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ABSTRACT: The S-protein/vitronectin gene was isolated from a human genomic DNA library, and its sequence
of about 5.3 kilobases including the adjacent 5’ and 3’ flanking regions was established. Alignment of the
genomic DNA nucleotide sequence and the cDNA sequence indicated that the gene consisted of eight exons
and seven introns. The intron positions in the S-protein gene and their phase type were compared to those
in the hemopexin gene which shares amino acid sequence homologies with transin and the S-protein. Three
introns have been found at equivalent positions; two other introns are very close to these positions and are
interpreted as cases of intron sliding. Introns 3-7 occur at a conserved glycine residue within repeating
peptide segments, whereas introns 1 and 2 are at the boundaries of the Somatomedin B domain of S-protein.
The analysis of the exon structure in relation to repeating peptide motifs within the S-protein strongly suggests
that it contains only seven repeats, one less than the hemopexin molecule. A very similar repeat pattern
like that in hemopexin is shown to be present also in two other related proteins, transin and interstitial
collagenase. An evolutionary model for the generation of the repeat pattern in the S-protein and the other
members of this novel “pexin” gene family is proposed, and the sequence modifications for some of the repeats
during divergent evolution are discussed in relation to known unique functional properties of hemopexin

and S-protein.

Several biological functions have been ascribed to a single
75-kilodalton (kDa)' glycoprotein of human plasma (Jenne
& Stanley, 1985). In serum culture media, this protein, called
vitronectin or serum spreading factor, is the principal agent
mediating the adhesion and spreading of cells and facilitating
their proliferation on surfaces in vitro (Barnes et al., 1980;
Hayman et al., 1985). When complement is activated, the
same protein, called complement S-protein, participates in the
fluid phase assembly of the terminal complement proteins to
form the soluble SC5b-9 complex; however, it is not found in
the C5b-9 membrane complex that is assembled only on a lipid
bilayer and generates transmembrane channels (Kolb &
Miiller-Eberhard, 1975; Bhakdi et al., 1976; Bhakdi & Tra-
num-Jensen, 1983). S-Protein incorporation into nascent
C5b-7 complexes prevents their membrane attachment and
the formation of cytolytically active complement complexes
on lipid membranes after successive addition of C8 and C9.
Therefore, S-protein/vitronectin appears to protect innocent
bystander cells from membrane damage by nascent comple-
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ment complexes (Podack et al., 1977, 1978).

S-Protein also forms stable ternary complexes with anti-
thrombin IIT and thrombin during thrombin inactivation. It
binds through a cryptic site in antithrombin III and exerts a
net protective effect on thrombin toward its inactivation by
the inhibitor (Jenne et al., 1985a; Il & Ruoslahti, 1985). The
molecule further possesses a heparin and glycosaminoglycan
binding site (residues 348-380) (Suzuki et al., 1984) which
is not exposed in the native plasma protein (Hayashi et al.,
1985; Barnes et al., 1985). Binding to heparin-like molecules
contributes to its procoagulatory role in the clotting process
(Preissner et al., 1985).

The Arg-Gly-Asp (R-G-D) peptide sequence of S-pro-
tein/vitronectin (residues 45-47) interacts specifically with
a cell surface receptor, the vitronectin receptor (Pytela et al.,
1985). The molecule can therefore function as a cross-linker
between cells and the extracellular matrix by virtue of its two
different binding sites.

S-Protein has evidently specialized for a variety of binding
functions which reside in different regions of the protein.

! Abbreviations: SDS, sodium dodecyl sulfate; HTF, Hpall tiny
fragments; CAT, chloramphenicol acetyltransferase; NaH,PO,, sodium
dihydrogen orthophosphate; pEX, expression plasmid (Stanley & Luzio,
1984); kDa, kilodalton(s); bp, base pair(s); TK, thymidine kinase; kb,
kilobase(s).
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Analysis of the primary structure of the hemopexin and S-
protein suggests that these molecules are composed of repeating
structural motifs related to each other. A 10-repeat model
was therefore inferred for the hemopexin (Altruda et al., 1985)
and the S-protein (Stanley, 1986), although the homologies
within the protein sequences are only evident for eight and six
peptide segments, respectively. In this study, we report on the
exon-intron structure of the human S-protein gene compared
to that of the hemopexin gene in order to disclose the genetic
basis for these amino acid repeats. Furthermore, we describe
homologous repeating peptide segments in two other related
proteins, transin and interstitial collagenase, indicating that
these repeating peptide motifs have arisen by divergent evo-
lution.

MATERIALS AND METHODS

Isolation of Genomic S-Protein Clones. A human genomic
library of blood leukocyte DNA, constructed in the cosmid
vector pcos 2EMBL (Poustka et al., 1984), was kindly provided
by A. Frischauf. Colony screening and plasmid isolation were
done according to standard procedures (Maniatis et al., 1982).

RNA Blot Analysis. Poly(A+) RNA from human liver was
prepared by ethanol precipitation from guanidine hydro-
chloride solutions (Deeley et al., 1977) and affinity chroma-
tography on oligo(dT)—cellulose. The RNA was denatured
with glyoxal and size-separated by electrophoresis in a 1.2%
agarose gel (Carmichael & McMaster, 1980). The RNA was
transferred onto nylon membranes in high salt solutions ac-
cording to the manufacturer’s instructions (NEN Research
Products) and UV-cross-linked (Church & Gilbert, 1984).

DNA Blot Analysis. Total human DNA was extracted from
peripheral blood lymphocytes following standard procedures
(Maniatis et al., 1982). Restriction fragments were frac-
tionated on 0.8% agarose gels and immobilized on nylon
membranes according to Church and Gilbert (1984).

Hybridization Analysis. A complete cDNA clone for S-
protein, S203 (Jenne & Stanley, 1985), was used as a probe
in RNA, DNA, and in situ colony hybridizations. High
specific activity of the probe was achieved by using a random
oligo-primed labeling procedure (Feinberg & Vogelstein,
1983). Hybridization and washing were conducted under
stringent conditions.

Primer Extension Analysis. A 132 bp Ncol, Sacl fragment
of the cDNA was gel-purified, end-labeled with Escherichia
coli DNA polymerase (Klenow fragment), and used as a
primer for the reverse transcriptase reaction according to
published procedures (Maniatis et al., 1982).

