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ABSTRACT: The kinetic mechanism of the NADP-dependent isocitrate dehydrogenase of Escherichia coli 
was investigated using initial steady-state kinetic analyses. Kinetic coefficients, obtained using natural and 
alternative substrates with the wild-type and two mutant enzymes (S113L and S113N), suggest that the 
forward reaction [the oxidative decarboxylation of (2R,3S)-isocitrate by NADP] of the wild-type enzyme 
is a steady-state random mechanism, with catalysis more rapid than product release. The mechanism of 
the wild-type enzyme becomes rapid-equilibrium random when an alternative substrate [(2R)-malate or 
NAD] is used. The mutant enzymes always display rapid-equilibrium random kinetics, and for each 
enzyme the apparent dissociation constant of each substrate from the binary complex [Kia = E*A/(EA)] 
is similar to its apparent dissociation constant from the Michaelis complex [Ka = (EB)*A/(EAB)], which 
suggests that the binding of one substrate is independent of the binding of the second. When the wild-type 
enzyme catalyzes the forward reaction, the apparent dissociation constant, Kils0, is equal to its equilibrium 
dissociation constant, K d h ,  determined from equilibrium binding studies. However, the apparent dissociation 
constant of the cofactor, KiNADP, is far smaller than its equilibrium dissociation constant, &NADP. This is 
consistent with the proposed mechanism, because simulations show that when catalysis is steady-state and 
product release is rate-limiting, KiNADP and KNADP will be far smaller than &NADP, while KiIso and K I ~  remain 
similar to &I-. Product inhibition studies support the steady-state random mechanism of the wild-type 
enzyme. The rapid-equilibrium random mechanisms of the mutant enzymes provide evidence for the existence 
of E-Iso-NADPH and E-aKg-NADP abortive complexes and demonstrate that a-ketoglutarate and NADPH 
each bind to the free enzyme. Initial steady-state rate and product inhibition studies of the reverse reaction 
indicate a random addition of a-ketoglutarate and NADPH, with C02 possibly binding last. Dead-end 
inhibition studies, using tricarballylate (propane- 1,2,3-tricarboxylic acid) as an analog of isocitrate and 
adenosine 2’,5’-diphosphate as an analog of NADP, are incompatible with ordered mechanisms in either 
direction. 

Recent crystallographic and kinetic studies of the NADP- 
dependent isocitrate dehydrogenase [(2R,3S)-isocitrate: 
NADP+ oxidoreductase (decarboxylating); EC 1.1.1.421 of 
Escherichia coli have elucidated the mechanism by which 
phosphorylation regulates this enzyme (Hurley et a].,  1990; 
Dean & Koshland, 1990). Phosphorylation of a serine in the 
active site inactivates E.  coli isocitrate dehydrogenase (IDH) 
by preventing substrate binding through the direct steric 
blocking and the electrostatic repulsion of the y-carboxylate 
of isocitrate. The crystal structure of native E.  coli IDH with 
bound isocitrate is consistent with much previous work on the 
catalytic mechanism of IDH from other species (Steinberger 
& Westheimer, 1951; Siebert et al., 1957; Lienhard & Rose, 
1964; Londesborough & Dalziel, 1968; Erhlich & Colman, 
1987; Grissom & Cleland, 1988; Hurley et al., 1991). This 
is postulated to occur in two steps, with dehydrogenation 
preceding decarboxylation: 

isocitrate3- + NADP+ = oxalosuccinate3- + Mg2+ 

NADPH + H+ 

Mg2+ 
oxalosuccinate3- + H+ = a-ketog1utarate’- + C 0 2  

All known IDHs have an absolute requirement for a divalent 
metal cation, such as magnesium. In the E. coli IDH structure, 
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magnesium is coordinated between the carboxylate and 
hydroxyl groups of the a-carbon of isocitrate, where it is in 
a position to stabilize negative charges formed on the hydroxyl 
oxygen during the transition states of both steps (Steinberger 
& Westheimer, 1951; Hurley et al., 1991). 

In contrast to the 48-5895 sequence identity between the 
(=)-malate dehydrogenases of the eukaryotic mitochondrion 
and E. coli (Thompson et al., 1988), there is no sequence 
identity between E.  coli IDH and the mitochondrial NADP- 
dependent IDH of Saccharomyces cereuisiae (Haselbeck & 
McAlister-Henn, 1991). The S. cerevisiae IDH contains the 
Gly-X-Gly-X-X-Gly consensus sequence of the nucleotide 
binding site of a Rossmann fold (Rossmann et a]., 1974), but 
the E. coli enzyme has no such sequence and its crystal 
structure reveals no analogous domain (Hurley et al., 1989, 
199 1). The lack of sequence identity suggests that eukaryotic 
mitochondrial and prokaryotic IDHs have separate evolu- 
tionary histories. 

