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NADP1-dependent isocitrate dehydrogenase (ICD) is an important enzyme of the intermediary metabolism,
as it controls the carbon flux within the citric acid cycle and supplies the cell with 2-oxoglutarate and NADPH
for biosynthetic purposes. In the amino acid-producing organism Corynebacterium glutamicum, the specific
activity of ICD was independent of the growth substrate and of the growth phase at approximately 1 U/mg,
indicating that this enzyme is constitutively formed. The ICD gene, icd, was isolated, subcloned on a plasmid,
and introduced into C. glutamicum. Compared with the wild type, the recombinant strains showed up to
10-fold-higher specific ICD activities. The nucleotide sequence of a 3,595-bp DNA fragment containing the icd
gene was determined. The predicted gene product of icd consists of 739 amino acids (Mr 5 80,091) and showed
58.5% identity with the monomeric ICD isozyme II from Vibrio sp. strain ABE-1 but no similarity to any known
ICD of the dimeric type. Inactivation of the chromosomal icd gene led to glutamate auxotrophy and to the
absence of any detectable ICD activity, suggesting that only a single ICD is present in C. glutamicum. From an
icd-overexpressing C. glutamicum strain, ICD was purified and biochemically characterized. The native ICD
was found to be a monomer; to be specific for NADP1; to be weakly inhibited by oxaloacetate, 2-oxoglutarate,
and citrate; and to be severely inhibited by oxaloacetate plus glyoxylate. The data indicate that ICD from C.
glutamicum is structurally similar to ICDs from bacteria of the genera Vibrio, Rhodomicrobium, and Azotobacter
but different from all other known procaryotic and eucaryotic ICDs.

NADP1-dependent isocitrate dehydrogenase (ICD; EC
1.1.1.42) is a key enzyme of the citric acid cycle, and it catalyzes
the oxidative decarboxylation of D-isocitrate to form 2-oxo-
glutarate, CO2, and NADPH. 2-Oxoglutarate can be further
oxidized within the cycle or reductively aminated to glutamate,
and NADPH can be used for reductive biosynthetic reactions.
Thus, the ICD supplies the cell with a key intermediate of the
energy metabolism as well as with precursors and reducing
power for anabolic pathways, e.g., amino acid biosynthesis. In
aerobic organisms able to grow on acetate as the sole carbon
source, ICD plays a further role, namely, in cocontrolling the
carbon flux at the branch point between the citric acid cycle
and the glyoxylate cycle which, during growth on acetate, is
essential as an anaplerotic pathway (29). Isocitrate lyase, the
first enzyme of the glyoxylate cycle, competes with ICD for
their common substrate isocitrate. The carbon flux to either
the citric acid cycle or the glyoxylate cycle is controlled by
changing the activity of either one of the two enzymes and/or
by changing their affinities towards isocitrate (30, 38, 55). In
Escherichia coli, isocitrate lyase is formed only during growth
on acetate (29) and ICD is regulated via reversible phosphor-
ylation (14) by a bifunctional ICD kinase/phosphatase (re-
viewed in references 30 and 38). When acetate is the sole
carbon source, the ICD enzyme is phosphorylated and thus
inactivated, thereby decreasing the carbon flow through the
citric acid cycle and allowing the operation of the glyoxylate
bypass (30, 31, 38, 57).
Because of their roles in energy production and intermedi-

ary metabolism, the ICDs of a variety of organisms have been
purified and extensively studied with respect to structural, ki-
netic, and regulatory characteristics (5). In most procaryotes,
ICD is a dimeric enzyme consisting of identical subunits with
molecular weights of between 40,000 and 57,000 (5, 35). How-
ever, Vibrio parahaemolyticus, Rhodomicrobium vannielii, and
Azotobacter vinelandii possess monomeric ICDs with molecular
weights of about 80,000 (6, 13, 32). Both the dimeric and the
monomeric type of ICD have been found in Vibrio sp. strain
ABE-1 (24). Despite the differences in subunit size and num-
ber, all bacterial ICDs studied so far are similar with respect to
specific activity, requirement of Mn21 or Mg21 for activity,
inhibition by oxaloacetate plus glyoxylate, and their high affin-
ities towards isocitrate (5).
Besides the biochemical characterization of numerous ICDs,

genes coding for this enzyme have been cloned and sequenced
from some procaryotes, i.e., from E. coli (52), Thermus ther-
mophilus (34), Anabaena sp. strain PCC7120 (35), and Bacillus
subtilis (26), as well as from some eucaryotes (7, 17, 18, 21, 54).
Comparison of the deduced amino acid sequences revealed
conserved regions in all ICDs (7, 35). Recently, the genes
coding for both the dimeric ICD-I and the monomeric ICD-II
from Vibrio sp. strain ABE-1 have also been sequenced, and it
was revealed that the deduced primary structure of ICD-II has
no similarity to any other ICD sequence (25). This result sug-
gests a clear distinction between monomeric and dimeric
ICDs; however, characterization of other genes coding for
monomeric ICDs is necessary to sustain this hypothesis.
The gram-positive bacterium Corynebacterium glutamicum is

