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AbstractÐThe mechanisms of the elimination of ammonia from (2S,3S)-3-methylaspartic acid, (2S)-aspartic acid and (2S,3R)-3-
methylaspartic acid, catalysed by the enzyme l-threo-3-methylaspartase ammonia-lyase (EC 4.3.1.2) have been probed using 15N-
isotope e�ects. The 15N-isotope e�ects for V/K for both (2S,3S)-3-methylaspartic acid and aspartic acid are 1.0246�0.0013 and
1.0390�0.0031, respectively. The natural substrate, (2S,3S)-3-methylaspartic acid, is eliminated in a concerted fashion such that the
Cb±H and Ca±N bonds are cleaved in the same transition state. (2S)-Aspartic acid appears to follow the same mechanistic pathway,
but deprotonation of the conjugate acid of the base for C-3 is kinetically important and in¯uences the extent of 15N-fractionation.
(2S,3R)-3-Methylaspartic acid is deaminated via a stepwise carbocationic mechanism. Here we elaborate on the proposed model for
the mechanism of methylaspartase and propose that a change in stereochemistry of the substrate induces a change in the mechanism
of ammonia elimination. # 1999 Published by Elsevier Science Ltd. All rights reserved.

Introduction

The enzyme 3-methylaspartase (3-methylaspartate
ammonia-lyase, EC 4.3.1.2) catalyses the reversible
elimination of ammonia from a number of acidic amino
acids,1 including the natural substrate l-threo-(2S,3S)-
3-methylaspartic acid, its diasteroisomer l-erythro-
(2S,3R)-3-methylaspartic acid and (2S)-aspartic acid
(Scheme 1).2,3 In common with phenylalanine and his-
tidine ammonia-lyase (other members of the true
ammonia-lyase family of enzymes), the mechanism of
methylaspartase is thought to proceed via a covalent
enzyme±substrate complex involving an electrophilic

dehydroalanine prosthetic group.4,5 For methylaspartase
it has been proposed that the dehydroalanine residue
results from a post-translational dehydration of Ser-
173.6 In the article immediately preceding this paper we
reported on the results of deuterium and solvent isotope
e�ect experiments along with studies of the irreversible
inhibitors N-ethylmaleimide and a range of hydrazine
analogues, designed to probe the mechanism and active
site structure of the enzyme.7

It was shown that at pH 9.0, or lower, the true-sub-
strates were protonated on nitrogen and that, following
the binding of the cofactor K+ ion, the alkylammonium
groups were deprotonated in a solvent-excluded pocket
by an active site base (B-2), Scheme 2. Subsequently, it
was proposed that the addition of the alkylamino group
to the b-(C-3)-methylene moiety of a dehydroalanine
resulted in the formation of a covalent enzyme±sub-
strate adduct. With the natural substrate, it was further
suggested that the antiperiplanar elimination of ammo-
nia occurred through the removal of the C-3 proton by
the base B-3, to give enzyme-bound mesaconic acid and
a 2,3-diaminopropionic form of the enzyme. It was also
proposed that protonation of the 3-amino group of the
2,3-diaminopropionic acid residue (by the conjugate
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acid of B-1) facilitated the elimination of ammonia,
allowing the re-formation of the dehydroalanine pros-
thetic group and the formation of a bound molecule of
ammonia. Following the protonation of ammonia, it
appeared that a potassium ion was released from the

active site to allow the non-ordered release of an am-
monium ion and mesaconic acid.

The group-speci®c chemical-modifying agent N-ethyl-
maleimide (NEM) was found to be an irreversible
inhibitor (KS=34.5mM, kinact=5minÿ1 in sodium
phosphate bu�er at pH 9.0) in accord with the ®nding
of Wu and Williams.8 Incubation of the enzyme with
substrate and the inhibitor, followed by dialysis, gave
an active modi®ed protein which was subsequently
inactivated with labelled NEM (N-[2-3H]-ethylmalei-
mide). A radiolabelled peptide was isolated (Ala-350±
Arg-366) and the site of modi®cation was determined to

Scheme 1.

Scheme 2.
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be Cys-361.7 In addition a second cysteine (Cys-357),
present in the only modi®ed peptide, was shown to be
protected throughout the NEM inactivation reaction.
The rate of inactivation by NEM was enhanced in the
presence of the cofactor, Mg2+, ions and protection
from inactivation was e�ected by either the substrate or
phosphate dianion. Further considerations led to the
proposal that Cys-361 might serve as the base (B-3) for
removal of the C-3 proton from the natural substrate. A
detailed analysis of primary deuterium isotope
e�ects7,9,10 indicated that the removal of the C-3 proton
occurred at equilibrium and required a base possessing
a low fractionation factor of �0.5±0.6.10±12 It was noted
that the result was consistent with a thiolate serving as
the base responsible for removal of the C-3 proton from
the natural substrate, further supporting the proposed
role of Cys-357.7

Hydrazines, in the presence of fumaric acid derivatives,
act as alternative substrates in the reverse reaction direc-
tion, however in their absence they lead to irreversible
inactivation.6,14,15 HPLC analysis of a tryptic digest for
nitrophenyl hydrazine inhibited enzyme, showed the
presence of a single band in UV absorbance at 360 nm.
Further analysis of the HPLC by Edman degradation
showed the presence of three peptide sequences, con-
sistent with a bis-disulphide linked tripeptide comprising
Gly-299±Lys-366 (GVDAELVADEWCNTVEDVK);
Ala-350±Arg-366 (ANGMGAYCGGTCNETNR) and
Ser-367±Arg-381 (SAEVTTNIGMACGAR). In the
absence of hydrazines no disulphides were formed.7,8 In
order to explain the protection of Cys-357 from NEM
inhibition and the presence of disulphides with hydra-
zines, it was suggested that the enzyme, in the absence
of substrate, exists in a closed protected form. Under
such circumstances Cys-357 could, reversibly, form an
internal thioether cross-link with the dehydroalanine
prosthetic group, thereby, protecting it from modi®ca-
tion by NEM. The ®rst step in the reaction scheme
would then require cleavage of the thioether cross-link,
presumably accompanied by a conformational change
and substrate binding. This would give a free dehy-
droalanine Michael acceptor and an active site thiolate
anion which, it was proposed, might be able to serve as
the base (B-2), responsible for removal of a proton from
the (now bound) N-protonated substrate. To account
for the formation of disulphides it was suggested that
hydrazines were capable of oxidising one of the Cys
residues in Ala-350±Arg-366 to give an R-N-S-R0 spe-
cies, in which the N-atom could be displaced by S-
nucleophiles from other Cys residues, to result in the
formation of the observed bis-disulphide tripeptide.7

The natural (2S,3S)-enantiomer of the substrate is
known to undergo exchange at C-3 with the bulk sol-
vent at a rate greater than that for deamination under
certain conditions,10 however the disatereoisomer, l-
erythro-(2S,3R)-3-methylaspartic acid, does not display
C-3 hydrogen exchange.2,16 These ®ndings prompted an
investigation into the kinetic signi®cance of Ca±N bond
cleavage for both diastereomers. Here we describe the
results of 15N-fractionation studies designed to probe
Ca±N bond cleavage in three di�erent substrates and to

detect 15N/14N isotope fractionation-sensitive chemical
steps that might be involved in formation of the cova-
lent enzyme±substrate complexes.

