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Identification of the 58-kDa Phosphoprotein Associated with Motility 
Initiation of Hamster Spermatozoa
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In our previous paper [M. Fujinoki et al. (2001) Biomed. Res. 22, 45–58], we reported
that the 58-kDa protein obtained from hamster sperm flagella was phosphorylated at
serine residues in association with the start of motility. In the present experiments,
we identified and localized the 58-kDa protein. The 58-kDa protein was assumed to
exist in the acrosomal region domain of the sperm head and the whole sperm flagel-
lum. In particular, a large amount of 58-kDa protein was localized in the equatorial
segment of the acrosomal region domain of the sperm head and the middle piece of
the sperm flagellum. In the next step, the 58-kDa protein was identified by peptide
mass finger printing and LC-MS/MS analysis. The results suggested that the 58-kDa
protein was ATP synthase H+ transporting F1 �, which is one of the mitochondrial
components. Therefore, it is likely that the 58-kDa protein is associated with ATP pro-
duction in the mitochondrial sheath in the middle piece of the sperm flagellum, and
H+ transport in the sperm head and the sperm flagellum except for the middle piece,
since ATP synthase also acts as an H+ pump.

Key words: ATP synthase, hamster, LC-MS/MS, peptide mass finger printing, phos-
phorylation, spermatozoa.

Extracellular calcium and/or bicarbonate are essential
components for the activation of mammalian spermato-
zoa (1–3). They stimulate adenylate cyclase, which
results in cAMP production (4, 5). Cyclic AMP activates a
cAMP-dependent protein kinase and causes protein
phosphorylation and/or dephosphorylation (6–13). Finally,
the interaction between dynein ATPase and microtu-
bules is initiated and the motility of spermatozoa is trig-
gered. Since it seems that sperm activation is regulated
through protein phosphorylation and/or dephosphoryla-
tion, they have often been examined in several mamma-
lian species.

In hamster spermatozoa, the extracellular activation
factor is calcium (14). It is assumed that the pathways for
intracellular signal transduction related to motility acti-
vation in hamster spermatozoa are basically the same as
described above. In our previous studies (11–13, 15–17),
we detected many phosphoproteins associated with ham-
ster sperm motility. We recently proposed that sperm
motility is regulated through two types of phosphoryla-
tion cascade in hamster spermatozoa (17), because ham-
ster spermatozoa moved slowly even when extracellular
calcium was chelated, and the spermatozoa swam vigor-
ously when calcium was present in the medium (11). The
former slow movement started independently of extracel-

We called the start of motility “initiation.” The latter vig-
orous movement was extracellular activation factor-
dependent. We called the triggering of motility “activa-
tion.” Activated spermatozoa moved progressively with a
high beat frequency (11). We detected four flagellar phos-
phoproteins associated with sperm initiation and activa-
tion (13, 17). At motility initiation, the 66-kDa protein
and 58-kDa protein were phosphorylated at serine resi-
dues. At activation, two 36-kDa proteins, which were des-
ignated as the 36K-A and 36K-B proteins, were phospho-
rylated at serine residues in a cAMP-dependent manner.
The 36K-A and 36K-B proteins differ in the pI value,
although their molecular weights are roughly the same.
The 36K-B protein was localized in the middle piece of
the sperm flagellum and was identified as the pyruvate
dehydrogenase E1 component � subunit (13).

In this study, we focused on the 58-kDa protein that is
phosphorylated in hamster motility initiation (17). It
appeared that the 58-kDa protein was localized in the
acrosomal region domain of the sperm head and the
whole sperm flagellum, and was identified as the ATP
synthase H+ transporting F1 complex � subunit, which is
one of the mitochondrial components.

MATERIALS AND METHODS

Reagents—The HISTOFINE SAB-PO (M) KIT was
purchased from NICHIREI (Tokyo). Agarose IEF and
ampholine were purchased from Amersham-Biosciences
(Buckingham shire, UK). Trypsin was purchased from
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Promega (Madison, WI, USA). Other chemicals were of
reagent grade from Wako Pure Chemical Industries
(Osaka).

