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ABSTRACT

Bacteria have the natural ability to install protective fsysithetic
modifications onto its bacterial peptidoglycan (PG); the coat that is woven into
bacterial cell wall. Peptidoglyca®-acetyltransferase B (PatB) catalyzes the
acetylation of peptidogtanin Gram {) bacteria, which aids in bacterial survival, as
it prevents autolysins suds lysozyme from cleaving the peptidoglyaan  tljde D
glycosidic bond betweem-acetylmuramic acid (NAM) andN-acetyblucosamine
(NAG). In this dissertationthe substrate promiscuity anthechanistic details of
Pat BOs ac et ywas texploradand it was tlateanined thia PatB has
substrate tolerancdor bioorthgonal shortN-acetytysteamine (SNAc) donors.
Exploiting this laxspecificity, avariety of functionality including azides and alkynes
were installed on trN-acetylglucosamine (NAG) a peptidoglycamimic, as well as
peptidoglycanisolated from various Gram (+)Bécillus subtili3 and Gram ()
(Escherichia coli, Vibrio parahaemolgtis, and Pseudomonas putiflabacterial
species. The bioorthogonahodifications were shown to protect theol&ed
peptidoglycaragainst lysozyme degradationvitro. We further demonstrate that this
postsynthetic modification of peptidoglycaran be exénded to use click chemistry to
fluorescently label the carbohydrate backbone of mature peptidogigcarole
bacterialcells of Bacillus subtilis Modifying peptidoglycarpostsynthetically can aid
in the development of antibiotics and immune modulaigrexparnling on the current
understanding of how the bacterial peptidoglycan is processed by lytic enzymes

presented in the innate immune system.
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Chapter 1

INTRODUCTION

1.1 The Human Microbiome

Over the pastlecadetheinterest in the human microbiorh@s exploded. Tig
relates tothe collection of microorganisms that live in/on the human body. In 2008,
the National Institute of Health (NIH) launched the Human Microbiome Project
(HMP) with the specific aims of elucidating the composition of the human
microbiome and d&fing the relationship between the human microbiome and
disease$?® The programgathered data regardindpe various types of microbes
present orfive different parts of the bodymouth, nose, gut, urogenital tract, and skin)
using 16S ribosomal RNA (rRNA) sequencifiggure 1.1) The results indicate that
there are more than 10,000 microbial species in a healthy microbiome from various
domains (archaea, bacteria, eukaryotes, and virfisB&®ny of the organisms
remained unchacterized, but it was concluded that bacteria constitutes an

overwhelming majority of the microbes of the human microbidme.
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Figurel.1: The various specgeof bacteria found at the different regions of the human
body. (Image credit: Darryl Leja, &ional Human Genome Research
Institute (NHGRI)

It is currently estimated that there are as many bacterial cells as humédn cells.
However given the smaller f bacterial cells, the numbef bacterial geneg-3.3
million) far outnumbers the numbef human geneg-22,000)’ It is known that some

of the bacteria are commenshly helping to synthesizgitamins and aiding with



digestion® However, there are pathogenic bacteria present in the microbiome as well,
and & unbalanced regulation of commensal and pathogeaateria can lead to
diseases such adesity, mental illness, arahronic inflammatior?*** Therefore it is

of critical importance to understand the intricate dynamics of the bacterial composition

and the resulting impact on our body.

1.2 Bacteria Sersing by the Immune System

The amounbf bacteria(~30-50 trillion) living on and in the human body at
any given moment is simply astonishing. So how does our body sense and respond to
these passengers? In 1996, Hoffman and coworkers identified a type of receptors
called Toltike receptors (TLRsand showed that i@soplilia are able to sense fungal
infections using TLR4? A couple of years later, Beutler and coworkers demonstrated
that TLR4 specificity was capable of sensing the presence of bacterial
lipopolysaccharide (LPS} For their work, Hoffman and Beutler woretiNobel Prize
for physiology or medicine along with Steinman in 2011. Howéwsrworth to note
t hat prior t o Beutl er s paper on TLR4
groundwork that linked TLR 4 to immunity back in 1989. Sadly, Janeway passed
awayin 2003 and was not eligible for the 2011 Nobel Pr&ace then other types of
receptors such as the Nbkle receptors (NLRs) have been discoveredLRs are
usually found on cell staces while NLRs are cytosolic. With the help of both TLRs
and NLRs,the innate immune system is able to recognize conserved microbe

associated molecular patterns (MAMPBable 1.1)



Tablel1.1: Overview of théigands for TLRs and NLRs

Receptor Ligand (Source) Reference
TLR1 | Lipopeptides (Bacteria) 16
TLR2 | Peptidoglycarand Lipotechoic acid (Gram (+) Bacterig 17
TLR3 | dsDNA (Viruses) 18
TLR4 | Lipopolysaccharide (Gram)(Bacteria) 19
TLR5 | Flagellin (Bacteria) 20
TLR6 | Lipoteichoic acid (Gram (+) Bacteria) 17
TLR7 | sDNA (Viruses) 21
TLR8 | sDNA (Viruses) 22
TLR9 | CpG-containing DNA (Bacteria and Viruses) 23
Nodl | Peptidoglycan iE-DAP (Gram ¢) Bacteria) 24, 25, 26
Nod2 | Peptidoglycari MDP (Bacteria) 27, 28

Upon recognition, both types of receptors activate various pathways to produce
inflammatory cytokines andchemokines to combat the invading microbes.
However the question then becomes if our body is responding to the presence of
MAMPs, then can we distinguish the MAMPs from commensal bacteria and the
MAMPs from pathogenic bacterid@®ne hypothesiss that tle human innate immune
system has evolved over the years to detect MAMPs that are specifically mrbguce
pathogenic bacteria. This hypothesis is supported by the faafiffeaent bacterial
families will have different patidoglycan (PG) compositionand that the various
receptors respond to different ligarids® Unlike TLR4, the nucleotidéinding and

oligomerization @dmaincontaining 2(Nod2) receptor senses a small fragment of the




peptidoglycan,such asmuramyl dipeptide (MDP), and Nodl senses aeddt
peptidoglycan fragment -Daglutamytmesediaminopimelic acid (iIEDAP). The
release of different immunostimulatogyeptidoglycanfragmentscould help the
innate immune system distinguish between commensal and pathogenic bacteria
However as with althings biological, it is presumably much more complicated, and
additional experiments and methodology are needed in order to illuminate the

processes through which MAMPs are generated.

1.3 Peptidoglycan

Bacterial cell wall,also known as peptidoglycais unique to bacterig333*
and is composed & polymeric network of alternating units Nfacetylglucosamine
(NAG) andN-acetylmuramic acidNAM )-pentapeptide carbohydrates that are further
crosslinked (Figure 12).
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Figurel.2 A molecular view of thebacterial peptidoglycarmomposition Structural
differences between most Gram (+) and Gra)mbécterial species are
highlighted.Also shown areViDP (red) and iIEDAP (blue), ligands for
Nod2 and Nod1, respectively.

However there are some subtle variatiomsthe peptide stems, as well as
crosslinking patterns across different bacterial speti¢zor example, most Gram (+)
bacterial species have a lysine at the third amino acid position of the pentapeptide
chain with theexception of Bacilli, which havenescA,pm at the third position
similar to that of Gram-) bacterial specie¥.Yet the fouth amino acid in the chain is
always an alanine regardless of the type of bactéfiarhese subtle differences are
attributed to the specificity of the Mur enzgs) which are involveth peptidoglycan

biosynthesigFigure 1.3)***
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though transglycosylases and transpeptidases. Figure reproduced from
Veening et al. (2013Y

Peptidoglycanis a key component in bacterial cell survjvedgulating the
osmott pressure, temperature and.Bt¥*3It also contributes to the bacterial cell
shape, and serves as the anchoring point fol veathoic acids (WTA) and
extracellular protein$!Given the varied roles of the peptidoglycan, it is not surprising
that bochemists have exploited the polymer for a number of applications. The Gram
staining method is used to classify a bacteria either as Gram (+) or Graaséd on

the accessibility of the peptidoglyc&hSince the peptidoglycan is unique to bacteria,



numeous researchers have targeted it as a means to fluorescently label the $acteria.
In addition, many antibiotics target the biosynthesis of this bacterial calling card in

order to kill the bacteriurfy.

1.3.1 Bacterial Classification with Gram Staining

Gramstaining is a widely used method to distinguish between two groups of
bacteria®®*° The main principle of the method is that Gram (+) bacteria have a much
thicker layer of peptidoglycan as compared@am ¢) bacteria (Figure 1)4° The
difference in pptidoglycan abundance allows researchers to stain the cells with

different dyes in order to distinguish the various bacterial species present in a mix

population.
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Figurel.4: Gram ¢) bacteria have a thin layer of peptidoglycan that is sandwiched
between the outer and inner membranes (A). Gram (+) bacteria have a
thick layer of peptidoglycan on the exterior of the bacterial cell TBg
difference in peptidoglycan abundanced asccessibility is the driving
principle behind the Gram staining methoBigure adaptedfrom
Casadevall eil. (2015.>°



The bacterial cells are first treated with a solution of crystal violet dye. Both
Gram (+) and Gram-) cells are stained purple aftdre initial treatment. Next an
iodine solution is added to form a complex with the crystal violet dye. Then the
bacterial cells are washed with alcohol. During this step, the Gram (+) cells retained
the purple color due to the iodheeystal violet complhe being trappeadvithin the thick
layer of peptidoglycan. In contrasthe purple color is washed away in Graincells
because the thin layer of peptidoglycan is unable to trap the iodig&l violet
complex. Lastly the bacterial cells are treated wéafranin. Gram (+) cells are unable
to uptake this second dye, so they remained a purple color. Graell$ are stained

by safanin resulting in a pink coldFigure 1.5.>

Figurel5: Diagram depicting the physical appearance of a mixed population of
bacterial cells after each stépystal violet addition (A), iodine treatment
(B), alcohol wash (C), and safranin stain (@) the Gram staining
method.Gram (+) cells (oval) are stained purpled while Grajncélls
(circle) are stained pink.

This powerfll technique often serves as a starting point to differentiate
bacterial species present in a mix populatfoGram staining also illustrates one of

the many important utilities of the peptidoglycan



1.3.2 Peptidoglycan as d.abeling Target

The peptidoglycands also been the targdtrmumerous labeling strategies. A
majority of the strategies have relied on the incorporation of unnatural derivatives of
either amino acid®r sugar building blocks. For example, Maurelli and coworkers
used unnatural-Ala-o-Ala derivatives to include an azido handle on the peptide stem
(Figure 1.6b)° Likewise, the Bertozzi group also used-Ala derivative to install an
alkyne>* or a cyclooctyn® on the peptide stem (Figure 1&ed 1.6§. Similarly, Kuru
et al. used fluorescenb-Ala derivatives to direty attacha fluorophore onto the
peptide stem (Figure 1.6%).In 2014, the Walker and Kahne labs labeled the
peptidoglycan in & analogous manner using unnatural lysine derivatives containing
fluorescein (Figue 1.6d)’ Although successful, these strategies to fluorescently
labeled the peptidoglycan on the peptide stem has a major drawbacgentapeptide
stem is trimmed in the crodigking process, and for MDP to be produced, both the
Ala and Lys amino acglwould be cleaved.

Therefore other groupssuch as the Erringn lah have used fluorescent
antibiotics as another means to label the peptidoglffeigure 1.6gy%>° This method
is advantageous because it labels existing peptidoglycan and does noh rislg
enzymes present in the peptidoglycan biosynthesis pathwhile the labeling is
successfulantibiotic treated cells are unhealthy and thus are not suitable for additional
in vivo studies. Another strategy is to incorporate fluorescence through th
carbohydrate backbone of peptidoglycan. In 2a@8, Nishimura group was able to
label the peptidoglycan through glucosamine derivatives (Figure °.6Rhe
downsideto this approach is the glucosamine is found throughout the cell, hence there

is a highlevel of background fluorescence that is not localized to the peptidoglycan.

Recently, the Grimekab mitigatedboth of thesassues by labeling the peptidoglycan

1C



with unnatural NAM derivative8 which is specific to the peptidoglycan and not

harmful tothe bacterigFigure 1.6a) The disadvantage of this method is that it also

relies on the bacteria for the assimilation of the derivatives.

R: Vancomycin or Ramoplanin

Figurel.6: Review of selecpeptidoglycan labeling strategidsund in literature

Three main strategies have been employed to label the peptidoglycan: the
incorporation of unnatural amino acids-fp, the use of fluorescent

antibiotics (G), and the integration of unnatural sugar derivatives (A,H).
A61 B53 C56 D57 E54 F55 658’59 HGO
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1.3.3 Pepidoglycan as anAntibiotic Target

Several components of theeptidoglycan biosynthetic pathway are also the
targets of many antibioti®8.A common mechanism of actionclude inactivation of
the enzymes involved in peptidoglycan biosynthesiiserthrough direct binding of
the antibiotic to the enzyme or by blocking the interaction between the emngrits
substrateFFor examplepne of the wi known antibiotic, penicillinworks by blocking
the transpeptidases that are responsible for peptidoglyemslatking.®® As a result,
the transpeptidases are often referred to as penibiliding proteins (PBPS).
Penicillin was first discovered by Alexander Fleming in 1828d is a member of the
b-lactamclass of antibioticsThe structure of penicillin mrics that of theo-Ala-p-
Ala, so the transpeptidadends to penicillin and is rendered inactigigure1.7)>
The lack of crosdinking results in structural instability of the peptidoglycan, which
eventually leads to cell lysis.

Interestingly, another well known antibiotic, vancomycin, also interferes with
the binding of transpeptidasesdéla-b-Ala. Vancomycin binds directly to-Ala-p-
Ala (Figure 1.7), and as a consequence of its size, it blocks the binding of

transpeptidaseso p-Ala-p-Ala.?® Antibiotics that target the peptidoglycan further

demonstrates the utility of this unique feature of bacterial cells.
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Figurel . 7 : T h elactain ansibsotice duch fas penicillin is structurally similar to
that ofp-Ala-p-Ala, which allows them to bind to PBRand inhibit their
activity (top). Vancomycin binds directly to-Ala-p-Ala, blocking the
dipeptide from binding to PBPs. Vancomycin resistant bacteria have
altered the dipeptide from-Ala-p-Ala to p-Ala-p-Lac to disrupt the
hyd ogen bonding necessary for vancomy

1.4 Bacterial Protection Strategies

Due to the widespread misuse of antibiotics, bacteria have developed
resistance mechanistfisBacteria that are resistant to penicillin or other members of

t h dactédm family of antibiotics produced enzymes that catalyze the opening of the
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b-lactam ring rendering the antibiotic harml8%dn addition, some Lactobacillus
species have altered the composition of the peptide stem to incorpake®-Lac
instead ofp-Ala.o-Ala to prevent the binding of vancomycifrigure 1.7)° This
protection strategwas initially discovered ifEnterococcugaedum.”® VanA makes
the p-Alap-Lac dipeptide and VanX specifically hydrolyzes theAlap-Ala
dipeptide’* The accumulatingf o-Ala.o-Lac forces MurF to add the dipeptide to the
existing tripeptide chain on NAM. The presencepéhla-p-Lac in the pentapeptide
results in the loss of a hydrogen bond between vancomycin and its suistrate.

