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Abstract 
 

Identification and Kinetic Characterization of Inhibitory 

Compounds Targeting O-Acetylpeptidoglycan Esterase 1 from 

Neisseria gonorrhoeae 

 

Asad Zia         Advisor: 

University of Guelph, 2012     Dr. Anthony J. Clarke 

 

Highly infectious pathogenic strains of bacteria are becoming increasingly 

resistant to the current clinical antibiotics which have created a dire need for the 

development of novel antibiotics. O-Acetylpeptidoglycan esterase 1 (Ape1) is a 

periplasmic esterase present in several peptidoglycan (PG) O-acetylating pathogenic 

species of Gram-positive and all Gram-negative bacteria that perform this modification to 

this essential cell wall polymer.  Inhibition of this growth-limiting enzyme may prove the 

principle that Ape1 has the potential to be the target for the development of a novel class 

of antibiotics.  Ape1 plays a crucial role in bacterial growth by regulating PG turnover 

through catalytic removal of the C-6 acetyl group from O-acetylPG.  This activity is 

required for the continued metabolism of PG because the major autolytic enzymes 

involved, the lytic transglycosylases, require a free C-6 hydroxyl group to produce their 

reaction product, 1,6-anhydromuramic acid.  Several of the compounds that have been 

identified to effectively inhibit Ape1, were re-evaluated by determining their kinetic 

parameters.  Work presented in this thesis explored the inhibitory potential of these 

compounds, belonging to the anthraquinone (alizarin, quinizarin, quinalizarin, emodin, 

sennoside A) or tannin (ellagic acid) families of compounds, both in vitro and in vivo, 

among species of bacteria that are known to O-acetylate their PG.  Of the inhibitory 

compounds tested, ellagic acid was found to be most effective in vitro, with an IC50 value 

of 0.91 µM ± 0.06, Ki 1.18 ± 0.04 and in vivo it was shown to reduce bacterial growth.



 

iii 

 

Acknowledgements 

 

First and foremost, I would like to thank my advisor Dr. Anthony Clarke. It was his 

guidance and assistance that allowed me to achieve this milestone in my life.  I 

would also like to thank the current members of the Clarke lab that created a unique 

and dynamic environment that was both fun and engaging. 

 

Finally, I would like to thank my family members, especially my mother and father 

Qudoos and Naeem Zia, for your continuous support. 

 

  



 

iv 

 

Table of Contents 

1 Introduction ......................................................................................... 1 

1.1 Neisseria gonorrhoeae ...................................................................1 

1.2 Gram-Negative Bacterial Cell Wall ...............................................1 

1.3 Peptidoglycan .................................................................................3 

1.3.1 Peptidoglycan Synthesis and Arrangement ............................5 

1.3.2 Recycling of PG ......................................................................9 

1.3.3 Structural Variation in Peptidoglycan .................................. 11 

1.3.4 PG O-Acetylation/O-deacetylation ...................................... 12 

1.4 Thesis Objectives ........................................................................ 18 

Overview of Objectives: ..........................................................................18 

1.4.1 Recent Progress .................................................................... 18 

1.4.2 Compounds of Interest ......................................................... 19 

1.4.3 Research Proposal ................................................................ 21 

1.4.4 Significance .......................................................................... 23 

2 Materials and Methods .....................................................................24 

2.1 Chemicals and Reagents ............................................................. 24 

2.2 Bacterial Strains and Plasmids .................................................... 24 

2.3 Media and Growth Conditions .................................................... 25 

2.4 In Vitro Methods ......................................................................... 25 

2.4.1 Preparation of Competent Cells ........................................... 25 

2.4.2 Transformation ..................................................................... 26 

2.5 Protein Methods .......................................................................... 26 

2.5.1 Overproduction of Ape1 ...................................................... 26 

2.5.2 Protein Purification by Immobilized Metal Affinity 

Chromatography ................................................................... 26 



 

v 

 

2.5.3 Fast-protein Liquid Chromatography Purification of His6-

tagged Proteins ..................................................................... 28 

2.5.4 SDS Polyacrylamide Gel Electrophoresis............................ 28 

2.5.5 Western Immunoblotting for His6-tagged Proteins .............. 28 

2.5.6 Determination of Protein Concentration .............................. 29 

2.6 Enzyme Assays ........................................................................... 29 

2.6.1 Microtitre Plate Assay for Esterase Activity ....................... 29 

2.6.2 Inhibition Kinetics ................................................................ 30 

2.6.3 Minimum Inhibitory Concentrations ................................... 30 

3 Results ................................................................................................32 

3.1 In vitro Experiments .................................................................... 32 

3.1.1 Overexpression and Purification of Ape1 ............................ 32 

3.1.2 Assay Conditions ................................................................. 35 

3.1.3 Efficacy of Several Anthraquinones and Other Inhibitory 

Compounds ........................................................................... 37 

3.1.4 Determining Inhibition Modality and Dissociation Constant 

(Ki) for Ellagic acid and Sennoside A .................................. 42 

3.2 In vivo Experiments .................................................................... 45 

3.2.1 Determining the Extent of Compound-Based Growth 

Inhibition for Ape1 Containing Bacterial Species ............... 45 

4 Discussion ...........................................................................................51 

5 Conclusions ........................................................................................59 

6 References ..........................................................................................61 

7 Supplementary Data .........................................................................68 

7.1 SigmaPlot Reports ....................................................................... 68 

  



 

vi 

 

List of Figures 

Figure 1-1: Gram-Negative Cell Wall.. ....................................................................................................... 2 

Figure 1-2: PG A1γ Chemotype found in E. coli and gonococcal species ................................................ 4 

Figure 1-3: PG biosynthesis ......................................................................................................................... 6 

Figure 1-4: PG growth. ................................................................................................................................ 8 

Figure 1-5: Degradation and recycling of PG by autolysins. .................................................................. 11 

Figure 1-6: PG Modifications .................................................................................................................... 12 

Figure 1-7: O-Acetylation and de-O-acetylation of PG. .......................................................................... 15 

Figure 1-8: Catalytic mechanism of Ape1 ................................................................................................ 17 

Figure 1-9: Compounds of interest as Ape1 inhibitors identified by HTS. ........................................... 19 

Figure 3-1: Cation-exchange chromatography of Ape1 on Source S ..................................................... 33 

Figure 3-2: Anion-exchange chromatography of Ape1 on Source Q. .................................................... 33 

Figure 3-3: SDS-PAGE analysis of Ape1 purification. ............................................................................ 34 

Figure 3-4: Western immunoblot of samples ........................................................................................... 34 

Figure 3-5: Determination of p-nitrophenol extinction coefficient. ........................................................ 35 

Figure 3-6: Effect of DMSO on Ape1 activity .......................................................................................... 36 

Figure 3-7: Inhibitory effects of alizarin on Ape1.................................................................................... 39 

Figure 3-8: Inhibitory effects of quinizarin on Ape1. .............................................................................. 39 

Figure 3-9: Inhibitory effects of emodin on Ape1. ................................................................................... 40 

Figure 3-10: Inhibitory effects of quinalizarin on Ape1. ......................................................................... 40 

Figure 3-11: Inhibitory effects of sennoside A on Ape1. ......................................................................... 41 

Figure 3-12: Inhibitory effects of ellagic acid on Ape1. ........................................................................... 41 

Figure 3-13: Lineweaver-Burk plot presentation of Ape1 inhibition by sennoside A. ......................... 43 

Figure 3-14: Lineweaver-Burk plot presentation of Ape1 inhibition by ellagic acid. ........................... 44 

Figure 3-15: Effect of sennoside A on the growth of B. cereus 14579.. .................................................. 46 

Figure 3-16: Effect of ellagic acid on the growth of B. cereus 14579. ..................................................... 46 

Figure 3-17: Effects of sennoside A on the growth of B. cereus 10987. .................................................. 48 

Figure 3-18:  Effects of ellagic acid on the growth of B. cereus 10987. .................................................. 48 

Figure 3-19: Effects of purpurin on the growth of B. cereus 10987. ...................................................... 49 

Figure 3-20: Effects of ellagic acid and purpurin on B. cereus 10987. ................................................... 49 

Figure 3-21: P. stuartii growth curve with ellagic acid. ........................................................................... 50 

  



 

vii 

 

List of Tables 

Table 2-1: Bacterial species and strains used in this study ...................................................................... 24 

Table 2-2: Buffer composition for IMAC purification of His6-tagged recombinant proteins ............... 27 

Table 3-1: Summary of IC50 values for tested compounds, arranged in decreasing efficacy ................ 38 

Table 3-2:  Kinetic parameters and mode of inhibition for selected compounds. .................................. 42 

 

  



 

viii 

 

List of symbols and abbreviations 

A  Absorbance 

Alizarin 1,2-dihydroxy-9,10-anthracenedione 

APS  Ammonium persulphate 

BCA   Bicinchoninic acid 

BSA   Bovine serum albumin 

EDTA  Ethylenediamine tetraacetic acid 

Emodin 1,3,8-trihydroxy-6-methylanthracene-9,10-dione 

GlcNAc N-Acetylglucosamine 

HPLC  High performance liquid chromatography 

IMAC  Immobilized metal affinity chromatography 

IPTG  Isopropyl ß-D-1-thiogalactopyranoside 

LB  Luria-Bertani 

LT  Lytic transglycosylase 

m-DAP meso-Diaminopimelic acid 

MurNAc N-Acetylmuramic acid 

Mu-Ac  Methylumbelliferyl acetate 

Ni
+2

-NTA Nickel-nitrilotriacetic acid 

OD  Optical density 

PAGE  Polyacrylamide gel electrophoresis 

Purpurin 1,2,4-trihydroxyanthracene-9,10-dione 

PBP  Penicillin binding protein 

SDS  Sodium dodecyl sulphate 

Quinizarin 1,4-dihydroxyanthracene-9,10-dione 

Quinalizarin 1,2,5,8-tetrahydroxyanthracene-9,10-dione 

RNU  Relative nephelometric unit 



 

1 

 

1 Introduction 

1.1 Neisseria gonorrhoeae  

Neisseria gonorrhoeae is a Gram-negative, diplococcus responsible for the 

sexually transmitted infection, gonorrhea.  Gonorrhea is a major health care concern 

with a steadily rising global incidence averaging 22 million cases and annual costs 

running into billions of dollars (Genco and Wetzler, 2010).  In Canada, gonorrhea 

infection mainly prevails among the younger sexually active demographic where the 

reported infection rate has risen 90% since 1997 (Canada, 2007).  Exploiting humans as 

its only host, gonococcal infection occurs at various sites in the body.  Its characteristic 

signs and symptoms include local inflammation of the infected region and a pus 

discharge from the genitals when occurring in the sexual organs.  Pain and burning 

sensations are also some of the common symptoms.  Gonorrheal-associated infections 

include conjunctivitis, pharyngitis, urethritis and prothritis (Workowski et al., 1993).  

N. gonorrhoeae has evolved to take full advantage of humans as its only host, 

where adapted defensive mechanisms allow the bacterium to evade the host’s immune 

system.  N. gonorrhoeae’s natural competency allows it to adapt and thrive in its 

environment.  Horizontal gene transfer mechanisms allow for genetic plasticity without 

the need for reproduction (Maiden, 1993).  This mechanism confers pathogenic 

characteristics, primarily the acquisition of antibiotic resistance genes by Neisseria 

species which, in turn, increases pathogenicity (Hamilton and Dillard, 2006).  With 

rapidly increasing resistance towards the current antibiotics, novel antibiotics must be 

effective at eradicating the infection to prevent transmission (Tanaka, 2012). Currently 

the only compounds effective against N. gonorrhoeae belong to the Cephalosporin class 

of β-lactam antibiotics.  Novel antibiotics must target a new invariant structural aspect of 

the bacterial species to ensure complete elimination of infection (Unemo et al., 2012). 

 

1.2 Gram-Negative Bacterial Cell Wall 

The characteristic Gram-negative cell wall is comprised of the outer and the 

inner membrane, separated by the periplasm, which contains the peptidoglycan (PG) 
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sacculus (Figure 1-1). Due to a relatively thin PG, Gram-negative cells do not retain 

crystal violet of the Gram stain procedure, allowing for the associated classification to 

be made.  The periplasm houses various enzymes and structural precursors of PG.  PG-

associated enzymes are distributed throughout the periplasm and are also found 

anchored to the inner and outer membrane (Koch, 1998).  As a cell wall component, PG 

of bacterial cells has developed to provide structural rigidity, which not only counteracts 

the osmotic pressure of the cytoplasm but also provides the cell with its characteristic 

shape (Salton, 1953). 

 

 

Figure 1-1: Gram-Negative Cell Wall.  A characteristic Gram-negative cell wall, 

composed of outer membrane, periplasm and inner membrane.  The outer membrane contains 

both the lipopolysaccharide portion (depicted as protruding red chains) and a phospholipid 

portion that differentiates Gram-negative from Gram-positive bacterial species.  Peptidoglycan is 

situated in between the outer and inner membrane and forms a thin meshwork within the 

periplasm.  Several membrane-bound proteins can also be found in inner and outer membrane as 

shown. 

 

Lipopolysaccharides (LPS) form the outer membrane of Gram-negative bacteria 

(reviewd by Raetz, 1990).  The LPS layer is a part of the outer membrane and is 

composed of three parts: i) Lipid A, a hydrophobic lipid molecule, ii) a saccharide core, 

and iii) an O-antigen domain.  The structure of Lipid A makes it possible to anchor the 

LPS molecule into the outer membrane. The composition of Lipid A varies with species 

but generally it consists of a glucosamine-based disaccharide joined through β-1, 6 

linkages.  The disaccharide can be phosphorylated at C-1 of the reducing end of 

glucosamine and C-4 of the non-reducing end of glucosamine.  The presence of amide- 
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linked β-hydroxy fatty acid molecules at the C-2 carbon and esterfied β-hydroxy fatty 

acids at the C-3 of the disaccharide allow for the attachment of LPS molecules to the 

outer layer of the outer membrane.  Enzymes associated with LPS synthesis and transfer 

to the outer membrane can be found situated within all the cell wall components (Wang 

and Quinn, 2010). 

 

1.3 Peptidoglycan 

PG is the major structural element of the bacterial cell wall and it plays an 

essential part in the vitality of the bacterial cell. A heteropolymer of sugar and amino 

acids, PG provides structural rigidity and resistance against the osmotic (turgor) pressure 

of the cytoplasm.  Growth, maturation and defence of bacterial cells require constant 

turnover and secondary modification of PG (Blasco et al., 1988).  Understanding the 

details of this metabolism and its regulation may lead to the identification of new targets 

for the development of novel antibiotics to control or eliminate pathogenic bacterial 

species. 

PG consists of polymerized alternating N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc) residues with a β-(14) bond joining the two (Vollmer 

and Bertsche, 2008).  Present as a thin meshwork or sacculus surrounding the Gram-

negative bacterial cells, it consists of multiple chains of GlcNAc and MurNAc that are 

linked together by an interpeptide bridge.  A peptide bridge consists of several adjoined 

amino acids that are found to be L-alanine (Ala)-D-glutamic acid (Glu)- -meso-

diaminopimelic acid (A2pm)-D-Ala-D-Ala in E. coli.  These peptide bridges are linked to 

MurNAc residues via amide linkages at the D-lactoyl position.  Crosslinking between the 

glycan chains occurs at the hydroxyl group of the D-Ala at position 4 of the first strand 

and the meso-A2pm amino acid at position 3 of the second strand.  PG variation is 

classified as chemotype and is mainly seen at the diamino acid at position 3 of MurNAc 

bound peptide chain.  The chemotype A1γ is also present in gonococcal PG (Figure 

1-2).  The letter A of the chemotype division (A1γ) indicates the cross-link between 

meso-A2pm of position 3 and D-alanine of position 4.  Chemotype numbered subdivision 

(1) indicates the type of linkage within the aforementioned crosslink.  Finally, the 
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subgroup designated by greek letter gamma (γ) defines the amino acid containing the 

diamino group. 

