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ABSTRACT: NAD+-dependent isocitrate dehydrogenase (IDH), a key regulatory enzyme in the Krebs cycle,
is a multi-tetrameric enzyme. At least three of the subunits in the core tetramer of mammals are unique
gene products. Subunits 1/â and 2/γ are considered to be regulatory, while subunits 3,4/R, comprising
half the tetramer, are catalytic. The full sequence was obtained for the major subunit 1 cDNA in bovine
heart, IDH 1-A. A second cDNA, rare in heart, was also identified (IDH 1-B). Differences in the two
were confined to the 3′-region, suggesting alternative splicing. Screening of brain, kidney, and liver RNA
showed the presence of IDH 1-A and 1-B and a third major species, IDH 1-C. Amplification of bovine
genomic DNA by PCR across the regions of difference produced a single product. Comparison of the
genomic and mRNA sequences showed that IDH 1-A resulted from splicing of exon W to exon Y,
eliminating intron w, exon X, and intron x. IDH 1-B was formed by splice junctions between exon W,
exon X, and exon Y. IDH 1-C resulted from splicing of exon W to exon X and subsequent retention of
intron x. The 2 proteins predicted from these 3 mRNAs are identical over their first 357 residues. Protein
IDH 1-A, resulting from a termination codon within exon Y, contains an additional 26 residues. Proteins
IDH 1-B and 1-C derive from a common termination codon within exon X and contain an additional 28
residues. The two C-terminal regions differ notably in the number and nature of charged residues, resulting
in proteins with a charge difference of 3.2 at pH 7.0. Subunit 1 sequences previously reported from other
species grouped with one or the other of the bovine proteins. No evidence was found for alternative
splicing in subunit 3,4/R. The results of the present study, together with recent work on the 2/γ subunit
[Brenner,V., Nyakatura, G., Rosenthal, A., and Platzer, M. (1998)Genomics 44,8], indicate that the
regulatory subunits of the enzyme, but not the catalytic, possess alternatively spliced forms varying in
C-terminal properties with tissue-specific expression. The finding is suggestive of a mechanism for
modulation of allosteric regulation tailored to the needs of different tissues.

NAD+-dependent isocitrate dehydrogenase (NAD+-IDH),1

located in the mitochondrial matrix, catalyzes the conversion
of isocitrate toR-oxoglutarate and carbon dioxide, providing
reducing equivalents for the electron transport chain. Ad-
ditional enzymes for which biological roles are not well-
defined catalyze the same reaction in both mitochondria and
cytosol but utilize NADP+. Prokaryotes such asE. coli have
a single IDH with NADP+ as a cofactor.

The NAD+-dependent enzymes from bovine and pig hearts
and from yeast have been studied extensively. Based on
allosteric effects which modulate activity according to the

energy requirements of the cell, the enzyme is believed to
be a key regulatory point in the tricarboxylic acid cycle. The
enzymes from bovine heart and yeast exhibit positive
cooperativity for isocitrate (1-3). Negative cooperativity has
been reported for NAD+ for the enzyme from beef heart (3).
In the mammalian enzymes, ADP acts as a positive hetero-
tropic effector, increasing the affinity of the enzyme for
isocitrate (2-4). NADH, a product of the reaction, and
NADPH and ATP have negative heterotropic effects (5-7).
Regulation of the enzyme from yeast is simpler, with AMP
acting as a positive heterotropic effector for the binding of
isocitrate (1). Both mammalian and yeast enzymes are
activated by Ca2+ in the presence of adenine nucleotides
(8, 9).

The NAD+-dependent enzymes are multi-tetramers with
subunits of about 40 kDa (1, 5, 10-13). At least three of
the four subunits of the core mammalian tetramer are unique
gene products. Beef heart subunits 1, 2, and 3, named in
order of their increasing mobility on sodium dodecyl sulfate
(SDS)-polyacrylamide gels, correlate by amino acid se-
quence homology with pig heart subunitsâ, γ, and R,
respectively (14). Bovine subunit 4, which migrates slightly
faster than subunit 3 by SDS-gel electrophoresis, is identical
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in sequence with subunit 3 through the 30 N-terminal
residues characterized. In support of structural differences
in subunits 3 and 4, the corresponding porcine subunit,R,
also appears as two distinct bands on SDS-gel electrophore-
sis (14). The nature of the structural differences in subunits
3/4/R must yet be determined but appears to originate at the
protein level (see Discussion). In the tetramer, the subunits
are believed to be present in the ratio 1:1:1:1 (â:γ:2R) (15,
16). In the simpler enzyme from yeast, the core tetramer
contains two unique gene products, IDH 1 and 2, present in
equimolar amounts (13).

