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Semenogelin, the Main Protein of Semen Coagulum, Inhibits
Human Sperm Capacitation by Interfering With the
Superoxide Anion Generated During This Process
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ABSTRACT: Semenogelin (Sg), the major protein of the human se-
men coagulum, is present at high concentrations in seminal vesicle
secretions. It is degraded by the prostate-specific antigen (PSA) to
generate peptides of various biological activities that were found on
and inside spermatozoa. Our aim was to determine the effect of Sg
on capacitation, which is the series of transformations that sper-
matozoa must undergo to become fertile. At concentrations of 0.1
to 1.0 mg/mL (600- to 20-fold lower than those of semen), Sg did
not affect sperm motility (%) but completely prevented capacitation
induced by fetal cord serum ultrafiltrate; a partial inhibition of capac-
itation was noted with 0.03 mg Sg/mL. There was also a dose-de-
pendent decrease in the tyrosine phosphorylation of fibrous sheath
proteins and in the O2

�•-related chemiluminescence. Ribonuclease
(RNase), which has as high an isoelectric point (pI � 9.7) as Sg (pI
� 9.5), also prevented sperm capacitation and O2

�•-related chemi-
luminescence but to a lower extent, suggesting that one mechanism
of Sg action on spermatozoa could be related to its positive charge

at physiological pH. Sg at 1, but not 0.3 or 0.1 mg/mL, scavenged
the O2

�• generated by the mix of xanthine � xanthine oxidase and
modified the kinetics of the reaction; RNase did not have such ef-
fects. Therefore, Sg is a potential scavenger for O2

�• but probably
also affects the sperm oxidase. Spermatozoa rapidly processed Sg;
a high proportion of Sg was degraded after 15 minutes of incubation.
The resulting polypeptide patterns were reminiscent of those ob-
tained with PSA as a proteolytic enzyme. These data suggest that
Sg, its degradation products, or both may be natural regulators of
sperm capacitation and could prevent this process from occurring
prematurely. One mechanism by which Sg acts could involve an
interference with the O2

�• that is normally generated during this pro-
cess.
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Capacitation is defined as the series of transformations
(in membranes, enzymatic activities, ion fluxes, etc)

that spermatozoa normally undergo during their migration
in the female genital tract in order to reach and bind to
the zona pellucida, undergo the acrosome reaction, and
fertilize the egg (see de Lamirande et al, 1997 for review).
Capacitation is also part of an oxidative process in which
the superoxide anion (O2�•) generated by spermatozoa
plays an essential role (de Lamirande and Gagnon, 1995;
de Lamirande et al, 1997, 1998) and regulates the calci-
um- and cyclic adenosine monophosphate-dependent ty-
rosine phosphorylation of proteins (Carrera et al, 1996;
Leclerc et al, 1996, 1998; Aitken et al, 1998). The two
main tyrosine phosphorylated proteins in capacitating
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spermatozoa (named p81 and p105 according to their mo-
lecular masses) are part of the fibrous sheath (Leclerc et
al, 1996) and appear to be antigenetically related to A
kinase anchoring proteins (Carrera et al, 1996; Visconti
et al, 1997). Some seminal plasma components are known
to be decapacitation factors because they prevent too-ear-
ly onset and regulate sperm capacitation. For example,
phosphatidylcholine-binding proteins found in bovine
(Desnoyers and Manjunath, 1992) and in human (Leblond
et al, 1993) seminal plasma bind to spermatozoa and are
released during capacitation. Cholesterol (Cross, 1996)
and zinc (Andrews et al, 1994), which are present at high
concentrations in seminal plasma, are membrane-stabiliz-
ing agents for spermatozoa and are considered as deca-
pacitating agents. Seminal plasma also prevents the ty-
rosine phosphorylation of sperm proteins that is associ-
ated with capacitation (Tomes et al, 1998). Fine-tuning of
capacitation is necessary for the achievement of proper
fertilization and its premature onset was associated with
lower fertilizing ability in bovine cryopreserved sperma-
tozoa (Cormier at al, 1997). In humans, premature sperm
hyperactivation (the erratic and whiplash-like movement
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displayed by capacitating spermatozoa) that occurs in
whole semen was considered as a possible cause for id-
iopathic infertility (de Lamirande and Gagnon, 1993a).

Important components of human seminal plasma are
those of the coagulum that spontaneously forms after
ejaculation. The major proteins of this coagulum are se-
menogelin I (SgI) and, to a lesser extent, semenogelin II
(SgII; see Robert and Gagnon, 1999 for a review). SgI
and SgII may represent 20% to 40% of the seminal plas-
ma proteins and share a 78% homology at the amino acid
level, the difference in mass between SgI (52 kilodaltons
[kd]) and SgII (71 kd) being related to the presence of an
extendedC-terminal in SgII (Lilja and Lundwall, 1992).
They are characterized by a basic isoelectric point (pI�
9.5) and a high capacity for zinc binding (Mandal and
Bhattacharyya, 1990; Robert et al, 1997; Robert and Gag-
non, 1999). SgI and SgII, which will be collectively called
Sg in this paper, are rapidly degraded after ejaculation by
prostate-specific antigen (PSA), a protease with a chy-
motrypsin-like activity (Robert et al, 1997; Robert and
Gagnon, 1999).

