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Abstract. Human seminal plasma spontaneously coagu- products of Sg I may also have various biological
functions. While the semenogelin I protein is unique tolates after ejaculation. The major component of this
human and higher primates, it has recently been showncoagulum is semenogelin I, a 52-kDa protein expressed
to belong to a gene family having a similar gene struc-exclusively in the seminal vesicles. Recently, a sperm

motility inhibitor has been found to be identical to ture but encoding widely differing proteins. The re-
cently elucidated characteristics of the semenogelin Isemenogelin I, suggesting that it may also be a physio-

logical sperm motility inhibitor. The protein is rapidly gene as well as the biochemical and functional proper-
ties of the encoded protein are reviewed, and an attemptcleaved after ejaculation by the chymotrypsin-like pro-

static protease prostate-specific antigen, resulting in liq- is made to integrate the various findings into a model
for semen coagulation, sperm immobilization and po-uefaction of the semen coagulum and the progressive

release of motile spermatozoa. Some of the cleavage tential other functions.

Key words. Seminal plasma; sperm motility inhibitor; prostate-specific antigen; seminal vesicle-specific antigen;
inhibin-like peptides; REST gene; sperm hyaluronidase.

Introduction

Following ejaculation, human semen spontaneously co-
agulates into a semisolid gelatinous mass, which then
liquefies within 5–20 min [1, 2]. This coagulum appears
as a dense network of narrow and long fibers that are
approximately 0.15 mm thick [3]. The major structural
components of human semen coagulum have been de-
scribed as disulfide-linked complexes of a predominant
52-kDa protein, known as semenogelin I (Sg I), and two
forms of a less abundant Sg I-related protein of 71 and
76 kDa (semenogelin II, Sg II), all originating from the
seminal vesicle secretions [4–6]. Recently, novel activi-

ties have been shown to be associated with Sg I, includ-
ing the property to block sperm motility [7] and to
activate sperm hyaluronidase [8].
The past few years have thus given rise to a more
comprehensive body of information about this unique
protein through experiments originally performed on
different models but which eventually converged on the
same protein, namely Sg I. The present review reexam-
ines some of the original work that developed in paral-
lel, and attempts are made to integrate the more recent
findings which suggest a surprising variety in potential
functions for this protein in reproduction. While in the
present review emphasis is placed on Sg I, whose func-
tional properties have been more extensively studied,
some properties of the closely related Sg II will also be* Corresponding author.
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discussed, particularly as it relates to gene structure and
pattern of expression where similarities suggest interest-
ing evolutionary consequences. First, some of the origi-
nal work on semen coagulation and on the seminal
plasma sperm motility inhibitor (SPMI) will be re-
viewed, and the more recently elucidated properties and
function of the proteins will then be discussed in more
detail. It is first worth summarizing the original work
on SPMI and Sg I in parallel to appreciate how both
stories originated from the isolation of a similar prote-
olytic fragment of Sg I from seminal plasma.

Parallel paths converging on the same protein

Sg I, the predominant human semen coagulum protein
The foundation for most of the work on Sg I and its
role in human semen coagulation rests mainly on the
results of Lilja and co-workers. Their original studies
looked at the effect of various protease inhibitors on the
processing of larger molecular mass forms of proteins
into smaller polypeptides occurring during semen lique-
faction [9–11]. This led to the identification of the
major coagulum components as disulfide-linked
polypeptides of 52, 71 and 76 kDa [4, 5]. Most of the
degradation products derived from those proteins were
found to be basic polypeptides, the most basic of which
was first purified and sequenced [9]. Prostatic proteases
were found to be responsible for the degradation of
coagulum proteins [5, 9, 10], and eventually the prote-
olytic activity was associated with prostate-specific anti-
gen (PSA) [12]. These findings led to the eventual
molecular cloning of the predominant 52-kDa seminal
coagulum component, thereafter referred to as se-
menogelin I [13]. According to this sequence, several
polypeptides isolated from seminal plasma [9, 14, 15]
appeared to be derived from Sg I. The identity of the
amino acids surrounding the deduced cleavage sites
provided evidence that PSA had a chymotrypsin-like
activity. Many of the earlier findings about Sg I have
been previously reviewed [16]. We will therefore attempt
in the present review to emphasize some of the more
recent data and also to integrate the findings with those
originating from work on a sperm motility inhibitor.

SPMI, a sperm motility inhibitor associated with semen
coagulum
The identification and characterization of some of the
properties of Sg I also originated from the study of a
sperm motility inhibitor present in seminal plasma. Be-
fore the two proteins were found to be identical, the
work on the latter had been initiated from studies on
the control sperm motility. Using a previously devel-
oped model for the demembranation and reactivation

of sea urchin spermatozoa [17], Mohri and Yanagi-
machi first showed that epididymal spermatozoa col-
lected in physiological solutions were readily reactivated
following demembranation [18]. On the other hand, the
reinitiation of motility of ejaculated and then demem-
branated rabbit spermatozoa was not possible. Interest-
ingly, the motility of spermatozoa that had been washed
on a Ficoll gradient before demembranation was reini-
tiated following addition of Mg · adenosine triphos-
phate (ATP) [19, 20], suggesting that some com-
ponent(s) present in seminal plasma interfered with the
reinitiation of motility. The seminal plasma of various
mammalian species was similarly found to contain a
motility inhibitory activity [19]. Following these original
experiments, a protein of 18–22 kDa associated with
this activity was isolated from human seminal plasma
and named seminal plasma motility inhibitor (SPMI)
[21]. The finding that the purified protein was a potent
dynein-ATPase inhibitor [21] suggests that this is the
mode of action of SPMI on demembranated spermato-
zoa. On the other hand, purified SPMI was also found
to interfere with the motility of intact spermatozoa [22].
However, the dose of SPMI required to completely
inhibit the motility of intact spermatozoa was found to
be more than 1000-fold higher than on demembranated
spermatozoa, suggesting that its effect on the motility of
intact spermatozoa is likely mediated through a differ-
ent mechanism. The dose-dependent inhibitory activity
of SPMI on intact spermatozoa caused a progressive
decrease in the percentage of motile spermatozoa, the
curvilinear velocity and the beat-cross frequency, with-
out affecting the linearity. In a subsequent study, hu-
man SPMI was found to originate exclusively from the
seminal vesicles and to have a 9-fold higher specific
inhibitory activity in this fluid than in seminal plasma
[23]. The difference turned out to be explained by the
presence of a 52-kDa SPMI form in seminal plasma
shortly after ejaculation which was rapidly transformed
into smaller mass forms during liquefaction [24]. This
was accompanied by an 80% reduction in inhibitory
activity to levels that are compatible with normal sperm
motility (B250 U/ml). The phenomenon could be re-
constituted in vitro by incubating secretions isolated
from the seminal vesicles and prostate, thus demon-
strating the prostatic origin of the processing factor.
The serine protease inhibitors phenylmethyl sulfonylflu-
oride (PMSF) and benzamidine and the metal chelators
EDTA and 1,10-phenanthroline all partially prevented
the loss of inhibitory activity and processing into
smaller forms [24].
The characteristics of SPMI processing after ejaculation
were highly reminiscent of the proteolysis of Sg I occur-
ring during semen liquefaction, thus suggesting the phe-
nomena might be related. This association became
apparent when all SPMI inhibitory activity and most
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SPMI antigens were found to be associated with the
coagulated semen fraction [25]. Moreover, semen sam-
ples that failed to liquefy spontaneously demonstrated
high levels of SPMI inhibitory activity (1500 U/ml), the
presence of nondegraded SPMI antigens and contained
sperm having poor motility. Addition of prostatic secre-
tions to the nonliquefied semen samples resulted in a
marked increase in sperm motility with a concomitant
degradation of high-mass SPMI antigens and a decrease
in inhibitory activity. These findings thus provided an
explanation for the reported low sperm motility in
coagulated semen shortly after ejaculation, and the pro-
gressive increase in sperm motility as the protein precur-
sor gets inactivated during semen liquefaction.
The identical glandular origin of Sg I and SPMI, their
comparable molecular mass and processing by prostatic
proteases displaying similar properties after ejaculation
as well as the association with semen coagulum strongly
suggested that these two proteins were the same molec-
ular entity. This was eventually confirmed when the
protein was purified from both seminal vesicle fluid and
seminal plasma coagulum and the amino acid sequence
of three different peptides, the amino acid composition
and the mass were found to match very closely the
values expected from the published complementary
DNA (cDNA) sequence of Sg I [7].

