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Cysteine-195 was previously identified as a probable active site
residue in isocitrate lyase (ICL) from Escherichia coli ML308
[Nimmo, Douglas, Kleanthous, Campbell and MacKintosh
(1989) Biochem. J. 261, 431-435]. This residue was replaced with
serine and alanine residues by site-directed mutagenesis. The
mutated genes expressed proteins with low but finite ICL activity,
which co-migrated with wild-type ICL on both SDS/ and native
PAGE. The mutant proteins were purified and characterized.
Fluorimetry and c.d. in both the near- and the far-u.v. regions
showed no differences between the mutants and wild-type ICL,
indicating that the conformations of the three enzymes were very
similar. ICL C195A (Cys-195-Ala) and C195S (Cys-195->Ser)

showed 8.4-fold and 3.6-fold increases in the K, for isocitrate,
while their k_,, values showed 30- and 100-fold decreases
respectively. The effect of pH on the kinetic properties of the
wild-type and mutant ICLs was investigated. The results showed
that the response of the mutant enzymes to pH was simpler than
that of the wild-type. For the mutants, ionisation of a group with
a pK, of approx. 7.8 affected the K, for isocitrate and k., . For
the wild-type enzyme, these parameters were affected by the
ionization of two or more groups, one of which is presumed to
be cysteine-195. The results are consistent with the view that the
previously identified group with a pK, of 7.1 whose ionization
affects the reaction of ICL by iodoacetate is cysteine-195 itself.

INTRODUCTION

The glyoxylate by-pass is essential for the growth of micro-
organisms on acetate and other C, compounds, and for the
germination of fatty seedlings. The first enzyme of this anaplerotic
pathway is isocitrate lyase (ICL; EC 4.1.3.1). This enzyme
catalyses the aldol cleavage of isocitrate to glyoxylate and
succinate and therefore competes with the tricarboxylic-acid-
cycle enzyme isocitrate dehydrogenase for the available isocitrate.
The properties of both ICL and isocitrate dehydrogenase as well
as the competition between them have recently been of con-
siderable interest, especially in Escherichia coli, where it is
regulated by the reversible phosphorylation of isocitrate de-
hydrogenase [1-6]. Isocitrate dehydrogenase is both phos-
phorylated and dephosphorylated by a bifunctional kinase/
phosphatase (reviewed in [2]). Its phosphorylation state and
activity respond to a number of effectors and control the
partitioning of flux between the by-pass and the tricarboxylic
acid cycle.

Although much is known about the structure and regulation
of isocitrate dehydrogenase, there is relatively little information
about the competing enzyme, ICL. The enzyme is a tetramer of
identical subunits. The ICL of E. coli shows a random-order
equilibrium mechanism [3], though a compulsory-order mech-
anism has been favoured for the enzyme from other sources
(reviewed in [4]). Preliminary structural studies of ICL have been
reported [5], and several ICL genes have been cloned and
sequenced [6-12].

Several studies have identified possible active-site residues in
ICL which may be important in catalysis and/or substrate
binding. Inhibition of ICL from several organisms with diethyl
pyrocarbonate (DEPC) [13-15] or Rose Bengal [16,17] implicated
an active-site histidine residue. Ko et al. [18] identified two
histidine residues in the E. coli enzyme which reacted with