Even though the role of Sg in sperm coagulation is well
documented, it may not be the only one. Sg, as well as
one of its degradation products, the seminal plasma mo-
tility inhibitor (SPMI; 18–22 kd), inhibited the motility
of intact human spermatozoa at concentrations similar to
those found in seminal plasma (�20 mg/mL; Robert and
Gagnon, 1996; Iwamoto and Gagnon, 1988a,b), suggest-
ing that they could act as physiological motility inhibitors
shortly after ejaculation. The dose-dependent inhibition
due to Sg was reversible and washing of Sg-treated sper-
matozoa on a small Percoll gradient allowed recovery of
sperm motility (Robert and Gagnon, 1996).

The action of Sg could be much more extensive than
a temporary inhibition of motility and could extend to a
role in the regulation of capacitation. First, Sg is present
at very high concentrations in seminal plasma. Second,
immunocytochemistry studies localized Sg antigens to the
cell membrane of many compartments—the posterior por-
tion of the head, the midpiece, and the tail of freshly
ejaculated spermatozoa (Lilja et al, 1989; Bjartell et al,
1996). Furthermore, the distribution of Sg was not limited
to the cell plasma membrane because even after 2 suc-
cessive Percoll gradients (to maximize removal of semi-
nal plasma proteins loosely associated with the plasma
membrane), both the Triton-soluble and Triton-insoluble
fractions of human spermatozoa contained polypeptides
that are recognized by the SPMI antiserum (Robert and
Gagnon, 1999); in addition, a 19-kd polypeptide that ap-
peared to be a proteolytic product from theN-terminal
domain of Sg was found in human sperm nuclei (Zalen-
sky et al, 1993). Finally, Sg may serve as a precursor
molecule that gives rise to multiple polypeptides having
various biological functions. Established and potential

functions of Sg, its degradation products, or both, include
an increase of sperm hyaluronidase activity, a thyrotropin-
releasing hormone-like action, Zn2� shuttling, an inhibin-
like activity, etc (reviewed by Robert and Gagnon, 1999).
The mechanism or mechanisms by which Sg, its degra-
dation products, or both could act on the surface and enter
spermatozoa to produce their actions are still to be elu-
cidated.

Considering the amount of Sg in semen, its localization
(Lilja et al, 1989; Bjartell et al, 1996) and distribution
(Zalensky et al, 1993; Robert and Gagnon, 1999) in sper-
matozoa, as well as the widespread biological actions of
Sg, its degradation products, or both (Robert and Gagnon,
1999), it appeared important to evaluate the potential role
of this protein as regulator of sperm capacitation.

The first aim of this study was therefore to determine
the effect of Sg on human sperm capacitation. The tyro-
sine phosphorylation of proteins and the generation of
superoxide anion (O2�•) by spermatozoa were then eval-
uated because they are important for capacitation (de La-
mirande and Gagnon, 1995; de Lamirande et al, 1997)
and could help in understanding the mechanism of Sg
action. Finally, the potential of spermatozoa to degrade
Sg was studied.

Materials and Methods

Materials
Percoll was obtained from Amersham Pharmacia Biotech (Baie
d’Urfé, PQ, Canada), the modifiedCypridina luciferin analogue
(MCLA; 2-methyl-6-(p-methoxyphenyl)-3,7-dihydroimidazo[1,2-
a] pyrazin-3-one) was obtained from TCI America (Portland, Ore),
and xanthine oxidase (from bovine milk) was obtained from Cal-
biochem (La Jolla, Calif). Superoxide dismutase (SOD; from bo-
vine erythrocytes) was purchased from Roche Diagnostics (Laval,
Québec, Canada). Lysophosphatidylcholine (LPC), ribonuclease
(RNase), bovine serum albumin (BSA), fluorescein isothiocya-
nate-conjugated (FITC)Pisum sativum agglutinin, and the bicin-
choninic protein assay kit were from Sigma Chemical Company
(St Louis, Mo). Monoclonal antiphosphotyrosine antibody (clone
4G10; Upstate Technology Inc, Lake Placid, NY), nitrocellulose
(0.22-�m pore size; Micron Separations Inc, Westboro, Mass),
goat anti-mouse immunoglobulin G (IgG) conjugated to horserad-
ish peroxidase (Life Technologies, Burlington, Ontario, Canada),
an enhanced chemiluminescence kit (Lumi-Light; Roche Diag-
nostics) and radiographic films (Fuji, Minami-Ashigara, Japan)
were used for immunodetection of phosphotyrosine-containing
proteins. All other chemicals were at least of reagent grade.

