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SUMMARY

The protease acrosin is widely considered to be an essential component of a zona lysin
which enables sperm to penetrate the zona pellucida of the egg. Sperm form a characteristic
penetration slit little wider than the sperm head itself and this has long suggested that any
zona lysin is attached to the sperm surface after an acrosome reaction. This paper provides the
first ultrastructural evidence that this is the case.

The protein acrosin inhibitor, Kunitz soybean trypsin inhibitor, has been covalently attached
to the electron-dense marker, ferritin, and the conjugate incubated with guinea-pig sperm
which have undergone an A23i87-induced acrosome reaction. Electron microscopy shows
that ferritin is distributed unevenly over the outer surface of the newly exposed inner acro-
somal membrane but does not extend to the equatorial segment. This is further evidence that
acrosin can be considered as a candidate for the role of zona lysin. The mechanism of sperm
penetration of the zona is discussed in the light of these observations.

INTRODUCTION

There are at least two possible reasons why an acrosome reaction is essential for
sperm penetration of the zona. One is that sperm need to change their shape. The
other is that an acrosome reaction releases or exposes a zona lysin which enables
sperm to digest a path (Bedford, 1970). The shape of the penetration slit suggests
that any lysin is attached to the sperm surface.

The zona lysin has been identified with acrosin, a trypsin-like protease which is
stored in the acrosome as an inactive zymogen precursor proacrosin (Meizel, 1972;
Mukerji & Meizel, 1975; Schleuning, Hell & Fritz, 1976). Proacrosin is activated
to acrosin during the acrosome reaction (Green, 19786). The evidence that acrosin
is important for zona penetration is firstly, that acrosin extracts can remove the
zona in vitro (Polakoski & McRorie, 1973; Meizel & Mukerji, 1976) and secondly,
that fertilization is inhibited by acrosin inhibitors (Stambaugh, Brackett & Mastroi-
anni, 1969; Zanefeld, Robertson, Kessler & Williams, 1971; Gaur, Goswami &
Talwar, 1972; Yang, Zanefeld & Schumacher, 1976). However, the site at which
fertilization is blocked is unknown and the experimental observations have themselves
been disputed (Miyamoto & Chang, 1973).

If acrosin is to be a candidate for the zona lysin, it must be shown that it remains
attached to the sperm surface after an acrosome reaction. This has not so far been
done, although acrosin has been localized by fluorescence and light microscopy
in sperm which had not previously undergone an acrosome reaction (Stambaugh &
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Buckley, 1972; Garner, Easton, Munson & Doane, 1975; Morton, 1975; Schill et al.
1975; Garner & Easton, 1977).

Histochemically, acrosin has been identified in one of two ways: by Kunitz
soybean trypsin inhibitor (Stambaugh & Buckley, 1972) and by anti-acrosin anti-
bodies (Garner et al. 1975; Morton, 1975; Schill et al. 1975; Garner & Easton,
1977). This article describes the formation of a conjugate between the Kunitz
soybean trypsin inhibitor and the electron-dense marker ferritin and its use in the
localization of acrosin in guinea-pig sperm after an acrosome reaction induced by
the divalent cation ionophore A23187 (Green, 1976; Summers et al. 1976; Talbot
et al. 1976; Green, 1978a).

METHODS

Ferritin, soybean trypsin inhibitor (STI) Type I-S, bovine serum albumin (BSA), benz-
amidine and benzoyl arginine ethyl ester (BAEE) were purchased from Sigma, 25 % glutaralde-
hyde from Koch-Light, Sepharose 4B, Sepharose CL-6B, DEAE Sephadex A-50, Sephadex
G-50 (fine) and Ficoll 400 from Pharmacia and carrier-free Na [mI] from the Radiochemical
Centre Ltd., Amersham. All other reagents were A.R. grade. A23187 was a generous gift
from Dr R. L. Hamill of Eli Lilly Laboratories, Indianapolis. Schleicher & Schiill UH100
Ultrathimbles were used to concentrate protein. Trypsin was assayed by following the
hydrolysis of BAEE at 256 ran in a Zeiss PMQ II spectrophotometer. The assay solution
contained 1 mM BAEE, 50 mM CaCl2 and 100 mM Tris chloride buffer, pH 8-o. Trypsin was
coupled to Sepharose 4B with cyanogen bromide (Cuatrecasas, 1970) using 1 mM benzamidine
throughout to inhibit reversibly trypsin autodigestion: the final derivative contained about
2 mg trypsin/ml Sepharose 4B. STI was purified by the method of Rackis, Sasame, Anderson &
Smith (1959). Siliconized glassware was used throughout.

