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ABSTRACT

Methylaspartase catalyses the reversible anti-elimination of ammonia from L-
threo-(25,3S-3-methylaspartic acid (2) to afford mesaconic acid (3), the second step in
the metabolic pathway for (2S)-glutamic acid in Clostridium tetanomorphum.

This thesis describes the purification to near homogeneity and studies toward the
active site structure of an N-terminal His-tagged construct of methylaspartase. In
particular the role of the proposed dehydroalanine (dhala) catalytic residue has been
addressed.

Kinetic characterization of the purified protein involved an anlysis of the isotope
effects over the pH range 6.5-9.0. This showed that the presence of the His-tag and a 5
amino acid C-terminal extension had the effect of removing the primary isotope effect on
V at each pH when compared to the wild type enzyme.

An attempt was made to label the active site by incorporation of a '*C-label into
the catalytic dhala residue by supplementing the growth media with *C enriched serine,
the proposed pre-cursor of dhala. Analysis of the labeled protein by 2-D NMR
spectroscopy showed that the '*C-enriched serine had been metabolized and the label
incorporated into a range of alternative residues.

In an attempt to isolate and characterize an active site peptide, the known ability
of hydrazine analogues to irreversibly inactivate the enzyme was utilized in the design of
a solid phase inhibitor (99). The enzyme was irreversibly inhibited and the solid phase
bound enzyme was then treated with a protease to strip away the bulk protein and both
the liberated peptides and solid support (100) were analysed by a range of techniques.
Unfortunately, no evidence was gathered to show the presence of a peptide bound
covalently to the solid supported inhibitor.

The mechanism of inactivation by hydrazines/hydrazides and analogues was
subsequently studied in detail. Phenylhydrazine was found to be the most potent
irreversible inactivator of methylaspartase (K; 5.18 mM) with a pH inactivation rate
profile that displayed a unit slope of two, indicative of the involvement of two ionisable
groups in the inactivation mechanism. Addition of 2-mercaptoethanol to the inactivation
incubation had the effect of reducing the rate of inactivation, with evidence suggesting
that this acted as a competitive inhibitor for inactivation. Further, addition of 2-
mercaptoethanol to partially inactivated methylaspartase had the effect of dramatically
rescuing enzyme activity. This remarkable ability was also observed (to a lesser degree)
with both DTT and tributylphosphine. Finally, analysis of the intermediates and products
of inactivation by a range of NMR spectroscopic techniques provided strong evidence
that the N-N bond in phenylhydrazine was facile and was rapidly degraded under
aqueous conditions. Furthermore, evidence was provided for the formation of an Enz-C-
N-H bond system at the active site, consistent with the nucleophilic attack of
phenylhydrazine at dhala.

A unified mechanism of inactivation by the family of hydrazine analogues has
been proposed which may explain these observations.
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Chapter 1 : Introduction

Despite the enormous variety in living organisms, from a single-celled to complex
multi-cellular organisms, there exists a remarkable similarity in the biochemical
processes which sustain them.? The cells are organised so that the biochemical reactions
which are essential to sustain the cell life-cycle can be accomplished with exquisite
precision and efficiency. The rates of these transformation reactions are controlled by
enzymes, Nature’s catalysts.? Enzymes are macromolecules which catalyse anabolic
(synthesis) and catabolic (degradation) reactions and are commonly used in series to
complete metabolic processes.? The regulation of metabolic pathways is important in
ensuring that adequate energy and synthetic precursors are available for the biosynthesis

of more complex molecules.>

1.1 Amino acid biosynthesis and metabolism

Mammals are only able to synthesise about half of the amino acids that are
required for protein synthesis. The remaining essential amino acids are obtained from
dietary sources, the biosynthetic pathways for which are found only in plants and certain
bacteria.? The enzymes which synthesise essential amino acids in mammals, have
apparently been eradicated during evolution, due to their high natural abundance in the
diet of primitive animals. Thus, as a result of evolutionary pressure and competition
between micro-organisms and mammals for a limited supply of natural resources,

individual bacterial species have developed specialised metabolic pathways in order to
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process vital organic molecules. The array of enzymes responsible for mediating these
essential synthetic and degradative pathways in bacteria, has gradually broadened by the
sequential evolution of new enzyme-catalysed reactions which are responsible for the

generation of fundamental molecular building blocks.?

1.1.1 Amino acid degradation by aerobic bacteria

When animals and plants die, a number of compounds such as polysaccharides,
nucleic acids and proteins become available to micro-organisms. These are digested by
enzymes such as nucleases and proteases, into low molecular weight peptides, amino
acids and nucleic acids, which are then subsequently broken down via a range of
metabolic pathways, into simple building blocks known as primary metabolites. These
primary metabolites are then fed into alternative pathways in order to generate secondary
metabolites such as steroids and pheromones.

Many aerobic bacteria have enormous flexibility as to the range of substrates they
can utilise. Pseudomonas putida for example, was found to be able to use over 200
individual organic compounds as a source of carbon.

Many of the amino acids are structurally similar to central intermediates involved
in cellular metabolism. The first step usually involves deamination of the amino acid. A
pre-requisite for this reaction is the presence of a substituent at the B-carbon, which
facilitates removal of ammonia. Scheme 1.1 shows the degradative pathway for
histidine.# Subsequent steps in the pathway involve a range of enzyme catalysed reactions

such as hydrolytic C-N bond cleavage and hydrolysis.
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Scheme 1.1: Degradative pathway for histidine

1.1.2 Amino acid degradation by anaerobic bacteria

Over the past thirty years, much interest has centered on the determination of the
reaction pathways specific to certain anaerobic bacteria (and the enzymes therein)
degradation of amino acids.> Of particular interest was the discovery that Clostridium

tetanomorphum is able to metabolise glutamate. The pathway for glutamate fermentation

in C. tetanomorphum was first delineated in 1958 (Scheme 1.2).5: 6 7 (25)-Glutamic acid
(1) initially undergoes a carbon chain rearrangement catalysed by the co-enzyme B,
dependent enzyme glutamate mutase to afford (25,3S5)-3-methylaspartic acid (2).
Deamination catalysed by methylaspartase then affords mesaconic acid (3). A
stereospecific hydration, catalysed by mesaconase then affords (2S)-citramalic acid (4)
which is cleaved by citramalate lyase, to afford pyruvic acid (5) and acetic acid.

Subsequent oxidative decarboxylation of pyruvic acid produces acetyl CoA (6).7 The
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primary metabolites, acetyl CoA and pyruvic acid can then go on to participate in a

number of further essential metabolic processes such as the tricarboxylic acid cycle.”

NH
NH, Glutamate } i EOu
mutase  H,N CO,H {‘ )
H“‘({Bg\cozﬁ ~—— Hw—=CH; — =
2 HO,C H Methylaspartase HO,C CH;
1 2 3
H,O
Mesaconase
CO,+H" CH;CO,H c
O>H
PIg N o g 1402(:\/#.;,(}13
H;C SCoA H3C COH  Citramalate OH
lyase
6 5 4

Scheme 1.2: Glutamate fermentation by Clostridium tetanomorphum

Peptococcus aerogenes however, is also able to utilise glutamate as the sole
carbon source, by a significantly different degradation pathway (Scheme 1.3).5: 7 In this
case the linear carbon chain of glutamate does not undergo rearrangement but instead the
amine functionality is replaced by an oa-keto group. This reaction is catalysed by
glutamate dehydrogenase.” Reduction of the a-keto group by 2-hydroxyglutarate
dehydrogenase affords 2-hydroxyglutarate. The subsequent enzyme catalysed steps
leading to the formation of butyrate (7) and acetate still remain in doubt, however, it has

been shown that crotonyl-CoA is a product of the degradation pathway.”
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Lo @ H, ,OH
H»({B;\cozﬁ‘— HOQCJ\/\COEH — HOZCA/\COZH
|
|
0 0 |
s M H3C)L0H o S CosCoA
;

Scheme 1.3: Glutamate metabolism via the 2-oxoglutarate pathway

The two pathways, which are used to degrade glutamate, demonstrate that the
metabolism of a specific substrate to identical products in different bacteria, can often
proceed with a range of alternative enzyme catalysed reactions.> In the case of glutamate
fermentation, the two different pathways detailed in this section include several enzymes,
which are unique to those bacteria. This most likely reflects a long evolutionary
separation of the bacteria and the response of the host organism to differing

environmental factors.3

1.2 Enzyme-catalysed elimination reactions

As has been highlighted in the previous section, the reversible elimination or lysis
of a substrate to generate a double bond is an essential metabolic and biosynthetic
reaction. Examples include the elimination of ammonia in amino acid degradation or the

introduction of a hydroxy functionality in the degradation of unsaturated hydrocarbons.2
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These reactions are catalysed by a class of enzymes known as the lyases. The
most common elimination reactions involve small molecules such as water (hydratases)?

carbon dioxide (decarboxylases)? and ammonia (ammonia-lyases).!°

1.2.1 The ammonia-lyase enzymes

The enzyme -catalysed reversible elimination of ammonia in biochemical
pathways is carried out by a class of enzymes known as the ammonia-lyases.!! These
enzymes are all located on metabolic pathways for amino acids such as (29)-
phenylalanine, (2S5)-histidine, (2S)-aspartic acid and (25)-glutamic acid. Some of these

are shown in Table 1.1.
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Table 1.1: Reactions catalysed by the ammonia-lyase enzymes

Enzyme Co-factor

Reaction

Glucosaminate PLP
ammonia-lyase

(EC 4.3.1.9)2

Ethanolamine ammonia-
lyase
(EC4.3.1.1)13

Co-enzyme B,

Ornithine cyclo- NAD"

deaminase
(EC 4.3.1.12)4

Formimino- -
tetrahydrofolate cyclo-
deaminase
(EC 4.3.1.4)15

3-alanyl-CoA ammonia- -
lyase
(EC 4.3.1.6)16

Aspartate ammonia- -
lyase

(EC 4.3.1.1)17> 18, 19, 20

Phenylalanine -
ammonia-lyase

(EC 4.3.1.5)1)» 22, 23

Histidine ammonia-
lyase -
(EC 4.3.1.3)%4, 25, 26

Methylaspartate
ammonia-lyase

(EC 4.3.1.2)27 28,29

H on

OH HochOH + NH,
SHH

o O

|
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Elimination reactions are known to proceed via one of three mechanisms
designated as E1, El, and E2. These mechanisms differ only in the timing of C-H and C-
N bond cleavage.’® Scheme 1.4 shows the three possible mechanisms for elimination of,
in the case of this example, ammonia as is observed with the enzymes methylaspartase

(MAL)?7 phenylalanine-ammonia lyase (PAL)2?! and histidase (HAL).

HzN ) ‘_R]
H Elcb
C-H cleavagy HO,C Ry \
HN Ry C-Ncleavage Hy Ri gy H R
H"'H R2 - R2 —_— :
HO,C H HO,C  H HOC R,
\ +
Concerted
cleavage l_f_zll\.{ -"“'Rﬁz Az
HO,C  H

MAL R, = CO,H, R,=CHj

H
HALR,ZCD, R,=H
N
PALR, = Ph, R, = H

Scheme 1.4: Mechanisms for elimination of ammonia

E1 mechanism - An E1 mechanism is a unimolecular elimination, which occurs when the
C-N bond is cleaved first, in the rate-determining step, to afford a carbocation
intermediate. Subsequent rapid C-H bond cleavage results in the unsaturated product
(Scheme 1.4, middle). Although common in organic reactions, this mechanism is rare in

enzymatic systems.3! A probable explanation for this is that in many of the substrates for
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elimination, a neighbouring electron-withdrawing group such as a carbonyl group is
present. This then acts to destabilise the positive charge, making the intermediate a very
high energy species. In chemical systems the direction of the double bond will form

mainly at the more highly substituted carbon atom (Scheme 1.5).32

Br, .CH, “HBr CHa
H3C>>\‘\/CH3 H3CW4K\/CH3
H™ 'CH, CH,

Scheme 1.5: Elimination of HBr from 3-bromo-2,3-dimethylpentane

El., mechanism - In an Elg (unimolecular elimination using a conjugate base)
mechanism the C-H bond is broken first, in the rate determining step, to form a
carbanion.’® This step is followed by rapid cleavage of the C-N bond to afford the
unsaturated product (Scheme 1.4, Top). In a non-enzymatic El, elimination reaction a

strong base is required to abstract the proton, generating the carbanionic intermediate

(Scheme 1.6).33

X, Ry )
RS)%LRI
W
B:

X_ R, O:) R, O
k_/ Y N
R3 R Rj R,
H H
& +

BH BH

' R = H, Alkyl, Oalkyl, OH, SR |

Scheme 1.6: Base-catalysed non-enzymatic elimination reaction (El )
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The carbanionic intermediate which is formed can then partition down two
reaction pathways. The intermediate can either undergo C-N cleavage to give the product,
or it can pick up a proton from the bulk solvent to give back the starting material. Thus,
hydrogen exchange is evidence for an El¢, mechanism.?3 It should be noted however that
in an enzyme catalysed reaction, a lack of exchange with the bulk solvent is not
necessarily sufficient evidence, in isolation, to rule out an Elg, mechanism, since the
active site may not be accessible to solvent and therefore exchange can not occur. Despite
this, a number of enzyme reactions have been proposed to operate via an Elg,
mechanism, on the basis of observed hydrogen exchange.33 These include triose
phosphate isomerase and enolase.3? Exchange of the a-proton of the substrate with bulk
solvent was observed, suggesting the formation of an intermediate carbanion.

In some enzyme-catalysed reactions where the natural substrate contains a
carboxylate group adjacent to the site of proton abstraction, an El. mechanism would
involve the formation of an unfavorable dianion after removal of the a-proton. However,
in an enzyme active site e.g. mandelate racemase, the anionic carboxylate group of the
substrate binds directly with a metal ion.33 The intermediate can also be stabilised
through favourable interactions with the enzyme, through ion-pair interactions with
active site residues.?3

Reactions, which are initiated by proton abstraction, generally undergo anti-
elimination, thus implying that the a-proton and the [-substituent are in an anti-
periplanar relationship. This is necessary in order to achieve maximal overlap of the
negative charge and the anti-bonding orbital of the scissile bond. The anti stereochemical

course has been attributed to a two base mechanism as the conjugate acid of the base
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must be acidic enough to protonate the leaving group, thus a second more acidic group is
required.?4

E2 mechanism — An E2 mechanism (bimolecular) is a one step process involving a rate-
determining concerted cleavage of the C-H bond and the C-N bond bond which proceeds
through a single transition state (Scheme 1.4, Bottom).3? The reaction, which is initiated
by attack of a base to remove the proton, proceeds via a planar transition state. In
synthetic reactions the deprotonation step usually requires a strong base.

For the E2 elimination a trans B-proton is generally necessary, if this is available
at only one adjacent carbon centre the location of the double bond is pre-determined.
When B-hydrogens are available on 2 or 3 carbons, the structural isomer formed will
depend on the substrate structure and the nature of the leaving group.

The stereochemistry of synthetic elimination reactions is defined by the
mechanism through which the reaction proceeds. In the case of enzyme-catalysed [3-
climination reactions however, a profound fidelity to the conservation of stereochemistry
is observed and the products of reactions involving elimination from a carboxylate anion
are almost always trans.34 35

For a concerted elimination to proceed, strong orbital overlap is required between
the bonding c-orbital of the scissile C-H bond and the o* anti-bonding orbital of the C-X
bond. Except in the case of a few enzymes (discussed below) this can only be achieved
with a trans peri-planar relationship.

The ability of some enzymes to stabilise high-energy intermediates means that
occasionally syn products are observed. Examples of enzymes which catalyse syn-

elimination reactions include muconate lactonising enzyme, which catalyses the



12

reversible cycloisomerisation of cis,cis-muconate to muconolactone’¢s 37 and
dehydroquinase which catalyses the reversible dehydration of 3-dehydroquinic acid (8) to

3-dehydroshikimic acid (9) (Scheme 1.7).38

OH
sH OH )
"0,C M\OH 02 e
H H
R S O
no ©
8 9

Scheme 1.7: Reaction catalysed by dehydroquinase

It has been suggested that concerted syn elimination reactions will have a certain
degree of carbanion character due to faster C-H bond cleavage compared to C-leaving
group bond cleavage. Crotonase, has been proposed to operate via a concerted

mechanism (Scheme 1.8).39

*H,0
HyC—(H,C), H E H;C— (H,C)n H
— e H H*
H SCoA Crotonase HO SCol
o 0

Scheme 1.8: Reaction catalysed by Crotonase

1.3 3-Methylaspartate ammonia-lyase

3-Methylaspartate ammonia-lyase (EC 4.3.1.2) is the second enzyme in the
glutamate metabolic pathway and catalyses the reversible anti-elimination of ammonia
from L-threo-(25,35)-3-methylaspartic acid (2) to give mesaconic acid (3) (Scheme 1.9).

27, 29, 40, 41
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HN  COH  MAL H CO,H
) —i~c, —— -
H02C H Mg2+, K+ HOzC CH3
2 3

Scheme 1.9: Reaction catalysed by methylaspartase

The native enzyme was first isolated from cell free extracts of the obligate
anaerobe C. tetanomorphum by Barker ef al. and was shown to have a native molecular
weight of 90 kDa, as determined from sedimentation equilibrium measurements.42

Addition of 6 M guanidine hydrochloride cleaved the enzyme into two subunits of
45 kDa and an eight-fold molar excess of p-chloromercuribenzoate (p-CMB) effected
cleavage of the enzyme into four identical subunits of ~25 kDa.4> However, only two
moles of p-CMB were required for complete inactivation of the enzyme. These
observations led to the conclusion that the native enzyme contained two types of sub-unit,
only one of which possessed catalytic activity,*! the morphology being (AB),. The

enzyme has a pH optimum for V__ of 9.7.

Methylaspartase migrated in polyacrylamide gel electrophoresis as a single
protein band with a molecular weight of 100 kDa. 44 42 However, in a later study, it was
shown by SDS-PAGE and Edman sequencing that the enzyme was constructed from a
single sub-unit species with a mass of 49 kDa,*> consistent then with a homodimeric
morphology. A 2.2 kb section of Clostridial DNA containing the complete gene for
methylaspartase was excised from the Clostridial chromosome using the Hindlll

restriction enzyme.*¢ This was subsequently ligated into the plasmid vectors pMTL21 and
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pMTL32 and transformed into an E. coli host, pSG4. The DNA sequence of the mal gene

was determined and from this a 413 amino acid sequence was inferred (Fig 1.1).46
MKIVDVLCTP GLTGFYFDDQ RAIKKGAGHD 30

GFTYTGSTVT

EGFTQVRQKG ESISVLLVLE 60

DGQVAHGDCA AVQYSGAGGR DPLFLAKDFI 90

PVIEKEIAPK LIGREITNFK PMAEEFDKMT 120
VNGNRLHTAI RYGITQAILD AVAKTRKVTM 150
AEVIRDEYNP GAEINAVPVE AQSGDDRYDN 180
VDKMIIKEAD VLPHALINNV EEKLGLKGEK 210
LLEYVKWLRD RIIKLRVRED YAPIFHIDVY 240
GTIGAAFDVD IKAMADQIQT LAEAAKPFHL 270
RIEGPMDVED RYKQMEAMRD LRAELDGRGV 300
DAELVADEWC NTVEDVKFFT DNKAGHMVQI 330
KTPDLGGVNN TIADAIMYCKA NGMGAYCGGT 360
CNETNRSAEV TTNIGMACGA RQVLAKPGMG 390
VDEGMMIVKN EMNRVLALVG RRK 413

Figure 1.1: Inferred amino acid sequence of methylaspartase

In addition to being an ammonia-lyase enzyme, methylaspartase is also a member
of the enolase superfamily of enzymes, which are related due to their ability to catalyse
the removal of the proton a- to a carboxylic acid.4” The members of this family are sub-
divided into three groups based on the identity of the active site base. Methylaspartase

belongs to the Muconate lactonising enzyme I group (MLE 1).47 Enzymes in this group
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contain two lysine residues in a KX (K/R) motif which are thought to act as active-site
bases.47 It was shown, by incubating the enzyme with the substrate in tritiated water that
the proton at C-3 was able to undergo exchange with the bulk solvent. This was analysed
as *H incorporation into the substrate pool.

The pH rate profile for exchange of the C-3 proton of the substrate showed an
inflection at pH 7.8.27 On this basis it was proposed that a nucleophile with a pk, of 7.8
was responsible for 3-proton abstraction. It was suggested that a cysteine residue was a
possible candidate.*8 Further evidence to support this was obtained in a kinetic study with
the cysteine dependent chemical modifying agent (N-ethylmaleimide) (NEM).42 The
enzyme was rapidly and irreversibly inhibited with NEM but protection from inhibition
was afforded upon pre-incubation of the enzyme with the substrate. This indicated that
the amino acid that had been modified was at or near the active site of the enzyme and

was most probably a cysteine residue.48

1.3.1 Metal ion cofactor requirements
Methylaspartase has a requirement for both a monovalent and divalent metal ion
for catalytic activity.4 Magnesium ion was found to be the most effective divalent cation

although nickel, cobalt, iron, zinc, manganese and cadmium were also shown to provide

activation, but to a lesser degree.*?> 50 Further investigations showed that divalent metal
ions with an ionic radius smaller than that for Ca** (<1.0 A) were activators of

methylaspartase and ions with a radius larger than that for Ca** (>1.0 A) acted as

inhibitors.3!, 52
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The requirement for a monovalent cation was found to be relatively non-specific,
with a wide range of monovalent ions capable of activating the enzyme.?8 Potassium was
found to be the most effective activator at 2 mM (Ky=3 mM).28 In addition, it was found
that other monovalent ions such as ammonia, lithium, sodium and cesium also activated
the enzyme. It was also shown that in the absence of an activator such as potassium, the
enzyme still displayed catalytic activity. This observation was rationalised by proposing

that ammonium ion, as a protonated product of the forward deamination reaction, could

promote autocatalysis.>!

1.3.2 Substrate specificity
In addition to the natural substrate (25,3S)-3-methylaspartic acid, it was

demonstrated that methylaspartase is able to catalyse the deamination of a wide range of

3-alkyl aspartic acids (Scheme 1.10).53; 54

H,N CO,H  MAL H CO,H
Hoy—R —— =(
HO,C H Mg®,K*  HO,C R
2; R = CH3 3; R = CH3
10;R=H 12; R=H
11; R=Et 13; R=Et

Scheme 1.10: Deamination of 3-substituted aspartic acids by methylaspartase

The kinetic parameters for the deamintion of a range of 3-alkyl aspartic acids are

shown in Table 1.2.55 Whilst K,, values only vary by about 10-fold over the three
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analogues it is evident that V,,, changes by up to 150-fold. From this study it was
concluded that the size of the C-3 substituent is critical in lowering the activation energy
of the reaction (and hence increasing Vyax), most probably through favourable

interactions with the active site.33

Table 1.2: Kinetic parameters for deamination of 3-substituted aspartic acids

Substrate K, (mM) Vi (x 10°° mol dm min”‘)
(25, 35)-3-metylaspartic acid 2 10.5 +0.82 4.8
(2S)-aspartic acid 10 237%+0.2 654.0
(28,35)-3-ethylaspartic acid 11 17.08 + 1.4 292.0

It was suggested that the low rate of deamination of (2S5)-aspartic acid (10), was
due to poor orbital alignment of the o -bonding orbital of the C-H bond with the o*-
antibonding orbital of the C-N bond in the transition state (Scheme 1.10).55 The ability of
the enzyme to accept a range of alkyl groups at the C-3 position of the substrate prompted
an invesligation into the potential application of the reverse-physiological enzyme
reaction?” in the biosynthesis of novel and synthetically challenging amino acids. A range
of substituted fumaric acids were prepared and incubated with ammonia in the presence
of the enzyme and the necessary metal ions.5¢ In each case, the reaction gave exclusively

the product of anti addition (Scheme 1.11).56
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Scheme 1.11: Amination of 3-substituted fumaric acids by methylaspartase

The kinetic parameters for the amination of selected substituted fumaric acids are

H>_<C02H
HO,C R

R =-CH;,
R=-H,

R = -Et,

R = -nPr,

R = -iPr,
R=-Cl,

R =-Br

R=-F

10
11
19
20
21
22
23

H,oN CO,H
HY R

HO,C H
R =-CH;,
R=-H,
R =-Et,
R = -nPr,
R = -iPr,
R =-Cl,
R =-Br
R=-F

shown in Table 1.3. The value of V. for substrates containing an ethyl (or smaller)

substituent at the C-3 position such as for chlorofumaric acid (16) and mesaconic acid (3)

are similar. This indicated that changes in electronic or steric properties of the substrate at

the C-3 position do not significantly influence the rate of amination. However, the values

of Ky, for fumaric acid (12) (~23 mM) and mesaconic acid (3) (~1.23 mM) differ by one

order of magnitude.>¢ It was proposed that this resulted from a conformational change in

the enzyme due to the alteration in the size of the C-3 substituent, which affects substrate

binding interactions.53
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Table 1.3: Kinetic parameters for amination of some substituted fumaric acids

Substrate K, (mM) Vinax (x 10°° mol dm’
min”)
Fumaric acid 12 23+2.2 1702
Mesaconic acid 3 1.24 +0.085 894
Ethylfumaric acid 13 1.05+0.2 583
Chlorofumaric acid 16 3.52+0.71 382
Bromofumaric acid 17 2.64 +0.53 425
n-Propylfumaric acid 14 2.1+13 4.2

Fluorofumaric acid was apparently found to produce very little aminated product.
This behaviour was shown to be due to the fact that ammonia is able to add at either C-2
or the fluorophilic C-3 position (Scheme 1.11, (18). However, both the chlorofumaric
acid (16) and bromofumaric acid (17) analogues were moderate substrates for
methylaspartase, and were converted into the corresponding halogeno-aspartic acids.37 In
addition bromoaspartic acid (22), the product of the amination of bromofumaric acid
(17), was found to inhibit the enzyme over the time course of the incubation required to
produce bromoaspartic acid (22). Upon addition of a second aliquot of methylaspartase to
the incubation no further inactivation was observed. The chemical species present in the
incubation mixture was isolated and shown to be an aziridine dicarboxylic acid (24)
(Scheme 1.12). A mechanism for its formation was then proposed (Scheme 1.12). It was

noted however that the aziridine was incapable of inactivating the enzyme.57
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H

0 O
H,N \\.\L—"O' HzN’\ \I{ H, N LCOy

H")‘E‘E{_"HW -

"0,C "0,C H 0,C H
(24) (26)

Scheme 1.12: Aziridine ring formation

Further investigation showed that inactivation of methylaspartase by
bromoaspartic acid (22) was greatly reduced in the presence of the natural substrate
(2S5,35)-3-methylaspartic acid (2), thus indicating that the inhibitor is directed at or near
the active site of the enzyme. The mode of inactivation was believed to be due to
alkylation of an active site base through substitution of the bromide as shown in Scheme

1.13.57

Irreversible
inactivation

-

-Br"

Scheme 1.13: Alkylation of an active-site base/nucleophile
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1.3.3 L-erythro activity
During initial investigations into the substrate specificity of methylaspartase, it
was found that the opposite L-erythro diastereoisomer of the natural substrate (2.5,35)-3-

methylaspartic acid), (2S,3R)-3-methylaspartic acid (25), was capable of acting as a slow

substrate, V.. was ~1% of that for the natural substrate (Scheme 1.14).58 59 Two
possibilities were proposed to explain this observation. Either the elimination of ammonia
catalysed by methylaspartase is non-stereospecific, or the enzyme extract used in this
experiment contained a racemase activity. This could be due to the presence of a separate,
distinct racemase enzyme, or an additional role for methylaspartase (Scheme 1.14).59

In an attempt to address this question, the enzyme was incubated with (2S,3R)-3-
methylaspartic acid (25) and the mixture was analysed at various time intervals by 'H-
NMR spectroscopy.®® The deamination reaction proceeded rapidly to give mesaconic acid
(3) and then on a slower time scale the mesaconic acid was re-aminated to afford (2S,35)-
3-methylaspartic acid (2) (Scheme 1.14). This study suggested that the enzyme did not
simply racemise the substrate, but was catalysing the syn elimination of ammonia from

(2S,3R)-3-methylaspartic acid.°

H,N H
H)—{CO,H
HO,C  CH;
Epimerisatim/ 25 \&n-climination
H,N  CO,H H COH amigtion H;N  CO.H
) amination 2 2
H)—{CH, = H)—(~CH;
HO,C H HO,C  CHj HO,C H
2 3 2

Scheme 1.14: Epimerisation/ syn-elimination mechanism for methylaspartase
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1.3.4 Analogues of ammonia

The active site structure of methylaspartase was probed further by carrying out a

series of incubations utilising the retro physiological reaction in the direction of

amination with mesaconic acid and a range of N-nucleophiles.®! The substrates that were

used and the extent of the conversions to the corresponding unsaturated products are

shown in Table 1.4.6!

