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Abstract. The haspins constitute a newly defined protein
family containing a distinctive C-terminal eukaryotic
protein kinase domain and divergent N termini. Haspin
homologues are found in animals, plants and fungi, sug-
gesting an origin early in eukaryotic evolution. Most
species have a single haspin homologue. However, Sac-
charomyces cerevisiae has two such genes, while
Caenorhabditis elegans has at least three haspin homo-
logues and approximately 16 haspin-related genes. Mam-
malian haspin genes have features of retrogenes and are
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strongly expressed in male germ cells and at lower levels
in some somatic tissues. They encode nuclear proteins
with serine/threonine kinase activity. Murine haspin is re-
ported to inhibit cell cycle progression in cell lines. One
of the S. cerevisiae homologues, ALK1, is a member of
the CLB2 gene cluster that peaks in expression at M
phase and thus may function in mitosis. Therefore, the
haspins are an intriguing group of kinases likely to have
important roles during or following both meiosis and mi-
tosis.

Key words. Serine/threonine kinase; nucleus; testis; spermatogenesis; retrogene; nested gene; lineage-specific ex-
pansion; Gsg2.

Introduction

The haspins are a recently described group of proteins
with several interesting features. They contain a distinc-
tive C-terminal kinase domain and form a newly defined
subset within the eukaryotic protein kinase superfamily.
The existence of at least one haspin homologue in all
nearly complete sequenced eukaryotic genomes suggests
an important function for these proteins, particularly
since protein kinases are known to be critical regulators
of a wide variety of cellular functions. Following an ap-
parent origin early in eukaryotic evolution, the haspin
family has undergone a marked expansion in at least one
lineage, that of the nematode worm Caenorhabditis ele-
gans. The haspin gene in mammals appears to have been

retrotransposed into a preexisting gene to produce a rare
example of a functional intronic retrogene. This review
serves to highlight the existence of this new group of pro-
teins, to describe their sequence features and to bring to-
gether information from various studies that have begun
to address the expression patterns and functions of haspin
homologues in a variety of species.

Discovery of haspin

The first member of the haspin family to be characterized
was from the mouse. Tanaka et al. [1] used subtractive hy-
bridization to isolate cDNAs expressed in normal adult
mouse testis but not in the testis of 4-month-old mutant



CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 447

W/Wv mice. Because the W/Wv mice lacked germ cells
[2], the transcripts isolated were those expressed in male
germ cells but not in the supporting cells of the testis.
One such clone was given the name Germ cell-specific
gene 2 (Gsg2) [3]. Based on its expression pattern and
analysis of the encoded protein (see below), the gene
product was named haploid germ cell-specific nuclear
protein kinase or haspin. Later, Higgins [4] and Tanaka et
al. [5] cloned a human haspin homologue. Genes or tran-
scripts encoding hypothetical haspin-like proteins have
subsequently been identified in a wide variety of eukary-
otes including various mammals (Sus scrofa, Bos taurus,
Rattus norvegicus), the frog Xenopus laevis, fish (Fugu
rubripes, Tetraodon nigroviridis, Danio rerio), inverte-
brates (C. elegans, Drosophila melanogaster, Anopheles
gambiae), plants (Arabidopsis thaliana, Oryza sativa),
fungi (Schizosaccharomyces pombe, Saccharomyces
cerevisiae, Aspergillus fumigatus) and the microsporidia
(Encephalitozoon cuniculi), but not in any of the se-
quenced prokaryotic or archaea genomes [6, 7; Higgins,
unpublished data].

Sequence features

The open reading frames of the murine and human haspin
cDNAs encode proteins of 754 and 798 amino acids, re-
spectively. The two proteins are 66% identical overall,
but this homology is not evenly distributed along the
polypeptide. The C-terminal portion is more highly con-
served between the species: the two proteins are 83%
identical from residue 484 to 798 and no insertions or
deletions occur [4, 5]. Hypothetical genes in many other
eukaryotic species encode proteins with homology to the
mammalian haspins in the C-terminal domain, but with
divergent N-terminal domains [6]. Various lines of evi-
dence, discussed below, suggest that the relatively con-
served C-terminal region comprises a eukaryotic protein
kinase domain (fig. 1A).

The kinase domain
Most known protein kinases in eukaryotes are members
of the eukaryotic protein kinase superfamily (ePKs), al-
though members of this class are also found in bacteria
and archaea [8, 9]. The crystal structures of a number of
ePK domains reveal a common bi-lobed structure [10,
11], and the conserved sequence elements of the 250- to
300-amino-acid domain have been labeled regions I–XI
[12, 13]. The smaller N-terminal lobe (regions I–V) con-
tains conserved residues required for nucleotide binding,
while the larger C-terminal lobe (regions V–XI) is in-
volved in substrate binding and initiating phosphotrans-
fer. The cleft between the lobes contains further invariant
amino acids that form the active site. Tanaka et al. [3] first

