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Summary

The presence of transductory GTP(G)-regulatory
proteins in mammalian gametes has been exam-
ined by indirect fluorescence immunocytochem-
istry. Using rabbit antisera to bovine rod /Sy-trans-
ducin (RA/JyT), bovine rod holotransducin (AS-1),
bovine rod tf-transducin (RAoT), synthetic bovine
rod Q-transducin C-terminal decapeptide (AS-6),
bovine brain a39Go (RAa39), and two mouse mono-
clonal antibodies raised against frog retinal trans-
ducin (4A), and rat brain /3-tubulin, we demon-
strated the presence of corresponding immuno-
reactive material in both rat oocytes and bovine
ejaculated sperm. Immunostaining in the oocyte
was evenly distributed on the oolemma, excluding
the cell cytoplasm and zona pellucida. Immuno-
reactive material was also present in the cumulus
cells that encapsulate the oocyte. In contrast, the
immunofluorescence corresponding to transductory

G-proteins was confined in sperm to functionally
defined regions in the head and tail, in a manner
specific for each antibody. While RA/9/T, AS-1 and
RAa-39 all stained the entire acrosome, AS-6 and
RAoT stained only the acrosomal tip. Monoclonal
antibody 4A stained the midpiece exclusively and
anti-rat ^-tubulin (a structural G-protein) stained
the full length of the sperm tail. The existence of
several G-protein types in mammalian gametes
suggests their possible involvement in the regu-
lation of various effector systems, in a manner
reminiscent of somatic cells. The unique situation
in sperm, where different G-proteins show distinct
and specific patterns of distribution, further
suggests their association with various effector sys-
tems in discrete functional domains.
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Introduction

Transductory GTP-binding proteins (G-proteins) rep-
resent a major component in the coupling of specific
receptors to cellular responses. These proteins are mem-
brane-bound heterotrimers consisting of a, fi and y
subunits (Gilman, 1986). The role of these proteins as
transducers of information between receptors for hor-
mones and neurotransmitters (Ross & Gilman, 1980;
Rodbell, 1980; Stiles & Lefkowitz, 1982), odorants (Pace
et al. 1985), or light (Stryere/ al. 1981; Stryer, 1986) and
the ultimate effector, has been described. The regulatory
actions of G-proteins have been demonstrated for mem-
brane-bound adenylate cyclase (stimulation G8 and inhi-
bition G,) (Rodbell, 1980; Ross & Gilman, 1980; Codina
etal. 1983; Cerione et al. 1985), cyclic GMP phosphodi-
esterase (Miki et al. 1975), phospholipase C (Ohta et al.
1985), muscarinic K+ channels (Logothetis et al. 1987;
Yatani et al. 1987), and Ca2+ channels (Hescheler et al.
1987). In higher organisms, G-proteins are thought to be
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present in virtually every cell type of somatic origin.
However, the presence of G-proteins in mammalian
gametes has not been fully elucidated to date.

The insensitivity of adenylate cyclase in sperm to
modulation by guanosine nucleotides, NaF, cholera toxin
and forskolin has suggested that this enzyme may not be
regulated by G-proteins (Stengel & Hanoune, 1981).
Moreover, reconstitution of solubilized stimulatory G-
protein (G8) with sperm adenylate cyclase was unsuccess-
ful (Hanski & Garty, 1983; Johnson et al. 1983). The
absence of G-proteins from sperm was also suggested
when substrates for ADP-ribosylation by cholera or
pertussis toxin could not be detected in mammalian
sperm (Hildebrandt et al. 1985). On the other hand,
recent reports using anti-bovine-transducin antibodies
(Bentley et al. 1986), or antibodies to the fi subunit of
bovine brain G-protein (Kopf et al. 1986), have demon-
strated that the fi subunit of a G-protein is present in
vertebrate and invertebrate sperm. Furthermore, these
investigators independently presented evidence for the
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presence of a subunits of G-protein(s), by showing that
in the presence of detergent and Bordetella pertussis
toxin the existence of islet activating protein (IAP)
substrate (Ui, 1984) in sperm can be demonstrated.

While some evidence is already at hand concerning the
presence of G-proteins in mammalian sperm, no such
information is available with regard to the mammalian
oocyte. The amphibian oocyte has been shown to possess
adenylate cyclase; however, its presence in the mam-
malian oocyte is still under debate (reviewed by Dekel,
1986). Cholera toxin, which activates AC by ADP-
ribosylation of G-protein, failed to elevate cyclic AMP
levels in rat (Dekel & Beers, 1980; Dekel, 1987) and
mouse (Schultz et al. 1983) oocytes. Biochemical assays
in oocytes have not been performed to date because of the
minute quantities of available cellular material.

We examined the presence and intracellular distri-
bution of G-proteins in preparations of mammalian
gametes (bull sperm and rat oocytes) using an immuno-
cytochemical approach, which made it possible to exam-
ine the gametes at the single cell level and to eliminate the
possibility that G-proteins described by others in sperm
preparations originated from contaminating somatic cell
components.

