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Here we describe and characterize a small serine/threonine kinase (SSTK) which consists solely of the N-
and C-lobes of a protein kinase catalytic domain. SSTK protein is highly conserved among mammals, and no
close homologues were found in the genomes of nonmammalian organisms. SSTK specifically interacts with
HSP90-13, HSC70, and HSP70 proteins, and this association appears to be required for SSTK kinase activity.
The SSTK transcript was most abundant in human and mouse testes but was also detected in all human tissues
tested. In the mouse testis, SSTK protein was localized to the heads of elongating spermatids. Targeted deletion
of the SSTK gene in mice resulted in male sterility due to profound impairment in motility and morphology of
spermatozoa. A defect in DNA condensation in SS7K null mutants occurred in elongating spermatids at a step
in spermiogenesis coincident with chromatin displacement of histones by transition proteins. SSTK phosphor-
ylated histones H1, H2A, H2AX, and H3 but not H2B or H4 or transition protein 1 in vitro. These results
demonstrate that SSTK is required for proper postmeiotic chromatin remodeling and male fertility. Abnormal
sperm chromatin condensation is common in sterile men, and our results may provide insight into the

molecular mechanisms underlying certain human infertility disorders.

Phosphorylation of serine, threonine, and tyrosine residues
in substrate targets by protein kinases is a common posttrans-
lational protein modification in eukaryotes and provides a fun-
damental mechanism for the control of cellular events. Cell
division and growth, adhesion and migration, metabolic activ-
ity and responses upon environmental stimuli, cell to cell com-
munication, signal transduction, and apoptosis are among the
many processes regulated by protein kinases (15, 16). At the
molecular level, phosphorylation and dephosphorylation of en-
zymes allow fast and sensitive regulation of enzyme activity and
are also a major mechanism of transmembrane signaling and
signal amplification in the branching network of intracellular
protein kinase cascades that ultimately control gene expression
by phosphorylation of transcription factors. Phosphorylation of
protein substrates can provide binding sites for protein do-
mains which recognize specific phosphorylated amino acid se-
quences, thereby mediating protein-protein interactions. Pro-
tein kinases constitute a large superfamily of related enzymes
which contain 12 conserved subdomains folded into N- and
C-lobes of the catalytic domain. The superfamily is subdivided
into protein serine/threonine kinases, protein tyrosine kinases,
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and atypical kinases on the basis of substrate specificity (14,
16).

Phosphorylation events play a central role in chromatin re-
modeling during mitosis in somatic cells and during meiosis in
mammalian spermiogenesis (2, 10). Much less is known about
the mechanisms of postmeiotic chromatin condensation. The
structure of chromatin changes dramatically during postmei-
otic spermiogenesis, as germ cells develop from round sper-
matids to fully differentiated spermatozoa. After the comple-
tion of meiosis, transcription ceases, and germ cells undergo
complex chromatin remodeling and reconstruction of the cy-
toplasm. Nucleosomes are disassembled in elongated sperma-
tids, and histones are displaced by small basic transition pro-
teins TP1 and TP2, which are subsequently replaced with
protamines. As a result of postmeiotic chromatin compaction,
the haploid genome in the sperm head is highly packed within
a volume of ~5% of that of a somatic nucleus, in a structure
that is fundamentally different from the nucleosomal architec-
ture of a somatic cell (20, 28). Mouse knockout studies dem-
onstrated that the final stages of chromatin compaction are
mediated by the calcium/calmodulin-dependent kinase 4
(CaMK4), which phosphorylates protamine 2 (34). However,
no kinase has been implicated in the initiation and early stages
of chromatin condensation.

Here we report the identification and characterization of a
novel mammalian small serine/threonine protein kinase gene,
SSTK, which is expressed in elongating spermatids and specif-
ically phosphorylates histones H1, H2A, H2AX, and H3. We
describe human and mouse SSTK cDNAs, gene expression
pattern, the biochemical properties of the SSTK protein, and
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stable complex formation with heat shock proteins HSP90-1,
HSP70-1, and HSC70. We also demonstrate that a targeted
deletion of SSTK from the mouse genome resulted in male
sterility due to impaired postmeiotic chromatin condensation
and abnormal spermiogenesis.

MATERIALS AND METHODS

mRNA analyses. Northern blots (Clontech) were probed with random primed
32p_labeled DNA fragments corresponding to coding regions of human (1-kb
AvrlI/Smal) and mouse (0.74-kb Smal) SSTK cDNAs using the Strip-EZ DNA
kit and hybridized in ULTRAhyb (Ambion) at 42°C for 6 h. Membranes were
washed twice with 2X SSC (1x SSC is 0.15 M NacCl plus 0.015 M sodium
citrate)-0.1% sodium dodecyl sulfate (SDS), three times with 0.1X SSC-0.1%
SDS, and exposed to film. Total RNA was isolated using RNA-Bee (Tel-Test),
and reverse transcription was carried out with Moloney murine leukemia virus
reverse transcriptase and random decamer primers (Ambion). A 373-bp frag-
ment of the human SSTK gene was amplified with SuperTaq DNA polymerase
(Ambion) and gene-specific primers 5'-TAGGCGCCACCATGTCGGGAGAC
and 5'-CCGGCGATCTGCGCAAAGAGGT.

c¢DNA constructs. The epitope-tagged SSTK (Myc-SSTK) expression construct
was generated by PCR and subcloning into Xbal and HindIII sites of pcDNA3.1/
Myc-His (Invitrogen). D145N and K41M point mutations were generated with a
QuickChange kit (Stratagene). The Myc-tagged SHP-2 and GRB2 constructs
have been described previously (5). The identity of all expression constructs was
confirmed by DNA sequencing.

SSTK antiserum and Western blotting. Rabbit antiserum against a synthetic
COOH-terminal peptide, NH,-(K)PSAGQVARNCWLRAGDSG-COOH, of
human SSTK protein was prepared. Antibodies were purified using peptide
antigen immobilized on AminoLink gels (Pierce). Western blotting was per-
formed as previously described (5). Anti-HSC70 (B-6) and anti-HSP90 o/B
(H-114) antibodies were from Santa Cruz Biotech. Blots were exposed to film or
quantified using Kodak 440CF image station.

