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Abstract

Haspin (haploid germ cell-specific nuclear protein kinase) is reported to be a serine/threonine kinase that
may play a role in cell-cycle cessation and differentiation of haploid germ cells. In addition, Haspin mRNA
can be detected in diploid cell lines and tissues. Here, Haspin-like proteins are identified in several major
eukaryotic phyla—including yeasts, plants, flies, fish, and mammals—and an extended group in Caenorhab-
ditis elegans. The Haspin-like proteins have a complete but divergent eukaryotic protein kinase domain
sequence. Although clearly related to one another and to other eukaryotic protein kinases, the Haspin-related
proteins lack conservation of a subset of residues that are almost invariant in known kinases and possess
distinctive inserted regions. In fact, phylogenetic analysis indicates that the Haspin-like proteins form a
novel eukaryotic protein kinase family distinct from those previously defined. The identification of related
proteins in model organisms provides some initial insight into their functional properties and will provide
new experimental avenues by which to determine the function of the Haspin proteins in mammalian cells.
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serine/threonine kinase

The protein kinases constitute a large group of enzymes that
catalyze the transfer of a phosphate group from ATP to
specific serine, threonine, or tyrosine residues in specific
substrate proteins. This process of phosphorylation modu-
lates the function of a huge variety of substrates, including
metabolic enzymes, transcription factors, adapter mol-
ecules, and other kinases. Thus, protein kinases are critical
in the regulation of many aspects of cellular metabolism.
Most known protein kinases in eukaryotes are members of
the so-called eukaryotic protein kinase superfamily (ePKs),
although members of this class are also found in bacteria
and archea (Hardie and Hanks 1995; Leonard et al. 1998).
The crystal structures of a number of ePK domains reveal a
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common bi-lobed structure, and the conserved features of
the 250-300 amino acid domain are well defined (Hanks
and Hunter 1995). The smaller N-terminal lobe contains
conserved residues required for nucleotide binding, whereas
the larger C-terminal lobe is involved in substrate binding
and phosphotransfer initiation. The cleft between the lobes
contains further invariant amino acids that form the active
site. This knowledge allows the identification of likely func-
tional ePKs from primary sequence information. Often,
these protein kinases can be identified as either serine/threo-
nine kinases or tyrosine kinases by analysis of protein se-
quence, and they can be further classified into subfamilies
based on amino acid sequence homology. Classification in
a given subfamily has proven to be a good indicator of
functional similarity (Hardie and Hanks 1995; Hunter and
Plowman 1997).

In contrast, a number of proteins with protein kinase ac-
tivity, including DNA-PK, ATM, and ATR, do not fall
within the ePK superfamily but instead are related to the

1677



Higgins

phosphatidylinositol kinases (lipid kinases or PIKs). The
catalytic domains of PIKs possess only weak homology
with some subdomains of the ePKs, yet the crystal structure
of PI3Kvy reveals a bi-lobed structure with a fold reminis-
cent of the ePKs, particularly in the central ATP-binding
core (Walker et al. 1999). It is even more striking that
APH(3')-IIIa and PIPKIIB, members of the aminoglycoside
phosphotransferase (APH) and phosphatidylinositol phos-
phate kinase (PIPK) superfamilies, respectively, also show
similarity to the bi-lobed structure of the ePKs despite es-
sentially undetectable protein sequence homology (Hon et
al. 1997; Rao et al. 1998). Thus, a number of protein kinase
and other kinase families share secondary and tertiary struc-
tural features, although they lack significant similarity in
primary sequence.

The protein Haspin (haploid germ cell-specific nuclear
protein kinase; encoded by germ cell-specific gene 2
[Gsg2]) was recently identified in mice and humans and
reported to possess serine/threonine kinase activity. Haspin
protein and its mRNA were found specifically in male germ
cells, and expression appeared greatest in haploid sperma-
tids (Tanaka et al. 1999, 2001). However, Haspin mRNA
can also be detected in diploid cell lines and tissues (Hig-
gins 2001). When ectopically expressed in HEK-293 cells,
Haspin localized to the nucleus, had DNA-binding capacity,
and led to reduced cell proliferation. It was suggested, there-
fore, that Haspin plays a critical role in cell-cycle cessation
and differentiation of haploid germ cells (Tanaka et al.
1999). The mammalian Haspin proteins have been shown to
possess homology limited to the N-terminal portion of the
ePK domain consensus sequence and particularly to the
Cdc2 kinase (Tanaka et al. 1999, 2001). Here, we show that
Haspin-related proteins are found throughout the eukaryotes
and that they contain a complete but divergent ePK domain.
Furthermore, we find that the Haspin-like proteins comprise
a new family of putative ePKs with distinctive structural
features.