 

 

 

Figure 1-2: PG A1γ Chemotype found in E. coli and gonococcal species.  A indicates 

the presence of L-diamino acid at position 3 of the peptide chain.  1 refers to a direct linkage 

(instead of an interpeptide bridge) between L-diamino acid at position 3 and D-Ala at position 4 

of the second peptide chain.  Finally, γ defines the L-diamino acid present at position 3 of a 

peptide chain as being meso-diaminopimelic acid (m-DAP). 

Peptide chains in cells at exponential and stationary phase consist of a 

tetrapeptide with a prevailing D-D crosslink between the Ala and meso-A2pm.  The PG 

meshwork is dynamic, where the state of its structure reflects the growth state of the 

bacterial cell (Mengin-Lecreulx and Van Heijenoort, 1985).  Dynamic characteristics of 
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PG are dependent on the concentrations of PG synthesizing/hydrolyzing enzymes that 

alter the structure. 

 

1.3.1 Peptidoglycan Synthesis and Arrangement 

The synthesis and turnover of PG consist of new precursor formation and 

recycling of existing subunits.  This process occurs in the cytoplasm, inner membrane 

and periplasm (reviewed in Park, 1995).  The synthesis of new PG occurs in three stages 

where disaccharide peptide monomers are formed in the cytoplasm, transported across 

the cytoplasmic membrane and finally incorporated in the growing PG sacculus. Thus, 

UDP-GlcNAc is first synthesized in the cytoplasm by the enzyme UDP-N-

acetylpyrophosphorylase (MurA), which adds UTP to GlcNAc-1-P, releasing inorganic 

pyrophosphate (van Heijenoort, 2001).  Additional reactions catalyzed by enzymes 

MurZ and MurB lead to conversion of a portion of UDP-GlcNAc to UDP-MurNAc.  

UDP-MurNAc is further modified through the attachment of amino acid chains.  

Enzymes MurC, MurD, MurE and MurF are responsible for the sequential addition of L-

Ala, D-Glu, meso-diaminopimelic acid, and D-Ala-D-Ala to MurNAc, respectively 

(Figure 1-3).   This leads to the formation of UDP-MurNAc-pentapeptide moiety, which 

is then coupled through a pyrophosphate bond with undecaprenyl-phosphate that is 

associated with the cytoplasmic membrane to give Lipid I.  Addition of a GlcNAc 

residue via UDP-GlcNAc by MurG enzyme to Lipid I leads to the disaccharide penta-

peptide, Lipid II.  Lipid II is then transported across the cytoplasmic membrane to its 

periplasmic face by an unknown process to be ultimately integrated into the pre-existing 

PG meshwork through both transglycosylation and transpeptidation reactions.  The 

enzymes that perform these last steps are the penicillin binding proteins (PBPs) (Figure 

1-4). 

  



 

6 

 

 

Figure 1-3: PG biosynthesis. Synthesis of PG starts in the cytoplasm where a pre-generated 

pool of UDP-GlcNAc serves as the bases for PG synthesis.  With the addition of a lactyl moiety, 

the enzymes MurA and B convert a portion of UDP-GlcNAc to UDP-MurNAc.  Peptide chain is 

then sequentially attached to the carboxyl group of the lactyl moity of UDP-MurNAc by 

enzymes Mur,C,D,E and F, where MurF attaches dipeptide D-Ala to form UDP-MurNAc 

pentapeptide.  Membrane bound MraY transfers UDP-MurNAc pentapeptide to undecaprenyl 

phosphate forming Lipid I.  The catalytic addition of GlcNAc by MurG to Lipid I forms Lipid II.  

Translocation to the periplasm of Lipid II is carried out by a membrane bound flippase where 

penicillin binding proteins integrate the disaccharide units into the pre-existing PG sacculus. 
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  All of these PG biosynthesis enzymes have, at one point, served as a target for an 

antibiotic development but with varying success.  By far, the most successful of these is 

the inhibition of the transpeptidation reactions by the beta-lactam class of antibiotics, 

with the inhibition of transglycosylation by vancomycin.  However, the emergence of 

resistant strains has in many cases limited the clinical use of these drugs. While efforts 

have been made to extend the efficacy of the existing antibiotics, an alternative strategy 

to combat this resistance is to identify new targets within the cell. 

The PBPs covalently bind β-lactam antibiotics such as penicillin, which were 

originally used to study the catalytic activity of these proteins, giving them their 

characteristic name (Macheboeuf et al., 2006).  PG synthesis is carried out by PBPs 

through a bifunctional or monofunctional mechanism based on the function of motifs 

present in the enzyme.  These functional motifs are highly conserved in the bacterial 

species. PBPs have conserved structural elements which include a cytoplasmic tail, 

transmembrane components and multiple domains (N and C terminal) joined by a β-

linker, each with its own function.  Classification of PBPs is dependent on activity of 

their N-terminal domain, leading to division into classes A, B or C.  Class A PBPs are 

bi-functional proteins which contain an N-terminal domain with glycosyltransferase 

activity.  Class B PBPs contain mono-functional enzymes and include an N-terminal 

domain which only interacts with other proteins in the periplasm. 

The C-terminal domain functions as a transpeptidase in both class A and B PBPs. 

The PBPs present in bacterial species vary in quantity and importance for cell wall 

sustainability.  In N. gonorrhoeae, four PBPs have been identified, relative to the twelve 

PBPs identified in Escherichia coli (Barbour, 1981; Stefanova et al., 2003). Nonetheless, 

N. gonorrhoeae PBPs have similar function to the PBPs of E. coli. 

Continuous production of new PG strands requires integration without rupturing 

the pre-existing structure.  Several growth models have been suggested but the 

mechanism proposed by Holjte (Höltje, 1998), called the “three for one growth 

strategy”, is the only model which explains PG growth in accordance with Koch’s 

proposed “make before break” strategy (Koch, 1990) (Figure 1-4).  According to the 

model, newly synthesized strands are incorporated into existing PG at a ratio of three to 

one, where a triplet cross-linked glycan strand is simultaneously exchanged for a single 
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strand in the PG.  This exchange requires an enzyme complex composed of bi-functional 

synthases and lytic enzymes (autolysins).  Triplet strands are inserted to replace the 

single strand through covalent bonding at the amino group of A2pm.  Strands to be 

incorporated are found in a relaxed state due to the conformation of the peptide cross 

link.  Once incorporated, the peptide strands conform to the shape of the sacculus due to 

turgor pressure. 

 

Figure 1-4: PG growth.  PG growth requires the action of penicillin binding proteins to 

perform transglycosylation and transpeptidation reactions, where the associated bond formation 

is highlighted in purple, respectively.  PBPs have been the target of numerous antibiotics such as 

pencillins, vancomycin, and Moenomycin.  PBP complex integrates nascent triplet PG strands 

into the pre-existing meshwork.  Transpeptidation reaction links the nascent strands at the free 

amine group of meso-diaminopimelic acid before cleaving (indicated by the asterisks) the 

existing crosslink at the occupied amine group (three for one strategy).  MurNAc and GlcNAc 

are highlighted in red and blue, respectively. 

 

The arrangement of glycan strands is a much debated topic.  Two theories 

(scaffold vs planar) currently exist  for the organization of peptidoglycan, but much of 
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the evidence supports the classical planar model (Braun et al., 1973).  With the planar 

model, PG is oriented parallel to the cytoplasmic membrane along with the cross-linked 

peptides, whereas the non-crosslinked peptide chains project above and below the plane.  

In concert with the “three-for-one” strategy, this model provides an explanation for the 

growth and division of PG.  The planar model, accounts for most, if not all, of the 

observations made regarding PG metabolism  (Gally et al., 1993).  One observation is 

the arrangement of the very large number of disaccharide units that are calculated to be 

present in the periplasm, where the circumferential planar layout fully encompasses the 

whole cell (Vollmer and Ho, 2004) 

Additionally, this arrangement satisfies the measured thickness of 2.5 nm of a 

mono PG layer in E. coli (Vollmer and Ho, 2004).  In response to the mechanical 

pressure from the cytoplasmic membrane as exerted by turgor pressure, the peptide 

bonds in between the disaccharide chains in planar arrangement allow the PG layer to 

expand out like a mesh.  However, even though more support for the planar model 

exists, some experimental data is still lacking. 

 

1.3.2 Recycling of PG 

Turnover and recycling of PG is required for cell separation and growth.  

Disassembly of PG requires the action of lytic enzymes.  These enzymes have the 

potential to be autolytic and, if left uncontrolled, could lead to lysis of the bacterial cells 

and hence they are referred to as autolysins (Höltje, 1995). Autolysins are responsible 

for reversing the assembly mechanisms through removal of both glycosidic and peptide 

bonds and they are present in much greater number in comparison to synthesizing 

enzymes (Vollmer et al., 2008).  These autolysins consist of lytic tranglycosylases, 

amidases, endo-exopeptidases, and glucosaminidases (Figure 1-5).   

In E. coli, several autolysins exist. Although redundant in their roles, each 

enzyme is specific for a bond linking the PG polymer together (Van Heijenoort, 2011).  

Lytic transglycosylases are analogous in action to muramidases as they cleave β 1-4 

bonds of unmodified MurNAc and GlcNAc as constituents of PG.  However, unlike 

muramidases, which are hydrolases, the lytic transglycosylases cleave PG with the 

concomitant formation of 1-6 anhydroMurNac residues (Figure 2) as first described by 
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Höltje et al. (1975). The glucosaminidases function as exopolysaccharidases, 

hydrolyzing the bond between GlcNAc and non-reducing MurNAc.  Amidases are 

responsible for cleaving the peptide chain from MurNAc in the PG polymer.  

Collectively, these enzymes are responsible for signal relay through product generation, 

indicating current cell state (reviewed in Rice & Bayles, 2008). 

N. gonorrhoeae efficiently recycles constituents of PG generated due to the 

activity of the autolytic enzymes (reviewed in Chan et al., 2012).  These products are 

taken up by transporters specific for PG monomers.  Amp G is a cytoplasmic membrane 

transporter protein responsible for taking up muropeptides that include GlcNAc and 1, 6 

anhydroMurNAc, specifically.  Once PG monomers are translocated across the 

cytoplasmic membrane, they are further modified to create products that can be 

reintroduced into the PG synthesis cycle.  These modifications include the removal of 

additional peptides to yield a glucosamine attached tripeptide.  Much of the hydrolytic 

activity and synthesis takes place at the division site of the bacterial cell (Margolin, 

2005).  In rod-shaped bacteria such as E. coli, the division process is dependent on septal 

ring formation at the division site.  This necessitates assembly and the action of invariant 

proteins which are required to determine the division plane and to start the synthesis 

process (Margolin, 2000).  One of the invariant proteins includes FtsZ, a tubulin-like 

protein that localizes at the midline of the cell to form a contractile structure.  Formation 

of the septal ring leads to recruitment of additional cell division proteins along with 

recruitment of PBPs required for PG synthesis.  Formation of the division plane in N. 

gonorrhoeae leads to generation of identical size daughter cells (Westling-Häggström et 

al., 1977).  Unlike E. coli, there has not been much research conducted on the 

involvement of proteins at the division site in cocci.  However, the identified gene 

cluster appears to be similar to the one found in E. coli (Goehring and Beckwith, 2005). 
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Figure 1-5: Degradation and recycling of PG by autolysins.  Complexity of PG 

degradation is indicated by the specificity of individual enzymes responsible for disassembling 

the network.  Target of each enzyme is indicated by the arrow pointing to the bond.  PG 

constituents are labeled and colour coded as shown in the figure.  The reaction by-product of the 

lytic transglycosylases, anhydro-MurNAc, is also shown in red. 

1.3.3 Structural Variation in Peptidoglycan 

In many bacteria, PG subunits are continuously modified before or after their 

incorporation into the main strand (Vollmer, 2008). These structural variations include 

acetylation, glycolation and deacetylation and they serve to control autolytic activity at 

the substrate level as well as provide resistance to lysis by foreign enzymes of the innate 

immune systems (Figure 1-6).  Deacetylation involves the removal of N-acetyl groups 

from the C-2 position of GlcNAc and/or MurNAc residues.  At this juncture, it is known 

to occur in some Gram-positive bacteria and the extent of deacetylation is dependent on 

the bacterial species and strain.  The PG N-deacetylases that catalyse this reaction 

belong to the carbohydrate esterase family 4 of the CAZy classification system for 

carbohydrate active enzymes (www.cazy.org).  Likewise, glycolation appears to be 

limited to select bacteria and it involves the replacement of the N-acetyl groups of 

muramoyl residues with glycolic acid.  Unlike other modification processes, glycolation 

takes place during the biosynthesis of individual glycan subunits but again the extent of 

the modification is species specific.  

  

http://www.cazy.org/
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Figure 1-6: PG Modifications.  The various types of modification that may occur on PG are 

presented in this model structure.  Acetyl groups are depicted in red, while the lactyl moiety of 

MurNAc and free amines are in green and blue font, respectively. 

 

The O-acetylation of PG occurs specifically on MurNAc, forming 2,6-

diacetylmuramoyl residues.  It occurs in both Gram-negative and Gram-positive bacteria 

including a number of important human pathogens such as N. gonorrhoeae, N. 

mennigitidis, Staphylococcus aureus, Streptococcus pneumonia, and Bacillus anthracis 

(Dupont and Clarke, 1991). The extent of acetylation varies from 20 to 70%, being both 

species and strain specific and prevents PG metabolism. The presence of C-6 acetyl 

groups precludes the actions of lysozyme and lytic transglycosylases for different 

reasons, despite the fact that both enzymes cleave the ß 1-4 glycosydic bond connecting 

MurNAc and GlcNAc residues.  However, with lysozyme, productive binding of PG for 

catalytic hydrolysis requires free C-6 hydroxyl groups on each of the three MurNAc 

residues that bind within the active site cleft.  Thus, the presence of O-acetylation 

sterically hinders productive binding (reviewed in Höltje et al., 1975).  Lytic 

transglycosylases on the other hand require a free C-6 hydroxyl group on the MurNAc 

of the glycosidic linkage to be cleaved because it participates directly in the catalytic 

mechanism and then comprises the 1, 6-anhydro-MurNAc reaction products of the 

enzymes (Scheurwater et al., 2008). 

 

1.3.4 PG O-acetylation/de-O-acetylation 

Despite the discovery of PG O-acetylation over 50 years ago (Abrams, 1958), the 

pathways leading to its formation are only now being delineated.  PG O-acetylation has 

shown to be a maturation event of the sacculus, and thus occurs in the periplasm (Clarke 
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and Dupont, 1992).  Of significance, newly synthesized Lipid II precursors of PG do not 

have acetyl groups at the C-6 of MurNAc (reviewed in van Heijenoort, 2007).  As 

proposed by Clarke et al. (2002; 1998), O-acetylation of PG involves either a single or 

two component system.  With the single component model, a transmembrane protein, 

called OatA for O-acetyltransferase A, is responsible for both translocating acetate 

across the cytoplasmic membrane from the cytoplasm to the periplasm and then 

transferring it to PG.  With the two component model, which is a subtle variation of the 

single component model, the activity of acetate translocation and transfer to PG is 

carried out by two separate proteins, PatA and PatB (Figure 1-7). 

The oatA gene was identified using an oatA knockout strain of S. aureus, which 

resulted in increased lysozyme susceptibility.  A genomic study suggested that the 

production of Oat A is limited to only Gram-positive bacteria that O-acetylate their PG 

(Bera et al., 2005).  Unfortunately, OatA has not been characterized biochemically in 

vitro, but the source of transferred acetate is speculated to be cytoplasmic acetyl-CoA.  

