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ABSTRACT
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O-Acetylpeptidoglycan esterase 1 (Ape1) is a periplasmic esterase present in pathogenic
organisms that produce O-acetylated peptidoglycan. Ape1a plays a crucial role in the growth of
these bacteria by regulating the turnover of peptidoglycan through catalytic removal of the C-6
acetyl group of the modified peptidoglycan. Specifically, Ape1a activity is necessary for
peptidoglycan turnover by the main autolytic enzymes, lytic transglycosylases (LTs); LTs are
blocked by the presence of an acetyl group on the C-6 hydroxyl of N-acetylmuramic acid.
Purpurin has been observed to inhibit the esterase activity of Ape1 in vitro and inhibits the
growth of bacteria that produce O-acetylpeptidoglycan. This study found that Ape1 binds to FtsZ
in a presumed multi-enzyme complex. The 2-hydroxyl group of anthraquinones, such as
purpurin or alizarin, needs to be deprotonated to work as a suitable inhibitor of Ape1. Purpurin
was demonstrated to work synergistically with aminoglycosides against Bacillus cereus species.
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1 Introduction
1.1 Neisseria gonorrhoeae
Neisseria gonorrhoeae is a Gram-negative diplococcus with twitching motility.
This bacterium is highly evolved to infect its only host, humans. N. gonorrhoeae is the
causative agent of the sexually transmitted disease, gonorrhea, and it can only be
transferred via direct contact. Since N. gonorrhoeae needs carbon dioxide and large
amounts of sugars to grow, it dies quickly outside of its human host. These infections are
often localized to the genital area but can also infect mucosal surfaces such as the eye,
nose, and anus. The infection of the genitalia normally has symptoms of inflammation
and burning; however, in 10% of males and 50% of females, there are no symptoms,
making it extremely hard to diagnose and control (Edwards and Apicella, 2004).
This bacterium has pili that aid in the infection of the human urethra and other
mucosal surfaces. These pili help in the attachment and invasion of the epithelial cells of
the urethra (Makino et al., 1991). Other proteins, such as the opacity-associated family
(Opa) proteins, also help in the pathogenesis of N. gonorrhoeae (Kupsch et al., 1993).
These proteins are divided into two families, Opa50 and Opa52. The Opa50 family differs
because they recognise host cell heparin sulfate proteoglycans. The Opa52 proteins
recognise the carcinoembryonic antigen-related family of cell-adhesion molecules
(Edwards and Apicella, 2004). One of the most pathogenic features of N. gonorrhoeae is
that it can go through phase variation changing its surface proteins and structures. Phase
variation occurs in the pili and the Opa proteins of N. gonorrhoeae and aid in
pathogenesis (Makino et al., 1991).

2

A study conducted by the Centre for Disease Control (Atlanta, GA) showed that
there were over 300,000 cases of gonorrhoeae in the United States in 2009 and 2010,
making it the second most prevalent infection in that country. N. gonorrhoeae has been a
large problem around the world for centuries, and only in the past 80 years with
antibiotics has it become controllable. However, over the past 10-20 years, N.
gonorrhoeae infections have become more and more prevalent. To compound this
problem, N. gonorrhoeae is a naturally competent cell, allowing it to acquire resistance to
antimicrobials easily (Edwards and Apicella, 2004). One way for the bacterium to resist
the effects of an antimicrobial is simply to pump it out. It has been shown that, in the
presence of antimicrobials, efflux pump proteins are up-regulated. With N. gonorrhoeae,
the main efflux pump MtrC-MtrD-MtrE proteins are overexpressed to help expel
antibiotics. It has been shown that knockout of MtrC-MtrD-MtrE efflux pump genes in N.
gonorrhoeae results in a much greater susceptibility to beta-lactam antibiotics (Unemo et
al., 2014).
The standard treatment suggestion from the CDC for a gonorrhea infection in
2010 was 310 mg of cefixime (Report, 2012). From 2006 to 2011, the amount of
cefixime needed for treatment increased greatly, as seen by the number of isolates with
resistance to cefixime increasing from 0.2% to 3.4% in the western United States (Report,
2012). The most notable difference was in Honolulu, Hawaii where the prevalence of
cefixime-resistant isolates of N. gonorrhoeae went from 0.01% to 1.7% (Report, 2012;
Wang et al., 2003). There are different infection distributions between men that have sex
with men (MSM) and men that have sex with women (MSW). The United States average
for MSM with gonorrhoeae isolates with resistance to ceftriaxone increased from 0.1% to

3

3.4% from 2006 to 2011. Ceftriaxone is an antibiotic that was used slightly after cefixime
was introduced clinically and at much lower doses. Cefixime and ceftriaxone are
cephalosporins, and like other β-lactams, they work by inhibiting the function of
penicillin-binding proteins (PBPs) (Tomberg et al., 2010). The PBPs function in the final
stages of peptidoglycan (PG) biosynthesis and, like several other classes of antibiotics,
they are effective because they target the synthesis and recycling of this essential
bacterial cell wall component.

1.2 Bacillus cereus
Bacillus cereus is a soil dwelling, rod shaped, Gram-positive opportunistic
pathogen. B. cereus is a spore former and thus it can tolerate high temperatures, making it
very hard to kill. This bacterium is responsible for up to 5% for the foodborne illnesses
worldwide. The endospores of B. cereus have a very thick protective coat allowing it to
withstand the high temperatures from cooking. When food is left out at room temperature
for hours, such as in a buffet, the endospores are allowed to germinate and divide
(Bennett et al., 2013). B. cereus cells can infect many different areas of the body but a
majority of the injections occur in the gastrointestinal tract causing vomiting, nausea, and
diarrhea (Shinagawa, 1990). This pathogen has a number of virulence factors that aid in
infection, including its many toxins and hemolytic abilities (Granum, 1994). Bacillus
cereus species are known to have three different phospholipases that aid in cell damage
by degranulation of human neutrophils (Wazny et al., 1990). The main toxin that causes
the vomiting symptoms is the emetic toxin also known as cereulide. This toxin is thought
to be lethal to mitochondria and it is thought to act like a potassium ionophore (Mikkola
et al., 1999). The exact mechanism of why it causes an emetic response is unknown, but
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it has been shown that cereulide can cause damage to human immune cells, possibly
playing a role in immunomodulation, as reviewed in (Ehling- Schultz et al., 2004). There
are three main toxins made by vegetative B. cereus in the small intestine that cause the
diarrheal symptoms; hemolysin BL (HBL), non-hemolytic BL enterotoxin (Nhe), and
cytotoxin (cytk) (Lund and Granum, 1997). These toxins are shown to be cytotoxic in cell
culture and cause vascular impermeability, resulting in fluid accumulation outside the
cells and causing diarrhea in the human body. B. cereus also has β-lactamase activity
making it resistant to many β-lactam derived antibiotics (Kontiranta et al., 2000). B.
cereus has over 99% identity in 16S ribosomal RNA to Bacillus thuringiensis and
Bacillus anthracis (Ash et al., 1991). B. thuringiensis is a well-known plant pathogen
which is responsible for the BT toxin used in corn agriculture. B. anthracis is also a wellstudied bacterium due to it being the etiological causative agent of anthrax, an animal and
human disease, and that can be used as a biological weapon (Ivanova et al., 2003).
Although B. anthracis shares great similarity to B. cereus and B. thuringiensis, it differs
by its main lethal toxin and its poly-D-glutamic acid capsule found on its pxo1 and pxo2
plasmids, respectively (Mock and Fouet, 2001).

1.3 Architecture of Bacterial Cell Walls
The cell wall and membranes are different in Gram-negative and Gram-positive
bacteria. In Gram-negative bacteria, there are two membranes with a peptidoglycan (PG)
layer found between the two membranes. This PG layer is very thin, only a couple of
strands thick, and approximately 6 nm in thickness(Yao et al., 1999). Gram-positive
bacteria only have one membrane covered by a very thick layer of PG, approximately 10-
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fold thicker than the Gram-negative cell wall. The outer layer of the Gram-negative outer
membrane is much more complex than its inner layer, since it is decorated with
lipopolysaccharides to aid in pathogenesis (Popham, 2013). Gram-positive bacteria are
also decorated with secondary cell wall polysaccharides anchored to the membrane and
peptidoglycan that aid in pathogenesis.

1.4 Secondary Cell Wall Polysaccharides
The Secondary Cell Wall Polysaccharides (SCWP) produced by Gram-positive
bacteria can be classified in two distinct ways, classical SCWPs and non-classical
SCWPs. Classical SCWPs consist of mainly well-studied teichoic acids and teichuronic
acids. Teichoic acids are found in in a wide range of Gram-positive bacteria, from
pathogenic to non-pathogenic strains. These acids can be further characterized into two
distinct groups, the lipo-teichoic acids (LTAs) and the wall-teichoic acids (WTAs). The
LTAs are linked to the plasma membrane via an ether linkage to the lipid diacylglycerol
moiety, and extend out through the thick PG layer. Most LTAs consist of gentiobiose
connected to the plasma membrane followed by repeat units of glycerol phosphate with
several peptide modifications (reviewed in Schaffer and Messner 2005). An NMR study
was performed on Staphylococcus aureus LTA to elucidate the unknown modifications
(Hartung et al., 2001). It was determined that the average LTA molecule had 45-50 repeat
units of the glycerol phosphate backbone, where 70% of these repeat units were modified
by alanine, and 15% were substituted with α-D-N-acetylglucosamine (Hartung et al.,
2001).
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The WTAs are connected directly to the PG layer of the cell by a phosphodiester
linkage to the C-6 hydroxyl of MurNAc of PG. The common structure of WTA consists
of MaNAc (β1-4) GlcNAc disaccharide followed by one to three glycerol phosphates
attached to the C-4 of MaNAc. The main chain of repeat units consists of either glycerol
phosphate or ribitol phosphate with many alanine substitutions. These teichoic acids are
thought to give the outer surface of the cell an overall negative charge that is thought to
aid in the binding of cations to the surface and aid in cation homeostasis (Marquis et al.,
1976). The teichoic acids are also thought to be necessary for cell division and
elongation. In recent studies, the expression patterns of WTAs and LTAs were
investigated in long-rod Bacillus cells. The cells lacking WTA expression have a
spherical, non-rod morphology and cells lacking LTAs have defects in septum formation
and elongation (Schirner et al., 2009).
Non-classical SCWPs differ greatly from classical SCWPs; they consist of
polysaccharides in long chains attached to PG via a phosphodiester bond to the C-6
hydroxyl group of MurNAc residues. Studies have been performed on B. anthracis and B.
cereus strains to elucidate the structure of their SCWPs. Species of bacillus have largely
different compositions of their SCWPS but they all have one common trait, their
backbone with a core repeat of HexNAc6. This core is found in all species of the bacillus
group and the substitutions on the core are species-specific. The SCWP core repeat of
Bacillus cereus 10987 is →6)-α-D-GalNAc-(1→4)-α- D-ManNAc-(1→4)-α-D-GlcNAc(1→trisaccharide with a β-D-Gal group attached to the O3 of GalNAc and the MaNAc
residue is O-acetylated at its C3 residue (leoff et al., 2008). The Gal and O-acetyl
substitutions are different for each species of B. cereus and B. anthracis.
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The purpose of non-classical SCWPs in the cell is to mediate intramolecular
interactions between secreted proteins and the cell wall. The main surface proteins are
known as S-layer proteins and they have N-terminal S-layer homology (SLH) domains.
These proteins are assembled in a paracrystalline lattice that is attached to the cell wall
and surrounds the entire cell. These S-layer proteins are thought to be attached to each
other via their SLH domains, and the S-layer is not properly formed when they are not
present. The S-layer proteins are found in most of the Bacillus group but not all Grampositive organisms; they consume a great deal of the cell’s energy since S-layer proteins
constitute up to 10% of the total proteins produced. B. anthracis has two well-studied Slayer proteins: extractable antigen 1 (EA1) and surface array protein (Sap). The working
theory is that all proteins containing a SLH domain are bound to SCWPs by a ketopyruval group on the reducing end of the SCWP. This modification is catalyzed by ketopyruvyl transferase (CsaB) encoded upstream of sap and ea1 genes on the B. anthracis
chromosome. Mutants that lack the csaB gene were found to have altered cell
morphologies resulting from impaired cell division and ability to maintain a functional Slayer (Mesnage et al., 2000). In 2011, the Kern group solved the structure of the SLH
domain of the S-layer proteins SAP from B. anthracis. They determined that the SLH
domain has an overall shape of a three-pronged spindle. The inner prongs contain
grooves that leave enough room for a linear and branched carbohydrate chain, and the
groove is lined with conserved positively-charged residues. Through molecular modeling,
it was determined that these residues interact with the very strong negative ketal-pyruvate
modification found on the cap of SCWPs (Kern et al., 2011).
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Other modifications of SCWPs have been examined to determine the SLHbinding domain; the SCWP from B. anthracis CD684 lacks the galactose modification on
its core repeat. It was determined that S-layer proteins were still able to bind the SCWP
lacking the galactose modification as long as the ketal-pyruvate modification was present
(Forsberg et al., 2012). Another known modification to the non-reducing end of B.
anthracis SCWPs is the presence of an acetyl group on the O-3 of β-GlcNAc directly
adjacent to the pyruvylated monaose cap. This modification was further investigated in
2013 by creating mutant strains of B. anthracis lacking known acetyl-transferase proteins
PatA1 and PatA2. These mutants were unable to bind the S-layer protein EA1, and they
were also unable to bind to Blso, a known PG hydrolase. The cells had an altered
morphology with much longer chain lengths, showing that cell division was affected. It
was hypothesized that the O-acetylation of SCWPs at the non-reducing end is needed for
EA1 binding and Blso binding, separate from the SLH binding of SAP (Lunderburg et
al., 2013).

