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The uncoupling protein (UCP) gene encodes a unique mammalian mitochondrial
proton carrier that induces heat production in brown adipocytes. Human UCP gene
was isolated and its organization analyzed. A comparison was made with rat UCP
gene. Human UCP gene spans 13 Kb and contains a transcribed region that covers 9
Kb of the human genome. All of the exons were also sequenced except the extreme
end of the 3’ untranslated region. Two Kb DINA upstream the TATA box were also
sequenced. This region contains several fragments that are highly homologous to the
gene of rat UCP. Neither CCAAT sequence nor Sp 1 binding motif were detected.
Human UCP gene is split into six exons. The complete amino acid sequence of the
protein was determined. Human UCP has 305 amino acids and a molecular weight
of 32,786. It has no N-terminal targeting sequence. It is 79% homologous to rat UCP
both at nucleotidic and amino acid levels. The primary structure of UCP is signifi-
cantly homologous to the primary structure of the human T, ADP/ATP carrier,
particularly in the C-terminal extremity, which is supposed to contain a nucleotide-
binding site in both proteins. Human UCP gene is single type, as it is in rodents. Two
genomic fragments were used to detect a 1.9 Kb mRNA in human perirenal brown
adipose tissue. Using in situ hybridization, UCP gene was assigned in humans to
chromosome 4 in q31. Interestingly, the T1 gene encoding the heart-skeletal muscle
ADP/ATP carrier has recently been shown to be on the same chromosome (Li et al.
Biol Chem 264:13998, 1989).
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The uncoupling protein (UCP) is a characteristic component of the inner mem-
brane of brown adipose tissue mitochondria. It has the unique property to dissipate the
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proton electrochemical gradient generated by respiration and thus to induce thermogen-
esis in brown adipocytes in appropriate physiological conditions [1-3]. Most studies on
UCP and brown adipose tissue have been developed in rodents and cDNAs for rat and
mouse UCP were isolated [4—6]. An interesting finding was that UCP is related to other
ubiquitous carriers, such as the mitochondrial ADP/ATP-[7,8] and phosphate-[9]
carriers. The expression of UCP gene, in both rats and humans, is known to be controlled
by norepinephrine [10]. Recently, the organization of the mouse UCP gene was reported
[11] as well as the complete sequence of rat UCP [12]. We report here the structure of
the human UCP gene and its fine chromosomal localization. Previously we had reported
the isolation of a genomic fragment useful as a probe to detect human UCP mRNA
[13].

MATERIALS AND METHODS
Genomic Probes

The gene encoding human UCP was isolated from an amplified genomic library
using rat UCP cDNA [13]. This genomic library was a gift from Dr. A. Kahn (Paris). It
was made from a partial Sau 3Al digestion of human DNA ligated to the Bam HI site of
EMBLA4 vector. Restriction digestions of the isolated gene were analyzed using rat UCP
¢DNA [4] and subcloned in PUC or M 13 vectors.

DNA Sequence Analysis

DNA was subcloned into the sequencing vectors M13mp18 or M13mpl9 and
subjected to the dideoxy chain termination method [14]. Sequencing reactions were
primed with either 15-mer or 17-mer universal primers. Both strands were sequenced.
The 3-extremity of the fourth exon was determined using a synthetic oligonucleotide
primer 5-ACT CCC AAT CTG ATG AGA AGT GTC-3, corresponding to amino-
acids 177-184. Comparison of rat and human genomic sequences was done using a
matrix homology (DNA inspector II).

Preparation of DNA, RNA, and Blot Hybridization

Total genomic DNA was extracted from human liver obtained at routine autopsy
held within 24 h of death. DNA was digested with restriction endonucleases and
fractionated by electrophoresis on 1% agarose gels as previously described [4]. DNA was
transferred to nylon filters. Brown fat RNA was extracted and analyzed as described
[13]. Hybridization conditions were as described [4].

