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“Science... never solves a problem without creating ten more”

George Bernhard Shaw

“The need to be right all the time is the biggest bar to new ideas. It is better to have
enough ideas for some of them to be wrong than to be always right by having no ideas

at all.”

Edward de Bono

“Every truth passes through three stages before it is recognised. In the first it is

ridiculed, in the second it is opposed, in the third it is regarded as self-evident”

Arthur Schopenhauer
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Abstract

Peptidylglycine a-amidating monooxygenase catalyses the biosynthesis of peptide
hormones through radical cleavage of the C-terminal glycine residues of the
corresponding prohormones. The over-production of hormones by PAM has been
implicated in disease states such as cancer, diabetes and inﬂammatiqn. Correlations
between ab initio calculations of radical stabilisation energies (RSE) and rates of free
radical brominations with the extent of catalysis displayed by peptidylglycine o-

amidating monoxygenase were used to identify classes of inhibitors of the enzyme.

The substitution of the nitrogen of glycine with electron-withdrawing groups was found
to decrease rates of free radical brominations by up to a factor of 24 and the RSEs of o-
carbon centred radicals by up to 9.2 kJ mol”. This was correlated with a 4.5 fold
decrease in the rate of turnover by PAM of N-trifluoroacetylglycine in comparison to

that of N-acetylglycine.

The substitution of glycine for BBp-trifluoroalanine was found to prevent free radical
bromination and decrease the RSE of an a-carbon centred radical by 39.2 kJ mol™ in
comparison to the corresponding glycyl radical. This substitution was found to prevent

catalysis by PAM, although it was found to have a detrimental effect on binding

affinity.

The substitution of an acylglycine NH with O to give an acylglyolate was found to
prevent free radical bromination and decrease the RSE of an a-carbon centred radical by

34.7 kJ mol™ in comparison to the corresponding glycyl radical. The substitution of

Xi



glycine with glycolate was also found to prevent catalysis by PAM whilst not reducing

binding affinity with the enzyme. Glycolates were therefore identified as a general class

of PAM inhibitors.

The substitution of an acylglycine NH for a y-keto acid CH, was found to prevent free

radical bromination. Further, in comparison to an a-carbon centred glycyl radical, it
decreased the RSE of the equivalent carbon centred radical by 44.2 kJ mol ™. This
substitution was also found to prevent catalysis by PAM, however it resulted in a large

decrease in binding affinity with the enzyme.

The glycolates O%(decanoyl)glycolic acid, benzyl 0%(decanoyl)glycolate, N-acetyl-O"-
(phenylalanylphenylalanyl)glycolic acid and benzyl N-acetyl-O°*-
(phenylalanylphenylalanyl)glycolate were tested for their effects in cell based assays. It
was found that these systems inhibit the proliferation of the A549 human lung cancer
cell line, decrease levels of substance P produced in rat dorsal root ganglian cells and
affect adrenomedullin hormone levels assays with a U87 cell line. In particular, the
bénzyl esters were found to have the highest efficacy presumably due to enhanced

transport across cell membrances in comparison to the free acids.

The hydrolysis of a-substituted glycines at pH 4.0, 7.5 and 10.0 was investigated for
their potential use as amide masking groups or to transiently link molecules. The rates
of the hydrolysis reactions of N-benzoyl-a-hydroxyglycine and N-benzoyl-a-
hydroxyglycine methyl ester to release benzamide were found to be similar at pH 7.5
and 10.0. The substitution of N-benzoylglycine methyl ester at the a-position with
methoxy and ethoxy groups was found to prevent hydrolysis to release a-

hydroxyglycines at pH 4.0, 7.5 and 10.0 due to the poor leaving abilities of methoxide

Xii



and ethoxide. The substitution of N-benzoylglycine methyl ester at the a-position with
an acetoxy group was found to result in rapid hydrolysis to N-benzoyl-a-hydroxyglycine
methyl ester at basic pH whilst being inert at pH 4.0. The substitution of N-
benzoylglycine methyl ester with a phenoxy group at the a-position provided for the

controlled hydrolytic release of a-hydroxyglycines at basic pH with a half-life of 0.40

hours at pH 7.5.

2-Nitrophenylalanine was identiﬁed as a new photocleavable amino acid for the release
of amides under biological conditions. The peptides, N-benzoylvalyl-2-
nitrophenylalanine methyl ester, N-benzoyl-2-nitrophenylalanylalanine methyl ester, N-
benzoylvalyl-2-nitrophenylalanylalanine methyl ester and N-benzoylvalyl-2-nitro-4,5-
dimethoxyphenylalanine methyl ester were found to photolyse at 254, 300 and 350 nm
to release theirv respective amides, N-benzoylvalinamide, benzamide, N-
benzoylvalinamide and N-benzoylvalinamide. Alteration of the carboxyl group of 2-
nitrophenylalanine was found to have a profound effect on the efficiency of the
photolysis reaction and the yield of amide released. It was found that if the carboxyl
group of 2-nitrophenylalanine was protected as a methyl ester rather than an amide, the
yield and rate of release of amide was increased and the half-life of the aci-nitro
intermediate decreased. The photolysis of N-benzoylvalyl-2-nitrophenylalanine methyl

ester was found to be the most efficient and high yielding.

- Xiii



Introduction

Introduction

C-Terminal amidation is a required post translational modification of many bioactive
peptides. The amides are synthesised via glycine-extended precursors and are
transformed by peptidylglycine o-amidating monooxygenase (PAM) through the

oxidative cleavage of the glycine N-C® bond (Figure 1).!

/loj\ OH PHM 'O o OH
. N .
Peptide H/\([)]/ c#. 0, Peptide H/\[O]/
ascorbate
l PAM l PHM
o o O OH
PAL . OH
Peptide)l\ NH, HJ\(OH - Peptlde)l\ N)\[(
H
o) o]

Figure 1. Mechanism of Catalysis by Peptidyiglycine a-

Amidating Monooxygenase.

The amidation reaction is catalysed by the two active sites of PAM: peptidylglycine a-
hydroxylating monooxygenase (PHM) and beptidylamidoglycolate lyase (PAL).! The
PHM step of the PAM mechanism is copper, molecular oxygen and ascorbate
dependent.' The initial step involves the reduction of the resting oxidised form of the
enzyme converting the two bound copper ions from Cu®* to Cu* by two one electron
transfers from two ascorbates. The two ascorbates in turn are oxidised to the
semihydroascorbates which disproportionate to yield ascorbate and dehydroascorbate.

In the presence of substrate, molecular oxygen then binds to Copper B (CuB, Figure 3)
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to give Cu'—peroxide. The copper-peroxy radical then abstracts a hydrogen atom from
the terminal glycine’s a-carbon of the bound substrate forming an a-carbon centred
glycyl radical intermediate (Figure 2). Homolysis of the copper bound hydroperoxide

then forms the a-hydroxyglycine derivative.'

Peptide H COOH

__H
5 Peptide | COOH Peptide\T/COOH
H) — ) — OH
o ((;H M-
I NS CuB"-OH

Figure 2. Mechanism for Abstraction of a Hydrogen

Atom from the a-Carbon of a Glycine Substrate by PHM."

The crystal structure of the active site of PHM in its oxidised, substrate bound form is
illustrated (Figure 3). Included in the crysfal structure are a number of features, which
provide insight into how the enzyme binds substrates. Of particular note is the arginine
residue R240 that acts like a claw in binding the terminal free carboxylate of the
substrate. The importance of this interaction is observed in the fact that peptidic
systems which do not possess the free carboxylate are known not to bind to PHM.”
Further interactions involve an asparagine (N316), the side chain oxygen of which is
hydrogen bonded with the substrate glycine NH. This interaction comes about through
a large structural change upon substrate binding, which involves the breaking of a
hydrogen bond with the neighbouring tyrosine (Y318) through a 30° rotation of the
asparagine side chain. Also of interest is the substrates 3,5-diiodotyrosine residue
which appears to be occupying a large hydrophobic pocket big enough to accommodate

any proteinogenic amino acid side chain.’
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Figure 3. Crystal Structure of the Oxidised and Substrate
Bound PHM Active Site." Peptide substrate and protein side
chains are shown coloured by atom type (carbon is grey,
nitrogen is blue, oxygen is red, sulfur is yellow and iodine is
turquoise). The copper atoms are green and the water

molecules are red spheres.

The o-hydroxyglycine modified substrate is then processed by the second active site,
PAL, where it undergoes zinc dependent cleavage to give glyoxylic acid and the C-
terminal amidated product (Figure 4)."

Zn?+ f—:Base B i) ol
o)
oo L dife, 1 e )(J)\
e
©0 e o AL W)LH HoN" " Peptide
N~ ~"Peptide u Peptide O
o)

Figure 4. Proposed Mechanism of Catalysis by PAL."
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The expression of PAM is widespread through the body with high concentrations in
many neurons, endocrine cells (especially the pituitary), ependymal cells, atrial
myocytes and all major brain areas except the cerebellum.” To achieve its function in
the amidation of peptides, PAM must be co-localised with its hormone precursor
substrates. Resulting from this, regions known to contain high levels of peptide

hormones also express high levels of PAM mRNA.

In addition to the bioactivation of a large number of peptides, PAM has also been
implicated in the biosynthetic pathway of the production of fatty acid primary amides
known as bioactive lipids.4 As a result of the diversity of compounds that PAM is
responsible for processing and their wide ranging biological roles, the enzyme has been
implicated in a number of related disease states. The neuropeptides bombesin and
calcitonin are bioactivated by PAM® and are known to stimulate the growth of prostate
cancer cell lines through the inhibition of apoptosis.® Substance P is a neuropeptide
which is known to be a modulator of nociception, involved in the signalling intensity of
noxious or aversive stimuli.” Tachykinin peptides, substance P and neurokinin A are
released from sensory nerves upon exposure to irritant chemicals and endogenous
agents including bradykinin, prostaglandins and histamines as part of an inflammation
response and are linked to bronchioconstriction (asthma).® Pancreastatin has been found
to have a counter regulatory effect on insulin levels and therefore has been implicated in
insulin-resistance.” The concentrations of the peptide hormones somatostatin and
neuropeptide Y are known to be deficient in the cerebrospinal fluid of Alzheimer’s
patients, though galanin levels are increased."” The fatty acid primary amide,
oleamide, is known to be involved in the control of sleep and potentiates the

antiproliferative effects of arachidonoylethanolamide in breast cancer cells.*
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Resulting from the large number of disease states associated with the over production of
bioactive peptides by PAM such as asthma,® cancer,” and neuropathic pain,11 PAM has
become a target for drug development.’ A variety of potential drug candidates have
been developed such as trans-4-phenyl-3-butenoic acid (PBA) which is an enzyme-
activated, mechanism based inhibitior.'> PBA is one of the most potent PHM inhibitors
with an apparent K| in the range of 1 pM."* The inactivation of PHM by PBA is time,
copper and ascorbic acid dependent. PBA is believed to form a reactive intermediate
which binds covalently to an electron rich amino acid residue in the catalytic core of
PHM.? The administration of PBA in rat assays has been shown to reduce carrageenan-
induced inflammation through the inhibition of substance P production by PAM." This
identifies PAM as an excellent pharmacological target for the reduction of acute

inflammatory responses.