Table 1.4: N-nucleophile analogues of ammonia in the retro-physiological MAL

reaction
R3
H COH R vtk R—N  CoH
— + H—N 2y =R
HO,C R R MAL HOI;IC}_YIR
Compound

no. R’ R’ R’ % Conversion
26 H NH; H 89

27 CH; NH, H 91

28 Et NH, H 90

29 “Pr NH, H 90

30 ‘Pr NH, H 90

31 H CH; H 55

32 CH; CH; H 54

33 Et CH; H 60

34 "Pr CH; H 0

35 'Pr CH; H 0

36 H Et H 5

37 H CH; CH; 70

38 CH; CH; CH; 0

39 H OH H 90

40 CH; OH H 90

41 Et OH H 60

42 H OCHj; H 80

43 CH; OCH; H 70

44 Et OCH; H 0




23 |

Both hydrazine and hydroxylamine proved to be efficient substrate analogues
with conversions in excess of 60% (26)-(30) and (39)-(41) (Table 1.4). The enzyme was
able to tolerate alkyl substituents on either the fumarate analogue (27)-(30) or the N-
nucleophile (31) and (36), however, if both were present then an alkyl substituent larger
than an ethyl group (34) and (35) could not be processed with methylamine.®!

In addition, it was shown that methylaspartase was unable able to catalyse the
addition of methyoxylamine to methyl fumaric acid (43). From these results it was
concluded that the N-nucleophile and the C-3 alkyl substituent of fumaric acid appear to
occupy similar regions of the enzyme active site, presumably a small hydrophobic
pocket.! Figure 1.2 shows the anticipated transition states for the addition of

dimethylamine to fumaric acid (45) and mesaconic acid (46).6!

H H

H @CO{ H @COZ“

"0,C — H 040 E}__I/S

P \

H;C™ | "CH; H3C'T\|I“EH\3
CH,-Enz CH,-Enz sterically unfavorable

interactions

45 46

Figure 1.2: Transition states for addition of dimethylamine to fumaric acid and
mesaconic acid
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1.3.5 Mechanistic studies with methylaspartase
In order to distinguish between the three possible elimination mechanisms, a

series of early kinetic isotope effect experiments were performed with (2S5,3S)-3-

methylaspartic acid (2) and (25,3S)-[*H]-3-methylaspartic acid.2’> 62, 63, 64 The rate of
mesaconic acid formation was measured for both substrates. However, no primary
isotope effect was observed for the deamination reaction over the pH range 5.5 — 10.5.40
In addition methylaspartase was incubated with mesaconic acid (3) and ammonia
in deuterium oxide, and in a separate experiment with (28,35’)-[ZH]-3-methylaspartic acid
(2) in water.®0 In both experiments, analysis by 'H-NMR spectroscopy showed that
hydrogen exchange had occured at the C-3 position of (25,35)-3-methylaspartic acid with
hydrogen derived from the bulk solvent.*? Determination of the rate of exchange (v¢) and
the rate of deamination (v4eam) showed that exchange was occurring at a faster rate than
deamination, at pH 9. These results, in addition to the observation that the enzyme was
able to catalyse the elimination of ammonia from (2S,3R)-3-methylaspartic acid, led to

the proposal that methylaspartase operates via a step-wise mechanism.4 This would

involve the abstraction of the C-3 proton to form an intermediate carbanion.??> 40 On the
basis of this mechanism it was proposed that the role of the magnesium ion was that of a
Lewis acid, enhancing the acidity of the C-3 proton.*8 In a second step elimination of
ammonia would take place to form mesaconate.48

The effect on the rate of exchange at varied pH was studied and it was shown that

the exchange reaction reaches a maximum at pH 7.8.27
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1.3.5.1 Identification of an active-site base

Methylaspartase was shown to be readily inhibited by NEM (MAL 17) and (p-
CMB).#2 The enzyme was completely protected against inactivation by the inclusion of
the substrate in the incubation.*® This led to the proposal that this involved shielding of an
enzyme residue, which lies near the C-3 carbon of the substrate. On the basis of the pH
rate profile for the exchange reaction (optimum at pH 7.8) it was proposed that a thiol
group was the nucleophile responsible for abstraction of the C-3 proton.27

Labelling experiments were also conducted using N-[1-'*C]-ethylmaleimide.
Methylaspartase was treated with the radiolabelled inhibitor and subsequently digested
using the protease enzyme, trypsin to afford a total of 55 peptides, eight of which had
been radiolabelled. It was therefore proposed that 8 cysteine residues had been covalently
modified by S-alkylation by NEM (30) (Scheme 1.15).43 In a repeat experiment the
enzyme active-site was saturated with excess substrate before addition of the unlabelled
NEM. Unreacted NEM and substrate were removed before treatment of the enzyme with
["“C]-NEM.#3

After tryptic digestion one radiolabelled peptide was isolated. The total amino
acid composition of the peptide was determined from acid hydrolysis. The results showed
the presence of ~40 amino acid residued in the peptide, one of which was an unusual
amino acid and was attributed to a half cysteine residue (48) (Scheme 1.15). It was
presumed that this resulted from the product of hydrolysis of a Cys-NEM adduct (47).43

This further supported the proposal of a cysteine residue being at the active-site.
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Scheme 1.15: Modification of cysteine residue with N-ethylmaleimide

In a recent study, the properties of the active site of methylaspartase were further
investigated by labelling experiments using NEM.®5 NEM showed simple saturation
kinetics, with a K of 34.5 £ 5.4 mM at pH 7.0.65 From the pH dependence of NEM
inhibition it was observed that the enzyme titrates itself at pH 9.3 into a form which can
then react with NEM. However, NEM was found not to ionise in the pH range of this
study, indicating that an acid with a pKa of 9.3 must be deprotonated in order to react
with NEM. Magnesium was found to be an activator and increased the rate of NEM
inactivation by ~ 10-fold (K5 = 2.67 = 0.37 mM). It was suggested that the increased rate
of inactivation in the presence of magnesium resulted from an increase in affinity for the
enzyme and not from an increase in the rate of alkylation.65

In order to determine the sites of modification by NEM, methylapartase was
protected with substrate and then treated with unlabelled NEM.65 Excess unreacted
substrate and NEM were removed prior to incubation with N-[2-*H]-ethylmaleimide. The
inactive enzyme was digested with trypsin and analysed by HPLC. Edman degradation
analysis, highlighted the presence of one major peptide with the sequence

ANGMGAYXGGTZNETNR™ 65 Residue 8 was shown not be a cysteine residue.
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However, residue 361 contained radioactivity and further analysis suggested the presence
of a modified amino acid. The peptide was shown to possess two cysteine residues, Cys-
357, which was not radiolabelled and Cys-361, which had been radiolabelled.%>

Thus it was concluded that in the presence of magnesium, NEM binds to the
enzyme-Mg>" complex and this results in alkylation of one of the catalytically essential
acid-base groups. It was proposed that this was Cys-361, which attacks NEM at a

position analogous to the C-3 position of the substrate.

1.3.5.2 Active-site dehydroalanine residue of methylaspartase

A deduced amino acid sequence for the protein was obtained from the sequence
of the mal gene and this was used to map the peptide, which had been isolated in the
studies with NEM.46

The total amino acid content of the radiolabelled peptide, was matched against the
deduced amino acid sequence of the enzyme. There appeared to be no correlation with
peptides containing cysteine residues.*¢ However, an excellent match was obtained with a
37-mer peptide Lys-147 to Lys-183, which contained a serine at position 173. It was
proposed that this serine or a derivative was the reactive species with respect to NEM. It
was suggested that in order for Ser-173 to undergo reaction with NEM the residue must
first undergo post-translational dehydration to afford a dehydroalanine residue. Reaction
of this intermediate with NEM could then occur by two mechanisms outlined in Scheme

1.16:5%
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The first involving electrophilic attack of the imine form of dehydroalanine onto
the double bond of NEM (mechanism A, Scheme 1.16). The second reaction involves
initial addition of ammonia to the double bond of dehydroalanine to form lysine (R = -

(CH»,)4NH,), which can then attack NEM (mechanism B, Scheme 1.16).63

H H H
N N i 7’N .
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Scheme 1.16: Proposed mechanisms for the reaction of dehydroalanine residue with
NEM

The peptide containing the SGD motif of amino acids, which was proposed to

have been modified by NEM was also observed in HAL®6 67 and PAL.22 In both these
enzymes (see Sections 1.4 and 1.5) a dehydroalanine residue derived from serine has
been implicated in the mechanism of the reaction and it was suggested that the serine
from the SGD motif was a probable candidate for dehydration.

In order to probe the reaction of dehydroalanine with N-nucleophiles such as
various amines, a series of chemical model studies were carried out using a range of
synthetically prepared dehydroalanine containing peptides (Scheme 1.17).68 In each case,
a dehydroalanine model was incubated with propylamine. The results showed that by

altering the electron withdrawing and donating properties of the neighbouring groups
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(protecting groups on the C- and N-termini of the model peptide) and thus the electronic
properties of the dehydroalanine residue, the regioselectivity of addition of the amine
could be controlled, with addition occurring at either the o or B-position of the imine

group (Scheme 1.17).68

H 0 n-propylamine H O
R N R N
TR e % R
@) O HN CH;
R ='BuO R =HNEt j
R=Bn0O R =HNEt H;C
H O n-propylamine H O
R N R N
A W/U\R 30°C hil %R
0]
0 NH

R="BuO0 R=0Me
R=BnO R =OMe

Scheme 1.17: Reaction of synthetic peptides with n-propylamine

1.3.6 Recent studies on the mechanism of methylaspartase

Recent investigations into the mechanism of methylaspartase have focused
extensively on the use of kinetic isotope effects. In complete contrast to previous
findings, a deuterium isotope effect of 1.7 on V and V/K was observed with (2S,3S)-[*H]-
3-methylaspartic acid at pH 9.5¢ This result therefore indicated that C-H bond cleavage is
at least partially rate limiting. Two possible explanations for the previous lack of an
observed primary kinetic isotope effect were proposed. The first was that the C-3

deuterated substrate which was used in the early studies, may have contained only 87%
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deuterium at C-3.5 However, this explanation alone was not sufficient to explain the total
masking of the isotope effect. The second explanation concerned the conditions under
which the original experiment was carried out. Although the precise conditions had not
been reported by previous workers, it seemed most likely that the experiment had been
conducted at a potassium ion concentration of at least 50 mM.¢°

The influence of potassium ion concentration was then studied and it was
demonstrated that at high concentrations the kinetic isotope effect was completely
suppressed (¥ and V/K = 1).%° Table 1.5 shows the dependence of the primary deuterium

isotope effect upon K™ ion concentration.

Table 1.5: Potassium ion dependence on primary deuterium isotope effects

KCI (mM) PviK)
0.2 1.27
1.6 1.68
4.0 1.21
50.0 1.00

These results suggested that potassium ion in its action as an activator of
methylaspartase, was able to increase the commitments to the isotopically sensitive step
(Cris the forward commitment and C; is the reverse commitment). Having established the
existence of a significant primary isotope effect, the stepwise carbanionic mechanism was

challenged and the effect of C-N bond cleavage on the kinetic profile of the reaction was
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studied.” The "N isotope effect for (25,3S)-3-methylaspartic acid was determined by
measuring the ratio of '>’N/'*N in the substrate and in the ammonia product after ~ 17% of
the deamination reaction had proceeded. The °V ('*N-isotope effect on ¥) at pH 6.5 and
pH 9.0 were 1.0255 + 0.0011 and 1.0246 + 0.0013, respectively. These significant values
of "’V suggested that C-N bond cleavage was at least partially rate-limiting.70 However,
both a balanced step-wise and a concerted mechanism would be expected to show an
isotope effect on V/K for both C-H and C-N bond cleavage steps.

In order to distinguish between the two possible mechanisms, the '*N-isotope
effect for C-N bond cleavage was measured in the presence and absence of deuterium at
C-3 of the substrate (double fractionation studies).” In both deuterium oxide and water at
pH 6.5, the deuterated substrate showed a value for "*(7/K) of 1.0417 + 0.0009 compared
to the value for the non-deuterated substrate (°(V/K) = 1.0225 + 0.0011).70 It was
therefore concluded that the presence of a deuterium atom at C-3 increased the
significance of C-N bond cleavage in a manner consistent with a concerted mechanism
where both the C-H and C-N bonds are broken in the same step.70

Scheme 1.18 shows the proposed mechanism for methylaspartase on the basis of

this kinetic data.
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Schemel.18: Proposed mechanism for the concerted reaction of methylaspartase

The first step following binding of the substrate and both metal ion co-factors
involves conjugate addition of the amine moiety of the substrate to the dehydroalanine
residue. An active-site base then abstracts the C-3 proton and concerted cleavage of the
C-N bond takes place to form mesaconic acid and the covalent amino-enzyme adduct. In
the subsequent steps, the amino-enzyme is protonated and deaminated to afford the
product complex. The products of the reaction are then released to regenerate the free

enzyme (Scheme 1.18).69
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1.3.7 Inhibitors of methylaspartase

A range of 1-substituted cyclopropane 1,2-dicarboxylic acids were incubated with
methylaspartase and all were found to be inhibitors of the enzyme.”! The most potent
inhibitor (15,25)-1-methylcyclopropane 1,2-dicarboxylic acid (49) (Fig. 1.3) (K; = 20
uM) was thought to act as a transition state analogue for the deamination reaction step as
it is able to mimic the geometry and bond hybridisation expected for the transition state
of a concerted elimination mechanism. This finding is in accord with the proposed

concerted elimination mechanism.”!

Dehydroalanine Dehydroalanine

‘Base Base

49

Figure 1.3: A) Expected transition state for C-N bond cleavage of substrate.
B)Possible interaction of (1S,2S )-1-methyl-1,2-cyclopropanedioic
acid with methylaspartase
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1.3.8 Alternative sources of methylaspartase
Methylaspartase from three different strains of facultative anaerobes from soil,

Citrobacter strain sp. YG-0504, Morganella morganii YG-060172 and Citrobacter

amalonaticus Y G-1002 73,74 have been isolated, characterised and compared to the wild-
type enzyme from Clostridium tetanomorphum.>? All three enzymes were reported to be
homo-dimers with a sub-unit mass of 40 kDa, 44 kDa and 42 kDa respectively.

All three enzymes are very similar to the Clostridial enzyme’ and share greater
than 60% sequence identity.”>? The biochemical properties of the enzymes from
Citrobacter sp. and Morganella morganii have been studied in some detail and the results

are presented in Table 1.6.72

Table 1.6: Biochemical properties of methylaspartase from various soil bacteria

Property Citrobacter sp. Morganella C. tetanomorphum
Sub-unit weight 40,000 44,000 45,539
No. sub-units 2 2 2
pH optimum :
deamination 9.7 9.7 9.7
amination 8.0 8.5 9.0
K (mM) :
(2S,3S)-3-Measp (2) 1.0 2.95 2.37
Mesaconic acid (3) 0.61 0.60 1.24

The enzymes shown in Table 1.6 have similar metal ion co-factor requirements
and substrate specificity, with one exception. The enzymes from Citrobacter and

Morganella were able to catalyse the reversible amination-deamination of (2R,35)-3-
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chloroaspartic acid to chlorofumaric acid, however they could only catalyse the
amination of fumaric acid and not the deamination of aspartic acid.”

The Clostridial enzyme on the other hand is able to catalyse the amination of
chlorofumaric acid>’ and the reversible deamination of (25)-aspartic acid to fumaric
acid.” This suggests that whilst the enzymes from other bacterial sources are extremely
similar, there are subtle differences in the active site structure, allowing for changes in the

substrate specificity.

1.4 Histidine ammonia-lyase

The enzyme Histidine ammonia-lyase (Histidase, HAL) (EC 4.3.1.3),26 catalyses
the first step in the non-oxidative metabolism of (25)-histidine (50) to (25)-glutamic acid
(1) and formamide (Scheme 1.19).# Histidase has been isolated from bacterial systems

including Pseudomonas putida’ P. fluorescens,® 77, P. acidovorans,’ Bacillus

subtilis™ 7%, Streptomyces griseus3%> 78 and also from mammalian sources.3°
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Scheme 1.19: Pathway for histidine degradation

The human genetic disease histidinemia3! is characterised by a hereditary absence
of this enzyme from both the liver and the epidermis and as a consequence, the plasma

concentration of (2S5)-histidine (50) becomes abnormally high.8! This is accompanied by

urinary excretion of the amino acid, imidazolylpyruvic acid and other metabolites.8!> 82
Long-term studies into the disorder have shown that in the majority of cases it is a benign
metabolic disease which does not require treatment.

The enzymes isolated from both mammalian and bacterial sources all appear to
have a homo-tetrameric structure with a sub-unit mass of ~ 53,000 Da. Comparison of the
inferred amino acid sequence of histidase isolated from P. putida and B. subtilis show

41% and 43% amino acid identity with that isolated from rat liver (Table 1.7).83
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Table 1.7: Percent amino acid identity in pairwise comparisons of histidase

sequences’
S. griseus P. putida B. subtilis Rat
S. griseus 100% 38% 38% 37%
P. putida 100% 42% 42%
B. subtilis 100% 42%
Rat 100%

The high level of sequence identity observed between histidase isolated from

various bacteria indicates that the enzyme is well conserved.”s

1.4.1 Mechanism of Histidase

Initial mechanistic studies of histidase involved incubation of (25)-histidine (50)
with histidase in tritiated water (Scheme 1.19).24 Both the product urocanic acid and the
remaining substrate were isolated and the *H incorporation determined. It was found that
*H had only been incorporated into the substrate pool.24

Subsequent chemical degradation of the radiolabelled (2S5)-histidine showed that
the *H was bound to the C-3 atom of the substrate. Incubation of this labelled substrate
(25)-([3-H]-histidine) with histidase and analysis of the reaction products for radiolabel
incorporation showed that the urocanic acid product was unlabelled. These results
strongly supported the stereoselective abstraction of the pro R hydrogen at C-3, resulting
in either ammonia elimination to afford urocanic acid or hydrogen exchange with the

bulk solvent.24
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In an independent study it was shown that the reaction equilibrium favored the
forward reaction very strongly as only with very long incubations could any amination of
urocanic acid be observed.

In order to determine whether the mechanism of the elimination reaction
catalysed by histidase was concerted or stepwise, analogues of (25)-histidine labelled
with deuterium were tested as substrates. Incubation of (25)-[3,3,5'-H;]-histidine (51)

with histidase resulted in loss of 44% of the C-5' deuterium label.76

D I
- Duyg s coH
N—("1 T NH,
2l 1)

WD

(51)

(2S)-[3,3,5 -*H;]-histidine

When unlabelled (25)-histidine was incubated with histidase in deuterium oxide,
only 20% incorporation of deuterium at C-5' was observed. The observation that
exchange occurred at C-5 led to the proposal that histidase is unlikely to operate via a
concerted mechanism.’”® From these studies a step-wise Elg mechanism for the
elimination of ammonia from (2S)-histidine was proposed (Scheme 1.20).76 The
stereospecific abstraction of the C-3 proton results in a carbanion on C-3, which can be

delocalised onto the imidazole ring.7®



Scheme 1.20: E/ ., mechansim for histidine ammonia-lyase

1.4.2 Inhibitors of Histidase

In support of the proposed mechanism it was found that (2S)-cysteine in the
presence of dioxygen, at pH 10 or greater, resulted in complete inactivation of histidase.$4
Under these conditions the inactive enzyme was shown to generate a strong UV
chromophore with Ay of 340 nm. However, enzyme, which had been treated with
substrate, sodium borohydride, potassium cyanide or sodium sulfite, followed by (25)-
cysteine and dioxygen was inhibited but failed to show an absorbance at 340 nm by UV
spectroscopy.84 This indicated that modification by the two sets of inhibitors was taking

place at the same position in the active site.
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The peptide containing the chromophore was isolated from a digestion of
modified protein treated with trypsin and the endoproteinase Glu-C. The amino acid
sequence of the peptide was found to be Gly-Ser-Val-Gly-Ala-Xaa-Gly-Asp (mapped to
position 138-145). The modified residue was shown by comparison with the inferred
amino acid sequence to be Ser-143.84

In a series of experiments designed to monitor the effects of site specific chemical
modifying agents on the activity of histidase, it was discovered that nucleophiles such as
nitromethane,2 '*C-potassium cyanide and tritiated sodium borohydride were capable of
irreversibly inactivating the enzyme.®® In order to rationalise this observation, it was

suggested that the active site contained an electrophilic residue and it was proposed that

this was a dehydroalanine derived from dehydration of a serine.67 85
Evidence to support this observation was obtained from studies on the mutant

S143A and the double mutant A142S/S143A. Both mutants were found to have lost all

activity (S143A K, = 7.5 mM, Ve = 0.0214 TU/ mg).36s 87) V.., for the S143 A mutant
was 110-fold less than for the wild-type enzyme. It was proposed that the lack of

observed activity was due to the inability of the enzyme to produce the dehydroalanine

residue at position 143.67: 87 However, in the mutant S143C, full catalytic activity was

observed (Vmax = 22.2 mol dm” min™

,» Kin = 5.4 mM) and the mutant enzyme had similar
kinetic properties to the wild-type enzyme from P. putida (Vmax = 28.0 mol dm™ min™',
Kn = 4.0 mM). The results indicated that cysteine was able to eliminate (hydrogen

sulfide) in order to generate the catalytically essential dehydroalanine residue in an

analogous manner to serine dehydration.38
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To test this hypothesis, a series of histidase mutants, S143G and S143T, were
prepared. The mutant enzymes were tested with (25)-histidine as the substrate and
showed similar K,, values to the wild-type enzyme, but V. values were 5310 and

53,100 times lower, respectively (Table 1.8).86

Table 1.8: Kinetic values for histidase mutants with (25)-histidine

Histidase K, (mM) Vinax (IU/ mg)
Wild-type 5.3 25

(P. putida)

mutant S143G 5:3 <0.01%
mutant S143T not accesible <0.01%

Interestingly, however, the substrate analogue 5'-nitrohistidine (52) was processed
at the same rate by the two mutants as observed for the wild-type enzyme (K, = 7.7 mM,

Vmax = 0.85 [1U/ mg]).86

HWHP%H
4N NO,
H

52 (2S)-5 -nitrohistidine

The reason for the observed activity was attributed to the lowered pK, of the C-3
proton in the (2S5)-5’-nitro-histidine analogue (52). In this case the pK, at C-3 is lowered

sufficiently for the active site base to be able to remove the proton without the additional



42 |

activation obtained by alkylation of the imidazole ring.8¢ This was further supported by
the observation that (25)-histidine showed competitive inhibition against the 5 nitro
analogue (K; 5.3 £ 0.4 mM) with the S143G mutant.86

In the light of these results a novel mechanism was proposed for the histidase
reaction (Scheme 1.21).89 9. 91 Following binding of the histidine substrate at the active
site of the enzyme the C-5 carbon atom of the imidazole ring attacks the dehydroalanine
residue in a conjugate Michael style mechanism. The resulting intermediate (53) involves
the formation of a positive charge on the 3'-nitrogen of the imidazole ring. Inductive

effects, which act to stabilise this positive charge, result in the build up of a partial
positive charge at the C-f3 carbon atom which leads to an increase in acidity of the C-3

proton. An active site base is then able to remove the acidic proton which in a subsequent

step allows release of the ac-amino group to afford the deaminated product.6, 90
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Scheme 1.21: Proposed mechanism of HAL involving attack of imidazole on
dehydroalanine

1.4.3 Crystal structure of histidase

Preliminary attempts to crystallise the wild-type histidase from Pseudomonas
putida were unsuccessful due to problems associated with protein precipitation at low pH
and non-specific aggrcgation.®2 However, the C273A mutant was shown to be
homogenous and not susceptible to precipitation or aggregation and hence high quality
crystals of the mutant were prepared.?

The crystal structure of histidase was subsequently determined to 2.1 A
resolution. Each of the sub-units was found to be composed of two domains, an N-
terminal domain consisting of, eight a.-helices and four short B-strands and a C-terminal

domain predominantly composed of 11 o-helices.?2
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All of the mechanistic studies including numerous mutagenesis studies and
inhibitor studies have suggested the involvement of a dehydroalanine residue in the
mechanism of elimination (see Section 1.4.2). An inspection of the electron density map
for the active site revealed that it was not consistent with a dehydroalanine residue at
position 143. However, an unusual heterocycle was observed (55) (4-methylidene-
imidazole-5-one, MIO) which contained an olefinic group (Scheme 1.22). It was
proposed that the formation of this residue occurs through the elimination of two water

molecules from an internal tripeptide Ala-Ser- Gly (142-144) (54).92

HO HO

@] @]
H ( 143 H 143
142 H 144 \

!
N 144 N
’ NN

54 55
Scheme 1.22: Proposed formation of 4-methylidene-imidazole-5-one residue at the
active-site of histidase

The presence of an unsaturated heterocyclic catalytic residue is consistent with all
of the results described above and does not contradict the mechanism shown in Fig. 1.21.
The olefin in the new catalytic heterocycle can behave in a chemically similar manner to
that of the previously proposed dehydroalanine residue.%2. 93

The observation that mutants S143G and S143A resulted in inactive enzyme has
subsequently been attributed to their inability to undergo transformation to the MIO

group (55) (Scheme 1.22). In contrast, mutation of Ser-143 to cysteine afforded an
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enzyme which retained all catalytic activity, since the MIO group can be formed in this
case through desulfuration of cysteine.

In labelling studies with both [*H]-sodium borohydride and ['*C]-potassium
cyanide (followed by acid hydrolysis) [*H]-alanine and ['*C]-aspartic acid were isolated
respectively.8¢ Despite being originally attributed to reaction with dehydroalanine, these
results were also consistent with an MIO group. It was expected that the modified MIO
heterocycle would also degrade, upon acid hydrolysis to give aspartic acid. Scheme 1.23
shows a modified mechanism for histidase including a role for the alternative

unsaturated catalytic residue active-site residue.%?

N%/NH NQ/L\IH

Scheme 1.23: Proposed catalytic mechanism for histidase incorporating the MIO
catalytic residue
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1.5 Phenylalanine ammonia-lyase
Phenylalanine ammonia-lyase (PAL) (EC 4.3.1.5) catalyses the reversible
elimination of ammonia from (25)-phenylalanine (Scheme 1.24, (56)) to give frans-
cinnamic acid (57) (Scheme 1.24).23.94
H,N Ph PAL H Ph

) / he—C7¢ "
H,.n Z H / \ + NH
HO,C H HO,C  H

56 57

Scheme 1.24: Reaction catalysed by phenylalanine ammonia-lyase

The enzyme has been observed in potato, sweet potatoes,?! maize, 9 wheat

shoots,?3 yeasts such as Rhodotorula glutinis,?® fungi, certain algae such as Dunaliella

marina and E. coli °7> %8 There are no reports of PAL activity in mammalian systems and
only one study of the enzyme from a prokaryotic organism, Streptomyces verticillatus has
been reported.

PAL plays a major role in the biosynthesis of polyphenol compounds such as
flavonoids and phenylpropanoids in plants.?*> 99 In sweet potato roots this activity is
induced in response to various stimulii, such as light, wounding or fungal infection.!%0
PAL activity reaches a maximum after external stimulation and then declines as a result
of an inactivation. However, this system is not clearly understood.!%0

In mammals phenylalanine, which is obtained from exogenous sources, is
essential for neoplastic cell growth.2! PAL metabolises phenylalanine and as a result has
been observed to inhibit the growth of neoplastic cells in mice, which have been

inoculated with leukemia.?!. 101. 192 The therapeutic benefits of PAL have also found
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applications as a biosensor for detecting levels of phenylalanine in human serum.?®
Phenylketonuria (PKU) a human genetic disease, results in the accumulation of
phenylpyruvate in the urine and if the condition remains untreated it can result in
impaired cognitive development in infants.193. 104 Treatment from birth with a low
phenylalanine diet is often effective in preventing the disease. PAL offers an efficient
way of monitoring the levels of phenylalanine in the blood, thus allowing treatment to be
carried out when necessary.

