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Molecular cloning and deduced amino acid sequences of the y-subunits of
rat and monkey NAD+-isocitrate dehydrogenases
Benjamin J. NICHOLS, Len HALL, Anthony C. F. PERRY and Richard M. DENTON*
Department of Biochemistry, School of Medical Sciences, University of Bristol, Bristol BS8 1TD, U.K.

A 600 bp cDNA fragment encoding part of the y-subunit of pig
heart NAD+-isocitrate dehydrogenase (ICDHy) was amplified
by PCR using redundant oligonucleotide primers based on

partial peptide sequence data [Huang and Colman (1990) Bio-
chemistry 29, 8266-8273]. This PCR fragment was then used as
a probe to isolate clones encoding the complete mature forms of
the y-subunit from rat epididymis and monkey testis cDNA

INTRODUCTION

NAD+-isocitrate dehydrogenase (NAD+-ICDH) is one of three
enzymes which catalyse the oxidation of threo-Ds-isocitrate to
oxoglutarate and carbon dioxide in eukaryotic cells, the other
two enzymes being the cytoplasmic and mitochondrial forms of
NADP+-isocitrate dehydrogenase (NADP+-ICDH). NAD+-
ICDH is located within mitochondria and is a component of the
citrate cycle. Although mitochondria from many sources contain
NADP+-ICDH activities which can greatly exceed that ofNAD+-
ICDH, NAD+-ICDH appears to be the sole important source of
reducing equivalents for the respiratory chain (Plaut, 1970;
Colman, 1975; Haselbeck and McAlister-Henn, 1993).
NAD+-ICDH has complex regulatory properties which are

consistent with it contributing to the control of the citrate cycle.
In particular, it exhibits sigmoidal kinetics with respect to
isocitrate and is activated by increasing ADP/ATP ratios (which
decrease the Km for isocitrate) (Plaut, 1970; Gabriel et al., 1985;
Rutter and Denton, 1989a). In addition, the enzyme from
vertebrates, but not from invertebrates, plants or yeast, is
activated by Ca2+ (Denton et al., 1978; McCormack and Denton,
1981, Rutter and Denton, 1989a; B. J. Nichols and R. M.
Denton, unpublished work). Pyruvate dehydrogenase phos-
phatase and oxoglutarate dehydrogenase from vertebrates
are also activated by Ca2 . Parallel activation of the three
dehydrogenases is an important means whereby ATP production
is accelerated in cells stimulated by hormones or other extra-
cellular agents which act through increases in cell Ca2+ (McCor-
mack et al., 1990; Denton and McCormack, 1990).

Previously, the only available cloned NAD+-ICDH subunits
were from the yeast Saccharomyces cerevisiae (Cupp and
McAlister-Henn, 1991, 1992). NAD+-ICDH from S. cerevisiae is
an octamer composed of two similar subunits of Mr close to
40000. In contrast, NAD+-ICDH from pig and ox heart (and
presumably other mammalian sources) has a mnore complex
range of oligomeric structures based on three subunits, a, , and
y, each of M, close to 40000, in the apparent ratio of 2:1:1
(Ramachandran and Colman, 1980; Ehrlich et al., 1981). The

libraries. Comparison of the deduced amino acid sequences of
the rat and monkey subunits and the partial sequence of the pig
heart enzyme revealed a remarkably high level of sequence

identity. The relationship between the deduced amino acid
sequences of the NAD+-ICDH y-subunits and those of non-
mammalian NAD+- and NADP+-ICDH subunits is discussed.

contribution of each subunit to the catalytic and regulatory
properties of the mammalian holoenzyme is unknown. All three
subunits are labelled by incubation with the isocitrate analogue
3-ene-2-oxoglutarate (Bednar and Colman, 1982), but a single
peptide exclusive to the y-subunit was covalently modified by an
alternative analogue, 3-bromo-2-oxoglutarate (Saha et al., 1989).
Binding studies suggest that there is only one Ca2+-binding site
per a2/Jy unit (Rutter and Denton, 1989b).