noted the sequence similarity between murine haspin and
regions I–III of cyclin-dependent kinases (fig. 1B).
Later, comparison of haspin genes from a variety of
species identified motifs corresponding to regions VIb,
VII and IX of the consensus ePK domain in the haspin
proteins. Secondary-structure predictions were consistent
with the presence of structural components of the re-
maining regions IV, VIa, X and XI [6] (figs 1B, 2). There-
fore, the C-terminal region of haspin likely folds to give
the familiar bi-lobed structure of known protein kinases.
This conclusion is compelling given the finding that
phospatidylinositide kinases [14], phosphatidylinositol
phosphate kinases [15] and aminoglycoside phospho-
transferases [16] have three-dimensional structures simi-
lar to the ePKs even though they have barely detectable
sequence homology. Of course, this prediction does not
rule out the possibility of differences in secondary struc-
ture or orientation of some elements, particularly in the
large lobe.
Importantly, there is evidence that the murine and human
haspin proteins do in fact possess protein kinase activity.
Kinase activity could be detected in an immunoprecipi-
tate of haspin from a murine testis preparation [3], al-
though in this case, the presence of other proteins in the
sample meant that the activity could not be confidently
ascribed to haspin itself. Furthermore, both human and
murine haspin, when expressed as EGFP-fusion proteins
in HEK293 cells, undergo apparent autophosphorylation
in in vitro kinase assays [3, 5]. Phosphoamino acid analy-
sis of hydrolyzed murine EGFP-haspin indicated that the
phosphorylation occurred on serine and threonine
residues. A mutant form of the murine EGFP-haspin pro-
tein with a 10-amino-acid deletion in region I of the ki-
nase domain (that would be expected to abolish kinase
activity) did not become phosphorylated, providing evi-
dence that the detected serine/threonine kinase activity is
intrinsic to the haspin protein [3].
The rapidly expanding genome sequence databases have
allowed a number of new translations of hypothetical
haspin-like genes even since previously published analy-
ses. These new data allow a more refined multiple align-
ment of the haspin kinase domain sequences (fig. 2). This
analysis suggests an alternative assignment of regions
I–IV in the S. cerevisiae haspin homologues Alk1p and
Ybl009wp. Because these proteins are the most distantly
related proteins in the group (particularly in regions
I–IV), the proposed alignment of Alk1p and Ybl009wp in
particular must be regarded as tentative until three-di-
mensional structural information is available for one of
these proteins. Overall, the alignment indicates that many
of the residues that are essentially invariant in other ePKs,
and known to be critical in forming the Mg2+-ATP-bind-
ing and catalytic sites, are conserved in the majority of
haspin proteins (see figs 1B, 2). Specifically, the G-x-G-
x-x-G-x-V motif in region I, lysine in region II, glutamate
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in region III, aspartate and asparagine in region VIb, as-
partate in region VII and aspartate or glutamate in region
IX are present. In several cases, the glycines of the nu-
cleotide-binding G-x-G-x-x-G-(V/A) motif are substi-
tuted with other small amino acids in the haspin proteins,
particularly those from the lower eukaryotes. Indeed, in
the S. cerevisiae proteins Alk1p and Ybl009wp, the G-x-
G-x-x-G-x-(V/A) motif of region I is difficult to identify
and, furthermore, the invariant catalytic aspartate residue

of region VIb is replaced by asparagine. Of importance
will be confirming the kinase activity of these proteins
experimentally.
Together, several features distinguish the haspins from
other ePKs. Region VIa contains a L-A-V-A-E motif in
which the glutamate residue is invariant. The catalytic
loop of region VIb is highly conserved and invariably has
the sequence (F/L)-E-H-R-(D/N)-L-(H/T/N). In other
ePKs, a highly conserved D-F-G triplet in region VII is

Figure 1. (A) Schematic structure of the haspin proteins. The C-terminal kinase domain is shaded, and two potential nuclear localization
signals (NLS) found in mammalian haspins are shown in the N-terminal domain. The haspin and haspin-like proteins of other species have
a similar overall organization, but with divergent N-terminal domains. Numbering is according to human haspin. (B) Sequence features of
the haspin kinase domain. The kinase domain of human haspin is aligned with the most closely related human kinase of known three-di-
mensional structure, the cyclin-dependent kinase Cdk2 [92], and with a member of the divergent piD261 ePK family with known kinase
activity, human piD261/p53-related protein kinase (PRPK)/Bud32 [18–20]. Sub-domains I–XI of the kinase fold are indicated with thick
horizontal lines, and residues that are essentially invariant in previously identified kinases [12] are marked with asterisks. The known sec-
ondary structure of Cdk2 [11] is indicated, where a helices are marked h and b strands as e. Completely conserved residues are shown as
white letters on a black background, identical residues are dark-shaded and conservative substitutions (based on Gonnet Pam250 matrix
positive values) are lightly shaded. Residues 484–798 of human haspin, residues 4–293 of human Cdk2, and residues 33–253 of human
piD261 are shown. The alignment of haspin with Cdk2 is derived from previous work [4, 6] and that with piD261 is based on an alignment
with protein kinase A supported by mutagenesis data [20].
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involved in orientation of the g-phosphate of Mg2+-ATP.
In the haspins, a related sequence, D-(Y/F)-(S/T), is 
located within an (I/L)-I-D-(Y/F)-(S/T)-(L/C)-S-R motif
in which the isoleucine-aspartate and arginine residues
are invariant. The A-P-E motif found in region VIII of al-
most all ePK families is absent in the haspins, although
an invariant phenylalanine residue is located in this re-
gion. Consistent with the lack of a conserved glutamate in
an A-P-E motif is the corresponding absence of a con-
served arginine residue in region XI. In other ePK fami-
lies, these two residues form an ion pair that stabilizes the
structure of the large lobe [10]. In region IX, a (E/D)-
(I/V/T)-Y-R-x-M-(R/K) motif, in which the tyrosine and
methionine are invariant, replaces the more usual D-x-W-
S-x-G-x motif. A W-x6-(T/S)-N-(V/I/L)-hydrophobic-W-
L-x-Y-L in which the second tryptophan residue is invari-
ant in region X is another conserved feature of the haspin
proteins. Finally, the majority of the haspins have con-
served inserted regions between regions IV–V and
VIb–VII, although these additional sequences are more
variably present in haspin proteins from the unicellular
eukaryotes.
The mammalian haspins are clearly structurally divergent
members of the ePK family. Indeed, phylogenetic analyses
of kinases in both humans [6] and C. elegans [17]
indicate that the haspin proteins do not fall in any of 
the previously described ePK families. Rather, the haspins
form a distinctive group of ePKs that appeared early in eu-
karyotic evolution. In the extent of sequence divergence
from ‘classical’ ePKs, haspin proteins are similar to mem-
bers of the ABC1, RIO1, piD261 and AQ578 families of
putative kinases that have been identified in archaea, eu-
karyotes and, in some cases, prokaryotes (fig. 1B) [9].
However, no haspin-like proteins have been identified so
far in the sequenced genomes of non-eukaryotes [unpub-
lished data]. Notably, human and S. cerevisiae piD261,
members of one of these divergent ePK families, have
demonstrable kinase activity [18–20].
A possible leucine zipper motif is present in the mam-
malian haspin proteins [3, 5] in the portion now identified
as regions VIa and VIb of the kinase domain. However,
this motif is incompletely conserved in the haspin pro-
teins from other phyla. Also, algorithms that take into ac-
count features of these motifs in addition to the heptad re-
peat of leucine [21] do not consistently predict a coiled-
coil in this region [unpublished data]. In fact, this
sequence is likely to straddle the catalytic loop of the
haspin proteins and to adopt a structure containing both a
helices and b strands as in other kinases [10, 11] rather
than a leucine zipper.

