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Highly purified plasma membranes, isolated by an aqueous two-phase polymer
method from goat epididymal spermatozoa, were found to possess a kinase activity
that causes phosphorylation of serine and threonine residues of several endo-
genous plasma membrane proteins. Cyclic AMP, cyclic GMP, Ca2+\p=n-\calmodulin,
phosphatidylserine\p=n-\diolein,polyamines and heparin had no appreciable effect on this
kinase. Autoradiographic analysis showed that the profile of the phosphorylation of
membrane proteins by this endogenous cAMP-independent protein kinase underwent
marked modulation during the transit of spermatozoa through the epididymis. In
caput sperm plasma membrane, 18, 21, 43, 52, 74 and 90 kDa proteins were

phosphorylated, whereas, in the corpus and cauda epididymal spermatozoa, a

differential phosphorylation pattern was observed with respect to the 90, 74, 21 and 18
kDa proteins. The rate of phosphorylation of the 74 kDa protein decreased markedly
during the early phase of sperm maturation (caput to distal corpus epididymides)
whereas there was little change in kinase activity in sperm plasma membrane. In
contrast, the rates of phosphorylation of the 18 and 21 kDa proteins increased during
the terminal phase (distal corpus to distal cauda epididymides) of sperm maturity,
although the kinase activity of membrane decreased significantly during this phase.
The modulation of the phosphorylated states of these specific membrane proteins may
play an important role in the maturation of epididymal spermatozoa.

Introduction

Spermatozoa undergo maturation by unidentified mech¬
anisms during transit through the epididymis, when they
acquire the capacity for forward motility and fertility.
Spermatozoa present in the proximal caput epididymidis are

immotile. Only as they migrate to the cauda epididymidis do
the spermatozoa first acquire the capacity to undergo
progressive motility. The sperm surface is believed to play a

vital role during this maturation event, although the
biochemical identity of the molecules that regulate this
process remains unclear (Moore, 1979; Tash and Means, 1983;
Parks and Hammerstedt, 1985; Yanagimachi, 1988).

The plasma membranes of mammalian cells possess
protein kinases that phosphorylate membrane-associated

phosphoproteins (Majumder and Turkington, 1972; Uno et
al, 1977; Kang and Chiang, 1986; Boman et al, 1984; Naik et
al, 1991; Lytle and Forbush, 1992; Sarrouilhi et al, 1992).
Phosphoproteins have been demonstrated in the sperm
plasma membrane of humans (Huacuja et al, 1977), cattle
(Noland et al, 1984; Chaudhry and Casillas, 1989), hamsters
(Devi et al, 1997) and goats (Haider and Majumder, 1986;
Mitra and Majumder, 1991). Noland et al (1984) showed that
isolated bovine sperm plasma membrane possesses cyclic
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AMP-dependent and -independent protein kinases that cause

phosphorylation of several membrane-bound proteins.
Several lines of evidence support the localization of a cyclic
AMP-independent protein kinase (ecto-CIK) on the goat
sperm plasma membrane outer surface which causes phos¬
phorylation of multiple membrane-bound phosphoproteins
(Mitra and Majumder, 1991; Mitra et al, 1994). Devi et al.
(1997) demonstrated an undefined tyrosine kinase in the
hamster sperm plasma membrane that phosphorylates
primarily the endogenous tyrosine residues of multiple
proteins; the phosphorylation profile of some of these
proteins are altered significantly during the sperm
maturation.

The present study used the isolated plasma membrane
from maturing goat epididymal spermatozoa to show the

maturation-dependent alteration of membrane protein
phosphorylation by the endogenous protein kinases.

