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ABSTRACT: Pig heart mitochondrial NADP-dependent isocitrate dehydrogenase requires a divalent metal
ion for catalysis, and metal-isocitrate is its preferred substrate. On the basis of the crystal structure of the
enzyme-Mn2+-isocitrate complex, Asp252, Asp275, and Asp279 were selected as targets for site-directed
mutagenesis to evaluate the roles of these residues as ligands of the metal ion. The circular dichroism
spectra of the purified mutant enzymes are similar to that of wild-type enzyme indicating there are no
appreciable conformational changes. TheKm values for isocitrate and for Mn2+ are increased in the
asparagine and histidine mutants at positions 252 and 275; while for cysteine mutants at the same positions,
the Km’s are not changed appreciably. Mutants at position 279 exhibit only a small change inKm for
isocitrate. These results indicate that Asp252 and Asp275 are ligands of enzyme-bound Mn2+and influence
the binding of Mn2+-isocitrate. Cysteine is an acceptable substitute for aspartate as a ligand of Mn2+.
The pKaes’s of D252C and D275C enzymes are similar to that of the wild-type enzyme (about 5.2), while
the pKaes of D279C is a little lower (about 4.7). These findings suggest that theVmax’s of the D252C,
D275C, and D279C enzymes depend on the ionizable form of the same group as in wild-type enzyme
and neither Asp252, Asp275, nor Asp279 acts as the general base in the enzymatic reaction. For wild-type
enzyme, the pKaesvaries with the metal ion used with Mg2+ > Cd2+ > Mn2+ > Co2+, similar to the order
of the pK’s for these four metal-bound waters. We therefore attribute the pH dependence ofVmax to the
deprotonation of the metal-coordinated hydroxyl group of isocitrate bound to isocitrate dehydrogenase.

A divalent metal ion is required for the dehydrogenation
of isocitrate to form enzyme-bound oxalosuccinate, and for
the decarboxylation of thisâ-keto acid to yieldR-ketoglu-
tarate, as catalyzed by porcine mitochondrial NADP-depend-
ent isocitrate dehydrogenase (EC 1.1.1.42). One Mn2+ is
bound per enzyme subunit of this dimeric enzyme (1, 2),
but the enzyme can also use other divalent metal ions,
including Cd2+, Zn2+, Co2+, and Mg2+ (3). On the basis of
proton relaxation rates, it was proposed that water is
displaced in forming the ternary enzyme-Mn2+-isocitrate
complex from the enzyme-metal complex, allowing for
chelation of the Mn2+ by the substrate (4). Cadmium NMR
studies of the enzyme-metal-isocitrate complex showed
that the cadmium is bound to six oxygen-containing ligands,
some of which were thought to be supplied by the substrate
and others by the enzyme (5).

The pH dependence ofVmax has been described by the
requirement for the basic form of an ionizable group of pK
5.4; this pK increases in a solvent of lower dielectric constant,
such as 20% ethanol, which is characteristic of the depro-
tonation of an uncharged acid such as a carboxyl group in
the enzyme-substrate complex (6, 7). Since 13C NMR
studies indicate that the three carboxyls of enzyme-bound
isocitrate remain ionized from pH 5.5 to 7.5 (8), the pH
dependence ofVmax was interpreted as reflecting the ioniza-
tion of an enzymic carboxyl group (9). However, this pK

could also indicate the deprotonation of a metal-bound water
or hydroxyl.

To aid in the choice of target sites for mutagenesis, the
amino acid sequence of the porcine NADP-specific isocitrate
dehydrogenase (10) was initially aligned with that of the
Escherichia coli1 enzyme, since that was the first isocitrate
dehydrogenase of which the crystal structure was determined
(11). On that basis, Asp253, Asp275, and Asp279 were consid-
ered as candidates for a role in the reaction catalyzed by the
porcine enzyme and were replaced by asparagine (9).
However, the sequence homology between the bacterial and
mammalian enzyme is very low: only about 16% sequence
identity is observed, and alternate alignments are possible.

We have recently reported the crystal structure of porcine
mitochondrial NADP-dependent isocitrate dehydrogenase
complexed with Mn2+-isocitrate (12, 13). The bound Mn2+

is hexacoordinate, having interactions with Asp252, Asp275,
two water molecules, and two oxygens of isocitrate (the
R-hydroxyl and an oxygen of theR-carboxylate), while
Asp279 is a little further from the metal ion and is linked to
it through the two Mn2+-coordinated water molecules (13).
Figure 1 illustrates the region of the metal site. We now
evaluate the importance to enzymatic activity of Asp252 by
mutating it to asparagine. As well, we replaced Asp252,
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Asp275, or Asp279 by other potential metal ligands (cysteine
and histidine) and characterized the purified enzymes to
determine whether a sulfur or nitrogen ligand can substitute
for an oxygen in binding the divalent metal ion. We also
present evidence supporting the interpretation of the pH
dependence ofVmax as due to the deprotonation of the
R-hydroxyl of isocitrate bound to the metal ion.

