibility of the amino acid

side chain, and (3) alkene displaying unnaturally C-terminated D-amino acids (Figure 4.2
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B). Tetrazine ligation on bacterial cell surfaces was performed by overnight incubation of
S. aureus in the presence of each unnatural D-amino acid variant. We chose to investigate
ligations using Gram-positive S. aureus due to its prominent pathogenicity and potential
for future application of this technology for immuno-modulation.®?> Successful
incorporation of the D-amino acid leads to the covalent installation of alkene functional
groups at the peptidoglycan (Figure 4.2B). For the optimization stage of our study, cells
were fixed, treated with Cy5-methyl tetrazine, and fluorescence labeling was measured via

flow cytometry.
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Figure 4.2 (A) Tetrazine ligation. The boxes represent conjugated species to the tetrazine handles. (B)
Chemical structure of 4 unnatural alkene-displaying D-amino acids. (C) Chemical structure of Cy5-
methyl tetrazine.
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D-Dap-NB-NH, CyS5-methyl tetrazine

+N;

Figure 4.3 Schematic diagram showing the reaction between the norbornene group and
tetrazine conjugated to the fluorophore.

At first, we evaluated two unnatural D-amino acids for their compatibility with our
strategy: D-allylglycine and D-Lys-NB-OH. D-allylglycine was chosen due to the small
sidechain size and previously reported compatibility of this alkene configuration with
tetrazine ligations.® The small sidechain is expected to lead to higher incorporation levels.
D-Lys-NB-OH was built by conjugating a norbornene group to the €-amino group of D-
Lysine. We had previously found that modified D-Lysine amino acids yielded satisfactory
incorporation levels. The strained alkene within norbornene is expected to display
increased reactivity compared to the allyl group and has been previously used in live cell
imaging.3+% Surfaces of S. aureus cells remodeled with D-allylglycine resulted in a 3-fold

increase in fluorescence compared to unmodified control cells (Figure 4.4). The incubation
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of the same cells with D-Lys-NB-OH resulted in a major increase (~30-fold) in
fluorescence relative to control cells.
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Figure 4.4. Flow cytometry analysis of tetrazine ligation on the surface of S. aureus. Cells were
labeled overnight in the presence of unnatural D-amino acid variants or in media alone.
Tetrazine reaction was then performed with Cy5-methyl tetrazine. Data are represented as mean

4.3.2 Competition and Kinetics of Alkene D-Amino Acids

We performed a fluorescence competition assay we recently developed to quantitatively
establish incorporation efficiency of all alkene-displaying D-amino acid variants acids
(Figure 4.5). As expected, D-allylglycine was incorporated onto cell surfaces to a higher
extent than D-Lys-NB-OH. Furthermore, we observed much slower reaction kinetics with
tetrazine for the unstrained alkene compared to the norbornene-bearing amino acid variants
(Figure 4.6). Evidently, between the two opposing effects (incorporation efficiency and

elevated strain-energy) the strained alkene is a more important overall feature.
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Figure 4.5. Flow cytometry analysis of S. aureus co-incubated overnight in the presence of 500
UM of D-allylglycine, D-Dap-NB-OH, D-Dap-NB-NH2, or D-Lys-NB-OH and 100 uM D-Lys-
NBD-OH. Data are represented as mean + SD (n=3). Inset: Chemical structure of D-Lys-NBD-
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Figure 4.6. Reaction Analyses by Analytical RP-HPLC. Aliquots of D-allylglycine, D-Dap-
NB-OH, D-Dap-NB-NH2, or D-Lys-NB-OH in MeOH were reacted with 3,6-Diphenyl-1,2,4,5-
tetrazine (200 M) and internal standard benzophenone (400 M) in MeOH. The reactions were
allowed to incubate for 6 h at 37 °C and then analyzed by RP-HPLC.

4.3.3 Amidation of Alkene b-Amino Acid

Next, we evaluated the labeling efficiency of D-diaminopropionic acid modified with
norbornene (D-Dap-NB-OH). Satisfactorily, the smaller D-Dap-NB-OH variant led to
improved labeling levels relative to D-Lys-NB-OH (Figure 4.4). Cells remodeled with D-
Dap-NB-OH led to ~45-fold increase in fluorescence relative to control cells. Finally, we
set out to evaluate the possibility that we could further improve labeling by modifying the
C-terminus carboxylic acid functional group into carboxamide. We and others had
previously discovered that amidation of the C-terminus can increase loading and retention
of the D-amino acid on the cell surface.®"-*® Consistent with our previous findings, we also
showed that the carboxamide D-Dap-NB-NH: led to higher incorporation levels compared
to its carboxylic acid counterpart. Cells labeled with the carboxamide D-Dap-NB-NH; led
to a signal increase of ~55-fold compared to control cells. Together, we demonstrate that
through structural optimization we were successful in using tetrazine ligation to site-

specifically label the surface S. aureus cells.
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4.3.4 Live Cell Tetrazine Ligations and Stereospecificity

A major advantage of tetrazine is its compatibility with live cell ligation.®0333%-42 Next,

we evaluated the tetrazine ligation reaction with live S. aureus cells metabolically

remodeled with D-Dap-NB-NH> (Figure 4.7). A time course analysis of the labeling with

Cy5-methyl tetrazine showed robust labeling as early as 30 minutes and the signal

continued to increase over the
next several hours. The fast
reaction kinetics of this ligation
can  potentially  complement
existing biocompatible reaction
strategies. Fluorescence
microscopy analysis of cells
labeled with D-Dap-NB-NH>
showed delineated labeling at the
septal region of the cells,
consistent with the site of new
peptidoglycan biosynthesis (Fig.
3, inset). In addition, we
performed two experiments to
establish the mode of surface
remodeling with D-Dap-NB-NHo.
First, we isolated the

peptidoglycan from cells labeled
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Figure 4.7. Flow cytometry analysis of live S. aureus
labeled with (a) D-Dap-NB-NH; or (b) D-Dap-Tet-NH.
Data are represented as mean + SD (n = 3). Inset top,
fluorescence microscopy imaging of S. aureus; scale bar
is 2 um. Inset bottom, chemical structure of D-Dap-Tet-
NHo..
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with D-Dap-NB-NH>, analysed by mass spectrometry, and identified fragments consistent
with covalent incorporation into the peptidoglycan monomeric structure (Figure 4.8).
Second, the same cells incubated with the enantiomer L-Dap-NB-NH: led to near base line
fluorescence signals, a result that points to the requirement for the D-stereochemistry (Fig.

sS4, ESI¥).
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Figure 4.8. Peptidoglycan Isolation. (A) MALDI-TOF analysis of peptidoglycan isolated from
S. aureus cells labeled with D-Dap-NB-NH, following RP-HPLC separation. (B) Structure of
expected peptidoglycan repeating unit with the inclusion of D-Dap-NB-NH: and the expected
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Figure 4.9. Stereospecificity of incorporation. Flow cytometry analysis of S. aureus incubated
overnight in the presence of 3 mM of L-Dap-NB-NH; and D-Dap-NB-NH,. Data are
represented as mean + SD (n=3). Inset: Chemical structures of L-Dap-NB-NH, and D-Dap-NB-

4.3.5 Trans-cyclooctene-Tetrazine Live Cell Ligation

Ring strain of the alkene species has significant influence on reaction kinetics with the
tetrazine ligation partner. The highly strained trans-cyclooctene (TCO) has been reported
to accelerate the reaction between 2 to 3 orders of magnitude.® We reasoned that the
installation of TCO onto the sidechain of a D-amino acid would lead to minimal
incorporation due to its large size. Instead, we explored the possibility of switching the
ligation partners. We designed and synthesized D-Dap-Tet-NH>, in which the tetrazine was
conjugated to the amino sidechain of D-Dap. In this scheme, the tetrazine is metabolically
loaded onto the bacterial surface and TCO-conjugates can be used to further decorate the

bacterial surface.
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D-Dap-Tet-NH,

Figure 4.10. Schematic diagram showing the reaction between the tetrazine group and trans-

cyclooctene

S. aureus cells surfaces were remodeled with D-Dap-Tet-NH,, followed by the
incubation with TCO-Cy5, and analyzed by flow cytometry. Specific labeling in the
presence of the tetrazine-displaying D-amino acid was observed (Fig. 3b). However, the
reaction was slower compared to D-Dap-NB-NH>. Presumably, the incorporation levels
may have been lower than desired or the amino group adjacent to the tetrazine may
deactivate the diene. Finally, we showed that the unnatural D-amino acid displayed no
significant reduction in cellular viability (Fig. S5, ESIt). Future re-designs will be

evaluated to optimize the neighboring groups to the tetrazine to accelerate reaction rates,

NH

Cy5-TCO

while preserving design features that increase incorporation efficiency.
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4.4 Conclusion

In conclusion, we established a new peptidoglycan labeling approach using alkene-
tetrazine biorthogonal chemistry. We have shown that norbornene containing D-amino
acids are viable coupling tools to link a tetrazine fluorophore on the surface of bacterial
cells. This can provide an alternative method of installing molecules of interest to the
exterior of the cell. Peptidoglycan labeling of live bacteria through this ligation approach
can pave the way for future in vivo studies due to its non-toxic effects and proven
biocompatibility. Tetrazine ligation will be considered our primary target for future
development of our D-amino acid Recruitment Therapy (DART) strategy.

4.6 Materials and Methods

All peptide related reagents (resin, coupling reagent, deprotection reagent, amino acids,
and cleavage reagents) were purchased from ChemImpex. D-allylglycine was purchased
directly from ChemImpex. Cy5-Methyl Tetrazine and Cy5-TCO were purchased from
Click Chemistry Tools. 5-norbornene-2-carboxylic acid was purchased from Alfa Aesar.
All other reagents were purchased from Sigma and were used without further purification.
The bacterial strain used for the experiments was Staphylococcus aureus (S. aureus) SCOL.
Bacterial Peptidoglycan Labeling. Lysogeny broth (LB) containing 3 mM D-allylglycine,
D-Dap-NB-OH, D-Dap-NB-NH2, or D-Lys-NB-OH were prepared. S. aureus was
inoculated (1:100) in the corresponding medias and allowed to grow overnight at 37 oC
with shaking in a 96-well plate. The bacteria were harvested at 1,000g for 3 min. and
washed three times with original culture volume with 1x phosphate buffered saline (PBS)
followed by fixation with 2% formaldehyde in 1x PBS for 30 min. at room temperature.

The formaldehyde was removed with three washes of 1x PBS. The bacteria were then
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suspended in half the volume of the original culture with 20 uM Cy5-Methyl Tetrazine in
1x PBS. The bacteria were shaken for 15 hr at 37 oC, harvested at 1,000g for 3 min., and
washed three times with 1x PBS. Fluorescence of the samples were then analyzed using a
BDFacs Canto Il flow cytometer for cells were analyzed using a BDFacs Canto Il flow
cytometer (BD Biosciences, San Jose, CA) equipped with a 633nm HeNe laser (L1) and a
660/20 banD-pass filter (FL5). A minimum of 10,000 events were counted for each data
set. The data was analyzed using the FACSDiva version 6.1.1 software. Fluorescent
imaging of the D-Dap-NB-NH2 labeled bacteria was analyzed on a glass slide using a Cy5
HYQ (Nikon 96324; Exc.590- 650/Em.663-738) filter.

Tetrazine-Cy5 Live-Cell Peptidoglycan Labeling. LB medium containing 3 mM D-Dap-
NBNH2 was prepared. S. aureus was inoculated (1:100) in the corresponding medium and
allowed to grow overnight at 37 °C with shaking in a 96-well plate. The bacteria were
harvested at 1,000g for 3min. and washed three times with original culture volume with 1x
PBS. The cells were then immediately suspended in half the volume of the original culture
with 20 uM Cy5-Methyl Tetrazine in 1x PBS. A portion of the cells were taken at 30, 60,
120, 180, 240, and 360 min. At each interval, the collected cells were washed three times
with 1x PBS followed by immediate fixation with 2% formaldehyde in 1x PBS for 30 min
at room temperature. The formaldehyde was removed with three washes of 1x PBS.
Samples were then analyzed using a BDFacs Canto Il flow cytometer using the previously
stated parameters.

TCO-Cy5 Live-Cell Peptidoglycan Labeling. LB medium containing 3 mM D-Dap-Tet-
NH2 was prepared. S. aureus was inoculated (1:100) in the corresponding medium and

allowed to grow overnight at 37 °C with shaking in a 96-well plate. The bacteria were
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harvested at 1,000g for 3 min. and washed three times with original culture volume with
1x PBS. The cells were then immediately suspended in half the volume of the original
culture with 50 uM TCO-Cy5 in 1x PBS. A portion of the cells were taken at 5, 15, 30, 45,
60, 120, 180, 240, 300, and 360 min. At each interval, the collected cells were washed three
times with 1x PBS followed by immediate fixation with 2% formaldehyde in 1x PBS for
30 min at room temperature. The formaldehyde was removed with three washes of 1x PBS.
Samples were then analyzed using a BDFacs Canto Il flow cytometer using the previously
stated parameters.

Stereospecificity of incorporation. LB medium containing 3 mM D-Dap-NB-NH2 or L-
Dap-NBNH2 was prepared. S. aureus was inoculated (1:100) in the corresponding medium
and allowed to grow overnight at 37 °C with shaking in a 96-well plate. The bacteria were
harvested at 1,000g for 3 min. and washed three times with original culture volume with
1x phosphate buffered saline (PBS) followed by fixation with 2% formaldehyde in 1x PBS
for 30 min. at room temperature. The formaldehyde was removed with three washes of 1x
PBS. The bacteria were then suspended in half the volume of the original culture with 20
UM Cy5-Methyl Tetrazine in 1x PBS. The bacteria were shaken for 15 hr at 37 °C,
harvested at 1,000g for 3 min., and washed three times with 1x PBS. Samples were then
analyzed using a BDFacs Canto Il flow cytometer using the previously stated parameters.
Competition Assay. LB medium containing 500 pM D-allylglycine, D-Dap-NB-OH, D-
Dap-NB-NH2, or D-Lys-NB-OH were prepared. To each sample, D-lysine-
nitrobenzoxadiazole (D-Lys-NBD-OH) was added for a final concentration of 100 uM. S.
aureus was inoculated (1:100) in the corresponding medias and allowed to grow overnight

at 37 °C with shaking in a 96-well plate. The bacteria were harvested at 1,000g for 3 min.
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and washed three times with original culture volume with 1x phosphate buffered saline
(PBS) followed by fixation with 2% formaldehyde in 1x PBS for 30 min. at room
temperature. The formaldehyde was removed with three washes of 1x PBS. Samples were
then analyzed using a BDFacs Canto Il flow cytometer using a 488nm argon laser (L1) and
a 530/30 band-pass filter (FL1). A minimum of 10, 000 events were counted for each data
set.

Peptidoglycan Isolation. S. aureus SCO1 bacteria (50 mL) were grown at 37 °C OD600
0.6 in LB medium, at which point the medium was replaced with LB medium
supplemented with 3 mM of D-Dap-NB-NH2. The cells were allowed to incubate at 37 °C
overnight in this medium before being harvested and washed with 1x phosphate buffer
saline (PBS) (3 x 50 mL each). The cells were then resuspended in 1x PBS and boiled for
7 min and then centrifuged at 14,0009 for 8 min at 4 °C. Cells were then placed in 25 mL
of 5% (w/v) sodium dodecyl sulfate (SDS) and boiled for 25 min followed by
centrifugation at 14,000g for 8 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 5 times with 60 °C DI water to remove all
SDS. After washing, cells were incubated in 6 mL of 50 mM Tris HCl and 2 mg mL-1
Proteinase K for 1 h at 60 °C, and then washed 3 times with DI water. The cell wall pellet
was then resuspended and digested with 250 pg/mL lysozyme in 25 mM sodium phosphate
buffer pH 5.6 for 15 h at 37 °C. The digestion was then ceased by boiling for 3 min. The
sample was then centrifuged at 14,000g for 8 min, the supernatant was retained and

concentrated in vacuo. The labeled peptidoglycan was purified using PerkinElmer Series
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200 HPLC. The purified D-Dap-NB-NH2 labeled peptidoglycan was analyzed using a
Bruker Microflex MALDI-TOF MS.

Reaction Analyses by Analytical RP-HPLC. The specified amino acid derivatives were
analyzed using a PerkinElmer Series 200 reverse phase HPLC on a Phenomenex C4
column with an eluent consisting of solvent A (H20 /0.01% TFA) and solvent B (CH3CN
/0.01% TFA) with a 60 minute gradient consisting of 5 to 100 % B, a flow rate of 3 mL/min
and monitoring at 220 nm. (A220). The standard solution was 3,6-Diphenyl-1,2,4,5-
tetrazine (200 uM) and internal standard benzophenone (400 uM) in MeOH. 50 mM D-
allylglycine, D-Dap-NB-OH, D-Dap-NB-NH2, or D-Lys-NB-OH in MeOH were reacted
with 3,6-Diphenyl-1,2,4,5-tetrazine (200 pM) and internal standard benzophenone (400
1UM) in MeOH. The reactions were stirred for 6 hr at 37 oC and then analyzed by RP-

HPLC.
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Chapter 5

Cell Wall Remodeling of Staphylococcus aureus in Live Hosts

5.1 Abstract

Peptidoglycan (PG) scaffolds are critical components of bacterial cell walls. They
counter internal turgor pressure to prevent lysis and protect against external insults. It was
recently discovered that various types of bacteria release large quantities of PG building
blocks (D-amino acids) into their surrounding medium. Contrarily, cultured bacteria were
also found to incorporate D-amino acids (both natural and synthetic) from the medium
directly into their PG scaffold. These two processes may potentially function, in concert,
to metabolically remodel PG in live host organisms. Yet, demonstration that bacteria can
decorate their cell surfaces with exogenous D-amino acids was limited to in vitro culture
conditions. We present the first evidence that bacteria remodel their PG with exogenous D-
amino acids in a live host animal. A tetrazine click partner was conjugated onto the
sidechain of a D-amino acid to capture incorporation into the bacterial PG scaffold using a
complementary  click-reactive  fluorophore.  Staphylococcus aureus infected
Caenorhabditis elegans treated with exogenous D-amino acids readily revealed in vivo PG
labeling. These results suggest that extracellular D-amino acids may provide pathogens
with a mode of late-stage in vivo cell surface remodeling.

5.2 Introduction

The adaptation of bacteria to their surrounding environment is vital to their survival.
As a prominent example, bacteria must adequately respond to challenges encountered
during colonization of their host organisms. There is increasing evidence that structural

remodeling of bacterial cell surfaces is a powerful mode of promoting colonization.!? For
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example, Staphylococcus aureus (S. aureus) cells decorate their surfaces to establish host
adhesion and evade immune response.® Surface-bound sortases anchor full length proteins
onto the peptidoglycan (PG) scaffold for their display to the host organism. Similarly, the
PG structure can be chemically altered in response to environmental cues, including
challenges with antibiotics and host immune system.**?

Recently, it was discovered that diverse species of bacteria grown in culture release
PG building blocks (D-amino acids) into the surrounding medium;*3 in turn, released D-
amino acids modulated PG amount and strength (Figure 5.1). These findings were further
extended to live host animals, which provided direct evidence that D-amino acid release
may be integral to host-microbiome relationships.'* Conversely, bacteria (both Gram-
positive and -negative) incorporate extracellular D-amino acids within their own PG

scaffolds.131°

shown to be operative:

in vitro (culture) Science, 1552 (2009)
in vivo (live host)  Nat. Microbiol., 16125 (2016)

D-amino acid
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in vivo (live host)  this work

Figure 5.1. Scheme showing the two processes (D-amino acid release and incorporation) by
bacterial cells both in vitro and in vivo.
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D-amino acids are found within stem peptides from PG chains, which is a distinctive
characteristic of bacteria. Bacteria incorporate exogenous D-amino acids into their
expanding PG scaffold during cellular growth via surface bound transpeptidases such as
Penicillin Binding Proteins (PBPs) and L,D-transpeptidases.'®>'>® More specifically,
exogenous D-amino acids supplemented in the surrounding medium replace D-alanine
residues on PG stem peptides during crosslinking (Figure 5.2A). In addition to naturally
produced D-amino acids, swapping of surface bound D-alanine was also established with
entirely unnatural synthetic D-amino acids.*"® A striking feature of cell wall remodeling
with synthetic D-amino acids is the vast promiscuity displayed by surface anchored

transpeptidases in tolerating entirely unnatural sidechains.

A

NJ§N IED-DA e -
N no |
N_-N ZN

trans-cyclooctene  tetrazine

Figure 5.2. (A) Representation of PG remodeling in S. aureus. PBP transpeptidases catalyze the
swapping of the 5" position amino acid on the stem peptide (D-Ala) with exogenous D-amino acids
(D-A.A)). (B) Inverse electron demand-Diels Alder (IED-DA) results in the covalent ligation of a
TCO and a tetrazine-modified fragment.
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Metabolic PG labeling with synthetic D-amino acids provides a unique mode of installing
handles (e.g., fluorophores) within the growing cell wall. In turn, fluorescent D-amino acids
have become invaluable PG probes and have underpinned important new findings related
to cell wall biosynthesis.®-2° Similarly, our research group has leveraged relaxed substrate
specificity by PG biosynthetic enzymes to graft unnatural handles onto bacterial cell
surfaces.?®34 Incorporation and release (“catch and release”) of D-amino acids potentially
provide mechanisms to modulate the composition of the surrounding environment and
remodel PG scaffolds. Yet, incorporation of exogenous D-amino acids into bacterial PG
scaffolds in live host animals has not been demonstrated. Here, we designed a D-amino
acid reporter probe that captured PG incorporation of exogenous D-amino acids in live
Caenorhabditis elegans (C. elegans).

5.3 Results and Discussion

5.3.1 Tetrazine D-Amino Acid Incorporation

Selectivity, minimal cytotoxicity, diverse chemistries, and compatibility with
complex biomacromolecules make bioorthogonal reactions powerful chemical tools to
study biology.*>®” Bertozzi and co-workers have previously shown that D-amino acids
displaying copper-mediated (azide-alkyne) and copper-free (strained alkyne) click
chemistry handles are tolerated by several Gram-positive bacteria. 3% More recently, we
demonstrated that alkene- and tetrazine-displaying D-amino acids are readily incorporated
onto bacterial PG scaffolds.3* The tetrazine-trans-cyclooctene ligation is a rapid method
for the assembly of biomolecular constructs (Figure 5.2B).*° With rate constants up to 10°
Ms?, this inverse electron demand Diels-Alder (IED-DA) reaction provides exceptional

versatility and compatibility with in vivo ligations.*>#2
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In our original design, we reasoned that either the alkene handle or tetrazine handle
could be conjugated onto the sidechain of a D-amino acid. We were concerned that the
large size of trans-cyclooctene (TCO) would dramatically lower labeling efficiency,
having previously shown that the sidechain size can have an inverse relationship with
incorporation efficiency.?® Therefore, the smaller norbornene was chosen in the place of
TCO. Unfortunately, low ring strain in norbornene had a deleterious effect on conjugation
efficiency with tetrazine-conjugated fluorophores. The reactive partners were swapped in
a second set of D-amino acids, which were modified to display the tetrazine handle. A small
tetrazine was assembled onto the sidechain of D-propionic acid. Although cell surface
labeling was observed, the electron donating effect of the amino group dramatically
reduced IED-DA efficiency.

The slow reaction rates from our previous alkene-tetrazine strategy, which required
several hours of treatment for observable ligation, became a significant impediment in
capturing PG remodeling in live organisms. We set out to improve on this design by using
optimized handles that result in fast ligation without compromising incorporation
efficiency. Towards this goal, we synthesized D-TetPG, a tetrazine derivative flanked by a
phenyl substituent (Figure 5.3A). Its enantiomer was recently shown to display high
reactivity and stability when incorporated into recombinant green fluorescent protein
(GFP).*® Electron-withdrawing by the phenyl ring led to diene activation with minimal
increase in structural size. Ligation with TCO-modified handles was exceedingly fast with

product formation complete within ~2 min.
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Figure 5.3. (A) Chemical structures of D-TetPG and L-TetPG. (B) Schematic representation of PG
labeling of S. aureus by D-TetPG and its ligation with a TCO-fluorophore. (C) S. aureus cells were
treated with D-TetPG (1 mM), L-TetPG (1 mM), or untreated media overnight followed by
incubation with 50 uM Cy5-TCO (30 min) and analyzed using flow cytometry. Data are
represented as mean + SD (n =3). (D) Fluorescence microscopy (top) and phase contrast (bottom)
imaging of S. aureus treated with D-TetPG from (C). Scale bar represents 2 pm.

Synthesis of D-TetPG was initiated by reacting Boc-4-cyano-D-Phenylalanine with
anhydrous hydrazine and nickel triflate catalyst, followed by oxidation with sodium nitrite.
Conversion to the C-terminus carboxamide form was performed by using standard solid
phase peptide coupling to Rink Amide resin, followed by global release and deprotection.
We, and others, have found that C-terminus amidation improves incorporation and
retention of exogenous D-amino acids in Gram-positive bacteria relative to its carboxylic

acid counterpart.?>% The final D-TetPG was purified by RP-HPLC and characterized by
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NMR and HRMS. The control enantiomeric L-TetPG was synthesized using a similar route
with the exception of the starting building block, which was the L-stereocenter.

The ability of D-TetPG to label bacterial PG was first assessed in cultured S. aureus
(Figure 5.3B). S. aureus is an excellent model Gram-positive pathogen due to its high
clinical burden and emerging drug-resistant strains. S. aureus cells were treated overnight
with D-TetPG, formaldehyde fixed, incubated with the fluorophore conjugate Cy5-TCO,
and labeling was quantified via flow cytometry (Figure 5.3C). A marked increase in
fluorescence levels (>100-fold) was observed for cells treated with D-TetPG relative to
untreated cells. In contrast, treatment of S. aureus with the enantiomeric L-TetPG led to a
2-fold increase in fluorescence levels compared to untreated cells. These results are
consistent with the requirement of D-stereocenters for incorporation into PG scaffolds.
Confocal microscopy analysis of D-TetPG treated S. aureus revealed concentrated signals
at the septal region, which is the primary site of new PG biosynthesis (Figure 5.3D). In
addition, a labeling competition experiment was performed by co-incubation of D-TetPG
with D-Ala, which resulted in a significant decrease in cellular fluorescence (Figure 5.4).
These results clearly suggest that D-TetPG is readily accommodated by bacterial cells to

reveal in vitro PG remodeling.
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Figure 5.4. S. aureus cells were treated with D-TetPG (1 mM) in the presence of no D-Ala
or 5 mM D-Ala overnight followed by incubation with 50 uM Cy5-TCO and analyzed using flow
cytometry. Data are represented as mean + SD (n =3).

5.3.2 Kinetics of Tetrazine D-Amino Acids

Next, the kinetics of surface-bound tetrazine-TCO ligation was evaluated using live
bacterial cells. Ligation between phenyl-flanked tetrazine and TCO was previously found
to be extremely fast using model proteins.** However, tetrazine handles are imbedded
within the PG matrix in D-TetPG labeled cells, which can potentially alter reaction kinetics.
To test this concept, S. aureus cells were once again treated with D-TetPG, incubated with
Cy5-TCO, and samples were periodically analyzed for fluorescence levels for 180 min
(Figure 5.5). By the first time point (5 min), fluorescence levels were nearly 100-fold over
background and reached a plateau level within 15 min. From these results, it was evident
that PG-anchored tetrazine handles are readily reacted with Cy5-TCO and the ligation is

mostly complete within a few minutes.
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Figure 5.5. S. aureus cells were treated with D-TetPG (1 mM) or L-TetPG (1 mM) overnight
followed by incubation with 50 puM Cy5-TCO and analyzed at various time points using flow
cytometry. Data are represented as mean + SD (n =3).

