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Abstract

We have mapped large (cybL) and small (cybS) subunits of cytochrome b in the succinate-ubiquinone oxidoreductase
(complex II) of human mitochondria to chromosome 121 and 11923, respectively (H. Hirawake et al., Cytogenet. Cell
Genet. 79 (1997) 132-138). In the present study, the human SDHD gene encoding cybS was cloned and characterized. The
gene comprises four exons and three introns extending over 19 kb. Sequence analysis of the 5’ promoter region showed
several motifs for the binding of transcription factors including nuclear respiratory factors NRF-1 and NRF-2 at positions
—137 and —104, respectively. In addition to this gene, six pseudogenes of cybS were isolated and mapped on the
chromosome. © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Mitochondria; Succinate dehydrogenase; Cytochrome b; Gene structure; SDHD; Nuclear respiratory factor (NRF);

(Human)

Succinate—ubiquinone oxidoreductase (complex II)
is an important enzyme complex in both the tricar-
boxylic acid cycle and the aerobic respiratory chains
of eukaryotic cell mitochondria and prokaryotic
cells. Complex II catalyzes the oxidation of succinate
to fumarate (succinate dehydrogenase: SDH) and
transfers its reducing equivalent to ubiquinone [1,2].
Complex II also catalyzes the reduction of fumarate
(fumarate reductase: FRD), which is the reverse of
the reaction catalyzed by SDH, in the respiratory
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chain of anaerobic bacteria and in the mitochondria
of facultative anaerobic animals such as adult Asca-
ris suum [3,4]. Complex II is generally composed of
four polypeptides with apparent molecular masses of
70, 30, 15, and 13 kDa, and contains five prosthetic
groups, one covalently linked FAD, three iron—sulfur
clusters (2Fe-2S, 4Fe-4S, and 3Fe-4S), and heme b.
The larger two subunits, the flavoprotein subunit
(Fp) and the iron—sulfur protein subunit (Ip), com-
prise the catalytic portion of the enzyme complex
and catalyze electron transfer from succinate to arti-
ficial electron acceptors such as phenazine methosul-
fate (PMS). The amino acid sequence of Fp and Ip
are highly conserved and cDNAs and genes have
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Fig. 1. Genomic structure of the human SDHD gene. The four exons of the gene (E1-4) are boxed. Restriction sites for Sacl are
shown. Numbers indicate positions from the possible transcription start site (+1) determined by 5’-end analysis of the cDNA.

been cloned from various species using homology
probing strategies (see for reviews [1,2]). The pres-
ence of a two-subunit cytochrome b composed of
large (cybL, also referred to as QPs-1 or Cy_3) and
small (cybS, also referred to as QPs-3 or Cy;_4) sub-
units acting as hydrophobic membrane anchor pep-
tides is a general feature of mitochondrial complex I1
[5,6]. In addition, the cytochrome b in complex II is
essential for the interaction between the complex and
quinone species. The ubiquinone-binding domains in
cybL and cybS of bovine heart complex II have been
suggested to be residues 113-140 and 20-37, respec-
tively, by matching the sequences of azide-ubiqui-
none linked peptides to their respective protein se-
quences [7,8]. However, the function and structure
of cytochrome b in complex II is poorly understood
as compared with the well-characterized Fp and Ip
because of a lack of sequence conservation at the
nucleotide and/or amino acid sequence level.

To elucidate the molecular basis of a mitochon-
drial disease caused by a deficiency in the SDH ac-
tivity of complex II ([9] and see [10] for review), we
cloned the cDNAs for all four subunits of human
liver complex II and found their unique features
[11-13]. All the genes for human complex II are en-

coded on nuclear DNA, and the genes for Fp
(SDHA) and Ip (SDHB) have been mapped on chro-
mosomes 5 [14] and 1 [15]. Recently, we mapped the
genes for cybL and cybS, SDHC and SDHD, to
chromosomes 1q21 and 11q23, respectively [13].
Among these genes, the structures of SDHB and
SDHC have been reported[15,16]. In this study, the
entire nucleotide sequence of human SDHD was de-
termined and characteristics of the promoter region
were analyzed.