EXPERIMENTAL PROCEDURES

Materials. Buffer components, biochemicals, and chemi-
cals were purchased from Sigma Chemical Co. The restric-
tion enzymesBamHI, Bpu11021, and proteinase K were
obtained from Life Technologies Inc. (Rockville, MD). The
QuikChange-XL Kit andPfu DNA polymerase were pur-
chased from Stratagene (La Jolla, CA). Oligonucleotides
were synthesized by Bio-Synthesis, Inc. (Lewisville, TX).
T4 DNA ligase,E. coli strain TB1, plasmid pMal-c2, and
amylose resins were purchased from New England Biolabs
(Beverly, MA). Human thrombin was obtained from Enzyme
Research Lab, Inc. (South Bend, IN). The plasmid DNA
purification kit was supplied by QIAGEN Inc. (Valencia,
CA). DEAE-cellulose (DE-52) was purchased from What-
man Inc. (Clifton, NJ). DL-Isocitrate and NADP were
obtained from Sigma (St. Louis, MO).

Site-Directed Mutagenesis. A 1.2 kbp cDNA encoding pig
heart NADP-dependent isocitrate dehydrogenase (IDP1) was
cloned into vector pMAL-c2 (pMALcIDP1), as previously
described (9, 14, 15). Site-directed mutagenesis of pMAL-

cIDP1 was performed either by using the PCR1 megaprimer
method (9, 15-17) or the QuikChange-XL Kit (Stratagene
Inc.). D275C, D275H, D279C, and D279H enzymes were
generated by the PCR megaprimer method. The oligonucleo-
tides used to generate the mutations by the PCR megaprimer
method were D275C forward primer (5′-GAACTACGATG-
GATGCGTGCAGTCGGAC-3′), D275H forward primer (5′-
GAACTACGATGGACATGTGCAGTCGGAC-3′), D279C
forward primer (5′-GAGACGTGCAGTCGTGCATCCTG-
GCCC-3′), and D279H forward primer (5′-GAGACGTG-
CAGTCGCATATCCTGGCCC-3′). The italicized codons are
those nucleotides coding for mutations to cysteine or histi-
dine. The universal primersBamH1 reverse primer (5′-CT-
AGAGGATCCTTACTACTGCCGGCCCAGAGCTCTGTC-3′)
and Bpu forward primer (5′-GGCGTGCTGAGCGCAGG-
TATTAACGCCGCCAGTCCG-3′) were used for DNA
amplification in PCR reactions. D252C, D252N, and D252H
mutant enzymes were generated by the QuikChange XL Kit.
The oligonucleotides used to generate mutant enzymes by
the QuikChange method were D252C forward primer (5′-
CACCGGCTCATTTGTGACATGGTGGCTCAG-3′), D252C
reverse primer (5′-GACCTGAGCCACCATGTCACAAAT-
GAGCCGG-3′), D252N forward primer (5′-CACCGGCT-
CATTAATGACATGGTGGCTCAG-3′), D252N reverse
primer (5′-GACCTGAGCCACCATGTCATTAATGAGC-
CGG-3′), D252H forward primer (5′-CACCGGCTCAT-
TCATGACATGGTGGCTCAG-3′) and D252H reverse primer
(5′-GACCTGAGCCACCATGTCATGAATGAGCCGG-3).
The italicized codons are those mutated to cysteine, aspar-
agine, or histidine. All mutations were confirmed by the
BigDye terminator cycle sequencing method performed at
the Agricultural DNA sequencing Facility, University of
Delaware.

Expression and Purification of Wild-Type and Mutant
Enzymes. The plasmids were expressed inE. coli strain TB1,
and the recombinant wild-type and mutant isocitrate dehy-
drogenases were isolated as maltose binding proteins using
an amylose column (13). The fusion proteins were cleaved
by thrombin (15) and purified on a DE-52 ion exchange
column as previously described (18). The purity of the
proteins was assessed by SDS-polyacrylamide gel electro-
phoresis (15) and by N-terminal amino acid sequencing on
an Applied Biosystem gas-phase sequencer (model Procise)
equipped with an on-line microgradient delivery system
(model 140C) and a computer (model 610 Macintosh). The
protein concentration for the purified enzyme was determined
from E280nm

1% ) 10.8 (19). A subunit molecular mass of 46.6
kDa (10) was used to calculate the concentration of enzyme
subunits.

Circular Dichroism of the Wild-Type and Mutant Enzymes.
CD was conducted using a Jasco model J-710 spectropola-
rimeter at room temperature (Jasco, Inc., Easton, MD).
Measurements of ellipticity as a function of wavelength were
made as described previously (9), using 413 as the number
of amino acids per subunit of NADP-dependent isocitrate
dehydrogenase. The concentrations of wild-type and mutant
enzymes were determined using the Bio-Rad assay, which
is based on the method of Bradford (20).

Kinetics of Wild-Type and Mutant NADP-Dependent
Isocitrate Dehydrogenases. The activity of the enzyme was
monitored continuously by the reduction of NADP to

FIGURE 1: View of the active site of porcine mitochondrial NADP-
dependent isocitrate dehydrogenase in subunit B, based on the
crystal structure of Mn2+-isocitrate complex (PDB 1LWD), as
described in ref13. The peptide backbone of the B subunit is shown
in cyan, and that of the A subunit is pink. The side chains of Asp275

and Asp279 of the B subunit are yellow, while that of Asp252 of the
A subunit is orange. The structured waters (2 and 4), which are
ligands of the Mn2+ (green), are shown. Isocitrate is white with
the atoms of theR-carboxyl andR-hydroxyl group labeled. The
distances between the Mn2+ and its six ligands are indicated, as
are the distances between Asp279 and the two active site waters.
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NADPH (ε340nm ) 6.22 × 103 M-1 cm-1) at 25 °C. The
standard assay solution (1 mL) contained 30 mM triethano-
lamine hydrochloride buffer (pH 7.4), 0.1 mM NADP, 4 mM
DL-isocitrate, and 2 mM MnSO4, unless otherwise noted.