Preparation of Demembranated Sperm Flagella—
Demembranated sperm flagella were prepared according
to the method described in our previous papers (11, 17).
Spermatozoa obtained from the cauda epididymis of sex-
ually mature male golden hamsters (Mesocricetus aura-
tus) were suspended in a 100-fold volume of homogeniza-
tion buffer comprising 200 mM sucrose, 25 mM glutamic
acid, 25 mM KOH and 20 mM Tris-HCl (pH 7.9). After
centrifugation at 750 �g for 5 min at 4�C, the precipitate
was resuspended in a 20-fold volume of the homogeniza-
tion buffer supplemented with 10 mM PMSF and 20 �g/
ml leupeptine. The suspension was homogenized with
100 strokes up and down in a Teflon homogenizer to
remove flagella from the heads. The homogenate was
then diluted with a 4-fold volume of the homogenization
buffer supplemented with 2.5 mM PMSF and 5 �g/ml leu-
peptine. After centrifugation at 750 �g for 5 min at 4�C,
the supernatant was collected and centrifuged at 5,500
�g for 5 min at 4�C. The precipitate, which contained iso-
lated flagella, was suspended in a 20-fold volume of
demembranation buffer comprising 200 mM sucrose, 25
mM glutamic acid, 25 mM KOH, 1 mM DTT, 0.1% (w/v)
Triton X-100 and 20 mM Tris-HCl (pH 7.9), and then
incubated for 30 sec at ambient temperature. The flagel-
lar suspension was centrifuged at 5,500 �g for 5 min at
4�C. After the flagella had been resuspended in homoge-
nization buffer, the protein concentration was deter-
mined by the method of Bradford (18), and then adjusted
to a final concentration of 1 mg/ml with the homogeniza-
tion buffer.

Dissolution of Demembranated Sperm Flagella—Dis-
solution of the demembranated sperm flagella was per-
formed according to the method described in our previous
report (17). Trichloroacetic acid (TCA) was added to the
suspension of demembranated flagella to a final concen-
tration of 10% (w/v). The suspension was centrifuged at
15,000 �g for 20 min at 4�C. The precipitate was rinsed
with a 10-fold volume of ice-cold acetone three times,
resuspended at 1 mg/ml in a guanidine solution compris-
ing 8 M guanidine hydrochroride, 10 mM sodium pyro-
phosphate, 10% (v/v) 2-mercaptoethanol, 2% (v/v) Noni-
det P-40 (NP-40), and 0.5 M Tris-HCl (pH 7.5), and then
dialyzed against a urea solution comprising 7 M urea and
1% (v/v) 2-mercaptoethanol.

Gel Electrophoresis—SDS-PAGE was carried out
according to the method of Laemmli (19). The separating
gel used comprised 10% (w/v) polyacrylamide containing
0.1% (w/v) SDS.

Two-dimensional gel electrophoresis, combined with
agarose isoelectric focusing (agarose IEF) and SDS-
PAGE, was carried out according to the method of Hira-
bayashi (20) with some modifications (17, 21). First-
dimension IEF was performed on cylindrical agarose gels
at 4�C with a mixture of two types of ampholines (pH 4–6
and pH 3.5–10, used at 2:1) or pre-blended ampholine
(pH 3.5–9.5) as the carrier ampholite. SDS-PAGE as the
second-dimension was carried out as described above.

Sucrose Density Gradient Isoelectric Focusing (Sucrose
Density Gradient IEF)—Sucrose density gradient IEF
was carried out according to the method of Vesterberg

(22) with some modifications (17). A sucrose density gra-
dient, from 0 to 50% (v/v), was made together with an
ampholine (pH 3.5–10) as the carrier ampholite. To all
solutions urea was added to a final concentration of 3M.
After electrophoresis, the sucrose density gradient solu-
tion was collected in 2 ml fractions. The absorbance at
580 nm and the pH of each fraction were determined.

