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ABSTRACT 
 

 

 

INVESTIGATIONS ON THE ROLE OF PATA IN THE O-ACETYLATION OF 

PEPTIDOGLYCAN IN GRAM-NEGATIVE BACTERIA 

 

 

Victoria Petruccelli                                                          Advisors: 

University of Guelph, 2021          Dr. Anthony Clarke                                                                                                               

                                                                                         Dr. Chris Whitfield 

 

 

The existence of O-acetyl modifications to the C6 hydroxyl of N-acetylmuramic acid residues 

within the peptidoglycan of bacteria is a contributing factor to their pathogenesis. O-Acetylation 

in Gram-negative bacteria employs a two-component system of an integral membrane protein, 

peptidoglycan O-acetyltransferase (Pat) A, and a periplasmic transferase, PatB. The work 

presented in this study attempted to express patA within an E. coli expression host, while 

avoiding toxicity complications. Herein, the apparent production of PatA from Proteus mirabilis 

was achieved as detected by western immunoblot, but the protein’s true identity remains to be 

confirmed by mass spectrometry. Additionally, the possibility of a periplasmic molecule to 

mediate the transfer of acetyl groups from PatA to PatB was explored, but inconsistent results 

prove that a different approach needs to be taken to assess this hypothesis. These results provide 

a framework for the expression of patA so that it may be characterized in future studies. 
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1 INTRODUCTION 
 

1.1 Neisseria gonorrhoeae 

The genus of Neisseria contains Gram-negative coccoid bacteria that inhabit the upper 

respiratory and genitourinary tracts of humans. Belonging to this genus are two important 

pathogens: N. gonorrhoeae, the causative agent of the sexually transmitted infection gonorrhea, 

and N. meningitidis, an important cause of septicaemia and bacterial meningitis. Other species of 

Neisseria, such as N. sicca, N. subflava, and N. lactamica are commensals and colonize in oral 

and nasopharyngeal cavities, although some have the potential to cause disease in 

immunocompromised hosts (Liu et al., 2015). Interestingly, the Neisseria genus contains both 

coccoid and rod-shaped species, which is advantageous for comparing and understanding the 

molecular mechanisms of bacterial morphogenesis (Lui et al., 2015).  

1.1.1 Pathogenesis 

According to the World Health Organization, in 2016 an estimated 87 million new cases of 

gonorrhea occurred among adolescents and adults aged 15-49 years (WHO, 2020). N. 

gonorrhoeae mainly colonizes genital mucosa, but can also colonize anal, ocular, and 

nasopharyngeal mucosa (Quillin and Seifert, 2018). Differences in the cells lining the 

genitourinary tracts of men and women have led to different mechanisms by which N. 

gonorrhoeae is transmitted and survives. Infections in females are often asymptomatic or non-

specific, whereas male infections are mostly symptomatic and easier to diagnose (Quillin and 

Seifert, 2018). An infection stimulates the release of pro-inflammatory cytokines and 

chemokines, causing an influx of neutrophils to the site of infection and a potent inflammatory 

response. Despite this innate immune response, neutrophils do not clear the infection, suggesting 

they may instead cause host inflammatory damage that enhances the infection (Criss and Seifert, 
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2012). As such, early diagnosis using a Gram-stain or nucleic-acid-based assays, and the use of 

antibiotics have been the only effective method for controlling the spread of gonorrhea (Quillin 

and Seifert, 2018). 

1.1.2 Antimicrobial resistance 

The urgency for new antimicrobials continues to escalate as the N. gonorrhoeae bacterium 

evolves into a superbug, resistant to most previously and currently available treatments 

(reviewed in Unemo and Shafer, 2014). Different strains of N. gonorrhoeae have evolved 

numerous resistance mechanisms to inhibit killing by all major classes of antibiotics, such as 

increased efflux of antibiotics via efflux pumps, decreased influx of antibiotics into the cell 

through transport proteins, expression of antibiotic-inactivating enzymes, and mutations to 

antibiotic targets (Quillin and Seifert, 2018).  

The use of sulfonamides as an effective chemotherapy was introduced in the 1930s, but 

N. gonorrhoeae became rapidly resistant by the mid-1940s. At that time, penicillin was 

established as the recommended treatment option. Within 10-15 years, increased minimum 

inhibitory concentrations resulting from the accumulation of chromosomal mutations and 

acquisition of plasmids by gonococci, such as β-lactamase encoding plasmids, and penicillinase-

mediated resistance, led to increased dosage of penicillin (Unemo and Shafer, 2014). As this 

progressed in the 1980s, the use of tetracycline also became an unviable option, and the use of 

ceftriaxone became a preferred treatment regime (Unemo and Shafer, 2014). By 1989, penicillin 

was no longer effective, and by 1993 oral fluoroquinolones, as well as oral extended spectrum 

cephalosporins (ESCs) became the recommended treatments (reviewed in Workowski et al., 

2008). The recent failure to treat gonorrhea with ESCs leaves ceftriaxone as the last remaining 

option for first-line antimicrobial mono therapy, emphasizing the need for the development of 
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novel antimicrobial treatments to combat the threat of a potentially untreatable infection (Bolan 

et al., 2012).   

1.2 The gonococcal cell wall  

The gonococcal cell wall, like that of other Gram-negative bacteria, is comprised of two distinct 

membranes: an inner cytoplasmic membrane, and an outer membrane (OM) (Figure 1.1). The 

area between these two membranes, the periplasm, is where the peptidoglycan (PG) sacculus 

exists. Integral membrane proteins are present on both bacterial cell membranes and are assisted 

by a large number of peripherally attached proteins, referred to as lipoproteins, for the passage of 

ions and biomolecules across the membranes (Hooda et al., 2017). Gonococcal pathogenesis is 

largely due to structures present in the OM, some of which are briefly discussed in the following. 

1.2.1 Pili 

Pili are filamentous structures composed of the major pilus subunits (PilE), and an OM 

adherence-associated protein (PilC), which function as adhesions for a variety of cell types 

(Jonsson et al., 1991). They are also involved in biofilm formation, DNA uptake, and twitching 

motility (reviewed in Shaughnessy et al., 2019). The type IVa pili of N. gonorrhoeae represent a 

major virulence factor as piliated (P+) variants attach to tissues much better than non-piliated (P-) 

derivatives, and they are able to establish an infection in humans (Swanson, 1973; Kellogg et al., 

1968). This may be attributed to the fact that piliated gonococci are naturally competent for DNA 

transformation, increasing horizontal gene transfer, and its PilE subunit undergoes antigenic 

variation (reviewed in Shaughnessy et al., 2019). 

1.2.2 Porins 

Porins are the most abundant class of proteins in Gram-negative OM, comprising 60% of 

gonococcal OM proteins, and function as hydrophilic channels to allow passage of small 
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nutrients and waste (Young et al., 1983; Nikaido, 1994). Porins appear to contribute to N. 

gonorrhoeae pathogenesis by affecting apoptotic signaling in eukaryotic cells, contributing to 

serum resistance by interacting with the complement pathway, mediating cell invasion, and 

affecting the production of reactive oxygen species by innate immune cells (Chen and Seifert, 

2013). 

  

Figure 1.1: The gonococcal cell envelope. The gonococcal cell envelope is similar to 
other Gram-negative bacteria and consists of an inner/cytoplasmic membrane, a middle 
layer (periplasm) where PG resides, and an additional OM. PG of Gram-negative bacteria is 
only a few nm thick and is less decorated than that of Gram-positive bacteria, though it may 
attach to the inner and outer membrane via lipoproteins. The cell wall of gonococcal species 
may be piliated, or non-piliated, contain porins, Opa proteins, as well as lipooligosaccharides 
at the OM. Adapted from Shaughnessy et al., 2019. 
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1.2.3 Opacity-associated protein  

 

Opacity-associated (Opa) proteins are a family of heat-modifiable neisserial OM proteins that 

can influence colony opacity and colour (Swanson, 1982). They are able to undergo phase and 

antigen variation such that those possessing certain Opa proteins may show increased resistance 

to antibiotics, better attachment to host cells, and alter serum resistance (Schwalbe et al., 1985; 

Lanbden et al., 1979). N. gonorrhoeae genomes contain approximately 11 opa loci, encoding 7 

to 9 unique Opa proteins (Connell et al., 1990). The importance of N. gonorrhoeae Opa proteins 

for self-adherence and adherence to host cells make them an important virulence factor during 

pathogenesis (Shaughnessy et al., 2019).  

1.2.4 Lipooligosaccharide   

Lipooligosaccharide (LOS) molecules are complex glycolipids that lack the saccharide repeating 

units present in the lipopolysaccharides (LPSs) present in many enteric bacteria. Gonococci 

“cap” the LOS terminal galactose moiety with sialic acid using an endogenous sialytransferase 

and sialic acid substrate acquired from the host (Mandrell et al., 1990). This modification was 

demonstrated to make gonococci resistant to human serum by inhibiting the classical and 

alternative complement pathways (Tan et al., 1986; Parsons et al., 1988; Mandrell et al., 1990; de 

la Paz et al., 1997). 

1.2.5 Osmoregulated periplasmic glucans 

Osmoregulated periplasmic glucans (OPGs) are a family of periplasmic oligosaccharides found 

in most Proteobacteria and are hypothesized to play a role in bacterial virulence (Bontempts-

Gallo et al., 2016; Cogez, et al., 2001). The glucose backbone structure is linked at least partially 

by β-glycosidic bonds with varying degrees of polymerization, and may be substituted by 
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various molecules, such as O-succinylation and O-acetylation, depending on the species (Bohin, 

2000). 

1.3 Peptidoglycan 

PG is an essential component of most prokaryotic organisms, with only a few exceptions 

belonging to mycoplasmas, halobacteria and methanogens. PG contributes to the cell wall 

defined shape, strength, rigidity, and also prevents cell lysis due to high internal osmotic pressure 

(Bugg and Walsh, 1992). The Gram-negative PG sacculus is encapsulated by the OM and is only 

a few nm thick, compared to the surface-exposed PG of Gram-positives which is 30-100 nm 

thick. PG structure varies with species, growth phase and growth conditions of cells (Rogers et 

al., 1980; Vollmer et al., 2008a). Given its crucial function, and ubiquity but exclusiveness to 

bacteria, PG and its biosynthesis has been identified and exploited as an antibiotic target.  

1.3.1 Structure 

The PG polymer is composed of repeating disaccharides linked to variable, non-ribosomally 

produced peptide stems. The glycan chain is assembled by alternating N-acetylglucosamine 

(GlcNAc) and N-acetylmuramic acid (MurNAc) subunits, linked by a β-1,4 glycosidic bond 

(Figure 1.2). In Gram-positives, the glycan strand contains a MurNAc residue at the reducing 

end (unless cleaved by an N-acetylglucosaminidase), whereas the glycan strands in some Gram-

positives and all Gram-negatives, do not have a reducing end, but terminate with a 1,6-

anhydroMurNAc residue (Vollmer et al., 2008a). The stem peptides are attached to the C-3 D-

lactyl group of each MurNAc residue, ensuring resistance to chemical degradation through a 

strong ether bond (Desmarais et al., 2013). Nascent stem peptides are pentapeptide chains 

comprised of alternating L- and D- amino acids, as well as one dibasic amino acid (Schleifer and 

Kandler, 1972). The stem peptide for most Gram-negatives is often in the form of L-Ala-γ-D-
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Glu-meso-diaminopimelic acid (mDAP)-D-Ala-D-Ala in a newly synthesized polypeptide, with 

terminal D-Ala being released from mature PG during the process of cross-linking (Figure 1.2). 

Cross-linking between adjacent glycan strands usually occurs directly between the carboxyl 

group of D-Ala at position 4 and the amino group of the dibasic amino acid at position 3, 

catalyzed by transpeptidase, but some bacteria use a highly variable inter peptide bridge, such as 

pentaglycine to cross-link muropeptides (Schleifer and Kandler, 1972; Koyama et al., 2012). 

Figure 1.2: Chemical structure of the basic peptidoglycan monomer from Gram-
negative bacteria. The basic PG oligopeptide consists of alternating GlcNAc and MurNAc 
subunits linked by a β-1,4 glycosidic bond. The peptide stem attached to the C-3 lactyl 
moiety of MurNAc is assembled as a pentapeptide of alternating L- and D-amino acids, with 
a dibasic amino acid at the third position. The dibasic amino acid has the most variation as 
Gram-negative bacteria usually possess mDAP, while in Gram-positive bacteria it is typically 
L-lysine. The last D-Ala is cleaved from mature PG during the process of cross-linking. R1 
and R2 represent polymerized PG strands with the next residue being MurNAc and GlcNAc 
respectively. Adapted from McGroty et al., 2013. 

GlcNAc MurNAc 
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Inter- and intra-species variations due to growth conditions may occur to the dynamic PG 

structure.   

1.3.2 Variation in peptide stem 

The amino acid composition within the stem peptide is dictated by the specificity of the Mur 

ligases, or due to a later step of biosynthesis (Vollmer et al., 2008a). The stereochemistry of the 

peptide stem confers resistance from typical peptidases that would otherwise cleave the cross-

Figure 1.3: Variation in peptide cross-linking of adjacent glycan strands. Direct or 
indirect inter peptide cross-linking (purple lines) is most often between the amino group of 
the side chain of the residue at position 3 of a PG monomeric subunit to the carboxyl D-Ala 
at position 4 of the next strand. The most predominant form of cross-linking in Gram-
negative bacteria is shown in (a) but direct linkages between two mDAP residues (b) may 
also occur. As for Gram-positive bacteria, cross-linking may also be direct, but an inter 
peptide bridge is common, such as pentaglycyl (c) peptides found in the PG of S. aureus. A 
less common form of cross-linking is between the α-carboxyl group of D-Glu at position 2 of 
one subunit and the carboxyl group of D-Ala at position 4 of another, achieved through an 
inter peptide bridge with a diamino acid such as D-Orn (d) found in the PG of 
Corynebacterium pointsettiae. Adapted from Sychantha et al., 2018b. 
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links leading to cell lysis (Cava et al., 2011). Other variations of PG composition, such as 

amidation, hydroxylation, or acetylation, occur after the action of Mur ligases, often at the level  

of lipid II (Vollmer et al., 2008a). The greatest variation of amino acid composition exists at  

position 3, which is also the position for direct or inter peptide cross-linking (Figure 1.3).  

  

 Two main groups of cross-linkage were well characterized by Schleifer and Kandler in 

1972 and are classified by: A) cross-linkage between the amino group of the side chain of the 

residue at position 3 of one subunit to the carboxyl group of D-Ala at position 4 of another, and 

B) cross-linkage between the α-carboxyl group of D-Glu at position 2 of one subunit and the 

carboxyl group of D-Ala at position 4 of another. The most common cross-linking is group A and 

Table 1.1 Amino acid variations in the peptide stem of PG 

Position Residue encountered Examples 

1 L-Ala 

Gly 

L-Ser 

Most species 

Mycobacterium leprae, Brevibacterium imperiale 

Butyribacterium rettgeri 

2 D-Isoglutamate 

D-Isoglutamine* 

Threo-3-hydroxyglutamate* 

Most Gram-negative species 

Most Gram-positive species, Mycobacteria 

Microbacterium lacticum 

3 mDAP 

L-Lys 

L-Orn 

L-Lys/L-Orn 

L-Lys/D-Lys 

LL-DAP 

meso-L-Anthionine 

L-2,4-Diaminobutyrate 

L-Homoserine 

L-Ala 

L-Glu 

Amidated mDAP* 

Nγ-Acetyl-L-2,4-diaminobutyrate* 

Most Gram-negative species, Bacilli, Mycobacteria 

Most Gram-positive species 

Spirochetes, Thermus thermophilus 

Bifidobacterium globosum 

Thermotoga maritima 

Streptomyces albus, Propionibacterium petersonii 

Fusobacterium nucleatum 

Corynebacterium aquaticum 

Corynebacterium poinsettiae 

Erysipelothrix rhusiopathiae 

Arthrobacter J. 39 

Bacillus subtilis 

Corynebacterium insidiosum 

4 D-Ala All bacteria 

5 D-Ala 

D-Ser 

D-Lac 

Most bacteria 

Enterococcus gallinarum 

Lactobacillus casei, Enterococci with acquired 

resistance to vancomycin 

*These residues result from reactions occurring subsequent to the action of Mur ligases. 

Adapted from Vollmer et al., 2008a 
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may be direct (most Gram-negative) or through an inter peptide bridge (most Gram-positive), 

while to achieve the cross-link of group B, an inter peptide bridge containing a diamino acid 

must be present. These groups are further classified by the type of inter peptide bridge, or lack of 

it, involved in the cross-bridge, and additionally by the amino acid found at position 3 of the 

stem peptide. Residues at positions 1, 2, 3, and 5 are all subject to substitution except the 4th, 

which is D-Ala in all bacteria (Vollmer et al., 2008a). These substitutions are listed in Table 1.1 

along with examples of the species that contain them. Additional variation exists in the degree of 

cross-linking, which can be seen in Escherichia coli (20%) and Staphylococcus aureus (over 

93%) (Rogers et al., 1980).  

