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The mak gene encodes a new protein kinase distantly related to cdc2 kinase, and its transcripts are expressed
exclusively in testicular germ cells at and after meiosis (H. Matsushime, A. Jinno, N. Takagi, and M. Shibuya,
Mol. Cell. Biol. 10:2261-2268, 1990). In this study, we prepared a series of antibodies against synthetic
peptides and fusion products of the mak gene and characterized the subcellular localization, protein kinase
activity, and association with other cellular proteins of Mak. Mak products were identified as 66- and 60-kDa
proteins that specifically appeared in rat testes after puberty. Testicular germ cell fractionation revealed that
Mak products were most abundant in the fraction of the late pachytene stage and that their levels were
dramatically decreased in postmeiotic haploid cells. Mak products were localized mostly in the cytoplasm as a
soluble form. [3Sjmethionine labelling demonstrated that Mak products were associated with a 210-kDa
cellular protein; in an in vitro kinase assay with immunoprecipitates of Mak products, the 210-kDa cellular
protein was efficiently phosphorylated on serine and threonine residues. Furthermore, in a testicular cell
culture system with 32pi, the 210-kDa molecule associated with Mak was phosphorylated in vivo on serine and
threonine residues. These results strongly suggest that the Mak complex may play a role in meiosis during
spermatogenesis and that a phosphorylated 210-kDa protein is one of the physiological substrates for this
protein kinase.

Spermatogenesis is known to be separated into three
major stages, i.e., the mitotic phase of spermatogonia (stem
cells), the meiotic phase of spermatocytes, and the matura-
tion stage after meiosis to sperm. Spermatogenesis is one of
the most interesting biological systems, in which both nor-
mal cell division and a unique cell cycle, meiosis, can be
investigated. Recent studies revealed that two genes, c-kit
and the stem cell factor gene, are directly involved in the
mitotic cell cycle of spermatogonia: a tyrosine kinase recep-
tor encoded by the c-kit gene in germ cells is activated by
stem cell factor expressed in Sertoli cells in a paracrine
manner (43, 48, 52). Since self renewal of the germinal stem
cells involves the general cell cycle, cell cycle regulatory
proteins, such as cyclins and cdc2-related kinases (11, 31,
37), are also suggested to be involved in germinal stem cell
growth.
Although the mitotic stage of spermatogenesis has come to

be more clearly understood at the molecular level, regula-
tory mechanisms of the meiotic process are still poorly
characterized. Recently, several genes, such as Hox-1.4
(53), members of the HSP70 gene family (2, 3, 55), and ferT
(13, 25), were reported to be expressed specifically near the
time of meiosis. However, the physiological roles of their
gene products in the meiotic phase are still not known. Other
housekeeping genes, such as PGK-2 (phosphoglycerate ki-
nase 2), are known to be expressed in the testes as an
isoform specific to meiosis and maturation (14, 15, 49). The
switching of these genes from the somatic form (PGK-1) to
the meiosis-specific form is thought to be due to the rapid
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inactivation of the PGK-1 gene through chromosomal con-
densation or modification in the early phase of meiosis (15).
It is not clear whether these testis-specific housekeeping
genes play a regulatory role in the meiotic process.

Protein kinases have been shown to be directly involved in
the initiation of meiosis in two different manners in yeast
cells. Ranl+/Patl+ kinase in Schizosaccharomyces pombe
has a suppressive effect on meiosis, and inactivation of this
kinase is essential for the commitment to meiosis (23, 34,
35). On the other hand, IME2/SME1 kinase in Saccharomy-
ces cerevisiae is rapidly induced under conditions of low
nitrogen in diploid cells, suggesting that this kinase is impor-
tant for the initiation of meiosis (47, 54).
We have isolated a novel protein kinase gene, mak (male

germ cell-associated kinase), the expression of which is
strictly regulated at and after meiosis. mak mRNAs of 3.8
and 2.6 kb appeared in the testes after puberty, but no
transcripts were observed at detectable levels in other nor-
mal tissues (33). The predicted product of mak consists of
three regions, a kinase domain, a proline-glutamine-rich
region, and a carboxy-terminal region. The kinase domain of
Mak shows significant homology to that of the cdc2/CDC28
kinase and the IME2/SME1 kinase (38 to 43% identity).
Since a highly conserved region, PSTAIRE, in the cdc2/
CDC28 kinase family is divergent in the predicted Mak, a
cellular protein(s) different from those that bind to the
cdc2/CDC28 kinase could associate with Mak. In this study,
using antisera specific for Mak, we characterized the local-
ization, kinase activity, and association with other molecules
of Mak. We found that Mak exists as a unique protein
complex.
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MATERIALS AND METHODS

Preparation of antipeptide antibodies. Three synthetic
peptides corresponding to the predicted rat Mak protein
(see Fig. 1) [i.e., amino acid residues 388 to 406, (Cys)-Gly-
His-Lys-Gly-Ala-Arg-Arg-Arg-Trp-Gly-Gln-Thr-Val-Phe-
Lys-Ser-Gly-Asp-Ser (I); amino acid residues 546 to 566,
(Cys)-Val-Pro-Ser-Phe-Leu-Lys-Glu-Val-Gly-Ser-Ala-Gly-
Gln-Arg-Ile-His-Leu-Ala-Pro-Leu (II); and amino acid
residues 603 to 622, (Cys)-Gln-Pro-Val-Pro-Ser-Val-His-
Gly-Arg-Thr-Asp-Trp-Val-Ala-Lys-Tyr-Gly-Gly-His-Arg (III)]
were coupled to keyhole limpet hemocyanin at the amino-
terminal cysteine residue. The Cys residue in each peptide was
added artificially for peptide-keyhole limpet hemocyanin cou-
pling. About 200 jig of each coupled peptide was injected into
rabbits five times, and the antisera were affinity purified by use
of peptide-coupled epoxy-activated Sepharose 6B (Pharmacia)
(32).