Results

(2S,3S)-3-Methylaspartic acid

The fraction of the reaction and the 15N/14N-atom
ratios in the substrate and in the product used for the
calculation of 15(V/K) and 15(V/K)D for (2S,3S)-3-
methylaspartic acid in, one experiment at pH 9.0, in
water, are given in Table 1. The deduced 15N-isotope
e�ects are given in Table 2, where each entry represents
the average of at least three experiments/isotope ratio
determinations, see Experimental Section. The nitrogen
isotope e�ects are all for V/K where the trailing sub-
script refers to the isotope of hydrogen at C-3 in the
substrate (H or D) and in the solvent, where S refers
to the use of deuterium oxide. At pL 9.0 15(V/K) for
the unlabelled substrate, 15(V/K)H, is large at
1.0246�0.0013 and the value of 15(V/K)D for the C-3
deuteriated substrate is almost identical. In deuterium
oxide 15(V/K)HS is 1.0197�0.0014 and is suppressed
compared to 15(V/K)H. However, 15(V/K)DS for the
deuteriated substrate is larger than 15(V/K)HS indicating
that the presence of deuterium at C-3 increases the
importance of a nitrogen sensitive step in the presence
of deuterium oxide. At pL 9.4 all of the 15(V/K) values
are suppressed relative to the sizes at pL 9.0, see Figure
1, but other kinetic di�erences are also apparent. In
water at pL 9.4 the small value of 15(V/K)H increases
upon the introduction of deuterium at C-3. In deuter-
ium oxide 15(V/K)HS is larger than 15(V/K)H indicating
possibly that the motion of a solvent derived hydrogen
atom is associated with a transition state involving bond
cleavage/formation with the heavy atom, see discussion
below. There is no large e�ect on the nitrogen fractio-
nation upon introducing deuterium at C-3 at pL 9.4 and
the value of 15(V/K)DS is the same as that for 15(V/K)HS

within the error of the experiments.

Table 1. Full data for 15(V/K) isotope e�ect determinations for the
deamination of (2S,3S)-3-methylaspartic acid and (2S,3S)-[3-2H]-3-
methylaspartic acid in water at pH 9.0a

Substrate Concentration
(mM)

fb/% R 15(V/K) Isotope
e�ect

H-Me Asp 0.17 22.6 0.3641 1.02430
(R0=0.37180) 0.20 18.0 0.3633 1.02607

0.17 24.0 0.3644 1.02355
Average=

1.0246�0.0013

D-MeAsp 0.17 17.8 0.3611 1.02530
(R0=0.36937) 0.20 23.4 0.3619 1.02365

0.17 16.9 0.3619 1.02330
0.17 23.0 0.3617 1.02423

Average=
1.0241�0.0009

aIncubations (10mL) carried out at 30�0.1 �C in 0.5M Tris (pH 9.0)
with 0.02M MgCl2, 0.001M KCl and substrate.
bMeasured as increase in optical density at 240 nm.

D. Gani et al. / Bioorg. Med. Chem. 7 (1999) 977±990 979



At pL 9.0 and in the presence of a high concentration of
potassium ion (50mM), the value of 15(V/K) of 1.0222
is similar to that at 1mM K+ ion but is depressed when
deuterium is present at C-3, to a value of 1.0150. This
result suggests that the deuterium atom can also exert
an e�ect on a step other than one which causes a frac-
tionation of the heavy atom, see discussion below.

At pL 6.5 where solvents isotope e�ects are now known
to be small,7 15(V/K)H is 1.0255�0.0011 in water. The
C-3 deuteriated substrate gives a value for 15(V/K)D of
1.0417�0.0010 clearly indicating that the nitrogen
fractionation under these conditions occurs in a deuter-
ium sensitive step.

(2S)-Aspartic acid

The deduced 15N-isotope e�ects for (2S)-aspartic acid
are given in Table 3. At pL 9.0 in water 15(V/K)H for the
unlabelled substrate is large at 1.0390�0.0031 and the
value of 15(V/K)D for the C-3 deuteriated substrate is

smaller at 1.024�0.0023. This indicates that a deuter-
ium sensitive step does not occur on the same step (or
steps) which cause the signi®cant heavy atom fractio-
nation. Note that the substrate does not display pri-
mary deuterium isotope e�ects upon V or V/K under
these conditions. In deuterium oxide 15(V/K)HS is
1.0197�0.0014 and is suppressed compared to 15(V/
K)H (1.0213�0.0044). However, 15(V/K)DS is larger
than 15(V/K)HS indicating that in deuterium oxide the
fractionation of the heavy atom is greater in the pre-
sence of deuterium at C-3 of the substrate. At pL 9.4 in
water 15(V/K)H is 1.0213�0.044 and is reduced com-
pared to its value at pL 9.0, as is the case for the natural
substrate. 15(V/K)D (1.021�0.0023) possesses a similar
value and no change in the fractionation of the heavy
atom is caused by the introduction of deuterium at C-3.

(2S,3R)-3-Methylaspartic acid

The deduced 15N-isotope e�ects for (2S,3R)-3-methyl-
aspartic acid at pL 9.0 in water are 15(V/K)=
1.0050�0.0023 for the unlabelled substrate and 15(V/K)D
=1.0058�0.0028 for the C-3 deuteriated substrate
which are the same within experimental error. The
slightly larger value of 15(V/K)D might be interpreted to
indicate that the deuterium sensitive step occurs on the
same step that causes heavy atom fractionation and is
rate limiting, because the substrate displays very large
primary deuterium isotope e�ects upon V or V/K under
these conditions. However the absolute values of 15(V/
K) are too low to be consistent with a concerted
mechanism, see discussion below.

Discussion

Aspartase and phenylalanine ammonia-lyase have been
shown to operate via a stepwise carboanionic mechan-
ism in which the removal of the 3-pro-S hydrogen
occurs before C±N bond cleavage,17 Scheme 3. Pre-
viously we showed that methylaspartase displayed a
primary deuterium isotope e�ect for removal of the C-3
proton from both (2S,3S)-3-methylaspartic acid and
(2S,3S)-3-ethylaspartic acid but not for (2S)-aspartic
acid.9,18 We further showed that for (2S,3S)-3-methyl-
aspartic acid the fractionation of 15N/14N increased very
signi®cantly upon the introduction of deuterium at C-3
at low pH and interpereted this result in favour of a
concerted mechanism.19 At the time we were unaware
that the enzyme might operate via a covalent amino-
enzyme intermediate but were aware that a simple
elimination mechanism could not account for all of the
observed kinetic properties of the system. Unaccounted

Table 2. Nitrogen isotope e�ects for the deamination of (2S,3S)-3-
methylaspartic acid

Solvent Substrate pL [K+] Isotope e�ect

1. H2O H-MeAsp 9.0 1.0 15(V/K)H=1.0246�0.0013
2. H2O D-MeAsp 9.0 1.0 15(V/K)D=1.0241�0.0009
3. D2O H-MeAsp 9.0 1.0 15(V/K)S=1.0197�0.0014
4. D2O D-MeAsp 9.0 1.0 15(V/K)SD=1.0274�0.0006
5. H2O H-MeAsp 9.0 50.0 15(V/K)H=1.0222�0.0022
6. H2O D-MeAsp 9.0 50.0 15(V/K)D=1.0150�0.0013
7. H2O H-MeAsp 9.4 1.0 15(V/K)H=1.0032�0.0001
8. H2O D-MeAsp 9.4 1.0 15(V/K)D=1.0051�0.0010
9. D2O H-MeAsp 9.4 1.0 15(V/K)S=1.0105�0.0049
10. D2O D-MeAsp 9.4 1.0 15(V/K)SD=1.0078�0.0027
11. H2O H-MeAsp 6.5 1.0 15(V/K)H=1.0255�0.0014
12. H2O D-MeAsp 6.5 1.0 15(V/K)D=1.0417�0.0010

Figure 1. pL Dependence of 15N-isotope e�ects on pL for the deami-
nation of (2S,3S)-3-methylaspartic acid. 15(V/K)H (*) and 15(V/K)D
(�) in water and 15(V/K)S (*) and 15(V/K)SD (~) in deuterium oxide.

