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The SOD-I gene on chromnosome 21 and - 100 kb of
chromosomal DNA from the 21q22 region have been isolated
and characterized. The gene which is present as a single copy
per haploid genome spans 11 kb of chromosomal DNA.
Heteroduplex analysis and DNA sequencing reveals five
rather small exons and four introns that interrupt the coding
region. The donor sequence at the first intron contains an
unusual variant dinucleotide 5'-G-C, rather than the highly
conserved 5' -GT. The unusual splice junction is functional in
vivo since it was detected in both alleles of the SOD-1 gene,
which were defined by differences in the length of restriction
endonuclease fragments (RFLPs) that hybridize to the cDNA
probe. Genomic blots of human DNA isolated from cells
trisomic for chromosome 21 (Down's syndrome patients)
show the normal pattern of bands. At the 5' end of gene
there are the 'TATA' and 'CAT' promoter sequences as well
as four copies of the -GGCGGG- hexanucleotide. Two of
these -GC- elements are contained within a 13 nucleotide in-
verted repeat that could form a stem-loop structure with
stability of - 33 kcal. The 3'-non coding region of the gene
contains five short open reading-frames starting with ATG
and terminating with stop codons.
Key words: Down's syndrome/two SOD-I alleles/RFLPs/
unusual splice junction/-GGCGGG-transcriptional signals

Introduction
Superoxide dismutase (SOD: EC 1.15.1.1) is present in most
aerobic organisms. It catalyses the dismutation of superoxide:
O2 + 02-+ 2H + - H202 +02 (reviewed by Fridovich 1978,
1979). Eukaryotic cells contain two distinct forms of SOD -
a mitochondrial manganese-containing enzyme and a
cytoplasmic copper/zinc-containing enzyme (SOD-1). The
human SOD-I is a dimer of 32 kd composed of two identical
non-covalently linked subunits (Briggs and Fee, 1978) with
known amino acid sequences (Jabusch et al., 1980; Barra et
at., 1980). The gene locus for human SOD-I was assigned to
chromosome 21 (Tan et al., 1973). This chromosome is in-
volved in the most common genetic disease, known as
trisomy 21 or Down's syndrome (Lejeune et al., 1959). About
one in 1000 newborn babies carries an extra copy of chromo-
some 21 and thereby suffers from Down's syndrome. The
clinical symptoms of Down's syndrome are severe mental
retardation, slow physical development, increased incidence
of leukemia, high susceptibility to infections and some signs
of premature aging (Martin 1978; Burgio et al., 1981). In ad-
dition, almost all Down's syndrome patients develop by the
age of 40 progressive dementia with symptoms and

neurological abnormalities identical to Alzheimer's disease
(Solitaire and Lamarche, 1966; Owens et al., 1971; Burger
and Vogel, 1973; Ellis et al., 1974; Heston, 1977), suggesting
an association between the two conditions, i.e., genes on
chromosome 21 could play a role in the development of
Alzheimers disease. In most cases, the patients with Down's
syndrome have a karyotype with 47 chromosomes (46 plus
one additional 21). However, cases have been identified in
which only a portion of chromosome 21 is present in
triplicate, usually translocated to another chromosome.
Those studies enabled the localization of the region 'respon-
sible' for the syndrome on the chromosomal segment 21q22
or more specifically on q22.1 and possibly q22.2 (Niebuhr,
1974; Williams et al., 1975; Cervenka et al., 1977; Pfeiffer et
al., 1977; Poissonier et al., 1976; Sinet et al., 1976; Hagemei-
jer and Smith, 1977; Philip et al., 1978; Tsukino et al., 1980;
Summit, 1981). Although the relationship of trisomy 21 to
Down's syndrome has been known for 25 years (Lejeune et
al., 1959), there is no effective treatment and very little is
known about the way in which the additional chromosomal
segment (21q22) causes the disease. It is generally assumed
that the extra 21q22 segment codes for normal products and
that the abnormalities found in Down's syndrome are pro-
duced by the excess of some of those proteins. Indeed, the pa-
tients show an increase of - 50% in SOD-I activity due to
higher levels of SOD-I protein (Sinet et al., 1974; Eriksson et
al., 1975; Crosti et al., 1976; Feaster et al., 1977). Molecular
cloning of the genes residing in the 21 q22 region and analysis
of their organization and expression should lead to the iden-
tification of those particular genes involved in the pathology
associated with the syndrome. Because the gene locus of
SOD- I is located in the 21 q22 segment this gene can serve as a
convenient starting point for such an endeavor. In addition,
since it was suggested that the overproduction of SOD-1 may
be involved in some of the clinical symptoms of Down's syn-
drome (Sinet, 1982), we envisaged that cloning and
characterization of the gene locus coding the SOD-I may con-
tribute to our understanding of this genetic disease. To this
end, we have constructed a cDNA clone of human SOD-1
and studied the expression of the SOD-1 gene in different
cells (Lieman-Hurwitz et al., 1982; Sherman et al., 1983).
Two SOD-1 mRNAs of -0.7 kb and 0.9 kb differing in the
length of their 3'-untranslated region were found in a variety
of human cells. They are transcribed from the same gene and
the major 0.7 kb species is approximately four times more
abundant than the 0.9-kb mRNA. Here we report the isola-
tion and characterization of the SOD-1 gene locus including
- 100 kb from the 21q22.1 chromosomal segment.

