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ABSTRACT

CDC7-DBF4 REGULATES MITOTIC EXIT BY INHIBITON OF THE
BUDDING YEAST POLO KINASE CDC5

By
Charles Thomas Miller

The Dbf4-dependent kinase (DDK) is essential for DNA replication
initiation and N-terminal Dbf4 sequences are important for a robust
response to replication stress in S-phase. | identified a novel function for
Dbf4 in regulating events late in mitosis. This function is mediated by an |
interaction between N-terminal Dbf4 sequences and the budding yeast
polo kinase Cdc5. The Dbf4-Cdc5 interaction requires a functional Cdc5
polo box domain (PBD), but is independent of protein phosphorylation.
Although Dbf4 mutants proceed normally through S-phase, loss of Dbf4-
dependent regulation of Cdc5 causes premature nuclear segregation and
mitotic exit in the presence of a mispositioned spindle. Dbf4 does not
regulate Cdc5 localization to spindle pole bodies or kinase activity, raising
the possibility that Dbf4 inhibits Cdc5 by regulating kinase targeting to
specific substrates. The Cdc5 polo box domain is an in vitro substrate of
DDK and alanine substitution of conserved PBD residues eliminates PBD
phosphorylation. These studies raise the possibility that Dbf4 may regulate

Cdc5-dependent mitotic exit by phosphorylation of the PBD.
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INTRODUCTION

CELL CYCLE OVERVIEW
Fundamentals of the Eukaryotic Cell Cycle

Duplication and partitioning of the genome into two daughter cells is a
fundamental process of life. Cells without a nucleus (prokaryotes) replfcate by
binary fission, a process where cells physically separate into two daughter cells,
each with a genetic complement. Organisms containing nucleated DNA
(eukaryotes) by contrast separate replication and chromosome division into the
synthesis (S)-phase and mitotic (M)-phase respectively. These phases are
divided by two gap (G) phases: one preceding DNA synthesis (G1) and another
(G2), which separates replication from mitosis (Figure 1). The length of gap
phases varies considerably between species. In general, G phases enhance cell
cycle regulation and maintain genome fidelity. In muiticellular organisms many
differentiated cells exit the cell cycle, stop dividing or exist in a reversible state of
senescence or self-induced quiescence (GO-phase). In addition, cells that
sustain irreversible genetic damage can permanently exit the cell cycle as an
alternative to programmed cell death (apoptosis).

In the first phase of interphase (G1), cells resume normal biosynthesis
after completion of the preceding cell cycle and disassemble the mitotic
machinery (Figure 1). During this phase, cells grow in size and respond to
external stimuli using receptors on the cell surface (i.e. receptor tyrosine kinases

and G-protein coupled receptors) or within the cytoplasm (i.e. nuclear hormone



receptors). In unicellular organisms, the decision to remain in G1 or to enter the
cell cycle is primarily determined by the nutritional status of the environment [1,
2]. Metazoan cells, by contrast, must integrate myriad signals that influence cell
fate [3]. Synthesis of enzymes required for S-phase also occurs in G1 in
preparation for the highly anabolic phase of DNA replication.

Transition through the restriction point/START (G1-phase) is a highly
regulated and irreversible process requiring faithful replication and segregation of
chromosomes. Eukaryotic S-phase commences at the initiation of DNA
replication and is complete once the entire genome has been duplicated. In
general, genomic replication occurs outside actively transcribed regions [4].
Successful completion of DNA synthesis produces a homologous pair of intact
sister chromatids, which are connected at the centromere and along the
chromosome arms until mitosis. Critical to the success of DNA replication is a
collection of S-phase checkpoint proteins (discussed in more detail below), which
respond to problems during DNA replication. After replication, cells enter G2 until
the beginning of mitosis. During G2, cells synthesize proteins required for
assembly of the mitotic spindle in preparation for chromosome segregation and
monitor the genome for the presence of DNA damage. Damage is corrected (as
discussed below) prior to the beginning of mitosis and sister chromatid
separation.

Mitosis is the most physically dynamic phase of the cell cycle. In
mammalian cells, mitosis commences in prophase with the rising activity of

mitotic kinases, inducing nuclear envelope disassembly, chromosome



condensation and separation of sister chromatid arms. As chromosomes
condense they attach to bipolar centrosomes and align along the metaphase
plate. After cells ensure that all sister chromatids are properly attached to the
mitotic spindle, rapid degradation of cohesion proteins during anaphase permits
the segregation of chromatids to opposite spindle poles. In telophase, chromatids
decondense and the nuclear envelope reforms. Cells physically separate by the
formation of an actin cleavage furrow during cytokinesis. Constriction of the actin
contractile ring minimizes the cytoplasmic volume between daughter cells and

forms a cytoplasmic bridge in preparation for abscission.

Molecular Regulation of the Eukaryotic Cell Cycle

Faithful transmission of the genetic material is an absolute requirement of
life. As a consequence, all organisms have developed a sophisticated and tightly
regulated system of signaling pathways and mechanisms to ensure accurate
transmission of genetic material to progeny. To understand the biochemical
nature of cell cycle progression in both normal and malignant cells, considerable
effort has been invested in the last four decades to identify and characterize
proteins involved in regulating cell division. Seminal discoveries by Tim Hunt and
Paul Nurse in sea urchins and fission yeast, respectively, identified crucial
proteins regulating entry into mitosis [5, 6]. Hunt and colleagues observed
cyclical expression of proteins (cyclins) during every round of mitosis in sea
urchin embryos. In the laboratory of Paul Nurse, fission yeast wee1 mutants were

shown to enter M-phase prematurely [6]. These and subsequent studies led to



the conclusion that the activity of cyclin-dependent kinases is required for entry
into mitosis and progression through the cell cycle [7-10].

A family of cyclins and cyclin-dependent kinases (CDKs) control the
progression through G1 and initiation of DNA replication in mammalian cells [11].
Two broad classes of CDK inhibitors, which are regulated by growth factors,
target G1 CDKs and suppress their activity [12]. The INK4A family (p15, p16 and
p19) appears to exclusively regulate Cdk4-cyclin D activity [12]. Cip1 and Kip1
(p21 and p27) are more promiscuous and inhibit the activity of multiple CDKs [13,
14]. In humans, as cells exit quiescence (G0) and enter G1 phase, expression
and binding of D-type cyclins (D1, D2, and D3) to Cdk4 and Cdk®6 initiates a
phosphorylation cascade targeting the retinoblastoma (Rb) family of
transcriptional repressors [15, 16]. Hyperphosphorylation of the Rb family of
‘pocket proteins’ facilitates their release from DNA-bound E2F transcriptional
activators, which initiate the coordinated expression of cell cycle specific genes
[17]. In addition, CDK phosphorylates and inactivates the Cdc20 homolog 1
(Cdh1) subunit of the anaphase promoting complex (APC), inhibiting its ability to
ubiquitinate cell cycle proteins and target them for proteosomal degradation [18,
19]. Late in G1, Cdk2-cyclin E complexes phosphorylate Rb on additional sites,
reinforcing progression through the restriction point and into S-phase [20]. At this
moment, cells are irreversibly committed to replicating their DNA and segregating
their chromosomes into two daughter cells.