Materials and Methods

The following were obtained from from Sigma Chemical
Company (St Louis, MO): ATP (horse muscle); Ficoll-400;
SDS molecular weight markers, such as carbonic anhydrase
(29 kDa), egg albumin (45 kDa), bovine serum albumin
(66 kDa), phosphorylase b (97 kDa) and ß-galactosidase
(116 kDa); casein, dextran (average molecular weight
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229000); polyethyleneglycol compound (average molecular

weight 20 000); EGTA (Ethylene glycol bis[ß-aminoethyl
ether]N-N' tetraacetic acid); O-phosphoserine; O-phospho-
threonine; O-phosphotyrosine; phenylmethyl-sulphonyl
fluoride (PMSF); and ß-mercaptoethanol. [32P]orthophos-
phate (carrier-free) was a product of Bhaba Atomic Research
Center, (Trombay, Bombay). [ -32 ]   was prepared in our

laboratory according to the method described by Haider and

Majumder (1986).

Isolation ofspermatozoa and plasma membrane

Goat epididymal spermatozoa were isolated within 2 h of

slaughter as described by Rana and Majumder (1987) and
Haider et al (1990). Each part of epididymis was cut into 4-5

pieces with a sharp razor blade and then suspended in a

modified Ringer's solution (RPS medium: 119 mmol NaCl
\'\ 5 mmol KC1 H, 1.2 mmol MgS04 Y\ 10 mmol glucose H,
16.3 mmol potassium phosphate l"1, 50 U penicillin ml-1,
pH 6.9) with gentle stirring. After 5 min, the suspension was

filtered through four layers of cheesecloth and spermatozoa
were sedimented by centrifugation at 800 g for 1 min. The
cell pellet was washed twice with RPS medium and finally
dispersed in the same medium. Unlike the spermatozoa
from the cauda and corpus epididymides, the caput cell
preparation contained a large amount of fat globules which
were removed by using a discontinuous Ficoll-gradient
centrifugation (Haider et al, 1990). The purity of the isolated
mature and immature spermatozoa was judged to be high by
phase-contrast microscopy and there was no detectable
contamination with other cells or cell fragments.

Highly purified plasma membranes were isolated from the
mature cauda and maturing corpus and caput spermatozoa
by an aqueous two-phase polymer method (Rana and
Majumder, 1987, 1989). Membrane purity was judged by
estimating marker enzymes (alkaline phosphatase, 5-
nucleotidase, acrosin, cytochrome C-oxidase, glucose-6-
phosphatase) and by electron microscopy. The specific
activities of the plasma membrane-bound 5-nucleotidase and
alkaline phosphatase were 10-14-fold higher in the isolated
plasma membrane than in the cell debris, indicating marked
membrane enrichment. There was no detectable acrosin or

glucose-6-phosphatase in the isolated plasma membrane
and the specific activity of cytochrome oxidase was nearly
sevenfold lower in membrane than in the cell debris. The data
show that there is little contamination of plasma membrane
with acrosome, mitochondria and endoplasmic reticulum.
The purity of the isolated sperm plasma membrane was

shown to be high under the electron microscope. The
membrane preparations were finally dispersed in 25 mmol
potassium phosphate I"1 buffer, pH 7.0, containing 1 mmol
PMSF Y\ 2 mmol ß-mercaptoethanol F, 30% (v/v) glycerol,
and were stored at -20°C The protein content of the plasma
membrane was estimated according to the method of
Bensadown and Weinstein (1976), using BSA as the standard.

Phosphorylation ofsperm plasma membrane proteins
The rate of phosphorylation of the sperm membrane

proteins by the endogenous membrane-bound protein

kinase of mature and immature spermatozoa was estimated.
The assay medium contained 5 nmol [ ^     (containing
8-10  106 c.p.m.), 2 pmol MgCl2 F, 0.2 pmol EGTA P1 and
150-200 pg isolated plasma membrane in a total volume of
0.2 ml 50 mmol Tris-HCl l"1, pH 8.5. The reaction mixture
was incubated for 1 min at 37°C; the reaction was stopped
with 5 ml 10% (w/v) trichloroacetic acid (TCA); and
the resulting protein precipitate was filtered through a

Whatman No.l filter paper disc and then washed with 40 ml
5% (w/v) TCA. The amount of [32P] activity in the disc was

determined in a liquid scintillation spectrometer (Beckman
LS 1800) as described by Haider and Majumder (1986).

