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Abstract Two structurally different monomeric and
dimeric types of isocitrate dehydrogenase (IDH; EC
1.1.1.42) isozymes were confirmed to exist in a psy-
chrophilic bacterium, Colwellia psychrerythraea, by
Western blot analysis and the genes encoding them were
cloned and sequenced. Open reading frames of the genes
(icd-M and icd-D) encoding the monomeric and dimeric
IDHSs of this bacterium, IDH-M and IDH-D, were 2,232
and 1,251 bp in length and corresponded to polypep-
tides composed of 743 and 416 amino acids, respectively.
The deduced amino acid sequences of the IDH-M and
IDH-D showed high homology with those of mono-
meric and dimeric IDHs from other bacteria, respec-
tively. Although the two genes were located in tandem,
icd-M then icd-D, on the chromosomal DNA, a
Northern blot analysis and primer extension experiment
revealed that they are transcribed independent of each
other. The expression of the monomeric and dimeric
IDH isozyme genes in C. maris, a psychrophilic bacte-
rium of the same genus as C. psychrerythraea, is known
to be induced by low temperature and acetate, respec-
tively, but no such induction in the expression of the C.
psychrerythraea icd-M and icd-D genes was detected.
IDH-M and IDH-D overexpressed in Escherichia coli
were purified and characterized. In C. psychrerythraea,
the IDH-M isozyme is cold-active whereas IDH-D is
mesophilic, which is similar to C. maris that contains
both cold-adapted and mesophilic isozymes of IDH.
Experiments with chimeric enzymes between the cold-
adapted monomeric IDHs of C. psychrerythraea and C.
maris (IDH-M and ICD-II, respectively) suggested that
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the C-terminal region of the C. maris IDH-II is involved
in its catalytic activity.
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Introduction

Isocitrate dehydrogenase [IDH; EC 1.1.1.41(42)] is a key
enzyme of the TCA cycle and important for controlling
the metabolic flux between the TCA cycle and the gly-
oxylate shunt. This enzyme catalyzes the oxidative
decarboxylation of D-isocitrate to 2-oxoglutarate and
CO, coupled with the reduction of NAD ™ or NADP ™.
On the basis of subunit structure, bacterial IDHs can be
categorized into two types, homodimers consisting of
subunits of about 40-45 kDa and monomers with a
molecular mass of 80-100 kDa. Many bacteria possess
only one type. For instance, the IDHs of Escherichia coli
(Burke et al. 1974), Thermus thermophilus (Eguchi et al.
1989), Bacillus stearothermophilus (Howard and Becker
1970) and Rhodopseudomonas spheroides (Chung and
Braginski 1972) are known to be dimeric, while those of
Azotobacter vinelandii (Chung and Franzen 1969; Sa-
hara et al. 2002), Corynebacterium glutamicum (Eik-
manns et al. 1995; Chen and Yang 2000),
Rhodomicrobium vannielii (Leyland and Kelly 1991) and
Vibrio parahaemolyticus (Fukunaga et al. 1992) are
monomeric. On the other hand, it has been reported that
Colwellia maris, previously described as Vibrio sp. strain
ABE-1, and Ralstonia eutropha have both dimeric and
monomeric IDHs (Ochiai et al. 1979; Wang et al. 2003).
In addition, the coexistence of IDH isozyme genes in
several bacteria is presumed based on genomic se-
quences. In the psychrophilic bacterium C. maris, the
dimeric IDH-I (CmIDH-I) is a typical mesophilic
enzyme, while the monomeric IDH-II (CmIDH-II) is
cold-adapted and exhibits extreme thermolability above
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25°C (Ochiai et al. 1979, 1984). The transcription of the
gene encoding IDH-II, icd-1I, is induced by low tem-
perature while that of icd-I encoding IDH-I is acetate
inducible (Suzuki et al. 1995). Nevertheless bacterial
monomeric and dimeric IDHs catalyze the same reac-
tion, have little homology in amino acid sequence (Ishii
et al. 1993) and differ in their immuno-crossreactivity
(Ishii et al. 1987; Fukunaga et al. 1992). Recently, the
structure of mesophilic IDH of A. vinelandii was first
resolved as a bacterial monomeric one (Yasutake et al.
2002), and it was revealed that it contains two domains,
domain I composed of N-terminal region 1 and C-ter-
minal region 3 and domain II composed of intermediate
region 2. Since a mutant of C. maris completely lacking
IDH-I activity showed the same growth characteristics,
with respect to nutrients required and growth tempera-
ture, as the wild type, it was concluded that this enzyme
is dispensable to this bacterium (Fukunaga et al. 1988).
However, the physiological significance of the coexis-
tence of the two IDH isozymes in C. maris has not been
completely elucidated.

Colwellia psychrerythraea isolated from flounder
eggs is classified into the same genus as C. maris and is
also a psychrophilic bacterium (D’Aoust and Kushner
1972). It is of interest, as well as helpful for under-
standing the physiological significance of the coexis-
tence of IDH isozymes and cold adaptation of these
bacteria, to clarify whether C. psychrerythraea pos-
sesses IDH isozymes or not. In this study, we present
unambiguous evidence of the existence of the two IDH
isozymes in this bacterium and report the cloning of
the two genes encoding them and their characteristics,
including their catalytic properties and gene expression.
Furthermore, as a first step toward identifying the
structural determinants responsible for the differences
in catalytic function between the monomeric IDHs of
C. psychrerythraea and C. maris, chimeric genes in
which each region was exchanged between the mono-
meric IDH of C. psychrerythraea and CmIDH-II were
constructed based on the three-dimensional structure of
A. vinelandii IDH, and several characteristics of the
chimeric enzymes were examined.

Materials and methods
Bacteria, phage, plasmids and culture conditions

The psychrophilic bacterium C. psychrerythraea NRC
1004 (D’Aoust and Kushner 1972) was grown at 15°C
with vigorous shaking as described previously (Watan-
abe et al. 2002b). E. coli XL.1-Blue (Stratagene) was used
to propagate plasmids and cultured at 37°C. A mutant
of E. coli defective in IDH, DEK2004 (Thorsness and
Koshland 1987), which has a glutamate auxotrophic
phenotype, was used as a host for expression experi-
ments of the C. psychrerythraea IDH genes. For the
growth of these E. coli strains, Luria-Bertani (LB)
medium, Super broth medium (Watanabe et al. 2005)

or a morpholinepropanesulfonic acid (MOPS)-based
synthetic medium (Neidhardt et al. 1974) supplemented
with 0.5 mM Trp and 2% sodium succinate was used. If
necessary, ampicillin and tetracycline were added to the
culture media at concentrations of 50 and 15 pg/ml,
respectively. Phage AEMBL3 (Stratagene) was used as a
vector for the construction of a genomic DNA library of
C. psychrerythraea. Plasmids pBluescript KS(+) (pBS;
Stratagene) and pTrcHisB (Invitrogen) were used for
further subcloning of the IDH genes and the overex-
pression of genes encoding His-tagged recombinant
IDHs, respectively.

