Biochem. J. (1991) 278, 25-28 (Printed in Great Britain)

25

Role of spermine in mammalian sperm capacitation

and acrosome reaction

Sara RUBINSTEIN and Haim BREITBART

Department of Life Sciences, Bar-Ilan University, Ramat-Gan 52900, Israel

The binding properties of seminal polyamines to ram spermatozoa and their possible role in sperm capacitation and the
acrosome reaction were studied. Binding and release of ['*C]spermine from ram spermatozoa occurred at a rate faster than
in somatic cells and were not energy-dependent. Release of bound spermine was further facilitated by heparin, a
constituent of the female reproductive tract which was reported to induce capacitation and the acrosome reaction. High-
and low-affinity polyamine-binding sites were identified, of which the high-affinity site was specific to polyamines with
three or more amino groups. We also found that spermine inhibited the acrosome reaction and propose that it is the major
seminal decapacitating factor. Since precise timing of capacitation and the acrosome reaction are critical for successful
fertilization, it is suggested that the role of seminal spermine is to prevent premature capacitation and the acrosome

reaction.

INTRODUCTION

Spermine is an ubiquitous polyamine which is present in
milimolar concentrations in the seminal plasma of many species,
including man, rat and ram [1]. Although its occurrence in semen
has been known for many years, its role in sperm physiology is
largely unknown. When mammalian spermatozoa travel through
the male and female reproductive tracts to reach the location of
fertilization finally, they are exposed to extensive variations in
their immediate environment, which affect their physiology [2].
At the time of ejaculation, epididymal spermatozoa come into
contact with secretions of the male accessory glands containing
high concentrations of prostatic spermine. In spermatozoa,
spermine was found to enhance the glycolytic rate [3], adenylate
cyclase [4] and ATPase [5] and to inhibit phosphodiesterase [6].
Furthermore, binding of spermatozoa to oocytes [7,8] was
affected by polyamines. The acrosome reaction was stimulated
by the polyamines polyarginine and compound 48/80 [8], whereas
another polyamine, neomycin, inhibited the acrosome reaction
[9]. Spermine and other polyamines serve as natural acceptor
amines for seminal transglutaminase action, thus attenuating
protein cross-linking and premature clotting of the ejaculate
[10]. So far, however, no information on the effect of the seminal
constituent spermine on the acrosome reaction has been reported.

The acrosome reaction is a prerequisite for successful fertili-
zation in mammals, defined as a Ca2*-dependent exocytotic event
in sperm, in which membrane fusion takes place between the
outer acrosomal membrane and the overlying plasma membrane,
thereby allowing release of the acrosomal contents [11,12]. Before
the acrosome reaction, the mammalian sperm in the female
reproductive tract undergoes a capacitation process [13,14] in
which several modifications of sperm membranes occur [2,15],
including increased lateral mobility of membrane proteins and
alterations in membrane fluidity. It was reported that spermine
inhibits lateral mobility of membrane proteins in other cells [16]
and affects membrane fluidity [17]; therefore its influence on the
acrosome reaction was determined here. We also characterize for
the first time the binding properties of polyamines to sperm and
demonstrate their involvement in the mechanism of the acrosome
reaction.

EXPERIMENTAL
Materials
[*C]Spermine (111 mCi/mmol), [**C]spermidine (117 mCi/
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mmol) and [“C]putrescine (112 mCi/mmol) were obtained from
Amersham. Silicone oil DC 500 was purchased from Serva.
Dinonyl phthalate was obtained from BDH. All other reagents
were from Sigma.

Sperm preparation

Semen was collected from rams by electric induction [16] and
was immediately diluted (1:1) with buffer A (110 mm-NaCl/
5 mM-KCl/10 mM-Mops, pH 7.4). The cells were washed by
three centrifugations at 780 g for 10 min at 25 °C and resuspended
in buffer A to a final concentration of (1-3) x 10° cells/ml.

Binding of 'C-labelled polyamines to spermatozoa

Sperm cells (5 x 108 /ml) were incubated in buffer A containing
various '4C-labelled polyamines at 37 °C. At the end of the
incubation time, a 0.1 ml portion was layered on top of 0.3 ml of
phthalate ester mixture (dibutyl phthalate/dinonyl phthalate,
2:1) in polypropylene tubes. When cells were suspended in buffer
B (0.2 M-sucrose/10 mM-Mops, pH 7.4), the samples were layered
on top of a mixture of dinonyl phthalate and silicone oil DC 500
(3:7, v/v). The tubes were centrifuged for 1 min at 13000 g. The
supernatants were aspirated, the pellets were suspended in 0.1 ml
of buffer A and the radioactivity was counted.

Measurement of acrosome reaction

This was done by measuring released acrosin activity with
benzoylarginine ethyl ester as substrate, and recording the
increase in A,;, as described in detail in [18]. Occurrence of the
acrosome reaction was confirmed by observing thin sections of
spermatozoa by transmission electron microscopy [18].

Mathematical analysis

K, values and the number of binding sites were estimated by
using the LIGAND data-analysis computer program [19].