DEPC, namely histidine-266 and histidine-306. It seems unlikely
that either of these residues is at the active site, since Rua et al.
[19] reported that only histidine-306 was modified by DEPC and
that the K values for protection against DEPC inactivation by
the substrates and products were much higher than the respective
K, values. Itaconate epoxide, an analogue of the comrpetitive
inhibitor of succinate binding, itaconate, implicated the carboxy-
late group of either aspartate or glutamate at the active site of the
Citrullis vulgaris enzyme [13]. More recently, chemical modi-
fication using vanadate as a substrate analogue indicated that
two serine residues, namely those at positions 319 and 321 in the
E. coli sequence, may form part of the active site [20].
Through studies with thiol-group-modifying reagents, ICL
from many sources has been shown to have an essential cysteine
residue [13,15,17,21-24]. Iodoacetate inhibited ICL from E. coli
in a pseudo-first-order process, resulting in carboxymethylation
of one cysteine residue per subunit. Studies of the effect of pH on
this reaction, and the kinetic analysis of substrate protection,
strongly suggested that the reactive group is in the active site [25].
The carboxymethylated peptide was isolated, and the modified
residue was identified as cysteine-195. This and many of the
surrounding residues are conserved in all ICL genes sequenced so
far. This suggests that cysteine-195 is an active-site residue and as
such may play an important role in either catalysis or substrate
binding (or both) in ICL. We therefore decided to investigate the
function of cysteine-195 further by site-directed mutagenesis.

MATERIALS AND METHODS
Media, enzymes and reagents

Luria—Bertani, 2 x TY, H-agar and M9 minimal medium were
prepared as described in [26]. Restriction endonucleases were

Abbreviations used: ICL, isocitrate lyase; DEPC, diethyl pyrocarbonate; IPTG, isopropyl g-o-thiogalactopyranoside.
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obtained from GIBCO BRL (Life Technologies Inc.) and used
as recommended. [¢-**S]dATP (code SJ.304) and the Oligo-
Nucleotide-Directed In Vitro Mutagenesis System Version 2
(code no. RPN.1523) were obtained from Amersham Inter-
national. DNA sequencing was done using the Sequenase version
2.0 sequencing kit, obtained from United States Biochemical
Corp. Iodoacetate was obtained from BDH Ltd. Other chemicals
were obtained as described previously [3].

Bacterlal strains and plasmids

All bacterial strains used in the present study are derivatives of
E. coli K-12. All plasmids are derivatives of pEM9 [27] . A 2.3 kb
BamHI-Aval fragment of pEM9 was subcloned into an ex-
pression vector, pGLW11, in both orientations, by ‘filling in’
with Klenow DNA polymerase and blunt-end ligation with
pGLW11 digested with Smal. pAR9023 expressed ICL activity
after induction from the tac promoter with 1 mM isopropyl g-p-
thiogalactopyranoside (IPTG). The insert was then cloned into
bacteriophage M13mp8 in both orientations (pAR23 and
pAR24) and the nucleotide sequence determined on both strands
[12].

Site-directed mutagenesis

The site-directed mutagenesis was carried out using oligo-
nucleotides 654 and 655 with the Amersham Oligonucleotide-
Directed In Vitro Mutagenesis System Version 2 (code no.
RPN.1523). The protocols described in the accompanying man-
ual were strictly adhered to.

The strategy used was based on the method of Eckstein and co-
workers [28-31] and involved annealing oligonucleotides carrying
the specific mutations (oligo-655, cysteine-195—alanine: GTG-
AAGAAAGCCGGTCACATGGGCG; oligo-654, cysteine-
195-serine: GTGAAGAAATCCGGTCACATGGGCG) to a
single-stranded template, pAR24."

Single-stranded template DNA was prepared from six plaques
of each of the two mutagenesis reactions, using oligo-654 and
oligo-655. These were then sequenced using an oligonucleotide
primer which anneals to the insert of pAR24 at a position that
allowed sequencing of the region around the mutations. Five of
the six templates of the reaction using oligo-654 had the cysteine-
195 codon, TGC, changed to TCC, the codon for serine, at
positions 847-849, while all six of the templates from the reaction
with oligo-655 had GCC at the same position, changing cysteine-
195 to alanine.

For each mutant (pAR654 and pAR655 encoding ICL C195S
and ICL C195A respectively), one template showing the desired
mutation was completely sequenced on one strand using oligo-
nucleotides which anneal to various positions on the insert [12]
to confirm that no other mutations had been introduced. The
inserts were then cloned firstly into pUCI19 by digesting pAR654
and pAR655 with BamHI and EcoRlI, ‘filling in’ as described
above and ligating into pUC19 digested with Smal. The orien-
tation of the inserts was then checked by restriction mapping.
Inserts obtained by digestion with BamHI and EcoRI were
introduced into pGLWI11 to allow expression from the tac
promoter.