Although dissimilar enzymes may adopt similar catalytic 
mechanisms through convergent evolution, there is no known 
a priori requirement that they must adopt similar kinetic 
mechanisms. The intensively studied eukaryotic mitochondrial 
NADP-dependent IDHs from pig heart (Uhr et al., 1974; 
Northrop & Cleland, 1974) and from beef heart (Londes- 
borough & Dalziel, 1970) have steady-state random mech- 
anisms. Another eukaryotic IDH from the digestive gland of 
the mussel Mytilus edulis displays rapid-equilibrium random 
kinetics (Head, 1980). In all three cases, various abortive 
complexes form. In contrast, a steady-state ordered mech- 
anism (NADP binds first and isocitrate binds second; products 
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are released in the order C02, a-ketoglutarate, and then 
NADPH; an abortive EONADPaKg complex forms) has been 
proposed for both the E.  coli and the Rhodopseudomonas 
sphaeroides enzymes (Nimmo, 1986; Buzdygon et al., 1973). 
This suggests that the eukaryotic and prokaryotic IDH 
enzymes may have different kinetic mechanisms despite a 
common catalytic chemistry and increases the importance of 
rigorously determining the mechanism for the E. coli enzyme. 

The demonstration that isocitrate and NADP each bind to 
the free enzyme from E. coli (Dean et al., 1989) does not 
prove that the kinetic mechanism is random, because one of 
the enzyme substrate complexes could be abortive. Rapid- 
equilibrium random mechanisms have been proposed for the 
IDH of Azobacter vinelandii, where two ternary abortive 
complexes form and the release of products is in the order 
C02, a-ketoglutarate, and thenNADPH (Wicken etal., 1972), 
and the IDH of Salmonella typhimurium (a close relative of 
E. coli), in which the absence of abortive complexes seems 
rather peculiar (Marr & Weber, 1973). Theseconflicts were 
sufficient to warrant a more detailed investigation of the kinetic 
mechanism of the NADP-dependent IDH of E. coli. Here, 
studies using product inhibitors, dead-end inhibitors, alternate 
substrates, and site-directed mutants of the enzyme are used 
to elucidate the kinetic mechanism of the IDH of E. coli. It 
turns out that all of those enzymes studied in extensive detail 
have steady-state random mechanisms, even though the 
primary sequences have no resemblance and the IDH E. coli 
enzyme has no Rossmann fold. Apparently there has been 
a convergent evolution for kinetic mechanisms, and the 
different structures can now be examined to identify the 
structural features which create this coenzyme. 

MATERIALS AND METHODS 

Materials. Strains, growth conditions, site-specific mu- 
tagenesis, enzyme purifications, and protein determinations 
were as previously described (Dean et al.,  1989; Dean 8c 
Koshland, 1990). 

Electrophoresis. SDS-polyacrylamide electrophoresis fol- 
lowed by staining with Coomassie blue was used to determine 
the purity of the enzyme preparations. Following native 
polyacrylamide gel electrophoresis of purified mutant enzymes, 
gels were stained for protein content using Coomassie blue 
and for dehydrogenase activity by coupling the production of 
NAD(P)H to the reduction of nitro blue tetrazolium and 
phenazine methosulfate (0.1 M Tris-HC1, pH 7.6, with 0.25 
mM nitro blue tetrazolium and 0.078 mM phenazine metho- 
sulfate, 1 mM NAD or NADP, and either 1 mM D,L-isocitrate 
or 50mM (2R)-malateor 50mM (2S)-malate,in thepresence 
of 5 mM free Mg2+) (Reeves et al., 1972) which precipitate 
as blue bands. 

Chelation Assays. The equilibrium dissociation constants 
from the magnesium-substrate and magnesium-nucleotide 
complexes weredeterminedusing themethodof Burton (1959) 
by spectrophotometric measurement at 360 nm of the complex 
formed between 8-hydroxyquinoline and magnesium in KAC 
buffer (25 mM MOPS, 100 mM NaCl, and 1 mM dithio- 
threitol, pH 7.3) at 21 "C. 

Kinetics Assays. The kinetics of isocitrate dehydrogenases 
were determined in KAC buffer at 21 OC in the presence of 
5 mM free Mg2+ in the assay solutions and added as MgC12, 
thequantity determined using the dissociation constants shown 
in Table I. Data were collected on a Hewlett-Packard 8452A 
single-beam diode array spectrophotometer which is capable 
of measuring reaction rates as low as 0.002 Awnm/min. Given 
sufficient time (usually about 30 min), rates as low as 6 X 
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Table I: Dissociation Constants of Mg2+-Ligand Complexes Used 
for Calculating Free Mgz+ a 

published 
ligand P& pKi source 

(2R,3S)-isocitrate 2.1 3.2 Duggleby and Dennis (1970) 
2.3 Northrop and Cleland (1974) 
3.1 Willson and Tipton (1981) 
2.2 Grissom and Cleland (1988) 

a-ketoglutarate 1.5 1.6 Northrop and Cleland (1974) 
(2R)-malate 1.6 1.6 Dawsonetal. (1969) 
tricarballylate 1.5 
NADP 3.0 1.7 Apps (1973) 
NAD 2.1 2.0 Duggleby and Dennis (1970) 