1.5 Peptidoglycan Structure and Synthesis
1.5.1 Peptidoglycan Structure
Peptidoglycan (PG), also known as murein, is a continuous covalently-linked
macromolecule enclosing the entire bacterial cell. The purpose of PG is to withstand the
internal turgor pressure exerted on the bacterium’s cytoplasmic membrane. Its synthesis
and breakdown are essential for growth and division of the cell (Nanninga, 1998). PG is
composed of alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid
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(MurNAc) monomers linked by a glycosidic β-1-4 linkage. The glycan strands are also
cross-linked by stem peptides attached to the C-3 of MurNAc composed of alternating Dand L-amino acids (Fig 1-1) (Park et al., 1995).

Figure 1-1. Peptidoglycan structure. The chemical structure of the disaccharide
pentapeptide repeating unit of PG containing MurNAc and GlcNAc sugars. Adapted from
Van Heijenoort 2001.
1.5.2 Peptidoglycan Synthesis
The synthesis of PG is performed in three different stages, the first of which is the
creation of the monomer sugar units. The second stage in PG formation is chain
formation, catalyzed by glycosyl-transferases to create large glycan chains. Lastly,
crosslinking of peptides between glycan chains completes the generation of the sacculus
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that surrounds the cell. The synthesis of the monomers occurs in the cytoplasm of the cell
(Heijenoort et al., 2001). The first reaction proceeds with the formation of glucosamine6-phosphate from D-fructose-6-phosphate. This reaction is performed with the aid of
GlmS synthase found within the cytoplasm. The second reaction moves the phosphate on
glucosamine-6-phosphate to the C-1 position yielding glucosamine-1-phosphate. This
reaction is catalyzed by GlmM which was first purified from E. coli, and later from H.
pylori (Jolly et al., 2000). The following reaction, aided by GlmU synthase catalyzes two
different steps involving different domains of the protein. The first reaction of GlmU
catalyzed by its C-terminal domain is the acetylation of glucosamine-1-phosphate
creating N-acetylglucosamine-1-phosphate. The second reaction catalyzed by the Nterminal domain of GlmU is the uridylation of N-acetylglucosamine-1-phosphate to
create UDP-GlcNAc (Gehring et al., 1996). The next step is the formation of UDP-Nacetylmuramic acid from UDP-GlcNAc. This is a two-step process that is catalyzed by
MurA and MurB in the cytoplasm. MurA functions as a transferase that takes
enolpyruvate from PEP and transfers it to the C-3 position of GlcNAc to yield UDPGlcNAc-enolpyruvate (Fig 2-2). It has been proposed by Walsh that this is an additionelimination reaction with tetrahedral intermediates (Brown et al., 1995). The next
reaction in the creation of a MurNAc monomer unit is a reduction performed by MurB
reductase.
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Fructose-6-P

GlmS
Glucosamine-6-P

GlmM
Glucosamine-1-P

GlmU
N-acetylglucosamine-1-P

GlmU
UDP-GlcNAc

MurA
UDP-GlcNAc-enolpyruvate

MurB
UDP-MurNAc
Figure 1-2. Biosynthesis of nucleotide sugar-linked precursors. The conversion of
fructose-6-P into the UDP-linked precursors needed for biosynthesis of PG occurring in
the cytoplasm. Adapted from van Heijenoort 1998.
The next step in the synthesis of PG is the attachment of the stem peptides to the C3
carbon of MurNAc. The first amino acid, L-alanine, is added to the D-lactoyl moiety of
UDP-MurNAc, a reaction catalyzed by MurC in an ATP-dependent manner. Like many
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of the proteins involved in peptide addition, MurC contains a Mg+2 cofactor that uses
ATP for its reaction (Jin et al., 1996). D-Glutamic acid and diaminopimelic acid (or Llysine) are then added sequentially by MurD and MurF, respectively. The last two amino
acids of the stem pentapeptide, D-Ala-D-Ala, are added as a dipeptide by MurF
(Heijenoort et al., 2001). This step creates the final monomer unit as a phospho-MurNAcpentapeptide which is transferred to a phospholipid for its eventual translocation across
the membrane to the periplasm.

Figure 1-3. Assembly of lipid-linked disaccharide repeating units. The second stage
of peptidoglycan synthesis starts with the addition of the pentapeptide to MurNAc via
MurC-F. MraY adds the sugar pentapeptide to the membrane by attaching it to
undecaprenyl phosphate. GlcNAc is then added to the sugar peptide to create a
disaccharide pentapeptide; this step is done by MurG. Adapted from van Heijenoort
2001.
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MraY is the enzyme that adds phospho-MurNac-pentapeptide to C55P to create C55P-P
MurNAc-pentapeptide, also known as lipid I (Fig 3-3) (Bouhss et al., 2004). The addition
of UDP-GlcNAc to lipid I, creating lipid II, completes the biosynthesis of the PG
precursor, and this reaction is catalysed by MurG transferase (Mengin-Lecreulx et al.,
1991). Lipid II is then transferred to the periplasmic side of the inner membrane by a
protein thought to be FtsW (van Heijenoort, 2001).
When the disaccharide pentapeptide is in the periplasm, it is added to existing
glycan strands in a process called transglycosylation which is catalyzed by the penicillinbinding proteins (PBPs). As their name implies, penicillin and other beta-lactam
compounds bind to the PBPSs, hindering their function. These proteins have been
classified into two main groups, the high molecular mass PBPs and the low molecular
mass PBPs (Tomberg et al., 2010). The N-terminal domain of class A high-molecular
weight PBPs catalyzes the transglycosylation reaction, linking the PG precursor of Lipid
II to the end of an existing PG strand in the sacculus (Fig 1-4). Another function of the
class A PBPs, and some class B PBPs too, is the cross-linking of the stem peptides of
adjacent glycan strands. This involves the diaminopimelic acid of one peptide chain and
the penultimate Ala of the other, with the release of the terminal Ala from the latter
peptide chain.
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Figure 1-4. Translocation, elongation, and cross-linking of disaccharide repeating units.
FtsW is thought to translocate lipid II from the cytoplasmic side to the periplasmic
side of the membrane. PBP catalyses the addition of a disaccharide pentapeptide to
an existing glycan strand. PBP also aids in the peptide linkage between new and old
glycan strands. Adapted from van Heijenoort 2001.
1.5.3 Incorporation of new strands
The PG sacculus is not a static structure during the growth and division of
bacteria, but rather it is constantly being degraded as new material is added, with the
released components being recycled. A model proposed for the growth of the sacculus is
known as the make-before-break theory for Gram-negative bacteria. Since Gram-negative
bacteria have such a thin PG layer, which needs to contain the turgor pressure exerted on
the cytoplasmic membrane by the cytoplasm, it would be necessary to add glycan strands
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to the existing sacculus before older, stress-bearing ones are removed (Koch and Doyle,
1985). An elaboration of this model is the three-for-one theory, which proposes that three
stands of new PG are added as one existing strand is removed. To accomplish this step, it
is further proposed that the PBPs form complexes with the lytic enzymes involved in
strand removal. Thus, three new glycan strands would be added below the PG sacculus as
the biosynthetic enzyme complex tracks along the existing strand that will later be
removed (Höltje and Heidrich, 2001). As the existing strand is removed, the glycan
strands connected near the cytoplasmic membrane would become the stress-bearing
strands, thereby increasing the size of the sacculus and permitting cell growth (Ehlert and
Höltje, 1996).
1.5.4 Autolysins
Although the PG sacculus is an elastic structure as noted above, it needs to be
broken in order for bacteria to grow and divide. The lytic transglycosylases (LTs) are a
class of autolysins, enzymes that will lyse bacteria if their activity is left unchecked. Both
LTs and lysozyme (muramidase) cleave the β 1-4 linkage between MurNAc and GlcNAc
residues in PG. Lysozyme is very well-characterized as its catalytic mechanism has been
determined using site-directed mutagenesis and kinetic analyses (recently reviewed in
Herreweghe and Michiels, 2012). The crystal structure of lysozyme has been solved,
revealing structural information about many different hydrolases. Based on these studies,
we understand that this hydrolase invokes a double-displacement mechanism, involving
two acidic amino acid residues as the acid/base and nucleophile catalysts which proceed
through a covalent reaction intermediate. The LTs, on the other hand, are not hydrolases
and thus do not add water across the cleaved glycosidic linkage. Rather, their mechanism
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of action involves a single catalytic residue together with substrate-assisted catalysis
yielding GlcNAc and 1,6-anhydro-N-acetylmuramic acid residues as products (Fig 1-5)
(reviewed in Scheurwater et al., 2008). LTs appear to be ubiquitous in Gram-negative
bacteria, and the presence of 1,6-anhydromuramoyl residues also has been observed in
some Gram-positive bacteria of significance. The 1,6-anhydroMurNAc fragments of LT
reactions have been proven to aid in pathogenesis in several species. For example,
studies have shown that in pathogens such as N. gonorrhoeae, the PG fragments
containing 1,6-anhydroMurNAc aid in the death of epithelial cells in the infected urethra
(Fleming et al., 1986).
There are many different LTs and it appears that certain ones are specific to a
given organism. The LTs are named by the location within the periplasm to which they
are exported. Thus, MltA stands for membrane-bound lytic transglycosylase, which is
attached to the outer membrane in the bacteria. Other proteins, such as SLT70, stand for
soluble lytic transglycolase with the molecular mass of 70 kDa (Blackburn and Clarke,
2001). Most of the research done so far has been with LTs from E. coli and Pseudomas
aeruginosa. In 2001, Blackburn and Clarke characterized the known LTs into four
separate families based on amino acid sequence alignments and motif matching. Family 1
is recognized as a super-family containing 5 sub-families, named 1a to 1e. These subfamilies have consensus motifs found in known LTs: Slt, YfhD, MltC, MltD, and EmtA,
respectively (Blackburn and Clarke, 2001).
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Figure 1-5. Reactions catalysed by Ape and LTs on PG. De-esterification of the C-6
acetyl group of MurNAc is performed by Ape leaving an open C-6 OH. LTs break the 14 glycosidic bond leaving 1,6-anhydrousMurNAc and GlcNAc as a product. Adapted
from Clarke 2010.
The second family of LTs have consensus motifs similar to membrane-bound lytic
transglycosylase A (MltA).The third family has similar consensus sequences to known
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protein MltBs, and the fourth family has similar consensus motifs as LTs from viral
genomes.
The first and third families have a conserved glutamate that functions as the
catalytic acid. MltA and other family-2 LTs do not contain this catalytic glutamate and
they are thought to use an invariant aspartate to perform the acid/base catalysis
(Lommatzsch et al., 1997; Powell et al., 2006).

