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To understand the interactions and functional role of
each of the three mitochondrial NAD*-dependent isoci-
trate dehydrogenase (IDH) subunits (¢, 8, and 7y), we
have characterized human ¢cDNAs encoding two B iso-
forms (B, and B,) and the y subunit. Analysis of deduced
amino acid sequences revealed that 8, and 8, encode 349
and 354 amino acids, respectively, and the two isoforms
only differ in the most carboxyl 28 amino acids. The y
cDNA encodes 354 amino acids and is almost identical to
monkey IDH7y. Northern analyses revealed that the
smaller B, transcript (1.3 kilobases) is primarily ex-
pressed in heart and skeletal muscle, whereas the larger
B, mRNA (1.6 kilobases) is prevalent in nonmuscle tis-
sues. Sequence analysis of the IDHf gene indicates that
the difference in the C-terminal 28 amino acids between
B, and B, proteins results from alternative splicing of a
single transcript. Among the various combinations of
human IDH subunits co-expressed in bacteria, a3y, af,
and ay combinations exhibited significant amounts of
IDH activity, whereas subunits produced alone and By
showed no detectable activity. These data suggest that
the « is the catalytic subunit and that at least one of the
other two subunits plays an essential supporting role for
activity. Substitution of B, with B, in the co-expression
system lowered the pH optimum for IDH activity from
8.0 to 7.6. This difference in optimal pH was analogous to
what was observed in mouse kidney and brain ($, prev-
alent; optimal pH 8.0) versus heart (B, prevalent; pH 7.6)
mitochondria. Experiments with a specially designed
splicing reporter construct stably transfected into
HT1080 cells indicate that acidic conditions favor a
splicing pattern responsible for the muscle- and heart-
specific B, isoform. Taken together, these data indicate
a regulatory role of IDHf isoforms in determining the
pPH optimum for IDH activity through the tissue-specific
alternative splicing.
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Isocitrate dehydrogenases (ICDHs!; EC 1.1.1.41 and EC
1.1.1.42) catalyze the oxidative decarboxylation of isocitrate
into a-ketoglutarate, producing either NADH or NADPH (1). In
mammals, three classes of ICDH isoenzymes exist: mitochon-
drial NAD"-dependent ICDH (IDH), mitochondrial NADP " -de-
pendent ICDH, and cytosolic NADP*-dependent ICDH (2—4).
In addition, recent data suggest that a peroxisomal NADP*-
dependent ICDH exists as the fourth ICDH isoenzyme in yeast.
This putative protein probably provides NADPH, which is re-
quired for the peroxisomal oxidation of unsaturated fatty acids
(5,6). In contrast to eukaryotics, only one type of ICDH (NADP*-
dependent enzyme) is present in Escherichia coli (7).

Among the eukaryotic ICDH isoenzymes, IDH has been as-
sumed to play a major role in the oxidative decarboxylation of
isocitrate in the tricarboxylic acid cycle (8, 9). Its key role is
underscored by the fact that its activity is regulated by numer-
ous allosteric regulators. For example, it is positively regulated
by ADP in mammals and AMP in yeast, yet inhibited by ATP,
NADH, or NADPH. Calcium ions have also been known to
enhance IDH activity in the presence of isocitrate and adenine
nucleotide (10).

Recent functional studies on the yeast ICDH isoenzymes
revealed the catalytic and regulatory roles of IDH2 and IDH1,
respectively (11-13). In addition to its catalytic role in the
tricarboxylic acid cycle, the yeast IDH protein was shown to
specifically bind to the 5’-untranslated region of mRNAs of the
mitochondrial cytochrome ¢ oxidase subunits I, II, and III as
well as cytochrome b, thus suggesting another important reg-
ulatory role of the IDH protein in controlling mitochondrial
biogenesis and energy metabolism (14).

In mammals, the IDH enzyme exists as a heterotetramer
consisting of 2«, 1B,and 1y subunits. All the subunits have
comparable molecular masses (39—41 kDa) and highly similar
amino acid sequences (15, 16). Despite numerous biochemical
and kinetic studies of IDH isolated from animal tissues, the
precise function of each subunit and the nature of their inter-
actions in the catalytically active IDH protein have not been
elucidated in mammals. The nucleotide and deduced protein
sequences of a cDNA clone encoding the human IDHa were
previously reported, and the possibility that IDH« serves as a
catalytic subunit was suggested (17).

Accordingly, to further elucidate the functional roles of the

! The abbreviations used are: ICDH, isocitrate dehydrogenase; IDH,
NAD™"-dependent isocitrate dehydrogenase; IDHe, -3, and -y, IDH «, B,
and vy subunit, respectively; H-IDHe, -8, and -y, human IDH «, 3, and
v subunit, respectively; PCR, polymerase chain reaction; GFP, green
fluorescent protein; PIPES, 1,4-piperazinediethanesulfonic acid; PCR,
polymerase chain reaction; MOPS, 4-morpholinepropanesulfonic acid;
GFP, green fluorescent protein; kb, kilobase pair(s).

This paper is available on line at http://www.jbc.org
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FiG. 1. The schematic diagram for construction of various recombinant IDH plasmids.

three IDH subunits, human ¢cDNA clones for both IDHB and
IDHy were isolated and characterized and then co-expressed
with IDHa in E. coli using a co-expression system that we
developed. We demonstrate that IDHa is critical for the cata-
lytic activity of IDH, whereas the IDHB or -y subunit has a
supporting role in constituting the IDH activity. We also re-
port, for the first time, the tissue-specific expression of an
IDHB isoform (IDH,), which is probably derived from a pH-
dependent exon-splitting alternative splicing from a single
IDHPB gene caused by an internal acceptor within an intron
(18). The substitution of IDHPB; (non-muscle-specific) with
IDHB, (muscle-specific) in the recombinant IDH«By protein
lowered the optimal pH values for IDH activity from 8.0 to 7.6.

EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes and T4 DNA ligase were purchased
from POSCOCHEM (Sungnam, Korea). GeneScreen membrane,
[a-3?P]dCTP (specific radioactivity 3000 Ci/mmol), and [a-**S]dATP
(specific radioactivity 500 Ci/mmol) were from NEN Life Science Prod-
ucts. Bovine and human heart Agt11 ¢cDNA libraries were from CLON-
TECH (Palo Alto, CA). Nitrocellulose membrane was obtained from
Schleicher & Schuell. Terminal deoxyribonucleotide transferase and
random primer labeling kit were the products of Roche Molecular Bio-
chemicals. Sephacryl S-300HR, expression vector pT7-7, and protein
standards for gel filtration were purchased from Amersham Pharmacia
Biotech (Uppsala, Sweden) or Bio-Rad. DL-Isocitrate, EGTA, and other
chemicals were purchased from Sigma.

