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O-Acetylation of the N-acetylmuramic acid residue of peptidoglycan (PG) prevents the hydrolysis
of the cell wall by autolysins and muramidases and is an important virulence factor in many bacteria. OAcetylated PG aids in the survival of these bacteria within the host environment while preventing
detection and clearance. O-Acetyltransferase A (OatA) has been identified as the enzyme responsible for
this modification in Gram-positive bacteria. This study aims to expand our understanding of the Oacetylation of PG, and identify inhibitors of OatA from S. aureus to demonstrate OatA as a potential
antibacterial target. Presented here are the kinetic parameters of pseudo-substrate donors and the first
direct evidence of a Ser-His-Asp catalytic center of OatA. High-throughput screening has led to the
identification of a class of compounds, coumarins, which show promising inhibitory properties in vitro.
This research represents the first steps in providing evidence that OatA is a prospective pharmacological
target.
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Chapter 1: Introduction
1.0. General Introduction
This chapter of the thesis is intended to give sufficient background information to the reader in
order to understand both the importance and rationale behind the study. The introduction will explain the
role of peptidoglycan (PG) and PG O-acetylation in bacteria, focusing on general structure and
biosynthesis, as well as chemical modifications of the glycan chain. Emphasis is placed on O-acetylation
and its pathobiological significance. The enzymes involved in O-acteylating PG will be discussed and the
proposed mechanism presented in order to understand the significance of the catalytic triad. Finally the
significance of the research with accompanying hypothesis and proposal will be presented.

1.1. Staphylococcus aureus
Staphylococcus aureus is a Gram-positive cocci bacteria and one of the most commonly found
Staphylococcus species. These bacteria asymptomatically exist on 50% of the human population with 1020% being persistently colonized (Noble, Valkenburg, & Wolters, 1967). Some of the common areas for
S. aureus colonization are around the nose and mouth, mucosal membranes and the respiratory tract. This
bacterium is an opportunistic pathogen and can cause disease in compromised individuals or if it has
gained access to tissues or the blood stream (Lowy, 1998). It is S. aureus that is responsible for most
Staphylococcal diseases. The most commonly known diseases are skin infections, which can range in
severity from small pimples to subcutaneous abscesses and deep carbuncles. S. aureus is also known to
cause diseases such as bacteraemia, endocarditis, sepsis, toxic shock syndrome, and others (Woodford &
Livermore, 2009).
S. aureus is able to survive on, and within, the host for an extended period of time because of its
ability to prevent detection and evade the host immune response. Bacterial species have developed
methods of immunoevasion; of particular importance to this study is resistance to lysozyme. Lysozyme is
a muramidase that is part of the innate immune system and is our first defense against invading
pathogens. During infection, this resistance causes us to resort to antibiotic treatments; however, there has
been an emergence of antibiotic and multi-drug resistant pathogens, including S. aureus. One of the most
well-known antibiotic resistant strains is methicillin-resistant S. aureus or MRSA. Methicillin is a βlactam antibiotic that was first developed in 1959, yet in as early as 1961 cases of MRSA were reported
(Barrett et al., 1968). In the CDC report of Antibiotic Resistance Threats in the United States, there were
over 80 000 MRSA infections and over 11 000 deaths in 2013 alone. Moreover, an increasing number of
1

instances with resistance to vancomycin (typically used in the treatment of MRSA) and other antibiotic
resistant or multi-drug strains have also been reported. These pose a significant public health concern and
emphasizes a growing need for research in future novel antibiotics(Centre for Disease Control, 2013).

1.2. Peptidoglycan
Nearly all bacteria contain a cell wall composed of PG. This macromolecular structure forms a
continuous sacculus surrounding the cell and is an essential component for bacterial survival. It is what
defines the shape of the cell and resists the internal turgor pressure by shouldering the osmotic stress load
(Vollmer, Blanot, & de Pedro, 2008). It also acts as a scaffold for the anchoring of outer cellular
components, such as surface polymers and proteins (Dramsi et al., 2008).

Figure 1: Schematic representation of Gram-negative and Gram-positive cell walls. Gram-negative
bacteria have a thin PG layer between an inner and outer membrane, while Gram-positive bacteria have a
single membrane and a much thicker PG layer.
Bacteria can be differentiated into two categories based on the characteristics and composition of
their cell walls. Gram-staining is considered the foundation bacterial classification and designated as
either Gram-positive or Gram-negative (Bartholomew & Mittwer, 1952). Gram-positive bacteria have a
cytoplasmic membrane surrounded by a multi-layered PG sacculus ranging from 15-30 nm thick
(Vollmer et al., 2008) (Figure 1). The PG of Gram-positive bacteria contains a unique modification,
where wall-teichoic acids (WTA) are covalently bonded to the C6 carbon of the MurNAc residue. Gramnegative bacteria have a thinner layer of PG sandwiched between an inner and outer membrane around
the cell. In Escherichia coli PG can be from one to three layers or 2-7 nm in thickness (Vollmer et al.,
2008). These cells also have lipopolysaccharides that are attached to the outer leaflet of the outer
membrane which extend into the surrounding space. There is also a need for specialized proteins called
2

porins, which allow for diffusion of particles across the outer membrane. Although PG is common across
almost all bacterial species, the macromolecular structure varies. The number of layers of PG, the length
of glycan strands and the types of peptide cross-linking are all variable (Vollmer et al., 2008).

1.2.1.

Structure
PG, as the name suggests, is a polymer made up of both carbohydrates and amino acids. The

glycan strand is considered the backbone of the polymer and consists of alternating N-acetylglucosamine
(GlcNAc) and N-acetylmuramic acid (MurNAc) residues bonded through a β-1,4-glycosidic linkage. An
oligopeptide strand from three to five amino acids in length of alternating L and D residues is linked to the
carboxyl of the D-lactoyl group attached to the C3 carbon of the MurNAc residue (Vollmer et al., 2008)
(Figure 2).

Figure 2: PG monomer with A3α chemotype with penta-glycine bridge. Glycan strand of alternating
GlcNAc and MurNAc residues bonded through a β-1,4-glycosidic linkage. The peptide chain, L-Ala-DGlu-L-Lys-D-Ala-D-Ala, is attached the C3 of the MurNAc residue with a penta-glycine cross bridge
attached to the L-Lys residue. This monomeric structure and type of peptide cross-linking is characteristic
of the PG of S. aureus. R1 and R2 represent glycan chains of the same strand of PG; R3 is the peptide stem
of another strand.
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The peptides on neighbouring glycan strands are able to be cross-linked, lending to a mesh-like,
multi-layer structure that is able to surround the cell continuously. Predominantly, the sequence of amino
acids is conserved among Gram-positive and Gram-negative to be L-Ala-D-isoGlu-diamino acid-D-Ala-DAla, with the diamino acid at the third position to be either diaminopimelic acid (mDAP) in Gramnegative bacteria and L-Lys in Gram-positive bacteria. A classification system has been created for
different types of PG based on the characteristics of the peptide cross-linking between strands, as well as
the amino acids in the peptide stem. There are two groups, A and B, which separate PG based on the
cross-linkage occurring between amino acids in the 3rd and 4th position or between the 2nd and 3rd position,
respectively. Subgroups of group A describe the nature of the cross-link; whether it is a direct link
between stem peptides (A1), polymerized peptide subunits (A2), interpeptide bridge of Gly or L-amino
acids (A3) or D-amino acids (A4). Each subgroup can have one of three variations denoted as α, β, or γ,
which indicate the amino acid at position three as L-Lys, L-Orn or mDAP, respectively. Group B has two
subgroups (B1 and B2) that have interpeptide bridges containing either an L- or
respectively, with four variations of α, β, γ, and δ (L-Lys, L-Hsr, L-Glu, and

D-amino

L-Ala,

acid,

respectively)

(Schleifer & Kandler, 1972). According to this nomenclature S. aureus PG has an A3α chemotype as
depicted in Figure 2.

1.2.2.

Peptidoglycan biosynthesis
The synthesis of PG occurs in several steps in the cytoplasm and across the cytoplasmic

membrane. The precursor molecules and peptide chain are prepared in the cytoplasm of the cell, followed
by the synthesis of the lipid linked intermediates at the inner-membrane-cytoplasm interface, and finally,
the polymerization of the units into the PG polymer within the periplasmic space (Barreteau et al., 2008).
The biosynthesis of PG occurs similarly across species of bacteria; however, there are minor differences
in the amino acids that are incorporated into the peptide stem and some modifications to the sugar
residues. In some species of bacteria, the functional groups on the glycan residues can undergo
modifications, such as N-acetylation, N-glycolylation, O-acetylation, and the attachment of surface
polymers (e.g. teichoic acids and capsular polysaccharides) (Vollmer, 2008).
Precursor and peptide chain formation
The first step is the synthesis of the precursor molecules, uridine diphoshpate (UDP)-GlcNAc and
UDP-MurNAc. The activated precursor UDP-GlcNAc is produced in the cytoplasm by a series of
enzymatic reactions that start with fructose-6-phosphate (Fru-6-P) (Figure 3). Fru-6-P is also part of other
biosynthetic pathways, one commonly known example being glycolysis. Fru-6-P is converted to
glucosamine (GlcN)-6-P by GlmS through the addition of a Glu residue (Komatsuzawa et al., 2004). PG
recycling also results in GlcN-6-P formation, first GlcNAc is recycled in the cytoplasm by NagZ,
4

followed by GlcN-6-P formation by NagP and NagA. Free glucosamine can also be converted to GlcN-6P by GamP. UDP-GlcNAc is then produced step-wise by GlmM and GlmU. MurA and MurB proteins
then synthesis UDP-MurNAc from UDP-GlcNAc through a UDP-GlcNAc-enolpyruvate intermediate.
The production of UDP-MurNAc is the first strictly PG synthesis precursor (Brown et al., 1995).
The addition of the penta-peptide side chain also occurs in the cytoplasm by a series of proteins
referred to as the muramyl (or Mur) ligases. MurC is responsible for the addition of the first amino acid,
usually L-Ala to the MurNAc residue. The second amino acid position is filled via the MurD protein,
which adds a D-Glu residue to L-Ala. This amino acid can be modified in a later step in some Grampositive bacteria to a D-Gln. In most Gram-positive bacteria, L-Lys is incorporated as the third amino acid
by MurE through a bond between the γ-carbon of glutamate to the α-carbon of lysine. The third position
is the most variable among bacteria. The fourth and fifth residues are usually added as a dipeptide by
MurF. D-Ala-D-Ala synthetase, a cytosolic protein, synthesizes the dimer, usually consisting of two DAla residues (Vollmer et al., 2008).

Figure 3: Cytoplasmic events of precursor and peptide chain formation in PG biosynthesis. UDPGlcNAc can be the result of several enzymatic pathways. UDP-MurNAc is synthesized from UDPGlcNAc via MurA and MurB and is the first PG biosynthesis committed step. The peptide side-chain is
then synthesized by the Mur enzymes.
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Lipid I and Lipid II
The next stage of PG synthesis occurs along the cytoplasmic membrane. The UDP-MurNAcpenta-peptide is attached to the lipid anchor, undecaprenyl phosphate. This molecule has a hydrophilic
phosphate head group attached via a pyrophosphate linkage to a long isoprene tail. These types of
polyisoprenoids are used as carriers to transport molecules across membranes in many synthetic pathways
of complex polysaccharides. Examples include the formation of teichoic acids and the O-antigen of
lipopolysaccharides (Bugg & Brandish, 1994). In the case of PG synthesis, after the attachment of the
penta-peptide chain to UDP-MurNAc in the cytoplasm, the UDP-MurNAc-pentapeptide is attached to
undecaprenyl phosphate by MraY to form Lipid I. MurG is then responsible for the binding of UDPGlcNAc to the MurNAc residue to create the lipid bound disaccharide-pentapeptide monomer of PG,
Lipid II (de Kruijff, van Dam, & Breukink, 2008) (Figure 4). Some Gram-positive bacteria attach five
glycine residues to the L-Lys before being translocated across the membrane. This is done through the
action of FemX, FemA and FemB (Figure 5). These residues form the pentaglycine cross-bridge that is
characteristic of S. aureus PG (Hegde & Shrader, 2001; Rohrer & Berger-Bachi, 2003).
Following translocation of lipid II to the periplasmic side of the membrane the PG monomer is
incorporated into the growing PG strand. Once the GlcNAc-MurNAc pentapeptide is removed from the
carrier, the lipid “flips” back to the cytoplasmic side where it undergoes dephosphorylation to a
monophosphate to be used again (van Dam et al., 2007). Lipid II is unable to spontaneously cross
membranes in vitro (van Dam et al, 2007) and occurs at much greater speeds in vivo, indicating this
process is protein-mediated (van Heijenoort et al., 1992). The identity of the protein responsible for this
role has been under debate in the past. Previously, both MurJ and FtsW have compelling evidence that
supports either protein to act as the authentic Lipid II flippase. However, a study in 2011 showed that
while FtsW is able to flip Lipid II across an in vitro proteoliposome membranes MurJ cannot, providing
the first biochemical evidence of FtsW as the true flippase (Mohammadi et al., 2011).