The unicellular fungus Saccharomyces cerevisiae has a single cyclin-

dependent kinase (cell division cycle 28) that regulates entry into S-phase and



progression through mitosis [21]. Activation of CDK in budding yeast is regulated
by the G1/S-phase cyclins (Clns) 1-3 and B-type cyclins (Clbs) 1-6 [22-25].
Cyclin expression and CDK activity is tightly regulated in all eukaryotic organisms
by pathways that integrate nutrient and mitogenic signals from within the cell and
from receptors at the cell surface [25]. In budding yeast, the primary determinant
for progression through the restriction point is cell size [26]. Completion of the
preceding cell cycle results in mother and daughter cells of unequal size (Figure
1). As a result, the larger mother cells progress more rapidly through the next G1
phase compared to smaller daughter cells, which take longer to reach the critical
size threshold. Integrating cell size with molecular preparation for S-phase entry,
newborn mother and daughter cells must reach a critical size to express a
sufficient quantity of Cin3 and bypass of C kinase 2 (Bck2) to activate Swi4/6
binding factor (SBF) and Miu1-box binding factor (MBF), G1 transcription factors
that stimulate transcription of Cin1, 2 and B-type cyclins [22, 25, 27-29]. Cdc28-
CIn2 activity, which initiates bud emergence, precedes full activation of Cdc28-
Clb5 as a result of persistent expression of the Cdc28-Clb inhibitors Sic1 [30-32].
Phosphorylation of CDK inhibitors by Cdc28-Cin triggers SCF (Skp, Cullin, F-
box) binding and ubiquitylation, and results in full activation of the S-phase
Cdc28-Clb kinases [33, 34]. Stabilization of Cdc28-Clb activity then reduces Cin
expression in preparation for events later in the cell cycle [35]. Progression
through START (G1 to S transition) is inhibited in the presence of mating factor,
which activates a MAP kinase signaling-cascade and triggers activation of the

CDK inhibitor factor arrest 1 (Far1) [36, 37].



Figure 1. The budding yeast cell cycle and checkpoints. Budding yeast enter the
cell cycle in G1, following cytokinesis and the physical separation of mother and
daughter cells. At this time, cells grow until they reach a critical size threshold
after which they traverse START and begin DNA replication in S-phase.
Coincident with DNA replication initiation is bud emergence and spindie pole
body duplication. During G2 phase, cells monitor the genome for the presence of
DNA damage and initiate nuclear migration towards the mother-daughter bud
neck. Entry into mitosis is activated by increased catalytic activity of CDK
(Cdc28-Clb) and is inhibited by morphological defects in the budding yeast.
Formation of the intranuclear mitotic spindle drives nuclear division and the
separation of sister chromatids into mother and daughter cells. Defects in bipolar
spindle attachment and spindle orientation delay progression through mitosis
until these checkpoints are satisfied. The cell cycle is complete following
downregulation of CDK activity during mitotic exit and the separation of cells
during abscission.
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Events preceding DNA replication initiation, including origin.binding and
helicase loading, are best understood in S. cerevisiae. This is likely attributable to
the well-defined replication origin binding sequence in this organism. The
hexameric origin recognition complex (Orc1-6) interacts with the A and B1
elements (~30bp DNA) of origins in budding yeast [38, 39]. The sequences
required for ORC binding in other organisms are not as well-defined and are
thought to depend on mechanisms other than DNA sequence [40-42]. In budding
yeast, fission yeast and Drosophila, ORC binding appears constitutive throughout
the cell cycle; this is in contrast to human and Xenopus cells, which indicate at
least a partial clearance of ORC from origins during metaphase [43-46]. ORC
binding stimulates Cdc6 and Cdt1-dependent loading of minichromosome
maintenance DNA helicase proteins (Mcm2-7), forming the pre-replicative
complex (pre-RC) (Figure 2) [47]. In addition to DNA sequence and chromatin
elements that regulate pre-RC formation, trans-acting proteins participate in
coordinating cell cycle progression with assembly of the pre-RC to prevent
unauthorized replication. Cdc28-Cin and Clb kinases negatively regulate pre-RC
formation by phosphorylating Cdc6, which triggers its nuclear export (mammalian
cells) or degradation (yeast) [48-54]. The pre-RC inhibitor Geminin also inhibits
MCM loading in metazoans independent of CDK activity [565, 56].

Two protein kinases Cdc28-Clb5 (S-phase CDK) and Cdc7-Dbf4 (Dbf4-
dependent kinase; DDK) are required to trigger DNA replication initiation at
origins in the budding yeast (Figure 2) [21, 57]. Phosphorylation events by CDK

and DDK stimulate the assembly of additional proteins at the pre-RCs and



precipitate activation of the replicative helicase Mcm2-7 and origin unwinding [58-
60]. Recent evidence suggests that the only essential proteins requiring Cdc28
phosphorylation at budding yeast origins are two initiation proteins: Sid2
(synthetic lethal with Dbp11-2) and Sid3 [61, 62]. Cdc28 phosphorylation of Sid2
and Sid3 facilitate their interaction with Dpb11, which is necessary to recruit
Cdc45, GINS and replicative DNA polymerases to sites of origin unwinding
(Figure 2) [61, 62].