Western blot analysis

Colwellia psychrerythraea was cultured at various tem-
peratures until the ODggq of the culture reached 1.0-1.5.
The bacterial cells were then harvested and suspended in
50 mM potassium phosphate buffer, pH 7.5, containing
2 mM MgCl,, 0.5 M NaCl and 10 mM 2-mercaptoeth-
anol. The cell-free extract was prepared as described
previously (Watanabe et al. 2002b). Protein was mea-
sured by the method of Lowry et al. (1951) using bovine
serum albumin as a standard. Unless stated otherwise,
the Western blot analysis of these crude extracts was
performed with rabbit antibodies against CmIDH-I and
CmIDH-II as described previously (Suzuki et al. 1995).

Cloning of the IDH genes and nucleotide sequencing

Genomic PCR was performed to obtain a probe for
plaque hybridization. Chromosomal DNA was isolated
and purified from the C. psychrerythraea cells as de-
scribed previously (Ishii et al. 1993). The primers for
icd-M and icd-D encoding the respective monomeric
and dimeric IDHs of this bacterium (CpIDH-M and
CpIDH-D, respectively) were designed from a highly
conserved region of the A. vinelandii monomeric IDH
and CmIDH-II and of the E. coli dimeric IDH and
CmlIDH-I, respectively (Table 1). The upstream primer
for icd-M, CpM-s, corresponds to the sequences be-
tween +240 and +263 from the translational start
codon of icd-1I, encoding CmIDH-II, and between
+234 and +257 of the A. vinelandii IDH gene, while
the downstream primer, CpM-as, is complementary to
the sequences between +423 and +449 of the icd-11
gene and between +417 and +443 of the A. vinelandii
IDH gene. The upstream primer for icd-D, CpD-s,
corresponds to the sequences between + 699 and + 722
of icd-1, encoding CmIDH-I, and the E. coli IDH gene,
while the downstream primer, CpD-as, is complemen-
tary to the sequences between + 1,017 and + 1,040 of
icd-I and the E. coli IDH gene. Amplification was
carried out for 30 cycles in a DNA thermal cycler 2400
(Perkin-Elmer) in a reaction mixture (50 pl) containing
0.5 pg genomic DNA, 50 pmol each of the forward and
reverse primers and 5 U AmpliTag DNA polymerase
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Table 1 Oligonucleotides used

in this study Primer name

Nucleotide sequence (5" — 3%)

Probe for plaque hybridization
CpM-s
CpM-as
CpD-s
CpD-as
Probe for primer extension
M-primer
#Small letters indicate D-primer
additional bases for introducing

digestion sites for Sacl CPMF0*
(italicized letters) CPMR(®
®Small letters indicate CPDF0*
additional bases for introducing  CPDROP

digestion sites for BamHI
(italicized letters)

“Small letters indicate bases
substituted to introduce
digestion site for BssHII
gitalicized letters)

Small letters indicate bases
substituted to introduce
digestion site for NspV
(italicized letters)

CFo0?

CRO®
CmBssHII-s¢
CmBssHII-as®
CpBssHII-s*
CpBssHII-as®
CpNspV-s?
CpNspV-as®

AAYATCATCAAGYTGCCRAAYATY
TGGCGCRCGRCGRTCRGAGTTRCCTTC
ATGAAGTTYACYGAAGGMGCKTTT
ACCKGCATATTTMGGWGCRGTWCC

GGCTTGGATGATAGGTAATAAAGAATACG
GTAATTTTATCACCTATACTGGGAACTG

Construction of IDH isozyme expression vectors

gataaggatccsAGCACTGATAACTCAAA
atctcgagctcTTATAACAATGCTAACAA
gataaggatccgACAAGTAAAATCACAGT
atctcgagctcTTACATATGTTCAATAAT

Construction of chimeric IDH genes

gegeggatccgAGCACTGATAACTCAAAAATC
gcecgagetc TTAAAGTAATGCAGATAAAATGG
GGTAACTCTGATCGTCGcGCGCCAGCG
CGCTGGCGCgCGACGATCAGAGTTACC
GTTTAACTGAAGCAGGcGCgCGTCTATC
GGTAATTCAGATAGACGcGCgCCTGCTTC
GGTGGCGGTTTATTcGAACTGGTGCAGG
CCACCTGCACCAGTTTCgAATAAACCGCC

(Roche Molecular Systems) in a buffer system prepared
by the manufacturer. Cycling conditions were as fol-
lows: denaturation at 94°C for 1 min, annealing at
48°C for 1 min and extension at 55°C for 3 min, for
each of 30 cycles. PCR products with predicted lengths
of about 200 bp for the icd-M gene and 350 bp for the
icd-D gene were purified and ligated to the EcoRV site
of pBS for propagation.

Plaque hybridization (Sambrook et al. 2001) was
carried out to screen the genomic DNA library of C.
psychrerythraea constructed with a phage vector
AEMBL3 as described previously (Ishii et al. 1993). The
PCR products were labeled with [o-*?P]JdCTP using a
random primer labeling kit (Takara) and used as probes.
After overnight incubation at 60°C with either of the
labeled probes, blotted membranes were washed suc-
cessively in 2xSSC (1xSSC is 15 mM sodium citrate, pH
7.0, and 0.15 M NaCl) containing 0.1% (w/v) SDS for
20 min at room temperature and then twice with
0.1xSSC containing 0.1% SDS for 20 min at 60°C.
Autoradiography was performed by exposing the
membrane to X-ray film (RX, Fuji Photo Film) at
—80°C. In Southern blot analysis, the C. psychrerythraea
genomic DNA digested with appropriate restriction en-
zymes was fractionated by 1% agarose gel electropho-
resis, transferred to a nylon membrane and processed as
described above.

The nucleotide sequence was determined in both
directions using appropriate primers and a BigDye
Terminator Cycle Sequencing FS Ready Reaction Kit
(Applied Biosystems) with an ABI PRISM 310 Genetic
Analyzer (Applied Biosystems) or using T3 and T7
primers and a Thermo Sequenase pre-mixed cycle
sequencing kit (Amersham Biosciences) with a Li-Cor
model 4000L sequencer. The sequences were ana-
lyzed with the Genetyx computer program (Software

Development Co.). The nucleotide sequences of the icd-
M and icd-D genes of C. psychrerythraea have been
deposited in the DDBJ database under accession no.
AB174851.

Northern blot analysis

Total RNA from mid-log phase cells of C. psych-
rerythraea and E. coli DEK2004 transformants harbor-
ing various plasmids was prepared with an RNeasy
Total RNA Kit (Qiagen). Northern hybridization was
performed as described previously (Sahara et al. 2002)
but with the labeled probes used for plaque hybridiza-
tion. After hybridization, the membrane was succes-
sively washed in 2xSSC containing 0.1% SDS for
20 min at room temperature and then in 2x and 1xSSC
containing 0.1% SDS for 20 min at 42°C. Autoradiog-
raphy was performed by exposing the membrane to a
BAS Imaging Plate and using a BAS-2000 Image Reader
(Fuji Photo Film).