Preparation of antibodies against a TrpE-Mak fusion pro-
tein. The SacI-EcoRI fragment of mak cDNA containing the
entire coding region (33) (the EcoRI site was digested with
mung bean nuclease to form a blunt end) was ligated to the
Sacl-SmaI sites of pATH11, a trpE vector plasmid (26). The
predicted 105-kDa TrpE-Mak protein also includes the 11
amino acid residues derived from the 5'-noncoding region of
Mak. Recombinant pATH11 containing the mak insert was
transformed into Eschenchia coli HB101 and induced, and
the insoluble fraction was prepared as described previously
(26). Approximately 10 to 50 jg of the fusion protein band
was cut from acrylamide gels and used for immunization.
Affinity-purified anti-Mak antibodies were prepared from the
crude anti-TrpE-Mak antiserum by use of affinity columns
(45).
Western blotting (immunoblotting). Testicular lysates of

rats (F344; SLC, Shizuoka, Japan) were prepared by use of
modified RIPA buffer, containing 50 mM Tris-HCl (pH 7.4),
0.15 M NaCl, 1% Triton X-100, 1% sodium deoxycholate,
0.1% sodium dodecyl sulfate (SDS), 20 mM EDTA, 200 U of
aprotinin per ml, and 1 mM phenylmethylsulfonyl fluoride
(PMSF). Cell lysates were separated by SDS-polyacryl-
amide gel electrophoresis (PAGE) (28) and transferred to
Immobilon polyvinylidene difluoride transfer membranes
(Millipore). The membranes were blocked with 3.75% nonfat
dry milk-phosphate-buffered saline (PBS) containing 0.1%
Tween 20 for 2 h at 37°C, incubated for 10 to 12 h at 4°C with
antibody, washed, probed with "NI-labeled protein A solu-
tion (Amersham), washed again three times, dried, and
exposed to Dupont X-ray film at -70°C. The protein con-
centration in the samples was determined by use of the
Bio-Rad Laboratories protein assay (6).
Germ cell fractionation. Germ cell suspensions were pre-

pared from 8-week-old rats by enzymatic dissociation of the
testes with collagenase (1 mg/ml) and then digestion with
trypsin (0.125 mg/ml) and then were fractionated by sedi-
mentation on bovine serum albumin (BSA) gradients at one
unit of gravity as previously described (42). The purity of the
fractions was examined under a microscope and determined
on the basis of the morphological features of the cells.
Fractions that were more than 80% pure were used for
protein analyses.

Subcellular fractionation of rat testes. Testes from 8-week-
old rats were decapsulated and homogenized in 10 volumes of
an ice-cold solution containing 0.25 M sucrose, 50 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-
NaOH (pH 7.5), 10 mM NaCl, 10 mM EDTA, 1 mM dithio-
threitol (DTIT), 200 U of aprotinin per ml, and 1 mM PMSF by

use of a Potter-Elvehjem tissue homogenizer. The homogenate
was centrifuged at 1,000 x g for 10 min at 4°C to yield the crude
nuclear fraction. The supernatant was centrifuged at 100,000 x
g for 1 h at 4°C in an SW41 rotor (Beckman Instruments) to
obtain a pellet containing the membrane fraction (P100) and a
supernatant containing the cytosolic fraction (S100).
The nuclei were separated from the crude nuclear fraction

by centrifugation in the presence of 2.2 M sucrose (8). This
separation accomplished by adding 12 volumes of a solution
containing 2.4 M sucrose, 50 mM HEPES-NaOH (pH 7.5),
3 mM CaCl2, 1 mM DTT, 200 U of aprotinin per ml, and 1
mM PMSF to the crude nuclear pellet. This mixture was
shaken gently and centrifuged at 40,000 x g for 1 h at 4°C in
an SW28 rotor (Beckman). The pellet obtained contained the
nuclear fraction. Each fraction was analyzed by Western
blotting.

Metabolic labelling of male germ cells, preparation of cell
lysates, and immunoprecipitation. Germ cell suspensions
prepared from 8-week-old rat testes were used for in vitro
culturing. For labelling of proteins with [35S]methionine, 1.0
x 107 germ cells were maintained for 6 h at 32°C with 5%
CO2 in a 60-mm petri dish containing 2.0 ml of Eagle's
minimal essential medium (Nissui Seiyaku Corp.) supple-
mented with 10% (dialyzed) fetal bovine serum-6 mM so-
dium DL-lactate (Nakarai Chemicals)-1 mM sodium pyru-
vate (GIBCO)-10 ,uM methionine-200 ,uCi of Trans-35S-label
(>1,000 Ci/mmol; ICN) (38). For labelling of cells with 32Pi,
1.0 x 107 germ cells were cultured for 6 h at 32°C with 5%
CO2 in a 60-mm petri dish containing 1.5 ml of RPMI 1640
(GIBCO) supplemented with 10% (dialyzed) fetal bovine
serum-6 mM sodium DL-lactate-1 mM sodium pyruvate-1
,ug of kanamycin per ml-10 mM HEPES (pH 7.5)-1.5 mCi of
32Pi (Amersham).

Labelled cells were washed twice with PBS and rapidly
frozen in liquid nitrogen. [35S]methionine-labelled cells were
lysed in Nonidet P-40 (NP-40) lysis buffer, containing 50 mM
HEPES-NaOH (pH 7.5), 150 mM NaCl, 1% NP-40, 10%
glycerol, 5 mM EDTA, 1 mM DTT, 200 U of aprotinin per
ml, and 1 mM PMSF. 32Pi-labelled cells were lysed in NP-40
lysis buffer containing 50 mM NaF, 10 mM sodium PPi, 5
mM nitrophenylphosphate, and 1 mM sodium orthovana-
date. The lysates were centrifuged, and the supernatants
were precleared with protein A-Sepharose (Pharmacia). The
supernatants were incubated with affinity-purified antibodies
for 1 h at 4°C. For peptide competition experiments, immu-
noprecipitation experiments were performed in the presence
of 100 to 200 jiM peptide. The immune complexes were
collected in protein A-Sepharose after incubation for 1 h at
4°C and washed three times with NP-40 lysis buffer and
twice with HTG buffer, containing 20 mM HEPES-NaOH
(pH 7.5), 0.1% Triton X-100, and 10% glycerol. The immune
complexes were analyzed by SDS-PAGE.