S-phase is marked by the initiation of chromosome replication and
duplication of the spindle-pole bodies (SPBs)/centrosomes. Eukaryotic DNA
replication is bidirectional and semi-conservative with each strand serving as a
template for a newly synthesized nascent strand [63-66]. The pace of S-phase
progression is controlled by the regulation of origin firing throughout S-phase
[67]. Early origins fire shortly after passage through the restriction point with late
origins initiating later in S-phase [68-72]. DNA damage or low nucleotide levels
initiate a delay in late origin firing to slow progression through S-phase and delay
chromatid separation in mitosis [73, 74]. During every S-phase, replication forks
encounter myriad genetic lesions that must be overcome for faithful duplication of
the genome [75, 76]. Eukaryotes utilize a variety of polymerases for both leading
and lagging-strand synthesis as well as translesion and mismatch—repair
polymerases that repair and replace damaged or mismatched bases [77].
Polymerase « initiates replication at origins following helicase unwinding and
prior to loading the highly processive polymerases (Pol ¢ and d), which

coordinate leading and lagging strand synthesis [77, 78]. A primary factor



Figure 2. Model of budding yeast DNA replication initiation. Initiation of DNA
replication commences in late G2/M phase of the preceding cell cycle. During
this period, the budding yeast initiator, ORC (origin recognition complex), binds
origins of replication throughout the genome. Binding of ORC to origins allows
the association of Cdt1 and Cdc6 with the initiator and facilitates MCM
(minichromosome maintenance) loading on origins. The triggering mechanism for
replication initiation at origins requires the catalytic activity of CDK (cyclin
dependent kinase) and DDK (Dbf4-dependent kinase). Phosphorylation of Sid2
and Sid3 by CDK is thought to trigger association with the BRCT containing
protein Dpb11 and facilitate polymerase association with origins of replication.
Genetic and biochemical evidence suggests that MCM phosphorylation by DDK
triggers DNA unwinding by helicases and DNA replication initiation.

10






contributing to replication processivity is the homotrimeric clamp proliferating cell
nuclear antigen (PCNA), which localizes polymerases to DNA at the replication
fork [79, 80]. Studies have placed replication proteins at nuclear foci within
replicating cells, suggesting that replication forks are organized at “replication
factories” throughout eukaryotic chromatin [81]. This is in contrast to previous
models where replication forks moved along stationary DNA.

Following DNA replication, cells prepare for chromosome division by
initiating mitosis. Timely entry into mitosis in eukaryotic organisms requires the
activation of a critical mitotic CDK (Cdc28 in budding yeast; Cdc2 in fission yeast
and humans) [82]. In most eukaryotic organisms, activation of mitotic CDK
requires the cooperative action of two events. First, expression of mitotic cyclins
must reach a critical threshold to activate the catalytic CDK subunit [83, 84].
Secondly, reversal of Wee1 inhibitory phosphorylation on a critical CDK tyrosine
residue by the Cdc25 class of phosphatases elevates mitotic CDK activity and
triggers entry into mitosis [85]. The antagonistic function of the Cdc25
phosphatase and Wee1 kinase in controlling the activity of mitotic CDK is highly
conserved throughout evolution. First evidence for the CDK1/mitotic promoting
factor (MPF) in initiating mitotic progression was provided by the cell-fusion
experiment of Rao and Johnson, which demonstrated that a diffusible factor
could initiate mitosis in cells arrested in non-mitotic stages of the cell cycle [9].
Key studies in the fission yeast Schizosaccharomyces pombe identified and

demonstrated the epistatic relationship between genes that delayed (cdc2 and
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cdc25) or sped up (wee1) the cell cycle, resulting in elongated or shortened cells
respectively [86, 87].

In eukaryotic organisms, high CDK levels trigger the duplication of the
spindle pole body/centrosome in cells [88]. Metazoan centrosomes have
dramatically different structures than yeast spindle pole bodies. Animal cell
centrosomes usually comprise a pair of centrioles that serve as microtubule
organizing centers (MTOCs) for the capture and segregation of chromosomes
[89]. Yeast MTOCs are fundamentally different in structure and are organized as
molecular plaques that remain attached to the nuclear envelope throughout a
closed mitosis [90]. Animal MTOCs anchor themselves to opposite cellular poles
with cortically attached microtubules and promote microtubule invasion of the
cellular midzone early in mitosis in an attempt to capture and bind to sister-
chromatid pairs [89]. Chromosome centromere and arm attachment is
maintained throughout mitosis by a class of chromatid binding proteins called
cohesins (yeast cohesin complexes contain sister chromatid cohesion 1 (Scc1),
Scc3, structural maintenance of chromosomes 1 (Smc1) and Smc3) [91].
Degradation of cohesin subunit Scc1 by the protease Separase (extra spindle
pole bodies 1 (Esp1)) is required for cohesin removal at the metaphase-to-
anaphase transition. Inhibition of Esp1-dependent separation during mitosis is
regulated by the APC-Cdc20 substrate securin (precocious dissociation of sisters
1 (Pds1) in budding yeast) [92-94]. Activation of the APC by chromatid binding to
the mitotic spindle triggers Pds1 degradation and activation of Separase [92]. In

contrast to budding yeast, vertebrates remove chromosome cohesins in two

13



successive steps. Early in pro-metaphase, cohesins are removed from
chromosome arms by a protease-independent mechanism requiring
phosphorylation by Polo-like kinase 1 (Plk1) [95]. Cohesins located at the
kinetechore are maintained until APC activation in early anaphase [92]. Sister
chromatid separation in both metazoans and yeast occurs only after all
kinetechores have achieved bipolar attachment to the mitotic spindle [96].
Failure of a single chromatid pair to properly align along the metaphase plate
triggers stabilization of the spindle assembly checkpoint (SAC) and metaphase
arrest. Sister chromatids migrate to opposite cellular poles following Cdc20
stabilization and activation of the APC [97, 98]. In contrast to metazoan
chromosomes, budding yeast chromatids must traverse the mother-daughter bud
neck prior to exit from mitosis to prevent stabilization of the spindle position
checkpoint (described in more detail below) [96].

In budding yeast, activation of the nucleolar phosphatase Cdc14 is an
important event in bringing about the resolution of mitosis following sister
chromatid segregation. The first demonstration of the critical function of Cdc14
was in temperature sensitive (ts) mutants that arrested in late telophase with high
CDK levels [99]. Cdc14 is a dual-specificity phosphatase and triggers mitotic exit
and reentry into G1 phase [100-102]. The first well-characterized roles of Cdc14
were therefore its dephosphorylation and activation of the Cdk1 inhibitor Sic1 and
its transcriptional activator, Swi5, and stabilization of the APC subunit Cdh1
[100]. Activation of this essential function of Cdc14 in mitotic exit requires the

coordinated regulation of a group of signaling proteins within the mitotic exit
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network (MEN) (Figure 3) [102, 103]. Critical to MEN regulation is the spatial and
temporal regulation of the daughter bound spindle pole body relative to the bud
neck [104]. Activation of the MEN is achieved by triggering a shift in the SPB
GTPase Tem1 towards an active GTP-bound state [105, 106]. Prior to MEN
activation, the two-com'ponent GTPase activating protein (GAP) Bfa1-Bub2
antagonizes MEN signaling by enhancing Tem1-GTPase activity at SPBs [106].
Coordination of MEN activation with spindle elongation is regulated by bud neck
localization of Lte1 during mitosis [104]. During anaphase the daughter-bound
SPB passes toward a region of high Lte1 concentration (budneck), effectively
switching Tem1 towards the GTP bound state. Tem1-GTP then activates the
SPB kinases Cdc15 and Dbf2-Mob1 upstream of Cdc14 localization [107, 108].
Phosphorylation of Cdc14 and its inhibitor Cfi/Net1 within the nucleolus releases
Cdc14 and initiates mitotic exit [109-111].