DNA Sequence Analysis. Genomic fragments were sub-
cloned in the M13 derivative mpl8 in opposite orientations.
Overlapping M13 subclones were generated by a DNase de-
letion method (Labeit et al., 1987) and sequenced by the
dideoxy chain termination procedure (Sanger et al., 1977).

Homology Comparison between Aligned Amino Acids.
Protein sequences were aligned by using a matrix comparison
procedure based on six physical residue characteristics as well
as on the Dayhof relatedness odds matrix (Barker et al., 1978;
Altruda et al., 1985; Argos, 1987). Longer stretches of aligned
homologous sequences were found with this procedure by using
multiple window lengths in the range of 7-35 amino acids, and
the homologies were subsequently quantified by calculating
the mean correlation coefficient over the aligned amino acids
only.

CAT Assays. A BamHI1/Ball genomic fragment of the 5
region of the gene (Figure 2) was inserted into a special
pTK-CAT vector (Miksicek et al., 1986) upstream of the
thymidine kinase (TK) promoter in both orientations, and the
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FIGURE 1: Southern blot hybridization of total human DNA isolated
from peripheral blood lymphocytes using a S-protein cDNA probe.
Five micrograms of DNA digested with the restriction enzymes
BamH], EcoR1, Hindlll, Pstl, Poull, and Xbal, respectively, was
separated on a 0.8% agarose gel, treated with 0.25 M HCI for 20 min,
and transferred to a nylon membrane in 0.5 M NaOH/1.5 M NaCl.
After UV-cross-linking, the nylon filter was prehybridized and hy-
bridized in 0.5 M NaH,PQO,/7% SDS (pH 7.2). The final washes
were done in 20 mM NaH,PO,/1% SDS (pH 7.2). A DNA, digested
with HindIII and end-labeled, was used as the size marker (shown
in kilobases).

chloramphenicol acetyltransferase (CAT) activity was mea-
sured after transient infection of Hep G2 and HelLa cells.
Control plasmids were the parental plasmid pTK-CAT which
gives a low level of CAT enzyme activity and a pTK-CAT
derivative containing the intact SV 40 enhancer upstream of
the TK promoter for high expression levels of the CAT en-
zyme.

RESULTS

Isolation of the Human S-Protein Gene. Total human
genomic DNA was analyzed with several different restriction
enzymes in a Southern blot experiment using a full-length
c¢DNA probe. Digestions with four enzymes, BamHI, EcoRl,
HindIIl, and Xbal, revealed in each case one unique fragment
to which the probe hybridized under stringent conditions,
showing that a single copy of the gene resides in the human
haploid genome. The size of this gene cannot exceed the 9.4
kb BamHI fragment (Figure 1).

About 250000 colonies of a human genomic library from
blood lymphocyte DNA were screened with a full-length
cDNA probe for the S-protein. Eight independent cosmid
clones were obtained after colony purification. Southern blot
analysis of these clones showed that the entire gene was
contained in three Kpnl fragments of 2.5, 1.4, and 4.6 kb. No
differences in hybridizing fragments were seen among all eight
clones, thus providing additional evidence for a single-copy
gene. Since the restriction enzyme Kpnl recognizes two sites
in the cDNA sequence of the S-protein, three genomic Kpnl
fragments represent the minimal number to be expected. The
9.4 kb BamHI fragment was subcloned into and amplified in
the pUC 19 vector. This fragment was further mapped with
single and double restriction enzyme digests using Clal and
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FIGURE 2: (A) Restriction sites. Note that cleavage of the second Cla*I recognition sequence is inhibited by E. coli dam methylation. (B)
Sequence assembly for the S-protein gene. The two Kpnl fragments and the 3.3 kb Kpnl/BamHI fragment were cloned in M13 in both orientations,
and sets of ordered deletion subclones were sequenced by dideoxy chain termination as shown by arrows. (C) Structure of the human S-protein
gene shown schematically. Solid boxes present coding exons and open boxes untranslated regions. The position of the 78 bp long direct repeat
in the 5 region and the location of an Alu sequence are indicated as hatched boxes. The Alu sequence copy corresponds to the right monomer

of the human Alu consensus sequence.

Xmnl in combination with Kpnl. The former two enzymes
cut once in the genomic BamHI fragment as well as in the
c¢DNA sequence and allowed the arrangement of three Kpnl
fragments (Figure 2).

Nucleotide Sequence of the S-Protein Gene. Nucleotide
sequences were determined for the 1.4 and 2.5 kb Kpnl
fragments and partially for the 3.3 kb Xpnl/BamHI genomic
fragment on both strands in the M13 phage vector mpl9.
Overlapping M13 subclones were generated by DNase deletion
(Labeit et al., 1987) in both orientations (Figure 2). The
transcribed nucleotide sequence for the S-protein covers about
3 kb of genomic DNA. Flanking regions of 1.6 kb at the 5
terminus and 0.7 kb at the 3’ terminus were sequenced in
addition. Alignment of the genomic sequence with that of the
c¢DNA revealed the position and size of exons and introns. The
gene consists of eight exons interrupted by introns in the size
range of 75 bp (intron 2) to 459 bp (intron 6). All exon/intron
junctions conform to the GT-AT rule (Breathnach & Cham-
bon, 1981; Mount, 1982). Six introns are positioned in phase
1, splitting the codon between the first and second nucleotide.
Intron 4 occurs between codons in phase 0. Phase 2 introns
are not present in the gene.

Inspection of the sequence upstream of the 5 end of the
cDNA revealed neither a TATA nor a CCAAT box at an
appropriate position; however, a possible CAATCT (position
1126) and TAAATAAA (position 1158) box region (under-
lined in Figure 3) as well as good consensus donor and acceptor
splice sites is found within a region 512 bp upstream of the
c¢DNA sequence start. The resulting further 5’ exon (un-
derlined in Figure 3) would contribute only 10 untranslated
base pairs to the transcribed mRNA. However, primer ex-
tension experiments (Figure 4) and Northern blots with ge-
nomic fragments 3.7 kb upstream of the cDNA start could
not provide evidence for the existence of such a 5’ exon. The
length of the primer-extended products (Figure 4, see arrow)
rather suggests that the transcription initiation site is located
2 bp upstream of position 1636 where the cDNA sequence
starts. This putative mRNA start site (caggcATCAGAG)
would be compatible with the base frequencies around tran-
scription start points derived from other genes (Breathnach
& Chambon, 1981).