In addition to these resistance meckars, lacteriaalso utilize other broad,
survival mechanisms involving the peasintheticmodification of its peptidoglycan in
order to combat other threattysozyme, a mammalian amiicrobial enzyme, acts on
the peptidoglycal y ¢ | e a vlj4glgositihband between NAG and NAR.
As a defense mechanism against degradation, rizactéien modify their mature
peptidoglycanvia multiple pathways such dsd-deacetylationand O-acetylationto

block such cleavag@igure 1.8)"

0
HO 0
HO
H °, o Ho HO \( \(
Po o o o o
a %o o 9 o HO
AcHN ""LAcHN H,N i+ ° ‘;‘-'Io 0&, /i&/ o
N o
R ° /LHZN AcHN AcHN S5 00’@
. o o AcHN YCHN
R o}
R
NAG NAM N-deacetylation O-acetylation 1,6-anhydro ring

Unmodified

Figurel1.8: Postsynthetic nodifications of the peptidoglycan such Bsdeacetylation
and O-acetylationprevent degradatiohy Iytic enzymeswhich usually
results in the formation of a @&hhydro ringR: peptide chain.
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N-deacetylationhas been observech iseveral pathogenic bacterial species
including Bacillus anthracis and Streptococcus pneumoria’® The processis
catalyzed bytwo enzymes:PdaA!” which deacetylates NAM, and PgdAwhich
deaetylates NAG It has been shown that lysozyme has poonigffifor deacetylated
peptidoglycaf® as the acetyl groups are necessary to interact with the amino acids
present in the binding pocket of lysozyme. Moreover, the lytic activity of lysozyme
can be restored acetylating the peptidoglycan chemically. In addition, the
peptidoglycanbecomes more positively charged due to the free amino groups that
form as a result of deacetylation, which could confer resistance to cationic
antimicrobial peptides pduced by the innate immune system similar to how
Staphylococcusaureus resist cationic host defense factors by modifying their
lysylphophatidylglycerol (LPG) with-Lys.*

O-acetylation of peptidoglycahasalso been found in numerous pathogenic
bacterialspeciesncluding S. aureusandN. gonorrhoea& % leading to resistance of
lysozyme degradatioff.Thus it is not surprising that the level ®facetylation can be
as high as 70% in certain bacterial spetfe3espite the prevalence 6tacetylation,
the source and delivery mechanism of the acetate is debated; it is hypothesized that the
natural source of the acetate group is from agebA. However given thaD-acetyl
groups are not found on Lipid Il, a precursor in the PG biosynthetic pattvay,
aceylation is considered to occur post synthetically on either nascent or mature
PG3>88788 Tharefore a mechanism through which the acetate derived from-acetyl
CoA is translocated from the cytoplasm to the periplasmic space via a transporter has

been propsed®®
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Figurel.9: Comparison of th®at proteins found in Gram (Hacteria and the Pat
proteins found in Gram-) bacteria that is responsible for th@
acetylation of the peptidoglycan.

In Gram (+) bateria, there existwo enzymes that are responsible Or
acetylating the carbohydrate backbone of peptidoglyOaacetyltransferase A (OatA)
was first identified inS. aureusand shown to acetylate theGH position of NAM®
while OatB, which was identified inactobacillus akej is responsible for the
acetylation ofthe 60OH position of NAG(Figure 1.9)* Both proteins have yet to be
characterized due to the difficulties associated with the expression and purification of
transmembrane proteins. However sequence analysigcisréhat both proteins have
eleven transmembrane regions that are proposed to be responsible for the transport of
an acetyl group from the cytoplasm into the periplds@oth OatA and OatB also
havea second component that is responsible for the tramdfthe acetyl group onto
the peptidoglycan. In Gram)(bacteriathe enzymes responsible fOracetylation are
peptidoglycanO-acetyltransferase A (PatR)and B (PatBY (Figure 1.9) Unlike the
Oat proteinsthe Pat proteins are not bilbPatA is @aransmembrane protein, while

PatB resides freely in the periplasm. Similar to the transmembrane portion of the Oat
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proteins, PatA is presumed to translocate the acetyl group that PatB puts on the

peptidoglycan in order to protect the bacteria againstenmgs autolysins.

1.5 Overview of Dissertation

PatB is an important part of the bacterial survival mechanism. However despite
that significance, we have limited knowledge o:mhbitochemistry. This dissertation
aims to improve upon the current purification aclaracterization of PatB, to
elucidate PatBs substrate specificity using a wide range of synthetic donors, and
demonstrate the versatility of PatB modification pathw@hapter 2 deils the
development of these of theE. coli system for the oveexpression and purification
of dual tagged PatB along wittharacterization of thpurified PatB with biochemical
assaysChapter 3details the synthesisf two sets ofpossible donors to probe for
PatBs substrate specificityChapter 4 describes thexploration for suitable small
molecule acceptors for PatB including the isolation of the natural acceptor,
peptidoglycanChapter Sdetailsthe application of PatB to confer lysozyme resistance
to isolated peptidoglycan. Also detailed is the application ¢B Ra fluorescently
label whole bacterial cell€hapter 6 discusses the sigraince of the dissertation and

additional directions for the future.
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Chapter 2

CHARACTE RIZATION OF PEPTIDOG LYCAN O-ACETYLTRANSFERASE
B (PatB)

2.1 Introduction

The bacterial enzymegeptidoglycanO-acetyltransferase BPatB) was first
identifiedin Gramnegative bacteriay Clarke and coworkersPatB is a periplasmic
enzyme with a molecular mass of ~37,000 Da. Prior to its identification as an
acetyltransferase, the hypothetical protein was originally considered to be an esterase
based on sequence alignment with other esterase enZyrwmsever Clarke and
coworkers demonstrated in 2010 thalhen PatB was incubated witB-acetylated
peptidoglycan, no acetate release was obsérire@ddition, they showed that when
they expressed PatB ik. coli which does not acetylatiés peptidoglycan.the
reaulting peptidoglycan is acetylated. Therefore they concluded that Patéeisd an
O-acetyltransferase.

It is beliewved that PatB functions in conjunction with peptidoglycanO-
acetyltransferase fPatA), a transmembrane protefjRigure 2.1athat is believed to
be responsible for the translocation of an acetate functional group from the cytosol to
the periplasm.To date, PatA remains uncharacterized. Thusetkect mechanism
through which the acetyl group is translocated is not known. Howenee the
acetate is in the periplasrRatBcatalyzes théransferof an acetylgroup ontothe 6
hydroxyl position of NAM embeddeith the peptidoglycarfFigure 2.1).2 This means

thatPatBi s a <criti cal component of glatedact er i
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peptidoglycan is highly resistant to lysozyme degradadiuhthe subsequent immune
responsé Therefore we believe that it is of critical importance to characterize PatB in
order to gain a better understanding of the acetylation modification, elywided

defense mechanism by many bacterial species.
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Figure2.1: A) An acetyl functional group (red) is translocated across the plasmic
membrane by PatA, where it is subsequently transferred onto the sixth
hydroxyl position of NAM by PatB. B) Unnatural SNAgonors are
employed to install bioorthogonal functional grou@idue) onto the
peptidoglycan througRatB.

In order to study PatB, we first needed to express and purify the protein.
Several attempts have been made to purify PatB with limited successChrké and

coworkers chose to usthe pBAD vector system to express and purify PatB.
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However, they encountered many difficulties including -hotalization and
degradation of the expressed PatB. In 2013, Clarke reported the first successful
purification of a small ubiquitirlike modifier (SUMO)-tagged PatB using the pET
SUMO expression systefmAn attempt was made to remove the SUMO tag, but the
resulting protein became highly unstable and degraded rapidly. Thus the SUMO tag
was left on PatB for the chamterization studies. Although a tagged protein can be
used for characterization studies, a valid concern with this approach was the
uncertainty of how the tag would influence the protein. The SUMO tag is roughly one
third the size of PatB,so it could inpact the protein folding antead to mis
characterization of its activitie&iven the importance of PatB, is it unsettling that the
only biochemical information available regarding its structure and mechanism of
action has been obtained with a SUNHgged protein. Therefore we set out to
express and purify PatB without the large tag.

In this chapter, we report the expression and purification of a dual tagged PatB
usingGlutathione Sransferase (GST) and Hitags. Both tags aid in the stability and
purification of PatB, but only the GST tag is cleaved post purification. Unlike the

SUMO tag, the remaining small Higag should not affect protein folding or functibn.
2.2 Materials and Methods

2.2.1 Materials and Instrumentation

All chemicals were purchased froBigmaand ThermoFisher Scientifiand
used without further purification unless otherwise no@8T and Ni Sepharose 6 Fast
Flow beads were purchased from GE LifeSciend®3.G and antibiotics were

purchased from Gold Biotechnolody. coliD H 5 dndBL21 (DE3)cells were grown
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from laboratory stocksB. subtilispOa t strain (BKE27140) W a S
BGSC at Ohio State UniversityCentrifugation was performed with Eppendorf
Centrifuge 5424, SorvalRC5C Plus, or Beckman Coulter OptimalQ0 XP
Ultracentrifugedepending on speed and sample size. All absorbance spectra were

taken with EppendomBio Spectrometer.

2.2.2 Cloning of PatB Construct
The coding sequence fowulFlength PatBwi t hB a ®nd | aXmad 30

restriction sitesvasamplifiedby PCRfrom N. gonorrhoeagienome DNA (purchased

from ATCC (#700825B6)) using the primers PatBorward pGEX (5CGC GGA

TCC ATG TAC TGG CAG CAG ACC TAC CAC CG@) and PatBreversepGEX
(5-CCG CTC GAG TCA TGG CTG TGT ACT TGA TGG TTG C&3). The PCR
product was digested with BamHIaXhol andligated intoa pGEX-6P-1 vector to
generate plasmids, which were sequenced through GENBEWIXalidation The

plasmids were transformed ino coliBL21 (DE3J cells for protein expression.

2.2.3 Expressionof PatBin E. coli

Duakttagged PatB was pressed in 1.9 cultures of LB media with the
necessary antibioti cs °Quathan®Dgonof ~©.b Prbtéin 100 ¢
expression was induced by the addition of 1 mM IPA@er the addition of IPTG,
the temperature was lowered t@8ndthe culture was shaken overnight. Cells were
pelleted at 11,00@ for 15 min. The supernatant was discarded and the pellets were

stored at80°C until use.
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2.2.4 GST- and Nickel-Affinity Purification of PatB

Cells were lysed by sonicatiam ice (50 Amp, Inin total with pulsing every
2 sec)in a lysis buffer (5anM Tris, 150mM NaCl, 1mM EDTA, 1 mM DTT at pH
7) containing a protease inhibitor tabland cellular debris was collected by
centrifugation a27,000 gfor 20 min. A second round of centrifugation wedsne on
the supernatant to ensure the complete removal of cellular debatB.was purified
using GST affinity chromatographyBriefly, the supernatant was added a0GST
resin (5 mL)and incubated for b. The bound PatB was eluted from the column with
precission protease. Following elutiohetsample was dialyzed agaigs&tmM Tris,
150 mM NacCl buffer at pH7 to remove the EDTA and DTT. Post dialysis, PatB
underwent a second round of purification using Ni affinity chromatographg.
bound PatB was etedwith a high imizadolduffer (50mM Tris, 500mM Imidazole,
150 mM NacCl at pH7). The eluted protein was dialyzed against tris buf mM
Tris, 150 mM NaCl at pH) with a gradient of decreasing Imidazole concentrations
(375 mM Imidazole, 250 mM Imdazole, 125 mM Imidazole, and 0 mM Imidazole)
and purified PatBvas stored a$80°C in 10% glycerolntil use.

2.2.5 BiochemicalCharacterization of PatB

2.2.5.1 SDS PAGEAnalysis

A 4-16% BisTris gel (ThermoFisher Scientific) was run in a 50 mM-tois
buffer (pH 7.5).PatB was diluted with 6 loading dye and 20cL of the protein
solution was loaded into each wdhoteinl a d d e r ) wéslldaded ds a control.

The gel was run aR00 V for 45 minat room temperatureThe resulting gel was
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stainedwith Commassie Blue dye and then destained priantdysison BioRad Gel

Doc EZ Imager

2.2.5.2 Circular Dichroism

The CD spectrum of PatB was taken with a @&5J810 Pectropolarimeter
with the protein solutin in a cell with a pathlength of 0.1 cm. The spectrum is an
average of three scamwhich were collected at 0.2 nm intervals over the wavelength
range of 202 4 0 n m. Mol ar el lipticity ([d]) was
where n is the number ofgidues, C is the molar concentration and | is the leaidth
(cm). The ellipticity of the sample was corrected by a background subtraction of the

buffer.

2.2.5.3 p-nitrophenyl acetate pNP-Ac) Hydrolysis Assay
The absorbance (at 40%n) of a ImM solution ofp-nitrophenyl acetat@NP-
Ac) was monitored over 20€ecin the absence or presenceR#HtB (1€ M for the

production ofp-nitrophenol(pNP).
2.3 Results and Discussion

2.3.1 Expression and Purification of PatB

Previous purification of PatB has involved the use 8IUMO tag, which was
left on the protein post purificatiothHowever, a tagged protein could lead to a
misrepresentation of the protein. Theref®¥&B was expressedith GST and Hig
tags on the Nterminal and @erminal, respectivelyto improve stability and
purification (Figure 2.3.2 As a part of the purification, the GST tag is cleaved from

PatB.On the other hand, the Higg, which was used to further purify PatB after the
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initial GST purification, was left on the protein. Using this new purificasgstem,
PatB was purified with an estimatedncentratiorof 100e g / orl0.1 mg/mL(2.70
€ M)as determined byhe Bradford Asay and the overall yield wasl mg/L.
Following purification, PatB was characterized with several biochemical techniques to

confirm proper folding and activity.

GST-

O O PreScission O Nickel
O CeIILzsatg: O _- M} O — Column -
—a

GST Beads GST  PatB - Pats

Figure2.2: Overview of the prification scheme. The dutdgged PatB, present in the
cell lysate is incubated with GST resin. Any repecific proteins are
washed off the column prior to the addition of PreScission Protedlise
column. The PreScission Protease itself is tagged with GST, but it does
not have a selfleavage site in its sequence. After emgght incubation,
the PreScission Protease will cleave the GST tag off of PatB. Free GST
tag and PreScission Protease kft on the column while PatB is eluted.
The resulting protein is further purified by incubation with a Nickel
column that will bind to the Hgstag on PatB and allow any remaining
purities to be washed away. PatB is eluted from the Nickel column with
an imidazole bufferTheHisg tagis not cleaved from PatB.