Results and Discussion

We recently cloned a human Haspin cDNA (Higgins 2001)
and used the derived protein sequence to conduct BLAST
searches of the translated nonredundant nucleotide sequence
databases. In addition to murine Haspin, highly significant
matches of the C-terminal domain of Haspin to many pro-
teins in the database were revealed. All of these proteins
were known or predicted eukaryotic protein kinases.
Among such proteins, a subset of hypothetical gene prod-
ucts has significantly higher homology with Haspin and
each other than with other kinases. This group includes
translations of genomic sequences from Drosophila mela-
nogaster, Caenorhabditis elegans, Arabidopsis thaliana,
Schizosaccharomyces pombe, and Saccharomyces cerevi-
siae (Fig. 1). Partial pig, bovine, and zebrafish sequences
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were also identified among expressed sequence tags (ESTs)
that encode polypeptides with 81%, 77%, and 52% identity
to human Haspin over segments of the kinase domain (Gen-
Bank accession numbers AW668743, AW478927, and
AW343515).

Interestingly, the Haspin-like proteins do not appear to
fall into previously described ePK families. The best match
to a member of a known family identified by a PSI-BLAST
search with the human Haspin kinase domain is Cdc2 from
Bombyx mori, with an E value of 7 x 107! (after one itera-
tion). A number of other cyclin-dependent kinases (Cdks)
are identified with E < 10™*. However, members of several
different ePK families, including Ste20/p21-activated ki-
nases (Paks) and some protein tyrosine kinases, also have
E <107, whereas the Haspin-like proteins match with
E <3 x 107" (see Fig. 1). Furthermore, none of the Haspin-
like sequences reported here were identified as members of
the Cdk-related kinase family in a recent extensive survey
of yeast and metazoan genomes (Liu and Kipreos 2000) or
as members of other known ePK families (Hunter and Plow-
man 1997; Plowman et al. 1999). Thus, although the
Haspins share a degree of homology with many ePKs (see
below), they appear to form a unique subgroup with a subset
of previously uncategorized kinase-like proteins from a va-
riety of species.