For Km determinations, the concentration of NADP,
isocitrate, or Mn2+ was varied, while the other substrates
were maintained at saturating concentrations. TheKm values
for other metals were determined by varying the concentra-
tions of CdSO4, MgSO4, ZnSO4, or CoSO4 while maintaining
the isocitrate and NADP at the saturating concentrations of
4 mM and 1 mM, respectively. The assay solution for
measuringKm at pH 5.5 contained 30 mM sodium acetate
buffer, and the assay solution for measuringKm at pH 7.4
contained 30 mM triethanolamine hydrochloride. TheKm

values were determined from direct plots of velocity versus
substrate concentration using SigmaPlot software, and the
standard errors are given.

The pH-rate profiles for the reaction catalyzed by wild-
type and mutant enzymes were determined over the range
pH 5-8, using the buffers previously described (9). The
reaction rates were measured using 4-16 mM isocitrate,
0.5-2.0 mM NADP, and 2-8 mM metal (Mn2+, Cd2+, Co2+,
or Mg2+), as indicated for each enzyme.

RESULTS

Expression and Purification of Wild-Type and Mutant
Enzymes. The pig heart NADP-dependent isocitrate dehy-
drogenase mutants with cysteine and histidine substituted for
aspartate at positions 275 and 279 were generated using
expression vector pMALcIDP1 and the megaprimer PCR
method (9, 15-17). The mutant enzymes with asparagine,
cysteine, and histidine replacing aspartate at position 252
were generated using the QuikChange-XL Kit. The wild-
type and mutant enzymes were expressed inE. coli and
purified as described in Experimental Procedures. The purity
of these enzymes was assessed by SDS-polyacrylamide gel
electrophoresis (data not shown). The wild-type and mutant
enzymes were homogeneous and expressed well and have
the same subunit molecular mass (about 46.6 kDa). The
N-terminal amino acid sequences of these porcine isocitrate
dehydrogenase preparations confirmed their purity and, since
the sequences of theE. coli and porcine enzymes differ in 9
of the first 10 amino acids, demonstrate that the recombinant
porcine enzyme is not contaminated with theE. coli isocitrate
dehydrogenase.

Circular Dichroism Spectra of Wild-Type and Mutant
Enzymes. CD spectra of wild-type and mutant enzymes were
measured to evaluate whether changes in secondary structure
occur with these amino acid substitutions. The spectra of all
the mutant enzymes are very similar to that of the wild-type
enzyme (data not shown). All the enzymes exhibit CD spectra
typical of R-helical proteins with double minima at 208 and
222 nm. These results suggest that the mutations do not cause
appreciable conformational changes.

Kinetic Characteristics of Wild-Type and Mutant Enzymes.
The NADP-dependent isocitrate dehydrogenase is isolated
without any endogenous metal ion, as shown previously (3),
but is activated by Mn2+, Mg2+, Cd2+, Zn2+, or Co2+. The
kinetic parameters of wild-type and mutant porcine NADP-
dependent isocitrate dehydrogenases are summarized in Table
1. Under the standard assay conditions at pH 7.4, containing

4 mM isocitrate, 2 mM Mn2+, and 0.1 mM NADP, the
specific activities of all the Asp252, Asp275, and Asp279mutants
are greatly decreased. Except for D252C mutant, all the
mutants exhibit activities less than 4% that of wild-type, and
the specific activities of D252H and D275H mutants are,
respectively, about 0.05% and 0.01% that of wild-type. The
D252C mutant has a specific activity of 6.85µmol min-1

mg-1 measured under “standard assay” conditions (i.e., 0.1
mM NADP), and upon extrapolation to saturating concentra-
tions of NADP (∼1 mM), aVmax of 12.0µmol min-1 mg-1

is obtained. Table 1 records theVmax values of wild-type and
mutant isocitrate dehydrogenases extrapolated to saturating
concentrations of NADP.

TheKm values for isocitrate of the asparagine and histidine
mutants at positions 252 and 275 are increased 5-170- fold
compared with wild-type (8.37µM), while the Km values
for the cysteine mutants at the same positions are not changed
appreciably (Table 1). In contrast, for the mutants at position
279, there is no appreciable change in theKm for isocitrate.
Thus, replacement of Asp252 or Asp275 in general leads to an
increase inKm for isocitrate, while replacement of Asp279

has a minimal effect on theKm for isocitrate. The exceptions
are replacement of Asp252/Asp275 by cysteine: since normal
Km values for isocitrate are exhibited by D252C and D275C,
it appears that cysteine is an acceptable substitute for
aspartate in determining the affinity between enzyme and
isocitrate.