PAL from yeast, maize and potato was shown to have a homo-tetrameric structure
with a sub-unit molecular mass of 83 kDa.l%5 Labelling experiments with '*C-

nitromethane indicated that there are two active sites per tetramer.%

1.5.1 Substrate specificity of phenylalanine ammonia-lyase

The enzyme isolated from potato, was found to be specific for (2S)-phenylalanine
(Km = 0.17 mM, Vuna 0.63 1U/ mg) whereas, those from maize and the yeast,
Rhodotorula glutinis, were shown to have a broader substrate specificity and as such
could accept alternative substrates, such as 3-(1,4-cyclohexadienyl)-(2S)-alanine (58)

with a K, of 0.55 mM with PAL from yeast.106

58 3-(1,4-cyclohexadienyl)-(2S)-alanine
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Wheat shoots containing PAL were found to be able to convert a number of ring-
substituted phenylalanine analogues such as p-fluorophenylalanine (59), p-
hydroxyphenylalanine (60) and p-methylphenylalanine (61) to the corresponding

cinnamic acid (Table 1.9).23

Table 1.9: Alternative substrates for phenylalanine ammonia-lyase

Substrate Relative Conversion (%)
H H
B 2
H-+)—CO,H
NH,

56; R=H 100

59; R=F 94

60; R=0H 16

61; R= CH3 6

The amino acid (2S5)-tyrosine (60) was shown to act as a substrate for the enzymes
from Rhodotorula glutinis'%7 and maize'%8 with a K, of 0.03 mM at pH 8.7 in both cases.
Cyclooctatetraenyl-acrylic acid (62) was tested as a substrate for phenylalanine
ammonia-lyase in the reverse amination direction.! V., was found to be extremely low
at 0.0038 [U/ mg (0.6% of that for (25)-phenylalanine) and the value of K, at 22.6 mM
was almost 30 times higher than for the natural substrate, (2S)-phenylalanine (K, = 1.0

mM). This suggested that both binding and turn-over were affected by increased size of
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the side-chain ring. It was proposed that this was due to the puckered nature of the
cyclooctatetraenyl (COT) ring (62) as opposed to the flat structure of the phenyl ring for

the natural substrate.!0?
~ N /47 CO,H

62 Cyclooctatetraenyl-acrylic acid

It was suggested that in order for the COT ring to bind in the phenyl pocket the
substrate analogue would be forced into a geometry that would disfavour electrophilic
attack at the dehydroalanine residue.!%?

Three isomers of pyridyl-(25)-alanine (63), (64) and (65) were also prepared and

found to be excellent substrates for PAL with kinetic parameters as reported in Table

1.10.109
Table 1.10: Pyridyl-(2S)-alanine analogues, substrates for PAL
Substrate Vinad Vinax(25)-phe Ko/ Ko (25)-Phe
N CO,H
=3 14
| 'H 0.8 22.0
7 NH,
63
CO,H
~ T
N H 2.4 41.6
= NH2
64

CO,H
i "H 1.8 12.1
N~ NH,
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The pyridyl isomers were found to have higher K,, values than the natural
substrate (K, = 1.0). This was attributed to the increased polarity of the pyridine ring
compared to the phenyl ring of the natural substrate, which results in a decrease in the

hydrophobic interactions thought to be important in substrate binding.1%?

1.5.2 Inhibitors of phenylalanine ammonia-lyase

The substrate analogues, 2-aminoindan-2-phosphonic acid (66) and (2S5)-2-
oxyamino-phenylalanine (67) and which were both found to act as competitive inhibitors
of PAL with Ki’s of 1.4 nM and 80 pM, respectively (Table 1.11).!'10 In blocking

phenylpropanoid synthesis in plant cells and tissues these inhibitors have potential

applications as pesticides.!!!
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Table 1.11: Inhibitors of phenylalanine ammonia-lyase

Inhibitor K; (mM)
I = NI'IZ
Z p= 0.08
HO OH
66
H,NO
H H 1.4x10°
HO,C H
67

In a recent study metacreosol (68) and glycine (69) were tested as potential
inhibitors of PAL. Independently both metacreosol with a K; of 17 mM and glycine with
a K; of 20 mM proved to be weak inhibitors of PAL.!99 However, simultaneous addition
of these two components to the enzyme led to synergistic inhibition and an increased K;
of 0.89 mM was observed (Scheme 1.25). It was proposed that the two molecules co-
occupy the active site of PAL mimicking 3-hydroxphenylalanine (m-tyrosine), a known

inhibitor of the enzyme.109
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Scheme 1.25: Synergistic inhibition of PAL by metacreosol and glycine

1.5.3 Kinetics of the phenylalanine ammonia-lyase reaction

Preliminary kinetic evaluation of the PAL catalysed reaction showed that the
value of K, and V. were dependent upon the concentration of the substrate, (25)-
phenylalanine. The K, increased from 0.038 mM to 0.26 mM and the apparent V.
doubled, with concentrations of substrate ranging from 0.01 mM to 6.7 mM.!12 From this
study it was concluded that the kinetics of the PAL reaction with (25)-phenylalanine
could not be described by the Michaelis-Menten equation.!!2 However, Michaelis-
Menten kinetics were observed with (2R)-phenylalanine, which was shown to act as a
competitive inhibitor of PAL.!12

In order to determine whether the reaction catalysed by PAL was concerted or
step-wise kinetic studies were carried out using [3-’H,]-phenylalanine and (2S)-
phenylalanine.!%> A small deuterium isotope effect (product of primary (pro-S hydrogen)
and secondary (pro-R hydrogen) isotope effects) of 1.15 was observed on V and V/K
with [3-’H,]-phenylalanine between pH 7.5 and 10.5. This result suggested that the

isotope effect on V and V/K was pH independent. 105



53 |

A small "N-isotope effect of 1.0146 + 0.0005 on V/K was also observed with
(25)-phenylalanine containing natural abundance '°N.105

As a result of the small deuterium isotope effect observed with (25)-
phenylalanine, it was suggested that the C-3 proton was highly acidic and this led to high
commitments to the proton removal step. An alternative substrate, with a less acidic C-3
proton, was sought. The partially ring-saturated analogue, dihydrophenylalanine (70) was
chosen since the K, was 122 + 4 uM (Phenylalanine K;, = 216 uM) and the V.« only

7% relative to (25)-phenylalanine.!05

H\H

-

H~E0,11
NH,

70 Dihydrophenylalanine

The deuterium isotope effect for [3-2Hg]-dihydropheny!alanine was 2.0 on V and
V/K. This suggested that the proton abstraction was more rate limiting than for (2S5)-
phenylalanine. The isotope effect was also shown to be independent of the pH.

The "*N-isotope effect for dihydrophenylalanine at pH 8.55 was also increased to
1.0195 £ 0.0002 showing that C-N bond cleavage is partially rate determining.!05

However, primary deuterium isotope effects on elimination reactions are usually
5-7. Thus, a value of 2.0 on V/K for [3-’H;]-dihydrophenylalanine, suggested that steps
slower than C-H bond cleavage may be partially rate limiting.195

The mechanism was further examined by measuring the '“N-isotope effect for

dihydrophenylalanine and [3-"H,]-dihydrophenylalanine.!95. 110 For both the labelled and
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unlabelled substrate the '>(V/K) isotope effect was seen to decrease at higher pH. At pH
9.5 the value of "*(V/K) of dideutrated dihydrophenylalanine (0.9921) was lower than
that for dihydrophenylalanine (1.0047), suggesting that the C-N bond cleavage step is not
deuterium sensitive.!95. 110 As a result the concerted and carbonium ion mechanisms were
ruled out and it was suggested that PAL operated via a carbanion intermediate. In
addition it was proposed that the intermediate is stabilised by delocalisation of the
electrons with the aromatic ring of phenylalanine or in the case of dihydrophenylalanine,

by the single bond of the ring.105

1.5.4 Active site residues involved in the phenylalanine ammonia-lyase reaction

The nature and identity of amino acids at the active site of PAL were investigated
by a series of site specific modification experiments. PAL from barley and R. glutinis was
irreversibly inactivated by the cysteine specific reagents p-CMB, NEM and iodoacetic
acid.”* However, the enzyme from potato and maize was unaffected by any of these
reagents.” From these results it was suggested that the lack of inhibition observed, in
some of these systems, indicated that the thiol groups were most probably involved in
either substrate binding or maintaining the structure of the protein as opposed to playing a
catalytic role in the mechanism.%

The enzyme was also inhibited by nucleophilic reagents such as potassium
cyanide, phenylhydrazine!'!3 and nitromethane!® and irreversibly inactivated by sodium

borohydride.!%® In all cases complete protection from inhibition was afforded by
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including the substrate, or cinnamic acid, in the incubation mixture; thus indicating that
the inhibitors were directed at the active site of the enzyme.

In order to identify the site of chemical modification, the experiments were
repeated using [’Hy]-sodium borohydride.!o” Complete acid hydrolysis of the intact
protein and analysis of the products highlighted the presence of [3-’H]-alanine. The
levels of tritium incorporation indicated that only one modification per active site had
been made, presumably to an electrophilic site. A similar experiment in which PAL was
inactivated with ['*C]-potassium cyanide and subsequently hydrolysed under acid
conditions led to the isolation of ['*C]-aspartic acid.!9? These observations indicated that
the electrophile, which had been modified, was most probably a dehydroalanine
residue.!12

As a result of the kinetic and inhibition studies a mechanism for the PAL
catalysed reaction was proposed (Scheme 1.26). The first step involves nucleophilic
attack of the substrate amino group at the dehydroalanine residue®® to form an
intermediate Michael adduct. Subsequent abstraction of the C-3 proton gives the
carbanion intermediate. This then collapses to eliminate ammonia, affording cinnamic
acid and the aminated form of the enzyme. Subsequent protonation and elimination of

ammonia from the active site regenerates the enzyme prosthetic group (Scheme 1.26).90



Scheme 1.26: L'/ .}, mechanism of the PAL reaction

1.6 Aspartate ammonia-lyase

Aspartate ammonia-lyase (Aspartase, EC 4.3.1.1) catalyses the reversible
elimination of ammonia from (2S)-aspartic acid (Scheme 1.27, (10)) to afford fumaric
acid (12) (Scheme 1.27).114.115 The enzyme was first observed in plants!!'¢ and bacteria,!14
and subsequently in mammalian tissues'!”. '8 where very little is known. Aspartase from
micro-organisms such as Pseudomonas fluorescens,''® Bacterium cadaveris'® and Hafnia
alveil'® have been partially purified, however, the most extensively characterised sources

of the enzyme are those from E. coli,''7 and P. fluorescens.'!8
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Examination of the physiological role of aspartase suggests that the enzyme plays
an essential role in the metabolism of glutamate and therefore has a role which is

analogous to methylaspartase.4

H,N CO,H Aspartase H CO,H

Hg—=H =

HO,C  H Ho,e n ¢ N

10 12

Scheme 1.27: Reaction catalysed by aspartase

1.6.1 Biochemical properties of Aspartase
The gene from E. coli has been shown to encode for 477 amino acids!20 with a
sub-unit mass of 52 kDa. The morphology of the native protein being homo-tetrameric.!!?
Various analogues of aspartic acid such as -alanine, (2R)-aspartic acid and (25)-
aspartatic acid ester!!> have been tested as substrates for the enzyme from E. coli.
However, only (2S)-aspartic acid was able to serve as a substrate with a K, calculated to

be 1.0 mM.115
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1.6.2 Metal ion cofactor requirements

Early studies on the metal ion dependency of aspartase suggested that the enzyme
had a strong requirement for a divalent metal ion.2%: 115 Divalent metal ions including
those shown in Table 1.12 were found to be capable of re-activating the apoenzyme at

neutral pH or above.!!> The Michaelis constant for each metal ion is also shown in the

Table 1.12.
Table 1.12: Activation of aspartase by divalent metal ions
Metal ion K, (uM)
- Zn* 0.21 +0.04
cd* 0.7 £0.5
Mn** 0.8 +0.4
Co™* 2.0+0.3

The pH optimum for the reaction was found to be 8.7 in the presence of 2 mM
magnesium ion.!?! At high pH the enzyme requires divalent metal ion for activity, whilst
at low pH, metal ions are not necessary.!!> This observation led to the proposal that

aspartase exists in a pH-dependent equilibrium between two forms.!22
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1.6.3 Substrate specificity

The K, for wild-type aspartase with the natural substrate, (25)-aspartic acid is 1.0
mM at pH 7.0.'21 A range of substrate analogues was tested for inhibition properties by
incubation with the enzyme. Table 1.13 lists some of the compounds, which were found
to be competitive inhibitors with respect to (2S)-aspartic acid. Values were found to range
from 0.2 to 36 mM.11>

Analogues such as (25)-alanine and (2S)-serine, which lack a C-3 carboxylate
group, were found to act as neither an inhibitor nor a substrate. However, when the C -3
carboxylic acid group was replaced with a phosphate group (71), a phosphonate group
(72) or a nitro group (73), the resulting analogues were all shown to be competitive
inhibitors (Table 1.13). The presence of a carboxylate at the 1- position was found to be
an absolute requirement. It was thus concluded that binding at the active site of aspartase

requires a carboxylate group or the functional equivalent in the 1- and 4-position.!!5, 123

Table 1.13: Substrate analogues as inhibitors of aspartase

Inhibitor K; (mM)
(28)-aspartic acid 10 1.0°
O-phospho-(2S5)-serine 71 0.2
(25)-2-amino-4-phosphono-butyrate 72 2.4
3-nitropropionate 73 0.83
Succinate74 24
(3-aminopropyl)-phosphonate 75 36
3-nitro-2-amino-propionate 76 0.0045

a) K, for aspartic acid
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A second but less rigorous requirement for inhibitor binding was the presence of an
amino group in the C-2 position. Succinate (74) was shown to act as a weak competitive
inhibitor with a K; of only 24 mM.!!5 Substitution of the amino group with a halogen as
in bromo-(2S)-aspartic acid or chloro-(25)-aspartic acid resulted in significant inhibition
with K;’s of 2.3 mM and 1.7 mM, respectively.!!S 3-Nitro-2-aminopropionate (76) was
found to be the most potent competitive inhibitor with a K; of 4.5 uM, three orders of
magnitude lower that the K, value for the natural substrate (K,, = 1.0 mM), suggestive of
a structure similar to the transition state for the natural substrate. It was proposed that
formation of a carbanion species (77) at C-3 of the inhibitor, mimics the build-up of
negative charge which would occur in the proposed transition state for the enzyme

catalysed reaction, as shown in scheme 1.28.!15

e} + A + \+
* s 2 — —_ e
H3N N=0 - H+ H;3N QN 0 H3N /N O
— — _H H"
H H " -
76 77

Scheme 1.28: 3-Nitro-2-aminopropionate as a mimic of the enzyme-catalysed
transition state

1.6.4 Mechanism of aspartase

(25,3R)-*H]-aspartic acid was incubated with the enzyme and the kinetics of the
reaction determined.!® However, no primary isotope effect was observed on V or V/K.
This suggested that C-H bond cleavage was not rate determining. In a second experiment

(28)-[2-2H]aspartate was incubated with aspartase and in this case a small isotope effect
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of 1.11 + 0.02 was observed on V, consistent with a secondary isotope effect.!¢ This
would arise as a result of a change in hybridisation of the carbon to which the 25 proton
is attached (from sp® to sp?). A significant "N-isotope effect of 1.0239 + 0.0014 on V/K
was observed for (25)-['°N]-aspartic acid. These kinetic results suggested the operation of
a step-wise El., mechanism involving the formation of an intermediate carbanion, where

the rate-determining step is cleavage of the C-N bond.!16

1.6.5 Active site residues involved in the aspartase reaction

Incubation of the cysteine modifying agents p-mercuribenzoate and NEM with
aspartase resulted in complete loss of activity, consistent with the involvement of a
cysteine in the catalytic mechanism of the enzyme.!?

Subsequent peptide mapping experiments were conducted using the fluorescent
cysteine modifying agent N-(7-dimethylamino-4-methylcoumarynyl) maleimide
(DACM) in an attempt to identify the cysteine residues at the active site of the enzyme.!24
Aspartase which had been inactivated with DACM was subjected to tryptic digestion and
purified by reversed-phase HPLC. Isolation and analysis of the modified peptide showed
that two residues, Cys-140 and Cys-430, had been modified.!?* When the same
experiment was repeated in the presence of magnesium ion or substrate, none of the
cysteine residues were modified. This indicated that two cysteine residues Cys-140 and
Cys-430 were located at the substrate binding site.!24

In a separate experiment the substrate analogue (2S)-aspartate B-semialdehyde (L-

ASA) (78) was found to act as a moderate inhibitor of aspartase with a K; of 0.71 mM
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(Scheme 1.29).!25 The proposed mechanism of inactivation involved enzyme catalysed
elimination of ammonia from L-ASA (78) to afford fumaric acid semialdehyde (FAA)
(79) still bound at the active site (Scheme 1.28). The newly generated olefin (Scheme
1.28, (80)) is then susceptible to attack by an active site nucleophilic residue such as a
cysteine or lysine to give adduct (81), which it was proposed was the inactive form of the

enzyme (Scheme 1.29).125

Scheme 1.29: Mechansim of inactivation of aspartase with L-aspartate [
semialdehyde

After tryptic digestion of the inactive enzyme a single peptide containing the
covalently modified residue was isolated and characterised. The results of Edman
degradation of the peptide showed the site of modification to be Cys-273.125 Mutagenesis
experiments were carried out in an attempt to further probe the involvement of Cys-140,
273 and 430. The mutant C430W was tested with the natural substrate and was found to
possess 3-fold greater activity than the wild-type enzyme, indicating that Cys-430 was
not essential for catalysis.!26

Two mutants C273S and C273A were shown to possess kinetic parameters

similar to the wild-type enzyme, however, both were found to have lower but still
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appreciable rates of inactivation with respect to L-ASA. From this, it was proposed that

Cys-273 had no direct role in catalysis (Table 1.14).127

Table 1.14: Kinetic parameters for aspartase mutants

Enzyme K, (mM) keat K
Wild-type 1.2+ 0.1 150+ 10
C273S 1.3 +£0.1 160 £ 10
C273A 0.54 £0.04 340+20

An analogue of L-ASA (82) (Scheme 1.30) was tested with the enzyme with the
aim of stabilising the enzyme-FAA intermediate. Analysis of the intact protein showed an
additional modification involving a cross-link between the previously identified Cys-140
and Lys-139 (adjacent) (Scheme 1.29).125 Mutation of Cys-140 to serine had no effect on
the kinetic parameters for the natural substrate and suggested that Cys-140 is not essential
for catalysis.!?> This information led to the proposal that Cys-140 is important for the
enzyme, perhaps for substrate binding. The mutant K139 showed a 10-fold increase in
K for (2S)-aspartic acid, indicating that this residue is also important in substrate
binding. This mutant was also rapidly inactivated by L-ASA, which suggested that the
initial modification by the stabilised L-ASA analogue occurs at Cys-140 which is then

followed by cross-linking to Lys-139.125
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Scheme 1.30: Mechansim of inactivation of aspartase with an analogue of L-
aspartateF-semialdehyde
The chemical modifying agent diethylpyrocarbonate (DEP), specific to histidine
side chains was found to irreversibly inactivate the enzyme.!!# The ability of the substrate
to protect the enzyme from inhibition directed the site of modification to be in the active
site of the protein. Inspection of the deduced amino acid sequence for the protein,
highlighted the presence of eight histidine residues, only one of which, corresponding to

His-123 was retained throughout the family of histidase enzymes.!!4
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The mutant H123L was prepared and a kinetic analysis showed that V ./ E; for
the natural substrate had decreased to 50.7 + 0.1 min” for the natural substrate ((2S)-
aspartic acid = 61.4 + 2.2 min"), however, DEP was still able to inactivate the mutant.
This suggested that His-123 was unlikely to be the site of modification by DEP, in the
native enzyme and consequently was not a catalytically essential residue.!29

Aspartase contains 27 lysine residues, however, only Lys-54 and Lys-327 are
conserved within the fumarase-aspartase family of enzymes.!20 Lys-327 occurs within a
region of high sequence identity, which serves as a signature sequence for the members
of this family of enzymes.!20

When Lys-327 was mutated to arginine, the resulting mutant had low catalytic
activity (Vmax/ Ei = 0.20 £ 0.02 min") and the K, for (2S)-aspartic acid increased by a
factor of 5 (K, =23.8 £ 6.0 mM, wild-type K, =4.3 £ 0.6 mM).'20 This result suggested
that Lys-327 had an important role in substrate orientation and binding.!28. 120

Lys-54 was also mutated to an arginine residue and the mutant enzyme was found
to be devoid of all enzymic activity. This result suggested that Lys-54 was essential for
enzyme activity.!20

Despite the determination of the X-ray crystal structure of the apoenzyme form of
aspartase to 2.8 A resolution,!2? the identity of the catalytic residues involved in the
deamination reaction remains undetermined. Unlike the other ammonia-lyase enzymes
discussed above a dehydroalanine or equivalent electrophile was not observed in the X-

ray structure.
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1.7 Dehydroalanine and unsaturated amino acids

The ammonia-lyase enzymes HALS¢ and PAL (see preceeding sections) have both
been shown to contain the unsaturated amino acid dehydroalanine. Indeed, this same
residue has also been implicated in the mechanism of methylaspartase. Although
relatively rare, unsaturated amino acids such as dehydrocysteine, dehydrovaline,
dehydrobutyrine and dehydroalanine, have been observed in a range of biologically
relevant peptides.!3? The antibiotics subtilin, from Bacillus subtilis,'3! and nisin, from
Streptococcus lactis,'3? are known to contain at least one dehydroalanine residue. The
dehydroalanine group also occurs in several more highly modified peptides such as
Berninamycin A (83) 133 and Nosiheptide (84),!34 135 a polypeptide antibiotic, which has

been shown to inhibit ribosomal protein synthesis (Fig. 1.4).

S N7 0}
Oj,NH HN. -
HN O;LNH
L‘.‘.»_;.:T O H O CHa
o\rNH CHHN A

Figure 1.4: Dehydroalanine-containing polypeptides Berninamycin A (83) and
Nosiheptide (84)
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In addition dehydroalanines have been implicated as biochemical reaction
intermediates in both cephalosporin and penicillin biosynthesis.!33 It is also incorporated
into naturally occuring peptide hormones such as enkephalin and lutenizing hormone-
releasing hormone!?> which leads to analogues displaying more potent agonist and
anatagonist activity and increased selectivity.!3¢ Dehydroalanine has been shown to be
derived from amino acids such as serine, cysteine or alanine through a post-translational
dehydration, dethiolation, or dehydrogenation respectively.!33

Formation of dehydroalanine has also been observed as a result of the degradation
of cysteine residues in proteins during treatment with alkali'®? and in particular the
cleavage of disulfide bonds in insulin and oxidised glutathione under basic conditions

(Scheme 1.31).138

R “OH _ R
R_S‘_S_Hzc_Q_H R=8—8 ¥ HzC:C\ = H2O
R R

Scheme 1.31: Lysis of disulfide bonds to generate a dehydroalanine residue

In both cases the mechanism involves [-elimination to give a dehydroalanine-
containing product.

Although it has been postulated that biosynthesis of dehydroalanine residues is a
consequence of either the dehydration of serine, dehydrogenation of alanine or
dethiolation of cysteine, very little experimental evidence exists to indicate which of
these is the most likely route. Indeed for HAL and PAL, although it was assumed that a

serine was the precursor, only very recently with the advent of the crystal structure has it
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been shown that Ser-143 is dehydrated to afford the unsaturated amino acid. In the case
of the antibiotic Berninamycin (Fig. 1.11),133 the biochemical origin of the
dehydroalanine residue was investigated by growing up the organism in the presence of
'“C-serine and '*C-alanine. The natural product was isolated and it was shown that 100
times more '*C-serine had been incorporated into the peptide than '*C-alanine. Thus
providing compelling evidence to suggest that, in this case, '*C-alanine is not an effective

precursor to dehydroalanine.!33

1.7.1 Chemical properties of dehydroalanine residues

The a,pB-double bond in a dehydroamino acid represents a chemically reactive site
which also has interesting conformational and electronic features.!3® The chemical
properties of dehydroalanine deserve specific comment as dehydroalanine residues
possess the ability to react with nucleophiles,®® electrophiles and radical species.!40

When the double bond of a dehydroalanine residue, which has been incorporated
into a peptide is co-planar with the carbonyl group or the peptide backbone, the system
becomes susceptible to attack by nucleophiles in a conjugate manner, to afford B-adducts
as shown in Scheme 1.32.98 In addition nucleophiles can attack the double bond at the «-
position in a manner similar to that for nucleophilic addition to imines (a.-imine capture).

