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Abstract

Cyclin-dependent kinases (CDKs) are required for initiation of DNA replication in all eukaryotes,
and appear to act at multiple levels to control replication origin firing, depending on the cell type
and stage of development. In early development of many animals, both invertebrate and vertebrate,
rapid cell cycling is coupled with transcriptional repression, and replication initiates at closely
spaced replication origins with little or no sequence specificity. This organisation of DNA
replication is modified during development as cell proliferation becomes more controlled and
defined. In all eukaryotic cells, CDKs promote conversion of “licensed” pre-replication complexes
(pre-RC) to active initiation complexes. In certain circumstances, CDKs may also control pre-RC
formation, transcription of replication factor genes, chromatin remodelling, origin spacing, and
organisation of replication origin clusters and replication foci within the nucleus. Although CDK1
and CDK2 have overlapping roles, there is a limit to their functional redundancy. Here, | review
these findings and their implications for development.

1. Introduction

DNA replication, which commits a eukaryotic cell to dividing, can be considered a “passive driving
force” for development, since it both creates a problem and provides a window of opportunity for
doing something new. Due to cell division, even within an apparently simple organism with no
development, such as yeast, not all cells are equal. In a colony of yeast cells, the cells in the middle
of the colony are small and the cell cycle is arrested, due to nutrient starvation, whereas those at the
edge of the colony are bigger and rapidly dividing. In this case, the size of the colony is limited by
nutrient availability, and nutrient starvation provokes sexual reproduction among opposite mating
types. Metazoans have solved the availability problem by centralizing ressources and despatching
them to all cells, allowing them to become much bigger and uproot themselves in search of food,
water, and everything else they need. To achieve this level of development, thousands of genes are
required, and this itself creates several other problems, already faced by simpler organisms, but
which require even greater organisation in metazoans: firstly, how to store all the genetic
information within the nucleus, which is achieved by packaging into chromatin; and then, how to
replicate it efficiently and reliably, while at the same time transcribing those genes when and where
they are needed. Because the latter is a difficult problem to solve and requires lots of energy, once
the animal has developed, most cells don't bother. In an adult human being, only about 2% of the
10" or so cells are dividing: reproductive cells, in males, and those cells that are needed to replace
rapidly damaged cells to keep the organism alive, such as epithelial cells of the skin or intestine,
and blood cells. During development, however, special mechanisms are required to coordinate cell
proliferation with differentiation.

As well as creating problems, DNA replication provides a window of opportunity for
epigenetic change, since, as the double helix is copied, the choice must be made of what to do with
all the peripheral information encoded in chromatin determining if, when and where a gene should
be transcribed. Because replication is coupled to chromatin_assembly (Almouzni & Mechali, 1988;
Worcel et al, 1978) it provides a mechanism for controlling gene expression. In Xenopus oocytes,
replication of injected single-stranded DNA is sufficient to repress basal transcription at the
encoded promoter (Almouzni & Wolffe, 1993). Inversely, in early mouse development,
transcriptional activation of the zygotic genome occurs at the two cell stage, and requires DNA
replication to relieve chromatin-mediated gene repression (Forlani et al, 1998). One way of
achieving epigenetic change, during the course of DNA replication, would be to let parental and
newly synthesized genes compete for limiting transcription "factors", in the general sense of the
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word. Over uncountable generations, selection for favourable outcomes of this competition might
explain the programme of DNA replication in which transcribed genes are, in general, replicated
early, and silent genes later on, within a single S-phase (Goldman et al, 1984) - a timing that
appears to be mechanistically important (Zhang et al, 2002). But there may be a more mechanical
reason why replication timing and transcription might be coupled. Whether a gene is to be
replicated or transcribed, the DNA double helix first has to be unwound in order for the DNA or
RNA helicase to copy the encoded information. Thus, DNA “unwinding factors” promoting
transcription might also promote formation of replication origins, which would, on average, lead to
proximal sequences being replicated earlier than distal ones. This would certainly be energetically
economical, and again, over time, selection should lead to natural association of transcriptional and
replication control elements. Indeed, almost all origins of replication are located close to
transcriptional control regions and frequently contain transcription factor binding sites (see below).
How unwinding at origins of replication is controlled, where it occurs in the genome, what the
nature of the timing programme is, and what the consequences of this organisation are for the
development of the organism, are all fundamental unresolved questions. In this review, | will try to
present a picture of what we know about how cyclin-dependent protein kinases (CDKSs), those
universal cell-cycle regulators, are involved in replication control, in the context of the development
of Xenopus laevis (with frequent comparisons to other models). Xenopus is a wonderful model
organism which has taught us much of what we know about transcriptional control, DNA
replication, the cell cycle, development, and nuclear reprogramming (for further reading on this
subject, see the entertaining autobiographical account by Sir John Gurdon, winner of the 2009
Lasker prize for medical research, in which he correctly predicted that we should soon be able to
reprogram somatic cell nuclei to totipotency by expressing the right combination of factors;
(Gurdon, 2006)). For a comprehensive review of molecular mechanisms of cell cycle control in
Xenopus oocytes, eggs and early embryos, see the accompanying chapter by Gotoh and colleagues
(Gotoh et al., 2011).

