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TPP Triphenylphosphine

UV Ultraviolet



Contents

Declaration ii

Acknowledgements iii
Abbreviations iv

Contents vi

Abstract 1

Introduction 2

Background 3
The tryptophan metabolic pathway (kynurenine pathway) 6
Malaria and the Kynurenine Pathway 9
Renal Failure and the Kynurenine Pathway 10
The Eye and the Kynurenine Pathway 11
The Kynurenine Pathway and Pregnancy 13

Toxoplasma gondii and the Kynurenine Pathway 14

Kynureninase 17
References 45

Results and Discussion 50

Targets for Synthesis 51

Synthetic Routes to racemic analogues of 3-hydroxykynurenine 54

Synthesis of transition state mimic analogues 63

Synthesis of 3-hydroxynaphthalene analogue 79
Conclusion 89

References 90

Biological Testing 92

Background 93

Cloning and Expression 94
Purification and Characterisation 95

Assay of kynureninase activity 96
Inhibition studies on substrate analogues 98
Conclusion 112

References 113

feSH1 University of St Andrews.P»4, . O EaStCHEK
W vi w



Summary

Experimental
Inhibitors ofKynureninase
Inhibition studies on kynurenine analogues
References
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Abstract

Kynureninase is a key, pyridoxal 5'-phosphate (PLP) dependent, enzyme on the tryptophan

metabolic pathway. It catalyses the (3,y-hydrolytic cleavage of 3-hydroxykynurenine yielding

3-hydroxyanthranilic acid and L-alanine. Two of the most important metabolites on this

pathway are quinolinic acid and kynurenic acid. Quinolinic acid is a potent neurotoxin

connected to the etiology of several neurodegenerative diseases, such as AIDS, Huntington's

disease and epilepsy. Conversely kynurenic acid is a known neuroprotectant and anti¬

convulsant. As a result kynureninase is a possible therapeutic target for controlling the

biosyntheses of these two key metabolites and hence potent and specific inhibitors of

kynureninase are potential neuroactive compounds.

The synthesis of a number of novel racemic analogues of 3-hydroxykynurenine is described.

These compounds were evaluated as inhibitors of human kynureninase, which has been

recently cloned and overexpressed. The aim was to probe the binding interactions at the

enzyme active site. The most potent inhibitor was (3-nitrobenzoyl)alanine which has a K\ of

17.9 ± 1.6 pM, compared to a Km of 3.0 ± 0.7 pM for the substrate.

A number of cysteine ^-dioxides were also synthesised. These are mimics of the transition

stale for the kynureninase catalysed reaction and potential inhibitors of the enzyme. Three

analogues were synthesised via serine |3-lactone based methodology. In order to attempt to

improve yields a novel solid phase based p-lactone based method was developed.

'{jWj!1 University of St Andrews
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Chapter 1

Introduction
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1. INTRODUCTION

1.1 Background

'Kynurenines' are the collection of compounds present in the synthetic pathway of the

essential cofactor, nicotinamide adenine dinucleotide (NAD), from dietary tryptophan (Trp)

(I)' Over 95% of dietary Trp is metabolised to kynurenines via the kynurenine pathway, and

for this reason it has been recognised as the major metabolic route of dietary Trp since the

1940's.2'3 Preliminary studies on the pathway yielded the isolation and identification of

kynurenine metabolites, two of these being kynurenic acid (2) and quinolinic acid (3), which

were reported, in 1904 and 1946 respectively. '5 Subsequent interest in the pathway focussed

around its role in nicotinamide synthesis and also that of its nucleotide conjugates. Further

interest concentrated around its response to vitamin B6 deficiency, given that a number of the

enzymes in the pathway require pyridoxal-5'-phosphate as a cofactor. Indeed, it is the main
z 7 o t #

pathway to be affected by a lack of vitamin B6. ' ' Following this, a new spotlight on the

functionality of these kynurenine metabolites in the central nervous system (CNS) was driven

by publications in the late 1970's reporting behavioural and convulsant effects of systemically

administered kynurenines.9

Since the 1970's it has been reported that a number of kynurenines have a significant effect

on neuronal activity. Of these kynurenines, the metabolite most investigated is quinolinic

fefjj1 University of St Andrews
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acid (3) (QA), a potent neurotoxin, which selectively activates the rV-methyl-D-aspartate (4)

(NMDA) receptors. These are a sensitive subpopulation of the glutamate receptor group.10 It

is believed that the glutamate receptors in the brain mediate neuronal damage, which occurs

during certain neurodegenerative disorders. The neurotoxicity resulting from quinolinic acid

is thought to arise from the overstimulation of these receptors."

In addition to the direct exitotoxic neuronal damage caused by quinolinic acid, other

mechanisms of damage include mitochondrial dysfunction and the formation of reactive

oxygen moieties.12 With this in mind quinolinic acid is increasingly implicated in the

pathology of neurological disorders such as AIDS related dementia,13,14 Huntington's

disease15,16 and Lyme disease17 to name but a few.

In contrast to QA, kynurenic acid (KA), another neurologically active metabolite, has

neuroprotective properties. Kynurenic acid is, at present, the sole endogenous broad range

antagonist of all subpopulations of glutamate receptors, which include those sensitive to

NMDA. In particular it is a high affinity antagonist of the strychnine insensitive glycine
1 X

coagonist site in the NMDA receptor. This particular property has led to the design of

kynurenate treatments for some of these neurodegenerative disorders. A number of analogues

of KA have been reported to have potential therapeutic value as neuroprotectants and

anticonvulsants.19 Studies on patients with Huntington's disease revealed elevated levels of

brain kynurenic acid.20 Increased levels were also found in those suffering from AIDS,21

Downs Syndrome22 and Alzheimer's disease (AD).23 High levels of KA could denote a

pathogenic factor giving rise to cognitive deterioration seen in patients suffering from AD.

The reason for this is that KA inhibits the NMDA receptors specifically involved in cognitive

function. The imbalance in the synthesis ofKA plays a major role in neuronal degeneration.

University of St Andrews
. , EaSCCHEM
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Ifwe compare the structures ofQA and KA with that ofNMDA we can see why they interact

with the receptor, all three structures share a similar backbone, shown below in red. The

slight difference in structures of QA and KA determines whether or not the compound is an

agonist or antagonist.

Neuronal degeneration is not restricted to the two metabolites of the pathway mentioned

above. 3-Hydroxykynurenine (3-OHK) induces neuronal damage by the formation of free

radicals, these cause oxidative stress and apoptotic or necrotic cell death.24 Patients suffering

from the HIV virus25 and hepatic encephalopathy26 all show increased levels of 3-OHK.

Interest in the metabolites of the kynurenine pathway has broadened recently, with reports

• • • 27 28that elevated levels of a variety of these species are observed in cases of cerebral malaria, '

• on oa • T1 • • • •

renal failure, lens and retinal ' problems within the eye, toxaemia and preeclampsia in

pregnancy ' and that the rate of Trp metabolism in the kynurenine pathway is accelerated

during in vivo infection with the parasite Toxoplasma gondii?4

1*4\S>'
University of St Andrews
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1.2 The tryptophanmetabolic pathway (kynurenine pathway)

Tryptophan (5) (Trp) and its pharmacology have always attracted interest due to its role as

o c

precursor to the important neurotransmitter serotonin (5-hydroxytryptamine). However, less

than one percent of all dietary Trp is metabolised via the serotonin pathway. It is the

kynurenine pathway that is the main route for Trp metabolism, and it is also an important

source of nicotinamide, required for the biosynthesis of coenzymes NAD and NADP

(nicotinamide adenine dinucleotide phosphate), which are essential for basic cell function.

In the pathway (Scheme 1.1), Trp (5) initially undergoes irreversible oxidative cleavage of its

indole ring to give A-formylkynurenine (6). The cleavage can be catalysed by one of two

enzymes; indoleamine 2,3-dioxygenase (EC 1.13.11.17) or tryptophan 2,3-dioxygenase (EC

1.13.11), both of which are haem dependent. The formylkynurenine then undergoes

hydrolysis by a formamidase enzyme (EC 3.5.1.9) to give L-kynurenine (7). This can then

have at least three possible fates, as there are at least three enzymes in mammalian tissue that

will metabolise L-kynurenine.

If the enzyme present is kynurenine aminotransferase (KAT, EC 2.6.1.7), kynurenic acid (2)

is formed, which is often used in the biosynthesis of quinolines as well as being an important

neurologically active compound. Alternatively kynurenine 3-hydroxylase (3-hydroxy-

kynureninase, EC 1.14.13.9) catalyses the oxidation of L-kynurenine to produce 3-hydroxy-L-

kynurenine (8). Hydrolytic cleavage by kynureninase (EC 3.7.1.3) gives 3-

hydroxyanthranilic acid (10) and L-alanine.

3-Hydroxyanthranilic acid can also react with KAT to give xanthurenic acid (11),

alternatively it is oxidatively cleaved by 3-hydroxyanthranilate oxidase (EC 1.10.3.5) and

further rearrangement gives quinolinic acid (3). This is thought to be the compound of most

University of St Andrews p'<\
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neurological importance. Quinolinic acid (3) is then converted to nicotinic acid

mononucleotide (12) by quinolinate phosphoribosyl transferase (QPRTase, EC 2.4.1.19),

followed by further transformations into nicotinamide coenzymes.

Finally kynureninase can also cleave kynurenine, producing L-alanine and anthranilic acid

(9). Anthranilic acid is a precursor in the biosynthesis of aromatic amino acids such as

phenylalanine and tyrosine.

University of St Andrews
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1.3 Malaria and the Kynurenine Pathway

Severe malaria is a disease obtained from infection by the parasite Plasmodium falciparum

and in cases where the central nervous system becomes affected this is known as cerebral

malaria (CM). CM is seen in ~1% of cases and is a major cause of death. It normally results

in the patient falling into a permanent coma. It is thought that, amongst other things, the

interferon-y (IFN-y) T helper 1 (Thl) cytokines may help to push the pathological process

towards CM, or indeed influence biochemical pathways in the brain, which could affect its

final outcome. Due to the involvement of IFN-y in the pathology ofCM and the fact that it is

the only physiological agent known to stimulate expression for the gene which encodes

indoleamine 2,3-dioxygenase (IDO), the first enzyme on the kynurenine pathway, a study of

the kynurenine pathway in the brain was carried out in the P. berghei ANKA model. It

showed an increased ratio of QA to KA, i.e. increased neurotoxin compared to

neuroprotectant, at a vital stage in CM but not in non-cerebral malaria.36 It was proposed that

the increased ratio may be related to hyperexcitability in murine and human CM. It was later

reported, that IDO messenger RNA is stimulated, within the cerebral microvascular

endothelium, in an IFN-y-dependent manner, in malaria-infected mice.37 The activity of IDO

increases in the brain in cases of murine CM. Elevated levels of cerebrospinal fluid (CSF)

QA have also been found in children suffering from CM all over the world. Kenyan children

exhibit a fourteen-fold increase compared to figures in the UK,38 and although the CSF QA

levels of Malawian children increase, it does so along with the KA levels so the ratio between

3Q .

the two is unchanged. Vietnamese adults have significantly elevated levels of CSF QA and

a substantial increase in QA:KA ratio, although this could be a result of the patients having

suffered renal failure.40

University of St Andrews
9
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1.4 Renal Failure and the Kynurenine Pathway

The consequence of chronic renal insufficiency (CRI, kidney failure) is an acute biochemical

disturbance, which affects numerous organs and regulatory systems, including the central

nervous system (CNS). The retention of uraemic toxins in the blood, for example urea,

creatinine and other products from protein function, can affect nephron functionality which

results in lack of excretion from the kidneys, hence increasing the accumulation of protein

metabolites.41 This accumulation can result in numerous neurological symptoms including

disorientation, memory failure, convulsions and coma. The mechanism of action for the

pathologies within the CNS occurring during renal insufficiency are not well understood, but

it has been reported that there is evidence to suggest that the blood-brain barrier is affected

which results in a change in amino acid concentrations in the CSF and brain tissue.42 One

such amino acid is Trp. Reports show that during CRI the concentration of Trp in the CSF

changes. All stages of Trp metabolism on the kynurenine pathway have been reported to take

place in the CNS. Following on from this Topczewska-Brun et al. reported that uraemia

causes significant disturbances on the kynurenine pathway within the CNS.29 Their studies

showed significant increases in kynurenine (KYN) and 3-OHK levels and a significant

decrease in Trp levels in all parts of the CNS tested during CRI. They concluded that

kynurenines such as KYN and 3-OHK could be important mediators of neurological

dysfunctions seen in both uraemic animals and humans.29

University of St Andrews
W 10
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1.5 The Eye and the Kynuren ine Pathway

The kynurenine pathway is also attracting interest on account of the fact that certain

metabolites are involved in physiological processes in the eye (Fig. 1.1). Of the kynurenine

metabolites two in particular are reported to have significant effects on the eye.

(Fig. 1.1 The Eye Taken from http://webvision.med.utah.edu/imageswv/sagitta2.ipeg).

3-OHK is thought to be used in visual function as it is present in high levels and can absorb

UV radiation.43 In particular, along with its glucoside metabolites, it acts as an effective UV

filter in the lens of the eye to protect the retina from UV damage.44'45' 6 However, it has also

been reported that 3-OHK has a major role in lens opacification and the formation of senile

cataracts. This is a result of a complex autoxidative process producing radical species that

react with the crystallins.47'48'49'50'51 Significantly elevated levels of 3-OHK have been found

in the lens of patients suffering from cataracts, despite the lack of 3-OHK synthesising

enzymes present in the lens. It is thought to be synthesised in the iris and ciliary body where

the levels of synthesising enzymes are high, then released into the aqueous humour, from

where it is taken up by the lens for the process of metabolising the filters.

w£fjl University of St Andrews
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The second metabolite of interest is KA, it is reported that impairment to the biosynthesis of

KA in the retinas ofmice may be one of the mechanisms involved in the neurodegeneration of

the retina during ocular hypertension, a condition where the vitreous pressure within the eye is

increased on the outer skin, which in turn may lead to glaucoma. The synthesising enzymes

of KA are the aminotranferases KAT I and KAT II and studies have shown that both are

present in the rat inner retina.52 KAT I is in the Muller cell end feet and KAT II is in the

ganglion cell layer. It was also reported that KA exhibits a neuromodulatory function in

retinal growth.

'jjjfjj' University of St Andrews
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1.6 The Kynurenine Pathway and Pregnancy

Trp degradation as a result of increased IDO activation is typical of inflammatory reactions

and may even control their intensity. This kind of reaction is typical in normal third-trimester

pregnancy characterised by maternal systemic inflammatory response. This response is even

more pronounced when the mother is suffering from preeclampsia, a common complication of

second half of pregnancy. The presence of a placenta is required to cause the disorder and it

presents itself as the relative failure of uteroplacental circulation, resulting in oxidative stress

• ST
and reduced placental functionality. It was observed that the KYN to Trp ratio is increased

in normal pregnancy compared with that of nonpregnancy and this is typical of maternal

systemic inflammatory response. As mentioned above this response is enhanced in patients

with preeclampsia and therefore the ratio would be expected to be even larger. Indeed it was

reported by Kudo et al. that the opposite is true and that ratio is nearer that of nonpregnancy.53

This is due to the reduced expression of placental IDO during preeclampsia. As well as the

enzyme activity being suppressed in vitro, the actual level of IDO gene expression is reduced.

These results introduce the possibility that influencing the plasma concentrations of Trp may

prove useful in the design of novel therapies for preeclampsia.

feSfjj1University of St Andrews
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1.7 Toxoplasma gondii and the Kynurenine Pathway

Toxoplasma gondii is an obligate intracellular protozoan parasite of the sporozoa or

apicomplexa class.54 Typical of apicomplexan parasites, Toxoplasma gondii has an apical

complex during its life cycle, which is involved in locomotion. Toxoplasma gondii resides in

two types of hosts, definitive and intermediate, and can undergo two life cycles depending on

said host (Fig. 1.2).

•\

> Definitive
Hosts

J

~\

>

J

Horizontal transmission via oocysts
Horizontal transmission via tissue cysts
Vertical transmission via tuchy/.oites

Fig. 1.2 Transmission of Toxoplasma gondii between species

Modified from Tenter et al.,55

M University of St Andrews
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In cats, which are the definitive host, the life cycle is emierian, focussing on invasion of the

gut endothelium where it replicates both sexually and asexually. Following ingestion of the

parasitic tissue cysts/oocysts into the intermediate hosts, one of which is humans, the

parasite's replication is solely asexual and can take place in any cell. Cell invasion is

paramount for the parasites survival and is a prerequisite for replication, however, very little

is understood about the mechanism, although it is believed that the parasite controls the

process. The apical complex mentioned above is positioned close to the wall of the host cell

and this penetrates the host cell. Following cell invasion, replication occurs which in turn is

followed by cell lysis, releasing the extremely contagious tachyzoites (Fig. 1.3). A major

factor in the pathology of toxoplasmosis, the disease caused by the parasite, is the lysing of

infected cells.

Fig. 1.3 Cell invasion and replication of Toxoplasma gondii

Toxoplasmosis affects infants during pregnancy, patients who are immunodeficient such as

AIDS sufferers and patients taking immunosuppressant drugs, causing severe encephalitis,
f / en ro

pneumonia and retinochoroiditis. ' ' The replication of T. gondii is controlled by certain

cytokines. In immunocompetent hosts cell-mediated immunity of T. gondii infection is

induced early by interleukin-12 (IL-12) produced from macrophages, which is the natural

initiator of IFN-y. IDO is induced by mechanisms that are IFN-y-dependent and/or -

independent, this depends on the range of immune stimuli in mammalian extrahepatic
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tissue.59'60,61'62'63 As a result of IDO being the rate limiting step on the kynurenine pathway,

any changes to its activity are going to affect the rate of the whole pathway. Fugaki et al.

reported, in 2001, that following T. gondii infection, the activities of both lung and brain IDO

increase and as a result lung Trp levels are decreased, indicating an increased rate of Trp

metabolism. They also reported that as a result of infection there is a cross-regulation of

iNOS (induced nitric oxide synthase) and IDO in the antitoxoplasma mechanism.34

The synthesis of novel competitive inhibitors of various kynurenine metabolites is important

for the development of possible therapeutic moieties for the treatment of disease and also for

the clarification of their physiological capacity. This is highlighted by the fact that certain of

these metabolites demonstrate significant neurological activity.

University of St Andrews
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1.8 Kynureninase

1.8.1 Characterisation of the enzyme

Kynureninase (EC 3.7.1.3) is a PLP-dependent (pyridoxal 5'-phosphate) enzyme which

catalyses the p,y-hydrolytic cleavage of aryl substituted y-keto-a-amino acids. The two

substrates of the enzyme are L-kynurenine and 3-hydroxy-L-kynurenine which are cleaved to

give, anthranilic acid and 3-hydroxyanthranilic acid respectively, along with L-alanine

(Scheme 1.2).

Scheme 1.2

The enzyme has been isolated from mammalian (human,64 rat65 and porcine66 livers), fungal

(Neurospora crassa67) and bacterial (Pseudomonas fluorescens68'69 formerly known as

Pseudomonas marginalis) sources. The bacterial enzyme is made up of two subunits and has

a mass of 50,000 Daltons. It was originally thought that only one mole of pyridoxal 5'-

phosphate was bound for every mole of enzyme, however, this was later disproved by kinetic

evidence which showed that both subunits were catalytically active. Hence two moles of

pyridoxal 5'-phosphate are present, one bound to each of the subunits.70 Bacterial

kynureninase has since been purified and crystallised from P. fluorescens and a partial
/Q n i

sequence determined, ' although much more recently it has been fully cloned. Its

absorption spectrum was recorded and three maxima observed at 280, 337 and 430 nm.69 The
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maxima at 430 nm was due to the protein bound coenzyme (PLP) attached via a Schiff s base

moiety to a lysine residue.

The rat liver enzyme has also recently been cloned and expressed and the amino acid

sequence reported.73,74 The mammalian enzyme is also dimeric in structure with two identical

subunits which in the rat enzyme contain 464 amino acids ofmass 54 kDa.

The expression and isolation of a cDNA clone encoding for human kynureninase was reported

by Alberati-Giani et al., the clone was reported to have 1651 base pairs that encode a protein

of 456 amino acids with a mass of 52 kDa.75 When compared to the rat enzyme, the predicted

human enzyme shows high levels of similarity including a lysine residue (Lys276) for binding

the cofactor. Both enzymes catalyse the cleavage of 3-hydroxy-L-kynurenine faster than that

of L-kynurenine. The expression of human recombinant kynureninase was performed in

human embryonic kidney (HEK-293) cells and the kinetic data collected showed that the

human enzyme catalysed the cleavage of 3-hydroxy-L-kynurenine two hundred times as

efficiently as it did for L-kynurenine, with Km values of 13.2 pM and 671 pM respectively.

A more successful method for the expression of human recombinant kynureninase was

recently reported by our group, using a baculovirus/insect cell expression system (Chapter

3).76 This system has allowed the first detailed kinetic studies to be carried out on potential

inhibitors of the human enzyme. Detailed characterisation of the enzyme was possible due to

an optimised purification protocol being developed (Chapter 3).77 It had, as a homodimer, a

monomeric molecular weight of 52.4 kDa, which proved to be >99.9% of the predicted

molecular mass and an optimal pH of 8.25. This study conflicted with the results of Alberati-

Giani et al.,15 as it revealed that human kynureninase is specific to 3-hydroxykynurenine (Km

3.0 ± 0.1 pM) and in fact L-kynurenine proved to be an inhibitor of the human enzyme. At

University of St Andrews
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low concentrations it showed competitive inhibition and at high concentrations non¬

competitive inhibition. These findings are in stark contrast to the bacterial enzyme from

Pseudomonas fluorescens which catalyses the cleavage of L-kynurenine five times faster than

that of 3-hydroxy-L-kynurenine.

1.8.2 Mechanism of action

Until Koushik et al. recently proposed the mechanism shown below (Scheme 1.3), the mode

of action of kynureninase had always been in contention. Koushik, carried out a number of

detailed studies which, along with results provided from other groups, backed up the proposed

mechanism.78'7 As with other PLP dependent enzymes, the PLP coenzyme is bound through

the s-amino group of a lysine residue to the apoenzyme. Following binding of L-KYN to the

enzyme (13), a transaldimination reaction takes place whereby the lysine residue is replaced

by the L-KYN, which forms a Schiff s base with the coenzyme. The quinonoid intermediate

(14) of L-KYN, resulting from cleavage of the Ca-H on the Schiff s base, undergoes ensuing

protonation at the C-4' position of the PLP cofactor. This affords a ketimine intermediate

species (15), which is accompanied by reformation of the free base. The free base then

deprotonates a water molecule at the active site, creating a hydroxide moiety which attacks

the y-carbonyl, generating a tetrahedral gem-diolate intermediate (16). The loss of

anthranilate, from the cleavage of the P,y C-C bond, yields an aminoacrylate intermediate (17)

which undergoes reprotonation at the P-carbon. This gives the pyruvate ketimine

intermediate (18), a Schiffs base between the PMP and alanine. The next step in the

kynureninase mechanism is the rate determining step. It is the deprotonation of the pyruvate

PMP ketimine intermediate at the C-4' position, generating the alanine quinonoid intermediate

(19). This quinonoid undergoes reprotonation to yield the L-alanine external aldimine (20),

University of St Andrews p"<:-
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which in turn releases L-alanine. Kynureninase can react with the L-alanine to afford both the

alanine quinonoid and the external aldimine.

