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The dicarboxylate carrier (DIC) is a nuclear-encoded protein
located in the mitochondrial inner membrane. It catalyses the
transport of dicarboxylates such as malate and succinate across
the mitochondrial membrane in exchange for phosphate, sulphate
and thiosulphate. We have determined the sequences of the
human cDNA and gene for the DIC. The gene sequence was
established from overlapping genomic clones generated by PCRs
by use of primers and probes based upon the human cDNA
sequence. It is spread over 8.6 kb of human DNA and is divided
into 11 exons. Five short interspersed repetitive Alu sequences
are found in intron I. The protein encoded by the gene is 287

amino acids long. In common with the rat protein, it does not
have a processed presequence to help to target it into mito-
chondria. It has been demonstrated by Northern- and Western-
blot analyses that the DIC is present in high amounts in liver and
kidney, and at lower levels in all the other tissues analysed. The
positions of introns contribute towards an understanding of the
processes involved in the evolution of human genes for carrier
proteins.
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INTRODUCTION

The transport of important metabolites across the inner mem-
branes of mitochondria is mediated by specific carrier proteins
that span the lipid bilayer [1-4]. One of these transporters, the
dicarboxylate carrier (DIC) protein, has been isolated from rat
liver [5,6] and yeast [7], and has an apparent molecular mass of
28 kDa. Since 1967, when the existence of the DIC was proposed
[8], the properties of this carrier have been investigated ex-
tensively. First, it was described as catalysing an electroneutral
exchange of dicarboxylates such as malate for P, [§-11]. Later,
certain sulphur-containing compounds, particularly sulphate and
thiosulphate, were also found to be transported via this carrier
by an antiport mechanism [12,13]. DIC is inhibited by some
impermeable dicarboxylate analogues, including butylmalonate
[14], and also by bathophenanthroline and thiol reagents [15-17].
The activity of the DIC is high in liver and low in heart [18]. In
liver it plays an important role in gluconeogenesis, in urea
synthesis and in sulphur metabolism [1]. Similar to many other
mitochondrial carriers [3], DIC has a simultaneous (sequential)
antiport reaction mechanism [19]. Recently, the cDNA for DIC
was cloned from rat [20], and the human gene was mapped to
chromosome 17q25.3 [21]. In the present paper we describe the
cloning and the nucleotide sequences of the cDNA and gene for
human DIC. The gene is spread over 8.6 kb of DNA. It has 11
exons separated by 10 introns, more than described to date
for any other gene for a mitochondrial carrier. Their positions
help to understand how human genes for mitochondrial carriers
have evolved.

EXPERIMENTAL
DNA sequence analysis

An automatic DNA sequencer (Applied Biosystems, Prism 377)
was employed with Big Dye Terminator Kits (Perkin—Elmer).
Sequence errors from PCRs were avoided by sequencing at least
three independent clones in both directions from each reaction.
Ambiguities were resolved by sequencing more clones. Databases
were compiled and analysed with the program Autoassembler
(Perkin—Elmer).

Amplification of human cDNA sequence

Touchdown PCRs [22] were performed using an adaptor-ligated
double-stranded human liver cDNA (1 ng, Clontech) as described
previously [20]. The full-length cDNA sequence was obtained in
two PCR reactions of 5" and 3’ ends extension using the adaptor
primers AP1 and AP2 (Clontech) and a primer set (Figure 1)
designed on the basis of the nucleotide sequence of rat cDNA
[20] and on the emergent human ¢cDNA sequence. The PCR
products were identified and recovered from agarose gels [23],
cloned into the pCR2.1 Topo-vector (Invitrogen) and sequenced.

Amplification of human genomic DNA sequence

Overlapping segments of human genomic DNA (Boehringer
Mannheim Biochemicals) were amplified in three PCRs, using
synthetic oligonucleotide primers with appropriate linkers based
on the human DIC cDNA and on the emergent sequences. The

Abbreviations used: HUGO, Human Genome Organisation

(http://www.gene.ucl.ac.uk/nomenclature/); GDB, Genome Database (http://

gdbwww.gdb.org/); DIC, (the) dicarboxylate carrier (the abbreviation DIC is approved by the HUGO/GDB Nomenclature Committee).
" Present address and address for correspondence: Dunn Human Nutrition Unit, Wellcome Trust/MRC Building, Hills Road, Cambridge CB2 2XY,

U.K. (e-mail walker@mrc-dunn.cam.ac.uk).
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GCCCTTCCGGGATTGGGCTCTCCTGGGCCATGGCAGCCCAGGCGCGCGTGTCGCGCTGGTACTTCGGGGGGCTGGCCTCCTGCEGEGCCGECCTGCTGCACGCACCCGCTGGACCTGCTCA 120
- AP1/AP2 M A A E ARV S RW Y F GGLASCGA AA ATCOCTHUP L DILL 30

AGGTGCATCTGCAGACGCAGCAGGAGGTGAAGCTGCGCATGACGGGCATGGCGC TGCGGGTGGTGCGTACCGACGGCATCCTGGCACTCTACAGCGGCCTGAGCGCCTCGCTGTECAGAC 240
K v H L Q T 9 Qg EV KL RMTGMALU RVYVVRTTDGIUL ALY S$ GL 8 a4 8 L C R 70

AGATGACCTACTCCCTGACTCGGTTCGCCATCTACGAGACTGTGCGGGACCGCGTGGCCAAGGGCAGCCAGGGGCCTCTCCCCTTCCACGAGAAGGTGTTGCTGGGCTCCGTCAGCGETT 360
Q M T Y s L TRFAI Y ETV VI RDI RVAZXKXKSGS QG ?PILPFHETZ KUV LL G S V 8 G 110

1FR — 2 FR

TAGCTGGAGGCTTC CGT CCAGGGTCAGCGGCGCAACTACGCCCATGCGCTGGATGGCCTGTACCGCG 480
L AGGPF V 6GTPADILV VNV RMOQDNDV KLUZPQ G QR RNYAHA ATLDTGTL Y R 150

CCAGCCGAGGGGCCTTAGTCACTGTGGGCCAGCTGTCCTGCTACGACCAGGCCAAGCAGCGGGTCCTTA 600
vV A REEGILI®RIRILVFSGATMASSRGATLV TV GG QL 8 C Y D A K Q R V L 190

GCACCGGGTACCTCTCTGACAACATCTTCACTCACTTTGTCGCCAGCTTTATTGCAGGTGGATGTGCCACGTTCCTGTGCCAGCCCCTGGATGTGCTGAAGACTCGCCTGATGAACTCCA 720
s T ¢ Yy L s b NI F THV F V A S PF I A GG CATV FLCQP LDV L KT RTILMNDN § 230

AGGGGGAGTATCAGGGCGTTTTCCACTGCGCCGTGGAGACAGCGAAGCTCGGGCCTCTGGCCTTTTACAAGGGCCTCGTCCCAGCTGGCATCCGCCTCATCCCCCACACCGTGCTCACTT 840
K G EY Q G V " HCAV ETA AZ KU LSG?PULH ATFYIXKGULV ?PAGTIU RTILTIUPHTV L T 270

