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Abstract
How is the chromosome segregation machinery modified to segregate homologs during meiosis I?
The Dbf4-dependent Cdc7 kinase (DDK) has now been identified as a key regulator in this
process.
Meiosis is a specialized cell cycle that generates haploid gametes from a diploid cell. This is
achieved through two consecutive chromosome segregation events, meiosis I and meiosis II,
which follow a single round of DNA replication. Meiosis I is a unique kind of segregation
event because homologs are separated, in contrast to mitosis or meiosis II during which
sister chromatids are separated (Figure 1). Recent reports by the Hollingsworth, Ohta and
Zachariae labs [1–4] have established the Dbf4-dependent Cdc7 kinase (DDK), hitherto
famous for its role in the initiation of DNA replication, as being important for setting up the
so-called reductional pattern of chromosome segregation during meiosis I in budding yeast.
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The segregation of homologs during meiosis I requires three modifications to the
chromosome segregation machinery (Figure 1) [5]. First, meiotic recombination generates
chiasmata, which hold homologs together owing to the sister-chromatid cohesion on
chromosome arms. Second, sister kinetochores attach to microtubules from the same spindle
pole body (monoorientation) during meiosis I, rather than opposite spindle pole bodies
(biorientation) as they do in mitosis and meiosis II. Third, the cohesion that holds sister
chromatids together is lost only from chromosome arms during meiosis I and is protected
around centromeres to allow the accurate segregation of sister chromatids during meiosis II.
In recent years, a basic molecular explanation for how these modifications are set up in
budding yeast has emerged, but how they are coordinated with each other has remained less
clear. DDK is now shown to control three events that promote meiosis I segregation: (1) the
initiation of DNA replication, (2) the initiation of meiotic recombination, and (3) the
recruitment of monopolin to kinetochores, which is required for monoorientation. The
finding that DDK controls multiple processes necessary to prepare the chromosomes for
reductional segregation during meiosis I [1–4] implicates DDK as a global coordinator of
the meiosis I program.
DDK is a Ser/Thr kinase whose activity depends on the association of the constitutive Cdc7
catalytic subunit with a regulatory protein, Dbf4 [6], the levels of which are highest during
metaphase I [4]. In vegetative cells, DDK phosphorylates components of the replicative
complex, thereby triggering DNA replication. DDK also controls DNA replication during
meiosis. Using an ‘analog sensitive’ version of the Cdc7 kinase (cdc7-as), which has an
enlarged ATP-binding pocket and can be specifically inactivated by the addition of purine
analogs to the medium, replication was shown to be greatly delayed, although it eventually
occurred [7]. In a different approach, depletion of Dbf4 almost completely prevented DNA
replication [8]. Therefore, DDK plays an important role in meiotic DNA replication, and an
essential role cannot be ruled out as DDK may not be completely inactivated in these
experiments.
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After undergoing DNA replication, cdc7-4 (a temperature-sensitive allele) and cdc7-as
mutants arrest in prophase I [7,9]. To analyze the requirement for DDK in later meiotic
events, the Ohta [2], Hollingsworth [3] and Zachariae [4] groups made use of the bob1
allele. The bob1 allele encodes a point mutation in a component of the Mcm complex
(thought to constitute the replicative helicase), and completely bypasses the requirement for
DDK in DNA replication [10]. Use of the bob1 mutation relieved the delay in DNA
replication caused by DDK inactivation [2–4]. However, in the Ohta [2] and Hollingsworth
[3] studies, the bob1 mutation did not bypass the prophase I arrest of cdc7Δ (a mutant
lacking the cdc7 gene) or cdc7-as mutants. The prophase I arrest appears to be due to a
failure in inducing transcription of NDT80 [2,3], a global meiotic transcriptional regulator
that is required for exit from prophase I and progression into meiosis I [11]. Indeed, ectopic
expression of NDT80 in bob1 cdc7-as cells allowed progression beyond prophase I [3]. In
contrast, the Zachariae group [4] observed no defect in either meiotic gene expression in
bob1 cdc7Δ cells or the ability of bob1 cdc7Δ cells to exit prophase I. It was suggested [4]
that replication defects activate checkpoints that cause the prophase I arrest and block
NDT80 transcription [12]. However, inactivation of various checkpoint genes did not relieve
this arrest [3], so it is unclear whether DDK has a role in prophase I exit and, if so, whether
this is direct or indirect.