Table 1 also reports theKm values for Mn2+ at pH 7.4.
For the asparagine and histidine mutants at position 252, as
well as the histidine mutant at position 275, these values
are increased 700-3000-fold as compared to that of wild-
type enzyme. In contrast, for the two mutants in which
cysteine replaces aspartate (D252C, D275C), theKm for Mn2+

is very similar to that of wild-type enzyme. Among the D279
mutants, there is little change in theKm for Mn2+ as compared
to wild-type enzyme. These results indicate that Asp252 and
Asp275 are directly involved in the binding of Mn2+ by the

Table 1: Kinetic Parameters at pH 7.4 for Wild-Type and Mutant
Porcine NADP-Dependent Isocitrate Dehydrogenases for Isocitrate,
NADP, and Mn2+ a

enzyme
Km(isocitrate)b

(µM)
Km(NADP)c

(µM)
Km(Mn)d

(µM)
Vmax

e

(µmol/min/mg)

wild-type 8.37( 0.96 5.59( 0.42 0.33( 0.06 42.9( 1.0
D252N 1422( 31 92.4( 19.3 1003.( 202 0.08( 0.01
D252H 117( 12 78.1( 12.0 219.( 59 0.02( 0.00
D252C 8.7( 0.9 76.6( 2.3 0.31( 0.05 12.0( 1.3
D275H 44.6( 6.4 4.25( 0.68 241.( 85 0.0044( 0.001
D275C 10.2( 1.0 12.9( 1.0 0.13( 0.02 1.64( 0.23
D279H 6.38( 0.72 8.85( 0.79 0.12( 0.03 0.70( 0.07
D279C 3.71( 1.12 4.14( 0.76 0.29( 0.09 0.18( 0.01

a The kinetic parameters were measured in 30 mM triethanolamine
hydrochloride (pH 7.4). Unless specified otherwise, the concentration
of NADP, isocitrate, or Mn2+ was varied, while the other substrates
were maintained at the concentrations in the standard assay described
in Experimental Procedures.b The Km values for isocitrate for all
mutants were determined using 1 mM NADP to ensure saturation of
the coenzyme site; for D252N, the Mn2+ concentration was 10 mM,
while for all the other mutants 2 mM Mn2+ was used. TheKm values
for isocitrate for D275N and D279N were previously reported to be
103 and 1.4µM, respectively (9). c TheKm values for NADP for D275N
and D279N were previously determined as 24 and 10µM, respectively
(9). d TheKm values for Mn were determined at pH 7.4 containing 1.0
mM NADP and 4 mM isocitrate.e Obtained by extrapolating the
dependence ofVi on [NADP] to infinite concentrations of coenzyme.
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enzyme and that cysteine is an acceptable substitute for
aspartate in its interaction with Mn2+.

All the D252 mutants exhibit significantly higherKm

values for NADP compared to wild-type enzyme (5.59µM),
whereas the D275 and D279 mutants display either no or
small changes inKm for NADP. The results of Table 1
suggest that Asp252 and Asp275 are involved in isocitrate
binding, while Asp252 also affects the coenzyme binding.

pH Dependence of Vmax. The pH-Vmax profiles of wild-
type and mutant isocitrate dehydrogenases were measured
using saturating concentrations of substrate and coenzyme
(4-16 mM isocitrate, 2-8 mM Mn2+, and 1-2 mM NADP).
TheVmax of the recombinant wild-type enzyme depends on
the basic form of an ionizable group of the enzyme-substrate
complex. The dependence ofVmax on pH was analyzed in
terms of the equation

whereVmax,obs is the maximum velocity measured at each
pH, Vmax,int is the intrinsic maximum velocity, which is

independent of pH, andKaes is the dissociation constant of
an ionizable group of the enzyme-substrate complex. In the
cases of the D252N, D252H, D275N, and D275H mutants,
Vmax,obsgoes to a low constant rate (Vmax,lim) at low pH and
theVmax,lim is about 3% ofVmax,int. In these cases, (Vmax,obs-
Vmax,lim) replacedVmax,obs and (Vmax,int - Vmax,lim) replaced
Vmax,int in eq 1. The pH-rate profiles were plotted asVmax,obs

or (Vmax,obs - Vmax,lim) against pH. Figure 2 illustrates the
pH-dependence ofVmax for wild-type and D252 mutant
enzymes. To facilitate comparisons among these enzymes,
for each enzymeVmax,obs(or Vmax,obs- Vmax,lim) was divided
by its ownVmax,int (or Vmax,int - Vmax,lim). Over the pH range
5-8, the pH-Vmax profile for D252C is similar to that of
wild-type, whereas those for D252H and D252N are shifted
upward to yield higher apparent pKaes values.

