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PREFACE _ 1 _
 

This thesis is a report of original research undertaken by the author and is submitted for

admission to the degree of Doctor of Philosophy at the University of Sydney. The work was

completed in the School of Chemistry at the University of Sydney and in the School of

Biological Sciences at the University of Canterbury, Christchurch, New Zealand during the

period of March 2000 to November 2003. The work and results presented in this thesis are

those of the author, unless otherwise stated.

Sections of this work have been published:

Stereochemical and Conformational Consequences of the Oxidation of 1,4-Thiazane-

3,5-dicarboxylates, Craig A. Hutton, Rania Jaber, Michelle Otaegui, Jennifer J. Turner,

Peter Turner, Jonathan M. White and George B. Bacskay, Journal of the Chemical Society,

Perkin Transactions 2, 2002, 1066—1071.

Inhibitors of Lysine Biosynthesis as Antibacterial Agents, Craig A. Hutton, Timothy J.

Southwood, Jennifer J. Turner, Mini Reviews in Medicinal Chemistry, 2003, 3, 115—127.
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The L-lysine biosynthetic pathway provides a unique and exciting target for the design of

novel antibacterial agents through inhibition of the synthesis of meso—DAP or L—lysine,

crucial components of the bacterial peptidoglycan cell wall. The first two enzymes in this

pathway—dihydrodipicolinate synthase (DHDPS) and dihydrodipicolinate reductase

(DHDPR)—were targeted for inhibition. DHDPS catalyses the first committed step to

L—lysine biosynthesis, the condensation of pyruvate and (S)-aspartate B-semialdehyde to

give DHDP. DHDPR, the next enzyme in the pathway, then reduces DHDP in an NAD(P)H

dependent reaction to give THDP.

A suite of inhibitors were designed and synthesised to act as product- or substrate-based

analogues of DHDPS and DHDPR, respectively. Heterocyclic compounds based on

chelidamic acid or thiazane-3,5-dicarboxylates were synthesised as potential inhibitors of

DHDPS. Stereoselective procedures for the oxidation of thiazane-3,5-dicarboxylates were

developed. It was found that when direct oxidants were used (such as sodium periodate,

peroxides and peracids) the axial sulfur lone-pair reacts preferentially, providing the axial

S—oxide. Oxidation via a two step mechanism using bromine/water gives the epimeric

equatorial S—oxide. Acyclic analogues of the heterocyclic compounds were also synthesised

as potential inhibitors of the intermediate in the DHDPS reaction pathway.

Two methods of synthesising the DHDPS substrate aspartate B-semialdehyde (ASA) were

investigated. The first four step procedure beginning from racemic allylglycine, installed the

aldehyde moiety through an osmium tetroxide/sodium periodate reaction. The ASA

produced by this procedure was of variable yield and purity. The second method of

synthesising ASA was achieved by reduction of a Weinreb amide derivative of aspartic

acid. This procedure gave ASA in excellent yield and purity and was the method of choice

for preparing ASA for use in kinetic studies. Additionally the required enzymes, DHDPS

and DHDPR were purified to homogeneity as judged by SDS-PAGE visualised by

Coomassie brilliant blue staining and specific activity tables.

The inhibitors synthesised were tested for inhibition of DHDPS and DHDPR. The

heterocyclic compounds were not found to be potent inhibitors of DHDPS. Furthermore,

chelidamic acid and its dimethyl ester were shown NOT to be competitive inhibitors of
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DHDPS. Unfortunately, none of the analogous acyclic compounds proved to be potent

DHDPS inhibitors either.

 

Two potent acyclic irreversible inhibitors synthesised en route to other target inhibitors of

DHDPS were discovered, possessing micromolar—millimolar activity. These compounds

provide a new lead in the design of more potent DHDPS inhibitors.

From the DHDPS inhibitory results obtained in this study the mechanism of DHDPS was

revised. It was postulated that the DHDPS-catalysed reaction proceeds via a protonated

aldehyde intermediate that is consistent with the inhibitory data obtained herein.

None of the synthesised inhibitors evaluated against DHDPR were found to be more potent

then the known inhibitor dipicolinic acid. Consistent with the literature results dipicolinic

acid was found to be a competitive inhibitor of DHDPR, however dimethyl chelidamate was

found to be an uncompetitive inhibitor of DHDPR.



ACKNOWLEDGMENTS — IV -
 

There are many people to thank who made this thesis possible.

Many, many thanks must go to my supervisor Craig Hutton for introducing me to DHDPS

and for providing me with a project that enabled me to learn many new skills and meet new

people. Your encouragement throughout the years has made this experience an

unforgettable one.

Kudos goes to Juliet Gerrard whose help, assistance and pizzazz has helped keep me both

motivated and sane. Jules, your enthusiasm for all things in life is truly amazing. It was a

privilege to work in your lab - thanks!

I would also like to thank the lovely George Bacskay for his wondrous help with the

theoretical calculations.

To my Usyd lab mates past and present it's been fun but I am glad it's over. Thanks go to:

David Barker for teaching me the tricks of the trade all those years ago (you're a synthetic

guru); Philip Chan for being a walking encyclopedia of organic reactions but more

importantly for a being a great laugh, friend and fumehood buddy (Bexta2 belongs to you);

Edward Humphries for all the chem tips and nmrs that I have wanted run so urgently;

Andrew Scott for teaching Ed how to cook as well as your friendship; Timothy Southwood

& Alex Yuen for general amusement, shenanigans and laughs.

From the Christchurch massive thanks must go to: Renwick Dobson (Dogroll) for the

patience to teach me all things biochemical and tolerating my turns, it was a pleasure to

work with you and a good laugh (go ren time); Michael Griffin (mysterious mikey mike) for

your help and yummy cooking; Jackie Healy for all the wondrous technical advice; Antonia

Miller (tones) for all the laughs YOU ROCK! (danger, danger, high voltage!); Susie, Sarah

& Laurence for making the lab a fun and sometimes crazy place to work. I must also thank

my surrogate family in NZ the Webbers, especially Caroline and Hugh for always making

sure I was OK and for being such wonderful company.

Many thanks are expressed to all the technical staff (past and present) in the school whose

work often goes unnoticed and is taken for granted, specifically: NMR department, Ming,

Ian, Suz, Ed and & Jen; The Mass Spec department, Xiao Ming & Keith; X—ray



-V—

crystallography lab, Peter Turner; Service room staff on level 5 Bruce, Cliff and Carlo;
 

Main store staff, especially Arthur. I would also like to thank Athol Turner for his help and

patience in teaching me HPLC.

To those of you who assisted in the preparation of this manuscript, thankyou: Craig, Juliet,

Margaret, Edward, Joseph, Jen & Alex.

To my many friends I cannot express enough thanks for all your support whilst I have been

studying (both here and overseas) I promise to catch up with you soon. A few particular

people stand out though - they have bought me coffee when it was needed most, helped me

out with computer problems & have been keen for a beer most Friday nights they are (in no

particular order): Vesna, Edward, Joseph, Adam & Gen.

I will be forever indebted to my mum and dad for all their unconditional love and support

during my many years of study (no one else would pick me up from uni at 1am in the

morning). You will never realise what an inspiration you have been (and continue to be). To

my cute Grummy - THANKS ! To the rest of my family—this is what I have been up to—

now I can say I am no longer a student and yes I have FINISHED!

Finally, I would like to thank my soulmate Edward, for everything.



ABBREVIATIONS — v1 -
 

A

A340

(R)-ASA

ASA

(S)-ASA

ampR

Ar

B0020

BOP.PF6

bp

bs

BSA

°C

6

Da

DAP

dap

dapA

dapB

DHDPR

DHDPS

DMSO

DMF

DNA

8

E. coli

EcoR I

EDTA

Et3N

FMN

GlcNAc

HEPES

Hind III

HPLC

HTHDP

Hz

ICso

ID

kb

kDa

Angstrom

absorbance at 340 nm

(R)-aspartate B—semialdehyde

aspartate B-semialdehyde

(S)—aspartate B-semialdehyde

ampicillin resistance gene

aryl

di-tert-butyldicarbonate

(benzotriazol—l-yloxy) tris (dimethylamino) phosphonium hexafluorophosphate

base pair(s)

broad singlet

bovine serum albumin

degrees Celsius

chemical shift in parts per million

dalton

diaminopimelate

gene encoding for an enzyme in the dap pathway

gene encoding dihydrodipicolinate synthase

gene encoding dihydrodipicolinate reductase

dihydrodipicolinate reductase

dihydrodipicolinate synthase

dimethyl sulfoxide

dimethylformamide

deoxyribonucleic acid

molar extinction coefficient

Escherichia coli

DNA restriction enzyme from Escherichia coli RY13

ethylenediaminetetraacetic acid

triethylamine

Flavin mononucleotide

N—acetylglucosamine

N-2-hydroxymethylpiperazine-N’-2—ethane sulphonic acid

DNA restriction enzyme from Haemophilus influenzac

high performance liquid chromatography

4-hydroxytetrahydrodipicolinate

. Hertz

inhibitor concentration resulting in 50% enzyme inhibition

Internal Diameter

kilobase

kilodalton

inhibition constant

Michaelis—Menten constant

Luria-Bertani



 

-VH-

 

m

mCPBA

mesoDAP

Mr

m.p.

MurNAc

MRSA

NAD"

NADH

NADP”

NADPH

NaIO4

nm

SDS

SDS PAGE

SMCS

Sp.

t

TBE

multiplet

meta—chloroperbenzoic acid

meso-diaminopimelate

relative molecular mass

melting point

N-acetylmuramic acid

methicillin resistant Staphylococcus aureus

nicotinamide adenine dinucleotide

nicotinamide adenine dinucleotide, reduced form

nicotinamide adenine dinucleotide phosphate

nicotinamide adenine dinucleotide phosphate, reduced form

sodium periodate

nanometer

nuclear magnetic resonance

osmium tetroxide

para-methoxybenzyl chloride

polyacrylamide gel electrophoresis

Bluescript plasmid containing the dap A gene

Bluescript plasmid containing the clap B gene

pyridoxal phosphate

parts per million

benzotriazole- l -yl—oxy-tris-pyrrolidino—phosphonium hexafluorophosphate

ribonucleic acid

reaction

singlet

sodium dodecyl sulfate

sodium dodecyl sulphate polyacrylamide gel electrophoresis

(S)-methylcysteine sulfoxide

Species

triplet

Tris borate EDTA electrophoresis buffer

N,N,N’,N’-tetramethylethylenediamine

tetracycline resistance gene

trifluoroacetic acid

tetrahydrofuran

tetramethylsilane

Tris(hydroxymethyl)methylamine

undecaprenyl

ultra-violet

vancomycin intermediate resistant Staphylococcus aureus

maximum rate

vancomycin resistant Enterococci

percentage



 

 

 

 

 

 

TABLE OF CONTENTS -vm -

PREFACE I

ABSTRACT II

ACKNOWLEDGMENTS IV

ABBREVIATIONS VI

LIST OF FIGURES XII

Chapter 1 - Introduction

1.1 HISTORY OF ANTIBIOTIC RESISTANCE 1

1.2 THE BASIS OF MICROBIAL RESISTANCE T0 ANTIBIOTICS 2

1.3 MECHANISTIC ACTION OF ANTIMICROBIAL DRUGS 2

1.3.1 INHIBITION OF PROTEIN SYNTHESIS 2

1.3.2 INHIBITION OF NUCLEIC ACID SYNTHESIS 3

1.3.3 CELL MEMBRANE DISRUPTION 3

1.3.4 METABOLIC ANTAGONISTS 3

1.3.5 INHIBITION OF BACTERIAL CELL WALL SYNTHESIS 4

1.4 STRUCTURE AND ASSEMBLY OF PEP’I‘IDOGLYCAN CELL WALL 5

1.5 BIOSYNTHESIS OF LYSINE AND MEso-DAP 7

1.6 THE FIRST STEP IN THE BIOSYNTHESIS 0F LYSINE 9

1.7 DIHYDRODIPICOLINATE SYNTHASE 10

1.8 INHIBITORS OF DIHYDRODIPICOLINATE SYNTHASE 13

1.8.1 SUBSTRATE ANALOGUE DHDPS INHIBITORS 13

1.8.2 HETEREOCYCLIC DHDPS INHIBITORS ' 15

1.9 THE SECOND STEP IN THE BIOSYNTHESIS OF LYSINE 17

1.10 DIHYDRODIPICOLINATE REDUCTASE 17

1.11 INHIBITORS OF DHDPR 19

1.12 INHIBITING THE LYSINE BIOSYNTHETIC PATHWAY 20

1.13 REFERENCES 22

Chapter 2 - Synthesis of Inhibitors

2.1 DESIGN OF CYCLIC INHIBITORS OF DHDPS 25

2.2 SYNTHESIS OF ALCOHOLS 51 AND 52 27

2.3 STEREOSELECTIVE PREPARATION OF THE 1,4-THIAZANE-1-0XIDE (THIAMORPHOLINE-

S-OXIDE) DERIVATIVES 53, 54, 71. 32

2.3.1 OXIDATION OF THE (R,R)-THIAZANE 60 34

2.3.2 OXIDATION OF THE MESO—THIAZANE 6 38

2.3.3 PREPARATION OF SULFONES 54—76 42

 



-1X-
 

 

 

 

 

2.3.3 PREPARATION OF DILITHIUM SALTS 77—82 43

2.4 DESIGN OF ACYCLIC INHIBITORS 44

2.5 SYNTHESIS OF ACYCLIC ALCOHOL 83 44

2.6 SYNTHESIS OF ACYCLIC SULFOXIDES 84 AND 85 48

2.7 SUMMARY 49

2.8 REFERENCES 50

Chapter 3 — Synthesis of ASA & Purification OfDHDPS and DHDPR

3.1 PREPARATION OF (5)—ASPARTATE B-SEMIALDEHYDE 52

3.1.1 INTRODUCTION 52

3.1.2 PREVIOUS SYNTHESES OF (D-ASPARTATE B—SEMIALDEHYDE 53

3.2 SYNTHESIS OF ASPARTATE B-SEMIALDEHYDE 54

3.3 PURIFICATION OF DHDPS AND DHDPR 57

3.3.1 INTRODUCTION 57

3.3.2 PLASMID EXTRACTION 57

3.4 OVER-EXPRESSION OF THE DAPA GENE AND PURIFICATION OF DHDPS 59

3.5 OVER-EXPRESSION OF THE DAPBGENE AND PURIFICATION OF DHDPR 61

3.6 SUMMARY 63

3.7 REFERENCES 64

Chapter 4 — Kinetic & Inhibition Studies ofDHDPS and DHDPR

4.1 INTRODUCTION 66

4.2 o-AMINOBENZALDEHYDE ASSAY 66

4.3 IMIDAZOLE BUFFER ASSAY 67

4.4 COUPLED ASSAY 68

4.5 MODIFICATIONS To THE COUPLED ASSAY 68

4.6 ENZYME KINETICS OF E. COLIDHDPS 68

4.7 ENZYME KINETICS OF E. COLIDHDPR 69

4.8 SUMMARY 74

4.9 PRELIMINARY COMPOUND SCREENING 0F DHDPS INHIBITORS 78

4.9.1 DHDPS INHIBITOR SCREEN OF NITROGEN CONTAINING HETEROCYCLIC COMPOUNDS 78

4.9.2 DHDPS INHIBITOR SCREEN OF SULFUR CONTAINING HETEROCYCLIC COMPOUNDS 78

4.10 INHIBITION KINETICS 80

4.10.1 INTRODUCTION 82

4.10.2 COMPETITIVE INHIBITION 82

4.10.3 NON—COMPETETIVE INHIBITION 82

 



-x_
 

 

 

4.10.4 UNCOMPETETIVE INHIBITION 83

4.10.5 MIXED INHIBITION 83

4.11 INHIBITION OF DHDPS BY DIMETHYL CHELIDAMATE HYDROCHLORIDE 52 84

4.12 INHIBITION OF DHDPS BY CHELIDAMIC ACID 55 88

4.13 ACYCLIC INHIBITORS OF DHDPS 92

4.13.1 REVERSIBLE ACYCLIC DHDPS INHIBITORS 92

4.13.2 IRREVERSIBLE ACYCLIC DHDPS INHIBITORS 93

4.14 MECHANISTIC REVISION OF DHDPS BASED ON INHIBITOR RESULTS 96

4.15 PRELIMINARY COMPOUND SCREENING OF DHDPR INHIBITORS 99

4.15.1 DHDPR INHIBITOR SCREEN OF NITROGEN CONTAINING HETEROCYCLES 99

4.15.2 DHDPR INHIBITOR SCREEN OF SULFUR CONTAINING HETEROCYCLES 100

4.16 INHIBITION OF DHDPR BY DIPICOLINIC ACID 18 101

4.17 INHIBITION OF DHDPR BY DIMETHYL CHELIDAMATE HYDROCHLORIDE 52 104

4.18 SUMMARY 106

4.17 REFERENCES 107

Chapter 5 - Experimental

5.1 GENERAL PROCEDURES FOR SYNTHESIS 109

5.2 SYNTHESIS OF CYCLIC INHIBITORS 111

5.3 OXIDATION OF SULFIDES 115

5.4 PREPARATION OF LITHIUM SALTS 119

5.5 SYNTHESIS OF ACYCLIC INHIBITORS 122

5.6 SYNTHESIS OF ASPARTA’I‘E B-SEMIALDEHYDE TRIFLUOROACETATE SALT 130

5.7 GENERAL PROCEDURES FOR ENZYMOLOGYAND KINETICS 135

5.8 BACTERIAL CULTURES 136

5.8.1 MEDIA 136

5.8.2 ANTIBIOTICS 136

5.9 BACTERIAL STRAINS 136

5.9.1 PREPARATION OF GLYCEROL FREEZES 137

5.9.2 PLATE PREPARATION 137

5.9.3 INCUBATION OF COLONIES 137

5.9.4 STANDARD PLASMID PREPARATION BY ALKALINE LYSIS 138

5.9.5 RESTRICTION DIGESTS 139

5.9.6 AGAROSE GEL ELECTROPHORESIS 140

5.9.7 SODIUM DODECYL SULFATE POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS—PAGE) 141

5.9.8 PREPARATION OF DIALYSIS TUBING 142

5.10 ISOLATION AND PURIFICATION OF DHDPS 142

 



-XI-

 

5.10.1 DHDPS OVEREXPRESSION

5.10.2 DHDPS PURIFICATION

5.10.3 THE o-AMINOBENZALDEHYDE ASSAY FOR QUALITATIVE ASSESSMENT OF THE PRESENCE OF

DHDPS ACTIVITY.

5.11 ISOLATION AND PURIFICATION OF DHDPR

5.11.1 DHDPR OVEREXPRESSION

5.11.2 DHDPR PURIFICATION

5.11.3 THE QUALITATIVE COUPLED ASSAY TO TEST FRACTIONS FOR DHDPR ACTIVITY

5.11.4 ENZYME PURITY

5.11.5 BRADFORD ASSAY (DETERMINATION OF PROTEIN CONCENTRATION)

5.12 ENZYME KINETICS 0F DHDPS

5.12.1 KINETICS OF DHDPS WITH RESPECT TO (5‘)-ASA

5.12.2 KINETICS OF DHDPS WITH RESPECT TO PYRUVATE

5.13 ENZYME KINETICS 0F DHDPR

5.13.1 KINETICS OF DHDPR WITH RESPECT TO DHDP

5.13.2 KINETICS OF DHDPR WITH RESPECT TO THE COFACTOR NADPH

5.14 IRREVERSIBLE INHIBITION STUDIES OF 56 AND 84 WITH RESPECT TO DHDPS

5.15 INHIBITION OF DHDPS AND DHDPR BY HTHDP MIMICS

5.15.1 INHIBITION SCREENING ASSAY FOR DHDPS

5.15.2 INHIBITION SCREENING ASSAY FOR DHDPR

5.16 INHIBITION KINETICS OF DHDPS BY HTHDP MIMICS

5.16.1 KINETICS OF INHIBITOR WITH RESPECT TO (5‘)-ASA

5.16.2 KINETICS OF INHIBITOR WITH RESPECT TO PYRUVATE

5.17 INHIBITION KINETICS 0F DHDPR BY HTHDP MIMICS

5.17.1 KINETICS OF INHIBITION WITH RESPECT To DHDP

5.18 REFERENCES

142

143

144

145

145

145

147

148

148

149

149

149

150

150

151

151

152

152

152

153

153

153

154

154

155

 

APPENDIX

A1 CRYSTALLOGRAPHIC DATA FOR COMPOUND 71

. A2 KINETIC EQUATIONS

A3 REFERENCES

xi

xiii

 

 



LIST OF FIGURES — XII —
 

Chapter 1 — Introduction
 

 

 

 

 

 

 

FIGURE 1.3.5: STRUCTURE OF VARIOUS ANTIBIOTICS THAT INHIBIT BACTERIAL CELL WALL SYNTHESIS 4

FIGURE 1.4.1: STRUCTURE OF THE PEPIIDOGLYCAN LAYER 5

FIGURE 1.4.2: SCHEMATIC OF BACTERIAL CELL WALL STRUCTURE 7

FIGURE 1.5.1: LYSINE BIOSYNTHETIC PATHWAY 8

FIGURE 1.6.1: PRODUCTION OF DHDP FROM ASA AND PYRUVATE 9

FIGURE 1.7.1: THE STRUCTURE OF E. COLI DHDPS TETRAMER 11

FIGURE 1.8.1: ASA BASED INHIBITORS OF DHDPS 14

FIGURE 1.8.2: PYRUVATE AND LYSINE ANALOGUE INHIBITORS 14

FIGURE 1.8.3: HETEREOCYCLIC INHIBITORS OF DHDPS 15

FIGURE 1.9.1: PRODUCTION OF LTI—IDP FROM DHDP 17

FIGURE 1.10.1: THE STRUCTURE OF E. COLIDHDPR TETRAMER 18

FIGURE 1.11.1: HETEROCYCLIC DHDPR INHIBITORS 19

FIGURE 1.11.2: DHDPR INHIBITORS 20

Chapter 2 — Synthesis of Inhibitors

FIGURE 2.1.1: PROPOSED DHDPS INHIBITORS 25

FIGURE 2.1.2: 3D IMAGE OF DHDP 10 SUPERIMPOSED WITH 39 AND 40 26

FIGURE 2.3.1: CHAIR CONFORMATIONS OF (R,R)-THIAZANE S-OXIDE 71 34

FIGURE 2.3.2: 400 MHz 1H N.M.R. SPECTRUM OF (R,R)—THIAZANE S—OXIDE 71 IN CDCL3 35

FIGURE 2.3.3: X—RAY STRUCTURE OF SULFOXIDE 71 36

FIGURE 2.3.5: 300 MHZ 1H N.M.R. SPECTRUM OF A MIXTURE OF SULFOXIDES 53 AND 74 IN CDCL3 40

FIGURE 2.3.6: DILITHIUM DICARBOXYLATES 77—82 43

FIGURE 2.4.1: PROPOSED ACYCLIC INHIBITORS OF DHDPS 83—85 44

Chapter 3 — Preparation Of ASA & Purification of DHDPS and DHDPR

FIGURE 3.3.1:AGAROSE GEL SHOWING DNA RESTRICTION FRAGMENTS OF PJG001 AND PJKOOl 59

FIGURE 3.4.1: SDS-PAGE COMPARISON OF SAMPLE SOLUTIONS AFTER EACH DHDPS PURIFICATION STEP 60

FIGURE 3.5.1: SDS-PAGE COMPARISON OF SAMPLE SOLUTIONS AFTER EACH DHDPR PURIFICATION STEP 62

Chapter 4 - Kinetic & Inhibition Studies of DHDPS and DHDPR

FIGURE 4.2.1: o-AMINOBENZALDEHYDE ASSAY 66

FIGURE 4.3.1: IMIDAZOLE BUFFER ASSAY 67

FIGURE 4.4.1: COUPLED ASSAY TO TEST FOR DHDPS ACTIVITY 68

FIGURE 4.4.2: COUPLED ASSAY TO TEST FOR DHDPR ACTIVITY 68

FIGURE 4.6.1: MODIFIED REACTION MECHANISM OF E. COLIDHDPS 70

FIGURE 4.6.2: DHDPS KINETICS WITH RESPECT TO PYRUVATE AT DIFFERENTASA CONCENTRATIONS 72



_xm_
 

FIGURE 4.6.3: DI-[DPS KINETICS WITH RESPECT TO ASA AT DIFFERENT PYRUVATE CONCENTRATIONS

FIGURE 4.7.1: REACTION MECHANISM FOR DHDPR

FIGURE 4.7.2: DHDPR KINETICS WITH RESPECT TO DHDP AT DIFFERENT NADPH CONCENTRATIONS

FIGURE 4.7.3: DHDPR KINETICS WITH RESPECT TO NADPH AT DIFFERENT DHDP CONCENTRATIONS

FIGURE 4.9.1: NITROGEN CONTAINING HETEROCYCLIC INHIBITORS OF DHDPS

FIGURE 4.9.2: SULFUR CONTAINING HETEREOCYCLIC INHIBITORS OF DHDPS

FIGURE 4.10.1: COMPETITIVE INHIBITION I

FIGURE 4.10.2: NON-COMPETITIVE INHIBITION

FIGURE 4.10.3: UNCOMPETITIVE INHIBITION

FIGURE 4.10.4: MIXED INHIBITION

FIGURE 4.11.1: DHDPS KINETICS WITH RESPECT TO PYRUVATE AT DIFFERENT CONCENTRATIONS OF

DIMETHYL CHELIDAMATE HYDROCHLORIDE

73

74

76

77

80

81

82

83

83

84

86

FIGURE 4.11.2: DHDPS KINETICS WITH RESPECT TO ASA AT DIFFERENT CONCENTRATIONS OF DIMETHYL

CHELIDAMATE HYDROCHLORIDE

FIGURE 4.12.1: DHDPS I<INETICS WITH RESPECT TO PYRUVATE AT DIFFERENT CONCENTRATIONS OF

CHELIDAMIC ACID

87

90

FIGURE 4.12.2: DHDPS IQNETICS WITH RESPECT TO ASA AT DIFFERENT CONCENTRATIONS OF CHELIDAMIC

ACID

FIGURE 4.13.1: ACYCLIC INHIBITORS OF DHDPS

FIGURE 4.13.2: EFFECT OF DIENE 56 ON DHDPS ACTIVITY

FIGURE 4.13.3: SDS—PAGE OF DHDPS INCUBATED WITH DIENE 56

FIGURE 4.13.4: EFFECT OF ALKENE 87 ON THE ACTIVITY OF DHDPS

FIGURE 4.14.1: DHDPS MECHANISM VIA THE ALDEHYDE 8

FIGURE 4.14.2: DHDPS MECHANISM VIA THE HYDRATE 19

FIGURE 4.15.1: NITROGEN CONTAINING HETEROCYCLIC INHIBITORS OF DHDPR

FIGURE 4.15.2: SULFUR CONTAINING HETEROCYCLIC INHIBITORS OF DHDPR

91

92

94

94

96

96

97

100

101

FIGURE 4.16.1: DHDPR KINETICS WITH RESPECT TO DHDP AT DIFFERENT CONCENTRATIONS OF DIPICOLINIC

ACID 103

FIGURE 4.17.1: DHDPR IQNETICS WITH RESPECT TO DI‘IDP AT DIFFERENT CONCENTRATIONS OF DIMETHYL

CHELIDAMATE HYDROCHLORIDE 105
 



CHAPTER 1

INTRODUCTION

 

 



Chapter 1: Introduction — 1 —

 

1.1 History of Antibiotic Resistance

Antibiotics are undoubtedly one of the great legacies of medical research. The effectiveness

of many life-saving antibiotics is, however, being undermined by the emergence of

antibiotic resistance. In the United States of America some 14,000 individuals die each year

as a result of antibiotic resistant bacterial infections.1 This alarming figure alone highlights

the need for the development of new broad-spectrum antibiotics.

In 1941, just over half a century ago, virtually all strains of Staphylococcus aureus

world-wide were susceptible to penicillin.2 A few years later, in 1944, a penicillin-resistant

strain of S. aureus emerged.2 Today, in excess of 95% of S. aureus strains are resistant to

penicillin, ampicillin, and the antipseudomonas—penicillins.2 Since that first case of resistant

staphylococcus, the problem of antibiotic resistant bacteria has been of growing concern.

Currently, there exists a variety of bacteria which possess resistance to even the most potent

antibiotics in our arsenal.2 Of increasing alarm is the emergence of vancomycin resistant

Enterococci (VRE), vancomycin intermediate resistant S. aureus (VISA) and methicillin

resistant S. aureus (MRSA). VRE was first found in France in 1986.3 It has since been

isolated in the United States of America, Britain, Japan and many other countries, including

Australia. The first isolate in Australia occurred in a Melbourne hospital in 1994.4

Enterococcus is a Gram-positive organism normally found in the lower gastrointestinal and

genital tract of healthy individuals. However, this organism can be pathogenic, causing

urinary tract infections, wound infections, septicaemia and endocarditis.l Futhermore, the

emergence of VISA strains suggest it will only be a matter of time before fully resistant

VRSA emerges.S These infections will then be effectively untreatable. Although MRSA is

part of the natural human flora found on the skin, it can also be the cause of a number of

diseases.l’4 In hospital settings, the risk of post—surgical S. aureus infections is high.4 These

infections can cause stitch abscesses, septic phlebitis, chronic osteomyletis, pneumonia,

meningitis, endocarditis and sepsis.4 Approximately 85—95% of isolates are antibiotic

resistant S. aureus, which have developed resistance to penicillin, methicillin and

. . . . 6
am1noglyc031des such as gentamlcm.
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1.2 The Basis of Microbial Resistance to Antibiotics

The problem of resistance has arisen due to several factors. Firstly, many antimicrobial

drugs are derived from natural sources, such as bacteria and fungi, wherein resistance

mechanisms are necessary to protect the producing organism. That is, bacteria and/or fungi

may be inherently resistant to an antibiotic, or become so by activating the appropriate

enzymes. Secondly, bacteria can acquire resistance to antibiotics through changes in the

bacterial genome. Acquired resistance is driven by two genetic processes in bacteria: (1)

mutation and selection, and; (2) exchange of genes between strains and species.7 Finally,

due to the immense success of commercial antibiotics, research into novel antimicrobial

compounds was not considered to be of primary importance during the 1970s and 19803, so

very few new effective drugs have emergedg’9 If medicine is to remain ahead of the

evolution of drug resistant bacterial strains, then the development of new antibiotics is

imperative and urgent.

1.3 Mechanistic Action of Antimicrobial Drugs

There are several mechanisms of action of antimicrobial drugs, including the inhibition of

protein synthesis, inhibition of nucleic acid synthesis, cell membrane disruption, metabolic

antagonism and inhibition of bacterial cell wall synthesis.7’10’11

1.3.1 Inhibition of Protein Synthesis

Antibacterial agents that impair protein synthesis can act either against RNA or against

ribosomes. Rifampicin is a semisynthetic derivative of rifamycin B.7 It binds non-covalently

10 Theto RNA polymerase and inhibits RNA synthesis in Gram-positive bacteria.

DNA-dependent RNA polymerases in mammalian cells are unaffected, since the drug binds

to a peptide chain not present in eukaryotic RNA polymerase.10 Streptomycin, an important

example of the aminoglycoside class of antibiotics, inhibits protein synthesis by binding to

the 305 bacterial ribosomal subunit, thereby preventing the growth of the protein chain by

preventing the recognition of the triplet code on mRNA.ll Other classes of drugs that

interfere with protein synthesis include tetracyclines, chloramphenicol and macrolides.7’10’11
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1.3.2 Inhibition of Nucleic Acid Synthesis

Inhibition of nucleic acid function prevents cell division and/or the synthesis of essential

enzymes. The quinolones and fluoroquinolones are two classes of antibiotics that are

believed to act on the bacterial enzyme DNA-topoisomerase.7 This enzyme catalyses the

supercoiling of chromosomal DNA into its tertiary structure. A consequence of

DNA-topoisomererase inhibition is the loss of replication and transcription, leaving the

bacterial cell’s genetic code unread.10 Specific examples of these drugs include nalidixic

. . . 7,10,11
ac1d and enoxac111n.

1.3.3 Cell Membrane Disruption

Cell membrane inhibitors disorganize the structure, and inhibit the function, of bacterial

membranes. The integrity of the cytoplasmic and outer membranes is vital to bacteria, and

compounds that disorganize the membranes rapidly kill the cells. However, due to

similarities in phospholipids in eubacterial and eukaryotic membranes, this action is rarely

selective enough for compounds of this class to be clinically useful.11 There are only a few

antibiotics of clinical importance that work by this mechanism: these include

polymyxin B 1, gramicidin S and tyrocidin A.ll

1.3.4 Metabolic Antagonists

Antibacterial agents that inhibit cell metabolism are called antimetabolites.12 These

compounds inhibit the metabolism of a micro-organism, but not the metabolism of the host.

Such compounds work by inhibiting an enzyme—catalysed reaction which is present in the

bacterial cell, but not in animal cells.7 The sulfonamides are a class of antimetabolic drugs

that act as competitive enzyme inhibitors and block the biosynthesis of folic acid in

bacterial cells. They inhibit dihydropteroate synthase, the enzyme that is responsible for

linking together the component parts of folic acid.7‘10’12
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1.3.5 Inhibition of Bacterial Cell Wall Synthesis

Many currently used antibiotics are known to inhibit the synthesis of the bacterial cell wall

in a variety of ways (Table 1.3.5).10 Each of these antibiotics inhibits a step(s) in the

biosynthesis of peptidoglycan, the main constituent of the bacterial cell wall.

 

Table 1.3.5: Antibiotics that Inhibit Cell Wall Synthesis10

 

 

Target Antibiotic

Alanine racemase D—Cycloserine 3

D-Ala-D—Ala ligase D-Cycloserine 3

Translocation across membrane Bactracin

Transpeptidation of peptidoglycan B-lactarns (e.g. penicillin G) 4

Binding of peptidyl D-Ala—D-Ala Vancomycin 5

 

The integrity of the bacterial cell wall, including the unique peptidoglycan structure found

therein, must be preserved or cell death will occur.10 Any defects or disruptions to the

peptidoglycan layer leads to cell lysis as a result of high internal osmotic pressure.8
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Figure 1.3.1: Structure of Various Antibiotics that Inhibit Bacterial Cell Wall Synthesis
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1.4 Structure and Assembly of Peptidoglycan Cell Wall

The peptidoglycan layer consists of a matrix of polysaccharide chains, composed of

alternating N-acetylmuramic acid (MurNAc) and N—acetylglucosamine (GlcNAc) sugar

residues, cross-linked through peptide sidechains attached to the MurNAc residues (Figure

14.1).”14
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R1 = D-Ala-m-DAP-y—D-Glu-L-Ala-(MurNAc-GlcNAc)n

R2 = D-Ala

n = polymer

Figure 1.4.1: Structure of the Peptidoglycan Layer9

The sequence of the cross—linking pentapcptide is L-Ala—y—D-Glu-X-D-Ala-D-Ala, where X

is usually meso-diaminopimelate (m-DAP, 1) for Gram—negative bacteria, and L-lysine 2 for

Gram-positive bacteria, with some variations.15 The sequence of the pentapcptide is not

DNA encoded, but is determined by the specificity of a series of amino acid ligases, which

synthesise the cell wall precursor UDP-MurNAc—L—Ala— y—D—Glu-m-DAP-D-Ala-D-Ala from

UDP-MurNAc in the cytoplasm.16 The formation of the dipeptide D-Ala-D-Ala is inhibited

by cycloserine 3 binding competitively to D-Ala-D-Ala ligase; cycloserine 3 also inhibits

alanine racemase.12 The MurNAc-pentapcptide is attached to an undecaprenyl (UDP) lipid

carrier, to which is then attached a GlcNAc residue. At this point in many Gram—positive

bacteria, 1—5 amino acid residues, activated as their aminoacyl—tRNAs, may be successively

attached to the E—amino group of the L-lysine residue.l7 These additional amino acids are
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usually glycine residues, although L-serine, L-threonine and other amino—acids are

sometimes found.15 The free OL-amino terminus at the end of this additional peptide chain is

then used for transpeptidation. The lipid-linked disaccharide-pentapeptide is translocated

across the cytoplasmic membrane, exposing the pentapeptide side—chains to the cell surface.

Transglycosylation of the sugar residues leads to polymerisation of the backbone sugar

residues.