Materials and methods

Preparation of sperm samples
Frozen (liquid nitrogen) pellets of ejaculated bovine semen (108

cells/pellet) (Amir et al. 1982), obtained from the Artificial
Insemination Center (Hafez Haim, Israel), were thawed at
room temperature in 15 ml of phosphate-buffered saline (PBS)
containing 0-02% NaN3. Microscopic examination of the re-
sulting suspension revealed that the sperm were live and active.
The suspension was washed three times (500|f for lOmin),
resuspended in PBS and 300—1000 cells were then placed on a
microscope slide for immunocytochemical examination.

Preparation of oocytes
Sexually immature female Wistar rats (27 days old), from our
departmental colony, were injected with 15i.u. of pregnant
mares' serum gonadotropin, PMSG (Gestyl, Organon, Oss,
Netherlands) in 0 1 ml of 0-9% NaCl (Dekel et al. 1983). The
rats were killed by cervical dislocation 48 h after the injection.
The ovaries were removed and placed in Leibovitz's L-15 tissue
culture medium (Gibco, Grand Island, NY), containing peni-
cillin (100 units ml"') and streptomycin (lOO^gml"1, Gibco).
The cumulus-oocyte complexes were recovered from the large
antral follicles. Some of the cumulus-oocyte complexes were
left intact and the others were mechanically treated to remove
the attached cumulus cells and obtain cumulus-free oocytes as
described earlier (Dekel & Beers, 1980). Cumulus-free oocytes
were further exposed for 5 mm to acidified medium (pH 25) to
lyse the zona pellucida (Bornslaeger & Schultz, 1985). For
immunostaining, both cumulus complexes and cumulus-free
oocytes were then transferred to a microscope slide pre-soaked
in a 0 1 % aqueous solution of poly-L-lysine HBr (Sigma
Chemical Co., St Louis, type 1-B). For further culturing,
cumulus-oocyte complexes were transferred to 100 /A of incu-
bation medium, supplemented with 10% foetal bovine serum
(Bio-Lab, Israel), for 24h culture at 37°C and 100% humidity

Preparation of transducin and anti-transducin
antibodies
Bovine transducin was purified by hexylagarose column
chromatography according to Fung (1983). Transducin (rand
PY subunits were separated by ft>-ainino octylagarose column
chromatography (Ho & Fung, 1984). Polyclonal antibodies
against ff-transducin (RAaT) and /Sy-transducin (RA/8yT)
were obtained by subcutaneous injection of 150 j<g of protein in
complete Freund's adjuvant into 10-week-old New Zealand
White rabbits. Sera were collected after two additional booster
injections. The RA/SyT antiserum showed only a slight cross-
reactivity with the transducin y chain and identified a single
36X 103i\/r band, presumably the ft subunit of G-protein in rat
and human brain, human blood platelets and frog and bovine
olfactory epithelium (Hingorani et al. 1988).

Other antibodies used
Polyclonal rabbit AS-1 antiserum (anti-O'/Sy-bovine-transducin)
is cross-reactive with the /3 subunit of several G-proteins
(Gierschik et al. 1985), and rabbit polyclonal AS-6 antibodies
raised against the C-terminal decapeptide of a'-transducin
(Gawler et al. 1987) were kindly donated by Dr A. Spiegel of
the NIH Bethesda, Maryland.

Polyclonal rabbit anti-bovine-brain-<r39(G,,) (RAft^) (Huff
et al. 1985; Winslow et al. 1986) was kindly donated by Dr E.
Neer of Harvard Medical School.

Monoclonal mouse anti-rat-brain-/3-tubulin (Gozes & Barn-
stable, 1982) was kindly provided by Dr I. Gozes of the
Weizmann Institute of Science, Rehovot.

Monoclonal mouse anti-frog-rhodopsin and monoclonal
mouse anti-frog-retinal transducin 4A (Witt et al. 1984) were
kindly provided by Dr H. Hamm of the University of Illinois
Medical School, Chicago.

Immunocytochemistry
Bovine sperm, rat cumulus-oocyte complexes or cumulus-free
oocytes, were air dried at room temperature and fixed in
absolute methanol for 15min. Following rehydration in PBS,
cells were incubated (4°C) overnight with antisera/antibodies
diluted in 3 % bovine serum albumin (Sigma, fraction V) in
PBS as specified in the individual experiments. Following
incubation with the primary antibody, the slides were exten-
sively washed in PBS and further incubated for 60-90 min at
room temperature with fluorescein isothiocyanate (FITC) goat
anti-rabbit IgG, or goat anti-mouse IgG (Bio-Makor, Israel), as
the secondary antibody. When indicated, rhodamine-conju-
gated goat anti-rabbit IgG (provided by Dr B. Geiger) was used
as a secondary antibody. Controls were performed with normal
rabbit serum (NRS) replacing the primary antibody. Slides
were then washed extensively and mounted. The mounting
solution, 25% glycerol in PBS, contained 10jUgml~' of para-
phenylene diamine (Sigma) to prevent fluorescence decay.
Slides were examined immediately or kept overnight at 4CC
before examination. Microscopic examination was performed
with a Zeiss fluorescence photomicroscope III .