With Gram-negative bacteria, early biochemical evidence from studies with N. 

gonorrhoeae and Proteus mirabilis also indicated that the process of MurNAc O-

acetylation occurs in the periplasm after incorporation of PG precursors into the sacculus 

(Lear & Perkins, 1986;Gmeiner & Kroll, 1981).  In a genomic study, Weadge et al. 

(2006) used the sequence of an integral membrane protein, AlgI, proposed to be 

involved in the O-acetylation of the exopolysaccharide, alginate, in Pseudomonas 

aeruginosa to probe the N. gonorrhoeae genome.  This study led to the identification of 

a cluster of orfs that encode hypothetical enzymes involved in acetyl transfer. The 

cluster was named OAP for O-acetylPG (Weadge et al., 2005).  Phenotypic studies by 

Dillard & Hackett (2005) with N. gonorrhoeae demonstrated that loss of the first gene in 

this cluster, the paralog of AlgI and thus a hypothetical integral membrane protein, 

results in a decrease in O-acetylation.  This gene product was named PatA, for PG O-

acetyltransferase (Weadge et al., 2005). More recently, Moynihan and Clarke (2010) 

provided the first biochemical evidence for the “two component model” in N. 

gonorrhoeae.  A second gene product immediately downstream of patA in the OAP 

cluster was shown to function as an O-acetyltransferase, with its activity being 

dependent upon functional PatA.  This O-acetyltransferase was named PatB.  Thus, PatA 
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and PatB are postulated to function as a two component system for PG O-acetylation.  

As a putative integral membrane protein, PatA would act like OatA (Bera et al., 2005) or 

OatB (Bernard et al., 2011) to translocate acetate across the cytoplasmic membrane and 

then PatB, which is localized to the periplasm, would receive the acetate and transfer it 

to PG.  Homologs and paralogs of PatA/PatB have been identified in all Gram-negative 

bacteria that O-acetylate PG (Weadge et al., 2005).  Interestingly, in addition to being 

present in Gram-negative bacteria, OAP clusters are also present in some Gram-positive 

bacteria, including B. anthracis where, in this case, both Oat and Pat systems operate to 

O-acetylate PG (Laaberki et al., 2011). 

The sacculus of Gram-negative bacteria has as little as one complete layer of PG, 

where O-acetylation would preclude any subsequent metabolism.  Removal of O-

acetylation has been attributed to an O-acetylPG esterase (Ape1) (Figure 1-7) that was 

also found to be encoded in the OAP cluster, immediately downstream from patB on the 

N. gonorrhoeae chromosome (Weadge et al., 2005; 2006).  A genomic analysis 

suggested that the enzyme is present in all Gram negative bacteria that perform O-

acetylation (Weadge et al., 2005).  Further analysis of the identified homologs and 

paralogs suggested that the Ape1 family of hypothetical proteins could be organized into 

subfamilies based on the presence of consensus motifs.   

The gene encoding N. gonorrhoeae Ape1 was cloned and expressed in E. coli.  A 

derivative of the enzyme was generated lacking its N-terminal signal sequence and 

membrane anchor thereby facilitating its production for biochemical characterization.  

Using several assays, the enzyme was indeed found to function as an esterase with 

specificity for O-acetylated PG (Weadge and Clarke, 2006).  Analysis of its amino acid 

sequence suggested that Ape1 may function as a GDSL serine esterase (Weadge et al., 

2005). 
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Figure 1-7: O-Acetylation and de-O-acetylation of PG.  PatA translocates acetate from 

the cytoplasm, presumably from pools of acetyl-CoA, for its transfer to PG by PatB.  The O-

acetyl groups preclude the reaction catalyzed by autolysins (e.g. lytic transglycosylases), where 

Ape1 is required to de-O-acetylate before PG can be degraded.  

 

The mechanism of Ape1 was subsequently elucidated through biochemical studies.  

Sulfonyl fluorides, but not metal chelators, were found to inhibit Ape1, supporting its 

identification as a serine (Ser) esterase and not a metallo-enzyme.  Site-directed 

mutagenesis studies revealed the catalytic triad of Ape1 were important for activity as 

their replacement with Ala led to abolishment of activity.  This led to the identification 

of Ser80, His369 and Asp366 as the residues that form the catalytic triad of Ape1.  

Without an available crystal structure of Ape1, its structure was modelled on the known 
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three-dimensional structure of previously crystallized rhamnogalacturonan 

acetylesterase from Aspergillus aculeatus (Mølgaard et al., 2000).  The location of these 

conserved amino acids in the predicted structure was consistent with its identification as 

a Ser esterase.  Thus, the Ser residue is postulated to be rendered nucleophilic by its 

proximity and alignment with the His and Asp diad for its attack on the carbonyl carbon 

of the substrate acetyl group to form a tetrahedral intermediate, which then collapses to 

form an acyl enzyme intermediate with the concomitant release of the MurNAc product.  

Water is then used in the reverse reaction to release the acetate and return the enzyme to 

its active form for a subsequent reaction (Weadge and Clarke, 2007) (Figure 1-8). 
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Figure 1-8: Catalytic mechanism of Ape1 with classic Ser, His, Asp as the catalytic 

triad.  1) Binding of the substrate, O-acetylMurNAc, leads to abstraction of a proton by His 

from Ser rendering it nucleophilic.  The electron rich nucleophilic Ser then attacks the carbonyl 

of the ester-linked acetate present at MurNAc, forming an intermediary state that is stabilized by 

the oxyanion hole.  2) The short lived transition state then collapses to give the acetylated Ser 

reaction intermediate.  His bound proton is donated to the C-6 oxygen of MurNAc, returning the 

positive charge on amino group of the His.  3) Abstraction of a proton from a water molecule by 

His leads to a repeat of the previously explained reaction where hydroxide now plays the part of 

nucleophilic serine, attacking the serine bound acetyl group.  This leads to acetate molecule 

leaving the enzyme and regenerating pre-substrate bound enzyme. 
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1.4 Thesis Objectives 

 

Overview of Objectives: 

O-Acetylpeptidoglycan esterase 1 (Ape1) acts as an indirect regulator of PG 

synthesis and turnover.  Bacterial autolysins are responsible for PG turnover (Payie et 

al., 1996) and may be dependent on Ape1 activity.  Thus, Ape1 presents itself as a 

prospective antibiotic target as it could play an important role in PG structural integrity.  

Recent studies have classified Ape1 as an SGNH esterase from  the carbohydrate 

esterase (CE) family 3 based on hypothetical structural models and its activity as an O-

acetyl esterase (Weadge et al., 2005; Weadge & Clarke, 2006; Weadge & Clarke, 2007).  

As a periplasmic protein, Ape1 acts to remove the hydroxyl bound acetyl group at the C-

6 carbon of the MurNAc residue of PG (Weadge et al., 2005).  Previously, Weadge and 

Clarke (2006) were unsuccessful in their attempts to isolate viable transformants of N. 

gonorrhoeae strains with inactivated ape1, suggesting that Ape1 may be essential for 

bacterial cell survival.  As a result of these findings, I will be continuing the search for 

inhibitors of Ape1 to further characterize the enzyme, provide additional proof of 

principle that Ape1 is necessary for bacterial survival and thereby present a new target 

for the development of a novel class of antibiotics. 

 

1.4.1 Recent Progress 

In a broad spectrum search for inhibitors of Ape1, the enzyme was screened 

against 3,580 compounds from several libraries at the High Throughput Screening 

(HTS) Facility of McMaster University (Pfeffer and Clarke, 2012).  Inhibitory activities 

of compounds were measured in relative fluorescence units (RFU) per second using a 

fluorometric assay with 4-methylumbelliferyl-acetate as substrate.  From the data 

obtained, 38 compounds were found to be effective in inhibiting the esterase activity of 

Ape1 to varying degrees (0-70% residual activity) under the conditions employed.  

These compounds varied greatly in their structure, molecular mass and the associated 

chemical class but only purpurin was studied in further detail (Johnson, 2009). 
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1.4.2 Compounds of Interest 

Of interest are the seven compounds which were identified as active inhibitors in 

the HTS.  Three of the more effective compounds are purpurin (1,2,4-

trihydroxyanthracene-9,10-dione), sennoside A,  and ellagic acid (Figure 1-9).   

 

Figure 1-9: Compounds of interest as Ape1 inhibitors identified by HTS.  
Compounds shown in this figure were investigated in the study, whereas compounds highlighted 

in red hold the most potential as Ape1 inhibitors. 
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These either belong to anthraquinone (purpurin, sennoside A) or tannin (ellagic acid) 

family of compounds. Both anthraquinones and tannins are plant derived.  The basic 

structure of anthraquinone is defined as 9,10-dioxoanthracene (Figure 1-9), with triple 

aromatic ring structure anthracene serving as its core element. Substitutions made to the 

aromatic rings define the different compounds in the anthraquinone family.  These 

compounds can be classified as either alizarin or emodin type, with a single ring 

substitution, or multiple ring substitutions, respectively.  Anthraquinones are either plant 

derived or synthesized and some have a broad spectrum antimicrobial effect (O’Brien, 

1991). 

Tannins are a set of naturally occurring compounds that can be extracted from 

plants and vary in both chemical properties and molecular weight (Serrano et al., 2009).  

They are generally characterized in four groups (condensed tannins, complex tannins, 

gallotannins and ellagitannins) which mainly serve a defensive antimicrobial purpose.  

In humans, ellagitannins show beneficial physiological effects, some of which include 

anti-pathogenic and anti-viral properties (Khanbabaee and Ree, 2001). 

 

Purpurin 

Purpurin is a naturally occurring anthraquinone pigment mainly used as a 

colouring agent. It occurs in Rubia tinctorum (madder plant) as a colourless, 

carbohydrate bound moiety.  In the past, purpurin’s biochemical role has been mainly 

linked with antimutagenic and chemopreventative properties (Takahashi et al., 2002).  

Antifungal activities of purpurin have also been shown against Candida species (Kang et 

al., 2010).  More recently, purpurin was identified as the first known inhibitor of Ape1 

(Pfeffer and Clarke, 2012).  Originally identified in the HTS as an active inhibitor, 

purpurin’s efficacy was reconfirmed through in depth in vitro and in vivo assays. In vitro 

data show purpurin to be a moderately effective, specific competitive inhibitor, against 

Ape1 when using p-nitrophenyl acetate as substrate.  Purpurin, when combined with 

EDTA to perturb the outer membrane, was evenly effective against all Gram-negative 

species that were known to contain Ape1, including N. gonorrhoeae.  Ape1’s specificity 

for purpurin is supported by its morphological and bacteriostatic effects on N. 
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gonorrhoeae but without a crystal structure of Ape1, specific interactions cannot be 

identified. 

 

Sennoside A 

Sennoside is an anthraquinone derivative, glycoside compound.  A 

dianthraquinone, sennoside A is commonly used as a laxative in humans.  Additionally, 

it shows inhibitory activities against serine proteases.  Sennoside A does not seem to 

possess effective antimicrobial characteristics (Sharma et al., 2012). 

 

Ellagic Acid 

Ellagic acid is a closed ring dilactone structure of hexahydroxydiphenic acid, a 

by-product of ellagitannin oxidation.  It has both lipophilic and hydrophilic properties 

due to the presence of multiple rings and hydroxyl/lactone groups which in turn make 

the compound thermostable and sparingly soluble in water (Bala et al., 2006).  

Biochemically, ellagic acid has been shown to bind both DNA and proteins, where in 

proteins it acts as a strong inhibitor of protein kinases (reviewed in Aguilera-Carbo et 

al., 2008).  In addition, ellagic acid has also been linked as a potent scavenger of free 

radicals (reviewed in Landete, 2011).  In terms of antimicrobial activities, nothing 

definitive has been presented that may show a unique relationship and raise interest in 

using it as a potential antibiotic.  High MIC values with ellagic acid have been reported 

against species of Streptococcus, Lactobacillus and the Actinomycetes.  Of interest are 

adjuvant-like properties of ellagic acid which allow for the uptake of exogenous 

compounds (e.g., 1-N-phenylnaphthylamine (NPN)) in Acinitobacter species (Chusri et 

al., 2009). 

 

1.4.3 Research Proposal 

Little is known in terms of the regulation of PG metabolism, especially in 

Neisseria spp.  The importance of PG de-O-acetylation in the regulation of PG digestion 

has been demonstrated through prevention of the formation of 1,6-anhydromuramoyl 

product of lytic transglycosylase activity by Blackburn and Clarke (2002).  De-O-
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acetylation of PG carried out by Ape1 represents one half of a dynamic system.  In 

Gram-negative bacteria, a balance of both Pat and Ape enzymes regulate PG O-

acetylation and de-O-acetylation, respectively.  Inhibition of Ape1 and the bacteriostatic 

phenotype produced using the compound purpurin, proved the principle that Ape1 is 

indeed essential to host viability.  On the basis of successful Ape1 inhibition, it would be 

helpful to identify additional compounds from the initial HTS to assess their efficacy as 

inhibitors by determining their kinetic parameters.  Furthermore, a small library of 

inhibitors, each targeting Ape1 with a unique mode of inhibition, can be used to 

determine the in vivo conditions in which Ape1 operates.  This initial set of compounds 

may form the basis for the development of a novel class of antibiotics. 

In vivo efficacy of compounds, especially in the highly dynamic intracellular 

environment of a bacterial cell, cannot always be correlated with its in vitro efficacy.  

For that reason, an effective inhibitor must have several characteristics in order to be 

effective in vivo.  These characteristics include: 1) a specific mode of inhibition where 

inhibitor affinity and specificity is high for enzyme; 2) small size and relatively high 

solubility in media in which it is to be tested; 3) high structural stability (no known 

degradation products or metabolites) for the duration of the in vivo tests.  In the case of 

Ape1, an ideal compound would also be able to cross the outer membrane with relative 

ease and target Ape1 in the periplasm, preventing substrate turnover and inhibiting the 

esterase activity.   

In order to find a suitable inhibitor of Ape1, several compounds identified by the 

HTS, ranging in residual activity from 0-40% will be further analysed to determine their 

efficacy as Ape1 esterase inhibitors.  This study will mainly deal with previously 

highlighted compounds, several of which seem promising, including ellagic acid and 

sennoside A.  Other members of the anthraquinone family will also be tested to draw a 

structure and inhibition relationship within the anthraquinone family.  Inhibition assays 

will be conducted both in vitro and in vivo to determine the mode of inhibition and 

specificity of compounds. 
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1.4.4 Significance 

With an increase in the number of antibiotic-resistant bacterial strains, the need for 

the development of novel and effective antibiotics has become apparent.  The primary 

focus of the aforementioned experiments is to reveal the relationship between Ape1 and 

its host organism.  Using potential Ape1 inhibitors we can identify specific compounds 

which can arrest Ape1 activity.  Findings of these experiments will reaffirm Ape1 

importance for bacterial viability and also establish a small library of inhibitory 

compounds. Identifications of additional compounds could serve as the basis for the 

development of a new generation of antibiotics.  
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2 Materials and Methods 

2.1 Chemicals and Reagents 

DNase I, RNase A, pronase, isopropyl ß-D-1-thiogalactropyranoside (IPTG) and 

ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor tablets were acquired 

from Roche Molecular Biochemicals (Laval, QC).  Acrylamide and glycerol were 

purchased from Fisher Scientific (Nepean, ON).   All growth media used were purchased 

from Difco Laboratories (Detroit, MI).  MonoS 5/5 cation exchange column and 

Ni
2+

NTA-agarose were purchased from Amersham Pharmacia Biotech (Uppsala, 

Sweden) and Qiagen (Valencia, CA) respectively.  All other reagents and chemicals 

were purchased from Sigma Chemical Co. (St. Louis, MO), unless otherwise stated. 

