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ABSTRACT 

Biochemical Characterization of 
Peptidoglycan O-Acetyltransferases 

Patrick J. Moynihan  Advisor:                :       
University of Guelph, 2013 Anthony J. Clarke 

The O-acetylation of the essential cell wall polymer peptidoglycan is a major virulence 
factor identified in many bacteria, both Gram positive and Gram negative, including 
Staphylococcus aureus, Bacillus anthracis, Neisseria gonorrhoeae and N. meningitidis.  With 
Gram-negative bacteria, the translocation of acetate from the cytoplasm is thought to be 
performed by an integral membrane protein, PatA. The acetate is then transferred to 
peptidoglycan by a peripheral membrane O-acetyltransferase PatB, whereas a single bimodal 
membrane protein, OatA, appears to catalyze both reactions of the process in Gram-positive 
bacteria.  Only phenotypic evidence existed in support of these pathways because no in vitro 
biochemical assay was available for their analysis, which reflected the complexities of 
investigating integral membrane proteins that act on a totally insoluble and heterogeneous 
substrate such as peptidoglycan.  In this thesis, I present the first kinetic and biochemical 
analysis of a PG O-acetyltransferase using PatB from N. gonorrhoeae as the model system.  The 
enzyme has specificity for muropeptides that possess tetrapeptide stems on muramoyl residues 
and with simple chitooligosaccharides as substrates, rates of reaction increase with increasing 
degrees of polymerization to 5/6.  The data provided here strongly supports a mechanism 
whereby catalysis occurs by a double-displacement nucleophilic pathway involving a ping-pong 
bi-bi mechanism that proceeds through a covalent acetyl-serine intermediate.  In addition to the 
catalytic serine, the aspartic acid and histidine residues that complete the catalytic triad were 
identified.  I then applied the tools developed for the analysis of PatB to the Gram-positive O-
acetyltransferase, OatA. The preliminary characterization of the catalytic domain of that 
enzyme detailed in this thesis will form the basis for future high-throughput screening with the 
goal of identifying OatA inhibitors. This information will be valuable for the identification and 
development of peptidoglycan O-acetyltransferase inhibitors, which could represent potential 
leads to novel classes of antibiotics. Together, these data solidify our understanding of the 
mechanism by which an important bacterial virulence factor is produced and pave the way for 
future development of novel antimicrobials. 
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 1 

 Introduction Chapter 1:

 General Introduction 1.1.
The following material is meant to be an introduction to the topic of peptidoglycan (PG) 

O-acetylation and its role in the bacterium. Therefore, this chapter will bring the reader through 

the process of PG biosynthesis, degradation and finally its modification. Portions of this 

introduction have been published as a review article in the International Journal of 

Biochemistry and Cell Biology as the following: 

P.J. Moynihan, A.J. Clarke, O-Acetylated peptidoglycan: Controlling the activity of 
bacterial autolysins and lytic enzymes of innate immune systems, Int J Biochem Cell Biol. 
43 (2011) 1655–1659. 

 Peptidoglycan 1.2.
PG is composed of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic 

acid (MurNAc) residues linked periodically by short peptides at the C-3 lactyl moiety of 

MurNAc (Figure 1.1). Further modifications to the glycan backbone are generally limited to the 

N-acetyl group or the C-6 hydroxyl moiety. For example, N-deacetylation is observed in many 

species of bacteria while N-glycolylation is a hallmark of Mycobacterium tuberculosis and other 

closely related organisms (Azuma et al., 1970; Hayashi and Araki, 1973). Attachment of teichoic 

acids, other surface polymers such as capsular polysaccharides and arabinogalactans and O-

acetylation have all been observed at the C-6 hydroxyl moiety (Abrams, 1958; Deng et al., 2000; 

Strominger and Ghuysen, 1963). The structure of the stem peptide is generally well conserved 

amongst closely related bacteria, although variation can occur within an individual organism, 

while stem peptide composition typically diverges along phylogenetic lines (Schleifer and 

Kandler, 1972). The resulting macromolecule (sacculus) envelops the entire cell contributing to 

shape and providing essential strength against the cell’s turgor pressure, thereby maintaining 

the integrity of the cytoplasmic membrane.  

The basic structure of PG as presented in Figure 1.1 is not a complete picture of the 

sacculus. Often viewed as an inert mesh-like bag, PG is highly dynamic. For example, Neisseria  
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Figure 1.1 General structure of PG. Depicted here are the basic structures for the A1! 
and A3α PG chemotypes as designated by (Schleifer and Kandler, 1972). R1 and R2 
represent extended glycan chains. Abbreviations: mDAP – meso-diaminopimelic acid. 

gonorrhoeae has been demonstrated to turn over as much as 50% of its cell wall during growth 

(Hebeler and Young, 1976). PG modification and turnover has been shown to be essential for 

numerous processes including the insertion of flagella and pili and for transitioning into 

swarmer cells (Nambu et al., 1999; Strating et al., 2012; Wehbi et al., 2010). This plasticity 
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requires a host of enzymes and systems to synthesize and maintain PG structure with exquisite 

control of both timing and location of PG synthesis. 

 Biosynthesis of peptidoglycan 1.2.1

The biosynthesis of PG is generally considered to be a compartmentalized process with 

three main areas of synthesis: 1) the cytoplasm, 2) the cytoplasmic membrane and 3) the 

periplasm. The cytoplasmic steps can be further subdivided into the formation of UDP-

activated sugars and the addition of the stem peptide.  

Formation of UDP-sugars 

Biosynthesis of PG begins with the formation of UDP-activated sugars (Figure 1.2). The 

generation of UDP-MurNAc requires the activity of several enzymes starting with the formation 

of glucosamine (GlcN)-6-phosphate. GlcN-6-P can be made in three ways. First, GlcNAc 

harvested by the cell from processes such as PG recycling can be converted to GlcN-6-P through 

the activity of Nag enzymes. Secondly, glucosamine can be converted to GlcN-6-P through the 

action of GamP. Finally, the formation of GlcN-6-P from fructose-6-phosphate stores in the cell 

is catalyzed by GlmS, consuming a glutamate molecule in the process. Due to the fact that the 

product of GlmS can be returned to fructose-1-P by NagB or GamA, this component of the 

pathway has been demonstrated to be a gate-keeping step in Staphylococcus aureus between 

glycolysis and PG synthesis via formation of UDP-GlcNAc (Komatsuzawa et al., 2004). This is 

likely the case for other bacteria, although UDP-GlcNAc has many fates aside from PG 

biosynthesis, including protein glycosylation (Linton et al., 2005), secondary cell wall 

polysaccharide formation (reviewed in Schäffer and Messner, 2005) and lipopolysaccharide 

synthesis (Larkin and Imperiali, 2009) among others.  

GlmM is a phosphoglucosamine mutase that generates GlcN-1-P from GlcN-6-P. This 

enzyme can also perform the same activity on glucose-1-P, although with reduced efficiency 

(Jolly et al., 1999). A single bifunctional enzyme is subsequently responsible for the conversion 

of GlcN-1-P to UDP-GlcNAc. GlmU is able to catalyze the transfer of the acetyl group to the 

amino moiety of GlcN from Ac-CoA and function as a uridyltransferase (Mengin-Lecreulx and 

van Heijenoort, 1994). These activities occur in a fixed order with the uridylation following 
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acetylation. 

                      

Figure 1.2. The formation of UDP-MurNAc and UDP-GlcNAc. Abbreviations: GlcN – 
glucosamine, GlcNAc – N-acetylglucosamine, AcCoA – acetyl-coenzyme A, UTP – 
uridine triphosphate, UDP – uridine diphosphate, Glu – glutamate, PEP – 
phosphoenolpyruvate. EC numbers are listed below each enzyme.  Parts of this figure 
were adapted from Barreteau et al., 2008 and Vincent et al., 2005. 

The activity of MurA represents the first truly committed step in PG biosynthesis. MurA 

catalyzes an enolpyruvyl transfer, generating UDP-3-lactoyl-GlcNAc and it is inhibited by UDP-

MurNAc (Brown et al., 1995; Marquardt et al., 1992; Mizyed et al., 2005). This form of 

inhibition has been proposed to act as a control mechanism for PG biosynthesis (Brown et al., 

1995). The final enzyme required for the synthesis of UDP-MurNAc is MurB. MurB is a UDP-

N-acetylmuramate dehydrogenase. The mechanism of this enzyme follows two half reactions. 

Initially FAD is reduced to FADH2 by NADPH with the release of NADP+. Binding of UDP-

GlcNAc-enolpyruvate is followed by reduction of the vinylic enol ether by FADH2. The resulting 

product is UDP-MurNAc (Anwar and Vlaovic, 1978; Benson et al., 1993). 
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Biosynthesis of UDP-MurNAc-pentapeptide 

With an available pool of UDP-activated sugars, the bacterium continues the process of 

PG biosynthesis by attaching the peptide stem to UDP-MurNAc (Figure 1.3). While a diverse 

array of stem-peptides are possible (see Schleifer and Kandler (1972) for a detailed description 

and nomenclature), the pathway to the synthesis and ligation of the stem peptide is widely 

conserved in bacteria. Indeed, almost all bacteria investigated to date share a common 

pentapeptide stem consisting of L-Ala-D-Glu-DA-D-Ala-D-Ala, where DA represents a diamino 

 

  

Figure 1.3 Biosynthesis of UDP-MurNAc-pentapeptide. Abbreviations: UDP – uridine 
diphosphate, DA – diamino acid (usually mDAP or Lys). EC numbers are listed below 
each enzyme.  Parts of this figure were adapted from (Barreteau et al., 2008). 

acid.  In Gram negative bacteria the DA is typically meso-diaminopimelic acid (mDAP), while in 

Gram positive bacteria lysine generally fills this role, although alternatives such as ornithine are 

observed (Schleifer and Kandler, 1972). Despite this conservation, within an individual 

organism there can be variation in peptide stem composition. The PGs of E. coli and S. aureus 

for instance are known to contain terminal glycine residues in a small subset of the total 
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muropeptide pool, which is correlated with growth conditions (de Jonge et al., 1996; Mengin-

Lecreulx et al., 1982). A dipeptide of Lys and Arg is also frequently attached to the stem peptide 

(GlcNAc-MurNAc-tripeptide-Lys-Arg) as they are a component of Braun’s lipoprotein left 

behind when the protein is removed from PG (Magnet et al., 2007).  

Biosynthesis of Lipid I and Lipid II 

The second stage of PG biosynthesis occurs at the cytoplasmic membrane. Upon 

formation of UDP-MurNAc-pentapeptide, the bacterium has generated a suitable substrate for 

MraY. This enzyme was recently crystallized and it catalyzes the transfer of phospho-MurNAc-

pentapeptide from UDP-MurNAc-pentapeptide to the lipid carrier undecaprenyl phosphate 

(C55-P) forming Lipid I (Chung et al., 2013; Ikeda et al., 1991). The activity of this enzyme is 

essential to the bacterium. With the formation of Lipid I, the next, and final cytoplasmic stage of 

PG biosynthesis is the ligation of UDP-GlcNAc to Lipid I forming Lipid II. This reaction is 

carried out by MurG and in Gram-negative bacteria it represents the final stage in synthesis 

before Lipid II is translocated through the cytoplasmic membrane (Figure 1.4) (Trunkfield et al., 

2010). In Gram-positive bacteria such as S. aureus, a penta-glycine bridge is attached to the ε 

amino group of Lys prior to the translocation of Lipid II. The first Gly residue is transferred by a 

non-ribosomal peptidyltransferase called FemX (Hegde and Shrader, 2001). A related enzyme, 

FemA, transfers the next two Gly residues and FemB completes the penta-glycine bridge (Hegde 

and Shrader, 2001; Rohrer and Berger-Bachi, 2003).  

The translocation of Lipid II across the membrane remains an area of much controversy. 

Recently, MurJ was proposed to carry out this function in E. coli (Ruiz, 2008). The evidence for 

this activity is a combination of bioinformatic data and the observation that depletion of MurJ, 

which is essential in E. coli, resulted in accumulation of Lipid II intermediates in the cytoplasm.  

Evidence from Bacillus subtilis, however, demonstrated that MurJ homologs do not play an 

essential role in that organism, despite being able to complement MurJ deletions in E. coli (Fay 

and Dworkin, 2009). If MurJ is in fact the Lipid II “flippase,” it would be expected that it, or a 

homolog of it, would be essential in all bacteria that have PG. More recently, FtsW has been 

demonstrated to catalyze Lipid II translocation in vitro (Mohammadi et al., 2011). While FtsW  
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Figure 1.4 Formation and translocation of Lipid II. The synthesis of Lipid II is a well-
understood event, however the mechanism of its translocation across the cytoplasmic 
membrane is not clear. EC numbers: MraY – 2.7.8.13, MurG – 2.4.1.227.  

was suggested to act as a flippase more than a decade ago, data to support this conjecture was 

absent (Höltje, 1998).  The development of a novel flippase assay has allowed for the conclusive 

demonstration that FtsW is capable of translocating Lipid II across membranes in 

proteoliposomes whereas MurJ was not (Mohammadi et al., 2011). This is an excellent example 

where the development of a novel assay created an opportunity for the exploration of an 

important biological process. It is thus likely that FtsW is the authentic flippase, although the 

role of MurJ remains unclear. Recent homology modeling and in vivo topological studies 

support the conclusion that MurJ is a membrane-bound transporter, however a clear 

demonstration of its substrate is lacking (Butler et al., 2013). It is possible that E. coli possesses 

two Lipid II transporters (MurJ and FtsW), each associated with the division or the elongation 

machinery. Supporting the idea that several Lipid II transporters may exist, several bacteria lack 

an FtsW protein but contain homologs such as RodA and SpoVE. These have been proposed to 

be specialized flippases for elongation and spore formation, respectively (Mohammadi et al., 

2011). 
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Peptidoglycan transglycosylation and transpeptidation 

The underlying mechanisms that govern the incorporation of Lipid II into PG (Figure 

1.5) is an area of active research. The process minimally requires a protein(s) with 

transglycosylase and transpeptidase activity as is typical of certain penicillin binding proteins 

(PBPs). The nomenclature for the PBPs is unfortunately inconsistent. This is due in large part to 

the fact that PBPs were originally named based on their relative mobility in SDS-PAGE gels, 

rather than function or sequence conservation (Spratt, 1975) For example, PBP1 from E. coli 

does not possess the same function as PBP1 from S. aureus. 

 

Figure 1.5. Transglycosylation and transpeptidation of Lipid II.  

The various PBPs can be classified based on functional, structural and amino acid 

sequence data. The classification scheme of Goffin and Ghuysen (1998) has been updated by 

Sauvage et al. (2008) for this purpose. Class A PBPs include high molecular weight enzymes that 

possess transglycosylase activity in their N-terminal domain and transpeptidase activity in their 

C-terminal domain. The monofunctional transglycosylases are also grouped with the Class A 

PBPs. When grouped by sequence, subclasses A1 and A2 include only Gram-negative PBPs 
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whilst A3-A5 contain Gram positive enzymes. Class A6 includes unusual enzymes such as PBP2 

from Anabaena sp. and PBP1c from E. coli (Goffin and Ghuysen, 1998). Finally, all of the Class 

A PBPs from Streptococcus coelicolor and PBP1A from Mycobacterium tuberculosis, in addition 

to the mono-functional transglycosylases, comprise A7 (Sauvage et al., 2008). It is likely that as 

more PBPs are characterized this class will be further subdivided. The class B PBPs are related to 

the class A enzymes in that the C-terminal domain of these proteins has transpeptidase activity. 

The N-terminal domain, however, is less well understood and is thought to be involved in 

protein stability (Goffin et al., 1996), or for correct positioning relative to the membrane in 

order to interact with the PG (Matteï et al., 2010). Much like the class A enzymes, class B is 

further sub-divided based on sequence and structural similarity with clusters forming amongst 

Gram negative and Gram positive bacteria. Finally, the class C PBPs include various peptidases 

which act to cleave the stem peptide within the sacculus (discussed below). The precise role of 

this class of PBPs is an area of active research. Recently, the low molecular weight PBPs from E. 

coli were found to be important in the orientation of the septal FtsZ ring. Importantly, their 

absence in that organism results in asymmetric cell division and abnormal cell shapes (Potluri et 

al., 2012).    

 Bacterial Lytic Enzymes 1.2.2

The PG sacculus is not a static structure. As a bacterium grows, divides, builds flagella or 

various secretion apparatus, it must manipulate its cell wall. This requires the coordinated 

removal and insertion of material. With this in mind, it is not surprising that lytic enzymes exist 

with specificity for every major linkage within PG (Figure 1.6). As discussed above, the class C 

PBPs cleave the stem peptide. Indeed, enzymes have been characterized that have specificity for 

every peptide bond (Figure 1.6). As an example, PBPs 4 and 7 (EC: 3.4.16.4, 3.4.21.-) from E. coli 

cleave linkages between D-amino acids removing either the terminal D-Ala or breaking cross-

links formed between mDAP and D-Ala (Clarke et al., 2009; Romeis and Höltje, 1994). 

Amidases are an important class of peptidases which act by cleaving the entire stem peptide 

from MurNAc (Scheurwater et al., 2007a). These enzymes are generally produced as part of a 

PG recycling pathway, acting to prepare the GlcNAc-MurNAc (or anhydroMurNAc – discussed 

below) disaccharide for re-entry into the cell and recycling into new PG (reviewed in Johnson et 
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Figure 1.6. Bond specificity of murolytic enzymes. Murolytic enzymes cleave every 
major linkage in the PG backbone. Peptidases are named for the types of amino acid 
they cleave between (L or D) and the position at which they cut (endo or carboxy). R1 

and R2 represent polymerized or cleaved PG with the next residue being MurNAc or 
GlcNAc (or anhydroMurNAc) respectively. 
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 al., 2013). Interestingly, these enzymes are also frequently featured as lysins in bacteriophage or 

as an effector used in type VI secretion apparatus (Mahapatra et al., 2013; Russell et al., 2011). 

Of particular relevance to this thesis are enzymes that are active against the glycan 

backbone of PG. These include the 1,4-β-N-acetylmuramidases, or lysozymes, lytic 

transglycosylases (LTs) and 1,4-β-N-acetylglucosaminidases. Each of these enzymes is 

important for different reasons. The lysozymes are a large family of hydrolytic enzymes 

produced by an enormous number of organisms. In many cases these are used as defense 

mechanisms against infection. The LTs are non-hydrolytic, autolytic enzymes produced by the 

bacterium or in some cases by bacteriophage. LTs are believed to be involved in a host of 

processes from the insertion of macromolecular structures to general PG maintenance 

(reviewed in Scheurwater et al., 2007b). While lysozymes and LTs have specificity for the same 

bond, they catalyze their reactions via different catalytic mechanisms. The reaction products for

the two enzymes are highlighted in Figure 1.7.  

Structures of several of these enzymes have been solved and unsurprisingly lysozymes 

and LTs adopt a similar fold (Blake et al., 1965; van Asselt et al., 1999). Intriguingly, productive 

binding to hen egg white lysozyme (HEWL) requires far more extensive contacts with the 

glycan than do LTs, such as Slt70 (van Asselt et al., 1999). In the case of lysozyme, contacts with 

the acetoamido groups of three GlcNAc residues and the C-6 hydroxyls of three MurNAc 

residues are important for activity (Blake et al., 1965;). For this reason, a tetrasaccharide is a 

poor substrate for lysozyme as compared to a hexasaccharide or greater. From the perspective of 

catalysis, these contacts have been shown to be very important. The loss of the N-acetyl groups 

or modification of the C-6 hydroxyl prevents productive binding by HEWL and thus the glycan 

is not cleaved (Blake et al., 1965; Clarke et al., 2000). Contacts formed by LTs are less well 

conserved; however, it is clear from the product of the reaction that an unmodified C-6 

hydroxyl is required for the reaction to be completed. High-resolution studies of the impact of 

PG N-deacetylation on LTs have not been carried out due to a lack of appropriate substrate for 

these analyses. Given the diversity of these enzymes (for example there are at least 8 LTs in E. 

coli) (Scheurwater and Clarke, 2008), it is likely that the impact would be enzyme specific. The 
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study of PG active enzymes in general is made challenging by the lack of biologically relevant, 

homogenous substrate. Indeed the availability of suitable substrate is a significant problem in 

most PG-related research.  

 
Figure 1.7. Reactions schemes of lysozymes and lytic transglycosylases. The hydrolytic 
activity of lysozymes generates a reducing MurNAc residue and a non-reducing GlcNAc 
residue. LTs also produce a non-reducing GlcNAc, however an intermolecular 
rearrangement of MurNAc results in a 1,6-anhydroMurNAc product thus cleaving the 
glycan without the addition of water. R1 is the peptide stem. R2 and R3 represent 
polymerized or cleaved PG with the next residue being GlcNAc or MurNAc (or 
anhydroMurNAc) respectively. 

 Autolytic enzymes are so-named because their uncontrolled activity results in lysis of the 

bacterium. As an example of this, ß-lactam antibiotics exploit the delicate balance between 

synthesis and degradation to achieve bacterial lysis. As the synthesis of PG is halted by ß-

lactams, the autolysins (some of which are not inhibited by this class of antimicrobials) continue 

to cleave the PG resulting in a weakened sacculus that eventually ruptures due to the cellular 

turgor pressure (Yao et al., 2012). It is clear that bacteria have developed mechanisms to 

maintain control over their autolytic enzymes.  

In summary, the metabolism of PG is a highly dynamic process. The needs of the 

organism require an exquisite balance between PG synthesis and degradation. It is thus 
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unsurprising, as alluded to above, that organisms that wish to kill bacteria have taken advantage 

of this ‘bacterial Achilles heel’ (Coyette and van der Ende, 2008). Bacteriophages arm 

themselves with PG active lysins (Loessner et al., 1997), virtually all multicellular organisms 

produce some form of lysozyme (Bachali et al., 2002; Mason and Taylor, 1975), and bacteria and 

fungi have developed natural antibiotics with specificity for PG or its enzymatic machinery 

(Fleming, 1929).  

 Bacterial response to PG active elements 1.2.3

Despite the barrage of PG destructive elements produced in nature, bacteria are able to 

grow and even thrive in the presence of such dangerous molecules. They do so by either 

degrading the targets of those compounds or modifying their target. For example, to elude the 

activity of penicillins, PBPs with poor affinity for these compounds have evolved, thereby 

providing a measure of protection against them (Kim et al., 2012; Lovering et al., 2012).  

Bacteria have also evolved proteins that can degrade these antibiotics (Abraham and Chain, 

1940). This form of antibiotic resistance represents a significant struggle in modern healthcare 

as antibiotic resistant organisms are thriving in the hospital environment.   

More relevant to this thesis is the direct modification of PG to elude bacteriolytic 

attacks. A summation of structural modifications conferring resistance to antimicrobial 

compounds and enzymes is shown in Figure 1.8. 

Changes to PG during sporulation 

Bacterial endospores (hereafter referred to as spores) are produced by two taxa within 

the phylum Firmicutes. These are the aerobic Bacillaceae (e.g. Bacillus anthracis) and the 

anaerobic Clostridia (e.g. Clostridium difficile) (Galperin et al., 2012). The process of sporulation 

is an evolutionarily conserved form of cellular differentiation. Cells replicate their DNA, divide 

asymmetrically and, after a short period of time, the smaller of the two portions of the cell 

(termed forespore) develops into a mature spore. In contrast to the parental vegetative cell, the 

spore is resistant to a wide range of conditions including resistance to ultraviolet (UV) 

radiation, chemicals such as H2O2, extreme heat, and desiccation (reviewed in Nicholson et al., 

2000). One of the hallmarks of sporulation is the formation of a distinct spore cell wall, one of 



 

 14 

the components of which is a specialized PG layer. In Bacillus subtilis, changes to PG include the  

 

 

 

Figure 1.8. Modifications of PG relating to resistance to antimicrobial compounds. 
Numerous modifications enhance bacterial fitness with respect to antimicrobial 
compounds. The functions (inset) of many have been studied, although the precise role of 
many such as amidation of D-isoGlu and mDAP and the N-glycolyl modification found in 
Mycobacterium tuberculosis remains unclear. This list is not exhaustive as other 
modifications such as the amidation of Asp residues in PG of some bacteria have been 
observed. These are poorly understood and thus not included. While depicted in this figure 
as being part of the same muropeptides (A1! shown here), many of these modifications are 
not found within the same organism and are unlikely to be included in the same 
muropeptides in biologically relevant contexts. References for the inset table: 1. Gilmore et 
al., 2004 2. Boneca et al., 2007 3. Bera et al., 2006 4. Raymond et al., 2005 5. Münch et al., 
2012 6. Bugg et al., 1991 7. Girardin, 2003 8. Rosenthal et al., 1980 9. Maidhof et al., 1991.  
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absence of C-6 linked teichoic acids and a reduction in cross-linking due to the removal of a 

high percentage of stem peptides. While approximately 24% of MurNAc residues have their 

stem peptide cleaved to a single L-Ala residue, the removal of up to 50% of the stem peptides is 

linked to the conversion of MurNAc residues to muramic-δ-lactam (Figure 1.8). This results in 

as few as 26% of MurNAc residues retaining stem peptides appropriate for cross-linking. This is 

in contrast to the approximately 40% of stem peptides involved in cross-linking in vegetative 

cells. While the significance of the alterations in cross-linking and stem-peptide length are not 

immediately clear, a growing body of research has demonstrated that the muramic-δ-lactam 

formation is a specificity determinant for lytic enzymes important for germination (Chen, 2004; 

Chen et al., 2000). Indeed it has been proposed that by only placing muramic-δ-lactam in the 

spore cortex but not the germination PG (the wall material retained by a germinating cell that 

exists internal to the cortex PG in the spore) the organism is able to rapidly degrade the cortex 

without destroying its germination PG, an event that would lead to lysis (Popham, 2002).  

