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We have performed random mutagenesis coupled with selection to isolate mutant en-
zymes with high catalytic activities at low temperature from thermophilic 3-isopropyl-
malate dehydrogenase (IPMDH) originally isolated from Thermits thermophilus. Five
cold-adapted mutant EPMDHs with single-amino-acid substitutions were obtained and
analyzed. Kinetic analysis revealed that there are two types of cold-adapted mutant
IPMDH: ft^-improved (improved in A^) and ̂ -improved (improved in k^JK^) types. To
determine the mechanisms of cold adaptation of these mutants, thermodynamic param-
eters were estimated and compared with those of the Escherichia coli wild-type IPMDH.
The AGm values for Michaelis intermediate formation of the ft^-improved-type enzymes
were larger than that of the T. thermophilus wild-type IPMDH and similar to that of the
E. coli wild-type D?MDH. The 4Gm values of ^-improved-type enzymes were smaller
than that of the T. thermophilus wild-type IPMDH. Fitting of NAD+ binding was
improved in the i^-improved-type enzymes. The two types of cold-adapted mutants
employed one of the two strategies of E. coli wild-type IPMDH: relative destabilization
of the Michaelis complex in A^j-improved-type, and destabilization of the rate-limiting
step in ^-improved type mutants. Some cold-adapted mutant IPMDHs retained ther-
mostability similar to that of the T. thermophilus wild-type IPMDH.

Key words: cold adaptation mechanism, 3-isopropylmalate dehydrogenase, structure-
function relationship, thermodynamics, thermophilic enzyme.

Homologous enzymes adapted to different temperatures Although K^ tends to increase with increasing tempera-
show different physical properties despite their high struc- ture, numerous studies have shown that ArLDH ortho-
tural similarities. Enzymes from thermophiles show higher logues conserve K^ within a narrow range when measured
thermostability than their counterparts from mesophiles at normal body temperatures isolated (1, 4, 5). Moreover,
and psychrophiles. On the other hand, psychrophilic en- several structural properties have been proposed for natu-
zymes have lower thermostability and higher catalytic ac- ral psychrophilic enzymes, such as improved affinity of the
tdvitdes at low temperatures than their thermophilic coun- ligand, distributed electrostatic interaction, increased flexi-
terparts. For instance, the effects of temperature on Km for bility of the domain, reduced interactions of the subunit
pyruvate of A4-lactate dehydrogenase (Aj-LDH) from spe- interface, presence of long loops, reduced amount of Pro
ties adapted to different temperatures reflect the tempera- residues, and presence of a solvent-accessible hydrophobic
ture of the habitat where the species were isolated {1-3). surface area or intramolecular ion pairs (6).

Analysis of the sequence-structure-function relationship
1 This work was supported by a grant for Evolutionary Molecular o f homologous proteins from organisms adapted to different
Engineering from NEDO (New Energy and Industrial Technology temperatures has provided important insights into the
Development Organization) and Grants-in-Aid for Scientift: Re- molecular basis of protein adaptation. A number of temper-
search (09558081,10044095,11794038) from the Ministry of Educa- ature adaptation mechanisms have been proposed. How-
tion, Science, Sports and Culture of Japan. e v e r > comparative studies of evolutionarily related proteins
'Jon*?001 f T ^ f ^ s l l o u l d , b e addressed. Tel: +81-426-76- hampered by the fact that many random mutations
7139, Fax:+81-426-76-7145, E-mail: yamagish@Latoyaku.acjp ., , , ^ J, , , , . ,. J, , ,. T, . JC

Abbreviations: A335V, Ala was replaced with Val at position^; E. t h a t have accumulated during divergent evolution. It is dif-
coti WT, Escherichia coli wild-type 3-isopropylmalate dehydroge- ficult to attribute adaptive mutations to certain residues
nase; G12S, Gly was replaced with Ser at position 12; IPM, isopro- against a background of many neutral substitutions,
pylmalate; IPMDH, 3-isopropylmalate dehydrogenase; R85C, Arg IPMDH is an ideal model for comparing enzymatic and
was replaced with Cys at position 85; S92F, Ser was replaced with thermal properties. The leuB genes encoding IPMDHs have
Phe at position 92; S248T, Ser was replaced with Thr at position J ^ Q d o n e d {mm v a r i o u s microorganisms including an
248; 7: th WT, Ttermus thermophUus^ld-typeS-isopropyhnalBXe thermophile, Thermos thermophilus, and the se-
dehydrogenase; V15I, Val was replaced with lie at position 15; . . H ' . . ._ , , . ,_, /V1_ ' ,. . ,
V126M, Val was replaced with Met at position 126. quences have been reported (7-11). The three^imensional

structure of the T. thermophilus IPMDH has been deter-
© 2001 by The Japanese Biochemical Society. mined by X-ray diffraction analysis (12). The enzyme is a
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dimeric protein composed of two identical subunits, each
having 345 amino acid residues.