In the previous study of mapping the SDHD gene,
we obtained, two independent genomic clones from a
human EMBL-3 library (Clontech, Lot 1125), S-3
and S-36, and used both in the chromosome assign-
ment by FISH [13]. We determined the complete
nucleotide sequence of the DNA fragment from
clone S-36, since restriction enzyme analysis and
Southern hybridization using probes specific to the
cDNA for liver cybS showed that the S-3 clone (11.7
kb) contains three exons from the 5’'-terminal, and
the S-36 clone (18.6 kb) contains the entire coding
sequence of four exons, the entire 3’-untranslated
region, and at least part of the 5'-untranslated re-
gion. Fig. 1 shows a schematic representation of
the genomic structure of the human SDHD gene,

Table 1

Potential sites for transcription factors in 5’ upstream region of the SDH D gene

Transcription factor Sequence Position

CdxA AATAATAATA —5560, —4813, —4490, —2915, —1043
GATA-1 GCCAATCAGA —1881

GATA-2 ACCTATCCCC —1857

Lyf-1 TTTGGGAGG —5512

Nkx-2 CACTTGA —5662, —5354, —2830, —2800
NRF-1 TTGCGCATGCGCG —137

NRF-2 GACTTCCGGT —428, —104

Sox-5 TTAACAATAC —4949

SRY AAACAAA —4597, —3995, —3916

USF GCACGTGG —1130, —596

YY1 GATAGTAAATGGTTT —3263, —3227, —1857, —945

Consensus sequences as targets for transcription factors were analyzed by TFSEARCH (Y. Akiyama, Kyoto University).
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cactnccggtcacvngggncnggagugvcntnnvlttgtclttcgtgnggggnntgggutgcngccgggalcgagcaccagtgng =344

NRE -2

cegecagtgtacagacctecgagegtgeccaggaceaccaaggaaggtgaaacttectttecetteacectecceegteccegeace -259
ctgtgeagtaaactgegecttetgetgeteggeggecaccaggegetgeaacteegettcateggettegeecageteegecatt -174
gttcgcctcaggctcgccaccttvcgacagctgtgtttgcgcatgcgcgacgggtglgcaccgcctctcgacttccggttcacc -90

NRI-1 NRF-2
cagcecatttectettecetgttttetttegtegtegtgggtgggaatigtegectaagtggttecegggttggtggatgacettgage -3
¢ct CAGGAACGAGATG GCGGTTCTCTGGAGGCTGAGTGCCGTTTGCGGTGCCCTAGGAGGCCGAG gt gaggggtcetteccacect 482

+1 M AV L WRILS AV CGANLGGR A
gaggtgettagegtagectecagecagggaaggggatggaagtgaggacteatetgeegggtygggagatetet tgaggagaagaa +167
aataccgaaatcacagcaatgaccactgtagtctaggggtcecagatgtttacecgaaggtatatttcacttgetgtgagetgacg +252
agttgagggaataatcagaaagagagctccctetggaagtegeagtectgatgaggetaatcecacatageagttetgttttetee +337
ccgttcactgtcecectagaatgetecccactegeteccaccecetgagtegggaaagagggttaggagettgeccatttettetggag +422
ttggtgtgtttggatgtgggagtggaggggggatcagttcegaaaatcatttaacctgggeatttgtgttacctcaggtactgtag +507
taatgctaggatacaaatgtgaagaaaacgtagttcccgecctcaacgagetttcattctgatgaggaaaacactgtcatagtag +592
tccgggcaagatgaggtcctgaactaggaaagtagecacaaagaaaagaagattgtctcaagaactgttaaagagatacgecaata +677
ggatttggegattgaatttaggggaaaagtctctcatgatttccagattactgagttaggttaaagaatgectgaggtgtcatta +762
aataaagtagggaacatgcagatgttccctggtcttaacttcacagtaaccccagtgaaatagatgetatcttcattttacaaat +847
aagatgttatcccctatttattgttaagtagcttacctatggtcatttagaaagtttgtcagtecctgttaaaggagaggttctta 1+932
tgatcatcctaatgactctttcctcag CTCTGTTGCTTCGAACTCCAGTGGTCAGACCTGCTCATATCTCAGCATTTCTTCAGGA  +1017

