
Biochem. J. (2005) 387, 447–453 (Printed in Great Britain) 447

Semenogelins I and II bind zinc and regulate the activity
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In semen, the gel proteins SgI and SgII (semenogelins I and
II) are digested by PSA (prostate-specific antigen), resulting in
liquefaction and release of motile spermatozoa. Semen contains a
high concentration of Zn2+, which is known to inhibit the protease
activity of PSA. We characterized the binding of Zn2+ to SgI
and SgII and found evidence that these proteins are involved in
regulating the activity of PSA. Intact SgI and SgII and synthetic
semenogelin peptides were used in the experiments. Binding of
Zn2+ was studied by radioligand blotting, titration with a zinc
(II) fluorophore chelator and NMR analysis. A chromogenic sub-
strate was used to measure the enzymatic activity of PSA. SgI
and SgII bound Zn2+ with a stoichiometry of at least 10 mol

(mol of protein)−1 and with an average dissociation constant of
approx. 5 µM per site. Moreover, Zn2+-inhibited PSA was activ-
ated by exposure to SgI or SgII. Since both proteins have high
affinity for Zn2+ and are the dominating proteins in semen, they
probably represent the major Zn2+ binders in semen, one function
of which may be to regulate the activity of PSA. The system is
self-regulating, and PSA is maintained in an active state by its
substrate.
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duction, semenogelin, seminal plasma, zinc.

INTRODUCTION

SgI and SgII (semenogelins I and II) are secreted by the seminal
vesicles and constitute the major proteins in human semen. After
ejaculation, SgI, SgII and fibronectin aggregate to form a gela-
tinous mass that is liquefied within 5–20 min which releases the
trapped spermatozoa. Liquefaction occurs through cleavage of
the semenogelins by PSA (prostate-specific antigen) [1–4]. SgI
and SgII are encoded by two different genes located 11.5 kbp apart
on the long arm of chromosome 20 [5]. These proteins have 80%
similarity in amino acid sequence and contain similar repeats of
60 amino acid residues. SgI (50 kDa) has six such repeats and SgII
(63 kDa), which also exists in a glycosylated form, contains eight
such repeats [6]. In addition to participating in gel formation,
SgI and SgII can serve as substrates for transglutaminase and
activators of sperm hyaluronidase. The latter function suggests
that these proteins are involved in the degradation of the envelope
around the ovum during sperm penetration (fertilization) [7,8].
Most of the literature on the semenogelins has discussed their role
in reproduction. However, these proteins have now been found in
tissues that are not related to the reproductive organs (e.g. kidney,
trachea and the gastro-intestinal tract), although it is not yet clear
what functions they perform in those locations [9].

In semen, the semenogelins are the main substrates for PSA,
which is a 33 kDa glycoprotein secreted by the prostate. PSA is a
member of the human kallikrein family and the dominating serine
protease in semen. It has chymotrypsin-like specificity [2,3], and
its activity is inhibited by Zn2+ [10].

Zn2+ has several biological functions that are regulatory, struc-
tural and catalytic in nature, as illustrated, respectively, by the role
of this metal ion in neurotransmission [11], the many DNA-bind-
ing proteins that contain zinc fingers [12] and alcohol dehydro-
genase [13]. The mean concentration (S.D.) of Zn2+ in seminal
plasma is 2 (1.2) mM [14], which is approx. 100 times higher

than the reference interval in blood plasma (10–18 µM) [15].
The role for the high Zn2+ level in seminal plasma has not been
satisfactorily explained. Several studies have attempted to cor-
relate Zn2+ concentration in semen with fertility and various char-
acteristics of the spermatozoa, but the results are inconclusive
[16]. The main fraction of Zn2+ in semen originates from the pro-
state and appears in a low-molecular-mass form in complex with
citrate in the prostate secretion [17]. However, in the mixture of
the secretions from the prostate and seminal vesicles, Zn2+ is
found in a high- or intermediate-molecular-mass form. This dif-
ference indicates that Zn2+ is transferred from a low-molecular-
mass ligand to a high-molecular-mass ligand that has greater affin-
ity for this ion [18]. Analysis of secretion from the seminal vesicles
has indicated that Zn2+ is bound by proteins with molecular
masses of 14–70 kDa; during liquefaction, the fraction of Zn2+

bound to the proteins with a higher molecular mass decreases
rapidly, and after 15 min, the Zn2+ is only bound to proteins of
<25 kDa [19]. Interestingly, these molecular-mass characteristics
of Zn2+-binding proteins match with those in the intact and PSA-
digested forms of SgI and SgII, an observation that requires further
investigation.