Results

Immunoreactivity of rabbit anti-bovine-rod-fty-
transducin

Bovine sperm. Immunocytochemical analysis of bovine
sperm stained with rabbit anti-/3y-transducin (RA/?yT)
revealed strong and continuous labelling of the entire
acrosomal cap with very distinct boundaries at the
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Fig. 1. Fluorescent immunocytochemical staining of bull sperm with RAjSyT. Frozen ejaculated sperm were washed, fixed in
methanol and processed for immunocytochemical staining. Left panel: phase-contrast microscopy; right panel: fluorescence
microscopy of the same field. A. Sperm stained with RA/SyT (1: 100). B. Sperm stained with RA/SyT (1:100), previously
incubated (37°C, 60min) with 120;tgml~' purified bovine transducin (the antigen); note: the distinct staining intensity of the
acrosomc (ac) and sharp boundaries at the equatorial (eq) region are slightly reduced. C. As in B but antiserum preadsorbed
with l-2mgml~' transducin, which almost abolished staining. D. Control staining with normal rabbit serum (1:100) instead of
RA/3/T; no specific staining is obtained. Rhodamine-conjugated goat anti-rabbit IgG was used as second antibody. All other
details are as described in Materials and methods. Bar, 10^m.
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Fig. 2. Fluorescent immunocytochemical staining of rat cumulus—oocyte complexes. Cumulus-oocyte complexes were isolated
and processed for fluorescent immunocytochemical staining as described in Materials and methods. Left panel: phase-contrast
microscopy; right panel: fluorescence microscopy. A. A cumulus-oocyte complex treated with RA/JyT (1:500), and FITC-
conjugated goat anti-rabbit IgG. Oocyte (o) and cumulus cells (cc); bar, 50Jim. B. Cumulus—oocyte complex treated with NRS
(1:500) and FITC-conjugated goat anti-rabbit IgG. C. A cumulus-oocyte complex treated with RA/3yT (1:500) preincubated
with purified bovine transducin (120j/gml~') as described for Fig. IB. D. Cumulus cells cultured for 24h and then treated with
RA)3yT (1:100) followed by rhodamine-conjugated goat anti-rabbit IgG; bar, 5f.lm.
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Fig. 3. Fluorescent immunocytochemical staining of rat oocytes with RA/SyT. Oocytes were isolated and processed for
fluorescent immunocytochemical staining as described in Materials and methods. Left panel: phase-contrast microscopy; right
panel: fluorescence microscopy of the same fields. A. An isolated oocyte incubated with RA/SyT (1:400) and FITC-conjugated
goat anti-rabbit IgG. B. An isolated oocyte incubated with NRS and FITC-conjugated goat anti-rabbit IgG. C. An oocyte
treated with RA/6yT (1:400) preincubated with highly purified bovine transducin (the antigen) 120 fig ml"1 as described for
sperm (Fig. IB). D. An isolated oocyte incubated with RA/SyT (1:100) and rhodamine-conjugated anti-rabbit IgG. Note:
staining is exclusively associated with oocyte membrane and cannot be detected in the cytoplasm that leaked from the damaged
oocyte (arrowhead). Bar, 70jum.
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Fig. 4. Fluorescent immunocytocheniical staining of a rat cumulus-oocyte complex. A cumulus-oocyte complex treated as
described for Fig. 2A. Note: fluorescent staining on the oocyte (o) and the cumulus cells (cc) but not on the zona pellucida
(sp). Bar, 20/lm.

equatorial region (Fig. 1A). No other component of the
sperm appeared to be as heavily stained, though some
light granular staining is seen in the mid-piece region. In
order to examine the specificity of the RA/JyT antiserum
we repeated the experiment using antiserum preincu-
bated with authentic highly purified bovine transducin at
two concentrations (120/igmP1, Fig. IB; l -2mgmP ' ,
Fig. 1C). It can be seen that pretreatment with increas-
ing concentrations of the antigen, gradually eliminated
the staining due to specific neutralization of the antibody.
In a control experiment, very low and non-specific
labelling of sperm was obtained when RA/3/T was
replaced with NRS (Fig. ID). A similar specific staining
pattern of the acrosomal cap was also observed when
human ejaculated sperm and rat caput sperm were
treated with RA/3yT (data not shown).

Rat oocytes and cumulus cells. Indirect fluorescence
immunocytochemistry clearly demonstrated the binding
of RA/SyT to rat cumulus-oocyte complexes (Fig. 2A).
The possibility that the second antibody binds to this
complex in a non-specific manner can be excluded, since
upon replacement of the first antibody with NRS no
fluorescence could be detected (Fig. 2B). Evidence sup-
porting the specificity of the binding of this antibody is
that the fluorescence was not observed when the anti-
serum was preincubated with the antigen (120/zgmP1

rod transducin, Fig. 2C) as described for sperm
(Fig. IB) or when the complex was incubated with
antiserum to an irrelevant protein, e.g. rhodopsin (data
not shown). Using the cumulus-oocyte complex we
could demonstrate specific binding of the RA^JyT not
only in freshly isolated cumulus cells (Fig. 2A,B,C) but
also in cultured cumulus cells (2D). This type of cellular
preparation clearly demonstrates staining on the cumulus
cells but cannot provide any information as to whether
the oocyte itself, which is encapsulated by the cumulus
mass, interacts with the antibody. To demonstrate fluor-
escent immunocytochemical staining on the oocyte,
cumulus cells were removed and preparations of naked
oocytes were treated as described for the cumulus-oocyte

complexes. Using naked oocyte preparations we demon-
strated specific binding of RA/3yT (Fig. 3A), which was
totally eliminated upon replacement of the first antibody
with NRS (Fig. 3B) or when the antiserum was preincu-
bated with the antigen (Fig. 3C). Binding of the antibody
could not be detected in the ooplasm that leaked from a
damaged oocyte (Fig. 3D), suggesting that the binding
protein(s) is associated with the oolemma. We also failed
to detect any interaction of the antibody with the zona
pellucida (Fig. 4).