TTGTGTTTCTGGAACAGCTACGCAAAAACTTTGGCATCAAAGTGCCATCCTCACCAGCCGTGGGAATGGC TCCGCTGCCAGGCCAGACACGCTAGETTCTTCCARAGAGTCCCAAGCCCA 960
¥ v F L EQ L R KNV F G I K V P S * 287

GCACCTGCTCCTGGEGGCCACGACCTCCCTGECCGTGGCCACCCGTCCTCCGCAGCAGGCCCCTGCTGTCCCCCCACCTGCTAECTGAGCTCCTCCTGGCCTCGTCCCCTCTCAGCTGTAG 1080
CTGCACCACCCCCGCTCTGGCTACCAGGCTCTCCCGGCTGGGCACTGCGTEGCCCTTGCCCCTCTCCCGCTGGCAGCTCCTCAGGGGAACAGGGGCTACCAGAGGCTGATTTCTCCCCTC 1200
TCCTGGGCCAGGGGAGGEGETATTATCCCTGCCTCCTGCCCCCGATGCCCARAGCAGCATC TTCCAGCACTTTCCATCGAGGACTTCGETGGCAGAGTGTGEGTGCAGCCTGGCTGTTGCT 1320
CACCCAAGTGCTAGCTCTGCACTTCGTGTCTGCTGAGAGCAACCAGACCTTCCATGTCCTCGGGCAGCTGCAACTCCCCCCGAGACCCCGCAGCTGGGTEGGGATGAACAAGCAACGCAGA 1440
CCACAAGCGAGTGCCTGGGAGGGAGTGGCCCAGGGTGETTCTGGAGCCATTCTGGGTCGAGGGTCGAGGGCCACCGAGGTCCCCGCGCACCGCTGCCTGCCCTGCAGTGGCTTTAACAGTT 1560
AGTTTTGCCAAAGCCTCTCCACTCACCAGCAGGCGGTCTCTGTCTTCAGGGATTCTGCCTGCGTCCCTCGGGCACCTEGEGCCCCCCCGCTTGRCTCCCTGGEGGAATGGCCCAGGCGGGC 1680
CTGCGGTTCCTCCTTAGEGCCTTCTCCCCGACAAGGAGTCCGACGGEGCGGATGCTGCATCCTC TGCCTCCCTGETCGCTGGGCTTCACCCCACCTGGGAAGGGCAGTGTGCTCTGTGGG 1800
GGCTTGCAATCAATAAATGCCGGGAGCTTGCCACATCAAAAAAAAAAAAANAAAAAAAAAAAAAA 1865

aApl/ap2

Figure 1 Sequence of the human liver cDNA and the encoded protein sequence of the DIC

The amino acids are numbered from 1—287. An asterisk denotes the stop codon. Primer sequences are shaded. Horizontal arrows pointing to the left or right indicate that the primers were synthesized
as either the sequence shown or its complement respectively. The underlined sequence is a potential polyadenylation signal.

H. sapiens MAAEARVSR----- WYFGGLASCGAACCTHPLDLLKVHLQTQQEVKLRMTGMALRVVRTDGILALY SGLSASLCROMTYSLTRFAIYETVRDRVAKGS
M. musculus MAEARASR----~ WYFGGLASCGAACCTHPLDLLKVHLOTQQEVKLRMTGMALQVVRTDGFLALYNGLSASLCROMTY SLTRFATYETMRDYMTKDS
R. norvegicus MAEARTSR--- -~ WYFGGLASCGAACCTHPLDLLKVHLOTQQEVKLRMTGMALQVVRTDGFLALYNGLSASLCROMTY SLTRFATYETMRDYMTKDS
D. melanogaster MPHQERKSM- -~~~ WFFGGLASVGAAMVTHPLDLIKVTLOTQQG-HLSVAQLIPKLAREQGVLVFYNGLSASVLRQLTYSTARFGVYEAGKKYVNTDS
C. elegans MAEDKTKRLGR-- -~ WYFGGVAGAMAACCTHPLDLLKVQLOTQQQGKLTIGQLSLKIYKNDGILAFYNGVSASVLROLTYSTTRFGIYETVKKQLPQDQ
S. cerevisiae MSTNAKESAGKNIKYPWWYGGAAGT FATMVTHPLDLAKVRLQAAPMPK PTLFRMLES I LANEGVVGLYSGLSAAVLRQCTYTTVRFGAYDLLKENVIPRE

* ekk K * o khkkkkk Khk kkg . . . - * . k kokkgqe Kkk kk, kK kg . -

I II

H. sapiens QGPLPFHEKVLLGSVSGLAGGFVGTPADLVNVRMQNDVKL PQGORRNYAHALDGLYRVAREEG-LRRLFSGATMASSRGALVTVGQLSCYDQAKORVLST
M. musculus QGPLPFYNKVLLGGISGLTGGFVGTPADLVNVRMONDMKL PPSORRNY SHALDGLYRVAREES - LRKLF SGATMASSRGALVTVGQLSCYDQAKQLVLST
R. norvegicus QGPLPFYSKVLLGGISGLTGGFVGTPADLVNVRMONDMKL PLSQRRNY SHALDGLYRVAREEG-LKKLF SGATMASSRGALVTVGQLSCYDQAKQLVLST
D. melanogaster  ----- FGGKVALAGASGLVGGIVGTPADMVNVRMONDVKL PPQQORRSYNNAFDGLVRVYRQEG-FKRLF SGATAATARGILMTIGQIAFYDQTKIYLLAT
C. elegans - - PLPFYQKALLAGFAGACGGMVGTPGDLVNVRMONDSKLPLEQRRNYKHALDGLVR I TREEG-FMKMFNGATMATSRAILMTIGQLSFYDQIKQTLISS
S. cerevisiae Q-LTNMAYLLPCSMFSGAIGGLAGNFADVVNIRMONDSALEAAKRRNYKNATDGVYK I YRYEGGLKTLFTGWKPNMVRGILMTASQVVTYDVFKNYLVTK

ok * K * o kghkgkhkhh * ekk K ok kky oo * * ok * * * ok * o * K * cee

III v
H. sapiens GYLSDN- IFTHFVASFIAGGCATFLCQPLDVLKTRLMNSK-GEYQGVFHCAVETA-KLGPLAFYKGLVPAGIRLI PHTVLTFVFLEQLRKNFGIKVPS
M. musculus GYLSDN-~ IFTHFVSSFIAGGCATFLCQPLDVLKTRLMNSK-GEYQGVFHCAMETA -KLGPQAFFKGLF PAGIRLI PHTVLTFMFLEQLRKHFGIKVPT
R. norvegicus GYLSDN- IFTHFLSSFIAGGCATFLCQPLDVLKTRLMNSK -GEYQGVFHCAVETA-KLGPQAFFKGLVPAGVRLVPHTVLTFMFLEQLRKHFGIKVAT
D. melanogaster  PYFQDN-LVTHFTASLVAGTIATTLTQPLDVLKTRSMNAKPGEFNGLWDIVKHTA-KLGPLGFFKGYVPAFVRLGPHTIITFVFLEQLRLKFGTLN
C. elegans GVAEDN-LQTHFASSISAASVATVMTQPLDVMKTRMMNAAPGEFKGILDCFMFTA~KLGPMGFFKGF I PAWARLA PHTVLTF IFFEQLRLKFGYAPPVKA
S. cerevisiae LDFDASKNYTHLTASLLAGLVATTVCSPADVMKTR IMNGS -GDHQPALKILADAVRKEGPSFMFRGWLPSFTRLGPFTMLIFFATEQLKKHRVGMPKEDK
* o* * %k qe Kk Kkghkk Kxk * o . * ok k " * o *k Kk koo * kKo
A" VI