1.3.3 Variation in glycan strands 

Glycan strands may become modified after their insertion into the cell wall, such as N-

deacetylation and O-acetylation, or they may occur on the PG precursors as is the case with N-

glycolylation (Figure 1.4). Non-acetylated glucosamine is mostly seen in Gram-positive bacteria, 

and was identified in 1971 by Araki et al., in the lysozyme-resistant Bacillus cereus, while a later 

study also identified non-acetylated muramic acid residues in the PG of B. anthracis (Zipperle et 

al., 1984). The N-deacetylation to either amino sugars accounted for the observed lysozyme 

resistance as isolated cell walls could not be digested unless chemically N-acetylated by acetic 

anhydride (Vollmer, 2008). The effect of N-deacetylation conferring lysozyme resistance has 

been demonstrated in several strains of Gram-positive bacteria, such as B. anthracis (Zipperle et 

al., 1984), Listeria monocytogenes (Boneca et al., 2007), Enterococcus faecalis (Benachour et 

al., 2012), and Streptococcus pneumoniae (Davis et al., 2008). The deacetylated amino sugars 

that are formed by PG deacetylases likely act on mature PG, since known deacetylases have a 

predicted extracytoplasmic localization (Vollmer and Tomasz, 2002). 
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 O-Acetylation occurs at the C-6 hydroxyl of MurNAc residues in mature PG and was 

first identified in species of Streptococcus and Micrococcus over 60 years ago (Abrams, 1958; 

Brumfitt et al., 1958). It is now understood to be present primarily in pathogenic Gram-positive 

and most Gram-negative species. The less common O-acetylation of GlcNAc residues has been 

Figure 1.4: Substrate level modifications of the glycan strands of peptidoglycan, and 
the products that form when lysozyme and LTs are able to cleave unmodified PG. LTs 
and lysozyme both cleave PG through its β-1,4 glycosidic linkage between MurNAc and 
GlcNAc, but their reaction products are different. Lysozymes are hydrolases that add water 
to generate reducing and non-reducing MurNAc and GlcNAc residues, respectively. In 
contrast, the reaction products as a result of cleavage by LTs are a non-reducing GlcNAc 
residue, and a non-reducing 1,6-anhydro-MurNAc residue. The presence of modifications to 
PG glycan strands can inhibit hydrolysis by PG degrading autolytic enzymes, and in the case 
of O-acetylation and N-deacetylation, contribute to lysozyme resistance of pathogenic 
bacteria. Modifications are coloured in red and the specific reactions products are shown in 

blue. R and R1 represent polymerized PG strands with the next residue being GlcNAc and 

MurNAc, respectively. R2 represents the peptide stem attached to MurNAc. Adapted from 

Sychantha et al., 2018b and Vollmer, 2008. 
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demonstrated to occur in B. anthracis (Laaberki et al., 2011) and Lactobacillus planetarium 

(Bernard et al., 2011). S. pneumoniae is among the few organisms that in addition to N-

deacetylation also O-acetylate their MurNAc residues, contributing to lysozyme resistance.  

The N-glycolylation to the C-2 moiety of muramic acid has been used to distinguish and 

classify closely related genera within the Actinomycetales (Vollmer, 2008; Uchida 1999). This 

modification is present predominantly in genera with mycolic acids including Mycobacterium, 

Rhodococcus, Tsukamurella, Gordonia, Nocardia, Skermania and Dietzia (Vollmer, 2008). In 

contrast to N-deacetylation and O-acetylation, which appear to occur once the PG is 

polymerized, the N-glycolyl modification is introduced into the cytoplasmic precursor lipid I 

(Voller, 2008). The cellular role of glycolylation is not known, but some evidence suggests it 

may confer lysozyme resistance in a way similar to N-deacetylation and O-acetylation (Vollmer, 

2008). 

 Another glycan chain modification is the occurrence of 1,6-anhydroMurNAc, which is 

primarily observed in Gram-negative bacteria as a consequence of the action of lytic 

transglycosylases (LTs) (reviewed in Scheurwater et al., 2008). LTs cleave the β-1,4 linkage 

between MurNAc and GlcNAc through substrate-assisted catalysis with a catalytic acid/base in 

the active site of LTs, and the product formation of 1,6-anhydroMurNAc residues. This 

modification is found only at the termini of glycan strands and soluble PG turnover fragments. In 

the case of the latter, they may then be used as signaling molecules for the induction of β-

lactamase in some Gram-negative bacteria (Höltje et al., 1994). 

1.3.4 Biosynthesis  

The biosynthesis of PG is a complex multi-step process, with events taking place in the 

cytoplasm, and on the inner and outer sides of the cytoplasmic membrane (Figure 1.5). The 
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cytoplasmic steps involve the synthesis of the nucleotide precursors required for the subsequent 

assembly of the disaccharide repeat on a lipid carrier at the cytoplasmic membrane. The 

formation of UDP-GlcNAc requires four successive reactions by the Glm enzymes and begins 

with the conversion of D-fructose-6-phosphate to D-glucosamine-6-phosphate (GlmS) (Barreteau 

et al., 2008). A second enzyme (GlmM) then catalyzes the interconversion of glucosamine-6-

phosphate and glucosamine-1-phosphate, which may then become acetylated and bound by UDP 

to become UDP-GlcNAc (GlmU). The first committed stage in PG biosynthesis is the formation 

of UDP-MurNAc from UDP-GlcNAc by two enzymes: MurA and MurB. MurA catalyzes the 

transfer of the enolpyruvate moiety of phosphoenolpyruvate (PEP) to the 3'-hydroxyl of UDP-

Figure 1.5: Peptidoglycan biosynthesis in Gram-negative bacteria. The steps involved 
in the synthesis of PG in Gram-negative bacteria are compartmentalized with reactions 
taking place in the cytoplasm, as well as on the inner and outer leaflets of the cytoplasmic 
membrane. Beginning in the cytoplasm is the formation of the first nucleotide precursor, 
UDP-GlcNAc by the Glm enzymes. The first committed step is the formation of UDP-MurNAc 
by MurA and MurB, and the remaining Mur ligases assemble the pentapeptide. The next 
step is the synthesis of the lipid I and lipid II PG precursors at the cytoplasmic membrane, 
and lipid II is translocated across the membrane by MurJ to the periplasm where the final 
stages occur. Transglycosylation and transpeptidation is achieved predominantly through the 
action of the PBPs to polymerize PG strands onto the existing PG sacculus. Adapted from 
Barrateau et al., 2008 and Bouhss et al., 2008. 
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GlcNAc, with the release of inorganic phosphate. MurB the catalyzes the NADPH-dependent 

reduction of UDP-GlcNAc-enolpyruvate to create UDP-MurNAc. A series of ATP-dependent 

amino acid Mur ligases (MurC, D, E and F) accomplish the addition of amino acids onto the D-

lactyl group of UDP-MurNAc (Bugg and Walsh, 1992; Berreteau et al., 2008). The subsequent 

addition of L-alanine (MurC), D-glutamic acid (MurD), a diamino acid (generally meso-

diaminopimelic acid in the case of Gram-negatives, or L-lysine in the case of Gram-positives) 

(MurE), and the dipeptide D-Ala-D-Ala (MurF) yields UDP-MurNAc-pentapeptide (Schleifer 

and Kandler, 1972; Barreteau et al., 2008; Bouhss et al., 2008).  

The second stage, completed on the inner leaflet of the cytoplasmic membrane, is the 

synthesis of the precursor lipid intermediates. UDP-MurNAc-pentapeptide is transferred to the 

membrane lipid acceptor bactoprenol (undecaprenol) phosphate by MraY, with the release of 

UMP, to yield lipid I [MurNAc-(pentapeptide)-pyrophosphoryl-undecaprenol] (Scheffers and 

Pinho, 2005). A GlcNAc residue from UDP-GlcNAc is added to lipid I by the cytoplasmic 

membrane-associated MurG enzyme to generate lipid II (GlcNAc- β-(1,4)-MurNAc- 

(pentapeptide)-pyrophosphoryl-undecaprenol), which is the essential substrate for PG 

polymerization. The main limiting factor for the biosynthesis of the precursor lipid intermediates 

is the availability of bactoprenol, as it is the lipid carrier of biosynthetic intermediates for many 

other bacterial surface carbohydrate polymers, such as a carrier for complex oligosaccharides 

that are transferred onto the serine of select periplasmic proteins in N. gonorrhoeae (Valvano, 

2007; Hartley et al., 2011). 

The final stage of PG biosynthesis takes place on the outer leaflet of the cytoplasmic 

membrane, so the lipid II precursor must be translocated across the membrane in order to be 

assembled into the growing PG polymer. The identity of the enzyme that flips lipid II across the 
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cell membrane has been controversial, with two main candidates, MurJ and FtsW. Using 

bioinformatics, Ruiz identified MurJ as the lipid II flippase, and demonstrated that it is an 

essential protein in PG biosynthesis, but its true functional mechanism remained unidentified 

(Ruiz, 2008). In 2011, Mohammadi et al. identified FtsW as the transporter of lipid II across the 

membrane since depletion of FtsW in E. coli reduced lipid II transport, and other in vitro assays 

supported the specific translocation of lipid II by FtsW, whereas no flipping action in vitro was 

seen with MurJ (Mohammadi et al., 2011). Subsequent in vivo studies established that the 

essential function of MurJ is to translocate lipid II across the cytoplasmic membrane, and that its 

depletion causes a decrease in PG synthesis and an accumulation of PG nucleotide and lipid 

intermediates. It was determined that FtsW was unlikely to be responsible for lipase II flipping 

activity (Sham et al., 2014). This was further supported by the crystal structure of MurJ from 

Thermosipho africanus in 2017, and from E. coli in 2018 showing lipid II binding to the 

hydrophobic groove of MurJ and central cavity (Kuk, et al., 2017; Zheng et al., 2018). 

Furthermore, MurJ was shown to have a much higher binding affinity for lipid II than FtsW 

(Bolla et al., 2018). Although in vitro studies presented FtsW as the flippase, the binding and 

flipping mechanism remained unclear. Recently it has been shown that FtsW is essential for 

septal PG biogenesis, and its role is to polymerize lipid II into PG by forming a complex with a 

class B penicillin-binding protein (PBP) (Mohammadi et al., 2014; Taguchi et al., 2019). 

 On the outer leaflet of the cytoplasmic membrane, bacteria utilize several PG synthases 

capable of polymerizing lipid II and cross-linking stem peptides. During transglycosylation, the 

β-1,4 linkage involves joining the C-1 hydroxyl at the reducing end of the MurNAc residue on 

the nascent lipid-linked PG strand (the donor) with the C-4 hydroxyl of GlcNAc on the lipid II 

precursor (the acceptor) (Scheffers and Pinho, 2005). This liberates the undecaprenyl-
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pyrophosphate lipid-carrier from the donor end, which is then dephosphorylated and available 

for the next round of synthesis (Scheffers and Pinho, 2005). 

 PBPs are the main PG synthases and can be classified into two major groups: high 

molecular mass (HMM) and low molecular mass (LMM) (Sauvage et al., 2008). The HMM 

PBPs can be further differentiated into class A or class B depending on the structure and function 

of their N-terminal domain. Class A HMM PBPs have domains for both glycan strand 

polymerization (glycosyltransferase, GTase) and peptide cross-linking (transpeptidase, TPase) 

activities, whereas class B HMM PBPs have a TPase domain and an N-terminal domain that is 

believed to play a role in positioning the catalytic domain away from the cell membrane and 

participating in protein-protein interactions (Macheboeuf et al., 2006). Some species such as E. 

coli, S. aureus, and S. pneumoniae encode monofunctional glycosyltransferase (MGTs) that are 

capable of catalyzing glycan chain formation (Sauvage et al., 2008; Hara and Suzuki, 1984; 

Wang et al., 2001; Park et al., 1985). Recently, it has been shown that members of the SEDS 

(shape, elongation, division, sporulation) family of proteins, namely RodA and FtsW, also 

function as glycosyltransferases to polymerize PG, and likely work in complex with PBP2 and 

PBP3 respectively, which provide the cross-linking activity (Cho et al., 2016). The TPase 

domain of LMM PBPs are involved in cell separation, and PG maturation or recycling. Once 

polymerized, PG synthesis is concluded when the C-terminal domain of both class A and class B 

HMM PBPs catalyze transpeptidation, cross-linking two adjacent glycan strands by transfer of 

the peptidyl moiety to the non-α group of the dibasic amino acid in the second stem peptide, or 

the last amino acid of the cross bridge when it exists (Sauvage et al., 2008; Scheffers and Pinho, 

2005). Cleaving and release of the terminal D-Ala provides the energy for the formation of a new 
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peptide bond outside of the cytoplasm, without need for additional energy donors (Scheffers and 

Pinho, 2005). 

1.3.5 Cell Division, growth, and expansion 

The PG layer is the main determinant of bacterial morphology. It must undergo remodeling 

during cell division while ensuring the cell envelope is temporally and spatially coordinated to 

produce genetically identical progeny (reviewed in Booth and Lewis, 2019). Bacterial cell 

division is mediated by filaments of FtsZ and FtsA, which form the Z ring and recruit regulating 

septal PG-synthesizing enzymes that form the divisome (Bisson-Filho et al., 2017). FtsZ 

treadmills around the Z ring to guide the insertion of new cell wall material and control the rate 

of PG synthases that build the septum that divides the cell into two (Bisson-Filho, 2017). 

Investigation into the divisome of rod-shaped bacteria is best understood, but there is still a lot to 

learn, and even more so for bacteria of different shapes such as species of Neisseria, which are 

coccoid in shape and lack elongation machinery.  

 In order to grow, PG must not only be synthesized, but also disrupted in order to allow 

for the insertion of new material, and in order for cells to divide, a shared PG layer must be split 

among daughter cells (Do et al., 2020). Specific enzymes exist for lysis of almost every covalent 

linkage with PG; these enzymes are classified as muramidases/lytic transglycosylases, 

glucosaminidases, amidases, endopeptidases, and carboxypeptidases. These enzymes are also 

important for cell wall turnover and muropeptide recycling (Scheffers and Pinho, 2005). 

Different models have been presented to understand the control of these hydrolases during PG 

growth, in order to prevent autolysis. The two most popular models pertain differently to Gram-

negative and Gram-positive bacteria. 
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 Koch and Doyle proposed the “inside-to-outside” growth model for Gram-positive 

bacteria (Koch and Doyle, 1985). New material must be inserted only at sites near the inner face 

of the cytoplasmic membrane since it is the location of PG precursors and PBPs, and the older 

and outer layers are turned over. The surface stress theory accounts for the growth and division, 

despite the fact the cell is under constant osmotic pressure. According to this theory, PG must be 

laid down in a random, non-extended conformation so that as subsequent additions of PG occur, 

it can bear the stress due to hydrostatic pressure (Koch et al., 1982). The greatest stress would be 

exhibited by the outermost intact layer and the autolytic activity would be expected to be greater, 

as the stress provides activation energy to speed enzymatic activity (Koch and Doyle, 1985). 

 In the case of Gram-negatives, the task is more difficult, since the PG is present as only a 

thin layer. Höltje proposed a “three-for-one” strategy, whereby one pre-existing PG strand is 

replaced by the insertion of three new strands (Höltje, 1998). The three glycan strands cross-

linked to each other are covalently linked by transpeptidases to the free amino groups in the cross 

bridges on both sides of the removed strand. The release of the PG strand results in the newly 

added triplet to be automatically pulled into the stress-bearing layer (Koch and Doyle, 1985).  

1.3.6 Autolysins 

As mentioned in above (section 1.3.5), bacteria possess a significant number of PG lytic 

enzymes that cleave PG for the insertion of cell wall spanning pores, secretion systems, pili and 

flagella, as well as for the release of turnover products during cell wall metabolism. The bonds 

between amino acids of the peptide stem are cleaved by amidases, carboxypeptidases and 

endopeptidases, while gluosaminidases and muramidases/LTs cleave the glycosidic linkages 

within PG glycan strands (reviewed in Vollmer et al., 2008b) (Figure 1.6).   
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 Amidases cleave the amide bond between MurNAc and the associated N-terminal L-

alanine residue from the stem peptide. Endopeptidases cleave amide bonds within the stem  

peptides of PG, or its soluble fragments, while carboxypeptidases remove the C-terminal amino 

acid (Vollmer et al., 2008b). Many DD-endopeptidases belong to the LMM PBPs and are 

inhibited by β-lactams, which are structural analogues of the terminal D-Ala-D-Ala moiety, but 

there are also those unassociated with PBPs and are not inhibited by β-lactams (Sauvage et al., 

2008). 

 Endo-N-acetyl-β-D-glucosaminidases that act on PG, hydrolyze the glycosidic bond 

between N-acetyl-β-D-glucosamine and N-acetylmuramic acid (Karamanos, 1997). Muramidases 

(lysozymes) and LTs cleave the β-1,4-glycosidic bond between MurNAc and GlcNAc residues. 

