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Phosphorylation of the Replicative Helicase by the S-phase Kinase, Dbf4-Cdc7, at
Origins of Replication in Saccharomyces cerevisiae

by

Laura I. Francis

Abstract

In eukaryotic cells, events such as DNA replication and mitosis must be carefully
coordinated in the cell cycle to ensure that the entire genome is duplicated before cells
undergo cell division. In particular, initiation of DNA replication occurs in two
temporally distinct steps, selection of sites of initiation (called origins) and activation of
these selected sites. Selection of origins occurs in late M- and early G1-phase and is
mediated by the origin DNA-binding protein called the Origin Recognition Complex
(ORC). ORC recruits several proteins to the DNA, including the Mcm2-7 replicative
helicase, to form the pre-Replicative Complex (pre-RC). Origins are activated by
recruitment of other initiation factors to the pre-RC to form the pre-Initiation Complex
(pre-IC) and this event requires two kinases, Cyclin Dependent Kinase (CDK) and Dbf4-
Dependent Kinase, Dbf4-Cdc7 (DDK). These events lead to activation of the Mcm2-7
helicase and recruitment of DNA synthesis machinery

The S-phase kinase, DDK, phosphorylates the Mcm2-7 helicase, and is thought to
be required either for helicase activation or for recruitment of pre-IC factors (or both).
To gain a better mechanistic understanding of the role of DDK in initiation, we
developed a biochemical assay to examine the DDK phosphorylation of pre-RC-linked
Mcm2-7 complex. We found that DDK specifically targets the MCM complex and is
recruited to the origin by the MCM complex. DDK preferentially phosphorylates the
MCM complexes most tightly linked to the DNA. Moreover, prior phosphorylation of
the MCM complex is required for DDK binding to, and phosphorylation of, the MCM
complex suggesting that another, as yet unknown kinase, is also required to initiate DNA
replication.

To further understand the multiple phosphorylation events that may be required for
activation of the helicase, phosphorylation sites were mapped on pre-RC-linked MCM
complexes. Each phosphorylated MCM subunit contained both DDK-dependent and -
independent phosphorylation sites except Mcm5. In sum, the work described herein
provides a model for how DDK specifically targets those MCM complexes taking part in
DNA replication. Moreover, this work provides a stepping off point for many future
mechanistic studies to understand the role of DDK, and other kinases, in initiation of
DNA replication.

Thesis Supervisor: Stephen P. Bell
Title: Professor of Biology
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Chapter 1

Introduction



Overview

Each time a cell divides it must carefully coordinate cellular events to ensure that
the entire genome is duplicated before cells undergo chromosome segregation. Cells
employ many methods to control the cell cycle, including regulation of protein synthesis,
degradation, and phosphorylation. Of these, protein phosphorylation has the advantage
that it can rapidly change the function of existing proteins. The added phosphates can
alter protein function in many ways, such as altering protein conformation or creating a
new protein binding site. Kinases are the primary triggers driving the G1- to S-phase
transition in eukaryotic cells. In S. cerevisiae, the transition from G1- to S-phase, and the
concomitant activation of replication origins, is coordinated through the action of two S-
phase kinases, the Cyclin-Dependent Kinase, C1b5/Clb6-Cdc28 (CDK) and Dbf4-
dependent kinase, Dbf4-Cdc7 (DDK) (Bell and Dutta, 2002).

Initiation of DNA replication is divided into two temporally distinct events:
selection of sites of initiation and activation of those selected sites. In G1-phase of the
cell cycle, before CDK and DDK are active, sites of initiation (also called origins of
replication) are selected by the formation of pre-Replicative Complexes (pre-RCs)
(Takeda and Dutta, 2005). This process begins with the recognition of each origin of
replication by the eukaryotic initiator protein, the Origin Recognition Complex (ORC),
which is constitutively bound to origin DNA in S. cerevisiae. In late M-phase and early
G1-phase, ORC recruits Cdc6, Cdtl and together these three proteins load the Mcm2-7
replicative helicase onto the origin DNA (Mendez and Stillman, 2003). At the G1-to S-
phase transition, CDK and DDK activities are activated, leading to activation of existing
pre-RCs by the coordinated action of the two kinases. CDK and DDK activate pre-RCs
by modifying components of the pre-RC and by modifying and recruiting a variety of
additional replication initiation proteins. Together, these events lead to the formation of a
pre-initiation complex (pre-IC). Formation of the pre-IC activates the Mcm2-7 DNA
helicase causing unwinding of the origin DNA. The resulting single-stranded DNA
(ssDNA) facilitates the recruitment of DNA polymerases and polymerase-accessory
factors resulting in the formation of a pair of bi-directional replication forks (Bell and
Dutta, 2002).



Cdc7 and its activating subunit, Dbf4, were discovered in genetic screens for genes
involved in cell cycle progression (Masai and Arai, 2002). The Cdc7 kinase activity is
dependent upon the cyclical appearance of Dbf4, akin to the dependence of CDK activity
on the cyclins. Dbf4 protein levels are controlled by regulated proteolysis in late M- and
early G1-phase, with Dbf4p appearing in late G1-phase and peaking in S-phase. Cdc7
kinase activity coincides with the cyclical appearance of the Dbf4 protein levels, also
peaking in S-phase. Dbf4-Cdc7 appears to be required at individual origins as they
initiate during S-phase (versus being a global activator at the G1-S transition) (Bousset
and Diffley, 1998; Donaldson et al., 1998). Consistent with this mechanism of action,
DDK is recruited to origins of replication during S-phase, although the mechanism of this
recruitment remains unclear (Jares and Blow, 2000; Walter, 2000).

The Mcm2-7 complex is the most important, if not the only, substrate of the Dbf4-
Cdc7 kinase. This hypothesis is supported by both in vivo and in vitro evidence. In vivo,
an allele of MCM5 (mcmS5-bobl1) has been identified that bypasses the requirement for
Cdc7 and Dbf4 (Hardy et al., 1997). In vitro experiments with individual MCM subunits
show that DDK can phosphorylate all of the MCM subunits except for Mcm5 (Weinreich
and Stillman, 1999). These data lead to the hypothesis that the point mutation in the
mcm5-bob1 allele causes a conformational change in the MCM complex that mimics a
possible conformational change brought about by DDK phosphorylation of other subunits
in the wild-type MCM complex. DDK-dependent phosphorylation has been observed for
Mcm4, and this phosphorylation preferentially targets chromatin associated MCM
complexes (Masai et al., 2006; Sheu and Stillman, 2006). Experiments with purified
human Mcm2-4-6-7 subcomplex suggest Mcm2, 4 and 6 are targets (Masai et al., 2000).
Although both approaches strongly support the MCM complex as a DDK target, there is
conflicting in vivo and in vitro data as to which MCM subunits are phosphorylated by
DDK. Despite this, the most compelling data suggests Mcm2, Mcm4 and Mcm6 as the
most likely DDK targets (Masai and Arai, 2002).

The consequences of DDK phosphorylation of the MCM complex are poorly
understood. One hypothesis is that phosphorylation effects a conformational change in
the Mcm2-7 complex that activates its helicase activity (Sclafani, 2000). Another
hypothesis is that phosphorylation leads to binding of additional factors to the Mcm2-7



complex that activate its helicase activity. In support of the latter hypothesis, the purified
Mcm?2-7 complex has little helicase activity in biochemical assays; however, a complex
of Cdc45, GINS and Mcm?2-7 purified from Drosophila egg extracts was shown to have
helicase activity (Moyer et al., 2006). Importantly, Cdc45 binding to chromatin requires
DDK function (Zou and Stillman, 1998), and Cdc45 has been shown to bind the MCM
complex (Hopwood and Dalton, 1996; Zou and Stillman, 1998, 2000), therefore it is
thought that DDK phosphorylation of the MCM complex leads to Cdc45 binding to the
MCM complex.

This thesis focuses on the mechanisms of DDK binding to, and targeting of, DNA-
bound Mcm2-7 complexes. To understand how the cell controls these events, I have
taken a biochemical approach using pre-RCs purified from G1 extracts as the substrate in
DDK kinase assays. I have determined which components of the pre-RC are modified by
DDK in this context and which components of the pre-RC are important for recruiting
DDK. Most interestingly, my studies show that, as is thought to occur in vivo, DDK
preferentially targets a specific DNA-linked population of MCM complexes and suggest
a mechanism for this targeting. To further understand how DDK and other kinases
trigger initiation of DNA replication, I have collaborated with a post-doc in the lab, John
Randell, to map the sites of Mcm2-7 phosphorylation. Using mass spectrometry we have
identified the sites of Mcm2-7 phosphorylation before and after DDK phosphorylation.
Our studies reveal that DDK specifically targets the N-termini of the Mcm2, Mcm4 and
Mcmb6 subunits. Moreover, we identify several classes of DDK-independent target sites
that occur . In this introduction, I will review the events and proteins necessary for
initiation of DNA replication, with a special emphasis on the function of DDK and the

Mcm?2-7 complex.

Origins of DNA replication

Under most circumstances, DNA replication initiates from specific sites on a
chromosome. Many bacteria with smaller genomes contain only one site of initiation. In
contrast the larger genomes of eukaryotes demand a more distributive approach to
replication initiation. These organisms have many origins on each chromosome. In the

case of S. cerevisiae, the organism studied in this thesis, replication initiates from about
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300 different sites to ensure that the entire genome is duplicated within the required
amount of time (Nieduszynski et al., 2007). Moreover, not all origins initiate at the same
time in early S-phase; instead, initiation is distributed temporally throughout S-phase,
with specific origins initiating at characteristic times during each S-phase.

In budding yeast, origins of replication were originally identified as Autonomously
Replicating Sequences, or ARSs (Stinchcomb et al., 1979). These sites were identified
on the basis of their ability to confer stable replication to plasmids lacking an origin of
replication. Subsequent studies found that the majority of ARS elements acted as origins
in the chromosome as well (Raghuraman et al., 2001). A typical yeast origin contains
several functional domains. The A element is defined by an 11-bp A/T-rich consensus
sequence, also known as the ARS consensus sequence (ACS) (Broach et al., 1983). The
ACS is the binding site for the initiator protein, the Origin Recognition Complex (ORC,
see below) and is essential for origin function (Bell and Stillman, 1992; Marahrens and
Stillman, 1992). Adjacent to the A element is the B-region of the origin which is
typically composed of two to three smaller elements, depending on the origin. One of the
most studied origins, ARS/, contains three smaller domains within the B element: B1, B2
and B3 (Marahrens and Stillman, 1992).

Although the sequence of these elements is not well conserved, these elements are
functionally conserved between origins as they can be substituted for one another.
Importantly, deletion of any of these smaller domains causes reduced origin function and
removal of the entire B region eliminates initiation of replication. The B1 element is
most proximal to the ACS and is known to stabilize ORC binding to the A element (Rao
and Stillman, 1995). In contrast, the B2 element is important for recruitment of the
Mcem2-7 complex to the origin (Lipford and Bell, 2001; Wilmes and Bell, 2002; Zou and
Stillman, 2000). The B3 element is the binding site for the transcription factor Abf1
(Diffley and Stillman, 1988). It is not well understood what role Abfl plays in DNA
replication initiation and this element is not found at all origins, but one likely function is
to facilitate the formation of a nucleosome-free region at the origin (Lipford and Bell,
2001). Genome-wide studies of nucleosome positioning show that origins are always

found within a nucleosome free region of DNA (D. MacAlpine pers comm).
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The Pre-Replicative Complex

As mentioned in the overview, the first step in initiation of DNA replication is the
selection of the DNA sites that will act as origins of replication. This process requires the
formation of a complex of proteins termed the pre-Replicative Complex (pre-RC) at each
origin (Fig. 1). ORC, which is bound to DNA throughout the cell cycle, recruits the other
pre-RC proteins during late M- and early G1-phase when CDK activity is low (see
“CDK” section below). Cdc6 recruitment by ORC is required for subsequent recruitment
of Cdtl and the Mcm2-7 replicative helicase to the DNA. Both ORC and Cdc6 are
members of the AAA+ family of ATPases and ATP hydrolysis by these two proteins
catalyzes distinct steps in pre-RC formation (Bowers et al., 2004; Randell et al., 2006)
(see below for details). Because pre-RC formation directs the Mcm2-7 helicase onto the
origin DNA, pre-RC formation is the helicase loading event for eukaryotic cells. In
addition, genome-wide analysis of pre-RC formation shows that pre-RCs mark all
potential origins of DNA replication (Wyrick et al., 2001). Below, I will discuss in more
detail how each of the pre-RC proteins contributes to pre-RC formation with particular
attention on how ATP binding and hydrolysis contributes to MCM association with the
DNA.

ORC

The Origin Recognition Complex is a six-subunit, highly conserved protein
required for initiation of DNA replication in all eukaryotes tested. In S. cerevisiae, ORC
binds DNA in a sequence specific manner at sites called the ARS consensus sequence
(ACS - see above) and is required to recruit all other members of the pre-RC to the DNA
(Bell and Dutta, 2002). ORC must bind ATP to interact with origin DNA in a sequence
specific manner (Klemm et al., 1997). Moreover, the rate of ATP hydrolysis by ORC is
reduced when ORC is bound to origin (but not non-origin) DNA. Three subunits in
ORC, Orcl, Orc4 and Orc5 are clear members of the AAA+ family of ATPases and Orc2
and Orc3 are proposed to be more distantly related to this class of proteins (Erzberger and
Berger, 2006). Mutational analysis of the ATP binding motifs of these three subunits
indicates that only Orcl and Orc5 bind ATP. In vivo, mutation of the Orc1 ATP binding

11



Figure 1.

Mcm2-7 = Associated Mcm2-7 = Loaded

Figure 1. A Model for Mem2-7 Loading by the ORC and Cdc6 ATPases. ATP bound ORC first binds origin DNA. Cdc6 then binds ORC and
ATP. Cdtl and Mcm2-7 (possibly as a complex) associate with ORC and Cdc6 at the origin. ATP hydrolysis by Cdc6 leads to the loading of
Mcm2-7 complexes on DNA and the release of Cdtl from the origin. Cdc6 association is destabilized by Cdc6 ATP hydrolysis. ATP hydrolysis by
ORC completes the Mcm2-7 loading reaction allowing further rounds of Mcm2-7 loading. (Randell et al., 2006)
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site is lethal whereas mutation of the Orc5 ATP binding has no effect on cell division or
ORC function. Consistent with the more important role of the Orcl ATP binding site in
vivo, in vitro studies show that the Orcl ATP binding site controls the ATP-dependence
of ORC DNA binding and is solely responsible for ORC ATP hydrolysis (Klemm et al.,
1997).

In vitro studies have shown that ORC ATP hydrolysis is required for a discrete step
in pre-RC formation. Normally, multiple McM complexes are loaded onto DNA during
the pre-RC assembly reaction. However, if ORC is allowed to bind but not hydrolyze
ATP during pre-RC formation, the resulting pre-RC complexes contain only a single
loaded Mcm2-7 complex (Bowers et al., 2004). This finding indicates that the ability to
load multiple Mcm2-7 complexes at the origin requires ORC ATP hydrolysis. These
findings have led to the hypothesis that ATP hydrolysis by ORC is required to reset the
pre-RC assembly machinery to a starting state. Once reset, the process of loading
additional Mcm2-7 complexes at the origin can begin (Fig 1). Consistent with this
hypothesis, the Mcm2-7:ORC ratio on chromatin in vivo has been shown to be much
greater than 1:1 in all organisms tested. Indeed, although two Mcm2-7 complexes would
seem to be adequate for each origin to generate a bidirectional pair of replication forks,
the ratio of ORC:Mcm2-7 complexes is more typically >8:1 (Takahashi et al., 2005). It
is not clear as to why more MCM complexes are loaded onto chromatin than should
theoretically be needed, however, recent studies have suggested that the extra MCM
complexes may be useful in dealing with replication stress such as inhibition of
replication or DNA damage (see the “Mcm2-7” section below for further discussion) (Ge

et al., 2007; Woodward et al., 2006).

Cdc6

Cdc6 is a second AAA+ ATPase required for pre-RC formation. Cdc6 association
with origin DNA is dependent on ORC and binding to ORC induces substantial changes
in Cdc6 activity. On its own, Cdc6 neither binds nor hydrolyses ATP. Instead, Cdc6 can
only bind and hydrolyze ATP in the presence of ORC bound to origin DNA (Randell et
al., 2006). Given that ATP binding and hydrolysis is critical for Cdc6 function (see
below), the requirement of origin-bound ORC to activate Cdc6 for ATP binding and

13
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hydrolysis creates a mechanism to prevent Cdc6 from acting away from the origin. Just
as ORC ATP hydrolysis is not required for DNA binding, ATP hydrolysis by Cdc6 is not
required for Cdc6 association with ORC (Mizushima et al., 2000; Randell et al., 2006).
Once bound to ORC, Cdcé6 is required to recruit Cdtl and the Mcm2-7 complex to the
origin.