The final step of peptidoglycan synthesis is cross-linking of the pentapeptide sidechains, a

process catalysed by transpeptidase enzymes. Cross-linking involves attack at the e—amino

group of the meso-DAP or L—lysine residue (or the amino terminus of the linker unit) onto

the penultimate D-Ala of another chain, resulting in loss of the terminal D-Ala and peptide

bond formation. This step is inhibited by B-lactam antibiotics such as penicillin G 4, which

inactivate the transpeptidase enzymes,18 and is also inhibited by the glycopeptide antibiotics

such as vancomycin 5, which complex peptidyl-D-Ala—D—Ala, preventing both

transgylcosylation and transpeptidation.19

One way of preventing this cross-linking that has not been fully investigated is the

inhibition of L-lysine or meso—DAP biosynthesis. The inhibition of L—lysine or meso—DAP

biosynthesis prevents cell metabolism via two pathways. Firstly, without L—lysine or

meso—DAP there would be no terminal amino group available for cross—linking the

polysaccharide chains, leading to an inferior cell wall in both Gram-positive and

Gram-negative bacteria, eventually resulting in cell lysis. Secondly, disruption to protein

biosynthesis will occur, as L-lysine is a component of most cellular proteins and inhibition

of its biosynthesis debilitates protein synthesis. The disruption of L-lysine biosynthesis has

already been shown to be lethal, presumably due to the instability of the peptidoglycan

structure.20 The dapA‘ E. coli auxotroph, strain AT997, will not grow unless the growth

media is supplemented with diaminopimelate, thereby demonstrating the importance of

L-lysine biosynthesis in cell growth and survival.20



Chapter 1: Introduction
_ 7 _

 

 

 

Periplasm Outer membrane -L-Ala-D-Glu-X-D—Ala-D—Ala

. (Gram negati e only) I

Cyt°P1asmlc i D-Ala-X—D—Glu-L—Ala -
membrane

-L-Ala-D—Glu-X-D—Ala—D—Ala

Bacterium |

D—Ala—X—D—Glu—L—Ala -

Q—o Cytoplasm

i -L-Ala-D-Glu-)i-D-Ala—D—Ala

 

  

 

 

o—Ala—X—D—Glu—L—Ala -

“l
I’cpmlouhcan Ln) er    

X = m-DAP or L—Lys

.=N-acetyl-muramic acid (MurNAc)

. = N-acetyl-glucosamine (GlcNAc)  M003 6,0sz

HO

co?

NH? N 3 NH? NH?

L-Lysine 2 mesa-DAP 1

 

Figure 1.4.2: Schematic of Bacterial Cell Wall Structures

Inhibitors of the biosynthesis of L-lysine should therefore provide potent new antibiotics

through their ability to inhibit both protein and cell-wall biosynthesis. Furthermore, L-lysine

is one of the essential amino-acids for humans which must be provided through a dietary

source. This is because the L-lysine biosynthetic pathway (Figure 1.5.1) occurs in plants and

micro-organisms, but not in mammals, which suggests that specific inhibitors of this

pathway may display novel antibacterial and herbicidal activity with low mammalian

toxicity.

1.5 Biosynthesis of Lysine and mesa-DAP

The biosynthetic pathway leading to mesa-DAP and lysine production in bacteria is known

as the diaminopimelate (DAP) pathway (Figure 1.5.1). The initial steps toward the L-lysine

pathway involve the conversion of aspartate 6 to aspartyl phosphate 7, with subsequent

reduction to aspartate semi-aldehyde (ASA, 8). These steps are common to L—lysine,

L—threonine, L-isoleucine and L-methionine biosynthesis.” The first committed step in the

DAP pathway is the conversion of ASA 8 and pyruvate 9 to dihydrodipicolinate (DHDP,

10), catalysed by dihydrodipicolinate synthase (DHDPS).9’22 Reduction of DHDP to

tetrahydrodipicolinate (THDP, 11) by dihydrodipicolinate reductase (DHDPR) then occurs.

At this point the pathway splits, and three routes have been identified in different bacterial
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species.23 The longer route proceeds via acylation of L-THDP, yielding acyl-blocked

oc-amino-e-ketopimelate 12. In many bacterial species, including Escherichia coli, the

blocking group is a succinyl group, while in many species of Bacillus, an acetyl group is

utilised.24 The e-keto group is then subject to transimination by pyridoxal phosphate (PLP)

dependent aminotransferase, utilising glutamate as the amino donor to give 13.25 Removal

of the blocking acyl—group then affords LL-DAP 14, which is subsequently epimerised to

mesa-DAP. In the shorter pathway, mesa-DAP is produced directly from L-THDP 11 by a

reductive amination catalysed by mesa-DAP dehydrogenase. This enzyme is less prevelant,

but is found in Bacillus sphaericus, for example. Dual pathways are present in some

bacterial strains; for example, the succinyl and dehydrogenase pathways are present26 and

operative:27 in the industrially important lysine producer Corynebacterium glutamicum. In

the final step of L-lysine biosynthesis, decarboxylation of mesa—DAP is catalysed by the

PLP—dependent mesa—DAP decarboxylase produces L-lysine.28 As DHDPS and DHDPR

are common to all three routes leading to the synthesis of mesa-DAP and L-lysine, attention

was focused on designing potential inhibitors of these enzymes.
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Figure 1.5.1: Lysine Biosynthetic Pathway: ASA-DH = Asparate Semi-Aldehyde Dehydrogenase,
DHDPS = Dihydrodipicolinate Synthase, DHDPR = Dihydrodipicolinate Reductase, L—THDP =

L-Tetrahydrodipicolinate, AT = Aminotransferase, DAP = Diaminopimelate.
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1.6 The First Step in the Biosynthesis of Lysine

The first unique step in lysine biosynthesis involves the condensation of pyruvate 9 and

ASA 8 to give dihydrodipicolinate (DHDP, 10), a reaction catalysed by the enzyme

DHDPS.”34 The reaction is initiated by condensation of pyruvate 9 with an active site

lysine residue forming a Schiff base. This has been confirmed by sodium borohydride

trapping e)(periments.29’32’35 Subsequent tautomerisation gives the enamine 15 (Figure

1.6.1). Aldol-type reaction of the enamine 15 with (S)—ASA 8 then gives the acyclic

enzyme-bound intermediate 16. Transimination of the acyclic intermediate 16 is thought to

give the cyclic alcohol 17 with simultaneous release of the active site lysine residue. Loss of

water then provides DHDP 11. As the name suggests, it was originally believed that DHDP

11 was the enzymatic product formed in this reaction. However, recent work by Blickling

and co-workers35 has suggested that the actual product is 4-hydroxytetrahydrodipicolinate

(HTHDP, 17), which was observed as a discrete species in solution. It was postulated that

this species is the true product of the enzyme—catalysed reaction, with dehydration to give

DHDP 11 occurring spontaneously, following release of the alcohol 17 into solution.35

OH
O

[Lys161 JL H 8 (:09

HZN 6020 NH _ Q G) \ 2

\ 6 02C N

* -H20 Lys161 HaN C02 L/s1 61gHa
e = 15 = y

020 O 16

9 OH

/ -H20

9 \ e e \ e

020 N 002 020 N 002

THDP, 11 HTHDP, 17

H2N-Lys161

Figure 1.6.1: Production of DHDP from ASA and Pyruvate

1H and 13C n.m.r. experiments conducted by Blickling et al.35 indicated that HTHDP 17

was the true product of the DHDPS-enzyme catalysed reaction. The 13C n.m.r. experiments

using labelled pyruvate showed that when using [3-13C]pyruvate a triplet at 34 ppm

developed as the DHDPS reaction proceeded. Employing [2,3-13C]pyruvate lead to the

appearance of two signals, a triplet of doublets at 34 ppm and a doublet at 166.5 ppm. These
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resonances were assigned to C5 (formation of a methylene group originating from C—3 of

pyruvate) and C6 of the cyclic imine 17. The possibility of an open chain amino ketone was

ruled out as the chemical shift of the ketone carbon would be higher. 1H n.m.r. studies using

labelled pyruvate were also consistent with the product being HTHDP 17 . The appearance

of the axial C-4 proton at 3.9 ppm along with the signal at 1.28 ppm attributed to the C-3

proton together with the C-2 proton assigned at 4.0 ppm and the C—5 axial proton at 2.8 ppm

indicated that the actual product is HTHDP 17.35

1.7 Dihydrodipicolinate Synthase

29,36,37
Dihydrodipicolinate synthase has been isolated from a variety of bacterial and plant”

42 sources. All characterised DHDPS enzymes thus far are reported to be tetrameric, with

one exception: a single, uncorroborated, gel filtration experiment suggested that pea

DHDPS was trimeric.42 A high level of homology exists at the amino acid level between

DHDPS obtained from different species. For example, the E. coli DHDPS shows 30%

identity to wheat,43 35% identity to Nicotiana sylvestris33 and 33% identity to

Brevibacterium lactofermentum44 DHDPS enzymes. The level of homology between plants

is much greater, for example, there is 87% identity between wheat and maize genes.20

Early gel filtration experiments showed E. coli DHDPS exists as a homotetramer of

molecular weight 134,000 Da.29 The dapA locus which encodes for DHDPS has been

mapped to 53 minutes on the E. coli chromosome45 and subsequently cloned45 and

sequenced.45 The published E. coli dapA sequence predicted a 292 amino acid sequence

corresponding to a monomeric molecular weight of 31,372 Da.45 However, electrospray

mass spectrometry of the monomeric DHDPS gave a molecular ion of 31,272 Da and

highlighted errors in the predicted amino acid sequence.32

The crystal structure of E. coli DHDPS has been determined by X-ray crystallography to a

resolution of 2.5 A31 The data obtained confirm that E. coli DHDPS is a homotetramer,

revealing a dimer of dimers with approximate 222 symmetry (Figure 1.7.1). Each E. coli

DHDPS monomer is composed of two domains: The amino-terminal domain (residues 1—

224) assumes an eight-stranded parallel CUB—barrel similar to that observed in triose

phosphate isomerase.46 The DUB-barrel consists of a hydrophobic core formed by an
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irregular layer of mainly hydrophobic residues. The carboxy-terminal domain (residues

224-292) is composed predominately of (it-helices. The catalytic site, as defined by the

position of lysine-161, is located at the carboxy-terminal end of the barrel, inside a 10 A

deep by 30 A long cleft. This is similar in structure to class I aldolases, including N-acetyl

48-52
neuraminate lyase47 and several other enzymes which are mechanistically related to

DHDPS 535“

 
Figure 1.7.1: The Structure of E. coli DHDPS Tetramer: Monomers A and B, and C and D associate

tightly to form dimers, which loosely associate to form the tetrameric structure of native DHDPS. B-Sheets are

coloured red and a-helices are detailed in gold and blue.

The dimers of DHDPS associate loosely to form the native tetrameric enzyme. The contacts

occur between monomers A and C and monomers B and D via three OL-helices (Figure

1.7.1). It is interesting to note that just three residues from each monomer make contact

between dimers. This association is rather weak and less than 5% of the total surface area of

. . . . . 1

each monomer lS buned 1n the loose dlmer Interface.3 ’35
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In contrast to the loose association between dimers, the subunits associate quite tightly into

dimers. Residues tyrosine-106 and tyrosine-107 occur at the interface between subunits and,

are conserved in all DHDPS protein sequences. The side chains of these conserved tyrosines

interdigitate with those of the adjacent subunit, causing a hydrophobic, sandwich—like stack,

resulting in a 12.4% burial of the total surface area of each subunit, almost blocking the

amino terminus end of the active site. The binding site of lysine, the feedback inhibitor of

DHDPS, is also formed at the monomer—monomer interface.

Five crystal structures of E. coli DHDPS enzyme complexes with substrate, substrate

analogues and inhibitors have been obtained at slightly lower resolution.35 These include

complexes with pyruvate 9, pyruvate and succinate semialdehyde, OL—ketopimelic acid,

dipicolinic acid 18 and L-lysine.35

The crystal structure of E. coli DHDPS enzyme with pyruvate showed positive electron

density at the lysine 161 residue, indicating that Schiff base formation between the 8-amino

group of lysine 161 and pyruvate does occur.35 Identical difference density was observed

55
from pyruvate/sodium borohydride-inactivated enzyme although at a lower resolution.

The crystal structure data confirm that the first step of the DHDPS reaction is indeed

formation of a Schiff base between pyruvate and lysine 161.

The crystal structure of E. coli DHDPS enzyme with pyruvate and succinate semialdehyde

(SAS) suggests a covalent bond between C-3 of pyruvate and C-4 of SAS indicating that the

aldehyde has undergone aldol addition to pyruvate.35 Models of both possible stereoisomers

of the aldol adduct were refined into the density map, with only the S—isomer in agreement

with experimental results, suggesting that the stereochemistry at the C4 position is $.35

Additional 1H n.m.r studies of the reaction of DHDPS with pyruvate 9 and ASA 8 by

Blickling et al.35 showed the formation of only one product, confirming no racemisation

occurred during the aldol addition.

The crystal structure of E. coli DHDPS enzyme with dipicolinic acid did display some

positive electron density at the active site. However, there was no significant overlap with

the electron density obtained from the pyruvate/succinate B—semialdehyde soak. These

results suggest that dipicolinic acid 18 does not act as a simple product analogue.35
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The crystal structure of E. coli DHDPS enzyme with L—lysine displayed positive electron

density at the interface of two monomer subunits, indicating that two lysine molecules bind

causing a rotation of one subunit of the dimer onto the other. Each of the two lysines is in

contact with both subunits and each other.35

1.8 Inhibitors of Dihydrodipicolinate Synthase

As DHDPS is the branchpoint enzyme in the biosynthesis of lysine it has attracted much

attention by various groups. Despite this, no potent inhibitors of DHDPS based on either

substrate analogy or product analogy have yet-been developed.

1.8.1 Substrate Analogue DHDPS Inhibitors

Studies of the solution structure of ASA 8 have revealed that it exists predominantly as the

hydrate 19, with only minor amounts of the aldehyde 8 present (Figure 1.8.1).56’57 The

cyclic lactol 20 has been proposed as another possible form of ASA in solution.57

Analogues of the different forms of ASA have been prepared and their inhibition of DHDPS

analysed in an attempt to define the form of ASA that binds to DHDPS Homoserine lactone

21, (S)—3—aminopyrrolidin-2-one 22 and 2-aminocyclopentanone 23 were prepared as

analogues of the cyclic lactol form of ASA 20. Homoserine lactone 21 was found to be a

non-competitive inhibitor of DHDPS with respect to both ASA 8 and pyruvate 9.

Pyrrolidinone 22 failed to inhibit DHDPS, whereas ketone 23 showed reversible non-

competitive inhibition with respect to ASA. These results suggest that the biologically

relevant form of ASA is not the cyclic lactol 20. If the biologically relevant form was the

cyclic lactol 20, the corresponding analogues would be expected to show competitive

inhibition.

Analogues of ASA hydrate 19 including aspartic acid 6 and compounds 24—26 were

designed and assayed as inhibitors of DHDPS. Both cysteine sulfinic acid 24 and glutamic

acid 25 were found to be non—competitive inhibitors of DHDPS with respect to ASA, and

aspartic acid 6 was a mixed inhibitor, indicating that these compounds also act at an

allosteric site, rather than the active site of the enzyme. Another analogue of the hydrate 19,

S—methylcysteine sulfone 26, did not inhibit DHDPS. (S)—Methylcysteine sulfoxide (SMCS,

27), an analogue of the aldehyde form of ASA 8, did not inhibit DHDPS either, so no
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conclusive information about the form of ASA 8 recognised by DHDPS could be

ascertained from these results, but the most likely form appears to be the hydrate 19 based

on the 1H n.m.r. solution studies.
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Figure 1.8.1: ASA Based Inhibitors of DHDPS

The pyruvate analogue 3-bromopyruvate 28 has been shown to irreversibly inactivate

DHDPSsZ’58 by direct alkylation. 3-Bromopyruvate 28 (Figure 1.8.2) was first introduced by

Meloche59 as an active site—directed alkylating reagent and has proven to be quite versatile

in labelling pyruvate-binding sites of many enzymesm’61 Other pyruvate analogues such as

29—31 (Figure 1.8.2) exhibit competitive inhibition against pyruvate but uncompetitive

inhibition against ASA, however the specificity of these compounds in biological systems

would be limited as pyruvate is recognised by many enzymes in all cells. L—lysine

analogues 32 and 33 have also been tested as potential inhibitors of DHDPS but have also

proven to be quite poor.30 DHDPS is feedback inhibited by L-lysine (ICSO of 1.0 mM) but it

is not a competitive inhibitor of either pyruvate or ASA.30

"I "I II6020 0 e020 0 9020

28 K: 1.6 mM 29 31
G3 (9 (‘3 (9NH3 NHa NH3 9H NH3 oNH? NH;a

S ' e : : e ?\/\C02 002 CO:

32 1050 = 4.6 mM 33 3 IC50 = 1.0 mM

Figure 1.8.2: Pyruvate and Lysine Analogue Inhibitors
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1.8.2 Hetereocyclic DHDPS Inhibitors

Several heterocyclic compounds (34—40 and 18) have been synthesised as potential

inhibitors of DHDPS,62’63 based on their analogy to DHDP 10 (Figure 1.8.3). Planar

compounds, and those with 2,6—substitutents in a cis—disposition are more effective than the

corresponding trans-disposed compounds, presumably as they more effectively mimic the

geometry of the near planar product.35 The reasons for the poor inhibition of DHDPS by the

piperidine—2,6—dicarboxylates 18 and 403 compared with the corresponding diesters 35 and

40b are not clear. Although several compounds have been screened as DHDPS inhibitors

very few have had their mode of inhibition determined. Dipicolinic acid 18 is reported to

have an IC50 of 1.2mM by Couper et (11.,62 however, Karsten34 reports it to be an

uncompetitive inhibitor with respect to pyruvate (K of 11 mM) and a competitive inhibitor

with respect to ASA (K of 18 mM). The dinitrile 34 is reported to have IC50 value of

0.3 mM, and although K values are reported in a review by Cox et al.,9 no information

about the mode of inhibition or by which assay it was determined is given and thus it is

unclear whether'this inhibitor binds at the active site.
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Figure 1.8.3: Heterocyclic Inhibitors of DHDPS

There are three assays available for studying DHDPS activity; the o-aminobenzaldehyde

assay, the imidazole buffer assay, and the coupled assay.64 The aminobenzaldehyde assay is

used extensively in the purification of DHDPS, but is not used for kinetic studies. The

imidazole buffer assay monitors the rise in absorption at 270 nm of an unknown

chromophore believed to be dipicolinic acid,32 upon incubation of DHDPS and its

substrates in imidazole buffer. However, a lag phase of more than ten seconds is present
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before the absorbance at 270 nm increases, thereby making the results provided by this

assay questionable. The coupled assay involves determination of DHDPS activity by

monitoring the conversion of DHDP 10 to THDP 11 in the presence of excess DHDPR,

with the utilisation of NADPH by DHDPR detected at 340 nm. This assay is able to

measure DHDPS kinetics, if DHDPR is present in excess, and DHDPR kinetics, if DHDPS

is present in excess.

It may be that the discrepancies in inhibitory values obtained for dipicolinic acid 18 are due

to deficiencies of the imidazole buffer assay, compared with the more kinetically precise

coupled assay. The IC50 of 1.2 mM reported by Couper et al.62 was obtained using the

imidazole buffer assay, whereas the much higher values obtained by Karsten34 (K, of

11 mM with respect to pyruvate and K of 18mM with respect to ASA) were obtained using

the coupled assay.
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1.9 The Second Step in the Biosynthesis of Lysine

The second step in the biosynthesis of lysine is the reduction of dihydrodipicolinate (10) to

tetrahydrodipicolinate (THDP, 11), a process catalysed by the NADPH—dependent enzyme

dihydrodipicolinate reductase (DHDPR). DHDPR is quite unusual as it can utilise NADPH

or NADH, but does possess a six-fold higher affinity for NADH.65 The reaction is initiated

by hydride transfer from the 4-pr0-R position of NAD(P)H to the C-4 position of DHDP,

resulting in the formation of an intermediate enamine 41. Subsequent tautomerisation yields

the product THDP 11 (Figure 1.9.1).66’67 The proton added at C3 is most likely derived

from a water molecule hydrogen—bonded to the conserved His-159 residue.66 Kinetic

analysis suggests that the enzyme binds the cofactor and the substrate sequentially before

. . . 6
reaction and release of product and ox1d15ed cofactor.6

NH2 N

H ‘H H H/,

(51 = ail = fl\

@020 N co:D @020 coge e \NL' til 020 . 0023

E H :

1 a 1
H—N® H—N H—Ne
H, \Iys-163 H’ \Iys-163 H/ \Iys-163

DHDP,10 41 THDP, 11

Figure 1.9.1: Production of L-THDP 11 from DHDP 10

1.10 Dihydrodipicolinate Reductase

Dihydrodipicolinate reductase has been isolated from a variety of plant and bacterial

sources. E. coli DHDPR is encoded by the dapB gene and was first reported in 1984 by

68

Bouvier. DHDPR has also been cloned and sequenced from B. subtilis,69 B.

lacz‘ofermentum,44 C. gluz‘amicum,70 Mycobacterium lepraze,49 Haemophilus influenzae,71

Pseudomonas syringae,72 Mycobacterium' tuberculosis73 and Synechocystis sp.74 which all

encode reductases between 246-286 residues. The E. coli dapB gene encodes a 273 amino

acid polypeptide of molecular weight 28,758 Da, confirmed by electrospray mass

spectrometry,66 and has been expressed and purified to homogeneity by Reddy et al.66
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Currently there are no published gene sequences of plant DHDPR. This reflects the lesser

importance ofDHDPR relative to that of DHDPS, as the DHDPS-catalysed step is feedback

inhibited by L-lysine and therefore regulates the production of L—lysine.75

Gel filtration experiments conducted on E. coli DHDPR revealed a molecular weight of

110 KDa and it was deduced that the enzyme is homotetrameric (Figure 1.10.1).66’67 The

crystal structure of E. coli DHDPR bound with NADPH (determined by X-ray

crystallography to a resolution of 2.2 A76) showed that the tetramer possesses

crystallographic 222 symmetry.76

Each E. coli DHDPR monomer is composed of two domains: the amino-terminal

dinucleotide-binding domain, which contains four a-helices and seven B-strands making up

a Rossman fold; and the carboxy-terminal substrate domain, which contains an open mixed

B-sandwich, formed by two a-helices and four B-strands.

. 1;; (,é ‘V ’-

6 f ‘tW;
’\
§\\'{">- Jw; ~

 
Figure 1.10.1: The Structure of E. coli DHDPR Tetramer: Monomers A, B, C and D associate
tightly via 4 B-stmnds from their C-terminal domains to form a lé-stranded mixed, flattened B-barrel. B-Sheets

are coloured red and a-helices are detailed in gold and blue.
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1.11 Inhibitors ofDHDPR

Several DHDPR inhibitors have been developed based on substrate analogy (Figurel.11.1).

More potent DHDPR inhibitors have been found than is the case for DHDPS presumably

because the substrate is well defined, in contrast to the substrates and product of DHDPS.

Dipicolinic acid (18) is a competitive inhibitor with respect to the substrate (K = 26 i 6

uM), and an uncompetitive inhibitor with respect to NADPH (K = 330 i 50 11M) consistent

with an ordered, sequential mechanism.66 Much weaker inhibition has been observed for

other substrate analogues, such as iso-phthalic acid 4267 (ICso = 2 mM) and pipecolic 43 and

picolinic acids 44,66 which are both very poor inhibitors (ICso > 20 mM). Piperidine

9,22,77
dicarboxylates showed no inhibition whatsoever. The vinylogous amide 45 has been

shown to be a competitive inhibitor of DHDPR, with a K = 32 uM with respect to DHDP

10, and is one of the most potent inhibitors of DHDPR reported, with a similar activity to

that of dipicolinate 18.77

\

l /
H020 N COZH H020 COZH

Ki = 26 :1: 6 uM - Substrate 42 |C50 = 2 mM

18 Ki = 330 :1: 50 uM - Cofactor O

/

\ | I
N COZH m C02H H020 u COZH

43 I050 > 20 mM 44 1050 > 20 mM 45 Ki = 32 ”M

Figure 1.11.1: Heterocyclic DHDPR Inhibitors

Recently Paiva et al.78 combined molecular modelling and conventional drug screening

strategies to identify novel inhibitors 46—50 of DHDPR (Figure 1.11.2). Through this work

a variety of compounds were found to be competitive inhibitors of DHDPR with K values

ranging from 10—90 uM. A number of sulfonamide compounds (46, 47 and 49) were

identified through molecular modelling and were found to be inhibitory towards DHDPR.

Although the sulfonamides were shown to be good inhibitors of DHDPR they lacked good

antimicrobial activity.78
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Figure 1.11.2: DHDPR Inhibitors

General structure screening by Paiva et al.78 identified a number of compounds not

predicted by the molecular modelling approach. These compounds generally possessed

more hydrophobic moieties and heterocyclic components. Two compounds that are

interesting to note are the relatively simple structures 48 and 50. The IC50 value decreases

more than three-fold, going from approximately 300 uM for the dimethoxy ether 48 to less

than 100 11M for the methoxy substituted compound 50.

1.12 Inhibiting the Lysine Biosynthetic Pathway

The increasing emergence of antibiotic—resistant bacteria has forced the scientific

community to explore novel targets in an effort to produce new antibacterial agents. The

lysine biosynthetic pathway is one such target and has attracted much attention, however no

commercial product has been developed to date which inhibits this pathway.

The inhibition of lysine and (meso—DAP) biosynthesis could inhibit bacterial growth via two

mechanisms. Firstly by disrupting protein synthesis and secondly by inhibiting bacterial cell

wall formation. Additionally, mammals lack the ability to biosynthesise lysine and hence it

is one of the amino acids which must be provided through a dietary source. The occurrence

of the lysine biosynthetic pathway in microorganisms and plants but not in mammals

suggests that specific inhibitors of this pathway may display novel antibacterial or

herbicidal activity with low mammalian toxicity. Therefore, the design, synthesis and



  

Chapter 1: Introduction — 21 —

 

evaluation of DHDPS and DHDPR inhibitors may provide a new lead in the development of

novel antimicrobial and herbicidal agents.

The recent work by Blickling et al.35 leading to the postulate that the product of DHDPS is

HTHDP 17, and not DHDP 10 as previously thought, highlights the fact that there is still

much to learn about the mechanism of DHDPS. Improvements in our understanding of the

elusive mechanism of this enzyme may aid in the rational design of more potent inhibitors.

The aims of this project were to design, synthesise and evaluate a suite of product analogue

DHDPS inhibitors and also to evaluate these as potential substrate-based inhibitors of

DHDPR. Chapter 2 describes the work towards the design and synthesis of both cyclic and

acyclic DHDPS/DHDPR inhibitors. Chapter 3 describes the preparation of one of the

required substrates ASA, along with the purification of DHDPS and DHDPR necessary to

evaluate the proposed inhibitors. Chapter 4 describes the kinetic analysis of DHDPS and

DHDPR as well as the inhibition assays and kinetics of inhibitors conducted on both

enzymes and furthermore a mechanistic interpretation of the results obtained. Chapter 5

contains all the experimental work pertaining to chapters 2—4.
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2.1 Design of Cyclic Inhibitors ofDHDPS

Although several DHDPS inhibitors have been reported, no potent inhibitors have yet been

developed. All previous inhibitors have-been designed either as substrate analogues (see

Chapter 1, Figures 1.8.1 and 1.8.2) or as product analogues (see Chapter 1, Figure 1.8.3)

based on the reported product DHDP 10. i

Research by Blickling and co-workers1 has suggested that the true product is actually

HTHDP 17. As HTHDP contains a hydroxyl group at the C-4 position this prompted the

design of several novel analogues containing oxygen functionality at the C-4 position. As

compounds incorporating oxygen at the C-4 position mimic the putative product HTHDP 17

more closely than compounds designed to mimic DHDP 10, there are potentially more

binding interactions which could occur at the enzyme active site, thereby providing a lead in

the development of more potent inhibitors of DHDPS. Therefore compounds 51—54 were

designed as potential inhibitors, all with oxygen functionality at the C-4 position (Figure

2.1.1).

OH OH O

  

fl f1 f1\
MeOZC H COZMe M902C N 002Me M6020 u 002Me

51 52

09

f1 08).MeOZC ” 002Me MeOZC ” 002Me

53 54

Figure 2.1.1: Proposed DHDPS Inhibitors

The cyclic alcohol 51 (Figure 2.1.1) was designed to closely mimic the putative enzyme

product HTHDP 17. It contains a C-4 hydroxyl group with (S)—stereochemistry observed by

Blickling et al.1 for HTHDP 17 (see Figure 1.6.1). One of the differences between 51 and

HTHDP 17 is that 51 does not contain the imine functional group and thus should not

undergo dehydration or any further enzymatic reaction (specifically it cannot act as a

substrate for DHDPR, the next enzyme in the pathway). Couper et al.2 (see Figure 1.8.3)
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suggested that compounds with a cis-configuration at the C-2 and C-6 positions are more

effective inhibitors than the corresponding trans-compounds, as exemplified by 40b

possessing an IC50 value of 0.7 mM compared with the corresponding value of 5.2 mM for

39b. Superimposing DHDP 10 or HTHDP 17 with 39 and 40 (Figure 2.1.2) indicates that

the all syn-configured compound 40 with equatorial -C02R groups more closely resembles

DHDP 10 or HTHDP 17. Hence, the combination of 4(S)-stereochemistry to match that

reported by Blickling et all and the 2(S)-stereochemistry to match that derived from

(S)—ASA, along with the cis—2,6 relationship gave the all syn-compound 51. Furthermore,

Couper et al.2 showed that methyl esters were more potent inhibitors then the corresponding

acids as seen when comparing the potency of acids 39a and 40a against the corresponding

methyl esters 39b and 40b. The acids showed no inhibitory activity whatsoever. Therefore,

methyl esters were incorporated into the design of all new inhibitors.

 

Figure 2.1.2: 3D Image ofDHDP 10 Superimposed with 39 and 40

As compounds 18 and 40b showed similar activity the logical extension of the design of the

hydroxy piperidine inhibitor 51 was the hydroxy dipicolinate 52 (Figure 2.1 .1) which exists

as the chelidamic acid tautomer. Furthermore, the work of Couper et al.2 and Karsten3 has

shown previously that planar compounds are effective DHDPS inhibitors.

The sulfoxide 53 (Figure 2.1.1) was also proposed as a potential inhibitor of DHDPS. The

sulfoxide 53 is similar in structure to that of HTHDP 17, but was proposed to mimic the

transition state of the aldol reaction, rather than the stable intermediate, due to the charge

separation inherent in the sulfoxide functional group. Sulfoxides carry a partial negative

charge on the oxygen and a partial positive charge on the sulfur atom. This charge

separation mimics the developing negative charge on the ASA oxygen in the transition

state, as the nucleophilic enamine 15 attacks. Transition state analogues have frequently

been proven to be very potent inhibitors of enzymes as they are very tightly bound by the
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enzyme in the active site,4’5 and consequently, the sulfoxide was predicted to be a potent

DHDPS inhibitor.

Finally, the sulfone 54 (Figure 2.1.1) was designed as to mimic the hydrate 19 of ASA by

possessing two oxygens at the C-4 position. The hydrate 19 is one of the potentially

biologically relevant forms of ASA and thus the sulfone 54 was proposed to be a good

active site mimic.

2.2 Synthesis of Alcohols 51 and 52

Fortuitously, the synthesis of diesters of chelidamic acid 52 and alcohol 51 was reported by

Chénevert et al.6 Esterification of chelidamic acid 55 using 2,2-dimethoxypropane and

hydrochloric acid in methanol gave the desired dimethyl chelidamate hydrochloride 52 in

excellent yield (98%).

o 0 OH

HCI, MeOH H2, Rh, Al20§
| | Mez(0Me)2 l I 55 °c, 45 psi, 8h

H020 H COZH 98% M9020 {j COzMe 31% MeOZC u 002Me
OHCI

55 52 51

Scheme 2.2.1

Hermann and Dreiding7 reported the hydrogenation of a suspension of dimethyl

chelidamate hydrochloride 52 in water using rhodium on alumina as the hydrogenation

catalyst at 70 °C and 45 psi for 33 hours gave a ratio of 1.6:1 of desired product 51 to

hydrogenolysis product 40b with an isolated yield of 63% of the desired product (see first

entry in blue in Table 2.2.1). Chénevert et al.6 used a similar procedure but performed the

reaction at room temperature and reported a ratio of 2.7:1 of desired product 51 to

hydrogenolysis product 40b with an isolated yield of 74% of the desired product (see

second entry in blue in Table 2.2.1). Using the reactions condition of Chénevert et al.6 no

reaction occurred. Heating the reaction to 55 °C (fifteen degrees lower than the temperature

used by Hermann et al.7) and leaving the reaction for 16 hours instead of 33 hours resulted

in production of a 1:2 ratio of desired product 51 to hydrogenolysis product 40b. A

multitude of reaction conditions were investigated in an attempt to improve the yield of 51

including different hydrogenation catalysts, temperatures, pressures and solvents (Table
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2.2.1). The optimal conditions (see entry in red in Table 2.2.1) were found to be 55 °C and

45 psi for eight hours in water with the products obtained in a ratio of 2:1 in favour of the

desired product 51 (Scheme 2.2.2). This procedure still only provided a yield of 31% of the

isolated product which is quite poor when compared with the previously reported yields.

Although other rhodium catalysts were used none gave better ratios then standard rhodium

on alumina and none gave higher isolated yields. The most likely cause for the yield of 51

being lower than those reported in the literature is probably due to variations in the catalyst.

Although frustrating, the isolation of the over-hydrogenated product 40b proved somewhat

fortuitous, as the byproduct could be used as a control inhibitor, based on the work of

Couper et al.2

0 OH

—_—>

MeOZC u COgMe 55 °C. 45 PSI, 8“ MeOZC u COgMe M6020 u 002Me

OHCI
31 "/0 16%

52 51 40b

Scheme 2.2.2

Subsequent attempts to improve the isolated yield of the products using continuous liquid—

liquid extraction (numerous solvents tried) proved fruitless due to the high aqueous

solubility of the compounds. The two compounds 51 and 40b were easily separated by

refluxing the mixture in hexane for 30 min followed by hot filtration. The IH n.m.r. data

were in agreement with those reported by Chénevert et al.6 and Hermann et al.7
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Table 2.2.1: Optimisation of Hydrogenation Conditions for the Synthesis of 51
 

 

 

Solvent Catalyst Temperature Time Pressure Ratio

(5% unless otherwise stated) (0C) (h) (psi) 51:40b

H20 Rh/A1203 R.T. 16 45 27:1

H20 Rh/A1203 70 33 45 1.6:]

H20 Rh/Aleg R.T. 16 45 No Rxn

H20 Rh/A1203 50 16 45 1:2

H20 Rh/AIZOJ 55 8 45 2:1

H20 Ru/A1203 R.T. 22 45 No Rxn

H20 Ru/A1203 (10%) 60 22 45 No Rxn

H20 Rh, 5 wt% on alumina 60 8 45 2:1

H20 Rh, 5 wt% on carbon, wet, 60 7 45 2:1
Degussa type

H20 Rh, 5 wt% (dry basis) on 55 4 45 1:1
carbon, wet, Degussa type

MeOH Rh/A1203 40 17 45 No Rxn

MeOH Rh/A1203Me Reflux 48 Atmospheric No Rxn

H20 Rh/A1203 Reflux 48 Atmospheric No Rxn

H20 Rh/A1203 R.T. 24 5000 KPa No Rxn

H20 RuO 60 8 45 No Rxn
 

Due to the capricious nature of the hydrogenation reaction, an alternative procedure was

attempted to prepare 51.