Figure 4: Lipid II formation along the cytoplasmic membrane. The formation of Lipid I and II occurs
at the membrane-cytoplasm interface by the action of MraY and MurG. Lipid II can then flipped across
the membrane to the periplasmic side for incorporation into the mature PG strand.
6

Figure 5: Formation of the penta-Gly cross-bridge characteristic of S. aureus PG. FmhB attaches the
first glycine residue to the lysine residue of the peptide stem. FemA and FemB then attach two Gly
residues each. The formation of this penta-Gly stem is cross-linked in S. aureus PG. FtzW translocates
lipid II across the membrane.
Transglycosylation and transpeptidation
The final step of PG synthesis occurs on the outer-side of the cytoplasmic membrane. These steps
include the polymerization and cross-linking of the monomers into a growing strand and incorporation
into the sacculus (Figure 6). Penicillin-binding proteins (PBPs) are responsible for the polymerization of
PG monomers into a large sacculus. This is done through the transglycosylation of the sugar backbone, as
well as the transpeptidation of the peptide strands (Tipper, Tomoeda, & Strominger, 1966). There are a
large number of PBPs found throughout Gram-positive and Gram-negative bacteria. There has been a
considerable amount of research into this group of proteins and as such, many PBPs have been
characterized both structurally and biochemically (Sauvage et al., 2008). There are three major classes of
PBPs; Class A, B and C. Most species of bacteria contain several PBPs from a variety of these classes,
some of which are essential to survival while others may serve redundant or non-essential roles. Class A
PBPs have a dual role and are able to both polymerize the glycan strand and cross-link the peptide stems.
Class B PBPs usually are involved in the transpeptidation of the peptide stem. Class C PBPs have
peptidase activity, cleaving terminal amino acids from the PG strand. These proteins are referred to as
penicillin-binding because they are the target of the β-lactams, the most widely known β-lactam antibiotic
being penicillin. The chemical structure of penicillin highly resembles that of the D,D-dipeptide found at
the end of the pentapeptide strand of a PG monomer. During binding of the PBP to the PG monomer a
short-lived acyl-enzyme intermediate is formed between the protein binding domain and the D-Ala-D-Ala
at the terminus of the peptide stem. When bound, penicillin is able to form a similar acyl-enzyme
complex; however, it is more stable, remaining in the active site acting as a suicide inhibitor of the
enzyme (Sauvage et al., 2008).
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Figure 6: Transpeptidation and transglycosylation of PG. The transglycosylation of PG monomers
and the subsequent transpeptidation of the peptide stem occur beyond the cytoplasmic membrane. These
last steps in synthesis incorporate newly synthesized monomers into the growing chain. Penicillinbinding proteins (PBPs) are responsible for these events.

S. aureus encodes several different PBPs from each class; from Class A; PBP2 (A3), MGT (A7);
Class B; PBP1 (B3), PBP3 (B4); and Class C; PBP4 (type 5). PBP4 is an essential class C PBP and is
responsible for the transpeptidase activity allowing for the high degree of peptide cross-linking that is
characteristic of S. aureus PG (Sauvage et al., 2008). In some strains of S. aureus including all strains of
MRSA, PBP2a is found and confers a lowered sensitivity to β-lactams including methicillin (Jonges,
Changi, & Gage, 1992).

1.2.3.

PG Degrading Enzymes
The PG sacculus that surrounds bacteria is a highly dynamic structure, constantly being

synthesized and recycled (Vollmer, 2012). This is especially obvious during cell growth and division, and
when inserting cell wall spanning structures, such as flagella and secretion systems (Typas et al., 2012;
Koch & Doyle, 1985). PG is a highly complex structure containing many different types of bonds, and so
to metabolize it there must be a variety of enzymes that target the diverse bonds (Höltje, 1998). Some of
the enzymes that target PG are autolytic, meaning they are self-produced by the bacteria, and if the
activity is left unregulated, these enzymes would result in the degradation of the PG sacculus and
complete lysis of the cell (Typas et al., 2012).
Each of the amide bonds of the peptide strand have corresponding peptidases which can act upon
them (Figure 8). These include some of the PBPs previously mentioned, and other peptidases with
endopeptidase and carboxypeptidase activity specific for D,D- or L,D- amide bonds. There are also
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amidases, such as L-alanine amidase, that are able to cleave the entire stem from the MurNAc residue
(Holtje, 1995). S. aureus encodes AtlA, an autolytic L-alanine amidase that is important for proper
separation of cells during division (Zoll et al., 2010).
Other enzymes cleave the glycosidic linkages between the MurNAc and GlcNAc residues. These
include 1,4-β-N-acetylglucosamidase, which cleaves GlcNAc-MurNAc, and both lytic transglycosylases
(LTs) and 1,4-β-N-acetylmuramidases which cleave the MurNAc-GlcNAc bond (Scheurwater, Reid, &
Clarke, 2008). Lysozyme is a 1,4-β-N-acetylmuramidase found in higher order organisms as part of their
immune response against invading bacteria. The complete mechanism of action of lysozyme has only
been resolved relatively recently, considering that this protein was the first crystal structure ever
determined (Blake et al., 1965). Lysozyme cleaves the bond between the MurNAc and GlcNAc through
the addition of a water molecule. The ideal substrate for lysozyme is PG with a hexasaccharide backbone.
There are binding subsites for each of the sugar rings of this substrate. Eleven amino acid residues interact
with the glycan strand, five of which interact directly with the hydroxyl group of the C6 carbon of
MurNAc. Glu35 donates a proton to the GlcNAc C4 oxygen of the glycosidic linkage, simultaneously
Asp52 attacks at C1 of MurNAc forming a covalent glycosyl-lysozyme intermediate. Glu35 is then able
to activate a water molecule by stripping it of a proton (Figure 7a). The hydroxide ion can then attack the
C1 carbon. The result is a reducing MurNAc residue with a non-reducing GlcNAc residue (Vocadlo,
Davies, Laine, & Withers, 2001).
While cleaving the same PG linkage as muramidases, LTs are not hydrolases. Instead, they
catalyze the lysis of PG with the formation of a terminal 1,6-anhydromuramoyl residue. They possess a
catalytic acid which initiates the cleavage in the same manner as lysozyme by protonating the glycosidic
linkage leading to the formation of a putative muramoyl carbenium intermediate with the concomitant
departure of GlcNAc-terminating glycan product.

The same catalytic residue, now deprotonated,

functions as a base to abstract the proton from the C-6 hydroxyl group of the muramoyl residue which
leads to its intramolecular attack of the electrophillic C-1 resulting in the formation of the 1,6-anhydro
linkage (Figure 7b) (Scheurwater et al., 2008).
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Figure 7: Mechanism of lysozyme and LT cleavage of the glycosidic linkage of PG. Lysozyme and
LTs cleave the MurNAc-GlcNAc bond; however, their mechanisms are different. A) Lysozyme works
through the addition of a water molecule across the bond, resulting in reducing MurNAc and nonreducing
GlcNAc. B) LTs are non-hydrolytic and result in the formation of an intramolecular 1-6 anhydro ring of
MurNAc and nonreducing GlcNAc.
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Figure 8: PG degrading enzymes and cleavage sites. Figure shows a typical PG structure of the A3α
chemotype (such as S. aureus) with penta-glycine cross-bridge connecting adjacent strands. There are
lytic enzymes for almost all bonds within the structure. The most important enzymes for this study are the
N-acetylmuramidases/lysozyme and the LTs.
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1.2.4.

Modifications of Peptidoglycan
There are a number of chemical modifications that are found to occur in PG. These modifications

have some function to the bacteria such as conferring antibiotic and lysozyme resistance or modifications
can also be the method of control for autolytic enzymes and the turnover of PG (Holtje, 1995).
A modification that has been observed across a number of species is the N-deacetylation of the
GlcNAc and MurNAc residues. Some bacteria known to N-deacetylate their PG include Bacillus
anthracis, other Bacillus species, Streptococcus pneumoniae, and Listeria monocytogenes. Ndeacetylation causes PG to become lysozyme resistant by preventing proper substrate binding. It also
creates a positive charge on PG which may affect binding of cell wall proteins and/or increase resistance
to cationic antibiotics through ionic repulsion. This modification occurs on the mature strand, after
polymerization, and is catalyzed by deacetylases. Muramic acid δ-lactam residues occur through the
formation of an intramolecular amide bond between the carboxyl group of the lactyl group at C3 MurNAc
and amino group at C2. This modification is found in bacterial endospores of B. subtilis and other species
and is a possible marker for spore germination by PG hydrolases. These hydrolases are able to selectively
target the spore PG layer, and not the germination layer. N-Glycolylation of muramic acid is a
characteristic modification of the PG of Actinomycetales. N-Glycolylation occurs during the synthesis of
PG and not to the mature strands. In Gram-positive bacteria, the attachment of surface polymers is
common. The polymers are usually linked through a phosphodiester bond to the C6-OH of MurNAc.
Examples of polymers include teichoic acids, teichuronic acids, capsular polysaccharides and
arabinogalactans (Vollmer, 2008). Finally, a very common PG modification is O-acetylation.

1.3. O-Acetylation
O-Acetylation of PG occurs in a number of species, both Gram-positive and Gram-negative
species. An acetyl group is attached via an ester bond to the C6-OH of MurNAc or GlcNAc residues of
the PG backbone (Figure 9). The amount of O-acetylated PG of bacteria varies from 20-70 percent
(relative to the amino sugar being modified). O-Acetylation is likely to occur directly after the formation
of the chain, as it is not found on precursor molecules (Snowden et al., 1989). Likely the acetate source is
acetyl-CoA from the cytoplasm, although there has been no definitive biochemical evidence to support
this. Some notable Gram-positive bacteria that perform this modification include S. aureus, B. cereus, and
S. pneumoniae, while Gram-negative bacteria include N. gonorrhoeae, N. meningitidis, H. pylori, and P.
mirabilis. However, O-acetylation of PG may be more prominent as each species must be tested
individually to determine its presence. Table 1 presents a list of bacteria that are currently known to have
O-acetyl-PG (Clarke & Dupont, 1992; Moynihan & Clarke, 2011).
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Table 1: Gram-negative and Gram-positive bacteria known to O-acetylate PG

Gram-negative

Gram-positive

Acinetobacter iwoffi
Acinetobacter anitratus
Bacteroides fragilis (Weadge, Pfeffer, & Clarke, 2005)
Bradyrhyizobium japonicum(Weadge et al., 2005)
Campylobacter jejuni (Weadge et al., 2005)
Chromobacterium violaceum (Weadge et al., 2005)
Helicobacter pylori (Vollmer & Seligman, 2010)
Morganella morganii (Clarke, 1993)
Neisseria gonorrhoeae (Blundell et al. 1980, Swim
et al. 1983)
Neisseria menigitidis (Dillard and Hackett,2005)
Neisseria perflava (Martin et al. 1973)
Photorhabdus luminescens (Weadge et al., 2005)
Proteus mirabilis (Martin and Gmeiner, 1979; Dupont &
Clarke, 1991)
Proteus myxofaciens (Clarke, 1993)
Proteus penneri (Clarke, 1993)
Proteus vulgaris (Fleck et al., 1971)
Providencia alcalifaciens (Clarke, 1993)
Providencia rettgeri (Clarke, 1993)
Providencia stuartii (Clarke, 1993)
Pseudomonas alcaligenes (Martin et al., 1973)
Synchocystis sp.

Bacillus anthracis (Laaberki, Pfeffer, Clarke, &
Dworkin, 2011)
Bacillus cereus (Laaberki et al., 2011)
Bacillus subtilis (Vollmer & Seligman, 2010)
Enterococcus durans (Pfeffer et al., 2006)
Enterococcus faecium (Pfeffer et al., 2006)
Enterococcus faecalis (Abrams, 1958)
Enterococcus hirae (Pfeffer et al., 2006)
Lactobacillus acidophilus (Coyette and Ghuysen,
1970)
Lactobacillus casei (Billot-Klein et al., 1997)
Lactobacillus fermentum (Logardt and Neujahr,
1975)
Lactobacillus plantarum (Bernard et al., 2011)
Lactococcus lactis (Veiga et al., 2007)
Listeria monocytogenes (Aubry et al., 2011)
Macroccous caseolyticus
Micrococcus luteus (Brummfitt et al., 1958)
Ruminococcus flavefaciens (Weadge et al., 2005)
Staphylococcus aureus (Ghuysen and Strominger
1963)
Staphylococcus epidermidis (Bera et al., 2006)
Staphylococcus haemolyticus (Bera et al., 2006)
Staphylococcus hyicus (Bera et al., 2006)
Staphylococcus lugdenisis (Bera et al., 2006)
Staphylococcus saccharolyticus (Bera et al.,
2006)
Staphylococcus saprophyticus (Bera et al., 2006)
Streptococcus pneumoniae (Bera et al., 2006)

*Escherichia coli and Salmonella species are notable exceptions (Clarke & Dupont, 1992; Clarke,
Scheurwater, & Clarke, 2010)

Figure 9: Chemical structure of the unmodified and O-acetylated glycan strand of PG. OAcetylation of PG occurs on the C6-OH of the MurNAc residue. The acetyl group is highlighted with the
orange triangle.
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1.3.1.

Pathways of PG O-Acetylation
Gram-negative O-acetylation and de-O-acetylation occur via a three protein system. These

proteins are referred to as PG O-acetyltransferease A (PatA), peptidoglycan O-acetyltransferase B (PatB)
and O-acetylPG esterase 1 (Ape1). PatA is a putative membrane bound protein that is proposed to shuttle
acetate from the cytoplasm to the periplasmic space where PatB is able to O-acetylate PG (Moynihan &
Clarke, 2010). Ape1 is an esterase found encoded within the same gene cluster as PatA/B and it has been
shown to remove the O-linked acetate from PG (Weadge & Clarke, 2006).