L LLRTPVVERPAHTISATFILIGQTD

CCGACCTATCCCAGAATGGTGTGGAGTGCAGCACATACACTTGTCACCGAGCCACCATTgt atgttcetcetccategetgetgett  +1102
R P I PEWCGV QHTHTLSPSHHS

tctgggetctagecatcetttaccttcactaatggtcatgectttageaggacttectacctgtaggggggactettgtgtecaac +1187
tttgtcaaatgaagacctagtttacacctttgggecagacagtgecattatggttgaatgatgecatttataatcatagaagacct +1272
tctagcctaagtctttacaaatttttttettttgttttetttttttttgagacagagtetegetetgttatgecaggetggagtge +1357
agtggtgegatctcggetcactgecaacctccaccttetgagttcaagecaattetectgeceetgecteccgactagetgggatta +1442
caggcgcccaccaccatgcccagetaagttttgtacttttagtagagacgggtttcacegtgttggecgggetggtctcaaacte +1527
ctgacctcctcaaactcctgacctcaggtgatctgeccacctcagecteccaaagtgetgggattgecaggegtgagecaccacge +1612
ctggaccactaacttacattcataaggtgtctgttcacttcactgaaccaagactggcttaattctgtagcaatacagcaattct +1637
gttttttatccatettettggatctgtcttctaatcaatatgtaggecattgagataccettgtgetaaaagacttcaaaaaacag  +1782
agataaagccttcaaaaaacagagatagcttctctcaactactattttgatattttacttcetttgtactcagagttatatcecta +1867
tatgtacactgcctgtcagtttgggttactgtgtggcatatgttgaacatgaaagatgtgtgtttctcacatcaacttttatgaa +1952
tetggtectttttgtag CTGGCTCCAAGGCTGCATCTCTCCACTGGACTAGCGAGAGGGTTGTCAGTGTTTTGCTCCTGGGTCTG — +2037

G S KAASLHWTSEZ RVYV S VLI LTVLGTL

CTTCCGGCTGCTTATTTGAATCCTTGCTCTGCGATGGACTATTCCCTGGCTGCAGCCCTCACTCTTCATGGTCACTGge aagtat 42122
LPAAYLNPCSAMDYSLAAALTTLHTGHW

agcaattcca ...intron 3...attttttetttttettt ag GGGCCTTGGACAAGTTGTTACTGACTATGTTCATGGGGATG  +7952

G L GQVV TDYVHGTDA

CCTTGCAGAAAGCTGCCAAGGCAGGGCTTTTGGCACTTTCAGCTTTAACCTTTGCTGGGCTTTGCTATTTCAACTATCACGATGT +8037

L Q KAAKAGLTILALSALTTFAGLT CYT FNYWHTDWYV

GGGCATCTGCAAAGCTGTTGCCATGCTGTGGAAGCTCTGACCTTTTTGACTTCATACTTTGAAGAATTGATGTATGCCTCTTTGC 18122
G I C K AV A ML W K L skk sokok