Characterization of Sg I gene and protein

Characterization of Sg I cDNA
The characterization of the Sg I cDNA chronologically
preceded the purification of the proteins and will thus
be described first. The complete primary structures of
Sg I and semenogelin-related proteins have been eluci-
dated [13, 26]. An Sg I clone was originally isolated [13]
by screening a cDNA expression library derived from
seminal vesicle transcripts with an antibody raised
against a 52-amino acid residue fragment of Sg I [9]. A
full-length cDNA containing an open reading frame of
1386 nucleotides was thus isolated and characterized
[13] (table 1). The resulting sequence encodes a precur-
sor protein of 462 amino acid residues, which after
cleavage of a 23-residue signal peptide yields a mature
protein of 439 amino acids having an expected molecu-
lar mass of 49.6 kDa and isoelectric point of 9.6 (fig. 1).
The mature protein contains a single cysteine residue at
position 216 which is involved in the formation of
disulfide-linked complexes [5, 13]. A cDNA for the
71-kDa Sg-related protein was similarly obtained [26].
Its characterization showed that it encodes a 559-
residue protein, semenogelin II, that displays 78% iden-
tity at the amino acid level with that of the 52-kDa Sg
I. Two cysteine residues are present at positions 136 and
337. The difference in size between Sg I and Sg II is

related to the presence of an extended C-terminal in Sg
II. The 76-kDa protein, on the other hand, appears to
be a glycosylated form of the 71-kDa polypeptide Sg II
[26, 27]. Sg I contains six repeats of 60 residues showing
internal sequence similarity (fig. 2), whereas Sg II con-
tains eight such repeats. The exact function of these
repeats is unknown, but their structure is reminiscent of
repeats found in rodent seminal vesicle proteins known
to serve as substrate units in transglutaminase reactions.
Sg I has been shown to be expressed exclusively in the
seminal vesicles, whereas Sg II transcripts have also
been detected in the epididymis [13], albeit at a much
lower expression level [26].

Gene structure of Sg I and II
The structure of the Sg I and II genes has recently been
elucidated. Both genes are located on the long arm of
chromosome 20 at q12–13.1 and are relatively compact,
spanning only 2.7 and 3.1 kb, respectively [28]. They are
arranged in tandem, 11.5 kb apart, and are similarly
composed of three exons that display more than 90%
sequence identity [28, 29]. These three exons encode,
respectively, the signal peptide, the secreted polypeptide
and the 3% untranslated region (fig. 1). The flanking
regions and introns demonstrate more than 80% iden-

Table 1. Characteristics of the semenogelin I gene and protein.

ReferencesCharacteristics Properties

Open reading 1389 nucleotides [13]
frame

[7, 13, 27]predicted: 49607Molecular mass
measured: 49620–49958

[13]signal peptide: 23Amino acid
residues mature protein: 439

total: 462
predicted: 10.1 [13]Isolectric point
measured: \9.5

Cysteine residue 1 (at residue 216) [13]
Internal repeats six repeats of 60 amino [13, 26, 27]

acid units
Exon structure exon I: signal peptide [28]

exon II: mature protein
exon III: 3% nontranslated

region
20 q12–13.1Chromosomal [28]

localization
[13, 26, 34]limited to seminal vesiclesTissue expres-

sion
Similarity with [26, 28]nucleic acid 89% (within

exons)Sg II
protein 78%

Posttranslational N-terminal [13, 27, 37]
modification pyrodglutamination

SPMI domain 85–136 [37]
MHS-5 epitope 198–223 [37]
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Figure 1. Schematic representation of the Sg I gene, transcript and protein. The basic structural elements of the Sg I gene showing the
three-exon structure typical of the REST-gene family are shown. Nucleotides are numbered according to EMBL accession number
Z47556. Dashed lines link corresponding sections of the gene, transcript and protein. The black box in Sg I protein represents the
23-residue signal peptide. The single cysteine at position 216 is marked.

tity [28]. The intergenic sequences are composed of
highly repetitive DNA sequences made up of long inter-
spersed nucleotide sequences (LINES) such as L1 re-
peats and Alu sequences [29]. The Sg I and II genes are
believed to have originated from duplication of an 8-kb
DNA fragment some 61 million years ago [29].
While Sg I and II proteins are highly homologous [13,
26], their primary structure shows little similarity to
other abundant seminal vesicle secretory proteins re-
sponsible for semen coagulation in rodent species. How-
ever, recent studies on the structure of the genes that
encode these divergent proteins have highlighted inter-
esting similarities. All appear to be members of a novel
gene family that includes both Sg I and II, the rat
seminal vesicle secretory proteins SVS-II, SVS-IV, SVS-
V and guinea pig seminal vesicle proteins GP1 and
GP2, the major seminal clotting protein in these species
[26, 30]. The common characteristics of these genes lie
in their similar transcription unit made of three exons;
the first one encoding the signal peptide, the second one
encoding the secreted protein and the third codon en-
coding the 3% untranslated region [30]. Interestingly,
significant sequence similarity exists exclusively within
exon I and exon III, whereas exon II is highly divergent.
The results demonstrate that all these proteins are
derived from a similar ancestral gene that evolved
rapidly by substitution of exon 2 to give rise to different
proteins [30]. These surprising findings suggest that, in
spite of apparent disparity in amino acid sequence,

these various polypeptides may share similarities in
three-dimensional structure and/or functional domains
that form the basis for intermolecular interactions in-
volved in semen clotting or coagulation. This new fam-
ily is collectively referred to as the REST (rapidly
evolving substrates for transglutaminase) gene family
due to the fact that most members have been found to
be good substrates for transglutaminases. Members of
this family have a basic isoelectric point, contain several
internal repeats and an abundance of lysine and glu-
tamine residues which serve as donor and acceptor sites
in the transglutamination reaction.
Until recently, Sg I was believed to be unique to hu-
mans, since no homology to other known proteins in
other species was found. However, the presence of a
close homologue in rhesus monkeys was suspected by
immunocytochemical study demonstrating the presence
of Sg immunoreactive material in the seminal vesicle
and vas deferens [31]. The Sg II gene of the rhesus
monkey has recently been cloned [32]. As described
above for human and rodent proteins, the transcription
unit is similarly split into three exons encoding the
signal peptide, the mature protein and the 3% untrans-
lated region. The rhesus monkey gene is about 22%
larger than its human counterpart due to extension of
the coding region by the presence of two additional
repeats of 60 amino acid residues [32]. Interestingly, the
rhesus monkey Sg II lacks cysteine residues, thus
demonstrating that noncovalent interactions are respon-
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sible for semen clotting or gellation and that the role of
intermolecular disulfide bonds, if any in this process, is
secondary in those molecules which contain cysteine
residues [32]. Southern blot analysis has demonstrated
that Old World monkeys such as the rhesus monkey
and baboon and the New World monkey marmoset
contain two different Sg genes similar to Sg I and Sg II
[32]. In contrast, only one Sg-hybridizing band was
found in the New World monkey cotton-top tamarin.
Cloning of the gene in this primate has revealed that it
contains a single Sg-related gene that is more similar to
human Sg I (89% of nucleotides conserved) than to
human or rhesus monkey Sg II (82%) [33]. The pre-
dicted molecular mass of this extended Sg I is 66 kDa,
or 32% higher than human Sg I. However, contrary to
the its human homologue, the cotton-top tamarin
protein contains 14 occurrences of a consensus sequence
for N-linked glycosylation. The potential for glycosyla-
tion could thus significantly increase the actual molecu-
lar mass of the protein and modify its isoelectric point
estimated at 9.0 [33]. Surprisingly, a probe for semeno-
clotin, the major clot-forming protein in mouse, hy-
bridized to a single restriction fragment under low