Fetal cord blood, generously provided by the blood bank at
the Royal Victoria Hospital (Montre´al, Québec), was centrifuged
(1000� g for 10 minutes at 4�C). Sera were pooled and frozen
(�20�C) until used. Ultrafiltrates (FCSu) were prepared from 3
pools of 13 to 25 different samples using YM3 membranes (ex-
clusion limit: 3 kd; Amicon, Oakville, Ontario, Canada; de La-
mirande and Gagnon, 1993b).
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Sg was prepared as described before (Robert and Gagnon,
1996). Briefly, semen samples were collected by healthy vol-
unteers in bottles containing 8 M urea in HEPES-buffered saline
(HSS; 25 mM HEPES, 100 mM NaCl pH 8.0). After treatment
with 25 mM dithiothreitol [DTT] and 125 mM iodoacetamide,
the samples were centrifuged for 15 minutes at 10 000� g and
the supernatants were frozen at�80�C until used. After thawing,
the protein solution was loaded onto a 1.6� 21 cm column of
SP-Sepharose Fast Flow (Amersham Pharmacia Biotech, Tokyo,
Japan). The column was washed with 1 M urea in HSS. Proteins
bound to the column were eluted first with 8 M urea in HSS
and then a linear gradient of NaCl (0–400 mM) in 8 M urea
and HSS. Fractions containing Sg were pooled and loaded onto
a Vydac (The Separations Group, Hesperia, Calif) semiprepara-
tive C4 column (10� 250 mm, 10-�m beds, 300 A˚ pore size)
equilibrated in 0.1% trifluoroacetic acid. Proteins were eluted
with a linear gradient from 25% to 40% of 80% acetonitrile
containing 0.1% trifluoroacetic acid. Fractions containing the pu-
rified Sg were pooled and lyophilized. Sg preparations contained
SgI and SgII. Protein concentration was measured by the bicin-
choninic acid assay (Smith et al, 1985) using BSA as a standard.

Sperm Preparations and Treatments
Semen samples from healthy volunteers were washed on 4-layer
(95%–65%–40%–20%) Percoll gradients buffered in HEPES-
balanced saline (115 mM NaCl, 4 mM KCl, 0.5 mM MgCl2, 14
mM fructose, 25 mM HEPES pH 8.0). The samples were cen-
trifuged for 30 minutes at 2300� g, and sperm cells at the 65%–
95% Percoll interface and in the 95% Percoll layer were pooled
and diluted at 200� 106 cells/mL with the 95% Percoll solution.
Only samples in which progressive sperm motility was greater
than 70% were used. Spermatozoa were additionally diluted 10-
fold in Biggers, Whitten, and Whittingham medium (BWW; pH
8.0; Biggers et al, 1971) devoid of bicarbonate and albumin and
containing 1 mM CaCl2.

BWW medium was used without (control) or with FCSu
(7.5%, v/v) as a capacitation inducer (de Lamirande and Gagnon,
1993b). The effects of Sg (0.03 to 1 mg/mL) and of RNase (0.3
mg/mL) were tested. RNase was used as a control protein be-
cause its isoelectric point (pI� 9.7) is similar to that of Sg (pI
� 9.5; Robert and Gagnon, 1999). RNase was used at 0.3 mg/
mL because Sg affected sperm function at that concentration.
The percentage of sperm motility was not affected by the pres-
ence of Sg or RNase at the concentrations used in this study.

Measurement of Sperm Capacitation and O2
�•

Generation
Sperm capacitation was measured after a 3.5-hour incubation
period at 37�C, by the lysophosphatidylcholine (LPC; 100�M
in BWW containing 3 mg BSA/mL) induction of the acrosome
reaction (30 minutes, 37�C) as previously described (de Lami-
rande et al, 1993, 1997). The acrosomal status of ethanol-fixed
spermatozoa was evaluated using the FITC-conjugatedPisum
sativum agglutinin (Cross et al, 1986). At least 250 spermatozoa
were counted for each sample.

Chemiluminescence, which was used to evaluate O2
�• produc-

tion, was recorded at 5-minute intervals using a computer-driven
LKB Wallach 1251 luminometer (Turku, Finland) in the inte-

gration mode (5 seconds), with mixing of the measured sample
at 37�C. Measurements started immediately after the chemilu-
minescence amplifier, MCLA (20�M), was added to sperma-
tozoa (8� 106/mL) exposed to various treatments (FCSu, Sg,
RNase; de Lamirande and Gagnon, 1995). MCLA is a very sen-
sitive, cell-impermeant O2�•-specific probe (Nakano et al, 1986;
Nakano, 1990), and its use requires careful selection of controls
of blanks. Every sample, spermatozoa and medium, must be run
in parallel with a similar one in which SOD is added so that
only the SOD-inhibitable signal (the real measure of the pres-
ence of O2

�•) is considered and that the contribution of the me-
dium can be subtracted. Calculations were performed as de-
scribed before (de Lamirande and Gagnon, 1995).

Detection of Phosphotyrosine-Containing Proteins
Detection of phosphotyrosine-containing proteins was performed
as previously described (Leclerc et al, 1997). Briefly, sperma-
tozoa incubated for 2.5 hours in the absence or presence of
FCSu, Sg, or both were solubilized in Laemmli solution (Lae-
mmli, 1970) containing 0.5 mM sodium vanadate, boiled, cen-
trifuged, electrophoresed (10% sodium dodecyl sulphate [SDS]-
polyacrylamide gels; Laemmli, 1970), and electrotransferred to
nitrocellulose (Towbin et al, 1979). The membranes were incu-
bated with a solution of skim milk (5% w/v) in Tris-buffered
saline (20 mM pH 7.8) supplemented with Tween 20 (0.1%;
TTBS), then with the antiphosphotyrosine antibody (0.1�g/mL,
1 hour, 20�C), washed with TTBS, incubated with goat anti-
mouse IgG conjugated with horseradish peroxidase (0.2�g/mL,
45 minutes, 20�C), and washed with TTBS. Positive immuno-
reactive bands were detected by chemiluminescence using Lumi-
Light. The blots were then rinsed and silver-stained (Jackobson
and Karsnas, 1990) to ascertain that the amount of proteins load-
ed in each well was the same.