widely used for the industrial production of amino acids, e.g.,
L-glutamate and L-lysine (27). This organism grows aerobically
on glucose and on acetate, and both carbon sources can also
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serve as substrates for the production of amino acids (28).
Accordingly, both the citric acid cycle and the glyoxylate cycle
are present in C. glutamicum (27, 39). In an initial attempt to
investigate the carbon flux control between these two cycles,
we started genetic and biochemical studies on isocitrate lyase
and ICD from this organism. Recently, we characterized the
isocitrate lyase and the corresponding gene and showed that
formation of the enzyme is tightly regulated by the carbon
source of the medium and that the enzyme activity is inhibited
by intermediates of the central metabolism (41). In this com-
munication, we report the cloning and sequence analysis of the
C. glutamicum ICD gene, its expression, and its inactivation
within the chromosome. Furthermore, we present biophysical
and biochemical data about the purified ICD enzyme.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids, their relevant characteristics, and their sources or references are given
in Table 1. M9 medium (42) containing 0.02 mM thiamine was used as a minimal
medium (MM) for E. coli; in the case of E. coli EB106, L-glutamate and L-
tryptophan were added at 3 and 1 mM, respectively. The MM used for C.
glutamicum has been described previously (11), and it contained 4% glucose, 2%
lactate, 2% acetate, or 1% glucose plus 1% acetate. Luria-Bertani (LB) medium
(42) was used as a complex medium for all organisms. When appropriate, am-
picillin (100 mg/ml) or kanamycin (50 mg/ml) was added to the medium. E. coli
was grown aerobically at 378C, and C. glutamicum was grown at 308C.
DNA preparation and transformation. Plasmids from E. coli were isolated by

the method of Birnboim (3). Plasmids and chromosomal DNA from C. glutami-
cum were obtained as described elsewhere (12). E. coli was transformed by
electroporation or by the CaCl2 method (42); C. glutamicum was transformed by
electroporation (33).
DNA manipulations. Restriction enzymes, T4 DNA ligase, Klenow poly-

merase, proteinase K, DNase I, RNase A, RNasin, and T7 RNA polymerase
were obtained from Boehringer (Mannheim, Germany) or from Promega (Mad-
ison, Wis.) and used as instructed by the manufacturers.
DNA hybridization experiments were performed as previously described (41).

The 3.6-kb EcoRI-SalI fragment isolated from plasmid pEK-icdE1 was labeled
with digoxigenin-dUTP and used as a probe. Labeling, hybridization, washing,
and detection were performed with the Non-radioactive DNA Labeling and
Detection Kit from Boehringer.
For sequencing, the 2.02-kb EcoRI-BamHII fragment and the 2.05-kb HpaI-

SalI fragment from pEK-icdE1 were blunt ended and ligated into plasmid
pUC18. From the resulting plasmids progressive unidirectional deletions of the
inserted DNA were created with the Erase-a-base kit from Promega. Appropri-
ate subclones were sequenced by the dideoxy chain termination method (43),

using the AutoRead sequencing kit from Pharmacia (Freiburg, Germany) with
subsequent electrophoretic analysis with an A.L.F. DNA sequencer from Phar-
macia. Sequence data were compiled and analyzed with the HUSAR program
package (European Molecular Biology Laboratory, Heidelberg, Germany).
RNA hybridization. Total RNA from C. glutamicum was isolated and purified

as described previously (4), except that the phenol extraction temperature was
658C. For hybridization, 10 mg of this RNA was separated on an agarose gel
containing 17% formaldehyde and transferred onto a nylon membrane (4). An
icd antisense RNA probe was prepared by ligating the 2.02-kb EcoRI-BamHI
fragment (see Fig. 1) into plasmid pGEM-4Z, linearizing the resulting plasmid
with SmaI, and synthesizing digoxigenin-dUTP-labeled RNA, using T7 RNA
polymerase and the RNA Labeling Kit from Boehringer. Hybridization (at 468C,
in the presence of 50% formamide), washing, and detection were performed with
the Nucleic Acid Detection Kit from Boehringer. The size marker was the 0.36-
to 9.5-kb RNA ladder from Promega.
Gene disruption. The chromosomal icd gene was disrupted by a method

described by Schwarzer and Pühler (45). An icd-internal 0.33-kb XbaI-HpaI
fragment from plasmid pEK-icdES1 was blunt ended and ligated into the ScaI
site of the mobilizable E. coli vector pSUP301, which is nonreplicative in C.
glutamicum. The resulting plasmid, pSUP-icdint, was introduced into C. glutami-
cum via conjugation from E. coli S17-1 by the method of Schäfer et al. (44); the
transconjugants were selected on brain heart infusion agar plates containing
kanamycin (15 mg/ml) and nalidixic acid (50 mg/ml). Southern blot analysis was
performed to prove the integration of pSUP-icdint at the chromosomal icd locus
of one of the transconjugants, C. glutamicum DOR. EcoRI-SalI-restricted chro-
mosomal DNA from this strain was hybridized to the labeled 3.6-kb EcoRI-SalI
fragment from pEK-icdE1, resulting in a signal at 9.3 kb. The size of the chro-
mosomal EcoRI-SalI fragment in strain DOR was expected to be 9.3 kb, i.e., 3.6
kb of the original fragment plus 5.7 kb of pSUP-icdint DNA.
Glutamate fermentation. Glutamate secretion was analyzed by using short-

term fermentations as described elsewhere in detail (19). C. glutamicum was
grown under biotin limitation (1 mg/liter) in MM with glucose, harvested in the
early production phase, and resuspended in the same medium. The cell suspen-
sions with an optical density at 600 nm of ;5 were incubated at 308C and stirred
at 650 rpm.
Enzyme assay. To determine ICD activity, cells were grown in 60 ml of