Purification of mutant enzymes, ICL C195S and ICL C195A

ICL, ICL C195A and ICL C195S were purified from E. coli
strains KAT-1/pAR9023, pAR655 and pAR654 respectively, in
which the ICL genes are under the control of the vector’s tac

promoter. The ICLs were expressed by addition of 1 mM IPTG
when the 4,,, of cultures was approx. 0.5. Preparation of crude
extract and (NH,),SO, fractionation were carried out as described
by MacKintosh and Nimmo [3], and f.p.l.c. was performed on a
Mono Q HR 10/10 column as described by Conder et al. [32],
using a separate column for each of the three enzymes.

Enzyme assays

ICL was assayed by coupling the production of glyoxylate to the
oxidation of NADH by using lactate dehydrogenase as described
by El-Mansi et al. [27]. The assay buffers were 50 mM
Mops/NaOH, in the pH range 6.8-7.8 and 50 mM Taps/NaOH
in the pH range 7.8-9.0. Protein concentrations were determined
by the method of Bradford [33].

Reaction of ICL with iodoacetate

ICL (1 mg/ml) was incubated in 50 mM Mops/NaOH (pH 7.3)/
ImM EDTA at 25°C with 2.0 mM iodoacetate and other
additions as indicated by Nimmo et al. [25]. Half-lives were
calculated from semi-logarithmic plots of activity remaining
against time.

Fluorimetry

The analysis was carried out at the Department of Biological and
Molecular Sciences, University of Stirling, Stirling, Scotland,
U.K., by Dr. N. C. Price and one of us (H. G.N.). ICL at a
concentration of 0.3 mg/ml in 50 mM Mops/NaOH (pH 7.3)/
SmM MgCl,/ImM EDTA was excited at 290 nm, and the
intrinsic emission spectra was measured at 20 °C on a Perkin—
Elmer fluorescence spectrophotometer, model LS 50, with slit
widths of 2.5 nm.

C.d.

C.d. analysis of wild-type ICL, ICL C195S and ICL C195A was
carried out at 20 °C in 10 mM Mops/NaOH, pH 7.3, at a protein
concentration of 0.3 mg/ml with slit widths of 0.02cm and
0.5cm for the far-u.v. (190-150 nm) and the near-u.v. (260—
320 nm) respectively. The analysis was carried out at the De-
partment of Biological and Molecular Sciences, University of
Stirling, by Dr. N. C. Price, Dr. S. Kelly and one of us (H. G. N.)
on a Jobin—Yvon dichrograph III equipped with a temperature-
controlled cell holder.

Dideoxy sequencing with [x-**S]JATP was performed using a
modified T7 DNA polymerase, ‘Sequenase’, which carries no
3’,5’-exonuclease activity and gives a high rate of polymerization
of nucleotides. Each sequencing reaction was carried out ac-
cording to the manual ‘Step By Step Protocols For Sequencing
With Sequenase Version 2.0°. Single-stranded template was
prepared by the method recommended by Amersham Inter-
national (M13 Cloning and Sequencing Handbook).

The oligonucleotides for mutations and sequence determination
[12] were synthesized on an Applied Biosystems model 280A
DNA synthesizer using phosphoramidate chemistry by Dr. Veer
Math (University of Glasgow).
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RESULTS AND DISCUSSION
Site-directed mutagenesis of ICL

The aceA gene from E. coli ML308 has previously been cloned
[27]. The nucleotide sequence was determined and was found to
be identical with that deposited in the GenBank and EMBL
databases by Byrne (accession number Pir: $05692). The residue
modified by iodoacetate and 3-bromopyruvate [25,34] has been
shown to be cysteine-195. We therefore designed oligonucleotides
which would change cysteine-195 to an alanine and also to a
serine residue. After mutagenesis, the nucleotide sequence was
determined on one strand to ensure that no mutations had been
introduced other than at position 195.