Results
Organization of the SOD-I gene
Human DNA from FS 11 cells or placenta was digested with
EcoRI, BglI, HindIII or PstI, fractionated by gel electro-
phoresis and transferred to nitrocellulose filters. When the
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Fig. 1. Hybridization of 32P-labeled SOD-i cDNA to human genomic
DNA. 20 jig of DNA were digested with various restriction enzymes, the

fragments separated on a 0.8%7 agarose gel, transferred to nitrocellulose

and hybridized to a 32P-labeled probe of the SOD-I cDNA (insert of pS61-
10). Lanes 1-4, DNA was isolated from cultured FS-I1 normal human
fibroblasts and digested with (1) EcoRI; (2) BgII; (3) PstI; (4)HindIII.
Lanes 5 and 6, DNAs were digested with EcoRI; (5) WAVR4dF9-4a
mouse-human hybrid cells (Kozak et al., 1977) (6) A9, mouse cell. Lanes
7-9, DNAs were digested with BgIII; (7) SV-80 cells; (8) WAV4dF9-4a (9)
human placenta.

blot was hybridized with 32P-labeled SOD-I cDNA (pS61-10)
(Lieman-Hurwitz et al., 1982; Sherman et al., 1983) hybridi-
zations were observed to fragments of 18 kb-(EcoRI); 5.1 and
4.1 kb-(BglII); 5.6, 3.6 and 2.3 kb-(PstI); 14.5, 1.3 and 0.8
kb-(HindIII) (Figure 1, lanes 1,2,3, and 4). Hybridization
under less stringent conditions revealed additional bands
(hardly visible in Figure 1, but see Figure 7). These fragments
were derived from SOD-I related processed genes and possess
only partial homology to the SOD-1 sequences (Danciger et
al., in preparation). All the SOD-1 related DNA fragments
were isolated as recombinant X phages by screening -1 x 106
phage plaques from each of two genomic libraries: one was
prepared from partial HaeIII and AluI digests of human fetal
liver DNA by Lawn et al. (1978) and the other was con-

structed from a partial EcoRI digest (Mory et al., 1981).
Eleven separated Charon 4A phage clones containing SOD-I
related sequences were isolated. Detailed restriction mapping
and hybridization to the cDNA as well as heteroduplex
analyses indicated that four overlapping phage clones
designated XA-2, XB- 1, XF and X)5-1 originated from the
SOD-I chromosomal locus (Figure 2). This region was

enlarged by several rounds of 'chromosome walking' (see
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Hadfield 1983) using both libraries so that a total of - 100 kb
of chromosomal DNA from the 21q22.1 segment were
isolated (Figure 2). Experiments aimed to detect the SOD-I
neighboring gene by hybridizing Northern blots with 32p-
labeled genomic fragments have yielded, so far, negative
results. The SOD-I gene is contained within one large EcoRI
fragment of - 18 kb (XA-2). Obviously this phage and hence
the SOD-1 gene is underrepresented in any partial EcoRI
phage library. The 18-kb EcoRI fragment containing the
SOD- I gene was also detected in DNA from the
mouse/human hybrid line WAVR4dF9-4a that contains
human chromosome 21 as the only human chromosome
(Figure 1, lane 5). The additional 6-kb fragment seen in this
lane co-migrated with the mouse fragment (lane 6). When
DNA from human trisomy-21 cells was digested with EcoRI,
BglII or PstI, fractionated on agarose gel and analyzed by
blot hybridization, the pattern obtained was qualitatively
identical to that of the disomy fibroblasts depicted in Figure
1, indicating that there are no gross differences associated
with the extra copy of the SOD- 1 gene.
The organization of the SOD- I gene was examined by elec-