Table 3. Nitrogen isotope e�ects for the deamination of aspartic acid

Solvent Substrate pL Isotope e�ect

1. H2O H-Asp 9.0 15(V/K)H=1.0390�0.0031
2. H2O D-Asp 9.0 15(V/K)D=1.0240�0.0023
3. D2O H-Asp 9.0 15(V/K)S=1.0168�0.0057
4. D2O D-Asp 9.0 15(V/K)SD=1.0255�0.0035
5. H2O H-Asp 9.4 15(V/K)H=1.0213�0.0044
6. H2O D-Asp 9.4 15(V/K)D=1.0210�0.0018
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for, or, poorly accounted for features included the
observation of solvent hydrogen exchange into the C-3
position of the substrate which varied with pH di�er-
ently to the rate of deamination; the pH independence
of the primary isotope e�ects for exchange and deami-
nation; and the parallel line patterns obtained for dou-
ble reciprocal plots of initial rate versus substrate
concentration at di�erent Mg2+ ion concentrations.10

Moreover, only at low pH did the introduction of deu-
terium at C-3 of the substrate lead to a signi®cant
increase in the extent of 15N/14N fractionation.19 The
further ®nding that hydrazines could irreversibly inacti-
vate the enzyme prompted the consideration of more
complex mechanisms involving a dehydroalanine resi-
due and the formation of covalent amino-enzyme inter-
mediates.6,14,15,20 In the previous article it was shown
that a substituted enzyme mechanism is able to accom-
modate many of the properties of the system that did
not ®t in with simple elimination mechanisms, see
Scheme 2. However, it was also evident that the added
complexity of the substituted enzyme mechanism which
also incorporates steps for the deprotonation of the
electrophilic dehydroalanine residue and reformation of
an internal thioether linkage (Scheme 2), precluded a
simple interpretation as to upon which steps both pri-
mary deuterium and solvent isotope e�ects are expres-
sed. Here we use nitrogen isotope e�ects to probe the
processing mechanisms in an attempt to construct a
uni®ed scheme for the reaction sequence and gain an
understanding of the 3-D environment of the active site.

15N-Isotope e�ects

(2S,3S)-3-Methylaspartic acid. The 15N-isotope e�ects
for V/K observed for (2S,3S)-3-methylaspartic acid are
given in Table 2. Interpretation of the data is extremely
di�cult because V/K isotopes provide information on
the reaction mechanism from the time the labelled sub-
strate binds up until the time that the ®rst irreversible
step occurs, usually release of the ®rst product. For
methylaspartase we have shown that the products are
released late in the reaction sequence and, apparently, at
the same time.10 The enzyme operates by a complex
substituted amino-enzyme mechanism where no less
than six of the steps, leading to the release of the products,
involve making or breaking bonds with the N-atom of the
amino group derived from the substrate.7 Moreover, it
is evident from the discussion in the preceding article
that the reaction displays signi®cant solvent hydrogen
exchange activities with the C-3 proton of the substrate

and appears to catalyse all of its chemistry below pH 9.0
in a closed, solvent inaccessible form. It is, therefore,
apparent that, under such conditions, the dissociation of
the products from solvent hydrogen-exchanged central
complexes is slower than partitioning through reverse
steps, resulting in the release of solvent-exchanged sub-
strate.7 Hence, with the natural substrate, the reaction
will show very large reverse commitments to the step for
the removal of the C-3 proton and/or the Ca±N bond
cleavage step in the substrate, regardless of whether the
actual chemical mechanism is concerted or stepwise.

The interpretation of the 15N-isotope e�ect data is made
even more di�cult by the fact that intrinsic 15N-kinetic
isotope e�ects (k(14N)/k(15N)=

15k), are of the same
magnitude as those for the 15N-equilibrium isotope
e�ects (15kFor/

15kRev=
15Keq), in contrast to those for

deuterium which show much larger kinetic isotope,
rather than equilibrium isotope, e�ects. However, by
using 15N-isotope e�ect data in conjunction with pH
variation, alternative substrates and the use of deuter-
ium isotope e�ects (double isotope fractionation) it is
possible to gain further information on the system
without necessarily quantifying every single rate con-
stant in the rate equation. Double isotope fractionation
experiments have proved to be extremely powerful in
unravelling the complexities of multi-step reactions17,21±
23 although interpretations are usually simpler than for
the methylaspartase system because fewer steps report
on the heavy isotope fractionation.

The 15(V/K) isotope e�ect for the simpli®ed concerted
mechanism (Scheme 2), developed in the previous arti-
cle, is given by eq (1).

15�V=K� ��15k11
15K7

15K9 � ��k11=k10��15k9 � �k9=k8�
�15k7 � �k7=k6��1� k5K

�=k4����
� �15K7

15K9
15K11�k12=k13�

�15k13 �15K13�k14=k15��15k15 �15K15�k16=k17�
�15k17 �15K17�k18=k19�
�1� k20K

�=k21�����
	
=�1� Cf � Cr�

�1�

where Cf � �k11=k10��1��k9=k8��1��k7=k6��1� k5K
�=

k4���, and where Cr � �k12=k13��1� �k14=k15��1�
�k16=k17��1� �k18=k19��1� k20K� =k21����.

For 15(V/K)D, k11 in the numerator and denominator of
eq (1) should be divided by the intrinsic deuterium iso-
tope e�ect for C-3 deprotonation, Dk11. In addition, k12
in the numerator and denominator of eq (1) should be
divided by the intrinsic deuterium isotope e�ect for C-3
deprotonation, and multiplied by the deuterium equili-
brium isotope e�ect, DKeq.

21±23

The equation assumes that the enzyme amination/dea-
mination steps are not associated with coupled proto-
nation/deprotonation and also that the hydrogen that is
removed by base B-3 (to give the conjugate acid as was
discussed in the preceding article) does not display an

Scheme 3.
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isotope e�ect for deprotonation. The latter issue and the
in¯uence of possible conformational changes are con-
sidered below.

The term 15k11
15K7

15K9 should be normal and approxi-
mately equal to 15k11. The value of

15k11 must be normal
and therefore larger than 15K11, which is the equilibrium
isotope e�ect for the deamination of the substrate{ and
should possess a value of 1.033 as deduced by Hermes et
al.,17 see Figure 2. 15K7 is the equilibrium isotope e�ect
for deprotonation of the amino group of the substrate
and, by analogy to the phenylalanine ammonia-lyase
system, should possess a value of 1.0167.17 15K9 is the
equilibrium isotope e�ect for amination of the dehy-
droalanine residue and should be inverse with a value of
0.979.17 Thus, 15K7

15K9 should be very close to unity
and equal to 0.995. The rates of hydrogen exchange,
which are discussed in the preceding paper, indicate that
the reverse commitment is much larger than Cf, there-
fore, we will assume that at low K+ ion concentration,
the in¯uence of Cf is small and insigni®cant. The terms
in Cr, however, are both complex and signi®cant. The
product 15K7

15K9
15K11 multiplies all terms in Cr in the

numerator of eq (1) and should possess a value of 1.027.