N. gonorrhoeae encodes five LTs in the core genome and may also encode one or two additional 

LTs in the gonococcal genetic island (Chan et al., 2012). Lysozymes function as part of the 

Figure 1.6: Cleavage sites of peptidoglycan autolysins. Glucosamidases and 
muramidases cleave the glycosidic linkages within PG strands, while amidases, 
carboxypeptidases, and endopeptidases cleave amide bonds within the stem peptides of 
PG. R, R' and R'' represents continuations of the PG strand. Adapted from Do et al., 2020. 
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innate immune system of higher eukaryotes as a defensive strategy to initiate PG cleavage and 

promote cell lysis. Hydrolysis of the β-1,4-glycosidic bond is achieved through a double 

displacement reaction using a water molecule producing a terminal reducing MurNAc residue 

and a non-reducing GlcNAc residue (Callewaert and Michiels, 2010). Lysozyme is more 

effective against Gram-positive than Gram-negative bacteria, mainly due to presence of the OM 

in the latter bacteria which restricts access to the PG sacculus (Ercan and Demirci, 2016). 

Conversely, LTs are endogenous space-creating bacterial enzymes important for glycan 

expansion, recycling and turnover (Höltje, 1998). LTs cleave PG with the same substrate 

specificity as muramidases, but they are not hydrolases and instead act on the glycosidic bond 

with a concomitant intramolecular rearrangement to yield a non-reducing GlcNAc residue and a 

non-reducing a 1,6-anhydro ring at the MurNAc residue of the product (Höltje et al., 1975).  

 A free hydroxyl at the C-6 of MurNAc residues is required for the action of both 

muramidases and LTs. As a control method to prevent autolysis, bacteria substitute the C-6 

hydroxyl in order to regulate the action of their LTs (Scheurwater et al., 2008). This O-

acetylation modification also sterically hinders the binding of lysozyme, as it can no longer 

orient itself properly along the glycan backbone, proving to be a strategy initiated by bacteria in 

order to evade the innate immune system (Dupont and Clarke, 1991; Pushkaran et al., 2015; Bera 

et al., 2006).  

1.4 Peptidoglycan O-acetylation 

1.4.1 Physiological role of O-acetylation  

Since its discovery, O-acetyl PG has been observed in many primarily pathogenic Gram-positive 

and Gram-negative bacteria, with notable exceptions including E. coli (Clarke, 1993), 

Pseudomonas aeruginosa (Clarke et al., 2010), and B. anthracis (Sychantha et al., 2018b) (Table 
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1.2). PG O-acetylation occurs non-stoichiometrically with levels ranging between 20%-70% 

relative to the concentration of MurNAc, depending on the strain and culture age (Clarke, 1993; 

Rosenthal et al., 1982; Clarke and Dupont, 1992). The functional role of O-acetylation is 

proposed to involve control of the activity of endogenous autolysins at the substrate level, by 

either precluding or enhancing specificity (Pfeffer et al., 2006; Strating and Clarke, 2001).  

Table 1.2: Bacterial species that produce O-acetylated PG (known and hypothetical) 

Gram-Positive  Gram-Negative  

Staphylococcus aureus  
Staphylococcus capitis  
Staphylococcus hominis 

Staphylococcus pasteuri  
Macrococcus caseolyticus  
Listeria grayi 
Listeria monocytogenes  
Listeria welshimeri  
Bacillus cereus 

Bacillus endophyticus  
Bacillus filamentosus  
Bacillus mycoide 

Bacillus pseudomycoides  
Bacillus pumilus 

Bacillus subtilis 

Eggerthella lenta  
Lysinibacillus fusiformis  
Gemella haemolysans  
Serinibacter salmoneus  
Clostridium amylolyticum  
Clostridium botulinum 

Paenibacillus dendritiformis  
Paenibacillus larvae 

Paenibacillus macquariensis 

Paenibacillus polymyxa  
Paenibacillus uliginis 

Lactobacillus acidophilus 

Lactobacillus jensenii 
Lactobacillus helveticus  
Lactobacillus mucosae  
Lactobacillus paracsei  
Lactobacillus reuteri 
Lactobacillus ruminis 

Enterococcus casseliflavus  
Enterococcus faecium  
Enterococcus faecalis  
Streptococcus pneumoniae  
Streptococcus pyogenes  
Streptococcus thermophilus 

Neisseria gonorrhoeae  
Neisseria flavescens  
Neisseria meningitidis  
Neisseria mucosa  
Neisseria subflava  
Kingella kingae 

Citrobacter youngae  
Cronobacter sakazakii  
Dickeya dadantii 
Morganella morganii 
Proteus hauseri 
Proteus mirabilis 

Proteus vulgaris 

Cosenzaea myxofaciens 

Providencia stuartii 
Photorhabdus asymbiotica  
Photorhabdus luminescens  
Photorhabdus temperata  
Xenorhabdus bovienii  
Moraxella bovis 

Moraxella canis 

Moraxella nonliquefaciens  
Moraxella oblonga 

Moraxella pluranimalium  
Campylobacter avium  
Campylobacter coli  
Campylobacter helveticus  
Campylobacter jejuni  
Helicobacter fennelliae  
Helicobacter hepaticus  
Helicobacter jaachi  
Helicobacter japonicus  
Helicobacter marmotae  
Helicobacter mustelae  
Helicobacter pylori  

Adapted from Sychantha et al., 2018b.  
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1.4.2 Pathobiological significance of O-acetylated peptidoglycan 

 

The resistance of bacterial PG to digestion by lysozyme due to O-acetylation has been 

demonstrated to have serious health effects. In mammals, lysozyme is a first line of defence 

enzyme found in the blood and liver, in secretions, at mucosal surfaces and in professional 

phagocytes of the innate immune system (reviewed in Ragland and Criss, 2017). The PG of 

different strains of N. gonorrhoeae can differ considerably in sensitivity to lysozyme, and this 

correlates with the extent of O-acetylation (Rosenthal et al., 1982). 

 N. gonorrhoeae RD5 is an autolytic strain that exhibits the highest rate of PG turnover 

among gonococci. This is a result of RD5 PG being deficient or devoid of O-acetyl groups, and 

therefore more sensitive to degradation by lysozyme (Hebeler and Young, 1976; Rosenthal et al., 

1982; Blundell et al., 1980). Whereas RD5 PG yields exclusively low-molecular weight 

fragments after hen egg-white lysozyme (HEWL) digestion, a considerable portion of HEWL  

 soluble FA19 PG remains as high molecular weight oligomers (Rosenthal et al., 1982).

 Intracellular and extracellular PG fragments are microbe associated molecular patterns 

(MAMPS) that are recognized by host immune receptors to induce potent defence pathways in 

the cell that activate immune responses in early stages of an infection (reviewed in Bastos et al., 

2020). Specifically, gonococcal PG fragments have been found to possess diverse biological 

effects in hosts, including (i) intrinsic toxicity for human fallopian tubes in organ culture 

(Rosenthal et al., 1981), ii) consumption of human complement (Petersen and Rosenthal, 1982), 

and iii) induction of arthritis, demonstrated in rat arthritis models (Fleming et al., 1986). 

Similarly, in Gram-positive bacteria, PG structural features are necessary for the optimal 

expression of many of the biological activities listed above, i.e., complement activation 

(Wilkinson et al., 1981), pyrogenicity (Atkins and Morse, 1967), and arthritogenicity (Kohashi et 
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al., 1976). Mechanisms are normally in place to prevent excess immune activation in response to 

PG fragments, but when these clearance pathways are compromised, saturation of PG can lead to 

excessive immune activation.  

 The majority of gonococcal isolates contain extensively O-acetylated PG, and therefore 

resist complete degradation by commercial and human PG hydrolases (Rosenthal et al., 1983). 

This results in high molecular weight fragments of PG to persist in host tissues in the oligomeric 

form, even once an infection has cleared, and offers an explanation for why select Gram-negative 

bacteria are closely associated with further complications such as rheumatoid arthritis, pelvic 

inflammatory disease, and ectopic pregnancy (Fleming et al., 1986; Medina and Dillard, 2018). 

 The potential of PG O-acetylation as a possible antivirulence target is supported by the 

direct correlation of decreased O-acetylation with decreased pathogenicity, and increased 

susceptibility of PG to lysozyme in S. aureus, H. pylori, C. jejuni, and N. meningitis (Bera et al., 

2005; Wang et al., 2012; Iwata et al., 2016; Veyrier et al., 2013). In such cases, the genes 

governing O-acetylation in Gram-positives and Gram-negatives were mutated. 

1.4.3 Peptidoglycan O-acetylation systems 

There is no evidence of O-acetylated lipid intermediates. Instead, O-acetylation of PG is a 

maturation event that occurs outside the cytoplasmic membrane, after the incorporation of lipid 

II precursors into the pre-existing sacculus (Lear and Perkins, 1986). Therefore, an 

extracytoplasmic acetyltransferase is required to translocate acetate from an acetyl donor across 

the membrane for its subsequent addition onto the PG sacculus (Moynihan, 2013). This process 

is achieved by different systems in Gram-negative and Gram-positive bacteria (Figure 1.7).  

With the availability of bacterial genome sequences, Weadge et al., (2005) discovered the 

O-acetyl PG (oap) gene cluster within the genomes of predominately Gram-negative bacteria 
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that O-acetylate their PG. The N. gonorrhoeae genome was probed with algI from P. 

aeruginosa: AlgI is a family 1 membrane-bound O-acetyltransferase (MBOAT), which  

O-acetylates the exopolysaccharide alginate (Franklin and Ohman, 1996). An open reading 

frame (ORF) encoding a homologue with 33% amino acid identity (51% similarity) was 

identified. It is believed to be involved in the O-acetylation of PG because N. gonorrhoeae does 

not produce alginate; the gene was named patA for peptidoglycan O-acetyltransferase A (Dillard 

and Hackett, 2005; Weadge et al., 2005). Two additional downstream ORFs were predicted to 

encode proteins associated with acetylation. The third protein shared 49% sequence similarity 

with the catalytic domain of an acetyl xylan esterase from Ruminococcus flavefaciens, belonging 

to the family 3 carbohydrate esterases (CE3) in the CAZY classification (Weadge et al., 2005). It 

was thought to specifically catalyze PG de-O-acetylation and the gene was named ape1 for O-

acetylpeptidoglycan esterase 1 (Weadge and Clarke, 2005). At that time, the second ORF 

possessed some of the Ape1 sequence motifs and was tentatively labelled ape2. However 

biochemical characterization of Ape1 and Ape2 demonstrated that Ape2 functioned as an O-

acetyl PG transferase and it has since been named peptidoglycan O-acetyltransferase B (PatB) 

(Moynihan and Clarke, 2010). Further searches of the bacterial genome database for sequence 

homologs of patA, patB and ape revealed the existence of the oap gene cluster in a number of 

bacteria that contain O-acetyl PG, including many human pathogens (Weadge et al., 2005).  

 PatA is a predicted MBOAT protein that is proposed to shuttle acetyl groups from an 

unidentified donor (presumably acetyl-CoA) across the cytoplasmic membrane. The acetyl 

groups are then presented to PatB in the periplasm for their transfer to the C-6 hydroxyl of 

MurNAc residues in PG (Moynihan and Clarke, 2010). PatA remains uncharacterized but 

enzymatic characterization of PatB was achieved in vitro when it was proven to be capable of 
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utilizing chromogenic pseudo substrate acetate donors, such as p-nitrophenyl acetate (pNP-Ac) 

or 4-methylumbelliferyl acetate (4MU-Ac) to acetylate chitooligosaccharide acceptors 

(Moynihan and Clarke, 2013). PatB has been proven to be localized to the periplasm, has the 

fold of SGNH/GDSL hydrolases, and utilizes a Ser-His-Asp catalytic triad in order to O-

acetylate PG (Moynihan and Clarke, 2011; Brott, unpublished; Moynihan, 2013). However, the 

Figure 1.7: Gram-negative and Gram-positive O-acetylation pathways. (A) Genetic 
organization and domain structure of the oap gene cluster, and oatA gene involved in O-
acetylation of PG in Gram-negative and Gram-positive bacteria, respectively. (B) Proposed 
models for O-acetylation. In Gram-negative bacteria the membrane spanning PatA is 
thought to translocate acetyl groups across the cytoplasmic membrane from the cytoplasm, 
for their transfer onto PG by PatB. A third enzyme absent in Gram-positives, Ape, removes 
the modification to allow for PG metabolism. In the case of Gram-positive bacteria, a single 
OatA protein with a distinct membrane spanning N-terminal domain and extracytoplasmic C-
terminal domain achieves this process. Acetyl-CoA is the presumed source of acetate. 
Adapted from Sychantha et al., 2018b. 

(A) 

(B) 
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process by which PatB receives the acetyl group from PatA is unknown. As will be discussed in 

section 1.5, there is evidence to suggest that an intermediate carrier molecule within the 

periplasm could mediate the transfer between enzymes, but it could also involve direct transfer 

between proteins. Ape is exclusive to Gram-negative bacteria and performs de-O-acetylation 

through the reverse reaction of PatB as an SGNH esterase with the Ser-His-Asp catalytic triad 

(Pfeffer et al., 2013). A balance between the Pat and Ape enzymes is necessary to provide 

appropriate cleavage sites for the LTs to allow for growth of the cells and insertion of cellular 

machinery (Moynihan and Clarke, 2011). 

The discovery of the genes responsible for O-acetylation in Gram-positive bacteria 

occurred in parallel to those in Gram-negatives. In 2005, Bera et al. identified the gene O-

acetyltransferase A (oatA) in S. aureus and OatA has since been proven to be responsible for O-

acetylation in many other Gram-positive pathogens. The integral membrane protein OatA was  

identified as peptidoglycan-specific, and the oatA deletion mutant displayed increased resistance 

to lysozyme (Bera et al., 2005). Unlike the two-protein system in Gram negatives, OatA is 

predicted to be modular, containing an N-terminal integral membrane domain (OatAN),  

belonging to the Acyltransferase 3 (AT3) family of proteins, and a C-terminal extracytoplasmic 

domain (OatAC), which (like PatB) is a member of the SGNH/GDSL hydrolase family 

(Sychantha et al., 2018a; Sychantha et al., 2017). Analogous to PatA, OatAN is proposed to 

translocate acetyl groups across the cytoplasmic membrane to be received by the surface exposed 

OatAC, which then functions like PatB as the O-acetyltransferase utilizing a Ser-His-Asp 

catalytic triad and oxyanion hole residues to acetylate the C-6 hydroxyl of MurNAc (Moynihan 

and Clarke, 2011; Sychantha et al., 2017). While the Pat (O-acetylation) system is predominately 

found in Gram-negative bacteria, and the Oat system confined to Gram-positives, an anomaly 
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does exist in the case of B. cereus; this organism is unusual in possessing both enzymatic 

systems (Laaberki et al., 2011; Lunderberg et al., 2013; Weadge et al., 2005).  

1.5 Rationale for study and thesis objectives 

The ability of bacteria to O-acetylate PG represents an important virulence strategy that is poorly 

understood at the biochemical level. As the number of bacteria resistant to the use of common 

antibiotics increases, the exploitation of PG O-acetylation could represent a promising 

development in novel antibiotic research. The research and experiments described in this thesis 

were focused on improving our understanding of the PG O-acetylation process in Gram-negative 

bacteria.  

There is evidence to suggest that PatB is able to function independently of PatA in vivo. 

O-Acetyl PG was isolated from E. coli Top10 cells expressing recombinant PatB, despite E. coli 

typically being a non-O-acetylating bacterium, indicating that an activated source of acetate is 

available in the periplasm without the presence of PatA (Moynihan and Clarke, 2010). However, 

E. coli does O-acetylate its enterobacterial common antigen (ECA) using a putative integral 

membrane protein, WecH, which is the functional equivalent of PatA. When PatB was expressed 

in E. coli JW3533-1, a WecH knockout strain, the cells were devoid of PG O-acetylation. In 

addition, Dillard and Hackett (2005) determined that N. gonorrhoeae RD5 contains a natural 

mutation in the patA gene that introduces a premature stop codon before its hypothesized 

catalytic His residue. The production of a truncated (and likely non-functional) PatA did not 

completely abolish O-acetylation, but instead decreased O-acetyl PG levels from 40-60% to 

~12% relative to the concentration of MurNAc. The aim of this thesis research was to then 

investigate the possibility of a periplasmic intermediate that facilitates the transfer of acetyl 

groups from PatA to PatB, instead of direct inter-protein transfer. Also, various expression 
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techniques were explored to overcome toxicity complications in E. coli, so that it may be used 

for future structural and functional studies.  
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2 MATERIALS AND METHODS 

2.1 Chemicals and reagents 

Bacterial culture media were obtained from Difco Laboratories (Detroit, MI).  

