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Bacteria have the natural ability to install protective post-synthetic 

modifications onto its bacterial peptidoglycan (PG); the coat that is woven into 

bacterial cell wall. Peptidoglycan O-acetyltransferase B (PatB) catalyzes the O-

acetylation of peptidoglycan in Gram (–) bacteria, which aids in bacterial survival, as 

it prevents autolysins such as lysozyme from cleaving the peptidoglycan at the β-1,4-

glycosidic bond between N-acetylmuramic acid (NAM) and N-acetylglucosamine 

(NAG). In this dissertation, the substrate promiscuity and mechanistic details of 

PatB’s acetylation function was explored and it was determined that PatB has 

substrate tolerance for bioorthgonal short N-acetylcysteamine (SNAc) donors. 

Exploiting this lax specificity, a variety of functionality including azides and alkynes 

were installed on tri-N-acetylglucosamine (NAG)3, a peptidoglycan mimic, as well as 

peptidoglycan isolated from various Gram (+) (Bacillus subtilis) and Gram (–) 

(Escherichia coli, Vibrio parahaemolyticus, and Pseudomonas putida) bacterial 

species. The bioorthogonal modifications were shown to protect the isolated 

peptidoglycan against lysozyme degradation in vitro. We further demonstrate that this 

post-synthetic modification of peptidoglycan can be extended to use click chemistry to 

fluorescently label the carbohydrate backbone of mature peptidoglycan in whole 

bacterial cells of Bacillus subtilis. Modifying peptidoglycan post-synthetically can aid 

in the development of antibiotics and immune modulators by expanding on the current 

understanding of how the bacterial peptidoglycan is processed by lytic enzymes 

presented in the innate immune system.

ABSTRACT 
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INTRODUCTION 

1.1 The Human Microbiome 

Over the past decade, the interest in the human microbiome has exploded. This 

relates to the 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 defining the relationship between the human microbiome and 

diseases.
1,2,3

 The program gathered data regarding the various types of microbes 

present on five different parts of the body (mouth, nose, gut, urogenital tract, and skin) 

using 16S ribosomal RNA (rRNA) sequencing (Figure 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 viruses).
4
 Many of the organisms 

remained uncharacterized, but it was concluded that bacteria constitutes an 

overwhelming majority of the microbes of the human microbiome.
5 

Chapter 1 
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Figure 1.1: The various species of bacteria found at the different regions of the human 

body. (Image credit: Darryl Leja, National Human Genome Research 

Institute (NHGRI)) 

It is currently estimated that there are as many bacterial cells as human cells.
6
 

However given the smaller size of bacterial cells, the number of bacterial genes (~3.3 

million) far outnumbers the number of human genes (~22,000).
7
 It is known that some 

of the bacteria are commensal by helping to synthesize vitamins and aiding with 
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digestion.
8
 However, there are pathogenic bacteria present in the microbiome as well, 

and an unbalanced regulation of commensal and pathogenic bacteria can lead to 

diseases such as obesity, mental illness, and chronic inflammation.
9,10,11

 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 Sensing by the Immune System 

 The amount of 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 Toll-like receptors (TLRs) and showed that Drosophilia are able to sense fungal 

infections using TLRs.
12

 A couple of years later, Beutler and coworkers demonstrated 

that TLR4 specificity was capable of sensing the presence of bacterial 

lipopolysaccharide (LPS).
13

 For their work, Hoffman and Beutler won the Nobel Prize 

for physiology or medicine along with Steinman in 2011. However it is worth to note 

that prior to Beutler’s paper on TLR4 in 1998, Charles Janeway had laid the 

groundwork that linked TLR 4 to immunity back in 1989. Sadly, Janeway passed 

away in 2003 and was not eligible for the 2011 Nobel Prize. Since then other types of 

receptors such as the Nod-like receptors (NLRs) have been discovered.
14

 TLRs are 

usually found on cell surfaces 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 (MAMPs) (Table 1.1).
15
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Table 1.1: Overview of the ligands for TLRs and NLRs. 

Receptor Ligand (Source) Reference 

TLR1 Lipopeptides (Bacteria) 16 

TLR2 Peptidoglycan and Lipotechoic acid (Gram (+) Bacteria) 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 

Nod1 Peptidoglycan – iE-DAP (Gram (-) Bacteria) 24, 25, 26 

Nod2 Peptidoglycan – MDP (Bacteria) 27, 28 

 

Upon recognition, both types of receptors activate various pathways to produce 

inflammatory cytokines and chemokines to combat the invading microbes.
29

 

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 bacteria? One hypothesis is that the human innate immune 

system has evolved over the years to detect MAMPs that are specifically produced by 

pathogenic bacteria. This hypothesis is supported by the fact that different bacterial 

families will have different peptidoglycan (PG) composition and that the various 

receptors respond to different ligands.
30,31

 Unlike TLR4, the nucleotide-binding and 

oligomerization domain-containing 2 (Nod2) receptor senses a small fragment of the 
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peptidoglycan, such as muramyl dipeptide (MDP), and Nod1 senses a different 

peptidoglycan fragment, γ-D-glutamyl-meso-diaminopimelic acid (iE-DAP). The 

release of different immunostimulatory peptidoglycan fragments could help the 

innate immune system distinguish between commensal and pathogenic bacteria. 

However as with all things 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 peptidoglycan, is unique to bacteria
32,33,34

 

and is composed of a polymeric network of alternating units of N-acetylglucosamine 

(NAG) and N-acetylmuramic acid (NAM)-pentapeptide carbohydrates that are further 

cross-linked (Figure 1.2).  
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Figure 1.2: A molecular view of the bacterial peptidoglycan composition. Structural 

differences between most Gram (+) and Gram (-) bacterial species are 

highlighted. Also shown are MDP (red) and iE-DAP (blue), ligands for 

Nod2 and Nod1, respectively.  

However there are some subtle variations in the peptide stems, as well as 

cross-linking patterns across different bacterial species.
35

 For example, most Gram (+) 

bacterial species have a lysine at the third amino acid position of the pentapeptide 

chain with the exception of Bacilli, which have meso-A2pm at the third position 

similar to that of Gram (-) bacterial species.
36

 Yet the fourth amino acid in the chain is 

always an alanine regardless of the type of bacteria.
37,38

 These subtle differences are 

attributed to the specificity of the Mur enzymes, which are involved in peptidoglycan 

biosynthesis (Figure 1.3).
39,40 
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Figure 1.3: The peptidoglycan biosynthetic pathway. MurA and MurB convert UDP-

NAG into UDP-NAM. MurC, MurD, MurE, and MurF add the 

pentapeptide chain. MraY attaches the precursor to the membrane via 

undecaprenyl pyrophosphate. MurG converts Lipid I to Lipid II by 

adding NAG. FemX, Fem A, and FemB synthesize the poly-glycine 

linkage. The molecule is then flipped from the cytoplasm to the 

periplasm by FtsW, where it is cross linked onto existing peptidoglycan 

though transglycosylases and transpeptidases. Figure reproduced from 

Veening et al. (2013).
40

 

Peptidoglycan is a key component in bacterial cell survival, regulating the 

osmotic pressure, temperature and pH.
41,42,43

 It also contributes to the bacterial cell 

shape, and serves as the anchoring point for wall teichoic acids (WTA) and 

extracellular proteins.
44 

Given the varied roles of the peptidoglycan, it is not surprising 

that biochemists have exploited the polymer for a number of applications. The Gram 

staining method is used to classify a bacteria either as Gram (+) or Gram (-) based on 

the accessibility of the peptidoglycan.
45

 Since the peptidoglycan is unique to bacteria, 
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numerous researchers have targeted it as a means to fluorescently label the bacteria.
46

 

In addition, many antibiotics target the biosynthesis of this bacterial calling card in 

order to kill the bacterium.
47 

1.3.1 Bacterial Classification with Gram Staining 

Gram staining is a widely used method to distinguish between two groups of 

bacteria.
48,49

 The main principle of the method is that Gram (+) bacteria have a much 

thicker layer of peptidoglycan as compared to Gram (-) bacteria (Figure 1.4).
50

 The 

difference in peptidoglycan abundance allows researchers to stain the cells with 

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

population. 

 

 

 

Figure 1.4: 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 (B). The 

difference in peptidoglycan abundance and accessibility is the driving 

principle behind the Gram staining method. Figure adapted from 

Casadevall et al. (2015).
50
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The bacterial cells are first treated with a solution of crystal violet dye. Both 

Gram (+) and Gram (-) cells are stained purple after the 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 iodine-crystal violet complex being trapped within the thick 

layer of peptidoglycan. In contrast, the purple color is washed away in Gram (-) cells 

because the thin layer of peptidoglycan is unable to trap the iodine-crystal violet 

complex. Lastly the bacterial cells are treated with safranin. Gram (+) cells are unable 

to uptake this second dye, so they remained a purple color. Gram (-) cells are stained 

by safranin resulting in a pink color (Figure 1.5).
51

 

 

 

 

 

Figure 1.5: Diagram depicting the physical appearance of a mixed population of 

bacterial cells after each step (crystal violet addition (A), iodine treatment 

(B), alcohol wash (C), and safranin stain (D)) of the Gram staining 

method. Gram (+) cells (oval) are stained purpled while Gram (-) cells 

(circle) are stained pink. 

This powerful technique often serves as a starting point to differentiate 

bacterial species present in a mix population.
52

 Gram staining also illustrates one of 

the many important utilities of the peptidoglycan.  
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1.3.2 Peptidoglycan as a Labeling Target 

The peptidoglycan has also been the target of numerous labeling strategies. A 

majority of the strategies have relied on the incorporation of unnatural derivatives of 

either amino acids or sugar building blocks. For example, Maurelli and coworkers 

used unnatural D-Ala-D-Ala derivatives to include an azido handle on the peptide stem 

(Figure 1.6b).
53

 Likewise, the Bertozzi group also used a D-Ala derivative to install an 

alkyne
54

 or a cyclooctyne
55

 on the peptide stem (Figure 1.6e and 1.6f). Similarly, Kuru 

et al. used fluorescent D-Ala derivatives to directly attach a fluorophore onto the 

peptide stem (Figure 1.6c).
56

 In 2014, the Walker and Kahne labs labeled the 

peptidoglycan in an analogous manner using unnatural lysine derivatives containing 

fluorescein (Figure 1.6d).
57

 Although successful, these strategies to fluorescently 

labeled the peptidoglycan on the peptide stem has a major drawback. The pentapeptide 

stem is trimmed in the cross-linking process, and for MDP to be produced, both the 

Ala and Lys amino acids would be cleaved.  

Therefore other groups, such as the Errington lab, have used fluorescent 

antibiotics as another means to label the peptidoglycan (Figure 1.6g).
58,59

 This method 

is advantageous because it labels existing peptidoglycan and does not rely on the 

enzymes present in the peptidoglycan biosynthesis pathway. While the labeling is 

successful, antibiotic treated cells are unhealthy and thus are not suitable for additional 

in vivo studies. Another strategy is to incorporate fluorescence through the 

carbohydrate backbone of peptidoglycan. In 2008, the Nishimura group was able to 

label the peptidoglycan through glucosamine derivatives (Figure 1.6h).
60 

The 

downside to this approach is the glucosamine is found throughout the cell, hence there 

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

Recently, the Grimes lab mitigated both of these issues by labeling the peptidoglycan 



 

 11 

with unnatural NAM derivatives,
61

 which is specific to the peptidoglycan and not 

harmful to the bacteria (Figure 1.6a). The disadvantage of this method is that it also 

relies on the bacteria for the assimilation of the derivatives.  

 

 

Figure 1.6: Review of select peptidoglycan labeling strategies found in literature. 

Three main strategies have been employed to label the peptidoglycan: the 

incorporation of unnatural amino acids (B-F), the use of fluorescent 

antibiotics (G), and the integration of unnatural sugar derivatives (A,H). 

A
61

 B
53

 C
56

 D
57

 E
54

 F
55

 G
58,59

 H
60
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1.3.3 Peptidoglycan as an Antibiotic Target 

Several components of the peptidoglycan biosynthetic pathway are also the 

targets of many antibiotics.
62

 A common mechanism of action include inactivation of 

the enzymes involved in peptidoglycan biosynthesis either through direct binding of 

the antibiotic to the enzyme or by blocking the interaction between the enzyme and its 

substrate. For example, one of the well known antibiotic, penicillin works by blocking 

the transpeptidases that are responsible for peptidoglycan cross-linking.
63

 As a result, 

the transpeptidases are often referred to as penicillin-binding proteins (PBPs). 

Penicillin was first discovered by Alexander Fleming in 1928
64

 and is a member of the 

β-lactam class of antibiotics. The structure of penicillin mimics that of the D-Ala-D-

Ala, so the transpeptidase binds to penicillin and is rendered inactive (Figure1.7).
65

 

The lack of cross-linking 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 transpeptidases to D-Ala-D-Ala. Vancomycin binds directly to D-Ala-D-

Ala (Figure 1.7), and as a consequence of its size, it blocks the binding of 

transpeptidases to D-Ala-D-Ala.
66

 Antibiotics that target the peptidoglycan further 

demonstrates the utility of this unique feature of bacterial cells.  
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Figure 1.7: The class of β-lactam antibiotics such as penicillin is structurally similar to 

that of D-Ala-D-Ala, which allows them to bind to PBPs and inhibit their 

activity (top). Vancomycin binds directly to D-Ala-D-Ala, blocking the 

dipeptide from binding to PBPs. Vancomycin resistant bacteria have 

altered the dipeptide from D-Ala-D-Ala to D-Ala-D-Lac to disrupt the 

hydrogen bonding necessary for vancomycin’s activity (bottom). 