Hermann et al.7 have reported the syntheses of piperidine dicarboxylates by a Michael

addition of amines to dienones. Accordingly, the diene 56 was synthesised according to the

method of Lemaire-Audoire and Vogel8 starting from diethyl 4-oxopimelate 57 (Scheme

2.2.3). Treatment of diethyl 4-oxopimelate 57 with two equivalents of bromine in

dichloromethane at 0 °C for one hour resulted in formation of the dibromide 58 in 81%
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yield, which was purified by recrystallisation from hexane at —15 °C. Dibromide 58 was

subsequently converted to the diene 56 in excellent yield (97%) upon treatment with two

equivalents of triethylamine. The diene S6 was purified by recrystallisation from 96%

ethanol. Treatment of the diene 56 with ammonia in ethanol led to decomposition of the

starting material, even when performed at low temperature such as 0 °C. No further

investigations were conducted and the low yielding hydrogenation procedure was used to

access the cyclic alcohol 51.

hnn r:
EtOzC COzEt EtOgC COgEt EtOzC C02El EtOZC 002Et

81 % 97%

57 58 56

Scheme 2.2.3

As mesa—2,6-bis(methoxycarbonyl) piperidine 40b, the byproduct isolated in the

hydrogenation reaction, had previously been investigated as an inhibitor,9 another synthetic

route (Scheme 2.2.4) to this molecule was used to provide sufficient quantities for

biological testing.

\ SOCI2, MeOH \ PtOz, H2| , I —.
HOQC N COZH 74% N’ 53% u

 

MeOzc 002Me M802C 002Me

18 35 40b

Scheme 2.2.4

Esterification of dipicolinic acid 18 with methanolic hydrogen chloride gave diester 35 in

good yield (74%). Subsequent hydrogenation of this compound using Adam's catalyst

(PtOz) under an atmosphere of hydrogen afforded according to the method of Chrystal et

al.9 gave the desired compound 40b in 53% yield (Scheme 2.2.4). The spectral data were

identical to those for 40h isolated from the hydrogenation reaction (Scheme 2.2.2).

The corresponding acid 40a was prepared by hydrogenation of dipicolinic acid 18 using

Adam's catalyst (PtOz) under an atmosphere of hydrogen to give the desired dicarboxylate

in 77% yield according to the method of Chrystal et (11.9 (Scheme 2.2.5).
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Scheme 2.2.5

Having synthesised the desired alcohols 51 and 52 attention was turned to the synthesis of

the sulfoxide 53 and sulfone 54 inhibitors.
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2.3 Stereoselective Preparation of the 1,4—Thiazane-1—oxide

(thiamorpholine-S—oxide) Derivatives 53, 54, 71.

It was envisaged that the desired :sulfoxide compounds (53, 54, 71) could be obtained

through a stereoselective oxidation of the meso- and (R,R)—thiazanes, 59 and 60.

Conveniently, a synthesis of these compounds had already been developed by Paradisi et

al.10 The compounds were thus synthesised by treatment of L-cysteine methyl ester

hydrochloride 61 with 2,3—dibromopropionate 62 in the presence of triethylamine (Scheme

2.3.1). Separation of the diastereomers was accomplished efficiently by flash column

chromatography, providing the meso-thiazane 59 in 35% yield and the (R,R)—thiazane 60 in

42% yield. The structure of these compounds was confirmed by comparison of the 1H n.m.r.

spectral data with that reported by Paradisi et al.10 The H3/5 protons of (R,R)—thiazane 60

occur at 5 3.96, significantly flirther downfield then the corresponding H3/5 protons of

meso-thiazane 59 which resonate at 8 3.55, thereby making the diastereomers easily

distinguishable.

S 8

Br HS 1 l + £1+ NEta, MeOH M602C H 002Me MeOZC“' N 002Me

Meozc Br H2N 002Me 77% H
35% 42%

61 62 59 60

Scheme 2.3.1

The inherent symmetry of these substituted thiazanes, be it planar 59 or axial 60, renders

asymmetric oxidant systems such as those of Brunel et al.11 and Komatsu et (11.12 of little

use in their stereoselective oxidation. However, adoption of a specific chair conformation

renders the sulfur lone-pairs non-equivalent, such that preferential reactivity of either the

axial or equatorial sulfur lone-pair allows stereoselective oxidation to occur.
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Numerous reports have described the stereoselective oxidation of 1,4—thiazane and thiane

13,14
ring-systems. Johnson and McCants have reported that selective oxidation of

4-substituted thianes can be achieved through use of an appropriate oxidant. Treatment of

4—tert-buty1thiane 63 with sodium periodate gave predominantly the cis-sulfoxide 64 with

the oxygen in the axial position (1:3 ratio of 65:64), whereas treatment with m-CPBA gave

the equatorial sulfoxide 65 as the major product (2:1 ratio of 65:64, Scheme 2.3.2).

0
u

S [O] S: + 3
Bug Bug 0 Bug

63 65 64

Nal04 1 :3

mCPBA
or H202 2 I 1

Scheme 2.3.2

Studies of the more closely related cycloalliin systems by Carson et al.15 showed that

oxidation of the cis-substituted thiazane 66 gave cycloalliin 67 (S—oxygen occupying axial

position) as the only product, regardless of the oxidant. In contrast, oxidation of the trans-

substituted thiazane 68 proceeded with no selectivity to give a mixture of the sulfoxides 69

and 70, with either periodate or hydrogen peroxide (Scheme 2.3.3). These results suggest

that there are several subtle factors which control the stereoselectivity of oxidation of thiane

and thiazane systems, not all of which are fully understood.

HCJ:SW100H “éml2““H

66 67
9

Q1 [:1 [:1
H30“ cozH—’ H30“ 002H H30“ H COZH

68 69 70

Scheme 2.3.3
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2.3.1 Oxidation of the (R,R)-Thiazane 60

Initial investigations of the oxidation of the thiazanes 59 and 60 were conducted with the

(R,R)-thiazane isomer 60, as the C2 axis of symmetry renders the sulfur centre non-

chirotopic. Hence, only one sulfoxide stereoisomer is produced upon oxidation of 60.

Various oxidants were trialed, all of which provided the corresponding sulfoxide 71 in good

yield (Table 2.3.1). Sodium periodate proved the oxidant of choice, giving the product 71 in

80% yield.

 

Table 2.3.1: Oxidation of (R,R)-Thiazane 60

 

 

Oxidant %Yield of 71

NaIO4 80

m-CPBA 77

H202 78

 

Although oxidation of the thiazane 60 can yield only one sulfoxide stereoisomer, two non-

equivalent chair conformations of 71 are possible (not accounting for configurational

isomers at nitrogen, of which interconversion is very rapid and not observable on the n.m.r.

timescale). By adopting a chair conformation the molecule loses its symmetry, with one of

the methoxycarbonyl substituents occupying an axial position and the other an equatorial

position. The ring protons are therefore all in chemically distinct environments, as are the

two 0—methyl groups. The chair conformations differ, in that one conformation has the

sulfoxide oxygen in an axial position 71a, whereas the other conformation has the sulfoxide

oxygen in an equatorial position 71b (Figure 2.3.1).

  
002MB

' 71b

Figure 2.3.1: Chair Conformations of (R,R)-Thiazane S-oxide 71

71a
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The 1H n.m.r. spectrum of 71 (Figure 2.3.2) exhibited six distinct resonances attributed to

the ring protons, the coupling constants were consistent with the adoption of a chair

conformation. The doublet of doublets resonance at 8 2.82 exhibits large coupling constants

(10.8 and 13.2 Hz), consistent with trans-diaxial and geminal couplings, whereas the nearby

doublet of doublets resonance at 8 2.94 exhibits medium (5.2 Hz) and large (13.8 Hz)

coupling constants, consistent with vicinal gauche and geminal couplings. The resonances

at 6 3.29 and 8 3.53 both exhibit large (geminal) and medium (vicinal gauche) couplings,

and, interestingly, also exhibit 4-bond coupling to each other, consistent with being in a

relative “W”-orientation. These resonances are, therefore, attributed to the H2e and H66

protons.”’16 The resonance at 6 3.98 exhibits small—medium couplings, consistent with the

equatorial H3/5 proton, and the resonance at 6 4.66 exhibits a trans-diaxial coupling of 10.8

Hz, consistent with the axial H53 proton. These coupling constants suggest that only one of

the chair conformations is adopted to any significant extent. If equilibration between the

two conformers was occurring, averaging of the trans-diaxial and vicinal gauche couplings

would have been observed.

 

 

Figure 2.3.2: 400 MHz lH n.m.r. Spectrum of (R,R)-Thiazane S—oxide 71 in CDC];

Analysis of the coupling constants, however, does not allow determination of which

conformer exists in solution, as the geometry of the ring protons is essentially identical in
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each case. In order to confirm the conformational preference of the sulfoxide, the 1H n.m.r.

spectrum was analysed further. It has been shown that the signal for the axial H3-proton of

thiane-S—oxides bearing an axial sulfoxide oxygen occurs significantly downfield with

respect to the corresponding signal of thiane-S—oxides bearing an equatorial sulfoxide

oxygen.15'17 The significant downfield shift of the axial H5/3 proton signal relative to that of

the equatorial H3/5 proton signal in the 1H n.m.r. spectrum of sulfoxide 71 (A5 = 0.68 ppm)

therefore suggests that 71 adopts the axial S-oxygen conformation 71a in solution. The

solid-state conformation of 71 was unambiguously determined by X-ray crystallography,

which did indeed show that 71 exists in the axial S-oxygen conformation (Figure 2.3.3).

0(3)
C30(6)

0(5) C(B)

O/WC(S) 0(4) ‘0

O 0

0(2)

   

 

O 8(1)

Figure 2.3.3: X-ray Structure of Sulfoxide 71

This conformation seemed unusual at first glance, and certainly goes against the accepted

tenet of avoiding 1,3-diaxial interactions in six-membered ring-systems. While it has been

well established that thiane-S—oxides and related ring-systems containing an axial S-oxygen

are generally more stable than the corresponding species with an equatorial S—oxygen,18'22

22’” and Foster et all.16 show that this preference is reversed whenstudies by Lambert et al.

3-axial substituents are present. For example, whereas 4,4-dimethylthiane-l—oxide 72 exists

predominantly as the axial S—oxide conformer, 3,3-dimethylthiane-l-oxide 73 exists nearly

exclusively as the equatorial S-oxide isomer (Scheme 2.3.4).23 The greater stability of axial

S-oxides when no 3—axia1 substituent is present has been attributed to a combination of

attractive Van der Waals interactions between the oxygen and axial 3- and 5-protons and
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19—2
electrostatic/dipole interactions, 1 whereas the reversal of stability in the presence of

P

3-axial substituents is attributed to repulsive ‘1,3-diaxial interactions.

I
s .

\F . 72
/ims=o

O
u 4—

73

Scheme 2.3.4

 

In order to rationalise the apparent stability of the axial S-oxide conformation of 71,

computer modelling studies were performed on the chair conformers of sulfoxide 71 using

density functional theory calculations utilising the Gaussian98 program.24 The equilibrium

geometries and zero point vibrational energies of the two conformers (which are equivalent

in cyclohexane) were computed using the B3LYP hybrid function in conjunction with the

6—31G(d) basis set. The relative energies were recomputed at the B3LYP/cc-pVTZ level of

theory (at the B3LYP/6-31G(d) geometries). The energetics are summarised in Table 2.3.2.

In the gas phase, the computations predict 71a(NHeq), with 8—0 axial and N—H equatorial,

to be the most stable isomer, with its conformer 71b(NHax) being the least stable. The best

estimate for the energy difference is 14.5 k] mol-l. The stabilities of the other two possible

isomers, with 8—0 and N—H either both axial or both equatorial, are predicted to be

bracketed by those of 71a(NHeq) and 71b(NHax). A reasonable explanation for the

difference in stabilities between conformers 71a(Nch) and 71b(NHax) is that attractive

intra—molecular dipolar interactions may be expected to exist between the axial S—0 and C—

C02M6 groups. This hypothesis was tested by computing the electrostatic interactions

between the atomic charges of the 5—0 and C—COzMe moieties. The atomic charges were

obtained by the Merz-Kollman method,25 with calculations predicting an (attractive)

interaction energy of —12.0 kJ mol‘1 in 7la(NHeq), to be compared with a repulsion of 1.0

kJ mol'1 in 71b(NHax). The total calculated energy difference is thus 13.0 kJ.mol'1,

consistent with the quantum chemical values in Table 2.3.2. Accounting for facile inversion

of configuration at nitrogen, the low-energy axial S—O isomer is still predicted to be

7.9 kJ.mol'1 more stable than the low—energy equatorial S—O isomer.
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Table 2.3.2: Relative Equilibrium Energies of Conformers of 71

 

 

Isomer Relative energiesa Relative energiesb

7la(NHeq) 0.0 0.00

7lb(NHeq) 9.7 7.9

7la(NHax) 13.5 ' 12.7

71b(NHax) 16.5 14.5

 

“ Geometries and energies detemrined at B3LYP/6-3 lG(d) level of the theory.

hGeometries and energies determined at B3LYP/6-31G(d), energies at B3LYP/cc-pVTZ level of theory.

 

The computed equilibrium geometry for 71a(NHeq) is in close agreement with the X-ray

data. The difference between theory and experiment for the heavy atom distances is

generally within ~0.002 A, the largest difference being for the S—C distances where the

computed bond lengths are ~0.05 A longer than the X-ray values. The largest discrepancies

in the bond angles are ~2°, which occur around the heavy atoms of the ring.

Further evidence for the attractive dipolar interaction between the S-oxygen and carbonyl

carbon is provided by analysis of the solid-state structure of 71, which indicates that the

carbonyl carbon atom of the axial C—COzMe group deviates from the plane of its three

attached substituents by 0.032 A towards the transannular axial sulfoxide oxygen. The

distance between the axial oxygen and the carbonyl carbon is 3.068 A, which is slightly

shorter than the sum of the Van der Waals radii for o and c (3.15—3.2 A)” Dipole—dipole

or donor—acceptor interactions of this type have been observed by Dunitz et al.,26 together

with a corresponding deviation of the carbonyl carbon from a planar arrangement, and are

believed to represent the initial stages of the reaction pathway of an attack at the carbonyl

group by the nearby nucleophile.

2.3.2 Oxidation of the meso-Thiaz-ane 59

Having prepared the sulfoxide 71 from (R,R)-thiazane 60 in good yield, attention was

turned to the oxidation of the meso-thiazane 59 to the corresponding sulfoxides 53 and 74.

In contrast to the oxidation of (R,R)-thiazane 60, oxidation of meso-thiazane 59 leads to two

diastereomeric sulfoxide products. The sulfur of the meso-thiazane 59 is a non—chirotopic
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centre, as it lies on a plane of symmetry. However, the syn- and anti-sulfoxides 53 and 74

generated from the meso-thiazane 59 are clearly diastereomeric, indicating the sulfur atoms

of 53 and 74 are pseudo-asymmetric centres.

 

Table 2.3.3: Oxidation of meso-ThiaZane 59
 

 

Oxidant ' Ratio 53:74 Yield (%)

m—CPBA 2:3 98

Nan4 1:5 80

Brz-HZO 10:1 61

 

Oxidation of meso-thiazane 59 was conducted with various oxidants as shown in Table

2.3.3. Treatment of 59 with meta-chloroperbenzoic (m-CPBA) acid at ambient temperature

gave the syn- and anti-sulfoxides 53 and 74 in a 2:3 ratio in 98% overall yield. Oxidation of

59 using sodium periodate produced a 1:5 mixture of the syn— and anti-sulfoxides 53 and 74

in 80% yield. Diastereomeric ratios were determined by integration of the signals

corresponding to the Hm protons in the 1H n.m.r. spectrum of the crude product (Figure

2.3.5).

Assignment of the signals corresponding to each of the diastereomers was based on the

report of Lambert et al.,22 which showed that the Hm proton signals from thiane-S-oxide

isomers bearing an equatorial oxygen always have a lower field centrepoint and a larger

chemical shift difference than the corresponding signals of the isomers bearing an axial

oxygen. The major sulfoxide isomer exhibits resonances at 8 3.30 and 5 2.52, attributed to

H26 and H23, respectively (avg. = 5 2.91, A5 = 0.78), whereas the minor isomer exhibits the

corresponding resonances at 8 3.78 and 2.65 (avg. = 3.22, A8 = 1.13). The minor isomer

therefore exhibits the lower field centrepoint and larger chemical shift difference for the C2

protons, indicating it is the syn-isomer with an equatorial S-oxygen. Further evidence is

provided through the observation that the H3 signal for the major isomer (5 4.41) is

significantly downfield of that of the minor isomer (5 3.67), indicative of the major isomer

possessing an axial S—oxygen, as described earlier. Note that assignment of the signals at 5

3.78 and 3.67, corresponding to the H216e and H35 protons of 53, was based on the observed
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coupling of the upfield resonance to the NH resonance in the spectrum of the purified

002Me ' H COzMe
KWHJNH

/\JNH

s COZMe SHCOZMe
H 4

II 0 H
O

f / J
[Lair
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4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.8 2.7 2.6 ppm

sulfoxide.

 
 I.

Figure 2.3.4: 300 MHz lH n.m.r. Spectrum of a Mixture of Sulfoxides 53 and 74 in CDCI3

Both peracid and periodate oxidants therefore produce the anti-sulfoxide 74 (with an axial

S-oxygen) selectively, in general agreement with the results observed by Carson et (11.27 in

the selective oxidation of 66 to 67 (Scheme 2.3.3). The greater selectivity for the axial

sulfoxide observed upon oxidation with periodate, with respect to the use ofm-CPBA as the

oxidant, is also in general agreement with the observations of Johnson and McCantsl4

shown in Scheme 2.3.2.

 

COzMe COzMe

Mmdo M 414330 M
O

RO—OH
U

Scheme 2.3.5: One-step Oxidation of 59 to give Axial Sulfoxide 74

It seemed plausible, given that these oxidants operate through a direct mechanism in which

the sulfur attacks the electrophilic oxygen,28 that the selectivity of these reactions is

governed by a preferential attack of the axial sulfur lone pair (Scheme 2.3.5). If this was

indeed the case, a stepwise mechanism was surmised, in which initial attack of the sulfur
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onto an appropriate electrophile, followed by attack (with inversion) at the sulfur by an

oxygen nucleophile, would reverse the observed stereoselectivity and allow for preparation

of the syn-sulfoxide 53.

002Me 002Me 002Me

MNH MNH NH

:SMCOZMe —* (BSIMCOzMe Ots/wCOZMe

Br

59 75 53

Scheme 2.3.6: Proposed Aqueous Bromine Oxidation of 59 to give 53

The oxidation of sulfides to sulfoxides with tert-butyl hypochlorite or wet bromine has been

investigated, and evidence suggests these reactions proceed via a stepwise process through

the corresponding halosulfonium intermediates,29 although Klein and Stollar30 have

proposed that the oxidation with wet bromine may occur by a one-step mechanism through

attack of the sulfur at the oxygen atom of hypobromous acid.

Treatment of thiazane 59 in dichloromethane with water and a solution of bromine in CCl4

provided the syn-sulfoxide 53 in moderate to high selectivity. This reaction was found to be

somewhat capricious, with quite variable yields (20—61%) and slight variation in selectivity

(5—1021). In all cases, however, good selectivity for the syn-isomer 53 was observed. These

results indicate that the bromine/water oxidation system operates through a different

mechanism to the direct oxidants, suggesting that initial attack of the axial sulfur lone pair

toward molecular bromine, generating the corresponding bromosulfonium intermediate 75

is then followed by displacement of the bromide with water, to ultimately provide the

syn-sulfoxide 53 (Scheme 2.3.6).

Attempts to oxidise the sulfide with freshly distilled hypobromous acid according to the

method of Klein and Stollar30 were unsuccessful, with decomposition of the starting

material being observed. Hence, conversion of 59 to 53 via direct oxidation with

hypobromous acid cannot be rigorously excluded, though the evidence is in favour of a two—

step oxidation via the corresponding bromosulfonium ion 75. Although it was not possible

to determine the reasons for the capricious nature of the bromine/water oxidation,

decomposition of the bromosulfonium ion 7529 may lead to the complex mixtures

occasionally observed.
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Both sulfoxide isomers are therefore available .in moderate diastereoselectivity by

appropriate choice of oxidising agent. Purification of the compounds was achieved by C18

reverse phase HPLC to afford the individual diastereomers 53 and 74.

2.3.3 Preparation of Sulfones 54 and 76

Oxidation of the sulfides 59 and 60 to the corresponding sulfones 54 and 76 was also

investigated. It was observed that treatment of the sulfides with excess periodate or

m-CPBA failed to provide good yields of the corresponding sulfones. Treatment of

mesa-compound 59 with excess sodium periodate for 48 hours gave only a small amount of

the sulfone 54 formed, with the major product being the anti—sulfoxide 74 (60%). This result

is presumably a consequence of kinetic resolution of the sulfoxides 53 and 74; oxidation of

the minor syn-sulfoxide 53 to the sulfone 54 occurs much faster than oxidation of the anti-

sulfoxide 74, providing a mixture consisting of a minor amount of sulfone 54 together with

the anti-sulfoxide 74 as the major product (Scheme 2.3.7). The faster oxidation of 53 to 54,

compared to the oxidation of 74 to 54, is consistent with the reasoning explained above for

the stereoselective oxidation of 59; the syn-sulfoxide 53 possesses an axial sulfur lone-pair,

which is more reactive toward the oxidant than the equatorial lone—pair 0f the anti—sulfoxide

74, such that the minor sulfoxide 53 is oxidised more quickly to the sulfone 54. This

observation actually allows for an expedient preparation of pure anti-sulfoxide 74, as it is

easily separated from the sulfone 54 by column chromatography.

1;:l fast \

Me02C 002Me

(minor)

3 OCVs”

l l L] + 1%].MeOzC H 002Me Meo2c co2Me

59

MeOzCi;$42100Me S'OW /
(major)

Scheme 2.3.7
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While use of excess oxidant did not provide the sulfone 54 in good yield, an efficient

preparation of the mesa-sulfone 54 was found through the addition of a Lewis acid catalyst

to the reaction mixture. Accordingly, treatment of the sulfide 53 with two equivalents of

hydrogen peroxide and one equivalent of Ti(OiPr)4 provided the sulfone 54 in excellent

(92%) yield. Similarly, treatment of the (R,R)-thiazane 60 with hydrogen peroxide in the

presence of Ti(OiPr)4 provided the (R,R)-sulfone 76 in 92% yield (Scheme 2.3.8).

O\\08/,

ENCOlgM Tl(OiPr)4 OZC‘vSENl
MeOgc‘ COgMe

60 76

Scheme 2.3.8

2.3.4 Preparation of Dilithium Dicarboxylates 77—82

The dilithium dicarboxylates 77—82 were prepared from the corresponding diesters 59, 60,

53, 74, 54 and 76 by hydrolysis with lithium hydroxide. The amount of lithium hydroxide

was critical to the success of the hydrolysis reactions. The use of two equivalents of lithium

hydroxide resulted in incomplete reaction, whereas use of more than four equivalents

resulted in epimerisation of the 3,5-trans compounds. Three equivalents of lithium

hydroxide was found to be optimal, giving quantitative yields of the dilithium

dicarboxylates (Figure 2.3.5). Preparation of the dilithium salt of 71 could not be effected,

with decomposition occurring upon treatment of 71 with lithium hydroxide.

0“s,o

®LiogcJ:N$61006Li® ®Li02eC’EN5:1‘06MDLia ®Li02We!SCZiaj‘coLi@

:7 7ng 81

s 00%”

®Li%20“£”lCO§Li® ®Li%gc\‘[;Cleo“? ®LiOgeC°EE2100263

78 so

Figure 2.3.5: Dilithium Dicarboxylates 77—82
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2.4 Design of Acyclic Inhibitors

A series of acyclic inhibitors 83—85 were also designed, analogous to the cyclic inhibitors.

The acyclic inhibitors were designed to mimic the enzyme-bound alcohol 16 prior to

cyclisation (see Chapter 1, Figure 1.6.1). No potent acyclic inhibitors based on the reaction

intermediate of DHDPS have yet been developed.

The acyclic alcohol 83 was designed to mimic the product 16 prior to cyclisation and the

acyclic sulfoxides 84/85 were designed to mimic the transition state of the aldol reaction,

due to the inherent charge separation in the sulfoxide functional group.

OH 09 06
éo gs

(B G 9 ® I I
LIOQC H2N COng M90206 (*3 002MB H020 G @ COzH

CF3COOH3N FscCOOHaN
83 84 85

Figure 2.4.1: Proposed Acyclic Inhibitors of DHDPS

2.5 Synthesis of Acyclic Alcohol 83

It was envisaged that compound 86 could be furnished via initial Michael addition of an

amine nucleophile to enone 87. It has already been demonstrated by Knollmiiller et al.31

that the preparation of a B-keto-oc-amino esters via a Michael addition of

(S)-phenylethylamine 88 to the enone 89 gives a mixture of diastereomers 90a and 90b with

moderate selectivity (2:1) in favour of the (S,S)-diastereomer 90a (Scheme 2.5.1).

Accordingly, 86 (Scheme 2.5.2) was prepared via adaptation of the procedure of Lemaire—

Audoire.8 Treatment of diethyl 4-oxopimelate 57 with only one instead of two equivalents

of bromine at 0 °C gave the monobromide 91 in good yield (74%). Treatment of the

brominated compound 91 with one equivalent of triethylamine gave the monoalkene 87 in

excellent yield (89%).
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Scheme 2.5.1

Subsequently, the monoalkene 87 was treated with one equivalent of (S)-phenylethylamine

88 in dry ethanol to give the corresponding Michael adducts 86a and 86b in a 1.221 ratio

(Scheme 2.5.2) in favour of the' (SS) diastereomer. The stereochemistry of the

diastereomers was inferred by analogy to Knollmfiller et al.31

0 0

Br

Bl'g .

EtOZC 002Et Et020 COzEt

57 91 NEtai

o o NH2 0
88

Ph CH3 l
.,I . <—

E12020 HN COgEt EtOQC HN ICOgEt CHZCIZ EtOZC COzEt

Ph CH3 Ph CH3 r't' 87

(SS) (RS)
86a 86b

Scheme 2.5.2

The 1H n.m.r. of the crude reaction mixture displayed a triplet at 5 3.34 ppm, corresponding

to the C2 proton of the major isomer 86a, and a triplet at 5 3.70 ppm, corresponding to the

C2 proton of the minor isomer 86b. Separation of the crude diastereomers was achieved by

flash chromatography, providing the major isomer in 42% isolated yield and the minor

isomer in 39% isolated yield. No other products were observed, indicating that the Michael

addition occurred with high regioselectivity.
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It was originally envisaged that the (S,S)-ketone 863 could be reduced to the corresponding

diastereomeric alcohols using sodium borohydride. However, Fuji and co—workers32 have

noted that reduction of diethyl 4-oxopimelate 57 with sodium borohydride results in

y—lactonisation to give compounds 92a and 92b (Scheme 2.5.3).

0 O

h ' NaBH4 (1 eq.) "I,

EtOH k
Et02C COzEt COgEt 002Et

57 92a 92b

Scheme 2.5.3

Reduction of the (S,S)—ketone 86a in dry ethanol using sodium borohydride as the reductant

resulted in the formation of two compounds (Sheme 2.5.4). The mass spectrum data of the

less polar compound 93 exhibited a molecular ion peak at m/z 353 [M+Na]+, consistent with

formation of the alcohol 93. Additionally, the 1H n.m.r. spectrum showed the presence of

two ethyl ester groups. A multiplet peak at 5 4.21 ppm and a quartet at 5 4.14 ppm were

observed corresponding to the presence of two OCflzCH3 groups. Two triplets were also

observed at 8 1.29 and 1.26 ppm corresponding to the presence of two OCH2CE3 groups. In

order to establish the stereochemistry of the resultant alcohol 93 the synthesis of Mosher’s

esters of 93 were attempted, unfortunately no product formed and instead significant

decomposition of the starting material was observed.

The more polar compound 94 exhibited a molecular ion peak in the E81 mass spectrum at

m/z 306 [M+H]+ consistent with formation 'of one lactone 94. Additionally, the 1H n.m.r.

spectrum showed the presence of only one ethyl ester. The IR spectrum showed a peak at

1770 cm”1 indicative of a lactone carbonyl stretch. The 13C n.m.r. exhibited only 17 peaks

further supporting the loss of an ethoxy group. The data indicated that reduction to the

alcohol 93 occurs followed by spontaneous cyclisation giving rise to one lactone 94

(Scheme 2.5.4). Presumably the cyclisation occurred regioselectively to the less hindered

side, giving rise to the y—lactone ester 94 though this is yet to be rigorously proven.

As it was not possible to ascertain the stereochemistry of the alcohol a mixture of the

alcohol 93 and lactone 94 was hydrolysised with two equivalents of lithium hydroxide to



Chapter 2: Synthesis of Inhibitors _ 47 _

 

give the dicarboxylate 95 as a mixture of diastereomers. The 1H n.m.r showed the absence

of any ethyl ester groups and the E81 mass spectrum gave an ion at m/z 300 consistent with

the product 95. Subsequent hydrogenolysis of the phenylethylamine group using palladium

on charcoal gave the desired acyclic alcohol 83 which showed the absence of the

phenylethyl group and the E81 mass spectrum gave an ion at m/z 196 consistent with the

product 83 (Scheme 2.5.5).

0 OH 0 o

h NaBH4 (1 eq.) n mega
EtOZC HN COzEt EtOH EtOZC HN 002a HN

Ph CH3 Ph CH3 P“ CH3
(5,5)

86a 93 94

Scheme 2.5.4

OH OH

9 9 fl H /Pd m
Li020 HN coin<9 2 e e (30‘ij9—’ LiOZC H2N

Ph CH3
95 83

Scheme 2.5.5

Having synthesised the desired acyclic alcohol 83, attention was turned to the synthesis of

the acyclic sulfoxides 84 and 85.
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2.6 Synthesis of Acyclic Sulfoxides 84 and 85

It was envisaged that the sulfoxide 84 could be generated by oxidation of the corresponding

sulfide 96. Convienently, the sulfide 96 could be prepared in one step by coupling methyl

3—bromopropionate 97 with N—Boc cysteine methyl ester 98 using sodium methoxide as the

base furnishing the product 96 in excellent yield (84%) (Scheme 2.6.1).

Br HS 3
I + l NaOMe, MeOH

MeOZC BocHN 002Me 84% MeOZCBocHN COZMe
97 98 96

Scheme 2.6.1

The sulfoxide 99 was prepared by oxidising the sulfide 96 with sodium periodate in aqueous

methanol, affording a 1:1 mixture of diastereomeric sulfoxides 99 in 83% yield (Scheme

2.6.2). The diastereomers were not separable by flash chromatography. Previous attempts in

the group to stereoselectively control the oxidation using the methods of Brunel et al.11 and

Komatsu et al.12 were not successful, consistent with the finding that high selectivities are

obtained only when sulfides possessing significantly different alkyl and aryl substituents

either side of the sulfur are employed. For initial biological screening a mixture of

diastereomers was deemed to be sufficient.

09

?
(+3

I8) —'°~ IS;837
Meozc 002Me ° MeOZC 002Me

BocHN BocHN

96 99

Scheme 2.6.2

Removal of the Boc-group from sulfoxide 99 was effected by treatment with trifluoroacetic

acid in dichloromethane to give the corresponding ammonium trifluoroacetate salt 84

(Scheme 2.6.3).
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The corresponding diacid 85 was synthesised in two steps from the sulfoxide 99. Treatment

of the sulfoxide 99 with two equivalents of lithium hydroxide to give 100, followed by

cleavage of the Boo group with trifluoroacetic acid, furnished the desired dicarboxylate 85

in quantitative yield (Scheme 2.6.4).

09 0e 09
e e a
36 Se 39

I l Li_0H. @e I l e (9 E, I
M6020 002Me LIO2C CO2L| H020 6 (+3 CO2H

BocHN BocHN CF3000H3N

99 100 85

Scheme 2.6.4

2.7 Summary

Several heterocyclic inhibitors of DHDPS/DHDPR were synthesised based on chelidamic

acid or thiazane—3,S—dicarboxylates. Stereoselective procedures for the oxidation of

thiazane—3,5-dicarboxylates were developed. It was found that when direct oxidants were

used (such as sodium periodate, peroxides and peracids) the axial sulfur lone pair reacts

preferentially, providing the axial S—oxide. Oxidation via a two step mechanism using

bromine/water gives the epimeric equatorial S—oxide. Acyclic analogues of the heterocyclic

compounds were also synthesised as potential inhibitors of DHDPS/DHDPR. Having

prepared the desired inhibitors all in advantageous short synthetic routes, attention was

turned to preparing the necessary substrate and enzymes in order to evaluate the proposed

inhibitors.
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3.1 Preparation of (S)-Aspartate B-semialdehyde

3.1.1 Introduction

(S)—Aspartate B-semialdehyde (ASA), one of two required substrates for DHDPS, was

needed to perform detailed kinetic analysis of DHDPS and DHDPR and inhibition studies.

(S)-Aspartate fi-semialdehyde is a natural non-proteinogenic amino acid. It is a key

intermediate in the biosynthesis of several essential proteinogenic amino acids such as

L-lysine, L-methionine, L—isoleucine and L-threonine in higher plants and bacteria.1 Cellular

production of ASA 8 is achieved via the conversion of aspartic acid 6 to aspartyl phosphate

7 and subsequent reduction of 7 in a reaction catalysed by the NADPH-dependent aspartate

semi—aldehyde dehydrogenase (ASA-DH) (Scheme 3. 1. 1)

o (I)! o o
eofi aspartokinase 6%BFKOJj‘ ASA-DH Hfi

H3?! 003) Hfi co? H3fi co?

6 7 8
Scheme 3.1.1: Cellular Synthesis of (S)-ASA

Enantiomerically pure ASA and derivatives are increasingly important synthetic

intermediates as the aldehyde moiety of ASA can be functionalised to yield more complex

structures. The potential for access to a variety of polyfunctional non-proteinogenic and

unnatural amino acids using ASA has already been demonstratedl’2 ASA manipulation has

also proved to be important in the synthesis of pharmaceuticals, aroma and flavour

chemicals, pesticides, herbicides, dyes and pigments.3

At the outset of these investigations there were three reported methods for synthesising

(S)-ASA in common use.4'7 A variety of other methods have been reported in the literature

which yield either free ASA or diprotected ASA, however they are often multi-step

l,2,6,8
procedures and/or extremely low-yielding reactions. The number of methods for

synthesising ASA reflects the difficulty in synthesising and characterising ASA since, like
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many other amino aldehydes, it has a marked tendency to polymerise and is only stable in

. . . 3,5,9

strong ac1d1c aqueous solut1ons.

3.1.2 Previous Syntheses of (.S)-Aspartate B-Semialdehyde

The first synthesis of (S)-ASA was reported by Black and Wright4 (Scheme 3.1.2). The

aldehyde moiety was introduced by oxidative cleavage of the double bond of

(S)-ally1glycine 101 by ozonolysis under acidic conditions. The reported yield of the desired

product was 90—100%. This was determined by an enzymatic assay following the

conversion of ASA into homoserine by homoserine dehydrogenase. (S)-ASA produced by

this reaction is known to have variable purity as described by Coulter10 and Gerrard.9

Purification of (S)-ASA generated by this reaction also proved difficult due to the instability

of (S)—ASA.9’10 Tudor et al.5 also attempted the ozonolysis of (R,S)-allylglycine 101 but

found they got a mixture of products including aspartic acid and formic acid along with the

desired ASA. Attempts to purify this mixture were again unsuccessful due to the instability

of ASA. Therefore, the ozonolysis of (S)-a11ylglycine 101 was deemed to be an unreliable

method for the production of (S)-ASA for use in kinetic analysis. However, it must be noted

that this method is still commonly used by other groups to synthesise (S)-ASA for kinetic

studies of the enzymes DHDPS and DHDPR.1H3

| 0 OH

03 in HCI Hflj‘ Hot

Hfi F1 co? Hfi F1 0023 ‘— Hfi F1 co:j

101 8 19

Scheme 3.1.2: Synthesis of ASA by Black and Wright4

Tudor et al.5 devised an alternative synthesis beginning from allylglycine 101. Protection of

both the amine as the N—tert—butoxycarbonyl derivative 102 and conversion of the

carboxylate group to the p-methoxybenzyl ester 103 was followed by ozonolysis to give the

aldehyde 104. Subsequent deprotection with TFA gave (S)-ASA as the hydrated

trifluoroacetate salt 105, which can be Stored at 0 °C as a stable solid (Scheme 3.1.3).
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Scheme 3.1.3: Synthesis of ASA by Tudor et a1.5

As an alternative to ozonolysis to instal the aldehyde functionality Gerrard6’9 oxidised

N-Boc allylglycine diphenylmethyl ester 106 using catalytic osmium tetroxide with sodium

periodate (Lemieux-Johnson reaction, Scheme 3.1.4) to give the desired aldehyde 107

followed by deprotection with trifluoroacetic acid to furnish 105.