Three-dimensional studies of the distantly related NADP+-
dependent enzyme fromE. coli have provided basic informa-
tion relevant to the functions of the subunits of the complex
eukaryotic enzymes (17-21). The E. coli enzyme is a
homodimer, active only in the absence of phosphorylation
(22-24). It lacks homology with eukaryotic NADP+-
dependent enzymes, but has low but significant identity
(approximately 30%) with subunits of the NAD+-dependent
enzymes (14, 25-29). The twoE. coli subunits interact in
such a way that each contributes to the two catalytic sites.
Residues important for isocitrate, Mg2+, and NADP+ binding
have been identified.

Sequence comparison of theE. coli enzyme with the
subunits of the eukaryotic NAD+-dependent enzymes indi-
cates that yeast IDH-2 and mammalian subunits 3/4/R retain
residues required for isocitrate, Mg2+, and NAD+ binding
(14, 26, 27), suggesting that they are involved in catalysis.
Yeast subunit IDH 1 and mammalianâ andγ subunits lack
residues for binding NAD+ (26-28) and are considered to
be involved in allosteric regulation rather than catalysis.
These conclusions are supported by studies of interactions
among the pig heart subunits together with their chemical
modification (30, 31), and the results of mutagenesis of the
yeast subunits (32, 33).

Whether unique subunit gene products exist which are
differentially expressed in mammalian tissues has received
little attention. While the major protein studies have been
on the pig and beef heart enzymes, some work has been
carried out on enzymes from beef brain and pig liver (34-
37). The enzymes from the latter sources have many of the
properties described above for the heart enzymes, although
positive cooperativity for isocitrate was not demonstrated in
the very early report on the liver enzyme. For a truly
informative functional comparison, enzymes would have to
be purified from tissues of the same species and compared
directly.

Sequences from cDNAs of a particular subunit have been
reported from different tissues, but these have been from
different species, e.g., monkey testis and beef heart 3/4/R
subunits (14, 27), and rat epididymis and monkey testis 2/γ
subunits (28). Supporting the idea that each subunit is
encoded by a single gene, Southern blot analysis of human
genomic DNA indicated that the 3/4/R subunit is encoded
by a single gene (29).

Recently the gene for the human 2/γ subunit was identified
and characterized (38). A search of Expressed Sequence Tag
databases using 2/γ intronic sequences revealed several
human sequences involving alternative splice sites at the 3′-
end. Reverse transcription polymerase chain reaction (RT-
PCR) examination of mRNAs from human tissues indicated
differential expression of alternatively spliced species.

In the present work, alternative splicing is reported for
subunit 1/â from bovine tissues. Three mRNA species
resulting in two predicted protein products are expressed
variously in heart, brain, kidney, and liver, with one mRNA
being characteristic of heart muscle.

MATERIALS AND METHODS

Materials. Beef heart ventricular tissue, brain (segments
from the cortical lobes of both hemispheres), kidney (seg-
ments including cortical and pyrimidal layers), and liver were
frozen and stored as previously described (14). Reagents,
enzymes, and cells were as previously described (14).

3′-Rapid Amplification of cDNA Ends (RACE) for Full-
Length Sequencing of Heart Subunit 1.mRNA was obtained
from adult beef heart muscle by LiCl extraction followed
by oligo(dT) chromatography as previously described (14).
All PCRs utilized the GeneAmp PCR System 9600 (Perkin-
Elmer, Norwalk, CT). First-strand cDNA was synthesized
from poly(A)+ RNA using the adapter primer AP (see
Primers) and the 3'-RACE System from GIBCO BRL (Grand
Island, NY) as previously described (14). A small amount
of the cDNA was amplified by PCR using the 3′-universal
amplification primer, UAP, and the 5′-gene-specific primer
605S (seePrimers) as previously described (14) with the
following modifications: after the addition of Taq polym-
erase and cDNA, the tubes were heated at 95°C for 1.5
min. Five cycles of 95°C for 15 s, 37°C for 30 s, and 72
°C for 3.5 min were followed by 30 cycles of 95°C for 15
s, 55°C for 30 s, and 72°C for 3.5 min and a final extension
of 14 min at 72°C. Products were evaluated by agarose gel
electrophoresis. The PCR products was extracted using
QIAEX gel (Qiagen, Inc., Chatsworth, CA), precipitated, and
cut with MluI (UAP has anMluI site) andEcoRI (605S has
an EcoRI site) in MluI buffer overnight at 37°C. DNA
between 1100 and 1350 base pairs (bp) in length was isolated
after agarose gel electrophoresis using QIAEX, ligated to
pGEM7Zf(+), and introduced into JM83E. coli cells.
Colonies were tested for the presence of inserts by miniprep
plasmid DNA preparations and acrylamide gel analysis of
restriction digests. Two full-length clones, IDH 1-A and IDH
1-B, were sequenced using the strategies outlined in Figure
1.