2. Organisation of DNA replication and transcription in the early Xenopus embryo

Unlike mammalian development in utero, development of fertilized frog eggs must occur in the
absence of any further provision from the mother. Eggs are therefore large, in order to provide
material self-sufficiency until the animal has developed enough to feed itself, ie the tadpole stage.
Early development is therefore organised very differently than in mammals, the first goal being to
rapidly increase cell number (figure 1). For a start, it is quick, the entire cell cycle taking little more
than 20 minutes for the first twelve cycles. To achieve this, replication origins are very closely
spaced, from 5-25kb apart, rather than the 50-300kb seen in somatic cells (Blow et al, 2001; Hyrien
& Mechali, 1993), and are randomly positioned between different cells (Hyrien et al, 1995) and
from one cell cycle to the next (Labit et al, 2008). Random positioning of origins is true also for
early drosophila development (Shinomiya & Ina, 1991), in which cells are cycling rapidly,
suggesting that this may be a general rule, with mammals perhaps being an exception. Secondly,
early development occurs in the absence of transcription (Brown & Littna, 1966; Newport &
Kirschner, 1982b). This is due to a competition between transcription factor assembly and
replication-coupled chromatin-mediated repression, in which chromatin wins (Kimelman et al,
1987; Prioleau et al, 1994). The exponential increase in DNA content during the rapid early cell
cycles eventually titrates and alleviates this repression, as demonstrated by manipulating the
nuclear-cytoplasmic ratio (Newport & Kirschner, 1982a; Newport & Kirschner, 1982b). In
Xenopus, as in mice, DNA replication around the mid-blastula transition (MBT) appears to be
required for relief of the repressed state (Fisher & Mechali, 2003). Although much subsequent
morphological development can occur in the complete absence of DNA replication, certain
developmental abnormalities ensue, demonstrating that cell proliferation is, after all, required for
correct development (Fisher & Mechali, 2003; Harris & Hartenstein, 1991; Rollins & Andrews,
1991). Whereas all cells are dividing prior to the MBT, the mitotic index rapidly drops to about
30% at early gastrula stages to less than 10% by mid-gastrulation, and becomes regionalised (Saka