Several specific features distinguish the Haspin-like pro-
teins from Cdks and other kinases and further indicate their
categorization as structurally distinct from known ePK
families. Alignment of the Haspin-like proteins with an ePK
of known structure (human Cdk2; Fig. 1; Tsai et al. 1991;
De Bondt et al. 1993; Jeffrey et al. 1995) reveals that in
most cases, residues known to be critical in forming the
Mg**-ATP-binding and catalytic sites are well conserved
(the G-x-G-x-x-G-x-V motif in region I and the conserved
lysine, glutamate, and aspartate in regions II, III, and VII).
However, in the Haspin-like proteins, the motif surrounding
the catalytic aspartate residue in region VIb often contains a
histidine residue in place of the lysine typical of almost all
serine/threonine kinases (H-x-D-[LIVA]-H-x-x-N, rather
than [HY]-x-D-[LIVMFY]-K-x-x-N). At least one known
ePK (the S. pombe cyclin-suppressing kinase, Csk1) has a
histidine at this position, but it is more closely related to the
Cdk family and is not otherwise related to the Haspin family
(see below; Molz and Beach 1993; Liu and Kipreos 2000).
Many members of the more recently described and diver-
gent ABCI family of putative ePKs also possess histidine
at this position, but again, these ePKs are not otherwise
closely related to the Haspin-like proteins (see below; Leo-
nard et al. 1998). Notably, members of the PIK superfamily
also have a histidine residue at this position (Walker et al.
1999). In contrast, the Haspin-related ALK-1/Ygl021w and
YblO09wp proteins of S. cerevisiae contain a threonine at
this position, a residue normally associated with tyrosine
kinase activity. However, these two proteins also have an
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Fig. 1. Multiple sequence alignment of Haspin kinase domains and human Cdk2. Residues that are completely conserved in all
Haspin-like proteins are shown in white on a red background. Residues that are identical (yellow background) or similar (cyan
background, based on Gonnet Pam250 matrix positive values) in =80% sequences are indicated. Introduced gaps are shown as dashes.
Subdomains I to XI of the Cdk?2 kinase fold are indicated with horizontal lines, and residues that are essentially invariant in previously
identified kinases are labeled with asterisks (Hanks and Quinn 1991). The known secondary structure of Cdk2 is shown above its
sequence (PDB code 1FIN). Above the alignment is a secondary structure prediction using PHDsec (Rost and Sander 1993), based on
the alignment without Cdk2. Regions predicted with an expected accuracy of >82% to form a-helices (h) or B-strands (e) are labeled.
The alignment includes residues 461-798 of human Haspin (GenBank AF289865); 417-754 of murine Haspin (GenBank AF289866,
NP_034483); and the C-terminal regions of hypothetical proteins from D. melanogaster (see Materials and Methods), C. elegans
(residues 564-920 of hypothetical protein CO1H6.9, GenBank CAA95786), A. thaliana (residues 263-599 of hypothetical protein
F14J9.11, GenBank AAC33205), S. pombe (residues 134-488 of hypothetical protein SPAC23C4.03, GenBank CAB16874), and S.
cerevisiae (residues 408-759 of ALK-1/Ygl021w, GenBank P43633, CAA61012; and 324-676 of hypothetical protein Ybl009wp,
GenBank NP_009544); and the entire sequence of human Cdk2 (residues 1-298, GenBank NP_001789). The PSI-BLAST E values
after a single iteration when searching with human Haspin residues 461-798 were murine Haspin, 107'%*; CO1H6.9, 10 ~'%*; F49J9.11,
10 ~'9%; SPAC23C4.03, 7 x 1077; ALK-1, 3 x 107"%; and YblO09wp, 6 x 107,
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S-x-S-x-x-S-x-[NS] motif that replaces the G-x-G-x-x-G-
x-V motif in region I, and they lack invariant lysine, gluta-
mate, and aspartate residues in regions II, III, and VIb,
respectively. Whether these two molecules have protein ki-
nase activity clearly will require experimental determina-
tion.

The C-terminal regions VIII through XI in the Haspin-
like proteins appear to lack some of the highly conserved
residues found in other ePKs, and there is a relative lack of
sequence similarity to other ePKs in regions that may play
a role in substrate recognition (particularly regions VIII and
IX, Fig. 1). However, the similarity of the predicted sec-
ondary structure of the Haspin-like proteins to the known
structure of human Cdk2 in regions IX through XI, and the
coincidence of their C termini with the end of the ePK
consensus (PROSITE PS50011) support the validity of the
sequence alignment. Therefore, it is likely that the Haspin-
like proteins contain an entire kinase domain that would
adopt a bi-lobed conformation similar to that of other ePKs.
However, given that known kinases of the APH, PIPK, and
PIK superfamilies have structural similarities to the ePKs in
regions I through VII but diverge in more C-terminal re-
gions, it remains possible that the Haspin-like proteins
might also adopt a conformation somewhat different from
classical ePKs in regions VIII through XI. Residues con-
served within the Cdk family, such as the cyclin-binding
PSTAIRE motif (region III) and GDSEID motif (region IX
and X), are not found in the Haspin-like proteins. The
Haspins also do not have conserved threonine, serine or
tyrosine residues in the activation-loop or T-loop between
regions VII and VIII. Phosphorylation of residues in this
region regulates kinase activity in a number of kinase fami-
lies. Overall, the sequence between regions VII and IX is
unusually short, and it is difficult to identify an APE motif
in region VIII, a very widespread feature of ePKs.