RESULTS

Binding characteristics of polyamines to spermatozoa

Binding of [**C]spermine as well as other seminal polyamines
to spermatozoa was studied. A rapid rate of [**C]spermine
binding was observed, with saturation reached by 5 min at 37 °C
(Fig. 1). No further change in the level of bound spermine was
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Fig. 1. Reversible binding of spermine to spermatozoa

Washed cells (5 x 108 cells/ml) were incubated with [**C]spermine
(0.3 xCi/ml) at 37°C in buffer A. At the indicated times, cells
(0.1 ml) were separated by centrifugation on phthalate esters and
bound [**C]spermine was counted (O). To determine the dissociation
of [*C]spermine, binding was carried out as described above for
10 min. The 13000 g pellets were resuspended in 0.4 ml of buffer B
(O), 0.1 ml of buffer A (A) or 0.4 ml of buffer A (@). At the
indicated time, the suspensions were centrifuged through phthalate
esters and the pellets were counted for radioactivity as described.
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Fig. 2. Scatchard plot of spermine binding to spermatozoa

Washed cells were incubated for 5 min at 37 °C with [**C]spermine
(0.3 £Ci/ml) in buffer A and with increasing concentrations (0.002—
2 mM) of unlabelled spermine. Cells were separated and bound
[“*Clspermine was counted. Binding data were analysed by the
LIGAND program. Values were taken from four separate experi-
ments. Non-specific binding was about 1%,.

noticed within 20 min of incubation. Release of bound spermine
upon resuspension of the washed cell pellet in fresh buffer was
determined. When spermatozoa loaded with [**C]spermine were
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Fig. 3. Heparin-aided dissociation of spermine from sperm cells

Sperm cells were incubated with [1*C]spermine in buffer A (5 min,
37°C). The cells were washed and the pellet was resuspended
together with increasing concentrations of heparin in either buffer A
(0.1 ml, O) or buffer B (0.1 ml, @). After 2 min the cells were
centrifuged and their radioactivity was counted.

resuspended in a non-ionic medium (buffer B), almost no release
of the bound spermine was observed. However, resuspension in
an ionic medium (buffer A) resulted in a rapid release of bound
spermine at a rate which was comparable with the initial binding
rate, and the extent of release was volume-dependent (Fig. 1).
Similar results (not shown) were obtained with spermidine and
putrescine.

The affinity of various polyamines to spermatozoa under
equilibrium conditions was estimated by Scatchard analysis of
saturation or displacement data by using the LIGAND program.
Scatchard analysis of [1*C]spermine binding yielded a curvilinear
plot, which could be resolved into two binding sites differing in
their affinity for spermine (Fig. 2). The affinity of spermidine
and putrescine was similarly determined (Table 1). The
binding characteristics of spermidine were similar to those of
spermine, whereas putrescine gave a linear Scatchard plot,
corresponding to the lower-affinity site only. The rather low
affinity of spermatozoa for polyamines (K,, = 107°-10~* M and
K,, = 10°-7 x 107 M) was counterbalanced by the high abund-
ance of the sites [site 1, (1-5) x 10%/cell; site 2, (5-8) x 107 /cell}
and-the high concentration of spermine.

Release of bound spermine was found to be facilitated by the
polyanion heparin. Resuspending the cells in 0.1 ml of ionic
medium resulted in a 50 %, displacement of bound spermine (Fig.
1), and further displacement of up to 55% of the remaining
spermine was obtained by including heparin in the ionic medium

Table 1. Dissociation constant and number of binding sites for polyamines on spermatozoa

(a) Spermatozoa (5 x 10° cells/ml) were incubated for 5 min at 37 °C with [**C]spermine (0.3 £Ci/ml) and unlabelled spermine (2 uM-2 mMm),
[*4C]spermidine (1 #Ci/ml) and unlabelled spermidine (2 xM—-2 mM) or [**C]putrescine (2 #Ci/ml) and unlabelled putrescine (20 zM—20 mm). Cells
were washed, the bound [**C]polyamine was counted for radioactivity and the binding data was analysed by the LIGAND program. (b)
Spermatozoa were incubated as in (a) with [**C]spermine (0.3 #Ci/ml) and increasing concentrations (0.2 xM-2 mMm) of unlabelled neomycin. Cell-
associated radioactivity was counted and binding data were analysed as in (a). For the mathematical analysis, K, values of spermine were taken

from line 1 of the Table

Site 1 Site 2
No. of No. of
Polyamine n Ky, (M) sites/cell K,, (M) sites/cell
(a) Spermine 4 3.58 x 1075 (£ 64 %) 5.20 x 10% (£55%) 1.21 x 1073 (£51%) 5.384+107 (£24%)
Spermidine 2 7.50x 1073 (£90%) 1.48 x 10° (188 %) 3.20x 1072 (£38%) 6.69x 107 (£24%)
Putrescine 2 - - 6.68 x 1073 (£25%) 7.90x 107 (£25%)
(b) Neomycin 2 9.50 x 1077 (74 %) 9.30x 10° (+8 %) 490 x 107 (£34%) 1.10 x 108 (£ 13%)
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Fig. 4. Inhibition of acrosome-reaction by polyamines