1.7 A p p  (1973) 
adenosine 2',5'- 2.7 

diphosphate 
OData were obtained in 25 mM MOPS, 100 mM NaCI, 1 mM 

dithiothreitol, and 1 mM 8-hydroxyquinoline, pH 7.3 at 21 OC. pKd = 
loglo( [free ligand] [free enzyme]/[bound ligand]. Standard errors are 
less than 12.5% of the estimates. 

1W A3*/min can be measured using repeated blanking 
with internal referencing at 440 nm. The rates of reaction 
were determined by monitoring the production or consumption 
of NAD(P)H at 340 nm in a 1-cm light path. The 
concentration of NAD(P)H was determined using a molar 
extinction coefficient of 6200 A34hm/cm. Fresh solutions of 
NaHCO3, which had been adjusted to pH 7.3 and kept in 
stoppered bottles, were added to the reaction mixtures 
immediately before the addition of the enzyme. At 21 OC, 
pH 7.3, the total bicarbonate is partitioned into 89% HCO3- 
and 11% C02, with the latter being the true substrate for the 
enzyme (Londesborough & Dalziel, 1968). For initial velocity 
studies, the concentration of one substrate was varied at several 
fixed levels of the second substrate, and for the reverse reaction 
the concentration of the third substrate was varied as well. 
Protein concentrations were determined at 280 nm using a 
molar extinction coefficient of 66 330 A280nm/cm (Dean et 
al., 1989). 

Data Analyses. Weighted nonlinear least-squares Mar- 
quardt regressions were used to determine the fit of complete 
kinetics data sets to the following models. Following the 
notation of Cleland (1 963) 

initial steady-state rate bi mechanism 
v = VAB/(Ki,,K,, + KaB + K,,A + A B )  (1) 

where A and B are thesubstrateconcentrations, u is thevelocity, 
Vis the maximum velocity, Kia is the apparent dissociation 
constant of the E-A binary complex (E-A - E + A), and Ka 
and Kb are the Michaelis constants for A and B from the 
E.A.B ternary complex. The Michaelis constants are disso- 
ciation constants from central complexes only in a rapid- 
equilibrium mechanism where catalysis and/or first product 
release are rate-limiting. The equations describing the effects 
of an inhibitor I are 

linear competitive inhibition 

u = VA/ [K(  1 + Z/Kis) + A ]  

v = V A / [ K  + A ( l  + Z/Kii)] 

(2) 

linear uncompetitive inhibition 

(3) 

linear noncompetitive inhibition 

u = V A / [ K ( l  + Z/KJ + A(l  + Z/Kii)] (4) 

where K is the apparent Michaelis constant of the substrate 
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Table 11: Kinetic Constants from Initial Rate Studies' 
enzvme 

S113 S113N 
substrate Ki (mM) Km (mM) kcat (s-I) Ki (mM) Km (mM) kcat (d) 

isocitrate 0.004 0.01 1 80.5 0.017 0.018 3.85 
NADP 0.006 0.017 0.275 0.291 
malate 1.4 2.1 0.0082 20.8 16.5 0.00067 
NADP 0.132 0.195 0.296 0.234 
isocitrate 0.004 0.006 3.22 0.021 0.119 0.0092 
NAD 2.7 4.7 2.72 15.3 

Forward Reactions 

Reverse Reaction Catalyzed by Wild-Type S113 Enzymeb 

KaKg 0.57 mM (coeff a K g )  0.522 mM2 constant of eq 5 
KNADPH 0.007 mM (coeff NADPH) 4.18 mM2 
Kco,d 3.13 mM (coeff CO29 0.052 mM2 

S113L 

Ki (mM) Km (mM) t t  (8-l) 

0.066 0.025 0.36 
0.464 0.176 
5.3 5.2 0.00047 
0.412 0.420 
0.074 0.103 0.00067 
5.9 4.3 

0.15 mM3 kcat 14.9 s-l 

Data were obtained in 25 mM MOPS, 100 mM NaCl, 5 mM free MgZ+, and 1 mM dithiothreitol, pH 7.3 at 21 OC. Estimates were obtained 
using a weighted least-squares Marquardt nonlinear regression. All apparent standard errors are less than 15% of the estimates. Terms calculated 
from eq 5 in reciprocal form. e a K g  = a-ketoglutarate. Concentration given in terms of total bicarbonate. 

whose concentration is varied and Ki, and Kii are the slope and 
intercept inhibition constants (Cleland, 1963). There is a 
complementary set of equations describing the effects of the 
inhibitor when the concentration of B is varied and the 
concentration of A is fixed. 