5′-RACE for Full-Length Sequencing of Heart Subunit 1.
mRNA was obtained using the PolyATract System 1000
(Promega, Madison, WI) as previously described (14). cDNA
for PCR was prepared using the 5′-AmpliFINDER RACE
kit (Clontech, Palo Alto, CA) as previously described (14).
Ligation to the AmpliFINDER Anchor employed T4 RNA
ligase in a 20 h incubation at room temperature. A portion
of the cDNA was amplified by the hot-start PCR procedure
(Perkin Elmer) using anchor primer and SUB1P2, an IDH
subunit 1 specific primer (seePrimers). The conditions were
95 °C for 20 s, 35 cycles of 94°C for 15 s, 60°C for 15 s,
and 72°C for 75 s, and finally 7 min at 72°C. Agarose gel
electrophoresis using ethidium bromide staining revealed a
major band of about 650 bp in the PCR mixture. Following
QIAEX gel extraction, the product was introduced into the
pDIRECT vector and cloned using the nonligation PCR-
DIRECT cloning kit (Clontech). Three clones were ana-
lyzed: P1-7, P1-9, and P1-24. Each was sequenced with M13
forward and M13 reverse primers. P1-7 and P1-9 were
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additionally sequenced in the reverse direction with primers
C4 and C5 (Figure 1) (seePrimers).

Sequencing of the 3′- and 5′-RACE products described
above was carried out as previously reported using the silver
sequencing system from Promega (14). Sequencing of
internal regions of both 3′- and 5′-RACE inserts utilized
synthetic primers based on the newly obtained sequence.

3′-RACE To InVestigate Differences in the 3′-Ends of IDH
1 in Various Tissues.Reverse transcription was carried out
with total RNA using AP. PCR utilized the Advantage-HF
PCR kit (Clontech), the sequence-specific primer C2 located
at bases 824-840 (Figure 1C), and the abridged universal
amplification primer AUAP. Following incubation at 94°C
for 15 s, PCR was carried out as follows: 35 cycles
comprising 94°C for 5 s, 58°C for 15 s, and 68°C for 3
min. Extension took place at 68°C for 3 min. PCR products
were vizualized by 1.5% agarose gel electrophoresis and
immediately inserted into pT-Adv vector (Clontech) and
cloned in TOP10F′ E. coli competent cells using the
AdvanTAge PCR Cloning Kit (Clontech).

Plasmid DNA was prepared from positive clones using
either Wizard Minipreps (Promega) or QUIAprep Miniprep
(Qiagen) kits. Inserts released byEcoRI digestion were
analyzed by agarose gel electrophoresis. Selected clones were
sequenced either by the silver sequencing method or by
MacConnell Research Corp., San Diego, CA.

PCR To InVestigate Potential Differences in the 5′-Ends
of IDH 1 in Various Tissues.Reverse transcription was
carried out with total RNA from heart, brain, kidney, and
liver using primer AP. PCR utilized the Advantage-HF PCR
kit (Clontech) and sequence-specific primers C11 and C14,
located at bases 58-74 and 856-835, respectively (Figure
1C). PCR was carried out as follows: 5 cycles comprising
94 °C for 5 s, 68°C for 2 min, followed by 30 cycles
comprising 94°C for 5 s, 55°C for 15 s, and 68°C for 2
min. Extension took place at 68°C for 4 min. PCR products
were vizualized by agarose gel electrophoresis and im-
mediately inserted into pT-Adv vector (Clontech) and cloned
in TOP10F′ E. coli competent cells using the AdvanTAge
PCR Cloning Kit (Clontech).

Plasmid DNA was prepared from positive clones using
either Wizard Minipreps (Promega) or QUIAprep Miniprep
(Qiagen) kits. Inserts released byEcoRI digestion were
analyzed by agarose gel electrophoresis. Sequencing was
carried out by MacConnell Research Corp.

Purification of Genomic DNA and Preparation of Se-
quence Containing the Requisite 3′-End of Subunit 1.
Genomic DNA was prepared from beef liver using the
Promega DNA Purification Kit (Promega). PCR was carried
out using the sequence-specific primers K1 and K2 (see
Primers) and the Advantage-HF PCR Kit (Clonetech) as
follows: 94 °C for 15 s, 3 cycles comprising 97°C for 10
s, 68°C for 6 min, followed by 27 cycles comprising 94°C
for 10 s, 68°C for 6 min. Extension took place at 68°C for
7 min. Analysis of the products by 1% agarose gel electro-
phoresis revealed a single band of 1.1 kb. Following insertion
into pT-Adv vector and cloning, the insert was sequenced
in both directions by MacConnell Research Corp.