Sperm cells (1 x10%/ml) were incubated in buffer A containing
2 mM-CaCl, and increasing concentrations of spermine (0-10 mM;
@), neomycin (0-10 mM; O), spermidine (10 mm; []) or putrescine
(10 mM; A). The acrosome reaction was induced by Ca®* ionophore
A23187, and after 1 h at 37 °C the extent of the acrosome reaction
was determined. The amount of benzoylarginine ethyl ester hydro-
lysed without added polyamines (about 800 nmol/min per 10° cells)
was taken as 1009, acrosome reaction. Ca®*-independent acrosin
activity, obtained in the presence of 0.5 mM-EGTA (instead of
Ca?"), was subtracted. Each point represents the mean +S.E.M. of
duplicates from 3 to 9 independent experiments.

(Fig. 3). The inherent ability of heparin to deplete bound spermine
was even more apparent in a non-ionic medium (Fig. 3), in which
minimal dissociation of spermine upon dilution without heparin
was observed (Fig. 1).

Involvement of polyamines in regulation of the acrosome
reaction

We found that the acrosome reaction was inhibited by
milimolar concentrations of spermine. Significant inhibition was
observed at 5 mM-spermine (30 %) and at 10 mM-spermine (46 % ;
Fig. 4). Spermidine was less inhibitory than spermine, whereas
putrescine did not inhibit the acrosome reaction at all (Fig. 4). At
the time of ejaculation, ram sperm cells are exposed to millimolar
concentrations of spermine. Some of this spermine is taken up by
the cells, and indeed we detected polyamines in the midpiece and
the acrosome region of the sperm by cytochemical staining with
fluorescamine [20]; results not shown). It has been shown that
the polyamine neomycin inhibited the acrosome reaction in ram
spermatozoa [10], an observation which was confirmed here (Fig.
4). The binding properties of neomycin to spermatozoa were
estimated by its ability to displace [**Clspermine. It was found
that neomycin competed for both the high- and low-affinity sites,
and its affinity was about 30 times that of the seminal polyamine
spermine (Table 1).

DISCUSSION

The binding properties of the seminal polyamines spermine,
spermidine and putrescine to ram spermatozoa were investigated.
In addition, the possible role of these amines in sperm capacit-
ation and the acrosome reaction was studied. The results indicate
that the polyamines bind reversibly to spermatozoa by electro-
static interactions. The rates of both binding and release were
significantly faster as compared with other cell types [21]. In
addition, metabolic energy is not involved in polyamine binding
to spermatozoa, since complete depletion of cellular ATP by
pretreatment with 2-déoxyglucose (20 mM) and antimycin A
(1 uM) did not affect this binding. In other cell types the binding
of spermine was reported to be energy-dependent [21].
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When the rather small volume of fluids in the uterus and
oviduct [22] is considered, the contribution of heparin as an aid
in removal of sperm-associated spermine is probably very signifi-
cant. Heparin as a constituent of the female reproductive tract
[23] can induce the process of sperm capacitation [24]. We
suggest that one of the mechanisms by which heparin induces
capacitation is by depleting cell-associated spermine. During
sperm capacitation several alterations in the plasma membrane
occur, one of which is an increase in the lateral diffusion of
proteins [2]. Spermine probably inhibits such a lateral diffusion
and increases the mechanical stability of plasma membranes, as
was reported for other cell types [17]. The seminal plasma was
reported to contain decapacitating factors which stabilize the
sperm membrane and prevent premature acrosome reaction.
Several seminal proteins, including caltrin and acrosome-stabil-
izing factor (ASF), were identified as decapacitating factors
[25,26]). On the basis of our observations and the reported
properties of polyamines, we suggest that spermine is the major
seminal decapacitating factor.

The observation that putrescine which bound only to the low-
affinity sites did not inhibit the acrosome reaction indicates that
only the high-affinity sites are associated with control of the
acrosome reaction, and that these sites specifically bind poly-
amines of three or more amino groups. As to the mechanism by
which polyamines inhibit the acrosome reaction, it was shown
that neomycin acts by blocking the hydrolysis of phospho-
inositide [9]. It was also shown elsewhere that physiological
concentrations of spermine and spermidine inhibited a phospho-
lipase-C-dependent hydrolysis of phosphoinositide in rat brain
[27], platelets [28], ventral prostate and liver [29]. It is likely that
the antibiotic neomycin mimics the action of spermine, and we
therefore suggest that, similarly to neomycin, spermine inhibits
the acrosome reaction by blocking phosphoinositide breakdown.

In conclusion, we suggest that, in species that have millimolar
concentrations of spermine, it is rapidly incorporated into sperm
during ejaculation, temporarily inhibiting capacitation and the
acrosome reaction. A progressive depletion of cellular spermine
would then follow during the travel of sperm through the female
genital tract, enhanced by the presence of heparin, so that sperm
capacitation and consequently the acrosome reaction will take
place at the appropriate time when the sperm reaches the vicinity
of the oocyte.
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