Degradation of Sg by Spermatozoa
Percoll-washed spermatozoa were resuspended (20� 106 cells/
mL) in BWW containing 0.3 mg Sg/mL, and in the absence or
presence of FCSu. After 15, 30, 60, and 150 minutes of incu-
bation at 37�C, a 100-�L aliquot of each of the suspensions was
collected and centrifuged to remove spermatozoa. A 50-�L por-
tion of the supernatant was harvested, combined with Laemmli
solution (Laemmli, 1970), boiled, centrifuged, and electropho-
resed (12% SDS-polyacrylamide gels; Laemmli, 1970). A con-
trol sample containing spermatozoa in the absence of Sg was
also run in order to detect proteins that would be released by
these cells over the course of the experiment. Sg was also in-
cubated in BWW in the absence of spermatozoa to ensure that
the protein would not spontaneously degrade under these exper-
imental conditions. Gels were stained with Coomassie Brilliant
Blue R-250.

O2
�• Scavenging Potential of Sg

Sg potential to scavenge O2
�• was determined by the inhibition

of nitroblue tetrazolium reduction due to O2
�• generated by the

combination of xanthine� xanthine oxidase as previously de-
scribed (de Lamirande et al, 1993b). The absorbance of the blue
formazan generated was recorded at 570 nm.
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Figure 1. Sg decreases the FCSu-induced capacitation in human sper-
matozoa. Percoll-washed spermatozoa were incubated for 3.5 hours at
37�C in BWW medium in the absence (white bars) or presence (hatched
bars) of FCSu as a capacitation inducer and supplemented or not sup-
plemented with Sg (0.03 to 1 mg/mL) or RNase (0.3 mg/mL). Sperm
capacitation was then evaluated by the LPC-induced acrosome reaction
as described in ‘‘Materials and Methods.’’ Results are means � SEM of
4 (Sg 0.03 and 1 mg/mL), 8 (Sg 0.1 and 0.3 mg/mL), and 10 (Sg 0 mg/
mL, control) values obtained with different sperm samples. *Value differ-
ent (P 	 .05) from that obtained with spermatozoa incubated in BWW
medium alone. #Value higher (P 	 .05) than all the others.

Figure 2. Sg decreases the protein tyrosine phosphorylation of capaci-
tating human spermatozoa. Spermatozoa were incubated for 2.5 hours
at 37�C in the absence (�) or presence (�) of FCSu as capacitation
inducer and with various concentrations of Sg (0, 0.1, 0.3, and 1 mg/
mL). Protein electrophoresis and immunoblotting are described in ‘‘Ma-
terials and Methods.’’ The position of the 105- and 81-kd phosphotyro-
sine-containing proteins is indicated on the left. Results of 1 experiment
are representative of 3 others performed with sperm samples from dif-
ferent donors.

Statistical Analysis
Analysis of variance (two-tailed; unpaired values) was used to
evaluate the differences in the levels of capacitation or O2

�• gen-
eration of spermatozoa submitted to the various treatments. A
difference was considered significant whenP � .05.

Results

Effect of Sg on Sperm Capacitation and Associated
Tyrosine Phosphorylation of Proteins
Sg inhibited FCSu-induced sperm capacitation as mea-
sured by the acrosome reaction triggered by LPC in a
dose-dependent fashion (Figure 1). This inhibition was
complete at Sg concentrations ranging from 0.1 to 1 mg/
mL but only partially at 0.03 mg/mL. The effect of RNase
was also tested because its isoelectric point (pI� 9.7) is
similar to that of Sg (pI� 9.5). RNase (0.3 mg/mL) also
prevented sperm capacitation but not entirely; the levels
obtained were higher than those observed in spermatozoa
incubated with BWW alone or supplemented with 0.3 mg
Sg/mL (Figure 1).

Human sperm capacitation is associated with tyrosine
phosphorylation of 2 fibrous sheath proteins, called p81/
p105, according to their molecular masses (de Lamirande
et al, 1997; Leclerc et al, 1997). Dose-dependent inhibi-
tion of the tyrosine phosphorylation of p81/p105 was ob-
served in spermatozoa incubated in the presence of FCSu
(Figure 2). Even though Sg at 0.1, 0.3, and 1.0 mg/mL

completely prevented capacitation, a decrease in tyrosine
phosphorylation of p81/p105 could be observed only with
the 2 highest concentrations.