Autoradiography of llP-labelled membrane proteins
The 32P-labelled protein precipitates collected by centri¬

fugation were washed first with 5% (w/v) TCA, and then with

diethyl ether to remove the TCA. Finally, the 32P-labelled
proteins were dissolved in SDS-PAGE reducing sample buffer
(Laemmli, 1970) and the suspended materials were removed

by centrifugation. The protein contents of supernatants were

estimated by Bensadown and Weinstein (1976). The labelled

proteins were subjected to 10% SDS-polyacrylamide gel
electrophoresis. Approximately 250 µg protein was loaded in
each lane of the gel (12 cm  14 cm  1.5 mm). Electrophoresis
was carried out for approximately 3.5 h with a constant current
of 25 mA per gel using bromophenol blue as a tracking dye.
After completion of the run, the gel was fixed as well as

stained in 0.25% (w/v) Coomassie blue stain in acetic acid:

methanol:H20 (4.0:0.8:5.2) (v/v) for 20 min and destained in
methanolacetic acid:H20 (4.00:0.75:5.20) (v/v) for 2 h at 37°C.
The gel was dried in an electric gel drier at 80°C for 2 h. After

drying, the gel was autoradiographed, then analysed with a

LKB-2202 ultrascan laser densitometer at 632 nm.

The marker proteins were ß-galactosidase (116 kDa),
phosphorylase b (97 kDa), egg albumin (45 kDa), BSA

(66 kDa) and carbonic anhydrase (29 kDa).

Estimation ofsperm plasma membrane cAMP-independent
protein kinase activity

The cyclic AMP-independent protein kinase (CIK) activity
of the isolated maturing (caput, corpus) and mature (cauda)
sperm plasma membranes were estimated using casein as

the exogenous substrate. The reaction mixture contained
1 mg casein, 200 nmoles [ -32 P]ATP containing 3-6 x 107
c.p.m., 2 pmol MgCl2 I-1 and 50-100 pg isolated plasma
membrane proteins in a total volume of 0.2 ml 50 mmol
Tris-HCl l·1 buffer, pH 8.5. The incubation was carried out at
37°C for 5 min and the reaction was stopped with the
addition of 0.1 ml of 0.5% (w/v) casein containing 250 mmol
potassium phosphate F, 10 mmol ATP F and 2 ml 10% (w/v)
TCA. The resulting protein precipitates were washed with
40 ml 5% (w/v) TCA and processed for assay of 32P radio¬
activity as described above. One unit of the CIK activity has
been defined as the amount of the enzyme that catalyses the
transfer of 10 pmole 32P from [ -32 ]ATP to casein.
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Fig. 1. Effect of ATP concentration on the phosphorylation of endogenous goat sperm proteins by plasma membrane
kinase. Standard assay conditions were used, except for the variation of the amount of ATP. The inset shows the
Lineweaver-Burk plot of these data. These data are representative of five experiments.

Phospho-amino acid analysis
Plasma membrane proteins (as endogenous substrates)

were phosphorylated under the standard assay conditions
and the nature of phospho-amino acid(s) was analysed using
the method of Cooper et al. (1983). The 32P-labelled proteins
were precipitated with 15% (w/v) TCA. The precipitate was

washed three times with 1:1 (v/v) acetone:diethyl ether, dried
and hydrolysed in 0.5 ml 6 mol HC1 F at 110°C for 4 h. The
hydrolysate was dried and dissolved in 0.1 ml formic
acid:acetic acid:H20 (25:78:897 by volume), pH 1.9. The
samples (50 µ ) were mixed with authentic international
standards (phosphoserine, phosphothreonine and phos-
photyrosine) and applied to the cathode edge of a cellulose
thin layer sheet and electrophoresis was performed at
450 V for 90 min in a pH 3.5 buffer system (acetic acid:

pyridine:H20; 50:5:945 by volume). Radioactive spots were

located by autoradiography whereas, for the detection of the
phospho-amino acid markers, the plates were sprayed with
0.4% (w/v) ninhydrin reagent and the colour spots were

developed by heating the plate at 40°C for 20 min.