In addition to the role SPB localization plays in determining mitotic exit
onset, CDK activity and activation of the Polo-like kinase Cdc5 is absolutely
required for MEN activation (Figure 3) [112]. Cdc14 dephosphorylation of CDK
sites on Cdc15 is required for full activation of the mitotic exit network [113]. In
contrast, CDK phosphorylation is required for Cdc14 nucleolar release by directly
phosphorylating nucleolar Net1/Cfi1 [110]. Cdc5 localizes to both SPBs during
mitosis and phosphorylates the Bfa1 subunit of the Bfa1-Bub2 GAP [114, 115].
This triggers Bfa1-Bub2 subunit dissociation and enhances MEN signaling [116].
Deletion of BUB2 in budding yeast allows rebudding similar to mitotic arrest

deficient (MAD) mutants in the presence of spindle poisons [117]. Consistent with
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the model for CdcS MEN regulation, overexpression of wild type Cdc5 causes
premature Cdc14 release in cells arrested in S-phase (hydroxyurea) and
rebudding in cells treated with spindle poisons (nocodazole) [112, 118]. In
addition, some experiments suggest an additional function for Cdc5 in regulating
full Cdc14 release outside of the MEN, although these findings await further
investigation [119].

The discovery of a parallel pathway that regulates Cdc14 localization led to
the characterization of a group of factors involved in regulating events in early
anaphase [120]. Transient release of Cdc14 by the Cdc14 early anaphase
release (FEAR) network results in nuclear release, in contrast to full activation
and cytoplasmic localization of Cdc14 by the MEN (Figure 3) [106, 121]. Cdc14
release in early anaphase is important for stabilization of elongated spindle
microtubules, assembly of a spindle midzone and resolution of late segregating
regions of the genome including the rDNA locus [122-125]. CDK substrates that
are dephosphorylated at this time include Ask1, Ase1, Fin1 and Sli15 [126].
Chromosome XII in budding yeast contains ~150 tandem copies of the DNA
encoding ribosomal subunits. Activation of the FEAR network is important for
resolution of this locus during anaphase [124, 127, 128]. Key to uncovering this
pathway was the observation that Cdc14 transient release is triggered by sister-
chromatid resolution and phosphorylation of six sites on Cfi1/Net1 by CDK [110,
111]). CDK activity is antagonized throughout mitosis by protein phosphatase 2A
(PP2A) (Figure 3) [129, 130]. PP2A is regulated by the targeting subunit Cdc55

and inhibits Cdc14 release through dephosphorylation of Cdc28 Net1 phospho-
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sites [129, 131]. Deletion of CDC55 results in cellular rebudding in the presence
of spindle poisons, although to a lesser extent than deletion of BUB2 [117, 130].
Interestingly the FEAR components Esp1 and Slk19 are important for Cdc55
inactivation and Spo12 CDK phosphorylation, although the mechanism by which
Spo12 and its binding partner Fob1 contribute to Cdc14 activation is not well
understood [126].

The role for Cdc5 in regulating Cdc14 activity in the FEAR is even less
clear (Figure 3). Epistasis analysis places Cdc5 downstream or in parallel of
Esp1 and Slk19 [112, 120, 132]. Data suggesting that Cdc5 interacts with and
phosphorylates Cdc14 suggests that Cdc5 coordinates Cdc14 release with Esp1,
Slk19 and CDK [133]. A recent report suggests that Cdc5 activation of the FEAR
occurs indirectly through inactivation of the CbK inhibitor Swe1, thereby
increasing Cdk activity on Net1 [134]. Although this model is attractive, it awaits

additional experimentation.

Phosphatase Regulation of the Cell Cycle

The critical role protein kinases play in controlling entry and exit from the
cell cycle is well established, although the essential contribution that protein
phosphatases play in this process has only recently been fully appreciated. It is
now understood that phosphatases are critical players in regulating progression
through many of the cell cycle phases. Of all the protein phosphatases identified,

only a handful have been linked to mitotic regulation by biochemical or
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Figure 3. Cdc5 is a master regulator of mitotic progression. The budding yeast
Polo kinase Cdc5 positively regulates multiple stages of mitosis. Entry into
mitosis is regulated by activation of the yeast CDK protein Cdc28. Inhibitory
phosphorylation of Cdc28 by Swe1 is reversed by the phosphatase Mih1 (human
Cdc25 homolog) during progression into mitosis. Cdc5 antagonizes Swe1
function during mitotic initiation through its association with proteins at the
mother-daughter bud neck. Progression through the metaphase-anaphase
transition requires bipolar spindle attachment at sister-chromatid kinetechores
which triggers stabilization of the Cdc20-APC, ubiquitylation of Securin (Pds1)
and proteolytic cleavage of chromatid cohesins by Separase (Esp1). Cdc5
phosphorylation of the cohesin subunit Scc1 is thought to enhance Separase
activity on cohesins, but is not required for entry into anaphase in the budding
yeast. The essential role for Cdc5 is in the activation of mitotic exit through
release of Cdc14 from its inhibitory state within the nucleolus. This occurs by
positive regulation of two pathways (MEN, mitotic exit network; FEAR, cdc14
early anaphase release) that affect Cdc14 activity. Cdc14 is inhibited during
much of the cell cycle by association with the inhibitor Net1 within the nucleolus.
Cdc5 activity is required at the beginning of anaphase for the transient release of
Cdc14 into the nucleus. The precise requirement for Cdc5 is presently unknown,
but recent evidence raises the possibility it may regulate FEAR by enhancing
CDK phosphorylation of Net1 or direct phosphorylation of Cdc14. In addition to
Cdc5, the Esp1-Slk19 complex and protein phosphatase PP2A-Cdc55 are also
required for proper Cdc14 function in the FEAR network. MEN activation of
Cdc14 requires Cdc5-dependent inhibition of the MEN antagonist Bfa1-Bub2,
presumably at yeast spindle pole bodies. Disruption of the Bfa1-Bub2 interaction
enhances Tem1-GTP activation of Cdc15, initiating a kinase cascade that results
in hyperphosphorylation of Net1 and full and sustained release of Cdc14
resulting in mitotic exit.
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genetic analysis, most notably Cdc25, Cdc14, protein phosphatase 1 (PP1),
protein phosphatase 2A (PP2A) and protein phosphatase 4 (PP4) [135-137].