1.4 Bacterial Protection Strategies 

Due to the widespread misuse of antibiotics, bacteria have developed 

resistance mechanisms.
67

 Bacteria that are resistant to penicillin or other members of 

the β-lactam family of antibiotics produced enzymes that catalyze the opening of the 
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β-lactam ring rendering the antibiotic harmless.
68

 In addition, some Lactobacillus 

species have altered the composition of the peptide stem to incorporate D-Ala-D-Lac 

instead of D-Ala-D-Ala to prevent the binding of vancomycin (Figure 1.7).
69

 This 

protection strategy was initially discovered in Enterococcus faecium.
70

 VanA makes 

the D-Ala-D-Lac dipeptide and VanX specifically hydrolyzes the D-Ala-D-Ala 

dipeptide.
71

 The accumulating of D-Ala-D-Lac forces MurF to add the dipeptide to the 

existing tripeptide chain on NAM. The presence of D-Ala-D-Lac in the pentapeptide 

results in the loss of a hydrogen bond between vancomycin and its substrate.
72 

In addition to these resistance mechanisms, bacteria also utilize other broad, 

survival mechanisms involving the post-synthetic modification of its peptidoglycan in 

order to combat other threats.  Lysozyme, a mammalian antimicrobial enzyme, acts on 

the peptidoglycan by cleaving the β-1,4-glycosidic bond between NAG and NAM.
73

 

As a defense mechanism against degradation, bacteria often modify their mature 

peptidoglycan via multiple pathways such as N-deacetylation and O-acetylation to 

block such cleavage (Figure 1.8).
74

  

 

 

Figure 1.8: Post-synthetic modifications of the peptidoglycan such as N-deacetylation 

and O-acetylation prevent degradation by lytic enzymes, which usually 

results in the formation of a 1,6-anhydro ring. R: peptide chain. 
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N-deacetylation has been observed in several pathogenic bacterial species 

including Bacillus anthracis and Streptococcus pneumonia.
75,76

 The process is 

catalyzed by two enzymes: PdaA,
77

 which deacetylates NAM, and PgdA,
78

 which 

deacetylates NAG. It has been shown that lysozyme has poor affinity for deacetylated 

peptidoglycan
79

 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 

peptidoglycan becomes more positively charged due to the free amino groups that 

form as a result of deacetylation, which could confer resistance to cationic 

antimicrobial peptides produced by the innate immune system similar to how 

Staphylococcus aureus resist cationic host defense factors by modifying their 

lysylphophatidylglycerol (LPG) with L-Lys.
80 

O-acetylation of peptidoglycan has also been found in numerous pathogenic 

bacterial species including S. aureus and N. gonorrhoeae,
81,82

 leading to resistance of 

lysozyme degradation.
83

 Thus it is not surprising that the level of O-acetylation can be 

as high as 70% in certain bacterial species.
84

 Despite the prevalence of O-acetylation, 

the source and delivery mechanism of the acetate is debated; it is hypothesized that the 

natural source of the acetate group is from acetyl-CoA. However given that O-acetyl 

groups are not found on Lipid II, a precursor in the PG biosynthetic pathway, O-

acetylation is considered to occur post synthetically on either nascent or mature 

PG.
85,86,87,88

 Therefore a mechanism through which the acetate derived from acetyl-

CoA is translocated from the cytoplasm to the periplasmic space via a transporter has 

been proposed.
89
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Figure 1.9: Comparison of the Oat proteins found in Gram (+) bacteria and the Pat 

proteins found in Gram (-) bacteria that is responsible for the O-

acetylation of the peptidoglycan. 

In Gram (+) bacteria, there exist two enzymes that are responsible for O-

acetylating the carbohydrate backbone of peptidoglycan. O-acetyltransferase A (OatA) 

was first identified in S. aureus and shown to acetylate the 6-OH position of NAM,
90

 

while OatB, which was identified in Lactobacillus sakei, is responsible for the 

acetylation of the 6-OH position of NAG (Figure 1.9).
91

 Both proteins have yet to be 

characterized due to the difficulties associated with the expression and purification of 

transmembrane proteins. However sequence analysis predicts that both proteins have 

eleven transmembrane regions that are proposed to be responsible for the transport of 

an acetyl group from the cytoplasm into the periplasm.
92

 Both OatA and OatB also 

have a second component that is responsible for the transfer of the acetyl group onto 

the peptidoglycan. In Gram (-) bacteria, the enzymes responsible for O-acetylation are 

peptidoglycan O-acetyltransferase A (PatA)
93

 and B (PatB)
94

 (Figure 1.9). Unlike the 

Oat proteins, the Pat proteins are not bilobal. PatA is a transmembrane 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 against exogenous autolysins.  

1.5 Overview of Dissertation 

PatB is an important part of the bacterial survival mechanism. However despite 

that significance, we have limited knowledge on its biochemistry. This dissertation 

aims to improve upon the current purification and characterization of PatB, to 

elucidate PatBs substrate specificity using a wide range of synthetic donors, and 

demonstrate the versatility of PatB modification pathway. Chapter 2 details the 

development of the use of the E. coli system for the over-expression and purification 

of dual tagged PatB along with characterization of the purified PatB with biochemical 

assays. Chapter 3 details the synthesis of two sets of possible donors to probe for 

PatB’s substrate specificity. Chapter 4 describes the exploration for suitable small 

molecule acceptors for PatB including the isolation of the natural acceptor, 

peptidoglycan. Chapter 5 details the application of PatB to confer lysozyme resistance 

to isolated peptidoglycan. Also detailed is the application of PatB to fluorescently 

label whole bacterial cells. Chapter 6 discusses the significance of the dissertation and 

additional directions for the future. 
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CHARACTERIZATION OF PEPTIDOGLYCAN O-ACETYLTRANSFERASE 

B (PatB) 

2.1 Introduction 

The bacterial enzyme, peptidoglycan O-acetyltransferase B (PatB), was first 

identified in Gram-negative bacteria by Clarke and coworkers.
1
 PatB 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 enzymes.
2
 However, Clarke and 

coworkers demonstrated in 2010 that when PatB was incubated with O-acetylated 

peptidoglycan, no acetate release was observed.
1
 In addition, they showed that when 

they expressed PatB in E. coli, which does not acetylate its peptidoglycan, the 

resulting peptidoglycan is acetylated. Therefore they concluded that PatB is indeed an 

O-acetyltransferase.  

It is believed that PatB functions in conjunction with peptidoglycan O-

acetyltransferase A (PatA), a transmembrane protein (Figure 2.1a) that is believed to 

be responsible for the translocation of an acetate functional group from the cytosol to 

the periplasm. To date, PatA remains uncharacterized. Thus the exact mechanism 

through which the acetyl group is translocated is not known. However, once the 

acetate is in the periplasm, PatB catalyzes the transfer of an acetyl group onto the 6-

hydroxyl position of NAM embedded in the peptidoglycan (Figure 2.1a).
3
 This means 

that PatB is a critical component of a bacteria’s survival mechanism as acetylated 
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peptidoglycan is highly resistant to lysozyme degradation and the subsequent immune 

response.
4
 Therefore we believe that it is of critical importance to characterize PatB in 

order to gain a better understanding of the acetylation modification, a widely used 

defense mechanism by many bacterial species. 

 

 

Figure 2.1: 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 SNAc donors are 

employed to install bioorthogonal functional groups (blue) onto the 

peptidoglycan through PatB. 

In order to study PatB, we first needed to express and purify the protein. 

Several attempts have been made to purify PatB with limited success. First, Clarke and 

coworkers chose to use the pBAD vector system to express and purify PatB.
1
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However, they encountered many difficulties including mis-localization and 

degradation of the expressed PatB. In 2013, Clarke reported the first successful 

purification of a small ubiquitin-like modifier (SUMO)-tagged PatB using the pET-

SUMO expression system.
5
 An 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 characterization 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,
6
 so it could impact the protein folding and lead to mis-

characterization of its activities. Given 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 SUMO-tagged 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 

using Glutathione S-transferase (GST) and His6 tags. 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 His6 tag should not affect protein folding or function.
7
 

2.2 Materials and Methods 

2.2.1 Materials and Instrumentation 

All chemicals were purchased from Sigma and ThermoFisher Scientific and 

used without further purification unless otherwise noted. GST and Ni Sepharose 6 Fast 

Flow beads were purchased from GE LifeSciences. IPTG and antibiotics were 

purchased from Gold Biotechnology. E. coli DH5α and BL21 (DE3) cells were grown 
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from laboratory stocks. B. subtilis ΔOat strain (BKE27140) was purchased from 

BGSC at Ohio State University. Centrifugation was performed with Eppendorf 

Centrifuge 5424, Sorvall RC5C Plus, or Beckman Coulter Optima L-100 XP 

Ultracentrifuge depending on speed and sample size. All absorbance spectra were 

taken with Eppendorf Bio Spectrometer. 

2.2.2 Cloning of PatB Construct 

The coding sequence for full-length PatB with 5’-BamHI and 3’-XhoI 

restriction sites was amplified by PCR from N. gonorrhoeae genome DNA (purchased 

from ATCC (#700825D-5)) using the primers PatB forward pGEX (5-CGC GGA 

TCC ATG TAC TGG CAG CAG ACC TAC CAC CGC-3) and PatB reverse pGEX 

(5-CCG CTC GAG TCA TGG CTG TGT ACT TGA TGG TTG CGT-3). The PCR 

product was digested with BamHI and XhoI and ligated into a pGEX-6P-1 vector to 

generate plasmids, which were sequenced through GENEWIZ for validation. The 

plasmids were transformed into E. coli BL21 (DE3) cells for protein expression.  

2.2.3 Expression of PatB in E. coli 

Dual-tagged PatB was expressed in 1.5 L cultures of LB media with the 

necessary antibiotics (carbenicillin 100 μg/mL) at 37
o
C until an OD600 of ~0.5. Protein 

expression was induced by the addition of 1 mM IPTG. After the addition of IPTG, 

the temperature was lowered to 18
o
C and the culture was shaken overnight. Cells were 

pelleted at 11,000 g for 15 min. The supernatant was discarded and the pellets were 

stored at -80
o
C until use.  



 

 33 

2.2.4 GST- and Nickel-Affinity Purification of PatB 

Cells were lysed by sonication on ice (50 Amp, 1 min total with pulsing every 

2 sec) in a lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM DTT at pH 

7) containing a protease inhibitor tablet and cellular debris was collected by 

centrifugation at 27,000 g for 20 min. A second round of centrifugation was done on 

the supernatant to ensure the complete removal of cellular debris. PatB was purified 

using GST affinity chromatography.  Briefly, the supernatant was added to a GST 

resin (5 mL) and incubated for 1 h. The bound PatB was eluted from the column with 

precission protease. Following elution, the sample was dialyzed against 50 mM Tris, 

150 mM NaCl buffer at pH 7 to remove the EDTA and DTT. Post dialysis, PatB 

underwent a second round of purification using Ni affinity chromatography. The 

bound PatB was eluted with a high imizadole buffer (50 mM Tris, 500 mM Imidazole, 

150 mM NaCl at pH 7). The eluted protein was dialyzed against tris buffer (50 mM 

Tris, 150 mM NaCl at pH 7) with a gradient of decreasing Imidazole concentrations 

(375 mM Imidazole, 250 mM Imidazole, 125 mM Imidazole, and 0 mM Imidazole) 

and purified PatB was stored at -80
o
C in 10% glycerol until use.  

2.2.5 Biochemical Characterization of PatB 

2.2.5.1 SDS PAGE Analysis 

A 4-16% Bis-Tris gel (ThermoFisher Scientific) was run in a 50 mM bis-tris 

buffer (pH 7.5). PatB was diluted with 5x loading dye and 20 μL of the protein 

solution was loaded into each well. Protein ladder (10 μL) was loaded as a control. 

The gel was run at 200 V for 45 min at room temperature. The resulting gel was 
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stained with Commassie Blue dye and then destained prior to analysis on BioRad Gel 

Doc EZ Imager.  

2.2.5.2 Circular Dichroism 

The CD spectrum of PatB was taken with a JASCO J810 Spectropolarimeter 

with the protein solution in a cell with a pathlength of 0.1 cm. The spectrum is an 

average of three scans which were collected at 0.2 nm intervals over the wavelength 

range of 200-240 nm. Molar ellipticity ([θ]) was calculated using [θ] = θ / (n*C*l) 

where n is the number of residues, C is the molar concentration and l is the path length 

(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 405 nm) of a 1 mM solution of p-nitrophenyl acetate (pNP-

Ac) was monitored over 200 sec in the absence or presence of PatB (1 μM) for the 

production of p-nitrophenol (pNP). 

2.3 Results and Discussion 

2.3.1 Expression and Purification of PatB 

Previous purification of PatB has involved the use of a SUMO tag, which was 

left on the protein post purification.
5
 However, a tagged protein could lead to a 

misrepresentation of the protein. Therefore PatB was expressed with GST and His6 

tags on the N-terminal and C-terminal, respectively to improve stability and 

purification (Figure 2.2).
8
 As a part of the purification, the GST tag is cleaved from 

PatB. On the other hand, the His6 tag, which was used to further purify PatB after the 
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initial GST purification, was left on the protein. Using this new purification system, 

PatB was purified with an estimated concentration of 100 μg/mL or 0.1 mg/mL (2.70 

μM) as determined by the Bradford Assay and the overall yield was ~1 mg/L. 