Expression of mutant aceA gene products: ICL C195S and ICL
C195A

In order to characterize the effects of replacing cysteine-195 with
serine and alanine, the mutant enzymes were expressed and
purified. Since the wild-type ace4 gene had been cloned into
pGLW11, this vector was chosen for expression of both of the
mutant genes in the host, E. coli KAT-1, an aced::Tnl0
derivative of LE392 [35]. The activities of ICL C195S and ICL
C195A could then be compared directly with that of the wild-
type enzyme.

Wild-type ICL, ICL C195S and ICL C195A were expressed
from pAR9023, pAR654 and pARG655 respectively, by addition
of IPTG to cultures of E. coli KAT-1 containing these plasmids
growing on L-broth with ampicillin. Samples were resolved by
SDS/PAGE. In each case there was a time-dependent increase in
intensity of a band which co-migrates with wild-type ICL after
addition of IPTG. No similar band was observed with E. coli
KAT-1/pGLWI11 as a control (results not shown). Low but
finite ICL activity was observed in cultures of KAT-1/pAR654
and KAT-1/pAR65S, less than 39, of that seen with KAT-
1/pAR9023 (results not shown). It therefore appears that mu-
tation of cysteine-195 to either serine or alanine resulted in a
dramatic decrease in the specific activity of ICL.

In order to study the effects of the mutations, wild-type ICL,
ICL C195S and ICL C195A were purified using a combination
of methods previously used to isolate the wild-type enzyme from
overexpressing strains of E. coli, (NH,),SO, fractionation fol-
lowed by f.p.l.c. on Mono Q [3,32]. Each enzyme was purified
using a different Mono Q column in order to avoid cross-
contamination. Purification factors were in the range 2-10, and
each enzyme was essentially homogeneous as judged by SDS/
PAGE.

Both purified mutant ICLs had low but finite ICL activity. In
order to rule out the possibility that this arose from the
contamination of the purified ICL C195S and ICL CI195A
mutants by a subpopulation of wild-type enzyme, the thiol-
group-modifying reagent iodoacetate was used to inactivate all
three ICLs. Iodoacetate rapidly inactivates wild-type ICL in a
pseudo-first-order process [25]. After 40 min incubation with
iodoacetate, the activity of the wild-type ICL had been reduced
to only 4.49% of the control activity, similar to previously
reported data [25]. When the mutant ICLs were treated in the
same manner, loss of activity was very slow and 54.8 and 64.8 %,
of the initial activity remained after incubation of ICL C195A
and ICL C195S respectively with iodoacetate for 40 min (results
not shown). Isocitrate (5 mM) protected against the inactivation
by iodoacetate for the wild-type enzyme, increasing the half life
from 5 to 11 min, while 5 mM Mg?**, an essential cofactor,
increased the half-life to 12 min. With 5 mM Mg?* plus S mM
isocitrate, the half-life was greater than 60 min. With the mutant
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Figure 1 C.d. of ICL, ICL C195A and ICL C195S

C.d. was carried out according to the Materials and methods section, and results are plotted
as ellipticity (degrees - cm?-dmol~" per mean molar ellipticity) for (a) the far u.v. and (b) the
near u.v.

enzymes, neither Mg?* nor isocitrate alone, or in combination,
had a significant effect on the sensitivity of either enzyme to
iodoacetate (results not shown). Thus the response of the two
mutant ICLs to iodoacetate is quite different to that of the wild-
type. It can be concluded that the activities of ICL C195S and
ICL C195A are not due to the presence of a subpopulation of the
wild-type ICL in the purified mutant enzymes caused by either
homologous recombination or contamination during purification
of the enzymes. It seems likely that the slow loss of activity of
ICL C195S and C195A in the presence of iodoacetate is caused
by reaction with cysteine residues other than those at the active
site.