Studies of pre-RC assembly show that ATP hydrolysis by Cdc6 is required for the
Mcm?2-7 complex to reach a state in which it associates with DNA independently of other
pre-RC assembly factors (Randell et al., 2006) (Fig 1). In the absence of Cdc6 ATP
hydrolysis, Mem2-7 complexes are recruited to the origin DNA but the resulting
association requires the continued association of ORC and Cdc6 with the origin DNA. If
ORC and Cdc6 are removed from the DNA (e.g. by extraction with 0.5 M NaCl) at this
stage, Mcm2-7 association with the origin is also lost. In contrast, if Cdc6 is allowed to
hydrolyze its associated ATP, the association of the Mcm2-7 complex with origin DNA
no longer requires the continued presence of ORC, Cdc6 or Cdtl. At this stage the same
high-salt extraction removes ORC, Cdc6 and Cdtl but the Mcm?2-7 complex remains
bound to the DNA. Importantly, in vivo experiments indicate that pre-RC associated
Mcm?2-7 complexes associate with origins in a manner that is independent of ORC and
Cdc6 (Jares and Blow, 2000). These data indicate that ORC, Cdc6 and Cdtl are Mcm2-7
loading factors but are not required to maintain Mcm2-7 association with the origin after
loading is complete. This is consistent with studies indicating that ORC and Cdc6 are not
required for the events of replication initiation that occur after pre-RC formation (Hua

and Newport, 1998; Rowles et al., 1999).

Cdtl

Cdt1 is recruited to the origin by ORC and Cdc6 and is required for the initial
association of the Mcm2-7 complex with the origin. Studies in several organisms suggest
that ORC and Cdc6 recruit Cdtl, as inactivation or depletion of Cdtl does not affect ORC
and Cdc6 binding to the origin (Devault et al., 2002; Maiorano et al., 2000; Nishitani et
al., 2000). Consistent with the hypothesis that Cdt1 is directly involved in recruiting the
MCM complex to the pre-RC, Cdtl has been shown to interact with the MCM complex
in many organisms (Cook et al., 2004; Gopalakrishnan et al., 2001; Tanaka and Diffley,

14



15

2002). Moreover, in S. cerevisiae, Cdt]l and the MCM complex arrive at the origin at the
same time (Randell et al., 2006), and Cdt] and the MCM complex are dependent upon
one another for localization to the nucleus (Tanaka and Diffley, 2002). Similarly, in
Xenopus egg extracts Cdtl associates with the origin after Cdc6 recruitment (Tada et al.,
1999; Tsuyama et al., 2005) but either before or simultaneously with Mcm2-7. Together
these data suggest that Cdtl acts as a chaperone for the MCM complex. In S. cerevisiae,
although Cdt1 is required for pre-RC formation, it is not a stable component of the pre-
RC. Invitro pre-RC assembly assays show that Cdc6 ATP hydrolysis releases Cdtl from
the DNA, as Cdtl becomes more stably associated with the pre-RC in a Cdc6 ATP
hydrolysis mutant (Randell et al., 2006). Similarly, addition of ATP-y-S (a non-
hydrolyzable form of ATP) to Xenopus egg extracts stimulates the association of Cdtl
with chromatin (Gillespie et al., 2001).

Mcm2-7

The Mcm?2-7 complex is the replicative helicase in eukaryotes. It is a six subunit
protein complex, with all six subunits containing a highly related, central AAA+ ATPase
motif and an OB-like fold domain (typically a single-stranded DNA binding motif) (Tye,
1999) (Fig 2). Interestingly, despite the high similarity of this central region, each
individual MCM protein (e.g Mcm4) is more closely related to the same MCM subunit in
another species than it is to the different MCM subunit (e.g. Mcm6) from the same
species. This conservation allows the identification of Mcm2-7 orthologs in all
eukaryotic species analyzed.

Structural studies of MCM complexes suggest that it adopts a hexameric ring-like
structure (Fig 3). These studies are most evolved for the archaeal homologs of the
Mcm?2-7 complex. Archaeal MCM complexes are formed from a single MCM-related
protein that forms a double hexamer with easily detectable helicase activity. A crystal
structure of the N-terminal half of an archaeal MCM complex revealed a hexameric
complex with a positively charged central channel large enough to accommodate either
single-stranded- or double-stranded DNA (Fletcher et al., 2003). EM studies of the
whole protein from the same organism also showed a hexameric complex (Pape et al.,

2003) and EM studies with eukaryotic Mcm2-7 indicate that these heterohexamers form a

15
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Figure 2. Location of conserved domains in S. cerevisiae Mcm2-7 proteins. The subunits are aligned according to where the AAA+
motif begins. The sizes of the Mcm subunits and conserved domains are to scale.



Figure 3.
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Figure 3. Three-dimensional reconstruction of MtMCM at 23-A resolution. A surface representation including 100% of the expected
volume of the electron density obtained from the three-dimensional reconstruction of the MtMCM complex is shown in different orientations.
The overall dimensions for the complex are given. The protein monomers assemble into a hexameric ring around a wide central channel, with
a clear asymmetry between the top and bottom views. A side view has been cut open to reveal the large central chamber and the channel
spanning the entire length of the molecule. (Pape et. al., 2003)
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ring-like structure as well (Adachi et al., 1997; Bochman and Schwacha, 2007; Sato et
al., 2000).

A lack of in vitro helicase activity of purified Mcm2-7 complex confounded the
field of replication for many years. Several studies suggest that all six subunits are
required in vivo. For example, studies of mutations in the ATPase domains in each of the
six subunits indicate that all of the subunits are required for viability and S-phase
progression (Schwacha and Bell, 2001). A subcomplex of Mcm2-7 consisting of Mcm4,
Mcmé6 and Mcm7 (Mcm467) does display helicase activity and it was thought that this
subset of the Mcm2-7 complex might be the replicative helicase in vivo (Aparicio et al.,
2006), with Mcm2, 3 and 7 playing a regulatory role in initiation. However, the all six
MCM subunits are loaded onto origins in G1 and move with replication forks in S-phase
(Aparicio et al., 1997). Moreover, experiments using rapid degradation of Mcm?2-7
subunits in S-phase have shown that all six subunits are required for elongation (Labib et
al., 2000), suggesting that the full Mcm2-7 complex is the replicative helicase in vivo.
More recent experiments described in the next paragraph have finally demonstrated
helicase activity in vivo with the Mcm2-7 complex. Further studies with mutations in the
ATPase domains of Mcm?2, 3 and 5 suggest that these subunits may play a role in
controlling helicase function by regulating the association of the MCM complex with the
DNA (Bochman and Schwacha, 2007).

Although in vivo studies support the idea that the Mcm2-7 complex is the
replicative DNA helicase, only more recently has the Mcm2-7 complex been shown to
have helicase activity in vitro. The Drosophila Mcm2-7 complex shows robust helicase
activity if it is associated with two additional initiation factors, Cdc45 and GINS, both of
which bind to the pre-RC as cells enter S-phase (Moyer et al., 2006). Interestingly,
Cdc45 and GINS both have been shown to travel with the replication fork during DNA
replication (Calzada et al., 2005; Kanemaki and Labib, 2006), suggesting that these two
proteins activate the Mcm2-7 helicase. Recent biochemical studies with purified S.
cerevisiae Mcm2-7 complex suggest that there is a “gate” between Mcm2 and McmS3 that
regulates helicase loading onto DNA (Bochman and Schwacha, 2008). Importantly,
conditions that are predicted to close this proposed gate also allow purified Mcm2-7

complexes to exhibit DNA helicase activity. These data suggest that the MCM helicase

18



19

activity is regulated at least partly by conformational changes and that binding of Cdc45
and GINS hold the Mcm?2-7 complex in an active form.

Although structural studies suggest that the central channel of the MCM complex is
purported to be large enough to encircle single- or double-stranded-DNA (Fletcher et al.,
2003; Pape et al., 2003), it is not known how the MCM complex encircles the DNA at
different stages of the cell cycle. The E. coli helicase, DnaB, translocates along single-
stranded DNA, thus it was widely assumed that the eukaryotic helicase does so as well
(Kaplan et al., 2003). However, EM and in vitro helicase studies suggest that SV40 T-
antigen helicase forms a double hexamer, binds duplex DNA and extrudes single-
stranded DNA from the interface of the two hexamers (Takahashi et al., 2005).

Similarly, studies of the Mcm467 helicase and DnaB show that both proteins can move
along double stranded DNA in a directional manner (Kaplan et al., 2003; Kaplan and
O'Donnell, 2004). In contrast, studies of the E1 DNA helicase strongly support a model
in which ssDNA is present in the central channel during helicase activity (Enemark and
Joshua-Tor, 2006). Finally, it is worth noting that there is no evidence that origin DNA is
unwound during pre-RC formation, suggesting that either the MCM complex is tightly
bound to DNA (even at 0.5 M NaCl) through a DNA binding site outside of the central
channel or that the MCM complex encircles dsDNA at this stage.

As mentioned in previous sections, association of the MCM complex with the DNA
depends on ORC, Cdc6, and Cdtl1. It is thought that these proteins act as a “helicase
loader”, akin to the sliding clamp loaders required for assembly of DNA sliding clamps
(e.g. PCNA) onto DNA (Perkins and Diffley, 1998; Randell et al., 2006). Consistent
with this hypothesis, several ORC subunits and Cdc6 have sequence and structural
similarity to subunits of clamp loaders (Perkins and Diffley, 1998). Like the multiple
AAA+ subunits of sliding clamp loaders, it has been proposed that ORC and Cdc6 come
together to form a helicase-loading machine. Detailed mechanistic studies of ORC and
Cdc6 ATP hydrolysis in S. cerevisiae suggested a hypothesis for how the ORC/Cdc6
clamp loader may work (also see ORC and Cdc6 sections). In this model, ORC and Cdc6
(with the assistance of Cdtl) recruit the MCM complex without hydrolyzing ATP. Cdc6
ATP hydrolysis is required for the MCM complex to encircle the DNA. ORC ATP
hydrolysis is proposed to act downstream of Cdc6 ATP hydrolysis to release the recently
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assembled Mcm2-7 complex and allow for a new round of MCM complex loading to
begin (Randell et al., 2006)(Fig 1).

Interestingly, studies in both S. cerevisiae and in Xenopus suggest that more MCM
complexes are loaded at onto DNA than are theoretically needed (i.e. only two per origin
should be needed for formation of bidirectional replication forks) (Bell and Dutta, 2002).
Moreover, studies in Xenopus egg extracts show that efficient replication can occur even
if the number of MCM complexes is reduced. It is not currently understood why so many
MCM complexes are loaded onto DNA, however, recent studies suggests that they may
be needed in times of replication stress (Ge et al., 2007; Woodward et al., 2006). For
example, when aphidicolin is used to inhibit active replication in Xenopus egg extracts,
normally dormant origins can be used to initiate DNA replication. Furthermore,
decreasing the number of available MCM complexes on the DNA increases the amount
of DNA replication inhibition caused by replication inhibitors such as aphidicolin or
Actinomycin D. These data suggest that the role of excess MCM complexes may be to

help cells recover from replication inhibition or other replication stresses.

The Pre-Initiation Complex

After origins are selected by pre-RC formation, the assembly of additional
replication factors at the G1 to S transition is required to activate DNA unwinding at the
origin (Labib and Gambus, 2007). The proteins required for this event are called the pre-
initiation complex (pre-IC) and its formation requires the actions of the two S-phase
kinases, CDK and DDK (Fig 4). Pre-IC components can be divided into two classes:
those that are required for both initiation and replication fork progression (and hence are
destined to be components of the replication fork) and those that are required for
initiation but are not required for replication fork progression.

Compared to the mechanistic understanding of pre-RC formation, much less is
known about the formation of the pre-IC. The two S-phase kinases, CDK and DDK, both
are required for association of pre-IC factors, however, how these kinases control the
association of pre-IC components is less clear. Furthermore, efforts to purify pre-

initiation complexes or to reconstitute their formation have yet to be successful, making
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Figure 4. Major events during the initiation of chromosome replication in budding yeast. The origin becomes ‘licensed’ for replication during G1 phase by loading of
inactive MCM complexes at origins to form pre-RCs. As cells enter S phase, CDK phosphorylates S1d2 and S1d3 (phosphorylations shown in red), which can then bind to
Dpb11 and promote loading of other factors, such as GINS, Cdc45 and DNA polymerase by a mechanism that has yet to be determined. The Cdc7 kinase is also required for
this step (phosphorylations shown in yellow), and MCM is a major target (probably the Mcm2, Mcm4 and Mcm6 subunits). The combined action of CDK and Cdc7 results
in the formation of an active MCM complex associated with Cdc45, GINS and other factors. Note that other important proteins such as Mcm10 have been omitted from this

scheme for the sake of simplicity, and the precise order of events might differ somewhat between early and late origins. Abbreviations: ORC, origin recognition complex; P,
phosphate. (Labib and Gambus, 2007)
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analysis of pre-IC formation more difficult to achieve. Nonetheless, I will provide an
overview of the current model of pre-IC formation and then will discuss each of the pre-
IC protein factors in more detail and how CDK and DDK are involved in controlling the
association of these proteins.

The current working model for pre-IC formation begins with mutually dependent
association of Sld3 and Cdc45 with the origin (Labib and Gambus, 2007) (Fig 4). Cdc45
has been shown to associate with the MCM complex, and SId3 binds to Cdc45. Sl1d3
probably then recruits Sld2, and CDK phosphorylation of these two proteins recruits
another protein, Dbp11. Importantly, Dpb11 interacts with DNA Pol € and is thought to
facilitate the recruitment of this polymerase to the origin. GINS, which was introduced
earlier as a possible accessory factor of the MCM helicase, is recruited to the origin by
S1d3, and GINS association with the origin causes Cdc45 to bind more tightly to the
MCM complex. Based on observations that helicase activity can be detected when the
Mcm2-7 complex co-purifies with Cdc45 and GINS, it is proposed that the recruitment of
these two proteins to the origin is the critical event required to activate the Mcm?2-7
helicase completing pre-IC formation.

CDK and DDK are proposed to exert their control over DNA replication initiation
by directly phosphorylating the MCM complex (DDK) and Sld2 and S1d3 (CDK) and
thereby influencing the recruitment of Sld2, S1d3, Dpb11, Cdc45 and GINS to the origin
(Labib and Gambus, 2007). Cdc45 binding to the origin requires DDK activity, and it is
thought that this effect is mediated through DDK phosphorylation of the MCM complex.
CDK phosphorylation of Sld2 and SId3 are required for Dpb11 association with the
origin, however there is evidence that SId3 associates with the origin first and recruits
S1d2 and Dpbl11 (via CDK phosphorylation). Association of GINS with the origin
requires both CDK and DDK activity, though this is probably through CDK
phosphorylation of Sld3 and DDK-mediated Cdc45 binding to the MCM complex.
Moreover, tight association of Cdc45 with the origin requires CDK activity, but this
again could be an indirect consequence of the phosphorylation of SId3 and the
subsequent recruitment of GINS.

One other protein, called Mcm10, has been shown to be involved in both initiation

and replication fork progression. The role of Mcm10 in initiation and replication fork
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progression has been somewhat controversial. Mcm10 interacts with the MCM complex
and is required for Cdc45 association with the origins (Maiorano et al., 2006). However,
more recent studies suggest that a second critical role of Mcm10 in DNA replication is to
stabilize the interaction of pola/primase with the DNA (Ricke and Bielinsky, 2004,
2006).

As mentioned previously, some initiation factors are required for both initiation and
for replication fork progression. These initiation factors are Mcm10, Cdc45, GINS and
the MCM complex. Interestingly, other than Mcm10, these proteins (Cdc45, GINS and
the MCM complex) are involved in active helicase complex formation (Aparicio et al.,
2006). The role of Mcm10 in initiation of replication fork progression may be two-fold:
aiding the formation of the active helicase by helping to recruit Cdc45, and stabilizing the

association of polo/primase with the DNA (Maiorano et al., 2006).

Sld2 and S1d3

The SId genes were identified in a screen for genes that are synthetically lethal
with a mutation in DPBI1 (dpbl1-1) (Kamimura et al., 1998). SId2 and Sld3 are
required for initiation of replication. Sld3 binds to the origin before SId2 and both
proteins are phosphorylated by CDK. In their phosphorylated form SId2 and S1d3 bind
and recruit Dpb11 to the pre-IC (Tanaka et al., 2007; Zegerman and Diffley, 2007). Sld3
physically interacts with Cdc45 (Kamimura et al., 2001; Tanaka et al., 2007), and Psf1 (a
member of GINS) (Takayama et al., 2003), and facilitates the recruitment of both

proteins to the pre-IC.