 

2.2 Bacterial Strains and Plasmids 

Bacteria and their genotypes used in this study are listed in Table 1.  

 

Table 2-1: Bacterial species and strains used in this study 

Species Strain Description Reference or 

source 

Gram-Negative    

Escherichia coli BL21-λDE3 

[pLysS] 

F
-
 ompT hsdSB (rB

-
m B

-
) 

gal dcm (DE3) pLysS 

(Cm
R
) 

Invitrogen 

Neisseria 

gonorrhoeae 

FA 1090 Genome sequenced 

strain; source organism 

of recombinant Ape1; 

produces O-acetylPG 

Janik et al., 1976 

Providencia stuartii PR 50 Produces O-acetylPG 

and Ape1 

Clarke lab strain 

collection 

Gram-Positive    

Bacillus cereus ATCC 

10987 

Genome sequenced 

strain.  Produces O-

acetylPG and Ape 

ATCC 

 ATCC 

14579 

Genome sequenced.  

Produces O-acetylPG, 

but no Ape 

ATCC 
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2.3 Media and Growth Conditions 

Tryptic Soy Broth (TSB) was used as a general liquid growth medium for both 

Gram-negative and Gram-positive species unless otherwise noted.  N. gonorrhoeae 

strains were grown in liquid media consisting of proteose peptone # 3 (15 g/L), soluble 

starch (1.0 g/L), K2HPO4 (4.0 g/L), KH2HPO4 (1.0 g/L), pH 7.0 and 10 mL/L of 

Kellogg’s defined supplement.  NaHCO3 was added at a final concentration of 20 mM 

prior to inoculation.  N. gonorrhoeae strains were grown for 24 h at 37 
o
C in a humid 

5% (v/v) CO2 incubator as previously described (Weadge and Clarke, 2006).   

Kellog’s defined supplement consists of 400 g/L glucose, 10 g/L glutamine and 1 

mL 0.5% (w/v) ferric nitrate solution, all dissolved in 100 mL dH2O.  This was sterilized 

using an autoclave for 10 min.  After cooling to 50 
o
C, 1 mL 20% cocarboxylase (w/v) 

solution was added (Chandler et al., 1974). 

 

2.4 In Vitro Methods 

 

2.4.1 Preparation of Competent Cells  

Competent cells were prepared using a modified method of Cohen et al. (1972).   

An overnight culture of an E. coli strain was setup in 10 mL LB broth.  This was sub-

cultured (1/20) in fresh 10 mL LB broth and grown at 37 
o
C until mid-exponential phase 

(OD 600nm approximately 0.6).  The cells were collected by centrifugation (5 000 x g, 15 

min, 4 
o
C) and re-suspended in 100 mL solution α (30 mM KAc (CH3CO2K), 100 mM 

KCl, 10 mM CaCl2, 50 mM MnCl2, 15% glycrol, dH2O, pH 5.8, 4 
o
C).  The cells were 

collected again and re-suspended in 10 mL solution ß (10 mM MOPS (3-(N-

morpholino)propanesulfonic acid), 75 mM CaCl2, 10 mM KCl, 15% Glycerol, dH2O, 

pH 6.5).  The cell suspension was left at 4 
o
C for at least 3 to 5 h before snap freezing in 

200 µL aliquots in microfuge tubes on dry ice/ethanol.  Cells were stored at -70 
o
C 

indefinitely. 
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2.4.2 Transformation 

Potassium chloride competent cells were transformed using a standard heat-

shock procedure.  Up to 5 µL (10 µg/µL) of plasmid prep. was added to the competent 

cell suspension and mixed gently with a pipette.  This cell suspension was allowed to 

incubate on ice for 30 min and then subjected to 3 min of heat-shock at 37 
o
C and 

allowed to recover for 5 min.  After the addition of 500 µL of LB broth, cells were 

incubated at 37 
o
C for one hour.  Cells were then collected in micro-centrifuge (5, 000 x 

g, 5 min) and resuspended in 50 µL of residual supernatant (rest of supernatant was 

discarded).  Cell suspension was then plated on LB agar with appropriate antibiotics.   

 

2.5 Protein Methods    

 

2.5.1 Overproduction of Ape1 

The protocol for overexpression of Ape1 was followed exactly as described in 

Weadge et al., (2007).  Over-expression of Ape1 requires transformation of pACJW16 

(harbouring the gene encoding truncated Ape1a) into E. coli BL21 pLyS.  Cells were 

grown in Superbroth culture media at 37 
o
C up to 0.6 - 0.8 OD 600nm with agitation.  

Culture was induced for 3- 4 h at 15 
o
C with the addition of 1 mM IPTG (final 

concentration). 

 

2.5.2 Protein Purification by Immobilized Metal Affinity 

Chromatography  

Ape1 was purified by immobilized-metal affinity chromatography (IMAC) using 

Ni
2+

NTA-agarose using buffers listed in Table 2.2.  After over-expression, cells were 

harvested by centrifugation (5000 g, 15 min, 4 
o
C) and the pellet was frozen at -20

 o
C 

overnight.  Frozen cell pellet was then re-suspended in 30 mL cold lysis buffer and left 

at 4
 o
C for 30 min.  Additionally, RNase A (5 µg/mL), DNase I (10 µg/mL), lysozyme (5 

µg/mL) and two EDTA-free protease inhibitor tablets were added to lysis solution to aid 

in cell lyses and protein purification.  Cells were lysed by at least three passages through 
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a French Pressure Cell (American Instruments Co., Silver Spring, MD).  Cell lysate was 

then freed of unlysed cells/insoluble material by centrifugation (20,000 g, 20 min, 4 
o
C).  

Supernatant was then added to pre-washed (lysis buffer) Ni
2+

-NTA-agarose beads (2 

mL/L of culture) and incubated overnight at 4 
o
C on a Clay-Adams nutator.  The cell 

lysate suspension was loaded into a disposable column at 4 
o
C and the flow-through 

collected.  Ni
2+

NTA-agarose beads that were bound with protein were washed with three 

column volumes of cold lysis buffer.  The column was then washed three times with 

wash buffer.  After the initial washes, the column was allowed to stand in 15 mL wash 

buffer II for 20 min and then drained.  Bound proteins were finally eluted with the 

addition of 5 mL Elution Buffer which was allowed to stand for 20 min after which the 

fractions were collected.  The collected 5 mL elution was re-applied three additional 

times. The eluant was dialyzed against 2 x 4L dialysis buffer at 4 
o
C overnight.  Sample 

volume of 1 mL was collected at each wash step for SDS-PAGE and Western 

immunoblot analysis.   

 

Table 2-2: Buffer composition for IMAC purification of His6-tagged recombinant 

proteins 

Protein Lysis Buffer Wash 1 Wash 2 Elution Dialysis 

Ape1 50 mM 

sodium 

phosphate, 

500 mM 

NaCl, pH 

8.0 

50 mM sodium 

phosphate, 500 

mM NaCl, 10 

mM 

immidazole, 

pH 8.0 

50 mM sodium 

phosphate, 500 

mM NaCl, 30 

mM 

immidazole, 

pH 8.0 

50 mM sodium 

phosphate, 500 

mM NaCl, 150 

mM 

immidazole, 

pH 8.0 

25 mM 

sodium 

phosphate, 

pH 7.0 

DNaseI, RNase and lysozyme were added to lysis buffers immediately prior to use. 

All buffers were used and stored at 4 
o
C 
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2.5.3 Fast-protein Liquid Chromatography Purification of His6-tagged 

Proteins 

His6-tagged proteins were further purified by ion-exchange chromatography on 

either Source S (anion) or Source Q (cation).  The resins were equilibrated using running 

buffer (25 mM sodium phosphate, pH 7.0) after which protein was loaded at a flow rate 

of 0.7 mL/min.  Column-bound proteins were eluted by applying a linear gradient of 0-1 

M NaCl.  Eluted proteins were collected and dialyzed against 4 L of working buffer (50 

mM sodium phosphate, pH 7.0).  

 

2.5.4 SDS Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

used to resolve proteins based on molecular weight (Schägger and Von Jagow, 1987).  A 

12 % resolving gel (4.35 mL dH2O, 3.0 mL 40% acrylamide, 2.5 mL 1.5 M Tris-HCl pH 

8.8, 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 (3.157 

mL dH2O, 487.5 µL 40% acrylamide, 1.25 mL 0.5 M Tris-HCl, pH 6.5, 50 µL 10%  

SDS, 50 µL 10 % ammonium persulfate (APS) and 5 µL N, N, N’,N’–tetramethyl-

ethylenediamine, (TEMED) .  Protein samples were mixed with 4 x sample buffer (60 

mM Tris, pH 6.8, 25% glycerol, 2% SDS, 5% ß-mercaptoethanol, 0.1 % bromophenol 

blue) and were boiled at 100 
o
C for 15 min prior to loading.  Electrophoresis was 

performed at 150 V using a running buffer (25 mM Tris, pH 8.3, 192 mM glycine and 

0.1% SDS).  Proteins were detected by either staining with 0.1 % Commassie Brilliant 

Blue in 45% methanol and 10% glacial acetic acid or Western immunoblotting. 

 

2.5.5 Western Immunoblotting for His6-tagged Proteins 

Western immunoblotting was performed essentially as described by Burnette 

(1981) and Towbin et al. (1979).  Proteins were transferred onto Nitrocellulose in 

Blotting buffer (10 mM NaHCO3, 3 mM Na2CO3, 20 % v/v methanol, 80% v/v dH2O) at 

50V for 50 min.  The membrane was then washed three times in TBS buffer (10 mM 

Tris-HCl, pH 7.5; 150 mM NaCl) and incubated in Blocking Buffer (3% Bovine Serum 
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Albumin (BSA) in TBS) at room temperature for 1 hour with shaking.  After using 

TTBS (20 mM Tris-HCl, pH 7.5; 0.05% Tween-20; 0.2% Triton-X 100; 500 mM NaCl) 

and TBS for additional washes, the blot was incubated in a 1:1000 dilution of mouse 

anti-His6 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA), and 1:2000 

dilution of goat anti-mouse alkaline phosphatase conjugated secondary antibody (Bio-

Rad Laboratories, Ltd., Mississauga, ON) in blocking buffer.  Finally, 1-Step 5-bromo-4 

chloro-3’-indolylphosphate p-toluidine salt (BCIP)/Blue Tetrazolium Chloride (NBT) 

(Pierce Biotechnology, Inc., Rockford, IL) was used to develop the blot and staining was 

terminated with several dH2O washes.   

 

2.5.6 Determination of Protein Concentration 

The Bicinchoninic acid (BCA) assay (Pierce Biotechnology, Inc., Rockford IL) 

was employed to determine the protein content in purified samples as directed by the 

manufacturer in 210 µL total volume. Following incubation for 30 minutes at 37 
o
C, 

absorbance at 595 nm was measured.  BSA was used to generate a standard curve for 

each analysis.  

 

2.6 Enzyme Assays 

 

2.6.1 Microtitre Plate Assay for Esterase Activity 

Routine assessment of Ape1 activity was performed as described by Weadge and 

Clarke (2007) using 2 mM p-nitrophenyl acetate (pNP-Ac) as a substrate in 50 mM 

sodium phosphate, pH 6.5 (KM of Ape1 for pNP-Ac is 0.5 mM).  The assays were 

conducted in 96-well microtitre plates using a total volume of 200 µL at room 

temperature (25 
0
C).  Reactions were initiated with the addition of substrate (dissolved 

in ethanol 5% v/v) and monitored from 5-10 min by absorbance at 410 nm for the 

appearance of p-nitrophenol (pNP).  One unit of esterase activity was defined as the 

amount of enzyme required to release 1µmol of pNP per minute per mg of protein. 
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2.6.2 Inhibition Kinetics 

Michaelis-Menten parameters of Ape1 were determined using pNP-Ac as a 

substrate, with substrate concentrations ranging from 0.025 mM to 4 mM in 50 mM 

sodium phosphate, pH 6.5, in a 96-well microtitre plate.  Additionally, test compounds 

were added in increasing concentration at each substrate concentration to create plots of 

initial velocities against substrate concentration.   

 

General assay conditions for determining Ape1 activity in the presence of an 

inhibitor were as follows.  Prior to measuring activity, reaction mixtures of Ape1 in 50 

mM sodium phosphate buffer pH 6.5, and inhibitor at their appropriate test 

concentrations were preincubated for 10 minutes at 25 °C.   Reactions were initiated 

upon addition of pNP-Ac at the appropriate concentration to make a final assay volume 

of  200 µL (in triplicate) and the rate of reaction was monitored at a wavelength of 410 

nm. 

Data were analysed by non-linear regression using GraphPad Prism 5.0 

(GraphPad Software, Inc., La Jolla, CA) and SigmaPlot 12 (Systat Software, Inc., San 

Jose, CA) using a one-site binding model to determine IC50 and Ki values, respectively. 

 

2.6.3 Minimum Inhibitory Concentrations 

Minimum inhibitory concentrations (MIC) of test compounds were determined in 

triplicate for growth inhibition of test bacteria using the protocol of the Clinical and 

Laboratory Standard Institute (M01A8, 2009).  Compounds of interest were tested using 

concentrations ranging from 0-128 µg/mL or up to their solubility limit in a total broth 

volume of 5 mL.  Overnight cultures of test bacteria were diluted and used as inoculum.  

Cultures were incubated overnight at 37 
o
C with shaking (200 rpm).  MIC was defined 

as the lowest concentration of compound at which there was a lack of visible growth in 

comparison to the controls.   

In cases where there was no effective MIC value found for the test compound, 

overnight growth curves were conducted to monitor the effects of the compounds on 

growth rates.  Growth of test bacteria was monitored in a 96-well microtitre plate using a 
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NEPHELOstar nepholometer (BMG LABTECH GmbH, Ortenberg, Germany).  

Following the same method described above, a 200 µL total volume mixture was used in 

the 96-well microtitre plate and monitored at a wavelength of 635 nm in relative 

nephelometric units (RNU). 
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3 Results 

3.1 In vitro Experiments 

 

3.1.1 Overexpression and Purification of Ape1 

Overexpression and purification of Ape1 were performed following an established 

protocol  (Weadge and Clarke, 2006).  Thus, the recombinant form of Ape1 lacking the 

predicted N-terminal signal sequence fused to the C-terminal hexa-His tag was 

overproduced in E. coli BL-21 pLyS transformed with pACJW16.  Cells were grown in 

Superbroth to an OD 600nm of 0.6-0.8 in the presence of kanamycin (50 µg/mL) and 

chloramphenicol (34 µg/mL).  Over-expression of the ape1 gene was induced with 1 

mM IPTG (final concentration), after which cells were harvested and lysed.  Ape1 in 

clarified lysates was purified by a combination of affinity and ion-exchange 

chromatographies.  The enzyme was initially applied to Ni
+2

-NTA agarose and was 

recovered by elution with 50 mM sodium phosphate, 500 mM NaCl, and 150 mM 

imidazole (pH 8.0) (data not shown).  The buffer was exchanged with 50 mM sodium 

phosphate (pH 7.0) by dialysis overnight in preparation for cation-exchange 

chromatography on Source S. 

 Dialyzed Ape1 preparations were applied to the Source S previously equilibrated 

in 50 mM sodium phosphate, pH 7.0 (Figure 3-1) and elution of bound proteins was 

accomplished using a linear gradient 0 to 1M NaCl.  As shown previously (Weadge and 

Clarke, 2006), purification of Ape1 with Source S produced three distinctive fractions 

and eluted in 250 mM NaCl.  Generally not as distinct, two of the peaks are thought to 

be associated with two isoforms of Ape1 that have the same specific activity (Weadge 

and Clarke, 2006). 
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Figure 3-1: Cation-exchange chromatography of Ape1 on Source S.  Samples of Ape1 

were applied (flow rate 0.70 mL/min) to the Source S column which was equilibrated in Buffer 

A consisting of 25 mM sodium phosphate, pH 7.0 and bound proteins were eluted with the 

application of a multi-linear gradient of 0 to 1 M NaCl (as indicated by the dotted line).  