In the present study, we characterized the Zn2+-binding pro-
perties of SgI and SgII. Moreover, we propose that the semeno-
gelins help to regulate the activity of PSA by controlling the
concentration of free Zn2+.

EXPERIMENTAL

Materials

Human semen specimens were collected from healthy volunteer
sperm donors (through masturbation) at the fertility laboratory
(Malmö University Hospital, Malmö, Sweden). Sample collection
and purification of SgI and SgII were performed essentially as

Abbreviations used: PSA, prostate-specific antigen; SgI, semenogelin I; PSgI, peptide derived from SgI.
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previously described by Malm et al. [4], but, instead of alkylating
the proteins, a reducing agent (30 mM dithiothreitol) was included
in all buffers during purification. Liquefaction of the seminal
plasma was achieved by keeping the samples of ejaculate at room
temperature (∼22 ◦C) for at least 1 h, after which the spermatozoa
were removed by centrifugation, and the samples were stored at
−70 ◦C. The concentrations of the purified proteins were calcul-
ated from amino acid analysis after performing acid hydrolysis
(24 h in 6 M HCl at 110 ◦C in vacuo) with a Beckman 6300 amino
acid analyser. Cleavage of purified semenogelins by PSA was
accomplished as described by Malm et al. [10].

Peptides

A Milligen 9050 Plus synthesizer (Applied Biosystems, Foster
City, CA, U.S.A.) and standard Fmoc (9-fluorenylmethyloxycar-
bonyl) chemistry were used to generate semenogelin peptides,
which were subsequently purified by reversed-phase HPLC. Five
peptides were derived from SgI: PSgI(28–37) (QKGKQQTE-
SK), PSgI(99–113) (HFHRVVIHHKGGKAH), PSgI(190–199)
(SHQNKGHYQN), PSgI(410–439) (LDIVIIEQEDDSDRHLA-
QHLNNDRNPLFT) and PSgI(421–430) (DSDRHLAQHL).
Four peptides representing SgII were synthesized: PSgII(28–37)
(QKDQQHTKSK), PSgII(99–113) (HFHMIVIHHKGGQAH),
PSgII(530–559) (SHNIVITEHEVAQDDHLTQQYNEDRNPI-
ST) and PSgII(541–550) (AQDDHLTQQY).

65Zn2+ blotting

Semenogelins (intact proteins and fragments) were subjected to
SDS/PAGE (12% gel) using a Mini PROTEAN II system (Bio-
Rad Laboratories, Hercules, CA, U.S.A.) under reducing condi-
tions. The proteins were subsequently electroblotted on to a PVDF
membrane (Millipore, Bedford, MA, U.S.A.) and visualized by
staining with Coomassie Brilliant Blue R250. For the radioligand
blotting, the membrane was incubated for 1 h at room temperature
with 10 mM Tris/HCl (pH 7.5). Thereafter the buffer was changed
to TK buffer [10 mM Tris/HCl (pH 7.5) and 100 mM KCl]
containing 65Zn (0.2 µCi 65ZnCl2/ml with specific radioactivity
6.65 Ci/mmol; PerkinElmer LifeSciences, Boston, MA, U.S.A.)
and the membrane was incubated for 15 min at room temperature.
Next, the membrane was washed twice for 15 min in TK buf-
fer without adding Zn2+ and then dried and scanned using a Phos-
phorImager (Molecular Dynamics, Sunnyvale, CA, U.S.A.).