CTCTGCTTTGTCATGCCATTAAGCTCACAATAAGGAAGAAATAACAGATAAGTCCATTGGTGGACAGCCTTCTTCTCTTAATCAC +8207
AAGATTATTTTCAGAATTTAATCTTTGAGGAAAAGGTTTGAGAGGAATTATATCTAAGTTGTGAGACTGAGTTCTATATTCTGGT +8292
GAGTTAATGGGGTTGCCTCCCAGCTTCTTATAAGACTCACAGTATAACTAAACATGATATATCAGCTTTTGCCTTTCAATTTATC +8377
AATCTCTTAAAGAGAATCCAACTTTATTACGATTAGTATATGATCAAACTTCCATATTTGCCTTGGGAATAATGGACAAAGGGAA +8462
ATACTCTTAATTCATGAATAAAAACTTTGCAGAAAATTAGACAGTGTTTAATTTTCGAAAACTTCCCTCTCTAGACAGTAGATAC +8547
CACCTACTGATGGTTACATATACTAGGGAAATTTTAAAATTAGGAAATGCTGATAGCTCATATTATAAATTTCTAAATCCTAGGA +8632
AGAAACGCTTGGAGTGCTTCTGAATATACAGAAGTTCCATTTAAGGGCAAGTTTCCCCGTAGATGTATCAAAATACTACCAACTG +8717
TAAATTGAGATTTAATTCCCAAATGTATTCTACTTGTTCTAAAACAATCTGTCCACAAATATAAAACTATAAGTAATAAATTGTT +8802
ATTTTCGCACAATGGGAATCTCTAATGTGAAAATGTATTCTATGAAAATAATTTTTTTAAATAAAATGTTATATAATAAA AGTG +8886
TCTTCTATGCTTTT +8900

Fig. 2. Nucleotide sequence of the human SDHD gene. Uppercase letters indicate exon sequences and lowercase letters indicate pro-
moter and intron sequences. Amino acid sequences of the coding region are also shown. Splice donor and acceptor sites are under-
lined for each intron. Consensus sequences as targets for transcription factors were analyzed by TFSEARCH (Y. Akiyama, Kyoto
University). Potential nuclear respiratory factor binding sites, NRF-1 and NRF-2, are also underlined. This sequence is available in
the DDBJ, EMBL, and NCBI databases under accession number AB026906.
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v
5. cerevisiae SDH4 LPRSMEKFMTGRRIFH TVRAFQSTAKKSLT|IPFLPVLPQKPIGGVRGTPNDAY 24 (55)
H. sapiens VLWR|LSAVICG GG LLLRTPVVR-~-PAH FLQDRPIPEWCGVOQH|IHLS (52)
A. suum (adult) MLSAVRR IPLS RILRTSLIQRCAZAT AAVTGAAPIPIQF---DP|IAAE <21 (46)
E. coli sdhD MV[SNASALGRNGVH---DF|ILVR 20
1I Y
Sc VPPPENKLE Y KIFALSVVP ATT LITTGPLS -~ -T, DISFFSVMLILGYCYME-FNSC 85(116)
Hs PSHHgGSKA TS SVLLLGLLPAAYLINPC - = === SIAMDIY S{L AlA - L S4(11Q)
As KGFRKPLHSHG -FKIERYFAAAMVP PAAYFIHG ------ REMD|LC|L A -VW 78(103)
Ec ATAIVL----TL-YITIYMVGFFATS[GELTYEVWIGFFASAFTKVFTL-LALFSI{IHAWIGH 79
Sc WHRKYAMYMLGILIGSAVSLIFIGIYKLETE G LVIKSLWDSSEKDNSQKIEAKK 150(181)
Hs AlL QJK|A|A K AIG|L{L|A L S[AlL T|F A G L|c|Y FN|Y|H D|- -[VGII C[R A WKL 103(159)
As VRVIGAYIFT LLAGL|L)Y FNIE - LT F E| W|E|L 131(156)
Ec IL-VIVVAL - e e e e e e = = YVIYGFVVVWGV 115

Fig. 3. Localization of introns in the human SDHD gene. Sites are indicated by arrows. v indicates conserved histidine residues.
v indicates the amino termini of mature peptides. Amino acids identical to those in human cybS are boxed. S. cerevisiae SDH4 [26];