stringency in the cotton-top tamarin [32]. This suggests
that while this New World monkey does not contain an
Sg II gene, it may contain a semenoclotin-related gene
previously thought to be unique to rodents [32]. The
evolutionary consequence of such a finding is that the
genome of a common ancestor to early mammalians
and primates likely contained both semenoclotin and Sg
genes, but that murine species eventually lost Sg genes
while most primates lost the semenoclotin gene. On the
other hand, the cotton-top tamarin likely lost the origi-
nal Sg II by substitution of a new exon in an alternative
splice site, giving rise to a semenoclotin-related gene
[33].

Expression profile of Sg I
Recently, a detailed localization study showed abun-
dant semenogelin antigen expression in the cytoplasm
of seminal vesicle glandular epithelial cells by immuno-
cytochemistry using several different monoclonal and
polyclonal antibodies [34]. None of the antibodies used
in this study were found to be specific to either form of
Sg, a finding not so surprising considering the very high

Figure 2. Structure of repetitive amino acid units in Sg I. Upper panel: The position of three different types of repeat present in Sg I
are shown along the Sg protein. Lower panel: alignment of amino acids within each type of repeat. Conserved residues are shadowed.
The repeats are classified according to Lilja and Lundwall [26].
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similarity in primary structure. On the other hand, the
authors were able to design oligonucleotide probes spe-
cific for Sg I or Sg II, and these were used for in situ
hybridization [34]. Using these specific probes, intense
Sg I and Sg II transcript signals were detected in the
same glandular epithelial cells shown to contain Sg
antigens. Sg II transcripts were also detected in the
epithelium of the cauda epididymis, whereas Sg I tran-
scripts were absent [34]. Neither Sg I nor Sg II tran-
scripts or antigens were found to be expressed in other
parts of the epididymis (caput, corpus) or in stromal
cells. Accordingly, Sg antigens were absent from testicu-
lar, caput and corpus spermatozoa but appeared on the
surface of cauda epididymis spermatozoa. Localization
of Sg antigens on freshly ejaculated spermatozoa
showed that the protein localizes to the posterior head,
midpiece and tail of spermatozoa [34], in agreement
with earlier findings [13]. The testis, prostate, female
genital tract and numerous tissues tested were all found
to be devoid of Sg antigens in agreement with the
results of localization of SPMI antigens, shown to be
exclusively located in the seminal vesicles [23].

Regulation of unique Sg I tissue expression
The very restricted expression profile of Sg I as de-
scribed above and the abundance of the protein in the
secretions of the seminal vesicles, a gland whose secre-
tory function is androgen-dependent, argues in favor of
an androgen-regulated synthesis of this protein. Sg im-
munoreactivity, as determined using the antibody
recognizing the basic fragment of Sg I, was previously
observed on the epithelium of seminal vesicle specimens
obtained from postpuberty subjects, but not on those of
a newborn or 5-year-old child [31]. This is in agreement
with preliminary observations from our laboratory
made during the collection of seminal vesicle fluid.
Seminal vesicle fluid collected from two patients who
underwent radical prostatectomy and had followed a
preoperative treatment with antiandrogens showed a
dramatic decrease in Sg I immunoreactivity, as mea-
sured by immunoblotting, compared with those ob-
tained from untreated patients (M. Robert and C.
Gagnon, unpublished observations). Moreover, the re-
ported Sg I gene sequence [28] contains nucleotide se-
quences that are closely related to a reported
androgen-response element consensus [35] in both the
promoter 5% upstream sequence and in the first intron of
the Sg I gene (M. Robert and C. Gagnon, unpublished
observations). Together, these observations strongly
suggest that the specific expression of Sg I in the semi-
nal vesicle epithelium is androgen-dependent. On the
other hand, the expression of Sg I exclusively in seminal
vesicles [34] and not in other tissues that are also
androgen-responsive, such as the prostate, suggests that

there are additional factors that regulate this tightly
restricted expression. The identification of regulatory
elements within the Sg genes by focussing on the specific
and unique sequences identified by Lundwall [29] and
the identification of the associated regulatory DNA-
binding proteins should allow elucidation of the mecha-
nism of this unique tissue expression.

Purification and characteristics of Sg I
While the isolation of smaller Sg I polypeptides [9, 21]
from seminal plasma originally led to the identification
of a 52-kDa larger form in seminal vesicle and its
molecular cloning, the purification of intact Sg I from
isolated seminal coagulum and seminal vesicle fluid was
reported only recently [7, 27]. In addition, Mandal and
Bhattacharyya previously reported the purification of
the predominant semen coagulum protein [36]. While
the identity of the protein with Sg I was not directly
demonstrated, the similarities in molecular weight, pI
and chromatographic behavior strongly suggest that it
is Sg I. In all cases, proper solubilization of the proteins
in urea buffer, as well as reduction and alkylation of
cysteine residues prior to purification, was found to be
essential to ensure good recovery of the proteins and
prevent their degradation [7, 27, 36]. The successful
enrichment of Sg I by chromatography on heparin-Sep-
harose [27] is likely due to its cation exchanger proper-
ties at the alkaline pH used, as this is the type of
chromatography that proved useful in the other proto-
cols [7, 36]. However, a specific affinity of Sg I for
heparin cannot be excluded. One of the major
difficulties encountered during the purification of Sg I
was the removal of degraded forms present in the start-
ing material. These fragments had the tendency to
coelute with the 52-kDa precursor. Their successful
removal could be achieved by an additional purification
step using gel filtration on Superose [27], Sephacryl [36]
or high-performance reverse-phase liquid chromatogra-
phy [7]. The abundance of the 52-kDa Sg I polypeptide
as observed by SDS-polyacrylamide gel electrophoresis
(PAGE) in samples of seminal vesicle fluid and washed
semen coagulum, together with the low enrichment fac-
tor (two- to fivefold) following purification, suggest that
this protein may represent more than 20% and up to
50% of the total proteins in these sources, respectively
[7, 36]. In physiological solution, the purified Sg I
appeared to form aggregates of large molecular mass,
which were not recovered during analysis on a gel
filtration column in buffer that did not contain urea [7].
This is not a surprising finding considering the coagu-
lating properties and low solubility of Sg I, and is likely
the consequence of the reported extensive noncovalent
interactions existing between Sg I and Sg II polypep-
tides. Similar observations were also reported indepen-
dently [27].
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The amino acid composition of Sg I corresponds very
well with that predicted from the cDNA sequence [7,
27]. Treatment of the purified protein with N-glycosi-
dase F and specific staining using a glycoprotein detec-
tion system demonstrated the absence of any
glycosylation [27]. While the site of processing by signal
peptidase had been suspected from analysis of the
protein sequence, the identification of a glutamine
residue (in the form of a pyrrolidone carboxylate or
pyroglutamine) as the N-terminal residue of the pro-
cessed protein was confirmed following digestion with
pyroglutamate aminopeptidase [13]. This finding thus
explains the reported failure to obtain N-terminal se-
quence information from the purified 52-kDa Sg I
protein [7, 13]. The mass of Sg I, as measured by mass
spectrometry, is also in close agreement with that pre-
dicted from the cDNA sequence (table 1) [7, 27]. The
slight difference of approximately 300 Da, between the
two reports, is within reasonable experimental error and
may reflect a variation due to the different spectromet-
ric method used (atmospheric pressure ionization-
mass spectrometry (API-MS) vs. matrix-assisted laser
desorption ionization (MALDI)). The absence of a sig-
nificant difference between the measured and expected
mass of Sg I confirms the absence of glycosylation and
rules out the possibility that the protein undergoes
extensive posttranslational modification.
Sg I was shown to reversibly inhibit the motility of
intact spermatozoa in a dose-dependent manner [7].
Incubation of the purified protein with prostate-specific
antigen (PSA) caused degradation into smaller mass
forms and a concomitant 76% decrease in its inhibitory
activity, as measured on demembranated spermatozoa.
Similarly, PSA treatment also considerably reduced the
inhibitory activity of Sg I on intact spermatozoa. The
demonstration of the immobilizing effect of purified Sg
I on intact spermatozoa [7], at activity levels and
protein concentrations corresponding to those mea-
sured in coagulated semen early after ejaculation [24],
suggests that Sg I may be responsible for the low
motility of spermatozoa in coagulated semen. The effect
of Sg I on sperm motility was reversible when cells were
washed and thus appeared to be mediated by associa-
tion of the protein with the sperm surface. The sperm-
immobilizing activity of Sg I does not appear to be
exclusively related to its high isoelectric point, since
cytochrome c, with a pI of 9.3, has no such activity at
the same concentration [7].
The sperm-immobilizing activity of Sg I could be
mapped within the N-terminal domain of the protein
[37]. This segment of the protein appears highly con-
served in Sg of other primates, suggesting that it may
play a similar role in those species [33]. Because of its
very high similarity with Sg I, Sg II also likely has
sperm motility inhibitory activity. Accordingly, during