tron microscopy of heteroduplexes formed between a frag-
ment isolated from the recombinant phage XB- 1 and the
SOD-1 cDNA clone. A 13-kb EcoRI-EcoRI fragment con-
taining the entire SOD-1 gene was isolated from XB-1 and
subcloned in pHG165 (a pBR322 derivative containing a
poly-linker provided by J. Kuhn). It was then linearized by
BamHI which also trimmed a 1.5-kb fragment of the
3'-flanking region beyond the SOD-1 gene, hybridized with
the linearized SOD-1 cDNA subcloned in pHG165 and ex-
amined by electron microscopy. Five blocks of homologous
sequences and four intron loops were visualized on the elec-
tron micrographs (Figure 3). The 5'-3' orientation of the
gene shown in Figure 3 was deduced from the known orienta-
tion of the cDNA clone (Lieman-Hurwitz et al., 1982; Sher-
man et al., 1983). The double-stranded tail of the vector
pHG165 (3.4 kb) is followed by loop A (0.5 kb) which defines
the distance between the 5' terminus of the genomic clone
and the first exon. Loops B through E (totalling 3.1 kb) repre-
sent the first intron. The stem-loop structures C and D are
formed by two pairs of inverted repeats within the first in-
tron. Loops F (2.0 kb), H (0.45 kb), and G (1.8 kb) represent
the second, third and fourth introns, whereas the single-
stranded tail at the 3' side represents the 3'-flanking region
of the gene.
Nucleotide sequence of the SOD-I gene
To locate and isolate smaller DNA fragments containing the
SOD-1 sequences, cloned DNAs (XA-2, XB-1, XF and X5-1)
were digested with a variety of restriction enzymes and
analysed by blot hybridization with 32P-labeled SOD- I
cDNA. The relevant regions were subcloned in pBR322 or
pUC13 and the exons were more precisely localized on the
genomic DNA (Figure 2). To establish the exact exon-intron
structure of the SOD- I gene the nucleotide sequence of all the
exons and part of their flanking introns were determined us-
ing both the chemical method of Maxam and Gilbert (1980)
and the M13 phage dideoxynucleotide technique (Sanger et
al., 1980) (Figure 4). As predicted by the heteroduplex
analyses the coding region of the human SOD-I gene is divid-
ed into five exons interrupted by four introns. The nucleotide
sequence of the five genomic exons is identical to that of the
previously published SOD-1 cDNA (pS61-10) (Sherman el
al., 1983) indicating that the cloned DNAs (XA-2 and XB-1)
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Fig. 2. Restriction map and organization of the SOD-I gene locus. Top line: genomic DNA from four overlapping X clones with positions of four
restriction enzymes R1 = EcoRI, Bg = BglII, Hi = HindlII, P = PstI. The exons are the black rectangles numbered I -V. The polymorphism in the
BgllI site is indicated by an asterisk. Bottom line: molecular map of 100 kb of the SOD-1 locus. The nine overlapping X clones contain sequences of the
gene and neighboring regions.

Fig. 3. Electron micrograph and tracing of heteroduplex between the
SOD-I genomic and cDNA clones. The two recombinant clones, both
subcloned in pHGI65, were denatured, annealed and mounted for
microscopy. Single- and double-stranded DNAs are represented by thin and
thick solid lines, respectively. See the text for the (A) to (H) loops and
5'-3' orientation.

represent the functional gene. In Figure 5 the sequences of the
donor and acceptor splice junctions at the exon-intron boun-
daries are compared with the proposed consensus sequence
for such junctions (Breathnach and Chambon, 1981; Mount,
1982). The donor sequence at the first intron contains an
unusual variant dinucleotide 5'-G-C rather than the highly

conserved GT; whereas all the other three introns are bound
by the consensus 5'-G-T.... . A-G-3' (Figure 5). The se-

quencing of the region containing the unusual 5'-G-C donor
site was repeated several times from both strands; the results
were identical in all experiments. Among the other
nucleotides the 5'-A-G preceding the invariant -G-T of the
donor sequence appears in three out of the four introns and
the boundaries of intron no.4 are in very good agreement
with the consensus sequence. The unusual 5'-G-C dinucleo-
tide in the first intron is not an artifact of the cloning pro-
cedure because it was detected in both XA-2 and XB-1 which
are alleles of the SOD-1 gene (see below).

The 5'- and 3'-terminal regions of the SOD-i gene

Exon 1 contains 72 nucleotides of the coding region and 80
nucleotides corresponding to the mRNA 5'-untranslated
region. The mRNA start site indicated in Figure 4 was deter-
mined by both SI nuclease mapping and primer extension ex-
periments (data not shown). The genomic sequence upstream
from the mRNA start site contains two conserved sequences
involved in the promotion of transcription by RNA polymer-
ase II (Breathnach and Chambon, 1981). At 23-29 nucleo-
tides upstream from the mRNA start site there is a hexa-
nucleotide T-A-T-A-A-A known as the 'Goldberg-Hogness'
box and at positions - 69 and - 128 relative to the mRNA
start site there are C-C-A-T-T and C-A-T-T sequences, re-

spectively (Figure 4). In addition to the 'TATA' and 'CAT'
boxes, the promoter region of the SOD-I gene contains three
direct and one inverted repeats of the sequence
5'-GGCGGG-3' at nucleotide nos. -90, -135, - 172 and
- 243 (underlined in Figure 4). Also present in this region are

two pairs of inverted repeats: a shorter one of seven nucleo-
tides between the 'TATA' and 'CAT' boxes (marked by two
arrows in Figure 6) and a longer 13 nucleotide pair preceding
the - 69 'CAT' box. Interestingly, the - 90 'GC' and - 135
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-270 -2.0 2 1