Figure 2 Alignment of the protein sequences of the DIC from human (Homo sapiens), rat (Rattus norvegicus), mouse (Mus musculus), D. melanogaster,
C. elegans and S. cerevisiae

Asterisks (*) and bold dots (e) indicate identity and conservation respectively of residues in all six sequences. Segments |-VI are regions that are proposed to be folded into transmembrane
a-helices.
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Human dicarboxylate carrier gene structure 955

forward and reverse primers are shown in Figure 6 (below). The
reactions were carried out as described previously [23] for 30
cycles and, after addition of fresh portions of enzyme and
primers, for an additional 30 cycles. The reaction products were
analysed on 0.8 9%, high-melting-temperature-agarose gels. The
DNA fragments were transferred to Hybond-N membranes
(Amersham), cross-linked to the membranes by irradiation with
UV light, and hybridized with radioactively labelled synthetic
oligonucleotides at 5 °C below the minimum dissociation tem-
perature. Fragments that hybridized with the probes (see Figure
6 below) were recovered from the gel, cloned into the pCR2.1
Topo-vector (Invitrogen) and sequenced.

Northern-blot analysis

A human multiple-tissue Northern blot was purchased from
Clontech. The hybridization experiments were performed as
described previously [24], except that the probe was nts 695-1837
of the human cDNA DIC sequence (see Figure 1). Samples were
autoradiographed at —70 °C for 15 days with an intensifying
screen. Hybridization signals were normalized with an 850 bp
probe encoding part of rat glyceraldehyde-3-phosphate dehydro-
genase [25] employed under the same conditions as those
described above.

Western-blot analysis

The anti-DIC antiserum was raised against the entire rat DIC
obtained by overexpression in Escherichia coli [20]. Samples of
rat mitochondria were solubilized in SDS sample buffer, boiled
for 5 min, analysed by SDS/PAGE [26] and the proteins then
transferred to nitrocellulose membranes by electrophoresis. The
membranes were exposed for 2 h to anti-DIC antiserum [diluted
1:3000 in PBS-TM, which is PBS containing 0.5 9, (w/v) non-fat
dried milk and 0.05 9%, (v/v) Tween-20], washed for 10 min three
times in PBS-TM, and then exposed for 2 h to the secondary
antibody, horseradish peroxidase-conjugated anti-rabbit IgG
(Pierce) diluted 1:2000 in PBS-TM. Immunodecoration was
revealed by 3,3’-diaminobenzidine as substrate for the peroxidase
reaction. The immunodecoration was normalized using an anti-
serum raised against the subunit IV of bovine cytochrome ¢
oxidase (kindly given by Dr. B. Kadenbach, Biochemie im
Fachbereich Chemie der Philipps-Universitit, Marburg,
Germany) under the same conditions as those described above.

Database searches

The sequence encoding the Drosophila melanogaster DIC was
identified with the TBLASTN program by screening the Droso-
phila (Berkeley Fly Database U.S.A) and the National Center
for Biotechnology Information (‘NCBI’) databases with the
human DIC protein sequence. The D. melanogaster DIC protein
sequence was compiled from information in a genomic clone
(accession number AC003923) and in two expressed-sequence-
tag (‘EST’) clones (accession numbers AI1238956 and A1401861).

RESULTS AND DISCUSSION
Cloning and sequencing of the cDNA for the human DIC

Two forward-nested oligonucleotides 1FR and 2FR (see Figure
1) based on the rat DIC cDNA nucleotide sequence [20] and the
AP1 and AP2 adaptor primers were employed to amplify the 3’
extremity of the human DIC cDNA (see the Experimental
section). The product gave a single band on a gel of about
1450 bp, which was cloned and sequenced. Two nested reverse

Pa K SM Li Lu

P Br H

Figure 3 Expression of the DIC mRNA in human tissues

Northern blots were hybridized with the following probes: (A) a 1.15 kb probe from the human
DIC cDNA; (B) a 0.85 kb probe from a rat cDNA encoding glyceraldehyde-3-phosphate
dehydrogenase. Each lane contained about 2 x.g of polyadenylated RNA. The RNA samples
were from pancreas (Pa), kidney (K), skeletal muscle (SM), liver (Li), lung (Lu), placenta (P),
brain (Br) and heart (H).

DIC K Li Lu 8§ H Br SM

Figure 4 Expression of DIC protein in rat tissues explored by Western-blot
analysis

Mitochondria (75 g of protein) isolated from various rat tissues, and recombinant DIC (0.1 zg),
were analysed by SDS/PAGE. The separated proteins were transferred from the gel to
nitrocellulose sheets and were treated with the anti-DIC antiserum (A) or with anti-(subunit IV
of the cytochrome ¢ oxidase) antiserum (B). DIC denotes recombinant DIC. K, Li, Lu, S, H, Br
and SM are samples from kidney, liver, lung, spleen, heart, brain and skeletal muscle
respectively.

PCR1 — = > = =

PCR2 - — - - - - —
—_ — —— — —
-— -— e— —— a— - -
-— a— a— a— - e
PCR3

Figure 5 Generation by PCRs and sequence analysis of genomic clones of
the human DIC gene

PCR1—PCR3 refer to DNA segments of human DNA amplified by PCRs. The heavy horizontal
lines are proportional to the lengths of these DNA segments, and the arrows represent the
directions and the extents of the determined DNA sequences. The scale is in kb.

primers (see Figure 1) were chosen from this emergent human
sequence in order to amplify the 5" end of the human DIC
c¢DNA. The product of the 5" end extension reaction gave several
bands on a gel. The longest fragment, of about 500 bp, hybridized
with probe (2FR) and was sequenced. It overlapped the previous
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3F —»

CTGGGCCATGGCAGCCGAGGCGCGCGTGTCGCGCTGGTACTTCGGGGEGCTGGCCTCCTGCGGGGCCGCCTGCTGCACGCACCCECTGGACCTGCTCA
M A A EA RV S§ RWYF G GLASCG AATCOCTHU©PILDTUL L
Excn I
AGTGAGGCCGGGGCCCCGGGACGCGGGGCGGATGGGACCCTGGCGCCGCCGAGACGCCTGCARAGGCAGCAGCCCGEGCCCCACGCACCCEGEEGATCGCCECECCCEGERCTCCCTCCTG
K
GAGAGCGCGAGGAGGCCCCCGACGCCCGGATGGCCGATCCCGGETGGCCCTCCAATGGTGGCCGCGAGCTCGAGGCCTECAGGGCGCAAGCGCGCTCCCAGCTTCCCAGCCGGCTTCCCA
GTTCTCGGCAGGTGGCGATCCAGCCCCAGCTCTACACTTTAATACCTGGTGACCTTGGGCGAGTCACTTGGCCTCTCTGAGCCACCCACCCCCATACATTCAAGAACGCTCCTTCCGCCT
AGTTAGAAGTTGTGGGGGGAGTTCTGTGAGGTGCACAGGTGTTGGCATC TAGAGACGTECTGGCTGTAGCATACCCAGEATETGGGCCAAGCCECCCCCCACCCAGGGGTGTTTAGCACA
CCGCCGGACGTGTCCCTGGGCAAGTGGGGTGACCCGATGCCCCGGCTTTGGGCTGCTTCCTTCGGAGAGCTCCCTGEGCACTGGAAGCGATGTTAGGACCAGCACACCCCCAGGAGAGAT