1.6 Peptidoglycan modifications and control of autolysis
The PG sacculus of Gram-negative bacteria needs to be recycled, and wallspanning structures, such as pili, flagella, and secretion complexes, need to be inserted.
These insertions require the cleavage of PG, which would thus have to proceed in a
controlled manner to ensure the integrity of the wall and prevent lysis. It has been shown
that modifying the PG can control this detrimental autolysis. There are several
modifications to the glycans of PG that help control autolysis, such as O-phosphorylation,
N-de-acetylation, N-glycosylation, and O-acetylation (reviewed by Vollmer et al., 2008).
Another control mechanism could also involve a protein inhibitor called inhibitor of
vertebrate lysozyme (Ivy). These proteins, which are only produced by a subset of Gramnegative bacteria that do not O-acetylate PG, were found originally to inhibit the action of
lysozyme of innate immunity systems. However, the LTs of Gram-negative bacteria
possess the lysozyme-fold and hence they are structurally-related to lysozymes. Given
this property, it was postulated recently by our research group that the true physiological
function of Ivy and its para- and orthologs is to control LTs by binding to them and
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blocking their function (Clarke et al., 2010). The binding is thought to be similar to the
known interaction between lysozyme and Ivyc where a protruding loop from the inhibitor
binds the active site of lysozyme or the LT (Abergel et al., 2007).

1.7 O-Acetylation
O-Acetylation of PG occurs at the C-6 carbon of MurNAc, where an acetyl group
is added. This acetyl group has been proven to inhibit the catalytic activity of lysozyme
through steric hindrance of substrate binding (Vocadlo et al., 2001). Many known
bacterial pathogens, both Gram-negative and Gram-positive, produce O-acetylated PG,
including Staphylococcus aureus and N. gonorrhoeae (reviewed in (Clarke and Dupont,
1992). To date, there are over 53 bacterial species proven to possess O-acetylated PG.
These bacteria normally have 20-70% of their MurNAc acetylated. It has been shown that
pathogenic strains of S. aureus all have O-acetylated PG to resist lysozyme in the
immune system (Vollmer et al., 2008; Bera et al., 2005).
In Gram-positive bacteria, it appears that there is a single protein system
responsible for both the transfer and then addition of acetate to PG (Bera et al., 2005).
This single protein, named O-acetyltransferase A (OatA), is postulated to be a membrane
protein belonging to the membrane-bound O-acetylation transferase MBOAT family but,
to date, the enzyme has not been characterized biochemically. Regardless, the N-terminal
domain of OatA, with ten hypothetical membrane-spanning α-helices, is predicted to span
the membrane and potentially would serve to translocate acetate across the membrane
from cytoplasmic pools. The C-terminal domain, on the other hand, is thought to extend
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beyond the cytoplasmic membrane, and it contains a putative catalytic triad of Ser, His,
and Asp residues which are proposed to catalyze the acetyltransferase reaction to PG.
A variation of the OatA system appears to operate in Gram-negative bacteria. A
genomic study, performed in 2005, identified a cluster of genes that might encode the
enzymes required to both add and remove O-acetyl groups from PG (Weadge et al.,
2005). These genes were found originally in the N. gonorrhoeae chromosome, and then
they were identified in other Gram-negative pathogens that O-acetylate their PG. The
gene cluster is called the OAP, and it was postulated to include genes encoding the
enzymes responsible for O-acetylation and de-O-acetylation of PG. Subsequent studies
have confirmed the ascribed role of the gene products in the O-acetylation of the PG in
both N. gonorrhoeae and N. meningitidis (Dillard and Hackett, 2005). Thus, there is a
two-protein system of PatA and PatB for the transfer and addition of the acetyl group to
the C-6 carbon of MurNAc, respectively. Little is known about PatA because it is an
integral membrane protein with 11 hypothetical membrane-spanning α-helices, which
complicates its biochemical characterisation. The second protein, PatB, was originally
thought to be an esterase due to its similar catalytic triad structure to the serine esterases,
including Ape1a (discussed further below). It was later experimentally proven that PatB
is actually an acetyl-transferase with weak esterase activity. Thus, PatB is responsible for
transferring acetate to the C-6 hydroxyl of MurNAc, presumably after receiving the
acetate from PatA (Moynihan and Clarke, 2013). PatB has been shown to be essential to
the O-acetylation of PG using knockout mutants, and it was proven to be localized to the
periplasm in N. gonorrhoeae (Moynihan and Clarke, 2010) (Fig 1-6).
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Figure 1-6. Proposed model of O-acetylation and de-O-acetylation of PG in Gramnegative bacteria. An acetyl group in the cytoplasm, presumably from acetyl-CoA, is
transferred to the periplasm by PatA where it is added to the C-6 carbon of MurNAc by
PatB. The acetyl group is later removed by Ape1, a classical serine esterase. Figure
adapted from Clarke 2013.

1.8 Ape1
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1.8.1 Ape1
With the O-acetylation of MurNAc residues within the thin PG layer in Gramnegative bacteria, cells would require the means to remove this modification to permit the
function of LTs. This function is conferred by the third gene product of the OAP operon.
This third gene, that exists immediately downstream from patA and patB, encodes Ape1.
Ape1 from N. gonorrhoeae is a 397 amino acid protein that has a molecular mass of
44,087 Da and a predicted pI of 8.782. Its catalytic mechanism was demonstrated to
involve a catalytic triad of Asp-His-Ser residues that enable it to function as a classical
serine esterase. The three-dimensional structure of Ape1 from N. meningitides, a close
homolog of N. gonorrhoeae Ape1, was recently solved which confirmed the organization
of its catalytic site (Williams et al., 2014). Ape1 is a member of the GDSL superfamily of
serine esterases, and thus adopts the typical α,β-hydrolase fold. Ape1 has 7 distinct
sequence motifs that create the structure of the protein (Weadge et al., 2005). The first
motif contains the catalytic serine residue at the 80th position. This serine residue is
characterized by the GDS(H/F) sequence found in all homologs. The other contributors to
the catalytic triad are found in motif 7 involving the sequence Dx(V/T)H. There is a
section of the protein, about 100 amino acids long, known as motif 2 which does not
have high sequence similarity to any known proteins. This area contains β-strands which
have some sequence similarity to PBP3 and PBP4 (Weadge et al., 2005). This area is
positioned on the backside of the protein relative to the active site and catalytic triad, and
so it is postulated to be involved in protein-protein interactions with the PG biosynthetic
complex.
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Analysis of its three-dimensional structure, together with all of the acquired
biochemical evidence, suggests that Asp-366 and His-369 of Ape1 create a salt bridge,
which would allow the imidazolium group of His-369 to abstract the hydroxyl proton
from Ser-80. This would render Ser-80 sufficiently nucleophilic to catalyze the release of
acetate from PG (Weadge and Clarke, 2007). This step is accomplished as the oxyanion
of Ser-80 attacks the carbonyl carbon (Fig 1-7), forming a short-lived tetrahedral species
that would collapse, leaving the acetyl group now ester-linked to the catalytic serine
residue. The acetyl group would then be removed in a reverse reaction involving the
hydroxide ion of water as the nucleophilic acceptor to render the enzyme active once
again. A study by Pfeffer et al. (Pfeffer et al., 2013) led to the identification of the
residues that form the oxyanion hole of Ape1, a feature that is expected to stabilize the
tetrahedral transition state of the enzyme-substrate complex.
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Figure 1-7. Proposed mechanism of action of Ape1. A The Asp-366 and His-369 create
a salt bridge which would allow the imidazolium group of His-369 to abstract a proton
from Ser-80. This would allow Ser-80 to act as a nucleophile to aid in the release of
acetate. The nucleophilic Ser-80 attacks the carbonyl of the ester bond of the acetyl group
of substrate. B The short-lived tetrahedral species would collapse leaving the substrate
without the acetyl group. C The acetyl group becomes covalently attached to the catalytic
serine of Ape1a. D The acetyl group would then be removed in a reverse reaction
involving water to release acetate and render the enzyme free to react again.
1.8.2 Inhibition of Ape1
Ape1 is essential for bacterial growth and viability of Gram-negative bacteria that
produce O-acetylPG. In 2006, attempts to make knockout mutants of ape1 in N.
gonorrhoeae were unsuccessful, suggesting that this protein is needed for the cell to

25

survive. We thus proposed that Ape1 may be a target for antibiotic development
(Weadge and Clarke, 2006). To test this hypothesis, a high-throughput assay was
developed to identify inhibitors of Ape1. Using 4-methylumbelliferyl-acetate to detect
the activity of Ape1, over 3500 molecules were screened as potential inhibitors of Ape.
After eliminating false positives, seven molecules were tested in a secondary screen
(Pfeffer et al., 2012). The molecules of most interest were purpurin and alizarin. Purpurin
is an anthraquinone and is a natural dye found in the roots of Rubinatinctorum. The
structure of alizarin is very similar to purpurin, but it lacks the 4-hydroxyl group of
purpurin. The inhibitory effects of these molecules were very different, where purpurin
was found to be a more effective inhibitor of Ape. Using kinetic analysis and in vivo
testing, it was determined that purpurin has bacteriostatic affects (Pfeffer et al. 2012).
The high-throughput screen contained a few purpurin-like compounds with an
anthraquinone base structure that did not have a large inhibitory effect on Ape1. Alizarin
has almost exactly the same structure as purpurin but lacks the 4-hydroxyl group, and it is
not an effective inhibitor of Ape1. Previous students in the Clarke lab have tested the
ability of other anthraquinones with very similar functional groups to try and elucidate
the inhibitory mechanism. Both quinalizarin and quinizarin were also ineffective
inhibitors of Ape1 even though they have the same 9,10-dioxoanthracene core, but differ
in the number and position of the hydroxyl group.
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Purpurin

Alizarin

Figure 1-8: Chemical structures of purpurin and alizarin. The chemical structures of
purpurin and alizarin with pKa values for each hydroxyl group. Adapted from Miliani et
al., 2000.

Clearly, all three hydroxyl groups on purpurin have to be present for the anthraquinone
to function as an effective inhibitor, but initially it was puzzling why such a large
decrease in inhibition was observed with the removal of any one. However, considering
the pKa values of the respective hydroxyl groups of each of the compounds under
investigation provided a plausible explanation. Whereas the pKa values of the 1hydroxyl groups of alizarin and purpurin are similar and relatively high (12.4 and >14,
respectively; Fig. 1.8), the 2-hydroxyl group is much more acidic in purpurin (compare
4.7 to 6.6 for purpurin and alizarin, respectively). Consequently, purpurin would carry a
negative charge at the assay pH of 6.5, while alizarin would possess only partial anionic
character. It was thus hypothesized that the 2-hydroxyl group needs to be deprotonated
for the anthraquinone to act as an effective inhibitor of Ape1.
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Table 1-1: Calculated IC50 and Ki values for purpurin and alizarin. The calculated
IC50 and Ki for the inhibition of Ape1 by purpurin and alizarin in increasing pH
conditions (Pfeffer, unpublished work).

pH
5.5
6.0
6.5
7.0
7.5
8.0

IC50 (µM)
Purpurin
Alizarin
5.89 ± 0.41
241 ± 1.11
8.67 ± 0.17
213 ± 1.12
9.41 ± 0.13
139 ± 1.19
10.9 ± 0.09
117 ± 1.13
10.0 ± 0.22
48.4 ± 1.14
11.8 ±0.41
17.1 ± 1.24