Effect of Sg on the O2
�• Generated by Spermatozoa

and by the Combination of Xanthine and Xanthine
Oxidase
The O2

�• generated by human spermatozoa during capac-
itation appears essential for this process (de Lamirande
and Gagnon, 1995). Therefore, the interference of Sg with
O2

�• generated by spermatozoa was tested as a possible
mechanism to explain an inhibition of capacitation. Direct
measurement of O2�• generated from live spermatozoa
was performed by MCLA-amplified chemiluminescence.
As previously observed (de Lamirande and Gagnon,
1995), sperm capacitation triggered by FCSu was asso-
ciated with an increased generation of O2

�• (27 � 1 mV/
s/106 spermatozoa; Figure 3). Sg decreased the FCSu-as-
sociated chemiluminescence in a dose-dependent fashion
(Figure 3). RNase and Sg, both at 0.3 mg/mL, were tested
in parallel in 2 experiments and found to have similar
effects.

The decreased chemiluminescence observed in sper-
matozoa treated with Sg could be due to a reduction of
O2

�• generation by spermatozoa or by a scavenging of the
O2

�• produced by these cells. The potential of Sg to scav-
enge O2

�• was therefore evaluated using the combination
of xanthine� xanthine oxidase as source of O2

�•. The
curves presented in Figure 4 indicate the formation of
blue formazan (an increase in absorbance at 570 nm,
Abs570nm) by the reaction of O2�• with nitroblue tetrazo-
lium. When xanthine and xanthine oxidase are used in the
absence of supplements, the increase in Abs570nm is linear
for 30 minutes and then a plateau is obtained, reflecting
the depletion of substrate. There was a concentration-de-
pendent decrease in the Abs570nm measured when Sg was
added to the assay (Figure 4A). However, the scavenging
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Figure 3. Sg inhibits FCSu-associated chemiluminescence. Spermatozoa
were incubated in the absence or presence of Sg at the indicated con-
centration in BWW medium supplemented or not supplemented with
FCSu. MCLA (20 �M) was added and chemiluminescence was recorded.
The chemiluminescence of every sample and every incubation medium
(� FCSu, � Sg) was evaluated in the absence and presence of SOD
so that only the SOD-inhibitable chemiluminescence (the real measure
of the O2

�• generated) is considered and the contribution of the medium
can be subtracted. The FCSu-associated chemiluminescence was cal-
culated when the plateau was obtained (after 15–25 minutes of incuba-
tion) and corresponds to the chemiluminescence of spermatozoa treated,
minus that of not treated, with FCSu. Chemiluminescence is expressed
as mV/s/106 spermatozoa. Values are mean � SEM of 4 to 8 values
obtained with different sperm preparations. *Value different from that ob-
tained with spermatozoa incubated in the absence of Sg. #Value lower
than all the others.

Figure 4 Potential of Sg to scavenge O2
�•. The combination of xanthine

(0.2 mM) � xanthine oxidase (0.05 U/mL) was used to generate O2
�•

and the reduction of nitroblue tetrazolium (0.4 mM) to blue formazan by
O2

�• was measured by the increase in absorbance at 570 nm. The effect
of Sg (A) and RNase (B) at various concentrations was evaluated.

of O2
�• by Sg was absent or very low when this protein

was used at 0.1 or 0.3 mg/mL (0% and 6% decreases,
respectively). Furthermore, it must be noted that the ki-
netics of the reaction appeared to be modified when Sg
at 1 mg/mL was tested: the Abs570nm linearly increased for
30 minutes but did not plateau immediately after; this
could be indicative of an inhibition of xanthine oxidase
in addition to O2

�• scavenging. Contrary to what was ob-
served in chemiluminescence experiments, RNase did not
have the same effect as Sg in the xanthine� xanthine
oxidase assay and there was only a small decrease in
Abs570nm (11%) at the highest concentration tested (Figure
4B).

Degradation of Sg by Human Spermatozoa
In whole semen, Sg is rapidly degraded by the protease,
PSA, into specific peptides (Robert et al, 1997). Sper-
matozoa incubated in BWW supplemented or not supple-
mented with FCSu also degraded Sg (0.3 mg/mL) in a
time-dependent fashion and the molecular masses of the
resulting peptides (Figure 5) were similar to those of the
peptides present in liquefied seminal plasma (Robert and
Gagnon, 1995). The electrophoretic pattern of the Sg
preparation used for these experiments presents a major
band at 52 kd, which is SgI, and a doublet at 71–76 kd,
which is SgII (the 76-kd protein is a glycosylated form

of SgII; Robert and Gagnon, 1999). Sg was not affected
by an incubation in BWW at 37�C for 2.5 hours. How-
ever, when spermatozoa (20� 106 cells/mL) were added,
SgII almost completely disappeared after an incubation as
short as 15 minutes. SgI was also degraded very rapidly
but a small amount remained intact in solution after 15
minutes of incubation and then slowly disappeared over
the next 2 hours. Degradation peptides with molecular
masses of 38, 35, 33, 28, 25, 20, and 18 kd were present
as early as 15 minutes after the beginning of incubation.
Furthermore, even the amount of these degradation prod-
ucts decreased with time and the proteins present in the
incubation medium after 2.5 hours of incubation were
mostly similar to those released by spermatozoa them-
selves except for one of 15 kd.