In this paper, we report for the first time the molecular cloning
and deduced amino acid sequences of NAD+-ICDHy subunits
from mammalian sources. Comparisons of these sequences and
those of yeast NAD+-ICDH and Escherichia coli NADP+-ICDH
suggest that all share a common ancestry.

MATERIALS AND METHODS

Materials
Restriction endonucleases, T4 DNA ligase, T4 polynucleotide
kinase, avian myeloblastosis virus (AMV) reverse transcriptase,
deoxynucleotides and SmaI-cut, dephosphorylated pUCl 8 DNA
were from Pharmacia, Milton Keynes, U.K. Taq polymerase was
from Boehringer Mannheim, Lewes, E. Sussex, U.K. Random
14-mer DNA labelling kit was obtained from Du Pont-NEN,
Stevenage, Herts., U.K. Nitrocellulose filters and micro-dialysis
membranes were from Schleicher and Schull and Millipore
respectively. All other chemicals were of AnalaR grade or the
purest grade available. Construction and storage of rat (Rattus
norvegicus) epididymal and monkey (Mfacaca fascicularis) testis
cDNA libraries have been described previously (Perry et al.,
1992a). Fresh heart tissue was obtained from a 2-month-old pig
(Sus scrofa).

PCR amplfflcatlon of pig heart ICDHy cDNA
Total pig heart RNA (5 ,ug) was used in oligo(dT)1,18-primed
cDNA synthesis catalysed by AMV reverse transcriptase. PCR
amplification of the resultant cDNA was then carried out using
primers based on published pig NAD+-ICDH peptide sequences

Abbreviations used: ICDH, isocitrate dehydrogenase; ICDHy, y-subunit of isocitrate dehydrogenase; AMV, avian myeloblastosis virus.
* To whom all correspondence should be addressed.
The nucleotide sequences of rat (Rattus norvegicus) and monkey (Macaca fascicularis) NAD+-lCDH y-subunit cDNAs will appear in the EMBL

Nucleotide Sequence Database under the accession numbers X74125 and X74124 respectively.
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(Huang and Colman, 1990; M. Leake and R. M. Denton,
unpublished work). In total, eleven primers with redundancies
varying from 24- to 1026-fold were used. The relative orientation
of members of each primer pair was based on alignment of the
available pig NAD+-ICDH peptide sequence with that deduced
for both subunits of yeast NAD+-ICDH. All possible primer
combinations were employed, at a variety of annealing temper-
atures and concentrations of cDNA, primers and dNTPs. The
successful primers were: (1) 5'-TAYGCBAAYGTBATHC-
AYTG-3'; (2) 5'-TTBARRTGRTCBARCATCAT-3'; and (3)
5'-ARRTGRTCNARCATCATRCA-3' (see Figure 2). Primers
2 and 3 were based on overlapping regions of the same peptide
fragment, so that two near-identical PCR products were pro-

duced, one being four nucleotides longer at the 3' end (see above
and Figure 2). Successful PCR conditions utilized 5 % of the
cDNA preparation in 10 mM Tris/HCl, pH 8.9, containing
50 mM KCI, 1.5 mM MgCl2, 100 mg/ml gelatin, 0.2 mM dNTPs
and the appropriate primers at 0.5 ,M. A total of 35 cycles of the
following parameters were used: 94 °C for 90 s; cool to 52 °C
over 60 s; 52 °C for 90 s; rapidly heat to 72 °C and hold for
150 s; rapidly heat to 94 'C. The resultant PCR products were

cloned into pUC18 and subjected to DNA sequence analysis.

Screening of cDNA libraries
Approximately 5 x 104 rat epididymal and 2 x 104 monkey tes-
ticular cDNA clones were transferred to nitrocellulose filters and
screened for those hybridizing to the slightly larger of the pig
NAD+-ICDHy PCR products, labelled with [32P]dCTP, using a

random priming protocol. Hybridization was for 12 h at 58 'C in
6 x SSC (1 x SSC is 0.15 M NaCl/0.015 M sodium citrate). After
clone purification by subsequent secondary and tertiary screening
under the same hybridization conditions, plasmid DNA from
each strongly hybridizing clone was isolated and its cDNA
sequence determined.