& Smith, 2001). The cell-cycle (and, by inference, onset of DNA replication) is therefore controlled
in a tissue-specific manner during development. However, that differentiation can occur in the
absence of DNA replication suggests that global transcriptional gene activation at the MBT,
dependent on replication, is then followed by progressive, cell type-specific gene repression which
does not require replication. Transcriptional activation at the MBT also coincides with specific
positioning of replication origins (Hyrien et al, 1995), which possibly reflects the influence of
transcription factors on nucleosome positioning and thereby, the accessibility of DNA to replication
factors. A recent study in somatic human cells found that most replication origins occur in GC-rich
regions overlapping with transcriptional regulatory elements (Cadoret et al, 2008), especially those
of the AP1 family of “immediate early” transcription factors. Significantly, origins mapped to
evolutionarily conserved regions, suggesting that origin positioning is conserved across animal
species. As such, origins of replication might be coordinated with transcription during later
development. Whether this simply reflects a situation of “convenience”, for example being
energetically economical, or whether there are functional consequences of this origin positioning,
are not known. Nevertheless, the absence of origin replication specificity in early development of
Xenopus (and perhaps most animals other than mammals) is evidently associated with absence of
transcription. The link between non-specific origins of DNA replication and transcriptional
repression might be due to the necessity not only to replicate quickly, but perhaps also to maintain
pluripotency of the dividing cells and prevent premature differentiation. Xenopus oocyte and egg
extracts have an extraordinary capacity for nuclear reprogramming, and will even reprogram the
nucleus within permeabolised cells. Such somatic cells introduced into oocytes are reset to a stem
cell-like pattern of transcription in the absence of DNA replication (Byrne et al, 2003) whereas
when introduced into egg extracts, all transcription is extinguished and DNA replication is activated
(Alberio et al, 2005). However, not all nuclei replicate with the same efficiency in egg extracts.
Terminally differentiated chromatin, for example, from erythrocytes (which are nucleated in
Xenopus) replicates much more slowly in Xenopus egg extracts, due to far fewer replication origins
being activated. Passage through mitosis eliminates this pattern of replication origin spacing, and
resets it to an early embryonic pattern (Lemaitre et al, 2005). Where do CDKs come in? Recent
reports from our lab and others have found that in Xenopus egg extracts, cyclin-dependent kinases
control both the replication timing program (Thomson et al, 2010) and replication origin spacing
(Krasinska et al, 2008a). Taken together, these results suggest that CDK-mediated control of DNA
replication is different between early embryos and somatic cells, which presumably reflects a
different organisation of chromatin within the nucleus. However, although CDKs are required for
initiation of DNA replication in all eukaryotes, their general mechanism of action at this stage is not
clear. In the accompanying review, Gotoh et al describe the molecular regulation of CDK activity
by phosphorylation, dephosphorylation, degradation of the cyclin subunit and association with
inhibitor proteins (Gotoh et al., 2011). We will focus more on the downstream events which depend
on CDK activity.

3. Cyclin-Dependent Kinases and the control of initiation of DNA replication.

Initiation of DNA replication can be summarised as a series of sequential steps, in which DNA is
first "licensed" to replicate by the formation of pre-replication complexes (pre-RC), which are then
converted in a CDK-dependent manner to pre-initiation complexes (pre-IC) which unwind DNA,
and DNA polymerase loading and elongation ensue (Walter & Newport, 2000). However,
replication of single stranded DNA in egg extracts does not require these steps and can occur in the
absence of CDK activity (Blow & Laskey, 1986; Blow & Nurse, 1990) indicating that unwinding of
the double helix at replication origins is a rate-limiting step in DNA replication, at which CDKSs act.
Pre-RCs are formed by loading of the MCM2-7 heterohexamer, which has only limited intrinsic
helicase activity, onto origins containing the ORC1-6 complex, in a Cdtl and Cdc6-dependent
manner. To form a replicative helicase competent to unwind DNA processively requires association
of the GINS (Go Ichi Ni San) complex and Cdc45 with MCM2-7 (Pacek et al, 2006); figure 2),
mirroring the situation in yeast (Gambus et al, 2006). Several studies in yeast suggest how CDKs