5.3.3 In vivo D-Amino Acid Labeling

With a synthetic D-amino acid in hand operating in a time-scale compatible with in
vivo studies, we turned our attention to capturing PG remodeling in live host organisms.
The nematode C. elegans has proven to be a highly valuable animal model for studying
host-pathogen interactions.***® We had anticipated that direct monitoring of PG
remodeling with fluorescently-labeled D-amino acids would suffer from two severe
drawbacks: (1) low incorporation efficiency due to the large sidechain and (2) high
background fluorescence levels. The high background fluorescence was expected due to

the high concentrations required for robust PG labeling by unnatural D-amino acids — a
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product of the inherent high Km of PBPs for its
substrates. Nonetheless, we tested the possibility of
directly capturing PG remodeling in C. elegans with
FITC-modified D-Lysine, D-Lys(FITC). S. aureus-
infected C. elegans were treated with D-Lys(FITC) and
analyzed by fluorescence microscopy. mCherry-
expressing S. aureus were observed in various
compartments of C. elegans (Figure 5.6). However,
green fluorescence signal from D-Lys(FITC) was
observed indiscriminately throughout the inner cavity of
C. elegans. The high fluorescence background highlights
the need for a two-step ligation that optimizes
incorporation and signal-to-noise levels.

We next evaluated the compatibility of tetrazine-

TCO ligations in live C. elegans by pre-labeling bacterial

cells with the PG probe D-TetPG (eX  Figure 5.6. S. aureus labeling with b-Lys (FITC).
) . ) S. aureus were introduced into C. elegans for 4 h,
vivo labeling, Figure 5.7). GFP-  \yashed to remove uncolonized bacteria, treated
) with 1 mM D-Lys (FITC) for 3 h. C. elegans were
expressing S. aureus cells were used  \yashed, anesthetized, mounted on a bed of agarose,

o o ) and imaged using confocal microscopy. Scale bar
to visualize co-localization of bacteria  represents 10 pm.

and D-TetPG labels on bacterial PG. After overnight treatment with D-TetPG, S. aureus
cells were washed and transferred to a liquid culture of C. elegans (infection period). After
a 4 h incubation period, non-colonized bacteria were removed, followed by treatment with

Cy5-TCO for 20 min. Confocal microscopy imaging showed prominent PG labeling co-

86



localized with GFP-expressing S. aureus (Figure 5.8). Bacterial treatment with the control
L-TetPG led to no discernible Cy5 fluorescence signals (Figure 5.9). These results establish
the constructive ligation of tetrazine-TCO handles within PG scaffolds in the host organism
C. elegans. In the future, we plan to explore this facile mode of grafting unnatural handles
onto bacterial cell surfaces with the goal of revealing key aspects of host-pathogen

interactions.

C. elegans
O S. aureus

ex vivo labeling in vivo labeling

S. aureus
S. aureus

C. elegans colonization
o-TetPG

YelPG
C. elegans colonization

D M

Cy TCO

Cy5 TCO

NS

Figure 5.7. Schematic representation of PG labeling of S. aureus by D-TetPG ex vivo and in vivo
with C. elegans. Ex vivo labeling corresponds to labeling of S. aureus cells with D-TetPG prior to
infection. In vivo corresponds to labeling of S. aureus cells with D-TetPG within C. elegans
followed by Cy5-TCO ligation.
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in vivo

Figure 5.8. (A) S. aureus cells were treated overnight with D-TetPG (1 mM), transferred to a liquid
culture of C. elegans (infection period) for 4 h, washed to remove non-colonized bacteria, and
incubated with Cy5-TCO for 20 min. (B) S. aureus were introduced into C. elegans, washed to
remove uncolonized bacteria, treated with D-TetPG (1 mM) for 3 h, and Cy5-TCO for 20 min. For
(A) and (B), C. elegans were anesthetized, mounted on a bed of agarose, and imaged using confocal
microscopy. Scale bar presents 10 um.
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Figure 5.9. S. aureus were introduced into C. elegans for 4 h, washed to remove uncolonized
bacteria, treated with L-TetPG (1 mM) for 3 h, and then Cy5-TCO for 20 min. C. elegans were
anesthetized, mounted on a bed of agarose, and imaged using confocal microscopy. Scale bar
presents 10 pm.

Finally, we evaluated PG remodeling by exogenous D-amino acids in S. aureus
infected C. elegans (in vivo labeling, Figure 5.7). Untreated bacterial cells were first
introduced into C. elegans to initiate colonization. Consistent with previous reports, C.
elegans infected with S. aureus cells showed distention of the lumen, suggestive of S.
aureus pathogenicity.*” After which point, C. elegans were treated with D-TetPG for 3 h to

induce PG remodeling and ligation was performed with Cy5-TCO in live hosts.
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Remarkably, clear co-localization of Cy5-fluorescence signals and GFP-expressing S.
aureus was observed, which is indicative of in vivo PG remodeling (Figure 5.8). To our
knowledge, this represents the first example of exogenous D-amino acids incorporation by
bacteria in a live host organism.

5.4 Conclusion

In conclusion, we have demonstrated that a D-amino acid conjugated with an
optimized tetrazine led to PG remodeling of bacterial cells. We showed that a
complimentary click partner led to rapid ligation onto PG-anchored tetrazine handles in
cultured bacteria and in S. aureus infected C. elegans. Our results close the loop on the D-
amino acid “catch & release” phenomenon observed for bacteria both in vitro and in vivo.
Going forward, we will investigate the functional consequence of PG remodeling by both
pathogenic and commensal bacteria in C. elegans.

5.5 Materials and Methods

All peptide related reagents (resin, coupling reagent, amino acids, and cleavage reagents)
were purchased from ChemImpex. Cy5-trans-cyclooctene (Cy5-TCQO) was purchased from
Click Chemistry Tools. All other reagents were purchased from Sigma and were used
without further purification. Bacterial strain used for the experiments were: Strain Growth
Media Staphylococcus aureus AH2547 = S. aureus HGO001 (AH2183) + pCM29
(PsarA_sGFP), camR) BBL Trypticase Soy Broth (TSB), Staphylococcus aureus SC01 LB
Broth (Lennox)

Stereospecificity of transpeptidase. LB broth containing 1 mM D-Tet or L-Tet were
prepared. Staphylococcus aureus SCO1 from an overnight growth was added to the medium

(1:100 dilution) and allowed to grow overnight at 37 °C with shaking. The bacteria were
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harvested at 6,000g and washed three times with original culture volume of 1x PBS
followed by fixation with 2% formaldehyde in 1x PBS for 30 min at ambient temperature.
Cells were washed once more to remove the formaldehyde and the cells were then
suspended in 50 uM Cy5-TCO in 1x PBS and shaken at ambient temperature for 30 min.
The bacteria were washed three times with 1x PBS and samples analyzed using a BDFacs
Canto Il flow cytometer with a 633nm HeNe laser (L1) and a 660/20 band-pass filter (FL5).
A minimum of 10,000 events were counted for each data set.

Live Cell TCO Kinetics. LB broth containing 1 mM D-Tet was prepared. Staphylococcus
aureus SC01 from an overnight growth was added to the medium (1:100 dilution) and
allowed to grow overnight at 37 oC with shaking. The bacteria were harvested at 6,000g
and washed three times with original culture volume of 1x PBS. Cells were then suspended
in 50 uM Cy5-TCO in 1x PBS and shaken at ambient temperature and various time points
were collected. At each time point, the cells were fixed with 2% formaldehyde in 1x PBS
for 30 min at ambient temperature. Cells were washed once more to remove the
formaldehyde and samples analyzed by flow cytometry using previously stated parameters.
For confocal microscopy, the cells were analyzed on a glass slide using a Nikon Eclipse
Ti-E with Cy5 filter.

Ex vivo Cy5-TCO Click Chemistry in C. elegans. N2 Caenorhabditis elegans were
maintained by standard protocol using nematode growth agar with bacterial lawns of E.coli
OP50 on a 60mm x 15mm cell culture dish.1 C. elegans were grown to contain primarily
L4 larval stage nematodes by incubation at ambient temperature for ~48-52 h, washed off
the plates with M9 buffer, and washed three times with M9 buffer. For washing steps, the

C. elegans were pelleted at 1000g. The C. elegans were resuspended in 450 uL of M9 buffer
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containing 10% LB broth and transferred to a sterile 24 multiwell plate. Staphylococcus
aureus GFP (50 uL) pre-labeled overnight in 1 mM D-Tet and washed was added to the
450 uL suspension of C. elegans. The C. elegans were incubated at ambient temperature
for 4 hrs, harvested at 1000g and washed three times with M9 buffer to remove bacteria on
the outside of the C. elegans. The C. elegans were then resuspended in 500 uL of M9 buffer
containing 10% LB broth and 50 uM Cy5-TCO and incubated for 20 min at ambient
temperature. The C. elegans were harvested at 1000g, and washed three times with M9
buffer, and put into a final suspension of 10mM sodium azide in M9 buffer and analyzed
by confocal microscopy.

In Vivo D-Tet Labeling and Cy5-TCO Click Chemistry in C. elegans. N2
Caenorhabditis elegans were maintained by standard protocol using nematode growth agar
with bacterial lawns of E. coli OP50 (source) on a 60mm x 15mm cell culture dish. C.
elegans were grown to contain primarily L4 larval stage nematodes by incubation at
ambient temperature for ~48-52 h, washed off the plates with M9 buffer, and washed three
times with M9 buffer. For washing steps, the C. elegans were pelleted at 1000g. The C.
elegans were resuspended in 450 uL of M9 buffer containing 10% LB broth and transferred
to a sterile 24 multiwell plate. Staphylococcus aureus GFP (50 uL) from an overnight
culture was washed was added to the 450 uL suspension of C. elegans. The C. elegans were
incubated at ambient temperature for 2 hrs, harvested at 1000g and washed three times with
M9 buffer to remove bacteria on the outside of the C. elegans. The C. elegans were then
resuspended in 500 uL of M9 buffer containing 10% LB broth and 1 mM D-Tet or L-Tet,
and incubated at ambient temperature for 3 hrs. The C. elegans were harvested at 10009

and washed three times with M9 buffer and resuspended in 50 uM Cy5-TCO and incubated
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for 20 min at ambient temperature. The C. elegans were harvested at 1000g, and washed
three times with M9 buffer, and put into a final suspension of 10mM sodium azide in M9

buffer and analyzed by confocal microscopy.
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Chapter 6
Vancomycin-dependent Response in Live Drug-Resistant Bacteria via

Metabolic Labeling

6.1 Abstract

The surge in drug-resistant bacterial infections threatens to overburden healthcare
systems worldwide. Bacterial cell walls are essential to bacteria — making them unique
targets for the development of antibiotics. We describe a cellular reporter to directly
monitor the phenotypic switch in drug resistant bacteria with temporal resolution.
Vancomycin-resistant Enterococci (VRE) escape the bactericidal actions of vancomycin
by chemically modifying their cell wall precursors, which renders them drug insensitive.
A synthetic cell wall analog was developed to hijack the biosynthetic rewiring for drug
resistant cells in response to antibiotics. Our work provides the first in vivo VanX reporter
agent that responds to cell wall alteration in drug resistant bacteria. Cellular reporters that
reveal mechanisms related to antibiotic resistance can potentially have a significant impact
on the fundamental understanding of cellular adaption to antibiotics.

6.2 Introduction

Vancomycin, and related glycopeptides, disrupt PG assembly by binding to the
terminal D-alanyl-D-alanine (D-Ala-D-Ala) of Lipid Il, sequestering peptidoglycan (PG)
building blocks (Figure 6.1A).1? The most prevalent form of vancomycin resistance occurs
when the last amino acid on Lipid 11 is chemically modified from D-Alanine (D-Ala) to D-
Lactic acid (D-Lac) (Figure 6.1B).>® Metabolic re-engineering of Lipid Il in VRE cells is
controlled by a set of antibiotic inducible genes: vanR, vanS, vanH, vanA, and vanX genes

(vanRSHAX).”® In order for VRE cells to reach high levels of resistance they must vastly
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reduce the cytoplasmic pool of D-Ala-D-Ala. To accomplish this, VRE cells express D,D-
dipeptidase VanX to hydrozyle D-Ala-D-Ala, which allows D-Ala-D-Lac to accumulate in
its place (Figure 6.1C).%* We hypothesized that synthetic analogs of D-Ala-D-Ala would
enable the in vivo interrogation of VanX activity, thus providing a platform for the first
direct phenotypic assay for VanX in VRE cells. Non-native analogs of D-Ala-D-Ala were
recently shown to be tolerated by MurF.*2-*® Maurelli and co-workers applied this strategy
to confirm the presence of PG in Chlamydia trachomatis — settling a 50 year debate.'?°

We anticipated that dipeptide analogs could be leveraged to track the in vivo Lipid Il

processing associated with vancomycin resistant bacteria (Figure 6.2A).

a)
Ddl

e 8 M”"G¢ vancomycin

D-Ala D-Ala-D-Ala .?V\ | ‘
vancomycin interferes with
< PBPs/SEDS PG biosynthesis by sequestering
Lipid Il molecules
R ,

b)
vancomycin-resistant
Lipid Il
o ¥ [}
N ,ngo
Lipid Il
D-Ala-D-Lac D-Ala-D-Ala
vancomycin resistant vancomycin sensitive
oe -3
c)
E}j Q  Ho 5 o}
+ AN = NN + A o~ HT; =
RN \‘)\0 VanX,/VanXs HGN/\LI’ ; \Hj\o
o}
D-Ala-D-Ala D-Ala D-Ala

o0 o o

Figure 6.1. (A) Schematic representation of the intracellular biosynthesis of PG building blocks.
Vancomycin sequestration of Lipid 11 molecules halts PG polymerization. (B) Structure of terminal
end of Lipid Il in drug-sensitive and -resistant organisms with vancomycin. (C) VanX-mediated
hydrolysis of the vancomycin susceptible D-Ala-D-Ala dipeptide building blocks.
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Previous reports had demonstrated VanX substrate plasticity in accommodating
non-native dipeptides in vitro.!” As such, we predicted that analogs of D-Ala-D-Ala
containing reporter handles could potentially be suitable substrates of VanX (Figure 6.2B).
In the absence of VanX activity, reporter dipeptides were expected to be processed
intracellularly, loaded onto Lipid Il molecules, and become imbedded within the mature
PG. Once analogs are PG-anchored, reporter fluorophores can be installed via copper-
catalyzed azide-alkyne cycloadditon (CUAAC) reactions (Figure 6.2C).*2° In cells
displaying high levels of VanX activity, intracellular hydrolysis of reporter dipeptides were
expected to reduce the dipeptide pool available for Lipid Il production. VanX-mediated
hydrolysis of D-Ala-D-Ala generates the corresponding single amino acids, which are not
substrates for MurF, to drive the utilization of D-Ala-D-Lac (Figure 6.2A). Elevated cellular
levels of VanX activity should result in attenuated levels of cell wall labeling, affording

access to the adaptation dynamics of live VRE cells.
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Figure 6.2. (A) VanX dipeptidase activity hydrolyzes D-Ala-D-Ala and its analogs. (B) Proposed
dipeptidase hydrolysis of synthetic analogs of D-Ala-D-Ala by VanX. (C) Analysis of E. faecium
(VanA) treated overnight with 1 mM D-Pra-D-Ala (+/- 16 pg/mL vancomycin) followed by
CUuAAC with 6-FAM azide. Data are represented as mean + SD (n = 3). P values were generated
by an unpaired, two-sided t-test using GraphPad Prism 5 and P values are indicated (*P<0.05,
**P<0.01, ***P<0.001, ****P<0.0001, and NS, not significant). (D) Confocal microscopy
imaging of E. faecium (VanA) treated overnight with 1 mM D-Pra-D-Ala followed by CuUAAC with
6-FAM azide. Scale =2 um.

99



6.3 Results and Discussion

6.3.1 Alkyne Dipeptide Incorporation

We first evaluated two dipeptides, D-Ala-D-Pra and D-Pra-D-Ala, both structural analogs
of the endogenous VanX substrate displaying an alkyne handle on the sidechain (Figure
6.3B).1213 A terminal alkyne was selected as the click chemistry partner due to its small
size. Adequate processing of D-Pra-D-Ala by VanXa (the VanX in VanA-typed VRE cells)
was anticipated based on our modeling of the VanXa active site using its crystal structure
information (Figure 6.4).2° The alkyne handle on the sidechain of D-Pra can be readily
accommodated within the VanXa binding pocket. Treatment of Bacillus subtilis (B.
subtilis), a model Gram-positive organism that can be readily cultured and lacks
pathogenicity cells, with D-Pra-D-Ala led to a ~ 100-fold increase in cellular fluorescence
compared to unlabeled cells, suggestive of the metabolic utilization of this dipeptide probe
(Figure 6.3C). A much smaller (~ 7-fold) increase was observed in cells treated with the
similar reporter dipeptide D-Ala-D-Pra. It was anticipated that reduced cellular fluorescence
might be attributed to PG processing by surface-bound carboxypeptidases (including
DacA) during cell wall maturation.?>?? Consistently, genetically modified B. subtilis cells
lacking dacA treated with D-Ala-D-Pra displayed a nearly 10-fold increase in fluorescence

levels, consistent with DacA being partly responsible for signal reduction.
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Figure 6.3. (A) Schematic diagram delineating incorporation of synthetic PG precursors displaying
alkyne handles, followed by click chemistry (CUAAC) to fluorescently label bacterial PG. (B)
Chemical structures of D-Pra-D-Ala and D-Ala-D-Pra dipeptides. (C) Flow cytometry analysis of
B. subtilis (wild-type and AdacA), incubated overnight in the presence of 1 mM D-Pra-D-Ala or D-
Ala-D-Pra followed by CUAAC with 6-FAM azide. Data are represented as mean + SD (n = 3).
P values were generated by an unpaired, two-sided t-test using GraphPad Prism 5 and P values
are indicated (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, and NS, not significant).
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Figure 6.4 (A) Structure of the dipeptidase VanX in complex with dipeptide substrate D-alanyl-D-
alanine (D-Ala-D-Ala).?® (B) Detailed view of interaction between VanX and D-ala-D-ala.
Modeling shows a large pocket-space around the methyl group of D-alanyl, suggesting promiscuity
for unnatural dipeptide D-Pra-D-Ala.

Subsequently, we set out to confirm the entry of the reporter dipeptides into the
intracellular PG biosynthetic pathway. Cells exposed to synthetic analogs of D-Ala-D-Ala
are expected to afford late stage (beyond the MurF ligation step) alkyne displaying PG
precursors in the bacterial cytosolic space. PG precursors were harvested from cells treated
with D-Pra-D-Ala. Subsequently, the UDP-MurNAc-pentapeptide (the penultimate
intermediate to Lipid 1) was isolated and characterized by LC-MS (Figure 6.5). Based on

these findings, it was evident that reporter dipeptides entered the PG biosynthetic pathway.

102



AR Sciex TOF/TOF™ Series Explorer™ 2011
TOFITOF™ Reflector Spec #1 MG[BF = 1192.5, 361

aaaaa
o
OSSP,
" t..
-
J i
) @
- £
i | i 5
w0 E ¥
i i
i b M b i o .
£ i WA,
.
§ =
£ Al SCIERUFOF Dat e 2 1
H
3
2 .
E
e _.___'__,.—-—-_'_-> o ARB Sciex TOF/TOF™ Series Explorer™ 2011
TOFTOF™ Reflector Spec #1 MC[BP = 1075.3, 2090]
e
e M e R E O R R AR REAR YIS AR AR RENATE BR AR BRSO EEL T E
Time {min) s 2un
B
=
T
Ll 3 3
PRl

Saplernase 7 7015

Figure 6.5. UDP-MurNAc-pentapeptide precursor isolation. RP-HPLC chromatogram of cytosolic
contents of Bacillus subtilis AdacA incubated with 10 mM D-Pra-D-Ala, followed by treatment
with chloramphenicol and vancomycin. Peak 1 corresponds to endogenous UDP-MurNAc-
pentapeptide with terminal D-Ala-D-Ala analyzed by MALDI-ToF (1192.4799 m/z). Peak 2
corresponds to modified UDP-MurNAc-pentapeptide with terminal D-Pra-D-Ala analyzed by
MALDI-ToF (1216.3457 m/z).
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6.3.2 Dipeptide Incorporation with Diverse Bacteria

The compatibility of D-Pra-D-Ala in metabolically labeling diverse types of bacteria was
also evaluated. Four additional bacteria were chosen, namely Lactobacillus casei (L. casei),
Lactobacillus plantarum (L. plantarum), Enterococcus faecium (E. faecium), and
Enterococcus faecalis (E. faecalis). Interestingly, both lactobacilli bacteria that naturally
utilize the didepsipeptide D-Ala-D-Lac were labeled to significant extents with the
exogenous dipeptide D-Pra-D-Ala (Figure 6.6). These findings indicate a lack of tight
selectivity by MurF on its substrate backbone (ester vs. amide). Indeed, no dedicated MurF-
like ligase exists in VRE that joins D-Ala-D-Lac to form the UDP-MurNAc-
pentadepsipeptide, which highlights the substrate plasticity by MurF.2 Nonetheless, this
represents the first direct observation that MurF from lactobacilli bacteria tolerate dipeptide
substrates in live organisms. Most importantly, treatment of two types of drug-sensitive
Enterococci bacteria with the reporter dipeptide led to high levels of cellular labelling — a

finding that set the stage for the potential monitoring of VanX in live VRE cells.
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Figure 6.6 Analysis of D-Pra-D-Ala incorporation with various bacterial strains. Flow cytometry
of Lactobacillus casei ATCC 393, Lactobacillus plantarum ATCC 21028, and vancomycin
sensitive strains of Enterococcus faecium ATCC BAA-2127, and Enterococcus faecalis ATCC
29212 incubated overnight with 1 mM D-Pra-D-Ala followed by CUAAC with 6-FAM azide. All
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data are represented as mean +SD (n = 3). P values were generated by an unpaired, two-sided t-
test using GraphPad Prism 5 and P values are indicated (*P<0.05, **P<0.01, ***P<0.001,
****P<(0.0001, and NS, not significant).

6.3.3 VanX Dipeptide Hydrolysis

We next focused on establishing the ability of exogenous D-Pra-D-Ala to enter the PG
biosynthetic pathway of VanA-type E. faecium cells, which are extremely resistant to
vancomycin and part of the highly problematic ESKAPE class of pathogens.?* Similar to
drug-sensitive E. faecium, significant cellular fluorescence was observed in E. faecium
BAA-2317 measured by flow cytometry (Figure 6.2C). E. faecium (VanA) responds to
vancomycin exposure by depleting cytosolic D-Ala-D-Ala via VanXa-mediated dipeptidase
activity. Consistently, a 3.2-fold decrease in cellular fluorescence was observed for E.
faecium (VanA) challenged with vancomycin, which could also be readily visualized

within 4 h of treatment (Figure 6.7).
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Figure 6.7 Schematic representation showing how VRE cells can be labeled with synthetic cell
wall precursors to reveal resistant phenotype. Cells were incubated with 500 uM D-Pra-D-Ala for
4 h, then CuAAC was performed with sulfocyanine5 azide.

Labelling of the same cells with the single amino acid D-Pra did not decrease in the
presence of vancomycin, an indication that the fluorescence decrease in D-Pra-D-Ala
labelled VRE cells is not linked to PG transpeptidase activity (Figure 6.8). Accentuated

labelling was clearly visible at the septal ring, which is the primary site of Lipid Il pools
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(Figure 6.2D and Figure 6.9). In addition, PG digestion from VRE cells by lysozyme was

consistent with probe installment within the PG scaffold (Figure 6.10).
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Figure 6.8. Flow cytometry analysis of E. faecium (VanA) incubated overnight with 1 mM D-Pra
(+/- 16 pg/mL vancomycin) followed by CUAAC with 6-FAM azide. All data are represented as
mean +SD (n = 3).
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Figure 6.9 Microscopy imaging of E. faecium (VanA) treated overnight with 1 mM D-Pra-D-Ala
(+/- 16 pg/mL vancomycin) followed by CUAAC with 6-FAM azide.
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Figure 6.10 PG digestion was measured using flow cytometry by the loss of fluorescence upon
treatment with lysozyme of VRE cells pre-treated with specific PG analogs (1 mM) followed by
CUuAAC with 6-FAM azide. Measurements were made at time 0 and after 16 h incubated at 37 °C.

Despite the continuous supply and replenishment of reporter dipeptides from the
surrounding media, VanXa sufficiently reduces the intracellular D-Pra-D-Ala concentration
to significantly reduce PG labeling in the presence of vancomycin.'”?® Titration of E.
faecium (VanA) cells with increasing concentrations of vancomycin led to the
corresponding attenuation of cellular fluorescence (Figure 6.11). Moreover, vancomycin-
dependent fluorescence attenuation by vancomycin was observed in a wide range of
dipeptide probe concentrations (Figure 6.12). Crucially, cellular fluorescence in drug-
sensitive E. faecium remained unchanged upon exposure to vancomycin (Figure 6.13).
Next, a series of control dipeptides were synthesized and examined in E. faecium (VanA)

cells. Three of the dipeptides were stereochemical controls (2 diastereomers and 1
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enantiomer) of D-Pra-D-Ala (Figure 6.14). Minimal cellular labelling was observed with L-
amino acid based dipeptides and dipeptide acetylation (NAc-D- Pra-D-Ala), which

effectively renders the N-terminus amino group incompatible with MurF ligation.
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Figure 6.11 Flow cytometry analysis of E. faecium (VanA) incubated overnight with 1 mM D-Pra-
D-Ala and various concentrations of vancomycin. All data are represented as mean +SD (n = 3).
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Figure 6.12 Flow cytometry analysis of E. faecium (VanA) incubated overnight with stated
concentrations of D-Pra-D-Ala (+/- 16 pg/mL vancomycin) followed by CUAAC with 6-FAM
azide. All data are represented as mean +SD (n = 3).
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Figure 6.13 Flow cytometry analysis of drug-sensitive E. faecium ATCC BAA-2127 incubated
overnight with 1 mM D-Pra-D-Ala (+/- 0.1 ug/mL vancomycin). All data are represented as mean
+ SD (n = 3). P values were generated by an unpaired, two-sided t-test using GraphPad Prism 5
and P values are indicated (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, and NS, not

significant).
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Figure 6.14 Flow cytometry analysis of E. faecium ATCC BAA-2127 (VanA) incubated overnight
with 1 mM dipeptide variants. All data are represented as mean + SD (n = 3).
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We next evaluated the effect of the click chemistry reaction in vancomycin-dependent

cellular response in VRE cells. Two additional vancomycin

dipeptides (D-Cys-D-Ala and D-Ala-D-Cys) were 60000 1
synthesized and examined for their ability to enter :3;50000 1
) ) @ 40000 |
the PG biosynthetic pathway and report on VanXa £
§ 30000
activity (Figure 6.15). VRE cells treated with D- 2
S 20000 ;
. .. L
Cys-D-Ala and D-Ala-D-Cys displayed similar P
vancomycin-dependent labelling profiles. These 0 +—E
results suggest that the chemistry involved in the 8 3 & & g
g ¢ =T x
[m] [a] (] (=]
fluorophore tagging step does not play a significant
HS
0 0
role. An additional dipeptide, D-Pra-D-Lac, was also * 8 . " § -
pep HaNl,(N\HJ\o HSN/L”/“\&)J\O
synthesized to assess in vivo VanXa substrate 2 O e
D-Cys-D-Ala D-Ala-D-Cys

specificity (Figure 6.16). The ester backbone
Figure 6.15 Analysis of vanX activity with

found in D-Pra-D-Lac should make it a poor cysteine handle dipeptides in E. faecium
(vanA) ATCC BAA-2317. Flow cytometry of

substrate for VanXa, forming the basis for the ~ E- faecium incubated overnight with 1 mM D-
Cys-D-Ala or D-Ala-D-Cys (+/- 16 pg/mL

preferential accumulation of D-Ala-D-Lac  vancomycin)  followed by — maleimide
conjugation to Alexa Fluor 488 C5 maleimide.

over D-Ala-D-Ala in the metabolic rewiring of Al data are represented as mean +SD (n = 3).
P values were generated by an unpaired,

induced VRE.Y Treatment of E. faecium two-sided t-test using_ G_raphPad Prism 5
and P values are indicated (*P<0.05,

**P<0.01, ***P<0.001, ****P<0.0001, and

(VanA) cells with D-Pra-D-Lac resulted in c
NS, not significant).

cellular labeling that was independent of
vancomyecin. These results suggest that, as expected, the expression of VanXA does not

significantly alter the pool of D-Ala-D-Lac in VRE. Moreover, they provide evidence for
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the VanXA selectivity for dipeptides relative to didepsipeptide in live VRE cells and

illustrate the insight provided by synthetic cell wall analogs in PG metabolism.
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Figure 6.16 Analysis of VanX substrate specificity in E. faecium (VanA) ATCC BAA-2317. Flow
cytometry of E. Faecium incubated overnight with 1 mM D-Pra-D-Lac (+/- 16 ug/mL vancomycin)
followed by CUAAC with 6-FAM azide. All data are represented as mean +SD (n = 3). P values
were generated by an unpaired, two-sided t-test using GraphPad Prism 5 and P values are
indicated (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, and NS, not significant).