Haspin-related proteins in C. elegans
A number of kinase families appear to be expanded in the
nematode worm C. elegans. For example, the casein ki-

nase I (CK1) family has at least 65 members in C. ele-
gans, but only 4 in budding yeast and 6 in humans, and
the FER family has over 42 members in the worm while
mammals have just two homologues (FER and FES) [17,
22]. Similarly, C. elegans appears to have an enlarged
family of haspin-related proteins [6]. The C01H6.9,
Y18H1A.10 and F22H10.5 proteins shown in fig. 2
clearly fall within the haspin group. In addition, at least
two additional loci with homology to parts of the haspin
kinase domain are found in the C. elegans genome
(W02H3.2, Y40A1A.1). Therefore, C. elegans may pos-
sess up to five clear haspin homologues (table 1).
Strikingly, approximately 16 additional hypothetical ki-
nase genes encoding proteins more distantly related to
haspin are found in C. elegans, distributed on various
chromosomes (table 1). In some cases, identifying con-
ceptual translations encoding complete kinase domains at
these loci is difficult, perhaps due to ineffective predic-
tion of exons, the existence of sequencing errors, or to the
presence of non-functional pseudogenes. Because of this,
these genes require definition at the mRNA and protein
level before a full comparison with the other haspins can
be made. However, some features of these proteins, which
I will refer to as ‘haspin-related’ proteins to distinguish
them from the ‘canonical’ haspins discussed so far, are

Table 1. Haspin-related genes of C. elegans.

Gene1 Chromosome, Expression
location2 (Mb) mountain3

Haspin family
C01H6.9 I, 7.2 ND
F22H10.5 X, 16.7 0
W02H3.2 X, 11.1 0
Y18H1A.10 I, 0.68 0
Y40A1A.1 X, 2.0 ND

Haspin-like genes
C04G2.10 IV, 10.1 4
C06E4.5 IV, 7.3 3
C26E6.1 III, 5.0 ND
C50H2.7 V, 9.9 4
F12A10.2 II, 5.5 5
F59E12.6 II, 5.6 5
H12I13.1 II, 6.1 4
K08B4.5 IV, 6.1 0
T05E8.2 I, 5.5 9
VY10G11R.1 IV, 16.5 ND
W03F9.3 V, 0.13 4
Y32G9A.11/ V, 1.9 ND
Y32G9A.3
Y40A1A.1 X, 2.0 ND
Y48B6A.10 II, 14.2 ND
Y73B6A.1 IV, 6.7 4
ZK177.2 II, 5.5 5

1 See figure 3 for details.
2 Chromosomal assignments and locations were obtained from

WormBase (http://www.wormbase.org, release WS83: 03 Aug
2002 [91]).

3 From Kim et al. [29]. See text for details. ND, not determined.
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CK1, KIN-15 and FER ePK families, the reason for this
intriguing worm-specific expansion of the haspin family
is unclear. Other lineage-specific expansions (LSEs)
seem to involve genes that play a role in responses to
pathogens, xenobiotics and stress or in determination of
particular morphological adaptations [22].

The N-terminal domain
In contrast to the C-terminal kinase domain, the N-termi-
nal 483 amino acids of human haspin contain a number of
deletions and an insertion when compared to murine
haspin, and the two proteins share only 53% identity in
this region (fig. 4) [4, 5]. This N-terminal region does not
have obvious homology to any known domain type or to
other proteins in the sequence databases. The identity of
13 of 19 amino acids from murine haspin (residues
144–162) to the transcription factor murine MEF2B has
been highlighted [3]. However, these residues are not par-
ticularly highly conserved in MEF2B or haspin proteins
from different species and the significance of this short
region of homology remains unknown.
Interestingly, the N-terminal regions of the mammalian
haspins do not have any apparent homology with the cor-
responding regions of conceptual haspin translations
from non-mammalian species. The N-terminal domains
of many of the proteins shown in fig. 2 do share some
general features, including a preponderance of serine and
lysine or arginine residues. Because the open reading
frames of these hypothetical genes have not yet been con-
firmed experimentally, some caution must be exercised in
interpretations drawn from these sequences. However,
while the C-terminal kinase domain of haspin has been
relatively well conserved through evolution, the N-termi-
nal domain has apparently diverged considerably. This
relative divergence is clear when comparing haspin pro-

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 451

apparent (fig. 3). As in the other haspin homologues, the
kinase-like sequence appears to be at the C terminus, but
the kinase domain appears shorter than in the canonical
haspins and it lacks motifs that identify regions VIII–X
of the kinase structure. Because these elements form im-
portant core helices in the large lobe of the kinase do-
main, the structure of these haspin-related proteins is
likely to differ significantly from that previously deter-
mined for other eukaryotic protein kinases [10, 11]. The
G-x-G-x-x-G-(V/A) motif of region I, the invariant ly-
sine, glutamate, aspartate/asparagine and aspartate
residues of regions II, III, VIb and VII are well conserved,
suggesting that many of these proteins are likely to have
kinase activity. Additionally, the retention of the VIb–VII
insert found in haspin proteins from all multicellular eu-
karyotes is striking.
The relationship between the haspin-related proteins of
C. elegans and the canonical haspins is further supported
by the finding that the two groups cluster together in two
independent phylogenetic analyses using different
methodologies and different subsets of kinases [6, 17].
Moreover, the intron-exon structure of the haspin-related
genes is similar to that of the canonical haspins, support-
ing the existence of a common ancestor for all these
genes (see fig. 3). A phase 1 intron in the region VII cod-
ing sequence and particularly the phase 0 intron in region
XI are conserved in many or all members of the extended
haspin family in C. elegans. Therefore, duplication of a
haspin gene in the worm lineage was likely followed by
deletion of a portion of the two exons encoding regions
VIII, IX and X. This shortened haspin-related gene then
multiplied and diversified to yield the large family now
found in C. elegans. While most eukaryotic species ap-
pear to have only one haspin homologue, or two in the
case of S. cerevisiae, C. elegans has developed a diverse
array of haspin-related proteins. As is the case for the