In the notation of Cleland (1982), the general form for a 
Ter rate equation is 

u = VPQR/[constant + (coeff P)P + (coeff Q)Q + 
(coeff R)R + K,QR + KqPR + KYQ + PQR] ( 5 )  

where the coefficients of P, Q, and R are mechanism-dependent 
(Cleland, 1982). The double reciprocal transformation was 
used to fit eq 5 by the method of least squares using a least- 
squares algorithm available in the software Mathematica, 
with weights proportional to u2. 

RESULTS 

Enzyme Purity. Electrophoresis of purified wild-type and 
mutant IDHs reveals a single band in each lane when stained 
with Coomassie blue, indicating that the preparations are 
substantially free of contaminating protein. Staining for 
NADP-dependent IDH activities following native polyacry- 
lamide gel electrophoresis (Dean & Koshland, 1990) reveals 
a single band in the same position in each lane. Duplicate 
gels, stained in the presence of isocitrate and NAD or (2R)- 
malate and NADP, produced identical banding patterns. 
Hence, E. coli IDH can utilize NAD or (2R)-malate as 
alternative substrates. 

When native polyacrylamide gels are stained for activity 
toward (2R)-malate with NAD as the cofactor, a new band 
with a lower relative mobility appears and no bands congruent 
with IDH are detected. A duplicate gel stained for activity 
with (2s)-malate and NAD reveals darker bands which are 
congruent with those at the lower relative mobility position. 
Since (2R)-malate is contaminated with a small quantity of 
(2s)-malate (less than 0.5%), it seems likely that IDH 
preparations are contaminated with an NAD-dependent (2S)- 
malate dehydrogenase activity. 

Metal Chelation. The method of Burton (1959) was used 
to determine the equilibrium dissociation constants of the 
magnesium-nucleotide and magnesium-substrate complexes 
in conditions that were identical to those used in the kinetics 
studies. The results (Table I) agree with those published in 
the literature, and the small differences can be ascribed to 

different experimental conditions, different experimental 
procedures, and experimental errors. Estimates of the 
equilibrium dissociation constants were used to determine the 
quantity of MgCl2 to add to bring the concentration of free 
Mg2+ to 5 mM for the kinetic assays. 

Kinetic Results. Estimates of the kinetic parameters are 
presented in Tables I1 and 111. Despite Michaelis constants 
in the low micromolar range for the wild-type enzyme utilizing 
the natural substrates, initial steady-state rates remain 
proportional to the concentration of enzyme present and 
remained linear for at least 60 s. Measurements of the very 
low rates associated with the alternate substrates, (2R)-malate 
or NAD, are only possible because the initial steady-state 
rates, even at the lowest concentrations of substrates used, 
remain linear for at least 10 min. Although the reverse reaction 
is not thermodynamically favored, initial steady-state rates 
were proportional to the concentration of enzyme added and 
remained linear for at least 100 s. The standard errors are 
generally less than 15% of the estimates. Partial regression 
analyses were used to distinguish between the kinetic models 
and the residuals were inspected for systematic biases. 

Substrate inhibition often provides a helpful tool for 
distinguishing kinetic mechanisms (Cleland, 1979). In the 
forward reaction, no evidence for substrate inhibition by 
isocitrate or NADP was detectable up to 50-fold above the 
apparent binding constants. In the reverse reaction, substrate 
inhibition by C02 was detected at concentrations exceeding 
7.3 mM, which corresponds to a total bicarbonate concen- 
tration of 80 mM (data not shown). Inhibition seen at such 
high concentrations of bicarbonate is of no diagnostic value 
because bicarbonate, changes in sodium ion concentration, 
and changes in ionic strength may be inhibitory. There is no 
evidence of substrate inhibition by NADPH or a-ketoglutarate 
within the ranges of concentrations used (0.01-0.08 mM for 
NADPH and 0.5-16 mM for a-ketoglutarate). This does 
not exclude the possibility of substrate inhibition at higher 
concentrations of these substrates, particularly for a-keto- 
glutarate, which yields strong substrate inhibition with the 
mammalian enzyme (Uhr et al., 1974). However, the 
concentrations of a-ketoglutarate necessary to detect substrate 
inhibition with the E. coli enzyme are sufficiently large that 
inhibitory effects caused by concomitant changes in sodium 
ion concentration and ionic strength are likely. 

