Proc. Natl. Acad. Sci. USA
Vol. 84, pp. 6712-6714, October 1987
Biochemistry
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ABSTRACT The complete amino acid sequence of the
major clotting protein from the guinea pig seminal vesicle
(SVP-1) has been determined by nucleotide sequencing of
¢DNA clones corresponding to the 3’ terminus of an mRNA that
codes for a protein precursor to SVP-1. The first 40 amino acids
of the derived protein sequence are identical to those deter-
mined by N-terminal sequencing of SVP-1 isolated from the
lumen of the seminal vesicle. This finding confirms that SVP-1
is cleaved from the C terminus of a larger precursor protein.
The portion of the nucleotide sequence that codes for SVP-1
contains eight highly homologous but imperfect repeats of a
72-nucleotide domain. This repeated structure is also evident at
the amino acid level. The consensus 24-amino acid repeat unit
contains two lysine and three glutamine residues. Since the
clotting of SVP-1 is known to involve the formation of y-
glutamyl- £-lysine crosslinks, it is likely that the 24-amino acid
repeating unit is the unit of function of SVP-1.

Guinea pig seminal vesicle epithelium (GPSVE) is an andro-
gen-dependent tissue that synthesizes four abundant secre-
tory proteins designated SVP-1 through -4 (1). SVP-1is a
clotting protein that serves as the substrate in the formation
of the copulatory plug (2, 3). Covalent clotting of this protein
is catalyzed by a transglutaminase secreted by the anterior
prostate (3, 4). When the crosslinking is performed in vitro,
up to 6.6 mol of y-glutamyl-¢-lysine are formed per mol of
protein, making SVP-1 ‘‘one of the most crosslinked protein
structures ever described’’ (3).

In the adult guinea pig, synthesis of SVP-1 represents
>20% of total protein synthesis in SVE (1). We have
previously presented indirect evidence that SVP-1 is cleaved
from a high molecular weight precursor (5). We have now
determined the N-terminal amino acid sequence of SVP-1and
the nucleotide sequence’ of the portion of the pre-SVP-1
mRNA that codes for the SVP-1. Comparison of the se-
quences confirms the previously suspected precursor—prod-
uct relationship and suggests a structural basis for the high
degree of crosslinking obtained with this protein.

MATERIALS AND METHODS

Purification and Sequencing of SVP-1. SVP-1 was purified
by DEAE-cellulose column chromatography as described
(6). Approximately 50 ug of purified SVP-1 (2 nmol of
protein) was microsequenced on an automated 470A gas-
phase sequencer (Applied Biosystems, Foster City, CA).
Resultant phenylthiohydantoin amino acids were identified
by reversed-phase high-performance liquid chromatography
on a C;g narrow-bore column (2.1 X 220 mm, Applied
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Biosystems) using a gradient of acetonitrile and sodium
acetate at pH 3.6-4.8.

Isolation and Analysis of cDNA Clones. The SVP-1 cDNA
clone designated M13-56B was isolated as described (5). The
purified insert from this clone was used to screen a guinea pig
cDNA library. The sequence of the cDNA inserts of the clone
was derived by dideoxy sequence analysis (7) of both strands
over the entire length of the cDNA sequence given in Fig. 1.

Homology searches of the GenBank and Protein Identifi-
cation Resources databases were performed using software
from DNASTAR (Madison, WI). For nucleic acid sequence
searches, the NUCSCAN program was used with a hash/
tuple size of 5. For amino acid sequence homology searches,
the PROSCAN program was used (hash/tuple size = 2).
Optimum alignments of amino acid sequence matches were
performed using AALIGN, which uses the same algorithm as
the Lipman and Pearson FASTP program (8).

RESULTS

cDNA clones coding for the high molecular weight precursor
to SVP-1 were isolated from a GPSVE cDNA library using a
short SVP-1cDNA [pAT56B (5)] as a probe. Fig. 1 represents
the compilation of DNA sequence data from five overlapping
cDNA clones that encompass the 3’ half of the 1800-
nucleotide (nt) precursor mRNA. The longest open reading
frame of this DNA sequence codes for a basic protein with a
molecular weight of 22,125. This is in good agreement with
the size of mature SVP-1, as estimated by electrophoresis in
the presence of NaDodSOj,.