medium in baffled 500-ml Erlenmeyer flasks, washed twice in 20 ml of 100 mM
potassium phosphate buffer (pH 7), and resuspended in 1 ml of the same buffer.
Cells were disrupted as previously described (41), and after centrifugation for 30
min at 48C and 13,0003 g, the supernatant was used as a cell extract. The protein
concentration was determined by the biuret method (15), using bovine serum
albumin as the standard. The ICD was assayed photometrically as described by
Nachlas et al. (36) at 308C in 1 ml of a solution of 100 mM triethanolamine
(TEA) buffer (pH 7.6), 0.8 mM MnSO4, 0.5 mM NADP, and 0.8 mM DS-threo-
isocitrate as a substrate. For determination of the pH optimum, 100 mM 2-mor-
pholineethanesulfonic acid (MES) buffers with pHs of 6.0 to 7.2, 100 mM TEA
buffers with pHs of 6.9 to 8.2, and Tris-HCl buffers with pHs of 7.8 to 9.0 were
used. The increase of NADPH was monitored at 340 nm. One unit of activity is
defined as 1 mmol of NADPH formed per min.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristicsa Sourceb or reference

Strains
E. coli EB106 icd-11 dadR1 trpA62 trpE61 tna-5 lambda2 1
E. coli DH5 supE44 hsdR17 recA1 endA1 gyrA96 thi-1 relA1 16
E. coli S17-1 thi-1 endAR1 hsdR17 (r2 m1) supE44 pro 50
C. glutamicum WT WT strain ATCC 13032 ATCC
C. glutamicum subsp. flavum ATCC 14067, formerly Brevibacterium flavum ATCC
C. glutamicum subsp. lactofermentum ATCC 13869, formerly Brevibacterium lactofermentum ATCC
C. glutamicum DOR ATCC 13032 icd::pSUP301::icdint This work

Cosmids or plasmids
pHC79-based gene library C. glutamicum chromosomal DNA cloned in cosmid pHC79 4
pHC-icd Recombinant pHC79 cosmid able to complement E. coli EB106 This work
pEK0 Kmr, ori of ColE1, ori of pBL1 10
pEK-icdE1 and -E2 pEK0 containing a 5.6-kb EcoRI fragment from pHC-icd This work
pEK-icdES1 pEK0 containing a 3.6-kb EcoRI-SalI fragment from pEK-icdE1 This work
pEK1.9gdh pEK0 carrying the C. glutamicum WT gdh gene 4
pEKgdh-icd pEK1.9gdh containing a 3.6-kb EcoRI-SalI fragment from pEK-icdES This work
pUC18 Apr, ori of ColE1 56
pSUP301 Mobilizable vector, Kmr oriT 50
pGEM-4Z Transcription vector carrying the T7 and SP6 promoters, Apr Promega Inc.

a Kmr, kanamycin resistance; Apr, ampicillin resistance.
b ATCC, American Type Culture Collection.
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Purification of ICD. Cell extracts for purification of ICD were prepared as
described above except that the cells were resuspended in 2 ml of buffer A (50
mMMES buffer [pH 6.0] containing 5 mMMnSO4 and 5 mM dithiothreitol). All
purification steps were carried out at 48C. After the addition of 5 U of DNase per
ml and 20 mg of RNase per ml, the cell extract was subjected for 2 h to
ultracentrifugation at 145,000 3 g. The supernatant was then loaded onto a
MonoQHR5/5 column, and after a washing with buffer A, the enzyme was eluted
with a linear 0.15 to 0.4 M NaCl gradient in the same buffer and with a flow rate
of 0.7 ml/min. From the start of the gradient, fractions of 1 ml were collected and
tested for ICD activity. The ICD enzyme eluted at 0.26 M NaCl.
SDS-PAGE and gel filtration. Sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) was performed as previously described (41). Gel fil-
tration was performed at 48C by fast protein liquid chromatography, using a
Superose 12 HR10/30 column (Pharmacia) equilibrated with 100 mM TEA
buffer (pH 7.5) containing 5 mM dithiothreitol, 5 mM MgSO4, and 1 mM
D,L-isocitrate. Before cell extract was applied to the column, the buffer of the
extract was replaced by the equilibration buffer, by using a PD-10 column (Phar-
macia). The flow rate during gel filtration was 0.3 ml/min. Protein standards were
ferritin (Mr 5 440,000), catalase (Mr 5 232,000), b-amylase (Mr 5 200,000),
alcohol dehydrogenase (Mr 5 150,000), glucose-6-phosphate dehydrogenase (Mr
5 110,000), albumin (Mr 5 67,000), ovalbumin (Mr 5 43,000), and chymo-
trypsinogen (Mr 5 25,000).
Nucleotide sequence accession number. The nucleotide sequence reported in

this work has been assigned GenBank accession number X71489.