GINS

The Go-Ichi-Ni-San (GINS) complex is the most recently identified component of
the replisome and is required both for initiation of replication and for DNA replication
progression (Labib and Gambus, 2007). The genes that encode the GINS proteins were
each uncovered in other genetic screens and are called S1d5, Psf1, Psf2 and Psf3 (Go-
Ichi-Ni-San is from the Japanese words for five-one-two-three). GINS was initially
discovered in S. cerevisiae (Takayama et al., 2003) and Xernopus (Kubota et al., 2003),

however orthologs have been found in many other organisms, including fission yeast (S.
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pombe) (Gomez et al., 2005; Yabuuchi et al., 2006), mice (Kong et al., 2006; Ueno et al.,
2005), humans (De Falco et al., 2007) and archaea (Marinsek et al., 2006). In S.
cerevisiae, GINS is recruited to origins of replication at the time of initiation at each
origin (Takayama et al., 2003). In S. cerevisiae and S. pombe, S1d3 is required to recruit
GINS to the origin (Takayama et al., 2003) and GINS association with the origin is
required for stable association of Cdc45 with the MCM complex (Kubota et al., 2003;
Yabuuchi et al., 2006). Moreover, the loading of Psf2 has been shown to be dependent
on both CDK and DDK activity (Kanemaki and Labib, 2006).

Cdc45

Cdc45 was initially discovered in a screen for mutants in cell-cycle progression
(Moir et al., 1982). Like GINS, Cdc45 is conserved among eukaryotes and plays a role
both in formation of the pre-IC and in replication fork progression (Labib and Gambus,
2007). Cdc45 physically and genetically interacts with members of the MCM complex
(Hopwood and Dalton, 1996; Kamimura et al., 2001; Zou and Stillman, 1998), S1d3
(Kamimura et al., 2001), Psf2 (a member of GINS) (Seki et al., 2006), Mcm10 (Sawyer
et al., 2004) and both DNA Pola and DNA Pole (Aparicio et al., 1999; Zou and Stillman,
2000). Tight association of Cdc45 with chromatin depends on both CDK and DDK
activity. As discussed previously, Cdc45, along with GINS, is thought to be an accessory
factor for the MCM helicase. Interestingly, all of the initiation and replication factors
that Cdc45 interacts with are involved in replication fork progression, including DNA
synthesis machinery. This suggests that Cdc45 could play a critical role in connecting
the Mecm2-7 helicase and the DNA synthesis machinery, perhaps functioning in a manner
analogous to the prokaryotic t protein that coordinates helicase, polymerase and sliding

clamp functions.

Dpbll

Dpbl1 is essential for DNA replication initiation and was initially identified in a
screen for multi-copy suppressors of mutations in DNA Pol ¢ (Araki et al., 1995).
Subsequent studies showed that Dpb11 physically interacts with this polymerase
(Masumoto et al., 2000). These studies have led to the hypothesis that the primary
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function of Dpbl11 is to recruit DNA Pol ¢ to the origin. Unlike GINS and Cdc45, Dpbl11
is not required for progression of replication forks, indicating that Dpb11 is not required
to maintain DNA Pol ¢ at the origin (Masumoto et al., 2000). Dpbl11 is recruited to the
pre-IC by binding to CDK phosphorylated Sld2 and SId3 (Masumoto et al., 2002; Tak et
al., 2006; Tanaka et al., 2007; Zegerman and Diffley, 2007). Because Dpb11 recruitment
occurs prior to DNA unwinding, it is possible that it is only required to recruit DNA Pol &
in the absence of ssDNA template and that after DNA unwinding DNA Pol ¢ is held at

the origin through interactions with its DNA substrate.

Mcemli0

Recent studies suggest that, like the Mcm?2-7 complex, Cdc45 and GINS, Mem10 is
required both for replication initiation and elongation (Maiorano et al., 2006). The
association of Mcm10 with the pre-RC depends on the Mecm2-7 complex and Mcm10 is
required for Cdc45 association with the origin. Mcm10 has also been shown to interact

with DNA Pola/primase, and may be required to prevent DNA Pola degradation (Ricke
and Bielinsky, 2004, 2006)

The role of CDK in the G1- to S-phase transition

Cyclin-dependent kinases (CDKs) control cell cycle progression in eukaryotes and
are in turn controlled by regulation of their activating binding partners (cyclins). In
budding yeast, cyclins each associate with the same kinase subunit, Cdc28 (aka Cdk1). In
contrast, there are many different cyclins that appear at different times of the cell cycle.
During G1, CIn3 accumulation is followed by the accumulation of Clnl and CIn2. These
CDKs stimulate both the synthesis of two B-type cyclins, Clb5 and CIb6, and the
degradation of a potent inhibitor of B-type CDK activity, Sicl. As cells enter S-phase,
Clb5- and Clb6-CDK activity are activated and trigger key events in S-phase (see below).
Later in the cell cycle, Clb1-4 cyclins accumulate and stimulate the events of
chromosome segregation. As cells exit mitosis, B-type CDK activity is eliminated and
remains off until the following S phase.

The activation of Clb5-Cdc28 and Clb6-Cdc28 at the G1-S transition has two
important consequences with respect to DNA replication. First, C1b5/6-Cdc28 activity is
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required for origin activation in general and pre-IC formation in particular. Second, the
increased B-type CDK activity present throughout S, G2 and M phase (including Clb1-4-
Cdc28) inhibits new pre-RC formation. As cells exit mitosis, loss of B-type CDK
activity allows a new round of pre-RC formation to be initiated. By oscillating between a
high and low Clb-CDK state once per cell cycle, the cell ensures that pre-RCs can only
be formed and activated once per cell cycle, which, in turn, ensures that the genome is
replicated exactly once per cell cycle.

The essential function of S-phase CDK during replication initiation has recently
been elucidated. Studies in budding yeast have identified the essential phosphorylation
targets of S-phase CDK as Sld2 and Sld3 (Tanaka et al., 2007; Zegerman and Diffley,
2007). Sld2 contains 11 potential CDK phosphorylation sites (S/T-P, the minimal CDK
consensus site) and Sld3 contains 12 sites, however, mutagenesis studies show that only
one site on Sld2 and two sites on Sld3 are essential for growth. Recent studies hace
shown that phosphorylation of Sld2 and Sld3 by CDK generates a binding site for Dbp11,
which is a protein that contains four BRCT repeats. BRCT domains are known to bind
phospho-peptides (Manke et al., 2003). The two C-terminal BRCT repeats in Dpbl11
bind phosphorylated Sld2 and the two N-terminal BRCT repeats bind phosphorylated
S1d3 (Zegerman and Diffley, 2007).

Further studies demonstrate that SId2 and Sld3 are the only essential targets of
CDKSs during DNA replication (Tanaka et al., 2007; Zegerman and Diffley, 2007). Cells
containing a phospho-mimetic allele of S1d2 and a fusion of Sld3 and Dpb11 (presumably
bypassing the need for the normal phosphorylation-dependent S1d3-Dpbl11 interaction)
can replicate their DNA in the absence of any CDK activity. It is important to note,
however, that although DNA replication occurs in these cells, there were other
deleterious consequences of the lack of CDK activity. As mentioned above, CDK
activity has also been shown to be important for efficient binding of Cdc45 to the
chromatin, as well as the GINS complex (Zou and Stillman, 1998). These studies suggest
that the CDK requirement for Cdc45 loading is indirect. The most likely explanation
involves the role of SId3 in recruiting GINS to the origin. It is likely that CDK
phosphorylation of Sld3 either stabilizes Sld3 association with the origin or with GINS,
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thus because GINS stabilizes Cdc45 origin association, CDK action would also indirectly

facilitate Cdc45 origin association.

The role of DDK in the G1-S transition

Like CDK, DDK is also required for recruitment of pre-IC components. For
example, several reports suggest that DDK is required for tight association of Cdc45 with
chromatin in S-phase (Masai et al., 2006; Yabuuchi et al., 2006; Zou and Stillman, 2000).
A possible mechanism for this recruitment comes from studies in both budding yeast and
HeLa cells indicating that a chromatin-bound hyper-phosphorylated version of Mcm4 is
required for Cdc45 association with chromatin (Masai et al., 2006; Sheu and Stillman,
2006). Moreover, both hyperphosphorylation of Mcm4 and stable interaction of Mcm4
with Cdc45 are compromised in cells lacking Cdc7 protein. What remains unclear is
whether this effect is mediated by phospho-specific MCM subunit binding by Cdc45 or a
more indirect effect of DDK phosphorylation on the Mcm?2-7 complex. In this section, I
will provide a detailed introduction to the Cdc7 and Dbf4 proteins, as well as evidence
that DDK might be localized to origins of replication. I’ll finish this chapter by
describing the evidence that the MCM complex is the target of DDK for initiation of
DNA replication.

Cdc7 and Dbf4 in S. cerevisiae and homologs in other eukaryotes

CDC7 was initially identified in S. cerevisiae in a screen for mutants that arrest at
particular points in the cell cycle (Hartwell, 1971, 1973) and the DBF'4 gene was isolated
in a screen for genes involved in initiation of DNA replication (Johnston and Thomas,
1982a, b). The first clues that these two proteins were somehow involved came with the
observation that the cdc7 and dbf4 terminal phenotypes were almost identical. Analysis
of the Cdc7 amino acid sequence showed it to be a serine-threonine kinase (Patterson et
al., 1986), however by itself it is not active, and Dbf4 was shown to be required for Cdc7
kinase activity (Kitada et al., 1992; Yoon and Campbell, 1991; Yoon et al., 1993). A
direct interaction between Dbf4 and Cdc7 has also been shown (Dowell et al., 1994;

Varrin et al., 2005)
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Homologs of DDK have been identified in a number of other eukaryotes. A Cdc7
homolog (called Hsk1) was first identified in fission yeast based on structural similarity
to budding yeast Cdc7 (Masai et al., 1995). Based on the structural similarity between
Cdc7 and Hsk1, other Cdc7 homologs were discovered in other organisms, including
human, mouse and Xenopus laevis (Masai and Arai, 2002). Although Cdc7 is not
generally well conserved, the Cdc7 kinase domains are fairly well conserved (60%
identity between budding and fission yeast, 45% identity between budding yeast and
human). Dbf4 is less conserved than Cdc7, however, homologs have been discovered
using pulldown or two-hybrid screening in other species. As will be discussed in later
sections, although the amino acids sequences have diverged, the functions of these DDK-

related proteins appear to be conserved.

Does DDK localize to origins of replication?

Studies of DDK activity and localization suggest that DDK is required to activate
origins throughout S-phase (Bousset and Diffley, 1998; Donaldson et al., 1998).
Moreover, chromatin fractionation studies show that Cdc7 is bound to chromatin
throughout the cell cycle, but Dbf4 binding to chromatin is only observed in late G1 and
early S phase when Dbf4 protein is present (Weinreich and Stillman, 1999). These data
suggest that Cdc7 is bound to chromatin in an inactive state and is then recruited to the
origin in an active state by Dbf4. This hypothesis is supported by evidence that Dbf4 can
bind to an origin of replication by one-hybrid assay (Dowell et al., 1994). Moreover, this
study showed that mutations in Dbf4 that disrupted binding to Cdc7 did not disrupt Dbf4
binding to the origin, suggesting that Dbf4 recruits Cdc7 to the origin, rather than the
opposite possibility.

There is conflicting data concerning what proteins are important for DDK
recruitment to chromatin. /n vivo interaction studies, such as two-hybrid and co-IP
assays, indicate that Dbf4 binds to Orc2, Orc3 (Duncker et al., 2002; Varrin et al., 2005),
Mcm?2 (Varrin et al., 2005) and Mcm4 (Sheu and Stillman, 2006). Moreover,
experiments in S. cerevisiae have shown that ORC is required for Dbf4 association with
chromatin, but that the MCM complex is not required (Pasero et al., 1999). In contrast,

studies in Xenopus egg extracts have shown that Cdc7 requires the presence of the MCM
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complex on chromatin but not ORC or Cdc6 (Jares and Blow, 2000; Walter, 2000).

Studies presented in this thesis will address this issue from a biochemical perspective.

Domain structure of Dbf4

Studies of the conserved regions of Dbf4 have identified domains involved in origin
recruitment and Cdc7 binding. The conserved regions have been named motif N, motif
M and motif C (Fig 5). One-hybrid analysis with Dbf4 deletion mutants in S. cerevisiae
has shown that an N-terminal region of Dbf4 containing motif N is required for Dbf4
recruitment to origin DNA (Dowell et al., 1994). Two-hybrid experiments with Dbf4
deletion mutants showed that motif N also was important in binding Orc2. In contrast,
similar two-hybrid studies showed that motif M was important for Dbf4 binding to Mcm?2
(Varrin et al., 2005). The region of Dbf4 involved in binding the origin (N-terminus) is
distinct from the regions of Dbf4 required to bind Cdc7 (middle and C-terminus) (Hardy
and Pautz, 1996). Another study showed that N-terminal truncations including deletion
of motif N could bind and activate Cdc7 kinase (Gabrielse et al., 2006) and experiments
in S. pombe showed that the M- and C-motifs in spDbf4 were sufficient to bind and
activate the spCdc7 kinase (Ogino et al., 2001).

Although most of the conserved regions of Dbf4 are not related to other proteins, a
portion of Motif N is related to the BRCT motif. Within the 100 amino acids conserved
in motif N, the N-terminal 60 amino acids are similar to the conserved BRCT (BRCA1 C-
terminal) motif. BRCT motifs typically contain about 100 amino acids, however, in
Dbf4, the C-terminal 40 amino acid section diverges from the canonical BRCT motif but
is conserved in Dbf4 homologs. This region has been termed the BRCT and Dbf4
similarity (BRDF) motif (Gabrielse et al., 2006). Proteins with BRCT motifs are often
found to be involved in DNA damage response (though not always — see Dpb11 above)
and function as phospho-peptide binding domains. Cells lacking motif N, or larger N-
terminal truncations that included the BRDF domain, are slow growing but viable and are

sensitive to DNA damaging agents (Gabrielse et al., 2006; Varrin et al., 2005).

29



Figure 5.

BRDF motif
|

135 179 260 309 656 697

ARS Cdc7 Cdc7

Figure 5. Dbf4 protein: Conserved elements and interaction domains. Locations of motifs N, M and C are shown, as well as the
BRDF motif. Regions required for interaction with the origin (ARS) and Cdc7 are depicted by solid lines.
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DDK phosphorylation of the MCM complex in S. cerevisiae

Both in vivo and ir vitro studies suggest that the MCM complex is an important
target of DDK. A genetic screen for suppressors of DDK function uncovered a mutant
allele of MCMY5 (mcm5-bob1), with a point mutation in a conserved residue in the N-
terminus (Hardy et al., 1997). Interestingly, in vitro, DDK has been shown to
phosphorylate all of the individual MCM subunits except for Mcm5 (Weinreich and
Stillman, 1999). A possible explanation for these data is that the mutation in the mcmS5-
bob1 allele causes a conformational change in the MCM complex that mimics a
conformational change caused by DDK phosphorylation of other MCM subunits, leading
to an active kinase. But this hypothesis has yet to be proven. Other genetic interactions
have been demonstrated between DBF4 and MCM2 (Lei et al., 1997). Moreover, the
mobility of Mcm?2 on 2D protein gels changes to a less phosphorylated form in a Dbf4ts
mutant. Another study showed that an S-phase-specific hyperphosphorylated form of
Mcm4 was found to be dependent on Cdc7 activity (Sheu and Stillman, 2006), suggesting
that Mcmé4 is also a target of DDK in vivo.

Studies in both yeast and mammalian DDK suggest that DDK targets the N-
termini of Mcm2 and Mcm4 (Masai and Arai, 2002; Masai et al., 2006; Montagnoli et al.,
2006; Sheu and Stillman, 2006). Although the N-termini of the MCM subunits are the
least conserved regions of these protein families, the N-termini of Mcm?2 and Mcm4 are
enriched in S and T residues in all organisms. S. cerevisiae Mcm6 also has a very S/T
rich N-terminus, however, this S/T richness is less conserved in other organisms. The
enrichment of S/T residues without more precise conservation has led to the hypothesis
that bulk phosphorylation by DDK, rather than phosphorylation of specific residues, is
critical for Mcm2-7 activation. In support of this hypothesis, evidence from both
budding and fission yeast (see below) indicates that the N-terminus of one MCM subunit
can functionally replace the N-terminus of another subunit for DDK phosphorylation and
for cell growth. In a more extreme example, in S. cerevisiae, an N-terminal portion of
Mcm4 required for cell growth and for phosphorylation of Mcm4 by DDK could be
functionally replaced by the HA epitope tag but only if several S residues were added to

the endogenous sequence (Sheu and Stillman, 2006).
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DDK phosphorylation of the MCM complex in other organisms

Studies in many other organisms using both in vitro kinase assays and phospho-
specific antibodies in vivo suggest that Mcm2, Mcm4 and possibly Mcmé6 are substrates
of the Cdc7 kinase (Jares and Blow, 2000; Masai and Arai, 2002; Masai et al., 2006;
Montagnoli et al., 2006; Tsuji et al., 2006). For example, in HeLa cells, like in budding
yeast, Cdc7-dependent hyperphosphorylation of Mcm4 was observed. Furthermore,
experiments using phospho-specific antibodies demonstrated that phosphorylation of
chromatin-bound Mcm4 at a specific amino acid was dependent on Cdc7 (Masai et al.,
2006). Again, as in budding yeast, phosphorylation of Mcm?2 and Mcm4 by Cdc7 occurs
in the N-termini of the proteins. Moreover, an N-terminal portion of fission yeast Mcm4
that was important for growth could be replaced by, in this case, an N-terminal portion of
Mcm6, which restored growth. This hypothesis may also extend to the different MCM
subunits. Combining individually viable deletion mutations and phosphorylation mutants
in Mcm2, Mcm4 and Mcmé6 in fission yeast caused cell death suggesting that Cdc7
phosphorylation of the N-termini of these MCM subunits is redundant.