Following purification, PatB was characterized with several biochemical techniques to 

confirm proper folding and activity.  

 

 

Figure 2.2: Overview of the purification scheme. The dual-tagged PatB, present in the 

cell lysate is incubated with GST resin. Any non-specific proteins are 

washed off the column prior to the addition of PreScission Protease to the 

column. The PreScission Protease itself is tagged with GST, but it does 

not have a self-cleavage site in its sequence. After over-night incubation, 

the PreScission Protease will cleave the GST tag off of PatB. Free GST 

tag and PreScission Protease are left on the column while PatB is eluted. 

The resulting protein is further purified by incubation with a Nickel 

column that will bind to the His6 tag on PatB and allow any remaining 

purities to be washed away. PatB is eluted from the Nickel column with 

an imidazole buffer. The His6 tag is not cleaved from PatB. 

2.3.2 Biochemical Characterization of PatB 

To confirm that the PatB protein was pure, properly folded and active, several 

analyses were performed. First the protein was analyzed on a protein gel to assess 

purity by the presence or absence of contaminating bands and the size of the bands as 

compared to the PatB band. Next a CD spectrum was obtained for PatB to determine if 

the purified protein was properly folded. A theoretical CD spectrum was also obtained 

using the amino acid sequence of PatB to use as a comparison for the experimental CD 
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spectrum. Lastly, PatB’s esterase activity in the absence of an acceptor was tested with 

the established pNP-Ac assay to ensure that the protein is functional.  

2.3.2.1 SDS PAGE Analysis 

Denaturing gel electrophoresis is a standard technique that is used to separate 

proteins and DNA based on size and isoelectric point.
9
 Separation is accomplished 

with the help of an electric field that is applied as the charged proteins migrate through 

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 was applied to a protein gel to assess purity after 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 the PatB band is visible (lane 3). In 

lane 4, there are a few faint 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 tagged PatB, which was not cleaved by 

the GST tagged PreScission Protease (faint band around ~72 kDa) treatment. Overall, 

the purity of PatB was determined to be >95%.  
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Figure 2.3: SDS page gel of purified PatB (37 kDa). 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 of bands was reduced to a handful. Following further 

purification on a Ni column (Post Ni), the main band present 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 structure of proteins and peptides.
10

 The spectra obtained with CD gives a 

glimpse into the secondary structure of the protein of interest because it measures the 

interactions of the amide bonds present in the polypeptide backbone.
11

 Although the 

spectra can be complicated when there are multiple secondary structures (α-helices 

and β-sheets) present in the 3D structure of the protein. However using proteins that 

have had their crystal structures solved as references, there are certain characteristics 

of a spectrum that correspond to each secondary structure. For example, a β-sheet has 

a minimal point ~220 nm while a random coil has a minimal point ~195 nm.  
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The CD spectra of PatB confirmed that it was properly folded (Figure 2.4). The 

two minimal points at 210 and 225 nm are characteristic of a protein with α-helixes in 

its 3D structure. In addition the experimentally obtained spectrum overlaps very well 

with the predicted spectrum. This supports the reasoning that the His6 tag does not 

affect PatB’s folding as the theoretical spectra was predicted using the full length 

sequence of PatB without the His6 tag.  

 

 

Figure 2.4: Experimental (blue) and theoretical (red) CD spectra of PatB. The two 

minimal points at 210 and 225 nm suggests that there are α-helices 

present in PatBs structure.  

2.3.2.3 p-nitrophenyl acetate (pNP-Ac) Hydrolysis Assay 

The pNP-Ac assay is a well established assay dating back to the 1940s, when it 

was first introduced by Huggins and Lapides.
12

 They reasoned that the rate of esterase 

activity can be calculated by measuring the release of pNP (e = 14,760 M
-1

 cm
-1

), 

which in solution yields a bright yellow color, over time (Figure 2.5). As shown in 



 

 39 

figure 2.6, the rate of pNP release from pNP-Ac was 2.5x faster in the presence of 

PatB (blue). This indicates that the purified PatB is functional and was able to remove 

the acetate group from pNP-Ac. 

 

 

Figure 2.5: The release of pNP from pNP-Ac is used to monitor the rate of esterase (in 

the absence of an acceptor) or acetyltransferase (in the presence of an 

acceptor) activity of PatB (1 μM). 

 

Figure 2.6: Release of pNP from pNP-Ac over time in the presence (blue) and absence 

(red) of PatB (1 μM). The slope of the blue line (0.0047) is ~2.5x higher 

than that of the red line (0.0019).  
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2.4 Conclusions  

This chapter detailed the development of an improved expression and 

purification system for a dual tagged PatB that ultimately yields a PatB without a 

bulky tag. The purified PatB was biochemically characterized through established 

biochemical techniques such as gel electrophoresis, circular dichroism, and pNP-Ac 

activity assay to ensure proper folding and function. Now that we have functional 

PatB in hand, we aimed to gain a better understanding of its substrate specificity. 
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EXPLORATION OF PatB’S DONOR PREFERENCE WITH pNP AND SNAC 

DERIVATIVES 

3.1 Introduction 

The proposed natural source of the acetate functional group utilized by PatB is 

acetyl-CoA (5, Figure 3.1).
1
 However PatB does not directly interact with acetyl-CoA 

as 5 is not found in the periplasm. Therefore it is believed that PatB functions in 

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 likely linked to either a serine/threonine or cysteine 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 has elegantly demonstrated that purified PatB accepts pNP-

Ac (1, Figure 3.1), an acetyl-coA mimic, to label small molecule PG fragments in 

vitro. In addition, they demonstrated that PatB hydrolyzes propionyl CoA.
2
 Intrigued 

by PatB’s promiscuity, we set out to determine if the enzyme could be used to install 

bioorthogonal functionality onto the peptidoglycan (Figure 2.1b), which could help to 

illuminate the mechanism and extent of modification of O-acetylation.   

To that end, a variety of pNP based acetyl donors, containing alkyne, azido, 

and phenyl functionalities, were synthesized (2-4, Figure 3.1) and assayed for 

compatibility with PatB through the pNP-Ac hydrolysis assay. In addition, it was 

hypothesized that smaller variants of acetyl-CoA (5) could be used as potential donors 
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as a variety of CoA ester-utilizing enzymes have been reported to accept truncated 

CoA thioesters known as short N-acetylcysteamine 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,
7
  noting that SNAcs are advantageous 

compared to their CoA derivatives due to their synthetic simplicity.
8,9

 To assess the 

possibility of using these short acetyl-CoA compounds as donors for PatB, S-(2-

acetamidoethyl)-ethanethioate (SNAc, 6),
8
 a novel azido SNAc derivative, S-(2-

acetamidoethyl)-2-azidoethanethioate (SNAz, 7) along with an alkynyl form, S-(2-

acetamidoethyl)-2-alkynylethanethioate (SNAk, 8)
9
 were synthesized (Figure 2c). 

Following synthesis and characterization of all the donors, they were assayed for 

suitability as substrates for PatB.  
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Figure 3.1: Two set of donors were synthesized to probe for PatB’s donor specificity. 

The first set of donors retained the pNP moiety (top row) and the second 

set of donors were short N-acetyl cysteamine derivatives (bottom row) 

that resemble the natural substrate, acetyl-CoA (middle). 

3.2 Materials and Methods 

3.2.1 Materials and Instrumentation 

All chemicals were purchased from Sigma and ThermoFisher Scientific and 

used without further purification unless otherwise noted. All solvents were reagent 

grade anhydrous purchased from Sigma. (NAG)3 was purchased from TCI America. 

Deuterated NMR solvents were purchased from Cambridge Isotope Laboratories. 

NMR spectra were recorded on either a Bruker AVIII 400 MHz or AV III 600 

MHz spectrometers.  High Res Mass spectra (ESI) were obtained at the Department of 

Chemistry, University of Delaware Mass Spectrometry Facility (Thermo Q-Exactive 
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Orbitrap).  Mass Spectra were obtained using an ACQUITY UPLC H-Class/SQD2 at 

the Department of Chemistry, University of Delaware Mass Spectrometry Facility. IR 

spectra were obtained with Thermo Nicolet IR 100 Spectrometer. All absorbance 

spectra were taken with Eppendorf BioSpectrometer. All reactions were performed 

under nitrogen unless specified otherwise. Analytical thin-layer chromatography was 

performed on silica gel glass plates (250 µm, Sorbent Technologies) and visualized 

via UV and para-anisaldehyde stain. Flash chromatography was carried out on silica 

gel (60 Å, 40-63 µm), 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 = quartet, m = multiplet, J = coupling constant in Hertz. 

3.2.2 Synthesis of pNP Derivatives 

 

 

4-nitrophenyl propiolate (pNP-Ak) (2): para-nitrophenol (0.952 g, 7 mmol, 1 

eq), propiolic acid (0.560 g, 8 mmol, 1.1 eq) and DCC (2.0 g, 10 mmol, 1.25 eq) were 

stirred together in 10 mL of anhydrous DCM for 1 h at 0
o
C under nitrogen. DMAP 

(0.002 g, 0.02 mmol, 0.025 eq) was then added and the solution was allowed to warm 

to room temperature overnight. The solution was then filtered and condensed. The 

crude compound was then purified by column chromatography, 100% chloroform, to 

yield a colorless solid (1.05 g, 81%). NMR data matched previously reported data.
10

 

1
H NMR (400 MHz, Chloroform-d) δ 8.31 (d, 2H, benzyl), 7.36 (d, 2H, benzyl), 1.55 
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(s, 1H, CCH). 
13

C NMR (151 MHz, Chloroform-d) δ 154.38, 149.81, 145.93, 125.53, 

122.38, 78.26, 73.64. HRMS (ESI-pos) for C9H6NO4
+
 [M+H]

+
:
 
calculated 192.02913, 

observed 192.02921. 

 

 

4-nitrophenyl 2-azidoacetate (pNP-Az) (3): para-nitrophenol (1.00 g, 7.18 

mmol, 1 eq), azidoacetic acid (0.808 g, 8 mmol, 1.1 eq) and DCC (2.0 g, 10 mmol, 

1.25 eq) were stirred together in 10 mL of anhydrous DCM for 1 h at 0
o
C under 

nitrogen. DMAP (0.002 g, 0.02 mmol, 0.025 eq) was then added and the solution was 

allowed to warm to room temperature overnight. The solution was then filtered and 

condensed. The crude compound was then purified by column chromatography, 100% 

chloroform, to yield a colorless solid (1.37 g, 86%). NMR data matched previously 

reported data.
11 1

H NMR (400 MHz, Chloroform-d) δ 8.31 (d, 2H, benzyl), 7.36 (d, 

2H, benzyl), 4.20 (s, 2H, CH2N3). 
13

C NMR (151 MHz, Chloroform-d) δ 166.17, 

154.66, 145.88, 125.52, 122.28, 50.55. Additional peaks from DMAP present in 

proton and carbon NMR. HRMS (ESI-pos) for C8H7N4O4
+
 [M+H]

+
: calculated 

223.04618, observed 223.04630. IR shift: 2105.73cm
-1

 (Azide). 
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4-nitrophenyl benzoate (pNP-Bn) (4): para-nitrophenol (0.142 g, 1.02 mmol, 

1.25 eq), benzoic acid (0.100 g, 0.819 mmol, 1 eq) and DCC (0.211 g, 1.02 mmol, 

1.25 eq) were stirred together in 1 mL of anhydrous DCM for 1 h at 0
o
C under 

nitrogen. DMAP (0.002 g, 0.02 mmol, 0.025 eq) were then added and the solution was 

allowed to warm to room temperature overnight. The solution was then filtered and 

condensed. The crude compound was then purified by column chromatography, 100% 

chloroform, to yield a colorless solid (0.179 g, 90%). NMR data matched previously 

reported data.
12 1

H NMR (400 MHz, Chloroform-d) δ 8.35 (d, 2H, benzyl), 8.21 (d, 

2H, benzyl), 7.68 (t, 1H, benzyl), 7.55 (t, 2H, benzyl), 7.43 (d, 2H, benzyl).
 13

C NMR 

(151 MHz, Chloroform-d) δ 164.37, 155.84, 145.51, 134.40, 130.46, 128.93, 128.62, 

125.42, 122.79. Additional peaks from DMAP present in proton and carbon NMR. 

HRMS (ESI-pos) for C13H10NO4
+
 [M+H]

+
: calculated 244.06043, observed 

244.06064. 

3.2.3 Synthesis of SNAc Derivatives 

 

 

S-(2-acetamindoethyl) ethanethioate (SNAc) (6): Cysteamine HCl (1.00 g, 8.8 

mmols) was dissolved in 8 mL of water. The pH was adjusted to 8 on ice with 4 N 

KOH.  Acetic anhydride (2.5 mL, 24.5 mmols, 3 eq) was added dropwise, while 

maintaining the pH at 8 by the addition of 4 N KOH periodically. Following acetic 

S

H
N

O

O

HS
NH2

(a) Ac2O, NaOH/H2O
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anhydride addition, 1 N HCl was added to adjust the pH to 7. The reaction mixture 

stirred at 0
o
C for 1.5 h until completion which was determined by TLC 

(TLC=20%MeOH in DCM, Rf= 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 chromatography (100% ethyl acetate) to 

yield a colorless oil (0.750 g, 43%). NMR data matched previously reported data.
8
 
1
H 

NMR (600 MHz, Chloroform-d) δ 6.02 (s, 1H, NH), 3.43 (q, J = 6.3 Hz, 2H, CH2NH), 

3.03 (t, J = 6.5 Hz, 2H, CH2S), 2.36 (s, 3H, acetyl), 1.97 (s, 3H, acetyl).
 13

C NMR 

(151 MHz, Chloroform-d) δ 196.37, 170.30, 39.68, 30.72, 29.03, 23.28. HRMS (ESI-

pos) for C6H12NO2S
+
 [M+H]

+
: calculated 162.05833, observed 162.05845. 