Ki (µM)
Purpurin
1.59
1.71
1.79
2.20
2.25
2.89

Alizarin
56.0
49.6
32.0
27.1
11.3
3.98

To test this hypothesis, a former doctoral student (Dr. J. Pfeffer) conducted
inhibition studies in different pH conditions, ranging from 5.5 to 8. Since Ape1 has such
a narrow pH-activity profile, losing 40% activity at pH 7.0 compared to pH 6.5,
conducting kinetic experiments outside this range has proven to be difficult (Weadge and
Clarke, 2006). Nonetheless, Dr. Pfeffer was able to show that the IC50 and Ki values of
purpurin remain very similar at these pH values, but that the efficacy of alizarin as an
inhibitor increased with increasing pH. Unfortunately, it was impossible to obtain kinetic
data for assays conducted at pH values under 5.5 due to the lack of control enzyme
activity, and above pH 8.0 due to substrate instability. Hence, to elucidate further the
nature pH dependence on inhibition, another approach that does not require the direct
measurement of activity is necessary.
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1.10 Hypothesis and Research Aims
The second motif of Ape1 from N. gonorrhoeae is thought to be involved in
protein-protein interactions with the PG biosynthetic complex. Several PBPs have been
shown to create a complex with different LTs and other biosynthetic machinery. For
example, Ape1 could bind to an LT or larger complex to streamline its reaction. As
acetate is removed from the C-6 of MurNAc, the bound LT could break the PG almost
seamlessly. I hypothesize that the second motif of Ape1a is responsible for the interaction
of Ape1 with lytic transglycosylases. To test this hypothesis, a simple affinity pulldown
assay will be performed using Ape1 as the bait and N. gonorrhoeae periplasm as the prey.
Based on the knowledge acquired to date, as described above, I hypothesize that
to be an effective inhibitor of Ape, anthraquinones have to possess an anionic character.
Furthermore, it is possible that the position of the negative charge around the biphenyl
core may be important for strong inhibition. To test this hypothesis, the binding
parameters of Ape1 to purpurin and alizarin will be determined at a range of pH values
using a technique that does not require the measurement of enzyme activity.
Purpurin has been shown to be bacteriostatic to a select panel of pathogenic
bacteria that produce O-acetylated PG, but less so against the potentially susceptible
Gram-negative test microorganisms. However, efficacy increases when purpurin is coadministered with a membrane-perturbing agent such as EDTA. To elucidate further the
synergistic effects of membrane-perturbing agents with purpurin, several
aminoglycosides were tested. Aminoglycosides are able to gain access to the periplasm to
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which Ape1 is thought to localize. Hence, kanamycin, gentamicin, and streptomycin will
be tested in checkerboard-pattern analysis with purpurin to measure the synergistic effect.

2 Methods
2.1 DNA methods
2.1.1 Competent cells
Starter cultures of Escherichia coli (DH5α or Rosetta) cells were grown overnight
in 5 mL LB broth at 37 ̊C. A 1:20 dilution was used to inoculate LB broth and growth
was maintained at 37 ̊C until mid-exponential phase (OD600 of 0.6) was reached. The
cells were harvested by centrifugation (5000 x g, 5 min, 22 ̊C) and re-suspended in 100
mL of α solution (30 mM potassium acetate, 100 mM KCl, 10 mM CaCl2, 50 mM MnCl2,
15% glycerol, and dH2O, pH 5.8, 4 ̊C). The cells were harvested again by centrifugation
(5000 x g, 5 min, 22 ̊C) and the pellet was re-suspended in β solution (10 mM MOPS (3(N-morpholino) propanesulfonic acid), 75 mM CaCl2, 10 mM KCl, 15% glycerol, and
dH2O, pH 6.5). The cell paste was then left to sit on ice for 3 hours before being stored at
-80 ̊C in 300-µL aliquots until required.
2.1.2 Transformation
Competent E. coli cells were transformed using a standard heat-shock method
outlined by Sambrook and Russell (2006). Cells were allowed to thaw on ice for two
minutes before the addition of 5 µL of 10 µg/µL of prepared plasmid. The cell suspension
was mixed and kept on ice for thirty minutes before being subjected to heat shock. The
suspensions were incubated at 42 ̊C for three minutes, and then put on ice for an hour
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before the addition of 500 µL of LB. Cells were grown at 37 ̊C for an hour, and they
were then spread-plated on LB plates with the appropriate antibiotics and incubated
overnight at 37 ̊C.

2.2 Protein methods
2.2.1 Overproduction of Ape1
Ape1 was overexpressed using the protocol previously described by Weadge et al.
(2007). The plasmid pACJW16 (harbouring a truncated construct of Ape1) was
transformed into E. coli Rosetta competent cells which were then incubated at 37 ̊C in
Super Broth. The culture was grown to an OD600 of 0.6-0.8 where expression of ape1 was
induced by the addition of 1 mM IPTG (final concentration) and grown overnight at
15 ̊C.
After the overnight overexpression of ape1, the cells were harvested by
centrifugation (5000 x g, 15 min, 4 ̊C) in batches of 1 L and the isolated pellets were
frozen at -20 ̊C until needed. Frozen pellets were re-suspended in 30 mL of cold lysis
buffer (50 mM sodium phosphate, 500 mM NaCl, pH 8.0) for thirty minutes. DNase 1
(10 µg/mL), RNase A (5 µg/mL), lysozyme (5 µg/mL), and two EDTA-free proteaseinhibitor tablets were added to the lysis solution, aiding in lysis and purification. Further
lysis was achieved by sonication (3 min x2, 15 sec on, 15 sec off). Un-lysed cells and
insoluble material were removed by centrifugation (20000 x g, 20 min, 4 C
̊ ) and the cell
lysate was then incubated with 2 mL of pre-washed (lysis buffer) Ni+2-NTA agarose
beads for at least two hours at 4 ̊C on a nutator. The cell lysate and protein-bound
agarose beads were loaded onto a disposable column at 4 ̊C and the unbound flow-

31

through was collected. The protein-bound beads were washed with 10 column volumes of
cold lysis buffer. The beads were then washed with 10 column volumes of wash buffer 1
(50 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, pH 8.0), and the flowthrough was collected. The beads were washed with ten column volumes of wash buffer 2
(50 mM sodium phosphate, 500 mM NaCl, 30 mM imidazole, pH 8.0), the flow-through
was collected. The partially-purified protein was eluted from the beads by the addition of
10 mL of elution buffer (50 mM sodium phosphate, 500 mM NaCl, 150 mM imidazole,
pH 8.0) and dialyzed for two hours against 2x4L of 25 mM sodium phosphate buffer (pH
7.0) at 4 ̊C.
Cation-exchange chromatography on Source S was used to purify Ape1 further.
The resin was pre-equilibrated with running buffer (25 mM sodium phosphate, pH 7.0) at
a flow rate of 0.7 mL/min. Ape1 was eluted by increasing the ionic strength of the
running buffer to 1 M NaCl (buffer B). For the first 2.5 minutes, the gradient increased to
2.5% buffer B (v/v). Then for the following 12.5 minutes, the gradient increased to 25%
buffer B, followed by an increase to 100% over the next 10 minutes. The eluted protein
was dialyzed against 2x4 L of 50 mM sodium phosphate buffer (pH 6.5).
2.2.2 SDS-PAGE
A 12 % resolving gel (2.5 mL 1.5 M Tris-HCl, pH 8.8 , 4.35 mL dH2O, 3.0 mL
40% acrylamide, 100 μL 10% SDS, 100 μL 10 % ammonium persulfate (APS), and 5 μL
N, N, N’,N’–tetramethyl-ethylenediamine, (TEMED)) was used with a 4 % stacking gel
(1.25 mL 0.5 M Tris-HCl, pH 6.5, 3.17 mL dH2O, 488 μL 40% acrylamide, 50 μL 10%
SDS, 50 μL 10 % ammonium persulfate (APS) and 5 μL TEMED). The protein solutions
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were mixed with 5X sample buffer (60 mM Tris-HCl, pH 6.8, 25% glycerol, 2% SDS,
5% β-mercaptoethanol, 0.1 % bromophenol blue) and boiled for 10 minutes at 100 ̊C.
Electrophoresis was conducted with running buffer (25 mM Tris-HCl, pH 8.3, 192 mM
glycine, and 0.1% SDS) at 150 V for one hour. Proteins were detected using Coomassie
Blue stain (0.1% Coomassie Brilliant Blue, 45% methanol, and 10% glacial acetic acid)
and images were captured using Imagelab.
2.2.3 Western immunoblotting for His6-tagged proteins
For detection of recombinant Ape1 His6-tagged protein, Western immunoblotting
was performed as described in Towbin et al. (1979). The proteins from the SDSpolyacrylamide gel were transferred to nitrocellulose using a transfer buffer (10 mM
NaHCO3, 3 mM Na2CO3, 20 % v/v methanol, 80% v/v dH2O) at 100 V for one hour. The
membrane was then washed three times with TBS (10 mM Tris-HCl, pH 7.5; 150 mM
NaCl) with shaking. The membrane was incubated with 3% bovine serum album in TBS
(blocking buffer) for an hour at ambient temperature with shaking. After incubation, the
membrane was washed three times with TTBS (20 mM Tris-HCl, pH 7.5; 0.05% Tween20; 0.2% Triton-X 100; 500 mM NaCl), and then several times with TBS before
incubating in 1:1000 dilution of mouse anti-His6 antibody in blocking buffer for an hour.
The membrane was washed three times in TTBS, and then three times in TBS, before
incubating in 1:2000 dilution of goat anti-mouse antibody in blocking buffer for an hour
with shaking. To visualize the blot, 5-bromo-4 chloro-3’-indolylphosphate p-toluidine
salt (BCIP)/Blue Tetrazolium Chloride (NBT) was added, and the reaction was
terminated by the addition of dH2O.
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2.2.4 Protein Concentration Determination
Bicinchoninic acid (BCA) assays were used to determine the concentration of the
purified proteins. As per manufacturer’s instructions (Sigma-Aldrich), a 50:1 ratio of
bicinchoninic acid solution to copper sulfate solution was made to a final volume of 290
µL, to which 10 µL of protein or standard were added. Samples were left to incubate at
37 ̊C for 30 minutes before absorbance was measured at 595 nm. A BSA standard curve
was produced for each analysis.

2.3 Neisseria gonorrhoeae Growth

N. gonorrhoeae strains were grown on plates containing proteose peptone # 3 (15
g/L), soluble starch (1.0 g/L), K2HPO4 (4.0 g/L), KH2PO4 (1.0 g/L), NaCl (5.0 g/L), and
agar (10 g/L) for 24 hours in a humid 5% (v/v) CO2 incubator at 37 ̊C. Liquid cultures
were grown overnight in proteose peptone # 3 (15 g/L), soluble starch (1.0 g/L), K2HPO4
(4.0 g/L), KH2PO4 (1.0 g/L), NaCl (1.0 g/L), with fresh sodium bicarbonate (0.042%)
with sterile Kellogg’s Supplement, which consists of two solutions. Kellogg’s
Supplement 1 consists of 400 g/L glucose, 10 g/L glutamine in 100 mL dH2O and 1 mL
of 20% (w/v) co-carboxylase was added after autoclaving when the solution was cooled
to under 50 ̊C. Supplement 2 is a 0.5 % (w/v) ferric nitrate solution. Ten mL/L of
Supplement 1 and 1 mL/L of Supplement 2 were added to the liquid culture before
inoculation. Cultures were grown for 24 hours at 37 ̊C, with shaking under anaerobic
conditions.
2.3.1 Periplasm Extraction
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N. gonorrhoeae periplasm was isolated using a modified method of Masignani et
al. (2003). N. gonorrhoeae was grown to mid-exponential growth phase (OD540 0.6-0.8)
and harvested by centrifugation (5000 x g, 15 min, 4 ̊C). Cells were re-suspended in 25%
sucrose, 50 mM Tris-HCl (pH 8.0). Polymyxin B (1 mg/mL) and 1 EDTA-free proteaseinhibitor tablet were added to the cell suspension, and it was mixed gently at room
temperature for an hour. The un-lysed cells were collected by centrifugation (14000 x g,
30 min, 4 ̊C), and the supernatant containing the periplasm was collected.
2.3.3 Protein-protein Binding Assay
Ape1 was covalently linked to Sepharose resin to act as bait for the potential
binding partners. Prior to binding, Ape1 was dialyzed in coupling buffer (0.1 M
NaHCO3, 5 M NaCl, pH 8.3) and mixed with 2 mL of previously-prepared activated
CNBr-Sepharose 4B resin (GE Healthcare) at 4 ̊C with mixing overnight. The CNBr
resin was prepared according to manufacturer’s instructions involving three washes using
0.001 M HCl. A control resin was prepared using other resin with coupling buffer and no
Ape1 present. After coupling, the resins were washed several times with coupling buffer.
The resins were incubated with 0.3 M glycine (pH 8.0) for 2 hours at 4 ̊C to block all
remaining binding sites on the CNBr resin. The resins were then washed several times
with matrix buffer (50 mM Tris-HCl, pH 8.0) before N. gonorrhoeae periplasm was
added. The slurries were allowed to mix on a nutator at 4 ̊C overnight before being
loaded onto a column and washed several times with matrix buffer. Bound proteins were
eluted using three different washes. The first wash consisted of 50 mM Tris-HCl, 150
mM NaCl (pH 8.0); the second wash was simply 50 mM Tris-HCl, 1 M NaCl (pH 8.0),
and the last wash contained 50 mM Tris-HCl, 5 mM EDTA (pH 8.0). The first 10 mL of
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each wash were collected and 50 mL was washed through before the next wash was
performed. Samples were analyzed by SDS-PAGE.