Primer extension analysis

For the primer extension analysis, two primers, M-pri-
mer and D-primer complementary to the internal region
between + 62 and + 90 from the translation start codon
of icd-M and between +17 and +44 of icd-D, respec-
tively, were synthesized (Table 1). The 5-ends of the
primers were labeled with [y-**P]JATP and T4 polynu-
cleotide kinase. Total RNA (30-50 pg) isolated from C.
psychrerythraea was incubated for 6 h at 40°C with either
of the labeled primers. Extension was performed with a
reverse transcriptase (ReverTra Ace, TOYOBO), and the
products were analyzed by electrophoresis on a 6%
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polyacrylamide sequencing gel with sequencing ladders
of the C. psychrerythraeca IDH genes. Sequencing was
performed with the T7 sequence kit (USB) with the same
primers as used for the primer extension reaction.

Construction of genes encoding His-tagged IDHs
of C. psychrerythraea and chimeric IDH genes

The C. psychrerythraea icd-M and icd-D genes were
amplified by PCR to introduce restriction sites for
BamHI and Sacl at the 5’ and 3’-terminals of the
ORFs, respectively. Therefore, the following primers
were synthesized: CPMF0 and CPMRO as forward and
reverse primers for icd-M and CPDFO0 and CPDRO as
forward and reverse primers for icd-D, respectively
(Table 1). Amplification was carried out for 30 cycles
in a DNA thermal cycler 2400 (Perkin-Elmer) in a
reaction mixture (50 pl) containing 100 ng pCPM (pBS
ligated complete icd-M gene to the Sal/l-Hincll site) or
pCPD (pBS ligated complete icd-D gene to the Hincll
site), 10 pmol each of the forward and reverse primers
and 1 U KOD-plus DNA polymerase (TOYOBO) in a
buffer system prepared by the manufacturer. Cycling
conditions were as follows: denaturation at 94°C for
2 min, annealing at 50°C for 0.5 min and extension at
68°C for 2.5 min. Each PCR product was digested with
BamHI and Sacl and ligated to the BamHI-Sacl site of
pTrcHisB (Invitrogen), a plasmid vector for conferring
the N-terminal (His)s-tag on the expressed proteins, to
obtain plasmids pHisCpIDH-M and pHisCpIDH-D,
respectively.

The monomeric IDH of 4. vinelandii consists of three
regions 1-3 (Yasutake et al. 2002). According to a pre-
vious report (Watanabe et al. 2005), chimeric genes in
which these regions of CmIDH-II and CpIDH-M were
exchanged were constructed with the following modifi-
cations. Although CmIDH-II has a NspV restriction site
between region 2 and region 3, no restriction site is
available between region 1 and region 2. Furthermore,
there is no restriction site between region 1 and region 2
or between region 2 and region 3 in CpIDH-M. There-
fore, BssHII and/or NspV sites were introduced into the
CmIDH-II and CpIDH-M genes by PCR in a reaction
mixture (50 pl) containing 100 ng pHisCmIDH-II har-
boring the icd-II gene in the BamHI and Sacl sites of
pTrcHisB or pHisCpIDH-M as a template, 10 pmol of
each primer and 1 U KOD-plus DNA polymerase in a
buffer system prepared by the manufacturer. The for-
ward and reverse primers used to introduce the BssHII
site were CmBssHII-s and CmBssHII-as for the icd-11
gene and CpBssHII-s and CpBssHII-as for the CpIDH-
M gene, respectively (Table 1). The primers used to
introduce the NspV site into the CpIDH-M gene were
CpNspV-s and CpNspV-as. The PCR products were li-
gated into pTrcHisB to obtain plasmids pHisCmIDH-
II: BssHII and pHisCpIDH-M:BssHII-NspV. The coding
regions of resultant chimeric genes were certified by
subsequent sequencing in both directions.

Overexpression and purification of His-tagged IDHs

The IDH-deficient mutant, E. coli DEK2004, trans-
formed with pHisCpIDH-M, pHisCpIDH-D or plas-
mids carrying chimeric IDH genes, was grown, the IDH
proteins were overexpressed and cell-free extracts were
prepared as described previously (Watanabe et al. 2005)
with the following modifications. Cells were suspended
in buffer A (50 mM sodium phosphate, pH 8.0, con-
taining 2 mM MgCl,, 0.5 M NaCl, 10 mM 2-mercap-
toethanol and 10 mM imidazole) for CpIDH-D and
chimeric IDHs or buffer B (50 mM sodium phosphate,
pH 8.0, containing 2 mM MgCl, 0.3 M NaCl, 10 mM
2-mercaptoethanol and 10 mM imidazole) for CpIDH-
M. The cell-free extract was loaded onto a Ni-NTA
column (25 ml volume; Qiagen). For the purification of
CpIDH-D and chimeric IDHs, the column was equili-
brated with buffer A. After being thoroughly washed
with the same buffer, the column was washed further
with 50 ml of buffer C (buffer A containing 10% w/v
glycerol and 20 mM imidazole instead of 10 mM imid-
azole) and next with 50 ml each of buffers D and E
(buffer C containing 30 and 50 mM imidazole instead of
20 mM imidazole, respectively). The enzymes were then
eluted with 50 ml of buffer F (buffer C containing
250 mM imidazole instead of 20 mM imidazole). For
the purification of CpIDH-M, the column was equili-
brated with buffer B. After a thorough washing with the
same buffer, the column was washed further with buffer
G and then H (buffer B containing 20 and 30 mM
imidazole instead of 10 mM imidazole, respectively).
The CpIDH-M was eluted with buffer E. Each elutant
was concentrated and then dialyzed as described previ-
ously (Watanabe et al. 2005). All His-tagged re-
combinant IDHs were stocked at —35°C prior to use.

Enzyme assay

Unless otherwise noted, the IDH activity was assayed by
determining spectrophotometrically the increase in
absorbance at 340 nm as described previously (Ochiai
et al. 1979) with the following modifications. For
CpIDH-D, the reaction mixture (2 ml) contained
33 mM Tris—HCI (pH 8.0), 0.67 mM MnCl,, 0.12 mM
NADP", 0.15M NaCl and 2 mM isocitrate. For
CpIDH-M, 33 mM phosphate buffer (pH 7.0) and
0.25 M NaCl were added to the reaction mixture instead
of 33 mM Tris—HCI and 0.15 M NaCl. For chimeric
IDHs, 0.25 M NaCl was added to the reaction mixture
for CpIDH-M instead of 0.15 M NaCl. One unit of
enzyme activity was defined as the amount capable of
catalyzing the reduction of 1 pmol of NADP " per min.
For heat-inactivation experiments, the purified re-
combinant IDHs were dialyzed overnight against
20 mM potassium phosphate buffer (pH 8.0) containing
2 mM MgCl,, 100 mM NaCl, 10% (v/v) glycerol and
1 mM DTT. After incubation for 10 min at specific
temperatures, the enzyme was immediately cooled on ice



for 10 min. The residual activity was then assayed at
each optimal temperature.