Gram-negative

A)

Gram-positive

B)

Figure 10: Pathway and chemical structure of O-acetylated MurNAc residue of PG. Cartoon
representation of A) the Gram-negative and B) the Gram-positive O-acetylation pathways. In Grampositive bacteria a single bi-modular enzyme translocates an acetyl group from the cytoplasm and
transfers it to the PG strand.
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The Gram-positive system of O-acetylation utilizes a single protein, O-acetyltransferase A (OatA)
(Bera, Herbert, Jakob, Vollmer, & Götz, 2005). This protein is responsible for both the transport of
acetate across the cytoplasmic membrane and the transfer of acetate to the C6-OH of MurNAc. OatA is
proposed to be comprised of two domains. The N-terminal domain is membrane bound and is thought to
transport the acetyl donor from the cytoplasm and across the membrane, where acetylation of PG occurs
(Figure 10). The C-terminal domain resembles PatB and is expected to extend into the periplasm (Bera et
al., 2005). Consequently, this C-terminal domain is postulated to possess the catalytic O-acetyltransferase
activity (Moynihan, 2013). O-Acetylation of the GlcNAc residue has been reported in Gram-positive
bacteria and its formation is thought to have a similar pathway as MurNAc O-acetylation with a single
enzyme, OatB (Bernard et al., 2011).

1.3.2.

Mechanism
The mechanism of O-acetylation by OatA is proposed to follow that of other O-acetyl PG

modifying enzymes, viz. PatB and Ape1 of Gram-negative bacteria. Thus, it is thought to occur via a
ping-pong bi-bi mechanism also similar to that of the serine proteases. These types of enzymes all have a
Ser-His-Asp catalytic triad (Figure 11). His deprotonates the Ser, activating it for nucleophillic attack of
the carbonyl carbon of the acetyl donor, while Asp acts to increase catalytic efficiency. The putative
tetrahedral transition state would be stabilized by an oxyanion hole through a hydrogen bonding network
around the active site. Collapse of the transition state leads to an acetyl-enzyme intermediate and upon
binding of the second substrate, in the case of OatA this would be a MurNAc residue of the PG backbone,
the catalytic His would extract a proton from the C6 hydroxyl of MurNAc leading to its nucleophilic
attack of the carbonyl of the acetylated Ser. This transfer of the acetyl group and departure of the
modified PG returns the enzyme to its resting state (Moynihan, 2013).

1.3.3.

Biological Function
The O-acetylation of PG is the major determinant the ability of S. aureus to evade lysozyme

(Bera et al., 2006). Lysozyme is the first line of immunological defence for many higher level organisms
as in most cases it is able to disrupt the PG of invading bacteria. As with the N-deacetylation described
above, the presence of acetyl groups at the C6 hydroxyl group on MurNAc residues sterically hinders
important binding interactions with the enzyme, as illustrated in Figure 12, In Gram-negative bacteria, the
modification is thought to provide a means of regulation of LT action because the presence of the acetyl
group would preclude the formation of the enzyme’s 1,6-anhydromuramoyl reaction product (Moynihan
& Clarke, 2011). In L. plantarum, the OatA protein is involved in the spatial and temporal control of the
septation during cell division (Bernard et al., 2012; Aubry et al., 2011).
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Figure 11: Proposed ping-pong bi-bi mechanism of OatA. The Ser-His-Asp catalytic triad are shown
in red, orange and blue, respectively. The first substrate is the acetyl-donor, which allows for the
formation of an acetyl-OatA intermediate, where the second substrate (acceptor) can enter the active site
to become acetylated (adapted from Moynihan, 2013).

Figure 12: Interaction of the binding domain of hen egg-white lysozyme with staphylococcal PG
showing residues interacting with C6-OH of MurNAc. The O-acetyl groups on the MurNAc residue
prevent the proper interaction of the amino acids Asp101 Gln57, Phe34, Asn37, and Arg114. The
catalytic residues Asp52 and Glu35 are also shown; however, without the stabilizing interaction of the
other residues the bond cannot be cleaved (adapted from Bera et al., 2005).
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1.3.4.

PG metabolizing enzymes as antibiotic targets
There are five major macromolecular synthetic pathways that are the targets of antimicrobial and

antibiotic agents. These pathways include translation, transcription, DNA replication, lipid synthesis and
the synthesis of PG (Nonejuie et al., 2013). PG is essential for cell growth, survival and division and is
also exclusive to bacteria. Together, these characteristics make PG and its metabolizing enzymes ideal
antibiotic targets (Dziarski & Gupta, 2005).
The most widely used class of antibiotics that target PG biosynthesis include the β-lactams, which
mimic the end of the peptide chain of PG, specifically the D-Ala-D-Ala amide bond, which is the substrate
of PBPs. Binding of β-lactams to PBPs prevents the transpeptidation and cross-linking of the mature PG
strand, hindering proper synthesis (de Kruijff et al., 2008). Well known β-lactams include both penicillin
G and methicillin. As mentioned briefly above there are many bacteria, including S. aureus, which have
developed strategies of microbial resistance including enzymatic hydrolysis of the β-lactam ring and
modified PBPs, the increase in cases of MRSA has become a global threat and treatment options are
becoming limited (Ippolito et al., 2010).
Vancomycin is a glycopeptide that targets Lipid II by binding to the terminal peptide and
impeding the incorporation of the subunit into the PG layer. This antibiotic is traditionally used in the
treatment of MRSA and other β-lactam resistant pathogens. Again, we have seen an emergence of
vancomycin-intermediate (VISA) and resistant S. aureus (VRSA), as well as vancomycin-resistant
Enterococcus (VRE), particularly E. faecium. Enterococcus are Gram-positive bacteria and several
species have been shown to have O-acetylated PG (Table 1). These bacteria are typically resistant to βlactams and thus, the emergence of VRE results in less treatment options for those infected (Woodford &
Livermore, 2009).
While the search for (and development of) novel antibiotics has decreased in recent years, the
incidence and emergence of resistant bacteria has increased. It is imperative to continue producing new
antibiotics and finding novel pharmacological targets in order to stay ahead of these adaptive pathogens.
A potential strategy to combating these emerging resistant bacteria is to identify new targets with PG
metabolism. A promising target is the O-acetylation of PG. Preventing this PG modification would
render cells susceptible to either their own autolysins or to the lysozymes of innate immune systems.

1.4. Hypothesis and research aims
PG can undergo many modifications to its chemical structure, one of which is O-acetylation of
the MurNAc residue by OatA. The addition of an acetyl group prevents the hydrolysis of the cell wall by
autolysins, as well as lysozyme. OatA has been identified as a virulence factor in Staphylococcus bacteria
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as all pathogenic species possess O-acetylated PG. This modification aids in the survival of these bacteria
in the host and prevents detection and clearance by the immune response. Thus, I hypothesize that OatA
may represent an effective antibacterial target of Gram-positives. Antibiotic treatment is needed to
combat these infections; however, antibiotic resistance is becoming increasingly prominent. This is
directly evident in the emergence of antibiotic resistant strains, such as MRSA, a common nosocomial
pathogen. The study of O-acetylation is especially important based on the bacteria that are currently
known to O-acetylate PG; these include S. aureus (and MRSA), E. faecium, N.

gonorrhoeae, B.

anthracis, and many other bacteria, both pathogenic and not.
The goals of this study are to further biochemically characterize OatA in vitro in order to better
understand the mechanism of PG O-acetylation as well as search for the first known inhibitors of the
enzyme. Such inhibitors could then be used to test the hypothesis that the enzyme would indeed serve as
a new antibacterial target. These goals will be accomplished by confirming the catalytic center of OatA
through the use of site-directed mutagenesis of putative amino acids. Structural analysis will also been
done through the use of circular dichroism spectrometry and homology modeling. Finally kinetic analysis
with pseudo-acetyl-donors will be explored and the information used to optimize an established
acetytransferase assay. Using this assay, OatA will be screened against the bioactive subset of compounds
in the Canadian Compound Collection at McMaster University. The compounds that comprise these
libraries have varied biological activities and structural diversity, nonetheless follow Lipinski’s rule of
five and demonstrate good ADME (absorption, distribution, metabolism and excretion), making these
compounds amendable for future pharmaceutical use. Lead compounds will undergo a secondary
screening process and once true inhibitors of OatA have been identified they will be further analyzed.
This will include the determination of half maximal inhibitory concentration (IC50). This will lead to the
first identified inhibitors of OatA in a Gram-positive system, and a foundation for future antibiotic
research.

18

Chapter 2: Materials and Methods
2.1. In Silico Analysis
Identification of OatA homologs was made using the Blastp search tool on the NCBI website
(http://blast.ncbi.nlm.nih.gov/) (Altschul et al., 1990). Topology predictions were done using HMMTOP
2.1 software (Tusnady & Simon, 1998, 2001) while secondary and tertiary structural modelling
predictions were created using the Phyre2 prediction server (Kelley et al., 2015). Secondary structure
alignment of OatA onto known protein structures was done using the Phyre2 one-to-one threading tool
(Kelley et al., 2015). Predicted molecular properties of OatA, such as pI, molecular weight and predicted
extinction coefficient were generated using ProtParam online software (http://web.expasy.org/protparam)
(Gasteiger et al., 2005). DNA manipulation and plasmid mapping was performed using the freely
available ApE software (available at http://biologylabs.utah.edu/jorgensen/wayned/ape). All non-linear
regression, inhibition curves and kinetic analysis was done using GraphPad Prism 5.

2.2. Chemicals and Reagents
Acrylamide and glycerol were purchased from Fisher Scientific (Napean, ON). Ni2+Nitrilotriacetic acid agarose (Ni2+-NTA-agarose) was supplied by Qiagen (Valencia, CA), cOmplete HisTag Purification resin (Ni2+ charged Sepharose CL- 6B) was obtained from Roche Diagnostics (Laval,
PQ). All culture growth media were supplied by Difco Laboratories (Detroit, MI). Scopoletin was
purchased from Carbosynth (Berkshire, UK). Unless otherwise mentioned, all other chemicals and
reagents were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON).

2.3. DNA Manipulation
2.3.1.

Plasmids and Strains
The plasmid, pACPM31, used in this study was constructed by a previous laboratory member, Dr.

Patrick Moynihan (2013). This plasmid is derived from the pBAD-His A encoding the C-terminal
domain of OatA (SA113) starting at amino acid 435 with an N-terminal His6-tag, arabinose-inducible
promoter and with ampicillin resistance marker (Table 2). Plasmids were maintained in E. coli DH5α.
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Table 2: Bacterial strains and plasmids used in this study.
Species
Escherichia
coli

Strain
DH5α

BL21*(DE3)

Description
Plasmid maintenance –
fhuA2 lac(del)U169 phoA glnV44 Φ80'
lacZ(del)M15 gyrA96
recA1 relA1 endA1 thi-1 hsdR17
Expression of recombinant proteins F- ompT hsdSB (rB-mB-) gal dcm
rne131 (DE3)
Restriction-deficient mutant of strain
NCTC 8325

Reference
Invitrogen

Novagen

S. aureus

SA113

Plasmid
pBAD His A

Description
Arabinose-inducible pBAD expression vector, N- Invitrogen
terminal His6 tag; AmpR
pBAD His-A derivative encoding OatA beginning at
Moynihan, 2013
OatASA113 amino acid 435; AmpR
pACPM31 with S454A
This Study
pACPM31 with D525A
This Study
pACPM31 with H528A
This Study

pACPM31
pACLK31-S
pACLK31-D
pACLK31-H

2.3.2.

Clarke lab strain collection,
Iordanescu and Surdeanu,
1976

Site-directed Mutagenesis
Replacements of the putative catalytic triad amino acids of OatA were generated by site-directed

mutagenesis of oatA using the QuickChange Site-Directed Mutagenesis KitTM (Stratagene, La Jolla, CA).
Oligonucleotide primers were designed for the replacement of Ser, His and Asp with Ala. PCR was
conducted with pACPM31 used as the template and the appropriate primers for each mutant (Table 3).
The unmethylated DNA of the parent plasmid was digested using Dpn1, and transformation of the
product into E. coli DH5α allowed for screening on LB-agar plates supplemented with ampicillin (final
concentration 50 μg/mL). Plasmid DNA was harvested from successful transformants using the
Strataprep plasmid mini-prep kit from Agilent Technologies (La Jolla, CA). Plasmids were confirmed to
have proper incorporation of mutations by sequencing at the Guelph Molecular Supercentre (University
of Guelph, Guelph, ON).

Table 3: Primer sequences used to engineer catalytic mutants of OatA
Primer
OatA-S454A Fwd
OatA-S454A Rev
OatA- D525A Fwd
OatA- D525A Rev
OatA- H528A Fwd
OatA- H528A Rev

Oligonucleotide sequence (5’-3’)
GGT GAC GCG GTC ATG GTG GAT ATT G
CCA CCA TGA ACC GCG GCT AA
GCA TAT GCG GGT ATT CAC TTA G
GAA TAC CCG CAT ATG CAA AGT AT
GAC GGT ATT GCG TTA GAA TAT GCA G
TTC TAA CGC AAT ACC GTC ATA TGC AA
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plasmid
pACLK31-S
pACLK31-D
pACLK31-H

2.4. Protein Methods
2.4.1.

Overproduction of OatA
Overproduction of OatA was achieved by using either a glycerol stock (stored at -80 °C) or a

fresh transformation of pACPM31 into E. coli BL21*-λDE3. An overnight starter culture was inoculated
with a single loop-full of bacteria and grown at 37 °C with shaking at 200 rpm overnight (16-18 hrs).
One litre of Luria-Bertani (LB) broth was inoculated with 15 mL of the overnight culture and grown at 37
°C with shaking at 200 rpm until an OD600 of 0.6 was reached. Expression of oatA was induced with the
addition of 10 mL of filter-sterilized 20% arabinose to a final concentration of 0.2% for 3 hrs at 37 °C.
All cultures were supplemented with ampicillin at 50 μg/mL. Cells were harvested at 4 °C by
centrifugation (3000  g for 20 min in JLA 10.500 rotor for the Beckman-Coulter Avanti J-series
centrifuge). Cell pellets were scraped into a 50 mL conical tube and stored at -80 °C.