In vitro transcription-translation system. Both the 622- and
the 580-amino-acid forms of mak cDNA were digested with
SacI-EcoRI and then inserted into the SacI-EcoRI sites of
plasmid pSP73. The T7 or SP6 RNA polymerase in vitro
transcription system and the rabbit reticulocyte cell-free
translation system were purchased from Promega. The in
vitro reactions were carried out as recommended by
Promega. The translation products were labelled with
[35S]methionine (>1,000 Ci/mmol; ICN), diluted with NP-40
lysis buffer, and immunoprecipitated as described above.
Immune complexes were subjected to SDS-PAGE and auto-
radiography.

In vitro kinase assays. For the protein kinase assay, the
cytosolic fraction (S100) from testes and other tissues was
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prepared by use of a buffer containing Tris-HCl (pH 7.4), 10
mM NaCl, 0.25 M sucrose, 5 mM EDTA, 1 mM DTT, 200 U
of aprotinin per ml, and 1 mM PMSF. Immunoprecipitation
with anti-Mak antibodies was carried out as described
above. Immune complexes were washed three times with
NP-40 lysis buffer and then twice with HTG buffer. The Mak
product-protein A-Sepharose beads were then resuspended
in 20 ,ul of assay buffer, containing 20 mM HEPES-NaOH
(pH 7.5), 0.1% Triton X-100, 10% glycerol, 10 mM MnCl2,
0.25 mM P-glycerophosphate, 1 ,M ATP, and 10 p,Ci of
[_y-32P]ATP (3,000 Ci/mmol; Amersham) and incubated for
10 min at 22°C. The samples were mixed with a sample buffer
for SDS-PAGE, boiled for 3 min, and analyzed by SDS-
PAGE.
For the reimmunoprecipitation of Mak proteins from

phosphorylated immune complexes, after the kinase assay,
the complexes were washed twice with HTG buffer, 20 ,u of
denaturation buffer, containing 50 mM HEPES-NaOH (pH
7.5), 1% SDS, and 10 mM DTT, was added, and the mixture
was boiled for 3 min. The supernatant was diluted 12-fold
with NP-40 lysis buffer containing 0.1 mM sodium orthovan-
adate, 50 mM P-glycerophosphate, and 1 mg of BSA per ml.
Immunoprecipitation reactions and the detection of phos-
phoproteins were performed as described above.

Labelled proteins were cut out of the dried gel, extracted,
and hydrolyzed. The phosphoamino acids were separated by
thin-layer chromatography as described previously (10).

Kinase assays for exogenous substrates were performed
with assay buffer containing 0.5 mg of histone Hi (Boehr-
inger) per ml or 0.25 mg of myelin basic protein (MBP)
(Sigma) per ml.

Detection of kinase activity in an SDS-polyacrylamide gel
containing MBP. Immunoprecipitates of testicular extracts,
obtained with an anti-Mak antibody, were electrophoresed
on an SDS-polyacrylamide gel containing 0.5 mg ofMBP per
ml (17, 24). SDS was removed, and the enzyme was dena-
tured and then renatured as described previously (24). After
renaturation, the gel was preincubated at 25°C for 30 min
with 10 ml of 40 mM HEPES-NaOH (pH 7.5) containing 2
mM DTT, 0.1 mM ethylene glycol-bis(P-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA), and 10 mM MnCl2.
Phosphorylation of MBP was carried out by incubating the
gel at 25°C for 1 h with 10 ml of 40 mM HEPES-NaOH (pH
7.5) containing 0.5 mM EGTA, 10 mM MnCl2, 10 p,M ATP,
and 100 ,uCi of [y-32P]ATP. After incubation, the gel was
washed with a 5% (wtlvol) trichloroacetic acid solution
containing 1% sodium PPi until the radioactivity of the
solution became negligible. The washed gel was dried and
then subjected to autoradiography.

Gel ifitration chromatography. The 8-week-old rat testis
cytosolic fraction (S100) was prepared in the same buffer
that was used for the kinase assay of immune complexes.
S100 (500 pl) (7.5 mg of protein per ml) was fractionated by
gel filtration on a Superose 12 column (Pharmacia). Proteins
were eluted in a buffer containing 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% glycerol, 200 U
of aprotinin, per ml, and 1 mM PMSF. Aliquots (50 and 100
pl) of every 0.5-ml eluted fraction were used for Western
blotting and the immune complex kinase assay, respectively.

RESULTS

The major products of the mak gene are 66- and 60-kDa
proteins that appear specifically in the testes after puberty. To
examine the mak gene products and their stage-specific
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FIG. 1. Antigens used for the preparation of anti-Mak antibod-

ies. The predicted Mak protein consists of 622 amino acids. STK
and PQ represent the kinase domain and the proline-glutamine-rich
domain in the Mak protein, respectively. Antisera were raised
against three synthetic peptides, I, II, and III, and against the entire
coding region of the Mak protein (IV) expressed in bacteria.

expression in the testes, we prepared a variety of polyclonal
antibodies against three synthetic peptides corresponding to
different regions of the predicted Mak protein (I, II, and III)
and against a TrpE-Mak peptide (IV) fusion protein (Fig. 1).
Western blot analyses with antibodies against Mak peptide I
(Fig. 2A, lane 2) and against Mak peptide III (Fig. 2A, lane
3) revealed that these antibodies recognized both the 66- and
the 60-kDa proteins in testicular lysates from an 8-week-old
rat. No bands were detected by preimmune sera (Fig. 2A,
lane 1).
Although other faint bands of smaller sizes were detected

by anti-Mak peptide III antibody (Fig. 2A, lane 3), these
bands were not consistently detected by other antibodies
produced against the same antigen by different rabbits (data
not shown), suggesting that these smaller bands were due to
nonspecific cross-reactions. Since the authentic mak mRNA
encodes a 622-amino-acid protein, proteins of about 66 and
60 kDa are consistent with mak gene products. For confir-
mation that the two different antibodies recognized the same
66- and 60-kDa molecules, testicular lysates were immuno-
precipitated with antibody against Mak peptide I, run on an
SDS-polyacrylamide gel, and then analyzed by Western
blotting with anti-Mak peptide III antibody. The results
clearly showed that these 66- and 60 kDa proteins were
specifically recognized by antibodies against different
epitopes of the predicted Mak protein (lane 8). Thus, we
concluded that the mak gene products are 66- and 60-kDa
proteins (p66Mak and p60 s", or simply p66 and p60) under
such denaturing conditions.

