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The primary structure of human sorbitol dehydroge-
nase (SORD) was determined by ¢cDNA and genomic
cloning. The nucleotide sequence of the mRNA covers
2471 bp including an open reading frame that yields a
protein of 356 amino acid residues. The gene structure
of SORD spans approximately 30 kb divided into 9 ex-
ons and 8 introns. The gene was localized to chromo-
some 15¢g21.1 by in situ hybridization. Two transcrip-
tion initiation sites were detected. Three Spl sites and
a repetitive sequence (CAAA); were observed in the 5’
noncoding region; no classical TATAA or CCAAT ele-
ments were found. The related alcohol dehydroge-
nases and {-crystallin have the same gene organization
split by 8 introns, but no splice points coincide be-
tween SORD and these gene types. The deduced amino
acid sequence of the SORD structure differs at a few
positions from the directly determined protein se-
quence, suggesting allelic forms of the enzyme. High
levels of SORD transcripts were observed in lens and
kidney, as judged from Northern blot analysis. o© 1995
Academic Press, Inc.

INTRODUCTION

Sorbitol dehydrogenase (SORD) (EC 1.1.1.14) is a
zinc-containing enzyme that catalyzes the conversion
of sorbitol to fructose with NAD™ as coenzyme. It is a
member of the multigene family that includes aleohol
dehydrogenases {(Jornvall et al., 1984), [-crystallin
(Borras et al., 1989), and threonine dehydrogenase (Ar-
onson ef al., 1989). SORD is involved in the metabolism
of different polyols and is believed to cooperate with
aldose reductase in osmotic regulation (Burg, 1988).
The regulation through the polyol pathway is thought
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to affect the accumulation of sorbitol that is associated
with diabetes mellitus and its complications, such as
neuropathy (Gabbay, 1973), retinopathy (Robison et al.,
1983), and cataracts (Kinoshita, 1974). SORD is also
thought to affect the cytosolic ratio of NADH/NAD*
impacting on several metabolic pathways (Williamson
et al., 1993). The SORD activity in normal human lens
has been observed to be higher than that in rat, rabbit,
and calf lens (Jedziniak et al., 1981). A deficiency in
SORD activity has been linked to cataract formation
in nondiabetics (Vaca et al., 1982; Shin et al., 1984).
The SORD enzyme has been purified and character-
ized from various species (Jeffery and Jornvall, 1988;
Maret and Auld, 1988; Wiesinger and Hamprecht,
1989). The nature of the zine-binding site has been
studied by computer modeling (Eklund et al., 1985) and
site-directed mutagenesis (Karlsson and Hoog, 1993).
Recently cDNAs from rat (Karlsson ef gl., 1991, Wen
and Bekhor, 1993), the silkworm Bombyx mori (Niimi
et al., 1993), the yeast Saccharomyces cerevisiae (Sar-
thy et al., 1993), and partial sequence of human SORD
(Lee et al., 1994) have been cloned. The cloning of the
gene {gut B) from Bacilius subtilis (Ng et al., 1992) has
also been reported recently. A detailed study of the
tissue distribution of SORD expression has been per-
formed in rat (Estonius ef al., 1993). However, the char-
acterization of the human SORD gene is novel and will
be important for evaluating how the regulation of this
gene is related to the formation of human cataract and
complications connected to diabetes mellitus.

MATERIALS AND METHODS

Isolation and sequencing of human SORD ¢DNA. A partial rat
c¢DNA clone (A SDH2, Karlsson ef al., 1991) was used as a probe to
screen a human liver cDNA library (Stratagene, La Jolla, CA) by the
method of Young and Davis (1983). Isolated clones were directly
sequenced in both directions by cycle sequencing (fmol DNA sequenc-
ing system, Promega, Madison, WI; dsDNA cycle sequencing system,
GIBCO BRL, Gaithersburg, MD) or by the fluorescence autosequenc-
ing system (Tag DyeDeoxy Terminator cycle sequencing kit, 370A
DNA sequencer, Applied Biosystems, Foster City, CA). The 5' end
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sequence was obtained by using the 5'-RACE (rapid amplification of
¢DNA ends) method (5'-RACE system, GIBCO BRL; 5-Ampli-
FINDER RACE kit, CLONTECH Laboratories, Palo Alto, CA). One
microgram of poly(A) RNA from human liver and 10 pmol of anti-
sense primer 1 (Fig. 1) were used for reverse transcription. The
RACE products from the PCR reaction were subecloned into the pCR
II vector (Envitrogen, San Diego, CA), amplified, and sequenced using
the M13 forward and reverse primers (Invitrogen).