In this case o.-adducts are formed as shown in Scheme 1.32.68
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Scheme 1.32: Addition of a nucleophile to dehydroalanine

In the presence of electrophiles and with sufficient overlap of the lone pair of
electrons on the adjacent nitrogen atom with the m electrons of the double bond,

dehydroalanine can act as a nucleophile produce acetylated enamines (Scheme 1.33).68

P P
Enz” \)ﬂ)kf‘ Enz” +“:|’/ka

E

Scheme 1.33: Attack of dehydroalanine on an electrophile

The reaction of dehydroalanine with radical species is very much dependent upon
the electron withdrawing and donating properties of the neighbouring functional groups.
When electron-withdrawing species such as a carbonyl containing group are adjacent to
the dehydroalanine residue, the system becomes electron deficient and hence activated

toward attack by a radical, thus making the reaction facile.!4!
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The reaction of dehydroalanine with certain radical species constitutes an

important method for carbon-carbon bond formation'4? and has been used to generate
saturated dipeptides and tri-peptides from dehydroalanine containing peptides (Scheme

1.34).143

CH; HgCI H3C CH_,,
rw S

NaBH,

Scheme 1.34: Radical reaction of dehydroalanine containing di-peptide

In the majority of cases however, the dehydroalanine is flanked by both electron
withdrawing and donating species (denoted as a captodative system), under these

conditions the details of the reaction are less easy to predict.!4!. 144, 140

1.7.2 Conformational analysis of dehydroalanine

o, B-Unsaturated amino acids, such as dehydroalanine, have a significant role to
play in certain natural peptides.!35 145 [n order to understand the structure-activity
relationships of these compounds, a knowledge of the conformation and electronic
characteristics of these residues is necessary. This in turn may assist the design of more

biologically potent analogues, containing dehydroamino acids.!36
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The conformation of peptides containing a dehydoalanine residue is thought to be
affected by the backbone sp® carbon atom, the extended conjugation of the n-system and
the geometrical rigidity (resulting from the double bond).!3¢

In order to explore the likely conformational consequences of replacing a
saturated amino acid by a dehydroamino acid, conformational analysis was carried out on

N-acetyl-dehydrophenylalanyl-(2S)-proline (Fig. 1.5).130

Figure 1.5: N-acetyl-dehydrophenylalanyl-(2S)-proline

Investigation of the system by a range of techniques found that the molecules with
an unsaturated amino acid residue do not adopt a planar conformation in the crystalline
state and can have greater conformational flexibility than the corresponding analogue

containing the saturated residue.!30. 145

Model peptides containing a dehydroalanine residue have also been prepared and
their solution conformations determined by NMR spectroscopy. These studies indicated
that dehydroalanine favours an inverse y-turn.'3¢ This behaviour was not observed with
the corresponding saturated analogue, alanine, which suggests that dehydroalanine may

act as a y-turn inducer. In contrast to this, the incorporation of a dehydrophenylalanine or

dehydroleucine residue has been shown to stabilise B-turn conformations in peptides.!3
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These studies suggest that it may be possible to constrain a chosen conformation of a

peptide by introducing a suitable dehydroamino acid.!3¢

1.7.3 Synthesis of dehydroamino acids

In order to study the properties of dehydro-peptides and to generate chemical
models of these peptides, it has been necessary to prepare synthetic dehydroalanine
containing peptides.!46

Peptides containing dehydroamino acids have traditionally been synthesised by
the dehydration of serine (Route A; 85, R = H), N-chlorination and subsequent
dehydrochlorination of an amino acid (Route B) or alternatively by Wittig-Horner

olefination using an a.-phosphonylated glycine precursor (Route C, Scheme 1.35).146

H
O 0
H R N .R H
R.__N H R s N R.__N R
\n/ N H \n/ N
o H po(ocH;) © R' 5 H
2 R' OH
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Route C i) Base i) tBuOC | N-chlorination i) OH activation
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Olefination Dehydration
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0
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Scheme 1.35: Routes to the chemical synthesis of dehydroalanine
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In a model reaction dehydration of serine was achieved in a number of synthetic
peptides by acylation of the serine hydroxyl group, followed by treatment with DBU, in

the presence of lithium perchlorate (Scheme 1.36).146

H
PG. /HTN\)L /HT L1CIO4 PG\N)\ITNT%LN/HTOR
H H
0 0

Scheme 1.36: Preparation of dehydroalanine from O-acylated serine

Dehydroalanine moieties are also important intermediates in the synthesis of
many unusual amino acids.!*3 However, dehydroalanine containing monomers have been
shown to readily undergo free radical polymerisation in organic solvent, to give polymers
of varying molecular weight.'** They can also decompose to pyruvate and the
corresponding amide. 43

Dehydroalanine has been artificially incorporated into biological molecules using
solid-phase peptide synthesis. In one method the synthesis of a dehydroalanine residue
was achieved from a saturated precursor which was introduced as an asparagine residue.
The final product was generated via a Hofmann type degradation, followed by

elimination (Scheme 1.37).147

)L o-Q —
SRASSeR! o
) 2 @/\O)Lﬁfkgr\szg/kg,o—o

Scheme 1.37: Solid-phase synthesis of dehydroalanine from asparagine
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In an alternative method, the same dehydro group was introduced as a cysteine
residue (88), which was subsequently oxidised to the corresponding sulfone (89) (Scheme
1.37). The dehydration product was obtained by base-promoted B-elimination of the

sulfone (89) and simultaneous release of the product (90) from the solid support (Scheme

1.38).132
Solid 0
SH Bl o2 S\/O
support Modification
OH —_—
H,N oH H,N R]\N R2
0 © "o
88
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Scheme 1.38: Solid-phase synthesis of dehydroalanine using sulfone chemistry

More recently dehydroalanines have been synthesised by incorporating an S-
methyl cysteine residue into a peptide during synthesis (Scheme 1.39). This was

subsequently oxidised to the sulfoxide (92) and eliminated to afford the desired residue

(93) (Scheme 1.39).143
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Scheme 1.39: Preparation of dehydroalanine from S-methyl cysteine
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Chapter 2 : Cloning and Purification of His-tagged Methylaspartase

2.1 Isolation and purification of methylaspartase from pSG4

Methylaspartase was purified from cultures of E. coli pSG4 based on a method
established by Goda et al.46

A 3-litre culture was grown and the cells were harvested by centrifugation.*6 The
crude extract was prepared by sonication of a suspension of the cells in 50 mM potassium
phosphate buffer at pH 7.6 containing 1 mM [-mercaptoethanol and the protease
inhibitor PMSF (2 mM), followed by centrifugation to remove the cellular debris. The
crude extract was then subjected to an acetone fractionation and methylaspartase activity
was located in the precipitate afforded at 55% to 78% acetone.

The resulting pellet was resuspended in 50 mM potassium phosphate buffer at pH
7.6 and further purified by gel filtration size exclusion chromatography on Sephadex G-
150. Methylaspartase activity was eluted in fractions corresponding to between 1.2 and
1.6 column volumes. The active fractions were pooled and concentrated by ultrafiltration
and then applied to an FPLC anion-exchange column. The column was eluted with an
increasing potassium chloride gradient (0-1000 mM), and activity eluted in fractions
corresponding to 80 mM salt concentration. The pooled active fractions were found to
possess a specific activity of 150 units/ mg, corresponding to a 11-fold increase in

purification when compared to crude extract (Table 2.1).
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Table 2.1: Purification of recombinant methylaspartase

Volume  Total Activity  Specific Activity Total Protein Purification
(cm") (pmol min ") (mol m."n"’mg") (mg) (-fold)
Crude 8.0 2681 13.8 194 1.0
Extract
Acetone 3.0 2571 29.8 86 2.1
Pellet
G-150 2.8 1741 42.9 40.5 3.1
pool
FPLC 3.0 588 158.9 3.7 11.5
pool

The enzyme extract from each step in the purification was analysed by 12% SDS-
polyacrylamide gel electrophoresis and was visualised with Coomassie blue stain.

Following FPLC anion-exchange the enzyme was judged to be 80-85% homogeneous.

2.2 Expression of His-tagged methylaspartase

In parallel experiments within our laboratory the mal gene was sub-cloned into a
pET vector containing the nucleotide sequence for an N-terminal deca-tag.!4® This was
carried out in order to increase protein yield and to simplify the purification of the protein

through the use of a nickel chelate affinity column.



78 |

2.3 Isolation of His-tagged methylaspartase

Crude extracts were prepared for each of four constructs (pMASM 1-4) from 500
em’ cultures induced with IPTG at an ODggo of 0.6-0.9. The buffer used contained 50
mM sodium phosphate at pH 8 and 300 mM sodium chloride. Phenyl methylsulfonyl
fluoride (PMSF) and [-mercaptoethanol were both added to a final concentration of 1
mM.

Clones 2 and 3 showed 2-fold and 1.5-fold higher levels of activity and

consequently were selected for further studies.4¢

2.3.1 Optimisation of IPTG induction

The optimum conditions for induction with IPTG were investigated by growing 1-
litre cultures of clones 2 and 3. The ODyggg of both cultures was monitored and once mid-
log phase had been reached an aliquot of cells was removed, centrifuged and the cell
pellet frozen at —80 °C. IPTG was then added to the remaining culture to a final
concentration of 1 mM and further aliquots of the culture were removed after 3, 6 and 16
hours and then treated as before. Crude extracts of the frozen cell pellets were prepared in
50 mM sodium phosphate buffer at pH 8 containing 350 mM sodium chloride and 50

mM imidazole and the methylaspartase activity determined as shown in Table 2.2.
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Table 2.2: Optimisation of IPTG induction period

Induction Period Activity of clone 2 Activity of clone 3
(h) (umol min™ em™) (umol min™ em™)
0 0.432 0.438
3 14.76 25.8
6 7.84 9.72
16 6.24 9.12

These results show that the yield of enzyme activity increased to a maximum with

a 3 hour induction period and then decreased.

2.3.2 Plasmid stability test

Attempts to produce second generation cultures of either pMASM 2 or 3 all
resulted in crude extracts with very low levels of methylaspartase activity. This indicated
that the plasmid was probably unstable and prompted a series of experiments to be
carried out in order to determine the proportion of E. coli cells which still retained intact
pMASM plasmid.

The pET-16b Vector used as the host for the mal gene contains the ampicillin
resistance gene, consequently all cells containing the circular plasmid will express
ampicillin resistance, allowing growth on LB-amp media. In addition, the plasmid also
contains the T7 promoter, which is absent from the E. coli chromosome.

When IPTG is added to the growing cell culture, it promotes expression of the

genetic material on the /ac operon which is located on the E. coli chromosome. This in
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turn leads to overexpression of T7 RNA polymerase (the gene for which has been
previously engineered into the recombinant E. coli chromosome) which subsequently
binds to the T7 promoter on the pET plasmid, which in turn induces expression of the
downstream DNA, which includes the mal gene. As a consequence even lower numbers
of cells will be expected to grow on LB-amp medium which contains [PTG.

A 5 cm® culture of pMASM clone 3 was prepared and grown to mid log phase.
An aliquot of the cells was removed immediately prior to the addition of IPTG and the
remaining cells subsequently plated out onto four separate LB-agar plates which
contained a) ampicillin, b) IPTG, ¢) ampicillin and IPTG and d) a control with no
additives. The results and expected results (made with the assumption that all cells

contain the intact plasmid) are shown in Table 2.3.

Table 2.3: Plasmid stability test

Plate Additives Expected Results Results Obtained
No additives Most cells Most cells
form colonies formed colonies
Ampicillin >90% of cells <1% of cells
form colonies formed colonies
IPTG <2% of cells >60% of cells
form colonies formed colonies
IPTG + <0.01% of cells <0.01% of cells

Ampicillin

form colonies

formed colonies
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Less than 1% of the cells formed a colony on the plate containing ampicillin
(when compared to the control plate) indicating that most of the cells did not retain intact

plasmid.

2.4 Cloning of His-tagged methylaspartase

Having established that the pET-16b plasmid containing the mal gene was
unstable, co-workers in the laboratory sub-cloned the gene into the pET-5b vector using
the restriction enzymes Nde | and BamH 1.148 The Nde | and BamH | restriction sites are
located at the new N-terminus (ie. including the His-tag) and the C-terminus respectively
of the mal gene. The entire mal construct was then ligated into the new host plasmid. The

resulting plasmid was then transformed into E. coli BL21 (DE3) competent cells.!48

2.5 Purification of His-tagged methylaspartase
Methylaspartase from the pET-5b vector is expressed with a histidine affinity tag
(His-tag) at the N-terminus, which comprises ten consecutive histidine residues. It was
anticipated that the introduction of a His-tag would allow methylaspartase to be purified
by immobilised metal chelate chromatography.
This technique is based upon the selective affinity of a nickel charged
nitrilotriacetic acid matrix (Ni-NTA) for a protein, which has been tagged with high

levels of sequential histidine residues at either the C- or the N-terminus. The protein is
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then eluted from the column with an increasing concentration of imidazole, which

competes with the protein for the nickel ion binding sites.

2.5.1 Purification of His-tagged methylaspartase by affinity chromatography

Purification of his-tagged methylaspartase by metal ion affinity chromatography
was developed with Ni-NTA agarose resin. The crude enzyme extract was added to a
suspension of Ni-NTA resin in 50 mM potassium phosphate buffer at pH 8 containing
350 mM sodium chloride and 20 mM imidazole.

After 1 hour the supernatant was assayed for methylaspartase activity and was
shown to contain less than 0.1% of the original activity of the extract. This result
demonstrated that methylaspartase was binding efficiently to the Ni-NTA resin. The resin
was centrifuged and washed several times with the above buffer containing 50 mM
imidazole prior to elution of methylaspartase by an increasing stepped concentration of
imidazole (50-250 mM, 50 mM in increments). Methylaspartase activity eluted between
200 and 250 mM imidazole. Analysis of the purified enzyme by SDS-polyacrylamide gel
electrophoresis developed using silver stain showed it to be >90% homogeneous as

determined by eye.

2.5.2 Adaptation of purification of his-tagged MAL for HPLC
Having established that methylaspartase activity could be purified using Ni-NTA

resin, an HPLC purification method was developped.



A 3-litre culture of E.coli BL21 DE(3) cells was grown at 37 °C to an ODgg 0.6-
0.9 prior to induction with ImM IPTG and then grown for a further 3-4 hours at 37 °C.
The crude extract was prepared as before by sonication and centrifugation to remove
cellular debris.

This was then applied to a column of Ni-NTA superflow resin (1.6 cm x 10 cm)
which had been pre-equilibrated with 50 mM potassium phosphate buffer at pH 8.0
containing 350 mM sodium chloride and 50 mM imidazole. The column was washed
with the same buffer until the absorbance at 280 nm was less than 0.05 absorbance units.
A linear imidazole concentration from 50 mM to 1 M over 5 column volumes was
applied at a flow rate of 2.5 cm?®/ min. Methylaspartase activity was eluted in fractions
11-15, corresponding to an imidazole concentration of 210 mM. All fractions containing
enzyme activity were pooled and then were concentrated by ultrafiltration to afford
extract with a specific activity of 201.8 units/ mg. This corresponds to a 6.5-fold
purification over the crude extract (Table 2.5). The purified extract was analysed by 12%
SDS-polyacrylamide gel electrophoresis developed wusing silver stain. The
electrophoretogram showed the presence of a single major band with a mass of 45kDa,
consistent with the expected mass for methylaspartase.

The protein was further purified by a second HPLC step using a Bio-Cad HQ
Poros 20 column (4.6 mmD x 100 mmL). The partially purified protein was loaded onto
the column and washed with 3 column volumes of Tris buffer at pH 9 containing 100
mM sodium chloride. The protein was then eluted with an increasing sodium chloride
concentration gradient from 100 mM to 500 mM over 25 column volumes.

Methylaspartase activity was found in those fractions corresponding to a 200 mM sodium



84 |

chloride concentration (Fig. 2.1). The active fractions were pooled and concentrated by

ultrafiltration to yield an extract with a specific activity of 218 units/ mg, affording a 7-

fold purification when compared to the crude extract (Table 2.4). Analysis by 12% SDS-

polyacrylamide gel electrophoresis showed the presence of a single band at 45 kDa,

corresponding to the expected mass of methylaspartase.

1000

NaCl (mM) 500

......

280 nm

Figure 2.1: Anion-exchange column profile for purification of methylaspartase
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Table 2.4: Purification table for his-tagged recombinant methylaspartase

Volume Total Activity Spec. Activity Total Protein Purification
(em’) (mol min”) (mol min’! mg’ ) (mg) (-fold)
Crude 30 12840 31.2 411 1.0
extract
Ni-NTA 16 10656 201.8 52.8 6.5
Pool
Anion- 20 9483 218 43.5 7.0
exchange
pool

Fig 2.2 shows an SDS-gel of methylaspartase at each stage of the purification.

w,m h ———
66,200

45000 |

31,000 W

21,500
14,400

Figure 2.2: SDS gel (Coomassie stain) of samples of 10 x his-tagged methylaspartase
during purification. Lane 1: Molecular weight markers, Lane2:Crude extract, Lane 3:
Nickel affinity chromatography pool

2.6  Kinetic characterisation of his-tagged methylaspartase
The kinetic parameters Ky, and Vp, for the His-tagged recombinant protein were
determined with (25,35)-3-methylaspartic acid and (2S,BS)—[3-2I-I]-3—methylaspartic acid

at pH 9.0, pH 7.6 and pH 6.5. The values at each pH were determined in triplicate and
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then compared to those for the wild-type enzyme isolated from Clostridium
tetanomorphum. The kinetic parameters Ky, and V. were determined from lineweaver-

Burk plots of the initial rate data for the deamination reaction and are shown in Table 2.5.

Table 2.5: Kinetic parameters for deamination of proteo- and deutero substrates at pH
9.0, 7.6 and 6.5. Values in parentheses are those for the wild-type enzyme

Substrate pH Ky (mM) Ve Povik)
(x 10 mol dm™ min™)

(25,3S)-3-Measp acid 9.0 2.57 +0.064 696
(2.37+0.2) (680)
(25.35)-[3-2H]-3-Measp acid9.0 2.22 +0.049 692 1.15
(2.35+0.3) (396) (1.7
(28,3S)-3-Measp acid 7.6 5.54+0.23 665
(576)
(25.35)-[3-H]-3-Measp acid7.6 5.07+0.36 625 1.16
(358) (1.6)
(25.3S)-3-Measp acid 6.5 5.10+0.63 187
(294)
(25.35)-[3-H]-3-Measp acid6.5 5.04 +0.59 166 111
(216) (1.4)

The results show that at all of the three pH values, the primary isotope effect on
V/K was determined to be ~ 1.6 for the wild-type enzyme. However, with the His-tagged
recombinant protein the values for V/K were all about 1.13-1.16. This suggests that the
inclusion of the His-tag may have an effect on the rate of the C-H bond cleavage reaction.
The recombinant protein differed from the wild-type enzyme by possessing

additional residues (MGHHHHHHHHHHSSGHIEGRHMLEDP) upstream at the N-
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terminus and additionally it was later discovered that the protein also contained five extra
amino acids (YGSGC) at the C-terminus.5, 149 These resulted from a mutation in the stop

codon of the DNA 46

2.7  Conclusion

The use of modern recombinant DNA techniques permitted the over-expression of
methylaspartase with a histidine affinity-tag. As a result the enzyme was rapidly purified
via a two step process to greater than 95% homogeneity with an 11-fold increase in yield

of purified enzyme compared to the existing protocol.
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Chapter 3 : Labelling the Active Site of Methylaspartase

3.1 Introduction

With the enzymes HAL and PAL, the presence of an electrophilic dehydro amino
acid has been proven by the determination of X-ray crystal structures.®? In the case of
methylaspartase, however, the overwhelming evidence for the involvement of an
electrophilic Michael acceptor in the mechanism of the enzyme has been gained from
kinetic studies with labelled substrates®* and inhibitors,”! in the absence of any structural
information (for a detailed discussion see chapter 1).

Attempts to produce crystals of methylaspartase of sufficient integrity to obtain
X-ray diffraction data, has to date proven unsuccessful.

In order then to gain some detailed information on the structure of the active site
of the enzyme and in particular the environment of the catalytic olefin a series of
spectroscopic experiments were designed.

It was anticipated that enrichment of Ser-173, the proposed precursor for
dehydroalanine,!! with a ">C-label would facilitate a detailed NMR spectroscopic analysis

of the enriched amino acid and the local environment of the residue.

3.2 Supplementation of culture medium with (25)-serine
The incorporation of a "*C-label into the active site of methylaspartase could
potentially be achieved by supplementing the culture medium with '*C-serine. As the

enzyme is transcribed, the enriched amino acid would be incorporated throughout the
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protein, at all serine sites. However, our concern was that supplementing the culture
medium (LB medium) with an increased concentration of (25)-serine would alter the
balance of amino acids significantly, leading to an adverse effect on the activity of the
enzyme. This could result as a consequence of altering the metabolic balance within the
growing cell culture, perhaps by amplifying a serine degradation pathway, directing the
cellular machinery away from the production of methylaspartase.

A trial experiment was conducted in order to determine the effect on enzyme
activity of supplementing the growth medium with (2S5)-serine, at various times during
cell growth. Five cultures (5 cm’) were prepared in LB medium and the cells grown as
described in chapter two (section 2.2). At pre-determined points during culture growth,
additional (shown in Table 3.1) (25)-serine was added to each of the five cultures. In
addition a control culture was prepared which was not supplemented with additional
serine. Table 3.1 shows the times at which serine was added and in each case the relative

activity of the isolated enzyme compared to MAL isolated under standard conditions.

Table 3.1: Supplementation of culture medium with (2S)-serine

Culture Time of serine addition Activity  Rel. Activity
to main culture (umol min"’) (umol min’™)
1 Control 0.14 1.0
2 Start of mid-log phase growth 0.18 1.29
3 During mid-log phase growth 0.34 243
4 Before IPTG addition 0.23 1.64

3 After IPTG addition 0.46 329
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The results indicated that in all cases higher levels of methylaspartase activity
were observed compared to enzyme isolated under standard conditions. However the
highest level of enzyme activity was obtained when serine was introduced immediately
after induction with IPTG.

[t was proposed that the increased yield of protein activity was as a result of the
anticipated amplification of a serine degradation pathway which would result in an
increase in primary metabolites and subsequently an increase in the yield and rate of cell

growth.

3.3 Supplementation of culture medium with [UL-“C]-(ZS)-serine

Having established that supplementing the LB growth media with additional
serine had no adverse effect on the protein yield, similar experiments were carried out
with [UL-'*C]-(25)-serine. It was anticipated that the incorporation of serine into
methylaspartase could be monitored during growth by analysing the '*C-content of the
isolated enzyme, and subsequently conditions for maximal '‘C incorporation could be
optimised.

In a preliminary experiment, radiolabelled serine (specific activity (141 mCi/
mmol, 0.05 uCi total "*C content) was added to both the overnight culture (5 cm®) and the
main culture (I dm™, 10.0 uCi total "“C content). The radioactivity incorporation into the
cell paste was measured by scintillation counting an aliquot (1 cm’) of the residual
supernatant, following centrifugation of the cell pellet. The "“C incorporation was then

subtracted from the total amount of radioactivity added at the beginning of the
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experiment. It was found that 48% (4.8 nCi) of the total radioactivity (10.05 pCi) had
been taken up by the cells, however, after disruption of the cells by sonication, only 3.3%
(0.33 uCi) of the total radioactivity was found to have remained in the crude extract. This
showed that despite a large percentage of the radiolabel being incorporated into the cell
paste, 93% of this was being retained in the cellular debris.

As the preliminary experiment had resulted in low overall incorporation of
radiolabelled serine into the crude extract, a series of experiments were carried out to
determine if the composition of the culture medium had an affect on the incorporation of
radiolabelled serine into the crude extract.

E. coli BL21(DE3) was cultured in Davis minimal broth (DMB). Under these
conditions the cells required 14 hours to reach mid-log phase (3-4 hours for LB media)
and the resulting cell pellet was found to be significantly less than with LB. A

comparison of the MAL activity in crude extracts from both LB and DMB is shown in

Table 3.2.

Table 3.2: Comparison of methylaspartase grown in LB and DMB

Culture medium Pellet weight Total activity Specific activity
(g (uumol min™) (umol min'mg™)
LB 5.3 2131 31.2

DMB 12 ST 4.0
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The results show that under minimal media conditions methylaspartase is isolated
in a very low yield, ~ 3% of LB. For this reason, the effect of adding LB to DMB was
investigated.

A series of cultures were prepared with varying proportions of LB and DMB as
shown in Table 3.3. Cells were grown from overnight cultures (5 cm®) which were used
to induce 1L cultures. Radiolabelled serine (0.5-5.0 nCi) was added at the beginning of
the induction period, shown previously to afford the highest levels of enzyme activity.
Incorporation was determined for both the cell paste and crude lysate for each culture and
the MAL activity determined (Table 3.3). In all cases results were compared with those

for methylaspartase isolated using 100% LB as a control.

Table 3.3: Effect of varying medium composition on radio-label incorporation and
MAL activity

o/n culture main culture % Inc. % Inc.  Activity
%LB/ %DMB %LB/ %DMB cell paste  crude lysate (umol min™)

12.5 [ 875 12.5/87.5 64.2 4.0 413

25.0/75.0 25.0/75.0 61.5 2.4 2332

100/0 25.0/75.0 60.8 13.7 1957

100/0 100/0 47.5 3.0 6166

The results show that maximum enzyme activity was obtained with a 3:1 mixture
of DMB and LB in both the overnight culture and the main culture. However,
interestingly, the maximum incorporation of '*C into the crude extract was obtained with

an overnight culture composed of 100% LB. Under these conditions, significant enzyme
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activity was still observed (31% cf. 100% LB) and three times more “C were
incorporated, compared to all other conditions tested.

Methylaspartase which was isolated under these conditions was purified and shown
to contain 0.8% of the total radioactivity. These studies suggest that a fully enriched
medium (100% LB) is required during the initial stage of cell growth, after which the use
of a less nutrient rich medium leads to an increased level of '*C incorporation. Despite
these findings, the levels of '“C observed in purified methylaspartase was still
disappointing. In order then to increase the '*C a defined media was used in which a pre-
determined quantity of nutrients such as amino acids and sugars can be controlled.

Preparation of the alternative medium was based upon the commercially available
synthetic medium ‘Celtone’ which is made up of all the amino acids required for protein
biosynthesis. The mixture was sonicated to improve the dissolution of insoluble
components and centrifuged to remove the remaining insoluble precipitate. Inorganic
salts such as phosphate and glycerol, the main carbon source, were also added (see
Appendix 1).

The cells were cultured under identical conditions as for that described using LB.
Details of the total protein yield and methylaspartase activity are shown in Table 3.4. The
values are compared to those for methylaspartase isolated under standard condition with

100% LB.
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Table 3.4: Comparison of protein expression and activity isolated under defined and
un-defined conditions

Medium Weight of cell paste  Total activity Total protein Spec. Activity

(g) (umol min™) (mg) (umol min” mg")
LB 10.8 6330 202.8 31.2
‘Defined’ 10.5 13,640 437.2 31.1

The results show a marked increase in protein expression levels with the cells
cultured in defined medium as opposed to LB. This is perhaps due to an improved
availability of the amino acid primary metabolites required for protein synthesis. In
undefined media (LB) certain amino acids required for protein synthesis may be deficient
and consequently must be synthesised within the cell. This process may limit the rate of
intracellular protein synthesis, resulting in a decreased expression level of cellular
proteins, including methylaspartase.

The incorporation of "*C into the enzyme was then studied using half the quantity
of serine that had been used in previous studies. This was done in order to reduce the
dilution of radiolabelled serine. '*C-Serine was added to both the overnight culture (5
em®) (0.25 nCi) and the main culture (1dm?) (5.0 pCi). Isolation of the cell pellet showed
that 51% of the label had been retained in the cell paste, with 9.4% radioactivity
incorporation into the crude extract. As such a two-fold improvement was observed when
compared to protein isolated using LB as the culture medium. However, methylaspartase
activity under these conditions was ~50% of that observed when the culture medium

contained 100% serine. As a result, we were reluctant to further decrease the amount of



95 |

serine due to the effect that this could be expected to have on the activity of the expressed

protein.

3.3.1 Time of radio-label addition after IPTG
Previous studies discussed above have shown that the timing of serine addition to
the culture medium had a profound effect on the yield of methylaspartase activity. In a
similar study, the effect on '4C-incorporation into the enzyme with '*C-serine was
investigated.
Cultures were prepared in medium which contained serine at 50% of the levels of
the remaining amino acids. '*C-Serine (5.0 uCi) was then added at pre-determined times
following induction with IPTG. Cells were harvested in the usual manner and '‘C

incorporation in both the pellet and the crude extract are reported in Table 3.5.

Table 3.5: Radioactivity incorporation after different times of label addition (defined
medium)

Time of "C addition Weight of cell paste % Inc. into cell paste % Inc. into lysate
after IPTG from 2 litres (g)

1 14.5 80 4.1
2 £1.5 48 8.7

3 3 30 6.3
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The results of the study showed that the highest percentage radioactivity
incorporation into the crude extract was achieved when radiolabelled serine was added 2
hours after IPTG induction. However, purification of the enzyme from the cell pellet
obtained under these conditions and analysis for '*C-content, showed that despite 8.7% of
the label being present in the cell paste, only 1.0% of the label has been incorporated into
the enzyme. This suggests that the majority of the radiolabel has been incorporated into
alternative proteins. These studies showed that only a slight improvement of '*C-
incorporation into methylaspartase was observed under the conditions discussed here

with respect to the isolation of '*C-methylaspartase using 1:3 LB/ DMB culture media.

3.3.2 Further improvement of radio-label incorporation

In an attempt to increase the '*C-incorporation into the enzyme a thorough search
of the literature was initiated. A procedure was discovered in which the cells were
washed with a physiological buffer before the simultaneous addition of the radiolabelled
amino acid and IPTG.'30 This procedure was adapted for use in our radiolabelling studies.
Overnight cultures (5 cm®) were prepared in LB media. The cultures were then
transferred into fresh defined media (1L). The cells were grown to mid-log phase and
centrifuged at 8000 rpm for 20 minutes. The cell pellet was washed with 59 mM sodium
phosphate buffer at pH 7.6 containing 0.8% v/v saline solution. The cells were then re-

suspended in defined media and shaken at 110 rpm at 37 °C. After 20 minutes '*C- serine
(0.5 pCi) was added along with IPTG (1 mM) and shaken for a further 3 hours, prior to

harvesting by centrifugation.
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Analysis of the '“C-incorporation into the cell paste and crude extract showed that
no increase had been achieved with this method. However, analysis of purified
methylaspartase showed that the '*C-incorporation had increased from 1% (from previous
experiments) to 2.5%.

This result suggests that rinsing of the cells to remove excess unlabelled serine
prior to addition of the radiolabelled material does result in a significant increase in the
levels of "*C incorporation into purified methylaspartase.

In conclusion, these studies have shown that a maximum incorporation of “C into
pure methylaspartase of 2.5% was achieved by using LB media for the overnight culture
(5 cm’) and a defined media containing half equivalent of serine (Appendix 1) for the
main culture (1L). Removal of excess unlabelled serine by rinsing the cells immediately
prior to the addition of '*C-serine 2 hours after induction with IPTG, increased the

incorporation of the radiolabel.