Expression and immunopurification of SSTK. Transient expression of Myc-
SSTK in human 293T cells was performed by transfection with Lipofectamine
2000 reagent (Gibco BRL). Stable murine 32D cells expressing Myc-SSTKs were
generated using the protocol described previously (4). Cells were lysed in 20 mM
HEPES, pH 7.4, 50 mM NaCl, 50 mM NaF, 5 mM EDTA, 0.1% Triton X-100,
30 mM Na pyrophosphate, 10 mM B-glycerophosphate, 1 mM Na orthovanadate,
1 mM phenylmethylsulfonyl fluoride, 2 pg/ml pepstatin A, 2 ug/ml aprotinin, and
2 pg/ml leupeptin (lysis buffer) on ice. Myc-SSTK was immunoprecipitated using
9E10 Myc antibody, and immune complexes were captured on protein G-Sepha-
rose (Pharmacia) and washed twice with lysis buffer and once with kinase wash
buffer containing 20 mM HEPES (pH 7.4), 10 mM MgCl,, 2 mM EGTA, 5 mM
B-glycerophosphate, 100 wM orthovanadate, and 0.5 mM dithiothreitol.

Kinase assay and phosphoamino acid analysis. Kinase reactions were per-
formed in 20 pl of kinase wash buffer that contained 30 uM ATP, 10 pnCi
[y->*P]ATP, and substrate for 30 min at 25°C. Peptides and full-length murine
transition protein TP1 were synthesized, purified, and characterized as previously
described (9), Cdc/Cdk substrates (Santa Cruz Biotech), myelin basic protein
(Sigma), calf histone H1, human recombinant histones H2A, H2A.X, H2B, and
H3, and Xenopus laevis recombinant histone H4 (Upstate Biotech) were used as
substrates. Reactions were terminated by boiling and separated on 4 to 20%
SDS-polyacrylamide gel electrophoresis (PAGE) gels and transferred to mem-
branes, and autoradiography was performed. Phosphoamino acid analysis was
performed using Hunter thin-layer peptide mapping system HTLE-7000 (C.B.S.
Scientific). Radiolabeled myelin basic protein (MBP) bound to polyvinylidene
difluoride membrane was hydrolyzed in 6 N HCI for 1 h at 110°C and dried and
hydrolysate was subjected to two-dimensional electrophoresis on thin-layer chro-
matography cellulose plates (Merck) as described (17). Autoradiography was
performed and the positions of phosphoamino acid standards were detected with
ninhydrin reagent. In some experiments reactions were terminated by acidifica-
tion and phosphorylation was quantified as previously described (9).

Mass spectrometry. In-gel digestion and analysis of peptides by mass spec-
trometry were performed as previously described (33). Briefly, peptides were
analyzed on an LCQ-DECA XP Plus ion trap mass spectrometer equipped with
a nanoelectrospray source and an online Surveyor high-pressure liquid chro-
matograph (Thermo Finnigan) in the positive-ion mode. Proteins were identified
by searching the resulting fragmentation spectra against the nonredundant Fasta
database (NCBI) using Sequest. For multiple charged peptide fragments, X
correlation scores above 2.5 were considered reliable.
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Generation of SSTK~'~ mice. The mouse SSTK locus was isolated from a
129 SvEv genomic DNA library and inserted into a modified pSP72 vector
(Promega). A targeting vector was constructed by using an 8-kb Smal genomic
DNA fragment as the long arm. A 1.6-kb fragment located 29 bp downstream
from the poly(A) signal of SSTK gene was PCR amplified and used as the short
arm. The complete coding sequence of the SSTK gene (8 bp of 5" untranslated
region to 401 bp of 3’ untranslated region) was replaced with a neomycin
resistance cassette flanked with loxP sites. The targeting construct was linearized
and electroporated into 129 embryonic stem (ES) cells. After selection in G418,
surviving colonies were expanded and PCR analysis was performed to identify
clones that had undergone homologous recombination. PCR was performed
using primers S1 (5'-TGCGAGGCCAGAGGCCACTTGTGTAGC) and Al
(5'-ACCATAGGCTATGGGCTCGAGCAG), and S2 (5'-GGGGCAGGTTCC
GCTTGTAGTCG) and A2 (5'-GGCCAGCTCATTCCTCCCACTCAT), and
the products were sequenced (Fig. 5A).

ES cells were microinjected into C57BL/6 mice embryos and implanted into
pseudo-pregnant females. Chimeric mice were mated with C57BL/6 mice and
heterozygotes were intercrossed to produce homozygous offspring. Transmission
of the targeted allele was verified by PCR using primers S3 (5'-CGAGCGCCT
CCGGACTTCGTCAAC) and A3 (5'-CGCCGGGGTAGGCCAGCAATGTC)
for the wild type, and S2 and A2 for the knockout allele. The animals were
housed under specific-pathogen-free conditions on a 12h—:12-h light-dark cycle
with ad libitum access to food and water. All protocols were in accordance with
National Institutes of Health guidelines and were approved by Animal Care and
Use Committee of the National Institutes of Health.

Immunohistochemistry. Testicular tissues were fixed in 10% formalin, dehy-
drated, and paraffin embedded. SSTK was detected using 5 pg/ml affinity-puri-
fied antibodies and the Vector ABC Elite kit (Vector Laboratories). Sections
were counterstained with hematoxylin.

In situ hybridization. Tissue sections were fixed in 4% paraformaldehyde and
dehydrated in cold (—20°C) ethanol for 2 min. A DNA probe derived from the
SSTK coding sequence was generated by PCR with biotin-16-dUTP, precipitated,
and dissolved in hybridization solution (50% formamide, 10% dextran sulfate,
2X SSC). After hybridization with denatured probe, slides were washed three
times in a 50% formamide/2X SSC mixture at 45°C, twice in 1X SSC, and twice
in 0.1X SSC. Bound probe was detected with 5 pug/ml fluorescein isothiocyanate
conjugated to avidin (Vector Laboratories). Slides were counterstained with
propidium iodide, and images were acquired on a Zeiss Axiophot-2 fluorescence
microscope (Carl Zeiss) using a Photometrics charge-coupled device camera
(Photometrics) and IPLab Spectrum software (Scanalytics).

Mating experiments and sperm analysis. Two- to 6-month-old male SSTK /'~
mice and their SSTK™/~ littermates were crossed with wild-type or SSTK*/~
females. To establish infertility, every male was successively bred to several
fertile females, for at least 2 weeks each. Sperm analysis was performed by
Charles River Laboratories. Briefly, the epididymis was isolated and sperm was
released into 125 wl of human tubal fluid (Conception Technologies) supple-
mented with 0.4% bovine serum albumin. The sperm was analyzed at 37°C
utilizing the Hamilton Thorne Biosciences IVOS System, version 12.2.