We next examined vancomycin resistance in VanB-type VRE cells. More specifically,
we set out to monitor VanXB activity in E. faecalis organisms using D-Pra-D-Ala.
Considerable cellular labeling of E. faecalis ATCC 51299 (VanB) was observed at similar
levels to E. faecium (Figure 6.17). In contrast to VanA-typed VRE, fluorescence signals

remained unchanged when challenged with increasing levels of vancomycin. These results
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are suggestive of insufficient dipeptidase activity by VanXg in reducing the intracellular
pool of the reporter dipeptide. Consistently, previous in vitro analysis of VanXg from E.
faecalis showed that it possesses ~ 10-fold lower specific activity relative to E. faecium
VanXa.?® Moreover, unlike E. fagcalis (VanB), E. faecium (VanA) have exclusively UDP-
MurNAc-pentadepsipeptide PG precursors in the cytosolic space. Together, our findings
suggest that high VanXa activity is a primary driver for the extreme levels of vancomycin-

resistance found in VanA-typed VRE.
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Figure 6.17 Analysis of vanX activity in Enterococcus faecalis (vanB) ATCC 51299. Flow
cytometry analysis of E. faecalis incubated overnight with 1 mM D-Pra-D-Ala with various
concentrations of vancomycin followed by CUAAC with 6-FAM azide. All data are represented as
mean +SD (n = 3). P values were generated by an unpaired, two-sided t-test using GraphPad
Prism 5 and P values are indicated (*P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001, and NS,
not significant).

6.3.4 Kinetics of Cell Wall Remodelling

Having established a platform to monitor changes to cell wall composition in VRE cells,
we reasoned that our probe could be leveraged to empirically determine the kinetics in cell

wall remodeling by determining the induction and persistence phases (Figure 6.18).2728
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The induction phase reflects the kinetics in cell wall alteration upon vancomycin exposure,
whereas the persistence phase reflects the kinetics in reverting back to D-Ala based PG.
VRE cells were exposed to vancomycin and collected every 15 minutes to analyse for
cellular fluorescence (Figure 3d). Shortly after (45 minutes) vancomycin exposure, there
was a statistically significant difference in the cell wall composition and this difference
became more prominent over the next several hours. Likewise, the persistence phase was
relatively short-lived. The rapid kinetics in induction and persistence point to a fitness cost
associated with maintaining D-Lac-based PG phenotype.?® Expression of VanXa closes a
loop in the production and degradation cycle of D-Ala-D-Ala (Figure 3f). In the process,
VRE exposed to vancomycin enter a futile cycle that is energetically costly. Our results
illustrate the ability of VRE cells to quickly adapt to the presence of vancomycin by shifting

the chemical composition of their cell walls.

113



b) c) Induction
‘ (Y ) ® - vancomycin +
© 100
Z exposure to . o . g + ; .
E L .’ . vancomycin Y ‘ £ 907 W + vancomycin
(6] . _— . . * 8o N
2 o () =
2 @ e ;5 -
i B 60
- o g
J VanX activity 4 VanX activity g_ 0 +
S
QO 40 ® +
4 @V ®Q s
% . . removal of ' .‘ = ‘:| + L
e . vancomyci @ O n-ln
= ' ycin o . o :
— (GRS i
: Q0 S il
0 : . : . ;
ﬁ . i ? 50 100 150 200 250 301
4 VanX activity J VanX activity i Time (min)
d) Persistence e) ATP ADP
] Ddl Ligase
D 100 l - : L] " u o ¥
g’ * L 1
& 90 - : :|
G ® * + _
o 80 e : -
E;, 704 b + H3N/TO N O\Efo
o] <]
% 80 % B:ila activated D-Ala
8 50
E .
2 32 vanX s ., 0 Ddl Ligase
g 50 | ® -vancomycin f?n?:l\;yr!;lc?e “=EWN\HJ\O’
g 10 { M + vancomycin ® BrAlast-Ala
0 - .‘ ® entry into cell
10 100 200 300 400 wall biosynthesis

Time (min)
Figure 6.18 (A) Schematic representation of the two phases monitored with the VanX probe. Flow
cytometry analysis of E. faecium (VanA) VanX dipeptidase induction (B) and persistence (C) in
response to vancomycin. E. faecium cells were treated with D-Pra-D-Ala (1 mM) and collected at
various time points and fluorescently labeled with 6-FAM azide by CUAAC. Data are represented
as mean + SD (n = 3). D) VanX expression closes a futile cycle in the production/degradation of
D-Ala-D-Ala.

6.3.5 Vancomycin Variants and Pathway Activation

Finally, structural variants of vancomycin were evaluated for resistance induction
(Figure 6.19A). VRE cells assayed with aglycon-vanc responded similarly to the parent
vancomycin molecule (Figure 6.19B).3° On the other hand, desleucyl-vanc —a vancomycin
derivative missing the crucial leucine residue that participates in the association to D-Ala-
D-Ala on Lipid Il molecules — showed minimal decrease in labelling levels.3! Next, we

evaluated six additional antibiotics encompassing a range of mechanisms of action related

114



to PG biosynthesis inactivation for their ability to induce cell wall alteration in VRE cells
(Figure 6.19C). From these results, it is clear that teicoplanin is a more potent inducer than
vancomycin.®? Interestingly, bacitracin showed strong induction despite not having a
proposed association with D-Ala-D-Ala, contrary to previous reports using cell lysates.
On the other hand, flavomycin treatment did not induce a signal change even though it had
been previously shown to induce gene expression of the vanRSHAX cluster.3® Notably, this
assay should be compatible with a high-throughput platform to analyse potential drug leads

for their ability to either inhibit induction or circumvent sensing by VRE.
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Figure 6.19 (A) Chemical structure of vancomycin and two of its synthetic derivatives. Flow
cytometry analysis of E. faecium incubated overnight with D-Pra-D-Ala (1 mM) and treated with
the (B) vancomycin derivatives and (C) cell wall antibiotics. Data are represented as mean + SD (n
= 3). P values were generated by an unpaired, two-sided t-test using GraphPad Prism 5 and P values
are indicated (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, and NS, not significant). Shading
was internally normalized to represent the varying levels of activation. The darker the blue shade,
the lower cell labelling was observed. ND = Not determined due to toxicity.

6.4 Conclusions

In conclusion, a cell wall analog was developed to reveal PG remodeling in drug
resistant bacteria in response to glycopeptide antibiotics. Our results showed that a simple

cell wall mimic can be a powerful tool to monitor the dynamic changes upon induction of
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vancomycin-linked genes. We demonstrated subtle differences in VanX activities in two
different VRE types, the selectivity of VanX between dipeptides and didepsipeptides in
live cells, and a new modality for tracking the induction of the drug resistant phenotype in
VRE.

6.5 Materials and Methods

All peptide related reagents (resin, coupling reagent, deprotection reagent, amino acids,
and cleavage reagents) were purchased from ChemlImpex. FAM (fluorescein) azide 6-
isomer and sulfo-cyanine5 azide were purchased from Lumiprobe. Alexa Fluor 488 C5-
maleimide was purchased form Life Technologies. Vancomycin hydrochloride was
purchased from AK Scientific. All other reagents were purchased from Sigma and were

used without further purification. Bacterial strains used for these experiments were:

Strain Growth Media
Enterococcus faecium ATCC BAA- BBL Trypticase Soy
Vancomycin 2317 (VanA) Broth (TSB)
Resistant Enterococcus faecalis ATCC 51299 Brain Heart Infusion
(VanB) Broth (BHI)
Enteroccocus faecium ATCC BAA- BBL Trypticase Soy
Vancomycin 2127 Broth (TSB)
Sensitive . Brain Heart Infusion
Enterococcus faecalis ATCC 29212 Broth (BHI)
Lactobacillus casei ATCC 393 (03) Difco La%(r)g;]cnll MRS
Lactobacillus plantarum ATCC 21028 | Difco Lactobacilli MRS
(KY 3648) Broth
Bacillus Subtilis NCIB 3610 Lysogeny Broth (LB)
Bacillus Subtilis AdacA Lysogeny Broth (LB)

Copper-catalyzed azide-alkyne cycloaddition (CUAAC) cell surface labeling. For all
experiments with azide-alkyne click chemistry, the following fluorophore labeling protocol

was used after fixation of cells. Cells were suspended in half the volume of the original
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culture with 1x PBS. The reagents were added in the following order for final
concentrations of 1 mM CuSOs, 128 uM THPTA, 1.2 mM L-ascorbic acid (freshly
prepared) and 30 uM fluorescein azide 6-isomer. The reactions were performed at ambient
temperature for 1 h with shaking. After washing, samples were analyzed using a BDFacs
Canto Il flow cytometer using a 488nm argon laser (L1) and a 530/30 band-pass filter
(FL1). A minimum of 10, 000 events were counted for each data set. The data was analyzed
using the FACSDiva version 6.1.1.

Bacillus subtilis D-Pra-D-Ala / D-Ala-D-Pra labeling. Lysogeny broth containing 1 mM
D-Pra-D-Ala or D-Ala-D-Pra were prepared. Bacillus Subtilis AdacA or Bacillus Subtilis
NCIB 3610 (WT) from an overnight culture were added to the corresponding medium
(1:100) and allowed to grow overnight at 37 °C with shaking. The bacteria were harvested
at 6,000g and wash three times with original culture volume of 1x PBS followed by fixation
with 2% formaldehyde in 1x PBS for 30 min at ambient temperature. The cells were
washed once more to remove the formaldehyde and CUAAC was performed. The cells were
washed three times with 1x PBS and analyzed using a BDFacs Canto Il flow cytometer
using the previously stated parameters.

Intracellular accumulation of cell wall precursor UDP-N-acetyl-muramic acid
pentapeptide and precursor modified with D-Pra-D-Ala. Analysis of the cytoplasmic
peptidoglycan nucleotide precursor was examined using Bacillus Subtilis AdacA grown in
50 mL LB with or without 10 mM D-Pra-D-Ala. B. Subtilis AdacA were added to the
corresponding medium (1:100) and allowed to grow at 37 °C with shaking. At an optical
density (ODsoo) of 0.6, chlorpamphenicol was added to the bacterial growth containing 10

mM D-Pra-D-Ala for a final concentration of 130 ug/mL. The cells were incubated for an
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additional 15 min. Vancomycin was then added to the bacterial growth containing 10 mM
D-Pra-D-Ala for a final concentration of 100 pg/mL, and the cells were incubated for an
additional 30 min. Cells were harvested at 4,000g, and boiled in water for 15 min. The cell
extract was centrifuged at 4,000g and the supernatant lyophilized. UDP-linked cell wall
precursors were analyzed by reverse-phase HPLC using a phenomenex nucleosil 5u C18
120A, 250 x 320 mm column. Isocratic conditions were 50 mM ammonium acetate pH 4.2
at a flow rate of 0.5 mL/min monitoring at 254 nm. Precursors were confirmed by negative
mode MALDI-ToF mass spectrometry using 1 mg/mL 6-aza-2-thiothymine dissolved in
50% (vol/vol) ethanol-20 mM ammonium acetate as the matrix.

D-Pra-D-Ala labeling with diverse bacteria. LB, MRS, BHI, or TSB broth were prepared
containing 1 mM D-Pra-D-Ala were prepared. Lactobacillus casei ATCC 393 (03) and
Lactobacillus plantarum ATCC 21028 (KY 3648) were added to the corresponding MRS
medium (1:100). Enteroccocus faecium ATCC BAA-2127 was added to the corresponding
TSB medium (1:100), and Enterococcus faecalis ATCC 29212 was added to the
corresponding BHI medium (1:100). The bacteria were allowed to grow overnight at 37 °C
with shaking. The bacteria were harvested at 6,000g and wash three times with original
culture volume of 1x PBS followed by fixation with 2% formaldehyde in 1x PBS for 30
min at ambient temperature. The cells were washed once more to remove the formaldehyde
and CuAAC was performed. The cells were washed three times with 1x PBS and analyzed
using a BDFacs Canto Il flow cytometer using the previously stated parameters.
Vancomycin Concentration Scan with D-Pra-D-Ala. TSB or BHI medium containing 1
mM D-Pra-D-Ala was prepared. To the TSB medium was added vancomycin

hydrochloride for final concentrations of 2, 4, 8, 16, 32, 64, 128, or 256 ug/mL. To the BHI
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medium was added vancomycin hydrochloride for final concentrations of 0.5, 1, 2, 4, 8,
10, 12, 14, or 16 ug/mL Enterococcus faecium ATCC BAA-2317 (VanA) was added to the
TSB medium (1:100) and Enterococcus faecalis ATCC 51299 (VanB) to the BHI medium
and allowed to grow overnight at 37 °C with shaking. The bacteria were harvested at 6,0009
and wash three times with original culture volume of 1x PBS followed by fixation with 2%
formaldehyde in 1x PBS for 30 min at ambient temperature. The cells were washed once
more to remove the formaldehyde and CUAAC was performed. The cells were washed
three times with 1x PBS and analyzed using a BDFacs Canto Il flow cytometer using the
previously stated parameters. For fluorescent imaging, the cells were analyzed on a glass
slide using a B-2E/C filter (ex 465-495/em 515-555).

Visual Inspection of VanX Activity. TSB medium containing 500 uM D-Pra-D-Ala with
or without 16 ug/mL vancomycin was prepared. Enterococcus faecium ATCC BAA-2317
(VanA) was added to the medium for an optical density (ODsoo) of 0.6. The bacteria were
grown at 37 °C with shaking for 3.5 hrs. The bacteria were harvested at 6,000g and wash
three times with original culture volume of 1x PBS and CUAAC was performed at double
the previous click concentrations for 10 min, using sulfo-cyanine5 azide. The bacteria were
washed three times with 1x PBS and images were taken of the cell pellets.

Vancomycin Incubation with D-Pra-D-Ala for sensitive E. faecium. TSB medium
containing 500 uM D-Pra-D-Ala was prepared. To the TSB medium was added
vancomyecin hydrochloride for a final concentrations of 0.1 ug/mL Enteroccocus faecium
ATCC BAA-2127 was added to the TSB medium (1:100) and allowed to grow overnight
at 37 °C with shaking. The bacteria were harvested at 6,000g and wash three times with

original culture volume of 1x PBS followed by fixation with 2% formaldehyde in 1x PBS
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for 30 min at ambient temperature. The cells were washed once more to remove the
formaldehyde and CUAAC was performed. The cells were washed three times with 1x PBS
and analyzed using a BDFacs Canto Il flow cytometer using the previously stated
parameters.

Control Dipeptides. TSB medium containing 1 mM D-Pra-D-Ala, D-Pra-L-Ala, L-Pra-
D-Ala, L-Pra-L-Ala, D-Pra-N-Me-D-Ala, or NAc-D-Pra-D-Ala were prepared with or
without 16 ug/mL vancomycin hydrochloride. Enterococcus faecium ATCC BAA-2317
(VanA) was added to the corresponding medium (1:100) and allowed to incubate overnight
at 37 °C with shaking. The bacteria were harvested at 6,000g and wash three times with
original culture volume of 1x PBS followed by fixation with 2% formaldehyde in 1x PBS
for 30 min at ambient temperature. The cells were washed once more to remove the
formaldehyde and CUAAC was performed. The cells were washed three times with 1x PBS
and analyzed using a BDFacs Canto Il flow cytometer using the previously stated
parameters.

D-Cys-D-Ala / D-Ala-D-Cys Labeling. TSB medium containing 1 mM D-Cys-D-Ala or D-
Ala-D-Cys were prepared with or without 16 ug/mL vancomycin hydrochloride.
Enterococcus faecium ATCC BAA-2317 (VanA) was added to the corresponding medium
(1:100) and allowed to incubate overnight at 37 °C with shaking. The bacteria were
harvested at 6,000g and wash three times with original culture volume of 1x PBS with 5
mM dithiothreitol (DTT) and washed another three times with 1x PBS. The cells were
incubated with 50 uM Alexa 488 C5-maleimide in 1x PBS for 30min at 37 °C. The cells

were washed three times with 1x PBS followed by fixation with 2% formaldehyde in 1x
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PBS for 30 min. The cells were washed three times with 1x PBS and analyzed using a
BDFacs Canto Il flow cytometer using the previously stated parameters.

Induction of vanX dipeptidase. TSB medium containing 1 mM D-Pra-D-Ala was
prepared. Enterococcus faecium ATCC BAA-2317 (VanA) was added to the
corresponding medium for an initial optical density (ODsoo) of 0.2. The cells were
incubated at 37 °C with shaking. A portion of the cells were taken at 0, 15, 30, 45, 60, and
105 min. At 105 min (ODego = 0.6) the culture was split in half and to one sample was
added vancomycin hydrochloride for a final concentration of 16 ug/mL. A portion of the
cells were collected at 120, 135, 150, 180, 210, 240, 300, and 360 min. At each of the
intervals, the collected cells were washed three times with 1x PBS followed by immediate
fixation with 2% formaldehyde in 1x PBS for 30 min at ambient temperature. The cells
were washed once more to remove the formaldehyde and CUAAC was performed. The
cells were washed three times with 1x PBS and analyzed using a BDFacs Canto 1l flow
cytometer using the previously stated parameters.

Persistance of vanX dipeptidase. TSB medium containing 1 mM D-Pra-D-Ala was
prepared with 16 ug/mL vancomycin hydrochloride. Enterococcus faecium ATCC BAA-
2317 (VanA) was added to the corresponding medium (1:100) and allowed to incubate
overnight at 37 °C with shaking. The next day, the cells were washed to remove the
vancomycin and resupplemented with TSB medium containing 1 mM D-Pra-D-Ala with
or without 16 ug/mL vancomycin hydrochloride. A sample of cells were collected at
various time points. At each of the intervals, the collected cells were washed three times
with 1x PBS followed by immediate fixation with 2% formaldehyde in 1x PBS for 30 min

at ambient temperature. The cells were washed once more to remove the formaldehyde and
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CUuAAC was performed. The cells were washed three times with 1x PBS and analyzed
using a BDFacs Canto Il flow cytometer using the previously stated parameters.
Vancomycin derivative scan with D-Pra-D-Ala. TSB medium containing 1 mM D-Pra-
D-Ala and BHI medium containing 1 mM D-Laclick were prepared. The the medium was
added 16 wug/mL vancomycin, desleucyl-vancomycin, or aglycon-vancomycin.
Enterococcus faecium ATCC BAA-2317 (VanA) was added (1:100) to the TSB medium
and allowed to grow overnight at 37 °C with shaking. The bacteria were harvested at 6,0009
and wash three times with original culture volume of 1x PBS followed by fixation with 2%
formaldehyde in 1x PBS for 30 min at ambient temperature. The cells were washed once
more to remove the formaldehyde and CUAAC was performed. The cells were washed
three times with 1x PBS and analyzed using a BDFacs Canto Il flow cytometer using the
previously stated parameters.

Antibiotic scan with D-Pra-D-Ala. TSB containing 1 mM D-Pra-D-Ala was prepared.
Various antibiotics (vancomycin, teicoplanin, bacitracin, flavomycin, chlorohexidine, D-
cycloserine, and ampicillin) were added for final concentrations of 0.25, 0.50, 1, 2, 4, 8, or
16 ug/mL. Enterococcus faecium ATCC BAA-2317 (VanA) was added (1:100) to the
medium and allowed to grow overnight at 37 °C with shaking. The bacteria were harvested
at 6,000g and wash three times with original culture volume of 1x PBS followed by fixation
with 2% formaldehyde in 1x PBS for 30 min at ambient temperature. The cells were
washed once more to remove the formaldehyde and CUAAC was performed. The cells were
washed three times with 1x PBS and analyzed using a BDFacs Canto Il flow cytometer

using the previously stated parameters.
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Peptidoglycan digestion with Lysozyme. TSB containing 1 mM D-Pra-D-Ala or D-Pra
was prepared. Enterococcus faecium ATCC BAA-2317 (VanA) was added (1:100) to the
medium and allowed to grow overnight at 37 °C with shaking. The bacteria were harvested
at 6,000g and wash three times with original culture volume of 1x PBS followed by fixation
with 2% formaldehyde in 1x PBS for 30 min at ambient temperature. The cells were
washed once more to remove the formaldehyde and CUAAC was performed. The cells were
washed three times with 1x PBS and then incubated at 37 °C with 500 pg/mL lysozyme
(MP-Biomedicals) overnight. The cells were washed two times with 1x PBS, then once
with 4 % formaldehyde in 1x PBS (quench lysozyme reaction) and analyzed using a
BDFacs Canto Il flow cytometer using the previously stated parameters.

Isolation of Modified Peptidoglycan Muropeptide with D-Pra-D-Ala. TSB medium (50
mL) containing 10 mM D-Pra-D-Ala was prepared. Enterococcus faecium ATCC BAA-
2317 (VanA) was added (1:100) to the medium and allowed to grow overnight at 37 °C
with shaking. The cells were harvested at 4000g and washed three times with 1x PBS. The
cells were then resuspended in 1x PBS and boiled for 10 min and then centrifuged at
14,000g for 10 min at 4 °C. Cells were then placed in 25 mL of 5% (w/v) sodium dodecyl
sulfate (SDS) and boiled for 25 min followed by centrifugation at 14,0009 for 10 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
five times with 60 °C DI water to remove all SDS. After washing, cells were incubated in
10 mL of 50 mM Tris (pH 7.2) containing 2 mg/mL Proteinase K for 1 h at 60 °C, and then
washed 3 times with DI water. The cell wall pellet was then resuspended and digested with

250 pg/mL lysozyme in 25 mM sodium phosphate buffer pH 5.6 for 16 h at 37 °C. The
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digestion was then ceased by boiling for 3 min. The sample was then centrifuged at 14,0009
for 8 min, the supernatant was retained and concentrated in vacuo. The sample was then
analyzed by a Shimadzu LC-MS 2020 using a phenomenex nucleosil 5u C18 120A, 250 x
320 mm column. Solvents were A: H>O (0.1% formic acid) and B: Acetonitrile (0.1%
formic acid) using the following gradient condition, 0-10 min (0% B), and then ramping to

100% B from 10-50 min. Mass spectrometry was analyzed in the positive mode.
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Chapter 7

Cell Wall Piracy by a Synthetic Analog Reveals Metabolic Adaptation
in Vancomycin Resistant Enterococci

7.1 Abstract

Drug-resistant bacterial infections threaten to overburden our healthcare system
and disrupt modern medicine. A large class of potent antibiotics, including vancomycin,
operate by interfering with bacterial cell wall biosynthesis. Vancomycin-resistant
Enterococci (VRE) evade the blockage of cell wall biosynthesis by altering cell wall
precursors, rendering them drug insensitive. Herein, we reveal the phenotypic plasticity
and cell wall remodeling of VRE in response to vancomycin in live bacterial cells via a
metabolic probe. A synthetic cell wall analog was designed and constructed to monitor cell
wall structural alterations. Our results demonstrate that the biosynthetic pathway for
vancomycin-resistant precursors can be hijacked by synthetic analogs to track the kinetics
of phenotype induction. In addition, we leveraged this probe to interrogate the response of
VRE cells to vancomycin analogs and a series of cell wall-targeted antibiotics. Finally, we
describe a proof-of-principle strategy to visually inspect drug resistance induction. Based
on our findings, we anticipate that our metabolic probe will play an important role in further
elucidating the interplay among the enzymes involved in the VRE biosynthetic rewiring.

7.2 Introduction

Today, vancomycin-resistant enterococci (VRE) are considered a major public health
problem.! Vancomycin imparts its antimicrobial activity by inhibiting peptidoglycan (PG)
biosynthesis. PG is an essential biopolymer composed of monomeric units of disaccharides

connected to pentapeptide chains. By binding and sequestering the critical lipid-anchored
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intermediate Lipid II, vancomycin prevents the transport of PG building blocks to the
growing PG scaffold. Vancomycin association to Lipid II is mediated by a series of
hydrogen bonds to the terminal dipeptide D-alanyl-D-alanine (D-Ala-D-Ala) unit on the
PG stem peptide (Figure 7.1A).2* VRE cells gain resistance to vancomycin by synthesizing
D-alanyl-D-lactate (D-Ala-D-Lac) terminated PG precursors.’®

The two main variations of VRE (VanA and VanB) are mediated by the acquisition
of a resistance plasmid.” VRE cells displaying the VanA phenotype are resistant to both
vancomycin and teicoplanin. In contrast, VRE cells displaying the VanB phenotype remain
sensitive to teicoplanin. Resistance is driven by the polycistronic expression of the vanR,
vanS, vanH, vanA/vanB, vanY and vanX genes (vanRSHAX). VanS, a membrane receptor,
binds vancomycin and induces expression of vanH, vanA, vanX by the response regulator
VanR.!%!! In the absence of an inducible antibiotic in VRE cells, Lipid II molecules are
primarily composed of terminal D-Ala. Exposure to vancomycin induces a shift in cell wall
biosynthesis towards the intracellular production of D-Lac and PG building blocks
displaying D-Lac at the terminal position.® Biosynthesis is initiated by VanH conversion of
pyruvate to D-Lac, which is ligated onto D-Ala by the ligases VanA/VanB to afford the D-

Ala-D-Lac
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Figure 7.1 Vancomycin binding to Lipid II and dipeptide metabolic alteration. (A) Structure of
vancomycin and its hydrogen bond network mediating association to D-Ala-D-Ala terminus of
Lipid II. (B) VanB ligates D-Ala to D-Lac to generate the vancomycin insensitive building block
D-Ala-D-Lac. (C) Chemical structures of D-Lac and its analog D-Laclick. (D) Schematic
representation of VanB ligase in the assembly of D-Ala-D-Lac building blocks that are PG
precursors.

didepsipeptide (Figure 7.1B). This building block is joined onto a tripeptide by MurF to
yield the full PG pentadepsipeptide precursor, which is subsequently loaded onto the lipid

carrier. To ensure that primarily D-Lac terminated Lipid Il molecules are assembled, a D,D-
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dipeptidase (VanX) is encoded on the endogenous resistance plasmid along with the
carboxypeptidase VanY.!? VanX is tasked with the proteolysis of the dipeptide D-Ala-D-
Ala, thus greatly reducing the production of D-Ala terminated Lipid II molecules. Through
the concerted actions of these enzymes, VRE cells continue to grow and proliferate in the
presence of high concentrations of vancomycin.

Seminal contributions from the Walsh, Courvalin, Kahne, and Walker laboratories
have established the suite of genes required for the wholesale alteration of Lipid Il in VRE
and the structural requirement for glycopeptide binding to Lipid I1.131¢ At the protein level,
elegant in vitro characterization studies of VanA/VanB and VanXa/VanXg (the ligases and
dipeptidases from VanA- and VanB-type VRE cells, respectively) have established their
catalytic function and substrate specificities.!’”?! However, no methods have been
described to directly monitor and quantify PG structural plasticity linked to drug resistance
in live VRE cells. We hypothesized that a deeper understanding of the metabolic processes
involved in drug resistance could be achieved by gaining access to the cell wall
biosynthetic machinery in vivo. Herein, we describe a synthetic analog (D-Laclick, Figure
7.1C) that mimics the substrate for the VRE-linked VanB ligase. A reporter handle was
included at a strategic point within this PG precursor to generate a resistance-specific
output signal. We anticipated that monitoring cell wall alterations during drug evasion with
temporal resolution will reveal insight into adaptation dynamics and kinetics.