The first 40 amino acids of the translated protein sequence
are in perfect agreement with the N-terminal amino acid
sequence of mature SVP-1, as determined by gas-phase
microsequencing of the purified protein (underlined amino
acid residues in Fig. 1). The isoleucine residue at position 1
is the N-terminal amino acid of mature SVP-1 from the lumen
of the GPSVE. The correspondence of the sequence data
identifies the translated amino acid sequence as SVP-1 and
provides conclusive proof that SVP-1 is cleaved from the C
terminus of a precursor protein.

The 609-nt coding portion of the nucleotide sequence that
codes for SVP-1 contains eight and a half tandem repeats of
a 72-nt sequence. The pattern of repeats is best illustrated by
alignment of the sequence in 72-nt blocks (Fig. 2). This
alignment reveals that there is sufficient homology between
the repeats to derive a consensus sequence that is unambig-
uous in all but five positions. Twenty-six nucleotides are
invariant between all of the repeats (underlined residues in
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12 24 36 48 60 12
. ATTGAAGGTCAGGATGCTGTGAAAGACAGCCTTTGGGTGAAAGGACAGGCTTCCTCAGAAGAGCGA;TTTCA

YGLNASPALAYALLYSASP TRPYALLYSGLYGLNALASERSER

84 96 108 120 132 144
GTGkAGGGTCAuGATTTGGTGAAAGGTCACCTGCAGATGAAAGGACnGAGTTCCCTCGCAGAACGATTTTCC
YHISLEUGLNMETLYSGLYGLNSERSERLEUALAGLUARGPHE SER

156 168 180 192 204
GTTACAGGCCAAGACTCTGTGAAAGGTCGCCTGCAGATGAAGGGACAAGACACCCTGGCAGAACGATTCTCA
VALTHRGLYGLNASPSERVALLYSGLYARGLEUGLNMETLYSGLYGLNASP THRLEUALAGLUARGPHE SER

228 240 252 264 276
ATGACAGGCCAAGACTCTGTGAAAAGTCGCCTGCAGATGAAGGGACAAGATTCCCTCTCAGAAAGATTCTCA
METTHRGLYGLNASPSERYALLYSSERARGLEUGLNME TLYSGLYGLNASPSERLEUSERGLUARGPHE SER

300 312 324 336 34
ATGACAGGTCAAGACTCTGTGAAAGGTCGCCTGCAGATGAAAGGACAGAGTTCCCTCGCAGAACGATTTTCC
METTHRGLYGLNASPSERVALLYSGLYARGLEUGLNME TLYSGLYGLNSERSERLEUALAGLUARGPHE SER

372 384 396 408 420
GTTACAGGTCAAGACTCTGTGAAAGGTCGCCTGCAGATGAAAGGAAAAGATACCCTGGCAGAACGATTCTCA
VALTHRGLYGLNASPSERVALLYSGLYARGLEUGLNMETLYSGLYLYSASPTHRLEUALAGLUARGPHE SER

444 456 468 480 492
GTTACAGGTCAAGACTCAGTGAAAGGTCGCCTGCAGATGAAGGGACACGATCTCCTGGAAGAACGATTTTCT
VALTHRGLYGLNASPSERVALLYSGLYARGLEUGLNME TLYSGLYHISASPLEULEUGLUGLUARGPHE SER

516 528 540 552 564
GTGTCAGGTCAAGATTCTGTGAAGGGCCTTGCTCGGATCAAGGGACAAGAGTCCGTTCAATCAGGATTCTCA
VALSERGLYGLNASPSERVALLYSGLYLEUALAARGILEL YSGLYGLNGLUSERVALGLNSERGL YPHE SER

600 612

588 624 636 648
GTTAAAGGTCAAGGATCTCTGAAGGGTCTCATTTGAACCCCAAATGAGGTGGATCTTGTCCTGATTGCACCA
VALLYSGLYGLNGLYSERLEULYSGLYLEUILE *

660 672 684 696 708 720
GTCCTGGGCCCAGGCCTTCAGGTTCCTCTCTGGTTCACCGATTGGTATCACTATCCTCTCCCATACTGCCCC

132 744 756 768 780 192
TCCTTCCACCCATTCTGAACACCCAAGCCTGGGCCTGCCTTTTGTCTTTCACTTTTCAATAAAGAGACCCCC

804
TTCTGATCCPoLY(R)
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FiG.1. Complete nucleotide and derived amino acid sequence of SVP-1. The sequence represents a compilation of data from five overlapping
cDNA cones. The sequence of the first 40 amino acid residues of SVP-1 was independently determined by automated Edman degradation. (The
histidine at position 34 was not identified by sequencing of the protem ) The * denotes the termination codon at the 3’ terminus of the SVP-1

coding sequence. A consensus poly(A) sequence (AATAAA) (9) is overlined.