In Situ Hybridization

In situ hybridization was carried out on chromosome preparations obtained from
phytohemagglutinin-stimulated human lymphocytes cultured for 72 h, and 5-bromode-
oxyuridine was added for the final 7 h of culture (60 ug/ml of medium) to ensure a
posthybridization chromosomal banding of good quality. In situ hybridization was
carried out using the H-UCP-3.8 clone. This plasmid, containing an insert of 3,800 base
pairs in PUC, was tritium-labeled by nick-translation to a specific activity of 2.8 x 10’
dpm.ug'. The radiolabeled probe was hybridized to metaphase spreads at a final
concentration of 100 ng per ml of hybridization solution as previously described {15].
After coating with nuclear track emulsion (Kodak NTB,), the slides were exposed for 14
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Fig. 1. Genomic organization of human uncoupling protein gene and alignment with rat cDNA [8]. Four
genomic fragments A-D containing exonic (closed boxes) and intronic (open boxes) domains were se-
quenced. In rat cDNA, the thin line corresponds to 5’ and 3’ noncoding regions. The 3’ extremity of rat cDNA
indicates the position of the first signal of poly A addition. The position in the 3’ end of the rat cDNA
corresponding to the extreme 3’ nucleotide identified by sequencing of human gene is indicated by a slashed
line. The noncoding domain of the first exon as well as 2 Kb of the 5’-upstream region were also sequenced, but
the start site of transcription was not identified. A TATA box preceded by a GC-rich region was observed.
ATG initiation codon and TAA stop codon are indicated. AG/GT consensus sequences for splice donor and
acceptor sites are indicated. Restriction sites for Eco RI (@), Sau 3 AI (O), Ncol (O) and Sac I () are
indicated. Roman numerals correspond to the six exons of rat UCP [12].

days at +4°C, then developed. To avoid any slipping of silver grains during the banding
procedure, chromosome spreads were first stained with buffered Giemsa solution, and
metaphases were photographed. R-banding then was performed by the fluorochrome-
photolysis-Giemsa solution and metaphases rephotographed before analysis.

RESULTS AND DISCUSSION
Genomic Structure of Human UCP Gene

The isolation of human UCP gene using rat UCP ¢cDNA has been previously
reported [13]. In this preliminary study, the gene had been used only to subclone a
genomic fragment H-UCP-0.5 able to detect UCP mRNA in patients with pheochromo-
cytoma or hibernoma [13]. A partial restriction map of human UCP gene is given in
Figure 1. Three Eco RI fragments (3.8, 4.2, and 5.2 Kb, from 5'- to 3"-end, respectively)
form the gene. These three Eco RI fragments were detected in the cloned sequence (this
study) and in a digest of human genomic DNA probed with rat UCP cDNA (not
shown). The three Eco RI fragments were subcloned in PUC vectors and their SAU 3A1
digestion probed with pUCP36 rat UCP cDNA [4]. This strategy led to the isolation of
four genomic fragments containing exonic domains. These fragments A, B, C, and D are
positioned in Figure 1. Among these fragments, B corresponds to the H-UCP-0.5 probe
mentioned above. The four fragments, as well as other genomic fragments, were cloned
in M 13 vectors and sequenced. An alignment of genomic DNA sequences with rat UCP
cDNA [8], combined with the identification of AG/GT consensus sequences for splice
donor, and acceptor sites revealed that the human UCP gene at least contained six exons
scattered over a 13-Kb genomic domain (Fig. 1). The first exon covers the 5'-
untranslated region and the first 40 amino acids; the second exon extends from amino
acids 41 to 107, the third from amino acids 108 to 173, the fourth from amino acids 174
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10 20 30 40 50 60 70 80 20 100
AATTCTTTTCCTAGTCCTATTTGACTAGCCCCATTTTCCCGTGAAAAGCATGCCCCTTTCATTGCATCCATATCATGACTACCAAATACCTCCTCTATTT
110 120 130 140 150 160 170 180 190 200
CTTCCTCTTTTAGCATGTTAAATGCAGCTICCTAAGCTCTCTATCTGGATATCAACAGTATTCTCTCCAAATAATTCTAAGACTTTAAAAATTGGTTAAT
210 220 230 240 250 260 270 280 2390 300
CTTCTTACCCCTAAAATCACCCCCTTACCAACTCCCTCATGACAATCATTGGTACTGTCACTGAGCTTGCAACCCATGTTCTTAAACATAGAGTAATCTT