GTACCCTGTT TACATCAIII IGCCATTTTC GCGTACTGCA ACCGGCGGGC CACGCCGTGA AAAGAAGGTT GITTTCTCCA CAGIIICGGG GTTCTGGACG TTTCCCGGCT
4od -1S *0 -I2,e -30

GCGGGGCGGG GGGAGTCTCC GGCGCACGCG GCCCCTTGGC CCGCCCCAGT ATTCCCGGC CACICGCGAC CCGAGGCTGC CGCAGGGGGC GGGCTGAGCG CGTGCGAGGC
mRNA start site

-60 -30

CAJTGGTTTG GGGCCAGAGi GGGCGAGGCG CGGAGGICTG GCCTATAMG TAGTCGCGGA GACGGGGTGC TGGiiTGCGT CGTAGTCTCC TGCAGGTCTG GGGTTTCCGT
50 30 ~~~~~~~Al1a Thr Lys Ala Val Cys val Lea LyS Gly Asp Gly Pro Val Gin Gly Ilie

TGCAGTCCTC bGAACCAGGA CCTCGGCGTG GCCTAGCGAG TT ATG GCG ACG AAG GCC GTG TGC GIG CTG AAG GGC GAC GGC CCA GIG CAG GGC ATC
Ile Asn Phe Giu Gin L s 240
ATC AAT TTC GAG CAG AXG WAAGGGCIG GGACCGGGAG GCTTGTGTTG CGAGGCCGCT CCCGACCCGC TCGTCCCCCC GCGACCCTTT GCATGGACGG GTCGCCCGCC

250

AGGG.. CCTAGAGCAGT TMGCAGCTT GCTGGAGGTT CACTGGCTAG AAAGTGGTCA GCCTGGGATT TCGGACACAG ATTTTTCCAC
05 0 .0 0
1 ~~~~~~~~~~~~~~~~~~~~~~GluSer Asn

TCCCAAGTCT GGCTGCTTTT TACTTCACTG TGAGGGGTAA AGGTAAATCA GCTGTTTTCT TTGTTCAGAA ACTCTCTCCA ACTTTGCACT TTTCTTAAAM GM AGT MT
Gly Pro Val Lys Val Trp Gly Ser lie Lys Gly Leu Thr Glu Gly Leu His Gly Phe His Val His Glu Phe Gly Asp Asn Thr Ala
GGA CCA GTG MG GTG TGG GGA AGC ATT AAA GGA CTG ACT GAA GGC CTG CAT GGA TTC CAT GTT CAT GAG TTT GGA GAT AAT ACA GCA G BTGG

°00 Gly Cys Thr Ser Ala Gly Pro His Phe Asn Pro Leu
GTI.. CATAATTTAG CTTTTTTTTC TTCTTCTTAT AAATAG GC TGT ACC AGT GCA GGT CCT CAC TTT MT CCT CTA
Ser Arg Lys His Gly Gly Pro Lys Asp Glu Glu Arg

1 0

TCC AGA AAA CAC GGT GGG CCA AAG GAT GAA GAG AG 6AACAAGAI GCITTACICT TGTAATCAAT GGCGATACGT TTCTGGAGTT CATATGGTAT ACIACIIGTA
300 880

AATATITGCC TAAGATAATT CCGTGTTTCC CCCACCTTTG CTTTTGAACT TGCTGACTCA TGTGAAACCC TGCTCCCAAA TGCTGGAATG CTTTTACTTC CTGGGCTTAA
o00 350 30

AGGMTTGAC AAAIGGGCAC TTMAACGAT TTGGTTTTGT AGCATTTGAT TGAATATAGA ACTAATACAA GTGCCAAAGG GGAACTAATA CAGGAAATGT ICATGAACAG
Io00 0045 His Val Gly Asp Leu Gly

TACTGTCAAC CACTAGCAAA ATCAATCATC ATT TGATGCTTTT CATATI G CAT GTT GGA GAC TTG GGC

Asn Val Thr Ala Asp Lys Asp Gly Sal Ala Asp Val Ser Ile Glu Asp Ser Val Ile Ser Leu Ser Gly Asp His Cy s Ile Ile GI Ar
MT GTG ACT GCT GAC AAA GAT GGT GTG GCC GAT GTG TCT ATT GAA GAT TCT GTG ATC TCA CTC TCA GGA GAC CAT `GC ATC ATT GG CGe