 

l we |
BOCgO No

KHCO . o -
C0:3 3 BocHN If! 0692K PhJLPh BocHN106g COch(Ph)2

101 102

0504

Na|O4

OH OI

HO

9 e .
FSCCOOHZN '3' COZH BocHN If! 002CH(Ph)2

105 107

Scheme 3.1.4: Synthesis of ASA by Gerrard et al.6’9

3.2 Synthesis of Aspartate B-Semialdehyde

Previous studies have shown that (R)-ASA has no inhibitory effects on the DHDPS enzyme,

as determined by enzymatic assay.14 Thus, racemic (R,S)-ally1glycine 101 was used in the

preparation of ASA. A combination of the procedures of Tudor et al.5 and Gerrard et al.9

was used in the synthesis of ASA (Scheme 3.2.1).
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Protection of the free amine of (R,S)—a11ylglycine 101 as the N—tert—butoxycarbonyl

derivative was achieved efficiently to give the N—Boc protected potassium salt 102 in

quantitative yield using di-tert—butyldicarbonate and potassium hydrogen carbonate in

aqueous THF. The structure of this compound was confirmed by comparison of the 1H

n.m.r. spectral data with that reported by Tudor et al.5

Subsequent protection of the carboxylate as a p-methoxybenzyl ester was achieved using

p-methoxybenzyl chloride in DMF with stirring for three days to give the desired

diprotected (R, S)—allylglycine 103. It was found that the addition of only one equivalent of

p-methoxybenzyl chloride resulted in a low yield of 13%, whereas treatment with an excess

of p-methoxybenzyl chloride increased the yield of 103 to 92%. The structure of this

compound was confirmed by comparison of the 1H n.m.r. spectral data with that reported by

Tudor et al.5

Treatment of the diprotected (R,S)-allylglycine 103 with sodium periodate and catalytic

osmium tetroxide in aqueous acetone provided the aldehyde derivative 104 in 50—60%

yield. Again, the structure of this compound was confirmed by comparison of the 1H n.m.r.

spectral data with that reported by Tudor et al.5 Other reagents, such as ruthenium

trichloride, were investigated but none gave better yields than that reported above.

Deprotection was facillitated by the use of trifluoroacetic acid according to the method of

Tudor5 to give 105. ASA obtained by this- method was of variable purity (20—98%).

80020 PMB-CI

e e KHCO3 e (9

H3N 002 BocHN C02K BocHN COZPMB

1 01 102 103

0304

NalO4

OH (I)

e @
F3CCOOH2N COZH BocHN COZPMB

105 104

Scheme 3.2.1: Synthesis of ASA: Using a Combination of Tudor et al.5 and Gerrard's9 Syntheses.
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During the course of these studies an alternative procedure for the synthesis of ASA was

reported by Roberts et al.7 which gave consistently high yields and high activity.

Commerically available OL-tert-butyl (S)-N-tert—butoxycarbonyl aspartate 108 was converted

to its Weinreb amide 109 via a procedure reported by Wemic et (11.15 Treatment of the

aspartate 108 derivative with BOP.PF6 or PyBOP, triethylamine and

N,0—dimethylhydroxylamine hydrochloride gave the desired Weinreb amide 109 in

excellent yield (96%). The structure of this compound was confirmed by a comparison of

the 1H n.m.r. data with that reported by Wemic et al.15

Reduction of the Weinreb amide 109 to the aldehyde 110 was achieved using two

equivalents of diisobutyl aluminium hydride in THF at —78 °C according to the method of

Wemic et al.15 giving the desired product 110 in good yield (86%). The structure of this

compound was confirmed by a comparison of the 1H n.m.r. data with that reported.15

Deprotection of 110 was achieved using TFA in dichloromethane to give the desired

product 105 as a pale yellow solid in excellent yield (96%). The structure of this compound

was confirmed by comparison of the 1H n.m.r data with that reported by Tudor et al.5 The

purity of (S)—ASA—trifluoroacetate 105 prepared by this method was analysed using the

coupled assay and determined to be consistently between 78—98%.

This procedure (Scheme 3.2.2) is now the method of choice for preparing ASA, requiring

fewer synthetic steps and more importantly giving high yields and purity than previous

methods. This method also eliminates the use of highly toxic osmium tetroxide.

Having synthesised ASA via two routes attention was turned to purifying the DHDPS and

DHDPR enzymes necessary to evaluate the proposed inhibitors.
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Scheme 3.2.2: Synthesis of ASA: Using the Method of Roberts et al.7

3.3 Purification ofDHDPS and DHDPR

3.3.1 Introduction

DHDPS and DHDPR from E. coli were chosen for study as the E. coli enzymes exhibit

similar properties and inhibition patterns to analogous enzymes from other bacterial species

which also contain the dap biosynthetic pathway.16'21 In order to study the effects of

inhibitors on the properties of E. coli DHDPS and DHDPR, large quantities of purified

enzyme were required. Strains of E. coli were available that had been transformed with

pBluescript plasmids pJGOOl or pJKOOl, containing the dcsz9 or dapB22 genes

respectively. These strains provided a simple and convenient means for over—expression of

each of the enzymes, generating several hundred-fold increases in enzyme expression of

E. coli XLl-BIue.23

3.3.2 Plasmid Extraction

The dapA gene, which encodes DHDPS, has been cloned and sequenced from several

16,24-29
bacterial and plant sources. The E. coli dapA gene was cloned into pBluescript high

copy number plasmid (500—700) by Gerrard9 and transformed into E. coli XLl-Blue and

successful transformants identified by conferred ampicillin resistance to give pJG001.10’23
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Since synthesis of DHDPS is constitutive, this provided a simple and convenient means of

. . 9,10,14,30
over-expresswn, Wthh has been used to source DHDPS over several years.

The dapB gene, which encodes DHDPR, has also been cloned and sequenced from several

bacterial and plant sources“.34 The E. coli dapB gene was cloned into pBluescript by

Kraunsoe to give the plasmid pJKOOl.22 This provided a simple means of over-expression

of the dapB gene, in an analogous fashion to dapA.

Before enzyme purification experiments were carried out, the integrities of the pJGOOl and

pJKOOl plasmids in the transformed E. coli XLBlue-pJGOOl and E. coli XLBlue—pJKOOl

were confirmed. Standard plasmid preparation methods were used to prepare the pJGOOl

and pJKOOl DNA,35 which each contain restriction sites for both Hind III and EcoRI

restriction enzymes. Following restriction digestion with these enzymes, agarose gel

electrophoresis gave a restriction digest consistent with the restriction map predicted for the

dapA and dapB genes within pJGOOl and pJKOOl plasmids. For plasmid pJGOOl, each

single enzyme restriction digest produced one single—cut linear DNA fragment of

approximately 4100 bp, corresponding to the complete linearised pJGOOl plasmid. Two

linear fragments of approximately 3000 bp and 1100 bp, corresponding to the linearised

parent pBluescript and the dapA fragment respectively, were observed following the double

enzyme digest (Figure 3.3.1).

The pJKOOl plasmid single enzyme restriction digest produced one single-cut linear DNA

fragment of approximately 5300 bp, corresponding to the complete linearised pJKOOl

plasmid, while two linear fragments of approximately 3000 bp and 2300 bp, corresponding

to the linearised parent pBluescript and the dapB fragment respectively, were observed

following the double enzyme digest (Figure 3.3.1).
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Figure 3.3.1:Agarose Gel Showing DNA Restriction Fragments of pJG001 and pJK001. LANE A:
Lambda (23010 hp, 9400 hp, 6600 bp, 4400 hp, 2300 bp); LANE B: pJGOOl single digest (Hind Ill) 4100 bp linear fragment; LANE C:
pJGOOl single digest (EcoR I) 4100 bp linear fragment; LANE D: double digest (Hind III and EcoR I) 3000 bp and 1100 bp linear

fragments; LANE E: pJK001 single digest (Hind III) 5300 bp linear fragment; LANE F: pJKOOl single digest (EcoR l) 5300 bp linear
fragment; LANE G: pJKOOI double digest (Hind Ill and EcoR I) 3000 bp and 2300 bp linear fragments.

3.4 Over-expression of the dapA Gene and Purification ofDHDPS

The purification of DHDPS from E. coli XL-l Blue-pJGOOI was based on a modified

version10 of the methods of Yugari and Gilvarg.24 Purification steps were monitored by

detection of DHDPS activity using the qualitative o-aminobenzaldehyde assay.10’30 This

method is simple, rapid and sensitive to very low levels of enzyme activity, and is ideal for

qualitative measurements to monitor for the presence ofthe enzyme. 10’25

E. coli XL-pJGOOl cells over-expressing DHDPS were cultured overnight, harvested by

centrifugation, washed and resuspended in buffer. Disruption of the cell, by a series of

freeze—thaw cycles, allowed the release of the cell contents, including DHDPS. Seven cycles

resulted in optimal specific activity of the isolated DHDPS. After centrifugation, the pellet

was discarded and the supernatant containing the crude extract was collected. The crude

extract contained DHDPS, observed as a monomer in the SDS-PAGE gel after Coomassie

Blue staining as the most abundant protein in the extract, with a Mr of approximately 31

kDa (Figure 3.4.1).
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The crude extract was subjected to an ion exchange chromatography purification step using

a Q-Sepharose anion exchange column. The proteins were eluted with a sodium chloride

gradient and active fractions were pooled. DHDPS fiom the pooled fractions was further

purified using a Phenyl Sepharose column (based on surface hydrophobicity). Fractions

were eluted with an ammonium sulfate gradient. Fractions that gave a positive result when

tested for DHDPS activity using the o-aminobenzaldehyde assay were pooled and dialysed

overnight against dilute buffer.

ABCDEFGH

 

Figure 3.4.1: SDS-PAGE comparison of sample solutions after each DHDPS purification step.
LANE A: Sigmamarker, wide molecular weight range, molecular weights ofthe bands are (from top) 205, 116, 97, 84, 66,
55, 45, 36, 29. 24, 20, 10.2 and 6.5 kDa; LANE B & C: Hi-Trap Q-Sepharose ion exchange fi'actions; LANES D & E:

Phenyl Sepharose; LANE F: Q-Sepharose ion exchange fi'actions; LANES G & H: Crude cell extract. N.B. duplicate lanes
contained different loads.

The enzyme was homogenous as judged by denaturing SDS-PAGE stained with Coomassie

brilliant blue, which revealed a clean band with an electrophoretic mobility corresponding

to a monomer of around 31 kDa (Figure 3.4.1). The increase in purity was reflected in an

increase in the specific enzyme activity (Table 3.4.1).
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Table 3.4.1: Purification of DHDPS

 

[Protein]a Total Activityb Specific Activityc Yield Purificationc

 

(mg) (AnNADpHHmol/S/ml) (AnnmpHuM/S/mg) (%) (-fold)

Crude 2883 898 0.31

Ion Exchange 440 687 1.56 77 5.0

Phenyl Sepharose 193 351 1.81 39 5.8

 

a Protein concentrations determined using the Bradford assay, section 5.11.5.

b Activity determined using the quantitative coupled assay for DHDPS activity, section 5.15.].

c Crude preparations of DHDPR contain other enzymes that consume NADPH. or inhibitors, both of which interfere with the coupled assay, consequently the

numbers in these columns are not necessarily an accurate measure of purification.

 

3.5 Over-expression of the dapB Gene and Purification ofDHDPR

The purification of DHDPR from E. coli XL—l Blue pJKOOl was based on a modified10

version of the methods of Tamir and Gilvarg.31 Although Scapin et al.32 reported another

method for DHDPR purification that yields enzyme of a higher purity suitable for

crystallisation, the method of Tamir and Gilvarg31 is both simple and efficient, providing

enzyme of suitable purity for kinetic studies.

E. coli XL—l Blue pJKOOl cells over-expressing DHDPR were cultured overnight,

harvested by centrifugation, washed and resuspended in buffer. Ultrasonication, was used to

release the cell contents, including DHDPR. 38

DHDPR displays unusual heat tolerance, as shown by Farkas and Gilvarg.6 Heat shock

treatment of the crude preparation at 70 °C for three minutes results in no significant loss of

DHDPR activity, as shown by the purification table (Table 3.5.1). This step is thought to

destroy any contaminating NADPH-utilising enzymes, which might interfere with the

coupled assay and is carried out early in the purification process.

The crude extract was then subjected to Q-Sepharose anion exchange chromatography.

Fractions were eluted with a sodium chloride gradient and assayed for DHDPR activity
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using the qualitative coupled assay. Following dialysis, the active fractions were purified

and concentrated further by afl'mity chromatography using a HiTrap Blue nucleotide

exchange column. The fractions were eluted with a sodium chloride gradient and assayed

again for DHDPR activity using the qualitative coupled assay.

The pooled active fractions contained DHDPR with a specific activity of 1.50 umol

NADPH.s'l.mg protein], which had been purified to homogeneity, as judged by

SDS-PAGE with Coomassie brilliant blue staining (Figure 3.5.1). The gel shows a single

band with an electrophoretic mobility corresponding to a protein monomer of

approximately 29 kDa. As for DHDPS, the increase in purity was reflected in an increase in

the specific enzyme activity (Table 3.5.1).

ABCDEF

 

Figure 3.5.1: SDS-PAGE comparison of sample solutions after each DHDPR purification step.
LANE A: Signamarker, wide molecular weight range, molecular weights ofthe bands are (from top) 205, 116, 97, 84, 66,

55, 45, 36, 29. 24, 20, 10.2 and 6.5 kDa; LANE B: Crude cell extract ultmsonication; LANE C: Crude cell extract heat

shock; LANE D: Q-Sepharose ion exchange fi'actions; LANE E: Dialysed fractions; LANE F: HiTrap Blue affinity
chromatography fi’actions.
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The addition of the HiTrap Blue affinity chromatography step has increased the specific

activity of the final preparation to 1.50 umol NADPH.s'1.mg protein], a 5.2-fold increase

over the crude sample. This is close to the previously reported10 value of 2.25 umol

NADPH.s'l.mg protein], which was also determined using the quantitative coupled assay.

The HiTrap Blue affinity chromatography column is extremely selective and only binds

NAD(P)H utilising enzymes. Therefore, this step introduces a very specific and selective

step for the purification of the DHDPR enzyme.

 

Table 3.5.1: Purification of DHDPR

 

[Protein]a Total Activityb Specific Activity° Yield PurificationC

 

(mg) (AnNADpHHmol/S/ml) (AnNADthiM/S/mg) (%) (-f01d)

Crude 378 1 17 0.29

Heat Shock 122 101 0.55 60 1.9

Ion Exchange 71 111 0.89 93 3.0

HiTrap Blue 49 89 1.50 61 5.2

 

a Protein concentrations determined using the Bradford assay, section 5.1 L5

b Activity determined using the quantitative coupled assay for DHDPR activity. section 5.152.

c Crude preparations of DHDPR contain other enzymes that consume NADPH. or inhibitors, both of which interfere with the coupled assay, consequently the

numbers in these columns are not necessarily an accurate measure of purification.

 

3.6 Summary

(S)-ASA was synthesised via two routes. The first four step procedure beginning from

racemic allylglycine, installed the aldehyde moiety through an osmium tetroxide/sodium

periodate reaction. The ASA produced by this procedure was of variable yield and purity.

The second method of synthesising ASA was achieved via reduction of a Weinreb amide

derivative of aspartic acid. This procedure gave ASA in excellent yield and high purity and

was the method of choice for preparing ASA for use in kinetic studies. Additionally, an

established protocol was used to provide sufficient quantities of DHDPS and DHDPR.

Having both the necessary substrate and enzymes available, attention was turned to

evaluating the proposed inhibitors synthesised in Chapter 2.
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4.1 Introduction

In order to study the kinetics of any enzyme-catalysed reaction, a suitable method for

measuring the initial rate of the reaction, either by measuring the concentrations of product

formation or substrate depletion over time, must be available.1 A quantitative assay system

was required to study the kinetic properties of the enzymes DHDPS and DHDPR, and

assess the degree and type of inhibition displayed by the compounds synthesised in Chapter

2. This assay had to be capable of accurately measuring the initial rate of the enzyme

catalysed reaction. As described briefly in the introduction (see section 1.8) there are three

assays available for the studying the activity of DHDPS: the o-aminobenzaldehyde assay,

the imidazole buffer assay, and the coupled assay.2

4.2 o-Aminobenzaldehyde Assay

The addition of o—aminobenzaldehyde to DHDPS and its substrates results in the formation

2’3 Itof an unknown purple product, the formation of which can be monitored at 540 nm.

was originally postulated that the product was a dihydroquinazolium salt, however this was

ruled out due to the formation of a purple product, in comparison to the yellow product

observed in assays which utilise o-aminobenzaldehyde and similar substrates.2 A significant

lag time (z 30 min) is observed before an increase in purple colouration occurs. The

intensity of the purple colour can be increased by the addition of acid after the incubation

period. For this assay to be quantitatively useful, the assumption would have to be made

that the rate limiting step is the formation of the enzymatic product and not the purple

complex; however, this is readily invalidated. Thus, the o—aminobenzaldehyde assay was

not used as a quantitative assay. However, it was used in the purification of DHDPS due to

its high specificity and sensitivity for DHDPS and ease of use.

©:NH2

* + DHDPS unknown adduct

e020 0 COG —’ measured at 540nm

2
(:[CH0

Pyruvate 9 ASA 10

Figure 4.2.1: o-Aminobenzaldehyde Assay
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4.3 Imidazole Assay

The imidazole buffer assay monitors the rise in absorption at 270 nm upon incubation of

DHDPS and its substrates in imidazole buffer at pH 7.4.2’4 The chromophore detected is

reported to be dipicolinic acid 18 which is hypothesised to form upon autoxidation of

DHDP.4 Coulter et al.5 have questioned this, however, as the addition of dipicolinic acid 18

to the reaction mixture did not give rise to an increase in absorption at 270 nm.

Additionally, a lag phase is present before the absorbance at 270 nm increases.4 Thus the

kinetic results provided by this assay are inaccurate, as a lag phase of any length implies the

initial rate is not being measured. The advantage of this assay is that it is easy to perform,

and thus continues to be used by many research groups.6'8

o

@020 o + e e 6020 \N 0023 e \ e
o c N co

H3N 002 2 18 2

P ruvate 9
reportedly

y ASA 10 measured at 270nm

Figure 4.3.1: Imidazole Buffer Assay

4.4 Coupled Assay

In a coupled assay, the enzymatic reaction of interest is paired with a second enzymatic

reaction that can be conveniently monitored.2 The product of the first enzyme acts as a

substrate for the coupling enzyme. A coupled assay is normally employed if the reaction

catalysed by the enzyme of interest is difficult to monitor, but the reaction catalysed by the

coupling enzyme is relatively easy to monitor. The second enzyme is normally monitored

by some change in the reaction that can be detected by UV absorption, such as the reduction

or oxidation of a nicotinamide cofactor, or by several other methods such as fluorescence or

radioactivity etc. Therefore, the coupled assay requires an excess of the second enzyme to

ensure the intermediate product is consumed immediately and does not accumulate. Under

such conditions the rate determining step is the first reaction. Conversely, if the first enzyme

is in excess then the rate of the rate determining step is the second reaction.

For the work described in this chapter the coupled assay involves determination of DHDPS

activity by monitoring the conversion of DHDP 10 to THDP 11 in the presence of excess
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DHDPR. The oxidation of NADPH to NADP+ by DHDPR is easily monitored and

measured. NADPH absorbs strongly at 340 nm (molar extinction coefficient of

6220 M‘lcm'l), while the oxidation product exhibits little absorbance at this wavelength.

Thus, the rate of this reaction can be measured by the decrease in absorbance at 340 nm,

which corresponds to the oxidation of NADPH to NADP+ by DHDPR.2 This assay is able

to measure the kinetics of the DHDPS-catalysed reaction, if DHDPR is present in excess,

and conversely the kinetics of the DHDPR-catalysed reaction, if DHDPS is present in

excess. This assay was therefore used to investigate the nature of inhibition of compounds

synthesised in Chapter 2.

Although the coupled assay was developed in 1965 by Yugari and Gilvarg2 it was used

rarely until the early nineties, probably due to a lack of availability of DHDPR. As new

procedures become available for obtaining sufficient quantities of both DHDPS and

DHDPR, with the advent of recombinant DNA technology, the coupled assay is being used

more frequently by numerous groups.5’9'10

O

,k + H / DHDPR
@020 o H 3 COG DHDPS m In excess m

\

3 2 (3020 N (:0,6 P C, 6020 N 0026
Pyruvate 9 ASA 10 NADPH NADP”

measured at 340nm

Figure 4.4.1: Coupled Assay to Test for DHDPS Activity

0

k H /

@020 o + Hi3 coe ——*DHDPS m DHDPR me e e e3 2 In excess 020 N 002 020 N 002

Pyruvate9 ASA10 NADPH NADP”
measured at 340nm

Figure 4.4.2: Coupled Assay to Test for DHDPR Activity

4.5 Modifications to the Coupled Assay

The coupled assay was used to measure the kinetics of DHDPS and DHDPR as it is the only

assay which yields reliable kinetic data. This assay has previously been optimised by the

Gerrard group to make it more effective for the range of kinetic rates under observation.

The pH optimum for DHDPS is 8.4,2 but it is advantageous to run the assay at near
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physiological pH, to best mimic the true biological situation in the cell. The original

coupled assay developed by Yugari and Gilvarg measured DHDPS using Tris buffer at near

physiological pH of 7.4.2 However, due to the inadequate capacity of Tris buffer at this pH

an alternative buffer was used.11 At neutral pH levels inside the cell, formation of a Schiff

base between pyruvate and the enzyme is mostly irreversible.9 At both pH 8.0 and 7.2 (near

physiological pH) the reaction proceeds in the forward direction. It has been shown by

Pearce12 that there is no significant difference between the kinetic parameters at pH 8.0 and

pH 7.2 (P>0.10). It was therefore decided to use a buffer that had a buffering capacity

around optimum pH for DHDPS. N—2-Hydroxyethylpiperazine-N’—2-ethane sulphonic acid

(HEPES) buffer was chosen as it was found to buffer the assay adequately at pH 8.0 and

allow the acquisition of consistent kinetic data, enabling Km and Vmx to be calculated.

4.6 EnZyme Kinetics of E. coliDHDPS

Enzyme kinetics of DHDPS with respect to pyruvate and (S-ASA were measured using the

coupled assay, with DHDPR present in approximately 10—fold excess. The concentration of

substrates ranged between 0.2 x Km and 5—10 x Km according to the method of

Comish—Bowden.l3 Consequently, the concentration of pyruvate was varied between 0.05—

2.0 mM and the concentration of (S)-ASA varied between 0.02—0.80 mM. All data were

collected in duplicate or triplicate and the experiment repeated twice. The results were

analysed using the Enzfitter computer program14 in order to determine the Km and Vmax

values. Lineweaver-Burk (1/rate versus 1/[substrate]) and Eadie—Hofstee (rate versus

rate/[substrateD were also generated using Enzfitter, and provided a graphical analysis of

the data obtained.

The Lineweaver—Burk plot is useful for initial analysis of kinetic data, and is by far the most

widely used plot in enzyme kinetics. However, it often gives a grossly misleading

impression of experimental error, as data points at high substrate concentrations are

compressed into a small region of the graph, while data points at low concentrations, when

the reaction rate is slowest (highest experimental error) are emphasisedm’15

The Eadie-Hofstee plot provides a more accurate analysis of kinetic data. It has a tendency

to make good data look worse, as it makes deviations of the points from the line more
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16’” This is due to the presencedifficult to hide, especially if there are systematic deviations.

of rate in both co—ordinates, such that the errors affect both of them and cause deviations

towards or away from the origin rather than parallel with the ordinate axis as with the

Lineweaver—Burk plot.13 Therefore, the Eadie-Hofstee plot is a good indicator of the quality

of the data.

A ping-pong kinetic mechanism has been proposed for the DHDPS enzyme based on the

parallel initial velocity patterns and the dead-end inhibition patterns.18'20 A ping—pong

kinetic mechanism requires two stable enzyme forms and the presence of an irreversible

step between binding of the two substrates, which typically is release of the first product. In

the case of DHDPS, pyruvate (PYR) binds first to the free enzyme (E) followed by release

of water, which has been suggested to be the irreversible step.9 (S)-ASA then binds to the

stable pyruvate—bound enzyme form (F), followed by release of the product (HTHDP) and

regeneration of the free enzyme form (E). Karsten thoroughly investigated the kinetic

mechanism of the E. coli DHDPS enzyme using initial velocity and dead-end inhibition

. . 18-20
k1net1cs. Karsten obtained parallel initial velocity patterns at pH 8, as had previously

been shown by others. Karsten also showed that (S)-ASA displayed competitive substrate

inhibition versus pyruvate,9 which is diagnostic of a ping-pong kinetic mechanism, although

work in the Gerrard laboratory questions this results.21 Dead-end inhibition patterns also

obtained by Karsten were consistent with a ping-pong kinetic mechanism.9

PYR H+/H20 ASA HTHDP

 

EzPYR F:H FzASA EIHTHDP E

Figure 4.6.1: Modified9 Reaction Mechanism of E. coli DHDPS. (PYRzpyruvate,
HTHDP = 4-hydroxytetrahydrodpicolinate)

Thus, the raw data obtained from the kinetic analyses performed were fitted to a ping-pong

kinetic model using the Enzfitter computer program. The residual plot (Figure 4.6.2—a)

showed a random scattering of points indicating no systematic experimental error was

observed. The model clearly fit the raw data well (Figure 4.6.2-b) as evidenced by the tight

grouping of points about the line of best fit for both the Lineweaver—Burk and
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Eadie-Hofstee plots (Figure 4.6.2—c,d), indicating the data were of high quality and fitted the

ping-pong kinetic mechanism. The kinetic parameters were calculated using the ping—pong

kinetic model and the Vmax was found to be 138:3 umolmin'lmg‘l. The Km of DHDPS with

respect to pyruvate was found to be 0.38:0.02 mM. These results yielded a slightly higher

Km than those reported in the literature. Karsten9 determined the Km with respect to

pyruvate to be 0.19:0.03 mM and similarly Coulter et al.5 reports a Km of 0.12:0.1 mM,

Roberts13 reports a Km of 0.18—0.21 mM while Yugari and Gilvarg2 report a Km of

0.25 mM. Laber et (11.22 report a Km of 0.57 mM which is significantly higher than all other

Km values reported, however this was determined using the imidazole buffer assay, as

opposed to the more accurate coupled assay.

The kinetic parameters with respect to (S)-ASA were also determined. Again, random

scattering in the residual plot was observed (Figure 4.6.3—a). The data clearly fitted the

model well (Figure 4.6.3-b) and this is seen in both the Lineweaver—Burk and Eadie-Hofstee

plots (Figure 4.6.3—c,d) as a tight grouping of points about the line of best fit, indicating the

data were of high quality and fitted the ping-pong kinetic mechanism. The Km of DHDPS

with respect to (S)-ASA was found to be 0.14:0.01 mM. Karsten9 determined the Km with

respect to (S)-ASA to be 0.12:0.01. Other values obtained in the literature using the

coupled assay are also in good agreement, but it is important to note that data were fitted to

a slightly different model (Michaelis-Menten model). Coulter et al.5 report a Km range of

0.1:0.14 mM at pH 7.2, Yugari and Gilvarg2 found the Km to be 0.13 mM at pH 7.4 while

Pearce12 reports a Km range of 0.10:0.46 mM. All these values were obtained by the

coupled assay and are notably lower than those obtained using the imidazole buffer assay.

For example, Couper et (11.8 report the Km to be 0.23 mM, while Laber et al.22 report the Km

to be 0.55 mM. The difference in values obtained by the coupled assay and the imidazole

buffer assay could be due to the shortcomings of the imidazole assay method, as the lags in

the reaction time course and the uncharacterised reaction product do not allow the accurate

acquisition of quantitative kinetic data.9
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4.7 EnZyme Kinetics of E. coliDHDPR

The kinetic studies of DHDPR were conducted using the coupled assay, by monitoring the

oxidation of NADPH at 340nm. The substrate of the DHDPR catalysed reaction was

synthesised in situ from (S)-ASA and pyruvate by reaction with DHDPS. Although the

substrate of DHDPR is known to be unstable,23 it was necessary to pre-form the substrate

by adding (S)—ASA three minutes before the assay was started, so that the DHDPR substrate

was not rate limiting, which would lead to biphasic kinetics. The reaction of interest was

thereby initiated by addition of DHDPR.

A sequential ordered mechanism has been proposed for the E. coli DHDPR enzyme, using

initial velocity and dead-end inhibition kinetics.24 These studies showed that binding of

NADPH is followed by binding of DHDP 10 and that the release of the THDP 11 precedes

NADP+ release.24

NADPH DHDP THDP NADP1L

 

ENADPH EzNADPHzDHDP ENA P+ E
' E:NADP+:THDP ' D

Figure 4.7.1: Reaction Mechanism for DHDPR.24 (DHDP = dihydrodpicolinate, THDP =
tetrahydrodpicolinate)

Measurement of the kinetics for the reaction catalysed by DHDPR was more complicated

than the kinetic measurements made for that catalysed by DHDPS, since the utilisation of

NADPH is the method of measuring the rate of the reaction and NADPH is also a substrate

for the reaction. At low concentrations of NADPH in the DHDPR coupled assay, NADPH

becomes the rate limiting substrate, decreasing the possible enzymatic rate. At high

concentrations, experimental errors are introduced when the absorbance of NADPH rises

above 1.2 absorbance units, as this coincides with the upper limit of the accurate linear

range of the spectrophotometer. Thus, the kinetic measurements were more limited than

those for DHDPS, making the calculated kinetic parameters less reliable.

The Km and Vmax values of DHDPR with respect to the substrate and co-factor were

measured using the coupled assay, with DHDPS present in approximately 10—fold excess.
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The concentration of substrates were varied between 0.2 x Km and 10 x Km according to the

method of Comish-Bowden.13 Consequently, the concentration of substrate was varied

between 0.07—1.0 mM and the co-factor NADPH varied between 0.04—0.12 mM. All data

were collected in duplicate and the experiment repeated twice. The data were fitted to the

simple Michaelis-Menten kinetic model. The results were analysed using the Enzfitter

computer program that determined the Km and Vmax values. Lineweaver—Burk (1/rate versus

1/[substrate]) and Eadie-Hofstee (rate versus rate/[substrateD were also generated using

Enzfitter14 and provided a graphical analysis of the data obtained. Again the residual plots

showed a random scattering of points (Figure 4.7.2—a). The Eadie-Hofstee and

Lineweaver—Burk plots showed a tight grouping of points about the lines of best fit for these

plots, indicating the data were of high quality and fitted the Michaelis—Menten equation

appropriately (Figure 4.7.2 and Figure 4.7.3).

For DHDPR, the Km with respect to DHDP was found to be in the range of 60:3 uM. A

variety of Km values have been reported and these values range considerably. For example,

previous studies on E. coli DHDPR by Tamir and Gilvarg25 found a Km value of 9 uM

while Reddy et al.24 report a Km of 50:12 uM. Furthermore, significantly higher Km values

have been reported by Kraunsoe,26 who found a Km of 190 M, and Coulter et al.5 who

found an even higher Km of 510i20 |.LM. These large variations in Km values may be caused

by the instability of the substrate DHDP 10 and its immediate precursor HTHDP 17, as it

has been documented that dihydropyridines are prone to oxidation in air.23

For DHDPR, the Km with respect to NADPH was found to be in the range of 30:2 11M.

Again, as with the Km values for DHDP the Km values for NADPH have been found to vary

considerably. Previous studies on E. coli DHDPR by Tamir and Gilvarg25 found the Km to

be 10 HM, in close agreement with the value of Km of 8:1.2 HM reported by Reddy et al.24

These low Km values reflect the high affinity of the DHDPR enzyme'for the cofactor

NADPH.
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4.8 Summary

Both DHDPS and DHDPR enzyme preparations have been fully characterised using the

coupled assay. The parameters obtained are consistent with literature values. DHDPS at pH

8.0 was found to possess a Km of 0.38:0.02 mM with respect to pyruvate and a Km of

0.12:0.01 with respect to ASA. For DHDPR the Km with respect to its substrate DHDP was

found to be 60:3 11M and with respect to the co-factor NADPH the Km was was found to be

301-2 uM. Having fully characterised both DHDPS and DHDPR the inhibitors synthesised

in Chapter 2 could be analysed.

4.9 Preliminary Compound Screening ofDHDPS Inhibitors

Percentage inhibition readings were initially performed in order to screen the compounds

rapidly for interesting inhibition properties; a number of known inhibitors of DHDPS were

also tested as positive controls. Where possible, IC50 values (inhibitor concentration at

which the enzyme is 50% inactivated) were obtained.

The compounds synthesised in Chapter 2 were tested for possible inhibition of DHDPS.

Compounds were tested in aqueous solutions at concentrations up to 100 mM, or to the limit

of their solubility. However, a number of compounds tested did not dissolve well in aqueous

solution and had considerably greater solubility in methanol or DMSO: in these cases the

assay was run in 10% methanol or DMSO. In the case of methanol, the reaction rate

decreased by approximately 5%, but inhibition could still be quantified by placing methanol

in the control incubations for comparison. DMSO did not appear to affect the rate at all,

however it was placed in all control incubations.

4.9.1 DHDPS Inhibitor Screen of Nitrogen Containing Hete rocyclic Compounds

A preliminary screen of designed and known DHDPS inhibitors yielded some interesting

results. Dipicolinic acid 18 is a known inhibitor of DHDPS. Couper et al.8 report an IC50

value of 1.2 mM (imidazole assay) whilst Karsten9 reports a K,- of 11 mM versus pyruvate

and a K, of 18 mM versus ASA. The results obtained herein gave an IC50 value of 20 mM in

close agreement with the results reported by Karsten,9 who also used the coupled assay. As
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dipicolinic acid 18 is also a competitive inhibitor of DHDPR,lo increased levels of DHDPR

were added to ensure that the DHDPS—catalysed reaction remained the rate limiting step.

However, even with additional DHDPR, this inhibitor could not be screened at high

concentrations, as biphasic kinetics were observed, consistent with inhibition of both

enzymes. The corresponding methyl ester 35 did not inhibit DHDPS.

Furthermore, the piperidine dimethyl ester 40b has been reported by Couper et al.8 to have

an IC50 of 0.7 mM using the imidazole buffer assay, however when 40b was screened for

inhibition using the coupled assay it possessed very little activity: at 50 mM concentration

only 10% inhibition of DHDPS was observed. Additionally, the corresponding acid

40a—which was reported by Couper et al.8 not to inhibit DHDPS—showed 83% inhibition

at 50 mM, yielding an IC50 value of 20 mM. Again, this highlights inherent problems with

the imidazole assay.

Dimethyl chelidamate 52 was found to inhibit DHDPS by 99% at a concentration of 50 mM

and an IC50 value of 14 mM was obtained. This was a promising result that required

detailed analysis to ascertain the exact nature of inhibition. If 52 is acting as a product-based

inhibitor, then it should show competitive inhibition. The corresponding diacid 55 was also

screened and at 50 mM, 99% inhibition was observed. An IC5o value of 22 mM was

obtained, indicating that the acid 55 did not inhibit as strongly as the ester. These results are

contrary to those found by Couper et al.8 who reported that diesters were far better

inhibitors than diacids. In order to determine whether 52 or 55 are binding at the active site,

further detailed kinetic analyses would be necessary.

Interestingly, the HTHDP mimic 51 showed no inhibition, even at 100 mM concentration.

This was an intriguing result as 51 is the closest product mimic designed and was therefore

predicted to show the greatest inhibitory activity. This unexpected result poses serious

questions as to the true form of the product of the DHDPS-catalysed reaction.

In regard to compounds shown in Figure 4.9.1, no clear inhibitory trends could be

ascertained. The pyridine and piperidine diacids appear to be better inhibitors then the

corresponding esters as would be expected based on analogy to the reported product, but in

contrast to the literature results of Couper et al.8 However, the chelidamic ester 52 proved to

be a better inhibitor then the corresponding acid 55. Chelidamic acid 55 possesses
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approximately the same ICso value as dipicolinic acid 18, indicating that the introduction of

functionality at the C-4 position does not result in increased inhibitory activity. The most

striking result from the preliminary screen was that compound 51, possessing 4-OH

functionality in the piperidine ring showed no inhibition of DHDPS whatsoever. However,

these results do raise some interesting questions. Firstly, if HTHDP is the true product of

the enzyme-catalysed reaction, it seems strange that introducing fimctionality at the C-4

position diminishes the potency of the inhibition. Secondly, if, as presumed by Couper et

al.8, these so-called product analogues are binding at the active site, why are di-esters ofien

more potent than the corresponding diacids? These questions prompted a detailed

investigation as to the mode of inhibition of these compounds, in order to establish whether

they were binding at the active site (see section 4.11 and 4.12).