The evidence for the mechanism originated from studying the effects of isotopic substitution

and pH change on the steady and presteady state kinetics and also rapid-scanning stopped-

flow (RSSF) spectrophotometry of the reaction catalysed by the bacterial enzyme.78'79 RSSF

spectrophotometry implied that the formation of the L-kynurenine quinonoid intermediate

was a rapid reaction, with the intermediate absorbing at 494 nm. A single base is accountable

for all deprotonation and reprotonation occurring in the mechanism. Proof of this comes from

tests carried out on the pFI dependence of kcJKm for L-KYN and 3-OHK. The results

indicate a single pKa for the acidic limb, this is also backed up by Palcic et al. who detected a

• on

recycling of the a-H back to the C-a position on the L-alanine.
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Mechanism of action

2" + kynureninase

nh2 0 nh3

H2N—Lys

H,N

NHo

COOHy " H,N"
^>NH
PLP

(17)

.CO,- —a irg

H2N—Lys
CO,-

"—I#*"A I
PLP

(18)

CO,-

f"
PLP

H2N—Lys H2N
H> Arg
0O2- H2N

(13)

\ Arg

(16)

c\
H3N—Lys

CO,

H,N
Arg

I
H2N—Lys
HyJ H2N

HO

H3C

OH

"N
H

(19)

V-Arg
co2- H2N

H2N—Lys

X^C02-
^NH+ ^
tLP

(20)

L-Alanine

(Scheme 1.3)

o 1

Consistent with the Dunathan postulate, cleavage is favoured at the Ca-H position as a result

of the maximised overlap between the bond and the 7i-system of the cofactor. Kinetic isotope

effect studies on the mechanism showed that all steps leading to the formation of the pyruvate

ketimine intermediate (18) were in fast equilibrium, no kcJKm isotope effect was detected

upon reaction of L-KYN with the enzyme, in either D2O or H2O at varying pH's from 5.86 to

8.60. The studies also confirmed that the deprotonation of the ketimine intermediate, yielding

the alanine quinonoid moiety (19), was indeed the rate determining step, a large solvent

isotope effect (&cat= 6.56) detected when the reaction was performed in D2O. This step takes

place after the only irreversible step in the mechanism.
University of St Andrews
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The recent elucidation of the crystal structure of bacterial kynureninase (Chapter 1.7.7)

confirmed previous reports that there is a single free catalytic base. The Lys-227 residue

appears to be able to deprotonate and reprotonate at the different positions. The crystal

structure also revealed a conserved arginine residue, Arg-375, which is involved in substrate

binding via the carboxylate group.

The nucleophilic attack of the y-carbonyl during hydrolysis was originally thought to occur in

one of two methods; either by attack of an enzymic nucleophile, resulting in a two step

procedure shown below (Scheme 1.4), or by attack of a water molecule. It has since been

identified as the latter mechanism. Kinetic studies carried out by Phillips and Dua78 backed
• 80 • • • •

up the stereochemical studies of Palcic et al. providing evidence in support of this theory.

PMP off"
H CO

X
NH

k
PMP

H,0

Nu
° + yvU

EnzymeNH

Scheme 1.4

Much more recently the elucidation of the three-dimensional structure of kynureninase by
89

Momany et al. (see Chapter 1.8.3) provided yet more evidence that the mechanism of action

is indeed water mediated.

A prerequisite for the water mediated mechanism is the presence of a water molecule bound

to the enzyme within the active site in a position to assist the direct attack on the ketimine y-

carbonyl. The water is deprotonated by a catalytic base in the active site creating the
ICTSFI' University of St Andrews
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hydroxyl anion, which can attack the y-carbonyl and form the tetrahedral intermediate, the

ensuing decomposition of which yields the a-aminoacrylate intermediate and the anthranilate

(Scheme 1.5). Both diastereomers of dihydro-L-kynurenine proved to be potent inhibitors of

the enzyme,83 which in itself is evidence to support this mechanism and indicates that these

compounds mimic the gem-diolate intermediate. For this reason they act as transition state

inhibitors since the tetrahedral intermediate can be thought of as a model for the transition

state structure.

0 -oo IOI
^nh

+ -f-•nh3

c
h-oh

-co;

PMP

Enzyme

nh

PMP

BH

Enzyme

h co;

o- + M0 + H NH

3 ^PMP
BH+

Ehtzymg''

Scheme 1.5

Bild and Morris carried out various trapping experiments, which confirmed the formation of

the a-aminoacrylate intermediate throughout the kynureninase reaction.84 Enzymatic

hydrolysis of L-kynurenine in the presence of benzaldehyde generated the y-hydroxy-a-L-

amino acid, 4-phenylhomoserine (Scheme 1.6). This reaction proved stereospecific with only

the (4R,2S) isomer being formed. Further reactions carried out with aryl and alkyl aldehydes

showed that the reaction is specific to aromatic aldehydes, implying that they are bound in the

active site in place of the aromatic ring of the substrate.
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The lifetime of the a-aminoacrylate intermediate is long enough for it to react with the

aldehyde after the anthranilate left the active site. Upon saturation with benzaldehyde the

enzyme was inactive and no reaction was observed, also when L-alanine was used as a

precursor to the aminoacrylate intermediate the reaction only proceeded at 1 % of that using L-

kynurenine as precursor.

1.8.3 Crystal structure of kynureninase

The latest major breakthrough in kynureninase research came last year, when Momany and

Phillips successfully obtained the 3-dimensional crystal structure of kynureninase from

Pseudomonas fluoresceins}2 It was shown from aligning its sequence with other PLP-

dependent enzymes that kynureninases belong in a group of aminotransferases. Subgroup

IVa, also consists of the other aminotransferases nifS, CsdB and serine-pyruvate

aminotransferase. The inclusion of kynureninases in this subgroup suggests that they contain

Enzyme

PLP

Scheme 1.6
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an aminotransferase fold. It was also shown that there is a high level of homology between

the different bacterial and eukaryotic kynureninases.

The three-dimensional crystal structure of the enzyme solved to 1.85 A. The biologically

active form of kynureninase is a homodimer (Fig. 1.4) made up of two identical asymmetric

monomer units each comprising of two domains, and each with its own PLP cofactor unit.

Fig. 1.4 The three-dimensional crystal structure of the kynureninase homodimer82

The monomer of the enzyme (Fig. 1.5) with the PLP situated in its pocket within the folds of

the large domain bound in via Lys-227 to the loop present between the large and small

domains.

University of St Andrews
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Fig. 1.5 The three-dimensional crystal structure of the kynureninase monomer82

All PLP dependent enzymes in the aminotransferase family have an aspartate residue in close

proximity to the PLP nitrogen. Kynureninases are no different and in fact have two strictly

conserved aspartate residues in the PLP-binding site, namely Asp-201 and Asp-132, both of

which are approximately equidistant from the PLP nitrogen. The short distance, along with a

significant electron density, observed between the two aspartate residues indicates the

presence of a hydrogen bond.

University of St Andrews
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His-204-

Fig. 1.6 The substrate binding site of kynureninase82

The oxygens of the phosphate are surrounded by several hydrogen bond donors (Fig. 1.6),

Trp-256 and Thr-282 surround one, Ser-98 and Thr-96 the second and Tyr-226 and Thr-97

provide the H-bonds to the third. Of these residues only Trp-256 and Tyr-226 are strictly

conserved. Many PLP-dependent enzymes stabilise the phosphate negative charge via an

ionic interaction to another residue, for example a histidine. Kynureninase, however, lacks

such basic residues in the area surrounding the phosphate and therefore must rely on a helix

dipole to stabilise this charge.

The results obtained by Momany et al. confirmed the previous work carried out on the

mechanism of action using both steady-state and pre-steady-state kinetics. There is only one

catalytic base required for the multiple proton transfers throughout the reaction. It also

showed that the most likely residue for the base is the Lys-227 due to the fact that it requires

large amounts of dexterity throughout the reaction. It first must deprotonate the a-carbon of

the kynurenine external aldimine, then reprotonate at C-4' of the quinonoid intermediate.

University of St Andrews
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Following this it aids water in its attack of the y-carbonyl of the ketimine intermediate

forming the gem-diolate. Protonation of the P-carbon of the enamine and final shuttling of the

proton at C-4' back to Ca to give the alanine external aldimine finally complete its mission.

The crystal structure also confirms the presence of the Arg-375 as a substrate binding residue

which binds the substrate with the amino group toward the PLP Lys-227 Schiff base ready for

external aldimine formation.

1.8.4 Stereochemistry of the kynureninase reaction

Palcic et al. determined that the replacement of the anthranilyl group by hydrogen takes place

stereospecifically.80 Studies were carried out on the conversion of .S'-[2-3H]kynurenine to

alanine in D2O in order to establish the stereochemical course of the kynureninase reaction.

<S-[2-3H]Kynurenine, which is tritiated at the P-carbon, was prepared in situ from (2.S',3.S')-[3-
"7

t

H]tryptophan. This was carried out under conditions, which prevented enolisation of the

isotopically labelled stereogenic centre. Diazotisation and dichromate oxidation of the

alanine product yielded acetic acid with a labelled methyl group. Stereochemical studies

showed that reaction occurred with retention of configuration, the proton adding to the same

side from which the anthranilate leaves (Scheme 1.7).

lena?
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OH

H

COOH

Scheme 1.7

It was also found that the tritium was distributed between the a- and p-carbons of alanine.

This implies that the a-hydrogen of kynurenine was recycled during the reaction and this

along with the retention of configuration supports the single base mechanism of the reaction.

1.8.5 Substrate specificity

The propensity of certain analogues of L-kynurenine to p,y-hydrolytic cleavage by bacterial

kynureninase was studied in order to elucidate the structure and mechanism of action of the

enzyme. Tanizawa and Soda reported that introducing hydroxyl- or methyl- functionality to

the aromatic ring decreased the reactivity towards the enzyme, whereas analogues substituted
• • 85with fluorine showed increased susceptibility to hydrolysis (Table 1.1).

University of St Andrews
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Relative reactivities of kynurenine analogues.885

0 COOH
11 JUH O COOH

I] Y nh2 XX NHz
OH ^^NH2

(8) (21)
18.7 1.2
0 COOH O COOH

YX^H2F^^NH2

(22) (23)
63.5 91.2
O COOH OH COOH

1 1

(X NHzV^-NH2

(24) (25)
2.7 65.1
O COOH
II 1 O COOH

TT nh* rx^
CMXz

/> ^^NHCHO

(26) (6)
0.8 14.9

Table 1.1

aRelative reactivities are expressed as amounts of alanine produced when examined with

kynureninase from Pseudomonas fluorescens.85
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A qualitative examination of the relative hydrolysis rates for each analogue indicated possible

inductive effects by meta- substituents and both inductive and resonance effects by ortho-

substituents.86 The low reactivities of A-formyl-L-kynurenine and desamino-L-kynurenine

(24) implied that the ortho-amino plays a major role. The absence of the amino functionality

does not notably change the affinity of desamino-L-kynurenine for the enzyme, as indicated

by a low Km value. It does suggest that the amino group enhances the susceptibility to

hydrolysis, whilst at the same time not reduce binding to the enzyme. The hydrolysis of the

dihydro-L-kynurenine analogue (25), to L-alanine and o-aminobenzaldehyde, indicates that

the y-carbonyl group is not essential for reactivity, however, the dihydro analogue reported by

Tanizawa and Soda had an unknown diastereomeric composition. An ensuing report by

Phillips and Dua gave details on the synthesis of the compound, and its chiral resolution.83

The two diastereomers, (4Z?,2<S)-dihydrokynurenine and (4tS',2A)-dihydrokynurenine were then

individually examined in their reactions with bacterial kynureninase. The 4R isomer

underwent hydrolysis whereas the 4S isomer showed no significant reactivity in the presence

of the enzyme. However, both diastereomers proved to be competitive inhibitors of the

enzyme with Kj values of 0.3 pM and 1.3 pM respectively and these findings support the

hypothesised general base mechanism for the enzyme involving the formation of the gem-

diolate intermediate (Section 1.7.2).

It is also possible to synthesise P-substituted kynurenines, which behave as subtrates as well
on

as inhibitors, such as the diastereomers of P-methyl-L-kynurenine. These were synthesised

from their respective tryptophan precursors (29) (which had been enzymatically resolved) by

ozonolysis. Upon reaction with kynureninase the (25',35)-erv//iro-P-methylkynurenine (27)

was a slow substrate for the enzyme, showing a thousand-fold decrease in activity. The

(25',3^)-t/ireo-P-methylkynurenine (28) showed no reaction with the enzyme when analysed

'KS' University of St Andrews
W 31



Gareth D. Knight

by UV, however, a small amount of reactivity was observed using a fluorescence assay. The

reaction of the enzyme with the p-methylkynurenines is extremely specific for the erythro

analogue, which proceeds 390 times faster than the threo.

COOH

1.8.6 Kynureninase in organic synthesis

The use of kynureninase as a synthetic tool was studied in a report by Ida et al. and was

initially prompted by the enzymatic synthesis of 4-phenylhomoserine from the cleavage of L-
oo

kynurenine. The study reported a transaldol reaction using several aldehydes, both aromatic

and heteroaromatic (Table 1.2) to give their respective y-hydroxy-a-L-amino acids in low to

moderate yields. Although mixtures of diastereomers were formed the reaction was

stereoselective for the formation of the (4R,2S) isomer. The diastereomeric excess exhibited

for the majority of isomers was in excess of 90%.

As mentioned earlier excess levels of benzaldehyde caused inactivity of the enzyme, and as

all the above reactions were carried out with excess aldehyde, this could account for the poor

yields, and hence, affect the synthetic viability of the enzyme catalysed reaction.

Of the substrates studied, those that reacted contained a sp2 or sp hybridised carbon centre at

the a-position. The aromatic aldehydes that failed to react all contained sp3 hybridised

carbons, which hindered the ability for binding to the active site. A few aldehydes with sp2

centres did fail to react namely cinnamic aldehyde, l-methylindole-3-carboxaldehyde and

;?-dimethylaminobenzaldehyde.
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Aldehyde
Diastereomeric Ratio

R/S
% yield

o

fl H 96:4 46

0
n

. (/H 96:4 69
T
OMe

0
ii

in H 96:4 50

O

Jfi H 88:12 52

O2N^^
0

o^H 63:37 20

0

Jl
&FH 95:5 46

0

e, Jl
1/ H

96:4 55

Table 1.2
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1.8.7 Inhibiting kynureninase

The potential treatment of neurological diseases, via modulation of the kynurenine pathway,

requires inhibition studies to be carried out in conditions that emulate those in vivo. In

general, early testing was carried out using the bacterial enzyme from the bacteria

Pseudomonas fluorescens, however, these studies were far from perfect because the bacterial

and mammalian forms of the enzyme are specific to different substrates, bacterial

kynureninase being specific to L-kynurenine and the mammalian form specific to 3-hydroxy-

L-kynurenine. Studies on the mammalian form initially used the rat enzyme because of the

lack of human recombinant kynureninase available for extensive testing. Recently, however,

the human enzyme has been successfully isolated and expressed both in this lab (see Chapter

3).77

The majority of early work carried out on kynureninase was based on the knowledge that, as it

acts on both kynureninase and kynurenine-3-hydroxylase, kynureninase is essential in the

modulation of the kynurenine pathway. It is this reason that makes it a target for possible

therapeutic treatment of neurological diseases, namely by synthesising analogues of

kynurenine as potential inhibitors. These inhibitors compete with the substrate at the active

site of the aforementioned enzyme, hence blocking any reaction from occurring.

The first inhibitor of kynureninase, reported in the 1960's, was nicotinylalanine. Despite this,

serious inhibition studies only started in the 1980's due to its potential as a possible drug.89

Kynureninase is one of very few specialised PLP dependent enzymes, which differ from

others in that they catalyse reactions resulting in electrophilic displacement at their (3-carbon.

Other enzymes that perform in this manner include L-aspartate (3-decarboxylase and L-

selenocysteine P-lyase.

lCT=ial
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The research into P-substituted amino acids as possible inhibitors of kynureninase was

prompted by the discovery that p-chloroalanine inhibited the enzyme L-aspartate P-

decarboxylase. A number of compounds were tested and found to be inhibitors of

kynureninase, namely P-chloroalanine, L-serine-O-sulfate (31), O-acetyl-L-serine and S-(o-

nitrophenyl)-L-cysteine (32). Of these the most potent proved to be the latter with a Kx of 0.1

mM. Possible strong interactions between the aromatic ring and the enzymes active site was

thought to be the reason for this low value.

O COOH 0 COOH COOH
...

H
nh,<"nh,

no2

(30) (31) (32)

The product of the P-elimination reaction, catalysed by kynureninase, yields an

aminoacrylate-PLP complex, which, following attack on its P-carbon results in a covalent

bond inactivating the enzyme (Scheme 1.8).

Enz

Scheme 1.8

As mentioned in Chapter 1.8.2 the mechanism of action for the kynureninase reaction

involves the formation of a gem-diolate intermediate, which can be used as a model for the

'ESS University of St Andrews
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transition state. The ge/w-diolate, or oxyanion, is a high-energy species and hence very

unstable, more so if a good leaving group is present.90 This has fuelled the design, and

ensuing synthesis, of compounds known as transition state analogues, which, although being

structurally similar to the transition state, are chemically stable and hence are potentially

potent competitive inhibitors.

The two dihydrokynurenines reported by Phillips and Dua (see Section 1.8.5) are an example,

with both isomers showing inhibition. The (4i?,2<S) isomer proved the weaker of the two and

also showed substrate activity, undergoing the retro-aldol cleavage to give o-

aminobenzaldehyde. Conversely the (4S,2S) isomer was much more potent an inhibitor and

showed no substrate activity.

Further studies involving the synthesis of analogues of the tetrahedral intermediate, included

several S-aryl-L-cysteine SVS-dioxides which also showed inhibitory properties.70 Four such

compounds were tested for activity, namely S-phenyl-L-cysteine (33), 5"-(2-aminophenyl)-L-

cysteine (34), S-phenyl-L-cysteine S^S-dioxide (35) and ,S'-(2-aminophenyl)-L-cysteine S,S-

dioxide (36). The results of testing gave K\ values of 700 pM, 3.9 pM, 2.5 pM, and 70 nM

respectively. These figures show that oxidation at the sulfur increases potency 180 fold,

incorporation of an o-amino group increases potency 280 fold and both functionalities

together result in a massive 10000 fold increase in potency.

jjaS
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COOH
H

NH,

COOH

'2

(33) (34)

O COOH O COOH

ryH4
^nh2

(35) (36)

Phillips also reported in a later publication that brominated aryl cysteine analogues were less

potent inhibitors.91

The presence of functionality in the 3 or 5 positions on the aromatic ring also increases

potency. The synthesis of analogues of 2-amino-S-phenyl-L-cysteine S^S-dioxide, with extra

functionality in these positions was reported in 1998 by Drysdale and Reinhard.92 The three

compounds synthesised had 5-methyl, 3-fluoro and 3-methoxy substituents on the aromatic

ring and when tested against the mammalian (rat liver) enzyme they proved to be strong

selective inhibitors with IC50 values of 11, 20 and 29 pM respectively.

Other compounds synthesised as mimics for the tetrahedral transition state have included

phosphinic acid based analogues and fluoroketones (37-40). The phosphinic acid based

moieties were synthesised at St Andrews by previous group members using the procedure

developed by Vederas via the Cbz-protected (3-lactone.9 '94 These analogues exhibited

competitive inhibition against kynureninase but with low affinities. Reasons for this could be

the effect of pH and the formation of the phosphinate anion, giving destabilising interactions

between the phosphinate and other groups present at the active site. Upon replacement of the

negatively charged species with the methylphosphinate, binding in the active site was

observed to increase fivefold.

University of St Andrews
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Fluoroketones were studied back in 1989 and were frequently used as mimics for the

tetrahedral transition states in protease reactions, as they are hydrated in aqueous media to

form the gem-diol. The difluoroketone, p,P-difluorobenzoylalanine (37) has been synthesised,

although it has yet to be tested against kynureninase.95 In aqueous solution the compound is

present primarily as the hydrate and hence behaves as an analogue of the transition state.

(37) (38)

0 COOH

(39)

0 COOH

(40)

Detailed studies on inhibition values comparing both the human and bacterial enzyme were

recently carried out, within this group, as a result of the successful expression of recombinant

human kynureninase using a baculovirus/insect cell system.76 A number of bicyclic

analogues (41-44) were tested against both human and bacterial enzymes and their K\ values

reported (Table 1.3). The hypothesis behind researching bicyclic analogues was that upon

binding in the active site hydrolytic cleavage would occur, but the alanine species would still

be linked to the aryl group via a covalent bond at the 2 position, hence preventing release

from the active site and increasing inhibition (Scheme 1.9).

Scheme 1.9
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All analogues proved to be competitive reversible inhibitors of the enzyme and it was also

found that by altering the size of the second ring the K\ values are affected. Altering the size

from a six to a five membered ring reduced the K\ value fivefold. The flexibility in

conformation is thought to be the reason for a decrease in binding, particularly if only one

conformer has the correct fit in the active site.

Of the four analogues, only the chromanone (42) analogue showed a lower value for the

human enzyme than the bacterial. This is possibly due to the extra oxygen atom being in a

similar position to that of the OH oxygen in 3-hydroxykynurenine, the natural substrate for

the human enzyme, allowing additional hydrogen bonding interactions.

The naphthyl analogue (44) proved the best inhibitor of the four tested and these results

indicate further binding capabilities within the active site, with the possibility of a

hydrophobic pocket which binds the extended aromaticity of the naphthyl functionality. The

K\ value for each inhibitor can be halved, because of the synthesis yielding racemic products

with only one isomer, the S-isomer, likely to be recognised at the active site of the enzyme.

Further studies have involved analogues, which are non-specific, meaning they also inhibit

other enzymes along the kynurenine pathway. These included various benzoyl alanine

compounds substituted in different positions on the aromatic ring. The analogues were tested

as inhibitors of the rat liver kynureninase and the poorest inhibition was found for the para

substituted analogues whilst the most potent inhibitor was o-methoxybenzoylalanine. m-

Nitrobenzoylalanine was slightly less potent than the methoxy derivative and they had IC50

values of 120 pM and 3 pM respectively. In vivo testing of the latter two analogues resulted

in anticonvulsant properties, probably as a result of increased levels of kynurenic acid.76
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Compound Bacterial

Jfj/pM
Human

KJyiM
0 COOH
U 1

fYi NHj
170 ±24 227 ± 47

(41)
0 COOH

NHz
162 ±31 77 ±23

(42)

rrlr°H
34.9 ± 10 45 ± 12

(43)
0 COOH

MA 5 ± 2 22 ±6

(44)

Table 1.3
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Taking into consideration that human recombinant kynureninase is specific to 3-

hydroxykynurenine and not kynurenine, it can be assumed that the 3-hydroxyl group plays a

key role in this specificity.

One of the aims of the research in our group is to look into altered functionality at the 3-

position of the aromatic ring to see what effect it has on inhibition and hence elucidate

binding interactions at the active site.

As mentioned above the naphthyl analogue proved to be a potent inhibitor of bacterial

kynureninase and a fairly good inhibitor of the human form of the enzyme. It is thought that a

hydrophobic pocket exists within the active site to accommodate this larger aromatic moiety.

Another interest is to probe the extent of this putative hydrophobic pocket with larger

analogues and try to exploit this interaction in the design ofmore potent inhibitors.