Immunoreactivity with other antisera to G-protein
To support further the results described above we treated
bovine sperm preparations with several rabbit antisera
prepared against other G-proteins or their subunits.
Immunostaining of bovine sperm with antiserum di-
rected against bovine holotransducin (AS-1) was also
exclusive to the acrosomal cap but confined to the
circumference of this structure, with a clear outline at the
equatorial region (Fig. 5A). The central area of the
acrosome was rather dark and did not retain fluorescence.
This antibody binds to a-, fi- and y-transducin and
crossreacts with the /3 subunit of Ga and Gj of human
erythrocytes (Gierschik et al. 1985).

While the antisera examined so far were specifically
directed against bovine rod /3-transducin (RA/3yT) or
bovine rod holotransducin (AS-1), two other antisera
directed specifically against the a subunit of bovine rod
transducin were examined next. Immunostaining of bull
sperm with rabbit anti-a'-transducin (RAoT) revealed
intense and extremely sharp fluorescence of the acro-
somal tip, yielding a crescent-like appearance. The fluor-
escent line had clear edges and did not reach the
equatorial latitude (Fig. 5B). This shape was very differ-
ent from the pattern of staining obtained with antiserum
AS-1 (Fig. 5A) or RA/SyT (Fig. 1A). No staining was
seen in any other region of the sperm including the
equatorial line. Identical results were obtained with
antiserum AS-6, an antibody prepared against the syn-
thetic decapaptide C terminus of the a1 subunit of bovine
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Fig. 5. Immunostaining of bull sperm with antisera to various G-proteins and their subunits. Frozen sperm were washed, fixed
with methanol and treated with various antisera to G-proteins. Left panel: phase-contrast microscopy; right panel: fluorescence
microscopy. A. Sperm stained with antiserum AS-1 shows a staining pattern similar to that obtained with RA/3/T in Fig. IB.
B. Staining of sperm with RAaT shows exclusive crest-like staining of the acrosomal (ac) tip. C. Staining with antisera AS-6,
note similarity to staining pattern in B. D. Treatment with RAo^g, note diffused boundaries towards the equatorial region.
Second antibody was rhodamine-conjugated goat anti-rabbit IgG. All other details are as described in Materials and methods.
Bar, lOjjm.
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Fig. 6. Immunostaining of bull sperm with monoclonal anti-transducin 4A. Left: phase-contrast microscopy; right:
fluorescence microscopy. Bull sperm were treated as described in Figs 1 and 2, but stained with mouse monoclonal anti-
transducin 4A. Staining is observed exclusively on the mid-piece envelope (nip). Second antibody was FITC-labelled goat anti-
mouse IgG. Bar, 10^m.

rod transducin (Fig. 5C), which also recognizes <*Gj
(Gawler et al. 1987), oG,, and aG,2 (Goldsmith et al.
1987).

We next challenged bull sperm with antiserum RAa^g,
directed against bovine brain 039 G-protein, G(). It was
found (Fig. 5D) that this antibody preparation stained
the acrosomal cap primarily, with a slight emphasis on a
sickle-like area around the acrosomal tip. The staining in
general was slightly diffuse with no clear boundary at the
equatorial line. This antiserum seems also to stain
slightly some components in the tail area, similar in
intensity to that observed with RA/JyT (Fig. 1A).

Interestingly, staining of bull sperm with monoclonal
antibody 4A directed against frog retinal cr-transducm
stained only the mid-piece region of the sperm tail
(Fig. 6). The stained area in the mid-piece region covers
its entire thickness defining the mid-piece envelope.

Rat oocytes and cumulus cells were also treated with
AS-1, RAoT, AS-6 or RAo^. All these antibodies
immunoreacted with both the oocyte and the cumulus
cells, and the pattern of fluorescent staining was identical
to that obtained following treatment with RA/SyT. Stain-
ing with monoclonal 4A was also homogeneous, but a
slight emphasis at the circumference could be observed.

Discussion

Our findings represent the first demonstration of the
presence of G-proteins in a mammalian oocyte and of the
subcellular distribution of G-proteins in specific regions
of the mammalian sperm. In the rat oocyte, immuno-
fluorescent staining was homogeneously distributed on
the oolemma excluding the cytoplasm (Fig. 3D) and zona
pellucida (Fig. 4), regardless of the specificity of the
antibody used. In contrast, immunostaining of bull
sperm with the different antibodies was restricted to
discrete structural/functional regions. The specificity of
the various antibodies used was compared in a traditional
manner to non-immune serum, and in the case of RA/SyT
by preadsorption with authentic transducin also. These

conditions eliminated the ability of the antibody to react
with corresponding material in sperm (Fig. 1B,C),
cumulus cells (Fig. 2C) and oocytes (Fig. 3C). Further-
more, the uneven distribution of the various G-proteins
within the sperm serves as an additional indication of the
specificity of staining. As another measure of the selec-
tivity of this methodology we used mouse monoclonal
anti-brain-/3-tubulin antibodies for immunostaining of
sperm tubulin. As expected, we could confine the pres-
ence of this structural G-protein (Shelanski et al. 1973;
Amir-Zaltsman et al. 1982) in the sperm tail (data not
shown) (Gibbons, 1975). Cross-reaction towards epi-
topes unrelated to G-proteins in the examined cells can
certainly not be ruled out.