Results

Western blot analysis of isocitrate
dehydrogenase from C. psychrerythraea

A clear difference between the monomeric and dimeric
types of bacterial IDHs and similarity within each group
have been reported for immunological crossreactivity
(Ishii et al. 1987; Leyland and Kelly 1991; Fukunaga
et al. 1992; Sahara et al. 2002). To clarify whether C.
psychrerythraea, another psychrophilic species of the
same genus as C. maris, has both types of IDH as well,
an immunoblot analysis was initially carried out using
antibodies against the dimeric CmIDH-I and monomeric
IDH from V. parahaemolyticus (Fig. 1). Proteins cross-
reacting with the respective antibodies were detected in
the crude extract of C. psychrerythraea and their

Fig. 1 Western blot analysis of
dimeric (a) and monomeric (b)
IDHs of Colwellia
psychrerythraea. Rabbit
antibodies against dimeric
CmIDH-I and monomeric IDH
from V. parahaemolyticus
(Fukunaga et al. 1992) were
used. In a, lanes 1-3 crude
extracts of C. psychrerythraea,
C. maris and E. coli,
respectively. In b, lanes 1, 3 and
4 crude extracts of C. 62
psychrerythraea, C. maris and
E. coli, respectively. Lane 2 the
purified CmIDH-II

kDa
175

47.5

Fig. 2 Physical and restriction
map of the genomic DNA
fragment containing the icd-M
and icd-D genes. Arrows
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molecular masses were similar to the same type of IDHs
from other bacteria. These results imply the coexistence
of the two different types of IDH isozymes in this bac-
terium. On the other hand, unlike C. maris (Ochiai et al.
1979), only one peak of IDH activity in the crude extract
was observed at 40°C (data not shown).

Cloning of the C. psychrerythraea IDH isozyme genes

Probes used for the cloning of monomeric and dimeric
IDH genes of C. psychrerythraea were obtained by
genomic PCR as described in Materials and methods,
and the products were 210 and 342 bp in length,
respectively. The deduced amino acid sequences of the
two probes were similar to those of the respective IDH
isozyme genes from C. maris. On the other hand, the
genomic library of C. psychrerythraea was constructed
by ligating 10-22 kbp fragments of the C. psychreryth-
raea chromosomal DNA obtained by partial digestion
with Sau3Al into a phage vector, AEMBL3, and was
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\
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screened with the respective probes. Consequently, many DNAs, it was found that a phage clone, ACPM4-1-3,
positive signals were obtained in both cases. Among contains both IDH isozyme genes (Fig. 2). A 2.6 kbp
them, the respective phage plaques with the strongest Sal/l-Spel fragment and a 3.5 kbp Spel-Sall fragment of
signal were selected for further characterization. From this phage clone were subcloned into a plasmid vector,
analyses of restriction enzyme maps of the recombinant pBS, to yield pCP1 and pCP2.

-35 -10

1  GITTCGCTGTATGTCTTGTATTATCTTTGTTGTTGTTCATTTTTGTCTTGGTTTCAATGAAGGAAAGAAATTGGTACTAATGCTCACCTATATTAATATGTCTCGAATTACTATAATATA 120

121 CTGCGCGAAAAATAAATGTTAAATATTAGCGATTATTCTAATGTAAGTTAATCGATTTAAGCTAAATAAATGTAAGCTTACCAATTAAGTéggéAACTCATGAGCACTGATAACTCAAAA 240
A icd-M —a = M S T DN S K

241 ATTATTTATACTATTACCGATGAGGCACCCGCCTTAGCAACGTATTCTTTATTACCTATCATCCAAGCCTATACCGCATCTTCTGGTATTAATGTTGAAACTCGTGATATTTCCTTAGCA 360
I I YTTITODESGATPATLA AT TYSTLTLTPTITIOATYTA ASSGTINTYVTETR RTDTISL A

361 GGTCGCGTTTTAGCTAATTTTCCAAAATATTTAACTAAAGAGCAACGTATTGATGACGCGTTAGCTGAATTAGGCGAGATGGTGACTAACCCCAATGCCAATATTATTAAGTTACCTAAT 480
G RVLANTFT PZ K VYLTZEKTE OTRTITDT DA ATLT AETLTGENMS YVTNTPNANTITITZ KTELTZPN

481 ATCAGTGCTTCTGTACCGCAATTGCATGCAGTGATAAAAGAACTACAAGGCAAGGGTTATGAAGTGCCTAATTACCCTGAAGAGCCGCAAAATGATGCAGAAAAATCAATTAAATATACT 600
I s ASV&POTLUHAYVTIZKTETLGOGTE KTGTYTEVTPNZYZPETETPO QNT DA ATET KT STITEK?TYT

601 TATGATAAGATTAAGGGAAGTGCAGTAAACCCTGTTTTACGTGAAGGTAATTCAGATAGACGTGCTCCTGCTTCAGTTAAACAATATGCGCAAAAGAACCCTCATTCTATGGGTGTTTGG 720
Y DK I KGSAVDNZPVILRETSGNS S DRI RATPA ASTVYVZEKT OTYA AOQTE KTNTPEHTSDNMGTUVW

721 TCAAGTGAATCAAAATCTCATGTCGCGAGTATGAGCGGTGGTGATTTTTATGAATCAGAACAATCAGCAACGGTTAATTACGCAACGAATGTAAAAATAGAATTCGTTGGACAAGATGGC 840
S S ES K S HVASMSGG DTFTYESTSTE® QSA ATV VNTYA ATNV VZE KTITETFTVGSOQTD G

841 AGCGTTAAGGTGTTAAAAGATAGCTTACCGCTATTAACGGGTGAAATAATCGATTCATCGGTACTAAGTAAAGTATCTTTACTTGAATTTTATCAGCAATCAATTACCGATGCCAAAAAA 960
S VKVLEKDSTLPLTLTGETITIDSSVTLSZ KV VSTLTILETFTYOQOOSTITTDATZK K

961 GAAGATGTTCTATTGTCGTTACATTTGAAAGCGACCATGATGAAAGTATCTGACCCGGTGATTTTTGGTTATGCAGTTAAAGTGTTTTATGCTGATGTGTTTGAAAAGCATGGTGAAATA 1080
EDV LLSTLHTLTEKA ATMMEKVYVSDTFPVTIFGTYA AVYVIE KV FYADTYVTFTETZ KTHTGE I

1081 TTTGATCAATTAGGCGTAGATGCCAACAATGGTATTGGTGATGTCTACAGCAAAATTAGTCGCTTACCTAGTGATAAGCAAGCAGAAATCGAAGCCGATTTAGCCGCTGTTTTTGCTAAT 1200
FDQLGT VDA ANTSNTGTIG DT VJYSZEKTISRTLTPSTDZE KT OQOA ZAETLITEA ATDTILTA AAVTF AN

1201 CGCCCTGAGCTTGCCATGGTTGATTCTGATAAAGGGATCACTAATTTACATGTACCAAGTGATGTTATTGTTGATGCATCAATGCCAGCAACATTACGCTCTTCAGGTAGAATGTGGGGA 1320
R P ELAMGYODSTDZE KGTITNTZLTEHTYT PSDVTITVDASUMTPATTILT RSSGTRUMUWG