Changes to PG conferring antibiotic resistance 

Several classes of antibiotics are active against PG or PG biosynthetic machinery. The β-

lactam class of antibiotics includes a large number of naturally derived products and their 

synthetic variants. All of the β-lactams kill bacteria via a similar mechanism, the inhibition of 

the transpeptidation reaction. The β-lactam ring acts as a substrate mimic of transpeptidases 

due to their structural similarity to the D-Ala-D-Ala terminus of Lipid II (Figure 1.9). 

 
Figure 1.9. Comparison of the structure of penicillin and the D-Ala-D-Ala terminus of 
the stem peptide. The R group on the penicillin can be any of a number of modifications 
giving rise to a vast number of antibiotics ranging in potency and spectrum. The R-group 
on the D-Ala-D-Ala is the remainder of the stem peptide, the composition of which will 
vary depending on the organism. Adapted from Lecoq et al., 2012. 
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Binding of a β-lactam culminates in a covalent modification of the active site 

nucleophile, which is removed very slowly by the enzyme. Despite the impressive ability of these 

small molecules to kill a large number of bacteria, amazing levels of resistance exist, and have 

existed for millions of years (Bhullar et al., 2012). One mechanism of resistance to β-lactam 

antibiotics is the production of a specialized class of PBPs termed β-lactamases. These enzymes 

are produced by bacteria in response to cell wall stress and efficiently cleave the β-lactam ring 

rendering the drug ineffective. While these enzymes will not be discussed in detail here they 

have been recently functionally classified in a review by Bush and Jacoby, (2010). Aside from the 

β-lactamases, several modifications to the PG have been associated with increased β-lactam 

minimum inhibitory concentrations (MICs). As depicted in Figure 1.8, the most common 

alterations to PG in β-lactam resistant organisms are the type and degree of PG-cross links 

found within the sacculus (Rosenthal et al., 1980). These changes are brought about by the use 

of enzymatic pathways that are insensitive to β-lactams. For example, an enzyme (Ldtfm) was 

recently identified in Enterococcus faecium which catalyzes L,D-cross-linkages. Given that the L-

Lys-D-Ala involved in this form of cross-linkage is not mimicked by the β-lactam, 

transpeptidation in organisms expressing Ldtfm is resistant to this class of antibiotics (Mainardi 

et al., 2005). Related to this, it has also been shown that the length of the Gly bridge in S. aureus 

is important for β-lactam resistance (Maidhof et al., 1991).  

Glycopeptide antibiotics represent a unique antibiotic class in that they bind to the PG 

substrate itself (the D-Ala-D-Ala terminus of the stem peptide), rather than enzymes that are 

active on PG (Bugg et al., 1991). Thus, glycopeptides such as vancomycin also inhibit 

transpeptidation of the PG. This class of antibiotics has a relatively wide spectrum amongst 

Gram-positive organisms and acquired resistance is thought to be less common due to the 

requirement of several genes for a resistant phenotype. Despite this, vancomycin resistance is a 

significant health care concern. In resistant organisms the sensing of vancomycin results in the 

expression of a series of van genes whose protein products catalyze the alteration of the stem 

peptide to a D-Ala-D-Lactate or D-Ala-D-Ser (Bugg et al., 1991). These stem peptides are able to 

act as substrates for transpeptidase reactions, but they are not suitable binding partners for 

vancomycin (reviewed in Courvalin, 2006).  
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Changes to PG conferring resistance to lysins. 

As discussed above, it is essential for bacteria to produce and control a number of lytic 

enzymes in order to maintain the PG sacculus. Apart from these, bacteria must also be able to 

cope with enzymes produced by hosts, bacteriophage or other nearby bacteria in order to thrive 

in their environmental niche. One mechanism to evade such attacks is the modification of the 

PG substrate required for lytic activity.  

N-Deacetylation of PG can occur at either GlcNAc or MurNAc residues. This feature 

was first identified in 1971 by Araki and colleagues in Bacillus cereus and it was subsequently 

shown to be a factor for the lysozyme resistance in that organism (Araki et al., 1971; Hayashi 

and Araki, 1973; Maidhof et al., 1991; Rosenthal et al., 1980). As discussed above, the N-acetyl 

moieties of GlcNAc are essential for productive binding in the active site of lysozyme. In B. 

anthracis, however, it has been shown that instead of GlcNAc being deacetylated, MurNAc is 

modified (Zipperle et al., 1984). A list of organisms known to de-N-acetylate their PG is shown 

in Table 1.1. 

 O-Acetylpeptidoglycan 1.2.4

The O-acetylation of PG occurs specifically at the C-6 hydroxyl group of muramoyl 

residues in PG of most bacteria that perform this modification generating the 2,6-N,O-diacetyl 

derivative (Figure 1.8). The O-acetylation of GlcNAc residues was postulated to occur also in 

Bacillus anthracis to account for the results of mutagenesis studies where multiple PG O-

acetylation systems have been identified with distinct phenotypes being observed in strains 

lacking individual systems (Laaberki et al., 2011). Recently the O-acetylation of GlcNAc was 

demonstrated in another Gram-positive bacterium, Lactobacillus plantarum (Bernard et al., 

2011).  

As the greatest diversity in PG structure is found in Gram positive bacteria (Schleifer 

and Kandler, 1972), it is likely that more examples of GlcNAc O-acetylation will be discovered. 

Modification of both amino-sugars occurs non-stoichiometrically with levels typically ranging 

between 20% and 60% of the respective amino-sugar. The extent is strain specific and 

dependent on culture age (Clarke, 1993; Clarke and Dupont, 1992; Clarke et al., 2000; Pfeffer et 
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al., 2006). For example, increases of 10–40% O-acetylation are observed with cultures of 

Enterococcus faecalis upon entering stationary phase and a further 10–16% when cells become 

viable but non-culturable (VBNC) (Pfeffer et al., 2006). Similar observations have been made 

with B. anthracis where the levels of PG O-acetylation of these cells growing in batch culture 

increase with time (John Pfeffer - unpublished data).  

Table 1.1. Organisms known to N-deacetylate their PG. Adapted and expanded from Vollmer, 
2008. 

Species Percentage Reference(s) 
B. anthracis 88% (GlcN); 34% MurN Zipperle et al., 1984 

B. cereus 77% (GlcN); 50% (MurN) Araki et al., 1971; Zipperle 
et al., 1984 

B. subtilis 16%, 19% (GlcN); 0%, 33% (MurN) (two 
strains) 

Atrih et al., 1999; Zipperle 
et al., 1984 

Bacillus thuringensis 88% (GlcN); 26% (MurN) Zipperle et al., 1984 
E. coli/ Bdellovibrio 
bacteriovorus 

ND – B. bacteriovorous modifies the E. coli 
PG during infection 

Thomashow and 
Rittenberg, 1978 

Enterococcus faecalis ND (GlcN) Benachour et al., 2012; 
Hébert et al., 2007 

Lactobacillus fermentum 
ND (mostly GlcN, 

some MurN) 

Logardt and Neujahr, 
1975 

Lactococcus lactis 10% (GlcN) Meyrand et al., 2007 
Listeria monocytogenes ND (GlcN) Boneca et al., 2007 
Micrococcus lysodeikticus ND (MurN) Hoshino et al., 1972 
Rhodopseudomonas 
sulfoviridis P1 ND Schmelzer et al., 1982 

Rhodopseudomonas 
palustris ND Schmelzer et al., 1982 

Rhodopseudomonas. 
viridis 70% (GlcN) ND (MurN) Schmelzer et al., 1982 

Streptococcus pneumoniae 40-80% (GlcN) 10% (MurN) Ohno et al., 1982; Vollmer 
and Tomasz, 2002 

Streptococcus suis <1% of total muropeptides; likely increased 
in an infection model Fittipaldi et al., 2008 

O-AcetylPG was discovered more than 50 years ago in the cell walls of E. 

faecalis and M. lysodeikticus and the modification has since been found in 49 other species of 

bacteria, both Gram positive and Gram negative, including species of Staphylococcus, Neisseria, 

Campylobacter, Proteus and Bacillus (including B. anthracis) (Bera et al., 2006; Clarke, 1993; 

Clarke and Dupont, 1992; Clarke et al., 2000; Pfeffer et al., 2006). Indeed, to date only a few  
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organisms have been shown to not O-acetylate their PG; notable exceptions include Escherichia 

coli and Pseudomonas aeruginosa (Clarke, 1993; Clarke et al., 2010). 

Table 1.2. Bacteria known to O-acetylate their PG. 

Gram negative O-acetylating Bacteria Gram positive O-acetylating Bacteria 
Acinetobacter lwoffi Photorhabdus luminescens Bacillus anthracis Listeria monocytogenes 
Acinetobacter anitratus Proteus mirabilis Bacillus cereus Macroccous caseolyticus 
Bacteroides fragilis Proteus myxofaciens Bacillus megaterium Micrococcus luteus 
Bacteroides thetaiotamicron Proteus penneri Bacillus subtilis Ruminococcus flavefaciens 
Bradyrhyizobium japonicum Proteus vulgaris Enterococcus durans Staphylococcus aureus 
Campylobacter jejuni Providencia alcalifaciens Enterococcus faecium Staphylococcus epidermidis 
Chrombacterium violaceum Providencia heimbachae Enterococcus faecalis Staphylococcus haemolyticus 
Morganella morganii Providencia rettgeri Enterococcus hirae Staphylococcus hyicus 
Neisseria gonorrhoeae Providencia stuartii Lactobacillus acidophilus Staphylococcus lugdunensis 
Neisseria lactamica Pseudomonas alcaligenes Lactobacillus casei Staphylococcus saccharolyticus 
Neisseria meningitidis Synchocystis sp. Lactobacillus fermentum Staphylococcus saprophyticus 
Neisseria perflava 

 
Lactobacillus plantarum Streptococcus pneumoniae 

  
Lactococcus lactis 

 

 Biosynthesis and control 1.3.
Pathways for PG O-acetylation 

Until 2005, very little was known about the pathway(s) for PG O-acetylation. Early 

biochemical evidence indicated that it is a maturation event occurring after the assembly (viz. 

transglycosylation and transpeptidation) of PG precursors into the existing sacculus (Gmeiner 

and Kroll, 1981; Gmeiner and Sarnow, 1987; Lear and Perkins, 1983; 1986; 1987; Snowden and 

Perkins, 1991). Thus, it was recognized that the source of acetate for this modification must be 

transported from the cytoplasm to the PG sacculus through the cytoplasmic membrane. 

Progress was finally made with the release of the genome sequences of S. aureus and N. 

gonorrhoeae in 2005 that led to the identification of two distinct PG O-acetylation systems 

specific to Gram-positive and Gram-negative bacteria, respectively. 

Bera et al. (2005) identified the oatA gene as being responsible for O-acetylation of 

muramoyl residues in S. aureus (Figure 1.10). Homologs of OatA have been identified in several 

other Gram-positive bacteria, including species of Streptococcus (Crisóstomo et al., 2006), 
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Bacillus cereus and B. anthracis (Laaberki et al., 2011), Lactococcus lactis (Veiga et al., 2007) and 

L. plantarum (Bernard et al., 2011). The oatA gene encodes a hypothetical integral membrane 

protein that is predicted to contain two domains. The N-terminal half is classified as an 

acyltranslocase and it possesses 11 hypothetical transmembrane helices (Bera et al., 2005). The 

C-terminal module appears to be globular and it is predicted to be surface exposed. A lysine rich 

region in this module has been proposed to be the site of catalytic activity (Bera et al., 2006) but 

closer analysis suggests that it has the fold of SGNH/GDSL hydrolases, complete with the 

signature catalytic triad of Asp, His and Ser residues. Preliminary data support the importance 

of the Asp and Ser in conferring O-acetylation (Bernard et al., 2011).  

As eluded to above, a paralog of OatA, named OatB, was identified in B. anthracis by 

Laaberki et al. (2011) and it was demonstrated to contribute to the overall level of O-acetylation 

of PG, but no obvious phenotype was observed with a deletion mutant. It was speculated that 

OatB was modifying GlcNAc although this was not confirmed experimentally. Bernard et al. 

(2011) identified a different enzyme, also named OatB, in L. plantarum, Lactobacillus sakei and 

Weissella paramesenteroides. Phenotypic analysis of mutant strains lacking the oatA and oatB 

genes showed that they were required for the O-acetylation of MurNAc and GlcNAc 

respectively. Other experiments in the same report showed that while the O-acetylation of 

MurNAc contributed to lysozyme resistance in L. plantarum, O-acetylation of GlcNAc did not. 

Importantly, direct evidence for the O-acetylation of PG by these enzymes is still lacking. No 

biochemical analysis of either enzyme has been reported; in fact, until recently no in vitro assay 

had been developed to monitor the O-acetylation of any extracellular polysaccharide. 

Nonetheless, the mode of action of OatA and OatB is postulated to involve the transfer of 

acetate from cytoplasmic pools of acetyl-CoA to acceptor sites on PG following their 

translocation across the cytoplasmic membrane. 

  Gram-negative bacteria do not encode homologs of OatA or OatB but instead they 

produce a second family of enzymes for PG O-acetylation. Using N. gonorrhoeae as the model 

system, Weadge et al. (2005) first identified a cluster of genes, named oap for O-acetylation of 

PG, that encode hypothetical acetyltransferases (Figure 1.10). PG O-acetyltransferase (Pat) A 

was identified as a member of the MBOAT family but it appears to be composed of only a single 
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module involving ten hypothetical membrane-spanning helices. Notably, it does not share 

significant sequence similarity with OatA. PatB, on the other hand, is a peripheral membrane 

protein localized to the periplasm. Shortly after this initial report, a second group identified the 

same genes but unfortunately they named them pacA and pacB (for peptidoglycan acetylase) 

(Dillard and Hackett, 2005). I recommend the former nomenclature be adopted given the 

convention already established for other acetyltransferases, including the Oat enzymes. In 

addition to being present in Gram-negative bacteria, oap clusters are present in some species of 

the Gram-positive genus Bacillus, including B. anthracis (Laaberki et al., 2011; Weadge et al., 

2005). With B. anthracis, both Oat and Pat systems have been demonstrated to be required to 

achieve wild-type levels of O-acetylation of its PG (Laaberki et al., 2011).  

 

Figure 1.10. Model for the O-acetylation of PG. The O-acetylation of PG proceeds by 
different pathways in Gram-negative and Gram-positive bacteria. 

PatA remains uncharacterized, but PatB has been the topic of an initial biochemical 

study which included work from my M.Sc. and some experiments conducted shortly thereafter 

(Moynihan and Clarke, 2010). The key findings of those experiments included cellular 

fractionation studies in E. coli, which demonstrated that the N. gonorrhoeae protein was 

localized to the periplasm, suggesting that it is likely the protein is located in the periplasm in N. 

gonorrhoeae as well (Moynihan and Clarke, 2010). This would be consistent with prior work 

demonstrating that O-acetylation of PG occurs in the periplasm following transpeptidation as 

described above. The O-acetyltransferase activity of the enzyme was demonstrated by its ability 



 

 22 

to generate O-acetylPG in E. coli, an organism that does not natively produce the modification 

(Moynihan and Clarke, 2010). Furthermore, PatB was shown to preferentially bind PG lacking 

O-acetyl modifications and it was also found to not bind chemically de-O-acetylated PG from B. 

cereus. In contrast to the PG of both N. gonorrhoeae and N. meningitidis, B. cereus PG is 

amidated at its D-Glu residue, generating D-Gln and it is lacking N-acetyl groups on both amino 

sugars and it is thus likely that one or both of these modifications are the cause of the poor 

binding of PatB to B. cereus PG (Antignac et al., 2003; Martin et al., 1987; Severin et al., 2004).  

The activity of PatB appears to be dependent upon a functional acetate translocator as 

evidenced by the N. gonorrhoeae strain RD5 which lacks PatA and consequently has reduced O-

acetylation (~16% in RD5; ~55% in FA1090) (Dillard and Hackett, 2005; Swim et al., 1983). 

Further evidence for this is provided by experiments in E. coli where the presence of a PatA 

paralog, WecH appeared to be required for O-acetylation (Moynihan and Clarke, 2010).  WecH 

is an MBOAT protein involved in the O-acetylation of enterobacterial common antigen, 

although its mechanism remains unclear (Kajimura et al., 2006). Thus PatA and PatB are 

postulated to function as a two-component system for PG O-acetylation (Figure 1.10). As an 

integral membrane protein, PatA would function like OatA or OatB to translocate acetate across 

the cytoplasmic membrane for PatB in the periplasm and its subsequent transfer to PG. A 

detailed study of the mechanism of PatA activity and a clear demonstration of an interaction 

between PatA and PatB is required. 

Control of O-acetylation 

Little is known about the regulation of PG O-acetylation at either the genetic or enzyme 

level. In silico analysis of the oap cluster in N. gonorrhoeae suggests that the genes are 

transcribed from a common promoter (Weadge et al., 2005) a hypothesis which was confirmed 

by Veryier et al. (2013) but the nature or existence of an inducer/regulator remains unknown. 

With the Gram-positives, the expression of oatA in L. lactis has been linked to cell-wall stress 

(Veiga et al., 2007). A two-component system, CesSR, is responsible for sensing cell-wall 

damage. This system up-regulates the expression of spxB which leads to increased production of 

OatA. This finding clearly illustrates the importance of PG O-acetylation in terms of bacterial 

response to host immunity (discussed below). 
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Association of the acetyltransferases with ‘murosomes,’ extraplasmatic vesicular 

structures containing autolysins (Giesbrecht et al., 1985) and/or PG ‘replicase’ holoenzymes, 

membrane-bound complexes of enzymes responsible for PG biosynthesis (Höltje, 1998), may 

provide another level of control for the modification, at least with Gram-negative bacteria. As 

evidence for this, PG O-acetylation was shown to decrease when PBP 2, a transpeptidase 

required for PG maturation and a component of the PG replicases, is inactivated (Dougherty, 

1985). This suggests an interaction between O-acetyltransferase proteins and the PBP. Clearly 

though, the regulation of expression and localization of the enzymes involved in PG O-

acetylation require further detailed investigation. 

In addition to encoding the O-acetyltransferases, the oap clusters of Gram-negative 

bacteria also encode esterases for the removal of the modification. With a single-layered PG 

sacculus, the ability to remove localized O-acetylation by these bacteria would be essential for 

their continued growth and division which involves the generation of insertion sites by the LTs 

of murosomes/replicases for the incorporation of PG precursors. Presumably, this is not a 

requirement for the multi-layered PG sacculus of Gram-positive bacteria and moreover, being 

exposed to the environment, it is likely that the retention of the O-acetylation on their PG helps 

preserve them from exogenous lysozymes. Again using N. gonorrhoeae as the model, the ape (O-

acetylpeptidoglycan esterase) gene product was found to have specificity as an O-acetylPG 

esterase (Weadge and Clarke, 2006). The availability of soluble substrate analogs, such as p-

nitrophenyl acetate, together with the soluble nature of the enzyme has permitted a detailed 

characterization of their mechanism of action which indicates that they belong to the GDSL 

superfamily of serine esterases and thus use a catalytic triad of Ser, His and Asp residues to 

catalyze the release of acetate from PG (Pfeffer et al., 2013; Weadge and Clarke, 2007). Hence, 

the Gram-negative bacteria would appear to balance the expression and activities of their Pat 

and Ape enzymes to provide sites for cleavage by the LTs as required. Evidence for this was 

recently reported by Veyrier et al (2013) when it was shown that the pat and ape genes are 

expressed as part of an operon. How the activity of the Ape esterases is localized and controlled 

to permit site-specific cleavage of PG is currently unknown, but it is possible that they too 

comprise the murosomes/replicases, at their leading front. Another finding of Veyrier et al. 
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demonstrated that Ape is restricted in vivo to deacetylating GlcNAc-MurNAc-tripeptide, which 

may have implications in PG chain length regulation. 

  Biological function 1.4.
Physiological role of PG O-acetylation 

It is generally accepted that the O-acetylation of PG serves to control autolysin activity. 

There is no doubt that the presence of acetyl groups at the C-6 hydroxyl group of muramoyl 

residues would preclude the activity of the LTs thus requiring their removal for continued PG 

biosynthesis and maintenance. LTs require a free C-6 hydroxyl moiety in order to form their 

1,6-anhydroMurNAc product and thus the presence of an acetyl group at the C-6 hydroxyl 

precludes this activity. The importance of PG O-acetylation to PG biosynthesis is supported by 

the observations that both the ape and patB genes appear to be important for viability, 

morphology and virulence, at least for N. gonorrhoeae and N. meningitidis (Moynihan and 

Clarke, 2010; Veyrier et al., 2013; Weadge and Clarke, 2006) and presumably other Gram-

negative bacteria that O-acetylate their PG. Even with apparent redundant systems, the 

inactivation of just PatA in B. anthracis caused significant growth defects (Laaberki et al., 2011). 

However, as noted above, Gram-positive bacteria do not appear to encode  esterases. Whereas 

these bacteria do produce LTs, which thus would only be active at sites lacking O-acetylation, 

they appear to use a broader complement of major autolysins with respect to specificity. In this 

regard, a zymogram-based method has been developed to provide a preliminary analysis of the 

specificity of individual autolysins produced by different bacteria for O-acetylated PG. An 

analysis of the autolysins produced by P. mirabilis using this assay indicated that some enzymes 

have specificity for either O-acetylated or non-O-acetylated PG whereas others display no clear 

preference toward either of the two substrates (Strating and Clarke, 2001). Later studies of the 

major autolysins of S. aureus (Biswas et al., 2006) and L. plantarum (Bernard et al., 2011) 

suggest they are more active toward O-acetylated PG. 

Species of Bacillus appear to be unique in their ability to produce O-acetyltransferases 

from both known classes. Moreover, both B. anthracis and B. cereus encode two pairings of 

PatA/PatB in addition to both an OatA and OatB (Laaberki et al., 2011). The separate systems 
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appear to have particular functions within the organism as the oap genes were found to be 

required for both septation and the anchoring of the cell’s S-layer. This conclusion stems from 

the observation that mutant strains lacking both oap clusters failed to properly retain Sap, one 

of the main components of the S-layer. The Oat proteins, on the other hand, appear to play a 

more generic role to maintain the overall level of the modification in vegetative cells. It is 

possible that one or both Oat proteins is/are involved in pathogenesis. 

In Gram-positive bacteria the physiological role of OatA appears to be multifactorial. 