Sequence Analysis. Sequences were analyzed using pro-
grams in PC/Gene (Oxford Molecular Group, Inc., Campbell,
CA).

Primers. 605S (5′-TCGAATTC ACC CAA/G GGN
GAA/G GAT/C GT-3′) codes for residues 5-10 in the first
22 residues of the N-terminus of subunit 1, TQGEDV,
determined by protein sequencing (14), with the most
commonly used codon for T (39), and all possible codons
for Q, G, E, and D. Underlined is an addedEcoRI site. 605S,
which was used as the sequence-specific 5′-primer in 3′-
RACE for full-length sequencing, was synthesized by the
DNA Synthesis and Purification Laboratory of the Depart-
ment of Microbiology and Immunology of SUNY Downstate
Medical Center.

Adapter primer [AP, 5′-GGCCACGCGTCGACTAGTAC-
(T)17-3′] and universal amplification primer (UAP, 5′-CU-
ACUACUACUAGGCCACGCGTCGACTAGTAC-3′) are
included in the GIBCO 3′-RACE kit. AP was used as the
reverse transcription primer for full-length 3′-RACE and
UAP as the 3′-primer in the PCR step of 3′-RACE for
directional cloning. Z10 (5′-AGTGGCCATCATTGGAA-3′,
sense, bases 378-394; see Figure 1C), Z11 (5′-TCG AGT
CCG TAC CTT GC-3′, antisense, bases 1121-1137; Figure
1C, IDH 1-B), C1 (5′-TCTTAGTGGCATAGTCA-3′, anti-
sense, bases 660-676; Figure 1C), C2 (5′-TGGTGCA-
GAATCCTTAC-3′, sense, bases 824-840; Figure 1C), and
C3 (5′-AGCTTCCAACATGCTGC-3′, sense, bases 1038-
1054; Figure 1C) were based on newly obtained sequence.
These oligonucleotides were trityl-specific from Ransom Hill
Bioscience, Ramona, CA.

For 5′-RACE, Clontech provided the AmpliFINDER
anchor 5′-CACGAATTCACTATCGATTCTGGAACCT-
TCAGAGG-NH3 (the sequence complementary to the anchor
primer is underlined) and the anchor primer 5′-CTGGT-
TCGGCCCACCTCTGAAGGTTCCAGAATCGATAG-3′
(the sequence complementary to the anchor is underlined;
the unique sticky end for pDIRECT cloning is in boldface
type).

SUB1P2 (5′-CTCGCTCGCCCA CTCAATCACACCCC-
TCGCACT-3′, antisense, bases 586-606, Figure 1C; the
unique sticky end added for pDIRECT cloning is in boldface
type) was used as the sequence-specific primer in 5′-RACE.

C4 (5′-TGACTTCACATGGACCA-3′, antisense, bases
479-495; Figure 1C) and C5 (5′-GCCTTGAACACCTC-
CTT-3′, antisense, bases 256-272; Figure 1C) were used
in sequencing of 5′-RACE inserts. SUB1P2, C4, and C5 were
trityl-specific sequences from Ransom Hill Bioscience.

For analysis of sequence differences at the 3′-end of IDH
1 messages by 3′-RACE, AP was used as the reverse
transcription primer. PCR was carried out with the abridged
universal amplification primer (AUAP, 5′-GGCCACGCGTC-
GACTAGTAC-3′, antisense, for nondirectional cloning) and
C2 (see above).

For analysis of possible sequence differences at the 5′-
end of IDH 1, PCR was carried out using C11 (5′-GCTG-
CCCTCAGCCGTGT-3′, sense, bases 58-74; Figure 1C) and
C14 (5′-CCAGCACGTCAAACTGGT-3′, antisense, bases
856-839; Figure 1C).

Genomic DNA was amplified by PCR using primers K1
(5′-GCGGCATCTCAATCTCGAGCATCACT-3′, sense,
bases 1053-1078) and K2 [5′-ACCTATGGGTTGGA-
CAGGGCACCAAT-3′, antisense, bases 1412-1387; num-
bered according to IDH 1-B (Figure 1C)].