Notable features that are conserved within the Haspin-
like proteins include an inserted segment between regions
IV and V that is predicted to contain an a-helical region and
another insert between regions VIb and VII that may adopt
a B-strand conformation (except in the S. cerevisiae pro-
teins, where this insert is missing). A G-G-x-x-L motif is
present in region V, an S-I-hydrophobic-x-Q-x-[VT]-x-x-L-
x-[IV]-[AV]-[EK] motif is found in region VIa, and an I-I-
D-[FY]-[TSG]-x-[AS] motif surrounds the invariant aspar-
tate residue in region VII. A D-x-x-L-F motif replaces the
common APE sequence in region VIII, and invariant tyro-
sine, methionine, asparagine, and tryptophan residues are
found within conserved motifs in regions IX and X (see Fig.
1). A leucine zipper motif in mammalian Haspins (Tanaka
et al. 1999) is incompletely conserved in the other Haspin-
like proteins, and it is questionable whether this motif could
function as a dimerization domain because it spans regions
Vla and VIb, which straddle the predicted catalytic loop
region.
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Strikingly, C. elegans appears to have an extended family
of Haspin-related proteins. Besides CO1H6.9 (included in
Fig. 1), the C. elegans genome encodes a closely related
protein, F22H10.5, and several other somewhat more dis-
tantly related kinase-like proteins that have homology with
the mammalian Haspins with statistically significant E val-
ues (Fig. 2). Like the proteins in Figure 1, these sequences
contain an inserted element between regions IV and V and
the conserved motifs described above in regions V and Vla.
The sequence of the VIb to VII insert, [LIV]-x-[YF]-[TS]-
hydrophobic-x-G-[KQRN]-x-[LIV]-x-[LIV]-[TS]-x-G, is
particularly well conserved in all the Haspin-like proteins
(exceptin S. cerevisiae, see above). Again, the fifth position
of the H-x-D-[LIVA]-H-x-x-N motif in region VIb is often
histidine, and the motif surrounding the invariant aspartate
of region VII is maintained. In addition, several other partial
Haspin-kinase-like domains were identified among hypo-
thetical C. elegans genome translations (Fig. 2, legend),
indicating that approximately 15 Haspin-like proteins are
present in this species.

To confirm whether or not the Haspin-related proteins
represent a distinct ePK subfamily, a phylogenetic analysis
using the neighbor-joining method (Saitou and Nei 1987)
was performed. Because of incomplete sequence informa-
tion for some of the C. elegans Haspin-like domains (see
legend of Fig. 2), the analysis was limited to kinase subdo-
mains I through VII and included only residue positions for
which there were no gaps in any sequence in the alignment.
Kinase domains that were identified as most related to hu-
man Haspin by BLAST and PSI-BLAST searches were in-
cluded, such as members of the Cdk, Ste20/Pak, and tyro-
sine kinase (PTK) families. Also included were sequences
of multiple members of the CMGC, AGC, CaMK serine/
threonine kinase families and representatives of the major
other protein kinase families (OPKs; Hardie and Hanks
1995). The S. pombe kinase Cskl mentioned above and
representatives of the recently identified divergent ABCI,
RIOI, piD261, and AQ578 putative ePK families (Leonard
et al. 1998) were also incorporated. The results (Fig. 3)
support the idea that the Haspin-like proteins form a family
distinct from the Cdk family and other ePK subgroups. Note
that this is the case even though the C-terminal portions of
the Haspin kinase domains that diverge most significantly
from other ePKs were excluded from the analysis. As indi-
cated by the BLAST scores, the mammalian, Drosophila,
Arabidopsis, S. pombe, and C. elegans CO1H6.9 and
F22H10.5 proteins form a subgrouping and may represent
essentially orthologous proteins in different species. The S.
cerevisiae ALK-1 and YblO09wp proteins are rather diver-
gent members of this first subgroup, whereas the remaining
C. elegans proteins form a second somewhat more distantly
related subfamily. In this work, human ePKs were included
in the phylogeny where possible, but a recent analysis by
parsimony of protein kinases in the C. elegans genome also
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Fig. 2. Multiple sequence alignment of Haspin-related proteins and Cdc2 (CECDC2A) from C. elegans. The alignment was generated
and is colored and annotated as described for Figure 1. Above the alignment is a secondary structure prediction using PHDsec (Rost
and Sander 1993), based on the alignment without CECDC2A. Only regions I through VII of the kinase domain are shown because
many of the hypothetical translations of the C. elegans genome lack homology with kinase regions VIII and XI, probably because of
incorrect prediction of C-terminal exons by gene prediction algorithms. The alignment includes residues 563-810 of CO1H6.9
(GenBank CAA95786), 71-309 of F22H10.5 (GenBank AAB09102), 37-238 of ZK177.2 (GenBank AAG00045), 169-377 of
Y48B6A.10 (GenBank CABS54446), 395-592 of H12113.1 (GenBank AAF39881), 71-281 of C04G2.10 (GenBank CAA94675),
309-525 of Y73B6A.1 (GenBank AAF36040), 144-352 of TOSE8.2 (GenBank AABS52426), and residues 1-176 of C. elegans
CECDC2A (GenBank AAC60520, CAA48455). The PSI-BLAST E values after a single iteration when searching with human Haspin
residues 461-798 (to allow comparison with Fig. 1) were CO1H6.9, 107'%% F22H10.5, 2 x 107°7; ZK177.2, 1072'; Y48B6A.10,
3 x 10721, HI2113.1, 2 x 1072, C04G2.10, 2 x 1073, Y73B6A.1, 6 x 107%%; and TOSES8.2, 2 x 107*%. More severely truncated Haspin-
like kinase domains not shown were also identified in C. elegans: F12A10.2, F12A10.6, FS9E12.6 (all closely related to ZK177.2),
CO6E4.5, C26E6.1, C50H2.7, and KO8B4.5 (GenBank accession numbers AAA68295, AAA68299, AAB54256, AAA82472,