310 320 330 340 350 360 370 380 390 400
TGACTCCACATCTAATCATTCATAAAGCTGTATTGTCTATCAAATTAAATCTGACATTTATGTGAGAGCACTTCATAGTCTGTAAAGCACTACACAGGTG

410 420 430 140 450 460 470 480 490 300
ATAACATGAAGCTACACTCATAATGGATTTGCAGGCTCTGCTTCTCATTTGGCTTCTACAGCCTCATCCTCACCAACTTCTTGCCCTACCTCTCTCTITTC

510 520 530 540 550 560 570 sag 590 600
TTCCCCATCACCCAATTTCCCAGTCAGTCAGGCCAACAGAATGCATTCTATATACGCGACTTGCTTTCCCCAACATCTTTGCCTGTATGCATGCCACTTA

610 620 630 640 650 0o 670 680 630 700
TTTGCCTCAGTGATCTTTATTTCAACAAGTGTTTGCAGAGGAGAAACCTCGCTGGCTCCTTCTCCTTTCTATTTTTTTTCAGAGGCTACCCGTCAGGTCA
710 720 730 740 750 760 770 780 790 800
ACATTGCCTTTTTCAGGGAAGCTCTGCAAGCCTGACCTCCCTTGGAAGTGCCTTAGGACTGGCTTCTTGCACAGTACACAACCTTTTACTTATAGAGGGT
a10 820 B30 840 850 860 870 880 830 900
TTGGAGATTATTCTTTATTCATGTCTTATTTCTCCTBCTCCTGGAGGAGATGACTETGACYTCCACTGACTCTTTTGGGGGGCTTAAGTCAGGGTTGAGT

310 520 330 940 350 960 870 980 390 1000
ACCAGAGBCCCTAAATAGCTGGACGTGGATTCTOGTAATATCAAATCCATCTTTOGCTTAACTGAGAGGTTCTGAAAGCTGGGACCTBACCTTGTCCATT

1010 1920 1030 1040 1050 1060 i07¢C 1080 1090 1100
TCCCTCTTTCTCCAGTTTICCTATTATTTCCCACTGTTTTTTTTAAAAGTTTTTTIGTTTITCTTAAGTTTTCACAAGAATAAACATTGAAAATAAAATTTGC
1410 1120 1130 1140 1150 1160 1170 1180 1190 1200
ACAAAGATCGAACTAGGAAAGGCCACACAACCAACACATATTACATCATTATAGGTAAGTTAGCAGGGAGATTTCAGACCTGGGCTAGCTCTGGAACCAC

121Q 1220 1230 1240 1230 1260 1270 1280 1290 1300
ATTTTACACTGTTGAAAATAAAAGCTGGAGTACAGATGACTTTCCCAGGTTCACAGAGTTGGTAAGCTGGAGAGCTGCACCTGGAGCCAAGCAACCTGCC

1310 13290 1330 1340 1350 1360 1370 1380 1390 1400
CTGTCCTTTCCACTGCACCCTCTAAGAAATCTAATTAGAAGGAACAGGTGGTATCTCATTTTGTACGGTGCTTTAGCAATGTACTATTTGCTTTCTAGTG
1410 1420 1430 1440 1450 1460 1470 148C 1490 1500
TGTCTATTGTCTCGTTIGACATCTTCTCTCAAAAAGTGATGAAACGAAACGCTCTTTTTGACAAGTTCAGAGTGCTCTTGGTTCCTGTGTGGGATTCTTC
1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
CAAGTCTGAATTTGGTAGTGGGAAGAGAAGGAATCCGGAGGAAGGAGGATGAGAAGTTTAAAGGAGAGGAAAGGGAAGCAGAGAAGGCCGCAAGGTGCCT

i610 1620 1630 1640 1650 1660 1670 1680 1690 1700
GCAAGATGTCTGGGGAGTTGGAGGAATGGAAGAGTGCCCCGCTCTTCCTTCTGGGAGAGCTCCAGCTAGGCAGAACCTTTCACCAAGGTCTGATATCGTG

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
CTGGTTTCCGAAAGCCCCAGCCGAA-GTGTGCAGCCAAAGGGTGACAGAAGGTGAGGCACGTGCGGGGGCGCGGGT -TGACCGE ~-GGTGCGCCCTCCCTC