2.4.2.

Purification of OatA
Cell pellets were thawed on ice followed by re-suspension in approximately 30 mL of 50 mM

sodium phosphate buffer at pH 7.8, containing 20 mM imidazole and 500 mM sodium chloride. Before
lysis of cells, lysozyme, RNase 1, and DNase A were added to aid in clarification of cell suspension.
Lysis was achieved using an Ultrasonic Liquid Processor (Mandel Scientific Instruments, Guelph, ON)
(15 min, pulse 10:20 sec, 50% amplitude, macro probe). Centrifugation following cell lysis (4 °C for 20
min at 12000  g) was used to separate inclusion bodies, unlysed cells and other particles from the lysate.
OatA was purified from the supernatant using immobilized metal ion affinity chromatography (IMAC) by
first incubating the clarified lysate with 1 mL of a 50% slurry of cOmplete His-Tag Purification resin for
1 hr. Lysate and resin were passed through a gravity-flow column and the resin was washed with the same
buffer. Elution of OatA was achieved by 50mM sodium phosphate buffer at pH 7.5 containing 250 mM
imidazole and 500 mM sodium chloride.
Ion exchange chromatography
Salts and imidazole were removed by a two-step dialysis. A typical 5-10 mL elution volume
(from IMAC) was dialyzed overnight against 2  1 L of 20 mM sodium phosphate buffer at pH 6.5
(molecular weight cut-off of 3500 Da; buffer changed after first hour). The binding of OatA to cation and
anion exchange resins was tested by incubating the enzyme with either Source15S or Source15Q (GE
Healthcare, Piscataway, NJ) resin in 20 mM buffer at pH 5-8. The buffers used were; sodium acetate at
pH 5, Bis-Tris at pH 6 and 7, and Tris at pH 8. Fifty µL of 50% slurry of resin were added to a
microcentrifuge tube and then equilibrated with the 20 mM buffer to a final volume of 180 µL. Twenty
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μL of OatA was added to the resin to a final concentration of 0.1 mg/mL. The resin was centrifuged using
a microcentrifuge at 3000  g for 1 min. The supernatant was collected as the unbound fraction. The
resin was resuspended in the same buffer with 1 M sodium chloride, the supernatant of this sample was
collected as the bound fraction.
Cation-exchange chromatography at pH 6.5 was chosen for purification based on the binding test.
Using the NGCTM chromatography system (Bio-Rad, Mississauga, ON), OatA was bound to Source15S
resin that had been equilibrated in the same buffer as dialysis. Elution of the enzyme was accomplished
by applying a gradient of 0-500 mM NaCl over 25 min with a flow-rate of 1mL/min. OatA eluted at
approximately 150-250 mM sodium chloride.
Size-exclusion chromatography
Later purification of OatA was accomplished by size-exclusion chromatography directly after
IMAC using the NGCTM system. A HiLoad Superdex 75PG column (GE Healthcare, Piscataway, NJ) was
equilibrated with 180 mL of 25 mM sodium phosphate buffer at pH 6.5. The elution sample from IMAC
was concentrated to <5 mL by ultrafiltration and then applied to the column. With a continuous flow of
the same buffer at 1 mL/min, OatA began eluting at approximately 90 min. Fractions with an A280 greater
than 50 mAU were automatically collected using the in-line BioFrac Fraction Collector (BioRad).

2.5. Protein Analysis
2.5.1.

SDS-PAGE
SDS-PAGE analysis was performed using the method of Laemmli (1970). Gels were cast in

0.75mm plates of the Bio-Rad mini-PROTEAN® system with 4% and 15% acrylamide in the stacking
and resolving gels, respectively. The PageRulerTM 10 kDa pre-stained protein ladder (Thermo Fisher
Scientific) was used as a standard. All samples were prepared with 5x SDS-PAGE sample buffer.
Samples were boiled for a minimum of 10 min prior to electrophoresis. Electrophoresis was conducted at
150 V for approximately 1 hr and gels were stained with Coommassie Brilliant Blue. Unused samples
were stored at -20 °C.

2.5.2.

Western Blot Analysis
Western blot analysis was carried out as described by Towbin, et al. (1979). Transfer of protein

from SDS-PAGE gels to a nitrocellulose membrane was achieved by blotting at 50 V for 1 hr. Membrane
blocking was accomplished using 5% (w/v) bovine serum albumin (BSA) in 1x tris-buffered saline
(TBS). A mouse anti-His6 antibody (Santa Cruz Biotechnology) diluted 1:1000 in 1x TBS was used as a
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primary antibody, with a 1:2000 dilution of a goat anti-mouse-alkaline phosphatase conjugated antibody
(Bio-Rad) as a secondary antibody. A 1-step nitro-blue tetrazolium and 5-bromo-4-chloro-3'indolyphosphate (NBT/BCIP) solution (Bio-Rad) was used to develop the blot and visualize proteins.

2.5.3.

Protein Quantification
Protein quantification was determined by UV absorbance using the Implen NanoPhotometer P330

(Westlake Village, CA, USA). Samples were diluted 1:3 or 1:4 with 8 M guanidine hydrochloride and
mixed by vortex. Two μL of a sample were pipetted onto the submicroliter cell with the Lid 10 (1 mm
path-length). The UV absorbance was measured at 280 nm and concentrations were calculated using the
extinction coefficient and molecular weight of 25900 M-1 cm-1 and 23.2 kDa, respectively for OatA. When
a higher concentration of the protein solution was required, samples were subjected to ultrafiltration using
an Amicon Ultra-0.5 centrifugal filter (Millipore, Etobicoke, ON), with a MWCO of 10 kDa.

2.5.4.

Circular Dichroism Spectroscopy
Purified wild-type OatA and mutant forms were dialyzed into 5 mM phosphate buffer, pH 6.5.

One mL of the elution fraction from HPLC was dialyzed using dialysis tubing with a MWCO of 3.5 kDa.
Samples were diluted with buffer to a final concentration of 0.16 mg/mL and loaded into 0.1 cm pathlength cuvettes. Using the Jasco J-815 series spectrapolarimeter, the samples were scanned from 195-250
nm at 50 nm/min with a 1 nm bandwidth. Six data sets were collected for each sample and averaged for
the final spectra. The data were analyzed using the Dichroweb server with the Selcon3 program and
protein reference set 4 (Sreerama et al., 1999; Whitmore & Wallace, 2004).

2.6. Biochemical Analyses
2.6.1.

Steady-State Kinetics
Specific activity of OatA acting as an esterase was monitored by incubating 3 µM OatA in 50

mM phosphate buffer, pH 7 at room temperature with the addition of either 5 mM p-nitrophenyl acetate
(p-NP-Ac) or 0.5 mM 4-methylumbelliferyl acetate (4-MU-Ac) as substrates. Reactions were monitored
using a BMG labtech FLUORstar plate-reader (Ortenberg, Germany). Reactions with p-NP-Ac as the
acetyl donor were observed spectrophotometrically by absorbance at 420 nm, which increases upon the
release of p-nitrophenol, while the production of 4-methylumbelliferyl was monitored by fluorescence
using an excitation wavelength of 350 nm and emission wavelength of 450 nm. Negative control reactions
were prepared without OatA present to determine the spontaneous hydrolysis of donor substrates; this rate
was subtracted from the test reactions to determine a net rate of esterase activity.
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Michaelis-Menten steady-state kinetic parameters were determined by investigating the
hydrolysis rates of p-NP-Ac and 4-MU-Ac with a range of concentrations spanning 0.1 – 5 mM and 0.020.5 mM, respectively. The velocity of each reaction was plotted against substrate concentration. Kinetic
parameters were determined by non-linear regression analysis using GraphPad Prism software.

2.6.2.

pH Dependence of OatA Activity
In order to determine the effect of pH on OatA esterase activity, the specific activities of OatA

were measured at different pHs in triplicate. Reactions were carried out using a 50 mM phosphate buffer
at 5, 5.5, 6, 6.5, 7, and 7.5. The pH dependence was tested for the acetyl-donors, 4-MU-Ac and p-NP-Ac,
at 1 mM and 5 mM, respectively. The specific activity at each pH was calculated using standard curves of
4-MU and p-NP generated at each pH to account for the spontaneous hydrolysis of substrates.

2.6.3.

Effect of Metals on Activity
The effect of metals in the assay reactions was investigated. A panel of metals and

ehtylenediaminetetraacetic acid (EDTA) were prepared in 200 mM stock solutions. The metals included
cobalt (II) sulfate, zinc sulfate, copper (II) sulfate, nickel (II) sulfate, calcium chloride, magnesium
chloride, manganese chloride. The final concentration of the metals/EDTA in the assays was 5 mM.
Relative activity was calculated using a control without the addition of a metal or EDTA. Assay
conditions were the same as described above for specific activity determination using 5 mM p-NP-Ac as
the acetyl-donor.

2.6.4.

PG binding assay of OatA
To prepare PG for the binding assay, a 2 mL even suspension of PG (10 mg/mL; prepared from S.

aureus) in water was prepared by sonication with a micro probe at 50% amplitude for 2 min (pulse of
20:10) using the Ultrasonic Liquid Processor (Mandel Scientific Instruments, Guelph, ON). Aliquots (250
µL) of the suspension were separated into 4 microcentrifuge tubes. One sample was untreated; referred to
as “native” PG. Two samples were treated with 10% trichloroacetic acid (TCA) overnight at 4°C to
remove WTAs. A base treatment was then performed on two samples, one of which was previously TCAtreated, using 2 M sodium hydroxide for 3 hrs at 37 °C; this saponification would remove base-labile
groups, such as C6-OH acetate. Samples were thoroughly washed between treatments by collecting the
PG by centrifuging at 14 000 x g for 10 min, pipetting off the supernatant then re-suspending in 1-2 mL of
MQ-H2O and repeated until pH was neutral (final suspension in 250 µL to maintain concentration).
A final reaction volume of 300 µL was used for each sample. Samples (15 µL) of the PG
suspension (or buffer control) were added to 275 µL of 50 mM phosphate buffer, at pH 6.5 and 10 µL of
OatA to a final concentration ~25 µg/mL and 0.5 mg/mL of PG. The reaction was mixed thoroughly and
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incubated on ice (4 °C) for 1 hr. The samples subjected to the same centrifugation conditions, collecting
the supernatant as the unbound fraction. The centrifugation and sample collection was repeated by
resuspending samples in 300 µL of buffer (transiently bound fractions) followed by 4% SDS (bound
fractions). The fractions were analyzed for the presence of OatA by SDS-PAGE and Western blotting. PG
binding was also tested in the presence of the acetyl-donor p-NP-Ac at 10 mM.

2.7. Other Biochemical Methods
2.7.1.

PG purification
PG from S. aureus SA113 was purified using a modification of the previously described methods

of Dupont & Clarke (1991), Hoyle & Beveridge (1984) and Glauner, Höltje, & Schwarz (1988). Five L of
culture was grown to mid-exponential phase before clarification by centrifugation (5000 x g for 15 min at
4 °C). The pellets were washed twice by resuspending in 500 mL of cold 50 mM phosphate buffer, pH
6.0, then into a final volume of 150 mL. Cell suspension was then added drop-wise to 150 mL of boiling
buffer containing 8% SDS and refluxed for >3 hrs. The PG was then sedimented by centrifugation (8000
x g for 15 min). The SDS was removed by repeated resuspensions in water, followed by sedimentation.
The PG was then lyophilized, resuspended in buffer and sonicated for 2 min with a macro probe.
The suspension was then incubated for 2 hr at 37 °C with α-amylase (100 µg/mL), DNase (10 µg/mL),
RNase (50 µg/mL) and magnesium sulfate (20 mM). Following this, a 3 hr incubation with pronase (200
µg/mL) was performed at 37 °C. The PG was again added to boiling buffer with 8% SDS and refluxed for
3 hr, washed and centrifuged as described above. The PG was then lyophilized and stored at room
temperature.

2.7.2.

Muropeptide analysis by HPAEC
After purification, the PG was analyzed to determine the muramic acid content using high pH

anion exchange chromatography (HPAEC) coupled with pulse-amperometric detection (PAD) (Blackburn
& Clarke, 2001; Clarke et al., 1991). The pellet of PG were suspended in 300 µl of 6 M hydrochloric acid
and heated to 98 °C for 1.5 hr under vacuum. The HCl was removed by heated evaporation under
vacuum. The samples were re-suspended in 500 µl of Milli-Q water and filtered to remove any
particulates. Samples (10 µl) were injected onto the HPAEC column (CarboPac PA20) and the conditions
for chromatography were as described in Blackburn and Clarke (2002).
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2.7.3.

Acetate quantification
The amount of acetate relative to muramic acid residues was determined by reverse-phase HPLC

(RP-HPLC) analysis of base-treated PG. A suspension of PG was treated with 48% hydrofluoric acid for
18 hr at 4 °C to remove teichoic acids. The suspension was then washed repeatedly with MQ water until
the pH was returned to neutral. The PG was centrifuged and the pellet resuspended in 5 mM sodium
phosphate buffer, pH 6.5 to a final concentration of 10 mg/mL. Base-treatments and control analyses were
conducted in triplicate by incubating 100 µl of PG with 30 µl of either 0.5 M sodium hydroxide or buffer
to a total reaction volume of 150 µl. Samples were kept at 37 °C for 3 hr. The samples were clarified and
50 µl of the supernatants were injected onto a Rezex ROA–Organic Acid H+ column (Phenomenex,
Torrance, CA) at 60 °C that was previously equilibrated with 5 mM sulfuric acid. An isocratic flow at 0.6
mL/min resolved the acetate peak at ~16.5 min monitored at 210 nm. A standard curve was generated
relating the acetate peak area to nmol of acetate.

2.7.4.