The mammalian genome encodes ~40 phosphatases, about 10-fold fewer
proteins than kinases. This observation underscores the biochemical reality that
PP1 and PP2A regulation is controlled by the formation of variable holoenzymes,
which confer most of the substrate specificity [138-140]. Most PP1 holoenzymes
consist of a single catalytic and regulatory subunit, although some also contain a
inhibitory component [141]. PP2A complexes contain a catalytic C-subunit and a
regulatory subunit [138, 139]. In addition, PP2A complexes also contain a
variable third B-subunit that gives substrate specificity. B-type subunits are
classified into three sub-families termed B, B’ and B”, each containing multiple
isoforms. As a result of this variable specificity, multiple subunits can assemble
into more than 70 distinct PP2A holoenzyme combinations [139].

Perhaps the most appreciated cell cycle phosphatase is the dual-
specificity Cdc25/Mih1 family of homologs that regulate entry from G2-to-M
phases in eukaryotic cells [142]. Cdc25 is highly conserved in most eukaryotic
organisms; the exoepﬁon being higher plants, which contain no known Cdc25
homologs [143]. The budding yeast has a single Cdc25-related phosphatase,
while metazoans have multiple protein isoforms [143-146]. Entry into mitosis
commences with increased activity of the Cdk1 kinase at the G2/M transition
(described in more detail above). CDK activity is stimulated by cyclin binding and
inhibited by Wee1/Swe1 phosphorylation on a conserved tyrosine residue [146,

147]. Reversal of phosphorylation by Cdc25 alleviates this inhibition and permits

20



Cdk activity on its substrates [148]. As a direct consequence of the pivotal role
Cdc25 plays in regulating mitotic entry, several pathways that monitor cell cycle
progression, most notably the G2/M DNA damage checkpoint, regulate Cdc25
activity [149]. In addition, activated Cdk1 phosphorylates Cdc25, inducing
binding by PP1, which serves to activate Cdc25 and ensure an abrupt transition
from G2 into mitosis [150].

The human Polo-like kinase 1 (Plk1) is also regulated by protein
phosphatases during the cell cycle. Plk1 contains the protein targeting polo-box
domain (PBD), which binds to the PP1 interacting partner, myosin phosphatase
targeting subunit 1 (MYPT1) [151]. Decreased expression of MYPT1 increases
phosphorylation on T210 of Plk1 by Aurora kinase and suggests that MYPT-PP1
may negatively regulate Plk1 activity [151]. In addition, the human homolog
Cdc14B negatively regulates Plk1 prior to mitotic entry. In cells exposed to DNA
damage, Cdc14B is released from the nucleolus into the cytoplasm, where it
promotes APC-Cdh1-dependent degradation of Plk1[152].

Following chromosome segregation, cells exit mitosis during which CDK
activity and reversal of mitotic CDK phosphorylation events decreases. In both
yeast and higher organisms, protein phosphatases play a critically important role
in promoting this process. In human cells more than 1000 proteins demonstrate
increased protein phosphorylation during mitosis, most of them being Cdk1
substrates [153]. In budding yeast, activation of the mitotic exit network (MEN)
results in the activation of the dual-specificity protein phosphatase Cdc14 [101,

102]. Following activation of the MEN, Cdc14 is released from within the
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nucleolus and translocates through the nuclear membrane into the cytoplasm,
where it dephosphorylates many Cdk1 substrates [100, 154]. Interestingly,
humans contain two Cdc14 homologs (Cdc14A and Cdc14B) that functionally
complement yeast Cdc14, but are not required for mitosis in human cells,
indicating that additional phosphatases are sufficient for mitotic exit in higher
organisms [137, 155]. Recent evidence suggests that human PP1 and PP2A
holoenzymes effectively substitute for Cdc14 in this process [156-158].

Although budding yeast Cdc14 plays an essential role in regulating mitotic
exit, additional phosphatases including PP2A make important contributions to
regulating this process. PP2A is a heterotrimeric holoenzyme complex composed
of a scaffolding unit (tRNA processing deficient (Tpd3)); a catalytic subunit
(protein phosphatase 21 (Pph21) or Pph22); and a regulatory subunit (B-type,
Cdc55 or B'-type, Rts1) [1569]. Evidence suggests that both Cdc55 and Rts1 are
involved in regulating MEN activation of Cdc14 in late mitosis [130, 160]. During
mitosis, PP2A-Cdc55 antagonizes Cdc28 phosphorylation of the Cdc14 inhibitor
Net1. Deletion of Cdc55 relieves this regulatory mechanism and results in
premature mitotic exit and rebudding in the presence of spindle poisons [129,
130]. Recently, PP2A-Rts1 was shown to regulate the spindle position
checkpoint kinase 4 (Kin4) [160]. Kin4 inhibits Cdc5/Plk1 activation of the MEN at
spindle pole bodies. PP2A-Rts1 regulates Kin4 phosphorylation and localization

at the SPB in the presence of mispositioned spindles.
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REGULATION OF THE CELL CYCLE AND GROWTH BY CELLULAR
CHECKPOINTS
Replication and DNA Damage Checkpoints

Organisms “sense” DNA damage during DNA replication and activate
effector-signaling pathways to prolong S-phase and repair DNA lesions [161].
Activation of the replication checkpoint occurs when replication fork stalling is
detected by “sensor kinases” within the cell. Activation of the replication
checkpoint by hydroxyurea treatment depletes nucleotide pools and prolongs S-
phase by delaying late origin firing [162-165]. Similarly DNA alkylating agents
(methyl methane sulfanate) generate lesions that are detected at replication forks
and delay S-phase progression until lesions can be efficiently repaired [166,
167).