Table 2 summarizes the pKaes values for wild-type and
the D252, D275, and D279 mutant enzymes. For all the
enzymes, substrate saturated the active site under the
conditions used. Doubling the already high concentrations
of isocitrate, Mn2+, and NADP did not change the pH-Vmax

profiles. Table 2 shows that the pKaesvalues of D252C and
D275C are similar to that of the wild-type enzyme (about
5.2); theVmax’s of these two mutants probably depend on
the ionizable form of the same group as in the wild-type
enzyme. The pKaes of the D279C enzyme is a little lower,
4.7. Since the pK of the -SH group of a typical cysteine
residue is 9.1-10.8 (21), one might expect that, if a cysteine
residue were located at the position of the amino acid that
normally functions as the general base of the catalytic
reaction, the pKaes for the mutant enzyme would be 9-10.
Since none of these cysteine mutants has a pKaes of 9-10,
these results suggest that neither Asp252, Asp275, nor Asp279

FIGURE 2: pH-Vmax profiles for wild-type and mutant isocitrate
dehydrogenases. For each enzyme, every observed maximum
velocity was divided by its own intrinsic maximum velocity
(Vmax,obs/Vmax,int) so that the shapes of the profiles can easily be
compared. The profiles for the wild-type (O), D252C (b), D252N
(4), and D252H (2) are shown. For wild-type, the constant
concentrations used over the entire pH range were 4 mM isocitrate,
2 mM Mn2+, and 1 mM NADP; for D252C, 8 mM isocitrate, 4
mM Mn2+, and 1 mM NADP were used; for D252N and D252H,
16 mM isocitrate, 8 mM Mn2+, and 2 mM NADP were used. The
curves were superimposable over the entire pH range tested when
4 or 8 mM isocitrate, 2 or 4 mM Mn2+, and 0.5 or 1 mM NADP
were used for wild-type, when 8 mM isocitrate, 4 mM Mn2+, and
1 or 2 mM NADP were used for D252C, and when 8 or 16 mM
isocitrate, 4 or 8 mM Mn2+, and 1 or 2 mM NADP were used for
D252N and D252H, indicating that these enzymes were saturated
with all substrates.

Vmax,obs)
Vmax,int

1 +
[H+]
Kaes

(1)

Table 2: Kinetic Parameters for the pH-Vmax Profiles for
Wild-Type and Mutant Enzymesa

enzyme pKaes

Vmax,int

(µmol min-1 mg-1)

wild-type 5.24( 0.03 42.9( 1.0
D252C 5.24( 0.06 12.0( 1.3
D275C 5.00( 0.03 1.64( 0.23
D279C 4.69( 0.11 0.18( 0.01
D252H 8.18( 0.07 0.05( 0.00
D275H 8.27( 0.10 0.07( 0.01
D279H 5.53( 0.09 1.13( 0.07
D252N 7.76( 0.06 0.57( 0.04

a The pKaesvalues were measured in different pH buffers containing
various concentrations of isocitrate, Mn2+, and NADP. The pH-Vmax

curves were superimposable when 4 or 8 mM isocitrate, 2 or 4 mM
Mn2+, and 0.5 or 1 mM NADP were used for wild-type, when 4 or 8
mM isocitrate, 2 or 4 mM Mn2+, and 0.5, 1, or 2 mM NADP were
used for D252C, when 4 or 8 mM isocitrate, 2 or 4 mM Mn2+, and 0.5
or 1 mM NADP were used for D275C, when 4 or 8 mM isocitrate, 2
or 4 mM Mn2+, and 0.5 or 1 mM NADP were used for D279C, when
4, 8, or 16 mM isocitrate, 2, 4, or 8 mM Mn2+, and 0.5, 1, or 2 mM
NADP were used for D252H, when 4 or 8 mM isocitrate, 2 or 4 mM
Mn2+, and 0.5 or 1 NADP were used for D275H, when 4 or 8 mM
isocitrate, 2 or 4 mM Mn2+, and 0.5 or 1 mM NADP were used for
D279H, and when 16 mM isocitrate, 8 mM Mn2+, and 1 or 2 mM
NADP were used for D252N. These results indicate that these enzymes
were saturated with substrates over the full pH range and that the
measured values were actuallyVmax values as a function of pH. The
substrate concentrations are all high relative to theKm values. For
example, for wild-type, D252C, D275C, and D279C, at pH 5.5 theKm

values for isocitrate were 5-20 µM, for NADP 13-87 µM, and for
Mn2+ 2-9 µM. The pKaesvalue of D275N was previously reported to
be 7.73 (9).
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acts as the general base in the enzymatic reaction.
The pKaesvalues of D279H and D279C are both slightly

altered as compared to wild-type (5.5 and 4.7, respectively);
these results may reflect a relatively small perturbation of
pKaes of the same ionizable group seen in wild-type. In
contrast, the pKaes values of D252H, D252N, D275H, and
D275N mutants are significantly higher than that of wild-
type enzyme; furthermore, the values ofVmax,intare extremely
low for all of these mutants.

Effect of DiValent Metal Ion on pH Dependence of Vmax

for Wild-Type Enzyme.Another candidate for the ionizable
group reflected in the pH-Vmax profile is theR-hydroxyl of
enzyme-bound isocitrate, which is a ligand of the Mn2+. The
pK of a metal ion-bound water molecule depends on the
particular metal ion to which it is bound (22, 23). For
example, the pK of isolated metal-hydroxyl is 11.5 for
Mg2+, 10.7 for Mn2+, and 9.6 for Co2+ (22, 23). Various
values appear in the literature for Cd2+, one of which is 11.7.
Table 3 summarizes the results of the pH dependence ofVmax

for the wild-type isocitrate dehydrogenases in the presence
of various divalent metal ions. Over the pH range 5-8, the
shapes of the pH-Vmax profiles of wild-type enzyme in the
presence of Mg2+, Cd2+, Mn2+, and Co2+ are similar with
low values ofVmax,obs at low pH and increasing values of
Vmax,obsas the pH is raised and the ionizable group becomes
deprotonated. However, the pK value for the enzyme-
substrate complex depends on the metal ion present. The
order of the pKaesobtained with the various metal ions, from
highest to the lowest, is Mg2+ > Cd2+ > Mn2+ > Co2+; this

order is similar to that of the pK values of these four metal-
hydroxyls (pK’s from 11.5 to 9.6) (22, 23), although the
absolute values of the pK’s differ. Similar data have been
used to identify the ionizing catalytic group as the metal-
bound water molecule in the case of carboxypeptidase A (24,
25).