Figure 2. Multiple sequence alignment of haspin kinase domains. Residues that are completely conserved in all haspin proteins are shown
in white on a red background. Residues that are identical (yellow background) or similar (cyan background) in 50% or more sequences are
indicated. Introduced gaps are shown as dashes. Sub-domains I–XI of the kinase fold are indicated with thick horizontal lines, and residues
that are essentially invariant in previously identified kinases [12] and that are identifiable in the haspins are marked with asterisks. The po-
sitions of phase 0 introns are shown by boxes, phase 1 introns by circles, and phase 2 introns by hexagons. All translations are derived from
genomic DNA except for Xenopus laevis TC72059, marked †, which is derived from cDNA, and thus introns are not shown in this case.
The alignment was produced using CLUSTAL W [93] with default settings at the University of California San Diego Supercomputer Cen-
ter Biology Workbench (http://workbench.sdsc.edu), and adjusted manually according to Hanks and Quinn [12] and by comparison to pro-
tein kinase alignments at the Protein Kinase Resource (http://www.sdsc.edu/ Kinases). The alignment includes residues 484–798 of hu-
man haspin (GenBank NP_114171), 440–754 of murine haspin (GenBank AAK30301), and the C-terminal regions of hypothetical pro-
teins from F. rubripes (hypothetical translation of FS:S005536 from the Fugu Genomics project [94]), X. laevis (translation of TC72059,
an EST assembly from The Institute for Genomic Research (TIGR) Xenopus Gene Index [26]), D. melanogaster (residues 248–566 of
GenBank P83103 and [6]), A. gambiae (residues 83–404 of hypothetical protein agCP6938, GenBank EAA05110, from the International
Anopheles Genome project, a collaboration between Celera Genomics, Genoscope, University of Notre Dame, EBI/Sanger Institute,
EMBL, Institut Pasteur, IMBB and TIGR), C. elegans (hypothetical proteins C01H6.9, Y18H1A.10 and F22H10.5; see fig. 3 for details),
A. thaliana (residues 287–599 of hypothetical protein F14J9.11, GenBank AAC33205 [95]), O. sativa (hypothetical translation from Gen-
Bank AAAA01006721 [96]) S. pombe (residues 156–488 of hypothetical protein SPAC23C4.03, GenBank NP_593176 [97]), A. fumiga-
tus (hypothetical translation of preliminary genomic sequence data obtained from the TIGR website at http://www.tigr.org), E. cuniculi
(residues 183–454 of hypothetical protein ECU03_0890, GenBank NP_597598 [87]) and S. cerevisiae (residues 487–759 of
Alk1p/Ygl021wp, GenBank NP_011494; and 401-676 of hypothetical protein Ybl009wp, GenBank NP_009544 [98]).
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teins from different mammals, and has apparently pro-
ceeded to such an extent that detectable homology be-
tween the N-terminal regions of haspins from more dis-
tantly related eukaryotes has been lost. This suggests that
the evolutionary pressure to maintain the integrity of the
N-terminal domain of haspin has been less than that upon
the kinase domain, or that these pressures have been dif-
ferent in different species. The N-terminal domain possi-
bly serves a function such as intracellular targeting of the
haspin protein that does not have such stringent structural
requirements as the catalytic kinase domain. Alterna-
tively, the N-terminal domain may have assumed differ-
ent functions in different species. For example, changes
in the subcellular localization, molecular interactions or
regulation of the kinase activity of haspin might be
brought about by alterations in the N-terminal domain.
Indeed, a variety of different domain types are found in
the N-terminal regions of the haspin-related proteins of
C. elegans, suggesting that members of this family might
serve in diverse signaling pathways in the worm. Resolu-
tion of these questions requires further investigation of
haspin function in various organisms.
Some limited insight into the role of the N-terminal do-

main has been obtained from analysis of the mammalian
haspins. Two potential nuclear localization signals (NLS)
are found in similar locations in the N-terminal domains
of human, murine and rat haspin (see figs 1A, 4) [4], al-
though the functionality of these motifs remains to be
tested. When expressed as an EGFP fusion protein in
HEK293 or COS cells, both murine and human haspin
are localized exclusively to the nucleus. Indeed, EGFP-
haspin is found in discrete foci within the nuclei in a pat-
tern that is consistent with nucleoli, although this has yet
to be confirmed [3, 5]. Immunohistochemical analysis
also confirms the localization of murine haspin in the nu-
clei of haploid germ cells [3]. A third possible NLS in
murine and rat haspin is not found in the human protein
and deletion of this motif apparently does not prevent
murine haspin localization to the nucleus [3].

Tissue distribution

As described above, a murine haspin cDNA was origi-
nally isolated in a differential screen for transcripts ex-
pressed in male germ cells, but not in the supporting tis-

Figure 4. Alignment of the N-terminal domains of human, murine and rat haspin proteins. The alignment is shaded as described for fig-
ure 1B and was generated as described in fig. 2. Potential nuclear localization signals found in all three proteins are indicated with hori-
zontal lines. The rat sequence is a hypothetical translation from the rat HTGS database, GenBank AC119593.