A test of the quality of the data for wild-type S113 enzyme 
with the natural substrates is provided by the Haldane relation 
for a completely random bi-ter, Kq = (Vmax.f/KiIso/KNADP)/ 
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Table 111: Kinetic Constants from Inhibition Studies“ 

enzyme varied substrateb inhibitor pattern Kba (mM) K”“ (mM) fixed substrates concnsd (mM) 
S113 Is0 

Is0 
NADP 
NADP 
Is0 
Is0 
NADP 
NADP 
aKg 
aKg 
NADPH 
NADPH 
aKg 
aKg 
NADPH 
NADPH 
Mal 
Mal 
NADP 
NADP 
Is0 
Is0 
NAD 
NAD 
Is0 
Is0 
NADP 
NADP 
Is0 
Is0 
NADP 
NADP 

S113N Is0 
Is0 
NADP 
NADP 

S113L 

NADPH 
aKg 
NADPH 
Tca 
A2’5’DP 
Tca 
A2’5‘DP 
Is0 
NADP 
Is0 
NADP 
Tca 
A2’5’DP 
Tca 
A2’5’DP 
aKg 
NADPH 
aK.3 
NADPH 
aKg 
NADPH 
aKg 
NADPH 
aKg 
NADPH 
aKg 
NADPH 
Tca 
A2’5‘DP 
Tca 
A2’5’DP 
aKg 
NADPH 
aKg 
NADPH 

NC 
NC 
NC 
NC 
C 
NC 
NC 
NC 
C 
NC 
NC 
C 
NC 
NC 
NC 
C 
C 
NC 
NC 
C 
C 
NC 
NC 
C 
C 
NC 
NC 
C 
C 
NC 
NC 
C 
C 
NC 
NC 
C 

5.1 f 1.1 
0.015 f 0.003 
6.09 f 2.29 
0.020 f 0.002 
3.38 f 0.44 
0.48 f 0.04 
8.21 f 0.85 
0.65 f 0.06 
0.01 1 f 0.001 
0.019 f 0.004 
0.005 f 0.001 
0.019 f 0.002 
5.09 f 1.69 
2.97 f 0.70 
5.89 f 1.15 
0.465 f 0.048 
0.225 f 0.026 
0.039 f 0.04 
0.187 f 0.051 
0.015 f 0.001 
3.16 f 0.31 
0.013 f 0.003 
4.06 f 0.96 
0.014 f 0.02 
5.13 f 0.41 
0.045 f 0.003 
5.75 f 1.03 
0.047 i 0.007 
3.44 f 0.33 
0.099 f 0.01 
6.03 f 0.54 
0.075 f 0.012 
7.71 f 2.08 
0.034 * 0.004 
6.93 f 1.03 
0.019 f 0.003 

9.6 f 0.72 
0.131 f 0.024 
4.76 f 0.44 
0.169 f 0.018 

1.69 f 0.24 
14.62 f 0.97 
2.78 f 0.09 

0.145 f 0.042 
0.05 f 0.02 

22.55 f 2.23 
7.3 i 2.3 

27.06 f 5.5 

0.025 f 0.008 
0.94 f 0.17 

0.053 f 0.005 
16.25 & 4.44 

0.653 f 0.089 
14.8 f 3.24 

0.159 f 0.011 
17.9 i 2.64 

0.186 f 0,011 
26.53 f 4.53 

NADP 
NADP 
Is0 
Is0 
NADP 
NADP 
Is0 
Is0 
NADPH, COz 
NADPH, C02 
aKg, CO2 
aKg, COz 

aKg, COz 
aKg, C02 
NADP 
NADP 
Mal 
Mal 
NAD 
NAD 
Is0 
Is0 
NADP 
NADP 
Is0 
Is0 
NADP 
NADP 
Is0 
Is0 
NADP 
NADP 
Is0 
Is0 

NADPH, C02 
NADPH, COz 

0.028 
0.040 
0.027 
0.027 
0.020 
0.021 
0.017 
0.020 
0.013, 17.W 
0.023, 17.0 
0.5, 16.0 
2.2, 17.0 
0.026, 16.0 
0.013, 17.0 
0.5, 16.0 
0.5, 32.0 
0.11 
0.23 
1.56 
0.53 
1.25 
2.5 
0.005 
0.039 
0.156 
0.156 
0.02 
0.038 
0.156 
0.156 
0.02 
0.038 
0.313 
0.080 
0.019 
0.019 

Data were obtained in 25 mM MOPS, 100 mM NaCl, 5 mM free Mg2+, and 1 mM dithiothreitol, pH 7.3 at 21 OC. Estimates were obtained 
using a weighted least-squares Marquardt nonlinear regression. Iso, (2R,3S)-isocitrate; Mal, (2R)-malate; aKg, a-ketoglutarate; Tca, tricarballylate; 
A2’5’DP, adenosine, 2’,5’-diphosphate. C, competitive inhibition; NC, noncompetitive inhibition. Concentrations are for total inhibitor in the presence 
of 5 mM Mg2+. e Concentration of COz is given as total bicarbonate added. 