can control this process (Masumoto et al, 2002; Tanaka et al, 2007; Zegerman & Diffley, 2007).
Two components of DNA replication complexes, Sld2 and SId3, which interact with the conserved
replication proteins Cdc45 and Cut5/TopBP1/Dpb11, were identified as CDK substrates whose
phosphorylation is essential for DNA replication. In the absence of CDK function, DNA replication
could initiate, using yeast genetics to bypass the requirements for phosphorylation of Sld2 and Sld3,
or with an activating mutation in the SId3 interacting protein Cdc45. However, replication in these
circumstances was inefficient, suggesting that whereas only two substrates might be indispensable,
other substrates are also involved in promoting replication efficiency. The functions of Sld2 and
SId3 are not known, and there are no clear structural homologues of SId2 and Sld3 in metazoans,
although, given that other replication-origin complex proteins are functionally conserved (Cdt1,
Cdc6, MCM2-7, Cdc45, GINS, MCM10, Cut5/TopBP1/Dpb11) they almost certainly exist. The
RecQ4 helicase, mutated in Rothmund-Thomson syndrome, and essential for DNA replication in
Xenopus egg extracts, has a small region of limited sequence homology to Sld2, but it does not
require CDK activity nor the Cut5 homologue to bind to chromatin (Matsuno et al, 2006; Sangrithi
et al, 2005). It is, however, highly phosphorylated in vivo, and can be phosphorylated in vitro by
CDKSs. Recent papers identified in Xenopus two new putative CDK substrates required for pre-1C
formation and DNA replication, Treslin and Gemc1l. Treslin binds to Cut5/TopBP1/Dpbll in a
CDK-dependent manner, and is essential for replication in Xenopus and cultured human cells, as it
allows Cdc45 recruitment to replication origins (Kumagai et al, 2010). Gemcl1 is a protein
containing Geminin-like coiled-coil domains, hence the name, and appears to serve a very similar
function to that reported for Treslin: Cdc45 loading (Balestrini et al, 2010). Gemc1 directly binds
Cut5/ TopBP1/Dpb11, Cdc45 and Cdk2-cyclin E, and, like Treslin, can be phosphorylated in vitro
by the latter. The respective roles of Treslin and Gemclare so far up for grabs, but a recent
bioinformatics paper reported that Treslin and SId3 homologues almost certainly share a common
ancestor, and may be functional homologues (Sanchez-Pulido et al, 2010). It remains possible that
in vertebrates, additional levels of control of replication by CDKs might be important, and
additional substrates required, to govern activation of origin clusters and control the replication
timing program.

One well known substrate of CDKSs in metazoans, whose phosphorylation is a pre-requisite
for the G;-S transition, is the retinoblastoma tumour suppressor, or pRb. The best known role of
this protein, and its “pocket-protein” relatives p107 and p130, is to inactivate E2F-mediated
transcription by formation of a direct repressive complex, in association with hborm/BRG-1
(Trouche et al, 1997). Many E2F targets are required for DNA replication, such as Cdtl (Yoshida
& Inoue, 2004), Cdc6, PCNA, RFC, polymerase alpha, MCMs 3,5 and 6, RPA, ribonucleotide
reductase, and so on (Ren et al, 2002). However, there is no transcription in Xenopus eggs or early
embryos, and all components required for replication are already present. Nevertheless, pRb may
have other functions repressive for DNA replication. In Xenopus egg extracts, addition of GST-
pRb directly blocks DNA replication via a direct interaction with MCM?7 which neutralizes helicase
activity (Pacek & Walter, 2004; Sterner et al, 1998), and this repressive function can be alleviated
by direct binding of Cyclin D1-CDK4 complexes (but not CDK2-cyclin E) (Gladden & Diehl,
2003). The same Rb-MCMY interaction, in somatic mammalian cells, is involved in TGF-betal-
induced late G1 arrest after pre-RCs have already formed, and may thus be a conserved and
physiologically relevant mechanism to regulate DNA replication in response to cell signalling
(Mukherjee et al, 2010). Finally, Rb recruits histone deacetylases to chromatin (Magnaghi-Jaulin et
al, 1998), providing a third potential mechanism of repression of DNA replication, either indirectly,
by further inhibiting E2F-dependent transcription, or perhaps, by more directly repressing formation
of replication origins. In metazoans, CDKSs therefore probably control initiation of DNA replication
not only by directly phosphorylating components of pre-ICs, but also by alleviating Rb-mediated
chromatin repression (figure 3).