Fig. 2). This degree of homology is not shared by subsequent
72-base blocks of the cDNA sequence from the 3’ untrans-
lated portion of the mRNA. Thus, the conservation of the
repeating nucleotide sequence may reflect selective pressure
based upon the protein coding potential of this region.

As expected from the repetitive nature of the DNA
sequence, the derived amino acid sequence also has signifi-
cant repetitive structure (Fig. 3). Once again, there are few
variations from a generally unambiguous consensus se-
quence. Given the known mechanism of clotting of this
protein, it is particularly interesting that each repeat unit
contains at least two lysines and two glutamines. Further-
more, out of 7 of the 24 amino acids in each repeat that are
invariant, 2 are lysines and 1 is a glutamine. There is
apparently significant selective pressure to preserve these
residues, which are directly involved in the formation of
crosslinks.

RePEAT No.

OGO\ & NN —

12 24 36 48 60
ATTGAAGGTCAG GATGCTGTGAAA GACAGCCTTTGG GTGAAAGGACAG GCTTCCTCAGAA GAGCGATTTTCA
GTGAAGGGTCAA GATTTGGTGAAA GGTCACCTGCAG ATGAAAGGACAG AGTTCCCTCGCA GAACGATTTTCC
GTTACAGGCCAA GACTCTGTGAAA GGTCGCCTGCAG ATGAAGGGACAA GACACCCTGGCA GAACGATTCTCA
ATGACAGGCCAA GACTCTGTGAAA AGTCGCCTGCAG ATGAAGGGACAA GATTCCCTCTCA GAAAGATTCTCA
ATGACAGGTCAA GACTCTGTGAAA GGTCGCCTGCAG ATGAAAGGACAG AGTTCCCTCGCA GAACGATTTTCC
GTTACAGGTCAA GACTCTGTGAAA GGTCGCCTGCAG ATGAAAGGAAAA GATACCCTGGCA GAACGATTCTCA
GTTACAGGTCAA GACTCAGTGAAA GGTCGCCTGCAG ATGAAGGGACAC GATCTCCTGGAA GAACGATTTTCT
GTGTCAGGTCAA GATTCTGTGAAG GGCCTTGCTCGG ATCAAGGGACAA GAGTCCGTTCAA TCAGGATTCTCA

GTTAAAGGTCAA GGATCTCTGAAG GGTCTCATT

Inspection of the amino acid sequence reveals that there is
an underlying substructure to the basic 24-amino acid repeat.
Specifically, the sequence Gly-Gln-Asp-Ser appears twice
within the 24-amino acid consensus sequence. However,
from the alignment shown in Fig. 2, it is clear that the
functional unit of selection has been the 72-nt repeat rather
than a 36-nt subunit. Thus, the significance of the tetrapep-
tide substructure remains unclear.

DISCUSSION

Williams-Ashman et al. (3) managed to obtain six or seven
crosslinks per mol of SVP-1 by treatment of the purified
protein with a transglutaminase (‘‘vesiculase’’) isolated from
the prostate. Using their estimate of molecular weight
(17,900), they noted that this corresponded to approximately
one crosslink every 23 amino acids. These figures are given
added significance by our finding that SVP-1 contains eight

72

CoNsENSUs ~ GIKACAGGTCAA GACTCTGIGAAA GGTCGCCTGCAG ATGAARGGACAR GATTCCCTNGCA GAACGATTYICA

FiG. 2. Alignment of the 72-nt repeats from the SVP-1 coding sequence. The nucleotide sequence of SVP-1 has been aligned in consecutive
72-nt segments to emphasize the homology between successive 72-nt domains. A unique nucleotide was assigned to a given position in the
consensus sequence if that nucleotide occurred in at least five of the eight complete repeats. Nucleotides that are invariant in all of the repeats

have been underlined in the consensus sequence.
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RESIDUE