While it is clear that OatA-catalyzed MurNAc O-acetylation is responsible (in part or whole) for 

lysozyme resistance in numerous Gram-positive bacteria (Bera et al., 2006; Bernard et al., 2012; 

Laaberki et al., 2011), it is interesting to note that the N-terminal trans-membrane region of the 

protein appears to play an important role in cell septation. Recent work by Bernard et al. (2012) 

demonstrated severe septation defects in a ∆oatA L. plantarum strain. They did not however, 

see a similar phenotype in a strain that produced an OatA that is catalytically inactive (through 

amino acid substitutions to the conserved Ser and Asp of its C-terminal domain), or completely 

lacking the C-terminal domain. Furthermore, YFP fusions of the N-terminal domain were 

found to localize to the septum. The authors of this study proposed that the OatA protein, (but 

not its O-acetyltransferase capacity) is involved in the uncoupling of elongation and division 

phases of growth, the correct positioning of the septum and inhibition of the division process by 

the Min system. There was also no observable impact on the relative amount of teichoic acid, a 

molecule anchored to the same C-6 moiety as O-linked acetate (Bernard et al., 2012). It is clear 

that more remains to be discovered about the precise role of O-acetylation and that these results 

are likely to be highly species specific. 

Pathobiological implications 

The molecular mechanisms and interactions that define the complicated role of PG in 

infection and immunity only recently have begun to be clarified and a great deal of contention 

over these systems exists. It is, however, abundantly clear that O-acetyl PG contributes to 

pathogenesis. Earlier studies with N. gonorrhoeae (Rosenthal et al., 1982) and P. mirabilis 

(Dupont and Clarke, 1991) demonstrated a direct relationship between the extent of the 

modification and sensitivity of PG to lysozymes, including the enzyme present in human sera. 
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Binding of PG to lysozyme involves an extensive H-bonding network between the C-6 hydroxyl 

moieties of three MurNAc residues and amino acids that line the active site cleft of the enzyme 

(Blake et al., 1965). The steric hindrance caused by the O-acetylation of the C-6 group results in 

a significantly weaker affinity of the enzyme for the modified substrate (Clarke et al., 2000). The 

direct effect of this on the pathogenicity of various staphylococcal species was demonstrated by 

Bera et al. (2005, 2006). As a component of innate immune systems, lysozyme acts as one of the 

first lines of defense against invasive bacteria by hydrolyzing PG thereby resulting in cell 

rupture. Resistance to this enzyme thus confers a selective advantage to a bacterium. 

Interestingly, lysozyme resistance has also been demonstrated to be involved in the pro-

inflammatory and arthrogenic properties of PG (Fleming et al., 1986). At the molecular level, 

the O-acetyl modification of S. aureus PG strongly inhibits production of the cytokine IL-1ß, 

while at the same time rendering S. aureus resistant to lysozyme-based killing in macrophages 

(Shimada et al., 2010). This is especially relevant in cutaneous infections, where IL-1ß is thought 

to be very important for neutrophil recruitment (Miller et al., 2007). To compound this issue, 

the negative consequences of PG O-acetylation for the host continue after an organism has been 

cleared as it has been demonstrated that the persistence of large lysozyme resistant PG 

fragments can lead to inflammation and eventually rheumatoid arthritis (Fleming et al., 1986). 

The importance of these systems for the bacterium was recently highlighted in 

Streptococcus pneumoniae (Davis and Weiser, 2011). In S. pneumoniae both an OatA homolog 

(Adr) and a PG N-deacetylase (PgdA) are required for full lysozyme resistance. Competition 

assays involving a double mutant of adr and pdgA showed that the organism incurs a fitness 

defect when it produces these proteins and the resulting PG modifications. This defect was 

compensated in an infection model where resistance to lysozyme is thought to be more 

important. The ability to evade host defense mechanisms is clearly enhanced by the O-

acetylation of PG. 

In B. anthracis, not only is the PG of vegetative cells found to be O-acetylated, spore PG 

also contains the modification. Presumably, as with VBNC cells of E. faecalis (Pfeffer et al., 

2006), the modification serves to protect PG from degradation and thereby contributes to the 

persistence of these potential pathogens (Laaberki et al., 2011; Liu et al., 2004). 
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 Possible medical applications 1.4.1
The rise of antibiotic resistance has made the need for new classes of antibiotics 

apparent, if not critical. A good antibiotic must cause the efficient clearing of a pathogen and its 

target must be specific and unique to the bacterium. With these requirements in mind, the 

enzymes responsible for PG biosynthesis and degradation are obvious antibiotic targets. 

Whereas many antibiotics in clinical use already target PG metabolism, there are a number of 

other enzymes and systems that could be exploited. Given its apparent role in pathogenesis, as 

well being important for growth and division (Moynihan and Clarke, 2010; Weadge and Clarke, 

2006), it is proposed that the enzymatic machinery responsible for PG O-acetylation represents 

one such exploitable element. For example, the inhibition of the Ape1 would lead to sustained 

high levels of O-acetylation thereby blocking LT activity and precluding continued cell growth 

and division.  

This approach has recently been explored in both a high-throughput screen and through 

rational synthesis of inhibitors. A screen of more than 3000 compounds against Ape1 using a 

fluorogenic substrate yielded several potential inhibitors. One such compound, purpurin, was 

found to prevent growth of both Gram-positive and Gram-negative bacteria, but only those 

species that produce both O-acetylated PG and Ape (Pfeffer and Clarke, 2012). A method for 

the generation of water-soluble substrates for Ape1 that can be functionalized to generate 

transition state mimics has been described recently (Hadi et al., 2011). Studies examining the 

catalytic mechanism of Ape1 were also recently completed yielding important insights into the 

likely structure of catalytic intermediates (Pfeffer et al., 2013; Weadge and Clarke, 2007). Of 

more importance to this study, inhibition of the O-acetyltransferases would affect the control of 

autolysins, at least the LTs, and permit their rampant lytic activity. Indeed, strains of 

Streptococcus pneumoniae lacking a functional OatA were found to have reduced minimum 

inhibitory concentrations for ß-lactams (Crisóstomo et al., 2006), a class of antibiotic that 

requires the activity of autolysins to exert its bacteriocidal effect. It is also clear that inhibition of 

OatA in at least some organisms would reduce lysozyme resistance and could thus conceivably 

result in clearance of a pathogen by the hosts’ innate immune system. To this end, the complete 

biochemical analysis of the Oat-type and OAP enzymes is required together with structural 

information. With respect to the latter, no structure of any of the enzymes described above has 

been solved and, in fact, to date very little information is available for related systems. 
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 Summary and rationale for study 1.5.
The O-acetylation of PG represents an important biological process about which very 

little is understood at the biochemical level. As a component of the PG biosynthetic machinery 

it is also a logical target for exploitation by antibiotic agents or chemical biology probes. 

Research leading up to this thesis identified PatB as the protein responsible for the O-

acetylation of PG in N. gonorrhoeae and other Gram-negative bacteria. The aim of this thesis 

research was to demonstrate convincingly the catalytic mechanism and substrate preference of 

this class of enzyme using PatB as a model. In order to do this novel methods and assays were 

developed. Finally, using the tools developed for PatB an exploration of the catalytic domain of 

OatA was carried out.  
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 Materials and Methods Chapter 2:

 Chemicals and Reagents 2.1.
Acrylamide and glycerol were purchased from Fisher Scientific (Nepean, ON), while 

isopropyl β-D-1-thiogalactopyranoside was from Roche Diagnostics (Laval, PQ) and 

chitooligosaccharides were products of Toronto Research Chemicals (Toronto, ON) or 

Carbosynth (Berkshire, UK).  All growth media were from Difco Laboratories (Detroit, MI).  

Ni2+-Nitrilotriacetic acid agarose (Ni2+NTA-agarose) was supplied by Qiagen (Valencia, CA), 

Source Q was purchased from GE Healthcare (Piscataway, NJ), graphitized carbon solid phase 

extraction columns (Carbograph SPE) were products of Grace Canada, Inc. (Ajax, ON), and 

Hypercarb Porous Graphitized Carbon (PGC) columns were supplied by Thermo Electron 

Corp. (Rockford, IL).  Mouse anti-His6 antibody was obtained from Santa Cruz Biotechnology 

Inc. (Santa Cruz, CA).  Unless otherwise stated, all other chemicals and reagents were purchased 

from Sigma-Aldrich Canada Ltd. (Oakville, ON). 

 Bacterial Strains and Culture Conditions 2.2.
The strains of bacteria used in these studies and their genotypes are presented in Table 

2.1. N. gonorrhoeae strains were grown for 24 h at 35 °C on GC medium base supplemented 

with Kellogg’s defined supplement (Kellogg et al., 1963; Pagotto et al., 2000) in a humid, 5% CO2 

environment as previously described (Moynihan and Clarke, 2010).  Plasmids constructed 

during these studies were all screened and maintained in E. coli DH5α.  Routine growth of S. 

aureus was achieved on Tryptic soy agar or in Tryptic soy broth at 37 °C. Disk diffusion 

experiments were carried out using Mueller-Hinton agar. When expression of high levels of 

protein was required, E. coli BL21*-λDE3 cells were always freshly transformed with the desired 

expression plasmid and grown in Super Broth (5 g of sodium chloride, 20 g of yeast extract and 

32 g of tryptone) at 37 °C with agitation. E. coli growth cultures were supplemented with 

chloramphenicol (35 mg x mL-1), ampicillin (100 mg x mL-1) and kanamycin (50 mg x mL-1) 

when required.  
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Table 2.1. Strains and plasmids used in this thesis. 

Strains Genotype Source 
E. coli BL21* (DE3) F- ompT hsdSB (rB

-mB
-) gal dcm rne131 (DE3) Novagen 

E. coli DH5α fhuA2 lac∆U169 phoA glnV44 !80' lacZ∆M15 gyrA96 recA1 
relA1 endA1 thi-1 hsdR17 Invitrogen 

E. coli Top10 
mcrA, Δ(mrr-hsdRMS-mcrBC), !80lacZ∆M15, ΔlacX74, 
deoR, recA1, araD139, Δ(ara-leu)7697, galU, galK, 
rpsL(SmR), endA1, nupG 

Invitrogen 

Neisseria gonorrhoeae 
FA1090 Genome sequenced; StrepR (up to 200 µg x mL-1) Clarke lab strain collection, 

Dempsey et al., 1991 
Staphylococcus aureus 
SA113 

Restriction-deficient mutant derived from strain NCTC 
8325 

Clarke lab strain collection, 
Iordanescu and Surdeanu, 1976 

   
Plasmids   
pBAD His-A Arabinose-inducible araBAD expression vector, N-terminal 

His6 tag; AmpR Invitrogen 

pACPM22 pBAD His-A derivative encoding PatB truncated by its N-
terminal 36 amino acid residues; AmpR This study 

pACPM29 pBAD His-A derivative encoding OatAC beginning at 
OatASA113 amino acid 395; AmpR  

pACPM30 pBAD His-A derivative encoding PatB truncated by its N-
terminal 77 amino acid residues; AmpR This study 

pACPM31 pBAD His-A derivative encoding OatAC beginning at 
OatASA113 amino acid 435; AmpR This study 

pACPM32 pBAD His-A derivative encoding OatAC beginning at 
OatASA113 amino acid 428; AmpR This study 

pACPM33 
pET-SUMO derivative encoding PatB truncated by its N-
terminal 36 amino acid residues with an N-terminal His6-
SUMO tag; KanR 

This study 

pACPM34 pACPM33 derivative encoding PatB with a S133A mutation This study 
pACPM35 pACPM33 derivative encoding PatB with a D302A mutation This study 
pACPM36 pACPM33 derivative encoding PatB with a H305A mutation This study 
pSL3 pBAD18-Cm derivative encoding His6-PBP7Ec  Li et al., 2004 
pSL4 pBAD18-Cm derivative encoding His6-PBP4Ec Li et al., 2004 
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 Cloning and Plasmid Construction 2.3.

 Engineering of PatB 2.3.1

The plasmid pACPM22 was generated as a component of my M.Sc. thesis (Moynihan, 

2008). This plasmid encoded the patB gene from N. gonorrhoeae  FA1090 lacking its predicted 

N-terminal signal sequence. That protein product will be referred to as PatB∆36. As part of this 

research, the plasmid pACPM30, encoding an N-terminally truncated variant of PatB lacking a 

further 41 N-terminal amino acids was constructed by amplifying a portion of the patB gene 

from pACPM22 using primers 2 and 4 (Table 2.2). The resulting PCR product was then 

digested using appropriate restriction enzymes and ligated to a similarly digested pBADHis-A 

plasmid with the T4 DNA ligase. The SUMO-tagged variant of PatB was also generated by 

sub-cloning from pACPM22 (Moynihan, 2008). However, this product was amplified using 

primers 3 and 4 (Table 2.2) and directly ligated into the Champion pET-SUMO vector 

according to the manufacturer’s specifications yielding pACPM33. The expressed protein 

lacked its 26 amino acid, periplasmic-localizing signal sequence and possessed an N-terminal 

fusion of the His6 SUMO. 

 Site Directed Mutagenesis 2.3.2

The codons for Ser133, His305, and Asp302 (numbering is from the full-length 

unprocessed amino acid sequence) of patB were individually replaced with codons for Ala by 

site-directed mutagenesis using the QuickChange Site-Directed Mutagenesis KitTM 

(Stratagene, La Jolla, CA) with the appropriate primers (Table 2.2) and pACPM33 as the 

template.  Following PCR, Dpn I was added to the reaction mixture to remove the original, 

methylated template.  The remaining plasmids in the reaction mixture were then used to 

transform E. coli DH5α and the resulting clones were screened for the correct alterations by 

DNA sequencing (Guelph Molecular Supercentre, University of Guelph, Guelph, ON). 
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Table 2.2. Oligonucleotide primers used in this thesis. 

 Primer Name Oligonucleotide Sequence (5'-3') Target Cloning 
Vector Description 

1 PatB∆36 Fwd ACTGCTCGAGTACTGGCAGCAGACC pBADHis-A Forward primer for PatB lacking its N-terminal 
signal sequence; Xho I 

2 PatB∆77Fwd ATCGCTCGAGCTGTCCGGCGAAACGC pBADHis-A Forward primer for PatB lacking 77 N-terminal 
amino acids; Xho I 

3 PatBSUMOFwd TACTGGCAGCAGACCTACCAC pET-SUMO Redesigned primer 1 to facilitate ligation to 
pET-SUMO 

4 PatBRev CAGTAAGCTTTCATGGCTGTGTACTTGATGGTTG pBADHis-A/ 
pET-SUMO 

Reverse primer for patB from N. gonorrhoeae; 
Hind III  

5 PatBS133AFwd GCCGGAGATGCGCTGATGCAGGGCGTTGCGCC pACPM33 Forward primer for SDM of S133 

6 PatBS133ARev GCATCAGCGCATCTCCGGCGAAAAAGACTTTG pACPM33 Reverse primer for SDM of S133 

7 PatBH305AFwd GACGGCATAGCCTTTACCGCCGAAGGACAAAAAC pACPM33 Forward primer for SDM of H305 

8 PatBH305ARev GCGGTAAAGGCTATGCCGTCCTTACTGCGGTAGC pACPM33 Reverse primer for SDM of H305 

9 PatBD302AFwd GCAGTAAGGCCGGCATACACTTTACCGCCGAAGG pACPM33 Forward primer for SDM of D302 

10 PatBD302ARev GTGTATGCCGGCCTTACTGCGGTAGCGGACGGGT pACPM33 Reverse primer for SDM of D302 

11 OatACFwd CGAGCTCGAGAGTGGACAGTTTGATG pBADHis-A Forward primer for the N-terminal 400 residues 
of OatA from S. aureus; Xho I 

12 OatAC2Fwd CGAGCTCGAGACAGCGAATAGCAAAG pBADHis-A Forward primer for the N-terminal 368 residues 
of OatA from S. aureus; Xho I 

13 OatAC3Fwd CGAGCTCGAGGATAAGCAAGAGGATAAG pBADHis-A Forward primer for the N-terminal 360 residues 
of OatA from S. aureus; Xho I 

14 OatACRev CAGCCGAATTCTTATTTCTTATTTGTAGCATGTG pBADHis-A Reverse primer for oatA from S. aureus; EcoR I 
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 Protein Methods 2.4.

 Production and Purification of PatB 2.4.1

During the course of this thesis research, several PatB variants were generated. 

Production of each variant followed the same basic protocol. Cells were grown in 1 L of 

Super Broth at 37 °C to an OD600 of 0.6 and expression of protein was induced with isopropyl 

β-D-1-thiogalactopyranoside  (1 mM, final concentration) for pETSUMO based constructs 

or 0.2% arabinose for pBAD based constructs for 3 hours.  Cells were harvested by 

centrifugation (6,000 x g, 15 min, 4 °C). Cell pellets were never frozen due to loss of protein 

activity. Cell pellets were resuspended in 30 mL of 20 mM sodium phosphate buffer, pH 8.0 

containing 500 mM NaCl and 10 mM imidazole and subjected to lysis by four successive 

passages through a French pressure cell (American Instruments Corporation, Hartland WI), 

or an EmulsiFlex C-3 homogenizer (AVESTIN, Inc., Ottawa, ON) at 15,000 psi. The lysate 

was clarified by centrifugation (6,000 x g, 15 min, 4 °C) and protein was isolated by affinity 

chromatography on Ni2+-NTA. The resin was washed with the same phosphate buffer and 

bound proteins were eluted with the inclusion of 250 mM imidazole.  Recovered proteins 

were exhaustively dialyzed at 4 °C against 20 mM sodium phosphate buffer, pH 7.8 

containing 100 mM NaCl and 50 mM L-arginine. Following this, step-wise dialysis removed 

each buffer component (first NaCl then L-Arg). This sequence of buffer changes was found 

to be essential to retain PatB∆36 and SUMOPatB and their respective site-directed derivatives in 

solution, although it was not required for PatB∆77. PatB was further purified by anion-

exchange chromatography on Source Q.  Samples were applied to the resin, previously 

equilibrated in 20 mM sodium phosphate buffer, pH 7.8 at a flow rate of 1 mL x min-1 and 

the enzyme was recovered by application of a linear gradient of 0 - 1.0 M NaCl over 50 min.  

PatB eluted in approximately 100 mM NaCl. Protein purity was assessed for each 

preparation by SDS-PAGE using the ImageLab software package and was only used if 

deemed to be greater than 95% pure. The purified protein was maintained at 4 °C and used 

immediately.    
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 Production and purification of OatAC  2.4.2

Over-production of OatAC derivatives was achieved in E. coli BL21star [λDE3]. Cells 

were grown in 1 L of Super Broth at 37 °C to an OD600 of 0.6 and expression of protein was 

induced with 0.2% arabinose for 3 hours.  Cells were harvested by centrifugation (6,000 x g, 

15 min, 4 °C). Cells could be frozen for up to three months at -80 °C with no discernable 

impact on OatAC activity. Cell pellets were resuspended in 30 mL of 20 mM Tris buffer, pH 

8.0 containing 500 mM NaCl and 10 mM imidazole and subjected to lysis by four successive 

passages through an EmulsiFlex C-3 homogenizer (AVESTIN, Inc., Ottawa, ON) at 15,000 

psi. The lysate was clarified by centrifugation (6,000 x g, 15 min, 4 °C) and protein was 

isolated by affinity chromatography on Ni2+-NTA. The resin was washed with the same Tris 

buffer and bound proteins were eluted with the inclusion of 250 mM imidazole. Typically 

OatAC was purified to apparent homogeneity from Ni2+-NTA, however the presence of high 

concentrations of salt and imidazole were undesirable for down-stream applications. In 

order to remove salts, elution fractions were concentrated to ≤ 3 mL using an Amicon® 

Ultra-0.5 centrifugal filter (Millipore, Etobicoke, ON) equipped with a 10 kDa molecular 

mass cut-off, according to the manufacturer’s specifications. Concentrated protein was 

applied to a 15 mL Bio-Gel P-6DG (BioRad) column previously equilibrated with 20 mM 

Tris pH 8.0, 50 mM NaCl. Initial experiments to determine the elution profile involved 

samples being collected at 1 mL intervals with 2 µL used to assess the sample’s absorbance at 

280 nm using a Nanophotometer Pearl (Implen, Westlake Village, CA) and the remainder 

injected into an online HPLC conductivity meter (Lazar, Granger IN).  

 Production and purification of PBP4Ec and PBP7Ec   2.4.3

Over-production and purification of PBP4Ec and PBP7Ec was achieved using identical 

conditions to OatAC substituting sodium phosphate buffers for Tris buffers.  

 Biochemical Methods 2.5.
 Solid-phase extraction procedures 2.5.1

Purification of products for analysis by MS was achieved by solid phase extraction on 

graphitized carbon (SPEGC) using a modification of the method of Packer et al., (1998). 
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Reactions were added to SPEGC columns that had been previously washed with 1 column 

volume of acetonitrile and equilibrated with 3 column volumes of water. Flow was achieved 

using a Phenomenex vacuum manifold and all eluted fractions were collected for analysis. 

Final elution of non-acidic oligosaccharides was achieved with 50% ACN while acidic 

oligosaccharides were eluted with 50% ACN in 0.1% TFA. For the purification of PG 

digestion products, elution was achieved with a 3:1 mixture of 2-propanol:ACN with 0.1% 

TFA. Final removal of all bound material was achieved with 50% tetrahydrofuran. 

 HPAEC analysis of muropeptides 2.5.2

PG pellets were hydrolyzed to their constituent amino sugars and amino acids by re-

suspending the pellet in 150 µL of 6 M HCl and incubating the samples at 96 ºC for 1.5 h in 

vacuo. The acid was subsequently removed by evaporation in a heated vacuum chamber. 

Samples were then re-suspended in 150 µL of water, and any insoluble material was collected 

by centrifugation (13 000 x g, 15 min, room temperature). The supernatant was separated 

and 20 µL was analyzed for muramic acid content by high-pH anion-exchange separation on 

a PA20 CarboPAc analytical column (3 x 150 mm) with pulsed-amperometric detection, as 

previously described (Blackburn and Clarke, 2002). 

 Acetate quantification 2.5.3

Quantification of acetate was performed either by a coupled acetate 

kinase/phosphotrans-acetylase enzyme assay using the K-ACETRM kit (Megazyme, 

Wicklow, Ireland) or by high-performance liquid chromatography (HPLC)-based organic 

acid analysis. For HPLC, samples were loaded onto a Rezex ROA–Organic Acid H+
 
column 

at 60 °C using a Beckman System Gold HPLC instrument. Elution was performed 

isocratically with 5 mM H2SO4 at a flow rate of 0.6 ml/min, and acetic acid was detected at 

210 nm.  

 PG Purification 2.5.4

Bacterial cultures were grown to mid-log phase and isolated by centrifugation. 

Following this, PG was collected essentially as previously described (Dupont & Clarke, 1991, 
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Hoyle & Beveridge, 1984) with some minor modifications. Bacteria were collected by 

centrifugation (5 000 x g, 15 min, 4 °C) and resuspended in a minimal volume of 50 mM 

sodium phosphate buffer, pH 6.0 at 4 °C. The cell suspension was then added drop-wise to 

an equal volume of boiling 8% sodium dodecyl sulfate (SDS). The suspension was boiled for 

3 h under reflux. The insoluble PG was then sedimented by ultracentrifugation (160 000 x g, 

1 h, 25 °C) in a Beckman L8-M Ultracentrifuge (Beckman Coulter Canada Inc., Mississauga, 

ON) and washed repeatedly. The PG was subsequently frozen and lyophilized. 

Crude PG was further purified using enzymatic treatment based on a previously 

described method (Glauner et al., 1988). Lyophilized PG was re-suspended in a minimal 

volume of 50 mM sodium phosphate buffer (pH 6.0 – buffer A) and subjected to continuous 

sonication with a macro tip for 2 min using an Ultrasonic Liquid Processor (Mandel 

Scientific Instruments, Guelph, ON). This suspension was incubated for 2 h at 37 °C 

following the addition of α-amylase (100 µg x mL-1), DNase (10 µg x mL-1), RNase (50 µg x 

mL-1) and MgSO4 (20 mM). The suspension was then incubated for a minimum of 3 h 

following the addition of pronase (200 µg x mL-1), which was previously heat-treated for 2 h 

at 60 °C. The enzymatically treated PG was then added to an equal volume of boiling 8% 

SDS in buffer A and boiled under reflux for 3 h. The SDS-insoluble PG was collected by 

ultracentrifugation (160 000 x g, 1 h, 25 °C) and washed repeatedly with buffer A to remove 

any residual SDS. The PG was snap frozen again in a dry-ice/ethanol bath and lyophilized. 