DDK is required for the initiation of meiotic recombination [1,2,4,7]. Specifically, DDK
inactivation abolishes the formation of double strand breaks (DSBs) by the Spo11
endonuclease [13]. DDK promotes meiotic recombination, in part, by phosphorylation of
one of the Spo11 accessory factors, Mer2, on Ser29 [1,2]. The S-phase, cyclin-dependent
kinase, Cdc28–Clb5,6 (S-CDK), which is required for DNA replication, also phosphorylates
Mer2, but on Ser30 [14]. Furthermore, DDK-dependent phosphorylation of Mer2 on Ser29
is enhanced by prior S-CDK-dependent phosphorylation on Ser30 [1]. These
phosphorylation events are essential for the recruitment of Spo11 to DSB sites [2]. The
sequential phosphorylation of Mer2 by S-CDK and DDK may serve to coordinate DNA
replication and recombination.
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Using bob1 cdc7Δ cells [4] or bob1 cdc7-as cells ectopically expressing NDT80 [3], the
requirement for DDK in meiosis I chromosome segregation could be tested. Remarkably,
sister chromatids were found to segregate to opposite nuclei in a single division, resulting in
the formation of just two diploid spores (Figure 1) [3,4]. Using elegant live-cell imaging
techniques, the Zachariae group [4] showed that homolog segregation fails in meiosis I and,
rather, sister chromatids are segregated on a single spindle during meiosis II, although a
second spindle does form (Figure 1). This phenotype can be explained by a failure to
establish kinetochore monoorientation during meiosis I [3,4]. Chromosome segregation fails
during meiosis I in bob1 cdc7Δ mutants because cohesion at centromeres holds bioriented
sister chromatids together. It is only when centromeric cohesion is destroyed during meiosis
II that sister chromatids can separate to opposite poles, resulting in the formation of two
diploid spores. [4].
How does DDK specify monoorientation? In budding yeast, the monopolin complex, which
consists of the casein kinase Hrr25, the meiosis-specific Mam1 protein, and two nucleolar
proteins, Lrs4 and Csm1, must be recruited to kinetochores for monopolar attachment [15–
17]. The Polo-like kinase (PLK), Cdc5, triggers release of Lrs4 and Csm1 from the
nucleolus, leading to monopolin complex assembly [18,19]. DDK is not required for the
assembly of the monopolin complex but is essential for its localization to kinetochores [3,4].
This could be explained by a requirement for DDK in Lrs4 phosphorylation [4], which also
requires Cdc5 kinase in complex with a meiosis-specific protein, Spo13 [4,20]. Furthermore,
DDK and Cdc5–Spo13 associate specifically in metaphase I cells, suggesting that they
collaborate in promoting Lrs4 phosphorylation through physical association [4]. The dual
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phosphorylation of Lrs4 by two different kinases is reminiscent of the phosphorylation of
Mer2 by DDK and S-CDK, suggesting that cooperation with other kinases may be a general
mechanism by which DDK executes the events of meiosis I.
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The idea that cooperation between different kinases is a general paradigm for coordinating
meiosis is an attractive one. By activating kinases in distinct but overlapping stages of
meiosis and cellular compartments, a high degree of temporal and spatial flexibility in
substrate activation can be achieved. This could explain how relatively few regulators,
which are generally not meiosis-specific, execute the unique chromosome segregation
pattern of meiosis I. DDK is highly conserved from yeast to human. These studies have
underlined the importance of DDK as a link between DNA replication, recombination and
monoorientation during meiosis I in budding yeast. Whether DDK plays a similar role in
other organisms will be a fascinating question for the future.
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Figure 1.
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Chromosome segregation during meiosis in wild-type and bob1 cdc7 mutants.
The stages of meiosis after prophase I are shown. Homologs are colored red and blue,
respectively, and spindle pole bodies are indicated in green. The direction of kinetochore
attachment is indicated by the arrowheads. Cohesion is represented by black lines between
sister chromatids. In bob1 cdc7 mutants, the stepwise loss of cohesion occurs normally, but
chiasmata do not form because recombination does not occur, and sister kinetochore
monoorientation fails. Therefore, meiosis I chromosome segregation fails and a single
nuclear division occurs in meiosis II with sister chromatids segregating to opposite poles,
resulting in the production of diploid spores.
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