Electron microscopy. Testes, epididymis tissue, and sperm were fixed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, overnight. All tissues were
washed with buffer, fixed with 1% osmium tetroxide for 2 h, washed with buffer,
serially dehydrated in ethanol and propylene oxide, and embedded in Eponate 12
resin (Ted Pella). Sections (~80 nm) were obtained with an Ultracut-UCT
ultramicrotome (Leica), placed onto 400-mesh copper grids, and stained with
saturated uranyl acetate in 50% methanol followed by lead citrate. Grids were
viewed in a Philips 410 electron microscope (FEI) at 80 kV, and images were
recorded on Kodak SO-163 film.

Nucleotide sequence accession numbers. The cDNA sequences for human
and mouse SSTK have been deposited in GenBank with accession numbers
AF329483 and AF329484, respectively.

RESULTS

Identification and structure of human and mouse SSTK
genes. We predicted the SSTK gene using the BLAST program
(1) in the unfinished draft of the human chromosome 19 on the
basis of sequence homologies to a protein kinase catalytic
domain. A murine orthologue of the SS7TK gene was found in
the mouse genome draft and later mapped to chromosome 8
by aligning with the mouse draft genome assembly (http://www
.genome.ucsc.edu). Candidate human and murine cDNA
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FIG. 1. Structure of the human SSTK gene and alignment of mammalian SSTK proteins. A. Structure of the human SSTK gene. The
schematic represents relative positions and is not drawn to scale. The nucleotide positions of features shown relative to the translation start codon
are as follows: promoter, —294 to —123; exon 1, —122 to 1273; protein coding sequence (solid), 1 to 822; poly(A) 1, 1188 to 1193; Alu element,
1604 to 2700; exon 2, 2886 to 3007; poly(A) 2, 2990 to 2995. B. Alignment of human (AF329483), mouse (AF329484), rat (XM_224740), dog
(AAEX01022953), and cow (AAFC01290160) SSTK proteins. Conserved protein kinase active site (amino acids 131 to 143), ATP-binding region
(amino acids 18 to 41), and potential activation loop phosphorylation motif (amino acids 169 to 171) are underlined. Conserved catalytic (D135)

and ATP-binding (K41) residues are boldfaced.

clones were identified in expressed sequence tag (EST) data-
bases by homology searches to their 3’ untranslated regions,
obtained, and sequenced. The complete coding sequences of
both strands of the human and mouse SSTK cDNAs were
determined and submitted to GenBank with accession num-
bers AF329483 (human) and AF329484 (mouse) in December
2000. The sequences of the human and murine SS7K genes are
highly conserved, with 90% identity in the DNA coding region.

Alignment of the human SSTK cDNA with genomic DNA
showed that the last 125 bases of the 3'-terminal region of the
human transcript were located on the second nontranslated
exon, and splicing occurred on conserved donor and acceptor
splicing sites. A 1,612-nucleotide intron between the two exons
contained an Alu element (Fig. 1A). Analysis of ESTs in
GenBank provided evidence for the existence of three splic-

ing isoforms of the human mRNA that were polyadenylated
at two different sites. Eight sequences (AA608857, AA913074,
Al024234, A1025487, AI150036, A1827749, AW662022, and
BC014611) represent a 1.35-kb transcript that is polyadenyl-
ated at poly(A) site 1. AF329483 and BI828962 represent a
~1.5-kb isoform that is polyadenylated at poly(A) site 2,
spliced, and possessed the second nontranslated exon. Three
ESTs (CN315260, CN263467, and BF972639) correspond to a
longer (~3-kb) isoform polyadenylated at poly(A) site 2 with-
out splicing. No evidence for alternative splicing of the mouse
SSTK gene was found.

Amino acid sequence of SSTK. Both the human and mouse
transcripts encode a 273-amino-acid residue protein with cal-
culated molecular mass of ~30.3 kDa and an isoelectric point
of ~9.1. SSTK protein sequences from human, mouse, rat,
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dog, and cow revealed a highly conserved structure, with 97 to
98% identity (Fig. 1B). No close homologies were found in the
genomes of nonmammalian organisms. Phylogenetic analysis
placed SSTK among the members of the CaMK group (data
not shown). SSTK shows moderate similarity to mammalian
testis-specific serine/threonine kinases TSSK1, TSSK2, and
TSSK3 (45 to 49% identity), mitogen-activated protein kinase/
microtubule affinity-regulating kinases MARK and MARK4,
and the ELKL motif kinase EMK1 (38 to 39% identity).

The SSTK protein consists almost entirely of the N- and
C-lobes of a protein kinase domain (amino acids 13 to 268).
SSTK possesses essential protein kinase features, including
conserved catalytic and ATP-binding regions, the indispens-
able catalytic residues K41, E60, D135, N140, D154, and T170,
a glycine-rich sequence motif (amino acids 19 to 24) in the
phosphate-binding loop, and the conserved DFG sequence
(amino acids 154 to 156) within the active site (18). SSTK
contains characteristic tyrosine phosphorylation motifs (K/R-
X-X-X-E-X-X-Y) near its NH, terminus (amino acids 5 to 12
and 16 to 23) which are homologous to the NH,-terminal
inhibitory phosphorylation sites in human cyclin-dependent
kinases Cdc2 and Cdk2 (12). SSTK contains a TTY sequence
(amino acids 169 to 171) which is homologous to the T-X-Y
phosphorylation motif found in the activation loop of the mi-
togen-activated protein kinases (MAPKs) (3). In addition,
SSTK possesses a sequence (amino acids 217 to 225) that is
similar to the characteristic MAPK insert located between
subdomains X and XI. This sequence in SSTK is most similar
to the insert of ERK2 relative to other members of the MAPK
family (14).

In vivo expression pattern of SSTK. The in vivo expression
of the SSTK gene was studied by Northern blot analysis of
poly(A)-selected mRNA, and reverse transcription (RT)-PCR
analysis of total RNA from human organs. Abundant expres-
sion of a single transcript (~1.5 kb), whose size was consistent
with SSTK cDNA, was detected in the adult human testis (Fig.
2A, lane 4). A lower level of expression was also detected in
human colon, small intestine, ovary, prostate, thymus, spleen,
and peripheral blood leukocytes in a longer exposure of the
blot to film (Fig. 2A, lower panel). SSTK transcript was also
detected in human testis mRNA by RT-PCR analysis after 30
cycles of amplification (Fig. 2B, lane 5), whereas amplification
for 35 cycles was necessary to detect message in kidney, liver,
skeletal muscle, colon, and prostate (Fig. 2B, lower panel). The
identity of the RT-PCR products derived from the testis, kid-
ney, liver, and prostate was confirmed by restriction analysis
(data not shown).