1321 CCAGATGGCGAGTTGAAAGATACTAAAGCTATGATTCCTGATAGATGCTATGCCGGTGTTTATCAAACAGTATTTGATTTTTGTAAAGAAAATGGTGCTTTTGACCCTACGACTATGGGC 1440
PDGETLTEKTDTTZ KA AMTITPD®RTCTYA AGTYJYOQTVTFDTFT CEKTENT G ATFTDTFPTTMG

1441 ACTGTGCCTAATGTAGGCTTAATGGCACAAAAAGCTGAAGAATATGGCTCTCACGATAAAACTTTTATTATGAGTGAAGCTGGTAGTATGCGTGTCGTTGATGCACTTGGTACAACCTTA 1560
TV PNVGLMAOQTE KA AETETYGS ST HDTZ KTTFTIMSTES AG®GSM®RVYVYDATLTGTTL

1561 CTTGAACATAGTGTTGAAGAAGGTGATTTATGGCGTATGTGCCAAGCGAAAGATCTACCGATTCAAGATTGGGTTAAACTAACCATTACTCGTGCTAAAGCATCGGGTATGCCAGCTGTT 1680
LEHSVEESGT DTILTWRMGCOQA ATE KT DTELT®PTIODWVE KTLTTITTRA ATEKTA ATSTGWMZP AV

1681 TTCTGGTTAGATGAAAACCGAGCGCACGATAGAGAGATGATCAAGAAGGTAAATGCTTATTTAGCTAACTATGATACTACAGGCCTAGATATTCAAACTCTTAGCCCTGTTGAAGCATGT 1800
FWULDENTRAHTDTERTEHMTITZE KT KV VNA ATYTLANTYTDTTGTLTDTIGQTTLSTPVEALC

1801 AAATTTACCTTAGCGCGTATTATTAAAGGTGAAGATACTATTTCGGTTACGGGTAATGTATTACGTGATTACTTAACCGATTTATTTCCAATTTTAGAATTAGGTACTAGTGCTAAAATG 1920
K F T LARTITIZEKGEDTTISVTOGNTVTLTZRDJTYTLTTDTILTFT?P?TITLETELTGTSAZ KM

1921 TTATCTGTTGTGCCATTAATGAATGGTGGCGGTTTATTTGAAACTGGTGCAGGTGGTAGTGCTCCTAAGCATGTTCAACAGTTTGAAAAAGAGAACCATTTACGTTGGGATTCTTTAGGT 2040
L SVV?PLMNG GG G GTLTFTETGAG® GG GSA ATPTE KTHVYVSOQOQTFTETZEKTENTEHTLT RTWDSL G

2041 GAGTTTTTAGCCTTAGCTGCTTCTTTAGAGCATTTAAGTGTTACGTCAGGCAATGCTAAAGCACAGGTTCTTGCTGATACTTTAGATAAAGCCACCGGTGAGTTTTTAGATAGCAATAAG 2160
E F L AL A A SL EHUL SV TS GDNWA AI KA AOQQUVV L ADTULDI KA ATGEVF L D S N K

2161 TCACCATCACGTAGAGTGGGTGAGCTAGATAACCGTGGTAGTCACTTTTACCTTGCTATGTATTGGGCAAAAGCATTGGCGCAGCAAACGAGTGATGGAGAGCTTAAAGCCAGCTTTACT 2280
S P SRRV GETLTDINTZ RGSHTFTYTLAMTYTWATE KA ALTA AO OO QTS STDGTETLTE KT ASTSTF T

2281 GGTGTTGCTCAAGCGTTTGCTAAGAAAGAAGAAAAAATTGTAGCAGAATTAAATGCAGCGCAGGGGCCAGCAATGAATATCGGCGGCTACTATTTCGCTGATACAGCCCAAGCAGAAAAA 2400
G VvV A Q A F A K K E E X I VvV A EL NAAQG?PAMNDNTIGGY Y F A DT AQ A E K

2401 GCGATGCGTCCAAGTGAAACGTTAAATACTATTTTGTTAGCATTGTTATAAGCGTCAGTAATACAATGAGTTAAATGAGAGAGAAGTGATAAAGCTTGGCTCTTTTTACCTACAAAAAGG 2520

AMRGPSETTLNTTITLTLATLL *
2521 TATTCAGTAAGATAATAGTCACTATTACTTTTAAGTGATTATTGTCATTACTCTTTTTACTCAGTTTTAGGTTAAACTGAGAGTTAAATATTACGTTGACTAAATTAAATGAAATTAAGT 2640

2641 CGATTGCTATTTTTTGTTAATATTCATTOATITATCGTTT TG TC T I AT AT AT T TTATAGGCATTGATCGATGTCCATTCTTCCAATTAGGAGAGCGCTTTATGACAAGTAAAATCA. 2760
A icd-D —m M T S K I

2761 CAGTTCCCAGTATAGGTGATAAAATTACTGTATCTAACGGTAAATTATCAGTGCCAAACAATCCTATCATTCCTTTTATAGAAGGTGATGGTATTGGTGTGGATGTTACCCCACCTATGA 2880
TV©PSIGDTZKTITVSNSGZ KTLSVZP?PNN®PTITIZPTFTITETSGTDGTIGV YVTDTVTTFPZPM

2881 TTAAAGTAGTTGATGCTGCTATTAGTAAAGCTTACGGCAGTGAGAGAAAAATTGCCTGGATGGAAGTTTATGCGGGTGAGAAAGCAACTCAAGTGTATGATTCTGAAACATGGTTACCAG 3000
I K VVDA®AZATILISTE KA ATYGSTETRTEKTIAWMETYVTYAGTETZ K AT OQTVTYDSTETTWTL P

3001 ATGAAACATTAGAAATGTTTAAAGAATACAAAGTTGGTATTAAAGGGCCATTAACTACGCCTGTTGGTCGTGCAATCCGTTCGTTGAATGTAGCCTTACGTCAGATTTTAGATTTGTATG 3120
DETTLEMTFT KTETYZ KTV GTIZEXKGPTLTTTPVGOGGME RSTLNVYVATLTERG OQTITLTDTL Y

3121 TTTGCCAACGTCCAGTGCAATGGTTTACAGGCGTACCAAGCCCCGTTAAAAGACCTAGTGAAGTTGATATGGTTATTTTTCGTGAAAATACGGAAGACATATATGCTGGTATTGAGTATC 3240
vV CORG®PVQWEFTG VPSPV XRZPSEVYVDMVYVTITFT RTENTTETDTITYA AGTITE .Y

3241 AAGCTGGCACAGATGCAGCTAAAAAGGTTATTACTTTCTTAACGGAAGAAATGGGAGTGACGAAAATCCGCTTTACTGAAGATTGTGGTATCGGTATTAAGCCTGTTTCTAAAGAAGGCA 3360
O AGTDASAT KT KT YTITTFTLTTETEMG® GV VTTZ XKTIT RTFEFTTETDTCEGTIGTITZ KT PTVSTZ KTE G