Peptide Mass Finger Printing—Peptide mass finger
printing was carried out according to our previous paper
(13). After two-dimensional gel electrophoresis with a
mixture of two ampholines (pH 4–6 and pH 3.5–10, used
at 2:1), a spot was cut from the polyacrylamide gel and
then washed five times with pure water. The neutralized
spot was dehydrated with acetonitrile for 10 min at ambi-
ent temperature. After the acetonitrile had been evapo-
rated off with a Speed Vac® System (Savant, N.Y., USA)
and then soaking in 100 mM ammonium bicarbonate
containing 10 �g/ml trypsin, 50 �l of 100 mM ammonium
bicarbonate was added, and then the mixture was incu-
bated for 15 h at 37�C for in-gel digestion. After the incu-
bation, a sample was centrifuged at 15,000 �g for 5 min
at 4�C. The supernatant was subjected to mass spectro-
metry with a MALDI-TOF-MASS (M@LDI., Micromass,
Manchester, UK) in order to determine the molecular
masses of all peptides digested. Based on the results of
the mass spectrometry, the 58-kDa protein was identified
by means of MS-Fit (http://prospector.ucsf.edu/ucsfhtml4.0/
msfit.htm).

Amino Acid Sequence Analysis with LC-MS/MS—
Amino acid sequence analysis by LC-MS/MS was carried
out according to our previous paper (13). After the spots
obtained on two-dimensional gel electrophoresis with a
mixture of two ampholines (pH 4–6 and pH 3.5–10, used
at 2:1) had been washed five times with 500 �l of pure
water for 10 min at 37�C, the washed spots were
destained twice with 100 �l of a destaining solution com-
prising 50% acetonitrile and 100 mM ammonium bicar-
bonate for 10 min at 37�C. The spots were dehydrated
with 100 �l of acetonitrile for 10 min at 37�C and then
dried with the Speed Vac® System. In order to reduce
cysteine residues, the spots were incubated in a solution

Fig. 1. Two-dimensional gel electrophoresis of the pH 4–6
fraction obtained on sucrose density gradient IEF. The arrow
indicates the 58-kDa protein. The bars on the left side show the
molecular weights of standard samples. The bracket at the top of
the photograph shows the pI range.
J. Biochem.
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comprising 10 mM DTT and 100 mM ammonium bicarbo-
nate for 15 min at 50�C, and then incubated in a solution
comprising 10 mM iodoacetamide and 100 mM ammo-
nium bicarbonate for 15 min at ambient temperature.
After drying with the Speed Vac®, the spots were soaked
in 40 �l of 100 mM ammonium bicarbonate containing 10
�g/ml trypsin. After the spots had been incubated for 15 h
at 37�C, the digested peptides were extracted from the
spots for 10 min at 37�C with 40 �l of a solution compris-
ing 50% acetonitrile and 0.1% TFA. After the extracts
had been collected with a pipet, the digested peptides
were re-extracted from the spots for 15 min at 37�C with
40 �l of a solution comprising 20% HCOOH, 25% ace-
tonitrile and 15% iso-propanol. After the re-extracts had
been collected with a pipet, the digested peptides were re-
re-extracted from the spots for 2 min at 37�C with 40 �l of
80% acetonitrile. After the re-re-extracts had been col-
lected with a pipet, all the peptide extracts were mixed

and dried for 60 min at 50�C with the Speed Vac® System.
After the peptides were solubilized in 20 �l of 2% ace-
tonitrile and 0.1% HCOOH, they were subjected to mass
spectrometry with an LC-MS/MS (MAGIC2002 HPLC.,
Michrom Bioresources, Auburn, CA/LC-Q ion-trap mass
spectrometer, Thermo Finnigan, San Jose, CA, USA).
Based on the results obtained on mass spectrometry, the
58-kDa protein was identified with a TurboSequest
(Thermo Finnigan, San Jose, CA, USA). Furthermore,
several of the amino acid sequences obtained on mass
spectrometry were subjected to a blast search (http://
blast.genome.ad.jp/).