sue of the testes. Northern analysis confirmed that haspin
mRNA is abundantly expressed in the testes of wild-type
mice, but not in mutant strains lacking germ cells. During
prepubertal development, haspin mRNA was unde-
tectable at 4, 10 and 16 days of age, and was first ob-
served at 24 days. The timing was similar to, or slightly
preceded that of protamine-1 mRNA expression, and co-
incided with spermatids becoming the predominant sper-
matogenic cells in mouse testis [1, 3]. In contrast, no
haspin mRNA could be detected in the ovary or in a vari-
ety of somatic tissues examined. Similar results were re-
ported for human haspin [3, 5].
Another study confirmed the high expression in murine
and human testis, but also detected haspin mRNA in
some somatic tissues, albeit at much lower levels. In par-
ticular, sites of leukocyte development such as the bone
marrow, thymus, spleen and fetal liver contained haspin
mRNA. Moreover, all proliferating cell lines examined
possessed haspin mRNA, with the highest levels found in
Ramos B cells and Jurkat T cells. Similar results were
found in both human and murine tissues, perhaps sug-
gesting functional significance for this expression in so-
matic cells [4]. Indeed, this type of expression pattern is
not unique and many transcripts that are known to encode
functional proteins in somatic cells are greatly overex-
pressed in early spermatids [23]. For example, the ubiq-
uitous TATA-binding protein mRNA is found at levels up
to 200 times greater in total testis than in spleen and liver
[24]. Therefore, haspin is likely not a truly testis-specific
gene, and it may play a role in some somatic cells, partic-
ularly lymphocytes and proliferating cells. This view is
further supported by the presence in the sequence data-
bases of numerous haspin mRNA-derived expressed se-
quence tags (ESTs) isolated from human and murine
lymphoid and embryonic tissues and cancer cells, as well
as from the testis [25, 26]. In contrast, ESTs from the
classical testis-specific protamine genes are found exclu-
sively in the testis (and, curiously, the brain). The appar-
ent low level of haspin mRNA in lymphoid tissues might
reflect expression by a subset of lymphocytes, a common
finding in this diverse cell population.
Transcription in early spermatids has often been de-
scribed as ‘promiscuous’ [27]. The reason for this broad
and high-level gene expression is unclear, as many mR-
NAs in these cells seem to be inefficiently translated [23].
Perhaps the promiscuity is a result of opening the chro-
matin structure to facilitate recombination during meio-
sis, or a byproduct of the need to produce high levels of
transcripts for proteins such as protamines that are trans-
lated at later stages of spermiogenesis when transcription
has ceased [23]. Importantly, haspin protein is detected in
mouse, human and rat testicular lysates using antisera
raised to specific peptides of murine haspin [3, 5]. Im-
munohistochemical localization studies in mouse testis
show that haspin protein is expressed in some germ cells
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but not in surrounding cells such as Sertoli or Leydig
cells. Cells at early stages of spermatogenesis (spermato-
gonia, leptotene and zygotene spermatocytes) did not
stain with anti-haspin antisera. The highest levels of
haspin were detected in the nuclei of round spermatids,
but were lower in late spermatids with greater nuclear
condensation [3]. Although no haspin protein was de-
tected in somatic tissues by Western blot analysis [3], this
method is probably not sensitive enough to detect haspin
expressed in a subset of cells within these tissues, and the
somatic tissues with the highest levels of haspin expres-
sion (thymus and fetal liver) were not examined. The
identification of the somatic cells that contain haspin pro-
tein, if any, will be an important goal in the future.
Limited information is available regarding the tissue dis-
tribution of haspin in species other than mammals.
Drosophila and Xenopus ESTs for haspin have been iso-
lated from embryos, oocytes and from the ovary [26, 28].
Recently, a gene expression map for C. elegans was de-
veloped in which genes with a similar expression pattern
in a variety of experimental systems are grouped together
into one of 43 different ‘mountains’ [29]. Information for
14 of the haspin and haspin-related proteins is included.
Interestingly, 5 of these genes map to a mountain (mount
4) that contains many sperm-enriched transcripts and a
large number of protein kinases. However, the other
haspin-related genes, including the canonical haspin ho-
mologues Y18H1A.10 and F22H10.5, map to a variety of
other mountains with less clear functional correlates
(table 1).

Gene structure

In humans and mice, the haspin gene has several notable
features. Perhaps most striking is its location, in both
species, within an intron of the gene encoding the integrin
aE chain [4, 5, 7]. Integrin aE pairs with a b7 chain to
form the E-cadherin-binding aEb7 integrin that is ex-
pressed predominantly on intra-epithelial T cells [30–
32]. The function and expression pattern of integrin aE
therefore does not seem to be closely related to that of
haspin [4, 33]. The nested organization of the two genes,
shown in fig. 5, is unusual but not unprecedented for
group III introns. The human factor VII, neurofibromato-
sis type I and thyroglobulin genes all contain one or more
unrelated genes within large introns [34–36] and the D.
melanogaster dunce gene contains no fewer than three
other genes in two introns [37]. Remarkably, the 2.8-kb
transcript of haspin is encoded within an intron of only
4.4 kb.
Additional complexity at this locus results from the exis-
tence of an alternatively spliced form of the integrin aE
gene that originates on the opposite DNA strand, less than
70 base pairs upstream of the haspin transcription start
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site (fig. 5). The function, if any, of this 900-bp poly-
adenylated RNA, named human or mouse alpha-E-de-
rived transcript (hAED or mAED) is unclear. It appears
not to encode a protein related to integrin aE, and its
short potential open reading frame may not be translated
[4]. Such a head-to-head arrangement of genes, tran-
scribed from a bi-directional promoter, can allow co-or-
dinate expression of related genes, as for collagen IV a1
and a2 [38]. However, although both hAED/mAED and
haspin are abundantly transcribed in the testis, the two
RNAs are not always co-expressed in cell lines [4]. The
hAED/mAED transcript could be simply a non-func-
tional product of ‘leaky’ transcription, thought to be par-
ticularly common in the testis, and perhaps enhanced by
the nearby transcription of the haspin gene. Indeed, a
number of other ‘aberrant’ mRNAs that do not encode
functional proteins are produced from intronic promoters
in the testis [39]. An alternative suggestion arises from
the finding that the common promoter region of
hAED/mAED and haspin is encompassed by a CpG is-
land. These regions are often associated with the 5¢ ends
of housekeeping genes and with many tissue-specific
genes [40]. Hypomethylation of CpG islands is usually
critical for efficient promoter activity. Since transcription
may be an important component of the mechanism that
maintains hypomethylation at CpG islands [41], the
process of hAED/mAED transcription itself may be im-
portant to maintain the island in a state that will allow

normal haspin expression. Another possibility is that
hAED/mAED plays an as yet undefined role as a non-
coding RNA. Finally, the role of antisense transcripts in
the regulation of a number of genes is becoming increas-
ingly apparent [42, 43]. The haspin mRNA is antisense to
the unspliced integrin aE mRNA and vice versa, but the
significance of this remains to be investigated.
Another distinctive feature of the haspin gene in humans
and mice is its lack of introns [4, 5, 7]. The S. cerevisiae,
S. pombe and E. cuniculi haspin genes also have no in-
trons, but this is consistent with the absence of introns in
the majority of genes in these species [44]. In contrast,
the vast majority of vertebrate genes have many introns
and that mammalian haspin genes lack them is puzzling.
Indeed, the haspin genes in other higher eukaryotes do
contain introns. At least some of these introns are pre-
cisely conserved in both position and phase in the kinase-
encoding regions of haspin genes from animals and
plants. In particular, an intron in the region VII coding se-
quence is found in the F. rubripes, C. elegans, O. sativa
and A. thaliana genes (see fig. 2), suggesting that it is an
old intron that predates the divergence of animals and
plants. The complete absence of ancestral or more re-
cently inserted introns from the mammalian haspin genes
is therefore remarkable.
One mechanism by which a gene may lose all introns is
retro-insertion of a processed mRNA into the genome.
This process usually yields processed pseudogenes be-