Ferritin was coupled to STI using a modification of the procedure of Kishida, Olsen, Berg
& Prockop (1975). GlutaraJdehyde (2 ml) was added to 01 M sodium phosphate buffer,
pH 74 (2 ml) and the pH readjusted to 7-4 with o-i N NaOH. Ferritin (100 mg) was added
to the glutaraldehyde solution which was then stood for 05 h before the glutaraldehyde
was removed by gel nitration on Sephadex G-50 (fine) (25 cm x 90 cm). The ferritin fractions
were amalgamated but left unconcentrated; they were mixed with STI (20 mg) dissolved in a
small volume of o-i M sodium phosphate buffer, pH 7-4 to which a trace of 1UI-STI had been
added. This solution was stood at room temperature for 24 h and then dialysed against o-i M
Tris buffer, pH 7-4, concentrated to about 4 ml, and fractionated on Sepharose CL-6B (2x1 cm
x 95 cm). Fractions containing monomeric ferritin were amalgamated and dialysed against cal-
cium medium. The conjugate was used immediately after preparation at a ferritin concentra-
tion of 10 /tM. Each mol. of ferritin had about 14 mol. of STI attached on average, estimated
from incorporation of m I-STI .

STI was labelled with 1I5I according to the method of Helmkamp, Contreras & Bale (1967).
STI (20 fig, 8 nmol) in 20 /tl 0-4 M NH4CI, pH 8-o, was added to 2 mCi of carrier-free
Na[ltsI] (1-27 nmol) and to this was added 20/tl of 500 /IM stock IC1 solution. After 1 min,
10 /tl of o-i M sodium thiosulphate solution (made up in slightly alkaline water to avoid
precipitation of sulphur) and 10 /tl of o-i M sodium iodide solution were added. The reaction
mixture was purified on a trypsin-agarose column (1 ml) which had been equilibrated with
o-i M phosphate buffer, pH 7-4. The column was washed with 40 ml of the same buffer.
1UI-STI was eluted almost quantitatively with o-i N HC1. The eluted material was neutralized
by addition of an equal volume of 0-25 M sodium phosphate buffer, pH 74, followed by
titration with o-i NNaOH; the solution was immediately adjusted with albumin to a con-
centration of o-i % (w/v). The specific activity was about 100 Ci/mmol when STI was
estimated by its inhibition of trypsin.

The acrosome reaction was induced by the divalent cation ionophore A23187. 10 fi\ of a
stock solution of A23187 in dimethyl sulphoxide (2 mg/ml) were pipetted into 1 ml of sperm
suspension in ferritin conjugate. Sperm were then allowed to stand for 30 min at 37 °C. At
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the end of the incubation, the medium was diluted to 10 ml with magnesium medium at room
temperature and the sperm centrifuged at 1500 g,T for 5 min. The pellet was resuspended in
1 ml magnesium medium and fixed by addition of a further 1 ml of 015 M sodium cacodylate
buffer, pHv-2 containing 2% glutaraldehyde. It was then prepared for electron microscopy
as before (Green, 1978 a).

RESULTS AND DISCUSSION

Soybean trypsin inhibitor (STI) is a protein of molecular weight about 22500
Daltons which forms 1:1 inhibitory complexes with serine proteases. The dissociation
constants of these complexes are often small and the half-life for dissociation cor-
respondingly long (for example, Kv for the STI-trypsin complex is about io~10 mol~x

(Green, 1953; Lebowitz & Laskowski, 1962)). It is known empirically that acrosin
is inhibited by STI but although the dissociation constant and rate of dissociation
are both small, they have never been accurately determined (Polakoski & McRorie,
1973). Fluorescein-labelled STI has been used to localize acrosin by fluorescence
microscopy in air-dried mounts of whole sperm in which an acrosome reaction had
not taken place (Stambaugh & Buckley, 1972), but this was criticized as a method
(Morton, 1975) on the ground that STI is a non-specific inhibitor. It is true that
STI will not readily distinguish between serine proteases, but acrosin is the only
one known to be present in sperm. If there were other serine proteases present it is
not clear that the alternative method of localizing them, that of anti-acrosin anti-
bodies, would distinguish between them. It is of course, always possible that STI
binds non-specifically to sperm; a priori there is no way of knowing this and a similar
objection can be raised against antibody labelling. It will be assumed throughout this
discussion that STI binds specifically to acrosin and that its properties in this respect
are not altered by formation of the conjugate.