Previous analyses by Northern (RNA) blotting showed
that mak mRNAs of 2.6 and 3.8 kb were specifically ex-
pressed in meiotic spermatocytes and early-stage spermatids
but not in mitotic spermatogonia, Sertoli cells, or other
interstitial cells (33). We examined the developmental ex-
pression of Mak products in rat testes by Western blotting
with antibody against Mak peptide III (Fig. 2B). Mak prod-
ucts were detectable at 16 days after birth in the testes, and
the levels of both p66 and p60 products increased gradually,
reaching a plateau about 4 weeks after birth. The pattern of
expression of Mak products coincided with the appearance
of meiotic cells in the testes.
The two Mak proteins may correspond to heterogeneous

mak mRNAs. The two different sizes of Mak products could
be due to different coding sequences in mak mRNAs or to
posttranslational modifications. Among the mak cDNAs
isolated from the rat testis cDNA library, we found an
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FIG. 2. Identification of mak gene products and developmental
expression of Mak proteins in the testes. (A) Total soluble proteins
(100 ,ug) in modified RIPA buffer prepared from the testes of an
8-week-old rat were separated by SDS-PAGE, transferred to a

membrane, and reacted with antibody against Mak peptide I (lane
2), antibody against Mak peptide III (lane 3), and preimmune sera
(lane 1). After a wash, the bands were detected with 1"I-labelled
protein A. In lanes 4 to 9, after immunoprecipitation of Mak proteins
with antibodies against Mak peptide I (lanes 4 and 8) and against
Mak peptide III (lane 6), immune complexes were separated on an

SDS-polyacrylamide gel and then analyzed by Western blotting with
antibodies against Mak peptide I (lanes 4 and 5) and against Mak
peptide III (lanes 6 to 9). For blocking experiments, these antibodies
were used in competition with peptide I (lanes 5 and 9) and with
peptide III (lane 7), respectively, in immunoprecipitation reactions.
Molecular masses (in thousands) of marker proteins are indicated at
the left. IgG, immunoglobulin G. (B) Total soluble extracts (100 ,ug)
in the same lysis buffer as that mentioned above and prepared from
the testes of 7 (lane 1)-, 16 (lane 2)-, 18 (lane 3)-, 20 (lane 4)-, 22 (lane
5)-, and 24 (lane 6)-day-old and 8 (lane 7)-week-old rats were
analyzed by Western blotting with anti-Mak peptide III antibody.

aberrant mak coding sequence in a cDNA carrying a 123-bp
in-frame deletion mutation (nucleotide residues 1828 [C] to
1950 [G]) within the carboxy-terminal region of the Mak
protein (Fig. 3A). The predicted Mak product bearing this
deletion mutation is expected to lose 41 amino acids, from
Ala-530 to Ala-570, resulting in a product 581 amino acids
long. cDNA polymerase chain reaction analysis of testicular
RNA with primers directed towards the upstream and down-
stream sequences of the deletion region demonstrated that
both the 622- and the 581-amino-acid-type mak mRNAs were
expressed from 16-day-old to 10-week-old rat testes in
similar ratios (49a; data not shown).
For examination of whether these 622- and 581-amino acid

mak coding sequences correspond to the 66- and 60-kDa
proteins in testicular lysates, both the mak cDNAs were
ligated to an expression vector and the RNAs synthesized in
the sense or antisense orientation were translated in vitro in
the presence of [35S]methionine. As shown in Fig. 3B, the
major products immunoprecipitated with antibody against
Mak peptide III (carboxy terminus) from the 622-amino-acid
Mak mRNA (lane 1) and the 581-amino-acid Mak mRNA

t*

_,622a.a.
-581a.a.

C
1 2 3 4 Mak

__p66Ma
p60Mak

FIG. 3. The major difference in size between p66 and p60 Mak
proteins could be due to different coding sequences in the carboxyl
region. (A) The predicted mak gene product consists of 622 amino
acids (622 a. a. type). Mak with a deletion (581 a. a. type) is expected
to lose 41 amino acid residues, from Ala-530 to Ala-570, within the
carboxyl region of 622 a. a. type. (B) Two types of mak cDNAs (622
and 581 amino acids long in the coding region) were transcribed and
translated in vitro as described in Materials and Methods. RNAs for
the sense strand of 622 a. a. type (lanes 1 and 3), the antisense strand
of 622 a. a. type (lane 2), the sense strand of 581 a. a. type (lanes 4
and 6), and the antisense strand of 581 a. a. type (lane 5) were
translated in the presence of [35S]methionine, and the products were
immunoprecipitated with antibody against Mak peptide III. In lanes
3 and 6, for the blocking experiment, this antibody competed with
peptide III. Samples were separated by SDS-PAGE, and labelled
proteins were detected by autoradiography. Asterisks indicate the
major translational products of 622 a. a. type and 581 a. a. type. (C)
Immunoprecipitates obtained with antibody against Mak peptide III
of testicular lysates prepared in modified RIPA buffer from the
testes of an 8-week-old rat were analyzed by Western blotting with
antibodies against Mak peptide III (lanes 1 and 2) and against Mak
peptide II (lanes 3 and 4). In lanes 2 and 4, antibody competed with
peptide III in immunoprecipitation reactions.