1810 1820 1830 1840 i8s50 1860 1870 1880 1890 1900
CGACGTGCGGTGTGCGGOGCGCAGACAACCAGCGGCLG-CCAGGGCTTTCOGGGAGCGAAGCAGGGCTCCCGAGGCACCGAGCGAGAATGGGAATGGCAG

1510 1920 1930 1940 1930 1960 1970 1980 1990 2000
GGACCGGTGCTCCCGACACGCCCCGGCAGGTCCCACGCCCGGGTCTTCTGAGACCTCGCGCGGCCCAGCCUGGGAGCGGCCCAGCTATATAAGTCCCAGE

2010 20 2030 2040 2050 2060 2070 2080 2090 2100]
GGAAGACCGGAACGCAGAGGGTCCT - TGGCGCGAGGGTGGGTAGGAGGGGA -CGGACTCGCCCAACACGGCTCHGTCTGCAGCCGCCGCCTCTGCACCGEC!
) 2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
(GCTGCCCGG-COBTTCAAAAAACAGAAATCGGGTTTGCTGCCCGGCGGACAGGCGTGAAGAGCAAGGGAAAGGAACTTCCTCCACCTTCGGGGCTGGAGC

2210 2220 223C 2240 2250 2260 2270 2280 2290 2300
CTITTTCCTCTOCATCTCCAGTCTCTGAGTGAAGATGGGGGGCCTGACAGCCTCGGACGTACACCCGACCCTBOGGGTCCAGCTCTTCTCAGCTCCAATAG

2310 2320 2330 2340 2350 23 2370 2380 2390 2400
CGGCOTGCTTGGCGGACGTGATCACCTTCCCGLTGEACACGGCCAAAGTCCGGCTCCAGETAGC TAGGC AGAGGGGTAAGACAAGGGGTCTCAGGACAGA

2410 2420 2430 2440 2450 2460 2370 2480 2490 2500
GOGGACGCTGTTGCGTGCATTCCATTTATTICTCTGCTTTGGTGTAACCACTGTTTCTAGGTAGGGTAGGTGACCTTCCAAAGCAGTCTGGCCTTGTCCAG
2510 2520 2530 2340 2550 2560 2570 2580 25990 2600
GGCTGGTGCTTTAGGATGGGAAACTGGAACTTTT TCTGGGATTAGCTGAAGAACCACCAGGGCCACAGAGAATGGGTTGACCATGACTACTACCAAATTC
2610 2620 2630 2640 2650 2660 2670 2680 26390 2700
TCCCAAAATTTAGGGTGCACTTAGTATTTTAAGAGCTCAGAATATTGGCCTCTCCTGAGTTTACTAGTCAGGTGCTTTTTCCTTTCTTTGATTCTTCGGG
2710 .2720 . . 273Q 2740 2750 2760 2770 2780 2790 2800
GGTTCTGTCCTATCCTACTGCCCTAGGGGTTCTGGAGAGT TCCTGGGGAGGGGGATATTCAAAATGTGCATTGTAGCCAGCCTCCCTCCATCTGCGCGTG

2810 2820 2830 2840 2859 2860 2870 2880 2890 2200
AGCGAACACACACACACACACACACACACACACACACACACACACAGTAGAGGAGTGATGAAGAGGAATGTTGCTGAGAAAAGAAACGAAAATAGGAACA

2910 2920 2920 2940 2950 2960 2970 2980 2990 3000
CAGGGGGAAATCTTGGCTTAAGAGTGAACTCAATTTCGCTCCCTTCTGTTCTGCACCTTTCTTATTTCCAGGTCCAAGGTGAATGCCCGACGTCCAGTGT|

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100
TATTAGGTATAAAGGTGTCCTGGGAACAATCACCGCTGTGGTAAAAACAGAAGGGCGGATGAAACTCTACAGCGGGCTGCCTGCGGGGCTTCAGCGGCAA

3110 3120 3130 3140 3150 3160 3170 a0 3190 3200
ATCAGCTCCGCCTCTCTCAGGATCGGCCTCTACGACACGGTCCAGGAGTTCCTCACCGCAGGGAAAGAAAGTAAGCCETGAGCGTTCCTGGGAGGGGCAG