Detailed mapping of DDK phosphorylation sites has shown that DDK prefers
phosphorylating serine or threonine residues adjacent to acidic amino acids (i.e. S/T-D/E
sites) (Cho et al., 2006; Montagnoli et al., 2006). Interestingly, it has also been reported
that DDK preferentially phosphorylates the first S/T site in S/T-S/T-P sites in which the
second S/T is phosphorylated (S/T-P in the canonical CDK phosphorylation site) (Cho et
al., 2006; Masai et al., 2006; Montagnoli et al., 2006). This raises the possibility that
CDK phosphorylation of the 2™ S/T site in an S/T-S/T-P sequence could facilitate DDK
phosphorylation of the 1% S/T site leading to coordination of the phosphorylation

activities of these two kinases iz vivo.
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Thesis Summary

In the first section of this thesis I describe the biochemical approach I used to study
how DDK binds to and targets the Mcm2-7 complex in the context of the pre-RC. I first
determined components of the pre-RC that are modified by DDK, and which components
of the pre-RC are important for recruiting DDK. I also demonstrated that DDK
specifically targets the population of MCM complexes most tightly bound to the origin,
consistent with in vivo data that Mcm?2-7 is only modified by DDK when bound to
chromatin. Most interestingly, I showed that DDK requires prior phosphorylation of the
pre-RC to bind to and phosphorylate the Mcm2-7 complex. These results suggest DDK
specifically targets the small percentage of MCM complexes that take part in DNA
replication and that DDK might coordinate its action with other kinases. In the second
section of this thesis, I describe preliminary results of a collaborative effort undertaken
with a post-doc in the lab, John Randell. We have used mass spectrometry to determine
the sites of phosphorylation on the Mcm2-7 complex both before and after DDK
phosphorylation. This analysis will almost certainly be helpful in further dissecting the

mechanisms of activation of the replicative helicase.
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Chapter 11

The S-phase kinase, DDK, requires priming
phosphorylation to bind and modify origin-linked
Mcm2-7 complex
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Summary

The essential S-phase kinase, Cdc7-Dbf4 or Dbf4-dependent kinase (DDK), acts at
each origin of replication to trigger initiation of replication. Origins of replication are
marked during G1 by formation of the pre-Replicative Complex (pre-RC), which results
in the loading of the replicative DNA helicase, the Mcm2-7 complex, onto origin DNA.
DDK targets the Mcm2-7 complex for modification with a preference for those MCM
complexes that are associated with chromatin. Here we use in vitro assembled pre-RCs
to address the mechanisms that lead to the targeting of DDK to the origin. In the context
of the pre-RC, we find that DDK preferentially targets Mcm4 and Mcm6. Using assays
that distinguish between different populations of Mcm?2-7 complexes, we show that DDK
preferentially targets MCM complexes that are most tightly linked to origin DNA and
that DDK association with and phosphorylation of pre-RC-linked MCM complexes
requires prior phosphorylation of the pre-RC. These findings support a model in which
phosphorylation of Mcm2-7 subunits during pre-RC formation leads to the preferential
targeting of origin-associated MCM complexes by DDK during S-phase.
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Introduction

Eukaryotic DNA replication initiates from hundreds of different sites in the genome
called origins of replication. These events are tightly controlled during the cell cycle to
ensure that no origin initiates more than once in a given cell cycle, yet all chromosomal
DNA is completely replicated (Arias and Walter, 2007). Central to this control is the
strict temporal separation of origin selection and origin activation during the cell cycle.
During origin selection, which occurs in late M- and G1-phase, the Origin Recognition
Complex (ORC) binds to origin DNA, recruits Cdc6 and Cdtl and together these proteins
load the Mcm?2-7 helicase onto the origin to form the pre-replicative complex (pre-RC)
(Mendez and Stillman, 2003). This complex marks and licenses all potential origins of
replication for replication initiation. As cells enter S-phase, activation of two S-phase-
specific protein kinases, Clb5/Cdc28 (CDK) and the Dbf4-dependent kinase, Cdc7
(DDK), triggers initiation of replication at pre-RCs. CDK and DDK stimulate the stable
association of downstream initiation factors with the origin, including S1d2, SId3, Dpbl1,
Cdc45 and GINS (Labib and Gambus, 2007). Recruitment of these factors to the origin
results in the formation of the pre-initiation complex (pre-IC) and the activation of the
Mcm2-7 helicase. Once activated, Mcm2-7 unwinds origin DNA to provide the ssDNA
template required to recruit the DNA synthesis machinery (Pacek and Walter, 2004).

The targets and consequences of CDK and DDK during replication initiation are
only now being understood. Recent studies have demonstrated that Sld2 and S1d3 are the
only replication proteins whose phosphorylation by CDK is essential for initiation of
replication (Tanaka et al., 2007; Zegerman and Diffley, 2007). Interestingly,
phosphorylation of each protein stimulates its association with a third replication factor,
Dpbl1, which is required for the recruitment of DNA pol ¢ to origin DNA (Masumoto et
al., 2000).

The replication proteins targeted by DDK and the consequences of these
modifications are less well understood. Ir vitro assays have shown that DDK
phosphorylates subunits of the MCM complex (Masai and Arai, 2002), Cdc45
(Nougarede et al., 2000) and DNA polymerase a (Weinreich and Stillman, 1999). Of
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these potential targets, both in vivo and in vitro studies support Mcm2, Mcm4 and Mcm6
as the most likely targets of phosphorylation by DDK (Masai and Arai, 2002; Masai et
al., 2006; Montagnoli et al., 2006; Sheu and Stillman, 2006; Tsuji et al., 2006). The
identification of a mutation in MCMS5 that allows cell growth in the absence of DDK
activity further supports the hypothesis that the MCM complex is the essential target of
DDK (Hardy et al., 1997). DDK activity is required for association of Cdc45 with
chromatin (Walter, 2000; Zou and Stillman, 2000) and recent studies suggest that Cdc45
and the four protein GINS complex associates with and activates the helicase activity of
the Mcm2-7 complex (Gambus et al., 2006; Moyer et al., 2006; Pacek et al., 2006). This
has led to the hypothesis that DDK phosphorylation of the MCM complex stimulates the

formation of this complex, although direct evidence for this model is lacking.

In addition to targeting replication initiation proteins, several lines of evidence
indicate that DDK is recruited to the origin DNA. One-hybrid assays showed that Dbf4
associates with origins in an ORC-dependent manner (Dowell et al., 1994). Two-hybrid
and co-immunoprecipitation studies have identified Mcm2, Orc2 and Orc3 as potential
binding partners for Dbf4 (Duncker et al., 2002; Varrin et al., 2005), leading to the
hypothesis that Dbf4 recruits Cdc7 to the origin. Two additional observations are
consistent with the recruitment of DDK to the origin. First, in vivo studies suggest DDK
preferentially phosphorylates chromatin bound MCM complexes (Sheu and Stillman,
2006). Second, DDK acts on individual origins as they initiate throughout S-phase rather
than globally activating its target proteins (Bousset and Diffley, 1998; Donaldson et al.,
1998). Despite these observations, how DDK is recruited to the origin and whether this

event is regulated remains unclear.

The Cdc7/Dbf4 kinase is unlikely to be the only kinase that phosphorylates the
MCM complex. Recent evidence suggests that the MCM complex needs to be previously
phosphorylated to be a substrate for DDK. For example, Mcm2 purified from yeast is a
good substrate of DDK, but dephosphorylating Mcm?2 (by treatment with phosphatase)
prior to incubation with DDK decreases the ability of DDK to phosphorylate Mcm2
(Kihara et al., 2000). Similarly, studies using Xenopus egg extracts showed that MCM
proteins are phosphorylated by multiple kinases and that different MCM subunits are
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phosphorylated or dephosphorylated depending on cell cycle stage (Pereverzeva et al.,
2000). The identity of these other kinases and the mechanism by which the prior

phosphorylation stimulates DDK action remain unknown.

We sought to gain a better mechanistic understanding of how DDK is targeted to
the pre-RC and which pre-RC proteins are phosphorylated by DDK in the context of the
pre-RC. To this end, we used an extract based pre-RC assembly assay to form pre-RCs,
which were then used as a substrate in DDK kinase assays. In this context, we found that
Mcm4 and Mcmé6 are the major proteins phosphorylated by DDK. Importantly, DDK
binds these pre-RCs and we find that the MCM complex is the only component of the
pre-RC essential for this interaction. We also show that DDK preferentially targets a
subpopulation of MCM complexes that are tightly associated with DNA after pre-RC
formation. Lastly, we found that targeting of DDK to the MCM complex required prior
phosphorylation of the pre-RC.
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RESULTS
Purification and Activity of Cdc7/Dbf4

To study the phosphorylation of the pre-RC by DDK, we purified DDK from
asynchronous S. cerevisiae cells over-expressing epitope tagged versions of Cdc7 and
Dbf4. We chose purification from yeast cells to ensure that Cdc7 and Dbf4 were
appropriately modified as previous studies suggested that this kinase can be regulated not
only by Dbf4 abundance but also by other modifications (Yoon et al., 1993). We purified
both a wild-type DDK and a “kinase deficient” mutant (Cdc7-D163A) that contained a
single mutation in the ATP binding site as a negative control (Ohtoshi et al., 1997). The
final purified DDK preparation was composed of Cdc7 and Dbf4 in equimolar ratios (Fig.
1A).

We tested the kinase activity of the purified DDK using Mcmé6 protein purified
from yeast as a substrate. Mcmb6 is phosphorylated by wild-type DDK but is not
phosphorylated by the kinase deficient DDK (Fig. 1B, lanes 3 and 4), indicating that
there was no contaminating Mcm6 kinase activity in the preparation. We observed that
both Cdc7 and Dbf4 were also phosphorylated in the sample containing wild-type DDK,
consistent with previous reports that DDK has autophosphorylation activity (Kihara et al.,
2000). We also observed a small amount of phosphorylation (about 5% as compared to
wild-type) of Dbf4 and Cdc7 in the samples containing kinase deficient DDK. It is
possible that this is due to a contaminating kinase. Alternatively, this phosphorylation

may be due to a residual amount of kinase activity in the kinase deficient mutant.
DDK phosphorylation of the pre-RC

Although it is thought that DDK phosphorylates the heterohexameric MCM
complex in vivo, previous in vitro studies of DDK phosphorylation of MCM proteins
have only investigated individual MCM subunits or MCM complex subassemblies as
substrates (Masai and Arai, 2002). In the cell, however, it is thought that DDK modifies
MCM complexes after they have been loaded onto origin DNA during pre-RC formation
(Sheu and Stillman, 2006). To investigate DDK phosphorylation of MCM proteins in a
more physiological situation, we tested the ability of DDK to phosphorylate Mcm2-7
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Figure 1.
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Fig 1: Purification and Activity of Cdc7/Dbf4 (DDK) (A) S. cerevisiae Cdc7/Dbf4 kinase was purified from asynchronous yeast cells
overexpressing Cdc7-proA and Dbf4-CBP using calmodulin and heparin column chromatography (see Materials and Methods). Aliquots of
heparin column fractions were analyzed by 8% SDS/PAGE separation and stained by Sypro Orange. Lanes: WT (wild-type); (KD) kinase
deficient Cdc7-D163A. (B) Phosphorylation of Mcmé6p by the Cdc7/Dbf4 kinase. 125 ng (700fmol) of both wild-type and kinase deficient
Cdc7/Dbf4 were incubated with 400ng of Mcm6p at 25°C for 15 min in the presence of [y-32P]ATP. Samples were analyzed for the presence
of Mcmé, Cdc7 and Dbf4 by immunoblotting and phosphorylation was detected by autoradiography.



complexes in the context of the pre-RC. To generate this substrate, we used an in vitro
assay that assembles pre-RCs on origin DNA attached to magnetic beads (Bowers et al.,
2004). The resulting pre-RCs can be readily purified and reflect the properties of in vivo
assembled pre-RCs. To determine if DDK phosphorylated proteins were components of
the pre-RC, we also tested DDK modification of proteins that assembled onto DNA
lacking an ORC binding site and, therefore, lacked associated pre-RCs (Fig. 2A).

When pre-RCs were treated with DDK we observed four prominently
phosphorylated proteins (Fig. 2B, lane 1). The two strongly phosphorylated and lower
molecular weight proteins were the result of autophosphorylation of Cdc7 and Dbf4.
These proteins were phosphorylated in both wild-type and mutant origin samples to
which wild-type DDK was added but phosphorylation was greatly reduced in the samples
containing kinase deficient DDK. The remaining two prominently phosphorylated
proteins showed the properties of pre-RC components targeted by DDK: they were only
present when wild-type origin DNA was used in the pre-RC assembly assay (Fig. 2B,
compare lanes 1 and 2) and phosphorylation of these proteins was not observed when
kinase deficient DDK was used in the assay (Fig. 2B, compare lanes 1 and 3). Finally,
we observed lesser phosphorylation of two additional proteins. One of these proteins co-
migrated with the lower of the two pre-RC specific bands and was detectable when
mutant origin DNA was used during pre-RC assembly and thus was unlikely to be a pre-
RC component. The second protein migrated just below the pre-RC specific proteins and
was specific to complexes assembled on wild-type origin DNA. However, this protein
was equivalently modified in the wild-type and mutant DDK reactions and we suspect

that this phosphorylation is due to a second, unidentified kinase.
Identification of the pre-RC targets of DDK

We next determined which pre-RC components were targeted by DDK in the
context of the pre-RC. Based on previous analysis of DDK function and because the two
prominently phosphorylated proteins migrated in the region of the Mcm2-7 proteins, we
focused our studies on the Mcm2-7 proteins. We assembled pre-RCs using extracts
derived from five strains, each of which expressed a distinct BCCP (biotin carboxyl

carrier protein) epitope-tagged Mcm subunit (the BCCP-tagged Mcm3 strain was not
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Figure 2.
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Fig 2: DDK phosphorylates Mcm4 and Mcm6 in the context of the pre-RC (A) DDK Phosphorylation of purified pre-RCs. Pre-RC assembly
assays were performed with WT and mutant (A-) ARS1 containing DNAs. DNA associated proteins were then treated with wild-type and kinase
deficient DDK in the presence of [y-3?P]ATP for 15 minutes at 25°C. Samples were analyzed by SDS/PAGE, blotted and probed as described in Fi g.
1B along with polyclonal anti-Orc1-6 antibody. Samples were also analyzed by autoradiography. (B) Mcm4 and Mcmé6 are phosphorylated by
Cdc7/Dbf4. Pre-RCs were assembled with wild-type and mutant ARS1 containing DNAs and extracts in which a single Mcm subunit was BCCP
tagged (except Mcm3). Pre-RCs were then treated with wild-type Cdc7/Dbf4 kinase in the presence of [y-32P]ATP. Samples were analyzed by

immunoblotting and autoradiography. Arrows indicate the bands that are shifted when tagged with BCCP. Asterisks indicate origin-independent
phosphoproteins.



viable). We prepared G1-arrested extracts from each Mcm-BCCP-tagged strain as well
as an untagged control strain. Using these extracts we assembled and purified pre-RCs

and incubated them with DDK and radioactive ATP.

Consistent with Mcm4 and Mcm6 being DDK targets, pre-RCs containing BCCP-
tagged Mcm4 and Mcmé6 showed a shift in the location of one of the two proteins
phosphorylated in a pre-RC-dependent manner (Fig. 2B lanes 3 and 5). A third
radioactively labeled protein that migrated at a slightly lower mobility than untagged
Mcm4 did not change mobility in any of the extracts derived from the BCCP-tagged
strains. Although it was possible that this was Orcl or Mcm3, both of which have a
similar molecular weight, this band was also seen in control experiments using mutant
origin DNA (“ARS1 A-“), indicating that it is not a pre-RC component and is probably
the same contaminant seen in the figure 2B. We also observed a weakly phosphorylated
pair of proteins that migrated slightly faster than Mcm4. The slower migrating protein of
the doublet appears to be a contaminant as it is seen in the mutant origin control
experiments. In contrast, the faster migrating protein of the doublet disappears when pre-
RCs were prepared from the BCCP-tagged Mcm?2 strain (Fig. 2B lane 2).