DNA sequence determination
All DNA sequencing was carried out on both DNA strands
using a custom primer walking strategy and employing a Du
Pont Genesis 2000 automated sequencer utilizing fluorescently
labelled dideoxynucleotides. Sequence alignments were carried
out using the LASERGENE suite of programs (DNASTAR,
West Ealing, London, U.K.).

RESULTS AND DISCUSSION

Cloning and sequence analysis of cDNAs encoding the y-subunits
of pig, rat and monkey NAD+-ICDH
The availability of partial peptide sequence data for pig heart
NAD+-ICDH enabled the design of 11 oligonucleotide primers
for PCR amplification of cDNA derived from pig heart total
RNA. However, the limited nature of the peptide data available
meant that most of these PCR primers were short and/or highly
redundant. This may explain why only three of the 11 primers
(see Figure 2) led to the successful PCR amplification of a specific
NAD+-ICDH cDNA fragment, despite considerable efforts at
optimizing PCR parameters. The successful primers were based
on the amino acid sequences labelled 1, 2 and 3 in Figure 2. Both
PCR products were of approx. 600 bp in length and were cloned
into pUC18. On sequence analysis they were found to contain an
internal region that corresponded to the NAD+-ICDHy peptide
LGDGSFLQCCK (Huang and Colman, 1990). The identities of
the PCR products were further corroborated by their similarity
to the sequences of yeast NAD+-ICDH (see Figure 2).

Although the above PCR fragments were obtained from pig
RNA, the availability of rat and monkey cDNA libraries of
proven quality (Perry et al., 1992a,b) led us to screen these for the
corresponding NAD+-ICDHy homologues. After screening
approx. 5 x 104 rat epididymal and 2 x 104 monkey testicular
cDNA clones, five strongly hybridizing rat clones (designated
prE-ICDHy1-5) and one monkey clone (designated pmT-
ICDHy1) were identified, purified and subjected to automated
DNA sequence analysis of their cDNA inserts.
The resulting rat NAD+-ICDHy cDNA sequence (compiled

from the large overlapping clones prE-ICDHyl and prE-
ICDHy3; Figure la) contains a poly(A) tail at its 3' end and an
open reading frame extending from nucleotides 1 to 1164. The
deduced amino acid sequence contains a region corresponding to
the N-terminal peptide sequence of the mature y-subunit of pig
heart NAD+-ICDH (see Figure 2). The absence of a potential
initiation codon upstream of the region corresponding to this
peptide strongly suggests that the cDNA is truncated at its 5'
end, within the presumptive mitochondrial import sequence.
Nucleotide and deduced amino acid sequences of the monkey
NAD+-ICDHy cDNA indicate that it too is truncated at the 5'
end, immediately upstream of the region encoding the putative
N-terminus of the mature mitochondrial subunit (Figure 2).
Both rat and monkey NAD+-ICDHy cDNAs are thus full-length
with respect to their respective mature polypeptides.
The considerable amino acid sequence conservation between

mammalian NAD+-ICDHy subunits supports the notion that rat
and monkey mitochondrial import peptides are cleaved at a
point equivalent to that in the pig (Figure 2). Mitochondrial
import peptides are commonly cleaved two or three residues to
the C-terminal side of basic residues (Hartl and Neupert, 1990);
such a configuration exists at the putative cleavage site in NAD+-
ICDHy from the rat as well as both yeast NAD+-ICDH subunits.