The Vmax,int of the wild-type enzyme in the presence of
Cd2+ is similar to that in the presence of Mn2+, while that
of the enzyme in the presence of Mg2+ is lower (Table 3).
Vmax,int of wild-type enzyme in the presence of Co2+ is about
half of that in the presence of Mn2+.

For wild-type enzyme, we have also measured, at pH 7.4,
Vmax and Km for Mn2+, Cd2+, Zn2+, Co2+, and Mg2+, and
have compared these kinetic parameters with those obtained
for the mutant enzymes in which one of the important
aspartates was replaced by cysteine: D252C, D275C,
D279C. Table 4 shows that theKm values for Co2+, Zn2+,
and Cd2+ are decreased in the D252C and D275C mutants,
while the corresponding values for Mn2+ and Mg2+ are
affected to a lesser extent. For the D279C mutant, the
decreases inKm for metal ions arenot observed, supporting
the conclusion that Asp279 is not a direct ligand of the
enzyme-bound metal ion. Nevertheless, changing only one
of the six metal ligands from aspartate to cysteine does not
strikingly alter the metal specificity of isocitrate dehydro-
genase. TheVmax values decrease markedly in all the mutant
enzymes when tested with any of the five metal ions.

DISCUSSION

On the basis of the crystal structure of porcine heart
mitochondrial NADP-dependent isocitrate dehydrogenase
complexed with Mn2+ and isocitrate (13) and the structure-
corrected sequence alignment of porcine,E. coli, andBacillus
subtilis enzymes (13), Asp 252, Asp275, and Asp279 were
selected for site-directed mutagenesis to evaluate the roles
of these three residues in the catalytic reaction. Asparagine
was chosen to replace aspartate because it lacks the negative
charge while retaining a similar structure and size. This
replacement can be used to examine the importance of charge
in the function of these residues. Cysteine and histidine were
selected as replacements for aspartate because with an-SH
group and an imidazole group, respectively, these amino
acids often serve as protein ligands of metal ions. We sought
to determine whether in isocitrate dehydrogenase a sulfur
or nitrogen can substitute for an oxygen in binding divalent
metal ion and to ascertain the functional consequences.

Replacement of aspartate at positions 252, 275, and 279
with asparagine, cysteine, or histidine results in large
decreases inVmax. TheKm values for isocitrate and for Mn2+

of the asparagine and histidine mutants of Asp252 and Asp275

are increased drastically as compared to that of wild-type.

Table 3: Effect of Metal Ions on pH-Vmax Profile for Wild-Type
NADP-Dependent Isocitrate Dehydrogenasea

metal pKaes

Vmax,int

(µmol min-1 mg-1)

Mg2+ 5.73( 0.02 24.9( 2.2
Cd2+ 5.41( 0.06 42.6( 0.3
Mn2+ 5.24( 0.03 42.9( 1.0
Co2+ 5.07( 0.04 17.1( 0.7

a The pKaes values for wild-type enzyme were measured in the
presence of various concentrations of isocitrate, NADP, and divalent
metal ion. With Mg2+, the same values were obtained using 4 and 8
mM isocitrate, 2 and 4 mM Mg2+, and 0.2 and 0.5 mM NADP; with
Cd2+, the same values were obtained using 4 and 8 mM isocitrate, 2
mM Cd2+, and 0.25 and 0.5 mM NADP; with Co2+, the same values
were obtained using 4 and 8 mM isocitrate, 2 mM Co2+, and 0.5 mM
NADP; with Mn2+, the same values were obtained when 4 and 8 mM
isocitrate, 2 and 4 mM Mn2+, and 0.2, 0.5, and 1 mM NADP were
used. (These substrate concentrations are high relative to theKm values.
For example, for wild-type and mutant enzymes, theKm values at pH
5.5 for these metal ions ranged from 2.4 to 25µM. The Km values at
pH 7.4 for the metal ions, shown in Table 4, range from 0.5 to 25
µM.) These results indicate that the enzyme was saturated with substrate,
coenzyme, and metal ion over the entire pH range and the curves
obtained actually represent the dependence ofVmax on pH.