GCCAGGAGACCCTGCACGCGTGTGGTCCTGGCCCTATGAAAGCGGGCETTTCTCAGCACGAGAAGCAGCCACCGTTTT T TTACTTTC T TTTTT T TT T TTTAATGCTTATGGGGCAAAATA
AGACAGAGCTCTCCTTGTTTCCCAGGGACAGCCAAGGGGCGTTGTTTTCTGACCGTGTCTTGCCACAGAGAACAAAGAAGAAAGGGCCTGAGGCTTTGCACAGTCTGCCCAGCAGGCCCT
GCCCTGTGAACCTGGCTGTGGTCACTGEGCAGCCGCCTGTCTAGGGGACCTTTATTTTAGCAGCCTGTCCAGGGGACTTGTAT TCCAGCAGCCTTTGAGGGCACTGGCTTTACTAATGAG
CAACAATGCTGGTCGCTGCGTGAAGGCCAGGTGAGCAGATGTGGGCGTCTTGGGGCACCTGAGACCTCACTGCTCCTGGGAGAGGCCTTCAGACCTCCCAGCCACAGGCAGCCACGGCCA
GTGAGATGCAGCCACAGCGACAGGAAGGCGCTGGCATGGGCAGAAGAAGCGAGCCCCTCTTGGCATCGEGCTCTTCCTTTCCTCTGGGCGCCGACAGGTGCCCTCCCCAGGGCCTCTCCC
ACGTTCATCTGGGGTGTTGAAGGCGGEACCTGCGTGCTGCTGTCCTTGTCGGEGGTC TGACCCCACTGCCCCTTGGCCCTCCCCAACCAGECECTCTC TGGCTGCAGAACACCCGCTGGGG
AGGCGGGACTGCCCTCTGGCCTCCCAGGEGCGGGAGGAGCCAGCTGCTGGCAGCATATGGCGCTETGETCAGGGTGTCCTCCTCAGGACTGCTCACCAGCCCTCTCTGCCTGGCCGTCGGA
AAGATCTTTTAAAGCTTCTTGAGCACTTTGTCCCATGTCCCTACAGTCCCTACCGTCGCATCTGGCCGGGACGGEGECTECTACCTETGTGGCCCAGTCCCTCTETTCTGCTGGGCTCGC
ACAATGGGAGGCCCCTCTCTGTCCCCACCCATCTTTGCCGACCCCTGGGCETGCGTTACGGGGECCGCGCACGTGCAGEGTCACACTGAGCCCCEGCAAGGACTTCTTTGGGETCAGTGCTGG
GGGTGGGACCCAGGAGCTGGGATCCTGGGCCAGGTGCTGGCCTTCCTGTCTGGCCCTGGCCAATCCCCCTACTGCCGGGAGCTCTCAGCTEGCCAGGCGAGGAGGCAGAGGTCCTGTGAG
TGGTGGAGGCCAACAGAATGCAGCTTGTCGGCTTGCAGCCCCCGAGTGCTGCCACAGTCTAGGTGCTTTGCAGAGAGCCCTATGCCTGCCGCCAGCCACACCETCCCTTGTCTGC TGTGA
GTCCTGCTGCCTTCAAGGCCTTCTATGGC TCCTCCTCAGTCTCCCATGGTCCTGCAGGTCCCTCGCCETTTCTCGACCEGCCATAACGTTTGTCCCTC TTGAGACGTGGTGTGGTGGATAA
AAGTAGGGCTCTGGGGTCTCCTCGTGGGCCAATCCTGATGGCACCAGCGEGTGCGTTACCTC TCCATGCCTCAGTTTCCTCATC TGCAGAAGAGAATGGCGAGCCCCTGCGGCCAGTGCA
GCCAATACTCAGGTGGTACGCGGGGCGCTCGCGEEGCTCGCGGACACTCTCAGCTCCATGTCCACTGGTGTGGTTGCTGTTGGAAAGCACTCCTGTGAGCTGGTTCCAGCCACGGGTCTG
GAGTCCCCGGGCAGGGCCGTGGGAGGCCTTATCACTTGCCTCCTGCCTCAGTTTCCCCCTCTCTGGATGAACCTGGCACCGATCCCTCGEGETCGCTGTGGGGTCTGAGAGCACTCACTC

CCGCAGBETGCATCTGCAGACGCAGCAGGAGGTGAAGC TGCGCATGACGGGCATGGCGCTGCGGETGCTGCGTACCGACGS! TGAGCGCCTCGCTGTGC
vV HL Q TQ Q EV KL RMTGMAILI RV V R T D G L S A s L C

Exon IT

AGACSG TGCGTGGTGTGTGCCAGCCTTGGGCTCCCAGACTGGGGCTGAGTCCTGCAGTGGCATCCAAGCTACTTCCGTCCCCTTTTCAAGACTTTGTGCAAGGAAGGACCCACCAGGCC
R

<+—— 3R

GAGAGCTGGTGACCCCAGGGTG!

CAGTTTGCAGGGCTGGGCCTGAGACCGCCACTTACTGETGGGGAAGCTGAGGCCCAGGGAGTGAGAAAGCAGGGTGC
AGCTCTAGATTTGTGAACTGGCTCAGCCGCATGCTGECACAGTGGCCTTGGGAAGGCCCCTCAGGGTCCCTETCGCCCCTCGGECTGAGGGGGATCCCTGECTGGGCCEGGTGGCGAGGT

TGAGGGGTGTGGGGCGTGCCCGTCCCTCCAAGCCAGGCCCTTCTCCCCCAGATGACCTACTCCCTGACTCGGTTCGCCATCTACGAGACTGTGCGGGACCGCETGGCCAAGGGCAGCCAG
M T™yYy s$ L TR PF A TIT Y ETV RDUZ RV ALK G S Q
Exon III

GGGCCTCTCCCCTTCCACGAGAAGGTGTTGCTGGGCTCCGTCAgC TGACTGCCGGGCGGGAGGGGAGGGGCGCGGCETCGTCAGEGTCGGCCGAGGACGCCGTGTGTCAGCACGGCTCA

G P L P F HE K V L L G S V

TCTCTGGGGTTTGTGTCACCGCAGGTTTAGCTGGAGGCTTCGTGGGGACGCCCGCAGACTTGGTCAACGTCAGRTTGGTGTTCCCCCACCCCACCTCCAAGECCAGEGGGECTTTCTTGTC
L A G G F V G T PADIL V N V H
Exon IV
CCCAGACATGCCAGGGCCTGCCAGGGCTGCTTGCAGGGTGGGGTCAGCCTGGAATAAGCCACTGAGACCCTGGTGTCCTGGGCATAGGAGGGTGGETETCCCTGAGCCCCGGCATGCCCT
GTCCTGTGGGCCCCGCTGACCAGCGTGAGCTCCCCTGTGCTGCCAGEGCTGCCCATGCCCCTCGGCCCGCCCGCCCCTCCCGCCACCTGCTTCTCTTTCA A§GC$GAACGACGTGA%G
N D V
Exon V