The ratio k12/k13 may be less than 1.0 because step 13 is
an amino-enzyme protonation step. The intrinsic iso-
tope e�ect 15k13 should be just normal (�1.005), see
discussion below, but the equilibrium isotope e�ect
15K13 would be inverse (0.984).17 Thus, if the deproto-
nation of the product, represented by k14, was much
larger than the rate constant k15 for the elimination of
ammonia (to regenerate the dehydroalanine moiety), the
value of 15(V/K) would be suppressed. The intrinsic
isotope e�ect 15k15 would be large and normal and
greater than the equilibrium isotope e�ect (15K15) for
the step (1.033). However, step 16 Scheme 2 (re-amina-
tion of the enzyme), would not be expected to be faster
than the protonation of ammonia, step 17, so that the
contribution of 15K15 could be quite small. Finally, the
value of 15k17 for the protonation of ammonia would be
�1.000 while the value of 15K17 is known to be strongly
inverse at �0.980,17 see Fig 2. If either step 18, the
deprotonation of the ammonium ion is faster than the
release of K+ ion (step 19), which is surely the case, or
the rebinding of K+ ion (k20K

+) is faster than the
release of the ®rst product (k21), (which it must be at
high K+ concentration) the in¯uence of the inverse
equilibrium isotope e�ect, 15K17, would be large. Thus,
one might expect to observe small normal values, or
even inverse values, for 15(V/K) if both 15K13 and

15K17

dominate in the term for Cr in the numerator of eq (1).

Four ``probes'' can be used to interrogate the impor-
tance of terms in Cr. First, the e�ect of introducing a
deuterium atom at C-3 can be examined, as alluded to
above. Second, deuteriated solvent can be used. Third,
the concentration of the monovalent metal ion activator
can be varied; and fourth, alternative substrates can be
employed. In addition, the pL of the solutions can be
varied and the probes can be used in combination,
where appropriate.

The observed 15N-isotope e�ects for (2S,3S)-3-methyl-
aspartic acid, Table 2, show that at pL 9.0 15(V/K) for
the unlabelled substrate (15(V/K)H) is large at
1.0246�0.0013. The value of 15(V/K)D is identical,
within experimental error, which might be expected to
indicate that the reaction mechanism is not step-wise
carbanionic or carbocationic. If this were not the case,
the presence of deuterium would be expected to increase
the reaction commitments to all of the 15N-sensitive
steps and reduce the observed value of 15(V/K). For a
concerted reaction where the transition state for C±H
bond cleavage is the same as for C±N bond cleavage,
the value of 15(V/K)D should increase, unless the step is
already cleanly rate determining.21 This is clearly not
the case for the threo-substrate where DV and D(V/K)
are 1.7 and are dominated by large reverse reaction
commitments to the deuterium sensitive step which
should be identical to those de®ned for Cr in eq (1).
Thus, there appear to be two e�ects due to the presence
of deuterium which balance under the reaction condi-
tions. One which enhances 15N-fractionation and a
second e�ect which suppresses 15N-fractionation and
which must occur on a non-15N-sensitive step, see
below.

In deuterium oxide at pL 9.0, 15(V/K)S is 1.0197�
0.0014 and is slightly suppressed in value compared to
15(V/K)H. For a concerted reaction, the result is con-
sistent with the observed reduction of the size of the C-
3 primary isotope e�ects in deuterium oxide [DVS�D(V/
K)S=1.0] compared to that in water [DV=D(V/
K)=1.7] as was shown in the preceding article. Toge-
ther the results indicate that the solvent deuterium iso-
tope e�ects are expressed on steps other than those

{The equilibrium isotope e�ect 15Keq for the elimination of ammonia
from a protonated monoalkylammonium ion to give an alkene and
neutral ammonia is 1.033.17 This value contains two components, one
for dealkylation of the N-atom to give ammonium ion
15KDealk=1.0138 (determined for the Asp�Fumarate+NH4

+equili-
brium17) and one for the deprotonation of ammonium ion 15KDeprot

=1.019.17 Hermes et al. found that 15Keq for the deprotonation of the
N-atom from phenylalanine was 1.016717 which indicates that the
dealkylation of a neutral monoalkylamine should possess an equili-
brium isotope e�ect of 1.0161, see Figure 2.

Figure 2. Summary of 15N equilibrium isotope e�ects17 used to esti-
mate the importance of chemical steps in the methylaspartase system.
Values for reverse steps are given in parenthesis.
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associated with nitrogen fractionation. Thus, the ami-
nation of the enzyme by the substrate and the deami-
nation of the amino enzyme appear to be step-wise
processes. If they were concerted, the value of 15(V/K)S
should increase because the deuterium solvent isotope
e�ects at pL 9.0 are signi®cant at 3.11 for DV and 3.46
for D(V/K).7 15(V/K)SD for the deuteriated substrate is
larger than 15(V/K)SH indicating that the presence of
deuterium at C-3 increases the importance of a nitrogen
sensitive step (step 11) in the presence of deuterium
oxide. Thus, the in¯uence of the second e�ect which
suppresses the size of the increase in 15N-fractionation
in the presence of a C-3 deuterium atom is decreased in
deuteriated solvent.

At pL 9.4 all of the 15(V/K) values are suppressed rela-
tive to the sizes at pL 9.0. This observation is in accord
with the removal of the term 15K7 for the deprotonation
of the substrate in eq (1) as, in this case, the unproto-
nated amino group of the substrate adds directly to the
dehydroalanine residue. Since Cf is small compared to
Cr, the reduction in the size of 15(V/K) at pL 9.4 should
be substantial, as is observed (see Fig. 1), since the term
is a component of Cr. It is interesting to note that very
similar e�ects in the reduction of the values of 15(V/K)
with increasing pH, were observed for the phenylalanine
ammonia-lyase system, although the sizes of the 15N-
isotope e�ects were somewhat smaller.17

For methylaspartase, other kinetic di�erences are also
apparent upon increasing the reaction pL from 9.0 to
9.4. In water the small value of 15(V/K)H increases upon
the introduction of deuterium at C-3, which is as
expected for a concerted reaction. This result is also
consistent with results discussed in the preceding article
which show that although the solvent isotope e�ect for
V/K was suppressed (relative to that for V) at pL 9.4,
the magnitude of the primary deuterium isotope e�ect
D(V/K) was not.7 As noted above in the Results section,
the e�ect upon the nitrogen fractionation of introducing
deuterium at C-3 is small and the values of 15(V/K)SD
and 15(V/K)SH are the same within the error of the
experiments.

At pL 6.5 where the activity of the enzyme is low and
both V and V/K are small at 1mM K+ ion,7,10 15(V/
K)H is 1.0255�0.0011 in water. The C-3 deuteriated
substrate gives a value for 15(V/K)D of 1.0417�0.0010
clearly indicating that the nitrogen fractionation under
these conditions occurs in a deuterium sensitive step.
Indeed, collectively all of the 15(V/K) isotope e�ects are
consistent with the concerted elimination of the amino-
enzyme from the covalent enzyme±substrate complex
since the introduction of deuterium at C-3 maintains or
increases the extent of 15N-fractionation. However, it is
not clear why the values of 15(V/K)D do not always
increase above those for 15(V/K)H, since the concerted
step is not cleanly limiting. As noted above, a second
e�ect which reduces 15N-fractionation seems to express
itself upon the introduction of deuterium at C-3 under
certain conditions (when V and V/K are large) and evi-
dently, the kinetic model for the mechanism needs fur-
ther re®nement. Some clues come from the experiments

conducted at high K+ ion concentration, discussed
below and from the results obtained in deuterium oxide
at pL 9.0 noted above.