Northern blot analysis of mRNAs purified from various hu-
man brain structures detected a ~3-kb transcript in the spinal
cord and medulla oblongata (Fig. 2C). The size of this longer
mRNA is consistent with the expected size of a transcript
polyadenylated at poly(A) site 2 without splicing. Northern
blot analysis of poly(A)-enriched RNA from murine testis
identified a ~1.4-kb SSTK transcript (Fig. 2D, lane 1), which
was in good agreement with the size of the mouse cDNA.

Taken together, Northern blotting and RT-PCR results are
consistent with the occurrence of ESTs to the SSTK gene in the
human database that originate mostly from the testis (14 EST
sequences) but also from other organs and tissues such as
kidney, embryonic stem cells (two EST sequences), breast,
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FIG. 2. In vivo expression of SSTK. A. Northern blot analysis of
SSTK mRNA in human organs. The human multiple tissue blot was
probed with the *?P-labeled SSTK DNA probe under stringent condi-
tions as described in the text and exposed to film for 20 h at 4°C (top)
and —70°C (bottom). The positions and sizes of markers are indicated
in kilobases. The samples in lanes 1 to 8 correspond to spleen, thymus,
prostate, testis, ovary, small intestine, colon, and peripheral blood leu-
kocytes, respectively. B. Competitive RT-PCR analysis of SSTK mRNA
in human organs. Total RNA was reverse transcribed and amplified
using SSTK primers yielding a 373-bp product. No products were
observed without reverse transcription. 18S rRNA primers and com-
petimers were used in same reaction to amplify a 489-bp 18S rRNA
internal control product (Ambion). Amplification was performed for
30 (top) or 35 (bottom) cycles. Products were separated on agarose
gels and stained with ethidium bromide. The samples in lanes 1 to 6
correspond to kidney, liver, skeletal muscle, colon, testis, and prostate,
respectively. Products are denoted on the right. C. Analysis of human
brain tissues. The multiple-tissue Northern blot was probed and ex-
posed to Kodak film for 24 h at —70°C. The mRNA samples in lanes
1 to 8 correspond to cerebellum, cerebral cortex, medulla oblongata,
spinal cord, occipital pole, frontal lobe, temporal lobe, and putamen,
respectively. D. Analysis of mouse organs. The Northern blot was
probed with the **P-labeled SSTK DNA probe and exposed to film for
20 h at 4°C. The mRNA samples in lanes 1 to 8 correspond to testis,
kidney, skeletal muscle, liver, lung, spleen, brain, and heart, respec-
tively.

pancreas, brain medulla, fetal liver and spleen, uterus, B-cell
leukemia, lung carcinoma, uterus leiomyosarcoma, and ovary
fibrotheoma (one each). Similarly, ESTs to the mouse SSTK
gene originated mostly from the testis (16 sequences) but also
from cerebellum, thymus, branchial arches, and placenta (one
each).

Biochemical characterization of SSTK. For evaluation of
enzyme activity, Myc epitope-tagged wild-type and mutant ver-
sions of human SSTK were expressed in 293T cells, immuno-
purified with Myc antibodies, and subjected to in vitro kinase
assays using myelin basic protein (MBP), a substrate com-
monly used in MAPK kinase assays. Myc-SSTK phosphory-
lated MBP, as demonstrated by the transfer of radiolabel from
[*?P]ATP into MBP (Fig. 3A). To confirm that the protein
kinase activity was intrinsic to SSTK, we performed experi-
ments with kinase-inactive SSTKs in which the predicted ac-
tive-site residue D135 and ATP-binding residue K41 were re-
placed with nonfunctional amino acid residues. The K41M and
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FIG. 3. Characterization of SSTK kinase activity. A. 293T cells were
transfected with empty vector (control) or constructs expressing wild-
type, K41M, or D135N Myc epitope-tagged SSTKs, lysates were gen-
erated, and immunoprecipitations were performed using Myc 9E10
monoclonal antibody as described in the text. Inmunoprecipitates were
subjected to in vitro kinase reactions containing [*>P]ATP and 1 pg/pl
myelin basic protein for 30 min at 25°C (MBP). Reaction mixtures
were fractionated in a 4 to 20% SDS-PAGE gel, transferred to PVDF
membrane, and autoradiography (AR) and Western blotting (WB)
using SSTK antiserum were performed. B. SSTKs were expressed and
immunopurified as above. Kinase reactions were performed using
[3P]JATP alone. C. Phosphoamino acid analysis was performed on
MBP phosphorylated by Myc-SSTK using [**P]JATP. MBP bound to
polyvinylidene difluoride membrane was hydrolyzed and subjected to
two-dimensional electrophoresis followed by autoradiography. The mi-
gratory positions for phosphoserine (pS), phosphothreonine (pT), and
phosphotyrosine (pY) have been denoted with circles. Autoradiogra-
phy exposure times in panels A, B, and C were 0.3, 30, and 48 h,
respectively. D. Effect of pH on SSTK kinase activity. SSTKs were im-
munoprecipitated and subjected to kinase reactions as in A at the in-
dicated pH. *?P incorporation into MBP was quantified as previously
described (9). Data represent mean * standard error of the mean (n =

3).

D135N mutations in Myc-SSTK decreased phosphorylation of
MBP to the level observed in the empty vector control (Fig.
3A). Analogous experiments performed in the absence of ex-
ogenous protein substrate revealed SSTK autokinase activity,
as evidenced by the incorporation of radiolabel into a protein
with a molecular mass of ~33 kDa that was recognized by
SSTK antiserum in Western blotting (Fig. 3B). These findings
demonstrate that SSTK possesses intrinsic protein kinase ac-
tivity and can utilize MBP as well as itself (autokinase) as
substrates.