DNase I and RNase A were obtained from Bio Basic (Markham, ON), and EDTA-free protease 

inhibitor cocktail tablets were obtained from Roche Diagnostics (Laval, QC). Acrylamide was 

purchased from BioRad (Mississauga, ON) and glycerol was purchased from Fisher Scientific 

(Nepean, ON). Pentaacetyl-chitopentaose (G5) was purchased from Toronto Research Chemicals 

(North York, ON). DpnI and T4 DNA ligase were purchased from New England Biolabs (NEB) 

(Mississauga, ON). Molecular biology kits and SYBR® safe DNA stain was purchased from 

Invitrogen (Burlington, ON). The BSA standards, GeneRuler DNA ladder, isopropyl β-D-

1thiogalactopyranoside (IPTG), western blot antibodies and 1 step NBT/BCIP were purchased 

from Thermo Scientific (Rockford, IL), while the Precision Plus ProteinTM All Blue and Dual 

Colour pre-stained ladder were purchased from Bio-Rad (Mississauga, ON). Unless otherwise 

stated, all other biochemicals and reagents were purchased from Sigma-Aldrich (Oakville, ON) 

or Bio Basic Canada (Markham, ON). 

2.2 Strains and plasmids 

The bacterial strains and plasmids used in this study are listed in Tables 2.1 and 2.2, respectively. 

Liquid cultures of E. coli were grown routinely in Luria-Bertani (LB) broth (Appendix A) at 

37˚C with shaking at 200 RPM. Growth of E. coli on solid media was carried out using LB Agar 

(Appendix A) at 37˚C overnight. For strains containing plasmids with antibiotic resistance 

markers, growth media were supplemented with 100 µg/ml ampicillin (Amp100) and/or 50 µg/ml 

chloramphenicol (Cm50). Liquid cultures of N. gonorrhoeae strains were grown in Brain Heart 

Infusion (BHI) (Appendix A) broth with Kellogg’s supplements at 37˚C with 5% CO2 and 
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shaking at 150 RPM. Growth of N. gonorrhoeae on solid media was carried out using 

Gonococcal (GC) (Appendix A) base agar (with Kellogg’s supplements in the case of strain 

RD5) at 37˚C and 5% CO2 for 16-18 hr. For long term maintenance, cell cultures were flash 

frozen and stored at -80˚C in 25% (v/v) glycerol. 

 

2.3 In silico analysis 

 
The hypothetical amino acid sequence of PatA from N. gonorrhoeae was obtained from the 

NCBI protein databank with the accession number AKP14258.1. The UniProt protein database 

Table 2.1 List of bacterial strains and genotypes used in this study 

Strain Genotype Source/Reference 

E. coli DH5α F
- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 

endA1 hsdR17(rK
-
 , mK

+
) phoA supE44 thi-1 gyrA96 

relA1 λ
-
 

Invitrogen 

E. coli BL21 (DE3) F- ompT gal dcm lon hsdSB(rB
- mB

-) (DE3) Novagen 

E. coli C43 (DE3) F-ompT gal dcm hsdSB(rB
- mB

-) (DE3) Novagen 

E. coli Lemo21 fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS/ 
pLemo(CamR) 

Merrill lab,  
University of Guelph 

E. coli JW3533-1 F- Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, 
ΔwecH744::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514 

Yale CGSC 

E. coli BW25113 lacI+rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBADAH33  
ΔrhaBADLD78 rph-1Δ(araBD)567 Δ(rhaDB)568  
ΔlacZ4787(::rrnB-3) hsdR514 rah-1 

Whitfield lab, 
University of Guelph 

N. gonorrhoeae 
FA1090 

Serum-resistant, proline-requiring strain isolated 
from a patient with probable disseminated 
gonococcal infection 

Black et al., 1984 

Table 2.2 List of plasmids and derivatives used in this study 

Plasmid Characteristics  Source 

pET-21b(+)/pET-21a(+) IPTG inducible expression vector; AmpR Novagen 

pACAB10 pET-21b(+) containing full-length patA from N. gonorrhoeae 
for production of C-terminal PatA1-478-His10 

A. Brott 

pACVP1 pACAB10 containing C-terminal truncated patA for 
production of PatA1-391-His10 

This study 

pACVP2 pACAB10 containing N-terminal truncated patA for 
production of PatA391-478-His10 

This study 

pACVP3 pET-21a(+) containing patA from P. mirabilis for production 
PatA1-472-His6 

This study  
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was used to identify 24 PatA homologs ranging from 30%-94% identity in order to generate a 

multiple sequence alignment (MSA) using Clustal Omega (Sievers et al., 2011), and visualized 

using ESPript 3.0 (Robert and Gouet, 2014).  The PatA secondary structure prediction was 

created using the Constrained Consensus TOPology (CCTOP) prediction server (Dobson et al., 

2015) which is optimized for transmembrane proteins. The first ever 3D-structure of an MBOAT 

protein, DltB (PDB: 6BUG) was used to predict 3D structure of PatA using Phyre2 one-to-one 

threading (Kelley et al., 2015) and the protein structure was visualized using PyMOL 

(Schrödinger). Using the previously generated MSA, and the newly generated predicted 3D 

structure, the Consurf Server (Landau et al., 2005) was used to display highly conserved residues 

within the protein in order to identify potential functional and catalytic regions.  

2.4 DNA techniques 

2.4.1 Primer design and DNA sequencing 

The primers used in this study were designed manually using ApE - a plasmid editor 

(https://jorgensen.biology.utah.edu/wayned/ape/) and are listed in Table 2.3. The melting 

temperature and self-dimerization of each primer was analyzed using the OligoAnalyzer from 

Integrated DNA Technologies (IDT) (Coralville, IA), and the final oligonucleotides were 

synthesized by IDT (Coralville, IA). The accuracy of generated plasmids and mutants were  

verified by DNA sequencing at the Genomic Facility of the Advanced Analysis Center, 

University of Guelph.   

2.4.2 Site-directed mutagenesis and deletions 

Site-directed mutagenesis (SDM) was performed on pACAB10 to generate amino acid 

substitutions His329Ala, His289Ala, Ser293Ala, Ser325Ala, and Asp298Ala. Overlapping 

mutagenic primers were designed to introduce point mutations at the desired locations, while  
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Table 2.3 List of primers used in this study 
 

Oligonucleotide Sequence 5'-3' Description Resulting Plasmid 

ABP27F CTC AGG CAT CTG GGC 
CGG CTA CGG CTG GAA 
CTT CC 

Forward SDM primer for 
His329Ala mutant PatA 

H329Ala pACAB10 

ABP27R GCC GTA GCC GGC CCA 
GAT GCC TGA GAG TAC C 

Reverse SDM primer for 
His329Ala mutant PatA 

ABP61F CCG CGC ATT TTG GGA 
CAA ATG GGC CAT CAG CC 

Forward SDM primer for 
His289Ala mutant PatA 

H289Ala pACAB10 

ABP61R CGC GTA TCC AGG TGG 
AAA GGC TGA TGG CCC 
ATT TGT CC 

Reverse SDM primer for 
His289Ala mutant PatA 

ABP67F 5'Phos CTC GAG CAC CAC 
CAC CAC CAC CAC 

Forward primer for 
production of C-terminal 
truncated PatA1-391 

pACVP1 

ABP67R 5'Phos GAA GAC GAC AAA 
GCT AAG GCA GAC GAA 
ATG GAA GGT AAC AAA CC 

Reverse primer for 
production of C-terminal 
truncated PatA1-391 

ABP68F 5'Phos CAT ATG TAT ATC 
TCC TTC TTA AAG TTA AAC 
AAA ATT ATT TCT AGA 
GGG GAA TTG TTA TCC 

Forward primer for 
production of N-terminal 
truncated PatA391-478 

pACVP2 

ABP68R 5'Phos AAT ACC GCA AAC 
CCC GAC GAT GC 

Reverse primer for 
production of N-terminal 
truncated PatA391-478 

ABP62F GGG ACA AAT GGC ACA 
TCA GCC TTG CCA CCT GG 

Forward SDM primer for 
Ser293Ala mutant PatA 

Ser293Ala 
pACAB10  

ABP62R GTC GCG TAT CCA GGT 
GGC AAG GCT GAT GTG C 

Reverse SDM primer for 
Ser293Ala mutant PatA 

ABP64F GCT CAA CCT GAT GGC 
GGC AAT GGT ACT CGC 
CGG CAT CTG G 

Forward SDM primer for 
Ser325Ala mutant PatA 

Ser325Ala 
pACAB10 

ABP64R GCC GTA GCC GTG CCA 
GAT GCC GGC GAG TAC C 

Reverse SDM primer for 
Ser325Ala mutant PatA 

ABP63F CCT TGC CAC CTG GAT 
ACG CGC CTA CAT CTA 
CAT CC 

Forward SDM primer for 
Asp298Ala mutant PatA 

Asp298Ala 
pACAB10 

ABP63R CCC AAG GGG ATG TAG 
ATG TAG GCG CGT ATC 
CAG G 

Reverse SDM primer for 
Asp298Ala mutant PatA 

ABP20 5'Phos CAC CAC CAC CAC 
CAC CAC CAC CAC C 

Forward primer to produce 
C-terminal truncated PatAΔ6 

pACAB10Δ18 

AVP1 5'Phos GCC AGG TAT ACC 
CGA AGG AGC GAG GAC G 

Reverse primer for the 
deletion of the last 18 
nucleotides to produce 
PatAΔ6 

pACAB10Δ18 

outward facing primers were introduced to generate pACAB10Δ18, pACVP1 (C-term truncated 

patA), and pACVP2 (N-term truncated patA). Polymerase chain reaction (PCR) was carried out 

using the necessary forward and reverse primers and Kappa Hi Fi DNA polymerase (Sigma-

Aldrich, Oakville ON). Typical cycling parameters began with initiation at 98˚C for 5 min, 
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denaturation at 98˚C for 20 sec, annealing of primers at 2˚C-7˚C below their melting temperature 

for 20 sec, extension at 72˚C for 4.5 min, and a final elongation at 72˚C for 5 min, for 18 cycles. 

Reactions were optimized if needed by adjusting MgCl2 and KCl concentrations in the PCR 

reaction, increasing the extension times, or increasing the number of cycles. Template DNA 

concentration was generally 0.5 ng -1 ng per reaction. The quality of the reaction was assessed 

by running an agarose gel and an additional purification step was performed if necessary, using 

the GeneJET PCR purification Kit (Thermo Fisher). Following the reaction, 1 µl of DpnI (NEB) 

and 2 µl of 1✕ CutSmart buffer was added to 25 µl of PCR mixture to digest methylated DNA, 

and incubated for 1 hr at 37˚C, or room temperature overnight, followed by denaturation at 80˚C 

for 20 min. For those plasmids that underwent nucleotide deletion, a ligation step was added 

using T4 DNA ligase, and reactions were performed at room temperature for 4 hrs, before 

enzyme inactivation at 65˚C for 10 min. Ligation reactions or PCR reactions were then 

transformed into E. coli DH5α, plated on LB agar containing 100 µg/ml ampicillin, and grown 

overnight at 37˚C. The next day, three transformants were isolated using the GeneJET Plasmid 

Miniprep kit (ThermoFisher) and sequenced to verify the correct mutation.  

2.4.3 Agarose gel electrophoresis 

All agarose gel electrophoresis was carried out in 1% (w/v) molecular biology grade agarose (Bio 

Basic, Markham, ON) dissolved in 1✕ TAE (Appendix A). DNA separations were performed at 

80 V for 45 min along with 1kb DNA ladder (NEB) using 1✕ TAE as running buffer. Once 

completed, gels were stained with SYBR® Safe (Invitrogen, Burlington, ON) and visualization 

was achieved by UV transillumination using a Gel DocTM gel imaging system (Bio-Rad, 

Mississauga, ON). 
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2.4.4 Preparation of competent cells 

 

E. coli strains used for cloning and expression were made artificially competent. The desired E. 

coli strain was grown overnight in 5 ml of LB and used the next day to inoculate 50 ml of fresh 

LB by making a 1:100 (v/v) dilution. The culture was grown at 37˚C with shaking until the cell 

density reached mid-exponential phase (OD600 = 0.4-0.6). The cells were then collected by 

centrifugation (JA-25.5 13 800 × g, 5 min, 4˚C); the supernatant was discarded. The cells were 

then resuspended in 50 ml of cold 0.1 M MgCl2 and kept on ice for 5 min. Cells were collected 

by centrifugation as above and resuspended in 25 ml of cold 0.1 M CaCl2 and kept on ice for 90 

min. Cells were pelleted as described above and finally resuspended in 15% glycerol containing 

5 ml of 0.1 M CaCl2 and 300 µl aliquots were dispensed into 1.5 ml microcentrifuge tubes. The 

competent cells were used immediately or stored at -80˚C for future use.  

2.4.5 Transformation of E. coli 

Chemically competent E. coli cells were thawed on ice and the appropriate amount of plasmid or 

ligation mixture was added. Following gentle mixing, the cells were incubated on ice for 30 min. 

The cells were then briefly heat-shocked at 45˚C for 45 s, and returned to ice for 2 min. The 

mixture was resuspended in 700 µl of LB and incubated at 37˚C with shaking for 1 hr to allow 

the cells to recover. For optimal transformation, the cells were collected by centrifugation (7000 

× g, 2 min, RT), the supernatant was decanted, and the pellet was resuspended in residual media, 

before the suspension was spread plated (usually 100 µl) onto LB agar plates supplemented with 

the appropriate antibiotics, which were incubated at 37˚C overnight. For storage, plates were 

sealed with parafilm and kept at 4˚C. 
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2.5 Growth Curves 
 

Growth curves were used to assess the effects of protein expression on cell growth. The desired 

E. coli transformants, as well as the parent strain control were grown in 5 ml cultures overnight 

with the appropriate antibiotic. The next day, 30 µl of overnight culture was diluted in 3 ml of 

LB (1:100), with 1:1000 of the appropriate antibiotic stock. 190 µl of this subculture was loaded 

in triplicate into a 96-well plate, with the number of triplicates corresponding to the number of 

induction concentrations. The plates were incubated at 37˚C with shaking and OD600 readings 

were taken every 20 min using the BioTek Synergy H1 microplate reader. Once the OD reached 

~0.4, before inducers were added. Gene expression from pET plasmids was were induced with 

10 µl of 0 µM, 0.5 µM, 50 µM, and 500 µM final concentration IPTG. The host E. coli strain 

was treated in the same way. The 96-well plate returned to the plate reader and cells grew 

overnight for 18 hrs. Analysis of the growth curves was performed using GraphPad Prism.  

2.6 patA expression trials for protein detection 

2.6.1 Expression in E. coli 

To determine the optimal expression conditions for selected constructs of patA, each was 

transformed into a designated E. coli expression host. Overnight cultures were grown at 37˚C in 

LB broth containing the appropriate antibiotics. The overnight cultures were diluted 1:100 (v/v) 

into 100 ml, 250 ml, or 1 L of fresh LB medium supplemented with the appropriate antibiotics. 

E. coli Lemo21 cultures were additionally supplemented with 1.5 mM rhamnose. The cells were 

then incubated at 37˚C with shaking until the OD600 was 0.4-0.6 and cloned gene expression was 

induced using a final concentration of 1 mM or 400 µM IPTG. The cultures then continued grow 

at either 37˚C or 15˚C, and were collected at 4 hrs, 12 hrs, or 18 hrs post-induction. 
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2.6.2 Membrane fractionation  

Cells were fractionated in an attempt to isolate the hydrophobic membrane proteins, in order to 

better detect the production of PatA. Cells were collected by centrifugation at 11 000 × g for 15 

min at 4˚C. The supernatant was discarded, and the cell pellet was resuspended in 50 mM 

sodium phosphate buffer pH 7.2 and kept on ice. RNase, DNase, lysozyme (0.5 mg/ml), and a 

crushed EDTA-free protease inhibitor cocktail tablet (~1 tablet/L of culture) was added, mixed 

and incubated on nutator at 15˚C for at least 30 min. The samples were then sonicated to lyse and 

release cell contents. Sonication was typically performed at 10s on, 20s off for 7 min at 50% 

amplitude. Following sonication, 1 ml was taken from each sample and stored at -20˚C until 

needed. The unbroken cell components and cell debris was separated by centrifugation at 18 500 

× g for 15 min at 4˚C. The pellet was resuspended in 50 mM sodium phosphate buffer and stored 

at -20˚C until further analysis. A sample of the supernatant was taken before the bulk was 

subjected to ultracentrifugation at 158 000 × g for 1 hr at 4˚C in order to isolate the membrane 

fraction. A sample of the ultracentrifuge supernatant was taken, and the membrane pellet 

containing was resuspended in the same sodium phosphate buffer. All samples were separated by 

SDS-PAGE and the production of PatA was detected using western blot analysis.  