Northern blot analysis. Total RNA from normal human lens
(NDRI, Philadelphia, PA) was isolated by the acid guanidinium iso-
thiocyanate—phenol —chloroform extraction method (Chomczynski
and Sacchi, 1987). Total RNAs from human brain, heart, kidney,
liver, lung, placenta, retina, skeletal muscle, and testis were obtained
from Clontech. Total RNA (10 ug) was separated on a 1% agarose gel
run at 30 V for 12 h and blotted onto a nylon membrane (Boehringer
Mannheim Co., Indianapolis, IN) for Northern analysis (Sambrook
et al., 1989) using human SORD probe B (Fig. 4). The hybridization
bands were digitally recorded into a Macintosh Quadra950 computer
(Apple Computer Inc., Cupertino, CA) by scanning (UC12008, UMAX
Data System Inc., Hsinchu, Taiwan) using PhotoShop software
(Adobe Systems Inc., Mountain View, CA), and the intensity of each
band was quantified using the NTH Image software (developed by
W. Reisband, NTH, Betheada, MD).

Isolation and sequence analysis of SORD genomic elones. A par-
tial eDNA clone coding for human SORD (probe B, Fig. 4) was used
to sereen a human genomic phage library (Stratagene) and a human
genomic cosmid library (Stratagene). Separately, 2 human genomic
P1 library was screened using PCR with primers 2, 4 and primers
5, 6 (Fig. 1), respectively (service by Genome Systems Inc., St. Louis,
MO). The exon/intron boundaries and intron sequences were deter-
mined by direct sequencing of isolated clones in both directions. The
sequence assembly and alignment were performed with PileUp,
Pretty, Gap (sequence analysis sofiware package, GCG, Madison,
WI), MacVector, AssemblyLIGN (International Biotechnologies Inc.,
New Haven, CT), and INHERIT (Applied Biosystems) softwares. The
5’ flanking sequence was analyzed with MacSignalScan software
(developed by D. S. Prestridge, Los Alamos National Laboratory, Los
Alamos, NM).

Primer extension analysis for determining the transcription start
sites. The oligonuclectide primer 7 (Fig. 1) complementary to hu-
man SORD mRNA was used for primer extension (primer extension
gystems, Promega). Three to five micrograms of poly(A) RNA from
brain, retina, liver, kidney, testis, and yeast were used.

Chromosome in situ hybridization. To identify the chromosomal
locus, the phage 1 genomic clone {probe A, Fig. 4) was labeled by
nick-translation with biotin-11—-dUTP and used for fluorescence in
situ hybridization (FISH). Digital image acquisition and analysis
were performed as previously described (Popescu ef al., 1994, Zimon-
Jic et al., 1994).

RESULTS

The Complete Sequence of Human SORED mRNA

A human liver eDNA library was screened with a
partial rat ¢DNA clone (A\SDH2). Two ¢DNA clones
(Phage-3 and -4) (Fig. 4) were isolated from a total of
3 x 10° plaques and were subsequently sequenced on
both strands. The deduced amino acid sequence of the
¢DNA was compared with the sequence directly deter-
mined at the protein level (Karlsson et al., 1989). The
assembled nucleotide sequence of the two clones cov-
ered 80% of the c¢oding region and a complete 3'-un-
translated region (1311 bp). To obtain the 5' end se-
quence of the mRNA, the 5-RACE method was per-
formed on liver poly(A) RNA. After 60 cycles of PCR,
a RACE product was subcloned for sequencing. The
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additional 5’ end region from three separate clones
completed the nucleotide sequence of the human SORD
cDNA (2471 bp). The open reading frame encodes 356
amino acid residues (Fig. 1). We found five differences
in the deduced amino acid sequence as compared to
that previously reported (Karlsson ef al., 1989). One
additional alanine (GCQ) was observed at codon 1. Fur-
thermore, an aspartate to asparagine difference at co-
don 58, a glutamine to methionine difference at codon
185, a serine to threonine difference at codon 280, and
a threonine to isoleucine difference at codon 288 were
found.

The human SORD nucleotide sequence was com-
pared with published nucleotide sequence data for
other species using the Gap (GCG) program. The posi-
tional identities between human and rat, silkworm, Ba-
cillus subtilis, and Saccharomyces cerevisiae were 79,
49, 47, and 43%, respectively. The deduced amino acid
sequence of human SORD was also compared for ho-
mology between sheep, rat, silkworm, Baeillus subtilis,
Saccharomyces cerevisiae, and Pichia stipitis xylitol
dehydrogenases using the PileUp (GCG) program
(Fig. 2).

SORD Expression in Human Tissues

The level of SORD transcripts in 10 different human
tissues was examined by Northern analysis (Fig. 3)
using probe B (Fig. 4). A 2.5-kb transcript was ob-
served, which is consistent with the ¢<DNA sequence
(2471 bp). Although eye tissue was limited, RNA ade-
quate to show expression of SORD in lens was obtained.
After normalization of the blot by hybridization to the
188 ribosomal DNA probe, the highest level of steady-
state expression was observed in the lens and kidney
(Fig. 3). Much less expression was seen in liver.