2.4 Protein Identification Assays
2.4.1 Zymogram Analysis
Zymograms were conducted to assess esterase activity using α-naphthylacetate as
a substrate, as previously described by Weadge and Clarke (2006). After SDS-PAGE,
gels were washed several times with water over a 30 minutes, followed by repeat washes
with cold re-naturation buffer (25 mM sodium phosphate, 10 mM MgCl2, 0.1% (v/v)
Triton X-100, pH 7.0) over the course of 6 hours. Substrate solution of 2 mM αnaphthylacetate in re-naturation buffer was added and incubated at 37 ̊C for 15 minutes.
Gels were washed with dH2O several times to remove excess substrate, and zones of
clearing were visualized using a staining solution of 0.5% tetrazotized O-dianisidine in
re-naturation buffer.

2.4.2 In-Gel Digestion
The SDS-polyacrylamide gels were washed with dH2O several times before
protein bands of interest were excised with a sterile scalpel and collected. The gel pieces
were washed three times for 4 minutes by vortexing in dH2O, before being collected by
centrifugation and de-stained using 25 mM NH4HCO3 in 50% acetonitrile for 10 minutes
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with periodic vortexing, followed by 100% acetonitrile for 5 minutes with occasional
vortexing.
Any cysteine residues in the proteins were reduced and alkylated using 10 mM
DTT at 50 ̊C for 30 minutes and 55 mM iodoacetamide for 30 minutes at 22 ̊C in the
dark. Samples were centrifuged briefly and the supernatant was removed before the
addition of 50 mM NH4HCO3. The solution was vortexed occasionally for 15 minutes
before being centrifuged briefly. The supernatant was removed and 100% acetonitrile
was added and left for 5 minutes before being removed. The gel particles were dried for
20 minutes on a Speedvac.
Trypsin (0.016 µg/µL) in 50 mM NH4HCO3 was added to the dried gel pieces and
allowed to incubate at 37 ̊C overnight. After the trypsin incubation, dH2O was added and
the sample was vortexed for two minutes and centrifuged briefly. The samples were then
put in a sonication bath for 10 minutes and vortexed for 2 minutes before being
centrifuged. The supernatant was collected, and 5% formic acid in 50% acetonitrile was
added to the gel pieces and vortexed for 2 minutes before a 5-minute sonication bath. The
samples were centrifuged and the supernatant was added to the previously collected
samples. The sample volume was reduced to 10-15 µL by evaporation using a Speedvac
before being prepared for LC-MS/MS analysis using a C18 ziptip (Millipore).
2.4.3 LC-MS/MS
The LC-MS/MS analyses were performed at the Mass Spectrometry Facility of
the Advanced Analysis Centre, University of Guelph, using an Agilent 1200 HPLC liquid
chromatograph interfaced with an Agilent UHD 6530 Q-Tof mass spectrometer. A C18
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column (Agilent Advance Bio Peptide Map) was used for chromatographic separation
using 0.1 % formic acid (buffer A), and 0.1% formic acid with acetonitrile (buffer B).
The initial gradient started with 2% buffer B, then increased to 45% in 45 minutes. The
second gradient went to 55% buffer B in 10 minutes then increased to 95% buffer B for
the following 10 minutes, each at a flow rate of 0.2 mL/min. The injection volume was
100 µL, and the mass to charge ratio was scanned across a range of 300-2000 m/z in 4
GHz. Data were loaded directly into Peaks 7 software, where it was refined and subjected
to de novo sequence and database searching.
2.4.4 Gel Filtration
Molecular mass was determined by gel filtration on a Superdex 75 column and a
standard curve was generated using proteins of known mass (aprotinin, RNase, carbonic
anhydrase, BSA, and aldolase). The elution buffer was 50 mM sodium phosphate, 150
mM NaCl (pH 7), at a flow rate of 1 mL/min. Each sample was injected and compared
to the void volume for retention time.

2.5 Effect of pH on inhibitor binding to Ape1
Differential scanning fluorimetry was used to determine the binding parameters of
inhibitors to Ape1 at different pH values. Sypro Orange was provided by the
manufacturer as a 5000x solution in DMSO, and was first diluted 1:100 in working buffer
before being diluted 1:5000 for the final assay solution. Each sample had a final volume
of 40 µL in a PCR tube with 0.2 mM Ape1 in 100 mM tripartite (Ches, Citric acid, and
HEPES) buffer ranging from pH 3-10. Anthraquinone-based inhibitors were added to
final concentrations ranging from 100 µM to 1 mM, with a concentration of DMSO under
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4%. Assays were performed using a Rotogene 6000 RT-PCR machine equipped with a
differential scanning fluorimeter. The samples were heated from 25 ̊C to 95 ̊C at a rate
of 1 ̊ C per minute. The Sypro Orange fluorescence was detected with excitation and
emission wavelengths of 490 nm and 610 nm, respectively. The first derivatives of plots
of fluorescence vs. temperature were plotted using Gene 6000 software to determine each
sample’s Tm value.

2.6 Determination of MICs
Minimum inhibitory concentrations (MICs) of inhibitory compounds were
determined in triplicate using a macrodilution protocol of the Clinical and Laboratory
Standard Institute (M01A8, 2009). Each compound was tested using concentrations from
0 - 128 µM/mL in a 5-mL tube. Starter cultures of test cells were grown overnight at
37 ̊C with shaking and diluted for each test. The MIC was defined as the minimum
concentration of compound that inhibited visible growth.
To test the growth rates of cells in the presence of inhibitory compounds, the
growth of cultures in a 96-well microtiter plate was monitored with time using a
NEPHELOstar nepholometer. Each test was performed in the same manner as the MIC
measurements, using only a 300-µL total volume mixture in a 96-well microtiter plate,
monitored at 635 nm in relative nephelometric units (RNUs).
Combinational analysis was used to determine the synergistic effects of purpurin
and aminoglycosides. This was done using a checkerboard-pattern analysis of purpurin
and the compound of interest. The tests ranged from 1/16 of the previously determined
MIC to the full MIC in a two-fold dilution series. Overnight cultures were grown and
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diluted 1:1000 before added to a total volume of 300 µL in a 96-well microtiter plate.
Growth was monitored using a NEPHELOstar nepholometer, measuring at 635 nm in
RNUs.

2.6 Microscopy
2.6.1 Light Microscopy
Optical light microscopy was conducted with a reveal contract Upright Leica DM
5500B microscope (Molecular and Cellular Imaging, University of Guelph). Images were
taken and processed using Velocity software.
2.6.2 Transmission Electron microscopy
Cultures were grown to an optical density of 0.6 before the compounds of interest
were added. Cultures were allowed to grow overnight before being fixed with 2.5%
glutaraldehyde for two hours and centrifuged at a low speed to keep the compromised
cells intact. The samples were then embedded as described in Beveridge et al., (1994), and
cut into ultra-thin sections using a Porter-Blum microtome. The sections were placed on
200-mesh formvar-coated nickel grids, and stained with 2% uranyl acetate and Reynold’s
lead citrate. The stained sections were imaged with a Philips CM10 Transmission
electron microscope using an Olympus/SIS Morada CCD camera and Olympus/SIS
iTEM software.

2.7 O-Acetylation Levels
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2.7.1 Peptidoglycan Purification
Bacteria were grown for 16 hours to stationary phase and were collected by
centrifugation (5,000 x g, 15 min, 4 ̊C). Isolation of PG was performed using the boiling
SDS procedure essentially as previously described (Clarke, 1993). After boiling cells in
4% SDS for three hours under reflux, keeping the pH under 6.8, insoluble PG was
collected by ultracentrifugation (160,000 x g, 1 hour, 25 ̊C). The PG pellets were
washed several times with 50 mM sodium phosphate buffer (pH 6.0) to remove the bulk
of the SDS, and then enzymatically treated with the addition of α-amylase (100 µg/mL),
DNase (10 µg/mL), and RNase (50 µg/mL) in the presence of 20 mM MgSO4. This
mixture was incubated at 37 ̊C on a nutator for three hours. Trypsin (100 µg/ mL) was
then added to the PG mixture and incubated at 37 ̊C on a nutator overnight. Following
the enzyme treatment, the PG was re-isolated by boiling in 2% SDS (final concentration)
for three hours. The insoluble PG was pelleted by centrifugation (160,000 x g, 1 hour,
22 ̊C) and washed several times with buffer A to remove residual SDS. The PG was
suspended in minimal volumes of buffer A, and then lyophilized and frozen until
required.
2.7.2 Acetate Analysis
O-Linked acetate was released from the purified PG by mild base hydrolysis. The
lyophilized PG was re-suspended in minimal volumes of H2O and sodium hydroxide was
added to a final concentration of 0.1 M to release any ester-linked acetate. The base
hydrolysis was allowed to occur for three hours, and the insoluble PG was collected by
ultracentrifugation (160,000 x g, 1 H, 25 ̊C). The O-linked acetate was quantified by
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HPLC-based organic acid analysis using a Resex ROA- organic acid H+ column.
Samples were eluted isocratically using 5 mM H2SO4 at a flow rate of 0.6 mL/min, and
acetate was detected by absorbance at 210 nm. A standard curve was produced using
known concentrations of acetate to quantify the unknown acetate in each sample.

2.7.3 Muramic Acid Quantification
Purified PG was hydrolyzed in 6 M HCl in vacuo for 1 hour at 96 C. The acid
was removed by desiccation, and the resulting pellet was re-suspended in an equal
volume of dH2O. The acid-hydrolyzed PG was then filtered and stored at -20 until
required for muramic acid analysis. Muramic acid content was analyzed by sugar analysis
using a Dionex High-Performance Anion-Exchange Chromatography system coupled
with pulsed amperometric detection (HPAEC-PAD). The Carbopac PA20 column was
equilibrated in 5 mM sodium hydroxide, and the sugars were resolved using a linear
gradient to 150 mM sodium acetate in 100 mM sodium hydroxide over 40 minutes, at a
flow rate of 0.6 mL/min.

3 Results
3.1 Production and Purification of Ape1
Over-production and purification of Ape1 were performed using a previously
established protocol (Weadge and Clarke, 2006). Ape1 was produced recombinantly
lacking its N-terminal signal sequence and fused with a His6-tag on the C-terminal end of
the protein. The protein was overproduced in E. coli Rosetta cells transformed with
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plasmid pACJW16 harbouring ape1. Freshly-transformed cells were grown to an OD600
0.6-0.8 in Super Broth containing kanamycin (50 µg/mL) and chloramphenicol (34
µg/mL). Then IPTG (1 mM final concentration) was added to the broth to induce the
over-production of Ape1, after which the cells were harvested by centrifugation. Cells
were lysed and Ape1 was purified by a combination of affinity and ion-exchange
chromatography. Clarified cell lysate was applied to a Ni+2–NTA agarose column and
washed twice before Ape1 was eluted with buffer containing 50 mM sodium phosphate,
500 mM NaCl, and 150 mM imidazole (pH 8.0) (Fig 3-1).
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Figure 3-1: SDS-PAGE and Western immunoblot analysis of Ape1 purification.
(A) Coomassie Brilliant Blue stained SDS-polyacrylamide gel of protein samples
containing Ape1 following its over-production in E. coli Rosetta. Lane 1, pre-stained
protein ladder; lane 2, un-induced cell culture lysate; lane 3, crude lysate from culture
post overnight induction with 1 mm IPTG; lane 4, unbound flow-through of IMAC
column; lane 5, IMAC wash (20 mM imidazole); lane 6, IMAC wash (30 mM
imidazole); lane 7, Blank; lane 8, IMAC elution (150 mM imidazole); Lane 9, purified
Ape1 from cation-exchange chromatography. (B) Western immunoblot of samples from
(A) detected using mouse anti-His6 primary antibodies and visualized with goat antimouse secondary antibodies.