Phosphoamino acid analysis of MBP phosphorylated by
Myc-SSTK demonstrated that phosphorylation occurred al-
most entirely on serine residues (Fig. 3C). A small amount of
phosphorylation on threonine residues was also observed in
extended autoradiography (data not shown). No significant
radiolabeled phosphoamino acid was generated from reactions
performed using K41M Myc-SSTK (data not shown). These
results provide evidence that SSTK belongs to the serine/thre-
onine family of protein kinases. An analysis of SSTK kinase
activity towards the MBP substrate at pH values ranging from
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6.0 to 8.5 demonstrated the enzyme had a pH optimum of 7.0
under these conditions (Fig. 3D). To test the effects of various
stimuli on SSTK kinase activity, 293T cells were transfected
with Myc-SSTK cDNAs, serum starved overnight, and treated
with either 2 nM of epidermal growth factor for 4 min, or 10%
fetal bovine serum, 50 nM phorbol 12-myristate 13-acetate,
2 uM of forskolin, or 50 wM of 3-isobutyl-1-methylxanthine
for 20 min. SSTK was immunopurified and kinase reactions
were performed using MBP as a substrate. Neither epidermal
growth factor, fetal bovine serum, or phorbol 12-myristate 13-
acetate had any significant effect on SSTK kinase activity,
whereas forskolin and 3-isobutyl-1-methylxanthine led to a
modest ~40% decrease in activity, suggesting that SSTK
enzymatic activity may be affected by cellular cyclic AMP levels
(data not shown).

SSTK forms stable complexes with HSP90-13, HSC70, and
HSP70-1. Since SSTK appeared to be composed solely of a
kinase catalytic domain, we believed that SSTK may represent
a subunit of a larger protein complex. To detect cellular pro-
teins which interact with SSTK, we used a coimmunoprecipi-
tation approach. 293T cells were transfected with plasmids
encoding wild-type or K41M Myc-SSTK. Cells were lysed,
Myc-SSTKs were immunoprecipitated, and immune com-
plexes were analyzed by SDS-PAGE and silver staining. As
shown in Fig. 4A (left panel), one protein band of ~90 kDa
and two of ~70 kDa were specifically coimmunoprecipitat-
ed with both wild-type and K41M Myc-SSTKSs. These bands
were not observed in immunoprecipitates from cells trans-
fected with empty vector (control). Kinase assays using
[**PJATP were carried out to determine whether the associ-
ated proteins could be phosphorylated by SSTK. No significant
phosphorylation of the three protein bands was detected (Fig.
4A, right panel).

To identify the proteins which coimmunoprecipitated with
SSTK, the bands were excised from the gel, digested with
trypsin, and analyzed by tandem mass spectrometry. Based on
the fragmentation of the resulting peptides the ~90-kDa pro-
tein was identified as HSP90 protein 1f (gi306891). The pre-
dominant ~70-kDa protein was identified as heat shock cog-
nate protein HSC70 (gi5729877), whereas the second ~70-kDa
protein was identified as HSP70 protein 1 (gi462325). A sum-
mary of the parameters used for protein identification is pre-
sented in Table 1.

To confirm that association of these heat shock proteins with
SSTK is specific and not due to an interaction with the Myc
or hexahistidine epitope tags or to relatively high expression
in 293T cells, coimmunoprecipitation experiments were per-
formed using several proteins expressed from the same vector
and containing the identical epitope tags at the C terminus
(Fig. 4B). The control proteins used to demonstrate this spec-
ificity were full-length and truncated versions of the adapter
protein GRB2 and protein tyrosine phosphatase SHP-2 (lanes
4 to 10). The three heat shock proteins bound to Myc-SSTK
were not observed in silver-stained gels containing immuno-
precipitates from cells expressing Myc-GRB2 or Myc-SHP-2.
Further, no HSP90 or HSC70 was detected by Western blot-
ting in immunoprecipitates from cells transfected with empty
vector or GRB2/SHP-2 ¢cDNAs (Fig. 4B, lower panels, lanes 1
and 4 to 10), but was easily detected in the Myc-SSTK samples
(Fig. 4B, lanes 2 to 3). Taken together, these results indicate
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FIG. 4. Detection and analysis of proteins that associate with SSTK. A. Wild-type and K41M Myc-SSTKs were expressed in 293T cells and
immunoprecipitates were analyzed by SDS-PAGE and silver staining (left panel). Western blotting (WB) was performed with SSTK antiserum.
The positions of Myc-SSTK, HSP90, HSC70, and HSP70 are indicated. Intense ~25- and ~55-kDa bands are heavy and light chains of 9E10
antibody, respectively. Immunoprecipitates were subjected to kinase reactions with [*P]ATP alone and subsequent autoradiography (AR). B. Con-
firmation of specificity of SSTK-HSP complex formation. Various cDNA constructs were transfected into 293T cells and anti-Myc immunopre-
cipitates were generated. All proteins contained a Myc and hexahistidine tag at the COOH terminus and were expressed in pcDNA3.1Myc/His.
Immunoprecipitates were analyzed by SDS-PAGE and silver staining (upper panel) and Western blotting using antibodies against HSP90 (middle
panel) and HSC70 (lower panel). The expressed proteins were: lane 1, none (vector); lane 2, SSTK; lane 3, K41M SSTK; lane 4, GRB2; lane 5,
SHP-2, ,,4; lane 6, SHP-2,,( 504; lane 7, SHP-2; lane 8, SHP-2 g 59,; lane 9, GRB2,_;55; lane 10, GRB2s,.,,-. Positions of Myc-SSTK, HSP90, HSC70,

and HSP70 are indicated.

that SSTK specifically forms stable complexes with HSP90 and
HSC70.

Catalytic specificity of SSTK. To further our studies, we
generated stable 32D suspension cell lines expressing wild-type
or K41M Myc-SSTKs as a source of enzyme. Consistent with
our findings in 293T cells, Myc-SSTKs from 32D cells also
associated with the heat shock proteins (data not shown). To
evaluate preferred sequences surrounding the phosphoaccep-
tor Ser/Thr in substrates, we measured SSTK enzymatic activ-

TABLE 1. Mass spectrometric identification of proteins that
form stable complexes with SSTK*