Comparison of mammalian and yeast ICDH sequences
The pig, monkey and rat clones presented here show 89-97 %
identity in their deduced amino acid sequences. Moreover, the
mammalian NAD+-ICDHy subunits are as closely related to
both yeast subunits as the yeast subunits are to each other, with
4045% deduced amino acid sequence identity in each case
(Figure 2).
The contribution ofmammalian NAD+-ICDHy to the catalytic

and regulatory properties of the holoenzyme is unknown. Com-
parison of available peptide sequence data from all three subunits
(Huang and Colman, 1990) implies that they are closely related,
with a subset of identical peptides being reported in the , and y
subunits. In addition, the three subunits possess a Gly-Xaa-Gly-
Xaa-Gly motif in their N-terminal peptides (residues 23-27 in the
rat and monkey y sequences; Figures la and lb). This motif is
present in both yeast NAD+-ICDH subunits, in E. coli NADP+-
ICDH and in the isopropylmalate dehydrogenase family of
enzymes (Imada et al., 1991). Mammalian NAD+-ICDH is
stimulated by increases in mitochondrial Ca2+ but the yeast
enzyme is not (B. J. Nichols and R. M. Denton, unpublished
work). Ca2` binds to NAD+-ICDH with a stoichiometry of one
Ca2+ per a2fly unit (Rutter and Denton, 1989b). Since there is no
obvious Ca2+-binding motif in the y subunit sequences presented
here, it is possible that a Ca2+-binding site will be found within
one of the two subunits of NAD+-ICDH which have yet to be
cloned, or that more than one subunit contributes Ca2+ co-
ordinating residues. Both Mg2+-isocitrate and adenine nucleo-
tides are required for NAD+-ICDH to bind to Ca2+ (Rutter and
Denton, 1989b), indicating that the enzyme may not possess a
conventional Ca2+-binding motif.



Research Communication 349

(a)
1 ~~~~~~~~~~~~~~~~~50 100

GCG ATA GCT GCT GGC AGT GCT GCA AAG GCA ATA TTC AAG CCA GCT CTC CTC TGC CGT CCT TGG GAG GTT CTG GCT GCC CAT GAG GCC CCC CGA AGG AGC ATT TCC
Ala Ilie Ala Ala Gly Ser Ala Ala Lys Ala Ile Phie Lys Pro Ala Leu Leu Cys Arg Pro Trp Glu Val Leu Ala Ala His Glu Ala Pro Arg Arg Ser Ilie Ser
-34 -30 -20 -10 -1 +1

150 200
TCA CAA CAA ACA ATT CCT CCG TCT GCT AAG TAT GGT GGG CGG CAT ACA GTG ACT ATG ATT CCA GGG GAT GGC ATC GGC CCG GAG CTC ATG TTG CAT GTT AAG TCG GTA
Ser Gin Gin Thr Ilie Pro Pro Ser Ala Lys Tyr Gly Gly Arg His Thr Hal Thr Met Ilie Pro Gly Asp Gly Ilie Gly Pro Glu Leu Met Leu His Val Lys Ser Hal

10 20 30
250 300

TTC AGO CAT GCA TGT GTG CCA GTG GAC TTT GAA GAG GTG CAT GTA AGC TCC AAC OCT OAT GAG GAG GAC ATC CGC AAT GCC ATC ATG GCC ATC CGC CGG AAC CGT GTO
Phe Arg His Ala Cys Val Pro Hal Asp Phe Glu Glu Hal His Val Ser Ser Asn Ala Asp Glu Gls Asp Ilie Arg Ass Ala Ilie Met Ala Ilie Arg Arg Ass Arg Hal

40 50 60 70
350 400

GCT CTA AAG GGC MAC ATC GAA ACA AAT CAT GAC TTG CCA CCA TCC CAC AAA TCC CGG AAC AAC ATC CTT CGT ACC AGC CTA GAC CTC TAT GCC AAC GTC ATC CAC TGT
Ala Las Lys Giy Asn Ilie Glu Thr Ass His Asp Leu Pro Pro Ser His Lys Sar Arg Asn Ass Ilie Les Arg Thr Ser Leu Asp Leu Tyr Ala Ass Val Ilie His Cys