2.7 Production, purification and identification of PmPatA  

2.7.1 Over-expression of PmpatA 

Overnight starter cultures of 10 ml LB Amp100 were prepared from glycerol stocks of E. coli C43 

containing pACVP3 and used to inoculate 1L of LB Amp100 (1:100), or 1L of TB Amp100 

containing TB salts. Cultures were grown at 37˚C until OD600 of ~0.6 was reached for those 

grown in LB and OD600 ~1.4 for those grown in TB, and then gene expression from pACVP3 

was induced with 1 mM IPTG (final concentration). Induction was performed for 12 hrs at 37˚C 
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(LB) and 18 hrs at 15˚C (TB). Cells were collected by centrifugation (JA-10, 11 000 × g, 15 min, 

4˚C) and the pellet was stored at -80˚C or used immediately.  

2.7.2 Preparation of lysate 

Cell pellets were resuspended in 15 ml of denaturing lysis buffer (50 mM NaH2PO4 pH 7.8, 150 

mM NaCl, 7M urea). Lysozyme, RNase, DNase (0.5 mg/ml final concentration), and 1 EDTA 

free protease inhibitor cocktail tablets were added to the cell suspension, mixed using a vortex, 

and incubated on a nutator for ~1 hr at 4˚C. Cells were lysed by sonication on ice using a Sonic 

Vibra Cell high intensity ultrasonic processor fitted with a macroprobe (10/20 pulse, 15 min, 

50% amplitude). Unbroken cells were cleared from the lysate by centrifugation (JA-25.5, 18 500 

× g, 20 min, 4˚C), and the supernatant was passed through a 0.45 µM PVDF syringe filter. 

2.7.3 Purification of PmPatA using IMAC 

The clarified lysate was incubated for 1 hr at 4˚C with 1 ml cOmplete His-Tag purification resin 

(Roche Diagnostics, Laval, QC) pre-equilibrated with denaturing wash buffer (50 mM 50 mM 

NaH2PO4 pH 7.8, 150 mM NaCl, 6M urea). The PmPatA-bound resin was loaded into a gravity 

flow column, and the flow through collected, and re-applied to the column. The resin was 

washed 4 times using 20 ml denaturing wash buffer and then PmPatA was eluted with 400 mM 

imidazole. The elution fractions containing PmPatA were then pooled and concentrated by 

ultrafiltration using 30 kDa MWCO Amicon Ultra-15 Centrifugal Filter units (Millipore Corp.) 

at 4 000 × g.  

2.7.4 Identification of PmPatA using in-gel trypsin digest and mass spectrometry 

The concentrated PmPatA was subjected to SDS-PAGE as described in section 2.8. After 

destaining, the gel was washed 3 times for 5 min with Milli-Q H2O with shaking. The band 

containing PmPatA was excised using a clean scalpel, diced into small pieces, and placed in a 
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0.65 ml siliconized tube (Fisher). A gel slice from a region containing no protein was used as a 

control. To destain the band, 100 µl of 25 mM NH4HCO3 in 50% acetonitrile (ACN) was added 

and mixed using a vortex. The suspension was centrifuged, and supernatant discarded. This was 

repeated until the gel pieces were colourless. Next, 100 µl of 100% ACN was added to the gel 

particles, incubated for 5 min with occasional mixing, centrifuged and supernatant was 

discarded. This was repeated 3 times until the gel bands were white and shrunken. The gel 

particles were reduced by adding 100 µl of 10 mM DTT (in 50 mM NH4HCO3) and incubating at 

50˚C for 30 min. The mixture was then centrifuged briefly, and supernatant discarded. Particles 

were then alkylated with 100 µl of 55 mM iodoacetamide (in 50 mM NH4HCO3) and incubated 

at room temperature for 30 min in the dark. The mixture was centrifuged briefly, and supernatant 

discarded. The particles were then washed with 200 µl of 50 mM NH4HCO3 for 15 min, with 

occasional mixing. The mixture was then centrifuged briefly, and the supernatant was discarded. 

Finally, 100 µl of ACN was added to shrink the particles; after 5 min, excess liquid was 

removed, and the gel particles were dried down on a speedvac for 20 min. Protein digestion was 

achieved by adding ~30 µl of Promega Sequencing Grade Modified Trypsin (Fisher Scentific) 

solution to the gel particles and the samples were incubated for 1 hr at room temperature. 

Following, 50 µl of 50 mM NH4HCO3 was added and the solution was incubated at 37˚C for 16-

18 hrs.  

 The next day, the solution was mixed and centrifuged before 50 µl of dH2O was added to 

each sample. Samples were then bath sonicated for 10 minutes before being mixed and 

centrifuged; the supernatant (containing the tryptic peptides) was transferred into a new tube. 

Next, 75 µl of 5% formic acid (FA) in 50% ACN was added to the gel pieces, and the samples 

were mixed, centrifuged and sonicated for 5 min; the supernatant was removed and combined 
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with the supernatant from the dH2O in the new tube. Treatment with 5% FA in 50% ACN was 

repeated one more time without the sonication step, until the final peptide solution was reduced 

to 10-15 µl volume on the speedvac. The sample was then analyzed using the Agilent LC-UHD 

Q-Tof at the Mass Spectrometry Facility in the Advanced Analysis Centre, University of Guelph.  

2.8 Protein analysis and detection methods 

2.8.1 SDS-PAGE 

Protein samples to be analyzed by SDS-PAGE were prepared by mixing the appropriate amount 

of 2✕ sample buffer (Appendix A); optionally, DTT was added to 100 mM. The samples were 

heated to 70˚C for 10 min, or 37˚C for 1 hr to facilitate full denaturation before being loaded into 

the gel lane. Protein sizes were estimated using Precision Plus Protein All Blue Prestained 

molecular weight markers from Bio-Rad (Mississauga, ON). Gels were cast in 0.75 mm modules 

(Bio-Rad) consisting of a 4% (v/v) stacking gel and 12% (v/v) resolving gel acrylamide/bis 

(Appendix A for recipes). Gels were run at 80 V, until they reached the bottom of the stacking 

gel, and 120 V until they reached the bottom of the stacking gel (usually 100 min), after which 

they were washed with, and incubated in Coomassie stain (Appendix A) with shaking overnight. 

The gel was then washed again with dH2O and incubated with destain (Appendix A) with 

shaking for about 60 min, and finally washed again with dH2O. The gel was visualized 

immediately using Gel Doc XR+ Gel Documentation System from Bio-Rad (Mississauga, ON).  

2.8.2 Western blotting and imumunodetection 

Western immunoblot analysis was performed to detect the desired His6-, or His10-tagged 

recombinant protein following SDS-PAGE. Samples separated by SDS-PAGE were transferred 

onto a PVDF membrane (previously soaked in 100% methanol). The gel-membrane sandwich 

was placed in a chamber filled with transfer buffer (Appendix A) with an ice block on a stir 
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plate. Transfer was powered by a PowerPacTM basic power supply (Bio-Rad) for 60 min at 45 V 

(400 mA). Once the transfer was complete, the membrane was washed with 1✕ TBS, and then 

incubated for 1 hr in blocking buffer (Appendix A). It was then incubated with 1:1000 dilution of 

mouse anti-His6 primary antibody overnight. Following more washes with 1✕ TBT and 1✕ 

TBST, the membrane was then incubated with 1:2000 dilution of goat-anti-mouse-alkaline 

phosphatase conjugated antibody for 60 min. The final washes were performed before the 

membrane was briefly soaked with 1-step NBT/BCIP in the dark for colorimetric detection.  

2.8.3 Protein quantification 

Protein concentrations were estimated with a Bradford Protein Assay using a microplate 

procedure. Bovine serum albumin (BSA) standards were prepared by diluting a 2 mg/ml stock 

(BioRad, Mississauga, ON) over a working range of 0-1 mg/ml in dH2O. 1✕ Bradford dye was 

prepared by diluting the appropriate volume of 5✕ Bradford dye (Appendix A) with dH2O and 

filtered through a 0.45 µM filter. A 1:50 dilation of sample:1✕ Bradford dye was prepared by 

pipetting 122.5 µl of 1✕ Bradford dye and 2.5 µl of standard or unknown sample into a half 

microplate in triplicate. Samples were incubated at room temperature for 30 min before being 

read at 595 nm using the BioTek Synergy H1 microplate reader.   

2.9 Periplasmic extraction and purification 

The periplasmic contents of E. coli were isolated using a trichloroacetic acid (TCA) procedure, 

adapted from Cogez et al., (2001) while the periplasmic contents of N. gonorrhoeae were 

isolated using chloroform extractions as developed by Judd and Porcella (1993), adapted by 

Ames et al., (1984). 
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2.9.1 Bacterial strains and growth  

Overnight starter cultures of 5 ml LB with appropriate antibiotics were prepared from glycerol 

stocks of the following: control E. coli BL21(DE3), or transformants containing pACAB11 

(patB), E. coli BW25113, and E. coli JW3533-1. The overnight culture was diluted 1:50 (v/v) 

into 100 ml of fresh LB and was grown with shaking at 37˚C for 7-8 hrs. Gene expression from 

pACAB11 was induced with 0.002% arabinose (final concentration) when the OD600 reached 

0.6-0.8. The cells were harvested by centrifugation (11 000 × g, 15 min, 4˚C) and the cell pellet 

was collected and either used immediately, or frozen at -80˚C until required.  

 N. gonorrhoeae strain FA1090 was streaked onto GC agar plates and grown for 16-18 h 

at 37˚C with 5% CO2. The cells were harvested by swabbing the bacteria from culture plates and 

resuspending them in ice-cold Dublecco’s phosphate-buffer saline with calcium and magnesium 

(DPBS++) (Appendix A) to and OD600 of ~0.68 (~ 5 × 109 cells/ml) to be used immediately for 

periplasm chloroform extraction.  

2.9.2 TCA extraction of E. coli 

Cells were washed in 10 mM Tris-HCl, pH 7.4 and collected cells pellets were extracted with 5% 

TCA and left on ice for ~30 min. The mixture was centrifuged and the supernatant containing the 

released periplasmic contents was neutralized with 10% ammonium hydroxide. The extracts 

were concentrated using a speedvac and crude periplasm samples were either used directly in the 

transferase assay, or further purified through gel filtration. Modifications to the experiment 

included the addition to the extract of 60 µg/ml proteinase K, or 1 mg/ml lysozyme (Sigma 

Aldrich, Oakville, ON), to degrade any potential interfering enzymes and pre-existing PG. 

Reactions were incubated at 37˚C with mixing on a nutator for an hour, before heat inactivation 

at 80˚C for 15 min.  
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2.9.3 Chloroform extraction of N. gonorrhoeae 

The harvested cells were washed three times in ice cold DPBS++ (6 000 × g, 5 min, 4˚C), before 

the DPBS++ was gently removed from the final cell pellet. 20 µl of chloroform was added to the 

pellet and mixed with a vortex. After 15 min at room temperature, 100 µl of ice-cold 10 mM 

Tris-HCl, pH 7.2 was added, the preparation was mixed and pelleted by centrifugation (10 000 × 

g, 5 min, 4˚C). The released periplasmic fraction was carefully removed and placed in a new 

microfuge tube. The sample was then neutralized with NaOH, and concentrated by ultrafiltration 

using a 10 NMWCO Amicon Ultra-15 Centrifugal Filter unit (Millipore Corp.) at 5000 × g. 

2.9.4 Gel filtration of crude TCA periplasmic extracts 

Concentrated TCA periplasmic extracts were further purified using a Biogel P4 size exclusion 

column (Bio-Rad) using the NGC Quest 10 Chromatography System from Bio-Rad. 

Concentrated samples (500 µl - 1 ml) was loaded onto the column and filtered dH2O was applied 

at a flow rate of 0.25 ml/min. The presence of amide and ester linkages in the eluate were 

detected by absorbance at 205 nm and 210 nm. Two ml fractions were collected, pooled and 

lyophilized. The fractions were then resuspended in dH2O and either determined to contain acyl 

esters using the Hestrin assay or used directly in the transferase assay. 

2.10 Enzymatic assays 

2.10.1 Colorimetric determination of acyl esters in periplasmic extraction 

To determine if acetyl derivatives were present in crude periplasmic extracts, or in fractions 

following gel filtration, which might be utilized by PatB as an acetyl donor, a modified version 

of the Hestrin assay was employed (Hestrin, 1949). An ethyl acetate standard curve was prepared 

by diluting a 100 mM stock in ethanol to a working range of 0-16 mM. Hydroxylamine solution 

was prepared fresh by mixing equal volumes of 2M hydroxylamine-HCl and 3.5N NaOH. 20 µl 
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of the hydroxylamine solution was added to the wells in duplicate, followed by 10 µl of standard 

or test solution, and the contents were mixed and left for at least 5 min at room temperature. Ten 

µl of 4N HCl and 10 µl of 0.37 M FeCl3 in 0.1N HCl were added and mixed. A blank control 

was prepared by adding 10 µl of these components in the following order: 4N HCl, 3.5N NaOH, 

2M hydroxylamine-HCl, 0.37 M FeCl3 in 0.1N HCl and water. Optical density readings were 

recorded immediately at 540 nm and 520 nm using the BioTek Synergy H1 microplate reader.  

2.10.2 PatB transferase end-point assay 

PatB transferase reactions were carried out in microcentrifuge tubes and involved a total volume 

of 30 µl containing 3 µM of PatB in dH2O and 1 mM of pentaacetyl-chitopentaose (G5) 

(Megazyme). Reactions were initiated by the addition of 4 mM 4-methylumbelliferyl acetate (4-

Mu-Ac) dissolved in DMSO. The reactions were left overnight on a nutator at 37˚C. The crude 

periplasmic extracts, or gel filtration fractions replaced 4-Mu-Ac to determine if a natural acetyl 

donor molecule could be detected. Control reactions lacking enzyme were carried out to rule out 

the possibility of spontaneous acetylation. The reaction products were separated by LC/MS using 

an Agilent 1200 HPLC system interfaced with an Aglient UHD 6520 Q-Tof mass spectrometer 

(Aglient Techinologies Inc., Santa Clara, CA) housed in the Mass Spectrometry Facility in the 

Advanced Analysis Centre, University of Guelph. Data was analyzed using Mass Hunter 

Qualitative Analysis version B.06.00. 

2.10.3 Acetic acid analysis 

To determine if acetyl derivatives present in the N. gonorrhoeae periplasmic extract could be 

acted upon by PatB to release acetate, the crude N. gonorrhoeae periplasmic sample was 

incubated with PatB for 45 min. A control reaction containing no enzyme was also performed. 

The reactions were analyzed using the coupled acetate kinase/phosphotransacetylase enzyme 
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microplate assay procedure using the K-ACETRM kit (Megazyme, Wicklow, Ireland). Assays 

were performed in triplicate in 96-well microtiter plates and were monitored 

spectrophotometrically at 340 nm using a BioTek Synergy H1 microplate reader. A standard 

curve was produced by plotting blank-corrected values of A340 values as a function of acetic acid 

concentration (mM) to quantify the amount of released acetic acid in the samples. 
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3 RESULTS 

3.1 Production of PatA from N. gonorrhoeae  

3.1.1. In silico analysis  

PatA from N. gonorrhoeae is composed of 478 residues, has a predicted molecular mass of 53.55 

kDa, and is identified as a member of the MBOAT family (PF03062) of proteins. Members of 

this family typically possess between eight and ten membrane-spanning regions that transfer 

organic acids onto hydroxyl groups of membrane-embedded targets (Hofmann, 2000). CCTOP 

server predicted with 77% reliability that the N-terminus of PatA is located in the cytoplasm, 

possesses 11 transmembrane domains, and its C-terminus is located in the periplasm (Figure 

3.1). Relatively little was known regarding the structure/mechanism of this family of proteins 

until the crystal structure of the MBOAT DltB from Streptococcus thermophilus was published 

by Ma et al., in 2018. DltB is involved in the D-alanylation of cell wall teichoic acid in Gram-

positive bacteria. The predicted 3D structure of PatA was generated using Phyre2 one-to-one 

threading with the PatA amino acid sequence from N. gonorrhoeae and chain C of DltB as the 

template structure (Figure 3.2). The structure contains 25% amino acid identity with 371 aligned 

residues. The structure exhibits a highly conserved catalytic core, extending into an extracellular 

funnel shape, and an intracellular concave surface providing a tunnel into the catalytic core. The 

most important residues from the DltB structure include invariant His336, His289 and Trp285 

residues which correspond to His329, His289 and Trp285 from PatA, respectively. The His329 is 

thought to be the catalytic residue across MBOAT proteins, while the His289 is also thought to 

be important for catalysis as it is located in close proximity to the His329, and the side chain of 

Trp285 is thought to keep the catalytic tunnel in a closed, “resting” state (Figure 3.2 C). The last 

87 residues at the C-terminus of PatA are absent in the structure while the first 391 residues form 
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17 helices; 9 of them being transmembrane, and the others a series of horizontal helices that line 

the base of PatA (Figure 3.2 B). When compared to the predicted secondary structure from 

CCTOP, the predicted 3D structure eliminates the last 2 transmembrane domains (Figure 3.1). 