The idea of transition state mimics has been particularly important in the successful design of

potent inhibitors of the peptidase enzymes.96,97 The underlying principle behind this approach

to the synthesis of transition state mimics is the understanding that additional and more

favourable binding interactions occur between the enzyme and its substrate in forming the

transition state conformation. Such interactions, which are absent in the ground-state

complex, help to lower the activation energy for the reaction, thus playing a key role in the

enzymatic rate enhancement. It is possible to utilise the binding interactions by incorporating

key structural elements into the structure of the stable transition state analogues.

University of St Andrews
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Numerous options are open to us in the design of transition state mimics, a few being the

replacement of the y-carbonyl functionality with either phosphorous, sulfur or hydroxyl

functionalities.

Phosphorous compounds in particular phosphinates should be ideal as transition state mimics.

Like the transition state, they contain two oxygen atoms in the same tetrahedral configuration.

The C-0 bond length in the transition state is thought to lie roughly halfway between the bond

lengths of C-O and C=0. The P-0 bond is also at this intermediate length and as a result,

phosphinates should bind very tightly to the active site if the compounds do indeed act as

mimics of the transition state.

Previous work in the Botting group on transition state analogues for kynureninase focused on

the phosphorous-based analogues. The result was the synthesis, and testing, of phosphinic

acid and methyl phosphinate derivatives. Exhibiting respective K\ values of 4.28 ± 0.1 and

0.88 ± 0.05 mM they both proved to be weak competitive inhibitors of the enzyme binding

less tightly to the enzyme than the substrate. The difference in inhibitory properties between

the two was attributed to the fact that, during reaction at the active site, pH levels create a

negatively charged phosphinic acid species, which has a destabilising effect on other groups

in the active site. Replacement with the methyl phosphinate species removes the negative

charge and the destabilisation allowing tighter binding and better inhibition.

O COOH COOH OH COOH
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O COOH

(39)

Replacing the y-carbonyl functionality with y-hydroxyl functionality instantly mimics the

transition state and prevents attack by the water-mediated mechanism by removing the active

carbonyl functionality. The inhibitor binds in at the active site and does not undergo

hydrolytic cleavage, hence the reaction goes no further. A number of analogues were

examined with reduced carbonyl groups for this reason. Table 2.2 shows a number of

previously synthesised transition state analogues with y-hydroxyl functionality and their Kj

values following testing with the human recombinant enzyme.

Compoun
d

OH COOH

Cr^
(46)

OH COOH

(Y^
OH

(47)

OH COOH

OMe

(48)

OH COOH

(49)

OH COOH

0ANH!
OH

(50)
K{ Value
for

Human

Enzyme

79 pM 100 nM 240 nM Synthesised but
no Kj Value

66 pM

Table 1.4: Previously synthesised y-hydroxyl analogues and their inhibition values.
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The synthesis of transition state analogues with sulfur functionality and their subsequent

testing has been reported in the literature, in 1993 Phillips and Dua synthesised a group of S-

aryl-2,S,-cysteines along with their respective 5,5-dioxides with functionality in the 2 and 4

positions of the aromatic ring as potential kynureninase inhibitors.70 The most potent of these

compounds, 5'-(2-aminophenyl)-25'-cysteine ^-dioxide (51), having a K\ = 70 nM. Later in

1998 Drysdale and Reinhard reported the synthesis of more SVS-dioxides again with
• Q?

functionality in the 2 and 4 positions of the aromatic ring. These results suggested that the

sulfone functionality might be generally useful in the design of inhibitors for enzymes, which

proceed via hydrated tetrahedral intermediates. All previous tests on these analogues have

used either the bacterial form of kynureninase from Pseudomonas fluorescens or the rat liver

mammalian form of the enzyme.

O COOH

^nh2
(51)

Ieqei1
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2 Results and Discussion

2.1 Targets for Synthesis

The aim of this project was to synthesise both mono- and bicyclic analogues of 3-

hydroxykynurenine (52, 53, 54, 56, 57), their respective y-hydroxy derivatives (58-62), and a

number of S,^-dioxides (63-65), all in their racemic forms for testing against human

recombinant kynureninase.

Building on previous work carried out in this group, we were to investigate further the

requirement for a hydrogen bond donor group at the 3 position of the aromatic ring, for

increased inhibition.

O COOH

xs

(52) (53) (54)

We were also interested in whether the size of the aromatic ring had an effect on inhibition,

for example did the reduction from a 6-membered ring to a 5-membered ring affect inhibition.

As mentioned previously (Section 1.8.7), the naphthalene analogue (44) showed good

inhibition against both bacterial and human forms of the enzyme. Previous work in the group

proved that 3-hydroxy desaminokynurenine (55) was extremely potent as an inhibitor of

human kynureninase consequently it was decided to combine both functionalities with the aim

of synthesising a potent competitive inhibitor of human recombinant kynureninase.
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It was also decided to investigate further the putative hydrophobic pocket in the active site of

the enzyme by synthesising a biphenyl analogue.

Another main objective was the synthesis of several transition state analogues, which were

more specific to the human form of kynureninase. One method was to reduce the y-carbonyl

group for each of the above analogues to give five novel transition state analogues.

As mentioned previously, synthesis of S-aryl cysteines and their ^-dioxides yielded

analogues with functionality in the 2 and 4 positions of the aromatic ring. It was our aim to

synthesise S-aryl cysteine 5,^-dioxides as transition state analogues with functionality in the 3

position of the aromatic ring, due to the specificity of human recombinant kynureninase for 3-

M University of St Andrews
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hydroxykynurenine and also to introduce the naphthyl functionality into transition state

analogues.

Oj ;0 ?OOH Os ,0 ?00H o5 ;0 ?OOHS^NH2 jJ^^S^^NH2 ^jj^j/S^/^NH2
OH NH2

(63) (64) (65)
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2.2 Synthetic Routes to racemic analogues of

3-hydroxykynurenine

2.2.1 Literature Synthesis

Literature studies reveal several synthetic routes for the synthesis of novel analogues of

kynurenine.1'2 However, one reaction many have in common is the substitution of an a-

haloarylketone with the carbanion from diethyl acetamidomalonate. The diethyl

arylacetamidomalonate product is hydrolysed and decarboxylated to afford the amino acid

product in its racemic form (Scheme 2.1).

O COOEt 0 COOH
COOEt
NHAc

Scheme 2.1

Pellicari et al. reported the synthesis of several benzoylalanines, as inhibitors of both

kynurenine and kynurenine-3-hydroxylase.1 Reaction of the appropriate a-bromoketones with

the anion of acetamidomalonate, preformed by reaction with sodium hydride in dry DMF,

followed by acid hydrolysis, yielded the hydrochloride salts of the o-methoxy-, o-nitro- and

m-nitrobenzoylalanine analogues.

Similar techniques were used by Varasi et al. in the synthesis of inhibitors of KAT, another

enzyme on the kynurenine pathway. The a-chloroacetophenones were derived from their

substituted anilines under using Houben-Hoesch conditions. Following this, reaction with the

acetamidomalonate anion and acid hydrolysis yielded the racemic kynurenines (Scheme 2.2).

ijkfjg University of St Andrews
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O O COOEt O COOH

1) BCI3.AICI3, CICH2CN; 2) DAAM, NaH, DMF; 3) HCI

Scheme 2.2

In contrast, Muirhead's synthesis of the bicyclic analogue, was reported with a number of

different synthetic routes.3'4 The reaction between a-bromochromanone (66) and the glycine

equivalent (O'DonnelTs reagent)5 and subsequent acid hydrolysis proved the highest yielding

of the synthetic routes attempted (Scheme 2.3).

O O COOMe O COOH

(66) (67) (68)
1) LDA, Ph2CNCH2C02Me; 2) HCI/THF

Scheme 2.3
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2.2.2 General synthetic strategy

The strategy used for the synthesis of analogues of 3-hydroxykynurenine as inhibitors of

human recombinant kynureninase was based on that of Pellicari et al. (Scheme 2.4).

[- o 1 o

JU— Ar'

O COOEt 3 O COOH
Jl DCOOEt J1 1'^^NHAc Ar NH,

1) CuBr2,EtOAc/CHCI3; 2) DAAM, NaH, DMF; 3) 6M HCI, 1,4-dioxane

Scheme 2.4

The diethyl acetamidomalonate anion was preformed by treatment with sodium hydride in dry

DMF at 0 °C. The anion subsequently displaces the bromine functionality of the a-

bromoarylketones to form the arylketone acetamidomalonate moiety, which under treatment

with HCI in dioxane yields the amino acid product. Not all a-bromoarylketones are

commercially available and some require synthesis from their respective aryl methyl ketones

by refluxing with cupric (copper (II)) bromide in a 1:1 mixture of chloroform and ethyl

acetate. Cupric bromide is used as a brominating agent as it is selective to the methyl ketone,

preventing bromination on the aromatic ring. The 50:50 mix of ethyl acetate and chloroform

is used to optimise yields, using either one or the other affords the desired product but in

lower yields.6

ihbet University of St Andrews
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2.2.3 Synthesis of thiophene analogues

The synthesis of the thiophene analogue of kynurenine followed the synthetic route shown

below (Scheme 2.5) and since the 3-(a-bromoacetyl)-thiophene is not commercially available,

it was synthesised by selective bromination of 3-acetylthiophene in 84% yield. The

acetylthiophene was heated to reflux in the presence of cupric bromide with ethyl acetate and

chloroform as co solvents. Following reaction, the mixture was cooled and filtered to remove

the copper salts, then decolourised. The solvent was removed to afford the product as a white

powder. The 'H NMR spectrum yielded a singlet at 4.33 ppm attributed to the brominated

methylene group slightly downfield of the CH3 singlet of the starting acetylthiophene. The

mass spectrum showed peaks at 206 and 204 m/z units of equal intensities, as is to be
O 1 "7Q ( t

expected for the two Br and Br isotopes in a monobrominated species.

OO O COOEt O COOH

(69) (70) (71) (54)
1) CuBr2, EtOAc, CHC1,; 2) NaH, DAAM, dry DMF, 0°C-RT; 3) 6M HCI, 1,4-dioxane

Scheme 2.5

Coupling of the a-bromothiophene to diethyl acetamidomalonate yielded the arylketone

acetamidomalonate in 34% yield. This is usually the lowest yielding step in the pathway.

The anion of DAAM was formed, as mentioned previously, as a solution in redistilled DMF

with NaH at 0 °C for three hours. The anion was added to a solution of the bromide slowly

over an hour-long period, with stirring, to avoid solidification. Purification by column

chromatography afforded a viscous oil. Signals were present in the 'H NMR spectrum at

1.21, 1.95 and 4.15 ppm due to the ethyl ester, amido methyl, and P-CH2 protons respectively,

feS' University of St Andrews
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the latter having shifted further upfield of the equivalent protons in the starting bromide.

Mass spectrometry produced a molecular ion peak at 364 m/z units, equivalent to [M+Na]+.

The amino acid was then formed in 91% yield following hydrolysis and decarboxylation of

the malonate moiety, in 6M HC1 with 1,4-dioxane as a cosolvent to aid in dissolution of the

starting material. The reaction mixture was heated under reflux for a period of six to eight

hours to yield the desired HC1 salt of the amino acid, as a white solid, without the need for

further purification. The reaction was confirmed by mass spectrometry and NMR

spectroscopy, with a molecular ion peak at 200 m/z units equivalent to [M+H]+, and

resonances at 3.90 and 4.30 ppm (doublet and triplet) attributable to the P-CH2 and a-CH

protons respectively. The purity was confirmed by elemental analysis.

2.2.4 Synthesis of biphenyl analogues

The synthetic route for the biphenyl analogue was similar to that for the thiophene analogue

(Scheme 2.6). The only difference being that the bromide is commercially available, and

therefore the first step is not required.

O O COOEt O COOH

oomst—OO^-h
(72) (73) (56)

I) NaH, DAAM, dry DMF 0°C-RT; 2) 6M HCI, 1,4-dioxane

Scheme 2.6
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As for with the thiophene analogue, a solution of the acetamidomalonate anion was preformed

in redistilled DMF with sodium hydride at 0 °C for three hours. The solution was then added

to a solution of the bromide (a-bromoacetylbiphenyl) (72) also in redistilled DMF, warmed to

room temperature and stirred overnight. The product was purified using column

chromatography to afford a viscous oil in a 42% yield. Resonances in the 'H NMR spectrum

at 1.20 and 1.85 ppm were observed for the protons of the ester and acetamido methylene

groups, respectively. A singlet and a quartet were observed at 4.25 and 4.27, respectively for

the (3-CH2 and ester CH2 protons.

The molecular ion peak at 412 m/z units ([M+H]+) confirmed the structure further.

The acetamidomalonate was deprotected and decarboxylated in 78% yield to give the free

amino acid product. NMR spectroscopy and mass spectrometry confirmed the structure and

purity was determined by elemental analysis. Resonances were observed as doublet and

triplet, respectively, at 4.15 and 4.50 ppm attributable to the P-CH2 and a-CH protons. The

molecular ion peak equivalent to [M+H]+ appeared at 270 m/z units.
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2.2.5 Synthesis of /m-nitro desaminokynurenine

A previous synthesis of the (m-nitrobenzoyl)alanine was reported by Pellicciari et al. in 1994,

the synthetic route used was the same as mentioned previously for the thiophene and biphenyl

analogues.

O O COOEt o COOH

no2 no2 no2

(74) (75) (53)
1) NaH, diethyl acetamidomalonate; dry DMF, 0 "C-RT; 2) 6M HC1, 1,4-dioxane 1:1

Scheme 2.7

Condensation of the m-nitrophenacyl bromide (74) with the preformed anion of diethyl

acetamidomalonate in DMF overnight, at room temperature, proceeded in 40% yield.

Analysis by 'H NMR gave resonance peaks 1.30 and 1.90 ppm attributable to the methylene

protons of the ester and acetamide groups respectively. Further peaks at 4.30 and 4.35 ppm

correlated to the P-CFh and ester CH2 groups respectively. The mass spectrum gave a

molecular ion peak at 381 m/z units attributable to [M+H]+.

The deprotection and decarboxylation of diethyl (m-nitrophenacyl)acetamidomalonate

proceeded in 83% yield to afford the free amino acid as a white solid. Structure determination

by 'if NMR spectroscopy yielded peaks at 4.05 and 4.50 ppm, which correlated, to the P-CH2

and a-CH groups respectively. The molecular ion peak in the mass spectrum was observed at

239 m/z units and was attributed to [M+H]+.

'Jjgfjj1 University of St Andrews
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2.2.6 Synthesis of aminobenzoyl alanine analogue

The (m-aminobenzoyl)alanine (52) should be readily accessible following the reduction of the

nitro functionality. The reduction was attempted in a number of different ways, with varying

success.

O COOEt

^A^rcooB
NHAc

(75) (53)
1) NaH, diethyl acetamidomalonate; dry DMF, 0°C-RT; 2) 6M HC1, 1,4-dioxane 1:1;

3) SnCl, HCI, Ethanol.

(52)

Scheme 2.8

The first attempt at reduction of the nitro functionality was carried out in glacial acetic acid in

the presence of activated zinc dust. The mixture was stirred at room temperature overnight

then filtered through celite to remove the zinc. The solvent was removed under reduced

pressure to yield a white solid. Analysis of the product by mass spectrometry showed a

molecular ion peak correlating to [M+H]+ at 209 m/z units, which indicated that, the reaction

had proceeded successfully. However, the product was heavily contaminated with inorganic

salts. Attempts to remove the salts via recrystallisation, column chromatography (reverse

phase and cellulose) and dissolution and coevaporation all proved futile and therefore another

route was sought after.

The second method attempted was hydrogenation in the presence of a palladium catalyst,

namely 5% palladium on carbon. (m-Nitrobenzoyl)alanine was thus dissolved in aqueous

'ESS' University of St Andrews
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methanol and the palladium catalyst added. The entire mixture was placed in an autoclave

and after degassing, was pressurised to twenty bar with hydrogen. The mixture was stirred for

seventy two hours after which time the pressure was normalised and the palladium removed

by filtration. The solvent was removed under reduced pressure to afford a white product,

which on analysis proved to be unreacted starting material.

Finally, the nitro functionality was reduced successfully to the amine using tin dichloride in a

9:1 solution of concentrated hydrochloric acid and ethanol.

The m-nitrobenzoyl alanine was dissolved in the ethanolic acid and stirred at 30 °C, to this,

the tin dichloride was added and the mixture left to stir for 48 hours. After cooling the

mixture was filtered to remove any solid tin residue, the solvent was then removed under

reduced pressure to yield the product as an offwhite solid.

Analysis by mass spectrometry revealed two molecular ion peaks corresponding to [M+H]+

and [M+Na]+ at 209 and 231 m/z units respectively. Resonances in the *H NMR spectrum at

3.90 and 4.25 ppm correlated to the p-CFf and a-CH protons while the four aromatic protons

were all shifted upfield as a result of the changed functionality on the aromatic ring. The

change in electronic effects on the aromatic ring following the change in functionality from an

electron withdrawing (nitro) group to an electron donating (amino) group causes the upfield

shift. Purity was confirmed by elemental analysis.
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2.3 Synthesis of transition state mimic analogues

2.3.1 Transition state mimics

The synthesis of analogues that mimic the transition state was attempted using previously

successful methods from the group and the literature. The synthetic targets for this group of

derivatives form two subgroups, the first subgroup are the reduced kynurenine analogues

synthesised in Chapter 2.3. Previous work in the Botting group has included a number of

derivatives with reduced functionality.7

(46) (47) (48)

The 5,5-dioxide derivatives of aromatic cysteine analogues are alternative transition state

mimics. Literature precedent for these includes the synthesis of N-aryl cysteines and their S,S-
t o . Q

dioxides by Philips and Dua and Drysdale and Reinhard.

These compounds are designed to be direct mimics of the transition state intermediate and for

this reason, the compounds (58-65) were synthetic targets for part of this project.
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2.3.2 Synthesis of y-hydroxyl transition state mimics

The synthetic route involves condensation of the arylacyl bromide with diethyl

acetamidomalonate to give the arylketone acetamidomalonate as before, followed by the

reduction of the y-ketone to the corresponding hydroxyl functionality (Scheme 2.9).

The reduction was attempted via a number of methods discussed below. The new arylketone

acetamidomalonate was then deprotected and decarboxylated to give the free amino acid

transition state analogue.

0 O COOEt OH COOEt OH COOH
1 Br RX^-C00Et - RA^COOEt ^* NHAc NHAc NH,

Scheme 2.9

The reduction of diethyl (thiophen-3-acyl)acetamidomalonate was attempted in three different

ways. Firstly by simple hydrogenation in the presence of a palladium catalyst. The malonate

was dissolved in ethyl acetate and added to a stirred suspension of palladium (10% on

activated carbon) following degassing the mixture was stirred under an atmosphere of

hydrogen. The reaction was attempted many times with varying conditions, including

different ratios of catalyst to reagent, different amounts of solvent and varying reaction times.

However, none of these alterations had any effect and each time the results came back

indicating the presence of unreacted starting material.

Scheme 2.10
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The second method attempted was a reduction with sodium borohydride. On this occasion,

the malonate species was dissolved in a solution of cerium chloride heptahydrate in methanol

and following that, the sodium borohydride was added slowly. The cerium chloride was used

as a Lewis acid to chelate the carbonyl activating it for the attack by the borohydride (Scheme

2.11).

Scheme 2.11

The direct use of borohydride results in the reduction of the double bond and the carbonyl.

However, if the starting material contains dual carbonyl functionality the cerium chloride

prefers to form five- or six-membered ring chelation products. This allows for direct attack at

the carbonyl by the reducing agent and the chelation also provides diastereoselectivity. This

method is used frequently in the modification ofWittig reagents.

Again, the reaction was carried out with varying equivalents of borohydride and for varying

times from hours to overnight, however, none of the desired product was observed. The

possible reason for the lack of reaction could be that the malonate species is different in that

the chelation occurring between the y-carbonyl and ester carbonyl would be a seven-

membered ring. However, chelation between the two malonate carbonyls would be six-
University of St Andrews
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membered and hence would be more favourable. This means the ester carbonyls may be more

susceptible to attack from the reducing agent than the y-carbonyl. Evidence for ester

reduction was present during one of the attempts. Loss of half the ester protons on the *H

NMR spectrum supported this theory.

The final attempt at reduction was using lithium pyrrolidinoborohydride, which is another

regiospecific reducing agent for a, P-unsaturated carbonyls.10 A solution of borane in THF

was added to pyrrolidine with stirring and cooled to 0°C. n-Butyllithium was added to form

the lithium pyrrolidinoborohydride species. A solution of the malonate compound in THF

was added and following work up the analysis again showed no reaction had occurred.

The reduction of diethyl (p-phenylbenzoyl)acetamidomalonate (Scheme 2.12) was also

attempted several times by two different methods. The first involved the same lithium

pyrrolidinoborohydride route used above. Upon completion of reaction, the excess

butyllithium was quenched and the solvent removed. Analysis again showed only the

presence of unreacted starting material.

CKKJ;- QKI^AVohf-COOEt p-COOEt
NHAc NHAc

(73) (77)

Scheme 2.12

The second method as for the thiophene analogue was hydrogenation in the presence of

palladium catalyst (5 and 10% on activated carbon). The reaction was carried out over

varying time spans from 3 hours to 72 hours, however, analysis again showed only the

presence of starting material.

University of St Andrews
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Unfortunately not one of the attempted reductions yielded the desired product, this was

puzzling following previous successful synthesis in the Botting group. There are a few

possible theories to support this. The hydrogenation of the thiophene analogue may not have

worked as the sulfur in the thiophene may have poisoned the catalyst. Another theory is that

enolisation of the y-carbonyl may form a pseudo six-membered ring hydrogen bonded with

the acetate groups.

As mentioned above, in the attempted reduction using cerium chloride and sodium

borohydride the favoured six-membered ring chelate can only be formed between the

malonate carbonyls this could result in partial reduction and decarboxylation of the malonate

rather than reduction, as desired, at the y-carbonyl.

o

G^N^

•%y
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2.3.3 Synthesis of5-aryl cysteine ^-dioxide transition state mimics

As mentioned previously compounds with the 5,5-dioxide structure are direct mimics for the

transition state, the two oxygens on the sulfur mimic the dihydroxyl functionality on the

transition state.

COOH^ „ COOH

FT ^^NH2 HOV° Ir^^^nh2

The transition state mimics reported by Phillips et al. and Drysdale et al. are shown below.

The synthetic routes taken by each group were very different and for reasons explained later

the pathway taken in synthesising the targets for this project was different again.

o COOH

n^NH2

(78)

NO,

(79)

COOH

nh,

COOH

NH,

NH,

(71)

no,

cooh

NH,

(68)

O COOH
ii

NH,

OMe

S
u
O

no2

(69)

O

£
u
O

NH.

(72)

COOH

NH,

O COOH

NH,
H,C.