purification of Sg I, sperm-immobilizing activity has
also been observed in fractions enriched in Sg II [7]. It
is thus tempting to speculate that Sg II, which has also
been shown to be expressed in the cauda epididymis as
well as on the surface of spermatozoa of the cauda
epididymis [34], might be involved in sperm immobiliza-
tion at this site, as recently suggested [33].
The N-terminal domain of Sg I also contains the epi-
tope recognized by an antibody raised against a 19-kDa
Sg I form present in liquefied seminal plasma [37] (table
1). On the other hand, the epitope for the MHS-5
monoclonal antibody appears to map to a more cen-
trally located section of Sg I [37]. This antibody was
originally raised against whole spermatozoa but found
to recognize a sperm-coating antigen originating from
the seminal vesicles [38]. The antigen recognized by
MHS-5 antibody is referred to as seminal vesicle-spe-
cific antigen (SVSA) and is present on a range of
polypeptides. These also undergo extensive molecular
processing during semen liquefaction and have masses
very similar to those from Sg I and II [38–40]. While
seminal polypeptides reacting with this antibody were
purified, no biochemical information was available to
allow the location of SVSA within the Sg molecule [41].
However, the identification of a specific segment of Sg I
that is recognized by this antibody further reinforces the
suspected identity of the 58-kDa SVSA with Sg I [13,
37].
Sg I was found to be cleaved readily by PSA [37]. The
effect of zinc and 1,10-phenanthroline on the in vitro
degradation of Sg I by PSA and chymotrypsin led to
the postulation that Sg I may be a zinc-binding protein.
These findings are in good agreement with those re-
ported for the effect of those substances on semen
liquefaction and degradation of Sg I by prostatic
proteases [4, 11, 24, 25]. Zinc is an important ion in
many biological systems, and although it is usually
present only in trace amounts in most body fluids, zinc
is present in the prostate gland at the highest concentra-
tion of any organ [42] and is secreted in semen at
similarly high levels. However, its function in that fluid
has remained poorly understood. Interestingly, in coag-
ulated semen, most of the seminal zinc was previously
found to be tightly associated with the washed coagu-
lated protein mass [43], and to bind specifically to
various polypeptides having identical electrophoretic
mobility to Sg I [44]. Moreover, as semen liquefaction
progressed, zinc was shown to be associated with pro-
gressively lower mass polypeptides (B25 kDa) of elec-
trophoretic mobility, again very similar to those of the
Sg I degradation products [44]. These results thus sup-
port the concept that Sg I may be a major zinc ligand.
While this may not represent the physiological scenario,
both Sg I and Sg II have recently been found to be good
substrates for the fibrin cross-linking transglutaminase,
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factor XIII, in vitro [45], a finding that provides func-
tional support for the similarity of Sg I and II to the
REST gene family. Transglutaminase activities have
been reported in human semen, and recently a novel
transglutaminase cDNA was cloned from a human
prostate cDNA [46]. However, factor XIII was used for
those experiments since this human prostatic transglu-
taminase has not yet been isolated. Interestingly, the
cross-linked high molecular mass complexes of Sg were
found to be resistant to PSA-mediated proteolytic di-
gestion [45]. This may thus highlight the importance of
Sg I and II conformation for proper processing by PSA,
as previously suggested [37]. In addition, several Sg
fragments released by PSA hydrolysis could be cross-
linked by FXIIIa [45]. This may suggest that some of
the proteolytic fragments are similarly cross-linked in
vivo and that the phenomenon might have functional
relevance to sperm function. In any case, only a small
fraction of Sg I and II would be cross-linked in vivo,
since no high molecular weight Sg complexes are ob-
served in semen. However, the authors also speculated
that some Sg could be cross-linked to spermatozoa and
thus not be observable after removal of the cells [45].

Sg I as the main physiological substrate for PSA
The fragmentation of Sg I occurring after ejaculation
has been associated mainly with the proteolytic activity
of PSA [10, 12, 13, 40]. Characterization of PSA activity
using nonphysiological or synthetic substrates [47, 48]
and identification of the location of seminal peptides
derived from Sg [13, 16] had previously associated a
chymotrypsin-like activity to the enzyme in contrast to
the trypsin-like specificity of the other members of the
kallikrein family of proteases, to which PSA belongs.
Accordingly, Sg I was recently found to be cleaved
preferentially on the C-terminal side of several tyrosine
and leucine residues [7, 37]. Similar findings of preferen-
tial hydrolysis by PSA at tyrosine residues were recently
reported using synthetic peptide substrates [49] or sub-
strate phage display [50]. In the former study, PSA was
also found to cleave synthetic substrates at glutamine,
histidine and cysteine residues, albeit at a lower effi-
ciency but with increased specificity for PSA when com-
pared with other proteases. In Sg I, however, the
favored hydrolysis sites appear to be at the C-terminal
of several tyrosine and leucine residues [13, 16, 37]. The
unusual specificity of PSA appears related to the pres-
ence of a serine residue at the bottom of the substrate
binding pocket instead of the aspartic acid residue
found in trypsin-like enzymes [51, 52]. PSA also seems
to differ from chymotrypsin in its preference for ty-
rosine and leucine residues, whereas chymotrypsin pre-
dominantly cleaves at the aromatic residues
phenylalanine, tryptophan and tyrosine and, only to a