2.3.2 BiochemicalCharacterization of PatB

To confirm that the PatB protein was pure, properlgdd| and active, several
analyseswere performed. First the protein wasalyzedon a protein gel to asses
purity by the pesence or absence of contaminatiagdsand the size of the bands as
compared to the PatB baridexta CD spectrum was obtained for PatB to determine if
the purified protein was properly folded. A theoretical CD spectrum was also abtaine

using the amino acid sequence of PatB to use as a comparison for the experimental CD
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Sspectr um. Lastl vy, Pat B6s esterase activity

the establishedNP-Ac assay to ensure that the protein is functional.

2.3.2.1 SDS PAGEAnalysis

Denaturing gl electrophoresis is a standard technique that is used to separate
proteins and DNA based on siaad isoelectric point Separation is accomplished
with the help of an electric field that is applied as the charged probegnate hrough
a porous gel matrix. Smaller proteins are able to move through the gel faster than
larger proteins towards the positive electrode allowing for separation of protein
mixtures.PatB wasapplied toa protein gel to assess purditer each purification step
(Figure 2.3).In lane 1, various proteins bands can be observed in the cell lysate. Post
purification with the GST column, only three bands are observed (lane 2). After
additional purification with a nickel column, only thetBdand is visible (lane 3)n
lane 4 there area fewfaint bands on the gel in addition to the main band at 37 kDa,
which corresponds to the PatB protein. The faint band at ~26 kDa is the cleaved GST
tag. The faint band at ~60 kDa indicates GST taggaB,Rvhichwasnot cleaved by
the GST tagge®reScission Bteasqfaint band around ~72 kDa) treatment. Overall,

the purity of PatB wadetermined to be >95%.
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100 kDa

75kDa

50 kDa

37 kDa

25kDa

Figure2.3 SDS page gel of purified PatB (8Da). The purity of PatB increases from
left to right Post cell lysis (Pre GST), there are numerous protein bands
present on the gel. After PatB was applied to a GST resin column (Post
GST), the number dbands was reduced to a handful. Following further
purification on a Ni column (Post Ni), the main bgrdsent is PatB with
a couple of very faint bands. Upon concentration, PatB is the major band
present and the other bands are still very faint.

2.3.2.2 Circular Dichroism

Circular Dichroism(CD) is a classical method in biochemistry that is used to
examine the sticture of proteins and peptid€sThe spectra obtained with CD gives a
glimpse into the secondary structure of the protein of interest because it measures th
interactions of the amideonds present in the polypeptide backbtnalthough the
spectracabbe complicated when there &eliees multip
a n dsheets) present in the 3D structure of the protein. However using proteins that
have had their crystal structures solved as referettoar® are certain characteristics
of a spetrum that correspond teach secondary structufeor e x a+sieédtleas a b

a minimal point ~22@m while a random coil has a minimal point ~18b.
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The CD spectra of PatB confirmed that it was properly fo(éfegure 2.4) The
two minimal points at 21@nd 225'm are charaetr i st i ¢ of -helixesimot ei n
its 3D structure. In addition the experimentally obtained spectrum ovesrtapsvell
with the predicted spectrunthis supports the reasoning that thegHeg does not
affect Pat B6bs folding as the theoretical

sequence of PatB without the kitag.

CD Spectra of WT PatB

21'n Eéﬂ 2;0
Wavelength

100

— Expenmental

— Predicled

Mean Residue Ellipicity (deg*cm*2*dmol*-1)

Figure2.4 Experimental (blue) and theoretic(red) CD spectra oPatB The two
minimal points at 210 and 226m suggelss t hat -hHellcesr e ar e
present in PatBs structure.

2.3.2.3 p-nitrophenyl acetate pNP-Ac) Hydrolysis Assay

ThepNP-Ac assay is a well established assay dating back to the 1940s, when it
was first introduced by Huggins and Lapidé3hey reasoned that theteaof esterase
activity can be calculated by measuring the releasgNéf (e = 14,760 M cm'?),

which in soluton yields a bright yellow color, over time (Figure 2.5). As shown in
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figure 2.6, he rate ofpNP release fronpNP-Ac was 2.5x faster in the presence of
PatB (blue). This indicates that the purified PatB is functional and was atglmtwe

the acetate group fropNP-Ac.

0
HGCJLO
© PatB
N+
0 0

pNP-Ac  pNP (410nm)

Figure2.5: The release @NP frompNP-Ac is used to monitor the rate of esterase (in
the absence of an acceptaor) acetyltransferase (in the presence of an
acceptor) activiof Pat B (1 & M).
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Figure2.6. Release opNP frompNP-Ac over time in the presence (blue) and absence
(red) of PatB( 1 £TMe)slope of the blue line (0.0047) is ~2.5x higher
than that of the red le1(0.0019).
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2.4 Conclusions

This chapter detailedhe development of anmproved expression and
purification system for a dual tagged Pdtiat ultimately yields a PatB without a
bulky tag The purified PatB was biochemically characterized through established
biochemical techniques such as gel electrophores@jlar dichroism, angNP-Ac
activity assayto ensure proper folding and functiodow that we have functional

PatB in land, we aimed to gain &tter understandg of its substrate specificity.
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Chapter 3

EXPLORATION OFPatB6 S DONOR P REWIEH ENR 8ND SNAC
DERIVATIVES

3.1 Introduction
The proposedatural source of the acetate functional gratilized byPatB is
acetytCoA (5, Figure 3.1). However PatBloes nodirectly interact with acetyCoA

as 5 is not found in the periplasm. Thefore it is believedhat PatBfunctionsin

tandem with PatA to modify peptidoglycan. PatA moves the acetate group across the

membrane where it then hands it off to PatB. It is reasonable to hypothesize that the

acetyl group is likehflinked to either a serine/threonine or i&yse residue of PatA

through an ester or thio ester bond respectively. When exploring the substrate

specificity of PatB, donors that contain both types of bonds were considered.

The Clarke group haslegantlydemonstrated that purified PatBcaptspNP-
Ac (1, Figure 3.1), an acetgloA mimic, to label small molecule PG fragmeinis
vitro. In additon, theydemonstratedhat PatB hydrolyzes propionyl CdAntrigued
by PatBdéds promiscuity, we set ouinstadlo
bioorthogonal functionalit onto the peptidoglycarigure 2.1b), which could help to
illuminate the mechanism and extent of modificatio®edcetylation.

To that end, avariety of pNP basedacetyl donorscontainingalkyne, azido,
and phenylfunctionalities, were synthesized2-4, Figure 3.) and assayed for
compatibility with PatB through the pNRc hydrolysis assayln addition, t was

hypothegzed that smaller variants of acetybA (5) could beusal as potential donors
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as a variety of CoA estertilizing enzymes have been reported to accept truncated
CoA thioesters known ashort N-acetylcysteamme thioesters (SNAc) (Figure
3.1).3,4,5|6

In 2005, Pohl and coworkers used SNAc analogues to prepare labeled sugar
nucleotides with bioorthogonal functionality,noting that SNAcs are advantageous
compared to their CoA derivatives due to their synthetic simpficifjo assess the
possibility of using ltese short acetffoA compoundsas donors for PatBS-(2-
acetamidoethyfpthanethioate (SNAc6),®> a novel azido SNAc derivative S(2-
acetamidothyl)-2-azidoethanethioate (SNAZ) along with an alkynyl form,S-(2-
acetamidoetyl)-2-alkynylethanethioate (SNAk8)® were synthesid (Figure 2c).
Following synthesis and characterization of all the donors, they vesayed for

suitability as substrates for PatB.
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H 0 |, C7 0 (j)L
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Acetyl-CoA (5)
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Y NN N
o) o)
SNAc (6) SNAz (7) SNAK (8)
Figure3.X1 Two set of donors wer e sy nspehifeiy.i zed

The first set of donorsetainedthe pNP moiety(top row) andhe second
set of donors wershort N-acetyl cysteamine@erivatives(bottom row)
that resemble the natural substrate, ae8pA (middle)

3.2 Materials and Methods

3.2.1 Materials and Instrumentation

All chemicals were purchased froBigma and ThermoFisher Scientifmd
used without further purification unless otheswinoted. All solvents were reagent
grade anhydrous purchased from SigiinAG); was purchased from TCI America.
Deuterated NMR solvents were purchased from Cambridge Isotope Laboratories.

NMR spectra were recorded on either a BrukedlA¥00 MHz or AV 111 600
MHz spectrometers. High Res Mass spectra (ESI) were obtained at the Department of

Chemistry, Universityof Delaware Mass Spectrometry Facilifjhermo QExactive
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Orbitrap. Mass Spectra were obtained usimgACQUITY UPLC H-Class/®D2 at

the Department of Chemistry, University of Delaware Mass Spectrometry Faéllity.
spectra were obtained with Thermo Nicolet IR 100 SpectromAterabsorbance
spectra were taken with Eppendorf BioSpectromeiéirreactions were performed
under nirogen unless specified otherwise. Analytical #laiper chromatography was
performed on silica gel glass plates (250 pm, Sorbent Technologies) and visualized
via UV and paraanisaldehyde stain. Flash chromatography was carried out on silica
gel (60 A, 4063 pm), purchased from Sorbent Technologies. Chemical shifts are
reported in units of parts per million (ppm). Multiplicities are reported with following
abbreviations: bs= broad singlet, s = singlet, d = doublet, t = triplet, td= triplet of

doublets, q |uartet, m = multiplet, J = coupling constantiertz.

3.2.2 Synthesis ofpNP Derivatives

(0]
OH O).\\\

© Propiclic acid, DCC, DMAP, DCM _ ©

NO, NO,

4-nitrophenyl propiolate NP-Ak) (2): paranitrophenol (0.952), 7 mmol, 1

eg), propiolic acid (0.56@, 8mmol, 1.1eq) and DCC (2.@, 10mmol, 1.25eq) were
stirredtogether in 10mL of anhydrousDCM for 1 h at ®C under nitrogen. DMAP
(0.002g, 0.02mmol, 0.025eq) wasthen added and the solution was allowed to warm

to room temperature overnighthe solution vas then filtered and condensed. The
crude compoundavas hen purifed by column chromatograph00% chloroform, to

yield a colorless solid (1.0, 81%).NMR data matched previously reported ddta

'H NMR (400 MHz Chloroformd) U 8. 31 (d, 2H, b)hssyl ),
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(s, 1H, CH). **C NMR (151 MHz,Chloroformd) & 154. 38, 149. 81,
122.38, 78.26, 73.64IRMS (EStpos) forCoHgNO4" [M+H] *: calculated192.02913,
observed 192.02921.

O

N
OH OJ\/ 3
(> azidoacetic acid, DCC, DMAP, DCM ©

NO, NO,

4-nitrophenyl 2azidoacetate pfNP-Az) (3): paranitrophenol (1.00g, 7.18

mmol, 1 eg), azidoacetic acid (0.808, 8 mmol, 1.1eq) and DCC (2.@, 10 mmaol,
1.25 eq) were stirred together in AL of anhydrousDCM for 1 h at @C under
nitrogen. DMAP (0.002), 0.02mmol, 0.025eq) wasthen added and the solution was
allowed to warmto room temprature overnightThe solution vas then filtered and
condensed. The crude compouwmas then puried by column chromatographi00%
chloroform, to yield a colorless solid (1.87 86%).NMR data matched previously
reported data' '"H NMR (400 MHz Chloroformd) U 8 2H3 Henzy), @.36(d,
2H, benzy), 4.20 (s, 2H, CH,N3). *C NMR (151 MHz, Chloroformd) o 166. 17,
154.66, 145.88, 125.52, 122.28, 50.F%ditional peaks from DMAP present in
proton and carbon NMRHRMS (EStpos) for CgH/N4O," [M+H]™: calculated
223.04618, observed 223.0468R shift: 2105.73crit (Azide).
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o]
OH ob
© Benzoic acid, DCC, DMAP, DCM (:j

NO, NO,

4-nitrophenyl benzoateplP-Bn) (4): paranitrophenol (0.142, 1.02mmo],

1.25 e@), benzoic acid (0.109, 0.819mmol, 1eq) and DCC (0.213, 1.02mmol,
1.25 eq) werestirred together in InL of anhydrousDCM for 1 h at C under
nitrogen. DMAP (0.002, 0.02mmol, 0.025eq) were then added and the solution was
allowed to warmto room temperature overnighthe solution vas then filtered and
condensed. The crué@®mpoundwas then puried by column chromatographi00%
chloroform, to yield a colorless solid (0.1d9 90%).NMR data matched previously
reported datd” 'H NMR (400 MHz Chloroformd) U 8 . 3Henzy),8.21 (@ H,
2H, benzy), 7.68 (t, 1Hbenzy), 7.55 (t, 2H benzy), 7.43 (d, 2H, benzyl**C NMR
(151 MHz, Chloroformd) a 164. 37, 155. 84, 145. 51,
125.42, 122.79Additional peaks from DMAP present in proton and carbon NMR.
HRMS (EStpos) for CisHioNO,” [M+H]™: calculated 244.06043, observed
244.06064

3.2.3 Synthesis ofSNAc Derivatives

O

)ks/\/mﬁé/

(a) Ac,0, NaOH/H,0
—_—

S-(2-acetamindoethyl) ethanethiod@®NACc) (6): CysteamineHCI (1.00g, 8.8

mmols) was dissolved in BIL of water. The pH was adjusted to 8 on ice with 4
KOH. Acetic anhydride 4.5 mL, 24.5 mmols, 3eq) was added dropwise, while
maintaining the pH at 8 by the addition oN4KOH periodically.Following acetic
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anhydrideaddition 1 N HCl was added to adjust the pH to 7. The reaction mixture
stired at 6C for 1.5 h until completion which was determined by TLC
(TLC=20%MeOH in DCM, R= 0.6). Saturated NaCl was added and the product was
extracted with DCM. The organic layer was dried with sodium sulfate and condensed.
The resulting oil was purified using column chromatogral®0% ethyl acetatept

yield a colorless oil (0.7560, 43%). NMR data matched previously reported ¢4l

NMR (600 MHz, Chloroforrad) G 6 . ,ONB), 348 (g,J =1613 Hz, 2H CH,NH),

3.03 (t,J = 6.5 Hz, 2H CH,S), 2.36 (s, 3Hacety), 1.97 (s, 3H acety). *C NMR

(151 MHz,Chloroformd) G 1 9 60, 39768, 30172, 29.03, 23.28RMS (ESt

pos) forCsH1,NO,S" [M+H] *: calculatedl62.05833 observed 162.05845.