Although all five genes in VRE play specific roles in vancomycin sensing and
biosynthesis of altered PG precursors, fundamentally the net change is the introduction of
a D-Lac at the terminal position within Lipid II. Production of D-Lac in the intracellular

space is triggered upon sensing of vancomycin in VRE cells, which is subsequently
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incorporated into PG-precursors to establish the buildup of vancomycin-insensitive Lipid
IT molecules. We set out to examine the contribution of resistance-linked ligases by
mimicking the critical D-Lac. More specifically, we focused on VanB ligases from VanB-
typed VRE cells. Following its biosynthesis from pyruvate, D-Lac is assembled into D-
Ala-D-Lac by the VanB ligase (Figure 7.1D). This didepsipeptide is processed further by a
series of enzymes to yield Lipid II and eventually becomes imbedded within the
extracytoplasmic PG scaffold. We synthesized an analog of D-Lac that displayed a click
chemistry compatible alkyne handle called D-Laclick. We anticipated that proper mimicry
of the endogenous D-Lac by D-Laclick should lead to its utilization by VanB ligases,
yielding an intracellular pool of D-Ala-D-Laclick didepsipeptides (Figure 7.1D). Once D-
Laclick units are PG-anchored, reporter fluorophores can be installed via copper-catalyzed
azide-alkyne cycloaddition (CuAAC) reactions (Figure 7.2A).?>?* Hijacking of the
biosynthetic pathway of VRE responsible for the assembly of drug-resistant building
blocks by activity-based probes should reveal, for the first time, how ligases operate in
response to vancomycin in live bacteria.

7.3 Results and Discussion

7.3.1 D-Laclick Incorporation

Initially, E. faecalis (VanB-type VRE) cells were treated with D-Laclick and
metabolic labeling was revealed by a click chemistry step to install reporter fluorophores
onto surface-bound PG. Flow cytometry analysis of VRE cells probed with D-Laclick
showed minimal labeling in the absence of vancomycin but a marked 30-fold increase upon
the co-incubation with the antibiotic (Figure 7.2B; see Figure 7.3 for a secondary VanB

strain). Further analysis of the response of VRE cells to vancomycin demonstrated that
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cellular fluorescence intensities were highly dependent on the concentration of the

antibiotic (Figure 7.2C). Interestingly, an approximate linear correlation with the

vancomycin concentration was evident within the range of its minimum inhibitor
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Figure 7.2 Bacterial cell surface labeling in vancomycin resistant bacteria. (A) Schematic diagram
delineating incorporation of synthetic PG precursors displaying alkyne handles, followed by click
chemistry (CuAAC) to fluorescently label bacterial PG. (B) Flow cytometry analysis of E. faecalis
ATCC 51299 (VanB) incubated overnight with 1 mM D-Laclick (+/- 16 pg/mL vancomycin)
followed by CuAAC with 6-FAM azide. (C) Flow cytometry analysis of E. faecalis (VanB)
incubated overnight with 1 mM D-Laclick with various concentrations of vancomycin. Data are
represented as mean + SD (n = 3). P values were generated by an unpaired, two-sided t-test using
GraphPad Prism 5 and P values are indicated (*P<0.05, **P<0.01, ***P<0.001, ****P<(0.0001,
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and NS, not significant). (D) Microscopy imaging of E. faecalis ATCC 51299 (VanB) incubated
overnight with 1 mM D-Laclick (+/- 16 pg/mL vancomycin) and imaged using fluorescence and
phase microscopy. (E) PG digestion was measured by the loss of fluorescence upon treatment
with lysozyme of VRE cells pre-treated with specific probes. (F) HPLC profile of the reaction
products using recombinant VanB ligase with D-Lac or D-Laclick.
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Figure 7.3 Flow cytometry analysis of E. faecalis ATCC 51575 (VanB) incubated overnight with
1 mM D-Laclick (+/- 16 pg/mL vancomycin) followed by CuAAC with 6- FAM azide. All data
are represented as mean +SD (n = 3).

Figure 7.4 Fluorescence and brightfield confocal microscopy of E. faecalis ATCC51575 (VanB)
incubated overnight with 1 mM D-Laclick (+ 16 pg/mL vancomycin) followed by CuAAC with 6-
FAM azide. Scale bar =1 pm.
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concentration (~ 16 pg/mL) — a feature that was previously shown for the induction of
VanX.?*?> The same cell treatment was further evaluated using epi-fluorescence
microscopy. Consistently, in the absence of vancomycin, minimal fluorescence was
observed (Figure 7.2D; see Figure 7.4 for confocal imaging). The exposure of VRE cells
to vancomycin led to a visible increase in cell surface fluorescence. Next, a series of
experiments were performed to establish the localization of the PG probe and the possible
mode of installation. PG-associated fluorescence from D-Laclick treated VRE cells
decreased upon release by lysozyme (Figure 7.2E and Figure 7.5). As a control, PG
digestion from VRE cells treated with D-Propargylglycine (D-Pra),?® which was previously
shown to metabolically label PG via transpeptidases, was also monitored. We also found
that, in contrast to D-Laclick, labeling levels of VRE cells treated with D-Pra did not
increase upon vancomycin exposure. These results suggest that VRE labeling results in

PG incorporation in a mode distinct from PG-linked transpeptidases.

VanB 51575 Fluorescence (a.u.) VanB 51299 Fluorescence (a.u.)

- . D-Laclick D-Laclick . . D-Laclick D-Laclick
s L Uninduced Induced BaEa g {min) Uninduced Induced i
0 274 9568 13195 0 266 7458 7674
1 321 8755 11384 1 274 7426 6978
5 310 8350 10033 5 307 7169 6954
30 360 7786 9466 30 278 6491 6138
| 60 L 234 7684 9125 60 248 6238 5972
120 276 6944 7865 120 248 5870 5456
180 227 5844 6615 180 268 4992 5230

Figure 7.5 Peptidoglycan digestion of E. faecalis ATCC 51575 and ATCC 51299. Cells were
incubated overnight with 1 mM D-Laclick (+/- 16 pg/mL vancomycin) or 1 mM D-
propargylglycine followed by CUAAC with 6-FAM azide. The cells were then incubated at 37°C
with 500 pg/mL lysozyme, various time points collected and cells analyzed by flow cytometry.

7.3.2 In vitro Ligation

Next, we set out to demonstrate that VanB ligase tolerates the unnatural substrate D-Laclick

in place of the endogenous D-Lac. Recombinant VanB ligase was expressed in E. coli and
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purified to homogeneity (Figure 7.6). We developed a facile assay to monitor
depsidipeptide formation by LC-MS to circumvent the need for a radioactive assay (Figure
7.7). Subsequently, we showed that VanB processed D-Laclick to yield D-Ala-D-Laclick
(Figure 7.2F). Moreover, no product was observed in the absence of VanB or in the
presence of heat-denatured VanB (Figure 7.8). In addition, we synthesized D-Ala-D-
Laclick to show the tolerance of VRE cells with the modified depsidipeptide (Figure 7.9).
As expected, fluorescence levels were minimally affected by vancomycin exposure and
were stereoselective.?? Enterococci processing of D-Laclick was expected to be reserved
for vancomycin-resistance strains. Consistently, treatment of drug sensitive E. faecalis with
D-Laclick led to minimal cellular fluorescence in the absence and at sub-lethal levels of

vancomycin (Figure 7.10).

< expected M.\W.
37.1kDa

Figure 7.6 SDS/15% polyacrylamide gel stained with Coomassie Blue with pre-IPTG, post-IPTG,
and purified VanB ligase (~37.1 kDa) using a Ni-NTA column.
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Figure 7.8 LC-MS analysis of in vitro VanB ligase products. (a) LC monitored at 460 nm of VanB
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of D-Ala-D-Laclick VanB ligase product and synthesized standard after NBD-F treatment.
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Figure 7.9 Flow cytometry analysis of E. faecalis ATCC 51575 (VanB) incubated overnight with
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=3).
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Figure 7.10 Flow cytometry analysis of E. faecalis ATCC 29212 (drug sensitive) and E. faecalis
ATCC 51299 (VanB) incubated overnight with 1 mM D-Laclick with varying vancomycin
concentrations followed by CuAAC with 6-FAM azide. All data are represented as mean +SD (n =
3).

7.3.3 Analysis of D-Laclick in E. Faecium

We next examined the ability of D-Laclick to probe cell wall remodeling in the
VanA-typed enterococci. Interestingly, E. faecium (VanA-typed VRE) cells treated with D-
Laclick labeled poorly in the absence and presence of vancomycin (Figure 7.11). We
hypothesize that the low fluorescence signals in D-Laclick-treated E. faecium (VanA) was
a result of carboxypeptidase activity (surface-bound carboxypeptidases or VanY-mediated
hydrolysis), which can release the terminal position on the PG stem peptide. Hydrolysis of
the terminal D-Lac (and D-Laclick) on the PG precursor or mature PG would,
consequently, function to reduce handles for fluorophore conjugation. It has been
previously  shown that VanA-typed VRE have reduced Ilevels of

pentapeptides/pentadepsipeptide (59% in total) intracellular PG precursors compared to
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VanB-typed VRE (94% in total).?” Next, we deduced that our synthetic cell wall analogs
could provide a unique opportunity to readily visualize VRE induction. For facile
interpretation of the results, we modified our assay to include bright chromophores in the
labeling step with the goal of facilitating visual inspection. Following a similar labeling
procedure as before, a marked color difference was observed in E. faecalis (VanB) cells in

a vancomycin-dependent manner (Figure 7.12).
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Figure 7.11 Flow cytometry analysis of E. faecium ATCC BAA-2317 (VanA) and E. faecalis ATCC
51299 (VanB) incubated overnight with 1 mM D-Laclick (+/- 16 ug/mL vancomycin) followed by
CuAAC with 6-FAM azide. All data are represented as mean +SD (n = 3). P values were generated
by an unpaired, two-sided t-test using GraphPad Prism 5 and P values are indicated (*P<0.05,
**P<(0.01, ***P<0.001, ****P<0.0001, and NS, not significant).
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Figure 7.12 Cartoon representation showing how VRE cells can be metabolically labeled with
synthetic cell wall precursors to reveal resistance induction to vancomycin.

7.3.4 Kinetics of Cell Wall Remodeling

The role of the stereochemistry of D-Lac was evaluated by synthesizing the
enantiomeric L-Laclick. As expected, VRE cells treated with L-Laclick displayed 8-fold
lower cellular fluorescence relative to D-Laclick treated cells upon exposure to
vancomycin (Figure 7.13A). To gain further insight into the cell wall remodeling dynamics
in VRE, we focused on two critical phases in VRE cellular response to vancomycin:
induction and persistence of cell wall remodeling (Figure 7.13B). Induction refers to the
time it takes for bacteria to shift their PG biosynthesis towards vancomycin-insensitive
building blocks, while persistence is the time it takes for the drug-resistant phenotype to

revert back to a vancomycin-sensitive state. Specifically, we set out to empirically
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determine the kinetics in these two phases using live VRE cells. Based on our PG piracy
strategy, we anticipated that it would be possible to monitor VRE cell wall alteration with
unprecedented temporal resolution. Genetic methods were previously employed to monitor
transcription activation®®, GFP production,? and PG precursor composition.*° E. faecalis
(VanB) cells were treated with D-Laclick and allowed to grow and divide in order to pre-
load cells with reporter D-Lac. Vancomycin was supplemented to the culture media and
cellular fluorescence was measured every fifteen minutes for several hours (Figure 7.13C).
Within 75 minutes following treatment, statistically significant differences in fluorescence
labeling were observed. From these results, it was evident that VRE cells have evolved to
alter PG composition rapidly when challenged with the antibiotic vancomycin. The

persistence phase is similarly short-lived as
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Figure 7.13 Stereochemistry, induction, and persistence kinetic analysis. (a) Flow cytometry
analysis of E. faecalis (VanB) incubated overnight with 1 mM D-Laclick or 1 mM L-Laclick (+/-
16 pg/mL vancomycin) followed by CuAAC with 6-FAM azide. (b) Schematic diagram showing
the two phases analyzed of VRE in response to vancomycin. Flow cytometry analysis of E. faecalis
VanB induction (c¢) and persistence (d) in response to vancomycin. E. faecalis cells were treated
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with D-Laclick (1 mM) and collected at various time points and fluorescently labeled with 6-FAM
azide by CuAAC. Data are represented percent change from time of vancomycin addition and
obtained as mean +/- SD (n = 3).

demonstrated by the change in cellular labeling within 60 minutes following removal of
vancomycin (Figure 7.13D). Kinetics of PG alterations were consistent with those found
for gene activation, protein production, and precursor levels, an indication that these
processes are tightly linked to streamline the wholesale phenotypic change. Together, these
results highlight the dynamic nature of cell wall remodeling in response to an external
stimuli and the rapid response in the wholesale alteration of a key cellular building block.

7.3.5 Vancomycin Variants and Pathway Activation

With a VRE probe in hand operating within a specific resistance-phenotype, we set
out to evaluate D-Lac induction using chemically altered vancomycin derivatives (Figure
7.14A). Aglycon-vanc is devoid of the disaccharide moiety, which does not participate in
D-Ala-D-Ala binding and maintains antimicrobial activity.*! Desleucyl-vanc is chemically
stripped of the crucial binding motif for D-Ala-D-Ala but retains the ability to inhibit
transglycosylation.*? E. faecalis (VanB) exposed to vancomycin derivatives were probed
for VanB activity induction using D-Laclick (Figure 7.14B). Only vancomycin and
aglycon-vanc (the two variants that retain D-Ala-D-Ala binding) exposure led to a
significant reduction in cellular fluorescence, consistent with findings by Kahne and co-
workers.> These results indicate that D-Ala-D-Ala binding by vancomycin- like agents
may be a requirement for vanS-dependent induction in VanB, as previously suggested.*
To examine induction by antibiotics further, an additional panel of seven antibiotics was
assessed that encompassed a range of PG biosynthesis inactivators (Figure 7.14C). From

this set, vancomycin was the only antibiotic to induce cell wall remodeling, in agreement
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with the elevated susceptibility of VanB organisms to the other six agents and in agreement
with previous reports.?*3-3¢ These results demonstrate that D-Laclick represents a reliable
and quantitative phenotypic readout on cell wall remodeling in VanB-type VRE. Unlike
minimal inhibitory concentration examinations, which are sensitive to
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Figure 7.14. Induction of VanB ligase with vancomycin derivatives. (A) Chemical structure of
vancomycin and chemical derivatives. (B) Flow cytometry analysis and VanB ligase activity of E.
faecalis (VanB) incubated overnight with 1 mM D-Laclick (+/- 16 pg/mL vancomycin variants)
followed by CuAAC with 6-FAM azide. All data are represented as mean + SD (n = 3). Flow
cytometry analysis of E. faecalis (VanB) incubated overnight with D-Laclick with various
concentrations of antibiotics, followed by CuAAC with 6-FAM azide. Shading is internally
calibrated within each set with darker red representing elevated induction. ND = not determined
due to lack of cell viability.

any mode of cellular disruption, our probe directly reports on the structural alteration in
live VRE cells in response to agents that induce the resistant-phenotype. We anticipate that
this strategy could prove useful in dissecting structural components of antibiotics
responsible for VanB-activation. Finally, we deduced that our synthetic cell wall analogs

could provide a unique opportunity to readily visualize VRE induction.
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7.4 Conclusions

We have designed and synthesized an unnatural cell wall precursor to gain access
to the PG biosynthesis of VRE. This reporter molecule mimics the substrate of a key ligase
that operates in altering the chemical structure of Lipid II. Our results showed that the
reporter molecule D-Laclick can be leveraged to reveal cell wall remodeling dynamics in
live VRE cells. We anticipate that the development of chemical tools to systematically
characterize cell wall biogenesis in drug-resistant bacteria will directly contribute to our
understanding of the molecular mechanisms underpinning bacterial pathogenesis and drug
resistance. Most significantly, these activity-based probes may pave the way for the design
of novel antibiotic and diagnostic modalities. In the future, we will target additional
enzymatic pathways that work in concert with ligases in VRE to formulate a
complementary tool to study drug resistance.

7.5 Materials and Methods

All peptide related reagents (resin, coupling reagent, deprotection reagent, amino acids,
and cleavage reagents) were purchased from ChemlImpex. FAM (fluorescein) azide 6-
isomer, sulfo-cyanine3 azide and were purchased from Lumiprobe. Vancomycin
hydrochloride was purchased from AK Scientific. All other reagents were purchased from
Sigma and were used without further purification. Bacterial strains used for these

experiments were:
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Strain Growth Media
Vancomycin Enterococcus faecalis ATCC Brain Heart Infusion Broth
Resistant 51299 (VanB) (BHI)
Enterococcus faecium ATCC BBL Trypticase Soy Broth
BAA-2317 (VanA) (TSB)
Enterococcus faecalis ATCC Brain Heart Infusion Broth
51575 (VanB) (BHI)
Vancomycin Enterococcus faecalis ATCC Brain Heart Infusion Broth
Sensitive 29212 (BHI)

Copper-catalyzed azide-alkyne cycloaddition (CUAAC) cell surface labeling. For all
experiments with azide-alkyne click chemistry, the following fluorophore labeling protocol
was used after fixation of cells. Cells were suspended in half the volume of the original
culture with 1x PBS. The reagents were added in the following order for final
concentrations of 1 mM CuSOs4, 128 uM THPTA, 1.2 mM L-ascorbic acid (freshly
prepared) and 30 uM fluorescein azide 6-isomer. The reactions were performed at ambient
temperature for 1 h with shaking. After washing, samples were analyzed using a BDFacs
Canto Il flow cytometer using a 488nm argon laser (L1) and a 530/30 band-pass filter
(FL1). A minimum of 10, 000 events were counted for each data set. The data was analyzed
using the FACSDiva version 6.1.1.

D-Laclick/L-Laclick Labeling. TSB or BHI medium containing 1 mM D-Laclick or L-
Laclick were prepared with or without 16 ug/mL vancomycin hydrochloride. Enterococcus
faecalis ATCC-51299 (VanB) or Enterococcus faecalis ATCC-51575 (VanB) were added
to the BHI medium (1:100) and Enterococcus faecium ATCC BAA-2317 (VanA) to the
TSB medium and allowed to grow overnight at 37 °C with shaking. The bacteria were
harvested at 6,000g and wash three times with original culture volume of 1x PBS followed
by fixation with 2% formaldehyde in 1x PBS for 30 min at ambient temperature. The cells

were washed once more to remove the formaldehyde and CuAAC was performed. The

146



cells were washed three times with 1x PBS and analyzed using a BDFacs Canto Il flow
cytometer using the previously stated parameters.

Vancomycin Concentration Scan with D-Laclick. BHI medium containing 1 mM D-
Laclick was prepared. To that medium was added vancomycin hydrochloride for final
concentrations of 0.5, 1, 2, 4, 8, 10, 12, 14, or 16 ug/mL. Enterococcus faecalis ATCC
51299 (VanB) was added to the corresponding medium (1:100) and allowed to grow
overnight at 37 °C with shaking. The bacteria were harvested at 6,000g and wash three
times with original culture volume of 1x PBS followed by fixation with 2% formaldehyde
in 1x PBS for 30 min at ambient temperature. The cells were washed once more to remove
the formaldehyde and CUAAC was performed. The cells were washed three times with 1x
PBS and analyzed using a BDFacs Canto Il flow cytometer using the previously stated
parameters. For fluorescent imaging confocal microscopy, the cells were analyzed on a
glass slide using a B-2E/C filter (ex 465-495/em 515-555). For confocal microscopy, a
Nikon Eclipse Ti-E was used with 488nm-excitation and 505-550 band pass emission filter
for FITC.

Peptidoglycan Digestion/Lysozyme Treatment of Labeled Peptidoglycan. BHI
medium containing 1 mM D-Laclick with or without 16 ug/mL vancomycin hydrochloride,
along with BHI medium containing 1 mM D-propargylglycine (D-Pra) were prepared.
Enterococcus faecalis ATCC-51299 (VanB) or Enterococcus faecalis ATCC-51575
(VanB) were added to the BHI medium (1:100) and allowed to grow overnight at 37 °C
with shaking. The bacteria were harvested at 6,000g and wash three times with original
culture volume of 1x PBS followed by fixation with 2% formaldehyde in 1x PBS for 30

min at ambient temperature. The cells were washed once more to remove the formaldehyde
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and CuAAC was performed. The cells were washed three times with 1x PBS. The bacteria
were resuspended in 1x PBS containing 500 ug/mL lysozyme (MP biomedicals) and
incubated at 37°C. A portion of the cells were taken at 1, 5, 30, 60, 120, and 180 min. At
each time point, the collected bacteria were washed three times with 1x PBS and
resuspended in a final solution of 1x PBS containing 4% formaldehyde to quench the
lysozyme reaction. The cells were analyzed using a BDFacs Canto Il flow cytometer using
the previously stated parameters.

D-Pra vs D-Laclick labeling of Enterococci. BHI medium containing 1 mM D-
propargylglycine (D-Pra) or D-Laclick with or without 16 ug/mL vancomycin
hydrochloride were prepared. Enterococcus faecalis ATCC-51299 (VanB) or
Enterococcus faecalis ATCC-51575 (VanB) were added to the BHI medium (1:100) and
allowed to grow overnight at 37 °C with shaking. The bacteria were harvested at 6,000g
and wash three times with original culture volume of 1x PBS followed by fixation with 2%
formaldehyde in 1x PBS for 30 min at ambient temperature. The cells were washed once
more to remove the formaldehyde and CuUAAC was performed. The cells were washed
three times with 1x PBS and analyzed using a BDFacs Canto 11 flow cytometer using the
previously stated parameters.

VanB Ligase Protein Purification. Purification of VanB ligase was performed in BL21
E. coli containing plasmid VVanB_pET-28a(+) encoding the His-tagged VanB ligase. The
BL21 E. coli were grown at 37°C in LB broth (2 L) containing 50 ug/mL kanamycin until
the ODgoonm Was 0.6. At that point, isopropyl-D-thiogalactopyranoside (IPTG) was added
for a final concentration of 1 mM, and incubated for an additional 2 h. Bacteria were

harvested at 4000g, washed two times with 1x phosphate buffered saline (PBS), and
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resuspended in 100 mL lysis buffer (50 mM Na:HPOa, 300 mM NaCl, 1 mM Imidazole, 1
mM DTT, 1x Halt Protease inhibitor cocktail, pH 8.0). The sample was sonicated for 15
min at 4°C. Lysed cells were centrifuged at 20,0009 for 30 min at 4°C. All the following
steps were performed at 4°C. The supernatant was applied to a 1 mL agarose Ni-NTA
column equilibrated with lysis buffer. The column was washed with 25 mL of buffer
containing 50 mM NaxHPO4, 300 mM NaCl, 1 mM Imidazole (pH 8.0), followed by 25
mL of each of the following four buffers containing 50 mM Na;HPOs, 300 mM NaCl (pH
8.0) with increasing concentrations of imidazole (5, 10, 50, 250 mM). His-tagged VanB
ligase was eluted with buffer containing 250 mM imidazole. The purified protein was
dialyzed with an Amicon Ultra Centrifugal Filter Unit with a 30 kDa molecular weight
cutoff at 40009 against the ligase assay buffer containing 50 mM HEPES, 10 mM MgCl_,
10 mM KCI (pH 7.5). The final protein stock was stored at -20°C in 20% glycerol. Sodium
dodecyl sulfate-polyacrylamide (SDS) gel electrophoresis was carried out on a 15%
polyacrylamide gel with standard proteins (11-245 kDa, New England Biolabs). Proteins
were stained with 0.25% Coomassie blue in 50% methanol-10% acetic acid for 30 min at
room temperature, destained with 50% methanol-10% acetic acid for 2 h, and imaged using
a Bio-Rad imaging system.

In Vitro VanB Ligase Reaction and Analysis. VanB ligase conditions were performed at
10 mM D-alanine, 100 mM D-lactic acid or D-Laclick, 50 mM adenosine triphosphate
(ATP), and 50 uM purified VanB ligase in buffer condition of 50 mM HEPES, 10 mM
MgCl, and 10 mM KCI (pH 7.5). Controls for ligase activity were the absence of VanB
and VanB ligase boiled for 15 min prior to incubation to inactivate the enzyme. The

reactions were shaken for 16 h at room temperature. Analysis of the reaction was done by
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product fluorophore conjugation and LC-MS. After 16 h, a portion of the reaction (50 uL)
was collected and added 25 uL 4-Fluoro-7-Nitrobenzofurazan (NBD-F) (1% in
acetonitrile) and 10 uL of 1 M sodium bicarbonate. The mixture was incubated at 37 °C for
20 min. After 20 min, dH20 (500 uL) and ethyl acetate (500 uL) were added and mixed.
The aqueous layer was retained and acidified with 30 uL of 1 M HCI, followed by addition
of ethyl acetate (500 uL) and mixing. The organic layer was concentrated in vacuo, residue
resuspended in dH20O, and analyzed by a Shimadzu LCMS-2020. Product analysis was
done using a phenomenex nucelosil, 5u C18 120A, 250 x 3.20 mm column using solvent
A-H20 (0.05% formic acid) and solvent B-acetonitrile (0.05% formic acid) at a flow rate
of 0.20 mL/min monitoring at 460 nm. The following gradient condition was used: 0-10
min 0% B, then ramped to 100% B from 10 to 50 min. All mass spectrometry was analyzed
in the negative mode.

Dipeptide Labeling of Peptidoglycan. BHI medium containing 1 mM D-Ala-D-Laclick,
D-Ala-L-Laclick, D-Ala-D-Pra, or D-Ala-L-Pra with or without 16 ug/mL vancomycin
hydrochloride were prepared. Enterococcus faecalis ATCC-51575 (VanB) was added to
the BHI medium (1:100) and allowed to grow overnight at 37 °C with shaking. The bacteria
were harvested at 6,000g and wash three times with original culture volume of 1x PBS
followed by fixation with 2% formaldehyde in 1x PBS for 30 min at ambient temperature.
The cells were washed once more to remove the formaldehyde and CuUAAC was performed.
The cells were washed three times with 1x PBS and analyzed using a BDFacs Canto 11
flow cytometer using the previously stated parameters.

Induction of VanB ligase. BHI medium containing 1 mM D-Laclick was prepared.

Enterococcus faecalis ATCC-51299 (VanB) was added to the corresponding medium for
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an initial optical density (ODsoo) of 0.2. The cells were incubated at 37 °C with shaking. A
portion of the cells were taken at 0, 15, 30, 45, and 60 min. At 60 min (ODeoo = 0.6) the
culture was split in half and to one sample was added vancomycin hydrochloride for a final
concentration of 4 ug/mL. A portion of the cells were collected at 75, 90, 105, 120, 150,
180, 240, 300, and 360 min. At each of the intervals, the collected cells were washed three
times with 1x PBS followed by immediate fixation with 2% formaldehyde in 1x PBS for
30 min at ambient temperature. The cells were washed once more to remove the
formaldehyde and CUAAC was performed. The cells were washed three times with 1x PBS
and analyzed using a BDFacs Canto Il flow cytometer using the previously stated
parameters.