Almost exclusive staining of the acrosomal cap, or
regions within it was obtained with a series of anti-G-
protein antibodies:RA/3yT, RAoT, AS-1, AS-6 and
RAa^g. Since the /3 subunits of all known transductory
G-proteins are essentially identical (Manning & Gilman,
1983; Woolkalis & Manning, 1987) and since RA^yT
cross-reacts with G-protein jS subunits in various tissues,
the area stained with this antiserum (the entire acrosome)
is likely to represent the distribution of more than one
species of G-protein. It was, therefore, expected that AS-
1, which is reactive towards a, jS and y rod transducin, as
well as /JG, and $G,, but not a or yG» and a or yG,
(Gierschikei al. 1985), would reveal a somewhat similar
pattern of staining. However, we did not expect to find
that both antibodies to <r-transducin (AS-6 and RAoT)
stained with high intensity, in a crescent-like shape at the
acrosomal tip only (see Fig. 5B,C). This result suggests
that both AS-6 and RAaT react with the same <*subunits
in sperm. The finding that staining with these two anti-a"
G-protein antibodies only partially overlapped the larger
area, which is stained by anti-/3-subunit antibodies (AS-1
and RA/3/T), may further suggest (1) that some a
subunits in the acrosome may not be recognized by AS-6
and RAaT or (2) that the heterologous distribution of a
and f3 subunits on the acrosome may reflect a physiologi-
cal state in which this G-protein(s) is stimulated and
therefore dissociated into subunits. In several cases it has
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been shown that in the course of stimulation the a
subunit dissociates from its fly subunits and becomes
attached to the effector (Stryer, 1986; Rodbell, 1985), a
process that may lead to its translocation. In contrast,
monoclonal anti-O'-transducin 4A exclusively stained the
mid-piece region of the sperm tail, an area that was not
stained by the other anti-a-antibodies (AS-6, RAo^g and
RAaT), suggesting that the cross-reacting material in the
mid-piece differs from that observed in the acrosomal tip.

Antibody AS-6, prepared against the C-terminal deca-
peptide of bovine-O'transducin also recognized oG;i and
CKJ,2, which share a common C-terminal sequence
(Goldsmith et al. 1987). Therefore, it is conceivable that
a G-protein of the sperm acrosomal tip, but not of the
mid-piece, contains a similar C-terminal sequence in its a
subunit. In contrast, monoclonal antibody 4A, which
recognizes the 310-329 tryptic peptide sequence of
bovine rod O'-transducin (Deretic & Hamm, 1987) as well
as native <*GB and cxG, (Hamm & Rasenick, personal
communication), stained the mid-piece area but not the
acrosomal tip. Therefore, it is suggested that at least two,
unidentified, Ga subunits exist in mammalian sperm.

The presence of G-proteins in mammalian gametes, as
shown in this study, still leaves open the issue of the
identity of the putative effector systems regulated. Mam-
malian oocytes contain concentrations of cyclic AMP that
play a crucial role in regulation of meiosis (Dekel, 1986,
1987). The question as to whether cyclic AMP is gener-
ated by the oocyte itself or is being transferred via
junctional communication from the cumulus cells has not
been elucidated. Cholera toxin (Dekel & Beers, 1980;
Dekel, 1987) and pertussis toxin (Aberdam et al. 1987),
which ADP-ribosylate G, and G], respectively, in many
cell types, failed to elevate cyclic AMP concentrations or
to induce a biological response to cyclic AMP in either rat
or mouse oocytes (Dekel & Beers, 1980; Schultz et al.
1983; Aberdam et al. 1987; Dekel, 1987).

Other studies have implicated cyclic AMP in the
control of sperm cell motility (Lindemann, 1978). How-
ever, our data (Hanski & Garty, 1983; Garty & Salomon,
1987) as well as that of others (Forte et al. 1983;
Hildebrandtef al. 1985; Stengel & Hanoune, 1984) seem
to preclude adenylate cyclase as a G-protein-regulated
effector in sperm. It is thus reasonable to assume that the
G-proteins in both gametes may be associated with the
control of other effectors. Involvement of phospholipase
C activity in the regulation of oocyte maturation has
already been proposed by us for the rat (Aberdam &
Dekel, 1985), and by others for the amphibia (Stith &
Mailer, 1987). The role of G-proteins as regulators of ion
channels is also an attractive possibility. The involvement
of G-proteins in the regulation of K+ channels in heart
tissue (Logothetis et al. 1987; Yatani et al. 1987) and
neuronal tissue (Sasaki & Sato, 1987), and of Ca +

channels in neuronal cell membranes (Hescheler et al.
1987) has recently been demonstrated. The importance
of K+ and Ca2+ in the regulation of sperm (Kazazoglou
et al. 1985; Darszon et al. 1986; Lievano et al. 1985) and
oocyte function (Wasserman et al. 1980) has been docu-
mented. The finding that in sperm a high concentration
of G-proteins is present in the foremost tip of the cell may

assign a role for these G-proteins in the acrosome reaction
(Endo et al. 1987) as well as in a putative sensory
mechanism, which in sea-urchin sperm has been shown
to be associated with guanylate cyclase (Ramarao &
Garbers, 1985; Ward et al. 1985). Further work must be
done in order to elucidate the multitude of roles for G-
proteins in mammalian gametes.