Preparation of Anti 58-kDa Protein Antiserum—Anti
58-kDa protein antiserum was prepared according to the
method described previously (13). After sucrose density
gradient IEF, the pH 4.5 to 5.5 fractions were subjected to
two-dimensional gel electrophoresis. For the two-dimen-
sional gel electrophoresis, a mixture of two types of

Fig. 2. Peptide mass finger print-
ing of the 58-kDa protein. A: Mass
spectrogram of the 58-kDa protein
digested with trypsin. The numbers
on the spectrogram indicate the
molecular masses for fourteen peaks
originating from the 58-kDa protein.
B: Results of a data-base search with
MS-fit. The amino acid sequences of
the fourteen materials originating
from the 58-kDa protein were esti-
mated. All the estimated amino acid
sequences are present in the ATP syn-
thase H+ transporting mitochondrial
F1 complex �. C: Amino acid sequence
of mouse ATP synthase H+ transport-
ing mitochondrial F1 complex �. The
shadowed sequences indicate the area
covered by the results of peptide mass
finger printing.
Vol. 134, No. 4, 2003
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ampholine (pH 4–6 and pH 3.5–10 used at 2:1) was used
as the carrier ampholite. After electrophoresis, the CBB-
stained polyacrylamide gel was washed with pure water.
The spot of the 58-kDa protein was excised from the gel,
and then homogenized in PBS containing 145 mM NaCl,
7.4 mM Na2HPO4 and 2.6 mM NaH2PO4 (pH 7.1). A Mix-
ture of spot homogenate and an equal volume of Freund’s
complete adjuvant was injected into 6-week-old mice.
Subsequent injections were performed at 1-week inter-
vals in the same way as for the first injection. After
checking the reactivity, the antiserum was collected.

Western Blotting—Western blotting was based on the
method of Towbin et al. (23). The blotted membrane was
blocked with 5% BSA in TBS (Tris-buffered saline) con-
taining 0.15 M NaCl and 20 mM Tris-HCl (pH 7.5) for 1 h
at 20�C, and then incubated with anti 58-kDa protein
antiserum (1: 500 dilution) for 1 h at 20�C. The color reac-

tion was carried out with the HISTOFINE SAB-PO (M)
KIT, DAB (3,3�-diaminobenzidine tetrahydrochloride)
and H2O2 being used as substrates for peroxidase.

Immunohistochemistry—Immunohistochemical analy-
sis was performed according to the method described in
our previous paper (13). Spermatozoa were demem-
branated with a mitochondrial sheath extract solution
comprising 200 mM sucrose, 25 mM glutamic acid, 25
mM KOH, 1 mM DTT, 0.1% (w/v) Triton X-100 and 20
mM Tris-HCl (pH 9.0) (24) by incubation for 30 sec at
ambient temperature. The demembranated spermatozoa
were fixed with acetone on a glass slide for 10 min,
washed three times with TBS (see Western blotting), and
then incubated for 1 h in 1% H2O2 and MeOH. After
washing three times with TBS, the spermatozoa were
reacted with the anti 58-kDa protein antiserum (1:10
dilution) for 12 h at 4�C. The color reaction was carried

Fig. 3. LC-MS/MS analysis of the 58-kDa pro-
tein. A: Chromatogram of the 58-kDa protein
digested with trypsin. Many peaks originating
from the 58-kDa protein and trypsin were
detected. Twenty one of the peaks originated from
the 58-kDa protein. The numbers on the spectro-
gram indicate peaks originating from the 58-kDa
protein. B: Molecular mass and amino acid
sequence of each peak originating from the 58-
kDa protein. All the determined amino acid
sequences were identical to that of the ATP syn-
thase H+ transporting mitochondrial F1 complex �
based on the results of the data-base search. C:
Amino acid sequence of human ATP synthase H+

transporting mitochondrial F1 complex �. Red let-
ters indicate sequences covered by the results of
LC-MS/MS analysis.
J. Biochem.
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out with the HISTOFINE SAB-PO (M) KIT, DAB and
H2O2 being used as substrates for peroxidase.