0 O OH

fl f1
Me02C ” C02Me HOZC ” COZH Me02C u COzMe

o HCI ' H20

52 55 51

50 mM, 99% 50 mM, 99% 100 mM, 0%
IC50 = 14 mM IC50 = 22 mM

\

| ,
R020 u C02R R020 N 002R

40b R = Me, 50 mM, 10% 35 R = Me, 50 mM, 0%
40a R = H, 50 mM, 83% 18 R = H. 25 mM, 57%

40a R = H, |C5o = 20mM 18 R = H, |C50 = 20mM

Figure 4.9.1: Nitrogen Containing Heterocyclic Inhibitors of DHDPS: Percent Inhibition of
DHDPS Activity at Stated Concentration, [pyruvate]=l .0 mM and [ASA]=1.0 mM.

4.9.2 DHDPS Inhibitor Screen of Sulfur Containing Heterocyclic Compounds

Numerous sulfur-containing heterocyclic compounds were comprehensively screened as

potential DHDPS inhibitors. The cis-substituted diester 59 is very similar in structure to 40b

and also possessed similar inhibitory activity (36% inhibition at 50 mM). Surprisingly, the

diacid 77 showed no inhibition at all, whereas 40a was a significantly better inhibitor than

the ester 40b. The trans-substituted compounds 60 and 78 exhibited similar inhibitory

activity to 59 and 77, in contrast to the reported result that cis-compounds are better

inhibitors ofDHDPS.8
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The introduction of a C-4 oxygen substituent led to increased inhibition in only one case,

the all syn—sulfoxide 53, with 50% inhibition occurring at 9 mM. The epimeric

anti-sulfoxide 74 showed only 48% inhibition at 30 mM. The corresponding acids 79 and

80 did not display any inhibition.

The trans sulfoxide 71 did not inhibit DHDPS, even at high concentrations (50 mM). This

result is not surprising, as the X—ray crystal structure of 71 (see chapter 2, Figure 2.3.3)

shows that both the C-4 oxygen and one of the methoxy carbonyl groups occupy axial

positions, whereas the product HTHDP 17 is expected to possess pseudo-equatorial

substituents at these positions.

Interestingly the cis-sulfone diester 54 showed no inhibition but the diacid 81 showed 14%

inhibition at 50 mM; however the trans-sulfone diester 76 and acid 82, both showed a small

degree of inhibition: 12% for 76 and 11% for 82.

0

fl E81 Isl
Rogc N 002R Road'fi 002R Me020“'H COgMe

59 R = Me, so mM, 36% 60 R = Me, so mM, 32% 71 so mM, 0%

77R=H,50mM,O°/o 78R=H,50mM,0%

0e 96

fi
R020 n coza Rozciulcozn

53 R = Me, 9 mM, 48% 74 R = Me, 30 mM, 18%

79R=H,22mM,0% 80R=H,22mM,O%

o\\s,,o Cos/,0

Rozc’Enlcozn ROZC“£h|lCOZR

54 R = Me, 50 mM, 0% 76 R = Me, so mM, 12%

81 R=H, so mM,14% 82R=H,50mM,14%

Figure 4.9.2: Sulfur Containing Heterocyclic Inhibitors of DHDPS: Percent Inhibition of DHDPS

Activity at Stated Concentration, [pyruvate]=1.0 mM and [ASA]=1.0 mM.

From the preliminary screening results, no trends linking either the stereochemical

requirements at the C-2 and C-6 positions, the activity of the acids versus esters, or the level

of oxidation at the sulfur to the level of inhibition could be ascertained. Many of the trends
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seen by Couper et al.8 utilising the imidazole buffer assay were not observed when using

the coupled assay. It is possible that inherent flaws in the imidazole buffer assay are

responsible for the lack of correlation between the two assay systems.

4.10 Inhibition Kinetics

4.10.1 Introduction

In order to establish if any of the inhibitors showed competitive inhibition a more detailed

kinetic analysis was necessary. Compounds 52 and 55 were chosen for further analysis for

two reasons: firstly, both compounds showed reasonable activity in the preliminary DHDPS

screen and were available in sufficient quantities for detailed kinetic analysis; secondly, to

ascertain whether compounds containing methyl esters (as in compound 52) are competitive

inhibitors of DHDPS.

4.10.2 Competitive Inhibition

Competitive inhibition involves both the inhibitor and substrate competing for the same

binding site on the enzyme (Figure 4.10.1). The effect of the inhibitor can be removed by

increasing the concentrations of substrate; thus Vmax is not affected, while the apparent Km

increases with increasing inhibitor concentration. The kinetic equation and ideal graphical

behaviour of competitive inhibitors can be found in Appendix A.2.

K

E+S <__'> E:S —Cat> E+p

KS

IK,~

E:I

Figure 4.10.1: Competitive Inhibition”

4.10.3 Non-Competitive Inhibition

Non-competitive inhibition involves the inhibitor binding to a site on the enzyme distant

from the active site, altering catalysis but not substrate binding (Figure 4.10.2). As such, the

Vmax is decreased, but the Km remains constant with increasing inhibitor concentration. In

non-competitive inhibition, the dissociation constant of S from ESI is the same as that from
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ES. The kinetic equation and ideal graphical behaviour of non-competitive inhibitors can be

found in Appendix A.2.

KS Kcat

E+S 2: ES —> E+p

IK- 1K.
1 1

E21 —>‘ EHSI

KS

Figure 4.10.2: Non-competitive Inhibition27

4.10.4 Uncompetitive Inhibition

In contrast, in uncompetitive inhibition, the inhibitor only binds to the enzyme-substrate

complex, and as such affects both the Vmax and Km values by decreasing them with

increasing inhibitor concentrations (Figure 4.10.3). The kinetic equation and ideal graphical

behaviour of uncompetitive inhibitors can be found in Appendix A.2.

K
E+S 2 E23 —mt-> E+p

I K,

E:S:I

Figure 4.10.3: Uncompetitive Inhibition27

4.10.5 Mixed Inhibition

Finally, in mixed inhibition the inhibitor binds to free enzyme and enzyme-substrate

complex affecting both Vmax and Km.1 In mixed inhibition the dissociation constant of S

from ESI is different than that from ES (i.e. KS¢K'S) (Figure 4.10.4). The kinetic equation of

mixed inhibition can be found in Appendix A.2. Graphically, mixed inhibition kinetic

behaviour looks like a mixture of competitive and uncompetitive behaviour, and thus may

appear as a either a mixture of the two (see Appendix A.2).
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Figure 4.10.4: Mixed Inhibition”

4.11 Inhibition ofDHDPS by Dimethyl Chelidamate Hydrochloride 52

Inhibition kinetics of dimethyl chelidamate hydrochloride 52 with respect to pyruvate and

ASA were run at a range of inhibitor and substrate concentrations. Where possible, the

inhibitor concentrations were varied by 0.1 and 10 times the IC50 value obtained for the

individual inhibitor. Dimethyl chelidamate hydrochloride 52 concentrations were varied

between 0—7.5 mM with respect to pyruvate, and 0—15 mM with respect to ASA. At very

high concentrations of inhibitor, significant absorbance problems and deviations from linear

rates were observed, especially with respect to pyruvate. This precluded the acquisition of

accurate initial rates at these high inhibitor concentrations. As such, the data obtained must

be interpreted carefully, as a wide range of inhibitor concentrations above the IC50 value

were not taken, so the behaviour of the inhibitor at high concentrations remains unknown.

The concentration of ASA was varied between 0.04—1.5 mM, while pyruvate concentrations

were varied between 0.05—2.0 mM. The kinetic data were fitted to mathematical models

using the Enzfitter14 computer program that simulated competitive, non-competitive,

uncompetitive and mixed inhibition patterns in order to determine the model of best fit and

subsequently the inhibition constant K. Lineweaver—Burk (1/rate versus 1/[inhibitor]) and

Eadie-Hofstee (rate versus rate/[inhibitorD were also generated using Enzfitterl4 and

provided a graphical analysis of the data obtained.

The inhibition was found to be non-competitive with respect to both substrates, pyruvate

and ASA. The K with respect to pyruvate was found to be 6.90:0.82 mM, while the K

with respect to ASA was found to be 14.011.43 mM. The result that dimethyl chelidamate

hydrochloride 52 is a non-competitive inhibitor with respect to both substrates is very

significant, in that it demonstrates that the inhibitory effects observed are due to allosteric

binding rather than binding at the active site.
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With respect to pyruvate the data fitted the model of non-competitive inhibitory behaviour

well. In Figure 4.11.1—a there is a random scattering of points as determined by the residual

plot, indicating that the experiment was well designed and contained no systematic errors.

Figure 4.11.1~b shows a slight deviation from the model at the highest inhibitory

concentration of 7.5 mM, but otherwise the data fitted the model well with an R2 value of

0.97. The Lineweaver-Burk plot showed some deviation from the line of best fit at the

highest inhibitor concentration, which is exaggerated in this analysis, as discussed

previously (section 4.6). In the Eadie-Hoftsee plot (Figure 4.11.-d) some deviations from

the line of best fit at high inhibitor concentration were also observed. In general, the data

fitted the lines of best fit loosely, but the Eadie-Hoftsee plot distinctly showed parallel lines,

indicative of a non-competitive inhibitor.

With respect to ASA the data also fitted the model well. In Figure 4.11.2-a there is a

random scattering of points as determined by the residual plot confirming the absence of

systematic errors. Figure 4.11.2-b shows a slight deviation from the model at the highest

inhibitory concentration of 15 mM, but otherwise the data fitted the model well with an R2

value of 0.96. The Lineweaver-Burk plot (Figure 4.11.2—c) showed some deviation from the

line of best fit at the highest inhibitor concentration, as shown in the fitted model; this is

further exaggerated in the Lineweaver—Burk plot. In the Eadie-Hoftsee plot (Figure

4.11.2-d) some deviations from the line of best fit at high inhibitor concentration were also

observed. In general, the data fitted the lines of best fit with the Eadie-Hoftsee plot

distinctly showing parallel lines, indicative of a non—competitive inhibitor.
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4.12 Inhibition ofDHDPS by Chelidamic Acid 55

Inhibition kinetics of chelidamic acid 55 were also performed with respect to pyruvate and

ASA, at a range of inhibitor and substrate concentrations. Chelidamic acid 55

concentrations were varied between 0—15 mM with respect to pyruvate and 0—20 mM with

respect to ASA. With respect to pyruvate when inhibitor concentrations higher than 15 mM

were used, deviations from linear rates were observed. This precluded the acquisition of

accurate initial rates at high inhibitor concentrations and so the data obtained must be

interpreted carefully as a wide range of inhibitor concentrations above the IC50 value were

not taken. This situation is analogous to that observed in the case of dimethyl chelidamate

hydrochloride 52. The concentration of pyruvate was varied between 0.05—2.0 mM, while

ASA concentrations were varied between 0.04—1.5 mM. The kinetic data were fitted to

mathematical models using the Enzfitterl4 computer program that simulated competitive,

non—competitive, uncompetitive and mixed inhibition patterns in order to determine the

model of best fit and subsequently the inhibition constant K. Lineweaver-Burk and

Eadie-Hofstee plots were also generated using Enzfitter.l4

The inhibition was, surprisingly, found to be uncompetitive with respect to both substrates,

pyruvate and ASA. The K with respect to pyruvate was found to be 22.0:13 mM, while

the K, with respect to ASA was found to be 24.8:19 mM. The result that chelidamic acid

55 is an uncompetitive inhibitor with respect to both substrates implies the inhibitory effects

observed are due to allosteric binding. The result was not as expected as chelidamic acid 55

mimics the product HTHDP 17 more closely then the corresponding diester 52 as it contains

carboxylate groups at both the C-2 and C-6 positions.

With respect to pyruvate, the data fitted the model of uncompetitive inhibitory behaviour

well. In Figure 4.12.1—a, there is once again a random scattering of points. Figure 4.12.1-b

shows a slight deviation from the model at the highest inhibitory concentration of 15 mM,

but otherwise the data fitted the model very well with an R2 value of 0.98. The

Lineweaver-Burk plot (Figure 4.12-c) showed a tight grouping of points around the lines of

best fit, as did the more demanding Eadie-Hoftsee treatment (Figure 4.12.-d). In general, the

data fitted the lines of best fit well, with the Eadie-Hoftsee plot distinctly showing

convergent lines of best fit with the x-axis, indicative of an uncompetitive inhibitor.
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With respect to ASA the data also fitted the model well. In Figure 4.12.2-a there is a

random scattering of points as determined by the residual plot. Figure 4.12.2-b shows that

the model fits the data extremely well with an R2 value of 0.99. The Lineweaver-Burk plot

(Figure 4.12.2-c) and Eadie-Hoftsee plot (Figure 4.12.2-d) showed a tight grouping of

points around the lines of best fit. Convergent lines of best fit with the x—axis were obtained

in the Eadie-Hofstee plot, indicative of an uncompetitive inhibitor as was the case with

respect to pyruvate.

The fact that neither dimethyl ester chelidamate 52 or chelidamic acid 55 showed

competitive inhibition poses serious questions as to the nature of binding of these

compounds and further, casts doubt on the true form of the product of the DHDPS catalysed

reaction.
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Figure 4.12.1: DHDPS Kinetics with Respect to Pyruvate at Different Concentrations of

Chelidamic Acid; a) Residuals Plot b) Raw Data with Fitted Model 0) Lineweaver-Burk Plot (R2 = 0.98,

P < 0.05) d) Eadie-Hofstee Plot (R2 = 0.98, P < 0.05).
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4.13 Acyclic Inhibitors ofDHDPS

4.13.1 Reversible Acyclic DHDPS Inhibitors

The fact that none of the designed cyclic inhibitors 51—54 showed potent inhibition against

DHDPS—specifically compounds 52 and 55 which have been shown not to bind at the

active site—led to the hypothesis that HTHDP 17 is not actually the product of the DHDPS

catalysed reaction. Whatever the true nature of the product, the enzyme catalysed reaction

must, presumably, proceed via an acyclic enzyme-bound intermediate 16. This suggests a

new class of inhibitor might be discovered based on analogy to this compound 16. If these

compounds mimic the intermediate then the acyclic compounds 83—85 would be expected

to show competitive inhibition.

91;) (‘36 OH
SK?) SE)

I G) E) 9 (9

H020 Q J‘COZH MeOZC O G) COzMe LiOZC HZN COZLi
F3CCOOH3N CF3000H3N

85 84 83
50 mM, 17% Inhibition 50 mM, 66% Inhibition 50 mM, 0% Inhibition

|C50 = 40 mM

Figure 4.13.1: Acyclic Inhibitors of DHDPS

Preliminary screening of the acyclic compounds 83—85 was performed as for the cyclic

compounds (see section 4.9). Disappointingly, none of the acyclic inhibitors proved to be

potent inhibitors ofDHDPS. The sulfoxide diacid 85 exhibited extremely weak inhibition of

17% at 50 mM with the corresponding diester 84 proving to be a better inhibitor in

comparison exhibiting 66% inhibition at 50 mM. An IC50 value of 40 mM for the diester 84

was calculated. Due to the poor inhibitory nature of the diester 84, detailed kinetic analysis

was precluded, due to the large amount of compound needed and solubility problems at

high concentrations. The acyclic alcohol 83 showed no inhibition whatsoever.
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4.13.2 Irreversible Acyclic Inhibitors ofDHDPS

Irreversible inhibition, as the name suggests, is not reversed by dialysis or dilution because

a chemical reaction between the enzyme and the inhibitor takes place. The inhibition may

. . . . . . . 28
take time to manifest itself, because a chem1ca1 reaction 18 involved.

Concurrent with the study of potential reversible cyclic and acyclic inhibitors of DHDPS,

two compounds 56 and 87 synthesised en route to designed inhibitors were tested as

potential irreversible DHDPS inhibitors.

It was proposed that the diene 56 could undergo a double Michael-type addition with a

nucleophile such as the lone pair on lysine-161 (Scheme 4.13.1). This would result in

covalent attachment to this key active site residue of E. coli DHDPS, and inactivate the

enzyme. In accordance with the postulated mechanism, the diene was predicted to exhibit

time-dependent inhibition as an irreversible inhibitor.

 

H+

0 H

PI —* /| | **
EtOZC ‘3 C02Et 3020 NH COgEt EtOQC NH COzEt EtOZC N 002Et

NHg
J Lys Lys Lys

Lys

Scheme 4.13.1: Proposed Double Michael Addition of Diene 56 with Lysine

Pre—incubation studies with the DHDPS and diene 56 in buffer confirmed that diene 56 was

a potent inhibitor of DHDPS. After four minutes the activity was diminished by 50% at a

concentration of 50 M and by ten minutes the activity was only 15% of native DHDPS

(Figure 4.13.2).

To confirm whether the inhibition was irreversible, DHDPS was incubated with diene 56 in

buffer for 30 minutes followed by dialysis for 16 hours against Tris buffer (20 mM, pH 8.0

at 4 °C). No recovery of activity was observed. Controls in which DHDPS was incubated

and dialysed, in the absence of inhibitor showed DHDPS retained its activity under these

conditions. Thus diene 56 was shown to be an irreversible inhibitor of DHDPS.
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Figure 4.13.2: Effect ofDione 56 on DHDPS Activity

At high concentrations of diene, precipitation in the cuvette was observed. As the diene 56

can undergo two Michael additions it was predicted that protein cross-linking may be

occurring. Incubating various concentrations of inhibitor 56 with DHDPS, followed by

SDS-PAGE visualised by staining with Commassie brilliant blue, indicated protein

cross-linking was indeed occurring (see Figure 4.13.3), resulting in precipitation of

insoluble protein. This suggested that part of the inhibition may be due to non-specific

binding of the inhibitor to surface lysines. However, at low concentrations of diene 56 at

which the irreversible inhibition studies were performed there was no evidence of protein

cross-linking, suggesting that binding to 1ysl61 occurs preferentially, and explains the

potent inhibition observed.

A_FBCDEGH‘_J   
116 '

' Cross-linked

Protein

36

20'“

 
Figure 4.13.3: SDS-PAGE of DHDPS Incubated with Diene 56: LANE A: Sigmamarker wide molecular

range, molecular weights of the bands are (final top) 205,116, 97, 84, 66, 55, 45, 36, 29, 24, 20, 10.2 kDa; LANE B: [Diane] = 0 mM;

LANE C: [Diene] = 10 mM; LANE D: [Diene] = 100 mM; LANE E: [Dienc] = 5 mM; LANE F: [Diene] = 50 mM; LANE G: [Diene] =

10 mM; LANE H: [Diene] = 100 mM; LANE I: [Diene] = 5 mM; LANE J: [Diene] = 50 mM; NB. LANES C-F incubated for 10 min

and LANES G—J incubated for 30 min. 
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The analysis of data suggests that diene 56 is an extremely potent inhibitor of with a kinact of

42 M‘1.s‘1, calculated according to the method of Tipton27 (for kinetic equations used see

A.2). This is an extremely promising result, which provides a new lead compound for the

design of DHDPS inhibitors.

In order to circumvent the problems associated with the protein cross-linking activity of

diene 56, the corresponding mono-alkene was tested in the hope that it may show potent

inhibitory activity but not act as a cross—linking agent as it would not be able to undergo a

second Michael addition (Scheme 4.13.2).

H+

G) OH 0

h~rfi
EtOQC ‘3 002a EtOQC NH 002a Et020 NH (30215:

NH2

  

Lys L s

Lys y

Scheme 4.13.2: Proposed Michael Addition of Alkene 87 with Lysine

Subsequent pre-incubation studies showed the alkene to be a moderate irreversible inhibitor

of DHDPS. It can be seen clearly in Figure 4.13.4 that the activity was only 50% that of

native DHDPS at 25 mM after fifteen minutes and that by 25 minutes the activity is only

10% that of native DHDPS. Compared with diene 56 the alkene 87 is not as potent and

takes considerably more time to inhibit DHDPS.

Incubation of DHDPS with alkene 87 in buffer for 30 minutes followed by dialysis for 16

hours against Tris buffer (20 mM, pH 8.0 at 4 °C) did not show a return in activity when

compared to controls, indicating that the alkene 87 does indeed act as an irreversible

inhibitor. At high concentrations of alkene precipitation in the cuvette was observed as was

the case with the diene 56. However, incubating various concentrations of inhibitor 87 with

DHDPS, followed by SDS-PAGE visualised by staining with Commassie brilliant blue, did

not show any protein cross-linking (data not shown).
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Figure 4.13.4: Efl'ect of Alkene 87 on the Activity ofDHDPS

4.14 Mechanistic Implications ofDHDPS Inhibitor Studies

At the outset of this work there were two proposed mechanisms for the formation of

HTHDP.

The first proposed mechanism ofDHDPS involves the nucleophilic addition of the enamine

15 on ASA 8 to generate the corresponding enzyme-bound alkoxide, which must then be

protonated, yielding the acyclic intermediate 16 (Figure 4.14.1). The sulfoxide compounds

53,84,85 were designed based on this mechanism, with the charge separation of the

sulfoxides mimicking the charge separation as the enamine attacks the aldehyde.

6‘HS)

(0 O OH

H 3 e e@ JL\/Jj\ 3 flcoz flcoz
02C N‘EI S161 H3fi CO; ®02C \IN H3 @OZC \/N H

1 6

Figure 4.14.1: DHDPS Mechanism via the Aldehyde 8
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A second mechanistic route was proposed by Coulter and co-workerss’29 and involves attack

of the enamine 15 on a hydrated ASA 19 molecule to form the acyclic intermediate 16 via a

concerted SN2—type mechanism (Figure 4.14.2). The neutral compounds designed to mimic

the resultant intermediates were the neutral alcohols 51 and 83 and the sulfone 54.

OH

JL\_/HO/i 002

e020 ‘6

020 NH NH3

‘—_Lys161HaN002 Lys161®

15 16

Figure 4.14.2: DHDPS Mechanism via the Hydrate 19

The results obtained from the inhibitor studies showed that none of these compounds with a

negative charge or neutral charge were potent inhibitors, with the neutral alcohols showing

no inhibition of DHDPS whatsoever. The results of the inhibitor studies prompted a

re-investigation into the mechanism of DHDPS. An examination of the X-ray

crystallographic analysis of the E. coli enzyme with various inhibitors and substrate

analogues bound in the active site showed the C—4 oxygen situated close to the backbone

carbonyl oxygen of Gly186 and the Lysl6l-derived imine/enamine nitrogen.30 This was

previously interpreteted by Blickling et al.30 that protonation of the was via the protonated

imine. Although this group is within hydrogen-bonding distance (2.8 A), geometric and

stereoelectronic factors preclude a concerted reaction in which proton transfer occurs

simultaneously with C-C bond formation. Proton transfer from the protonated imine to the

naked alkoxide could only occur subsequent to C—C bond formation, though it is noted in

the reported crystal structure the imine proton is directed away from the C-4 oxygen atom.

A more plausible mechanism, consistent with the inhibitor data obtained in this study would

be a two step process (Scheme 4.14.1), with initial loss of water generating the protonated

aldehyde 111. The Tyr133 residue is positioned to donate a proton to the leaving hydroxyl

group, thereby generating water, with the Gly186 backbone carbonyl group accepting a

hydrogen bond from the other hydroxyl group of the hydrate. The Thr44 residue has been

shown to be essential for full activity of DHDPS, with Tyr133, Thr44 and Tyr107 proposed

to be involved in a proton shuttle between the active site and solvent.31 An alternative

interpretation is that the extensive hydrogen-bonding network of these residues stabilises
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the Tyr133 anion. The second step of this process then involves attack of the enamine 15

onto the protonated ASA 111 to form the acyclic intermediate 16. The Tyr133 anion (or

proton shuttle network) then abstracts the proton from the ASA—derived ammonium group

to generate a neutral amine 112, which effects transimination/cyclisation yielding 113. The

Tyr133 is also implicated in further proton transfers between the two nitrogens.

If the DHDPS—catalysed reaction proceeds via a protonated aldehyde intermediate 111, then

this is consistent with the failure of the neutral or negative charge at C-4 to mimic the

intermediate, as reflected in the poor inhibitory data of compounds that were designed to

mimic such intermediates. In future, it will be necessary to incorporate a positively charged

group at the C-4 position to mimic, the positively charge intermediate.
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Scheme 4.14.1: Proposed DHDPS Mechanism via a Protonated Aldehyde Intermediate 111
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4.15 Preliminary Compound Screening ofDHDPR inhibitors

4.15.1 DHDPR Inhibitor Screen of Nitrogen Containing Heterocycles

Although the designed product-based inhibitors of DHDPS did not prove to be potent

DHDPS inhibitors they were also screened as potential substrate based inhibitors of

DHDPR. Preliminary screening assays were performed as for DHDPS (section 4.9), but

with the assay conditions reversed so the rate-limiting step was the DHDPR-catalysed

reaction.

Dipicolinic acid is a known competitive inhibitor of DHDP. It has been reported by Reddy

et al.24 to have a K of 26:6 uM but is reported by Paiva et al.10 to have a K of 126 uM.

Preliminary screening revealed dipicolinic acid 18 to inhibit DHDPR by 93% at 25 mM,

with an IC50 value of 7 mM obtained. As dipicolinic acid 18 is a known competitive

inhibitor, the IC50 will not be an accurate reflection of its inhibitory potency as the high

substrate screening concentrations out—compete the inhibitor. The corresponding methyl

ester 35 exhibited almost no inhibition, even at 50 mM, consistent with the requirement of a

diacid to mimic the substrate DHDP 10. The cis—substituted piperidine compound 40a did

not prove to be as potent as compound 18, exhibiting only 46% inhibition at 50 mM. Again,

the corresponding ester 40b showed virtually no inhibition.

In contrast to the above trend, whereby acids are better inhibitors than methyl esters, the

dimethylester of chelidamic acid 52 showed moderate inhibitory activity against DHDPR,

with an IC50 of 13 mM, but the corresponding acid 55 did not inhibit DHDPR at all. Instead

the diester showed apparent activation of the enzyme in the order of 20%. Interestingly,

Vederas et al.32 synthesised the remarkably similar vinylogous amide 45 (see Chapter 1,

Figure 1.11.1) and reported it to be a competitive inhibitor of DHDP with a K of 32 uM.

The mode by which the acid 55 acts to activate DHDPR is unknown, but warrants further

study.
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Figure 4.15.1: Nitrogen Containing Heterocyclic Inhibitors of DHDPR: Percent Inhibition of
DHDPR Activity at the Stated Concentration, [DHDP]=1.0 mM.

4.15.2 DHDPR Inhibitor Screen of Sulfur Containing Heterocycles Compounds

Diacids 77 and 78 showed more potent inhibition then the corresponding diesters 59 and 60,

respectively, although the inhibition was quite weak. The trans-sulfoxide 71 showed no

inhibition at 50 mM. The anti-sulfoxide 80 showed 15% inhibition at 22 mM, more potent

than the epimeric syn-sulfoxide 79, which showed only 10% inhibition at 22 mM. The

trans-sulfone diacid 82 was a significantly better inhibitor of DHDPR, compared with the

corresponding diester 76. Similarly, the cis-sulfone diester 54 showed very weak inhibition

of only 15% at 50 mM. As per the DHDPS inhibitors, inclusion of functionality at the C-4

position did not appear to increase the inhibitory potency. In general, however, the diacids

were more potent inhibitors than the corresponding esters: with one exception the diester

52.
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Figure 4.15.2: Sulfur Containing Heterocyclic Inhibitors of DHDPR: Percent Inhibition of DHDPR
Activity at the Stated Concentration, [DHDP]=1.0 mM.
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4.16 Inhibition ofDHDPR by Dipicolinic Acid

Dipicolinic acid 18 is a known competitive inhibitor of DHDPR. In order to relate results

obtained herein to those of other groups a detailed kinetic analysis of dipicolinic acid 18

was performed. The inhibition kinetics of dipicolinic acid 18 with respect to DHDP were

run at a range of inhibitor and substrate concentrations. Dipicolinic acid 18 concentrations

were varied between 0—5.0 mM with respect to DHDP. The concentration of ASA was

varied between 0.07—l.0 mM, while the pyruvate concentration was held constant at

2.50 mM.

As for DHDPS studies (section 4.11 and 4.12), the kinetic data were fitted to mathematical

models using the Enzfitter14 computer program that simulated competitive,

non-competitive, uncompetitive and mixed inhibition patterns to determine the model of

best fit and subsequently the inhibition constant K. Lineweaver-Burk and Eadie-Hofstee

were also generated using Enzfitter.
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The inhibition was found to be competitive with respect to the substrate DHDP. The K, with

respect to DHDP was found to be 306:35 uM. This result is higher than previously reported

results and again may be due to the difficulties in conducting the DHDPR assay, as the

substrate is known to be unstable. It has been reported by Reddy et (11.24 to have a K of

26:6 uM but is reported by Paiva et (11.10 to have a higher K, of 126 uM. The result that

dipicolinic acid is a competitive inhibitor, however, is consistent with previously reported

results.

With respect to DHDP the data fitted the model of competitive inhibitory behaviour well. In

Figure 4.16.1-a, there is a random scattering of points as determined by the residual plot.

Figure 4.16.1-b shows the data fitted the model very well, with an R2 value of 0.98

obtained. The Lineweaver-Burk (Figure 4.16.1-c) plot showed a fairly tight grouping of

points around the lines of best fit, as did the more demanding Eadie-Hoftsee plot (Figure

4.16.1-d). In general, the data fitted the lines of best fit well, with the Eadie-Hoftsee plot

distinctly showing divergent lines of best fit with the x-axis, indicative of a competitive

inhibitor.
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Figure 4.16.1: DHDPR Kinetics with Respect to DHDP at Different Concentrations of

Dipicolinic Acid; a) Residuals Plot b) Raw Data with Fitted Model c) Lineweaver-Burk Plot (R2 =

0.98, P < 0.05) d) Eadie-Hofstee Plot (R2 = 0.98, P < 0.05).
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4.17 Inhibition ofDHDPR by Dimethyl Chelidamate Hydrochloride 52

The inhibition kinetics of dimethyl chelidamate hydrochloride with respect to DHDP were

conducted to ascertain whether dimethyl chelidamate hydrochloride which possesses

functionality at the C-4 position acts as a competitive inhibitor of DHDPR. Dimethyl

chelidamate hydrochloride 52 concentrations were varied between 0—10.0 mM with respect

to DHDP. The concentration of ASA was varied between 0.07—1.0 mM, while the pyruvate

concentration was held constant at 2.50 mM.

As for DHDPS studies (section 4.11 and 4.12), the kinetic data were fitted to mathematical

models using the Enzfitter14 computer program that simulated competitive,

non—competitive, uncompetitive and mixed inhibition patterns to determine the model of

best fit and subsequently the inhibition constant K. Lineweaver-Burk and Eadie—Hofstee

were also generated using Enzfitter.

The inhibition was found to be uncompetitive with respect to the substrate DHDP. The K

with respect to DHDP was found to be 223:2.44 mM. The data fitted the model of

uncompetitive inhibitory behaviour well. The residuals plot (Figure 4.17.1-a) displayed a

random scattering of points and the model fitted the data well with an R2 value of 0.96

obtained (Figure 4.17.1-b). The Lineweaver-Burk (Figure 4.17.1-c) plot showed a fairly

tight grouping of points around the lines of best fit, as did the more demanding

Eadie-Hoftsee plot (Figure 4.17.1—d). In general, the data fitted the lines of best fit well,

with the Eadie—Hofstee plot distinctly showing convergent lines of bit fit with the x-axis,

indicative of an uncompetitive inhibitor. The result that dimethyl chelidamate hydrochloride

52 is an uncompetitive inhibitor demonstrates that the inhibitory effects observed are in fact

due to allosteric binding rather than binding at the active site.
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4.18 Summary

The cyclic compounds synthesised in Chapter 2 were not found to be potent DHDPS

inhibitors. Furthermore, compounds 52 and 55 which showed the highest degree of

inhibition were shown NOT to be competitive inhibitors. Dimethyl ester 52 was found to be

a non-competitive inhibitor against both pyruvate and ASA. The K with respect to pyruvate

was determined to be 6.90:0.82 mM and the K with respect to ASA was found to be

14.01-1.43 mM. Chelidamic acid 55 was found to be an uncompetitive inhibitor with respect

to both substrates. The K with respect to pyruvate was determined to be 22.0:1.76 mM and

the K with respect to ASA was found to be 24811.89 mM. As none of the cyclic

compounds were competitive inhibitors a series of acyclic inhibitors were also tested, as

presumably the DHDPS-catalysed reaction must proceed via an acyclic intermediate.

Unfortunately, none of the acyclic compounds 83—85 proved to be potent DHDPS inhibitors

either.

Two potent irreversible inhibitors 56 and 87 of DHDPS were discovered. The diene 56 a

potent inhibitor of DHDPS with micromolar activity and the alkene a moderate inhibitor of

DHDPS with low millimolar activity. These two compounds provide a new lead in the

design of more potent DHDPS inhibitors.

From the DHDPS inhibitory results obtained in this study the mechanism of DHDPS was

also revised. It was concluded that the DHDPS—catalysed reaction proceeds via a protonated

aldehyde intermediate that is consistent with the inhibitory data obtained herein.

The designed product based inhibitors of DHDPS were also tested as potential DHDPR

substrate-based inhibitors, but none were more potent than the already reported compound

dipicolinic acid 18. Consistent with the literature results dipicolinic acid 18 was found to be

a competitive inhibitor of DHDPR with a K of 3061-35 uM with respect to its substrate

DHDP. Dimethyl chelidamate hydrochloride 52 was found to be an uncompetitive inhibitor

of DHDPR with a K of 22312.44 mM.
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5.1 General Procedures for Synthesis

Chemicals were purchased from Sigma-Aldrich (Sydney, Australia), Strem (Melbourne,

Australia), Precious Metals (Melbourne, Australia) or Nova—gen (Sydney, Australia).

Melting points were determined using a Reichert heating stage and are uncorrected.

Infrared absorption spectra were obtained using a Perkin Elmer 1600 series FTIR,

Shimadzu FUR-84008 or Bio-Rad FTS—7 spectrometer as a thin film between sodium

chloride plates or potassium bromide discs.

Optical rotations were obtained using a POLAAR 2001 Polarimeter at 589nm in the

indicated solvent and concentration (g/100 mL) at 22 °C.

lH Nuclear magnetic resonance spectra were recorded using a Bruker AC200B, Bruker

Avance DPX 300 or a Bruker AMX 400 spectrometer and are reported as parts per million

(ppm) downfield shift from appropriate internal reference or residual solvent peak. The 1H

n.m.r. data are reported as chemical shift (8H), relative integral, multiplicity (s = singlet, br

= broad, d = doublet, t = triplet, app = apparent), coupling constant (1 = Hz) and

assignment. l3C Nuclear magnetic resonance spectra were recorded using a Bruker AC

200B or Bruker AMX 400 spectrometer. The 13C n.m.r. data are expressed as parts per

million downfield shift (5c) from tetramethylsilane as internal reference.

Low resolution electron impact (EI) mass spectra were recorded on a Finnigan PolarisQ ion

trap mass spectrometer using electron impact ionisation mode at 40 or 70 eV. Low

resolution electrospray ionisation spectra were recorded on a Finnigan LCQ. High

resolution electron impact mass spectra were recorded on a VG Autospec mass

spectrometer operating at 70 eV (Australian National University, Canberra). High resolution

electrospray mass spectra were recorded on a Bruker ApexII Fourier Transform Ion

Cyclotron Resonance mass spectrometer, 7.0 T magnet; fitted with an off—axis Analytica

electrospray source (University of NSW, Sydney).

Elemental analyses were performed at the Campbell Microanalytical Laboratory, University

of Otago, Dunedin, New Zealand.

X-ray crystal structure determination of 71 was performed using a Bruker SMART 1000

CCD diffractometer.
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Analytical thin layer chromatography was performed using precoated aluminium backed

silica gel plates (Merck Kieselgel 60 F254). Compounds were visualised by ultra-violet

fluorescence or by staining with phosphomolybdic acid, ninhydrin or potassium

permanganate. Flash chromatography was carried out using Merck Kieselgel 60 (230—400)

mesh) with the indicated solvents. Solvent compositions are mixed %v/v as specified.