CTGCCCCAGGGTCAGCGGCGCAﬁEEE?GTCATGGGCGGCCTTCTCGGGGTGGTTGAGGTGCAGGAGGCTCGGGCGGGAGCGGACCCCTGGCTGCTCTGCCGTGACCCAGCTGAGGCTCCA
L P QO G Q0 R R

GCAGGCCGAGGTGCCTGCACGGTCCATGGAGGGTCCTGACGGCTGTTCTGGACTCGGGGETGTCACTCTGCGCCCCCAGGACCTTTGGGTTCTTCCTGTGGCGAGAGCCTTCTTGGATTG
GGGGCTTGGGCCTGTTTGCACCCCAGGGTGGTGAGTGCGGAGGCGAACGCCCCAGGCATGGAGAGAGCGCATGCAACAGAAACGCCCGAAGGAGGCGCTGCCTCCCTGCCCAGCTCAGGG
CAGCTGTGCCCTCCTGCCACGGCCTGGGGTCTTTCCAGGGCCCGGGGTCCGCTCCAACTGCAGTGTGAGCCACTTCCCCCGCCCCTTCCAAGGACCCCTGGGGAGTTCTGGCTTCTAGCT
GTGCACACAGACTGTGTTCCCCCAGGACCCCCGGGGGCTEGCGGGCAGGAGGCCTGCATGCTAGGAGCGGTGCCCAGCCAGGGACTCTGTTGGAAACGATGGAACCTCCTCCCTGAGGAC
CGGGCGGGGCGGGCGAGGTGGCTGTGGGACGTCAGGACCAGCTTCATGTTCCCAGGGAGAGATCTTCAGGCCCATGAGGCCTCTGCTTCCTCGAGAACCCCCGGLCTGCCTCGGGGCCTG
GGAGGACCCTCTGTGGGAGCCGGTGGTCAGGGGGAGTCTCATGTGGTCATTCTGTGTCCCCGGCA TACGCCCATGCGCTGGATGGCCTGTACCGCGTAGCTCGTGAAqETGAGGGGCA
Yy A H AL D G L Y R V A R E
Exon VI
GGTGGCTGTGCACAGGCAGGGTTCTGGGGEGGCAGGCAGEGTGGGCAGCGCTGTAGAAGACTGGGCGCTGAGGGATTTGGGCCAGGTGCCTGGCCTTCACCCCTTGCCTCACCCCTTGCC
TCACCCCTTCCTTGTGCAGAGGGTCTCAGGAGACTGTTCTCGGGTGCAACCATGGCATCCAGCCGAGGGGCCTTAGTCACTGTGGGCCAGGTAGGCCTTCCTGCGTGGGGTGGCGTGTGG
E G L R R L F $ G A T MA S S R G AL V T V G Q
Exon VII
GCAGTGCCTGTGACCACTTGACCTCCATCTTCAGAGGGGCCATAGATCAAGGCACTGGGCGCCAARACCCTCTGGECAGCCACCAGCTGTGACCTTGTCGGGCAGCGTCCEGCECACGEE
TGGGTCAGGGCTGCAGCCTGTGAAGGACCTCGGGCAGCTGCCTCCCCTGTC TGEGCCTCACGGACGGACAGACGGAGCAGGTGCTTGGCCATTGCCAGGTGGTCGTCGCCTGGGGCCCTG
TGTGCTTTCCCCAAGCTGGGGTCCCCCTACAGCCCTGACCGCCCTTGTGCCCCTGCAGCTGTCCTGCTACGACCAGGCCAAGCAGCGGGTCCTTAGCACCGGGTACCTCTCTGACAACAT
L s ¢ Y D Q A K QR VL ST G Y L 8 DN I
Exon VIII
CTTCACTCACTTTGTCGCCAGCTTTATTGCAGTAAGTGGCCEGCATGGCTACGGGTGGGCGTCCCTGGGCCGGCCTTGEGCGCTGAGGGCACCCAGGATGGGGCGAGGGCTGGEGGAGEC
F T H F V A 8§ F I A

GGGGGCCTTGGGCATCTGGCAGTGCCCCCTGGGGCTCATAAGTGGGGTGCCAGGGCTTTGGGAGCTCATGGETCAGCCTGETGCCCCCGCCAGCATGTTCCTGGCCCGCCCTAGGAGTCA
GGTGGAGGTTCTGGCACGTGGGTGGGATTCGECGATGGTCCCTCGGCGTACCTGACAGGCCGCTGETGACGAGCCCCCTCCTCAGGETGCGATGTGCCACGTTCCTGTGCCAGCCCCTGGAT
G 6 ¢ A TVF L C Q P L D

1IF—p» Exon IX
AAGGGGGAGTATCAGGTGAGTGGGGCCCTGCCTGTGCAGTTGGGCTGCACAGCCCAGCGAAGTCCCCTCACCTCTCCGGGEGGTGGACACTCG
K G E Y Q

CACTGGGGACCCGGGGAAGGGTGTCCCTCCCTTCTAGTTGCCTGTC TCTGCACAGCACTTGCCTTGGGAGAGGGTTGTGCCTTTGAATGCCTTTGCCTTGTTTTTG T TTTTAGAGAAGAC

Figure 6 For legend see opposite page
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Alurepeat | ——p