3361 CTCAACGTTTAGTACGCCAAGCAATACAGTATGCTATTGATCATAATAGAGACTCTGTAACATTAGTGCATAAAGGTAATATCATGAAATTTACCGAAGGCGCTTTTAAAGATTGGGGTT 3480
T QRLVUROQATLIGOT YA ATLIDTEHNTZERTDTSV VTTLVEHTEGNTIDMEKTFTTETG G ATFTZ KTDTUWG

3481 ATGAATTAGCTTGTGAAGAGTTTGGAGCAGAGTTAATTGATGGTGGACCTTGCTGTAGTGTTAAAAATCCTAAAACAGGTAAAGAAATCATCATAAAAGATGTCATTGCTGACGCTATGT 3600
Y ELACTETETFGATETLTITDTGT GTPWCSVE KNTP?ZEKTGTZ KTETITTITIZE KTDVTIATDAM

3601 TGCAGCAAATCTTGCTTCGCCCAGCAGAATATAGTGTCATAGCAACACTTAATTTAAATGGTGATTACTTATCTGATGCATTAGCAGCACAAGTGGGTGGTATTGGTATCGCCCCAGGCG 3720
LooQILLTRTPATETYS SV VTIATTILNTLINGT DT YTLSDATLA AR AT QVGGTIGTIATPG

3721 CTAACTTAAATGATGAAGTAGCAATATTTGAGGCGACTCATGGTACTGCTCCTAAATACGCAGGGAAAAATAAAGTGAACCCCGGCTCTGTGATTTTATCAGCAGAAATGATGTTACGAC 3840
ANLNDTETVA ATITFTEH ATTHTGTA ATPTE KT YA AGTE KNTZE KV VNZPGSVTITLSAEHMDMTLR

3841 ATATGGGGTGGGTAGAAGCTGCTGATTTACTGTTAAAGGGAATGTCAGGAGCTATTGGAGCTAAAACAGTTACTTATGATTTTGAACGTTTAATGGATGATGCGACTTTAGTCACTTGTT 3960
H M GWVEAAPDTLTLTLTE KTGMSGATITGA ATZ KTTVTTYDTFTETRTLUMDTPDA ATTILTVTC

3961 CTCAATTTGGTGATTGTATTATTGAACATATGTAAGCGATTATAGCTAAGTTTAATTACGAGTAGAAAATATTGACGACATAGACTAATAATTTAGAGTTCTCTTTAGTTCTTTTACTCG 4080
S Q FGDCTITITETHM*

4081 TCATTTACTTTAAGTTATGAGCATAAAAACACAGTTATCCACTGTGTTTTTATTGTTTAATTGGTTTTCTATTATTCTATTTCTTCATCTGTTGGTTTTATGCTAGCTGCATGATGCCCC 4200

— > -~
4201 TTAGOTCCCTCATTTAGTTCATAATTGACATCTTGACCGGCTTTTAACGTGAGGTATCCATCCATCTCAA 4270

Fig. 3 Nucleotide and deduced amino acid sequences of the icd-M  boxed nucleotides show putative —35 and —10 sequences of the
and icd-D genes from C. psychrerythraea. Arrowheads indicate the respective promoters. The probable stem-loop structures located
transcriptional start points of the respective genes. The double downstream of the stop codons for translation are shown by rwo
underlined sequences are the putative ribosome-binding sites. The opposite arrows



Nucleotide and deduced amino acid sequences
of the IDH isozyme genes

The DNA fragments subcloned in pCP1 and pCP2 were
sequenced (Fig. 3). Like icd-I and icd-1I of C. maris
(Ishii et al. 1993), the genes encoding monomeric and
dimeric IDHs of C. psychrerythraea are located in tan-
dem with icd-M followed by icd-D, on the chromosomal
DNA. icd-M was 2,232 bp in length, and a putative
ribosome-binding site, AGGA, was found 6-9 bases
upstream of the ATG codon. The ORF encodes a
polypeptide of 743 amino acids with a calculated
molecular mass of 81,033 Da. On the other hand, the
ORF of icd-D contains 1,251 bases, and a putative
ribosome-binding site, AGGAG, was also present 9—13
bases upstream of the ATG codon. icd-D encodes a
polypeptide composed of 416 amino acids, whose
molecular mass is calculated as 45,322 Da. The sequence
of a terminator-like stem-loop structure was found

Fig. 4 Alignment of amino c. thraea 1
acid sequences of monomeric
IDHs from different
organisms. The deduced amino
acid sequence of CpIDH-M is c.
aligned with that of CmIDH-II 2
(database accession no.
D14047) and the A. vinelandii
IDH (D73443). The amino
acids involved in the binding of
isocitrate and metal ion are
indicated in block boxes.
Letters in gray boxes are amino
acids of the binding sites for
NADP™

rthraea 61

MSTDNSKIIYTITDEAP
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downstream of each ORF. The former is composed of a
10 bp stem with a 10-nucleotide loop, while the latter is
composed of a 10 bp stem with a 11-nucleotide loop.
The deduced amino acid sequences of CpIDH-M and
CpIDH-D showed high degrees of homology to mono-
meric and dimeric IDHs of other bacteria, respectively;
77, 68, 60 and 73% identity with CmIDH-II and
monomeric IDHs of A. vinelandii, C. glutamicum and V.
cholerae, respectively, and 86, 79, 76 and 64% identity
with CmIDH-1 and dimeric IDHs of Pseudomonas
aeruginosa, E. coli and Bacillus subtilis, respectively
(Figs. 4, 5). The amino acid residues involved in the
binding of substrate, metal ion and coenzyme were
completely conserved between the two IDH isozymes of
C. psychrerythraea and the same type of IDHs of other
bacteria, respectively. On the other hand, no sequential
similarity was found between CpIDH-M and CpIDH-D
as reported previously in other bacterial IDHs (Ishii
et al. 1993; Eikmanns et al. 1995; Sahara et al. 2002).
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Fig. 5 Alignment of amino
acid sequences of dimeric
IDHs from different
organisms. The deduced amino
acid sequence of CpIDH-D is
aligned with that of CmIDH-I
(database accession no.
D14047) and IDHs of E. coli
J02799), P. aeruginosa
(AE004691) and B. subtilis
(U05257). The letters in boxes
are the same as in Fig. 4
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Expression of the IDH isozyme genes

To examine the expression of icd-M and icd-D, the Sall-
Hincll fragment and Hincll fragment of ACPM4-1-3
containing icd-M and icd-D, respectively, were subcl-
oned into pBS to obtain pCPM and pCPD (Fig. 2).
Each plasmid was introduced into an IDH-defective
mutant of E. coli, DEK2004, which has the phenotype of
a glutamate auxotroph (Thorsness and Koshland 1987).
The transformants harboring either pCPM or pCPD
were able to grow at 25°C on a MOPS succinate medium
and formed colonies within about 9 and 3 days,
respectively. However, no growth under the same con-
ditions was observed for DEK 2004 transformed with the
control vector, pBS, because of a lack of glutamate in
the growth medium. These results indicate that the
expression of these genes complements the auxotrophy
of the E. coli mutant. The IDH activity in cell-free ex-
tracts of transformants carrying pCPM or pCPD grown
under such conditions was 0.002 and 0.08 units/mg
protein, respectively, and the latter showed higher
activity than the former.