Chelator experiments

The fluorescence of the Zn2+-specific chelator Fluo-Zin 2 (Mole-
cular Probes, Eugene, OR, U.S.A.) was recorded using a Fluoro-
Max-3 spectrometer (Jobin Yvon, Edison, NJ, U.S.A.) and
excitation and emission wavelengths of 490 and 523 nm respect-
ively. The starting volume for the titrations was 800 µl. The
storage buffer for SgI and SgII was diluted by a factor of at least
1000 when using a Centricon 30YM filtration unit (Millipore) to
change the buffer to 20 mM Hepes (pH 7.0) containing 2 M urea.
Thereafter the proteins were diluted to appropriate concentrations
for each titration curve. The Fluo-Zin 2 chelator was dissolved
according to the manufacturer’s instructions to give a final concen-
tration of 15 µM in the starting solution. A 1.6 µl sample of
500 µM zinc acetate in 20 mM Hepes (pH 7.0) was added at
each step of the titration, and the fluorescence was recorded. This
was repeated 15 times, resulting in a final Zn2+ concentration of
approx. 15 µM, equimolar to the Zn2+ chelator. The titrations were
repeated with different concentrations of SgI, SgII and peptides.
The urea concentration in the cuvette was kept at 50 mM for SgI
and 70 mM for SgII, and the peptides were measured in a corres-

ponding buffer without urea. The stoichiometry was estimated by
using Caligator software [20]. This software uses a Levenberg–
Marquardt non-linear fitting routine to find the best-matched curve
for the registered data, and it compensates for the change in
volume and concentrations caused by the addition of samples.

NMR analysis
1H NMR spectra were recorded on a Varian Inova Unity Plus
spectrometer, operating at 600 MHz using a 1.4 s solvent presatur-
ation pulse. Each peptide (100 µM) was dissolved in 2 mM
sodium acetate buffer in 2H2O (pH 6.5), and Zn2+ was added in
steps of 50 µM, and an NMR spectrum was recorded at each titra-
tion point.

Gel filtration

All peptides were analysed by gel filtration using two serially
coupled 5 ml Sephadex G25 Superfine columns (Amersham Bio-
sciences, Uppsala, Sweden) connected to a Bio Logic HR FLPC
system (Bio-Rad Laboratories). Each peptide (300 µl, concen-
tration 200 µM) was applied to the columns that had been equili-
brated with 2 mM sodium acetate (pH 6.5) and 100 mM NaCl,
with or without the addition of 0.2 mM zinc acetate. The flow rate
was 2 ml/min, and the absorbance was monitored at 214 nm.

PSA activation

The proteolytic activity of PSA was studied using the syn-
thetic substrate MeO-Suc-Arg-Pro-Tyr-p-nitroanilide (S-2586;
Chromogenix, Milano, Italy) at a final concentration of 1 mM
in the presence of 40 µM zinc acetate and intact SgI (0.05–
3.2 µM), intact SgII (0.05–3.2 µM), semenogelin peptides (12.5–
200 µM) or EGTA (5-40 µM). The samples were preincubated
for 2 min in Linbro/Titrek EIA microtitre plate wells, after which
cleavage was initiated by adding PSA (final concentration of
0.65 µM). Formation of p-nitroaniline was recorded for 15 min at
37 ◦C using a microplate reader (Molecular Devices, Sunnyvale,
CA, U.S.A.). The final volume was 100 µl and the cleavage buffer
(pH 7.5) comprised 50 mM Tris, 150 mM NaCl and 200 mM urea.

RESULTS
65Zn2+ blotting

Autoradiography showed that 65Zn2+ was bound by purified intact
SgI and SgII subjected to gel electrophoresis and blotted on to
a PVDF membrane (Figure 1). Bands at corresponding positions
were observed for non-liquefied seminal plasma. Digestion of the
purified intact SgI and SgII by PSA resulted in the disappearance
of the original bands and appearance of a broad faint smear at 6–
20 kDa indicating that the proteolytic fragments of SgI and SgII
bind Zn2+; a similar pattern was seen for the liquefied seminal
plasma. The components that bound Zn2+ were found in the
low-molecular-mass area, and there were no visible bands with
mobility corresponding to intact SgI and SgII. The known Zn2+-
binding protein PSA was clearly visible as a band at 30 kDa in
the lanes representing PSA-cleaved purified SgI and SgII.