At pL 9.0 and in the presence of 50mM K+ ion, where
it is known that the primary deuterium isotope e�ects
upon Vmax and V/K are 1.0 and are completely sup-
pressed,10 the value of 15(V/K)H is 1.0222�0.0022
which is close to the value of 1.0246 obtained at 1mM
K+. Clearly, K+ ion must suppress the deuterium iso-
tope e�ects by increasing Cf (as was originally pro-
posed),10 but this result highlights the fact that the terms
for Cr are not the same for the calculation of primary
deuterium isotope e�ects as for those required for the
calculation of primary 15N-isotope e�ects. Thus, K+

ion binds to the product complex (in the reverse reac-
tion direction) before the labelled product (15N-ammo-
nium ion) has been released from the enzyme such that
Cr for the calculation of 15(V/K) isotope e�ects is
increased by increasing concentrations of K+ ion.
However, when K+ ion is released in the forward reac-
tion direction, the deuterium label derived from C-3 of
the substrate can equilibrate with the solvent (this gives
rise to the exchange reaction) and the label is irrever-
sibly lost. Therefore, increasing K+ concentrations
cannot increase Cr in the equations for DV and D(V/K),
eqs (2) and (3) below, and the K+ dependent term in Cr

(but not in Cf) for
D(V/K) needs to be removed.7

D�V=K� � 1:7 �
Dk� Cf �DKeq�Cr�

1� Cf � Cr
�2�

DV � 1:7 �
Dk�CVf �D keq�Cr�

1� CVf � Cr
�3�

Most intriguingly at 50mM K+ the nitrogen isotope
e�ect is depressed from 1.0222 to 1.0150 by the presence
of deuterium at C-3. This result indicates that the deu-
terium atom is exerting an e�ect on a step which is not
causing the fractionation of the heavy atom and this
must be associated with the transfer of deuterium from
the conjugate acid of B-3 to another site. This appears
to provide an explanation as to why the full e�ect of
increasing the 15N-fractionation for the concerted step is
suppressed upon the introduction of deuterium at C-3
of the substrate (i.e., why for the deuterated substrate,
15(V/K) did not increase as much as was expected at pL
9.0). This chemistry coincides with the requirement to
return the enzyme to the correct protonated form to
process a new substrate molecule where B-3 is a base
and B-1 is an acid, Scheme 2. The process could occur
immediately after the protonation of the ammonia,
(which is produced upon the deamination of the 2,3-
diaminopropionic acid residue), see Scheme 4 below.
The consequent reduction in the rate of deuteron trans-
fer from the conjugate acid of B-3 would then bring the
step for ammonia protonation into equilibrium. The
15K17 isotope e�ect is inverse (0.980) and its increased
importance would decrease the 15(V/K) isotope e�ect,
eq (4). Note that this reaction, the transfer of deuterium
from the acid B-3 to B-1 could be essentially irrever-
sible if the conjugate acid of B-1 is a monodeuteriated
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e-ammonium Lys side-chain, as was suggested in the
preceding article. This is because the two hydrogens
could compete with back-transfer of deuterium to the
thiolate group and because the value of DKeq for the
transfer of deuterium from an alkyl ammonium group
to a thiolate is �2.4.24,25 Thus, the e�ect of the deuter-
ium transfer from B-3 could be, solely, to slow the for-
mation of a complex that could release K+ ion. It seems
likely that any conformational changes that should
occur to allow the conjugate acid of B-3 to contact the
base B-1 must occur before the hydrogen transfer, sim-
ply because B-1 and B-3 must reside on opposite faces
of the bound mesaconic acid (at least up until the time
that the diaminopropionic acid residue eliminates

ammonia). This ®ts in well with the notion, proposed in
the preceding article, that the dehydroalanine moiety is
protected through an internal thioether cross-link, since,
following the protonation of the nascent ammonia by
the conjugate acid of B-1, the nucleophilic form of B-2
could attack the dehydroalanine residue to give a thioe-
ther and cause the conformational change required to
facilitate a B-3 to B-1 proton transfer.

Scheme 4 shows the fully re®ned mechanism with all
proton transfers and conformational change steps. The
scheme gives rise to eq (4), which is modelled on all of
the experimental observations that we know of to date
for the natural substrate, (2S,3S)-3-methylaspartic acid,

Scheme 4.
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and di�ers from eq (1) in possessing terms for the
internal proton transfer steps and for conformational
changes.

15�V=K� ��15k11
15K7

15K9 � ��k11=k10��15k9 � �k9=k8�
�15k7 � �k7=kTE��1� �kDe=k6�
�1� k5K

�=k4����� � �15K7
15K9

15K11�k12=k13�
�15k13 �15K13�k14=k15��15k15 �15K15�k16=kTE�
�15k17 �15K17�kDe=k17��1� �k18=k19�
�1� �k20 � =k21�
�1� �k22K

�=k23��������
	
=�1� Cf � Cr�

�4�

where Cf � �k11=k10��1� �k9=k8��1� �k7=kTE��1�
�kDe=k6��1� k5K

�=k4����, and; where Cr � �k12=k13�
�1� �k14=k15��1� �k16=kTE��1� �kDe=k17��1� �k18=k19�
�1� �k�20=k21� �1� �k22K

�=k23�������.

In eq (4) conformational changes are represented by kTE
and kDe for the formation of the thioether (TE) and
dehydroalanine (De) forms of residue 173, respectively.
As for eq (1) (for 15(V/K)D), k11 in the numerator and
denominator of eq (4) should be divided by the intrinsic
deuterium isotope e�ect for C-3 deprotonation (Dk11),
and k12 in the numerator and denominator of eq (1)
should be divided by the intrinsic deuterium isotope
e�ect for C-3 deprotonation (Dk11) and multiplied by
the deuterium equilibrium isotope e�ect (DKeq). Addi-
tionally, the rate constant k19 for the deprotonation of
the conjugate acid of B-3 should be multiplied by the
intrinsic isotope e�ect (Dk19) in Cr. If the proton trans-
fer gives a monodeuteriated polyprotic alkylammonium
group, such that it is essentially irreversible, the equa-
tion requires no further corrections and the reverse
commitment will be increased by Dk19, which could be
as large as 3.0.

In conclusion, the natural substrate forms a covalent
enzyme±substrate complex which undergoes elimination
via a concerted mechanism. The concerted step is
¯anked by other slow steps and the reaction shows a
primary deuterium equilibrium isotope e�ect consistent
with the operation of a thiolate base at C-3 of the sub-
strate. The unequal magnitude of the forward and
reverse reaction commitments vary over the pL range
6.5 to 9.0 and the large reverse commitment is not solely
due to product release. The enzyme releases its pro-
ducts in competition with the rebinding of the acti-
vator, K+, and thus displays C-3 hydrogen exchange
with the solvent.

(2S)-Aspartic acid. The 15N-isotope e�ects for V/K
observed for (2S)-aspartic acid are given in Table 3. At
pL 9.0 15(V/K)H is large at 1.0390�0.0031. Aspartic
acid does not display primary deuterium isotope e�ects
in water at pH 9.07 but the value of 15(V/K)D is
1.0240�0.0023, signi®cantly lower than in the absence
of deuterium at C-3. It appears that the elimination of
ammonia from the substrate is step-wise. However, ®rst