O COOH
II

KXNO,

(70)

o cooh

sn

NH,
OMe

(73)

yy^nh2
^^NH

(74)

NH,

Phillips and Dua adopted two synthetic routes one of which was biosynthetic involving the

enzyme Streptomyces typhimurium tryptophan synthase and cofactor PLP that enzymatically

catalysed the dehydration reaction between the thiophenol and L-serine. Their second route

was the nucleophilic aromatic substitution of either 2- or 4-fluoronitrobenzene with a

protected cysteine. Each compound was oxidised using 98% formic acid and 20% hydrogen

peroxide. The amino derivatives were then synthesised from their nitro parent compounds by

hydrogenation in the presence of a palladium catalyst (10% Pd/C).
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The synthetic route used by Drysdale followed the same path as Phillips' second route

(Scheme 2.13). The sulfones started with the aromatic substitution of JV-acetyl-L-cysteine

with the substituted fluoronitrobenzene derivative. The resulting S-aryl-L-cysteine

derivatives were then reacted in one of two ways. Either they were directly oxidised to the

,SVS'-dioxide or secondly, following protection of the a-amino group, they were reduced to

their respective anilines before being oxidised to the S^S-dioxide derivatives.

The synthetic targets for this project were designed to be transition state mimics specific to

human recombinant kynureninase. Given that the human enzyme exclusively targets 3-

hydroxy-L-kynurenine over L-kynurenine, it follows that the tetrahedral transition state

derivative would also include the hydroxyl functionality at the 3- position of the aromatic

ring. The success of the naphthalene analogue of kynurenine resulted in the decision to

synthesise a naphthyl transition state mimic.

o COOH

Scheme 2.13

COOH COOH COOH COOH

(75) (63) (64) (65)
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Unfortunately, the synthetic route required to synthesise transition state analogues with this

functionality is more complex than for those with functionality in the 2- and 4- positions.

Nucleophilic aromatic substitution requires an electron withdrawing group, ideally a nitro

group, present on the aromatic ring to facilitate the substitution. The starting material used for

the 5"-(3-aminophenyl)-L-cysteine 5,5-dioxide could be either 3-aminothiophenol or 3-

nitrothiophenol. Although the nitro group is present in the latter, it is meta- to the position

where substitution is required. In the case of the 5-(3-hydroxyphenyl)-L-cysteine 5,5-dioxide

the starting materials are 3-mercaptophenol or 3-methoxythiophenol which are electron

donating and hence nucleophilic aromatic substitution cannot occur readily. For this reason

another route for the synthesis of the transition state analogues was required.

In 1985 Arnold, Kalantar and Vederas reported a method for the stereochemically pure

synthesis of P-substituted a-amino acids from L-serine.11 Several P-substituted alanines occur
• •• • 19 . , .

in nature, in higher plants with the 2S configuration and in microbial peptides, these having

the 2R configuration and antibiotic or antitumour activity.12'13 The fact that a number of these

compounds can inhibit enzymes14 or act as potential intermediates15 in the enantioselective

synthesis of other amino acids16 makes their synthesis very desirable.

The first step in their synthetic pathway involved the formation of a p-lactone moiety from TV-

protected L-serine using Mitsunobu conditions (Scheme 2.14).

COOH Mitsunobu ^

NH
i
X X

X= N-Cbz, N-'Boc

Scheme 2.14

Treatment of the P-lactone with halogen, oxygen, sulfur or nitrogen nucleophiles yields

enantiomerically pure TV-protected P-substituted alanines. Of the above, the soft nucleophiles
iBSQl University of St Andrews
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all ring open the (3-lactone in the desired position, hard nucleophiles such as methoxide or

ammonia attack at the carbonyl (Scheme 2.15).

Y^° n_^° Y HCV°t hard 9 hi ) soft
ho_Xnh — — x^NH

r r r

Scheme 2.15

Previous work in the Botting group involved the synthesis of phosphorous based transition

state analogues obtained from treating the same serine P-lactone with the appropriate

phosphorous starting material.17 It followed on, therefore, that the same procedure could be

used with thiols as a route to synthesise S^S-dioxides. The sulfur anion like the phosphorous

is a soft nucleophile and as such should attack the P-lactone at the ring carbon adjacent to the

lactone oxygen.

,o
cooh Mitsunobu ° | NaH/RSH cooh 6M HCI cooh HC02H Q q coohH0-^NH —- R-^NH -7" R'S^NH2 7^
XXX

Scheme 2.16

As a result of previous success within the group, Vederas' procedure was subsequently used

for this project. The first step is a lactonisation of commercially available TV-Cbz-L-serine

under Mitsunobu conditions to give the Cbz protected P-lactone (Scheme 2.16). Following

this, the aromatic thiol is deprotonated in THF using sodium hydride and a solution of the p-

lactone in THF added. The P-lactone is ring opened by the thiol anion to give the Cbz

protected amino acid product. Following purification, simple deprotection using 6M HCI

affords the amino acid product which is oxidised to the S^S-dioxide using hydrogen peroxide

and formic acid.

'HS21University of St Andrews
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Unfortunately the first step in the procedure is fairly low yielding, this could be for a number

of reasons, firstly the P-lactone is very reactive and some may decompose upon synthesis and

secondly the product runs almost identically on silica to the hydrazine byproduct from the

DEAD and hence some product may be lost during purification.

The previous synthesis reacted triphenylphosphine (TPP) with diethyl azodicarboxylate

(DEAD) then added the Cbz-serine to give the product P-lactone in approximately 30-40%

yield. More recent work carried out by Vederas et al. has reported incorporation of the first
1 o

two steps above into a one-pot procedure, without isolation of the p-lactone.

HO

COOH

NH

Ko

(87)

TPP/DEAD

-78 °C

tf
NH

Ko' o

(88)

Scheme 2.17

RSH/NaH

0°C

COOH

NH

Ko^ o

The theory behind not isolating the P-lactone is that since it is very reactive, adding the

deprotonated thiol in situ could result in immediate reaction and yields may improve, rather

than risk losing product in purification. However, the reported yield for the one pot route was

still only 38%.

Other work on Mitsunobu type chemistry reported the use of trimethylphosphine (TMP) and

1,1-azodicarbonyldipiperidine (ADDP) in place of TPP and DEAD as a more reactive reagent

partnership.19 For this reason, the optimal synthetic route to the P-lactone was found by

carrying out the same synthesis with each possible combination of the four reagents. The

synthetic route to each target is shown below (Scheme 2.18).
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TPP/DEAD ,0
COOH TMP/DEAD 0~J NaH/RSH COOH 6M HC1 COOH HCOzH Q COOHH0^NH TPP/ADDP NH O°C R-S-^NH A R'S^"NH2 H2O2 R'S NH2

Cbz TMP/ADDP Cbz Cbz

(87) (88) Rl= (89) Rl=(92) Rl=(63)
R2= (90) R2= (93) R2= (64)
R3= (91) R3= (94) R3= (65)

X'-Qf R2=QTR3"
OH NH2

Scheme 2.18

In our hands, the different combinations of reagents did give varying yields although the

difference was not significant. The TPP/DEAD, TMP/DEAD and TPP/ADDP combinations

were all comparable with yields reported by Ross et a/.,20Error! Bookmark notdefined- at 38%, 36%

and 39% respectively. The route giving the optimum yield was the combination of TMP and

ADDP prior to addition of the serine, resulting in a 43% yield of the P-lactone. Analysis by

NMR and IR spectroscopy and mass spectrometry confirmed the product. The appearance of

the distinctive shift for lactone carbonyl group was in evidence at 1832 cm"1. The 'H NMR

spectrum confirmed the presence of the a-H and (TCH2 and the mass spectrum confirmed the

molecular weight. Following the synthesis of the isolated P-lactone, the optimised reagents

were also used in Vederas' recent one pot method, which again showed a comparable yield

(40%) to the two-step route. Analysis again provided evidence for the presence of the Cbz-

protected aromatic cysteines, IR spectroscopy confirmed the loss of the lactone (CO) and

presence of the acid (CO). Mass spectrometry showed increases of 121, 122 and 156 mass

units for the aminothiophenol, mercaptophenol and naphthylthiol analogues respectively.

Deprotection of each Cbz-protected cysteine derivative with 6M HC1 yielded the HC1 salts of

the respective amino acids in good yields (87-89%). The amino acid salts were oxidised up to

their S^S-dioxides using formic acid and hydrogen peroxide in reasonable yields (75-80%), 'H

NMR spectroscopy confirmed the presence of an SVS-dioxide, indicated by the downfield shift
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of all environments from the respective cysteine derivative. The IR spetra for all three

compounds showed 0=S=0 stretching frequencies for the S^S-dioxides.

The one-pot method is favourable over the two-step synthesis for two reasons, the first is the

reduced amount of purification required, secondly, and more importantly, the overall yield

increases for the two steps. Isolating the p-lactone in 40% followed by ring opening with an

aromatic thiol in 80% gives an overall yield of 32% for the two steps. This yield is increased

to 40% for both steps in the one-pot method (the equivalent of a 50% then 80% procedure).

However, another method was explored with the aim of increasing yields further.

2.3.4 Synthesis of 5-aryl cysteine SVS-dioxide transition state mimics using

solid phase techniques

As a result of the difficulty in purification of the P-lactone, it was thought that by introducing

solid phase resin technology, which would allow reagents and impurities to be filtered off,

would greatly aid the purification process and possibly increase yields in the process. The

majority ofMitsunobu chemistry carried out on solid phase is by using solid phase reagents to

enable filtration to give the pure product. However, it is not possible to use both Mitsunobu

reagents on solid phase at the same time, and the cheapest and most popular solid phase

reagent is TPP. This, ironically, is the easiest impurity to remove by column chromatography

in the synthesis of the serine P-lactone given that after reaction it becomes triphenylphosphine

oxide, which elutes very quickly through the silica. The DEAD or equivalent reagents are

less readily available on solid phase and also more expensive. Therefore, it was decided that
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by attaching the serine to a solid phase resin we could do all the desired chemistry and

purification and wash away any impurities before cleaving the product from the resin.

Generally speaking there are three components to a solid-phase reaction:

1) the solid support which more often than not is a polystyrene resin,

2) the desired molecule on which the chemistry is carried out and

3) the chemical linker joining the two together.

The only pre-requisite for the selection of the resin for this project was that it had to be linked

via the nitrogen of the serine not the carboxylic acid because it is required in the Mitsunobu

ring closure. This proved harder than expected as the majority of solid supports have linkers

that bind to amino acids via the carboxylic acid.

The target compounds for the solid phase synthesis are shown below. The three transition

state mimics, as for the solution phase method, and a test reaction using morpholine to

• • ?1

compare yields with those obtained by Vederas for the same reagent in solution-phase.

The resin chosen was a Stratospheres™ PL-ICHO formyl indole resin, from Polymer Labs,

because of its previous use in solid-phase chemistry yielding amides and ureas.22

(63) (64) (65) (95)

lT.T_T.ll
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• 22
The synthetic route was modified from work carried out by Estep et al., and proceeds as

shown below (Scheme 2.19):

COOH

„ „ COOH
s JL

FT ^^NH2
Rl= (63)
R2= (64)
R3= (65)

HCO,H

COOH

H°- "^NHfri ™P' A"PP
DCM

COOH

NH2
Rl= (92)
R2= (93)
R3= (94)

Scheme 2.19

TFA

DCM

tt •
NH

(99)

*xo
6

RSli NaH
DCM

0\^0H

NH"X?D
Rl= (100) ^
R2= (101)
R3= (102)

The proposed synthetic pathway started with the extensive washing and swelling of the

commercially available formyl indole resin, which must be carried out prior to use. The resin

washed using DCM, MeOH, THF, MeOH and swollen in DCM for half an hour prior to

reaction. The swollen resin was suspended in DCM and the serine added as a solution in

MeOH and DCM. The reaction was then shaken for 2 days on an orbital shaker. The resin

beads are delicate and stirring with a magnetic stirrer would damage them. Following

University of St Andrews
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reaction, the beads are filtered and washed to remove all impurities. An approximate yield

can be worked out by recovering unreacted serine and using mass balance to estimate the

extent of reaction the average loading gave approximately 50. The resin bound serine was

then again washed and swelled prior to reaction and the Mitsunobu lactonisation proceeded as

before except that the solution of TMP and ADDP was added to a suspension of the resin in

DCM unlike the solution phase reaction in which the serine is added to the Mitsunobu

reagents. Unlike the solution phase reaction in which purification of the P-lactone proved

extremely difficult, the resin bound P-lactone can be easily filtered off and washed. The ring

opening by the deprotonated aromatic thiol occurs as before and again purification is via

filtration. At this point, the amino acid must be cleaved from the resin since the conditions

for oxidation of the sulfur are aqueous. Aqueous media shrinks the resin, which prevents any

reaction occurring. After washing and swelling the cleavage was carried out using

trifluroroacetic acid (TFA) in DCM in a 50:50 v/v solution. The oxidation of the sulfur was

carried out exactly as before.

There are a couple of disadvantages in using solid phase chemistry, the first is quantity and

the second is solubility. The indole resin has a fairly low loading capacity (1.4 mmol/g) and

as a result the amount of serine used is very small which, in turn, yields low quantities of

product. Another problem encountered was one of solubility, in its pure amino acid form the

serine is soluble in aqueous solvents, water, methanol, acetonitrile etc., these all cause the

resin to shrink, lowering its loading capacity even further. As a result the serine was

dissolved in solution ofDCM and methanol.

The synthetic route was carried out, as in the solution phase, for the reagents 2-

thionaphthalene, 3-mercaptophenol, 3-aminothiophenol and morpholine simultaneously. As

lEEB1
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mentioned above the reaction was carried out on a small scale due to loading capabilities, 310

mg of resin equating to 0.52 milliequivalents of aldehyde per gram. The serine was added in

10 times excess with the purpose of overcoming the solubility issue. Following lactonisation

the deprotonated thiols and morpholine were also added in 10 times excess despite being fully

soluble in DCM. The reagents were added via cannula to avoid transfer of the sodium

hydride precipitate. After filtration and washing the resin bound products were shaken in a

50% (v/v) solution of trifluoroacetic acid and DCM for 4 hours to cleave them from the resin.

The three cysteine amino acid products were analysed by NMR spectroscopy and mass

spectrometry and were confirmed to have the same structure as the products from the solution

phase method. Unfortunately, the test reaction failed to work resulting in unreacted serine.

The three cysteine products were oxidised as before to give the respective dioxides. The

overall yields for the three reactions were again similar, at 35, 36 and 32% respectively for the

three reagents (2-thionaphthalene, 3-mercaptophenol, 3-aminothiophenol) over 5 steps.

The yields were lower than hoped for and this is probably down to the solubility problems

encountered with the serine and the possibly reduced loading capability as a result of the

presence of methanol.

A solution to the problem may be to protect the serine on the carboxylic acid prior to loading,

making it more soluble in organic solvents, specifically DCM. Following attachment to the

resin via the nitrogen, deprotection of the carboxylic acid could occur leaving it free to

undergo the Mitsunobu-type ring closure (Scheme 2.2).
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Scheme 2.20

2.4 Synthesis of 3-hydroxynaphthalene analogue

The reasoning behind the synthesis of an analogue based on 3-hydroxynaphthalene

functionality came from previous results in our group. (55) and (44) both showed good

inhibition when tested against human recombinant kynureninase and as mentioned earlier it

was thought that combining both functionalities in one compound would give an analogue

with inhibition as good, if not better than that of the two analogues it is based on.

The synthetic route for the 3-hydroxynaphthalene compound was to proceed as for other

analogues of 3-hydroxykynurenine. Selective bromination alpha to the ketone was to

proceed, as before, by heating l-hydroxy-3-acetylnaphthalene/l-(4-hydroxy-2-

naphthyl)ethanone to reflux in chloroform and ethyl acetate in the presence of cupric bromide.

l-hydroxy-3-(a-bromoacetyl)naphthalene/2-bromo-l-(4-hydroxy-2-naphthyl)ethanone would

then be stirred overnight, in an inert atmosphere, with the preformed malonate anion, to yield

the arylketone acetamidomalonate moiety. Following deprotection and decarboxylation the

free amino acid product would be afforded for testing with the enzyme.
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The first problem, however, is that l-(4-hydroxy-2-naphthyl)ethanone (105) is not

commercially available. 1-hydroxynaphthalene and 2-acetylnaphthalene are both

commercially available, however, the respective acetylation and hydroxylation of these

starting materials to give compound (105) do not work due to the directing and deactivating

effects on the naphthalene ring.

A hydroxyl group is strongly activating but directs ortho and para to itself, hence acetylation

results in compounds (109) or (110).

Conversely the acetyl group is deactivating and meta- directing and hence electrophilic

addition would occur on the unoccupied ring of the naphthalene. As a result neither

compound is suitable as a starting material and an alternative route must be developed.
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Previous work in the Botting group, to synthesise the analogue, was started by Dr Karen

O'Shea during her PhD,23 but failed to yield any product. Two methods were attempted the

first using vanadium chemistry and the second using zirconium. The first method, taken from

the literature, is the only reported synthesis of 2-acetyl-4-hydroxynaphthalene. Behera et al.

reported the synthesis in a kinetic study on the use of vanadium (V) as a reducing agent for 1 -

and 2-acetylnaphthalenes24 for which the literature gives no yield or purification technique.

The reported synthesis proceeded via the oxidation of 2-acetylnaphthalene with vanadium (V)

oxide in a solution of acetic acid and catalytic amounts of sulphuric acid (Scheme 2.22).

Scheme 2.22

The second method attempted by O'Shea was a regiospecific synthesis via a zirconocene

complex. The route was taken from Buchwald's reported preparation of polysubstituted
9S 9f\

naphthalenes. ' The reaction proceeds via the pathway shown below (Scheme 2.23),

starting with lithiation of the protected bromonaphthalene. The zirconium displaces the

lithium following which it undergoes the loss of methane to give the zirconium-naphthalene

complex. A metallacycle is formed upon the addition of nitrile which undergoes acid

hydrolysis to give the product substituted 2-acetylnaphthalene.
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O'Shea's attempted ortho bromination of 2-hydroxynaphthalene (Scheme 2.24) was

unsuccessful and as a result this synthetic route was not a viable option.

(120) (121)

Scheme 2.24

Due to the lack of success previously within the group and taking into consideration the

factors mentioned earlier in the section new methods were researched into the possible

synthesis of 2-acetyl-4-hydroxynaphthalene.
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2.4.1 Lithiation and ring closure route

The first proposed synthesis involved building up the required naphthalene functionality from

a single substituted benzene ring. The retrosynthetic pathway below (Scheme 2.25) shows

how the synthetic pathway was decided upon.

(127)

Scheme 2.25

The theoretical synthetic route is shown below and starts with simple acetal protection of the

2-bromoacetophenone. This is followed by a lithium-halogen exchange to give the lithiated

acetophenone which is treated in situ with l-bromo-2,3-butanedione. The bromobutane dione

was formed by dissolving 2,3-butanedione in MeOH and adding bromine (Scheme 2.26).

Br

(CH,OH);

r~\
CL .0

(129)

Br

(128)

O

(130)

"BuLi

Br,

MeOH

0. S>

"Li

(127)
O

Br

O

(131)

Scheme 2.26

The acetal protection proceeded in good yield, 82% whilst the bromination of the butane-2,3-
dione proceeded in a moderate yield, 42%. The protected bromoacetylbenzene species failed
to react with the brominated diketone in the presence of butyl lithium and as a result none of
■ ■ ——■— 1 '
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the desired product was observed. This suggests halogen-lithium exchange may not have
occurred.

2.4.2 Synthesis via functional groupmodification

Further research was carried out into possible syntheses of 2-acetyl-4-hydroxynaphthalene

and two methods were found. The first of these (Scheme 2.27) involved the modification of

the functional groups on the naphthalene ring system to give the desired product. The

pathway begins with the synthesis of Weinreb's amide from two different halonaphthalene

carboxylic acid moieties, which, after 11 further steps, yields the protected form of the desired

starting material.

The large number of steps tied in with the necessity to use either thallium or mercury

followed by cyanide made this an unfavourable synthetic route.
inzro
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2.4.3 Diels-aldermethod

The latter of the two methods was based on Diels-Alder chemistry for which there is plenty of

literature precedent. The reactive benzyne intermediate, formed from anthranilic acid in the

presence of isoamyl nitrite, acts as the dieneophile for any number of dienes. Batt et al

reported the synthesis of a number of monosubstituted naphthols from substituted furans and
77 • •

the benzyne intermediate. Scheme 2.28 shows two naphthol species one of which is similar

in structure to the required starting material. Unfortunately the ratio of the yield was 98:2 in

favour of the undesired product.

o

0^0H
(143)

As a result of the furan ring opening unfavourably, the diene reacting with the benzyne

intermediate needed to have more functionality to yield the desired product. The diene to be

utilised was to have both the hydroxyl and acetyl functionality in protected forms at the time

of the cyclisation and hence the diene synthesised by Kelly et al. was chosen.28 This diene

contains the hydroxyl functionality protected as a methoxy group and the acetyl group with

standard acetal protection. Scheme 2.29 shows the proposed synthetic route.
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Before proceeding with the Diels-Alder cyclisation, it was necessary to test the aromatisation

step to see whether hydrogen or methanol would be lost from the ring upon aromatisation

(Scheme 2.30).

Two test reactions were thus carried out as shown below (Scheme 2.31), the first a literature

procedure reacting furan with the benzyne intermediate as a test to check if the intermediate

was being produced in situ?9 The furan was heated to reflux as a solution in dimethoxyethane

and the isoamyl nitrite and anthranilic acid were added simultaneously, also as solutions in

dimethoxyethane at 8-10 minute intervals. Following work up, analysis by NMR

spectroscopy and mass spectrometry confirmed the Diels-Alder reaction had occurred. Both

University of St Andrews
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*H and 13C NMR spectra showed only 4 and 5 signals for the 8 and 10 environments

respectively, this is due to the molecule being exactly symmetrical and the environments are

equivalent hence half as many signals in double the intensity. The final aromatisation step

from the naphthalene endoxide to 1-naphthol was missed out since the sole purpose of the test

reaction was to see if the Diels-Alder cyclisation was occurring.

o

OH

(143) (144) (159) (160) (108)
O

OMe OMe OMe

(143) (144) (161) (162) (164)

Scheme 2.31

In the second test reaction 1-methoxy-1,3-butadiene was reacted with the benzyne to give 1-

methoxy-l,4-dihydronaphthalene. Aromatisation by heating to reflux in the presence of a

palladium catalyst could theoretically result in either the loss of hydrogen to yield

methoxynaphthalene or the loss of methanol to yield naphthalene. Loss of methanol is

undesirable as it would result in the removal of the desired functionality. Analysis of the

product by 'H NMR showed that methoxynaphthalene was indeed formed with negligible

traces of naphthalene present.

The positive results of the two test reactions supported the theory behind our synthetic route.

Following Diels-Alder cyclisation of the diene with the benzyne intermediate and

aromatisation in the presence of palladium catalyst, deprotection of the acetal is required prior

to bromination. The synthetic pathway then continues as for previous analogues with the
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substitution of the bromide with the malonate species and the deprotection of the hydroxyl

functionality on the naphthalene occurring during the final acid deprotection/decarboxylation

step.

The synthetic route (Scheme 2.29) began with the synthesis of the Diels-Alder adduct diene.

Facile acetal protection of ethyl acetoacetate with ethylene glycol, both initially redistilled,

proceeded in good yield (89%) and was followed by DIBAL reduction of the ester to the

respective aldehyde. Vinylation of the aldehyde was then attempted via a Mannich type

reaction. However, despite several attempts with various combinations of redistilled reagents,

mild acids and bases, there was no evidence of the desired product.

r_\ ^
(CH2OH)2 o 0 DIBAL O O

~V A- *" A"
C02Et C02Et CHO

(149)
O

OH

NH2

(143)

(150)

Isoamyl

Nitrite

(144)

(151)
r\
<A .0

aa

°X°
CHO

(152)

aa
0„ ,0

OMe

(153)
/ \
<A A

OMe

(153)

COOEt
COOEt
NHAc

OMe

(154)

Scheme 2.29
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2.5 Conclusion

A number of novel analogues of kynurenine have been synthesised to probe the inhibition of

recombinant human kynureninase. Four racemic kynurenine analogues namely, (3-

aminobenzoyl)alanine (52), (3-nitrobenzoyl)alanine (53), (3-thiophenoyl)alanine (54) and (4-

phenyl-benzoyl)alanine (56).