Preparative HPLC was carried out using a Waters 600 Multisolvent Delivery Pump, Waters

712 WISP (Waters Intelligent Sample Processor), UV200 Spectra Physics UV/VIS monitor

(9» 210 nm). The column used was a Beckmann/Altex Ultrasphere ODS 5“

(250 x 10 mm ID).

Solvents and reagents were purified according to the method of Perrin and Amarego.l
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5.2 Synthesis of Cyclic Inhibitors

5.2.1 Dimethyl chelidamate hydrochloride” 52

M9020 u COgMe

oHCI

52

To a stirred suspension of chelidamic acid 55 (4.00 g, 19.9 mmol) in methanol (76 mL) was

added 2,2-dimethoxypropane (28.2 mL, 229 mmol) and concentrated hydrochloric acid

(906 uL, 29.8 mmol). The mixture was refluxed for 4 h under a CaClz drying tube, allowed

to cool to room temperature and stirred for 3 days. The solvent was removed in vacuo to

yield the product 52 as an off-white solid (4.75 g, 98%), mp. 126—128 °C (lit.3 m.p.169.5—

171.0 °C); lH n.m.r. (200 MHz, CD3OD) 5 7.82 (2H, s), 4.06 (6H, s, OCH3); 13C (100 MHz,

CDC13) 8 170.9, 164.5, 148.4, 117.1, 54.3; spectral data were in accordance with literature

3
values.

5.2.2 c—Z-c-6-Bis(methoxycarbonyl)-r-4-hydroxypiperidinez’3 51 and

mesa-2,6-Bis(methoxycarbonyl)piperidine3 40b

OH

MeOZC ” COgMe MeOZC m COzMe

51 40b

To a suspension of dimethyl chelidamate hydrochloride 52 (2.09 g, 8.61 mmol) in water

was added Rh/Alumina powder Degussa type (100 mg), and the mixture hydrogenated on a

Parr hydrogenator at 45 psi for 8 h at 60 °C. The solution was filtered through celite and the

solvent removed in vacuo to give an off-white solid. The crude product was dissolved in

brine (40 mL), and Na2C03 (1.31 g, 12.4 mmol) and ethyl acetate were added and the

mixture stirred for 10 min. The aqueous phase was saturated with NaCl and extracted with

ethyl acetate (12 x 30 mL). The combined organic fractions were dried (MgSO4) and

concentrated in vacuo to yield a white solid (1.97 g). The mixture was suspended in hexane
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(10 mL) and refluxed for 30 min. After hot filtration through a Buchner funnel, the filtrate

was evaporated to give the product 40b as a white solid (281 mg, 16%), mp. 91—92 °C (lit.3

m.p. 91.5—92.5); lH n.m.r. (200 MHz, CDC13) 5 3.74 (6H, s, 2 x OCHg), 3.39 (2H, dd, J =

1.9, 10.3 Hz, H2/H6), 2.36 (1H, br 5, NH), 1.98 (3H, m), 1.37—1.48 (3H, m); 13c n.m.r.

(75 MHz, CDC13) 8 173.3, 58.8, 52.4, 29.0, 24.5; spectral data were in accordance with

literature values.3 The hexane insoluble material was taken up in a minimum of chloroform

and precipitated with hexane to give the product 51 (572 mg, 31%), mp. 138—139 (lit.3 m.p.

139.0—140.0 °C) lH n.m.r. (200 MHz, CDC13) 8 3.75 (7H, m, 2 x OMe, H4), 3.40 (2H, dd, J

= 2.2, 11.9Hz, H2/H6), 2.32 (2H, m, H3eq/HSeq), 1.97 (2H, br s, OH, NH), 1.35 (2H, m); 13C

n.m.r (100MHz, CDC13) 6 172.1, 68.0, 56.6, 52.5, 37.6; spectral data were in accordance

with literature values.3

5.2.3 Dimethyl dipicolinate“ 35

ml /
MeOZC N C02Me

35

To a stirred solution of dipicolinic acid 18 (4.0 g, 23.9 mmol) in methanol (40 mL) at 0 °C

was added thionyl chloride (1.8 mL). The resulting mixture was stirred at room temperature

for 2 days. The reaction mixture was diluted with saturated NaHC03 (200 mL) and

extracted with CH2C12 (4 x 100 mL). The combined organic layers were dried (MgSO4) and

the solvent removed in vacuo to yield the product 35 as a white powder (2.35 g, 74%), mp.

117—1 18 °C (lit.4 mp. 117—119 °C); lH n.m.r. (200 MHz, CDClg) 8 8.33 (2H, d, J: 7.9 Hz,

H3/H5), 8.06 (1H, 1, J = 7.3 Hz, H4), 4.00 (6H, s, 2 x OCH3); 13c n.m.r. (75 MHz, CDC13) 5

165.0, 148.2, 138.3, 128.0, 53.1; spectral data were in accordance with literature values.4
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5.2.4 mesa-2,6-Bis(methoxycarbonyl)piperidine2’3 40b

11
M6020 u 002MB

40b

To a stirred solution of dimethyl dipicolinate 35 (1.00 g, 5.07 mmol) in chloroform (30 mL)

was added PtOz (100 mg, 10 mol%) and the mixture stirred under an atmosphere of

hydrogen at room temperature for 48 h. The reaction mixture was filtered through celite and

concentrated in vacuo to yield the product 40b as a white solid (538 mg, 53%) mp. 90—

92 °C (lit.3 m.p. 91.5—92.5 °C); spectral data were in accordance with earlier reported

3
values.

5.2.5 2,6-Piperidine dicarboxylate4 403

HOZC ” 002H

40a

To a stirred suspension of dipicolinic acid 18 (1.5 g, 8.98 mmol) in glacial acetic acid

(50 mL) was added PtOz (150 mg, 10 mol%) and the mixture stirred under an atmosphere of

hydrogen at room temperature for 48 h. The reaction mixture was filtered through celite and

acidified with concentrated hydrochloric acid (5 mL). The precipitate was isolated by

filtration to yield the product 40a as a white powder (1.2 g, 77%); mp. > 275 oC (decomp.)

(lit.4 mp. 290—295 °C). 1H n.m.r. (200 MHz, D20) 6 3.82—3.90 (2H, m, H2/H6), 2.23—2.30

(2H, m, H3/HS), 2.03 (1H, m), 1.50—1.70 (3H, m); 13C n.m.r. (50 MHz, D20) 8 171.7, 57.5,

25.6, 22.4; spectral data were in accordance with literature values.4
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5.2.6 mesa-3,5-Bis(methoxycarbonyl)-4H-tetrahydro-1,4-thiazane5 59 and

(3R,5R)-3,5-Bis(methoxycarbonyl)-4H-tetrahydro-1,4-thiazane5 60

181 ES],
Me02C N ' N

H H

59 60

002Me Meozc‘“ COZMe

To a stirred solution of methyl 2,3-dibromopropionate 61 (515 “L, 4.06 mmol) in dry

ethanol (8.5 mL) at 0 °C was added dry triethylamine (566 11L, 4.06 mmol) and the mixture

stirred at 0 °C for 30 min. A solution of L—cysteine methyl ester hydrochloride 62 (698 mg,

4.06 mmol) and dry triethylamine (1.13 mL, 8.13 mmol) in dry ethanol (20 mL) was added

via a cannula. The resulting mixture was stirred for 7 h at 70 °C, then concentrated in

vacuo. The off—white solid was dissolved in water (20 mL) and extracted into ethyl acetate

(3 x 20 mL). The combined organic layers were washed with water (2 x 20 mL), dried

(MgSO4) and concentrated in vacuo to give a yellow oil. Column chromatography eluting

with 20% dichloromethane/ethyl acetate yielded the meso-thiazane 59 as a yellow

crystalline solid (314 mg, 35%), mp. 42—43 °C (lit.5 mp. 43—44 °C). IH n.m.r. (400 MHz,

CDClg), 8 3.61 (6H, s, 2 x OCH3), 3.55 (2H, dd, J = 2.3, 10.8 Hz, H3/H5), 2.62 (2H, dd, J =

2.3, 13.8 Hz, HZCq/H6eq), 2.51 (3H, m, NH and HZax/H6ax); 13C n.m.r. (100 MHz, CDCl3) 6

171.2, 59.8, 52.7, 29.2; spectral data were in accordance with literature values.5 Further

elution with 20% dichloromethane/ethyl acetate yielded the (R,R)-thiazane 60 also as a

yellow crystalline solid (375 mg, 42%), mp. 58—59 °C (lit.5 mp. 60 °C). 1H n.m.r. (400

MHz, CDC13) 5 3.96 (2H, dd, J = 3.5, 6.8 Hz, H3/HS), 3.72 (6H, s, 2 x OCH3), 2.86 (2H,

dd, J = 13.5, 3.5 Hz, H2/H6), 2.79 (2H, dd, J = 13.5, 6.8 Hz, H2/H6), 2.63 (1H, br s, NH);

13C n.m.r. (100 MHz, CDCl3) 8 172.5, 55.9, 52.9, 29.3; spectral data were in accordance

with literature values.5
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5.3 Oxidation of Sulfides

5.3.1 (3R,5R)-3,5-Bis(methoxycarbonyl)-4IJ-tetrahydro-1,4-thiazane-1—oxide 71

O
I |

E81' N
H

71

Meozc‘“ COgMe

Met/JadA - Oxidation wit/9 radiumperiodate

To a stirred solution of (R,R)-thiazane 60 (46 mg, 210 pmol) in methanol (0.5 mL) was

added a solution of NaIO4 (45 mg, 210 pmol) in water (0.5 mL), which resulted in an

exothermic reaction and immediate precipitation of a white solid. The reaction was left to

stand for 48 h. The mixture was diluted with water (10 mL) and extracted with CH2C12 (9 x

10 mL). The combined organic fractions were dried (MgSO4) and the solvent removed in

vacuo to yield the sulfoxide 71 as a white solid. Purification by column chromatography

eluting with ethyl acetate afforded sulfoxide 71 as a white crystalline solid (49 mg, 80%),

mp. 149—151 °C; Found C 40.7, H 5.6, N 6.0, C8H13N05S requires C 40.8, H 5.6, N 6.0%;

1H n.m.r. (400 MHz, CDC13) 8 4.66 (1H, dd, J = 2.4, 10.8 Hz, H5“), 3.98 (1H, dd, J = 3.8,

5.2 Hz, H3eq), 3.80 (3H, s, OCH3), 3.79 (3H, s, OCH3), 3.53 (1H, ddd, J = 2.4, 3.8, 13.8 Hz,

H264), 3.29 (1H, dt, J = 2.4, 13.4 Hz, H6eq), 2.94 (1H, dd, J = 5.2, 13.8 Hz, H2”), 2.82 (1H,

dd, J = 10.8, 13.4 H2, H6“); 13C n.m.r. (100 MHz, CDC13) 8 172.4, 172.0, 53.5, 50.8, 47.7,

46.1; IR vmax (NaCl)/cm'l 3347, 1728, 1232, 1031; MS m/z (E1) 235 (M+°, 73%), 176 (M—

COgMe, 100%).

Met/Jod B-Oxz'dation witb meta-rb/omperbenzoz'c and

To a stirred solution of the (R,R)-thiazane 60 (121 mg, 0.552 mmol) in dichloromethane

(1.5 mL) was added meta—chloroperbenzoic (m-CPBA) acid (190 mg, 1.14 mmol) and the

reaction mixture stirred at room temperature overnight. The reaction mixture was

concentrated in vacuo. Column chromatography eluting with 10%

methanol/dichloromethane yielded the sulfoxide 71 (108 mg, 77%).
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Method C — Oxidation with lyldrogen peroxide

To a stirred solution of (R,R)-thiazane 60 (61 mg, 0.278 mmol) in acetonitrile (1.5 mL) was

added hydrogen peroxide (30% aqueous) (8 “L, 0.278 mmol) and the reaction mixture was

stirred at room temperature overnight. The mixture was concentrated in vacuo, dissolved in

water (10 mL) and extracted with CH2C12 (3 x 10 mL). The combined organic fractions

were dried (MgSO4) and the solvent removed in vacuo to yield the sulfoxide 71 (50 mg,

78%).

Method D - Oxidation with wet hrorm'ne

To a stirred solution of (R,R)-thiazane 60 (70 mg, 0.319 mmol) in dichloromethane

(1.5 mL) was added a solution of NaHC03 (81 mg, 0.959 mmol) in water (1.5 mL) and the

mixture cooled to 0 °C. Bromine in CC14 (0.28 M) (1.15 mL, 0.319 mmol) was added at

0 °C and the mixture stirred overnight at room temperature. The product was extracted into

CH2C12 (5 x 10 mL) and the combined organic layers washed with NaHCO3 (1 x 10 mL)

and Na2S203 (1 x 10 mL), dried (MgSO4) and the solvent removed in vacuo to yield the

sulfoxide 71 (45 mg, 60%).

5.3.2 c—3,c-5-Bis(methoxycarbonyl)-4H-tetrahydro-1,4-thiazane-t-l-oxide 53

06
V

131Me02C ” 002Me

35

To a stirred solution of meso-thiazane 59 (31 mg, 0.141 mmol) in dichloromethane (1 mL)

was added a solution of NaHCO3 (12 mg, 0.141 mmol) in water (1 mL). Bromine in CCl4

(0.28M) (510 11L, 0.141mmol) was added dropwise and the mixture stirred at room

temperature for 30 min. The mixture was diluted with saturated NaHCO3 (10 mL) and

extracted into CH2C12 (4 x 10 mL) and dried (MgSO4). The combined organic layers were

concentrated in vacuo to give a 10:1 mixture of the sulfoxides 53 and 74 as a yellow oil in

61% yield. The syn—sulfoxide 53 was purified by preparative HPLC using a C18

reverse-phase column (511, 250 X 10 mm ID) eluting with 96:4 water:acetonitrile at a flow

rate of 2 mL.min'1. Fractions containing the syn-sulfoxide 53 (retention time 24 min) were

collected and freeze-dried to give a white solid, mp. 70—71°C; lH n.m.r. (400MHz,

CDC13) 8 3.84 (6H, s, OCH3), 3.78 (2H, br d, J = 11.9 Hz, HZCq/H6eq), 3.67 (2H, br dd, J =
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3.6, 12.1 Hz, H3/HS), 2.75 (1H, br t, J = 3.6 Hz, NH), 2.65 (2H, app t, J = 12.0 Hz,

H2,,,/H6,x); 13C n.m.r. (50 MHz, CDC13) 8 169.9, 54.8, 53.7, 532: IR vmax (Mich/cm1

2915, 1741, 1222, 1044. MS m/z (E1) 235 (W1 8%), 176 (M—COzMe, 100%). HRMS m/z

235.0496; C3H13NO5S requires 235.0514.

5.3.3 t-3,t-5-Bis(methoxycarbonyl)-tetrahydro-1,4—thiazane-r—1—oxide 74

1‘1
M6020 a COgMe

(
D
I
I
O

74

MethodA - Oxidation with Sodium Periodate

To a stirred solution of meso—thiazane 59 (203 mg, 0.926 mmol) in methanol (2 mL) was

added a solution of sodium periodate (198 mg, 0.926 mmol) in water (1 mL). The resulting

mixture was left to stir at room temperature overnight. The reaction was diluted with water

(10 mL), and the product extracted into CH2C12 (4 x 10 mL). The combined organic

fractions were dried (MgSO4) and the solvent removed in vacuo to give a 1:5 mixture of the

syn—sulfoxide 53 and the anti-sulfoxide 74 as a yellow oil (172 mg, 80%). The

anti—sulfoxide 74 was purified by preparative HPLC using a C18 reverse—phase column (511,

250 x 10 mm ID) eluting with 96:4 water2acetonitrile at a flow rate of 2 mL.min'1. Fractions

containing the anti-sulfoxide 74 (retention time 21 min) were collected and freeze-dried to

give an off—white solid, mp. 95—96 °C; Found C 41.2, H 5.6, N 5.9, C8H13NO5S requires C

40.8, H 5.6, N 6.0%; 1H n.m.r. (300 MHz, CDC13) 8 4.41 (2H, br d, J = 11.7 Hz, H3/H5),

3.81 (6H, s, OCH3), 3.30 (2H, d, J = 13.6 Hz, H26q/H6cq), 2.95 (1H, br 8, NH), 2.52 (2H, dd,

J = 11.7, 13.6 Hz, HZax/H6ax); 13c n.m.r. 6 (50 MHz, CDC13) 171.9, 49.5, 48.9, 46.9; 1R vmax

(NaCl)/cm'l 3307, 1738, 1229, 1044; MS m/z (El) 235 (M‘”, 100%), 176 (M—COzMe, 62%).

Method B — Oxidation with meta-chloroperbenzoic acid

To a stirred solution of meso-thiazane 59 (84 mg, 0.383 mmol) in dichloromethane (1 mL)

was added m-CPBA (132 mg, 0.766 mmol). The reaction mixture was stirred at room

temperature overnight. The resulting solution was concentrated in vacuo. Purification by

column chromatography eluting with 50% ethyl acetate/dichloromethane yielded a yellow

oil (88 mg, 98%) as a 2:3 mixture of syn-sulfoxide 53 and anti—sulfoxide 74.
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5.3.4 mesa-Bis(methoxycarbonyl)-4H-tetrahydro-1,4-thiazane-1,1-dioxide 54

O
\\’/

O

131
M6020 ” 002MG

54

To a stirred solution of meso—thiazane 59 (55 mg, 0.251 mmol) in dichloromethane (0.5 mL)

was added titanium isopropoxide (74 11L, 0.251 mmol) and the mixture was cooled to 0 °C.

Hydrogen peroxide (30%) (69 uL, 0.502 mmol) was added and the resulting reaction

mixture was left to stand at -15 °C for 16 h. The mixture was diluted with water (10 mL)

and extracted with CH2C12 (4 X 10 mL). The combined organic fractions were dried

(MgSO4) and the solvent removed in vacuo to yield the sulfone 54 (58 mg, 92%) as a white

solid, mp. 117—1 19 °C; Found C 38.2, H 5.3, N 5.6, C8H13NOGS requires C 38.2, H 5.2, N

5.6%; 1H n.m.r. (200 MHz, CDC13) 6 3.95 (2H, br (1, J = 11.7 Hz, H3/HS), 3.82 (6H, s,

OCH3), 3.55 (2H, br (1, J = 13.3 Hz, H2eq/H6eq), 3.10 (1H, br 8, NH), 2.97 (2H, app t, J =

12.5 Hz, H2ax/H6ax); l3C n.m.r. (100 MHz, CDC13) 6 169.3, 56.1, 54.1, 53.6; IR vmax

(NaCl)/cm'1 3332, 1746, 1308, 1231, 1130; MS m/z (E1) 252 (M+H+, 18%), 192 (M—

COzMe, 100%), 132 (C4H6SNO, 86%).

5.3.5 (3R,5R)-3,5-Bis(methoxycarbonyl)-1,4-thiazane-1,1-dioxide 76

(ES/[EL
' N

H

76

Meozc‘“ COgMe

To a stirred solution of (R,R)-thiazane 59 (524 mg, 2.39 mmol) in dichloromethane (5 mL)

was added titanium isopropoxide (705 uL, 2.39 mmol) and the mixture was cooled to 0 °C.

Hydrogen peroxide (30%) (822 uL, 5.98 mmol) was added and the resulting mixture left to

stand at —15 °C for 16 h. The mixture was diluted with water (10 mL) and extracted with

CH2C12 (4 x 10 mL). The combined organic fractions were dried (MgSO4) and the solvent

removed in vacuo to yield the sulfone 76 (444 mg, 92%) as a white solid, mp. 104—105 °C;

Found C 38.2, H 5.2, N 5.4, CgH13N05S requires C 38.2, H 5.2, N 5.6%; 1H n.m.r. (400

MHz, CDCl3) 6 4.29 (2H, t, J = 5.8 Hz, H3/I-15), 3.77 (6H, s, OCH3), 3.34 (4H, d, J = 5.8

Hz, H2/H6), 3.10 (1H, br s, NH); 13c n.m.r. (100 MHz, CDCl3) 5 169.9, 53.4, 52.8, 52.4; IR
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vmax (NaCl)/cm‘l 3352, 1742, 1323, 1245, 1126; MS m/z (El) 252 (M+H+, 25%), 192 (M—

C02Me, 100%), 132 (C4H6SN0, 84%).

5.4 Preparation of Lithium Salts

5.4.1 Dilithium meso—4H-tetrahydro-1,4-thiazane-3,5-dicarboxylate 77

iS1002.»(11020

7'11

To a solution of meso-thiazane 59 (518 mg, 2.36 mmol) in THF/water (15 mL, 2:1) was

added lithium hydroxide (169 mg, 7.09 mmol). The resulting reaction mixture was stirred at

room temperature for 16 h. The organic solvent was removed under reduced pressure and

the concentrate freeze-dried to yield the product 77 (492 mg, 103%, contaminated with

lithium hydroxide) as a white solid; lH n.m.r. (300 MHz, D20) 5 3.33 (2H, dd, J = 2.1,

11.2 Hz, H3/HS), 2.69 (2H, dd, J: 2.1, 13.5 Hz, H26q/H6eq), 2.51 (2H, app t, J: 11.4 Hz,

max/H6“); 13c n.m.r. (75 MHz, D20) 5 181.4, 64.3, 323; IR vmx (KBr)/cm’l 3295, 1607,

1452, 1391; MS m/z (ESI) —ve ion [M-Li]' 196 (100%); HRMS (ESI) —ive ion [M2'+H]’

190.0193; C6H8N04S requires 190.01802.

5.4.2 Dilithium 4H-tetrahydro-1,4-thiazane-(3R,5R)-dicarboxylate 78

E;e1
7HB

®Li02c“ COzLi

To a solution of (R,R)-thiazane 59 (776 mg, 3.54 mmol) in THF/water (28 mL, 3:1) was

added lithium hydroxide (254 mg, 10.6 mmol). The resulting reaction mixture was stirred at

room temperature for 16 h. The organic solvent was removed under reduced pressure and

the concentrate freeze-dried to yield the product 78 (744 mg, 103%, contaminated with

lithium hydroxide) as a white solid; lH n.m.r. (300 MHz, D20) 8 3.89 (2H, dd, J = 3.6,

7.0 Hz, H3/HS), 2.88 (2H, dd, J: 3.6, 14.1 Hz, H2/H6), 2.80 (2H, dd, J=7.0, 14.1 Hz,

H2/H6); l3C n.m.r. (75 MHz, D20) 6 175.6, 57.1, 28.0; IR Vmax (KBr)/cm'l 3283, 1742,

1414, 1315; MS m/z (ESI) —ve ion, [M-Li]' 196 (100%); HRMS (ESI) —ve ion ion [M2'+H]'

190.0185; C6H3N04S requires 190.0180.
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5.4.3 Dilithium 4H-tetrahydro-1,4-thiazane- c-3,c-5-dicarboxy1ate-t-1-oxide 79

To a solution of syn-sulfoxide diester 53 (47 mg, 0.20 mmol) in THF/water (2 mL, 3:1) was

added lithium hydroxide (14 mg, 0.60 mmol). The resulting reaction mixture was stirred at

room temperature for 16 h. The organic solvent was removed under reduced pressure and

the concentrate freeze-dried to yield the product 79 as a yellow solid (48 mg, 100%).

1H n.m.r. (400 MHz, D20) 6 3.64 (2H, d, J: 11.6 Hz, H26q/H6eq), 3.26 (2H, d, J = 12.0 Hz,

H3/H5), 2.37 (2H, app t, J = 11.9 Hz, H2ax/H6ax); l3c n.m.r. (100 MHz, D20) 5 178.5, 58.5,

54.4; IR vmax (KBr)/cm‘1 3450, 1627, 1364, 1015; MS m/z (BSD —ve ion, [M—Li]' 212

(100%); HRMS (ESI) —ve ion [M2'+H]' 206.0124; C6H8N05S requires 206.0128.

5.4.4 Dilithium tetrahydro-1,4-thiazane -t-3,t—5-dicarboxylate -t-1-oxide 80

To a solution of anti-sulfoxide diester 74 (36 mg, 0.15 mmol) in THF/water (2 mL, 3: 1) was

added lithium hydroxide (11 mg, 0.46 mmol). The resulting reaction mixture was stirred at

room temperature for 16 h. The organic solvent was removed under reduced pressure and

the concentrate freeze—dried to yield the product 80 as a yellow solid (39 mg, 108%,

contaminated with lithium hydroxide). 1H n.m.r. (400 MHz, D20) 5 3.67 (2H, d,

J = 12.0 Hz, HZeq/H6eq), 3.05 (2H, d, J = 14.5 Hz, H3/HS), 2.40 (2H, app t, J = 13.3 Hz,

max/116a,); l3c n.m.r. (100 MHz, D20) 5 178.5, 51.1, 46.2; IR vmax (KBr)/cm'1 3486, 1745,

1229, 1043; MS m/z (ESI) —ve ion [M-Li]' 212 (100%); HRMS (ESI) -—ve ion [M2'+H]'

206.0131; C6H3N05$ requires 206.0128.
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5.4.5 Dilitihium mesa-4H-tetrahydro-1,4-thiazane-3,5-djcarboxylate-1,l-dioxide 81

0,8,0

E}.
®Li02C C02Li

81

To a solution of mesa-sulfone 54 (338 mg, 1.35 mmol) in THF/water (15 mL, 2:1) was

added lithium hydroxide (129 mg, 5.40 mmol). The resulting reaction mixture was stirred at

room temperature for 16 h. The organic solvent was removed under reduced pressure and

the concentrate freeze-dried to yield the product 81 as a white solid (350 mg, 110%,

contaminated with lithium hydroxide). 1H n.m.r. (400 MHz, D20) 8 3.52 (2H, dd, J = 2.0,

12.1 Hz, H26q/H6eq), 3.38 (2H, br d, J: 12.9 Hz, H3/HS), 2.93 (2H, app t, J: 12.4 Hz,

max/116...); 13C n.m.r. (50 MHz, D20) 5 175.9, 58.2, 54.1; IR vm (KBr)/cm'l 3312, 1638,

1403, 1281, 1127; MS m/z (ESI) -ve ion [2M-Li]‘ 463 (100%); [M-Li]' 228 (55%) HRMS

(ESI) -ve ion [M-Li]' 228.0172; C6H7LiN06S requires 228.0159.

5.4.6 Dilithium 1,4-thiazane-(3R,5R)-dicarboxylate-1,1-dioxide 82

O\S,IO

E;l
®Li%20“‘ COZLIQ

82

To a solution of (R,R)—thiazane sulfone 76 (340 mg, 1.35 mmol) in THF/water (15 mL, 2: 1)

was added lithium hydroxide (97 mg, 4.06 mmol). The resulting reaction mixture was

stirred at room temperature for 16h. The organic solvent was removed under reduced

pressure and the concentrate freeze-dried to yield the product 82 as a white solid (348 mg,

109%, contaminated with lithium hydroxide). lH n.m.r. (400 MHz, D20) 8 3.93 (2H, t,

J: 5.5 Hz, H3/H5), 3.28 (4H, d, J: 5.5 Hz, H2/H6); l3C n.m.r. (100 MHz, D20) 5 176.9,

56.0, 53.5; IR vmax (KBr)/cm'l 3312, 1630, 1410, 1283, 1134; MS m/z (ESI) —ve ion [M—Li]'

228 (100%); HRMS (ESI) -ve ion [M-Li]' 228.0172; C6H7LiN06S requires 228.0159.
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5.5 Synthesis of Acyclic Inhibitors

5.5.1 Diethyl 3,5-dibromo-4-oxoheptandioate6 58

O

Brj/lKEBr

EtOZC COzEt

58

To a stirred solution of diethyl 4—oxopimelate 57 (2.8 g, 12.2 mmol) in dry dichloromethane

(55 mL) at 0 °C was added a solution of bromine (1.22 mL, 24.3 mmol) in dry

dichloromethane (3 mL) over 20 min. The resulting reaction mixture was warmed to room

temperature and stirred for 1 h. The reaction mixture was diluted with dichloromethane

(50 mL), washed with saturated Na28203 (3 x 100 mL), dried (Na2SO4) and concentrated in

vacuo to give a clear oil. The crude product was recrystallised from hexane at —15 °C to

yield the product 58 as a white solid (3.85 g, 81%), mp. 49—50 °C(lit.6 48—49 °C); lH n.m.r.

(200 MHz, CDC13) 8 5.33 (2H, dd, J: 6.7, 7.6 Hz, 3- and 5-H), 4.18 (4H, q, I: 7.2 Hz,

2 x CflgCHg), 3.21 (2H, dd, J: 7.6, 17.1 Hz, 2- and 6-H), 3.00 (2H, dd, J = 6.7, 17.1 Hz, 2-

and 6-H’), 1.27 (6H, t, J=7.2 Hz, 2 xCH2C_Ir_I3); 13C n.m.r. (50 MHz, CDC13) 8 194.2,

169.3, 61.3, 41.5, 38.2, 14.1; spectral data were in accordance with literature values.6

5.5.2 Diethyl (E,E)-4-oxohepta-2,5-dienedioate6 56

O

h
Et02C 0023

56

To a stirred solution of diethyl 3,5-dibromo-4-oxoheptandioate 58 (2.30 g, 5.93 mmol) in

dry dichloromethane (30 mL) at 0 °C was added triethylamine (1.7 mL, 11.9 mmol). The

resulting mixture was stirred at 0°C for 45 min. The reaction mixture was diluted with

dichloromethane (60 mL), washed with water (2 x40 mL), dried (Na2S04) and

concentrated in vacuo to give a yellow solid. The crude product was recrystallised from

96% ethanol to yield the product 56 as a bright yellow needles (1.34 g, 97%), mp. 49—

50 °C (lit.6 49-50 °C); lH n.m.r. (200 MHz, CDC13) 8 7.32 (2H, d, J = 15.9 Hz), 6.80 (2H,

d, J: 15.9 Hz), 4.29 (4H, q, I: 7.1 Hz, 2 x CEZCHg), 1.33 (6H, t, J: 7.1 Hz,
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2 x CHZCflg); l3C n.m.r. (50 MHz, CDC13) 8 188.6, 165.4, 137.9, 133.6, 62.0, 14.5; spectral

. . . 6
data were 1n accordance w1th 11terature values.

5.5.3 Diethyl 3-bromo-4-oxoheptandioate7 91

0

yrEt02C COzEt
91

To a stirred solution of diethyl 4—oxopimelate 57 (3.00 g, 13.0 mmol) in dry

dichloromethane (20 mL) at 0 °C was added a solution of bromine (653 uL, 13.0 mmol) in

dry dichloromethane (2 mL). The resulting reaction mixture was allowed to warm to room

temperature and stirred for 30 min. The reaction mixture was diluted with dichloromethane

(20 mL), washed with Na2S203 (3 x 40 mL), dried (Na2S04) and concentrated in vacuo to

give a pale yellow oil. Purification by column chromatography eluting with 30% ethyl

acetate/hexane yielded the product 91 as a yellow oil (2.98, 74%). 1H n.m.r. (200 MHz,

CDC13) 5 4.69 (1H, t, J: 6.3 Hz, CHBr), 4.15 (2H, q, 1: 7.1 Hz, OCHZCH3), 4.14 (2H, q,

J=7.1Hz, OCHZCH3), 3.34—3.18 (2H, m, 2—H), 2.97—2.82 (2H, m, 5—H), 2.64 (2H, t,

J = 6.3, 6-H), 1.27 (3H, t, J = 7.1 Hz, OCHZCH3), 1.25 (3H, t, J = 7.1 Hz, OCHZCHg); 13C

n.m.r. (50 MHz, CDC13) 6 201.6, 172.3, 170.1, 61.5, 60.8, 44.2, 38.3, 34.5, 28.2, 14.1(x2);

IR v”... (NaCl)/cm'l 1728, 1197; Ms m/z (E1) 309 (M79Br+H, 42%), 311 (M8‘Br+H, 36%),

263 (M79Br—0Et, 100%), 265 (MslBr—OEt, 86%); HRMS m/z 308.0257; C11H17Br05

requires 308.0259.

5.5.4 Diethyl 4-oxo-(E)-heptenedioate8 87

0

fl
Et020 002151

37

To a stirred solution of diethyl 3-bromo—4-oxopimelate 91 (2.50 g, 8.09 mmol) in dry

dichloromethane (20 mL) at 0 °C was added triethylamine (1.13 mL, 8.09 mmol). The

resulting reaction mixture was stirred at 0 °C for 30 min. The reaction mixture was diluted

with water (20 mL), extracted with dichloromethane (3 x 15 mL), dried (Na2SO4) and

concentrated in vacuo to yield the product 87 as a yellow oil (1.65 g, 89%). 1H n.m.r. (300



Chapter 5: Experimental - 124 —

 

MHz, CDC13) 5 7.08 (1H, d, J: 16.1 Hz, CH=CH), 6.71 (1H, d, J: 16.1 Hz, CH=CH_),

4.26 (2H, q, J=7.0 Hz, OCH2CH3), 4.14 (2H, q, J=7.0 Hz, OCflzCHg), 2.96 (2H, t,

J = 6.5 Hz, CHZCHZ), 2.68 (2H, t, J: 6.5 Hz, CH2C_H2), 1.34 (3H, t, J = 7.0 Hz, OCHZCfi3),

1.27 (3H, t, J=7.0 Hz, OCH2C1_I3); 13c n.m.r. (50 MHz, CDC13) 5 197.7, 172.3, 165.4,

138.9, 131.2, 61.4, 60.8, 35.9, 27.8, 14.1, 14.0;1Rvmax(NaC1)/cm'1 1728, 1695, 1304, 1182;

MS m/z (E1) 229 (M+H, 100%); HRMS m/z 228.1000; C11H1605 requires 228.0998.

5.5.5 Diethyl 2(5)-[(15)-phenylethylamino)] -4-oxopimelate 86a and diethyl

2(R)- [(1 .5)-phenylethylamino)] -4-oxopimelate 86b

Etozcjfirij‘coza Et02C HN ""0023

Ph CH3 Ph CH3
86a 86b

To a stirred solution of diethyl 4-oxo—(E)—heptenedioate 87 (1.60 g, 7.01 mmol) in

dichloromethane (20 mL) was added dropwise to a solution of (S)—phenylethylamine 88

(904 mL, 7.01 mmol) in dichloromethane (30 mL) at room temperature. The reaction was

allowed to stir at room temperature under nitrogen for 16 h. The reaction mixture was

concentrated in vacuo to yield a mixture of diastereomers as a yellow oil. Purification by

column chromatography eluting with 30% ethyl acetate/hexane yielded a 1.2:] mixture of

86a and 86b as yellow oils. 863: (1.02 g, 42%); [0L]D22 —52 (c, 12.2 in CH2C12); 1H n.m.r.

(300 MHz, CDC13) 8 7.29 (5H, m, Ar—H), 4.36 (2H, q, J = 7.1 Hz, OCfl2CH3), 4.11 (2H, q,

J: 7.1 Hz, OCH2CH3), 3.84 (1H, q, J: 6.5 Hz, Cfl-Ph), 3.34 (1H, t, J: 6.3 Hz,

CHCOzEt), 2.74 (2H, d, J = 6.3 Hz, 3—H) 2.62-2.69 (2H, m, 6-H), 2.50—2.56 (2H, m, 5—H),

1.31 (3H, d, J=6.5 Hz, CHCfl3), 1.25 (3H, t, J=7.1Hz, OCH2CH_3), 1.24 (3H, m, t,

J=7.1Hz, OCHZCfl3); 13C n.m.r. (75 MHz, CDC13) 8 2062,1743, 172.6, 144.8, 128.4,

127.1, 127.0, 60.9, 60.6, 56.8, 55.0, 46.5, 37.3, 27.8, 25.1, 14.2, 14.1; IR vmax (NaCl)/cm‘l

2916, 2363, 1730, 1192; MS m/z (ESI) +Ve ion [M+H]+ 350 (50%), [M+Na]+ 372 (42%),

[2M+Na]+ 721 (100%); HRMS (ESI) [M+H]+ 350.1962; C19H23N05 requires 350.1962.