Figure 5. Outline structure of the genomic region containing the integrin aE, hAED and haspin genes. The top line shows the intron-exon
structure of the integrin aE gene, and within it the haspin gene. On the second line, the 3¢ region of the aE gene containing the haspin gene
is shown in more detail. Intronic regions are shown as horizontal lines and exons as boxes. The aE exons are numbered. Bent arrows rep-
resent points of transcription initiation, and the dashed line indicates the location of a CpG island. The lower three lines show the three tran-
scribed products of this genomic region. In each case, boxes represent exonic portions of RNA, thin lines indicate introns removed by splic-
ing, dark shading indicates protein-coding regions, and AAAA indicates the poly(A) tail. Reprinted from Higgins [4], copyright 2001, with
permission from Elsevier Science.



cause it is unlikely that the insertion event will generate a
suitable promoter to drive gene expression. Even so, var-
ious other features of the mammalian haspin gene have
led to the suggestion that it is a rare example of an ex-
pressed retro-gene [4, 7]. The mechanism of retrotrans-
position is thought to include a staggered cut in genomic
DNA at the site of insertion, leading to the generation of
short direct repeats flanking the inserted sequence. In ad-
dition, a polyadenine tract derived from the 3¢ end of the
integrated mRNA is often incorporated with the inserted
sequence. Because retro-transposition of the haspin gene
must have occurred prior to the divergence of the primate
and rodent lineages, extensive nucleotide substitution and
other remodeling in the area of the genes would have oc-
curred since that time. So, confidently identifying the
short direct repeats is likely to be difficult, and the
polyadenine tract has probably degenerated substantially
[45]. In fact, multiple Alu elements have clearly been in-
serted into the 3¢ end of the human haspin gene, includ-
ing one in the 3¢ untranslated region [4, 5]. Nevertheless,
both human and mouse haspin genes contain an adenine-
rich sequence at the 3¢ end that might be a remnant of the
polyadenine portion of the inserted mRNA [4, 7]. Also, a
direct repeat of seven nucleotides (GAGCC[A/T]T) has
been identified at the 5¢ and 3¢ ends of the human 
and murine haspin genes [5, 7] that could conceivably
have been generated during the insertion process. Final-
ly, the location of the gene in an aE intron that has the
same phase and position as introns in other integrin genes
suggests that the haspin gene was generated by insertion
into a preexisting intron [4]. Together, the evidence points
to a retro-genic origin of the mammalian haspin genes.
One should note that the remodeling of the 3¢ end of the
human gene may be responsible for the generation of 
a 4.4-kb haspin transcript in addition to the apparently 
intronless 2.8-kb mRNA in humans. This larger tran-
script may be generated from an intron-containing pre-
cursor [4].
Many functional retro-genes are expressed principally in
meiotic and haploid spermatogenic cells, and haspin fits
neatly into this pattern. A number of these retro-genes, in-
cluding the human and mouse phosphoglycerate kinase-2
(PGK-2) and pyruvate dehydrogenase E1a (PDHA2)
genes, appear to be autosomal copies of intron-containing
genes found on the X chromosome [45, 46]. This has led
to the suggestion that the evolutionary maintenance of
these autosomal retro-genes stems from the need to ex-
press critical genes after loss or inactivation of the X
chromosome in spermatogenic cells [45]. This may be the
case for some retro-genes while others, such as the
murine S-adensylmethionine decarboxylase-2 (Amd-2)
and poly(A)-binding protein-2 (Pabp2) genes, do not ap-
pear to originate from a parent gene on the X chromo-
some [47]. Transcriptional promiscuity in spermatogenic
cells has been suggested to increase the chance of a gene

becoming retro-transposed. This, coupled with broad
translational repression in these cells, might provide a
favourable environment for the generation of expressed
retro-genes [47]. Also, because retro-insertion events
must occur in the germline in order to be inherited, parent
genes must be transcribed there to allow generation of
retro-genes. Retro-insertion into chromosomal loci that
are open and active in germ cells is likely to be favoured.
These two factors may also be important contributors to
the apparent predominance of retro-genes expressed in
spermatogenic cells.
Can a candidate parent gene for haspin be identified? On
chromosome 16 in mice is a sequence closely related to
the 3¢ end of the haspin gene (starting at approximately
nucleotide 1960 of the murine haspin cDNA) [48]. This
partial haspin sequence contains shifts in the haspin open
reading frame and premature stop codons, suggesting that
it is a pseudogene unlikely to encode a functional protein
product. It contains no introns and has a polyadenine tract
at precisely the position that polyadenylation occurs in
the bona fide murine haspin mRNA. Immediately follow-
ing this is a 16-nucleotide sequence (AAGAAAATAA-
GATTGG) that is a direct repeat of the sequence found
just 5¢ of the pseudogene. These findings, combined with
the fact that the murine pseudogene is more closely re-
lated to the murine haspin gene than to either human or
rat haspin [unpublished data], suggest that it was created
by a second retro-transposition of the haspin retro-gene
relatively recently, after the split of the mouse and rat lin-
eages. This locus does not appear to be the parent gene of
haspin. Southern analysis of murine genomic DNA with
a probe to nucleotides 1–844 of the murine haspin cDNA
is consistent with the presence of only a single full-length
haspin gene in this species [7] and no other candidate par-
ent genes can be identified in the murine or near-com-
plete human genome databases. Therefore, the parent
haspin gene has probably been lost since the creation of
the haspin retrogene.

