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Every organism must have cells that can replicate indefinitely. Can the draft human genome sequence tell us how the cell cycle
works and how it evolved? We studied two protein families—the cyclins and their partners the cyclin-dependent kinases (Cdks)—
and a conserved regulatory circuit, the spindle checkpoint. Disappointingly, we discovered a few novel cyclins and no new Cdks or
components of the spindle checkpoint, and could shed little light on the organization of the cell cycle.

scillations in the activity of the Cdk family of protein  complexes”. There is no homologue of Cak1 in the human genome,
kinases drive the eukaryotic cell cycle. These enzymes suggesting that humans and budding yeast use different kinases for
consist of a catalytic (Cdk) and a regulatory subunit the same reaction. It appears that this step is not an important way
(cyclin)'. Their activity is regulated by phosphoryla-  of regulating Cdk activity, as no physiological regulation of Cdk7/
tion of Cdks, binding of stoichiometric kinase inhibi-  cyclin H or Cakl has been found.

tors and regulated proteolysis of the cyclins. Cdk activity is The sequences of the cyclins are less well conserved than those of
regulated by events inside and outside the cell and controls DNA  the Cdks. Cyclins have been found by three approaches: character-
replication, chromosome segregation and cell division. Despite izing proteins that regulate processes such as the cell cycle or
wide variation in the speed and appearance of the cell cycle, the transcription; sequencing genes that are regulated in interesting
biochemical engine that regulates it has been remarkably conserved.  ways; and as components of whole genome sequences. We searched
the predicted proteins of the human genome for homology to
known cyclins from humans and yeasts, focusing on genes that were
The Cdk/cyclin family contains five Cdks (Cdkl, 2, 3, 4 and 6) and  annotated as novel. These candidates were compared against several
four cyclin classes (cyclin A, B, D and E) that regulate the cell cycle;  databases, eliminating those that were fragments of known human
three Cdks (Cdk?7, 8 and 9) and three cyclin classes (cyclin C, Hand  cyclins. The remainder included the human homologue of chicken
T) that regulate transcription; and other Cdk and cyclin classes with  cyclin B3 and three novel cyclins. First, cyclin P, whose sequence is
less defined roles (see Supplementary Information). We searched  deduced from a combination of gene prediction on the genomic
the predicted human proteins for Cdks and cyclins. We found no  sequence and the sequence of a complementary DNA clone. It is
new Cdks. This is not surprising, as many labs have used polymerase  related to but distinct from the A and B cyclins (see Fig. la and
chain reaction from conserved sequences to search for Cdks. Their ~ Supplementary Information). Second, a new cyclin, cyclin M, which
success indicates that all the members of a highly conserved, well —appears to be most closely related to cyclin L (Fig. 1b). Its biological
studied family are likely to be known before a genome is fully function is unknown, but it is related to cyclins that regulate
sequenced. transcription. Third, a protein previously reported as uracil-DNA
The draft human genome does answer one question about Cdk  glycosylase 2, whose similarity to existing cyclins has been noted’.
activation. Activating the cell-cycle Cdks requires phosphorylation  Because a recombinant protein has not been shown to have
of a conserved threonine as well as binding of cyclin. In mammals, glycosylase activity, this protein may be a novel glycosylase-
the activating kinase is another Cdk/cyclin complex (Cdk7/cyclin  associated cyclin rather than a catalytically active glycosylase. We

H), in budding yeast it is a non-Cdk kinase (Cak1)', and in fission  suggest that this protein be called cyclin O (Fig. 1a).

yeast both types of kinase are present and can activate Cdk/cyclin We also identified possible vertebrate homologues of the large Pcl
a HumanCycinB2 D1 NGRMRA | L VDWLVQVH FRLLQETLYMCVGI MDRFLQVQPYV
Human CyclinA2 D1 TNSMRA|I LVDWLVEVGEEYKLQNETLHLAVNYIDRFLSSMSUVL
Chick Cyclin B3 DI SRDMRAI LVDWMVEVQENFELNHETLYLAVKLVDHYLVEVVSM
Cyclin P LGLQGEREYAGDI FAEVMEYLGLAGDTLYLAVHLLDSYLSAGRVR
Cyclin O QVTAESRCKLLSWLIPVHRQFGLSFESLCLTVNTLDRFLTTTPLAQ
b Cyclin| FN--LYPETFALASSLLDRFLATVKAHPKYLSCI AI SCFFLAAKTVEE
Cyclin K LG--LHYDTLATGI | YFHRFYMFHSFKQFPRYVTGACCLFLAGKE-VEE
Cyclin L LR--LPQVAMATGQVLFHRFFYSKSFVKHSFEIVAMACI NLASKS -1 EE
Cyclin M VKLGMRSI Pl ATACTI YHKFFCETNLDAYDPYLI AMSSI YLAGKS-VEE

Figure 1 Sequence alignments. a, Alignments of the most conserved regions of the cyclin box for A and B type cyclins. The alignments of cyclin O (Genbank accession no.
NM_021147) and P (IPI protein set'® accession number IGI_M1_ctg17876_3) are shown beneath. Green letters show residues conserved in vertebrate A and B type cyclins. b,
Alignment of the maximally conserved region of the transcriptional cyclins. Residues that are identical or conservative substitutions between cyclin L1 and cyclin M (IPI protein set'®
accession number 1GI_M1_ctg16669_8) are shown in red, as are residues that also show conservation in cyclin | and K. IPI, http://www.ensemble.org/IPI/
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Figure 2 Sequence alignment, created using Clustal X, of portions of the Bub1 and Mad3 proteins. Includes the KEN box uniquely present in the N termini of Mad3 proteins, three
stretches of conserved amino acids in the region that binds Cdc20, and conserved sequence in the region that binds to Bub3. Note the divergence of the worm sequences from
those of the other eukaryotes. Note that the Drosophila Mad3 protein is labelled as Bub1 in databases and vice versa.

family of yeast cyclins. A small set of related human proteins
encodes proteins with very strong homology to fly and worm
proteins, and the proteins from all three organisms show weak
homology to the yeast Pcl proteins (see Supplementary Informa-
tion), but it is unknown whether this homology has biological
significance.