 

 

S-(2-(2-azidoacetamido)ethyl ethanethioate (SNAz) (7): Azidoacetic acid 

(0.057 mls, 0.77 mmol) and DCC (0.173 g, 0.84 mmols, 1.1 eq) were stirred together 

in 11 mL of anhydrous DCM for 5 min at 0
o
C.  N-acetylcysteamine (0.089 mls, 0.84 

mmol, 1.1 eq) and DMAP (0.093 g, 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.  The ethyl acetate solution was 

filtered into a separatory funnel through filter paper. The organic layer was washed 

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

by column chromatography, 25-100% EtOAc in hexanes, to yield a colorless oil 

(0.078 g, 51%). Rf=0.25 in EtOAc. 
1
H NMR (400 MHz, Methanol-d4) δ 4.15 (s, 2H, 

CH2N3), 3.37 (t, J = 6.6 Hz, 2H, HNCH2CH2S), 3.09 (t, J = 6.6 Hz, 2H, 

HNCH2CH2S), 1.93 (s, 3H, acetyl).
 13

C NMR (101 MHz, Methanol-d4) δ 195.55, 

HS

H
N

O
S

H
N

O

O

N3

(a) 2-azidoacetic acid, 
DCC, DMAP, DCM
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172.12, 57.45, 38.41, 27.72, 21.06. HRMS (ESI-pos) for C6H11N4O2S
+
 [M+H]

+
: 

calculated 203.05972, observed 203.05939. IR shift: 2099.29cm
-1

 (Azide). 

 

 

S-(2-(pent-4-ynamido)ethyl ethanethioate (SNAk) (8): Pentynoic acid (0.123 g, 

1.25 mmol) and DCC (0.234 g, 1.38 mmols, 1.1 eq) were stirred together in 17 mL of 

anhydrous DCM for 5 min at 0
o
C.  N-acetylcysteamine (0.134 mL, 1.38 mmol, 1.1 eq) 

and DMAP (0.153 g, 1.25 mmol, 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 acetate.  The ethyl acetate solution was then filtered 

through filter paper into 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, 20-80% EtOAc in hexanes, to yield a colorless oil (0.096 g, 39%). 

NMR data matched previously reported data.
9 1

H NMR (600 MHz, Chloroform-d) δ 

5.81 (s, 1H, NH), 3.44 (q, J = 6.1 Hz, 2H, HNCH2CH2S), 3.06 (t, J = 6.4 Hz, 2H, 

HNCH2CH2S), 2.81 (t, J = 7.2 Hz, 2H, CH2CH2CCH), 2.54 (td, J = 7.2, 2.6 Hz, 2H, 

CH2CH2CCH), 1.99 (t, J = 2.6 Hz, 1H, CH2CH2CCH), 1.96 (s, 3H, acetyl).
 13

C NMR 

(151 MHz, Chloroform-d) δ 198.01, 170.39, 81.90, 69.66, 42.55, 39.71, 28.80, 23.37, 

14.83. HRMS (ESI-pos) for C9H14NO2S
+
 [M+H]

+
: calculated 200.07398, observed 

200.07380. 

HS

H
N

O

S

H
N

O

O(a) Pentynoic acid, 
DCC, DMAP, DCM
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3.2.4 Analysis of Esterase Activity 

3.2.4.1 p-nitrophenyl acetate (pNP-Ac) Hydrolysis Assay 

PatB (1 μM) was incubated with varying concentrations of donors to determine 

the esterase kinetics of the donors. For the pNP-R donors, the absorbance at 405 nm 

was monitored over 8 min at room temp for the release of pNP. 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 control. The control with the 

highest initial velocity (Buffer with donors) was subtracted from the samples (Buffer 

with PatB and donors) prior to graphing the sample (i.e. 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 and the Km and kcat 

values were calculated using nonlinear regression analysis. Each kinetic analysis was 

done in triplicates. 

3.2.4.2 Analysis of Hydrolysis Activity with Ellman’s Reagent 

PatB (1 μM) was incubated with varying concentrations of donors to determine 

the esterase kinetics of the donors. For the SNAc donors, Ellman’s reagent (5,5-dithio-

bis-(2-nitrobenzoic acid) (DTNB) (1 mM)) was added to the reaction mixture and the 

absorbance at 412 nm was monitored over time at room temp for 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 obtain the 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 control that 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 Km and kcat values were calculated using nonlinear regression analysis. 

Each kinetic analysis was done in triplicates. 

3.3 Results and Discussion 

3.3.1 Synthesis of pNP Derivatives 

Three different derivatives (pNP-Ak, pNP-Az, and pNP-Bn) of pNP containing 

different functional groups (alkyne, azide, and phenyl) were synthesized to assess 

PatBs versatility in donors. All three compounds were synthesized through the 

Steglich esterification
13

 method using DCC as a coupling reagent and DMAP as a 

catalyst. NMR (proton and carbon), HRMS, and IR (for pNP-Az) were obtained for all 

the compounds to ensure identity and purity. See appendix for spectroscopic data. 

3.3.2 Synthesis of SNAc Derivatives 

Three different SNAc derivatives (SNAc, SNAz, and SNAk) containing 

different functional groups were synthesized to further assess PatB’s versatility in 

utilizing short acetyl-CoA donors. SNAc and SNAk were synthesized according to 

literature precedence.
8,9

 SNAz is a novel compound reported here for the first time. 

NMR (proton and carbon), HRMS, and IR (for pNP-Az) were obtained for all the 

compounds to ensure identity and purity. See appendix for spectroscopic data. 

3.3.3 Analysis of Esterase Activity 

The ability of PatB to utilize the pNP and SNAc donors were assessed through 

esterase activities. For the pNP donors, pNP-Ac assay (described in Chapter 2) was 

repeated.
14

 For the SNAc donors, we turned to another established assay using 
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Ellman’s Reagent, DTNB.
15

 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 DTNB. As a result 2-nitro-5-thiobenzoate (TNB) would be 

produced giving the solution a bright yellow color that can be measured 

spectroscopically (Figure 3.2).  

 

 

Figure 3.2: Determining the esterase activity of PatB with SNAc donors by measuring 

the production rate of TNB at 412 nm.  

3.3.3.1 p-nitrophenyl acetate (pNP-Ac) Hydrolysis Assay 

Under conditions reported in literature, the kinetic parameters for PatB’s 

esterase activity with pNP donors were calculated (Table 3.1). Both the Κm and the 

overall Κcat/Κm value for all the pNP donors were similar to those that have been 

published (pNP-Ac: Κm = 0.96 mM and Κcat/Κm = 797 M
-1

 sec
-1

) indicating that the 

PatB used in this study is as efficient as the previously expressed SUMO-tagged PatB 

at hydrolyzing the pNP donors.
2 
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Table 3.1: Esterase activity of PatB (1 μM) with pNP donors at pH 6.5 (sodium 

phosphate buffer) as monitored at 405 nm. 

  Esterase Activity 

  pH = 6.5 

Substrate Km (mM) Kcat (sec
-1

) Kcat/Km   (M
-1

sec
-1

) 

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 Activity with Ellman’s Reagent 

Using the established DTNB assay, the kinetic parameters for PatB’s esterase 

activity with SNAc donors as well as acetyl-CoA were calculated (Table 3.2). Despite 

the fact that the Κm values were slightly higher than those of pNP donors, the overall 

Κcat/Κm value for all the SNAc donors were approximately four times lower than those 

of pNP donors. In order to optimize the transfer, we reasoned that pH of the reaction 

could be important, as the natural environment (the periplasm of N. gonorrhoeae) in 

which PatB resides in is slightly basic.
16,17

 The kinetic analysis was repeated in a tris 

buffer (pH 8.5) and the overall Κcat/Κm value for all the SNAc donors were 

approximately eight to ten times higher at pH 8.5 than at pH 6.5. Moreover, the 

Κcat/Κm values for SNAc donors at pH 8.5 are approximately twice as high as the 

Κcat/Κm values for pNP donors at pH 6.5.It is noted that at either pH, PatB is not very 

efficient at using acetyl-CoA 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 acetyl-CoA 

directly, not PatB.  

Table 3.2: Esterase activity of PatB (1 μM) with acetyl-CoA and SNAc donors at pH 

6.5 (sodium phosphate buffer) and pH 8.5 (tris buffer) as monitored at 

412 nm. 

 Esterase Activity 

 pH = 6.5 pH = 8.5 

Substrate Km (mM) Kcat (sec
-1

) 

Kcat/Km   

(M
-1

sec
-1

) Km (mM) Kcat (sec
-1

) 

Kcat/Km   

(M
-1

sec
-1

) 

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 synthesis and enzymatic utilization of 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 activity at a pH of 8.5, which is in 

contrast with previous studies that had suggested that PatB would have maximal 

activity at pH 7.0.
18

 However, those results were again obtained with 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, which is representative of its natural 
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environment. Now that we have donors that PatB can utilize, we set our sights on 

studying the acceptor specificity of PatB. 
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EXPLORATION OF PatB’S ACCEPTOR SPECIFICITY 

4.1 Introduction 

In order to get a more complete mechanistic picture of PatB, we aimed to study 

its acceptor specificity. 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 mono- and tri-

saccharides as potential acceptors. In addition we isolated peptidoglycan from both 

Gram (+) and Gram (-) bacterial species to determine if PatB is capable of modifying 

both types of peptidoglycan. Although there are subtle differences (described in 

Chapter 1) between the two types of bacteria,
1
 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 Gram (-) bacterial 

species despite the fact that PatB itself is only found in Gram (-) bacteria.  

The Clarke group has shed some light on the acceptor requirements of PatB. 

They demonstrated that SUMO-tagged PatB will only modify an oligosaccharide that 

is at least three sugars (trisaccharide) in length. Also they observed that the acetylation 

of the 2-amino group of NAG and NAM is necessary for PatBs activity.
2
 Given that 

our donor data was in contrast with the published data, we were interested in how our 

acceptor data would compare.   

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

that we can assess its acetyltransferase activity. Although the kinetics data for PatB’s 

Chapter 4 
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esterase activity informed us that PatB was able to take the functional group of interest 

from the donors, we needed an appropriate acceptor in order to determine if PatB is 

able transfer the functional group. 

The acceptors tested (Figure 4.1) were readily available mono- and tri-

saccharides. Peptidoglycan is available for purchase through companies such as 

Sigma. However the selection is small and expensive. In addition, there is incredible 

batch to batch variation.  Therefore we decided to isolate peptidoglycan following 

literature precedence with slight modifications.
3
 Following isolation, the 

peptidoglycan was characterized using several methods in order to confirm identity 

prior to analysis with PatB.  

 

 

Figure 4.1: To assess PatB’s acceptor specificity, various monosaccharide and 

trisaccharide acceptors were tested with PatB and pNP and SNAc donors. 
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4.2 Materials and Methods 

4.2.1 Materials and Instrumentation 

All chemicals were purchased from Sigma and ThermoFisher Scientific and 

used without further purification unless otherwise noted. High Res Mass spectra (ESI) 

were obtained at the Department of Chemistry, University of Delaware Mass 

Spectrometry Facility (Thermo Q-Exactive Orbitrap).  Mass Spectra were obtained 

using an ACQUITY UPLC H-Class/SQD2 at the Department of Chemistry, 

University of Delaware Mass Spectrometry Facility. All absorbance spectra were 

taken with Eppendorf BioSpectrometer. E. coli DH5α and BL21 (DE3) cells were 

grown from laboratory stocks. B. subtilis ΔOat strain (BKE27140) was purchased 

from BGSC at Ohio State University. P. putida strain KT2440 was purchased from 

ATCC (#47054). V. parahaemolyticus strain RIMD2210633 was obtained from Dr. 

Boyd’s lab in the Biology department at the University of Delaware.  

4.2.2 Analysis of PatB’s Ability to Modify Mono- and Tri-saccharides 

Purified PatB (1 μM) was incubated with acceptors (1 mM) and the 

corresponding donor (4 mM) in Tris buffer (90 mM Tris, 250 mM NaCl at pH=9) at 

37
˚
C for 2 h. Post incubation, the solution was passed through a 3,000 MWCO filter to 

remove PatB. Excess donor was extracted with ethyl acetate and the resulting aqueous 

layer was lyophilized. The modified product was analyzed and confirmed via high 

resolution mass spectrometry. 

(NAG)3 was incubated with PatB (1 μM) and SNAk (4 mM) at 37
o
C. 

Subsequently, 100 μM  CuSO4, 12.8 μM tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine (TBTA), 1.2 mM sodium ascorbate, and 20 μM of Alexa-Fluor 488 

was added to the solution and incubated at room temp for 30 min prior to MS analysis. 



 

 63 

4.2.3 Analysis of Acetyltransferase Activity 

4.2.3.1 p-nitrophenyl acetate (pNP-Ac) Transferase Assay 

PatB (1 μM) was incubated with varying concentrations of donors in the 

presence of 1 mM (NAG)3 to determine the acetyltransferase kinetics of the donors. 