Table 4: Kinetic Parameters for Wild-Type and Mutant Porcine NADP-Dependent Isocitrate Dehydrogenases Using Various Ions at pH 7.4a

Km (µM) Vmax (µmol/min/mg)

enzyme Mg2+ Cd2+ Mn2+ Zn2+ Co2+ Mg2+ Cd2+ Mn2+ Zn2+ Co2+

WT 2.39( 0.58 5.21( 0.58 0.33( 0.06 3.94( 1.06 5.91( 1.09 24.9( 2.2 42.6( 0.3 42.9( 1.0 33.7( 2.9 17.1( 0.7
D252C 1.37( 0.00 0.50( 0.09 0.31( 0.05 0.40( 0.04 1.23( 0.25 4.56( 0.04 3.14( 0.06 12.0( 1.3 4.88( 0.08 5.06( 0.17
D275C 2.87( 0.63 1.34( 0.29 0.13( 0.03 <0.4 <0.4 1.36( 0.02 1.12( 0.03 1.64( 0.23 1.04( 0.03 1.04( 0.03
D279C 6.47( 0.68 24.7( 5.1 0.29( 0.09 9.51( 1.81 6.00( 2.03 0.11( 0.00 2.61( 0.13 0.18( 0.01 2.31( 0.11 0.23( 0.15

a The Km andVmax values were measured in 30 mM triethanolamine hydrochloride (pH 7.4) containing 1 mM NADP and 4 mM isocitrate as
described under Experimental Procedures.
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Since the metal-isocitrate complex is considered to be the
preferred substrate for the porcine NADP-dependent isoci-
trate dehydrogenase (1, 3, 26, 27), these results can be
explained by the crystal structure of this enzyme complexed
with Mn2+ and isocitrate (13). The Mn2+ binding site is
hexacoordinate and binds to six oxygens of neighboring
groups. The Mn2+ interacts with two oxygens of isocitrate,
the equatorial water w2, the axial water w4, Asp275 from
one subunit and Asp252 from the other subunit of the dimer.
The Asp279 residue is located farther away from Mn2+ and
binds to metal through waters w2 and w4 and therefore has
only an indirect interaction with the Mn2+-isocitrate com-
plex. Figure 1 shows the distances of Mn2+ to each of its
ligands, as well as the distance of Asp279 to the two water
molecules. Changing the negatively charged aspartate to
neutral asparagine, cysteine, or histidine can affect the
stability of the metal-isocitrate complex and likely cause
the changes in enzymatic activity and theKm values for Mn2+

and isocitrate. Mn2+ is close to both Asp252 and Asp275 (see
Figure 1) and further from Asp279 (3.20 Å and 4.78 Å,
respectively, to the two oxygens of its carboxylate). This
difference in distance is consistent with the greater increase
in Km for isocitrate of D252 and D275 mutants than for that
of the D279 mutant. However, even a “second shell” ligand,
such as Asp279, can influence the orientation of the substrate
within the active site through its interaction with the direct
ligands; this effect can reduceVmax. Such a role for the second
shell ligands has been proposed in the case of carbonic
anhydrase (28).

In general Mn2+ and Mg2+ being “hard” metal ions prefer
“hard” ligands, such as carboxylates, while Co2+ and Zn2+

are “borderline” metals, which generally exhibit a preference
for imidazole ligands, and Cd2+ is a “soft” metal ion with a
preference for thiol ligands (29). By replacement of the
ligands of the metal ion, in principle, it is possible to change
the metal specificity of an enzyme. By substitution of a
histidine for an aspartate, the activity of the Zn2+-dependent
alkaline phosphatase toward Co2+ was enhanced (30). For
the porcine NADP-dependent isocitrate dehydrogenase, we
have found that replacing either Asp252 or Asp275 by cysteine
improves the enzyme’s affinity for Co2+, Zn2+, and Cd2+

with little effect on theKm for Mn2+ or Mg2+. However, for
isocitrate dehydrogenase, it appears that a change from six
oxygen ligands to five oxygen ligands and one sulfur ligand
produces only a small change in the metal specificity; the
Vmax values are decreased when the mutant enzymes are
assayed with any of the metal ions. Since the cysteine
mutants at positions 252 and 275 are more active than the
histidine or asparagine mutants, the results for isocitrate
dehydrogenase suggest that cysteine can partially substitute
for aspartate.

Although the porcine isocitrate dehydrogenase was crys-
tallized only as the Mn-isocitrate complex, a structural
alignment was made of the porcine enzyme with seven
NADP-boundE. coli isocitrate dehydrogenases to predict
the location of NADP in the porcine enzyme (13). In the
predicted structure of the NADP-porcine isocitrate dehy-
drogenase complex, Asp252 is closer to NADP than Asp275

and Asp279 residues. In fact, the negatively charged carboxyl-
ate of Asp252 is only 4.3 Å away from C5 of the positively
charged nicotinamide of the coenzyme; whereas Asp275 and
Asp279 are no closer than 6.05 and 5.61 Å, respectively, to

the nicotinamide. The predicted proximity between Asp252

and enzyme-bound NADP is consistent with the marked
increase in theKm for NADP observed selectively for all
the mutants in which the negatively charged Asp252 is
replaced by a neutral amino acid.