Ion parameters

Protein Peptide sequence
m X corr Ions
HSP90-13 K.VILHLKEDQTEYLEER.R  2016.29  4.005  28/60
K.HLEINPDHPIVETLR.Q 1784.02  3.514  29/56
K.SLTNDWEDHLAVK.H 1528.66  2.739 16/24
K.HFSVEGQLEFR.A 1349.49  2.366 16/20
HSC70 K.NOVAMNPTNTVFDAK.R  1666.84  5.188  22/28
K.SOIHDIVLVGGSTR.I 1482.68  3.791 18/26
K.ILNDLEEALQQAK.E 137252 3.684  16/22
K.HWPFMVVNDAGRPK.V 1670.93 3491  24/52
R.MVNHFIAEFK.R 1252.47  3.021 18/36
K.VQQTVQDLFGR.A 129145  3.562  17/20
HSP70-1 KNQVALNPONTVFDAK.R  1659.84 4707  23/28
K. AQIHDLVLVGGSTR.I 1466.68  3.089  21/52
R.LVNHFVEEFK.R 1262.45 2995  20/36
K.NALESYAFNMK.S 1304.46  2.584  20/30
K.DAGVIAGLNVLR.I 1198.41 1.921 14/22

ity using a panel of in-house and commercially available syn-
thetic peptides (Table 2). Peptides 1 and 5 are derived from
MBP, 2 is from SSTK (residues 57 to 68), 4, 8, 9, and 10 are
Cdc/Cdk substrates, and 6, 7, and 11 contain Pro at the +1
position (a specificity common to MAPKSs). Peptides 3 and 12
were randomly selected. SSTK was found to phosphorylate
both Ser- and, to a lower degree, Thr-containing peptides. The
most pronounced phosphorylation was observed on peptides 1
and 2, which contained a common R-X-X-S-X-X-R sequence.
SSTK did not significantly phosphorylate proline-directed
MAPK:-like substrates or Cdc/Cdk substrates.

Male infertility and sperm abnormalities in SSTK null
mice. To study the biological role of SSTK in vivo, we gener-

TABLE 2. Phosphorylation of synthetic peptides by SSTK in vitro®

Mean phosphorylation

Pegélde Sequence (% of peptide 1 phosphor-

. ylation = SEM) (n = 3)
1 GKGRGLSLARFAKK 100.0 = 3.5
2 KLPRELSILRGVRK 172 1.5
3 KMERHTSHPNRKK 8.6 £0.2
4 EGVPSTAIREISLLKE 5.7*0.8
5 GGRDSRSGSPMARR 35*+1.0
6 KKGGAVENPEYLTPQGGAAK 6.6 0.2
7 KKRGELDEEGYMTPMRDKPK 45*+04
8 HATPPKKKRK 8.1+04
9 PKTPKKAKKL 51=*5.0
10 QLQLQAASNFKSPVKTIR 25+25
11 KKLTCSPQPEYVNQPDVRPK 2.0+ 1.0
12 KKKIGTAEPDYGALYEGRNK 0

“ Sequences and molecular masses of identified products of tryptic digestions
(m), corresponding X correlation scores (X corr), and number of ions matched
used to validate protein identifications (ions) are shown. Periods within se-
quences represent tryptic cleavage sites.

“ Myc-SSTK was immunopurified from stable 32D cells and kinase assays
using 0.5 mM peptide were performed as described in Materials and Methods.
Phosphoacceptor residues are shown in bold type. Phosphorylation by SSTK was
confirmed using K41M SSTK.
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FIG. 5. Generation of mice bearing a targeted deletion of the SSTK gene and SSTK expression in mouse testes. A. Schematic representation
of the wild-type (WT) SSTK locus, homologous recombination of targeting vector, and the mutated locus. Positions of PCR primers used for
verification of homologous recombination and genotyping are indicated with arrows. B. Analysis of SSTK mRNA expression. RT-PCR was
performed using primers S3 and A3 on RNA derived from wild-type (+/+) and SS7K null (—/—; left) mice. Ribosomal rig/S15 gene primers
(Ambion) were used as controls (right). C. Abnormal sperm head morphology in SSTK null mice. Wild-type spermatozoa (a and b). Abnormal
spermatozoa from SS7TK null mice with degenerating heads (c to h). D. In situ hybridization (a and b) and immunohistochemistry (c and d)
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ated SSTK knockout mice, where the complete coding se-
quence of the SSTK gene was deleted from the mouse genome
(Fig. 5A). Homologous recombination and SSTK deletion
from the mouse genomic DNA was verified by PCR and se-
quencing. Mice homozygous for the SSTK deletion were bred
by mating heterozygous mutants. To confirm the absence of
SSTK expression in SSTK '~ mice, we performed RT-PCR
analysis of testicular RNA, immunohistochemistry, and in situ
hybridization analyses of testicular tissue. As shown in Fig. 5B
and D, no SSTK transcripts and no SSTK protein were de-
tected in the testes of SSTK/~ homozygotes, confirming the
null mutation.

SSTK '~ females were fertile, whereas SSTK '~ males were
found to be sterile, although they were sexually active and
produced vaginal plugs in female partners. To evaluate the
impact of SSTK deletion on the structure and function of the
male reproductive system, we performed histomorphology, im-
munohistochemistry, and in situ hybridization analyses. Mice
appeared to be normal at the anatomical level. No significant
differences were apparent with regard to histomorphology of
the reproductive system, weight of testis and epididymis among
the age-matched adult male SSTK™'" or SSTK™/~ littermates
(data not shown). Specific hybridization of an SSTK DNA
probe was observed in elongating spermatids of the inner lu-
minal cell layer of the seminiferous tubules and in spindle-
shaped fibromyocytes of the lamina propria (Fig. 5D, panel a).
Immunohistochemical staining with affinity-purified SSTK an-
tibodies was observed in the heads of elongating spermatids
(Fig. 5D, panel c) and in the fibromyocytes (data not shown).
No immunostaining or RNA hybridization was detected in tes-
ticular sections from SSTK ™/~ mice (Fig. 5D, panels b and d).

To determine the basis for male infertility in SSTK '~ mice,
sperm were obtained from the cauda epididymis and studied in
vitro. As shown in Table 3, there was a considerable reduction
in sperm counts in null mutants and heterozygotes compared
to wild-type mice. Complete loss of the SSTK alleles resulted in
a decrease in the percentage of motile sperm and motility rates
and a dramatic increase in the percentage of sperm with ab-
normal morphology. The most common abnormalities found in
SSTK '~ spermatozoa were associated with head morphology,
such as a failure to develop hook-shaped heads, irregular-
shaped and degenerate heads, and improper attachment of the
midpiece (Fig. 5C).