Alternative Splicing of NAD+-IDH Subunit 1 Biochemistry, Vol. 39, No. 7, 20001809



RESULTS
Sequence of Subunit 1 in BoVine Heart Tissue: Indication

of AlternatiVe Splicing. Beef heart poly(A)+ RNA was
reverse-transcribed using the oligo(dT) region of the adapter
primer (AP) and the resultant cDNA amplified by 3′-RACE
using 605S, a sequence-specific primer coding for amino
acids 5-10 (TQGEDV) of the N-terminus of the protein (14),
as sense primer. PCR products in the size range 1100-1350
bp were isolated by agarose gel electrophoresis and cloned
into E. coli. Three clones, with two unique sequences at the
3′-end, were obtained, represented by clones 1-A and 1-B.
mRNA coding for the mitochondrial presequence and the
5′-untranslated region (UTR) for subunit 1 in heart was
obtained following cloning of 5′-RACE products as described
under Materials and Methods. No heterogeneity was apparent
in this part of the sequence.

The cDNA sequences corresponding to the full-length
mRNAs derived from clones 1-A and 1-B, their common
5′-UTRs, and their deduced amino acid sequences are shown
in Figure 1. For the remainder of the report, the correspond-
ing full-length mRNA will be referred to by the name of
the 3′-clone. The reading frame contains the 22 residues
previously shown to be present at the N-terminus of the
mature beef heart subunit 1 (14). A typical polyadenylation
signal, “AATAAA”, is located near the 3′-end. The sequence
GCG AAT GAG ATG G, enclosing the initiation codon
ATG at bases 56-58, is identical at 7/13 positions with the
translation initiation consensus sequence GCC GCC G/ACC
ATG G (40).

The 2 mRNAs are identical over their first 1125 nucleo-
tides. At this point, IDH 1-B contains an insert of 199
nucleotides, with an in-frame stop codon at bases 1210-

FIGURE 1: Sequences of bovine subunit 1 species corresponding to clones 1-A and 1-B. (A) Strategy for sequencing of clone 1-B and the
common 5′-RACE product. Sequences marked with an asterisk were obtained from 5′-RACE products of heart mRNA after initial analysis
of clone 1-B. (B) Sequence strategy for clone 1-A. Asterisked sequences were derived from heart mRNA after initial analysis of clone 1-A.
The asterisked 5′-sequence was derived from cloned RT-PCR products obtained using primers C11 and C14 (encompassing bases 75-
838). The asterisked 3′-sequence was derived from 3′-RACE products obtained using primer C2. (C) cDNA sequences for subunit 1
corresponding to 1-A and 1-B clones (5′-untranslated region, regions coding for mitochondrial presequence and mature protein, and 3′-
untranslated region) and deduced protein sequences. A/B in large and small type denote cDNA and protein sequences, respectively. The
N-terminal amino acid sequence of the mature protein, determined independently, is underlined, as are the locations of primers C2, K1, and
K2. The polyadenylation signal “AATAAA” is doubly underlined. The translation initiation site consensus sequence (40) is in boldface
type. The DNA sequences have been deposited in the GenBank Database under accession numbers AF090321 (1-A) and AF090322 (1-B).
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1212. IDH 1-A, lacking this insert, is identical from base
1126 until its last 4 nucleotides with the remainder of IDH
1-B, starting from base 1324. IDH 1-A utilizes a stop codon
at bases 1204-1206 of its sequence. The differences in the
C-terminal amino acids encoded by the two mRNAs will be
discussed below.

Further experiments (see below) were carried out on RNA
from heart muscle to determine the relative abundance of
the 1-A and 1-B species. In these experiments, there was
evidence only for IDH 1-A. Thus, IDH 1-B mRNA occurs
rarely in heart muscle.

Subunit 1 mRNA Species Expressed in Heart, Brain,
Kidney, and LiVer. RT-3′-RACE using 5′-sense primer C2
positioned prior to the differences in IDH 1-A and 1-B
(Figure 1C) was carried out on RNA from heart, brain,
kidney, and liver. With this primer, IDH 1-A and 1-B would
be expected to yield PCR products of 478 and 672 bp,
respectively [including estimated 20-base poly(A) stretches
and the AUAP sequence].

Species of approximately 500, 700, and 800 bp were
present in the initial PCR products of brain, kidney, and liver,
with the 500 bp product very prominent in heart (Figure 2A).
Representative inserts of each size following cloning are
shown in Figure 2B. The 500 bp species was the only form
detected in 30 such clones from heart in the 3′-RACE
analysis. All three forms were found in clones from kidney,
liver, and brain.

Sequence analysis confirmed that the 500 bp product
corresponded to IDH 1-A and the 700 bp product to IDH
1-B. The 800 bp product had the sequence of 1-B with an
additional 96 nucleotides inserted immediately after the 199

nucleotides, which differentiate 1-B from 1-A (Figure 1C).
The mRNA corresponding to the 800 bp product is termed
IDH 1-C. The sequence for IDH 1-C, starting at base 824
(numbered as in Figure 1C) through the polyA sequence,
has been deposited in the GenBank Database under accession
number AF090323. These sequences will be presented and
discussed further below.