Other mechanism based inhibitors of PAM include a,B-unsaturated acids such as trans-
3-benzoylpropenoic acid, trans-3-(N-acetylphenylalanyl)propenoic acid and trans-5-
acetamido-4-o0x0-6-(2-thienyl)-hex-2-enoic acid with Kis of 0.16, 0.095 and 0.026 mM,
respectively.B’15 Diastereomers of phenylalanylphenyalanyl-a-styrylglycine have also
been studied and found to possess ICs, values against PAM in the millimolar range, as

low as 0.1 mM.'¢

Other types of reported PAM inhibitors are inorganic sulfite, which appears to give
irreversible inhibition through the Cu" oxidation of sulfite (SO*3) to sulfite radical

anion (SO™3) in the active site. The sulfite radical then reacts with an amino acid

17

residue in the PHM active site rendering the enzyme inactive.””" Benzylhydrazine has

also been identified as a PAM inhibitor. This occurs through the oxidation of the
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hydrazine moiety by Cu" to give a benzylic radical, which then binds covalently to a

residue in the active site of PHM, blocking the enzyme.'®

Chapter 1 of the Results and Discussion section of this thesis outlines a new approach
to the development of PAM inhibitors. This approach involves the development of
methods to decrease the stability of a-carbon centred glycyl radicals such as those
formed by PAM. Therefore, a short review covering the nature of a-carbon centred

amino acid radicals and methods with which they can be studied now follows.

a-Carbon centred amino acid radicals are peculiar in that their stability is much greater
than that for typical carbon radicals.'”” This enhanced stability is the result of a
phenomenon termed the ‘captodative effect” which was first theorised by Dewar.”’ The
captodative effect involves the extensive and synergistic delocalisation of the unpaired
spin density, through the action of the electron-donating (dative) amino or amido
substituent and the electron-withdrawing (capto) carboxy group.'’ Figure 5 illustrates
how resonance forms contribute to the stability of a-carbon centred glycyl radicals

formed on substrates by PAM.

a-Carbon centred amino acid radicals have been studied by measuring radical
stabilisation energies (RSEs) and rates of bromination.”! RSEs are calculated energies,
which reflect the stability of radicals whilst rates of bromination reflect the ease of
formation of the radicals. A short overview of these studies and how they will be
applied to the development of inhibitors of PAM in Chapter 1 of the Results and

Discussion section of this thesis is now presented.
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0 o)
PeptideJ\'ﬁ/\gOH - Peptide/u\.ll:l;/.\g/OH
o) /?L o

+eo
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)

Figure 5. Resonance Contributors of a-Carbon
Centred Glycyl Radicals.

(0]

0O
N-Br + HBr —> E‘IENH + Bn,
o)

0]

Br, ——» 2Br’
Bf +RH —> R + HBr

R +Br, — RBr + Br'

Figure 6. The Mechanism of Radical Bromination as

Described by Goldfinger et al.??

The mechanism of radical bromination using NBS, illustrated in Figure 6, involves
NBS as a provider of a small steady-state concentration of molecular bromine.”
Photolysis of molecular bromine then releases a smaller steady-state amount of bromine
atom which acts as the hydrogen abstracting species. This is followed by halogen
abstraction from molecular bromine by the substrate radical forming the product

bromide and a bromine atom, which continues the chain reaction.
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Rates of reaction often give information about the steric, polar and resonance effects
involved in free radical processes and provide information that can be utilised, for
example, in the design of oxidation resistant peptides, enzyme inhibitors and synthetic
schemes.”! This is true of rates of bromination with NBS of a-amino acids which have
been extensively used to investigate the effect that their substituents have on the ease of
formation of their a-carbon centred radicals.** In the transition state of the reaction
there exists a substantial degree of bond homolysis and therefore the transition state
possesses substantial radical character. As a consequence the relative rates of radical
formation tend to reflect the relative stabilities of the radicals being formed ie. a
substituent which stabilises a radical product can be assumed to have a similar effect on

the stability of the ‘radical-like’ transition state.

RSEs can also be used to determine the effect that different substituents have on a-

carbon centred glycyl radical stability.*!

In this dissertation, RSEs are reported as the
energy changes in the isodesmic reactions represented in Figure 7. The RSEs

correspond to the differences between the C-H bond dissociation energies of methane

and RH,>? and reflect the stability of R’ compared to CH;' (relative to the

corresponding closed shell molecules). Therefore the larger the value of the RSE the

more stable the radical.

R. + CH4 — RH +.CH3

Figure 7. Isodesmic Reactions used to obtain RSEs.

The ability of different substituents to affect the rate of bromination of glycine

derivatives with NBS and the RSEs of their a-carbon centred radicals has been
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investigated.zl’27 It was established that rates of bromination and RSEs could be
influenced through both steric and electronic effects induced by N-substituents and a-

substituents.

The contribution of the amido or amino nitrogen of glycine derivatives, as part of the
resonance forms involved in captodative stabilisation of a-carbon centred glycyl
radicals, is electron donating.19 The addition of electron withdrawing groups on the
nitrogen of glycine has been shown to decrease rates of bromination with NBS and
RSEs of o-carbon centred glycyl radicals.”! The rate of radical bromination of N-
trifluoroacetylglycine methyl ester 4 is 24 times slower than for N-acetylglycine methyl
ester 1 (Figure 8). Further the RSE of the a-carbon centred glycyl radical of N-
trifluoroacetylglycine methyl ester 5 is 9.8 kJ mol” less stable than for the N-

acetylglycine methyl ester radical 2 (Figure 8).

(@]
NBS o) O Br
LT Sl S WP 2T .
HeC ”/\ﬂ/ CHs Carbon Hac/u\N/\n/ “CHy ™ HaC II:II)\“/ CH,
0 Tetrachloride H o S
2 3
0]
JU o NBS j\ . QB o
> hv o O. ~
FsC H/\ﬂ/ CH4 Carbon FoC ”/\n/ CH3_>F3C ” CHj
o Tetrachloride o) o)

5

Figure 8. Bromination Reactions of 1 and 4 to give their a-Carbon
Centred Radicals 2 and 5 and Brominated Products 3 and 6,

Respectively.?’
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Substitution at the a-carbon of N-acylglycines also affects the stability of the a-carbon
centred amino acid radicals.”! The favoured conformation adopted by the a-carbon of a
glycine derivative upon radical formation is sp2 trigonal planar. The addition of bulky
groups at the a-position of N-acylglycines can affect the adoption of the trigonal planar
geometry. The substitution of N-acetylglycine with a fert-butyl group results in a
decrease in the RSE of 28.6 kJ mol” for the o-carbon centred radical. This is a
consequence of the buttressing of the fers-butyl group with the amido carbonyl oxygen.
This interaction inhibits the adoption of a trigonal planar geometry at the a-carbon

during the formation of the a-carbon centred radical.

The intention of the studies described in Chapter 1 of the Results and Discussion
section of this thesis was to determine whether the effect that different substituents on
glycine have on rates of bromination and the RSEs of a-carbon centred radicals
translates to differences in PAM activity towards analogous substrates. It was the
further intention to determine whether glycine substituents which decrease the RSEs of
a-carbon centred glycyl radicals and their ease of formation in radical brominations
could be used in the development of PAM inhibitors. In order to achieve this, assays of
various compounds with PAM were required. Therefore an overview of enzyme
kinetics with respect to the parameters which describe enzyme-inhibitor and enzyme-

substrate interactions now follows.

Enzymes accelerate reactions by factors of up to at least a million.”® Indeed many
enzymes such as superoxide dismutase, fumarase and triosephosphate isomerase are
known to process their substrates such that the rate determining step is diffusion.”

Enzymes are highly specific both in the reaction catalysed and in their choice of

10
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reactants.”® For example, PAM is known to be highly specific for glycine extended
substrates over substrates terminating in more bulky amino acids such as alanine.”
Much of the catalytic power of enzymes comes from their bringing substrates together
in favourable orientations in enzyme-substrate complexes (ES). The following diagram

(Figure 9) describes the simplest case of the reactions that take place between enzymes

and substrates.

VMax
E+S —_E—"-——" ES ———>» EP ——>» E+P

M

Figure 9. Reaction of an Enzyme (E) and Substrate (S) to
give an Enzyme-Substrate Complex (ES) Followed by the
Conversion to an Enzyme-Product Complex (EP) and Release

of Product (P).

The Ky is the Michaelis constant which is equal to the substrate concentration‘at which
the reaction rate v is half its maximal rate (V,.[.a,().z’3 The Ky can also be defined as the
substrate concentration at which the position of equilibrium between free enzyme and
bound enzyme is such that half the enzyme active sites are occupied. Double reciprocal
(Lineweaver-Burk) plots of 1/v versus 1/[S] (where [S] is substrate concentration) are
used in this thesis to obtain Ky values (Figure 10). In order to obtain a Ky the
reciprocal of the rate of turnover of substrate at different substrate concentrations is
plotted and a trendline fitted. The Ky is then obtained from the value of -x where the

trendline intersects with the x-axis.

11
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1/v

Gradient = Kp/v

-1/Km

1/[S]

Figure 10. Double Reciprocal Plot Used to determine Ku

Values.®'

The inhibition of enzymatic activity by specific small molecules and ions is important
because it serves as a major control mechanism in biological systems.”® Also many
drugs and toxic agents act by inhibiting enzymes. Furthermore, inhibition can be a
source of insight into the mechanism of enzyme action. Different types of inhibitors
include those that are competitive and non-competitive. The latter can act in a
reversible or irreversible manner. In the majority of cases, inhibitors bind reversibly
and can be released or displaced from the enzyme.31 However, some inhibitors can bind
so strongly that they cannot be detached. These include suicide substrates, which
initially follow the catalytic process but subsequently form a covalent bond with a
functional group of the enzyme active site and block the enzyme. The studies outlined

in Chapter 1 of the Results and Discussion section of this thesis are assumed to involve
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the development of competitive reversible inhibitors of PAM. A scheme describing

enzyme and inhibitor interactions for simple competitive reversible inhibition is

provided in Figure 11.

E+] =—=—]——> El

K;/1Cs,

Figure 11. Reaction of Enzyme (E) and Inhibitor (I) to give an

Enzyme-Inhibitor (EI) Complex.

In this thesis, the activity of inhibitors is described using either a Kj or an ICs value.
However, it is important to understand the extent to which the two numbers can be
compared. The differences between an ICsp and a Kjare illustrated by the way in which
the values are determined. To find a Kjvalue for an inhibitor, one must determine rates
of enzyme-catalysed reactions while independently varying the concentration of
substrate, [S], and the concentration of inhibitor, [I].32 Speciﬁcally,' the rate of an
enzyme-catalysed reaction is measured for a range of substrate concentrations against
one concentration of inhibitor. This experiment is then repeated, typically five or six
times, for different concentrations of inhibitor. These data, usually requiring 75-100
individual rate measurements if the experiment is done in triplicate, are then used to
determine a K;. By comparison, ICsy values do not require as extensive
experimentation. The ICsy value is determined at only one concentration of substrate
over a range of inhibitor concentrations. Since determination of this value requires only
about 15-20% as many data points and PAM enzyme solutions are highly expensive,
ICso values were obtained for the potential inhibitors reported in this thesis. While K is

a constant value for a given compound with an enzyme, an ICs is a relative value, the
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magritude of which is dependent on the concentration of substrate used in the assay.
The elationship of an ICsy to a Kj is described mathematically in the Cheng-Prusoff
relatipnship (Figure 12). From this equation it can be seen that the ICsy value of a given
competitive inhibitor is related to the Ki value of the inhibitor as a function of the
subst-ate concentration, [S], used in the assay, and the Michaelis constant, Ky, of the
substrate. It is important to note that this relationship is specific for competitive
inhibition and not for other modes such as uncompetitive inhibition. Therefore, I1Csq
values and Kj values can only be compared whilst considering the mode of inhibition
and the concentration of substrate used in the assay. In the case of competitive
inhibition, ICsy values approximate Kj when the [S] used in the assay is much lower

than Ky. Therefore, in the case of competitive inhibition, ICs, values are always higher

1CymK, <1+ [S] >
KM

Figure 12. Cheng-Prusoff Relationship.®®

than Kis.

The ICs values of the potential inhibitors evaluated in this thesis were obtained using
the Dixon plot method of 1/v versus [I] (where the initial concentration of substrate is
constant over each assay and where [I] is different in each assay). The method used to
determine a Kj for an inhibitor from a Dixon plot is illustrated in Figure 13 to clearly
show how it relates to the compounds ICs, values. Inhibition data for a range of [I] at a
constant [S] can be plotted as a Dixon plot to give the ICsy value at that [S] as the

oppo.site value of the x-intercept. As the value of [S] decreases so does the opposite
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value of the x-intercept, illustrating how an ICs value approximates K as the value of

[S)/Km becomes smaller in the Cheng-Prusoff relationship (Figure 12).

[S]a
[S]s

Increasing [S]

1/v

-ICs08

(1]
-ICs0a -K;

Figure 13. Dixon Plot as used to determine 1Cso and K, Values.