The Isolation and Charactertization of Human SORD
Gene Clones

Several positive genomic clones from different librar-
ies were isolated either by hybridization with probe B
in phage and cosmid libraries or by PCR screening of
a P1 library using primers 2, 4 and primers 5, 6 (Fig.
1), respectively. The clones obtained overlapped with
each other (Fig. 4) and covered the entire gene plus
the 5§’ flanking region. The human SORD gene spans
approxtmately 30 kb and is composed of 9 exons. Exon
1 contains a translation initiation codon and 21 amino
acids of the encoded sequence, Exon 9 contains 54
amino acids, a stop codon, and the 3’-untranslated re-
gion (1308 bp). The exon/intron boundaries and the
distance between the exons (Table 1) were determined
by sequencing, restriction mapping, and PCR. All of
the splice junction sequences fit the donor—acceptor
rule (Mount, 1982),

Chromosomal Localization by in Situ Hybridization

The efficiency of hybridization with probe A (Fig, 4)
was high. Ninety-five of 100 randomly selected meta-
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1 89
AGTGCCCTGGACCCTCGRCTGEETAGCGC CACCAGAGCCACCAAACGTCCCGCGCCTTCCAGECCGCACTCCAGAGCCAAAAGAGCTCC
1 Exonl 185
AlaalanladlalysProAsnAsnLeuserLeuValvalHieGly ProGlyAspleuArgLeuGluAsnTyrerol leProGlubroGlyPro
Ammmmmcmcmm}wmmmmmmma
Primer 7 Exonz 58 281
AsnGluValleuLeuArgMetHisSerValGlylleCysGlySerAspVallisTyrTrpGluTyrGlyArgTlleGlyAsnPhelleVallyslys
AN TEAGGTCT TR TCAGGATOCATTC TETTGGARTC TG TGRCTCAGATGTCCACT: T PTTTATIGTGAAAAAG
Primer 4 Primer 3 377
ProMetValleuGlyHisGluhlaserGlyThrvalGlulysValGlySerServVallysHisLeuLysProGlyAspargValAlaTleGluPro
CCCATGETCCTGGEACATGAAGCTICGCGGARCAGTC GAAAARG TGGGATCATOGG TAAAGCACCTAARACCAGITGATCGTGTIGCCATCGAGOCT
Primer2 Exond 473
GlyAlaProArgGluAsnAspGluPheCysLy sMetGlyArgTy rAsnLeuSerProSerIlePhePheCysAlaThrProProAspAspGlyAsn
mmmmmmmmmo@mgmmmmmcm&mmc
primer 1 569
LeuCysArgPheTyrlysHisAsnAlaAlaPheCysTyrLysLeuProAspAsnvalThrPheGluGluGlyAlaleulleGluProLeuServal
CTCTGCCEGTTCTATAAGCACAATCCAGCCTTTTGT TACAAGCTTCCTGACAA TCTCACCT TIGAGGAAGGCGCCCTGATCGAGLUCACTTICTG TG
ExonS 185 665
GlyIlleHisAlaCysArgArgGlyGlyValThrLeuGlyHislysValLeuValCysGlyAlaGlyProlleGlyMetValThrLeuleuvalAla
GGGATCCATGCCTGCAGGAGAGECGGAGTTACCC TGGGACACAAGE TCCTTE TG TG TGEAGCTGAGCCAATOGGEATRGTCACTTTECTCETEGCC
Exonb 761
LysAlaMetGlyAlaAlaGlnValvalvalThrigpleuSerAlaThrirgleuSerlyshlalysGlulleGlyAlaAspleuvallenGlnIle