80 90 100
450 500

AAG AGT CTG CCA GGA GTG GTG ACC COG CAC AAG GAC ATA GAG ATC CTC ATT GTG CGG GMA MAC ACA GMA GGC GAG TAG AGC AGC CTG GAG CAT GAG AGT GTA GCA GGA
Lys Ser Leu Pro Gly Val Hal Thr Arg His Lys Asp Ilie Asp Ilie Leu Ilie Hal Arg Glu Ass Thr Glu Gly Glu Tyr Ser Ser Las Glu His Glu Ser Val Ala Gly
110 120 130 140

550 600
GTG GTG GAG AGC TTG AAG ATT ATC ACC AAA GCC AAG TCC CTG CGC ATT GCT GAA TAT GCT TTC AAG CTG GCC CAG GAG AGT GGG CGT AAG MAA GTG ACG GCT GTG CAC
Val Hal Glu Ser Leu Lys Ilie Ilie Thr Lys Ala Lys Ser Las Arg Ile Ala Glu Tyr Ala Phe Lys Las Ala Gin Giu Ser Oly Arg Lys Lys Hal Thr Ala Hal His

150 160 170 180
650 100 750

AAG 0CC AAC ATC ATG AMA CTG GGT GAT GGA CTC TTC CTC CAG TGT TGC AGG GAA GTG GCA GCC CGC TAC CCT CAG ATC ACC TTT OAT AGC ATG ATT GTG GAC AAC ACA
Lys Ala Ass Ilie Met Lys Leu Gly Asp Giy Las Phe Las Gin Cys Cys Arg Glu Hal Ala Ala Arg Tyr Pro Gin Ilie Thr Phe Asp Ser Mat Ilie Hal Asp Ass Thr

190 200 210
800 850

ACA ATG CAG CTG GTA TCC CGG CCT CAG CAG TTT GAT GTC ATG GTG ATG CCT MAT CTC TAT GOT AAC ATT GTC AAC AAC GTC TOT GCA 000 CTA OTT OGA GGC CCA GGC
Thr Met Gin Leu Hal Ser Arg Pro Gin Gin Phe Asp Hal Met Hal Mat Pro Ass Las Tyr Gly Ass Ilie Hal Ass Ass Hal Cys Ala Gly Leu Hal Gly Gly Pro Gly

220 230 240 250
900 950

CTT GTG OCT 006 0CC AAC TAT GGC CAT GTG TAT GCA GTA TTC GAG ACA OCT ACA AGO AAC ACA GGC AAA AGT ATT GCC AAT AAG AAC ATT OCT AAC CCT ACT 0CC ACA
Leu Hal Ala Gly Ala Ass Tyr Gly His Val Tyr Ala Hal Pha Glu Thr Ala Thr Arg Ass Thr Gly Lys Sar Ilie Ala Ass Lys Ass Ilie Ala Ass Pro Thr Ala Thr

260 270 280
1000 1050

TTG CTA GCA AGT TGC ATG ATG CTA GAC CAC CTC AAG CTC CAT TCC TAT 0CC ACC TCC ATC CGA AMA OCT GTC TTA GCA TCC ATG GAC AAT GAA AAT ATG CAT ACC CCA
Leu Las Ala Ser Cys Met Met Las Asp His Lau Lys Las His Ser Tyr Ala Thr Ser Ilie Arg Lys Ala Val Leu Ala Ser Mat Asp Ass Glu Ass Met His Thr Pro
290 300 310 320

1100 1150
GAC ATT GGA GGC CAG GGC ACC ACA TCC CMA 0CC ATC CAG GAC ATC ATT COT CAC ATC CGC ATC ATT AAT GGA COG OCT GTG GAG 0CC TAG CTATCCCTGCAGTTTGCTCAGTT
Asp Ilie Gly Gly Gin Gly Thr Thr Ser Gin Ala Ilie Gin Asp Ilie Ilie Arg His Ilie Arg Ilie Ilie Ass Gly Arg Ala Hal Giu Ala End

330 340 350 354
1200 1250 1300

(b)
1 50 100
C ATC TCT TCA CAA CAA ACA ATT CCT CCG TCG OCT AAG TAT GGC 000 COO CAC ACA GTG ACC ATG ATC CCA 060 OAT GGC ATT 000 CCG GAG CTC ATG CTG CAT GTC