Numbers denote various peaks that were obtained. 

Purification of Ape1 was also attempted by anion-exchange chromatography on Source 

Q at pH 7.0 (Figure 3-2).  Bound proteins were eluted with application of a linear 

gradient of 0 to 1 M NaCl.  As seen in Figure 3-3, SDS PAGE analysis indicated that 

Ape1 was not retained by the resin but rather flowed through in the void volume.  

However, all contaminating proteins in the original sample remained bound thus 

providing a facile protocol for the production of homogenous Ape1 preparations.   

 

Figure 3-2: Anion-exchange chromatography of Ape1 on Source Q.  Partially purified 

Ape1 was applied to the column (flow rate 0.70 mL/min) in Buffer A consisting of 25 mM 

sodium phosphate, pH 7.0 and bound proteins were eluted with the application of a linear 

gradient of 0 to 1 M NaCl (as indicated by the dotted line.  Numbers denote various peaks that 

were obtained. 
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Both protocols provided total yields of 1.5 mg to 3.6 mg of Ape1 per liter of culture (as 

determined by BCA assay).  In view of both the ease of purification and high yields 

obtained, all inhibition experiments with Ape1 used enzyme purified by anion-exchange 

chromatography on Source Q. 

 

Figure 3-3: SDS-PAGE analysis of Ape1 purification. After IMAC and cation-exchange 

chromatography, a band of 42 kDa corresponding with the molecular weight of Ape1 can be 

seen in Lane 2 (Source Q) and 8 (Source S). Lanes 3 to 7 contain samples corresponding with 

the distinct peaks obtained in anion exchange chromatography using Source Q beads.  Lanes 8 

and 9 contain Peaks 2 and 3 from cation exchange chromatography using Source S beads. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4: Western immunoblot of samples from Figure 3-4.  Immunodetection of the 

His bound Ape1 using anti-His antibody.  The detected bands reflect the presence of Ape1 in 

both Lanes 2 and 8. 
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3.1.2 Assay Conditions 

General assay conditions for measuring Ape1 activity were adopted from 

Weadge et al., (2006).  Briefly, an assay buffer consisting of 50 mM sodium phosphate, 

pH 6.5 was used to measure Ape1 activity while pNP-Ac served as the substrate.   

Ethanol was used as a solvent for pNP-Ac as per recommendation of the 

manufacturer, Sigma Aldrich.  A series of control assays were performed to test the 

stability of Ape1 in ethanol.  The enzyme was found to be stable in concentrations of 

ethanol up to at least 5% (vol/vol) when assayed in 50 mM sodium phosphate, pH 6.5.  

Consequently, the final concentration of ethanol as a co-solvent for assays involving 

pNP-Ac as substrate was kept at 5%.   

The extinction coefficient for p-nitrophenol was measured at 410 nm in 50 mM 

sodium phosphate buffer, pH 6.5 in 5% ethanol (vol/vol, final concentration).  From the 

linear plot of absorbance vs. concentration (Figure 3-5), a value of 9.60 µmoles
-1

* cm 
-1

 

was calculated under the assay conditions.    

 

Figure 3-5: Determination of p-nitrophenol extinction coefficient.  Extinction 

coefficient for p-nitrophenol was measured at 410 nm in 50 mM sodium phosphate buffer, pH 

6.5.   
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DMSO was chosen to dissolve inhibitors to be tested due to its universal solvent 

characteristics.  Being a polar aprotic solvent and having a high dielectric constant, 

DMSO is able to dissolve a wide array of compounds.  These characteristics eliminated 

the use of multiple solvents and allowed for a quick test to determine their efficacy as 

inhibitors.  As for the use of ethanol as a co-solvent for assay substrate, the effect of 

DMSO on Ape was also investigated.  The extent of DMSO influence on Ape1 activity 

was measured under regular assay conditions, consisting of 50 mM sodium phosphate, 

pH 6.5.  Specific activity of Ape1 was calculated using 2 mM pNP-Ac as a substrate 

(dissolved in ethanol (5% final concentration)) and varying the DMSO concentration 

from 0 to 30%.  Assays were conducted in triplicate and the results are presented in 

(Figure 3-6).  Interestingly, an increase in specific activity was observed to final DMSO 

concentrations of 10%, after which activity rapidly declined and no activity was detected 

in 30% DMSO.  As a result, a maximum final concentration of DMSO as a co-solvent 

for the inhibitors was kept either at or below 20%, where the effects of DMSO were 

accounted for and related to other inhibitor concentrations by the positive control.  

 

Figure 3-6: Effect of DMSO on Ape1 activity.  Ape1 activity was determined  in the presence 

of DMSO at the concentrations indicated (in triplicate) using 2 mM pNP-Ac as a substrate in 50 

mM sodium phosphate, pH 6.5, containing 5% ethanol (final concentration).  The graph presents 

the average of three separate trails and the error bars denote standard deviation. 
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3.1.3 Efficacy of Several Anthraquinones and Other Inhibitory 

Compounds  

Inhibitory compounds of interest (Figure 1-9) identified from the HTS were 

retested for their inhibitory potential towards Ape1.  Two additional compounds, 

sennoside A (an anthraquinone derivative)  and  ellagic acid (ellagitannin derivative), 

were also tested based on their high inhibition potential as shown in HTS data (Pfeffer 

and Clarke, 2012).  Several anthraquinone compounds related to purpurin in structure 

were also investigated to draw a structure/function (inhibition) relationship with Ape1.  

Compounds were tested by employing the aforementioned assay conditions; a buffer 

containing 50 mM sodium phosphate, pH 6.5 was used with pNP-Ac serving as the 

substrate for Ape1.  Concentrations for inhibitory compounds were increased as high as 

possible in DMSO, while keeping DMSO concentrations low enough to not completely 

inhibit Ape1.  Baseline levels of spontaneous hydrolysis of pNP-Ac were subtracted 

from the much higher absorbance value of pNP associated with Ape1 activity.  As a 

quick test of efficacy, an IC50 curve was generated for each inhibitory compound to 

assess their effectiveness, where the data was represented as residual activity (relative to 

positive control).  In instances when compound solubility was found to be relatively low 

in DMSO, as in the case with anthraquinone compounds, the data were collected up to a 

DMSO concentration of 20% (maximum) in the final reaction volume to have 

measureable and comparable enzyme activity from a positive control.  In addition, if a 

complete curve for IC50 could not be obtained or if a compound was seen to be relatively 

ineffective, the data was not fit to an equation and the IC50 value was simply reported to 

be greater than the highest soluble concentration of the test compound (Table 3-1).   
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Table 3-1: Summary of IC50 values for tested compounds, arranged in order of 

decreasing efficacy.  

Compounds were tested up to their solubility limit in DMSO, while keeping the DMSO 

concentration low enough to not inhibit Ape1 completely.  A complete IC50 curve, hence IC50 

values, could not be completed for quinalizarin, quinizarin, alizarin and emodin, due to their low 

solubility in DMSO.  IC50 values were calculated using Graphpad Prism v 5.0.   

 

  

 

Compound Structure MW (g/mol) IC50 (µM) 

Ellagic Acid 

 

302.2 0.91 ± 0.06 

Purpurin 

 

256.2 12.50 ± 2.50 

Sennoside A 

 

862.8 35.33 ± 3.70 

Emodin* 

 

270.24 > 160 

Quinizarin* 

 

240.21  > 80 

Quinalizarin* 

 

272.21 > 320 

Alizarin* 

 

240.21 > 400 
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While purpurin was shown to be effective against Ape1 (Pfeffer and Clarke, 2012), the 

same was not observed for structurally similar anthraquinone compounds.  Interestingly, 

alizarin (1,2-dihydroxy-9,10-anthracenedione) (Figure 3-7) and quinizarin (1,4-

dihydroxyanthracene-9,10-dione) (Figure 3-8) were found to be relatively ineffective 

(IC50  >400 µM alizarin, >80 µM quinizarin) even though both compounds only differed 

from purpurin by the absence of a single hydroxyl group.   

 

Figure 3-7: Inhibitory effects of alizarin on Ape1.  Ape1 activity was measured (in triplicate) 

using 2 mM pNP-Ac dissolved in ethanol (5% final concentration) and varying the concentration 

of alizarin from 1 µM to 400 µM.  The concentration of DMSO was kept at 15% in the final 

reaction volume.  Error bars denote standard deviation (SD), where n=3. 

 

Figure 3-8: Inhibitory effects of quinizarin on Ape1.  Ape1 activity was measured (in 

triplicate) using 2 mM pNP-Ac dissolved in ethanol (5% final concentration) and varying the 

concentration of quinizarin from 1 µM to 80 µM.  The concentration of DMSO was kept at 16% 

in the final reaction volume.  Error bars denote standard deviation (SD), where n=3. 
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Other tested anthraquinones, emodin (1,3,8-trihydroxy-6-methylanthracene-9,10-

dione) (Figure 3-9) and quinalizarin (1,2,5,8-tetrahydroxyanthracene-9,10-dione) (Figure 

3-10), with hydroxyl substitutions on both anthracene rings were also found to be weak 

inhibitors of Ape1 (IC50: >160 µM emodin, >320 µM quinalizarin).  Due to the low 

solubility of the anthraquinone compounds, an IC50 value was reported to be greater than 

the highest concentration tested for individual compounds. 

 

Figure 3-9: Inhibitory effects of emodin on Ape1.  Ape1 activity was measured (in triplicate) 

using 2 mM pNP-Ac dissolved in ethanol (5% final concentration) and varying the concentration 

of emodin from 1 µM to 160 µM.   Concentration of DMSO was kept at 10% in the final 

reaction volume.  Error bars denote standard deviation (SD) where n=3. 

 

Figure 3-10: Inhibitory effects of quinalizarin on Ape1.  Ape1 activity was measured (in 

triplicate) using 2 mM pNP-Ac dissolved in ethanol (5% final concentration) and varying the 

concentration of quinalizarin from 1 µM to 320 µM.   Concentration of DMSO was kept at 10% 

in the final reaction volume. Error bars denote standard deviation (SD) where n=3. 
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Sennoside A (IC50, 35.33 ± 3.70 µM) and ellagic acid (IC50, 0.91 ± 0.06 µM) were both 

found to be moderately effective and a complete IC50 curve was generated for both 

compounds (Figure 3-11) (Figure 3-12).  Interestingly, the IC50 value for ellagic acid was 

found to be similar to the value of 2.0 ± 1.10 µM found in HTS, whereas the 

experimentally determined value for sennoside A was much higher than the HTS 

reported value of 0.51 ± .07 µM.  Both compounds were analyzed further to determine 

their mode of inhibition based on their IC50 values.   

 

Figure 3-11: Inhibitory effects of sennoside A on Ape1.  Ape1 activity was measured (in 

triplicate) using 2 mM pNP-Ac dissolved in ethanol (5% final concentration) and varying the 

concentration of sennoside A from 1 µM to 100 µM.  Sennoside A was dissolved in the reaction 

buffer and therefore eliminated the use of DMSO from the reaction.  Error bars denote standard 

deviation (SD) where n=3. 

 

Figure 3-12: Inhibitory effects of ellagic acid on Ape1.  Ape1 activity was measured (in 

triplicate) using 2 mM pNP-Ac dissolved in ethanol (5% final concentration) and varying the 

concentration of ellagic acid from 0.01 µM to 100 µM.   Concentration of DMSO was kept at 

10% in the final reaction volume. Error bars denote standard deviation (SD) where n=3. 
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3.1.4 Determining Inhibition Modality and Dissociation Constant (Ki) 

for Ellagic acid and Sennoside A 

Modes of inhibition and inhibitor constants, Ki, were determined by measuring Ape1 

activity at various substrate and inhibitor concentrations.  Using SigmaPlot software, the 

data were analysed and ranked using global alignment, according to the goodness of fit 

as based on the coefficient of determination (R
2
).  The experimental data collected for 

both compounds are summarized in Table 3-2, where the most likely inhibition and the 

associated Ki values were calculated by non-linear regression in SigmaPlot 

(supplementary data, section 7.1).  The mode of inhibition for sennoside A was found to 

be mixed, where the data best fit models of uncompetitive (Ki 20.90 ± 1.25 µM) and 

non-competitive inhibition (Ki 27.20 ± 1.43 µM).  The data were also transformed for 

visualization using Lineweaver-Burk plots where it was evident that increasing 

sennoside A concentration decreased both the Km and the Vmax for Ape1 (Figure 3-13).  

The data for ellagic acid were also presented in a Lineweaver-Burk plot where the 

convergence at x-axis suggests a non-competitive mode of inhibition as found using 

SigmaPlot (Ki 1.18 ± .04 µM). With increasing ellagic acid concentration, only the Vmax 

decreased and the Km remained the same for Ape1, as visualized by the Lineweaver-

Burk plot (Figure 3-14). 

Table 3-2:  Kinetic parameters and mode of inhibition for selected compounds. 

Compound Structure MW 

(g/mol) 

Experimentally 

Determined 

IC50 (µM) 

Experimentally 

Determined Ki 

(µM) 

Type of 

Inhibition 

Ellagic 

Acid 

 

302.2 0.91 ± .06 1.18 ± .04 Non-competitive 

Sennoside 

A 

862.8 35.33 ± 3.70 20.90 ± 1.25 

27.20 ± 1.43 

Uncompetitive 

Non-competitive 
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Figure 3-13: Lineweaver-Burk plot presentation of Ape1 inhibition by sennoside A.  Ape1 

(0.12 µM, final concentration) in 50 mM sodium phosphate buffer, pH 6.5 was assayed using 0.5 

mM to 4 mM p-NP-Ac (dissolved in ethanol (5% vol/vol)) as substrate in the presence of 0 to 40 

µM sennoside A as indicated.  Error bars denote standard deviation (n=3). 
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Figure 3-14: Lineweaver-Burk plot presentation of Ape1 inhibition by ellagic acid.  Ape1 

(0.18 µM, final concentration) in 50 mM sodium phosphate buffer, pH 6.5 was assayed using 0.5 

mM to 4 mM p-NP-Ac (dissolved in ethanol (5% vol/vol)) as substrate in the presence of 0 to 10 

µM ellagic acid as indicated.  Error bars denote standard deviation (n=3). 
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3.2 In vivo Experiments 

 

3.2.1 Determining the Extent of Compound-Based Growth Inhibition 

for Ape1 Containing Bacterial Species 

Gram-positive, Bacillus cereus strains with and without Ape-like proteins were 

chosen as the initial targets to test the in vivo efficacy for both sennoside A and ellagic 

acid as antibacterial.  Gram-positive species do not have an outer membrane; compounds 

targeting Ape1 would not be excluded by the outer membrane and could provide a quick 

test for the efficacy of each compound.  B. cereus strain 14579 (no Ape) and 10987 

(with Ape) were targeted by varying the concentrations of sennoside A and ellagic acid. 

Compound effect was tested by first growing the B. cereus strains overnight in TSB 

media.  An initial inoculum in sterile H2O was created by diluting the concentrated 

overnight culture by 1/1000.   The effect of solvent (DMSO) was first tested on both 

14579 and 10987 B. cereus strains.  Both strains were able to grow, but rather slowly, up 

to 6% DMSO in 200 µL of TSB media (data not shown).  Therefore, 4% DMSO 

concentration was utilized, at which effective growth could be seen.   