AAA21155, CAA98255, and AAC68982).

indicates that the Haspin-like proteins identified here form a
kinase family quite distinct from previously identified
groups (http://www.kinase.com). Interestingly, in this study
of C. elegans protein kinases, five subfamilies were tenta-
tively described as worm-specific. Three of these subfami-
lies had C04G2.10, KO8B4.5, and ZK177.2 as prototypical
members (Plowman et al. 1999). The analysis presented
here indicates that these putative kinases are all members of
the Haspin-like family (see Figs. 2, 3) and that related pro-
teins are found in many eukaryotic phyla.

The overall structure of the Haspin-like proteins is simi-
lar: The conserved kinase domain at the C terminus is pre-
ceded by an N-terminal region that lacks significant homol-
ogy in the group. For example, human and murine Haspin
are 83% identical in the C-terminal kinase domain (human

amino acids 481-798), but only 53% identical in the N-
terminal portion. The N-terminal regions of the proteins
shown in Figure 1 share certain general features, such as a
preponderance of serine and lysine residues, but otherwise
appear unrelated (data not shown). It is likely that the DNA-
binding capacity of the mammalian Haspins lies in the N-
terminal domain (Tanaka et al. 1999).

Conclusions

In summary, the data define a group of Haspin-related pro-
teins that, based on distinctive primary structural features,
form a new family of ePKs that extends previous classifi-
cation (Hanks and Quinn 1991; Hanks and Hunter 1995;
Hardie and Hanks 1995). If, in addition to the mammalian
Haspins, other Haspin-like proteins (or ABC1 family mem-

1681

www.proteinscience.org



Higgins

Human

PTK Group

Human
Human Eph Src Human Human InsR
Human Abl
A thaliana SRK  Fak Human TrkA
Human Raf Human MuSK
umiq al
Human TGF-B-1I-R Human PDGFRo
Human Human Ret
Mikl Human FGFR-4
Pak/Ste20 Human Pak1 Human Jak1
S. cerevisiae Ste20 Human Syk
Human EGFR
Human Mst-3
Human BARK-1
Human MAPKK/MEK1
M. xanthus Pknl P. vulgaris PVPK-1 AGC
784
Human NimA-like-1 losof /225 S. cerevisiae DBF2 Grou
Human Weel 1000 hos Human p70 S6K p
S. cerevisiae SCH9
Fuman PR © Human PKA-Co.
Human Polo-like-1 57 ” — Human Rac-c.
4 592
S. cerevisiae KIN1 Human PKC-a
CaMK 919, 627
Group Human CaMKIIa S. pombe CSK1
Human CaMKI
S. pombe
SPAC23C4.03
Human D. melagonaster
MAPKKKIMEKKI 100 hypothetical protein
Human GSK3a. 694 o/ A. thaliana F49)9.11
Human MAPKS8/JINK1 Murine Haspin
Human MAPK1/ERK1 Human Haspin
B. mori Cdc2 C. elegans F22H10.5
Human Cdc2
c ;l C: % C. elegans CO1H6.9
. elegans Cdc
CMGC Human Cdk2
Human MO15/CAK
Group
Human CKllal -
S. cerevisiae
ALK-1
C. elegans S. cerevisiae
Human CKlel C.elegans  Y73B6A.1 Yb1009wp
Hi12113.1
C. elegans ZK177.2 .
0l Haspin-
C. elegans Y48B6A.10