The buffer was exchanged overnight with 25 mM sodium phosphate (pH 7.0) by
dialysis in preparation for cation-exchange chromatogaphy on Source S. The dialyzed
Ape1 was applied to Source S previously equilibrated in 25 mM sodium phosphate (pH
7.0), and proteins were eluted using a 0 -1.0 M NaCl gradient as previously described by
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(Weadge and Clarke, 2006). Cation-exchange chromatography yielded two main
fractions in the purification of Ape1 (Fig 3-2), the second of which was thought to be
associated with another isoform of Ape1 with the same specific activity (Weadge and
Clarke, 2006). After cation-exchange chromatography, an average yield of 6-8 mg of
pure Ape1 per 1 L of culture was obtained as determined by the BCA assay.
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Figure 3-2: Cation-exchange chromatography of Ape1 on Source S. The IMACpurified Ape1 was applied to a Source S column in 25 mM sodium phosphate (pH 7) at a
flow rate of 0.7 mL/min. Bound proteins were eluted using a linear gradient of NaCl
from 0-1 M, as shown by the dotted line. Solid line indicates the absorbance at 280 nm.

3.2 Oligomeric State of Ape1
The oligomeric state of Ape1 has never been determined, and it could be possible
that the protein forms homo-dimers or homo-oligomers, thereby possibly precluding
association with any other proteins. Thus, to determine the oligomeric state of Ape1, gel
filtration chromatography was performed. A standard mix of proteins with known
molecular masses was used to standardize a Superdex 150 gel filtration column and a
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standard curve was created. Ape1 was subjected to gel filtration chromatography on the
same column, and its elution was detected by measuring UV absorbance at 280 nm. The
Ape1 eluted between BSA (29 kDa) and aldolase (66 kDa), thus indicating that it
remains monomeric with a mass close to that predicted of 42 kDa based on its amino
acid sequence.

Figure 3-3: Determination of oligomeric state of Ape1. A standard protein mix of
aprotinin (6.5 kDa), ribonuclease A (13.7 kDa), carbonic anhydrase (29 kDa), and bovine
serum albumin (66 kDa) was applied to a Superdex 150 gel filtration column in 25 mM
sodium phosphate buffer (pH 7.0), with 150 mM NaCl, at a flow rate of 1.0 mL/min.
Ape1 was applied using the same procedure, and protein elution times were determined
by measuring absorbance at 280 nm.
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3.3 Identification of Ape1 Binding Partners
When this research was initiated, the crystal structure of Ape1 was not known.
Motif two of Ape1 from N. gonorrhoeae has high sequence similarity to protein-binding
domains of PBP2. This allowed us to predict that motif two was possibly a proteinbinding domain and could be essential for protein-protein interactions. To investigate the
potential binding partner, an affinity pulldown assay was designed using CNBr-activated
agarose as the matrix to hold the “bait”. Ape1 was bound to pretreated CNBr agarose
resin with coupling buffer (0.1 M NaHCO3 , 5 M NaCl, pH 8.3). Residual binding sites of
the CNBr resin were blocked by the addition of Tris-HCl and glycine. The periplasmic
fraction of N. gonorrhoeae was isolated and added to the Ape1-bound CNBr resin and let
mix overnight. The resin was washed several times and the potential binding partner(s)
were eluted using a sequential series of 50 mM Tris-HCl buffers, pH 8.0, containing: i)
150 mM NaCl, ii) 1 M NaCl, and iii) 5 mM EDTA. Each elution fraction was dialyzed
against 0.1 mM Tris-HCl (pH 8.0), and lyophilized to concentrate the samples. The same
process was repeated with resin not bound by Ape1 as a control. When analyzed by SDSPAGE, a small band at about 42 kDa was detected in the first elution. The controls
showed no bands in the two elutions, indicating that there was no unspecific binding to
the resin. Western immunoblotting was conducted using the anti-His6 antibody but no
reaction was observed, indicating that the unknown protein was not recombinant Ape1
binding to itself.
To determine if Ape1 was binding to Ape1 present within N. gonorrhoeae, an
esterase zymogram was conducted. This experiment resulted in no zone of clearing where
the band was found in the first elution, whereas the positive control of recombinant Ape1
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showed a large zone of clearing (Fig 3-4C). In an attempt to identify the 42 kDa protein,
it was gel-extracted, digested with trypsin, and analyzed by LC-MS/MS. These results
showed that the best covered proteins were from N. gonorrhoeae and that they had the
highest similarity to FtsZ, a cytoplasmic protein involved in cell division.
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Figure 3-4: SDS-PAGE, Western immunoblot, and zymogram esterase analyses of
CNBr-affinity assay. (A) Coomassie Brilliant Blue stained SDS-PAGE; Lane 1, prestained protein ladder; lane 2, unbound N. gonorrhoeae periplasm extract; lane 3, wash 1
(150 mM NaCl); lane 4, wash 2 (1 M NaCl); lane 5, blank; lane 6, control unbound N.
gonorrhoeae periplasm extract; lane 7, control wash 1 (150 mM NaCl); lane 8, control
wash 2 (1 M NaCl); lane 9, purified Ape1 control. (B) Western immunoblot of samples
from (A) detected using anti-His6 mouse primary antibodies and visualized with goat
anti-mouse secondary antibodies. (C) Zymogram of esterase activity using samples from
(A). Esterase activity was determined using α-naphthyl-acetate and visualized using
tetrazotized o-diamisistine.
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Figure 3-5: Peptide-coverage map of gel-excised unknown protein. Unknown band
was gel excised and subjected to trypsin digestion before being analyzed by LC-MS/MS.
Peptides were matched for best coverage against known proteins using Peak 7 software.
The peptide sequenced aligned with the sequence of FtsZ from N. gonorrhoeae.

3.4 Binding of Small Molecule Ligands to Ape1
A high-throughput screen conducted with Ape1 from N. gonorrhoeae identified
the anthraquinone purpurin as a strong inhibitor of the enzyme. Subsequent detailed
analysis indicated that it functions as a competitive inhibitor of Ape1, and that it has a
bacteriostatic effect against many Gram-negative and Gram-positive bacteria (Pfeffer et
al. 2012). Inhibition by purpurin appeared to be specific, because other anthraquinones
proved to be poor inhibitors of Ape1, both in vivo and in vitro. This limitation applied to
alizarin which differs from purpurin by only lacking the hydroxyl group on the 4-carbon
(Fig 1-8). However, the presence of this group changes the pKa of the other two hydroxyl
groups on the ring such that at the normal working pH for the inhibition assays, 6.5, the
2-hydroxyl group of purpurin would be deprotonated, whereas it would remain
protonated on alizarin. Thus, it was hypothesized that the strong inhibition observed with
purpurin results from its anionic character under the experimental conditions employed.

50

As pH influences both the assay and the activity of Ape1 (it has a very narrow pHactivity optimum (Weadge and Clarke, 2006)), the effect of pH on the inhibition by
purpurin or alizarin could not be conducted by the activity assay.
Hence, to investigate whether or binding of the anthraquinones requires the
negative charge, a binding study was conducted using differential scanning fluorimetry.
Samples of Ape1 alone were heated from 27 ̊C to 95 ̊C in the presence of Sypro Orange
to determine the Tm (mid-point of folded vs. unfolded) of the protein at pH values ranging
from 3 to 10. As seen in Fig (3-6), the Tm of Ape steadily increased from 36 ̊C to 45 ̊C
with increasing pH from 3 to 5.5. Thereafter, the enzyme appeared to be relatively stable
up to pH 10. Using this technique, the Kd values for purpurin and alizarin were
determined at different pH values by monitoring the change in Tm with the titration of
increasing concentrations of inhibitor (Figs 3.7 A and B). A ten-fold decrease in the Kd
value for purpurin was observed as the pH of the reaction buffer increased from 4 to 6,
and then remained constant at approximately 9 µM thereafter from pH 6 to 7. A similar
trend was observed with alizarin, but the effect was much more dramatic. A 1400-fold
change in Kd was determined for alizarin over the pH range 4 to 7, and it did not level off
at pH 7, suggesting that it would approach the level of purpurin at higher pH. Moreover,
the Kd values for purpurin and alizarin determined by this technique at the pH equivalent
to the pKa of the 2-hydroxyl groups for the respective compounds were very similar
(compare 57.5 µM and 78.7 µM for purpurin and alizarin at pH 4.5 and 6.5, respectively).
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Figure 3-6. Titration curve of Ape1 stability using differential scanning fluorimetry.
Purified Ape1 was heated from 27 ̊C – 95 ̊C at 1 ̊ C/min in the presence of Sypro
Orange. Stability was measured by fluorescence using an excitation wavelength of 460
nm and an emission wavelength of 610 nm.

Figure 3-7: Titration curve of Ape1 stability with purpurin and alizarin, using
differential scanning fluorimetery. Purified Ape1 and 0-1000 µM purpurin (A) or
alizarin (B) were heated from 27 ̊C – 95 ̊C at 1 ̊ C/min in the presence of Sypro Orange.
Stability was measured using an excitation wavelength of 460 nm and an emission
wavelength of 610 nm. Controls containing no inhibitor were performed and ΔTm was
calculated by the change in Tm from samples with inhibitor to control.
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Table 3-1: Calculated Kd values of titration curves. The Kd values were calculated
from the data presented in Figure 3-7.
pH
4
4.5
5
5.5
6
6.5
7

Kd (µM)
Purpurin
88.8
57.5
21.6
18.2
9.77
8.21
8.87

Alizarin
7160
7360
370
237
146
78.7
50.2

3.5 Synergy of Purpurin with Antibiotics
Purpurin has been shown to inhibit Gram-positive and, to a lesser extent, Gramnegative bacteria that produce O-acetylated PG. One of the main issues concerning the
antibiotic treatment of Gram-negative bacteria is getting the drug into the periplasm to
exert its effect; the outer membrane of Gram-negative bacteria provides a permeability
barrier. It has been shown that EDTA and cations can perturb the outer membrane to
allow the drug to reach its internal target enzyme. Although functioning as antibiotics by
inhibiting protein synthesis, aminoglycosides have also been shown to disrupt the outer
membrane, resulting in “self-promoted uptake.” To test if membrane-perturbing agents
can aid in the inhibition of cell growth by purpurin, and possibly function synergistically
with an aminoglycoside antibiotic, a checkerboard analysis was performed on a panel of
select Gram-negative and Gram-positive bacteria. This analysis was conducted in 96-well
microtiter plates with combinations of purpurin and membrane-perturbing agent, at
concentrations of both ranging from 1/16 to full MIC. Combinations where the FIC index
was 0.5 or lower were considered to be synergistic.
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Table 3-2 presents the MIC values of purpurin and each potential membraneperturbing agent together with the calculated FIC index. This analysis shows that
aminoglycosides and EDTA are synergistic mainly with Bacillus cereus species.
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Table 3-2. FIC determination of purpurin in combination with other membraneperturbing agents for species listed
0rganism

Strain

Purpurina MembraneMIC
perturbing
(µg/mL)
agent

MICa
(µg/mL)

FICc
FICc
Purpurin agent

FICd
index

Activitye

Gram
negative
E. coli

DH5

>128

EDTAb
kanamycin
gentamicin
penicillin
streptomycin
EDTAb
kanamycin
gentamicin
penicillin
streptomycin
EDTAb
kanamycin
gentamicin
penicillin