The morphology of testicular tissue, epididymis, and mature
sperm from SSTK '~ relative to wild-type mice was studied by
electron microscopy. The earliest morphological defects were
detected in the heads of step 10 SSTK null elongating sper-
matids that displayed characteristic enlargement of the space
between the nuclear envelope and condensing nucleus of the
posterior head (Fig. 6 a to c). Further expansion of the perinu-
clear and subacrosomal space and accumulation of electron-
dense matter between the membranes of the head and nucleus
were observed in step 12 SSTK null elongating spermatids
(Fig. 6 d to f). These morphology defects were also prominent

CHARACTERIZATION OF PROTEIN KINASE SSTK 4257

TABLE 3. Impaired sperm morphology and motility
in SSTK null mice

Parameter Wild type SSTK*'~ SSTK '~
Sperm count (10%ml) 216.5 =109 107.0 £ 5.9 953 +13.3
Motile spermatozoa (%) 60.5 = 4.1 69.7 =63 29.0 = 6.3
Rapid spermatozoa® (%) 52.8 =48 64.0 = 6.6 17.0 £ 5.7
Normal morphology (%) 51.5 3.0 42.0 = 4.2 23*+12
Abnormal head (%) 16.0 =3.3 16.0 = 0.6 90.3 =5.1

“ Cells moving in a straight path with a velocity greater than 50 um per second.
Data represent mean = SEM, n = 3.

in maturing sperm of the epididymis (data not shown) and in
mature sperm heads (Fig. 6 g to i). No apparent abnormalities
were found in the acrosome, midpiece, or sperm flagellum.
Propidium iodide staining of epididymal sperm from SSTK
knockout mice demonstrated reduced DNA compaction in the
heads of SSTK null spermatozoa compared to wild-type mice
(Fig. 7). These findings confirmed the significant impairment
of DNA condensation in SSTK knockout spermatozoa.

The observed deficiency in DNA condensation in SSTK null
elongating spermatids temporally coincided with chromatin
remodeling and displacement of testis-specific and somatic
histones by transition proteins (reviewed in reference 20). For
this reason and the in vitro preference of SSTK for phosphor-
ylation of Ser sites within a basic context, we tested the hy-
pothesis that histones may be substrates for SSTK. Important-
ly, in vitro SSTK phosphorylated histones H1, H2A, H2AX,
and H3 but not H2B, H4, or TP1 (Fig. 8). No phosphorylation
was observed using the control kinase-inactive SSTK.

DISCUSSION

SSTK is a serine/threonine protein kinase. SSTK is one of
the smallest protein kinases and is composed of the minimum
structure necessary to impart intrinsic protein kinase catalytic
function to a polypeptide. The high degree of conservation of
SSTK between the human, mouse, rat, dog, and cow, together
with the absence of close homologues in fish, worm, and insect
complete genomes, suggests a late evolutionary origin for this
gene and its restriction to higher vertebrates or mammals.
Although the SSTK gene is abundantly expressed in the adult
testis and our results demonstrate a requisite role for SSTK in
spermiogenesis, the ubiquitous expression pattern and the fact
that transcripts of the human and murine SSTK genes were
cloned from tissues other than testis preclude us from classi-
fying SSTK as a testis-specific kinase. The physiological rele-
vance, if any, of SSTK expression in nontesticular adult tissues
is not presently known.

SSTK was found to phosphorylate basic proteins such as
MBP, histones H1, H2A, H2AX, and H3, and itself. Our stud-
ies using synthetic peptides demonstrated that SSTK prefers to
phosphorylate Ser residues with an Arg at the —3 position.
However, the peptide substrate data indicated that Arg at —3
was not obligatory for efficient catalysis. Nevertheless, SSTK

evaluation of SSTK expression in testes from wild-type (a and ¢) and SSTK null (b and d) mice. The SSTK mRNA was detected (green) in
fibromyocytes of the lamina propria (far upper left) and in elongating spermatids (far middle left) of seminiferous tubules of the wild type (a). In
situ sections were counterstained with propidium iodide (a and b, red). Inmunohistochemical positivity was detected in the heads of elongating
spermatids (c and far lower left, brown), and sections were counterstained with hematoxylin.



4258 SPIRIDONOV ET AL.

Sstk-/-
B k-

MoL. CELL. BIOL.

Sstk-/-

PN T

spermatid
heads

Step 12
spermatid

FIG. 6. Electron micrographs of elongating spermatid and mature spermatozoal heads from wild-type and SSTK null mice. Expanded
perinuclear and subacrosomal space and accumulation of electron-dense substance are indicated with arrows. Bar, 1 pm.

appears to have a substrate specificity similar to that of other
members of the CaMK family, namely, a preference for an
R/K-X-X-S/T motif (29).

SSTK associates with heat shock proteins. Our results sug-
gest that SSTK is a subunit of a protein heterooligomer which
contains the heat shock proteins. SSTK forms specific sta-
ble protein complexes with molecular chaperones HSP90-1p,
HSC70, and HSP70-1, but these associated heat shock proteins
do not serve as substrates for the kinase. In this work, we

expressed SSTK in two different mammalian cell lines, and in
both cases the enzyme was complexed with heat shock proteins
and constitutively active. Myc-SSTK protein expressed in bac-
teria was not soluble, and we were not able to refold SSTK to
make it soluble in aqueous solution. However, a soluble SSTK-
glutathione S-transferase fusion protein produced in bacteria
had no detectable kinase activity (data not shown). Our results
suggest that associated heat shock proteins are necessary for
SSTK activity.
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FIG. 7. Fluorescence microscopy evaluation of DNA condensation in the epididymal sperm from wild-type and SSTK knockout mice.
Formalin-fixed sections of epididymis were stained with propidium iodide (X1,000).

HSC70 and HSP90-B are constitutively and ubiquitously
expressed proteins. Most of HSP90 “client proteins” belong to
signal transduction and regulation molecules, including a vari-
ety of tyrosine and serine/threonine protein kinases involved in
mitogenic signaling and cell cycle regulation, transcription fac-
tors, and steroid hormone receptors (reviewed in references 24
and 27). HSP90 acts as a core of a multicomponent chaperone
system that may also include HSC70, HSP70, and other pro-
teins (25, 26). It should be noted that HSP90-based molecular
chaperone complexes display distinct specificity for kinase
binding. For example, HSP90 forms stable complexes with
MAP-related protein kinase MOK, male germ cell-associated
kinase MAK (both abundantly expressed in the human testis),
and MAK-related kinase MRK (abundantly expressed in the
human ovary), but does not associate with conventional mito-
gen-activated kinases ERK, p38, and JNK/SAPK (21). Com-
plex formation with HSP90 and partner proteins HSC70 and
HSP70 protects MOK from degradation through proteosome-
dependent pathways. Another characteristic example is that
HSP90 complexed with cell division cycle 37 homolog Cdc37
binds cyclin-dependent protein kinases Cdk4 and Cdk6 but not
Cdk2, Cdk3, CdkS5, or Cdk-activating kinase Cak (reviewed in
reference 21). However, we were not able to detect Cdc37 bound
to Myc-SSTK, strongly suggesting that Cdc37 is not part of the
heat shock protein-SSTK protein complex (data not shown).