86b: (965 mg, 39%); [01]D22 —10.7 (c, 7.29 in CH2C12); lH n.m.r. (300 MHz, CDC13) 8 7.29

(5H, m, Ar-H), 4.16—4.05 (4H, m, 2 x OCHZCH3), 3.78 (1H, q, J = 6.4 Hz, CflPh), 3.70

(1H, t, J = 6.2 Hz, CHCOzEt), 2.78—2.74 (4H, m, 5- and 3-H), 2.57 (2H, t, J = 6.2 Hz, 6-H),

1.32 (3H, d, J: 6.4 Hz, CHCflg), 1.25 (3H, t, J: 7.0 Hz, OCHZCHg), 1.20 (3H, t,
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J: 7.0 Hz, OCHZCflg); 13C n.m.r. (75 MHz, CDC13) 5 206.3, 169.5, 169.0, 145.2, 128.4,

127.1, 126.7, 61.0, 60.6, 56.3, 55.1, 45.6, 37.8, 27.9, 23.2, 14.2, 14.1; IR vmax (NaCl)/cm’l

2978, 2362, 1728, 1190; MS m/z (ESI) +Ve ion [M+H]+ 350 (47%), [M+Na]+ 372 (42%),

[2M+Na]+ 721 (100%); HRMS (ESI) [M+Na]+ 372.1745; C19H23NNa105 requires

372.1781.

5.5.6 Diethyl 2(.§)-(1(.S)-phenylethylamino)-4-hydroxy-pimelate 93 and Ethyl

tetrahydo-Z-oxo-furan-S-[2(.S)-(1(S)-phenylethylamino]propanoate 94

OH O O

m MCOZE"
Et02C HN 002Et HN

Ph CH3 Ph CH3

93 94

To a stirred solution of ketone 86a (111 mg, 0.318 mmol) in dry ethanol (6 mL) was added

sodium borohydride (25 mg, 0.644 mmol). The resulting solution was stirred at room

temperature for 1 h. The mixture was poured onto water (20 mL) and extracted with ethyl

acetate (3 x 20 mL). The combined organic layers were dried (NaZSO4) and concentrated in

vacuo to yield a mixture of products in 122.8 ratio. Purification by column chromatography

eluting with 30% ethyl acetate/hexane yielded the alcohol 93 as a colourless oil (25 mg,

22%) [oc]D22 — 106 (c, 0.7 in CH2C12): 1H n.m.r. (400 MHz, CDC13) 6 7.28—7.38 (5H, m,

Ar-H), 4.22 (2H, m, OCfl2CH3), 4.14 (2H, q, J: 7.2 Hz, OCfl2CH3), 3.71 (1H, q,

J: 6.5 Hz, PhCHCH3), 3.65 (1H, m, 4—H), 3.21 (1H, dd, J: 2.9, 11.7 Hz, 2-H), 2.42 (2H,

m, 6-CH2), 1.68—1.75 (3H, m, 5—CH2 and 3-CflH), 1.47 (1H, m, 3—CHfl), 1.40 (3H, d,

J: 6.5 Hz, PhCHCflg), 1.29 (3H, t, J: 7.0 Hz, OCHZCHg), 1.26 (3H, t, J: 7.1 Hz,

OCH2Cflg); 13C n.m.r. (100 MHz, CDCl3) 8 128.8 (x2), 127.6, 127.0 (x2), 71.1, 61.1, 60.2,

59.3, 57.2, 39.0, 32.5, 30.1, 24.9, 14.2; IR vmx (NaCl)/cm'l, 3300, 1734, 1186; MS m/z

(ESI) +ve ion [M+H]+ 352 (100%), [M+Na]+ 374 (53%); HRMS (ESI) [M+Na]+ 374.1933;

C19H29NNa05 requires 374.1934. Further elution with 30% ethyl acetate/hexane yielded the

lactone 94 also as a colourless oil (69 mg, 70%). [00,322 — 31.5 (c, 3.9 in CH2C12): lH n.m.r.

(400 MHz, CDC13) 6 7.25—7.36 (5H, m, Ar-H), 4.21 (1H, m, 4-H), 4.06-4.13 (3H, m,

OCHzCH3 and PhCflCHg), 3.45 (1H, dd, J: 8.1 Hz, 2-H), 2.34—2.47 (2H, m, 6-CH2), 2.02

(1H, m, 3—CHH), 1.89 (2H, m, 5-CH2), 1.45 (1H, m, 3-CHI_-I_) 1.39 (3H, d, J=6.5 Hz,

PhCHCflg), 1.23 (3H, t, J = 7.1 Hz, OCH2CH3); 13C n.m.r. (100 MHz, CDC13) 8 177.4,
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172.5, 144.8, 128.4(x2), 127.3, 127.0(x2), 76.5, 60.6, 58.4, 57.2, 38.0, 30.2, 29.9, 24.7,

14.1; R vmax (NaCl)/cm'l, 3288, 1771, 1732, 1182; MS m/z (ESI) +ve ion [M+H]Jr 306

(100%); HRMS (ESI) [M+H]+ 306.1703; C17H24NO4 requires 306.1701.

5.5.7 Dilithium 2(S)-(1(.S)-phenylethylamino)-4-hydroxy pimelate 95

OH

99

Li02C HN co‘Zue

Ph CH3
95

To a stirred solution of alcohol 93 and lactone 94 (1:1, 22 mg, 0.0721 mmol) in THF was

added a solution of lithium hydroxide (4 mg, 0.144 mmol) in water. The resulting solution

was stirred at room temperature for 4 h. The organic solvent was removed under reduced

pressure and the concentrate freeze—dried to yield the product 95 (21 mg, 100%); 1H n.m.r.

(400 MHz, D20) 6 7.25—7.32 (5H, m, Ar—H), 3.72 (1H, m, PhCHCH3), 3.53—3.63 (1H, m),

2.79—2.84 (1H, m), 2.04—2.11 (2H, m, 6—CH2), 1.91—2.04 (3H, m, 5—CH2 and 3-CflH), 1.49

(1H, m, 3-CHH), 1.26 (3H, d, J=6.9 Hz, PhCHCfl3)’, 13C n.m.r. (100 MHz, CDClg) 6

186.1, 186.0, 185.9, 185.2, 184.7, 184.3, 131.7(x2), 131.6(x2), 130.6, 130.5,130.4(x2),

130.2(x2), 73.7, 72.7, 72.1, 71.5, 63.3, 61.8, 59.4, 59.3, 36.7, 35.9, 35.1, 32.3, 26.2, 26.1;

MS m/z (ESI) —ve ion [M—Li]' 300 (55%), [M2'+H]' 294 (100%); HRMS (ESI) [M—Li]'

300.1425; C16H23LiN05 requires 300.1430.

5.5.8 Dih'thium (2R,4R.S)-2—amino-4-hydroxy pimelate 83

OH

@6620 H2N co‘ZLi‘a

83

To a stirred solution of the alcohol 95 (194 mg, 0.662 mmol) in water (10 mL) was added

palladium on charcoal (10 mg) and the mixture stirred under an atmosphere of hydrogen at

room temperature for 48 h. The reaction mixture was filtered through celite and

concentrated in vacuo to yield the product 83 as a white solid (125 mg, 93%). 1H n.m.r.

(300 MHz, D20) 8 3.69—3.3.85 (2H, br m), 2.07—2.57 (2H, m), 1.46—2.03 (4H, m);

13C n.m.r. (75 MHz, CDC13) 6 183.4, 181.9, 179.0, 177.9, 72.1, 70.6, 68.9, 67.4, 54.7, 53.4,
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34.0, 33.8, 31.5, 30.9; MS m/z (ESI) —ve ion [M—Li]' 196 (100%); HRMS (ESI) [M—Li]‘

196.0802; C7H11LiN05 requires 196.0803.

5.5.9 Dimethyl (2R)—2—N—tert—butoxycarbonylamino-4-th1'apimelate 96

S

96

Sodium (491 mg, 10.7 mmol) was added to anhydrous methanol (75 mL) at 0 °C slowly

over 30 min, under an atmosphere of nitrogen, to afford a solution of sodium methoxide. N-

tert—butoxycarbonyl—L-cysteine methyl ester 98 (2.00 mL, 9.71 mmol) was added at 0 °C

and the mixture warmed to room temperature. Methyl 3-bromopropionate 97 (3.18 mL,

29.1 mmol) was added and the resulting mixture refluxed for 16 h. The mixture was diluted

with H20 (50 mL) and extracted with dichloromethane (4 x 50 mL). The combined organic

extracts were dried (Na2SO4) and concentrated in vacuo to give a pale yellow oil.

Purification by column chromatography eluting with 10% ethyl acetate/hexane yielded the

product 96 (2.61 g, 84%) as a pale yellow oil. [0t]D22 +12.6 (c, 11.8 in CH2Cl2); 1H n.m.r.

(400 MHz, CDC13) 8 5.40 (1H, d, J: 8.0 Hz, NH), 4.53 (1H, dt, J: 8.0, 4.8 Hz, (1H), 3.76

(3H, s, 0CH3), 3.68 (3H, s, 0CH3), 2.94-3.02 (2H, m, J=4.8 Hz, [3H), 2.78 (2H, t,

J = 7.5 Hz, CH2CH2), 2.59 (2H, t, J = 7.5 Hz, CH2C_H_2), 1.40 (9H, s, OtBu); 13C n.m.r. (100

MHz, CDC13) 8 172.0, 171.4, 155.1, 80.2, 53.3, 52. 6, 51.8, 34.6, 34.5, 28.3, 27.6; IR vmx

(NaC1)/cm‘1 3373, 2976, 1738, 1713, 1167; MS m/z (ESI) +ve ion [M+Na]+ 344 (100%);

HRMS (ESI) [M+Na]+ 344.1136; C13H23NNa06S requires 344.1138.

5.5.10 Dimethyl (2R,4R.S)-2-tcn-butoxycarbonylamino-4-oxo-4-thiapimelate 99

09
8
$9

99

To a stirred solution of sulfide 96 (2.18 g, 6.78 mmol) in methanol was added a solution of

Na104 (2.90 g, 13.6 mmol) in H20, which resulted in an exothermic reaction and immediate

precipitation of a white solid. The reaction was left to stand for 16 h. The reaction mixture

was diluted with H20 (30 mL) and extracted with dichloromethane (5 x 30 mL). The
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combined organic layers were dried (Na2S04) and concentrated in vacuo to give a clear oil.

Purification by column chromatography eluting with 30% dichloromethane/ethyl acetate

yielded the desired product 99 (1.90 g, 83%) as a mixture of diastereomers (1 : 1) as a clear

oil. lH n.m.r. (400 MHz, CDC13) 8 5.76 (0.5H, br s, NH), 5.70 (0.5H, br 5, NH), 4.67 (1H,

m), 3.77 (3H, s, OCH3), 3.70 (3H, s, OCH3), 3.35—2.94 (4H, m), 2.85—2.80 (2H, m), 1.41

(9H, s, OtBu); 13C n.m.r. (100 MHz, CDC13) 6 171.5 (2C) 170.7, 170.4, 155.3, 155.1, 80.6,

80.5, 54.3, 53.5, 53.0, 52.9, 52.2 (2C), 50.0, 49.6, 47.4, 47.0, 29.6 28.2, 26.7, 26.6; IR Vmax

(NaCl)/cm‘l; 3359, 2978, 1740, 1713, 1223, 1167, 1026; MS m/z (ESI) +ve ion [M+Na]+

360 (100%); HRMS (ESI) [M+Na]+ 360.1089; C13H23NNaO7S requires 360.1088.

5.5.11 Dimethyl (2R,4R.S)-2-amino-4-oxo-4-thiapimelate 84

09

1’

SS)

MeOZCJC: e7‘C02Me

CFSCOOH3N

84

To a stirred solution of the sulfoxide diastereomers 99 (267 mg, 0.791 mmol) in

dichloromethane (10 mL) was added trifluoroacetic acid (10 mL) and the resulting solution

stirred for 3 h. The mixture was concentrated in vacuo, by co—evaporating with

dichloromethane, to give a 1:1 mixture of the sulfoxide diastereomers 84 as an orange oil

(278 mg, 100 %); lH n.m.r. (400 MHz, CDC13) 54.83 (0.5H, m, NH), 4.76 (0.5, m, NH),

3.88 (1.5H, s, OCH3), 3.84 (1.5H, s, OCH3), 3.72 (3H, s, OCH3), 3.52—3.66 (2H, br m),

3.20—3.32 (2H, br m), 2.85—2.92 (2H, br m); 13C n.m.r. (100 MHz, CDC13) 8 171.7, 171.6,

167.2, 167.1, 161.2 (q, J: 40 Hz, CF coupling, 114.0 (q, 1: 286 Hz, CF coupling), 54.3,

54.2, 53.4, 52.6, 50.4, 49.6, 48.8, 48.0, 47.8, 47.0, 26.7, 26.6; IR Vmax (NaCl)/cm'l; 3412,

1734, 1684, 1201, 1018; MS m/z (ESI) +ve ion [M+H]+ 238 (100%); HRMS (ESI) +ve ion

[M+H]+ 238. 0739; CngGNOSS requires 238.0744.
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5.5.12 Dilithium (2R,4R.S)—2-tc11—butoxycarbonylarr1ino-1,6-dicarboxylate-4-oxo-4-

thiapimelate 100

99
SQ

.. I l a .
Li02C 002Li

BocHN

100

To a stirred solution of sulfoxide 99 (592 mg, 1.76 mmol) in THF (10 mL) was added a

solution of lithium hydroxide (84 mg, 3.51 mmol) in water (5 mL). The resulting reaction

mixture was stirred at room temperature for 1 h. The organic solvent was removed under

reduced pressure and the concentrate freeze-dried to yield the product 100 as a white solid

(400 mg, 75%). 1H n.m.r. (200 MHz, D20) 5 4.03 (1H, m), 2.23—2.99 (6H, br m), 1.26 (9H,

s, OtBu); 13c n.m.r. (50 MHz, D20) 5181.7, 181.3, 178.3, 176.1, 159.0, 158.0, 143.3,

127.1, 81.8, 81.6, 57.8, 55.8, 38.0, 37.4, 35.2, 35.0, 30.7, 30.2, 28.2, 28.1; MS m/z (ESI)

+ve ion [M'+Na] 337 (100%).

5.5.13 (2R,4R.5)-2-amino-1,6-dicarboxylate-4-oxo-4-thiapimelate trifluoroacetate 85

99

I38
H020e <9)‘COZH

F3CCOOH3N

85

To a stirred suspension of sulfoxide 100 (608 mg, 1.80 mmol) in dichloromethane (15 mL)

was added trifluoroacetic acid (15 mL). The reaction mixture was stirred at room

temperature for 1.5 h. The reaction mixture was concentrated in vacuo, diluted with water

(10 mL) and washed with ethyl acetate (3 x 10 mL). The aqueous layer was concentrated

under reduced pressure to yield the product 85 as a yellow oil (651 mg, 108%). 1H n.m.r.

(400 MHz, D20) 8 4.24 (1H, m), 2.52—2.79 (6H, m); IR vmax (NaCl)/cm‘l 3419, 1703, 1661,

1204, 1143; MS m/z (ESI) +ve ion [2M-Li+H]+ 437 (100%).
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5.6 Synthesis of Aspartate B-Semialdehyde Trifluoroacetate salt

5.6.1 Potassium (R,.§1)-1V-tert-Butoxycarbonylallylglycinate9 102

|

BocHfiCOiKe
102

To a solution of (R,S)-a11y1 glycine 101 (5.00 g, 43.4 mmol) in a two-phase mixture of

water/THF (1:1, 100 mL) was added KHCO3 (4.35 g, 43.4 mmol) and

di—tert—butyldicarbonate (12.2 g, 43.4 mmol). The mixture was stirred at room temperature

for 3 days. The resulting solution was freeze—dried to give the product 102 a white solid

which was used without further purification (11.2 g, 96%). 1H n.m.r. (200 MHz, D20) 6

5.60 (1H, m, 7H), 4.94—5.03 (2H, m, 8H), 3.79 (1H, br 5, NH), 2.09—2.43 (3H, m, (1H, BH),

1.27 (9H, s, tBu); l3C n.m.r. (100 MHz, D20) 5 182.2, 160.2, 137.0, 121.0, 83.8, 59.6, 39.5,

30.8; spectral data were in accordance with literature values.9

5.6.2 (R,S)-1V— ten-Butoxycarbonylallylglycine p-methoxybenzyl ester9 103

BocHN COZPMB

103

To a solution of the potassium salt of (R,S)-N—tert—butoxycarbonylallylglycine 102 (11.2 g,

44.1 mmol) in dry DMF (100 mL) was added p-methoxybenzyl chloride (9.3 mL,

66.2 mmol) at room temperature. The resulting mixture was stirred at room temperature for

3 days, then diluted with water (100 mL) and extracted with ethyl acetate (5 x 50 mL). The

combined organic fractions were washed with water (3 x 100 mL), dried (MgSO4) and

concentrated in vacuo to give a clear oil. Purification by column chromatography eluting

with 20% ethyl acetate/hexane yielded the product 103 as a clear oil (13.0 g, 92%).

1H n.m.r. (200 MHz, CDCl3) 6 7.28, (2H, m, Ar-H), 6.88 (2H, m, Ar-H), 5.63 (1H, m, 7H),

5.02—5.18 (3H, m, CHz-Ar and 5H), 4.39 (1H, m, 0H), 3.81 (3H, s, OCH3), 2.44—2.54 (2H,

m, [3H), 1.43 (9H, s, tBu); l3C n.m.r. (50 MHz, CDC13) 6 171.1, 159.7, 132.2, 131.9, 129.2,
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119.0, 114.0, 79.9, 69.5, 55.2, 52.9, 36.6, 28.2; [R vmax (NaCl)/cm'] 3368, 3077, 2977, 1715,

1613, 1515; spectral data were in accordance with literature values.9

5.6.3 (R,.S)-1V- ten-Butoxycarbonylaspartic acid fl-semialdehyde p—methoxybenzyl

ester9 104

BocHN COgPMB

104

Met/10dA — Potam'um ormaz‘e (Hydrate

To a stirred solution of (R,S)-N—tert-butoxycarbonylallylglycine p-methoxybenzyl ester 103

(4.13 g, 12.8 mmol) in acetone/water (218 mL, 2:1) was added sodium periodate (5.49 g,

25.7 mmol), followed by potassium osmate dihydrate (2 47 mg, 1 mmol%). The resulting

mixture was stirred for 3 days at room temperature. The reaction mixture was diluted with

organic layers were dried (MgSO4) and concentrated in vacuo to give a clear oil.

Purification by column chromatography eluting with 20% hexane/ether yielded the product

104 as a clear oil (2.58 g, 60%). 1H n.m.r. (200 MHz, CDCl3) 5 9.74 (1H, s, yH), 7.30 (2H,

m, Ar—H), 6.92 (4H, m, Ar-H), 5.42 (1H, br d, J = 8.0 Hz, NH), 5.15 (2H, s, CHz-Ar), 4.65

(1H, m, ocH), 3.84 (3H, s, OCH3), 2.56 (2H, m, BH) 1.45 (9H, s, tBu); 13C n.m.r. (75 MHz,

CDC13) 5 199.7, 171.3, 160.2, 130.6, 127.6, 114.2, 80.7, 68.0, 55.7, 49.2, 48.1, 46.4, 28.6;

IR vmax (NaCl)/cm'l 3384, 2975, 1717, 1613, 1516; spectral data were in accordance with

. 9
literature values.

Method B — Ormz'um tetroxz'de

To a stirred solution of (R,S)-N—tert-butoxy-carbonylallylglycine p—methoxybenzyl ester 103

(198 mg, 0.615 mmol) in water/dioxane (15 mL, 1:2) was added a solution of osmium

tetroxide in water (0.039M, 300 ”L , 1.5 mmol%). The mixture was stirred for 1 h until a

black colour appeared. Sodium periodate (397 mg, 1.85 mmol) was then added and the

resultant solution stirred for 16 h. The reaction mixture was diluted with Na2S203 (20 mL)

and extracted into ethyl acetate (3 x 20 mL). The combined organic layers were dried

(MgSO4) and concentrated in vacuo to give a clear oil. Purification by column

chromatography eluting with 20% hexane/ether yielded the product 104 as a clear oil

(100 mg, 48%).
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Met/10d C _ RuC/,.H20

To a stirred solution of sodium periodate (235 mg, 1.01 mmol) in water (3 mL) was added

acetonitrile/carbon tetrachloride (2 mL, 1:1). A solution of (R,S)—N—tert—butoxy-

carbonylallylglycine p—methoxybenzyl ester 103 (118 mg, 0.367 mmol) in

acetonitrile/carbon tetrachloride (2 mL, 1:1) was added dropwise and the reaction mixture

cooled to —15 °C. Ruthenium trichloride (zl mg) was added and the resulting mixture was

allowed to warm to room temperature over 1 h 15 min. The reaction mixture was filtered

through celite and washed with dichloromethane (4 x 10 mL), diluted with water and

extracted into CH2C12 (3 x 10 mL). The combined organic layers were dried (MgSO4) and

concentrated in vacuo to give a clear oil. Purification by column chromatography eluting

with 20% hexane/ether yielded the product 104 as a clear oil (34 mg, 60%). Further elution

gave the starting material (14 mg, 35%) as a clear oil.

5.6.4 (R,.S)-Aspartic acid B-semialdehyde hydrate trifluoroacetate9 105

OH

HO

FaccogHfi COZH

105

To a stirred solution of (R,S)-N-tert-butoxycarbonylaspartic acid B-semialdehyde

p—methoxybenzyl ester 104 (500 mg, 1.49 mmol) in dry dichloromethane (9.8 mL) was

added trifluoroacetic acid (9.8 mL). The resulting mixture was stirred at room temperature

for 2 h. The reaction mixture was concentrated in vacuo to give a brown residue. The crude

product was dissolved in water (20 mL) and washed with ethyl acetate (3 x 20 mL). The

aqueous layer was freeze-dried to yield the product 105 as a pale yellow solid (231 mg,

66%). 1H n.m.r. (300 MHz, D20) 5 5.14 (1H, m, 7H), 3.98 (1H, dd, J = 4.0, 7.7 Hz, 0tH),

2.13—1.86 (2H, m, BH); l3c n.m.r. (75 MHz, CDC13) 8 163.5, 163.0, 88.4, 50.9, 38.0, 36.9;

spectral data in accordance with literature values.9
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5.6.5 1V-tett—Butoxycarbonyl-L-aspartic acid 1-(tcrt-buty1 ester) 4- -methoxy-

JV-methylamidem’ll 109

0

Me\

MeO’N

BocHN COztBu

1 09

Method/l - BORPF,

To a stirred solution of N—tert—butoxycarbonyl—L—aspartic acid 1-(tert—butyl ester) 108 (2.0 g,

7.63 mmol) in dichloromethane (70 mL) was added triethylamine (1.1}1L, 7.63 mmol)

followed by (benzotriazol—l—yloxy) tris (dimethylamino) phosphonium hexafluorophosphate

(BOP.PF6) (3.2 g, 7.63 mmol) and the reaction mixture was stirred for 5 min. To the

resultant solution was added N,0-dimethylhydroxyamine hydrochloride (745 mg,

7.63 mmol) followed by triethylamine (1.1 mL, 7.63 mmol). The reaction mixture was then

stirred for 2 h at room temperature. The mixture was washed with HCl (2 M, 1 x 100 mL),

saturated NaHC03 (1 x 100 mL) and H20 (1 x 100 mL). The organic layer was dried

(Na2SO4) and concentrated in vacuo. Purification by column chromatography eluting with

50% ethyl acetate/hexane yielded the product 109 as a colourless oil (2.16 g, 95%).

1H n.m.r. (400 MHz, dé‘DMSO) 6 6.97 (1H, d, J: 8.3 Hz, NH), 4.25 (1H, m, (1H), 3.65

(3H, s, OCH3), 3.08 (3H, s, NCH3), 2.74—-2.78 (2H, m, [3H), 1.37 (18H, 5, 2 x tBu); 13C

n.m.r. (100 MHz, dé'DMSO) 8 171.1, 170.3, 155.2, 80.4, 78.4, 60.9, 50.3, 33.4, 30.9, 28.4,

28.0; [R vmax (NaCl)/cm'l 3430, 2977, 1717, 1662, 1496; 1H n.m.r. spectral data were in

. . 10

accordance w1th literature values.

Method B - PjBOP

To a stirred solution of N—tert-butoxycarbonyl-L—aspartic acid 1—(tert—butyl ester) 108

(2.51 g, 8.71 mmol) in dichloromethane (70 mL) was added triethylamine (1.4 mL,

8.71 mmol) followed by (benzotriazol-l-yloxy) tris-pyrrolidinophosphonium

hexafluorophosphate (PyBOP) (5.00 g, 9.58 mmol) and the reaction mixture stirred for

5 min. To the resultant solution was added N,0—dimethylhydroxyamine hydrochloride

(935 mg, 9.58 mmol) followed by triethylamine (1.4 mL, 9.58 mmol). The reaction mixture

was then stirred for 2 h at room temperature. The mixture was washed with HCl (1 M,

1 x 100 mL), saturated NaHC03 (1 x 100 mL) and H20 (1 x 100 mL). The organic layer

was dried (Na2S04) and concentrated in vacuo. Purification by column chromatography



Chapter 5: Experimental - 134 —

 

eluting with 50% ethyl acetate/hexane yielded the product 109 as a colourless oil (2.61 g,

90%).

5.6.6 tart-Butyl (.§)-2-(tert—butoxycarbonylamino)-4-oxo-butanoatew’ll 110

BocHN COgtBU

110

To a stirred solution of N—tert—butoxycarbonyl-L—aspartic acid 1-(tert-buty1 ester)

N-methoxy-N—methylamide 109 (2.10 g, 6.34 mmol) in THF (90 mL) at —78 °C was added

dropwise over 20 min DIBAL in hexane (1M, 12.0 mL, 12.0 mmol) and the reaction

mixture stirred for 2 h. The reaction mixture was diluted with saturated NaHSO4 (100 mL)

and extracted with ether (3 x 100 mL). The combined organic layers were washed with H20

(1 x 100 mL), HCl (2 M, 1 x 100 mL), saturated NaHC03 (1 x 100 mL), dried (Na2S04)

and concentrated in vacuo. Purification by column chromatography eluting with 50% ethyl

acetate/hexane yielded the product 110 as a colourless oil (1.48 g, 86%). 1H n.m.r. (400

MHz, d6—DMSO) 5 9.60 (1H, s, CHO), 7.21 (1H, d, 1: 7.68 Hz, NH), 4.34 (1H, m, (1H),

2.64—2.81 (2H, m, [3H), 1.54 (18H, s, 2 x tBu); 13c n.m.r. (100 MHz, dé—DMSO) 5 200.2,

170.5, 155.2, 80.8, 78.3, 49.0, 44.3, 28.1, 27.5; IRvmax(NaC1)/cm'l3374, 2978, 1718, 1508,

1368; 1H n.m.r. spectral data were in accordance with literature values.10
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5.7 General Procedures for EnZyrnology and Kinetics

Chemicals were purchased from Sigma-Aldrich (Castle Hill, Australia); media for bacterial

cultures were purchased from Invitrogen (Christchurch, New Zealand). SDS—PAGE gels

were purchased from Gradipore (Frenchs Forest, Australia). Restriction enzymes were

purchased from Roche (Christchurch, New Zealand). Bio-Rad protein assay kit and DNA

ladders were purchased from Bio-Rad laboratories (Auckland, New Zealand). Column

chromatography media were purchased from Amersham Pharmacia Biotech (Auckland,

New Zealand) as HiTrap pre-packed columns or as a loose gel, which was packed in

Pharmacia XK26 columns.

pH measurements were made using either a standard meter fitted with a Russell

Combination (Tris compatible) electrode type no. TR/CMAW711/TB or a Denver

UltraBASIC pH/mV meter with a pH/ATC KCl electrode type no. 300729.1.

Centrifugation was performed in an Eppendorf centrifuge 5430, on a small scale (< 1.5 mL)

at up to 15, 000 rpm using a 16F24-11 rotor and on large scale (< 50 mL) at up to 5250 rpm

using a l6A4-44 rotor at 4 °C. Large volumes 50—200 mL were centrifuged using a Heraeus

Sepatech 20RS centrifuge at 4 °C.

Columns were run using a Gilson Minipuls M312 peristaltic pumps with Gilson Modess

740 systems control software on a Digital Venturis 466PC and a Gilson FC 203B fraction

collector.

Polyacrylamide gel electrophoresis (PAGE) was routinely run on a Bio-Rad mini

PROTEAN® IH Gel electrophoresis unit SE 400, using a Bio-Rad 300 power pac. Agarose

gel electrophoresis was run on a Hoefer HE33 Mini Horizontal Submarine Unit, using a

Bio-Rad 300 power pac unit. Agarose gels were visualised on a T2210 UV transilluminator

(302 nm).

Ultra-Violet (UV) spectroscopy was performed on a Hewlett-Packard 8452A diode array

spectrophotometer with a recirculating water bath attached for temperature control. All

cuvettes used were 1 cm path length plastic cuvettes from Sarstedt Inc. (North Carolina,

USA).
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5.8 Bacterial Cultures

All E. coli cultures were grown under sterile conditions. All media and equipment were

autoclaved at 121 °C for 20 min, or purchased sterile. Solutions were made up in sterile

deionised water. During the transfer of cultures, all equipment was flamed and surfaces

sterilised with ethanol.

5.8.1 Media

The following media were used for culturing E. coli XL—l Blue pJGOOl and E. coli XL—l

Blue pJK001.

Luria-Bertanilz (LB broth) LB broth 20 g/L

LB Agar LB broth 20 g/L

Agar 15 g/L

5.8.2 Antibiotics

Stock solutions of antibiotics were stored at ~20 °C. The following final concentrations were

used for selection.

Ampicillin 100 ug/mL

Tetracycline 20 ug/mL

5.9 Bacterial Strains

Strains of E. coli were available that had been transformed with high copy number

pBluescript plasmids. E. coli XL—l Blue pJGOOI contained a plasmid that had the ampR

(B-lactamase) and dapA (DHDPS) gene.13 E. coli XL—l Blue pJKOOl contained a plasmid

that had the ampR (B-lactamase) and dapB (DHDPR) genes.14 This provided a simple and

convenient means of over—expression. The plasmids had been introduced into E. coli XL—l

Blue using the calcium chloride method and successful transformants were identified by

. . . . 15
conferred ampicfllin resrstance.



 
 
 

Chapter 5: Experimental — 137 —

 

5.9.1 Preparation of Glycerol Freezes

A 1.0 mL aliquot of an overnight culture was added to 0.25 mL of sterile 80% glycerol

(propan 1,2,3~triol) in deionised water in a screw top Eppendorf. The tube was gently

vortexed before being flash frozen in liquid nitrogen (—196 °C) for long term storage at

—80 °C.

5.9.2 Plate Preparation

Plates were poured using aseptic technique into sterile petri dishes. 25—30 mL of media per

plate was adequate for overnight growth on LB media. Any bubbles formed were removed

by quickly flaming the surface before the agar had hardened. The plates were allowed to set

overnight before being used. The plates could be stored for three weeks if kept at 4 °C.

5.9.3 Incubation of Colonies

Agar plates were streaked with E. coli XL—l Blue (from glycerol freeze, an overnight

culture, or a single colony on an agar plate of not more than 3 days old stored at 4 °C) using

a flamed sterile nichrome wire; the concentration was successively decreased across the

plate to allow for selection of a single colony. The plates were incubated, inverted,

overnight at 37 °C. Individual colonies were selected with a wire loop and used to inoculate

3 mL of liquid medium. These starter cultures were grown for approximately 8—10 h in an

orbital incubator (37 °C, 180 rpm) and subsequently used to inoculate larger quantities of

media.
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5.9.4 Standard Plasmid Preparation by Alkaline Lysis12

The following solutions were used in the plasmid preparation.

Solution I (4 °C) 50 mM glucose

25 mM Tris.HCl pH 8.0

10 mM EDTA pH 8.0

Solution 11 (r.t.) 0.2 M NaOH

1% SDS

Solution III (4°C) 60 mL, 5 M potassium acetate

1.5 mL glacial acetic acid

28.5 mL H20

An E. coli XL-l Blue pJGOOl or E. coli XL—l Blue pJKOOl glycerol freeze was streaked out

on LB agar containing standard concentrations of ampicillin and tetracycline, and incubated

overnight at 37 °C. A single colony was selected and used to inoculate 3 mL of LB broth

containing standard concentrations of ampicillin and tetracycline, and incubated overnight

at 37 °C (180 rpm).

A 1.5 mL aliquot of overnight culture was transferred to an Eppendorf tube and centrifuged

(13 000 rpm, 10 min); the supernatant was carefully removed by aspiration. The cell pellet

was resuspended in 100 uL of ice cold solution I, gently vortexed and chilled on ice for

10 min. 200 uL of freshly prepared solution H was then added slowly and mixed by gentle

rotation and chilled on ice for 5 min. 150 uL of ice-cold solution HI was [added and gently

mixed until the viscosity decreased and a white precipitate formed, which was chilled on ice

for 20 min and centrifuged (10,000 rpm, 15 min). The supernatant was carefully transferred

to a fresh tube and the double-stranded DNA precipitated with 2 volumes of 100% ethanol

at 4 °C. After standing for 2 min, the solution was centrifuged (13,000 rpm, 4 °C, 10 min)

and the supernatant removed, leaving the dried DNA pellet.

The pellet was rinsed with 3 mL of 70% ethanol and dried again. Finally, the DNA was

resuspended in 50 uL sterile Tris.HCl (10 mmol), EDTA (1 mmol).
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5.9.5 Restriction Digests

Restriction digests were typically performed in 15 uL volumes. Hind III and EcoRI were

used individually for single digests of 2 11L of plasmid DNA and in combination for a

double digest of 2.0 uL plasmid DNA. Restriction digests were carried out using 1.5 ILL of

10 x restriction buffer, 0.2 uL of each required restriction enzyme and made up to 15 uL

with sterile H20, and the digests were incubated at the appropriate temperature for 1 h.

Double digest of p]G001 with Hind III and EcoR I

11.1 uL H20

2.0 “L DNA solution from standard plasmid preparation

1.5 ”L buffer

0.2 ILL EcoR I

0.2 11L Hind IH

15 uL Total

Incubated for 1 h at 37 °C. 4.0 uL loading buffer was added and mixed immediately prior to

running of the DNA gel.
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5.9.6 Agarose Gel Electrophoresis 12

1% Agarose gel 0.3 g agarose

30 mL of 0.5 TBE buffer

1 X TBE buffer 54 mM Tris.borate

1 mM EDTA pH 8.0

Loading dye 30% glycerol

0.25% bromophenol blue

0.25% xylene cyanol

RNAse, final concentration of 10 mg/mL

Restriction fragments were mapped on a 1% (w/v) agarose gel against a one kb ladder. A

1% agarose solution (0.3 g agarose in 30 mL 1 x TBE buffer) was heated and allowed to

cool slightly (350 °C) before being poured into a gel casting tray and the well comb

inserted. The gel was allowed to set (= 30 min) before the comb was removed. The casting

tray was then transferred into a gel tank containing electrophoresis 1 x TBE buffer. The gel

was loaded with DNA samples (10 uL) mixed with 3 uL Bio—Rad nucleic acid loading

buffer and 1 11L of 10 mg.mL'1 RNAse. A DNA ladder was also loaded; 6 uL of the one kb

ladder. The gel was run at 80 V for 1.5 h until the bromophenol blue band was nearing the

end of the gel. The gel was stained with ethidium bromide (0.5 ugmL‘l) for 30 min. The

stained DNA fragments were visualised on an UV transilluminator with a wavelength of

302 nm. The gel was then photographed under UV light.
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5.9.7 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)16

The following stock solutions were used for conducting SDS-PAGE electrophoresis.

Electrophoresis tank buffer

Coomassie brilliant blue stain

Destain

Sample treatment buffer (2x)

6.0 g Tris.HCl

28.8 g glycine

20 mL 10% SDS

Made up to 2 L with H20

1.0 g Coomassie brilliant blue

500 mL Me0H

100 mL glacial acetic acid

Made up 1 L with H20

50 mL MeOH

100 mL glacial acetic acid

850 mL H20

125 uL of 1 M Tris.HCI pH 8.0

2 mL 10% (w/v) SDS

1 mL glycerol

500 uL 2-mercaptoethanol

125 uL 1% (w/v) bromophenol blue

750 uL H20

Stored at —20 °C

Samples were diluted to an approximate concentration and mixed with an equal volume of

treatment buffer, centrifuged to mix, and heated in boiling water for 3 min. 40 ”L of the

mixture was loaded onto the wells of a 4-20% pre-cast gradient gel from Gradipore, a

marker was also added. The gel was electrophoresised at 4 °C at constant voltage (150 V)

for approximately 1.5 h until the bromophenol blue had run to the bottom of the resolving

gel. The gel was stained for 30—60 min in Coomassie brilliant blue, and then washed with

destain.
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5.9.8 Preparation of Dialysis Tubing

Dialysis tubing (cellulose membrane molecular weight cut-off >12 000 kDa) was run under

cold water for 2 h then boiled for 10 min in a 2% (w/v) solution of sodium bicarbonate and

0.05% (w/v) EDTA. Care was taken to ensure the tubing remained submerged at all times.