Chelator study of Zn2+ binding to SgI and SgII

The zinc(II) fluorophore chelator FluoZin-2 was used to quan-
tify the specific binding of Zn2+ to intact SgI and SgII. Fluore-
scence was recorded during titrations of FluoZin-2 with Zn2+

in the absence or presence of SgI or SgII. The results indicated
that the higher the concentration of SgI or SgII in the titration, the
more Zn2+ was needed to saturate FluoZin-2 and the lower
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Figure 1 Purified semenogelin proteins (SgI and SgII), and seminal plasma
separated by SDS/PAGE (12 % gel) and (A) visualized by radio-ligand blotting
(65ZnCl2) and (B) staining with Coomassie Blue

M1, low-molecular-mass standard stained with Coomassie Blue; M2, low-molecular-mass
standard as a part of the radio-ligand blot; SgI, 5 µg of purifed SgI; SgII, 5 µg of purifed SgII;
Sem pl liq., 0.4 µl of liquefied seminal plasma; Sem pl nonliq., 0.04 µl of non-liquefied seminal
plasma; SgI + PSA, 5 µg of SgI digested by PSA; SgII + PSA, 5 µg of SgII digested by PSA.

the slope of fluorescence plotted versus Zn2+ concentration (Fig-
ure 2). This observation indicates that there was competition for
Zn2+ between the semenogelins and the chelator, which would
have occurred only if the proteins and the chelator have similar
affinity for Zn2+. However, due to precipitation of the protein at
high Zn2+ concentration, it was not possible to obtain complete ti-
tration curves, which are required to accurately determine the
Zn2+-dissociation constant (KD) for each protein. Nonetheless,
the linear appearance of the curves for SgI and SgII suggests that
both proteins have a KD similar to that of the chelator for Zn2+

(i.e.∼5 µM) [21]. The first nine to ten titration data points were
analysed with the Caligator software, to estimate the stoichio-
metry of Zn2+ binding for SgI and SgII, assuming that the change
in fluorescence between free and Zn2+-bound chelator was the
same in the presence and absence of the proteins. Only a lower
limit of the stoichiometry could be determined, which was similar
for the two proteins and was approximated to at least 10 mol
of Zn2+ (mol of protein)−1. After changing from the storage buffer,
the protein–chelator solutions could have contained a maximum
concentration of 1 µM EDTA or EGTA. However, Zn2+ titrations
of 15 µM FluoZin-2 in the presence of 1 µM EDTA or EGTA gave
similar results as provided by titrations performed with FluoZin-2
alone (results not shown). Thus Zn2+ binding to EDTA or EGTA
was not detected at these levels. Binding between the chelator
and the protein could alter their affinity for Zn2+. Therefore, in
the presence of 1 mM EDTA, we recorded the fluorescence of
15 µM chelator and 0.30 µM SgI separately and after mixing, and
the procedure was repeated for 0.28 µM SgII. The fluorescence
responses were similar for the different setups, which indicates
that there was no provable binding between the chelator and the
intact proteins.

Chelator study of Zn2+ binding to the peptides

The chelator method was used to identify which of the peptides
corresponding to different parts of SgI and SgII were capable
of binding Zn2+. The presence of PSgI(28–37) did not change
the fluorescence response during a Zn2+ titration and produced
curves identical to those obtained with FluoZin-2 alone (Figure 3).
This pattern was typical for the non-Zn2+-binding peptides, which
should not have competed with the Zn2+ chelator. However,
several peptides markedly affected the fluorescence response, as
exemplified by PSgI(421–430) (Figure 3). Stoichiometry for Zn2+

Figure 2 Fluorescence of 15 µM FluoZin-2 titrated with Zn2+ in the
presence of different amounts of intact semenogelins

(A) Zn2+ titrations with the following concentrations of SgI: 0 (�), 0.075 (�), 0.15 (�), 0.30
(�), 0.60 (�) and 1.2 (�) µM. (B) Zn2+ titrations with the following concentrations of SgII: 0
(�), 0.074 (�), 0.14 (�), 0.28 (�), 0.56 (�) and 1.1 (�), µM. (C) Computer fitting to the
first nine steps in the 0.30 µM SgI Zn2+-titration. With a K D of approx. 5 µM, the three fitting
curves represent a stoichiometry of 1 ( . . . ), 10 (−) and 20 (- - -). (D) Computer fitting to the
first nine steps in the 0.28 µM SgII Zn2+-titration. With a K D of approx. 5 µM, the three fitting
lines represent a stoichiometry of 1 ( . . . ), 12 (−) and 20 (- - -).

binding to these peptides could not be ascertained with sufficient
certainty, but the shape of the titration curves enabled a rough
estimation of the KD values (Table 1).