In this thesis ICsps, Kis and Kys are used to interpret the structural features of
compounds, which are necessary for binding. Although only a K for an inhibitor is a
constant which represents the concentration at which half the enzyme active sites are
occupied, ICsos are used as a general guide and can be considered to represent an upper

limit estimation of K.

Chapter 1 of the Results and Discussion section of this thesis will outline research
towards the development of PAM inhibitors for the treatment of disease states that arise

from an over-production of peptide hormones. Conversely, Chapter 2 will cover
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research into the controlled release of peptide hormones for the treatment of disease

states resultant from their deficiency in the body.

Disease states assdciated with peptide hormone concentrations are not restricted to
being due to their overproduction. Indeed, many disease states are treated through the
direct administration of peptide hormones and suitable analogues.34 Growth hormone
and insulin-like growth factor are administered to patients with cardiac failure, sepsis,
burns, cancer cachexia, end-stage renal failure, trauma and AIDS.* The administration
of pancreastatin may constitute a method of treatment for insulin resistance.” Glucogen-
like peptide 1 is a physiological incretin hormone from the lower gastrointestinal tract
and it has been identified for possible use in the treatment of diabetes and Alzheimer’s
disease.***” The somatostatin analogues octreotide, lanreotide and vapreotide are used
clinically to treat pituitary and gastrointestinal cancers.”® Vasopressin is used to treat

enuresis.>* Salmon, human and eel calcitonin are commonly used in the treatment of

0Steoporosis.

The use of peptides as therapeutic agents is hampered by their rapid elimination from
circulation through renal filtration, enzymatic degradation, uptake by the
reticuloendothelial system and accumulation in non-targeted organs and tissues.”® In
spite of the drawbacks of disease treatment with peptides, the worldwide market in
peptide and protein drugs was worth USD 28 billion in 2000.>* Therefore methods of
administering peptide hormones as prodrugs which are initially inactive and are then

rendered active once in contact with a selected stimulus warrants development.
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It has been suggested that the administration of peptides in conjugation with molecules
that can improve their lifetimes in the body and their selectivity for disease sites may
allow the drawbacks of their use in disease treatment to be overcome.*® Possible
systems which could be used to this end include large polymers which improve the
delivery of anti-cancer drugs through exploiting the enhanced permeability and
retention of solid tumours towards macromolecules.* Further, antibodies which can
recognise specific antigens produced in tumours, and immunotoxins which can select
for specific cancer cells could also be used.*® However, in order for hormones to be
attached to such polymers, anfibodies and immunotoxins, suitable linkers which allow

for the liberation of the hormone must be developed.

As discussed above, the C-terminal amide of peptide hormones is essential to their
bioactivity.! Therefore one approach towards the development of prodrugs of hormones
is through the masking of the amide with a suitable protecting group which can be
removed in vivo.*® It seemed likely that functional amino acids which, upon exposure to
specific stimuli, cleaved to release amides would constitute suitable protecting groups
for the C-terminal amide of peptide hormones. Furthermore, such amino acids could
potentially be utilised as cleavable linkers between hormones and the polymers,
antibodies and immunotoxins anticipated to improve the selectivity of peptide hormone
drug delivery. In this dissertation, the development of amino acids, which can be
cleaved to release amides through hydrolysis will be outlined in Chapter 2 of the

Results and Discussion section.

On the basis of the mechanism by which PAM catalyses the production of hormones,

the administration of the a-hydroxyglycine extended precursors of C-terminal amidated
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peptides may seem a suitable method by which to control the rate of hormone release.
A number of a-hydroxyglycine extended peptides such as N-acetylphenylalanyl-a-
hydroxyglycine, N-benzoylphenylalanyl-a-hydroxyglycine and N-
acetylphenylalanyltyrosyl-a-hydroxyglycine have been studied to determine their rates
of hydrolysis in aqueous buffered solutions and in 80% blood plasma at 37 oc A4 1t
was found that their rates of hydrolysis were accelerated in 80% blood plasma with
half-lives decreasing from 5.8-13.3 to 1.3-3.9 hours, apparently due to enzyme
catalysed dealkylation.4° It seemed likely that PAM was the enzyme responsible for the
catalysed dealkylation as it is known to be present in human blood plasma.42 Therefore
the administration of a-hydroxyglycine extended peptides may not be suitable as they
would be processed as soon as they entered the blood stream. It seemed likely that o-
substituted glycines, which would not be expected to be PAM substrates, but would still
hydrolyse at biological pH, may be suitable alternatives to o-hydroxyglycines.

Therefore, a short review covering the chemistry of a-substituted glycines will now be

outlined.

The hydrolysis of N-benzoyl-a-hydroxyglycine 7, N-benzoyl-a-hydroxyglycine methyl
ester 8 and N-benzoyl-a-hydroxyglycine benzyl ester 9 to release benzamide 10 and the
glycolate derivatives 11-13 has been studied.* A mechanism for the non-enzyme
catalysed hydrolysis of 7, 8 and 9 to release 10 and 11-13 based on that proposed by
Bundgaard ez al.*! is illustrated in Figure 14. The reported half-lives for the hydrolysis
of 7, 8, and 9 to release benzamide 10 at pH 7.4 were 6.7, 0.78 and 4.5 hours,
respectively. Therefore, an increase in the rate of release of 10 through the hydrolysis
of 8 and 9 in comparison to the free acid 7 of up to 8.5 times was observed, however, no

explanation for this change in reaction rate was reported. This result was considered
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surprising, as there is no obvious reason that can be derived from the mechanism
(Figure 14) to explain the observed increase in the rate of amide release. The
hydrolysis of N-benzoyl-a-hydroxyglycine methyl ester 8 was therefore studied and is
discussed in Chapter 2 of the Results and Discussion section of this thesis in order to re-

examine the results previously reported.*!

Ho0™

_H
0 o) 0 o}
OR l__oR
H _— NH, +
) O °
_H 10 11R=H
HO) 12R=CH;3

13 R = CH206H5

Figure 14. Mechanism of Hydrolysis of N-Benzoyl-a-
hydroxyglycine 7, N-Benzoyl-a-hydroxyglycine Methyl Ester 8 and

N-Benzoyl-a-hydroxyglycine Benzyl Ester 9.

In an attempt to extend the half-life of a-hydroxyglycine derivatives, Bundgaard et al.*!
protected 8 with various acyl groups. However, it was found that the acyl protected
systems were highly unstable in aqueous conditions at biological pH, converting back
to their a-hydroxyglycine analogues with a half-life of 1-3 seconds. A mechanism for
the formation of 8 from N-benzoyl-a-acetoxyglycine methyl ester 14 is illustrated in
Figure 15. The initial step in the hydrolysis of 14 is the formation of a transient N-

acyliminium ion 15, which in a subsequent fast step, undergoes attack by hydroxide to
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give the a-hydroxyglycine 8. The rate-determining step in the formation of 8 from 14

has been suggested to be the elimination of the carboxylate ion.

o} H,
0 oﬁj\ o]

~_ 0 N O

~ —_— ~ ~N

L i
14 15
0 o O OH
NH2 + Kn/ ~ - N ~
o H o

Figure 15. Mechanism of Hydrolysis of N-Benzoyl-a-

acetoxyglycine Methyl Ester 14.

The ability of acetate to stabilise a negative charge is reflected in the relatively low pK,
of acetic acid, which is 4.0.*> As a result, acetate is a good leaving group. Therefore the
instability of 14 may be due to the rate of elimination of the acyloxy anion being too
fast. The hydrolysis of N-benzoyl-a-acetoxyglycine methyl ester 14 is investigated in
Chapter 2 of the Results and Discussion section of this thesis to re-examine previously
published results.*’ The development of a-substituted glycines, which hydrolyse to
release amides slowly in comparison to N-benzoyl-a-acetoxyglycine methyl ester 14 in
aqueous solution at biological pH, was desired. It seemed likely that this could be
achieved if the rate of conversion of glycines such as 14 to 15 could be extended

through the use of suitable alternatives to acyloxy groups as glycine a-substituents. In
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Chapter 2 of the Results and Discussion section of this thesis, the a-substituted glycines
which were investigated for their potential rates of hydrolysis in aqueous conditions or

to compare with literature Values,41 are 8, 14, 17, 19, 21 and 22 (Figure 16).

@i QMW ©“f

18R = 20R =
19R= CH3 21R= CH3

Figure 16. a-Substituted Glycine Derivatives 8, 14 and 16 — 22.

N-Benzoyl-o-methoxyglycine 16 and N-benzoyl-o-ethoxyglycine 18 have been
previously synthesised in high yield via the base catalysed hydrolysis of N-benzoyl-a-
methoxyglycine methyl ester 17 and N-benzoyl-a-ethoxyglycine methyl ester 19
respectively, with sodium hydroxide in aqueous methanol.* The high yield (96%) of N-
benzoyl-a-methoxyglycine 16 obtained was surprising as the conditions used were
aqueous. Using such conditions it would be reasonable to expect that, to some extent,
N-benzoyl-a-methoxyglycine methyl> ester 17 would have converted to the a-
hydroxyglycine analogue 8 followed by the release of benzamide 10 in a similar
manner to the hydrolysis of the a-acetoxyglycine 14 (Figure 15). The formation of the
a-hydroxyglycine 8 would however, have required the generation of the transient N-
acyliminium ion 15 to which water could then add. The yield of N-benzoyl-a-

ethoxyglycine 18 was 94%. No evidence for the formation of the a-methoxyglycine 17
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or the a-hydroxyglycine 8 from 19 was reported. Exchange of 19 to give 17 or 8
would have also required the formation of the N-acyliminium intermediate 15.
Therefore, the formation of the N-acyliminium ion 15 from 17 or 19 seems unlikely.
For 17 and 19 to form the N-acyliminium ion 15, the respective methoxy and ethoxy
groups would need to be displaced. Methanol and ethanol have pK,s of 15.0 and 17.5
respectively.43 This reflects the poor ability of methoxide and ethoxide to stabilise a
negative charge and as a result, they are poor leaving groups. This may explain the
high yields of the a-methoxyglycine 16 and the a-ethoxyglycine 18 produced through
the hydrolysis of 17 and 19 respectively under the conditions used by Kawai et al*
However, the fact that no N-acyliminium ion was then produced from 16 or 18 may be
due to the short length of time over which the reactions were performed, which was one
hour. The potential for hydrolysis of a-methoxy and a-ethoxyglycines in aqueous
media over time periods greater than one hour had not been investigated. a-
Alkoxyglycines are considered to be unstable due to an electronegative oxygen being
directly attached to the a-carbon.** As a result it seemed reasonable to expect that the
subjection of the a-methoxyglycine 17, and the a-ethoxyglycine 19, to aqueous
conditions over extended periods of time, rather than one hour, might result in the slow
formation of the free acid analogue of the a-hydroxyglycine 8, this would then be
expected to hydrolyse to release benzamide 10. Studies evaluating the hypothesis that
and 17 and 19 might slowly hydrolyse via an a-hydroxyglycine to release benzamide 10
in aqueous conditions over extended time periods are outlined in Chapter 2 of the

Results and Discussion section of this thesis.