4. Chromatin and replication control by CDKs



The consequences of chromatin organisation for replication initiation are not well
understood. Chromosomal DNA is highly organised, forming supercoils around nucleosomes,
which are themselves compacted into higher-order structures. Post-translational modifications of
core histones, including acetylation and phosphorylation, regulate nucleosome mobility and DNA
condensation. We have found in Xenopus that histone acetylases and CDKs act at the same point to
promote replication initiation, and their inhibition is synergistic in inhibiting DNA replication
(Krasinska et al, 2008b). These and other results suggest that CDKs are likely to phosphorylate
other substrates, possibly involved in chromatin remodelling to make DNA replication-competent.
Indeed, histone acetyl-transferase activity peaks at the G1/S transition in somatic cells, due to
CDK2-cyclin E-mediated stimulation of p300/CBP (Ait-Si-Ali et al, 1998), and anacardic acid,
which blocks p300, prevents DNA replication in Xenopus egg extracts (Krasinska et al, 2008b;
Lemaitre et al, 2005). Linker histone modifications might also control replication in a
developmentally regulated manner. In somatic cells, phosphorylation of the linker histone H1, the
archetypal CDK substrate, which binds linker DNA flanking the nucleosome core to stabilise
higher-order chromatin structure (Wolffe, 1997) is mediated by CDK2 during DNA replication,
promoting chromosome decondensation (Alexandrow & Hamlin, 2005). Whether or not CDK-
mediated phosphorylation of histone H1 is required for replication is not known. Nevertheless,
histone H1 is absent from chromatin in early development in Xenopus, with the embryonic histone
H1 variant B4 sunstituting (Smith et al, 1988). Introduction of histone H1-containing somatic
chromatin into an egg extract leads to replacement of H1 and the somatic H1 variant H1° by B4 and
HMG1, which have similar functions (Dimitrov & Wolffe, 1996; Nightingale et al, 1996). This
may have functional consequences for DNA replication, since addition of recombinant H1 to an egg
extract reduces replication origin firing (Lu et al, 1998). B4 does not contain any consensus sites for
phosphorylation by CDKs, whereas H1 contains five. Possibly, histone H1 might titrate CDK
activity; alternatively, by compacting chromatin, it might reduce accessibility of DNA to origin
components. CDKs are also required for replication-coupled histone H2B and H4 gene
transcription, which is essential for S-phase, by phosphorylation of the p220 NPAT transcriptional
activator (Ma et al, 2000; Zhao et al, 2000).

5. Functional redundancy of CDK-cyclin complexes, and its limits

Which CDKs are involved in the initiation of DNA replication? In metazoans, CDK2
clearly plays an important role in regulating the G1 to S-phase transition, and was originally
thought to be essential for DNA replication in Xenopus egg extracts (Fang & Newport, 1991). The
roles of CDK3, so far only described in mammals, are not clear, but while dispensable for the cell
cycle in mice, in some circumstances it may regulate entry into S-phase via phosphorylation of pRb
family proteins and promotion of E2F transcription (Hofmann & Livingston, 1996; Ren & Rollins,
2004). Mammalian CDK4 and CDKG6 phosphorylate the retinoblastoma family of tumour
suppressors, and can thus also control passage though the commitment point of serum-
independence in G1, and exit from the cell cycle (Sherr, 1995). In Xenopus, while CDK4 is
expressed later in development (Goisset et al, 1998), it is not clear whether any CDK4 protein is
present in early cell cycles, and a CDK6 homologue has not been identified. In vertebrates, many
cell types can proliferate in the absence of CDK2, due to compensation by CDK1 (Aleem et al,
2005; Hochegger et al, 2007; Ortega et al, 2003; Tetsu & McCormick, 2003). Indeed, it was
recently found that in mice, embryonic cells can proliferate in the simultaneous absence of CDK2,
CDK3, CDK4 and CDKG®, only CDK1 having cell-cycle functions that cannot be compensated for
by other CDKs (Santamaria et al, 2007). These recent results in animal cells are reminiscent of our
earlier studies in fission yeast, in which a single mitotic CDK-cyclin complex can promote both
DNA replication and mitosis (Fisher & Nurse, 1996). Even in Xenopus egg extracts, mitotic cyclin
B can promote DNA replication in the absence of the S-phase promoting cyclin E, providing a
nuclear-localisation signal is provided (Moore et al, 2003), suggesting that a CDK only has to be in
the right place at the right time to phosphorylate its substrates, providing it has similar substrate
specificity. The latter appears not to be a problem, which is not surprising given that CDK-