A novel 78 bp perfect direct repeat (see Figure 2, underlined
in Figure 3) is located at position 220. It has a high CG
content and falls in a region of six clustered Hpall sites,
possibly indicating an HTF island at the $’ boundary of the
gene (Bird, 1986). Because of the resemblance of this region

to viral long terminal repeats, we inserted a 414 bp fragment
including the 78 bp repeat into the plasmid pTK-CAT im-
mediately upstream of the HSV TK promoter. No increased
levels of CAT expression were measured, however, in trans-
fected HepG2 cells. This nucleotide sequence repeat therefore
does not appear to be functionally related to the simian virus
40 enhancer.

At the 3’ end of the gene, there is only one polyadenylation
site 64 bases downstream from the translation stop codon; 35
bases further downstream, a sequence of GACTG may cor-
respond to a signal sequence directing the cleavage of the
primary transcript at the 3’ end before polyadenylation
(Berget, 1984). In the 3’ flanking region of the gene starting
at position 5144, a partial copy of a human Alu sequence—the
right half (underlined in Figure 3)—is interspersed (Schmid
& Jelinek, 1982). It is not included in the RNA transcription
unit for the S-protein. The DNA sequence for the coding
region of the gene and the cDNA sequence for the S-protein
differ only in the triplet coding for Ala-347 (GCC) instead
of Thr-347 (ACC). The genomic sequence at this position thus
agrees with the vitronectin cDNA sequence and the protein
sequence data (Suzuki et al., 1984, 1985).

Correspondence between Exons of the S-Protein Gene and
Repeating Peptide Motifs in S-Protein and Hemopexin.
Analysis of the self-homology of S-protein using physical
residue parameters which reflect protein folding has suggested
that the protein may have evolved from a short peptide seg-
ment repeated 10 times in the present day structure of the
protein. The internal homologies, however, are discernible only
for six segments of the S-protein (Stanley, 1986). The
exon/intron structure of both the hemopexin and S-protein
genes supports the hypothesis of a repeat pattern in that five
introns of the S-protein gene and six introns of the hemopexin
gene fall at corresponding positions within repeated peptide
motifs (Figure 6).

The original window of the repeat was described with a
conserved glycine residue in a hydrophobic environment at the
amino-terminal end and an Asp within a strongly conserved
hydrophobic pentapeptide sequence at the carboxy-terminal
end. In view of the exon/intron pattern of the hemopexin and
S-protein genes which clearly shows that the repeated motif
starts with the FDAFT in exon 3, we have now redefined the
window of the repeated peptide motifs (Figure 6): therefore,
in order to generate, e.g., four complete amino acid repeats
in half of the molecule, as in the case of hemopexin, part of
a fifth exon is required to encode the second portion of con-
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1 GGTACCAGGCAAGGGTGCCGGTCAGAACTTTGGGGGAGGAGTGTCGGCAGGATCGGGGGAGCGGT TGGCAAAGG TGATGCAGGCCCAGATGCAGGGAGTG
101 GGCGAAAGGAGAGAGCGAGCAGGCGAGGGATGGCTCCGGACGCCGTAGGGTAGAGGAGGCGGCGGCTGGAACAAAGCGTGGCCTGGGCACGGGCTCGGCT
201 GAGCTGGGAGATGCTCGGC
301 AGCCACGCCCCLGAGGAGCAGCGGTCCCCGGGCCGACGCCCCGCCTCTEGRTCCCECGGGGCTCCTCCAGCCTCCTGCGCAGCCCCACCCCCAAGCCGTC
401 CCCAGCCACGCCCACGCCCCTGGCCAGCCTTCCCTAGCCCCTCAGTCAGT CGCAGCCACCTCCCCCTGCGCTGGACT TGGAGGAAGGGGGTGGAGAATGA
501 GAGGACGCTCTCCGTTCTCCGCCCCGCCTCCCCGCCCCACGTGACATCGGTACGTGGGAGCARCACCGCTGGATGCCCCCTCCCTACTAAATGGTTAAAA
601 CAATCATCATAACTCTTAAGGCCCTTTTATGGCTGTTTCTTAGCGAAACCTCACAACATGCCTAT GGGGTGGGAATTGATGTTCCATTCCACAGCTGACT
701 CCACTGAAGCCCATGAGGAAGAAATTGGCCCAAATCACAGTCCCCTCTGATTACAGAACAGAARAAGTCAGCTAAAATCTCAGGATCACTTTTTTCAGGT
801 GATGGGAGGATTTCGAAGTTCTGTGGACACCTGAAATTGGGCACAAATCAGGTGTTCATGCCAGTGGGCATTTTCCAGGTAGAGGGATCATATTTCTCTC
901 GAGAGTCTAAAAGTGTGTTGAACAAGCCCACTCTTTACAGATGGGGAGACTGAGCCTGGGGACAGGGAGTGGCCTGCTCAGAAAAGACTCAGAAATTAAA
1001 TCCAGTCCAGTGGGTTGATATTTACCCAAATT TCCAGCCTGGGGAGATTGATGCACCCAAGAGAAGAACCCAGAAATGAAACTTTGTTCTTTTATGCTAA
1101 AAAATAAAATTCCCCAGAGTGCTTACAATCICTCCTCCCACTCCCTTTTTCCTGCCCIAAATAAATAATGGCGAATGAGCACCCAGCCAGGGATGTGTCT
1201 GATCAAACAATCATGGATCAATAGCTATGTTTGGAGAAGGAATTTGTGGCTGCTCCAGCTACTGGGCATTTTGTCTGGTCCAGTTCATGTAATCTCCCAA
1301 CACCCCATGAAGCAAGGCTTTGTTAATCCTATTTTATTGAAAATGAACTAAGACTCAGAGAGATAAAGCTGTTGCCCAATGAGCCTTCTTTCTGCCCTCC
1401 AGATCCACGGTGCTAATTCCCCTTCCGATGACCTAATGATT CTGAGCTTGGCAAAGGTCTTATCTCCCAGCTCGCCCAGGCCCAGTGTTCCAGGAATGTG
1501 ACCTTTGCTGCAGCAGCCGCTGGAGGGGGCAGAGGGGATGGGCT GGAGGT TGAGCARACAGAGCAGCAGAAAAGGCAGTTCCTCTTCTCCAGTGCCCTCC
1601 TTCCCTGTCTCTGCCTCTCCCTCCCTTCCTCAGGCATCAGAGCGGAGACT TCAGGGAGACCAGAGCCCAGCTTGCCAGGCACTGAGCTAGAAGCCCTGCC
1701 ATGGCACCCCTGAGACCCCTTCTCATACTGGCCCTGCTGGCATGGGT TGCTCT GGCTGACCAAGGTACAGGGGATGT TGGTGGCCATCTGGGTCAATGTA
MetAlaProLeuArgProlLeuleullelLeuAlaleulLeuAlaTrpValAlaleuAlaAspGlnG