 Isolation of soluble muropeptides 2.5.5

Following purification of E. coli PG, a 1 mg x mL-1 suspension in 50 mM sodium 

phosphate buffer pH 6.2, 0.2% NaN3, 5 mM MgCl2 was prepared by sonication. The 

sonicated PG was incubated at 37°C for 24h following the addition of hen egg white 

lysozyme (HEWL), PBP4Ec and PBP7Ec to final concentrations of 100 µg x mL-1 and 10 µg x 

mL-1 respectively. Following digestion, insoluble material was collected by centrifugation at 

20,000 x g and the supernatant was retained for further purification. Solubilized 

muropeptides were fractionated by SPEGC as described above. The eluted muropeptides were 

dried under vacuum in a Speedvac at 30 °C and kept at -20 °C prior to use. Muropeptides 
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were solubilized in 200 µL of ultrapure water and the concentration of muramic acid in the 

sample was determined by high pH anion exchange chromatography (HPAEC). 

 Purification and quantification of O-acetylated oligosaccharides 2.5.6

During the course of a typical enzyme assay, 100 µL samples of reaction mixtures 

were removed at 5-min intervals and quenched with the addition of 30 µL of cold 8% 

perchloric acid. Analysis of O-acetylated oligosaccharides was performed by adsorption 

chromatography on porous graphitic carbon using a Hypercarb PGC column (100 x 4.6 mm, 

3 µm) at 80 °C. Samples (50 µL) of quenched reactions were injected at 1 mL x min-1 onto the 

column previously equilibrated in Milli-Q water, and O-acetylated products were separated 

from substrate using a linear gradient from 0% to 50% acetonitrile over 50 min. 

Oligosaccharides were detected spectrophotometrically at 210 nm. 

 Protein characterization methods 2.6.

 Circular dichroism spectroscopy 2.6.1

In order to verify that enzymes with amino acid replacements were correctly folded, a 

circular dichroism (CD) spectrum was collected for each mutant and compared to the wild-

type enzyme. After purification proteins were dialyzed into 10 mM sodium phosphate buffer 

pH 7.0. Stepwise dialysis was carried out from the HPLC elution fraction (20 mM sodium 

phosphate buffer pH 8, ~100 mM NaCl) to prevent precipitation of the protein. Dialysis was 

carried out in 1 L of buffer for 4 h, reducing salt concentration by 50 mM and pH by 0.25 

units. The final dialysis step was repeated twice in order to ensure complete removal of 

NaCl. Failure to use this method resulted in the precipitation of the protein. Far-UV CD 

spectra were collected using a Jasco J-801 spectrapolarimeter. Proteins at a final 

concentration of 0.15 mg x mL-1 were added to 0.1-cm path length cuvettes and scanned at a 

speed of 50 nm x min-1, bandwidth of 1 nm, 4s, data pitch of 0.2 nm and a range of 180 to 

260 nm. Each spectrum was collected as an average of 6 data accumulations and was 

analyzed using the DichroWeb server with the Selcon3 program and protein reference set 4 

(Sreerama et al., 1999; Whitmore and Wallace, 2004). 
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 Steady-State Kinetics 2.6.2

Routine assays for the transacetylase activity of SUMOPatB or OatAC involved 

incubation of the enzyme (1.0 or 3.0 µM) in 50 mM sodium phosphate buffer (SUMOPatB) or 

Tris (OatAC), pH 6.5 at 37 °C with 4 mM p-nitrophenol acetate (pNP-Ac) (SUMOPatB) (in 5% 

ethanol, final volume) or 0.5 mM 4-methylumbelliferyl acetate (4MU-Ac) (OatAC) and 1 

mM chitooligosaccharide.  The progress of reactions was monitored spectrophotometrically 

at 420 nm for the release of p-nitrophenol, or at 355 nm for the release of 4-MU.  The rates 

of acetyl-donor hydrolysis (combined spontaneous and enzyme catalyzed) were obtained 

from negative control reactions that lacked added chitooligosaccharide and they were 

subtracted from complete reaction rates.  The ability of PatB to utilize other chromogenic 

acetyl donors was investigated by substituting pNP-Ac with 0.2 - 5 mM α-naphthyl-acetate 

(αN-Ac; in 5% ethanol, final concentration) and 4-methylumbelliferyl-acetate (4MU-Ac; in 

5% dimethylsulfoxide, final concentration). The release of α-naphthol was monitored 

spectrophotometrically at 320 nm. The release of CoA was monitored using 5,5'-dithiobis-

(2-nitrobenzoic acid) at 420 nm and the production of O-acetyl oligosaccharides was 

determined either by graphitized carbon HPLC or mass spectrometry following reaction 

clean-up by SPEGC. Likewise, the ability of PatB to utilize different acceptors was investigated 

by substituting chitopentaose with other chitooligosaccharides (DP 2 - 6), a hexamer of 

chitosan (β-(1→4)-linked glucoasmine), cellooligosaccharides (β-(1→4)-linked glucose; DP 4 

and 5), xylooligosaccharides (β-(1→4)-linked xylose; DP 4 and 6) and maltotriose (trimer of 

α-(1→4)-linked glucose).  

Michaelis-Menten parameters (kcat and Km) were determined by non-linear 

regression analysis of plots of initial velocity as a function of substrate concentration.  In all 

experiments n ≥ 3.  The order of the reaction mechanism of PatB was investigated using the 

same reaction conditions described above.  Reactions were conducted with fixed 

concentrations of pNP-Ac at 1, 2, 3 and 4 mM and variable concentrations of chitopentaose 

(0.5, 1, 2 and 4 mM).   Lineweaver-Burke plots were used for presentation purposes only to 

assess the rates of reactions for the various concentrations of substrates. 
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 Determination of reaction conditions 2.6.3

In order to assess the requirement of various metals for SUMOPatB activity, a panel of 

metals in addition to EDTA was screened.  Reactions were carried out as above including 5 

mM metal additive in 50 mM Tris, pH 6.5. The metals tested were CaCl2, MgCl2, FeSO4, 

CuCl2, ZnSO4, and MnSO4. EDTA was also used at a concentration of 5 mM. Other 

compounds assayed for their impact on SUMOPatB activity included NaCl (100 mM) and BSA 

(5 mg x mL-1). 

 pH Dependence of SUMOPatB 2.6.4

The dependence of SUMOPatB acetyl-transferase activity on pH was assessed by 

determining specific activities of reactions conducted in 50 mM ammonium acetate at pHs 4 

and 5, 50 mM sodium phosphate buffer for pHs 6 - 8 and 50 mM Tris at pH 8.5 and 9. 

Activity was calculated based on the total consumption of chitotriose as measured by 

graphitized carbon HPLC. Each reaction was carried out two or more times. 

 pH Dependence of OatAC 2.6.5

The dependence of OatAC esterase activity on pH was assessed by determining 

specific activities (in triplicate) of reactions conducted in 50 mM sodium citrate (pHs 5 and 

5.5), 50 mM sodium phosphate (pHs 5.5-8) and 50 mM Bis-Tris-propane (pHs 7.5 to 9). 

Activity was calculated based on the release of pNP as described above. Standard curves of 

pNP were generated for each buffer condition tested in order to accurately assess the 

concentration of the chromagen. 

 Chemical modification of predicted catalytic residues 2.6.6

Chemical modification of carboxylic side groups was performed by reaction of 1 µM 

SUMOPatB in 50 mM Bis-Tris-Propane buffer, pH 6.0 with 5 mM 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) for 18 h at 4 °C. Diethylpyrocarbonate (DEPC) 

was used to modify imidazolium rings of His residues by addition to protein at 5 mM at pH 

8 in 50 mM sodium phosphate buffer for 30 min at 25 °C. Finally, the modification of the 
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putative catalytic Ser residue was attempted by the addition of 0.5 mM phenyl-

methylsulfonylfluoride (PMSF) to SUMOPatB in 50 mM sodium phosphate buffer pH 6.5 and 

incubated for 30 min at 25 °C. A control reaction lacking the modifying compound in each 

case was incubated under similar conditions, and the activity of each enzyme mixture was 

compared to assays including the appropriate controls. 

 Trapping of the covalent-enzyme intermediate 2.6.7

An acetyltransferase reaction was initiated by the addition of 1 µM SUMOPatB in 1 mL 

of 50 mM sodium phosphate buffer pH 6.5 with 4 mM pNP-Ac and 1 mM GlcNAc5. After 1 

minute, the reaction was stopped by the addition of 5 mL of cold acetone. The precipitated 

protein was re-suspended in 100 µL of ammonium acetate buffer. In-solution digestion was 

achieved by addition of 0.1 µg of proteomic-grade trypsin to the reaction mixture which was 

incubated for 18 h at 37 °C. The resulting peptides were analyzed by LC-MS. 

 LC-MS analysis of tryptic peptides 2.6.8

Liquid chromatography–mass spectrometry (LC-MS) analyses of tryptic peptides 

were performed on an Agilent 1200 HPLC liquid chromatograph interfaced with an Agilent 

UHD 6530 Q-TOF mass spectrometer at the Mass Spectrometry Facility of the Advanced 

Analysis Centre, University of Guelph. A C18 column (Agilent AdvanceBio Peptide Map, 

100 mm x 2.1 mm 2.7 µm) was used for chromatographic separation with the following 

solvents: water with 0.1% formic acid for A and acetonitrile with 0.1% formic acid for B. The 

mobile phase gradient was as follows: initial conditions, 2% B increasing to 45% B in 40 min 

and then to 55% B in 10 more minutes followed by column wash at 95% B and 10 minute re-

equilibration. The first 2 and last 5 minutes of gradient were sent to waste. The flow rate was 

maintained at 0.2 mL x min-1. The mass spectrometer electrospray capillary voltage was 

maintained at 4.0 kV and the drying gas temperature at 350° C with a flow rate of 13 L/min. 

Nebulizer pressure was 40 psi and the fragmentor was set to 150. Nitrogen was used as both 

nebulizing and drying gas, and collision-induced gas. The mass-to-charge (m/z) ratio was 

scanned across the range of 300-2000 m/z in 4 GHz (extended dynamic range positive-ion 

auto MS/MS mode). Three precursor ions per cycle were selected for fragmentation. The 
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instrument was externally calibrated with the ESI TuneMix (Agilent). The sample injection 

volume was 100 µl. 

Raw data files were loaded directly into PEAKS 6 software (Bioinformatics Solutions 

Inc.) where the data was refined and subjected to deNovo sequencing and database 

searching. The following modifications were considered within the search parameters: Met 

oxidation and acetylation of Thr, Ser, Cys, Tyr and His residues. The data was searched 

against the SUMOPatB sequence. The tolerance values used were 10 ppm for parent ions and 

0.5 Da for fragment ions.   

 Exploration of substrate specificity 2.6.9

The presence of O-acetylated oligosaccharide derivatives was assessed by MALDI-

TOF mass spectrometry using 2,5-dihidroxybenzoic acid (DHB) as a matrix for non-amino 

sugars and 5-chloro-2-mercaptobenzothiazole (CMBT) for amino sugars or PG derivatives. 

Spectra were collected in positive mode on a Bruker Reflex III MALDI-TOF mass 

spectrometer in reflectron mode using a 337 nm nitrogen laser (set to 109 to 121 µJ output).  

 Determination of SUMOPatB and OatAC activity on soluble muropeptides 2.6.10

In order to assess the ability of SUMOPatB to catalyze transfer of acetate to soluble PG 

fragments, micro-plate assays were carried out as described above with the addition of 

soluble muropeptides at a final concentration of 2 mM. Completed reactions were pooled 

and muropeptides were isolated from the sample by SPEGC. Eluted reaction products were 

analyzed by ESI-MS on a Bruker Amazon Ion Trap mass spectrometer by direct infusion at a 

flow rate of 5 µL x min-1. The mass spectrometer was set to positive ion mode with a voltage 

of 4500 V, a nebulizing gas flow rate of 6 L x min-1 and a drying gas temp of 300 °C. The 

resulting mass spectra were analyzed in the open source mMass software package 

(Niedermeyer and Strohalm, 2012; Strohalm et al., 2008; 2010). 

 Inhibition assays 2.6.11

Each potential OatAC inhibitor was incubated with the enzyme at various 

concentrations (0 – 500 µM) for 15 min. Following reactions were initiated with the addition 
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of 0.5 mM 4MU-Ac (final). Final DMSO concentration in all cases was 10%, which was 

required to solubilize both the acetyl-donor and the potential inhibitor. Enzyme activity was 

monitored as described above and each reaction was assessed for the presence or absence of 

precipitate. Any inhibitor concentrations with a replicate containing precipitate were not 

included in the final analysis. Final esterase rates were normalized and IC50 curves were 

plotted using the GraphPad Prism 5 software. IC50 curves were generated by fitting the data 

to the log (inhibitor) vs. response function. 

 Other analytical techniques  2.7.

 Protein Techniques 2.7.1

Protein concentrations were determined using a bicinchoninic acid assay (Pierce, 

Rockford, IL).  SDS-PAGE on 12% acrylamide gels was conducted by the method of 

Laemmli (Laemmli, 1970) with Coommassie Brilliant Blue staining and Western 

immunoblot analysis as previously described (Moynihan and Clarke, 2010). 

 Disk diffusion assays 2.7.2

The ability of OatA inhibitors to sensitize S. aureus SA113 to lysozyme was assessed 

by the disk diffusion method. Using freshly prepared Mueller-Hinton agar that contained 

either 1 mg x mL-1 HEWL or inhibitor at a concentration of 100, 50 or 10 µg x mL-1 in 5% 

DMSO (final concentration). Plates were swabbed using a dacron sterile swab previously 

dipped in a an over-night culture of S. aureus SA133. A sterile filter disk impregnated with 

either 1 mg of lysozyme (in H2O) or 5 µg of inhibitor (in DMSO) was applied to the 

inoculated plate. Plates were grown over-night at 37 °C and evaluated for growth inhibition 

around the disk. Appropriate control disks lacking inhibitor or lysozyme but containing 

DMSO or water, respectively, were also assessed. 

 In silico analysis 2.8.
Identification of SUMOPatB and OatA homologs was carried out using the BLASTp 

search tool at the NCBI website (http://blast.ncbi.nlm.nih.gov/) (Altschul et al., 1990). 

Secondary and tertiary structural model predictions were generated using the Phyre2 
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prediction server (Kelley and Sternberg, 2009). Sequence alignments were conducted using 

the Praline alignment tool (http://www.ibi.vu.nl/programs/pralinewww) (Simossis and 

Heringa, 2005).  Parameters such as predicted pI, molecular weight and predicted extinction 

coefficient were generated using the ProtParam tool (http://web.expasy.org/protparam) 

(Gasteiger et al., 2005). Construction of plasmid maps and oligonucleotides and 

investigation of genomic sequences were conducted using the freely available ApE software 

package (http://biologylabs.utah.edu/jorgensen/wayned/ape) while enzyme kinetics and 

non-linear regression analysis was conducted using GraphPad Prism 5. 
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 Results Chapter 3:
 Analysis of PatB 3.1.

 In silico analysis 3.1.1

Based on sequence alignment studies, the patB gene of N. gonorrhoeae was originally 

predicted to encode an SGNH/GDSL-family esterase with similarity to the CAZy family CE-

3 O-acetylxylan esterases (Weadge et al., 2005) and  Ape1 (Weadge and Clarke, 2006), the 

latter being shown experimentally to function as a serine esterase (Weadge and Clarke, 

2007). Indeed, PatB shares 20.6% amino acid identity and 58.5% similarity with Ape1, 

including consensus motifs involving a potential catalytic triad of residues expected of a 

serine esterase.  Moreover, prediction algorithms provided a hypothetical structure of PatB 

with an α/β hydrolase fold typical of the GDSL esterases complete with the appropriate 

alignment of the predicted Asp-His-Ser catalytic triad (Figure 3.1).  Whereas my prior work 

showed that PatB was found to possess weak esterase activity, phenotypic assays 

demonstrated its true function to be a PG O-acetyltransferase (Moynihan, 2008).  However, 

the lack of an appropriate in vitro assay has precluded any understanding of its mechanism 

of action and whether or not the predicted catalytic triad residues are involved.  To 

compound this, the tertiary structure of any PG O-acetyltransferase is not known.  

 
Figure 3.1. Three-dimensional structure of the N. gonorrhoeae PatB as predicted 
by Phyre2. Residues 123-335 of PatB were threaded onto the SGNH hydrolase 
isoamyl acetate-hydrolyzing esterase from Sacchromyces cerevisiae (c3milA).  
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 Production and purification of PatB∆36  3.1.2

Upon completion of my M.Sc. thesis, I had developed a protocol by which I could 

purify modest yields of PatB∆36 (<1 mg x L-1 culture) (Moynihan, 2008). This protein was 

produced from the pACPM22 plasmid, which was generated using primers 1 and 4 (Table 

2.2). This enzyme is capable of O-acetylating PG both in vivo and in vitro, although 

quantification of the rate of acetylation remained elusive. Efforts to use this enzyme in 

reproducible enzymatic assays were problematic due to protein instability and precipitation. 

Given this, alternative protein constructs were sought. 

 Production and purification of PatB∆77 3.1.3

One of the major degradation products of PatB∆36 was a protein product with an 

apparent molecular mass of 29.4 kDa as determined by MALDI-TOF MS (Moynihan, 2008). 

It was hypothesized that this protein form might be stable. The deleted N-terminal region (as 

determined by Western immunoblot showing the lack of a His6-tag on the protein) did not 

contain any of the predicted catalytic residues or conserved motifs. With this in mind, a new 

vector (pACPM30) was generated using pACPM22 as a template with the same reverse 

primer (Table 2.2 - primer 4) used to construct pACPM22 but a new forward primer (Table 

2.2 - primer 2). This resulted in a further truncation of the gene by 41 codons to yield a 

protein with an expected mass of 28.4 kDa (the plasmid encoded His6-tag and enterokinase 

recognition site brought the final expected mass of the protein to 32.7 kDa). Purification of 

the enzyme was successful as the protein was produced in substantial yields (~15 mg x L-1 

culture) with relatively little apparent degradation (Figure 3.2). 

 Production and purification of SUMOPatB and its variants 3.1.4

While PatB∆77 possessed both transferase and esterase activity concerns were raised 

over the impact of a 41 amino acid truncation and preliminary evidence suggested that its 

transferase activity was reduced as compared to PatB∆36. Due to this, an alternative 

expression construct was sought. The patB gene was sub-cloned from pACPM22 into the 

Champion™ pET-SUMO expression vector. Expression of sumo-patB produced a protein 

with an N-terminal SUMO-protein fusion. Purification of SUMOPatB was generally  
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Figure 3.2. Purification of PatB∆77. Coomassie brilliant blue stained SDS-PAGE gel of 
fractions taken at different points during the purification of PatB∆77. Lane 7 and 8 are 
over-loaded in order to demonstrate the respective presence and absence of low-
abundance contaminants. 

 

Figure 3.3. Purification of SUMOPatB Coomassie brilliant blue stained SDS-PAGE 
gel of fractions taken at different points during the purification of SUMOPatB. The 
expected molecular weight of SUMOPatB is 46,532.5 Da. 

successful (~5 mg x L-1 culture) (Figure 3.3), although the enzyme was prone to precipitation 

in solution especially during changes in buffer ionic strength. To overcome this, all buffer 

changes required a very gradual change in ionic strength or the addition of stabilizing 
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compounds. For instance, removal of NaCl and imidazole following IMAC required the 

inclusion of 50 mM L-Arg.  The inclusion of 50 mM L-Arg was based on a study where it was 

found to significantly enhance the solubility of non-membranous proteins (Golovanov et al., 

2004). Prior to further purification on SourceQ resin, removal of imidazole and NaCl from 

SUMOPatB required dialysis into 50 mM L-Arg and 50 mM NaCl (in the same 50 mM sodium 

phosphate buffer) followed by removal of the NaCl, and then followed by removal of the L-

Arg. Attempts were made to remove the N-terminal SUMO-tag using the site specific 

SUMO protease (kindly supplied by Dr. George Harauz, University of Guelph). However, 

cleavage of SUMOPatB (Figure 3.4) did not prove to be an option for this protein. Removal of 

the N-terminal SUMO-tag resulted in degradation (Figure 3.4) and rapid precipitation of the 

protein product. Furthermore, it was observed that SUMOPatB activity decreased relatively 

quickly over time and so additional purification steps would have further reduced the 

activity of the enzyme. For these reasons the SUMO-tag was not removed for subsequent 

analysis. This protein construct will be referred to as SUMOPatB. 

Variants of this protein were produced with catalytic replacements including 

Ser133Ala, Asp302Ala and His305Ala. Each of them was purified by the same methodology 

detailed above with comparable yields (Figure 3.5). 

 
Figure 3.4 SUMO-Protease digestion of SUMOPatB. Lane 1: Dialyzed SUMOPatB 
IMAC elution fraction. Lane 2: SUMO-protease reaction products. The black arrow 
denotes the expected SUMOPatB protein size while the red arrow indicates the 
expected SUMO-protease digestion product. Several unexpected bands are present 
in the digestion products that were not present in the starting material. 
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Figure 3.5. Purification of SUMOPatB mutants. Coomassie brilliant blue stained 
SDS-PAGE gel of fractions taken at different points during the purification of 
mutant forms of SUMOPatBS133A and the purified forms of D302A and H305A. A 
Western immunoblot of the same samples using an anti-His6 antibody is presented 
below the gel. 

 Rates of hydrolysis of acetyl donors 3.1.5

The rate of acetyl-CoA hydrolysis catalyzed by SUMOPatB was measured by 

monitoring the production of free CoASH spectrophotometrically at 420 nm using 0.5 mM 

of the thiol reagent DTNB. The specific activity was calculated to be 9.3 nmol x min-1 x mg 

protein-1 for reaction with 2 mM Ac-CoA at pH 6.5 and 37 °C. Using acetyl-CoA 

concentrations ranging from 0.5 to 6.0 mM, the Michaelis–Menten parameters of Km and kcat 

for this hydrolysis were determined to be 0.99 mM and 0.011 s-1, respectively, providing an 

overall catalytic efficiency (kcat/Km) of 10.6 M-1 x s-1 (Figure 3.6). 
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Figure 3.6. Michaelis-Menten plots for SUMOPatB catalyzed hydrolysis of various 
acetyl-donors. Reactions of 3 µM SUMOPatB were incubated with varying 
concentrations of acetyl-donors. Reactions with p-NP-Ac and αN-Ac were in 5% 
ethanol (final) while 4-MU-Ac was in 5% DMSO. Accurate data for αN-Ac was not 
possible because the compound was not soluble above a concentration of 1 mM 
under the conditions tested. 

The observed esterase activity is likely to be achieved by the same enzymatic 

mechanism as the transferase reaction with the final step of the reaction being transfer to 

solvent instead of transfer to an appropriate oligosaccharide acceptor. Given the preceding 

data, the potential of using pNP-Ac as an acetyl-donor for transacetylation reactions was 

investigated. After accounting for spontaneous loss, a specific activity for hydrolysis of 730 

nmol x min-1 x mg protein-1 was determined with 2 mM pNP-Ac at pH 6.5 and 37 °C. Under 

these same conditions, the Km and kcat for this hydrolysis catalyzed by SUMOPatB were 0.96 

mM and 0.76 s-1, respectively (Figure 3.6). Thus, the overall catalytic efficiency of 797 M-1 x s-

1  for this reaction was 75 times greater than that for acetyl-CoA hydrolysis, suggesting that 

pNP-Ac may serve as a better co-substrate for in vitro transacetylation reactions. The acetyl-

donors 4-MU-Ac and αN-Ac were also assessed in this way as potential donors (Figure 3.6). 
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The solubility of αN-Ac limited the range of concentrations that could be tested and thus 

error margins for this acetyl-donor are substantial. Given this, and the apparent high Km, it 

was not used in other assays. The apparent affinity of SUMOPatB for 4-MU-Ac was the highest 

of the compounds tested but the enzyme was nonetheless most efficient with pNP-Ac as 

substrate, as reflected by the kcat/Km values.  Consequently, this chromogen was used for all 

further kinetic assays. 

 Identification of a soluble oligosaccharide acceptor 3.1.6

Previous analysis of PatB demonstrated that the enzyme had weak esterase activity 

on soluble acetate donors and the O-acetylation of E. coli PG was observed when acetyl-CoA 

was added to permeabilized cells, which had over-produced PatB (Moynihan and Clarke, 

2010). With this in mind, SUMOPatB was incubated with 0.5 mM acetyl-CoA (CoA was used 

because at this point other acetyl-donors had not yet been investigated) and 1 mM 

chitohexaose for 30 min. Reactions were desalted by SPEGC and analyzed by MALDI-TOF 

MS as shown in Figure 3.7. Importantly, controls were also included which lacked SUMOPatB, 

or were treated with base in order to saponify any O-linked acetate. As is clear in these 

spectra, SUMOPatB was capable of catalyzing transfer of O-linked acetate to 

chitooligosaccharides. 

