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ABSTRACT Seminalplasmin, the major basic protein of
bull semen, an important regulator of calcium transport in
bovine sperm and a positive modulator of the zona pellucida-
induced acrosome reaction, is shown to be a recently created
member of the neuropeptide Y gene family. Sequence analysis
of the bovine peptide YY-pancreatic polypeptide gene cluster
reveals an unexpected and extensive homology between semi-
nalplasmin and the neuropeptide Y gene family, at the level of
both gene structure and primary amino acid and nucleotide
sequences. The extremely high degree of homology to the
peptide YY gene, in both coding and especially noncoding
regions, suggests that the seminalplasmin gene has arisen by
a very recent gene duplication of the bovine peptide YY gene.
Despite the more than 95% nucleotide sequence identity, a few
specific mutations in the seminalplasmin gene have resulted
in both the loss of the amino- and carboxyl-terminal cleavage
sites characteristic of all other members of the neuropeptide
Y family and the acquisition of a function apparently unre-
lated to the neurotransmitter/endocrine role of peptide YY.

The neuropeptide Y (NPY) gene family, which also includes
peptide YY (PYY) and pancreatic polypeptide (PP), is an
example of multiple gene duplication events giving rise to a
range of structurally related but functionally distinct gene
products (1). NPY is one of the most highly conserved peptides
known (for example, with only three amino acid differences
between human and shark NPY), suggesting that this peptide
subserves evolutionary old and important functions. In the
mammalian nervous system, NPY is one of the most abundant
neuropeptides and acts both centrally and peripherally to
regulate the cardiovascular system. It also modulates a wide
range of other important physiological activities, including
appetite, central endocrine secretion, anxiety, and reproduc-
tion (2, 3). On the other hand, PYY is secreted from endocrine
cells in the lower small intestine, colon, and pancreas. It acts
in an inhibitory nature on the gastrointestinal tract, including
inhibition of gastric acid secretion, gastric emptying, pancre-
atic exocrine secretion, and gut motility (4). The third member
of the NPY family, PP, is secreted by cells within the endocrine
and exocrine pancreas and specifically inhibits the secretion of
enzymes and bicarbonate from the exocrine pancreas (5).
Analysis of the structure and localization of the genes
encoding NPY, PYY, and PP has suggested that these genes
arose from an initial gene duplication event that generated the
NPY and PYY genes, followed by a subsequent duplication of
the PYY gene to create the PP gene. The human NPY gene has
been mapped to chromosome 7, while the PYY and PP genes
lie only 10 kb apart on chromosome 17q21.1 (6). Consistent
with this evolution by gene duplication, all three genes share
acommon intron/exon structure, although the three introns of
the NPY gene (in all species studied to date) are much larger
than the corresponding introns in the PYY and PP genes. The
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overall nucleotide sequence similarity between the three mem-
bers of the gene family is restricted to the coding regions and
ranges from approximately 55% (NPY vs. PYY) to 38% (NPY
vs. PP) and 30% (PYY vs. PP).

Recently we determined the gene structure and amino acid
sequence of the human PYY gene (6). In the course of this
work we noted an unusually high similarity between the signal
peptide of human PYY and the major basic protein of bull
semen, bovine seminalplasmin. A detailed statistical analysis
of similarities between these proteins along their entire length
confirmed them as being significantly homologous, suggesting
that seminalplasmin may be a member of the NPY family,
possibly having evolved from PYY. As no protein equivalent
to seminalplasmin has been identified in humans, we deter-
mined the sequences of the members of the bovine NPY family
to clarify the evolutionary origin of seminalplasmin.§