ARAGCAATGGGAGCAGCTCAAGTAGTGGTGACTG A TCTETCTIGCTACCOGATTCTCCARAGCCAAGGAGRTTGGGGCTGAT TTAGTCCTCCAGRTC
Exon7 857
SerLysGluSerProGlnGlulleAlaArglysValGluGLlyGlnLeuClyCy sLysProGluvalThrlleGluCy sThrGlyAlaGlunblaser
TCCAAGGAGAGCCCTCAGGAAATCGCCAGGAAAGTACAAGGTCAGCTGGEGTECAAGCCGGAAGTCACCATCGAGTGCACGRGGACAGAGECCTCC
280 953
IleGlnAlaGlyIleTyrAlaThrargserGlyGlyThrieuValleuValGlyLeuGly SerGluMet ThrthrVal ProleuleuRisAladla
ATCCAGGCGGGCATCTACGCCACTCGCTCTEGTGGGACCCTOGTGC TIG TCGEGCTCGECTCIGAGATGACCACCGTACCOTTACTGCATGCAGCC
288 Exon8 1049
IleArgGluvalAspllelysGlyVal PheArgTyrCysAsnThrIrpProvalAlalleSerMetLewAlaSerlyeServalAsnvally sPro
ATCCGEEAGETCCATATCAAGGECETETI I'CCGATACTGCAACACETGECCAGTEGCCATTTCGATGCTTCCATCCAAGTCTGTGAATCTAAAACCC
Exon9 1145
LeuValThrHisArgPheProleuGluliysAlaleuGluAlaPheGluThrPheliyslysGlyleuGlyLeulysIleMetLeulysCyshAspPro
CTOGTCACCCATAGGTTTCCTCTGGAGARAGCTCTGGAGGCCTTTGAAACATITAAA ARGEGATTGGGETTGARAATCATGC TCAAGTETGACCCC
1241
SerRepGlnASnPro***
ACGTGACCAGRATCCCTGATG I TAATGCGCTCTGUTCATCCCCACAGTCTCGGUATCTCAGGGCACAATGLCTGCACACGGG TEGUCTCTGATGTAG
1337
AACTTTCTCTTTTCAATCTTAAGAATAACTAATACAATTCATTGTGAACAGAAGTCCTTAAGCAGAGGAATTGGTGTGCCTTAAAGATACAATCTG
1433
GGATAGTTTGGGGGAACTTGTAGCCAGARTGCCCTCTTCATGCTGAGCAARGTTCAGCAAGTAGAGCAGAGTTIGGCAGGCAGGTGCCAGRAACTC
Primer 5 [ 1529
CCCTICTTCCIGGAG TGO T TCATTGAGRANGGAAATCTCCCCCTTCEC TTTUCIGE TICCACTGCTACTGACCCAGAGCGGAATGAGEECTGAGT
1625
TATGAAAAGATAACTTCATGAAGACTTAACTGGCCCAGAAGCTCATTTTCATEAAAATCTGCCACTCAGGGTCTEGGATGAAGGCTIGTCAGCACT
1721
TCCAGTTTAGAACGCAATGTT TCTAGAGACATATTGGC TG TT TG TT I TGATGA TRARAGGAGARTAAGAAAAGGCATCACT TTCCTGGATCCAGGA
1817
TAATTTITAMACCAATCARATGAARARANCAAACARACAPAAAACCAAA TG TCATGTGAGG T TAAACCAGTTTGCATTOCCCTAATGTGGARARAG
1913
TAACAGGACTACTCAGCACTCTTTGAAGATTGCCTCTTCTACAGCT TCTGAGRATTC TETTATTTCACTTGCCAAGTGAAGGACOCCCTOCCCAAC
2009
ATGCCCCAGCCCACCCCTRAGCATGGTCOCTTGTCACCAGGCA ACCAGRAAACTGCTACT TG TGGACCTCACCAGAGACCRGGAGGETTIGETTAG
2105
CICACAGGACTTCCCCCACCCCAGAAGATTAGCATCCCATACTAGACTCATACTCARCTCAACTAGGT TCATACTCAATTGATGGTTATTAGACAR
Primer 6 2201
TICCATTICTITCTGGTTATTATARACAGAAAA TCT T TCCTCTTCTCATTACCAGTAAAGGCTICT TGETATC T TTCTC TICGAATGATTICTATGA
2297
ACTTGTCTTATI TTAATGETOGE T T TTITCTGGTAAGAT T TAGACCTAAATCGCATCATACCAACTTETRACTTTGAGACTATTCATCAAGRAT
2393
GAGGATATAGTAGCCATGACATAGCTTGAGCTATAGCCTT TAAT TCCT TACT I TGGCTATGGGTGGAGGETEAGTT TGAAGAGGT TCTGATTTICT
2471 2489
TCTAACCTGGGAAAGCCATGACCTIGTGCOCCGATTCTITCAGATTGCT TTGGE TRATAAA TATIGC TGGTGG TATCTGAARABAAANA MAARA R AN