RESULTS

ICD activity in C. glutamicum. The NADP1-dependent ICD
activity in cell extracts of C. glutamicum wild type (WT) was
assayed after growth on LB medium minus and plus glucose
and onMM containing glucose, lactate, acetate, or a mixture of
glucose plus acetate. The specific ICD activity was in all cases
between 0.9 and 1.1 U/mg of protein and thus independent of
the carbon source in the growth medium. The specific activity
was also identical when the cells were harvested at the early,
mid-, or late exponential growth phase or at the stationary
growth phase. NAD1-linked ICD activity was not found under
any conditions. These results indicate that C. glutamicum pos-
sesses a highly active and constitutively formed NADP1-
specific ICD and suggest the absence of an NAD1-dependent
ICD (EC 1.1.1.41) or of an enzyme with dual coenzyme spec-
ificity as found, e.g., in R. vannielii (32).
Isolation of the icd gene from C. glutamicum. The C. glutami-

cum icd gene encoding ICD was isolated by heterologous
complementation of the E. coli mutant EB106. Because of its
ICD deficiency, E. coli EB106 requires glutamate during
growth on glucose MM, and plasmids or cosmids carrying a
functional icd gene can be identified by complementation of
this auxotrophy. A cosmid gene library consisting of Sau3A-
generated chromosomal C. glutamicum WT DNA fragments
ligated into the BamHI site of the cosmid vector pHC79 (4)
was used to transform E. coli EB106. After selection on LB
agar plates containing ampicillin, approximately 500 transfor-
mants were screened for complementation of the icd marker
(glutamate auxotrophy) by being replica plated onto glucose
MM. One clone which grew on glucose in the absence of
glutamate was obtained. After isolation of the cosmid pHC-icd
and retransformation of E. coli EB106, all transformants again
grew on glucose MM, suggesting that the cosmid carried the C.
glutamicum icd gene.
In order to subclone the icd gene, cosmid pHC-icd was

restricted with EcoRI, and the resulting fragments were ligated
into the EcoRI site of the E. coli-C. glutamicum shuttle vector
pEK0. The ligation mixture was used to transform E. coli
EB106, and kanamycin-resistant transformants were again
screened for complementation. By this procedure, several
clones able to grow on glucose MM without glutamate were
obtained. The plasmids isolated from these clones all con-
tained a 5.6-kb EcoRI fragment (Fig. 1) inserted in either one
or the other direction and were designated pEK-icdE1 and
pEK-icdE2, respectively. For further confinement of the icd

gene, smaller fragments were isolated out of plasmid pEK-
icdE1 and tested for complementation ability. By this proce-
dure, we obtained plasmid pEK-icdES1, which contains a
3.6-kb EcoRI-SalI fragment (Fig. 1) and is able to complement
the icd mutation of E. coli EB106.
To confirm the origin of the 3.6-kb EcoRI-SalI fragment,

genomic DNA from C. glutamicum was analyzed by Southern
hybridization. For this purpose, the EcoRI-SalI fragment was
isolated from pEK-icdE1 and labeled with digoxigenin-dUTP.
Hybridization of this probe to EcoRI-SalI-restricted and size-
fractionated chromosomal DNA from C. glutamicum WT re-
sulted in a signal at 3.6 kb. This result demonstrates that the
cloned fragment originated from C. glutamicum and that it
corresponds to a genomic fragment with no detectable struc-
tural alteration. The labeled probe was also hybridized to
EcoRI-SalI-restricted chromosomal DNAs from C. glutami-
cum subsp. flavum and subsp. lactofermentum. These hybrid-
izations also resulted in specific signals at 3.6 kb, indicating
that a DNA fragment identical to the ICD complementing
fragment from C. glutamicum WT is present in the two sub-
species.
Expression of the cloned icd gene. In order to assess the

icd-complementing fragments for expression of a functional icd
gene, plasmids pEK-icdE1, pEK-icdE2, and pEK-icdES1 were
transformed into C. glutamicum WT, and the specific ICD
activities in cell extracts of the resulting strains were deter-
mined. As shown in Table 2, C. glutamicum strains harboring
pEK-icdE1 and pEK-icdES1 and that harboring pEK-icdE2
displayed about 10- and about 6-fold-higher activities of ICD,
respectively, than did the host strain or its derivative carrying
the cloning vector pEK0. This is in the same range as previ-
ously observed with other enzymes when the corresponding

FIG. 1. Restriction map of the C. glutamicum chromosomal 5.6-kb DNA
fragment containing the icd gene. The bars above the map indicate those regions
which are present in plasmids pEK-icdE1 (and pEK-icdE2) and pEK-icdES1.
The 3.6-kb fragment sequenced is indicated by boldface letters. The arrow
represents the predicted icd coding region. Abbreviations: B, BamHI; C, ClaI; E,
EcoRI; H, HpaI; K, KpnI; S, SalI; Sm, SmaI; X, XbaI.

TABLE 2. Specific activities of ICD in cell extracts of different
C. glutamicum strains

C. glutamicum strain
Sp act (U/
mg of
protein)a

WT............................................................................................. 1.0 6 0.15
WT(pEK0) ................................................................................ 0.96 0.10
WT(pEK-icdE1) .......................................................................10.7 6 0.8
WT(pEK-icdE2) ....................................................................... 6.3 6 0.3
WT(pEK-icdES1)..................................................................... 9.9 6 0.8
DOR .......................................................................................... ,0.001
aMean values 6 standard deviations were obtained from at least three inde-

pendent cultivations by two determinations per experiment. Specific activities
were obtained by using cells grown on LB medium. When the cells were grown
on MM plus glucose or plus acetate, the specific activities were essentially the
same.
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genes were cloned on pEK0 and introduced into C. glutamicum
(4, 12). The slightly higher ICD activities of C. glutamicum
WT(pEK-icdE1) and WT(pEK-icdES1) compared with that of
C. glutamicum WT(pEK-icdE2) might be due to additional
transcription by readthrough from the lac promoter located in
front of the multiple cloning site of plasmid pEK0. However,
these results show that the cloned fragments contain a func-
tional icd gene which is expressed in C. glutamicum.
Cell extract of C. glutamicum WT(pEK-icdES1) was also