MATERIALS AND METHODS

Genomic Library Screening. A bovine genomic DNA library
in Lambda DASH II (Stratagene) was screened with a 0.6-kb
a-32P-labeled fragment (nucleotides —16 to 572) of the human
PYY gene, obtained by PCR. Phage A DNA was transferred to
Hybond N* filters (Amersham) and hybridized with the probe
in a solution containing 6 X SSC, 5X Denhardt’s solution, 0.1%
SDS, and 100 pg of denatured and sheared salmon sperm
DNA per ml at 55°C for 16 hr (1x SSC = 0.15 M NaCl/0.015
M sodium citrate, pH 7; Denhardt’s solution = 0.02% poly-
vinylpyrrolidone/0.2% Ficoll/0.02% bovine serum albumin).
Filters were washed twice for 15 min in 2X SSC containing
0.1% SDS at 55°C followed by a 15-min wash in 0.1X SSC
containing 0.1% SDS and exposed to x-ray film (Kodak,
X-Omat) with an intensifying screen at —70°C for 16 hr. Phage
A DNA from positive plaques was isolated by standard pro-
cedures (7). The DNA was digested with EcoRI, HindIIl,
BamHI, and Pst I and then subcloned into the Bluescript SK
vector (Stratagene), generating clones covering all of the
bovine PYY and PP genes.

Nucleotide Sequence Determination. Supercoiled plasmid
DNA was alkaline-denatured and sequenced by the dideoxy
chain-termination method using T7 polymerase (Promega)
(7). The oligonucleotide primers used initially were comple-
mentary to the flanking region of the vector and then were
based on genomic sequences obtained to complete the se-
quence analysis.

Restriction Map Determination. Phage A DNA was digested
with restriction enzymes EcoRI, Not 1, BamHI, HindIII, and
Sma 1 alone and in all possible combinations, electrophoresed
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on a 0.8% agarose gel, denatured with alkali (0.4 M NaOH),
transferred via capillary with 0.4 M NaOH to Hybond N*
membranes, and hybridized with several specific oligonucleo-
tides and genomic DNA fragments obtained from the sub-
cloning.

RESULTS AND DISCUSSION

Cloning and characterization of the bovine PYY and PP gene
cluster (Fig. 1), while confirming the close linkage of these
members of the gene family, revealed extensive homology to
the previously described bovine seminalplasmin precursor (8).
Seminalplasmin, also known as bovine caltrin (calcium trans-
port inhibitor), is a 47-amino acid peptide that has been shown
to exhibit several different properties including antimicrobial
activity and inhibition of lymphocyte proliferation (9). In the
presence of Ca?* seminalplasmin (or smaller fragments from
the central region of the peptide) forms a high-affinity com-
plex with calmodulin and inhibits its action (10). The semi-
nalplasmin gene is apparently exclusively expressed in the male
bovine reproductive tract, where it regulates Ca2* transport in
bovine sperm and is a positive modulator of the zona pellucida-
induced acrosome reaction (11). It has been suggested that a
Na*/Ca?*-antiporter, present in mammalian sperm, is the
seminalplasmin-sensitive transport pathway and that inhibi-
tion of this pathway contributes to the inhibition of sponta-
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neous acrosomal exocytosis (12). However, there is also evi-
dence that seminalplasmin may modulate the zona pellucida
agonist signaling pathways. This process includes L-type Ca2*
channels, which are activated by zona pellucida agonists and
therefore mediate an important component of the Ca?* influx
required for the acrosome reaction (13). Although this mech-
anism is not well understood, it has been proposed that these
L-type Ca?* channels are functionally regulated by seminal-
plasmin, either indirectly via protein kinases or directly by
interaction with guanine nucleotide-binding proteins (G pro-
teins).

The nucleotide sequence of the bovine seminalplasmin gene
is unexpectedly very closely related to that of the PYY gene
(Fig. 2), from which it has presumably arisen by a recent gene
duplication event. Furthermore, the homology found between
seminalplasmin and the other members of the NPY gene
family is not restricted to nucleotide and amino acid sequences
but also is manifest in a similar exon/intron organization of the
genes, suggesting a common ancestral gene (Fig. 1B). All four
peptides are synthesized as a prepropeptide, consisting of a
signal peptide, followed by the active peptide NPY, PYY, PP
or seminalplasmin and a carboxyl-terminal flanking peptide
(Fig. 3).