TTC TTGGCCCGGCGCAAITGGCTCATGCCTGTAACCCCAGCACTTTGGGAGCCTGAGGCAGGCAGACTGCTTGAGTC TAGGAGTTCAAGACCAGCCTGGGCAACATACTGAAACCCTGTCT 5760
Alu repeat 2 ——p
C’I‘ACCAAAATTACAAAAATTAGFGGCCAGG’I"SCGGTGGCTCATGCCTATCATCCCAGCACT’I‘TGGGAGGTCGAGGCAAGCAGATCACCTGAGGTCAGGAGTTCAAGGACGCAGCCTGGCC 5880
AACATGGTGAAACCCCCTCTCTACTAAAAATACAAAAAATTGGCTGCGTGTGGTGGCGTGCGCCTGTAATCCCAGCTACTCGGGAGGCTGAGGCAAGGAGAATCGCTTGAACCTGGGAGG 6000
CGGAAGGTTGCAAGTGAGCCGAGATCACACCCATTGCACCCCAGCCTGGGCCACAAGAGTGAAACTGTCTTCAAAAAAACAAAACAAAACAARATTGGTCAGGCTTGGTGGTGCATGCCT 6120
GTAGTTCCAGCTACACAGGAGGCTGAGGTGGGATAATCCCTTGAGCCCAGGATGTCCAGGCCACAGTGAGCCGAGATTGCACCACTGCATTCCAGCCTTGGTGACAGGAGTGAGGACTGT 6240
Alu repeat 3 ——p
CTTAAAACATTTCT’I‘TTCEGCCAGGCACGG’I‘GGCTCACGCCTGTAATCCCAACACTTTGGGAGGCCAAGGC GGGCAGGATCACAAGTCAGGAGTTGGAGGACGCAGCCTGACGCAACATG 6360
GTGAAACCCCGTCTCTACTAAAAATGCAAAAAAATTAGCTGGGCCTGATGGCGCACGCCTGTAATCCCAGCTACTCAGGAGGC TGAGGCAGGAGAATTGCTTGAATTCAGGAGGCGGAGG 6480
TTGCAGTGAGCCGAGATTGCACCACTGCACTCCAGCCTGGRTGACGAGAGCGAGGACTCTGTCTTAAAAAAACAAAAAACAAAAAAAAACACATTTCTTTTCTTTCTTTTTTTTT LCCCE 6600
Alu repeat 4 ¢———
TCATTGCAACCTCCACCTCCTGGGATCAAGCGATTCCTCCTGCCTCAGCCTCCCAAGTAGCTGGGATTACAGGCGCCCGCCACCATGCCCGGCTAATTTTTCCATATTTTTAGTAGAGAC 6720
Alu repeat 5 ¢———
AGGGTTTCACCATGTCGGCCAGGCTGCGTCCTTGAACTCCTGACCTCAGGTGATCCGCT’I‘GCCTCGGCCTCCCAAAGTGFZTGGGATTACAGGChCGTGCCACCACTCCTGGCTAATTTTT 6840
GTATTTTTAGTAGAGACAAGGTTTCGCCATGTTCGCCAGGCTGGTC TTGAAC’I’CCTGGCCTGAAGTGATCTGCCGCCTCAGCCTCCCAAAGTGCTGGGATTACAGGTGTGAG]I‘C CACTGT 6960
GCCCGGCCAAAAACATTTCTTTCACCAGATTAACAGAGGTGGTGCCGTTCATGGCAGTCTGTGCCTCATAGGTGCTCTGGGTC TCCTGTCTTGGGCCCCCGCCARCTCCATGGGGCTTCC 7080
ACGTTTGCAGAGCCCATAGCTCTGTCCCTTTTCTTCTCCCTGACGCTGCCGTGCTGCATCCCTGATTCTCATGETTCTGTTCACAGCCCCCTCTGCCCACTGGACCCCGGGCTGCACCCT 7200
CGGGCCCTGGTTGTACCGCATGAGCAGGCAGGGTGGCCGTTGACCTGGCTGGTGCCTGCAGACCTGTGGTCACCTGTTACCAGCCAGCAGCCGCCGCTCACACCCACACCCACACCCACA 7320
CCCCACATTGAGAATGCCCAGGCCACCGTGCCTGEGCTGGTGCCTGGGAGGGGATTTTCGTTGCCT T TTGGGTGAGAAGCAGCCTTTTTGATTGTTTCACTGCGTTTTCTGCA gcch 7440
Exon X
TTCCACTGCGCCGTGGAGACAGCGAAGCTCGGGCCTCTGGCCTTTTACAAGETGCAGTGGTGGCGGCAGTGECGGCTTGGGCAATGGGGAGCGGECCCCTTCGGECTCTGTGTCTCTCAT 7560
F H C AV ETATZ KTLTGUPTULATF Y K
TTTCCCCTGTCTCCCTCCAGGGCCTCGTCCCAGCTGGCATCCGCCTCATCCCCCACACCGTGCTCACTTTTGTGTTTCTGGAACAGC TACGCAAAAACTTTGGCATCAAAGTGCCATCCT 7680
G L V PAGTIU RTILTIZPHTVTILTFUVTFTLTET OQTLTZ RIKTINTFTGTIZKV P S
Exon XI
GACCAGCCGTGGGAATGGCTGGGCTGCCAGGCCAGACACGCTAGETTCTTCCARAAGAGTCCCAAGCCCAGCACCTGCTCCTGGGGCCACGACCTCCCTGGCCGTGGCCACCCGTCCTCCG 7800
*
CAGCAGGCCCCTGCTGTCCCCCCACCTGCTGGCTGAGCTCCTCCTGGCCTCGTCCCCTCTCAGCTETAGCTGCACCACCCCCGCTCTGGCTACCAGGCTCTCCCGGCTGGECACTGCCTE 7920
2R

GGGAACAGGGGCTACCAGAGGCTGATTTCTCCCCTC TCCTEGGGCCAGEGGAGECGTATTATCCCTGCCTCCTGCCCCCGATGCCCAA 8040
AGCAGCATCTTCCAGCACTTTCCATCGAGGAC TTGGGTGGCAGAGTGTGCETGCAGCCTGGCTETTGCTCACCCARGTGCTAGCTCTGCACTTCGTGTCTGCTGAGAGCAACCAGACCTT 8160
CCATGTCCTCGGGCAGCTGCAACTCCCCGCGAGACCCCGCAGCTGEGTGEGATGAACAAGCAACGCAGACCACARAGCGAGTGCCTGGEAGGGAGTGGCCCAGGGTGGTTCTGGAGCCATT 8280
GTGGGTGAGGGTCGAGGGCCACCGAGGTCCCCGCGCACCGCTGCCTGCCCTGCAGTGGCTTTAACAGTTAGTTTTGCCAAAGCCTCTCCACTCACCAGCAGGCGGTCTCTGTCTTCAGGE 8400
ATTGTGCCTGCGTCCCTCGGGCACCTGGGCCCCCCCGUTTGGCTCCCTEGEGGAATGGCCCAGGCGEGCCTGCGGTTCCTCCTTAGGGCCTTCTCCCCGACAAGGAGTCCGACGGGECEE 8520

<4—— IR

ATGCTGCATCCTCTGCCTCCCTGGTCGCTGECCTTCACCCCACCTGGGAAGGGCAGTETGCTCTGTGGGGGCTTGCAAT 8626

Figure 6 DNA sequence of the human DIC gene

The nucleotide sequence is numbered, and the locations of exons I-XI and the protein sequences they encode are shown. Exon/intron boundaries are denoted by small arrows. The stop codon
is denoted by an asterisk (*). Primer sequences used in PCR and hybridization experiments are shaded. Horizontal arrows pointing to the left or right indicate that the primers were synthesized

as either the sequence shown or its complement respectively. Large boxes contain Alu sequences.

fragment and contained the putative translational initiator
methionine codon. The final human ¢cDNA sequence of 1865
nucleotides (see Figure 1) was determined completely in both
directions. The assignment of the proposed initiation codon is
supported by the closely related murine sequence, where the
corresponding codon is preceded by an in-frame stop codon. The
5" and 3’ untranslated regions are 29 and 972 bp in length
respectively. The 3" end of the sequence is terminated by a run of
A residues separated by a 20 nucleotide sequence from the
preceding AATAAA sequence, a typical signal for polyadenyl-
ation of mRNA [27].

The cDNA encodes a protein of 287 amino acids, one amino
acid longer than the rat and mouse homologues, with a molecular
mass of 31 329 Da. The protein sequence of human DIC is 88, 89,
57, 57 and 369, identical to the rat, mouse, D. melanogaster,
Caenorhabditis elegans and Saccharomyces cerevisiae homologues
respectively (see Figure 2).