Oligonucleotide Probes for Screening IDH Clones by Plaque Hybrid-
ization—Based on the amino acid sequences of the internal tryptic
peptides of pig heart IDHB and IDHYy (16), oligonucleotide probes were
synthesized using the best codon usage (19) with a DNA synthesizer
(Applied Biosystems, Foster City, CA): oligonucleotide probe 1 (sense
direction for IDHB), 5'-GCCTCCCGGTCCCAGGCTGAGGAC-3’, corre-
sponding to the peptide sequence NH,-ASRSQAED-COOH; oligonucleo-
tide probe 2 (sense direction for IDHp), 5'-GTGCGGGTGGAGGGCGC-
CTTCCCTGTGACCATGCT-3’, corresponding to the peptide sequence

NH,-VRVEGAFPVTML-COOH; oligonucleotide probe 3 (sense direc-
tion for IDHYy), 5'-TATGCCAATGTCATTCACTGTAAG-3’, correspond-
ing to the peptide sequence NH,-YANVIHC-COOH; and oligonucleotide
probe 4 (antisense direction for IDHYy), 5'-CTTGAGGTGGTCCAGCAT-
CATGCA-3’, corresponding to peptide sequence NH,-CMMLDHLK-
COOH. Oligonucleotides were radiolabeled at the 3’-end with
[a-*?P]dCTP using terminal deoxyribonucleotide transferase as de-
scribed by Rosenberg et al. (20) and then used as probes for plaque
hybridization.

Isolation of ¢cDNA Clones Encoding IDH and IDHy—Bovine heart
Agt1ll cDNA library was screened with *?P-labeled oligonucleotide
probes (oligo 1 and 2 for IDHB and oligo 3 and 4 for IDHvy). Conditions
for hybridization and washing were as described (20). The positive
c¢DNA clones from plaque hybridization were subcloned into plasmid
pGEM7(+), and their nucleotide sequences were determined. The
c¢DNA inserts containing a deduced amino acid sequence matching the
amino acid sequences of the partial tryptic peptide sequences (16) of the
pig heart IDHB and IDHYy were isolated, labeled with [a-**P]dCTP by
random primer labeling, and then used to screen a Agt1l cDNA library
from human heart. Conditions for hybridization and washing were as
described previously (21). The cDNA inserts for human IDHB,, IDHB,,
and IDHYy were isolated and subcloned into plasmid pGEM7(+) for
subsequent characterization as described below.

Isolation of Genomic Clones for Human IDHB Gene—Genomic clones
for human IDHB were isolated from a AEMBL3 human lymphocyte
genomic DNA library (Dr. Frank J. Gonzalez, NCI, National Institutes
of Health) by plaque hybridization with [a-*?P]dCTP-labeled IDHS,
cDNA as a probe. The conditions for labeling, hybridization, and wash-
ing were the same as described above.

Nucleotide Sequence Analyses—Complete nucleotide sequences of
the largest ¢cDNA clones encoding human IDHp,;, IDHS,, and IDHYy
were determined by the dideoxynucleotide chain termination method
(22) with a Sequenase version 2.0 kit (U.S. Biochemical Corp.). To
accomplish double-stranded DNA sequencing, cDNA subclones were
gradually deleted from both ends using a kit (Erase-a-Base from Pro-
mega (Madison, WI)) with the protocol recommended by the manufac-
turer. Nucleotide sequence data were assembled and analyzed using
the computer software PC/GENE (IntelliGenetics, Mountain View, CA).
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The nucleotide sequence analysis for genomic DNA was also performed
as described above.

Northern Blot Analyses—A membrane for human multiple tissue
Northern (MTN™) blot (CLONTECH, Palto Alto, CA) was successively
probed with 32P-labeled IDHB and IDHy cDNAs. Total RNAs from
various mouse (C57BL/6NCR) tissues were prepared using RNAzol
(Tel-Test Inc., Friendswood, TX) according to the manufacturer’s pro-
tocol. Polyadenylated RNA (4 pg/lane) from different mouse tissues was
separated by electrophoresis on 0.66 M formamide, 1% agarose gels,
transferred to GeneScreen membranes, and hybridized with *?P-labeled
human ¢DNA probes for IDHa, IDHB,, and IDHY, respectively. Glyc-
eraldehyde-3-phosphate dehydrogenase (1.2-kb ¢cDNA fragment from
CLONTECH) was used as a loading control to monitor the quantity and
integrity of the mRNA. Hybridization was carried out at 42 °C in a
solution of 50 mm PIPES, pH 7.0, 5X Denhardt’s solution (1X Den-
hardt’s solution: 0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine
serum albumin), 50% formamide, 100 mMm NaCl, 1 mm EDTA, 0.5% SDS,
and 100 pg/ml denatured salmon sperm DNA for at least 20 h. The
membranes were washed in 2X SSC (1x SSC: 0.15 M NaCl and 0.015 m
sodium citrate, pH 7.0), 0.1% SDS twice for 15 min and then washed
once with 0.2X SSC, 0.1% SDS at 60 °C for 20 min. The membranes
were then dried and exposed to x-ray films at —80 °C with intensifying
screen.

Construction of Plasmids for Overexpression of Human IDH Sub-
units—Amplifications of DNA by PCR were performed using the follow-
ing sets of oligonucleotide primers, AM1/AM2, BM1/BM2, and GM1/
GM2 (for the sequences of primers, see below) to introduce appropriate
restriction enzyme sites into the 5'- and 3’-ends of the coding sequences
for the mature human IDHea (17), IDHB,/IDHB,, and IDHYy, respec-
tively, in a DNA thermal cycler (Perkin-Elmer) as described previously
(17). The primers were synthesized to contain either a Ndel or BamHI
site as highlighted by boldface letters as follows: AM1 (sense), 5'-AG-
ACATATGACTGGTGGTTTCAGACA-3’; AM2 (antisense), 5'-GTGGG-

ATCCATTTAGAGTGACTGATGTAAATGC-3'. BM1 (sense), 5'-GCGC-
ATATGGCATCGCGGACGCAGGCCGAG-3'; BM2 (antisense), 5'-TAT-
GGATCCGGCCTATGGGTGGGGCAA-3'. GM1 (sense), 5'-CGAGGC-
ATATGTTTTCAGAACAAACAATT-3'; GM2 (antisense), 5'-AGGGGA-
TCCTAGGGCCAGCCTAGGCCTCCA-3'. The amplified DNA frag-
ments were gel-purified and then subcloned into pT7Blue T-vector
(Novagen, Madison, WI); their partial nucleotide sequences near the
cloning site were confirmed by DNA sequencing. The modified DNA
fragments were excised with Ndel/BamHI enzymes and inserted into
the Ndel/BamHI site of the expression vector pT7-7 (Amersham Phar-
macia Biotech) to generate the plasmids pHIDH«, pHIDH,, pHIDH},
and pHIDHYy (Fig. 1).