The overall homology at the nucleotide level between the
PYY and seminalplasmin genes over 2000 bp is >95% (Fig. 2).
The strongest conservation of nucleotide sequence is found in
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Fic. 1. (A) A complete restriction map including the enzymes BamHI, EcoRI, and HindIII for the 18-kb insert of the phage A clone 4-2
containing the bovine PYY-PP gene cluster is shown. The exact location and direction of transcription of the two genes is indicated by boxes
containing an arrow. (B) Comparison of the exon/intron organization of the NPY gene family. A schematic representation of the genes of four
members of the human and bovine NPY gene family is shown. The sequences contained in the four exons are indicated. The positions of consensus
sequences for several transcription factor binding sites found in the 5’ upstream region of the genes are shown.
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SEP TATACCAgGCCTGCTGGACCTGAATGTGTAT?TGTCAGGCTGGG--TgTACAGGTGGCTGACTCAGCTGCTTCgTGGGgAGGGACTGACCTTGGCCTCCTC
PYY TATACCA-GCCTGCTGGACCTGAATGTGTATATGTCAGGCTGGGAGTCTACAGGTGGCTGACTCAGCTGCTTC-TGGG-AGGGACTGACCTTGGCCTCCTC

SEP CCACCCCTCTCCCAACTC TTGAACAGAGGGAGACATAGTGGAGTGTCCAGA-GGGGTCCCT(;gTCCAAGAg TTCACAGACAGCAGGTCAAQAGCCAAGQ" TT
PYY CCACCCCTCTCCCAACTCTTGAACAGAGGGAGACATAGTGGAGTGTCCAGAGGGGGTCCCTTCTCCAAGATTTCACAGACAGCAGGTCAAAAGCCAAGATT

SEP ATSECTCCCATCCTGCCTCCAGTgquAGAchTTccTCCCCACAGGTq;TGTCASQFCtcagttctcctccaacaTATTATGgAqSAquGCTgAAAAGg
PYY ATAGCTCCCATCCTGCCTCCAGTAGCAAGAGGTTT--TCCCCACAGGTCCTGTCAATG----—=-=======—==—~ TATTATGGAAAAGAGGCTTAAAAGG

SEP STGGCTTTTGGAA%?tGeeGSFAS%gGTCCCACAG?CTGGAAAA?AT-EFTCTGGEETCCTGCCTGEATCTCCTCTCCCCSACCATGGACA?GCTAG?AAA
PYY TTGGCTTTTGGAAGTAGTGGTCATAAGTCCCACAGGCTGGAAAATATGGATCTGGACTCCTGCCTGTATCTCCTCTCCCCAACCATGGACAAGCTAGGAAA

SEP GAg?GéaTGTCAACCCTGGTCCTAgGGGTCgTCCCAquATCTAGACC?AATGGTT?ACTTCCTCAGGAGGCTACACCTGCTG??GG§GQ§CTQFAGGGTG
PYY GAAGGAGTGTCAACCCTGGTCCTAAGGGTCTTCCCAGGAATCTAGACCAAATGGTTCACTTCCTCAGGAGGCTACACCTGCTGTTGGGGTGCTGAAGGGTG

SEP AAGATGGGGTTCTGACTAG?CATCCTGTCCAGAGGTACCCTGA?QgCAAGTG-TGGGGGSTFCCSCCTSGGCTCCTT-gGAPGTGqﬁGAfATCAEgTACTG
PYY AAGATGGGGTTCTGACTAGGCATCCTGTCCAGAGGTACCCTGAATCCAAGTGTTGGGGGGTTCCGCCTTGGCTCCTTAAGAGGTGAAGACATCACTTACTG

SEP TCTGA%EGTAASngAGCGATCTGCEgEgGGGgGGAGgggGAéGAngAGAGCCCSQFCESTT—CAQSTCCCCTCCCCTTTCAGACCAG?AZAZAAGCCCC
PYY TCTGAAAGTAAGCTCAGCGATCTGCCCCTGGGTGGAG-~-TGAGGAAGGAGAGCCCTCCCGATTCCAGTTCCCCTCCCCTTTCAGACCAGCATATAAGCCCC

+

SEP ACACGGAAEGCACTGAGCTG.PS.