The highly conserved catalytic core was mapped onto the structure using the Consurf server and 

a MSA generated using 24 homologs of PatA from N. gonorrhoeae (Figure 3.2 A). Typically, 

the N- and C- termini are much more divergent than the conserved core to allow for recognition 

of distinct substrates specific to other MBOAT proteins; as is the case when the N- and C- 

terminal regions of DltB are compared to that of hedgehog acyltransferase, and ghrelin O-

acyltransferase biochemical models (Ma et al., 2018). The absence of the last 87 residues could 

suggest the C-terminus of PatA is localized to the periplasm and is solely involved in substrate 

Figure 3.1: 2D Topology prediction of PatA from N. gonorrhoeae. The amino acid 
sequence of PatA from N. gonorrhoeae (WP_003706086.1) was inputted into the CCTOP 
server to predict its membrane topology. The structure was predicted to possess 11 
transmembrane helices, with its N- and C- termini residing in the cytoplasm and periplasm, 
respectively. 



 

 

47 

binding, or associating with PatB or PG. Given that the predicted 3D structure of PatA is based 

solely on the structure of DltB, and the inherent variables associated with homology modelling, 

there are limits to the usefulness and confidence of this model. However, it has aided in 

Figure 3.2: 3D structure prediction of PatA from N. gonorrhoeae created using Pymol 
after one-to-one threading with DltB. (A) The Consurf Server was used to display highly 
conserved residues (magenta) versus variable (cyan), that were determined using a multiple 
sequence alignment of PatA homologs, onto the surface representation of PatA. A highly 
conserved catalytic tunnel is highlighted with a grey arrow. From this view of the periplasm 
looking into cytoplasm, there is a clear channel through the protein where the predicted 
catalytic residues reside. When rotated 45 degrees the extracellular funnel shape and 
intracellular concave surface are visible that allow for a direct tunnel through the protein 
where the catalytic core is buried. (B) The 3D structure shown as a cartoon representation 
with cylindrical helices. PatA is predicted to have 17 helices with 11 of them being 
transmembrane. Helices near the N-terminus are in blue colours and become red toward the 
C-terminus. (C) Surface representation of PatA with the potential catalytic His329, His289 
and Trp285 shown as sticks. The histidine residue side chains are arranged in close 
proximity to the tunnel opening, likely where the acetyl substrate is transferred through. 

90˚ 
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generating a hypothesis about the potential catalytic core with the involvement of His329, 

His289 and Trp285, and the importance of the C-terminus in substrate recognition.  

3.1.2 NgpatA construct design, expression, and purification 

The plasmid pACAB10, obtained from PhD student Ashley Brott, is a pET-21b(+) construct 

harboring patA from N. gonorrhoeae (Ng), such that the recombinant protein carries a C-terminal 

His10-tag (Brott, unpublished). The growth curves in E. coli C43 transformed with pACAB10 

exhibit a bacteriostatic phenotype upon induction of patA with IPTG, but the culture eventually 

recovers and grows normally. This is not seen when the gene encoding Gram-positive OatA from 

S. pneumoniae (SpOatA) is expressed in the same host (Figure 3.3). The toxicity resulting upon 

patA expression could be a result of its function in a typically non-O-acetylating bacterium, 

depleting the cell’s source of acetyl-CoA in the cytoplasm, or the attempted integration of the 

recombinant NgPatA into the E. coli membrane. As a result, the E. coli host could be eliminating 

the pACAB10 plasmid or degrading produced protein in order for the cells to recover. 

Previously, expression trials of this construct in E. coli BL21, JW3533-1, and C43 expression 

hosts grown in LB, TB or auto-induction media did not generate any protein when analyzed by 

western immunoblot analysis using anti-His6 antibody. A different construct of NgpatA encoding 

a C-terminal FLAG-tag instead of His-tag was also unsuccessful in generating protein expression 

in E. coli (data not shown).  

 To assess if the toxicity was a consequence of NgPatA function, the pACAB10 construct 

was redesigned to produce point mutations of potential catalytic residues. Residues His329, 

His289, Ser293, Ser325, and Asp298 were each selected for individual replacement with alanine. 

In addition, it was hypothesized that the highly conserved terminating 6 residues of the C-
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terminus could play a role in PatA's mechanism, and so a construct deleting the last 18 C-

terminal nucleotides was also generated (pACAB10Δ18). PCR based site-directed mutagenesis 

was performed on pACA10 and the constructs harboring genes encoding His329Ala, His289Ala, 

(as single and double replacements), Ser293Ala, Ser325Ala, Asp298Ala, and ΔC6 replacements 

were assessed by growth curves in E. coli C43. Unfortunately, all of the constructs exhibited 

similar growth patterns to the wild-type (WT) enzyme (Figure 3.4), and protein product was not 

detected after expression trials and western immunoblot analysis (data not shown). This 

suggested that the apparent toxicity associated with NgpatA expression was likely be due to it 

being a membrane protein, rather than due to its specific function.  

 Considering that the predicted 3D structure of NgPatA did not contain the last 2 

transmembrane domains present in DltB, and rather only 9 helices were predicted to span the 

membrane, it was speculated that the C-terminal domain may not be spanning the membrane but 

Figure 3.3: Growth curves of NgpatA and His329Ala NgpatA in E. coli C43. The pACAB10 
plasmid harboring a His329Ala mutation was transformed in E. coli C43 and grown at 37˚C 
with 0.5 mM IPTG induction. The original pACAB10 construct and SpoatA transformed in E. 
coli C43 along with E. coli C43 containing no plasmid were used as a control. Upon induction 
with 0.5 mM IPTG (black arrow), the cells expressing NgPatA and His329Ala NgPatA halt 
growth before recovering and continuing after a few hours, which is not seen when the Gram-
positive homolog SpOatA is expressed under the same conditions. 
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instead exists in the periplasm. Constructs of the N-terminal, ‘membrane spanning domain’ and 

the postulated C-terminal ‘periplasmic domain’ were generated to determine if the expression of 

just the C-terminal domain would be possible if it is not incorporated into the membrane. The 

constructs pACVP1 and pACVP2 were engineered from pACAB10 such that the resulting 

recombinant protein would lack its last 87 amino acids (pACVP1; NgPatA1-391) or lack its first 

390 amino acids (pACVP2; NgPatA391-472) and carry a non-cleavable C-terminal His10-tag. The 

growth curves of E. coli C43 transformed with pACVP1 displayed the same toxicity-associated 

growth as WT, whereas those transformed with pACVP2 did not (Figure 3.4). However, when E. 

coli C43 cells containing either plasmid construct were lysed, membrane fractioned, and purified 

Figure 3.4: Growth curves of various constructs of NgpatA in E. coli C43. The 
pACAB10 plasmid (A) containing a C-terminal (pACVP1) and N-terminal deletion (pACVP2), 
and (B) harboring genes encoding Ser293Ala, His329Ala, Ser325Ala, and Asp298Ala point 
mutations were transformed in E. coli C43 and grown at 37˚C with 0.5 mM IPTG induction. 
The E. coli C43 vector containing no plasmid was used as a control. Upon induction with 0.5 
mM IPTG (black arrow), only cells expressing pACVP2 exhibit typical phenotypic growth, 
while all other constructs exhibit the same bacteriostatic phenotypic growth as WT. 
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by SDS-PAGE, the quantity of proteins produced was too low to be visualized on a western 

immunoblot (data not shown). 

In a further attempt to produce NgPatA, the E. coli expression strain Lemo21(DE3) was 

utilized. E. coli Lemo21 is a BL21(DE3) derived strain with a plasmid harboring the gene 

encoding a T7 lysozyme that is under the control of the titratable rhamnose promoter. The 

concentration of rhamnose that appeared to promote the best growth for NgpatA induced cells 

was determined by growth curves to be 1.5 mM (data not shown). The growth curves with this 

strain also did not produce the bacteriostatic phenotype that was exhibited when expressing 

NgpatA in E. coli C43. Expression trials using E. coli Lemo21 were performed to over express 

WT NgpatA, as well as the His329Ala and Ser293Ala constructs. The membrane fraction of cells 

Figure 3.5: Western immunoblot analyses of the membrane fraction of cells 
expressing NgPatA. WT, His329Ala and Ser293Ala NgPatA were overexpressed in E. coli 
Lemo21 by induction with 0.4 mM IPTG. The cells grown in LB Amp100 supplemented with 
1.5 mM rhamnose were membrane fractioned and visualized on a PVDF membrane 
alongside the Precision Plus Protein All Blue Prestained Protein ladder (L). The red box is 
highlighting the apparent production of NgPatA. (A) Lane 1, positive His control; lane 2, WT 
NgPatA membrane fraction; lane 3, His329Ala NgPatA membrane fraction; lane 4, 
Ser293Ala NgPatA membrane fraction. (B) Lane 1, positive His control; lane 2, membrane 
fraction NgpatA induced cells; lane 3, membrane fraction of uninduced cells. 
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expressing WT, His329Ala NgpatA, and Ser293Ala NgpatA grown overnight at 15˚C all 

produced a band ~40 kDa on the Western immunoblot (Figure 3.5 A). However, this band was 

also visible in the uninduced sample, and given its size, it could be another E. coli protein that 

was visible on the blot (Figure 3.5 B). The lack of confidence and results in producing NgPatA in 

an E. coli expression system resulted in alternative approaches by exploring its homolog 

produced by P. mirabilis (Pm).     

3.2 Production of PatA from P. mirabilis 

The gene encoding PatA from P. mirabilis was ordered from Bio Basic Canada (Markham, ON) 

and used to conduct an expression trial and develop a protocol for its purification.  

3.2.1 PmpatA construct design and expression, and purification 

pACVP3 is a pET-21a(+) based construct harboring patA from P. mirabilis with a C-terminal 

His6-tag. PmPatA shares 39.3% sequence identity with NgPatA (Figure 3.6), with 472 amino 

acids and predicted molecular weight of 54.1 kDa. The construct was transformed into both E. 

coli C43 and E. coli Lemo21, and expression trials were performed. The apparent overproduction 

of PmPatA was achieved in E. coli C43 by growing cells at 37˚C until OD600 was ~0.6, for which 

patA expression was induced with 1 mM IPTG. Following further growth for 4 hrs or 12 hrs at 

37˚C, the cells were fractioned, and membrane samples were subjected to SDS-PAGE analysis 

with western immunoblotting using an anti-His6 antibody. A band was detected ~44 kDa in each 

of the sonicate, centrifuge pellet, and membrane pellet samples (Figure 3.7). The presence of 

protein in the centrifuge pellet could be due to aggregation into inclusion bodies. Although 44 

kDa is not the hypothetical molecular weight of PmPatA, the fact that there is a band in the 

fractions of cells expressing PmpatA, but not present in empty E. coli C43 host cells treated the 
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same way was an indication that the protein may be PmPatA. Expression trials using E. coli 

Lemo21 did not result in any protein production (data not shown).  

  

NgPatA    1 M   S EF   F  F   YW F K    QN LL       L       A I   Y    Y        A   I    I         V  L  L A   W Y I     A IV  S  V  PLL V   LF  V LP   G A YPS       A GMG   H SPVF     L  SC  

PmPatA    1 M   S EF   F  F   YW F K    QN LL       L       A I   Y    Y        L   V    L         I  I  I V   F F A     I LL  T  I  NFF F   GA  S FV   L Q HVK       T SYA   Y DYRP     S  LF  

NgPatA   61 LL   L     S    WL     A       FKY  FF     Q             I      L          F     IA           F      I             GA DI  GE  RSDRE TRR   GCG   SITVLGF    D  RPL A YAGK......G     

PmPatA   61 LL   L     S    WL     A       FKY  FF     Q             I      I          Y     LV           Y      L             PL EL  AN  TKYTS KVI   LGL   ..VYFTA    S  QET T AFQQWGLSIEL     

NgPatA  115 L PLGLS Y F SV Y V   R             L L FFP    GPI RA  F      M     Y        L        A R GW ELL       TV             T           T Q  A   YCF APH A F  H    H S     TS   I  AA KS DG
PmPatA  119 L PLGLS Y F SV Y V   R             L L FFP    GPI RA  F      A     F        V        I K PF DVV       SI             Q           I H  S   SVC KE. P A  L    Y C     VA   N  KE LP IQ

NgPatA  175               R       A  LI L IAK  WL G    N V PVF  P                        V     V   L      W         W               EQAGALAQIRTRRP SP RPAL  S    G   K   A ILAE   S   EN TQFDGWG
PmPatA  178               R       A  LI L IAK  WL G    N V PVF  P                        I     I   V      F         Y               APT........... KI DYKG  M    A   L   S WFST   D   NA DLAQSGQ

NgPatA  235 VL  VY Y       FSGY  LV G A LLGF  P NF AP  A N   FW  WHISLST         F LF      S     M M     L K  S     A I     K         AG  G T Q  LD     D  I        R        LR    RA  D        
PmPatA  227 VL  VY Y       FSGY  LV G A LLGF  P NF AP  A N   FW  WHISLST         W IY      T     I L     V R  N     I L     R         TA  A A H  FN     N  T        V        YL    AD  R        

NgPatA  295  IRDY YIPLGG  KG  R   N  AAMV SG WHG    F IWGA HG    LLN   RW    I      SK   L TQ  L     L  I      N L    L    LA                       F    L  M           YGW          TA     TGD 

PmPatA  287  IRDY YIPLGG  KG  R   N  AAMV SG WHG    F IWGA HG    LLN   RF    V      NR   I QN  A     I  L      T I    I    VV                       V    F  F           AAM          IG     IKH 

NgPatA  355  F                 LSW  TFHFVC     F      DA      LF   G W    G              A     V        FV   T N     AV S    NA     Y  RDALCRLK....YL P   F       LS  V N A PD  G  F A  A   G NA

PmPatA  347  F                 LSW  TFHFVC     F      DA      LF   G W    P              M     I        WI   S T     VL Q    SV     L  VKKNAPPSALSSLN L   I       FA  F R Q VG  F  I Q  .   A AS

NgPatA  411  Q      L  F  L LLYP      D         P          IL  I  L P G      M                  A   AVK   KI  WLW I I I   L  V     IP RAD LL AS AS M    YLQR F G   GLE   M   F Q S   L  I  A S  

PmPatA  406  Q      L  F  L LLYP      D         P          IL  I  L P G      L                  L   VAR   RV  YVY L L L   I  M     VL AEG T. FM WG F    CFVT R I   LEK   W   P P A   T  F  S D  

NgPatA  471 PGFIYA                                                            N                                                            F                                                    

PmPatA  465 PGFIYA                                                            S                                                            .                                                    
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Figure 3.6: Sequence alignment of N. gonorrhoeae (WP_003706086.1) and P. mirabilis 
(WP_088494492.1) PatA. Residues with white characters and red boxes are invariant, red 
residues are highly conserved, and highly conserved clusters of residues are outlined in blue 
boxes. The greatest conservation exists between residues 250-350, representative the 
highly conserved MBOAT catalytic core. Secondary structure elements predicted by CCTOP 
server were mapped above the NgPatA sequence and below the PmPatA sequence as 
green rectangles representing ⍺-helices. The topology of the helices is denoted by C 

(cytoplasm) and P (periplasm). A star is above the predicted catalytic His329 residue located 
at the end of transmembrane (TM)7 and the beginning of TM9 for NgPatA and PmPatA, 
respectively. 
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 To prepare for in-gel trypsin digest and protein identification, PmPatA was purified by 

exploiting its C-terminal His6-tag using IMAC with a His-tag purification resin. Initially, an 

attempt to purify PmPatA under native conditions was attempted by solubilizing the protein by 

incubating the membrane fraction with 2% DDM, 2% CHAPS, 1% Triton, and 1% SDS for 2 hrs 

at 4˚C. Unfortunately, under all conditions tested, PmPatA did not solubilize and remained in the 

membrane fraction (Figure 3.8). In an effort to produce a high concentration of protein that could 

be identified by mass spectrometry, the expression conditions were altered such that the cells 

were expressed in Terrific Broth, induced with 1 mM IPTG when the OD600 was ~1.4, and 

grown for 18 hrs at 15˚C. Given that for the purposes of protein identification, the enzyme does 

not need to be in its native state or retain its functional activity, IMAC was carried out under 

denaturing conditions. The addition of 8 M urea to the lysis, wash, and elution buffers was used 

Figure 3.7: Western immunoblot analysis of PmpatA expressed in E. coli C43. PmpatA 
was overexpressed in E. coli C43 by induction with 1 mM IPTG for 12 hrs at 37˚C. The E. 
coli C43 host without plasmid was expressed and induced in the same manner as a control. 
The cells were membrane fractioned, and proteins visualized on a PVDF membrane 
alongside the Precision Plus Protein Dual Colour Prestained Protein ladder (L). The red box 
is highlighting the apparent production of PmPatA. Lane 1, + His control; Lanes 2-6 
correspond to the membrane pellet, ultracentrifuge supernatant, centrifuge supernatant, 
centrifuge pellet and sonicate from pACVP3 expression respectively; Lanes 7-11 correspond 
to the same samples from expression of the E. coli C43 host. 
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to solubilize the protein and facilitate stronger binding to the column. Additionally, the 

purification protocol was adjusted such that 10 mM imidazole was added to the wash buffers to 

remove any weakly bound proteins. PmPatA eluted from the resin upon the addition 400 mM 

imidazole (Figure 3.9 A). The bands between 37 and 50 kDa of the elution fractions (Figure 3.9 

A), corresponding to the location where a band was visualized on the original western 

immunoblot following PmPatA expression (Figure 3.7), were excised for in-gel trypsin digest 

and protein identification by mass spectrometry. The mass spectrometry results were unable to 

identify PmPatA in the sample, and instead only “sticky” E. coli proteins, such as ribosomal 

proteins, were identified. 