3-Isopropylmalate dehydrogenase (JPMDH, EC 1.1.1.85)
catalyzes the oxidative decarboxylation of £/ira>-D-3-isopro-
pylmalate (£/ira>D-3-IPM) to 2-oxoisocaproate in the third
step of the leucine biosynthetic pathway {13). The catalytic
reaction can be summarized as:

K- * .

IPMDH-S + NAD+ — IPMDH-S-NAD+ — IPMDH-P
+ NADH,

where EPMDH-S and IPMDH-P represent the IPMDH
complex with the substrate IPM and the product 2-oxoiso-
caproate, respectively.

T. thermophilus IPMDH is homologous to the mesophilic
E. coli IPMDH. Its melting temperature is 24*C higher
than that of E. coli IPMDH, and its optimum temperature
for specific activity is 20"C higher than that of the E. coli
IPMDH. However, it shows little activity at mesophilic tem-
peratures. T. thermophilus IPMDH shows only 52% iden-
tity in the 345 amino acid residues with E. coli EPMDH
(14). It is difficult to correlate the structural difference to
the difference in properties.

We have developed an isolation protocol for obtaining
mutants from T. thermophilus IPMDH with enhanced
activity at a low temperature. The protocol consists of ran-
dom mutagenesis and selection. We have recently reported
selection of cold-adapted mutant IPMDHs with increased
catalytic activity at 40'C (15). Four cold-adapted mutant
IPMDHs were analyzed and it found to be classifiable into
two types: fc^-improved type and ^-improved type. The
^^-improved-type enzymes showed an improved kM with
increased K^ for coenzyme NAD+. The i^-improved-type
enzyme showed a decreased K^ for NAD+. Thermodynamic
analysis revealed that free energy changes for binding of
the ^-improved-type enzymes are enthalpy driven. How-
ever, the mechanism of cold adaptation of the ^-improved
type has not been elucidated. Because two of the three
mutant IPMDHs did not have decreased thermostability,
Suzuki et al. suggested that enhancement of catalytic activ-
ity at a low temperature does not necessarily result in a
decrease in thermostability (15). Cold adaptation of meso-
phihc subtilisin BPN" is compatible with the idea of actdv-
ity-thermostability incompensatdon (16). In this study, we
improved the selection system for isolation of cold-adapted
mutant IPMDHs. We selected cold-adapted mutant IPM-
DHs using a new system. We also describe the mechanisms
of cold adaptation of these mutants by comparing them
with those of their mesophilic counterpart, E. coli wild-type
IPMDH (E. coli WT).

MATERIALS AND METHODS

Materials—E. coli OM17, a ZeuB-deficient strain of E. coli
JM105, was used as a host for selection and expression of
the wild-type and mutant IPMDHs (17). Plasmid pNV119
constructed by inserting the T. thermophilus leuB gene into
a BamiU site of plasmid pUC119 (17) was used for muta-
genesis and expression of IPMDH. For overexpression of
the recombinant leuB gene, E. coli OM17 harboring the ex-
pression plasmid was cultivated in LB medium containing
200 \iM. IPTG and 150 (ig/ml ampicillin.

77i/ieo-DL-3-isopropylmalate ((/ireo-DL-3-IPM) was pur-
chased from Wako Pure Chemical, NAD+ was obtained

from Oriental Yeast. Synthetic oligonucleotides were ob-
tained from Amersham Pharmacia Biotech, Inc. Restriction
endonucleases and DNA modifying enzymes were obtained
from Toyobo, Takara Shuzo, and New England Biolabs. All
other chemicals used were of the purest grade and commer-
cially available.