Attempts by Kawai et al* at the base catalysed hydrolysis of N-benzoyl-a-

phenoxyglycine methyl ester 21 by stirring in a solution of sodium hydroxide in
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aqueous methanol were found not to yield the free acid, N-benzoyl-a-phenoxyglycine
20, but rather the a-methoxyglycine 16. This indicated that methanol was adding to the
N-acyliminium ion 15 (which was most likely forming through the elimination of
phenoxide) to give 17. Saponification of 17 then gave the free acid 16. It would also
be expected that water would have added to the N-acyliminium ion 15 to give the a-
hydroxyglycine 8 followed by subsequent hydrolysis to release benzamide 10, however
this possibility was not addressed. = When the hydrolysis of N-benzoyl-a-
phenoxyglycine methyl ester 21 was performed using sodium hydroxide in aqueous
isopropanol, only benzamide 10 was isolated,** however no reasoning for its formation
was provided. This may have been due to isopropanol being too poor a nucleophile (in
comparison to methanol) to attack the N-acyliminium ion 15. This would then allow
water to add to 15, forming the a-hydroxyglycine 8, which presumably then hydrolysed
to release benzamide 10. It therefore seemed likely that under biological conditions, N-
benzoyl-a-phenoxyglycine methyl ester 21 would also react, forming the a-
hydroxyglycine 8. Phenol has a pK, of 10.0, which is in between that of acetic acid
(4.0) and methanol and ethanol (15.0 and 17.5 respectively).* As a result phenoxide is
a poorer leaving group than acetate and a better leaving group than both methoxide and
ethoxide. It was therefore hypothesised that if N-benzoyl-a-phenoxyglycine methyl
ester 21 was found to react to form the a-hydroxyglycine 8 in aqueous conditions, it
would be at a slower rate than 14 and faster than the rates of the potential hydrolysis of
17 and 19. Succinimide has a pK, of 9.6 which is similar to that of phenol and as such,
N-benzoyl-a-succinimidoglycine methyl ester 22 would also be expected to exchange to
the a-hydroxyglycine 8 in aqueous conditions. Therefore the potential hydrolysis of 21
and 22 to release benzamide 10 in aqueous conditions was studied and the results are

presented in Chapter 2 of the Results and Discussion section of this thesis.
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In addition to hydrolytically cleavable derivatives of glycine, the C-terminal amide of
peptide hormones could also be masked with photochemically removable groups
resulting in photoactivatable hormone prodrugs. Chapter 3 of the Results and
Discussion section of this thesis outlines research towards the photochemical release of
C-terminal amidated peptide hormones. Therefore a short review of the chemistry of

relevant photochemically cleavable groups follows.
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Figure 17. NBOC Photolysis Mechanism, X = NH or O.*°

One of the most commonly used photolytic protecting groups is the 2-

nitroveratroyloxycarbonyl group (NVOC), which was originally introduced by
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Patchornik, Amit and Woodward.®* NVOC and the analogous 2-
nitrobenzyloxycarbonyl protecting group (NBOC)*® have been used to protect alcohols
and amines. NVOC and NBOC differ in that NVOC is methoxy substituted at the 4-
and 5-positions of the aromatic ring. However, their mechanism of photolysis is the
same. The mechanism of photolysis of NBOC is illustrated in Figure 17. Irradiation of
23 results in the formation of the diradical 24. This is followed by abstraction of a
hydrogen atom from the benzylic carbon by the oxygen-centred radical of 24 to give 25.
The aci-nitro intermediate 26, which is a resonance form of 25, then reacts to give the
bicyclic species 27. The bicyclic species 27 then spontaneously collapses™® to release 2-
nitrosobenzaldehyde 28 and the carbonate or carbamate anion 29 which through
decarboxylation give the respective amine or alcohol 30. The spontaneous degradation
of the bicyclic species 27 is most likely related to the high efficiency of the resonance
stabilised carbonate or carbamate anions to act as leaving groups. The rate determining
step of NBOC photolysis is the ring closure of the aci-nitro species 26 to give the
bicyclic intermediate 27.*” This is not surprising as the ring closure of 26 constitutes a

5-endo-trigonal process and as such is disfavoured.*®

The 2-nitrophenethyloxycarbonyl group (NPEOC), which is a variant of NBOC, has
been used to protect amines and alcohols and to mask carboxylic acids.*° NPEOC
differs from NBOC or NVOC in that it is derived from 2-(2-nitrophenyl)ethyl alcohol
rather than 2-nitrobenzyl alcohol. The mechanism of NPEOC photolysis to unmask

carbonate, carbamate or carboxylate anions is illustrated in Figure 18.
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Figure 18. Mechanism of Photolysis of NPEOC R = Ac, COOMe,

CO-5"-O-thymidine or CO-Phe-OH.**°

Upon irradiation of 31 in the first absorption band, the S;(nm*) of the NPEOC
chromophore is populated. It decays by intersystem crossing to the triplet state T;(nm+)

and by internal conversion to the singlet ground state. It is believed that hydrogen atom

transfer from the benzylic carbon to the nitro group is the mechanism by which the

26



Introduction

triplet state relaxes. The primary product produced this way is a triplet biradical 32 that
rapidly relaxes to the o-quinoid singlet ground state of the aci-nitro form 33. Since the
aci-nitro compound 33 represents an unstable tautomer of the starting compound 31, its
reversion to the stable tautomer 31 is also a possible pathway at this stage of the
mechanism although other processes appear to out compete this. The aci-nitro form 33
can then either degrade to form unknown by-products, form the bicyclic compound 37
followed by degradation to the benzylic alcohol 38 or after deprotonation of the nitro
group to give 34, undergo elimination to form 2-nitrostyrene 35 and the anion 36. In
the case of 36 being a carbonate or carbamate anion, subsequent decarboxylation

releases the alcohol or amine respectively.

The research described in Chapter 3 of the Results and Discussion section of this thesis
is concerned with the release of amides through the photolysis of a photocleavable
group. The protection of amides with NVOC, NBOC or NPEOC groups would not be

viable as the corresponding acylcarbamates (Figure 19) would be too unstable.

R!

Figure 19. NVOC (R’ = OCHz), NBOC (R’ = H), or
NPEOC Protected Amides.

Amides have been masked using systems derived from NBOC such as 2-
nitrobenzylamine 39°' and 2-nitrophenylglycine (Npg) 40> (Figure 20). A review of

the chemistry and applications of Npg 40 now follows.
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Figure 20. 2-Nitrobenzylamine 39 and Npg 40.

The mechanism of photolysis of the Npg 41 (Figure 21) follows a similar pathway to

that of NBOC 23 photolysis (Figure 17).
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Figure 21. The Mechanism of Npg Photolysis.
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Upon irradiation of the Npg 41, the diradical 42 is formed. A hydrogen atom is then
abstracted from the benzylic carbon of 42 by the oxygen centred radical to give 43. The
aci-nitro intermediate 44, which is a resonance form of the diradical species 43, then
reacts further to give the transient bicyclic intermediate 45. The degradation of the
bicyclic species 45 has been thought to directly release an amide 47 and a nitrosoketone
48, bypassing the formation of the a-hydroxy species 46.>> Alternatively, it has been
suggested that the bicyclic intermediate 45 degrades via the transient formation of the

a-hydroxy species 46 followed by hydrolysis to the amide 47 and the nitrosoketone

483

The use of Npg 40 as a photochemically cleavable amino acid has been applied in a
number of research areas, though with some limitations. Using the in vivo nonsense
codon suppression method for incorporating unnatural amino acids into proteins
expressed in Xenopus oocytes, England et al.® incorporated Npg 40 into two ion
channels: the Drosophila Shaker B K* channel and the nicotinic acetylcholine receptor.
Irradiation of the proteins in vivo led to peptide backbone cleavage at the site of the Npg
residue. This method was used to investigate the functional role of the Cys128-Cys142
disulfide loop in the nAChR o subunit. Npg photolysis has also been utilised in the
synthesis of C-terminal amidated peptides.”’ Micro-organisms lack the necessary
enzymatic machinery to produce peptide hormones. As a result, in these systems, such
hormones cannot be produced using gene technology. In order to overcome the
difficulties in synthesising peptide hormones, a method was developed which involved
their enzymatic synthesis (using the yeast derived carboxypeptidase-Y) with an Npg
residue connected to their terminal amino acids. Irradiation of the peptides then cleaved

the Npg residue, releasing the C-terminal amidated hormones. Production of hormones
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via this method was achieved with high levels of efficiency provided the pH of the
solution in which the photolysis of the Npg extended peptides was performed was
basic. Although the photolysis of Npg has many novel applications, it has been
reported to be very slow and inefficient at biological pH>® with calls being made in the
literature for the development of more efficient alternatives.’” It seemed likely
therefore, that the development of an unnatural amino acid, which could be photolysed
to release amides efficiently at biological pH, was warranted. However, before this can

be addressed, an understanding of why Npg photolysis is inefficient at biological pH is

necessary.

The rate-determining step of the photolysis of NBOC 23 to release carbonate or
carbamate anions has been established to be the degradation of the aci-nitro
intermediate 26 to form the bicyclic system 27 (Figure 17).*” The bicyclic species 27
then breaks down spontaneously to give the carbonate or carbamate anion 29 which
decarboxylates to give the respective alcohol or amine 30. In this way, NBOC groups
can be efficiently photolysed to release the typical alcohols and amines 30, which are
poor leaving groups. It appears that the rate-determining step of the photolysis of the
Npg 41 has been assumed to be the degradation of its equivalent aci-nitro intermediate
44, 51525455

in spite of the fact that in this case cleavage releases an amide 47 which is a

poor leaving group in comparison to a carbonate or carbamate anion 29.

Recent work by Corrie ef al.*’ on the photolysis of 1-(2-nitrophenyl)ethyl ethers (the
photolysis mechanism of which is analogous to that of Npg in that the cleavage step
involves the release of a poor leaving group) found that the degradation of its aci-nitro

intermediate 49 was not rate-determining (Figure 22).
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Figure 22. Proposed Two-Path Mechanism for Breakdown of
the aci-Nitro Intermediate 49, Generated Through the Photolysis

of a 1-(2-Nitrophenyl) Ether.*’

Flash photolysis studies performed by Corrie et al*’ identified two elimination
pathways from the aci-nitro species 49 generated through irradiation of a 1-(2-
nitrophenyl)ethyl ether. In the mechanism outlined in Figure 22, the aci-nitro
intermediate 49 can react via a 1,4- shift of the nitro OH to the benzylic carbon to give
the hemiacetal intermediate 52 followed by hydrolysis to release the alcohol 53.
Alternatively the aci-nitro intermediate 49 can undergo a 5-endo-trigonal® ring closure
to form the bicyclic species 51, which then ring opens to give the hemiacetal 52,
followed by the hydrolysis of 52 to release the alcohol 53. The aci-nitro dianion 50 was

found to not undergo ring closure. It was found that in the case of 1-(2-
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nitrophenyl)ethyl ether photolysis to release alcohols, the degradation of the hemi-
acetal intermediate 52 rather than the aci-nitro intermediate 49 was rate-determining.
Interestingly a similar intermediate to the hemi-acetal 52 was isolated during the
photolysis of N-(2-nitrobenzyl)-1-napthalamide 54 to release an amide, except in this

case the intermediate was a hemi-amidal 55 (Figure 23).%¢

H H
hv

NO, —— > OH NO
L e (I
54 55
Figure 23. Photolysis of N-(2-Nitrobenzyl)-1-napthalamide 54 to

Give the Hemi-amidal 55 Isolated by ltsuno et al.*®

Corrie et al.*’ identified from the photolysis of 1-(2-nitrophenyl)ethyl ethers, that the
hemi-acetal intermediate 52 was the precursor to cleavage (Figure 22) and that its
hydrolysis to release the alcohol 53 was the rate-determining step. The fact that this
step, rather than the disfavoured 5-endo-trigonal ring closure of 49 to give 51 was rate
determining may be related to the instability of alkoxy anions. As was stated earlier,
alkoxides are considered to be poor leaving groups. This was shown to be reflected in
the pK,s of methanol and ethanol which are 15.0 and 17.5 respectively.* The pK, of the
alcohol 53 illustrated in Figure 22 would be expected to be similar to that of methanol
and ethanol and as such it would also be a poor leaving group. This may explain why
the degradation of the bicyclic intermediate 51 resulted in the formation of the hemi-
acetal 52 rather than spontaneous release of the alcohol 53. Primary amides have pK,s

in the region and above that of acetamide which is 15.0.® Their pK,s are therefore of a
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similar value to those of methanol and ethanol and correspondingly, amides are
considered to be poor leaving groups. This may account for the ability of the hemi-
amidal 55 to be isolated from the photolysis of 54.%° It is therefore apparent that in the
photolysis of 2-nitrobenzyl groups (such as in the photolysis of 54) or analogues (such
as in the photolysis of a 1-(2-nitrophenyl)ethyl ether) to release poor leaving groups, the
cleavage step is rate-determining. The photolysis of the Npg 41 releases an amide 47
via a similar mechanism to that of the release of the alcohol 53 through the irradiation
of a 1-(2-nitrophenyl)ethyl ether compound. Therefore, as the amide 47 is a poor
leaving group, the o-hydroxy system 46 would be expected to form during the
photolysis of the Npg 41. Furthermore, the hydrolysis of 46, rather than the
degradation of the aci-nitro intermediate 44, would be expected to be rate-determining.

