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Abstract. When Arbacia punctulata spermatozoa are
incubated in seawater containing ammonium hydroxide
(pH 88), the sperm plasma membrane-bound guany-
late cyclase is dephosphorylated, its electrophoretic
mobility increases (from an apparent molecular mass
of 160 to 150 kD), and its enzymatic activity decreases
3.5-fold. Transfer of these cells into ammonium-free
seawater (pH 7.4) results in the rephosphorylation of
the cyclase, its reconversion to 160 kD, and recovery

of the enzymatic activity lost upon dephosphorylation.
This is the first direct demonstration that the activity
of membrane-bound guanylate cyclase can be regulated
by phosphorylation. A plasma membrane preparation
is described that specifically supports the in vitro
phosphorylation of the guanylate cyclase. This prepa-
ration will be useful in more detailed studies on the
relationship between phosphorylation state and en-
zymatic activity of membrane-bound guanylate cyclase.

EA urchin eggs are surrounded by a gelatinous matrix
known as the egg jelly layer, through which sperma-
tozoa must pass before contacting the egg surface. The

major macromolecular component of egg jelly is a fucose
sulfate-rich glycoconjugate (10, 28, 29) that induces the ex-
ocytotic acrosome reaction of spermatozoa by mechanisms
involving altered ion fluxes (25-27, 36). Egg jelly also con-
tains small peptides that affect sperm respiration and motil-
ity. The best characterized of these peptides is “speract,” a
peptide of 10 amino acids isolated from the egg jelly of Stron-
gylocentrotus purpuratus and Hemicentrotus pulcherrimus
(16, 33). The sequence of speract has been determined (11,
33), analogues have been synthesized (11, 21), and a 77-kD
speract receptor in the sperm plasma membrane has been
identified (4). A different peptide of 14 amino acids named
“resact” has been isolated from egg jelly of the sea urchin Ar-
bacia punctulata, and its sequence determined (32, 34).
Resact has recently been shown to be a potent chemoattrac-
tant for A. punctulata spermatozoa (42).

When A. punctulata spermatozoa are exposed to solubi-
lized egg jelly the electrophoretic mobility (on SDS gels) of
a major integral membrane protein changes from an apparent
molecular mass of 160 to 150 kD (39). This protein has been
purified to homogeneity and identified as guanylate cyclase
(40). Sea urchin spermatozoa contain extremely high levels
of this enzyme (7, 15), which is localized in the plasma mem-
brane of the flagellum (14, 24, 39). Correlated with the egg
jelly-induced mobility shift of the cyclase is a large decrease
in its enzymatic activity (22, 40). Resact has been identified
as the component of egg jelly responsible for inducing the
160- to 150-kD mobility shift of the cyclase (34).
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Previous evidence has suggested that the resact-induced
electrophoretic mobility shift of the cyclase results from
dephosphorylation of the 160-kD (phosphorylated) form of
the enzyme. When spermatozoa are incubated in seawater
containing *P;, label is incorporated into the 160-kD cy-
clase, in the form of [**P]phosphoserine (39). Upon ex-
posure of the labeled spermatozoa to egg jelly (or resact), all
radiolabel is rapidly (within 3 s) lost from the 160-kD band
and the mobility shift to 150 kD occurs (34, 39). A similar
shift in apparent molecular mass and loss of radiolabel from
the cyclase occurs in vitro when sperm extracts are treated
with calf intestinal alkaline phosphatase (39). While these
and other (41) data suggest a dephosphorylation mechanism,
the definitive demonstration would be the rephosphorylation
of the 150-kD form of the cyclase and its reconversion to the
160-kD form. Here we describe in vivo conditions under
which rephosphorylation and reconversion to 160 kD will
occur. Rephosphorylation of the cyclase recovers the en-
Zymatic activity lost upon dephosphorylation. The prelimi-
nary characterization of a sperm plasma membrane prepa-
ration supporting the in vitro phosphorylation of sperm
guanylate cyclase is also presented.