0770 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1250
Thr Leu Val
ACA CTG GTG 6TAAGTTTTC ATAAAGGATA TGCATAAAAC TTCTTCTAAC AGTACAGTCA TGTATCTTTC ACTTTGATTG TTAGTCGCGA ATTCTAAGAT CCAGATMAC

1270 1320

TGT.GTTTCTGCTT TTAAMCACT AAATATTAGT ATATCTCTCT ACTAGGATTA ATGTTATTTT
035) 4014 0

Val His Glu
TCTAATATTA TGAGGTTCTI AAACAICTTT TGGGTATTGT TGGGAGGAGG TAGTGATTAC TTGACAGCCC AAAGTTATCT TCTTAAAATT TTTTACA6 GTC CAT GM

Lys Ala Asp Asp Leu Gly Lys Gly Gly Asn Glu Glu Ser Thr Lys Thr Gly Asn Ala Gly Ser Arg Leu Ala Cy s GI y Yal Ile Gl Ile
AAA GCA GAT GAC TTG GGC AAA GGT GGA AAT GAA GAA AGT ACA AAG ACA GGA AAC GCT GGA AGT CGI TTG GCT TGT GGI GTA ATT GGG ATC

Ala Gln STOP 50 1600

GCC CAA TAACAIICC CTTGGATGTA GICIGAGGCC CCTTAACTCA TCTGTTATCC TGCTAGCTGT AGAAATGTAT CCTGATMAC CTACACT GTAATCTTAA
Poly A 1650 I 1700 1

AAGTGTAATT GTGTGACTTT TTCAGAGTTG CTTTAAAGTA CCTGTAGTGA GAAACTGATT TI§ATCACT TGGAAGATTT GTATAGTTTT ATAMACTCA GITAAAAT6I
1750 BOO -Poly A

CTGTTTCAAF GACCIGIATT TTGCCAGACT TAAATCACAG ATGGGTATTA ACTTGTCAG AATTTCTTTG TCATTCAAGC CTGTGAATAA AAACCCTGTAT6GCACTTAT
1850 0900 .950

TATGAGGCTA-TMAAAGAAT CCAAATTCAA ACTAAATTAG CTCTGATACT TATTTATATA AACAGCTTCA GTGGAACAGA TTTAGTAATA CTAACAGTGA TAGCATTTTA
2 t5) 200

ITTTGAAAGT GTTTTGAGAC CATCAAAAT6 CATACTTTAAAACAGCAGGTC TTTTAGCTAA AACTAACACA ACTCTGCTTA GACAMTAGG CLGICCILIG AAGCII

Fig. 4. Nucleotide and amino acid sequences of the SOD-I gene. The sequence of all coding regions and adjacent nucleotides are shown with 110 bases per
line. The 'TATA', 'CAT' and polyadenylation sequences are boxed. The splice junctions are underlined. The exons were identified by comparison with the
cDNA sequences (Sherman et al., 1983). The sites of initiation of transcription and poly(A) are indicated. The arrows mark the two 9-nucleotide direct
repeats at the 3'-non-coding region.

'CG' elements are contained in the paired region of a putative gulatory proteins and thus may play a role in the regulation of
stem-loop structure that could be formed by the 13 SOD-1 expression. The fifth exon includes the last 35 codons
nucleotides repeats, whereas, the - 128 'CAT' box is located followed by a TAA termination triplet and 312 bp of the
in the unpaired loop (Figure 6). The stability of this structure 3 '-untranslated region (Figure 4). Downstream from the stop
was estimated according to Tinoco et al. (1973) as -33 kcal. codon there are 76 nucleotides before the hexanucleotide
The 7-bp repeat on the other hand could form a less stable ATTAAA. This polyadenylation signal is located 21 bp up-
structure of - 17 kcal. Such 'GC' elements and stem-loop stream from the poly(A) tail identified by Sherman et al.
structures could serve as a binding or recognition site for re- (1983) in the SOD-I cDNA clone and is the one involved in
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the formation of the 0.7-kb SOD-I mRNA species. There are
three additional poly(A) signals located 200 -250 bp further
downstream (Figure 4). The middle one (at nucleotide no.
1824) specifies the poly(A) site of the 0.9-kb SOD-I mRNA
(Sherman et al., in preparation). Curiously, the
3 '-untranslated region of the SOD- I is marked by two unique
features: first, immediately at the end of the coding region
there is a 67-bp fragment flanked by two perfect 9-nucleotides
direct repeats indicated by the two arrows in Figure 4; second,
five short open reading frames starting with ATG (boxed and
numbered I - V) and terminating with stop codons were iden-
tified beyond the end of the SOD-1 coding sequence. The
shortest reading-frame (no.1) contains six codons, while the
longest one (no.3) consists of 29 codons.
Thephage clones XA-2 and XB-I are alleles of the SOD-I gene
As indicated above, the XA-2 and XB-1 recombinants were
isolated from the library of human fetal liver DNA (Lawn et
al., 1978) and both contained the entire SOD-I gene (Figure
2). When hybridized to each other these two recombinants
formed a stable DNA duplex across their overlapping region
indicated in Figure 2. The restriction maps of that region are
identical except for one BglII site (marked by the asterisk in
Figure 2) which is missing in XB- 1. When the two phage
DNAs were cut by BgllI, blotted and probed with the SOD-I
cDNA clone the XA-2 generated three fragments of 4.1 kb,
3.6 kb and 1.5 kb. The 3.6-kb and 1.5-kb BgIII fragments
were missing from the digest of XB- 1, instead it contained one
5.1-kb fragment (Figure 2). In the genomic blot shown in
Figure 1, only the 5.1-kb and 4. 1-kb fragments are visible in
the various human DNAs (Figure 1, lanes 2, 7, 8 and 9), in-
dicating that these samples contain the XB-1 form of the

