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Abstract

Even in the presence of ATP, the motility of demembranated fowl spermatozoa was negligible at the avian body temperature of 40°C. Motility
could be restored by the addition of calyculin A, okadaic acid, specific inhibitors of phosphatase type 1 (PP1) and PP-2A, and inhibitor | or inhibitor
2, which are specific inhibitors of protein phosphatase type | (PP1). Demembranated spermatozoa, stimulated by calyculin A or okadaic acid, lost
their motility following the addition of 1 mM CaCl,, but this was restored gradually by the stepwise addition of EGTA. Immunoblotting of sperm
extract using an antibody to PP1 revealed a major cross-reacting protein of 36-37 kDa, which corresponded to the molecular weight of the known
catalytic subunit of PP1. These results suggest that PP1 present in the fowl sperm axoneme may be involved in the inhibition of fowl sperm motility

at 40°C via Ca®-dependent regulatory systems.
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1. Introduction

It is well known that flagellar movement of spermato-
zoa 1s based on the active sliding of microtubules as a
result of ATP hydrolysis by dynein ATPase (reviewed in
[1-3]). Although this basic axonemal mechanism is fairly
well accepted, much remains to be learned about how
sliding is controlled. To investigate this regulatory mech-
anism, fowl spermatozoa provide an excellent model,
since they display the unique phenomenon of reversible
temperature-dependent immobilization: in simple salt
solutions they become immotile at the avian body tem-
perature of 40-41°C, but motility is restored by decreas-
ing the temperature [4-9]. The axoneme itself appears to
be directly involved in this regulatory system, since the
motility of demembranated spermatozoa is, as with in-
tact spermatozoa, negligible at 40°C and restored at
30°C [10,11]. However, the intracellular molecular
mechanisms involved in the immobilization and restora-
tion of motility have remained unsolved.

There is substantial evidence that protein phosphoryl-
ation by cAMP-dependent protein kinase plays a pri-
mary role in the second messenger regulatory mecha-
nisms of flagellar axoneme-based movement (reviewed in
[1-3,12,13]). For example, phosphorylation by cAMP-
dependent protein kinase of a 15 kDa protein is indispen-
sable for the initiation of trout sperm motility [14]; the
phosphorylation of a 55 kDa protein is apparently re-
lated to the motility state of bovine spermatozoa [15];
and axokinin, a soluble 56 kDa phosphoprotein, seems
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to play a key role in mediating the cAMP response in dog
spermatozoa [16,17}. On the other hand, cAMP-inde-
pendent phosphoproteins have also been identified in
human [18], rat [19], dog [20] and fow! [21] spermatozoa.

If phosphorylation is required for the activation of
sperm flagellar motility, dephosphorylation by protein
phosphatases in the axoneme should also affect motility.
Serine/threonine protein phosphatases are classified into
four main enzymes; type 1 (PP1), type ZA (PP2A), type
2B (PP2B) and type 2C (PP2C) [22]. However, limited
information is available which enzymes are involved in
the regulation of sperm flagellar motility [23]. We report
here that PP1 might be dominant in the involvement for
the temperature-dependent flagetllar movement of fowl
spermatozoa, since in addition to calyculin A and oka-
daic acid, the PP1-specific inhibitors 1 and 2 also stimu-
lated the motility of demembranated spermatozoa at
40°C.

2. Materials and methods

2.1. Chemicals

Calyculin A and okadaic acid were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Activated, i.e.
phosphorylated, inhibitor 1, and inhibitor 2 were kindly provided by
Professor P. Cohen (University of Dundee, UK). Adenosine 5'-tri-
phosphate (ATP), bovine serum albumin (BSA}, 3, 3-diaminobenzid-
ine tetrahydrochloride (DAB), dithiothreitol, p-nitrophenyl phosphate,
potassium glutamate, N-Tris-[hydroxymethyl]-methyl-2-aminoethane-
sulphonic acid (TES) and Triton X-100 were purchased from Sigma
Chemical Co. (St. Louis, MO). Avidin-biotin peroxidase complex
(ABC) was obtained from Vector Laboratories (Burlingame, CA). So-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE}
molecular weight standards were purchased from Life Technologies,
Inc. (Gaithersburg, MD). Other chemicals were of reagent grade from
Nacalai Tesque, Inc. (Kyoto, Japan).
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2.2. Antisera

Immune rabbit serum against a synthetic peptide corresponding to
the C-terminal amino acid residues 316-330 of human PPla conjugated
10 keyhole limpet hemocyanin (a polyclonal 1gG) was purchased from
Upstate Biotechnology Incorporated (Lake Placid, NY). Biotinylated
anti-rabbit immunoglobulins goat serum was obtained from Dako
Japan (Kyoto, Japan).