 To ensure that PmPatA was still present following purification, a western immunoblot 

was performed (Figure 3.9 B). This western immunoblot analysis revealed that the band chosen 

Figure 3.8: PmPatA detergent solubility test. The membrane fraction of PmPatA 
expressed E. coli C43 cells was incubated with either 2% DDM, 2% CHAPS, 1% Triton, or 
1% SDS for 2 hrs at 4˚C and the soluble and membrane fractions separated by 
ultracentrifugation. Samples were run alongside a positive His control (+) and Precision Plus 
Dual Colour Prestain Protein Ladder (L). None of the detergents was able to solubilize 
PmPatA under the conditions tested. Lane 1, cytoplasmic fraction; Lane 2, original 
membrane fraction; Lane 3; DDM soluble fraction; Lane 4, DDM membrane fraction; Lane 5, 
SDS soluble fraction; Lane 6, SDS membrane; Lane 7, CHAPS soluble fraction; Lane 8, 
CHAPS membrane fraction; Lane 9, Triton soluble fraction; Lane 10 Triton membrane 
fraction. 
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to be excised previously for excision and subsequent the in-gel trypsin digestion was incorrect. 

Instead of a band migrating with an apparent mass of ~44 kDa, the band visualized this time on 

the western blot was detected between 20 and 37 kDa. This result could be due to the fact that 

the denatured protein following IMAC was able to run much faster through the gel, or that the 

protein was degraded at some stage during its production or purification. The bands from the 

elution fractions were excised and subjected to trypsin digestion and protein identification as 

before. Unfortunately, similar results were seen as only E. coli proteins were identified, some of 

which are presented in Table 3.2, and summarized in Table 3.1. 

 

  

Table 3.1 Statistics of mass spectrometry data  

 #Features Identified #Peptides #Seqeunces #Proteins 

#PSM #Scans #Features   Groups All Top 

Total 23275 152 152 87 64 56 7 90 86 

PSM - Peptide spectrum matches  

Figure 3.9: SDS-PAGE and western immunoblot analysis of PmPatA purification by 
IMAC. PmPatA was purified by immobilized metal chromatography using a His-Tag 
purification column and stained with Coomassie blue. Samples were run alongside (L) 
Precision Plus Dual Colour Prestain Protein Ladder. The fractions collected are as follows: 
flowthrough (FT), wash 1-4 (W1-W4), elution with 400 mM imidazole (E1-E4), control (C) 
PmPatA from previous purification. (A) The blue box displays the bands originally thought to 
be PmPatA due to their molecular weight, but subsequent Western blot analysis (B) revealed 
the correct band for PmPatA elution to be those bands in the red box. 
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Table 3.2: List of top 5 proteins identified from mass spectrometry after in-gel trypsin digest 

Accession Coverage 
(%) 

#Peptides #Unique Average 
Mass 

Description  

P60423|RL2_ECOL6 58 26 4 29860 50S ribosomal protein L2 
OS=Escherichia coli O6:H1 
(strain CFT073 / ATCC 700928 
/ UPEC) OX=199310 GN=rplB 
PE=3 SV=2 

B5YTN8|RL2_ECO5E 58 26 4 29860 50S ribosomal protein L2 
OS=Escherichia coli O157:H7 
(strain EC4115 / EHEC) 
OX=444450 GN=rplB PE=3 
SV=1 

B1X6G8|RL2_ECODH 58 26 4 29860 50S ribosomal protein L2 
OS=Escherichia coli (strain K12 
/ DH10B) OX=316385 GN=rplB 
PE=3 SV=1 

Q0SZY6|RL2_SHIF8 58 26 4 29860 50S ribosomal protein L2 
OS=Shigella flexneri serotype 
5b (strain 8401) OX=373384 
GN=rplB PE=3 SV=1 

B7MCT2|RL2_ECO45 58 26 4 29860 50S ribosomal protein L2 
OS=Escherichia coli O45:K1 
(strain S88 / ExPEC) 
OX=585035 GN=rplB PE=3 
SV=1 

 

3.3 Attempts to identify periplasmic intermediate 

In order to begin the search for a potential periplasmic intermediate that might accomplish the 

transfer of an acetyl group from PatA to PatB, it was first to be determined if an existing 

molecule in the periplasm could be utilized by PatB as an acetyl donor. The experiments were 

carried out using donated previously purified PatB protein from N. gonorrhoeae, for which 

activity was always confirmed before use. The final PatB construct used was PatBΔ69. 

3.3.1 Analyzing the periplasmic extract from E. coli  

The periplasmic contents of E. coli BL21 and E. coli BW25113 were isolated from 100 ml liquid 

cultures using TCA extraction. When the crude periplasmic extract from both strains was 

incubated with 3 µM of PatB, and 1 mM of G5 as acceptor, acetylated products of the G5 

substrate were detected by mass spectrometry (Figure 3.10). Despite this initial success using the 

two individual preparations, results with subsequent periplasmic extracts were inconsistent, as 
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there were more unsuccessful reactions than successful ones. Given that the crude extract would 

contain many components, the crude periplasmic extract from E. coli BL21 was fractionated by 

gel filtration in an attempt to provide a potentially more purified sample for testing. The eluant of 

these chromatographic separations was monitored by absorbance at 205 nm and 210 nm for the 

presence of carboxylic acids. The fractions were collected as 2 ml samples and pooled together at 

different volumes to best represent the entire peak from the baseline on either side. The resulting 

five fractions were collected (1-5 in Figure 3.11 A) and concentrated by lyophilization. Before 

attempting the transferase assay with these samples, presence of esters was determined using the 

Hestrin assay. The approximate ester contents from peaks 1-3 were estimated by extrapolation 

from an ethyl acetate standard curve to be 5.86 +/- 0.99 mM, 2.18 +/- 0.47 mM, and 1.66 +/- 

0.081 mM, respectively, while peaks 4 and 5 did not appear to contain any esters. When fractions 

1-3 were used as a potential donor in the transferase assay with G5 as acceptor, no acetylated 

Figure 3.10: ESI-MS analysis of PatB-catalyzed O-acetyltransferase reaction products 
using E. coli periplasmic extracts as substrate. Enzyme (3 µM) in 50 mM sodium 
phosphate pH 7.8 was incubated overnight at 37˚C with 1 mM chitopentaose (G5; 
[M+H/Na]+, [M+H-H2O+) and the periplasmic extract from (A) E. coli BL21 and (B) E. coli 
BW25113. 
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product was detected. Considering that E. coli is a naturally non-O-acetylating bacterium, and 

the success of its periplasmic extract as a substrate for PatB was inconsistent, the periplasmic 

extracts from N. gonorrhoeae were tested.  

3.3.2 Analyzing the periplasmic extract from N. gonorrhoeae  

The periplasmic contents of N. gonorrhoeae FA1090 was initially isolated using TCA extraction, 

and fractions were collected from peaks following gel filtration in the same manner as described 

above with E. coli. Analysis of the N. gonorrhoeae periplasmic fractions using the Hestrin assay 

resulted in no absorbance at 540/520 nm when compared to blank, indicating the apparent  

absence of esters in the sample, or the concentration was too low for the sensitivity of the assay. 

With the lack of apparent success using the TCA extraction, the method of chloroform extraction 

was used in an attempt to isolate the periplasm of N. gonorrhoeae FA1090. The approximate 

concentrations of esters present in two different crude N. gonorrhoeae FA0190 extracts were 

Figure 3.11: Purification of periplasmic extracts by gel filtration. Size-exclusion 
chromatogram of (A) E. coli BL21 and (B) N. gonorrhoeae FA1090 using a BioGel P4 
column eluting at 0.25 ml/min with dH2O. Peaks (1-5) at 205 nm and 210 nm were collected, 
the limits are shown with a bar underneath, and analyzed by the Hestrin assay. 

Volume (ml) 

Volume (ml) 

1 

2 

3 

4 

5 

R
e
la

ti
v
e
 A

b
s
o
rb

a
n
c
e
 2

0
5
 n

m
, 
2
1

0
 n

m
 (

m
A

u
) 

1 

2 

3 4 

5 



 

 

60 

8.15 +/- 0.40 mM and 15.88 +/- 0.92 mM, when extrapolated from the ethyl acetate standard 

curve. These crude extracts were then incubated with 3 µM of PatB and 1 mM of G5, but no 

acetylation products were detected by mass spectrometry. Similar to the TCA periplasm extract 

of E. coli, an attempt to purify these crude extracts was performed by gel filtration using the Bio 

Gel P4 column. The five collected fractions (1-5 in Figure 3.11 B) were concentrated and the 

Hestrin assay was again used to determine an approximate concentration of esters. The gel 

filtration samples did not produce the red-violet colour change as expected, but there was a 

significant colour change from yellow to colourless that did not absorb at 540 nm or 520 nm. It is 

likely that the concentration of esters was not high enough to result in a significant colour change 

(Figure 3.12). Since a microplate version of this assay was performed with small sample 

volumes, a low colour reading could indicate that a larger aliquot is needed, and that the assay is 

not sensitive enough to estimate the concentration of esters under the current methods (Hestrin, 

1949). 

3.3.3 Effect of PatB on concentration of esters in periplasmic extract  

Given that the approaches described above were not effective in identifying a fraction which 

contains a suitable donor for PatB to acetylate G5 in the transferase assay, a different approach 

was tested that exploits the esterase activity of PatB. The ability of PatB to release free acetate 

groups in these samples to lower the ester concentration was investigated. 

Figure 3.12: Hestrin assay colour range. Image of the colour range produced by the 
Hestrin assay from solutions containing 0 to 1000 mg/L of ethyl acetate (Löbs et al., 2016). 
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The N. gonorrhoeae FA1090 crude periplasmic extract obtained by chloroform treatment 

from 4 different samples was incubated with 3 µM of PatB for 45 min at room temperature. A 

control containing no enzyme was incubated in the same way, and both reactions were analyzed 

by the Hestrin assay. The incubation of PatB with the periplasm extracts resulted in a decrease in 

ester concentration compared to those samples with no enzyme (Table 3.3). These results suggest 

that PatB could be acting on a potential acetyl donor present in the periplasm, thereby decreasing  

the overall concentration of esters in the sample. 

 

3.3.4 Acetate Analysis 

To determine if the decrease in ester concentration was in fact due to the activity of PatB 

releasing free acetate groups, the concentration of free acetic acid in the sample after incubation 

with PatB was determined using the Megazyme acetic acid analysis kit. PatB was incubated with 

the crude periplasmic sample for 0 min, 45 min, and 1.5 hrs and then subjected to acetic acid 

analysis, together with a control periplasmic sample containing no enzyme. Unfortunately, there 

was no significant change in acetic acid concentration for PatB treated versus control periplasmic 

samples (data not shown). However, when the pH of these periplasmic samples was investigated, 

it was discovered that they were acidic (pH 1-2). Such high acidity would likely preclude PatB 

activity on these sample; the pH optimum of PatB is reported to be 7.0 (Moynihan and Clarke, 

2014). This could indicate that PatB function was inactivated due to the pH of the reaction, and 

Table 3.3: Effect of PatB on the concentration of esters when incubated with N. gonorrhoeae 
periplasmic extract for 45 min.  

Control  
Crude N. gonorrhoeae periplasmic 

extract 

Treated with 3 µM PatB Difference 

9.99 +/- 0.294 mM 6.78 +/- 0.498 mM 3.21 +/- 0.578 mM 

11.4 +/- 0.743 mM 7.97 +/- 0.0483 mM 3.44 +/- 0.745 mM 

14.1 +/- 0.130 mM 10.9 +/- 1.806 mM 3.15 +/- 1.81 mM 

11.9 +/- 0.364 mM 9.67 +/- 0.253 mM 2.25 +/- 0.443 mM 
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as a result not releasing any free acetic acid. Therefore, the periplasm from N. gonorrhoeae 

FA10190 was isolated again using chloroform extraction, and this time neutralized (pH 7.8) with 

10% ammonium hydroxide before being used. Upon neutralizing, precipitation occurred, and so 

this insoluble material was collected by centrifugation and then redissolved in 30 mM sodium 

phosphate buffer (NaH2PO4) at pH 7.2. This pellet material, as well as the soluble fraction, were 

both assayed for esters, but unfortunately none were detected. After several repetitions, the 

results seen initially with the Hestrin assay could not be reproduced, so the assay for acetate 

release did not produce any reliable results when investigating the effect of PatB on the 

periplasm of N. gonorrhoeae. 
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4 DISCUSSION 

The PG O-acetylation pathway from Gram-positive bacteria has to been well characterized. The 

topology of the N-terminal transmembrane domain of OatA from S. aureus has been determined, 

and the C-terminal domain has been enzymatically characterized and crystallized (Jones et al., 

2020; Jones, unpublished). A model for the mechanism and interaction between the two domains 

has also been proposed (Jones, unpublished). Conversely, for the two protein O-acetylation 

pathways from Gram-negative bacteria, PatB has been crystallized, and enzymatically 

characterized (Brott, unpublished), but the integral membrane protein PatA is still enigmatic. 

Among the MBOAT proteins, only one enzyme, DltB, has been crystallized (Ma et al., 2018), 

and this has established a model for the mechanism of other proteins in that family. The research 

presented in this thesis continues the work of PhD student Ashley Brott, in attempting to 

establish a foundational activity assay. After investigating a number of approaches, promising 

data is presented for the expression of patA from P. mirabilis in an E. coli expression host. 

Furthermore, the beginnings of a protocol for PatA purification were established. Still, 

alterations must me made so that PatA identification can be validated by mass spectrometry, and 

additionally confirm its fold is maintained following purification in order for it to be used in 

functional studies. Unfortunately, the hypothesis regarding the transfer of acetyl groups from 

PatA to PatB to be mediated by an intermediate, such as a glucan or lipid in the periplasm, 

remains inconclusive. Nonetheless, with the production of PatA, it will then be possible to begin 

searching for potential acceptor substrates with which it can use in in vitro assays.  

4.1 Strategies for the expression and purification of PatA 

Given the difficulties experienced expressing integral membrane proteins, and the added 

challenge of E. coli expression hosts not typically containing O-acetyl PG, the initial direction of 
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the research was aimed at expressing patA in its native expression host, N. gonorrhoeae. In order 

to do so, complementation vectors that may be cloned in E. coli, and contain the necessary DNA 

uptake sequence for the transformation and subsequent homologous expression in N. 

gonorrhoeae, were obtained from the lab of Dr. Joseph Dillard (Dillard and Hackett, 2005). The 

initial goal was to clone patA into N. gonorrhoeae RD5 (an isolate with a patA mutation) and 

attempt its overproduction and purification. Additionally, the effect that replacing potential 

catalytic residues has on the O-acetylation levels in situ could be assessed. The efforts in this 

direction fell short when complications arose during the genetic manipulation of the plasmids. 

Sequencing primers were unable to bind, therefore confirmation of the cloning of restriction sites 

and the ligation of patA into the plasmid could not be obtained. As a result, efforts to express 

patA in E. coli became the focus. 

 The overexpression of membrane proteins in BL21(DE3) is often toxic, which is most 

likely caused by the adverse effects of the saturation of the membrane protein biogenesis/protein 

secretion machinery. The use of E. coli C43(DE3) as the primary expression strain was due to its 

characteristic of improved membrane protein expression. This strain, along with E. coli 

C41(DE3), was derived and isolated from BL21(DE3) by the laboratory of John Walker, using a 

screening approach (Miroux and Walker, 1996). It was later shown that mutations in the lacUV5 

promoter governing expression of the T7 RNA Polymerase play a key role in the improved 

membrane protein over production for this strain (Wagner et al., 2008). However, it does not 

show improved yields for all membrane proteins tested (Dumon-Seignovert et al., 2004), as was 

the case with NgPatA. It was then hypothesized that the toxicity to cells associated the induction 

of patA expression could be attributed to its function, as it could be depleting acetyl-CoA within 

the cytoplasm. The presumed catalytic His329 residue had been previously replaced with a 
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glutamine residue, which resulted in a loss of PG O-acetylation (Dillard and Hackett, 2005). This 

finding is not surprising, as this residue is predicted to be the sole catalytic residue for other 

MBOAT proteins. When His329 and other highly conserved residues predicted to be located 

within the PatA catalytic core, His289, Ser293, Ser325, and Asp298 were replaced with an 

alanine, and an unusually highly conserved 6 residue C-terminus deleted, and expressed in E. 

coli C43, the toxicity-affected growth phenotype persisted. This indicated it is likely due to 

adverse effects of PatA as a membrane protein, rather than its function in the cell. The 

insufficient production of NgPatA in E. coli C43 strain, led to a search for alternative expression 

hosts.  