(lane 4) were approximately 66 and 60 kDa in size, respec-
tively. No labelled proteins were precipitated with the same
antibody either from antisense (lanes 2 and 5) or from sense
(lanes 3 and 6) translational products in competition with
peptide III. The smaller sizes of the radiolabelled bands
might be due to protein degradation.
For further confirmation that the p66 and p60 Mak pro-

teins differ because of to the different coding sequences in
the carboxyl region, anti-Mak peptide II antibody specific
for the deletion region (amino acid residues 546 to 566) was
prepared (Fig. 1). As shown in Fig. 3C (lane 3), this antibody
recognized only the 66-kDa protein among the Mak proteins.
These results strongly suggest that the two types of Mak
products in the testes are derived from two different tran-
scripts.
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FIG. 4. Subcellular localization of Mak products in the testes
and their expression in fractionated male germ cells. (A) Eight-
week-old rat testes were homogenized and fractionated by differen-
tial centrifugation (see Materials and Methods). Aliquots of fractions
containing equal amounts of Mak proteins were analyzed by West-
ern blotting with antibody against Mak peptide I. Lanes: 1, unfrac-
tionated lysates; 2, cytoplasmic fraction; 3, nuclear fraction; 4,
cytosolic fraction (S100); 5, membrane fraction (P100). (B) Male
germ cells of 8-week-old rat testes were fractionated by use of a
BSA linear gradient (see Materials and Methods). Lysates of frac-
tions were prepared in NP-40 lysis buffer and 75 pg of protein was
used in each lane for Western blotting with antibody against Mak
peptide I. Lanes: 1, dissociated spermatogenic cells before fraction-
ation; 2, fractionated spermatogenic cells containing spermatogonia,
primary spermatocytes at the leptotene, zygotene, and early
pachytene stages, and secondary spermatocytes; 3, primary sper-
matocytes at the late pachytene stage; 4, round spermatids.

Mak products are mostly localized in the cytoplasm in a
soluble form and are abundant in germ cells near the time of
the late pachytene stage. Nonreceptor-type protein kinases
involved in signal transduction or in the cell cycle are
localized near the membrane, the cytoplasm, or nuclei,
depending on their roles within the cell. For understanding
the physiological function of Mak products, it appears im-
portant to clarify the subcellular localization and stage-
specific expression of Mak proteins during spermatogenesis.
A testicular homogenate prepared without detergent was
fractionated by differential centrifugation (see Materials and
Methods), and the fractionated samples were analyzed by
Western blotting. As shown in Fig. 4A, both p66 and p60
Mak proteins were abundant in the postnuclear supernatant
fraction (lane 2) but were hardly detectable in the nuclear
fraction (lane 3). The postnuclear supematant was further
centrifuged at 100,000 x g to obtain the pellet (P100;
membrane fraction) and the supernatant (S100; cytosolic
fraction). Most of the Mak proteins were localized in S100
(lane 4), and very few were localized in P100 (lane 5),
indicating that Mak proteins are present in a soluble form in
the cytoplasm.
mak mRNAs are expressed at and after meiosis, the level

of the 2.6-kb mRNA being higher in the postmeiotic stage
and round-spermatid stage (33). For determination of which
types of cells in the testes the Mak products exist in,
testicular germ cells were fractionated by use of a BSA linear
gradient, and the amounts of the Mak proteins were exam-
ined (Fig. 4B). The levels of both p66 and p60 Mak proteins
were highest in the late pachytene cell fraction (lane 3),
lower in the early pachytene cell fraction, which is a mixture

FIG. 5. Immunoprecipitation of Mak proteins from [35S]methio-
nine-labelled germ cells. Male germ cells obtained from 8-week-old
rat testes were labelled in vitro with [35S]methionine, and the total
detergent (1% NP-40)-soluble cell lysates were immunoprecipitated
with antibodies against Mak peptide I (lane 2), against Mak peptide
III (lane 5), and against Mak peptide IV (lane 8) and with preimmune
sera (lanes 1, 4, and 7). In a peptide competition analysis, antibodies
against Mak peptide I (lane 3) and against Mak peptide III (lane 6)
competed with the corresponding peptides. Samples were analyzed
by SDS-PAGE, and labelled proteins were detected by autoradiog-
raphy.

of other types of cells (lane 2), and extremely low in the
fraction of round spermatids (lane 4). The localization of
Mak products in the testes was also examined by the indirect
immunofluorescence method (19). Mak products were iden-
tified in the primary spermatocytes of the pachytene and
diplotene stages but were not detectable in the spermatogo-
nia or in the round spermatids (data not shown). These
results suggest that Mak proteins may have a physiological
function during the pachytene stage of meiosis. Since the
level of the 2.6-kb mak mRNA is still high in round sperma-
tids, a very low level of Mak proteins in these cells suggests
poor efficiency in the translation of the 2.6-kb mRNA or
rapid degradation of Mak products after meiosis.
Mak proteins are tightly associated with the 210-kDa cellu-