Materials and Methods

Gametes and Reagents

A. punctulata were spawned by intracoelomic injection of 0.3 ml of 0.5 M
KCl. Gametes were collected from the gonopores with a pipette, sper-
matozoa were stored at 0°C as undiluted semen, and egg jelly was prepared
as described (39). SDS (70% lauryl sulfate; catalog No. L-5750) was from
Sigma Chemical Co. (St. Louis, MO) and sodium orthovanadate was from
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Fisher Scientific (Tustin, CA). [y-**PJATP, 4,000 Ci/mmol, [y->*P]GTP,
3,000 Ci/mmol, and [8-°H)GTP, 10-20 Ci/mmol, were from ICN Radio-
chemicals Inc. (Irvine, CA). Al other reagents were from Sigma Chemi-
cal Co.

Induction of Reversible Dephosphorylation
of Guanylate Cyclase

Semen (200 pl) was incubated 3 h at 21°C with 200 pCi P; and then
diluted into 40 ml Millipore-filtered natural seawater (MFSW) that con-
tained 10 mM Tris-HCI and had been titrated to pH 8.8 with concentrated
NH.OH (final NH,OH, 18.6 mM). Aliquots were removed at 1-min inter-
vals for 6 min and diluted with 4 vol MFSW containing 20 mM Tris-HCl
(unadjusted pH, 7.05). The diluted suspensions (final pH, 7.36) were in-
cubated at 21°C for up to 5 min. At various times aliquots were removed,
precipitated with 10% wt/vol TCA, and analyzed by SDS-PAGE.

Determination of Guanylate Cyclase Activity

Semen (~0.3 ml) was diluted into 40 vol MFSW (2°C) and centrifuged 12
min at 175 g to sediment pigment cells. Spermatozoa were pelleted from the
supernatant by 10-min centrifugation at 2,500 g. The pellet was resuspended
102.5 X 10%cells/ml in either MFSW (pH 7.9, control) or MFSW contain-
ing 10 mM Tris-HCI and 18.6 mM NH,OH (pH 88, 21°C). After 5 min at
23°C, 1.0-ml aliquots of control and ammonium-treated cells were pelleted
(15 s at 12,000 g), solubilized (2°C) in 1.0 ml Buffer A (0.25% vol/vol Triton
X-100, 20 mM 2-(N-morpholino)ethanesulfonic acid, 2 mM NaF (pH 6.5),
and stored on ice. The remaining ammonium-treated cells were divided into
two lots. One lot (1.0 ml) was added to 0.5 ml MFSW, supplemented with
10 mm Hepes (pH 7.9) and egg jelly at 2 pg fucose/ml, and incubated 30 s
before pelleting the cells and solubilization in 1.0 m] Buffer A. The other
lot was added to 4 vol MFSW containing 20 mM Tris-HCl (pH unadjusted).
After 5 min at 21°C, an aliquot (1.0 ml) was removed, and the cells pelleted
and solubilized in 0.2 ml Buffer A. The remaining cells were treated 30 s
with egg jelly (1 pg fucose/ml) before being pelleted and solubilized in
Buffer A.

Spermatozoa solubilized in Buffer A were assayed for guanylate cyclase

1. Abbreviations used in this paper: CMV, cavitated sperm plasma mem-
brane vesicles; MFSW, Millipore-filtered natural seawater, pH 7.9.
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activity as described (8, 40). Final assay conditions were: 0.06% vol/vol Tri-
ton X-100, 25 mM Tris-HC], 5 mM 2-(N-morpholino)ethanesulfonic acid,
1 mM 3-isobutyl-l-methylxanthine, 3 mM MnCl;, 8 mM NaNs, 20 mM
NaF, 200 uM Na orthovanadate, 4 mM dithiothreitol, 1 mM ¢cGMP (2),
and 0.5 mM GTP (including PH]GTP at 10° cpm/200-pl assay tube) (pH
6.5). Product formation was linear with both protein concentration (37) and
time.