PYY ACACGGAACGCACTGAGCTG ele) Yele]
+

+90
SEP QQIQISQQIGTGAGTGGCCTGGGACCCAGCAATGGTCTGGTCGGGGGATCCCAGGCTAGTTPGTGGGGAAACTGAGGCTAGCAAGGTGGAAACGGACTGAG
PYY Qﬂmﬂﬂﬂﬂ%%GTGAGTGGCCTGGGACCCAGCAATGGTCTGGTCGGGGGATCCCAGGCTAGTTCGTGGGGAAACTGAGGCTAGCAAGGTGGAAACGGACTGAG
+

SEP TGGTGAGAAGCTGGTTQgGAAGGGGGTCAGGGCAAGTGGGAAGsAGAgAAGCQFGGGAGTCCCTGCTGCCAGCATAQECT?FTTCCTCCATCEGCCCTTCC
PYY TGGTGAGAAGCTGGTTTAGAAGGGGGTCAGGG-AAGTGGGAAGGAGAAAAGCCGGGGAGTCCCTGCTGCCAGCATAGCCTTGTTCCTCCATCAGCCCTTC-

SEP gggtaaacaTGGTGGAGGC?GGC?GGGCTTATGCCTTTTAACAGATGAGGAAACTGAGGCCAGAGATGGTGCAQ?GCCTGAGAACACACAGCCAGCAGGCG
PYY --------- TGGTGGAGGCTGGCTGGGCTTATGCCTTTTAACAGATGAGGAAACTGAGGCCAGAGATGGTGCAATGCCTGAGAACACACAGCCAGCAGGCG

SEP GgtAAGECTTGGTCGGGAACCAGCgCgACCaGACAGGTCGCTGAAGCTTqQ?&sAGATGGCAgCCTC?QﬁCTCCCgC%FTngAGTAGETGCTCE%?CTGA
PYY GCCAAGTCTTGGTCGGGAACCAGCCCCA---GACAGGTCGCTGAAGCTTCGGTTAGATGGCAACCTCTGCTTCCCAC-TTCCAAGTAGGTGCTCGGACTGA

+
SEP ?TCTAGTGCCQCTCTCCAG.
PYY CTCTAGTGCCTCTCTCCAGA

SEP
PYY

+258
SEP }Agc-GTGAGEG?GEGsGCGGGGTGGGCGGGGQFGGGtCTquA—CA-GGGGCGTG&FCAEEFAEGAEC&EQCCCETCTCTGGCSCCGCCCE?CAGe?IIQ
PYY QaeggGTGAGAGCGCGTGCGGGGTGGGCGGGGCCGGG—CTGCCACCAGGGGGCGTGGCCAGATACGACCCCACCCATCTCTGGCTCCGCCCTGCAG%;%IQ
+ +
+335
aGCG

SEP
PYY

TAAAAGSGCCCCGCC%S%EGGCT

[C GGTAAAAGCGCCCCGCCGGACGGCT
+359

SEP GTCCCCTGg?GSQFGGCCTQ?TCSTCCT?CCACCCTA%CCCCGSQPCCTAGTACTTQFCCCCAGTEFCﬁFCTACCC?GATCCGACGCCGAGCTTGGCTCCE

PYY GTCCCCTGAGGGGTGGCCTGGTCTTCCTTCCACCCTATCCCCGGCGCCTAGTACTTTTCCCCAGTGTCGCCTACCCTGATCCGACGCCGAGCTTGGCTCCG

+336
SEP TCCTTTCCTTTSCCTCCT?CAG! A

PYY

SEP
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SEM
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Fic. 2. Alignment of the genomic sequence of bovine seminalplasmin (14) with that of bovine PYY determined in this work. Nucleotide
exchanges are indicated with an asterisk and lowercase letters. Nucleotide deletions are indicated with a dash. A potential TATA box and the exon
sequences of both genes are underlined. Numbers above and below the sequences compare cDNA sequence positions.