Heat shock proteins play an important role in male game-
togenesis. In addition to heat shock proteins that are expressed
in somatic cells, testis-specific members of the HSP70 family
are expressed during spermiogenesis. One of these proteins,
spermatocyte-specific HSP70-2, is indispensable for male fer-
tility in mice (6, 7). Interaction of HSP70-2 with Cdc2 is re-
quired for Cdc2 complex formation with cyclin B1, Cdc2 kinase
activity, and proper germ cell progression through meiosis
(35). Another testis-specific chaperone, HSC70t, is expressed
in postmeiotic spermatids as they progress from step 9 to the
completion of spermatogenesis, but the precise role of this
protein is not known (31). In addition to maintaining SSTK

structure, heat shock proteins may play a critical role in tar-
geting SSTK to specific subcellular sites.

SSTK is essential for fertility in male mice. Based on im-
munohistochemistry and in situ hybridization data, we con-
clude that SSTK belongs to a group of genes that are expressed
at late stages of spermiogenesis. This developmental stage
involves chromatin condensation, reconstruction of the sperm
cytoplasm, acrosome formation, and development of the
flagellar apparatus. The mechanisms of postmeiotic chromatin
condensation are not well understood. However, phosphoryla-
tion events may be important for chromatin compaction and
proper DNA packaging. It was shown that newly synthesized
protamines and TP2 in the mammalian seminiferous tubules

A 4 B ~

s § e s &

WT: - + i om odpm e cde m e WT: - +

KdiM: + - + - + - + - + - + - K4iM: + -

kDa kDa

il -84

50 50
-36

36

b AR

16 - -16

2 i

4- - L

SSTK » e WB:
rrere R | SSTK

FIG. 8. Phosphorylation of histones by SSTK. Wild-type (WT) and
K41M Myc-SSTKs were immunopurified from 32D cells and subjected
to in vitro kinase reactions for 30 min at 25°C with [**P]ATP and
0.1 pg/pl of histone H1, H2A, H2AX, H2B, H3, or H4 (A) or 1 pg/ul
of transition protein 1 (TP1, B). Reaction mixtures were fractionated
in SDS-PAGE gels, transferred to membranes, and autoradiography
(AR) was performed for 2.5 h. SSTK antiserum was used in Western
blotting (WB). The purity of substrates was confirmed by SDS-PAGE
(data not shown).
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undergo rapid phosphorylation followed by subsequent partial
dephosphorylation (11). Targeted disruption of the catalytic
subunit of the protein phosphatase PPlcy led to impaired
meiosis, aberrant retention of histone H3 in step 15 elongated
spermatids, and male infertility (32). A protein kinase A-like
enzyme activity that phosphorylates TP2 was detected in the
nuclear extract from elongated spermatids, and phosphoryla-
tion greatly reduced the DNA condensation property of TP2
(19). Unlike somatic cell histones, which have been studied
extensively in recent years (2, 10), postmeiotic histone phos-
phorylation has not been demonstrated, and no specific kinase
has been implicated in this process.

Targeted disruption of the SSTK gene produced sterility in
male mice which was accompanied by reduced sperm numbers,
impaired DNA condensation, and abnormal morphology and
impaired motility of spermatozoa. Phalloidin staining of sem-
iniferous tubules and epididymis did not reveal any significant
differences in the developing germ cells and spermatozoa of
SSTK null and wild-type mice (data not shown). These results
indicate that the abnormal morphology of SSTK null sperma-
tids and reduced sperm motility were not due to defects in
actin cytoskeleton reorganization.

The earliest abnormalities in germ cells from SSTK null
males were detected in the heads of step 10 spermatids, coin-
cident with the beginning of histone replacement with transi-
tion proteins. Characteristic expansion of the perinuclear and
subacrosomal space and accumulation of amorphous electron-
dense material between the nuclear envelope and the nucleus
indicate abnormal and incomplete chromatin condensation in
SSTK-deficient spermatids. Taking into account the localiza-
tion of SSTK to the heads of spermatids undergoing histone
displacement by transition proteins and SSTK’s ability to spe-
cifically phosphorylate histones H1, H2A, H2AX, and H3, our
data indicate that SSTK may be required for proper removal of
histones from chromatin in the condensing spermatid nucleus.
However, we should note that SSTK was also detected in the
fibromyocytes of the seminiferous tubule lamina propria, and
we cannot rule out that SSTK in these cells plays a role in male
reproduction. Reduced sperm numbers in SSTK null and
heterozygous males relative to wild-type mice suggest that
SSTK levels may be involved in the control of apoptosis during
spermiogenesis. However, sperm numbers were similar in the
heterozygous and knockout mice, indicating that enhanced
apoptosis cannot be responsible for the infertility phenotype
observed.

There are few known protein kinase genes that are indis-
pensable for male fertility. Disruption of the Camk4 gene re-
sults in male sterility, impairment of spermiogenesis, and ab-
normal sperm heads morphology (34). Similar to SSTK, CaMK4
is involved in postmeiotic chromatin condensation. However,
the defect observed in the CaMK4 knockout mice occurs at a
later step in spermiogenesis than the defect which we observed
in the SSTK null mutants. CaMK4 phosphorylates protamine 2
in vitro, which is thought to be its in vivo substrate. Disruption
of the gene encoding the casein kinase 2o’ catalytic subunit
affects morphogenesis of the sperm head, resulting in oligo-
zoospermia, abnormal shape of the spermatid nucleus, and ex-
tensive germ cell degenerative processes at all stages of sper-
miogenesis (8). Cdk2, although dispensable for mitosis, is
essential for completing meiotic division in mouse germ cells

MoL. CELL. BIOL.

(23). Surprisingly, the male germ cell-associated kinase MAK
is dispensable for sperm formation, and targeted deletion led
only to a mild reduction in sperm motility and decreased litter
sizes (30).

Impairment of sperm chromatin condensation is common in
infertile male patients (13, 22). However, the molecular mech-
anisms underlying these defects remain largely obscure. Iden-
tification of SSTK and its role in spermiogenesis may provide
insight into the basis of certain human male infertility disor-
ders.
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