C. elegans C04G2.10 related

A " _ Human
- AeONICUS uy6l- . elegans TOSES.2

Human ABCl1-like' Human
Q578 like

SudD-like

Fig. 3. Neighbor-joining phylogeny of subdomains I through VII of the Haspin-related proteins and known eukaryotic protein kinases.
An unrooted dendrogram is shown. Bootstrap values >500 from 1000 trials are given on branches, and the scale bar indicates distance
of divergence. Members of ePK families as previously defined (Hardie and Hanks 1995) are indicated. GenBank accession numbers
for those proteins (human unless otherwise stated) not identified in Figures 1 and 2 are piD261-like protein dJ28H20.2, CAC00561;
Aquifex aeolicus AQ578, AAC06806; SudD-(Aspergillus)-like, AAC26080; ABCl-like protein, NP_064632; casein kinase I al
(CKlal), NP_001883; CKIlal, NP_001886; MO15/CAK, CAAS55785; Cdc2, A29539; B. mori Cdc2, BAA21483; mitogen-activated
protein kinase-1 (MAPKI1/ERK1), NP_002736; MAPKS8/JNK1, NP_002741; glycogen synthase kinase 3a (GSK3a), P49840; MAP-
KKK1/MEKK1, Q13233; Ca**/calmodulin kinase-1 (CaMKI), NP_003647; CaMKIla, AADS5815; S. cerevisiae KIN1, AAA34722;
Polo-(Drosophila)-like kinase, NP_005021; Protein Kinase RNA-dependent (PKR), AAA36409; Weel, CAA43979; NimA-like
protein kinase 1, G01452; Myxococcus xanthus Pknl, AAA25402; MAPKK1/MEK1, AAA36318; Mst-3, AAB82560; S. cerevisiae
Ste20, NP_011856; Pakl, NP_002567; TGF-B type II receptor, AAA61164; mixed lineage kinase-1 (MIk1), P80192; Raf proto-
oncogene, P04049; A. thaliana S-receptor kinase (SRK), T00534; focal adhesion kinase (Fak), Q05397; Fer, AAA61190; Eph,
AAA36747; Src proto-oncogene, P22455; Abl proto-oncogene, PO0519; insulin receptor (InsR), P06213; high affinity nerve growth
factor receptor (TrkA), P04629; muscle, skeletal, receptor tyrosine kinase (MuSK), NP_005583; platelet-derived growth factor receptor
o (PDGFRa), AAA60048; Ret proto-oncogene, P07949; fibroblast growth factor receptor 4 (FGFR4), P22455; Janus kinase-1 (JAK1),
AAA36527; spleen tyrosine kinase (Syk), NP_003168; epidermal growth factor receptor (EGFR), P00533; B-adrenergic receptor
kinase-1 (3BARK1), NP_001610; Phaseolus vulgaris PvPK1, AAA33772; S. cerevisiae DBF2, AAA34559; ribosomal protein S6 kinase
(p70 S6K), P23443; S. cerevisiae cAMP-dependent protein kinase SCH9, P11792; cAMP-dependent kinase catalytic subunit-a
(PKA-Ca), P17612; Rac-a,, AAA36539; protein kinase C-a (PKC-a), P17252; and S. pombe Cskl, AAB26194.
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bers) are confirmed to be serine/threonine kinases, it may be
useful to relax definition of the serine/threonine kinase sig-
nature (PROSITE PS00108). Specifically, histidine might
be allowed at the fifth position of the [HY]-x-D-[LIVMFY]-
K motif, as this may aid identification of more divergent
protein kinase domains in the growing genome databases.
Likely Haspin orthologs are found in several major eukary-
otic phyla, including yeasts, plants, flies, fish, and mam-
mals, and an extended group is found in C. elegans. In fact,
the Haspin-like proteins can be added to the list of kinase
families that are expanded in C. elegans, including the ca-
sein kinase I, FER, and KIN-15 families (Plowman et al.
1999).