For the pNP-R donors, the absorbance at 405 nm was monitored over 8 min at room 

temp for the release of pNP.
4
 The absorbance of controls (Buffer only, Buffer with 

PatB, Buffer with donors, Buffer with (NAG)3, Buffer with PatB and donors, Buffer 

with PatB and (NAG)3, and Buffer with donors with (NAG)3) were plotted to obtain 

the initial velocity of each control. The control with the highest initial velocity (Buffer 

with donors with (NAG)3) was subtracted from the samples (Buffer with PatB and 

donors with (NAG)3) prior to graphing the sample (i.e. Background was subtracted 

from control that contained all components (donor/acceptor) of the reaction except 

PatB). The initial velocity data for each of the donor concentrations were plotted and 

the Km and kcat values were calculated using nonlinear regression analysis. Each 

kinetic analysis was done in triplicates. 

4.2.3.2 Analysis of Transferase Activity with Ellman’s Reagent 

PatB (1 μM) was incubated with varying concentrations of donors in the 

presence of 1 mM (NAG)3 to determine the acetyltransferase kinetics of the donors. 

For the SNAc donors, Ellman’s reagent, DTNB, (1 mM) was added to the reaction 

mixture and the absorbance at 412 nm was monitored over time at room temp for the 

presence of a free thiol.
5
 The 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)3) 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 with (NAG)3) was subtracted from the samples (Buffer with 

DTNB and PatB and donors with (NAG)3) prior to graphing the sample (ie. 

Background was subtracted from control that contained all components 

(donor/acceptor/DTNB) of the reaction except PatB). The initial velocity data for each 

of the donor concentrations were plotted and the Km and kcat 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 described.
3
 Briefly, Gram (+): Bacteria was 

grown overnight at 37
o
C in LB broth. The bacterial suspension was heated at 100

o
C 

for 20 min. The bacteria was sedimented by centrifugation (2,000 g, 4
o
C) and washed 

(2x saline, 1x water, 3x acetone) and air dried at 37
o
C. 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 centrifuged for 10 min to remove any unbroken cells (1,500 g, 4
o
C). The 

supernatant was centrifuged for 30 min to sediment the cell wall (6,500 g, 4
o
C). The 

cell wall was resuspended in 50 mM phosphate buffer (pH 7.6) along with 

ribonuclease (100 μg/mL) and deoxyribonuclease (50 μg/mL) and toluene (0.25%) 

and incubated for 18 h at 37
o
C. Trypsin (200 μg/mL) was added and the solution was 

incubated for another 18 h at 37
o
C. The cell wall was sedimented via centrifugation 

(6,500 g, 4
o
C) for 30 min, washed 4x with water, and lyophilized. The purified cell 

wall was treated with 5% trichloroacetic acid for 18 h at 22
o
C to remove any wall 
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teichoic acids. The insoluble cell wall was sedimented via centrifugation (6,500 g, 

4
o
C) for 30 min and washed (3x water and 3x acetone). The purified peptidoglycan 

was stored at -80
o
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
o
C, 15 min) and resuspended in ice-cold 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 30 min and left to cool to room temperature overnight. The 

peptidoglycan was pelleted via ultracentrifugation (115,000 g, 20
o
C, 60 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, 20
o
C, 60 min) and resuspended in solution (10 mM Tris-HCl, 10 mM 

NaCl, pH 7.0). The sample was sonicated until a smooth colloidal suspension was 

achieved. Imidazole (0.32 M) and α–amylase (100 μg/mL) was added and the sample 

was incubated at 37
o
C for 2 h. Pretreated pronase (200 μg/mL) was added and the 

sample was incubated at 60
o
C for 2 h.  After pronase treatment, the sample was added 

dropwise to an equal volume of boiling 8% SDS. The solution was stirred for 15 min 

and cooled to room temperature. The sample was dialyzed against water until SDS 

was completely removed. The peptidoglycan was pelleted by ultracentrifugation 

(115,000 g, 20
o
C, 60 min). The peptidoglycan was washed with water 3x, then frozen 

and lyophilized to remove any remaining water. The purified peptidoglycan was 

stored at -80
o
C until use. 
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4.2.4.2 Confirmation of Peptidoglycan 

4.2.4.2.1 Peptidoglycan Pull-Down Assay 

Purified Nod2 (50 μL) (Lauro 2017 Thesis) was added to the insoluble 

peptidoglycan isolated from B. subtilis in a Tris buffer (150 mM NaCl, 1 mM DTT, 1 

mM EDTA, and pH 7 or 8.5). The mixture was incubated for 30 min at 37
o
C.  The 

mixture was then centrifuged at 13,000 rpm for 5 min. The supernatant and pellet were 

separated. The pellet was resuspended in 50 μL of 5X loading dye to equalize the two 

sample volumes. A 10 μL aliquot of the supernatant and a 10 μL aliquot of the 

resuspended pellet were run on a gel and analyzed for their Nod2 content. 

4.2.4.2.2 Analysis of Peptidoglycan Fragments with MS 

Isolated peptidoglycan (1 mg) from B. subtilis was digested with lysozyme (1 

mg/mL) at 37
o
C overnight. Post incubation, the solution was centrifuged at 13,000 

rpm for 5 min. The supernatant, which should contain small soluble fragments of the 

peptidoglycan, was filtered through a 3,000 molecular weight cut off (MWCO) filter 

to remove lysozyme. The filtrate was analyzed via high resolution mass spectrometry 

direct injection. 

4.2.4.2.3 Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-

κB) Activation Assay 

Two different cell lines were used. Cell line A (CMV) has no detectable level 

of Nod2, which is used as a control, and Cell line B over-expresses Nod2. Both cell 

lines contain the pRL Renilla luciferase reporter vector. Cells were incubated with 2 

µM MDP or the specified volume of peptidoglycan supernatant for 6 h. Following 

incubation, the lysates were collected and the Dual-Luciferase Reporter Assay 
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(Promega) was carried out according to the manufacturer’s instructions. The results 

were normalized to Renilla activity. 

4.2.4.2.4 Fluorescence-Assisted Carbohydrate Electrophoresis (FACE) Analysis 

Isolated peptidoglycan (1 mg) from B. subtilis was digested with lysozyme (1 

mg/mL) at 37
o
C overnight. Post incubation, the solution was centrifuged at 13,000 

rpm for 5 min. The supernatant, which should contain small soluble fragments of the 

peptidoglycan, was filtered through a 3,000 MWCO filter to remove lysozyme. The 

filtrate was lyophilized down. Subsequently, 5 μL of 0.2 M 7-amino-1,3-

napthalenedisulfonic acid (ANDA) solution  in acetic acid:water, 3:17 was added 

along with 5 μL of 1.0 M NaCNBH3 solution in DMSO. The mixture was incubated at 

37
o
C for 15 h. The labeled sample was run on a 35% polyacrylamide gel at 125 V for 

5 h next to controls that were also labeled with ANDA.  

A starch ladder was created to mimic a protein ladder used in protein gels. 

Starch (1 mg) was digested with α-amylase (1 mg/mL) for 8 min. The reaction was 

quenched with 1 N HCl. The sample was lyophilized, and labeled with ANDA to 

create a ladder for the carbohydrate gel. The resulting gel was analyzed on BioRad Gel 

Doc EZ Imager.   

4.3  Results and Discussion 

4.3.1 Analysis of PatB’s Ability to Modify Mono- and Tri-saccharides 

As shown in Table 4.1, PatB was not able to modify the monosaccharides 

tested: glucose (Glc), glucosamine (GlcN), NAG, and NAM (Table 4.1). PatB was 

also not able to modify the trisaccharide, tri-glucosamine (GlcN)3. However we found 

that PatB was able to acetylate the trisaccharide, tri-N-acetyl-glucosamine (NAG)3 
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(Figure 4.1) using both sets of donors as confirmed by high-resolution liquid 

chromatography mass spectrometry (HRLC/MS) (Table 4.2). Not surprisingly, this 

acceptor specificity is in agreement with previous work where it was demonstrated 

that PatB requires acceptors that are trisaccharides or longer and the acetylation of the 

amino group at the C2 position is crucial for PatB’s activity.
2
 

Table 4.1: No detection of modified products was observed by high-resolution mass 

spectrometry when PatB was incubated with pNP-Ac and SNAc donors 

with monosaccharides (Glc, GlcN, NAG and NAM) and trisaccharide 

(GlcN)3. 

   Calculated Observed 

Acceptor Donor Product Exact Mass [M+Na
+
] [M+Na

+
] 

Glc 

pNP-Ac 

Glc-Ac 222.07395 245.06317 N.D. 

     

GlcN GlcN-Ac 221.08994 244.07916 N.D. 

     

NAG NAG-Ac 263.10050 286.08972 N.D. 

     

NAM NAM-Ac 335.12163 358.11085 N.D. 

     

(GlcN)3 (GlcN)3-Ac 543.22755 566.21677 N.D. 

      

Glc 

SNAc 

Glc-Ac 222.07395 245.06317 N.D. 

     

GlcN GlcN-Ac 221.08994 244.07916 N.D. 

     

NAG NAG-Ac 263.10050 286.08972 N.D. 

     

NAM NAM-Ac 335.12163 358.11085 N.D. 

     

(GlcN)3 (GlcN)3-Ac 543.22755 566.21677 N.D. 
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Table 4.2: Detection of modified (NAG)3 products using PatB with pNP and SNAc 

donors by high-resolution mass spectrometry. 

  Calculated Observed 

Donors Product Exact Mass [M+Na
+
] [M+Na

+
] 

pNP-Ac (GlcNAc)3-Ac 669.25925 692.24847 692.24615 

     

pNP-Ak (GlcNAc)3-Ak 679.24360 702.23282 702.23144 

     

pNP-Az (GlcNAc)3-Az 710.26064 733.24987 733.24740 

     

pNP-Bn (GlcNAc)3-Bn 731.27490 754.26412 754.26292 

     

Acetyl-CoA (GlcNAc)3-Ac 669.25925 692.24847 692.24707 

     

SNAc (GlcNAc)3-Ac 669.25925 692.24847 692.24614 

     

SNAz (GlcNAc)3-Az 710.26064 733.24987 733.24688 

     

SNAk (GlcNAc)3-Ak 707.27490 730.26412 730.26267 

 

Emboldened by PatB’s ability to install an alkynyl (SNAk) and azido (SNAz) 

handle, we attempted to attach a fluorophore to the modified acceptor via Copper 

catalyzed azide alkyne cycloaddition (CuAAC), also known as the click reaction.
6
 The 

product was confirmed by HRLC/MS (Figure 4.2). 
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Figure 4.2: A) HRMS spectrum of Alexa Fluor 488 labeled (NAG)3 via CUAAC. 

Exact mass of product: 1281.49249 Observed mass [M+H
+
]: 1282.49741. 

B) HRMS/MS spectrum of the fragmentation pattern of the click product 

showing the loss of one and two 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 [M+H
+
]: 876.33604. 

4.3.2 Analysis of Acetyltransferase Activity 

The acetyltransferase activity of PatB utilizing the pNP and SNAc donors were 

assessed through the same assays used to determine PatB esterase activities (described 

in Chapter 2).
4,5

 The only difference is that (NAG)3 is 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 presence of pNP (405 

nm) or TNB (412 nm).  

4.3.2.1 p-nitrophenyl acetate (pNP-Ac) Transferase Assay 

The kinetic parameters of PatBs acetyltransferase activity using pNP donors 

were calculated at pH 6.5 in order to directly compare our results to that of Clarkes. At 

pH 6.5, the overall Κcat/Κm values for pNP-Ac were approximately 50 times lower 

than previously reported (pNP-Ac: Κcat/Κm = 280 M
-1

 sec
-1

) indicating that the PatB 

used in this study is not as efficient as the previously expressed SUMO-tagged PatB at 

utilizing pNP-Ac (Table 4.3).
2
 Although the overall Κcat/Κm values for the other pNP 

donors are roughly three times higher than that of pNP-Ac, it is still approximately 

fifteen times lower than previously reported.  

Table 4.3: Acetyltransferase activity of PatB (1 μM) with pNP donors and1 mM 

(NAG)3 at pH 6.5 (sodium phosphate buffer) as monitored at 405 nm. 

  pH = 6.5 

  Acetyltransferase Activity 

Substrate Km (mM) Kcat (sec
-1

) Kcat/Km    (M
-1

sec
-1

) 

pNP-Ac 0.00149 0.00000979 6.57 

    

pNP-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 with Ellman’s 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 of the pNP 

donors. At pH 6.5, the overall Κcat/Κm values for the SNAc donors were approximately 

three times higher than the pNP donors, but still five times lower than previously 

reported for the pNP-Ac (Κcat/Κm = 280 M
-1

 sec
-1

) indicating that the PatB used in this 

study is not as efficient as the previously expressed SUMO-tagged PatB at pH 6.5 

(Table 4.4).  

However as we determined in Chapter 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, and the overall Κcat/Κm values for SNAc 

and SNAk are now approximately four times higher than that of the pNP donors 

(Table 4.4). The overall Κcat/Κm value for SNAz was twice 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 acetyl-CoA. On the other hand, the Κcat/Κm value for PatBs 

acetyltransferase activity using acetyl-CoA at pH 8.5 is within the error range of the 

Κcat/Κm value for SUMO tagged PatBs acetyltransferase activity using pNP-Ac at pH 

6.5. That is very surprising given the large size and charge disparity between the two 

donors.  
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Table 4.4: Acetyltransferase activity of PatB (1 μM) with acetyl-CoA and SNAc 

donors and1 mM (NAG)3 at pH 6.5 (sodium phosphate buffer) and pH 

8.5 (tris buffer) as monitored at 412 nm. 