Phosphorylated Mcm2-BCCP may co-migrate with phosphorylated Mcm4 and, thus,
cannot be observed. Based on these findings, we conclude that, in the context of the pre-
RC, Mcm4 and Mcmé6 are the primary DDK targets in the context of the pre-RC and that

Mcm?2 is a minor phosphorylation product.
DDK binds to the pre-RC

Previous studies have shown that Dbf4 binds to Orc2, Orc3 and Mcm2 (Varrin et
al., 2005) and that Dbf4 is recruited to an origin in vivo (Dowell et al., 1994). Therefore,
we asked if purified DDK binds the pre-RC in vitro. To this end, we repeated the pre-RC
phosphorylation experiment described above but after DDK treatment we re-isolated the
origin DNA and any associated DDK. In addition to the pre-RC components, both Cdc7
and Dbf4 co-purified with the origin DNA (Fig. 3A). Consistent with the origin
association of DDK being pre-RC dependent, Cdc7 and Dbf4 did not associate with DNA

containing a mutant origin.
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We next asked which pre-RC components were required to recruit DDK to origin
DNA. We first addressed whether ORC could recruit DDK independently of other pre-
RC components. Using extracts lacking Cdc6, we prepared DNA templates associated
with ORC but not other pre-RC components (Fig. 3B). Under these conditions, ORC
associates with origin DNA but the remaining pre-RC components do not (see Fig. 3B,
lane 1). No DDK association was detectable with DNA templates that associated with
ORC but not other pre-RC components (Fig. 3B, lanes 1 and 2). Thus, ORC was not
sufficient to recruit DDK to origin DNA. To address the role of Mcm2-7 in recruiting
DDK, we assembled pre-RCs and treated them with a high-salt wash. Previous studies
showed that only a “loaded” subpopulation of Mcm?2-7 complexes is retained on origin
DNA after high-salt treatment of pre-RCs. ORC, Cdc6 and Cdt1 are quantitatively
removed by this treatment (Bowers et al., 2004). After normalizing the amount of MCM
proteins in each assay, we tested DDK association with low- and high-salt-washed pre-
RCs. We found that DDK bound to both complexes with similar affinity (Fig. 3C,
compare lanes 1 and 3). We conclude that DDK is recruited to the origin DNA primarily
through interactions with the MCM proteins and not ORC.
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Figure 3.

C.

Salt extraction: —_ <+

ARS1 DNA:

Mcm?2-7

1 2 3 4
Western

Fig 3: DDK associates with the pre-RC in a MCM-dependent manner (C) The MCM complex is essential for recruitment of Cdc7/Dbf4. Pre-RC
assembly assays were performed as described in Fig3A with the exception that pre-RCs labeled “+” for salt were washed with H+/500mM NaCl before
being incubated with DDK.



DDK preferentially modifies DNA-associated MCM complexes

In vivo studies suggest that DDK distinguishes between chromatin bound and free MCM
complexes (Sheu and Stillman, 2006) and we sought to determine the mechanism of this
distinction. To compare DDK modification of MCM proteins that were and were not part
of a pre-RC, we took advantage of the limited half-life of MCM complex association
with origin DNA to isolate different populations of MCM proteins. In the course of
performing the pre-RC/DDK kinase assay, we observed that a portion of the MCM
complexes (roughly 50%) that bound to the DNA in the pre-RC assay dissociated from
the DNA during the kinase assay. This release of MCM complexes is not due to DDK
phosphorylation, as neither DDK nor ATP is required to observe MCM dissociation
(Supplementary Fig. 1). Importantly, the released proteins represent a pool of purified
Mcm2-7 complexes with the same subunit stoichiometry as those associated with the
origin DNA (see figure 4B). Thus, two subpopulations of DNA-linked Mcm2-7
complexes can be distinguished by their stability on DNA during extended incubation in

buffer alone.

To compare DDK phosphorylation of the two populations of MCM complexes, pre-
RCs were formed and incubated with kinase buffer lacking DDK. The supernatant,
containing “free” MCM complexes that dissociated from the DNA after pre-RC
formation, was separated from the MCM complexes retained on the DNA. After
resuspending the DNA-bound MCM complexes in an equivalent volume of kinase buffer,
we added DDK to both populations (Fig. 4A). Importantly, similar quantities of MCM
complexes were present in the two kinase assays (as measured by immunoblotting).
Although DDK robustly modified the origin associated MCM proteins, there was
substantially less phosphorylation of the free MCM complexes (Fig. 4B). Thus, DNA
bound MCM proteins were the preferred DDK substrate.

DDK preferentially modifies loaded MCM complexes in an ORC-independent manner

We considered several different hypotheses to explain the basis for the
preferential phosphorylation of DNA-linked MCM complexes. It is possible that pre-RC-

linked MCM complexes contain a mixed population of MCM complexes that have
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Figure 4.
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Fig 4: Cdc7/Dbf4 preferentially phosphorylates loaded MCM complexes (A) Experimental Outline for Figs 4B and 4C: Pre-RC assembly
assays were performed. DNA-bound pre-RCs were incubated with H+/150mM KGlut for 10min at 25°C. The DNA was isolated and separated
from the buffer supernatant. Either wild-type or mutant DDK was added to the proteins remaining bound to the DNA and to the proteins that
dissociated from the DNA. In Fig 4B, the samples were analyzed after this step. In Fig 4C, the proteins remaining bound to the DNA were
further treated with a high salt wash after treatment with DDK. The proteins remaining bound to the DNA were labeled (L), proteins
dissociating from the DNA after salt wash were labeled (A), and the proteins dissociating from the DNA after the original buffer incubation were
labeled (F). Samples were analyzed by immunoblotting and autoradiography. (B) Cdc7/Dbf4 preferentially phosphorylates DNA-bound MCM

complexes. The experiment was done as described in Fig 4A.



different characteristics (such as conformation or modification state) that confer different
dissociation rates from DNA. In this hypothesis, DDK would preferentially target those
MCM complexes with the lower dissociation rate. Alternatively, because ORC remains
on the DNA as part of the pre-RC, ORC could activate DDK phosphorylation of MCM
complexes. Although ORC is not sufficient to recruit DDK to the origin, this observation
does not eliminate the possibility that ORC stimulates DDK phosphorylation of pre-RC-
linked MCM complexes.

To address these different possibilities, we asked whether DDK distinguished
between different DNA-linked MCM complexes. We have demonstrated previously that
MCM complexes associating with the origin DNA during the pre-RC assay fall into two
distinct populations: associated MCM complexes whose origin association is ORC-
dependent and salt-sensitive and loaded MCM complexes whose origin association is
ORC-independent and salt-insensitive. To determine if DDK preferentially modified one
of these populations of pre-RC-linked MCM proteins, we modified the experiment in Fig.
4B (see Fig. 4A). After incubation of DDK with DNA-bound pre-RCs, we extracted the
pre-RCs with high-salt buffer, separating the loaded from associated MCM complexes.
Interestingly, even though DDK was given equal access to the loaded and associated
MCM complexes during the kinase assay, the loaded MCM complexes were more
heavily phosphorylated than the associated or free MCM complexes (Fig. 4C, lanes 4, 5,
and 6 of autorad). This data suggests that DDK preferentially modifies loaded MCM

complexes relative to associated or free MCM complexes.

The experiment described above left open the possibility that the preferential
phosphorylation of loaded MCM complexes is mediated by the presence of ORC at the
origin. The previous experiment could not eliminate this possibility since the high-salt
extraction that removes associated MCM complexes and ORC was performed after DDK
treatment. To address the role of ORC during phosphorylation of MCM complexes in the
pre-RC, we compared DDK phosphorylation of MCM complexes before and after high-
salt extraction of pre-RCs. Interestingly, although only 50% of the MCM complexes
remained on the DNA after salt-extraction (loaded MCM complexes), autoradiography
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Fig 4: Cdc7/Dbf4 preferentially phosphorylates loaded MCM complexes (C) Cdc7/Db4 preferentially phosphorylates loaded MCM complexes. The
experiment was performed as described in Fig 4A. (D) ORC is not required for Cdc7/Dbf4 phosphorylation of Mcm2-7. The experiment was performed
as described in Fig3C with the exception that mutant ARS1 DNA was not used and [y->2P]ATP was added to the reaction.



showed a similar level of phosphorylation as MCM complexes that were not salt
extracted (loaded and associated MCM complexes) (Fig. 4D). Because the salt-extracted
MCM complexes lack ORC, we conclude that ORC did not contribute to the preferential
phosphorylation of loaded MCM complexes.

Prior phosphorylation of the pre-RC is required for DDK to target MCM complexes

Since the presence of ORC did not explain the preferential phosphorylation of
loaded MCM proteins by DDK, we considered two alternative (but not mutually
exclusive) hypotheses: (1) MCM complexes that are loaded take on a new conformation
that is targeted by DDK; or (2) loaded MCM complexes are differentially modified in a
manner that stimulates phosphorylation by DDK. We were particularly interested in the
latter possibility as previous studies suggested that DDK targets peptides that have been
previously phosphorylated (Cho et al., 2006; Kihara et al., 2000; Montagnoli et al., 2006).
To test this hypothesis, we prepared pre-RCs, treated them with A phosphatase, washed
away the phosphatase and then tested the ability of the de-phosphorylated pre-RCs to
bind to and act as a substrate for DDK.

Dephosphorylation of the pre-RC had several important consequences. First, we
found that dephosphorylated pre-RCs lost the ability to bind DDK (Fig. SA, compare
lanes 1 and 3). Immunoblotting showed that the change in DDK association was not due
to the displécement of MCM proteins (or ORC) from the DNA after phosphatase
treatment. Second, prior phosphatase treatment dramatically reduced the ability of DDK
to phosphorylate Mcm4 and Mcmé6 but did not affect phosphorylation of the background
band that co-migrates with Mcm4 (Fig. 5B). Importantly, we continued to see robust
autophosphorylation of Cdc7 and Dbf4 after phosphatase treatment (Supplementary Fig.
2), indicating that the defect in Mcm4 and Mcmé6 phosphorylation was not due to
incomplete phosphatase removal. We also observed a new phosphoprotein after
phosphatase treatment but only in lanes in which pre-RC formation occurred (Fig. 5B,
lanes 3 and 7). Importantly, this modification is not affected by mutation of DDK
suggesting that another kinase present in the DDK preparation or the pre-RC is

responsible. Overall, these data provide strong evidence that preferential targeting of
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pre-RC-linked MCM complexes by DDK is regulated by prior phosphorylation and
suggests that loaded MCM proteins are selectively phosphorylated.
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Fig S: Prior phosphorylation of the pre-RC is required for DDK association and phosphorylation of the MCM complex (A) DDK does not bind to
dephosphorylated pre-RCs. Assembled pre-RCs were either treated or mock-treated with A phosphatase for 5 min at 25°C. Treated pre-RCs were then
washed and incubated with wild-type and mutant DDK and [y-3?P]ATP. The proteins remaining bound to the DNA were isolated following the DDK
incubation and analyzed by immunoblotting and autoradiography. (B) DDK requires prior phosphorylation of the pre-RC to modify Mcm4 and Mcm6.
Autoradiography results of experiment performed in Fig5A. Asterisk indicate nonspecific phosphorylation products.



Discussion

In vivo, only a fraction of total MCM complexes in the nucleus are loaded onto
chromatin and used in DNA replication. Recent studies indicate that this subset of MCM
complexes is preferentially targeted by DDK (Sheu and Stillman, 2006). Although it is
possible that ORC is involved in recruiting DDK to pre-RCs, our data indicates that ORC
is neither sufficient to recruit DDK nor required for DDK phosphorylation of MCM
complexes loaded onto DNA. Instead, we show that MCM complexes are sufficient to
recruit DDK to origins and that DDK preferentially phosphorylates the most tightly
origin-linked MCM complexes. Finally, we provide evidence that DDK requires
previous phosphorylation of the pre-RC to bind to and modify pre-RC-linked MCM
complexes. Taken together, our studies support a model in which preferential loading of
phosphorylated Mcm2-7 complexes (or phosphorylation of loaded MCM complexes
during G1) leads to the selective recruitment and further phosphorylation of loaded MCM
complexes by DDK in late G1/early S-phase.

Our finding that the Mcm2-7 complex and not ORC is central to recruit DDK to the
pre-RC is consistent with a number of previous observations. Studies in Xenopus egg
extracts found that the chromatin association of Cdc7 is dependent on pre-RC formation
but does not require either ORC or Cdc6 association with chromatin (Jares and Blow,
2000; Walter, 2000). Studies of the chromatin association of Dbf4 in S. cerevisiae cells
found that Dbf4 is gradually lost from chromatin during passage through S-phase in a
manner that closely parallels the loss of MCM proteins from the chromatin (Weinreich
and Stillman, 1999). In addition, two-hybrid studies indicate an interaction between
Dbf4 and Mcm?2 (Varrin et al., 2005).

Other studies in S. cerevisiae support an interaction between ORC and Dbf4 that
we did not observe in our studies (Duncker et al., 2002; Varrin et al., 2005). Since all our
studies are performed with ORC derived from G1-phase cells, it is possible that the ORC-
Dbf4 interactions observed previously occur at other times in the cell cycle when ORC is
differentially modified. It is also possible that previous observations of DDK
recruitment by ORC reflect a transient interaction that is not detected in our assay.
Consistent with ORC not being important for DDK action at the origin, studies in S.

cerevisiae cells and Xenopus cell extracts indicate that ORC is not required for
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replication initiation after pre-RC assembly has occurred (Jares and Blow, 2000; Shimada
et al., 2002).

The precise interaction that is responsible for recruiting DDK to the pre-RC remains
to be determined. Previous one hybrid data suggested that it is Dbf4 rather than Cdc7
that is responsible for DDK recruitment (Dowell et al., 1994). Intriguingly, Dbf4
contains a region called “motif N” that is related to the BRCA1 C-terminal (BRCT) motif
(Varrin et al., 2005). Because other BRCT motifs are known to act as phosphopeptide
binding domains (Manke et al., 2003) it is tempting to speculate that this domain of Dbf4
mediates the phosphorylation-dependent association of DDK with origin-associated
MCM complexes. Studies of the phosphorylation of purified Mcm4 by DDK identified
a region in the Mcm4 N-terminus that interacts with DDK (Sheu and Stillman, 2006) and
it will be interesting to determine whether this region of Mcm4 is phosphorylated in vivo.
Given that DDK phosphorylates multiple MCM subunits, it is likely that there will be
multiple binding sites for DDK in the intact complex. Alternatively, it is possible that
one or more binding sites on a single MCM subunit are responsible for acting in cis and
trans to direct phosphorylation of all of the DDK targeted subunits.

In our model, we suggest that priming phosphorylation dictates preferential
phosphorylation of origin-linked MCM complex. Our results are consistent with two
possible roles for this priming phosphorylation: (1) creating a binding site for DDK
and/or (2) creating a target peptide for DDK phosphorylation. In support of the latter
possibility, several studies suggest that DDK targets serines or threonines adjacent to an
acidic amino acid (glutamate or aspartate) or adjacent to a phosphoserine or
phosphothreonine (Cho et al., 2006; Montagnoli et al., 2006). However, our data
strongly support a role for phosphorylation in recruiting DDK to the origin/MCM
complex. Although most of our results can be explained by phosphorylation creating a
binding site for DDK, we cannot eliminate for the possibility that the priming
phosphorylation event creates target peptides for DDK, and that phosphorylation of
Mcm?2-7 by DDK leads in turn to stable DDK binding to the pre-RC. The kinase
responsible for the priming phosphorylation of Mcm2-7 proteins in the pre-RC remains
unknown. Although our studies suggest that prior phosphorylation and not

conformational differences control DDK targeting of chromatin associated MCM
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proteins, this observation suggests that the kinase responsible for the priming
phosphorylation will distinguish between origin-linked versus free MCM complexes.

The use of priming phosphorylation to direct DDK to certain Mcm2-7 complexes
could also play a regulatory role. If the extent or timing of such phosphorylation was not
uniform from origin to origin, priming phosphorylation of the MCM complex could also
provide a mechanism to control origin efficiency or origin timing. As sites targeted by
this priming phosphorylation are identified it will be intriguing to determine how the

level of modification varies across the genome.
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Experimental Procedures
Yeast strains and plasmids

yLF52 and yLF53 were W303 transformed with plasmids pLF8 (Wt Cdc7) and
pLF9 (Cdc7°'%*4) respectively. pLF8 and pLF9 were made using the pESC split-Tap-
URA plasmid. Cdc7 and Dbf4 were integrated into the plasmid using Fsel/AsiSI and
Notl/Ascl respectively.
Protein Purification

Asynchronous yeast cells were grown in 1% raffinose and expression of Dbf4-
CBP/Cdc7-proA was induced with addition of 2% galactose for 3 hours. Extracts were
made by grinding frozen cell pellets in a motorized mortar/pestle followed by
centrifugation at 21,000rpm for one hour. Purification was performed as described (Puig
et al., 2001) with some modifications: KCl was used rather than NaCl as the salt in the
buffer solutions. The calmodulin column was used first, the IgG column was not used.
The eluate from the calmodulin column was bound to a heparin column at a low salt
concentration (calmodulin elution buffer contains 150mM KCl). The proA tag was
cleaved from Cdc7 (while bound to the heparin column) by incubation with TEV
cleavage buffer and 20units of TEV (Puig et al, 1999). The protein was eluted from the
heparin column with high salt (H/600mM KCl). Mcm6-TAP was purified as previously
described (Puig et al. 1999).
Preparation of whole cell extracts

The WCEs used in the pre-RC assembly assays were made as previously described
(Bowers et al, 2004).
Pre-RC assembly assay

Pre-RC assembly assays were performed as previously described (Randell et al,
2006).
Kinase assays
Pre-RCs assembled from a 40ul pre-RC assembly reaction were incubated in a 30ul
kinase reaction with 125ng of either wild-type or kinase dead DDK, 0.1 mM ATP, 3 uCi
[y-32P]ATP and kinase buffer (50mM HEPES [pH7.6], SmM Mg-acetate, ImM EDTA,
ImM EGTA, 10% glycerol and 0.01% NP-40) containing 150mM KGlut, for 15 min at

25°C. After the reaction was over, the reaction was either (1) stopped by the addition of
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12ul of 5X SDS-PAGE sample buffer or (2) the beads and supernatant were separated
and 30ul 1X SDS-PAGE sample buffer was added to the beads and 12ul of 5X SDS
sample buffer was added to the supernatant. Kinase assays with purified Mcm6 were

similarly performed, except that 400ng of purified Mcm6-CBP was used in the reaction.
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Supplementary Figure 1.
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Supplementary Figure 1: The presence of ATP, ATPyS, or DDK does not significantly affect the rate of dissociation of the MCM complex from
the DNA. Pre-RC assembly assays were performed with WT ARS1 containing DNAs. DNA associated proteins were then treated with H buffer with
150mMKCI and with or without ImM ATP, ImM ATPyS, and 200 fmol of wild-type DDK for 15 minutes at 25°C. Samples were analyzed by SDS/
PAGE, blotted and probed polyclonal anti-Mcm?2-7 antibody.