NMR analysis

The binding of Zn2+ to semenogelin peptides was also studied by
1H NMR spectroscopy. Spectra were recorded for each peptide
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Figure 3 Fluorescence of 15 µM FluoZin-2 titrated with Zn2+ in the
presence of (A) PSgI(28–37) and (B) PSgI(421–430)

The peptides were used at concentrations of 0 (�), 8 (�), 16 (�) and 32 (�) µM.

in the presence of 0, 50, 100 and 150 µM Zn2+. Interpretation
of the spectra indicated that all the peptides except PSgI(28–
37) and PSgII(28–37) were capable of binding Zn2+ (Table 1).
A typical spectrum for a Zn2+-binding peptide is illustrated for
PSgI(421–430) in Figure 4. It can be seen that exposure to Zn2+

resulted in a change in chemical shift, amplitude and line width

Figure 4 1H NMR spectra of PSgI(28–37) and PSgI(421–430) in the
presence and absence of Zn2+

of the resonance peaks in the area around histidine residue (7–
8 p.p.m.). The presence of Zn2+ also caused significant changes in
the spectral region corresponding to α-protons and aliphatic side

Table 1 Zn2+ binding characteristics of the semenogelin peptides

Gel filtration§
Peptide His* Glu* Asp* Gln* K D (µM)† NMR spectroscopy‡ Difference in elution volume Change of peak shape

PSgI(28–37) 0 1 0 3 n.d. − 0.17 −
PSgI(99–113) 5 0 0 0 ∼5 + 3.6‖ +
PSgI(190–199) 2 0 0 2 >5 + 0.18 −
PSgI(410–439) 2 2 5 2 ∼5 + I¶ I¶
PSgI(421–430) 2 0 2 1 ∼5 + 2.6 +
PSgII(28–37) 1 0 1 3 n.d. − 0.0 −
PSgII(99–113) 5 0 0 1 ∼5 + −0.22‖ +
PSgII(530–559) 3 3 3 3 �5 + 0.10 +
PSgII(541–550) 1 0 2 3 �5 + 0.18 −

* Results indicate number of residues in each peptide.
† Dissociation constant (K D) for Zn2+ approximated from the chelator experiments; n.d., Zn2+ binding not detected.
‡ The Zn2+ binding capacity was scored as undetectable (−) or detectable (+) based on NMR results.
§ All peptides were subjected to gel filtration with and without added Zn2+, and the elution volume (ml) for each peptide without Zn2+ was subtracted from the elution volume with Zn2+. The

change in shape of the elution peak in the presence of Zn2+ is classified as undetectable (−) or detectable (+).
‖ The area under the elution peak was significantly reduced in the presence of Zn2+ when compared with the absence of Zn2+.
¶I indicates peptide insoluble under the gel-filtration conditions.
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Figure 5 Gel filtration of the semenogelin peptides PSgI(28–37) (A) and
PSgI(421–430) (B) in the presence (- - -) and absence (−) of Zn2+

chains (0–5 p.p.m.), but it did not induce any spectral changes
for PSgI(28–37) (Figure 4), which was thus considered to be a
non-Zn2+-binding peptide. Addition of Zn2+ led to precipitation
of PSgI(410−439).

Gel filtration

Experiments performed to elucidate the impact of Zn2+ on the
elution volumes of the peptides in gel filtration revealed a typical
pattern for the Zn2+-binding peptides, which is exemplified by
PSgI(421–430) (Figure 5). The pattern induced by exposure to
Zn2+ included an increased elution volume and a more hetero-
geneous peak. As expected, the chromatogram of the non-Zn2+-
binding peptide PSgI(28–37) was not affected by the presence of
Zn2+. The changes in elution pattern caused by Zn2+ are sum-
marized for all peptides in Table 1. For PSgI(99–113) and PSgII-
(99–113), Zn2+ significantly decreased the area under the elution
peak. Accordingly, we compared absorbance spectra of those
two peptides with and without added Zn2+ present, which was
recorded at 200–300 nm. The spectra were not different, hence
it appears that precipitation caused the loss of material in the
chromatography system for PSgI(99–113) and PSgII(99–113).