Three transition state analogues were also successfully synthesised as ■S'A'-dioxides, namely

(3-hydroxyphenyl)cysteine 5,5-dioxide (63), (3-aminophenyl)cysteine ^-dioxide (64) and

(2-naphthyl)cysteine S^S-dioxide (65). These three compounds were synthesised in two

methods, the first via p-lactone methodology as carried out previously in this group. The

second method was using the same P-lactone methodology after attaching the serine precursor

to a solid phase resin. Although not isolated, it is evidence for a P-lactone attached to a solid

phase resin, which could have many potential uses.
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Chapter 3

Biological Testing
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3 BIOLOGICAL TESTING OFANALOGUES USING HUMAN

KYNURENINASE

3.1 Background

Until fairly recently, the majority of inhibition studies on kynureninase used the bacterial

enzyme, isolated from Pseudomonas fluorescens (formerly known as Pseudomonas

marginalis) with only a small amount of research carried out using the mammalian form of

kynureninase.1 The mammalian and bacterial enzymes are specific to different substrates,

hydrolysis of L-kynurenine is faster than 3-hydroxy-L-kynurenine for the bacterial enzyme,
• • • 9 • •

whereas the opposite is true of the mammalian enzymes, this is probably due to differences

within the active site. Inaccurate evaluations can thus occur upon interpretation of data from

inhibition studies because of assay conditions being different to those in vivo. For inhibitors

of the recombinant human kynureninase, the bacterial enzyme is suitable for initial testing

studies, (i.e. to get an idea of the amount of inhibition an analogue exhibits), however, for

accurate K, values, assays should be carried out using the human form of the enzyme.

Early studies on mammalian kynureninase were carried out on the rat liver enzyme, this was

mainly because, although Alberati-Giani et al. successfully isolated and expressed human

recombinant kynureninase from embryonic kidney cells in 1996, the quantity isolated was too

small to be of use in testing or characterisation studies.3 More recently in the Botting group,

the successful expression and isolation of the human recombinant kynureninase was reported

by Fitzgerald and Muirhead in sufficiently large quantities for detailed studies on the

inhibitory properties of synthesised kynurenine analogues.4 Since then characterisation of the

BOEI1
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human form of the enzyme has been made possible because of the successful purification of

the human enzyme.5 The human recombinant kynureninase mentioned above was used to

determine the inhibitory properties of a number of the target molecules discussed in chapter 2.

3.2 Cloning and Expression

The cloning and expression of recombinant human kynureninase were carried out in the

Botting group by Dr Deirdre Fitzgerald in 2001.4 Dr Andrea Cesura, of Hoffman la Roche

Ltd in Basel, made a gift of a cDNA clone which encoded human liver kynureninase within

the pBC/CMV eukaryotic expression vector. The vector consisted of the Sma site containing

the kynureninase cDNA flanked by EcoRl and BamHl sites. Upon receipt of the vector, the

1600 base pair cDNA was isolated from an agarose gel of a double digest using the two

restriction endonucleases.

The enzyme was then expressed using the 'Bac-to-Bac' Baculovirus Expression System

(Gibco-BRL), in Spodopterafrugiperda (SJ9) insect cells.

Several batches of the enzyme were prepared using the procedure described above for use in

the inhibition studies analogues, both synthetic and endogenous, following necessary

purification.
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3.3 Purification and Characterisation

As mentioned earlier, in addition to the cloning and expression, purification and

characterisation of the human recombinant kynureninase was also successfully carried out in

the Botting group, by Dr Harold Walsh.5 The purity of the enzyme was determined by SDS-

PAGE analysis and molecular weight proven by MALDI-TOF mass spectrometry. The

human kynureninase was found to be a homodimer, each monomer having molecular masses

of 52.4 kDa. It is 85% homologous in its amino acid sequence to rat liver kynureninase,
... 3 •

which was cloned and expressed by Alberati-Giani et al. The UV absorption spectrum for

the purified enzyme included a peak at 432 nm resulting from the co-factor, PLP, which is

similar to the value in Kishore's reports for the bacterial enzyme Pseudomonas fluorescens.6

The enzyme activity of the human enzyme is very dependent on the ionic strength of the

buffer and its optimum pH is 8.25. The activity assays for human kynureninase were run

n

spectrofluorometrically as reported by Shetty and Gaertner. The assays were run at pH 7.9,

however, there was no difference in observed enzyme activity between the two pH values.

As mentioned earlier human recombinant kynureninase is specific to 3-hydroxy-L-

kynurenine. In contrast to the report by Alberti-Giani et al. where they demonstrated a Km =

671 ± 37 pM, Dr Karen O'Shea from this group reported that it actually shows no activity to

L-kynurenine. Conversely, L-kynurenine was proven a competitive inhibitor of the enzyme

at low concentrations, K\ = 20 pM, whilst at higher concentrations it showed mixed inhibition,

K\ = 55 pM. Unlike human kynureninase, other mammalian forms of the enzyme show

substrate activity for L-kynurenine, one example of this is the rat liver form of the enzyme.

The human enzyme was also shown to be inhibited by D-kynurenine exhibiting a K\ value of

12 pM.

"To
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Kinetic analysis of human recombinant kynureninase showed that the substrate 3-

hydroxykynurenine caused cooperative modulation of the enzyme. The presence of sigmoidal

plots which were seen in the absence and presence of inhibitor

dihydroxydesaminokynurenine, K\ = 100 nM. The intimation of a second possible regulatory

binding site on the human enzyme was supported by the fact that

dihydroxydesaminokynurenine showed mixed inhibition resulting in reduced Vmax and

increased Km. However, the low value for Km obtained for the purified human enzyme was

also attributed to the enzyme showing sigmoidal kinetics and as such, the value obtained for

Km is not a Michaelis constant but a sigmoidal constant Ks. The sigmoidal constant

incorporates possible interaction factors and therefore is not the substrate concentration at

50% Tmax- The specificity of recombinant human kynureninase was used in the design of a

number of potential inhibitors for this project.

3.4 Assay of kynureninase activity

The activity of kynureninase was determined spectrofluorometrically at 37 °C using the
7 • •

method reported by Shetty and Gaertner. The reaction mixture contained 20 pM PLP, 10

mM phosphate buffer (pH 8.0) and the substrate-enzyme mixture (10-20 pL). The rate of

formation of the anthranilate product was measured at wavelengths of excitation at 330 nm

and emission at 410 mil in fluorescence intensity units/min (Fl/min).

University of St Andrews
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3.4.1 Determination of Km for 3-hydroxykynurenine

The Km and Vmax for each batch of human recombinant kynureninase were determined from

the results of a number of assays on a substrate range of 2.5 - 20 pM. The change in

fluorescence intensity (Fl/min) for each assay was corrected for one unit of enzyme activity to

prevent variations in activity from different batches of enzyme. Each assay was then carried

out in triplicate and the best two or three values (± 5%) were averaged (Table 3.1). Km and

Emax were then calculated by fitting the initial rate to the Michaelis Menten equation in

Graphpad Prism software package on a PC.

[Substrate] (pM) 2.5 5.0 10.0 15.0 20.0

Rate (Fl/min) 16.51 23.18 24.32 30.06 32.20

Km (pM) 3.0 ±0.7 Fmax (Fl/min) 35.5 ±2.1

Table 3.1 Substrate and velocity data for 3-hydroxykynurenine

The average Km value for three batches of human enzyme was determined to be 3.0 ± 0.7 pM

which agrees with the Km value reported for the purified human enzyme, 3.0 ± 0.1 pM.5 The

average value for Fmax was determined to be 35.5 ± 2.1 Fl/min, or 6.2 ± 2.3 nmol/min/mg,

corrected for one unit enzyme activity. Fig. 3.1 shows the Michaelis-Menten plot for the

values in Tabic 3.1.

'jSfjg University of St Andrews
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[Substrate] vs. Velocity

[S] (mol/L)

Fig. 3.1

3.5 Inhibition studies on substrate analogues

A number of the analogues of 3-hydroxykynurenine, as discussed in Chapter 2 were examined

against recombinant human kynureninase to determine their inhibitory properties. However,

due to the small quantities of human enzyme available at the time, the amount of testing

possible was somewhat limited.

The inhibition of recombinant human kynureninase was determined by measuring the Km and

Fmax for 3-hydroxykynurenine in the presence of inhibitor at a range of concentrations.

Suitable inhibitor concentrations were determined from initial assays run at a fixed substrate

concentration (20 pM) to determine the percentage inhibition. The kinetic parameters Km and

Fmax were then re-determined at varying inhibitor concentrations by fitting the initial rate data

to the Michaelis-Menten equation using non-linear regression with the Graphpad Prism

software. The kinetic parameters give an indication of the strength and type of inhibition

exhibited. There are various forms of enzyme inhibition explained below in more detail:

Irasia!
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• Competitive Inhibition - occurs when a compound competes with a co-enzyme or

substrate for the active site, reducing the activity of the enzyme. The effect is

reversible and can be negated by an increase in substrate concentration. In this case

the apparent Km increases but Vmax remains unchanged.

• Non-competitive Inhibition - occurs when the inhibitor binds to the enzyme protein,

but does not compete for the active site. As a result, increase in substrate

concentration has no effect on enzyme activity. In this case the Km remains

unchanged but Vmax is reduced.

• Uncompetitive Inhibition - occurs when the inhibitor binds only to the enzyme-

substrate complex. This kind of inhibition is rare.

As mentioned above, a competitive inhibitor competes with the substrate for the active site in

a reversible reaction. The result is a lowered rate of catalysis through a reduction of the

amount of enzyme available to bind to the substrate.

Michaelis-Menten created a simple model for a single substrate enzyme reaction in which

substrate (S) binds to the active site of an enzyme (E) to form an enzyme-substrate complex

(ES). The break down of this complex may release the substrate or result in reaction and the

formation of the product (P).

k,'cat
E + S ES E + P

K,'m

University of St Andrews
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The first step of the reaction, forming the enzyme-substrate complex, is a rapid reversible

process. The second step is the rate determining step, the chemical reaction to release the

product is slower and the reaction proceeds in first order with a rate constant, kcat.

The system is described by the equation:

Vmax[S]
V ~

Km + [S]

However, on addition of an inhibitor, the Michaelis-Mentens model becomes more

complicated. The enzyme is now split between three species; free enzyme (E), the enzyme-

substrate complex (ES) and the enzyme inhibitor complex (EI).

kcat
E + S ^ ES E + P

+ Km
I

r
El + S X *

The rate equation is modified as a result to give:

Vmax[S]
V

Km(l+[I]/Ki)+[S]

For a competitive inhibitor the apparent Km is altered by a factor of (1+[I]/ATi) and is known as

A'app. The Kapp of the substrate increases in the presence of a competitive inhibitor, however,

fcSK'University of St Andrews
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the Fmax remains unchanged and this is because the effect of the inhibitor is competed out by

the substrate at infinite concentrations.

Another method of viewing the type of inhibition present is from a Lineweaver-Burk plot.

The Michaelis-Menten equation can be written in its reciprocal form to give:

1 Km 1 1

It is clear from above that the reciprocal Michaelis-Menten equation takes the form of the

equation for a linear graph where for points x and y, m is the gradient of the line and c is the

intersection of the y axis. Hence when 1/v (velocity) is plotted against 1/[S] a linear graph

occurs with a gradient of Km/Fmax and a y intercept of 1/Fmax. If the line is continued back

past zero it intercepts the x axis at -1 /Km. Although being a good pictorial representation of

changes in Km and Vmax, it cannot be relied upon to give accurate values for the kinetic

parameters. The reason being that as a double reciprocal plot, it exaggerates errors in low

concentration data and underemphasises errors in data for high concentrations.

+
V Vmax [S] V,max

y = mx + c
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3.5.1 (3-Nitrobenzoyl)alanine

Given that human recombinant kynureninase selectively hydrolyses 3-hydroxykynurenine, the

compounds designed in this project included derivatives with substituents in the 3 position of

the aromatic ring. The first analogue tested was (3-nitrobenzoyl)alanine hydrochloride which

is an intermediate in the synthesis of (3-aminobenzoyl)alanine hydrochloride. Preliminary

testing established that the optimal concentration for testing is around 50 pM at which

inhibition is approximately 50% for 20 pM substrate concentration (Fig. 3.2). It is possible to

extend the testing in either direction to see the effect on inhibition.

% Inhibition with (3-nitrobenzoyl) alanine hydrochloride

70 -r—

0 50 100 200

[Inhibitor] p.M

Fig. 3.2

The kinetic data obtained with the human enzyme for (3-nitrobenzoyl) alanine hydrochloride

are shown in the following table (Table 3.2). Each rate was measured in triplicate with the

best two or three results (± 5%) averaged.

Bam?
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[Substrate] pM
10 pM [I] rate

(Fl/min)

25 pM [I] rate

(Fl/min)

50 pM [I] rate

(Fl/min)

2.5 6.88 6.92 5.89

5.0 12.17 12.21 8.11

10.0 20.63 22.33 15.48

15.0 25.39 25.63 16.95

20.0 26.98 28.08 20.64

40.0 28.92 28.89 25.80

50.0 29.27 29.30 27.65

Table 3.2: Substrate and velocity data for (3-nitrobenzoyl)alanine hydrochloride

After entering the initial rates into Graphpad Prism, the following values (Table 3.3) were

obtained for Km and Vmax using the Michaelis-Menten equation:

0 pM [I] 10 pM [I] 25 pM [I] 50 pM [I]

Fmax (Fl/min) 35.51 ±2.3 35.50 1 1.9 35.4912.3 35.51 1 1.4

Kapp (pM) 3.0010.7 7.861 1.4 7.321 1.6 14.71 1 1.5

Table 3.3

The data are shown graphically below (Fig. 3.3); concentration of the substrate (3-

hydroxykynurenine, pM) against rate of reaction (Fl/min).
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Fig. 3.3

The type of inhibition exhibited by (3-nitrobenzoyl)alanine hydrochloride can be determined

by comparing the apparent change in Km and Fmax with the values recorded for the substrate

with no inhibitor present. The average Km and Vmax for the substrate, 3-hydroxykynurenine

were 3.0 ± 0.7 pM and 35.5 ±2.1 Fl/min respectively. From the results obtained, (3-

nitrobenzoyl)alanine hydrochloride proved to be a competitive inhibitor of human

recombinant kynureninase showing increased Km values, but unchanged Vmax values, within

experimental error, in the range 0-50 pM.

The Lineweaver-Burk plot for inhibition with (3-nitrobenzoyl)alanine hydrochloride is shown

below (Fig 3.4)
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Nitro 1 /y vs 1/|S|
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Fig. 3.4
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The Lineweaver-Burk plot for (3-nitrobenzoyl)alanine hydrochloride shows it to be a

competitive inhibitor of human recombinant kynureninase in the concentration range 0-50

pJM.

The K\ for an inhibitor is determined from the following equation:

ATPP = Am(l + [I]/A'i)
= Am[I]/Ai+Am

From this a plot of Aapp against [I] gives an intercept at the x-axis, which is equal to -K\. The

value for A, is a measure of the potency of the inhibitor. The K, for (3-nitrobenzoyl)alanine

hydrochloride was taken from the plot of Aapp versus [I] (Fig. 3.5). Linear regression analysis

was used to determine the best straight line and errors calculated from this analysis.
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K app vs [II

Fig. 3.5

The K\ value for (3-nitrobenzoyl)alanine hydrochloride was determined to be 17.9 ±1.6 pM.

3.5.2 (2-Thiophenoyl)alanine

Initial assays on (2-thiophenoyl)alanine indicated that fairly high concentrations of inhibitor

would be required for inhibition. From the results shown in the graph below (Fig. 3.6) it was

decided to carry out the assays at varying concentrations of substrate at an inhibitor

concentration of 100 pM.

M.T-r

M
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Fig. 3.6

Again each rate was determined in triplicate and the average of the two or three most

consistent (± 5%) were recorded (Table 3.4) and plotted, non-linear regression analysis

yielded the Km and Fmax values.

[Substrate] (jxM) 2.5 5.0 10.0 15.0 20.0

Rate (Fl/min) 9.99 14.80 22.72 25.23 26.17

tfm(nM) 6.37 ±0.8 Vmax (Fl/min) 35.5 ± 1.7

Table 3.4

The data are shown graphically below (Fig. 3.7); substrate concentration (pM) against rate

(Fl/min).
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[Substrate] vs. Velocity
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Fig. 3.7

The reciprocal Michaelis-Menten equation can again be used to give the Lineweaver-Burk

plot for the 0 and 100 pM inhibitor concentrations (Fig. 3.8):

1 Km 1 1
—

— 4~
V Pmax [S] Fmax

y = mx + c
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Due to the lack of results, it is impossible to say definitely, what kind of inhibition is taking

place, although from the two trendlines it looks like competitive inhibition. The crossover of

the two slopes is almost exactly on the y-axis as required for competitive inhibitors.

The K{ for (2-thiophenoyl)alanine cannot be determined accurately due to the presence of only

two values. However, assuming pure competitive inhibition a K\ value at 89.1 ±5.4 pM can

be estimated

3.5.3 (4-PhenylbenzoyI)alanine

As for the (2-thiophenoyl)alanine, initial assays on (4-phenyl-benzoyl)alanine indicated that

relatively high concentrations of inhibitor would be required for substantial inhibition of the

enzyme. The graph below (Fig. 3.9) shows percentage inhibition at varying inhibitor

concentrations. The values for percentage inhibition at 50 and 100 pM concentration of (4-

phenyl-benzoyl)alanine were very similar. As a result it was decided to carry out the assays at

varying concentrations of substrate at an inhibitor concentration of 50 pM.

NI-U.HCI
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Percentage Inhibition vs [Q

70

60
o 50
n 40
!c
c 30

S? 20

0 4 - •—— ■

0 50 100 200

[Q

Fig. 3.9

Again each rate was determined in triplicate and the average of the two or three most

consistent (± 5%) were recorded (Table 3.5) and plotted. Non-linear regression analysis

yielded the Km and Vmax values.

[Substrate] (pM) 2.5 5.0 10.0 15.0 20.0

Rate (Fl/min) 6.30 11.20 17.95 20.34 23.07

Km(pM) 10.7 ± 1.2 Fmax (Fl/min) 35.3 ± 1.8

Table 3.5

The data are shown graphically below (Fig. 3.10); substrate concentration (pM) against rate

(Fl/min).
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The reciprocal Michaelis-Menten equation can again be used to give the Lineweaver-Burk

plot for the 0 and 50 pM inhibitor concentrations (Fig. 3.11):

1 Km 1 1

V Fmax [S] ax

y = mx + c

Biphenyl 1/V vs 1/[S]

0.2 n

1/[S]

♦ 0

■ 50

Fig 3.11

As for the (2-thiophenoyl)alanine, lack of available enzyme limited the amount of testing.

Therefore, due to lack of results, it is impossible to say definitely, what kind of inhibition is

taking place, although from the two trendlines it looks like competitive inhibiton. The

crossover of the two slopes is again almost exactly on the y-axis as required for competitive

inhibitors.

A K, for (4-phenyl-benzoyl)alanine was calculated from the data points as 19.1 ± 1.3 pM.

r-T.T.,
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3.6 Conclusion

Inhibition studies were not achieved to the levels required due to the lack of available

enzyme. Each of the analogues assayed against the human enzyme that are reported in this

chapter show competitive inhibition with K[ values of 17 pM, 90 pM and 19 pM respectively.

The most potent inhibitor, to date, of human recombinant kynureninase, is still 3-

hydroxydesaminokynurenine with a K\ value of 5 nM.
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Summary
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Summary

The aim of the project was to synthesise novel inhibitors of human kynureninase, in order to

learn more about the important binding interactions within the active site. The information

gained could then be used in the design and synthesis of further generations of inhibitors. The

ultimate aim being the synthesis of a very selective and potent inhibitor of human

kynureninase as a drug candidate to be further evaluated in vivo.

Four racemic analogues of kynurenine were successfully synthesised via alkylation of

acetamidomalonate followed by acid deprotection and decarboxylation. These were (3-

nitrobenzoyljalanine, (3-aminobenzoyl)alanine, (3-thiophenoyl)alanine and (4-

phenylbenzoyljalanine.

The second series of compounds synthesised were transition state analogues with ^-dioxide

functionality. The compounds synthesised were 3-amino-, 3-hydroxy- and 2-

naphthylcysteine S^-dioxide. They were synthesised via serine p-lactone based methodology

and in an attempt to increase yields a novel solid phase based P-lactone based method was

developed. The overall yield for the solid phase method actually turned out to be less than the

one-pot method for the solution phase route, this was due to poor solubility of serine in

organic solvents.

Due to problems with supply of enzyme only 3 of the compounds synthesised could be tested

and of these (3-nitrobenzoyl)alanine was the most potent exhibiting a K, = 17.9 pM. (4-

naphthyljalanine showed similar inhibition at Kj = 18 pM, and the poorest was the (3-

iKf University of St Andrews
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thiophenoyl)alanine analogue with Kj = 89 pM, this is probably due to reduced binding in the

active site as a result of the aromatic ring being smaller in size.

The potency of the biphenyl analogue is particularly interesting as it suggests there is further

space in the active site, in a putative hydrophobic pocket, which could be further explored.

This follows from the previous results involving the synthesis of the naphthalene analogue.

The synthesis of the 3-hydroxynaphthalene analogue would have been excellent for potential

exploration of this pocket. Care would be needed not to design further analogues that are too

hydrophobic, this could cause solubility problems in testing.
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5. EXPERIMENTAL

Elemental microanalyses were carried out in the departmental microanalytical laboratory on a

CE Instruments CHNS elemental analyser.

NMR spectra were recorded on a Varian Gemini FT spectrometer (*H, 200 MHz; I3C, 50.31

MHz), a Varian Gemini 2000 FT spectrometer (*H, 300 MHz; 13C, 74.76 MHz), a Bruker AM

300 FT spectrometer ('H, 300 MHz, 13C, 75.4 MHz), a Bruker Avance 300 FT spectrometer

('H, 300 MHz, 13C, 75.4 MHz), a Bruker Avance 500 FT spectrometer ('H, 500 MHz, l3C,

125.7 MHz) and a Varian UnityPlus FT spectrometer ('H, 500 MHz, I3C 125.7 MHz). ]H

spectra were referenced on chloroform, methanol, water or TMS. The spectra are described in

parts per million downfield shift from TMS and are reported consecutively as position (5h or

8c), relative integral, multiplicity (s-singlet, d-doublet, t-triplet, q-quartet, m-multiplet, dd-

doublet of doublets, dt-doublet of triplets, br-broad) and assignment.

Electrospray (ES) and APCI mass spectra and were acquired using a Micromass LCT (Time

of Flight) spectrometer, coupled with a Waters 2975 HPLC. Electron Impact (EI) and

Chemical Ionisation (CI) mass spectra were acquired using a VG Autospec spectrometer and

a Micromass GCT (Time of Flight) spectrometer with Agilent 6890 GC unit.