 Acetyltransferase Activity 

 pH = 6.5 pH = 8.5 

Substrate Km (mM) Kcat (sec
-1

) 

Kcat/Km   

(M
-1

sec
-1

) Km (mM) Kcat (sec
-1

) 

Kcat/Km   

(M
-1

sec
-1

) 

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 isolated from Gram (+) (B. subtilis) and Gram 

(–) (E. coli, V. parahaemolyticus, and P. putida) species in order to test for PatB’s 

ability to modified its natural acceptor with pNP and SNAc donors. The Gram (-) 

bacteria species were chosen in part due to their inability to acetylate their 

peptidoglycan.
7,8

 Furthermore a bacillus strain with the O-acetyltransferase (Oat) gene 

knocked out (B. sub. ∆Oat) was used to ensure that the isolated peptidoglycan would 

be devoid of any natural acetylation. 

4.3.3.1 Isolation of Peptidoglycan 

Peptidoglycan was successfully isolated following literature precedence.
3
 The 

peptidoglycan yield for Gram (+) bacterial species was ~1 mg/L and ~0.5 mg/L for 

Gram (–) bacterial species. This is not surprising as Gram (+) bacterial species have a 
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much thicker layer of peptidoglycan as compared to Gram (–) bacteria species. The 

isolated peptidoglycans have a similar white fluffy appearance and are insoluble in 

solution (Figure 4.3). 

 

 

Figure 4.3: Peptidoglycan was isolated from various Gram (+) (B. subtilis) and Gram 

(–) (E. coli, V. parahaemolyticus, and P. putida) bacterial species 

following literature precedence with modifications.
3
 

4.3.3.2 Confirmation of Peptidoglycan 

To confirm that the isolated substance is indeed peptidoglycan, several assays 

that take advantage of peptidoglycan’s structure and function were employed. First, 

we took advantage of the fact that Nod2 binds to components of the peptidoglycan.
9
 

Thus isolated peptidoglycan was incubated with purified Nod2 (Lauro 2017 Thesis) to 

test if they are capable of binding to each other. Encouraged by the ability of the 

isolated peptidoglycan to pull down Nod2, we now aim to identify the components of 

the peptidoglycan that Nod2 binds. The second confirmation assay was done with 

mass spectrometry. The isolated peptidoglycan was digested with lysozyme to produce 

small fragments that were analyzed via high resolution mass spectrometry. 

Concurrently, we took advantage of the established NF-κB assay to determine if the 

small fragments produced could activate the innate immune system.  Lastly, 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 Pull-Down Assay 

The first step in confirming that peptidoglycan was successfully isolated was to 

tested if it 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 assay. Initially the Nod2 protein is present in the supernatant and not 

observed in the pellet (insoluble peptidoglycan) on 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 band in the protein gel. Given that Nod2 has specificity for peptidoglycan, this 

data supports that peptidoglycan is what was isolated. In addition, the support is 

further strengthened by that fact that the binding of Nod2 to the peptidoglycan is pH 

sensitive, binding in a pH regime of 5.0 to 7.0. If the incubation was carried out at pH 

8.5, then no Nod2 is found in the pellet.  

It is interesting to note that although 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 partners. 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.   
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Figure 4.4: Prior to incubation with insoluble peptidoglycan (pellet), Nod2 was only 

found in the supernatant. Post incubation, Nod2 is observed in both lanes 

indicating that insoluble peptidoglycan was able to pull down Nod2. This 

binding was shown to be pH dependent as the pull down 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 

peptidoglycan.
10

 Thus we wanted to determine if it was possible to isolate and identify 

MDP in the isolated peptidoglycan sample. If so, that would support the binding of 

Nod2 to the isolated peptidoglycan observed in the pull-down assay. After lysozyme 

treatment, high-resolution mass spectrometry (HRMS) analysis resulted in the 

identification of two major masses. The structure of peptidoglycan was analyzed and 

two possible fragments were found as potential matches to the two identified masses: 

M4 and G-M4 (Figure 4.5). Although MDP was not directly observed, both of the 

fragments have MDP at a part of their 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 an L-amino acid and a D-amino acid. Unlike bacteria, human 

cells exclusively utilize L-amino acids, so peptidases that have been characterized can 

only cleave peptide bonds between two L-amino acids. We also noted that there are 

presumably more fragments in the supernatant, but these were the two fragments that 

were detected. 

 

 

Figure 4.5: The structure of two proposed fragments of the peptidoglycan that 

corresponds with the two masses detected post lysozyme digestion via 

HRMS. M4: NAM with a tetrapeptide stem. G-M4: NAG-NAM with a 

tetrapeptide stem. 

4.3.3.2.3 Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-

κB) Activation Assay 

With the successful identification of two small peptidoglycan fragments in the 

supernatant post lysozyme digestion, we aimed to determine if the supernatant was 
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immunoactive through the NF-κB activation assay. Normally, when small 

peptidoglycan fragments such as MDP bind to Nod2, it triggers a cascade of events 

though the NF-κB pathway that results in the generation of cytokines and chemokines. 

In a NF-κB activation assay, the luciferase gene is placed downstream of the NF-κB 

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 

luciferase’s mechanism of action can be quantified (Figure 4.6).
11

 

 

 

Figure 4.6: Upon binding of MDP or other peptidoglycan fragments to Nod2, the NF-

κB signaling pathway is activated. The NF-κB transcription factor 

translocates from the cytoplasm to the nucleus. When the NF-κB 

transcription factor binds to the promoter region of the DNA, it turns on 

the luciferase gene, which is placed downstream of the promoter. The 

activation level is quantified by measuring the production of luciferin. 
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As shown below, the supernatant obtained from the lysozyme digested 

peptidoglycan sample was able to activate the NF-κB pathway. The gray bars 

represent a cell line that over-expressed Nod2 while the black bars represent a cell line 

that has basal level of Nod2 expression. In both cases, the addition of the supernatant 

resulted in a higher activation level as compared to the MDP control (Figure 4.7). It is 

interesting to note that the activation level seems to reach a plateau with the addition 

of 50 μL of the supernatant. One drawback to this strategy is the inability to compare 

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 comparison to the MDP control cannot be made. It is 

only possible to say that from the results, the supernatant does contain small 

components of the peptidoglycan that are able to activate the innate immune system 

through the NF-κB pathway. Furthermore the increase in activation in the CMV 

control indicates that the peptidoglycan fragments present in the supernatant are 

capable of activating the NF-κB pathway by binding to proteins other than Nod2. The 

activation could be a result of the binding of iE-DAP to Nod1.  
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Figure 4.7: The supernatant of lysozyme digested peptidoglycan is able to activate the 

NF-κB pathway. CMV: control no Nod2. Nod2: over-expresses Nod2. 

Data is not statistically significant as the experiments were done in 

duplicates. However, the goal was to employ the NF-κB assay as a 

qualitative method to verify peptidoglycan.  

4.3.3.2.4 Fluorescence-Assisted Carbohydrate Electrophoresis (FACE) Analysis 

Although the supernatant was immunoactive, the composition of its 

peptidoglycan fragments remained elusive except the two 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 fluorescence-assisted carbohydrate 

electrophoresis (FACE) to analyzed carbohydrates on a gel.
12

 Given that the 

peptidoglycan has a carbohydrate backbone, we reasoned that FACE may yield 

insights regarding the fragment composition. A carbohydrate gel is larger (14x16 cm) 

and contains a higher percentage of polyacrylamide (35%) as compared to a standard 
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protein gel (8x5.8 cm; 4-15%). 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 fragments were labeled with 

ANDA via reductive amination (Figure 4.8).
13

 Subsequently, the sample was analyzed 

on a carbohydrate gel along with ANDA labeled controls (NAG, Mal, and Glc). A 

starch ladder was created to mimic a protein ladder. The controls were also loaded in 

the same column to mimic a ladder effect. Several bands were observed in the 

peptidoglycan sample indicating that there were other fragments present in addition to 

the two observed via HRMS (Figure 4.9). Some of the bands appear to line up with the 

control bands, but given the unevenness of the gel, it’s difficult to make any definitive 

conclusions about the molecular weight of these fragments. Attempts 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 via high-performance liquid chromatography (HPLC)/MS.   

 

 

Figure 4.8: Scheme of carbohydrate labeling via reductive amination with ANDA.  
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Figure 4.9: Fluorescent detection of ANDA labeled peptidoglycan fragments (Pep) on 

a carbohydrate gel along with a homemade starch ladder (Starch) and 

reference controls (NAG, Mal (maltose), Glc, and Com (combined 

sample containing NAG, Mal and Glc)). 

4.4 Conclusions 

This chapter detailed the exploration of acceptors for PatB. Our findings show 

that PatB prefers to modify an acceptor that is minimally three sugar units in length 

and the acetylation of the amino group at C2 position is necessary. These results are in 

agreement with literature data.
2
 Using (NAG)3 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 have a large 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 the alkynyl handle installed on (NAG)3 by PatB. 
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Furthermore, we isolated the natural acceptor, peptidoglycan, from a number of 

bacterial species. A new pull-down 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 peptidoglycan. Now that we have 

acceptors and donors for PatB, we aimed to get a better understanding of PatBs 

mechanism of action both in vitro and in vivo.  
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IN VITRO AND IN VIVO APPLICATIONS OF PATB 

5.1 Introduction 

At last, we have functional PatB, natural acceptor, peptidoglycan, from various 

sources, and a set of SNAc donors. We set forth to study possible applications of PatB 

both in vitro and in vivo.  

As discussed in Chapters 1 and 2, O-acetylation of the peptidoglycan by PatB 

is a defense mechanism of bacteria to protect against degradation by exogenous 

autolysins such as lysozyme and mutanolysin.
1,2

 We aimed to determine if in fact, our 

PatB is able to confer the same resistance to isolated peptidoglycan. To do so, we took 

advantage of the fact that isolated peptidoglycan is insoluble, so it has a high turbidity 

which can be monitored by measuring the absorbance at OD600. The absorbance of 

unmodified peptidoglycan digested with lysozyme will lead to a decrease in 

absorbance over time as smaller soluble fragments are generated. On the other hand, if 

the peptidoglycan is modified with PatB and SNAc donors, then the resulting 

peptidoglycan would be resistant to lysozyme degradation and the absorbance would 

not decrease over time (Figure 5.1). 

Chapter 5 
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Figure 5.1: Unmodified peptidoglycan is susceptible to lysozyme degradation (top), 

forming a 1,6-anhydro-NAM product. However if the peptidoglycan is 

modified by PatB prior to lysozyme treatment, then the peptidoglycan is 

protected against lysozyme degradation. 

Intrigued by the ability of the bioorthogonal SNAc donors to modify isolated 

peptidoglycan, in vivo labeling of Gram (+) bacterial cells using PatB was pursued. 

Inspiration to tag the peptidoglycan polymer was based on previous strategies used to 

label either the peptide stems
3-10

 or carbohydrate core
11,12

 of peptidoglycan. While 

these methods rely on metabolic incorporation of unnatural peptidoglycan building 

blocks, PatB assisted labeling would be a complimentary method that does not rely on 

the peptidoglycan biosynthetic pathway, but rather Nature’s ability to post-

synthetically modify peptidoglycan to install bioorthogonal functionality on the 

carbohydrate portion of mature peptidoglycan, more specifically the 6-OH of NAM, 
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which to date remains an unexplored peptidoglycan labeling target. Similar enzymatic 

approaches have been employed by the Spiegel lab to use sortase A (SrtA) as a tool 

for incorporating molecular handles onto the cell wall of Staphylococcus aureus
13

 and 

by Liu and Tam to label E. coli cell surfaces through a butelase-mediated ligation 

method to a transmembrane protein.
14

 

5.2 Materials and Methods 

5.2.1 Materials and Instrumentation 

All chemicals were purchased from Sigma and ThermoFisher Scientific and 

used without further purification unless otherwise noted. All absorbance spectra were 

taken with Eppendorf BioSpectrometer. 

5.2.2 Peptidoglycan Degradation Assay (in vitro) 

Isolated peptidoglycan (1 mg) from B. subtilis, E. coli, V. parahaemolyticus, 

and P. putida (see Chapter 4 for procedure) was incubated with the 1, 6, 7, or 8 donor 

(4 mM) in the presence and absence of PatB (1 μM) for 2 h. The modified 

peptidoglycan was pelleted at 21,000 g for 5 min to remove PatB and any remaining 

donor. The modified peptidoglycan was then resuspended and lysozyme (100 μg/mL) 

was added to cleave the glycosidic bonds. The sample was incubated at 37
o
C with 

shaking and the OD was monitored over time as indicated.  