Three sequences, -ACT C(A)n, -ACT CTT (A)n, and -ACT
CTT TGT G (A)n, were found at the 3′-end of the cDNAs.
-ACT C(A)n was found on only one 600 bp species (see
below). -ACT CTT (A)n was present on 500, 700, and 800
bp species, -ACT CTT TGT G (A)n on 500 and 800 bp
species. In sixteen 500 bp species from heart, -ACT CTT
(A)n accounted for seven, while -ACT CTT TGT G (A)n

was present on the remaining nine.
In addition to the three major mRNAs represented by the

500, 700, and 800 bp species, cloning of the RT-3′-RACE
products yielded several minor species, six larger than 800
bp, three between 500 and 700 bp. Three large and one small
insert (600 bp) were sequenced. The large inserts were
unrelated to subunit 1. The small insert (not shown) was
similar to the 800 bp species in sequence (see below), but
lacked bases 1071-1242 of the IDH 1-B sequence shown
in Figure 1C. Its significance was not investigated further.

PCR To InVestigate Potential Differences in the 5′-Ends
of IDH 1 in Various Tissues.RT-PCR was carried out on
total RNA from heart, brain, kidney, and liver using primers
C11 and C14, which encompass bases 58-856 (Figure 1C),
to determine whether there were any differences at the 5′-
end of IDH 1 (C14 overlaps with primer C2 used in
investigating the 3′-end of the mRNA). A major PCR product
of approximately 800 bp was obtained from each tissue,
which, on sequence analysis, was identical to the corre-
sponding segment of IDH 1-A/B. Variability was thus
confined to the 3′-region of the mRNA.

Origin of the Different Subunit 1 mRNAs.To investigate
the origin of the three major mRNAs, bovine genomic DNA
was subjected to PCR utilizing primers K1 and K2 (Figure
1C), which are common to all forms and enclose the region
of difference. A PCR product of 1.1 kb was obtained (Figure
3). The sequence obtained following cloning of this species
is compared to the relevant regions of the 500, 700, and 800
bp 3′-RACE products in Figure 4.

FIGURE 2: Subunit 1 species present in various tissues. (A) Agarose
gel electrophoresis of PCR products from heart (H), brain (B),
kidney (K), and liver (L) following RT-3′-RACE using primer C2.
M, 50 bp DNA ladder. (B) Inserts from selected cloned products
of (A) showing the three major PCR products. Visualization is with
ethidium bromide.

FIGURE 3: Agarose gel electrophoresis of the product obtained
following PCR of genomic DNA using primers K1 and K2.
Visualization is with ethidium bromide. Lanes: M, 1 kb DNA
extension ladder; lanes 1, 2, and 3, PCR mixtures for these lanes
contained 1, 10, and 100 ng of DNA template, respectively.

Alternative Splicing of NAD+-IDH Subunit 1 Biochemistry, Vol. 39, No. 7, 20001811



The exon which ends at gene-47 (numbered as in Figure
4) may be spliced to gene-939, yielding the 500 bp species
corresponding to IDH 1-A. The same exon may instead be
spliced to gene-646 and the subsequent intron retained,
yielding the 800 bp species corresponding to IDH 1-C. In
some instances, splicing of gene-47 to gene-646 is ac-
companied by the splicing of gene-843 to gene-939, resulting
in the 700 bp species reflected in IDH 1-B. The various
mRNAs thus originate from a single gene.

The splicing events are summarized in Figure 5. The
sequence ending at gene-47 is designated exon W; that from
gene-48 through gene-645, intron w. Exon X comprises gene-
646 through gene-843; and the adjacent intron x, gene-844
to gene-938. Exon Y begins at gene-939.

Sequence Comparison of the Proteins Predicted from
BoVine mRNAs with Those from Monkey and Human Heart.
Two proteins differing at their C-terminal ends are predicted
from the bovine mRNA species. The first is derived from
IDH 1-A, while IDH 1-B and IDH 1-C, which differ in
mRNA sequence following a common translation stop codon

(bases 1210-1212, Figure 1C), will produce the second.
These proteins are compared in Figure 6 with the published
sequence based on the mRNA from the monkey testisâ
subunit (27), and three humanâ sequences predicted from
mRNAs deposited in GenBank. The human mRNAs are
described simply as isoform A, isoform B, and heart (41-
43).