Physical characterization of ICL C195S and ICL C195A

To investigate the possibility that replacing cysteine-195 with
either alanine or serine reduced ICL activity by altering the
conformation of the enzyme, ICL C195S, ICL C195A and the
wild-type enzyme were compared using c.d. Figure 1(a) shows
the c.d. spectra of ICL C195S, ICL C195A and wild-type ICL in
the far-u.v. range (190-250 nm), while Figure 1(b) shows the c.d.
spectra of all three enzymes in the near-u.v. range (260-320 nm).
For both the near- and far-u.v. ranges there is very little difference
in the c.d. spectra of the different enzymes, indicating that both
the secondary and tertiary structures of all three ICL enzymes
are very similar. Using the CONTIN procedure for determining
the amount of each type of secondary structure from the c.d.
spectra, the wild-type ICL was estimated to have 32+39%, a-
helix and 37 + 3 % g-sheet. In addition, the fluorescence-emission
spectra of the enzymes were essentially identical, and both ICL
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Table 1 Kinetic properties of wild-type ICL, ICL C195S and ICL C195A

The kinetic constants were measured for each enzyme at pH 7.3 and the data fitted to the
Michaelis—Menten equation. Means + S.D. (n) are shown.

Kn (PM) ke 57 Koge./ K (7M7)
Wild-type ICL 76464 285421 (4 375x 105
ICL C1958 272424 (3) 0296+0025(3)  1.089 x 10°
ICL C195A 641437 (3) 0937+0072(3)  1462x 10°

C195S and ICL C195A co-migrated with the wild-type enzyme
on non-denaturing PAGE (results not shown). This evidence
indicates that replacing cysteine-195 with either serine or alanine
does not significantly affect the secondary, tertiary or quaternary
structure of ICL.

Kinetic properties of ICL C195S, ICL C195A and wild-type ICL

The K, and k,, of ICL C195S and ICL C195A were compared
with those of wild-type ICL (Table 1). The &, values of ICL
C195S and ICL C195A are approx. 100-fold and 30-fold lower
than that of the wild-type enzyme respectively. This implies that
cysteine-195 plays an important, but not essential, role in catalysis
by ICL. ICL C195S and ICL C195A also have higher K values
for the substrate, isocitrate, when compared with the K, of the
wild-type enzyme, by factors of 3.6- and 8.4-fold respectively.
Assuming that the mutants obey an equilibrium mechanism, as
does the wild-type [8], it can be concluded that the side chain of
cysteine-195 affects the binding of isocitrate. Replacement of the
CH,-SH of cysteine-195 with the CH,~OH group of serine had
less effect on the affinity of the enzyme than replacement by the
—CH, group of alanine. The fact that the K values of both
mutant ICLs are different from that of the wild-type enzyme
supports the conclusion that the activity of the mutant enzymes
is not due to the presence of a subpopulation of wild-type ICL
(see above). It appears that the side chain of cysteine-195 is
important for both substrate binding and catalysis. Interestingly,
ICL CI195A has a higher &, than ICL C195S. One possible
explanation is that a water molecule occupies the space created
by replacing cysteine-195 with alanine, so providing an O-H
group which is likely to be more reactive than that of -CH,~OH
in ICL C195S. A somewhat similar situation was reported by
Lewendon et al. [36]. It was thought that serine-148 of
chloramphenicol acyltransferase was involved in transition-state
stabilization via a hydrogen bond to the oxyanion of the putative
tetrahedral intermediate. Substitution of serine-148 with alanine
resulted in an enzyme with k_,, reduced 53-fold and only minor
changes in K, while substitution with glycine at position 148
resulted in an enzyme with only a 10-fold reduction in k,, . The
three-dimensional structure of the alanine-148 enzyme was
isosteric with the wild-type enzyme, and although the three-
dimensional structure of the glycine-148 enzyme was not de-
termined, it seemed likely that the structure of this enzyme was
similar to that of the wild-type enzyme. Lewendon et al. [36]
proposed that a water molecule may have partially replaced the
hydrogen-bonding potential of serine-148 in the glycine mutant,
but not the alanine mutant. A similar phenomenon may hold for
ICL C195A, where the O-H group of a water molecule may
interact with the substrate in a less deleterious way than that of
serine-195. However, there are other possibilities, and more
detailed analysis requires the determination of the crystal struc-
ture of ICL.
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The K, and &, of ICL (O), ICL C195A (A\) and ICL C195S (A\) were measured by assaying
in 50 mM Mops/NaOH/5 mM MgCl,/1 mM EDTA, pH 6.8—7.8, or 50 mM Taps/NaOH/5 mM
MgCl,/1 mM EDTA, pH 7.8-9.0, equilibrated to various pH values. (a) log K, versus pH; (b)
log k. versus pH; (€) log (k/K;,) versus pH.