Function

Studies in mammalian cells
Functional data regarding the haspin family are begin-
ning to emerge. Most closely examined is murine haspin.
Overexpression of EGFP-haspin in HEK-293 or COS-7
cell lines by transient transfection stopped the cells from
proliferating [3]. While the untransfected population
showed the usual distribution of cells in G1, S and G2/M
phases, an increased proportion of the transfected cells
were in G1 (or possibly G0) with a corresponding de-
crease in G2/M phase cells. Cells transfected with EGFP-
haspin containing a 10-amino-acid deletion in region I of
the kinase domain, and lacking kinase activity (see
above), showed an even more profound loss of G2/M
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phase cells. After transfection of this mutant haspin, es-
sentially all cells were in G1/G0 2 days after transfection,
while approximately 6 days were required for wild-type
EGFP-haspin to have a similar effect [3]. This result is in-
triguing because it suggests that this capacity of haspin
cannot be ascribed directly to its kinase activity. EGFP is
known to have toxic effects on cells, but EGFP transfec-
tion alone was stated to have no such effect on cell
growth. The data are consistent with the suggestion that
haspin overexpression causes cell cycle arrest in G1, but
alternative explanations are possible. For example, in-
creased cell death in the S or G2/M phases might lead to
similar results. Furthermore, a toxic effect of the EGFP
fusion protein remains possible. While confirming these
findings with non-tagged forms of haspin and with hu-
man haspin will be important, the effects described are
remarkable and warrant further investigation.
Haspin can interact with nucleic acid, and this activity
may be regulated by the kinase domain. A proportion of
EGFP-haspin was found to bind to a calf thymus DNA
column in half-physiological saline. In contrast, EGFP-
haspin containing the deletion in the kinase domain com-
pletely bound to the column under the same conditions
[3]. This led to the proposal that the kinase activity has a
negative impact on the DNA-binding capacity of haspin,
possibly due to autophosphorylation. Of interest is that the
increased binding of the mutated haspin to DNA corre-
lates with its increased ability to inhibit cell growth. The
nucleic acid-binding capacity of haspin is likely to reside
in the basic N-terminal region but whether it is sequence
specific or a general affinity for DNA or whether haspin
might also bind RNA is unknown. The physiological sig-
nificance of this activity remains unclear. Taken together,
these data led to the notion that haspin is a ‘transcription
factor or a cell cycle regulatory factor of haploid germ
cells’, and that it might function to maintain suspension of
the cell cycle in spermatids after meiosis [3, 5].

Genetic analysis
A possible functional role for haspin in reproduction has
been suggested based on genetic mapping studies. The
murine haspin/integrin aE locus maps to chromosome 11
[49, 50], and to the syntenic location on human chromo-
some 17p13.3 [51]. Matsui and co-workers have pointed
out that the murine haspin gene is close to the ovum (Om)
mutant locus [3, 49]. This mutation is responsible for the
remarkable reproductive properties of the DDK mouse
strain. When DDK females are mated to inbred non-DDK
males, few F1 embryos reach the blastocyst stage. How-
ever, this reduced fertility is not observed when DDK
males are bred with non-DDK females [52]. This ‘DDK
syndrome’ is thought to result from an incompatibility
between a maternal component in DDK eggs and a pater-
nal factor in non-DDK sperm [52, 53]. However, more
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recent fine mapping of the Om locus suggests that the
haspin gene falls outside the minimum interval contain-
ing the responsible gene(s) [54], reducing the likelihood
that mutation of the haspin gene accounts for this pheno-
type. Other phenotypes that map to chromosome 11 near
the haspin locus include quantitative trait loci affecting
sex-specific alcohol preference in C57BL/6 mice [55]
and the incubation time of prion disease [56], and a re-
gion responsible for a reduction in postnatal female via-
bility in the offspring of C57BL/6 ¥ DBA/2J mating that
may or may not be the same as the Om locus [57]. Haspin
does not seem to be an immediately compelling candidate
for these traits, however.
In humans, numerous studies of various cancers, includ-
ing lung, breast and ovarian cancer and leukaemia, have
mapped one or more potential tumour suppressor genes
to the p13.3 region of chromosome 17 [58–63]. Haspin
probably lies outside a small region most often showing
loss of heterozygosity (LOH) in a variety of tumours [61,
63]. However, large deletions of this region of chromo-
some 17 are common and the patterns of allelic imbal-
ance or LOH at this region are complex and may vary be-
tween cancer types [59, 64]. The haspin gene lies between
the 14-3-3e [65] and the hypermethylated in cancer-1
(Hic1) [66] and OVCA2 [62, 67] genes that have been
proposed as candidate tumour suppressor genes. Coupled
with the finding that haspin may be expressed in somatic
cells and the proposal that it plays a role in regulating cell
proliferation, haspin could be considered another such
candidate gene.

Non-mammalian haspins
What is known about the function of haspin-like proteins
in other species? An increasing number of studies have
documented changes in the levels of multiple S. cere-
visiae transcripts in response to stress or during progres-
sion of the cell cycle, including those of the haspin ho-
mologues ALK1 and YBL009W. ALK1 mRNA levels are
strikingly periodic during the mitotic cell cycle of S. cere-
visiae, with a peak in expression early in M phase [68,
69]. In fact, the pattern of ALK1 follows very closely that
of the cell cycle regulator cyclin CLB2 [70], and ALK1 is
robustly induced by Clb2p expression. These properties
unquestionably place ALK1 in the 33-gene ‘CLB2 clus-
ter’ that contains many genes important for mitosis [69].
Like other similarly regulated genes, the region upstream
of ALK1 contains a sequence motif that is a potential
binding site for the Mcm1p/SFF transcription factor that
is activated by Clb2p-Cdc28p [69, 70]. More recently,
confirmation was obtained that the oscillation of ALK1
expression, as for other members of the CLB2 cluster, is
abolished in yeast strains lacking the Fkh1p and Fkh2p
forkhead transcription factors that bind to a consensus
site similar to that of the SFF factor [71]. These findings



strongly suggest a role for Alk1p during mitosis. In con-
trast, ALK1 transcript levels do not change to a great ex-
tent during meiosis upon sporulation of S. cerevisiae
[72]. Expression of a lacZ gene insertion near the ALK1
gene is induced by pheromone exposure [73]. However,
the increase seen in ALK1 mRNA in the presence of mat-
ing factor alpha in a microarray experiment is less
marked [74].
In its GenBank entry, S. cerevisiae ALK1 is described as
a novel DNA damage-responsive gene [75], although no
data supporting this conclusion have been published. This
is intriguing considering the apparent DNA-binding ca-
pacity of murine haspin. Other DNA-binding kinases in-
clude DNA-PK, ATM and ATR. These proteins are
known to play a role in the response to DNA damage [76].
The expression of mammalian haspin mRNA in germ
cells and lymphoid cells that utilize the DNA recombina-
tion machinery during meiosis, antigen receptor re-
arrangement, and somatic hypermutation, and more gen-
erally in proliferating cells that are replicating their DNA
[76–78] is consistent with an involvement of haspin in
these activities. However, in recent studies, the levels of
ALK1 transcripts were found to decrease in response to
treatments that induce DNA damage [79]. Because these
treatments also cause cell cycle arrest in S phase or at the
G2/M boundary, many genes that are expressed at M
phase, such as CLB2, show similar declines in expres-
sion. Therefore, the observed decrease in ALK1 mRNA is
probably due to inhibition of cell cycle progression [79].
Nevertheless, the pattern of ALK1 expression is clearly
not typical of DNA damage-responsive genes [69].
In contrast to ALK1, expression of the second S. cere-
visiae haspin gene YBL009W peaks in G1, although the
peak-to-trough height of this oscillation is lower than that
of ALK1 [68, 69]. Unlike ALK1, YBL009W is signifi-
cantly induced during sporulation [72]. The timing of ex-
pression follows the so-called ‘early-middle’ pattern.
Such genes are first expressed in the 2 h following induc-
tion of sporulation, and undergo a second increase at 5–7
h. This pattern is consistent with a role for Ybl009wp at
some point during meiosis, as genes involved in
processes such as sister chromatid cohesion and exit from
meiosis are expressed in a similar manner [72]. During
responses to stress and DNA damage, YBL009W tran-
scripts show only moderate changes in level. Interestingly
though, genes that have similar expression patterns to
YBL009W in these studies include nucleolar proteins and
ribosome subunits [79, 80]. Given the suggestion that
mammalian haspins localize to the nucleolus (see above),
haspin proteins possibly play a role in a cell cycle-regu-
lated process such as ribosome synthesis that takes place
in this structure.
The data described above suggest that Alk1p may be im-
portant in the mitotic cell cycle during M phase, and
Ybl009wp may play a role during both the mitotic cell cy-