Supplementary Figure 2.
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Supplementary Figure 2: Prior phosphatase treatment of pre-RC does not affect DDK autophosphorylation. Autoradiography results of
experiment performed in Fig5A. Data shown is DDK that did not bind to the pre-RC during the kinase reaction.
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Chapter 111

Phosphorylation Site Mapping of Pre-RC-Linked
MCM Complexes

This work was done in collaboration with John C.W. Randell. J.C.W.R. assembled the
pre-RCs used in the study. L.LF. performed the DDK assay. Both J.C.W.R. and L.L.F.

analyzed the results. Mass Spectrometry analysis was performed by the Taplin Facility
at Harvard Medical School.
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Summary

Initiation of DNA replication is controlled by two S-phase kinases, the Cyclin-
dependent kinase, Clb5/6-Cdc28 (CDK) and Dbf4-dependent kinase, Dbf4-Cdc7 (DDK).
DDK phosphorylation of the Mcm2-7 replicative helicase is a critical trigger that leads to
the activation of this helicase. The mechanism by which DDK phosphorylation of the
MCM complex leads to helicase activation is not known, nor the sites of MCM subunit
phosphorylation. To address these and other issues, we have mapped the sites in the
MCM subunits that are phosphorylated during in vitro pre-RC assembly and after these
complexes are treated with DDK. We observed both DDK-dependent and DDK-
independent phosphorylation sites on all MCM subunits except McmS. Most sites found
in Mcm2, Mcm4 and Mcm6 were in their S/T-rich N-termini. These data not only
provide information about overall phosphorylation patterns of G1-phase pre-RC-linked
MCM complexes, but also provide critical information that will be useful for phospho-
mutant analysis and creation of phospho-specific antibodies to address how these

modifications function in vivo.

75



Introduction

Initiation of DNA replication is tightly controlled by protein phosphorylation. The
key events of eukaryotic DNA replication are temporally segregated in the cell cycle.
Origin selection is restricted to the late M- and early G1-phases of the cell cycle and
origin activation only occurs after cells enter S-phase. Phosphorylation by two kinases,
Cyclin-Dependent Kinase (CDK) and Dbf4-Dependent Kinase, Dbf4-Cdc7 (DDK), is
critical to maintain these temporal distinctions. Outside of G1-phase, CDK
phosphorylation of the DNA replication factors that participate in origin selection inhibits
their function, ensuring that cells cannot re-initiate DNA replication until after the
following G1-phase of the cell cycle. During S-phase, phosphorylation of a different
subset of DNA replication factors by CDK and DDK is essential to trigger the events of
replication initiation.

Initiation of eukaryotic DNA replication begins with the selection of potential
origins during late M- and early G1-phase (Bell and Dutta, 2002). This process is called
pre-Replicative Complex (pre-RC) formation and results in loading of the replicative
DNA helicase onto origin DNA. The Origin Recognition Complex (ORC) is
constitutively bound to origin-DNA throughout the cell cycle in S. cerevisiae. As cells
exit M-phase, ORC recruits two proteins required for helicase loading, Cdc6 and Cdt1, to
the DNA. ORC, Cdc6 and Cdtl together act as a helicase-loader, recruiting then
assembling the Mcm2-7 replicative helicase onto origin DNA, thus, completing pre-RC
formation (Mendez and Stillman, 2003). Pre-RC formation marks all potential origins of
DNA replication.

The two S-phase kinases, CDK and DDK, are both activated as cells enter S-phase
and are required to trigger the initiation of replication from sites of pre-RC formation.
These kinases modify a variety of other replication factors, including the MCM complex,
Sld2 and S1d3 (Masai and Arai, 2002; Tanaka et al., 2007; Zegerman and Diffley, 2007).
Although the mechanistic consequences of these modifications are not understood in all
cases, in many instances phosphorylation leads to recruitment of the modified replication
factors and other downstream factors, such as Cdc45 and Dpb11, to sites of pre-RC

formation. These events, and other consequences of CDK and DDK activity, result in the
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activation of the MCM helicase, DNA unwinding, recruitment of DNA synthesis
machinery and formation of a pair of bi-direction replication forks.

A detailed mechanistic understanding of events downstream of pre-RC formation is
lacking; however, at least some of the targets of CDK and DDK are known (Labib and
Gambus, 2007). DDK phosphorylates the MCM complex, which is thought to be
important in recruitment of MCM helicase-activating protein Cdc4S5 to the origin. CDK
phosphorylates S1d2 and Sld3 leading to binding of both proteins to Dbpl1. CDK may
phosphorylate other proteins involved in initiation; however, recent evidence indicates
that S1d2 and S1d3 are the only CDK substrates that must be phosphorylated prior to the
initiation of replication (Tak et al., 2006; Tanaka et al., 2007; Zegerman and Diffley,
2007). Moreover, binding of S1d3 and Cdc45 at the origin is mutually dependent,
suggesting that CDK and DDK must both function to recruit the full complement of
downstream initiation factors.

Although both in vivo and in vitro studies indicate that DDK phosphorylates
multiple MCM subunits, there is conflicting data as to which MCM subunits are
phosphorylated. In vitro studies with individual subunits have shown that all MCM
subunits except McmS5 are DDK targets (Weinreich and Stillman, 1999). In contrast, in
vivo studies have identified Mcm2, Mcm4 and possibly Mcm6 as the primary DDK
substrates (Masai and Arai, 2002; Montagnoli et al., 2006; Sheu and Stillman, 2006;
Tsuji et al., 2006).

Previous mass spectrometry studies, performed with human DDK and MCM
complex, have shown that DDK targets Mcm2 and Mcm#4 in their N-termini and also
targets a particular consensus sequence (Cho et al., 2006; Montagnoli et al., 2006). DDK
preferentially phosphorylates serines and threonines adjacent to an acidic residue (S/T-
D/E) or a phosphorylated serine/threonine (S/T-S/T where second S/T site is
phosphorylated). Not only does DDK specifically target the Mcm2 and Mcm4 N-termini,
but other kinases do as well, though the consequences of these phosphorylation events are
not well understood. Interestingly although the precise sequences of the N-termini of the
MCM subunits are not well conserved, the N-termini of Mcm2 and Mcm4 from many
different organisms consistently include an unusually high incidence of serines and

threonines, often clustered together. Moreover, in vivo studies with budding yeast have

77



shown that the deletion of the Mcm4 N-terminus is lethal, but growth can be restored
fusing the Mcm2 N-terminus to the Mcm4 N-terminal mutant (Sheu and Stillman, 2006).
Similar observations have been made in S. pombe (Masai et al., 2006). These findings
have led to the hypothesis that multiple phosphorylation events on each N-terminus rather
than at specific sites on the N-terminus are critical for Mcm2-7 activation.

Global mass spectrometry studies in S. cerevisiae have been performed, both in
asynchronous cells and in G1-phase arrested cells. In the study with asynchronous cells,
six phosphorylated residues were identified on the MCM complex: four in the C-terminus
of Mcm3 and two in the C-terminus of Mcm7 (Ficarro et al., 2002). In the study with
G1-arrested cells, the same two Mcm?7 phosphorylated residues were identified (Li et al.,
2007). In Mcm3, one phosphorylated residue was found in the C-terminus that did not
overlap with the asynchronous study and one phosphorylated residue was found in
Mcm6. The biological significance of these phosphorylation events was not investigated,
although as described in the next paragraph, another group has shown that the Mcm3 C-
terminal CDK phosphorylation sites play a role in MCM complex nuclear localization.

Other labs have shown that other kinases besides DDK phosphorylate the MCM
complex (Liku et al., 2005; Montagnoli et al., 2006). For example, minimal CDK
consensus sites can be found in all of the MCM subunits, and CDK was shown to target
the MCM complex (Liku et al., 2005). This phosphorylation is thought to be important
for exporting MCM complexes not engaged in DNA replication out of the nucleus in S-
phase, thus preventing new pre-RC formation outside of G1-phase. There are seven
minimal CDK consensus sequences in the C-terminus of Mcm3 in a region of Mcm3 that
contains a weak nuclear localization signal (NLS) and a weak nuclear export signal
(NES). These data suggest that CDK phosphorylation of Mcm3 is important in MCM
nuclear localization, although CDK phosphorylation of other subunits may regulate
MCM complex nuclear localization as well. CDK phosphorylation of the MCM complex
may also play a role in initiation of replication. If this is the case, however, this function
is not essential, as SId2 and S1d3 have been shown to be the only CDK targets required
for initiation of DNA replication.

In Chapter II of this thesis, I describe results that suggest that prior phosphorylation
of G1-phase pre-RC-linked MCM complexes is required for both DDK binding and

78



modification of the MCM complex. Because neither CDK nor DDK are active in G1,
this suggests that a different kinase is involved in priming the MCM complex for binding
to and phosphorylation by DDK. The identity of the kinase or kinases responsible for
this priming event remains unclear and the location of the sites responsible remains
unknown.

To begin more mechanistic studies of the consequences of MCM complex
phosphorylation, we undertook mass spectrometry analysis of MCM complexes
assembled into pre-RCs from G1-phase yeast extracts, both before and after treating with
DDK. We have identified both DDK-dependent and DDK-independent phosphorylation
sites on all of the MCM subunits except for McmS, for which no phosphorylation sites
were found. Most of the identified phosphorylated residues were part of known kinase
phosphorylation consensus sequences, which may be helpful in understanding which
kinases target the MCM complex. In agreement with previously published literature,
most phosphorylated sites (both DDK-dependent and DDK-independent) found in
Mcm?2, Mcm4 and Mcm6, were clustered in the N-terminus. Furthermore, our
experiments detected seven of the ten phosphorylated residues identified in the two S.

cerevisiae global mass spectrometry studies.
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Results
Pre-RC reaction used in mass spectrometry analysis

To identify phosphorylated residues on pre-RC-linked MCM complexes, we
performed in vitro pre-RC assembly reactions in which origin DNA linked to magnetic
resin was incubated with G1-arrested yeast extracts. After assembling pre-RCs, they
were either left untreated, treated with wild-type DDK and ATP, or treated with mutant
“kinase dead” DDK and ATP. The proteins associated with the DNA were separated on
a protein gel and were visualized by Coomassie staining (Fig. 1). To determine which
bands were Mcm2-7 proteins, we compared the samples containing full pre-RCs to a
sample without Cdc6 (no Mcm?2-7 association with DNA) (Fig. 1, compare lane 1 to
lanes 2 and 3). Because phosphorylated residues are easier to identify in more pure
samples, the region of the gel containing the Mcm2-7 proteins was excised, divided into
six regions (approximately containing one subunit per region), and submitted for mass
spectrometry analysis.

Each gel region submitted for analysis contained many identified proteins and often
more than one MCM subunit. Therefore, for each gel region submitted (six per sample)
the two MCM subunits with the highest numbers of identified peptides (in each case
coverage was greater than 70%) were analyzed for phosphorylated residues. Table 1
provides an overview of the results for each individual MCM subunit, including the
number of DDK sites identified, the phosphorylation sequence of the identified DDK
sites, the types of DDK-independent sites identified and the number of each type found.

Compilation of results of phosphorylation mapping of pre-RC-linked MCM complex

At least one DDK-dependent phosphorylation site was identified for each MCM
subunit except for Mcm5 (Table 1). In accordance with previously published studies,
many of these sites had an acidic amino acid adjacent to the phosphorylated serine or
threonine residue. Interestingly, although Mcm2, 4, and 6 (or some combination therein)
are thought to be the targets of DDK ir vivo (Masai and Arai, 2002; Montagnoli et al.,
2006; Sheu and Stillman, 2006; Tsuji et al., 2006), we observed DDK-phosphorylated
residues on Mcm3 and Mcm?7 as well. It is possible that these identified sites are false

positives, particularly since two of the three residues identified were non-S/T-acidic sites.
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Figure 1.

Mcm?2-7

Mmoo ™ >
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Figure 1. Pre-RC reactions used in mass spectrometry analysis. Pre-RC assembly reactions were performed and either
visualized by Coomassie Blue staining(no DDK) or treated with DDK and visualized by Coomassie Blue staining (DDK). The
“No Cdc6” sample was used solely as a control to determine the protein bands corresponding to the Mcm2-7 subunits. The region

containing the Mcm2-7 proteins was cut into six sub-regions and the gel containing these regions (A-F) were excised and
submitted for mass spectometry analysis.



On the other hand, it is possible that these are true phosphorylation events that are not
easily detected in vitro or with individual MCM subunits as a substrate. Further analysis
will be required to determine whether these are bone fide DDK phosphorylation sites.

Numerous phosphorylated residues that were independent of DDK were identified.
As with the DDK-dependent sites, DDK-independent phosphorylation sites were
identified for all MCM subunits except McmS. Interestingly, these phosphorylated
residues fell into several groups according to their adjacent residues (see Table 1 and Fig.
2). For example, S/T-P sites were identified in all of the phosphorylated MCM subunits.
S/T followed by a proline is the minimal phosphorylation motif for CDK. We also
identified a number of S/T-Q sites, the phosphorylation motif for the ATM/ATR family
of kinases. Four such sites were identified in Mcm4 and Mcm6 and one site in Mcm?7.
S/T-acidic-X-acidic sites, the casein kinase II phosphorylation motif, were identified in
Mcm2 (4), Mem3 (1) and Mcm7 (1). Finally, most of the remaining phosphorylated
residues had aliphatic animo acids following the phosphorylated serine or threonine.
S/T-aliphatic phosphorylation motifs are used by several kinases such as PKA (Ubersax
and Ferrell, 2007) and Slk1 (Songyang et al., 1994). The functional relevance of these
phosphorylation sites is currently unknown, but because they are found prior to DDK
phosphorylation, one or any combination of these modifications could be responsible for
the priming phosphorylation required for DDK binding and phosphorylation described in
Chapter II.

The majority of the detected Mcm2, 4, and 6 phosphorylation sites were clustered in
the N-terminal region (Fig. 2 A, C and D; Fig. 3). 89% (24/27) of the phosphorylated
residues in Mcm2, 4 and 6 were in the N-termini prior to the core conserved OB-fold-like
domain. The distribution of minimal kinase consensus sequences of the phosphorylated
residues was different between the subunits. For example, Mcm2 and Mcm6 had one
DDK consensus site phosphoryiated (S/T-D/E) and Mcm4 had three such sites. All three
subunits had one CDK consensus site phosphorylated and either one or two
phosphorylated S/T-aliphatic site. Mcm2 had four phosphorylated putative CK II sites,
but Mcm4 and 6 had none. On the other hand, Mcm4 and Mcm6 had four
phosphorylated putative ATM/ATR kinase sites and Mcm?2 did not have any.
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The distribution of phosphorylation sites is markedly different in Mcm3 and Mcm?7
as compared to Mcm?2, 4 and 6 (Fig 2 and Fig. 3). We did not identify any
phosphorylated residues in the Mcm3 and Mcm7 unconserved N-terminal regions. In
Mcm3, eight of the nine phosphorylated residues detected are in the last 200 amino acids
of the C-terminus of the protein. Of the seven sites that are DDK-independent, four are
putative CDK sites, one is a putative CK 1I site and the other two are S/T-aliphatic sites.
The single phosphorylation site not found in the C-terminus of Mcm3 is one of the two
DDK-dependent sites identified. This phosphorylation site is found in the OB-fold-like
domain of Mcm3. Mcm7 has six phosphorylation sites interspersed throughout its
sequence, though three of the six are in the last 35 C-terminal amino acids. The other
three sites are all within the OB-fold-like domain, including the single DDK-dependent
phosphorylation site. Of the five DDK-independent phosphorylated residues, two are
putative CDK sites, one is a putative CK II site, one is a putative ATM/ATR sites and

one is a S-aliphatic site.
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Table 1.