consensus sites are extremely simple (in most cases, a solvent-accessible SP or TP sequence
suffices). On the other hand, some cell types do require certain CDKs or cyclins in order to
proliferate, and individual CDK knockout mice reveal many pathologies. For example, CDK2-/-
mice are sterile, CDK4-/- mice are diabetic, and so on. This might reflect expression profiles of
CDKSs or cyclins within the particular tissue. For example, knockout of A-type cyclins in mice does
not affect fibroblast proliferation, and in this case, cyclin E expression becomes upregulated
throughout the cell cycle, but it does affect proliferation of embryonic stem cells and
haematopoietic stem cells, which normally have high cyclin A expression (Kalaszczynska et al,
2009). Conversely, deletion of both E-type cyclins in mice causes embryonic lethality due to
inability of placental trophoblast cells to endoreplicate (Geng et al, 2003), CDK2-cyclin A
apparently unable to substitute, whereas CDK2 deletion has no effect on these cells, suggesting that
differences between cyclin A and cyclin E are more important than differences between CDK1 and
CDKa2. Yet fundamentally, cyclin A and cyclin E can do the same things: in Xenopus egg extracts,
S-phase promoting activity can be provided by either cyclin A-CDK1 or cyclin E-CDK2, albeit
with different efficiencies (Strausfeld et al, 1996). Therefore, cyclin A and cyclin E associated
kinases are functionally redundant in some circumstances, but are required in certain specific
contexts, probably in part due to developmentally-regulated or tissue-specific expression profiles.
Differences in expression appear to explain why CDK1-cyclin E does not support normal meiosis in
mice, because even expression of CDK2 from the CDK1 locus cannot replace the endogenous
CDK2 gene for meiotic function (Satyanarayana et al, 2008). However, different CDK-cyclin
complexes probably have different kinetic parameters (affinity for substrates and catalytic activity)
- this is certainly true at least in yeast (Loog & Morgan, 2005). Because knock-in of CDK2 into the
CDK1 locus in mice cannot replace CDK1 function for the mitotic cycle (Satyanarayana et al,
2008) differences in_Kkinetic parameters between CDK2 and CDK1 must also exist, and have
important functional consequences. Therefore, functional redundancy has its limits.

By analogy with the situation in mammals, CDK2 might be expected to be dispensable per
se for DNA replication in Xenopus, although it was originally found to be essential (Fang &
Newport, 1991). Possibly, in Xenopus, CDK2 might be required for rapid DNA replication
occurring in egg extracts, reflecting the different organisation of DNA replication in the early
embryo, compared to somatic cells. We therefore recently reinvestigated whether CDK1 and
CDK2, and cyclin A and_cyclin E, are redundant in Xenopus egg extracts, an early embryonic
system, using single molecule DNA combing to investigate their respective influence on replication
origin organisation in Xenopus egg extracts. We found that CDK1-cyclin A actually is involved in
DNA replication even in the presence of CDK2-cyclin E; however, only very low CDK activities
(of either CDK1 or CDK?2) are sufficient to promote replication initiation, and there was an
important difference between CDK1 and CDK2 efficiency in promoting replication origin firing
(Krasinska et al, 2008a). CDK2-cyclin E is indeed rate-limiting for DNA replication in these
circumstances, as depletion of either subsunit reduced replication efficiency to around 30% of the
control. However, the remaining 30% replication was no longer dependent on CDK2, but, rather,
on CDK1. Depletion of either CDK1 or cyclin A, its main cyclin partner in extracts, slightly but
reproducibly delayed DNA replication in the presence of CDK2, and activity of this complex was
essential for DNA replication in the absence of CDK2. Surprisingly, however, at the level of
individual replication origins, the effects of depleting CDK1 or cyclin A ostensibly appear similar
to those of depleting CDK2 or cyclin E, in that the average inter-origin distance is approximately
doubled to between 40 and 50kb. This means that both CDK1 and CDK2 complexes stimulate
firing of individual replication origins, and do not compensate for each other at the individual origin
level. However, the main limitation of DNA combing is DNA breakage between replication
origins, with the average fibre length being around 100kb. Thus, many inter-origin distances cannot
be measured - those between external origins on each fibre. When the number of initiation events
per kb of DNA are calculated, irrespective of whether or not origins are present on combed fibres, it
can be seen that CDK2 and cyclin E are much more important than CDK1 and cyclin A. In other
words, replication origins are clustered, and both CDK1 and CDK2 affect the numbers of