Construction of Plasmids for Co-production of Human IDH Proteins
in E. coli—The recombinant plasmids for co-production of IDH proteins
were constructed by the strategy outlined in Fig. 1. For co-production of
IDHa and IDHY, a Scal/Bglll fragment containing the IDHy coding
region was isolated from the plasmid pHIDHy and treated with Klenow
enzyme to produce a blunt end and then ligated to the Scal-cleaved
plasmid pHIDH« to generate plasmid pHIDHay. For co-production of
IDHy with IDHp, plasmid pHIDHp,y and pHIDHR,y were constructed
by the ligation of the Scal/BamHI fragment from plasmid pHIDHy with
the Scal/BglIl fragments isolated from the respective plasmid
pHIDHB, and pHIDH},. For co-production of all IDH subunits, plasmid
pHIDHaB,y or pHIDHaB,y was constructed by ligation of the larger
DNA fragment from the Scal/Bglll-digested plasmid pHIDHay with
the larger Scal/BamHI fragments of plasmid pHIDHB,; or pHIDHS,.
For co-production of IDHa and IDH proteins, plasmid pHIDHaB; and
pHIDHapB, were constructed by self-ligation of the larger DNA frag-
ments isolated from the BamHI-cleaved plasmid pHIDHa«pB;y and
pHIDHaB,y, respectively.

Preparation of E. coli EB106 (DE3) Strain—E. coli EB106 (A, icd-11,
dadA1l (op), trpA62, trpE61, tnaAb5) (23) deficient in ICDH was obtained
from E. coli Genetic Stock Center (Department of Biology, Yale Univer-
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sity). To introduce T7 RNA polymerase gene into the chromosome of E.
coli EB106, the recombinant phage ADE3 was infected to E. coli EB106
by ADE3 Lysogenization kit (Novagen, Madison, WI) according to the
manufacturer’s instructions. The ADE3 lysogen of E. coli EB106 was
designated as E. coli EB106 (DE3) and used as a host to overproduce the
recombinant IDH proteins of various combinations, as described above.

Preparation of the Recombinant IDH Proteins in E. coli—The recom-
binant plasmids were transferred to E. coli EB106 (DE3) by the CaCl,
method (24), and bacterial colonies with positive inserts were grown
overnight at 37 °C in LB media supplemented with ampicillin (50
png/ml). The overnight cultures of transformants were diluted 100-fold
into 1 liter of the same media and allowed to grow at 37 °C until A,
reached 0.6. The cultures containing transformants were cooled in an
ice-water bath and treated with 0.4 mM isopropyl B-D-thiogalactopyr-
anoside to induce gene expression. During the induction period, bacte-
rial cells were grown at 25 °C for 24 h with poor aeration. E. coli cells
were harvested by centrifugation, washed with 1X phosphate-buffered
saline, and resuspended in a lysis buffer (10 ml of phosphate-buffered
saline containing 0.1% Triton X-100 and 1 mM phenylmethylsulfonyl
fluoride). Resuspended cells were disrupted by sonication with five 20-s
treatments at half-maximum power of a sonicator (Bronson model 350)
on ice. The soluble lysates obtained by centrifugation at 9000 X g for 20
min were used to measure the IDH activity. All procedures for the
soluble lysate preparation were conducted at 4 °C.

Measurement of IDH Activity—IDH activity was determined by mon-
itoring the production of NADH at 340 nm, the same as the method
described by Rutter and Denton (25) with slight modification. IDH
activity was measured at 25 °C in reaction mixture (50 mm MOPS, pH
7.4, containing 5 mM threo-D,-ISOCITRATE, 35.5 MM triethanolamine, 2
mM NAD*, 1 mm ADP, 2 mm MgCl,, and 1 ug/ml rotenone). Enzyme
reaction was initiated by the addition of the E. coli soluble lysate
containing the recombinant IDH proteins into the reaction mixture
(final volume of 1 ml), and optical density was measured using a
Beckman DU-65 spectrophotometer. To determine the optimal pH
value for each IDH isoform, the pH of the reaction mixture was grad-
ually changed in 0.2-unit increments starting from 6.2 and ending with
8.8. The rate of NADH production was linear for at least 1 min. One unit
of IDH activity is defined as the amount catalyzing the conversion of 1
umol of substrate/min at 25 °C. Kinetic constants (K|, and V) for the
recombinant IDHaB,y and IDHaf,y were obtained by nonlinear regres-
sion analysis and fitted to v = V_,-S"/(K,, + S™). Enzyme reactions
were performed at pH 7.8 and 25 °C. Protein concentration was meas-
ured by the Bradford method (26) with bovine serum albumin as a
standard. To determine the optimal pH value for IDH activity in dif-
ferent tissues, mitochondrial fractions from mouse brain, heart, and
kidney were prepared by the method of Loverde and Lehrer (27).

Construction of an Alternative Splicing Reporter Construct—To study
the effect of pH on the level of splicing responsible for H-IDH,, the
DNA fragment containing part of the human IDHB gene (nucleotide
positions 539-1888 in Fig. 6A) was cloned by PCR using the following
set of oligomers. A modified sense primer (5'-TAGCCGTC-
GACTCTCTCTCCAACAGGG-3') and an antisense primer (5'-TGGGT-
GGGCCCAGGCAGCAATGAC-3') were used to contain the respective
Sall and Apal restriction sequences, as marked by boldface letters. This
PCR fragment was double-digested with Sall and Apal and then ligated
to the Sall- and Apal-cleaved plasmid pEGFP-N1 (CLONTECH) con-
taining the green fluorescent protein (GFP) gene as a marker. The
resulting plasmid, designated as pIDHBGFP, was subsequently used to
start the translation of GFP from AUG codon (nucleotide positions
607-609 in Fig. 6A) present in the exon of the H-IDHS gene.