Random Mutagenesis—Plasmid pNV119 was used as
template DNA for random mutagenesis by PCR (18). Two
synthetic oligonucleotides, 5'-GTTTTCCCAGTCACGAC-
GTTG-3' and 5'-GAGCGGATAACAATTTCACACAGG-3',
were used as primers for amplification of the leuB gene.
PCR was carried out with 0.5 ng of template DNA in the
reaction mixture containing 40 pmol of each primer, 0.2
mM concentration of each dNTP, 10 mM Tris-HCl (pH 8.3),
50 mM KC1, 1.5 mM MgCL,, and 1.25 U of Gene Thq DNA
polymerase in a total volume of 30 JJLI. MnClj (0.2 mM) was
added to the mixture when indicated. PCR consisted of 30
cycles of denaturatdon for 30 s at 95*C, annealing for 1 min
at 60°C, and extension for 5 min at 72'C. The PCR product
was digested with HindJH and EcoBI and ligated with Hin-
dm/EeoRI-digested pUC119. E. coli OM17 was transform-
ed with the h'gate, and transformants were cultivated on
LB plates supplemented with ampicillin at 37'C. The colo-
nies were recovered from the plates using 10% glycerol,
washed with 10% glycerol and suspended in the same solu-
tion. The suspension was spread on M9 minimum medium
plates supplemented with ampicillin and the plates were
incubated at 30'C for 3 days. Colonies that formed were
checked for growth on M9 minimum medium plates at
25'C. The plasmids isolated from the colonies that grew at
25'C were used for DNA sequence analysis. The sequencing
reactions were carried out using an ABI PRISM Dye Termi-
nator Cycle Sequencing kit and AmpliTaq DNA Polymerase
FS. The primers used were M13^i2 (5'-GAGCGGATAA-
CAATTTCACACAGG-3'), ATL-D (5'-TTGTGCCTCGC-
GATG-3'), RV-M (5'-GTTTTCCCAGTCACGACGTTG-3'),
and ATL-U (5'-ATGGCGTCCACATACTGGTG-3'). The se-
quence was recorded on an ABI PRISM 377 DNA se-
quencer.

Expression and Purification of Enzymes—E. coli OM17
harboring a plasmid of each cold-adapted leuB gene was
cultivated in LB medium containing ampicillin and IPTG
at 37"C. Purification of the wild-type and cold-adapted
IPMDHs was carried out using the procedure described
previously (19) with minor modifications. In brief, the E.
coli cells were disrupted by sonication, and the cell extracts
were heated for 20 min at 70*C. The enzymes were purified
using Butyl-Toyopearl 650s (Tosoh Corp.) and Resource Q
(Pharmacia Biotech) columns, and the purified enzymes
were stored at 4*C. The concentration of the enzymes was
estimated based on the molar extinction coefficient of
30,400 at 280 nm (29).

Estimation of Kinetic and Thermodynamic Parameters—
The catalytic rate was estimated based on the NAD+ reduc-
tion by measuring the initial rate of the increase in absor-
bance at 340 nm with a Beckman DU7400 Spectro-
photometer. The reaction was initiated by the addition of
0.6 (jLg of enzyme to the assay mixture [50 mM HEPES
buffer (pH 8.0) containing 100 mM KC1, 5 mM MgCl̂ , 0.4
mM DL-IPM, and 0.003-5 mM NAD+] that had been prein-
cubated for 5 min. The Michaelis constant (JL^) for coen-
zyme NAD+ and the kM value were estimated by fitting the
initial velocity data to the Michaelis-Menten equation. The
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K^ value for substrate EPM was measured using assay
buffers containing 1-20 \\M IPM and a saturating concen-
tration of NAD+. The thermodynamic parameters, ie.,
changes in activation free energy (AG*\ enthalpy (AH*),
and entropy (AS*), and changes in van't Hoff free energy
(AGm), enthalpy (AHm) and entropy (ASm) were calculated
according to the relationships presented in a previous re-
port (20).

CD Measurement—The wild-type and mutant IPMDHs
(0.2 mg/ml) were dissolved in 20 mM phosphate buffer (pH
7.0). The circular dichroism (CD) was measured with a
Jasco-J-720 Spectropolarimeter in a cell of 1-mm path-
length. Loss of the secondary structure in the wild-type and
mutant IPMDHs was monitored by recording the CD sig-
nal at 222 nm as a function of temperature. The tempera-
ture was increased at a rate of l°C/min.

RESULTS

Selection of Cold-adapted Mutant IPMDHs—Error-prone
PCR was carried out with and without 0.2 mM MnCL,.
Sequence analysis of randomly selected clones of the librar-
ies revealed that the clones obtained by the PCR with and
without MnCL;, respectively, contained substitutions of
about two or three and one base-pair per gene. These were
used for selection on M9 minimum medium plates. Sixty
and 64 colonies were isolated from the two plasmid librar-
ies of 1.1 X 106 and 7.9 X 10* transformants, respectively,
within 3 days at 30°C. The colonies were tested for growth
on M9 minimum medium plates at 25'C. All of the clones
isolated at 30'C grew at 25"C. Eighty randomly selected
clones were sequenced, and 49 clones were found to have
either single or multiple amino-acid substitutions (Table I).
The remaining clones did not carry any base substitutions
in the coding region of the leuB gene. These strains were
selected probably because the expression of the leuB gene
was enhanced. Among the 13 single-aminc-acid mutants, 5
out of 7 randomly selected mutants showed a higher ratio
of 40/60'C activity than T. thermophilus wild-type IPMDH
(T. th WT) and were used for further analysis. E16 IK and
K178T were not analyzed further because the activity ratio
40/60'C was lower than that of T. th WT.