Preparation of a Sperm Plasma Membrane Fraction
Supporting the Phosphorylation of Guanylate Cyclase

Spermatozoa were subjected to nitrogen cavitation and cavitated plasma
membrane vesicles (CMV) prepared as described (40), except that ATP was
omitted from the cavitation buffer (480 mM NaCl, 10 mM MgCl,, 10 mM
KCl, 20 mM benzamidine-HC1, 0.5 mM phenylmethylsulfonyl fluoride,
and 10 mM 2-(N-morpholino)ethanesulfonic acid [pH 5.8]). This method
yielded CMV with the guanylate cyclase in the 160-kD form. Preparations
of CMV made at pH 7.5 (buffered with 10 mM Hepes in place of 2-(N-
morpholino)ethanesulfonic acid) yielded the cyclase in its 150 kD form. The
standard in vitro phospharylation procedure was as follows. CMV were
resuspended in cavitation buffer to 0.2 mg protein/ml and then lysed
(0—4°C) in 9 vol 10 mM Pipes (pH 7.0) containing 50 pM ATP (including
50-500 mCi/mmol [y->P} ATP). Buffer B (1.2 M NaCl, 600 mM KCl, 40
mM MgCl,, and 80 mM Pipes [pH 7.0]) was added to bring the final con-
centrations of NaCl to 300 mM, KCl to 150 mM, and MgCl, to 10 mM.
The reaction mixture was warmed to 23°C and at various times aliquots
were removed, precipitated with 10% wt/vol TCA, and analyzed by
SDS PAGE.

SDS PAGE and Peptide Mapping

SDS PAGE and autoradiography were as described (39, 40). Silver-stained
gels (18) were densitometrically scanned using the gel scanner accessory on
a Techtron 635 spectrophotometer (Varian Associates, Palo Alto, CA).

Partial proteolytic digestion with chymotrypsin and Staphylococcus
aureus V8 protease was as described (3), and the fragments were resolved
by 20% SDS PAGE (39). Cyanogen bromide cleavage fragments were pre-
pared and resolved as described (20, 39).

To determine *P-labeling stoichiometry, the 160-kD band was sliced
from a gel and the amount of protein in the gel slice measured by extraction
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Figure 1. Dephosphorylation and rephosphorylation of sperm guanylate cyclase in intact cells. (4) High molecular weight region of silver-
stained gel. (The electrophoretic profile of total sperm protein is shown in reference 39.) 5 ug of protein was loaded per lane; numbers
on right are molecular mass in kilodaltons. (B) Autoradiogram of lanes in A. 32P;-labeled spermatozoa were exposed to ammoniated sea-
water (pH 8.8) for 0-6 min. During this time samples were taken for SDS PAGE (lanes 0-6). At 4, 5, and 6 min, samples were diluted
into 4 vol 20 mM Tris-HCI1 seawater and incubated for 0.5, 1, 2.5, and 5 min before precipitation with TCA and processing for SDS PAGE.
Residual label associated with the ammonium-induced 150-kD protein (B, lane 6) was removed when these cells were treated with egg

jelly (B, lane 6—>J).
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of bound Coomassie Blue with n-butanol (6); bovine serum albumin (BSA)
and ovalbumin were used as standards. Labeling stoichiometry was calcu-
lated as: (cpm per gel slice + cpm per mol ATP in the reaction mixture}
<+ mol 160-kD protein per gel slice.

Results

In Vivo Rephosphorylation of Guanylate Cyclase

Ammonium, monensin, and high external pH (9.2) increase
the intracellular pH of A. punctulata spermatozoa and induce
the 160- to 150-kD mobility shift of the guanylate cyclase in
the absence of resact (34, 41). The combination of high exter-
nal pH (pH 88) and a weak penetrating base (186 mM
NH.OH) was found to be particularly effective in causing
the increase in electrophoretic mobility (Fig. 1 4) and loss
of radiophosphate (Fig. 1 B) from the cyclase. When sper-
matozoa were treated for 5 min with pH 8.8 ammoniated sea-
water and then diluted into 4 vol of ammonium-free seawater
containing 20 mM Tris-HCl, the 150-kD form of the cy-
clase was rephosphorylated and its electrophoretic mobility
shifted back to 160 kD. The optimum length of pH 8.8 treat-
ment before diluting the cells into Tris-HCl seawater was 5
min; pretreatment for 4 min converted less of the 160-kD
form to 150 kD, and after 6 min in the pH 8.8 seawater less
of the 150-kD form could be rephosphorylated (Fig. 1). After
a 5-min pretreatment at pH 8.8, the extent of 150- to 160-kD
reconversion (determined by densitometric scans of silver-
stained gels) ranged in four separate experiments from 53 to
86% (average, 70.2% + 13% SEM). The phosphopeptide
profile of the rephosphorylated protein (generated by cleav-
age with cyanogen bromide) was identical to the phos-
phopeptide profile of the original 3?P-labeled 160-kD pro-
tein (data not shown). A small amount of radiophosphate
remained on the cyclase after its conversion to 150 kD by am-
monium (Fig. 1 B, lanes 4-6). This residual label was re-
moved from the protein by subsequent exposure to egg jelly
(Fig. 1 B, lane 6—J). Although the dephosphorylation of the
cyclase by ammonium was reversible under conditions of low
external pH, the dephosphorylation induced by soluble egg
jelly (or the ethanol soluble fraction of egg jelly containing
resact) could not be reversed under these or a variety of other
conditions.