3.4 '*C-Labelling of the active-site of methylaspartase

Having established the optimal conditions for the incorporation of labelled serine
into purified methylaspartase, '“C-serine was exchanged with [1-"*C]-(2S)-serine in
preparation for *C NMR studies.

3C-Labelled methylaspartase was prepared under the conditions described above
using [1-"*C]- (25)-serine. A 1L culture afforded 7 grams of wet cell paste, which after

purification by nickel chelation chromatography gave 5 mg of >90% homogeneous
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methylaspartase (judged by SDS-PAGE analysis) with a specific activity of 206 units/

mg.

3.5  Analysis of *C-labelled methylaspartase by NMR spectroscopy
The purified, labelled enzyme was prepared for NMR analysis by adding 10%
deuterium oxide to the buffered solution (50 mM potassium phosphate, 10 mM potassium

chloride, 1 mM magnesium chloride hexahydrate, pH 7.0).

Trypsin was added to the NMR sample and a '"H-NMR time-course profile of the
digestion was recorded over 2 hours. Figure 3.1 shows the '"H-NMR spectra at various

time intervals during the digestion period.

e RN MW . 120 min

Figure 3.1: Stacked "H-NMR spectra at time intervals during digestion of Hé
labelled methylapartase
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An improvement in spectral resolution and band sharpening was observed over
the time course of the experiment. However, the complicated nature of the spectrum and
signal overlap precluded a detailed analysis of the digest mixture by 'H- NMR
spectroscopy. Consequently a two-dimensional HMQC (heteronuclear multiple-quantum
resonance experiment with 'H detection) spectrum was performed with the intention of
establishing which hydrogen atoms were attached to specific '*C-atoms (Fig. 3.2). This
can be achieved since a spin coupling system exists between 'H protons and 3C atoms
through a covalent bond. The magnetisation which is applied to the adjacent protons, can
then be coupled to the "*C-nuclei and subsequently back to the protons. Alternative
heteronuclear correlation experiments exist. However, in many cases, a limitation is
observed which is associated with the reduced sensitivity of '*C detection (50 times less
sensitive than for proton). An HMQC experiment avoids the problems with sensitivity
since both excitation and detection are carried out on protons, maintaining maximal
sensitivity throughout the experiment, despite transfer of the magnetisation onto an
adjacent *C-nucleus. This sensitivity could be further increased by using specifically
enriched protein, which would result in highlighting the proton environment of the '*C-
label, in the case of methylaspartase, serine and dehydroalanine.

Since the residue of interest was an unsaturated dehydroalanine residue, the 'H
resonance would be in the 5-6 ppm range and the "*C resonance in the 100-120 ppm

region of the spectrum.
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Figure 3.2: Heteronuclear HMQC of tryptic digest of BC_labelled methylaspartase
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The HMQC spectrum was acquired and analysis of the 2D-spectrum showed that
the majority of signals were observed in the high field region of the spectrum (<4 ppm in
'H dimension and < 70 ppm in the '*C dimension). These were attributed to the chemical
shifts for the a-protons and a-carbon atoms of saturated residues such as alanine, valine,
leucine, isoleucine, methionine and serine.

This result suggested that the '*C-label had been incorporated into a range of
amino acids, most probably derived from the in vivo metabolism of '*C-serine. The
primary labelled metabolites are then introduced into the bio-synthetic pathways for a
number of amino acids. In addition signals corresponding to the double bond of a
dehydroalanine, which were expected to appear between 5-6 ppm in the 'H spectrum,
were not observed. This may be explained by insufficient 13C-labeiling at the
dehydroalanine residue, resulting in a low sensitivity. Secondly, over the time course of
the experiment the dehydroalanine residue may have undergone rehydration to afford
'3C-serine. If this were the case then the labelled residue would give rise to 'H-chemical
shifts in the high field region of the 2D-NMR spectrum (5-6 ppm). This would make it
extremely difficult to differentiate between the active site serine residue and the other six

serine residues which are known to occur in the primary sequence of the enzyme.

3.6 Conclusions

These studies have shown that it has not been possible to selectively enrich a specific
amino acid by incorporating the label into the growth media. Consequent NMR
spectroscopic analysis of digested labelled protein, has not been successful in establishing

the presence of a dehydroalanine residue.
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Chapter 4 : Application of Solid-Phase-Specific Inhibitors to Probe the
Active Site of Methylaspartase

The ammonia-lyase enzymes HAL and PAL, are both known to be inactivated by
a variety of nucleophiles including cyanide and borohydride.5¢- 75. 107 Analysis of the site
of modification by Edman degradation has provided compelling evidence for the
involvement of the postulated dehydroalanine residue in the mechanism of ammonia
elimination. With methylaspartase, both cyanide and borohydride are known to have no
effect on the enzyme, however, a range of hydrazine analogues, have been shown to act
as irreversible inhibitors.®! Furthermore, inhibition was directed towards the active site,
since the presence of substrate in the inactivation experiment lead to the protection of the

enzyme. Table 4.1 shows the kinetic properties of hydrazine inhibition.

Table 4.1: Kinetics of hydrazine inhibition of methylaspartase

Substrate/ Inhibitor K/ K,

(25,35)-3-methylaspartic acid 2.3 mM

Hydrazine 23.1 mM

The mode of inhibition was thought to be nucleophilic addition of the primary
amine nitrogen of the hydrazine to either the B-carbon of the postulated dehydroalanine

in a conjugate, Michael type addition, or at the a-carbon in a 1,2-addition mechanism

(Scheme 4.1).
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Scheme 4.1: Proposed mechanisms of addition of hydrazines to the putative active
site dehydroalanine residue of methylaspartase

Attempts to characterise the site of modification, using radiolabelled
phenylhydrazine or phenylhydrazine containing a '"N-NMR label, gave rise to results
which were difficult to understand and rationalise, given the compelling kinetic evidence
in support of a dehydroalanine and the observation of irreversible inhibition with both of
the labelled hydrazines (For a full discussion see chapter 5).

In an attempt to isolate and characterise the modified amino acid, a strategy was
designed in which an analogue of the hydrazine would be attached to a solid support;
effectively resulting in an affinity resin. Enzyme bound to the solid support could then be
subjected to digestion with a protease to strip away the bulk of the protein, leaving a
single peptide, covalently attached to the resin via the site of modification by the

hydrazine analogue.
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4.1 Design of a solid phase inhibitor
The skeleton for the desired inhibitor, which is shown in Figure 4.1, comprises a
solid polymeric support attached to a hydrazide analogue via an intermediary linker.

Oy

O

Figure 4.1: Solid support for hydrazide analogue

The role of the linker would be to allow the hydrazide functionality to gain access
to the active site of the enzyme.

As such, it was anticipated that the linker should fix the hydrazide at a significant
distance from the bulky resin support and have the appropriate steric bulk and flexibility
to allow the hydrazide to access the active site dehydroalanine residue.

Previous studies with substrate analogues used to probe the specificity and spatial
geometry of the active site, concluded that the enzyme could accommodate un-branched,
alkyl substituents such as ethyl and n-propyl.>® However, groups such as iso-propyl were
not accepted. Consequently, it was anticipated that the most appropriate linker structure
would be a simple alkyl chain. As the reaction between the solid phase inhibitor and the
enzyme was to be carried out under aqueous conditions, the linker structure was adopted
to incorporate a polyethylene glycol chain, with the aim of avoiding aggregation of the
linker, which may well occur with a large hydrophobic alkyl chain. The hydrazide
functionality was then attached to the solid support via an activated carboxylic acid,

resulting in a hydrazide group.
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The desired properties of the solid support resin were to include good swelling
across a wide range of solvents, including water in which the inhibition reaction would be
carried out, in addition to organic solvents, thus allowing the simple preparation of the
resin bound hydrazide. Consequently, Tentagel resin was selected which possesses a
polyethylene glycol linker unit (PEG). The linker is soluble in almost, all organic
solvents which leads to a high degree of mobility of the PEG chain and consequently the
attached inhibitor.!3! Due to such properties, which are not common in resins, tentagel
has reported uses in combinatorial synthesis of compound libraries, where organic
solvents are used, followed by assays in aqueous media (Scheme 4.2, 96).!52

Before embarking on the solid phase synthesis of the PEG hydrazide, the
inhibition properties of a solution phase equivalent (3,6-dioxaoctanedioate hydrazide; 96)

were assessed (Scheme 4.2).

4.1.1 Synthesis of a solution phase mimic

3,6-Dioxaoctanedioic acid (94) was esterified with diazomethane to afford a pale
yellow oil (95) in 63% yield, which upon treatment with hydrazine hydrate in methanol
gave the hydrazide (96) as a white crystalline solid in 40% yield (mp 132-133 °C)
(Scheme 4.2). This compound displayed the expected 'H and '*C NMR spectra for the

desired 3,6-dioxaoctanedioic acid hydrazide (96).
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Scheme 4.2: Synthesis of the solution phase hydrazide

Methylaspartase was incubated with the potential irreversible inhibitor at a final
concentration of 1 mM and aliquots were removed with time, to determine the amount of
enzyme activity remaining. The results show that all activity was lost within 75 hours
(Fig. 4.2). Dialysis of the inhibited protein failed to restore activity, consistent with 3,6-
dioxaoctanedioic acid hydrazide acting as a slow, time-dependent, irreversible inhibitor.
Inclusion of 0.5M substrate in the inhibition incubation, completely protected the enzyme
from inactivation, indicating that the inhibitor was directed to the active site of the

enzyme.
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Figure 4.2: Substrate protection of MAL inhibition by hydrazide inhibitor (96)

4.1.2 Synthesis of a solid phase inhibitor

Having established that 3,6-dioxaoctanedioic acid hydrazide (96) acted as an
active site directed, irreversible inhibitor, we decided to prepare its solid-phase analogue.

Tentagel resin (97) with the terminal acid functionality was pre-treated with a
solution of trifluoroacetic acid (0.5%), in order to remove any traces of base remaining
from preparation of the acid functionalised resin.

The carboxylic acid resin (97) was then stirred overnight in a solution of
diazomethane in THF and ether (Scheme 4.3). The carboxy ester resin was analysed by
'H-NMR spectroscopy and showed a broad signal between 3-4 ppm, which is due to the
more solvent accessible PEG side chains of the matrix.!3! Unfortunately if a lH-signal
corresponding to the OCHj; group of the intermediate ester was present at ~3.7 ppm, it
was completely masked (95, Scheme 4.2). Analysis of the solid phase ester by '*C-NMR

spectroscopy did not yield any further information. The *C-NMR spectrum of both the
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acid and the ester showed only a sharp signal at 70.77 ppm which was due to the
polyethylene glycol back bone of the resin.!32 In addition we were unable to observe
signals between 160-180 ppm corresponding to the carbonyl group of the ester. This was
attributed to the low loading of the resin (0.26 mmole gram) coupled with the inherent
insensitivity of detecting *C-nuclei.!53

As infrared spectroscopy has been used successfully to characterise functionalised
resins 134155 we decided to analyse the solid phase ester using this technique. IR analyses
was performed using potassium bromide discs and the spectrum was recorded
immediately after pressing as decompaction was seen to have a negative effect on the
resolution of the spectrum obtained. Figure 4.3 shows the infrared spectra of the tentagel
carboxy resin and the ester resin. A small increase in the frequency of the carbonyl band
was observed after esterification (1700 cm™) compared to the carboxylic acid precursor
(1625 cm™).

Treatment of the ester (98) with hydrazine hydrate in methanol under reflux

resulted in the desired hydrazide resin (99).
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Scheme 4.3: Synthesis of the solid phase hydrazide inhibitor

Analysis of the resin after hydrazinolysis showed that the carbonyl band had

shifted to a lower frequency than that of the ester (1701 cm™) (Fig. 4.3).
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Figure 4.3: Infrared spectra for solid phase acid (97), ester (98) and hydrazide (99)

Further evidence for the hydrazide functionalised resin was obtained by
microanalysis, which showed that nitrogen had been incorporated into the functionalised

resin. Calculations based on this analysis gave an estimated resin loading of 0.24 mmol/g.
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4.1.3 Characterisation of the solution phase and solid phase inhibitor

The inhibition properties of the solid phase hydrazide were determined by
incubating methylaspartase with a 50 mM final concentration of hydrazide inhibitor
(based on 0.24 mmol/ g loading). Aliquots of the enzyme were removed at regular
intervals and methylaspartase activity was determined. In order to directly compare the
effects of the solid phase versus the solution phase hydrazide, the experiment was
repeated in the absence of any inhibitor (control) and with 50 mM 3,6-dioxaoctanedioic

acid hydrazide (Fig. 4.4).

150+
| —— Control
*E’ lOO-v‘_.\\_ | —=— Solution phase hydrazide
= ‘ (50 mM)
& —— Solid phase
s _ hydrazide (S0 mM)
50+
0 T T 1
0 250 500 750

Time (min)

Figure 4.4: Comparison of inhibition profile of solution phase and solid phase
hydrazide with methylaspartase

The results, which are shown in Figure 4.4, show that both the solution phase and
solid phase versions of the hydrazide inhibitor effect 90% inhibition at 250 minutes. This
suggests that the presence of the PEG linker and solid support have no adverse effect on
the inhibition process and consequently that the hydrazide was still able to access the

active site of the enzyme.
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In a repeat experiment, methylaspartase (5 mg) was incubated with the solid
phase hydrazide (99) (200 mg, 0.24 mmol/ g final conc). After 24 hours a 90% decrease
in activity had been observed and the solid support was subsequently rinsed with 50 mM
Tris buffer at pH 9 in order to remove excess unbound protein from the resin. In order to
determine the amount of methylaspartase immobilised onto the solid support, the
washings were pooled, analysed by Bradford assay and compared to the protein

concentration at the beginning of the experiment (Table 4.2).

Table 4.2: Typical loadings of methylaspartase onto solid support

Weight of resin Total protein immobilised) Concentration
(mg) (mg) (mmole/ g)
100 1.20 1.3x10°
250 3.10 13x10®

The results showed that 12 mg of protein/ g of resin had bound, corresponding to
about 0.05% of the hydrazide binding sites being occupied. This probably reflects the
steric bulk of protein, which binds to the functionalised resin.

In order to determine whether methylaspartase had been irreversibly attached to
the solid support, the resin was then suspended in a solution of ammonium chloride (0.4
M) in 50 mM Tris buffer at pH 9. It was anticipated that if reversible inhibition was
occurring, then high concentrations of ammonia should displace the enzyme from the
support. After 24 hours the protein concentration in the buffer was determined by the

method of Bradford and was found to be less than 0.1% of the total protein concentration
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at the beginning of the experiment.!>® This indicated that under these conditions, no

bound protein was removed from the resin.

4.2  Peptide mapping studies of immobilised methylaspartase

Having irreversibly bound the protein to the solid support, attempts were made to
strip away the bulk of the protein with the protease enzyme trypsin. It was anticipated
that this would leave the active site peptide, containing the dehydroalanine residue bound
to the support. Comparisons between the unbound protein bulk could then be made with
non-inhibited protein digests in an attempt to identify the bound peptide.

Immobilised methylaspartase was denatured by heating to 100 °C for 15 minutes
and subjected to digestion with the protease enzyme trypsin at 2.5% w/w which is known
to hydrolyse the amide bond at the C-terminus of the basic residues, lysine and arginine.
After 6 hours, the resin was washed thoroughly with water to remove the unbound tryptic
peptides.

The unbound tryptic peptide mixture was analysed by reversed-phase C18 HPLC

and the elution profile compared to a tryptic digest of native methylaspartase (Fig. 4.5).
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Figure 4.5: Reversed-Phase HPLC trace (220 nm) for tryptic digest of native
methylaspartase (upper profile) and immobilised methylaspartase

(lower profile)
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Whilst it was hoped that a comparison of the two elution profiles would highlight
a missing peak from the solid-phase inhibited protein, in reality the results show that the
profiles are extremely complex and different throughout the elution. In addition, it has
been shown within the group, that elution profiles from different digest experiments of
the same protein are never identical.®> This most probably occurs either as a result of
incomplete digestion or the presence of additional proteases such as chymotrypsin.

Therefore, practically identifying a single peak proved to be too difficult.

4.2.1 Digestion of immobilised methylaspartase with V8 protease

In an attempt to simplify the elution profile of digested protein, the alternative
protease V8 was used. This protease from Staphylococcus aureus is known to cleave
specifically at the C-terminus of glutamic acid at pH 4. Native methylaspartase was
treated with the protease and the HPLC elution profile obtained. The results show the

presence of about 30 peaks and not the 26 anticipated (based on number of glutamic acid

residues) (Fig. 4.6).
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Figure 4.6: C18-RP-HPLC profile of V8 digest of immobilised methylaspartase

This may be due to a lack of protease specificity or the presence of a second
protease activity in the sample or auto-proteolysis of V8 itself. Further attempts to

simplify the HPLC profile by limited tryptic digestion also proved unsuccessful.

4.3 Cleavage of the immobilised active site derived peptide

Having established that intact methylaspartase was bound irreversibly to the resin
and that treatment with a protease resulted in removal of the bulk protein, it was assumed
that the active site peptide was still attached to the resin. Although it had not been

possible to observe the absence of this peptide from tryptic digests, it was anticipated that
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a chemical cleavage of the hydrazide bound peptide from the resin would afford the free

peptide, which could be visualised and characterised by HPLC.

4.3.1 Cleavage using sodium hydroxide

In the proposed catalytic mechanism of methylaspartase, following elimination of
ammonia from methylaspartic acid, regeneration of the putative dehydroalanine residue is
initiated with a deprotonation of the polypeptide backbone and concerted elimination of
ammonia (Scheme 1.18). It was anticipated that in an analogous mechanism aqueous
sodium hydroxide would catalyse the removal of the same backbone proton resulting in
concerted cleavage of the C-N peptide-hydrazide bond.

Resin which had been treated with methylaspartase and digested with trypsin was
added to an aqueous solution of sodium hydroxide (1 M) and left at room temperature for
2-3 hours and washed with water. The combined washings were analysed by C18 RP-
HPLC. The resulting elution profile showed one major peak with a retention volume of
11.0 CV, which was isolated and upon treatment with ninhydrin gave rise to a pink spot

consistent with the presence of a peptide (Fig. 4.7).
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Figure 4.7: C18 RP-HPLC elution profile for cleavage of peptide using sodium
hydroxide

The sample was submitted for N-terminal amino acid sequencing and was found

to contain only minor impurities.
Alternative methods of removing the peptide from the resin were associated with

reductive cleavage of the N-N hydrazide bond as shown in Figure 4.8 in blue.
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Figure 4.8: Active-site derived peptide attached to the solid support
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Dissolving metal reduction: A sample of resin (100) (200 mg) which had been treated
with methylaspartase and trypsin was stirred for 1 hour in liquid ammonia whilst sodium
metal was added and a dark blue colour persisted. The reaction was quenched by the
addition of methanol and water. The mixture was neutralised by adding hydrochloric acid
and then lyophilised overnight, prior to analysis by C18 RP-HPLC. The presence of one
major peak was observed with a retention volume of 13.69 CV. Again this gave rise to a
pink spot on treatment with ninhydrin, however, no peptide was observed by Edman
degradation.
Catalytic hydrogenation: For this application palladium on charcoal was selected as the
catalyst, as it is known that a simple filtration will remove it from the reaction mixture. It
was anticipated that problems with solid/solid reactions between the catalyst and the resin
might affect the efficiency of the reaction. These interactions at the catalyst/substrate
interface were minimised by the use of the highly soluble PEG linker, which renders the
bound peptide susbtrate more solvent accessible. In addition an excess of the catalyst was
used.

Resin (25 mg) which had been treated with methylaspartase and trypsin was
stirred overnight in the presence of the catalyst and hydrogen gas. The catalyst was
removed by filtration and the supernatant liquor lyophilised and analysed by C18 RP-

HPLC (Fig. 4.9).
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Figure 4.9: HPLC profile of peptide cleaved from solid support by catalytic
hydrogenation

One major peak was observed in the resulting HPLC profile with a retention

volume of 22.75 CV, however, analysis by Edman degradation failed to show the

presence of a cleaved peptide.

4.3.2 Cleavage using an alternative catalyst ((PPh;);Rh(I)Cl)

Although its application in the cleavage of N-N bonds had not been reported, it

was thought that this catalyst would be able to effect the reduction.

In order to establish whether these conditions were capable of cleaving an N-N

bond, a preliminary test reaction was carried out using the solution phase hydrazide. A
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sample of 3,6-dioxaoctanedioic acid hydrazide (96) (25 mg) was stirred overnight in the
presence of the catalyst and under an atmosphere of hydrogen gas. The catalyst was
removed by filtration and lyophilised. Analysis of the reaction mixture by 'H-NMR
showed the appearance of new signals in the range 3.6-3.9 ppm which were not observed
in the "H-NMR spectrum of the solution phase hydrazide at the beginning of the reaction.
However, due to the complexity of the reaction mixture it was not possible to determine
whether the N-N bond had in fact been cleaved.

A sample of the resin (25 mg) which had been treated with methylaspartase and
trypsin was stirred overnight in the presence of Wilkinsons catalyst under an atmosphere
of hydrogen gas. Analysis of the cleavage mixture by C18 RP-HPLC failed to show any

peak in the elution profile and therefore suggested that no peptide was present.

4.3.3 Cleavage using V8 protease

An alternative method of identifying the peptide bound to the resin was
investigated, which involved cleaving the peptide mid-way through the sequence with a
second specific protease, V8 from Staphylococcus aureus. This was chosen as the
protease specifically hydrolyses amide bonds at the C-terminus of glutamic acid residues
(pH 4) and as such, it was anticipated that the immobilised peptide would be cleaved into
two short peptides as shown in Fig. 4.10. These could then be separated by C18 RP-

HPLC and analysed by Edman degradation.
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Figure 4.10: Cleavage of the immobilised peptide by V8 protease

A sample of solid phase hydrazide (99) (200 mg), which had been treated with
methylaspartase and trypsin was suspended in a solution of ammonium acetate (100 mM)
in 50 mM Tris buffer at pH 4.0. V8 protease (Staphylococcus aureus) was then added (in
equal amounts to 2.0 % by weight of peptide). After 18 hours the enzyme was denatured
by addition of hydrochloric acid and the sample lyophilised.

Analysis of the cleavage mixture by C18 RP-HPLC gave rise to two major peaks
with retention volumes of 12.37 CV and 12.84 CV. However, sequence analysis by
Edman degradation failed to identify the presence of any peptides.

Having shown that methylaspartase was irreversibly binding to the resin, all
attempts to isolate and identify a single peptide attached to the resin following tryptic
cleavage proved unsuccessful.

It was proposed that failure to cleave a peptide from the resin, might be a result of
premature release of the peptide during proteolysis. This could arise as a result of loss of
the tertiary structure of the protein bulk, allowing water to access the scissile N-N bond.
A plausible mechanism for elimination of the peptide is shown in Scheme 4.4 (see also

section 5.3, schemes 5.2, 5.3a and 5.3b).
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Scheme 4.4: Mechanism for proposed active-site ketone formation

1,2-Addition of the solid phase hydrazide proceeds with a-addition to the
dehydroalanine residue (Scheme 4.4). Protonation of the backbone nitrogen enables the
lone pair of electrons on what was the primary nitrogen of the free hydrazide to feed into
the system, cleaving the peptide backbone, to give the corresponding amine (103) and an
iminium intermediate (104). The iminium ion can then undergo hydrolysis to afford the
a-hydroxy hydrazine (105), which dissociates to afford the B-diketone (106) and the

original resin bound hydrazide (107) (Scheme 4.4).
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4.4 Conclusions

Evidence has been obtained which supports the involvement of an electrophilic
residue at the active-site of methylaspartase. However, attempts to probe the nature of the
residue, using a solid-phase inhibitor designed specifically to target the active site have

failed to shed any light on the identity of the amino acid.
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Chapter 5 : Probing the Active Site of Methylaspartase with
Irreversible Inhibitors

Previous studies described in Chapter 4 have shown that methylaspartase can be
irreversibly bound to a solid phase supported alkyl hydrazide. Following digestion with
trypsin, however, no solid phase bound peptide could be detected.

In order to understand the mechanism of this seemingly reversible covalent bond
formation between the enzyme and the solid phase inhibitor, a series of detailed studies
were initiated in order to characterise the inhibition of methylaspartase by a series of

simple hydrazine and hydrazide inhibitors.

5.1 Acetyl hydrazide as a potential inhibitor of methylaspartase
The simplest mimic of the solid phase hydrazide inhibitor was acetyl hydrazide
and as such the concentration dependence of inhibition of methylaspartase by acetyl
hydrazide was studied in Tris buffer at pH 9.0 and at 30 °C (Fig. 5.1a).
)

« J

H;C* N—NH
3 H 2

108 Acetyl hydrazide

The results which are shown in Figure 5.1, show that the rate of inhibition is

concentration dependent.
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Figure 5.1: Concentration dependence of inhibition of methylaspartase by acetyl
hydrazide

Incubation of methylaspartase with the natural substrate (25,35)-3-methylaspartic
acid at a concentration of 0.5 M prior to addition of 200 mM acetyl hydrazide afforded
complete protection of methylaspartase from inhibition (Fig. 5.2). This observation of
substrate protection, supports the proposal that inhibition by acetyl hydrazide is directed
at or near the active site of the enzyme, presumably in a mechanism similar to the solid

phase inhibitor, potentially involving the postulated active site dehydroalanine residue.
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Figure 5.2: Substrate protection of methylaspartase from inhibition by acetyl
hydrazide

A simple pH inhibition rate study was carried out over the pH range 6.0-9.0. The
results displayed in Fig 5.2, show that the rate of inhibition rises markedly as the pH
increases above pH 7.0. Above pH 7.0 presumably the majority of the inhibitor exists as

the free amine and is able to undergo nucleophilic attack on the dehydroalanine residue.
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Figure 5.3: pH profile for inhibition of methylaspartase by acetyl hydrazide
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The plot of the log of initial rate of inhibition versus pH of the buffer shows an
inflection at pH 7.5, thus reflecting the involvement of an ionisable group with a pK, of
about 7.5

Finally methylaspartase was inhibited with 500 mM acetyl hydrazide at pH 9.0 in
50 mM Tris buffer and the inactive enzyme was dialysed extensively against the same
buffer. Following dialysis no enzyme activity was observed, confirming that inhibition is
irreversible.

In an attempt to map the site of irreversible inhibition, the synthesis of [UL-'*C]-
acetyl hydrazide was carried out. It was intended that inhibition of methylaspartase by
['*C]-acetyl hydrazide followed by digestion with trypsin and HPLC purification of the
resulting peptides, would enable isolation and characterisation of any radio-labelled
peptides.

[UL-""C]-Acetyl hydrazide was synthesised in one step from [UL-'*C]-acetic
anhydride (specific activity 2.3 mCi/ mmol) and hydrazine hydrate (100%) by slowly
adding hydrazine hydrate to an ice cold solution of acetic anhydride in THF, to afford the
desired compound as the acetate salt (109) in 60% yield (m.p 65-68 °C, specific activity

0.5 mCi/ mmol) (Scheme 5.1).

0O O NH,-NH,.H,0 0 O
* * * o+ _ *
H;C~ ~O” “CH; — H,C H—NH3 O CH;
Et,0, 0°C
109

Scheme 5.1: Synthesis of " C-acetyl hydrazide

Methylaspartase was incubated with 200 mM '*C-acetyl hydrazide (specific

activity 0.5 mCi/ mmole). Complete inactivation was observed within 24 hours and
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excess unreacted radioactive material removed by dialysis against 50 mM Tris buffer at
pH 9.0. The levels of radioactivity in the dialysis buffer were measured by scintillation

counting and dialysis continued until the detection levels were similar to background.

150+ i
—=— experimental

1254 | —— theoretical

1004

754

% Radioactivity

50+

254

I P G e B e W, (G T |
01 2 3 45 6 7 8 910
Number of buffer
changes

Figure 5.4: Dialysis of methylaspartase after inhibition with k *C-acetyl hydrazide

The results shown in Fig 5.4 indicate that significant levels of '*C were leaching
into the dialysis buffer following 3-4 changes of buffer. This unexpected behaviour
indicated that during dialysis a compound containing the radioactive atom was slowly
dissociating from the active-site of the enzyme. The product of dialysis was analysed for
enzyme activity, however it was found that the protein had remained totally inactive. In
addition, scintillation counting showed that very little radioactivity (less than 1 %) had
been retained in the inactive protein (Table 5.1).