3210 3220 3230 3240 3250 3260 3270 3280 3290 3300
AAAMAGCCTTGG-TCCGUCTCTGTTCCAAAAAGTGTAACACACAGAGGAGTGGTTTTCATAACAAATTGGCGAGAAAACATTCATATTTGAACTCTCCCTTC
3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
CCCAAACATTAGCTCATTGTTCATAGAAAAAAGTATGCAAAATCGATTTTTTAGATGCAGATATATACTTGTAAAGGTCACCCAGTCATGGAAGTTTTGT
3410 3420 3430 3440 3450 3460 3470 3480 3490 3500
GCCCAGTTTGGATCTCCATCTGGAGAATATGGGTGGGCTACAGAAAAATGTTTAACTTAAAGTTCTCCAAAGAGGGAAGTATATCAGAAACATCTATGGA
3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
GCTTGTCAGAAATCC - AACGAGGACTACCATGGTCCTCTGAGTCTGAATCCTCAGGCTAGAGACCAGAGTGTCTTTCCACAAGCTTCCCTCATCATTTGT
Je10 3620 3630 3640 3650 3660 3670 3680 3690 3700
GTATGCAACAAAGTYCAAAGCCTTCTOTTTGAAGCAAAGAAAGCCAGACTTTGTGAAGAGAGTTGAAAGGACAGGAAAAGACATATTTCCTCTTAAGAGG
3710 3720 3730 3740 3750 3760 3770 23780 3730 3800
TTCCTCATCAGGTCCAGGAAAGACCAGAGCAGAAAAAGTGGACG-- TGCTGCAGGGAGTTTGTTTAGGGGAAAAAGAAAAGGAAACATATGGAGCTTGTC

3810 3820 3830 3840
AGAATCCAACGABACTACCATTICCTCACTGUCAGTOCACTCTAAGAAT

<< TATA box

<< exon 1

<< exon 2

Fig. 2. Nucleotide sequence of the 3.8 Kb 5" domain of human uncoupling protein gene. On the right-hand
side of the figure, double arrows 1-4 indicate underlined sequences highly conserved in human and rat UCP
genes. A presumed TATA sequence in underlined. The two first exons are boxed. The interrupted line above
the 5’ extremity of the first exon corresponds to the presumed limit. Consensus splite sites (dinucleotides AG
and GT) at the intron/exon boundaries are underlined. The dash at various positions indicates uncertainty
that could not be removed in spite of repeated analysis. This H-UCP-3.8 genomic fragment was used to

determine the chromosomal localization of the gene (Fig. 7).
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to 207, the fifth from amino acids 208 to 267, and the last exon encodes the remaining 38
amino acids and the 3’ untranslated region. This structure is similar to that observed with
mouse and rat UCP gene {11,12].

Two Kb at the 5’-end of the gene were also sequenced, and the nucleotide sequence
of the 3.8 Kb 5" Eco RI fragment of the gene is given in Figure 2. A presumed TATA box
was observed, but no CCAAT sequence was detected (Fig. 2). The TATA box is
preceded by a 0.2 Kb G + C rich domain (71% nucleotides). However, no Sp 1 protein
binding motif is present either in the 5’-upstream domain of the gene or in the first intron.
The difficulty in obtaining high-quality poly (A*) RNA from human brown adipose
tissue prevented mapping the transcription start site as done for the mouse and rat UCP
gene [11,12]. A comparison of the 5-upstream domain of rat [12] and human genes was
made (Fig. 3). A significant homology was found when 2 Kb of each gene were
compared (left part of Fig. 3). The level of homology was particularly high when the
region — 1281 to — 1253 of rat gene was compared with the region —1491 to —1463 of
human gene (right part of Fig. 3). This small domain, of which the sequence is given in
Figure 2 (arrows 1), could identify a sequence involved in the regulation of UCP gene in
both species. Moreover, at position —565 in rat gene and — 569 in human gene, the same
5-TGACATCT-3 sequence is present (arrows 3 in Fig. 2). Interestingly, this sequence
is 85% homologous to the consensus CRE sequence. It suggests a role for cyclic AMP in
the regulation of UCP gene expression in rats and humans. The identification of
regulatory elements in rat and human UCP gene is presently under study.
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Fig. 3. Comparison of 5’ end-of human and rat uncoupling protein genes. An homology matrix analysis was
made (window: 10 nucleotides; maximum of mismatches: 2). DNA 1 and DNA 2 refer to rat and human
sequence, respectively. The left part of the figure shows a study on 2 kb. The right-hand side of the figure
corresponds to the region — 1281 to — 1253 of rat gene compared with the region — 1491 to — 1463 of human
gene (the first T of the TATA box of both genes was taken as position + 1). The sequence of this conserved
domain is shown in Figure 2 (arrows 1).
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1 S 10 15 20 25