 Identification of the minimal substrate required for PatB activity 3.1.7
To identify the minimal acceptor substrate requirements for SUMOPatB in vitro, 

various commercially available oligosaccharides were tested under standard reaction 

conditions. As expected, SUMOPatB was unable to transfer acetate to oligomers (DP = 4 and 6) 

of xylan, homopolymers of D-xylose which thus lack a C-6 hydroxyl; the natural O-

acetylation of the C-3 hydroxyl of xylan occurs in plants (Kiefer et al., 1989). However, 

polymers of glucose (DP = 4 and 6), which differ from xylose by the presence of a C-6 and its 

corresponding hydroxyl moiety, also did not serve as a substrate. Likewise, no acetylated 

product was observed by MALDI-TOF MS when the amino sugar derivative of cellohexaose, 

chitosan  (DP = 6) was tested as a potential acceptor substrate. On the other hand, SUMOPatB 

was able to transfer acetate to the N-acetylated derivatives of chitosan oligomers, 

chitooligosaccharides with DP ≥ 3; no product was found for the disaccharide chitobiose as 
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analyzed by MS (Table 3.2). At extended incubation times (>10 min), reaction products were 

observed with multiple acetylations, although the number of modifications to an individual 

oligosaccharide was always less than the DP of the oligosaccharide.  

 
Figure 3.7. MALDI–TOF MS analysis of transacetylation reaction products 
produced by SUMOPatB. Enzyme (1.0 µM) in 50 mM SPG buffer (pH 6.0) was 
incubated with 0.5 mM acetyl-CoA and chitohexaose (GlcNAc6) at 25 °C. After 30 
min of incubation, samples were desalted using SPEGC and applied to a Bruker Reflex 
III mass spectrometer using CMBT as the matrix: (a) complete reaction mixture 
following incubation; (b) saponified reaction products following incubation in 100 
mM NH4OH (to release ester-linked acetate); (c) negative control, G6, and acetyl-
CoA incubated in the absence of SUMOPatB. The solid bar denotes 5000 absolute 
intensity units, and all of the ions detected were the sodium adducts. 

Table 3.1 Observed and expected m/z for chitooligosaccharides identified in 
Figure 3.7. 

Identified Peak 
m/z [m+Na] of chitooligosaccharides  

Theoretical  Detected   Difference  
GlcNAc6 1259.48 1260.11 -0.63 
GlcNAc6 + 1 OAc 1301.49 1302.15 -0.66 
GlcNAc6 + 2 OAc 1343.50 1344.18 -0.68 
GlcNAc6 + 3 OAc 1385.51 1386.22 -0.71 
GlcNAc6 + 4 OAc 1427.52 1428.22 -0.70 
GlcNAc7 1462.56 1463.32 -0.76 
GlcNAc7 + 1 OAc 1504.57 1505.36 -0.79 
GlcNAc7 + 2 OAc 1546.58 1547.35 -0.77 
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Table 3.2. Oligosaccharide substrate specificity of SUMOPatB as detected by 
MALDI-TOF MS. 

Potential Substrate 
m/z [m+Na] of potential O-acetylated product 

Theoretical  Detected   Difference  
PG Metabolites 
GlcNAc 286.09 nd - 
MurNAc 316.10 nd - 
GlcNAc-MurNAc 561.19 nd - 
GlcNAc-MurNAc-dipeptide 759.28 nd - 
Chitooligosaccharides 
GlcNAc2 489.17 nd - 
GlcNAc2-O-benzyl 579.22 579.45 0.23 
GlcNAc3 692.25 692.45 0.20 
GlcNAc4 895.33 894.54 -0.79 
GlcNAc5 1098.41 1098.85 0.44 
GlcNAc6 1301.49 1302.18 0.69 
Other Oligosaccharides 
ß-1,4 Glc6  1055.33 nd - 
ß-1,4 Glc4  731.22 nd - 
α-1,4 Glc3 569.17 nd - 
Xylose6 875.26 nd - 
Xylose4 611.18 nd - 
GlcN6 1049.42 nd - 
nd, not detected 

 Transacetylation with pNP-Ac as acetyl donor 3.1.8

Initial experiments focused on the suitability of Ac-CoA as an acetyl-donor. 

However, subsequent analysis showed that the kcat for the hydrolysis pNP-Ac was two orders 

of magnitude greater than that for acetyl-CoA, whereas its Km was not significantly different 

(Figure 3.6). Thus, use of pNP-Ac as an acetyl-donor was investigated using chitopentaose as 

the acceptor. Qualitative analyses of reaction products were determined by ESI-Ion trap MS, 

which indicated that the enzyme was capable of catalyzing the O-acetylation of this 

oligosaccharide (Figure 3.8). 
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Figure 3.8. Q-TOF MS analysis of initial SUMOPatB reaction products of 
chitopentaose using pNP-Ac as an acetyl-donor. Reactions of 1 µM SUMOPatB with 1 
mM chitopentaose and 4 mM pNP-Ac in 50 mM sodium phosphate buffer pH 6.5 
were initiated in the MS sample vial. After 1 min 10 µL was directly infused into the 
mass spectrometer. MS analysis was achieved on an Agilent UHD 6530 Q-Tof mass 
spectrometer. The flow rate was maintained at 0.2 mL x min-1 and the MS 
electrospray capillary voltage was maintained at 4.0 kV with the drying gas 
temperature set to 350 °C with a flow rate of 13 L x min-1. Nebulizer pressure was at 
40 psi. The mass-to-charge ratio was scanned across the range of 300-200 m/z in 4 
GHz in extended dynamic range positive-ion mode. The instrument was externally 
calibrated with the ESI TuneMix (Agilent). 

 Hestrin Assay 3.1.9
The method of Hestrin (1949) was evaluated as a means to assess total ester content. 

An exploratory experiment using variable concentrations (10 mM - 0.01 µM) of penta-acetyl 

glucose was carried out in order to investigate the sensitivity of the assay. Under the 

conditions tested, ester linkages were detectable only at concentrations above 100 µM. 

Following this experiment, end-point assays were conducted using sonicated PG as a 

substrate and Ac-CoA as an acetyl donor. The total concentration of ester linkages was 

found to be not significantly different between the group of samples containing SUMOPatB  

(4.17 ± 0.07 mM) and the enzyme-free control (4.22 ± 0.02 mM). A further control was 

assayed which lacked PG. The ester linkage content of that sample was found to be 
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significant (3.95 ± 0.06 mM). Notably, the variations in these values were all below the 

detection limit of the assay. 

 HPLC-based analysis of PatB reaction products 3.1.10
For the isolation of O-acetylated chitooligosaccharides, different methods of HPLC 

analysis were tested, including high-pH anion exchange chromatography, reverse-phase 

chromatography, and adsorption chromatography, with varying success. Of these, the only 

successful method was adsorption chromatography on porous graphitic carbon. Thus, 

complete resolution of starting materials from reaction products was achieved by 

chromatography using a 100 x 4.6-mm Hypercarb PGC column (3 µm) operating at 80 °C. 

The presence of the amide and ester linkages permitted the detection of the substrates and 

products, respectively, by absorbance at 210 nm. Individual fractions were identified by MS 

either in-line or after their collection. As shown in Figure 3.9, complete resolution of 

substrate from products was achieved and this method was shown to be suitable for 

determining reaction rates if a single product species was produced.  

 
Figure 3.9. Separation of reaction products produced by SUMOPatB. The enzyme (1 
µM final concentration) in 50 mM sodium phosphate buffer (pH 6.5) (500 µL final 
volume) was incubated with 1 mM chitotriose (GlcNAc3) and 4 mM acetyl-CoA at 
37 °C for the times shown. Samples (50 µL) of the reaction volumes were applied to a 
100 x 4.6 mm Hypercarb PGC column previously equilibrated in Milli-Q water, and 
elution of products was achieved at 1.0 mL x min-1 using a linear gradient of 0–50% 
acetonitrile over 50 min.  
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 Determination of identity of initial transacetylation products 3.1.11

Given that oligosaccharide products were observed with multiple acetylations after 

prolonged incubation (Figure 3.7), an investigation of the identity of the initial reaction 

products was required. This was done in order to confirm that initial activity rates would be 

monitoring single acetylation events of unique oligosaccharides. To this end, reactions with 

chitohexaose and chitotetraose were stopped after 1 min by snap freezing in a dry ice-

ethanol bath. These products were separated by HPLCGC and eluted fractions were collected. 

As expected, the dominant peak was unmodified chitose (Figure 3.10). Intriguingly, the 

initial product almost always formed two distinct peaks. These were collected and analyzed 

by ESI-MS. As is observed in Figure 3.10, these products were singly acetylated species with 

the same m/z ratio suggesting that they are reaction products singly acetylated on different 

oligosaccharides.  

 

Figure 3.10. Identification of initial reaction products. Reactions of 1 µM SUMOPatB 
with 1 mM chitohexaose and 4 mM Ac-CoA in 50 mM sodium phosphate buffer pH 
6.5 were stopped by acidification after 5 min and analyzed by HPLCGC (shown 
above). Product peaks were collected and dried under vacuum in a Speedvac. Prior 
to MS samples were resuspended in 100 µL of 50:50 water:methanol. MS analysis was 
achieved on a Waters Micromass Q-Tof Global mass spectrometer in positive ion 
mode. 

 Determination of pH optimum 3.1.12

The pH optimum of enzyme activity was determined using the HPLCGC method. The 

resulting pH profile is presented in Figure 3.11. SUMOPatB was observed to have a relatively 

broad pH profile with activity detectable from pH 5 to pH 9. No activity was detectable at 

pH 4. The pH optimum of the enzyme was determined to be 7.0. Given the determination of 
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buffer conditions above and the pH optimum determined here, all following assays were 

conducted in 50 mM sodium phosphate buffer pH 6.5 unless otherwise noted. A reaction pH 

of 6.5 was selected as opposed to pH 7.0 in order to preclude the possibility of base catalyzed 

hydrolysis of the ester reaction products. 

 

Figure 3.11. Dependence of PatB activity on pH. SUMOPatB activity was assayed in 
(!) 50 mM ammonium acetate, (") 50 mM sodium phosphate buffer, and (#) 50 
mM Tris-HCl at the pH values indicated. The error bars denote S.D. (n ≥ 2). Percent 
activity was determined by arbitrarily setting the highest activity observed at pH 7 as 
100%.  

 Determination of transacetylation rates: analysis of oligosaccharides 3.1.13

Given that direct observation of acetate transfer was desirable, a considerable amount 

of effort was spent trying to develop a direct measurement method. In a final attempt to 

determine reaction rates of the transacetylation reactions by quantifying the oligosaccharide 

products produced, time course samples were removed from reaction mixtures and 

subjected to adsorption chromatography on graphitized carbon solid-phase extraction 

columns. This treatment successfully separated acetyl-donors and any free acetic acid from 

the oligosacccharides (both substrate and products). The latter were then recovered free of 

salts by elution with acetonitrile. Following their concentration, the amount of O-acetylation 

was determined first by saponification to specifically release any ester-linked acetate 

followed by its quantitative analysis. Two methods of quantification were tested: a 

chromogenic enzyme-based acetic analysis kit and direct analysis by HPLC using an organic 
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acid column. Technically, these approaches did provide rates of individual reactions. 

However, they were very laborious, involving multiple steps that led to unacceptable margins 

of error. To compound this issue, variability in the packing of the disposable graphitic 

columns used led to occasional carryover of acetate donor.  

 Determination of transacetylation rates: analysis of co-product 3.1.14
formation 

Despite the amount of both spontaneous and enzyme-catalyzed hydrolysis of the 

acetyl donor co-substrate, the possibility of determining accurate rates of reaction by 

monitoring the release of the pNP co-product produced during the transacetylation 

reactions was explored. The advantage of this approach is that this co-product is 

chromogenic and, thus, can be quantified reliably by spectrophotometry in real time during 

the course of reactions without the need for any subsequent sample manipulation. Thus, 

SUMOPatB (1 µM final concentration) was incubated with 5 mM pNP-Ac (i.e., 5 x Km value) 

and 1.0 mM chitotriose in a total volume of 250 µL of 50 mM sodium phosphate buffer (pH 

6.0), and the amount of pNP released over time was monitored at 420 nm. To control for the 

spontaneous hydrolysis of pNP-Ac, separate reactions that involved incubation of it alone 

and together with the chitotriose co-substrate were performed. Controls of its enzyme-

catalyzed hydrolysis involved enzyme reaction mixtures lacking chitotriose. 

As the representative data in Figure 3.12 show, the rates of spontaneous pNP-Ac 

hydrolysis were unaffected by the presence of chitotriose. On the other hand, the rates of 

SUMOPatB -catalyzed pNP production were higher when incubated in the presence of 

chitotriose compared with control reactions lacking the added oligosaccharides. To test for 

this, samples from complete reactions were withdrawn and immediately adsorbed to 

activated charcoal to both quench any further reaction and remove substrates and pNP from 

solution. The amount of acetic acid present was then assayed for by HPLC-based organic 

acid analysis. This analysis indicated that the rate of acetic acid released to solvent in the 

enzyme reactions incubated in the presence of the chitotriose was the same, within error, as 

that incubated with only the co-substrate pNP-Ac. Both of these matched the rate of pNP 

release of the latter enzyme control as quantified by absorbance measurements (Figure 3.12). 
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pNP production: nmol x min-1 pNP 

 5.0 mM pNP-Ac - 1.0 mM GlcNAc3 33.9 ± 1.2 

 5.0 mM pNP-Ac 15.4 ± 1.0 

Free acetic acid production: nmol x min-1 Ac 

 5.0 mM pNP-Ac - 1.0 mM GlcNAc3 15.5 ± 1.0 
 5.0 mM pNP-Ac 15.5 ± 1.1 

O-acetylation rate: nmol x min-1 OAc-GlcNAc3 

 5.0 mM pNP-Ac - 1.0 mM GlcNAc3 18.4 ± 1.6 

Figure 3.12. Determination of transacetylase rates. Reactions of 3 µM SUMOPatB 
were initiated by the addition of enzyme to 50 mM sodium phosphate buffer pH 6.5 
containing 5 mM pNP-Ac in the presence (red) and absence (blue) of GlcNAc3. 
Production of pNP was monitored spectrophotometrically at 420 nm (above) and 
the rate of hydrolysis of enzyme free controls was subtracted. After 10 min the 
reactions were stopped and analyzed for acetate content by HPLC. From these data 
end-point rates of acetate production were determined. A final O-acetylation rate 
was then calculated based on the difference between the free acetate production rate 
and the pNP production rate. 

 Dependence of activity on metals and other reaction additives 3.1.15
The impact of various reaction additives (including several metals, EDTA, NaCl and 

BSA) was assessed by comparison to the specific activity of SUMOPatB under typical buffer 

conditions. Reactions of 1 µM SUMOPatB were initiated by the addition of pNP-Ac in the 

presence of 1 mM GlcNAc5. as outlined above. Where possible a specific activity was 

calculated and compared to a relevant control lacking the reaction additive. With the 

exception of CaCl2 and MgCl2 all other metals that were tested (FeSO4, CuCl2, ZnSO4, and 
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MnSO4.) resulted in rapid precipitation of the protein. While CaCl2 and MgCl2 did not 

appear to precipitate the protein, they were found to decrease specific activity by 43% and 

80% respectively suggesting that SUMOPatB may have been precipitating, albeit more slowly. 

Supporting this, prolonged incubation with these metals resulted in the accumulation of 

considerably more visible precipitate as compared to controls. Inclusion of 5 mM EDTA 

during purification steps had little impact (increase by 5%) on specific activity indicating 

that metals are unlikely to be involved in catalysis. Addition of 100 µg/mL BSA reduced 

specific activity by 34% while 50 mM NaCl resulted in a decrease of 21%. 

 Steady state kinetics of PatB 3.1.16
The Michaelis-Menten parameters for the O-acetylation of chitooligosaccharides 

with different DPs by SUMOPatB were determined at pH 6.5. The concentration of pNP-Ac 

was held constant at 4 mM, a concentration which is approximately 4 x Km (and just below 

the solubility limit of the chromogen). The Michaelis-Menten curve generated using 

GlcNAc3 is presented in Figure 3.13. As observed in Table 3.3, values of kcat were similar for 

the series of chitooligosaccharides tested while Km values decreased slightly from chitotriose 

through to chitohexaose, with the greatest difference occurring between chitotetraose and 

chitopentaose. This difference is more apparent in the calculated efficiency constants kcat/Km. 

 Order of the reaction catalyzed by PatB 3.1.17
Cleland’s rules (see Appendix 1 for a detailed explanation of bi-substrate bi-product 

kinetics) were applied to assess the order of the two-substrate, two-product reaction 

catalyzed by SUMOPatB.  Thus, SUMOPatB was assayed at concentrations bracketing the Km for 

each co-substrate (1, 2, 3 and 4 mM for pNP-Ac and 0.5, 1, 2 and 2.5 mM for chitopentaose) 

and double reciprocal plots were made for initial velocity versus chitopentaose at fixed 

concentrations of pNP-Ac (Figure 3.14). Analysis of the resulting data using a one-way 

ANOVA determined that the slopes of the respective curves were not significantly different 

from one another (F(3,8)=1.145, p = 0.3883). A post-analysis Tukey’s test was used to 

compare each pair of lines in the group and none were found to be significantly different 

from each other (p  > 0.1).  These statistical analyses were carried out using the GraphPad 

Prism 5 software package. These data thus suggest that the reaction pathway catalyzed by 

SUMOPatB follows a ping-pong, bi bi mechanism. 
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Figure 3.13 Kinetic analysis of SUMOPatB transacetylation activity on chitotriose. 
Determination of Michaelis–Menten parameters of SUMOPatB-catalyzed O-
acetylation of chitotriose. SUMOPatB (1 µM final concentration) in 50 mM sodium 
phosphate buffer (pH 6.5) was incubated at 37 °C with 4 mM pNP-Ac and 0.2–8.0 
mM chitotriose, and initial velocities were determined from the first 10 min of 
reaction after accounting for pNP-Ac hydrolysis. Inset: double-reciprocal plot of 
initial velocities as a function of substrate concentration (for presentation purposes 
only; Michaelis–Menten parameters were determined from the primary plot by 
nonlinear regression analysis). 

Table 3.3 Kinetic parameters of transacetylase activity of N. gonorrhoeae SUMOPatB. 

Substrate Km (mM) kcat   (sec-1) 
kcat / Km 

(M-1 x sec-1) 
GlcNAc2 - - - 
GlcNAc2-O-benzyl - - - 
GlcNAc3 2.63 ± 0.22 0.74 ± 0.02 280 ± 25 
GlcNAc4 1.84 ± 0.14 0.52 ± 0.01 283 ± 23 
GlcNAc5 0.95 ± 0.10 0.65 ± 0.02 681 ± 74 
GlcNAc6 0.73 ± 0.05 0.58 ± 0.02 791 ± 59 
Reactions were conducted in 50 mM sodium phosphate buffer, pH 6.5, at 37 !C with 4 mM pNP-Ac 
serving as acetate donor and 0.2 - 8 mM chitooligosaccharides as acceptors (0.2 - 2.5 mM 
chitohexaose) where noted.   
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Figure 3.14. Determination of reaction pathway of SUMOPatB by kinetic analysis. 
Lineweaver-Burk plots of initial rates of reaction of SUMOPatB (1 µM) in 50 mM 
sodium phosphate buffer, pH 7.0 were determined with varying concentrations of 
chitopentaose as acceptor (as shown) and (!) 1 mM,  (") 2 mM, (!) 3 mM, and  
(!) 4 mM p-NP-Ac as acetate donor. 

 Identification of catalytic residues 3.1.18
In a preliminary attempt to determine the importance of the invariant Ser, His, and 

Asp residues, I sought to determine the impact of chemical modification. Despite repeated 

attempts, a decrease in activity of the enzyme as a result of chemical modification was not 

achieved by the addition of either carbodiimide or DEPC. Addition of 0.5 mM PMSF, a 

classic serine protease/esterase/lipase inhibitor, resulted in 38% inactivation. Estimation of 

further reduction was not possible because higher PMSF concentrations resulted in the 

formation of precipitate, which precluded quantification of activity. The lack of complete 

inhibition by chemical modification could be due to either the absence of the targeted side 

chains at the catalytic site of SUMOPatB, or the inability of the modifying compounds to access 

the active site pocket.  A catalytic Cys is not possible in this enzyme given that native 

SUMOPatB does not contain any Cys residues. 

To confirm the participation and identity of the residues essential to the catalytic 

mechanism of SUMOPatB, site-specific amino acid substitutions were made to each of the 
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predicted catalytic residues using site directed mutagenesis. All three mutant genes encoding 

the Ser133→Ala, His305→Ala and Asp302→Ala forms of SUMOPatB were over-expressed in E. 

coli BL21* transformants, as confirmed by SDS-PAGE (Figure 3.5). Each over-produced 

enzyme was purified by the same method employed for wild-type SUMOPatB.  This protocol 

served to provide the enzymes in apparent homogeneous forms, and yields of the variant 

enzymes were comparable to those obtained with wild-type SUMOPatB.  Each of the 

Ser133→Ala, His305→Ala and Asp302→Ala SUMOPatB variants had consistent secondary 

structural elements as determined by CD spectroscopy (Figure 3.15, Table 3.4) suggesting 

that the amino acid replacements did not cause significant structural alterations to the 

enzyme. 

 CD spectroscopy 3.1.19
In order to confirm that the site-directed mutants of SUMOPatB were folded properly, 

circular dichroism spectra were collected for each variant and the wild-type enzyme under 

identical conditions. The resulting spectra are presented in Figure 3.15 and the estimation of 

secondary structure content is shown in Table 3.4. No gross structural changes were 

observed in any of the variants.  

 

Figure 3.15. Circular dichroism spectra of SUMOPatB and its mutant derivatives. 
Spectra of 0.15 mg x mL-1 samples of SUMOPatB in 10 mM sodium phosphate buffer 
pH 7.0 at 25 °C were recorded in a 0.1 cm path length cell with a scan speed of 50 
nm/min. The spectra represents an average of six accumulations. 
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Table 3.4. Secondary structure prediction of SUMOPatB and other mutants. 

 Helix1 Helix2 Strand1 Strand2 Turns Unordered Total 
SUMOPatB 0.108 0.119 0.177 0.097 0.126 0.345 0.971 
SUMOPatB S133A 0.114 0.124 0.173 0.098 0.131 0.346 0.987 
SUMOPatB D302A 0.107 0.110 0.185 0.098 0.129 0.348 0.976 
SUMOPatB H305A 0.103 0.113 0.180 0.099 0.122 0.352 0.969 
CD data presented in Fig. 4 were analyzed using the Selcon 3 program with protein reference set 4 
(Dichroweb Server) and are presented as an average of six accumulations. 

 Kinetic analysis of catalytic replacements 3.1.20
Kinetic analysis of the mutant enzymes revealed substantial defects in activity. For 

this analysis, reactions included 3 µM SUMOPatB and 1 mM GlcNAc4 and were initiated by the 

addition of 4 mM pNP-Ac. Under these conditions, replacement of the catalytic Ser or His 

residues resulted in a complete abrogation of detectable activity. Replacement of the 

predicted catalytic Asp, however, resulted in a decrease in specific activity by 80%. It was not 

possible to determine the Michaelis-Menten parameters for Asp302→Ala SUMOPatB due to its 

low residual activity and the limitations of the assay. Further analysis of reaction products by 

ESI-Ion trap MS, however, revealed that the His and Asp replacement generated some 

detectable product while no product was detected in reactions with the Ser replacement 

(Figure 3.16).   