 B. cereus strain 14579 was used as a negative control and as expected, neither 

sennoside A (Figure 3-15) nor ellagic acid (Figure 3-16) had any effect on bacterial 

growth up to their highest soluble concentrations with 4% DMSO (ellagic acid) or 

without DMSO (sennoside A).  When using B. cereus 10987 as the test strain, an MIC 

value could not be obtained using either of the compounds, which was surprising since a 

relatively low Ki value was experimentally determined for both.  A closer look at the 

growth curves in the presence of both compounds revealed a delay in growth with 

increasing concentrations of ellagic acid but no growth effect with sennoside A.  

Interestingly, an increase in ellagic acid concentration has a stepwise reduction in 

growth of B. cereus 10987 where initial reduction is seen from 1 to 10 µg/mL and a 

second set of reduction is seen from 20 to 80 µg/mL.   
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Figure 3-15: Effect of sennoside A on the growth of B. cereus 14579.  Cultures of B. cereus 

were incubated at 30 °C in the presence of sennoside A dissolved in TSB media at the 

concentrations indicated.  Each depicted data point is the average of three measurements for the 

given time; the standard deviation for each was less than 2% (not shown). 

 

Figure 3-16: Effect of ellagic acid on the growth of B. cereus 14579. Cultures of B. cereus 

were incubated at 30 °C in the presence of ellagic acid (in 4 % DMSO, final concentration) at 

the concentrations indicated.  Each depicted data point is the average of three measurements for 

the given time; the standard deviation for each was less than 2% (not shown). 
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To investigate the effects of ellagic acid in B. cereus 10987, it was added in 

combination with purpurin to determine the type of interaction taking place within the 

cell.  An additive effect would be expected if both compounds shared the same target.   

Using concentrations of purpurin and ellagic acid that yield similar reduction in growth 

of B. cereus 10987 when added separately (purpurin 1 µg/mL (Figure 3-19), ellagic acid 

40 µg/mL), a growth curve in the presence of both compounds was measured (Figure 

3-20).  The addition of both compounds led to the expected additive effect. 

Ellagic acid was then tested against P. stuartii PR50 to determine the extent of 

inhibition toward a Gram-negative bacterium.  P. stuartii is known to O-acetylate its PG 

to a high extent (54% for strain PR50) (Payie et al. 1996) and it also contains a 

homologous hypothetical Ape1 encoded in a similar OAP operon as found in N. 

gonorrhoeae.  Therefore, for convenience, P. stuartii PR50 was used as the model 

organism for N. gonorrhoeae. An MIC value was expected using ellagic acid since Ape1 

is the only identifiable esterase and it would be expected to be required to de-O-acetylate 

PG to allow for cell division to take place.  On the other hand, the outer membrane of 

Gram-negative bacteria acts as a sieve and prevents penetration of many foreign 

compounds though to the periplasm and thus needs to be perturbed.  Therefore EDTA 

was used to disrupt the outer membrane and an MIC of 800 µM EDTA was determined.  

Consequently, half this value (400 µM) was used for EDTA when testing the effect of 

various concentrations of ellagic acid.  Additionally, DMSO was added at a final 

concentration of 4% which did not hinder P. stuartii growth under the conditions used.   

 Ellagic acid did not yield an MIC when using P. stuartii as the test organism.  

However, a closer look at the growth curves of cultures incubated with ellagic acid 

revealed an increasing delay in growth with increasing concentrations of ellagic acid 

(Figure 3-21). 
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Figure 3-17: Effects of sennoside A on the growth of B. cereus 10987.  Cultures of B. cereus 

were incubated at 30 °C in the presence of sennoside A dissolved in TSB media at the 

concentrations indicated.  Each depicted data point is the average of three measurements for the 

given time; the standard deviation for each was less than 2% (not shown). 

 

Figure 3-18:  Effects of ellagic acid on the growth of B. cereus 10987. Cultures of B. cereus 

were incubated at 30 °C in the presence of ellagic acid (in 4 % DMSO, final concentration) at 

the concentrations indicated.  Each depicted data point is the average of three measurements for 

the given time; the standard deviation for each was less than 2% (not shown). 
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Figure 3-19: Effects of purpurin on the growth of B. cereus 10987. Cultures of B. cereus 

were incubated at 30 °C in the presence of purpurin (in 4 % DMSO, final concentration) at the 

concentrations indicated.  Each depicted data point is the average of three measurements for the 

given time; the standard deviation for each was less than 2% (not shown). 

 

Figure 3-20: Effects of ellagic acid and purpurin on B. cereus 10987.  Cultures of B. cereus 

were incubated at 30 °C in the presence of ellagic acid and purpurin (in 4 % DMSO, final 

concentration) at the concentrations indicated.  Each depicted data point is the average of three 

measurements for the given time; the standard deviation for each was less than 2% (not shown). 
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Figure 3-21: P. stuartii growth curve with ellagic acid.  Cultures of P. stuartii were incubated 

at 30 °C in the presence of ellagic acid (in 4 % DMSO, final concentration) at the concentrations 

indicated.  EDTA at 0.5 x MIC (400 µM) was included to permeabilize the outer membrane.  

Each depicted data point is the average of three measurements for the given time; the standard 

deviation for each was less than 2% (not shown). 
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4 Discussion 

The presence and extent of PG O-acetylation have shown to be crucial in growth 

and pathogenesis of many bacteria.  Specifically, MurNAc O-acetylation has been 

shown to regulate autolysin activity and  inhibit the lysozymes of the innate immune 

system (Blackburn and Clarke, 2002).  O-Acetylpeptidoglycan esterase 1 (Ape1) was 

discovered in N. gonorrhoeae and, to date, it is the only biochemically characterized O-

acetylMurNAc esterase.  Attempts by Weadge et al. (2006) to knock out the ape1 gene 

within N. gonorrhoeae were unsuccessful, which led to the hypothesis that Ape1 may be 

necessary for the survival of its host.  Recently, purpurin was identified by a High 

Throughput Screen (HTS) as a potential inhibitor of Ape1.   This inhibitor of Ape1 was 

then shown to function as a bacteriostatic inhibitor of cells, both Gram-positive and 

Gram-negative, that produce both O-acetylpeptidoglycan and Ape1 (Pfeffer and Clarke, 

2012).  Work presented in this thesis aimed to characterize additional compounds that 

were identified by the original HTS as potential inhibitors of Ape1.  

The analysis of additional inhibitors started with a set of seven pre-identified 

compounds that were shown to inhibit Ape1.  Several compounds from the set were 

eliminated immediately from biochemical testing for various reasons.  Compounds 

obtusaquinone, 6-hydroxy-D,L-DOPA and methyl-3,4-dephostatin were not explored for 

their inhibitory activity primarily due to prohibitive cost given substantial quantities 

would be required for the experimentation.  In addition to the cost, their low inhibitory 

potential relative to purpurin, obtained from the initial screening data, made these 

compounds unattractive for further study.  With this, the remaining compounds, 

consisting of aurintricarboxylic acid, ellagic acid and sennoside A, became the focus of 

my studies. 

The groups of compounds investigated were very dissimilar in both structure and 

chemical properties. DMSO was used to dissolve all the compounds that did not dissolve 

in the sodium phosphate reaction buffer.  Given this, the effect of DMSO on Ape1 

activity was investigated before testing the inhibitory activity of individual compounds 

(Figure 3-6).  Interestingly, DMSO enhanced the specific activity of Ape1 in a 

concentration-dependent manner up to a level of 10%, after which a sharp decrease in 
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Ape 1 activity was observed.  At this juncture, the cause of this stimulation is not 

known, but based on the studies of Rammler (1967), it is possible that DMSO increased 

rates of reaction through chemically stabilizing the transition state or actively 

participating in the reaction to favor efficient catalysis.  Thus, it is possible that DMSO 

replaced water molecules in the Ape1 reaction mechanism, where nucleophilic attack 

conducted by either the sulfur or oxygen of DMSO returns Ape1 to its resting state by 

liberating the acetyl group in the second enzymatic transition state of its putative 

reaction mechanism.  Above 10% DMSO, it is likely that Ape1 would be denatured or 

misfolded, thereby decreasing the rate of reaction.   

Initial testing of compounds in the HTS utilized methylumbelliferyl acetate (Mu-

Ac) as a substrate for Ape1.  For the work presented in this thesis, Mu-Ac was 

substituted with p-nitrophenyl acetate (pNP-Ac), for several reasons.  Substrate pNP-Ac 

is relatively easy to work with due to the generation of a chromogenic product that can 

be monitored precisely.  Also, having high solubility in ethanol, using pNP-Ac partially 

eliminated the use of DMSO as a substrate solvent which was necessary when using 

Mu-Ac.  Therefore, to quantify the product generated by the esterase activity of Ape1, a 

standard curve measuring the levels of pNP was generated.  Absolute amounts of pNP 

were correlated with absorbance measured at a wavelength of 410 nm (Figure 3-5).  This 

standard curve served as the basis for the analyses of kinetic data presented in this thesis. 

Of the compounds studied, aurintricarboxylic acid showed the greatest potential 

for inhibition.  HTS data reported 0.31 µM as an IC50 for aurintricarboxylic acid.  

Research into the compound and its characteristics revealed nonspecific inhibitory 

activity towards several different classes of enzymes.  Aurintricarboxylic acid has been 

shown to bind and inhibit general nucleases and also prevent the initiation and 

elongation of polypeptide chains (Bina-Stein & Tritton, 1976; Liang et al., 2003).  With 

such properties aurintricarboxylic acid has the potential to nonspecifically target other 

enzymes, where indirect bacterial growth affects cannot be correlated with Ape1 

inhibition.  Therefore, further testing using aurintricarboxylic acid was abandoned. 

With the success of purpurin as an inhibitor of Ape1, an attempt was made to 

characterize additional compounds belonging to the anthraquinone family of 

compounds.  Compounds such as alizarin, quinizarin, quinalizarin, and emodin were 
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tested, to investigate any structure/inhibition relationship between anthraquinones and 

Ape1.  These compounds share the basic 9,10-dioxoanthracene core structure and differ 

based on the number and positioning of hydroxyls around it.  Each compound was 

screened by first attempting to generate a complete IC50 curve to determine their 

efficacy.  Due to the relatively low solubility of individual compounds in DMSO, a 

complete curve could not be obtained in some instances and hence a reliable IC50 was 

not generated.  That being said, based on the concentrations that were tested, none of the 

anthraquinone compounds showed significant potential as inhibitors of Ape1 up to their 

soluble concentrations (Table 3-1).  This is quite surprising, since compounds such as 

quinizarin and alizarin only differ from the effective inhibitor purpurin (an effective 

inhibitor of Ape1) by the absence of a single hydroxyl group at positions two and four 

respectively, yet they do not inhibit Ape1. Thus, it is apparent that hydroxyl groups at all 

three positions on the same ring of 9,10-dioxoanthracene are required for inhibition of 

Ape1. Furthermore, this postulate is supported by the non-inhibitory effects of 

quinalizarin which structurally contains the functional groups of both alizarin and 

quinizarin but distributed over both of the anthracene aromatic rings (Figure 3-10).   

Initially, it seemed strange that the presence of a single extra hydroxyl group, as 

in purpurin, would have such an effect on the potential of the anthraquinone to function 

as an inhibitor of Ape1.  However, the cause of inhibition became more apparent when 

the pKas of the individual hydroxyl groups associated with these anthraquinones were 

considered.   More specifically, of all the anthraquinones tested, purpurin is the strongest 

acid and the only anthraquinone known to have a deprotonated hydroxyl group at the 

reaction pH of 6.5 (Miliani et al., 2000).  Thus, the pKas of the first and second 

dissociation steps of purpurin are 4.7 and 9.5 and these increase to 6.6 and 12.4 in 

alizarin.  Presumably, the presence and juxtaposition of the three hydroxyl groups in 

purpurin promotes the inductive effect to cause the significant reduction in the pKa 

values and result in charged species at the pH of the reaction conditions used.  The 

different pKa values, of course, would also explain the differences observed with the 

respective solubility of the three anthraquinones, where purpurin was the most soluble 

and quinizarin the least. 
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In light of this, it is tempting to speculate that the deprotonation of purpurin that 

would occur under the reaction conditions used for the inhibition studies (viz., Ape 

optimum of pH 6.5) provides the selectivity of it amongst the other anthraquinones to 

inhibit Ape1.  Presumably, the orientation of the three hydroxyl groups around the 

planar anthracene core resembles key elements of O-acetylMurNAc (natural substrate of 

Ape1) which bind the active site of Ape where the oxyanion of deprotonated group 

forms an ionic bond with the positively charged histidine of the catalytic triad.  

Unfortunately, the issue of the acidic nature of purpurin was not recognized until after 

the completion of my experimentation, but clearly future work should include an 

investigation of the effect of pH-based inhibition of Ape1 using other inhibitors.  

Specifically, even though the pH–activity profile of Ape1 is rather narrow, approx. 40% 

residual activity is retained at pH 7 (Weadge and Clarke, 2006).  At this pH, alizarin 

would be partially deprotonated and thus could possibly serve as a more potent inhibitor 

than at the experimental pH of 6.5 used in the current study. 

Sennoside A also inhibited Ape1 in the HTS. When tested in vitro using pNP-Ac 

as a substrate, an IC50 value of 35.33 ± 3.70 µM was calculated, which differed 

substantially from the HTS reported value.  In addition, the mode of inhibition for 

sennoside A was found to be mixed, where the data were fit best to either uncompetitive 

(20.9 ± 1.25 µM) or non-competitive (27.20 ± 1.43 µM) mode of inhibition using non-

linear regression.   Sennoside A is the largest compound to be tested for inhibitory 

potential against Ape1.  Possessing both glucose molecules and two conjoined 

anthraquinone molecules all in one structure could possibly allow for multiple modes of 

interaction with Ape1 as suggested by the data in Table 3-2.  In additionFigure 3-13 and 

the likely data fit to non-competitive model by SigmaPlot (supplementary data, 7.1) 

suggests a nonspecific interaction of sennoside A (increasing concentration) with Ape1 

as both  Km and Vmax values decreased curvilinearly (α > 1).  The relative large size of 

sennoside A and its dissimilarity to the natural substrate of Ape (O-acetylMurNAc) 

supports a mixed mode of inhibition.   

The difference in kinetic values obtained in the current study compared to the 

earlier one (Pfeffer and Clarke, 2012) is quite puzzling, but it is possible that it could 

have resulted from a difference in co-solvents used.  With the preliminary analysis by 
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HTS, sennoside A was dissolved in DMSO in the final reaction volume.  At that time, 

the apparent stimulatory effect of DMSO on Ape1 was not appreciated and thus different 

concentrations of the solvent were used.  In the current study, it was recognized DMSO 

was not required to solubalize sennoside A, and thus its occlusion likely made the 

acquired data more reliable.  Alternatively, the set of conditions used by HTS, viz. 1 nM 

Ape1 and 0.2 mM Mu-Ac substrate, may have overestimated the inhibition potential of 

sennoside A (Pfeffer and Clarke, 2012).  Finally, it is possible that the difference in 

inhibition data may have been caused by the use of the two different substrates, 

especially for mixed inhibition where  sennoside A might interact with the Ape1-Mu-Ac 

complex better than the Ape1-pNP-Ac complex. In this regard, it should be noted that 

the most relevant values would only be obtained when using the natural substrate of 

Ape1, O-acetylated PG polymers of defined length.  Unfortunately though, such 

substrates are not available commercially. 