DONOR(GD) ACCEPTOR(Ai)
5' 3' 5' 3'

CONSENSUS AAGGTAAGT Ccc CCX AGV
INTRON #1

#2
AAGLKAAGG
CAGGTGGGT

" #3 GAGGTAACA
It #4 GTGGTAAGT

TTTCTTAAA.GA
TTATAAATAGGC
TTTCATATAGGC
TTTTTTACAGGT

Fig. 5. Exon-intron junctions of the SOD-I gene. The nucleotide sequences
bordering the coding regions of the SOD-I gene are compared with the
consensus sequence. The unusual 'GC' variant in the donor of the first
intron is marked by bolder letters.

SOD- I gene. To test whether the XA-2 and XB-1 are alleles of
the same locus, seven different human DNA samples from
unrelated individuals were digested with BglII and analyzed
by Southern blot hybridization. Two out of the seven samples
contained the 1.5-kb fragment which is diagnostic for the
XA-2 form of the gene (Figure 7). We, threfore, concluded
that the XA-2 and XB-1 are alleles and that the additional
BglII site in XA-2 was created by an alteration in the
nucleotide sequence which causes the well-documented re-
striction fragment length polymorphism (RFLPs) (Kan and
Dozy, 1978; Botstein et al., 1980). The Mendelian inheritance
of this RFLP, as well as other polymorphic DNA markers
present in the SOD-I locus, were determined by analyzing the
segregation patterns in informative families (Antonarakis et
al., unpublished results). The two other fragments present in
all the DNA samples in Figure 7, i.e., the large 17-kb and the
3.6-kb bands, belong to the SOD-I related pseudogenes men-
tioned above. They are clearly visible here due to the lower
stringency of the hybridization conditions. These two SOD-1
related pseudogenes, as well as two additional pseudogenes,
have been isolated from the human X phage library and char-
acterized (Danciger et al., in preparation).

Discussion
Human genomic libraries in lambda Ch4A were screened
with cloned SOD-1 cDNA and a few overlapping recombi-
nant phages containing the whole SOD-1 gene were isolated.
The DNA regions present in XA-2 and XB-1 are the only ones
among the phages that were picked-up with nucleotide se-
quences identical to the SOD-I cDNA. We therefore conclud-
ed that this region represents the unique SOD-1 functional
gene. The gene is - 11 kb in length and is interrupted by four
introns. In proportion to the sizes of the two SOD-I mRNAs
(0.7 and 0.9 kb) this is a large gene because it is over 12 times
the length of the longer mRNA species. In addition to the
functional gene we have isolated four processed pseudogenes.
Experiments with genomic library of human chromosome 21
(Krumlauf et al., 1982) have indicated that the processed
genes do not reside on this chromosome (in preparation).
Genomic blots of human DNAs isolated from cells trisomic
for chromosome 21 show the normal pattern of bands after
digestion with EcoRI, PstI or BglII and hybridization to the
SOD-I cDNA probe. This is expected since it is assumed that
the additional chromosome 21 codes for the normal cellular
proteins and that the abnormalities observed in Down's syn-
drome are due to an excess of some of these gene products.
All the protein coding regions and part of the introns of the

-150 85 -80 -60 -40 -20 .1
I_

GGCCCC GCGCGTGCGAGGC ATTTGGTTTGGGGCCAGAGTGGGCGAGGCGCGGAGGTCTGGCCTATMA TA6TCGCGGAGACGGGGTGCTGGTTT ....
A

-140- -33 Kcol

-100 Inverted repeats and Stem-loop structure in the human SOD-I promoter
GAk GAdC

/TGCGA6
-120

Fig. 6. Putative stem-loop structure located 5' to the 'TATA' and 'CAT' boxes of the SOD-I gene. The numbers correspond to those in Figure 4. 'TATA'
and 'CAT' sequences are boxed. The free energy per strand ( - 33 kcal/mol) is indicated. The two arrows mark the 7-bp inverted repeat.
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Fig. 7. Hybridization analysis revealing BglII polymorphisms in the SOD-1
gene. Each lane of the 0.8%/o agarose gel contained 20-30 1tg of BglIl
digested human DNA from unrelated individuals. Transfer of DNA and
hybridization with 32P-labeled probe of SOD-1 cDNA described in Figure 1.