[(constant/V,,,,,)(COz/total bicarbonate)], where f and r 
designate the forward and reverse reactions, theconstant term 
is determined from eq 5, and the factor COz/total bicarbonate 
= 0.1 1 (Londesborough & Dalziel, 1968). Keq = 1380 mM, 
obtained using the estimates in Table 11, is in remarkably 
good agreementwith theestimates of 930 mM (Londesborough 
& Dalziel, 1968) and 1140mM (Uhr etal. ,  1974). This gives 
confidence that the kinetic data are not significantly com- 
promised by the initial production of products. 

DISCUSSION 

Forward Reaction. Initial rate data for the oxidative 
decarboxylation of (2R,3S)-isocitrate by NADP using the 
wild-type S113 enzyme produce double-reciprocal plots with 
significant slope and intercept effects regardless which 
substrate is considered “fixed” (Figure 1). Initial steady- 
state rate studies, using (2R)-malate and NADP or (2R,3S)- 
isocitrate and NAD, yield similar linear intersecting patterns 
on double-reciprocal plots (Figure l), as do initial steady- 
stateratestudieswithtwomutantenzymes,S113LandS113N. 
Such patterns are consistent with both steady-state ordered 
and random bi mechanisms (Cleland, 1970), and in each case 
a nonlinear regression to the sequential bi model described by 
eq 1 provides an adequate fit to the data (Table 11). Fits to 
the ping-pong and rapid-equilibrium ordered mechanisms are 
significantly worse, with the residuals displaying systematic 
biases. 

Equilibrium binding studies demonstrate that the wild-type 
and several mutant enzymes can bind isocitrate and NADP 
(Dean et ai., 1989). An ordered mechanism would require 
one of the binary complexes, E-NADP or E-Iso, to be abortive. 
Yet neither NADP nor isocitrate produces detectable substrate 
inhibition up to 50-fold above its apparent binding constant. 
Consequently, an ordered kinetic mechanism with an abortive 
binary complex is unlikely. This suggests that the kinetic 
mechanism of the wild-type S113 enzyme is random. 

The proposed random mechanism is illustrated in Figure 
2 (mechanism A) together with the kinetic constants and 
equilibrium binding constants. When theKi values from initial 
velocity patterns with NADP (mechanism A) or NAD 
(mechanism B) are compared, theKiI, is identical and matches 
the dissociation constant of 0.005 mM determined in equi- 
librium binding studies (Dean et ai., 1989). Conversely, the 
&NADP values with (2R,3S)-isocitrate (mechanism A) and 
(2R)-malate (mechanism C) differ, and only that with malate 
matches the dissociation constant of 0.125 mM in equilibrium 
binding studies. This suggests that the wild-type S113 enzyme 
displays rapid-equilibrium random kinetics when (2R)-malate 
is the substrate but that &NADP is far lower than expected 
during the faster reaction with isocitrate. 

That IDH has a random mechanism receives support from 
initial rate studies with the two mutant enzymes. Site-directed 
mutagenesis was used to replace S 1 13, which normally 
hydrogen-bonds to the y-carboxylate of isocitrate (Hurley et 
al., 1990), thereby reducing the rate of catalysis by factors 
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enzyme and the binary complexes because the dissociation 
constants are rather similar to the Michaelis constants in the 
rapid-equilibrium reactions (Table 11, mechanisms B-E in 
Figure 2). The on rates of the natural substrates are assumed 
to be identical and equal to 8 X 106/M/s. The off rates, 
determined as the products of the equilibrium dissociation 
constants with the on rates, are 40/s for isocitrate and lOOO/s 
for NADP. Catalysis (rate = 1700/s) is faster than the off 
rate of either substrate from the Michaelis complex, and unlike 
previous simulations of the random bi mechanism (Rudolph 
& Fromm, 1971), a second rate-limiting step downstream 
from catalysis (rate = 85/s) has been introduced to prevent 
KNADP from exceeding the equilibrium dissociation constant. 
An exact symbolic solution to the set of simultaneous equations 
describing mechanism F in Figure 2 was obtained using 
Mathematica software. 

The simulated kinetic constants in mechanism F compare 
favorably with those determined experimentally. The sim- 
ulated kat is identical to the experimental value, the drastic 
reduction in KiNADP compared with &NADP is faithfully 
reproduced without noticeably affecting KiIm, and double- 
reciprocal plots yield the linear intersecting patterns typical 
of a random bi mechanism (not shown). Although mechanism 
F adequately explains the data, the full steady-state random 
bi-ter mechanism, with or without abortive complexes, has a 
sufficiently complicated rate equation that other explanations 
are not definitively excluded. Nevertheless, results from both 
experiment and simulation are consistent with the notion that 
wild-type IDH has a steady-state random kinetic mechanism 
which can be brought into rapid equilibrium through reductions 
in maximum velocity caused by site-directed mutagenesis or 
through the use of alternate substrates. 