MCM
subunit

DDK
sites 2

Sequence of DDK
site
phosphorylated®

Other
sites ¢

Other putative
kinase sites
identifiedd

Mcm?2

SE

CDK: 1
CKII: 4
S/T-aliphatic: 1

Mcm3

TD, TA

CDK: 4
CKII: 1
S/T-aliphatic: 1
Other: 1

Mcm4

SD, TSD (both T and S
phosphorylated

10

CDK: 1
ATM/ATR: 4
S/T-aliphatic: 2
S/T-acidic: 3

Mcm5

none

none

Mcm6

TD

CDK: 1
ATM/ATR: 4
S/T-aliphatic: 2

Mcm7

SM

CDK: 2
CKII: 1
S/T-aliphatic: 1
ATM/ATR: 1

a“DDK sites” are those sites only found in the samples treated with wild-type DDK

bFor DDK sites, we show the residue phosphorylated and the adjacent amino acid (the +1 position).

¢“Other sites” were sites found in any sample analysis not solely identified in the wild-type DDK samples

dFor other sites phosphorylated, we categorize the sites according to known minimal consensus sequences for other kinases
(see text) and the number of these sites in each subunit are listed.



Figure 2A.

MSDNRRRRRE EDDSDSENEL

Mcm?2

PPSSPQQHFR GGMNPVSSPI GSPDMINPEG

51 DDNEVDDVPD IDEVEEQMNE VDLMDDNMYE DYAADHNRDR YDPDQVDDRE
101 QOQELSLSERR RIDAQLNERD RLLRNVAYID DEDEEQEGAA QLDEMGLPVQ
151 RRRRRRQYED LENSDDDLLS DMDIDPLREE LTLESLSNVK ANSYSEWITQ
201 PNVSRTIARE LKSFLLEYTD ETGRSVYGAR IRTLGEMNSE SLEVNYRHLA
251 ESKAILALFL AKCPEEMLKI FDLVAMEATE LHYPDYARIH SEIHVRISDF
301 PTIYSLRELR ESNLSSLVRV TGVVTRRTGV FPQLKYVKFN CLKCGSILGP
351 FFQDSNEEIR ISFCTNCKSK GPFRVNGEKT VYRNYQRVTL QEAPGTVPPG
401 RLPRHREVIL LADLVDVSKP GEEVEVTGIY KNNYDGNLNA KNGFPVFATI
451 TIEANSIKRRE GNTANEGEEG LDVFSWTEEE EREFRKISRD RGIIDKIISS
501 MAPSIYGHRD IKTAVACSLF GGVPKNVNGK HSIRGDINVL LLGDPGTAKS
551 QILKYVEKTA HRAVFATGQG ASAVGLTASV RKDPITKEWT LEGGALVLAD
601 KGVCLIDEFD KMNDQDRTSI HEAMEQQSIS ISKAGIVTTL QARCSIIAAA
651 NPNGGRYNST LPLAQNVSLT EPILSRFDIL CVVRDLVDEE ADERLATFVV
701 DSHVRSHPEN DEDREGEELK NNGESAIEQG EDEINEQLNA RQRRLQORQRK
751 KEEEISPIPQ ELLMKYIHYA RTKIYPKLHQ MDMDKVSRVY ADLRRESIST
801 GSFPITVRHL ESILRIAESF AKMRLSEFVS SYDLDRAIKV VVDSFVDAQK
851 VSVRRQLRRS FAIYTLG

Figure 2. Compiled results of phosphorylation site mapping of pre-RC linked MCM complexes, part 1. (A) Sites of
phosphorylation on Mcm?2 (B) Sites of phosphorylation on Mcm3. The putative NLS (residues 766-772) and NES (residues
834-842) are highlighted by italics (C) Sites of phosphorylation on Mcm4 (D) Sites of phosphorylation on Mcm6 (E) Sites of
phosphorylation on Mcm7; All sites of phosphorylation are highlighted by 18 pt font and bold lettering. Green = DDK-dependent;
Red = DDK-independent
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Figure 3. Compiled results of phosphorylation site mapping of pre-RC linked MCM complexes, part 2. Overall view of

location of mapped phosphorylated residues on Mcm2-7 proteins. MCM subunits are aligned by the N-terminal end of the
conserved AAA+ motif. Each subunit is to scale. Blue = DDK dependent sites; Red = non-DDK dependent sites



Discussion

Identification of the sites of protein phosphorylation is critical to understand how
the target protein is regulated by phosphorylation. This is particularly true if there is a
high incidence of S/T (or in some cases Y) residues in the proteins of interest. The N-
termini of Mcm2, Mcm4 and Mcmé6 are very S/T rich and previous data studying DDK
phosphorylation of Mcm4 suggests that the specific residues phosphorylated are not as
important as the number of phosphates attached to this subunit. Our own data indicates
that prior phosphorylation of the MCM complex is important in controlling DDK binding
to and phosphorylation of pre-RC-linked MCM complexes (Ch. II). As the first step to
understand how phosphorylation of the MCM complex by DDK and other kinases
controls its function, we mapped the phosphorylation sites of pre-RC-linked MCM
complexes both before and after treatment with DDK.

There are both advantages and disadvantages to mapping phosphorylation sites
from purified or extract-based proteins or protein complexes. The advantage is that high
concentrations of particular proteins can be used in the analysis, leading to better
coverage and more comprehensive results. However, important factors could be missing
from the analysis. On the other hand, in vivo phosphorylation mapping is useful for
ensuring physiological relevance of the results, but it is difficult to get comprehensive
data for many proteins. In our DDK phosphorylation analysis, it is possible that we’re
missing other important factors (such as CDK) therefore, as we go forward with these
studies, we will begin to add additional factors to the reaction and observe how this
changes the patterns of phosphorylation detected. We can also incorporate immuno-
precipitation (IP) of MCM complexes into our analysis. For example, we could [P MCM
complexes out of G1-arrested extracts after pre-RC formation and determine whether
there are differences in phosphorylation state of the MCM complexes that were not
incorporated into the pre-RC.

The majority of phosphorylated residues detected in Mcm2, 4 and 6 in our study
were found in the N-termini of these proteins. Interestingly, domain and sequence
analysis of Mcm2, 4 and 6 shows an S/T-rich N-terminal region prior to the conserved
MCM domains (Ch I, Fig 2). The N-terminal regions of the MCM subunits are not well

conserved, but there is a striking conservation of the S/T richness of Mcm2 and Mcm4.
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Moreover, Mcm2, 4 and 6 have larger N-terminal regions prior to the OB-fold-like
domain as compared to the other MCM subunits. This is especially true in the case of
Mcm2 and Mcm4, which have about 200 amino acids in this region. Mcm6 contains a
110 amino acid region prior to the ATPase domain. In contrast, the other three subunits,
Mcm3 (70aa), McmS5 (20aa) and Mcm?7 (50aa), have smaller N-terminal region (Ch I, Fig
2 and this chapter, Fig 3.). These data suggest that although the N-terminal regions of the
MCM subunits are not conserved, the function associated with phosphorylation of Mcm2,
4 and 6 may be well conserved.

A total of eight DDK-specific phosphorylation sites were identified in this study,
distributed across all of the phosphorylated MCM subunits. The DDK sites identified in
Mcm2, 4 and 6 were in the N-terminal portions of the proteins, in agreement with
previous in vivo and in vitro studies. These data suggest that although we may not have
identified all of the possible DDK sites, the residues we found to be phosphorylated are
likely to be physiologically relevant. Data from other labs, however, suggests that the
specific sites phosphorylated by DDK are not as important as the presence of a number of
phosphorylation sites (i.e. having enough serines and threonines in the sequence) (Masai
et al., 2006; Sheu and Stillman, 2006). In Mcm3 and Mcm?7, two of the DDK-dependent
sites were located in the OB-fold-like regions of these subunits. We do not typically see
phosphorylation of these subunits in a kinase assay, however, they may be
phosphorylated in vivo and the locations of these residues suggest that DDK could play
some role in controlling the MCM complex association with DNA. Creating phospho-
site mutants in the identified DDK phosphorylation sites should be helpful in
understanding whether those particular residues are important or if DDK can target other
sites even if the “first choice” phosphorylation sites are mutated.

Our in vitro assay for pre-RC formation in combination with phospho-site mutants
should be helpful in gaining a better understanding of the consequences of DDK
phosphorylation. For example, it is possible that DDK phosphorylation causes a
conformational change in the Mcm2-7 complex. This could lead to direct activation of
the helicase. Alternatively, because studies in Drosophila suggest that downstream
initiation factors such as GINS and Cdc45 are important in activating the helicase (Moyer

et al., 2006), a conformational change could facilitate recruitment of these proteins to the
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Mcm2-7 complex. It is also possible that DDK phosphorylation of the MCM complex
could create a phospho-peptide binding site for either Cdc45 or the GINS, although
Cdc45 is more likely as this protein has been shown to bind to the MCM complex
directly. We also found two DDK-dependent phosphorylation sites in the OB-fold-like
domains of two MCM subunits, Mcm3 and Mcm7. OB-fold-like domains are often
involved in binding single-stranded DNA, therefore, it is possible that DDK plays some
role in regulating the activity of the MCM complex as well as binding of downstream
initiation factors.

In this study, we mapped non-DDK-specific phosphorylation sites to all of the
MCM subunits except for McmS. We are particularly interested in DDK-independent
phosphorylation sites given that we have recently shown that DDK binding and activity
depends on other MCM phosphorylation events (Chapter II). The majority of the sites
phosphorylated were part of known minimal consensus sequences for a variety of
kinases. Many of these kinases are well characterized, however, other than a role for
CDK in MCM nuclear export, little is known about the regulatory role that other kinases
may play in controlling MCM function. Below, we will discuss these kinases and
potential roles that they could have in MCM function.

We identified at least one phosphorylated CDK consensus site in each of the
modified MCM subunits. As mentioned above, CDK phosphorylation promotes nuclear
export of the MCM complex during S-phase as a means to prevent re-replication (Liku et
al., 2005; Nguyen et al., 2000; Nguyen et al., 2001). The C-terminus of Mcm3 contains
an NLS, an NES, and seven minimal CDK consensus sites that are important in
controlling export from the nucleus. In our mapping studies, of the seven S/T’s that these
studies suggested are important for nuclear localization, four were identified as
phosphorylation sites. The MCM complexes analyzed in our study, however, were
isolated from G1-arrested yeast extracts. At the time of this G1-arrest, overall CDK
activity is low (including CIn-CDK). Therefore, phosphorylation of Mcm3 at these
residues is either constitutive or is mediated by a kinase besides CDK. We don’t
understand why these residues would be phosphorylated in G1, however, it is possible
that all of the CDK consensus sites must be phosphorylated for nuclear export. Thus, S-
phase CDK would be important for phosphorylating the other residues, and possibly
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CDK sites in other subunits, to bring about export in S-phase. Many S/T-P sites in other
regions of other subunits are not phosphorylated (especially in the N-terminus of Mcm4),
suggesting that CDK could target the MCM complex for activation at the G1 to S-
transition.

We mapped potential Mecl or Tel 1 sites (ATM/ATR kinase family; S/T-Q) on
Mcm4, Mcm6, and Mcm7. Mec and Tell are the only budding yeast homologs of the
ATM/ATR family of kinases. They are highly related, somewhat redundant kinases best
known for their role in response to DNA damage. However, Mecl is an essential protein
in yeast (under non-DNA damage conditions) and studies in ATM-/- mice have shown
that mouse embryonic fibroblasts (MEFs) from these mice passage slowly through the
G1- to S-phase transition after serum stimulation (Xu and Baltimore, 1996). The
majority of phosphorylated S/T-Q sites were found in Mcm4 and Mcm6 and these are the
subunits that DDK primarily targets in the pre-RC/DDK assay. Therefore, Mec1 and/or
Tell are viable candidates for the priming kinase required for DDK phosphorylation of
the MCM complex. It is worth noting that these studies were done using a linear DNA
fragment and it is possible that this phosphorylation is due to adjacent DNA ends being
recognized by these DNA damage checkpoint kinases. However, another kinase, Rad53
(Chk1) is activated by Mec1/Tel1/DNA damage function. There is evidence, however,
that Rad53 is not activated in the whole cell extracts used for in vitro pre-RC formation
(J. Randell pers. comm.), suggesting that Mec1 nor Tell are not being activated in the
DNA damage response pathway.

We also mapped potential CK II sites (S/T-acidic-X-acidic) to Mcm2, Mcm3 and
Mcm7. CK I is an essential kinase, conserved from yeast through humans, which targets
over one hundred different proteins involved in many cellular processes. In S. cerevisiae,
CK II has a role in cell morphology, cell polarity, and cell size (Canton and Litchfield,
2006). Because CK II has many different roles in cellular processes, mutating specific
potential CK II sites in the MCM subunits would be especially helpful to ascertain the
role of CK II in MCM complex regulation, although this approach will be helpful for all
of the different potential kinase sites we identified.

In general, our data agree with other available mass spectrometry studies performed

in §. cerevisiae. Phosphorylation site mapping has not been performed specifically on
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MCM complexes, however global phosphorylation site mapping of both G1-arrested and
asynchronous yeast cells has been performed. In our study, we detected five of the six
residues identified in the asynchronous study and two of the four sites identified in the
G1-arrested yeast cell study. It is possible that we did not identify the other three sites
due to lack of coverage or protein, however it is more likely that the three residues found
to be phosphorylated in other studies are due to phosphorylation events that do not occur
on pre-RC-linked MCM complexes. Interestingly, we mapped many more sites in the
MCM complex than were found in the global phosphorylation studies probably due to the
more focused nature of our analysis and the lack of complete coverage in the global
studies.

Identifying the sites of phosphorylation of G1-phase pre-RC-linked MCM
complexes will be useful in many different ways. We are particularly interested in
understanding how DDK phosphorylation of the MCM complex is controlled by prior
phosphorylation of the MCM complex. Similarly, we would like to determine how DDK
phosphorylation controls binding of other replication factors and activation of the
helicase activity. Our data suggest that the pre-RC-linked MCM complexes are modified
by several other kinases. Although we do not know whether the DDK-independent
phosphorylation events are constitutive or cell cycle regulated, it will be interesting to
discover whether they are important in initiation of DNA replication or for other cell
cycle events. Construction of phospho-specific mutants will be useful in analyzing the
consequences of particular phosphorylation events. Moreover, the information gained in
this study will be useful in the construction of phospho-specific antibodies to gain a better

understanding of where and when these phosphorylation events are occurring.
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Experimental Procedures
Preparation of whole cell extracts

The WCE:s used in the pre-RC assembly assays were made as described previously
(Bowers et al, 2004).
Pre-RC assembly assay

Pre-RC assembly assays were performed as previously described (Randell et al,
2006) except that a 25 fold scale-up reaction was performed. The samples were analyzed
on an 8% SDS-PAGE protein gel and stained with Coomassie Blue.
DDK Kinase assays

Kinase assays with wild-type DDK and kinase dead DDK (Dbf4-Cdc7D163A) was
performed as described in Chapter II except that a 25 fold scale-up reaction was
performed with each DDK kinase.
Mass Spectrometry Analysis

Six gel slices from the region of migration of the MCM proteins were excised from
the protein gel and sent to the Taplin Facility at Harvard Medical School for mass
spectrometry analysis. For each gel slice, the two MCM subunits with the highest
peptide representation were analyzed for evidence of phosphorylation sites. Any
phosphorylation site that appeared solely in the sample with wild-type DDK was
considered to be DDK-dependent. All other sites found were considered non-DDK-

dependent sites.
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Summary of Results

To initiate DNA replication in early S-phase of each cell cycle, the replicative
helicase, Mcm2-7 is first loaded onto DNA as part of the pre-RC at selected origins of
replication in G1-phase. Atthe G1- to S-phase transition, two kinases, DDK and CDK,
activate the selected origins. The process of activating origins for initiation requires an
active helicase to unwind DNA, and recruitment of the DNA synthesis machinery to
replicate the DNA. My work has focused on gaining a more mechanistic understanding
of how DDK binds to and targets its substrate, the Mcm2-7 replicative helicase. We have
also begun studies, including mapping the phosphorylated residues on the pre-RC linked
MCM complexes, to better understand events that occur downstream of DDK
phosphorylation.

In Chapter II of this thesis, I discussed biochemical experiments examining
phosphorylation of the Mcm2-7 complex by DDK in the context of pre-RCs purified
from S. cerevisiae G1-arrested whole cell extracts. We discovered that the Mcm4 and
Mcmé6 subunits are the principal phosphorylation targets of DDK and that the MCM
complex itself is the only pre-RC component necessary to recruit DDK to the origin.
Observations made by other labs suggest that DDK specifically targets chromatin
associated MCM complexes, even though these MCM complexes are a fraction of total
MCM proteins in the nucleus. We present evidence that DDK can differentiate between
different populations of MCM complexes, even if they are both DNA-bound. Our results
suggest that something beyond recruitment of the MCM complex to the origin, such as
modification state or conformation, is important for targeting of DDK. In support of this
idea, we present evidence that prior phosphorylation of the pre-RC is required for
targeting the of MCM complex for DDK phosphorylation.