Persistence of VanB ligase. BHI medium containing 1 mM D-Laclick was prepared with
16 ug/mL vancomycin hydrochloride. Enterococcus faecalis ATCC-51299 (VanB) was
added to the corresponding medium (1:100) and allowed to incubate overnight at 37 °C
with shaking. The following day, the cells were washed to remove the vancomycin and
diluted to optical density (ODsoo) of 0.2 with BHI medium containing 1 mM D-Laclick
with or without 16 ug/mL vancomycin hydrochloride. A sample of cells were collected at
various time points. At each of the intervals, the collected cells were washed three times
with 1x PBS followed by immediate fixation with 2% formaldehyde in 1x PBS for 30 min
at ambient temperature. The cells were washed once more to remove the formaldehyde and
CuAAC was performed. The cells were washed three times with 1x PBS and analyzed
using a BDFacs Canto Il flow cytometer using the previously stated parameters.
Vancomycin Resistant vs Sensitive Enterococci D-Laclick Labeling. BHI medium

containing 1 mM D-Laclick was prepared. To that medium was added vancomycin
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hydrochloride for final concentrations of 0.05, 0.10, 0.25, 0.50, 0.75, 1.0, or 2.0 ug/mL.
Enterococcus faecalis ATCC-51299 (VanB) or Enterococcus faecalis ATCC 29212 was
added to the BHI medium (1:100). The bacteria were allowed to grow overnight at 37 °C
with shaking. The bacteria were harvested at 6,000g and wash three times with original
culture volume of 1x PBS followed by fixation with 2% formaldehyde in 1x PBS for 30
min at ambient temperature. The cells were washed once more to remove the formaldehyde
and CuAAC was performed. The cells were washed three times with 1x PBS and analyzed
using a BDFacs Canto Il flow cytometer using the previously stated parameters.
Vancomycin derivative scan with D-Laclick. BHI medium containing 1 mM D-Laclick
was prepared. The medium was added 16 ug/mL vancomycin, desleucyl-vancomycin, or
aglycon-vancomycin. Enterococcus faecalis ATCC-51299 (VanB) was added to the BHI
medium (1:100). The bacteria were allowed to grow overnight at 37 °C with shaking. The
bacteria were harvested at 6,000g and wash three times with original culture volume of 1x
PBS followed by fixation with 2% formaldehyde in 1x PBS for 30 min at ambient
temperature. The cells were washed once more to remove the formaldehyde and CUAAC
was performed. The cells were washed three times with 1x PBS and analyzed using a
BDFacs Canto Il flow cytometer using the previously stated parameters.

Antibiotic scan with D-Laclick. BHI medium 1 mM D-Laclick was prepared. Various
antibiotics (vancomycin, teicoplanin, bacitracin, flavomycin, chlorohexidine, D-
cycloserine, and ampicillin) were added for final concentrations of 0.25, 0.50, 1, 2, 4, 8, or
16 ug/mL. Enterococcus faecalis ATCC-51299 (VanB) was added to the BHI medium
(1:100). The bacteria were allowed to grow overnight at 37 °C with shaking. The bacteria

were harvested at 6,000g and wash three times with original culture volume of 1x PBS
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followed by fixation with 2% formaldehyde in 1x PBS for 30 min at ambient temperature.
The cells were washed once more to remove the formaldehyde and CuAAC was performed.
The cells were washed three times with 1x PBS and analyzed using a BDFacs Canto 1l
flow cytometer using the previously stated parameters.

Visualization VanB Ligase Induction. BHI medium containing 1 mM D-Laclick was
prepared with or without 16 ug/mL vancomycin hydrochloride. Enterococcus faecalis
ATCC-51299 (VanB) was added to the BHI medium (1:100). The bacteria were allowed
to grow overnight at 37 °C with shaking. The bacteria were harvested at 6,000g and wash
three times with original culture volume of 1x PBS and CuUAAC was performed using
sulfo-cyanine3-azide. The bacteria were washed three times with 1x PBS and images were

taken of the cell pellets.
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Chapter 8

L,D-transpeptidase Specific Probe Reveals Spatial Organization of

Peptidoglycan Crosslinking

8.1 Abstract
Peptidoglycan (PG) is a crosslinked, mesh-like scaffold endowed with the strength

to withstand the internal turgor pressure of bacteria. Crosslinking of peptide chains within
PG is an essential process and its disruption thereof underpins the potency of several
classes of antibiotics. Two primary crosslinking modes have been identified that are carried
out by D,D-transpeptidases and L,D-transpeptidases (Ldts). The nascent PG from each
enzymatic class is structurally unique, which results in different crosslinking
configurations. Recent advances in PG cellular probes have been powerful in advancing
the understanding of D,D-transpeptidation by Penicillin Binding Proteins (PBPs). In
contrast, no cellular probes have been previously described to directly interrogate Ldt
function in live cells. Herein, we describe a new class of Ldt-specific probes composed of
structural analogs of nascent PG, which are metabolically incorporated into the PG scaffold
by Ldts. With a panel of tetra- and penta-peptide PG stem mimics, we demonstrated that
subtle modifications such as amidation of iso-Glu can control PG crosslinking. Ldt-probes
were applied to quantify and track the localization of Ldt activity in Enterococcus faecium,
Mycobacterium smegmatis, and Mycobacterium tuberculosis. Most importantly,
simultaneous labeling of bacterial cells with D,D- and L,D-specific markers revealed spatial
distribution of Ldt and PBP crosslinking across the PG scaffold. These results suggest that
Ldt crosslinking may have distinct functions that work in concert with PBP crosslinking to
assemble the PG scaffold. We anticipate that unraveling the interplay between Ldts and

PBP crosslinking may guide drug regimen and establish new drug targets.
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8.1 Introduction
Bacterial cell walls are the frontline in controlling how bacteria interact with their

environment (or host organisms) and serve to counter high internal turgor pressure.
Peptidoglycan (PG), a primary component of bacterial cell walls, is an essential scaffold
that provides physical and mechanical stability to bacterial cells (Figure 8A) 1. Despite
the large diversity in bacterial shapes and cell wall configurations, the overall primary PG
structure remains relatively constant by having two major structural components. The
backbone glycan chain is assembled with disaccharide building blocks that are composed
of N-acetyl-glucosamine (GIcNAc) and N-acetyl muramic acid (MurNAc). A penta-
peptide chain (stem peptide) is attached to MurNAc via its N-terminus. Although there are
variations within the stem peptide sequence between bacteria, the canonical sequence is L-
Ala-D-GIx-(L-Lys/m-DAP)-D-Ala-D-Ala.

A growing body of evidence points to the fact that PG undergoes extensive
chemical remodeling — both in the glycan and peptide segments — in order to refine its
chemical and physical properties 4. Modifications include the N-glycolylation of muramic
acid in the glycan backbone 7, O-acetylation &°, or amidation of D-glutamate and -DAP in
the peptide side chain °. These modifications are critical for the proper integrity and
architecture of the PG scaffold. In addition, PG remodeling can have significant influences
on drug sensitivity ¥4 interaction with PG sensors on cell surfaces > and host-
microbiota interaction *"*2°, The most prominent chemical change to nascent PG scaffold
involves covalent crosslinking of neighboring stem peptides by membrane-anchored
transpeptidases. Cell wall crosslinking is essential to bacteria as its inhibition represents a

primary mode of action for some of the most potent antibiotics in clinical use. Covalent
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PG crosslinks greatly enhance cell wall strength and define the porosity of this scaffold.
Crosslinking levels can vary considerably, ranging from 20-90% depending on the
organism 2122,

The primary function of PG transpeptidation is to generate an amide bond between
the sidechain of a stem peptide to the C-terminus of an adjacent stem peptide. Two main
classes of enzymes are responsible for PG crosslinking: D,D-transpeptidases and L,D-
transpeptidases (Ldts). D,D-transpeptidation reactions are carried out by various Penicillin
Binding Proteins (PBPs) and are considered to be the predominant mode of PG crosslinking
for several classes of bacteria (Figure 8.1A) . A new class of PG transpeptidases, Ldlts,
was initially identified in Enterococcus hirae 2% but the enzyme itself was first
characterized more recently in Enterococcus faecium 22, Since its discovery, Ldts have
been shown to be operative in a large number of organisms including Bacillus subtilis 2°,

Mycobacterium tuberculosis ?, Clostridium difficile 28, and Escherichia coli ?°.
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Figure 8.1 (A) PG crosslinking modes associated with Ltds and PBPs. (B) A synthetic mimic of
the stem peptide modified with a fluorescent handle (green hexagon) is covalently incorporated
within growing PG scaffold. First, a terminal D-Ala residue is removed by Ltd, leading a covalent
intermediate. Second, this acyl-donor is captured by the 3™ position amino acid within existing PG
thus leading to its crosslinking with PG and generating a measurable fluorescent signal.
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There are structurally subtle but functionally important differences between PBP
TPs and Ldts. Despite having similar enzymatic functions, the two enzymes have no
primary sequence homology. Indeed, Ldts have no similarity to proteins currently in the
protein database **. PBP TPs crosslink PG stem peptides by first removing terminal D-Ala
residues on penta-peptide substrates to form covalent intermediates (Figure 8.2). A
neighboring nucleophilic amino group from the 3™ position (L-Lys or m-DAP, depending
on the bacterial class) captures the acyl intermediate to generate a 4-3 crosslink. The main
variation between PBPs and Ldts is that Ldts generate 3-3 crosslinks between PG stem
peptides because its substrates are tetra-peptides (Figure 8.1B). As the enzyme name
implies, Ldts substrates are not terminated as D,D-stereocenters, but instead as L,D-
stereocenters 42> A majority of bacterial PGs are composed of mostly 4-3 crosslinks,
with some organisms having a minor component of 3-3 crosslinks. A prominent exception
is mycobacterial PG, which is composed of mostly 3-3 crosslinks 334, In the case of drug-
sensitive E. faecium, the PG scaffold is composed of mostly 4-3 crosslinks yet both PBPs
and Ldts are expressed %. Exposure of E. faecium to either ampicillin or vancomycin
results in a shift to 3-3 crosslinks for two different reasons. In vancomycin resistant
enterococci (VRE) cells, vancomycin treatment leads to the truncation of the penta-peptide
on lipid 11 %68, Tetra-peptide is a substrate for Ldts but not PBPs, resulting in higher levels
of 3-3 crosslinks. In ampicillin-resistant E. faecium, inactivation of PBPs is compensated

by shifting crosslinking substrates from penta-peptide to tetra-peptide 2>3°,
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Figure 8.2 L,D-transpeptidase (Ldt) vs D,D-transpeptidase (DD-TPs) crosslinking reactions (A).
A neighboring amino group from the 3™ position (ex. m-Dap) captures the acyl intermediate created
by the tetrapeptide substrate of Ldts to generate a 3-3 crosslink. (B) A neighboring amino group
from the 3™ postion (ex. m-Dap) captures the acyl intermediate created by the pentapeptide
substrate of DD-TPs to generate a 4-3 crosslink.
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PG biosynthesis is initiated in the cytosolic space where a series of enzymatic
transformations produce lipid 11, a lipid-linked disaccharide penta-peptide precursor 23,
Lipid Il is then translocated across the cytoplasmic membrane and nascent PG is integrated
into the existing cell wall by the combination of transglycosylases and TPs. Both steps are
critical for proper PG assembly as evidenced by the fact that disruption of these processes
can be lethal to bacterial cells. There are two major classes of PG TPs, namely PBPs TPs
and Ldts. Both classes play important roles in the assembly of the PG scaffold, although it
is unclear whether they are functionally redundant or assume specialized roles. The
emergence of single D-amino acid PG probes has been fundamental in advancing live cell
PG fluorescence analysis 4%, As examples of these advances, the presence of PG in
Chlamydia trachomatis was established “ and treadmilling by FtsZ filaments was shown
to drive PG synthesis 4. Prior studies have demonstrated that structural mimicry of
nascent PBP substrates result in PG incorporation in vitro °° and in live bacterial cells 552,
Also, during the preparation of our manuscript it was shown, in vitro, that Ldts mediate
crosslinking of synthetic Ldt substrates *3. In contrast, there are currently no probes to tag
and visualize Ldts in live cells. We assembled synthetic substrate of Ldt to specifically
interrogate Ldt activity and isolate this crosslinking mode from PBP TPs.

Despite the fundamental importance of PG crosslinking to the growth and division
of bacterial cells, key questions remain unanswered about specific processes. These
questions include: Are both modes of TP operative at the same time in certain organisms?
How are PBP TPs and Ldts organized spatially within a cell? How do structural
modifications within the stem peptide control PG crosslinking? Answers to these questions

can greatly enhance our current understanding of PG biosynthetic control and dynamics.
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Towards these goals, we hypothesized that we can disentangle the two primary modes of
cell wall crosslinking in live bacterial cells using synthetic nascent PG analogs. We built
mimics of the substrate stem peptides for both PBP TPs and Ldts that could serve as
surrogates for the endogenous PG substrate in PG crosslinking, thereby becoming
covalently imbedded within the PG scaffold in live bacteria (Figure 8.1B). Structural
mimicry of the substrates for both TPs served to reveal patterns of PG crosslinking in live
cells that were previously unknown and may be implications of the role that Ldts play in
complementing the PG-biosynthetic machinery.

8.3 Results and Discussion

8.3.1 Incorporation of Tetra- and Penta-peptide Probes

We anticipated that Ldt crosslinking of PG could be quantified by conjugating a
fluorescent handle onto the N-terminus of the tetra-peptide PG mimic. Treatment of
bacterial cells with the fluorescently tagged stem peptides should lead to their covalent
incorporation into the expanding PG scaffold during cell growth (Figure 8.2A). Cellular
fluorescence is subsequently quantified using flow cytometry and fluorescence levels
should correlate with PG crosslinking of synthetic stem peptide mimics. At first, two
synthetic stem peptide mimics were synthesized: TetraFl and PentaFl (Figure 8.2B). Both
peptides are structurally similar except for the additional terminal D-Ala in PentaFl, which
mimics the endogenous substrates of PBP TPs. Drug-sensitive E. faecium cells (WT) at
low cell densities (ODsoo ~ 0.05) were treated with either TetraFl or PentaFl and
fluorescence levels were measured after 16 h. In the absence of synthetic stem peptides,
background cellular fluorescence levels were low (Figure 8.2C). Cellular treatment with

TetraFl led to a ~210-fold fluorescence increase over background and ~5.5-fold over
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PentaFl. Higher labeling levels for TetraFl relative to PentaFl in E. faecium (WT) likely
reflects either a higher overall catalytic efficiency by Ldts or a greater flexibility by Ldts
in tolerating synthetic stem peptide mimics. No apparent effect on cell growth and
morphology was observed. These initial results represent the first example of live cell

imaging of Ldt activity.
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Figure 8.3 (A) Schematic diagram delineating incorporation of synthesized fluorescent Ldt
substrate and incorporation into bacterial PG. (B) Chemical structure of fluorescein-
modified tetra-peptide (TetraFl) and penta-peptide (PentaFl) PG stem mimics. (C) Flow
cytometry analysis of E. faecium (WT and drug resistant strain) treated overnight with 100
UM TetraFl or PentaFL. Data are represented as mean + SD (n = 3).

Interestingly, Ldt-mediated labeling was detected despite the expected low (<2 %)

abundance of 4-3 crosslinks in drug-sensitive E. faecium . In contrast, PG from drug-
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resistant E. faecium was previously shown to be composed almost entirely of 3-3 crosslinks
(99%). The difference in PG composition between drug resistant and drug sensitive E.
faecium is controlled entirely at the substrate level, not by the expression of Ldts >*. In fact,
Ldt was previously shown to be constitutively expressed in both drug-resistant and -
sensitive strains to similar levels *. Fluorescence levels were higher for both probes in the
drug-resistant strain, which may reflect additional controls in TP crosslinking modalities
besides protein expression levels (Figure 8.2C). Similar trends were found for an additional
drug-sensitive and drug-resistant strain of E. faecium further confirming our general

strategy of labeling cell surfaces with Ldt analogs (Figure 8.3).
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Figure 8.4 Flow cytometry analysis of additional E. Faecium strains ATCC BAA-2317
(VanA) and ATCC BAA-2127 (drug sensitive) incubated overnight with 100 uM TetraFlI
or PentaFl. Data are represented as mean + SD (n = 3).
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8.3.2 Structural Variations of Stem Peptide

Having established the feasibility of labeling cell surfaces with synthetic stem
peptide analogs of Ldt substrates, we set out to extensively map how structural variations
can impact crosslinking by surface-bound TPs. Variations of the tetra-peptide sequence
were installed within four strategic sites: C-terminus (acid/amide), terminal residue(s) (D-
Ala/L-Ala), second position (iso-GlIn/iso-Glu), and third position (L-Lys/acetylated L-Lys).
Each variation was designed to interrogate specific aspects of substrate recognition by TPs.
For the tetra-peptide series, the stereospecificity was evaluated first by cell treatment with
TetraFI-2 — a variant that has a terminal L-Ala (Figure 8.4A). Cellular fluorescence levels
were reduced to near background levels, thus indicating a strong selection for the correct
stereocenter at the terminal Ala position. In TetraFI-3, the 3" position Lys residue is
acetylated to block any potential acyl-transfer reaction to this nucleophilic site. While there
was a ~2.3-fold decrease in fluorescence, labeling levels suggest contribution of the
synthetic step peptide as an acyl-acceptor. The introduction of a carboxylic acid at the
second position iso-Glu (TetraFl-4), instead of iso-GlIn, resulted in a 4.5-fold decrease in
surface labeling, a finding that is consistent with recent in vitro analysis that showed
reduction in crosslinking °3. Amidation of the C-terminus (TetraFI-5) also led to decreased
levels of cell surface labeling, which points to a preference for the endogenous carboxylate

at the stem peptide terminus.
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Figure 8.5 Flow cytometry analysis of E. faecium (drug resistant) treated overnight with 100 uM
of tetra-peptide or penta-peptide with variations. Data are represented as mean + SD (n = 3).
Chemical series of tetra-peptides and penta-peptides with variations at the C-terminus (acid/amide),
terminal residue(s) (D-Ala/L-Ala), second position (iso-GlIn/iso-Glu), and third position (L-
Lys/acetylated L-Lys).
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A similar panel of stem peptide variants was built for the penta-peptide probes
(Figure 8.4B). Overall, the trends were mostly consistent with the tetra-peptide probes
including the stereoselectivity at both the fourth and fifth position. It is interesting that

these trends are similar despite the lack of structural similarities between PBP TPs and
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Ldts. It is worth noting that we were able to recapitulate in E. faecium the in vitro
demonstration that the lack of amidation of iso-Glu results in greatly diminished
crosslinking by PBPs from Enterococcus faecalis, Streptococcus pneumoniae, and
Staphylococcus aureus (S. aureus) (PentaFl-6) 3159%  |dentical patterns of cellular
labeling were observed in a second strain of E. faecium across the panels of tetra- and
penta-peptide probes (Figure 8.5), thus reconfirming the necessity for amidation at iso-Glu.
A recent CRISPRI phenotype screen identified that deletion of the enzymes responsible for
the amidation of iso-Glu (MurT/GatD) is lethal, which may reflect the lack of PG
crosslinking in the absence of iso-Glu amidation 6. Together, these results reveal how
subtle changes to the stem peptide structure can potentially control PG crosslinking levels

in live bacterial cells and confirm that MurT/GatD may be a promising antibiotic target.
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Figure 8.6 Flow cytometry analysis of E. Faecium (D344s) incubated overnight with 100
UM tetrapeptide or pentapeptide with variations (see Figure 8.5). Data are represented as
mean + SD (n = 3).
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8.3.3 Antibiotic Effects of Crosslinking

Next, we set out to evaluate how PG crosslinking modes may be affected by various
antibiotics in M9 (a multi-drug resistant strain of E. faecium) (Figure 8.6). Initially, we
evaluated two B-lactam agents: ampicillin and meropenem. Whereas ampicillin is not
known to inhibit Ldts, meropenem (along with other carbapenems) has been shown to
inhibit both PBPs and Ldts >"°8. At low concentrations (0.05 pg/mL) of meropenem no
change in cellular fluorescence was observed. As expected, treatment at higher
concentrations (16 pg/mL) led to reduction in both TetraFl and PentaFl cell labeling.
Despite the reduction in cellular fluorescence to basal fluorescence levels, bacterial cells
grew similar to untreated cells (MIC ~18 pug/mL). Most interestingly, there was a near 2-
fold increase in TetraFl-labeling upon treatment with 16 pg/mL of ampicillin. A similar
trend was also observed in a VanA-resistant E. faecium strain. Inclusion of asparagine onto
the lysine sidechain of TetraFl, which is a closer mimic of E. faecium PG, also
demonstrated an ampicillin-induction in surface labeling (Figure 8.7). These results
suggest that there may be an adaptation response by E. faecium cells when challenged with
ampicillin. Bacteria are armed with a number of strategies that allow them to respond to
potentially toxic agents, which can be the basis for drug-resistant phenotypes *°. In fact,

inducible antibiotic responses have been previously described in enterococci -4,
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Figure 8.7 (A) Flow cytometry analysis of E. faecium (M9) treated overnight with 100 uM TetraFlI
or PentaFI with or without ampicillin/meropenem. Data are represented as mean + SD (n = 3). (B)
E. faecium (M9) treated with 100 uM TetraFI with 16 pg/mL ampicillin, 8 pg/mL meropenum, or
DMSO at early log phase. Cells were collected at various time points and analyzed by flow
cytometry. Data are represented as mean + SD (n = 3). (C) Flow cytometry analysis of E. faecium
(M9) treated overnight with 100 uM TetraFI (blue bars) or PentaFl (orange bars) and increasing
concentrations of ampicillin, amoxicillin, vancomycin, or erythromycin. Data are represented as
mean + SD (n = 3).
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8.3.4 Kinetics of Stem Peptide Probe Incorporation

To gain further insight into the induction of TetraFl-labeling, a time-course
analysis was performed (Figure 8.6B). E. faecium cells from early log (ODgoo ~ 0.05) were
treated with ampicillin, meropenem, or DMSO and co-incubated with TetraFl. Within 60
minutes, there was a significant difference in fluorescence between DMSO and ampicillin
treated cells that became greater over the next three hours. These results suggest that
induction of TetraFI-labeling was observable through the log phase of growth. Finally, we
performed a comprehensive concentration-dependency analysis of both TetraFl and
PentaFl in the presence of eight antibiotics (Figure 8.6C and Figure 8.8). Two agents from
the penicillin-class of B-lactams (ampicillin and amoxicillin) yielded similar patterns of
response: a concentration-dependent increase in TetraFI labeling and decrease in PentaFl
labeling. Critically, reduction in fluorescence levels of bacteria treated with PentaFl

suggests that PentaFl is not being processed by Ldts. Treatment with two antibiotics that
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are not [J-lactams (vancomycin and erythromycin) led to no significant change in
fluorescence across all sub-MIC concentrations. Moreover, both carbapenems tested
(meropenem and imipenem) led to a reduction of both TetraFl and PentaFl labeling
(Figure 8.8). Likewise, there was a decrease upon treatment with a cephalosporin agent
(ceftriaxone), which was previously shown to inhibit Ldt in vitro ¢, but no change with a
monobactam (aztreonam). Together, these results confirm the induction in TetraFl
labeling and also show the sensitivity of PentaFl labeling the majority of []-lactams tested.
We are currently investigating possible response elements that may be responsible for the

observed increase in TetraFI labeling.
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Figure 8.9 Flow cytometry analysis of E. faecium (M9) treated overnight with 100 uM TetraFlI
(blue bars) or PentaFl (orange bars) and increasing concentrations of meropenem, imipenem,
ceftriaxone, or aztreonam. Data are represented as mean + SD (n = 3).
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8.3.5 Localization of Crosslinking Modes

Localization studies were performed next with the two cellular probes that mimic
the substrates of the two primary TPs in bacteria. To differentiate the fluorescence signals
between the tetra- and penta-peptide probes, the fluorescent moiety in TetraFl was
replaced with rhodamine (TetraRh). In addition, a single D-amino acid derivative was
synthesized that yielded Diethyl-Amino-coumarin-D-Alanine (DADA, Figure 8.9). Live
cell treatment of bacterial cells with unnatural \

D-amino acids results in site specific labeling of \/N
PG 40424446498568  GQimjlarly, we had also
established how relaxed substrate specificity by O @)

PG biosynthetic enzymes can be hijacked to O HN

w/

install non-native handles onto bacterial cell A
HoN CO5H
surfaces %98, Treatment of E. faecium cells with

Figure 8.10 Structure of single D-amino
unnatural D-amino acids results in the swapping  acid derivative Diethyl-Amino-
) - coumarin-D-Alanine (DADA).
of the terminal D-Ala on the 5" position of the

penta-peptide, presumably by PBP TPs ™°.

The goal of this experiment was to establish how PG crosslinking modes are
spatially organized within bacterial cells. For these pulse-treatments, all three probes
(TetraRh, PentaFl, and DADA) were simultaneously incubated with E. faecium cells.
Cells from early log phase (ODsoo ~ 0.1) were labeled for 5 minutes and subsequently
imaged by confocal microscopy (Figure 8.10A). PentaFl and DADA labeling were almost

exclusively observed at the septal region of cells. DADA clearly showed septal and split
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equatorial ring labeling 8®!, Quite strikingly, Ldt activity showed a clear difference in
labeling pattern compared to PBP TP activity. TetraRh labeling was prominent at the
septal region but also evenly distributed throughout the entire cell surface. These results
may reflect difference in localization of Ldt activity relative to PBP TP activity in E.

faecium.

TetraRh PentaFl

Figure 8.11 (A) Confocal microscopy image of E. faecium (WT) treated with 5-minute pulse of
500 uM TetraRh, 500 uM PentaFl, and 5 mM DADA. (Scale bar: 1 um). (B) In vivo labeling of
E. faecium in model host. C. elegans were infected with E. faecium for 4 h, washed to remove
noncolonized bacteria, and incubated with 50 uM TetraRh for 2 h. The C. elegans were washed,
anesthetized, mounted on a bed of agarose, and imaged using confocal microscopy.
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8.3.6 In vivo Labeling of Stem Peptide Probes

PG remodeling can be a potentially advantageous adaptation displayed by
pathogens invading their hosting organisms. This concept is exemplified by the finding
that PG remodeling in Vibrio cholera leads to curvature changes that promote pathogenesis
in mice &. Likewise, it is reasonable to consider that PG crosslinking by Ldts can alter
bacterial virulence. Towards the goal of assessing Ldt activity in living host animals, we
investigated whether TetraRh can label in Caenorhabditis elegans (C. elegans). C.
elegans are powerful model animals for studying bacterial pathogenesis 3. As an
example, C. elegans were recently used to establish how a PG hydrolase from E. faecium
can protect C. elegans against Salmonella pathogenesis '’. Moreover, it was previously
established that S. aureus cells can be metabolically labeled in live C. elegans by sortase
substrates analogs 887, For our current work, C. elegans (~L4 stage) were incubated with
E. faecium to establish bacterial colonization. After removing non-colonized bacteria, E.
faecium infected C. elegans were incubated with TetraFl for 2 h. Following a washing
step, C. elegans were visualized using confocal microscopy (Figure 8.10B). Remarkably,
we were able to specifically label the PG of colonized bacteria in live C. elegans. These
results may pave the way to establishing how PG crosslinking is controlled by external
factors, including a host response to bacterial infection.

8.3.7 Mycobacteria Labeling with Stem Peptide Probes

Having established the ability to track Ldt activity in E. faecium, we turned our
attention to a different class of pathogens. PG from mycobacteria are surrounded by highly

impermeable mycomembranes that endows these organisms with intrinsic resistance to
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vast types of antibiotics. PG crosslinking in mycobacteria is unique in that 3-3 crosslinking
levels can reach levels close to 80 %. At first, we evaluated the panel of tetra- and penta-
peptides for their ability to tag PG of Mycobacterium smegmatis (M. smegmatis) using
similar conditions as E. faecium (Figure 8.11A). Remarkably, high labeling levels were
observed for both TetraFl and PentaFl, albeit with lower levels for PentaFIl. High labeling
levels are unusual considering the well-established permeability barrier imposed by the
mycomembranes. Transport via an outer membrane pore may explain the high levels of
probe penetration past the mycomembrane layer, a feature that we are currently
investigating. The specificity of PG labeling was confirmed by the terminal L-Ala control
for both TetraFl and PentaFl. In addition, iso-Glu amidation was also found to be
important for PG incorporation as demonstrated by the reduced fluorescence levels in cells
treated with TetraFI-4. These results confirmed that amidation of the stem peptide by
MurT/GatD may play a pivotal role in dictating PG crosslinking levels by Ldts.