analyzed by SDS-PAGE. A dominant protein band was ob-
served at a molecular weight of approximately 85,000 (Fig. 2,
lane C). The corresponding protein band was much weaker in
cell extracts of C. glutamicum WT(pEK0) (Fig. 2, lane B),
suggesting that this band represents the ICD expressed from
the cloned fragment. Since a molecular weight of 80,000 is
typical of monomeric ICDs (5), this result indicated for the
first time that C. glutamicum may possess an ICD of the mo-
nomeric type.
C. glutamicum WT and the icd-overexpressing strains grew

equally well on MM containing glucose or lactate (doubling
time, 100 min) but showed different growth rates when acetate
was used as the sole carbon source. Under these conditions,
the doubling time for C. glutamicumWT(pEK-icdE1) and WT
(pEK-icdES1) was approximately 250 min compared with 160
min for the WT strain.
Effect of icd overexpression on glutamate formation. C. glu-

tamicum is well known to secrete glutamate under certain
conditions (27, 28). Since ICD is responsible for supplying
2-oxoglutarate, the direct precursor of glutamate, it was inter-
esting to study the influence of icd overexpression on this
organism’s ability to secrete glutamate. For this purpose, stan-
dard glutamate fermentations (19) were performed with C.
glutamicum WT and WT(pEK-icdES1). Both strains secreted
glutamate at identical rates of about 19 mmol min21 g (dry
weight)21, showing that the capacity of C. glutamicum to se-
crete glutamate cannot be enhanced simply by elevating the
ICD enzyme level. This result and the findings that the ICD in
C. glutamicum is highly active and constitutively present indi-
cate that a factor other than ICD is rate limiting for glutamate
production by this organism.
The icd gene was also overexpressed together with the glu-

tamate dehydrogenase (GDH) gene (gdh), which had been

previously isolated and characterized (4). GDH catalyzes the
reductive amination of 2-oxoglutarate to glutamate with con-
comitant oxidation of NADPH and has been discussed as being
tightly linked to the NADP1-dependent ICD in glutamate-
forming corynebacteria (27). For combined overexpression of
icd and gdh, the 3.6-kb EcoRI-SalI fragment of pEK-icdES1
was ligated into plasmid pEK1.9gdh, and the resulting plasmid
pEKgdh-icd was transformed into C. glutamicum WT. The
recombinant strain showed an eightfold-higher specific activity
of ICD (7.9 U/mg) and a sixfold-higher specific activity of
GDH (8.4 U/mg) compared with those of the parental WT
strain (ICD, 0.96 U/mg, and GDH, 1.44 U/mg). However, in
standard glutamate fermentations, the icd- and gdh-overex-
pressing C. glutamicum strain secreted glutamate at the same
rate (19 mmol min21 g21) as the WT strain. Thus, the potential
of C. glutamicum to secrete glutamate could also not be en-
hanced by increasing the level of both ICD and GDH.
Nucleotide sequence of the icd gene. The nucleotide se-

quence of the 3,595-bp EcoRI-SalI fragment was determined
from both strands by the dideoxy chain termination method
and is shown in Fig. 3. Computer analysis revealed three open
reading frames (ORFs) extending from the beginning of the
fragment to bp 483 (ORF1), from bp 567 to 2783 (ORF2), and
from bp 2863 to 3567 (ORF3). ORF1 and ORF3 exhibited a
codon usage untypical of corynebacterial genes (9), and data-
base searches with the nucleotide sequences and the deduced
polypeptides of these two ORFs revealed no similarity to se-
quences stored in the GenBank and SwissProt databases. In
contrast, ORF2 exhibited a codon usage matching perfectly to
that of highly expressed C. glutamicum genes (9), and the
amino acid sequence encoded by this ORF revealed significant
identity to the monomeric ICD of Vibrio sp. strain ABE-1 (see
below). These results indicate that ORF2 represents the icd
gene from C. glutamicum. The icd gene is preceded by a typical
ribosomal binding site (AAGGAG) and followed by a struc-
ture resembling rho-independent transcription terminators
(Fig. 3). According to the rules of Tinoco et al. (53), the
mRNA hairpin loop predicted from this sequence has a DG
value of235.6 kcal (ca.2148.9 kJ)/mol at 258C. The predicted
icd gene product consists of 739 amino acids with a molecular
weight of 80,091, which is in agreement with the size of the
intense protein band observed in the cell extracts of C. glu-
tamicum WT(pEK-icdES1) (Fig. 2, lane C) and with the mo-
lecular weight typical of monomeric ICDs (Mr ' 80,000) (5).
Analysis of the deduced ICD amino acid sequence from C.