2.3. Preparation of spermatozoa

Ejaculated spermatozoa from commercial White Leghorn roosters
were diluted approximately 10-fold in 150 mM NaCl with 20 mM TES
at pH 7.4 and centrifuged at 700 x g for 13 min at room temperature
(20-25°C). The washed spermatozoa were reconstituted in the same
buffer to give a final concentration of approximately 1 x 10° cells/ml.
Samples of 3-4 ml were poured into 30 ml Erlenmeyer flasks with a

Qrraws can
SLITW Lap.

2.4. Analysis of demembranated sperm motility

Demembranation and reactivation of spermatozoa were performed
according to the method described previously [11]. The extraction me-
dium used consisted of 0.1% Triton X-100, 200 mM sucrose, 25 mM
potassium glutamate, 1 mM MgSO,, 1 mM dithiothreitol and 20 mM
Tris-HC1 buffer (pH 7.9). The reactivation medium consisted of 0.5 mM
ATP, 200 mM sucrose, 25 mM potassium glutamate, 1.5 mM MgSO,,
1 mM dithiothreitol and 20 mM Tris-HCI buffer (pH 7.9). To examine
the effects of protein phosphatase inhibitors, various concentrations of
calyculin A or okadaic acid were added to the reactivation medium.
Addition of inhibitor 1, inhibitor 2 or p-nitrophenyl phosphate to de-
membranated spermatozoa was also performed. When Ca?* concentra-
tions in the reactivation medium were changed, appropriate propor-
tions of EGTA and 1 mM CaCl, were added. Equilibrium constants
for binding of Ca** and Mg?* by ATP and EGTA were obtained from
published work [24]. The reactivation medium, containing demem-
branated spermatozoa was incubated in a water bath at 40°C for S min.
The suspension of demembranated spermatozoa was then placed into
a microscope slide chamber (Sekisui Chemical Co., Ltd., UR-157 type,
Tokyo, Japan) on a thermostatically-controlled warm plate, and the
motility of spermatozoa was recorded by videomicroscopy (magnifica-
tion on the 12-inch black and white monitor was approximately x 600)
at 40°C [25]. Measurements were made on a total of 200-300 sperma-
tozoa, distributed uniformly among the three or more fields, to deter-
mine the percent of motile spermatozoa.

2.5. Western immunoblot analysis of PPI

Washed demembranated spermatozoa described above were mixed
with equal volumes of concentrated (two-fold) Laemmli sample buffer
{26] and were boiled for 5 min. Samples containing approximately 15
Mg protein were loaded on to 10% SDS-polyacrylamide slab gel, and
electrophoresed. Western blotting was performed basically according
to the protocol of Towbin et al. [27], but with some modifications.
Briefly, the proteins were transferred electrophoretically to an polyvi-
nylidene difluoride membrane sheet (Atio Co., Ltd., Tokyo, AE-6660).
Following transfer, nonspecific sites on the membranes were blocked

Table 1
Effects of protein phosphatase inhibitors and substrate on the motility
of demembranated fowl spermatozoa at 40°C

Inhibitor Concentration Motility
uM) (%)

None (control) 0.0+ 00
Calyculin A 0.1 62.0 £ 4.0°
Okadaic acid 1.0 453+6.2°
Inhibitor 1 20 613 +94°
Inhibitor 2 20 556+2.7°
p-Nitrophenyl phosphate 10,000 64.4+0.9°