Studies using NADPH and a-ketoglutarate as product 
inhibitors provide additional support for a steady-state random 
mechanism. The wild-type S113 enzyme produces four 
noncompetitive patterns (Table 111). Simulations of a steady- 
state random bi-bi with abortive complex formation show that 
all product inhibition patterns can be noncompetitive over a 
wide range of conditions (Rudolph & Fromm, 1971). The 
behavior of a steady-state random bi-ter with abortive 
complexes (Figure 3) will be similar because the random bi-bi 
is a subset of the random bi-ter scheme. Theoretically, the 
inhibition patterns are nonlinear, although the curvature is 
difficult to detect when the initial steady-state rate patterns 
appear linear (Rudolph & Fromm, 1971). Thus, the four 
noncompetitive patterns, obtained when a-ketoglutarate and 
NADPH are used to inhibit the forward reaction with the 
natural substrates (Table 111), are consistent with a steady- 
state random bi mechanism with the formation of at least one 
abortive complex (E.Iso.NADPH and/or EwKg-NADP, 
Figure 3). 

Direct evidence for abortive complex formation is provided 
by the product inhibition studies of the rapid-equilibrium 
reactions. For the S113L and S113N mutant enzymes, 
a-ketoglutarate is a competitive inhibitor of (2R,3S)-isocitrate 
and a noncompetitive inhibitor of NADP, while NADPH is 
a competitive inhibitor of NADP and a noncompetitive 
inhibitor of (2R,3S)-isocitrate (Table 111). The wild-type 
enzyme produces similar inhibition patterns with either 
alternativesubstrate, (2R)-malateor NAD (TableIII). Such 
inhibition patterns are typical of rapid-equilibrium random 
mechanisms with two abortive complexes. Thus, E-Iso. 
NADPH and E-aKg-NADP can form on the wild-type S113 
and the mutant S113L and S113N enzymes. 
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FIGURE 1: Initial steady-state rate kinetics for oxidative decarboxy- 
lation reactions catalyzed by the wild-type S113 enzyme. Substrates 
are (top panel) (2R,3S)-isocitrate with NADP at (0) 0.021, (+) 
0.042, (A) 0.084, (W) 0.168, and (0) 0.336 mM; (middle panel) 
(ZR,3S)-isocitrate with NAD at (0) 0.63, (+) 1.25, (A) 2.5, (W) 5.0, 
and (0) 10.0 mM; and (bottom panel) (2R)malate with NADP at 
(0) 0.04, (+) 0.078, (A) 0.156, (W) 0.325, and (0) 0.625 mM. All 
assays were conducted in a buffer of 25 mM MOPS, 100 mM NaCl, 
5 mM free Mg2+, and 1 mM dithiothreitol, pH 7.3 at 21 OC. 

of 100 and 50 for the S113L and S113N substitutions, 
respectively (mechanisms D and E, Figure 2). A comparison 
of the kinetic constants obtained from initial rate studies using 
isocitrate or (2R)-malate with NADP and isocitrate with NAD 
reveals that the only kinetic parameters which remain constant 
for each enzyme are the dissociation constants KiIm and KiNADP 
(Table 11). Such a result is expected for rapid-equilibrium 
random mechanisms (Huang, 1979). 

Simulations of the faster reaction of the wild-type S113 
enzyme utilizing isocitrate and NADP show that a random 
mechanism operating at steady-state is capable of reducing 
the KiNADP compared to &NADP while retaining the equality 
between Kils0 and (mechanism F, Figure 2). The 
substrates are assumed to have identical affinities for the free 
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Rapid Equilibrium Mechanisms 

(6) Wildtype 5113 (D) MutantSll3L 

(C) Wildiype S113 (E) Mutant S113N 

Simulated Steady State Mechanism 
(F) Wildiype S113 

E 
84.YWC 

.Products - 
k a t  = 80.5hc 

FIGURE 2: Proposed random mechanisms of the forward reactions. (A) Steady-state mechanism of the wild-type S113 enzyme utilizing 
isocitrate (Iso) and NADP, presented with the kinetic constants from Table I1 with the equilibrium binding constants in parentheses. Rapid- 
equilibrium random mechanisms: the wild-type S113 enzyme utilizing isocitrate and NAD (B) and (2R)-malate (Mal) and NADP (C) and 
the mutant enzymes S113L (D) and S113N (E) utilizing isocitrate and NADP. (F) Simulation of the steady-state random mechanism of 
the wild-type S113 enzyme utilizing iswitrate and NADP. The on rates of the natural substrates are assumed to be identical and equal to 
8 X 106/M/s, and the off rates are 40/s for isocitrate and lOOO/s for NADP, so that the dissociation constants of both substrates to the free 
enzyme and the binary complexes are equal to those obtained in the equilibrium binding experiments. Distal to the catalytic step (rate = 1700/s, 
which is faster than the off rates of either substrate) is a second rate-limiting step (step = 85/s). The simulation faithfully reproduces the 
kinetic constants and maximum velocity observed in mechanism A. 