it is necessary to consider whether the transfer of deu-
terium from the conjugate acid of B-3 might be causing
the depressed valued of 15(V/K). Aspartic acid shows a
very high C-3 exchange rate of 16.0 at pH 9.0 (measured
as tritium wash-in).7 In deuterium oxide the values of
DVS and D(V/K)S are signi®cant at 2.0 and 1.7, respec-
tively. It would appear that exchange of deuterium from
the acid B-3 to B-1 is responsible for the isotope e�ects
in deuterium oxide and that in water, the transfer of
deuterium is masked by the equilibration with other
protons on the polyprotic base B-1. The e�ect of sup-
pressing the 15N-fractionation should be reduced in
deuterium oxide where the polyprotic base would be
deuteriated and would transfer back in the reverse step
the same isotope of hydrogen that it received. For
example, if protium was transferred from a thiol to a
dideuteriated alkylamino group, protium should be
transferred back, (due to the low fractionation factor
for thiols) and if deuterium was transferred to the same
dideuteriated alkylamino group, deuterium must be
transferred back. In deuterium oxide 15(V/K)SD was
1.0255 and, therefore larger than 15(V/K)SH (1.0168)
which is, indeed, consistent with the result obtained for
the natural substrate and indicative of a concerted
mechanism. At pL 9.4, the presence of deuterium at C-3
did not alter the value of 15(V/K). Nevertheless, the
value for the non-deuteriated substrate was lower than
at pL 9.0, in accordance with the expected deprotona-
tion of the ammonium group of the substrate and the
removal of the term for the equilibrium isotope e�ect
(15K7), from eq (4). Further analysis is not possible for
the (2S)-aspartic acid system as the isotope e�ects and
exchange reactions were not investigated at lower pH.
Nevertheless, it is clear that the release of products from
the enzyme±product complex is very slow compared to
the rebinding of K+ and progression through all of the
reverse steps to substrate release, because the exchange
reaction is so facile. In broad terms the reaction seems
to follow the same pathway as for the natural substrate,
Scheme 4, except at high pL when some syn-elimination
may occur as is observed with the erythro-substrate,
(2S,3R)-3-methylaspartic acid.

(2S,3R)-3-Methylaspartic acid. The erythro-substrate is
processed very slowly via a syn-elimination mechanism
and displays massive primary deuterium isotope e�ects
of �7.0 and 4.0 for V and V/K, respectively, at low and
high K+ concentration.2,7,16 Thus, there is a small for-
ward reaction commitment but, the elimination step is
cleanly rate limiting and V re¯ects the full value of the
intrinsic deuterium isotope e�ect. In the previous article
it was suggested that the substrate reacted with an
anionic form of the enzyme where both B-3 and B-1 are
in their basic form. It was of interest then, to determine
the 15N-isotope e�ects for the substrate to see if the syn-
elimination process was also concerted. The reaction
displayed a 15(V/K) isotope e�ect of 1.0050�0.0023 for
the unlabelled substrate whilst the C-3 deuteriated sub-
strate gave a slightly larger value for 15(V/K)D of
1.0058�0.0028. These values originally appeared to be
very low because the reaction does not display a C-3
hydrogen exchange reaction and because only Cf is sig-
ni®cant in the calculation of the reaction commitments
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for the primary deuterium isotope e�ects, eqs (2) and
(3).

Scheme 4 and eq (4) are inappropriate for the syn-elim-
ination reaction because B-3 is not used as a base. As
there is no substrate C-3 hydrogen exchange activity
and Cr in eqs (2) and (3) and CVf in eq (3) must be near
zero at 1mM K+, the value of Cf can be calculated
quite accurately. Scheme 2, however, appears to be sui-
table to model a concerted elimination. Thus, substitut-
ing the values of Dk derived from DV (7.15)2,10 into eq
(2) gives Cf=1.6 at 1mM K+ ion concentration. The
value for the forward commitment should be the same
as for the 15N-isotope e�ect, eq (1), and since there are
no reverse commitments, eq (1) simpli®es to give eq (5).

15�V=K� ��15k11
15K7

15K9 � ��k11=k10��15k9 � �k9=k8�
�15k7 � �k7=k6��1� k5K

�=k4����
	
=�1� Cf �

�5�

where Cf � �k11=k10��1��k9=k8��1��k7=k6��1� k5K
�=

k4��� � 1:6:

The value of 0.995 for 15K7
15K9 has been considered

above (15K7=1.0167;15K9=0.979) and is totally appro-
priate for the erythro-substrate, if it is protonated. Since
15(V/K) is small at 1.005, it is evident that the substrate
is not protonated and reacts directly in its unprotonated
form with the dehydroalanine residue. Thus, the term
15K7 vanishes and by the analysis described in the pre-
ceding article7 K+ ion seems to bind after the substrate
has attacked the dehydroalanine residue. Moreover,
because the e�ect of increasing K+ ion concentration
does not signi®cantly increase the reaction commit-
ments for the erythro-substrate, eq (5) simpli®es further
to give eq (6).

15�V=K� � 15k11
15K9 � ��k11=k10��15k9��=�1� Cf �

� �6�

The kinetic isotope e�ect for adding the amino group of
the substrate to the dehydroalanine residue (15k9),
should be 1.010, by analogy to the phenylalanine
ammonia-lyase system.17 Therefore, 15(V/K)={15k11
(0.979)+1.616}/(2.6)=1.005, and 15k11 would be 0.992 !
Since the kinetic isotope e�ect for the elimination pro-
cess must be greater or equal to the equilibrium isotope
e�ect of 1.033 determined previously,7 a concerted dea-
mination mechanism does not ®t with the experimental
data. Moreover, a step-wise carbanionic mechanism
does not ®t with the data as it would show a large
decrease in the value of 15(V/K) for the substrate posses-
sing deuterium at C-3, due to the large observed primary
deuterium isotope e�ect of 3.4 expressed upon V/K.

In order to test the ®t for a carbonium ion mechanism,
Scheme 5 was devised (starting from the mechanism for
concerted syn-elimination described in the preceding
article). Here it is assumed that the substrate binds in its
protonated form, as for the threo-isomer. After the
addition of K+ ion and deprotonation, formation of a

covalent enzyme±substrate complex occurs. The N-
atom would be protonated and the C-2±N bond would
break to give a carbonium ion which then loses a pro-
ton. Since there are no reverse commitments to the
deuterium sensitive step, no further reaction steps need
to be considered. Where the release of the protonated
substrate from the Michaelis complex is fast compared
to reaction steps (which it is for this very slow substrate,
as has been reasoned in the preceding paper7), the
expressions for a carbonium ion elimination mechanism
simplify. We will assume that ¯ux through k11 and the
subsequent steps through to products is much greater
than k10 because there is no exchange reaction and no
Cr term for DV or D(V/K). Moreover, because the e�ect
of increasing K+ ion concentration does not signi®cantly
increase the reaction commitments as was noted above,
the equations simplify further to give eqs (7)±(9).

D�V=K� ��15k9 � �k9=k8��1� �k7=k6���=
�1� �k9=k8��1� �k7=k6���

�7�

where Cf for step 9=(k9/k8)(1+(k7/k6)) or (1+(k7/k6))/
(k8/k9)=1.6

15�V=K� ��15K5
15k7 � �k7=k6�15k5 �15K5

15K7�k8=k9��=
�1� �k7=k6� � �k8=k9��

�8�

15�V=K�D ��15K5
15k7��k7=k6�15k5�15K5

15K7�k8=k9�
Dk9�=�1� �k7=k6� � �k8=k9�Dk9�

�9�

The 15N-kinetic isotope e�ect (15k7) for breaking the
C±N bond to give the carbonium ion and amino-enzyme
should be almost the same as that for breaking the C±N
bond between the substrate and the enzyme (15k6) to give
the dehydroalanine residue and the unprotonated sub-
strate. Thus, 15K7=

15k7/
15k8=

15k6/
15k8; such that the

term 15K5
15K7 in eqs (8) and (9) is equal to 15k5/

15k8 and
the term 15K5

15k7 is equal to
15k5. Dividing all terms by

k8/k9 and substituting by Cf gives eqs (10) and (11).