Stable Transfection and Cell Cultures—To prepare cells expressing
the IDHB-GFP construct, 10 pg of pIDHBGFP DNA was transfected
into HT'1080 fibrosarcoma cells by the calcium phosphate co-precipita-
tion method. Transfected cells were grown for 48 h in Dulbecco’s mod-
ified Eagle’s medium containing 10% (v/v) fetal bovine serum, penicil-
lin, and streptomycin at 37 °C in 5% CO,. To obtain cells that were
stably transfected, HT1080 cells were selected for 2 weeks in culture
media containing G418 (500 pg/ml) with media changed every 2 days.
HT1080 cells that were both resistant to G418 and fluorescent (from
GFP) under a fluorescence microscope were collected and used for
subsequent experiments. The cells expressing GFP were grown in Dul-
becco’s modified Eagle’s medium supplemented with 10% (v/v) fetal
bovine serum and 15 mM sodium bicarbonate (approximately pH 7.4).
At 70% confluence, HT1080 cells were rinsed once with Dulbecco’s
modified Eagle’s medium containing 10% (v/v) fetal bovine serum, pH
7.4, and further allowed to grow for 16 h in fresh media at the following
pH: 6.2, 6.6, 7.0, 7.4, and 7.8 (0.9, 2.3, 5.9, 15.0, and 37.0 mM sodium
bicarbonate). The condition for pH adjustment was as previously re-
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A P-IDHBXII
M-IDHp 349
H-IDHf, 351
H-IDHB, 349
B H-IDHB; TRDMGGYSTTTDFIKSVIGHLQTKGS 351
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H-IDHB, TSDMGGYATCHDFTEAVIAALPHP 349
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Fic. 3. Comparison of the amino acid sequences and predicted
secondary structures of the C-terminal amino acid sequences of
IDHp isoforms. A, the partial tryptic amino acid sequence for pig
heart IDHB subunit (P-IDHBXII) (16), monkey IDHB (M-IDHP) (29),
H-IDHp,, and H-IDH,) are compared. B, the secondary structures of
the C-terminal regions of H-IDHB, and H-IDHp, are predicted by the
GOR method (31). A, helix structure; e, extended or B-sheet; ¢, coil
structure. Amino acid positions are designated on the right, and the
identical amino acid residues are shaded. Helix-rich region in H-IDH,
(h), and extended (e) or B-sheet-rich region in H-IDHB,; are marked by
the respective boxes.

ported (28).

Microscopic Observation and Measurement of GFP Fluorescence—
GFP fluorescence in HT1080 cells was observed by an inverted micro-
scope (Olympus BX50) with a GFP filter. To measure the relative
intensity of GFP fluorescence, transfected HT1080 cells grown under
different pH values were homogenized with a Dounce homogenizer with
a Teflon pestle in ice-cold phosphate-buffered saline with 0.1% Triton
X-100. Clear cell lysates were obtained by centrifugation at 15,000 X g
for 20 min at 4 °C, and protein concentration was determined by the
Bradford method (26) with bovine serum albumin as standard. The
intensity of GFP fluorescence was determined for each cell lysate (0.3
mg of protein in 3 ml) at least three times per sample by a fluorescence
spectrometer (Kontron SFM25) with excitation and emission at 488 and
510 nm, respectively.

RESULTS

Isolation and Partial Characterization of ¢cDNA Clones for
Bovine IDHB and IDHy—Mixed oligonucleotide probes as de-
scribed under “Experimental Procedures” were used to screen a
bovine heart Agtll cDNA library in order to isolate cDNA
clones encoding IDHB and IDHy subunits. Six and five positive
cDNA clones for IDHB and IDHY, respectively, were isolated
from about 2 million plaques screened. The size of DNA inserts
ranged from 0.7 to 1.6 kb. Independent ¢cDNA inserts for IDHf3
and IDHy were purified and subcloned into plasmid
pGEM7(+), and their nucleotide sequences were determined as
described under “Experimental Procedures.” Among the cDNA
clones isolated for IDHp, one clone (1.4 kb) showed a deduced
amino acid sequence of SSRTQGEDVRVE, which is very sim-
ilar to the partial tryptic peptide sequence (ASRSQAEDVRVE)
of pig heart IDH (16). Another cDNA clone (1.6 kb) showed a
deduced amino acid sequence (FSQQTIPPSAKYGGRHTVT-
MIPGDGIGP), which is highly homologous to the partial tryp-
tic peptide sequence (FSQQTIPPSAKYGGILTVTMSPGDG-
DGP) of pig heart IDHvy (16).

Isolation and Characterization of cDNA Clones for Human
IDHB and IDHy—The two partially characterized bovine
cDNA clones for bovine IDHB (1.4 kb) and IDHv (1.6 kb) were
then used as DNA probes to isolate their human counterpart
cDNAs. Eighteen positive clones (insert size ranging from 0.6
to 1.6 kb) for IDH and 20 positive clones (from 0.4 to 1.5 kb) for
IDH~y were isolated from about 1 million phage plaques from a
human heart Agt11 cDNA library. The positive phage plaques
were further purified. The entire nucleotide sequences of the
two largest cDNA inserts for IDHp (1.6 kb) and IDHy (1.5 kb)
were subsequently determined from both ends.

As shown in Fig. 2, one ¢cDNA clone for human IDHB (H-
IDHP) was 1,597 bp long with an open reading frame (1,155 bp)
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GGG CGG GGG TCG
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TCG AAC TCT CGC GAG AGC GTA TCT GCG TGT CGG GAC GIG CGG AGG CTC TCA CTT TCC GTC
ATG GCG CTG AAG GTA GCG ACC GTC GCC GGC AGC GCC GCG AAG GCG GTG CTC GGG CCA GCC
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Fic. 4. Nucleotide and deduced
amino acid sequences of a human
IDHy ¢cDNA clone. The entire nucleotide
and deduced amino acid sequences for the
largest ¢cDNA clone encoding human 122 I D
IDHy (1.5 kb) are shown. Nucleotide
numbers are indicated on the right, and 14z s v
amino acid numbers are shown on the left.
The potential polyadenylation signal,
AATAAA, is underlined. The vertical ar-
row indicates the cleavage site of the mi-
tochondrial leader peptide. 202 A R
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for the entire protein coding region of IDH, starting with the
initiation codon, ATG, and ending with the termination codon,
TAG. One site for potential polyadenylation signal (AATAAA)
was found in the 3'-untranslated region. The N terminus of the
deduced amino acid sequence of the human IDHp precursor
protein (Ala'-Ala®®) is identical to the N-terminal 33-amino
acid sequence of pig IDHB (16) except for the 14th and 31st
amino acids. Therefore, the precursor human protein contains
385 amino acids (42,211 Da), and the mature protein consists of
351 amino acids (38,794 Da) with the first 34 amino acids as a
mitochondrial signal peptide. Deduced protein sequence of H-
IDHB showed 96% identity to that of monkey IDHB (29), al-
though the C-terminal region of H-IDHB shared less amino
acid sequence homology with those of pig peptide XII (16) and
monkey IDHB (29) (Fig. 3, M-IDHp). Careful examination of
the nucleotide and deduced protein sequences revealed an in-
tron-like sequence of 317 bp in the H-IDHP sequence, starting
at the GT (nucleotides 1072 and 1073 in Fig. 2) and ending at
the AG (nucleotides 1387 and 1388 in Fig. 2). These dinucle-
otide sequences GT (GU in mRNA) and AG exactly match the
consensus boundary sequences for the 5'-splice site (donor site)
and 3’-splice site (acceptor site) of an intron (30), respectively.
Interestingly, the deduced C-terminal protein sequence ob-
tained by splicing out of an intron-like sequence (317 bp) from
H-IDHB ¢cDNA was almost identical to those of tryptic peptide
XII (16) and monkey IDHB (29) (Fig. 3).