Each value represents the mean (+ S.E.M.) of five samples of spermato-
zoa. Values with different superscripts differ significantly (P < 0.01)
from each other.
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by incubating them for 1 h at room temperature (20~25°C) in phos-
phate-buffered saline (PBS) containing 5% skimmed milk powder. The
blots were then incubated overnight at 4°C with antibody to PPla
(1:100 dilution with 1% BSA in PBS, 14 ug IgG/ml). For
control, the blots were incubated in PBS containing 1% BSA alone. The
blots were further incubated for 1 h at 37°C with biotinylated anti-
rabbit immunoglobulins goat serum (1:100 dilution with 1% BSA in
PBS, 14 ug immunoglobulins/ml) and then avidin-biotin peroxidase
complex. Following each incubation, the membranes were rinsed exten-
sively in PBS containing 0.05% Tween-20. Finally, 0.05% DAB/0.01%
H,0, solutions in 50 mM Tris-HCI buffer (pH 7.5) were applied to
visualize the immunoreactive materials.

2.6. Statistical analysis
Statistical comparisons were performed using Student’s ¢-test.

3. Results

3.1. Effects of protein phosphatases inhibitors on the
motility of demembranated fowl spermatozoa

Reactivated movement of fowl spermatozoa without
the addition of inhibitors was negligible at 40°C. In con-
trast, the presence of 1-1000 nM calyculin A, which is
a specific inhibitor of PP1 and PP2A, permitted reactiva-
tion of sperm motility in a dose-dependent manner. Oka-
daic acid also stimulated the motility of demembranated
spermatozoa, although calyculin A appeared to be more
potent, stimulating motility to maximum of 72% at 100
nM, compared with 45% at 1000 nM for okadaic acid
(Fig. 1). The addition of inhibitor 1 or inhibitor 2, spe-
cific heat-stable protein inhibitors for PP1, and p-nitro-
phenyl phosphate, a non-specific phosphatase substrate,
also stimulated the motility of demembranated sperma-
tozoa at 40°C (Table 1).

Demembranated spermatozoa, stimulated by ca-
lyculin A or okadaic acid at 40°C, lost their motility
following the addition of 107* M Ca®* to the medium.
When the Ca?* concentrations were varied from 1078-
107* M by the subsequent addition of various concentra-
tions of EGTA, the motility was restored in inverse pro-
portion to the Ca**concentrations (Fig. 2A,B). In the
presence of 2 uM inhibitor 1 or inhibitor 2, the motility
of demembranated spermatozoa was also inhibited by
the addition of 107> M Ca?", as well as those in calyculin
A or okadaic acid. However, spermatozoa regained their
motility at 107 M Ca®* (60.2 + 4.8% in inhibitor 1 treat-
ment and 53.7%3.5% in inhibitor 2 treatment,
mean * S.E.M. of five samples).

3.2. Immunoblot identification of PPI in fowl
spermatozoa

Non-specific bands of 30 kDa and 31 kDa proteins
were detected in both control and anti-PPia antibody-
treated lanes. In addition, a 36-37 kDa protein was spe-
cifically recognized by the anti-PPla antibody (denoted
by arrow), whereas no appreciable immunoreactive band
on this molecular weight was detected in the controt
(Fig. 3).
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Fig. 1. The motility of demembranated fowl spermatozoa in the reacti-
vation medium at 40°C after addition of various concentrations of
okadaic acid (@) or calyculin A (0). Each point represents the mean
(£ S.E.M.) of five samples of spermatozoa. *P < 0.01 compared with
value at 0 nM (control).

4. Discussion

It has been reported that the addition of a crude or
partially purified protein phosphatase preparation from
bovine cardiac muscle or rabbit skeletal muscle inhibits
the motility of demembranated sea urchin spermatozoa,
presumably due to its ability to cause dephosphorylation
of axonemal proteins [28,29]. However, it has not been
clear what kind of protein phosphatases are involved.
Okadaic acid is a very potent inhibitor of PP1 and PP2A,
two of the four major serine/threonine protein
phosphatases. Of the other two, the Ca**/calmodulin-
dependent protein phosphatase (PP2B) is far less sensi-
tive to okadaic acid, whilst the Mg**-dependent protein
phosphatase 2C (PP2C) is unaffected. In addition, nei-
ther protein tyrosine phosphatase, nor acid or alkaline
phosphatases and neither cAMP or Ca**/calmodulin-de-
pendent protein kinases, nor protein kinase C are inhib-
ited by okadaic acid [30]. Calyculin A has a potency
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similar to that of okadaic acid as an inhibitor of PP2A,
but is 10-100-fold more effective as an inhibitor of PPI
[31]. The present study showed that temperature-depend-
ent immobilization of demembranated fowl spermatozoa
at 40°C was reversed by the addition of okadaic acid or
calyculin A, and that calyculin A was effective at 10-100-
fold lower concentrations than okadaic acid. Further-
more, sperm motility was also stimulated by the addition
of small heat-stable proteins inhibitors 1 and 2, which
inhibit PP1 activity, but are insensitive to PP2A [22,32].
These findings strongly suggest that PP1, rather than
PP2A, plays an important role in regulating fowl sperm
movement at 40°C.