Results

Characterization ofmembrane protein phosphorylation by
the endogenous protein kinase of the isolated sperm plasma
membrane

There was a linear increase in the rate of protein
phosphorylation with the increase of membrane protein
concentration in the assay. This proportional increase was

observed up to 200 pg plasma membrane protein per assay.
The amount of [32P] incorporated into the protein was

approximately 1 pmole per 100 pg protein (average of ten

experiments; range 0.91-1.25 pmole). These results
demonstrated that a protein kinase is bound to the purified
sperm plasma membrane that causes phosphorylation of
the endogenous membrane proteins. The rate of phos¬
phorylation of plasma membrane-bound proteins increases
with increasing concentration of [ -32 ]   (Fig. 1). The
apparent Km value of the plasma membrane protein kinase
for ATP (as estimated by the inverse plot of the data) was 80
± 10 µ    I-1 (Fig. 1). There was little phosphorylation of
membrane proteins when [x32P]GTP was the donor of [32P]
(Table 1, Expt 1). The effect of excess unlabelled nucleotides
like ATP and GTP (1 mmol F and 5 mmol I"1, respectively)
on the incorporation of [32P] into the membrane-bound
proteins was determined (Table 1, Expt 2). The incorporation
of [32P] was inhibited to a great extent (approximately 95%)
by the unlabelled ATP (5 mmol l"1) whereas GTP had no

appreciable effect. The data demonstrate that GTP cannot

compete with ATP in donating terminal phosphate for

phosphorylation of sperm membrane-bound proteins. The
effects of a variety of reagents on the plasma membrane-
bound kinase activity were investigated to gain an insight
into its enzymic characteristics (Table 2). The omission of

Mg2+ from the assay system reduced the kinase activities

markedly (by approximately 90%). EDTA (2 mmol l"1)
inhibited nearly completely the membrane protein
phosphorylation reaction. The kinase activities of the
membrane are dependent on a bivalent metal ion, such as

Mg2+, Mn2+ or Co2+; the degree of activation was greatest in
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Table 1. Protein phosphorylation of goat sperm plasma
membrane in presence of GTP

[32P] incorporated into plasma membrane
Nucleotides proteins (pmoles) (mean ± sd)

Exptl [ -32 ]   10.2 ± 0.01
[y-32P]GTP 0.4 ± 0.05

Expt 2 [ -32 ]   10.4 ±0.02
+ GTP (1 mmol  1) 10.3 ± 0.01
+ GTP (5 mmol H) 10.0 ± 0.03
+ ATP (1 mmol F) 1.81 ± 0.25
+ ATP (5 mmol 1') 0.49 ± 0.10

Expt 1: plasma membrane was incubated as in standard assay conditions,
except that [ -32 ]   was replaced by [y-32P]GTP in one set of tubes. Expt 2:

plasma membrane was incubated under standard assay conditions with or

without the specified amount of non-radioactive nucleotides. All the data
shown are from five experiments.