We next used Ldt-deletion mutant M. smegmatis strains to establish the
contribution of Ldts to cell labeling by tetra-peptide probes. Strains of M. smegmatis were
treated with a subset of three tetra-peptides (TetraFl, TetraFI-2, and TetraFI-5) (Figure
8.11B). A clear reduction in labeling levels was observed in the single Ldt deletion mutant
(AldtC) across both TetraFl and TetraFI-5 suggestive of this enzyme being involved in
incorporation of Ldt probes. Further deletion of Ldts led to a greater than 5-fold reduction
31, The retention of cellular labeling in the triple-deletion strain is most likely a result of
the three Idt genes encoded in the M. smegmatis genome. As expected, treatment with the

stereocontrol TetraFI-2 led to basal cell surface labeling levels across all strains. Together,
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these results implicate Ldts as being the primary mode of PG incorporation by tetra-peptide

probes.
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Figure 8.12 (A) Flow cytometry analysis of M. smegmatis (WT) treated overnight with 100 pM
tetra-peptide or penta-peptide with variations (see Fig. 3). Data are represented as mean + SD (n =
3). (B) Flow cytometry analysis of M. smegmatis (WT) and Ldt knockout mutants treated overnight
with 100 pM TetraFl, TetraFI-2, or TetraFI-5. Data are represented as mean + SD (n = 3). (C)
Confocal microscopy image of M. smegmatis (WT) treated with 30-minute pulse of 500 uM
TetraRh, 500 uM PentaFl, and 5 mM DADA. (Scale bar: 2 pm) (D) Flow cytometry analysis of
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M. smegmatis (WT) treated overnight with 100 uM TetraFl or PentaFl with increasing
concentrations of ampicillin or meropenum. Data are represented as mean + SD (n = 3).

The localization of PG crosslinking by the two primary TP modes in M. smegmatis
was visualized using confocal microscopy (Figure 8.11C). Strikingly, clear spatial
separation was observed between TetraRh and DADA. DADA-labeling was observed
primarily at the pole and TetraRh-labeling was extensive throughout the cell sidewalls.
Pole labeling observed with DADA is similar to single-amino acid probes previously
reported for mycobacteria 8. More specifically, a single pole within a dividing cell was
labeled more prominently with DADA than the other pole. Co-incubation of M. smegmatis
cells with both TetraRh and DADA revealed that primary labeling sites with DADA are
mostly devoid of TetraRh labeling. The interplay between crosslinking modes may have
specific roles in dictating cell elongation relative to cell division. It is possible that 4-3
linkages have a more primary role in polar and septal growth, and 3-3 linkages serve to
structurally reinforce the wall throughout the entire cell, since the PG is the anchor for the
entire mycolyl-arabinogalactan portion of the mycobacterial cell envelope.

The sensitivity of the tetra- and penta-peptide probes against a range of antibiotics
was also measured in M. smegmatis (Figure 8.11D). In contrast to our observations with E.
faecium, titration of the B-lactam ampicillin led to no observable change in fluorescence
levels for TetraFl treated M. smegmatis cells. As expected, ampicillin treatment led to a
concentration-dependent decrease in fluorescence in M. smegmatis incubated with
PentaFI. Treatment with a carbapenem antibiotic (meropenem) led to reductions in cellular
fluorescence in cells treated with either TetraFl or PentaFl. Together, these results show

a lack of response to ampicillin in TetraFl labeling of M. smegmatis and the inhibition of
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TPs results in reduced labeling levels. The role of iso-Glu amidation in the incorporation
of PG probes, and hence PG crosslinking, was also confirmed by treatment of M.
smegmatis cells with PentaRh and PentaRh-6 and visualized by fluorescence microscopy
(Figure 8.12). Unmodified iso-Glu in the second position of the stem peptide resulted in
background labeling levels. Labeling was shown to be mediated by enzymatic processes

as heat-killed M. smegmatis cells did not show any labeling in the presence of PentaRh.

PentaRh

PentaRh-6

PentaRh (heat killed)

Figure 8.13 Confocal microscopy image of M. smegmatis mc2155 treated for 3 h with 50 pM
PentaRh or PentaRh-6. (Scale bar: 5 pm).

Finally, labeling experiments were extended to M. tuberculosis, the causative agent
of tuberculosis. First, M. tuberculosis cells were incubated with TetraRh and imaged using
confocal microscopy at various times points to analyze the progression of surface labeling
(Figure 8.13). Within 30 minutes, there was a unique labeling pattern that was contained

within segments of cells. At longer incubation times, there was complete labeling
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throughout the sidewalls of most cells analyzed. Interestingly, treatment with sub-lethal
concentrations of meropenem resulted in morphological changes that caused bulging of the
pole and more accentuated polar labeling (Figure 8.14). As in the case for both M.
smegmatis and E. faecium, two other organisms that express Ltds, labeling of M.
tuberculosis cells with TetraRh resulted in higher cellular fluorescence levels than
PentaRh (Figure 8.15). In addition, it was confirmed that amidation of iso-Glu plays a

determinant role in PG crosslinking in M. tuberculosis (Figure 8.17).

phase PentaFI overlay

time (min)
30

180

Figure 8.14 Confocal microscopy image of M. tuberculosis treated with 50 uM TetraRh for 30
min and 3 h. (Scale bar: 5 pm).
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Figure 8.15 Confocal microscopy image of M. tuberculosis H37Rv treated for 24 h with 50 pM
TetraRh with 100 ug/mL meropenem. (Scale bar: 5 um).
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Figure 8.16 Flow cytometry analysis of M. tuberculosis H37Rv treated overnight with 50 uM of
tetrapeptide or pentapeptide with variations. The Rhodamine signal is indicated on the X-axis as
detected by the PE-A channel (excitation/ emission maxima ~546/579).
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Figure 8.17 Confocal microscopy image of M. tuberculosw treated for 24 h with 50 uM PentaRh
or PentaRh-6. (Scale bar: 5 pm).

8.4 Conclusions

In conclusion, we have demonstrated for the first time that synthetic tetra-peptide
analogs of nascent PG can be incorporated onto PG scaffolds by Ldts in live bacterial cells.
The tolerability of N-terminal modification on the synthetic stem peptide allowed for a
fluorescent handle to quantify Ldt-based PG incorporation and track the delineation of Ldts
across cell surfaces in E. faecium, M. smegmatis, and M. tuberculosis. With these cellular
probe in hand, we showed how subtle structural modifications to the primary sequence of
the stem peptide can control crosslinking efficiency, including recapitulating in vitro
results related to iso-Glu amidation. These results are the first live cell confirmation that
the enzymes responsible for the amidation of iso-Glu (MurT/GatD) may be potential drug
targets. Upon evaluating how crosslinking was altered when challenged with antibiotics,
an induction in labeling with the tetra- but not the penta-peptide probe was observed.
Additional studies are ongoing to understand if this could represent a drug-resistance

mechanism that is related to cellular stress.
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8.5 Materials and Methods

All peptide related reagents (resin, coupling reagent, deprotection reagent, amino acids,
and cleavage reagents) were purchased from ChemImpex. All other reagents were
purchased from Sigma and were used without purification. Bacterial strains Enterococcus
faecium D344s and M9 were grown in BHI for all experiments. Enterococcus faecium
ATCC BAA-2317 (VanA) and Enterococcus faecium ATCC BAA-2127 (drug sensitive)
were grown in Trypticase soy broth (TSB). All Mycobacterium smegmatis strains were
grown in lysogeny broth (LB) containing 0.05% Tween-80 unless noted otherwise.

Flow cytometry analysis of bacteria labeling with TetraFl or PentaFl. Brain heart
infusion (BHI) broth containing 100 uM TetraFI or PentaFI| were prepared. Enterococcus
faecium WT (D344s) or Enterococcus faecium drug-resistant (M9) 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 bacteria were harvested at 6,000g and washed three times
with original culture volume of 1x PBS followed by fixation with 2% formaldehyde in 1x
PBS for 30 min at ambient temperature. The cells were washed once more to remove
formaldehyde and then analyzed using a BDFacs Canto Il flow cytometer using a 488nm
argon laser (L1) and a 530/30 bandpass filter (FL1). A minimum of 10, 000 events were
counted for each data set. The data was analyzed using the FACSDiva version 6.1.1. For
Mycobacterium smegmatis ATCC 14468, the previous procedure was repeated except
using LB (0.05% tween) as the growth media.

Flow cytometry analysis of E. Faecium labeled with tetrapeptide or pentapeptide
variations. Brain heart infusion (BHI) broth containing 100 uM of compounds were

prepared. Enterococcus faecium WT (D344s) or Enterococcus faecium drug-resistant (M9)
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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 bacteria were harvested at 6,000g and
washed three times with original culture volume of 1x PBS followed by fixation with 2%
formaldehyde in 1x PBS for 30 min at ambient temperature. The cells were washed once
more to remove formaldehyde and then analyzed using a BDFacs Canto Il flow cytometer
using the previously stated parameters. For Mycobacterium smegmatis ATCC 14468, the
previous procedure was repeated except using LB (0.05% tween) as the growth media.
Flow cytometry analysis of antibiotic treated E. Faecium M9 labeled with TetraFl or
PentaFl. Brain heart infusion (BHI) broth containing 100 uM TetraFI or PentaFl were
prepared. To the medium were added antibiotics ampicillin, amoxicillin, meropenem,
imipenem, ceftriaxone, aztreonam, vancomycin, or erythromycin at varying sub-mic
concentrations. Enterococcus faecium (M9) was added to the corresponding medium
(1:100 dilution) and allowed to grow overnight at 37 °C with shaking at 250 rpm. The
bacteria were harvested at 6,000g and washed three times with original culture volume of
1x PBS followed by fixation with 2% formaldehyde in 1x PBS for 30 min at ambient
temperature. The cells were washed once more to remove formaldehyde and then analyzed
using a BDFacs Canto Il flow cytometer using the previously stated parameters. For
Mycobacterium smegmatis ATCC 14468, the previous procedure was repeated except
using LB (0.05% tween) as the growth media.

Time course analysis of antibiotic treated E. Faecium M9 labeled with TetraFl. Brain
heart infusion (BHI) broth containing 100 uM TetraFI was prepared. To the medium were
added antibiotics ampicillin (final concentration 16 pg/mL) or meropenem (final

concentration 8 pg/mL), or DMSO (final concentration 1%). Enterococcus faecium (M9)

183



was added to the corresponding medium (1:10 dilution) and incubated at 37 °C with
shaking at 250 rpm. Samples were collected at various time points, washed three times
with 1x PBS, and fixed with 2% formaldehyde in 1x PBS for 30 min at ambient
temperature. The cells were washed once more to remove formaldehyde and then analyzed
using a BDFacs Canto Il flow cytometer using the previously stated parameters.

Confocal microscopy analysis of E. faecium labeled with TetraRh, PentaFl, and
DADA. Brain heart infusion (BHI) broth containing 500 uM TetraRh, 500 uM PentaFl,
and 5 mM DADA was prepared. Enterococcus faecium (D344s) from an overnight growth
was added to the medium (1:10 dilution) and incubated at 37 °C with shaking at 250 rpm
for 5 minutes. The bacteria were immediately harvested at 6,000g and washed three times
with original culture volume of 1x PBS followed by fixation with 2% formaldehyde in 1x
PBS for 30 min at ambient temperature. The cells were washed once more to remove
formaldehyde and then analyzed using a Nikon C2 confocal microscope. For
Mycobacterium smegmatis ATCC 14468 (WT), the previous procedure was repeated
except using LB (0.05% tween) as the growth media and a 30 minute incubation.

In vivo labeling of E. Faecium with TetraRh in live C. elegans. N2 Caenorhabditis
elegans were maintained by standard protocol using nematode growth agar with bacterial
lawns of E. coli OP50 (source) on a 60mm x 15mm cell culture dish. C. elegans were
grown to contain primarily L4 larval stage nematodes by incubation at ambient temperature
for ~48-52 h, washed off the plates with M9 buffer, and washed three times with M9 buffer.
For washing steps, the C. elegans were pelleted at 1000g. The C. elegans were resuspended
in 400 pL of M9 buffer containing 10% BHI broth and transferred to a sterile 24 multiwell

plate. E. faecium (100 pL from overnight growth) was washed and added to the 400 pL
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suspension of C. elegans. The C. elegans were incubated at ambient temperature for 4 h,
harvested at 1000g and washed three times with M9 buffer to remove bacteria on the
outside of the C. elegans. The C. elegans were then resuspended in 500 pL of M9 buffer
containing 10% BHI broth and 50 uM TetraRh, and incubated at ambient temperature for
2 h. The C. elegans were harvested at 1000g and washed three times with M9 buffer and
resuspended in 10mM sodium azide in M9 buffer and analyzed by confocal microscopy.
Bacterial growth conditions for M. smegmatis mc?155 and M. tuberculosis H37Rv.
Mycobacterium smegmatis mc?155 was grown at 37 °C in Middlebrook 7H9 broth
supplemented with 0.2% glucose, 0.2% glycerol, 0.085% NaCl and 0.05% Tween80. M.
tuberculosis H37Rv was grown at 37 °C in Middlebrook 7H9 broth supplemented with
10% OADC. The 7H9 Middlebrook broth cultures were incubated 37 °C with shaking at a
100 rpm. The antibiotics used for media supplementation were at the following
concentrations: Meropenem (100 pg/ml) and clavulanate (100 pg/ml) which have sub-
lethal effects on mycobacteria.

Confocal microscopy and Flow cytometry analysis of M. smegmatis mc¢?155 and M.
tuberculosis H37Rv labeled with TetraRh, PentaRh and PentaRh6 probes.

Five militres cultures of M. smegmatis mc2155 and M. tuberculosis H37Rv were grown at
37 °C to an ODeoonm 0f 0.8 and 1, respectively, in Middlebrook 7H9 broth. The 5 ml cultures
of M. smegmatis and M. tuberculosis H37Rv were pelleted by centrifugation at 4000 xg
for 5 min. The supernatant was discarded and the cells were resuspended in 2.5 ml of
Middlebrook 7H9 broth. Four microliters of either the TetraRh, PentaRh and PentaRh6
(5 mM) PG probe was added to 396 pl of M. smegmatis mc?155 and M. tuberculosis H37Rv

cells (making a 50 uM TetraRh, PentaRh or PentaRh6 probe). As controls, Meropenem-
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Clavulanate (100 pg/ml) treated - and heat killed - M. smegmatis mc?155 and M.
tuberculosis H37Rv were also used for the labeling experiment. Heat killing was performed
on a heating block set at 65 °C and inserted into a safety hood for 24 h prior to addition of
the PG probes. The M. smegmatis and M. tuberculosis labelling experiment was performed
for 24 h, however, sampling for analysis of probe incorporation was done after 30 min, 3
h, 6 h, 9 h and 24 h of incubation at 37°C. Thereafter, the cells were washed in 1x PBS
(500 pl) three times to remove unincorporated probe and the cells were then resuspended
in 100 pl of PBS followed by fixation with 2.5% glutaraldehyde for 24 h. The cells were
washed three times with 1x PBS (500 upl) to remove the glutaraldehyde and then
resuspended in 500 pl 1x PBS. For confocal microscopy, 5 ul of the cells was spotted on
glass slides and viewed with the Zeiss Observer Z1 inverted fluorescence microscope under
the DS-red channel (excitation/ emission maxima ~546/579) and the images were analyzed
with the ZEN lite software (Zeiss). For flow cytometry analysis of incorporation of the
different probes, 100 pl of the cells was transferred to a 96 well plate and the Cytoflex flow
cytometer (Beckman Coulter) was used for analysis of probe incorporation. The PE-A
channel (excitation/ emission maxima ~470/585) was used for detection of the Rhodamine
signal (excitation/ emission maxima ~561/578). The gain for the PE-A channel was

reduced from 370 to 120.
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A.3 Appendix for Chapter 3
Compound Synthesis and Characterization

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DRX500
(500MHz) NMR spectrometer. 'H NMR spectra are tabulated in the following order:
multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet; br, broad), number of protons.
Scheme S1. Synthesis of DK-Acid.

O-N O-N

N\ \ NO, N\ \ NO,
NH,
HN HN

)) NO,
0 < =N, NaHCO; 1:1 DCM/TFA
>L J A_on F < o, CieN 9 ¢
0" "N N 20, LH >L H 1h
Y 25h OJ\N/\“/OH
H o

HZNiIrOH
0

DK-Acid
Sodium bicarbonate (2.20 g, 27 mmol), Boc-D-Lys-OH (950 mg, 3.8 mmol) followed by
NBD-CI (615 mg, 3.0 mmol) were added to 40 mL of H,O/CH3CN (1:3). The reaction
mixture was stirred at room temperature for 2.5 h after which CH3CN was removed in
vacuo. The aqueous solution was acidified with 1N HCI and extracted with EtOAc (3 x 50
mL). The organic layers were combined, dried over MgSOQg, filtered, and concentrated in
vacuo. The residue was dissolved in 40 mL of DCM/TFA (1:1) and stirred at room
temperature for 1 h. The solvent was removed in vacuo and the residue was trituated with
cold diethyl ether to yield DK-Acid.
IH NMR (500 MHz, CD30D) : & 8.49 (d, J = 8.9, 1H), 6.33 (d, J = 8.9, 1H), 3.97 (t, 1H),
3.56 (br. s, 2H), 1.99 (br. m, 2H), 1.83 (m, 2H), 1.61 (br. M, 2H).
13C NMR (500 MHz, CDsOD) : § 170.42, 137.11, 131.18, 129.46, 115.76, 113.50, 98.31,

52.38, 42.89, 29.84, 27.33, 22.13. MS (ESI) [M+H*]: 310.1 (calculated) ; 310.3 (found)
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Scheme S2. Synthesis of DK-Amide.
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A 25 mL synthetic flask was charged with Sieber Amide Resin (1.00 g, 0.41 mmol) and
washed with CH2Cl2 (3 x 10 mL) and DMF (3 x 10 mL). N*-Boc-N*-Fmoc-D-lysine (3 eq,
575 mg, 1.23 mmol), HBTU (3 eq, 475 mg, 1.25 mmol), and DIEA (6 eq, 0.430 mL, 2.47
mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at room
temperature. The resin was washed with DMF, CH2Cl>, MeOH, CH.Cl,, and DMF (3 x 10
mL each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt
in DMF (15 ml) for 30 min at room temperature, then the resin was washed as before. A
solution of NBD-CI (5 eq, 400 mg, 2.05 mmol) and DIEA (10 eq, 0.700 mL, 4.02 mmol)
in DMF (10 mL) was added to the resin and agitated in the dark for 1 h at room temperature,
afterwards the resin was washed. A solution of TFA/DCM (1:1, 25 mL) was added to the
resin and agitated for 1 h at room temperature. The resin was filtered and the resulting
solution was concentrated in vacuo. The residue was trituated with cold diethyl ether to

yield DK-Amide.

193



IH NMR (500 MHz, DMSO) : § 8.51 (d, J = 8.6, 1H), 6.40 (d, J = 8.5, 1H), 3.73 (t, 1H),
1.74 (m, 2H), 1.68 (m, 2H), 1.40 (br. m, 2H).

13C NMR (500 MHz, DMSO) : § 171.06, 150.21, 145.78, 144.94, 138.62, 121.13, 99.86,
52.67, 43.61, 30.97, 27.81, 22.12. MS (ESI) [M+H*]: 309.1 (calculated) ; 309.3 (found)

Scheme S3. Synthesis of DK-Thioamide.
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The N*-Boc-N®-Fmoc-D-lysine loading, deprotection, and NBD-CI coupling procedure of
S2 was repeated. Boc-protected D-Lys(NBD) was cleaved from the Sieber Amide Resin
with 1% TFA in DCM for 1 h at room temperature. The solution in a 250 mL RB flask was
concentrated in vacuo and the residue was dissolved in anhydrous THF (50 mL). The flask
was flushed with Ny, afterwards the addition of Lawesson’s Reagent (10 eq, 1.65 g, 4.1
mmol). The mixture was refluxed for 12 h and then diluted with 0.5M NaOH (50 mL). The
THF was removed in vacuo, EtOAC (50 mL) was added and the EtOAc/NaOH biphasic
mixture was stirred for 1 h at room temperature. The aqueous layer was further extracted
with EtOAc (3 x 50 mL). The organic layers were combined, dried over MgSQOyg, filtered,

and concentrated in vacuo. The boc-protected DK-Thioamide was purified via silica
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column with DCM/MeOH and concentrated in vacuo. The residue was dissolved in 40 mL
of TFA/DCM (1:1) and stirred at room temperature for 1 h. The solvent was removed in
vacuo and the residue was trituated with cold diethyl ether to yield DK-Thioamide.

IH NMR (500 MHz, CD30D) : & 8.53 (d, J = 8.9, 1H), 6.36 (d, ] = 8.7, 1H), 4.07 (t, 1H),
3.56 (br. m, 2H), 1.95 (m, 2H), 1.83 (m, 2H), 1.56 (m, 2H).

13C NMR (500 MHz, CD30D) : § 161.37, 144.52, 137.15, 132.51, 117.76, 115.45, 113.34,
57.30, 54.35, 33.71, 27.55, 22.13. MS (ESI) [M+H*]: 325.1 (calculated) ; 325.4 (found)

Scheme S4. Synthesis of DK-OMe.
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DK-Acid (300mg, 0.97 mmol) from S1 was dissolved in MeOH (50 mL). The mixture was
cooled to 0 °C and the RB flask was flushed with N2. Thionyl chloride (5 eqg, 0.60 mL, 5.0
mmol) was added dropwise over ice, afterwards the mixture was refluxed for 12 h. The
solution was concentrated in vacuo and the remaining crude material was used without

further purification.

IH NMR (500 MHz, CDsOD) : § 8.57 (d, J = 7.8, 1H), 6.30 (d, J = 8.2, 1H), 4.12 (t, 1H),

3.83 (s, 3H), 3.55 (br. m, 2H), 2.03 (m, 2H), 1.85 (m, 2H), 1.63 (br. m, 2H).
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13C NMR (500 MHz, CD30D) : 6 169.80, 145.57, 144.52, 137.36, 135.88, 98.59, 52.54,
52.43, 48.54, 42.81, 29.80, 27.39, 22.33. MS (ESI) [M+H*]: 324.1 (calculated) ; 324.2
(found)

Scheme S5. Synthesis of DK-OEt.

O-N O-N

’

HN HN
)) SOCl,
—_—
P EtOH, Reflux
. on 12 h o
H2N/\"/ HZN/\I]/ ~
(0] (0]
DK-OEt

DK-Acid (300mg, 0.97 mmol) from S1 was dissolved in EtOH (50 mL). The mixture was
cooled to 0 °C and the RB flask was flushed with N. Thionyl chloride (5 eq, 0.60 mL, 5.0
mmol) was added dropwise over ice, afterwards the mixture was refluxed for 12 h. The
solution was concentrated in vacuo and the remaining crude material was used without

further purification.

IH NMR (500 MHz, CD3s0D) : § 8.46 (br. d, 1H), 6.35 (br. d, 1H), 4.28 (m, 2H), 4.05 (t,
1H), 3.60 (g, 2H), 2.00 (M, 2H), 1.86 (M, 2H), 1.62 (m, 2H), 1.16 (t, 3H).

13C NMR (500 MHz, CDsOD) : § 169.27, 145.36, 144.26, 137.80, 129.32, 121.98, 98.81,
62.33, 56.91, 52.74, 30.44, 22.31, 16.89, 13.34. MS (ESI) [M+H*]: 338.1 (calculated) ;
338.4 (found)

Scheme S6. Synthesis of DK-ol.
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Boc-D-lysinol (Cbz) (300 mg, 0.81 mmol) was dissolved in MeOH (20 mL), followed by
the addition of 10% Pd/C (30 mg, 0.27 mmol). The RB flask was flushed with H2 and the
mixture was stirred for 12 h at room temperature. The solution was filtered and

concentrated in vacuo. The remaining procedure was followed as in S1.

IH NMR (500 MHz, DMSO) : § 8.50 (d, J = 8.5, 1H), 6.39 (d, J = 8.5, 1H), 3.52 (m, 2H),
3.05 (t, 1H), 1.67 (m, 2H), 1.53 (M, 2H), 1.42 (m, 2H).

13C NMR (500 MHz, DMSO) : § 144.78, 144.73, 138.62, 121.35, 116.29, 99.65, 61.09,
52.88, 43.82, 29.07, 27.81, 22.75. MS (ESI) [M+H*]: 296.1 (calculated) ; 296.2 (found)

Scheme S7. Synthesis of DK-Hydra.
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A 25 mL synthetic flask charged with 2-Chlorotrityl Resin (500 mg, 0.72 mmol) was
initially washed with CH2Cl (3 x 10 mL) and DMF (3 x 10 mL). To the resin was added
NH2NH> (0.750 mL) in DMF (15 mL). The resin was agitated for 1 h at room temperature

followed by washes with DMF, CH>Cl>, MeOH, CH2Cl, and DMF (3 x 10 mL each). N*-
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Boc-N®-Fmoc-D-lysine (3 eq, 1.00 g, 2.15 mmol), HBTU (3 eq, 813 mg, 2.15 mmol), and
DIEA (6 eq, 0.750 mL, 4.29 mmol) in DMF (10 mL) were added to the reaction flask and
agitated for 2 h at room temperature. The resin was washed as before and the Fmoc
protecting group was removed with 6 M piperazine/100 mM HOBt in DMF (15 ml) for 30
min at room temperature. The resin was washed and a solution of NBD-CI (5 eq, 710 mg,
3.56 mmol) and DIEA (10 eq, 1.25 mL, 7.18 mmol) in DMF (10 mL) was added to the
resin and agitated in the dark for 1 h at room temperature, afterwards the resin was washed.
A solution of TFA/DCM (1:1, 25 mL) was added to the resin and agitated for 1 h at room
temperature. The resin was filtered and the resulting solution was concentrated in vacuo.

The residue was trituated with cold diethyl ether to yield DK-Hydra.

IH NMR (500 MHz, CDsOD) : § 8.53 (d, J = 8.8, 1H), 6.36 (d, J = 8.4, 1H), 3.79 (t, 1H),
3.57 (br. m, 2H), 1.90 (m, 2H), 1.84 (m, 2H), 1.54 (m, 2H).

13C NMR (500 MHz, DMSO) : § 171.70, 145.99, 145.15, 138.41, 121.13, 116.50, 99.86,
56.67, 52.88, 30.55, 27.81, 22.75. MS (ESI) [M+H*]: 324.1 (calculated) : 324.2(found)

Scheme S8. Synthesis of DK-ButAmide.
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A 25 mL synthetic flask charged with 1,4-Diaminobutane trityl resin (500 mg, 0.385 mmol)

was initially washed with CH2Cl> (3 x 10 mL) and DMF (3 x 10 mL). N*-Boc-N®-Fmoc-
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D-lysine (3 eq, 540 mg, 1.15 mmol), HBTU (3 eq, 438 mg, 1.15 mmol), and DIEA (6 eq,
0.400 mL, 2.31 mmol) in DMF (15 mL) were added to the reaction flask and agitated for
2 h at room temperature. The resin was washed with DMF, CH2Cl>, MeOH, CHCl,, and
DMF (3 x 10 mL each). The Fmoc protecting group was removed with 6 M piperazine/100
mM HOBt in DMF (15 ml) for 30 min at room temperature, then washed as before. A
solution of NBD-CI (5 eq, 385 mg, 1.92 mmol) and DIEA (10 eq, 0.670 mL, 3.85 mmol)
in DMF (10 mL) was added to the resin and agitated in the dark for 1 h at room temperature,
afterwards the resin was washed. A solution of TFA/DCM (1:1, 25 mL) was added to the
resin and agitated for 1 h at room temperature. The resin was filtered and the resulting
solution was concentrated in vacuo. The residue was trituated with cold diethyl ether to

yield DK-ButAmide.

IH NMR (500 MHz, DMSO) : § 8.50 (d, 1H), 6.39 (d, J = 7.9, 1H), 3.69 (br. t, 1H), 3.44
(m, 2H), 3.10 (m, 2H), 1.72 (m, 2H), 1.67 (m, 2H), 1.57 (m, 2H), 1.52 (m, 2H), 1.45 (m,
2H), 1.38 (m, 2H).