Analytical thin layer chromatography was performed on 0.25mm precoated silica gel plates

(MN SIL G/UV254) or on 0.1mm precoated cellulose plates (CEL MN 300-10/UV254) and

compounds visualised by U.V. fluorescence, ninhydrin, permanganate, bromocresol green,

eerie sulfate and iodine. Flash chromatography was performed according to the procedure of
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Still1 using Sorbisil C60 (40-60 mm) silica gel. Solvents were dried according to the methods

Melting points of compounds were determined using Electrothermal melting point apparatus

and are uncorrected.

Infrared spectra were recorded on a Perkin-Elmer Paragon 1000 FT-IR spectrometer. The

samples were prepared as Nujol mulls, thin films between sodium chloride discs or as

solutions on PTFE IR cards. The absorption maxima are given in wave numbers (cm1).

of Perrin and Armarego.2

University of St Andrews
119



Gareth D. Knight

5.1 Inhibitors of Kynureninase

a-Bromo-3-acetylthiophene (70)3

o

Cupric bromide (14.7 g, 65.8 mmol) was heated to reflux in ethyl acetate (25 mL) with

stirring. To this was added 3-acetylthiophene (48) (6.32 g, 50.2 mmol) in chloroform (30

mL). The reaction mixture was heated under reflux for a further five hours and then left to

cool. The copper and cupric bromide residues were filtered off, and then the filtrate

decolourised with activated charcoal. This was then filtered through a bed of celite and

washed with ethyl acetate (4 x 50 mL). The solvent was removed under reduced pressure to

give a white solid that was dried further under vacuum (8.64 g, 84%), m.p. 60 °C (lit.3 62-63

°C). vmax/crn"' 1640 (CO); 5H (300 MHz, CDC13) 4.33 (2H, s, CI^Br), 7.36 (1H, dd, J2.8 Hz,

5.1 Hz, 5'H), 7.58 (1H, dd, J 1.3 Hz, 5.1 Hz, 4'H), 8.17 (1H, dd, J 1.3 Hz, 2.8 Hz, 2'H); 6C

(75.46 MHz, CD3OD) 27.6 (COCH2Br), 126.9 (5'C), 127.3 (4'C), 133.9 (2'C), 138.7 (3'C),

192.5 (COCH2Br); m/z (ES+) 206, 204 ([M+H]+, 100), 126 ([(M+H)-Br]+, 10).

University of St Andrews
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Diethyl (3-thiophenoyl)acetamidomalonate (71)

O C02Et

_A^f-C02Et
FX NHAC
s

Sodium hydride (60% in mineral oil, 3.31 g, 138 mmol) was suspended in dry DMF (10 mL)

and a solution of diethyl acetamidomalonate (11.16 g, 51.37 mmol) in dry DMF (35 mL)

added. The suspension was stirred at 0 °C under a nitrogen atmosphere for three hours. A

solution of a-bromo-2-acetylthiophene (70) (8.64 g, 42.15 mmol) in dry DMF (25 mL) was

added, the mixture warmed to room temperature and stirred overnight under nitrogen. The

mixture was poured into distilled water (250 mL), acidified to pH 3 using 1M hydrochloric

acid in an ice bath and extracted into diethyl ether (4 x 70 mL). The organic phases were

washed with brine (2 x 50 mL), dried (MgS04) and the solvent removed under reduced

pressure to afford the product, which was purified by column chromatography (silica; diethyl

ether), as a viscous oil (4.73 g, 34%). (Found: C, 52.36; H, 5.12; N, 3.94. Calc. for

Ci5H19N06S: C, 52.76; H, 5.51; N, 4.10 %) vmax/cm"' 3349 (NH), 1743 (CO, ester), 1674

(CO, ketene), 1580 (CO, amide); 6H (300 MHz, CDC13) 1.21 (6H, t, J 7 Hz, CO2CH2CH3),

1.95 (3H, s, NHCOCH3), 4.15 (2H, s, COCH2), 4.27 (4H, q, J1 Hz, CO2CH2CH3), 7.09 (1H,

s, NHCOCH3), 7.31 (1H, dd, J2.8 Hz, 5.1 Hz, 5'H), 7.53 (1H, dd, J 1.3 Hz, 5.1 Hz, 4'H), 8.14

(1H, dd, J 1.3 Hz, 2.8 Hz, 2'H); 5C (75.46 MHz, CDC13) 14.4 (2 x C02CH2CH3), 23.3

(NHCOCH3), 43.5 (P-CH2), 63.3 (2 x C02CH2CH3) 127.1 (5'C), 128.4 (4'C), 133.6 (2'C),

141.8 (3'C), 167.6 (2 x C02CH2CH3), 170.1 (NHCOCH3), 192.5 (COCH2Br); m/z (ES+)

364.0824 ([M+Na]+, requires 364.0824), 364 (100%).
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(3-Thiophenoyl)alanine hydrochloride (54)

Diethyl (thiophen-3-acyl)acetamidomalonate (71) (0.64 g, 1.9 mmol) was dissolved in 1,4-

dioxane (58 mL) and 6M hydrochloric acid (49 mL) added. The reaction was heated under

reflux for 8 hours until no starting material was visible by tic (silica; pet. ether: ethyl acetate;

1:1). The solution was then cooled and washed with ethyl acetate (3 x 50 mL). The solvent

was removed under reduced pressure and then the remaining water removed by freeze drying

to produce the solid product (0.41 g, 91%), m.p. 173 °C (dec.); (Found: C, 40.99; H, 4.32; N,

4.99. Calc. for C8Hi0NOSC1: C, 40.77; H, 4.27; N, 5.14 %); vmax/cm'' 3390 (NH), 1740 (CO,

acid), 1630 (CO); 5H (300 MHz, CD3OD) 3.90 (1H, d, J6Hz, COCH2), 4.30 (1H, t, J 6 Hz,

CH2CH), 7.31 (1H, dd, J2.S Hz, 5.1 Hz, 5'H), 7.53 (1H, dd, J 1.3 Hz, 5.1 Hz, 4'H), 8.14 (1H,

dd, J 1.3 Hz, 2.8 Hz, 2'H). 5C (71.76 MHz, CD3OD) 39.5 (0-C), 48.0 (a-C), 126.0 (5'C),

127.0 (4'C), 134.5 (2'C), 141.0 (3'C), 170.1 (C02H), 191.0 (CO); m/z (ES+) 199.2278

([M+Na]+, requires 199.2280), 200 ([M+H]+, 70), 154 ([M-(C02H)+], 100), 124 ([C7H7OS]+,

30).
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Diethyl 2-acetylamino-2-(2-biphenyl-4-yl-2-oxo-ethyl) malonate (73)

3" 2" 3' 2'

C02Et
f-C02Et
NHAc

Sodium hydride 60% in mineral oil (3.43 g, 85.78 mmol) was suspended in dry DMF (10 mL)

and a solution of diethyl acetamidomalonate (11.25 g, 51.78 mmol) in dry DMF (35 mL)

added. The suspension was stirred at 0 °C under a nitrogen atmosphere for three hours. A

solution of a-bromo-4-phenylacetophenone (72) (6.82 g, 16.58 mmol) in dry DMF (25 mL)

was added, the mixture warmed to room temperature and stirred overnight under nitrogen.

The mixture was poured into distilled water (240 mL), acidified to pH 3 using 1M

hydrochloric acid in an ice bath and extracted into diethyl ether (4 x 70 mL). The organic

phases were washed with brine (2 x 50 mL), dried (MgS04) and the solvent removed under

reduced pressure to afford the product as a viscous oil, which was purified by column

chromatography (silica; diethyl ether) (4.24 g, 42%). vmax/cm"' 3410 (NF1), 1743 (CO, ester),

1680 (CO, amide), 1603 (CO); 6H (300 MHz; CDC13) 1.20 (6H, t, J 6.5 Hz, C02CH2CH3),

1.85 (3H, s, NHCOCH3), 4.25 (2H, s, COCT^), 4.27 (4H, q, J 6.5 Hz, C02CH2CH3), 7.10

(1H, s, NHCOCH3), 7.30 (3H, m, 3"H, 4"H, & 5"H), 7.60 (2H, d, J 8 Hz, 2"H, & 6"H), 7.90

(2H, d, J 8 Hz, 3'H & 5'H), 8.00 (2H, d, J 8 Hz, 2'H & 6'H); 5C (75.46 MHz, CDC13) 14.3 (2 x

C02CH2CH3), 23.3 (NHCOCH3), 42.7 ((3-CH2), 63.2 (2 x C02CH2CH3), 64.4 (COCH2C),

127.2, 127.4, 127.6, 127.7, 128.7, 129.2, 129.3, 135.1, 140.0 & 146.8 (Ar-C), 167.6 (2 x

C02CH2CH3), 170.1 (NHCOCH3), 192.5 (COCH2Br); tn/z (ES+) 412 ([M+H]\ 80), 370 ([M-

COCH3]+, 10), 195 ([C14HuO]+, 5), 181 ([C13H90]+, 100).
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p-phenyl-benzoylalanine hydrochloride (56)

3- 2" 3' 2'

co2h

nh2.hci

The protected precursor (73) (2.78 g, 6.77 mmol) was dissolved in 1,4-dioxane (100 mL) and

6M hydrochloric acid (100 mL) added. The reaction was heated under reflux for 8 hours.

The solution was then cooled and washed with ethyl acetate. The solvent was removed under

reduced pressure and then the remaining water removed by freeze drying to give the product

(1.42 g, 78%), m.p. 164 °C (dec.); (Found: C, 62.88; H, 5.23; N, 4.55. Calc. for

Ci6Hi6N03C1: C, 62.85; H, 5.27; N, 4.58 %); v^/cm"1 3360 (NH2), 1715 (CO, acid), 1655

(CO); 5h (300 MHz; CD3OD) 4.15 (2H, d, J 4.7 Hz, COCH2), 4.50 (1H, t, J 4.7 Hz, CH2CH),

7.50 (3H, m, 3"H, 4"H & 5"H), 7.70 (2H, d, J 8 Hz, 2"H & 6"H), 7.80 (2H, d, / 8 Hz, 3'H &

5'H), 8.15 (2H, d, JS Hz, 2'H & 6'H); 6C (75.46 MHz; CD3OD) 38.8 (p-C), 47.5 (a-C), 127.0,

127.3, 128.3, 128.9, 129.0, 135.9, 139.9 & 146.7 (Ar-C), 172.3 (C02H), 195.4 (CO); m/z

(ES+) 270 ([M+H]+, 80), 224 ([M-C02H]+, 20), 181 ([Ci3H90]+, 100).
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Diethyl (/n-nitrophenacyl)acetamidomalonate (75)4

0 CO,Et
0 Lco2Et

NO.

Sodium hydride 60% in mineral oil (4.02 g, 168 mmol) was suspended in dry DMF (10 mL)

and a solution of diethyl acetamidomalonate (15.24 g, 70.18 mmol) in dry DMF (35 mL)

added. The suspension was stirred at 0 °C under a nitrogen atmosphere for three hours. A

solution of /n-nitrophenacyl bromide (74) (6.34 g, 25.99 mmol) in dry DMF (25 mL) was

added, the mixture warmed to room temperature and stirred overnight under nitrogen. The

mixture was poured into distilled water (240 mL), acidified to pH 3 using 1M hydrochloric

acid in an ice bath and extracted into diethyl ether (4 x 70 mL). The organic phases were

washed with brine (2 x 50 mL), dried (MgS04) and the solvent removed under reduced

pressure to afford the product as a viscous oil, which was purified by column chromatography

(silica; diethyl ether) (3.94 g, 40%), Vmax/cm"1 3422 (NH), 1756 (CO, ester), 1674 (CO), 1599

(CO, amide); 5H (300 MHz; CDC13) 1.30 (6H, t, J 7, CO2CH2CH3), 1.90 (3H, s, NHCOCH3),

4.30 (2H, s, COCHh), 4.35 (4H, q, J7, CO2CH2CH3), 7.15 (1H, s, NHCOCH3), 7.70 (1H, t, J

8, 5'H), 8.30 (2H, m, 4'H & 6'H), 8.75 (1H, d, J2 Hz, 2'H); 8C (75.46 MHz, CDC13) 14.3 (2 x

CO2CH2CH3), 23.1 (NHCOCH3), 42.2 (p-CH2), 63.0 (2 x C02CH2CH3), 63.8 (COCH2C),

122.9 (2'C), 127.4 (4'C), 127.7 (5'C), 132.8 (6'C), 137.0 (l'C), 145.7 (3'C), 167.5 (2 x

CO2CH2CH3), 169.1 (NHCOCH3), 193.5 (COCH2Br); m/z (ES+) 381 ([M+H]+, 75), 337 ([M-

COCH3]+, 15), 164 ([C14H,iO]+, 10), 150 ([C7H4N03]+, 100).
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(/M-Nitrobenzoyl)alanine hydrochloride (53)4

Diethyl (w-nitrophenacyl)acetamidomalonate (75) (4.30 g, 11.3 mmol) was dissolved in 1,4-

dioxane (100 mL) and 6M hydrochloric acid (100 mL) added. The reaction was heated under

reflux for 8 hours. The solution was then cooled and washed with ethyl acetate (3 x 100 mL).

The solvent was removed under reduced pressure and then the remaining water removed by

freeze drying to give the product as a white solid (2.23 g, 83%), m.p. 185 °C (dec., lit.4l87-8

°C); (Found: C, 43.12; H, 4.05; N, 10.18. Calc. for C^HnNzOjCl: C, 43.73; H, 4.04; N,

10.20 %); Vmax/cm"1 3430 (NH2), 1730 (CO, acid), 1690 (CO); 5H (300 MHz; CD3OD) 4.05

(2H, d, J 5 Hz, COCH2), 4.50 (1H, t, J 5 Hz, CH2CH), 7.10 (1H, t, J 8 Hz, 5'H), 7.65 (2H, m,

4'H & 6'H), 8.15 (1H, d, J 8 Hz, 2'H); 5C (75.46 MHz; CD3OD) 38.9 (0-C), 49.5 (a-C), 123.4

(2'C), 129.4 (4'C), 131.7 (5'C), 134.9 (6'C), 137.6 (l'C), 149.7 (3'C), 172.0 (C02H), 196.3

(CO); m/z (ES+) 239 ([M+H]+, 85), 193 ([M-C02H]+, 15), 138 ([C6H4N03]+, 100).
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Attempted synthesis of (3-aminobenzoyI)alanine hydrochloride (52)

o co2h

nh2.hci

(3-Nitrobenzoyl)alanine hydrochloride (53) (0.05 g, mmol) was dissolved in glacial acetic

acid (5 mL) and activated Zinc dust (0.5g) was added. The mixture was stirred at room

temperature overnight then filtered through celite and the product obtained from filtrate in

vacuo. The product oil was triturated with water and methanol to give a cream coloured solid.

Upon further purification using flash column chromatography (Cellulose;

water:ethanol:ammonia 26:6:5) the product was freeze dried to give a white solid. Analysis

by NMR spectroscopy returned two signals at 2.08 and 4.55 ppm relating to acetate salt and

water respectively. No other signals were present.
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Attempted synthesis of (3-aminobenzoyl)alanine hydrochloride (52)

o co2h

nh.

5% Palladium on carbon (1.2g), was added to a solution of (3-nitrobenzoyl)alanine

hydrochloride (53) (0.5 g, 2.4 mmol) in methanol (20 ml), in an autoclave. After degassing,

the solution was placed under an atmosphere of hydrogen at 20 bar pressure and stirred for 72

hours. The palladium was removed by filtration, and the solvent removed under reduced

pressure. Analysis of the product showed no reaction had occurred and confirmed the

presence of unreacted starting material.
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(m-Aminobenzoyl)alanine hydrochloride (52)

O CO,H

NHo.HCI

w-Nitrobenzoylalanine (53) (0.5 g, 1.83 mmol) was dissolved in a 9:1 solution of

concentrated HC1 and ethanol (5 mL) and a solution of tin (II) chloride (0.38 g, 2 mmol) in

cone HC1(5 mL) added. The mixture was stirred for 3 hours at 50 °C, and then cooled before

neutralising with aqueous sodium hydroxide after which the mixture was filtered to remove

any tin residue and the solvent was removed under reduced pressure to afford the product as

an off white powder (0.33 g, 86%), m.p. 191 °C (dec.), (Found: C, 48.72; H, 5.29; N, 11.31.

Calc. for C10H13N2O3CI: C, 49.09; H, 5.36; N, 11.45%); v^/cm"1 3415 (NH2), 1726 (CO,

acid), 1685 (CO); 6H (300 MHz; CD3OD) 4.02 (2H, d, J 5 Hz, COCHh), 4.27 (1H, t, J 5 Hz,

CH2CH), 7.42 (2H, d, J1 Hz, 4'H & 6'H), 7.69 (1H, t, J1 Hz, 5'H), 7.84 (1H, t, J 2 Hz, 2'H);

6c (75.46 MHz; CD3OD) 37.9 (p-C), 48.1 (a-C), 122.1 (2'C), 128.4 (4'C), 128.8 (5'C), 130.0

(l'C), 130.5 (6'C), 135.9 (3'C), 170.6 (C02H), 196.9 (CO); m/z (ES+ in D20) 237 ([M+Na]+,

100), 216 ([M+D]+, 10).
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Attempted synthesis of 4-(3-thiophenyl) serine diethyl acetamidomalonate (76)

_X^C02Ei
O NHAc
S

OH C02Et

Method 1

Hydrogenation

To a stirred solution of palladium catalyst (10 wt % on carbon, 5 g) in ethyl acetate (50 mL),

was added a solution of (71) (5.034 g, 14.76 mmol) in ethyl acetate (70 mL). After degassing

of the reaction mixture, it was stirred at room temperature under an atmosphere of hydrogen

for three days. The palladium catalyst was removed by filtration through celite and was

washed with ethyl acetate (3 x 50 mL). The filtrate was then dried (MgSCL) and the solvent

removed under reduced pressure. 'H NMR data and tic confirmed that no reaction had taken

place.

Method 2

Reduction using Sodium Borohydride

Diethyl (thiophen-3-acyl) acetamidomalonate (71) (2.125 g, 6.23 mmol) was dissolved in a

solution of methanol (20 mL) and cerium (III) chloride heptahydrate (2.285 g, 6.13 mmol).

Sodium borohydride (1.614 g, 43.62 mmol) was added slowly. The mixture was left to react

overnight, then hydrolysed and extracted with diethyl ether (3 x 50 mL). The organic layer

was washed with brine (2 x 10 mL) and dried (MgSCL), following this the solvent was
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removed under reduced pressure. No reaction occurred, and tic and ]H NMR spectroscopy

confirmed that only starting material was present.

Method 3

Reduction using lithium pyrrolidine borohydride

A solution of borane (5.156 g, 60 mmol) in THF (5 mL) was added, with stirring, to a solution

of pyrrolidine (5 mL, 60 mmol, 4.260 g) in dry THF (10 mL). The reaction mixture was

stirred at room temperature for one hour then cooled to 0 °C. «-Butyllithium in hexanes (1.1

eq, 6 mL, 66 mmol) was added dropwise. The solution was stirred at 0 °C for two hours and

then for a further hour at room temperature. Diethyl 2-acetylamino-2-(2-oxo-2-thiophen-3-yl-

ethyl) malonate (71) (5.023 g, 14.73 mmol) in dry THF (25 mL) was added and the reaction

mixture stirred for a further three hours at room temperature. Excess butyllithium was

quenched by dropwise addition of water, and then the water and THF removed under reduced

pressure. The resulting solid was taken up into DCM (30 mL) and washed with water (2 x 20

mL) then brine (2 x 20 mL), dried (MgSCL) and the solvent removed under reduced pressure.

Examination by tic and 'H NMR spectroscopy proved that no reaction occurred and only

starting material was present.
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Attempted synthesis of diethyl 2-actylamino-2-(2-biphenyl-4-yl-2-hydroxy-ethyl)-2-(2-

oxo-propyl) malonate (77)

A solution of borane (5.15 g 60 mmol) in THF (6 mL) was added with stirring to a sealed

flask charged with pyrrolidine (5 mL, 4.3 g, 60 mmol). The mixture was stirred for one hour

at room temperature, cooled to 0 °C, and «-butyllithium in hexanes (6 mL, 66 mmol, 1.1 eq.)

was added dropwise. The solution was stirred at 0 °C for two hours, then for an additional

hour at room temperature. A solution of (73) (5 g, 12.17 mmol) in dry THF was added and

the solution stirred for a further hour at room temperature. Water was added dropwise to

quench any remaining butyllithium. The water and THF were removed under reduced

pressure and the remaining product taken up in DCM (30 mL) and washed with water (3 x 50

mL) and brine (2 x 25 mL). The solution was dried (MgS04) and then the solvent removed

under reduced pressure to afford the product. This was then purified using column

chromatography (silica; petroleum ether/ethyl acetate, 3:1). Analysis of the product following

column chromatography using 'H and 13C NMR spectroscopy showed that no reaction had

occurred.

NHAc
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iV-(Benzyloxycarbonyl)-seriiie p-lactone (88)5

,o

Method 1:

Diethyl azodicarboxylate (2.8 g, 16.1 mmol) was dissolved in dry THF (25 mL) and added

dropwise to a solution of recrystallised triphenylphosphine (4.2 g, 16.1 mmol) in dry THF (20

ml). The resulting mixture was stirred at -78 °C, under a nitrogen atmosphere for thirty

minutes. A-(Benzyloxycarbonyl)-Z-.yer/«e (5.0 g, 20.9 mmol) was added dropwise as a

solution in dry THF (30 mL) with stirring to prevent solidification and the temperature kept at

-78 °C throughout the addition. The reaction mixture was warmed to room temperature and

stirred overnight under a nitrogen atmosphere. The solvent was removed under reduced

pressure to afford the crude product. This was purified using column chromatography (silica;

petroleum ether: ethyl acetate; 55:45) giving the product as white solid (1.7 g, 38%); m.p.

132-133 °C (lit.5 133-135 °C); v^/cnf1 3375 (NH), 1832 (CO lactone), 1685 (CO

carbamate); 8h (300 MHz, CDCI3) 4.24-4.32 (2H, 8 line m, lactone CH?, AB part of ABX

system), 4.58-4.61 (1H, 4 line m, a-H, X part of ABX system), 5.05 (2H, s, O-CHaPh), 5.64

(1H, br s, NH), 7.18-7.22 (5H, m, Ar-H); 5C (75 MHz; CDC13) 60 (CHNH), 66 (lactone CH2),

68 (PhCH2) [128.2, 128.4, 128.7 (1', 3', 5' C)], [129.4, 129.5 (2', 4'C)], 142.9 (1C, 4° C),

155.7 (CBz CO) 169 (lactone CO) (; m/z (ES+) 221, ([M+H]+,100)
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Method 2:

Trimethylphosphine (1.2 g, 16.1 mmol) was stirred at -78 °C under a nitrogen atmosphere.

Diethyl azodicarboxylate (2.8 g, 16.1 mmol) was dissolved in dry THF (25 mL) and added

dropwise. The resulting mixture was stirred at -78 °C for thirty minutes. N-

(Benzyloxycarbonyl)-Z-j'erme (5.0 g, 20.9 mmol) was added dropwise as a solution in dry

THF (30 mL) with stirring to prevent solidification and the temperature kept at -78 °C

throughout the addition. The reaction mixture was warmed to room temperature and stirred

overnight under a nitrogen atmosphere. The solvent was removed under reduced pressure to

afford the crude product. This was purified using column chromatography (silica; petroleum

spirit:ethyl acetate; 55:45) giving the product as white solid (1.7 g, 36%). Data as for

previous.