H (a) 2-azidoacetic acid, (@]
DCC, DMAP, DCM H

HS/\/N\“/ _ > NS\)I\S/\/NY

o o}

S-(2-(2-azidoacetamido)ethyl ethanethioate (SNAZ): Azidoacetic acid

(0.057mls, 0.77 mmol) and DCC (0.178, 0.84mmols, 1.1eq) were stirred together

in 11 mL of anhydrousDCM for 5 minat C. N-acetylcystamine (0.089%nls, 0.84

mmol, 1.1eq) and DMAP (0.093), 0.76 mmol, 1 eq) were then added and the
solution was allowed to warm to room temperature overnight. The solution was
filtered and condensed, then dissolved in ethyl acetate efhigkacetate solutiowas

filtered into a separatory funnel through filter papEhe organic layer was washed

with brine, dried with sodium sulfate and condensed. The crude oil was then purified

by column chromatography, 2800% EOAc in hexans, to yield a olorless oil

(0.0789, 51%). R=0.25 in EOAc. 'H NMR (400 MHz, Methanet4d) & 4. 15 (s,
CH2N3), 3.37 (t, J = 6.6 Hz, 2ZHHNCH,CH,S), 3.09 (t, J = 6.6 Hz, 2H
HNCH.CH,S), 1.93 (s, 3H acetyl).’3C NMR (101 MHz, Methaneti4) & 195. 55,
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172.12, 57.45, 38.41, 27.72, 21.06IRMS (EStpos) for CeH11N4O.S" [M+H] ™
calculated203.05972observed®03.05939IR shift: 2099.2&m* (Azide).

(a) Pentynoic acid, O H
H DCC, DMAP, DCM N
HS A~ \“/ - > N S/\/ j(
o) (0]

S-(2-(pent4-ynamido)ethyl ethanethioate (SNAI8){ Pentynoic acid (0.12§,

1.25mmol) and DCC (0.234, 1.38mmols, 1.1eq) were stirred together in H7L of
anhydroudDCM for 5 minat C. N-acetylcysteamine (0.13%L, 1.38mmol, 1.1eq)

and DMAP (0.153y, 1.25mmol, 1 eq) were then added and the solution was allowed
to warm to room temperature overnight. The solution was then filtered and
condensed, then dissolved in ethyl acetatee ethyl acetate solutiowas then filtered
through filter papemto a separatory funnel. The organic layer was washed with brine,
dried with sodium sulfate and condensed. The crude oil was then purified by column
chromatography, 280% EOAc in hexans, to yield a olorlessoil (0.096g, 39%).

NMR data matched previously reported datel. NMR (600 MHz, Chloroforred ) a
5.81 (s, 1H NH), 3.44 (q, J = 6.1 Hz, 2HHNCH,CH,S), 3.06 (t, J = 6.4 Hz, 2H
HNCH,CH,S), 2.81 (t, J = 7.2 Hz, 2HCH,CH,CCH), 2.54 (td,J = 7.2, 2.6 Hz, 2H
CH,CH,CCH), 1.99 (t, J = 2.6 Hz, 1HCH,CH,CCH), 1.96 (s, 3Hacety). °C NMR

(151 MHz,Chloroformd) a 198.01, 170. 39, 81. 90, 69. 6
14.83. HRMS (EStpos) for CgH14/NO,S" [M+H]": calculated200.07398 observed
200.07380.
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3.2.4 Analysis of Esterase Activity

3.2.4.1 p-nitrophenyl acetate PNP-Ac) Hydrolysis Assay

PatB (1¢ M) wa s with cawyipgaconeemtrations of donors to determine
the esteraseinetics of the donors. For theNP-R donors, the absorbance &4 m
was monitorecbver 8 minat room temgor the release opNP. The absorbance of
controls (Buffer only, Buffer with PatB, Buffer with donors, and Buffer with PatB and
donors) were plotted to obtain the initial velocity of each confifoé control with he
highest initial velock (Buffer with donory was subtracted from the samples (Buffer
with PatB and donojsprior to graphing the samplee. Background was subtracted
from control that contained all components of the reaction except PatB). The initial
velocity data for each of the donor concentrations were plotted andqffaadkca
values were calculated using nonlinear regression analysis. Each kinetic analysis was

done in triplicates.

3.2.4.2 Analysis of Hydrolysis Activity with EI | mandés Reagent

PatB (1¢ M) wa s with catyipgaconeemtrations of donors to determine
theesterask i net i cs of the donor s. F d5,5dithi-e S NAcC
bis-(2-nitrobenzoic acid) (DTNB) (1 mM)yvas added to the reaction mixture and the
absorbance at 41#n was monitored over tims room temgor the presence of a free
thiol. The absorbance of controls (Buffer only, Buffer with DTNB, Buffer with DTNB
and PatB, Buffer with DTNB and donors, and Buffer with DTNB and PatB and
donors) were plotted to obtaihg initial velocity of each control. The control with the
highest initial velocity (Buffer with DTNB and donors) was subtracted from the
samples (Buffer with DTNB and PatB and donors) prior to graphing the sample (ie.

Background was subtracted from contiwt contained all components of the reaction
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except PatB). The initial velocity data for each of the donor concentrations were
plotted and the K andk:s values were calculated using nonlinear regression analysis.

Each kinetic analysis was done in tigales.
3.3 Results and Discussion

3.3.1 Synthesis ofpNP Derivatives

Three different derivativepP-Ak, pNP-Az, andpNP-Bn) of pNP containing
different functionalgroups (alkyne, azide, and phenylyere synthesized to assess
PatBs versatility in donors. All threeompounds were synthesized through the
Steglich esterificatiolf method using DCC as a coupling reagent and DMAP as a
catalyst. NMR (proton and carbon), HRMS, and IR (fdP-Az) were obtained for all

the compounds to ensure identity and pufsiye appetiix for spectroscopic data.

3.3.2 Synthesis ofSNAc Derivatives

Three different SNAc derivatives (SNAc, SNAz, and SNAK) containing
different functional groups were synthesizedftiother assess PalB3 versatility in
utilizing short acetylCoA donors. SNAc and SAk were synthesized according to
literature precedende SNAz is a novel compound reported hdee the first time.
NMR (proton and carbon), HRMS, and IR (foNP-Az) were obtained for all the

compounds to ensure identity and purge appendix for spgoscopic data.

3.3.3 Analysis of Esterase Activity
The ability of PatB to utilize theNP and SNAc donors were assessed through
esterase activities. For tipdNP donorspNP-Ac assay (described inh@pter 2) was

repeated? For the SNAc donors, we turned to another established assay using
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El | m&eages DTNB.” If PatB is able to utilize the SNAc donors, then the
thioester bond would be broken generating in a free thiol, which would attack the
disulfide bond present in DNB. As a result 2hitro-5-thiobenzoatd TNB) would be
produced giving the solution a bright yellow color that can be measured

spectroscopicallyFigure 3.2.

° o o A~ I NO, o N NO,
o~ _5_R _SH J\/ _ -
/LHA\, R P, )Lh./x . Ho’L“’“*x g NN — }HNAM,S,S.«VﬁYOH . [ OH
Q L .;I o i o o

DTNB

Figure3.2: Determiningthe esterase activity of PatB with SNAc donbysmeasuring
the production & of TNB at 412 nm.

3.3.3.1 p-nitrophenyl acetate pNP-Ac) Hydrolysis Assay

Under conditions reported in literaturethe kinetic parameterdor PatBs
esterase activity witlpNP donors were calculated (Table )3.Botht h g, anfithe
overall .o/ £ value for all the pNP donorswere similar to those that have been
published pNP-Ac: T1n = 0.96 mM andl .o/ £ = 797 M* sec’) indicating that the
PatBused in this studis as dficient as the previously expressed SUN&Yged PatB
at hydrolyzingthe pNP donors?
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Table3.L: Est erase acti vit ypNR donoB attpB 6.% (sodianiM)
phosphate buffer) as monitored at 406.

‘ Esterase Activity
pH =6.5
Substrate Kmn(mMM) Keat(se€) KeadKm (Msech)
pNP-Ac 0.91 0.741 814
pNP-Ak 0.83 0.524 631
pNP-Az 0.87 0.626 719
pNP-Bn 0.86 0.581 675

3.3.3.2 Analysis of Hydrolysis Activitywith EI | manés Reagent
Using the establisheBTNB assay the kinetic parameterfor PatBs esterase
activity with SNAc donors as well as ace@bA were calculate@Table 3.2. Despite
the fact that tb ,Kalues were slightly higher than thosepdfP donorsthe overall
Tl & value for all the SNAc donors weapproximately four timebwer than those
of pNP donorslin order tooptimizethe transfer, we reasondtat pH of the reaction
could be important, as the natural environment (the periplagsh gbnorrhoeagin
which PatB resides in is slightly basfc'’ The kinetic analysisvas repeated ia tris
buffer (pH 8.5) and he overall 7./ £ value for all the SIAc donors were
approximatelyeight to ten timedhigher at pH 8.5 than at pH 6.3Vioreover, the
Tl /& values for SNAc donors at pH 8.5 are approximately twice as high as the
Tl & values forpNP donors at pH 6.B.is noted that at either pH, PatB is not very

efficient at using acetyCoA as a donor. On the other hand, this is not surprising since
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PatA is the enzyme proposed to be responsible for interacting with -Gyl

directly, not PatB.

Table3.2: Esterase actity of Pat B ( 1 aeeMhCoAvandtSNAcdonors at pH
6.5 (sodium phosphate buffeshd pH 8.5 (tris buffer) as monitored at

412nm.
| Esterase Activity
pH =6.5 pH=8.5
KCa{Km KCa{Km
Substrate K, (MM) Keat(se€h) (M7sec!) Kn(mM) Kea(sech) (M?sech)
Acetyl-

CoA 0.90 0.016 18.0 0.88 0.092 104.5

SNAC 1.14 0.238 208.8 1.08 1.82 1,685

SNAz 1.03 0.148 143.7 1.01 1.22 1,208

SNAK 1.27 0.209 164.6 1.09 1.76 1,614

3.4 Conclusions

This chapter detailed the synthesisd enzymatic utilizatiorof two sets of
donors for PatB. PatB was able to use all of the donors as determined through esterase
assays. We also found that our PatB has higher actividypdd of 8.5, which is in
contrast withprevious studieghat had suggsted that PatB would have maximal
activity at pH 7.0 However those results were again obtaineith a SUMO-tagged
PatB, which leads to us to doubt their validity. The results presented here indicate that

PatB has higher activity at a more basic pH,jolvhs representative of its natural
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environment. Now that we havdonors that PatB can utilizeve set our sights on

studying the acceptor specificity of PatB.
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Chapter 4

EXPLORATION OFPatB0 S ACCEPTORCIYPECI FI

4.1 Introduction

In order to get anorecompletemechanisti@icture of PatB, we aimed to study
its acceptorspecificity. Given that PatB modifies the carbohydrate backbone of
peptidoglycan, we know that it prefers oligosaccharides. However, we wanted to
determine if PatB is able to modify smaller molecules. We explored {raomb tri
saccharides as potential aptors.In addition we isolated peptidoglycan from both
Gram (+) and Gram-) bacterial species to determine if PatB is capable of modifying
both types ofpeptidoglycan. Although there arebske differences (described in
Chapter 1) between the two typeshacteria’ those differences are typically in the
peptide stem, not the carbohydrate backbone. Therefore we believe that PatB should
be able to modify isolated peptidoglycan from both Gram (+) and Giabag¢terial
species despite the fact that Pat®lites only found in Gram-{ bacteria.

The Clarke group has shed some light on the acceptor requirements of PatB.
They demonstrated that SUM@ggedPatBwill only modify an oligosaccharide that
is at least three sugars (trisaccharide) in length. Alsp thserved that the acetylation
of the 2amino groupof NAG and NAMis necessary for PatBs activiyGiven that
our donor data was in contrast with the puidis$ data, we were interested in how our
acceptor data would compare.

Moreover, we were intereed in finding a small molecule acceptor for PatB so

that we can assess its acetyltransferase activity. Although the kinetics data fiar PatB
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esterase activity informed us that PatB was able to take the functional group of interest
from the donors, we need an appropriate acceptor in order to determine if PatB is
able tansfer the functional group.

The acceptors tested (Figure 4.1) were readily available mand tri
saccharides. Peptidoglycan is available for purchase through companies such as
Sigma. Hovever the selection is small and expenslueaddition, there is incredible
batch to batch variation.Therefore we decided to isolate peptidoglycan following
literature precedence with slight modificatichsFollowing isolation, the
peptidoglycan was chacterized using several methods in order to confirm identity

prior to analysis with PatB.

HO HO
HO 0] HO o]
HO\Z%/OH HO\&LOH
HO HoN
Glucose Glucosamine

HO HO
HO o] HO o]
Ho\&,mﬂ HsC O\%,OH
AcHN I AcHN
N-acetyl-glucosamine

HO™ "0
(GleNAL) N-acetyl-muramic acid

(MurNAc)

HO
HO o HO\ o Ho
Ho . Oj%?OH
H,N HO
2 HzN HN

Tri-glucosamine
(GlcNH;);3

HO
HO o HO—\ o Ho
AcHN  HQ 2

HO
AcHN AcHN

Tri-N-acetyl-glucosamine
(GlcNACc)3

Figure4.: To assessPatBd sacceptor specificity, various monosaccharide and
trisaccharide acceptovgeretestedwith PatBandpNP and SNAc donors.
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4.2 Materials and Methods

4.2.1 Materials and Instrumentation

All chemicals were purchased froBigma and ThermoFisher Scientifmd
used without further purification unless otherwise noted. High Res Mass spectra (ESI)
were obtained at the Department of Chemistry, UniversityDelaware Mass
Spectrometry Facility Thermo QExactive Orbitrap Mass Spectra were obtained
using & ACQUITY UPLC H-Class/SQD2 at the Department of Chemistry,
University of Delaware Mass Spectrometry Facilipll absorbance spectra were
taken with Eppedorf BioSpectrometerE. coli D H 5 &hd BL21 (DE3) cells were
grown from laboratory stock®B. subtilispOa t strain (BKE27140)
from BGSC at Ohio State Universiti. putidastrain KT2440 was purchased from
ATCC (#47054).V. parahaemolyticustrain RIMD2210633 was obtained from Dr.

Boyddés Il ab in the Biology department at tF

422 Anal ysi s of Pat BMoso-aatTritsacthgrideso Mo di f vy
Purified PatB (1 ¢ M) was i ncubat dddmMywiandhthe accept
corresponding dond@ mM) in Tris buffer (90mM Tris, 250mM NaCl at pH=9) at
37<C for 2h. Post incubation, the solution was passed through a 3,000 MWCO filter to
remove PatB. Excess donor was extracted with ethyl acetate and the resuidéogsaq
layer was lyophilized The modified product was analyzed and confirmed ligh
resolution mass spectrometry.
(NAG); was incubaed wi t h Pat B ((4 mM)M) 37Gin d SNA
Subsequently, 1 0 O eM 4, Cug08 shdnzytHL H-1i2 S{rigzdl-4-
y)methyllamine (TBTA), 1.2 mM sodium s cor bat e, a n-&luok4@8 ¢ M o f

was added to the solution and incubated at room temp fair8prior to MS analysis.
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4.2.3 Analysis of Acetyltransferase Activity

4.2.3.1 p-nitrophenyl acetate pNP-Ac) TransferaseAssay

PatB (1 M) was iwithcvaryang toaagntrabns of donors in the
presence of InM (NAG); to determine the acetyltransferdsretics of the donors.
For thepNP-R donors, the absorbance &4m was monitoredver 8 minat room
temp for the release opNP* The absorbance of controls (Beif only, Buffer with
PatB, Buffer with donors, Buffer with (NAG)Buffer with PatB and donors, Buffer
with PatB and (NAG) and Buffer with donors with (NAG) were plotted to obtain
the initial velocity of each control’he control with the highest imt velocity (Buffer
with donors with (NAGJ) was subtracted from the samples (Buffer with PatB and
donors with (NAGy) prior to graphing the samplge. Background was subtracted
from control that contained all components (donor/acceptor) of the reatompt
PatB). The initial velocity data for each of the donor concentrations were plotted and
the Ky and k.ot values were calculated using nonlinear regression analysis. Each

kinetic analysis was done in triplicates.