lar protein in the testes. In general, it has not been easy to
find the physiological regulators and cellular substrates of
protein kinases. As an exception, a few protein kinases are
reported to be tightly associated with cellular proteins: for
example, p13 and cyclin B are bound to cdc2 kinase and
regulate its catalytic activity (5, 7, 27). We made an attempt
to identify such molecules associated with Mak proteins by
labelling testicular germ cells in cultures with [3 S]methion-
ine. After labelling was done, cell lysates were prepared with
NP-40 lysis buffer, and Mak prbteins were immunoprecipi-
tated with various anti-Mak antibodies. In addition to the
p66 and p60 Mak proteins, a 210-kDa protein (p210) and a
40-kDa protein (p40) were specifically detected (Fig. 5, lanes
2, 5, and 8). These proteins were not immunoprecipitated by
preimmune sera (lanes 1, 4, and 7) or by anti-Mak antibodies
in the presence of competing peptides (lanes 3 and 6).
Reproducible detection of p210 and p40 in the Mak immune
complex with various antibodies against three different
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FIG. 6. In vitro kinase activity in Mak immunoprecipitates. (A) Testicular S100 fractions (each 200 p,g) from 8-week-old rats were
immunoprecipitated with antibodies against Mak peptide I (lane 2), against Mak peptide III (lane 4), and against Mak peptide IV (lane 5) and
with preimmune serum (lane 1). In lane 3, antibody against Mak peptide I competed with peptide I. The in vitro kinase assay was performed
with the Mak immune complex as described in Materials and Methods. Samples were analyzed by SDS-PAGE, and phosphoproteins were
detected by autoradiography. In lanes 6 and 7, a phosphorylated immune complex obtained with antibody against Mak peptide IV was placed
in 1% SDS-10 mM DTT and boiled for 3 min. Samples were diluted and reimmunoprecipitated with antibody against Mak peptide III (lane
6) or against Mak peptide III that had competed with peptide III (lane 7). Lanes 1 to 5 were exposed for 1 h and lanes 6 and 7 were exposed
for 12 h with an intensifying screen at -80°C. (B) After the kinase assay, phosphorylated p210 (pp210) and Mak (both p66 and p60) were cut
out of the dried gel and extracted, and a phosphoamino acid analysis was done. S, serine; T, threonine; Y, tyrosine. (C) Immunoprecipitates
obtained with antibody against Mak peptide III were assayed for their ability to transfer 32p from [-y-32P]ATP to histone Hi and MBP (lane
1). In lane 2, immunoprecipitates were prepared in the presence of competing peptide III.

epitopes of the predicted mak gene product indicates that
p210 and p40 are coprecipitated with Mak products, suggest-
ing the formation of a Mak protein complex in association
with p210 and p40. However, the possibility that p40 is a
degradation product of p210 after immunoprecipitation can-
not be completely ruled out.
The Mak immune complex is associated with serine/threo-

nine-specific protein kinase activity and efficiently phosphory-
lates p210. For examination of whether protein kinase activ-
ity is associated with the Mak immune complex, an in vitro
protein kinase assay was carried out. Immunoprecipitates
formed with anti-Mak antibodies from S100 fractions of
8-week-old rat testes were incubated with [_y-32P]ATP in the
presence of 10 mM MnCl2. As shown in Fig. 6A, protein
kinase activity was specifically detected in the Mak immune
complex (lanes 2, 4, and 5). The [35S]methionine labelling
experiments described above revealed that p210 was copre-
cipitated with Mak products (Fig. 5). In the in vitro kinase
assay, p210 was highly phosphorylated (pp210) by the kinase
activity associated with the Mak immune complex. Other,
minor phosphorylated bands in the range of 60 to 93 kDa
(pp6O, pp66, pp7O, and pp93) were also detected.
For examination of whether pp66 and pp6O are phosphor-

ylated Mak products themselves, the Mak immune complex,
after the in vitro kinase reaction, was denatured in the
presence of SDS and DTT, diluted, and reimmunoprecipi-
tated with anti-Mak antibody. As shown in Fig. 6B (lane 6),
pp66 and pp6O were specifically recognized by the anti-Mak
antibody. These results clearly indicate that both p66 and
p60 Mak proteins are phosphorylated to some extent in
vitro. Other phosphorylated bands, of p70 and p93, appear to
be nonspecific, since these proteins also bound to the
preimmune serum-protein A-Sepharose complex (Fig. 5).

Phosphoamino acid analysis of the in vitro-phosphory-
lated p210, p66, and p60 Mak proteins revealed both phos-
phoserine and phosphothreonine, indicating that a serine/
threonine-specific kinase activity (rather than a tyrosine-
specific kinase activity) is associated with the Mak immune
complex (Fig. 6B).
We next analyzed the ability of the Mak immune complex

to phosphorylate exogenous substrates. As shown in Fig.
6C, an immune complex containing Mak products phosphor-
ylated efficiently both histone Hi and MBP. Casein used as
an exogenous substrate was not phosphorylated by Mak-
associated kinase activity (data not shown).

Kinase activities are associated with both p66 and p60 Mak
proteins. Although the Mak protein complex clearly shows
kinase activity and the Mak products contain a kinase
domain, there is no direct evidence for the association of
kinase activity with Mak proteins. A procedure for the
identification of protein kinase activity after electrophoresis
on SDS-polyacrylamide gels containing substrates, the in-gel
kinase assay, was recently developed (24). To examine
whether the Mak products really have protein kinase activ-
ity, we performed kinase reactions by use of a polyacryl-
amide gel with MBP as the substrate following denaturation
and renaturation after SDS-PAGE of the Mak immune
complex. As shown in Fig. 7, kinase activity was detected in
both p66 and p60 Mak proteins (lane 1). No activity was
detected in the control experiment carried out in the pres-
ence of a competing peptide (lane 2). These results clearly
indicate that kinase activity is associated with Mak products.
Furthermore, no kinase activity Was detected in p210 under
these conditions, suggesting that the kinase activity associ-
ated with the Mak immune complex is derived from the Mak
products themselves.
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FIG. 7. Detection of Mak-associated protein kinase activity after
SDS-PAGE with MBP. Immunoprecipitates obtained with antibody
against Mak peptide III (lane 1) or against Mak peptide III that had
competed with peptide III (lane 2) of the testicular cytosolic fraction
(S100) from an 8-week-old rat were electrophoresed in an SDS-
polyacrylamide gel containing MBP. After renaturation of proteins
in the gel, kinase reactions and the detection of kinase activity were
carried out as described in Materials and Methods.

Tissue- and stage-specific expression of Mak-associated pro-
tein kinase activity. For confirmation of the specificity of
Mak-associated protein kinase activity, cell lysates of vari-
ous tissues as well as testicular lysates at different stages
were used for a kinase assay. The results (Fig. 8A) demon-
strated that the kinase activity in the Mak immune complex
was detectable only in the testes and that the level of activity
increased in parallel with the increase in the level of Mak in

A
1 2 3 4 5 6 7

(kDa)
200- y

B

the testes (Fig. 8B). The level of Mak-associated protein
kinase activity was also in good agreement with the level of
Mak in fractionated testicular germ cells (Fig. 8C); activity
was highest in cells of the late pachytene stage (lane 3) but
extremely low in postmeiotic round spermatids (lane 4).