The poor efficiency of photolysis of Npg at biological pH, as reported in the

literature>>>>

may therefore be due to the formation of a-hydroxy intermediates such as
46 (Figure 21) and their subsequent slow hydrolysis. Indeed, in comparison to the rates
of the other steps during the photolysis of Npg 41, it would be reasonable to expect that
the a-hydroxy intermediate 46 would hydrolyse slowly at biological pH in a similar
manner to that of a-hydroxyglycines such as 7 and 8 which have half-lives of 6.7 and
0.78 hours, respectively.*! It is therefore apparent that the development of a

photochemically cleavable amino acid that does not involve the formation of

intermediates that are slow to breakdown at biological pH is warranted.

NPEOC has been used to protect alcohols and amines. NPEOC has also been used to
mask carboxylic acids, however no equivalent system based on NPEOC has been
developed to mask amides. The cleavage step in the mechanism of photolysis of

NPEOC 31 comes from the aci-nitro intermediate 34 and does not involve the
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formation of species that would be expected to be slow to breakdown at biological pH
(Figure 18). It was therefore hypothesised that, an amino acid, which was analogous to
NPEOC might photolyse more efficiently at biological pH than Npg 40. 2-
Nitrophenylalanine was therefore designed and investigations into its potential
photolysis to release amides are outlined in Chapter 3 of the Results and Discussion
section of this thesis. A reaction scheme for the photolysis of a 2-nitrophenylalanine

system 56 is illustrated in Figure 24.

By analogy to the mechanism of NPEOC photolysis (Figure 18), the photolysis of the
2-nitrophenylalanine 56 to cleave the N-C" bond may release an amide 47 and a

cinnamyl derivative 57 (Figure 24).

OoN
o i o |
2
R —_—
?ﬁku f‘{u\NHz N
0

0" R
56 47

57

Figure 24. Proposed Photolysis of a 2-Nitrophenylalanine

System 56 to Unmask an Amide 47 and Release a Cinnamyl

Derivative 57, R = NH,, NHR’, OH or OR'.
The potential photolysis of 2-nitrophenylalanine to unmask amides efficiently at
biological pH may have many applications. 2-Nitrophenylalanine could be use as an
alternative to Npg in site-selective photochemical proteolysis. It would constitute a
photocleavable linker, which could be used to connect hormones to the polymers,

antibodies and immunotoxins that were described earlier for their potential to improve
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the lifetime and selectivity of peptide hormones in vivo. Photodynamic therapy (PDT)
involves the administration of a photosensitising drug, which preferentially accumulates
in target tissues.”’ PDT is generally associated with the generation of singlet oxygen in
cancer cells, which then results in their death. However, it may be that the technology
used in PDT could also be utilised in ‘Laser Photochemotherapy’ 3% Submillimeter
diameter laser fibreoptics can be inserted via vascular or interstitial access providing a
precise, minimally invasive method of activating light sensitive drugs in tumours. The
masking of the C-terminal amide of peptide hormones with 2-nitrophenylalanine may
result in light-activated hormone prodrugs that may find application in the area of
‘Laser Photochemotherapy’. The potential photolysis of 2-nitrophenylalanine may be
applied to a number of other research areas. Photoprobes are becoming increasingly
common as remotely controllable tools in the drug discovery process.” The
photochemical release of neurotransmitters (which are C-terminal amidated peptides)
from ‘caged’ compounds can be used to study fast kinetic processes (in the
submillisecond range) of neurotransmitter release and cell signalling through second
messenger pathways. Such studies have allowed the elucidation of the activation
mechanisms of learning and memory. This technique has also been used in the study of
neurological disorders such as epilepsy and anxiety. The potential photolysis of 2-
nitrophenylalanine might also be employed in the area of compound release from solid

support.

This dissertation will now outline research towards the inhibition of peptide hormone
production by PAM, the development of a- substituted glycines for the controlled
hydrolytic release of C-terminal amidated peptides and the release of amides through

the photolysis of 2-nitrophenylalanine residues.
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Chapter 1. Results and Discussion

Chapter 1. Inhibition of Peptidylglycine a—Amidating
Monooxygenase by Exploiting Factors Affecting the

Stability and Ease of Formation of Glycyl Radicals.

1.1 Project Rationale

As discussed in the Introduction, peptidylglycine a-amidating monooxygenase (PAM)
catalyses the biosynthesis of a wide variety of C-terminal peptide amides through
oxidative cleavage of the corresponding glycine-extended precursors (Figure 1). PAM
has been implicated in a large number of disease states such as cancer,6 asthma® and
neurological disorders.'® Therefore the development of systems for the inhibition of

PAM could provide methods for the treatment of such diseases.’

The natural substrates of PAM all have in common an N-acylated glycine, and they are
therefore comprised of acyl, amido, methylene and carboxyl groups. The common
features possessed by PAM substrates, which contribute to a-carbon centred radical
stability, were targeted for alteration in order to establish their effect on enzyme
activity. The free carboxylate has been established as very important for substrate
binding to PAM,? therefore all systems designed were to retain this functionality. PAM
is known to accept a wide variety of acyl substituents and so variations of this group

were investigated. Although derivatives of a-substituted amino acids tend not to bind
to PAM, small a-alkyl substituents, such as the methyl group of (R)-alanine,’>® the

vinyl moiety of (R)-vinylglycine61 and the hydroxyethyl group of (R)-threonine are
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Chapter 1. Results and Discussion

accommodated.®® The incorporation of a trifluoromethyl group was therefore studied
since B,B,B-trifluoroalanine derivatives are known to be resistant to o-carbon centred

radical formation.?' Further to this, the amido group of PAM substrates was varied
through substitution of the glycine unit with a glycolic acid or y-keto acid. Glycolate
inhibitors of PAM have been previously reported”’61 in studies of broad ranges of
compounds, but there has been no analysis of, nor explanation for, their behaviour. One

v-keto acid has been previously reported but it was found not to interact with PAM,

either as a substrate or an inhibitor.®

The intention of these studies was to investigate factors affecting the formation of a-
carbon centred glycyl radicals in order to design analogues of PAM substrates that
competitively bind to but are not processed by the enzyme, and therefore inhibit the
reaction of substrates. In order to achieve this, the results of ab initio calculations and
studies of reaction rates in free radical brominations, which identify factors affecting the
stability and ease of formation of a-carbon centred glycyl and related radicals, were

compared with the kinetic parameters defining the interactions of analogous compounds

with PAM.

1.2 Synthesis of Compounds for Investigation

A variety of compounds were required in order to study their reactivity in radical
brominations or their interactions with PAM. The synthesis of these compounds will

now be described.
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Chapter 1. Resuits and Discussion

1.2.1 Methyl O°-Benzoylglycolate 59

The synthesis of methyl O%-benzoylglycolate 59 was performed as depicted in Figure

25.

Benzoic Acid
Potassium Carbonate

(0]
O
Br/\[( ~  Acetone o
~
: -y
58 59

Figure 25. Synthesis of Methyl O°-Benzoylglycolate 59

Benzoic acid in acetone along with methyl bromoacetate 58 and potassium carbonate
was heated at reflux overnight. The product 9 was purified by recrystallisation from
ethyl acetate/hexanes. Characterisation of the product by 'H NMR spectroscopy
displayed resonances for the a-carbon, methyl ester and aromatic protons at 64.87,

83.80 and 67.44 - 8.12 ppm, respectively.
1.2.2 N-Benzoylglycine Methyl Ester 61

The synthesis of N-benzoylglycine methyl ester 61 followed previously established

chemistry (Figure 26). 63

Benzoyl Chloride 0
Triethylamine

O Ethyl Acetate (0]
R Y

60 61

Figure 26. Synthesis of N-Benzoylglycine Methyl Ester 61
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Glycine methyl ester 60 along with benzoyl chloride and triethylamine was heated to
reflux in ethyl acetate overnight to give N-benzoylglycine methyl ester 61. The 'H
NMR spectrum of the product showed multiplet resonances for the aromatic protons at
87.44 - 7.82 ppm confirming the presence of the benzoyl protecting group. This along
with the glycine a-carbon protons’ and methyl ester resonances at 84.26 and 63.79 ppm

respectively indicated the reaction to have proceeded.

1.2.3 O°-(N-Acetyl-(S)-phenylalanyl-(S)-phenylalanyl)glycolic Acid 64

In the above synthesis of methyl O%-benzoylglycolate 59, methyl bromoacetate 58 was
used to install a methyl glycolate. However, as 64 is a free acid, synthesis via a methyl
glycolate would not be suitable as the conditions required for methyl ester hydrolysis
would also cleave the glycolate ester. Benzyl esters can be cleaved through
hydrogenolysis, which could be performed without hydrolysis of the glycolate ester.
Thus, benzyl bromoacetate was used to install the glycolate unit in compound 63. The
synthesis of O%(N-acetyl-(S)-phenylalanyl-(S)-phenylalanyl)glycolic acid 64 is
illustrated in Figure 27. N-Acetyl-(S)-phenylalanyl-(S)-phenylalanine 62 was purchased
from Aldrich Chemical Company and converted to benzyl O%(N-acetyl-(S)-
phenylalanyl-(S)-phenylalanyl)glycolate 63 by reaction with benzyl bromoacetate and
potassium carbonate in refluxing acetone. The 'H NMR spectrum of the product
displayed resonances for the benzylic protons of the benzyl ester at 85.20 ppm and
glycolate a-carbon protons at 4.68 and 64.75 ppm indicating that the glycolate unit had
been installed. Hydrogenolysis of 63 in tetrahydrofuran with 10% palladium on carbon

under an atmosphere of hydrogen gave the free acid 64. The absence of a resonance in
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the '"H NMR spectrum of the product in the region of 85.20 ppm characteristic of the
benzylic protons of a benzyl ester indicated the loss of the benzyl group. The presence
of the glycolic acid a-carbon protons was confirmed by the presence of a resonance at
04.64 ppm. During the synthesis of 64, racemisation was a possibility due to the basic
conditions required for the installation of the benzyl glycolate moiety. However as the
synthesis of 64 began with the chirally pure 62 and as there was only one set of
resonances in the 'H NMR spectrum of either 63 or 64 for each o-carbon proton the
absence of diastereomers and therefore the retention of (§)-stereochemistry was

established.

o o Benzyl Bromoacetate o o
Potassium Carbonate
H SN
Acetone o
)j\ N N \_)J\ OH - /U\ N N \-)I\ O/\H/O
H z H z

(0] (0] 0]

o o
62 Hydrogen

10% Palladium on Carbon
Tetrahydrofuran

(0] H 0]
)J\N N\g)J\O/\[rOH
7 (0]

R

64

Figure 27. Synthesis of O°-(N-Acetyl-(S)-phenylalanyl-(S)-

phenylalanyl)glycolic Acid 64
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1.2.4 O°-(N-Benzoyl-(S)-valyl)glycolic Acid 70

The synthesis of O%-(N-benzoyl-(S)-valyl)glycolic acid 70 is depicted in Figure 28. (S)-
Valine 65 was stirred in methanol that had been pre-treated with thionyl chloride to give
66. Compound 66 was then treated with benzoyl chloride in refluxing ethyl acetate to
give N-benzoyl-(S)-valine methyl ester 67. The 'H NMR spectrum of the product

displayed resonances for the aromatic protons at $7.26-7.82 ppm, the a-carbon proton at
84.79 ppm and the methyl ester protons at 63.77 ppm. Compound 67 was then

saponified in a 1:1 mixture of tetrahydrofuran and 1M sodium hydroxide to give N-
benzoyl-(S)-valine 68. The absence of a resonance indicative of methyl ester protons in
the region of 63.77 ppm in the products’ '"H NMR spectrum was evidence that the
deprotection had occurred. The melting point of the product was 129 °C which
corresponded closely with that recorded in the literature for N-benzoyl-(S)-valine 68
(127 °C).** N-Benzoyl-(S)-valine 68 along with benzyl bromoacetate and potassium
carbonate in acetone were heated at reflux overnight to give 69. The 'H NMR spectrum
of the product displayed resonances for the a-glycolate protons at 34.64 and 64.86 ppm,
benzylic protons at 85.21 ppm and the valine o-carbon proton at 64.91 ppm.
Hydrogenolysis of 69 using 10% activated palladium on carbon in tetrahydrodrofuran
under an atmosphere of hydrogen gave 70. The product was purified by HPLC using
water and acetonitrile as solvents. Care was taken not to use 0.01% trifluoroacetic acid
in water as an eluent as the glycolic acid ester was found to be acid labile. The 'H NMR

spectrum of the purified product showed resonances for the glycolic acid a-carbon

protons at 84.36 and 64.64 ppm and the valine a-carbon proton at §4.63 ppm.
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Figure 28. Synthesis of O°-(N-Benzoyl-(S)-valyl)glycolic Acid 70

The melting point recorded for N-benzoyl-(S)-valine 68 corresponded closely with that
recorded in the literature indicating that racemisation up to this point in the synthesis
had not taken place. The conditions used in the above synthesis of 64 were found not to
cause racemisation. The methods used to install the glycolate moieties as part of the
syntheses of 64 and 70 were similar. This, along with the fact that 70 was synthesised
from chirally pure starting materials and was optically active with a rotation of —12.5°

lead to the assumption that it was the single enantiomer.
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1.2.5 N-Benzoyl-(S)-valylglycine 72

N-Benzoyl-(S)-valylglycine 72 was synthesised as outlined in Figure 29.