FIG. 1. Nucleotide sequence and encoded polypeptide of human SORD and 5’, 3’ untranslated sequences. The nucleotide sequence
extends from the transcription initiation site through the translation initiation site and stop codon (***) to the poly(A} tail. The numbering
to the right refers to nucleotides. The boldface sequences with italic numbers over them are the newly identified sequences. The first
nucleotide of each exon is indicated by underlining and boldface. The arrows under the nucleotide sequence indicate the primer sequences
used for screening the P1 genomic library, reverse transcription, and the 5’-RACE method,

phase chromosomes exhibited fluorescent signals on
the long arm of a large acrocentric chromosome (Fig.
5). Furthermore, 80 chromosomal spreads exhibited a
clear signal at a homologous site on both chromatids of
two acrocentric chromosomes. Symmetrical fluoreseent
spots were not observed on any other chromosomes.
Twenty-five chromosomal spreads with symmetrical
fluorescent doublets were reexamined after G-banding
by trypsin treatment. Enlarged digital images of the
labeled and banded chromosomes were measured and
compared on screen. Based on localization of the dou-

blets from 35 individual chromosomes on a 400-band
idiogram, the locus of the gene was assigned to chromo-
some 15q21.1, the most likely location of the gene.

Two Transcription Initiation Sites

The primer extension analysis determined the tran-
scriptional initiation sites in brain, retina, liver, kid-
ney, and testis (Fig. 6). The two transeriptional initia-
tion signals were found 16 and 89 bp upstream of the
translation initiation site in all tissues analyzed. How-
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1 3 50

HUMAT  teiieiiits aissnsenes trairmnios aacinnranis wun AAAAKPN

SheeD . il et e ieieecie e s ANAKPE

Ra: MVFSSEVFFF SRYPLLOTLG GLTSRNTSSP PDPADTSKQE SDMARARAKGE

SITRWOIM Lottt siivsienre taarrar e saiaaaaaes e NTE
Saccharomyces CeTeviSIAE ... ....... .....iiin i e i MGQNS
Bacillus subtilis 1 ouiiuivnn siiiiiiir, deriieiiie e . MARAAKPN
Pichia stipilis [XDHI ... .oiint iiiaiiens vimnienien tanrrenrirns mennars MTA
51 100

Human WLELVVEGEG DLRLENYPIP BF.GPNEVLL RMHSVGICGS DVHYWEYGRL

Sheep MWLSLVVRGPG DLRLENYPIP EP.CPNEVLL KMHSVGICGE DVHYWQ.GRI

Rat WNLSLVVEGPG DIRLENYPIP EL.GPNCVLL KMHSVGICGS DVHYWEHGRI

Silkworm NYAAVLERGAN DVRIBEIPVP RI.NDDEVLI KIDCVGICGS DVKLYSTGTC

Saccharomyces cerevisiae MWPAVVLEKVG D1AIRQRPIP TIKDPHYVKL AIKATGICGS DIRYYRSGCI
Bacillus subt:lis WLSLVVHGPG DLALENYPIP BP.GENEVLL RMHSVGICGS DVHYWFYGRI

Pichia stipitis (XDH) MPBLVLNKID BISFETYDAR BISEPTOVLY QVKKTGICGE DINFYAHGRI
101 3 150

Human GNPIVKEPHV LGHEASQOTVE KVGSSVKELK PGDRVAIEPG APRENDEFCK

Sheep GEFUVVEKRPNV LGHEASOTVV KVGSLVRHLQ PGDRVAIQPG APROTDEFCK

Ral GDFVVKEPMV LGHEAAGTVT KVGEMVKHLK PGDRVAIEPG VPREILEFCK

Silkworm GADVIDKPIV IGHRGAQTVY XVGOKVSSLR VGDRVAIBPT OPCRSCELCK

Saccharomyces cerevisiae GKYILKAPMV LGHESSGQVV EVGDAVTRVK VGDRVAIRPG VPSRYSDIE
Bacillus subtilis GNPIVKKPMV LGHEASGTVE KVGSSVKHLK PGDRVAIEPG APRENDEFCK

P:chia stipitis (XDH) GQNPVLTRPNV LGHESAQTVY QVGKCVTSLK VGDNVAIEPG [PSR-SDEYR
151 200

lluman  MGRYNLSPSI FFCATPRDD. RFYKHNAAFC YKLPDNYTEE

Sheep IGRYNLSPTI FPCATPRDD. RFYRHNANPC YKLPDNVTEE

Rat IGRYNLTEST FFCATPPDD. RFYKHSADFC YKLPDSVTFE

RQKYNLCVEP RYCSSMCAP. RYYKHVADPC HRLPDNLTVE
EGRYNLCPHM AFAATPRPID. .. KYYLSPEDFL VKLPEGVSYE
MOGRYWRLSPST FFCATPRPDD. GELC REYRHNAAFC YKLPDNVTEB
SGHYNLCPHM AFRATPNSKE GEPNPPQTLC KYFKSPEDP. VELPDHVSLE
2¢: <+ 250
Human RGOALIEPLEV GIHACRRGGV TLGHRVLYCG AGPEIGMVTLL VARAMAGAAQV

Sheep EGALIEPLSV GIHACRRAGV TLGNKVLVCG AGPIGLUNLL AAKAMGAAQV

Rat BRGALIBPLSY GIYACRRGSY SLOGNKVLVCG AGPIGIVTLL VAKAMGASQV

Silkworm EGAAVQPLAT VIHACNRAKI TLGSEIVILG AGPIGILCAM SARAMGASKI

Saccharomyces cerevisiae BGACVEPLSY GVHSNKLAGV RFGTRVVVFG AGPVGLLIGA VARAFGATIV
Bacillus subtilis RGALIRPLEV GQIHACRRGGV TLOHEKVLVCG AGPIGMVILL VAKAMGAAQV

Silkworm

Saccharomyces cerevisiae
Bacillus subtilis

Pichia stipiris (XDH)