Q-TOF-MS of compounds
Liquid chromatography–mass spectrometry (LC-MS) analyses were performed on an Agilent

1200 HPLC liquid chromatography interfaced with an Agilent UHD 6530 quadrupole-time-of-flight (QTOF) mass spectrometer at the Mass Spectrometry Facility of the Advanced Analysis Centre (University
of Guelph, Guleph, ON). A C18 column (Agilent Extend-C18 50 mm x 2.1 mm 1.8 µm) was used for
chromatographic separation with the following solvents: water with 0.1% formic acid (A) and acetonitrile
with 0.1% formic acid (B). The mobile phase gradient was as follows: initial conditions were 5% B hold
for 1 min then increasing to 100% B in 15 min followed by column wash at 100% B for 1 min, going
back to initial condition in 2 min, and 8 min re-equilibration time. The flow rate was maintained at 0.2
mL/min. The mass spectrometer electrospray capillary voltage was maintained at 4.0 kV and the drying
gas temperature at 250 °C with a flow rate of 8 L/min. Nebulizer pressure was 30 psi and the fragmentor
was set to 160 psi. Nitrogen was used as both nebulizing and drying gas. The mass-to-charge ratio was
scanned across the m/z range of 50-1500 m/z in 4 GHz (extended dynamic range) negative ion modes.
The acquisition rate was set at 2 spectra/s. The instrument was externally calibrated with the electrospray
ionization (ESI) TuneMix (Agilent). The sample injection volume was 0.5 µl.
Chromatograms were analyzed within Agilent Qualitative Analysis software B 06.0 finding
compounds by the Molecular Feature algorithm and generating possible compound formulas with
Molecular Formula Generator. Formulas were generated including elements C, H, O with expected
isotopic distribution.
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2.8.
2.8.1.

High-Throughput Screening Inhibitor Discovery
Assay Conditions
High-throughput screening (HTS) for inhibitors of OatA was conducted at the High-Throughput

Screening (HTS) Facility in the Michael DeGroote Institute of Infectious Disease Research at McMaster
University (Hamilton, ON). This facility houses a Beckman Coulter Biomex FX P Lab Automation Work
Station that was used for liquid handling during high-throughput screening. The workstation uses SAMI
Ex workstation software for optimal scheduling. Also inline is the EnVision to monitor reaction progress
and the Cytomat Hotel (Thermo Fisher Scientific) to store consumables, compounds and other reaction
components. Assays were monitored fluorometrically at one flash per minute for 6 min by the EnVision
2014 Multilabel reader (PerkinElmer) using excitation and emission wavelengths of 372 nm and 445 nm,
respectively. Reaction conditions for the HTS were established by assessing various buffer conditions,
including the effect of DMSO co-solvent concentrations, and both enzyme and substrate concentrations.

2.8.2.

Determination of Z′-Factor
The Z′-factor was used to determine whether the assay conditions were optimal for HTS. Using

established optimal assay conditions, the Z′-factor was determined using a 384-well flat-bottom black
polystyrene assay plate (Corning 3573) for reactions; half the wells (192-wells) were used as a positive
control (no enzyme) and half were used as a negative control (enzyme present).
The equation used in the calculation was;

(1)

where σ and µ are the average of the positive and negative controls and the standard deviations of each,
respectively.

2.8.3.

Primary Screen and Hit Determination
All assay plates were organized as presented in Figure 13 with both positive and negative

controls. Each compound was screened with two replicate plates. Each compound was added to a final
concentration of 15 µM and reaction mixtures were incubated for at least 15 min before the addition of
substrate. The concentrations of substrate and enzyme were the same as used for the Z′-factor assay. The
compounds that were screened were those included in the bioactive subset of the CCC and are
summarized in Table 4.
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The residual activity of each compound was plotted with the first replicate against the second.
One hundred % activity was set to the average of negative controls and 0% was set to the average of the
positive control. Reactions that had both replicates below the established threshold were considered as
primary “hits” and these were automatically considered for secondary screening. Borderline actives, those
compounds that were near the threshold, as well as those compounds with one replicate below the
threshold and one above, were also considered for secondary screening.

Figure 13: Assay plate set-up for the primary screening of OatA inhibitors. Orange circles represent
wells that were negative controls (OatA with no compound) and green circles represent wells that were
positive controls (no OatA and no compound). Yellow circles are the compound wells (OatA with
compound)
Table 4: Summary of compounds and libraries of the Bioactive Subset at the CCC
Subset
Prestwick Chemical
Library
BIOMOL2865
Natural Products
Library
Lopac1280
(International)
Spectrum Collection
TOTAL

Source
Prestwick Chemical
(Illkirch, France)

# of
Description
compounds
1,120
FDA approved drugs
bioavailability and safety in humans

Enzo Life Sciences, Inc.
(Farmingdale, NY, USA)

502

Highly purified natural products of
known structure

Sigma-Aldrich Canada
Ltd. (Oakville, ON,
Canada)
MicroSource Discovery
Systems, Inc.
(Gaylordsville, CT, USA)

1,280

Pharmacologically active small
molecules.

2,000

Wide range of biological activities
and structural diversity.

3921

*Duplicate compounds removed
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2.8.4.

Secondary Screens
Secondary screening was also done at the HTS laboratory using the same program and equipment

as described above for the primary screen. Compounds were prepared in a dilution series (Table 5) and
assays were conducted using the determined optimal reaction conditions.
Table 5: Dilution series used for dose-response curves generated at the HTS laboratory

2.8.5.

Stock (μM)

Final (in well) (μM)

Well # (comp. 1)

Well# (comp. 2)

5000
1583
501.4
158.8
50.3
15.9
5
1.6
0.506
0.16
0.0506
0

50
15.8
5.01
1.59
0.503
0.159
0.05
0.015
0.0051
0.0016
0.00051
0

1
3
5
7
9
11
13
15
17
19
21
23

2
4
6
8
10
12
14
16
18
20
22
24

Determination of IC50 values of inhibitors
Compounds that showed promising dose-response curves using 4-MU-Ac as acetyl-donor at the

HTS facility were purchased. IC50 values for these compounds were reproduced in-house using both 4MU-Ac and p-NP-Ac as substrate. The dilution series was expanded to include a concentration up to 1
mM of the compounds (when permitted by solubility) (Table 7). Reaction conditions were the same as
with the secondary screen (but with a final volume of 100 µl). Also the plates used for these assays were
half-well 96-well plates (black-bottom for fluorescent assays and clear bottom for colourimetric assays).
Graph-pad prism software was used to generate curves and for the IC50 calculations.
Table 6: Dilution series used for in-house IC50 curves of compounds
Stock (mM)
100
50
10
5
1
0.5
0.1
0.05
0.01

In-Well (µM)
1000
500
100
50
10
5
1
0.5
0.1
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Chapter 3: Results
3.1. In Silico Analysis
The predicted topology of the full-length S. aureus OatA (Acc. no. KFL08256.1) (Figure 14)
shows the typical 11 transmembrane helices that are common among other membrane-bound Oacyltransferases (MBOATs). The approximately 200 C-terminal residues were predicted to be located on
the extracellular side of the membrane. The truncated C-terminal domain of OatA used in this study is
shown in orange in Figure 14.

Figure 14: Topology of S. aureus OatA as predicted using HMMTOP 2.1 software. The N-terminal
and C-terminal domains depicted in blue and orange, respectively. Highlighted are the two highly
conserved motifs that house the catalytic triad Ser453, Asp525 and His528.
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Figure 15: Sequence alignment of C-terminal domain of S. aureus OatA with S. pneumoniae OatA
and N. gonorrhoeae PatB. The S. aureus and S. pneumoniae OatA sequences are of the C-terminal
domain starting at amino acid 435 and 422, respectively, and N. gonorrhoeae PatB starts at amino acid
60. The conserved putative catalytic motifs are identified by the red boxes while predicted α-helices and
β-strands are denoted by the blue and orange horizontal lines, respectively. The alignment was compiled
using ClustalW and secondary structure prediction was made using Psipred.
Although the sequence alignments between the C-terminal domain of S. aureus OatA, S.
pnuemoniae OatA and N. gonorrheae PatB show very little sequence identity (S. pneumoniae OatA has
26% identity and N. gonorrheae has insignificant identity, compared to S. aureus OatA), the predicted
secondary structures are very similar as they have a predicted α/β-hydrolase fold structure. What is
conserved among these PG acetyl-transferases are the motifs that include the catalytic triad within the
DGIH and GDSV motifs (highlighted in red in both Figure 14 and Figure 15). Recently, the x-ray crystal
structure of S. pneumonia OatA was solved (D. Sychantha, unpublished). A structural alignment of S.
aureus OatA shows the catalytic triad aligned within suitable proximity and an α/β-fold.
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Figure 16: Cartoon structure of the C-terminal domain of OatA. The structure was modelled on the
x-ray crystal structure coordinates of homologous OatA from Streptococcus pneumoniae (Sychantha,
unpublished data, 2015) using Phyre2 one-to-one threading. The putative catalytic triad residues are
depicted in red.

3.2. Biochemical Characterization
3.2.1.

Production and Purification
The protocol for the production and basic one-step IMAC purification of the recombinant C-

terminal domain of OatA was previously established by Dr. Patrick Moynihan during his doctoral work
(Moynihan, 2013). Using this protocol, protein yields were approximately 1.5 mg/L of culture, but the
OatA recovered was contaminated with significant amounts of at least five other proteins (Figure 17). An
additional purification step was implemented in order to achieve a very high level of purity
Ion-exchange chromatography was used in attempt to purify OatA following its isolation by
IMAC. The predicted pI of OatA was determined to be 6.55. A binding assay was performed using
Source15S and Source 15Q resin to determine the best protocol. There was only slight binding of OatA.
for the anion-exchange resin across a pH range of 5-8. Under the same pH conditions, OatA was retained
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Figure 17: SDS-PAGE and Western blot analysis of OatA purified by IMAC. Following
electrophoresis, the SDS PAGE gel was stained with Coomassie Brilliant Blue (left) and subjected to
Western blot analysis using an anti-His tag primary antibody. Lanes: 1, uninduced whole cell fraction; 2,
cell fraction following 3 hrs of OatA induction with arabinose; 3, whole cell lysate; 4, flow-through
fraction of IMAC; 5, wash fraction of IMAC; 6, IMAC fraction eluted with imidazole. The masses of
protein markers (in kDa) are depicted on the left; the arrow on the right identifies OatA with an expected
mass of 23 kDa.
by the SourceQ cation-exchange resin with the most prominent band occurring at pH 5-7 (results not
shown), indicating successful binding. Hence, the purification of OatA was conducted using 20 mM
sodium phosphate at pH 6.5 as the binding buffer. A linear gradient to 0.5 M sodium chloride over 25 min
resulted in elution of the protein which appeared to occur in four main peaks (Figure 18). However, SDS
PAGE analysis coupled with Western blotting indicated that OatA appeared to be present in each of these
fractions, as well the flow-through and wash fractions (Figure 18). Also, precipitation of protein was
observed during the dialysis used to remove salts before the cation exchange chromatography.
Consequently, whereas this protocol resulted in a much higher purity of OatA, a significant loss in yield
was realized. This method was employed for the purification during the beginning of the project as well
as to purify the mutants.
Finally, in an attempt to minimize protein loss, size-exclusion chromatography was used to purify
OatA directly after IMAC. OatA eluted in a single peak at 90-100 min which corresponded to the time
expected for elution of a protein of 23 kDa (Figure 19). SDS-PAGE analysis coupled with Western
blotting indicated that OatA eluted separately from contaminants, and with high yield. This method thus
provided typically 1.5 mg OatA per litre culture, and it was employed for purification for all experiments
except for the mutant work.
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Figure 18: Cation-exchange chromatography of OatA. A) Partially purified OatA was applied to
SourceS in 20 mM sodium phosphate buffer, 6.5 and eluted with a NaCl gradient as shown. Peaks 1-4
contained OatA. B) Corresponding SDS-PAGE and Western blot analysis of fractions collected during
purification. OatA appears with the predicted mass of approximately 23 kDa.
A)
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B)

Figure 19: Purification of OatA by size exclusion chromatography. A) OatA partially purified by
IMAC was concentrated to <5mL and then loaded onto HiLoad Superdex 75PG. Proteins were eluted
with 25 mM sodium phosphate buffer, pH 6.5 at 1 mL/min; OatA eluted at approximately 90-100 min. B)
Corresponding SDS-PAGE analysis of fractions collected. The arrow denotes OatA.
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3.2.2.

Assay optimization for HTS
In order to determine optimal assay conditions for the kinetic analysis of OatA and its catalytic

mutants, the optimal pH of the enzyme functioning as an esterase, as well as the effect of the presence of
different metals, were determined. The pH profile was generated by incubation of OatA in reaction
buffers with pH ranging from 5-7.5. Both acetyl-donors, 4-MU-Ac and p-NP-Ac, were tested
individually. As the O-acetyl group is base labile, the activity of OatA at pHs above 7.5 could not be
accurately tested; the spontaneous hydrolysis of the acetyl-donors was too high at elevated pH. As seen in
Figure 20, the pH optimum of OatA was similar for both acetyl donors and ranges between 6.5 and 7.