 The Lemo21(DE3) strain is a BL21(DE3) strain that was constructed to allow improved 

control over the expression of genes from the T7 promoter. It is equipped with a plasmid 

harboring the gene encoding T7 lysozyme, an inhibitor of the T7 RNA polymerase, under the 

control of the titratable rhamnose promoter (Schlegel et al., 2012). By tuning the activity of T7 

RNA Polymerase in Lemo21(DE3), the expression of a membrane protein can be set such that 

the membrane protein biogenesis/protein secretion machinery is not saturated, and membrane 

proteins can be stably expressed in the cytoplasmic membrane (Schlegel et al., 2012; Wagner et 

al., 2007). The growth curves of this strain producing NgPatA indicated that the toxicity-

associated growth after induction was averted. When NgpatA was expressed in this strain at 15˚C 

overnight, a band did appear on the western blot in the membrane fraction corresponding to an 

apparent molecular weight of ~40 kDa. Although this result was promising, after repeating the 

experiment with NgpatA cells that were not induced by IPTG, the band was still present, 

implying the protein present could be one that is native to the E. coli host. In later attempts, the 

E. coli Lemo21(DE3) host without the plasmid present was used as a control and did not produce 
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a band on a western immunoblot but reproducing the band in the membrane fraction of NgpatA 

expressed cells was met with limited success. At the same time as these experiments were 

occurring, the expression of PmpatA was providing consistent, positive results, and so the focus 

shifted to its use instead of NgpatA. It may be worth revisiting the expression of NgpatA in E. 

coli Lemo21(DE3) and optimizing its conditions further for more consistent results. 

 The expression of PmpatA appeared promising when the growth curves in E. coli C43 did 

not display the toxicity-associated growth pattern seen with NgPatA production. These initial 

expression trials were performed using E. coli Lemo21 as a host, but no band was present in the 

induced or host cell samples. Apparent success was achieved when PmpatA was expressed in E. 

coli C43, based on detection by western immunoblot analysis. The protein band had an apparent 

molecular weight of ~44 kDa, compared to the expected ~54 kDa for PmPatA, while no protein 

was seen in the E. coli C43 host control cells that were treated the same way. However, it is not 

unusual for membrane proteins to migrate faster in an SDS-PAGE gels, as was the case for the 

Gram-positive OatA membrane protein (Jones, unpublished). This lower apparent mass could be 

due to an increased rate of migration as membrane proteins tend to bind higher amounts of SDS 

compared to soluble proteins (Shirai et al., 2008). The increased SDS binding is mediated by the 

hydrophobic interactions between the detergent and higher proportion of apolar residues 

typically present in membrane proteins. The weak intensity of the band may reflect low 

production of protein or occluding of the affinity tag, but hydrophobic membrane proteins are 

known to not bind as well to the membranes used to for western blot analysis compared to 

soluble proteins (Abeyrathne and Lam, 2007). An attempt to mitigate this was made by using 

PVDF membranes instead of nitrocellulose as PVDF has a higher binding capacity allowing for 

greater sensitivity in detection of lowly expressed proteins (Kurien et al., 2011). The drawback to 
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using PVDF membranes is that they result in higher background, which was evident on most of 

the western blot images obtained. This is not only due to their sensitivity, but that they can bind 

to commonly used dyes, such as Coomassie blue, without the ability to be destained, and 

therefore the background remains as high as the signal (Gershoni and Palade, 1982). 

 The PmPatA construct harbors a C-terminal His6-tag which was exploited for its 

purification using IMAC on a Ni-NTA exchange column. 2% DDM, 2% CHAPS, 1% Triton, or 

1% SDS were all unable to extract PmPatA from the cell membrane; PmPatA remained in the 

membrane pellet instead of the soluble fraction after treatment. Further tests need to be 

conducted to determine an optimal detergent and concentration that will solubilize PmPatA, 

while retaining its activity. Interestingly, it was recently found that OatA, the Gram-positive 

homolog of PatA, remained active in up to 40% DMSO (Jones, unpublished). At high 

concentrations, DMSO increases protein charge, which has been attributed to protein 

denaturation, but this is highly protein dependent (Sterling et al., 2011; Chan et al., 2017) The 

ability of OatA to remain active in such a high concentration of DMSO may suggest that a high 

concentration of detergent will be necessary to solubilize its Gram-negative analog PmPatA, 

while still maintaining its function.  

 Since the initial goal of this purification was to simply obtain a sufficient quantity of 

protein for its identification purposes, its purification in its native state was not necessary. 

Consequently, a denaturing IMAC purification protocol was tested by the addition of urea in the 

buffers as a denaturant. Urea was chosen over guanidinium hydrochloride as the denaturant to 

avoid precipitation of the chaotropic agent in the presence of SDS during the subsequent SDS-

PAGE analysis (Funderburgh, and Prakash, 2018). The western immunoblot analysis of eluant 

fractions obtained by IMAC using this modified protocol revealed the predominant protein 
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present had a molecular weight of ~30 kDa. This differs from the initial western immunoblot 

analysis of the crude membrane fraction which suggested the protein had a molecular weight of 

~44 kDa. This was not unexpected due to the fact that the protein would now be completely 

denatured during the purification process, exposing hydrophobic regions of the proteins to bind 

to SDS, and hence may migrate even faster during the electrophoresis (Shirai et al., 2008). 

However, even with use of the richer TB media, the in-gel trypsin digest and LC-MS/MS 

analysis detected only E. coli proteins. The expression, purification and western immunoblot 

analysis of the E. coli C43 host should be performed to assure that the bands present on the gel 

and blot are representative of PmPatA and are not just due to background. Additional means of 

purification such as ion-exchange and/or gel filtration chromatography are therefore necessary 

for the removal of non-specific proteins prior to in-gel or in solution trypsin digestion.  

4.2 Attempts to identify a PatA/PatB reaction intermediate 

Attempts were made to identify a surrogate donor for the transfer of acetyl groups from PatA to 

PatB based on a number of considerations. PatB has been unequivocally demonstrated to be 

responsible for the transfer of acetyl groups to PG and, at this juncture, it is assumed that PatA 

acquires these acetyl groups from the cytoplasm and translocates them across the cytoplasmic 

membrane. Originally, it was thought that the two proteins would associate with each other for 

the transfer to occur. However, it was discovered accidentally that this is not likely the case; the 

expression of PatB within E. coli resulted in the host PG to become O-acetylated, a condition not 

accommodated for by E. coli, leading to toxicity-affected growth of cells. Further investigation 

revealed that WecH, an integral membrane acetyltransferase involved with the O-acetylation of 

enterobacterial common antigen, was providing the source of periplasmic acetyl groups for PatB 

activity (Moynihan and Clarke, 2010). It was unlikely that WecH and PatB can associate 
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appropriately for the direct transfer of these acetyl groups, leading to the premise that some 

common acetyl carrier might exist. When considering the commonalties between the periplasmic 

components of Gram-negative bacteria, the OPGs were identified as one potential acetyl carrier. 

When the substituents of OPGs from Erwinia chrysanthemi were analyzed, the amount of 

succinic acid per mg glucose varied with the osmolarity medium, whereas a constant amount of 

acetyl group per mg of glucose was found regardless of the growth conditions (Cogez et al., 

2001), supporting the theory that OPGs may play a role as an intermediate acetyl carrier. 

Because previous studies demonstrated that PatB was able to O-acetylate the PG of E. coli, the 

periplasmic content of this bacterium was tested in initial studies. With the possibility that OPGs 

may serve as the acetyl carrier, isolation and fractionation protocols of total periplasmic contents 

were adopted (Cogez et al., 2001), but exclusivity of these fractions to the periplasm was not 

confirmed. Although many fractionation methods have been published, cross-contamination 

often exists and fraction purity is not reported (Malherbe et al., 2019). The use of alkaline 

phosphatase variants may be used as reporter proteins to demonstrate either cytoplasmic or 

periplasmic cellular localization would be beneficial to use in future experiments of this manner 

(Malherbe et al., 2019). 

 Initial transferase assays utilized the periplasmic contents of E. coli BW3511 and E. coli 

BL21 as the potential acetyl donor for PatB to O-acetylate G5. Early success appeared to be 

achieved, but issues with reproducibility in subsequent assays were discouraging and did not 

support the hypothesis. Consequently, attention was paid to the periplasm of N. gonorrhoeae.  

With N. gonorrhoeae, chloroform extraction was selected as the periplasm isolation method 

based on a well-established protocol (Judd and Porcella, 1993). However, the extracts also failed 

to provide an acetyl source for the production of acetylated G5 products by PatB. To investigate 
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if carboxylic esters were present for PatB to utilize, the samples were assayed using the Hestrin 

method. The first application of this assay described by Hill (1946) and Hestrin (1949), was to 

study the enzymatic synthesis of acetylcholine. Similar procedures were later applied to estimate 

concentrations for numerous ester-baring groups. The assay takes advantage of the reaction of 

carboxylic esters with hydroxylamine to form hydroxamic acids under alkaline conditions, to 

yield red-violet complexes with iron(III) in acidic medium (Bartos, 1979). Initially, the 

periplasmic extract of N. gonorrhoeae resulted in the expected red-violet complex, and the 

concentration of esters was estimated using ethyl acetate as a standard. Encouraged by this and 

knowing that PatB can function as an esterase (Weadge et al., 2005), the assay was used to 

monitor any PatB-catalyzed hydrolysis of these esters. In initial experiments, this appeared to 

work because incubation of the sample with PatB reduced ester concentration in samples 

compared to control. However, this could have been due to PatB’s inherent promiscuity for 

substrates. In an attempt to confirm the formation of acetate by PatB, an enzyme-based assay 

was used to determine the concentration of acetate in the reaction products. The negative result 

from this analysis led to the discovery that the pH of this material was highly acidic, which 

would significantly interfere with the enzyme-based analyses. However, neutralization of the 

periplasmic extract did not resolve the problem and further experimentation was abandoned. 

Future work should involve using larger preparations of periplasmic materials, and another 

method for acetic acid analysis, such as HPLC-based organic acid analysis. 

4.3 Concluding remarks and future directions 

This work has begun to develop the foundation for the production and purification of PatA from 

P. mirabilis. The data suggests that expression may have been achieved and, following 

validation, future work should be dedicated to improving the expression and purification 
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protocol. This can include cloning the gene into a pBAD vector, rather than a pET vector, so that 

its expression is under the tightly-controlled arabinose promoter rather than the potentially leaky 

T7 promoter, and optimizing all expression parameters such as temperature, induction 

concentration, and length of expression. With successful protein production, a reliable 

purification protocol can then be developed. This should involve optimizing buffer selection and 

concentration of selected detergents, to purify PatA in its native state so that its biochemical 

function may be studied. It might also be necessary to extend the C-terminal His6-tag to a His10-

tag to improve column binding. To validate that the protein is in fact active with a C-terminal 

His-tag, and following purification, different in vivo approaches may be taken. The gene cloned 

into a complementation plasmid for transformation in N. gonorrhoeae RD5 can determine if its 

expression results in an increase in O-acetyl PG when compared to the low O-acetylation levels 

exhibited naturally by N. gonorrhoeae RD5. In addition, co-expression with PatB in E. coli 

JW3533-1 could indicate whether PatA is functional, by comparing the O-acetyl PG content to 

that of PatB expressed cells alone. 

 With the purification of the enzyme, structural and functional studies could commence to 

determine potential substrate donors for PatA within the cytoplasm, and acceptors within the 

periplasm. At this juncture, acetyl-CoA is assumed to be the cytoplasmic donor, but experimental 

evidence is lacking. Also, the isolated enzyme could be used in assays with PatB to 

unequivocally determine whether or not a direct transfer of acetyl groups occurs between them. 

A negative result of this experiment would be difficult to interpret as the interaction between 

proteins may not be achievable in vitro, but an accumulation of negative results from different 

experiments could provide enough information to provide the impetus to continue the search for 

the natural acetyl donor for PatB. It would be beneficial to use pull-down assays to analyze the 
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interaction, if any, between PatA and PatB, using truncated versions of PatA as control. In 

addition, if an active form of PatA can be obtained, it could be used to explore possible reaction 

products when supplied with potential acceptor substrates.  

Finally, structural studies could begin by determining the membrane topology of PatA 

using the substituted cysteine accessibility method (SCAM) as applied to transmembrane 

orientation (Karlin and Akabas, 1998; Bogdanov et al., 2005). In this method, cysteine residues 

are introduced in putative extracellular loops, followed by chemical modification with a 

membrane-impermeable thiol-specific probe to determine the cysteine membrane sidedness 

(Bogdanov et al., 2005). In most cases, unreacted cysteine residues are located within the 

membrane hydrophobic core, or in a sterically hindered environment. The accessibility of 

extracellular loops flanking a transmembrane domain then establish the orientation of the 

transmembrane domain with respect to the plane of the membrane bilayer. Determining the 

topology would provide further insight into the biochemical and structure-function relationship 

of PatA and its substrates.  

 Characterizing the mechanism by which pathogenic Gram-negative bacteria O-acetylate 

their PG will further expand our understanding of how this modification provides bacterial 

resistance to our immune system, and may help identify novel potential drug targets, especially 

with the rise of antibiotic resistance. 
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APPENDIX A 

 
Bacterial culture media  

LB broth 10g/L tryptone peptone, 5 g/L yeast extract, 10 g/L NaCl  

LB agar LB broth containing 15 g/L agar 

TB broth 24 g/L yeast extract, 12 g/L tryptone, 4 g/L glycerol, 1X TB salts 

10✕ TB salts 0.17 M KH2PO4, 0.72 M K2HPO4 

BHI broth 15.5 g/L caesin peptone, 7 g/L meat peptone, 6 g/L brain heart infusion solids, 5 g/L 
sodium chloride, 2.5 g/L disodium phosphate, 2 g/L dextrose 

GC agar 7.5 g/L caesin peptone, 7.5 g/L meat peptone, 5 g/L sodium chloride, 4 g/L 
dipotassium phosphate, 1 g/L corn starch, 1 g/L monopotassium phosphate, 10 g/L 
agar 

 

DNA solutions 

50X TAE buffer 2 M Tris Base 

1 M glacial acetic acid 

50 mM EDTA pH 8.0 

 

SDS-PAGE Gel Recipe 

Solution 12% Separating Gel 4% Stacking Gel 

40% (w/v) Acrylamide/Bis (29:1) 4.50 ml 0.500 ml 

1.5 M Tris-HCl pH 8.8 3.75 ml —  

0.5 M Tris-HCl pH 6.8 —  1.26 ml 

10% (w/v) SDS 0.150 ml 0.050 ml 

10% (w/v) APS 0.075 ml 0.025 ml 

TEMED 0.0075 ml  0.005 ml 

Water 6.525 ml 3.18 ml 

 

 

 

Antibiotic stocks 

Ampicillin 100 mg/ml in H2O 

Chloramphenicol 50 mg/ml in 95% ethanol  
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Solutions for SDS-PAGE 

10X Electrophoresis running buffer 1.92 M glycine 

1% (w/v) SDS 

0.25 M Tris-HCl 

2X Sample buffer 100 mM Tris-HCl pH 6.8 

4% (w/v) SDS 

20% (v/v) glycerol 
0.05% (w/v) bromophenol blue 

Coomassie stain 1 g/L Coomassie brilliant blue R-250 

50% (v/v) methanol 
10% (v/v) acetic acid 

Destain 40% (v/v) methanol 
10% (v/v) acetic acid 

 

5X Bradford dye 

Coomassie brilliant blue G-250 0.5 mg/ml 

85% H3PO4 50% (v/v) 

95% ethanol 25% ethanol (v/v) 

Dissolve dye in ethanol. Add H3PO4. Fill up to volume with H2O. Filter 
through a 0.45 µM PVDF membrane. 

 

 

 

 

 

 

 

 

 

 

 

Solutions for Western immunoblot 

Transfer buffer 10 mM NaHCO3 

3 mM Na2CO3 

20% (v/v) methanol 

5X TBS buffer 50 mM Tris-HCl pH 7.5 

750 mM NaCl 

5X TBS-Tween/Triton buffer 
(TBST) 

100 mM Tris-HCl pH 7.5 

2.5 M NaCl 
0.25% (v/v) Tween-20 

1% (v/v) Triton 

Blocking buffer 2% (w/v) BSA in 1X TBS buffer 

Primary antibody solution 1:1000 in blocking buffer 

Secondary antibody solution 1:2000 in blocking buffer 