To demonstrate whether an mRNA lacking the 317-bp region
actually exists, we rescreened the previously isolated H-IDHS
c¢DNA clones by PCR using two oligonucleotide primers com-
plementary to the region outside the 317-bp intron-like se-
quence: a sense primer A (nucleotides 898-919 in Fig. 2) (5'-
TACGCAGTCTTTGAGACGGGTG-3') and an antisense primer
B (nucleotides 1472-1493 in Fig. 2) (5'-ACCTTACATGGGTAT-

GGACAGG-3'). After PCR and subsequent analysis, a single
DNA fragment (0.6 kb) was amplified from a subset of H-IDHf
clones, while a single fragment with a different size (0.3 kb)
was obtained from another group of H-IDHS clones (data not
shown). From this group of cDNA clones, the largest one (1.3
kb) was isolated, and its complete nucleotide sequence was
determined to verify the existence of an mRNA isoform for
IDHB. Therefore, we designated the initially isolated H-IDHf
c¢DNA (1.6 kb) as H-IDHp; and the other clone without the 317
bp as H-IDH},.

As shown in Fig. 2, the intron-like sequence of the 317 bp was
absent in the open reading frame (1,149 bp) of H-IDHp,, indi-
cating a possibility of an alternative splicing at this region. As
a consequence of the alternative splicing, an alternative pep-
tide with 26 amino acid residues, almost identical to that of pig
IDH (16), was recognized in the C-terminal protein sequence of
H-IDH}, instead of the 28 amino acid residues (from Val®*?> to
Ser®5!) found in the H-IDH, protein sequence (Figs. 2 and 3A).
Therefore, the deduced protein sequence of H-IDH,, (a mature
protein of 349 amino acids with 38,497 Da) most likely repre-
sents a human counterpart of the previously reported IDHB
c¢DNA clone from monkey (29) and pig IDH peptides (16). Thus,
the H-IDH B, isoform, as characterized in this report, is a newly
identified IDHp isoform. It is possible that the alteration of the
C-terminal regions between the two H-IDHPB isoforms might
result in significant changes in protein secondary structures as
predicted by Garnier et al. (31). The C-terminal 28 amino acid
residues of H-IDH, consisted of extended or B-sheet structure,
whereas that of H-IDHB, was predicted to contain helix struc-
ture, thus suggesting a potential role of C-terminal amino acids
of H-IDH in regulating the IDH activity (Fig. 3B).

For the characterization of the recombinant IDH subunit
interactions and functions, we also isolated human cDNA
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clones coding IDHy subunit (Fig. 4). Our ¢cDNA clone (1.5 kb)
for IDHy (H-IDHvy) contained 181 bases of 5'-untranslated
region followed by 1,179 bases of an open reading frame and
108 bases of 3'-untranslated region prior to a poly (A) tail. The
structural analysis of H-IDHy cDNA revealed that it possesses
the entire IDHy protein coding region, comprising the leader
sequence for the precursor protein and the mature protein
coding sequences. The canonical polyadenylation signal
AATAAA in the 3'-untranslated region was observed 15 base
pairs upstream of the poly(A) tail. The N terminus of the
deduced human IDHYy protein sequence (Phe'-Val®4) is identi-
cal with the N terminus 34-amino acid sequence of the pig
IDHvy (16). Therefore, the precursor protein for human IDH~y
contains 393 amino acids (42,794 Da) with the 39 amino acids
as a mitochondrial signal peptide. Thus, the mature protein
consists of 354 amino acids (38,814 Da). The deduced H-IDH~y
protein sequence shares less amino acid homology (53%) with
that of H-IDHpB; (44%).

Tissue-specific Expression of IDH Transcripts in Human and
Mouse Tissues—The expression patterns of the IDHB and
IDHY transcripts in human and mouse tissues were analyzed
by mRNA Northern blot analyses. As shown in Fig. 5A (top),
more than two species of IDHB mRNA transcripts exist in
various human tissues. The smallest mRNA transcript (1.3 kb)
is predominantly expressed in heart and skeletal muscle,
whereas a larger transcript (1.6 kb), at a lower level, is present
in all nonmuscle tissues examined. A larger transcript (2.4 kb),
detected in human heart, skeletal muscle, and pancreas may be
the unprocessed IDHB mRNA. To further characterize the two
major IDHB mRNA transcripts (1.3 and 1.6 kb), we performed
Northern blot analysis with a H-IDHB,-specific probe (175 bp
of XhoI-Ncol fragment from the 317-bp intron-like sequence in
H-IDHp, but absent in H-IDHp,, as in Fig. 2). The H-IDHp,-
specific probe (H-IDHBXN) only recognized the larger mRNA
transcript (1.6 kb) (Fig. 5A, middle). These data indicate that
the smaller transcript (1.3 kb) present in heart and skeletal
muscle represents the H-IDHp,, transcript. A similar pattern of
expression of the two IDHP transcripts seen in human tissues
was also observed in mouse tissues. The smaller IDHB mRNA
transcript (1.2 kb) is only detected in heart and skeletal muscle,
whereas the larger IDHB mRNA transcript (1.5 kb) is ex-
pressed in all other tissues examined. (Fig. 5B, top). In con-
trast, only a single species of IDHy mRNA transcript was
detected in the various human (1.5 kb, Fig. 5A, bottom) and
mouse tissues studied (1.3 kb, Fig. 5B, middle). The pattern
and level of expression of the major IDHy transcript are very
similar in both human and mouse tissues.

Alternative Splicing of H-IDHB; and H-IDHB, mRNA Tran-
scripts from a Single Human IDHB Gene—In order to deter-
mine whether the two species of H-IDHB mRNAs were tran-
scribed from two distinct but structurally similar genes or from
a single gene and then produced by an alternative splicing
mechanism, the region of the IDHB gene coding for the amino
terminus of IDHB was isolated. Several genomic clones (aver-
age size about 20 kb) for H-IDH were isolated from a A\EMBL3
human lymphocyte genomic DNA library by plaque hybridiza-
tion (data not shown). A single DNA fragment (1.9 kb) was
amplified from these genomic clones by PCR analyses using a
sense primer C (5'-CTGCAGTGCTGTGAGGAAGTT-3’) and an
antisense primer B. The amplified genomic DNA fragment was
subcloned into plasmid pGEM7(+), and its entire nucleotide
sequence was determined. The nucleotide sequence of the am-
plified genomic DNA verified that the 317-bp intron-like se-
quence, present in H-IDHB,; and absent in H-IDH},, exists in
the genomic sequence (Fig. 6A). Therefore, the two human
IDHB mRNA transcripts corresponding to H-IDHB; and H-
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Fic. 5. Northern analyses of IDHB and -y subunits. A, tissue-
specific expression of IDHpB,, IDHB,, and IDHy mRNA transcripts in
various human tissues. Human multiple tissue Northern blot (MTN™
from CLONTECH) was hybridized with ®2P-labeled human IDHp,
cDNA (upper panel), IDHp,-specific probe (IDHBXN; Xhol- and Ncol-
digested 175-bp fragment from human IDHB; cDNA in Fig. 2) (middle
panel), and human IDHy ¢cDNA (bottom panel). B, tissue-specific ex-
pression of IDHp isoforms and IDHy transcript in various mouse tis-
sues. Polyadenylated mRNA (4 pg/lane) from various mouse tissues
were separated on 1% agarose gel containing 0.66 M formaldehyde. The
RNAs transferred to membrane were hybridized with ?P-labeled hu-
man IDHB, ¢cDNA (upper panel), IDHy ¢cDNA (middle panel), and
human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) c¢cDNA
(bottom panel) probe, respectively.