Transcription of the adjacent IDH genes was
examined by Northern blot analysis (Fig. 6). Two sin-
gle bands with lengths of approximately 2.4 and 1.4 kb
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hybridized to the probes for icd-M and icd-D prepared
by PCR, respectively. No transcript larger than 2.4 kb
was detected. The estimated sizes of the transcripts
were well consistent with those of the respective ORFs
plus their flanking regions. These results reveal that the
two IDH genes are transcribed separately. In addition
to the RNA from the C. psychrerythraea cells, the
probes for icd-M and icd-D hybridized to the RNA
isolated from the DEK2004 cells harboring pCPM and
pCPD, respectively, but not to that carrying the control
vector, indicating that both IDH genes were expressed
precisely in the transformants carrying pCPM and
pCPD.

Analysis of 5’-terminal regions of the IDH isozyme
mRNAs

Each transcriptional start point of the two icd genes was
examined by primer extension analysis (Fig. 7). The
initiation sites for the icd-M and icd-D genes were found
to be C-126 and A-2706, respectively (Fig. 3). The de-
duced promoter motifs at —10 and —35 for icd-M and
icd-D were TTAATA (nucleotides 93-98) and TAATAT
(114-119), and TTGATT (2,671-2,676) and TATATA



(2,694-2,699), respectively. From these results, the
independent expression of icd-M and icd-D described
above was confirmed.

Expression of the IDH isozyme genes under various
conditions

To elucidate the effects of temperature and the carbon
source for growth on the expression of the icd genes,
Northern and Western blot analyses were performed
using C. psychrerythraea cells grown at various tem-
peratures between 0 and 15°C (Fig. 8). The transcrip-
tional and translational levels of the icd-M gene were
almost the same at all temperatures tested, whereas a
slight induction of icd-D transcription was observed
upon lowering the growth temperature from 15 to 0°C.
However, no difference in translational level was found
between the cells grown at these temperatures. The
addition of sodium acetate into the growth medium
faintly increased the transcriptional levels of icd-M and
icd-D (about 1.2 and 1.5-folds, respectively), but not
their translational levels. These results suggest that the
expression of the two genes is little affected by low
temperature or acetate.

Properties of His-tagged IDH isozymes

The icd-M and icd-D genes were introduced into the
expression vector, pTrcHisB, conferring a (His)s-tag on
the N-terminal of the translated protein, and His-tagged
CpIDH-D and CpIDH-M were overexpressed in the

1 2 3 4 1 2 3 4
w
2.4 kb ! h..q
§! :..-“;
;* l! ' - - 1.4 kb

IDH-M probe IDH-D probe

Fig. 6 Northern blot analysis of icd-M and icd-D. Total RNA
(6 ng per lane) was isolated from cells of C. psychrerythraea and E.
coli DEK2004 transformed with a plasmid bearing either icd-M or
icd-D. Lane 1, C. psychrerythraea; lane 2, E. coli DEK2004
transformed with pCPM; lane 3, E. coli DEK2004 transformed
with pCPD; lane 4, E. coli DEK2004 transformed with pBS
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E. coli DEK2004 cells and then purified by Ni-affinity
column chromatography. Activities of the purified en-
zymes were assayed at various temperatures (Fig. 9a).
The His-tagged CpIDH-D showed the highest activity at
45°C (121.8 units/mg protein) and this result was similar
to the optimal temperature for IDH activity in the crude
extract of C. psychrerythraea cells. Furthermore, 73% of
the maximum activity was retained even at 55°C. These
results indicate that CpIDH-D is a typical mesophilic
enzyme, like the dimeric CmIDH-I. NaCl stimulated its
activity which in the presence of 0.15 M NaCl was in-
creased 1.9-fold. On the other hand, CpIDH-M showed
different properties from CpIDH-D. Its maximal activity
(8.8 units/mg protein) was observed at 25°C, and the
activity of this enzyme could not be precisely measured
at 30°C because of marked thermolability (Fig. 9b),
indicating that, in contrast to CpIDH-D, CpIDH-M is a
cold-adapted enzyme. However, whereas the cold-
adapted monomeric CmIDH-II has higher activity than
the mesophilic CmIDH-I (Ochiai et al. 1979), CpIDH-M
was much less active at all temperatures than CpIDH-D.
The activity of CpIDH-M was also, but only slightly,
stimulated by NaCl (1.2-fold higher in the presence of
1 M NaCl than in the absence of NaCl). IDH activity in
the cell-free extract of E. coli DEK2004 cells harboring
either pCPM or pCPD overexpressing the IDH proteins
by isopropyl-fS-p-thiogalactopyranoside was most active
at 20 or 45-50°C, respectively. These results were anal-
ogous to the optimal temperature for activity of the
respective His-tagged IDHs, indicating that the attach-
ment of His-tag to the IDH proteins does not have
significant effect on their thermal properties.

Properties of chimeric enzymes

Although CpIDH-M and CmIDH-II are cold-adapted
enzymes and showed a high degree of homology in
amino acid sequence, their catalytic activities differed
as described above. As a first step toward clarifying the
structural characteristics behind such a difference, His-
tagged chimeric enzymes were constructed and char-
acterized (Fig. 10). Each chimeric enzyme was termed
CpIDH-M (P) or CmIDH-II (M) based on regions 1-3.
For example, the chimera consisting of regions 1 and 3
of CpIDH-M and region 2 of CmIDH-II is named
PMP. The purification of the chimeric IDHs with re-
gion 3 of CpIDH-M (MMP and MPP) was unsuc-
cessful. This probably results from poor expressions of
the chimeric genes and/or the remarkable lability of the
expressed proteins, but further study is required to
certify these possibilities. The levels of activity of
CmIDH-II (MMM) and all chimeric IDHs were almost
the same until 20°C. However, at higher temperatures,
PMM and PPM were more active than MMM and
MPM, respectively. The optimal temperature for the
activity (Top) of PMM and PPM rose by 10°C, com-
pared to that of MMM and MPM, respectively. Fur-
thermore, the former two chimeras were more stable
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Fig. 7 Primer extension analysis of icd-M (a) and icd-D (b).
Products of the extension using primers complementary to icd-M
and icd-D are shown in lanes 1 and 6, respectively. The total RNA
(30 pg) used in these experiments was obtained from C. psych-
rerythraea cells grown in the nutrient medium. The sequencing

Northern blot

Western blot

IDH-M

Fig. 8 Effects of temperature and carbon source for growth on
transcriptional and translational levels of the IDH isozymes.
Northern and Western blot analyses were carried out with RNAs
and cell-free extracts prepared from the C. psychrerythraea cells

than the latter ones. These results imply that the
change to region 1 of CpIDH-M increased the ther-
mostability and T, On the other hand, above 25°C,
the activities of PPM and MPM were lower than those
of PMM and MMM, respectively. Although the Ty
values of PMM and MMM (35 and 25°C, respectively)
were higher than those of PPM and MPM (30 and

-10

-35
3-TTGATTGATIITATCGTTTTGTTTCTTTTATATAT

+1
TTTAT?G GCATTGGTCGATGTCCATTCTTCCAAT

TAGYS

tesassanresd _.Im.