Tricarballylate (propane- 1,2,3-tricarboxylic acid), an analog 
of iswitrate, and adenosine 2',5'-diphosphate, an analogue of 
NADP, were used as dead-end inhibitors. The S113L mutant 
enzyme yields the two competitive and two noncompetitive 
inhibition patterns expected of a rapid-equilibrium random 
mechanism with two abortive complexes (Table 111). Similar 
results are obtained with the wild-type enzyme utilizing the 
natural substrates, except that the inhibition of NADP by 
adenosine 2',5'-diphosphate is noncompetitive. The absence 

of uncompetitive inhibition patterns supports the notion that 
the forward reaction is random, while the observation of a 
noncompetitive pattern when a competitive one is expected is 
consistent with a steady-state mechanism. 

Reverse Reaction. The reverse reaction is expected to be 
random since product inhibition studies and equilibrium 
binding studies (Dean et al., 1989) demonstrate that a-ke- 
toglutarate and NADPH each bind to the free enzyme. The 
random sequential ter mechanism described by eq 5 was fitted 
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E.lso.NADPH 

E.lso.NADP 

E.aKg.NADP 

FIGURE 3: Full steady-state random mechanism of wild-type S113 IDH. 

to the initial rate data. Ordered ter reactant mechanisms can 
be diagnosed by the absence of terms in eq 5 (Cleland, 1982). 
Partial regression analyses, deleting each of the terms constant/ 

and 1 / Vfrom eq 5 in reciprocal form, show that each coefficient 
makes a significant contribution to the overall fit. Thus, the 
reverse reaction has a random mechanism. 

Product inhibition studies using (2R,3S)-isocitrate or 
NADP yield the two competitive and two noncompetitive 
inhibition patterns typical of a random mechanism with two 
abortive complexes (Table 111). Dead-end inhibition studies 
reveal that adenosine 2',5'-diphosphate is a competitive 
inhibitor of NADPH and a noncompetitive inhibitor of 
a-ketoglutarate, whereas tricarballylate yields noncompetitive 
patterns toward NADPH and a-ketoglutarate (Table 111). 
The absence of uncompetitive inhibition patterns supports 
the notion that the reverse reaction catalyzed by IDH is 
random. 

However, these results do not distinguish between two kinds 
of random mechanism-a completely random one and a 
partially random one in which substrates Q and R add 
randomly in a steady-state fashion and then P finally binds 
to form a catalytic complex. The apoenzyme and isocitrate 
binary complex structures (Hurley et al., 1989, 1990) show 
no evidence for a specific C02 binding pocket, which suggests 
that a mechanism with C02 binding last is the most plausible 
(Figure 3). 

Dissociation Constants. The dissociation constants for 
NADPH and a-ketoglutarate were calculated from the 
noncompetitive inhibition patterns of the forward rapid- 
equilibrium reactions according to the method of Morrison 
and James (1965). The apparent dissociation constants of 
NADPH for the wild-type enzyme are 0.007 mM (malate 
andNADPas substrates) and 0.014 mM (isocitrateandNAD 
as substrates). These are smaller than the KNADPH = 0.035 
mM of the reverse reaction (Table 11). The calculated 
dissociation constant of NADPH from the E.Iso.NADPH 
complex, KIP = 0.035, is similar to the dissociation constant 
of 0.045 mM in the presence of excess isocitrate determined 
by equilibrium binding experiments (Dean et al., 1989). The 
estimates of Kip and K I ~  for the dissociation of a-ketoglutarate 
from the E-aKg and EoaKgNAD complexes are consistent 
with the values of the K a ~ g  and Michaelis constants obtained 
from the reverse reaction (Table 11). Although the values are 
much lower than the E-aKg dissociation constant of 12 mM 
determinedusing binding studies (Dean et al., 1989), thedirect 
estimate is suspect because of technical difficulties in esti- 
mating an equilibrium dissociation constant in the millimolar 
range when the enzyme concentration lies in the micromolar 
range. 

Conclusion. Initial rate studies, product inhibition studies, 
and dead-end inhibition studies of both forward and reverse 

V, (coeffP)/K (=ffQ)/V, ( c o e f f R ) / V , K p / ~ , K ~ / V , K ~ / ~  

reactions, together with the use of mutant enzymes, alternative 
substrates, and equilibrium binding studies, demonstrate 
unambiguously that the wild-type NADP-dependent IDH of 
E. coli catalyzes a steady-state random mechanism in both 
directions and that the abortive complexes E-Iso-NADPH and 
E-aKpNADP can form (Figure 3). 
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