lower extent, at leucine residues. The effect of various
protease inhibitors and divalent cations on PSA-medi-
ated cleavage of Sg I also highlights additional differ-
ences with chymotrypsin [37]. Sg I appears to be a
rather specific and favored PSA substrate since PSA
does not readily hydrolyze other proteins [37]. It is thus
likely that PSA cleaves Sg I preferentially at peptide
bonds surrounded by specific residues [47], as suggested
for Sg I [16, 37]. This is further substantiated by the
recent demonstration that PSA displays preferences for
secondary subsites and that recognition of substrate is
mediated by an extended binding site [50]. These clus-
ters of amino acid may form specific three-dimensional
structures that are preferentially recognized by the en-
zyme. This strict specificity would explain the apparent
low activity of PSA on other substrates when compared
with chymotrypsin [37, 47]. Together, these specific dif-
ferences among hydrolysis site preferences and interac-
tion with various inhibitors and ions demonstrate that
PSA is a specific Sg I processing enzyme that hydrolyses
and displays unique catalytic properties in spite of its
close relationship to other serine proteases of the
kallikrein family.
The serine protease inhibitor protein C inhibitor (PCI)
has been recently shown to bind to both PSA and Sg II
in vitro and in vivo [53, 54] and to inhibit the PSA-me-
diated degradation of Sg I and Sg II [54]. Interestingly,
in the latter study, divalent cations and particularly
Zn2+(0.01–0.1 mM) were found to significantly reduce
binding of Sg II to both PCI and PSA [54]. These
interactions have so far only been demonstrated clearly
with Sg II. Caution must thus be exercised, since such
an interaction could be mediated by the carbohydrate
residues that appear to be present on the 76-kDa form
of Sg II but absent from Sg I. However, if the interac-
tion is mediated by the polypeptide backbone, then it is
highly probable that Sg I, PSA, PCI and seminal zinc
may similarly interact to coordinate Sg I and II
processing.
While PSA appears to be the main Sg I processing
enzyme after ejaculation, the possibility that additional
proteases may also participate in the phenomenon can-
not be excluded [24]. The human kallikrein hK2, which
is closely related to PSA [55, 56], and the recently
characterized prostasin [57], both of which are prostatic
trypsin-like proteases that correspond well with the
prostatic proteolytic activity inhibited by benzamidine
[11, 24], are also proteases that may play a more mar-
ginal role. The former possibility is especially likely
considering the recent demonstration that hK2 can de-
grade Sg I and II in vitro at the carboxyl side of
arginine residues [58]. However, while these enzymes
could contribute to cleave Sg I at alternative sites, their
effect is likely to be marginal, since PSA generates Sg I
fragments that are identical in size to those observed in
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liquefied semen [7, 10, 37, 40, 59]. In addition, various
Sg I fragments purified from liquefied seminal plasma
were shown to have terminal leucine or tyrosine
residues corresponding to cleavage by PSA [14, 15, 60].

Functions of Sg I

The major function of Sg I in the reproductive process
has so far been associated with the formation of the
seminal coagulum [5, 16]. The finding that Sg I displays
sperm immobilizing activity in vitro suggests that it may
also be a physiological motility inhibitor at least shortly
after ejaculation [7]. While these two functions may be
intimately linked, their physiological role in the human
reproductive process and the mechanism of action has
not been addressed extensively and remains of a rather
speculative nature.

Sg I and semen coagulation and liquefaction
The phenomenon of semen coagulation occurs in most
mammals, but the mechanisms appear to vary widely
[61]. The semen of dogs and cats does not coagulate,
and interestingly these mammals lack seminal vesicles,
the main source of coagulating substrates in most mam-
malian species [61]. In some species, the formation of a
vaginal plug is believed to be essential to prevent the
outflow of semen from the female’s vagina. In rodents,
it is also thought to prevent secondary inseminations of
spermatozoa by nondominant males [62]. Such a plug
may act as a reservoir and contribute to the gradual
release of spermatozoa in species where the female does
not possess a long cervix and cervical mucus, and where
semen is deposited directly into the uterus. Similarly,
the semisolid and adherent properties of the human
semen coagulum may also contribute to some extent to
prevent outflow of spermatozoa from the female’s re-
productive tract, until they are released progressively
during liquefaction. Whether the phenomenon of semen
coagulation in humans is simply a remnant of our
evolution from a common earlier ancestor is not clearly
established. As described above, Sg I and Sg II have
been found to belong to the REST gene family whose
several members are known transglutaminase substrates
[30].
While the primary structure and several biochemical
properties of Sg I and Sg II have been elucidated, the
precise mechanism accounting for the formation of the
gelatinous network of proteins found in the coagulum
has not yet been convincingly demonstrated. However,
the integration of results derived from various studies
provides some insights into some likely events. First, the
mechanism responsible for human semen coagulation is
different from the one involved in blood coagulation,

since factor XII, fibrinogen and prothrombin are all
absent from seminal plasma [61]. In addition, while in
rodents transglutaminases from the coagulating gland
cross-link protein substrates from the seminal vesicle to
form the so-called copulatory plug [63], no such high
molecular weight complexes of Sg I and II resulting
from covalent cross-linking of those proteins have been
observed when coagulum components are analyzed by
SDS-PAGE [5, 7, 25]. On the other hand, Sg I and II,
the predominant components of the coagulum, are
known to form disulfide-linked high molecular weight
complexes [5, 6, 12]. However, dithiothreitol does not
cause apparent macroscopic changes on the coagulum
structure [5], suggesting that these disulfide interactions
do not constitute the main force holding coagulum
proteins together. Disulfide bridges thus likely play a
supporting and indirect role in the coagulation and
liquefaction of human semen, since semen liquefaction
is enhanced in the presence of the reducing agent b-
mercaptoethanol [6]. This effect is therefore likely medi-
ated by a change in the three-dimensional structure of
Sg I and II induced by reduction of disulfides, which in
turn increases their sensitivity to proteolytic degrada-
tion. The importance of noncovalent interactions in
maintaining the coagulum structure is highlighted by
the fact that denaturing agents such as guanidine-HCl
(3 M) and urea (4–8 M) readily solubilize semen coagu-
lum [5, 7, 27, 36].
The exact mechanism by which noncovalent interac-
tions between Sg I and other components trigger semen
coagulation thus remains speculative. Fibronectin origi-
nates from seminal vesicle fluid and, like Sg I, is en-
closed in the coagulum structure and gets progressively
fragmented and released into the fluid phase of semen
during semen liquefaction [12]. At ejaculation, prostatic
components such as zinc may induce a polymerization
reaction involving Sg I, Sg II and fibronectin by induc-
ing conformational changes in these proteins, thus trig-
gering coagulation [12]. The authors speculated that this
might arise by inducing an opening of fibronectin
dimers and consequent exposure of structures that have
affinity for Sg. Alternately, one model [64] proposed
that interactions between sialoglycoproteins and metal
ions are responsible for coagulum formation [65, 66].
According to this model, the initial stage of liquefaction
would occur by reduction of those metal ions by L-
ascorbic acid. However, Sg I does not appear to be
glycosylated, thus raising doubts about such a mecha-
nism as the main pathway. It could nonetheless be a
contributing factor, since Sg I and Sg II may form
heterodimers [13], and the high molecular mass (76
kDa) form of Sg II has been shown to be glycosylated
[27]. Finally, another model proposed that coagulation
occurs through reticulation of proteins by formation of
stable links between fructose and monomer of vesicular
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Figure 3. Model of semen coagulation and liquefaction based on Sg I properties. A simplified diagram of some of the components of
the male reproductive tract is shown. Sg I and PCI are present exclusively in the seminal vesicles, whereas PSA and zinc ions originate
from the prostate. At ejaculation, these components mix, and a conformational change in the Sg I, Sg II and fibronectin is triggered
by prostatic components (most likely Zn2+), causing the Sg molecules to interact with each other by a yet unknown mechanism,
resulting in aggregation and semen coagulation. Spermatozoa are thus immobilized in the coagulum likely through the immobilizing
activity of Sg I. Chelation of zinc ions in the coagulum activates PSA, which gradually degrades Sg I and II, causing the release of
smaller fragments and reversing the sperm motility inhibition. This in turn releases zinc and PCI in solution, which bind to and
inactivate PSA to prevent further undesirable proteolysis. Fibronectin, which also appears to participate in the coagulum formation, is
left out for clarity and because its interaction with the other components remains unclear.

