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Abstract The role of electrostatic interaction between Lys 96 
and Glu 147 of isocitrate dehydrogenase from Thermus thermo- 
philus was investigated by site-directed mutagenesis. These two 
residues are located near the active site and involved in the 
interdomain interaction. Analyses of the catalytic properties and 
thermostability of the Glu147Gln mutant revealed that this 
interaction plays important roles in catalytic function and 
protein stability. 
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1. Introduction 

Isocitrate dehydrogenase (ICDH, EC 1.1.1.42) and 3-iso- 
propylmalate dehydrogenase ( IPMDH, EC 1.1.1.85) belong 
to a unique enzyme family of bifunctional decarboxylating 
dehydrogenases. These enzymes act on structurally similar 
substrates containing a malate moiety, and catalyze chemi- 
cally equivalent reactions: dehydrogenation at carbon-2 of 
the malate moiety to form a carbonyl group from a hydroxyl 
group, and decarboxylation at carbon-3. These two enzymes 
share a common structural framework and catalytic mecha- 
nism [1,2], but  have different substrate and coenzyme speci- 
ficities. 

We have cloned and sequenced the gene coding for NADP-  
dependent ICDH and NAD-dependent  I P M D H  from an ex- 
treme thermophile, Thermus thermophilus HB8 [3-5]. The 3-D 
structures of T. thermophilus and Escherichia coli IPMDHs  
and E. coli I C D H  have been reported [1,2,6]. The primary 
structure and the folding topology of ICDH, as well as the 
subunit  structure, are similar to those of I P M D H  [1-6], sug- 
gesting that these enzymes might have diverged from a com- 
mon  ancestral enzyme. The X-ray structure of E. coli ICDH- 
substrate co-crystal [2] revealed that the malate moiety of 
isocitrate is recognized by three arginine, three aspartate, 
one lysine, and one tyrosine residues. These are highly con- 
served in this enzyme family including thermophile ICDH and 
IPMDH,  suggesting that the active site structure is well con- 
served. This is also supported by our recent mutat ional  anal- 
yses [7-10]. However, the reported structures of IPMDH,  in- 
cluding the substrate or coenzyme complex, have an open 
conformation with a wide cleft concerning the active site, 
while I C D H  takes a closed conformation by narrowing the 
cleft (Fig. 1). The small-angle X-ray scattering analysis 
showed that I P M D H  adopts two distinct intermediate confor- 
mations between the open and closed states upon binding of 
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coenzyme and substrate, respectively, and that it prefers a 
fully closed conformation in a ternary complex with both 
coenzyme and substrate [11]. Thus, closure of the active site 
is necessary to form the Michaelis complex. 

In E. coli ICDH, Arg 112 interacts with Glu164; the distance 
between N H  of Arg 112 and Oe of Glu 164 is less than 3 A, (Fig. 
1). This interaction seems to play important  roles in the cat- 
alytic function and/or protein stability of ICDH. Glu 164 is well 
conserved in thermophile ICDH (Glua47), and Arg 112 is also 
conserved as a basic residue, Lys 96, leading to the expectation 
that the interdomain interaction may also be present in the 
thermophile ICDH (Table 1). In contrast, the corresponding 
residues in IPMDHs are not  conserved, and the electrostatic 
interaction between the two domains cannot  be found in the 
I P M D H  structure (Fig. 1). In this study, the role of the inter- 
action between Lys 96 and Glu 147 in the catalytic function and 
thermostability was investigated by site-specific amino acid 
replacement of Glu a47 with Gln. 

2. Materials and methods 

2.1. Construction of mutant enzymes 
DNA manipulating enzymes used in this study were products of 

either Toyobo, Bethesda Research Laboratories or New England 
Biolabs. E. coli MVll90 (A(lac-proAB), thi, supE, A(srl-recA) 
306::Tn10 (tetr), F'[traD 36, proAB, lacl q lacZA M15]) was used 
for DNA amplification and expression of mutated icd genes of 72 
thermophilus HB8 [3]. Site-directed mutagenesis was carried out ac- 
cording to the method of Kunkel [12]. The oligonucleotide used for 
generating mutation was 5'-GAGATGCGGCCTTAAGTCGTG- 
TACGTC-3' for substituting Glu 14r with Gin. Expression and purifi- 
cation of the wild-type and mutant enzymes were done as described 
previously [7]. Both enzymes used in this study were purified to homo- 
geneity as judged by SDS-polyacrylamide gel electrophoresis. 