Glycine tert-Butyl Ester

0 BOP 0] H (0]
Diisopropylethylamine J<
©)k|\| OH Dichloromethane N N\)I\o
H > H
0]
71

O
68

Dichloromethane
(@] H O
0]
72

Figure 29. Synthesis of N-Benzoyl-(S)-valylglycine 72

lTriﬂuoroacetic Acid

Compound 68 was synthesised following the method described above (Figure 28). N-
Benzoyl-(S)-valine 68 was then stirred in dichloromethane along with BOP,
diisopropylethylamine and glycine fert-butyl ester to give dipeptide 71. The resonances
in the '"H NMR spectrum of the product for the glycine a-carbon protons at §3.85 and
04.04 ppm, the tert-butyl ester protons at §1.46 ppm and the valine a-carbon proton at

04.55 ppm indicated the coupling to have proceeded. Compound 71 was then

deprotected by stirring in a mixture of dichloromethane and trifluoroacetic acid,
removing the fert-butyl group. The "H NMR spectrum of the product 72 did not display
a resonance for tert-butyl ester protons in the region of §1.46 ppm indicating the
deprotection to have been successful. The conditions selected for the reaction of 68 to
give 71 are known to cause negligible levels of racemisation.®® Furthermore, the

conditions used to deprotect 71 to give 72 would not be expected to cause racemisation.
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Therefore, as 72 was synthesised from chirally pure N-benzoyl-(S)-valine 68 and was
optically active with an optical rotation of —32.2°, it was assumed that it was present as

a single enantiomer.
1.2.6 N°-Benzoyl-(S)-valinamide 73

N*-Benzoyl-(S)-valinamide 73 was synthesised as shown in Figure 30.

Ammonia 0]
Methanol NH,
N
O

73

Figure 30. Synthesis of N°-Benzoyl-(S)-valinamide 73

N-Benzoyl-(S)-valine methyl ester 67, synthesised by the method described in Figure
28, was treated with ammonia to give the amide 73. The absence of resonances that
could be attributed to methyl ester protons in the 'H NMR spectrum of the product in
the region of 63.77 ppm along with a peak at m/z 221.1 in the electrospray mass
spectrum for the protonated molecular ion and m/z 243.1 for the sodiated molecular ion
indicated the reaction to have been successful. The melting point of compound 67 was
86 °C which corresponded with that provided in the literature for N-benzoyl-(S)-valine
methyl ester 67 (86 °C).% Therefore as 73 was synthesised from the chirally pure 67 and
the conditions used would not be expected to cause racemisation, 73 was assumed to be
a single enantiomer. However, 73 was required purely for its retention time in UV-
HPLC analysis and so the nature of its chiral centre was of no consequence to these

studies.
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1.2.7 0°-(Decanoyl)glycolic Acid 76

O°-(Decanoyl)glycolic acid 76 was synthesised as illustrated in Figure 31.

0

/\/\/\/\)I\OH

74

Benzyl Bromoacetate
Potassium Carbonate
Acetone

/\/\/\/\io/\[ro\/©

Hydrogen
10% Palladium on Carbon
Tetrahydrofuran

/\/\/\/\/\Lo/\nﬂ”

@]
76

Figure 31. Synthesis of O°-(Decanoyl)glycolic Acid 76

Decanoic acid 74, benzyl bromoacetate and potassium carbonate in acetone were heated
at reflux overnight to give benzyl O%(decanoyl)glycolate 75. The 'H NMR spectrum of
the product displayed resonances for the benzylic protons at 65.19 ppm and the
glycolate o-carbon protons at 84.65 ppm. Hydrogenolysis of 75 by stirring in a
suspension of 10% palladium on carbon in tetrahydrofuran under an atmosphere of
hydrogen gave O°-(decanoyl)glycolic acid 76. The absence of a benzylic proton
resonance in the region of 65.19 ppm in the 'H NMR spectrum of the product indicated

the deprotection to have been successful.
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1.2.8 0°-(Benzoyl)glycolic Acid 79

The synthesis of O%-(benzoyl)glycolic acid 79 is shown below in Figure 32. Benzoic
acid 77 in acetone along with benzyl bromoacetate and potassium carbonate were
heated at reflux overnight to give compound 78. A benzylic protons’ resonance at §5.20
ppm and glycolate a-carbon protons’ resonance at 64.86 ppm were observed in the 'H
NMR spectrum of the product. Hydrogenolysis of compound 78 by stirring in a
suspension of 10% palladium on carbon in tetrahydrofuran under an atmosphere of
hydrogen gave the free acid 79. The absence of a benzylic protons’ resonance in the
region of 85.20 ppm in the '"H NMR spectrum of the product indicated the reaction to

have been successful.

Benzyl Bromoacetate

Q Potassium Carbonate 0 \/@
©)J\OH Acetone g ©)J\O/\n/0
(o]

Hydrogen
10% Palladium on Carbon
Tetrahydrofuran
O
OH
oY
0]
79

Figure 32. Synthesis of O°-(Benzoyl)glycolic Acid 79

1.2.9 3-(N-Acetylphenylalanyl)propionic Acid 85
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The synthesis of 3-(N-acetylphenylalanyl)propionic acid 85 is illustrated below in
Figure 33.  N-Acetyl-(S)-phenylalanine 80, purchased from Aldrich Chemical
Company, was stirred in tetrahydrofuran along with 1,1’-carbonyldiimidazole to give
the intermediate 81 which was then treated in sifu with a solution of lithium terz-butyl
acetate in tetrahydrofuran to give 82. The 'H NMR spectrum of the product displayed
resonances for the fert-butyl ester protons at 61.45 ppm and the phenylalanine a-carbon
proton at 64.92 ppm indicating the reaction to have been successful. Compound 82 was
then stirred in tetrahydrofuran along with sodium hydride followed by treatment with a
solution of benzyl bromoacetate in dichloromethane to give 83 as a mixture of
diastereomers. The "H NMR spectrum of the product displayed resonances for the tert-
butyl ester protons at 61.37 and 81.40 ppm, the phenylalanine a-carbon protons at 4.04
and 84.22 ppm and the benzyl ester benzylic protons at 65.08 and 85.10 ppm indicating
the reaction to have proceeded. Compound 83 was then stirred in a solution of
dichloromethane and trifluoroacetic acid and heated to reflux overnight to give 84. The
absence of resonances characteristic of tert-butyl ester protons in the 'H NMR spectrum

of the product in the region of 61.37 or 81.40 ppm indicated the deprotection to have

been successful. Hydrogenolysis of compound 84 by stirring in a suspension of 10%
palladium on carbon in tetrahydrofuran under an atmosphere of hydrogen gave the free
acid 85. The "H NMR spectrum of the product did not display resonances characteristic

of benzyl ester benzylic protons in the region of 85.08 or 85.10 ppm indicating the

deprotection to have proceeded. Although the synthesis of 85 began with chirally pure
N-acetyl-(S)-phenylalanine 80, it was not optically active and was probably therefore a
racemate. Racemisation during the synthesis of 85 was most likely due to the use of the

strong bases, sodium hydride and lithium diisopropylamine, as reagents.
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Figure 33. Synthesis of 3-(N-Acetylphenylalanyl)propionic Acid 85
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1.3 Relative Rates of Bromination, Radical Stablisation

Energies and PAM Activity

As covered in the Introduction, rates of bromination of glycine derivatives and related
compounds using NBS were to be used in the development of PAM inhibitors. The

systems that were investigated for their rates of bromination are illustrated in Figure 34.
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Figure 34. Systems Investigated for their Rates of Bromination.

The relative rates of bromination for compounds 1, 4, 61 and 86 - 89 were obtained
from the literature.?"?”®” However the bromination of 59 had not been studied. The

treatment of methyl 0°-(benzoyl)glycolate 59 with NBS is illustrated in Figure 35 along

with that of its glycine analogue 61.
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Figure 35. Reaction of N-Benzoylglycine Methyl Ester 61 and

Treatment of Methyl O°-Benzoylglycolate 59 with NBS

Compound 59 was stirred in carbon tetrachloride with NBS and the mixture was heated
to reflux under irradiation from a 300W sun lamp. A sample of the crude solution was
dissolved in deuterated chloroform and analysed by 'H NMR spectroscopy. The 'H
NMR spectrum displayed resonances for the starting material 59 and no evidence for
the formation of its o-brominated analogue. In order to eliminate the possibility that
this result was caused by a contaminant inhibiting bromination, a competitive
experiment was performed. Compound 59 along with 61 was treated with NBS under
the same conditions as the previous experiment. A sample of the crude solution was
dissolved in deuterated chloroform and analysed by 'H NMR spectroscopy. The 'H
NMR spectrum showed a resonance at 86.68 ppm characteristic of the a-carbon proton
of 90 whilst there was no evidence of reaction of 59. Therefore, the relative rate of
bromination of 59 was determined to be < 0.005. The relative rates of bromination of
59 along with those for compounds 1, 4, 61 and 86 - 89 are provided in Table 1. Since
the reactions involve radical brominations, with hydrogen atom transfer from the carbon

adjacent to the ester group of each substrate determining the relative rate at which the
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compound is brominated, the relative rates of reaction correspond to the relative ease of

formation of the radicals 2, §, 91, 92 and 93b — 96b illustrated in Figure 36.

Table 1. Relative Rates of Reaction of the Amino Acid Derivatives 1, 4, 59, 61

and 86 - 89 with NBS to give the Corresponding Radicals 2, 5, 95b, 91, 92,
93b, 94b and 96b

Relative Rate of

Compound

Reaction
61 1.0
86 0.25”
1 1.2°
4 0.05°
87 0.33°
88 <0.005%¢
59 <0.005°
89 <0.005°

Assigned as unity. “Data from reference 27. ‘Data
from reference 68. “Data from reference 21. °No

detectable bromination.

For comparison with the relative rates of bromination of 1, 4, 59, 61 and 86 - 89 and the
relative ease of formation of the radicals 2, §, 91, 92 and 93b — 96b (Figure 36) in those

reactions, RSEs for the radicals 2, 5 and 93a — 96a (Figure 36) were determined (Table

2).
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93aR = CH,
93bR = CGHS

o
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95a R = CH,
95b R = CGH5

94a R = CH,
94b R = C5H5
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96a R = CHj
96b R = CgHs

Figure 36. Radicals Investigated either for their RSEs (2, 5 and

93a — 96a ) or their Ease of Formation in Bromination Reactions

(2, 5,91, 92, and 93b - 96b).
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Table 2. RSEs® [0 K, RMP2/G3large, kJ mol™] of Derivatives of Glycyl and

Related Radicals

Radical RSE
2 79.1
5 69.9
93a 78.8
94a 39.9
95a 44 4
96a 34.9
*CH,CO;Me 20.2
MeCONHCH;* 41.3
MeCO,CH;° 17.1

“Radical stabilisation energies (RSEs) were calculated as the

energy change in the isodesmic reaction R* + CHy — RH +

*CH;. The RSEs correspond to the differences between the
bond dissociation energies (BDEs) of methane and RH,>%6:8
and reflect the stability of R* compared with *CHs, relative

to the corresponding closed-shell systems. These RSEs

correspond to values at 0 K.
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As discussed in the Introduction, RSEs relate the stability of the radicals in question to
that of the methyl radical (relative to the corresponding closed shell species), with a
more stable radical having a more positive RSE. 2268 The geometries and zero-point
vibrational energies were determined at the B3-LYP/6-31G(d) level, while improved
relative energies werev obtained by carrying out single-point calculations on these
optimised structures at the RMP2 level with the 6-311+G(2df,p) and G3large basis
sets.®” The results quoted in Table 2 correspond to RMP2/G3large//B3-LYP/6-31G(d)
RSEs at 0 K. The radicals 91, 92 and 93b — 96b (Figure 36) were not studied because
their aryl groups would substantially increase the complexity of the calculations. The
acetamides 93a — 96a were examined instead of the benzamides 93b — 96b. The effect

of different acyl groups was examined with only 2 and 5 and not 91 and 92.