 Trapping of the covalent-enzyme intermediate 3.1.21
A ping-pong bi bi reaction pathway requires the formation of a covalent 

intermediate, but in the context of the active enzyme in an aqueous solvent, it would be 

unstable and short lived, especially considering the esterase activity of the enzyme. Acetyl-

Ser, in contrast, is relatively stable in aqueous solutions and so it was reasoned that the 

covalent enzyme intermediate could be trapped by simultaneously excluding water from the 

active site and denaturing the enzyme during the course of reactions. Thus, after 1 min of 

incubation of SUMOPatB with pNP-acetate and chitopentaose, the reaction was quenched by 

the addition of cold acetone and the precipitated protein subjected to trypsin digestion and 

LC-MS analysis.  The mass spectra of the separated SUMOPatB tryptic peptides were compared 

to in silico predicted digestion products of SUMOPatB. Approximately 98% coverage of 

SUMOPatB was achieved with high confidence. In addition to peptides containing the putative  
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Figure 3.16. ESI-Ion trap analysis of mutant SUMOPatB reaction products. 
Reactions were initiated as described above, desalted using SPEGC and analyzed by 
ESI-Ion Trap MS.  

catalytic Ser133 residue, similar peptides with a mass shift consistent with acetylation were 

also identified. MS/MS data from these peptides localized the additional 42.01 mass of an 

acetyl moiety to the Ser residue with high confidence (Figure 3.17, Table 3.5). A comparison 

of the total ion chromatograms for the modified and unmodified peptides indicated that 

approximately 26% of the total population of tryptic peptides that contained the catalytic Ser 

were acetylated. 

 Acyl-donor promiscuity of PatB 3.1.22

 In order to evaluate the capacity of SUMOPatB to catalyze transfer of acyl groups other 

than acetate several acyl donors including propionoyl, butryl, isobutryl, and hexanoyl-CoA 

were evaluated using the same methods as above. Of these SUMOPatB was only able to utilize 

propionoyl-CoA to catalyze the acetylation of chitooligosaccharides  (Figure 3.18). 
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Figure 3.17. Identification of the acetyl- SUMOPatB intermediate by MS/MS. 
SUMOPatB (1 µM) in 50 mM sodium phosphate buffer, pH 7.0 was treated with 1 mM 
pNP-Ac and 1 mM chitopentaose.  After 1 min incubation, the reaction was 
quenched with cold acetone and precipitated protein was digested with trypsin prior 
to MS/MS analysis. Inset:  Identification of the y and b ions (see Table S4 for masses 
of identified ions). 

Table 3.5. Identification of O-acetyl-Ser containing peptides by LC-MS/MS. 
Identified b ions and y ions corresponding to Figure 5 are in blue and red, 
respectively. All ions were identified with less than 0.1 Da error. 

# b b-H2O b-NH3 Sequence y y-H2O y-NH3 # 
1 100.08 82.07 83.05 V     
2 247.14 229.13 230.11 F 1883.94 1865.93 1866.91 17 
3 394.21 376.20 377.18 F 1736.85 1718.84 1719.82 16 
4 465.25 447.24 448.22 A 1589.79 1571.78 1572.76 15 
5 522.26 504.25 505.23 G 1518.77 1500.76 1501.74 14 
6 637.29 619.28 620.26 D 1461.73 1443.72 1444.70 13 
7 766.34 748.33 749.31 S (+42.01) 1346.7 1328.69 1329.67 12 
8 879.41 861.40 862.38 L 1217.68 1199.67 1200.65 11 
9 1010.47 992.46 993.44 M 104.58 86.57 87.55 10 

10 1138.52 1120.51 1121.49 Q 973.55 955.54 956.52 9 
11 1195.54 1177.53 1178.51 G 845.48 827.47 828.45 8 
12 1294.61 1276.60 1277.58 V 788.46 770.45 771.43 7 
13 1365.65 1347.64 1348.62 A 689.4 671.39 672.37 6 
14 1462.7 1444.69 1445.67 P 618.36 600.35 601.33 5 
15 1609.77 1591.76 1592.74 F 521.3 503.29 504.27 4 
16 1708.85 1690.84 1691.82 V 374.24 356.23 357.21 3 
17 1836.9 1818.89 1819.87 Q 275.17 257.16 258.14 2 

    K 147.11 129.10 130.08 1 
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Figure 3.18. MALDI-TOF mass spectrum of SUMOPatB catalyzed propionoyl-CoA 
reaction products. Enzyme (1.0 µM) in 50 mM sodium phosphate buffer  (pH 6.5) 
was incubated with 4 mM propionyl-CoA and chitotetraose at 25 °C. After 30 min of 
incubation, samples were desalted using SPEGC and applied to a Bruker Reflex III 
mass spectrometer using 5-chloro-2- mercaptobenzothiazole as the matrix. 
Contamination of chitotetraose as supplied by the manufacturer with 
chitooligosaccharides of other DPs is apparent. 

 Assay of PG O-acetylation in vitro 3.1.23

Given that SUMOPatB was only able to acetylate chitooligosaccharides with a DP 

greater than 2 and that it was unable to modify PG metabolites consisting only of 

disaccharides, the ability of SUMOPatB to modify more complex PG metabolites in vitro was 

investigated. Initial reactions with solubilized muropeptides generated from PG resulted in 

precipitation of the protein, likely due to buffer components (MgCl2, NaCl etc.) that were 

required to stabilize PBP4/7Ec and HEWL during the prior digestions. Consequently, a novel 

isolation procedure was developed to rapidly desalt and concentrate the solubilized 

muropeptides. Taking advantage of the high binding capacity of SPEGC, muropeptides were 

adsorbed onto the graphitized carbon while buffer salts were not retained. Elution in volatile 
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solvents resulted in the production of a pool of diverse and highly concentrated 

muropeptides as evident in ESI-MS and quantified by HPAEC (Figure 3.19 and Figure 3.20). 

Using this protocol, solubilization of dried material in 500 µL of H2O resulted in 

concentrations of isolated muropeptides as high as 26 mM (as determined by MurNAc 

content) that involved mixtures of di, tri, tetra, and penta-peptide stems.  Using final 

acceptor concentrations of 2 mM, SUMOPatB was demonstrated to transfer acetate to the PG 

muropeptides (Figure 3.20, Table 3.6). Further analysis of the reaction products indicated 

that this activity was confined to those muropeptides that contained tetra-peptides. 

 

 

Figure 3.19. HPAEC analysis of acid-hydrolyzed HEWL and PBP4/7Ec solubilized 
muropeptides. Insoluble PG was purified from cultures of E. coli using the boiling 
SDS method. Following this, a 1 mg x mL-1 suspension of PG was generated by 
sonication in 50 mM sodium phosphate buffer pH 6.2, 0.2% NaN3, 5 mM MgCl2. 
Solubilization was achieved by addition of HEWL, PBP4Ec and PBP7Ec at 37 °C for 24 
h. Reactions were desalted by SPEGC and a 50 µL sample of the soluble muropeptides 
was acid hydrolyzed and analyzed by HPAEC. Quantification of identified peaks was 
achieved by comparison to standards of GlcN and Mur. 
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Figure 3.20. Activity of SUMOPatB with solubilized PG as co-substrate as detected 
by ESI-Ion Trap MS.  pNP-Ac (1 mM) and 2 mM PG (MurNAc content - 
previously solubilized by treatment with PBP4Ec and HEWL) were incubated in the 
absence (blue) and presence (red) of SUMOPatB (1 µM) in 50 mM sodium phosphate 
buffer, pH 7.0.  After mixing for 10 min at 37 °C, samples were withdrawn, desalted 
by SPEGC, and subjected to ESI-Ion Trap MS analysis. GM – GlcNAc-MurNAc; aM – 
anhydroMurNAc; Lpp – retention of L-Lys-L-Arg from lipoprotein; 3 and 4 refer to 
tri and tetrapeptides of the A1γ chemotype respectively. Importantly the localization 
of the OAc or peptides to a specific MurNAc residue was not possible from this 
spectrum. 

Table 3.6. O-Acetylmuropeptides generated by SUMOPatB activity identified by 
ESI-Ion Trap MS. 

Identified Muropeptide m/z 
Theoretical   Detected Difference           

z = 1    
GM4 (OAc) 982.41 982.5 0.09 
z = 2  

  GM4-GAnHM3 (OAc) 907.88 907.9 0.02 
GM4-GM3 (OAc) 916.88 916.9 0.02 
GM4-GM4 (OAc) 952.4 952.43 0.04 
GM4-GM4 (2x OAc) 973.4 973.45 0.05 
GM3-Lys-Arg-GM4 (OAc) 1058.98 1059.00 0.02 
z = 3  

  GM4-GM3 (OAc) 605.59 605.65 0.06 
GM4-GM3 (OAc) 611.59 611.63 0.04 
GM4-GM4 (OAc) 635.27 635.32 0.06 
GM4-GM4 (2x OAc) 649.27 649.34 0.07 
GM3-Lys-Arg-GM4 (OAc) 706.32 706.35 0.03 
*The position of each modification cannot be unambiguously determined by this 
methodology.  GM – GlcNAc-MurNAc; numbers denote A1γ peptide lengths 
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 Analysis of OatA 3.2.

 In silico analysis of OatA 3.2.1
When the initial identification of OatA was carried out in 2005, there were not 

enough annotated sequences in the NCBI database to identify the C-terminal region of OatA 

as a predicted SGNH hydrolase. Despite this, our own efforts to analyze OatA did identify 

some regions of homology between PatB and the C-terminal domain of OatA (hereafter 

referred to OatAC) and the subsequent availability of additional protein sequences has 

enabled more detailed comparative analysis of the protein (Figure 3.21, Figure 3.22, Figure 

3.23). These identified several conserved motifs including those containing the putative 

catalytic triad (GDS451-454 and DGIH575-579  - amino acid numbering are derived from the full-

length OatA from S. aureus). A structural model of OatAC when compared to PatB is 

remarkably similar with both predicted to adopt an α/β hydrolase fold (Figure 3.23) 

although OatAC is likely to be significantly smaller as is evidenced by the gaps in the 

secondary structural alignment when compared to PatB in Figure 3.21. 

 OatAC production, purification and storage 3.2.2
Based on sequence analysis, and supported by more recent data, three OatAC 

constructs were generated.  These included various portions of the C-terminal domain of 

OatA based on the position of predicted helices and the abundance of charged residues 

(Figure 3.22). The first of these three constructs included the entire C-terminal domain up to 

the predicted break point between the last transmembrane helix and the first residue 

extending beyond the membrane (OatAC400). This truncation point is within 6 amino acids of 

the signal protease product predicted by Schallenberger et al. (2012). The expression plasmid 

for this protein was termed pACPM29 and its protein product was referred to as OatAC400. 

Unfortunately, expression of this construct resulted in the production of completely 

insoluble protein. Efforts to improve expression conditions, including various temperatures, 

induction conditions and lysis conditions, did not improve this outcome. This result was not 

surprising given that 36% of the first 46 residues are predicted to be Lys. The localization of 

so many positively charged residues may have lead to aggregation. Following this, a 

construct was made (pACPM32) that was designed to retain a predicted helix shortly after 

the K-rich linker, which capped the predicted membrane spanning helix, producing  



 

70 

 

 

 

Figure 3.21. Alignment of OatAC and PatB. Primary sequence analysis of the 
portion of OatA (C-terminal bearing homology to SGNH/GDSL hydrolases yields 
relatively little in terms of sequence identity with PatB, however predicted secondary 
structure (red – helix, yellow – sheets – as predicted by Phyre2) is maintained 
between the proteins and the catalytic residues are totally conserved. 
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Figure 3.22. HMMTop 2.1 predicted topology model of OatA from S. aureus. The 
N-terminal portion of OatA is predicted to have 11 transmembrane helices. A 400 
amino acid C-terminal domain is predicted to be localized to the extracellular face of 
the cytoplasmic membrane. Conserved residues in the C-terminal domain have been 
highlighted. The portions of OatAC which are encoded by pACPM29, 31 and 32 in 
addition to the reported signal peptidase (SPase) cleave site are indicated. Subscript 
numbers indicate OatA amino acid numbering. 
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Figure 3.23 Phyre2 structural prediction for PatB and OatAC. Residues 425-601 of 
OatA were threaded onto a putative hydrolase from Bacteroides thetaiotaomicron 
(bt3161). The position of the putative catalytic Ser, Asp and His residues are 
appropriately aligned to serve as the catalytic center of the enzyme. 

OatAC432. Similar to the previous construct, this protein too was insoluble. A final construct 

was made which removed the Lys rich helix (pACPM31). In contrast to the previous 

constructs, this gene was well expressed in E. coli. Furthermore, this portion of OatA 

(OatAC438) was easily purified by IMAC, as is observed in Figure 3.24. The protein was 

purified by this method at greater than 98% purity as assessed by densitometry of Coomassie 

brilliant blue stained gels. A culture volume of 1 L typically generated approximately 5-10 

mg of purified protein. The stability of OatAC allowed for rapid buffer exchange using 

BioGel P-6DG (Figure 3.25).  

 
Figure 3.24 Purification of OatAC. Coomassie brilliant blue stained SDS-PAGE gel 
of fractions taken at different points during the purification of SUMOPatB. Lane 1: 
Lysate from OatAC over-producing E. coli BL21* DE3. Lane 2: IMAC elution of 
OatAC. 
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Figure 3.25. Desalting of OatAC using BioGel P-6DG resin. A 3 mL aliquot of 
OatAC at a concentration of approximately 5 mg x mL-1 in IMAC elution buffer (25 
mM Tris pH 8.0, 500 mM NaCl, 250 mM imidazole) was applied to a 15 mL column 
previously equilibrated with 50 mM Tris pH 8.0, 100 mM NaCl. At 1 mL fraction 
intervals 2 µL of sample was analyzed for its absorbance at 280 nm. The blue portion 
of the graph represents eluted OatAC while the green is the salt fraction, including 
imidazole. 

 Assay of OatAC esterase activity 3.2.3

Informed by knowledge of PatB, OatAC was tested as an esterase in vitro. As PatB 

preferentially used pNP-Ac as a substrate, it was initially used for this purpose. OatAC 

demonstrated esterase activity in vitro with a specific activity of 1.09 ± 0.04 µmol x min-1 x 

mg-1. This is approximately a 10-fold increase relative to the specific activity of PatB (0.099 ± 

0.02 µmol x min-1 x mg-1) (Moynihan and Clarke, 2010), and a 10-fold decrease of the 

specific activity of Ape1 (9.98 ± 0.21 µmol x min-1 x mg-1) (Weadge and Clarke, 2006) under 

similar conditions. In an effort to further refine assay conditions, the dependence of OatAC 

activity on pH was determined using pNP-Ac as a substrate. OatAC was found to have a 

relatively broad pH profile as an esterase with maximum activity observed at pH 9.0 (Figure 

3.26).  
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Figure 3.26. pH profile of OatAC. One µM OatAC was assayed for esterase activity 
using pNP-Ac as a substrate at 4 mM. All reactions were carried out in triplicate and 
rates were adjusted for spontaneous hydrolysis. Standard curves of pNP were 
generated at each pH in order to accurately quantify the amount of pNP released. pH 
5 – 5.5 Sodium citrate (!); pH 5.5 – 8 sodium phosphate buffer ("); pH 7.5 – 9.5 
Bis-Tris-propane (!). Reactions were normalized by arbitrarily setting the activity at 
pH 9 to 100%. 

 Screening of Storage Conditions for OatAC 3.2.4

A stability screen of OatAC was conducted using several buffers over a range of pH 

and ionic strength and in the presence and absence of glycerol. A baseline activity for the 

enzyme at the same final concentration as the screening conditions employed was 

determined immediately following its purification. After dilution into each condition, OatAC 

was incubated for 48 h at 4 °C. Activity assays were carried out with each sample under 

identical conditions and the resulting rates were compared and analyzed as a percent activity 

relative to the freshly purified enzyme. These data have been summarized as a heat map 

showing the preferential conditions for OatAC storage. As seen in Figure 3.27, generally 

speaking OatAC retained higher activity in Tris buffers than in sodium phosphate or sodium 

citrate with a preference for the inclusion of some sodium chloride and pH between 7.5 and 

8.5. A clear preference of pH 8.5 was observed in the presence of glycerol. Glycerol did 

appear to have a general influence on stability, with rates generally being improved in all 

conditions. Due to the optimal preservation of activity in Tris buffer, subsequent analysis 

and purification of the enzyme was carried out using Tris.  
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Figure 3.27. Heat map representation of OatA activity in various storage 
conditions. OatA was diluted into each buffer at a final concentration of 1 mg x mL-

1. After 48 h of incubation in each condition OatA was assayed in triplicate for 
esterase activity in the presence of 4 mM pNP-Ac in 50 mM sodium phosphate 
buffer, pH 6.5. Activities were compared to data collected from the day the enzyme 
was purified 50 mM sodium phosphate buffer pH 8, 50 mM NaCl. Each buffer is at a 
concentration of 50 mM. Tris – Tris-HCl; HEPS – Na-HEPES; NaPO4 – sodium 
phosphate buffer.  
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The stability of OatAC when frozen was also examined. Freezer conditions were 

selected based on the preceding screen and involved final purification of OatAC in 50 mM 

Tris-HCl pH 8.0, 50 mM NaCl, 30% glycerol. OatAC was frozen for a period of 3 months at -

80 °C. Upon thawing, its transacetylase activity (further discussed below) was compared to 

freshly prepared OatAC. The enzyme was assayed using 0.5 mM 4MU-Ac. as an acetyl-donor 

and 0.5 mM GlcNAc4 in 50 mM Tris-HCl pH 6.5 at 25 °C.  Under these conditions, freshly 

prepared OatAC was found to have a specific activity of 0.34 ± 0.07 µmol x min-1 x mg-1 

whereas frozen OatAC had a specific activity of 0.21 ± 0.06 µmol x min-1 x mg-1.  Thus, the 

extended storage of the enzyme in frozen state resulted in less than a 40% loss of initial 

activity.  

 Analysis of trans-acetylation products 3.2.5

Using the same methodology described for PatB, OatAC was incubated with 

chitotetraose and Ac-CoA and the resulting product was isolated by SPEGC and analyzed by 

MALDI-TOF MS. Intriguingly no O-acetyl product was observed under these conditions. In 

an effort to determine the reason for this finding, other acetyl-donors were evaluated as co-

substrates for transacetylation reactions. These included 4MU-Ac, pNP-Ac and αN-Ac. Of 

these, O-acetylated products were only observed with 4MU-Ac and pNP-Ac as co-substrate 

(Figure 3.28). 

 Analysis of acyl-donor promiscuity 3.2.6

To evaluate the ability of OatAC to utilize non-acetyl acyl donors, reactions were 

initiated as above using propionyl-CoA as an acyl donor. In contrast to the situation with 

Ac-CoA, incubation with propionoyl-CoA did result in the acylation of the oligosaccharide 

co-substrate as propionated chitopentaose  was detected (Figure 3.29). 

 In vitro demonstration of OatA-catalyzed O-acetylation of PG 3.2.7

During the study of PatB, a method was developed for the purification of small, 

soluble PG fragments. The PG fragments generated with those experiments were utilized to 

assess the ability of OatAC to O-acetylate A1! PG. These reactions were carried out using 
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pNP-Ac as an acetyl-donor in the presence of 2 mM soluble PG as determined above. 

Desalted reaction products were analyzed by ESI-ion trap MS and the resulting spectra are 

presented in Figure 3.30. Notably, the only O-acetylated product that was observed was a 

GlcNAc-MurNAc disaccharide with a tetra-peptide stem, a situation similar to that found 

with PatB. These results require further experimentation in order to evaluate S. aureus PG 

substrate specificity. 

 

Figure 3.28. MALDI-TOF mass spectra of OatA-catalyzed reaction products. In 
separate reactions OatA was incubated with 4 mM pNP-Ac (a) and 0.5 mM 4MU-Ac 
(b) as acetyl donors and 1 mM GlcNAc5 as a oligosaccharide acceptor in 50 mM 
sodium phosphate buffer pH 6.5, 50 mM NaCl at 25 °C. Desalted products were 
analyzed by MALDI-TOF MS using CMBT as a matrix. Enzyme free control 
reactions were analyzed for each donor. These looked essentially identical to one-
another and so the 4MU-Ac control spectrum is shown here (c). The calculated 
masses for the observed oligosaccharides are as follows: GlcNAc5 + Na =  1056.40; 
GlcNAc5 + OAc + Na =  1098.41; GlcNAc5 + 2 OAc + Na =  1140.42; GlcNAc5 + 3 
OAc + Na =  1182.43. 
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Figure 3.29. MALDI-TOF mass spectra of OatAC catalyzed propionoyl-CoA 
reaction products. OatA was incubated with 4 mM propionoyl-CoA and 1 mM 
GlcNAc5 as an oligosaccharide acceptor in 50 mM sodium phosphate buffer pH 6.5, 
50 mM NaCl at 25 °C (a). Desalted products were analyzed by MALDI-TOF MS 
using CMBT as a matrix. An enzyme free control was analyzed (b). The calculated 
masses for the observed oligosaccharides are as follows: GlcNAc5 + Na =  1056.40; 
GlcNAc5 + OProp + Na = 1112.42. 
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Figure 3.30. ESI ion trap mass spectra of desalted OatAC  reaction products. Mass 
spectra represent deconvoluted and centroided neutral masses. OatAC was incubated 
for 5 min at 25 °C in 50 mM sodium phosphate buffer pH 6.5, 50 mM NaCl with 0.5 
mM 4MU-Ac and 2 mM soluble muropeptides derived from E. coli as discussed 
above. 

 Determination of kinetic constants for OatAC using chitooligosaccharides 3.2.8

Assays were conducted using 4MU-Ac as an acetyl-donor in the presence of variable 

concentrations of chitotetraose (0-10 mM) (Figure 3.31). The resulting data were analyzed 

by non-linear regression and the kinetic constants for the enzyme were determined. OatAC 

was found to have a Km equal to 12 ± 1 mM and a kcat of 0.017 ± 0.001 s-1 for chitotetraose. 

The overall specificity constant was thus found to be 1.42 ± 0.13 M-1 x s-1. Given the relatively 

high Km for chitotetraose, other chitoses were not analyzed.  
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Figure 3.31. Michaelis-Menten plots for OatAC catalyzed O-acetylation of G4. 
Reactions of 3 µM OatAC were incubated with varying concentrations of G4 (0-10 
mM) and 0.5 mM 4MU-Ac in 5% (final) DMSO. Production of 4MU was monitored 
at 355 nm. n = 3 ± SD 

 Inhibition of OatAC  3.2.9
Due to the high Km of OatAC for the chitotetraose acceptor used in transacetylation 

reactions, inhibition analysis was carried out by assaying the esterase activity of the enzyme. 

IC50 curves were generated for the inhibition studies of several inhibitors of Ape1 (Pfeffer 

and Clarke, 2012) using 4MU-Ac as an esterase substrate at 0.5 mM (Figure 3.32). The IC50 

values for alizarin and sennoside A were 69.3 µM and 54.0 µM, respectively. As these assays 

were performed using an enzyme concentration of 1 µM, these data represent inhibitor to 

enzyme ratios of 69:1 (alizarin) and 54:1 (sennoside A). Problems due to solubility of 

purpurin rendered meaningful data analysis impossible with this inhibitor.  

 Evaluation of the ability of OatAC inhibitors to sensitize S. aureus to 3.2.10
lysozyme 

Disk diffusion assays were used to test the inhibition of S. aureus growth in the 

presence of purpurin and alizarin in combination with lysozyme. When compared to 

appropriate controls, no significant zones of clearing were observed on any plate. 

Importantly, plates containing 100 µg x mL-1 purpurin or alizarin prevented growth of the 

target organism. Attempts were also made to include lysozyme and inhibitor in the same 

disk. This resulted in a large zone of clearing which, based on controls, is attributable to the 

effect of combining lysozyme with DMSO, rather than an interaction between the 

compound and OatA.  
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Figure 3.32. Inhibition of OatAC by known Ape1 inhibitors. IC50 curves were 
generated by assaying OatAC in the presence of varying concentrations of each 
compound in triplicate. Release of 4MU was monitored at 355 nm in triplicate 
reactions containing 0.5 mM 4MU-Ac and 1 µM OatAC in 50 mM Tris pH 6.5 at 25 
°C. The resulting data were analyzed in the GraphPad Prism software with each data 
set fit to the log(inhibitor) vs. response function. 
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 Discussion Chapter 4:

 PatB 4.1.
The O-acetylation of PG was discovered over fifty years ago by two independent 

groups (Abrams, 1958; Brumfitt et al., 1958), but the pathways for this modification were 

only recently described.  Based on genomic studies, two distinct pathways were proposed 

that appeared to be unique to Gram-positive and Gram-negative bacteria, respectively, 

(Clarke et al., 2000) and subsequent experimental evidence was obtained to support both. 