SOD-I gene were sequenced as well as 300 bp of the
5'-flanking region and 220 bp of the 3 '-flanking region. In
the donor sequence of the first intron a T to C transition oc-
curred and hence it deviates from the 5 'GT. . . . AG 3' con-
sensus (Breathnach and Chambon, 1981; Mount, 1982). The
unusual 5'-G-C donor site is not an artifact of the cloning
procedure because it was detected in both XA-2 and XB-1
which are alleles of the SOD-I gene. Since this is the only
functional SOD-I gene present in the genome there is no
reason to assume that the G-C- donor site is not functional in
vivo. In fact, we have inserted an 11-kb fragment, derived
from XB- 1, which contains the SOD-I gene, into plasmid vec-
tors carrying the bacterial phosphotranspherase gene (neo),
and used it to transfect mouse L-cells. Many of the transfor-
mants resistant to the antibiotic G418 synthesized immuno-
precipitable human SOD-I polypeptide at relatively high effic-
iency indicating that indeed the G-C variant is functional (Stein
and Groner, unpublished). Four violations of the 5'-G-T
.... A-G-3' rule have so far been reported: two within an

intron, of the collagene gene (Avvedimento et al., 1980) and
the aA-crystallin gene (King and Piatigorsky, 1983), the other
two were found in the donor sequence at the second intron of
chicken (Dodgson and Engel, 1983) and duck (Erbil and
Niessing, 1983) ct-globin genes. In the case of chicken ct-
globin gene, the G-C donor site was shown to be functional in
vivo (Fischer et al., 1984). It was also reported that when a
normal donor site is deleted a cryptic 5'-G-C- sequence
becomes active (Wieringa et al., 1983).

The 5' transcriptional control region of the SOD-I gene
contains, in addition to the conventional 'TATA' and 'CAT'
boxes, four 'GC-rich' elements which are known to be impor-
tant for transcription of SV40 and a few other genes. Three of
the 'GC' hexamers are direct repeats 5'-GGCGGG-3' and
the fourth is the inverted complement 5' -CCGCCC-3'. In
SV40 six copies of the CCGCCC hexamer are contained
within the region of the 21-bp repeats which have been shown
to play an important role in both early and late transcription
of the virus (Benoist and Chambon, 1981; Myers et al., 1981;
Lebowitz and Ghosh, 1982; Fromm and Berg 1982, 1983;
Everett et al., 1983; Hartzell et al., 1983; Byrne et al., 1983;
Hansen and Sharp, 1983). Furthermore, a cellular factor
which binds specifically to this region of the SV40 genome
and protects three of the CCGCCC repeats was purified from
HeLa cell extracts (Dynan and Tjian, 1983). This promoter-
specific factor activates transcription of early and late SV40
RNAs and early BK virus RNA, but has little or no effect on
a few other promoters (Dynan and Tjian, 1983, and their un-
published results). Control regions of several other genes like
the herpes thymidine kinase, the mouse hypoxanthine phos-
phoribosyltransferase, the human and Chtamydomonas 3-tu-
bulin and the human HMG CoA reductase gene contain the
'GC'-rich element (McKnight and Kingsbury, 1982; Melton et
al., 1984; Lee et al., 1983; Brunke et al., 1984; Reynolds et
al., 1984). Repeated 'GC' motifs were also found in monkey
genomic fragments capable of promoting transcription in
CV-1 cells (Saffer and Singer, 1984) and the in vivo impor-
tance of a similar sequence in the rabbit ,B-globin promoter
was recently reported (Dierks et at., 1983). Transcription of
the herpes thymidine kinase gene is dependent on the presence
of two 'GC' elements at the 5' control region; the hexanu-
cleotide 5'-CCGCCC-3' and its inverted complement
5'-GGCGGG-3' (McKnight et al., 1984). As indicated
above, similar arrangements occur in the SOD-1 gene: two
out of the four hexamers 5'-GGCGG-3' are embedded with-
in the 13-nucleotide inverted repeats which can form a stable
stem-loop structure. Since it is generally believed that control
of gene expression is achieved through interaction of
regulatory proteins with specific regions of the DNA, both
the 'GC' elements and the stem-loop structure might be in-
volved in SOD-1 gene regulation.
Two mRNA species of 0.7 kb and 0.9 kb which originated