Figure 20: pH-activity profile of OatA. The activity of OatA (3μM final concentration) functioning as
an esterase was determined with 1 mM 4-Mu-Ac (blue) and 5 mM p-NP-Ac (red) as substrates in 50mM
NaPO4 at pH 5 to 7.5. Reactions lacking OatA were conducted for each donor at each pH to control for
the spontaneous rate of hydrolysis which was subtracted from the observed rate with OatA. All assays
were performed in triplicate, with the average and standard deviation shown.
The effects of the presence of various metals on OatA activity were also tested. Reaction
mixtures were incubated with the sulfate salts of the metals at 5 mM concentrations and residual activity
was determined relative to control assays lacking any additive. Manganese and calcium had no
appreciable effect, while magnesium and EDTA appeared to stimulate a slight increase in activity (Figure
21). Copper, zinc, nickel and cobalt caused a significant decrease in residual activity with 1.8%, 8.0%,
15.7%, 47.1% remaining, respectively. An attempt was made to generate an IC50 curve for sulfate as an
inhibitor using sodium sulfate at concentrations ranging from 0.05-5 mM. However, as seen in Figure 22,
even in the presence of 5 mM sodium sulfate (viz., the same concentration as used in the metal screens)
there was no reduction in activity.
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Figure 21: Relative activity of OatA in the presence of various metals and EDTA. Assays were
carried out with a final concentration of OatA at 3 μM in 50 mM NaPO4 with 5 mM of each metal or
EDTA. The acetyl- donor used was p-NP-Ac at 5 mM final concentration.
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Figure 22: Percent relative activity of OatA in the presence of sulfate. The activity of OatA (3 µM,
final concentration) in 50 mM sodium phosphate buffer, pH 6.5 was assayed in the presence of 0-5 mM
sodium sulfate using the p-NP-Ac as the acetyl-donor.
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Figure 23: Effect of glycerol on activity of OatA. Assays were conducted using 3 µM OatA in 50 mM
NaPO4 and 1 mM 4-MU-Ac in the presence of glycerol from 0.1-100 mM.
Lastly, the activity of OatA was assayed in the presence of glycerol at concentrations from 0.01
mM to 100 mM. There is a slight increase in activity upon the addition of 0.01 mM glycerol but no
further change was observed as the concentration increased (Figure 23). The increase seen may be due to
experimental error.

3.2.3.

PG binding
Isolation of S. aureus PG was successfully conducted using the boiling SDS-based procedure.

Several samples of PG were prepared for a binding test which included prior treatment with base, TCA,
and base + TCA. The base treatment removes base-labile acetate groups, such as the O-acetylation of
MurNAc residues whereas TCA treatment removes teichoic acids. PG binding was assessed using a pull
down assay where the PG was incubated with a protein sample prior to its recovery by centrifugation.
The insoluble pellet was washed with a buffer and then any bound protein was recovered by SDS
extraction and the respective fractions were analyzed by SDS-PAGE with both Coomassie Brilliant Blue
staining and Western blotting. As seen in Figure 24, a small amount of purified OatA was retained by
each of the PG samples, when incubated alone or in the presence of the acetyl donor p-NP-Ac.
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Figure 24: SDS-PAGE and Western blot analysis of OatA binding to S. aureus PG with and without
acetyl-donor. 15 µM OatA was incubated with each 1.5 mg/mL PG suspension on ice for 1 hr on ice.
Where “U” is the unbound fraction, “W” is the 4% SDS wash, and “B” is the bound fraction.

3.2.4.

Kinetic analysis of OatA
The Michaelis-Menten kinetic parameters of OatA acting as an esterase were determined for each

of the two acetyl-donors, p-NP-Ac and 4-MU-Ac. As seen in Figure 25, typical saturation kinetics were
observed with increasing substrate concentration and the kinetic constants of Km and Vmax were
determined by non-linear regression analysis. The data, presented in Table 7, revealed that the apparent
affinity of OatA for 4-MU-Ac was approximately 5 times greater than for 4-MU-Ac as reflected by the
Km. The Kcat values were comparable, but the specificity constant (Kcat/KM) for 4-MU-Ac was 3 times
higher than that of p-NP-Ac.
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Figure 25: Kinetic analysis of OatA esterase activity using different acetyl-donors. OatA (3 μM final
concentration) in 50 mM NaPO4 buffer, pH 6.5, was incubated at RT with either 0 – 0.5 mM 4-MU-Ac
or 0 – 5 mM p-NP-Ac as acetyl donor and activity was determined from the release of the 4-MU and pNP by fluorometry and absorbance spectroscopy, respectively. The Michaelis-Menten parameters were
determined by non-linear regression analysis using Prism software.
Table 7: Michaelis-Menten parameters of OatA with acetyl-donors 4-MU-Ac and p-NP-Ac.
KM
(mM)

Vmax
(nmol/min)

p-nitrophenyl acetate

1.15 ± 0.070

2.17 ± 0.047

(6.02 ± 0.078 )*10-2

52.3 ± 0.001

4-methylumbelliferyl acetate

0.21 ± 0.026

0.53 ± 0.028

(2.94 ± 0.047 )*10-2

140 ± 0. 0005
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Kcat
(sec-1)

Kcat/KM
(M-1*sec-1)

3.2.5.

Catalytic Mutants
Replacements of the putative catalytic triad residues of OatA were generated through site-directed

mutagenesis of the oatA gene. Thus, S454, D525, and H528 were each replaced with Ala. Gene
expression and purification of the respective OatA variants was similar to wild-type OatA and
accomplished the same way. Each variant was assayed to determine if there was any change in the ability
of the enzyme to cleave the O-linked acetyl group from 4-MU-Ac. The S454A and H528A OatA variants
had no detectable activity above spontaneous hydrolysis of the acetyl-donor. Clearly, both of these
residues are required for hydrolytic activity (Figure 26). D525A OatA had a residual activity of 10.7%
compared to that of the wild-type enzyme (Table 8).
In order to assess whether the diminished activity of the variants was due only to the change in
amino acid and not a structural irregularity, circular dichroism was used. CD is an evaluation of the
components of secondary structure. As seen in Figure 27, each of the CD scans was virtually
superimposable on that for the wild-type enzyme. Analysis of the respective scans using different
software packages provided values for the content of secondary structure elements, which again were
very similar to each other (Table 9). These data support the interpretation that the defect in activity is due
to the point change in the catalytic residues.

Figure 26: Relative activity of OatA catalytic mutants using 4-MU-Ac as the acetyl-donor. Each
assay had 3 μM of OatA or the mutants with 1 mM of 4-MU-Ac as the acetyl-donor. The rate of
hydrolysis for wild-type OatA was considered 100%, with each mutant rate normalized to that rate. Each
assay was conducted in triplicate and the average taken (error bars denote SD).
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Table 8: Percent relative activity of OatA and the catalytic mutants.
OatA Wild-type
D525A
S454A
H528A

% Relative Activity
100
10.7
ND
ND

% st. dev.
5.6
4.5
0.4
0.3

Figure 27: Circular dichroism spectra of OatA and catalytic variants. Scans were obtained with 0.16
mg/mL of protein in 5 mM NaPO4 at pH 6.5. Samples were scanned 6 times at 50 nm/min with a 0.1 cm
path-length; taking the average of each.
Table 9: Secondary structure prediction and calculation for OatA and mutants
Construc
t

Prediction server/ Method

% α-helices

% β-sheets

% turns

% Disorder

OatA

Jpred3

31.3

12

-

-

Psipred

35.1

10.6

-

-

Phyre

39.4

11.1

18.3

29.1

Dichroweb/CD

39.2

12.9

18.3

29.1

Ser

Dichroweb/CD

33.7

16.8

20.9

28.6

His

Dichroweb/CD

41.6

12.8

11

34.5

Asp

Dichroweb/CD

38.2

15.2

16.9

29.8
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3.3. Inhibitor Discovery
3.3.1.

Optimized assay and Z′-factor
To determine whether the assay developed for OatA was amendable for HTS, a parameter

referred to as the Z′-factor was calculated. This factor is an evaluation of the quality of an assay and it is
the signal dynamic range (range between high, positive control and low, negative control activity levels;
and also takes into account the data variation of both of those values (Figure 28)). An assay with a Z′factor of greater than 0.6 is considered to be of good-quality for HTS. The Z′-factor for OatA under the
assay conditions presented in Table 10 was calculated to be 0.67 (Table 11) and therefore could be used
for screening.

Table 10: Reaction conditions for Secondary screening of OatA
Component
Buffer (50mM phosphate, pH 7)
OatA (1mg/mL, 25mM phosphate, pH 6.5)
Compound (DMSO)
4-MU-Ac (25mM, DMSO)
Total
*Table in order of addition

384-well
Volume(uL)
44
3.5

Final
Concentration
44 mM
3 µM

0.5
2
50 uL

15 µM
1 mM

Storage
Room
Chilled
°C)
Room
Room

(4

Figure 28: Z′-factor plot of the assay used for high-throughput screening. The solid lines represent
the average of each of the positive and negative (no enzyme) control reactions, with the dotted lines
representing 3 standard deviations above (positive) and below (negative) that average.
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Table 11: Parameters used to calculate Z′-factor for OatA at the HTS laboratory

3.3.2.

Parameter

Value

Positive control (μ+)

0.44

Std. Dev. (σ+)

0.064

Negative control (μ-)

4.5

Std. Dev. (σ-)

0.39

Z′

0.67

Primary Screen
Primary screening for inhibitors of OatA was done at the HTS laboratory at McMaster

University. The bioactive subset of compounds from the CCC was chosen. These compounds are
comprised of four of the libraries within the collection, equalling approximately 3900 different molecules.
The initial screen was completed in duplicate. Those compounds that were able to inhibit the activity of
OatA by 30% or more in both replicates were considered as primary hits. With this threshold, there were
26 primary hits of compounds (Figure 29) with no discernible similarity or chemical grouping (Figure 30,
Table 12). There were also a number of compounds that had a single replicate below the threshold. In
order to verify whether the compounds were actual inhibitors of OatA and did not simply affect the
screening assay to provide false positives, a secondary screen was performed.

3.3.3.

Secondary Screen
The total number of primary screen compound hits and those compounds with a single replicate

below the threshold that were considered for secondary screening and equalled approximately 50
compounds. This secondary screening was done using a dilution series of the compounds and incubating
with OatA in attempts to generate IC50 values. Of all the compounds subjected to this dose-response
analysis, five compounds had calculable IC50 values (Figure 31, Table 13). The compounds were
triamterene, xanthopterin, citrulline, esculin hydrate and scopoletin.
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Figure 29: Replicate plot of the primary screen for inhibitors of O-acetyltransferase A (OatA). The
screen was against the Bioactive subset (approx. 3900 compounds) of the Canadian Compound
Collection. Threshold for inhibitor consideration was  70% residual activity (dotted orange line).
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Figure 30: Close-up of the residual activity plot of OatA showing primary hit co-ordinates. The
orange dotted line represents the 70% residual activity threshold chosen as the primary hit cut-off. The
co-ordinates correspond to the compound location in the 384-well storage plates at the CCC.
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Table 12: Summary of the primary screen hits showing the residual activity from both replicates
Compound

Rel.
Act.

Rel.
Act. (2)

Vendor

Formula

MW

Imperialine

60.1

59.8

BIOMOL

C27H43NO3

Scopoletin

28.9

3.0

BIOMOL

C10H8O4

Position
plate
Coord
429.64
1
J19
192.17
2
M13

C20H16N2O4

348.35

3

H3

(S)-(+)-Camptothecin

67.8

69.0

LOPAC

Quazinone

60.1

68.0

LOPAC

C11H10ClN3O

235.67

5

D11

SKF 83565 hydrobromide

52.6

59.1

LOPAC

C17H18BrCl2NO2

419.14

5

N4

SB 205384

61.3

60.3

LOPAC

C17H18N2O3S

330.40

5

N8

C12H11N7

253.26

6

K19

Triamterene

62.1

68.9

LOPAC

1400W dihydrochloride

46.6

47.0

LOPAC

C10H17Cl2N3

250.17

6

G22

Xanthopterin

55.6

56.5

MICROSOURCE

C6H5N5O2

179.14

7

M5

Menthone

61.2

55.1

MICROSOURCE

C10H18O

154.25

7

A4

C10H18ClN

187.71

7

A20

3-amino-β -pinene

51.8

32.9

MICROSOURCE

Citrulline

43.2

28.0

MICROSOURCE

C6H13N3O3

175.19

7

M4

Esculin monohydrate

33.6

54.3

MICROSOURCE

C15H18O10

358.30

8

A13

Kobusone

7.7

4.4

MICROSOURCE

C14H22O2

222.32

8

M12

C9H10N2O3

194.19

9

M12

Aminohippuric acid

11.0

11.2

MICROSOURCE

Potassium paminobenzoate
Ampicillin sodium

11.8

13.6

MICROSOURCE

C7H6KNO2

175.22

10

M14

8.9

14.5

MICROSOURCE

C16H18N3NaO4S

371.38

10

M16

Pipenzolate bromide

10.4

23.5

MICROSOURCE

C22H28BrNO3

434.36

10

F11

C6H11NO2S

161.22

10

B18

L-Deoxyalliin

17.5

23.8

MICROSOURCE

Oxiconazole nitrate

12.2

14.8

MICROSOURCE

C18H14Cl4N4O4

492.14

10

B6

2-Mercaptobenzothiazole

7.6

19.6

MICROSOURCE

C7H5NS2

167.25

10

J14

Heptachlor

10.1

51.1

MICROSOURCE

C10H5Cl7

373.31

11

M14

C22H30O4

358.47

11

M16

Cafestol acetate

7.3

5.5

MICROSOURCE

Hydralazine hydrochloride

18.0

15.2

PRESTWICK

C8H9ClN4

196.63

11

B18

Glafenine hydrochloride

7.6

4.1

PRESTWICK

C19H18Cl2N2O4

409.26

11

J14

Esculin hydrate

54.4

47.7

PRESTWICK

C15H18O10

358.29

12

F22
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Figure 31: Dose-response curves generated from the secondary screening of the primary hits and
other compounds. These dose-response curves were generated at the HTS laboratory using the same
liquid handling system as for the primary screen. All assays contained 3 μM OatA in 50 mM NaPO 4
buffer at pH 7 with 1 mM 4-MU-Ac. The compounds were tested in a range of concentrations from 0 – 50
μM. Non-linear regression was used to determine IC50 values. A) citrulline, B) esculin hydrate, C)
xanthopterin D) triamterene, E) scopoletin.
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Table 13: IC50 values of compounds from secondary screen (McMaster HTS laboratory).
Fig. 31
A
B
C
D
E

Compound
Citrulline
Esculin hydrate
Xanthopterin
Triamterene
Scopoletin

IC50 (μM)
9.9
13.3
17.0
18.9
48.4

Figure 32: MS analysis of “citrulline” from the CCC using Q-TOF. The relative isotopic distribution
is shown of the main peak in a sample containing “citrulline” from the CCC. To the right are the exact
masses of citrulline and that of esculin.
Of the compounds listed in Table 13, citrulline stood out as a surprising potential inhibitor of
OatA. Repeated attempts to generate a dose-response curve to that presented in Figure 31 and an IC 50
value in the range of 10 µM with authentic citrulline from a commercial supplier failed. Given this
failure, the true identity of the compound actually discovered by the primary and secondary screening was
suspect. Analysis of the compounds by Q-TOF MS revealed that the compound thought to be citrulline
did not provide an extracted ion chromatogram of ions with the expected mass of 174.0000-175.0000
(Figure 32).