Ataxia-telangiectasia mutated (ATM/scTel1) and ATM and Rad3-related
(ATR/scMec1) are the sensor kinases involved in the S-phase checkpoint
signaling cascade. Activation of these kinases is required for signaling to the
downstream effector kinases checkpoint kinase 2 (Chk2)/yeast radiation
sensitive 53 (Rad53) and Chk1, which is required for mitotic arrest in response to
processed DNA double-strand breaks (DSBs) [168-170]. S-phase checkpoint
activation is the result of extensive single-stranded DNA generated at perturbed
replication forks. Single-stranded DNA is coated with the single-strand binding
protein RPA and recruits the ATR/mitosis entry checkpoint 1 (Mec1)-ATR
interacting protein (ATRIP)/scDdc2 heterodimeric protein complex to the fork

[171-173]. Once at the fork, scMec1 phosphorylates the adaptor protein mediator
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of replication checkpoint 1 (scMrc1), recruiting the scRad53 checkpoint kinase to
phosphorylate and stabilize proteins at the replication fork [174-176].

In addition to replication fork damage, double-stranded DNA breaks pose
a serious threat to genome stability and can result in aberrant genome
rearrangements or chromatid loss during anaphase [177]. As a result, cells have
evolved complex signaling networks to identify and correct such lesions. The
exact nature of DNA structures that give rise to checkpoint responses remains
obscure, however the prevailing view in the budding yeast is that dsDNA lesions
are converted into ssDNA that gives rise to checkpoint responses. In yeast cells
with single dsDNA breaks, generated by expression of the HO endonuclease,
long tracts of RPA coated ssDNA triggers binding by scDdc2/ATRIP and
scMec1/ATR [171, 178]. In the budding yeast, checkpoint activation by Mec1
activates two parallel pathways for cell cycle arrest. 1) Activation of Chk1 triggers
phosphorylation and stabilization of the anaphase inhibitor Pds1 and 2) activation

of the Chk2 homolog Rad53 inhibits Cdc5 activity in mitotic exit [73].

Spindle Assembly Checkpoint

During mitosis the spindle assembly checkpoint (SAC) delays the
separation of vsister chromatid pairs until every kinetechore has achieved bipolar
attachment to the mitotic spindle [96]. Dynamic instability of microtubules allows
the mitotic spindle to probe the intranuclear (in budding yeast) space for vacant
kinetechores by a process termed ‘search and capture’ [179, 180]. A single

binding site is present on smaller yeast kinetechores whereas vertebrate cells
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strengthen chromatid attachment with multiple microtubule binding sites [181].
Once a kinetechore is attached to the mitotic spindle, a probing microtubule from
the opposite pole attaches to the opposite kinetechore face. Bipolar attachment
facilitates chromosome congression along the metaphase plate where the two
sister chromatids come under tension as a result of antagonistic polar forces.

Proper attachment of all chromosomes triggers the activation of the Cdc20
version of the APC [96, 182, 183]. APC ubiquitylation and degradation of Pds1
(Securin) relieves Esp1 inhibition and permits degradation of chromosome
cohesins [93, 184]. This exquisite and highly reliable mechanism of restraining
APC activation prior to proper attachment of all sister chromatid pairs is essential
for maintaining genome stability in cells [184]. Vertebrate cells with an inactive
SAC have massive aneuploidy and quickly lose viability [185]. Interestingly, in
budding yeast the SAC is not essential, but its proper function is required in the
presence of mitotic mutants or spindle poisons. This peculiarity made the
budding yeast a fruitful organism for the identification and elucidation of proteins
involved in the SAC mechanism. Genetic screens in S. cerevisiae first identified
the mitotic arrest deficient (Mad) 1-3 and the budding uninhibited by
benzimidizole 1 (Bub1) proteins [117, 186]. These proteins are conserved in all
model eukaryotic species and contribute to the regulation of precocious sister
chromatid separation [187].

A critical feature of the SAC is that cells must differentiate between sister
chromatids that are bound to opposite poles (amphitelic attachment) and those

that are bound to a single pole (merotelic & syntelic). Therefore cells must
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simultaneously monitor chromosome attachment and tension across the
kinetechore. Two conserved kinetechore-binding proteins, Mad2 and
Mad3/BubR1, are essential for proper regulation of the SAC. These proteins form
a mitotic checkpoint complex (MCC) with Bub3 and Cdc20 thereby sequestering
Cdc20 away from the APC and preventing Separase activation in response to
unattached kinetechores [188].

In addition to the MCC, other critical components include Mad1, Aurora B/
increase in ploidy 1 (Ipl1), Bub1 and multipolar spindle 1 (Mps1) [189-193].
Aurora B/lpl1 is important for correcting merotelic attachments that are not
detected by the Mad2-dependent kinetechore attachment [194]. A “closed”
isoform of the Mad2-Mad1 complex is recruited by the rough deal (Rod) - zeste
white-10 (ZW10)-Rzz complex to kinetechore proteins and its activity regulated
by Mps1 [195]. Closed-Mad2—-Mad1 activates what is hypothesized to be the
rate-limiting step of MCC formation, open-Mad2 binding to Cdc20. Additionally, in
a separate SAC response pathway, centromere protein (CENP)-E interacts with
and contributes to the activation of BubR1 on unattached kinetechores [196]. The
substrates of BubR1 are currently unknown. Following bipolar microtubule
attachment at kinetechores, a poleward force motor mechanism involving
microtubules of the dynein—dynactin complex begins removing spindle assembly
checkpoint proteins, including Mps1, Rzz, and closed-Mad2 complexes from
kinetechores. It has been hypothesized that activation of the p31 comet protein
may also occur at this moment in human cells to prevent the interaction of open-

Mad2 with closed-Mad2 [197]. The affinity of Cenp-E to activate BubR1 also
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decreases following formation of stable kinetochore microtubule attachment. This
results in increased ubiquitylation of Cyclin B and Securin by the APC and
subsequent proteolysis; this process activates Separase and ensures execution
of anaphase. Ubiquitylation of Mps1 by the Cdc20-APC appears essential to
permanently reverse the spindle assembly checkpoint at the commencement of

anaphase [198].