Gel filtration analysis of the Mak complex. For further
examination of the Mak complex, gel filtration analysis of
testicular cytosolic extracts (S100) was carried out. Each
fraction was examined by Western blotting (Fig. 9A) and by
an immune complex kinase assay (Fig. 9B) with antibody
against Mak peptide III. Western blotting revealed that p66
and p60 Mak proteins were eluted as a peak corresponding to
a size larger than 500 kDa (Fig. 9A, fractions 19 to 23).
Interestingly, few or no monomeric Mak products were
detected near the 60- to 70-kDa position (Fig. 9A, fractions
26 to 27). Correspondingly, for the same region, the kinase
assay revealed the phosphorylation of p210 in a similar
manner, in the peak fraction of Mak products, as was
observed with Western blotting (Fig. 9B). These results
further support complex formation of Mak with p210.
p210 is phosphorylated in vivo. Although the p210 cellular

protein is efficiently phosphorylated in the Mak immune
complex in vitro, there is no direct evidence for the phos-
phorylation of p210 under physiological conditions. For
examination of whether p210 is phosphorylated within cells,
testicular germ cells were labelled with 32p- in cultures. After
labelling was done, cell lysates prepared in NP-40 lysis
buffer were immunoprecipitated with antibody against Mak
peptide III. As shown in Fig. 10, the phosphorylated p210
band was clearly observed (lane 1). This phosphorylated
band was specific, because no bands were detected when a
competing peptide was added to the lysate prior to the
immunoprecipitation reaction (lane 2). In correlation with
the results of our in vitro kinase assay, we were able to

C
1 2 3 4 1 2 3 4

-_ - pp210

93-

69- "t 9 pp66Mak
,ft PP60Mak

46-

30-

FIG. 8. Tissue- and stage-specific expression of Mak-associated protein kinase activity. (A) Cytosolic (S100) fractions (200 ,ug) prepared
from various tissues of 8-week-old rats were immunoprecipitated with antibody against Mak peptide III, and an in vitro kinase assay was
carried out. The protein samples were prepared from the testes (lane 1), brain (lane 2), thymus (lane 3), liver (lane 4), spleen (lane 5), and
kidneys (lane 6). For lane 7, an S100 fraction of an ovary was prepared from a 15-week-old rat and used for the kinase assay. A similar analysis
with NP-40 lysis buffer yielded essentially the same results (data not shown). (B) S100 fractions (200 p,g) prepared from the testes of 16 (lane
1)-, 18 (lane 2)-, and 22 (lane 3)-day-old and 8 (lane 4)-week-old rats were immunoprecipitated with antibody against Mak peptide III, and the
protein kinase activity was determined in vitro. (C) Male germ cells of 8-week-old rats were fractionated, and lysates were prepared by the
same methods as those described in the legend to Fig. 4B. Lanes: 1, dissociated spermatogenic cells before fractionation; 2, fractionated
spermatogenic containing spermatogonia, primary spermatocytes at the leptotene, zygotene, and early pachytene stages, and secondary
spermatocytes; 3, primary spermatocytes at the late pachytene stage; 4, round spermatids. In each lane, 100 pg of protein was used for
immunoprecipitation with antibody against Mak peptide III, and then an in vitro kinase assay was carried out. For unknown reasons,
nonspecific pp93 and pp7O bands (see the text) seem to be enhanced (probably because of the use of a detergent-containing lysate).
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FIG. 9. Gel filtration analysis of S100 fractions from testes. (A) A Testicular cytosolic fraction (S100) obtained from an 8-week-old rat was
fractionated by gel filtration on a Superose 12 column (Pharmacia) as described in Materials and Methods. Fifty microliters of each fraction
was analyzed by Western blotting with antibody against Mak peptide III. (B) One hundred microliters of each fraction was immunoprecip-
itated with the same antibody as that used in panel A, and an in vitro protein kinase assay was carried out. Trypsin inhibitor (22 kDa), BSA
(68 kDa), rabbit immunoglobulin G (150 kDa), and P-galactocidase (520 kDa) were used to calibrate the column for molecular mass. Vo,
column void fraction.

observe the phosphorylation of p210 on serine and threonine
residues only in vivo (data not shown). Since the Mak-p210
complex contains Mak products that have protein kinase
activity (Fig. 7), it seems quite possible that at least some of
the phosphorylation of p210 in vivo occurs through Mak.
Although the threonine residue for autophosphorylation in

other protein kinases, such as cdc2 kinase (18) and mitogen-
activated protein (MAP) kinase (40), is also present at
Thr-156 of subdomain VIII (20), the phosphorylation of Mak
products was not detectable under the culture conditions
used in this study. It will be of interest to see what kind of
mechanism or condition in vivo is involved in the regulation
of kinase activity associated with the Mak products.
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FIG. 10. Immunoprecipitation of Mak proteins from 32Pi-labelled
germ cells. Male germ cells obtained from 8-week-old rat testes were
labelled in vitro with 32Pi, and total detergent (1% NP-40)-soluble
cell lysates were immunoprecipitated with antibody against Mak
peptide III (lane 1) or against Mak peptide III that had competed
with peptide III (lane 2). Samples were analyzed by SDS-PAGE and
subjected to autoradiography.