replication origins within the cluster, whereas only CDK2 appears to be limiting for the number of
clusters firing (figure 4). This probably has something to do, firstly, with how replication origins are
organized within the nucleus, and secondly, with different efficiencies of CDK1 and CDK2 for
phosphorylating whatever substrates are required for activation of origin clusters.

Finally, CDKSs not only trigger origin activation, but they also prevent it. As reviewed by
Gotoh et al in the accompanying chapter (Gotoh et al., 2011), DNA replication must be limited to
once per cell cycle. This is partly achieved by control of Cdt1, which is exported from nuclei upon
origin firing (Maiorano et al., 2005) and is sequestered by geminin, making it limiting for
replication initiation, but also by high CDK activities preventing DNA replication licensing by
hyperphosphorylation of ORC and MCM proteins, inhibiting their binding to chromatin (Findeisen
et al., 1999; Mahbubani et al., 1997). Thus, the increasing CDK activity that occurs due to synthesis
of cyclin A and cyclin B during DNA replication provides a simple way of preventing rereplication
and ensuring the temporal separation of S-phase and mitosis.

6. Replication origin organisation, replication timing, and control by CDKSs.

How origins are organized into clusters, and the relationship of clusters to replication foci, is
something of a mystery. In Xenopus, replication foci, associated with large, megabase scale DNA
regions, colocalise from one cell-cycle to the next, even though individual replication origins do
not (Labit et al, 2008). In somatic cells, the pattern of replication foci changes throughout S-phase,
suggesting that early and late-replicating DNA is associated with different subnuclear structures. In
Xenopus, concommittant with changes in origin specification at the midblastula transition are
changes in attachment of DNA to the nuclear matrix (Vassetzky et al, 2000), which, as with
replication origins, changes from random to specific site attachment. This is too much of a
coincidence for the origin positioning not to be related to chromatin organisation at the structural
level. Although the nature of the nuclear matrix itself is debated, “anti-matrix™ proponents writing
off the visible skeleton seen on electron microscopy of matrix preparations as a precipitation
artefact of the extraction conditions (see (Pederson, 2000), the inference is that the internal structure
of the nucleus itself is different in early development prior to the midblastula transition. Indeed, the
length of replicons in early and later development correlates with the “halo” radius, ie the length of
chromatin loops between sites of attachment to the matrix (Lemaitre et al, 2005), suggesting that
replication origins might be located at the base of the loops and associated with the matrix, whether
or not the latter is soluble or filamentous. In early embryonic development, activation of origin
clusters appears to be the rate-limiting step for the overall speed of DNA replication, and the
inference from our results is that CDK1-cyclin A is simply less efficient at promoting this step than
CDK2-cyclin E. By analogy with yeast, in which different cyclin-CDK1 combinations have
different Michaelis constants (Km) for typical S-phase and M-phase substrates (Loog & Morgan,
2005), reflecting differential affinity of the protein substrate for one or other cyclins, | suggest that
the same is likely to be true for metazoan CDK-cyclin complexes. Potentially, therefore, early and
late-replicating origins could be preferentially controlled by different CDK-cyclin complexes,
reflecting their different organisation within the nucleus (figure 4). There has been some recent
evidence for this in somatic cells, with CDK1-cyclin A controlling firing of late origins, even in the
presence of CDK2 (Katsuno et al, 2009).