Expression of the DIC in various tissues

We studied the distribution of the transcript of the DIC gene by
Northern blots performed on mRNA derived from various
human tissues. Among the tissues examined, DIC was expressed
most strongly in kidney and liver. Lower levels were detected in
pancreas, lung, placenta, brain and heart, and even less was
found in skeletal muscle (see Figure 3). The DIC transcript,
estimated to be about 2.3 kb long, is larger than the cDNA
sequence that has been determined, indicating that the transcript
may have an extensive 5" non-coding region. The tissue distri-
bution at the protein level was also investigated by Western-blot
experiments performed on rat mitochondrial lysates, using an
antiserum raised against the rat DIC protein expressed in E. coli.
Abundant levels of protein were detected in kidney and liver,
whereas lower levels were found in lung, spleen, heart and brain
(Figure 4). The lowest level of DIC was detected in skeletal
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Table 1

Exon sequences are shown in UPPER CASE, intron sequences are shown in lower case, and splice sequences ag/gt are in bold face. The interrupted amino acids are shown in parentheses with
three-letter abbreviations; the location of the slash (/) indicates the location within the codon where the splice junction occurs; and dashes (—) indicate uninterrupted codons.

Exon—intron organization of the DIC gene

Size 3’ Splice site 5’ Splice site Size Interrupted
Exon (bp) (acceptor) (donor) Intron (bp) amino acid
1 122 TGCTCAAGgtgaggc A 2404 -
2 120 actcccgcagGTGCA GCAGACAGgtgcgtg B 405 -
3 115 tctcccccagATGAC CGTCAGCGgtgactg C 98 G/GT (Gly)
4 49 gtcaccgcagGTTTA AACGTCAGgttggtg D 268 AG/G (Arg)
5 42 tctgtttcagGATGC CGGCGCAAgtgagtc E 763 AA/C (Asn)
6 44 tccccggcagCTACG TCGTGAAGgtgaggg F 149 G/AG (Glu)
7 7 ccttgtgcagAGGGT TGGGCCAGgtaggcc G 328 -
8 93 gcccctgcagCTGTC TTATTGCAgtaagtg H 293 -
9 78 ccctectcagGGTGG AGTATCAGgtgagtg | 1992 -
10 57 ttttctgcagGGCGT TTTACAAGgtgcagt L 89 -
11 1046 ctcccteccagGGCCT

2404 405 98268 763 149328 293 1992
>122 120 | 11549 |42 44171 93 ( 78
A [

I Il miwv v

Figure 7 Structure of the human gene encoding the mitochondrial DIC

vivi vill X

The exons and introns are shown as filled boxes and continuous lines respectively, and their sizes are given in bp.

muscle, in agreement with the results obtained by Northern
blotting. At present, there is no explanation for the presence of
DIC in heart and other tissues where gluconeogenesis and
ureogenesis do not operate. Thus the DIC may have other func-
tions in these tissues, possibly exclusively catalysing supply of
substrates to the tricarboxylic acid cycle.

Cloning and sequencing the human gene for the DIC

The human genomic sequence of the DIC gene was derived from
three overlapping clones generated by PCR1, PCR2 and PCR3
(Figure 5) using genomic DNA as template. The primers
employed in PCRI1, namely 1F and 1R (see Figure 6), corre-
sponded to nucleotides 695-718 and 1812-1837 respectively of
the human DIC cDNA sequence. PCR1 gave a single band of
about 3200 bp, which corresponded to the 3’ extremity of the
DIC gene and contained only the intron L (Figure 6). Using
primers 2F and 2R (see Figure 6), corresponding to nucleotides
197-218 and 1143-1164 respectively of the human DIC cDNA
sequence, a genomic fragment of about 5300 bp was obtained
in PCR2. This fragment, which overlapped the one obtained in
PCR1 for 2551 bp (see Figure 5), was much bigger than
the corresponding segment of the human cDNA, indicating the
presence of introns. In fact, nine introns (B-L) were present in
this region (Figure 6). The 5 extremity of the human DIC gene
was completed with the approx. 2800 bp fragment obtained in
PCR3 (Figure 5). The primers employed in this third PCR
corresponded to nucleotides 1-22 (3F) of the human DIC cDNA
and 2783-2803 (3R) of the human DIC gene (Figure 6). The
product of PCR3, which overlapped the fragment obtained in
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PCR?2 for 203 bp (Figure 5), was about 2400 bp larger than the
corresponding cDNA sequence because it contained the first
intron (A) of the gene (Figure 6).

The genomic region cloned by PCR in the present study
corresponds to the same gene which has been previously mapped
to chromosome 17 [21], since in the latter studies the fluorescence-
in-situ-hybridization (‘ FISH’) experiments were performed using
the same genomic fragment obtained in PCR2 (see Figures 5
and 6).

Gene structure

The exons of the human DIC gene were identified by comparison
of the genomic sequence with the human cDNA sequence and by
comparison of the deduced amino acid sequence with that of the
carrier. Consensus rules for splice sites, which predict con-
servation of the dinucleotides GT and AG next to the 5" and 3’
intron boundaries respectively, were also taken into consideration
[28]. All the introns in the human DIC gene have the canonical
dinucleotides GT and AG at their 5" and 3’ sites respectively (see
Table 1 for a summary of the properties of the introns). In this
way it was found that the human DIC gene has 11 exons
separated by ten introns. Its structural organization is indicated
in Figure 7. The DNA sequence of the eleven exons, ranging in
size from 42 to 1046 bp, corresponded to the human cDNA
sequence (Figure 1). The junctions of introns A, B, G, H, I, and
L are type 0 (splicing between codons), those of introns C and F
are type I (splicing after the first base of the codon) and those of
introns D and E are type II (splicing after the second base of the
codon) (see Table 1). The transcriptional start site of the human



Human dicarboxylate carrier gene structure 959

5658-5782
5792-6066
6259-6520
6813-6600 (-)
6952-6799 (-)
Alu consensus

5658-5782
5792-6066
6259-6520
6813-6600 (-)
6952-6799 (-)
Alu consensus

5658-5782
5792-6066
6259-6520
6813-6600 (-)
6952-6799 (-)
Alu consensus

5658-5782
5792-6066
6259-6520
6813-6600 (-)
6952-6799 (-)
Alu consensus

————————————— TGGCTCATGCCTGTAACCCCAGCACTTTGGGAGCCTGAGGCAGGCAG-ACTGCTTGAGTCTAGGAGTTCAAG-AC
————————— GCGGTGGCTCATGCCTATCATCCCAGCACTTTGGGAGGTCGAGGCAAGCAG-ATCACCTGAGGTCAGGAGTTCAAGGAC
-GGCCAGGCACGGTGGCTCACGCCTGTAATCCCAACACTTTGGGAGGCCAAGGCGGGCAGGATCAC - -~ AAGTCAGGAGTTGGAGGAC
————————————————————— GCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCAAGCGG-ATCACCTGAGGTCAGGAGTTCAAGGAC
———————————————— CTCACACCTGTAATCCCAGCACTTTGGGAGGCTGAGGCG-GCAG-ATCACTTCAGGCCAGGAGTTCAAG-AC
--GCTGGGCGTGGTGGCTCACACCTGTAATC CCAGCACTTTGGGAGGCCGAGGTGGGTGG-ATCACCTGAGGTCAGGAGTTCAAG-AC

* % * % * * Kk Kok ok ok ok K kkdh kK k kkkk KAkhkkkkkkkkk * Kk * * K * * k ok kok ok ok Kk * Kk kk