15�V=K� � 15 k5�Cf � �1=15k8��=�Cf � 1� �10�

15�V=K�D � 15 k5�Cf � �Dk9=
15k8��=�Cf �Dk9� �11�

The term 15k5 is a factor in both equations and repre-
sents the primary 15N-isotope e�ect for the amination of
the dehydroalanine residue by the substrate to give a
secondary (dialkyl) ammonium group. The equilibrium
isotope e�ect 15k5 should be strongly inverse (see Fig. 2)
and Hermes et al. have calculated that 15k5 possesses a
value of �1.010 in the phenylalanine ammonia-lyase
system.17 Note that 15k8 also represents the alkylation of
a primary amine (the amino enzyme) by the product to
give the same dialkylammonium group such that its
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value should be slightly smaller than 15k5 because the
amino group in the amino enzyme is bonded `less sti�y'
to only one C-atom bearing one C-atom and two H-
atoms, whereas, in the substrate it is bonded to one C-
atom bearing two C-atoms and one H-atom. Using the
experimentally determined values of 15(V/K) and the
deduced values of Dk9 and Cf (7.15 and 1.6, respectively)
allows the size of 15k8 to be calculated for assumed
values of 15k5, using eqs (10) and (11). However, since
the values of 15(V/K)=1.0050�0.0023 and 15(V/
K)D=1.0058�0.0028 are essentially identical, the value
of 15k8 can be solved without assuming a value for 15k5
by setting 15(V/K)=15(V/K)D for eqs (10) and (11). This

gives a value of 1.000 for 15k8, here substitution back
into the individual eqs (10) and (11) gives values for 15k5
of 1.0055�0.0026. Importantly 15k8 is slightly smaller
than 15k5 (see discussion above) and both values are well
within the expected range.17 The analysis indicates that
a covalent enzyme±substrate intermediate is formed
with the l-erythro-substrate and that the deamination
reaction occurs via a carbonium ion mechanism. A full
summary of the mechanism is given in Scheme 5.

The enzyme apparently, has ``pulling power'' and is able
to strain the N-protonated covalent enzyme±substrate
complex to the point that the C±N bond breaks to give a

Scheme 5.
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carbonium ion. Presumably the reaction requires the
high pKa base (B-1 Scheme 5) to be unprotonated in
order to receive the C-3 proton in the syn-elimination
process. The conjugate acid (B-2) needs to be proto-
nated later in order to protonate the diaminopropionic
acid residue, prior to the elimination of ammonia.
However, if the base (B-1) is the e-amino group of a Lys
residue, it may also be important for the side-chain to
be unprotonated and of neutral charge to prevent the
formation of adverse interactions in the transition state
leading to the formation of the carbonium ion. Alter-
natively, the neutral diaminopropionic acid residue, in
the amino enzyme intermediate, may serve as the base.
Note that although the erythro-substrate is processed
very slowly, the kcat value is quite respectable at 4.6 sÿ1.

The ability of the enzyme to process the erythro-sub-
strate via a step-wise carbonium ion mechanism is
totally consistent with the concerted pathway displayed
by the threo-substrate. Simply, a small increase in the
rate of proton removal from the erythro-substrate where
C±N bond is not rate limiting and the di�erence in k9
and k8 is less than twofold would merge the two transi-
tions states into one single barrier and concerted C±H
and C±N bond motion.

Experiments designed to resolve the role and determine
the location of the acid/base groups in methylaspartase
are presently in progress. It will be interesting to com-
pare these roles and sites with the location of acid/base
groups in the aspartase system which catalyses very
similar chemistry via an apparently non-covalent
mechanism.22,26,27 Currently the methylaspartase system
is being crystalised in both our own laboratory (with the
recombinant E. coli version of the Clostridium tetano-
morphum protein) and the laboratory of Asano with
enzyme isolated from the two facultative anaerobes
Citrobacter sp. and Morganella morganii.28

Experimental

Materials

Tris(hydroxymethyl)aminomethane (Tris), magnesium
chloride hexahydrate and deuterium oxide (99.8 atom
%) were obtained from Sigma Chemical Co. (St. Louis,
MO). Potassium chloride and ammonium chloride were
obtained from British Drug Houses (Poole, Dorset,
UK). (2S,3R)-[3-2H1]-Aspartic acid, (2S,3S)-3-methyl-
aspartic acid and (2S,3S)-[3-2H]-3-methylaspartic acid
were prepared as previously reported.21,29 (2S,3R)-3-
Methylaspartic acid and (2S,3R)-[3-2H]-3-methylaspar-
tic acid were prepared as described by Archer et al.16 All
batches of the deuteriated substrate contained >95
atom % deuterium at the 3-position. All other chemi-
cals were of analytical grade or were puri®ed before use.
Substrates, bu�ers, ammonium chloride and hydrated
salts for use in rate determinations performed in deu-
terium oxide were separately pre-dissolved in deuterium
oxide and were lyophilised prior to use. The pH of all
deuteriated bu�er solutions was adjusted using either
deuterium chloride solution or sodium deuteroxide.

Enzyme

The enzyme used in all kinetic experiments was puri®ed
from Clostridium tetanomorphum strain H1 (ATCC
15920), obtained from the American Typed Culture
Collection, grown according to the method of Barker et
al. using a modi®cation of literature procedures1 as
previously described.6,10 The speci®c activity of the
enzyme used in these studies was at least 40±200 units
(mg of protein)ÿ1.

Enzyme assay

Enzyme was assayed according to the method of Barker
where 1 unit of enzyme catalyses the formation of
1 mmol of mesaconic acid minÿ1 at pH 9.0 at 30 �C as
determined by the increase in OD240 under the assay
conditions.1,18

15N/14N-Fractionation experiments

The 15(V/K) isotope e�ects were determined by isotope
ratio mass spectrometric analysis and comparison of the
15N/14N ratio in dinitrogen derived from ammonia
obtained from the starting substrate and dinitrogen
derived from the ammonia collected after the partial
conversion of the substrate (10±20% of the reaction) to
products using natural abundance 15N-substrates. The
15(V/K) isotope e�ect was then calculated using eq (12),
where R0 and R are the measured 15N/14N isotope
ratios in substrate and product after the fraction of
reaction, f, respectively.

15�V=K� � log�1ÿ f�= log�1ÿ �f :R=R0�� �12�

The 15N/14N ratios R0 and R were measured using a VG
SIRA 10 dual-inlet isotope ratio mass spectrometer.

Determination of R0 and R

R0 was determined by digesting a sample of the sub-
strate using the Kjeldahl procedure31 to yield ammonia
which was oxidised to dinitrogen and subjected to mass
ratio analysis. To a sample of the substrate (2S,3S)-3-
methylaspartic acid (50mg, 0.34mmol) was added
potassium sulphate (0.3 g, 1.72mmol), concentrated
sulphuric acid (1.2ml, 21.6mmol), a solution of mer-
cury(II) sulphate (0.3ml) [prepared by dissolving red
mercury(II) oxide (2.5 g, 11.54mmol) in concentrated
sulphuric acid (3ml) and diluting to 25ml with distilled
water] and anti-bumping granules. The solution was
boiled for 2 h, after which time dissolution was com-
plete. The solution was cooled to room temperature and
distilled water (5ml) was added. After re-cooling, zinc
dust (0.12 g, 1.84mmol) was added and the mixture was
allowed to stand for 30min. The remaining zinc dust
was removed by ®ltration and the solution was con-
centrated to a volume of ca. 1ml. The residual solution
was basi®ed with concentrated aqueous potassium hy-
droxide solution to liberate the ammonia and this was
distilled into dilute sulphuric acid at room temperature
by passing air through the solution. The sample of
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ammonia in sulphuric acid was then oxidised to dini-
trogen using excess sodium hypobromite solution. The
evolved dinitrogen was introduced directly into one
port of the dual-inlet isotope ratio mass spectrometer
and the 15N/14N ratio (R0) was determined against a
reference standard of dinitrogen connected to the other
port. Three complete duplicate determinations were
carried out for the sample. The entire procedure was
repeated for the substrate (2S,3S)-[3-2H]-3-methylas-
partic acid.