4.2.3.2 Analysis of Transferase Activity withEl | mands Reagent
PatB (1 M) wa s iwithcvarying tcancentrations of donora the
presence of InM (NAG); to determine the acetyltransferddretics of the donors.
For the SNAc dono¢DTNB, (1E0M)was added to the marteom t
mixture and the absorbance at 442 was monitored over timat room temgdor the
presence of a free thidIThe absorbance of controls (Buffer only, Buffer with DTNB,
Buffer with DTNB and PatB, Buffer with DTNB and donors, Buffer with DTNB and
(NAG)3, Buffer with DTNB and PatB and donors, Buffer with DTNB and PatB and
(NAG)3, and Buffer with DTNB and donors with (NAg)were plotted to obtain the
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initial velocity of each control. The control with the highest initial velocity (Buffer
with DTNB and donors withNAG)3) was subtracted from the samples (Buffer with
DTNB and PatB and donors with (NA£})prior to graphing the sample (ie.
Background was subtracted from control that contained all components
(donor/acceptor/DTNB) of the reaction except PatB). The inigldcity data for each

of the donor concentrations were plotted and theaKd k., values were calculated

using nonlinear regression analysis. Each kinetic analysis was done in triplicates.
4.2.4 Peptidoglycan the Natural Acceptor

4.2.4.1 Isolation of Peptidoglycan

PG was isolated as previously descrifeBriefly, Gram (+): Bacteria was
grown overnight at 3 in LB broth. The bacterial suspension was heated 8100
for 20 min. The bacteria was sedimented by centrifugation (2,000Q), ahd washed
(2x saline, 1x weer, 3x acetone) and air dried at°G7 The bacterial powder was
processed immediately by resuspension in water. Disruption of the cells was achieved
with glass beads. The mixture of bacterial cells and glass beads was filtered. The
filtrate was centrifuge for 10min to remove any unbroken cells (1,500 §C¥# The
supernatant was centrifuged for 80n to sediment the cell wall (6,500 ¢;Q®). The
cell wall was resuspended in 50 mM phosphate buffer (pH 7.6) along with
ri bonuclease (100naug/Imla)seandO0degxX ynrLi)b and
and incubated for 1IBat37?C. Trypsin (200 eg/ mL) was adc
incubated for another 18 at 37C. The cell wall was sedimented via centrifugation
(6,5009, 4°C) for 30 min, washed 4x with wateand lyophilized. The purified cell

wall was treated with 5%richloroacetic acid for 18 lat 22C to remove any wall
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teichoic acids. The insoluble cell wall was sedimented via centrifugation (6,500 g,
4°C) for 30 min and washed (3x water and 3x acetone). The purified peptidoglycan

was stored ai80°C until use.

Gram (-): Bacterial cells were harvested when growth had reached the mid
exponential phase (OD ~0.5). The bacteria was pelleted by centrifugation (10,000 g,
4°C, 15min) and resuspended in iceld water (0.2 g/mL). The bacterial suspension
was added dropwise to an equal volume of boiling 8% SDS with stirring. The solution
was stirred for 30min and left to cool to room temperature overnight. The
peptidoglyca was pelleted via ultracentrifugation (115,000 g°C060 min). The
pellet was resuspended in water and dialyzed against water at room temperature until
SDS was completely removed. The peptidoglycan was pelleted by ultracentrifugation
(115,000 g, 28C, 60 min) and resuspended in solution (10 mM TH€l, 10 mM
NaCl, pH 7.0). The sample was sonicated until a smooth colloidal suspension was
achieved. I midaamhetatd. 820M) cghthL)) was ad:
was incubated at 8C for 2 h Pretrea ed pronase (200 eg/ mL) w
sample was incubated at°&Dfor 2 h After pronase treatment, the sample was added
dropwise to an equal volume of boiling 8% SDS. The solution was stirred foirl5
and cooled to room temperature. The sample dvalyzed against water until SDS
was completely removed. The peptidoglycan was pelleted by ultracentrifugation
(115,000 g, 2%C, 60min). The peptidoglycan was washed with water 3x, then frozen
and lyophilized to remove any remaining water. The purifiegtidoglycan was

storad at-80°C until use.
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4.2.4.2 Confirmation of Peptidoglycan

4.2.4.2.1 Peptidoglycan PultDown Assay

Purified N dLawzo 2013 Ohesislvgs added to the insoluble
peptidoglycan isolated frof8. subtilisin a Tris buffer {50 mM NaCl, 1 mM DTT, 1
mM EDTA, and 1 7 or 8.5).The mixturewasincubatel for 30 minat 37C. The
mixture was thewrentrifuged at.3,000 rpm for 5 min. The supernatant and pellet were
separated. The pelletwasresspended in 50 €L of theXvol oadi n
samplevolumes. A 1 0  aliquot of the supenatant and & 0  aliquot of the

resuspendegdellet wererun on a gel and analyzéar their Nod2 content.

4.2.4.2.2 Analysis of Peptidoglycan Fragments with MS

Isolated peptidoglycan (ihg) fromB. subtiliswas digested withysozyme (1
mg/mL) at 37C overnight.Post incubation, the solution wasntrifuged at13,000
rpm for 5 min The supernatantvhich shouldcontainsmall soluble fragments of the
peptidoglycanwas filteredthrough a3,000 molecular weight cut off (MWCGQi) ter
to remove lysozymeThefiltrate was analyzedia high resolutiormass spectrometry

direct injection.

4.2.4.2.3 Nuclear Factor kappa-light-chain-enhancer of activated B cell§NF-
9 B Activation Assay

Two different cell lines were used. Cell line A (CMV) has detectable level
of Nod2 which is used as a control, and Cell line B esgpresses Nod2. Both cell
lines contain theRL Renilla luciferase reporter vecto€ells were incubated with 2
UM MDP or the specified volume of peptidoglycan supernatanté h Following

incubation, the lysates were collected atet DuaiLuciferase Reporter Assay
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(Promega)was carriedouaccor ding to the maTharésaltst ur er 0

were rormalized to Renilla divity.

4.2.4.2.4 FluorescenceAssistedCarbohydrate Electrophoresis (FACE) Analysis

Isolated peptidoglycan (hg) from B. subtiliswas digested with lysozyme (1
mg/mL) at 37C overnight.Post incubation, the solution wasntrifuged at13,000
rpm for 5 min The supernatant, which should contain small soluble fragnuérihe
peptidoglycan, was filterethrough a3,000 MWCO filter to remove lysozymé&he
filtrate was lyophilizedd o wn . Subsequent | y7-amirfgl,3¢c L of
napthalenedisulfonic acid (ANDA$olution in acetic acid:water, 3:17 was added
along with5  ©fl1.0 MNaCNBH; solution in DMSO. The mixture was incubated at
37°C for 15 h The labeled sample was run on a 35% polyacrylamide gel af 1@5
5 h next to controls that were also labeled with ANDA.

A starch ladder was created to mimic a protein ladded in protein gels.
Starch (Img) was di eengasee(ting/mii) forh8 mh The reaction was
guenched with IN HCI. The sample was lyophilized, and labeled with ANDA to
create a ladder for the carbohydrate gel. The resulting gel was analyzeiRan el

Doc EZ Imager.
4.3 Results and Discussion

431 Anal ysi s of Pat BMoso-anthTritlsacthgrideso Mo di f vy
As shown in Table 4.1, PatB was not able to modify the maccharides

tested: glucose (GJcglucosamine (@N), NAG, and NAM (Table 4.1) Pd4B was

also not able to modify the trisaccharide;giicosamine (GIN);. However ve found

that PatB was able to acetylate tisaccharide tri-N-acetytglucosaming(NAG)3
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(Figure 41) using both sets of donors as confirmed Hghresolution liquid
chromatography mass spectrometry (HRLC/MS) (Table A&t surprisingdy, this
acceptor specificity is in agreement with previous work where it was demonstrated
that PatB requires acceptdhat ae trisaccharide or longer andhe acetylation of the
Pat B s

amino goup at theC2 position is crucial o r activity

Table4.1: No detection of modified productwas observetly highresolution mass
spectrometrywhen PatB was incated withpNP-Ac and SNAcdonors
with monosaccharidefGlc, GIcN NAG and NAM) and trisaccharide

(GIcN)s.

Calculated Observed

Acceptor Donor Product Exact Mass [M+Na'] [M+Na']
Glc Glc-Ac 222.07395 245.06317 N.D.
GlIcN GIcN-Ac 221.08994 244.07916 N.D.
NAG pNP-Ac  NAG-Ac 263.10050 286.08972 N.D.
NAM NAM-Ac  335.12163 358.11085 N.D.
(GlcN); (GlcN)s-Ac  543.22755 566.21677  N.D.
Glc Glc-Ac 222.07395 245.06317 N.D.
GIcN GIcN-Ac 221.08994 244.07916 N.D.
NAG SNAc NAG-Ac 263.10050 286.08972 N.D.
NAM NAM-Ac  335.12163 358.11085 N.D.
(GlcN)3 (GlcN)s-Ac  543.22755 566.21677  N.D.
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Table4.2 Detecton of modified (NAG} products usingPatB with pNP and SNAc

donors by higkresolution mass spectrometry.

Calculated Observed
Donors Product Exact Mass [M+Na'] [M+Na']
pNP-Ac  (GIcNAc);-Ac 669.25925 692.24847 692.24615
PNP-Ak  (GIcNAc)s-Ak  679.24360 702.23282 702.23144
pNP-Az  (GIcNAc);-Az  710.26064 733.24987 733.24740
pNP-Bn  (GIcNAC):-Bn  731.27490 754.26412 754.26292
Acetyl-CoA (GIcNAC):-Ac  669.25925 692.24847 692.24707
SNAC (GIcNAC)s;-Ac  669.25925 692.24847 692.24614
SNAz (GIcNACc);-Az  710.26064 733.24987 733.24688
SNAk  (GIcNAc)-Ak  707.27490 730.26412 730.26267
Emboldenedby Pat B6s ability to i

handle we attempted to attach a fluorophore to the modified accemo€Copper
catalyzed azide alkyne cycloaddition (CuAAQ)aknown as the click reactiérthe

product was confirmed tlRLC/MS (Figure 4.2)
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Figure4.2: A) HRMS spectrum ofAlexa Fluor 488 labeled (NAJz via CUAAC.
Exact mass of product: 1281.49249 Observed mass [M4982.49741.
B) HRMS/MS spectrum of the fragmentation pattern of the click product
showirg the loss of one anaivo NAG molecules from the trisaccharide
product Loss of a NAG: exact mass: 1078.41312 Observed mass
[M+H™]: 1079.41493.Loss of two NAG molecules: exact mass:
875.33375 Observed mass [MHH876.33604.

4.3.2 Analysis of Acetyltransferase Activity

Theacetyltransferase activity of PatB utilizitige pNP and SNAc donors were
assessed thrgh the same assays used to determine PatB esterase actiesieibed
in Chapter 2)° The only difference is that (NAG)s added to the solution for the

determination of acetyltransferase activity. Otherwise, the assays were performed in
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the same manner with the appropriate controls monitoring for presemi¢Pof405

nm) or TNB (412nm).

4.3.2.1 p-nitrophenyl acetate pNP-Ac) TransferaseAssay

The kinetic parameters of PatBs acetyltransferase activity yhiRgdonors
were calculatedt pH 6.5 in order to directlyompare our results to that of Clarkes. At
pH 6.5,the overall ¥ .o/ /& valuesfor pNP-Ac were approximatelypO times lower
than previously reportedpNP-Ac: Tcof # = 280 M* sec') indicating that thePatB
used in this studis not as #icient as the previously expressed SUNKgged Patt
utilizing pNP-Ac (Table 4.3F Although theoverall T ¢/ 7 values for the othepNP
donors are roughly three times higher than thgbM®P-Ac, it is still approximately

fifteen times lower than previously reported.

Table4.3 Acetyltransferaseactivity of Pat B ( 1 aNM )donossartdh mM
(NAG)3 at pH 6.5 (sodium psphate buffer) as monitored at 40%5.

| pH=6.5
Acetyltransferase Activity
Substrate Ky (mM) Keat(se€)  KealKm (M7'sec?
pNP-Ac 0.00149  0.00000979 6.57
pPNP-Ak 0.000683  0.0000119 17.57
pNP-Az 0.000921 0.0000173 18.75
pNP-Bn 0.000863  0.0000159 18.49
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4.3.2.2 Analysis of Transferase Activity withEl | mands Reagent

The kinetic parameters of PatBs acetyltransferase activity using SNAc donors
were calculated at pH 6.5 in order to directly compare the values to that flFhe
donors. AtpH 6.5,theoverall¥ .o/ F valuesfor the SNAc donors were approximately
three times higher than thENP donors, but still fiveimes lower tharpreviously
reportedfor thepNP-Ac (T .o/ %= 280 M* se¢’) indicating that théatBused in this
studyis not as #Hicient as the previosly expressed SUM@gged PatBat pH 6.5
(Table 4.4)

However as we determined irh@pter 3 with the esterase activity assays, PatB
has higher activity at a pH more representative of its natural environment. Therefore
we repeated the kinetic analysis at pH 8.5, #meloverall ¥ .o/ £ valuesfor SNAc
and SNAkare now approximately four timesgher than that of the pNP donors
(Table 4.4) Theoverall ¥ cof £ value for SNAz waswice as high as that of the pNP
donors Again we note that at either pH, PatB is not very efficient at transferring an
acetyl group from acetyCoA. On the other hand, h e/ £ value for PatBs
acetyltransferase activity using aceGoA at pH 8.5 is within the error range of the
Tl & valuefor SUMO tagged PatBs acetyltransferase activity upB-Ac at pH
6.5. That is very surprising given the large sarel chargelisparity between the two

donors.
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Table4.4 Acetyltransferaseactivity of Pat B (1  acéiCoAvand BNAc
donorsandl mM(NAG); at pH 6.5 (sodium phosphate buffer) and pH
8.5 (tris buffer) as monitored at 4hg.