One possible explanation for this observed behaviour is that the inhibitor binds to

the enzyme via a slowly reversible covalent bond and that this process results in an
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irreversible change to the protein, either from a change in the structure or a chemical
modification of an amino acid.

In order to establish whether the remaining radiolabel was covalently linked to the
enzyme, the dialysis product was subjected to anion-exchange chromatography. The
major peak in UV absorbance eluted between 240-260 mM sodium chloride and was
shown by SDS-PAGE analysis to have a mass of 45 kDa, consistent with
methylaspartase. However, the only peak in radioactivity eluted after only 0.6 column
volumes before the salt gradient was applied.

An authentic sample of '*C-acetyl hydrazide was subjected to an identical
analysis and the only peak in radioactivity was observed with a retention volume of 0.6
column volumes. This suggested that following dialysis, the remaining radioactivity was
not bound to the enzyme.

If the inactivation of the enzyme and loss of radiolabelled inhibitor involves
covalent bond formation, then removal of the protein tertiary structure during the
inhibition process may result in the isolation of a reasonable concentration of the
enzyme/inhibitor complex. In an attempt to achieve this an experiment was designed in
which methylaspartase was treated with ['*C]-acetyl hydrazide until 100% inhibition was
achieved. The tertiary structure was then compromised by partial digestion with trypsin.

Methylaspartase (3.5 mg, specific activity 157 units/ mg) was incubated with with
100 mM '“C-acetyl hydrazide (specific activity 0.5 pCi/ mmole, 5.3 uCi) in 50 mM Tris
buffer at pH 9.0. The sample was then divided into two portions and one aliquot was
dialysed extensively against 50 mM potassium phosphate buffer at pH 9.0 until only

background radioactivity was detected in the dialysis buffer. This was achieved with 10
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changes of buffer. The second aliquot was dialysed against two changes of 50 mM
potassium phosphate buffer at pH 9.0. Table 5.1 shows the radioactivity used in each

experiment and retained by the protein following dialysis.

Table 5.1: Radio-labelling of methylaspartase

Protein  Total Radioactivity — No. of buffer changes Radioactivity remaining

(mg) (uCi) in protein after dialysis
(uCi)
1.75 2.65 2 1.9
1.75 2.65 10 0.037

Both samples which had been subjected to partial and extensive dialysis were
analysed by anion-exchange chromatography. In both cases methylaspartase eluted with a
retention volume of 10.5 column volumes (12% sodium chloride) and the major peak in
radioactivity with a retention volumes of 16.25 column volumes (20% sodium chloride).
The aliquot which had undergone limited dialysis was then treated with trypsin. After 3
hours the reaction was quenched with acetic acid (1 drop) and the sample lyophilised.

The sample was analysed by RP-HPLC (0-60% acetonitrile applied over 15
column volumes) and an aliquot from each fraction retained for scintillation counting. Fig
5.5 shows the resulting HPLC elution profile and overlayed is the trace for '“C elution.
An envelope of radioactivity was observed which encompassed almost all of the peptide
peaks. Within this envelope was one major peak of radioactivity which eluted with a

retention volume of 5.78 column volumes.
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The fractions comprising the major peak in radioactivity (F19-21) were pooled

and re-chromatographed by RP-HPLC, under slightly different gradient conditions, in
order to attempt to separate the components of the sample. However, the peak in
radioactivity did not correspond to a peptide peak in the profile detected by UV
absorbance at 220 nm.

This series of experiments shows that following inactivation of the protein by
['*C]-acetyl hydrazide, the inhibitor or at least a proportion of the inhibitor containing the
"C label is released from the protein leaving it inactivated. These results are in accord

with findings described earlier on immobilisation by the solid phase hydrazide.

5.2 Phenylhydrazine as an inhibitor of methylaspartase

Having established that acetyl hydrazide can irreversibly inactivate
methylaspartase, it remained to investigate the precise mechanism of inactivation and to
further probe the mechanism of release of the inhibitor from the inactive
enzyme/inhibitor complex.

A range of aliphatic and aromatic hydrazines were investigated as inhibitors of
methylaspartase, including phenylhydrazine. The results of enzyme inactivation at a 1

mM concentration of all the inhibitors is shown in Fig 5.6.
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Figure 5.6: Inhibition of methylaspartase by various hydrazines at pH 8.0

Other studies in which phenylhydrazine acts as an irreverisble enzyme inhibitor,
showed that the nucleophilicity of the terminal nitrogen of phenylhydrazine increased
with the electron-withdrawing power of a para substituent, resulting in an increased rate
of inactivation.!37- 158 However, our results with methylaspartase are not consistent and
show that at ImM concentration, phenylhydrazine was found to be the best time-
dependent inhibitor of methylaspartase with 99% inhibition within 30 minutes and
therefore is a slightly more potent inhibitor of methylaspartase than p-
nitrophenylhydrazine. This prompted us to investigate further the kinetics of inhibition of
methylaspartase by phenylhydrazine.

The concentration dependence of phenylhydrazine inhibition of methylaspartase

at pH 9.0 was then determined and the results are shown in Figure 5.7.
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Figure 5.7: Concentration dependence of inhibition of methylaspartase by
phenylhyrazine at pH 9.0

These results suggested that at pH 9 the inactivation reaction proceeds with
biphasic saturation kinetics. The initial phase of inhibition is rapid with 51% inhibition
occuring within 1 minute at 10 mM. This is followed by a second slower phase of
inhibition leading to total inactivation within 30 minutes. Inactivation was irreversible, as
the enzyme activity could not be restored by dilution or dialysis.

A secondary plot was obtained from the non-linear regression analysis of the rate
of inactivation [rom the initial rapid phase (t1/2) versus concentration of
phenylhydrazine. This plot intersected the y-axis near the origin and an approximate K;
value of 5.18 mM was determined for phenylhydrazine. This value compares with a K,

for the natural substrate (25,35)-3-methylaspartic acid of 2.3 mM (Fig. 5.8).
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Figure 5.8: Determination of K; for phenylhydrazine

In the presence of either magnesium (0.4 mM) or ammonia (up to 40 mM) the rate

of inhibition of methylaspartase by phenylhydrazine remained unchanged.

Complete protection from inactivation by phenylhydrazine was afforded by pre-

incubation with 0.5 M (28,35)-3-methylaspartic acid, suggesting that phenylhydrazine

inhibition is directed at or near the active site of the enzyme.

The rate of the initial phase of inhibition was then studied over a range of pH

values.
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Figure 5.9: pH dependence of inhibition of methylaspartase by phenylhydrazine
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The inactivation was found to be dependent on the pH of the incubation. The rate
of inactivation was higher at basic pH. A plot of the log of the rate of inactivation versus
pH of the buffer is shown in Fig 5.9. The slope of the graph is greater than unity, which
reflects the requirement for more than one ionisable group, which controls the rate of the
initial inactivation process. Phenylhydrazine has a pK, of 5.27 therefore C¢HsN,Hj is the
dominant species present under the pH conditions studied.!5°

The solution phase properties of phenylhydrazine were studied in detail. A
solution of phenylhydrazine (50 mM) in buffer (50 mM Tris, pH 9.0) was prepared and
left at room temperature overnight. The resulting solution was extracted into ethyl acetate

and analysed by gas chromatography and compared to that for aniline (Fig. 5.10).160



138 |

1.750 i

L]

1.330
(mVolt) -

1.320

0.910

0700 550 400 ‘800 * 1z.00 * 76.00 20.00
Time (min)

17.78 '—ﬁ

14.21 |

10.68 -
g
(' Volt) -

TAS)

14

3.61 -

ST

008 5 50 4.00 3 8500 12.00 2 16.00 20.00
Time (min)

91

10.81 |-

(mVolt) - ﬁ

565

3.07|-

D 0.00 <4.00 B.00 12.00 16.00 20.00

Time (min)
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Inspection of the chromatograms showed that phenylhydrazine decomposes in
aqueous solution to afford aniline and presumably a second nitrogen containing
compound such as ammonia or hydroxylamine. It was proposed that ammonia would be
generated as a direct result of nitrogen-nitrogen bond cleavage. Hydroxylamine, may be
formed via water acting as a nucleophile in cleaving the nitrogen-nitrogen bond.

As a result of these studies aniline was tested as an inhibitor of methylaspartase.
Methylaspartase was incubated with aniline at pH 9.0 at a range of concentrations
between 1-40 mM. Under these conditions aniline was found to have no inhibitory
activity with methylaspartase.

A potential mechanism for inhibition of methylaspartase by phenylhydrazine was
proposed which incorporates the observed experimental behaviour, biphasic kinetics and
the release of at least part of the inhibitor (Scheme 5.2). An initial rapid and reversible
attack of the primary amine at the P-carbon atom of dehydroalanine, leads to the
formation of the covalent enzyme/inhibitor complex. There is evidence from chemical
modification studies ¢S5 that at least one cysteine residue and possibly more exist at the
active site of the enzyme and it is proposed that one of these acts as a nucleophile, in an
equivalent manner to water, attacking the benzylic nitrogen, leading to cleavage of the
nitrogen-nitrogen bond, formation of a thiol-amine intermediate (110) and the
diaminopropanoic acid form of the dehydroalanine residue, which has been proposed to
exist as an intermediate in the natural reaction. A second thiolate can then displace
aniline from the active site leading to the generation of an internal disulfide bond (111)
and release of the aryl component to the bulk solvent. It is proposed that the formation of

this disulfide bond is in fact the inactive form of the enzyme (Scheme 5.2).
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Scheme 5.2: Proposed mechanism for inhibition of methylaspartase by
phenylhydrazine

In order to probe the formation of a disulfide link in the irreversible step of
inhibition by phenylhydrazine the effects of an alternative thiol containing reagent -
mercaptoethanol on the kinetics of inhibition were characterised. It was anticipated that
mercaptoethanol would be able to either reduce the disulfide linkage or compete with the
active site thiol, in both cases, leading to a reduction in the rate of inhibition.!6!

Methylaspartase was incubated with 20 mM inhibitor phenylhydrazine both in the
absence and the presence of 1 mM [-mercaptoethanol. The results show that in the
absence of mercaptoethanol complete inactivation of the enzyme occurred within 50
minutes (Fig. 5.11). However, in the presence of 1 mM mercaptoethanol greater than

60% activity remained after 50 minutes.
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Figure 5.11: Effect of mercaptoethanol on inhibition of methylaspartase by
phenylhydrazine

In order to rule out a reaction between mercaptoethanol and the phenylhydrazine
inhibitor, which would lead to a reduction in inhibitor concentration and hence an
explanation for the reduction in the rate of inhibition, methylaspartase was treated with
reduced concentrations of phenylhydrazine. The results shown in Fig 5.12 show that the
rate of inhibition of methylaspartase by 15 mM and 20 mM phenylhydrazine are very

similar, however 20 mM phenylhydrazine in the presence of 5 mM mercaptoethanol

leads to a significant reduction in the rate of inhibition.
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Figure 5.12: Inhibition of methylaspartase by phenylhydrazine in the absence and
presence of mercaptoethanol

This clearly demonstrates that mercaptoethanol acts to protect the active site of

the enzyme from inhibition by phenylhydrazine.

In a second experiment methylaspartase was incubated with 20 mM
phenylhydrazine and the reaction was monitored until 80% inactivation of the enzyme
had occurred. Mercaptoethanol (2 mM) was then added and the enzyme activity was

measured at regular intervals for a further 30 minutes (Fig. 5.13).
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Figure 5.13: Effect of the addition of mercaptoethanol to partially inactivated enzyme

The results show that following initial rapid inhibition by phenylhydrazine,
addition of the reducing agent resulted in an increase in enzyme activity, which remained
constant for 30 minutes. This result clearly shows that mercaptoethanol is able to rescue
the irreversibly inactivated enzyme and further protect it from additional inhibition.

As we had only investigated the effect of addition of mercaptoethanol at a fixed
concentration of thiol, we therefore undertook to examine the effect of various

concentrations of mercaptoethanol in the presence of a fixed concentration of

phenylhydrazine (20 mM) (Fig. 5.14).
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Figure 5.14: Effect of varying concentrations of mercaptoethanol on inhibition of
methylaspartase by phenylhydrazine
The effect on the kinetic parameters for inhibition by phenylhydrazine in the
presence of mercaptoethanol was probed by measuring the initial rate of inhibition in the
presence of 2 mM mercaptoethanol with various concentrations of phenylhydrazine. The
rate constant was determined from the initial rapid phase of inhibition for each

concentration of mercaptoethanol (Fig. 5.15).
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Figure 5.15: Determination of K, for phenylhydrazine in the presence of
mercaptoethanol
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In the presence of mercaptoethanol, the value of K; for phenylhydrazine is 9.48
mM. This increase in the value of K; from 5.18 mM to 9.48 mM suggests that the reduced
rate of phenylhydrazine inhibition in the presence of mercaptoethanol may be due to
reduced binding of phenylhydrazine to the enzyme. However, with less than a two-fold
difference between the two values, too much emphasis should not be placed on this
result. Mercaptoethanol was tested and was found not to be an inhibitor of
methylaspartase.

Whilst the role of mercaptoethanol in reducing the rate of inactivation by
phenylhydrazine can be explained by simple competition for the active site, the
observation that mercaptoethanol can rescue inactive enzyme requires more careful
consideration. On the basis of the mechanism for inactivation by phenylhydrazine
proposed in Scheme 5.3, three plausible mechanisms for the reactivation of the inactive
enzyme by mercaptoethanol can be envisaged.

In the first of the reactivation mechanisms, following the formation of the
phenylhydrazine-enzyme complex, it can be envisaged that the thiolate of
mercaptoethanol could act in place of the active site cysteine (Scheme 5.3a), attacking the
benzylic nitrogen and leading to the formation of a thioamine adduct (112) (Scheme
5.3b). This non-enzyme bound adduct is then free to dissociate, leaving the aminated

enzyme, which can readily eliminated to produce the active form of methylaspartase.
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Scheme 5.3: a) Proposed formation of thioamine adduct during inactivation of
methylaspartase by phenylhydrazine b) Proposed involvement of
mercaptoethanol in the inactivation of methylaspartase by
phenylhydrazine

In the second mechanism it can be envisaged that mercaptoethanol acts at a later
stage in the inactivation process, replacing the second proposed active site cysteine

(Scheme 5.4b). In this case the mercaptoethanol thiolate may attack the aniline-enzyme

complex (113) at the cysteine sulfur, eliminating aniline, which would be free to

dissociate, the driving force of the reaction being the formation of a stable disulfide

(active-site cysteine and mercaptoethanol) (Scheme 5.4b, 114).
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methylaspartase by phenylhydrazine, b) Proposed involvement of
mercaptoethanol later in inactivation of methylaspartase by
phenylhydrazine

In the third mechanism, mercaptoethanol could act at a very late stage in the
inactivation mechanism, reducing the active site disulfide (114), which would
presumably be the final inactive species (Scheme 5.4b).

In an attempt to address these three possible mechanisms, the ability of the
alternative reducing agent DTT to reactivate the phenylhydrazine inhibited enzyme was
investigated.'6? It was envisaged that the more bulky and sterically hindered DTT is more
likely to participate in a redox process, i.e. reduction of the disulfide rather than as a
nucleophile, therefore allowing the mechanism to be probed.

Methylaspartase was incubated with 20 mM phenylhydrazine in buffer (50 mM

Tris, pH 9). 1.6 mM dithiothreitol was added after 88% of the enzyme activity had been
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lost. This resulted in an increase in activity of 50%, which then remained constant over

the following 30 minute time course of the experiment (Fig. 5.16).
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Figure 5.16: Effect of addition of DTT on inhibition of methylaspartase by
phenylhydrazine

This result showed that along with mercaptoethanol, DTT was also able to rescue
phenylhydrazine inactivated methylaspartase and protecting it from further loss of
activity (Fig. 5.16). The effect of a third reducing agent, tert-tributylphosphine was then
studied. This was selected as it does not contain any thiol groups and is known to be
efficient at reducing disulfide bonds. The reducing agent (2 mM) was added after 80%

inhibition of methylaspartase had occurred with phenylhydrazine (25 mins).
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Figure 5.17: Effect of addition of tributyl phosphine on inhibition of methylaspartase
by phenylhydrazine

This resulted in a less dramatic increase in enzyme activity (30%) (Fig. 5.17).
Although the increase in activity resulting from addition of tributyl phosphine was less
marked than with mercaptoethanol/ DTT, it none the less did result in an increase in
enzyme activity and furthermore protected the enzyme from further inactivation (Fig.
5.17).

In the knowledge that tributyl phosphine is unstable in water and is readily
oxidised to tributyl phosphine oxide, it is perhaps unsurprising that the increase in
activity was only 20%.

In a second experiment, methylaspartase was incubated with both
phenylhydrazine and tributyl phosphine. Due to the inherent insolubility of tributyl
phosphine the reducing agent was initially dissolved in isopropanol and then added to the
enzyme solution. Consequently a control was carried out to assess the effect of the

solvent on enzyme activity at a 10% concentration.
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Methylaspartase was incubated in buffer (50 mM Tris, pH 9.0) containing 10%
propanol and the activity determined over a period of 100 minutes. The results shown in
figure 5.18 clearly show, that activity is not affected by the solvent. Methylaspartase was
also incubated in the absence and the presence of tributyl phosphine and the activity of
the enzyme measured at regular time intervals. The results show that tributyl phosphine
was able to completely protect the enzyme against inactivation by phenylhydrazine (Fig.
5.18). Since phenylhydrazine was present in 10-fold excess compared to tributyl
phosphine, then this observation suggests that tributyl phosphine is able to protect against

inactivation and is not simply reacting with phenylhydrazine (Fig. 5.18).
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Figure 5.18: Effect of addition of tributyl phosphine on inhibition of methylaspartase
by phenylhydrazine
This series of experiments with a range of reducing agents clearly indicates that
inactivation by phenylhydrazine results in the formation of disulfide bonds at the active
site of the enzyme, thus supporting the mechanism of inactivation proposed in Scheme

93
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Having gained strong evidence that disulfide bond formation is involved in the
inactivation of methylaspartase by phenylhydrazine, it remained to establish which
residues were involved. In order to probe the cysteine residues proposed at the active site,
a peptide mapping experiment with the site-specific chemical modifying agent NEM was
carried out. Attempts with N-[2-'*C]-NEM and phenylhydrazine involved modification of
cysteines not involved in disulfide bonds followed by digestion of the labelled protein.
However, labelled peptides were not observed possibly because only low levels of

labelled peptide were present.

5.3 Probing the mechanism of inactivation

In an alternative approach to probing the proposed mechanism of methylaspartase
inactivation by phenylhydrazine, the appearance of an intermediate in the mechanism i.e.
aniline was investigated. Following inactivation by phenylhydrazine it is proposed that
aniline and ammonia are released into the bulk solvent and therefore could be used as
markers. As discussed above (see 5.2), phenylhydrazine degrades spontaneously in water
to afford aniline and presumably hydroxylamine. Consequently, the appearance of aniline
produced via inactivation of the enzyme by phenylhydrazine would be very difficult to
measure.

Therefore, suitable methods for visualisation of ammonia was sought. Nesslers’
reagent is known to produce a brown precipitate when treated with ammonia and the
concentration of this can be measured by a change in absorbance at 400 nm. In a control

experiment phenylhydrazine was treated with Nesslers Reagent. A reaction was observed
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which gave rise to a precipitate which absorbed strongly at 400 nm. This showed that it
would be difficult to determine the concentration of ammonia in a sample. In an attempt
to minimise this effect attempts were made to precipitate phenylhydrazine using copper

sulfate, however, this only met with partial success.

5.3.1 Degradation of phenylhydrazine

As discussed above, phenylhydrazine degrades rapidly in water to give aniline,
however, the nature of the other nitrogen containing species still remained unproven,
although the most likely candidates were hydroxylamine or ammonia.

In an attempt to address this dichotomy the degradation of '*N-phenylhydrazine
was followed by NMR spectroscopy.

"*N-Phenylhydrazine (115) was prepared from aniline by diazotisation with '*N-
sodium nitrite. The diazonium salt was reduced with sodium sulfite and acidified with
concentrated hydrochloric acid to afford '’N-phenylhydrazine (115) as the hydrochloride
salt in 75% yield (m.p. 251 °C, lit. 250 °C).!63 A sample of '*N-phenylhydrazine was
prepared in 50 mM Tris buffer at pH 9.0 containing deuterium oxide (10%). The sample
was left at room temperature for 24 hours to allow degradation to occur and the °N-
NMR spectrum was recorded. However, no signals due to >N were observed.

In an attempt to observe N-H protons in either hydroxylamine or ammonia a 'H-
NMR spectrum in DMSO was obtained. Under these conditions the presence of an N-H
proton would be expected to appear as a singlet between 7-8 ppm. The 'H-NMR

spectrum obtained for the sample of degraded phenylhydrazine is shown in Figure 5.19.
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Figure 5.19: 'H-NMR spectrum for degraded phenylhydrazine

The sample was treated with hydrochloric acid and the solution filtered and
reduced under pressure to afford a white solid. This was re-dissolved in dg-DMSO and
the '"H-NMR spectrum obtained. The resulting "H-NMR spectrum shows the presence of
a broad signal at 7.7 ppm which consistent with the presence of an N-H moiety within the

molecule (Fig. 5.24).
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Figure 5.20: ' H-NMR spectra in D&-DMSO A) products of phenylhydrazine

degradation after acidification, B) hydroxylamine hydrochloride, C)

ammonium hydrochloride (internal reference = TMS)
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This spectrum was then compared with the 'H-NMR spectra for authentic samples
of ammonia and hydroxylamine also recorded in Dg-DMSO (Fig. 5.24). In both cases the
hydrochloride salt was used as it was anticipated that following treatment of the
degradation products of phenylhydrazine with hydrochloric acid the resulting ammonia or
hydroxylamine would be present as the hydrochloride salt.

The spectrum for hydroxylamine showed the presence of a singlet at 10.3 ppm,
thus suggesting that the nitrogen-containing species produced by degradation of
phenylhydrazine was not hydroxylamine. In addition, the spectrum for ammonium
hydrochloride showed the presence of a singlet at 7.5 ppm, consistent with the signal at
7.7 ppm observed in the spectrum of the degraded sample, which had been acidified. This
provided strong evidence, for the formation of ammonia during the degradation of
phenylhydrazine under aqueous conditions.

In order to determine more precisely that the signal at 7.7 ppm was due to
ammonia, the sample of degraded phenylhydrazine was spiked with authentic ammonium
chloride and a second '"H-NMR spectrum recorded. The signal at 7.7 ppm was seen to
increase, thus providing further evidence to suggest that ammonia is the nitrogen
containing species produced as a result of phenylhydrazine degradation under basic
aqueous conditions.

We have provided strong evidence to support the formation of disulfides during
the mechanism of inactivation of methylaspartase by phenylhydrazine. However, all
altempts to identify intermediates released into the bulk solvent have proven

unsuccessful.
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5.3.2 Intermediates in the pathway

In an attempt to gain further evidence for the mechanism of phenylhydrazine
inactivation of methylaspartase, experiments were designed to trap-out and observe the
intermediate adducts/ enzyme-inhibitor complexes.

It was envisaged that incubating the enzyme with '*N-phenylhydrazine would
result in the formation of a covalent bond between '*N-atom and the active-site residue.
In the event that the N-N bond of the inhibitor undergoes cleavage mediated by an active
site cysteine as shown in Scheme 5.5, it was anticipated that a '’N-labelled
phenylhydrazine would result in a labelled aminated enzyme-complex which could be
trapped at the active site by acetylation. This would also have the added advantage of
preventing N-H exchange and thus allowing characterisation of the intermediate species
by a range of NMR techniques. Scheme 5.5 shows the proposed mechanism for inhibition
of methylaspartase by '’N-phenylhydrazine and the trapped form of the covalent adduct

by acetic anhydride.

O (0] OH
ﬁ ) H /U ﬂ » (CH,C0,)0 ﬁ 3
Enz”~ ")} Enz Enz~ j)\:nz M - | Enz Enz” ]/J\Enz
—B,-H 3 —B-H HN —ByH

H,N HN
—B,yH 2 —ByH

—ByH  HN—NH, O)\CH«
@ @ -S—Cys—Enz

Scheme 5.5: Trapping of methylaspartase by inhibition with "> N-phenylhydrazine and
acetylation

In order for this to be successful a significant quantity of aminated enzyme must
be accumulated during the inactivation process. Bearing in mind that the collapse of this

complex to dehydroalanine is a step in the reaction mechanism which is likely to be slow,
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it was vital that the reaction was quenched with acetic anhydride during the maximal rate
of inactivation.

Methylaspartase (25 mg, 115 units/ mg) was incubated with '*N-phenylhydrazine
(100 mM) in potassium phosphate buffer (100 mM, pH 9.0) and the reaction left for 8
hours. After 50% inactivation had occurred, acetic anhydride was added to the sample (5
mm®) and the mixture was left at room temperature for 2 hours. The acetylated protein
was then digested with trypsin and the proteolytic reaction was quenched by addition of
acetic acid (1 drop). The sample was lyophilised and dissolved in deuterium oxide/ water
(1:9).

To ensure that the digest had been successful, a 1D 'H-NMR spectrum was

acquired for the mixture as shown in Figure 5.21.
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Figure 5.21: 'H-NMR spectrum of "’ N-phenylhydrazine inhibited methylaspartase
after acetylation

The resulting spectrum, although extremely complex showed sharp, well resolved
signals between 1-2.2 ppm and 3.5-4 ppm, consistent with the presence of small peptides.
As with intact protein, a very broad peak range from 0.9-7.5 ppm was observed.

In order to visualise the protons attached to the "N label a 'H-""N HSQC (**N-
edited) spectrum was recorded. It was anticipated that this would show a signal for each
proton attached only to a '°N atom, and only one, which is covalently bound to a carbon
atom. The 'H-""N-HSQC spectrum for digested methylaspartase after inhibition with

phenylhydrazine and acetylation is shown in Figure 5.22.
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Figure 5.22: 'H-"N-HSQC spectrum of phenylhydrazine inhibited methylaspartase
after acetylation.

A complex multiplet with a resonance at 6.75 ppm was observed which is

consistent with an N-H proton. This suggests the presence of a C-N-H functionality.

5.4 Conclusions

The inhibition characteristics of methylaspartase by various hydrazines and
hydrazides have been extensively studied and in most cases this class of inhibitors have
been found to irreversibly inactivate the enzyme.

Attempts to exploit this property in order to isolate a peptide derived from the

active site of methylaspartase have, however, proven unsuccessful.
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Phenylhydrazine showed unusual kinetic characteristics and this prompted a
detailed investigation into its mode and mechanism of inactivation. It has been proposed
that the formation of a disulfide bond represents a major step in the inactivation pathway,
since various reducing agents have been shown to rescue enzyme activity after
inactivation by phenylhydrazine and more importantly protect the enzyme from further
inactivation.

NMR spectral analysis of the products/ intermediates involved in phenylhydrazine
inhibition of methylaspartase has indicated that a species containing a C-N-H exists
following inactivation of methylaspartase by '*N-phenylhydrazine. This is not an artifact,
since the signal of no other ’N-labelled proton would be expected to be seen in this
region of the NMR spectrum. At the active site of the enzume there is only one proposed
amino acid that is electrophilic, a dehydroalanine residue. These observations lend
support to the proposal that inhibition of methylaspartase by hydrazines/ hydrazides

occurs via nucleophilic attack at the active site of the enzyme.

5.5 Future plans

Future experiments to probe the importance of the key active-site residues might
involve mutating various amino acids which have been implicated in the mechanism,
such as Ser-173 and testing the mutants for catalytic activity.