Ferritin has a diameter of 12-0 run but several molecules of STI attached round
one ferritin molecule would increase this to i8-onm. If acrosin-binding sites on
sperm were closer than 18-0 nm they could prove mutually exclusive and this would
certainly be true if they were closer than 12-0 nm. It remains a possibility, therefore,
that the potential density of binding sites is much greater than that shown by the
ferritin labelling.

The distribution of STI-ferritin complex on the surface of guinea-pig sperm after
an acrosome reaction is shown in Figs. 1-3. The right-hand sperm in Fig. 2 is the
lower part of that shown in Fig. 1. The principle conclusions to be drawn from
Figs. 1-3 are as follows. (1) Acrosin is attached to the outer surface of the inner
acrosomal membrane after an acrosome reaction but not to any membrane which
was part of the plasma membrane of the cell prior to the acrosome reaction (in
other words it does not bind to the equatorial segment). (2) The distribution of
acrosin immediately round the sperm head is extremely uneven (Figs. 1, 2): in
some places it exists as amorphous arrays and in others it is completely absent from
the membrane. No two sperm have the same distribution. (3) Acrosin is present
throughout what remains of the acrosomal material (Fig. 3). And (4) a web of adhesive
material lies between the vesicles of acrosomal and plasma membrane formed during
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Figs, i, 2. Cross-section through 2 guinea-pig sperm after an A23i87-induced
acrosome reaction and incubation with Kunitz soybean trypsin inhibitor-ferritin
conjugate. The sperm in Fig. i is the anterior part of the right-hand sperm in
Fig. 2. Ferritin is distributed unevenly in blebs over the inner acrosomal membrane
but there is no evidence of any binding to the equatorial segment, the area of original
plasma membrane immediately posterior to the acrosome. x 40000.
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Fig. 3. The remains of the acrosome anterior to the nucleus after an A23i87-induced
acro8ome reaction and incubation with Kunitz soybean trypsin inhibitor-ferritin
conjugate. The remains of the acrosome are considerably broken down. It is never-
theless possible to see the vestigial remains of the acrosomal matrix and to see that
ferritin is distributed evenly throughout it. x 50100.
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the acrosome reaction, not just round the sperm head but throughout the more
distant parts of what was the acrosome.

These results established that acrosin remains attached to the sperm surface after
an acrosome reaction and they confirm that the acrosomal contents consist, in part,
of a matrix of material which disperses only slowly after the acrosome reaction. In
a previous paper (Green, 19786) it was shown that dispersal of the acrosomal
material was dependent on acrosin activity and that 40 /IM STI failed to inhibit the
dispersal. Fig. 3 shows the remnants of 2 acrosomes in sperm which have undergone
an acrosome reaction at an actual STI concentration of about 14/tM (but whose
effective concentration may be much lower than 14 /IM because of the masking of
the active site of STI, which may have taken place as a result of conjugation). It is
therefore not surprising that suppression of the loss of the acrosomal contents by
the conjugate is not wholly effective.

It is essential, if acrosin is to be considered as the agent responsible for digesting
the penetration slit, that it can be shown to be bound to the sperm surface after an
acrosome reaction. The reason for this is simply that the penetration slit has the
width of the sperm head and it is formed as sperm move through the zona: this is
inconsistent with release of a soluble digesting enzyme at the zona surface as the
cause of the slit (it does not eliminate a role for soluble acrosomal enzymes in weaken-
ing the structure of the zona).

There is one important difference in the history of sperm in these experiments
and those that have undergone an acrosome reaction and then penetrated the zona
during the course of normal fertilization. This is that sperm which have penetrated
the zona have been subjected to shearing forces which may remove their surface
components, particularly those at the leading edge (since this establishes most of
the width of the penetration slit). It is therefore one thing to show that acrosin is
attached to the sperm surface after an acrosome reaction in the absence of these
forces, and another to show that acrosin is still attached to the sperm surface in the
zona. The random attachment of the acrosin with its total absence in some areas
suggests that it may not be strongly attached to the sperm head. The question of
whether acrosin remains attached to the sperm head in the zona could, in principle,
be resolved by the technically more difficult experiment of localizing acrosin on
sperm in the act of penetration. But even if acrosin were shown to be absent under
these circumstances, this would not eliminate the possible existence of a zona lysin;
it would merely eliminate acrosin as a possible candidate.

In this paper, the ultrastructural localization of acrosin in sperm after an acrosome
reaction has been established for the first time. It shows clearly why, if acrosin is
an important part of the zona lysin, inhibiting it after an acrosome reaction is likely
to be an extremely effective way of preventing zona penetration and, therefore,
fertilization.
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