Hum AR oy Gly Gly Leu Thr Ala Ser Asp Val His Pro Thr Leu Gly Ual Gin Leu Phe Ser Ala Pro Ile Ala Ala Cys Leu
Rat AR —~ Ual Ser Ser Thr Glu Gin HMet Lys lle Gly Val Ser

26 30 35 40 45 SO
Hum AR Ala Asp Ual |le Thr Phe Pro Leu Asp Thr Rla Lys Val Arg Leu G|in Val GIn Gly Glu Cys Pro Thr Ser Ser
Rat AA Ile fle Gly GIn fAla

51 55 60 b5 70 S
Hum AA Val Ile Arg Tyr Lys Gly Val Leu Gly The Ite Thr Ala Val Val Lys Thr Glu Gly Arg Het Lys Leu Tyr Ser
Rat AR Thr Thr Leu Ala Leu Pro

6 80 85 90 95 160
Hum AR Gly Leu Pro Rla Gly Leu Gin Arg GIn )le Ser Ser Ala Ser Leu Arg !le Gly Leu Tyr Asp Thr Ual Gin Glu
Rat AR lle Phe

101 105 110 s 120 125
Hum RA Phe Leu Thr Rla Gly Lys Glu Ser _Lys Pro ***ILeu Gly Ser Lys lle Leu Rla Gly Leu Thr Thr Gly Gly Val
Rat AA Tyr Phe Ser Ser Arg ThrIPro Rla Ser Ser Met

126 130 135 140 145 150
Hum AR Ala Val Phe |le Gly Gln Pro Ser Giu Val Ual Lys Val Arg Leu GIn Ala GIn Ser His Leu His Gly fle Lys
Rat AR Thr Met

151t 155 160 165 170 175
Hum AR Pro firg Tyr Thr Gly Thr Tyr Asn Ala Tyr Arg lle lle Ala Thr Thr Glu Giy Leu Thr Gly Leu Trp Lys(Gly
Rat AR Ual Ser Ser Thr

176 180 185 180 195 20
Hum AR Thr Thr Pro Asn Leu Met Rrg Ser Ual lle lle Asn Cys Thr Glu Leu VARl Thr Tyr Asp Leu Ile Lys Giu Rla
Rat AR Asn Het Gly

201 205 — 210 215 220 225
Hum RA Phe Ual Lys Asn fAsn ile Leu Rla! Asp Asp Ual Pro Cys His Leu Leu Ser Ala Leu iie Ria Giy Phe Cys Rlia
Bat AR Leu Asn His His i Ual Thr

226 230 235 240 245 250
Hum AR Thr Rlo Met Ser Ser Pro Val Asp Ual Ual Lys Thr Arg Phe |le Asn Ser Pro Pro Gly Gin Tyr Lys Ser VYat
Rat AA Leu Leu Aia Leu Pro

251 295 260 2635 270 275
Hum AR Pro Rsn Cys Ala Met Lys Ual Phe Thr Asn Glu Gly Pro Thr Rla Phe Phe LgsTGIg Leu Va! Pro Ser Phe Leu
Rat AA Ser Thr Met Tyr Lys Rla 1 Phe Ala

276 280 285 290 295 300
Hum AR Arg Leu Gly Ser Trp Asn Val lle Met Phe Ual Cys Phe Glu Gln Leu tys Arg Glu Leu Ser Lys Ser Arg Gin
Rat AR Lys Met

301 305
Hum AR Thr Met Asp Cys Ala Thr
Rat AA Ual Thr

Fig. 4. Nucleotide-deduced amino acid sequence of human uncoupling protein and comparison with rat
UCP primary structure [8]. For rat sequence, only the residues that differ from human UCP are indicated.
The limits between exons are indicated by vertical and horizontal lines in rat and human sequences. The three
stars at position 111 correspond to a deleted amino acid in human UCP.