The tubing was then boiled for further 10 min in deionised water, and the same procedure

repeated. The solution was cooled and the tubing stored in 0.1% (w/v) sodium azide for up

to three months.

Small scale dialysis < 150 ul were performed using Slide—A-Lyzer mini dialysis cups (from

Pierce, molecular weight cut—off > 7000 kDa) according to the manufacturers instructions.

5.10 Isolation and Purification ofDHDPS (modified froml3’l7)

5.10.1 DHDPS Overexpression

An E. coli XL—l Blue pJGOOl glycerol freeze was streaked out on LB agar containing the

standard concentrations of ampicillin and tetracycline and grown overnight at 37 °C. A

single colony was selected and used to inoculate 3 mL of LB broth containing the standard

concentrations of ampicillin and tetracycline, and incubated overnight at 37 °C. A 750 uL

aliquot of overnight culture was used to inoculate 750 mL of LB broth containing standard

concentrations of ampicillin and tetracycline, and incubated overnight at 37 °C. The cells

were then chilled on ice for 30 min, and harvested by centrifugation (5000 rpm, 4 °C,

10 min).

The cells were resuspended in 20 mM Tris.HCl pH 8.0 at 4 °C (equivalent to the volume of

supernatant removed). The cell suspension was centrifuged (5000 rpm, 4 °C, 10 min), the

supernatant was discarded and the cell pellet resuspended in 20 mM Tris.HCl pH 8.0 at

4 °C (equivalent to the volume of supernatant removed).

To obtain the crude enzyme extract, the cells were flash-frozen in liquid nitrogen and

thawed overnight on ice at 4 °C over seven consecutive nights. The supernatant was

collected by centrifugation (5000 rpm, 4 °C, 10 min).
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5.10.2 DHDPS Purification

The crude extract was loaded onto a Q-Sepharose ion exchange column that had been

pre—equilibrated with three bed volumes of 20 mM Tris.HCl pH 8.0 at 4 °C. The column

was then washed with five bed volumes of the start buffer 20 mM Tris.HCl pH 8.0 at 4 °C.

DHDPS was eluted with a 0 to 1.0 M NaCl salt gradient in 20 mM Tris.HCl pH 8.0 at 4 °C.

The column was washed with three bed volumes of regeneration buffer 1 M NaCl in 20 mM

Tris.HCl pH 8.0 at 4 °C. The eluted fractions were tested for DHDPS activity using the

o—aminobenzaldehyde assay and the active fractions were pooled together.

The pooled fractions were transferred to 12 kDa molecular weight cut-off Sigma dialysis

tubing prepared according to the manufacturer’s instructions.

Dialysis Buffer (1 L) 20 mM Tris.HCl pH 8.0 at 4 °C 2.24 g

1 mM EDTA 372 mg

1 mM 2—mercaptoethanol 14 11L

1% ammonium sulphate 1 g

After being dialysed against 50 volumes of dialysis buffer overnight, the dialysed sample

was loaded onto a Phenyl Sepharose column which had been pre—equilibrated with three bed

volumes of 20 mM Tris.HCl pH 8.0 at 4 °C. The column was then washed with five bed

volumes of the start buffer 0.5 M (NH4)ZSO4 pH 8.0 at 4 °C. DHDPS was eluted with a 0.5

to 0 M (NH4)ZSO4 gradient in 20 mM Tris.HCl pH 8.0 at 4 °C. The column was washed

with three bed volumes of regeneration buffer 0.5 M (NH4)2SO4 in 20 mM Tris.HCl pH 8.0

at 4 °C. The eluted fractions were tested for DHDPS activity using the

o—aminobenzaldehyde assay.

Following a second dialysis against 50 volumes of dialysis buffer, the pooled fractions were

loaded onto a 2 mL Hi-Trap Q Sepharose column pre-equilibrated with ten bed volumes of

start buffer 20 mM Tris.HCl pH 8.0 at 4 °C. The column was then washed with five bed

volumes of the start buffer 20 mM Tris.HCl pH 8.0 at 4 °C. DHDPS was eluted with a 0 to

1.0 M NaCl salt gradient in 20 mM Tris.HCl pH 8.0 at 4 °C. The column was washed with

three bed volumes of regeneration buffer 1 M NaCl in 20 mM Tris.HC1 pH 8.0 at 4 °C. The

fractions were assayed for DHDPS activity using the o-aminobenzaldehyde assay and the

active fractions were pooled.
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The pooled fractions were dialysed a third time against 50 volumes of dialysis buffer and

loaded onto a 2 mL Hi-Trap Q Sepharose column pre—equilibrated with ten bed volumes of

start buffer 20 mM Tris.HCl pH 8.0 at 4 °C. The column was then washed with five bed

volumes of the start buffer 20 mM Tris.HCl pH 8.0 at 4 °C. DHDPS was eluted with a O to

1.0 M NaCl salt gradient in 20 mM Tris.HCl pH 8.0 at 4 °C. The column was washed with

three bed volumes of regeneration buffer 1 M NaCl in 20 mM Tris.HCl pH 8.0 at 4 °C. The

fractions were assayed for DHDPS activity using the o-aminobenzaldehyde assay and active

fractions were pooled together and stored in 1 mL aliquots at —20 °C.

5.10.3 The o-Aminobenzaldehyde Assay for Qualitative Assessment of the Presence

of DHDPS Activity.

Buffer (200 mM Tris.HCl, pH 8.0 at 4 °C, 80 mM pyruvate) 150 uL

o-Aminobenzaldehyde (50 mg.mL'l in ethanol) 3 uL

Test solution 9 ltL

(R/S)—ASA (10 mM) (added last) 6 uL

The mixture was incubated at 30 °C for 30 min, and the reaction was quenched by adding

10% (w/v) trichloroacetic acid (150 uL). A deep purple colour indicated the presence of

DHDPS activity, while a yellow colour indicated the absence of DHDPS. Controls lacking

(R/S)-ASA and enzyme solutions were also included, as well as a positive control

containing fully characterised DHDPS.

After each purification step, 1 mL was taken to determine specific activities of the enzyme

and purification.
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5.11 Isolation and Purification ofDHDPR“

5.11.1 DHDPR Overexpression

An E. coli XL"1 Blue pJKOOl glycerol freeze was streaked out on LB agar containing the

standard concentrations of ampicillin and tetracycline and grown overnight at 37 °C. A

single colony was selected and used to inoculate 3 mL of LB broth containing the standard

concentrations of ampicillin and tetracycline, and incubated overnight at 37 °C. A 750 uL

aliquot of overnight culture was used to inoculate 750 mL of LB broth containing standard

concentrations of ampicillin and tetracycline, and incubated overnight a 37 °C. The cells

were chilled on ice for 30 min, and then harvested by centrifugation (5000 rpm, 4 °C,

10 min).

The cells were resuspended in 20 mM Tris.HC1 pH 8.0 at 4 °C. The cell suspension was

centrifuged (5000 rpm, 4 °C, 10 min), the supernatant was discarded and the cell pellet

resuspended in an equal volume of 20 mM Tris.HC1 pH 8.0 at 4 °C.

To obtain the crude extract, the cells were ultrasonicated for 5 min in 3 second bursts, with

10 seconds between bursts. The supernatant was collected by centrifugation (5000 rpm,

4 °C, 10 min).

5.11.2 DHDPR PurificationM’IS

The crude extract was heat shocked in lmL aliquots at 70 °C for two min, followed

immediately by cooling on ice. The precipitated proteins were removed by centrifugation

(5000 rpm, 4 °C, 10 min) and the supernatant was collected.

The crude sample was loaded onto the Q—Sepharose ion exchange column that had been pre—

equilibrated with three bed volumes of 20 mM Tris.HC1 pH 8.0 at 4 °C. The column was

then washed with five bed volumes of the start buffer 20 mM Tris.HC1 pH 8.0 at 4 oC.

DHDPR was eluted with a 0 to 1.0 M NaCl salt gradient (over 3 h) in 20 mM Tris.HC1 pH

8.0 at 4 °C. The column was washed with three bed volumes of regeneration buffer 1 M

NaCl in 20 mM Tris.HC1 pH 8.0 at 4 °C. The eluted fractions were tested for DHDPR

activity using the coupled assay and the active fractions were pooled together.
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Active fractions were pooled and transferred to 12 kDa molecular weight cut-off Sigma

dialysis tubing, prepared according to the manufacturer’s instructions, and dialysed

overnight and against 50 x dialysis buffer.

Dialysis Buffet (1 L) 20 mM Tris.HC1 pH 8.0 at 4 °C 2.24 g

1 mM EDTA 372 mg

1 mM 2-mercaptoethanol 14 uL

1% ammonium sulphate 1 g

The dialysed sample was loaded onto a 1 mL (2 x) High-Trap nucleotide affinity column

that had been pre-equilibrated with three bed volumes of 20 mM Tris.HC1 pH 8.0 at 4 °C.

The column was washed with five bed volumes of the start buffer 20 mM Tris.HC1 pH 8.0

at 4 °C. DHDPR was eluted with a 0 to 1.0 M NaCl salt gradient (over 2 min) in 20 mM

Tris.HC1 pH 8.0 at 4 °C. The column was washed with three bed volumes of regeneration

buffer 1 M NaCl in 20 mM Tris.HC1 pH 8.0 at 4 °C. The eluted fractions were tested for

DHDPR activity using the coupled assay and the active fractions were pooled and dialysed

against 50 x dialysis buffer overnight. The dialysed sample was stored in 1 mL aliquots at

—20 °C.
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5.11.3 The Qualitative Coupled Assay to Test Fractions for DHDPR Activity “’15

Buffer (200 mM HEPES, pH 8.0 at 4 °C) 500 uL

H20 270 uL

Pyruvate (100 mM) 50 “L

NADPH (5.4 mM) 30 uL

DHDPS (in excess) 50 uL

Test solution 50 11L

(R/S)-ASA (added last) 5_Ou_L

Total Volume 1 mL

All components except the test solution were added to the cuvette and incubated at 30 °C

for 3—5 min. The test solution was added with quick mixing using the pipette tip. The

change in absorbance at 340 nm was recorded over 120 seconds, blanked against H20.

Controls containing no ASA, and controls lacking DHDPS were also carried out. A positive

control containing fully characterised DHDPR was also carried out.

After each purification step of DHDPR, 1 mL was taken to determine specific activities of

the enzyme and purification.
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5.11.4 Enzyme Purity

Enzyme purity was evaluated by monitoring sample homogeneity as judged by SDS-PAGE

stained with Coomassie brilliant blue and changes in specific activity.

5.11.5 Bradford Assay (determination of protein concentration) 18’”

Five dilutions of a protein standard bovine serum albumin (BSA) ranging from 10 ug/mL to

1.0 ug/mL were required. These dilutions gave absorbance readings at 595 nm between 0.1

and 1.0.

Assay

BSA/unknown solution 80 uL

H20 720 uL

Bio—Rad Bradford dye reagent concentrate 200 uL

Samples were incubated at room temperature for exactly 6 min before measuring

absorbance at 595 nm, blanked against a solution containing 800 uL deO and 200 uL

Bio—Rad solution. This data enabled the preparation of a standard curve.
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Figure 5.11.1: Typical Standard Curve Obtained Using Bradfords Assay

DHDPS and DHDPR purification samples of unknown protein concentration were diluted

with water until the addition of 80 uL of diluted unknown sample gave an absorbance

reading at 595 nm in the range obtained by the standards. Protein concentrations were then

obtained from the BSA standard curve of known concentrations. Each measurement was

performed at least in duplicate.
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5.12 Enzyme kinetics of DHDPS‘3’20’21

5.12.1 Kinetics of DHDPS with Respect to (.5)-ASA

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 uL 250 mM

Pyruvate (20 mM) 50 11L 0.05—2.0 mM

(held constant at a variety of [pyruvate])

(S)-ASA 20 uL 0.02—0.80 mM

NADPH (5.4 mM) 30 uL 0.162 mM

DHDPR (in excess) 80 uL

DHDPS 15 uL

H20 305 11L

Total 1 mL
 

The reaction was initiated in the cuvette by the addition of freshly prepared (S)-ASA, mixed by inversion

of the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20. Measurements were

made in at least duplicate for each concentration of the varied substrate.

Pyruvatel and (S)-ASA concentrations were determined by using the equation A=sxlC (SNADPH——

6220 M'1cm). It is assumed the number of moles of NADPH consumed equals the number of moles of
pyruvate or (S)-ASA.
 

5.12.2 Kinetics ofDHDPS with Respect to Pyruvate

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 HL 250 mM

Pyruvate (20 mM) 50 HL ODS—2.0 mM

(S)-ASA ZOuL 0.02—0.80 mM

(held constant at a variety of [ASA])

NADPH (5.4 mM) 30 11L 0.162 mM

DHDPR (in excess) 80 ”L

DHDPS 15 uL

H20 305 uL

Total 1 mL
 

The reaction was initiated in the cuvette by the addition of freshly prepared (S)-ASA, mixed by inversion

of the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20 Measurements were
made in at least duplicate for each concentration of the varied substrate.

Pyruvatel and (S)-ASA concentrations were determined by using the equation A= 8 x1 x C (ENADPH =

6220 M'1cm). ItIS assumed the number of moles of NADPH consumed equals the number of moles of
pyruvate or (S)-ASA.
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5.13 Enzyme kinetics ofDHDPRWS’“

5.13.1 Kinetics of DHDPR with Respect to DHDP

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 HL 250 mM

Pyruvate (50 mM) 50 LIL 2.5 mM

(S)-ASA 20 uL 0.07—1.0 mM

(held constant at a variety of [ASA])

NADPH 30 uL 0.04—0.12 mM

DHDPR 15 uL

DHDPS (in excess) 20 uL

H20 365 11L

Total 1 mL
 

The reaction was initiated in the cuvette by the addition of freshly prepared DHDPR, mixed by inversion of

the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20. Measurements were made
in at least duplicate for each concentration of the varied substrate.

Pyruvatle and (S)-ASA concentrations were determined by using the equation A-— s x l x C (ENADPH—— 6220

Mcm). Itis assumed the number of moles of NADPH consumed equals the number of moles of pyruvate
or (S)-ASA.
 

5.13.2 Kinetics ofDHDPR with Respect to the Cofactor NADPH

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 ML 250 mM

Pyruvate (50 mM) 50 uL 2.5 mM

(S)-ASA 20 uL 0.07—1.0 mM

NADPH 30 ul 0.04—0.12 leI

(held constant at a variety of [NADPH])

DHDPR ‘ 15 uL

DHDPS (in excess) 20 uL

H20 365 11L

Total 1 mL
 

The reaction was initiated in the cuvette by the addition of freshly prepared (S)-ASA, mixed by inversion of

the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20. Measurements were made

in at least duplicate for each concentration of the varied substrate.

Pyruvate and (S)--ASA concentrations were determined by using the equation A: s x l C (eNADpH-—

6220M cm). It is assumed the number of moles of NADPH consumed equals the number of moles of
pyruvate or (S)-ASA
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5.14 Irreversible Inhibition Studies of 56 and 87 with Respect to DHDPS

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 HL 250 mM

Pyruvate (20 mM) 50 uL 1.0 mM

(S)-ASA 20 pL 1.0 mM

NADPH (5.4mM) 30 uL 0.162 mM

DHDPR (in excess) 50 ttL

DHDPS 15 uL

Inhibitor 10 “L

H20 355 uL

Total 1 mL
 

A solution of buffer (600 11L), DHDPS (120 uL) and inhibitor (80 ML) were added together and incubated

at 30 °C. 100 pl aliquots were taken at specified intervals (beginning at time x and ending at time y) and

added to a solution containing buffer (420 ILL), NADPH (30 11L), DHDPR (50 LLL) and H20 (355 [AL and
incubated for 3 min.

The reaction was initiated in the cuvette by the addition of freshly prepared (S)-ASA, mixed by inversion

of the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20. Measurements were
made in at least duplicate for each concentration of inhibitor.
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5.15 Inhibition ofDHDPS and DHDPR by HTHDP 17 Mimics21

5.15.1 Inhibition Screening Assay for DHDPS

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 ILL 250 mM

Pyruvate (20 mM) 50 liL 1.0 mM

(S)-ASA 20 11L 1.0 mM

NADPH (5.4 mM) 30 uL 0.162 mM

DHDPR (in excess) 50 11L

DHDPS 15 uL

Inhibitor 100 ”L Varies

H20 235 uL

Total 1 mL

 

The reaction was initiated in the cuvette by the addition of freshly prepared (S)-ASA, mixed by inversion of

the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20 Measurements were made

in at least duplicate for each concentration of inhibitor.

Pyrulvate and (S)-ASA concentrations were determined by using the equation A: a x l C (SNADPH—— 6220 M

l'cm). ItIS assumed the number of moles of NADPH consumed equals the number of moles of pyruvate or

(S)—ASA.

 

5.15.2 Inhibition Screening Assay for DHDPR

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 “L 250 mM

Pyruvate (20 mM) 50 11L 1.0 mM

(S)-ASA 20 uL 1.0 mM

NADPH (5.4 mM) 30 uL 0.162 mM

DHDPR 50 uL

DHDPS (in excess) 15 11L

Inhibitor 100 “L Varies

H20 235 uL

Total 1 mL

 

The reaction was initiated in the cuvette by the addition of freshly prepared (S)—ASA, mixed by inversion of

the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20 Measurements were made

in at least duplicate for each concentration of inhibitor.

Pyrulvate and (S)-ASA concentrations were determined by using the equation A: s x 1 C (eNADpH= 6220 M

cm). ItIS assumed the number of moles of NADPH consumed equals the number of moles of pyruvate or

(S)-ASA.
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5.16 Inhibition Kinetics ofDHDPS by HTHDP 17 Mimics21

5.16.1 Kinetics of Inhibitor with Respect to (Sb-ASA

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 11L 250 mM

Pyruvate (50 mM) 50 uL 2.5 mM

(held constant at a variety of [pyruvate])

(S)—ASA 20 uL 004—1 .5 mM

NADPH (5.4 mM) 30 uL 0.162 mM

DHDPR (in excess) 80 uL

DHDPS 15 ”L

Inhibitor 100 uL Varies

H20 205 uL

Total 1 mL
 

The reaction was initiated in the cuvette by the addition of freshly prepared (S)-ASA, mixed by inversion

of the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20. Measurements were

made in at least duplicate for each concentration of the varied substrate.

Pyruvate and (S)-ASA concentrations were determined by using the equation A=sxlC (sNADpH =

6220 M'lcm"). It is assumed the number of moles of NADPH consumed equals the number of moles of
pyruvate or (S)—ASA.
 

5.16.2 Kinetics of Inhibitor with Respect to Pyruvate

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 11L 250 mM

Pyruvate (20 mM) 50 PL ODS—2.0 mM

(S)-ASA ZOuL 1.5 mM

(held constant at a variety of [ASA])

NADPH (5.4 mM) 30 11L 0.162 mM

DHDPR (in excess) 80 [AL

DHDPS 15 uL

Inhibitor 100 uL

H20 205 uL Varies

Total 1 mL
 

The reaction was initiated in the cuvette by the addition of freshly prepared (S)-ASA, mixed by inversion
of the cuvette. AA340 nm was measured over 120 sec at 30 °C, blanked against H20 Measurements were

made in at least duplicate for each concentration of the varied substrate.

Pyruvate and (S)—ASA concentrations were determined by using the equation A = 8 x1 x C (eNADpH =

6220 M‘lcm‘l). It is assumed the number of moles of NADPH consumed equals the number of moles of

pyruvate or (S)-ASA.
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5.17 Inhibition kinetics ofDHDPR by HTHDP 17 Mimics21

5.17.1 Kinetics of Inhibition with Respect to DHDP

 

 

ASSAY Volume [Final]

Buffer (500 mM HEPES pH 8.0 at 4 °C) 500 HL 250 mM

Pyruvate (50 mM) 50 Ma 2.5 mM

(S)-ASA 20 11L 0.07—1.0 mM

(held constant at a variety of [ASA])

NADPH 30 uL 0.04-0.12 mM

DHDPR 15 [AL

DHDPS (in excess) 20 “L

Inhibitor 100 uL Varies

H20 265 in.

Total 1 mL
 

The reaction was initiated in the cuvette by the addition of freshly prepared DHDPR, mixed by inversion of

the cuvette. AAm nm was measured over 120 sec at 30 °C, blanked against H20. Measurements were made
in at least duplicate for each concentration of the varied substrate.

Pyruvate and (S)-ASA concentrations were determined by using the equation A = s x l x C (SNADPH = 6220

M 1cm'l). It is assumed the number of moles of NADPH consumed equals the number of moles of pyruvate

or (S)-ASA.
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A.1 Crystallographic Data for Compound 71

A colourless blade-like crystal was attached with Exxon Paratone N, to a short length of fibre supported on a

thin piece of copper wire inserted in a copper mounting pin. The crystal was quenched in a cold nitrogen gas

stream from an Oxford Cryosystems Cryostream. A Bruker SMART 1000 CCD diffractometer employing

graphite monochromated MoKoc radiation generated from a sealed tube was used for the data collection. Cell

constants were obtained from a least squares refinement against 959 reflections located between 5.46 and

5597" 20. Data were collected at 150(2) Kelvin with 03 scans to 56.52° 20. The data integration and reduction

. l . . . 2
were undertaken w1th SAINT and XPREP , and subsequent computatlons were carrled out w1th the teXsan,

WinGX,3 and XTAL4 graphical user interfaces. The intensities of 203 standard reflections recollected at the

end of the experiment did not change significantly during the data collection. A Gaussian absorption

,
correction was applied to the data.

The structure was solved in the space group P212121(#19) by direct methods with SIR97,6 and extended and

refined with SHELXL-97.7 The non-hydrogen atoms in the asymmetric unit were modelled with anisotropic

displacement parameters. In general a riding atom model was used for the hydrogen atoms, with the exception

of H(1N) which was located and modelled with an isotropic displacement parameter. An ORTEP8 depiction of

the molecule with 50% displacement ellipsoids is provided in Figure 2.3.3. The absolute structure was

established with the Flack parameter;12 refining to 000(5).

Formula of the Refinement Model C8H13NOSS

Model Molecular Weight 235.25

Crystal System orthorhombic

Space Group P2 1 2 12 1 (#19)

9.2817(15) A

b 10.5236(17) A

c ‘ 10.5688(17)A

v 1032.3(3) A3

Dc 1.514 g cm‘3

Z 4

Crystal Size 0.630x0.328x0.113 mm

Crystal Colour colourless

Crystal Habit blade

Temperature 150(2) Kelvin

MMoKa) 0.71073 A

,u(MoK(x) 0.315 mm'1
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T(Gaussian)min max
’

29max

hkl range

N

Nind

Nobs

Nvar

*

Residuals R1(F), wR2(F2)

GoF(all)

Residual Extrema

0.840, 0.965

56.52°

-1212, ~1313, -l414

10067

2450(R 0.0260)
merge

2411(I > 20(1))

142

0.0219, 0.0546

1.293

-0.194, 0.229 e‘ X3

221/2
*

R1 = ZIIFOI - IFCII/ZIFOI for F0 > 25(F0); wR2 = (2w(F02 — Fc2)2/)3(ch ) ) all reflections

w:l/[02(F02)+(0.020P)2+0.20P] where P=(F02+2F02)/3
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Table 1. Non-Hydrogen Atom Coordinates, Isotropic Thermal Parameters and Occupancies

atom X

80) 0.39880(3)

0(1) 0.2408900)

0(2) 0.1721000)

0(3) 0.0894300)

0(4) 0.2727801)

0(5) 0.3141602)

N(1) 0.36477(11)

0(1) 0.4359004)

0(2) 0.3463803)

0(3) 0.3136104)

0(4) 0.4142605)

0(5) 0.1870304)

C(6) 0.0248705)

0(7) 0.3026203)

0(8) 0.2521707)

y

0.65011(3)

0.6416300)

0.38639(9)

0.54324(9)

0.97259(9)

0.87156(9)

0.6447202)

0.5221303)

0.5249002)

0.7539602)

0.7772302)

0.4895002)

0.3412605)

0.8707602)

1.0922704)

Z

0.591350)

0.62266(8)

0.4527000)

0.327590)

0.35374(9)

0.16976(9)

0.2937400)

0.4830303)

0.3613503)

0.3663102)

0.4776901)

0.3796202)

0.4665204)

0.2830402)

0.2870705)

ch( A2)

0.01989(8)

0.0249(2)

0.0249(2)

0.02298(19)

0.0258(2)

0.0304(2)

0.0202(2)

0.0218(3)

0.0199(3)

0.0182(2)

0.0204(3)

0.0198(2)

0.0285(3)

0.0205(3)

0.0307(3)

Dec

1
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Table 2. Hydrogen Atom Coordinates, Isotropic Thermal Parameters and Occupancies

atom x y z Ueq( A2) Occ

H(1N) 0.3200(16) 0.6403(15) 0.2221(15) 0.021(4) 1

H( 1A) 0.5393 0.5249 0.4601 0.026 1

H( 1B) 0.4181 0.4405 0.5269 0.026 1

H(2) 0.3880 0.4578 0.3052 0.024 1

H(3) 0.2155 0.7339 0.4000 0.022 1

H(4A) 0.3896 0.8590 0.5186 0.025 1

H(4B) 0.5149 0.7827 0.4471 0.025 1

H(6A) —0.0359 0.4103 0.4986 0.043 1

/ H(6B) 0.0228 0.2700 0.5262 0.043 1

H(6C) —0.01 15 0.3131 0.3841 0.043 1

H(8A) 0.3399 1.1 135 0.2400 0.046 1

H(8B) 0.2314 1.1598 0.3483 0.046 1

H(8C) 0.1713 1.0841 0.2280 0.046 1
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Table 3. Anisotropic Thermal Parameters ( A2)

atom U(1,1)

S(1) 0.02173(14) 0.02141(14)

0(1) 0.0233(4)

0(2) 0.0248(5)

0(3) 0.0209(4)

0(4) 0.0318(5)

0(5) 0.0413(6)

N(1) 0.0216(5)

C(l) 0.0194(6)

C(2) 0.0184(6)

C(3) 0.0178(5)

C(4) 0.0244(6)

C(5) 0.0216(6)

C(6) 0.0264(7)

C(7) 0.0155(5)

C(8) 0.0316(7)

U(2,2)

0.0274(5)

0.0207(5)

0.0220(4)

0.0208(5)

0.0301(5)

0.0232(5)

0.0217(6)

0.0199(6)

0.0202(6)

0.0193(6)

0.0176(5)

0.0254(7)

0.0234(6)

0.0227(7)

U(3,3)

0.01654(13)

0.0242(4)

. 0.0291(5)

0.0260(5)

0.0247(5)

0.0199(5)

0.0158(5)

0.0243(6)

0.0213(6)

0.0167(6)

0.0176(6)

0.0202(6)

0.0338(7)

0.0226(6)

0.0377(8)

U(1,2)

0.0003902)

0.0024(4)

-0.0028(4)

0.0006(4)

0.0031(4)

0.0020(5)

0.0000(4)

0.0040(5)

0.0017(5)

0.0017(5)

0.0039(5)

0.0001(5)

-0.0049(6)

0.0029(5)

0.0030(6)

U(1,3)

-0.00157(11)

0.0049(4)

0.0017(4)

0.0019(4)

0.0005(4)

0.0020(4)

0.0012(4)

0.0016(5)

0.0009(5)

0.0008(5)

0.0016(5)

0.0007(5)

0.0007(6)

0.0004(4)

0.0043(6)

U(2,3)

0.00073(12)

0.0037(4)

0.0023(4)

0.001 1(4)

0.0020(4)

0.0047(4)

0.0018(4)

0.0023(5)

0.0027(5)

0.0004(5)

0.0005(4)

0.0051(5)

0.0039(6)

0.0023(5)

0.0072(6)
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Table 4. Non Hydrogen Bond Lengths ( A)

Atom

5(1)

5(1)

0(2)

0(4)

0(5)

N(1)

0(2)

0(3)

atom

0(1)

C(4)

C(6)

C(7)

C(7)

C(3)

C(5)

C(4)

Symmetry Operators

(1) x, y, z (2) -x+1/2, -y, z+1/2

(4) x+1/2, -y+l/2, -z

Distance atom

1.5052(10) 3(1)

1.8036(13) 0(2)

1.4541(16) 0(3)

1.3354(16) 0(4)

1.2020(16) N(1)

1.4613(16) C(l)

1.5375(18) C(3)

1.5226(17)

atom

C(1)

C(5)

C(5)

C(8)

C(2)

C(2)

C(7)

(3) —x, y+1/2, -z+1/2

Distance

1.8008(14)

1.3390(16)

1.2012( 16)

1.4558(16)

1.4593(17)

1.5314(19)

1.5152(17)
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Table 5. Non Hydrogen Bond Angles ( ° )

atom

0(1)

0(1)

C(1)

C(5)

C(7)

C(2)

C(2)

N(1)

N(1)

C(1)

N(1)

N(1)

C(7)

C(3)

0(3)

0(3)

0(2)

0(5)

0(5)

0(4)

atom

5(1)

5(1)

5(1)

0(2)

0(4)

N(1)

C(1)

C(2)

C(2)

C(2)

C(3)

C(3)

C(3)

C(4)

C(5)

C(5)

C(5)

C(7)

C(7)

C(7)

Symmetry Operators

(1) X. y, 2

atom

C(1)

C(4)

C(4)

C(6)

C(8)

C(3)

5(1)

C(1)

C(5)

C(5)

C(7)

C(4)

C(4)

5(1)

0(2)

C(2)

C(2)

0(4)

C(3)

C(3)

(2) -x+1/2, -y, z+l/2

(4) x+1/2, —y+1/2, -z

angle

106.36(6)

105.54(6)

96.67(6)

114.83(10)

ll6.79(11)

112.63(10)

114.58(9)

111.36(10)

112.54(10)

114.32(11)

110.81(10)

109.45(11)

111.09(10)

110.29(9)

124.58(12)

123.6402)

111.61(11)

124.76(12)

125.32(12)

109.87(10)

(3) -x, y+1/2, -z+1/2
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Table 6. Torsion Angles ( ° )

atom

C(1)

C(4)

C(3)

C(3)

5(1)

3(1)

C(2)

C(2)

N(1)

C(7)

0(1)

C(1)

C(6)

C(6)

N(1)

C( 1)

N(1)

C(1)

C(8)

C(8)

N(1)

C(4)

N(1)

C(4)

atom

S(1)

S(1)

N(1)

N(1)

C(1)

C(1)

N(1)

N(1)

C(3)

C(3)

8(1)

8(1)

0(2)

0(2)

C(2)

C(2)

C(2)

C(2)

0(4)

0(4)

C(3)

C(3)

C(3)

C(3)

Symmetry Operators

(1) X. y, Z

atom

C(1)

C(1)

C(2)

C(2)

C(2)

C(2)

C(3)

C(3)

C(4)

C(4)

C(4)

C(4)

C(5)

C(5)

C(5)

C(5)

C(5)

C(5)

C(7)

C(7)

C(7)

C(7)

C(7)

C(7)

(2) -x+1/2, -y, z+1/2

(4) x+1/2, -y+1/2, -2

atom

C(2)

C(2)

C(1)

C(5)

N(1)

C(5)

C(7)

C(4)

S(1)

S(1)

C(3)

C(3)

0(3)

C(2)

0(3)

0(3)

0(2)

0(2)

0(5)

C(3)

0(5)

0(5)

0(4)

0(4)

angle

58.21(11)

—50. 17(1 1)

-63.05(13)

66.83(13)

56.78(13)

-72.16(13)

-167.03(10)

70.12(13)

-68.54(12)

168.78(9)

-54.10(10)

54.97(10)

-O,16(18)

—175.55(1 1)

10.87(18)

139.2203)

-173.69(10)

—45.35(15)

0.42(19)

-177.31(11)

9.78(18)

131.67(14)

—l72.51(10)

-50.6l(14)

(3) -x, y+1/2, -z+1/2
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Table 7. Hydrogen Bond Lengths ( A)

atom

N(1)

C(1)

C(3)

C(4)

C(6)

C(8)

C(8)

atom

H(lN)

H(lB)

H(3)

H(4B)

H(6B)

H(BA)

H(8C)

Symmetry Operators

(1) x, y, z

Distance

0.865(16)

0.9900

1.0000

0.9900

0.9800

0.9800

0.9800

(2) —x+1/2, -y, z+1/2

(4) x+1/2, -y+1/2, -2

atom

C(1)

C(2)

C(4)

C(6)

C(6)

C(8)

atom

H(lA)

H(2)

H(4A)

H(6A)

H(6C)

H(8B)

(3) -x, y+1/2, —z+1/2

Distance

0.9900

1.0000

0.9900

0.9800

0.9800

0.9800



  

Appendix

 

Table 8. Hydrogen Bond Angles ( ° )

atom

C(2)

C(3)

C(2)

5(1)

C(2)

5( 1)

H(1A)

N(1)

C(1)

C(5)

N(1)

C(7)

C(4)

C(3)

5( 1)

C(3)

S(1)

H(4A)

0(2)

0(2)

H(6A)

0(2)

H(6A)

H(6B)

0(4)

0(4)

H(8A)

0(4)

H(8A)

H(SB)

atom

N(1)

N(1)

C(1)

C( 1)

C(1)

C(1)

C(1)

C(2)

C(2)

C(2)

C(3)

C(3)

C(3)

C(4)

C(4)

C(4)

C(4)

C(4)

C(6)

C(6)

C(6)

C(6)

C(6)

C(6)

C(8)

C(8)

C(8)

C(8)

C(8)

C(8)

Symmetry Operators

(1)X,y.z

atom

H(1N)

H(1N)

H(1A)

H(1A)

H(IB)

H(lB)

H(lB)

H(2)

H(2)

H(2)

H(3)

H(3)

H(3)

H(4A)

H(4A)

H(4B)

H(4B)

H(4B)

H(6A)

H(6B)

H(6B)

H(6C)

H(6C)

H(6C)

H(8A)

H(SB)

H(8B)

H(8C)

H(8C)

H(8C)

(2) -x+1/2, —y, z+l/2

(4) x+1/2, -y+1/2, —z

angle

109.0(11)

110.2(11)

108.6

108.6

108.6

108.6

107.6

106.0

106.0

106.0

108.5

108.5

108.5

109.6

109.6

109.6

109.6

108.1

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

(3) -x, y+1/2, -z+1/2
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A.2 Kinetic Equations”

Reversible Inhibition

s and i represent the concentrations of substrate and inhibitor respectively. Ks, K'S and K and K'i are the

. . . l4
dlssoc1at10n constants.

Competitive Inhibition

Non-Competitive Inhibition

Uncompetitive Inhibition

Mixed Inhibition

v/[S]

v/[S]

 
v/[S]

(a)

V
V
V
 

 

 

 

v— V.s _ V

S+Km(1+i/I<i) 1+fi(l+i)

s Ki

V.s

(1+i/Ki) V
v: = Kg 1'1“” (1+—)(1+7)

S Ki

V.s

(1+i/Ki) _ V
_ ‘ 1' Km
—+s 1+—+—
(Hi/Ki) K: s

V.s/(1+i/K'i) _ V

+19 (1+i/Kr) (1+i/K:)+(1+Ks/s)(l+i/Ki)
(1+i/K'z)

COMPETITIVE ”V \

A
I/[S]

UNCOMPETITIVE l/v

/

2 \\

1/[S]

NON-COMPETITIVE UV

2
(b)

 |\\
\

“[3]

Figure A.2.1: (a) Eadie-Hofstee and (b) Lineweaver—Burk plots of different types of inhibition. The blue
line in each plots shows the reaction in the absence of inhibitor; the black lines are for the reaction in the presence of an

1
inhibitor. 5
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Irreversible Inhibition“

A0 and A are the enzyme activities at times zero and t, respectively. It is assumed that i >> e

dei _
— k.i
dt

1n1 = —k.i.t = k'.t
0

where k'= ki
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