Thus, a two component system is proposed for Gram-negative bacteria involving the 

translocation of acetate from the cytoplasm to the periplasm involving an integral membrane 

protein (PatA), and then its transfer to PG by a peripheral membrane acetyltransferase 

(PatB) (Dillard and Hackett, 2005; Moynihan and Clarke, 2010).  With Gram-positive 

bacteria, a single bimodal membrane protein, O-acetylPG transferase A (OatA), appears to 

catalyze both reactions of the process (Bera et al., 2005; Crisóstomo et al., 2006). 

Interestingly, B. anthracis and strains of B. cereus encode the genes for both systems and in 

multiple copies (Laaberki et al., 2011).  To date, however, only phenotypic evidence exists in 

support of these pathways in any bacterium because no in vitro biochemical assay was 

available for their analysis. This situation reflects the complexities of investigating integral 

and peripheral membrane proteins that act on a totally insoluble and a heterogeneous 

substrate such as PG.   

An observation stemming from my M.Sc. work was that PatB could only be stably 

produced if it possessed an N-terminal modification of some kind. For example, expression 

constructs with C-terminal His6-tags were not well expressed and attempts to purify this 

protein resulted in substantial protein degradation and precipitation despite the 

maintenance of samples at 4 °C and presence of protease inhibitors (Moynihan and Clarke, 

2010). Virtually no recombinant protein was isolated from cells expressing this construct. 

Although an N-terminal His6-tagged variant could be produced (PatB∆36), it too was highly 

unstable once isolated. Enzyme activity was found to decrease quickly (more than 50% in 
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under 12 hours) and the protein was highly prone to degradation and precipitation. While 

initial scouting experiments were possible with this protein, the suitability of new assays or 

assay conditions was hard to assess as a result of highly irreproducible data attributed to 

poor protein stability. In an effort to confront this issue, two new PatB expression constructs 

were generated.  

The first construct that was generated (pACPM30) produced a protein that was 

further truncated relative to PatB∆36 to reflect the size of the major degradation product of 

that protein observed by MALDI-TOF MS (Moynihan, 2008). This protein was stable and 

possessed both esterase and transferase activity. Unfortunately, early HPLC results suggested 

that the protein’s transferase activity was significantly reduced compared to PatB∆36. A more 

significant concern was the impact of removing 41 N-terminal amino acids on the substrate 

specificity of the enzyme. Many carbohydrate active enzymes, including the alginate O-

acetyltransferase AlgX, possess carbohydrate binding modules that are important for activity 

and are not always obvious based on primary sequence analysis (Riley et al., 2013). Deletion 

of this region could have a substantial impact on substrate specificity.  

An alternative strategy to overcome stability/solubility limitations was to produce the 

protein with an N-terminal fusion. With this in mind, PatB was cloned in frame with an N-

terminal SUMO protein. SUMO is a non-catalytic 11 kDa protein that has been shown to 

enhance protein solubility levels. Typically this fusion tag is removed with the site-specific 

SUMO protease. Indeed, one of the major benefits of the SUMO protease is that it 

recognizes the structure of the SUMO protein rather than a particular amino acid sequence, 

leading to high specificity and the production of protein lacking amino acids derived from a 

protease recognition sequence. Unfortunately, removal of SUMO from PatB was not a viable 

option. Treatment of PatB with SUMO-protease resulted in several degradation products in 

addition to the anticipated PatB product as well as rapid protein precipitation. This is 

consistent with the poor solubility/stability observed during the production of PatB∆36. Given 

this, almost all subsequent experiments were carried out using SUMOPatB, despite the fact that 

even this protein was highly susceptible to precipitation. Furthermore, kinetic analysis of 

SUMOPatB required it to be used within 24 hours of its production and neither purified 
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protein nor cell pellets containing the protein could be frozen (including in cell pellets 

resuspended in buffer containing 10% glycerol).   

The second major difficulty associated with analysis of PatB was the lack of suitable 

substrates to act as both acetyl-donors and acceptors. The native acetyl-acceptor of PatB is 

expected to be transpeptidated, transglycosylated insoluble PG (Gmeiner and Kroll, 1981; 

Gmeiner and Sarnow, 1987; Lear and Perkins, 1983; 1986; 1987; Snowden and Perkins, 

1991). Despite its depiction in most textbooks, PG is a highly heterogeneous structure. 

Indeed, the cell wall of E. coli was recently imaged using highly advanced atomic force 

microscopy techniques and it was demonstrated to be made up of a porous ‘filigree’ network 

(Turner et al., 2013). This heterogeneity in macrostructure is reflective of the heterogeneity 

of the micro-structure of the PG. For example, the digestion of insoluble PG from a single 

bacterial source leads to the production of over 70 distinct muropeptides (Glauner, 1988). In 

an individual organism, the lengths of glycan chains, the size and degree of cross-linking of 

stem peptides and the presence of modifications are all highly variable. From a biochemical 

perspective, this makes isolated PG an unsuitable enzymatic substrate. Some defined PG 

metabolites do exist as commercial products. These include the monosaccharides GlcNAc 

and MurNAc and derivatives of both MurNAc and GlcNAc(ß-1,4)MurNAc with L-Ala and 

L-Ala-D-isoGln side chains. However, defined oligomeric PG metabolites are not 

commercially available and the total synthesis of a PG tetramer requires some 37 synthetic 

steps and has a yield of less than 10% (Hesek et al., 2004). Of the PG-related substrates that 

are available, none proved to be a suitable substrate for PatB.  

Despite these limitations, I tested the ability of PatB to use oligomeric 

chitooligosaccharides with DPs 3 to 6 as potential acceptors. As shown in Figure 3.7 and 

Table 3.3, PatB was able to catalyze the production of acetylated products. Moreover, the 

enzyme catalyzed multiple acetylations of the individual chitooligosaccharides. Thus, 

treatment of chitohexaose, for example, led to the formation of the mono-, di-, tri-, and 

tetra-acetylated products at longer incubation periods (>10 min) (Figure 3.7). The multi-

acetylations observed with the chitooligosaccharides likely reflect the comparatively simple 

substrate, which may allow it to bind at these sub-sites in different orientations.  Such multi-
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acetylations would complicate the kinetic analysis of the enzyme recognizing the gradual 

production of different substrates for the enzyme (i.e., initial production of mono-acetylated 

species, which becomes a second substrate along with the unacetylated starting material, 

etc.). MS analysis of reaction products isolated after 10 min showed that the initial products 

are singly acetylated. As assay development continued the eventual development of a 

continuous colourimetric assay showed that reaction rates are linear with respect to time up 

to approximately 10 min (as observed for GlcNAc3 in Figure 3.7). 

At the outset of this research, the source of activated acetate for PatB was a major 

concern. While I did consider use of proteoliposomes or nano-wraps to use PatA as a source 

of activated acetate in assays, such a system would have a substantial number of variables 

and would not be amenable to applications such as high-throughput screening. Given that I 

propose PatB as a potential antibiotic target, it seemed counter productive to develop an 

assay that could not be expanded to such applications. Two lines of evidence led me to use 

soluble acetate donors in place of the PatA. First, when E. coli cells were permeabilized with 

toluene and Ac-CoA was added exogenously, the degree of acetylation of PG from PatB-

producing E. coli increased (Moynihan and Clarke, 2010). This suggested that the system 

was able to use added Ac-CoA, though it was unclear if PatB was using it directly or if a PatA 

paralog such as WecH was simply providing more activated acetate to PatB. Secondly, in the 

same study I observed that PatB was capable of acting as an esterase when using pNP-Ac as a 

substrate.  

In this thesis I expanded those simple (only specific activity was reported) results to 

include Michaelis-Menten kinetic parameters for pNP-Ac and other activated acetyl donors. 

This pool of donors includes a non-O-linked donor (Ac-CoA) in addition to two other O-

linked donors (4-MU-Ac, αN-AC) suggesting significant active site plasticity in vitro. 4-MU-

Ac is a fluorogenic substrate/acetate donor and as such it will serve as an exceptional tool for 

high-throughput screening of this family of enzymes given that many inhibitory compounds 

often interfere with colorimetric assays. Furthermore, the finding that PatB is able to catalyze 

transfer from Ac-CoA was surprising given the apparent absence of this natural substrate in 

the periplasm/extracellular space of bacteria.   
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Recent work from our group also provides a good understanding of the catalytic 

mechanism of Ape1, the authentic esterase in the system (Pfeffer et al., 2013; Weadge and 

Clarke, 2007).  Ape1 relies upon a Ser, His, Asp catalytic triad and is thought to proceed via a 

ping pong bi bi catalytic mechanism using water as its second substrate. This form of 

catalysis requires that the enzyme proceed via a covalent enzyme intermediate (i.e., an 

acetyl-Ser in this case). PatB was initially identified as an Ape1 homolog based in part on the 

presence of the same predicted catalytic triad. I reasoned that under these in vitro 

conditions, PatB was likely also proceeding through the same mechanism as Ape1, albeit at a 

slower rate. Given that the trans-acetylation mechanism was likely to be similar (substituting 

the water in the Ape1 reaction for an oligosaccharide in the PatB reaction) identification of 

an appropriate oligosaccharide substrate was hypothesized to drive the enzyme to catalyze 

transferase reactions rather than esterase reactions. As discussed above, this was found to be 

the case with chitooligosaccharides. As further support of this proposal, Ape1 is also able to 

act as a transacetylase but only in the presence of organic solvent where the concentration of 

water has been significantly reduced (Weadge and Clarke, 2013).  

Demonstration of reaction products was initially not straightforward because the 

salts present in the reaction buffers precluded direct analysis by MALDI-TOF MS. Part of 

the limitation in this analysis was that C18 Zip-Tips, which are commonly used for desalting 

prior to MS, retain chitooligosaccharides poorly. This was evidenced by our inability to 

collect MALDI-TOF data despite following otherwise identical procedures to our final 

protocol. It was at this time that I identified graphitized carbon (GC) as a tool for improving 

this analysis.  GC is frequently used for the analysis of N and O-linked oligosaccharides for 

the purpose of concentrating and desalting (Packer et al., 1998).  Building upon methods 

available in the literature, I was able to adopt SPEGC into our methodology.  

Several distinct advantages exist with respect to SPEGC. First, the binding capacity of 

SPEGC cartridges is quite high. For instance, work by Redmond and Packer (1999) showed 

that similar columns to those used in this work (150 mg of GC) are able to bind up to 40 mg 

of the trisaccharide raffinose. Moreover, elution from SPEGC is carried out with volatile 

solvents making concentration of eluted fractions straightforward. Finally, the packings used 
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in these columns are also available as more refined particles in an HPLC column format. I 

was therefore able to use HPLCGC to separate and quantify reaction products directly. This 

methodology was extremely useful for the identification and purification of individual 

reaction products. The nature of adsorption to HPLCGC is specific for the structure of the 

oligosaccharide and so discrimination of structural isomers was possible. After optimization 

of the protocol, base-line separation of a chitose with a single acetylation at sugars that are 

next to each other was relatively straightforward (Figure 3.9 and Figure 3.10). While the high 

selectivity for oligosaccharide structure is an advantage for certain applications, it was a 

significant draw-back for the development of procedures to measure enzyme kinetics. 

Specifically, the resolution of structural isomers meant that the quantification of O-acetyl 

products became problematic given the lack of suitable standards for quantification, the 

resolution of anomers leading to poor peak shape and the need to sum the area of several 

different peaks to get a total reaction rate. Another drawback to this methodology is 

common to almost all HPLC-based methods. Analysis via HPLC requires relatively large 

sample volumes, lengthy HPLC runs and is relatively labour intensive. 

Due to the problems with the HPLC-based method, alternative methods for the 

quantification of O-acetyl groups were sought. The first alternative that was selected was the 

Hestrin assay. Named after the individual who developed it, the Hestrin assay was first 

devised for the quantification of acetylcholine esterase activity (Hestrin, 1949). While this 

assay does quantify esters in practice, its sensitivity is poor. In order to reach product 

concentrations suitable for the Hestrin assay, reactions would need to be carried out in large 

volumes and then concentrated prior to analysis. This would introduce numerous sources of 

error and command substantial resources. The next method of direct observation of acetyl-

transferase activity was to isolate the chitooligosaccharides from the reactions using SPEGC 

and then saponify the acetate from the oligosaccharide and quantify it using either an 

organic acid HPLC column, or a 96-well format acetate analysis kit. Given that SPEGC is 

available in a 96-well format as well, a method could be envisioned which offers higher 

throughput than the HPLC methodology. While technically this use of SPEGC columns did 

work, the number of manipulations of the reactions required in addition to variability in the 
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packing of the columns, led to unacceptable margins of error despite significant efforts to 

control for these variables.  

One of the initial kinetic experiments carried out during the course of my studies was 

to incubate PatB in the presence of evenly-suspended insoluble PG and Ac-CoA and follow 

the rate of Ac-CoA consumption. Surprisingly, the rate of Ac-CoA consumption actually 

slowed down in the presence of the PG, suggesting that extraction of a trans-acetylation rate 

would be complicated, if not impossible. Upon identifying chitooligosaccharides as a 

substrate and exhausting direct measurement methods, the indirect quantification of donor-

consumption was revisited. Since PatB is able to hydrolyze a variety of activated acetyl-

donors and pNP-Ac showed the best kinetic parameters, it was selected for further analysis. 

In contrast to experiments with PG suspensions, initial reactions demonstrated the 

rate of pNP-Ac hydrolysis increased in the presence of chitooligosaccharides relative to 

oligosaccharide-free controls. This finding could be explained in one of three ways. First, the 

addition of chitooligosaccharides to the reaction could simply speed up the spontaneous 

hydrolysis of the acetyl-donor in some unanticipated way. This possibility was excluded 

based on the comparison of enzyme-free controls in the presence and absence of chitose. 

Second, the enzyme-catalyzed hydrolysis of pNP-Ac was increased in the presence of 

chitooligosaccharides, but the rate increase might not be proportional to the amount of O-

acetyl product being formed. Finally, the increase in donor consumption could be directly 

related to the production of O-acetyl product. In this final case, any increase in pNP 

production would be equal to the amount of O-acetyl product formed. Fortunately, these 

hypotheses were testable. As was expected, quantification of free-acetate (i.e., that produced 

by pure hydrolysis of the acetyl donor) indicated that the total rate of free acetate production 

equaled the total rate of pNP-production in the chitooligosaccharide-free control reaction. 

In a parallel reaction, where all conditions were identical except for the addition of GlcNAc3, 

the rate of pNP release was significantly higher than the rate of free acetate production. The 

rate of free acetate production, however, was the same as in the chitooligosaccharide-free 

control. Thus, the production of pNP without a corresponding free acetate product implies 

transfer of acetate to the chitooligosaccharides. This means that in a given reaction, the rate 
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of non-productive hydrolysis of pNP is constant regardless of the presence of an 

oligosaccharide acceptor. However, in the presence of an oligosaccharide acceptor, the total 

rate of pNP release is increased and that increase is a measurement of transacetylase activity 

(Figure 3.12). This method provides the first facile assay for the analysis of a PG-O-

acetyltransferase and it is amenable to high-throughput screening.  

In my search for a more consistent and soluble co-substrate for in vitro studies, I 

found that the minimum requirements were for oligomers of GlcNAc with a DP ≥3. 

Chitooligosaccharides are simple structural mimics of PG oligomers and their utility as 

substrate for PatB is analogous to the ability of lysozyme to also exploit them as substrate, 

albeit weakly so (Banerjee et al., 1975; Berger and Weiser, 1957).  The DP of the 

chitooligosaccharides had to be ≥ 3 for PatB, consistent with early reports demonstrating 

that PG O-acetylation occurs shortly after transglycosylation and transpeptidation of Lipid II 

(undecaprenyl-bound GlcNAc-MurNAc-pentapeptide) in N. gonorrhoeae, Proteus mirabilis, 

and S. aureus (Gmeiner and Kroll, 1981; Gmeiner and Sarnow, 1987; Lear and Perkins, 1983; 

1986; 1987; Snowden and Perkins, 1991). These observations implicate PG chains and not 

the precursor disaccharide as the natural substrate.  The modest improvement in the Km and 

specificity constant for the chitooligosaccharides with increasing DP to 5/6 suggests that 

PatB, like many other carbohydrate-active enzymes including lysozyme (Blake et al., 1965), 

likely has several glycan-binding sub-sites. A crystal structure of PatB in complex with 

substrate would be required to determine this unequivocally.  

Using the above methodologies, the combination of several important factors for the 

assaying of PatB activity was determined. First, PatB assay conditions were determined by 

screening enzyme activity in the presence of several different additives. Notably, metals were 

found to have a detrimental effect on catalysis as did the addition of NaCl or BSA. Addition 

of EDTA did appear to help the stability of the enzyme. When EDTA was added to protein 

samples following IMAC purification less precipitated protein was observed, though this was 

not quantified. Furthermore, reaction rates where EDTA was included at 5 mM were 

consistent with EDTA-free samples implying that a bound metal is not required for activity. 

This is consistent with most other SGNH hydrolase family enzymes.  
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A somewhat surprising finding was the ability of SUMOPatB to transfer propionate to 

chitooligosaccharides. To my knowledge, this is the first reported production of such a 

reaction. Interestingly chitooligosaccharides have several potential medical applications and 

so their modification may turn out to be a useful application of this enzyme (Park and Kim, 

2010).  In vivo it is thought that PatA presents acetate for use by PatB. It is likely the nature 

of this acetyl donor is some form of a covalent linkage of the acetate to PatA or an adapter 

molecule as is the case with acyl-carrier proteins (reviewed in Byers and Gong, 2007). Thus, 

it is safe to assume that PatB has a binding site/cleft to accommodate both PatA and its 

bound acetate and so it is not unreasonable to expect that the simple chromogenic acetate 

donor substrates such as pNP-Ac would gain ready access and serve as substitutes. In this 

context though, it was a little surprising that PMSF, a general serine-enzyme inhibitor only 

weakly inhibited SUMOPatB in vitro.  With the promiscuity of SUMOPatB activity in its ability to 

act on a variety of different co-substrates, it is unlikely that accessibility of PMSF to the 

catalytic serine would be the cause of this weak inhibition.  However, weak inhibition of 

other serine enzymes by PMSF has been observed, including N. gonorrhoeae Ape1 (Weadge 

and Clarke, 2007). 

The replacement of PatA with a small chromogenic acetate donor, and the PG 

substrate with chitooligosaccharides is unlikely to yield physiologically relevant kinetic 

parameters. However, it does provide the opportunity to investigate the catalytic mechanism 

of the enzyme. Coupled with site-specific replacements of potential catalytic residues, this 

first-ever kinetic analysis of this class of enzyme clearly demonstrated that PG O-acetylation 

proceeds via a ping-pong bi-substrate bi-product mechanism involving a catalytic triad of 

Ser-His-Asp residues. Several lines of evidence support this conclusion: i) Cleland’s rules 

state that the pattern of parallel lines generated by double reciprocal plots of enzyme velocity 

versus chitopentaose concentration at changing concentrations of acetyl donor obtained 

with the kinetic analysis of PatB would result from a ping-pong bi bi mechanistic pathway 

(Cleland, 1963a); ii) the trend of decreasing catalytic activity associated with Asp302Ala 

(20% residual activity), His305Ala (detectable only by ESI-MS analysis of reaction products) 

and Ser133Ala (no detectable activity) variants of PatB would be expected for their 

participation in a charge relay network of a catalytic triad; and iii) acetate was trapped on the 
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putative catalytic Ser133 residue. The approach used for trapping the acetyl-enzyme 

intermediate allowed direct determination of the residue involved in the covalent 

intermediate. In contrast to radiolabelling experiments, this methodology can yield 

quantitative and direct observation of a covalent-catalytic amino acid transition state. This 

experimental approach will be broadly applicable to similar enzymatic systems where the 

identification of a catalytic residue may not be clear.  

Based on the preceding data, I propose the following double-displacement 

mechanism of action for PatB (Figure 4.1). This is predicated on our understanding of the 

activity of serine esterases (as well as lipases and proteases), including N. gonorrhoeae Ape1  

(Pfeffer et al., 2013; Weadge and Clarke, 2007). The binding of substrate is predicted to 

trigger a proton relay involving the catalytic triad residues Asp302, His305 and Ser133 in 

which the carboxyl group of Asp302 forms a salt bridge with the N-δ1 of His305, allowing 

the N-"2 of its imidazole ring to abstract a proton from Ser133 rendering the latter 

nucleophilic. The alkoxide of the catalytic Ser would attack the carbonyl carbon of the acetyl 

donor (pNP-Ac in vitro; acetyl-PatA in vivo), generating a tetrahedral transition state that 

would collapse to a covalently bound acyl-enzyme intermediate, and leading to the release of 

the first product (pNP or PatA) on acquiring the proton of the serine hydroxyl from His305. 

The glycan acceptor would then bind within the active site cleft and, through acid/base 

catalysis, His305 would abstract the proton of the C-6 hydroxyl group rendering it 

nucleophilic. Attack by the C-6 alkoxide on the carbonyl center of the acetyl-Ser would lead 

to the formation of the second tetrahedral transition state. Collapse of the latter would 

generate the O-acetyl sugar product and release the enzyme to repeat the cycle.  As with the 

other serine enzymes, including Ape1 (Pfeffer et al., 2013), residues at the active center 

would form an “oxyanion hole” to stabilize the putative transition states. Similar motifs 

containing invariant Ser, His and Asp residues are found in homologs and paralogs of PatB 

(Clarke et al., 2000; Weadge et al., 2005), including PG O-acetyltransferase OatA of Gram-

positive bacteria (Bera et al., 2005; Bernard et al., 2012), polysialic acid-specific O-

acetyltransferase OatC (Bergfeld et al., 2009), and the putative alginate O-acetyltransferases 

AlgX and AlgJ (Franklin et al., 2004; Riley et al., 2013). Based on this, I further propose that 

this mechanism of action is a common feature of these enzymes involved in the O-
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acetylation of PG and other bacterial exopolysaccharides and provide the first kinetic basis 

for such a mechanism. The recently solved crystal structure of AlgX supports this 

mechanism although the activity of that enzyme has not been demonstrated in vitro (Riley et 

al., 2013).  

  

Figure 4.1. Proposed catalytic mechanism of PG O-acetyltransferases. R1 is either 
a hydroxyl group or a β-1,4 linked sugar; R2 is either a hydroxyl group of 
chitooligosaccharides or a lactyl-peptide moiety of muramoyl-peptides in PG.  

A clear specificity of PatB was observed with PG-derived ligands as an acceptor 

substrate. A preference, if not restriction, was found for muropeptides possessing tetra-

peptides, at least in vitro. This again is consistent with the earlier in vivo studies indicating 

O-acetylation follows transpeptidation of growing PG chains (Gmeiner and Kroll, 1981; 

Gmeiner and Sarnow, 1987; Lear and Perkins, 1983; 1986; 1987; Snowden and Perkins, 

1991); the formation of crosslinks in PG by transpeptidases results in the formation of 

tetrapeptide stems on muramoyl residues. While high-resolution data is not available for the 
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structure of all muropeptides generated by N. gonorrhoeae, this data is available for N. 

meningitidis from two separate reports (Antignac et al., 2003; Zarantonelli et al., 2013). In 

that organism the only O-acetylated muropeptides observed contained tetrapeptide stems. 

O-acetyl groups were also identified on complex muropeptides such as GlcNAc-MurNAc-

tetrapeptide-GlcNAc-MurNAc-tripeptide, which means that the acetyl group could be on 

either MurNAc-peptide. Consistent with a preference for GlcNAc-MurNAc-tetrapeptide, 

multiple acetylations of complex muropeptides were only observed on structures that 

possessed multiple tetra-peptide stems. The PatA and PatB proteins produced by N. 

meningitidis are both 96% identical to those found in N. gonorrhoeae with no alterations to 

the conserved catalytic motifs and so it is likely that a similar preference would be observed 

in N. gonorrhoeae. A more detailed analysis of in vivo and in vitro PatB substrate specificity 

should form the basis of a future study. 