‘ Acetyltransferase Activity
pH=6.5 pH=8.5
Kcal/Km KcaJKm
SubstrateKm (MM) Keat(sec) (Msec") Kn(mM) Kea(sec) (Mlsech)
Acetyl-
CoA 0.204 0.00544 26.69 1.62 0.422 260.2

SNAc 0.327 0.0179 54.82 1.47 1.62 1,103

SNAz 0.661 0.0370 55.99 1.12 0.617 527.1

SNAK 0.531 0.0288 54.21 1.69 1.85 1,094

4.3.3 Peptidoglycan the Natural Acceptor

Peptidoglycan was successfully isolafemm Gram (+) B. subtili§ and Gram
(1) (E. coli, V. parahaemolyticusand P. putida) species in order to
ability to modified its natural acceptor wihNP and SNAc donors. The Gran) (
bacteria species were chosen in part due to theibility to acetylate their
peptidoglycar(:® Furthermore a bacillus strain with tReacetyltransferase (Oat) gene
knocked outB . s u b was asélaad ensure that the isolated peptidoglycan would

be devoid of any natural acetylation.

4.3.3.1 Isolation of Peptidoglycan
Peptidoglycan was successfully isolafetlowing literature precedenceThe
peptidoglycan yield for Granft) bacterial species was ~+g/L and ~0.5mg/L for

Gram(i') bacterial species. This is not surprising as G¢anbacterial species have a
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much thicker layer of peptidoglycan as compared to Gfignibacteria species.he
isolated peptidoglycanhavea similar white fluffy appearancand areinsoluble in

solution(Figure 4.3).

e —

Bacteria

Peptidoglycan

Figure4.3 Peptidoglycan was isolated from various Gr@gn(B. subtils) and Gram
() (E. coli, V. parahaemolyticus,and P. putida) bacterial species
following literature precedence with modificatiohs.

4.3.3.2 Confirmation of Peptidoglycan

To confirm that the isolated substance is indeed peptidoglycan, several assays
that take ade nt age of peptidoglycands sEmstuctur e
we took advantage of the fact that Nod2 binds to components of the peptiddglycan.
Thus isolated peptidoglycan was incubated with purified Nad2ro 2017 Thesigp
test if they are capable of binding to each otligrcouraged by the ability of the
isolated peptidoglycan to pull down Ngd&e now aimto identify the components of
the peptidoglycan that Nodinds The ®condconfirmation assay was done with
mass pectrometryThe isolated peptidoglycan was digested with lysozyme to produce
small fragments that were analyzed via high resolution mass spectrometry.
Concurrently, we took advantage of the establisheebNB assay to determ

small fragments proded could activate the innate immune systefmastly, we
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wanted to visualize the fragments on a carbohydrate gel to ensure that peptidoglycan

was indeed isolated.

4.3.3.2.1 Peptidoglycan PultDown Assay

The first step in confirming that peptidoglycan was succdgsdlated was to
tested ifit is capable of binding to Nod2. We took advantage of the insolubility of
isolated peptidoglycan and the solubility of Nod2 and created a new peptidoglycan
pull-down assaylnitially the Nod2 proteinis present in the superaat and not
observed in the pellet (insoluble peptidoglycan)a gel(Figure 4.4) However after
incubation, the Nod2 protein can be found in the pellet as indicated by the presence of
a Nod2 bandn the proteingel. Given that Nod2 has specificity for ptedoglycan, this
data supports that peptidoglycan is what was isoldtedaddition, the support is
further strengthened by that fact that thieding of Nod2 to the peptidoglycan is pH
sensitive binding in a pH regime of 5.0 to 7.0 the incubation wacarried outat pH
8.5, then no Nod2 is found in the pellet.

It is interesting to note thaithough we used this new assay to visualize the
interaction between two known interacting partners, it can also be used as a method to
identify new binding parters. To elaborate, the insoluble peptidoglycan is similar to a
resin that would bind to proteins, and this would serve as the first step in the
identification of new mammalian proteins that detect and bind peptidoglycan

fragments.

75



& & &
] ®® . ‘0°0 . ‘0,8@

X e e ) e \2

Qe\\e S\)Q QO\\ s\)Q QO\\ f,\)‘Q
[ —— o~ - Nod2

- -

Before After pH 7 After pH 8.5
Incubation Incubation Incubation

Figure4.4: Prior to incubabn with insoluble peptidoglycan (pellet), Nod2 was only
found in the supernatant. Post incubation, Nod2 is observed in both lanes
indicating that insoluble peptidoglycan was atolgpull down Nod2. This
binding was shown to be pH dependastthe pull dow ability is lost at
pH 8.5

4.3.3.2.2 Analysis of Peptidoglycan Fragments with MS

The binding partner of Nod2 is believed to be MDP, a fragment of
peptidoglycart’ Thus we wanted to determine if it was possible to isolate and identify
MDP in the isolated peptidogtan sample. If so, that would support the binding of
Nod2 to the isolated peptidoglycan observed in thegmn assay. After lysozyme
treatment, high-resolution mass spectrometrfHRMS) analysis resulted in the
identification of twomajor masses. The structure paptidoglycanwas analyzed and
two possiblefragmentswere found as potential matches to the two identified masses
M4 and GM4 (Figure 4.5).Although MDP was not directly observed, both of the

fragments have MDP at a parttbiir structure. In order to isolate the MDP portion,
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then a peptidase would need to be added in order to cleave the peptide stem. However
that would require the discovery a new class of peptidases capable of cleaving a
peptide bond between aramino aal anda p-amino acid. Unlike bacteridjuman

cells exclusively utilize-amino acids, so peptidases that have been characterized can
only cleave peptide bonds between twamino acidsWe also noted that there are

presumably more fragments in the supangtbut these were the two fragments that

were detected.

HO -, "0 o,
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Figure4.5 The structure of two proposeftagmentsof the peptidoglycanthat
corresponds with the two masses detegtest lysozyme digestionia
HRMS. M4: NAM with a tetrapeptide stem.-Gl4: NAG-NAM with a
tetrapeptide stem.

4.3.3.2.3 Nuclear Factor kappa-light-chain-enhancer of activated B cell§NF-
8 B Activation Assay

With the successful identification of two small peptidoglycan fragments in the

supernatant post lysozyme digestion, we aimed to determine gupernatant was
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immunoactive through the N& B act i vatNomwnally, ases amall
peptidoglycan fragments such as MDP bind to Nod2, it triggers a cascade of events

thoughthe N B pat hway that results in the genei

In a NFa Bactivation assay, the luciferase gene is placed downstream of theBNF
binding site so that upon binding of MDP or other peptidoglycan fragments to Nod2,
active luciferase is produced and the amount of luciferin generated as a product of

lucifera s e 6 s smefcattianrcan be quantifi¢Bigure 4.6)™*
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Figure4.6. Upon binding of MDP or other peptidoglycan fragments to Nod2, the NF
aB signaling pat hwa-gB i 6r aancstcirviaptteido. n
translocates from the cytoplasm to the nucleus. Wtien NFa B
transcription factor binds to the promoter region of the DNA, it turns on
the lugferase gee, which is placed downstream of the promoidre
activation level is quantified by measuring the production of luciferin.
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As shown below, the supernataobtained from the lysozyme digested
peptidoglycan sample was able to activate theeNBE pat hway. The gr
represent a cell line that overpressed Nod2 while the black egpresent a cell line
that has basal level of Nod2 expression. In lmatbes, the addition of the pematant
resulted in a higher activation level as compared toMb® control(Figure 4.7) It is
interesting to note that the activation level seems to reach a plateau with the addition
of 50 €L of the s uoptais stratagyinthe.inabdity ® cohpaseew b a ¢ k
the MDP control and sample directly. The amount of soluble peptidoglycan fragments
present in the supernatant is unknown. Therefore the exact concentration of the sample
can not be calculated, so a direct congmarito the MDP control cannot be made. It is
only possible to say that from the resultbe tsupernatant does contasmall
componerg of the peptidoglycan thare able to activate the innate immune system
through the NFe B p a t Furthermaore the increa in activation in the CMV
control indicates that the peptidoglycan fragments present in the supernatant are
capable of activatingthe N&«B pat hway by binding to prote

activation could be a result of the binding ofAP to Nod1.
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Figure4.7. The supernatant of lysozyme digested peptidoglycan is able to activate the
NF-a B p a tGMW.acgntrol no Nod2. Nod2overexpresses Nod2.
Data is not statistically significant as the experiments were done in
duplicates. However, the goal was émploy the NFe B assay as
qualitative method to verify peptidoglycan.

4.3.3.2.4 FluorescenceAssisted Carbohydrate Electrophoresis (FACE) Analysis

Although the supernatant was immunoactive, the composition of its
peptidoglycan fragments remained elusive excepttthio fragments observed via
HRMS. Thus we set out to find another method that would allow us to visualize the
fragment composition present in the supernatant.

There has been literature precedence using fluoresesststed carbohydrate
electrophoresis FACE) to analyzed carbohydrates on a geGiven that the
peptidoglycan has a carbohydrate backbone, we reasoned that FACE may yield
insights regaling the fragment composition. A carbohydrate gel is larger (14x16 cm)

and contains a higher percentage offypcrylamide (35%) as compared to a standard
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protein gel (8x5.8 cm;-45%). As a result, a carbohydrate gel needs to be run at a
lower voltage for a longer period of time in order for the sugars to separate.

The carbohydrate portion of peptidoglycan freemts were labeled with
ANDA via reductive amination (Figure 4.8) Subsequentlythe sample was analyzed
on a carbohydrate gel along wikNDA labeled controls (NAG, Mal, and GIcA
starch ladder was created to mimic a protein ladder. The controls were also loaded in
the same column to mimic a ladder effeBeveral bands were observed het
peptidoglycan sample indicating that there were otlegnfents present in addition to
the two observed via HRM&igure 4.9. Some of the bands appear to line up with the
contr ol bands, but given the unevenness
conclusionsaboutthe molecular weighdf these fragmentAttempts have been made
to extract and purify the separated fragments out of the gel, but to no avail. Another
approach being considered is to take advantage of the ANDA tag and separate the

peptidoglycan fragments viagh-performance liquid chromatographyRLC)/MS.

SO:H

H2N
HO HO SO3H HO c HO
! y fsufonic acid { NaCNBH
H ,gg, H &—L 7-amino-1,3-napthalenedisuffonic acid (ANDA) H ,ﬁl 3 H ’gEH,H
HO OH HO =0 Acetic acid: water (3:17) QO N‘ANDA DMSO QO N‘ANDA

AcHN AcHN AcHN AcHN

Schiff's Base

Figure4.8: Scheme of arbohydrate labeling via reductive amination with ANDA.
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ANDA

Starch Pep NAG Mal Glu Com

Figure4.9: Fluorescent detectioof ANDA labeled peptidoglycan fragmentB8ep)on
a carbohydrate gel along with a homemade starch la@&tarch)and
reference controlfNAG, Mal (maltose), &, and Com (combined
sanple containing NAG, Mal and Gt

4.4 Conclusions

This chapter detailed thexploration of acceptors f&atB.Our findngs show
that PatB preferso modify an acceptor that is minimally three sugar units in length
and the acetylationf the amino group at C2 position is necessary. These results are in
agreement with literature datdJsing (NAG) as the acceptor, the kinetic parameters
of PatBs acetyltransferase activity was calculated. It was shown that PatB has higher
acetyltransferase activity at pH 8.5 rather than pH 6.5, which we attribute once again
to the facts that our PatB does not havarge tag attached and pH 8.5 more close
resembles the environment PatB prefers. We were also able to employ CuAAC to

attach an Alex Fluorophore to trekynyl handle installed on (NAG)by PatB.
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Furthermore, we isolated the natural acceptor, peptidoglyitam a number of
bacterial speciesA new pultkdown assay was also developed to confirm the identity

of the peptidoglycan. The new assay also has the potential to be a very valuable tool in
identifying other mammalian proteins that bind to peptidogly®éow that we have
acceptors and donors for PatB, we aimed to get a better understanding of PatBs

mechanism of action both vitro andin vivo.
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Chapter 5

IN VITRO AND IN VIVO APPLICATION SOF PATB

5.1 Introduction

At last, we have fuctional PatB, natural acceptor, peptidoglydaom various
sources, and a set SNAc donors. We set forth to stuggssible applications of PatB
bothin vitro andin vivo.

As discissed in @apters 1 and Z)-acetylation of the peptidoglycan by PatB
is a defense mechanisof bacteria to protectigainst degradation by exogenous
autolysins such as lggyme and mutanolysit? We aimed to determine if in fact, our
PatB is able to confehe same resistance to isolated peptidoglycan. To do so, we took
advantage of the fact that isolated peptidoglycan is insoluble, so it has tarbiglity
which can be monitored by measuring #itesorbance at Qfgh. The absorbance of
unmodified peptidogycan digested with lysozyme will leatb a decrease in
absorbance over times smaller soluble fragments are generd@edthe other hand, if
the peptidoglycan is moddd with PatB and SNAc donors, then the resulting
peptidoglycan would be resistant tedzyme degradation and the absorbance would

not decrease over time (Figure 5.1).
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Figure5.1: Unmodified peptidoglycan is susceptible to lysoryaegradation (top),
forming a 16-anhydreNAM product. However if the peptidoglycan is
modified by PatB prior tdysozyme treatment, then the peptidoglycan is
protected against lysozyme degradation

Intrigued by the ability of the bioorthogonal SNAc donors to modifyaisal
peptidoglycanin vivo labeling of Gram (+) bacterial cells using PatB was pursued.
Inspiration to tag the peptidoglyc@olymer was based on previous strategies used to
label either the peptide stefit8 or carbohydrate cote'? of peptidoglycan While
these methods rely on metaiooincorporation of unnatural peptidoglycémilding
blocks, PatB assisted labeling would be a complimentariadethat does not rely on
the peptidoglycanbi osynt heti c pat hway, tbuwost rat her
synthetically modify peptidoglycartio install bioorthogonal functionality on the

carbohydrate poidn of mature peptidoglycammore specifically the -©H of NAM,
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which to date remains an unexplored peptidoglyledeling target. Similaenzymatic
approaches have been employed by the Spiegel lab to use sortase A (SrtA) as a tool
for incorporating moledar handles onto the cell wall Staphylococcus auretfsand
by Liu and Tam to labeE. coli cell surfaces through a butelasediated ligation

method to a transmembrane protéin.
5.2 Materials and Methods

5.2.1 Materials and Instrumentation
All chemicals were puwhased fronSigma and ThermoFisher Scientifmd
used without further purification unless otherwise nofdtlabsorbance spectra were

taken with Eppendorf BioSpectrometer.