Effect of pH on ICL C195S, ICL C195A and wild-type ICL

For the E. coli ICL, the K, for isocitrate decreases with pH over
the pH range 6.0-8.5 [3,25]. Inactivation of ICL from E. coli
ML308 by iodoacetate was shown to be dependent on a single
ionizing group with pK, of 7.1 [25]. A similar result was obtained
for the reaction of ICL with 3-bromopyruvate, which was affected
by a single group with a pK, of 7.4 [34]. These values are lower
than the expected pK, for ionization of a cysteine residue, by
approx. 2 pH units [37], which suggests that the ionizing residue
may not be cysteine-195 but another residue in the active site
whose protonation affects the accessibility of cysteine-195 to
iodoacetate, 3-bromopyruvate and isocitrate. We therefore de-
cided to study the effects of pH on K, and k_,, for wild-type ICL
and compare them with the effects on ICL C195S and ICL
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C195A. Above pH 8.5 for wild-type ICL and ICL C195A, and
above pH 9.0 for ICL C195S, the enzyme showed sigmoid
kinetics, preventing meaningful comparisons of K, and
k., values.

The K, of the wild-type ICL for isocitrate declined with pH
over the range 6.8-8.5. A plot of log K, against pH yielded a
straight line of slope approx. 0.5 (Figure 2a), indicating that the
K, of wild-type ICL for isocitrate is dependent on more than one
ionizing group on the enzyme—-substrate complex [38,39]. A plot
of log k,,, versus pH (Figure 2b) shows that there is very little
change in this pH range, while the plot of log (k,, /K,,) versus
pH (Figure 2c) shows a convex curve with a straight-line portion
of gradient —0.5 in the range of pH 7.5-8.5. These results are
difficult to interpret in terms of simple models.

In contrast, for both ICL C195S and ICL C195A, a plot of
log K, versus pH (Figure 2a) gave straight lines with a slope of
approx. 1 at low pH, levelling off above pH 8. This indicates that
the K is dependent on a single dissociating group on the
enzyme-substrate complex with a pK, of approx. 7.8. Similarly,
a plot of log k_,, versus pH for ICL C195S has linear segments
with slope of —1 above pH 8.5 and 0 in the range pH 6.5-7.5
(Figure 2b). This indicates that k,, is dependent on a single
dissociating group with a pK, of approx. 7.8 on the
enzyme-substrate complex. Unfortunately, the pK, of the
group(s) affecting k_,, of ICL C195A could not be determined,
since no data were obtained above pH 8.5. However, since the
curve for ICL CI195A is very similar to that of ICL C1958S, it
seems probable that the same group with pK; of approx. 7.8 also
affects k,,, of ICL C195A. Thus the pK, of the group affecting
k.. and K_ is the same. A plot of log (k,,, /K,) versus pH for
both ICL C195S and ICL C195A showed a straight line with a
slope of approx.—1 (Figure 2c), indicating that a single group
with a pK, outside the pH range studied affects the catalytic
efficiency. Since the pK, of the group affecting the K, of both
ICL C195S and ICL C195A for isocitrate is approx. 7.8, it seems
probable that the group is the same for both enzymes. Also, since
the mutant enzymes have one dissociating group less than wild-
type ICL, which affects K, it seems likely that one dissociating
group on the wild-type enzyme has a pK, of approx. 7.8.