Given a mixed mode of inhibition and non-specific interaction for sennoside A, it 

is possible that the compound may bind to other enzymes that are similar to Ape1, such 

as PatB.  Previously, PatB was identified as an Ape based on amino acid sequence 

alignments but then later it was found experimentally to be an O-acetyl transferase 

(Moynihan and Clarke, 2010).  Thus, it was shown in vitro to transfer an acetyl group 

from a donor to an acceptor sugar co-substrate.  Both PatB and Ape1 have several 

overlapping amino acid sequence motifs and thus they could possibly have structural 

similarities as both enzymes at one point utilize MurNAc as their substrate (Weadge et 

al., 2005).  Essentially, PatB and Ape1 conduct opposing reactions and hence a non-

specific inhibitor of one may also inhibit the other.  However, the possible inhibition of 

PG O-acetylation by sennoside A can only be tested as soon as a practical kinetic assay 

for PatB (and all other PG O-acetyltransferases) has been developed (P. Moynihan, 

personal communication). 

 Ellagic acid was also chosen for further analysis.  Values obtained through in 

vitro experimentation (IC50, 0.91 µM ± 0.06; Ki, 1.18 µM ± .04) were very close to the 

HTS reported values.  Ellagic acid was tested in the presence of DMSO and it was 

highly effective against Ape1. The mode of inhibition for ellagic acid was found to be 

non-competitive as it primarily influenced Vmax without changing Km for the enzyme.   



 

56 

 

Furthermore, a close proximity of Ki and IC50 values is also reflective of a 

noncompetitive mode of inhibition which is not influenced by varying the substrate 

concentrations.  The presence of multiple hydroxyl groups as part of ellagic acid may 

allow for the compound to readily hydrogen bond to a specific region outside of the 

substrate binding site on Ape1 to destabilize the structural conformation of the enzyme. 

Based on the in vitro data, ellagic acid and sennoside A were tested to determine 

their inhibitory effects in vivo through determination of their minimum inhibitory 

concentrations using a panel of Gram-positive and Gram-negative bacterial species.  

Gram-positive B. cereus 10987 served as the test strain, because it contains both an OAT 

homolog and an OAP cluster with a theoretical Ape to regulate PG acetylation and 

deacetylation.  B. cereus 14579 was used as the control strain as it does not contain an 

OAP cluster, and therefore no discernible Ape, but rather has two OAT homologs for 

PG acetylation. Without an outer membrane to hinder compound access to the 

periplasmic space, B. cereus strains could give a sense of growth inhibition potential for 

these compounds.  Therefore, the test strain is expected to be inhibited by compounds 

that were shown to be effective in vitro against Ape and no effect was expected on the 

control strain lacking Ape. 

Sennoside A when tested in vivo did not have any effect on the growth of B. 

cereus test strain up to the concentrations used.  Thus, neither a growth delay nor an 

MIC value was found while using sennoside A.  It is possible that inactivity of sennoside 

A is due to degradation of the compound through the activity of a glucosidase.  This 

assumption is based on the presence of multiple glucose molecules that are part of the 

sennoside A structure.  In the past, sennoside A metabolism by various gut intestinal 

bacterial species has been shown where the compound is converted into sennidin A 

through the removal of the glycone moieties (Akao et al., 1994).  A similar process is 

proposed then to be taking place here where the remaining aglycone moiety, sennidin A, 

would presumably be ineffective in terms of inhibiting Ape.  The lack of inhibition 

could be due to its structural resemblance to emodin which was shown to be a very weak 

inhibitor of Ape1 in vitro.  Future work may involve testing sennidin A directly to 

determine its effects on Ape1 in vitro. 
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As ellagic acid was identified to be more potent than purpurin in vitro, it was 

also expected to have a much lower MIC value than the 16 µg/mL of purpurin.  It was 

surprising, then, that an MIC value could not be obtained for ellagic acid up to a 

concentration of 80 µg/mL when using B. cereus test strains.  However, growth curves 

for the test strain with the compounds revealed a slight growth inhibition which was not 

evident in the control strain (Figure 3-18).  Of interest is the grouping of ellagic acid 

concentration that reduces growth.  From the plot it can be seen that 1 and 10 µg/mL led 

to initial reduction of growth and a second addition of compound to final concentrations 

of 20 to 80 µg/mL led to a second reduction in growth.  Ellagic acid was further tested 

on Gram-negative P. stuartii PR50.  The slowed growth effects seen with B. cereus test 

strain were intensified in P. stuartii. However, while retarding growth, ellagic acid does 

not impede it and so no MIC was obtainable at all the concentrations tested.  It is 

possible that an MIC value may be attained for both B. cereus and P. stuartii using a 

different solvent than DMSO with a higher solubility limit for ellagic acid. 

It is difficult to explain why ellagic acid does not inhibit growth with higher 

efficacy than purpurin even though it was shown to have a higher affinity to Ape1 in 

vitro.  Slowed growth could be due to limited accessibility of ellagic acid to Ape1 like 

proteins of B. cereus strains, where ellagic acid is bound up by other components 

situated in the Gram-positive cell wall, such as techoic acids.  Only minimal amounts of 

ellagic acid would then be available to bind Ape in the outer leaflet of the cytoplasmic 

membrane leading to the observed slowed growth effect.  Slowed growth as a function 

of Ape1 inhibition is supported by the results obtained while using purpurin and ellagic 

acid in conjunction with B. cereus test strain.  It can be seen from Figure 3-21, that 

ellagic acid leads to a similar reduction in growth as purpurin albeit with a much higher 

concentration.  Furthermore, when added together, the effect seen with purpurin and 

ellagic acid is additive instead of synergistic.  A single target for both compounds would 

explain the additive effect, where both compounds are targeting Ape like protein.  

Additional ellagic acid is then either unable to penetrate to the cytoplasmic membrane or 

it is binding something other than Ape1 and not necessarily affecting growth as shown 

by the control strain.  Ellagic acid has been hypothesized to reversibly bind efflux 

pumps, enhancing the retention of foreign compounds (Chusri et al., 2009).  Therefore, 
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it is quite possible that ellagic acid is nonspecific and lacks potency in vivo relative to 

purpurin.  Enhanced slowed growth effects in P. stuartii can be explained by the use of 

EDTA in conjunction with ellagic acid.  EDTA would destabilize the outer membrane 

removing potential nonspecific binding sites for ellagic acid, allowing more ellagic acid 

to reach Ape1 and slowing growth.  A complete understanding for the working of ellagic 

acid would require testing it against a much broader panel of bacterial species.  
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5 Conclusions 

O-AcetylPG confers virulence and pathogenicity characteristics to Gram-negative 

and Gram-positive species.  The released fragments of O-acetylPG lead to a host of 

symptoms as it is unable to be cleared and degraded by the hydrolytic enzymes of the 

immune system (Krueger et al., 1982; Rosenthal and Folkening, 1983).  Furthermore, 

these fragments are also thought to cause bacterial arthritis in animal models (Stimpson 

et al., 1986; Fleming et al., 1986).  In addition to eliciting an immunogenic response, PG 

O-acetylating pathogenic strains are becoming highly resistant to the current antibiotics 

used in the clinic which has created a dire need for the development of new antibiotics.  

The suitability of Ape1 as a target for antibiotic continues to be investigated and 

data presented in this thesis, and previously with purpurin, continue to support proof of 

principle that O-acetylPG esterase of N. gonorrhoeae is good target for the development 

of antibiotics.  Inhibition using purpurin led to an effective MIC with bacteriostatic 

effects within bacterial species known to contain Ape1.  After the identification of 

purpurin as an inhibitor, additional compounds were investigated herein and shown to 

inhibit Ape1.  Compounds belonging to the anthraquinone class that were similar in 

structure to purpurin were shown to be ineffective against Ape1 but allowed for 

postulation of a reasonable hypothesis as to the mechanism of purpurin inhibition.  Other 

compounds identified with the HTS, ellagic acid and sennoside A, were also tested and 

were shown to only be effective in vitro.  Ellagic acid was shown to be a noncompetitive 

inhibitor, whereas sennoside A was found to be an uncompetitive inhibitor.  In vivo, only 

ellagic acid showed a slight growth inhibition but not enough to make a definitive 

conclusion as to its specificity. 

Identifying compounds that can act as inhibitors towards a single target can be 

straight-forward in vitro but determining whether a compound has hit its target in vivo is 

quite complicated.  Even though Ape1 is exported and localized in the periplasmic 

region and is relatively isolated, targeting it requires permeation of compounds to Ape1, 

which is influenced by the presence of the outer membrane and efflux pumps in Gram-

negative bacteria (reviewed in Hancock, 1997; Nikaido, 1996).  In addition, further 

proof is needed to confirm that compounds used to inhibit Ape1 thus far are indeed 
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affecting Ape1 activity in vivo. Future studies using compounds that have shown to be 

effective in vitro, such as ellagic acid which seems to be effective to a degree in 

inhibiting growth of P. stuartii, may be used in conjunction with efflux pump inhibitor 

such as reserpine to control compound efflux (Garvey and Piddock, 2008).  Furthermore, 

an in-depth analysis of isolated PG of test strains may allow for a correlation to be made 

between the compound being tested and the change in levels of O-acetylation. 

O-Acetylation is a key modification of PG that is critical for the survivability of a 

large group of human pathogens, as it prevents autolysis by regulating host enzymes and 

by also preventing lysis due to the enzymes of the immune system.  Ape1 and PatB from 

N. gonorrhoeae are currently under investigation and are candidates for the development 

of antibiotics.  The work described in this thesis and on-going research is contributing to 

the understanding of the direct and indirect role of Ape1 and highlights additional 

compounds which may be used as the basis for the development of novel antibiotics 

targeting highly resistant pathogenic species known to O-acetylate their PG. 
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7 Supplementary Data 

7.1 SigmaPlot Reports 

Sennoside A 

  

Enzyme Kinetics Nonlinear Fit Results 

 Competitive (Full) 

 Number of Replicates:   3 

 

 Parameters 

 Value ±Std. Error 95% Conf. Interval 

 Vmax 9.1987 0.4534 8.2908 to 10.1066 

 Km 0.2453 7.146e-2 0.1022 to 0.3884 

 Ki 3.4835 0.9421 1.5969 to 5.3701 

 

 Goodness of Fit 

 Degrees of Freedom    57 

 AICc 8.021 

 R² 0.806 

 Sum of Squares 59.298 

 Sy.x   1.020 

 Runs Test p Value 0.132 

 

 Data 

 Number of x values    20 

 Number of replicates 3 

 Total number of values    60 

 Number of missing values     0 
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 Enzyme Kinetics Data Summary 

 

 Sennoside A – cont. 

 Competitive (Full) 

 Number of Replicates:   3 

 

 

 [Substrate] [Inhibitor] Velocity ±Std.Err Predicted MaxResidual

 Outliers 

     0.50     0.00  5.5368  0.1011   6.1709     -0.7986  

     0.50    40.00  2.1296 4.8399e-2   1.2911      0.8869  

     0.50    30.00  3.0201 6.0450e-2   1.6092      1.5270  

     0.50    20.00  3.8429 5.3895e-2   2.1354      1.8139  

     0.50     1.00  5.8176  0.1465   5.6381      0.4601  

     1.00     0.00  6.8533  0.1889   7.3866     -0.7365  

     1.00    40.00  2.4974 4.4358e-2   2.2644      0.2911  

     1.00    30.00  3.3395  0.1750   2.7392      0.8036  

     1.00    20.00  4.4817  0.1269   3.4662      1.2673  

     1.00     1.00  7.0856  0.2101   6.9912      0.4719  

     2.00     0.00  7.9374 6.7759e-2   8.1936     -0.3820  

     2.00    40.00  3.0588  0.3494   3.6341     -1.1077  

     2.00    30.00  4.2591  0.2049   4.2214      0.4249  

     2.00    20.00  5.5949 5.3895e-2   5.0351      0.6276  

     2.00     1.00  9.0409  0.1521   7.9444      1.2901  

     4.00     0.00  9.2442  0.5919   8.6671      1.6709  

     4.00    40.00  3.2427  0.1965   5.2100     -2.2189  

     4.00    30.00  4.1914  0.2963   5.7871     -2.1862  

     4.00    20.00  5.5756  0.1209   6.5079     -1.1647  

     4.00     1.00  9.2926  0.2760   8.5257      1.3187  
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Sennoside A – cont. 

Enzyme Kinetics Nonlinear Fit Results 

 Noncompetitive (Full) 

 Number of Replicates:   3 

 

 Parameters 

 Value ±Std. Error 95% Conf. Interval 

 Vmax 10.2414 0.2484 9.7440 to 10.7387 

 Km 0.3881 3.855e-2 0.3109 to 0.4653 

 Ki 27.2027 1.4637 24.2716 to 30.1338 

 

 Goodness of Fit 

 Degrees of Freedom    57 

 AICc -73.580 

 R² 0.950 

 Sum of Squares 15.219 

 Sy.x   0.517 

 Runs Test p Value 0.096 

 

 Data 

 Number of x values    20 

 Number of replicates 3 

 Total number of values    60 

 Number of missing values     0 



 

71 

 

 Enzyme Kinetics Data Summary 

 

 Sennoside A – cont. 

 Noncompetitive (Full) 

 Number of Replicates:   3 

 

 

 [Substrate] [Inhibitor] Velocity ±Std.Err Predicted MaxResidual

 Outliers 

     0.50     0.00  5.5368  0.1011   5.7660     -0.3938  

     0.50    40.00  2.1296 4.8399e-2   2.3340     -0.3013  

     0.50    30.00  3.0201 6.0450e-2   2.7420      0.3942  

     0.50    20.00  3.8429 5.3895e-2   3.3229      0.6264  

     0.50     1.00  5.8176  0.1465   5.5616      0.5367  

     1.00     0.00  6.8533  0.1889   7.3781     -0.7281  

     1.00    40.00  2.4974 4.4358e-2   2.9866     -0.5763  

     1.00    30.00  3.3395  0.1750   3.5087     -0.5176  

     1.00    20.00  4.4817  0.1269   4.2520      0.4815  

     1.00     1.00  7.0856  0.2101   7.1165     -0.3794  

     2.00     0.00  7.9374 6.7759e-2   8.5771     -0.7655  

     2.00    40.00  3.0588  0.3494   3.4719     -0.9455  

     2.00    30.00  4.2591  0.2049   4.0788      0.5675  

     2.00    20.00  5.5949 5.3895e-2   4.9429      0.7197  

     2.00     1.00  9.0409  0.1521   8.2730      0.9616  

     4.00     0.00  9.2442  0.5919   9.3356     -1.0304  

     4.00    40.00  3.2427  0.1965   3.7789     -0.7879  

     4.00    30.00  4.1914  0.2963   4.4396     -0.8387  

     4.00    20.00  5.5756  0.1209   5.3801      0.3697  

     4.00     1.00  9.2926  0.2760   9.0046      0.8397  
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 Enzyme Kinetics Nonlinear Fit Results 

 

 Sennoside A – cont. 

 Uncompetitive (Full) 

 Number of Replicates:   3 

 

 

 Parameters 

 Value ±Std. Error 95% Conf. Interval 

 Vmax 10.6077 0.2954 10.0161 to 11.1993 

 Km 0.4614 4.903e-2 0.3632 to 0.5596 

 Ki 20.9227 1.2545 18.4105 to 23.4349 

 

 Goodness of Fit 

 Degrees of Freedom    57 

 AICc -70.640 

 R² 0.948 

 Sum of Squares 15.983 

 Sy.x   0.530 

 Runs Test p Value 0.101 

 

 Data 

 Number of x values    20 

 Number of replicates 3 

 Total number of values    60 

 Number of missing values     0 
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 Enzyme Kinetics Data Summary 

 

 Sennoside A – cont. 