Instead, the mass of the compound was determined to be 340.0794 Da using the Agilent
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Qualitative Analysis software B 06.0. Using the Molecular Feature algorithm, the chemical formula for a
compound with this mass was determined to be ([C15 H16 O9])-H)- (Table 14). This formula corresponds
to esculin, the compound that was supposed to be positioned in the compound tray of the HTS beside
citrulline.

Table 14: Exact mass and generated molecular formula of “citrulline” and coumarins - with and
without incubation of p-NP-Ac.
Compound
“Citrulline”
Esculin
Esculin + Ac

Formula

Species m/z

C15 H16 O9
C15 H16 O9
C17 H18 O10

(M-H)(M-H)(M-H)-

339.0702
339.0721
381.0817

Score

Diff
Mass
DBE
(ppm)
(MFG)
89.22
5.79 340.0794
8
98.02
0.13 340.0794
8
95.8
2.75
9
382.09
7
99.54
0.65 178.0266
8
94.65
2.79 220.0372

C9 H6 O4
(M-H)- 177.0193
Esculetin
C11 H8 O5
(M-H)- 219.0293
Esculetin + Ac
C10 H8 O4
(M-H)- 191.0342
96.65
scopoletin
C9 H6 O3
(M-H)
161.025
97.74
umbelliferone
4-hydroxy-6(M-H)- 191.0344
96.98
methoxycoumarin C10 H8 O4
*score = probability (in %) of the generated formula is correct

4.12
-3.81

192.0423
162.0317

7
7

3.37

192.0423

7

*Diff (ppm) =
*MFG = Molecular Formula Generator
* DBE = double bond equivalent

3.3.4.

IC50 of Coumarins
After the secondary screen was complete, several of the compounds that produced good dose-

response curves with relatively low IC50 values were found to share a similar core structure and belong to
the same chemical class referred to as coumarins. These compounds included esculin, esculin hydrate and
scopoletin (Figure 31). Examination of the list of compounds composing the Bioactive subset of the CCC
revealed that 4-methylumbelliferone and esculetin were included in the primary screen. However, they
did not make the primary hit list and did not fall within those compounds with a single replicate below
70% residual activity and were therefore not considered for secondary screening. In fact, these
compounds resulted in an average residual activity of 71% for each and thus just missed the threshold cutoff of 70% (Figure 33).
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Figure 33: Coumarin compounds that were included within the primary screen and those that are
commercially available.
The coumarin compounds that were relevant and available commercially were purchased and IC50
values were determined manually using both 4-MU-Ac and p-NP-Ac as substrates. Interestingly, using pNP-Ac as the acetyl donor did not produce the same result with the compounds compared to those
obtained with 4-MU-Ac. The IC50 curves generated using 4-MU-Ac had much more effective apparent
inhibition (Figure 33). With 4-MU-Ac as substrate, esculin, scopoletin, esculetin and umbelliferone had
IC50 values of 75.8 μM, 1034 μM, 106 μM and 98.5 μM, respectively (Table 15). In contrast,
umbelliferone and esculetin appeared to increase in OatA activity with p-NP-Ac as substrate (Figure 34).
This discrepancy prompted an analysis of reaction products by MS Q-TOF (Table14). This analysis
revealed spontaneous acetylation of esculin and umbelliferone when incubated with p-NP-Ac.
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Figure 34: IC50 curves for coumarin derivatives against OatA using p-NP-Ac and 4-MU-Ac as
substrates. Assays were performed with 1.5 μM OatA with either 1 mM 4-MU-Ac (blue) or 5 mM p-NPAc (orange). Compound concentrations ranged from 0 – 1 mM. The fit to the data (solid lines) were
determined by non-linear regression analysis using Prism software. The error bars denote SD.
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Figure 35: IC50 curves for coumarin derivatives with apparent increased activity with p-NP-Ac.
Assays were performed with 1.5 μM OatA with either 1 mM 4-MU-Ac or 5 mM p-NP-Ac. Compound
concentrations ranged from 0 – 1 mM. The lines of best fit to the data (solid lines) were determined by
non-linear regression analysis using Prism software. The error bars denote SD.

Table 15: IC50 values of coumarin derivatives against OatA using both acetyl-donors.
Compound
IC50 (uM), 4-MU-Ac
IC50 (uM), p-NP-Ac
75.8 ± 1.0
1510 ± 1.1
Esculin
103 ± 1.1
N/A
Scopoletin
1960 ± 1.2
1740 ± 8.1
4-hydroxy-6-methoxycoumarin
4230 ± 2.6
5380 ± 3.2
6-chloro-4-hydroxycoumarin
N/A
Esculetin
106 ± 1.2
N/A
Umbelliferone
98.5 ± 1.1
*IC50 values were determined from the data presented in Figures 34 and 35 by non-linear regression
analysis using Prism software.
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Chapter 4: Discussion
PG is an essential component of the bacterial cell wall, without which cell survival and growth is
impossible. This macromolecule supports the turgor pressure that is exerted onto the cytoplasmic
membrane by the cytoplasm, preventing lysis. The presence and extent of O-acetylation on the MurNAc
residue of PG has been shown to be vital for proper cell growth and pathogenesis of many bacteria.
MurNAc O-acetylation has been shown to control the autolysin activity of Gram-negative bacteria and
inhibit the lysozymes of the innate immune system (Blackburn & Clarke, 2001; Moynihan & Clarke,
2010).
PG O-acetylation was first discovered over 50 years ago (Abrams, 1958; Brummfitt et al., 1958),
and since then the list of bacteria that have this modification has been extended. O-Acetylation in bacteria
can occur by one of two systems. In Gram-negative bacteria the translocation of the acetyl group across
the inner membrane and the acetylation of PG are done by two separate enzymes, known as PGacetyltransferase (Pat) A and B, respectively. Gram-positive bacteria use a single enzyme, referred to as
O-acetyl-PG-transferase A (OatA), the N-terminal domain of which is analogous to PatA and the Cterminal to PatB. Interestingly, B. anthracis and strains of B. cereus encode multiple copies of the genes
for both systems (Laaberki et al., 2011). The discovery of OatA and its proposed function as an
acetyltransferase occurred nearly 10 years ago. Bera, et al. (2005) investigated OatA, focusing mainly on
phenotypic studies by creating oatA knockout mutants. They showed the presence of this gene is the main
determinant in lysozyme resistance in Staphylococcus species. The first assay for enzymatic
characterization was developed in our lab (Moynihan & Clarke, 2013) providing the first direct evidence
that OatA is a bona fide PG O-acetyltransferase (Moynihan, 2013).
The work presented in this thesis is aimed to further understand and characterize OatA
biochemically, as well as identify novel inhibitors in an attempt to sensitize S. aureus to lysozyme
activity. This will provide the first evidence that OatA is an effective therapeutic target for staph
infections and other bacteria that have O-acetylated PG.

4.1. Characterization of OatA
In silico analysis of full-length OatA using HMMTOP 2.1 predicted 11 transmembrane helices at
the N-terminal domain with the C-terminal domain extending into the extracellular side of the
cytoplasmic membrane (Figure 14). Homology searches using the separate domains predict the Nterminal half of OatA shares homology with membrane-bound acyl transferase (MBOAT) enzymes,
similar to that of PatA.
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Using Phyre2 software the predictions for secondary structure of both the C-terminal domains of
OatA from S. aureus and S. pneumoniae and PatB from N. gonorrhoeae align well and seem to be
conserved among this group of enzymes (Figure 15). These enzymes have a predicted tertiary structure of
a typical α/β hydrolase fold. CD of WT C-terminal OatA from S. aureus has very similar secondary
structure percentages to that of the predicted structure from Phyre2.The C-terminal domain of S.
pneumoniae OatA has recently been solved using x-ray crystallography (Sychantha, unpublished) and
indeed adopts an α/β hydrolase fold. Finally, modeling S. aureus OatA (C-terminal domain) on the crystal
structure of the C-terminal OatA from S. pneumoniae bring the catalytic residues in close proximity to
one another (Figure 16).
Construct engineering was completed by a previous member of the lab. The expression conditions
were already established to yield a modest amount of enzyme (1.5 mg /L of culture). A one-step
purification protocol using IMAC was previously used. This protocol was unable to eliminate all of the
contaminant proteins. A second step of purification was employed to remedy this. During the first half of
the project ion-exchange chromatography was used which lead to a much higher purity, but a lower yield
of enzyme. Size-exclusion chromatography increased both the yield and purity of the final enzyme
sample. This easy purification allowed the determination of storage conditions and development of the
assay that is used in this study. The C-terminal domain of OatA is relatively stable and easy to produce
without the predicted membrane bound domain.
The dependence of OatA activity in the presence of metals was examined. Acetyltransferases
typically do not require the presence of a metal to function, but as with hydrolases, it is possible that
metals would have a detrimental effect on activity. While this is not the case for Mn and Ca, the activity
of OatA was significantly impaired by the presence the divalent cations Ni 2+, Co2+, Cu2+ and Zn2+. The
counter ion of all these metals was sulfate but this anion was found to be non-inhibitory (Figure 22).
Interestingly, both EDTA and Mg2+ appeared to enhance OatA activity. One explanation for this could
concern the protocol used for enzyme purification. The OatA for this experiment was isolated and
partially purified by IMAC using a Ni2+-nitrilotriacetic acid (NTA) agarose resin (Qiagen). These
traditional IMAC resins can leach Ni2+ ions into enzyme samples which, as noted above, were found to
inhibit OatA. EDTA would chelate any Ni2+ from OatA and thus restore activity which would be
observed as an increase in activity compared to the untreated control. In a similar manner, the high
concentration of Mg2+ could displace any inhibitory Ni2+ and thereby restore the activity of OatA. Hence,
as a recommendation for future studies, OatA should be treated with EDTA following IMAC and prior to
its final purification by gel filtration.
PG was isolated from S. aureus for use as a ligand in binding studies with the C-terminal domain
of OatA. This PG would have both wall teichoic acids and some degree of O-acetylated MurNAc residues
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associated with it. In order to preserve the O-acetylation, PG isolation is typically carried out at a slightly
acidic pH of 6. The PG used in this study was determined to have 35% acetylation. PG binding was tested
using native PG as well as PG that had the acetylation and/or the wall teichoic acids removed, as it is
unclear whether these components would have an effect on binding. Binding was also tested in the
presence of an acetyl-donor (p-NP-Ac) to determine if the acetyl-enzyme intermediate was better suited
for PG binding. With each of these sample conditions, weak binding at best was observed. There could be
several explanations as to why there was a lack of binding. Firstly, the construct that was used in this
study is a highly truncated version of the full-length protein. There are no predicted PG binding domains
or carbohydrate binding domains within the C-terminal domain and hence it is conceivable the N-terminal
domain could play a role in bringing the PG within catalytic distance to the active site in vivo. The crystal
structure of S. pneumoniae OatA shows that the active site of these enzymes is more of a shallow crevice
rather than a large cleft or deep pocket (D. Sychantha, personal communication). Lastly, it is known that
O-acetylation occurs closely after incorporation of the PG precursor repeating unit into the mature strand,
this suggests that the OatA-PG substrate may be a soluble fragment instead of the insoluble sacculus that
was used for the binding assay.
In silico analysis of the C-terminal domain of OatA identified two conserved motifs DGIH525-528
and GDSV451-454 which contain the proposed catalytic triad residues. Individual replacement of the
predicted catalytic Ser-His-Asp residues with Ala produced either severely reduced activity or no
detectable activity, consistent with residues that have a catalytic role. As expected, replacement of the
Asp525 residue did not result in complete abolishment of activity, there remained 10.7% activity. This
residue is not required for OatA function but it plays an important role in enzyme efficiency by activating
the His528 for deprotonation of both the catalytic Ser and acetyl-acceptor (Moynihan, 2013). The
Ser454Ala and His528Ala variants of OatA had no activity detectable by the esterase assay. Previously
the catalytic triad of PatB was also tested through replacement of each residue with Ala. It was found that
Asp302Ala-PatB had a 20% residual activity, while both the Ser133Ala and His305Ala variants had no
measurable enzymatic activity (Moynihan, 2013).
The KM of p-NP-Ac is 1.15 mM, while the KM of 4-MU-Ac is 0.21 mM. OatA reaches the
saturation point with 4-MU-Ac at a much lower concentration of donor, meaning that it has greater
affinity for it. However, the maximum rate of the system (V max) is also lower. The Vmax of 4-MU-Ac is
0.53 nmol/min compared to that of p-NP-Ac which is 2.17nmol/min. Kcat for 4-MU-Ac is 0.0294 sec-1 and
p-NP-Ac is 0.0602 sec-1. Kcat is the the turnover number and is specifically the rate constant for the
formation of the deacetylated donor. Kcat/KM is the catalytic efficiency for the substrate and measures the
efficiency that OatA is able to hydrolyze the donor and release free acetate. 4-MU-Ac has higher
substrate specificity with a Kcat/KM of 140 M-1*sec-1 and p-NP-Ac of 52.3 M-1*sec-1. This type of analysis,
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while insightful, has its shortcomings. Specifically in this case the in vivo acetyl-donor is unknown
making it difficult to assess whether these donors emulate the natural substrate. Moreover, this kinetic
analysis monitored esterase activity and only assessed one half of the mechanism; it does not take into
account the acetyl-acceptor. In vivo this would obviously be PG, but in this assay it is water. It is expected
that water would be totally precluded from the active site of the enzyme in vivo to preclude any wasteful
(and metabolically expensive) loss of acetate. Therefore, analysis using pseudo-PG acetyl-acceptors such
as chitooligosaccharides would provide more meaningful and significant data. Other steps to further our
understanding of OatA and how it acetylates PG include exploring the role of the N-terminal domain of
OatA, as well as the full-length protein.