-CAGCCTGGG-CAACATACTG--AAACCCTGTCTCTACCAAAATTACA--AAAATTAG-~~~—————~———~=—--———————————=—
GCAGCCTGGC-CAACATGGTG--AAACCCCCTCTCTACTAAAAATACA-AAAAATTGGCTGGGTGTGGTGGCGTGCGCCTGTAATCCC
GCAGCCTGACGCAACATGGTG--AAACCCCGTCTCTACTAAAAATGCAAAAAAATTAGCTGGGCCTGGTGGCGCACGCCTGTAATCCC
GCAGCCTGGC-CGACATGGTG--AAACCCTGTCTCTACTAAAAATATGGAAAAATTAGCCGGGCATGGTGGCGGGCGCCTGTAATCCC
-CAGCCTGGC-GAACATGGCG--AAACCTTGTCTCTACTAAAAATACA~~AAAATTAGCCAGGAGTGGTGGCACGTGCCTGTAATCCC
-CAGCCTGGC-CAACATGGTGTGAAACCCCGTCTCTACTAAAAATACA - ~-AAAATTAGCCGGGCGTGGTGGCGCGCGCCTGTAATCCC

* % Kk Kk Kok * kK ok * * k ok kK dhkkdkdkokk Fhkkk * dkhkokk Kk * x * kK k ok ok Kk Kk dkkkkhkkkk

AGCTACTCGGGAGGCTGAGGCAAGGAGAATCGCTTGAACCTGGGAGGCGGAAGGTTGCAAGTGAGCCGAGATCACACCCATTGCACCC
AGCTACTCAGGAGGCTGAGGCA-GGAGAATTGCTTGAATTCAGGAGGCGGA-GGTTGCAG-TGAGCCGAGATTGCACC-ACTGCACTC
AGCTACTTGGGAGGCTGAGGCAGGAGGAATCGCTTGATCCCAGGAGGTGGA-GGTTGCAA-TGAG-~ -~~~ -~ ————=~—————-————

B Gm o
AGCTACTCGGGAGGCTGAGGCA~GGAGAATCGCTTGAACCCAGGAGGTGGA -GGTTGCAG-TGAGCCGAGATCGCGCC ~ACTGCACTC
*kk Kk k *khkkhkhkhkhkhkkkkkk Kk kdkkk kkkkhkok kkkkk FhkKhk hkkkokokk *kkokkkkokkkk * kk k kkkkk K*

CAGCCTGGCCGAGATCACACCCATTGCACCCCAGCCTGGGCCACAAGAGTGAAACT
CAGCCTGGCCGAGATTGCACC ~ACTGCACTCCAGCCTGG - — = = == === = = = = === = = o mm o e

CAGCCTGGCCGAGATCGCGCC-ACTGCACTCCAGCCTGGGCAACA-GAGCGAGACTCCATCTCAAAAAAAAAAAAAAAAA

kkkhkkkhkhhkhkkkhkk *  kk dkkhkk hhkkhkdhkkhkdkdkkkkhkk *hkk Kk kokk

Figure 8 Summary of human Alu sequences in the DIC gene

The sequences have been aligned with the consensus human Alu sequence by the ClustalW 1.7 program. Insertions, denoted by dashes (-), have been introduced to improve the alignment.
Completely conserved residues are indicated with asterisks (*).

H. sapiens [ I ][ 1 ][ I M[L] vl vii Jrvm ][ X J[ X ][ X1 ]

D. melanogaster [ I ][ II ]
C. elegans [ I ][ il l’ I ]{ v ][ v ][ VI ]{ VII ]
S. cerevisiae ( ]

repeat 1 repeat 2 repeat 3

Figure 9 Alignment of exons of DIC genes for various species with a secondary-structural model of carrier proteins

The exons are represented by white boxes containing Roman numerals. The gaps between boxes indicate the positions of introns in the corresponding genes. The capital letters above the arrows
correspond to the introns of the human DIC gene. The stippled boxes T1—T6 represent hydrophobic segments in the carrier proteins that are folded into transmembrane cc-helices. The consecutive
pairs of helices are joined by three hydrophilic sequences, E1, E2 and E3, which are proposed to lie outside the lipid bilayer. Shorter hydrophilic regions are denoted by dotted lines (...... ).
Each of the three sequence repeats 1, 2, and 3 in the carrier proteins consists of two proposed c-helical regions joined by segments E1, E2 or E3.

gene for DIC has not been mapped. Therefore, the 5" extremity

Repetitive DNA sequence

of exon I is not known, and it is unlikely that the rather short 5'- Human DNA contains two types of middle repetitive DNA
non-coding sequence present in the human cDNA represents the sequence : the long and the short interspersed sequences (‘ LINES’

full extent of this exon.

and ‘SINES’; [29-31]). No examples of the former have been
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detected in the DIC gene sequence described in the present paper,
but an example of SINES was detected in intron I. It contains five
repeats about 230 nucleotides long that are highly conserved and
identical with the Alu consensus [32] (see Figure 8). Similar
repeats have been detected previously in other mitochondrial
carrier genes, namely in the T2 gene for human ADP/ATP
translocase and in the gene for the carnitine carrier [33,34].

Evolution of human genes for mitochondrial carriers

Like other members of the mitochondrial carrier family, the
sequence of DIC consists of three homologous tandem repeats of
about 100 amino acids that are distantly related to repeats in
other mitochondrial carrier proteins. Each repetitive element is
made of two anti-parallel transmembrane hydrophobic a-helices
linked by an extensive polar region. The repeats are linked by
short extramembranous polar sequences, or loops [1-4,35,36],
and they are characterized by the conserved sequence motif’

P-h-D/E-X-h-K/R-X-K/R-(20-30 amino acids)-D/E-G-
(4 amino acids)-a-K/R-G

where h and a are hydrophobic and aromatic amino acids,
respectively. Therefore the evolution of carrier proteins includes
two tandem gene duplications of a primordial gene encoding the
100 amino acid repeat. The mammalian genes for the phosphate,
adenine nucleotide, carnitine, oxoglutarate and citrate carriers
[23,33,34,37,38] and for the uncoupling protein from mito-
chondria from brown adipose tissue [39] show that there is a
tendency for introns to interrupt the coding sequence in or near
to the sequences encoding the extramembrane loops, and their
presence in these positions suggests that the 100-amino-acid
repeat itself has evolved by an earlier linking of DNA sequences
encoding single transmembrane segments. Indeed, all mammalian
carrier genes sequenced so far have two conserved intron
positions, one in the sequence encoding the first hydrophilic loop
(intron A of the DIC gene; Figure 9) and the second immediately
before the sequence encoding the sixth transmembrane segment
(intron L of the DIC gene; Figure 9). Intron A is also found at
the same position in C. elegans (but not in D. melanogaster or
S. cerevisiae; see Figure 9), and introns H and I are also at
common positions in man and C. elegans. Therefore these three
latter introns were in the ancestral gene before the separation
of Pseudocoelomata and Coelomata. The position of intron E,
which is conserved in man, C. elegans and D. melanogaster
(where it is the only intron in the gene), may be a relic of the
linking of two superdomains representing the N- and C-terminal
halves of a primitive DIC. Two other introns in the human DIC
gene (introns D and F) and one in C. elegans interrupt the two
superdomains, lending further support to this suggestion.
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