A model for the role of O-acetylation in regulation of PG chain-length in N. 

meningitidis has recently been proposed. According to Veyrier and colleagues (2013), the O-

acetylPG esterase Ape1 only de-acetylates MurNAc residues containing tripeptide stems in 

vivo. They propose that newly de-acetylated GM3 serves as substrate for a lytic 

transglycosylase, thus limiting PG chain-length. Consistent with this model, my data show 

that PatB will only O-acetylate PG fragments containing a tetra-peptide stem (GM4) in vitro, 

thereby preserving these regions of PG from digestion. If the model of Veyrier is correct, one 

would expect that a peptidase with specificity for O-acetylMurNAc-tetrapeptide would 

subsequently cleave the tetrapeptide as required, thereby generating the substrates for Ape1 

and LTs. A zymographic method for determining substrate specificity of lytic enzymes has 

been developed but it has not yet been employed for the detection of O-acetylPG specific 

enzymes from N. gonorrhoeae (Strating and Clarke, 2001).  

A model for the role of O-acetylation in PG biosynthesis is presented in Figure 4.2. 

which accounts for our current understanding of the processes. Acetate would be 

translocated from the cytoplasm (presumably from cytoplasmic pools of acetyl-CoA) to the 

periplasm by PatA for its transfer by PatB to MurNAc residues in PG possessing tetrapeptide 

stems.  The latter would be generated previously by PBP-catalyzed transpeptidation.  The 
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carboxypeptidase activity of a PBP would trim the tetrapeptide stem of O-acetylMurNAc 

residues to a tripeptide, providing the appropriate substrate for the Ape1 O-acetylPG 

esterase. Ape1 catalyzes the de-O-acetylation of PG, which in turn exposes MurNAc residues 

to the lytic action of lytic transglycosylases which generate/release 1,6-anhydroMurNAc 

products. 

 

Figure 4.2. Proposed pathway for the metabolism of PG in the periplasm. Acetate 
(#) is translocated from the cytoplasm to the periplasm by PatA for transfer by PatB 
to MurNAc residues in PG possessing tetrapeptide stems (previously generated by 
PBP-catalyzed transpeptidation) (step1).  The carboxypeptidase (CP) activity of a 
PBP trims the tetrapeptide stem of O-acetylMurNAc residues to a tripeptide (step 2) 
providing the appropriate substrate for O-acetylPG esterase, Ape1.  Ape1 catalyzes 
the de-O-acetylation of PG (step 3) thereby exposing MurNAc residues to the lytic 
action of lytic transglycosylases which generate/release 1,6-anhydroMurNAc 
products (step 4). 

In summary, I have been able to show for the first time that PG O-acetylation 

proceeds via a ping-pong bi bi catalytic mechanism. Moreover, I demonstrated that PatB is 

preferentially active on polymerized glycans containing N-acetyl moieties or muroglycans 

containing tetra-peptide stems in vitro. This information will be valuable for the 

identification and development of PG O-acetyltransferase inhibitors, which could represent 
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a novel drug target. This study will make possible, for the first time, in vitro characterization 

of other related acetyltransferases yielding important insights into the role of glycan 

modification in extracellular polysaccharides.  

 OatA 4.2.
Despite its identification by Bera et al. (2005) almost ten years ago, the hypothesis 

that OatA is an O-acetyltransferase remains unproven. Prior work with this protein involved 

mutational analysis followed by phenotypic studies but did not show direct catalysis by the 

enzyme (Aubry et al., 2011; Bera et al., 2006; Bernard et al., 2012; Crisóstomo et al., 2006). 

This is an important distinction as it remains possible that OatA plays an earlier role in an 

O-acetylation pathway and does not directly modify PG.  

Numerous biochemical pathways can be interrupted by the removal of a single gene, 

leading to a phenotype that can be misleading. For example, the O-acetylation of alginate 

requires not less than four proteins, AlgI, AlgJ, AlgF, and AlgX (Franklin and Ohman, 2002; 

Franklin et al., 2004; Riley et al., 2013). While alteration of each protein results in O-

acetylation defect phenotypes, the precise role of each protein in the pathway remains 

unclear. AlgI, like PatA, is a member of the MBOAT family of proteins and as such it is 

conceivable that it could acetylate the polymer, although it alone is not sufficient for this 

process (Franklin et al., 2004). AlgJ and AlgX, share predicted structural homology with 

Ape1 and PatB. Furthermore, all four enzymes include invariant predicted catalytic Ser, His 

and Asp, residues. The alginate genes, however, encode the putative catalytic His and Asp 

prior to the catalytic Ser in contrast to the PG active enzymes. Deletion of the gene encoding 

either Alg protein results in defects in alginate O-acetylation suggesting they are transferases 

rather than esterases (Franklin and Ohman, 2002; Franklin et al., 2004; Riley et al., 2013; 

Weadge et al., 2010). In collaboration with the group of Dr. Lynne Howell at the Hospital for 

Sick Children I was recently able to show that AlgX does have poly-manuronic acid 

acetyltransferase activity (manuscript in preparation) but the substrate for AlgJ remains 

unclear. This pathway highlights the complexity of this type of system and the need for 

strong biochemical evidence for enzyme function. Indeed, kinetic analysis of any enzyme in 
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the alginate O-acetylation pathway has not been carried out with the experimental 

limitations mirroring those for OatA and PatB.  

In silico analysis of OatA indicated that it possesses 11 transmembrane helices 

although this has not been experimentally proven. Previous work identified the integral 

membrane domain as having homology with other putative membrane bound acyl-

transferases, implying a role analogous to PatA whereby it transfers acetate across the 

cytoplasmic membrane, though this hypothesis remains to be tested (Bera et al., 2005; 

Bernard et al., 2012). Upon the initial identification of OatA, the Lys-rich nature of the 

extra-cellular C-terminal catalytic domain was identified and speculated to be important for 

catalysis, although no data were provided to support this. The Lys content in this region is 

more than 35% (Figure 3.22). It is possible this region mediates interaction with negatively 

charged teichoic acids. Since its initial discovery, many more protein sequences have been 

made available and BLAST results show that the C-terminal domain is predicted to have 

structural homology to PatB and possesses the same predicted catalytic triad.  

The plasmid constructs encoding OatAC were generated early during the course of 

this thesis research, however it took the development of the methodologies associated with 

the study of PatB before intensive study of OatAC could begin. This was unfortunate because, 

OatAC is relatively stable and easy to produce as compared to PatB. Furthermore, OatAC   

activity is retained for at least 48 h at 4 °C and 3 months at -80 °C. This finding was 

somewhat surprising given that OatAC is tethered to a large predicted transmembrane 

protein and considered unlikely to be stable in solution. Consistent with its preference for a 

membrane-associated environment, the enzyme showed a marked increase in activity when 

stored in the presence of glycerol. Regardless, it is clear that OatAC would be the preferred 

enzyme of the two to use in the development of a high-throughput screen where large 

quantities of catalytically active enzyme are required. 

The observation that the pH optimum of OatAC activity was between 8.0 and 9.0 is a 

little surprising, especially in light of the earlier finding with PatB which has a pH activity 

optimum of 7. Presumably, OatAC is more stable to the higher pH conditions, allowing it to 

remain catalytically active over a broader range of pH. Despite the apparent pH optimum, 
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however, further kinetic analysis of OatAC was carried out at pH 6.5 because the base-

liability of both the ester co-substrate and product would violate steady-state assumptions.   

With the identification of suitable enzyme conditions, OatAC was evaluated for its 

capacity to transfer acetate to chitooligosaccharides and GlcNAc-MurNAc-L-Ala-D-Glu-

mDAP-D-Ala in a manner comparable to PatB. Of the four acetate donors tested, OatAC was 

found to use only pNP-Ac and 4MU-Ac as co-substrate; PatB can utilize all four.  However, 

like PatB, OatAC is able to transfer propionate to an oligosaccharide acceptor co-substrate. 

Another significant difference between the two enzymes concerned their kinetic parameters.  

OatAC was found to have a Km for GlcNAc4 that was more than 6-fold higher than OatAC 

(11.96 ± 1 mM for OatAC; 1.84 ± 0.14 mM for PatB). PatB was found to have a kcat of 0.52 ± 

0.01 s-1, while the kcat of OatAC was 30-fold lower (0.017 ± 0.001 s-1). Finally, the specificity 

constant of OatAC for GlcNAc4 (1.42 ± 0.13 M-1 x s-1) is 200-fold smaller than PatB (283 ± 23 

M-1 x s-1). These data imply that chitooligosaccharides are not ideal substrates for OatAC.  A 

clear understanding of why these differences exist between the two enzymes will likely 

require determination of their respective three-dimensional structures, information that is 

sorely lacking at this juncture.  Nonetheless, these results mark the first ever demonstration 

of O-acetyltransferase activity for OatA, thus providing important biochemical evidence for 

its proposed role in PG-acetylation.  

In S. aureus, OatA is the single most important determinant of resistance to the 

muramidase activity of lysozyme (Bera et al., 2005; Herbert et al., 2007), an important 

component of innate immune systems. Consequently, an inhibitor of OatA may serve as a 

therapeutic agent by blocking PG O-acetylation and thereby sensitizing the bacterium to 

hydrolytic action of lysozyme. The ability of OatAC to function as an esterase in vitro allows 

relatively straightforward analysis of inhibitory compounds. Any esterase activity would 

likely involve the same catalytic triad and a very similar mechanism to the transferase 

activity of the enzyme. This is significant because previous work in our research group 

identified several related compounds, including purpurin and sennoside A, as being 

competitive inhibitors of Ape1 (Pfeffer and Clarke, 2012), the authentic O-acetylPG esterase. 

Indeed, all three compounds were found to have some inhibitory effect on OatAC. While 
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solubility problems prevented quantitative analysis of purpurin, the IC50 of sennoside A was 

found to be approximately 100-fold greater than its IC50 for Ape1. Inhibition data for Ape1 

were not reported for alizarin, but the IC50 reported here for OatAC is relatively high, 

suggesting that it is not a particularly good inhibitor of the enzyme. That these compounds 

are not great inhibitors is reflected in their inability to sensitize S. aureus to lysozyme as 

evidenced by disk diffusion assays. However, these compounds did inhibit the growth of S. 

aureus when used at relatively high concentrations in the medium even in the absence of 

lysozyme. Whether this growth inhibition is due to inhibition of OatA would require further 

analysis, although the observation that ∆oatA strains can be generated suggests this is not 

the case (Bera et al., 2005). Despite this, the work described here provides a platform and 

methodology by which better inhibitors can be identified.  

Together, these data represent the first in vitro investigation of the catalytic domain 

of OatA. I have demonstrated the catalytic capacity of the enzyme for the first time, thus 

validating the role of the enzyme in vivo. Furthermore I have developed a methodology by 

which future investigation of the enzyme may proceed. Future work on this enzyme will 

include a high throughput screen of OatAC inhibitors with the intention of identifying 

inhibitors that are capable of sensitizing S. aureus to lysozyme. Identification of better 

transferase substrates, or better reaction conditions, will enable a more detailed analysis of 

the kinetic mechanism of the enzyme. Finally, although not discussed here, crystallographic 

screening of this enzyme is underway in collaboration with other researchers and it is hoped 

that a structural model of the enzyme will help inform inhibitor selection and design. 
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 Conclusions and Future Directions Chapter 5:

At the outset of this thesis research the mechanism by which O-acetylPG was 

generated remained a hypothesis. Furthermore, the biochemical and kinetic study of any 

extracellular O-acetyltransferase had not been reported. The work outlined in this thesis has 

not only clarified the pathway of O-acetylation in Gram-negative bacteria, it has shown the 

precise enzymatic mechanism by which this occurs. Key to this development was the 

identification of an assay by which the activity of the enzyme could be followed.  

The characterization of PatB was achieved while balancing three simultaneous 

limitations. First, production of PatB proved to be incredibly challenging. Indeed it is 

unfortunate in some ways that PatB was selected for study. As work with OatA and ongoing 

efforts by other members of our group with related enzymes has shown (David Sychantha, 

Unpublished observations), the purification of PatB is uniquely difficult among PG O-

acetyltransferases. This is because the enzyme was found to be prone to precipitation and 

degradation and lost significant activity soon after its production. The second limitation to 

this investigation was the identification of a suitable substrate. New methods had to be 

developed in order to see reaction products, but the presence or absence of those products 

was not assured in any experiment prior to the identification of suitable substrate. Finally, 

identification of a method for assaying the enzyme was not straight-forward. This stems 

from a desire to directly observe reaction products rather than relying on the production of a 

co-product as I ultimately ended up doing. In fact, as a result of using a method that requires 

subtracting two rates (each with their own margins of error) the sensitivity of the assay and 

the quality of data generated may both suffer. Despite these limitations I was able to generate 

reproducible kinetic parameters for the enzyme. The implementation of the 

spectrophotometric, HPLC and mass spectrometry methods outlined in this thesis allowed 

me to identify the catalytic mechanism of this challenging enzyme and define some of its 

substrate specificity parameters. Of particular interest to me is further application of the 

acetyl-covalent enzyme trapping experiment. It is conceivable that trapping many reactions 

with different concentrations of acetyl-donor, but a fixed acetyl-acceptor, would generate 



 

100 

 

active site occupancy data for the acetyl group. This could then be analyzed to extract a Kd 

for the acetyl-donor or investigate which portion of the bi bi reaction an inhibitor was 

affecting. For instance, an inhibitor that did not block acetylation of the enzyme but instead 

blocked binding of the oligosaccharide acceptor would be expected to increase the relative 

proportion of observed acetyl-enzyme intermediate observed in a pool of active enzyme, 

which can be quantitatively measured by this method.  

Despite these significant advances, the investigation of PG O-acetylation is far from 

complete. As a starting point, a clear demonstration of in vivo interaction between PatB and 

PatA would solidify the current model of O-acetylation. Furthermore, an in vitro assay could 

be envisioned using proteoliposomes to show acetate transfer between the two proteins. This 

could be followed by systematic site directed mutagenesis in order to investigate the 

mechanism of acetyl-transfer of PatA. Intriguingly, the mechanism of acyl transfer in 

MBOAT proteins is not well understood (Chang and Magee, 2009; Hofmann, 2000; Shindou 

et al., 2009) and so PatA could serve as a model protein especially in light of the methods 

available for the study of its ultimate product, O-acetylPG. Bacterial two-hybrid experiments 

could also yield important information on the interaction of these two proteins. 

Focusing on PatB, a structural model for the enzyme is clearly required. Although it 

was not discussed here, initial crystal screening for PatB was carried out, though problems 

relating to PatB purification prevented substantial progress. It is possible that a screen of 

PatB homologs from other Gram-negative bacteria would yield a better target for 

crystallography. Another clear benefit of the assay developed in this thesis is its amenability 

to high-throughput screening. Both PatB and OatAC could be screened using only their 

esterase activities with a high likelihood of identifying inhibitory compounds. This is of 

particular interest with OatAC, where lysozyme sensitivity provides a clear phenotype for 

secondary screening of the enzyme. This method was validated to show that despite weak 

inhibition of the enzyme, compounds such as purpurin and alizarin are unable to sensitize 

the organism to lysozyme, an observation that could be due to numerous factors. Complete 

kinetic analysis of OatAC still requires additional data and the identification of an optimal 

substrate. Improvements could also be made to the assay conditions and additives such 
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metals, BSA and other compounds were not tested. For example, a detergent screen may 

yield significant improvements in kinetic parameters given the membranous environment of 

OatA in vivo. 

One of the great strengths of this study is that the tools developed for the analysis of 

PatB could be applied to several other systems. Within the scope of this thesis, I was able to 

provide the first direct evidence for OatA catalyzed O-acetylation. Outside of this thesis, 

similar tools were used to demonstrate the first in vitro O-acetylation of alginate in 

collaboration with the research group of Dr. Lynne Howell at The Hospital for Sick 

Children. Furthermore, I was able to assist in the characterization of an acyltransferase, 

which acts on an important mycobacterial lipopolysaccharide in collaboration with the 

research group of Dr. Nuno Empadinhas at The University of Coimbra.  

In conclusion, this thesis provides important insights into the mechanism of PG O-

acetylation in Gram-negative and Gram-positive bacteria. Furthermore, a ‘tool-box’ has 

been established to allow for investigation of related enzymes and the identification of 

enzyme inhibitors. This will allow for the validation of O-acetylation as an antibiotic target, 

or in the very least the development of powerful chemical biology probes for bacterial 

physiology.  
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Appendix: Reaction Mechanisms 

Given the similarities between PatB, the C-terminal domain of OatA and Ape1 I 

hypothesized that PG O-acetylation will proceed via a bi-product bi-substrate (bi bi) 

mechanism involving a catalytic Ser. As much of this thesis will be directed at this 

hypothesis, the final section of the introduction will discuss the biochemistry of studying bi 

bi enzymes. 

A1. Mechanisms of two-substrate reactions 

The general function of an enzyme is to reduce the free energy requirement of 

transition from one chemical form to another. This can be the transition from two separate 

molecules through some intermediate state to a final product or the breakdown of a single 

molecule to separate elements. One of the many evolutionary pressures placed upon an 

enzyme is that of catalytic efficiency. Efficiency is measured by the rate of the reaction, a 

parameter that is the combined rate of several enzymatic steps depending on the nature of 

the reaction. In simple enzymatic systems there are only four rate components to a reaction, 

k1, k-1, k2 k-2 shown as a formula below (Figure A1). 

 

Figure A1. Rate equation for single substrate reaction.  

Under assay conditions we can assume that the rate of k-2 is equal to zero as the 

concentration of product is generally very low relative to the concentration of available 

substrate. In vitro this is assured by initiating a reaction with a relatively high concentration 

of substrate. In contrast, in vivo this is likely due to rapid removal of product for use in other 

systems or sequestration. This form of the rate equation holds true for single substrate 

reactions, or hydrolysis reactions where the contribution of water to the reaction is not 

measured due to its relative abundance. The rate equation becomes more complicated when 

E + S E S E + P
k1

k-1

k2

k-2
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multiple substrates are involved. As it is highly relevant to this thesis, an explanation of bi-

substrate bi-product (bi bi) reaction mechanisms is required. These reactions can generally 

proceed through two basic mechanisms. They are the sequential bi bi, and the ping pong bi 

bi mechanisms. Cleland produced an exceptional series of rules and nomenclature for the 

description of multi-substrate reactions (Cleland, 1963b; 1963c; 1963a). The rate equations 

for these two mechanisms are as follows (Figure A2):  

 
Figure A2 Rate equations for bi bi reactions. Identified in red are the key 
differences between the two major types of reaction mechanisms. Formation of a 
ternary complex requires a KiaKb component in the rate equation. For the rate 
equation, Vmax = k3k4Et(k3+k4)-1, Ka = k3k4(k1(k3+k4))-1, Kb = k4(k-2+k3)(k2(k3+k4))-1 and 
Kia = k-1/k1. A = substrate A; B = substrate B; P = product P; Q = product Q; E = 
enzyme; F = modified intermediate form of the enzyme.  

As is clear from the above equations, the main differentiator of these mechanisms is 

the presence of a ternary protein-substrate-substrate complex in the sequential mechanism 

and a modified form of the enzyme in the bi bi mechanism. In the ordered sequential bi bi 

mechanism all substrates (A and B) bind the enzyme prior to release of the products (P and 

Q). In the ping pong mechanism, however, substrate A binds which is followed by release of 

P and modification of the enzyme (termed F). Subsequently, substrate B binds and the 

reaction is completed by the release of the final product, Q with concomitant regeneration of 

the enzyme. As a result of this, the mechanism of ping pong bi bi contains an irreversible 

step in-between the binding of the two substrates, the release of P, whereas the random 

sequential mechanism does not. This difference is best illustrated as a plot of [A]-1 vs. Vo
-1 



 

120 

 

where several lines are plotted each with a constant concentration of B, and a variable 

concentration of A. An example for each mechanism is found in Figure A3. The rules of 

Cleland that pertain to the interpretation of these plots for bi bi reactions are as follows 

(adapted from (Cleland, 1963a) and (Splittgerber, 1983): 

1) An irreversible step of the reaction is introduced when product P and Q are released 
under initial conditions. These are termed irreversible because the concentration of 
product is very low relative to substrate and thus the reverse reaction does not occur 
to an appreciable degree. Adding P or Q to the reaction can remove this 
irreversibility. 

2) Another irreversible step in the reaction sequence is the addition of saturating 
amounts of substrates A and B. 

3) If the addition of substrate A and B are separated by reversible steps, the families of 
lines generated by reciprocal plots will result in lines that intersect to the left of the y 
axis.  

4) Introduction of an irreversible step into the reaction sequence, such as the release of a 
product, will yield a family of lines that do not intersect and have the same slope. 

Given the rate equations above, the slope of the lines observed in Figure A3 for the 

ping pong mechanism is equal to KA x V0
-1 while the slope of the sequential mechanism is (Ka 

+ ((Kia + Kb) x [B]-1)) V0
-1. What is immediately clear based on these parameters is that the 

slope of the curve generated via a sequential mechanism is dependent upon [B] while the 

slope of a bi bi mechanism is not. This is due to a point mentioned above, that the binding of 

A and B are separated by an irreversible step (the production of P) in the bi bi mechanism.  

 

Figure A3. Example double reciprocal plots of ordered sequential (1) and ping 
pong (2) bi bi reaction mechanisms.  
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A2. Ser His Asp Catalytic Triads 

Due to their biochemical properties, the amino acids Ser, His and Asp are frequently 

featured in catalytic centers. The following section will discuss the role of each residue in this 

context. The reader is directed to (Polgár, 2005) for a more thorough review of the large 

amount of research on this topic.  

Asp is utilized as a catalytic acid in many enzymes due to its ability to act as an acid 

or base depending on its local environment. Similarly, His is unique in that its imidazole side 

chain has a pKa of approximately 6, which allows it to act as either a proton donor or 

acceptor in the same pH range. Finally, although serine is normally protonated due to its 

high pKa (~9), it can become a potent nucleophile when deprotonated through interactions 

with other residues. One of the best-known examples of Ser-His-Asp catalysis is that of the 

serine proteases. This large family of enzymes catalyzes the breaking of a peptide bond using 

a ping pong bi bi mechanism as shown in Figure A4. 

The enzymatic mechanism that drives this reaction was first proposed by Blow et al. 

(1969) and is reliant upon an interaction between the catalytic Ser and His whereby the His 

deprotonates the Ser, rendering the latter nucleophilic (Blow et al., 1969). The Asp residue in 

the catalytic triad is known to enhance catalysis, although it is not strictly required in most 

enzymes of this class. Indeed, members of this family have been described which completely 

lack the catalytic Asp. Examples include a phospholipase from E. coli (Kingma et al., 2000) 

which uses an Arg residue and an esterase from Streptomyces scabies which relies instead on 

a hydrogen bond between the catalytic His and a backbone carbonyl (Wei et al., 1995). In 

this context the deprotonated Ser is able to act as a nucleophile, attacking the carbonyl 

carbon of the peptide bond. This generates a covalent-enzyme intermediate that eventually 

collapses as one half of the substrate exits the enzyme with the remainder being covalently 

bound to the enzyme. The enzyme is regenerated by the addition of the co-substrate, water. 

The second half of the reaction essentially repeats the first using the water as the nucleophile 

and the acyl-enzyme as the substrate.  

This mode of catalysis is not limited to peptidases. As a class of enzymes the 

alpha/beta hydrolase fold family is comprised of a diverse group of characterized lipases and  
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Figure A4. Mechanism of a serine protease. The serine proteases are a classical 
example of enzymes which proceed through a ping pong bi bi mechanism through 
the use of catalytic Ser, His and Asp residues (with some variations). 

esterases all of which take advantage of some variation of the Ser His Asp triad.  There is a 

precedent for Ser-His-Asp catalysis in PG modifying enzymes, including the esterase Ape1. 

As discussed above, this enzyme is responsible for the removal of O-linked acetate from PG 

in N. gonorrhoeae among other species. This enzyme has been subjected to extensive 

biochemical analysis by former members of our research group and as such a great deal is 

known about its mechanism (Pfeffer et al., 2013; Weadge and Clarke, 2006; 2007). In Ape1, 

replacement of the catalytic Ser, His or Asp with an Ala resulted in less than order of 
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magnitude change in Km, suggesting that binding of substrate was largely unaltered in these 

enzymes. However, the kcat/Km was dramatically reduced from 14,500 mol-1 x s-1 in the wild-

type enzyme to 3.8 mol-1 x s-1 and  7.4 mol-1 x s-1 in the Ser and His replacements respectively. 

The impact of the Asp replacement was more modest with the resulting kcat/Km being 280 

mol-1 x s-1 (Pfeffer et al., 2013). These data are consistent with the current understanding of 

this type of catalytic triad.  
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