Method 3:

1,l'-(Azodicarbonyl)dipiperidine (4.1 g, 16.1 mmol) was dissolved in dry THF (25 mL) and

added dropwise to a solution of recrystalised triphenylphosphine (4.2 g, 16.1 mmol) in dry

THF (25 ml). The resulting mixture was stirred at -78 °C under an atmosphere of nitrogen for

thirty minutes. yV-(Benzyloxycarbonyl)-Z-.verme (5.0 g, 20.9 mmol) was added dropwise as a

solution in dry THF (30 mL) with stirring to prevent solidification and the temperature kept at

-78 °C throughout the addition. Following this the reaction mixture was warmed to room

temperature and stirred overnight under a nitrogen atmosphere. The solvent was removed

under reduced pressure to afford the crude product. This was purified using column

chromatography (silica; petroleum spirit (60:40):ethyl acetate; 55:45) giving the product as

white solid (1.8 g, 39%). Data as for previous.

IfKH'
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Method 4:

Trimethylphosphine (1.2 g, 16.1 mmol) was stirred at -78 °C under a nitrogen atmosphere.

l,l'-(Azodicarbonyl)dipiperidine (4.1 g, 16.1 mmol) was dissolved in dry THF (25 mL) and

added dropwise. The resulting mixture was stirred at -78 °C for thirty minutes. N-

(Benzyloxycarbonyl)-Z-.s'erwe (5.0 g, 20.9 mmol) was added dropwise as a solution in dry

THF (30 mL) with stirring to prevent solidification and the temperature kept at -78 °C

throughout the addition. The reaction mixture was warmed to room temperature and stirred

overnight under a nitrogen atmosphere. The solvent was removed under reduced pressure to

afford the crude product. This was purified using column chromatography (silica; petroleum

spirit:ethyl acetate; 55:45) giving the product as white solid (2.0 g, 43%). Data as for

previous.
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7V-(BenzyIoxycarbonyl)-.S'-(3-hydroxyphenyl)-L-cysteine (89)

COOH

From p-lactone:

Sodium hydride (60% in mineral oil, 0.5 g, 20.9 mmol) was suspended in dry THF (5 mL)

and stirred at 0 °C again under an atmosphere of nitrogen. 3-Mercaptophenol (2.64 g, 20.9

mmol) was added as a solution in dry THF (15 mL) and the resulting mixture stirred for a

further fifteen minutes. The solution of the P-lactone (0.5 g, 2.3 mmol) in dry THF (5 mL)

was then added dropwise via cannula. Following the addition the combined mixture was

stirred for a further two and a half hours, the solvent was then removed under reduced

pressure to afford the crude product as a semi-solid, this was purified using column

chromatography (silica; petrol: ethyl acetate, 65:35) (2.76 g, 38%). 8h (300 MHz, CDCI3)

3.53-3.61 (2H, m, P-CH2), 4.32-4.38 (1H, m, cc-CH), 6.45 (1H, d, J 7 Hz, 6'H), 6.62 (1H, t, J

2 Hz, 2'H) 6.73 (1H, d, J 7 Hz, 4'H), 7.04 (1H, t, J1 Hz, 5'H); 7.56-7.63 (5H, m, Ar-H); m/z

(ES+) 348, ([M+H]+, 100).

One Pot Method:

Trimethylphosphine (1.86 g, 24.4 mmol, 24.4 mL of 1M solution in THF) was stirred at -78

°C under a nitrogen atmosphere. l,l'-(Azodicarbonyl)dipiperidine (6.17 g, 24.4 mmol) was

dissolved in dry THF (35 mL) and added dropwise. The resulting mixture was stirred at -78

°C for thirty minutes. 7V-(Benzyloxycarbonyl)-L-serine (7.78 g, 32.50 mmol) was added

dropwise as a solution in dry THF (30 mL) with stirring to prevent solidification and the

temperature kept at -78 °C throughout the addition. The reaction mixture was warmed to

room temperature and stirred overnight under a nitrogen atmosphere. Meanwhile, sodium



Gareth D. Knight

hydride (60% in mineral oil, 0.25 g, 10.45 mmol) was suspended in dry THF (5 mL) and

stirred at 0 °C again under an atmosphere of nitrogen. 3-aminothiophenol (1.31 g, 10.45

mmol) was added as a solution in dry THF (10 mL) and the resulting mixture stirred for a

further fifteen minutes. The solution of the [l-iactone was then added dropwise via cannula.

Following the addition the combined mixture was stirred for a further two and a half hours,

the solvent was then removed under reduced pressure to afford the crude product as a semi¬

solid, this was purified using column chromatography (silica; petrol: ethyl acetate, 65:35)

(1.38 g, 38%). Data as above.
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.S-P-HydroxyphenylJ-L-cysteine hydrochloride (92)

COOH

NHo.HCI

OH

A/-(Benzyloxycarbonyl)-S'-(3-aminophenyl)-L-cysteine (38, 1 g, 2.87 mmol) was dissolved in

1,4-dioxane (15 mL) and 6 M hydrochloric acid (15 mL) added. The reaction was heated

under reflux for 10 hours. The solution was then cooled and washed with ethyl acetate. The

solvent was removed under reduced pressure and then the remaining water removed by freeze

drying to give the product (0.54 g, 89%). 5H (300 MHz, CD3OD) 3.59-3.64 (2H, m, p-CIfc),

4.35-4.40 (1H, m, a-CH), 6.47 (1H, d, J1 Hz, 6'H), 6.65 (1H, t, J2 Hz, 2'H} 6.76 (1H, d, J 7

Hz, 4'H), 7.11 (1H, t,J7Hz, 5'H); 5C (71.76 MHz, CD3OD) 56.2 (a-C), 64.3 (P-C), 116.7

(6'C), 119.4 (2'C), 122.9 (4'H), 127.6 (5'C), 138.2 (3'C), 156.4 (l'C) (Ar-C), 173.1 (C02H);

m/z (ES+) 214, ([M+H]+, 100).
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S-(3-Hydroxyphenyl)-L-cysteine S, S-dioxide (63)

COOH

•NH.

OH

S-(3-Hydroxyphenyl)-L-cysteine (0.5 g, 2.35 mmol) was dissolved in 98% formic acid (5 mL)

and hydrogen peroxide 30% (5 mL) and stirred for 48 hours. The solvent was partially

removed in vacuo and the product triturated from water (0.46 g, 80%). m.p. 183-184 °C;

(Found: C, 44.11; H, 4.48; N, 5.67. Calc. for C9H11NO5S: C, 44.08; H, 4.52; N, 5.71 %);

Vmax/cm"1 3467 (OH), 1718 (CO, acid), 1330, 1135 (0=S=0); 8H (300 MHz, CD3OD) 3.94-

3.99 (2H, m, P-CH2), 4.50-4.58 (1H, m, oc-CH), 7.09 (1H, d, J 7 Hz, 6'H), 7.41-7.45 (2H, m,

2'H, 5'H), 7.53 (1H, d, J1 Hz, 4'H); 5C (71.76 MHz, CD3OD) 58.3 (a-C), 66.3 (p-C), 119.3

(6'C), 121.5 (2'C), 125.4 (4'H), 129.9 (5'C), 139.5 (3'C), 157.5 (l'C) (Ar-C), 172.9 (C02H);

m/z (ES+) 246, ([M+H]+, 100).

University of St Andrews
139



Gareth D. Knight

/V-(Benzyloxycarbonyl)-S-(3-aminophenyl)-L-cysteine (90)

COOH

From (1-lactone:

Sodium hydride (60% in mineral oil, 0.1 g, 4.2 mmol) was suspended in dry THF (10 mL)

and stirred at 0 °C again under an atmosphere of nitrogen. 3-Aminothiophenol (0.3 g, 2.3

mmol) was added as a solution in dry THF (5 mL) and the resulting mixture stirred for a

further fifteen minutes. A solution of the p-lactone (0.5 g, 2.3 mmol) in dry THF (5 mL) was

then added dropwise via cannula. Following the addition the combined mixture was stirred

for a further two and a half hours, the solvent was then removed under reduced pressure to

afford the crude product as a semi-solid, this was purified using column chromatography

(silica; petrol: ethyl acetate) (0.64 g, 81%); 8h (300 MHz, CDCI3) 3.39-3.59 (2H, m, ft-CH?-),

4.58-4.65 (1H, m, a-H), 4.93 (2H, s, O-CI^Ph), 5.55 (1H, d, J 7.8 Hz, NH), 6.29 (1H, d, J1

Hz, 6'H), 6.45 (1H, t, J 2 Hz, 2'H), 6.56 (1H, d, J1 Hz, 4'H), 6.89 (1H, t, J1 Hz, 5'H), 7.67-

7.75 (5H, m, Ar-H); m/z (ES+) 347, ([M+H]+, 100).

One Pot Method:

Trimethylphosphine (1.2 g, 16.1 mmol) was stirred at -78 °C under a nitrogen atmosphere.

1,l'-(Azodicarbonyl)dipiperidine (4.1 g, 16.1 mmol) was dissolved in dry THF (25 mL) and

added dropwise. The resulting mixture was stirred at -78 °C for thirty minutes. N-

(Benzyloxycarbonyl)-L-i'erme (5.0 g, 20.9 mmol) was added dropwise as a solution in dry

THF (30 mL) with stirring to prevent solidification and the temperature kept at -78 °C

throughout the addition. The reaction mixture was warmed to room temperature and stirred
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overnight under a nitrogen atmosphere. Meanwhile, sodium hydride (60% in mineral oil,

0.25 g, 10.45 mmol) was suspended in dry THF (5 mL) and stirred at 0 °C again under an

atmosphere of nitrogen. 3-Aminothiophenol (1.31 g, 10.45 mmol) was added as a solution in

dry THF (10 mL) and the resulting mixture stirred for a further fifteen minutes. The solution

of the P-lactone was then added dropwise via cannula. Following the addition the combined

mixture was stirred for a further two and a half hours, the solvent was then removed under

reduced pressure to afford the crude product as a semi-solid, this was purified using column

chromatography (silica; petrol: ethyl acetate, 65:35) (1.38 g, 38%). Data as above.
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5-(3-AminophenyI)-L-cysteine hydrochloride (93)

COOH

^NHo.HCI
NH.

A-(Benzyloxycarbonyl)-5-(3-aminophenyl)-L-cysteine (38, 1.38 g, 3.99 mmol) was dissolved

in 1,4-dioxane (10 mL) and 6 M hydrochloric acid (10 mL) added. The reaction was heated

under reflux for 10 hours. The solution was then cooled and washed with ethyl acetate (3 x

25 mL). The solvent was removed under reduced pressure and then the remaining water

removed by freeze drying to give the product (0.74 g, 88%); 8h (300 MHz, CD3OD) 3.65-

3.71 (2H, m, p-CH2), 4.25-4.30 (1H, m, oc-CH), 6.31 (1H, d, J1 Hz, 6'H), 6.47 (1H, t, J2 Hz,

2'H), 6.57 (1H, d, J1 Hz, 4'H), 6.88 (1H, t, J1 Hz, 5'H); 6C (71.76 MHz, CD3OD) 54.1 (a-

C), 61.2 (P-C), 114.5 (6'C), 114.2 (2'C), 120.5 (4'H), 126.2 (5'C), 136.9 (3'C), 155.2 (l'C)

(Ar-C), 172.4 (C02H); m/z (ES+) 213, ([M+H]+, 100).
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S-(3-Aminophenyl)-L-cysteine S, S-dioxide (64)

„ „ COOH
°^° JLs^^nh2

NH,

S-^-Aminopheny^-L-cysteine (0.5 g, 2.36 mmol) was dissolved in 98% formic acid (5 mL)

and hydrogen peroxide 30% (5 mL) and stirred for 48 hours. The solvent was partially

removed in vacuo and the product triturated from water (0.45 g, 79%). m.p. 178-180 °C;

(Found: C, 44.21; H, 4.89; N, 11.69. Calc. for C9H12N2O4S: C, 44.26; H, 4.95; N, 11.47 %);

vmax/crn"' 3380 (NH2), 1710 (CO, acid), 1335, 1129 (0=S=0); 5H (300 MHz, CD3OD) 3.91-

3.98 (2H, m, p-CH2), 4.49-4.53 (1H, m, a-CH), 7.03 (1H, d, J1 Hz, 6'H), 7.19 (1H, t, J 2 Hz,

2'H), 7.28-7.30 (2H, m, 4'H, 5'H); 8C (71.76 MHz, CD3OD) 57.2 (a-C), 64.6 (p-C), 117.1

(6'C), 119.4 (2'C), 123.2 (4'H), 127.2 (5'C), 135.6 (3'C), 156.7 (l'C) (Ar-C), 171.8 (C02H);

m/z (ES+) 245, ([M+H]+, 100).
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N-( Benzyloxycarbonyl)-S-(2-naphthyl)-L-cysteine

(91)

COOH

From p-lactone:

Sodium hydride (60% in mineral oil, 0.25 g, 10.45 mmol) was suspended in dry THF (5 mL)

and stirred at 0 °C again under an atmosphere of nitrogen. 2-naphthalenethiol (1.68 g, 10.45

mmol) was added as a solution in dry THF (10 mL) and the resulting mixture stirred for a

further fifteen minutes. The solution of the p-lactone was then added dropwise via cannula.

Following the addition the combined mixture was stirred for a further two and a half hours,

the solvent was then removed under reduced pressure to afford the crude product as a semi¬

solid, this was purified using column chromatography (silica; petrol: ethyl acetate, 65:35)

(1.43 g, 36%). 5h (300 MHz, CDC13) 3.29-3.35 (2H, m, S-CHi-), 4.34-4.39 (1H, m, a-H),

4.93 (2H, s, O-CFhPh), 5.55 (1H, br s, J1 Hz, NH), 7.48-7.51 (2H, m, 6',7'H), 7.65-7.69 (5H,

m, CBz Ar-H), 7.85-7.91 (3H, m, 3', 5', 8'H) 8.05-8.13 (2H, m, l',4'H); 6C (71.76 MHz,

CD3OD) 36.4 (S-CH2), 53.5 (a-C), 68.0 (CH2-Bz), 119.3-133.9 (15C, Ar-C), 136.5 (Ar C-S),

173.3 (C02H); m/z (ES+) 382, ([M+H]+, 100).

One Pot Method:

Trimethylphosphine (1.86 g, 24.4 mmol, 24.4 mL of 1M solution in THF) was stirred at -78

°C under a nitrogen atmosphere. 1,1 '-(Azodicarbonyl)dipiperidine (6.17 g, 24.4 mmol) was

dissolved in dry THF (35 mL) and added dropwise. The resulting mixture was stirred at -78

°C for thirty minutes. A-(Benzyloxycarbonyl)-L-serine (7.78 g, 32.50 mmol) was added

dropwise as a solution in dry THF (30 mL) with stirring to prevent solidification and the
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temperature kept at -78 °C throughout the addition. The reaction mixture was warmed to

room temperature and stirred overnight under a nitrogen atmosphere. Meanwhile, sodium

hydride (60% in mineral oil, 0.25 g, 10.45 mmol) was suspended in dry THF (5 mL) and

stirred at 0 °C again under an atmosphere of nitrogen. 2-Naphthalenethiol (1.31 g, 10.45

mmol) was added as a solution in dry THF (10 mL) and the resulting mixture stirred for a

further fifteen minutes. The solution of the P-lactone was then added dropwise via cannula.

Following the addition the combined mixture was stirred for a further two and a half hours,

the solvent was then removed under reduced pressure to afford the crude product as a semi¬

solid, this was purified using column chromatography (silica; petrol: ethyl acetate, 65:35)

(1.38 g, 38%). Data as above.
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S-(2-Naphthyl)-L-cysteine hydrochloride (94)6
COOH

7/-(Benzyloxycarbonyl)-S,-(2-naphthyl)-L-cysteine (38, 1.40 g, 3.68 mmol) was dissolved in

1,4-dioxane (10 mL) and 6 M hydrochloric acid (10 mL) added. The reaction was solvent

was removed under reduced pressure and then the remaining water removed by freeze drying

to produce the product (0.79 g, 87%); m.p. 193-195, (lit.6 190.5-191.5); 5H (300 MHz,

CD3OD) 3.82-3.91 (2H, m, p-CH2), 4.26-4.30 (1H, t, J 4.5 Hz, a-CH), 7.43-7.49 (2H, m,

6',7'H), 7.79-7.83 (3H, m, 3', 5', 8'H) 7.99-8.08 (2H, m, 1',4'H); 5C (71.76 MHz, CD3OD)

38.1 (S-CH2), 55.7 (a-C), 117.5-130.2 (9C, Ar-C), 133.1 (2'C-S), 171.7 (C02H); m/z (ES+)

248, ([M+H]+, 100).
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iS-^-Naphthyty-L-cysteine S, 5-dioxide (65)

COOH

NH-

S-(2-Napthyl)-L-cysteine (0.5 g, 2.02 mmol) was dissolved in 98% formic acid (10 mL) and

hydrogen peroxide 30% (10 mL) and stirred for 48 hours. The solvent was partially removed

in vacuo and the product triturated from water (0.42 g, 76%); m.p. 158-161 °C; (Found: C,

56.03; H, 4.73; N, 4.98. Calc. for C13H,3N04S: C, 55.90; H, 4.69; N, 5.02 %); vmax/crn"' 1718

(CO, acid), 1330, 1135 (0=S=0); 5H (300 MHz, CD3OD) 3.82-3.91 (2H, m, (3-CH2), 4.26-

4.30 (1H, t, J 4.5 Hz, a-CH), 8.02-8.14 (2H, m, 6',7'H), 8.41-8.59 (3H, m, 3', 5', 8'H) 8.71-

8.79 (2H, m, l',4'H); 6C (71.76 MHz, CD3OD) 40.3 (S-CH2), 59.1 (a-C), 119.8-134.6 (9C,

Ar-C), 137.8 (2'C-S), 174.1 (C02H); m/z (ES+) 280, ([M+H]+, 100).
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5-(3-Amino)-L-cysteine indole resin (100)

Qrsa"H'X?D
OH 6

O^OH

OH

Prior to each reaction the PLCHO indole resin beads were swelled and washed at least ten

times in a half hour period using redistilled DCM, MeOH, DMF, MeOH and DCM, each time

filtering through a sintered glass funnel.

To a suspension of indole resin (310mg, 0.52 mequiv CHO/g) in dichloromethane (15 mL)

was added L-serine (0.084 g, 0.80 mmol) as a solution in methanol (15 mL) and

dichloromethane (5 mL) and tetratmethylammonium triacetoxyborohydride (0.21 g, 0.80

mmol). The mixture was agitated on an orbital shaker for 2 days at ambient temperature after

which sodium cyanoborohydride (0.25 g, 4.0 mmol) in methanol (2 mL) was added. The

mixture was shaken for a further 6 hours then filtered to leave the resin bound serine which

was washed DCM, MeOH, DMF, MeOH and DCM.

Trimethylphosphine (0.06 g, 0.8 mmol) was stirred as a 1M solution in THF at -78 °C under a

nitrogen atmosphere. 1,1'-(Azodicarbonyl)dipiperidine (0.2 g, 0.8 mmol) was dissolved in

dry THF (5 mL) and added dropwise. The resulting mixture was stirred at -78 °C for thirty

minutes, and then added to a suspension of the resin bound serine in DCM (10 mL) with

shaking to prevent solidification and the temperature kept at -78 °C throughout the addition.

The reaction mixture was warmed to room temperature and shaken overnight under a nitrogen

atmosphere. The resin bound P-lactone was filtered off and washed as above. Sodium

hydride (60% in mineral oil, 0.02 g, 0.8 mmol) was suspended in dry THF (5 mL) and stirred

at 0 °C again under an atmosphere of nitrogen. 3-mercaptophenol (0.1 g, 0.8 mmol) was

added as a solution in dry THF (5 mL) and the resulting mixture stirred for a further fifteen

minutes. The solution was transferred via canula to a flask containing the resin bound P-
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lactone, which had been washed as above. Following the addition the combined mixture was

shaken for a further two and a half hours, and the resin bound cysteine species filtered and

washed as before.

5'-(3-Amino)-L-cysteine (92)

COOH

s-^nh2
OH

The resin bound cysteine was suspended in a 50% solution (v/v, 5 mL) of trifluoroacetic acid

in dichloromethane and the mixture shaken at ambient temp for 4 hours. The supernatant

liquid was removed and the resin washed three times with dichloromethane and methanol.

The filtrates were combined and concentrated to give the free amino acid product (7 mg,

36%). Data as for solution phase method.

5'-(3-Amino)-L-cysteine S^A-dioxide (63)

OH

Sulfur oxidised as previously mentioned to give the S^S-dioxide product (6 mg, 84%). Data as

for solution phase method.

University of St Andrews
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S-(3-Amino)-L-cysteine indole resin (101)

NH, i

JDH

NH.

Prior to each reaction the PLCHO indole resin beads were swelled and washed at least ten

times in a half hour period using redistilled DCM, MeOH, DMF, MeOH and DCM, each time

filtering through a sintered glass funnel.

To a suspension of indole resin (310mg, 0.52 mequiv CHO/g) in dichloromethane (15 mL)

was added L-serine (0.084 g, 0.80 mmol) as a solution in methanol (15 mL) and

dichloromethane (5 mL) and tetramethylammonium triacetoxyborohydride (0.21 g, 0.80

mmol). The mixture was agitated on an orbital shaker for 2 days at ambient temperature after

which sodium cyanoborohydride (0.25 g, 4.0 mmol) in methanol (2 mL) was added. The

mixture was shaken for a further 6 hours then filtered to leave the resin bound serine which

was washed DCM, MeOH, DMF, MeOH and DCM.

Trimethylphosphine (0.06 g, 0.8 mmol) was stirred as a 1M solution in THF at -78 °C under a

nitrogen atmosphere. 1,1 '-(Azodicarbonyl)dipiperidine (0.2 g, 0.8 mmol) was dissolved in

dry THF (5 mL) and added dropwise. The resulting mixture was stirred at -78 °C for thirty

minutes, and then added to a suspension of the resin bound serine in DCM (10 mL) with

shaking to prevent solidification and the temperature kept at -78 °C throughout the addition.

The reaction mixture was warmed to room temperature and shaken overnight under a nitrogen

atmosphere. The resin bound P-lactone was filtered off and washed as above.

Sodium hydride (60% in mineral oil, 0.02 g, 0.8 mmol) was suspended in dry THF (5 mL)

and stirred at 0 °C again under an atmosphere of nitrogen. 3-Aminothiophenol (0.1 g, 0.8

mmol) was added as a solution in dry THF (5 mL) and the resulting mixture stirred for a

further fifteen minutes. The solution was transferred via canula to a flask containing the resin
Itua1 University of St Andrews
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bound p-lactone; which had been washed as above. Following the addition the combined

mixture was shaken for a further two and a half hours, and the resin bound cysteine species

filtered and washed as before.

The resin bound cysteine was suspended in a 50% solution (v/v, 5ml) of trifluoroacetic acid in

dichloromethane and the mixture shaken at ambient temp for 4 hours. The supernatant liquid

was removed and the resin washed three times with dichloromethane and methanol. The

filtrates were combined and concentrated to give the free amino acid product (7 mg, 35%).

Data as for solution phase method.

S-(3-Amino)-L-cysteine (93)

COOH

NH.

5-(3-Amino)-L-cysteine S^A-dioxide (64)

COOH

NH.