proteins, such as Sg, in the formation of semen coagu-
lum [67].
Semen liquefaction, on the other hand, is associated
with the proteolytic degradation of Sg I and II, the
predominant coagulum components, since the disap-
pearance of the gel structure parallels fragmentation of
these proteins [10, 12, 24, 25, 39, 68, 69]. Fragmentation
of Sg I and II probably reduces the extent of noncova-
lent interactions between these proteins and fibronectin,
thus causing liquefaction, potentially by allowing move-
ment of interacting surfaces that were limited in the
uncleaved backbone. This is reflected in the fact that
intact Sg molecules in seminal vesicle fluid or seminal
coagulum are insoluble due to the creation of a vast
network of protein aggregates, whereas Sg fragments of
liquefied semen are soluble. Originally, a collagenase-
like activity [64], seminin and plasminogen activator
[70] were associated with the liquefying activity. How-
ever, it is now clear that PSA plays the major role in
degrading the structural components of the coagulum,
Sg I and Sg II [4, 10, 12, 37, 40, 69, 71]. In those studies,

purified PSA was shown to cleave the predominant
coagulum proteins in a manner essentially identical to
their degradation during semen liquefaction and in par-
allel to the progressive release of motile spermatozoa.
The predominant role of PSA in Sg I degradation and
semen liquefaction is further substantiated by the obser-
vation that various polypeptides isolated from seminal
plasma have terminal amino acid residues correspond-
ing to cleavage of Sg I at leucine or tyrosine residues,
sites associated with the chymotrypsin-like proteolytic
activity of PSA [13–15, 37, 60, 72].
By integrating the various properties of semen coagu-
lum and Sg I and II described above, it is possible to
propose a mechanism for semen coagulation and lique-
faction (fig. 3). Prior to ejaculation, Sg I and Sg II
present in the lumen of seminal vesicles may be in a
random, unordered arrangement and protected from
proteolysis by PCI also originating from the same
gland. In prostatic secretions, zinc present at concentra-
tions up to 7 mM [42] is likely to inhibit most of PSA
activity [37, 48, 73]. As mentioned previously, Sg I is
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likely a zinc-binding protein. At ejaculation, Sg I might
chelate most of the free zinc contributed by prostatic
secretions. Chelation of such a high concentration of
zinc is not impossible considering that Sg I may be
present in semen at concentrations as high as 0.4–0.6
mM (20–30 mg/ml) and that each molecule may bind
several zinc atoms. Zinc binding might induce structural
changes in the Sg I and II molecules that would trigger
noncovalent interactions with fibronectin and aggrega-
tion of the proteins, culminating in the formation of the
insoluble protein complex of the coagulum and immobi-
lization of spermatozoa. The resulting sudden decrease
in free zinc concentration would cause PSA activation
and release the interaction of Sg I and II with PCI,
allowing PSA to cleave the coagulum proteins and
causing the gradual release of free PCI into the soluble
liquefied phase [54] and gradual Sg I proteolysis. As Sg
I would become progressively hydrolyzed into smaller
polypeptides, interactions between the proteins would
be loosened, causing semen liquefaction. Zinc would be
released due to structural changes around the metal
coordinating residues of the protein caused by the
cleavage of the polypeptide backbone, and sperm motil-
ity would increase gradually. In agreement with this
hypothesis is the finding that several histidine residues
that are the likely metal-binding residues in Sg I were
found in the proximity of various PSA cleavage sites
[37]. Finally, the resulting increase in free zinc would
again inactivate PSA, thus preventing further undesir-
able proteolysis of semen components and structural
damage to spermatozoa or surrounding tissues. Soluble
PCI might also reform a complex with PSA, although
only a small proportion of total PSA is likely inacti-
vated by PCI [53]. While this model remains speculative
in nature, it provides a mechanistic link between various
properties of Sg I and the observations on the role of
divalent metal ions in the phenomenon of semen coagu-
lation-liquefaction [4, 24, 25, 37, 44, 74], and supports a
physiological function for seminal zinc.

Sg I as a physiological sperm motility inhibitor?
As described previously, a fragment of Sg I was origi-
nally purified from seminal plasma as a factor that
could inhibit the motility of demembranated spermato-
zoa likely acting as a dynein-ATPase inhibitor [21].
However, both degraded fragments of Sg I and the
purified intact protein were also found to inhibit intact
sperm motility in vitro [7, 22]. This effect, together with
the observed change in inhibitory activity as Sg I gets
degraded during semen liquefaction and the ensuing
increase in sperm motility, suggests that Sg I may be a
physiological sperm motility inhibitor [7, 24, 25]. The
exact mechanism by which Sg I may exert its sperm-im-
mobilizing activity on intact spermatozoa is still un-

known. Nonetheless, it is possible to draw some
inferences as to the nature of this activity. Obviously,
physical entrapment of spermatozoa within the coagu-
lum structure may represent one direct form of immobi-
lization by restricting movement of the sperm flagellum.
However, such a mechanism is unlikely to explain the
complete flagellum beating arrest observed in experi-
ments using soluble purified Sg I [7]. Moreover, the
soluble 19-kDa Sg I fragment isolated from liquefied
seminal plasma was also shown to inhibit intact sperm
motility [22], while it had obviously lost the ability to
form a coagulated mass. There are thus additional
effects that likely come into play in the mechanism of
sperm immobilization.
As previously mentioned, immunolocalization studies
using various anti-Sg monoclonal and polyclonal anti-
bodies as well as the MHS-5 demonstrated the presence
of Sg antigens on the postacrosomal sheath of the head,
midregion and tail of human spermatozoa [13, 34, 38].
The localization of Sg antigens to sperm structures
involved in motility fits well with the sperm motility
inhibitory activity that has been associated with Sg I [7].
While a more detailed microscopic study has not been
performed, the findings that the motility of Sg I-immo-
bilized spermatozoa can be recovered by washing the
cells and that prostatic extracellular proteases inactivate
Sg I and allow recovery of sperm motility [7] argue in
favor of a surface-mediated mode of action. Sg I thus
likely binds to the sperm surface in these regions and
affects motility through a mechanism yet to be eluci-
dated. However, the integration of various studies al-
lows speculation about a possible mechanism.
Receptor-binding proteins are usually present in trace
amounts in biological fluids, and subtle differences in
their concentrations trigger biological responses. As
such, the mere abundance of Sg I in seminal plasma
would tend to argue against such a receptor-mediated
mechanism. On the other hand, the gradual decrease in
sperm-immobilizing activity of the 52-kDa Sg I protein
as it is cleaved suggests that a specific domain of the
precursor molecule may be involved in maximizing the
interaction between the active domain and its target site
on spermatozoa, assuming that those two activities
(sperm binding and immobilization) are located on sep-
arate domains. These observations share interesting
similarities with previous findings concerning inhibin-
like peptides. Originally, three different inhibin-like
peptides were isolated from seminal plasma during a
search for factors that could suppress pituitary follicle-
stimulating hormone (FSH) secretion in vitro. Their
complete amino acid sequences were elucidated and
interestingly, all turned out to have primary structures
corresponding to fragments of Sg I derived between
residues 45 and 136 [13, 14]; a-inhibin-92, -52 and -31
correspond to residues 45–136, 85–136 and 85–115,
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respectively (fig. 4). Moreover, Sg I fragments identical
to a-inhibin-92 and -52 were obtained following PSA-
mediated degradation of SPMI precursor and corre-
spond well to the presumptive active (sperm-
immobilizing) domain of Sg I [37]. Perhaps not so
coincidentally, a-inhibin-92 and a-inhibin-52 were
found to be 40- and 3.4-fold more active, respectively,
than a-inhibin-31 in inhibiting FSH release in vitro [14].
The observed decrease in the activity of inhibin-like
peptides as they are fragmented into smaller peptides is
thus highly reminiscent of the drop of Sg I-immobilizing
activity that occurs during its processing by PSA [7].
The affinity of larger SPMI and inhibin-like peptides
for their respective target appears to be greater than
that of smaller fragments and may thus be regulated by
progressive proteolysis. While the mechanism of action
of these peptides on the pituitary has not been clearly
established, direct binding of the peptides to human
pituitary membranes has been demonstrated [75]. More-
over, cross-linking experiments using labeled a-inhibin-
92 and pituitary membrane revealed the presence of a
specific 90-kDa complex [75]. It is therefore tempting to
speculate that Sg I could similarly bind to a specific
acceptor protein present on spermatozoa. Whether the
pituitary receptor of inhibin-like peptides bears any
similarity to the target site of Sg I on human spermato-