 Uncompetitive (Full) 

 Number of Replicates:   3 

 

 

 [Substrate] [Inhibitor] Velocity ±Std.Err Predicted MaxResidual

 Outliers 

     0.50     0.00  5.5368  0.1011   5.5166      0.2042  

     0.50    40.00  2.1296 4.8399e-2   2.7663     -0.7335  

     0.50    30.00  3.0201 6.0450e-2   3.1601     -0.2272  

     0.50    20.00  3.8429 5.3895e-2   3.6848      0.2645  

     0.50     1.00  5.8176  0.1465   5.3828      0.7155  

     1.00     0.00  6.8533  0.1889   7.2584     -0.6084  

     1.00    40.00  2.4974 4.4358e-2   3.1447     -0.7344  

     1.00    30.00  3.3395  0.1750   3.6638     -0.6727  

     1.00    20.00  4.4817  0.1269   4.3882      0.3452  

     1.00     1.00  7.0856  0.2101   7.0286      0.4346  

     2.00     0.00  7.9374 6.7759e-2   8.6191     -0.8075  

     2.00    40.00  3.0588  0.3494   3.3755     -0.8491  

     2.00    30.00  4.2591  0.2049   3.9810      0.6653  

     2.00    20.00  5.5949 5.3895e-2   4.8512      0.8115  

     2.00     1.00  9.0409  0.1521   8.2969      0.9376  

     4.00     0.00  9.2442  0.5919   9.5106     -1.2053  

     4.00    40.00  3.2427  0.1965   3.5042     -0.5131  

     4.00    30.00  4.1914  0.2963   4.1612     -0.5603  

     4.00    20.00  5.5756  0.1209   5.1214      0.6284  

     4.00     1.00  9.2926  0.2760   9.1198      0.7246  
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 Enzyme Kinetics Nonlinear Fit Results 

 

 Sennoside A – cont. 

 Mixed (Full) 

 Number of Replicates:   3 

 

 

 Parameters 

 Value ±Std. Error 95% Conf. Interval 

 Vmax 10.4176 0.2912 9.8342 to 11.0010 

 Km 0.4217 4.871e-2 0.3241 to 0.5193 

 Ki 47.0081 25.4545 -3.9843 to 98.0005 

 alpha 0.5188 0.3223 -0.1268 to 1.1645 

 

 Goodness of Fit 

 Degrees of Freedom    56 

 AICc -72.897 

 R² 0.952 

 Sum of Squares 14.794 

 Sy.x   0.514 

 Runs Test p Value 0.059 

 

 Data 

 Number of x values    20 

 Number of replicates 3 

 Total number of values    60 

 Number of missing values     0 
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 Enzyme Kinetics Data Summary 

 

    Sennoside A – cont. 

 Mixed (Full) 

 Number of Replicates:   3 

 

 

 [Substrate] [Inhibitor] Velocity ±Std.Err Predicted MaxResidual

 Outliers 

     0.50     0.00  5.5368  0.1011   5.6515     -0.2792  

     0.50    40.00  2.1296 4.8399e-2   2.4798     -0.4470  

     0.50    30.00  3.0201 6.0450e-2   2.8845      0.2517  

     0.50    20.00  3.8429 5.3895e-2   3.4471      0.5023  

     0.50     1.00  5.8176  0.1465   5.4764      0.6219  

     1.00     0.00  6.8533  0.1889   7.3277     -0.6777  

     1.00    40.00  2.4974 4.4358e-2   3.0456     -0.6354  

     1.00    30.00  3.3395  0.1750   3.5667     -0.5756  

     1.00    20.00  4.4817  0.1269   4.3029      0.4306  

     1.00     1.00  7.0856  0.2101   7.0789      0.3842  

     2.00     0.00  7.9374 6.7759e-2   8.6037     -0.7921  

     2.00    40.00  3.0588  0.3494   3.4379     -0.9114  

     2.00    30.00  4.2591  0.2049   4.0450      0.6013  

     2.00    20.00  5.5949 5.3895e-2   4.9127      0.7500  

     2.00     1.00  9.0409  0.1521   8.2922      0.9424  

     4.00     0.00  9.2442  0.5919   9.4241     -1.1189  

     4.00    40.00  3.2427  0.1965   3.6745     -0.6834  

     4.00    30.00  4.1914  0.2963   4.3358     -0.7349  

     4.00    20.00  5.5756  0.1209   5.2874      0.4624  

     4.00     1.00  9.2926  0.2760   9.0694      0.7750  
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 Enzyme Kinetics Model Comparison 

 

 Sennoside A – cont. 

 Study Type: Single Substrate - Single Inhibitor 

 Number of Replicates:   3 

 

 

 

 Rank by Runs 

 R² Equation R² AICc Sy.x Test   Convergence 

 1 Mixed (Full) 0.95152 -72.897 0.51398 pass Yes 

 2 Noncompetitive (Full) 0.95012 -73.580 0.51672 pass Yes 

 3 Uncompetitive (Full) 0.94762 -70.640 0.52954 pass Yes 

 4 Competitive (Full) 0.80566 8.021 1.01996 pass Yes 
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Ellagic Acid 

 Enzyme Kinetics Nonlinear Fit Results 

 Competitive (Full) 

 Number of Replicates:   3 

 

 

 Parameters 

 Value ±Std. Error 95% Conf. Interval 

 Vmax 20.0247 0.9456 18.1313 to 21.9182 

 Km 3.7130 0.3029 3.1065 to 4.3195 

 Ki 0.6584 3.896e-2 0.5804 to 0.7365 

 

 Goodness of Fit 

 Degrees of Freedom    57 

 AICc -139.481 

 R² 0.990 

 Sum of Squares  5.074 

 Sy.x   0.298 

 Runs Test p Value 0.048 

 

 Data 

 Number of x values    20 

 Number of replicates 3 

 Total number of values    60 

 Number of missing values     0 
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 Enzyme Kinetics Data Summary 

 

 Ellagic acid – cont. 

 Competitive (Full) 

 Number of Replicates:   3 

 

 

 [Substrate] [Inhibitor] Velocity ±Std.Err Predicted MaxResidual

 Outliers 

     0.50     0.00  2.1174  0.0177   2.3765     -0.2926  

     0.50    10.00  0.3206 3.0609e-2   0.1652      0.1955  

     0.50     5.00  0.4809 2.0038e-2   0.3089      0.1920  

     0.50     1.00  1.1756  0.0594   1.0163      0.2461  

     0.50     0.10  2.0973  0.0482   2.0960 -9.2170e-2  

     1.00     0.00  4.1379  0.1241   4.2488     -0.3564  

     1.00    10.00  0.4839 2.1040e-2   0.3277      0.1983  

     1.00     5.00  0.8907 7.7147e-2   0.6085      0.3593  

     1.00     1.00  2.2583 3.0570e-2   1.9344      0.3800  

     1.00     0.10  4.1799 2.5287e-2   3.7948      0.4343  

     2.00     0.00  6.6794 3.7189e-2   7.0102     -0.3776  

     2.00    10.00  0.8082  0.1159   0.6449      0.3570  

     2.00     5.00  1.2023  0.1334   1.1811      0.2416  

     2.00     1.00  3.6069  0.1862   3.5279      0.3394  

     2.00     0.10  6.6126  0.1139   6.3804      0.3925  

     4.00     0.00 10.3587  0.3766  10.3849     -0.7696  

     4.00    10.00  1.3606  0.1676   1.2495      0.3285  

     4.00     5.00  2.0900 5.4776e-2   2.2306     -0.2318  

     4.00     1.00  5.4914 9.4875e-2   5.9990     -0.6969  

     4.00     0.10  9.9309  0.1380   9.6774      0.5270  
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 Enzyme Kinetics Nonlinear Fit Results 

 

 Ellagic acid – cont. 

 Noncompetitive (Full) 

 Number of Replicates:   3 

 

 

 Parameters 

 Value ±Std. Error 95% Conf. Interval 

 Vmax 21.3717 0.8157 19.7384 to 23.0051 

 Km 4.1473 0.2606 3.6255 to 4.6691 

 Ki 1.1818 0.0463 1.0891 to 1.2744 

 

 Goodness of Fit 

 Degrees of Freedom    57 

 AICc -162.124 

 R² 0.993 

 Sum of Squares  3.479 

 Sy.x   0.247 

 Runs Test p Value 0.127 

 

 Data 

 Number of x values    20 

 Number of replicates 3 

 Total number of values    60 

 Number of missing values     0 
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 Enzyme Kinetics Data Summary 

 

 Ellagic acid – cont. 

 Noncompetitive (Full) 

 Number of Replicates:   3 

 

 

 [Substrate] [Inhibitor] Velocity ±Std.Err Predicted MaxResidual

 Outliers 

     0.50     0.00  2.1174  0.0177   2.2994     -0.2154  

     0.50    10.00  0.3206 3.0609e-2   0.2430      0.1177  

     0.50     5.00  0.4809 2.0038e-2   0.4396 6.1386e-2  

     0.50     1.00  1.1756  0.0594   1.2455     -0.1834  

     0.50     0.10  2.0973  0.0482   2.1200     -0.1162  

     1.00     0.00  4.1379  0.1241   4.1520     -0.2596  

     1.00    10.00  0.4839 2.1040e-2   0.4388      0.0872  

     1.00     5.00  0.8907 7.7147e-2   0.7937      0.1741  

     1.00     1.00  2.2583 3.0570e-2   2.2490 6.5442e-2  

     1.00     0.10  4.1799 2.5287e-2   3.8281      0.4010  

     2.00     0.00  6.6794 3.7189e-2   6.9532     -0.3206  

     2.00    10.00  0.8082  0.1159   0.7349      0.2670  

     2.00     5.00  1.2023  0.1334   1.3292     -0.3674  

     2.00     1.00  3.6069  0.1862   3.7662     -0.5201  

     2.00     0.10  6.6126  0.1139   6.4107      0.3622  

     4.00     0.00 10.3587  0.3766  10.4927     -0.8774 1 

     4.00    10.00  1.3606  0.1676   1.1089      0.4691  

     4.00     5.00  2.0900 5.4776e-2   2.0059      0.1823  

     4.00     1.00  5.4914 9.4875e-2   5.6834     -0.3813  

     4.00     0.10  9.9309  0.1380   9.6740      0.5304  
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 Enzyme Kinetics Nonlinear Fit Results 

 

 Ellagic acid – cont. 

 Uncompetitive (Full) 

 Number of Replicates:   3 

 

 

 Parameters 

 Value ±Std. Error 95% Conf. Interval 

 Vmax 25.7304 2.1817 21.3614 to 30.0993 

 Km 5.6012 0.7083 4.1828 to 7.0196 

 Ki 0.3760 3.993e-2 0.2960 to 0.4560 

 

 Goodness of Fit 

 Degrees of Freedom    57 

 AICc -100.888 

 R² 0.982 

 Sum of Squares  9.654 

 Sy.x   0.412 

 Runs Test p Value 0.024 

 

 Data 

 Number of x values    20 

 Number of replicates 3 

 Total number of values    60 

 Number of missing values     0 
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Enzyme Kinetics Data Summary 

Ellagic acid – cont.  

Uncompetitive (Full) 

Number of Replicates:   3 

 

 [Substrate] [Inhibitor] Velocity ±Std.Err Predicted MaxResidual

 Outliers 

     0.50     0.00  2.1174  0.0177   2.1086 3.5437e-2  

     0.50    10.00  0.3206 3.0609e-2   0.6632     -0.4027  

     0.50     5.00  0.4809 2.0038e-2   1.0090     -0.5682  

     0.50     1.00  1.1756  0.0594   1.7313     -0.6693  

     0.50     0.10  2.0973  0.0482   2.0637      0.1005  

     1.00     0.00  4.1379  0.1241   3.8978      0.3943  

     1.00    10.00  0.4839 2.1040e-2   0.7751     -0.3122  

     1.00     5.00  0.8907 7.7147e-2   1.2930     -0.5566  

     1.00     1.00  2.2583 3.0570e-2   2.7784     -0.5692  

     1.00     0.10  4.1799 2.5287e-2   3.7469      0.4822  

     2.00     0.00  6.6794 3.7189e-2   6.7701     -0.1375  

     2.00    10.00  0.8082  0.1159   0.8465     -0.2453  

     2.00     5.00  1.2023  0.1334   1.5048     -0.5430  

     2.00     1.00  3.6069  0.1862   3.9829     -0.7367  

     2.00     0.10  6.6126  0.1139   6.3273      0.4456  

     4.00     0.00 10.3587  0.3766  10.7197     -1.1044  

     4.00    10.00  1.3606  0.1676   0.8874      0.6906  

     4.00     5.00  2.0900 5.4776e-2   1.6391      0.5491  

     4.00     1.00  5.4914 9.4875e-2   5.0852      0.5115  

     4.00     0.10  9.9309  0.1380   9.6504      0.5540  
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 Enzyme Kinetics Nonlinear Fit Results 

 

 Ellagic acid – cont. 

 Mixed (Full) 

 Number of Replicates:   3 

 

 

 Parameters 

 Value ±Std. Error 95% Conf. Interval 

 Vmax 21.4524 0.9609 19.5275 to 23.3773 

 Km 4.1736 0.3090 3.5546 to 4.7926 

 Ki 1.2100 0.1792 0.8509 to 1.5690 

 alpha 0.9442 0.3229 0.2973 to 1.5911 

 

 Goodness of Fit 

 Degrees of Freedom    56 

 AICc -159.769 

 R² 0.993 

 Sum of Squares  3.478 

 Sy.x   0.249 

 Runs Test p Value 0.071 

 

 Data 

 Number of x values    20 

 Number of replicates 3 

 Total number of values    60 

 Number of missing values     0 
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 Enzyme Kinetics Data Summary 

 

 Ellagic acid – cont. 

 Mixed (Full) 

 Number of Replicates:   3 

 

 

 [Substrate] [Inhibitor] Velocity ±Std.Err Predicted MaxResidual

 Outliers 

     0.50     0.00  2.1174  0.0177   2.2950     -0.2111  

     0.50    10.00  0.3206 3.0609e-2   0.2463      0.1144  

     0.50     5.00  0.4809 2.0038e-2   0.4449 5.6049e-2  

     0.50     1.00  1.1756  0.0594   1.2530     -0.1909  

     0.50     0.10  2.0973  0.0482   2.1188     -0.1150  

     1.00     0.00  4.1379  0.1241   4.1465     -0.2541  

     1.00    10.00  0.4839 2.1040e-2   0.4430 8.2962e-2  

     1.00     5.00  0.8907 7.7147e-2   0.8005      0.1673  

     1.00     1.00  2.2583 3.0570e-2   2.2585 5.5868e-2  

     1.00     0.10  4.1799 2.5287e-2   3.8266      0.4024  

     2.00     0.00  6.6794 3.7189e-2   6.9497     -0.3171  

     2.00    10.00  0.8082  0.1159   0.7375      0.2644  

     2.00     5.00  1.2023  0.1334   1.3335     -0.3717  

     2.00     1.00  3.6069  0.1862   3.7723     -0.5261  

     2.00     0.10  6.6126  0.1139   6.4098      0.3631  

     4.00     0.00 10.3587  0.3766  10.4983     -0.8831 1 

     4.00    10.00  1.3606  0.1676   1.1046      0.4734  

     4.00     5.00  2.0900 5.4776e-2   1.9989      0.1892  

     4.00     1.00  5.4914 9.4875e-2   5.6736     -0.3715  

     4.00     0.10  9.9309  0.1380   9.6755      0.5289  
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Enzyme Kinetics Model Comparison 

Ellagic acid – cont.  

Study Type: Single Substrate - Single Inhibitor 

Number of Replicates:   3 

 

 Rank by Runs 

 R² Equation R² AICc Sy.x Test   Convergence 

 1 Mixed (Full) 0.99349 -159.769 0.24920 pass Yes 

 2 Noncompetitive (Full) 0.99349 -162.124 0.24706 pass Yes 

 3 Competitive (Full) 0.99050 -139.481 0.29837 fail Yes 

 4 Uncompetitive (Full) 0.98192 -100.888 0.41155 fail Yes 

 

 

 

 

 

 

 

 

 

 

 

 