Rephosphorylation of the Guanylate Cyclase
and Enzymatic Activity

A large decrease in guanylate cyclase activity accompanies
the dephosphorylation of the enzyme (22, 40). The activity
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Figure 3. Time course of guanylate cyclase phosphorylation in vitro
in the CMV preparation. CMV were prepared at pH 5.8 and in-
cubated at 23°C under the standard in vitro phosphorylation condi-
tions (see Materials and Methods). Samples were precipitated with
10% wt/vol TCA for SDS-PAGE at (@) 4 s, (b) 30 s, (c) 60 s, (d)
2 min, (e) 5 min, (f) 10 min, (g) 20 min, and (k) 30 min. (4) Silver-
stained gel of total CMV protein (5 pg) from the reaction mixture.
(B) Autoradiogram of the preparation. Numbers on left are molecu-
lar mass in kilodaltons.

lost upon dephosphorylation is recovered upon rephosphory-
lation and reconversion to the 160-kD form (Fig. 2). In the
experiment shown, the 160-kD guanylate cyclase of control
spermatozoa (lane a) possessed an activity of 35.2 nmol
cGMP formed/min/mg. After a 5-min exposure of the sper-
matozoa to ammoniated seawater at pH 8.8, the cyclase was
converted to its 150-kD form (lane b) and its activity de-
creased to 10.0 nmol/min/mg. An aliquot of the ammonium-
treated cells was removed and treated with egg jelly, which
did not cause a significant further decrease in activity (lane
¢; 9.8 nmol/min/mg). The remainder of the cells was then
diluted with 4 vol 20 mM Tris-HCl seawater. After 5 min in
the low pH seawater, a significant fraction of the 150-kD
form reconverted to 160 kD (lane d), with a corresponding
increase in enzymatic activity (to 22.9 nmol/min/mg). In
four separate experiments, reconversion of 37% (+2%
SEM) of the cyclase from 150 to 160 kD resulted in the recov-
ery of 36% (+8% SEM) of the enzymatic activity lost upon
dephosphorylation. The extent of reconversion was consis-
tently less in these experiments than under the conditions
used in Fig. 1 because of the extra manipulations involved
in preparing the cells for the guanylate cyclase assay (see
Materials and Methods). The rephosphorylated cyclase (Fig.
2, lane d) could be dephosphorylated a second time by treat-
ing the cells with egg jelly (lane ¢), and a decrease in en-
zymatic activity (to 9.1 nmol/min/mg) was again observed.
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These results demonstrate that phosphorylation and dephos-
phorylation of the cyclase result in changes in its enzymatic
activity.

A Plasma Membrane Preparation
Supporting the In Vitro Phosphorylation of
Sperm Guanylate Cyclase

Adding [y-32P] ATP to a preparation of sperm plasma mem-
brane vesicles produced by nitrogen cavitation (CMYV; ref-
erence 40) resulted in the very specific labeling of the gua-
nylate cyclase (Fig. 3). At 21°C, label was incorporated
maximally by ~20 min (Fig. 3, lane g). At 2°C, maximal
labeling of the 160-kD band occurred in 10 h. At 35°C, label-
ing of the 160-kD form was rapid for 5 min, but after 5-10
min the 160-kD form spontaneously converted to the 150-kD
form. Decreasing the pH below 7.0 decreased the rate of
phosphorylation (at pH 6.0 and 21°C label was barely detect-
able by 12 min). At pHs above 7.5, the 160-kD form sponta-
neously converted to 150 kD.