13C NMR (500 MHz, DMSO) : § 168.96, 145.78, 144.73, 138.62, 120.71, 116.08, 99.65,
65.52, 52.67, 49.09, 43.40, 31.18, 26.12, 24.86, 22.12, 16.01. MS (ESI) [M+H"]: 380.2

(calculated) ; 380.0 (found)
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Scheme S9. Synthesis of DK-MeAmide.
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A 25 mL synthetic flask was charged with Sieber Amide Resin (1.00 g, 0.41 mmol) and
washed with CH2Cl (3 x 10 mL) and DMF (3 x 10 mL). A solution of 0-NBS-CI (5 eq,
450 mg, 2.03 mmol) and DIEA (10 eq, 0.720 mL, 4.10 mmol) in DCM (15 mL) was added
to the resin and agitated for 1 h at room temperature in the dark. The resin was washed with
DMF, CH2Clz, MeOH, CHClz, and DMF (3 x 10 mL each). A solution of CHzsl (20 eq,
1.15 g, 8.15 mmol), DBU (10 eq, 0.640 mL, 4.29 mmol) in DMF (15 mL) was added to
the resin and agitated for 15 h at room temperature in the dark. The resin was washed as
before followed by the addition of DBU (10 eq, 0.640 mL, 4.29 mmol) and BME (5 eq,
0.145 mL, 2.05 mmol) in DMF (15 mL). The resin was agitated for 20 min. at room

temperature and washed. N“-Boc-N®-Fmoc-D-lysine (3 eq, 575 mg, 1.23 mmol), HBTU (3
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eq, 475 mg, 1.25 mmol), and DIEA (6 eq, 0.430 mL, 2.47 mmol) in DMF (15 mL) were
added to the reaction flask and agitated for 2 h at room temperature. The resin was washed
with DMF, CH2Clz, MeOH, CH2Clz, and DMF (3 x 10 mL each). The Fmoc protecting
group was removed with 6 M piperazine/100 mM HOBt in DMF (15 ml) for 30 min at
room temperature, then washed as before. A solution of NBD-CI (5 eq, 400 mg, 2.05 mmol)
and DIEA (10 eq, 0.700 mL, 4.02 mmol) in DMF (10 mL) was added to the resin and
agitated in the dark for 1 h at room temperature, afterwards the resin was washed. The boc-
protected D-Lys(NBD) methyl amide was cleaved from resin with 1% TFA in DCM for 1
h at room temperature. The solution was concentrated in vacuo and the residue was purified
via silica column with DCM/MeOH. The purified boc-protected D-Lys(NBD) methyl
amide was added to a solution of a solution of TFA/DCM (1:1, 25 mL) and stirred for 1 h
at room temperature. The solution was concentrated in vacuo and the resulting residue was

trituated with cold diethyl ether to yield DK-MeAmide.

IH NMR (500 MHz, CDsOD) : & 8.46 (d, 1H), 6.31 (d, ] = 7.6, 1H), 3.83 (t, 1H), 3.54 (br.
s, 2H), 2.78 (s, 3H), 1.91 (m, 2H), 1.83 (m, 2H), 1.54 (m, 2H).

13C NMR (500 MHz, CDsOD) : & 169.38, 144.52, 144.09, 137.36, 121.98, 115.87, 98.38,
65.94, 53.30, 30.97, 25.07, 21.91, 14.11. MS (ESI) [M+H*]: 323.1 (calculated) ; 323.4

(found)
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A.4 Appendix for Chapter 4

Compound Synthesis and Characterization Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker DRX500 (500MHz) NMR spectrometer. 1H NMR spectra are
tabulated in the following order: multiplicity (s, singlet; d, doublet; t, triplet; m, multiplet;
br, broad), number of protons.

Scheme S1. Synthesis of D-Dap-NB-OH.
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A 25 mL synthetic flask charged with 2-Chlorotrityl Resin (500 mg, 0.72 mmol) was
initially washed with CH2CI2 (3 x 10 mL) and DMF (3 x 10 mL). To the resin was added
Na -BocNp -Fmoc-D-2,3-diaminopropionic acid (3 eq, 914 mg, 2.15 mmol), HBTU (3 eq,
813 mg, 2.15 mmol), and DIEA (6 eq, 0.750 mL, 4.29 mmol) in DMF (10 mL) and agitated
for 2 h at room temperature. The resin was washed with DMF, CH2CI2, MeOH, CH2Cl2,
and DMF (3 x 10 mL each). The Fmoc protecting group was removed with 6 M
piperazine/100 mM HOBt in DMF (15 ml) for 30 min at room temperature. The resin was
washed and a solution of 5-norbornene-2- carboxylic acid (5 eq, 493 mg, 3.57 mmol),
HBTU (5 eq, 1.36 g, 3.57 mmol) and DIEA (10 eq, 1.25 mL, 7.18 mmol) in DMF (10 mL)
was added to the resin and agitated overnight at room temperature, afterwards the resin was

washed as before. A solution of TFA/DCM (1:1, 25 mL) was added to the resin and agitated
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for 1 h at room temperature. The resin was filtered and the resulting solution was
concentrated in vacuo. The residue was trituated with cold diethyl ether to yield D-Dap-
NB-OH. 1H NMR (500 MHz, CD30D) : § 6.15 (m, 1H), 5.90 (m 1H), 4.08 (m, 1H), 3.71
(m, 1H), 3.65 (m, 1H), 3.33 (m, 1H), 3.15 (m, 1H), 2.95 (m, 1H), 2.90 (m, 1H), 1.85 (m,
1H), 1.40 (m, 1H), 1.35 (m, 1H). 13C NMR (500 MHz, CD30D) : § 178.02, 168.96,
137.57,131.46, 53.72,49.72, 46.14, 44.03, 42.98, 38.97, 29.07. MS (ESI) [M+H+ ]: 225.2
(calculated) ; 225.4 (found)

Scheme S2. Synthesis of D-Dap-NB-NH2.
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A 25 mL synthetic flask was charged with Sieber Amide Resin (1.00 g, 0.41 mmol) and
washed with CH2CI2 (3 x 10 mL) and DMF (3 x 10 mL). Na -Boc-Nf -Fmoc-D-2,3-
diaminopropionic acid (3 eq, 523 mg, 1.23 mmol), HBTU (3 eq, 466 mg, 1.23 mmol), and
DIEA (6 eq, 0.430 mL, 2.47 mmol) in DMF (15 mL) were added to the reaction flask and
agitated for 2 h at room temperature. The resin was washed with DMF, CH2CI2, MeOH,
CH2CI2, and DMF (3 x 10 mL each). The Fmoc protecting group was removed with 6 M
piperazine/100 mM HOBt in DMF (15 ml) for 30 min at room temperature, then the resin

was washed as before. 5-norbornene2-carboxylic acid (5 eq, 283 mg, 2.05 mmol), HBTU
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(5 eq, 776 mg, 2.05 mmol) and DIEA (10 eq, 0.70 mL, 4.10 mmol) in DMF (10 mL) was
added to the resin and agitated overnight at room temperature, afterwards the resin was
washed as before. A solution of TFA/DCM (1:1, 25 mL) was added to the resin and agitated
for 1 h at room temperature. The resin was filtered and the resulting solution was
concentrated in vacuo. The residue was trituated with cold diethyl ether to yield D-Dap-
NB-NH2. 1H NMR (500 MHz, CD30D) : § 6.13 (m, 1H), 5.92 (m 1H), 4.02 (m, 1H), 3.71
(m, 1H), 3.65 (m, 1H), 3.33 (m, 1H), 3.15 (m, 1H), 2.95 (m, 1H), 2.90 (m, 1H), 1.85 (m,
1H), 1.40 (m, 1H), 1.35 (m, 1H). 13C NMR (500 MHz, CD30D) : § 177.70, 168.71,
137.30, 131.68, 53.72, 49.30, 46.56, 43.82, 42.77, 40.66, 28.65. MS (ESI) [M+H+ ]: 224.2
(calculated) ; 224.4 (found)

Scheme S3. Synthesis of D-Lys-NB-OH.
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A 25 mL synthetic flask charged with 2-Chlorotrityl Resin (500 mg, 0.72 mmol) was
initially washed with CH2CI2 (3 x 10 mL) and DMF (3 x 10 mL). To the resin was added
Na -BocNe -Fmoc-D-lysine (3 eq, 1.00 g, 2.15 mmol), HBTU (3 eq, 813 mg, 2.15 mmol),
and DIEA (6 eq, 0.750 mL, 4.29 mmol) in DMF (10 mL) and agitated for 2 h at room
temperature. The resin was washed with DMF, CH2CI2, MeOH, CH2CI2, and DMF (3 x
10 mL each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt
in DMF (15 ml) for 30 min at room temperature. The resin was washed and a solution of
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5-norbornene-2-carboxylic acid (5 eq, 493 mg, 3.57 mmol), HBTU (5 eq, 1.36 g, 3.57
mmol) and DIEA (10 eq, 1.25 mL, 7.18 mmol) in DMF (10 mL) was added to the resin
and agitated overnight at room temperature, afterwards the resin was washed as before. A
solution of TFA/DCM (1:1, 25 mL) was added to the resin and agitated for 1 h at room
temperature. The resin was filtered and the resulting solution was concentrated in vacuo.
The residue was trituated with cold diethyl ether to yield D-Lys-NB-OH. 1H NMR (500
MHz, CD30D) : § 6.18 (m, 1H), 5.89 (m 1H), 3.91 (m, 1H), 3.49 (m, 2H), 3.20 (m, 1H),
2.85 (m, 1H), 1.90 (m, 1H), 1.85 (m, 2H), 1.55 (m , 2H), 1.45 (m, 2H), 1.35 (m, 2H), 1.22
(m, 2H). 13C NMR (500 MHz, CD30D) : 6 175.91, 170.64, 137.57, 131.88, 52.67, 49.51,
46.14, 44.24, 42.56, 38.55, 29.95, 28.65, 28.35, 22.33. MS (ESI) [M+H+ ]. 267.3
(calculated) ; 267.1 (found)

Scheme S4. Synthesis of D-Dap-Tet-NH2. D-Dap-Tet-NH2  Methyl-
thiocarbohydrazide Thiocarbohydrazide (4.98 g, 46.9 mmol) was dissolved in 200 mL of
absolute ethanol and brought to reflux. Mel (3.2 mL, 1.1 eq) in 20 mL of absolute ethanol
was added dropwise over 15 minutes and then refluxed for 1 hr with stirring. The solution
was then filtered hot using a C type filter crucible and the filtrate was cooled to room
temperature over 12 hr. The solution was decanted and the solid product was dried in vacuo
to obtain  methyl-thiocarbohydrazide. Methyl-thiomethyl-tetrazine ~ Methyl-
thiocarbohydrazide (6.10 g, 50.4 mmol) was dissolved in 150 mL absolute ethanol. Triethyl
orthoacetate (10.1 mL, 1.1 eq.) was added, then after five minutes triethyl amine (7.0 mL,
1.0 eq.) was added. The reaction mixture was refluxed for 30 minutes to form an orange
colored solution. NaNO2 (3.43 g, 1.0 eg.) and TFA (1.87 mL, 1.0 eq) were added and the

solution was refluxed for an additional 30 minutes. Hexane (150 mL) was added and the
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solution was cooled to room temperature followed by the addition of water (300 mL). The
mixture was extracted with diethyl ether (3 x 100 mL). The organic layer was dried with
MgSO4 and concentrated in vacuo to ~5-10 mL of product. The oil was purified by silica
gel column with EtOAc:Hexane to obtain methyl-thiomethyl-tetrazine. Boc-D-Dap-Tet-
OH Na -Boc-D-2,3-diaminopropionic acid (1.0032 g, 4.92 mmol) and methyl-
thiomethyltetrazine (980 mg, 6.88 mmol) were dissolved in 20 mL of dry methanol and
refluxed for 36 hr. The solution was cooled to room temperature and concentrated in vacuo.
The reaction mixture was dissolved in 50 mL EtOAc. The organic mixture was washed
with 0.5 M NaOH (100 mL). The aqueous layer was then washed with EtOAc (3 x 50 mL).
The aqueous layer was then acified with 1 M HCI to pH 5. The aqueous layer was then
washed with EtOAc (3 x 50 mL). The organic layers were combined, dried with MgSO4,
and concentrated in vacuo. The product was purified by silica gel column with
DCM:MeOH to obtain Boc-D-Dap-Tet-OH as a purple oil. D-Dap-Tet-NH2 A 25 mL
synthetic flask was charged with Sieber Amide Resin (1.00 g, 0.41 mmol) and washed with
CH2CI2 (3 x 10 mL) and DMF (3 x 10 mL). Boc-D-Dap-Tet-OH (356 mg, 1.19 mmol),
HBTU (451 mg, 1.19 mmol), and DIEA (0.42 mL, 2.41 mmol) in DMF (15 mL) were
added to the reaction flask and agitated for 2 hr at room temperature. The resin was washed
with DMF, CH2CI2, MeOH, CH2CI2, and DMF (3 x 10 mL each). A solution of
TFA/DCM (1:1, 25 mL) was added to the resin and agitated for 1 h at room temperature.
The resin was filtered and the resulting solution was concentrated in vacuo. The residue
was trituated with cold diethyl ether to yield D-Dap-Tet-NH2. 1H NMR (500 MHz,

CD30D) : 5 4.10 (m, 1H), 2.15 (s, 3H), 1.30 (m, 2H), 13C NMR (500 MHz, CD30D) : 5
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169.59, 160.16, 159.88, 57.09, 53.93, 22.96. MS (ESI) [M+H+ ]: 198.1 (calculated) ; 198.0

(found)
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A.5 Appendix for Chapter 5
Compound Synthesis and Characterization

Scheme S1. Synthesis of D-4-(6-methyl-tetrazin-3-yl)phenyl)propanamide (D-Tet)
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Boc-4-cyano-D-phenylalanine (1.00 g, 3.45 mmol) was added to a microwave reaction
vessel with a stir bar. Nickel (Il) trifluoromethanesulfonate (61.6 mg, 0.17 mmol),
acetonitrile (1.80 mL, 34.5 mmol), and anhydrous hydrazine (5.50 mL, 172 mmol) were
added. The vessel was sealed and the mixture stirred in an oil bath for 24 hr at 60 °C. The
solution was cooled to room temperature, followed by the dropwise addition of sodium
nitrite (4.76g, 69.0 mmol) in 8 mL of water. 1M HCI was added dropwise until gas
evolution ceased and pH of the solution was 3. The mixture was extracted with EtOAc,
organic phase dried with MgSO4. The solution was concentrated in vacuo and residue

purified using silica column chromatography (DCM/MeOH). The purified Boc-protected
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tetrazine was dissolved in DMF (20 mL), followed by the addition of HBTU (3 eq, 3.16g,
8.33 mmol) and DIEA (6 eq, 2.90 mL, 16.6 mmol). The mixture was added to a peptide
vessel containing sieber amide resin (5.00g, 2.05 mmol) and the vessel was shaken for 2
hr at ambient temperature. The resin was washed with DMF, CH2Cl, MeOH, CH:Cl;, and
DMF (3 x 15 mL each). The resin was transferred to a round bottom flask and a solution
of TFA/DCM (30:70, 30 mL) was added and stirred for 1 hr on ice. The resin was filtered
and the resulting solution was concentrated in vacuo. The residue was trituated with cold
diethyl ether and the precipitate was purified by reverse-phase HPLC to yield D-Tet as a

pink solid.

IH NMR (500 MHz, CDsOD) : § 3.05 (s, 3H, C-CHs), 3.20-3.38 (m, 2H, CH-CH,-C-),
4.20 (t, 1H, CH-CH3), 7.59 (d, 2H, -CH2-C-CH-CH-), 8.55 (d, 2H, -CH2-C-CH-CH-) 3C
NMR (125 MHz, CDsOD) : § 19.72, 37.15, 53.93, 128.02, 130.13, 131.74, 139.13, 163.74,

167.51, 170.15. HRMS: [M+H] calculated: 259.1229 found: 259.1310

Scheme S2. Synthesis of L-4-(6-methyl-tetrazin-3-yl)phenyl)propanamide (L-Tet)
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Boc-4-cyano-L-phenylalanine (1.00 g, 3.45 mmol) was synthesized following the same

procedure as Scheme S1 to yield L-Tet as a pink solid.

'H NMR (500 MHz, (CD3)2CO) : & 3.02 (s, 3H, C-CH3), 3.48-3.65 (m, 2H, CH-CH,-C-),
5.15 (t, 1H, CH-CHy), 7.69 (d, 2H, -CH2-C-CH-CH-), 8.48 (d, 2H, -CH,-C-CH-CH-) 3C
NMR (125 MHz, (CDs).CO) : & 20.43, 37.45, 63.56, 128.02, 130.74, 131.65, 140.73,

161.61, 163.88, 167.97. HRMS: [M+H] calculated: 259.1229 found: 259.1341
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A.6 Appendix for Chapter 6
Compound Synthesis and Characterization

Scheme S1. Synthesis of D-propargylglycine-D-alanine (D-Pra-D-Ala)
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq,
0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl>, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-D-
propargylglycine (3 eq, 351 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA
(6 eq, 0.574 mL, 3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated
for 2 h at ambient temperature. The resin was washed as before and added to a solution of
TFA/DCM (1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was
filtered and resulting solution concentrated in vacuo. The residue was trituated with cold
diethyl ether to yield D-Pra-D-Ala.
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'H NMR (500 MHz, CD30D) : § 1.44 (d, 3H, CH-CH3), 2.66 (t, IH, C=CH), 2.85 (m, 2H,
CH-CH,-C-), 4.03 (g, 1H, CH-CH_), 4.44 (g, 1H, CH-CHs3) *C NMR (125 MHz, CDs0D)
: & 16.20, 21.05, 48.16, 51.48, 73.57, 75.93, 166.91, 173.80 HRMS: [M+H]* calculated:
185.0921 found: 185.0926.

Scheme S2. Synthesis of D-alanine-D-propargylglycine (D-Ala-D-Pra)
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added Fmoc-D-propargylglycine (1.1 eq, 202 mg, 0.605 mmol) and DIEA
(3 eq, 0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-D-alanine (3
eq, 312 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated for 2 h at

ambient temperature. The resin was washed as before and added to a solution of TFA/DCM
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(2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether
to yield D-Ala-D-Pra.

IH NMR (500 MHz, CDs0D) : & 1.53 (d, 3H, CH-CH3), 2.38 (t, 1H, C=CH), 2.77 (m, 2H,
CH-CH,-C-), 4.07 (g, 1H, CH-CH_), 4.54 (g, 1H, CH-CH3) *C NMR (125 MHz, CD3s0D)
: 8 16.34, 20.87, 48.80, 51.54, 71.12, 78.59, 169.91, 171.61 HRMS: [M+H]" calculated:
185.0921 found: 185.0923.

Scheme S3. Synthesis of L-propargylglycine-L-alanine (L-Pra-L-Ala)
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added Fmoc-L-alanine (1.1 eqg, 188 mg, 0.605 mmol) and DIEA (3 eq,
0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOB in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-L-
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propargylglycine (3 eq, 351 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA
(6 eq, 0.574 mL, 3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated
for 2 h at ambient temperature. The resin was washed as before and added to a solution of
TFA/DCM (1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was
filtered and resulting solution concentrated in vacuo. The residue was trituated with cold
diethyl ether to yield L-Pra-L-Ala.

IH NMR (500 MHz, CD30D) :  1.44 (d, 3H, CH-CH3), 2.61 (t, 1H, C=CH), 2.86 (m, 2H,
CH-CH,-C-), 4.06 (g, 1H, CH-CHy>), 4.44 (q, 1H, CH-CHs) *C NMR (125 MHz, CD;0D)
: 8 16.19, 21.03, 48.20, 51.40, 73.58, 75.94, 167.01, 173.91 HRMS: [M+H]" calculated:
185.0921 found: 185.0931.

Scheme S4. Synthesis of L-propargylglycine-D-alanine (L-Pra-D-Ala)
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
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0.55mmol) was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq,
0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
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temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-L-
propargylglycine (3 eq, 351 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA
(6 eq, 0.574 mL, 3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated
for 2 h at ambient temperature. The resin was washed as before and added to a solution of
TFA/DCM (1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was
filtered and resulting solution concentrated in vacuo. The residue was trituated with cold
diethyl ether to yield L-Pra-D-Ala.

IH NMR (500 MHz, CDs0D) : § 1.46 (d, 3H, CH-CH3), 2.62 (t, 1H, C=CH), 2.87 (m, 2H,
CH-CH,-C-), 4.10 (g, 1H, CH-CH?>), 4.43 (g, 1H, CH-CHs) *C NMR (125 MHz, CD;0D)
: 8 16.40, 20.99, 48.49, 51.42, 73.57, 75.89, 167.11, 174.51 HRMS: [M+H]" calculated:

185.0921 found: 185.0931.
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Scheme S5. Synthesis of D-propargylglycine-L-alanine (D-Pra-L-Ala)
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added Fmoc-L-alanine (1.1 eqg, 188 mg, 0.605 mmol) and DIEA (3 eq,
0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-D-
propargylglycine (3 eq, 351 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA
(6 eq, 0.574 mL, 3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated
for 2 h at ambient temperature. The resin was washed as before and added to a solution of
TFA/DCM (1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was
filtered and resulting solution concentrated in vacuo. The residue was trituated with cold

diethyl ether to yield D-Pra-L-Ala.
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'H NMR (500 MHz, CD30D) : 6 1.45 (d, 3H, CH-CH3), 2.64 (t, IH, C=CH), 2.86 (m, 2H,
CH-CH,-C-), 4.10 (g, 1H, CH-CH_), 4.45 (g, 1H, CH-CH3) *C NMR (125 MHz, CD3s0D)
: 8 16.10, 20.96, 48.53, 51.41, 73.53, 75.91, 167.06, 174.54 HRMS: [M+H]* calculated:
185.0921 found: 185.0931.

Scheme S6. Synthesis of D-propargylglycine-N-methyl-D-alanine (D-Pra-N-Me-D-Ala)
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added Fmoc-N-methyl-D-alanine (1.1 eq, 196 mg, 0.605 mmol) and DIEA
(3 eq, 0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBL in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-D-
propargylglycine (3 eq, 351 mg, 1.65 mmol), PyBOP (3 eq, 858 mg, 1.65 mmol), and DIEA

(6 eg, 0.574 mL, 3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated
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for 2 h at ambient temperature. The resin was washed as before and added to a solution of
TFA/DCM (1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was
filtered and resulting solution concentrated in vacuo. The residue was trituated with cold
diethyl ether to yield D-Pra-N-Me-D-Ala.

IH NMR (500 MHz, CD30D) : & 1.66 (d, 3H, CH-CH3), 2.51 (t, IH, C=CH), 2.74 (m, 2H,
CH-CH,-C-), 2.99 (s, 3H, NH-CHz) 4.02 (q, 1H, CH-CHy), 4.17 (g, 1H, CH-CHs) 3C
NMR (125 MHz, CD30D) : 6 18.94, 24.27, 31.33, 53.82, 57.32, 72.48, 78.73, 165.13,
169.09 HRMS: [M+H]* calculated: 199.1077 found: 199.1069.

Scheme S7. Synthesis of Acetyl-D-propargylglycine-D-alanine (Ac-D-Pra-D-Ala)

® : S
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J\/ H 7‘/( Ac,0, DIEA H m/(Jk TFAIDCM N
N Y g e D ) I

1h, rt. et 04

A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq,
0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL

each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBL in
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DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-D-
propargylglycine (3 eq, 552 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA
(6 eq, 0.574 mL, 3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated
for 2 h at ambient temperature. The resin was washed as before and the Fmoc protecting
group was removed with 6 M piperazine/100 mM HOBt in DMF (15 ml) for 30 min at
ambient temperature. The resin was washed and added acetic anhydride (10 eq, 0.512 mL,
5.5 mmol) and DIEA (10 eq, 0.956 mL, 5.5 mmol) in DMF (10mL) and agitated for 30
min at ambient temperature. The resin was washed and added to a solution of TFA/DCM
(1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether
to yield Ac-D-Pra-D-Ala.

IH NMR (500 MHz, CD30D) : § 1.41 (d, 3H, CH-CH3), 2.02 (s, 3H, OC-CHs), 2.35 (m,
1H, C=C-CH), 2.64 (m, 2H, CH-CH-C-) 4.40 (g, 1H, CH-CHy), 4.53 (g, 1H, CH-CH3)
13C NMR (125 MHz, CDsOD) : § 16.30, 20.99, 21.24, 52.16, 70.66, 78.95, 170.85, 172.00,

174.25 HRMS: [M-H] calculated: 225.0894 found: 225.0874.
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Scheme S8. Synthesis of D-cysteine-D-alanine (D-Cys-D-Ala)
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq,
0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-s-trityl-D-
cysteine (3 eq, 763 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq,
0.574 mL, 3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated for
2 h at ambient temperature. The resin was washed as before and added to a solution of
TFA/DCM (1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was
filtered and resulting solution concentrated in vacuo. The residue was trituated with cold

diethyl ether to yield D-Cys-D-Ala.
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'H NMR (500 MHz, CD3sOD) : § 1.45 (d, 1H, CH-CHs), 3.08 (m, 2H, CH-CH-SH), 4.18
(t, 1H, CH-CH>), 4.43 (q , 1H, CH-CH3) C NMR (125 MHz, CD30D) : § 15.90 , 25.28,
48.50, 54.25, 167.13, 174.56 HRMS: [M+H]"* calculated: 193.0641 found: 193.0649.

Scheme S9. Synthesis of D-alanine-D-cysteine (D-Ala-D-Cys)
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,

:2%....

0.55mmol) was added Fmoc-s-trityl-D-cysteine (1.1 eq, 354 mg, 0.605 mmol) and DIEA
(3 eq, 0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOB in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-D-alanine (3
eq, 312 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated for 2 h at
ambient temperature. The resin was washed as before and added to a solution of TFA/DCM

(1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and

221



resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether
to yield D-Ala-D-Cys.

IH NMR (500 MHz, CD30D) : & 1.55 (d, 1H, CH-CH3), 2.97 (m, 2H, CH-CH2-SH), 4.13
(t, 1H, CH-CHy>), 4.66 (q , 1H, CH-CH3) *C NMR (125 MHz, CD30D) : § 16.36, 25.29,
48.88, 54.91, 170.15, 171.61 HRMS: [M+H]" calculated: 193.0641 found: 193.0643.

Scheme S10. Synthesis of Desleucyl-vancomycin

1.) FITC, DMF
Pyridine, H,0, 16 h

\ 2.) DCM/TFA, 2 minutes

Vancomycin hydrochloride (100 mg, 0.067 mmol) was dissolved in pyridine (1.0 mL) and
water (1.0 mL). Fluorescein isothiocyanate (FITC) (29 mg, 0.075 mmol) in DMF (0.5 mL)
was added to the solution and stirred for 16 h. The solution was concentrated in vacuo,
resuspended in water (3 mL), and lyophilized. The resultant powder was dissolved in
dichloromethane (1 mL) and trifluoroacetuic acid (1 mL). The mixture was stirred for 2
min and immediately concentrated in vacuo. Water (5 mL) was added to the residue and
extracted with diethyl ether (2 x 5 mL). The aqueous layer was lyophilized and powder
resuspended in water (3 mL) and filtered. The filtrate was purified by reverse-phase HPLC
and lyophilized to yield pure desluecyl-vancomycin as a white powder.

MS (ESI) [M+H]" calculated: 1323.3 found: 1323.3.
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Scheme S13. Synthesis of Aglycon-vancomycin

DCM/TFA

2h

Vancomycin hydrochloride (100 mg, 0.067 mmol) was dissolved in DCM (5.0 mL) and
TFA (5.0 mL) and stirred at ambient temperature for 2 h. The solution was concentrated in
vacuo and the crude product lyophilized. The crude powder was purified by reverse-phase
HPLC and lyophilized to yield pure aglycon-vancomycin as a white powder.