zoa remains to be established. A similar study attempt-
ing to identify such an Sg I ligand on the sperm
membrane might yield clues to better define its action
on spermatozoa. Such an Sg I ‘receptor’ on the sperm
membrane might modulate its suggested immobilizing
activity. Subsequent recovery of motility during lique-
faction would then occur due to a decrease in affinity
for the receptor following degradation by PSA in vivo,
or by removal of the protein by washing the cells in
vitro as we have observed [7].
Alternately, it cannot be excluded that Sg I might bind
to membrane components other than proteins. Mem-
brane phospholipids could also be a binding site for Sg
I, as has been shown for a family of bovine seminal
plasma proteins [76] and porcine seminal proteins called
spermadhesins [77, 78]. Interestingly, one member of the
latter family (AQN-3) has recently been shown to be
almost identical to a component of boar SPMI [79].
While there is no obvious sequence homology between
Sg I and AQN-3, the fact that they are both sperm
motility inhibitors having similar properties [7, 21, 80]
suggests some possible structural and functional homol-
ogy. Interaction of Sg I with membrane phospholipids
might cause destabilization of the bilayer and subse-
quent entry of extracellular components, such as ions,
that might inhibit sperm motility in vivo. The composi-

Figure 4. Functional map of Sg I and polypeptides released by hydrolysis. The whole Sg I mature protein is represented: pQ indicates
the pyroglutamyl residue at the N-terminal of the mature protein. Segments of Sg I that have been associated with specific biological
activity or reactivity with antibodies are highlighted with patterned boxes (see text). During semen liquefaction, PSA cleaves Sg I at the
C-terminal of several leucine and tyrosine residues, releasing numerous polypeptides that may have various biological activities as
stated. The peptides released are shown as a model only. Details of actual cleavage and derived peptides were previously described [16,
37].
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tion of the phospholipid bilayer of the sperm plasma
membrane is known to vary in different areas of the
sperm surface. Preferential binding of Sg I to phospho-
lipids that are predominantly present on the sperm tail
and midpiece could provide an attractive explanation
for the reported binding of Sg I to those areas of the
sperm surface [34]. While the hydropathy index of the
boar SPMI/AQN-3 shows a rather hydrophilic charac-
ter, there are segments of the protein that could poten-
tially form small hydrophobic domains that could
interact with the sperm membrane, thus causing its
destabilization and resulting in changes in motility [79].
A similar phenomenon in Sg I might also result in
reversible interactions with the sperm membrane and
effects on sperm motility. Interestingly, a synthetic pep-
tide derived from an antimicrobial protein was found to
have a reversible and dose-dependent sperm immobiliz-
ing activity in vitro [81]. Its effect was found to be
specific, since five other cationic antimicrobial peptides
did not similarly inhibit sperm motility. In addition, the
peptide did not cause detergent-type membrane disrup-
tion but rather caused functional membrane changes.
These characteristics are similar to those of Sg I or its
fragments, and it is tempting to speculate that they may
act similarly.
The possibility of a large protein readily penetrating
into spermatozoa and reaching the dynein ATPase and
acting similarly as on demembranated spermatozoa ap-
pears unlikely. However, the isolation and identifica-
tion, in human sperm nuclei, of a 19-kDa polypeptide
that appears to be a proteolytic product derived from
the N-terminal domain of Sg [82] may suggest that at
least some fragments of the SPMI precursor may also
enter the cell. In addition, we have observed that both
detergent soluble and insoluble fractions of spermato-
zoa washed twice on Percoll gradients to maximize the
removal of seminal plasma proteins and proteins loosely
associated with the sperm plasma membrane contained
polypeptides recognized by the SPMI antiserum (M.
Robert and C. Gagnon, unpublished observations). In-
terestingly, forms of mass greater than 20 kDa were
observed in the insoluble fraction, supporting the no-
tion that Sg I may have penetrated the cells and was
thus partially protected from PSA hydrolysis occurring
in seminal plasma. Thus, specific mechanisms that allow
the penetration or translocation of seminal proteins
through sperm membranes may exist.
While all the above observations do not yet allow us to
draw conclusions about the exact target site of Sg I on
spermatozoa, they do permit the elaboration of a poten-
tial model of action. By integrating these various obser-
vations, it is possible to postulate that under normal
circumstances, Sg I binds to an as yet uncharacterized
acceptor site on the flagellum of spermatozoa and im-
mobilizes the cell. As the 52-kDa molecule gets de-

graded by PSA, its affinity for its acceptor site on
spermatozoa is reduced by degradation of a ‘docking
domain’, and the molecule is gradually released or re-
mains bound in a degraded state that is no longer
affecting the motility of normal spermatozoa. Note that
such a mechanism would explain the progressive activa-
tion of sperm motility during semen liquefaction in
terms of progressive inactivation of the inhibitory activ-
ity of Sg I on sperm motility rather than by activation
of motility by Sg I fragments or other seminal compo-
nents. However, the participation of such activating
factors cannot be ruled out.
Alternately, in a subset of infertility cases where a large
proportion of spermatozoa remain immobilized in spite
of apparent normal semen liquefaction and Sg I pro-
cessing into low mass fragments, a different mechanism
more similar to the effect of Sg on demembranated
spermatozoa might be involved. In such ejaculates, a
large proportion of spermatozoa may have membrane
defects that allow Sg I fragments to reach the intracellu-
lar space and directly interact with the axonemal dynein
arms and cause irreversible arrest of motility and associ-
ated infertility. Interestingly, an earlier study [83]
demonstrated that a motility inhibitor was present in
cytosolic extracts prepared from spermatozoa display-
ing low motility, whereas extracts from normal sperma-
tozoa did not contain such an inhibitor. Unfortunately,
the lack of biochemical information on this immobiliz-
ing factor does not allow us to conclude whether Sg I
was responsible for this activity.
The rationale for temporary sperm immobilization after
ejaculation remains elusive. However, temporary sperm
immobilization by Sg might serve as a mechanism to
prevent energy exhaustion at times when sperm motility
is not required [33]. In addition, the bulk of seminal
plasma is removed by passage of spermatozoa through
the viscous cervical mucus. We may therefore speculate
that sperm immobilization by Sg I in the first few
minutes post-ejaculation might have beneficial effects
by providing sufficient time for seminal factors, affect-
ing sperm function, to interact with spermatozoa before
crossing the cervical mucus. Moreover, temporary im-
mobilization of spermatozoa by Sg I and their physical
protection from immune cells by entrapment within the
coagulum may also provide the necessary time for solu-
ble seminal factors to elicit immunosuppressive reac-
tions in the female reproductive tract before the
progressive release of spermatozoa.

Other functions for Sg I and its proteolytic fragments?
As elaborated above, the main functions of Sg I appear
to be related to the coagulation and liquefaction of
semen and the concomitant early immobilization and
subsequent progressive release of motile spermatozoa in
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Table 2. Established and potential functions of Sg I and/or of its
fragments.