Temperature Dependence of Specific Activity—T. th WT
and mutant IPMDHs and E. coli WT were purified to
homogeneity as determined by results of sodium dodecyl
sulfate polyacrylamide gel electrophoresis (data not
shown).

The specific activity of the selected mutant IPMDHs, T.
th WT, and E. coli WT was determined in the temperature
range of 30-95'C (Fig. 1). Mutants R85C and S248T had

higher specific activity than T. th WT but much lower activ-
ity than E. coli WT in the temperature range of 30-60"C.
G12S and K21T showed similar specific activity profiles to
T. th WT. A335V had a lower specific activity than T. th WT
in the temperature range examined.

Kinetic Parameters—The kinetic parameters of selected
mutant IPMDHs, T. th WT, and E. coli WT were deter-
mined at 30 and 60*C (Table II). The selected mutant IPM-
DHs showed improved activity at 30'C compared with that
of T. th WT. The k^ was between 0.86- and 6.80-fold, and
K^ for NAD+ was between 0.42- and 25.1-fold that of the T.
th WT. Kn for IPM was between 0.30- and 2.83-fold that of
the wild-type. The mutant IPMDHs could be classified into
two types, similarly to the previously selected mutant IPM-
DHs (15). R85C and S248T showed an increased kM Un-
improved type), and G12S, K21T, and A335V showed an
increased k^JK^ (i^-improved type). Improvements in
these parameters were less significant at higher tempera-
tures. These mutant IPMDHs can be called cold-adapted
mutant enzymes as defined by Feller et al. (21).

Thermodynamic Parameters—The thermodynamic para-
meters of the selected mutant IPMDHs, T. th WT, and E.
coli WT were estimated from the temperature dependence
of the kinetic parameters (Table HI). These parameters
clearly show two types of mutant enzyme.

In the A^-improved-type enzymes (R85C and S248T),
the free energy change for NAD+ binding estimated from
K^ (AGm) increased and became similar to that of E. coli
WT. Moreover, the activation free energy change for cata-
lytic activity estimated from kM (AG*) was reduced to a

TABLE I. Amino acid substitutions of sequenced clones.

Error-prone PCR without MnCl2

Amino acid
substitution

A4V
G12S
K21T
V108A
F140L
G141R
M221V
V249A
A335V
No substitution

Total

Number of
clones

1
1
1
2
1
1
1
1
1

25

35

Error-prone PCR with 0.2 mM
MnCL,

Amino acid
substitutions

V15G+V67A+R85C
T16A+E161K
T16A+V199A
R85C
R85C+I130T
R85C+V199M
V128A+E161K
E161K
E161K+V199A
E161K+S248T
K178E
F194L+S248T
S24OT
S248T+A314P
No substitution
Total

Number of
clones

1
2
2
6
1
1
1
9
1
2
1
1
7
1
6

45

TABLE II. Kinetic parameters of enzymatic reactions of cold-adapted mutant, T. thermophilus wild-type, and E. coli wild-type
IPMDHs.

T. th Vv V
G12S
K21T
R85C
S24ST
A335V
E. coli WT

Values relative

K.IPM

30*C

0.9
0.3
1.7
2.5
0.6
0.4
2.7

(1.00)
(0.33)
(1.89)
(2.78)
(0.67)
(0.44)
(3.00)

(MJM)

60*C

2.6
1.5
3.8
4.4
3.4
0.8
9.1

(1.00)
(0.58)
(1.46)
(1.69)
(1.31)
(0.31)
(3.50)

KmNAD ((iM)
30*C

9.2
4.5
7.8

93.7
230.8

3.9
117.4

to those of T. thermophilus wild-type
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(1.00)
(0.49)
(0.85)

(10.18)
(25.09)

(0.42)
(12.76)

IPMDH i

60'C

134.2
82.2

111.4
454.1
990.5

60.5
864.1

(1.00)
(0.61)
(0.83)
(3.38)
(7.38)
(0.45)
(6.44)

i re indicated in

30*C

0.7
0.9
1.0
4.8
4.0
0.8

39.8

(1.00)
(1.29)
(1.43)
(6.86)
(5.71)
(1.14)

(56.86)
parentheses.