glutamicum. GenBank and SwissProt database searches with
the deduced amino acid sequence of the C. glutamicum ICD
revealed close matches to the complete amino acid sequence of
the monomeric ICD-II from Vibrio sp. strain ABE-1 (25) and
to the N-terminal sequences of the monomeric ICDs from V.
parahaemolyticus (13) and R. vannielii (32) (Fig. 4). In an
alignment, the C. glutamicum enzyme shows 58.5% identity to
the Vibrio sp. strain ABE-1 enzyme, and considering conser-
vative exchanges, similarity is as high as 70.1%. From the V.
parahaemolyticus and R. vannielii ICDs, only the N-terminal
amino acid sequences (up to amino acids 28 and 39, respec-
tively) have been determined. However, they show 50% (V.
parahaemolyticus) and 53.8% (R. vannielii) identity to the N-
terminal part of the C. glutamicum ICD. No similarity could be
detected between the amino acid sequence of the C. glutami-
cum enzyme and any known sequence of dimeric ICDs, e.g.,
from E. coli (52), T. thermophilus (34), Anabaena sp. strain
PCC7120 (35), B. subtilis (26), Saccharomyces cerevisiae (7, 18),
soybean (54), and bovine or porcine mitochondria (17, 21),
although all these share between 30 and 66% identity with each
other (7, 26, 35). These results indicate that the C. glutamicum

FIG. 2. SDS-PAGE of cell extracts from C. glutamicum DOR (lane A), C.
glutamicumWT(pEK0) (lane B), C. glutamicumWT(pEK-icdES1) (lane C), and
purified ICD (lane D). Lane M, molecular mass standards (i.e., b-galactosidase
[116 kDa], fructose-6-phosphate kinase [85 kDa], glutamate dehydrogenase [56
kDa], aldolase [39 kDa], triosephosphate isomerase [27 kDa], trypsin inhibitor
[20 kDa], and lysozyme [14 kDa]).
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ICD is highly homologous to the hitherto known monomeric
ICDs and not related to dimeric ICDs.
Northern (RNA) analysis of the icd gene.RNA hybridization

experiments were performed to identify the icd mRNA tran-
script(s). Total RNA was isolated from C. glutamicumWT, size
fractionated, blotted onto a nylon membrane, and hybridized
to an icd-specific digoxigenin-labeled antisense RNA probe. As
shown in Fig. 5, hybridization to the icd probe resulted in a

signal at 2.4 kb. This size corresponds approximately to that of
the structural icd gene (2,217 bp) and indicates that the C.
glutamicum icd gene is monocistronic. Thus, the transcriptional
organization is similar to that of the monomeric ICD gene
(icdII) from Vibrio sp. strain ABE-1 (25).
Inactivation of the chromosomal icd gene in C. glutamicum.

To study whether C. glutamicum requires the icd gene for
growth, the chromosomal copy of this gene was disrupted in C.

FIG. 3. Nucleotide sequence of the 3.6-kb EcoRI-SalI fragment containing the icd gene from C. glutamicum. The predicted amino acid sequence is shown below
the sequence. The putative ribosomal binding site (RBS) and the potential transcriptional terminator (inverted arrows) are indicated.
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glutamicumWT. The resulting strain, C. glutamicumDOR, was
then tested for ICD activity and for growth on different media.
C. glutamicum DOR displayed no detectable ICD activity (Ta-
ble 2), and as shown by SDS-PAGE, the 85-kDa protein was
absent in cell extracts of this strain (Fig. 2, lane A). In accor-
dance with these findings, C. glutamicum DOR was unable to
grow on MM containing glucose unless supplemented with 5
mM glutamate, whereas the growth on LB medium was slower
than that of the parental strain only (doubling times of 150 and
100 min, respectively). These results show that the icd gene in
C. glutamicum DOR is inactivated and that C. glutamicum
requires a functional icd gene for growth on MM with glucose.

Furthermore, these results strongly suggest that C. glutamicum
WT possesses only one ICD enzyme. In most procaryotes only
one ICD is present (5); however, two distinct ICD isozymes
have been found in Acinetobacter calcoaceticus and in Vibrio sp.
strain ABE-1 (24, 47), and eucaryotic organisms possess in
general two or even more ICD isozymes (5).
Purification and characterization of ICD. In order to obtain

information about biophysical and biochemical characteristics
of the C. glutamicum ICD, the enzyme was purified from the
icd-overexpressing strain C. glutamicumWT(pEK-icdES1) and
analyzed. For purification, the cell extract was subjected to
ultracentrifugation, and subsequently, the supernatant was
chromatographed on a MonoQ anion-exchange column as de-
scribed in Materials and Methods. A representative purifica-
tion scheme is given in Table 3, and the result of SDS-PAGE
of the purified enzyme after the last step is shown in Fig. 2
(lane D). From the purification factor of 11.77, it can be cal-
culated that ICD represents about 8.5% of the cytoplasmic
protein fraction of C. glutamicum WT(pEK-icdES1). This
value agrees well with the relative amount of ICD that can be
seen after SDS-PAGE of cell extracts from this strain (Fig. 2,
lane C). The molecular weight of the purified ICD monomer
determined by SDS-PAGE was 85,000, which corresponds to
the molecular weight predicted from the nucleotide sequence
of the icd gene (80,091 [see above]). By gel filtration experi-
ments, the native molecular weight was determined to be
85,000 6 10,000. These results show that the native ICD from
C. glutamicum is in fact a monomeric enzyme, as was expected
from the amino acid sequence comparison studies (see above).
The activity of purified ICD was stable for several days when

ICD was stored at 48C. Significant loss (70%) of activity oc-
curred when the enzyme was frozen (2208C) and thawed.
However, in cell extracts the ICD activity was unaffected by

FIG. 4. Alignment of the predicted amino acid sequence of the C. glutamicum (C. glu.) ICD with the sequence of ICD-II from Vibrio sp. strain ABE-1 (V. sp.) (25),
with the N-terminal sequences of ICD from V. parahaemolyticus (V. par.) (13) and R. vannielii (R. van.) (32), and with an ICD-internal oligopeptide from A. vinelandii
(A. vin.) (8). Symbols: n, identical residues in all ICDs investigated; n, identical residues in the ICDs of C. glutamicum and Vibrio sp. strain ABE-1.