cle and meiosis. Neither protein is required for vegetative
growth, however, since disruption of the ALK1 or
YBL009W gene has no effect on this process in 
S. cerevisiae (http://genome-www.stanford.edu/Saccha-
romyces/). This information allows some speculation on
the role of these proteins, but expression patterns alone
often cannot provide precise assignments of function [68,
81]. A second wave of genome-wide experiments in yeast
may provide more clues. These studies involve the analy-
sis of yeast two-hybrid protein-protein interactions be-
tween almost all possible combinations of yeast proteins.
In such a study, an interaction between Alk1p and a sin-
gle protein, the S. cerevisiae choline kinase Cki1p, was
detected [81]. This enzyme is involved in the synthesis of
phosphatidylcholine, the most abundant phospholipid in
S. cerevisiae, and is a known target of protein kinase A
[82, 83]. A number of genes involved in lipid synthesis
are upregulated at M phase in yeast [69]. Since the ex-
pression level of the CKI1 choline kinase gene does not
change significantly during the cell cycle [69], the in-
creased levels of Alk1p during this period might possibly
provide an alternative means to upregulate Cki1p activity,
perhaps to aid cell membrane synthesis. In the same
study, Ybl009wp was identified among 69 different pro-
teins that had a detectable interaction with the Soh1p pro-
tein. Soh1p has limited homology to RNA polymerases
and interacts with factors involved in DNA repair (e.g.
Rad5p) and with components of the RNA polymerase II
complex [84]. While this provides an interesting connec-
tion to DNA damage responses, confirming both these
two-hybrid interactions by independent methods will be
important. This is particularly true for Soh1p because it
binds so many proteins in the two-hybrid screen, a find-
ing that could be produced by ‘noise’ in the screening sys-
tem [81].
Given the possibility of functional redundancy, the pres-
ence of multiple haspin and haspin-like proteins in C. el-
egans may complicate analysis of their function in this
species. Targeting of Y18H1A.10 (Y18H1A_68.g) and
the haspin-related gene T05E8.2 by RNA interference did
not alter brood size or yield detectable phenotypes upon
visual examination of C. elegans larvae or adults [85].
Similar targeting of the C26E6.1 haspin-like gene did not
cause a detectable effect upon mitotic or meiotic cell di-
visions [86]. However, studies using this technology are
likely to provide interesting insights in the future.

Concluding remarks

Much has yet to be learned regarding the haspin family
but several features suggest that they deserve further at-
tention. In particular, haspin proteins are conserved in eu-
karyotic evolution. Indeed, at the time of writing, a haspin
homologue is present in all ‘finished’ eukaryotic geno-
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mes, including that of the microsporidian E. cuniculi.
This organism has a genome of only 2.9 million base
pairs, smaller than in many bacteria, and encoding only
about 2000 genes [87]. E. cuniculi is thus highly simpli-
fied and has jettisoned many features that are common to
other eukaryotes, even detectable mitochondria. This is
reflected in the dramatic reduction in gene number, cod-
ing sequence length and intervening sequence length in
its genome [88]. The retention of a haspin gene in this
species therefore suggests an important and perhaps fun-
damental function in eukaryotic life.
The haspin proteins are clearly related to the ePKs, al-
though they form a distinctive and divergent group. De-
spite this divergence, the mammalian haspins appear to
have kinase activity. If the haspin homologues from other
species also prove to have this capacity, we may learn in-
teresting lessons regarding the minimal structural re-
quirements for phosphotransferase activity in the ePK su-
perfamily. Because protein phosphorylation is a critical
mechanism for modulating an enormous variety of sub-
strates, including other kinases, metabolic enzymes, tran-
scription factors and adapter molecules, haspin proteins
will likely have important regulatory functions in eukary-
otic cells.
Without a doubt the most interesting outstanding ques-
tion regarding haspin biology is: what are these func-
tions? In mice, the high level of haspin expression in post-
meiotic spermatids and its absence in more mature sper-
matogenic cells is consistent with a role at the later stages
of meiosis, or the complex differentiation process that be-
gins soon afterwards. This might include a part in regu-
lating changes in nucleolar structure or chromosomal
packaging that occur at this time [89, 90]. Haspin expres-
sion patterns in both mammals and yeast also imply a
function during the mitotic cell cycle. The cell cycle
phase-dependent oscillation in expression of the S. cere-
visiae ALK1 and YBL009W genes, and the possible block
in G1 found upon overexpression of haspin in mam-
malian cell lines are suggestive of a role in cell cycle reg-
ulation, or at least of a function that is required at certain
stages of cell growth and division. Again, a role for
haspin in nucleolar events, including ribosome biogene-
sis, or in the response to DNA damage is an intriguing
possibility, but has yet to be substantiated. Identifying
proteins that bind to, and regulate, or are substrates for
haspin will be informative. Indeed, some candidates have
now been discovered in S. cerevisiae. Studies of protein-
protein interactions and gene ‘knockouts’ in model or-
ganisms such as Drosophila and the yeasts should com-
plement similar studies in mammalian systems.
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