(s-1)
60'C

25.5
20.5
19.9
36.4
33.1
14.0

203.9

(1.00)
(0.80)
(0.78)
(1.43)
(1.30)
(0.55)
(8.00)

kJKm (s-
30'C

0.076
0.200
0.128
0.051
0.017
0.205
0.339

(1.00)
(2.63)
(1.68)
(0.67)
(0.23)
(2.70)
(4.46)

l

6O'C

0.190
0.249
0.179
0.080
0.033
0.231
0.236

(1.00)
(1.31)
(0.94)
(0.42)
(0.18)
(1.22)
(1.24)
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similar degree to the change in AGm (AAGm). The van't Hoff
plot (Fig. 2a) of the fe^-improved-type enzymes shows lower
slopes than that of T. th WT, indicating increased AHm com-
pared with that of T. th WT. This increase in AHm caused
the increase in AGm in the ^-improved-type enzymes. The
Arrhenius plots (Fig. 2b) show that AH* also decreased in
this type of mutant. AH* and TAS* showed compensatory
changes in all the mutant enzymes. In particular, the TAS*
of the fc^-improved enzymes become negative and ap-

350

30 40 90 100

Temperature [°C]
Pig. 1. Temperature dependence of specific activities of cold-
adapted mutants of T. thermophilua wild-type, and E. coli
wild-type. •, T. th WT; x, E. coli WT, o, G12S; A, K21T; A, R85C; •,
S248T; and n, A335V.

preached that of E. coli WT.
In the ^-improved enzymes (G12S, K21T, and A335V),

AGm decreased (Table HI). AG* slightly decreased in G12S
and K21T, and slightly increased in A335V compared with
that of T. th WT. The slope of the van't Hoff plot (Fig. 2a) of
the .K^-improved enzymes decreased slightly, and AHm was
lower than that of T. th WT. The change in AGm was caused
by the decrease in AHm.

Thermo8tability—The apparent melting temperatures
estimated to be the midpoint of denaturation (Tm) esti-
mated from CD at 222 nm are summarized in Table IV.
Small changes in thermostability were detected in the
selected mutant IPMDHs, especially G12S and K21T com-
pared with that of T. th WT.

DISCUSSION

Selection of Cold-Adapted Strains of E. coli—In our pre-
vious report we developed a genome-integration vector for
leuB gene in E. coli. We have integrated the T. thermophi-
lus leuB gene at the leuB locus of the E. coli genome with
the vector. E. coli strains with cold-adapted T. thermophUus
leuB genes were selected at 40*C. Four of five leuB se-
quences analyzed encoded cold-adapted IPMDHs.

In this work, we have used a plasmid expression vector
and a ZeuB-deficient E. coli strain. The E. coli strain har-
boring the wild-type T. thermophUus leuB gene could grow
at 40°C, probably because of the higher expression of the
gene with the plasmid vector than with the integration vec-
tor. Cold-adapted mutant strains were selected at 30'C. A
higher number of strains selected with plasmid vector sys-
tem harbored the leuB genes with no substitution, espe-
cially with PCR condition for higher fidelity. However, the

J

3.0 3.1 3.2

1/T[K-1x10"3]

3.3 2.9

Fig. 2. van't Hoff plots of the
K^ for NAD+ (a) and Arrhe-
nius plots of the kM (b) of
cold-adapted mutants of T.
thermophUus wild-type, and
E. coli wild-type. •, T. th WT;
x, E. coli WT; o, G12S; A, K21T;
*, R85C; •, S248T; and D,
A335V.

TABLE IH. Thermodynamic parameters of enzymatic reaction of cold-adapted mutant, T. thermophilua wild-type, and E. coli
wild-type IPMDHs (30'C).

T.thWT
G12S
K21T
R85C
S248T
A335V
E.coli WT

^Gm

(kcal/mol)

-6 .98
-7 .41
-7.08
-5.58
-5.04
-7.50
-5 .45

AAGa

(kcal/mol)

0.00
-0.43
-0.10

1.40
1.94

-0.52
1.53

(kcaJ/mol)

-17.90
-19.36
-18.50
-10.20
-10.06
-18.63
-13.05

AAHm

(kcal/mol)

0.00
-1.46
-0.60

7.70
7.84

-0.73
4.85

TASm

(kcal/mol)

-10.89
-12.00
-11.38

-4.63
-4.99

-11.10
-7.57

(kcal/mol)

0.00
-1 .11
-0.49

6.26
5.90

-0 .21
3.32

AC
(kcal/mol)

17.96
17.81
17.76
16.80
16.91
18.02
15.53

AAG'
Occal/mol)

0.00
-0.15
-0.20
-1.16
-1.05

0.06
-2.43

AH'
Occal/mol)

22.65
20.64
21.01
12.12
12.60
20.65
10.42

AAH'
(kcal/mol)

0.00
-2 .01
-1.64

-10.53
-10.05

-2.00
-12.23

TAS'
(kcal/mol)

4.65
2.79
3.19

-4.65
-4.27

2.56
-5.09

TJAS*
(kcal/mol)

0.00
-1.86
-1.46
-9 .30
-8.92
-2 .09
-9 .74

J. Biochem.
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TABLE IV. Thermostability of cold adapted mutant, T. ther-
mophilus wild-type, and E. coli wild-type IPMDHs.