FIG. 5. Northern hybridization analysis of the C. glutamicum icd gene. Total
RNA from C. glutamicum was size fractionated and probed with a digoxigenin-
labeled icd-specific antisense RNA probe. RNA size standards are shown on the
right.
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repeated freezing and thawing. The activity of the enzyme was
maximal over a broad pH range of 7.5 to 8.1 with 100 mM TEA
buffer and decreased sharply at pH values below 6.5. The ICD
showed an absolute requirement for divalent cations, which is
a common feature of all NADP-dependent ICDs investigated
so far (5). Mn21 at 0.8 mM was found to be the most effective
cation; Mg21 could partially replace Mn21, resulting in ap-
proximately 40% of the maximal activity. The purified enzyme
was specific for NADP1 and showed no activity with NAD1.
The Km values determined for D,L-isocitrate, DS-threo-isoci-
trate, and NADP1 are 23, 12, and 24 mM, respectively, and
thus they are in the same range as those reported for mono-
meric and dimeric ICDs from other organisms (3 to 77 mM for
isocitrate and 2.5 to 54 mM for NADP1) (5, 32, 35).
To analyze whether ICD is regulated at the level of enzyme

activity, its inhibition by different effectors was investigated.
The enzyme was found to be completely inhibited by a mixture
of 1 mM oxaloacetate plus 1 mM glyoxylate; a 60 mM concen-
tration of both resulted in half-maximal inhibition. No effect on
enzyme activity was observed with either 1 mM oxaloacetate or
1 mM glyoxylate alone. Also, ATP, ADP, AMP, fructose-1,6-
bisphosphate, glyceraldehyde-3-phosphate, 3-phosphoglycer-
ate, phosphoenolpyruvate, pyruvate, or any other intermediate
of the citric acid cycle at a concentration of 1 mM did not show
an effect on ICD activity. Significant inhibition of the enzyme
was observed at higher concentrations of oxaloacetate (Ki 5 10
mM), 2-oxoglutarate (Ki 5 12 mM), or citrate (Ki 5 15 mM).
The inhibition by these three metabolites, that by oxaloacetate
plus glyoxylate, and also the Km values correspond to data
obtained with partially purified ICD from C. glutamicum subsp.
flavum (39), suggesting that the ICDs of the two organisms are
identical.

DISCUSSION

This paper describes the cloning and analysis of the C. glu-
tamicum ICD gene and the biochemical characterization of the
ICD enzyme. Our results show that the C. glutamicum ICD is
a monomer which corresponds in its molecular weight to the
known monomeric ICDs from Vibrio sp. strain ABE-1 (Mr 5
80,500) (24, 25), V. parahaemolyticus (Mr 5 80,000) (13), R.
vannielii (Mr 5 75,000) (32), and A. vinelandii (Mr 5 80,000)
(6). In its primary structure, the C. glutamicum ICD displays
great similarity to the monomeric ICD-II from Vibrio sp. strain
ABE-1 (25). Since the amino acid sequences of both the
ICD-II from Vibrio sp. strain ABE-1 and the ICD from C.
glutamicum do not show even short stretches similar to any
known amino acid sequence of a dimeric ICD, it seems likely
that two distinct ICDs, i.e., the monomeric type and the
dimeric type, have evolved independently. With respect to the
evolution of two distinct ICD enzymes, it is noteworthy that all
organisms so far known to possess the monomeric type (i.e.,
Vibrio sp. strain ABE-1, V. parahaemolyticus, R. vannielii, and

A. vinelandii) belong to the gram-negative purple bacteria. C.
glutamicum, a gram-positive organism and thus phylogeneti-
cally far distant from the former group, is the first exception.
Although data on ICD enzymes from gram-positive bacteria
are scarce, the monomeric ICD is certainly not a general fea-
ture of gram-positive organisms, as it has been shown that the
ICDs from an alkalophilic Bacillus sp. and from Bacillus stearo-
thermophilus are dimeric (20, 49). However, it would be inter-
esting to investigate whether other gram-positive bacteria also
possess the monomeric type of ICD.
The monomeric ICD of A. vinelandii was previously inacti-

vated by alkylation of a single methionine residue, and subse-
quently, an ICD-internal peptide containing the modified
amino acid was isolated and sequenced (8). This peptide con-
sists of the amino acid sequence G-K-S-A-L-R-K-F-I-A-A-Q-
I-E-D-A-B-K-X-G-V-L-L-X-V-X-L-K-A-T-M-M, the last res-
idue corresponding to the alkylated methionine (8). Comparison
of this peptide sequence with that of the C. glutamicum ICD
revealed a similar motif located between residues 226 and 257
in Fig. 4 and showing 46.4% identity. The last six amino acids
are completely identical in the ICDs of A. vinelandii, Vibrio sp.
strain ABE-1, and C. glutamicum (Fig. 4). These results sustain
the high level of similarity between monomeric ICDs and sup-
port the idea that the alkylated methionine and/or the region
close to it might be involved in the catalytic mechanism of the
enzyme (8). Unfortunately, it is not possible to propose other
important residues or regions by the alignment of the Vibrio sp.
strain ABE-1 and the C. glutamicum ICDs, since both are very
similar throughout the whole amino acid sequence (Fig. 4). In
this context, it is worth mentioning that neither the Vibrio sp.
strain ABE-1 nor the C. glutamicum ICD sequence contains
the typical NADP1-binding motif consisting of -G-X-G-X-X-
A-X-X-X-A-X-X-X-X-X-X-G- which is found in several other
NADP1-dependent dehydrogenases (46), including the C. glu-
tamicum GDH (4). With respect to substrate and coenzyme
binding sites, it would certainly be of great interest to compare
the three-dimensional structure of a monomeric ICD with that
of a dimeric enzyme, e.g., that of E. coli, which has been
studied in detail (22, 23, 51).
The specific activity of the C. glutamicum ICD was found to