DISCUSSION

In this study, we have shown that a novel protein kinase,
Mak, is expressed as 66- and 60-kDa proteins, almost
exclusively in the meiotic phase of testicular germ cells. Mak
is associated with a p210 cellular protein that is efficiently
phosphorylated in vitro in a Mak immune complex and also
in vivo. These results strongly implicate that Mak plays an
important role in the meiotic phase during spermatogenesis.
We detected two Mak coding sequences in rats, a 622-

amino-acid coding sequence and a deletion-containing 581-
amino-acid coding sequence, which correspond to the 66-
and 60-kDa products. Our preliminary experiments suggest
that mouse testes also contain the 66- and 60-kDa Mak
proteins, detected by anti-rat Mak antisera. Thus, both types
of Mak appear to be phylogenetically conserved in rodent
species. Recently, we molecularly cloned human mak
cDNAs from a testis cDNA library. In these cDNAs, the
authentic structure of human Mak consists of a 623-amino-
acid product that is highly homologous to the rat 622-amino-
acid Mak product. However, we did not detect any deletion-
carrying Mak similar to the 581-amino-acid Mak in rats.
Instead, a few aberrant structures of human Mak, i.e.,
insertions in the carboxyl region, were detected (49b).
Therefore, we suggest that the 622- or 623-amino-acid Mak is
the fundamental Mak in mammalian species. Functional
differences between the 622- and 581-amino-acid forms of
Mak in rats are not clear yet.
Mak is associated with at least one species of cellular

protein, p210. p210 is efficiently phosphorylated in the Mak
immune complex in vitro and also in vivo under culture
conditions. Although we cannot rule out the possibility that
p210 is also another protein kinase, a simple explanation for
the detection of kinase activity in Mak products by an in-gel
kinase assay could be that Mak acts as protein kinase for
p210 (Fig. 7). It will be interesting to examine whether p210
and p40 are also meiosis-specific proteins or are housekeep-
ing proteins expressed in other tissues. Molecular cloning of
these associated molecules may be important for a better
understanding of the physiological function of Mak.
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To examine the similarity between in vitro- and in vivo-
phosphorylated p210 proteins, we carried out V8 protease
cleavage experiments in which the phosphorylated p210
proteins were cut out of the gel and subjected to enzymatic
digestion. A comparison of the SDS-PAGE patterns of the
phosphorylated proteins showed several bands occupying
similar positions, although some of the bands did not exactly
match each other. The different patterns observed could be
due to the differences in the conditions of phosphorylation of
p210 proteins: other protein kinases and phosphatases might
modify p210 protein phosphorylation patterns in vivo.
Gel filtration analysis indicated that the native molecular

size of the Mak complex was larger than 500 kDa. Although
we suggested that the major components of this complex are
p66Ma, p60Mak, p210, and probably p40, their molar ratios
and other possible minor components are still not yet clear.
Since we detected a faint band of 180 kDa (p180) phosphor-
ylated in a kinase assay after gel filtration (Fig. 9B, fractions
22 to 24) and since the p180-Mak complex could be separated
from the p210-Mak complex by anion-exchange chromatog-
raphy (data not shown), the Mak complex may not be
present in a single form. Thus, it will be interesting to study
the structural and functional relationships between p210 and
other minor components, such as p180.
The primary structure of Mak shows significant homology

to those of the cdc2 kinase and the cdk2 kinase (12, 36, 50),
important in the cell cycle, the MAP kinase, involved in
signal transduction (1, 16, 22, 44), and the IME2/SME1
meiosis-specific kinase in budding yeast cells (54). The
functions of Mak may also be similar to those of these
kinases. However, several differences between Mak and
cdc2 kinase were also observed. The majority of Mak was
localized in the cytoplasm, whereas cdc2 kinase appears to
translocate to the nuclei (4, 5, 41). Furthermore, the molec-
ular sizes of proteins associated with cdc2 kinase (p62,
cyclin B, and p13) are different from those of proteins
associated with Mak (7, 27). MAP kinase is also reported to
be distributed in both the cytoplasm and nuclei (9). In
addition, MAP kinase is present in a monomeric form within
the cell (17).
Concerning the relationship between Mak and MAP ki-

nase, several similarities can be pointed out. (i) The identity
at the amino acid level in the kinase domain of these two
protein kinases is about 35%, indicating significant structural
similarity. (ii) Mak is able to phosphorylate in vitro MBP,
which is considered to be one of the specific substrates for
MAP kinase. (iii) Our preliminary data indicate that the Mak
complex can elevate the level of phosphorylation of a p220
protein associated with microtubles in vitro, like MAP
kinase can (46). This 220-kDa protein is different from the
210-kDa protein of the Mak complex, at least in size. On the
basis of these observations, one interesting hypothetical
model is that the Mak complex may act as a regulator of
microtubles or related systems in testicular germ cells. This
model needs to be further investigated by a more direct
approach, such as a characterization of the similarity be-
tween p210 and MAP.
Although the structural similarity between Mak and the

IME2/SME1 kinase in yeast cells is also significant, their
functional relationship is still open to question: the IME2
kinase was reported to be able to initiate meiosis-specific
DNA synthesis in IME2-overexpressing yeast cells, whereas
the expression of Mak is high in the pachytene stage, in
which DNA synthesis for meiosis is mostly terminated.
Thus, there is so far no clear evidence supporting a func-
tional similarity between Mak and the IME2 kinase.

The molecular mechanisms of meiosis in vertebrates are
still poorly understood. Recently, several genes were re-
ported to be expressed specifically or relatively highly near
the time of meiosis: Hox-1.4 (53), members of the HSP70
gene family (2, 3, 55), PGK-2 (14, 15, 49), ferT (13, 25), and
others. c-mos protein kinase has been shown to be expressed
in rat testes (51); however, it is not clear whether the human
c-mos mRNAs expressed in the testes (39) are functional at
the translational level. The FerT protein kinase is a variant
form of Fer tyrosine kinase and is different from the Fer
protein expressed at the amino-terminal region in somatic
cells (13, 21, 30). Cellular molecules associated with the
FerT kinase and physiological substrates for this kinase have
yet to be elucidated. More recently, a new protein kinase,
Nekl, was found to be highly expressed in the meiotic germ
cells of mammals (29). Nekl is distantly related to the NIMA
gene product in Aspergillus nidulans, which has an impor-
tant role in mitosis. Thus, it will be of interest to examine the
functional relationship between Nekl and NIMA and the
biological role of Nekl in spermatogenesis. Regarding Mak
proteins, we have shown here the size, association with
other proteins, and possible phosphorylation. Thus, the Mak
system could present a useful tool for clarifying some
aspects of the molecular mechanisms involved in the meiotic
phase of spermatogenesis.
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