Budding Yeast Spindle Position Checkpoint

Asymmetric cell division requires correct positioning of the mitotic spindle
and cellular components to ensure the partitioning of the genetic material to each
daughter cell. Budding in S. cerevisiae is an inherently asymmetric process; new
cell wall is deposited (daughter bud) by the transport and accumulation of
vesicles along actin cables to a growing bud tip [199]. This process ensures the
unequal size of the mother and daughter cell (mother-larger and daughter-
smaller) and pre-ordains the site of cytokinesis and abscission in yeast.
Therefore, successful cell division requires the equal segregation of sister
chromatids across a predetermined division plane (Figure 4). The budding yeast
mitotic spindle is assembled during S-phase and is composed of intranuclear
microtubules that remain within the intact nucleus and cytoplasmic/astral
microtubules that interact with components of the cellular cortex [200]. Proper
attachment of cortical microtubules to opposite spindle poles is coordinated by

two redundant mechanisms involving karyogamy 9 (Kar9) and dynein 1 (Dyn1)
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Figure 4. Budding yeast spindle orientation during mitosis. In the budding yeast,
bud emergence during S-phase predetermines the cytokinetic division plane.
This necessitates proper spindle orientation during mitosis to ensure all
daughter-bound chromosomes traverse the bud neck during anaphase. Improper
orientation of the mitotic spindle triggers stabilization of the SPOC (spindle
position checkpoint) and prevents mitotic exit. Mutation of critical SPOC genes or
hyperactivation of the MEN (mitotic exit network) induces premature exit from
mitosis and ploidy abnormalities in cells.
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[201-203). Kar9 is attached to the plus end of cytoplasmic microtubules through
association with Bim1 (binding to microtubules 1) and kinesin related protein 2
(Kip2) [204-206]. This complex attaches to myosin 2 (Myo2) on cortical actin
cables where it is translocated through the bud neck and into the daughter cell
ensuring bipolar division of sister chromatids [207, 208]. The plus-end
microtubule motor protein Dyn1 contributes to proper spindle orientation by
anchoring cytoplasmic microtubules within the cortex and contributing forces that
result in correct spindle orientation [209].

Failure to properly position the mitotic spindle under normal or induced
(kar94 or dyn1A) conditions results in cell cycle arrest and inhibition of the mitotic
exit network [96, 201, 202]. The primary target of the spindle position checkpoint
(SPOC) is the MEN GTPase Tem1 [210]. Bub2-Bfa1 and Lte1 regulate the
antagonistic cycling of Tem1 between the active (Tem1-GTP) and inactive
(Tem1-GDP) forms [210]. Activation of the SPOC prevents Cdc5-dependent
phosphorylation of Bfa1 at the spindle pole body [116, 211, 212]. Inhibition of
Cdcb function requires proper localization of Kin4 to the spindle pole body and
stable dephosphorylation of Kin4 by PP2A-Rts1 [160, 213). Deletion of Rts1 or
Kin4 induces premature mitotic exit in cells with misoriented spindles [160, 211,

212).

CDC7-DBF4 AND CDC5/POLO LITERATURE REVIEW

Cdc7-Dbf4: Structure and Function
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The essential function of DDK in eukaryotic cell cycle progression was first
identified by Lee Hartwell and colleagues who discovered that Cdc7 inactivation
prevented cells from initiating S-phase in Saccharomyces cerevisiae [214]. Cdc7
was unique in this screen of mutants in that protein synthesis was not required
after Cdc7 activity for the completion of S-phase [215]. Identification of a
temperature-sensitive allele of DBF4 defective in S-phase initiation eventually led
to the hypothesis that Dbf4 and Cdc7 may function in a common pathway to
control the start of replication [216]. Interestingly, Dbf4 was also identified in a
screen for high-copy suppressors of cdc7 (ts) [217]. Cdc7 was subsequently
found to encode a serine/threonine protein kinase whose activity is controlled by
cyclical expression of the kinase regulatory subunit Dbf4 [218-220]. It was shown
that activity of Cdc7 depends on the direct binding and activation of the Dbf4
regulatory subunit [221, 222]. Together, these studies strongly suggested that
Cdc7 and Dbf4 function in concert to regulate passage through the G1/S
transition. Deletion of DBF4 or CDC?7 is lethal, but cdc74 and dbf4A cells can be
rescued by the bob1-1 mutation in MCM5, a component of the eukaryotic
replicative helicase [223].

Homologs of Cdc7 and Dbf4 were not identified in other species until the
discovery of hsk1+, an essential gene required for the initiation of S phase in |
fission yeast [224]. Like CDC7, hsk1+ encodes a 507 amino acid protein
comprising the catalytic subunit of DDK. Following the identification of hsk1+,
putative Cdc7 homologs from additional species including humans were

identified [225, 226]. Budding yeast DBF4 encodes a 704 amino acid protein with
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three motifs (N-terminal , Middle & C-terminal) of interspecies homology (Figure
5) [227]. All homologs share highest sequence similarity within the M-motif while
the N and C-terminal regions show the highest degree of sequence divergence
[227]. Activator of S-phase kinase (ASK), the human homolog of Dbf4, was
identified in a 2-hybrid screen and encodes the 695 amino acid regulatory
subunit of Cdc7 [228]. Although ASK shares the three common regions (N, M &
C) of sequence similarity, the C-terminal half of the protein is less well
conserved.

Detailed mutational analyses of budding and fission yeast DBF4/dfp1+
identified regions essential for Cdc7 activity and binding to the origin recognition
complex (ORC) [229]. In Dfp1, the individual M and C-motifs were sufficient to
bind and partially activate fission yeast Hsk1, while intervening sequences were
dispensable for kinase binding and activation [230]. These results suggested that
activation of Cdc7/Hsk1 might occur through bipartite binding to the Dbf4/Dfp1
regulatory subunit. Similarly, the budding yeast Dbf4 C-terminal zinc-finger motif
stimulated Cdc7 binding and catalytic activity, but was not essential for cell
growth (mutants exhibit a slow S-phase) in the presence of an intact M-motif
[231]). Mutations within region N in DBF4/dfp1+ were found to confer general
sensitivity to DNA damaging agents, but had little to no effect on growth under
normal conditions [229, 230]. These results suggest a possible role for the Dbf4
N-terminus in regulating cellular responses to stress.