Discussion

The results presented here clearly demonstrate that Sg
inhibited in a dose-dependent manner human sperm ca-
pacitation induced by FCSu (Figure 1), and that this was
accompanied by a decrease in tyrosine phosphorylation
of the 2 fibrous sheath proteins, p81 and p105 (Figure 2).
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Figure 5. Sg is degraded by spermatozoa. Spermatozoa were incubated
with Sg (0.3 mg/mL) at 37�C in the absence (�) or presence (�) of FCSu.
An aliquot of each sample was centrifuged after 15, 30, 60, and 150
minutes of incubation and the proteins present in the supernatant were
electrophoresed. The electrophoretic pattern of the Sg preparation used
in this experiment (original Sg) is also presented. Control tests in which
Sg (Sg alone) or spermatozoa (Spz alone) were incubated alone (150
minutes) were also run. The position of molecular mass markers is
shown on the left. Results of 1 experiment are representative of 2 others
performed with sperm samples from different donors.

These inhibitions could at least partly be explained by the
decrease in the amount of O2

�• available for capacitation
(Figures 3 and 4). The data also indicate that human sper-
matozoa rapidly degrade Sg.

Sg completely inhibited FCSu-induced sperm capaci-
tation when used even at 0.1 mg/mL (Figure 1), a con-
centration that is low if one considers that up to 10–20
mg Sg/mL is present in whole semen (Robert and Gag-
non, 1999). However, Sg is rapidly degraded by PSA in
semen (Robert et al, 1997) and spermatozoa in vitro (Fig-
ure 5), and if one of the physiological roles of Sg is to
prevent capacitation, it may be required that it acts at
these very low concentrations or that its degradation prod-
ucts remain active. High concentrations of Sg, in the order
of 20 mg/mL, immobilize spermatozoa (Robert and Gag-
non, 1996) but those used in this study did not affect the
percentage of motile cells. However, preliminary experi-
ments suggested that Sg (0.3 mg/mL) decreases sperm
hyperactivation (unpublished observations), which is the
erratic and whiplash-like movement that spermatozoa dis-
play during capacitation (de Lamirande et al, 1997).

The incubation of spermatozoa with Sg caused a dose-
dependent decrease in FCSu-associated chemilumines-
cence (Figure 3). This observation could be explained by
an inhibition of the sperm ‘‘oxidase’’ (an enzymatic sys-
tem that still remains elusive), which is responsible for
the production of O2�• or by a direct scavenging by Sg

of the O2
�• produced by spermatozoa. Experiments per-

formed with the xanthine� xanthine oxidase assay in-
dicated that Sg is a scavenger for O2

�• but only when
used at 1 mg/mL (Figure 4) and that in this case, the
kinetics of the enzymatic reaction were modified: the
Abs570nm raised linearly for 30 minutes but then did not
plateau as for the other assays but rather slowly increased,
suggesting that xanthine oxidase activity could be affect-
ed by Sg. Because of this, and because Sg even at lower
concentrations decreased the FCSu-induced chemilumi-
nescence (Figure 3) without significantly scavenging O2

�•
(Figure 4), it is probable that Sg also affects the sperm
oxidase. Other observations favor this last hypothesis.
First, human spermatozoa treated with FCSu generate
O2

�• over several hours (de Lamirande and Gagnon, 1995)
even though only a 30-minute exposure to this free radical
is needed for the induction of capacitation (de Lamirande
et al, 1998). Second, the degradation of Sg by sperma-
tozoa is rapid (Figure 5). Finally, capacitation is progres-
sively increasing with the duration of the incubation with
a proper inducer (de Lamirande and Gagnon, 1995; de
Lamirande et al, 1997). If Sg action is only to scavenge
O2

�• and if this protein in contact with spermatozoa for
less than 1 hour, the levels of capacitation measured 2
hours later would be higher than those observed in sper-
matozoa incubated in BWW alone. It is therefore proba-
ble that Sg, its degradation products, or both, act also on
the sperm oxidase, as well as by other mechanisms, rather
than only scavenging O2�•.

Under our experimental conditions, spermatozoa had a
considerable potential to rapidly degrade Sg (Figure 5).
It is possible that spermatozoa themselves possess en-
zymes to process Sg. However, the observation that the
Sg degradation pattern is reminiscent of that triggered by
PSA (Robert and Gagnon, 1995) would rather indicate
that some of this protease from the seminal plasma could
also be adsorbed on spermatozoa tightly enough not to be
removed by the Percoll wash. Considering the rapid pro-
cessing of Sg by spermatozoa, it is tempting to speculate
that unless Sg itself irreversibly blocks one of the first
steps of capacitation, one or a few of the degradation
products can also inhibit this process.