The data compiled in Tables 1 and 2 were to be used to investigate whether relative
rates of bromination and RSEs of various compounds could be related to PAM activity
towards comparable systems. To this end the kinetic parameters that describe the
activity of PAM towards a number of suitable compounds (illustrated in Figure 37)

were obtained either through assay with the enzyme or from literature sources.

In Figure 37 the acetamides 97a,b, the Bpp-trifluoroalanines 98a,b, the glycolates 64,
70,76, 79, 100a and 103a, the glycines 72, 99, 100b, 101, 102 and 103b and the y-keto
acids 85 and 104 are illustrated. The kinetic data for the interactions of compounds
97a.b, 99, 100ab, 101, 102 and 103a,b with PAM were obtained from the
literature.***" The kinetic parameters for the interactions of 64, 70, 72, 76, 79, 85,
98a,b and 104 with PAM were unknown and therefore had to be obtained through assay

with the enzyme. The assays of 64, 70, 72, 76, 79, 85, 98a,b and 104 with PAM were
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performed using modified literature procedures as outlined in the Experimental.'>'*"
The results of the assays of compounds 64, 70, 72, 76, 79, 85, 98a,b and 104 with PAM

along with the literature data for compounds 97a,b, 99, 100, 101a,b, 102, 103a,b and

104 are supplied in Table 3.
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Figure 37. Systems Investigated for their Activity with PAM.
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Table 3. Kinetic Parameters for Interactions of Various Substrates and

Inhibitors with Peptidylglycine a-Amidating Monooxygenase

W,app (UM
Compound  min"mg")  Kuapp (MM) K (mM) ICs0% (MM)
97a 6.4° 9.3° - -
97b 1.4° 4.1° - -
99 6.5 1.3 - -
100b 5.6° 0.0079° - -
101 3.3¢ 0.0012° - -
72 - 0.03 - -
102 12.6° 0.1 - -
103b 8.2° 0.096° - -
98a Inhibitor - - 5
98b Inhibitor - - 5
64 Inhibitor - - 0.05
70 Inhibitor - - 0.5
76 Inhibitor - - 0.04
79 Inhibitor - - 0.25
100a Inhibitor - 0.0452° -
103a Inhibitor - 0.0598°¢ -
85 Inhibitor - - 3
104 Inhibitor - - 6

“Corresponds to loss of 50% of the catalytic activity of PAM in processing the substrate

(R)-tyrosyl-(S)-valylglycine at a concentration of 0.1 mM, under conditions where the
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Km,app for the substrate is 0.2 mM. Although K app, Ki and ICsg values are not directly
comparable as measures of enzyme binding affinity, they are adequate as used in this
thesis to establish that compounds interact with PAM. *Data from reference 4. “Data

from reference 61.

The data for the glycine derivatives 97a,b and 99, and the glycolate 79 allow for a
direct comparison with the rates of bromination of the analogous esters 1, 4, 61 and 59
and the stability and ease of formation of the corresponding radicals 2, 5, 91 and 95b.
The properties of the glycolates 64, 70, 76, 79, 100a and 103a and the analogous
glycine derivatives 101, 72, 102, 99, 100b and 103b allow for further analysis of the
relationships between these two classes of compounds. It was not feasible to examine
the interaction of the free acids N-benzoyl-ppp-trifluoroalanine or 3-benzoylpropionic
acid with PAM for comparison with the glycine derivative 99, due to their anticipated
poor enzyme-binding affinities. Instead the effect of these substitutions was explored
using the trifluoroalanine derivatives 98a,b and the y-keto acids 85 and 104 and relating

their behaviour to that of the analogous glycinated dipeptide derivatives 100b and

103b.

The above results for rates of bromination, RSEs and PAM activity will now be

discussed.

1.4 Relationship Between Relative Rates of Bromination,

Radical Stabilisation Energies and PAM Activity
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N-Acetyl-, trifluoroacetyl-, benzoyl-, and pentafluorobenzoyl-glycine methyl ester 1, 4,
61 and 86 differ only in their N-acyl substituents. In their reactions with NBS, the
benzamide 61 is 4 times more reactive than the pentafluorobenzamide 86, and the
acetamide 1 is 24 times more reactive than the trifluoroacetamide 4 (Table 1). These

relative reactivities can be attributed to differences between the m-electron-donating

abilities of the various amido groups, to stabilise and therefore facilitate formation of
the corresponding radicals 91, 92, 2 and 5. The inductively electron-withdrawing
fluorines of the pentafluorobenzamide 86 and the trifluoroacetamide 4 decrease the
extent of resonance stabilisation of the radicals 92 and 5, relative to those radicals 91
and 2 derived from the non-halogenated precursors 61 and 1, respectively. This effect
of the fluorines is reflected in the calculated RSEs in the cases of the radicals 2 and 5,
where the trifluoroacetamide 5 is less stable than the acetamide 2 by 9.2 kJ mol™ (Table
2). The fluorines also exert an inductive effect that decreases the pK,s of the carboxylic
acid analogues of the amido groups, due to stabilisation of the corresponding
carboxylate anions (the pK,s of benzoic acid, pentafluorobenzoic acid, acetic acid, and
trifluoroacetic acid are 4.2, 1.5, 4.8 and 0.6, respectively"). As a result, there is a
strong correlation between the effect of the fluorines on the relative reactivity of the
glycine derivatives 61, 86, 1 and 4, the relative acidity of the acids, and the RSEs of the
radicals 2 and 5. The effect of the fluorines on the reactivity of 61, 86, 1 and 4 and the
acidity of the corresponding carboxylic acids is greatest with the trifluoroacetamide 4

and trifluoroacetic acid, relative to the acetamide 1 and acetic acid, respectively.

In analogous systems, the fluorines have a related impact on the interactions of N-
acetylglycine 97a and N-trifluoroacetylglycine 97b with PAM. They decrease the

overall rate of turnover (Vm,spp) of 97b relative to 97a, via the corresponding glycyl
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radicals, by a factor of 4.5 (Table 3). Consequently, the correlation of the differences
between RSEs of the N-acetyl- and trifluoroacetyl-glycyl radicals 2 and 5, the relative
rates of bromination of N-acetyl- and trifluoroacetyl-glycine methyl ester 1 and 4, and
the pK,s of acetic acid and trifluoroacetic acid extends to the relative rates of the
enzyme-catalysed reactions of N-acetyl- and trifluoroacetyl-glycine 97a and 97b. The
fluorines reduce the RSE of the radical § (by 9.2 kJ mol™), the rate of bromination of
the ester 4 (by a factor of 24), the pK, of trifluoroacetic acid (by 4.2 units), and the rate
of turnover of the acid 97b by the enzyme (by a factor of 4.5). By way of comparison,
replacing the acetyl substituent of N-acetylglycine methyl ester 1, N-acetylglycine 97a,
and acetic acid with the benzoyl group of N-benzoylglycine methyl ester 61, N-
benzoylglycine 99 and benzoic acid 77 has relatively little effect on any of these
properties. It decreases the rate of bromination of the ester 61 by a factor of only 1.2,
decreases the pK, of benzoic acid 77 by only 0.6, and changes the rate of the enzyme

catalysed reaction of the acid 99 by less than 2%.

The effect of the fluorines, although reducing the rate of turnover, is clearly insufficient
to prevent the PAM catalysed reaction of N-trifluoroacetylglycine 97b. On the basis of
the calculations with the N-acetyl- and trifluoroacetyl-glycyl radicals 2 and S, this
indicates that a reduction in the RSE of 9.2 kJ mol™ is not sufficient to stop glycyl
radical formation by the enzyme. This is consistent with reductions in the RSEs of
alanyl and threonyl radicals relative to those of the corresponding glycyl radicals of 0.3
and 7-14 kJ mol”, respectively,”""* being too small to prevent the enzyme-catalysed
reactions of alanine and threonine derivatives.”° The effect of the trifluoromethyl
substituent on the stability of the trifluoroalanyl radical 94a is much larger, reducing the

calculated RSE relative to that of the corresponding glycyl radical 2 by 39.2 kJ mol™
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(Table 2). The substituent also prevents bromination of N-benzoyl-8,B,B-
trifluoroalanine methyl ester 88 (Table 1) and the processing of the trifluoroalanine
containing dipeptides 98a,b by PAM (Table 3). N-Benzoyl-B,B,B-trifluoroalanine
methyl ester 88 was inert on treatment with N-bromosuccinimide, either alone or as a
mixture with N-benzoylglycine methyl ester 61, that nevertheless reacted smoothly to
give the corresponding o-bromoglycine derivative 90. There was no evidence of
reaction of either of the trifluoroalanine-containing dipeptides 98a or 98b being
catalysed by PAM, even though competitive experiments with (R)-tyrosyl-(S)-
valylglycine established that both 98a and 98b bind to the enzyme, albeit with ICsg
values of around 5 mM (Table 3). It is therefore apparent that the decrease in RSE
brought about by introducing the trifluoromethyl group is sufficient to prevent radical
formation by PAM. However, this does not give effective enzyme inhibitors, as the
trifluoromethyl substituent prevents tight binding to the enzyme. This is seen from the
ICso value of 5 mM for each of the trifluoroalanine derivatives 98a and 98b. As an

indirect comparison, the Kmapp value of the corresponding glycine derivative 100b is

7.9 uM.

In a manner similar to the effect of introducing the trifluoromethyl group, replacing the
glycine moiety with glycolate, which is a simple substitution of the glycine NH by O,
reduces the RSE of the glycolyl radical 95a compared with that of the corresponding
glycyl radical 2 by 34.7 kJ mol” (Table 2). This can be attributed to the decreased 7-
electron-donating and increased o-electron-withdrawing ability of the acetoxy group of
95a relative to the acetamido substituent of 2, as reflected in the RSEs of the radicals
MeCONHCH," and MeCO,CH," of 41.3 and 17.1 kJ mol, respectively.” The effect is

74,75
d

magnified in the captodatively stabilise glycyl and glycolyl radicals 2 and 95a
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where the extent of synergy displayed by the acetamido and acetoxy substituents in
combination with the carboxyl group corresponds to 17.6 and 7.1 kJ mol”. These

values are based on the differences between the RSEs of MeCONHCH," (41.3 kJ mol'l),
"‘CH,CO,Me (20.2 kJ mol™), and 2 (79.1 kJ mol'") and MeCO,CH," (17.1 kJ mol™),
"CH,CO;Me, and 95b (44.4 kJ mol™), respectively. The substitution of glycine by

glycolate prevents bromination of methyl O%benzoylglycolate 59 (Table 1). It also
prevents catalysis of the reactions of the glycolates 64, 70, 76, 79, 100a and 103a by
PAM (Table 3). The glycine derivatives 101, 72, 102, 99, 100b and 103b are all turned
over by the enzyme, but there is no evidence of reaction of the corresponding glycolates
64, 70, 76, 79, 100a and 103a. In this case substitution does not severely disrupt
binding to the enzyme. The ICsy and K; values of the glycolates 64, 70, 76, 79, 100a
and 103a are all in the 0.04-0.5 mM range. The corresponding glycine derivatives 101,
72, 102, 99, 100b and 103b have Ky opp values between 1 pM and 1 mM. Therefore, the
glycolates constitute a general class of inhibitors of the enzyme because they do not
readily undergo hydrogen atom transfer, yet they bind effectively to PAM, the further
implication being that the substitution of the terminal glycine of tight binding PAM
substrates with glycolate should yield inhibitors of the enzyme with high binding

affinity.