Sulfur oxidised as previously mentioned to give the SVS-dioxide product (5 mg, 35%). Data as

for solution phase method.
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S-(3-Amino)-L-cysteine indole resin (102)

O.X>H

6

Prior to each reaction the PLCHO indole resin beads were swelled and washed at least ten

times in a half hour period using redistilled DCM, MeOH, DMF, MeOH and DCM, each time

filtering through a sintered glass funnel. To a suspension of indole resin (310mg, 0.52

mequiv CHO/g) in dichloromethane (15 mL) was added L-serine (0.084 g, 0.80 mmol) as a

solution in methanol (15 mL) and dichloromethane (5 mL) and tetratmethylammonium

triacetoxyborohydride (0.21 g, 0.80 mmol). The mixture was agitated on an orbital shaker for

2 days at ambient temperature after which sodium cyanoborohydride (0.25 g, 4.0 mmol) in

methanol (2 mL) was added. The mixture was shaken for a further 6 hours then filtered to

leave the resin bound serine which was washed DCM, MeOH, DMF, MeOH and

DCM.Trimethylphosphine (0.06 g, 0.8 mmol) was stirred as a 1M solution in THF at -78 °C

under a nitrogen atmosphere. l,l'-(Azodicarbonyl)dipiperidine (0.2 g, 0.8 mmol) was

dissolved in dry THF (5 mL) and added dropwise. The resulting mixture was stirred at -78 °C

for thirty minutes, and then added to the suspension of resin bound serine in DCM (10 mL)

with shaking to prevent solidification and the temperature kept at -78 °C throughout the

addition. The reaction mixture was warmed to room temperature and shaken overnight under

a nitrogen atmosphere. The resin bound [3-lactone was filtered off and washed as above.

Sodium hydride (60% in mineral oil, 0.02 g, 0.8 mmol) was suspended in dry THF (5 mL)

and stirred at 0 °C again under an atmosphere of nitrogen. 2-naphthlenethiol (0.13 g, 0.8

mmol) was added as a solution in dry THF (5 mL) and the resulting mixture stirred for a

further fifteen minutes. The solution was transferred via canula to a flask containing the resin
It.T.T.II
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bound P-lactone, which had been washed as above. Following the addition the combined

mixture was shaken for a further two and a half hours, and the resin bound cysteine species

filtered and washed as before.

The resin bound cysteine was suspended in a 50% solution (v/v, 5 mL) of trifluoroacetic acid

in dichloromethane and the mixture shaken at ambient temp for 4 hours. The supernatant

liquid was removed and the resin washed three times with dichloromethane and methanol.

The filtrates were combined and concentrated to give the free amino acid product (8 mg,

32%). Data as for solution phase method.

5-(3-Amino)-L-cysteine (94)

COOH

A-(3-Amino)-L-cysteine AjA-dioxide (65)

Sulfur oxidised as previously mentioned to give the SVS'-dioxide product (7 mg, 80%). Data as

for solution phase method.



Gareth D. Knight

2-Methyl-2-0-tolyl-[l,3]dioxolane (128)7

2-Bromoacetophenone (129) (5.07 g, 25.48 mmol) and ethylene glycol (31.17 g, 50.21 mmol)

were dissolved in toluene (50 mL) and a catalytic amount of p-toluenesulfonic acid added.

The reaction was then heated to reflux under Dean-Stark conditions until one equivalent of

water had been collected. The solution was left to cool then the solvent removed under

reduced pressure to give the product acetal as an oil in good yield (4.16 g, 82%). 5h (300

MHz; CDC13) 1.80 (3H, s, CCH3), 3.75 (2H, t, J 3 Hz, 0CH2CH20), 4.00 (2H, t, J 3 Hz,

0CH2CH20), 7.14 (1H, t, J 7 Hz, 4'H), 7.28 (1H, t, J 7 Hz, 5'H), 7.60 (1H, d, J7 Hz, 6'H),

7.67 (1H, d, J 7 Hz, 3'H) 8C (75.46 MHz; CDC13) 25.7 (CCH3), 64.6 (2 x OCH2), 109.1

(CCH3), 121.0 (2'C), 127.5 (5'C), 128.3 (6'C), 128.6 (3'C), 129.8 (4'C), 141.5 (TC); m/z (ES+)

244, 242 ([M+H]+, 100), 184 ([C7H4OBr]+, 80).
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l-Bromo-butane-2,3-dione (131)8

o

-SoBr

O

Diacetyl (butane-2,3-dione) (130) (2.11 g, 23.23 mmol) was dissolved in methanol (50 mL)

and cooled to 0 °C. Bromine (3.72 g, 23.23 mmol) in methanol (50 mL) was added and the

mixture was kept between 0 and 3 °C during the addition. The reaction was stirred for a

further two hours below 10 °C. The methanol was then removed under reduced pressure and

the resulting product dissolved in the minimum amount of DCM and washed with water (3 x

60 mL). The solution was dried (MgS04) and the solvent removed under reduced pressure to

give the brominated product oil (1.54 g, 40%), v^/cm"1 1748 (CO); 5h (300 MHz; CDCI3),

3.20 (3H, s, CH3CO), 4.30 (2H, s, CH2Br); Sc (75.46 MHz; CDCI3) 17.4 (CH3), 36.8

(CH2Br), 195.4 (CH3CO), 198.9 (BrCH2CO); m/z (ES+) 166, 164 ([M+H]+, 100).
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Attempted synthesis of l-[2-(2-methyl-[l,3]dioxolan-2-yl)-phenyI]-butane-2,3-dione (126)

2-Methyl-2-o-tolyl-[l,3]dioxolane (128) (0.301 g, 1.2 mmol) was dissolved in dry THF (10

mL) and cooled to -78 °C under a nitrogen atmosphere. 1.4 M sec-Butyllithium in

cyclohexane (1 mL, 1.4 mmol) was added as a solution in dry THF (10 mL), at -78 °C under

nitrogen over 30 minutes. The reaction mixture was then stirred for 3 hours. The temperature

was raised to 0 °C then cooled again. l-Bromobutane-2,3-dione (0.202 g, 1.2 mmol) was

dissolved in dry THF (10 mL) and added at -78 °C under nitrogen with stirring. The reaction

was left to stir for a further three hours. Excess butyllithium was quenched by the dropwise

addition of water. The THF and water were then removed under reduced pressure and the

resulting product taken up in a minimum amount of DCM. The organic layers were washed

with water, dried (MgSCL), and the solvent was removed under reduced pressure to afford the

product oil. ]H NMR spectroscopy showed that the desired reaction had not occurred.

Ieiseii
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l,4-Dihydronaphthalene-l,4-endoxide (160)9'10

Solutions of, isoamyl nitrite (4 mL, 30 mmol) in dimethoxyethane (10 mL) and anthranilic

acid (2.74 g, 20 mmol) in dimethoxyethane (10 mL), were added simultaneously, 2mL at a

time, at 8-10 minute intervals to a solution of furan (9.4 g, 10 mL, 0.14 mol) in

dimethoxyethane (10 mL). Following the addition the mixture was heated at reflux for a

further 30 minutes then left to cool to room temperature. Sodium hydroxide solution was

added to the mixture, which was then extracted with petroleum ether (3 x 100 mL). This in

turn was washed with water (3 x 100 mL), dried (MgS04), and the solvent removed in vacuo

to leave the desired product. (1.53 g, 53%), m.p. 53-54 °C (lit.9 55-56 °C); Vmax/cnT1 1123

(COC stretching); 5H (300 MHz; CDC13), 5.69 (2H, s, -CH=C), 6.95-6.98 (2H, m, CH-O),

7.11 (2H, s, Ar-H), 7.19-7.21 (2H, m, 6',7'H); 8C (75 MHz, CDC13): 81.9 (2C, C-O), 121.3

(2C, C=C), 125.9 (2C, Ar-C), 142.8 (2C, Ar-C), 148.7 (2C); m/z (ES+) 144, ([M+H]+, 100).
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1-Methoxynaphthalene (164)11

/O

Solutions of, isoamyl nitrite (15 mL, 128 mmol) in dimethoxyethane (20 mL) and anthranilic

acid (11.7 g, 85 mmol) in dimethoxyethane (20 mL), were added simultaneously, 4 mL at a

time, at 8-10 minute intervals to a solution of 1-methoxy-1,3-butadiene (161) (5 g, 6 mL, 59.4

mmol) in dimethoxyethane (10 mL), which was heated to reflux. Following the addition the

mixture was heated under reflux for a further 30 minutes then left to cool to room

temperature. Sodium hydroxide solution was added to the mixture, which was then extracted

with petroleum ether (3 x 50 mL). This in turn was washed with water and dried over

magnesium sulphate. The solvent was removed at reduced pressure to afford the

dihydromethoxynaphthalene. The product was dissolved in methanol and heated to reflux in

the presence of 10% palladium on activated carbon (5 g). After cooling the palladium was

filtered off through celite and the solvent removed under reduced pressure to afford the

desired product (5.08 g, 54%) which was purified by distillation at bp 133-135 °C (11-13 mm

Hg) (lit." 135-7 °C); vmJcrn] 1256, 1033 (COCH3 strecthing); 8H (300 MHz; CDC13), 3.84

(3H, s, OCH3), 6.82 (2H, dd, J 1Hz, J1 Hz, 2'H), 7.36-7.55 (4H, m, 3',4',6',7'H), 7.79-7.86

(1H, m, 8'H), 8.25-8.31 (1H, m, 5'H); 5C (75.46 MHz; CDC13) 56.4 (OCH3), 110.3, 119.3,

123.70, 126.4, 126.6, 128.4, 129.3, 130.1, 134.6 (Ar-C), 158.4 (COCH3); m/z (ES+) 158,

([M+H]+, 100).
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Ethyl 2-(2-methyl-2-dioxolanyl) acetate (150)12

r~\
0, o

COOEt

A mixture of freshly distilled ethyl acetoacetate (149) (130 g, 1 mol), ethylene glycol (124 g,

1 mol) and /?-toluenesulfonic acid (2 g, 0.01 mol) in toluene (400 mL) was heated under

reflux for 8 hours. A Dean-Stark trap was used to remove the water generated during the

reaction. On completion the mixture was washed once with 5% sodium hydrogen carbonate

solution (400 mL) and the organic layer dried (Na2S04). The solvent was removed to afford

the product oil, which was purified by distillation at reduced pressure, to give the product

(139.36 g, 81%); b.p. 87 - 91°C, 11-13 mmHg (lit.12 99.5-101°C, 17-18 mm Hg) 5H (300

MHz; CDC13) 1.25 (3H, t, J7 Hz, CH3CH2), 1.49 (3H, s, CH3), 2.65 (2H, s, CH2C), 3.96 (4H,

s, -OC2H4O-), 4.14 (2H, q, J 7 Hz, CH3CH2); 5C (75 MHz; CDC13) 14.12 (CH3CH20), 24.42

(CH3C), 44.18 (CH3CH2O), 60.49 (COCH2C), 64.72 (2xOCH2), 107.56 (OCOCH3), 169.42

(C=0); m/z (ES+) 175, ([M+H]+, 100).
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2-(2-Methyl-2-dioxolanyl) ethanal (151)'2

CHO

Diisobutylaluminium hydride (100 g, 0.70 mol) was added, via a dropping funnel under a

nitrogen atmosphere, over a 15 min period, to a stirred solution of ethyl 2-(2-methyl-2-

dioxolanyl)acetate (150) (100 g, 0.58 mol) in dichloromethane (500 ml). The temperature

was maintained, throughout the addition and for a further hour, at -78°C. The reaction was

then poured into distilled water (1 L) and stirred for a further 15 min. 4M HC1 (400 ml) was

then added in 4 equal portions at 5 min intervals, with stirring after each addition. The

organic layer was separated off and dried over Na2SC>4. The crude product oil was distilled,

to afford the product aldehyde (62 g, 83%); b.p. 67-69 °C, 11-13 mm Hg (lit.12 70-72 °C, 16

mm) SH (300 MHz; CDC13) 1.39 (3H, s, CH3), 2.68 (2H, d J 3 Hz, CH2C), 3.99 (4H, s, -

OC2H4O-), 9.69 (1H, s, CHO); 5C (75 MHz; CDCI3) 24.83 (CH3C), 52.08 (CCH2CHO), 64.71

(2x OCH2), 107.50 (CH3C(OC2H40)CH2), 200.22 (CHO); m/z (ES+) 130, ([M+H]+, 100).
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Attempted synthesis of 2-(2-Methyl-2-dioxolanyl)-2-propenal (152)12

v<.
o. .o

CHO

Glacial acetic acid (25 ml, 0.42 mol) was added to a stirred solution of aqueous

dimethylamine (75 ml, 0.42 mol) and aqueous formaldehyde (33 ml, 0.42 mol) at 0°C. After

stirring for a further 10 mins at 0 °C, 2-(2-methyl-2-dioxolanyl) ethanal (50 g, 0.38 mmol)

was added in one portion. The reaction mixture was stirred for an hour at room temperature,

then shaken with an equal amount of chloroform and solid sodium bicarbonate (50 g). The

organic phases were combined and dried (Na2S04) and the solvent removed under reduced

pressure. The *H NMR spectrum of the crude material indicated small traces of product,

however this disappeared upon purification. Purification was attempted by distillation and

column chromatography on alumina but neither were successful. 8h (300 MHz; CDCI3) 1.62

(3H, s, CH3C), 3.74-3.80 (4H, m), 6.09 (1H, d, J 1, CH2=C), 6.52 (1H, d, J 1, CH2C), 9.64

(1H, s, CHO).
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5.2 Inhibition studies on kynurenine analogues

Assay of kynureninase activity

The activity of human kynureninase was determined fluorimetrically at 37 °C consistent with

the method of Shetty and Gaertner.13 The fluorescence of the 3-hydroxyanthranilate product

was measured using a Perkin Elmer luminescence spectrometer (model LS50B) connected to

a Grant circulating water bath. The rate of formation of the product was measured at

wavelengths of excitation and emission of 330 nm and 410 nm. The reaction mixture

contained 20 pM pyridoxal 5'-phosphate, the substrate DL-3-hydroxykynurenine, a suitable

quantity of the enzyme (10-20 pL) and 15 mM phosphate buffer (pH 7.9) to make the assay

up to 3 ml. The enzyme was added to the assay last as it initiates the reaction.

The rate of reaction was measured in fluorescence intensity units per minute (Fl/min). One

unit of kynureninase activity is the amount of enzyme required to convert one nmol of

substrate per minute under standard conditions. A standard curve for the reaction is shown

below (Fig. 4.1).

Fig. 4.1
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Conversion of unit activity to fluorescence intensity/min

1 unit of activity = 1 nmol/min;

Total assay vol = 3 ml;

Therefore the rate for one unit of activity = 0.333 nmol/min/ml

= 0.333 pmol/min/ml

= 0.333 pM/min

From the standard curve:

Slope = 5F/5C = 96.69 FI/pM

Therefore one unit of enzyme activity relates to:

Fluorescence Fl/min = 0.333 (pM/min) x 96.69 (FI/pM)

= 32.197 Fl/min

Km and Vmax determination for 3-hydroxykynurenine

The enzyme used for this project was a batch made and purified previously in this group. To

compare with work carried out previously the kinetic parameters, Km and Vmax, were

determined by assaying for the enzyme activity at substrate concentrations between 2.5 and

20 pM. The reaction proceeded in a linear fashion over the time period and the rates were

measured in duplicate or triplicate. The initial rate data was fitted to the Michaelis-Menten

equation using nonlinear regression in Graphpad Prism PC software to afford the kinetic

parameters.

< EaSt'cmM
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Inhibition studies and determination of Km and Vmax

Inhibition of human kynureninase by selected analogues of kynurenine (discussed in Chapter

2) was examined by assaying the activity of the enzyme at varying levels of substrate

concentration between 2.5 and 50 pM. The assays were carried out with suitable levels of

inhibitor present, which were determined by initial assays of enzyme activity at constant

substrate concentration and varying levels of inhibitor. The percentage inhibition could then

be calculated for each concentration. Studies were carried out at three inhibitor

concentrations for each compound. Again, reactions proceeded in a linear fashion over the

measured time period and the rate measured in duplicate or triplicate. Km and Vmax were

calculated, as before, by fitting the initial rate to the Michaelis-Menten equation using

nonlinear regression in Graphpad Prism. Kj values were calculated using linear regression

plots of Kapp versus [Inhibitor], A Lineweaver-Burk plot was also drawn for illustrative

purposes.

The assay of each inhibitor was compared to a standard assay of 3-hydroxykynurenine from

2.5 to 20 pM. An initial assay was carried out prior to each run, in order to correct the

fluorescence change for one unit of enzyme activity and eliminate variations in activity from

different batches of enzyme.

Full data for a standard assay of 3-hydroxykynurenine from 2.5 to 20 pM is shown below

(Table 4.1) together with the initial assay at 20 pM of 3-hydroxykynurenine to correct for one

unit of enzyme activity.

iBKia1 University of St Andrews
164



Gareth D. Knight

Initial fluorescence change for 20 pM 3-hydroxykynureine

1 unit enzyme activity

Fluorescence change corrected for one unit enzyme activity

Correction value

Corrected fluorescence change for one unit enzyme activity

= 20.30 Fl/min

= 32.197 Fl/min

= 32.197/20.30

= 1.586

= AFluorescence (Fl/min)

x 1.586

[Substrate] pM
AFluorescence

(Fl/min)
Corrected

AFluorescence (Fl/min)

Average
Corrected

AFluorescence

(Fl/min)
2.50 10.48 10.50 10.25 16.62 16.65 16.26 16.51
5.00 16.72 13.87 13.26 26.51 21.99 21.03 23.18
10.00 17.40 15.02 13.60 27.59 23.82 21.57 24.32
15.00 16.84 19.50 20.53 26.70 30.93 32.56 30.06
20.00 17.93 22.87 20.11 28.44 36.27 31.89 32.20

Table 4.1

The data was fitted to the Michaelis-Menten rate equation using Graphpad Prism 3 software

and Km and Vmax obtained, the Michaelis-Menten plot is shown below (Fig. 4.2). The values

of 1/V were plotted against the reciprocal substrate concentrations in a Lineweaver-Burk plot

(Fig. 4.3).
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Velocity (Fl/min) versus [Substrate|
for 3-hydroxykynureninase

[Substrate] (|i.M)

Fig. 4.2

l/V vs 1/[S)

0.04 i

1/IS]

Fig. 4.3

The Km for this set of data was calculated as 3.0 ± 0.74 pM while Vmax was calculated as

35.51 ± 2.3 Fl/min. The Km value matched the value reported by Dr H Walsh for the purified

human recombinant kynureninase.14 The Vmax was within experimental error of that reported

by O'Shea.15

In general, there are three distinct regions in the velocity versus [substrate] curve where the

velocity changes with respect to substrate concentration. Initially at very low substrate

concentrations the velocity versus [substrate] curve is essentially linear, the velocity is

directly proportional to substrate concentration. As substrate concentration increases this

relationship breaks down and the increase in velocity is no longer proportional to substrate

concentration. At very high concentrations of [S] the reaction rate is essentially independent

of [S] and reaches a maximum Vmax. The relationship between reaction rate and substrate

concentration is described by the Henri-Michaelis-Menten equation.

_ Vmax[S]
V

Km+[S]
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where Km, the Michaelis constant, is defined as the substrate concentration at Vmax/2.

From a combination of data from assays containing no inhibitor concentration, the average Km

for human kynureninase was calculated as 3.36 ± 0.3 pM (Table 4.2) and the average Vmax

was determined to be 36.46 ± 3.6 Fl/min. To calculate Vmax as it is normally expressed,

nmol/min/mg, the change in fluorescence must be converted to nmol of product and then

divided by the protein concentration (mg/ml) of the enzyme determined at an earlier date by

Bradford Assay.

AFluorescence (Fl/min) corrected for one unit of enzyme activity =35.51 ± 2.3 Fl/min

Converting to nmol of product/min using the slope of the standard curve:

35.51 Fl/min

96.69 FI/pM
0.367 ± 0.03 pM/min

= 0.367 ± 0.03 (pmoles/1000ml)/min

0.367 ± 0.03 nmoles/min/ml

each assay had a total volume of 3 ml

= 0.367 ± 0.03 x 3 nmoles/min

= 1.102 ±0.1 nmoles/min

10 pi of enzyme was used (0.01ml)

1.102 + 0.1

0.01
nmoles/min/ml

— 110.2 ±10 nmol/min/ml

protein concentration =17.7 mg/ml

University of St Andrews
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110.2 ± 10 (nmol/min/ml)
17.7 (mg/ml)

= 6.23 ± 0.6 nmol/min/mg

Km DETERMINATION FOR HUMAN KYNURENINASE

Km (nM) error

Vv max

(FI/min)
error

Vv max

nmol/min/mg
error

1.671 ±0.6 31.28 ±2.1 5.48 ±0.6

4.442 ± 1.7 40.70 ±4.8 7.13 ±0.7

3.963 ± 1.7 37.39 ±4.9 6.55 ±0.7

Table 4.2

Average Km = 2.99 ± 0.7 pM

Average Vmax = 6.23 ± 2.3 nmol/min/mg

Inhibition Studies

The raw data obtained from the studies on the inhibition of human recombinant kynureninase

by inhibitors synthesised in this project, are given below:
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(3-Nitrobenzoyl)aIanine hydrochloride

The raw data for (3-nitrobenzoyl)alanine hydrochloride:

[SI 10 pM [IJ 25 pM [I] 50 pM [I] *

(pM) (Flmin"1) (Flmin"1) (Flmin"1)

2.5 6.88 6.92 5.90

5.0 12.17 12.21 8.11

10.0 20.63 22.38 15.49

15.0 25.39 25.64 16.96

20 26.98 28.08 20.65

40 28.92 28.90 25.81

50 29.27 29.30 27.65

vT max 6.2510.3 6.23 10.4 6.31 10.2

(nmol/min/mg)

Km(pM) 7.861 1.4 7.321 1.6 14.71 11.5

Table 4.3

Fluorescence intensity values corrected for unit of enzyme activity

The Michaelis-Menten plot for the raw data above (Fig. 4.4):
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[Substrate] vs. Velocity
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Fig. 4.4

(2-Thiophenoyl)alanine hydrochloride

The raw data for (2-thiophenoyl)alanine hydrochloride:

[S] tiM 2.5 5.0 10.0 15.0 20.0 Km (iM
Vv max

nmol/min/mg

100 hM [I]*

Flmin"1
10.00 14.80 22.72 25.23 26.17 6.4 + 0.8 6.2 ± 0.3

Table 4.3

*

Fluorescence intensity values corrected for unit of enzyme activity

The Michaelis-Menten plot for the raw data above (Fig. 4.5):
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[Suhstrate] vs. Velocity

• 100
• 0

~~1

25

[S] (HM)

Fig. 4.5

(4-Phenylbenzoyl)alanine hydrochloride

The raw data for (4-phenyl-benzoyl)alanine hydrochloride:

[S] nM 2.5 5.0 10.0 15.0 20.0 KmnM
Vv max

nmol/min/mg

50 (iM [I]*

Flmin"1
6.30 11.20 17.95 20.34 23.07 10.7 ± 1.2 6.3 ± 0.3

Table 4.4
*

Fluorescence intensity values corrected for unit of enzyme activity

The Michaelis-Menten plot for the raw data above is shown below (Fig. 4.6):
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[Substrate! vs. Velocity

[S] (pM)

Fig. 4.6
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