from multiple polyadenylation signals at the 3' end of the
SOD-1 gene were detected (Lieman-Hurwitz et al., 1982;
Sherman et al., 1983 and in preparation). Five poly(A) addi-
tion signals grouped in two sets were identified at the 3'
region of the gene. The first group contains two signals but
only the more downstream one is utilized as a poly(A) addi-
tion signal for the 0.7-kb mRNA. The second group contains
three tandem signals and here the middle one specifies the 3'
end of the 0.9-kb mRNA. Between the two polyadenylation
signals of the first group there is a region of 67 bp flanked by
two perfect 9-nucleotide direct repeats. It is known that trans-
position of DNA segments usually generates small duplica-
tions at the insertion site (Grindley and Sherratt, 1979).
Therefore, it is tempting to assume that the more downstream
poly(A) addition signal which specifies the end of the 0.7-kb
mRNA was created by an insertion of the 67-bp fragment.
Another interesting feature of the 3' region is the presence of
five ATGs followed by open reading frames that terminate
with stop codons. A similar observation was previously re-
ported for the 3'-non-coding region of chicken vimentin gene
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(Zehner and Paterson, 1982). Initiation of translation of
eukaryotic mRNAs takes place at an AUG near the 5' cap.
Therefore, the open reading frames in the 3'-non-coding part
of the SOD-I gene could not possibly be translated from the
conventional SOD-1 mRNA species. In this context it should
be mentioned that low mol. wt. RNAs were occasionally de-
tected on Northern blots probed with 32P-labeled SODl
cDNA (Lieman-Hurwitz et al., 1982; Sherman et al., 1983).
The recombinant phages XA-2 and XB- 1 contain the two al-

leles of the SOD-l gene. They were defined by their different
BglII fragments. Taking all the data in Figures 1, 2 (the
genomic library) and Figure 7 together, three out of the 10
DNA samples analyzed contain the infrequent allele. Varia-
tions in DNA sequences that occur in only one of the homo-
logous chromosomes and thus result in alteration of the
length of restriction fragments (RFLPs) have been detected at
various human gene loci. These sequence variants are quite
prevalent, for example, in human f-globin gene locus and
human albumin locus they occur once in every 100- 200 bp
and once every 85 bp, respectively (Jeffreys, 1979; Murray et
al., 1984). The Mendelian inheritance of the RFLPs make
them important genetic markers for studies of inherited di-
seases (Kan and Dozy, 1978; Botstein et al., 1980; Davies et
al., 1983; Camerino et al., 1984; Drayna et al., 1984).

Materials and methods
Isolation of X clones
To isolate chromosomal DNA containing SOD- 1 sequences from human bac-
teriophage X libraries (Lawn et al., 1978; Mory et al., 1981) 106 phages were
screened using duplicate filters and nick-translated pS61-10 cDNA clone as a
probe (Lieman-Hurwitz et al., 1982). The phages containing SOD-1 sequences
were identified and plaque-purified.
DNA-blot hybridization
10-20 jg of DNA were digested with the appropriate restriction endonu-
clease and fractionated on a 0.8% agarose gel in TAE buffer (40 mM Tris,
20 mM Na acetate, 2 mM EDTA), containing 1 ,tg/ml ethidium bromide.
The DNA was denatured and transferred to nitrocellulose as described by
Southern (1975). Hybridizations were carried out at 42°C in 50% formamide,
5 x SSC, 5 x Denhardt, 50 mM NaPO4 (pH 6.5) and 100 Ag/ml of salmon
sperm DNA. The filters were washed at 50°C with 1 x SSC 0.1 o SDS as in
Figure 7 or with 0.1 x SSC 0.1 7o SDS at 50°C in Figure 1.
DNA sequence analysis
DNA nucleotide sequences were determined by a combination of the chemical
method of Maxam and Gilbert (1980) and dideoxynucleotide analysis (Sanger
et al., 1980). For the chemical degradation, restriction digest fragments were
labeled either at 3' or 5' termini with the appropriate [32P]dNTP. For di-
deoxynucleotide analysis, restriction fragments were subcloned into ap-
propriately cleaved M13 DNA (Vieira and Messing, 1983).
Heteroduplex analyses
Cloned genomic and cDNA samples were mixed in a ratio of 1:2, respectively,
denatured for 10 min in 0.1 M NaOH/12 mM EDTA, and neutralized by ad-
justing the solution to 160 mM Tris-HCI, pH 8.5/400 mM NaCl04. Forma-
mide (recrystallized three times) was added to 50% (v/v) and renaturation was
allowed to proceed at 37'C for 90 min. The solution was spread on a 10%7o
formamide hypophase and samples were prepared for electron microscopy as
described by Davis et al., (1971). DNA contour lengths were measured with

OX174-and pUC-13 serving as internal length standards for single and double
strands, respectively.
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