The mechanism by which Sg inhibits sperm capacita-
tion could be related, at least in part, to its high content
in basic amino acids (pI� 9.5) because another protein
with a high isoelectric point, RNase (pI� 9.7), also had
a somewhat similar effect. It may be that at the pH of the
experiment (8.0), the net positive charge of Sg, and RN-
ase allow a tight binding of these proteins on the sperm
membrane, which is negatively charged, in part due to the
high content in sialic acid (Kaneko et al, 1984). Even
though both Sg and RNase also decreased FCSu-associ-
ated chemiluminescence (Figure 3), the mechanism of ac-
tion of these 2 proteins is not quite the same because only
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Sg appeared to have a significant potential to scavenge
O2

�• at high concentrations (Figure 4).
Sg has a high affinity for Zn2� (Mandal and Bhatta-

charyya, 1990; Robert et al, 1997; Robert and Gagnon,
1999), which is recognized as a membrane stabilizing
agent for spermatozoa, and is therefore considered as a
decapacitating factor (Andrews et al, 1994). Zn2� was re-
ported to prevent sperm hyperactivation in the human (de
Lamirande et al, 1997) and capacitation in the human (de
Lamirande et al, 1997), the mouse, and the hamster (Aon-
uma et al, 1981; Andrews et al, 1994). The use of Zn2�-
specific fluorochrome allowed the demonstration that
Zn2� is removed from hamster spermatozoa in a time-
dependent fashion during in vitro capacitation (Andrews
et al, 1994). Whether Zn2� chelated on Sg, its degradation
products, or both, is involved in the inhibition of human
sperm capacitation observed in the present study is still
unknown, but such a mechanism could also be conceiv-
able.

In conclusion, we demonstrated that Sg at low concen-
trations inhibits human sperm capacitation, as well as the
associated protein tyrosine phosphorylation and O2

�•
availability, and that spermatozoa degrade Sg in a manner
reminiscent to that caused by PSA. These data suggest
that Sg, its degradation peptides, or both may be natural
regulators of sperm capacitation by preventing this im-
portant process to occur prematurely. The effects of Sg,
its degradation peptides, or both may be aimed at more
than 1 target on spermatozoa but one of the mechanisms
for Sg action appears to involve an interference with the
O2

�• generated during this process.

Acknowledgments
We thank Miss Grace Ho for her skillful assistance for the study on
tyrosine phosphorylation of sperm proteins as well as Mrs Linda Lefie`vre
and Mr Daniel White for reviewing the manuscript. We also thank the
staff of the blood bank of the Royal Victoria Hospital for generously
providing fetal cord blood and all the volunteers who participated in this
study.

References
Aitken RJ, Harkiss D, Knox W, Paterson M, Irvine DS. A novel signal

transduction cascade in capacitating human spermatozoa characterized
by redox-regulated cAMP-mediated induction of tyrosine phosphor-
ylation. J Cell Sci. 1998;111:645–656.

Andrews JC, Noland JP, Hammerstedt RH, Bavister BD. Role of zinc in
hamster sperm capacitation.Biol Reprod. 1994;51:1238–1247.

Aonuma S, Okabe M, Kawagushi M, Kishi Y. Zinc effects on mouse
spermatozoa and in vitro fertilization.J Reprod Fertil. 1981;63:463–
466.

Biggers JD, Whitten WK, Whittingham DG. The culture of mouse em-
bryos in vitro. In: Daniel JC, ed.Methods in Mammalian Embryology.
San Francisco: WH Freeman; 1971:86–116.

Bjartell A, Malm J, Gunnarsson N, Lundwell A, Lilja H. Distribution and

tissue expression of semenogelin I and II in man as demonstrated by
in situ hybridization and immunochemistry.J Androl. 1996;17:17–
26.

Carrera A, Moos J, Ning XP, Gerton GL, Tesarik J, Kopf GS, Moos SB.
Regulation of protein tyrosine phosphorylation in human sperm by a
calcium/calmodulin-dependent mechanism: identification of A kinase
anchor proteins as major substrates for tyrosine phosphorylation.Dev
Biol. 1996;180:284–296.

Cormier N, Sirard M-A, Bailey JL. Premature capacitation of bovine
spermatozoa is initiated by cryopreservation.J Androl. 1997;18:461–
468.

Cross NL. Human seminal plasma prevents sperm from becoming acro-
somally responsive to the agonist progesterone: cholesterol is the ma-
jor inhibitor. Biol Reprod. 1996;54:138–145.

Cross NL, Morales P, Overstreet JW, Hanson FW. Two simple methods
for detecting the acrosome reaction of human sperm.Gamete Res.
1986;15:29–40.

de Lamirande E, Eiley D, Gagnon C. Inverse relationship between the
induction of human sperm capacitation and spontaneous acrosome
reaction by various biological fluids and the superoxide scavenging
capacity of these fluids.Int J Androl. 1993;16:258–266.

de Lamirande E, Gagnon C. Human sperm hyperactivation in whole se-
men and its association with low superoxide scavenging capacity in
seminal plasma.Fertil Steril. 1993a;59:1291–1295.

de Lamirande E, Gagnon C. Human sperm hyperactivation and capaci-
tation as parts of an oxidative process.Free Radic Biol Med. 1993b;
14:157–166.

de Lamirande E, Gagnon C. Capacitation-associated production of su-
peroxide anion by human spermatozoa.Free Radic Biol Med. 1995;
18:487–495.

de Lamirande E, Harakat A, Gagnon, C. Human sperm capacitation in-
duced by biological fluids and progesterone. but not by NADH or
NADPH, is associated with the production of superoxide anion.J
Androl. 1998;19:215–225.

de Lamirande E, Leclerc P, Gagnon C. Capacitation as a regulatory event
that primes spermatozoa for the acrosome reaction and fertilization.
Mol Hum Reprod. 1997;3:175–194.