IDHp, are most likely produced by an alternative splicing from
a single IDHB gene (Fig. 6B). Thus, the GT dinucleotide (nu-
cleotide positions 819 and 820 in Fig. 6A) is used as the com-
mon 5'-splicing site in all tissues, while two alternative AG
dinucleotides (nucleotide positions 1503 and 1504 for H-IDH,
or 1820 and 1821 for H-IDHB, in Fig. 6A) are utilized as the
3’-splicing sites, depending on the tissues (Fig. 6B). This type of
alternative splicing pattern has been characterized previously
in the fibronectin, Ga, signal transducer, histocompatibility
antigen H2K, and prolactin transcripts (18).

Production and Characterization of Recombinant IDH Sub-
unit Proteins in E. coli—Among the subunit combinations pro-
duced in E. coli EB106 (DE3) (Fig. 1), IDHaB,y, IDHapB; v,
IDHay, IDHaB;, and IDHaB, exhibited the IDH activity of
235.9 + 32,197.8 = 2.5, 25.5 = 0.7, 22.7 = 0.7, and 4.6 = 0.2
milliunit/mg soluble protein, respectively. None of the subunits
produced alone or pHIDHp;y showed any detectable IDH ac-
tivity. These data strongly suggest that IDHa serves as an
essential subunit for the catalytic activity of IDH enzyme and
that at least one of the other two subunits plays a necessary
supporting role for activity. Furthermore, the catalytically ac-
tive recombinant H-IDHapB;y protein produced in E. coli
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TABLE I

Oligonucleotide PCR primers used to modify the restriction enzyme sites for the expression of IDH subunits in E. coli

For production of the mature IDH proteins, Ndel sites containing translation initiation codon ATG were introduced to the sense primers.

Subunit Primers Sequence (5’ — 3') Nucleotide positions
IDHa AM]1 (sense) AGACATATACTGGTGGTGTTCAGACA 82-99«
AM2 (antisense) GTGs GA\'II'Oé:eQITTTAGAGTGACTGATGTAAATGC 1138-1116°
IDHB BM1 (sense) GCCGZATBAﬁ'an-C'ZIATCGCGGACGCAGGCCGAG 103-123°
BM2 (antisense) TATGGA,\\'II'CZZeGIGCCTATGGGTGGGGCAA 1491-1474°
IDHYy GM1 (sense) CGAG Gi?’rKTgTTTCAGAACAAACAATT 117-135¢
GM2 (antisense) AGGBGA,\'II'(?(I:L\GGGCCAGCCTAGGCCTCCA 1191-1172¢

Bam HI

“ Nucleotide positions in human IDHa ¢cDNA sequence (17).
® Nucleotide positions in human IDHB ¢cDNA sequence as shown in Fig. 2.
¢ Nucleotide positions in human IDHy ¢cDNA sequence as shown in Fig. 4.

(A)l TC A
. . CTGCAGTGCTGTGAGGAAGTTGCTGAACTGTACCCCAAAATCAAATTTGAGACAATGA exon
Fic. 6. P?rt“,ﬂ nucleotide S(?quence &1 ATAGACAACTGCTGCATGCAGotgaggcctoocccacatgtgtacteatggggocggaggay
and organization of a genomic clon.e 121 gagggtggggagtggaatttacttcatgoctgeatotocaccctotagCTGETGCAGAATC
for human IDHB gene. A, a genomic 181 CTTACCAGTTTGATGTGCTTGTGATGCCCAATCTCTATGGGAACATTATTGACAATCTGG exon B
DNA clone for human IHDB gene was 241 CTECTGECCTGGTTGGEGGAGCTGETGTGETCCCTGGTGAGAGCTATAGTGCAGAATACG
isolated, and its partial sequence (1.9 kb) 301 CAGTCTTTGAGRCGotgaggctgctttotecteggeecttectetgaccteaagtecgee
was determined. Nucleotide sequences 361 attcctctcccatcccaatatctecacttectaagtgatetggectgttottecceegac
corresponding to the exons and introns of 421 gctgeooccaccatgoctotttteagtgaccetggectgagetocccectoocataatgtoct
H-IDHp, gene are indicated by boldface 481 tttocaacctaagoctetgeataccoctectgectocteccagtgtotagectgecoate
uppercase letters and lowercase letters, re- 541 tctecacagGETGCCCGECACCCATTTGCCCAGGCAGTGGGCAGGAATATAGCCAATCCC  exon C
spectively. The tentative nucleotide posi- 501 ACGGCCATGCTGCTGTCGGCTTCCARCATGCTGCGECATCTTAA taggtcatgggaggce
tions and exon names in the partial hu- 661 tgtcggcagaggttoggtategtgaggaggageaggtggggaaattagegggagatgtet
man IDHpB gene are marked on the left 721 tgggggagtcacagtttecttoctgtocatatccacagTCTTGAGTATCACTCCAGCATGA exon D
and right sides, respectively. The two un- 781 TCGCAGATGCGGTGAAGAAGGTGATCARAGTTGGCARGytgagttgagaagagtagtgct
derlined nucleotide sequences indicate 841 ggcttcaggatttagagtagttctggtgteageaccteggeactaccetetgggaacety
the PCR primers used to amplify the 901 aatgggggtctectttoccococaggteocccagaacatetgetecoctgacatecctgeate
1,359-bp genomic DNA fragment linked 961 <:r:tctcagggftgttcttcatctcccttctct:ggctgtttca:cctcttgatctctttt
with GFP gene for the construction of iggi gcct{;ttéaga:cccaEctiit.c_rttciEEctIEEcctgcEccatccactgccctitt:atgg
pIDHBGFP DNA plasmid. The shaded re- 1141 geeate gfa:gcaccac geageteteettgggggtggaacageaaggga aciggc'%