Replacing the acylglycine with a y-keto acid or ester, through substitution of the glycine

NH by CH,, has similar effects to the swapping of glycine for glycolate. The RSE of

the keto ester radical 96a is less than that of the analogous glycyl radical 2 by 44.2 kJ
mol” (Table 2). The Y-keto ester 89 is inert to bromination (Table 1), and the y-keto

acids 85 and 104 are not processed by PAM (Table 3), even though, unlike the example
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reported previously,?” these keto acids 85 and 104 do bind to some extent with the
enzyme, with ICsy values of 3 and 6 mM, respectively. Again it is apparent that a
reduction in the RSE of around 35-45 kJ mol™ is sufficient to stop both the bromination

with NBS and the catalysis by the monooxygenase.

From the Kwm,pp values of the glycine derivatives 100b and 103b of 7.9 and 96 pM,
respectively, the Kj values of the corresponding glycolates 100a and 103a of 45.2 and

59.8 uM, and the ICs values of the analogous y-keto acids 85 and 104 of 3 and 6 mM

(Table 3), it appears that the replacement of an acylglycine with a y-keto acid has a

more adverse effect on the binding to PAM than does the substitution of glycine by

glycolate.

1.5 Comparisons of the Binding Strengths of PAM Substrates

and paR-Trifluoroalanine, Glycolate and y-Keto Acid Enzyme

Inhibitors and the Implications for Inhibitor Design

The substitution of the acylglycine of a typical PAM substrate with a trifluoroalanine or
Y-keto acid results in a reduction in binding affinity to the enzyme. This loss of binding
affinity with PAM was not observed for the conversion of the acylglycine of the PAM
substrates 101, 72, 102, 99, 100b and 103b to their equivalent glycolates 64, 70, 76, 79,
100a and 103a, respectively. The poor binding affinity of the a-trifluoromethyl systems
98a and 98b can be rationalised as being due to the intolerance of PAM towards

increased steric bulk on the a-carbon of glycine. However an understanding of the
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reasons that acylglycines and acylglycolates exhibit similar binding affinities for PAM,

whilst the y-keto acids do not requires more consideration.

In the Introduction, the features of a crystal structure of PAM with bound substrate
(Figure 3) were discussed. The crystal structure indicated that the acylglycine NH was
acting as a hydrogen bond donor to the enzyme through interactions with an asparagine
residue’s side chain amide. The ability of glycolates to bind effectively to PAM may be
due to hydrogen bonding interactions between a glycolate ester O and the side chain
amide of the same asparagine residue. In this case, the asparagine side chain amide

would be acting as a hydrogen bond donor (Figure 38).

H - Hydrogen bond
interaction

)

hies i

R
O

Figure 38. Hypothesised Hydrogen Bond Interaction
between a Glycolate Ester Oxygen and the Side Chain

Amide of an Asparagine Residue in the PHM Active Site.

A 7y-keto acid possesses a methylene at the position which is equivalent to an
acylglycines amido NH. This methylene could not form a hydrogen bond such as
illustrated in Figure 38, therefore redﬁcing a <y-keto acid’s binding strength in

comparison to analogous glycines and glycolates.
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However it has been hypothesised that hydrogen bonds such as illustrated in Figure 38
have a minimal contribution to the overall binding strength of a substrate or inhibitor
with an f:nzymc.76 In the absence of bound substrate or inhibitor, PAM would be fully
hydrated, with all possible hydrogen bonds in the active site being formed either
between amino acids or between residues and water. As was covered in the
Introduction, the asparagine (N316, Figure 3) must break a hydrogen bond with a
neighbouring tyrosine (Y318, Figure 3) in order to form a new hydrogen bond with the
glycine amido NH of bound substrate. Therefore, there may be no net change in overall
energy. If this is the case, further therories are required to rationalise why acylglycines
and acylglycolates exhibit similar binding affinities for PAM, whilst the y-keto acids do

not.

The hybridisation of a secondary carbon radical is sp* adopting a trigonal planar
geometry.  o-Carbon centred glycyl radicals preferentially adopt near planar
orientations. It is therefore likely that PAM, in order to reduce the activation energy
required for the formation of an a-carbon centred glycyl radical, binds its substrates in a
complimentary way. As a result of the conjugation of the amide NH of an acylglycine
and the analogous ester O of an acylglycolate, in each case there is free rotation only

around the bonds to the a-carbon. In the case of a y-keto acid there is free rotation

arbund the bonds to the o- and B-carbons. This may allow acylglycines and

acylglycolates to adopt conformations which are closer to the planar conformation

preferred by the enzyme than a y-keto acid. Further, assuming that acylglycines,

acylglycolates and analogous y-keto acids bind to PAM with similar orientations, and
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that the planarity of the amide and ester groups of acylglycines and acylglycolates is

maintained, there would be a greater degree of conformational constraint and loss of
entropy on binding of a y-keto acid. A direct comparison of the kinetic parameters that
describe the interactions of the glycines 100b and 103b and their analogous glycolates
100a and 100b and y-keto acids 85 and 104 with PAM along with the bond angles of

their atoms which are at the position of (or equivalent position to) an acylglycines

amido N (Figure 39 and Table 4), may help to elucidate a further theory.

u N
o} H 3§ o}
103b 103a 104
o :
= OH X OH
T ©/\/\g/
105 106

Figure 39. PAM Inhibitors and Substrates for Comparison of

Bond Angles and Binding Affinities
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Table 4. Binding Affinities of Compounds and Relevant Bond

Angles

Angle (a-N-C(O) or
Compound |C50/i(|/KM,app

analogue)

100a 0.04527 115
100b 0.0079° 120

85 3° 109.6
103a 0.0598° 115
103b 0.0096° 120
104 6° 109.6
105 0.0012 120
106 0.16° 120

ICs0 and K| values are quoted as mM concentrations. Data
for 85, 100a,b, 103a,b and 104 taken from Table 3,
4apparent K; value obtained from reference '3, °K; value

obtained from reference .

Bond angles are quoted as
those typical of sp? and sp® hybridised atoms’”’® and were

not calculated via computational methods.

The nitrogen of amides and ether oxygens of esters are known to be sp* hybridised,
adopting trigonal planar geometries.”® The acyglycine N of 100b and 103b is sp2
hybridised, adopting a trigonal planar geometry with bond angles to the adjacent
carbons of 120°. In the equivalent position to an acylglycines N, the glycolates 100a

and 103a possess an oxygen atom which is sp® hybridised, also adopting a trigonal
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planar geometry with bond angles to the adjacent carbons of 115°. These compounds,
100a,b and 103a,b possess binding affinities with PAM of 0.0452, 0.0079, 0.0598 and
0.096 mM respectively (Table 4). The inhibitors 85 and 104 possess, at the position
equivalent to an acyglycines N, a carbon atom that is sp> hybridised adopting a
tetrahedral geometry with a bond angle between the adjacent carbons bf 109.6°. The
ICsos of 85 and 104 of 3 and 6 mM respectively, are significantly higher than the Kis of
the corresponding glycines and glycolates 100a,b and 103a,b (Table 4). Therefore a
reduction in binding affinity of two to three orders of magnitude is incurred when the
sp2 hybridised atoms in 100a,b and 103a,b, that are at the position (or equivalent) of an
acylglycines N, are substituted for an sp3 hybridised carbon. The simple inhibitors 105
and 106 possess carbon atoms at the equivalent position to an acyl-glycines N which
are sp” hybridised and possess a trigonal planar geometry with bond angles to the
adjacent carbons of 120°. The binding strengths of 105 and 106 to PAM are 0.001 and
0.16 mM respectively. Although their binding affinities with PAM are not directly
comparable with those of 100a,b, 103a,b, 85 and 104, the fact that such simple systems
with sp® hybridised atoms at the equivalent position to an acylglycines N, exhibit
tighter binding than the more complex 85 and 104 may be significant. It was therefore
hypothesised that the poor binding affinities exhibited by 85 and 104 to PAM may be
due to the change in geometry that is incurred when substituting an acylglycine with a

v-keto acid, thereby resulting in the displacement of the recognition points required for

tight binding with the enzyme. As a result it seems apparent that PAM is tolerant of the
substitution of an acylglycines NH, providing that the geometry of the new substituent

does not significantly deviate from an sp2 hybridised trigonal planar conformation.
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Chapter 2. a-Substituted Glycines for the Controlled

Hydrolytic Release of C-Terminal Amidated Peptide

Hormones.

2.1 Project Rationale

The PAM enzyme was discussed in the Introduction with respect to its role in the
production of C-terminal amidated peptide hormones. Chapter 1 of the Results and
Discussion outlined the development of inhibitors of this enzyme with the aim to their
use in the treatment of conditions resultant from an over-production of hormones.
However, a deficiency of peptide hormones can also lead to various disease states.
Such disease states are commonly treated through the direct administration of peptide
hormones or suitable analogues.>* For example, growth hormone is administered in the
treatment of cardiac failure, sepsis, burns, cancer cachexia, end-stage renal failure,
trauma and AIDs.>> The somatostatin analogues, octreotide, lanreotide and vapreotide
are used clinically in the treatment of pituitary and gastrointestinal cancers.”® The need
for the development of hormone prodrugs, which, upon administration to a patient,

slowly release active hormones in a controlled manner was outlined in the Introduction.

The C-terminal amide of peptide hormones is essential to their bioactivity,' and as such
it constitutes an appropriate site to block in the design of hormone prodrugs. However,
any method used to block the C-terminal amide of peptide hormones would need to

allow for the eventual liberation of the hormone. a-Substituted glycines that hydrolyse
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slowly at biological pH to release amides were proposed as suitable masking groups
which could be used for this purpose. The conjugation of peptide hormones through
the linking of their C-terminal amide with molecules such as large polymers, antibodies
and immunotoxins has also been proposed as a suitable approach towards the
development of hormone prodrugs.®® To this end, a-substituted glycines which
hydrolyse in a controllable manner at biological pH were proposed as potentially
suitable systems that could be used to transiently link peptide hormones with other
molecules. The intention of these studies was to determine whether the rate of
hydrolysis of a-substituted glycines in aqueous solution to release amides might be

controlled through the variation of the glycine a-substituent.
2.2 Synthesis of a-Substituted Glycine Derivatives

A variety of compounds were required in order to investigate the extent to which the
rate of hydrolysis of a-substituted glycines to release amides in aqueous solution might
be controlled through variation of the glycine a-substituent.  N-Benzoyl-a-
hydroxyglycine 7 and N-benzoyl-a-hydroxyglycine methyl ester 8 used in these studies
were donated as generous gifts.””* The synthesis of the other systems chosen for

investigation will now be outlined.
2.2.1 N-Benzoyl-a-acetoxyglycine Methyl Ester 14
The synthesis of N-benzoyl-a-acetoxyglycine methyl ester 14 is depicted in Figure 40.

N-benzoylglycine methyl ester 61 and NBS in carbon tetrachloride were heated with

stirring at reflux whilst being irradiated by a 300W sun lamp. The bromide 90 was
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then treated in situ with sodium acetate to give 14. The 'H NMR spectrum of the
product displayed resonances for the a-carbon proton at 66.77 ppm, the methyl ester

protons at 83.81 ppm and the acetyl protons at 62.77 ppm indicating the reaction to

have been successful.

O N-Bromosuccinimide

0 Carbon Tetrachloride o Br o
~
H/\n/ hv - N)\lr ~
o) H 5§
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Figure 40. Synthesis of N-Benzoyl-a-acetoxyglycine

Methyl Ester 14
2.2.2 N-Benzoyl-a-methoxyglycine Methyl Ester 17

The synthesis of N-benzoyl-a-methoxyglycine methyl ester 17 is now described
(Figure 41). The bromide 90, synthesised as described above, was treated in situ with a
solution of methanol and diisopropylethylamine to give 17. The '"H NMR spectrum of
the product displayed resonances for the a-c