Ilie Ser Ser Gin Gin Thr Ilie Pro Pro Ser Ala Lys Tyr Gly 01) Arg His Thr Hal Thr Met Ilie Pro Gly Asp Gly Ilie Gly Pro Gls Las Met Las His Hal
1- +1 10 20 30

150 200
AAG TCC GTC TTC AGO CAC GCA TOT GTA CCA GTG GAC TTT GAA GAO GTG CAC GTG AGT TCC AAC OCT OAT GAA GAG GAC ATT CGC AAT 0CC ATC ATG GCC ATC CGC COGG
Lys Ser Hal Phe Arg His Ala Cys Hal Pro Hal Asp Phe Gls Gls Hal His Hal Ser Ser Ass Aal Asp 01u Giu Asp Ilie Arg Ass Ala Ilie Met Ala Ilie Arg Arg

40 50 60 70
250 300

AAC COT GTG GCC CTG AAG GGC AAC ATT GAA ACC AAC CAT AAC CIG CCA CCG TCA CAC MAA TCT CGA AAC AAC ATC GTT CGC ACC AGG GIG GAC GIG TAT GCC AAT GTC
Ass Arg Hal Ala Les Lys Gly Ass Ilie Gls Thr Ass His Ass Leu Pro Pro Ser His Lys Ser Arg Ass Ass Ilie Leu Arg Thr Ser Leu Asp Las Tyr Ala Ass Hal

80 90 100
350 400

ATT CAC TOT AAG AGC CTG CCA GGT GTG GTG ACC COG CAC AAG GAC ATA GAC ATC CTC ATT GTC COO GAO AAC ACA GAG GGC GAG TAT AGC AGC CTG GAO CAT GAG AGC
Ilie His Cys Lys Ser Leu Pro Gly Hal Hal Thr Arg His Lys Asp Ilie Asp Ilie Las Ilie Hal Arg Glu Ass Thr Glu Giy Glu Tyr Ser Ser Leu Glu His Glu Ser

110 120 130 140
450 500

GTG GCG GGA GTG GTG GAO AGC CGT AAG ATC ATC ACC AAG 0CC AAG TCC CTG CGC ATT 0CC GAO TAT 0CC TTC AAG CTG GCG CGA GAO AGC 000 CGC AAG AAA GTG ACGO
Hal Aia Gly Hal Hal Gls Ser Las Lys Ilie Ilie Thr Lys Ala Lys Ser Lau Arg Ilie Ala Glu Tyr Ala Phe Lys Leu Ala Gin Gis Ser Giy Arg Lys Lys Hal Thr

150 160 170
550 600

OCT GTA GAC AAG 0CC AAC ATC ATG AAA CTG GGC OAT 000 CTT TTC CTC CAG TOGC TOGC AGO GAO GTG OGCA 0CC COGC TAG CCC CGA ATC ACC TTC GAO AAC ATG ATT GTG
Ala Hal His Lys Ala Ass Ilie Met Lys Leu Gly Asp Gly Las Pha Leu Gin Cys Cys Arg Glu Hal Ala Ala Arg Tyr Pro Gln Ilie Thr Phe Glu Ass Met Ilie Val

180 190 200 210
650 700 750

GAC AAC ACC ACC ATG CGA CTG GTG TCC CGA CCC GAG CGA TTT OAT GTC ATG GTA ATG CCC AAT CTC TAT GGC AAC ATT GTC AAC AACGOTC TOGC OGCA GGA CTG OTT 000
Asp Ass Thr Thr Met Gin Las Hal Ser Arg Pro Gin Gin Pha Asp Hal Met Hal Mat Pro Ass Las Tyr Gly Ass Ilie Hal Ass Ass Hal Gys Ala Gly Las Hai Giy