6 7 8 910

ladders are shown in lanes 2-5 and 7-10. Arrows indicate the 5’-
ends of respective icd mRNAs. The boxed nucleotides show putative
—35 and —10 sequences of the respective promoters. The broken
lines show the ends of sequence ladders in each IDH isozyme gene

2 t 2 4 2
[ M- e
Northern blot
B -
Western blot ii - -
) IDH-M IDH-D

grown at the indicated temperatures (a) and at 15°C on the nutrient
medium (b; /ane 1) or that supplemented with 25 mM sodium
acetate (b; lane 2)

20°C, respectively), the former IDHs showed almost
the same thermostability as the latter two, respectively.
Therefore, the change to region 2 of CmIDH-II was
found to result in an improvement in activity above
25°C. Furthermore, PPM, with region 3 of CmIDH-II,
had much higher activity at all temperatures than the
wild type of CpIDH-M (PPP).
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Fig. 9 Effect of temperature on activity (a) and thermostability (b)
of the His-tagged IDH isozymes. CpIDH-M and CpIDH-D are
indicated by closed and open symbols, respectively. In b, residual
activity after the incubation is represented as a percentage of that
without the incubation

Discussion

In this report, it was elucidated that the psychrophilic
bacterium, C. psychrerythraea, possesses both mono-
meric and dimeric IDH isozymes as does C. maris.
Furthermore, the two genes, icd-M and icd-D, encoding
the monomeric and dimeric IDHs (CpIDH-M and
CpIDH-D, respectively) were cloned and sequenced.
Like the two IDH isozyme genes of C. maris, icd-I and
icd-11, the icd-M and icd-D genes of C. psychrerythraea
were located adjacent to but expressed independent of
each other (Figs.3, 6, 7). Furthermore, multiple
alignments of the deduced amino acid sequences
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Fig. 10 Temperature dependence of the activity (a) and thermo-
stability (b) of the chimeric IDHs. CpIDH-M (PPP), CmIDH-II
(MMM), MPM, PPM and PMM are indicated by closed and open
circles, reversed triangles, triangles and squares, respectively

revealed that CpIDH-D and CplDH-M have a high
degree of homology with the corresponding types of
IDH from C. maris (86 and 77% identity, respectively).
The amino acid residues involved in the binding of
substrate, metal ion and coenzyme were conserved be-
tween the two IDH isozymes of C. psychrerythraea and
the same types of IDH from other bacteria (Figs. 4, 5).
On the other hand, the expression of the C. maris icd-1
and icd-II is induced by acetate and low temperature,
respectively (Suzuki et al. 1995), and the “CCAAT”
sequence located upstream of icd-II has been confirmed
to be responsible for the cold-inducible expression
(Sahara et al. 1999). In C. psychrerythraea, a
“CCAAT” sequence was also present upstream of both
the icd genes, but the expression levels of the two genes
were almost constant at all temperatures tested (Fig. 8),
indicating that the CCAAT sequences of these genes do
not function as a cis-element for the cold-inducible
expression. Furthermore, the expression of the two
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genes was not induced by acetate. Therefore, it is
concluded that the expression of IDH isozyme genes is
regulated differently in the two bacteria.

The low optimal temperature for activity (25°C) and
marked thermolability of CpIDH-M reveals that it is a
typical cold-adapted enzyme similar to CmIDH-II
(Fig. 9). However, the former had much less catalytic
ability than the latter (only about 15% in comparison to
the maximum activity at the respective T,p) (Fig. 10). In
contrast, CpIDH-D showed mesophilic characteristics
similar to CmIDH-I. Nevertheless, CpIDH-D retained a
much higher level of activity even at low temperatures
than did the cold-adapted CpIDH-M and its activity at
10°C was comparable to about 70% of the CmIDH-II
activity at the same temperature (Figs. 9, 10). In fact,
only one peak of IDH activity in the crude extract of C.
psychrerythraea cells was observed at 40°C when its
temperature dependence was examined (data not
shown). Furthermore, Western blot analysis revealed
that at least as much CpIDH-D as CpIDH-M is con-
tained in the C. psychrerythraea cells (Fig. 8). These
results suggest that the mesophilic CpIDH-D, but not
the cold-adapted CpIDH-M, contributes to the growth
and survival of C. psychrerythraea at low temperatures.
Since the growth rates of this bacterium on a nutrient
broth medium supplemented with 2.75% NaCl and
0.4% MgCl, and on Bacto marine broth 2216 medium
(Difco) were about 40 and 70% those of C. maris,
respectively, at 15°C, which is the optimal temperature
for their growth, the catalytic ability of CpIDH-D seems
sufficient to sustain the growth of C. psychrerythraea
under cold conditions.

The chimeric IDH, PPM, in which region 3 of
CpIDH-M was replaced with the corresponding region
of CmIDH-II, was more active above 20°C and was
more thermostable than the wild type CpIDH-M, and
the optimal temperature for its activity was elevated
(Fig. 10). The further exchange of region 2 in this chi-
meric IDH (yielding PMM) enhanced these character-
istics. These results indicate that regions 2 and 3, in
particular region 3, of CmIDH-II may responsible for
its higher catalytic ability than CpIDH-M. The study of
chimeric IDHs in which each region was exchanged
between CmIDH-II and the mesophilic monomeric
IDH of A. vinelandii indicated that region 3 of CmIDH-
Il plays an important role in the thermolability (Wa-
tanabe et al. 2005). The Arg residue is known to sta-
bilize a protein structure since one molecule of this
amino acid residue can form five hydrogen bonds, and
some cold-active enzymes have been reported to have a
low Arg content (Gerday et al. 1997). On the other
hand, Gly residues make a protein flexible because of a
lack of side chain. However, little difference in the
content of these amino acid residues was detected be-
tween the two regions of CpIDH-M and CmlIDH-II,
and amino acid residues involved in the binding of
isocitrate, metal ion and NADP™", essential for the
catalytic function, are completely conserved between the
two IDHs (Fig. 4). The amino acid sequences of regions

2 and 3 of CpIDH-M have a high degree of homology
to those of CmIDH-II (85 and 86%, respectively), but
substituted amino acid residues are also present in these
regions. Several experiments have demonstrated that
the substitution of small numbers of amino acid resi-
dues can cause drastic changes in catalytic activity and
thermostability (Mavromatis et al. 2002; Miyazaki et al.
2000). This may also be the case for CpIDH-M.
Experiments to test this possibility are underway in our
laboratory.
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