the 5’ flanking and 5’ untranslated regions, in the first intron,
and in the following nucleotide sequence encoding the signal
peptide where 25 of 27 amino acids are identical (Fig. 3). In the
previously reported cloning of the bovine seminalplasmin
cDNA, it was suggested that the signal peptide was shorter
than that shown in Fig. 3, with initiation of translation begin-
ning at the third available methionine (14). However, in view
of the amino acid identity and 98% nucleotide sequence

homology to PYY in this region, it appears more likely that the
first available methionine is used as the initiation site for the
bovine seminalplasmin precursor. Small deletions and point
mutations of the nucleotide sequence at the end of the signal
peptide coding region and at several other regions within the
bovine seminalplasmin gene have led to the loss of important
amino acids required for the typical processing of the precur-
sors to an active NPY, PYY, or PP peptide. For example, the
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r PYY MVAVRRPWPV@VAMLLMLLIAICLGALVDA
h pYY [M|IVFVIRR|PIWPIVLT|ITVLLALLYVCLG|A|LVDA
b PYY MMSGRRSWPAMATVLLLLVCLGELVDA
bSEM [MMAIGRRSWPAMATVLLALLVCLGELVD-
Mature PYY peptides
YPAIKPIEAPG|E|IDIASPIEEL S|IR|TT A|S LIR H|Y|L NIL[VT|IR|[QR Y
YPIIKPIEAPGI|E|IDIJASP|IEELN|R|YY A|SL|IR HY|IL NIL|VT|IRIQRY
FiG. 3. Amino acid alignment of the
Y PA|IKPQ|APG|E|HIAS PD|IEL N|R|Y Y T|S L|R H|Y|L N|L TIRIQ R F bovine seminalplasmin precursor (b SEM;
- - s|k p Q|p|s DlEJK ASPD|KH H|3|F - -Isi]s RIilA KMA N|R[- - L ref. 14) with all known prepro-PYY se-
quences: rat PYY (r PYY; ref. 4), human
Mature Seminalplasmin PYY (h PYY; ref. 6), and bovine PYY (b
PYY; this work). The alignment is based
on the nucleotide differences in the semi-
nalplasmin gene, with dashes indicating
GKREVPAALF|ISKILLFT|D|IDSE LPFRSRPEGVDQW 98 deletions in the seminalplasmin gene se-
GKRDGPD?'LLSKTFFPD-GEDPVRSRSEGPDLW 97  quence. Corresponding amino acids iden-
tical between seminalplasmin and any of
GKRDFSEALLSILLFPD-lElEDPPVKSRPEGAYLW 97 the three PYY sequences are boxed. The
ANPKLL|E TlF LS ﬂw IG —IB'—BIG'N RIS VK 80  sequence of the mature PYY peptides and

deletion of nine nucleotides in the seminalplasmin gene at the
region representing the border between the signal peptide and
the active peptide of the PYY gene effectively eliminates the
amino-terminal tyrosine typical of NPY and PYY. This small
deletion results in different processing of the seminalplasmin
precursor at the amino-terminal end. It is not clear if the signal
peptidase cleaves the signal peptide directly after 32 amino
acids between a proline and a serine residue or if initial
cleavage occurs at Ser-28 (replacing the alanine found in NPY,
PYY, and PP), followed by secondary processing with a
dipeptidylaminopeptidase. A further deletion of six nucleo-
tides has led to the removal of the tyrosine and threonine
codons at positions 49 and 50 of the PYY gene.