Enzyme

T.thWT
G12S
K21T
R85C
S248T
A335V
E. coli WT*

Type

^-improved
J^-improved
A-^-improved
fc^-improved
/^-improved

r« CO
87.0
86.0
86.5
83.0
84.5
85.0
63.0

ATm CO

( 0)
(-1.0)
(-0.5)
(-4.0)
(-2.5)
(-2.0)
(-24.0)

•Wallon, G. et al. (1997) Biochim. Biophys. Acta 1337, 105-112.

analysis of the mutant genes is easier with the plasmid-
vector system.

Temperature. Dependence of Activity of IPMDHs—Two
A^-improved IPMDHs showed higher specific activity than
T. th WT at lower temperatures. The decrease of the spe-
cific activity of ^-improved IPMDHs at higher tempera-
tures can be ascribed to the increase of K^ value for NAD*
at higher temperatures.

Km values for NAD* and k^ value were estimated at
temperatures between 30 and 70*C. Thermodynamic pa-
rameters were estimated from the temperature dependence
of K^ and k^ values for cold-adapted IPMDHs, T. th WT
and E. coli WT. The results are summarized in Table HI
and schematically represented in Fig. 3.

Cold Adaptation of the k^-Improved Type—Figure 3a
shows the free energy profiles relative to the initial state
along the reaction coordinate for the cold-adapted mutant
IPMDHs, T. th WT, and E. coli WT at 30'C. The free energy
level at the Michaelis complex state (IPMDH-S-NAD+) rel-
ative to the initial state increased in the A^-improved
mutants (R85C and S248T) and was similar to that of E.
coli WT. Figure 3a clearly shows that the free energy level
of the Michaelis complex state relative to the initial state
increased to a similar level to that of E. coli WT. This
increase mainly enhances the catalytic reaction in the kM-
improved mutants. The enthalpy and entropy profiles along
the reaction coordinate are also shown in Fig. 3, b and c,
respectively. These figures illustrate that the shift in free
energy level of the Michaelis complex state relative to the
initial state is induced by the increase in the enthalpy level
of the Michaelis complex state, although the change is par-
tially compensated by a shift in the entropy level of this
state in the ^-improved enzymes. These thermodynamic
characteristics are similar to those of the three ^ - i m -
proved enzymes reported a previously, though we have not
compared the characteristics with those of E. coli WT (15).

Although the difference between the Michaelis complex
state and transition ((IPMDH-S-NAD+)+) state decreased
in the ^-improved enzymes compared with that of T. th
WT, the free energy level of the transition state of the
former was higher than that of the latter. The free energy
changes for the entire catalytic reaction were still smaller
in E. coli WT than in the A^-improved types.

Cold Adaptation of Km-Improved Type—hi the ^ - i m -
proved enzymes (G12S, K21T, and A335V), the kJKm

value increased despite a similar or lower specific activity
than that in T. th WT. Lower Km values enable a higher
reaction rate under the condition unsaturated with coen-
zyme NAD+. The intracellular concentrations of NAD+ are
not expected to be so high as to saturate the enzyme reac-
tion rate. Because NAD+ is involved in many metabolic

reactions, its concentration is not expected to change with a
change in the rate of the leucine biosynthesis.

The ii^-improved enzymes showed a lower free energy
level of the Michaelis complex state than T. th WT. The lev-
els of enthalpy and entropy of the Michaelis complex state
relative to the initial state also decreased in these enzymes
(Fig. 3, b and c). Because the change in TASm was smaller
than the change in AHm, AGm (=AHns—TASm) decreased in
these mutants. Accordingly, the decrease in the free energy
level of the Michaelis complex state relative to the initial
state in the ^-improved enzymes at a low temperature
was induced by the decrease in the enthalpy level of the
Michaelis complex state. Although AG* did not decrease
significantly (it was increased in one of them) compared
with that of T. th WT, free energy levels of the transition
state of the ^-improved enzymes were lower than that of
T. th WT and become closer to that of E. coli WT because of
the decrease in AGm. Accordingly, the enhanced activity of
the ^-improved enzymes at low temperature can be
ascribed to the closeness of energy levels between the ini-
tial state and the transition state. The free energy level of
the transition state relative to the initial state in i^-im-
proved enzymes was closer to that of E. coli WT.