5.2.3 Bacterial Cell Labeling (in vivo) 

Cells were grown from overnight culture until OD600 of 0.5 (Erythromycin (20 

μg/mL) was added for ΔOat strain). The bacterial culture was centrifuged at 11,000 g 

for 5 min. The cells were resuspended in M9 minimal media with PatB (1 μM) and 6 
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or 8 (250 μg/mL) and incubated at 37
o
C for the specified duration. The cells were 

spun down at 11,000 g for 2.5 min and the pellet was washed with M9 minimal media 

(2x) and water (2x). The cells were resuspended in water and CuSO4 (0.1 mM), TBTA 

(128 μM), sodium ascorbate (1.2 mM), and Alexa-Fluor 488 (20 μM) was added and 

incubated at room temp for 30 min in the dark. The cells were spun down at 11,000 g 

for 2.5 min and the pellet was washed 3x with 1xPBS. The cells were fixed with 4% 

paraformaldehyde for 30 min in the dark at room temp. The cells were spun down at 

11,000 g for 2.5 min and the pellet was washed 3x with PBS. The cells were 

resuspended in water and tetramethylrhodamine Wheat Germ Agglutinin (WGA; 5 

μg/mL) conjugate was added and incubated for 15 min at room temp in the dark. The 

dual labeled cells were spun down at 11,000 g for 2.5 min and the pellet was washed 

3x with 1xPBS. The cells were resuspended in 1xPBS and a small drop was added to 

the center of a 18 mm x 18 mm cover glass (Zeiss) (pre-treated with 0.1 mg/mL poly-

l-lysine (Sigma P1274)). The rest of the cells were stored at -20
o
C with 10% glycerol. 

The coverslip rested for 30 min in the dark before it was placed on top of a drop of 

Prolong Diamond Antifade Mountants on microscope slide. The slide rested in the 

dark overnight at room temp. The sides of the coverslip were sealed with nail polish 

and stored at -20
o
C until imaging. 

Prepared slides were imaged with Structured Illumination Microscopy (SIM) 

on a Zeiss Elyra PS.1 microscope with Plan-Apochromat 63x/1.4 Oil DIC M27 

objective. The fluorophore of Alexa-Fluor 488 and 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 images which contain 5 rotations are in Z-

stack mode with 0.110 m as the stack interval. The software of Carl 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 projection images 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 Peptidoglycan Degradation Assay (in vitro) 

To evaluate the in vitro application of using PatB as a tool to confer lysozyme 

resistance to isolated peptidoglycan. The insoluble peptidoglycan isolated from B. sub. 

∆Oat was subjected to lysozyme degradation in the presence and absence of PatB with 

1, 6-8; the optical density was measured over time to monitor the increase or decrease 

of peptidoglycan degradation process.
15

 The optical density of the insoluble 

peptidoglycan control remained stable over the course of the experiment (Figure 5.2 

and 5.3). However the optical density of unmodified peptidoglycan decreased over 

time with lysozyme treatment, indicating that the peptidoglycan was being digested 

into soluble fragments from lysozyme treatment (Figure 5.2 and 5.3). In contrast, if the 

peptidoglycan was pre-treated with PatB and 1, 6, 7 or 8, then the polymer was 

protected against lysozyme degradation (Figure 5.2 and 5.3).   
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Figure 5.2: PatB-modified PG, with pNP-Ac, from B. subtilis ΔOat (green) was 

protected against lysozyme degradation as compared to no modification 

(blue) and no lysozyme control (red). Values plotted are average of three 

independent experiments as the mean+S.D. 

 

Figure 5.3: PatB-modified PG, with 6 (purple), 7 (black) or 8 (orange), from B. subtilis 

ΔOat was protected against lysozyme degradation. Unmodified 

peptidoglycan (green). Blank (blue). Peptidoglycan without lysozyme 

(red). Values plotted are average of three independent experiments as the 

mean+S.D. 
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Encouraged by these results, peptidoglycan was isolated from other bacterial 

species: E. coli, V. parahaemolyticus, and P. putida; as these species have not been 

shown to O-acetylate their peptidoglycan.
16,17

 The isolated peptidoglycan was again 

subjected to lysozyme treatment with and without modification by PatB and similar 

results were obtained. PatB conferred lysozyme resistance to the isolated 

peptidoglycan from all of the bacterial strains tested (Figure 5.4, 5.5 and 5.6) using all 

of the SNAc donors. It seems that the functional group is irrelevant as long as the 6-

OH group of NAM is capped. Also expected, some degradation of the acetylated 

peptidoglycan was observed, as PatB may not be able to modify every NAM residue 

in the peptidoglycan.
18

 Overall, these data demonstrate that PatB is capable of 

modifying small and large fragments of peptidoglycan with bioorthogonal 

functionality.   

 

 

Figure 5.4: PatB-modified PG, with 6 (purple), 7 (black) or 8 (orange), from E. coli 

was protected against lysozyme degradation. Unmodified peptidoglycan 

(green). Blank (blue). Peptidoglycan without lysozyme (red). Values 

plotted are average of three independent experiments as the mean+S.D. 
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Figure 5.5: PatB-modified PG, with 6 (purple), 7 (black) or 8 (orange), from P. putida 

was protected against lysozyme degradation. Unmodified peptidoglycan 

(green). Blank (blue). Peptidoglycan without lysozyme (red). Values 

plotted are average of three independent experiments as the mean+S.D. 

 

Figure 5.6: PatB-modified PG, with 6 (purple), 7 (black) or 8 (orange), from V. 

parahaemolyticus was protected against lysozyme degradation. 

Unmodified peptidoglycan (green). Blank (blue). Peptidoglycan without 

lysozyme (red). Values plotted are average of three independent 

experiments as the mean+S.D. 
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These results indicate that PatB is able to utilize the donors to modified not 

only a small peptidoglycan mimic, (NAG)3, but also the natural acceptor,  isolated 

peptidoglycan, from both Gram (+) and Gram (-) bacterial species. The modification 

does indeed protect the isolated peptidoglycan from lysozyme degradation.  

5.3.2 Bacterial Cell Labeling (in vivo) 

  B. subtilis ∆Oat and wild type cells were harvested during their exponential 

phase, treated with PatB and donor, SNAc or SNAc-Ak. CuAAC was implemented to 

label the cells with Alexa Fluor 488-Az and subsequently imaged via superresolution 

Structured Illumination Microscopy (SIM).
19

 Multiple incubation time points were 

observed, and it was determined that optimal labeling was achieved at 240 min (Figure 

5.7 and 5.8).  
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Figure 5.7: SIM and corresponding DIC images of Alexa-Fluor 488 labeled B. subtilis 

ΔOat cells post modification by PatB and SNAk, PatB and SNAc, or 

SNAk alone at the various time points indicated. Scale bar denotes 10 

μm. 
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Figure 5.8: SIM and corresponding DIC images of Alexa-Fluor 488 labeled B. 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 

μm. 
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In both B. subtilis ∆Oat and wild type strains, the cells displayed a higher 

fluorescence signal intensity when treated with PatB and SNAc-Ak as compared to 

treatment with SNAc-Ak alone or PatB with SNAc, both of which showed only 

background auto-fluorescence (Figure 5.9 and 5.10). These results indicate that PatB 

is necessary for efficient labeling of bacterial cells using SNAc derivatives. Moreover, 

we note that the fluorescence seen in the WT B. subtilis cells treated with only SNAc-

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

is absent when B. subtilis ∆Oat is treated with only SNAc-Ak (Figure 5.11 and 5.12).  
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Figure 5.9: Large field SIM and corresponding DIC images of Figure 5.11. Red 

arrows indicate the cells that are shown in Figure 5.11. Scale bar denotes 

10 μm. 
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Figure 5.10: Large field SIM and corresponding DIC images of Figure 5.12. Red 

arrows indicate the cells that are shown in Figure 5.12. Scale bar denotes 

10 μm. 
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To verify that the labeling is specific to the peptidoglycan, the cells were 

stained with a tetramethylrhodamine conjugate of wheat germ agglutinin (WGA), 

which binds to NAG.
20,21

 This verification approach was chosen rather than a mass 

spectrometry based assay due to the fact that the acetylated peptidoglycan is resistant 

to lysozyme degradation
22

 making isolation of detectable fragments extremely 

difficult.  Moreover, the fragile acetyl modification is lost during the harsh 

peptidoglycan isolation.
23

 The co-localization of Alexa Fluor 488 and 

tetramethylrhodamine-WGA in the samples treated with PatB and SNAc-Ak suggest 

that the labeling was specific to the peptidoglycan (Figure 5.11 and 5.12). The ∆Oat 

cells have a higher fluorescence signal as compared to the wild type, which can be 

attributed to the fact that there are more sites available for PatB modification in the 

∆Oat cells. It is also interesting to note that the fluorescence signal appears to be 

localized around an area referred to as the septal division ring.
24

 Nascent 

peptidoglycan is proposed to be formed at this ring during bacterial division.
25

 Thus it 

is plausible that PatB is more likely to target the unmodified peptidoglycan found in 

this area.  We propose that the labeling methodology presented here was successful 

and specific in labeling peptidoglycan as a Gram-positive organism was studied, 

therefore PatB did not have to pass through the outer membrane to reach its 

extracellular peptidoglycan target.  Moreover, very little cytoplasmic labeling was 

observed as the SNAc derivative would most likely be destroyed due to the high 

concentration of glutathione within the cell.
26,27 
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Figure 5.11: SIM and corresponding DIC images of B. subtilis ΔOat cells labeled with 

Alexa-Fluor 488 (top row) post modification by PatB and SNAc-Ak, 

PatB and SNAc, or SNAc-Ak alone for 240 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 three biological replicates. Scale bar denotes 2 μm. 



 

 102 

 

Figure 5.12: SIM and corresponding DIC images of B. subtilis WT cells labeled with 

Alexa-Fluor 488 (top row) post modification by PatB and SNAc-Ak, 

PatB and SNAc, or SNAc-Ak alone for 240 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 three biological replicates. Scale bar denotes 2 μm. 
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5.4 Conclusions 

This chapter detailed two applications of PatB with SNAc donors. In vitro, it 

was determined that post PatB 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 the 6-OH position of 

NAM to block lysozyme regardless of the bacterial species. This 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 specie-specific 

peptidoglycan fragment generated as a result 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 complimentary 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 peptidoglycan. This could afford us the opportunity to study 

peptidoglycan turnover in detail by labeling nascent peptidoglycan and tracking it as 

the cell grow and divide.  
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CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions 

6.1.1 Purification and Characterization of PatB Expression from an E. coli 

System 

This dissertation aimed to improve the current understanding of PatB, an 

important enzyme in bacterial survival. Previous to this work, limited biochemical 

information regarding PatB was obtained with a SUMO-tagged PatB.
1
 To further our 

understanding of PatB, we developed a new expression and purification system for a 

dual tagged PatB in an E. coli system. The dual tag system improved the stability of 

the protein and yielded PatB that is >95% pure. The purified protein was also 

characterized using a diverse array of biochemical and bio-analytical techniques to 

confirm proper folding and function.  

6.1.2 Donor and Acceptor Promiscuity of PatB 

This dissertation work has shown that PatB has lax substrate specificity for 

both pNP and SNAc donors, allowing for the covalent attachment of bioorthogonal 

functionality directly onto a small molecule peptidoglycan fragment mimic, isolated 

peptidoglycan from B. subtilis, E. coli, V. parahaemolyticus, and P. putida, and intact 

B. subtilis cells post-synthetically. In addition, it was determined that wild type PatB 

has an optimal catalytic efficiency at basic pH, which reflects its natural 

environment.
2,3 

Chapter 6 
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6.1.3 Applications of the PatB/SNAc System 

This dissertation explored two possible applications of PatB. In vitro, it was 

shown that PatB modifications protected the isolated peptidoglycans against lysozyme 

degradation mirroring bacteria’s ability to post-synthetically modify peptidoglycan to 

protect it from lytic enzymes, aiding in cell survival. Furthermore, PatB’s utility was 

explored as a tool to incorporate fluorescent tags via click chemistry on the 

peptidoglycan both in vitro and in whole cells allowing for fluorescent visualization of 

bacterial cells.  PatB proves to be a useful tool in understanding the acetylation 

modification of peptidoglycan and its resistance mechanisms. 

6.2 Future Directions 

The PatB/SNAc system presented in this dissertation has many implications. 

One implication is that the SNAc derivatives employed here shed light on the 

mechanism of action of PatA, the proposed acetyl carrier. It is currently unknown how 

PatA translocates the acetate moiety of acetyl-CoA from the cytosol to the periplasmic 

space. However given that PatB prefers SNAc donors, which contain a thio-ester 

bond, it seems to suggest that the acetyl group of acetyl-CoA is possibly linked to a 

cysteine residue of PatA. This dissertation work also has many potential future 

directions.  

6.2.1 Crystallization of PatB 

The first possible future direction is the crystallization of PatB. No 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 cerevisiae.
4
 Although this dissertation work has expanded the 

knowledge of PatB’s molecular mechanism, a crystal structure would provide some 
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vital information regarding the active site of PatB. With a closer examination of the 

active site, more efficient donors 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 His6 tag that has been shown to aid 

in the crystallization process.
5
 Therefore we attempted to crystallize PatB. The initial 

buffer screening process yielded hits for the potential crystals (Figure 6.1). However 

the crystals were too small to diffract via X-ray. Therefore further optimization is 

necessary to obtain larger crystals that are more suitable for diffraction. In addition, 

the SNAc donors could be added to the buffer conditions to explore the possibility of 

obtaining a co-crystal with PatB.  

 

 

Figure 6.1: 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 error bar is shown. 

6.2.2 Labeling of B. subtilis Spores 

When conditions are not favorable for growth and reproduction, some Gram 

(+) bacteria such as Bacillus triggers a sporulation event.
6
 The bacteria enter a 

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 label B. subtilis cells in PBS buffer, which is devoid of 

nutrients, we observed the presence of spores that were surprising fluorescently 

labeled (Figure 6.2). This was very exciting because currently in literature, labeling of 

spores has been achieved through a membrane localizing fluorescent dye (FM-4-64) or 

a genetically engineering fluorescent membrane protein.
7,8

 Preliminary data shows that 

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

of spores directly.  