The intensity of in vitro labeling of the 160-kD band in-
creased in Triton X-100, 001% vol/vol, giving maximal in-
corporation. The phosphorylation was supported by 10 mM
Mg? (but not 10 mM Mn?*), and ATP (but not GTP)
served as the phosphate donor. When the total amount of
ATP added to the reaction mixture was varied (while keeping
the specific activity of the [y->?P]JATP constant), the inten-
sity of the 160-kD labeling increased steadily to a maximum
at 50 uM ATP. The in vitro phosphorylation of the 160-kD
cyclase was independent of calcium; the extent and specific-
ity of labeling was identical in media containing 1 mM Ca?*
and in Ca?*-free medium containing 1 mM EGTA (Fig. 4).

Adding cAMP to the reaction mixture induced the phos-
phorylation of several CMV proteins, in particular one at
105 kD, but had no effect on phosphorylation of the 160-kD
band (Fig. 5, lanes a~f). Addition of high concentrations of
c¢GMP (>10 pM) yielded the same result seen for cAMP
(Fig. 5, lanes g—j). Sea urchin spermatozoa contain no de-
tectable cGMP-dependent protein kinase activity (7) and
effects at 1-10 uM cGMP, such as those seen here, may refiect
activation of the cAMP-dependent protein kinase by cGMP
(44).

The in vitro labeling of the 160-kD cyclase was blocked by
13.5 mM EDTA (Fig. 6 B, lanes b and c), by 2 mM zinc ace-
tate plus 2 mM sodium fluoride (Fig. 6 C, lanes b and ¢),
or by dilution of the specific activity of the [y-?P]JATP 25-
fold (Fig. 6 D, lanes b and ¢). The addition of EDTA, zinc

Figure 4 CMV-supported phos- a b c d e
phorylation of guanylate cy-
clase is Ca?*-independent.
Reaction mixtures contained
001% Triton X-100 and were
incubated for 20 min at 23°C.
The final Ca?* concentrations
were (@) 1 mM, (b) 100 uM,
(©) 25 uM, (d) 0 Ca**, (e) 0
Ca** plus | mM EGTA. 5 pg
protein was loaded per lane; only the 160-kD region of the auto-
radiogram is shown. Shorter autoradiographic exposure times
yielded qualitatively similar results.
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Figure 5. In vitro phosphorylation of guanylate cyclase is cyclic
nucleotide-independent. The standard reaction mixture contained
1 mM 3-isobutyl-I-methylxanthine as a phosphodiesterase inhibitor
and 001% vol/vol Triton X-100. cAMP was added to (a) 100 uM,
(b) 10 uM, (c) 1 uM, (d) 100 nM, (e) 10 nM, and (f) 1 nM. cGMP
was added to (g) 1 mM, (h) 100 uM, (i) 10 uM, and (j) 1 uM.
The samples in lanes g—j contained 50 mM MnClL. 5 pg pro-
tein/lane. Shorter autoradiographic exposure times yielded qualita-
tively similar results. Numbers on right side of autoradiogram de-
note apparent molecular mass in kilodaltons. From previous
determinations of the cyclic nucleotide content of intact sea urchin
spermatozoa (7), we estimate that after preparation of the CMV and
dilution in the phosphorylation medium, endogenous cAMP is
present at <0.5 nM, and endogenous cGMP is present at <0.1 nM.

plus fluoride, or unlabeled ATP to a phosphorylation already
in progress blocked further labeling, but label already incor-
porated was not chased off (Fig. 6, B-D, lanes b* and c*).

When CMY containing the guanylate cyclase in its 150-kD
form (CMYV prepared at pH 7.5 rather than pH 5.8) were in-
cubated under the standard in vitro phosphorylation condi-
tions, labeling of the 150-kD band was observed. Approxi-
mately 10% of the 150-kD form could be reconverted to the
160-kD form under these conditions (as judged by densitom-
etry of silver-stained gels).