Comparison with Natural Psychrophilic Enzymes—As
described by Feller et al. (1996), natural psychrophilic en-
zymes have three general characteristics in common in con-
trast to their mesophilic or thermophilic counterparts:

• A downward shift in their apparent optimum tempera-
ture for activity.

• A higher k^ or kJKm at 0-30°C.
• Rapid denaturation at moderate temperature.

These characteristics were observed in various enzymes
such as a-amylase, subtUisin, LDH, triose phosphate
isomerase, malate dehydrogenase, and lipase, as well as in
natural IPMDHs (20-24). Our cold-adapted mutant IPM-
DHs exhibited the second characteristic.

It has been shown that the activation energy of cold-
adapted enzymes is lower than that of thermophilic en-
zymes (25-28). Low activation energy indicates that a cata-
lytic reaction is relatively temperature-independent. The
low-temperature dependence enables psychrophilic en-
zymes to reduce variability in their reaction rate that could
result from environmental temperature fluctuations. The
mechanism of cold adaptation particularly in the kat-
improved enzymes was similar to that of natural psychro-
philic enzymes that often experience large temperature
changes in their surroundings diurnally and/or seasonally,
whose rates of enzymatic reactions have to be relatively
stable.

Although detailed thermodynamic parameters have not
been analyzed, higher enzymatic activity at low tempera-
ture and low-temperature dependence of enzymatic activity
have been reported in cold-adapted mutants of subtilisin
BPN* and indolglycerol phosphate synthase (29-31). In
these mutant enzymes, a cold-adaptation mechanism simi-
lar to that in the natural psychrophilic enzymes (^-im-
proved type) is expected to enhance the enzymatic activity
at low temperatures. The mechanism of enhanced activity
at low temperature that was observed in the ^-improved
mutants has not been reported in any psychrophilic and
cold-adapted mutant enzymes. In our cold-adaptation ex-
periments, two types of cold-adapted mutants employed
one of the two strategies of E. coli wild-type IPMDH: desta-
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Fig. 3. Free energy (a), enthalpy(b), and entropy(c) profiles relative to the initial state along the reaction coordinate for the
wild-type and cold-adapted mutants of T. thermophilus wild-type, and E. coli wild-type. Black line, T. th WT; broken black line, E.
coli WT, blue line, G12S; cyan line, K21T, yellow line, R85C; magenta line, S248T; and green line, A335V.

Lys21

Fig. 4. Location of substituted residues on the thread model
of T. thermophilus IPMDH. The structure of co-crystallized T.
thermophilus IPMDH with NAD+ (PDB code: 1HEX, Ref. 37) was
used for the figure. The figure was drawn using Insight II (Molecular
Simulations Inc.). Red cylinders, a-helices; yellow arrows, p-strands;
blue arrows, turn; green lines, random coil; purple spacefills, coen-
zyme NAD+; red spacefills, substituted residues in cold-adapted mu-
tant IPMDHs.

bilization of Michaelis complex in A^-improved mutants,
and destabilization of the rate-limiting step in i?Tm-improved
mutants relative to the initial state.

Thermostability—It has been suggested that low cata-
lytic rates could be due to thermophilic enzymes being
more rigid at mesophilic temperatures (32). However, in
G12S and K21T, Tm did not change significantly compared
with that of T. th WT. The previous analysis on cold-
adapted mutant IPMDHs, S92F (i^-improved type) and
V126M (^-improved type), which retain the original ther-

mostability, indicated that there is not an inverse relation-
ship between activity and thermostability (15). A number of
studies of mutant IPMDHs (14, 17, 33-35) have revealed
residues which contribute to the thermostability of T. ther-
mophilus IPMDH. In addition, several stabilized mutant
IPMDHs selected by evolutionary engineering techniques
using T. thermophilus had mutations in interdomain hydro-
phobic contact regions, which also supports the importance
of interdomain interaction (36). None of these mutants ex-
hibited an inverse relationship between thermostability
and catalytic activity. Point-mutation studies of triosephos-
phate isomerase (37), subtilisin (38), LDH (1, 23), and p-
glucosidase A (39) showed that kinetic properties are not
correlated with thermostability. These studies, like ours,
showed additional examples that thermostability and effi-
cient catalytic activity at low temperature are not physical
trade-off requirements, and loss of thermostability of natu-
ral psychrophilic enzymes can be due to a random genetic
drift (5,22,23,40-42).