 

 

Figure 6.2: A) B. subtilis spores were labeled with Alexa Fluor 488 after being 

modified by PatB with SNAk in PBS buffer. B) B. subtilis spores labeled 

with MalF-GFP and FM-4-64. Figure (part B) adapted from Rubio and 

Pogliano (2004).
7
 

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 peptidoglycan. Labeling was 

accomplished by installing an alkynyl tag with SNAk, then employing CuAAC to 

fluorescently label the peptidoglycan. Although CuAAC has been utilized many times 

to fluorescently tag the peptidoglycan,
9,10,11

 a downside to the method is that copper is 

toxic to cells.
12 

It has been demonstrated in this dissertation that PatB has lax substrate 
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specificity. Therefore the possibility of attaching a fluorophore directly to the 

peptidoglycan using PatB and a modified SNAc donor was explored. To that extent, 

SNAc-Bodipy was synthesized and assessed for its compatibility with PatB. PatB was 

able to fluorescently tag (NAG)3 using SNAc-Bodipy (Figure 6.3). 

 

 

Figure 6.3: SNAc-Bodipy was synthesized and installed onto (NAG)3 by PatB. 

Upon treatment with PatB and SNAc-Bodipy, the ΔOat cells appear to be 

labeled, but the labeling seems to be non-specific as the whole cell is green (Figure 

6.4). In contrast, the WT cells appear to have more localized areas of labeling 

throughout the cells, and the fluorescence signal intensity is similar in the presence or 

absence of PatB (Figure 6.5). It is interesting to note that the labeling does not appear 

to be localized at the septal ring area, which is different than the labeling that was 

observed in Figure 5.11 and 5.12. In the absence of PatB, similar labeling patterns 

were observed in the ΔOat and WT cells. In addition, the cells were also stained with 

WGA, but the signal does not appear to be localized in all four samples (Figure 6.4 

and 6.5). Ongoing work is aimed at optimizing this direct labeling strategy. 

Preliminary data is hopeful that the PatB/SNAc system could be employed to directly 

attach a fluorophore onto the peptidoglycan of bacterial cells. 
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Figure 6.4: SIM and corresponding DIC images of B. subtilis ΔOat cells labeled with 

SNAc-Bodipy by PatB 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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Figure 6.5: SIM and corresponding DIC images of B. subtilis WT cells labeled with 

SNAc-Bodipy by PatB 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 as Educational Tools 

I have long aspired to join the faculty ranks, and during the course of this 

dissertation, I have had numerous opportunities to pursue my passion of teaching. I 

was also very fortunate that two of the teaching projects directly connect with this 

dissertation through their emphasis of utilizing the bacteria and peptidoglycan as 

educational tools. 

The first project was an introductory course to biochemistry (Chem342) taught 

to sophomore level biochemistry majors prior to the traditional biochemistry I/II 

sequences the students would take in their junior year of college. The course was 

developed by Dr. Harold B. White, III at the University of Delaware.
13

 The course has 

a very different format (PBL) than most introductory courses. In lieu of a textbook, the 

students dissect primary literature articles to examine a central topic over time. For 

example, in recent years the class, “Beer, Bugs & Drugs,” has been taught by Dr. 

Catherine Leimkuhler Grimes with an emphasis on the understanding of bacteria and 

antibiotics over time (Figure 6.6).
13 

 

 

Figure 6.6: Timeline of the ten primary literature articles that students in Chem342 

Beer, Bugs & Drugs, will examine over the course of the semester. 

After reading each article, the students 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 their own. This approach 
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gives the students the opportunity to pursue the specific concepts that interests them. 

When they are in class, the students work in groups to share and discuss their learning 

issues with each other to gain a better understanding of the paper. Students will often 

have different learning issues, and this allows the students to see the paper from a 

different perspective. In 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 explaining concepts/techniques to each other also serves to 

boost students’ confidence. As a part of my duties, I performed demonstrations such as 

the iodine-starch dialysis experiment during class. Since the class is taken by 

sophomore students, many of them are not familiar with laboratory practices. The 

demonstrations help the students visualize the techniques presented in the articles. In 

addition, I helped the students build a timeline of historical events corresponding to 

the timeline of the articles to give them the perspective of how current issues could 

impact science. With Dr. Grimes’ guidance, I also co-developed a POGIL activity on 

amino acids that served as an introduction to the topic for the students. Even though 

the format of the class is different 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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Table 6.1: A selection of biochemical topics, concepts and techniques that students 

encounter in the articles they read for Chem342 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 chromatography 

-Anaerobic Fermentation -Azotometer -Antibiotics 

-Henderson-Hasselbalch 

equation 

-Fisher, Newman, and 

Haworth projection 

-Minimal Inhibitory 

Concentration 

-Sterile techniques -Continuous assays -Resistance 

-Bacterial cultures -Non-continuous assays -ADP coupled assay 

-Enantiomers and 

diastereomers 

-Bacterial cell wall 

biosynthesis 

-Innate immune 

activation 

-Balanced equations -Km/Kcat -Ninhydrin staining 

-Chirality and optical 

rotation 

-Ion exchange 

chromatography 

-Size exclusion 

chromatography 

-Solubility -SDS page gel -Cofactors 

-Dialysis -Kd/Ka Etc… 

 

The class described here is not only unique, but also effective. A brief 

biochemistry quiz is administered on the first and last day of class to assess students’ 

growth during the semester. On average, the students’ scores improved ~10-20% on 

the post quiz from the pre quiz, which correlates to a normalized gain of 0.321.
13

 

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), is in 

collaboration with Dr. Jennifer Gallo-Fox in the Department of Human Development 

and Family Studies at the University of Delaware. Many early childhood educators do 

not have a strong science background, and thus tend to shy away from teaching 
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science in their classrooms. One of the goals of the project was to connect Dr. Gallo-

Fox’s early childhood educators in HDFS413 with the budding biochemists in Dr. 

Grimes’ Chem342 class. The hope is that these connections will last beyond their time 

at UD providing a forum to facilitate the sharing 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 responsible for 

presenting a poster (edited by Dr. Grimes and me) on a concept they learned from an 

article of their choice, and the HDFS413 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 growth of this 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 setting, scientists typically grow bacteria on agar plates supplemented 

with Lysogeny Broth (LB) medium.
14

 Both the LB medium and agar could be difficult 

for an early childhood educator to obtain, thus we sought to create a similar “plate” 

with more readily accessible ingredients. To that end, alternative “plates” suitable for 

bacterial growth were constructed using gelatin and chicken bouillons. The gelatin 

serves as the solidifying agent while the chicken bouillons provide the nutrients. The 

new “plates” were evaluated for their ability to grow bacteria. The alternative “plates” 

were able to grow bacteria after an overnight incubation at 37
o
C, and the growth is 

comparable to that observed with a traditional LB-agar plate (Figure 6.7).  
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Figure 6.7: Comparison of bacterial growth on a traditional 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 lives. As a part of the 

introductory lesson, the children could swab various areas and items to determine what 

items or which area harbors the most bacteria. The lesson could further be expanded to 

include a discussion on why children should clean their hands with soap or purell 

frequently. Subsequent lessons could explore the various types of bacteria and their 

purposes.  

The experiences I have gained from these two educational projects have helped 

me grow and develop tremendously. As a researcher, my ability to articulate my 

research improved greatly as a result of the projects. In addition, I acquired numerous 

teaching tools that will aid me in my journey to become a better instructor, and I 

greatly look forward to implementing all that I have learned in my future classrooms. 

This dissertation has provided me with a strong platform to tackle my next career step. 
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SPECTROSCOPIC DATA 

 

 

Figure A.1: 
1
H NMR Spectra (CDCl3) of pNP-Ak Compound (2).

 1
H NMR (400 MHz, 

Chloroform-d) δ 8.31 (d, 2H, benzyl), 7.36 (d, 2H, benzyl), 1.55 (s, 1H, 

CCH). 

Appendix 

A.1 NMR 

A.1.1 NMR of pNP Derivatives 
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Figure A.2: 
13

C NMR Spectra (CDCl3) of pNP-Ak Compound (2).
 13

C NMR (151 

MHz, Chloroform-d) δ 154.38, 149.81, 145.93, 125.53, 122.38, 78.26, 

73.64.  
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Figure A.3: 
1
H NMR Spectra (CDCl3) of pNP-Az Compound (3).

 1
H NMR (400 MHz, 

Chloroform-d) δ 8.31 (d, 2H, benzyl), 7.36 (d, 2H, benzyl), 4.20 (s, 2H, 

CH2N3).  
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Figure A.4:
 13

C NMR Spectra (CDCl3) of pNP-Az Compound (3).
 13

C NMR (151 

MHz, Chloroform-d) δ 166.17, 154.66, 145.88, 125.52, 122.28, 50.55.  
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Figure A.5: 
1
H NMR Spectra (CDCl3) of pNP-Bn Compound (4). 

1
H NMR (400 MHz, 

Chloroform-d) δ 8.35 (d, 2H, benzyl), 8.21 (d, 2H, benzyl), 7.68 (t, 1H, 

benzyl), 7.55 (t, 2H, benzyl), 7.43 (d, 2H, benzyl).  
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Figure A.6: 
13

C NMR Spectra (CDCl3) of pNP-Bn Compound (4). 
13

C NMR (151 

MHz, Chloroform-d) δ 164.37, 155.84, 145.51, 134.40, 130.46, 128.93, 

128.62, 125.42, 122.79. 
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Figure A.7: 
1
H NMR Spectra (CDCl3) of SNAc Compound (6). 

1
H NMR (600 MHz, 

Chloroform-d) δ 6.02 (s, 1H, NH), 3.43 (q, J = 6.3 Hz, 2H, CH2NH), 

3.03 (t, J = 6.5 Hz, 2H, CH2S), 2.36 (s, 3H, acetyl), 1.97 (s, 3H, acetyl).   

A.1.2 NMR of SNAc Derivatives 
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Figure A.8: 
13

C NMR Spectra (CDCl3) of SNAc Compound (6).
 13

C NMR (151 MHz, 

Chloroform-d) δ 196.37, 170.30, 39.68, 30.72, 29.03, 23.28.  
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Figure A.9: 
1
H NMR Spectra (MeOD) of SNAz Compound (7). 

1
H NMR (400 MHz, 

Methanol-d4) δ 4.15 (s, 2H, CH2N3), 3.37 (t, J = 6.6 Hz, 2H, 

HNCH2CH2S), 3.09 (t, J = 6.6 Hz, 2H, HNCH2CH2S), 1.93 (s, 3H, 

acetyl).  
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Figure A.10: 
13

C NMR Spectra (CDCl3) of SNAz Compound (7).
 13

C NMR (101 

MHz, Methanol-d4) δ 195.55, 172.12, 57.45, 38.41, 27.72, 21.06. 
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Figure A.11: 
1
H NMR Spectra (CDCl3) of SNAk Compound (8).

 1
H NMR (600 MHz, 

Chloroform-d) δ 5.81 (s, 1H, NH), 3.44 (q, J = 6.1 Hz, 2H, 

HNCH2CH2S), 3.06 (t, J = 6.4 Hz, 2H, HNCH2CH2S), 2.81 (t, J = 7.2 Hz, 

2H, CH2CH2CCH), 2.54 (td, J = 7.2, 2.6 Hz, 2H, CH2CH2CCH), 1.99 (t, 

J = 2.6 Hz, 1H, CH2CH2CCH), 1.96 (s, 3H, acetyl).  
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Figure A.12: 13C NMR Spectra (CDCl3) of SNAk Compound (8). 13C NMR (151 

MHz, Chloroform-d) δ 198.01, 170.39, 81.90, 69.66, 42.55, 39.71, 28.80, 

23.37, 14.83. 
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Figure A.13: HRMS Spectra of pNP-Ak Compound (2). HRMS (ESI-pos) for 

C9H6NO4
+
 [M+H]

+
:
 
calculated 192.02913, observed 192.02921. 

A.2 HRMS 

A.2.1 HRMS of pNP Derivatives 
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Figure A.14: HRMS Spectra of pNP-Az Compound (3).
 

HRMS (ESI-pos) for 

C8H7N4O4
+
 [M+H]

+
: calculated 223.04618, observed 223.04630.  
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Figure A.15: HRMS Spectra of pNP-Bn Compound (4).
 

HRMS (ESI-pos) for 

C13H10NO4
+
 [M+H]

+
: calculated 244.06043, observed 244.06064. 
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Figure A.16: HRMS of SNAc Compound (6).
 
HRMS (ESI-pos) for C6H12NO2S

+
 

[M+H]
+
: calculated 162.05833, observed 162.05845. 

 

A.2.2 HRMS of SNAc Derivatives 
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Figure A.17: HRMS Spectra of SNAz Compound (7).
 

HRMS (ESI-pos) for 

C6H11N4O2S
+
 [M+H]

+
: calculated 203.05972, observed 203.05939.  
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Figure A.18: HRMS Spectra of SNAk Compound (8).
 

HRMS (ESI-pos) for 

C9H14NO2S
+
 [M+H]

+
: calculated 200.07398, observed 200.07380. 
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Figure A.19: IR Spectra of pNP-Az Compound (3).
 
IR shift: 2105.73cm

-1
 (Azide). 

 

Figure A.20: IR Spectra of SNAz Compound (7).
 
IR shift: 2099.29cm

-1
 (Azide). 

A.3 IR 