MS (ESI) [M+H]* calculated: 1144.9 found: 1145.4.
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A.7 Appendix for Chapter 7
Compound Synthesis and Characterization

Scheme S1. Synthesis of D-2-Hydroxypent-4-ynoic acid (D-Laclick)

4

' OH : OH
H2N/ﬁ( . Ho/ﬁ(
20h

) O

Adapted from literature.! D-propargylglycine (1.00 g, 8.85 mmol) was dissolved in 1 M
H2S0O4 (50 mL) and cooled to 0 °C. A solution of sodium nitrite (40% aq, 6.5 mL) was
added dropwise, maintaining the temperature at or below 0°C. The reaction was stirred for
3 h at 0 °C, then allowed to warm to ambient temperature for 17 h. The mixture was
extracted with EtOAc (3 x 75 mL), organic layers dried with MgSQO4, and concentrated in
vacuo to yield D-Laclick as a yellow oil which was used without further purification.

IH NMR (500 MHz, CD30D) : § 2.27 (m, 1H, C=CH), 2.60 (m, 2H, CH-CH,-C-), 4.18 (q,
1H, CH-CH,)®C NMR (125 MHz, D20) : & 23.89, 69.51, 71.32, 80.40, 177.85 HRMS:
[M-H]" calculated: 113.0244 found: 113.0216

Scheme S2. Synthesis of L-2-Hydroxypent-4-ynoic acid (L-Laclick)

N X

OH 1M H2$O4 . NaNOZ OH

H,N g HO
20h
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L-propargylglycine (1.00 g, 8.85 mmol) was dissolved in 1 M H2SO4 (50 mL) and cooled
to 0 °C. A solution of sodium nitrite (40% aq, 6.5 mL) was added dropwise, maintaining
the temperature at or below 0 °C. The reaction was stirred for 3 h at 0 °C, then allowed to
warm to ambient temperature for 17 h. The mixture was extracted with EtOAc (3 x 75 mL),
organic layers dried with MgSQj4, and concentrated in vacuo to yield L-Laclick as a yellow
oil which was used without further purification.
IH NMR (500 MHz, CD30OD) : § 2.27 (m, 1H, C=CH), 2.63 (m, 2H, CH-CH,-C-), 4.27 (q,
1H, CH-CHy), 5.43 (br, 1H, CH-OH) 3C NMR (125 MHz, CDs0D) : 5 24.01, 68.87, 70.56,
79.12, 174.61 HRMS: [M-H] calculated: 113.0244 found: 113.0253
Scheme S3. Synthesis of D-Ala-D-Laclick.
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D-Ala-D-Laclick
A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added D-Laclick (1.1 eq, 68.9 mg, 0.605 mmol) and DIEA (3 eq, 0.286
mL, 1.65 mmol) in dry DMF (15 mL). The resin was agitated for 1 h at ambient temperature
and then washed with DMF, DCM, MeOH, CHCl, and DMF (3 x 10 mL each). Boc-D-
alanine (3 eq, 312 mg, 1.65 mmol), EDC (3 eq, 255 mg, 1.65 mmol), DMAP (3 eq, 201
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mg, 1.65 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol) in DCM (10 mL) were added to
the reaction flask and agitated 16 h at ambient temperature. The resin was washed as before
and added to a solution of TFA (20%) in DCM (20 mL) with agitation for 2 h at ambient
temperature. The resin was filtered and resulting solution concentrated in vacuo. The
residue was trituated with cold diethyl ether and purified by reverse-phase HPLC using
H>0-MeOH to yield D-Ala-D-Laclick.

IH NMR (400 MHz, CD30D) : § 1.61 (d, 3H, -CHs), 2.42 (m, 1H, C=CH), 2.84 (m, 2H,
CH-CH,-C-), 4.20 (g, 1H, CH-CH3), 5.27 (t, 1H, CH-CH2) 3C NMR (100 MHz, CD:0D)
: 8 14.94, 20.71, 48.26, 71.16, 71.68, 77.50, 169.08, 169.30 HRMS: [M+H]" calculated:
186.0761 found: 186.0774

Scheme S4. Synthesis of D-Ala-L-Laclick.
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D-Ala-L-Laclick
A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added L-Laclick (1.1 eq, 68.9 mg, 0.605 mmol) and DIEA (3 eq, 0.286

mL, 1.65 mmol) in dry DMF (15 mL). The resin was agitated for 1 h at ambient temperature
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and then washed with DMF, DCM, MeOH, CHClz, and DMF (3 x 10 mL each). Boc-D-
alanine (3 eq, 312 mg, 1.65 mmol), EDC (3 eq, 255 mg, 1.65 mmol), DMAP (3 eq, 201
mg, 1.65 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol) in DCM (10 mL) were added to
the reaction flask and agitated overnight at ambient temperature. The resin was washed as
before and added to a solution of TFA (20%) in DCM (20 mL) with agitation for 2 h at
ambient temperature. The resin was filtered and resulting solution concentrated in vacuo.
The residue was trituated with cold diethyl ether and purified by reverse-phase HPLC using
H2>0-MeOH to yield D-Ala-L-Laclick.

IH NMR (400 MHz, CDs0D) : & 1.62 (d, 3H, -CHs), 2.43 (m, 1H, C=CH), 2.85 (m, 2H,
CH-CH,-C-), 4.21 (g, 1H, CH-CHz), 5.26 (t, 1H, CH-CH2) 3C NMR (100 MHz, CD:0D)
: 8 14.94, 20.69, 48.29, 71.13, 71.68, 77.48, 169.09, 169.29 HRMS: [M+H]" calculated:
186.0761 found: 186.0782

Scheme S5. Synthesis of D-Ala-D-Pra.
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D-Ala-D-Pra

A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,

0.55mmol) was added Fmoc-D-propargylglycine (1.1 eq, 202 mg, 0.605 mmol) and DIEA
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(3 eq, 0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-D-alanine (3
eq, 312 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated for 2 h at
ambient temperature. The resin was washed as before and added to a solution of TFA/DCM
(1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether
to yield D-Ala-D-Pra.

IH NMR (500 MHz, CD30D) : & 1.55 (d, 3H, -CHs), 2.39 (m, 1H, C=CH), 2.78 (m, 2H,
CH-CH,-C-), 4.09 (g, 1H, CH-CHz), 4.59 (t, 1H, CH-CH2) 3C NMR (125 MHz, CD;0D)
: 8 16.34, 20.87, 48.80, 51.54, 71.12, 78.59, 169.91, 171.61 HRMS: [M+H]" calculated:
185.0921 found: 185.0923

Scheme S6. Synthesis of D-Ala-L-Pra.
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A 25 mL peptide synthesis vessel was charged with 2-Chlorotrityl chloride resin (500mg,
0.55mmol) was added Fmoc-L-propargylglycine (1.1 eq, 202 mg, 0.605 mmol) and DIEA
(3 eq, 0.286 mL, 1.65 mmol) in DCM (15 mL). The resin was agitated for 1 h at ambient
temperature and then washed with DMF, DCM, MeOH, CHCl,, and DMF (3 x 10 mL
each). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in
DMF (15 ml) for 30 min at ambient temperature, then washed as before. Boc-D-alanine (3
eq, 312 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (10 mL) were added to the reaction flask and agitated for 2 h at
ambient temperature. The resin was washed as before and added to a solution of TFA/DCM
(1:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether
to yield D-Ala-L-Pra.

IH NMR (400 MHz, D;0) : 6 1.39 (d, 3H, -CHs), 2.26 (m, 1H, C=CH), 2.62 (m, 2H, CH-
CH,-C-), 3.97 (g, 1H, CH-CHs), 4.48 (t, 1H, CH-CH,) 13C NMR (100 MHz, D20) : § 16.98,
20.96, 49.03, 51.46, 72.07, 79.18, 170.83, 173.60 HRMS: [M+H]" calculated: 185.0921

found: 185.0948.
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Scheme S7. Synthesis of Desleucyl-vancomycin

1.) FITC, DMF
Pyridine, H,0, 16 h

\ 2.) DCM/TFA, 2 minutes

Vancomycin hydrochloride (100 mg, 0.067 mmol) was dissolved in pyridine (1.0 mL) and
water (1.0 mL). Fluorescein isothiocyanate (FITC) (29 mg, 0.075 mmol) in DMF (0.5 mL)
was added to the solution and stirred for 16 h. The solution was concentrated in vacuo,
resuspended in water (3 mL), and lyophilized. The resultant powder was dissolved in
dichloromethane (1 mL) and trifluoroacetuic acid (1 mL). The mixture was stirred for 2
min and immediately concentrated in vacuo. Water (5 mL) was added to the residue and
extracted with diethyl ether (2 x 5 mL). The aqueous layer was lyophilized and powder
resuspended in water (3 mL) and filtered. The filtrate was purified by reverse-phase HPLC
and lyophilized to yield pure desluecyl-vancomycin as a white powder.

MS (ESI) [M+H]" calculated: 1323.3 found: 1323.3
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Scheme S8. Synthesis of Aglycon-vancomycin

DCM/TFA

2h

Vancomycin hydrochloride (100 mg, 0.067 mmol) was dissolved in DCM (5.0 mL) and
TFA (5.0 mL) and stirred at ambient temperature for 2 h. The solution was concentrated in
vacuo and the crude product lyophilized. The crude powder was purified by reverse-phase
HPLC and lyophilized to yield pure aglycon-vancomycin as a white powder.

MS (ESI) [M+H]* calculated: 1144.9 found: 1145.4
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A.8 Appendix for Chapter 8

Scheme S1. Synthesis of (Diethylamino)coumarin-carbonyl-amino-D-alanine (DADA)
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BOCHN/\’( 1 h, rt. O cl :\ 30min, r.t.
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<) N \ f‘
N 2h, rt.

O Hy

N 0._0

O L

F_ TFA/DCM HN
)’t@ 2h, rt.

DADA

nlll/

/II:

A 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added N*-Boc-NP-Fmoc-D-2,3-diaminopropionic acid (1.1 eq, 258 mg, 0.605 mmol) and DIEA
(3 eq, 0.286 mL, 1.65 mmol) in dry DCM (15 mL). The resin was shaken for 1 h at ambient
temperature and washed with MeOH and DCM (3 x 15 mL each). The Fmoc protecting group was
removed with 6 M piperazine/100 mM HOBt in DMF (15 ml) for 30 min then washed as before.
7-(Diethylamino)coumarin-3-carboxylic acid (3 eq, 430 mg, 1.65 mmol), HBTU (3 eq, 625 mg,
1.65 mmol), and DIEA (6 eq, 0.574 mL, 3.30 mmol) in DMF (15 mL) were added to the reaction
flask and agitated for 2 h at ambient temperature. The resin was washed as before and added to a
solution of TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was
filtered and resulting solution concentrated in vacuo. The residue was trituated with cold diethyl
ether and purified using reverse phase HPLC using H.O/MeOH to yield DADA. The sample was
analyzed for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5u C18(2) 100A (30 x

2.00 mm) column; gradient elution with H,O/CH3CN.
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IH NMR (400 MHz, DMSO) : § 1.15 (t, 6H, CH-CHs), 3.80 (m, 2H, -CH-CH,-NH), 4.15 (t, 1H,

-CH-CH,-NH-), 6.65 (s, 1H, -C-CH-C-), 6.85 (d, 1H, -C-CH-CH-), 7.70 (d, 1H, -CH-CH-C-), 8.70
(s, 1H, -C-CH-C-) 3C NMR (DMSO) : § 12.76, 44.82, 52.43, 96.28, 108.00, 109.28, 110.70,
132.22, 148.41, 153.09, 157.79, 162.01, 163.84, 169.92 ESI-MS: [M+H]" calculated: 348.1 found:

348.1
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Scheme S2. Synthesis of PentaF|
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A 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBLt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-D-
alanine (3 eg, 513 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-L-Lys(Boc)-OH, Fmoc-D-glutamic acid a-amide, and Fmoc-L-alanine.
The Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2
eq, 413 mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol)
in DMF (15 mL) shaking overnight. The resin was washed as before and added to a solution of
TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether and
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purified using reverse phase HPLC using H.O/MeOH to yield PentaFIl. The sample was analyzed
for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5y C18(2) 100A (30 x 2.00 mm)
column; gradient elution with H,O/CHsCN.

ESI-MS: [M+H]" calculated: 846.3 found: 846.3
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Scheme S3. Synthesis of PentaFI-2
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To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-L-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBLt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-L-
alanine (3 eq, 513 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-L-Lys(Boc)-OH, Fmoc-D-glutamic acid a-amide, and Fmoc-L-alanine.
The Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2
eq, 413 mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol)
in DMF (15 mL) shaking overnight. The resin was washed as before and added to a solution of

TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
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resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether and
purified using reverse phase HPLC using H.O/MeOH to yield PentaFI-2. The sample was analyzed
for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5p C18(2) 100A (30 x 2.00 mm)
column; gradient elution with H,O/CH3CN.

ESI-MS: [M+H]* calculated: 846.3 found: 846.3
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Scheme S4. Synthesis of PentaFI-3
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To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBLt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-L-
alanine (3 eg, 513 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-L-Lys(Boc)-OH, Fmoc-D-glutamic acid a-amide, and Fmoc-L-alanine.
The Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2
eq, 413 mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol)
in DMF (15 mL) shaking overnight. The resin was washed as before and added to a solution of

TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
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resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether and
purified using reverse phase HPLC using H.O/MeOH to yield PentaFI-3. The sample was analyzed
for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5p C18(2) 100A (30 x 2.00 mm)
column; gradient elution with H,O/CH3CN.

ESI-MS: [M+H]* calculated: 846.3 found: 846.3
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Scheme S5. Synthesis of PentaFl-4

¢.?;J\m wjjw ]A JYOH
CODL, e

To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-L-alanine (1.1 eqg, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-D-
alanine (3 eg, 513 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-L-Lys(Boc)-OH, Fmoc-D-glutamic acid a-amide, and Fmoc-L-alanine.
The Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2
eq, 413 mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol)
in DMF (15 mL) shaking overnight. The resin was washed as before and added to a solution of
TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether and
purified using reverse phase HPLC using H,O/MeOH to yield PentaFI-4. The sample was analyzed
using a Shimadzu LC 2020 with a Phenomenex Luna 5y C18(2) 100A (30 x 2.00 mm) column;
gradient elution with H,O/CHsCN.

ESI-MS: [M+H]" calculated: 846.3 found: 846.3
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Scheme S6. Synthesis of PentaFI-5
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PentaFI-5

To a 25 mL peptide synthesis vessel charged with Fmoc-D-Alanine Wang resin (950 mg, 0.55
mmol). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in DMF (15
ml) for 30 min at ambient temperature, then washed with MeOH and DCM (3 x 15 mL each).
Fmoc-D-alanine (3 eg, 513 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq,
0.574 mL, 3.30 mmol) in DMF (15 mL) was added to the reaction flask and agitated for 2 h at
ambient temperature. The Fmoc deprotection and coupling procedure was repeated as before using
the same equivalencies with Fmoc-L-Lys(Mtt)-OH, Fmoc-D-glutamic acid a-amide and Fmoc-L-
alanine. The Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-
carboxyfluorescein (2 eq, 413 mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq,
0.574 mL, 3.30 mmol) in DMF (15 mL) shaking overnight. The resin was washed as before and
added to a solution of 1% TFA / 5% TIPS in DCM and shaken for 10 min and washed. The step
was repeated five times for removal of the Mtt group. Acetic anhydride (5 eg, 0.260 mL) and DIEA

(10 eq, 0.956 mL) in DMF was added and resin shaken for 30 min at ambient temperature. The
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resin was washed and added to a solution of TFA/DCM (2:1, 20 mL) with agitation for 2 h at
ambient temperature. The resin was filtered and resulting solution concentrated in vacuo. The
residue was trituated with cold diethyl ether and purified using reverse phase HPLC using
H>O/MeOH to yield TetraFI-3. The sample was analyzed for purity using a Shimadzu LC 2020
with a Phenomenex Luna 5p C18(2) 100A (30 x 2.00 mm) column; gradient elution with
H2O/CHsCN.

ESI-MS: [M+H]* calculated: 888.3 found: 888.1
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Scheme S7. Synthesis of PentaFI-6
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To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBLt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-D-
alanine (3 eg, 513 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-L-Lys(Boc)-OH, Fmoc-D-Glu(OtBu)-OH, and Fmoc-L-alanine. The
Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2 eq,
413 mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol) in
DMF (15 mL) shaking overnight. The resin was washed as before and added to a solution of
TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether and
purified using reverse phase HPLC using H.O/MeOH to yield PentaFI-6. The sample was analyzed
for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5u C18(2) 100A (30 x 2.00 mm)
column; gradient elution with H,O/CH3CN.

ESI-MS: [M+H]* calculated: 847.3 found: 847.3
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Scheme S8. Synthesis of PentaFI-7
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To a 25 mL peptide synthesis vessel charged with Rink Amide Resin (500mg, 0.30mmol). The
Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in DMF (15 ml) for 30
min at ambient temperature, then washed with MeOH and DCM (3 x 15 mL each). Fmoc-D-alanine
(3 eq, 280 mg, 0.90 mmol), HBTU (3 eq, 341 mg, 0.90 mmol), and DIEA (6 eq, 0.314 mL, 1.80
mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-D-alanine, Fmoc-L-Lys(Boc)-OH, Fmoc-D-glutamic acid a-amide, and
Fmoc-L-alanine. The Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-
carboxyfluorescein (2 eq, 226 mg, 0.60 mmol), HBTU (2 eq, 228 mg, 0.60 mmol) and DIEA (6 eq,
0.314 mL, 1.80 mmol) in DMF (15 mL) shaking overnight. The resin was washed as before and
added to a solution of TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The
resin was filtered and resulting solution concentrated in vacuo. The residue was trituated with cold
diethyl ether and purified using reverse phase HPLC using H,O/MeOH to yield PentaFI-7. The
sample was analyzed for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5y C18(2)
100A (30 x 2.00 mm) column; gradient elution with H,O/CH3CN.

ESI-MS: [M+H]" calculated: 845.3 found: 845.3
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Scheme S9. Synthesis of PentaRh
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To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-D-
alanine (3 eg, 513 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-L-Lys(Boc)-OH, Fmoc-D-glutamic acid a-amide, and Fmoc-L-alanine.
The Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-carboxy-
tetramethylrhodamine (2 eq, 474 mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6
eq, 0.574 mL, 3.30 mmol) in DMF (15 mL) shaking overnight. The resin was washed as before and
added to a solution of TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The
resin was filtered and resulting solution concentrated in vacuo. The residue was trituated with cold
diethyl ether and purified using reverse phase HPLC using H,O/MeOH to yield PentaRh-6. The
sample was analyzed for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5y C18(2)
100A (30 x 2.00 mm) column; gradient elution with H,O/CH3CN.

ESI-MS: [M+2H]? calculated: 451.2 found: 450.9
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Scheme S10. Synthesis of PentaRh-6
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To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-D-
alanine (3 eg, 513 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq, 0.574 mL,
3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-L-Lys(Boc)-OH, Fmoc-D-Glu(OtBu)-OH, and Fmoc-L-alanine. The
Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-carboxy-
tetramethylrhodamine (2 eq, 474 mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6
eq, 0.574 mL, 3.30 mmol) in DMF (15 mL) shaking overnight. The resin was washed as before and
added to a solution of TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The
resin was filtered and resulting solution concentrated in vacuo. The residue was trituated with cold
diethyl ether and purified using reverse phase HPLC using H,O/MeOH to yield PentaRh-6. The
sample was analyzed for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5y C18(2)
100A (30 x 2.00 mm) column; gradient elution with H,O/CH3CN.

ESI-MS: [M+2H]?* calculated: 451.7 found: 451.4
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Scheme S11. Synthesis of TetraFl
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To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBLt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-L-
Lys(Boc)-OH (3 eq, 773 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq,
0.574 mL, 3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at
ambient temperature. The Fmoc deprotection and coupling procedure was repeated as before using
the same equivalencies with Fmoc-D-glutamic acid a-amide and Fmoc-L-alanine. The Fmoc group
of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2 eq, 413 mg, 1.1
mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol) in DMF (15 mL)
shaking overnight. The resin was washed as before and added to a solution of TFA/DCM (2:1, 20
mL) with agitation for 2 h at ambient temperature. The resin was filtered and resulting solution
concentrated in vacuo. The residue was trituated with cold diethyl ether and purified using reverse
phase HPLC using H.O/MeOH to yield TetraFl. The sample was analyzed for purity using a
Shimadzu LC 2020 with a Phenomenex Luna 5 C18(2) 100A (30 x 2.00 mm) column; gradient
elution with HO/CH3CN.

ESI-MS: [M+H]* calculated: 775.3 found: 775.3
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Scheme S12. Synthesis of TetraFl-2
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TetraFI-2

To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-L-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBLt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-L-
Lys(Boc)-OH (3 eq, 773 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq,
0.574 mL, 3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at
ambient temperature. The Fmoc deprotection and coupling procedure was repeated as before using
the same equivalencies with Fmoc-D-glutamic acid a-amide and Fmoc-L-alanine. The Fmoc group
of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2 eq, 413 mg, 1.1
mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol) in DMF (15 mL)
shaking overnight. The resin was washed as before and added to a solution of TFA/DCM (2:1, 20
mL) with agitation for 2 h at ambient temperature. The resin was filtered and resulting solution
concentrated in vacuo. The residue was trituated with cold diethyl ether and purified using reverse
phase HPLC using H,O/MeOH to yield TetraFI-2. The sample was analyzed for purity using a
Shimadzu LC 2020 with a Phenomenex Luna 5u C18(2) 100A (30 x 2.00 mm) column; gradient
elution with HO/CH3CN.

ESI-MS: [M+H]* calculated: 775.3 found: 775.1
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Scheme S13. Synthesis of TetraFI-3
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To a 25 mL peptide synthesis vessel charged with Fmoc-D-Alanine Wang resin (950 mg, 0.55
mmol). The Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in DMF (15
ml) for 30 min at ambient temperature, then washed with MeOH and DCM (3 x 15 mL each).
Fmoc-L-Lys(Mtt)-OH (3 eq, 1.02 g, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6
eq, 0.574 mL, 3.30 mmol) in DMF (15 mL) was added to the reaction flask and agitated for 2 h at
ambient temperature. The Fmoc deprotection and coupling procedure was repeated as before using
the same equivalencies with Fmoc-D-glutamic acid a-amide and Fmoc-L-alanine. The Fmoc group
of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2 eq, 413 mg, 1.1
mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol) in DMF (15 mL)
shaking overnight. The resin was washed as before and added to a solution of 1% TFA / 5% TIPS
in DCM and shaken for 10 min and washed. The step was repeated five times for removal of the
Mtt group. Acetic anhydride (5 eq, 0.260 mL) and DIEA (10 eq, 0.956 mL) in DMF was added and
resin shaken for 30 min at ambient temperature. The resin was washed and added to a solution of

TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
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resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether and
purified using reverse phase HPLC using H.O/MeOH to yield TetraFI-3. The sample was analyzed
for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5p C18(2) 100A (30 x 2.00 mm)

column; gradient elution with H,O/CHsCN.

ESI-MS: [M+H]" calculated: 817.3 found: 817.3

265



B17.3

5000000

600000

o

[=3]

%
m/z

4500000

4000000

3500000

Q
(=)
(=]
8
(=]
™~

usuAU|

2500000

1500000

1000000

500000

500000

400000

266

200000

100000

15 20 25 30

Time (min)

10



Scheme S14. Synthesis of TetraFI-4
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To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBLt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-L-
Lys(Boc)-OH (3 eq, 773 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq,
0.574 mL, 3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at
ambient temperature. The Fmoc deprotection and coupling procedure was repeated as before using
the same equivalencies with Fmoc-D-Glu(OtBu)-OH and Fmoc-L-alanine. The Fmoc group of L-
alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2 eq, 413 mg, 1.1 mmol),
HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol) in DMF (15 mL) shaking
overnight. The resin was washed as before and added to a solution of TFA/DCM (2:1, 20 mL) with

agitation for 2 h at ambient temperature. The resin was filtered and resulting solution concentrated
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in vacuo. The residue was trituated with cold diethyl ether and purified using reverse phase HPLC
using H.O/MeOH to yield TetraFI-4. The sample was analyzed for purity using a Shimadzu LC
2020 with a Phenomenex Luna 5y C18(2) 100A (30 x 2.00 mm) column; gradient elution with
H2O/CHsCN.

ESI-MS: [M+H]* calculated: 776.2 found: 776.3
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Scheme S15. Synthesis of TetraF|-5
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TetraFI-5

To a 25 mL peptide synthesis vessel charged with Rink Amide Resin (500mg, 0.30mmol). The
Fmoc protecting group was removed with 6 M piperazine/100 mM HOBt in DMF (15 ml) for 30
min at ambient temperature, then washed with MeOH and DCM (3 x 15 mL each). Fmoc-D-alanine
(3 eq, 280 mg, 0.90 mmol), HBTU (3 eq, 341 mg, 0.90 mmol), and DIEA (6 eq, 0.314 mL, 1.80
mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at ambient
temperature. The Fmoc deprotection and coupling procedure was repeated as before using the same
equivalencies with Fmoc-L-Lys(Boc)-OH, Fmoc-D-glutamic acid a-amide, and Fmoc-L-alanine.
The Fmoc group of L-alanine was deprotected and resin coupled with 5(6)-carboxyfluorescein (2
eq, 226 mg, 0.60 mmol), HBTU (2 eq, 228 mg, 0.60 mmol) and DIEA (6 eq, 0.314 mL, 1.80 mmol)
in DMF (15 mL) shaking overnight. The resin was washed as before and added to a solution of
TFA/DCM (2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and
resulting solution concentrated in vacuo. The residue was trituated with cold diethyl ether and
purified using reverse phase HPLC using H.O/MeOH to yield TetraFI-5. The sample was analyzed
for purity using a Shimadzu LC 2020 with a Phenomenex Luna 5p C18(2) 100A (30 x 2.00 mm)
column; gradient elution with H,O/CHsCN.

ESI-MS: [M+H]" calculated: 774.3 found: 774.4
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Scheme S16. Synthesis of TetraRh
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To a 25 mL peptide synthesis vessel charged with 2-Chlorotrityl chloride resin (500mg, 0.55mmol)
was added Fmoc-D-alanine (1.1 eq, 188 mg, 0.605 mmol) and DIEA (3 eq, 0.286 mL, 1.65 mmol)
indry DCM (15 mL). 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 6 M piperazine/100
mM HOBLt in DMF (15 ml) for 30 min at ambient temperature, then washed as before. Fmoc-L-
Lys(Boc)-OH (3 eq, 773 mg, 1.65 mmol), HBTU (3 eq, 625 mg, 1.65 mmol), and DIEA (6 eq,
0.574 mL, 3.30 mmol) in DMF (15 mL) were added to the reaction flask and agitated for 2 h at
ambient temperature. The Fmoc deprotection and coupling procedure was repeated as before using
the same equivalencies with Fmoc-D-glutamic acid a-amide and Fmoc-L-alanine. The Fmoc group
of L-alanine was deprotected and resin coupled with 5(6)-carboxy-tetramethylrhodamine (2 eq, 474
mg, 1.1 mmol), HBTU (2 eq, 416 mg, 1.1 mmol) and DIEA (6 eq, 0.574 mL, 3.30 mmol) in DMF
(15 mL) shaking overnight. The resin was washed as before and added to a solution of TFA/DCM
(2:1, 20 mL) with agitation for 2 h at ambient temperature. The resin was filtered and resulting

solution concentrated in vacuo. The residue was trituated with cold diethyl ether and purified using
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reverse phase HPLC using H.O/MeOH to yield TetraRh. The sample was analyzed for purity using
a Shimadzu LC 2020 with a Phenomenex Luna 5u C18(2) 100A (30 x 2.00 mm) column; gradient
elution with HO/CH3CN.

ESI-MS: [M+2H]?* calculated: 415.7 found: 415.3
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