Structure Comparison—Comparison of the sequences of
the cold-adapted mutant IPMDHs with those of the homol-
ogous IPMDHs revealed that none of the amino acids in
the cold-adapted mutants were similar to those at the cor-
responding positions in mesophilic counterparts. Arg85 and
Ser248 are highly conserved, and Glyl2 is perfectly con-
served in the mesophilic IPMDHs used in the comparison.
A mutation site previously reported to be Vall5 (15) was
also conserved. It is possible to enhance enzymatic activity
by substituting the conserved residues in IPMDH. The
main factor in increasing the activity of the A^t-improved
enzymes CR85C and S24ST) at low temperature is consid-
ered to be the modification of the NAD+-binding site with
the mutation and reduction in the affinity of NAD+, as dis-
cussed in a previous work (15). Dean et al. (43) have re-
ported that the kinetic mechanism of E. coli isocitrate de-
hydrogenase (ICDH) is highly similar to the structural and
reaction mechanisms of T. thermophilus IPMDH. The study
indicated that the oxidative decarboxylation step is quite
rapid (1,700 s"1) compared with substrate and coenzyme
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release (84.5 s'1), indicating that the release step is rate-
limiting for the catalytic reaction. The reduced affinity of
NAD+ was also expected to reduce the NADH affinity. Ac-
cordingly, the release of the product must be facilitated by
the amino acid substitution in the A^-improved mutants.

The substituted residues in the cold-adapted mutant
IPMDHs are shown in Fig. 4. Arg85 is located in the N-ter-
minus of ot-helix d, which interacts with the nicotinamide
ring of NAD+ (12). Arg85 is exposed to solvent and is close
to the position where the residue is able to interact with
Glul93' (' indicates a residue in another subunit) in the
closed form. This intersubunit interaction may be lost as a
result of the amino acid substitution at position 85,thereby
destabilizing the closed form. Because the domain-move-
ment from open to closed is expected to be relevant to the
binding of substrate and coenzyme, the mutation at posi-
tion 85 is expected to affect the binding of ligands.

Ser248 is located at the other side of the active site cleft
of the IPMDH molecule, and Asp241 and Asp245 near
Ser248 are concerned with IPM (12). ArglO4 that interacts
with IPM is also in the vicinity (12). Introducing one
methyl group to the residue at position 248 is expected to
cause subtle changes in the fitting of these residues with
the substrate and coenzyme. S248T is also expected to
affect the position of Val272 which is located at the root of
loop 272—286. This loop contains the NAD+ recognition res-
idues His273, Ala276, Asp278, and Asn286 (44). The move-
ment of this loop may influence the affinity with NAD+ in
this mutant.

On the other hand, in the ^-improved type enzymes
(G12S, K21T, and A335V), the NAD+ binding was improved
by the amino acid substitutions. In T. th WT, the adenine
moiety of NAD+ constructs hydrophobic contacts with side
chains of Hell, Vall5, Leu254, Gly255, He279, and Asp326
(45). Residue Glyl2 is located next to Vall5 on the a-helix
a, which is involved in NAD+ binding. Glyl2 was replaced
with a larger residue Sen Serl2 protrudes toward Pro7 and
Ser71, and causes conformational change of a-helix a and
(3-strands B and C. The shift could be distributed over the
molecule via the p-sheet, which may be a reason for the
increased affinity with IPM and NAD+.

Lys21 and Ala335 are located in a-helices a and k, re-
spectively, which run parallel to each other. Lys21 appears
to interact with Glu334 electrostatically and to stabilize the
arrangement of these helices. This interaction is lost in
K21T, resulting in the shift of a-helix a. This may affect the
conformation of the NAD+-binding pocket. A335V is also
expected to cause rearrangement of these helices by intro-
ducing a bulky side chain. In these mutants, the conforma-
tion of bound NAD+ may be closer to that in the transition
state than in T. th WT, and a chemical reaction may be
facilitated. Subtle structural changes in ICDH are reported
to play substantial roles in enhancing the catalytic power of
the enzyme (46). Therefore, optimizing the NAD+ binding
with IPMDH may stabilize the NAD+ into a conformation
required for its transition state when the enzyme is in a
closed form. This indicates that subtle conformational
change caused by a single mutation is sufficient to improve
the catalytic activity of cold-adapted mutant IPMDHs.

The CD spectra of the cold-adapted mutant IPMDHs
were not significantly different from that of T. th WT (data
not shown). This indicates that there is little difference in
the overall structure between the enzymes, suggesting that

these mutations which cause the temperature-dependent
increase in activity are not linked to large changes in the
secondary structure of the enzyme.

Amino acid substitution outside the active site can alter
the enthalpy and entropy changes for binding and for catal-
ysis. These effects play a critical role in the improvement of
kM and K^. This suggests that optimization of the confor-
mation of ligand-binding pockets is an efficient way of
designing enzymes with improved activity at low tempera-
ture by single mutations, although rational design is still
difficult.
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