A substantial amount of information could also be gained from an X-ray crystal
structure of methylaspartase in isolation and/ or with a range of substrates and inhibitors

bound at the active site. This would provide evidence for or against the existence of an
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active-site dehydroalanine residue and invaluable information about the overall shape of
the active site and the residues which are involved in substrate/ inhibitor binding.
Crystallographic studies are being undertaken in a collaboration outside the research

group and promising 3-D crystals have now been obtained.
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Chapter 6 : Experimental

6.1 General methods and materials

Elemental microanalyses were performed in the departmental microanalytical
laboratory. NMR spectra were recorded on a Varian (’H, 300 MHz; “C, 74.76), or a
Varian Gemini 200 ('H, 200 MHz; 50.31 MHz) spectrometer, unless otherwise stated.
Chemical shifts are described in parts per million downfield from SiMe4 and are reported
consecutively as position (g or d¢), relative integral, multiplicity (s -singlet, d -doublet, t
-triplet, q -quartet, d d -double of doublets, sep -septet, m -multiplet, and br -broad),
coupling constant (J/Hz) and assignment (numbering according to the IUPAC
nomenclature for the compound). '"H-NMR spectra were referenced internally on “HOH
(8 4.68), CHCI; (8 7.27) or (CH3),SO (8 2.47). *C-NMR spectra were referenced on
CH;0H (8 49.9), C*HCl; (8 77.5), or (CH3),SO (8 39.70).

FT-IR spectra were recorded either on a Perkin-Elmer 1710 or on a Nicolet
Inspect-IR plus FT-IR spectrometer. The samples were prepared as Nujol mulls, solutions
in chloroform or as a potassium bromide disc. The frequencies (v) as absorption maxima
are given in wavenumbers (cm™'). Mass spectra and accurate mass measurements were
recorded on a VG 70-250 SE or a Kratos MS-50. Fast atom bombardment spectra were
recorded using glycerol as a matrix. Major fragments were given as percentages of the
base peak intensity (100%). UV spectra were recorded on a Shimadzu UV-VIS 2101PC

scanning spectrophotometer.
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Gas chromatography was performed on a BPX-5 Megabore 9pum column (15m x
0.53 i.d) using a Carlo Erba GC 8000 series with F.I.D detection, using nitrogen as the
carrier gas. The injection mode was split 20:1.

Melting points were taken on an electrothermal melting point apparatus and are
uncorrected. Optical rotations were measured at room temperature on an optical activity
AA-1000 polarimeter using a 10 or 20 cm path length cell and are given in 10" deg cm®
g

Flash chromatography was performed according to the method of Still er al.'64
using Fluka C60 (40-60 um mesh) silica gel. Analytical thin layer chromatography (TLC)
was carried out on 0.25 mm precoated silica gel plates (Macherey-Nagel SIL g/UV;s4)
and compounds were visualised using UV fluorescence, iodine vapour, ethanolic
phosphomolybdic acid or ninhydrin.

The solvents were either distilled or of analar quality and light petroleum refers to
that portion which bolis between 40 and 60 °C. Solvents were dried according to
literature procedures. Ethanol and methanol were dried using magnesium turnings.
Isopropanol, DMF, toluene, CH,Cl,, acetonitrile and triethylamine were distilled over
CaH,. THF and diethylether were dried over sodium/ benzophenone and distilled under
nitrogen.

Gel exclusion chromatography was performed using Sephadex G-150-200. The
gel was suspended in the appropriate buffer and allowed to settle several times to remove
fine particles.

Anion exchange FPLC was performed on a TSK DEAE-5PW (75 x 8 mm)

column and on a POROS 10 HQ (4.6mm x 100 mm) column. Reversed-phase HPLC was
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performed on a PepMap C18 column (4.6mm X 100 mm). Affinity chromatography was
performed using Qiagen Ni-NTA resin (XK 26 mm x 200 mm).

SDS-PAGE was performed following the procedure of Laemmli'®> on a
discontinuous medium. A mini-Protean Il Dual Slab Cell apparatus was used. Protein
determinations were performed using the method of Bradford.!5¢

Centrifugations were carried out on a CENTRIKON C-124 centrifuge. Pooled
fractions from various steps were concentrated by ultra-filtration using an Amicon
apparatus (43 or 76 mm diameter), through a YM10 or a YM30 membrane, under

nitrogen.
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6.2 Chemical synthesis

(28, 35)-3-Methylaspartic acid 2

H,N  CO,H
H"HCH3
HO,C H

Following the procedure of Akhtar et al. mesaconic acid 3 (13 g, 0.1 mol) was
suspended in water (50 cm®) and adjusted to pH 9.0 by the addition of an aqueous
solution of concentrated ammonia solution (40 cm®).5¢ The resulting solution was
concentrated under vacuum. The diammonium mesaconate salt was redissolved in water
(10 ¢cm’) and magnesium chloride hexahydrate (300 mg, 1.49 mmol) and potassium
chloride (15 mg, 0.18 mmol) were added to the mixture. The pH was adjusted to 9.0 with
an aqueous solution of concentrated ammonia.

The enzyme 3-methylaspartase (300 units) was added after removal of an aliquot
of the reaction mixture. The reaction was incubated at 30 °C until no further decrease in
absorbance at 240 nm was observed. The protein was denatured by heating (100 °C, 2
min) and the protein removed by filtration. The filtrate was evaporated to dryness and the
residue was redissolved in water (30 cm’) and the pH was adjusted to 3-4 by the addition
of 12 mol dm™ hydrochloric acid. The product crystallised on addition of the acid and
was filtered, dried, and recrystallised from boiling water (15 cm’) to afford the pure
product 2 (6.66 g, 45%); mp 272-275 °C decomp.) (lit.,36 272-275 °C); (Found C, 40.7;
H, 6.2;: N, 9.2. Calc. For CsHsNOy; C, 40.8; H, 6.15: N, 9.5%); [at]p°+13.3 (¢ 0.6 in 5
mol dm™ HCI) (lit.,% +13.4°); Umax (Nujol)/em™ 2925 (OH str.), 1704 (CO str.) and 1600

(NH); 8y (200 MHz, °H,0, pH 1) 0.81 (3H, d, J 7.2, 3-CH3), 2.68 (1H, m, J 7.1, 3-CH)
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and 3.51 (1H, d, J 3.7, 2-CH); 8¢ (74.5 MHz, 2H,0) 7.34 (CH3), 42.1 (3-C), 54.7 (2-C),
178.3 and 180.352 (2 x CO,H); m/z (CI) 148 (100%, [M + HJ"), 130 (82, [M + H -

H,0]"), 102 (48, [M - CO,H]") and 74 (7, [M + H - CoH,NO,] ).

3,6-Dioxaoctanedioic acid dimethyl ester 95

O
I o e
H,CO \/\O/T OCH,
O

To an ice cooled solution of 3,6-dioxaoctanedioic acid 94 (1.0 g, 5.6 mmol) in
THF was slowly added an ethereal solution of diazomethane until a yellow colour
persisted. The solution was then stirred for 1h at room temperature and then flushed with
nitrogen and the solvent removed under reduced pressure to afford the dimethyl ester 95
as a pale yellow oil (0.74 g, 70.0%), Vimax (neat)/ em™’ 3000 (CH3), 2955 (CHj str.), 1761
(carbonyl CO), 1444 (CH, bend), and 1229 (C-O ether); &y (200 MHz; C*HCls) 3.70
(2H, t, J 6.9, OCH,), 3.72 (3H, s, OCH3;) and 4.12 (2H, s, COCH,0); &¢ (50 MHz;

CZHCI'},) 51.76 (OCH3), 68.57 (CH,0), 70.95 (COCH,) and 170.93 (ester carbonyl).
3,6-Dioxaoctanedioic acid hydrazide 96
0
H,NHN JI\/O\/\O/\”, NHNH,
O

To a solution of dimethyl-3,6-dioxaoctanedioate 95 (0.62 g, 2.9 mmol) in freshly

distilled methanol (25 cm®) was added hydrazine monohydrate (0.25 cm?®, 3.3 mmol). The



167 |

mixture was heated under reflux for 2 h and the solvent removed under reduced pressure
to afford the hydrazide 96 as a white crystalline solid (0.59 g, 40%), mp 134-137 °C
(lit.,'66 128-130 °C); (Found: C, 34.82; H, 6.88; N, 27.27. Calc. for C¢H4N4O4: C, 34.95;
H, 6.85; N, 27.15%.); (HRMS found: M + H", 207.110. Calc. for C¢H4N4O4: 207.111);
Vimax (Nujol)/ cm™ 3304 (NH,), 3195 (NH), 1675 (hydrazide CO) and 1137 (OCH,); 8y
(300 MHz; *H,0) 3.59 (2H, s, CH,0), 3.96 (2H, s, CH>CO); 8¢ (75.4 MHz; *H,0) 68.76
(CH,0), 70.24 (COCH,) and 171.02 (hydrazide CO); m/z (FAB) 207 (45, [M + H]"),
135 (28, [M +H — NH,NHCOCH]"), 117 (22, [CH,CH,OCH,CONHNH,]"), 102 (27, [M

+H — NH,NHCOCH,OCH]J"), 60 (100%, [CONHNH;]") and 44 (95, [CH,OCH,]").

Tenta-gel methyl ester 98

PEG /W/OCH3

o)

The tenta-gel resin was first washed with a solution of trifluoroacetic acid (0.5%
in dry THF). To an ice cooled suspension of TG carboxy resin 97 (0.505 g, 0.26 mmol/ g
loading as supplied) suspended in dry THF (15 cm®) was slowly added an ethereal
solution of diazomethane (10 cm®, 11.36 mmol) until a pale yellow colour persisted and
gas evolution stopped. The suspension was then stirred at room temperature for 30 min
before the excess diazomethane was removed by flushing the mixture with nitrogen. The
resin was washed with methanol (3 x 20 cm®) and then filtered to afford the methyl ester

98 as a pale yellow resin (0.502 g, 0.13 mmol loading); (Found: C, 61.5; H, 8.85. Resin

requires: C, 64.3; H, 9.1%); Viax (KBr disc);’cm'I 1751 (ester CO) and 1127 (OCHa).
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Tenta-gel hydrazide 99

> pc /\H,NHNH ;

0O

To a suspension of Tenta-gel methyl ester 98 (0.50 g, 0.12 mmol estimated
loading) in methanol was added hydrazine hydrate (18.0 mm®, 0.36 mmol). The
suspension was heated at reflux for 2 h and the solvent was then removed by filtration
and the resin was washed with methanol (4 x 20 cm3) to afford the hydrazide 99 as an
off-white resin (0.49 g, 0.13 mmol estimated loading), (Found: C, 64.1; H, 8.8; N, 0.85.
resin requires: C, 64.15; H, 8.8; N, 0.8%); Vmax (KBr disc)/cm™ 3503 (amide NH), 3026

(NH,), 1654 (amide CO), and 1109 (OCH,).

Cleavage of resin-bound peptide

(1) Catalytic hydrogenation (see section 4.3.1, Fig. 4.9): To a suspension of resin-
bound peptide (100) 25-200 mg) in dry methanol (10-25 cm’) was added
palladium on charcoal (10 pg) pre-suspended in ethanol (500 mm?) and glacial
acetic acid (10 mm?). The mixture was flushed with nitrogen and then with
hydrogen and then finally left stirring overnight under a hydrogen atmosphere.
The hydrogen gas was evacuated by flushing with nitrogen and the solution was
filtered over a celite pad. The filtrate was concentrated under reduced pressure
and the residue re-suspended in distilled water (20-50 mm”) and lyopholised. 1he

resulting product was then subjected to analysis by Reversed-Phase HPLC.
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(i)  Dissolving metal reduction (see section 4.3.1): To a solution of liquid ammonia (5
cm’) in dry THF (10 em?) at =78 °C under nitrogen was added the resin (100) (25-
200 mg). The suspension was stirred vigorously whilst sodium metal (0.2 g, 8.7
mmol) was added in small pieces until a dark blue colour persisted. The mixture
was allowed to stir for 1 h, after which methanol was added (10 cm3), followed by
water (10 cm®). The mixture was allowed to warm to ambient temperature whilst
nitrogen was bubbled through to remove excess ammonia. The solution was
neutralised by the addition of a solution of hydrochloric acid (6 mol dm™), filtered
and lyopholised. The resulting residue was re-dissolved in water (100 mm?®) for
analysis by Reversed-Phase HPLC.

(iii)  Wilkinsons catalyst (see section 4.3.2): Resin (100) (25-200 mg) was suspended
in a mixture of ethanol/ water (1:1, 1 cm’) and tris (triphenyl phosphine)-
rhodium(I)-chloride (11 mg, 0.024 mmol) was added. The flask was flushed with
nitrogen (10 min) and then with hydrogen (10 min). The mixture was left stirring
at reflux over night. The catalyst was then removed by filtration through a celite
pad and the filtrate concentrated to dryness under reduced pressure.

(iv)  Sodium hydroxide (see section 4.3.1, Fig. 4.7): Resin (100) (25-220 mg) was
suspended in a solution of sodium hydroxide (5 mol dm™) and left to stir
overnight at room temperature. The resin was filtered and the supernatant was
neutralised by the addition of a solution of hydrochloric acid (5 mol dm™) and
then lyophilised. The cleavage mixture was then analysed by Reversed-Phase

HPLC.
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(v) V8 protease (see 4.3.3): Resin (100) (25-200 mg) was suspended in a solution of
ammonium acetate (100 m in 50 mM Tris, pH 4.0). V8 protease (Staphylococcus
aureus) was then added [in equal amounts to 2.0 % by weight of peptide and a
further aliquot after 1 hour (total digest time was 2 h, 30 °C)]. The pH of the
solution was maintained at pH 4.0 by the addition of a solution of hydrochloric
acid (1 mol dm™). After digestion, the resin was washed thoroughly with water
(10 x 50 cm’) and the washings lyophilised in preparation for analysis by

Reversed-Phase HPLC.

Acetylhydrazine acetate 108

)

M

H;C™  NH-NH,.0Ac

To an ice cold solution of acetic anhydride (1.68 cm’, 15.3 mmol) in dry ether (20
cm’) was added hydrazine hydrate (1.36 cm®, 18.36 mmol) dropwise. The mixture was
allowed to stir for a further 30 min during which time a white crystalline solid formed.
The solid was filtered to afford the acetate salt 108 of the product as a white amorphous
solid (3.26 g, 91%), mp 65-68 °C (lit.,'67 67 °C); (Found: C, 41.7; H, 7.1; N, 24.4. Calc
for C4H;oN,O3: C, 35.8; H, 7.5: N, 20.9%); vmax (Nujol)/ cm™ 3242 (NH,), 1710,
(hydrazide CO) and 1560 (NH bend); &y (300 MHz; *H,0) 1.7 (3H, s, CH3CO,) and 1.8
(3H, s, CH;CON); 8¢ (75.4 MHz; *H,0) 19.6 (CH3;CON), 23.1 (CH;CO,), 173.4
(CONH), 181.6 (CH3CO,), m/z (EI) 133 (44%, [M - H]")], 85 (73, [M — H — H4CO,]"),

57 (100, [CH;CON]") and 55 (15, ([CCONH]").
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['*C]-Acetylhydrazine acetate 109

To an ice cold solution of *C-acetic anhydride (72.9 mm’, 0.66 pmol, specific
activity 2.3 mCi/ mmol) in dry THF (20 cm®) was slowly added hydrazine hydrate (37.0
mm?®, 0.79 umol) dropwise. The mixture was allowed to stir for a further 30 min during
which time a white crystalline precipitate formed. The solid was filtered to afford the
acetate salt 109 as a white amorphous solid (70.0 mg, 79.5%, specific activity 0.5 mCi/
mmol), mp 65-68 °C; &y (300 MHz, *H,0) 1.7 (3H, s, CH;CO,) and 1.8 (3H, s,
CH;3CON); 8¢ (75.4 MHz; *H,0) 19.6 (CH;CON), 23.1 (CH;CO,), 173.4 (CONH) and

181.6 (CH3CO,).

‘SN—Phenylhydrazine hydrochloride 115

NH-NH,.HCI

A fresh solution of sodium sulfite was prepared by bubbling sulfur dioxide
through a solution of sodium hydroxide (0.44 g, 11.1 mmol) in water (2 cm’®) in the
presence of phenolphthaleine indicator until the solution became colourless (pH 8-10). To
an ice-cooled solution of aniline (1.0 g, 10.8 mmol) in mixture of water/ concentrated
hydrochloric acid solution (1:1, 1.0 cm®) was slowly added '"N-sodium nitrite (0.75 g,
10.9 mmol) in water (2.0 cm®) dropwise until a slight excess of nitrous acid was present.
The temperature of the solution was maintained at 0 °C by the occasional addition of ice
to the reaction mixture. The freshly prepared sodium sulfite was added slowly dropwise

whilst the reaction mixture was maintained at 0 °C. The resulting solution was heated at
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60 °C for 1h and was then acidified by the addition of concentrated hydrochloric acid
solution (5 ¢m®). The solution was refluxed for a further 4 h and then the solvent was
removed under reduced pressure until precipitation of phenylhydrazine hydrochloride
occurred. The resulting pale pink solid was filtered and recrystallised from ethanol to
afford the labelled phenylhydrazine hydrochloride 115 as a white solid (1.16 g, 75%); mp
251 °C (Lit.,'63 250-254 °C); Vimay (KBr disc)/em™ 3203 (NH), 3002 (NH,) and 1580
(Ar-H); 8y (300 MHz; *H,0) 6.89 (2H, d, J 6.6, 0Ar-H), 7.01 (1H, t, J 7.4, pAr-H), 7.24
(2H, t, J 5.5, mAr-H); 8¢ (75.4 MHz; *H,0) 115.6 (pAr-C), 123.9 (mAr-C), 129.8 (0Ar-C)
and 143.5 (C-NHNH,); m/z (CI) 110 (100% [M + H - CI]"), 94 (41, [M + H — NH,CI]")

and 52 (45, [C4H3+ H]).

Analysis of products of phenylhydrazine degradation (see section 5.3.1, Fig. 5.20)

A solution of phenylhydrazine hydrochloride (50 mM) in Tris buffer (50 mM
Tris, pH 9.0) was prepared and left at room temperature for 48 h. An aliquot of the
sample (20 cm®) was acidified by the addition of hydrochloric acid (6 mol dm™),

lyophilised and then analysed by "H-NMR spectroscopy.
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6.3 Biochemical methods

Methylaspartase activity assay

An aliquot (5-20 mm?®) of a suitably diluted enzyme solution was added to the
assay buffer (3 cm’, 4mM (2S,3S5)-3-methylaspartic acid, 50 mM Tris, 10 mM KCI, 1
mM MgCl,.6H,0, pH 9.0) in a quartz cuvette at 30 °C. The contents of the cell were
mixed thoroughly and the increase in absorbance at 240 nm was measured. One unit of
enzyme is defined as that amount which catalyses the formation of 1 pmol/min of
mesaconic acid or the consumption of 1 pmol/ min of (25,35)-3-methylaspartic acid

under the assay conditions.28. 46, 42

Determination of Kinetic parameters (see section 2.6, Table 2.6)

Incubations were conducted at pH 9 and contained 500 mM Tris-HCI, 20 mM
MgCl,, I mM KCI and (2S,3S5)-3-methylaspartic acid concentrations over the range 0.5-
20 mM. Reactions were initiated by the addition of enzyme (20 mm®) and were followed
spectrophotometrically at 240nm in a 10 mm path length quartz cuvette. Over the time
course measured, the reactions were linear. Each rate determination was carried out in
duplicate. Regression analyses gave the best straight lines. Non- linear regression

analysis was used for K, determinations.
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Radioactivity assay
The sample (500 mm>-750 mm’) was mixed with scintillation fluid (4 cm’) and

the radioactivity measured in a scintillation counter.

Reversed Phase-HPLC analysis

All analyses were conducted on a Poros C18 reversed phase column (4.6 x 100
mm) using a gradient of 0-60 % acetonitrile applied over 20 column volumes unless
otherwise stated. Buffers were prepared as follows:

Buffer A: Water + 0.05 % TFA

Buffer B: Acetonitrile + 0.1 % TFA + 0.5 % Water

Isolation of recombinant methylaspartase (pSG4) (see section 2.1, Table 2.1)

pSG4 was cultivated in 3 dm® of LB at 37 °C to an optical density of 10 at 660
nm. The cells were harvested by centrifugation (0 °C, 10,000 rpm, 30 min) to give 35-40
g of wet cell paste. The cells were resuspended in buffer [(20 cm’; 50 mM potassium
phosphate, pH 7.6) containing B-mercaptoethanol (1 mM) and PMSF (100 mm’®, 34 mg

cm™

in isopropanol)] and the suspension sonicated (0 °C, 6 x 20 sec, 120 W, 20 kHz).
Acetone (20 cm®, -20 °C), was added with stirring over 5 min, and then stirring continued
for a further 10 min at 4 °C. The cell debris and precipitated protein were removed by
centrifugation (0 °C, 37000 rpm, 30 min) to give the crude extract. A further portion of

acetone (30 cm’, -20 °C) was added. After stirring at 4 °C for a further 10 min the

precipitated protein was collected by centrifugation (0 °C, 37000 rpm, 20 min). The
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protein pellet was resuspended in buffer (2.5 cm’, 50 mM potassium phosphate, pH 7.6)
with stirring at 4 °C and the insoluble material was removed by centrifugation (10 °C,

37000 rpm, 10 min).

Purification of recombinant methylaspartase by gel filtration chromatography (see
section 2.1, Table 2.1)

The protein solution from the previous step was applied to a column of Sephadex
G-150 (1.3 x 170 cm) pre-equilibrated with buffer (4 °C, 50 mM potassium phosphate,
pH 7.6) containing 10 mM B-mercaptoethanol. The protein was eluted with the same
buffer at a flow rate of 6 cm® h! (collecting 6 cm’ fractions). The active fractions were
pooled and concentrated by ultrafiltration (4 °C). The protein was dialysed overnight

against Tris bufter at 4 °C (3 x 1 dm®, S0 mM Tris, pH 9).

Further purification of recombinant methylaspartase by anion-exchange
chromatography (see section 2.1, Table 2.1)

The protein solution (100 mm?®) from the previous step was applied to a column of
quarternised polyethyleneimine, which had been pre-equilibrated with phosphate buffer
(10 mM potassium phosphate, pH 7.6) at a flow rate of 4 cm® min”'. The column was
washed with the same buffer at a flow rate of 4 cm® min™', collecting 4 cm® fractions. The
application of a salt gradient (potassium chloride over the range of 0-500 mM) afforded
methylaspartase, which eluted at 80 mM potassium chloride concentration. The eluted
enzyme was assayed for activity using the standard procedure.*® A Bradford assay and

SDS-PAGE analysis was used to determine protein yield and purity.
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Plasmid stability test (see section 2.3.2, Table 2.4)

Starter cultures of transformed E. coli cells were grown in 5 cm® portions of LB
medium containing 100 mg;r'cm3 ampicillin overnight at 37 °C with vigorous shaking at
150 rpm. Each starter culture was transferred into 500 cm’ of fresh LB medium
containing 100 mg/cm’ ampicillin and allowed to grow at 37 °C to an ODg reading of
0.6. Three aliquots of 1000 mm?>, 147 mm® and 135 mm?® of LB were transferred into
three sterile eppendorfs. A primary dilution of bacteria was prepared by transferring 1
mm’ of log phase culture into 1000 mm® of LB. Two secondary dilutions were prepared
by transferring 3 mm?® and 15 mm? of the primary dilution into tubes containing 147 mm®
(dilution A) and 135 mm’ (dilution B) of LB, respectively. Bacteria were plated onto agar

as indicated in Table 6.1. Plates were incubated overnight at 37 °C.

Table 6.1: Plasmid stability test

Volume of bacteria LB additives
50 mm° of dilution A No additives
50 mm® of dilution A Ampicillin (100 pg/cm®)
50 mm’ of dilution B IPTG (0.4 mM)
50 mm?® of dilution B Ampicillin (100 mg#’cm3) i

[PTG (0.4 mM)
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Optimisation of IPTG induction (10 x his-tagged methylaspartase) (see section 2.3.1,
Table 2.3)

A starter culture was prepared for each of the recombinant plasmids pMASM 2 +
3. E. coli BL21 (DE3) cells were used for expression. For overexpression, cells from
clones 2 and 3 were induced by the addition of IPTG to a final concentration of 1 mM
and incubated for a further 3, 6 and 16 h respectively and harvested by centrifugation at
(4 °C, 8000 rpm, 10 mins). The cell pellet from each of the three cultures (5 g wet
weight) was suspended in 5 cm’ sonication buffer (50 mM potassium phosphate, 350 mM
sodium chloride, 50 mM imidazole, pH 8) and PMSF and mercaptoethanol added to final
concentrations of 1 mM to each. The cells were disrupted by sonication (0 °C, 3 x 30 sec,

120 W, 20 kHz) and the cell debris was spun down by centrifugation (4 °C, 8000 rpm, 10

min). Resulting enzyme preparations from clones 2 and 3 were assayed for activity.

Isolation of recombinant 10 x His-tagged methylaspartase (from pET-5 vector) (see
section 2.3, Table 2.2)

E. coli BL21 (DE3) cells were the host used for expression. Starter cultures (5
em®) were grown for 16 h in LB media supplemented with ampicillin (2.5 x 107 g/ cm®)
at 37°C and at 150 rpm without induction. A starter culture was added to each large
culture (500 cm®) and the cells grown to an ODgg of 0.6-0.9. Overexpression was
induced by the addition of 1-2 mM IPTG and the cultures were incubated at 37 °C for 4
h, after which time the cells were harvested by centrifugation (4 °C, 8000 rpm, 20 mins)
to give a cell pellet (6 g/ L wet weight). The cell pellet was re-suspended in sonication
buffer (1 cm’/ g) (50 mM potassium phosphate, 350 mM sodium chloride, 50 mM
imidazole, pH 8) and PMSF and mercaptoethanol was added to final concentrations of 1

mM each.
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The cells were disrupted by sonication for (0 °C, 5 x 30 sec, 120 W, 20 kHz), and
the cell debris spun down by centrifugation (4 °C, 20000 rpm, 30 min). The resulting

preparation was assayed for activity before further purification.

Purification of 10 x His-tag recombinant methylaspartase by metal affinity
chromatography (beads) (see section 2.5.1)

Nickel resin (5 ¢cm’) was suspended in wash buffer (2em’, 50 mM potassium
phosphate, 350 mM sodium chloride, 20 mM imidazole and azide). The wash buffer was
removed and the resin (5 cm?) and crude enzyme extract (25 cm®, 10,765 units) were
stirred together for 1 h at 4 °C to allow binding of protein to the resin. The resin was
removed by centrifugation (1000 rpm, 5 min) and the supernatant solution was tested for
methylaspartase activity using the standard assay procedure. When no methylaspartase
activity remained the beads were resuspended in the wash buffer (45 cm’, 50 mM
potassium phosphate, 500 mM sodium chloride, 30 mM imidazole, pH 8) and shaken (2
min), centrifuged (1000 rpm, 2 min) and the supernatant removed and tested for activity.
This wash was repeated until the A,g reading was identical to a blank reading for the
buffer indicating that all unbound contaminating material had been removed from the
beads. Before elution of the enzyme the beads were washed with wash buffer (6 x 45cm’,
50 mM potassium phosphate, 500 mM sodium chloride, pH 8).

The enzyme was eluted from the nickel beads by addition of 1 x bed volume (1
cm3) of eluting buffer (50 mM potassium, 450 mM imidazole, 100 mM sodium chloride,
pH 8) and the beads removed by centrifugation (1000 rpm, 2 min). The eluting wash was

repeated until no more activity was detected in the supernatant solution as determined by
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the standard assay. All fractions were assayed for activity, pooled and concentrated by

ultrafiltration.

Purification of His-tagged methylaspartase by metal affinity chromatography
(HPLC) (see section 2.5.2)

E. coli cell pellet was suspended in sonication buffer (I cm? g) (50 mM
potassium phosphate, 350 mM sodium chloride, 50 mM imidazole, pH 8) and PMSF and
mercaptoethanol were added to final concentrations of 1 mM each.