Pichia stipitis (XDH) LGALVEPLSV GVHASKIGSV AFGDYVAVFG AGPYGLLAAA VARIFGRKGV
251 300

Human VVTDLSATRL SKAKEIGAD. ..LVLQISKR .SPORIARKY EGQLOCK,PE

Sheep VVTDLSASAL SKAKEVGAD. ..FILEISNE .SPERIAKKV FGLLGSK.PF

Rat VVIDLSASRL AKAREVGAD. ..FTIQVAKB ,TPHDIAKEV ESVLGSK.PE

Silkworm TLTDVVQSRL DAALELGAD. .. NVLLVRRE YIDEEVVEKI VELLGDR.PD

Gaccharomyces cersvisiae IFVDVFDNKKL ORAKDF@.AT NTENSSOFST DKAODLADGY QFLLGGNHAD
3acillus subtilis VVIDLSATRL SKARBIGAD. ..LVLQISKR .SPQERIARKV ECLLGCK.PE

Pichia stipitis (XCH! IVVDIFDNKL KMAKDI@AAT HTFNS...KT GGSKELT... .KAFGGNURFN
301 4 4 350

Human VTIECTGABA SIQAGLYATK SGG@TLVLVGL GSEMTTVPLL HAAIREVDIK

Sheep VTIECTGVET SIQAGIYATH SG@TLVLVAGL GSEMTSVPLY HAATREVDTX

Rat VTIERCTGARS SUQTQAIYATH SOQTLYVVGM QPEMINLPLY HAAVRRVDIK

Silkworm W¥SIDACGYGS AQRVALLVTK TAGLVLUVGL ADKTVELPLS QALLRRVDVYV

Saccharomyces cerevisiae VVFRCSGADV CIDAAVKTTK VOGATMVOVGM GKNYTNFPIA ZVSGKEMKLI
Bacillus subtilis VIIECTGARA SIQAGIYATR SGQ@TLVLVGL GSEMTTVPLL HAAIRERVDIK

Pichia stipitis (XDH) VVLBCTGABF CIKLGVDAIA POARFVOVGN AAGPVSFPIT VFAMKELTLF

351 4co

Human GVFRYC.MTW PVAISMLASK ... ..... SV MVKPLUTHRF PLEKALEANE

Sheep GVFRYC.NTA PMAISMLABK ........ 5V WVKPLVTHRE PLERALEAFE

Rat GVFRYC.MWTN PMAVSMLABE ........ TL NVEPL.THRF PLEEKAVEAFE

Silkworm GSPRIM.MTY OPALAAVSEG ........ Al PLDKFITHMRF PLNKTKEALD

Saccharomyces cerevisiae GQCPRYSFGDY RDAVNLVAT. ......, GKV NVRPLIYRKP KFEDAAKAYD

Bacillus subtilis GVIFRYC.MTW PYAISMLASK ........SV MVKPLVTHAF PLEXALEAFE

Pichia stipitis (XDH) GSPRYGFMDY KTAVGIFDTN YQNGRENAPI DFEQLITHRY KFKDAIEAYD
401 423

Humar. . .TFRK@LGL KIMLKCDPSD ONP
Sheap ..TSKKGLG. EKVMIKCDPSD QNP

Rat . .TAKKGLGL KVMIKCDPND QNP
.+ . LARSQAAM KILIHVON.. ...
YNIRHG@EVV KTIIFGPE.. ...
« +TFRR@LGL RIMLKCDPSC GNP
LVRA.GKCAV KCLIDGPE.. ...

Silkworm

Saccharomyces cerevisiae
Bacillus subcilis
Pichia stipitieg ({XDH}

FIG. 2. Amino acid sequence comparison of human SORD with
sheep, rat, silkworm (Bombyx mori), S. cerevisiae, B. subtilis, and P,
stipitis xylitol dehydrogenase. Amino acids conserved in more than
five species are in boldface. The corrected deduced amino acid se-
quences for the human SORD mRNA are indicated by arrows.

ever, the majority of the transcripts started 16 bp up-
stream for all tissues except liver. No diversity was
observed in the translational initiation codon.

Analysis of the Promoter Region of the Putative
Functional Human SORD Gene

The sequence of the 5’ flanking region was searched
for cis-acting elements important for the transcrip-
tional initiation of the SORD gene using the MacSig-
nalScan transcription factor database computer pro-
gram (Fig. 7). No obvious TATAA or CCAAT hoxes were
found in this region, but three Sp1 sites and a CACCC

box (Yu et al., 1991) were found. Upstream of these
gites a (CAAA); repeat sequence was observed.