Two full-length clones encoding PP1 catalytic subunits
have been isolated from a rabbit skeletal muscle cDNA
library. One of them, termed PPla, codes for a 330-
residue 37.5 kDa protein [33]. A cDNA clone encoding
PPla was also isolated from a Drosophila head library
and the deduced amino acid sequence (302 residues)
showed 92% identity with PPla from skeletal muscle,
demonstrating that the structure of PP1 is remarkably
conserved [34]. With regard to spermatozoa, from inver-
tebrates to mammals, the presence of PPl and its func-
tion in flagellar movement have not been determined
previously. Thus, the data reported here represent the
first description of the presence of PPl in the sperm
axoneme, since immunoblotting of sperm extract using
an antibody to PPla revealed a major cross-reacting
protein of 36-37 kDa which corresponds to the molecu-
lar weight of the known catalytic subunit of PP1 (PP1a).
In addition, immunogold particles which react with the
anti-PPla antibody were observed around/on the ax-
oneme at the ultrastructural level (Ashizawa et al., un-
published observations). It is therefore proposed that an
endogenous PP1 is present in the fowl sperm axoneme.

Although the above evidence clearly indicates the pres-
ence and function of PP1 in the fowl sperm axoneme, the
further finding that Ca®" inhibits the phosphatase-in-
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Fig. 2. The time course of motility of demembranated fowl spermatozoa in the reactivation medium at 40°C following addition of 1000 nM okadaic
acid (A) or 100 nM calyculin A (B), 1 mM CaCl, and various concentrations of EGTA (pCa 4, a; 6, 0O; 7, m; 8, 0). Each point represents the mean
(x S.E.M.) of five examples of spermatozoa. *P < 0.01 compared with value at 3 min.
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Fig. 3. The Immunoblot analysis of fowl sperm protein phosphatase
type 1 catalytic subunit (PPla). Lane 1: incubation with antibody
against a synthetic 316-330 amino acid peptide of PP1a; lane 2: control
(see section 2).

duced movement of demembranated fowl spermatozoa,
and that this inhibition is released by EGTA, is at odds
with the generally-accepted idea that PP1 is active to-
wards most substrates in the absence of divalent cations
such as Ca®* [34]. Indeed PP2B is the only protein phos-
phatase known to have a requirement for Ca?* and this
enzyme has been suggested to play a major role in the
Ca**-dependent regulation of dog sperm motility [23].
However, since the inhibitor responsiveness and immu-
nological specificity of the fowl axonemal phosphatase
is clearly that of PP1, we may assume that either this
phosphatase is unusual in its Ca®* requirement, or that
the Ca" acts at a location ‘downstream’ of the activity
of PP1.

According to a recent hypothesis on the mechanisms
of smooth muscle contraction, myosin light chain phos-
phatase (MLCP), which is regarded as PP1 [34], rather
than myosin light chain kinase (MLCK), may be in-
volved more actively in the regulation of contraction
{35]: that is, inactivation of an endogenous protein phos-
phatase inhibitor, such as inhibitor 1, perhaps via
dephosphorylation by PP2B, results in increased MLCP
activity and a phasic reduction in force. Conversely, acti-
vation of the inhibitor by phosphorylation inhibits the

133

MLCP activity and causes potentiation of the force re-
sponse to Ca?*. Presumably, similar mechanisms may be
present in the reversible inactivation of fowl spermato-
zoa at 40°C, although the precise mechanisms of action
of Ca?* in the regulation of sperm motility remain to be
elucidated. Furthermore, an important point to be estab-
lished is the target of the action of PP1 in the axoneme.
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