Homo sapiens [13]; A. suum [27]; Escherichia coli sdhD [28].

and the sequence, including the entire coding region,
is shown in Fig. 2. The nucleotide sequence of the
human SDHD gene appears in the DDBJ, EMBL,
and Gen Bank nucleotide sequence databases with
the accession number AB026906. All exons are quite
small, 52, 117, 145, and 163 nucleotides in exons 1, 2,
3, and 4, respectively, and the nucleotide sequence of
the coding regions is completely identical to that of
the liver cDNA, which we reported previously [13].
Donor and acceptor sites for RNA splicing were
confirmed except ‘gc’ in the third intron. The local-
ization of introns in the amino acid sequence of liver
cybS is shown in Fig. 3. The first intron was found in
the mitochondrial presequence that is essential for
the import of mitochondrial proteins encoded by nu-
clear DNA [17]. The second intron is located near
the cleavage site of the mitochondria presequence.
This site corresponds to the putative amino-terminal
of bovine heart cybS (Ser—Asp—Ser-Lys—Ala—-Ala—
Ser) determined from the peptide [18]. The third in-
tron divides the region containing two conserved his-
tidine residues in the cybS peptide of mitochondria
from multicellular organisms. These two histidine
residues are found in the putative second transmem-
brane segment and appear to be axial ligands of
heme b in complex II [19-21].

An analysis of the approximately 6 kb upstream of
exon 1 was carried out to identify potential consen-
sus sequences as targets for transcription factors. The
SDHD gene is typical of mammalian housekeeping

genes with TATA-less promoters. Interestingly, there
are two distinct potential nuclear respiratory factor
binding sites, NRF-1 and NRF-2 [22], at positions
—137 and —104, respectively (Figs. 2 and 4). These
sites have been found upstream of SDHB [23] and
SDHC [16], indicating that two factors and sites are
required for the coordinated control of gene expres-
sion for the stoichiometric assembly of a functional
complex II. In addition to these sites, several poten-
tial sites for other transcription factors were found
(Table 1). Many experiments, including gel shift as-
say, will be necessary to determine the requirements
for these factors and their binding sites in the expres-
sion of SDHD.

Genetic heterogeneity and the presence of tissue
specific isoforms of human complex II have been
suggested from the study of the variable clinical ex-
pression of complex II deficiency including tissue-to-
tissue variation [24]. Recently, we found two different
stage-specific isoforms of complex II containing dis-
tinct cytochrome bs in A. suum mitochondria [25]. In
this regard, it is of interest to note the high positive
background obtained during the screening of the

| TTGCGCATGCGCG |
-137 -125

| GACTTCCGGT |
-104 -95

Fig. 4. Schematic representation of the putative promoter re-
gion of human SDHD.
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Table 2
Chromosomal localization of pseudogenes for human SDHD

Clone Localization Mutation Comment

#6 1p36.1 No

poly A, 6 amino
acid substitutions

#8 2q32.1 Stop, deletion

#11  3p21.3 Stop, frame shift
#12  3q26.3 Deletion, frame shift
#10  7q32.1 Stop

#5 18ql11.2 Stop, frame shift

No introns were found in these pseudogenes.

SDHD gene using a cDNA probe for cybS. Eleven
clones in addition to S-3 and S-36 were isolated,
sequenced, and mapped. These clones were divided
into six groups and appear to be for pseudogenes of
SDHD because they contain stop codons, deletions,
and frame shifts in their sequences (Table 2). One
exception is clone S-1, which was mapped to chro-
mosome 1p36 by FISH. This clone has an open read-
ing frame almost identical to the liver cDNA with
only six amino acid substitutions, L4P, L14Q, L77P,
MOIIT, L120S, and L131F. Since it would be of in-
terest to prove the presence of two or more active
genes of cybS, the expression of the clone S-1 gene
and screening of another candidate for a second gene
are now in progress.
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