DISCUSSION

The complete cDNA sequence and the genomic orga-
nization of human SORD were determined. The first
exon contains 89 bp (liver) of 5’-untranslated sequence,
and exon 9 contains 1311 bp of 3’-untranslated se-
quence. The 3'-untranslated sequence encompasses
53% of the total cDNA sequence. This long stretch of
3’-untranslated sequence could be involved in mRNA
stability and/or translational regulation. Unlike in rat,
an upstream ATG codon possibly generating a pre-
SORD protein (Wen and Bekhor, 1993) was not ob-
served in human SORD. The homologous human alco-
hol dehydrogenase genes and the human {-crystallin
gene are also arranged into 9 exons and 8 introns, but
none of the splicing points coincides exactly with the
splicing points of the SORD gene (Duester et al., 1986;
von Bahr-Lindstrom ez af., 1991; Gonzalez et al., 1994).

One additional codon and four different codons were
found when the deduced translated amino acid se-
quence was compared to the directly determined amino
acid sequence (Karlsson et al., 1989), a finding in
agreement with a recent report by Lee ef gl., (1994).
The additional alanine at position 1 gives higher ho-

L
Q
[72]
e
g
> g =
[ e s i
S g £ 5 w 9 £ 3 2
= 8 O = 2 S w7 =
= O .= Z 5 85 § £ 8 3
e o U e R 7 S =
A
100 |-

SDH (Probe B)

RNA

FIG. 3. Expression of the human SORD gene in various human
tissues. (A) The relative amount of SORD expression in various tis-
sues is indicated by the ratio of SORD mRNA/18S ribosomal RNA
setting lens at 100%. (B) Northern blot of the human tissue panel
using probe B (Fig. 4). (C) Northern blot for standardization using
the 188 ribosomal DNA probe.
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FIG. 4. Structure of the human SORD gene and mRNA. (A) Diagram of the screened phage, cosmid, and P1 genomic clones. (B) The
Phage-1 insert was used as probe A for chromosomal sublocalization by in situ hybridization. (C) Enzyme restriction sites (EcoRI) of the
SORD gene. (D) Structure of the SORD gene. Exens are shown in closed boxes. (E) The SORD mRNA is shown at a scale of 13:1 in relation
to that of the SORD gene. Open boxes indicate open reading frames. (F) Schematic diagram of screened ¢DNA clones. (G} The Phage-3

insert was used as probe B for Northern blot analysis.

mology to the rat N-terminus. The other four amino
acids do not strongly affect the previous homology anal-
ysis performed with other species (Karlsson et al., 1991)
nor do they have any likely impact on the proposed
function of the enzyme. These differences can provide
evidence for allelic variation at the SORD gene locus.

The Northern blot analysis clearly demonstrates that
the highest expression of human SORD mRNA is in
lens and kidney with much lower expression in liver.
This result is similar to a study on rat tissue (Wen and

Bekhor, 1993) where SORD mRNA was lower in liver
than in lens, but differs from another rat study (Eston-
ius et al., 1993) where liver SORD transcripts were
high compared to many other tissues. SORD has been
used by many investigators as a marker enzyme for
liver since SORD activity is high in this tissue. Qur
results suggest that although the activity may be
higher, the level of steady-state mRNA in human liver
is not appreciably high, when compared to lens, kidney,
retina, or brain. The high expression of SORD observed

TABLE 1
Exon-Intron Organization of the SORD Gene

Exon Intron | Exon

AGTCC 1
1 GCCTG | GTAAG " " -~ + (~2,500bp) eee-- TTTAG | GAGAA 2
2 ABATG | GTAAG - - - - - (~3,000bp) ----- ATCAG | AGGTC 3
3 ACCAG | GTCAG - - - - - (~11,000bp) ----- TCCAG | GTGAT 4
4 TACAA | GTTAG - - - - - (4045bpy ----- CTCAG | GCTTC 5
5 AGCTG | GTAAG - - -~ - 2692bp) e---- TTTAG | GGCCA 6
6 GACTG | GTAAG - - - - - ®28bp) 0 e TTCAG | ATCTG 7
7 TCTAC | GTGAG - - - - - (~3200bpy .- TACAG | GCCAC 8
8 AACAC | GTGAG: - - - - (~1400bpy ... TACAG | GTGGC 9
9 ATCTG |

Note. Over 300 bp of 5° and 3’ flanking region surrounding each exon was sequenced. Ninety percent of the intron sequence from exon
3 to exon 7 was determined. Five nucleotides on both sides of the boundaries are indicated. The numbering on both sides indicates the

exons.
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FIG. 5. Localization by fluorescence in situ hybridization (FISH) of the SORD gene to human chromosome 15¢21.1. (A) Metaphase
chromosomes after FISH with biotinylated genomic DNA probe A (Fig. 4), exhibiting a fluorescent signal on both chromatids of the medium
size acrocentric chromosome’s long arm. (B) The same G-banded metaphase permits the identification of the labeled chromoseme as
chromosome 15 with localization of the signal at band 15q21.1. (C, D) Enlarged chromosome 15 from A and B. (E) The ideogram of human

chromosome 15, indicating the position of the gene.

in the human lens is of great interest in view of previ-
ous reports showing lowered SORD activity in red blood
cells of a family where seme members have congenital
cataract (Vaca et al., 1982).