1801 GGGAGGGCGAGGGTGGTCTGGGCTTGGTGGCACCGACTGACACTCCT TCCTCATAGAGTCATGCAAGGGCCGCTGCACTGAGGGCTTCAACGTGGACAAG
luSerCysLysGlyArgCysThrGluGlyPheAsnValAspLys

1901 AAGTGCCAGTGTGACGAGCTCTGCTCTTACTACCAGAGCTGCTGCACAGACTATACGGCTGAGTGCAAGCCCCAAGGTGTGTTCAGAGCCCAGGTGGGTG
LysCysGlnCysAspGluLeuCysSerTyrTyrGlnSerCysCysThrAspTyrThrAlaGluCysLysProGlnV

2001 GGCTGGGGTGCCCCCTGCTGCTGGAGACTCACTACCATCCACTCTCTGCAGTGACTCGCGGGGATGTGTTCACTATGCCGGAGGAT GAGTACACGGTCTA
alThrArgGlyAspValPheThrMet ProGluAspGluTyrThrValTy

2101 TGACGATGGCGAGGAGAAAAACAATGCCACTGTCCATGAACAGG TGGGGGGCCCCTCCCTGACCTCTGACCTCCAGGCCCAGTCCAAAGGGAATCCTGAG
rAspAspGlyGluGluLysAsnAsnAlaThrValHisGluGlnValGlyGlyProSerLeuThrSerAspLeuGlnAlaGlnSerLysGlyAsnProGlu

2201 CAGACACCTGTTCTGAAACCTGAGGAAGAGGCCCCTGCGCCTGAGGTGGGCGCCTCTAAGCCTGAGGGGATAGACTCAAGGCCTGAGACCCTTCATCCAG
GlnThrProValleulysProGluGluGluAlaProAlaProGluValGlyAlaSerLysProGluGlyIleAspSerArgProGluThrLeuHisProG

2301 GGAGACCTCAGCCCCCAGCAGAGGAGGAGCTGTGCAGTGGGAAGCCCTTCGACGCCTTCACCGACCTCAAGAACGGT TCCCTCTTTGCCTTCCGAGGTGA
1yArgProGlnProProAlaGluGluGluleuCysSerGlyLysProPheAspAlaPheThrAspLeulysAsnGlySerLeuPheAlaPheArgG

2401 ATCCAGGGCAGGTACTGGGGATGCGGGTCTGCCCCAGGAGCGTCCCTGCTCTCACACCATCTCCTCCACTCTAGGGCAGTACTGCTATGAACTGGACGAA
1lyGlnTyrCysTyrGluLeuAspGlu

2501 AAGGCAGTGAGGCCTGGGTACCCCAAGCTCATCCGAGATGT CTGGGGCATCGAGGGCCCCATCGATGCCGCCTTCACCCGCATCAACTGTCAGGGGAAGA
LysAlaValArgProGlyTyrProLyslLeulleArgAspValTrpGlyIleGluGlyProIleAspAlaAlaPheThrArgIleAsnCysGlnGlyLysT

2601 CCTACCTCTTCAAGGTGCCAGGGGCTGTGGGCCAGGGTAGAAAGCATCTAGGGAGGGT T TGAGAGCTATTGCTCCCAGGGACAGGGTGGACAGGGAAGCT
hrTyrLeuPhelys

2701 GGACCCAGGGCCCTGCAGGACCTGGTGGGAGCTCTGTGAGCACAGGGCAGCCCCARCAGTCCAGGTCCTGGGCAGTGAACCTGGACCTGGAACGGCTGCT
2801 AGGGCAAGGGACTCTGCCTCTGTGCCCAGCCAGCGGCTCCATACCCCTTTTCACTT TCCCCACCT CTTAGGGTARTCAGTACTGGCGCTTTGAGGATGGT
GlyAsnGlnTyrTrpArgPheGluAspGly

2901 GTCCTGGACCCTGATTACCCCCGAAATATCTCTGACGGCTTCGATGGCATCCCGGACAACGTGGATGCAGCCTTGGCCCTCCCTGCCCATAGCTACAGTG
ValLeuAspProAspTyrProArgAsnlleSerAspGlyPheAspGlyIleProAspAsnValAspAlaAlaleuAlaleuProAlaHisSerTyrSerG

3001 GCCGGGAGCGGGTCTACTTCTTCAAGGGTACT CAGGGGGTGGTGGGAGACTGAGCAGGCAGT GGAGCAGTCTTGGAT TCCTTTCACACT TCACTGGGGAC
1yArgGluArgValTyrPhePhelLysG

3101 AGGCCTCAGCATGTGCCCACCCCTGACCCCCACCTCATGCTGGGAGATCCTAACTTCAACAGCCTCTGGGATCTCCAGTCTTGCCCTGGCCCAGCCCTCC
3201 TAATGCCCACCATCCCGTCCTCAGGGAAACAGTACTGGGAGTACCAGTTCCAGCACCAGCCCAGTCAGGAGGAGTGTGAAGGCAGCTCCCTGTCGGCTGT
1yLysGlnTyrTrpGluTyrGlnPheGlnHisGlnProSerGlnGluGluCysGluGlySerSerLeuSerAlava

3301 GTTTGAACACTTTGCCATGATGCAGCGGGACAGCTGGGAGGACATCTTCGAGCTTC TCT TCTGGGGCAGAACCTCTGGTATGGAGAGAGGGCAAGTCTTG
1PheGluHlisPheAlaMetMet GlnArgAspSerTrpGluAspIlePheGluleuleuPheTrpGlyArgThrSerA