The cells were disrupted by sonication for 5 x 30 second bursts (40 Hz), and the
cell debris was removed by centrifugation (20000 rpm, 30 min). The resulting crude
enzyme solution was filtered and then applied to column containing nickel resin (25 cm?)
which had been pre-equilibrated with sonication buffer (50 mM potassium phosphate,
350 mM sodium chloride, 50 mM imidazole, pH 8) at a flow rate of 3 cm® min™. The
column was washed (50 mM imidazole, 50 mM sodium phosphate, 350 mM sodium
chloride, pH 8) and the protein eluted using an imidazole gradient (50-1000 mM
imidazole, 50 mM sodium phosphate, 100 mM sodium chloride, pH 8) and collected in 4
em’ [ractions. All the fractions were assayed for activity and the active fractions pooled

and concentrated by ultrafiltration.
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Purification of His-tagged methylaspartase by anion-exchange chromatography (see
section 2.5.2, Fig. 2.1)

The concentrated protein solution from above (100 mm?®) was applied to a column
of quarternised polyethyleneimine (Bio-Cad HQ POROS 20, 4 mm x 100 mm) which had
been pre-equilibrated with Tris buffer (20 mM, pH 9) at ambient temperature and at a
flow rate of 8 cm®/ min. Prior to protein elution at the same flow rate the column was
washed using 100 mM sodium chloride. The application of a salt gradient of sodium
chloride over the range 100-500 mM (25 column volumes) afforded methylaspartase. The
enzyme which eluted at 200 mM sodium chloride concentration was assayed for activity.
The active fractions were pooled and concentrated by ultrafiltration. A Bradford assay

and SDS-PAGE analysis were used to determined protein yield and purity.

Isolation of His-tagged methylaspartase using serine supplemented growth media
(see section 3.2, Table 3.1)

BL21 (DE3) host cells were used for over-expression of methylaspartase. Starter
cultures (5 x 5 cm?) were grown for 16 h in LB media containing ampicillin (2.5 x 107
g;’cm3 ), at 37 °C and at 150 rpm. Each of the cultures was transferred into fresh LB media
(500 cm?) and ampicillin was added (2.5 x 10 g;’cm3). (25)-Serine was added to one of
the cultures at pre-determined times (Table 6.2). The cells were then grown to an ODg
of 0.6-0.9. Overexpression was induced by the addition of IPTG to a final concentration
of 1-2 mM and the cells were incubated at 37 °C for a further 4 h. The cells were

harvested as described previously.



181

Table 6.2: Supplementation of culture medium with (2S)-serine

Culture Time of serine addition
to main culture

1 Control

Start of log phase growth
During log phase growth
Before IPTG addition
After IPTG addition

W = W N

Incorporation of '*C-serine into methylaspartase using LB media supplemented
with "*C-serine (see section 3.3)

Starter cultures (5 cm®) were grown for 16 h in LB media containing [U-'*C]-
(25)-serine (Specific Activity 141 mCi/mmol, 0.05 pCi) and ampicillin (2.5 x 10 g/
cm’) at 37 °C and at 150 rpm and. The starter cultures were transferred into fresh media
(500 cm®) containing ampicillin (2.5 x 10 g/ em®) and [U-"*C]-L-serine (10.0 pC;) and
grown to an ODggp of 0.6-0.9. To each culture, IPTG was added to a final concentration
of 1-2 mM, and incubated at 37 °C for a further 4 h. Cells were harvested by
centrifugation (4 °C, 8000 rpm, 20 min) and the resultant pellet was resuspended in
phosphate buffered saline (50m M sodium phosphate, 350 mM sodium chloride, pH 8)
with the addition of PMSF (34 mg/ cm’) and mercaptoethanol to a final concentration of
1 mM. The cells were disrupted by sonication (0 °C, 5 x 20 sec, 120 W, 20 kHz) and the

cell debris removed by centrifugation (20000 rpm, 30 min).
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Isolation of His-tagged methylaspartase using Davis/ LB broth supplemented with
M C-serine (see section 3.3, Tables 3.2 and 3.3)

Starter cultures (5 cm®) were prepared for each trial experiment and grown for 16
h in media of varying composition (Table 6.3) containing ampicillin (2.5 x 10~ g/ cm?®) at
37 °C and at 150 rpm. The starter cultures were transferred into fresh media (500 cm’) of
varying composition (Table 6.3) containing ampicillin (2.5 x 10° g/ cm®) and grown to an
ODggp of 0.6-0.9. To each culture, [U-'4C]-L-serine (0.5-5.0 pCi) was added along with
IPTG to a final concentration of 1-2 mM, and incubated at 37 °C for a further 4 h. The

cells were harvested as described above.

Table 6.3: Composition of media

o/n culture main culture
%LB/ “%DMB %LB/ %DMB
12.5/87.5 12.57/87.5
25.0/75.0 25.0/75.0
100/0 25.0/75.0

100/0 100/0
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Isolation of His-tagged methylaspartase using a media of defined amino acid
composition ( see section 7.1 and section 3.3, Table 3.4)

All the amino acid components of the media were dissolved in distilled water
(250 cm”) and the mixture sonicated (20 Hz, 2 x 5 min). The mixture was centrifuged (20
min, 8000 rpm) to remove the insoluble fraction. The inorganic salts and glycerol were
then added and the solution sterile filtered. The cells were grown under identical

conditions to those described for LB media.

Effect of varying the time of [U-'*C]-L-serine addition using media of defined amino
acid composition (see section 3.3.1, Table 3.5)
Cells were grown as described above except that [U-'*C]-L-serine (5.0 pnCi) was

added 1, 2 or 3 h after induction with IPTG.

Optimisation of [U-"*C]-L-serine incorporation using media of defined amino acid
composition (see section 3.3.2)

Six starter cultures (5 cm®) of LB media were prepared, innoculated and incubated
for 16 h at 37 °C (150 rpm). Each culture was transferred into fresh media (500 cm”)
containing all the amino acids. The cells were grown to an ODgy of 0.6-0.9 and harvested
centrifugation (20 min, 8000 rpm). The cell pellet was washed with phosphate buffer (59
mM sodium phosphate, pH 7.6) containing 0.8% v/v saline. The cells were resuspended

in the growth media (3 dm™) and shaken at 37 °C (110 rpm). After 20 min, UL-(25)-"*C-
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serine (0.5 pnCi) was added with IPTG (1 mM) and the cells shaken for 3 h, before being

harvested by centrifugation.

Incorporation of [1-13C]-(ZS)-serine into Methylaspartase (see section 3.4)
Precise details of enzyme expression and isolation are as described above except

that [1-'3C]-(2S)-serine (0.472 g) was used instead of UL-(2S)-'*C-serine.

Testing the reversibility of B-methylaspartase binding to the resin bound hydrazide
inhibitor (see section 4.1.3)

To a suspension of the resin bound hydrazide inhibitor (500 mg) in Tris buffer (5
cm’, 50 mM Tris, pH 9.0) was added B-methylaspartase (5 cm’, 460 units, S mg, 90 U /
mg) and the suspension stirred at ambient temperature until the remaining activity was ~
50 % (48 h). The resin was washed to remove excess unbound protein. Resin (200 mg)
with bound protein was suspended in a solution of ammonium chloride (20 em®, 100
mM) in Tris buffer (50 mM Tris, pH 9.0) and left at ambient temperature overnight. The
supernatant (50 mm3) was analysed periodically by Bradford assay to assess the extent of

protein debinding.
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Tryptic digestion of methylaspartase (see section 4.2)

A solution of B-methylaspartase (1 cm®, 5 mg) in Tris buffer (50 mM Tris, pH

7.8) was denatured by heating (100 °C, 15 min). Trypsin (4 mg/cm’ in 1 mM CaCl,) was
added in amounts equal to 2.5% by weight of enzyme. A second aliquot of trypsin was

added after 3 h. After complete digestion the solution was lyophilised and analysed by

RP-HPLC.

Tryptic digestion of immobilised methylaspartase (see section 4.2, Fig. 4.5)

The resin bound hydrazide inhibitor (99) (50 mg) was suspended in Tris buffer (2
cm’, 100 mM Tris, pH 9.0) and B-methylaspartase (1268 units, 5.5 mg, 230.6 U/mg) was
added to the resin suspension and left stirring at ambient temperature until the remaining
activity of the supernatant was ~50% of the starting activity. The resin was washed with
Tris buffer (6 x 1 cm’, 50 mM Tris, pH 7.8) to remove excess unbound protein. The
washings were analysed by Bradford assay to determine the amount of protein bound to
the resin. The resin bound enzyme was denatured at 100 °C for 15 min. Digestion was
carried out with a freshly prepared trypsin solution (4 mgz’cm3 in 1 mM CaCl,). Addition
of trypsin in two portions to 2.5% by weight of B-methylaspartase was made initially and
also 3 h after digestion. The solution was maintained at pH 7.8 by 50mM Tris buffer. The
resin was washed thoroughly with Tris buffer (10 x 1 cm’, 50 mM Tris, pH 7.8) to
remove the tryptic digest. The digest solution was lypholised and the resulting residue

was re-suspended in water and then filtered and analysed by RP-HPLC.
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Digestion of methylaspartase with V8 protease (see section 4.2.1, Fig. 4.6)

Resin immobilised protein (200 mg) was suspended in a solution of ammonium
acetate [(100 mM in Tris buffer (50 mM Tris, pH 4.0)] and the resin bound protein was
denatured (30 min, 100 °C).

V8 protease (Staphylococcus aureus) was then added in two portions (at Oh and
10 h to 2.0% by weight of B-methylaspartase) and the digestion was incubated at 30 °C
for 18 hours. The solution was maintained at pH 4.0 by the addition of hydrochloric acid
(1 mole dm™). After digestion, the resin was washed thoroughly with water (10 x 50 cm®)

and the resulting supernatant was lyophilised, resuspended in water and filtered prior to

analysis by RP-HPLC.

Labeling of the active site of MAL with '*C-acetylhydrazide (see section 5.1, Fig. 5.4)

To a solution of B-methylaspartase (5 mg, 950 units, specific activity 180 U/mg)
in Tris buffer (1 cm’, 50 mM Tris, pH 9.0) was added *C-acetylhydrazide acetate (20.8
mg, 200 umoles, specific activity 0.5 mCi/ mmole) to a final concentration of 200 mM.
The solution was incubated at 30°C until a complete loss of enzyme activity was
observed (10 h). The solution was then dialysed against Tris buffer (50 mM Tris, pH 9.0)

until the radioactivity in the dialysis buffer was equal to background levels as judged by

scintillation counting.



18?J

Analysis of '*C-acetylhydrazide inhibited MAL by anion-exchange chromatography
(see section 5.1)

A solution of '“C-acetylhydrazide labelled methylaspartase (100 mm®) was
applied to a column of quarternised polyethyleneimine which had been pre-equilibrated
with Tris buffer (20 mM Tris, pH 9.0) at ambient temperature and at a flow rate of 8
cm’/min.

Prior to protein elution (monitored at 220/280 nm) the column was washed with
Tris buffer (20 mM Tris, pH 9.0) containing sodium chloride (50 mM) at a flow rate of 8
cm® min™.

A gradient of sodium chloride (50-600 mM) was then applied and fractions were

collected (750 mm?®). From each a 500 mm®

sample was removed and total radioactivity
content determined. The trace for radioactivity was overlayed onto that for the trace of

the absorbance recorded at 220 nm.

Tryptic digestion of "*C-acetylhydrazide inhibited MAL (see section 5.1, Fig. 5.5)

To a solution of '*C-acetylhydrazide inhibited B-methylaspartase (3.5 mg) in Tris
buffer (50 mM Tris, pH 7.8) was added trypsin (4 mg/ cm’ in | mM CaCl,) to a level
equal to 2.5% by weight of B-methylaspartase. A second aliquot of trypsin was added
after 3 h. After complete digestion the solution was lyopholised and analysed by RP-
HPLC. Fractions were collected (53 x 750 mm?®) and from each a 500 mm® sample was

removed and the radioactivity content determined by scintillation counting.
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Modification of thiol groups of methylaspartase with N-[2-"*C]-ethylmaleimide after
inactivation with phenylhydrazine (see section 5.2)

A solution of methylaspartase (1 cm®, 1400 units, 7 mg) was split into two equal
pools. To pool A was added a solution of phenylhydrazine (0.5 em’, 50 mM) in Tris
buffer (Tris, 100 mM, pH 9) to a final concentration of 25 mM. When no enzyme activity
remained, both pool A and pool B were dialysed against phosphate buffer (2 x 2 dm”,
potassium phosphate, S0 mM, pH 7.8) at 4 °C for 4 h.

To the product of dialysis was then added an aliquot of a 1.5 M solution of
(25,3S)-3-methylaspartic acid (sodium salt) in water (I cm’) to a final concentration of
0.75 M and the reaction was incubated at 30 °C for 1 h. N-Ethylmaleimide was then
added to both pool A and B to a final concentration of 2 mM (200 mm’ of a 20 mM stock
solution) and the solutions were left at 30 °C for 1 h, after which time both pool A and B
were then dialysed against phosphate buffer (2 x 2 dm?, potassium phosphate, 50 mM, 5
mM (25,35)-3-methylaspartic acid, pH 7.8) for 4 h and finally against phosphate buffer
(potassium phosphate, 50 mM, 1 mM magnesium chloride hexahydrate, pH 7.8).

Pool A and Pool B were then further sub-divided into two pools (Al, A2, BI,
B2). To pool Al and B1 was added a solution of mercaptoethanol (0.1 cm’, 20 mM) in
water to a final concentration of 2 mM and left at 30 °C for 1 h. Each sample was reduced
in volume by centrifuge filtration to a final volume of 250 mm?, prior to addition of N-[2-
""C]-ethylmaleimide (SA 30 mCi/ mmol) to a final concentration of 0.25 mM. All the

solutions were incubated at 30 °C for 3 h. The radio-labeled samples were then dialysed

against water (3 x 1 dm?) for 3 h at 4 °C.
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The dialysed protein products (A1, A2, B1, B2) were denatured (100 °C, 15 min)
and then treated with the trypsin (4 mg, cm?, 2,5% w/w, 1 mM calcium chloride) and left

at room temperature for 2 hours. The samples were lyopholised and analysed by RP-

HPLC.

Inhibition of methylaspartase by a range of hydrazines (see section 5.2, Fig. 5.6)
Solutions of  hydrazine, methylhydrazine, phenylhydrazine, p-
nitrophenylhydrazine and 2,4-dinitrophenylhydrazine (1 cm®, 1 mM) were each prepared
in Tris buffer (Tris, 50 mM, pH 8) and incubated at 30 °C. To each solution was added
methylaspartase (50 mm’, 0.75 mg, 125 units, SA 166 U/ mg) and at various time
intervals an aliquot of each incubation (20 mm®) was removed. The enzyme activity was
measured under standard conditions and was compared to a control (Tris, 50 mM, pH 9)

containing no inhibitor.

Inhibition of methylaspartase by a range of hydrazide analogues (see section 4.1.3,
Fig. 4.4)

Solutions of 3,6-hydrazinodioxaoctanedioate (500 mm?>, 50 mM) and tentagel
hydrazide (loading 0.208 mmole g'l) (50 mM) were prepared in Tris buffer (Tris, 50 mM,
pH 9). A control was also prepared containing Tris buffer (Tris, 50 mM, pH 9). To each
solution was added methylaspartase (50 mm°, 6.3 units, 0.135 mg, SA 46.6 U/ mg) and
the solutions were incubated at 30 °C. At various time intervals an aliquot (20 mm?®) was

removed from each sample and assayed under standard conditions.
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Nature of inhibition of methylaspartase by 3,6-hydrazinodioxaoctanedioate (see
section 4.1.1, Fig. 4.2)

Three solutions in Tris buffer (1 cm®, Tris, 50 mM, pH 9) were prepared as
follows:
1) Buffer only
2) 3,6-hydrazinodioxaoctanedioate (1 mM).
3) (25.,35)-3-methylaspartic acid (0.5 M). After 2 h inhibitor was added to a final
concentration of 1 mM.
To each solution methylaspartase was added (50 mm”®, 14.9 units, 0.068 mg, SA
219 U/ mg). The solutions were incubated at 30 °C and at various time intervals an
aliquot (10 mm®) was removed from each sample and was assayed under standard

conditions.

Reversibility of inhibition of [-methylaspartase by  3,6-hydrazino-
dioaxaoctanedioate (see section 4.1.1)

To a solution of the inhibitor (5 ¢cm®, 50 mM) in Tris buffer (50 mM Tris, pH 9.0)
was added an aliquot of B-methylaspartase (250 mm?®, 400 units, 2.2 mg, SA 180 U / mg).
The mixture was incubated at 30 °C. At various times an aliquot (10 mm?®) was
removed and assayed under standard conditions. When the enzyme was totally
inactivated the enzyme solution (5.25 cm’) was dialysed against buffer (6 x 1 dm?>, 50

mM Tris, pH 9.0) for 6 h and the enzyme was assayed under standard conditions.
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Inhibition of methylaspartase by acetylhydrazine (see section 5.1)
pH dependence (Fig. 5.3): A series of solutions of acetyllhydrazide (1 em’, 50 mM) in
Tris buffer (Tris, 50 mM, pH 6-9) were prepared. An aliquot of methylaspartase (50 mm®,
40 units, 0.2 mg, SA 200 U/ mg) was added to each solution. The enzyme activity of each
solution was measured at various time intervals.
Concentration dependence (see Fig. 5.1a and 5.1b): A series of five solutions of
acetylhydrazide (1 cm’, 50-1000 mM) in buffer (Tris, 50 mM, pH 9) were prepared. To
each solution was added an aliquot of methylaspartase (50 mm?, 40 units, 0.2 mg, SA 200
U/ mg). The enzyme activity of each solution was measured at various time intervals.
Reversibility: To a solution of acetylhydrazide (4.5 cm’, 0.5 M) in Tris buffer (Tris, 50
mM, pH 9) was added methylaspartase (0.5 cm?®, 300 units, 1.63 mg, SA 184 U/ mg).
After complete inactivation was observed (24 hrs), the solution was dialysed against Tris
buffer (Tris, 50 mM, pH 9, 4 x 1 dm3) and the enzyme activity was determined under
standard conditions.
Substrate protection (see Fig. 5.2): Three solutions (1 cm®) of acetylhydrazide were
prepared in Tris buffer (50 mM Tris, pH 9):

1) Buffer only.

2) 200 mM Inhibitor.

3) 0.5 M (25,35)-3-methylaspartic acid (200 mM Inhibitor added after 30 mins).
To each sample was added methylaspartase (100 mm’, 12 units, 0.15 mg, SA 80 U/ mg).
At various time intervals an aliquot (10 mm®) from each sample was removed and was

assayed.
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Inhibition of methylaspartase by phenylhydrazine (see section 5.2, Fig. 5.7)

A series of solutions (1 cm?) of phenylhydrazine hydrochloride over the
concentration range 0-20 mM in Tris buffer (Tris, 50 mM, pH 9) were prepared. An
aliquot of methylaspartase (25 mm°, 16.1 units, 0.076 mg, SA 208 U/ mg) was added to
each solution which was then incubated at 30 °C. At various times intervals an aliquot
(20 mm®) was removed from each incubation and the enzyme activity assayed under
standard conditions. A sample containing only buffer and enzyme was also assayed under

identical conditions.

Inhibition of methylaspartase by phenylhydrazine (substrate protection) (see section
5.2)

Methylaspartase (30 mm®, 20 units) was added to a solution of phenylhydrazine
hydrochloride (1 em®, 20 mM ) in Tris buffer (Tris, 50 mM, pH 9). To an aliquot of
enzyme (30 mm®, 20 units, 0.08 mg, SA 208 U/ mg) incubated in a solution of (25,3S)-3-
methylaspartic acid) (0.5M) for 1 h was also added phenylhydrazine hydrochloride to a
final concentration of 20 mM. At various times intervals an aliquot (20 mm®) was

removed and the enzyme was assayed and compared to a control, containing buffer only.

Inhibition of methylaspartase by phenylhydrazine (followed by reaction with acetic
anhydride) (see section 5.3.2)

Methylaspartase (25 mg, 2875 units, SA 115 units/ mg) was incubated with °N-

phenylhydrazine (100 mM) in potassium phosphate buffer (5 cm?, 100 mM, pH 9.0).
phosp



193 |

When inactivation was 50% complete (~8 hours), acetic anhydride was added (5 mm°)
and the mixture was stored at room temperature for 2 h. The resulting protein was
digested with trypsin (10 mg/ cm’, 1 mM calcium chloride, pH 7.8, 1% w/w). A second
aliquot of trypsin was added after 2 h (1% w/w). The reaction was quenched by addition
of acetic acid (1 drop) and the sample lyophilised and dissolved in deuterium oxide/

water (1:9, 600 mm®).

Effect of magnesium ion on inhibition of methylaspartase by phenylhydrazine (see
section 5.2)

A series of solutions of phenylhydrazine hydrochloride (1 c¢cm?® 0-20 mM)
containing magnesium chloride hexahydrate were prepared in Tris buffer (Tris, 50 mM,
pH 9). Methylaspartase was added to each solution (20 mm?®, 7.3 units, 0.035 mg, SA 217
U/ mg). At various time intervals an aliquot (20 mm®) was removed and assayed under

the standard conditions.

Effect of ammonium ion on inhibition of methylaspartase by phenylhydrazine (see
section 5.2)

A series of solutions of phenylhydrazine hydrochloride (1 cm?, 5, 10 and 20 mM)
were prepared in Tris buffer (Tris, 50 mM, pH 9) in triplicate. To each was added
ammonium chloride to a final concentration of 5, 20 or 40 mM. Each solution was

incubated at 30 °C and methylaspartase was added (20 mm®, 10 units, 0.045 mg, SA 217
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U/ mg). At various times intervals an aliquot (20 mm’) was removed from each

incubation, and the activity was assayed under standard conditions.

pH rate profile for inhibition of methylaspartase by phenylhydrazine (see section
5.2, Fig. 5.9)

A series of solutions of phenylhydrazine hydrochloride (20 mM) were prepared in
Tris buffer (Tris, 50 mM) over the pH range 9-11. Each solution was incubated at 30 °C
and methylaspartase (10 mm?, 22 units, 0.1 mg, SA 217 U/ mg) was added. At various
time intervals an aliquot (20 mm?®) from each incubation was removed and assayed for

activity under standard conditions.

Effect of mercaptoethanol on inhibition of methylaspartase by phenylhydrazine (+/-
1 mM) (see section 5.2, Fig. 5.11)

Two solutions of phenylhydrazine hydrochloride (1 ¢cm?®, 20 mM) in Tris buffer
(Tris, 50 mM, pH 9) were prepared. To one of these was added B-mercaptoethanol to a
final concentration of I mM. An aliquot of methylaspartase (50 mm?, 8.0 units, 0.037 mg,
SA 215 U/ mg) was added to each solution, and the solution incubated at 30 °C. At
various times intervals an aliquot (20 mm®) was removed from each incubation and the
enzyme activity was determined. A sample containing only buffer and enzyme was also

assayed under identical conditions.
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Effect of mercaptoethanol on inhibition of methylaspartase by phenylhydrazine
(varied (3-mercaptoethanol concentration) (see section 5.2, Fig. 5.14)

A series of solutions of phenylhydrazine hydrochloride (1 ¢cm’; 20 mM) were
prepared in Tris buffer (Tris, 500 mM, pH 9), along with a control containing only Tris
buffer (Tris, S00 mM, pH 9). To each solution was added B-mercaptoethanol in buffer to
a final concentration of 0.1-20 mM. Each solution was incubated at 30 °C and
methylaspartase (50 mm?®, 3.8 units, 8.8 pg, SA 215 U/ mg) was added to each
incubation. At various time intervals, an aliquot (50 mm®) from each incubation was

removed, and was assayed for activity under standard conditions.

Determination of the K; for phenylhydrazine in the presence of 3-mercaptoethanol
(see section 5.2, Fig. 5.15)

A series of solutions of phenylhydrazine hydrochloride (1 cm®; 5-40 mM) were
prepared in Tris buffer (Tris, 500 mM, pH 9). To each was added B-mercaptoethanol to a
final concentration of 2 mM. Each solution was incubated at 30 °C and methylaspartase
was added (50 mm’, 90 units, 0.4 mg, SA 225 U/ mg). At various time intervals an
aliquot (5 mm®) from each solution was removed and was assayed under standard

conditions.
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Effect of mercaptoethanol on enzyme activity after partial inhibition of
methylaspartase by phenylhydrazine (see section 5.2, Fig. 5.13)

Two solutions of phenylhydrazine hydrochloride (1 em’, 20 mM) were prepared
in Tris buffer (Tris, 500 mM, pH 9). To each solution was added methylaspartase (50
mm?>, 9.9 units, 0.046 mg, SA 215 U/ mg). At various time intervals an aliquot (50 mm3)
was removed from each incubation and assayed under standard conditions. When the
activity had fallen to ~ 25 % of the initial, an aliquot of B-mercaptoethanol (1 mm?, final
conc. 2 mM) was added to one of the incubations. The enzyme activity was measured for

each incubation. A second aliquot of mercaptoethanol (I mm®) was added after 30 min.

Effect of tribuytlphosphine on enzyme activity after partial inhibition of
methylaspartase by phenylhydrazine (see section 5.2, Fig. 5.17)

Two solutions of phenylhydrazine hydrochloride (5 cm®; 20 mM) in Tris buffer
(Tris, 50 mM, pH 9) were prepared and degassed under argon (5 mins). Methylaspartase
(100 mm’®, 4.0 units, 0.018 mg, SA 222 U/ mg) was added to each solution and each
solution was then incubated at 30 °C. At various times intervals an aliquot (20 mm?®) was
removed from each incubation and the enzyme activity was determined. A sample
containing only buffer and enzyme was also assayed under identical conditions. After
80% of the enzyme activity had been lost isopropanol was added to each of the solutions,
including the control. An aliquot of tributylphosphine (5 mm’, 4.5 mM) was added to one
of the solutions containing inhibitor and enzyme. At various time intervals an aliquot (20

mm?*) was removed from each incubation and the enzyme activity was measured.
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Effect of dithiothreitol on enzyme activity after partial inhibition of methylaspartase
by phenylhydrazine (see section 5.2, Fig. 5.16)

Two solutions of phenylhydrazine hydrochloride (5 cm?; 20 mM) in buffer (Tris,
50 mM, pH 9) were prepared. Methylaspartase (100 mm®, 4.0 units, 0.018 mg, SA 222 U/
mg) was added to each solution and each solution was then incubated at 30 °C. At
various times intervals an aliquot (20 mm’) was removed from each incubation and the
enzyme activity measured under standard conditions. A sample containing only buffer
and enzyme was also tested for activity. After 80% of the enzyme activity had been lost
dithiothreitol (final concentration, 1.6 mM) was added to one of the solutions containing
inhibitor and enzyme. At various time intervals an aliquot (20 mm3) was removed from

each incubation and the enzyme activity was measured.

Testing aniline as an inhibitor of methylaspartase (see section 5.2)

A series of solutions of aniline hydrochloride (1 cm®; 1-40 mM) were prepared in
Iris butfer (Iris, 500 mM, pH 9). To each incubation at 30 °C was added
methylaspartase (100 mm’, 40 units, 0.2 mg, 200 U/ mg). At various time intervals, an
aliquot (20 mm®) from each incubation was removed and the enzyme activity was

determined.
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Testing for enzyme-mediated generation of aniline during inhibition of
methylaspartase by phenylhydrazine (see section 5.3)
Two incubations were prepared as follows:
1) Phenylhydrazine hydrochloride (3 cm’, 2 mM) in Tris buffer (Tris, 50 mM, pH9)
2) Phenylhydrazine hydrochloride (2 cm®, 2 mM) in Tris buffer (Tris, 50 mM, pH 9)
and methylaspartase (1 cm’, 2400 units, 20 mg, SA 120 U/ mg)
Both solutions were incubated in the dark until there was no activity remaining in
solution 2. Both solutions were extracted into ethylacetate (2 x 10 cm?®), dried (MgSO0y)
and the solvent removed under reduced pressure. The samples were then re-dissolved in

ethylacetate (0.5 cm®) and analysed by gas chromatography.
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Chapter 7 : Appendices

7.1 Composition of synthetic culture medium

Amino Acid Weight (g/ L))
Alanine 0.90
Arginine 0.59
Aspartic acid 1.56
Glutamine 211
Glycine 0.45
Histidine 0.25
Isoleucine 0.53
Leucine 0.87
Lysine 0.74
Methionine 0.13
Phenylalanine 0.45
Proline 0.47
Serine 0.94
Threonine 0.58
Tyrosine 1.17
Valine 0.98
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Inorganic Weight (g/ L)
Component

K,;HPO4 1.8
KH,PO,4 1.4
MgS0,4.7H,0 1.0
CaCl, 0.011
NH,4CI 0.78
Glycerol 10.0
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