The main feature that emerges from this work is that the
response of the mutant ICLs to pH is appreciably simpler than
that of the wild-type enzyme. Thus it is clear that replacing
cysteine-195 with either serine or alanine results in the loss of one
dissociating group from the active site and allows the de-
termination of the pK, of another dissociating group on which
K, and k_,, depend. The data suggest that the pK, of the
cysteine-195 —SH group must be within the pH range studied,
namely 6.8-8.5. Itis therefore likely that the pK, of 7.1 determined
for the reaction between iodoacetate and cysteine-195 of ICL
from E. coli ML308 [25] and 7.4 determined for the reaction of
the same residue with 3-bromopyruvate from E. coli K12 [34] is
the pK, of cysteine-195 itself rather than that of another residue
whose protonation affects the accessibility of these reagents and
the substrates to the active site.

Conclusions

Although it has been shown by chemical modification that
cysteine-195 is at or near the active site of ICL from E. coli
ML308 [25], and is conserved between all the ICLs sequenced so
far, previous work had not provided conclusive evidence that this
residue is involved in catalysis. The present study indicates that
cysteine-195 does indeed play an important role in the activity of
ICL, since replacing this residue with either serine or alanine
results in a radical decrease in k,,, and an increase in K. Both

cat.

mutants have similar conformations to that of the wild-type
enzyme, on the basis of c.d. and fluorimetric evidence. Therefore
the changes in kinetic properties are probably directly due to
replacement of CH,—SH of cysteine-195 with CH,—OH and CH,
in ICL C195S and ICL C195A respectively.

The replacement of cysteine-195 by serine or alanine simplifies
the pH-dependence of the enzyme. The data suggest that the
ionization state of cysteine-195 does play a role in determining
the activity of the wild-type enzyme. However, the pH studies of
the wild-type ICL and both mutants throw little light on the
mechanism of catalysis by ICL. Elucidation of the crystal
structure of the wild-type ICL and also of any mutants is
required to provide more information about the catalytic mech-
anism and interactions between isocitrate and residues on the

enzyme [5].

We thank Dr. N. Price and Dr. S. Kelly of the Department Of Biological and Molecular
Sciences, University Of Stirling, for carrying out c.d. and fluorometric analyses.
Thanks are also due to Dr. I. S. Hunter of the Institute Of Genetics, University Of
Glasgow, for plasmid pGLW11. A.G.S.R. thanks the Science and Engineering
Research Council for a research studentship.

REFERENCES

Borthwick, A. C., Holms, W. H. and Nimmo, H. G. (1984) Biochem. J. 222, 797—804

LaPorte, D. C., Stueland, C. S. and Ikeda, T. P. (1989) Biochimie 71, 1051-1057

MacKintosh, C. and Nimmo, H. G. (1988) Biochem. J. 250, 25-31

Vanni, P., Giachetti, E., Pinzauti, G. and McFadden, B. A. (1990) Comp. Biochem.

Physiol. 95B, 431—458

5 Abeysinghe, S. 1. B., Baker, P. J., Rice, D. W., Rodgers, H. E., Stillmann, T. J., Ko, Y.
H., McFadden, B. A. and Nimmo, H. G. (1991) J. Mol. Biol. 220, 13—16