PSA activation

The semenogelins bind substantial amounts of Zn2+ in semen,
and they are thereby involved in controlling the levels of free

Figure 6 Activation of Zn2+-inhibited PSA by the addition of increasing
amounts of different Zn2+ binders

The activity was studied using a synthetic chromogenic substrate for PSA. The following Zn2+

binders were used: SgI (�), SgII (�), EGTA (+), PSgI(99–113) (�), PSgI(421–430) (�),
PSgI(190–199) (�) and PSgI(28–37) (�).

Zn2+. Consequently, SgI and SgII have the potential to indirectly
modulate the enzymatic activity of PSA because that protease is
inhibited by Zn2+. In the light of this knowledge, we studied the
ability of SgI, SgII and the peptides to activate PSA in the presence
of Zn2+. A chromogenic substrate was employed to measure the
activity of PSA, and since SgI and SgII are also substrates for PSA,
the chromogenic substrate was used at a concentration 1000 times
higher than that of semenogelins. SgI and SgII were found to be
similar regarding their capacity to activate PSA, which indicates
that both proteins can bind Zn2+ equally well (Figure 6). The
peptides differed significantly in terms of their ability to activate
PSA, and as expected, the non-Zn2+-binding peptide PSgI(28–
37) did not activate PSA at all. EGTA was included as a positive
control.

DISCUSSION

Our results clearly show that SgI and SgII bind Zn2+ with high
affinity at several sites, and that this ability allows the two proteins
to regulate the activity of PSA. SgI, SgII and fragments thereof
were identified as Zn2+ binders by three complementary methods:
65Zn2+ blotting, competition using a Zn2+-specific fluorescent
chelator as a competitor for Zn2+ and NMR spectroscopy. Use of
the chelator made it possible to estimate the KD and stoichiometry
for the intact proteins. Both intact and PSA-cleaved purified SgI
and SgII were included in the 65Zn2+ blot, and the Zn2+-binding
patterns that were observed corresponded to those of non-liquefied
and liquefied seminal plasma. Thus, the most abundant proteins in
seminal vesicle secretion, SgI and SgII, were recognized as Zn2+

binders.
As gel-forming proteins, the semenogelins have an inherent

ability to aggregate and form macrocomplexes. One of the ag-
gregation mechanisms depends on the formation of disulphide
links [22]. Therefore Zn2+ blotting was performed under reduced
conditions enabling the proteins to enter the gel and produce
distinct bands. In addition, the semenogelins are not stable under
physiological conditions. The most effective stabilizing agent in
that context is urea. Therefore we included that compound in the
chelator study of the intact proteins, but kept the concentration
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as low as possible (50–70 mM). At an indicated level of urea, the
semenogelins are known to function as substrates for both PSA
and transglutaminase [7,10]. However, peptides representing parts
of SgI and SgII also proved to bind Zn2+, and could be studied in
a more physiological environment without urea. The observation
of Zn2+ binding to reduced and SDS-denatured semenogelins by
65Zn2+ blotting as well as to semenogelins and peptide fragments
in a more native state with the chelator study indicates that the
tertiary structure is not of major importance for Zn2+ binding.

NMR analysis of the peptides identified the same Zn2+ binders
and non-binders as in the chelator study. The NMR results also
show that the presence of histidine or glutamic residue in the
sequence does not guarantee Zn2+ binding, and many proteins
contain histidine residues without being known as Zn2+ binders.
Apparently, the sequence of a peptide has to allow folding around
the Zn2+ ion to provide several ligands, or the peptide–peptide
repulsion has to be small enough to ensure that Zn2+ has access
to ligands on more than one peptide molecule. The design of
the present study does not enable a characterization of individual
Zn2+-binding sites in the semenogelins. However, it is known
that Zn2+ is often co-ordinated by four ligands. Each of the amino
acids histidine, glutamic acid, aspartic acid and cysteine has the
potential to act as a ligand [13]. The most distinctive feature
of the Zn2+-binding peptides, we studied, was the abundance of
histidine (Table 1), and NMR spectra revealed pronounced
changes in the region around this amino acid. Furthermore, SgI
and SgII contain numerous histidine residues (∼7%) that are
fairly evenly distributed along their primary structures. Thus,
it seems that histidine is an important component of the Zn2+-
binding sites and the abundance of histidine residues in the intact
proteins agrees well with the estimated stoichiometry of at least
10 mol of Zn2+ · (mol of protein)−1.