2.2. Kinetic analysis 
Michaelis constant, Kin, for isocitrate and catalytic constant, kcat, 

were determined in steady-state kinetic experiments at 60°C in 50 mM 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonate-NaOH buffer (pH 
7.8) containing 5.0 mM MgC12, 5.0 mM NADP. The isocitrate con- 
centration was varied in the range of 5-500 ~tM. Initial velocities were 
determined by monitoring the formation of NADH at 340 nm. In 
order to determine Km for NADP, the concentrations of coenzymes 
were varied in the range of 5-500 gM employing a fixed isocitrate 
concentration (1.0 mM). It has been confirmed that no substrate in- 
hibition occurred under these conditions. 

2.3. Circular dichroism measurement 
Circular dichroism (CD) measurements were carried out with a 

JASCO J-720 spectropolarimeter. The 0.1-cm cell was used for the 
far-UV CD measurement. The temperature of the sample solution in 
the cell was controlled by a programmable temperature controller and 
monitored by a thermocouple in the cell. The scan rate was about 1.0 
deg/min and the concentrations of the wild-type and the mutant en- 
zymes which resolved in 20 mM potassium phosphate buffer (pH 7.8) 
were 0.20 mg/ml and 0.21 mg/ml, respectively. 

All rights reserved. 
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Fig. 1. Comparison of the Ca backbone structures of E. coli ICDH 
(A [17]) and T. thermophilus IPMDH (B [1]). The substrate, isoci- 
trate, and the coenzyme, NADP, bound to ICDH are indicated for 
convenience in Fig. 1A. 

3 .  R e s u l t s  a n d  d i s c u s s i o n  

3.1. Thermostability of  the wild-type and mutant enzymes 
The far-UV CD spectrum of the mutant, Glu147Gln, at 
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Fig. 2. Comparison of the thermal denaturation curves of the wild- 
type and the mutant ICDHs monitored by CD at 222 nm. Thin 
and thick lines represent the normalized denaturation curve of the 
wild-type enzyme and that of the mutant enzyme, respectively. 

25°C was identical with that of the wild-type, suggesting no 
significant change in their secondary structures (data not 
shown). However, the CD melting curves suggested that the 
thermostability of the mutant enzyme was significantly de- 
creased as compared with that of the wild-type ICDH (Fig. 
2). Half denaturation .temperatures of the wild-type and the 
mutant enzymes measured by CD at 222 nm (Fig. 2) were 
equal to those calculated by remaining activity after heat 
treatment (Fig. 3): 85°C for the wild-type and 73°C for the 
Glu147Gln mutant. These results suggest that the interdomain 
interaction between Lys 96 and Glu 147 is involved in the pro- 
tein stability. 

3.2. Catalytic properties of  the wild-type and mutant enzymes 
The kinetic parameters at 60°C of the wild-type and the 

mutant enzymes are shown in Table 2. The kc~t value of the 
mutant enzyme was about 1/10 of that of the wild-type, while 
the Km values for substrate and coenzyme did not change 
largely. Arrhenius plots of the wild-type and the mutant en- 
zymes (Fig. 4) revealed discontinuities in slope at 30°C. From 
the plots, activation energies of the wild-type enzyme were 
calculated to be 13.9 kcal/mol and 20.8 kcal/mol, above and 
below 30°C, respectively. Those of the mutant enzyme both 
increased slightly, 15.7 kcal/mol and 33.7 kcal/mol, respec- 
tively. 

3.3. Role of  the interaction between Lys 96 and Glu 147 
The present results indicate that the interaction between 

Lys 96 and Glu 147 concerning the interdomain interaction of 
thermophile ICDH plays important roles in both the catalytic 
function and the protein stability. The marked destabilization 

Table 1 
Multiple sequence alignment of ICDHs 

Source Sequence Ref. 

96 147 
T. thermophilus TPVGYGEKSANVTLRK RENVEDLYAGIEHMQTPSV [3] 
S. cerevisiae TPIGKGHRSLNLTLRK RENTEGEYSGIEHIVCPGV [14] 
E. coli TPVGGGIRSLNVALRQ RENSEDIYAGIEWKAD-SA [15] 
B. subtilis TPVGGG IRSLNVALRQ RENTEDIYAGIZYAKG- SE [16] 

Residue numbers are based on the thermophile ICDH sequences. Ser 97 and Asn 99 are involved in substrate recognition [7,8], and Tyr 143 is expected 
to have catalytic function [9,13]. 
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Fig. 3. Remaining activity of the wild-type (closed circles) and the 
mutant (open squares) enzymes after heat treatment. Each enzyme 
(0.2 mg/ml in 20 mM potassium phosphate buffer, pH 7.8) was in- 
cubated for 10 min at each temperature, and then the remaining ac- 
tivity was determined. The value at 37°C was taken as 100% for 
each enzyme. 

of the mutant enzyme may be caused by breaking this inter- 
domain interaction which is attributable to a closed confor- 
mation of ICDH. Further studies are under way to elucidate 
the mechanism of the stability of thermophile ICDH. 