5.2.2 PeptidoglycanDegradation Assay in vitro)
Isolated peptidoglycanl(mg) from B. subtilis, E. coli, V. parahaemolyticus,
andP. putida(see Chapter fbr procedure) wasicubated with thd, 6, 7,or 8 donor
4 mM) in the presence and ahb $he modified o f Pat
peptidoglycan was pelleteat 21,000 g for 3nin to ranove PatB and any remaining
donor. The modified peptidoglycan was then resuspended and lysozyme ¢LOOmL )
was added to cleave the glycosidic bonds. $hmple was incubated at°87with

shaking and th©D was monitored over time as indicated.

5.2.3 Bacterial Cell Labeling (in vivo)
Cells were grown from overnight culture until @gof 0.5 (Erythromycin (20
eg/ mL) was add eThe Hadenl cufi@eawas ceritrifuged at 11,000 g

for 5min. The cells were resuspesttin M9 minimal media with PatB (&8¢ M and6
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or8(250e g/ mL) and i°Q forthe speefied daration3 The cells were
spun down ai1,000 gfor 2.5min and the pellet was washed with M9 minimal media
(2x) and water (2x). The cells were resuspended in water and,G030nM), TBTA

(128 € M, sodium ascorbatél.2 mM), andAlexa-Fluor 488( 2 0 wa$Mgdedand
incubated at room temp for 30in in the dark. The cells were spun down af00Dg

for 2.5min and the pellet was washed 3x with 1XxPBS. The cells were fixed4#bth
parafomaldehyde for 30 minn the dark at room temp. The cells were spun down at
11,000 g for 2.5 min andthe pellet waswaslted 3x with PBS The cells were
resuspened in water and tetramethylrhodamine Wheat Germ Agglutinin (WGA; 5
€eg/ mL) conj ugnatrcabate fwrsl5 nirdatdreodh temp in the darkhe
dual labeled cells were spun down af0DDg for 2.5min andthe pellet wasvashed

3x with 1xPBS. The cells were resuspended x®BS anda small drop waadded to

the center of 48 mm x 18 mm cover glagZeiss) pre-treatedwith 0.1 mg/mLpoly-
I-lysine (Sigma P1274)). The rest of the cells were store@@&C with 10% glycerol.
The coverslip restetbr 30 min in the darkbefore it was placed on top afdrop of
Prolong Diamond Antifade Mountants anicroscope slide The slide rested in the
dark overnight at room temp. The sides of the coverslip were sealed with nail polish
and stored a20°C until imaging.

Prepared slides were imaged with Structured lllumination Microscopy (SIM)
on a Zeiss Elyra PS.1 mascope with Pla\pochromat 63x/1.4 Oil DIC M27
objective. The fluorophore ohlexa-Fluor 488and tetrarhodamine WGA conjugate
were excited with 488 nm and 561 nm laser excitations, respectively. The camera
exposure time was 100.0 ms, the raw data imagesh contain 5 rotations are in Z

stack mode with 0.116m as the stack interval. The softwareCatrl Zeiss ZEN 2012
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was used to process the raw data to yield SIM images and the processing settings were
kept constant. 2D maximum intensity projectionages were generated from SIM
images with ZEN 2012 software. Scale bars were made in ZEN 2012 with the line

measurement tool function.
5.3 Results and Discussion

5.3.1 PeptidoglycanDegradation Assay in vitro)

To evaluatdahe in vitro application of using PatB adool to confer lysozyme
resistance to isolated peptidoglycdhe insoluble peptidoglycasolatedfrom B. sub.
2 O aMassubjected to lysozyme degradatiorthe presence and absence of PatB with
1, 6-8; the optical dasity was measured over time to ntonithe increase or decrease
of peptidoglycan degradation process The optical density of the insoluble
peptidoglycan control remained stable over the course of the experiment (Figure 5.2
and 5.3). Howeverhe optical density of unmodified peptidoglycalecreased over
time with lysozyme reatment, indicating that the peptidoglycan was being digested
into soluble fragments from lysozyme treatment @Fég5.2 and 5.3). In contrast, if the
peptidoglycanwas pretreated with PatB and, 6, 7 or 8, then the plymer was

protected against lysozyme degradatiogFe 5.2 and 5)3
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OD Experiment Peptidoglycan with pNP-Ac

- PG + Lysozyme
- PG

PG + PatB/pNP-Ac
+ Lysozyme

Abs (600nm)

0 T 1
0 5 10

Hours

Figure5.2 PatBmodified PG, with pNP-Ac, from B. subtilis pO a(green) wa
protected agast lysozyme degradation as compared to no modification
(blue) and no lysozyme control (reéalues plotted are averagetbfee
independenéxperimentsas themear+S.D.

2.0 -

Abs (600nm)

u-ﬂ il il = L] il L - L}
o 10 20 30

Time (hours)

Figure5.3 PatBmodified PG, with6 (purple),7 (black) or8 (orange)from B. subtilis
O a tvas protected against lysozymealegradation. dWmadified
peptidoglycan (green). I8nk (blug. Peptidoglycanwithout lysozyme
(red).Values plotted are average of three independent experiments as the
mean+S.D.
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Encouraged by these results, peptidoglyeas isolated fronother bacterial
speciesE. coli, V. parahaemolyticusand P. putida; asthese species have not been
shown toO-acetylate their peptidoglycdfr'” The isolated peptidoglycan was again
subjected to lysozyme treatment with and without modification by PatB and similar
results were obtainedPatB conferred lysozyme resistance tthe ilated
peptidoglycarfrom all of the bacterial straintested(Figure 5.4, 5.5 and 5.@sing all
of the SNAc donors. It seems that the functional group is irrelevant as long as the 6
OH group of NAM is capped. Alsexpected, some degradation tbke acetylated
peptidoglycarwas observed, aatB may not be able to mify every NAM residue
in the peptidoglycah® Overall, these data demonstrate that PatB is capable of
modifying small and large fragments of peptidoglycamith bioorthogonal

functionality.

0.5 1
0.4
E 1
§ 0.3 - g
o
2 0.2 i —
0
=4
0.1 4
0.0 g T T - 1
0 10 20 30
Time (hours)

Figure5.4 PatBmodified PG, with6 (purple),7 (black) or8 (orange), fromE. coli
was protected against lysozyme degradation. Unmodified peptidoglycan
(green). Blank (blue). Peptidoglycan without lysozyme (rahlues
plotted are average of three independent experiments asetreS.D.
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Figure5.5 PatBmodified PG, withé (purple),7 (black) or8 (orange), fromP. putida
was protected against lysozyme degradation. Unmodified peptidoglycan
(green). Blank (blue). Peptidoglycan without lysozyme (rahlues
plotted are average of three independent experiments asetreS.D.
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Figure5.6. PatBmodified PG, with6 (purple), 7 (black) or 8 (orange), fromV.
parahaemolyticus was protected against lysozyme degradation.
Unmodified peptidoglycan (green). Blank (blue). Peptidoglycan without
lysozyme (red).Values plotted are average of three independent
experiments as thmeanrS.D.

93



Theseresults indicate that PatB is able to utilize the donors to modified not
only a small peptidoglycan mimic, (NAG,) but alsothe natural acceptorjsolated
peptidoglycanfrom both Gram (+) @d Gram {) bacterial species. The modification

does indeed prett the isolated peptidoglycan from lysozyme degradation.

5.3.2 Bacterial Cell Labeling (in vivo)

B. subtiiseeOat and wild type cells were
phase, treated with PatB and dgr®iNAc or SNAc-Ak. CUAAC was implemented to
labelthe cells with Alexa Fluor 488z and subsequently imaged via superresolution
Structured lllumination Microscopy (SIMY. Multiple incubation time points were
observed, and it was determined that optimal labeling was\azhat 240 mirfFigure

5.7and 5.8.
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Figure5.7: SIM and corresponding DIC images of Alekhior 488 labeledB. subtilis
@ O actlls post modification by PatB and SNAK, PatB and SNAc, or
SNAK alone at the various time points indicated. Scale bar denotes 10
em.
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Figure5.8: SIM and corresponding DI@ages of Alexaluor 488 labeledB. subtilis
WT cells post modification by PatB and SNAk, PatB and SNAc, or
SNAK alone at the various time points indicated. Scale bar denotes 10
em.
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In both B. subtiliseeO a t and wild type stra@ins
fluorescence signal intensity when treated with PatB SINAc-Ak as compared to
treatment withSNAc-Ak alone or PatB withSNAc, both of which showed only
background autefluorescence (Figure 5.9 and 5)1These results indicate that PatB
is necessary fagfficient labelingof bacterialcells using SNAc derivative$loreover,
we note that the fluorescence seen in the BV3ubtilis cells treated with onlsNAC-

Ak could be attributed to the wild type OatA peat in these cells as the fluorescence

is absent wheB. subtilisseOat i s t r &HAcAK(Figure 5.1 aral 5.02y
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PatB
SNAc-Alk
SNAc

Alexa Fluor 488

WGA

Merged

DIC

B. subtilis AOat

Figure5.9 Large field SIM and correspondinQIC images ofFigure 5.11 Red
arrows indicate th cdls that are shown in Figure 5.13cale bar denotes
10e m.
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Figure5.10: Large field SIM and correspondimC images ofFigure 5.12. Red
arrows indicate the cells that are shown in Figure 5.12. Scale bar denotes
10 & m.
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To verify that tle labeling is specific to the peptidoglycaihe cells were
stained with a tetramethylrhodamine conjugate of wheat germ agglutinin (WGA),
which binds to NAG®?! This verification approach was chosen rather than a mass
spectrometry based assay du¢h fact that the acetylated peptidoglyecamesistant
to lysozyme degradatiéh making isolation of detectable fragments extremely
difficult.  Moreover, the fragile acetyl modifigah is lost during the harsh
peptidoglycan isolation?® The colocalization of Alexa Fluor 488 and
tetramethylrhodaineWGA in the samples treated with PatB a@®NAc-Ak suggest
that thelabeling was specific to the peptidoglycéfigure 5.11 and 5.32. The @&Oat
cells have a higher fluorescence signal as compared to the wild type, which can be
attributed to the fact tlhaghere are more sites available for PatB modification in the
&e0Oat Itis hldognteresting to note that the fluorescence signal appears to be
localized around an area referred to as the septal division®*riédpscent
peptidoglycaris proposed to bormed at thiging during bacterial divisiof® Thus it
is plausible that PatB is morekdily to target the unmodified peptidoglyctound in
this area. We propose that the labeling methmyopresented here was sucfes
and specific in labeling peplibglycanas a Grampositive organism was studied,
therefore PatB did not have to pass through the outer membrane to reach its
extracellular peptidoglycatarget. Morever, very little cyoplasmic labeling was
observed as the SNAc derivative would mostlljkbe destroyed due to the high

concentration of glutathione within the c&if’
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PatB
SNAc-Alk
SNAC

Alexa Fluor 488

WGA

Merged

B. subtilis AOat

Figure5.11 SIM and corresponding DIC iages oB. subtilisgp O acellslabeled with
Alexa-Fluor 488 (top row)post modification by PatB andSNAC-AK,
PaB andSNAc, or SNAc-Ak alone for240 min. The cell wall was also
stained with a tetramethylrhodamine WGA conjugate (second row) to
show colocalization of the fluorophores (third row). Images are
representative of tkee biological replicate§cale bar denotese2m.
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Figure5.12: SIM and corresponding DIC iages ofB. subtilisWT cellslabeled with
Alexa-Fluor 488 (top row)post modification by PatB and SNAAK,
PaB and SNAc, or SNA®Ak alone for240 min The cell wall was also
stained with a tetramethylrhodamine WGA conjugate (secomd to
show colocalization of the fluorophores (third row). Images are
representative of three biological
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5.4 Conclusions

This chapter detailed two applications of PatB with SNAc donlorsitro, it
was determined that ppPatB modification, the isolated peptidoglycan from multiple
bacterial species was protected against lysozyme degradation. The results presented
show that PatB is able to modify the isolated peptidoglycan at-tbE @osition of
NAM to block lysozymeregardless of the bacterial speciékhis is very exciting
because the SNAc donors could be further fine tuned to install other handles on
peptidoglycan fragments, which could assist in the identification of sppeigfic
peptidoglycan fragment generated asresult of the interactions between the
microbiome and the innate immune system.

In addition we show that the PatB/SNAc system can be employed to label
whole bacterial cells specifically at the peptidoglycan level. This new labeling strategy
is complinentary to existing methods as it labels a different position of the
carbohydrate backbone without having to rely on the peptidoglycan biosynthetic
pathway. The PatB/SNAc system also seems to have some specificity to the septal
ring area of the peptidoglyna This could afford us the opportunity tstudy
peptidoglycan turnover in detail Bgbeing nascent peptidoglycan and trau it as

the cell grow and divide.
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Chapter 6

CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Conclusions

6.1.1 Purification and Characterization of PatB Expression from anE. coli
System

This dissertation aimed to improve the current understanding of PatB, an
important enzyme in bacterial surviv&revious to this work, limited biochemical
information regarding RB was obtained with a SUM@gged PatB.To further our
understanding of PatBve developed newexpression and purification system for a
dual tagged Patih anE. coli system The dual tag system improved the stability of
the protein and yielded PatBathis >95% pure.The purified protein was also
characterized using a diverse array of biochemical andmbytical techniques to

confirm proper folding and function.

6.1.2 Donor and Acceptor Promiscuity of PatB

This dissertation work has shown tHatB haslax substrate specificity for
both pNP and SNAc donors, allowing fdhe covalent attachment of leidhogonal
functionality drectly onto asmall molecule peptidoglycan fragment mimic, isolated
peptidoglycarfrom B. subtilis,E. coli, V. parahaemolyticugnd P. putidg and intact
B. subtilis cells postsynthetically.In addition, it was determined that wild type PatB
has @ optimal catalytic efficiency at basic pH, which reflects its natural

environment®
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6.1.3 Applications of the PatB/SNAc System

This dissertation exploredmMo possible applideons of PatB In vitro, it was
shown thafPatB modifications protected tleolatedpeptidoglycas against lysozyme
degradatiomrmirroring bacteri@ s a b i | -synhthyeticallyp mogdifgpsptidoglycarto
protect itfrom Iytic enzymes, aiding in cell survivaFurthermorePat B6s ut i | ity
explored as a tool to incorporate fluorescent tags oliek chemistry on the
peptidoglycarbothin vitro and in whole cells allowing for fluorescent visualization of
bacterial ells. PatB proves to be a useful tool in understandirg dbetylation

modification of peptidoglycaand its resistance mechanisms.

6.2 Future Directions

The PatB/SNAc systerpresented irthis dissertation has many implications.
One implication is that the S derivatives employed here shed light tre
mechanism oéction ofPatA the proposed acetyl carridtris currently unknown how
PatA translocates the acetate moiety of agéA from the cytosol to the periplasmic
space. However given th&tatB prefers SNAc donorswhich containa thioester
bond, it ®ems to suggest that the acaggbup of acetylCoA is possibly linked to a
cysteine resilue of PatA. This dissertation work also has many potential future

directions.