Another critical point mutation has occurred at nucleotide
position 274, with the substitution of a cytosine for a thymi-
dine, resulting in the generation of an alternative splice site in
the seminalplasmin gene at the end of exon II, just five
nucleotides earlier than in the PYY gene. This mutation
effectively shortens the precursor peptide by two amino acids,
specifically deleting the Gln-Arg-(Tyr or Phe) carboxyl-
terminal region critical for receptor binding in the NPY/
PYY/PP peptides (2). In both genes the same splice acceptor
site at the beginning of exon III is used. However, several
changes in the nucleotide sequence immediately following the
splice site result in the loss of the highly conserved sequence
Gly-Lys-Arg, responsible for the correct processing of the
NPY, PYY, and PP precursor proteins. A point mutation from
cytidine to guanine within the codon for Ser-89 in the PYY
gene generates a stop codon in the seminalplasmin gene and
terminates the coding sequence nine codons earlier. Both
genes use the same splice sites for the end of exon III and the
beginning of exon I'V where, in the case of the PYY gene, the
last seven amino acids of the carboxyl-terminal extension
peptide are encoded.

Instead of the carboxyl-terminally amidated 36-amino-acid-
long active peptide processed from NPY, PYY, and PP
precursors, deletion of the processing Lys-Arg residues and
introduction of an earlier termination codon results in a
47-amino-acid-long seminalplasmin. The remaining carboxyl-
terminal sequence of the seminalplasmin precursor consists of
only one amino acid, lysine, which is not found in the active
peptide and which is possibly removed by carboxypeptidase.
This is similar to the processing of the corticotropin releasing
factor precursor, where only two amino acids (Gly-Lys) form

of seminalplasmin is in a bold frame.

the carboxyl-terminal extension (15). These changes in the
seminalplasmin coding region also result in the loss of the
tertiary structure, known as the PP fold, characteristic of other
members of this family. Both the amino-terminal polyproline
and the following amphiphilic a-helix are no longer present.
Recent structural analysis of seminalplasmin suggests a ran-
dom-coil organization in solution, with the ability to form
helical structures in the carboxyl-terminal region only upon
hydrophobic interaction with membranes (16).

The identification of bovine seminalplasmin as a very re-
cently evolved member of the NPY gene family provides a
clear example of how a gene duplication event, followed by a
few selected mutations, can rapidly give rise to a new bioactive
peptide with radically altered functional properties. That the
creation of the bovine seminalplasmin gene is a very recent
event is supported by its high degree of nucleotide sequence
homology to the bovine PYY gene, together with the absence
of any cross-hybridizing sequences (other than PYY) in the
human genome. Although there is evidence that the human
PYY-PP gene cluster localized at 17q21.1 may have under-
gone a duplication event (17q11), the cross-hybridizing se-
quences in this case are only weakly homologous and hybridize
more strongly to the human PP gene than to the PYY gene (6).
It thus appears that the creation of the seminalplasmin gene by
duplication of the existing PYY gene occurred after the
separation of the ungulates from other mammals. The obser-
vation of sequences homologous to bovine seminalplasmin in
the sheep genome (8) (in addition to the PYY gene) is
consistent with this view and suggests that the recently created
copy of the PYY gene was conscripted to provide a new
function, perhaps related to some unique features of the
reproductive systems in this group of animals.

The extent of the duplication event and the involvement of
other loci remain to be determined. However, it is of interest
that hybridization of human PP sequences to bovine genomic
DNA indicates the presence of two homologous regions,
suggesting that the closely linked PP gene may also lie within
the duplicated region.

With the observation that relatively few mutations in the
structural regions of the newly created gene are sufficient to
provide a novel function, it should be interesting to determine
the effect of the similarly small number of changes to the
putative regulatory regions of the gene. These are likely to be
responsible for the very different patterns of tissue-specific
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expression and hormonal regulation seen with PYY and
seminalplasmin.

As all of the other members of the NPY gene family exert
their diverse effects through activation of GTP-binding pro-
tein-coupled receptors, elucidation of the mechanism of action
of seminalplasmin and isolation and characterization of its
“receptor(s)” should provide further insight into the acquisi-
tion of new functional pathways during vertebrate evolution.
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