Function References

Semen coagulation [5, 12, 13]
[7, 37]Sperm motility inhibitor
[8]Sperm hyaluronidase activation

Inhibin-like activity [14, 95]
[72, 85]Thyrotropin releasing hormone-like peptide
[85]Activation of sperm capacitation
[82]Role in the sperm nucleus

Zinc shuttling [87, 88]

is closely related to but different from Sg I [72, 85].
Obviously, the exact physiological role of such bioactive
peptides as inhibin-like peptides and TRH-like peptides
in human semen remains to be established. However, it
is possible that they bind to acceptor sites on spermato-
zoa and modulate functions such as motility, hyperacti-
vation, capacitation, egg-binding and so on.
Alternatively, receptor sites might be within the female
reproductive tract and trigger immunosuppressive reac-
tions or muscle contraction to facilitate sperm transport
along the reproductive tract, as observed for a kinin-
like substance released by proteolysis of seminal vesicle
proteins [86]. In addition, the isolation of a 19-kDa
polypeptide in association with the human sperm nuclei
and which appears to be derived from Sg I [82] may
suggest yet an additional role for the protein within
spermatozoa. This particular polypeptide had previ-
ously been believed to be a sperm-specific histone. It is
also possible that Sg I and/or such a peptide fragment,
through zinc-binding properties, may be responsible for
the observed exchange of zinc between seminal plasma
and spermatozoa [87, 88]. These polypeptides could
serve as molecular shuttles in the exchange of zinc ions
between seminal plasma and sperm nuclei, a phe-
nomenon believed to be important form the integrity of
sperm DNA [87, 88]. Obviously, a more detailed assess-
ment of the physiological relevance of all these activities
in seminal plasma will require further investigation.
Nonetheless, these observations underline the fact that
Sg I is an important seminal protein that plays a central
role in the formation of semen coagulum and probably
also in regulating sperm motility shortly after ejacula-
tion. At the same time, it may serve as a precursor
molecule which gives rise to multiple bioactive polypep-
tides having various functions.

Applications and benefits derived from Sg I
The unique properties, structure and pattern of expres-
sion of the Sg I gene and protein suggest various poten-
tial applications, some of which are already being
harnessed. The MHS-5 antibody, which recognizes a
specific Sg I epitope, is available commercially as an
immunoassay kit for the detection of semen in forensic
specimens. Its value rests principally on its high specific-
ity for semen, its stability and its presence in semen
from normal and vasectomized men [38, 89, 90]. In
addition, the same antibody has also been used as a
specific and reliable tool for the diagnostic of agenesis
of the seminal vesicles and vas deferens [91], due to its
specific reactivity with secretions of the seminal vesicles.
One interesting and potentially promising application
derived from Sg I and its derived proteolytic fragment
has been recently proposed by Denmeade and co-work-
ers [49] for the treatment of prostatic carcinoma. The

the female reproductive tract. In addition, the purified
predominant seminal coagulum proteins which appear
identical to Sg I and II have recently been shown to be
potent activators of sperm hyaluronidase activity [8].
This suggests the potential participation of those
proteins in the degradation of the egg’s envelope at
fertilization and sperm penetration. Liquefied seminal
plasma was found to retain the activity, suggesting that
cleaved forms of Sg I are also active. Thus, the possibil-
ity that some of the numerous polypeptides released by
PSA proteolysis of Sg I may have various biological
activities is attractive. This hypothesis is supported by
various findings described below and by the fact that
PSA is a member of the kallikrein family of proteases,
known for their growth factors and vasoactive polypep-
tide-processing activities [84]. Possible functions for
such bioactive peptides released by Sg I hydrolysis
include the inhibin-like activity associated seminal
plasma polypeptides that appear to be derived from Sg
residues 45 to 136 [13, 14] (table 2 and fig. 4). However,
while binding of those peptides to specific acceptor sites
on human pituitary membranes has been demonstrated
[75], the targets and physiological effect of such inhibin-
like activity on the reproductive tissues remain to be
established. In addition, extended forms of thyrotropin-
releasing hormone (TRH)-like peptides have been iso-
lated from human seminal plasma [72]. These peptides
correspond to sequences occurring between residues 350
and 374 of Sg I and are thus likely derived therefrom.
The N-terminal of one of these peptides occurs at a
position along the Sg I sequence that is consistent with
cleavage by PSA at a leucine residue. The authors of
this study noted that the peptides likely possess biologi-
cal activity, since they observed the presence of an
amide bond at the C-terminal, a feature believed to be
essential for activity [72]. In addition, one such peptide
was recently shown to increase the level of sperm capac-
itation [85]. However, the presence of a tryptophan
residue adjacent to the C-terminal end of the peptides in
Sg I instead of the usual glycine residue raises the
possibility that they are generated from a precursor that
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strategy is based on harnessing the high specificity and
affinity of peptides derived from the Sg sequence for
PSA. Peptide substrates that have been optimized for
specificity and affinity for PSA might be used as carriers
for the targeting of cytotoxic prodrugs. Ideally, these
would be cleaved specifically in situ, releasing active
drug exclusively in PSA-secreting prostatic tissue as well
as metastatic prostate cancer cells while sparing non-
prostatic normal tissues. Preliminary in vitro tests re-
cently demonstrated that the cytotoxic prodrug
doxorubicin coupled to the carboxyl terminal of one
such peptide could be specifically activated by PSA
released from lymph node carcinoma of the prostate
(LNCaP) cells in culture [92], resulting in cell death. On
the other hand, TSU cells which do not secrete PSA
were unaffected by 10-fold higher doses of the prodrug.
While this magic bullet strategy appears promising, it
remains to be seen whether location-specific hydrolysis
and cytotoxicity will be observed in vivo. In addition,
the usefulness of the unique characteristics of the Sg
genes and related genes of the REST family in the
unraveling of evolutionary mysteries related to male
accessory sex gland evolution and function is already
being harnessed in various studies [30, 33, 93, 94].
Finally, the high specificity and unique tissue distribu-
tion of Sg I may make it an attractive candidate for
further studies on gene expression, particularly as it
relates to the male accessory reproductive glands. It
may allow the characterization of novel gene regulatory
mechanisms in these androgen-dependent tissues and
the identification of specific transcription factors at play
in glands whose functions remains widely unknown and
unexplored.

Conclusion

Overall, the properties of Sg I and II and their degrada-
tion products are gradually becoming clearer. Sg I ap-
pears to be mainly involved in the coagulation of semen
and the concomitant immobilization of spermatozoa
observed in semen shortly after ejaculation. Proteolytic
processing by PSA causes semen liquefaction and a
progressive increase in sperm motility. Abnormal pro-
cessing of Sg I by PSA may result in low sperm motility
and infertility. Recent findings on Sg I gene and protein
structure, associated biochemical characteristics and
molecular processing are paving the way for further
functional studies on the role of this protein and its
degradation peptides. Such investigations are necessary
to better understand the various functions of what
appears to be a complex and multifunctional protein.
The fact that multiple and very different activities can
be associated with the same precursor molecule and its
degradation products is also of significant biological

interest. An attempt to integrate these functions and to
uncover the nature of the interactions and mechanism
of action of these polypeptides during the reproductive
process would constitute a logical follow-up to previous
studies. Since the primary structure of the Sg gene and
protein is well established, mutation and deletion stud-
ies followed by expression in a suitable experimental
system could be attempted to answer these interroga-
tions. Such studies will possibly enable better under-
standing of the modulation of sperm function by
seminal plasma components, a biological fluid that had
been traditionally neglected and considered to be simply
the carrier of spermatozoa. The recent findings about
Sg I alone suggest that it is much more than that.
Sustained developments in this field may consequently
lead to novel approaches to the diagnosis and treatment
of infertility, elucidation of gene expression regulation
in male accessory sex glands as well as the development
of pioneering therapies for the treatment of prostate
cancer.
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