64
8
4
64
8
32
128
16
1
128
16
64
128
128

1
1
1
0.12
0.5
1
1
1
0.5
0.125
0.5
0.25
0.5
1

1
1
1
0.5
1
1
1
1
0.25
0.25
0.25
0.125
0.25
1

2
2
2
0.62
1.5
2
2
2
0.75
0.375
0.75
0.375
0.75
2

N
N
N
N
N
N
N
N
N
S
N
S
N
N

P.
mirabilis

MCB
330

>128

P. stuarti

PR50

>128

ATCC
10987

16

EDTAb
kanamycin
gentamicin
penicillin
streptomycin

0.5
64
8
128
16

0.25
0.125
0.061
0.061
0.125

0.125
0.061
0.061
0.061
0.125

0.375
0.181
0.12
0.125
0.25

S
S
S
S
S

ATCC
14579

16

B. subtilis

MCB
22

16

S. aureus

ATCC
1258

32

EDTAb
kanamycin
gentamicin
penicillin
streptomycin
EDTAb
penicillin
streptomycin
EDTAb
kanamycin
gentamicin
penicillin
streptomycin

0.5
16
8
128
16
0.5
128
16
0.7
16
4
0.05
8

0.125
0.125
0.125
0.061
0.061
0.25
0.125
0.125
0.5
0.25
0.25
0.5
1

0.125
0.061
0.125
0.061
0.061
0.5
0.125
0.25
0.5
0.25
0.5
0.5
1

0.25
0.18
0.25
0.125
0.125
0.75
0.25
0.375
1
0.5
0.75
1
2

S
S
S
S
S
N
S
S
N
N
N
N
N

Gram
positive

B. cereus

a

Minimum inhibitory concentrations determined following overnight incubation in TSB; n=3
EDTA MIC’s determined in mM concentrations
FIC = [X]/MICX, where [X] is the lowest inhibitory concentration of drug in the presence of co-drug.
d
FIC index = FIC membrane-perturbing agent + FIC purpurin
e
N= no interaction, S=synergy
b
c
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Growth curves of B. cereus were generated to examine further the effects of
purpurin at both sub-MIC and MIC levels over 16 hours. It is clear from Fig 3-9 that
purpurin functions to extend the lag time of cultures, since delays in the growth of B.
cereus increased with increasing concentration of compound. The co-administration of
either kanamycin (Fig 3-9) or gentamicin (Fig 3-10) enhanced this inhibition. Moreover,
true synergy was observed. For example, 1/16 the MIC of both purpurin and kanamycin
delayed the growth of B. cereus by more than 12 hours, and increasing kanamycin
concentration to 1/8 MIC precluded any growth.
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Figure 3-8: Effects of purpurin on the growth of B. cereus 10987. Overnight cultures
of B. cereus 10987 were diluted 1:1000 and grown at 37 ̊C in the presence of purpurin
dissolved in DMSO (4% final concentration) at the concentrations indicated.

56

2500
2000
positive control
1500

RNU

4μg/mL kan
8μg/mL kan

1000

16μg/mL kan

1μg/mL pur 4μg/mL kan

500

1μg/mL pur 8μg/mL kan
0
0

5

10

15

20

Time (hours)

Figure 3-9: Effects of purpurin and kanamycin on the growth of B. cereus 10987.
Overnight cultures of B. cereus 10987 were diluted 1:1000 and grown at 37 ̊C in the
presence of kanamycin dissolved in TSB, and purpurin dissolved in DMSO (4% final
concentration) at the concentrations indicated.
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Figure 3-10: Effects of purpurin and gentamicin on the growth of B. cereus 10987.
Overnight cultures of B. cereus 10987 were diluted 1:1000 and grown at 37 ̊C in the
presence of gentamicin dissolved in TSB, and purpurin dissolved in DMSO (4% final
concentration) at the concentrations indicated.
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As purpurin is an inhibitor of Ape1, an enzyme involved in the metabolism of PG,
B. cereus cells that had been treated with the compound alone, and in combination with
an aminoglycoside, were examined by transmission electron microscopy. Because the
divisional septum was the area of interest, cells were grown to mid-exponential growth
phase prior to the addition of compounds. Cells were harvested after overnight growth
and then fixed, stained, and cut into 100-nm slices to observe the sagittal sections. Cells
grown in the presence of either 0.25 x MIC purpurin, or 0.125 x MIC kanamycin,
appeared to grow normally with the same morphology as control cells incubated in the
absence of either compound (Fig 3-11). However, the combination of the two (viz., 0.25
x MIC purpurin and 0.125 x MIC kanamycin) caused an overall elongated morphology,
and cells lacked any septa. These effects appeared to be restricted to the presence of the
aminoglycoside, because the co-administration of penicillin with purpurin did not lead to
any changes in cellular morphology, nor did it affect cell division.

58

Figure 3-11: TEM images depicting morphological effects of purpurin in
combination with aminoglycosides against B. cereus 10987. Overnight cultures of B.
cereus 10987 were grown and diluted 1:1000 into fresh TSB and grown to midexponential growth phase before antibiotics were added. Cells were incubated overnight
at 37 ̊C and visualized by TEM following thin-sectioning of samples. Panel: (A) B.
cereus untreated control; (B) cells grown in the presence of ¼ MIC (4 µg/mL) purpurin;
(C) 1/8 MIC (8 µg/mL) kanamycin; (D) ¼ MIC purpurin and 1/8 MIC kanamycin; (E) ¼
MIC (2 µg/mL) gentamicin; (F) ¼ MIC purpurin and ¼ MIC gentamicin; (G) 4 µg/mL
penicillin; (H) 4 µg/mL purpurin and 4 µg/mL penicillin. Scale bar denotes 2 µm.
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3.6 O-Acetylation Analysis
The PG O-acetylation levels of B. cereus 10987 were investigated in the presence
of purpurin and in combination with kanamycin. Cells were grown to mid-exponential
phase before the inhibitors were added at sub-MIC concentrations, and then they were
allowed to grow to an OD600 of 1.5 before being harvested. The PG was isolated and
subjected to base treatment and acid hydrolysis. Acetate was quantified using a standard
curve generated using an organic acid column. Muramic acid was quantified using a
HPAEC-PAD with a Pac20 column. The percentage O-acetylation was determined by the
ratio of acetate to muramic acid. The PG extracts from control cells of B. cereus were
found to possess 64% O-acetylation (Table 3-3), a level observed previously with cells
grown to stationary phase (Pfeffer, 2012). The presence of purpurin at a sub-MIC level
caused an increase in O-acetylation, a finding not unexpected given that the compound
inhibits the O-acetylesterase activity of Ape1. Interestingly, the additional presence of
kanamycin, an antibiotic that does not directly inhibit PG metabolism, caused an even
greater increase in PG O-acetylation.
Table 3-3: Comparison of PG O-acetylation levels of Bacillus cereus 10987 grown
with inhibitory compounds.
Control

% O-acetylation
64.3 ± 2.35

Kanamycin
70.3 ± 0.38
Purpurin
77.8 ± 0.55
Purpurin + Kanamycin
92.5 ± 1.65
% mol of base liable acetate relative to MurNAc content in isolated peptidoglycan (±
standard deviation, n≥3)
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3.7 Influence of Purpurin on Lysozyme Susceptibility
To test the lytic effects of lysozyme on B. cereus in the presence of purpurin
several growth curves were created. Sub-MIC levels of purpurin in combination with
varying lysozyme concentrations were added and monitored over 18 hours with a
nepholometer. It is clear from Fig 3-12 that, in the absence of purpurin, lysozyme has no
discernible effect on the growth of B. cereus. Very surprisingly, however, the presence of
sub-MIC levels of purpurin appear to have rendered the cells more susceptible to
lysozyme, as reflected by the increase in lag times before cell growth with increasing
concentrations of the lytic enzyme.

Figure 3-12: Effects of purpurin and lysozyme on the growth of B. cereus 10987.
Overnight cultures of B. cereus 10987 were diluted 1:1000 and grown at 37 ̊C in the
presence of lysozyme dissolved in TSB, and purpurin dissolved in DMSO (4% final
concentration), at the concentrations indicated.
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4 Discussion
This research focused on three objectives: i) to determine the binding partner of
Ape1 from Neisseria gonorrhoeae, ii) to elucidate the inhibitory mechanism of purpurin
on Ape1, and iii) to investigate the antibacterial mechanism of purpurin with membraneperturbing agents. With regards to the first objective, it was determined with gel-filtration
chromatography that the oligomeric state of Ape1 is a monomer. Using CNBr-activated
Sepharose pull-down assays, a putative binding partner was isolated and analysed via
mass spectrometry. It was determined that purpurin and other anthraquinones require a
negative charge on the 2-hydroxyl group to inhibit Ape1 effectively. Finally, purpurin
was found to work in synergy with aminoglycosides on species of Bacillus cereus. The
synergistic mechanism was observed by light microscopy and TEM, showing elongations
in cell length and improper septum formation. These findings will be discussed in further
detail below.

4.1 Ape1 binding
Ape functions to remove O-acetyl groups for the C-6 position of muramoyl
residues in PG to provide sites for LT activity. As such, it is expected that Ape would be
required for the insertion of PG precursors into the growing PG sacculus of bacteria that
produce O-acetylated PG. The regulation of this PG synthesis and degradation is thought
to be controlled by the formation of multi-enzyme complexes of PG-synthesizing
enzymes, and by autolytic enzymes to accommodate the “make-before-break” model of
PG biosynthesis. Several complexes have been observed with autolytic and biosynthetic
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enzymes, including PBP1B, MltB, and scaffold protein MipA (Vollmer et al., 1999).
These studies, however, involved bacteria that do not O-acetylate PG, such as E. coli and
P. aeruginosa, and consequently the presence of Ape would not be observed. Thus, it is
possible that Ape1 binds to analogous complexes in bacteria that do produce O-acetylated
PG to remove the acetyl group, thereby clearing the way for the LTs to act on the PG. To
test if Ape1 binds to an LT, affinity chromatography experiments were performed with
Ape1 as bait and N. gonorrhoeae periplasmic material as the prey. At that time, it was not
known whether Ape1 functioned in monomeric or oligomeric form, and so this possibility
was investigated by gel-filtration chromatography. As seen in Fig 3-3, Ape1 appears to
exist in a monomeric form, a result supported by the subsequent observations by others
that Ape functions as a monomer (Williams et al., 2014). The sequencing results that
followed confirmed that the isolated binding partner of Ape1 was not another Ape1
molecule. Surprisingly though, these analyses indicated that FtsZ binds to Ape1, and not
an LT, at least within detectable limits. Certainly, it is possible that Ape1 may bind to
other proteins associated with the PG replicase, but FtsZ may be more abundant making it
the only partner to be seen by this analysis.
FtsZ is a divisionary protein that is known to be the first protein to assemble at the
future divisionary site on the inner face of the cytoplasmic membrane. This protein
creates a Z ring which has contractile motion helping to create the septum (Salimnia et
al., 2000). FtsZ is also known to be part of the divisome which consists of many FTS
proteins, PBP1B, PBP2, and some autolytic enzymes like AmiC (reviewed in Aarsman et
al., 2006). Again, most of what is known about these complexes has been established
with E. coli and P. aeruginosa, and nothing is yet known about these complexes in N.
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gonorrhoeae. As a likely component of the PG replicase complex of N. gonorrhoeae,
however, and being localized to its leading edge to be effective, it is tempting to speculate
that Ape1 may help to anchor the replicase to the divisome. This said, FtsZ is a
cytoplasmic protein and hence it was surprising that it appeared to be fished from a
periplasmic fraction of the cell as a possible binding partner of Ape1. It is possible that
the fractionation process used to isolate the periplasm was too harsh, and that some
proteins associated with the cytoplasmic membrane, including FtsZ, contaminated the
sample. One way to test this idea would be to assay for known periplasmic and
cytoplasmic marker proteins in the respective fractions. Confirmation and further
characterization of the specificity of Ape1 binding to FtsZ could be conducted using
purified authentic FtsZ from N. gonorrhoeae once recombinant protein was made
available. Knowing more about this interaction might expose new targets for antibiotic
research along with extending our knowledge on divisionary regulation in pathogenic
bacteria.