the presence of Mg2+, whereas Ca2+ (1 mmol F) completely
inhibits the enzyme. The apparent Km value of the enzyme
for Mg2+ is 5 ± 2 mmol F (Fig. 2). Calmodulrn (10 pg), an

activator of the Ca2+-calmodulin-dependent protein kinase
(McGuinness et al, 1985), polyamines like spermine,
spermidine and putricine (2 mmol l"1), known to be
activators of casein kinase II and heparin (10 pg ml-1),
and inhibitor of casein kinase II (Chaudhry and Casillas,
1989), had no appreciable affect on the rate of protein
phosphorylation. Cyclic AMP (5 pmol F), cyclic AMP-

dependent protein kinase (protein kinase A) activator, cyclic
GMP (5 pmol I"1), activator of protein kinase G, activator
of protein kinase C (phosphatidylserine) (25 pg ml-1) and

diolein (10 pg ml-1) (Nishizuka, 1984) had no significant
effect on the phosphorylation reaction (Table 2). These results
indicate that the sperm plasma membrane-bound kinase is a

cyclic AMP-independent enzyme with enzymic properties
different from those of protein kinase A, C, G, casein kinase II
and Ca2+-calmodulin dependent protein kinase.

The 32P-labelled membrane proteins were treated with
hydroxylamine and 1 mol NaOH 1_1 to test the chemical
nature of the bond linking [32P]Pi to the proteins (Table 3).
32P-labelled protein lost almost 100% of its radioactivity
when treated with 1 mol NaOH F, indicating that all the
radioactivity of the 32P-labelled sperm proteins is associated
with alkali-labile phosphoester bonds. Hydroxylamine
treatment had no effect on the 32P-radioactivity of the
membrane proteins. The insensitivity of the incorporation
into hydroxylamine rules out an acylphosphate linkage
(Table 3). Amino acid analysis of sperm plasma membrane
32P-labelled phosphoproteins showed that the protein kinase
causes phosphorylation of both the serine and threonine
residues of the phosphoproteins, the amount of phos¬
phorylation of serine was much higher (approximately
threefold) than that of threonine (Fig. 3). The sperm plasma
membrane kinase did not cause phosphorylation of tyrosine
residues of the plasma membrane proteins.

Protein phosphorylation during epididymal maturation

The phosphorylation profiles in isolated plasma
membranes of different maturing and mature spermatozoa
were studied to investigate the physiological role of plasma
membrane phosphoproteins in sperm maturation. The
immature caput sperm plasma membrane showed a

Table 2. Effect of various reagents on the phosphorylation of goat sperm plasma membrane proteins
by the endogenous protein kinase

Incorporation of [32P] into
Systems proteins (% control)

Expt 1 Control 100
-Mg2+ 10.50 ±1.12

-

Mg2* + EDTA (2 mmol H) 1.0 ± 0.1

-

Mg2+ + MgCl2 (1 mmol l·1) 45 ± 2

-

Mg2+ + MgCl2 (5 mmol H) 100.00 ± 0.32

-Mg2t + CoCl2(l mmoll-') 51.0 ± 3.0

-Mg^ + CoCLJSmmoll-1) 60.0 ± 1.1

-Mg^ + MnCL.fSmmolr1) 35.0 ± 2.0

-Mg2+ + CaCl2 (0.5 mmoll1) 0.0

Expt 2 Control 100
+ Cyclic AMP (5 pmol F) 105 ± 1
+ Cyclic GMP (5 pmol l·1) 96 ± 4
+ Spermidine (2 mmol F) 96 ± 2
+ Spermine (2 mmol F) 91 ± 4
+ Calmodulin (50 pg ml"1), CaCL, (200 pmol F) 92 ± 5
+ Heparin (10 pg ml1) 94 ± 8
+ Phosphatidylserine/diolein (25/10 pg ml"1) 102 ± 2

Expt 1: isolated plasma membrane was washed thoroughly in a modified Ringer's solution medium without MgCl2. Standard
assay conditions were used, except for the addition or omission indicated. The control assay system contained all the reagents as

defined in standard assay conditions. Expt 2: the protein phosphorylation reaction was studied under standard assay conditions
except for the specified additions. Values are mean ± SD and are representative of four experiments.
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Table 3. Alkali-labile phosphoester bonds of [32P]-labelled
protein of goat sperm plasma membrane

Treatment
Incorporation of [32P] into

protein (pmol mg-1)