Phosphopeptide Mapping of Guanylate Cyclase

One-dimensional phosphopeptide mapping showed that the
160-kD guanylate cyclase was labeled in vitro (in the CMV
preparation) and in vivo (in cells incubated in ¥P;; refer-
ence 39) on the same cyanogen bromide- and protease-
derived fragments (Fig. 7). In contrast, the phosphopeptide
map of the in vitro-labeled 150-kD cyclase was strikingly
different from that of the 160-kD form (Fig. 8).
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Figure 6. Inhibition of the in vitro phosphorylation reaction. The
reaction mixture contained 0.01% Triton X-100 and was incubated
at 21°C for (a) 0 min, (b and b*) 12 min, or (c and c*) 24 min.
(4) No additions; (B) 13.5 mM EDTA added at O time (b and c),
or at 12 min (b* and ¢¥®; (C) 2 mM NaF plus 2 mM zinc acetate
added at 0 time (b and ¢), or at 12 min (b* and ¢¥); (D) 1.25 mM
ATP added at O time (b and c), or at 12 min (b* and c*). 5 pg of
protein/lane; the 160-kD region of the autoradiogram is shown.

Discussion

We have previously suggested (39, 41) that the egg jelly-in-
duced 160- to 150-kD electrophoretic mobility shift of sperm
guanylate cyclase results from dephosphorylation. The ap-
parent irreversibility (34, 39) of the egg jelly- (or resact) in-
duced mobility shift has therefore been of concern. Here we
describe in vivo conditions under which the 150-kD form of
the cyclase (generated by pH 8.8 and ammonia) can be
rephosphorylated and reconverted to the 160-kD form. A
change in phosphorylation state is known to influence the
electrophoretic mobility of many proteins (e.g., phospho-
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Figure 7. One-dimensional 3?P-phosphopeptide maps of in vivo
(a-e) and in vitro (a’-¢’) labeled 160-kD guanylate cyclase. The
160-kD cyclase was 3?P-labeled in vivo (39) or in vitro (Fig. 3) and
resolved by SDS-PAGE. The 160-kD band was sliced from the gel
and digested with 50 ng V8 protease (@ and a’), 2.5 pg V8 protease
(b and b’), 1 pug chymotrypsin (c and ¢’), 4 pug chymotrypsin (4 and
d"), or 275 mg cyanogen bromide (¢ and e; 5 h, 23°C). The cleavage
products were resolved by SDS-PAGE; the autoradiogram is shown
here. The positions of 66-, 45-, 20-, and 12-kD molecular mass
standards are indicated.
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Figure 8. Phosphopeptide map
of the in vitro-labeled 150-kD
guanylate cyclase. CMV pre-
pie pared at pH 5.8 to yield the cy-
clase in its 160-kD form (a),
or at pH 7.5 to yield the 150-
kD form (b), were incubated
for 20 min under the standard
in vitro phosphorylation con-
ditions. Gels of both prepara-
| tions were run and the labeled
160- and 150-kD bands sliced
out and digested with cyano-
gen bromide. The fragments
were resolved by SDS PAGE,
silver stained (A), and auto-
radiographed (B).

lamban [43], the transforming protein of PRC II avian sar-
coma virus [1], and phenylalanine hydroxylase [31]). The ab-
solute amount of phosphate that is removed from the 160-kD
form of the cyclase in response to resact is not yet known;
determination of phosphorylation stoichiometry will only be
possible once a procedure for isolating the 160-kD form of
the enzyme has been developed (34, 40).

The 160- to 150-kD mobility shift induced in vivo by pH
8.8 ammoniated seawater is reversible (Figs. 1 and 2), but it
appears to be irreversible if induced by egg jelly or resact.
There probably are differences in the mechanisms by which
resact (the natural inducer) and ammonium (the artificial in-
ducer) cause the 160- to 150-kD shift (41). Perhaps the mech-
anism underlying the effect of ammonium is reversible (e.g.,
a pH-dependent shift in the kinase/phosphatase equilibri-
um), whereas the mechanism underlying the effect of resact
is irreversible (e.g., proteolytic inactivation of the kinase).
Alternatively, once resact has bound its sperm surface recep-
tor (and activated the dephosphorylation mechanism), it may
not readily dissociate. Speract is known to bind to its recep-
tor with relatively high affinity (30). It should also be noted
that ammonium treatment removes most of the radiophos-
phate from the cyclase, but in contrast to resact, it does not
remove all of the label (Fig. 1). Perhaps the dephosphoryla-
tion of these remaining sites by resact irreversibly changes
the conformation of the protein such that it cannot be
rephosphorylated.