RESULTS

Identification of the 58-kDa Protein—We recently sug-
gested that the motility of hamster spermatozoa was reg-
ulated through two protein phosphorylation pathways,
calcium dependent or independent pathways (17). In the
calcium independent pathway, the 58-kDa protein is
phosphorylated in association with the initiation of
motility of hamster spermatozoa (17). In order to charac-
terize the 58-kDa protein, it was purified by sucrose den-
sity gradient IEF and two-dimensional gel electrophore-
sis (Fig. 1), and then identified. After the spot of the 58-
kDa protein had been digested with trypsin, it was ana-
lyzed by peptide mass finger printing (Fig. 2). As shown
in Fig. 2A, many peptids of the 58-kDa protein and
trypsin were detected. Fourteen peptides obtained
matched the ATP synthase H+ transporting mitochon-
drial F1 complex � subunit found as a result of a data-
base search (Fig. 2, B and C). The coverage of the four-
teen peaks was 40.64% in mouse, 37.62% in rat, 37.62%
in human, and 34.28% in bovine. For precision, the 58-
kDa protein was analyzed by means of LC-MS/MS (Fig.
3). As shown in Fig. 3A, many peptides of the 58-kDa pro-
tein and trypsin were detected. Twenty-one peaks origi-
nating from the 58-kDa protein were detected and exam-
ined (Fig. 3, A and B). Judging from the results of the
data-base search, the amino acid sequences of these pep-
tides also matched the human ATP synthase H+ trans-
porting mitochondrial F1 complex � subunit (Fig. 3C).
The coverage of the eight peaks was 48% as to the amino
acid count.

Localization of the 58-kDa Protein in Hamster Sperm—
In the next step, antiserum to the 58-kDa protein was
raised. As shown in Fig. 4, anti 58-kDa protein antiserum
reacted to the 58-kDa protein only. By means of this
antiserum, localization of the 58-kDa protein in hamster
spermatozoa was examined (Fig. 5). The 58-kDa protein
was localized in the acrosomal region domain of the
sperm head and the whole sperm flagellum (Fig. 5a). An
especially large amount of 58-kDa protein was localized
in the equatorial segment of the acrosomal region domain
of the sperm head and the middle piece of the sperm flag-

ellum rather than in the principal piece and end piece of
the sperm flagellum.

DISCUSSION

Protein phosphorylation is the most major event in cell
signaling. In spermatozoa, it is widely accepted that
motility activation and capacitation, which includes acro-
somal reaction and hyperactivation, are regulated
though protein phosphorylation pathways (1–3, 25, 26).
Protein phosphorylation occurs in species-specific factors
and in a cAMP-dependent manner. In the signal regu-
lated motility activation of mammalian spermatozoa,
species-specific factors, which include calcium, potas-
sium, bicarbonate, etc., activate an adenylate cyclase and
cause the production of cAMP. Cyclic AMP activates a
cAMP-dependent protein kinase and causes protein
phosphorylation. Sperm motility is triggered by such pro-
tein phosphorylation (1, 2). In many previous studies, it
was found that many proteins are phosphorylated in
association with motility activation or capacitation of
mammalian spermatozoa. In hamster spermatozoa, the
species-specific factor is calcium (14). It is assumed that
the pathways which regulate motility activation in ham-
ster spermatozoa are basically the same as described
above, although an adenylate cyclase is activated
through protein phosphorylation by calmodulin-depend-
ent protein kinase (2).

In the present study, we identified the 58-kDa protein
and examined its localization. The 58-kDa protein was
localized mainly in the equatorial segment of the acro-

Fig. 4. Western blotting with anti 58-kDa antiserum. Protein
staining (A) and Western blotting with anti 58-kDa antiserum (B)
are shown. The arrow in (A) indicates the 58-kDa protein. The
arrow in (B) indicates the 58-kDa protein. The bars on the left side
of (A) show the molecular weights of standard samples. The bracket
at the top of (A) shows the pI range.