3401 CTTCTCCCTCAAAAGGGCTGAAACCCCTTGGTATTGGTAGAGCCAGGCCGGCTGGAGGGGCTGTGGTTGTGGAGCTATCGATCAAAGTC TGTTTGCTCAG
3501 GCCAGACTTTGCTTCTGTTGACCTTTTGGGGAARGCTCAGCTCTACCTGGACCCCACACCTTGGACTTTGCCTAGCACAGCTGAGAGCACAGCCAGCAGA
3601 GGGAGGGGCTGTGGCTGAGGAGT TTAGGGGGCCTGGGGGGGTCGGGTCGAGACACCATCATATGGTGGAGGGAAAGCACAGGGGGAAGGGAATTGGACTG
3701 AGAGTCAARAGGCCTGGCTCTGCCATTCGCTGCTGTGTGTCTTTGGGCAAGCTGCAGCAGATGAAC TCTAATGGCCCCGCTGGARGGGGCAAGATTCGGAL
3801 CCCCAAGACCTCTCATTCACCCCTTCCCTGCCAGAGCTGGTACCAGACAGCCCCAGTTCATTAGCCGGGACTGGCACGGTGTGCCAGGGCAAGTGGACGC

1aGlyThrArgGlnProGlnPhelleSerArgAspTrpHlisGlyValProGlyGlnValAspAl

3901 AGCCATGGCTGGCCGCATCTACATCTCAGGCATGGCACCCCGCCCCTCCTTGGCCAAGAAACAAAGGT TTAGGCATCGCAACCGCAAAGGCTACCGTTCA
aAlaMetAlaGlyArgIleTyrIleSerGlyMetAlaProArgProSerLeuAlaLysLysGlnArgPheArgHlsArgAsnArgLysGlyTyrArgSer

4001 CAACGAGGCCACAGCCGTGGCCGCAACCAGAACTCCCGCCGGCCATCCCGCGCCATGTGGCTGTCCTTGTTCTCCAGTGAGGAGAGCAACTTGGGAGCCA
GlnArgGlyHi sSerArgGlyArgAsnGlnAsnSerArgArgProSerArgAlaMet TrpLeuSerLeuPheSerSerGluGluSerAsnLeuGlyAlaA

4101 ACAACTATGATGACTACAGGATGGACTGGCTTGTGCCTGCCACCTGTGAACCCATCCAGAGTGTCTTCTTC TTCTCTGGAGGTAGGAGCCGCTGCCACCC
snAsnTyrAspAspTyrArgMetAspTrpleuValProAlaThrCysGluProlleGlnSerValPhePhePheSerGlyA

4201 CTGAAGCTGGTCTAGCTTGGGTT TTCCTTGCTGTCCCTGGTGCACAAGGGCTGAACGCAGCCTGGAAGTAGTGACCACAGAAAGCCAGGCCAGAAGTCCT
4301 TAGCTGCATCATGGATGTTCACT TTCCCTTCTGGGAGAGACCCTAGACTTCTCAAGGGAAGAGTGGGCAGGGCCAGGCTGGGCCTCACGCATCCTCTGCT
4401 TTCCTCTCTTCCAGACAAGTACTACCGAGTCAATCTTCGCACACGGCGAGTGGACACTGTGGACCCTCCCTACCCACGCTCCATCGCTCAGTACTGGCTG

spLysTyrTyrArgValAsnLeuArgThrArgArgValAspThrValAspProProTyrProArgSerIleAlaGlnTyrTrpLleu

4501 GGCTGCCCAGCTCCTGGCCATCTGTAGGAGTCAGAGCCCACATGGCCGGGCCCTCTGTAGCTCCCTCCTCCCATCTCCTTCCCCCAGCCCAATARAGGTC
GlyCysProAlaProGlyHlsLeu *

4601 CCTTAGCCCCGAGT TTAAAATTATTGTTCTGACTGGGGTAGACACATCCCTGT CTGGGTAAAGGAGAGGAAGCTGGACTGTCAGAATGGGTTGGTGAGGG
4701 GGACAGAGAAGGGACAGAGAAGGGCCTCGCCGTGTCCAACCCATGTTGGGCTCAGGACC TCTCTGTGCTCAGGACCTCTCTGTGAACCGGTTTGGGGCTG
4801 GGGAAGGCCTCCTGAGAGCTACCCTTCCTCTTGAGCTAAGCAGCCCCCAGCAACCCACCAGCAGCTAAGCAGACACT TGAACTCCTCTGATGATGACAAA
4901 GTTACCAGGCCAGCCTCCGTGGGTGAGGCTTGCTTTGCCCCTTGGAGT TGACTAGGGTCTTGGAGGAGAGAGGGGCAGAGCTGGTGGGTCTGCTAGCT TT
5001 TGTCCATC CTGATCTGAAATCCTAGTAGCTCTGACTCCTGAGCACTTGGGGAACCAGTCACTGTGCTTCCCCAAACCCACCCCTAGGG'I‘GAGCCTTTCTT
5101 A AGA
5201

FIGURE 3: Complete nucleotide sequence of the human S-protein gene including 5’ and 3’ flanking regions. Underlined sequences are from
5’ to 3”: the 78 bp repeat, a putative CAAT and TATA box, a hypothetical 5’ mini-exon, the cDNA sequence start, and the Alu sequence
homology. The amino acid sequences encoded by the exons are shown beneath the DNA sequences in a three-letter code.

served hydrophobic residues following the intron split glycine. evolved to contain discrete structural units.
The location of the interrupted amino acid within a highly A comparison of the homologous exons of the hemopexin
conserved segment and not at the boundary of the repeated and S-protein genes is shown in Figure 5. The first exon of

peptide motif is peculiar and contrary to the view that exons the S-protein encompasses the complete leader peptide and
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FIGURE 4: (A) Northern blot analysis of the S-protein mRNA. One
microgram of human liver poly(A+) RNA was denatured with glyoxal,
size-separated on a 1.2% agarose gel, and transferred to a nylon
membrane. The filter was hybridized under the same conditions as
in the Southern blot experiment. (a) Molecular weight markers (pEX,
Hinfl fragments, sizes given in base pairs); (b) human poly(A+) RNA.
(B) 5" end of the S-protein mRNA. Human liver poly(A+) RNA
(3 ug) was extended by using a cloned cDNA fragment as a primer.
The extension products were separated on a 10% polyacrylamide/6
M urea sequencing gel. Lane 1, primer extension products [(—) 189
bp]; lane 2, the end-labeled primer (125 bp); lanes 3-6, the four
sequencing reactions for a known C9 M13 clone.