In the gel filtration experiments, Zn2+ increased the elution
volumes for some of the peptides, which suggests that binding of
this metal ion structurally alters the molecules so that they have a
smaller Stokes’ radius. This can be regarded as indirect proof of
Zn2+ binding and supports the results of the chelator experiments
and the NMR analysis. However, it was not possible to ascertain
whether Zn2+ affects the structure of intact SgI and SgII, because
the proteins precipitated extensively after the addition of incre-
asing amounts of Zn2+. Indeed, it was the problem with precipi-
tations and the instability of the intact semenogelins under physio-
logical conditions that made it necessary to use the peptides in
the gel filtration. Notwithstanding, addition of Zn2+ also caused
three of the peptides with high affinity for Zn2+ (see Table 1) to
precipitate to different extents. A plausible explanation for this ob-
servation is that Zn2+ induces the semenogelin molecules to bind
to each other to form insoluble multimeric complexes. Such
binding could occur if two or more proteins contribute to a com-
mon Zn2+ site, or if Zn2+ binding simply favours a structure in the
proteins and/or peptides that makes them more prone to aggregate.

The results discussed so far clearly show that SgI and SgII have
the capacity to bind Zn2+ in vitro. Two important questions are
whether Zn2+ binding occurs with similar affinity and stoichio-
metry in vivo and, if so, whether such binding has biological
implications. The pH and total salt concentration under which
Zn2+ binding was confirmed do not differ much from conditions
in vivo. Furthermore, the peptides representing parts of the intact
protein were able to bind Zn2+ under more physiological condi-
tions, without urea. Concentrations of Zn2+, SgI and SgII are
higher in seminal plasma when compared with most of the other
fluids and tissues. A physiological SgI concentration of 50 mg/
ml [4] corresponds to 1 mM. Thus, if we suppose that each
SgI molecule contains at least ten Zn2+-binding sites, each with
an average KD value of approx. 5 µM, then SgI alone would

have the capacity to capture 10 mM Zn2+ (five times the actual
Zn2+ concentration in seminal plasma). The average KD per Zn2+

site is approximately the same for the semenogelins and PSA
[10], whereas SgI and SgII have a molar excess (by a factor of
160) of Zn2+ sites when compared with PSA. This high Zn2+-
binding capacity of the semenogelins in seminal plasma, and
the finding that these proteins can activate Zn2+-inhibited PSA
in vitro support the hypothesis that SgI and SgII modulate
PSA activity by controlling the level of free Zn2+. PSA must be
able to exert its protease effects to cleave the semenogelins and
thereby dissolve the coagulum formed after ejaculation to release
the trapped spermatozoa so that they can reach the ovum. The
crystal structure of stallion seminal plasma PSA, which shares
extensive sequence similarity with human PSA, was recently re-
ported [23]. This structure contains a Zn2+ ion that is co-ordinated
by Asp-91, His-101 and His-234 near the catalytic triad residues
and the entrance to the specificity pocket is blocked by the
kallikrein loop [23]. It is thus possible that chelation of this inhi-
bitory Zn2+ ion by the semenogelins triggers a conformational
transition which facilitates the substrate access to the catalytic site.
The fact that PSA is maintained in an active state by its substrates
is an intriguing example of a self-limited system. Initially, the
major Zn2+-binding proteins in semen, SgI and SgII, have the cap-
acity to keep the level of free Zn2+ low enough to avoid inhibition
of PSA. However, since SgI and SgII are continually broken down
into smaller fragments, it is easy to imagine that the number
of Zn2+ sites gradually decreases, which in turn increases the
availability of Zn2+ for PSA and eventually more or less inhibits
the protease.

In conclusion, we have found that Zn2+ is bound by SgI, SgII
and fragments thereof. The intact semenogelins have the same KD

(∼5 µM) and stoichiometry [>10 mol of Zn2+ · (mol of pro-
tein)−1]. The abundancy of these proteins in semen and their high
Zn2+-binding capacity suggest that SgI and SgII are responsible
for the largest proportion of Zn2+ binding in semen. Moreover,
we propose that the Zn2+-binding sites in SgI and SgII play a
physiological role in regulating the enzymatic activity of PSA.
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