. . . ggctgaagecatcagettcaccttecacgoocecatectocttttogotgtgattetttocttc
gion represents the 317.—bp 1ntr0n.—hke 1201 cacctggtcettgtotetatttottecaaggaaggtagecacatectgectetgatetgey
caS§ette sequence that is alternatively 1261 tttecccatcatctttgoctgoctecagoctoctgtoctgeoooctggotgeagoacagotaata
spl%ced out in huma}n IDHBz mRNA tran- 1321 gtggettaagaggagtggeaggtecatgtgetteccatectggetectecttocattact
script. The 5’-splicing site common to H- 1381 gtgeoattgecttttttotggotgtoacgoattottggeottocatttooctoaateacattyg
IDHB, and H-IDHR, is indicated by gt 1441 cectaccteooccttoatgggototottttetecctocccacggotgttgocagtggtaget
with an underline, and the two alterna- 1501 gtagGTGCGEACTCGAGACATGGGCGECTACAGCACCACAACCGACTTCATCAAGTCTGT
tively used 3'-splicing sites for H-IDHp, 1561 CA
and H-IDHB, are represented as ag and 1621 ACCACACTCCCCA' exon E1
AQG, respectively, with double underlines. 1681 TTCCTT
The triple nucleotide ATG used as a 1741 TGGGGATTGTTAGGATGEAGCCCAGGCCACATGGAT
translation initiation codon for GFP ex- 1801 GAACCTCTGACATGGGTGGCTATGCTACTTGCCAT
pression in the pIDHBGFP DNA con- 1861 GACTTCACTGAGGC CCACCCA[TAGGCCCTGTCCATACCCATG  exon E2
struct is marked by the shadow. The two 1921 TAAGGT
TAG translation termination codons for
H-IDHB, and H-IDH, are indicated with ®)

rectangular boxes. B, organizations of H-
IDHpB, and H-IDHB, mRNAs transcribed
from the alternative splicing from the hu-
man IDHB gene. In H-IDHp,, both exon
E1 and exon E2 are used as a single exon,
while exon E2 is used as the only exon in
the H-IDHB, mRNA transcript.

wongl [alB[c|p[E] ]

TAG TAG

wngs [A]B[c]] ]

emerged as a single peak from a Sephacryl S-300HR gel filtra-
tion column with an apparent molecular mass of 316 kDa (data
not shown). This indicates that the recombinant IDH protein
most likely exists as an octamer, 2(2a,3,y) with a calculated
molecular mass of the octamer of 301 kDa.

Role of IDHB Isoforms in IDH Activity—In order to deter-
mine any difference in the two IDHp isoforms’ ability to sup-
port IDH activity, we constructed the appropriate expression
constructs (IDHaB;y and IDHaB,y) (Fig. 1) and produced the
respective proteins in E. coli EB106 (DE3). Substitution of
IDHB,; with IDHp, in the co-expression system lowered the
optimal pH from 8.0 to 7.6 for IDH activity without altering

their maximum activities (Fig. 7A). This difference in optimum
pH was analogous to what was observed in mouse kidney and
brain (B, prevalent) versus heart (B, prevalent) mitochondria
(Fig. 7B). These results indicate that IDHp isoforms derived
from the tissue-specific alternative splicing can modulate the
optimal pH values for IDH activity. The K,, values for IDHaB,y
and IDHaB;y proteins in E. coli lysate were found to be 3.11 +
0.09 and 1.28 = 0.02 mwm, respectively. V.. values of IDHaB,y
and IDHeapB;y proteins were calculated to 263.3 = 5.5 and
96.4 = 2.9 milliunits/mg protein, respectively. Thus IDHaB,y
protein exhibited 2.4- and 2.7-fold higher K,, and V. values
than IDHaB,y protein. The significant changes in the K,, and
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Fic. 7. Optimal pH values for IDH activity for the recombinant
H-IDH proteins and in mouse tissues. A, optimal pH profiles for
IDH activity of the recombinant H-IDH proteins produced in E. coli
using the plasmid pHIDHap,y and pHIDHaf,y. B, optimal pH profiles
for the mitochondrial IDH activity in mouse tissues. IDH activity was
measured at 25 °C as NADH production at 340 nm in the reaction
mixture containing 50 mM MOPS buffer containing 5 mm threo-p,-
ISOCITRATE, 35.5 MM triethanolamine, 2 mmM NAD*, 1 mm ADP, 2 mMm
MgCl, and 1 pg/ml rotenone, as described by Rutter and Denton (25).

Vmax Values caused by the substitution of IDHB isoforms fur-
ther support the role of IDHp in the regulation of IDH activity
in a tissue-specific manner.

pH-dependent Expression of H-IDH, in Cultured Cells—To
determine whether changes in pH levels can cause a shift in the
alternative splicing patterns of the IDHB mRNA transcript, the
plasmid pIDHBGFP, in which GFP was allowed to be expressed
only under the same manner of alternative splicing for IDHp,,
mRNA was constructed (Fig. 8) and then stably transfected
into HT 1080 cells. At about 70% confluence, HT'1080 cells were
subjected to growth for another 16 h under fresh culture media
at different pH values (pH 6.2, 6.6, 7.0, 7.4, and 7.8). As shown
in Fig. 9, A and B, the levels of GFP expression from
pIDHBGFP in HT1080 cells decreased as the pH of the culture
media increased. Relative intensity assessed by GFP fluores-
cence at pH 6.2 was 1.7-fold higher than that at pH 7.8 (Fig.
9B). These results indicate that pH levels can regulate the
levels of IDHP isoforms by favoring one splicing pattern over
another. A similar pH-dependent splicing was observed in hu-
man ATP synthase y subunit (28).

DISCUSSION

To investigate the functional role of each of the three IDHe,
IDHB, and IDHy subunits for IDH activity, we isolated and
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Fic. 8. Schematic explanation of GFP expression by the alter-
native splicing. Using the partial human genomic DNA for H-IDHB
(Fig. 6) as a template, DNA fragment containing exon C, D, E1 and E2
were amplified by the PCR primers. The amplified DNA was ligated to
the Sall/Apal cleaved plasmid pEGFPN-1 to generate plasmid
pIDHBGFP. For the translation of GFP gene, ATG in the exon C was
used as a translation initiation codon. In the HT1080 fibrosarcoma cells
permanently harboring the pIDHBGFP gene, the expression of GFP
should be only allowed when E1 was excluded as an intron by the same
manner found in the alternative splicing of H-IDHp, transcript.

characterized nearly full-length ¢cDNA clones for human IDHf
and IDHvy subunits in this study. Using the co-expression sys-
tem that we developed (Fig. 1), we have successfully produced
IDH proteins of various combinations together with the IDH«
subunit (17). Based on the relative activities of IDH proteins of
various subunit combinations, our data established that all
three IDH subunits are required for the maximal IDH activity
and that IDH« is the catalytic subunit, while IDHB or -y
subunit has an essential supporting role in constituting IDH
activity. This conclusion is also in agreement with our previous
data (17) of structural similarity between H-IDHa and yeast
IDH2 subunit, the catalytic subunit in yeast IDH (11). Further-
more, the catalytically active recombinant H-IDHaf;y protein
(316 kDa) most likely exists as an octamer of 2(2a,8,y) (301
kDa) (32, 33), although we cannot rule out other possible oc-
tameric structures, such as 2(«,28,y) or 2(«,3,2y). However, our
data clearly dispute the possibility of a heteropentamer of
2a,28,y (25) or the mixture of other oligomeric structures (34).