two amino acids of the mature protein. The second exon
(residues 3-42) encodes the Somatomedin B peptide except
for the two carboxy-terminal residues. This is evidence for
an independent functional protein domain in addition to the
fact that all eight cysteine residues in this region are interlinked
by disulfide bonds. Exon 3 (residues 44-157) carries the
codons for the cell receptor recognition determinant (R-G-D)
at its amino-terminal boundary only one residue away from
an interrupting intron. At the carboxy-terminal end of this
exon is the first repeat unit homologous with exon 3 and exon
7 of the hemopexin gene (see S3, H3, and H7 in Figure 5).
Exons 4, 5, and 6 clearly represent homologous peptide repeats,
and in each case, the introns are found in predicted strand—
turn-strand configurations nearby or within a glycine codon
for both genes (see S4-S6 and H4-H6; Altruda et al., 1985).
The phase type of the introns which split these conserved
peptide motifs is different for the intron/exon boundaries of
exons 3—6 but corresponds precisely between the genes. Exon
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s3 <RGD seq> AEEELCS-GKPFDAFTDLKNGSLFAFRG
[ O A I B B AR B |
H3 ERCSDGWSFDATTLODNGTMLITRG
111l NN N
H7 HGHRNGTGHGNSTHHGPEYMRCSPHLVLSALTSDNHGATYAFSG
54 QYCYELDEKAVREG-YPKLIRDVCGIEG-PIDAAFT-RINCQGKTYLIEG
N I R N I L R I R 1]
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57e kA {Hep.BR} = NIIIW'PJ\T -------- clzptm
H6a  DREWFWDLATGT--------- mmmsn&sﬁiﬁn------------cn?&%ﬂg
H10a Mﬁé&m-----aﬁéﬁ-ﬁz%mmmm&ciﬁ
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S8 mmmmnmp-wnsmwcmpsm
HEHE | TR I
HEb mw—m---manm!mcm
| I 1l il
H10b msnvsmuwo—mw-’rsmu

:?I’RGD sequence>

TRGDVF TMPEDEYTVYDDGEEKNNATVHEQVGGPSLTSDLOAQSKGNPEQTPVLKPEEEAPAPE
VGASKPEGIDSRPETLHPGRPOPP

<heparin binding region>
SLTEKQRF ARF
FIGURE 5: Homologous exons of the S-protein (S3-S8) and hemopexin
(H3-H10) genes. Exon-encoded protein segments were aligned in
order to show the close correspondence between genetic units and
repeating peptide units. (A) Exons coding for “pexin” repeats; note
that exon 7 of the S-protein is composed of S7a, <Hep. BR> (the
heparin binding region of the S-protein), and S7¢ and codes for three
repeats and that exons 6 and 10 of hemopexin (H6, H10) are divided
into two portions (H6a, Héb, H10a, H10b). (b) Proline-rich regions
of S8 and at the carboxy-terminal end of exons H6 (H6b) and H10
(H10b). (c) Sequence of <Hep. BR> (heparin binding region) and
of <RGD seq> in detail. Solid lines indicate identities, and dashed
lines indicate conserved amino acids according to the scheme: (RK);
(DENQ); (ST); (PG); (MCYWFLAIVH). Bold characters have been
used to emphasize the typical features of peptide repeats.

MWLSLFSSEESHL DDY

7 of S-protein appears to span two typical repeat units sepa-
rated by the unique heparin binding domain. The first one
shows closest homology with the repeat of exon 4 (data not
shown); the carboxy-terminal one corresponds to amino acid
sequences encoded by exons 6 (H6a) and 10 (H10a) of he-
mopexin. Exon 8 has no counterpart in the amino-terminal
half of the S-protein; nevertheless, the peptide segment re-
sembles a proline-rich sequence found in exons 6 and 10 of
the hemopexin molecule (Figure 5).

Repeating Peptide Motifs in Other Members of the Pexin
Gene Family. Searching a protein sequence data bank (Na-
tional Biomedical Research Foundation, Bethesda, MD) with
the S-protein sequence identified two other proteins, rat transin
(Matrisian et al., 1985) and human skin fibroblast collagenase
(Goldberg et al., 1986), which share short homologous regions
with human S-protein in addition to hemopexin. Whereas an
overall homology of 25% for the second half of transin to
hemopexin has already been reported (Matrisian et al., 1986),
we now identified a very similar pattern of repeating units in
transin and in collagenase like those in S-protein and hemo-
pexin. Dot plot matrix comparisons with the S-protein in-
dicated four strongly homologous repeating motifs in the
carboxy-terminal half and at least one well-conserved repeating
motif in the amino-terminal half of the transin and collagenase
molecule (TR3, CR3; see Figure 6). Examination of the
transin and collagenase sequences by eye suggests the existence
of a further three repeat sequences in the amino-terminal half
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Re- Residues Correl.Coeff.
peat No. Compar. to HR2
S-protein

SR1 142-165 FDAFTDLE (X) 4 FAFR& QYCYELD 0.42
SR2 187-212 IDARFT-R (X} 7 YLFEG NQYWRFE 0.65
SR3 235-264 VDARLALP (X) 10‘:.’F1-‘Kg KQYWEYQ 0.80
SR4  291-316  RDSWEDIF (X)g RTSAG TRQPQFI  -0.12
SR6 327-351 VDAAMAGR (¥) 5 MAPRP SLTKKQOR 0.37
SR7 377-401 PSRAMWLS (X) 5 ESNLG ANNYDDY -0.17
SR8 403-429 MDWLVPAT (X)7 FFFSG EKYYRVN 0.57
Haemopexin

HR1 33- 56 FDATTLDD (X) g LFFKE EFVWKSH 0.45
HR2 74- 97 VDAARFROG (X) 4 FLIKG DEVWVYP 1.00
HR3 120-148 LDAAVECH (X)g LFFQE DREWEWD 0.61
HR4 165-187 CSSALRWL (X)3 YCFQG NQFLRFD 0.51
HRS  240-263 LSALTSDN (X) 4 YAFSE THYWRLD 0,51
HR6  285-307 VDAAFSWE (X) 3 yLvds TQVYVFL 0.863
HR7 337-361 VDARFICE (X)g HIMAE RRLWWLD 0.57
HRS 380-414 VDGALCME (X) 15YLIHG PNLYCYS 0.59
Collagenase