Although there is no obvious timing program of origin firing in early Xenopus development,
nevertheless, use of statistical methods demonstrates that clustering of origins occurs, that clusters
fire at different times even within the rapid S-phase of Xenopus egg extracts, and that cluster firing
and overall initiation rate is limited by the nuclear - cytoplasm ratio and a constitutively active S-
phase checkpoint (Blow et al, 2001; Marheineke & Hyrien, 2004). A more obvious timing program
can be reproduced in Xenopus egg extracts using somatic cell nuclei. In this case, the level of CDK
activity in the extract controls both the number of replication foci and the fraction of DNA
replicated early and late (Thomson et al, 2010). This again points to CDK requirements for
replication being related to the structural organisation of DNA within the nucleus.




7. CDK requirements for S-phase entry from a quiescent state

Assuming the above statement to be true, one might infer that nuclear substructure is different when
cells are already cycling (such as in early development in Xenopus), from when cells are in a
quiescent state (most of the cells, most of the rest of the time), because requirements for CDKSs to
replicate are different. Thus, cyclin E is dispensable for cell-cycling during the majority of early
development in mice, but is required for cells to enter S-phase from a quiescent state (Geng et al,
2003). This requirement was proposed to be independent of the ability of cyclin E to activate its
associated CDK, since cell-cycle entry could be rescued using a mutant cyclin E, apparently
incapable of activating CDK2 but which appears to link Cdt1 to the MCM helicase (Geng et al,
2007). Nevertheless, CDK requirements for initiating DNA replication appear to be vanishingly
low (Krasinska et al, 2008a) and we can detect basal CDK2 activity against histone H1 in the
complete absence of cyclins (CDK2 expressed and purified from in E.coli) providing it is
phosphorylated by CAK (unpublished data). Thus, it cannot yet be ruled out that cyclin E promotes
cell-cycle entry from a quiescent state by activating a CDK to low levels attainable even by mutant
cyclin E, or by cyclin-E dependent association of basal (ie cyclin-independent) CDK activity with
the correct substrates, and this is not normally required once cells are happily cycling. Could this be
because the nuclear structure is altered once cells become quiescent, and remodelling the nucleus to
make DNA competent to replicate requires particular CDK activities?

Whether or not this is the case, other CDK-dependent mechanisms operate during cell cycle
entry of quiescent somatic cells. In cycling mammalian cells, replication origins become licensed
(coincident with MCM loading onto chromatin) at the end of mitosis (Okuno et al, 2001), whereas
during cell-cycle exit, at least one protein required for licensing, Cdc6, is targeted for destruction by
APC/C, preventing inappropriate DNA replication. Stabilization of Cdc6 requires CDK-mediated
phosphorylation dependent on_cyclin E (whose degradation is promoted by an alternative ubiquitin-
ligase, SCF), and this is critical for forming pre-RCs and entering S-phase from quiescence
(Mailand & Diffley, 2005). Interestingly, if Cdc6 expression is restricted to G1, CDK activity
becomes essential for pre-RC formation in cycling cells. The inference is that CDK activity is
dispensable for pre-RC formation (indeed, it inhibits pre-RC formation) because pre-mitotically
stabilised Cdc6 is sufficient for pre-RC formation post-mitosis.

8. Conclusions

In summary, therefore, CDKSs probably control DNA replication at multiple steps, including
transcription, pre-RC formation, the pre-RC to pre-1C transition, chromatin remodelling and
regulation of higher order nuclear structure, depending on the cell-type and developmental context
(table 1). In a hypothetical ideal world, it should be possible to understand cell cycle control and the
relative contributions of different regulators, from a knowledge of interaction kinetics of all
different molecules. More realistically, we should at least be able to understand how different
CDKs are involved in cell cycle control, why some appear essential in some circumstances but not
others, and the consequences of using particular inhibitors, from analysis of kinetics of
phosphorylation of their substrates in a physiological context. To move towards this goal, it is
obvious that we first need to know what the substrates are, determine their kinetics of
phosphorylation by different CDKs, and study how CDK-mediated phosphorylation regulates their
function in a physiological system. The emerging picture is that the increasing diversity of
metazoan CDKSs and cyclins undoubtedly reflects the selective advantage from having CDK-cyclin
complexes with different affinities, which, while not essential in any given situation, may provide
for flexibility in replicating DNA at different speeds and different times.
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