4.2. Inhibitor Discovery
Regardless of the minimal physiological relevance of the kinetic data, the possibility to monitor
OatA activity through its ability to function as an esterase in vitro provided a convenient assay for an
HTS. This assay is simple and inexpensive in comparison to using a transferase assay which involves the
presence of an appropriate acceptor and finding the difference in activity with and without the acceptor,
essentially doubling the number of assays. Assuming OatA functions like PatB by catalyzing a ping-pong,
bi-bi reaction pathway, the esterase activity would involve each of the catalytic triad residues to first
acetylate the catalytic Ser which would be followed by the deacylation through hydrolysis. Thus, any
inhibitors identified for the esterase activity would likely result in perturbation of the O-acetylation of an
acceptor as well. There has been previous work done on identifying and characterizing inhibitors of
Ape1a, the essential O-acetyl-PG esterase from N. gonorrhoeae. Several inhibitors of this enzyme were
discovered, including purpurin, alizarin and sennoside A (Pfeffer and Clarke, 2012). Based on the
similarity of the catalytic triad and mechanism of action of Ape1a, there was a possibility that the same
compounds would also be inhibitory against OatA. Indeed, these compounds were subsequently shown to
be weakly inhibitory towards OatA in vitro, but were unable to sensitize S. aureus to lysozyme
(Moynihan, 2013). This highlights the need for a search for inhibitors specific for O-acetyltransferases.
The inhibitor screens were conducted at the HTS Laboratory at McMaster’s Centre for Microbial
Chemical Biology. This facility houses the Canadian Compound Collection (CCC), which consists of
over 30,000 compounds from 6 subset libraries, each from different distributors. The collection of
compounds that was chosen for the screen against OatA was the bioactive subset (Table 4). The reason
this subset was chosen was based on the consideration that the inhibitors found in this study could
potentially be used as future antibiotics against S. aureus and other Gram-positive infections. This subset
includes those compounds in the CCC that are current FDA approved drug with high chemical and
pharmacological diversity, highly purified natural products of known structure, pharmacologically active
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small molecules with a range of biological activities and structural diversity and compounds with a
known bioavailability and safety in humans. Furthermore, this number of compounds was also
reasonable for the timeline of the research project.
Upon undertaking of a screen of this magnitude, it is important to have an assay that is amendable
for HTS. In order to evaluate the quality of an assay a statistical parameter referred to as the Z′-factor is
used. This factor is the signal dynamic range (range between high and low controls) and also takes into
account the data variation of both of those values. Intuitively, a large dynamic range and small data
variation means a more suitable assay and higher confidence in hit identification. Numerically this means
the closer the Z′-factor is to 1 the more suitable the assay is for HTS, assays with a Z′-factor >0.6 are
considered appropriate for HTS (Zhang, Chung, & Oldenburg, 1999). The assay used in the screening of
OatA had a Z′-factor of 0.67 (Figure 28, Table 11).
The primary screen resulted in the identification of 27 compounds that were considered as
potential hits. Of this list, there was no apparent trend in chemical structure. The novel inhibitors of
Ape1a were included in the screen; however the resulting decreases in activity were above the inhibitor
threshold and as such were not recognized as primary hits. The secondary screen and initial IC50 value
determination resulted in the elimination of all primary hits except for 5 compounds; xanthopterin,
triamterene, citrulline, esculin hydrate and scopoletin.
After carrying out MS on these compounds to verify their identity and structure, it was
determined that the compound thought to be citrulline was actually esculin. Esculin hydrate, esculin
monohydrate and scopoletin share the same general structure and belong to a class of chemicals known as
coumarins. With over half of the inhibitors identified as coumarins this prompted a review of the data
collected from the primary screen, looking for the residual activity of other coumarin compounds within
the bioactive subset that were not included in the secondary screen. Esculetin and 4-MU were identified
to have an average residual activity of 71%, just above the inhibitor threshold (therefore not considered
for secondary screening).
Coumarin was first isolated in 1820 from the tonka bean; now over 1300 coumarin compounds
have been isolated or synthesized. The majority of coumarins are produced in plants, with some from
fungi and bacteria. Coumarin is in many fruits and vegetables, coffee, tea, nuts and seeds, and thus are a
part of our natural diets. Coumarins are a part of the benzopyrone chemical class, specifically the benzoα-pyrones. These compounds are characterized by a benzene ring joined to an α-pyrone ring. Coumarins
can be further subdivided into four categories; simple coumarins, furanocoumarins, pyranocoumarins and
pyrone-substituted coumarins. Simple coumarins are those compounds that are substituted around the
benzene ring with simple groups, eg. hydroxylation, alkylation, or methoxylation. Furanocoumarins are
substituted with a five-membered ring and pyranocoumarins are substituted with a six-membered ring.
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Pyrone-substitued coumarins have functional groups substituted on the pyrone ring of the main structure.
Simple coumarins and some pyrone-substituted coumarins are the compounds that were used in this
study.
Coumarins and their derivatives have been extensively studied over the past ~200 years and have
shown wide-ranging therapeutic value. Thus, this class of compounds have, for example, anti-tumour,
anti-cancer, anti-bacterial, anti-viral, anti-fungal, and/or anti-coagulant properties (Jain & Joshi, 2012).
Some pharmaceutical coumarins are in use today, Warfarin is widely used as an anti-coagulant, while
novobiocin, coumermycin, and chlorobiocin are all known coumarin-derived antibacterials (Basile et al.,
2009; de Souza, Delle Monache, & Samania Jr., 2005). Esculetin (6,7-dihydroxycoumarin) inhibits cellcycle propagation of HL-60 Leukemia cells. There are many informative reviews on current therapeutic
uses of coumarins and coumarin derivatives (Borges, Roleira, Milhazes, Santana, & Uriarte, 2005;
Kontogiorgis, Detsi, & Hadjipavlou-litina, 2012; Venugopala, Rashmi, & Odhav, 2013) .
The proposed mechanism of acetylation by acetylPG transferases closely resembles that of serine
proteases which also work through a Ser-His-Asp catalytic triad and a ping-pong bi-bi mechanism.
Interestingly, isocoumarins are known inhibitors of this class of enzyme (Powers et al., 1989). However,
isocoumarin was unable to inhibit OatA, evident from the primary screen, which resulted in an average
residual activity of 104.4%, suggesting that the position of the carbonyl oxygen is potentially important
for the inhibition of OatA. Regardless, the question remained if coumarins are mechanistic inhibitors of
OatA. This was investigated by analyzing products of the reaction using Q-TOF MS. However, these
analyses indicated that there was no detectable change in the compounds upon incubation with OatA.
It appeared the inhibitory effects of all the coumarins were reduced when using p-NP-Ac as the
assay substrate. Analysis of control reaction mixtures which lacked added enzyme revealed spontaneous
acetylation of some of esculin and esculetin; however, the amount of spontaneously acetylated inhibitor
was very small and likely insignificant. This does not rule out that there could be increased spontaneous
hydrolysis of p-NP-Ac. This would result in increased production of p-NP that was not accounted for.
This spontaneous hydrolysis could be responsible for the difference between the IC 50 values using each
inhibitor, as well as the apparent increase in activity with the higher concentrations of umbelliferone and
esculetin (as seen in Figure 35). The difference in inhibitory activity between the acetyl donors could also
be that these donors bind to OatA in a slightly different manner. This is evident looking at the differences
in the kinetic parameters of the donors. Because 4-MU-Ac is a coumarin itself, it is possible that the
coumarins are binding in a similar manner to that of 4-MU-Ac and thereby conferring more specific
inhibition of the assay reaction. Upon the hydrolysis of the acetyl group from 4-MU-Ac, 4-MU is
produced. There is potential that this resulting product can now inhibit OatA; however, the effective
concentration of 4-MU would be very low and from the primary screen OatA activity with 10 μM 4-MU
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was only slightly reduced. p-NP-Ac, on the other hand, could be binding in a different orientation that is
not as effectively inhibited by a bound coumarin.
Comparing the IC50 values (using 4-MU-Ac as the donor) it is clear that the type and its position
of functional groups confer specificity to the inhibition of OatA by the coumarins. One group that seems
to be important is a hydroxyl group at the 7th position. This group is present in all those coumarins with
good inhibition and it is absent in those that do not inhibit well. For example, coumarin and isoscopoletin
had 110% and 115% residual activity in the primary screen, respectively, while 4-methoxy-6hydroxycoumarin showed little inhibition in Figure 34. Furthermore, the most simple coumarin in this
study, umbelliferone, is inhibitory with just 7-OH as a functional group. It should also be noted that the
acetyl-donor 4-MU-Ac has the O-Ac group in the 7th position. The compound that resulted in the lowest
IC50 value was esculin. Interestingly, this is the only coumarin that contains a glucoside at the 6 th position.
Considering the in vivo substrate of OatA is the glycan backbone of PG, perhaps it should not be
surprising that the presence of this group may aid in binding of this compound.
The discovery of OatA inhibitors described in this study will provide an opportunity to test the
proposal that OatA represents a new potential therapeutic target against staphylococcal diseases. A class
of compounds, coumarins, was identified as inhibitors of OatA. Future directions of this work include
both in vitro and in vivo experimentation. A deeper understanding of how the inhibition of OatA occurs
by these compounds is important. This could be accomplished through inhibition kinetics and by
determining the type of inhibition. Due to the similarity in structure of 4-MU-Ac, it would be expected
that at least with this acetyl donor the mode would be competitive inhibition; however, this is not yet
known. As mentioned, this group includes many compounds with different substitutions on the core
structure. Further investigation into the effect of the type and position of these functional groups could
reveal important characteristics in OatA inhibitor development. The effect of these compounds on the
growth of S. aureus to determine the minimum inhibitory concentration (MIC) needs to be determined.
MICs are the measure of the minimum amount of an inhibitor that effects the growth of a specific
organism. It is thought that OatA is non-essential in the proper growth of S. aureus as OatA knockouts are
still viable (Bera et al., 2005). However, it is possible that the loss of OatA activity is compensated for by
a redundant enzyme. This enzyme though, and any other homolog, likely would also be inhibited by the
coumarins. Consequently, the true potential of OatA as a new antibacterial target could be discerned.
Moreover, the possibility that the inhibitory coumarins could serve as “adjuvants” of lysis by the
lysozymes of innate immune systems should be explored.
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4.3. Conclusion
The metabolism of PG is a proven antibiotic target because it is exclusive and vital to bacteria.
Although many antibiotics focus on disruption of proper cell wall biosynthesis, none currently target the
modification O-acetylation of MurNAc. A compound with the ability to prevent O-acetylation of PG in
bacteria would render the essential cell wall polymer susceptible to intrinsic autolysins and/or to
exogenous lysozymes of host immune systems. The aim of this study was to first characterize OatA from
S. aureus and second to discover potential inhibitors of this enzyme. Characterization was done to gain
understanding of the mechanism of which O-acetylation of PG occurs, as well as to optimize an assay that
would be amendable to HTS for inhibitor discovery.
Research into PG-active enzymes can be challenging for several reasons. PG as a substrate is
difficult to work with because it is inherently insoluble and heterogeneous. Also, many of these enzymes
have a trans-membrane portion or are closely associated with the inner membrane of the cell wall. This
can make the expression and purification somewhat challenging. OatA is no exception as it possesses an
11 trans-membrane domain at the N-terminal; fortunately the truncated catalytic domain is soluble and
easily expressed on its own. Another characteristic that is beneficial is the flexibility of the C-terminal
domain to act as an esterase in vitro in the absence of an acetyl-acceptor (PG or PG-analog). This enzyme
may serve as a model for other PG O-acetylating enzymes.
Through my research, the Ser-His-Asp catalytic triad was identified as residues are housed within
two highly conserved motifs. The mutagenesis work is the first direct evidence of the importance of these
residues in proper function. Kinetic analysis of available acetyl-donors 4-MU-Ac and p-NP-Ac was
completed. The primary and secondary screening of OatA at the CCC at McMaster University has led to
the identification of a class of compounds able to inhibit OatA in vitro. While only preliminary data are
presented, the research offered in this thesis provides important information for the further development
of OatA, and other PG O-acetylating enzymes, as novel antibacterial targets. The discovery and initial
characterization of inhibitors presented here represent the first steps in proving that inhibitors of OatA are
prospective therapeutics in the fight against S. aureus infections and antibiotic resistance.
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