R was determined using ammonia produced from a
partial deamination reaction performed under the spe-
ci®c conditions described below. Incubations (total
volume 10ml) were performed at 30�0.1 �C, in buf-
fered solution with 20mM MgCl2, and KCl as speci-
®ed below. The substrate concentration was in the
range 0.15 to 0.2M and the reaction was initiated by
addition of enzyme solution (50 ml, ca. 6 units). The
extent of the deamination reaction (f) was measured
spectrophotometrically by withdrawing small aliquots
of the solution at various time intervals and deter-
mining the concentration of mesaconic acid from the
UV absorbance at 240 nm.9,18 After 10±20% of the
methylaspartic acid had been deaminated, the reaction
was quenched by the addition of concentrated sul-
phuric acid (1.0ml) and the product ammonia was
distilled into dilute sulfuric acid in a stream of air, see
above. The dinitrogen obtained upon hypobromite
oxidation was analysed as described above to give the
15N/14N ratio in the product (R). Three duplicate
incubations were carried out for each deamination
experiment.

Unlabelled substrate in water

Initial experiments were performed, at least four times,
under the standard assay conditions (1mM KCl, 20mM
MgCl2, 500mM Tris, pH 9.0) using unlabelled sub-
strate. The entire experiment and analysis was repeated
for enzymic deamination reactions performed at pH 6.5
(1mM KCl, 20mM MgCl2, 100mM PIPES, pH 6.5)
and at 9.4 (1mM KCl, 20mM MgCl2, 500mM Tris, pH
9.4) and at pH 9.0 (50mM KCl, 20mM MgCl2, 500mM
Tris, pH 9.0).

C-3 Deuteriated substrate in water

Similar experiments to those described above were per-
formed at pH 6.5, 9.0 and 9.4 in the presence of 1mM
KCl and 20mM MgCl2 using C-3 deuteriated substrate
to determine the 15(V/K)D isotope e�ects.

15N/14N-Fractionation in deuteriated solvent

Similar experiments to those described above were
performed at pD 6.5, 9.0 and 9.4 to determine the 15(V/
K) isotope e�ects for the unlabelled and C-3 deu-
teriated substrate in deuterium oxide. Bu�er solutions
were prepared and their pD values were adjusted as
described above. Values for pD were determined using
a standard pH electrode according to the equation pD±
0.4 = pH.13

(2S)-Aspartic acid

Similar experiments to those described above were per-
formed using (2S)-aspartic acid and (2S,3R)-[3-2H1]-
aspartic acid at pL 9.0 and 9.4 in water and in deuter-
ium oxide in the presence of 1mM KCl and 20mM
MgCl2.

(2S,3R)-3-Methylaspartic acid

Similar experiments to those described above were per-
formed using (2S,3R)-3-methylaspartic acid and
(2S,3R)-[3-2H]-3-methylaspartic acid at pH 9.0 in water
in the presence of 1mM KCl and 20mM MgCl2.

Acknowledgements

The authors thank Professor A. Jackson (University of
Southampton) for performing isotope ratio mass spec-
trometry and the Biomolecular Sciences committee of
the BBSRC and EPSRC for grant B05857.

References

1. Barker, H. A.; Smyth, R. D.; Wilson, R. M.; Weissbach, H.
J. Biol. Chem. 1959, 234, 320.
2. Archer, C. H.; Gani, D. J. Chem. Soc., Chem. Commun.
1993, 140.
3. Winkler, M. F.; Williams, V. R. Biochim. Biophys. Acta
1967, 146, 287.
4. Havir, E. A.; Hanson, K. R. Biochemistry 1968, 7, 1904.
5. Wickner, R. B. J. Biol. Chem. 1969, 244, 6550.
6. Goda, S.; Minton, N. P.; Botting, N. P.; Gani, D. Bio-
chemistry 1992, 31, 10 747.
7. Pollard, J. R.; Richardson, S.; Akhtar, M.; Lasry, P.; Neal,
T.; Botting, N. P.; Gani, D. Bioorg. Med. Chem. 1999, 7, 949.
8. Wu, W. T.; Williams, V. R. J. Biol. Chem. 1968, 243, 5644.
9. Botting, N. P.; Cohen, M. A.; Akhtar, M.; Gani, D. Bio-
chemistry 1988, 27, 2956.
10. Botting, N. P.; Gani, D. Biochemistry 1992, 31, 1509.
11. Belasco, J. G.; Bruice, T. W.; Fisher, L. M.; Albery, W. J.;
Knowles, J. R. Biochemistry 1986, 25, 2552.
12. Szawelski, R. J.; Wharton, C. W.; White, S. Biochem. Soc.
Trans. 1982, 10, 232.
13. Weiss, P. M.; Cook, P. F.; Hermes, J. D.; Cleland, W. W.
Biochemistry 1987, 26, 7378.
14. Gulzar, M. S.; Akhtar, M.; Gani, D. J. Chem. Soc., Chem.
Commun. 1994, 1601.
15. Gulzar, M. S.; Akhtar, M.; Gani, D. J. Chem. Soc., Perkin
Trans. 1 1997, 649.
16. Archer, C. H.; Thomas, N. R.; Gani, D. Tetrahedron:
Asymmetry 1993, 4, 1141.
17. Hermes, J. D.; Weiss, P. M.; Cleland, W. W. Biochemistry
1985, 24, 2959.
18. Botting, N. P.; Akhtar, M.; Cohen, M. A.; Gani, D. Bio-
chemistry 1988, 27, 2953.
19. Botting, N. P.; Jackson, A. A.; Gani, D. J. Chem. Soc.,
Chem. Commun. 1989, 1583.
20. Gulzar, M. S. Ph.D. Thesis, University of St. Andrews,
1997.
21. Clark, J. D.; O'Keefe, S. J.; Knowles, J. R. Biochemistry
1988, 27, 5961.
22. Nuiry, I. I.; Hermes, J. D.; Weiss, P. M.; Chen, C.; Cook,
P. F. Biochemistry 1984, 23, 5168.
23. Hermes, J. D.; Roeske, C. A.; O'Leary, M. H.; Cleland,
W. W. Biochemistry 1982, 21, 5106.

D. Gani et al. / Bioorg. Med. Chem. 7 (1999) 977±990 989



24. Schowen, R. L.; In Isotope E�ects on Enzyme-Catalysed
Reactions; Cleland, W. W.; O'Leary, M. H.; Northrop, D.
B., Ed.; University Park Press: Baltimore, MD, 1977; pp
64±99.
25. Fisher, L. M.; Belasco, J. G.; Bruice, T. W.; Albery, W. J.;
Knowles, J. R. Biochemistry 1986, 25, 2543.
26. Shi, W.; Dunbar, J.; Jayasekera, M. M. K.; Viola, R. E.;
Farber, G. K. Biochemistry 1997, 36, 9136.

27. Jayasekera, M. M. K.; Shi, W.; Farber, G. K.; Viola, R.
E. Biochemistry 1997, 36, 9145.
28. Kato, Y.; Asano, Y. Biosci. Biotech. Biochem. 1995, 59, 93.
29. Akhtar, M.; Botting, N. P.; Cohen, M. A.; Gani, D. Tet-
rahedron 1987, 43, 5899.
30. Botting, N. P.; Akhtar, M.; Cohen, M. A.; Gani, D. J.
Chem. Soc., Chem. Commun. 1987, 1371.
31. Burris, R. H. Methods Enzymol. 1957, 4, 355.

990 D. Gani et al. / Bioorg. Med. Chem. 7 (1999) 977±990