Primary Structure of Human UCP and Comparison With Human
ADP/ATP Carrier

The complete amino acid sequence of human UCP was derived from the nucleo-
tidic sequence and the organization of exons (Fig. 4). The human UCP has 305 amino
acids, a molecular weight of 32,786 and a polarity index of 41. The rat UCP has 306
amino acids, a molecular weight of 33,042, and a polarity index of 42% [8]. The human
UCP has no N-terminal targeting sequence. The same observation was previously
reported for rodents [3,5,7,8]. Rat and human exons share a 79% homology at both
nucleotidic and amino acid levels.

It has been previously reported that rodent UCP and bovine or human mitochon-
drial ADP/ATP carrier (AAC) are partially homologous at the level of their primary
structure [7,8,16—18] and that they share a similar organization made of three internal
repeats [7]. A comparison of the three repeats of human UCP and human AAC [19] is
shown in Figure 5. These data confirmed that the two proteins have the same organiza-
tion and probably derive from a common ancestor. Interestingly, as previously noticed
for rat [8] and bovine UCP [20,21], the highest degree of homology was found in the
C-terminal region of the two proteins and particularly at the level of an ADP-binding site
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Fig. 5. Alignment of human uncoupling protein (UCP) and human skeletal muscle ADP/ATP carrier
(AAC) [19,24] primary structures. Repeats 1, 2, and 3 are N-terminal, central, and C-terminal, respectively.
Identities present in the six sequences are indicated by closed triangles and solid lines. Identities present in at
least four of the six sequences are indicated by open triangles and dotted lines. The cytosolic-sided domain in
AAC identified as an ADP-binding site [22] is boxed.

(boxed fragment in Fig. 5) recently identified in bovine AAC [22]. It is known that the
proton transiocating activity of UCP can be fully inhibited when purine nucleotides are
bound to UCP [1]. This C-terminal region of UCP, which is highly homologous to AAC,
could thus be implicated in the binding of nucleotides to UCP.

Southern and Northern Analysis of Human UCP

A preliminary study [13] of DNA from three individuals with H-UCP-0.5 probe
(B probe in Fig. 1) suggested that there is a single gene for human UCP, as is known for
rodents [4,6,11,12]. Southern analysis of human DNA from three other individuals is
shown in Figure 6. The A genomic probe (Fig. 1) hybridized to the 3.8 Kb Eco RI band
from which it is derived (lanes 1-3 in Fig. 6), whereas the 0.5 Kb B probe detected a 4.2
Kb Eco RI band (lanes 5 and 8 in Fig. 6). It can be concluded that the gene is single type
in humans, and it exhibits no polymorphism, at least in this limited study. This is in
contrast with what is known for human AAC, which is encoded by at least three different
genes [19,23,24]. Another major difference between UCP and AAC genes is the exis-
tence of six exons in the mouse [11], rat [12], and human UCP genes compared with
four exons in human AAC T1 gene [19,24] and AAC T2 gene [24]. Interestingly, in rat
{12] and human UCP genes (Fig. 4) and in human AAC gene [19,24], the first intron
interrupts the coding sequence at the same position (Leu G/In Val Gln for UCP gene
and Leu Gln/Val Gln for AAC gene). A similar observation had been made previously
when comparing rat UCP gene with the AAC gene of Neurospora crassa [12].

UCP genomic probes A and B could easily detect a 1.9 Kb mRNA in Northern
analysis of RNA extracted from human perirenal brown adipose tissue (bottom of Fig.
6). In rodents, UCP has two mRNAs of 1.5 and 1.85 Kb length [3-6]. We have
demonstrated that two polyadenylation sites in rat UCP gene explain the existence of
two mRNAs [12]. We have also reported that newborn calves and lambs have only one
1.9 KbmRNA encoding UCP and that the first polyadenylation site of rodents is lacking
in bovine UCP gene [25]. Although the complete sequence of the 3'-end of the human
UCP gene was not determined in the present study, it may be suggested that the presence
of only one mRNA species in humans is also due to a single polyadenylation site in
human UCP gene.