The authors thank Mrs R. Levin for excellent secretarial
assistance and J. Sole for excellent technical help; and Dr B.
Geiger and his group for providing fluorescently labelled
second antibodies and helpful advice. Y.S. is the Charles W.
and Tillie Lubin Professor of Hormones Research; N.G., in
partial fulfilment of a Ph.D. thesis, is at the Feinberg Graduate
School of the Weizmann Institute of Science. This work was
supported by grants from the Israel Academy of Sciences to
Y.S. and N.D. The authors are grateful to Mrs G. and Mr J.
Anavy of Montreal, Canada, for awarding a scholarship to N.G.

References

ABERDAM, E. & DEKEL, N. (1985). Activators of protein kinasc C
stimulate niciotic maturation of rat oocytes. Biochem. biophvs. Res.
Commitn. 132, 570-574.

ABERDAM, E., HANSKI, E. & DEKEL, N. (1987). Maintenance of
mciotic arrest in isolated rat oocytes by the invasive adenylate
cyclase of Bordetella pertussis. Biol Reprod. 36, 530-535.

AMIR, D., BAR-EL, M., KALAY, D. & SCHINDLER, H. (1982). The
contribution of bulls and cows to the seasonal differences in the
fertility of dairy cattle in Israel. Animal Repmd. Sa. 5, 92-98.

AMIR-ZALTSMAN, Y., EZRA, E., SCHERSON, T., ZUTIA, A., LITTAUER,
U. Z. & SALOMON, Y. (1982). ADP nbosylation of microtubule
proteins as catalyzed by cholera toxin. EMBOJ. 1, 181-186.

BENTLEY, J. K., GARBERS, D. L., DOMINO, S. E., NOLAND, T. D. &
VAN-DOP, C. (1986). Spermatozoa contain a guanine nucleotidc-
binding protein ADP-ribosylated by pertussis toxin. Biuchem.
biophys Res. Commitn. 138, 728-734.

BORNSLAEGER, E. A. & SCHULTZ, R. M. (1985). Regulation of mouse
oocyte maturation: effect of elevating cumulus cell cAMP on
oocyte cAMP levels. Biol. Repmd. 33, 698-704.

CERIONE, R. A., CODINA, J., KILPATRICK, B. F., STANISZEWSKI, C ,
GlERSCHIK, P., SOMERS, R. L., SPIEGEL, A. M., BlRNBAUMER, L.,
CARON, M. G. & LEFKOW1TZ, R. J. (1985). Transducin and the
inhibitor)' nucleotide regulatory protein inhibit the stimulatory
nucleotide regulatory protein mediated stimulation of adenylate
cyclase in phosphohpid vesicle systems. Biochemistry 24,
4499-4503.

C O D I N A , J . , H l L D E B R A N D T , J . , l Y E N G A R , R . , B l R N B A U M E R , L . ,
SEKURA, R. D. & MANCLARK, C. R. (1983). Pertussis toxin
substrate, the putative Ni component of adenylyl cyclascs, is an ab
heterodimer regulated by guanine nucleotide and magnesium. Proc.
natn. Acad. Sci. U.SA. 80, 4276-4280.

DARSZON, A., GARCIA-SOTO, J., LIEVANO, A., SANCHEZ, J. A. &
ISLAS-TREJO, A. D. (1986). Ionic channels in the plasma
membrane of sea urchin sperm. In Ionic Channels in Cells and
Model Systems (cd. R. Latorre), pp. 291-305. NY: Plenum Press.

DEKEL, N. (1986). Hormonal control of ovulation. In Biochemical
Actions of Hormones, vol. 13 (cd. G. Litwack), pp. 57-90. NY,
London: Academic Press.

DEKEL, N. (1987). Interaction between the oocyte and the granulosa
cells in the preovulatory follicle. In Endocrinology and Physiology
of Reproduction (ed. D. T. Armstrong, H. G. Freisn, P. K. C.
Leung, W. Moger & K. B. Ruf), pp. 197-209. NY: Plenum Press.

DEKEL, N. & BEERS, W. H. (1980). Development of the rat oocyte in
vitro: inhibition and induction of maturation in presence or
absence of the cumulus oophorus. Devi Biol. 75, 247—254.

DEKEL, N., SHERIZLY, I., TSAFRIRI, A. & NAOR, Z. (1983). A
comparative study of the mechanism of action of lutcinizing
hormone and gonadotropin releasing hormone analog on the ovary.
Biol. Reprod. 28, 161-166.

G-proteins in mammalian gametes 29



DERETIC, D. & HAMM, H. E. (1987). Topographic analysis of
antigcnic determinants recognized by monoclonal antibodies to the
photorcceptor guanyl nucleotide binding protein, transducin. J.
biol. Chew. 262, 10839-10847.

ENDO, Y., LEE, M. A. & KOPF, G. S. (1987). Evidence for the role
of a guaninc nucleotide-binding regulatory protein in the zona
pellucida-induced mouse sperm acrosome reaction. Devi Biol 119,
210-216.