Except for the mitochondrial presequence, the adjacent 15
or so amino acids, and the final approximately 15 amino
acids, the sequences are remarkably identical. The differences
from the beginning until the last 15 amino acids are all
conservative. With just 3 exceptions they fall along species
lines with the bovine sequences differing from human/
monkey. The exceptions occur at monkey amino acid 209,
which differs from the other forms, and at human heart at
residues 267 and 268, which differ from the other forms.

Analysis of the C-termini reveals two groups of proteins,
A and B, the members of which align across species lines.
The C-terminal sequences, beginning at the amino acid after
the first splice junction in the bovine proteins, are grouped

FIGURE 4: Comparison of the 500, 700, and 800 bp cDNA sequences, in the region between primers K1 and K2 (see Figure 1C), with the
corresponding genomic DNA sequence. The genomic sequence has been deposited in the GenBank Database under accession number
AF090324.
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in Figure 7. Group A contains bovine 1-A, monkey testis,
humanâ form A, and the pig heartâ C-terminal peptide
[obtained at the protein level when Cys-containing peptides
were identified (44)]. Group B consists of bovine 1-B, human
â form B, and human heartâ.

The two groups differ notably in the number of positively
charged residues in this short C-terminal region. Including
the C-terminus, group A proteins have four negatively
charged groups, and one (bovine 1-A), two (pig heart), or
three (monkey and human A) positively charged side chains.
Group B proteins have three negatively charged groups, and
each has five positively charged side chains. Comparison of
the bovine 1-A and 1-B/C proteins (without the mitochon-
drial presequences) indicates that they differ markedly in pI
due to the charge differences concentrated in this one region.

The pI of 1-A is 6.95, that of 1-B/C is 8.13, and the predicted
charges at pH 7.0 are-0.13 and+3.09, respectively.

The above classifications of the subunit 1 proteins raise
the question of whether the mRNA processing at the 3′-end
is the same within each group. Analysis of the corresponding
mRNAs (Figure 8) shows that the proteins within group A
are derived from mRNAs which are processed identically.
Within Group B, human heart mRNA is processed in the
same way as bovine 1-C mRNA. Splicing of human form B
mRNA in the region of interest is initiated from an internal
exon “W” 5′-splice site, an AG corresponding to a position
five bases before the TAG stop codon utilized in the other
Group B mRNAs. The “A-1228” of the splice site is present
in both human B and human heart mRNAs, but a “T” is
present at this position in the bovine sequences. The 3′-splice

FIGURE 5: Summary of the splicing events of Figure 4. Exons/introns are named as described in the text. The numbers below each mRNA
locate the beginning and end of exons in the corresponding gene sequence of Figure 4, while the numbers above identify base positions in
that mRNA as numbered in Figure 4.

FIGURE 6: Comparison of the protein sequences predicted from the bovine subunit 1 mRNA species with those of the correspondingâ
subunits from monkey (27) and human origins (41-43). Residues that are perfectly conserved are denoted by an asterisk and those well
conserved by a boldface point. Mitochondrial presequences, determined (bovine) or predicted (monkey, human), are in boldface type.
Carboxy-terminal sequences beyond the splice point difference of bovine sequences 1-A and 1-B/C are underlined.
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site for this junction in human isoform B is that used for all
Group A proteins and for bovine 1-B. However, splicing
from the internal exon W 5′-site in human form B changes
the reading frame for translation at this point with respect
to other predicted proteins and results in a new termination
codon shortly after the splice site. The last 4 amino acids of
the predicted human isoform B protein are thus coded by 1
base prior to the splice junction and 11 bases after.
Nonetheless, the resulting C-terminal protein sequence for
the human B form is the same as that predicted for the human
heart mRNA, with the addition of two final amino acids.

The identity in mRNA sequence among the different
species is remarkable at the coding exon level, consistent
with the homology at the protein level. However, even introns
“x” in cow and human, which can be compared in bovine
1-C and human heart mRNAs, have approximately 70%
identity.

DISCUSSION

Three versions of IDH subunit 1/â mRNA, varying in
splicing in the 3′-region from exon W to exon Y, have been
identified in bovine tissues. The form with the most
straightforward splicing process, retaining exon X and
eliminating introns w and x, results in mRNA 1-B and is
found in brain, kidney, and liver. Form 1-C, in which intron
w is eliminated but both exon X and intron x are retained,
is also present in these tissues. In form 1-A, exon W is
spliced directly to exon Y, eliminating intron w, exon X,
and intron x. While present along with the other forms in

brain, kidney, and liver, this is the mRNA characteristic of
heart muscle.