Human SORD was previously localized to chromo-
some 15 by an indirect method using an enzyme assay
on human-hamster somatic hybrid cell lines (Donald
et al., 1980) and recently localized to 15q15 by a stan-

dard fluorescence in situ hybridization technique (Lee
et al., 1994). We have independently performed a fluo-
rescence in situ hybridization (Fig. 5) and digital-image
analysis to localize the SORD gene precisely. Current
localization to chromosome 15q21.1 is one band more
distal to the centromere than the previous assignment.

Linkage studies of families with inherited cataract
have been reported (Armitage ef al., 1993; Bateman et
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al., 1993; Kqjis et al., 1993). Recently, a correlation was
found between a y-crystallin abnormality and a family
with cataract (Brakenhoff et al., 1994). Individuals in
families with inherited SORD deficiency are more
likely to develop cataract (Vaca el al., 1982; Shin et al.,
1984). The localization of the human SORD gene will
provide an additional locus for linkage studies of fami-
lies with inherited cataract and may provide some in-
sight into the cause of cataract in SORD-deficient indi-
viduals.

At the promoter region of human SORD, no obvious
TATA or CCAAT box was found. Two transcription ini-
tiation sites were observed with the shorter transcript
predominating in all tissues examined except liver,
where the longer transeript was in higher abundance.
These different transcription initiation sites do not af-
fect the translational initiation site (ATG codon). At
the 5’ flanking region of this gene three Spl sites and
a CACCC box, which is reported to bind the Spl tran-
scriptional factor protein (Yu ef al., 1991), were found.
The sequential motif of this region resembles the pro-
moter region of duck lactate dehydrogenase B/fe-crys-
tallin (Kraft ef al., 1993), which is highly expressed in
heart as an enzyme and in lens as a crystallin. The
promoter of this enzyme/crystallin gene consists of
three Spl sites and two transcriptional initiation sites
and lacks a TATAA box. The CAAA repeat, which was
found upstream of the Sp1 and CACCC box of human
SORD, was searched by computer INHERET). Several
genes that contained identical sequences at the 5

1234567

82bp

FIG. 6. Determination of the transcriptional initiation site of
human SORD by primer extension analysis. The primer extension
was performed by reverse transcribing 35 pg of poly(A) RNA using
antisense primer 7 (Fig. 1) as described under Materials and Meth-
ods. Lane 1, yeast negative control; 2, sequence T ladder; 8, brain;
4, retina; 5, liver; 6, kidney; 7, testis. The arrows and numbers indi-
cate two major bands and sizes.

-288
AAAATACGTGGTGCTGGGCGCCTGTAGTCCCAGCTATTCGGGAGGC TGAGGCAGGAGAA

-238
TGGCTTGARCCCGGGAGGCAGAGC TTGCAGTGAGCCGGATCGCACACTGTACTCCAGCT

-188
TCOGCGACAMACAARCAAACARACAAAAAAACAGCGCGCTGCAGATGRAGCCAGCACCT
CACCC-BOX
-138
GGGCTTCTCGCTCCCAGCCCCCTCCCGAAGY
Spl

CTCCGGGTCTGGAGGRGG

-88
CTaAGAAGICCOGECCdTC ACGOTAGCGCCOCOCAGC TAOCACARAGGACGAAGCCT
spl

-38 —

AGTICCCECCCAIGCETGCGEGCGL TTCTCCCAGGCCCCACCTTCCATCCAGTGCCCTCGA
Spl +1(A)

+12

CCCTCGGCTGGETAGCGCCACCAGAGCGACCARACGTCCCGCGCCTTCCAGGCCGCACT

+62
CCAGAGCCAAAAGAGCTCCATGGCGGCGGCGECCAAGCCCAACARCCTTTCCCTGGTGG
+66({B) Exon 1

FIG. 7. Nucleotide sequence of the 5'-flanking region of the hu-
man SORD gene. The numbers to the left refer to the position of
each nucleotide from the cap site. The different initiation sites for
(A) liver and (B) brain, retina, kidney, and testis are shown by
arrows. The Spl sites and CACCC box are indicated by open boxes.
The translational initiation site (ATG) is in boldface. The unique
(CAAA); repeat is indicated by underline.

flanking region were found. A report on negative regu-
lation of the H-2KP class I antigene by a transeriptional
factor that binds to the CAA(A) repeat (Ozawa et al.,
1993) provides an interesting possibility for further
study of the regulation of human SORD.

We have demonstrated high expression of SORD in
human lens compared to other tissues. A previous
study reported higher enzyme activity in human lens
compared to other species (Jedziniak et al, 1981).
These data suggest that SORD may play an important
role in the human lens and that dysfunction of this
enzyme may lead to alterations in the polyel pathway.
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