What are the functions of the Haspin-like proteins? In its
GenBank entry, the S. cerevisiae gene for ALK-1 is anno-
tated as a novel DNA damage response gene, and ALK/
gene expression is reported to be responsive to pheromones,
although no effect on yeast mating differentiation was ob-
served when the gene was disrupted (Erdman et al. 1998).
Disruption of the ALK or Ybl009w gene does not prevent
vegetative growth of S. cerevisiae (http:/genome-www.
stanford.edu/cgi-bin/sgd), but expression of both genes ap-
pears to be regulated in a periodic manner during the mitotic
cell cycle, with ALK and Ybl00O9w expression peaking dur-
ing M and G, phases, respectively (Cho et al. 1998; Spell-
man et al. 1998). Characterization of murine Haspin indi-
cates that the family may play a role in regulating the cell
cycle of haploid cells (Tanaka et al. 1999). Consistent with
arole in meiosis, YbI009w gene transcription also is induced
during the early—mid phase of sporulation in budding yeast,
whereas ALK induction was below that considered signifi-
cant in this study (Chu et al. 1998). However, Haspin
mRNA can also be detected in diploid human and mouse
cells, so the Haspin-related proteins are likely to have a
wider functional role than previously anticipated (Higgins
2001). The presence of multiple Haspin-like proteins in C.
elegans may complicate analysis of their function in this
organism. Indeed, the Haspin-related C. elegans gene
C26E6.1 was among a large panel of genes targeted by
RNA interference analysis in a recent study able to detect
subtle variations in meiotic and mitotic cell division, but no
phenotype was apparent (Gonczy et al. 2000). Among other
explanations, it is possible that the C. elegans Haspin-like
proteins show functional redundancy that obscures the ef-
fect of single-gene targeting. However, the identification of
related proteins in model organisms such as yeasts and Dro-
sophila will provide experimental avenues by which to de-
termine the function of the Haspins in mammalian cells.

Materials and methods

Sequences related to the kinase domain of human Haspin were
identified by TBLASTN and PSI-BLAST searches (Altschul et al.
1997) of the nonredundant database at NCBI (http://www.ncbi.

nlm.nih.gov/blast/). The sequence of a Haspin-related Drosophila
hypothetical protein was reconstructed by translation of nucleo-
tides 29203-29406 and 29464-29759 of GenBank AE003029 and
4468-4669 of GenBank AC005334. The validity of this join was
confirmed by the Berkeley Drosophila Genome Project cDNA
clone LD07633, which links the two genomic regions (http://www.
flybase.org). Alignments of the kinases shown in Figures 1 and 2
were produced by CLUSTAL W (Thompson et al. 1994), with
default settings at the University of California San Diego Super-
computer Center Biology Workbench (http://workbench.sdsc.edu)
and adjusted manually according to Hanks and Quinn (1991) and
by comparison to protein kinase alignments at the Protein Kinase
Resource (http://www.sdsc.edu/Kinases). Alignments were col-
ored using BOXSHADE (K. Hofmann, and M.D. Baron, ISREC,
Epalinges s/Lausanne, Switzerland). Secondary structure predic-
tions were performed with PHDsec (http://cubic.bioc.columbia.
edu/predictprotein; Rost and Sander 1993). Phylogenetic analysis
was performed using the neighbor-joining method of Saitou and
Nei (1987) as implemented by CLUSTAL X. In this case, align-
ments were limited to regions I through VII. When calculating the
distance matrix, residue positions in the alignment containing gaps
were excluded, and no correction was made for multiple substitu-
tions. Phylogenetic trees were displayed using TREEVIEW (Page
1996).
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