Control
Hydroxylamine (0.8 mol F)
NaCl (0.6 mol h1)
NaOH (1 mol H)

10.05 ±0.43
9.86 ± 1.2

10.22 ±0.49
0.32 ± 0.1

Sperm membrane proteins were phosphorylated by incubating the isolated

plasma membrane with [,2P]ATP. The trichloroacetic acid (TCA) precipitates
of the labelled proteins were subjected to the specified treatments. The
32P-labelled protein precipitates from the untreated 'control' tubes were

washed with 5% (w/v) TCA. The labelled protein precipitates of another set

of tubes were solubilized in 1 mol NaOH l· ' and heated in a boiling waterbath
for 15 min (Kinzel and Mueller, 1973). The cooled tubes were treated
with 40% (w/v) TCA to precipitate proteins that were processed for assay of

radioactivity. Hydroxylamine treatment was performed according to the
method of Hokin et al. (1965). The precipitate was washed once with water and
suspended in either 0.8 mol hydroxylamine l·1 or 0.6 mol NaCl l-' for the
control and incubated at 37°C for 15 min. The reaction was terminated with
ice-cold 40% (w/v) TCA. The precipitate was processed for the assay of

P2P]radioactivity. Values are mean ± SD from three experiments.
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Fig. 2. Effect of MgCl2 concentration on the phosphorylation of goat
plasma membrane proteins. Standard assay conditions were used

except for the variation in the amount of MgCl2. These data are

representative of three experiments.

significantly higher rate of phosphorylation of proteins than
did the mature cauda sperm plasma membrane (Fig. 4).
There was a gradual decrease in the rate of phosphorylation
in sperm plasma membrane from the caput to distal cauda

epididymides. The rate of membrane protein phos¬
phorylation decreased to 25, 40 and 55% as the caput
spermatozoa pass through the distal corpus, proximal cauda

Fig. 3. Identification of the phosphorylated amino acids in goat plasma
membrane phosphoproteins. The 32P-labelled plasma membrane
proteins were hydrolysed and 32P-labelled amino acids were analysed
by cellulose thin-layer electrophoresis. 32P-labelled amino acids were

detected by autoradiography. The position of the authentic internal
standard are indicated as 32P-Ser, phosphoserine; 32P-Thr,
phosphothreonine; and 32P-Tyr, phosphotyrosine. The 32P-labelled

phosphoamino acid spots were cut out and analysed for radioactivity
in a scintillation spectrometer. The radioactivity associated with the
P-serine and P-threonine spots were 5502 and 1890 c.p.m., respectively.

Caput Proximal Distal Proximal Distal
corpus corpus cauda cauda

Fig. 4. Phosphorylation of goat plasma membrane proteins by
endogenous protein kinase of isolated goat sperm plasma
membrane during epididymal maturation. Standard assay
conditions were used except for the difference in the plasma
membrane preparation. Values are mean ± SEM of five experiments.
Data were analysed by Student's f test. *Not significant; **P < 0.01;
***P < 0.001 versus caput sperm membrane.
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and distal cauda epididymides, respectively. The data show
that the sperm membrane proteins are phosphorylated by an

endogenous cyclic AMP-independent protein kinase and
that the protein phosphorylation profile undergoes a

significant decrease during epididymal sperm maturation.
32P-labelled phosphoproteins of the maturing sperm

membranes were resolved by SDS-PAGE and the radioactive
bands were detected by autoradiography (Fig. 5). These
bands were analysed and scanned with an LKB 2202
ultrascan laser densitometer at 632 nm (Fig. 6). Fine well-
defined bands were detected in the autoradiogram of the
immature caput sperm plasma membrane. The molecular
masses of these proteins are 18,21,43,52 and 74 kDa. During
sperm maturation, there was a remarkable modulation of the
protein phosphorylation profile. The rate of phosphoryl¬
ation of the 74 kDa protein decreased progressively as a

consequence of sperm maturation and, in the cauda

spermatozoa, there was no detectable phosphorylation of
this protein. In contrast, the rate of phosphorylation of 18
and 21 kDa proteins increased markedly during the

epididymal transit of spermatozoa. The 43 and 52 kDa

phosphoproteins showed rather a slower rate of change of

phosphorylation during sperm maturation. The 52 kDa
protein was the most prominent band in the caput sperm