While the factors which regulate production of the various
mRNAs remain to be determined, certain features are notable.
The 5′-splice site of exon W which is used in all mRNAs
conforms exactly to the consensus sequence AG|GURAGU
(45). The X exon appears in two of the three mRNAs, 1-B
and 1-C. While the 3′-splice site of exon X conforms to the
consensus sequence NYAG|, the polypyrimidine tract as-
sociated with it is not adjacent as is found usually (46), but
24 bases upstream. The 5′-splice site of the X exon differs
at three positions (AG|GUUGUU) from the accepted 5′
consensus sequence. The unusual features involving the X
exon may contribute to the different splicing patterns. The
3′-splice site for exon Y and its preceding polypyrimidine
tract have no unusual features.

The finding of multiple polyA addition sites using the same
AATAAA polyadenylation signal is unusual (-ACTCAn,
-ACTCTTAn, -ACTCTTTGTGAn). The three sites are
located 14-20 bases downstream of the cleavage signal,
within the usual range of 10-30 bases (47). The preference
for the base immediately prior to cleavage is A> U > C .
G (48). Although it is possible that the longest product
actually is cleaved after A, the first two clearly are not. A
GU-rich motif is usually found 20-40 bases downstream
of the cleavage site (47). Providing that this is present in
the IDH subunit 1 gene, it is possible that there is simply
not one strong site for cleavage/polyadenylation and that the
several sites found result. One example has been located of
several cleavage products resulting from a single AATAAA
signal during anin Vitro study of a wild-type pre-mRNA
(49). It is also possible that multiple cleavage sites are often
found in transcripts isolated directly from tissues but are not
reported.

The three mRNAs result in two protein forms, 1-A and
1-B/C, differing notably in charge in their C-terminal
peptides. The extensive mRNA analysis of bovine heart in
this study indicates that the 1-A form of the subunit is the
preferred form for this tissue. In porcine heart also, protein
analysis clearly shows that the 1-A form is the expressed
protein (44). In bovine brain, kidney, and liver, the mRNA
results from the present study indicate that both proteins are
to be expected. In the monkey testis study, there is insuf-
ficient documentation to indicate whether the mRNA reported
is the major or only form present (27), and the mRNA

FIGURE 7: Comparison of carboxy-terminal sequences beyond the
bovine splice point difference from bovine, monkey (27), human
(41-43), and pig (44) sources. The sequences are grouped
according to the two sequence types, focusing on charge differences.
Underlined charges are unique to all members of one group. Charges
not underlined are present in some but not all members of one
group.

FIGURE 8: Schematic of the sequence comparison of the mRNAs giving rise to the proteins compared in Figure 6.
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sequences reported from the human have little or no
documentation (41-43). However, the fact that the predicted
proteins from these mRNAs group across species lines with
the two bovine proteins gives further credence to their
physiological significance.

While no heterogeneity has been found at the mRNA level
in the bovine 3/4R subunit (Rushbrook and Weiss, unpub-
lished observations), alternatively spliced mRNAs resulting
in three protein forms with differential tissue expression have
been reported for the 2/γ subunit in human tissues (38, 50).
One protein contains a 12 residue insert located 33 residues
from the C-terminus of the second. The third form does not
contain the insert, and the final 33 residues of the first 2
forms are replaced by a different 20 residue sequence. Forms
1 and 2 have considerably more charged residues than
version 3.

Thus, both the 1/â and 2/γ subunits, considered to be
involved in allosteric regulation, and not the 3/4R subunits
involved in direct catalysis, have alternatively spliced forms
varying in their C-terminal properties with tissue-specific
expression. This is suggestive of a mechanism for modulation
of allosteric regulation according to the needs of different
tissues. The conservation, in the eukaryotic subunits, of key
residues involved in substrate binding by theE. coli subunits
indicates some important degree of three-dimensional struc-
ture retention. Nonetheless, the 1-A and 1-B/C protein
sequences did not readily model on theE. coli three-
dimensional template using the program ProModII through
the Automated Protein Modelling Server SWISS-MODEL
(Sobocka and Rushbrook, unpublished observation). At the
primary structure level, a striking difference between theE.
coli and all the eukaryotic subunit sequences is the lack, in
the eukaryotic subunits, of most of the residues involved in
E. coli dimer formation. Thus, the way in which the
eukaryotic subunits interact to form the core tetramer is
unknown, as are the structural features and interactions
important for allosteric regulation. Three-dimensional struc-
tural studies of the eukaryotic subunits are clearly indicated.

NOTE ADDED IN PROOF

While this paper was in press, a cDNA from human uterus
encoding an NAD+-IDH subunit 1/â with the C-terminus of
Group B proteins in Figure 7 was submitted to GenBank
(accession no. AL050094).
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