Sequence analysis can only hint at the functions and Cdk partners
of these cyclins. A first hypothesis is that the novel cyclins will have
similar functions to their closest relatives; the closer the relation-
ship, the more likely this is to be true. The structure of one Cdk/
cyclin complex is known?, so it should be possible to model the
pairwise interactions of all Cdks with all cyclins and deduce which
Cdks partner a given cyclin by looking for pairs whose hypothetical
interface lacks either steric clashes or unfilled space.

The spindle checkpoint monitors the kinetochore, the proteinac-
eous complex that assembles on the centromeric DNA and attaches
chromosomes to the microtubules of the spindle. Kinetochores that
are not correctly attached to microtubules recruit the components
of the checkpoint, initiating a signalling pathway that inhibits the
anaphase-promoting complex (the enzyme that triggers chromo-
some segregation and the exit from mitosis®). The checkpoint
proteins and pathway have been conserved during evolution, and
mutations in two of the proteins have been implicated in the
chromosomal instability that is widespread in human cancers’.
We examined the genomes of completely sequenced organisms
for homologues of five known checkpoint genes (Madl-3, Bubl,
Bub3). All the organisms contain a single copy of each gene, but
there were some surprises. The first is that the checkpoint proteins
in worms have diverged more from those of yeasts, flies and
mammals than the mammalian or fly proteins have diverged from
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those of yeasts. In the worm, protein motifs that are conserved
among other organisms have diverged or been lost altogether (Fig. 2).
We speculate that this deviation reflects the unusual behaviour of
worm chromosomes. In most eukaryotes, from yeast to human,
each chromosome has only one functional kinetochore; worms have
an elongated array of kinetochores that spans the length of the
chromosome. Adapting to this different architecture may have
imposed special challenges on the spindle checkpoint, causing its
components to evolve more rapidly in the nematode lineage.

Correctly identifying two of the checkpoint proteins, Mad3 and
Bubl, was remarkably difficult. In budding yeast, where the proteins
were discovered, they share two regions of homology that allow
them to interact with Bub3 and Cdc20 (the target to which the
checkpoint binds when it arrests the cell cycle), but Bubl has a
carboxy-terminal protein kinase domain that Mad3 lacks. Other
organisms contain a sequence with a similar organization to Bubl,
as well as a related protein that can be a large as Bubl and carry a
protein kinase domain (mammals, fly and worm) or be even shorter
than the budding yeast protein (fission yeast).

Which protein is Bubl and which Mad3? Attempts to deduce the
overall phylogeny of these proteins give confusing results, as the
most conserved regions of the amino termini of the budding yeast
Bubl and Mad3 proteins are more closely related to each other than
they are to either protein in fission yeast (Figs 2, 3). This may
indicate that the N termini have co-evolved with their binding
partners, Cdc20 and Bub3. Despite this overall similarity, there is
one distinguishing feature. In every organism, only one of the paired
proteins contains a conserved sequence near the N terminus that
matches the KEN box that targets proteins for destruction at the end
of anaphase®. This is an attractive finding, as once anaphase begins,
the tension at the kinetochores starts to fall. Destroying one of the
checkpoint components would eliminate the possibility that the
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Figure 3 Phylogeny of the conserved regions of the N terminal portion of the Bub1
and Mad3 proteins. Sequences were aligned and trees created with Clustal X
(http://www-igbme.u-strasbg.fr/Biolnfo/ClustalX/). Hs, Homo sapiens; Dm, Drosophila
melanogaster, Sc, Saccharomyces cerevisiae; Sp, Schizosaccharomyces pombe; Ce,
Caenorhabditis elegans.

checkpoint could be inadvertently reactivated, impeding the exit
from mitosis. In both yeasts, this motif is in the shorter, kinase-
deficient protein, suggesting that the KEN box identifies the Mad3
homologues in all eukaryotes.

This comparison illustrates two points. First, phylogenetic analysis
on different regions of the same class of proteins can produce
different conclusions about the relationships among the protein
family, reflecting the different evolutionary pressures faced by differ-
ent parts of the protein. Second, there can be large-scale reorganiza-
tions of components of a conserved pathway. In the case of the spindle
checkpoint and Mad3, the functional consequences of these changes
are unclear.

Genome sequencing has revealed surprisingly little about the cell
cycle. The two main conclusions of comparative analysis were
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drawn well before the first eukaryotic genome was sequenced: the
machinery that regulates the cell cycle has been highly conserved in
eukaryotic evolution, and the size of protein families such as the
Cdks and cyclins has expanded as organisms have become bigger
and acquired more cell types. Comparing sequenced genomes has
strengthened but not altered these conclusions. Disappointingly,
comparing fully sequenced genomes does not explain how differ-
ences have evolved between the cell cycles of different organisms.
For example, a conserved pathway (the mitotic exit network) is
required for cytokinesis in budding and fission yeast, but is required
to complete mitosis in budding but not in fission yeast’. Men live,
and must avoid cancer, for thirty times as long as mice, and it is
much easier to induce mouse cells to proliferate indefinitely in vitro.
Can comparing the sequence and expression of two genomes reveal
the source of these differences? Getting a positive answer to such
questions will require a marked improvement in our ability to turn
raw sequence data into biological knowledge. O
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