CR1 12- 59 VDLVOKYL (X) 29QEFFG LEVTGK- 0.22
CR2 60~ 93 PDAETLEV (X) 14VLTEG NPRWEQT 0.26
CR3 111-154 VDHAIEKA (X)24SFVRG DHRDNSPE 0.58
CR4 174-197 GDAHFDED (X) 4 NNFRE YNLHRVA 0.24
CRS  265-287 FDAITTIR (X)3 MFFKED RFYMRTN 0.37
CRE&  309-333 LEARYEFA (X)5 RFFKG NKYWAVQ 0.54
CR7 358-382 IDARLSEE (X)s YFFVA NKYWRYD 0.50
CRB 407-429 VDAVFMKD (X)3 YFFHG TROYKFD 0.45
Transin

TR1 29- 76 MEVLOKYL (X) 79QKFLG LEMTGE- 0.10
TR2 77=110 LDSNTMEL (X)14STFPG SPKWRKN 0.23
TR3 128-171 VDSAIERA (X)24SFAVE EHGDFIP 0.38
TR4 191-214 GDAHFDDD (X) 4 DDVTG TNLFLVA 0.37
TRS 294-31¢6 FDAVSTLR (X)3 LFFEKD RHFWRKS 0.46
TR6E 338-352 MDAAYEVT (X¥)g FILKG NQIWAIR 0.61
TR7 386-410 IDAAISLK (X)5 YFFVE DKFWRFD 0.43
TR8 435-457 VDAVFEAF (X)3 YFFSG SSQLEFD 0.41

FIGURE 6: Peptide alignment of the conserved regions from the repeats
in human hemopexin (HR 1-8), S-protein (SR1-8), collagenase
(CR1-8), and rat transin (TR1-8). Amino acids interrupted by an
intron between the first and second nucleotides of their coding triplet
(phase 1) are marked by (¥); introns occurring between triplets (phase
0) are indicated by an arrow in the case of S-protein and hemopexin.
The mean correlation coefficients over six physical residue charac-
teristics between the aligned amino acids of each repeat and of repeat
2 of hemopexin (HR2) have been calculated and are listed on the
right. Amino acids, indicated by (X), or aligned to gaps (), are not
included in the calculations.

which, however, have diverged considerably. The most con-
served regions of 31 repeating sequence segments from 4
proteins have been aligned and compared to each other by
calculating the mean correlation coefficients over 6 residue
physical characteristics among all possible pairs (Figure 6).
The repeat unit HR2 of the hemopexin gives the highest values
for the pairwise comparisons (shown in Figure 6) and therefore
represents a consensus sequence for the repeating motif. As
a rule, HR2 shows the highest correlation values with repeat
R6 and with repeat R3 of all proteins except for those in
regions which carry unique functional properties (SR6-SR7,
CR1-CR4, and TR1-TR4; Matrisian et al., 1986).

DiscussioN

Several polypeptides of human S-protein have been observed
in blood: 75K, 65K, 57K, and 5K (Somatomedin B) molecular
weight species (Hayman et al., 1982, 1983; Jenne et al., 1985b;
Fryklund & Sievertsson, 1978). We were interested in the
mechanism by which this heterogeneity is generated especially
as the cell attachment factor, fibronectin, has been shown to
undergo differential splicing (Hynes, 1986). In this paper, we
have shown that a single-copy gene codes for the human S-

JENNE AND STANLEY

Haemopexin eveolution

2. complete duplication 1 [} 1

1. iptron loss 1’}

primerdial gene

1. incomplete duplication

2, intron loss

S-protein evolution

FIGURE 7: Evolutionary model for the hemopexin and S-protein genes
based on the phase of introns and correlation coefficients for peptide
segments encoded by corresponding exons. Exons are drawn as boxes
and introns as connecting lines. Numbers below exons refer to the
phase type of introns. See Discussion for more details.

protein and gives rise to a homogeneous mRNA transcript of
about 1700 bp in liver tissue and in HepG2 cells (Figure 4).
Alternative splicing sites or polyadenylation sites are not found
in the gene. In addition, the metabolically labeled protein from
HepG?2 liver cells isolated with monoclonal antibodies comi-
grates with the 75-kDa band of S-protein from human plasma
in a Western blot (data not shown). Therefore, the most likely
origin of multiple S-protein species is proteolytic processing
in the circulation or in peripheral tissues after secretion.

Although the transcription start site for the gene has not
unambiguously been determined, the size of the mRNA on
Northern blots and the primer extension data are consistent
with a short 5" untranslated region. Two possibilities still exist:
either transcription is initiated without the aid of a TATA box
at position 1636 which fits a consensus sequence around
transcription start sites or an additional small 5 exon is present
in the further upstream region. In the latter case, this missing
exon might be located at positions 1985-1994, 28 bp down-
stream from a possible TATA box sequence.

S-Protein has been shown to bear an amino acid sequence
homology with hemopexin which indicates the presence of a
repeating amino acid stretch of about 38 residues. Since the
window of the repeat was determined from a comparison based
on physical residue parameters important in protein folding,
it is likely that these repeats represent structural motifs of the
protein. In agreement with this, the start point of each repeat
occurs in a region of low conservation of sequence. We have
been able to test this hypothesis by comparing the intron/exon
structure of the gene with the amino acid repeat. While
confirming the presence of a repeating peptide motif even at
the genetic level, the window of the repeat in each exon is not
the same as that predicted by computer. Indeed, the intron-
interrupted amino acid is the most highly conserved residue
in the repeating sequence. A similar situation exists in the
hemopexin gene (Altruda et al., 1986).

Comparison of the S-protein gene structure with that of
hemopexin can be used to formulate a model for their evolution
(see Figure 7). In hemopexin, the phases of the introns and
sequence comparisons suggest that the two halves of the gene
originated by a gene duplication event. In each half of the
molecule, there is evidence for four homologous segments in
tandem followed by a proline-rich sequence fused to the last
exon. A process of four elongative duplications of an ancestral
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exon leading to the common primordial gene for the pexin
protein family is consistent with the structural correlation
coefficients between each repeating unit of exons 3-6 in he-
mopexin. The second half of the hemopexin molecule appears
to be generated by a complete contiguous gene duplication
after an intron loss between the last two exons. In the case
of the S-protein, an incomplete duplication compatible with
the phase type of the introns involved could account for the
fact that the intron phases of exons 36 are identical in the
S-protein and hemopexin gene and that the proline-rich linker
sequence is only found once at the carboxy-terminal end of
the S-protein molecule. According to our model, two introns
have been deleted after the internal duplication. The proposed
events are furthermore consistent with the phase type of intron
6 (phase 1) corresponding with introns 3 and 7 in the S-protein.
It therefore appears that duplication to form a molecule with
two halves occurred independently and by a different mech-
anism in hemopexin and S-protein (Figure 7).