4.2 Specificity of anthraquinone-based inhibitors
Earlier studies by former members of the Clarke lab identified purpurin as an
effective inhibitor of Ape1 (Johnson, 2008; Pfeffer et al., 2012). This inhibition appeared
to be quite specific to purpurin because other similar anthraquinones served only as weak
inhibitors. When comparing the physicochemical properties of these related
anthraquinones, it was postulated (Zia, 2012) that the efficacy of purpurin was due to the
deprotonation of the 2-hydroxyl group; its pKa of 4.7 is atypically low. In the current
study, differential scanning fluorimetry was used to determine the effect of pH on the
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binding purpurin and alizarin to Ape1. The Kd values were derived from melting curves
of Ape1 that were produced in the presence of increasing concentrations of ligand in the
various pH conditions. The technique monitors the changes in fluorescence of a dye
(Sypro Orange) as it binds to hydrophobic residues in the protein that become exposed as
the protein denatures with increasing added heat.
Both purpurin and alizarin increased the stability of Ape1 under the assay
conditions used, which was to be expected if binding to the active site occurs. Indeed,
purpurin has been shown to be a competitive inhibitor of Ape1, indicating that it binds to
block access of substrate to the catalytic site (Pfeffer and Clarke, 2012). The Kd of Ape1
for purpurin remained constant at pH 7 to 6, but then increased as the pH of reaction
conditions approached the pKa value of the 2-hydroxyl group (viz., 4.7), and continued
to decrease thereafter to pH 4. Unfortunately, the decreased stability of the enzyme
precluded further analyses below pH 4. These data are consistent with Ki values
determined earlier (Zia, 2012), and further support the hypothesis that the negative charge
on the inhibitor facilitates strong binding to the enzyme. That this anionic character is
required for interaction with Ape was confirmed by binding studies conducted with
alizarin, since a 1,400-fold change in Kd value was observed as the pH of reaction
conditions increased to pH 6.5, and changed little thereafter; the pKa value of the 2hydroxy group of alizarin is 6.6. Competitive inhibitors work by binding to catalytic
residues or residues essential for substrate binding resulting in a stable protein complex.
Hence, the negatively-charged purpurin (or alizarin) may bind to residues forming the
oxyanion hole of Ape1 or, perhaps more likely, the positively-charged His-369 residue
that comprises the catalytic triad. Further specificity for the binding of these
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anthraquinone-based inhibitors could be contributed by the benzene ring core structure,
since it might provide the appropriate hydrophobicity that mimics the hydrophobic
patches of the natural substrate MurNAc. The participation and importance of His-369 in
binding these inhibitors could be tested in the future using a form of Ape that has a sitespecific replacement. The His-369→Ala derivative of Ape1 has been engineered, and it is
devoid of observable catalytic activity precluding the possibility of deriving Ki data.
However, differential scanning fluorimetry does not require the enzyme to be
catalytically active, and thus could be used to generate Kd values, if any binding to the
anthraquinones does occur. Such information would be very helpful if the anthraquinone
will be used as a core structure for the rational design of a more effective inhibitor, and
potential new antibiotic.

4.3 Synergy of purpurin with antibiotics
Previously, purpurin was found to alter the morphology and inhibit the growth of
some Gram-positive bacteria that produce O-acetylated PG. Similar results were
observed with Gram-negative bacteria, but only when a regent known to perturb the outer
membranes was co-administered at sub-MIC levels (Pfeffer and Clarke, 2012).
Subsequent studies revealed a possible synergistic effect if an aminoglycoside antibiotic
was used as the membrane-perturbing reagent (Zia, 2012). To elucidate further the
synergistic effects of membrane-perturbing agents with purpurin, several
aminoglycosides were tested in checkerboard-pattern analysis. The tests against the
known Gram-negative bacteria were to be as expected, weakly synergistic, as seen in
Table 3-2. These results are congruent with the EDTA synergy tests conducted earlier
with N. gonorrhoeae (Pfeffer and Clarke, 2012). However, it was surprising to find that
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such synergism extended to B. cereus. As a Gram-positive bacterium, B. cereus does not
possess an outer membrane that might be perturbed by the aminoglycoside. This apparent
synergistic effect of aminoglycosides and purpurin against strains of B. cereus was
further investigated by establishing growth curves. Purpurin is known to be a
bacteriostatic inhibitor (Pfeffer and Clarke, 2012), and this property is reflected by the
increases in lag time of growth when cultures were grown in the presence of increasing
amounts of purpurin. These effects are exacerbated when sub-MIC levels of
aminoglycosides are added. As perturbation of an outer membrane does not apply to B.
cereus, the aminoglycosides must be functioning differently to work in synergy with
purpurin. In addition to perturbing the outer membrane of Gram-negative bacteria (for
“self-promoted” uptake), the antibacterial activity of aminoglycosides is caused by
binding specific ribosomal proteins, thereby inhibiting protein synthesis. Specifically,
aminoglycosides bind to the 30S subunit of the ribosome and inhibit the binding of the
50S ribosomal subunit, resulting in impeded protein production (Vicens and Westhof,
2003). Hence, the lag observed when only purpurin is included in culture broths could
reflect the time required for cells to produce more Ape (and/or other affected enzymes) to
overcome the competitive inhibitor. If indeed so, more time would be required with
increasing concentrations of the inhibitor to achieve this effect. In the presence of an
aminoglycoside, the ability of the cell to produce Ape in sufficient concentrations to
overcome the inhibitor would be further extended and lead to the apparent synergism
observed.
The hypothesis that purpurin would have an effect on PG metabolism, either
directly or indirectly, was supported by the direct observation that treated cells become
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elongated and unable to divide in its presence. This was observed by both light and
electron microscopy. Treated cells were found to be up to 4 µm long, which is about
double the length of control cells, while the width of the cells was not altered, remaining
at an average of 1.5 µm. The synergistic action of purpurin with an aminoglycoside also
affected septal formation. However, these observations need to be interpreted with some
caution, because only limited sample numbers of the transverse sections of the elongated
B. cereus cells were analyzed. This limitation thus precludes the ability to make
generalized statements about the entire population of cells, but certainly some cells were
affected in this manner.
Purpurin was discovered as an inhibitor of N. gonorrhoeae Ape1, and it is known
to affect the morphology of these cells, indicating the link between Ape activity and PG
metabolism; the PG sacculus confers bacterial morphology. Although it has been
established that purpurin has an inhibitory effect on the growth of B. cereus, a Grampositive bacterium that produces O-acetylated PG, it is not known whether or not OacetylPG esterase (i.e., Ape) activity is required for PG metabolism in this bacterium. An
earlier genomic study indicated that homologs of Ape are found in only a limited number
of Gram-positive bacteria (Weadge et al., 2005), and a subsequent search has not
identified many others. Moreover, it is not known if the “ape1” gene identified in B.
cereus encodes a functioning Ape. It is possible that it does not, because a recent study
with N. gonorrhoeae determined that a gene product formerly thought to encode Ape was
found to function as a PG O-acetyltransferase (Pat) (Moynihan & Clarke, 2010). That
said, growth of B. cereus in the presence of purpurin led to an increase in PG O-
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acetylation, suggesting that the inhibitory effect was not targeting Pat activity, but rather
an activity associated with the removal of the O-acetyl modification.
Typical levels of PG O-acetylation amongst all bacteria that perform this
modification range from 20% to 80%. For B. cereus 10987 specifically, the level
determined in this study was 64% relative to MurNAc content, a value very close to that
determined previously (Pfeffer, 2012). This level of O-acetylation increased slightly
when cells were cultured in the presence of kanamycin. This result was expected because
it has been known for some time that aminoglycoside antibiotics cause an increase in PG
O-acetylation in both Gram-positive (Rosenthal et al., 1985) and Gram-negative
(Johannsen et al., 1983) bacteria. It was not clear what the relationship between
aminoglycoside therapy and PG O-acetylation was, but more recent investigations
suggested a link between PG O-acetylation and a resistance response. One major form of
resistance to aminoglycosides is the production of acetyltransferases that N-acetylate
specific amino groups on the antibiotics (recently reviewed in Becker and Cooper, 2013).
Clarke and co-workers found that a resistance factor originally identified as
aminoglycoside-2’-acetyltransferase (AAC2’) has a housekeeping function as a PG Oacetyltransferase, at least in Providencia stuartii (Payie & Clarke, 1997; Payie et al.,
1995). Hence, if this dual function of housekeeping and antibiotic resistance applies to
other bacteria that produce O-acetylPG, or at least to B. cereus, then it would be expected
that purpurin would function synergistically with the aminoglycoside to produce the very
high levels of PG O-acetylation observed; the aminoglycoside would induce increased Oacetylation to cope with the antibiotic, as well as perform its normal role, while purpurin
would inhibit the putative de-O-acetylation.
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Whereas the observations are consistent with the discussion presented above, it
should be noted that the O-acetylation data may be misleading due to the crude nature of
purifying Gram-positive PG. It is possible that there are SCWPs present in the PG sample
as contaminants despite effort to preclude this. The SCWPs of B. cereus, like other
species of Bacillus are also O-acetylated (Leoff et al., 2008; 2009), and so any
contamination would contribute to the quantification of O-acetylation. However, as the
same procedure was used for the isolation of each of the PG samples, the relative
differences between them should reflect the status of PG O-acetylation.
The O-acetylation of PG confers resistance to lysozyme, including those of the
innate immune system of mammals (Shimada et al., 2010). To test if purpurin increased
resistance of B. cereus to lysozyme, growth curves were generated in the presence of
lysozyme and/or purpurin. Theoretically, as the O-acetylation levels increase, so would
the resistance to lysozyme, allowing the Bacillus cells to grow as normal (Bera et al.,
2005). Given this expectation, it was very surprising to find that purpurin caused the
Bacillus cells to be more susceptible to lysozyme. One explanation for this observation
could concern the proper formation of the cells’ S-layer. The O-acetylation of PG has
been shown to aid in SCWP anchoring and S-layer formation (Laaberki et al., 2011).
With an S-layer that is unable to form properly, it is possible that lysozyme could gain
access to PG causing the cells growth to be impeded; a normal S-layer in B. cereus of
about 2-3 nm thickness does not allow lysozyme to penetrate. The S-layers of some
species of Bacillus, such as B. circulans, have pore sizes greater than 3-5 nm, making
them more susceptible to lysozyme (Sara et al., 1990). If purpurin causes the S-layer to
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form improperly, perhaps involving increased pore sizes or creation of larger holes,
lysozyme may be able to penetrate and exert its detrimental effect.

4.4 Future Directions
To elucidate the inhibitory mechanism of purpurin on Ape1 further, a crystal
structure of the enzyme in complex with purpurin would be very helpful. This structural
information would reveal how the inhibitor interacts with the enzyme. Especially
informative would be learning how the oxyanion of the 2-hydroxyl group contributes to
the binding and to what residue in Ape. Other future research should determine the
function and role of “Ape” in B. cerues and related species. Such experiments could
involve a RT-PCR analysis of cells grown in the absence and presence of purpurin and
aminoglycosides. This experiment could be designed to monitor the expression of each of
the putative enzymes in the OAP cluster. Also, the preliminary experiments designed to
investigate any synergistic behaviour of purpurin with penicillins should be expanded
upon. Finally, the ability of Bacillus species to produce endospores in the presence or
purpurin was never examined. The spore viability, O-acetylation levels, and morphology
could be examined to further elucidate purpurin’s inhibitory mechanisms and the
potential for it to serve as a template for antibiotic development.

5 Conclusion
This research focused on three objectives: i) to determine the binding partner of
Ape1 from N. gonorrhoeae, ii) to elucidate the inhibitory mechanism of purpurin on
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Ape1, and iii) to investigate the antibacterial mechanism of purpurin with membraneperturbing agents. These studies found that Ape1 exists as a monomer and possibly binds
to FtsZ in a multi-enzyme complex. By using differential scanning fluorimetry, it was
determined that the inhibitory mechanism of purpurin was most likely due to the deprotonation of the hydroxyl group on the 2- carbon of the anthraquinone. Through a
number of checkerboard-pattern analyses, purpurin was determined to act in a synergistic
manner with aminoglycosides against species of B. cereus. As a bacteriostatic inhibitor,
purpurin extends the lag phase of organisms such as B. cereus and this effect is enhanced
when aminoglycosides are included. The synergistic action of these compounds also
causes B. cereus cells to become elongated concomitant with an increase in PG Oacetylation. Lastly, it was shown that B. cereus cells become more susceptible to
lysozyme in the presence of purpurin. This research helps show that Ape1 and the Oacetylation machinery of pathogenic bacteria may be suitable targets for the development
of novel antibiotics.
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