Based on the significant difference in its C-terminal se-
quence from monkey IDHB (29) and pig IDH (16), careful
analyses of the nucleotide and deduced protein sequences of
H-IDHB, ¢cDNA revealed the presence of an intron-like cassette
located at near the 3’-end of the ¢cDNA sequence (Fig. 2).
Surprisingly, the C-terminal 26 amino acids deduced from the
alternatively spliced IDHf, variant (Fig. 3) were highly homol-
ogous to those of monkey IDHPB (29) and the partial tryptic
peptide of pig IDH (16). The actual presence of the two IDHf
cDNA isoforms was verified using DNA amplification by PCR
and subsequent sequencing of the amplified DNA fragments
near the 317 bp in question (Figs. 2 and 3). This was further
supported by Northern analyses for human and mouse tissues
(Fig. 5).

It is well established that multiple mRNA transcripts and
their corresponding protein isoforms can be produced by a
variety of different mechanisms (18). For example, a different
set of mRNA transcripts can be generated by using alternative
promoters (35) or from spatially separated exons in the genome
(30, 35) by either mutually exclusive splicing as in the cases of
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Fic. 9. Effect of pH on the expression of IDHf isoform by
alternative splicing. Human HT1080 fibrosarcoma cells with perma-
nently transfected pIDHBGFP gene were grown in a culture media at
pH 7.4 pre-adjusted by sodium bicarbonate (15 mMm). Upon 70% conflu-
ence, cells were grown in new media at various pH values pre-adjusted
by different concentrations of sodium bicarbonate, as described by Endo
et al. (28). (A) The photomicroscopy of GFP fluorescence in the cells (x
200) were taken by an Inverted microscope equipped with a GFP filter.
(B) The relative intensities of GFP fluorescence from the cells cultured
at various pH values were compared with GFP intensity from the cells
grown at pH 7.4. The intensity of GFP fluorescence for each cell lysate
(0.1 mg protein/ml) was determined using a fluorescence spectrometer
with excitation and emission at 488 and 510 nm, respectively.

B-tropomyosin (36) and MEF2D (37) or single exon-excluding
splicing for ATP synthase F;y subunit (28), myocyte-specific
enhancer factor 2A (MEF2A) (38), and neural cell adhesion
molecule (N-CAM) genes (39). In the case of the two IDHp
mRNA transcripts, it is most likely that the two isoforms are
produced from a single gene via an alternative splicing by using
a common 5'-splicing site (GT dinucleotide at nucleotides 819
and 820 in Fig. 6A) and different 3’-splicing sites (AG dinucle-
otides) in a tissue-specific manner: AG at nucleotides 1503 and
1504 for H-IDHp; and at 1820 and 1821 for H-IDHR,. There-
fore, the H-IDHp, transcript is likely to be produced by the
exclusion of a part of one exon (exon El in Fig. 6B) like an
intron cassette. A similar pattern of the alternative splicing
has been reported in several genes and has been previously
categorized as an alternative splicing mechanism mediated by
the internal intron acceptor site (18).

Recently, the tissue-specific alternative splicing of ATP syn-
thase F;y mRNA isoforms in the heart and liver has been
reported to be dependent on the extracellular pH and other
physiological factors such as a transactivating factor produced
via the protein kinase C-mediated pathway in HT1080 fibro-
sarcoma cells (28). In acidic pH, the heart-specific ATP syn-
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thase F,y transcript is mainly produced through the exclusion
of exon 9, whereas the liver-specific transcript containing the
exon 9 is predominantly expressed in alkaline pH (28). In
addition, the possible roles of MyoD in this pH-dependent al-
ternative splicing in cultured mouse myoblasts have been sug-
gested (40), although the significance of the alternatively
spliced F,y transcript isoforms relative to the regulation of
ATPase activity was not clearly demonstrated (41). Our current
data indicate that the alternative splicing of H-IDHB tran-
scripts, as measured by the level of GFP expression in HT1080
cells, is also inversely affected by increasing the extracellular
pH. The GFP expression at pH 6.2 was about 1.7-fold higher
than that expressed at pH 7.8 (Fig. 9, A and B). In contrast to
the ambiguous biological implication for the alternatively
spliced heart- and liver-specific ATPase F,y transcript iso-
forms, the substitution of H-IDHp; (liver-, brain-, and kidney-
specific) with H-IDHpB,, (heart- and muscle-specific) in the re-
combinant IDHaBy protein lowered the optimal pH value for
IDH activity from pH 8.0 to 7.6 (Fig. 7A). This result is con-
sistent with the values observed in mouse tissues: pH 7.6 for
the heart and pH 8.0 for the brain and kidney (Fig. 7B). The
substitution of H-IDHB; with H-IDHp, in the recombinant
IDHapBy protein also increased the K, and V. values by 2.4-
and 2.7-fold, respectively. These data together with the tissue-
specific expression of IDH transcripts (Fig. 5) indicate a po-
tential regulatory role for the IDHB subunit in constituting
IDH activity. Because of the differences in amino acid se-
quences and secondary structures of the C termini (Fig. 3)
between H-IDHB; and H-IDHp,, it can be concluded that the
C-terminal region of IDHp, expressed in a tissue-specific man-
ner, probably plays an important role in constituting the total
IDH activity.

In conclusion, the data presented provided evidence for at
least two different IDHp isoforms existing in a tissue-specific
manner via an alternative splicing mechanism using a part of
an exon as an intron-like cassette. Functional analyses of the
recombinant IDH proteins suggested that the IDHS or -y sub-
unit performs a supporting role for constituting IDH activity
with the catalytic subunit IDHa. Furthermore, the replace-
ment of one B isoform with the other in the recombinant
IDHaBy protein suggested that IDHp isoforms appear to have
a regulatory role in determining optimal pH values, as previ-
ously observed for the mitochondrial IDH in various mouse
tissues. The pH-dependent regulation of the alternative splic-
ing of IDH isoforms also indicated a complex regulatory mech-
anism for the production of IDHP isoforms. To our knowledge,
this is the first report of a pH-regulated alternative splicing
pattern with the resultant isoforms causing a different pH
optimum of the enzyme.
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