Fig. 5. Autoradiography of maturing epididymal goat sperm
membrane 32P-labelled proteins. Lane 1, caput plasma membrane;
lane 2, proximal corpus plasma membrane; lane 3, distal corpus; lane
4, proximal cauda; lane 5, distal cauda. Phosphorylation of isolated

plasma membrane was performed under standard assay conditions.
Approximately 250 pg 32P-labelled proteins was loaded in each lane.

plasma membrane, whereas the 18 kDa protein was the most

prominent band in the cauda sperm plasma membrane. A
minor 32P-labelled protein (90 kDa) was detected in the caput
sperm plasma membrane. The rate of phosphorylation of
this protein decreased considerably during maturation, and
the bands were not detectable in the distal corpus to cauda

epididymides. The protein bands below 18 kDa were not
well defined, although the amount of radioactivity
associated with these proteins was high, particularly in the
immature sperm plasma membrane.

Studies on maturing sperm plasma membrane-bound
protein kinase

The membrane-bound kinase activity of the isolated
sperm membrane was measured using casein as the protein
substrate (Fig. 7). The specific activity of the kinase was

similar in the caput, proximal and distal corpus sperm
membrane but, subsequently, decreased markedly during
sperm maturation; the enzyme concentration was lowest in
the distal cauda sperm membrane. During the maturation
process, there was an approximately threefold decrease in
the specific activity of the kinase.

Discussion

Previous studies from our laboratory have provided several
lines of evidence to support the localization of cyclic AMP-

dependent and -independent protein kinases on the external
surface of the intact mature goat spermatozoa plasma
membrane (Haider et al, 1986; Dey and Majumder, 1990).
The ecto-CIK of viable spermatozoa has high affinity for the

phosphorylation of the serine and threonine residues of
multiple ecto-phosphoproteins (Haider and Majumder, 1986;
Haider et al, 1986). The present study showed that highly
purified plasma membrane isolated from the goat cauda

epididymidal spermatozoa possesses CIK that phos-
phorylates several membrane-bound phosphoproteins. The
phosphorylation of the membrane proteins is not dependent
on the endogenous cyclic AMP-dependent protein kinase
since addition of cyclic AMP had no effect on the rate of
protein phosphorylation. The results of the present study
are consistent with the earlier observation that the goat
sperm ecto-cyclic AMP-dependent kinase is incapable of
phosphorylating the sperm surface ecto-phosphoproteins
(Dey and Majumder, 1990). The isolated plasma membrane
of mature bovine spermatozoa possesses both the cyclic
AMP-dependent and -independent protein kinase but, unlike
those in the isolated plasma membrane of mature goat
spermatozoa, both these membrane-bound kinases are

capable of phosphorylating several endogenous phos¬
phoproteins (Noland et al, 1984). The biochemical basis for
the different behaviour of goat and bovine sperm plasma
membranes, is not clear. It is possible that goat sperm
membrane does not possess substrate proteins for the cyclic
AMP-dependent protein kinase.
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numerals (kDa) in the figure, (a) Caput sperm plasma membrane; (b) proximal corpus sperm
plasma membrane; (c) distal corpus sperm plasma membrane; (d) proximal cauda sperm
plasma membrane; (e) distal cauda sperm plasma membrane.