220 230 240 250
800 850

GGC CGA GOGC GTT GTG OCT 000 0CC AAC TAT GGC CAT GTG TAT GCA GTG TTT GAA ACGO OCT ACGO AGO AAC ACG GGC AAG AGT ATCG0CC AAT AAG AAC ATCG0CC AAC CCC
Giy Pro Gly Les Hal Ala Gly Ala Ass Tyr Gly His Hal Tyr Ala Hal Phe Glu Thr Ala Thr Arg Ass Thr Gly Lys Ser Ilie Ala Ass Lys Ass Ilie Ala Ass Pro

260 270 280
900 950

ACGO 0CC ACC TTG CGT 0CC AGC TOGC ATG ATG CGT GAG GAG CTC AAG CGT CAC TCC TAT 0CC ACT TCC ATC CGOT AAG OCT GIG CTG GCG TCC ATG GAG AAT GAO AAT ATG
Thr Ala Thr Las Les Ala Ser Cys Met Met Las Asp His Las Lys Las His Ser Tyr Ala Thr Ser Ilie Arg Lys Ala Hal Las Ala Ser Met Asp Ass Glu Ass Met

290 300 310 320
1000 1050

GAG ACT CCA GAG ATCG00OGGGGCAO GGC ACA ACA TCT GAA 0CC ATC CGA GAG ATT ATC COGC GAG ATC COGC GTC ATC AAC GGC COG 0CC GTG GAO 0CC TAO GCGTGCCCTGG
His Thr Pro Asp Ilie Gly Gly Gin Gly Thr Thr Ser Glu Ala Ilie Gls Asp Ilie Ilie Arg His Ilie Arg Hal Ilie Ass Gly Arg Ala Hal Glu Ala End

330n 340 350 354
1100 1148

GACCTCCTTGGATTCCCCTTCCCACCCCAGCACCCCAGCCAGCCTGGTAGGCAGAGCCCAGAATAAAG

Figure 1 Nucleotide and deduced amino acid sequence of NAD+-ICDHy from (a) rat epididymis and (b) monkey testis
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I'ig NAD+-ICDHy
Monkey NADE-ICDHy
Rat NAD+-ICDHy
Yeast NAD+- ICDHT
Yeast NAD+-ICDH2
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(DIR * r ToSLDLYANVIH C-SPG:VVTR HODVOILIVR ENTEGEYSSL
EDIRNAIMAT RRNRVALKGN IET#NHNLPPS HKSRNNILRT SLOLYANVII CK LIVR ENTE EYS:SL
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TIPDPAVQSI T KNLVALKGP LAT. . PI GKG HRS:LNLTLRK TFGLFANVRP AKSIEGFKTT YENVDLV LTIR ENTEGEYSG I

*AQETGRKKVT
AOESGRKKVT
AQEUSSGRKKV T
AKKYNRKSVT
ARAIG:RPRVI

AVHKANIMKL
AVKhANINKL
AVUKAN I IKL
*AVHKANI MKL
VVHKSTIORL

GDGSFLQCCK
GDGLIFLQCCR:
GOGLfLQCcR

GDGLFRN I I T
ADG:LFVNVAK

EHEESVAVVE

ENE`SYAGYVE
LIII VGPGVVQ

SLKIITKAKS LRIAEYAF:KL
S,-K) ITKAKS LRIAEYAFKL

.....=.,si n ;v............_. ...::li; .;. ..f;.........SLK.:I '.T,KiA~K.S: RTMIAE-Y.A:FKL-
....: :.::....

SLKVMTRPKT ERIARFAFOF
SI KLITRDAS ERVIRYAFEY

EYAA.SY PH I TFENMIVDNT TMOLVSRPQO F. .OQVMVPN LYGNIVNNVC AGLVGGP. GL -VA ANYGHV YAVEETATRN
E:VAA. RYPOE TFEEMIVONT: TMQLVSRP0Q F. .DVf4VPN LYGNIVNNVC AGLVGGP.GI VAGANYGHY YAVFETATRN