Desnoyers L, Manjunath P. Major proteins of seminal plasma exhibit
novel interactions with phospholipids.J Biol Chem. 1992;267:10149–
10155.

Iwamoto T, Gagnon C. Purification and characterization of a sperm mo-
tility inhibitor in human seminal plasma.J Androl. 1988a;9:377–383.

Iwamoto T, Gagnon C. A human seminal plasma protein blocks the mo-
tility of human spermatozoa.J Urol. 1988b;140:1045–1148.

Jackobson G, Karsnas P. Important parameters in semi-dry electrophoresis
transfer.Electrophoresis. 1990;11:46–52.

Kaneko S, Oshiro S, Koboyashi T, Iizuka R, Mohri H. Human X- and Y-
bearing sperm differ in cell surface sialic acid content.Biochem Bio-
phys Res Comm. 1984;124:950–955.

Laemmli UK. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4.Nature. 1970;227:680–685.

Leblond E, Desnoyers L, Manjunath P. Phosphatidylcholine-binding pro-
teins from the seminal plasma of different species share antigic de-
terminants with the major protein of bovine seminal plasma.Mol
Reprod Dev. 1993;34:443–449.

Leclerc P, de Lamirande E, Gagnon C. cAMP-dependent regulation of
protein tyrosine phosphorylation in relation to human sperm capaci-
tation and motility.Biol Reprod. 1996;55:684–692.

Leclerc P, de Lamirande E, Gagnon C. Regulation of protein tyrosine
phosphorylation and human sperm capacitation by reactive oxygen
derivatives.Free Radic Biol Med. 1997;22:643–656.

Leclerc P, de Lamirande E, Gagnon C. Interaction between Ca2�, cyclic
3
,5
 adenosine monophosphate, the superoxide anion, and tyrosine



679de Lamirande et al · Semenogelin and Human Sperm Capacitation

phosphorylation in the regulation of human sperm capacitation.J An-
drol. 1998;19:434–443.

Lilja H, Abrahamsson PA, Lundwall A. Semenogelin, the predominant
protein in human semen. Primary structure and identification of close-
ly related proteins in the male accessory sex glands and on sperma-
tozoa.J Biol Chem. 1989;264:1894–1900.

Lilja H, Lundwall A. Molecular cloning of epididymal and seminal ve-
sicular transcripts encoding a semenogelin-related protein.Proc Natl
Acad Sci USA. 1992;98:4559–4563.

Mandal A, Bhattacharyya AK. Biochemical composition of washed hu-
man seminal coagulum in comparison to sperm-free semen from the
same donors.J Reprod Fertil. 1990;88:113–118.

Nakano M. Assay for the superoxide dismutase based chemiluminescence
of luciferin analog.Methods Enzymol. 1990;186:227–232.

Nakano M, Sugiora K, Ushijima Y, Goto T. Chemiluminescence probe
with Cypridina luciferin analog, 2-methyl-6-phenyl-3,7-dihydroimi-
dazo[1,2-a]pyrazin-3-one, for estimating the ability of human granu-
locytes to generate O2�•. Anal Biochem. 1986;159(2):363–369.

Robert M, Gagnon C. Sperm motility inhibitor from human seminal plas-
ma: association with semen coagulum.Mol Hum Reprod. 1995;10:
2192–2197.

Robert M, Gagnon C. Purification and characterization of the active pre-

cursor of a human sperm motility inhibitor secreted by the seminal
vesicles: identity with semenogelin.Biol Reprod. 1996;55:813–821.

Robert M, Gagnon C. Semenogelin I: a coagulation forming, multifunc-
tional seminal vesicle protein.Cell Mol Life Sci. 1999;55:944–960.

Robert M, Gibbs BF, Jacobson E, Gagnon C. Characterization of prostate-
specific antigen proteolytic activity on its major physiological sub-
strate, the sperm motility inhibitor precursor/semenogelin I.Biochem-
istry. 1997;36:3811–3819.

Smith PK, Krohm RI, Hermanson GT, et al. Measurement of protein using
bicinchoninic acid.Anal Biochem. 1985;150:76–85.

Tomes CN, Carballada R, Moses DF, Katz DF, Saling PM. Treatment of
human spermatozoa with seminal plasma inhibits tyrosine phosphor-
ylation. Mol Hum Reprod. 1998;4:17–25.

Towbin H, Staehlin T, Gordon J. Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some ap-
plications.Proc Natl Acad Sci USA. 1979;76:4350–4354.

Visconti PE, Johnson LR, Oyaski M, Fornes M, Moos SB, Gerton GL,
Kopf GS. Regulation, localization, and anchoring of protein kinase A
subunits during mouse sperm capacitation.Dev Biol. 1997;192:351–
363.

Zalensky AO, Yau P, Brenerman JW, Bradbury EM. The abundant 19-
kilodalton protein associated with human sperm nuclei that is related
to seminal plasma alpha-inhibin.Mol Reprod Dev. 1993;36:164–173.