Although phosphoproteins and protein kinases have been
detected in the plasma membranes of several mammalian
species (Noland et al., 1984; Halder and Majumder, 1986;
Chaudhry and Casillas, 1989; Devi et al, 1997), the profiles of

the membrane protein phosphorylation and the endogenous
kinases during epididymal sperm maturation are largely
unknown. Our preliminary studies with goat spermatozoa
showed that the immature caput spermatozoa have
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Fig. 7. The cAMP-independent protein kinase activity of isolated

goat sperm plasma membrane during epididymal maturation. The
activities were estimated in the standard assay conditions using
casein as the exogenous substrate. Values are mean ± sem for six
experiments. Data were analysed by Student's f test. The cAMP-

independent protein kinase activity of proximal corpus sperm
plasma membrane (P < 0.05), proximal and cauda sperm plasma
membrane (P < 0.001) was significantly lower than that in the caput
sperm plasma membrane.

significantly higher rates of ecto-protein phosphorylation by
the endogenous protein kinase than do mature cauda

spermatozoa (Mitra and Majumder, 1991).
The present study using the isolated membrane model has

analysed, for the first time, the maturational profiles of
membrane-associated phosphoproteins and the protein
kinase activity at various stages of epididymal sperm transit.
The data show that the profile of the phosphorylation of
membrane proteins by the endogenous CIK undergoes
marked modulation during sperm transit through the
epididymis. The rate of phosphorylation of the 74 kDa
protein decreases markedly during the early phase (caput
to distal corpus epididymides) of sperm maturation,
when there is little change in CIK activity in plasma mem¬

brane, suggesting that the observed decrease in the

phosphorylation of this protein is due to the restricted
availability of proteins for the action of the kinase in the

maturing sperm membrane. In contrast, the rates of

phosphorylation of the 18 and 21 kDa proteins increase

significantly during the terminal phase (distal corpus to
distal cauda epididymides) of sperm maturation, although
the kinase activity of the membrane decreases markedly at
this stage. The data suggest a greater availability of these
substrate proteins in the sperm plasma membrane at the last

phase of sperm maturation. Studies from our laboratory
show that the 74, 52, 21 and 18 kDa proteins of the sperm
plasma membrane serve as substrates for the purified CIK
(D. Nath and G. C. Majumder, unpublished). Thus, CIK
appears to be primarily responsible for the maturation-

dependent alteration of membrane phosphoproteins. The
biochemical basis of this maturation-dependent decrease
in CIK activity and the rate of phosphorylation are not
clear. There may be some conformational changes during
the epididymal maturation event that result in a lower

rate of kinase activity in addition to membrane protein
phosphorylation.

Sea urchin plasma membrane has been shown to contain a

160 kDa phosphoprotein that undergoes dephosphorylation
when the spermatozoon comes into contact with the egg
jelly, and this membrane-bound phosphoprotein may
have a role in fertilization (Ward and Vacquier, 1983). Goat

spermatozoa have been shown to possess a coupled-enzyme
system, consisting of a CIK and a phosphoprotein phos¬
phatase, that determines the phosphorylated states of
the cell surface phosphoproteins by protein phosphoryl-
ation-dephosphorylation (Barua et al, 1990). These ecto-

enzymes and their protein substrates may have an important
role in the regulation of the forward motility of spermatozoa
(Haider and Majumder, 1986; Haider et al, 1986; Barua et al,
1990). The present study defines specific membrane-
associated phosphoproteins, in which the phosphorylation
status undergoes profound manipulation as a consequence
of epididymal sperm maturation. Forward motility was

initiated in goat spermatozoa during transit through the
distal corpus epididymidis, and these cells acquire
maximum motility as they reach the distal cauda

epididymidis (Banerjee et al, 1992). In the present study in
goats, there was a marked increase in the phosphorylation of
the 18 and 21 kDa proteins and in the dephosphorylation of
the 74 kDa protein during the terminal phase of epididymal
sperm transit (distal corpus to distal cauda). The close
correlation of initiation of motility and membrane protein
phosphorylation modulation suggests that these specific
membrane proteins play a vital role in epididymal sperm
maturation.
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