EVA:A.RSPOI.1: T.:FDSMIVONT TMOLEVSR:PQO F..DVMVNP:N LYGNI VN NVC AGLVGGP.:GL VAG. ANYGHY: YAVFETATRN~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. .. . . . . . . . . . . . . . . . . . . . . . .
EIGP.SKRYPDt ET EIDVSSIIVDNAS HOALKVAKNPHOA TDAYLVI LO .CTYHLROHW RCF. .DRWSR IGGTSRCN YRD AVF PGSRH
EL.SKEY:POL T[LETELIDNS VLKVVTNP-SA YTDAV-SVCP:N :LYGDILSDLN SGLSAGSLGL TPS.AN:I&HK ISI'FE.AVHG

TGKSIANKNI ANPTATLLAS CMILDHLK
TGKSIANKNI ANPTATLLAS GMMLOHLKLI SYATSIJRKAV LASMDNE.NN HTPDIGGQ TSEAIOOIIR VISGA LA

TGKSIVNKNI ANPTATSLAS C4I*tJDHLKIH SYATSIRKAV LASMDNE.NM: TPDIGGQGT6 TSQAIQOIIR HI:IINGPAV EA

VG-[DIKGQNV ANPTAMILSS TLML-NH:LGLN EYATRISKAY HETIA.EGKH TTROIGGSSS TTDFTNEIIN KLSTM
SAPDIAGQDK ANPTALLLSS VMMIHNGLT NHADQIQNAV ISTIASGPEN RTGDLAGTAT T$SFTEAVIK RL

Figure 2 Comparison of amino acid sequences of NAD+-ICDH subunits from mammalian and yeast sources

The figure shows amino acid sequences from the y subunit of the pig heart enzyme [from either direct peptide sequencing (italics; Huang and Colman, 1990) or deduced from a PCR product];
the y subunit from monkey testis; the y subunit from rat epididymis; and the two subunits of S. cerev/s/ae NAD+-ICDH. Shaded areas indicate sequence identity between mammalian and yeast
subunits. Also indicated are the N-terminus of the pig heart and yeast subunits (arrows); the peptides from which the successful PCR primers used in this study were derived (numbered 1, 2
and 3); the residues involved in isocitrate binding, by analogy to E coli NADP+-ICDH (*); and a possible ATP binding P-loop (bar; ATRNTGKS).

Mammalian NAD+-ICDHy possesses a P-loop-type ATP-
binding motif, Ala/Gly-Xaa-Xaa-Xaa-Xaa-Gly-Lys-Ser/Thr
(Walker et al., 1982), which is not present in either subunit of the
yeast enzyme (Figure 2). However, since mammalian and yeast
NAD+-ICDH enzymes are inhibited by increases in the ATP/
ADP ratio within the mitochondrion, the functional significance
of this motif is unclear.
Rat NAD+-ICDHy is 28 % identical to homodimeric E. coli

NADP+-ICDH (Thorsness and Koshland, 1987). A crystal
structure for the E. coli enzyme complexed with both Mg2+-
isocitrate and NADP+ is available at 2.5 A (0.25 nm) resolution
(Hurley et al., 1991). With the exception of Arg-129, residues
which bind via hydrogen bonds or salt bridges to isocitrate in the
E. coli enzyme are conserved in rat and monkey NADt-ICDHy
subunits as well as in both subunits of yeast NAD+-ICDH.
Residues Ser-91, Asn-93, Arg-97 and Arg-128 in the rat and
monkey subunits correspond to residues Ser-1 13, Asn-1 15, Arg-
119 and Arg-153 in E. coliNADP+-ICDH (Figure 2). In contrast,
residues which co-ordinate to the Mg2+ of Mg2+-isocitrate are

rather less well conserved.
Collectively, the deduced amino acid sequences for NAD+-

ICDHy presented here provide evidence for the existence ofboth
ATP- and isocitrate-binding sites within this subunit, and show
that the subunit is highly conserved between different mammalian
species. Moreover, this conservation extends, albeit to a lesser
extent, to both yeast NAD+-ICDH subunits and suggests an
ancestral relationship to prokaryotic NADPt-ICDH.
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