The Dbf4 N-terminus was originally described as having similarity to

BRCT repeat sequences (Figure 5) [227]. Identified in the human gene BRCAT,
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Figure 5. Schematic diagrams of functional Dbf4 and Cdc5 sequences. (A) Dbf4
contains three regions of high interspecies sequence similarity (N, N-terminal; M,
Middle; C, C-terminal). Regions M and C are important for binding to the DDK
catalytic subunit Cdc7 and for activation of the kinase. Two putative D-boxes
(destruction boxes) and NLS (nuclear localization signal) sequences are present
within the N-terminal half of the protein. Domain N is not required for viability and
is contained within the Dbf4 BRCT domain. Deletion of this region causes
sensitivity to DNA damaging agents. (B) CDC5 encodes an N-terminal Ser/Thr
kinase domain and a C-terminal polo box targeting domain (PBD). Both domains
are essential for Cdc5 activity and viability in budding yeast. The polo box
domain contains three regions (Pc, polo-cap; PB1, polo box 1; PB2, polo box 2)
that are required for proper folding and phosphopeptide binding. Conserved
residues (Blue font: W517, H641 and 643) are critical for substrate interaction.
PBD phosphorylation by Cdc7-Dbf4 is decreased by alanine mutation of PBD
residues T532, S573 and S630, but unaffected by the S647A mutation.
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BRCT domains are primarily found in DNA damage-response proteins [232, 233].
Crystallization of the Brca1 tandem BRCT repeat identified the domain as a
phosphopeptide-binding quule [234]. Recent work in our lab identified a c-
terminal region of the BRCT sequence that is conserved in Dbf4 homologs
prompting us to name it the BRDF (BRCT and Dbf4 similar) motif [229].

However, crystallization of this domain by Guarne’ and colleagues suggests that
it nonetheless adopts a canonical BRCT-fold [229, 235]. The function of the Dbf4
BRCT domain is unknown and proteins that interact exclusively with the BRCT
domain have not been identified. Dbf4 is a target of Rad53-dependent checkpoint
phosphorylation in response to replication stress and this regulation requires an
intact Dbf4 N-terminus [229, 236]. In addition, Cds1/Rad53 kinase activation is
severely perturbed in hsk1-89 cells and the hsk1-89 mutation is synthetically
lethal with the checkpoint protein Rad3/Mec1 (ATR homolog in yeast) suggesting
functional overlap between Cdc7-Dbf4 and the DNA damage response pathway
[237]. A possible function of the Dbf4 BRCT domain is to interact with
phosphorylated Rad53 FHA domain. Molecular modeling of the crystallized
BRCT domain raises the possibility, but biochemical evidence for this is lacking
[235]). Masai and others proposed that human Cdc7-Dbf4 interacts with
components of stalled replication forks and may be required for replication restart

in response to replication stress [238].

Expression and Regulation of DDK subunits during the Cell Cycle
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Cdc7 catalytic activity is regulated by cyclical expression of Dbf4
throughout the cell cycle [239]. In contrast to its regulatory subunit, Cdc7 protein
levels remain relatively constant during the yeast cell cycle [239]. Mammalian
Cdc?7 activity is positively regulated by serum stimulation and E2F transcription
factor activity [226]. Dbf4 protein levels remain low throughout G1 and increase
at the transition into S-phase and decrease at the end of mitosis [239]. Dbf4
promoter elements suggest that its transcription is under control of the Miul cell-
cycle box (MCB) transcriptional element, however the observed protein
oscillation within cells appears to be regulated at the level of protein stability
[240]. Dbf4 contains two putative “RXXL" destruction boxes within the protein N-
terminus (Figure 5) suggesting a role for APC-Cdc20 in regulating Dbf4
destruction. Mutation of the N-terminal destruction box can stabilize Dbf4 [241].
In addition, inactivation or mutation of genes encoding APC subunits stabilizes
Dbf4 protein, however the precise regulation of Dbf4 destruction remains
enigmatic [236, 242]. APC activity is regulated by the specificity components,
Cdc20 and Cdh1, which become active at the metaphase-to-anaphase transition
and during mitotic exit respectively [243]. The contribution each subunit plays in
targeting Dbf4 for destruction is currently unclear, however, persistent expression
of Dbf4 in mitotic exit mutants (cdc5-1, dbf2-1 and cdc14-1) at non-pemmissive
temperature argues against exclusive regulation by Cdc20 and suggests that
Dbf4 levels persist late into mitosis, long after completion of S-phase [236, 242].
So how is Dbf4 stability regulated? Cdk phosphorylates Dbf4 during the normal

cell cycle [244]. A serine within the N-terminal Dbf4 D-box (“RSPL”) matches a
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consensus CDK phosphorylation site and is phosphorylated in vivo after
treatment with MMS (Jaime Lopez; personal communication). It is possible that
CDK actively inhibits Dbf4 destruction prior to mitotic exit when the Cdc20 APC is
active. Cdc14 dephosphorylation of CDK sites raises the possibility that Cdc14
may antagonize CDK phosphorylation of Dbf4 and allow the APC access to the

Dbf4 destruction box late in mitosis.

Cdc7-Dbf4 Function In S-phase Initiation

In contrast to our understandiﬁg of the role for CDK in replication initiation,
the precise biochemical role for DDK at origins is less clear. What is apparent is
that localization of DDK to origins is critical for the timely and accurate firing of
replication origins throughout S-phase. Diffley and colleagues demonstrated by
a one-hybrid assay that Dbf4 interacts with origins, and that this genetic
interaction is dependent on the origin recognition complex ORC [39]. Additionally,
studies in Xenopus indicate that DDK associates with the pre-RC at origins and
this association is dependent on Dbf4 [245]. The pre-RC proteins Orc2, Orc3,
Mcm2 and Mcm4 all interact with Dbf4 suggesting a model whereby Dbf4 targets
Cdc7 to sites of pre-RC binding [246]. Cdc7-Dbf4 can phosphorylate multiple
proteins at the origin including several Mcm subunits, Cdc45 and polymerase
alpha [58, 236, 247]. Mapping of Cdc7-Dbf4 phosphorylation sites on Mcm
proteins and the identification of the bob7-1 (mcm5, P83L) bypass suppressor of
cdc7A and dbf4A cells led to the hypothesis that Cdc7-Dbf4 activates the Mcm

replicative helicase [223, 248, 249]. It is thought that phosphorylation of Mcm
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proteins by Cdc7 likely leads to a conformational shift in the helicase complex,
initiating origin unwinding and DNA replication [250]. Recent evidence suggests
a model whereby Cdc7 phosphorylation of MCM N-termini may trigger MCM
double hexamer dissociation and DNA unwinding [251]. The mechanism
whereby cells regulate the timing of origin firing throughout S-phase and delay
the activity of Cdc7-Dbf4 on late origins in response to cellular stress remains to
be established. Recent evidence suggests that an initiating phosphorylation
event by a DDK-independent kinase primes the pre-RC Mcm2-7 complex for
phosphorylation by Cdc7-Dbf4, suggesting a model in which the spatial and

temporal regulation of Cdc7-Dbf4 activity on origins might be controlled [59].

Cdc5/Polo: Structure and Function
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