Recently, the 3-D structure of the intermediate reaction 
complex of E. coli ICDH has revealed that Tyr 16° (corre- 
sponding to Tyr 143 of thermophile ICDH; Table 1) is involved 
in the catalytic function of the dehydrogenation step of the 
enzyme reaction [13]. Because inspection of this structure sug- 
gests that the salt bridge between Arg 112 and Glu 164 con- 
tributes the closed conformation of the ES complex of 

Table 2 
Kinetic parameters of the wild-type and mutant ICDHs at 60°C 

Enzyme Km (gM) kc~t kcat]Krn (s -1 gM -1) 
(S 1) 

NADP isocitrate NADP isocitrate 

Wild-type 7.2 8.9 71 9.9 8.0 
Glu147Gln 8.6 9.1 5.2 0.6 0.6 

E. coli ICDH, the corresponding electrostatic interaction be- 
tween Lys 06 and Glu 1~7 of thermophile ICDH (see Table 1) is 
probably involved in keeping the active site in closed confor- 
mation. Thus, the decrease in the kent and the loss of thermo- 
stability of the mutant enzyme (Table 2 and Figs. 2 and 3) 
would be caused by breaking this electrostatic interaction, 
which eventually leads to the destabilization of the closed 
conformation of the active site cleft and the breakage of the 
interaction between the catalytic residue, Tyr 143, and the sub- 
strate in thermophile ICDH. On the other hand, in the case of 
T. thermophilus IPMDH, the corresponding electrostatic inter- 
action between the two domains does not exist, in spite of the 
involvement of Tyr 139, corresponding to Tyr m of thermophile 
ICDH, in the catalytic function [9]. Thus, although ICDH and 
IPMDH have essentially the same catalytic mechanism, the 
strategy of stabilization of the Michaelis complex of IPMDH 
may be slightly different from that of ICDH. 
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Fig. 4. Temperature dependence of the reaction. The activities of 
the wild-type (open squares) and the mutant enzymes (closed 
squares) were measured at the various temperatures indicated. 

[1] Imada, K., Sato, M., Matsuura, Y., Katsube, Y. and Oshima, T. 
(1991) J. Mol. Biol. 222, 725-738. 

[2] Hurley, J.H., Dean, A.M., Sohl, J.L., Koshland, D.E., Jr. and 
Stroud, R.M. (1990) Science 249, 1012-1016. 

[3] Miyazaki, K., Eguchi, H., Yamagishi, A., Wakagi, T. and Oshi- 
ma, T. (1992) Appl. Environ. Microbiol. 58, 93-98. 

[4] Tanaka, T., Kawano, N. and Oshima, T. (1981) J. Biochem. 89, 
677-682. 

[5] Kirino, H., Aoki, M., Aoshima, M., Hayashi, Y., Ohba, M., 
Yamagishi, A., Wakagi, T. and Oshima, T. (1994) Eur. J. Bio- 
chem. 220, 275-281. 

[6] Wallon, G. (1996) Ph.D. Thesis, Brandeis University, Waltham, 
MA. 

[7] Miyazaki, K., Yaoi, T. and Oshima, T. (1994) Eur. J. Biochem. 
221, 899-903. 

[8] Yaoi, T., Miyazaki, K. and Oshima, T. (1996) J. Biochem. (sub- 
mitted). 

[9] Miyazaki, K. and Oshima, T. (1993) FEBS Lett. 332, 37-38. 
[10] Miyazaki, K., Kadono, S., Sakurai, M., Moriyama, H., Tanaka, 

N. and Oshima, T. (1994) Protein Eng. 7, 99-102. 
[11] Kadono, S., Sakurai, M. Moriyama, H., Sato, M., Hayashi, Y., 

Oshima, T. and Tanaka, N. (1995) J. Biochem. 118, 745-752. 
[12] Kunkel, T.A. (1985) Proc. Natl. Acad. Sci. USA 82, 488-492. 
[13] Bolduc, J.M., Dyer, D.H., Scott, W.G., Singer, P., Sweet, R.M., 

Koshland, D.E. Jr. and Stoddard, S.L. (1995) Science 268, 1312- 
1318. 

[14] Cupp, J.R. and McAlister-Henn, L. (1991) J. Biol. Chem. 33, 
22199-22205. 

[15] Thorsness, P.E. and Koshland, D.E., Jr. (1987) J. Biol. Chem. 
262, 10422-10425. 

[16] Jin, S. and Sonenshein, A.L. (1994) J. Bacteriol. 176, 4669-4679. 
[17] Stoddard, B.L., Dean, A.M. and Koshland, D.E., Jr. (1993) Bio- 

chemistry 32, 9310-9316. 