A particularly interesting feature emerging from a com-
parison of the two genes is the disposition of functional se-
quences relative to the underlying repeated exon structure, In
S-protein, the two regions with defined functional significance
are the R-G-D sequence and the heparin binding site. While
the latter could have evolved from an ancestral repeat unit,
it appears that the Somatomedin B domain and the R-G-D-
containing region at the amino-terminal boundary of repeat
1 have been inserted and fused into the 5 end of exon 3. In
the same relative exon position to the R-G-D peptide of S-
protein, a histidine-rich peptide segment on exon 7 of the
hemopexin gene is found. It is therefore a likely candidate
for the interaction with heme iron. Exon 3 of the S-protein
and exon 7 of the hemopexin, which correspond to each other
(Figure 7), therefore appear to have acquired new specific
functional regions during evolution.

In the S-protein, the structural modification of another
repeat, the heparin binding region, may be crucial for its
interaction with the negatively charged class A cysteine-rich
domain present in the terminal complement proteins C8, C9,
and probably C7. Since this region is implicated in the as-
sembly of terminal complement proteins on lipid membranes
leading to target cell lysis (Tschopp & Mollnes, 1986; Tschopp
et al., 1986), S-protein binding to this region could account
for its inhibitory function. However, the very positively
charged heparin binding region (14 positively charged amino
acids in a stretch of 30 residues) is not accessible in native
S-protein. Therefore, it is likely that this region interacts with
a negatively charged region in the native molecule. A cluster
of seven negatively charged amino acids (residues 53-64)
immediately following the R-G-D sequence in exon 3 may
fulfil} this function. Such a negatively charged region may
bind to the heparin binding site of antithrombin III, thus
enabling S-protein to form stable complexes with thrombin-
bound antithrombin III.

We have also shown that two proteins, transin and col-
lagenase, contain the same repeating unit as is found in he-
mopexin and S-protein. S-Protein, hemopexin, transin, and
collagenase can therefore be regarded as members of a novel
protein and gene family characterized by a unique repeating
amino acid motif and the unusual position of introns within
these conserved peptide motifs. Considerable modifications
and sequence changes discernible for some of these repeats
point to specific functional properties of these molecules.
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A Complete cDNA Sequence for the Major Epidermal Growth Factor Binding
Protein in the Male Mouse Submandibular Gland*
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ABSTRACT: The complete cDNA sequence of the major epidermal growth factor binding protein (EGF-BP),
isolated from the mouse submandibular gland, has been determined. Oligonucleotide probes complementary
to unique, nonconserved, regions of homogeneous preparations of EGF-BP were used to identify the correct
c¢DNA clone from a male mouse submandibular gland cDNA library. The nucleotide sequence codes for
a glandular kallikrein that is the main arginine esterase complexed with epidermal growth factor. The mRNA
coding for this EGF-BP is estimated at 0.24% of the total mRNA of the adult male mouse submandibular
gland, thus representing an abundant member of the kallikrein family in this tissue. In addition, the cDNA
sequence defines a putative transcription start site. The reported cDNA sequence is clearly different from,
and not an allelic form of, a previously reported cDNA sequence for EGF-BP. The present work reconciles
conflicting information in the literature regarding the identity of EGF-BP.

rl?he mouse submandibular gland is a rich source of both
epidermal growth factor (EGF)' and nerve growth factor
(NGF) (Cohen, 1960, 1962). Both are isolated from the
mouse submandibular gland as high molecular weight com-
plexes containing the arginine-specific esterases EGF binding
protein (EGF-BP) and y-NGF, respectively (Taylor et al.,
1970; Varon et al., 1968). These esterases are serine proteases
of the glandular kallikrein family, 25 closely related members
of which are localized on mouse chromosome 7 (Mason et al.,
1983; Evans et al., 1987). Glandular kallikreins have been
defined as being able to cleave kininogen to release Kinins,
potent vasodilators (Orstavik, 1980). However, this specific
kallikrein activity may vary considerably among the various
members of this family. Since both EGF and NGF are
translated as high molecular weight precursors that are pro-
cessed to yield the mature active growth factor (Scott et al.,
1983a,b; Ullrich et al., 1983; Gray et al., 1983), these specific
esterases that are bound to the mature growth factors in the
mouse submandibular gland have been postulated to be in-
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t Department of Biological Chemistry.

§ Department of Anatomy and Neurobiology.
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volved (Angeletti & Bradshaw, 1971; Frey et al., 1979; Berger
& Shooter, 1977). Thus, EGF-BP and v-NGF may be in-
volved in the regulation of the levels of the mature growth
factors.

The partial amino acid sequence of a preparation of EGF-
BP has been reported by Anundi et al. (1982). Two forms
of EGF-BP, type “A” and type “B”, were reported by this
group to be present in the male mouse submandibular gland.
This preparation of EGF-BP was characterized as being sim-
ilar to the EGF-BP described by Taylor et al. (1970) by the
criteria of amino acid composition and cross-reactivity to a
polyclonal anti-EGF-BP antiserum, although neither form was
demonstrated to complex with EGF in vitro. Partial and
full-length cDNA clones corresponding to type B EGF-BP
have been reported (Ronne et al., 1983; Lundgren et al., 1984).

A comparison of the partial amino acid sequences reported
by Anundi et al. (1982) with a partial sequence determined
in our laboratory (Silverman, 1977) revealed significant dis-
crepancies that were subsequently confirmed (Isackson et al.,

! Abbreviations: EGF, epidermal growth factor; EGF-BP, epidermal
growth factor binding protein; NGF, nerve growth factor; v-NGF, -
subunit of mouse 7S NGF; 8-NGF, B-subunit of mouse NGF; bp, base
pair(s); Tris, tris(hydroxymethyl)aminomethane; EDTA, ethylenedi-
aminetetraacetic acid; SDS, sodium dodecyl sulfate; Da, dalton(s).
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