Human Gene Mapping by In Situ Hybridization

In situ hybridization was done with H-UCP-3.8 genomic probe (Fig. 7), which is
the 3.8 Kb 5" Eco RI fragment of human UCP gene (Fig. 1). Its complete sequence is
shown in Figure 2. In genomic DNA analysis (data not shown), this probe gave exactly
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Fig. 6. Southern and Northern analysis of human uncoupling protein. Genomic DNA (20 pg) prepared
from nongenetically-related individuals was cut by restriction enzymes Eco RI (lanes 1-3, 5, and 8), Hind III
(lanes 4, 7 and 9) or Taql (lane 6). Hybridization was made with genomic A probe (lanes 1-3) or B probe
(lanes 4-9). These two probes correspond to fragments A and B in Figure 1. The sizes (in Kb) of the human
genomic fragments are indicated at the left and right parts of the autoradiograph (estimated from Hind III
digested A DNA). At the bottom of the figure, the two inserts correspond to human UCP mRNA detected in
Northern analysis of 5 ug of poly A*-RINA extracted from human perirenal brown adipose tissue. No UCP
mRNA was detected in liver poly A *-RNA. Hybridization was made with A probe (left-hand side insert) or
B probe (right-hand side insert).

the same signal as that obtained with the A probe (left-hand side of Fig. 6). In the 100
metaphase cells examined after in situ hibridization, there were 248 silver grains
associated with chromosomes, and 41 of these (16.5%) were located on chromosome 4;
the distribution of grains on this chromosome was not random: 73% mapped to the
[q28-q31] region of chromosome 4 long arm with a maximum in the 4g31 band.

These data allow us to assign H-UCP-3.8 probe to the g31 band of the human
chromosome 4. Jacobsson et al. {6] detected a Bam HI restriction fragment polymor-
phism for mouse UCP gene, and a study of this polymorphism in genomic DNA of
recombinant inbred mouse strains allowed them to map the UCP gene to chromosome 8
of mouse. This observation, compared with the present assessment of UCP gene to
chromosome 4 of humans, could indicate homologies between these two murine and
human chromosomes. It is presently known that the proximal as well as the distal regions
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Fig. 7. Chromosomal localization of human uncoupling protein gene. a: Two partial human metaphases
showing the specific site of hybridization to chromosome 4. Top: arrowheads indicate silver grains on
Giemsa-stained chromosomes, after autoradiography. Bottom: chromosomes with silver grains were subse-
quently identified by R-banding (FPG technique). b: Ideogram of the human G-banded chromosome 4
illustrating the distribution of labelled sites for H-UCP-3.8 probe. The sequence of the genomic probe is given
in Figure 2.

of the long arm of human chromosome 4 exhibit homologies to murine chromosomes 5
and 3, respectively [26]. Chromosome 4 is a large chromosome in humans and a region
of human genome for which there are very few finely localized markers [27]. In addition
to UCP gene, the only other gene markers that have been localized to or near 4q31 are
fibrinogen alpha, beta, and gamma polypeptides, erythrocyte glycophorin, intestinal
fatty acid binding protein FABP2, and lipocortin [Ia [27]. In other respects, genetic
defects involved in anterior segment mesenchymal dysgenesis and in sclerotylosis have
been mapped to 4q28-q31 [28]. Recently, Blanquet et al. [29] have also reported the
regional mapping to 4q32 of a DNA domain rearranged in human liver cancer. Whether
genomic probes for human UCP will be helpful in studies on human genetic diseases
remains to be investigated.

Human Uncoupling Protein and Human Muscle Adenine Translocator
Are Localized on the Same Chromosome

In a very recent study, Wallace and his colleagues have reported the chromosomal
mapping of the T1 gene encoding the human ADP/ATP carrier expressed in heart and
skeletal muscle [19]. They could demonstrate, using both flow-sorted chromosomes and
segregating human-mouse hybrid cells, that this gene is located on chromosome 4. Thus,
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UCP and AAC genes belong to the same chromosome. The fine localization of AAC
gene on the chromosome 4 has not been reported yet. Colocalization of the two genes on
the same chromosome could confirm their common origin and stimulates further studies
on the evolution of multigene family of mitochondrial carriers.
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