It has been postulated that the enzymatic oxidative
decarboxylation of isocitrate is initiated by the abstraction
of a proton from the C2-hydroxyl of isocitrate prior to the
transfer of a hydride to NADP (26). A general base was
thought necessary to facilitate removal of the hydroxyl
proton. In previous studies (9, 15), it was speculated that
Asp275 or Asp279 may function as the catalytic base and the
pH-dependence ofVmax described by pK 5.4-5.6 was
attributed to ionization of Asp275 or Asp279 in the enzyme-
substrate complex. However, the present study indicates that
when cysteine replaced aspartate at position 252, 275, or 279,
the pKaes values were changed to 5.24, 5.00, and 4.69,
respectively, far lower than the pK of 8-9 expected if a
deprotonated-SH were functioning as a general base. (In
the earlier studies of the pH dependence ofVmax, the enzyme
was not saturated with NADP in the lower pH range, which
led to a little higher apparent value of the pKaes. In the present
study in which the enzyme is fully saturated with NADP
over the entire pH range used, pKaes for wild-type enzyme
is 5.2.) These findings indicate that none of these aspartates
functions as a general base. On the basis of the present
evidence and the recent crystal structure, we postulate that
the pH dependence ofVmax is due to the deprotonation of
the metal-coordinated hydroxyl group of isocitrate and the
pKaesof 5.2 in wild-type enzyme is due to the ionization of
this Mn2+-bound hydroxyl proton, even though the pK is
far below that of theR-hydroxyl group of free isocitrate.
An enzyme-bound water (w6) was suggested as the proton
acceptor and as a participant in a proton relay to another
enzyme-bound water (w8), which is solvent-accessible (13).
It is significant that in NMR studies of13C-enriched isocitrate
bound to porcine isocitrate dehydrogenase, no signal was
observed for theR-hydroxyl carbon resonance, a result
interpreted as indicating immobilization of this group (8).
These earlier results are consistent with the new information
that theR-hydroxyl of isocitrate is a ligand of Mn2+. There
are many cases of enzyme-metal-bound water exhibiting a
pK orders of magnitude lower than that of free water. For
example, Zn2+-bound water of carboxypeptidase A has a pKa

of about 6.1 at 25°C (24), and the Zn2+-bound water of
carbonic anhydrase II exhibits a pKa of 6.8 (31). It was
pointed out for carbonic anhydrase that the electrostatic
environment around the zinc site modulates the pKa of zinc-
bound water (31), and this statement can certainly be applied
to the present case of the pK of theR-hydroxyl of isocitrate
liganded to Mn2+ while bound to isocitrate dehydrogenase.
The positively charged Arg101, Arg110, and Arg133 are 4-5
Å from the-OH of enzyme-bound isocitrate, and Lys212 is
about 3.7 Å from the-OH (13); the proximity of all of these
positive charges greatly lowers the pK of theR-hydroxyl of
isocitrate below its value in free isocitrate, as demonstrated
by mutagenesis experiments in which the neutral glutamine
replaces the normal positively charged amino acid (15, 32).

The observation (Table 2) of elevated pKaes values for
isocitrate dehydrogenase mutants D252H, D252N, D275H,
and D275N (7.7-8.3) can be explained in two ways. It may
be that in these severely crippled enzymes, an amino acid
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residue at another location acts as a surrogate general base,
albeit poorer than the original ionizable group. Alternatively,
since the replacement histidine or asparagine are not as
effective ligands of the Mn2+ as the original aspartates, the
pK of the metal-boundR-hydroxyl of isocitrate in these
mutant enzymes may be decreased less as compared to free
isocitrate.

Further support for the assignment of the pK of 5.2 to the
ionization of the Mn2+-bound hydroxyl of enzyme-bound
isocitrate comes from the dependence of the pK of the
enzyme-substrate complex on the metal ion used in the
enzymatic reaction (Table 3). The order (from highest to
lowest) of the pK values of wild-type enzyme in the presence
of different metal ions is similar to the order of the pK values
of different metal-water complexes (Mg2+ = Cd2+ > Mn2+

> Co2+) (22, 23). Auld and Vallee were the first to suggest,
for carboxypeptidase A, that the decreasing pK from 6.36
to 5.33 in changing the required metal ion from Mn2+ to
Co2+ reflected the ionization of the metal-coordinated water
bound to the enzyme (33). Makinen et al. (24) confirmed
the metal ion-dependent shift in pK for carboxypeptidase A,
although the absolute values (obtained under different
conditions) were not the same: 7.25 with Zn2+ and 6.08 with
Co2+. Conversely, the observation of thesamepKa value
for the Co2+-, Mn2+-, Zn2+-, and Cd2+-substituted dihydro-
orotase was used to indicate that the pKa value of 6.56 was
not due to an enzyme-metal-water complex but rather to
a critical amino acid at the active site (34).

The present study of site-directed mutagenesis of ligands
of Mn2+ bound to the porcine mitochondrial NADP-
dependent isocitrate dehydrogenase is consistent with the
recently reported crystal structure of the enzyme-substrate
complex. Asp252 and Asp275 provide direct ligands to the
Mn2+, while Asp279 is in the second coordination shell (Figure
1). The pH dependence ofVmax is best explained as the
ionization of the metal-liganded hydroxyl of isocitrate bound
to the enzyme. This NADP-dependent isocitrate dehydro-
genase is a dimer of identical subunits. However, each of
the two active sites has contributions from the other subunit.
For example, Asp252 from one subunit is a ligand of the Mn2+

bound to the other subunit of the enzyme. Thus, the
homodimeric form of porcine NADP-dependent isocitrate
dehydrogenase is likely to be required for a catalytically
active enzyme.
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