FORTE, C. R., BYLUND, D. B. & ZAHLER, W. L. (1983). Forskolin

docs not activate sperm adcnylate cyclase. Molec. Phann. 24,
42-47.

FUNG, B. K. K. (1983). Characterization of transducin from bovine
retinal rod outer segments: 1. Separation and reconstitution of the
subunits.J. Biol. Chew. 258, 10495-10502.

GARTY, N. B. & SALOMON, Y. (1987). Stimulation of partially
purified adenylate cyclase from bull sperm by bicarbonate. FEBS
Lett. 218, 148-152.'

GAWLER, D., MILLIGAN, G., SPIEGEL, A. M., UNSON, G. C. &

HOUSLAY, M. D. (1987). Abolition of the expression of inhibitory
guanine nucleotide regulatory protein Gi activity in diabetes.
Sature, Loud. 327, 229-232."

GIBBONS, 1. R. (1975). The molecular basis of flagellar motility in
the sea urchin spermatozoa. In Molecules and Cell Movement (ed.
S. Inoue & R. E. Stephens), p. 207. New York: Raven Press.

GlERSCHIK, P., COD1NA, J., SlMONS, C., BlRNBAUMER, L. & SPIEGEL,
A. (1985). Antisera against a guanine nucleotide binding protein
from retina cross-react with /3-subunit of the adenylate cyclase-
associated guanine nucleotide binding proteins N s andN,. Proc
iwln Acad. Sci. U.SA. 82, 727-731.

GlLMAN, A. G. (1986). Receptor regulated G-protein. Trends Xenro.
Sci. 6, 460-463.

GOLDSMITH, P., GIERSCHIK, P., MILLIGAN, G., UNSON, C. G.,

VINITSKY, R., MALECH, H. L. & SPIEGEL, A. M. (1987).

Antibodies directed against synthetic peptides distinguish between
GTP-binding proteins in neutrophil and brain. J. biol. Client 262,
14683-14688.

GOZES, I. & BARNSTABLE, C. J. (1982). Monoclonal antibodies that
recognize discrete forms of tubulin. Pmc natn. Acad. Sci. U.SA.
79, 2579-2583.

HANSKI, E. & GARTY, N. B. (1983). Activation of adcnylate cyclase
by sperm membranes. The role of guanine nucleotide binding
proteins. FEBS Lett. 162, 447-452.

HESCHELER, J., ROSENTHAL, W., TRAUTWEIN, \V. & SCHULTZ, G.

(1987). The GTP binding protein, Go, regulates neuronal calcium
channels, Xature, Land. 325, 445—446.

HlLDEBRANDT, J. D., CODINA, J., TASH, J. S., KlRCHICK, H. J.,
LlPSCHULTZ, L., SEKURA, R. D. & BlRNBAUMER, L. (1985). The
membrane-bound spermatozoal adcnylyl cyclase system does not
share coupling characteristics with somatic cell adenylyl cyclase.
Endocrinology 116, 1357-1366.

HINGORANI, V. N., TOBIAS, D. T., HENDERSON, J. T. & Ho, Y. K.

(1988). Chemical cross-linking of bovine retinal transducin and
cGMP phosphodiesterase. J. biol. Chem. (in press).

Ho, Y. K. & FUNG, B. K. K. (1984). Characterization of transducin
from bovine retinal rod outer segments. The role of sulfhydryl
groups. J. biol. Chem. 259, 6694-6699.

HUFF, R. M., AXTON, J. M. & NEER, E J. (1985). Physical and

immunological characterization of a guanine nucleotide binding
protein purified from bovine cerebral cortex. J. biol Chem. 260,
10864-10871.

JOHNSON, R. A., AWAD, J. A., JAKOBS, K. H. & SCHULTZ, G.

(1983). Activation of brain adenylate cyclase by a factor derived
from bovine sperm. FEBS Letl.'lSl, 11-16.

KAZAZOGLOU, T., SCHACKMANN, R. W., FOSSET, M. & SHAPIRO, B.

M. (1985). Calcium channel antagonists inhibit the acrosome
reaction and bind to plasma membrane of sea urchin sperm. Pmc.
natn. Acad. Sci. U.SA. 82, 1460-1464.

KOPF, G. S., WOOLKALIS, M. J. & GERTON, G. L. (1986). Evidence

for a guanine nuclcotidc-binding regulatory protein in invertebrate
and mammalian sperm. J. biol Chem. 261, 7327-7331.

LIEVANO, A., SANCHEZ, J. A. & DARSZON, A. (1985). Single channel
activity of bilayers derived from sea urchin sperm plasma
membrane at the tip of a patch-clamp electrode. Devi Biol. 112,
253-257.

LINDEMANN, C. B. (1978). A cAMP induced increase in the motility
of demembranated bull sperm models. Cell 13, 9—18.

LOGOTHETIS, D. E., KURACHI, Y., GALPER, J., NEER, E. J. &

CLAPHAM, D. E. (1987). The beta gamma subunits of GTP
binding proteins activate the muscarinic K+ channel in heart.
Mature, Loud. 325, 321-326.

MANNING, D. R. & GILMAN, A. G. (1983). The regulator)'
components of adenylate cyclase and transducin. A family of
structurally homologous guanine nucleotide-binding proteins. J.
biol. Chem. 258, 7059-7063.