The in vivo rephosphorylation of the cyclase with recovery
of enzymatic activity (Fig. 2) demonstrates for the first time
in any cell that the enzymatic activity of membrane-bound
guanylate cyclase can be regulated by phosphorylation.
Given the widespread occurrence of this enzyme (12, 13, 19)
and the fact that its activity changes in response to physiolog-
ical agents in many cells and tissues (5, 12, 13, 19, 38), the
results reported here may prove to be of general significance.
The soluble form of guanylate cyclase can be phosphorylated
in vitro by cAMP-dependent protein kinase (45) or protein
kinase C (46); in both cases phosphorylation resuits in in-
creased enzymatic activity.

Adding [y*2-P]ATP to isolated sperm plasma membranes
(CMYV) results in the specific phosphorylation of the 160-kD
form of the cyclase. This result appears paradoxical; how can
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the 160-kD form be labeled if in its 160-kD form it is already
phosphorylated? The possibility that under in vitro condi-
tions the 160-kD form is phosphorylated at sites different
from those phosphorylated in vivo can probably be ex-
cluded, since the phosphopeptide maps of the in vivo and in
vitro labeled 160-kD cyclase are identical (Fig. 7). A second
possibility is that labeling of the 160-kD form results from
phosphate turnover rather than incorporation at unphosphor-
ylated serines. If this was true it should be possible to chase
radiophosphate off the in vitro labeled 160-kD band. In an
attempt to do so, various agents were added into a phos-
phorylation reaction already in progress (Fig. 6): EDTA (to
inhibit kinase activity through the removal of free Mg®*);
zinc and fluoride (to inhibit phosphatase activity, reference
35); or a large excess of unlabeled ATP. In each case, further
labeling of the 160-kD band was blocked, but label already
incorporated was not chased off. A third possible explanation
is that in vitro labeling of the 160-kD form may result from
the rephosphorylation (and reconversion to 160 kD) of trace
amounts of the 150-kD form. If this was true, the stoichiome-
try of labeling should be low. Our best estimate of labeling
stoichiometry, based on the elution of Coomassie Blue (6)
from gel slices of the 160-kD band, is that after 20-min label-
ing in the in vitro CMV preparation (21°C) 0.10 (£0.02 SEM)
mol phosphate have been incorporated/mol 160-kD cyclase.
When the 150-kD form is incubated in vitro in the CMV
preparation, ~10% reconverts to the 160-kD form. Thus the
stoichiometry of labeling in vitro is low and may indeed re-
sult from reconversion of small amounts of the 150- to the
160-kD form.

The phosphopeptide maps of in vitro labeled 150- and 160-
kD forms of the cyclase are quite different (Fig. 8). Fewer
fragments are labeled in the 150-kD form. The sites phos-
phorylated on the 160-kD form, but not phosphorylated on
the 150-kD form, could be the sites responsible for the 160-
to 150-kD mobility shift and decrease in enzymatic activity.
Further characterization of these differences may indicate
which phosphorylation sites are involved in changes in
guanylate cyclase activity.

The only protein kinase activity previously identified in
sea urchin spermatozoa is the cAMP-dependent protein ki-
nase (7, 9, 17). The results presented here demonstrate that
the kinase(s) that acts on the guanylate cyclase is independent
of both cAMP and cGMP. Phosphorylation of the cyclase is
seen only when ATP (not GTP) is the phosphate donor,
which is a characteristic shared by many, but not all, serine
kinases (23, 44). The phosphorylation is also independent of
caicium, although this result must be interpreted with cau-
tion since several calcium-dependent protein kinases are
known to lose Ca?*-dependency upon limited proteolysis
(23).

The in vitro phosphorylation system described here will
be useful for the further characterization and isolation of the
kinase and phosphatase activities that regulate the phos-
phorylation state (and hence the enzymatic activity) of sperm
membrane-bound guanylate cyclase.
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