Fig. 5. Localization of the 58-kDa protein in spermatozoa. The
results with antiserum to the 58-kDa protein (A) and pre-immuno
serum (B) are shown. The 58-kDa protein was localized in the acro-
somal region domain of the sperm head and the whole sperm flagel-
lum. In the acrosomal region domain of the sperm head, the 58-kDa
protein was localized in the equatorial segment (ES). A large
amount of 58-kDa protein was localized in the middle piece (MP) of
the sperm flagellum. The equatorial segment is the area between
the two arrows for the sperm head. The middle piece was the area
between the two arrows for the sperm flagellum. The scale bar
shows 20 �m.
Vol. 134, No. 4, 2003
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somal region domain of the sperm head and the middle
piece of the sperm flagellum (see Fig. 5). From the results
of peptide mass finger printing and LC/MS-MS analysis,
the 58-kDa protein was demonstrated to be the ATP syn-
thase H+ transporting mitochondrial F1 complex � subu-
nit (see Figs. 2 and 3). In our previous study (17), several
partial amino acid sequences of the 58-kDa protein were
obtained, i.e. MQQTEYCCCCCATDQ, which is the N-
terminal sequence of the 58-kDa protein, AYPVAPN-
AGKAVPNE and APNYDNIALKAPK. The N-terminal
sequence was slightly similar that of human tyrosine
kinase (TXK) (17). TXK is a member of the Tec subfamily
of Src type (non-receptor) tyrosine kinases and has been
reported to be expressed in T cells (27). The other two
sequences, AYPVAPNAGKAVPNE and APNYDNIALK-
APK, were shown not to be similar at all by the results of
the data-base search. The sequences reported in our
previous paper (13) were not included in the sequence of
the ATP synthase H+ transporting mitochondrial F1
complex � subunit obtained from the data-base. However,
we could not examine several parts of the ATP synthase
H+ transporting mitochondrial F1 complex � subunit
such as its N-terminal sequence. These sequences
reported in our previous paper (13) may be the sequences
of the 58-kDa protein that we could not examine in the
present experiment.

Axokinin is well-known as a 58-kDa phosphoprotein
associated with sperm motility (6, 7). Is the 58-kDa pro-
tein that was detected in our previous study (17) and was
identified in the present experiment, axokinin? We con-
sider that the 58-kDa protein is not axokinin because the
58-kDa protein is a detergent-insoluble protein (17) and
axokinin is a detergent-soluble protein (6, 7).

The 58-kDa protein that was detected as a phosphopro-
tein associated with the motility of sperm flagella (17)
was identified as the ATP synthase H+ transporting mito-
chondrial F1 complex � subunit. The ATP synthase H+

transporting mitochondrial F1 complex � subunit is one
of the enzymes associated with ATP production in mito-
chondria, and changes ADP to ATP. In the present exper-
iments (see Fig. 5), the 58-kDa protein was found to exist
in the acrosomal region domain of the sperm head and
the whole sperm flagellum. In the acrosomal region
domain of the sperm head, the 58-kDa protein was espe-
cially localized in the equatorial segment. In the acro-
somal region domain of the sperm head, an ATPase and a
H+ pump exist, which are associated with the acrosomal
reaction (28). It is likely that the 58-kDa protein localized
in the equatorial segment of the acrosomal region domain
of the sperm head acts as an ATPase or H+ pump associ-
ated with the acrosomal reaction since ATP synthase also
functions as an ATPase or H+ pump. On the other hand,
the 58-kDa protein was also localized in the sperm flagel-
lum. An especially large amount of the 58-kDa protein
was localized in the middle piece of the sperm flagellum.
The middle piece of the sperm flagellum consists of three
structures, the mitochondrial sheath, the outer dense fib-
ers and the axoneme. The mitochondrial sheath contains
many mitochondria. Since the 58-kDa protein was identi-
fied as the ATP synthase H+ transporting mitochondrial
F1 complex � subunit, it seems that the 58-kDa protein
acts as one of the subunits of ATP synthase in the mito-
chondria in the mitochondrial sheath and is associated

with ATP production. What is the role of phosphorylation
of the ATP synthase H+ transporting mitochondrial F1
complex � subunit? Recently, it was suggested that phos-
phorylation of the ATP synthase H+ transporting mito-
chondrial F1 complex � subunit regulated ATP synthesis
in skeletal muscle (29). Therefore, phosphorylation of the
58-kDa protein may also be related to the regulation of
ATP synthesis in sperm mitochondria, although we have
no evidences of this.

Furthermore, a small amount of the 58-kDa protein is
localized in the principal piece and in the end piece of the
sperm flagellum. In the previous studies (30, 31), it was
suggested that the motility of spermatozoa was regulated
through changes in intercellular pH. Therefore, it also
seems that the 58-kDa protein acts as one of the subunits
of the H+-pump associated with the regulation of the
intercellular pH in the sperm flagellum, but we do not yet
have any evidence as to the function of the 58-kDa
protein. Further study on characterization of the 58-kDa
protein in more detail may lead to a clearer understand-
ing of ATP production and the regulation of sperm
motility.
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