be independent of the growth substrate and the growth phase.
In contrast, the ICD activity of several other organisms has
been reported to vary when the cells are grown on different
carbon sources. In enteric bacteria such as E. coli, Klebsiella
aerogenes, Salmonella typhimurium, and Serratia marcescens,
the specific ICD activity was found to be three- to fourfold
lower during growth on acetate than during growth on glucose
(2). Further studies with E. coli revealed that this change in
specific activity is due to a reversible covalent modification of
ICD by phosphorylation and dephosphorylation (14, 30, 38). In
some other bacteria, e.g., A. calcoaceticus and Vibrio sp. strain
ABE-1, it was found that the specific ICD activity increased
when they were grown on acetate (24, 40), and in the case of
the latter organism it was shown that this increase is due to
transcriptional regulation of the gene for the dimeric ICD-I
(25). Since the specific activity of ICD in C. glutamicum was the
same under all conditions tested, we assume that in this or-
ganism the ICD gene is not under transcriptional or transla-
tional control and that the ICD enzyme is not regulated by a
phosphorylation and dephosphorylation mechanism.
In E. coli, the phosphorylation system was found to keep the

specific ICD activity at the WT level even when the icd gene
from E. coli is overexpressed from plasmid and thus the level of
ICD enzyme is raised more than 10-fold (31). The fact that C.
glutamicum strains which harbor plasmids containing the ho-
mologous icd gene showed increased specific ICD activity and

TABLE 3. Purification of ICD from cell extracts of
C. glutamicumWT(pEK-icdES1)

Fraction Vol
(ml)

Total
amt
(mg)
of

protein

Total
activity
(U)

Sp act
(U/
mg)

Recovery
of

activity
(%)

Purification
(fold)

Cell extract 2.5 6.75 64.8 9.6 100 1.00
Ultracentrifugation 3.0 3.36 61.8 18.4 95 1.92
MonoQ, pH 6.0 3.0 0.36 40.5 112.5 62 11.77
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thus no compensatory adaptation of the ICD activity sustains
the above-mentioned assumption that this organism lacks the
phosphorylation-dephosphorylation cycle of ICD. The absence
of compensatory adaptation of the ICD activity may be the
reason for the slower growth of the icd-overexpressing C. glu-
tamicum strains. It can be speculated that in the recombinant
strain, because of the 10-fold-higher ICD level, isocitrate is
forced through the citric acid cycle, and thus insufficient isoci-
trate can enter the glyoxylate bypass. Since this bypass is es-
sential for the biosynthesis of cellular substances during growth
on acetate (29), a limitation of the carbon flux through the
glyoxylate cycle would result in slower growth.
The C. glutamicum ICD was weakly inhibited by oxaloac-

etate, 2-oxoglutarate, and citrate. Although we do not know
the exact intracellular concentrations of oxaloacetate, 2-oxoglu-
tarate, and citrate in C. glutamicum, we regard the inhibition of
ICD by these compounds in vivo as relatively unimportant
because of the high Ki values. On the other hand, the ICD was
severely inhibited in the presence of low concentrations of
oxaloacetate and glyoxylate together. Concerted inhibition by
these metabolites has been shown for most dimeric and mo-
nomeric NADP1-dependent ICDs (5, 48). In the case of the E.
coli ICD, the concentration of both oxaloacetate and glyoxylate
needed for inhibition is relatively high (a 60 mM concentration
of each would inhibit the enzyme by only 3% [37, 48]), and the
binding of both to the enzyme was shown to be relatively slow
(37). These results led to the conclusion that inhibition of the
E. coli ICD by oxaloacetate and glyoxylate is physiologically
not significant (37, 38). However, compared with the E. coli
ICD, the C. glutamicum enzyme is much more sensitive to
oxaloacetate and glyoxylate (a 60 mM concentration of each
inhibited the enzyme by 50%), suggesting that the concerted
inhibition by these metabolites in C. glutamicum might have
physiological significance. Taking into account the facts that (i)
the specific ICD activity in this organism is independent of the
carbon source in the medium, (ii) during growth on acetate the
specific activities of ICD (1 U/mg of protein) and isocitrate
lyase (2.5 U/mg of protein [41]) are in the same order of
magnitude, and (iii) the affinity of ICD for DS-threo-isocitrate
(Km 5 12 mM) is much higher than that of isocitrate lyase (Km
5 280 mM [41]), there should be an effective regulation of ICD
activity to allow the operation of the glyoxylate cycle during
growth on acetate. The concerted inhibition of ICD by oxalo-
acetate and glyoxylate would provide a possible mechanism for
directing the carbon flux from the citric acid cycle to the
glyoxylate cycle. In order to define the precise mechanism of
the carbon flux control at the isocitrate branch point in C.
glutamicum, further investigations are required.
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