MIKI, N., BARABAN, J. M., KEIRNS, J. J., BOYCE, J. J. & BITENSKY,

M. W. (1975). Purification and properties of the light-activated
cyclic nucleotide phosphodiesterase of rod outer segments. 7 biol.
Chem. 250, 6320-6327.

OHTA, H., OKAJIMA, F. & Ui, M. (1985). Inhibition by islet
activating protein of chemotactic pcptidc induced early breakdown
of inositol phosphohpids and Ca2+ mobilization in guinea pig
neutrophils.7. biol. Chem. 260, 15 771-15 780.

PACE, U., HANSKI, E., SALOMON, Y. & LANCET, D. (1985).

Odorant-scnsitivc adenylate cyclase may mediate olfactory receptor.
Xature, Land. 316, 255-258.

RAMARAO, C. S. & GARBERS, D. L. (1985). Receptor-mediated
regulation of guanylate cyclase activity in spermatozoa. J. biol.
Chem. 260, 8390-8396.

RODBELL, M. (1980). The role of hormone receptors and GTP
regulator)1 proteins in membrane transduction. Xatnre, London.
284, 17-22.

RODBELL, M. (1985). Programmable messenger: A new theory of
hormone action. Trends Biochem. Sci. 10, 461—465.

Ross, E. M. & GILMAN, A. G. (1980). Biochemical properties of
hormone sensitive adenylate cyclase. A. Rev. Biochem. 49,
533-564.

SASAKI, K. & SATO, M. (1987). A single GTP binding protein
regulates K+ channels coupled with dopamine histannne and
acetylcholmc receptors. Nature, Land. 325, 259—262.

SCHULTZ, R. M., MONTGOMERY, R. R., WARD-BAILY, P. F. & EPPIG,

J. ] . (1983). Regulation of oocyte maturation in the mouse:
possible roles of intercellular communication, cAMP and
testosterone. Devi Biol. 95, 294-304.

SHELANSKI, M. L., GASKIN, F. & CANTOR, C. R. (1973).

Microtubulc assembly in the absence of added nuclcotides. Proc.
natn. Acad. Sci. U.SA. 70, 765-768.

STENGEL, D. & HANOUNE, J. (1981). The catalytic unit of ram sperm
adenylate cyclase can be activated through the guanine nucleotide
regulator)' component and prostaglandin receptors of human
crythrocytc.J. biol. Chem. 256, 5394-5398.

STENGEL, D. & HANOUNE, J. (1984). The sperm adenylate cyclase.
Ann. X.Y. Acad. Sci. 438, 18-28.

STILES, G. L. & LEFKOWITZ, R. J. (1982). Hormone-sensitive
adenylate cyclase. Delineation of a trypsin-scnsitive site in the
pathway of receptor mediated inhibition. J. biol. Chem. 257,
6287-6291.

STTTH, B. J. & MALLER, J. L. (1987). Induction of meiotic
maturation in Xenopus oocytes by 12-O-tctradccanoylphorbol 13-
acetatc. Expi Cell Res. 169, 514-523.

STRYER, L. (1986). Cyclic GMP, cascade of vision. A Rev. Xeuivsci.
9,87-119.

STRYER, L., HURLEY, J. B. & FUNG, B. K. K. (1981). First stage of
amplification in the cyclic nuclcotidc cascade of vision. Curr.
Topics Memb. Transp. 15, 93-108.

Ui, M. (1984). Islet-activating protein, pertussis toxin: A probe for
functions of the inhibitor)' guaninc nucleotide regulatory
component of adenylate cyclase. Trends Phann. Sci. 5, 277-279.

WARD, G. E., BROKAW, C. j . , GARBERS, D. L. & VACQUIER, V. D.

(1985). Chcmotaxis of Arbacia piinctulala spermatozoa to resact, a
peptide from the egg jelly layer. J. Cell Biol. 101, 2324-2329.

WASSERMAN, \V. J., PINTO, L. H., O'CONNOR, C. M. & SMITH, L.

D. (1980). Progesterone induced a rapid increase in [Ca + +] in
Xenopus laevis oocytcs. Proc. natn. Acad. Sci. U.SA. 77,
1534-1536.

WINSLOW, J. W., VAN AMSTERDAM, J. R. & NEER, E. J. (1986).

Conformations of the ff39, <v41 and f}y components of brain
guanine nuclcotidc-binding proteins. J. biol. Chem. 261,
7571-7579.

30 N. B. Gartv et al.



WITT, P. L., HAMM, H. E. & BROWNDS, M. D. (1984). Preparation YATANI, A., CODINA, J., BROWN, A. M. & BIRIMBAUMER, L.

and characterization of monoclonal antibodies to several frog rod (1987). Direct activation of mammalian atrial muscarinic potassium
outer segment proteins. J . f>e><- Phvsiol. 84, 251-263. channels by GTP regulatory protein Gk. Science 235, 207-211.

WOOLKALIS, M. J. & MANNING, D. R. (1987). Structural
characteristics of the 35- and 36-KDa forms of the fS subunit
common to GTP-binding regulator)' proteins. Alolec. Phannac. 32,
I - 6 . (Received 28 March 1988 - Accepted 23 May 1988)

G-proteins in mammalian gametes 31