6 Atomi, H., Ueda, M., Hikida, M., Hishida, T., Teranishi, Y. and Tanaka, A. (1990)
J. Biochem. (Tokyo) 107, 262266

7 Beeching, J. R. and Northcote, D. H. (1987) Plant Mol. Biol. 8, 471—475

8 Rieul, C., Bleicher, F., Duclos, B., Cortay, J.-C. and Cozzone, A. J. (1988) Nucleic
Acids Res. 12, 5689

9 Turley, R. B., Choe, S. M. and Trelease, R. N. (1990) Biochim. Biophys. Acta 1048,
223-226

10 Matsuoka, M. and McFadden, B. A. (1988) J. Bacteriol. 170, 4528—4536

11 Comai, L., Dietrich, R. A., Maslyar, D. J., Baden, C. S. and Harada, J. J. (1989) Plant
Cell. 1, 293-300

12 Robertson, A. G. S. (1992) Ph.D. Thesis, University Of Glasgow

13 Jameel, S., El-Gul, T. and McFadden, B. A. (1985) Arch. Biochem. Biophys. 236,
72-81

14 Igamberdiev, A. V. and Zemlyanukin, A. A. (1987) Biochemistry (Engl. Transl.) 52,
1104-1111

15 Khan, F. R. and McFadden, B. A. (1982) Plant Physiol. 70, 943—-948

16 Malhorta, 0. P. and Singh, J. (1992) Plant Sci. 81, 155—162

17 Malhorta, O. P., Dwivedi, U. N., Singh, J. and Srivastava, P. K. (1987) Indian J.
Biochem. Biophys. 24, 5762

18 Ko, Y. H., Vanni, P., Munske, G. R. and McFadden, B. A. (1991) Biochemistry 30,
74517456

19  Rua, J., Robertson, A. G. S. and Nimmo, H. G. (1992) Biochim. Biophys. Acta 1122,
212-218

20 Ko, Y. H,, Cremo, C. R. and McFadden, B. A. (1992) J. Biol. Chem. 267, 91-95

21 Roche, T. E. and McFadden, B. A. (1969) Biochem. Biophys. Res. Commun. 37,
239-246

22 Roche, T. E., McFadden, B. A. and Williams, J. 0. (1971) Arch. Biochem. Biophys.
147, 192-200

23 McFadden, B. A, Rao, G. R., Cohen, A. L. and Roche, T. E. (1968) Biochemistry 7,
3574-3582

24  Johanson, R. A., Hill, J. M. and McFadden, B. A. (1974) Biochim. Biophys. Acta
364, 341-352

25 Nimmo, H. G., Douglas, F., Kleanthous, C., Campbell, D. G. and MacKintosh, C.
(1989) Biochem. J. 261, 431-435

26 Sambrook, J., Fritsch, E. F. and Maniatis, T. (1989) Molecular Cloning: a Laboratory
Manual, 2nd edn., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY

27 El-Mansi, E. M. T., MacKintosh, C., Duncan, K., Holms, W. H. and Nimmo, H. G.
(1987) Biochem. J. 242, 661665

28 Nakamaye, K. and Eckstein, F. (1986) Nucleic Acids Res. 14, 96799698

29  Sayers, J. R, Schmidt, W. and Eckstein, F. (1988) Nucleic Acids Res. 16, 791-802

30 Taylor, J. W., Ott, J. and Eckstein, F. (1985) Nucleic Acids Res. 13, 8764—8785

B w o =



244 A. G. S. Robertson and H. G. Nimmo

31 Taylor, J. W.,, Schmidt, W., Cosstick, R., Okruszek, A. and Eckstein, F. (1985) Nucleic
Acids Res. 13, 87498754

32 Conder, M. J., Ko, Y. H. and McFadden, B. A. (1988) Prep. Biochem. 18, 431—442

33 Bradford, M. M. (1976) Anal. Biochem. 72, 248-254

34 Ko, Y. H. and McFadden, B. A. (1990) Arch. Biochem. Biophys. 278, 373-380

35 Maloy, S.R. and Nunn, W. D. (1982) J. Bacteriol. 149, 173—180

Received 3 May 1994/1 August 1994; accepted 4 August 1994

36

37
38

39

Lewendon, A., Murray, |. A., Shaw, W. V., Gibbs, M. R. and Leslie, A. G. W. (1990)
Biochemistry 29, 2075-2080
Tanford, C. (1962) Adv. Protein Chem. 17, 69165

Fersht, A. (1977) Enzyme Structure and Mechanism, 2nd edn., W. H. Freeman and
Co., New York

Dixon, M. (1953) Biochemistry 55, 161170