6.2.1 Crystallization of PatB

The frst possible futuradirection is thecrystallization of PatBNo crystal
structure of PatB has been reported to date, but Clarke has predicted a three
dimensional homology model of PatB based on its sequence similarly to an esterase
from Sacchromyces cerisiae* Although this dissertation work hasxpandedthe

knowledge of PatBs mo | e c ul aa crystaé strinctune ivaulch provide some



vital information regarding the active site of PatB. With a closer examination of the
active site, more efficient dor® could be designed to be utilized with PatB. In
addition, a better understanding of the active site could lead to the design and
synthesis of potent inhibitors of PatB. Inhibition of PatB would render the bacteria
more susceptible to lysozyme degradation

The purified PatB in this study contains a ¢iisg that has been shown to aid
in the crystallization processTherefore we attempted to crystallize PatB. The initial
buffer screening process yielded hits for the potential crystals (Figure 6.1). Howeve
the crystals were too small to diffract viarXy. Therefore further optimization is
necessary to obtain larger crystals that are more suitable for diffraction. In addition,
the SNAc donors could be addedtte buffer conditions to explore the posstyilof

obtaining a cecrystal with PatB.

Figure6.1: Small crystals were observed during initial crystal screening conditions.
However further optimizations are required to obtain a crystal suitable for
X-ray diffraction.Due to instrumentation errors, no erbar is shown.

6.2.2 Labeling of B. subtilisSpores
When conditions are not favorable for growth and reproduction, some Gram
(+) bacteria such a®acillus triggers a sporulation evehtThe bacteria entea

metabolically dormant state and wait until the conditions become more favorable. The
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spore state allows the bacteria to withstand severe chemical and physical conditions.
During the course of our labeling experiments, we used various media solutions.
When we attempted to labd. subtilis cells in PBS bufferwhich is devoid of
nutrients, we observed the presence of spores that were surpfisiagescently
labeled(Figure 6.2) This was very exciting because currently in literature, labeling of
spores hs been achieved through a membrane localizing fluorescent dy4-@a\or

a genetically engineering fluorescent membrane prét&ireliminarydata shows that

the PatB/SNAc system has the potential to be a new method to label the peptidoglycan

of spores directly.

PatB with SNAk and Alexa Fluor 488

MalF-GFP FM 4-64

Figure6.2 A) B. subtilis spores were labeled with Alexa Fluor 488 after being
modified by PatB with SNAkn PBS buffer B) B. subtilisspores labeled
with Mal-GFP and FM4-64. Figure(part B) adapted fronRubio and
Pogliano (20047.

6.2.3 Direct Fluorophore Attachment

In Chapter 5, we detailed the application of the PatB/SNAc system to
fluorescently label the carbohydrate backbone of peptidoglytabeling was
accomplishedby installing an alkynyl tag wittBNAk, then employing CuAAC to
fluorescentlylabel the peptidoglycan. Although CuAAC has be#ihzed many times

ﬂ,lO,ll

to fluorescently taghe peptidoglyca a downside to the methodtisat copper is

toxic to cells*? It has beemlemonstrated in this dissertation that PatBlaasubstrate
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specificity. Thereforethe possibility of attaching dluorophore directly to the
peptidoglycan using PatB and a modified SNAc domas exploredTo that extent,
SNAc-Bodipy was synthesized and assessed for its compatibility with PaiB. was

able to florescently tag (NAG)using SNAeBodipy (Figure 6.3).

Al 1, 1
ACHN  TTACHN HO PatB HO ﬁ/
AcHN AcHN HQ—" i
AcHN

Figure6.3: SNAc-Bodipy was synthesized and installed onto (NAKG) PatB.

Upon treatment with PatB and SNA&o di pvy , t he @Oat cel | s
labeled, but the labeling seems to be-spacific as the wiie cell is greer(Figure
6.4). In contrast, the WT cells appear to have more localized areas of labeling
throughout the cellsand the fluorescence signal intensity is similar in the presence or
absence of PatBrigure 6.5) It is interesting to note thahe labeling does not appear
to belocalizedat the septal ring areavhich is different than the labelingat was
observed in Figure 5.11 and 5.18 the absence of PatB, similar labeling patterns
were observed i n inladditioq@ecells veere disodtained with | s .
WGA, butthe sgnal does not appear to be localized in all four samfitegure 6.4
and 6.5) Ongoing work is aimed at optimizinghis direct labeling strategy.
Preliminary data is hopeful that the PatB/SNAc system couldripoged to directly

attach a fluorophore onto the peptidoglycan of bacterial cells.
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PatB + -

SNAc-Bodipy

Bodipy

WGA

Merged

B. subtilis AOat

Figure6.4: SIM and corresponding DIC iages ofB. subtilisg O acellslabeled with
SNAc-Bodipy by PatB for240mins (first row) The cell wall was also
stained with atetramethylrhodamine WGA conjugate (second row) to
show colocalization of the fluorophores (third row). Images are
representative of three biological replicates.
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PatB + -

SNAc-Bodipy

Bodipy

WGA

Merged

B. subtilis WT

Figure6.5: SIM and corresponding DIC iages ofB. subtilisWT cells labeled with
SNAc-Bodipy by P& for 240mins (first row) The cell wall was also
stained with a tetramethylrhodamine WGA conjugate (second row) to
show colocalization of the fluorophores (third row). Images are
representative of three biological replicates.
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6.2.4 Bacteria and Peptidoglycan a Educational Tools

| have long aspired to join the faculty ranks, andirdy the course of this
dissertation] have had numerous opportunities to pursue my passion of teathing.
was alsovery fortunatethat two of the teaching projects directly connewdth this
dissertation through their emphasis of utilizing the bacteria mamtidoglycan as
educational toal

The firstproject was an introductory course to biochemigifgen842)taught
to sophomore level biochemistry majors prior to the traditionatH@mistry /1l
sequences the students would take in their junior year of college. The course was
developed by Dr. Harold B. Whitél! at the University of Delawar&’ The course has
a very different formia(PBL) than most introductorgourses. In lieu o& textbook, the
students dissect primary literature articles to examine a central topic overFtme.
example,m r ecent year,s Buhges cé8l aBrsuyaughtBe@iras b e e
Catherine Leimkuhler Grimesith an emphasisn the understanding of bacteria and

antibiotics over time (Figure 6)6°

Penicillin: Isolation of - Peptidoglycan

Alcoholic Mechanism Penicillin-Binding Vancomycin Modifications &

1858 Fermentation | 192D of Action 1959 Components 1974 Resistance 1999 Innate Immunity
1 1 1 1 1 1 1 1 1 1
1 I I I I I I I 1 I

Lactic . - - Vancomyein

Bacteriolytic
Substance Composition

Figure6.6: Timeline of the ten primary literature articles that students in Chem342
Beer, Bugs & Drugsyill examine over the course of the semester.

After reading each article, théuslents are responsible for compiling a list of
learning issues (generally focused on techniques, materials, methods and/or concepts

presented in the paper), and exploring those issues further on theiflusapproach

11¢



gives the students the opportunitypursue the specific concepts that interests them.
When they are in class, the students work in groups to share and discuss their learning
issueswith each other to gain a better understanding of the p&pstents will often

have different learning isgs, and this allows the students to see the paper from a
different perspectiveln addition, by having the students explain their learning issues

to each other, the students gain a more concrete understanding of the concepts
themselves. The process of &iping concepts/techniques to each other also serves to
boost st ude Msaspéartotnoymies, Iperformed demonstrations such as

the iodinestarch dialysis experimenduring class. Since the class is taken by
sophomore students, many of theme not familiar with laboratory practices. The
demonstrations help the students visualize the techniques presented in the articles. In
addition, | helped the students build a timeline of historical events corresponding to
the timeline of the articles tgive them the perspective of how current issues could
impact scienceWi t h Dr . Gr i lralsogcdevglapeéddh #0Glleactivity on
amino acidghat served as an introduction to the tojoicthe studentsEventhough

the format of the class is diffemt than that of a traditional survey course, the students
are still exposed to a wide variety of biochemical concepts and techniques through

their examination of the articles (Table 6.1).
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Table6.1: A selection of biochemical topics, concepts and tephes that students
encounter in the articles they read @hem342 Beer Bugs & Drugs.

Biochemical Topics,Concepts and Techniques
-pH/pKa -Amino acids -Crystal structures
-Equilibrium -Enzymes -Hydrogen bonding
-Coupled equations  |-Glycolysis -Spectroscopy
-Aerobic Fermentation -Radioactive assays -Affinity chromatograph
-Anaerobic Fermentatig-Azotometer -Antibiotics
-HendersorHasselbkch -Fisher, Newman, and |-Minimal Inhibitory
equation Haworth projection Concentration
-Steriletechniques -Continuous assays -Resistance
-Bacterial cultures -Non-continuous assays FADP coupled assay
-Enantiomers and -Bacterial cell wall -Innate immune
diastereomers biosynthesis activation
-Balanced equations K /Kcat -Ninhydrin staining
-Chirality and optical [-lon exchange -Size exclusion
rotation chromatography chromatography
-Solubility -SDS page gel -Cofactors
-Dialysis -Kd/Ka Et cé

The class described here is not only unique, but also effectiverieh
bi ochemistry quiz is administered on the
growth during the semester. On -20%em age,
the post quizfrom the pre quiz, which correlates to a normalized gain of 0:321
Moreover, the course is also distinctively flexible. Professors can tailor the class to
their liking by altering the articles or changing the topic all together.

The second project STEM Early Education Kinship (SEEK)js in
collaboration withDr. Jenifer Gallo-Fox in the 2partment of Human Development
and Family Studies at the University of Delawaviany early childhood educators do

not have a strong science background, and thus tend to shy away from teaching



science in their classroom®ne of he goak of the projectwas to connect Dr. Galo
Foxo6s ear |l y c hin HD#E®Mb3ovith the dudding biachesmists in Dr.
Gri mes 6 Ch @mBopelis tlal tteese £annections will last beyond their time
at UD providing a forum to facilitate the sireg and discussion of science teaching
ideas and scientific concepts. A poster session was organized to help promote the
formation of these connections. The Chem342 students were resporisibl
presenting a postéedited by Dr. Grimes and meh a concpt they learned from an
article of their choice, and the HD&S3 students were responsible for bringing a
possible science teaching idea to review with the Chem342 students. In addition, a
group was created on LinkedIn to help foster and sustain the godwiiis network.
The group has 85 members to date.
A second aim of the SEEK project was the development of a suitable activity
for early childhood educators to use in their classrooms as an introduction to bacteria.
In a laboratory settingscientistsypically grow bacteria oragarplatessupplemented
with Lysogeny Broth (LB) mediurfi® Both the LB medium and agar could be difficult
for an early childhood educator to obtain
with more readily accesdibingrediens. To that end, alternativep | at es 0 sui t ab
bacterial growthwere constructedising gelatin and chicken bouillons. The gelatin
serves as the solidifying agent while the chicken bouillons provide the nutrients. The
new fAplateso werr eatfleivlailtuyattea droow ththedt er i a.
were able to grow bacteria after an overnight incubation %€,3@nd the growth is

comparable to that observed with a traditionatadar plat€Figure 67).
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LB-agar Plate Alternative Plate

Figure6.7. Comparison of bacterial growth ortraditional LB-agar plate (left) and an
alternative plate made with gelatin and chicken bouillon (right).

These alternative plates are a great tool for early childhood educators to use to
help children visualize the presence of bacteria in their livesaAsart of the
introductorylesson, the children could swab various areas and items to detevhahe
items or which areharbors the most bacterighe lesson could further be expanded to
include a discussion on why children shogldan their hands witlsoap or prell
frequently. Subsequent lessons could explore the various types of bacteria and their
purposes.

The experiences | have gained from these two educational projects have helped
me grow and develop tremendoushs a researcher, my ability tot&ulate my
research improved greatly as a result of the projects. In addition, | acquired numerous
teaching tools that will aid me in my journey to become a better instructor, and |
greatly look forward to implementing all that | have learned in my futlagsrooms.

This dissertation has provided me with a strong platform to tackle myaesdr step.
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Appendix

SPECTROSCOPIC DATA

A.1 NMR

A.1.1 NMR of pNP Derivatives
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A.1.2 NMR of SNAc Derivatives
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3.03 (t,J = 6.5 Hz, 2H CH,S), 2.36 (s, 3Hacety), 1.97 (s, 3Hacety).
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FigureA.8: 13C NMR Spectra (CDG) of SNAc Compound §). *C NMR (151 MHz,
Chloroformd) U 1 9 60, 3988, 30172, @9.03, 23.28.
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FigureA.9: *H NMR Spectra (MeODpf SNAz Compound 7). *H NMR (400 MHz,
Methanold 4 ) U 4 .,1G:N3f, 837 (2 B = 6.6 Hz, 2H
HNCH,CH,S), 3.09 (t, J = 6.6 Hz, 2HHNCH,CH.S), 1.93 (s, 3H
acetyl).
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FigureA.10: *C NMR Spectra (CDG) of SNAz Compound 7). **C NMR (101
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FigureA.11: 'H NMR Spectra (CDG) of SNAk Compound 8). *H NMR (600 MHz,
Chloroformd ) U 5. 8 INH),(344 (q,1H= 6.1 Hz, 2H
HNCH,CH,S), 3.06 (t, J = 6.4 Hz, 2HHNCH,CH,S), 2.81 (t, J = 7.2 Hz,
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J = 2.6 Hz, 1HCH,CH,CCH), 1.96 (s, 3Hacety).
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FigureA.12: 13C NMR Spectra (CDCI3) of SNAk Compound (8). 13C NMR (151
MHz, Chlorofoormd ) 0 198. 01, 170.39, 81.90,
23.37, 14.83.
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A.2 HRMS

A.2.1 HRMS of pNP Derivatives

Grimes_YibenW_Yw-6-22-17-pNP-Ak #303 RT: 051 AV:1 NL: 6.14E6
T: FTMS +p ESI Full ms [100.00-1500.00]
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FigureA.13: HRMS Spectra ofpNP-Ak Compound 2). HRMS (EStpos) for
CoHgNO4" [M+H] ™ calculated192.02913, observed 192.02921.
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T: FTMS + p ESI Full ms [100.00-1500.00]
223.04630
CgH7 04 Ng

100 0.51091 ppm

95
90
85 3
80
75
70
o NO,
60
55
50

457

Relative Abundance

407
22211845
35

30

22259401

LURSARLARARE MR AL Mtas RANE LRSAS MASS Ranad AR L B I L R B A R R A AR RARS RS AN MM DA AR AAGAS RAAAS RARAE ARSAL RASSS MAARE RASSS: T
221.2 2214 216 2218 2220 2222 2224 2226 2228 2230
miz

FigureA.14: HRMS Spectra ofpNP-Az Compound 3). HRMS (EStpos) for
CgH7N4O4" [M+H]™: calculated223.04618, observez3.04630.
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FigureA.15. HRMS Spectra ofpNP-Bn Compound 4). HRMS (EStpos) for
C13H1oNO,4" [M+H] *: calculated?44.06043, observed 244.06064
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