REPEAT No. 6 12 18 24
1 IEGADAVKDSLWYKGQASSEERES
2 VKGADLVKGHLAQMKGQsSLAERES
3 VIGADSVKGRLAQMKGQDTLAERES
4 MTGADSVKSRLAMKGADSLSERES
5 MTGADSVKGRLOAGMKGQSsSSLAEREFS
é VIGADSVKGRLOMKGKDTLAEREFS
7 VTIGADSYKGRLAQMKGHDLLEEREFS
8 VsGADSVYVKGLARIKGQESvaseFS
9 VKGRoeSLKGLI®*

CoNseNsus VYV TGADSVKGRLQMKGQDSLAERES

FiG. 3. Conservation of the amino acid sequence in successive 24-amino acid repeats from the SVP-1 sequence. The amino acid sequence
of SVP-1 (using the one-letter abbreviations for the amino acids) has been aligned to maximize homology between successive repeats. The
consensus sequence contains those residues that occur in at least four of the repeats. Residues that correspond to the consensus sequence are
shown in large type. The residues in the consensus sequence that are invariant between all of the repeats have been underlined.

repeats of a 24-amino acid domain. The suggestion from these
data is that, in vitro, one crosslink forms for every 24-amino
acid repeat. If these estimations are an accurate reflection of
the degree of crosslinking achieved in vivo, then the con-
served lysine and glutamine residues within the 24-amino acid
repeat stand out as the likely residues to be involved in the
intermolecular interaction.

Itis notable that all but 1 of the 26 glycine residues in SVP-1
are adjacent to either a glutamine or a lysine residue.
Glycines also account for 2 of the 7 invariant residues in each
24-amino acid repeat. This nonrandom arrangement of gly-
cine in the sequence of SVP-1 suggests a functional role for
glycine in the clotting process. One obvious possibility is that
glycine causes minimal steric interference to the formation of
crosslinks between neighboring lysines and glutamines.

It is interesting in this regard that the derived amino acid
sequence of SVP-1 has some sequence homology to the a;
chain of collagen [human (10), murine (11), and bovine (12)].
Although the similarity index (9) is 7 SD above the mean of
comparisons between SVP-1 and other sequences in the
protein database, most of the homology is based upon the
high glycine and lysine content of SVP-1. The high glycine
content of collagen is thought to be directly related to the
structural constraints imposed by the formation of the
collagen triple helix. However, SVP-1 differs markedly from
collagen in that it contains no proline or tyrosine and is
crosslinked by y-glutamyl-¢-lysine crosslinks rather than the
allysine- or hydroxyallysine-based linkages found in colla-
gen. This consideration would predict that SVP-1 might have
a more meaningful homology to fibrinogen, which forms the
same type of crosslinks as SVP-1 (13). Thus, it is worth noting
that the best homology to the nucleic acid sequence of SVP-1
in the December 1986 update of GenBank was to the rat
B-fibrinogen gene (14). Although these sequences are 39%
homologous over the length of the SVP-1 sequence, the
longest contiguous match is only 6 nt. Thus, there is little
basis for attempting to identify functionally conserved do-
mains between the two sequences.

The data presented here provide unequivocal confirmation
of the hypothesis that SVP-1 is derived from the C terminus
of a high molecular weight protein precursor (5). We cannot
rule out the possibility that the production of mature SVP-1
involves the removal of several amino acids from the C
terminus of the protein sequence shown in Fig. 1. However,
as noted earlier, the predicted size of the complete protein
given in Fig. 1 is in good agreement with our previous
estimates of the size of mature SVP-1. The continued

sequence conservation in the ninth repeat also suggests that
this region of the precursor protein is still subject to selective
pressure. Original estimates of the size of the pre-SVP-1
precursor suggested that it had a molecular weight of
~55,000. Further analysis suggests that this precursor is
actually somewhat smaller, with a molecular weight of
43,500. Since this pre-SVP-1 species also contains a 1500-
dalton signal peptide (M. E. Norvitch, S.H., and E.D.W.,
unpublished data), it must contain no more than one copy of
the SVP-1 sequence. Since the GPSVE secretes four major
secretory proteins in approximately equimolar amounts (15),
but synthesizes only two major mRNA species (5, 16), it is
possible that one of the other three secretory proteins is
derived from the N terminus of the SVP-1 precursor. Further
sequencing of the three other secretory proteins will be
required to test the hypothesis.
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