In Chapter III, I describe a collaborative effort to map the phosphorylation sites on
purified pre-RCs, both before and after treatment with DDK. Our initial results
demonstrate that MCM complexes may be targeted for phosphorylation by multiple
kinases (including DDK). Moreover, different MCM subunits have distinct patterns of
phosphorylation. Mcm?2, 4 and 6 N-termini are targeted for phosphorylation both by
DDK and by other kinases. Mcm3 and Mcm?7 are also targeted both by DDK and other
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kinases, however, Mcm?3 is primarily targeted at its C-terminus and Mcm?7 is targeted
throughout its sequence. No phosphorylation sites were found in Mcm5. These results
give us a general understanding of phosphorylation patterns of pre-RC linked MCM
complexes. Moreover, these data provide critical information to address the importance

of Mcm2-7 phosphorylation, at least some of which will be described here.

Mapping the domains in Dbf4 and the MCM complex responsible for recruitment of
DDK to the pre-RC

Our data shows that the MCM complex is both necessary and sufficient to recruit
DDK to the origin. Moreover, data from other labs suggest that Dbf4 interacts with
Mcm?2 in a two-hybrid assay (Varrin et al., 2005) and that a region of Mcm4 binds Dbf4
in GST-pulldown experiments (Sheu and Stillman, 2006). Nevertheless, the precise
nature of this interaction is not well understood. For example, it is possible that more
than one MCM subunit is involved in the interaction of DDK with the MCM complex. If
this is true, it would be interesting to determine whether interactions with multiple
subunits are redundant for DDK association or whether the interactions are additive. As
a starting point, I will address whether a small domain in Mcm4 that has been shown to
be required for binding of Dbf4 by GST-pulldown experiments disrupts binding of DDK
in our pre-RC/DDK kinase assay. If not, then other mutations in other MCM subunits,
such as Mcm?2, would be created to understand which subunits are required for
association of DDK with the MCM complex. The region in Mcm4 determined to be
important for binding Dbf4 is just C-terminal to the S/T rich N-terminal phosphorylated
region. We could make an analogous mutation in the Mcm2 subunit and determine
whether this region is also involved in binding Dbf4.

Our results demonstrate that prior phosphorylation of the MCM complex is required
for DDK binding to the MCM complex. This data suggests that Dbf4 might be a
phospho-peptide binding protein. Intriguingly, Dbf4 has a conserved motif, part of which
is homologous to a portion of the canonical BRCT domain. BRCT domains are often
involved in phospho-peptide interactions. The other part of this conserved motif in Dbf4
is homologous in other Dbf4 species but not to the BRCT domain, thus this domain was

termed the BRCT and Dbf4p similarity (BRDF) motif (Gabrielse et al., 2006). There is
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conflicting in vivo data whether the BRDF domain in Dbf4 is required for normal cell
cycle progression or whether it might primarily be involved in response to DNA damage.
For example, one group reported that the entire BRDF motif could be deleted with
normal growth under non-DNA damaging conditions (Gabrielse et al., 2006). However,
another group made a smaller deletion within the BRDF domain and saw very slow
growth (Varrin et al., 2005). Therefore it is possible that this domain is important in
binding MCM complexes and we can test this directly in our pre-RC/DDK assay. We
could make a variety of mutations in this region of Dbf4, not only in the BRDF domain,
but in other conserved domains as well (see Ch I, Fig. 5). We can also directly ask
whether Dbf4 is a phospho-peptide binding protein. In collaboration with the Yaffe Lab,
which has phospho-peptide libraries, we can determine whether Dbf4 (or DDK) binds
phospho-peptides, and if so, whether it binds specific phospho-peptides. Moreover, if
Dbf4 is a phospho-peptide binding protein, we can delete the BRDF domain and directly
test whether this domain is involved in phospho-peptide binding using the phospho-
peptide binding library.

We do not yet understand how binding of DDK to the MCM complex correlates
with kinase activity. For example, we describe results in Ch II which demonstrate that
dephosphorylation of the pre-RC eliminates DDK binding to and phosphorylation of the
Mcm2-7 complex. This data suggests that binding and activity are correlated, but to what
extent? We would like to understand whether the ability to phosphorylate the MCM
complex is absolutely dependent on the ability of DDK to bind the MCM complex, and
whether the opposite is true as well. We can address these questions in a variety of ways.
We can create deletion mutations in Dbf4 that are outside the regions involved in binding
Cdc7 (so that Dbf4 can still bind and activate Cdc7), and test for their effect on DDK
binding in the pre-RC/DDK kinase assay. If there are mutants in Dbf4 that activate Cdc7
for kinase activity but do not bind the pre-RC, then we could ask how binding affects
phosphorylation of the MCM complex. We also have a kinase deficient DDK mutant. If
DDK binding to the MCM complex were dependent on kinase activity, then we would
expect that this mutant would not bind to the MCM complex. We have tested this in our
pre-RC/DDK assay (Supp Fig. 1) and while this mutant did not bind the MCM complex

as well as wild-type DDK, we did see non-specific binding that was not wild-type origin-
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dependent, therefore further studies with this mutant will need to be performed. Creating
phospho-site mutants in the MCM subunits that abolish the ability of DDK to
phosphorylate the MCM complex would be another approach to asking this question.

DDK phosphorylation of the MCM complex: what are the crucial targets and
downstream consequences of this phosphorylation event?

It is well established that DDK phosphorylates the MCM complex and that this
phosphorylation event is important for downstream events in initiation of DNA
replication. However, identifying specific mutations in the MCM complex that eliminate
DDK phosphorylation has been difficult. Data from other labs suggests that specific
phosphorylation sites targeted for phosphorylation by DDK are not as important as the
ability to phosphorylate a particular region of the MCM subunit (Masai et al., 2006; Sheu
and Stillman, 2006). For example, the N-terminal 174 amino acids of Mcm4 are
phosphorylated by DDK and are essential for cell growth. However, this N-terminal
region can be replaced either by a S/T rich N-terminal region of another MCM subunit
(such as Mcm2) or by a random protein epitope (such as HA) with serines or threonines
included throughout the sequence (Sheu and Stillman, 2006). Moreover, there is data that
DDK phosphorylation of multiple MCM subunits is redundant for cell growth such that
deleting a DDK targeted region of one subunit is somewhat deleterious, but deleting
DDK targeted regions in multiple subunits is lethal to the cell (Masai et al., 2006).

In Chapter III, we describe results of an effort to map the DDK phosphorylation
sites in MCM complexes associated with the pre-RC. Interestingly, we did not find many
DDK-specific sites, suggesting that either DDK phosphorylates the MCM complex on a
few specific residues or possibly that CDK activity is required for full DDK
phosphorylation. It will be interesting to determine through phospho-mutant analysis
whether the sites we found are the important targets for phosphorylation or whether other
sites can be phosphorylated by DDK as well. Moreover, we can make phospho-mutants
in multiple MCM subunits if deleting phosphorylated residues in one MCM subunit does
not have an affect in vivo.

In vivo studies by other labs have correlated hyper-phosphorylation of Mcm4 (as
seen by western blot protein gel mobility shift) with the ability of Cdc45 to be recruited
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to chromatin (Masai et al., 2006; Sheu and Stillman, 2006). Mcm4 hyper-
phosphorylation was dependent on DDK activity and was only detected on MCM
complexes associating with chromatin. Consistent with Cdc45 binding to the Mcm2-7
complex, both Mcm2 and McmS5 have been shown to co-IP with Cdc45 in S-phase (Zou
and Stillman, 1998). These data suggest that phosphorylation of chromatin associated
Mcm4 by DDK leads to the recruitment of Cdc45 to the chromatin. However, a direct
link between these two events has not been shown. We could approach this question in
several ways. For example, we could purify pre-RC’s, treat with DDK (or not) and add
purified Cdc45 to determine whether Cdc45 can interact with DNA-bound MCM
complexes. If other factors were involved in this recruitment, such as Sld3, we would not
see association in this relatively purified system. In this case, we could add yeast extracts
that are made from cells arrested with a cdc7ts allele and determine whether extract

derived Cdc45 (and any other proteins) binds to the pre-RC.

Do other kinases control the function of the MCM complex?

As described in Chapters II and III, our work strongly suggests that other kinases
besides DDK target the MCM complex for phosphorylation. Others have also observed
phosphorylation by other kinases and it is clear that CDK phosphorylation of the Mcm2-7
complex drives its nuclear export (Liku et al., 2005). On the other hand, whether these
phosphorylation events influence the function of the MCM during initiation of replication
is unknown. Interestingly, most of the residues in the MCM complex that we found to be
phosphorylated were part of the minimal consensus sequences of many kinases known.
For example, we found S/T-Q sites, which are typical of the ATM/ATR family of
kinases. We found phosphorylated casein kinase II consensus sites (S/T-acidic-X-acidic),
and phosphorylated CDK consensus sites (S/T-P). Most of the other phosphorylated
residues were part of a larger class of kinase consensus sites (S/T-aliphatic), which can be
targeted by many kinases and, therefore, is less informative.

Although the role of these kinases in MCM complex function is not clear, there is
information as to other purposes they have in the cell. For example, in S. cerevisiae, the
only known ATM/ATR family kinases are Mec1 and Tell. The role of these two kinases

in response to DNA damage is most well understood, however, at least Mecl1 is also
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required for normal cell cycle progression. This essential role is generally thought to be
involved in nucleotide biosynthesis (the lethality of the deletion can be bypassed by
mutations that stimulate ribonucleotide reductase synthesis)(Zhao et al., 2000), however,
there could be other roles that have not been uncovered. There is evidence for a role for
CDK-mediated phosphorylation of the MCM complex in targeting the MCM complexes
for export from the nucleus after DNA replication is finished. We found phosphorylated
residues at typical CDK-consensus sites in all the MCM subunits except for Mcm5.
However, these MCM complexes were isolated from cells in which S-phase CDKs are
inactive. This may mean that these phosphorylated residues to do not play a role in
MCM complex export from the nucleus or that other phosphorylated residues are
required for export. Alternatively, these MCM complexes may be protected from export
due to their association with the DNA.

The information we gained by mapping the phosphorylated residues on pre-RC-
linked MCM complexes may be very useful in uncovering the functions of different
kinases in MCM complex regulation. To determine the roles of the different putative
kinase sites that we identified, we could mutate each of the different classes of consensus
kinase sites we found to determine whether they are important in initiation of DNA
replication or for normal cell cycle progression. CDK phosphorylation of the MCM
complex may play a non-essential role in initiation of DNA replication. Although
phosphorylation of S1d2 and Sld3 are the minimal essential targets of CDK, it is clear that
replication is much less efficient when these pathways are bypassed and CDK is
eliminated. The existence of multiple S-S-P sites in the N-termini of Mcm2, Mcm4 and
Mcm6 (see Ch III, Fig 2) suggest the intriguing possibility that S-phase CDKs
phosphorylate the second serine, which creates a phosphorylation site for DDK at the first
serine. Moreover, both Mcm4 and Mcmé6 have multiple S/T-S/T-Q sites in their N-
termini suggesting that Mec1 could function in the same way. Therefore, it is possible
that phosphorylation by CDK and/or Mecl1 is one of several avenues to activate the
Mcm2-7 complex and that phosphorylation of the MCM complexes could integrate
several signaling pathways (Mec1, CDK, DDK) and lead to corresponding levels of

initiation.
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Preferential targeting by DDK of different populations of MCM complexes

In S-phase, only a small portion of total nuclear MCM complexes associates with
the chromatin and participates in DNA replication. Studies from other labs suggest that
DDK has the ability to specifically target these chromatin associated MCM complexes
and presumably these are the MCM complexes taking part in DNA replication. A simple
explanation as to how this might come about is that DDK is recruited to the origin
specifically by ORC. Because most of the ORC in the cell is at origins of replication,
DDK would be specifically targeted to those MCM complexes loaded onto chromatin at
origins and destined to take part in DNA replication. However, we show that DDK is
recruited to the pre-RC by the MCM complex, rather than ORC. This is consistent with
studies that strongly indicate that ORC is not required for events after pre-RC formation
(Jares and Blow, 2000; Walter, 2000). Moreover, we show that not only can DDK
distinguish between MCM complexes on and off the DNA in the context of our assay, but
also that DDK distinguishes between two DNA-bound populations of MCM complexes
(loaded and associated). These results suggest that DDK is distinguishing between
particular characteristics or features of the different populations of MCM complexes.

One possibility for how these MCM complexes may be different is in the amount of
phosphorylation by other kinases. For example, if MCM complexes that are loaded onto
the DNA are preferentially targeted for phosphorylation by another kinase, then this may
direct the preferential targeting of DDK of loaded MCM complexes. The phospho-
mutant analysis described above may be useful in determining whether this hypothesis is
correct. For example, we may identify a set of phospho-site mutations in the MCM
proteins that cannot be distinguished as associated and loaded MCM complexes by DDK.

Another possibility is that a conformational change dictates preferential
phosphorylation of loaded MCM complexes. We believe that the association of the
MCM complex with the DNA is different between associated and loaded MCM
complexes; therefore, it is quite possible that these complexes are in a different
conformation. The possibility of phosphorylation and conformation dictating preferential
phosphorylation by DDK are not mutually exclusive ideas, as it is also possible that a
prior phosphorylation event of loaded MCM complexes causes a conformational change

that leads to preferential targeting by DDK. We may be able to distinguish between these
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different possibilities using phospho-mutant analysis in combination with partial-tryptic
digestion of the protein (to see if we can distinguish between different conformations of
the MCM complex).
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Supplemental Figure 1.

DDK: WT KD
ARS1 DNA: WT A- WT A-

Mcm?2-7

Dbf4

Orc4
Orc6

Supplemental Figure 1: Association of kinase dead DDK to the pre-RC as compared to wild-type DDK. Experiment was i
performed as described in Ch. II, Fig 3A.
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Appendix I

Stability of MCM Complex Association with
Circular and Linear DNA Templates
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Introduction

The Mcm2-7 complex plays an essential role in DNA replication as the replicative
helicase (Takahashi et al., 2005). This complex associates with the DNA during pre-
Replicative Complex (pre-RC) formation in G1-phase of the cell cycle (Dutta and Bell,
1997) and its continued association with the DNA is required for DNA replication fork
progression in S-phase (Labib et al., 2000). Crystallographic and EM analysis of the
archaecal MCM complex indicates that the protein forms a double-hexameric, ring-shaped
structure (Chong et al., 2000; Fletcher et al., 2003; Pape et al., 2003) with the two
hexamers in a head-to-head orientation. The method by which the MCM complex
unwinds DNA is a mystery including whether it encircles single-stranded or double-
stranded DNA during this process (Takahashi et al., 2005). Moreover, studies suggest
that the MCM complex is initially loaded onto DNA in an inactive state (as part of the
pre-RC) and is not activated for helicase activity until downstream protein factors bind to
the complex (Moyer et al., 2006; Zou and Stillman, 2000). The state of association of the
MCM complex with the DNA in the inactive state is not known, nor if this changes upon
activation of the helicase.

Both ORC and Cdc6 are members of the AAA+ family of ATPases that are
required to assemble the Mcm?2-7 complex onto origin of replication DNA (Bell and
Dutta, 2002). Studies of the effects of ATP hydrolysis mutants and non-hydrolyzable
ATP analogs in an in vitro pre-RC assembly system has elucidated the role of these
proteins in loading the MCM complex onto the DNA (Ch I, Fig 1) (Bowers et al., 2004;
Randell et al., 2006). The initial association of the Mcm2-7 complex with origin DNA
does not depend on ATP hydrolysis by ORC or Cdc6é, however, ATP hydrolysis by Cdc6é
is required to change the manner of MCM complex association with DNA (Randell et al.,
2006). Before Cdc6 hydrolyzes its ATP, Mcm2-7 association with DNA is dependent on
ORC. If ORC is extracted from the DNA using a high-salt wash, this “associated” form
of the MCM complex dissociates from the DNA as well. In contrast, after Cdc6
hydrolyzes ATP, the MCM complex is stabilized on DNA and no longer requires ORC or
Cdc6 to remain associated with the origin DNA. This “loaded” form of the MCM
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complex is resistant to extraction from the DNA by a high-salt buffer. Given the stability
of these MCM complexes on DNA and the fact that MCM complexes are thought to form
a ring-like structure around DNA (Fletcher et al., 2003), we hypothesized that salt-stable
MCM complexes are encircling the DNA (Randell et al., 2006).

To begin to determine whether loaded MCM complexes encircle origin DNA, we
studied the stability of the MCM complexes on circular versus linear origin-containing
DNA templates. If loaded MCM complexes are encircling and sliding along the DNA, we
hypothesized that they would be more stable on circular DNA templates as compared to
linear DNA templates. Here I present preliminary evidence that loaded MCM complexes
associate more stably with circular DNA templates as compared to linear forms of the
same DNA. I also find that the stability of loaded MCM complexes on a linear template
differs depending on which side of the origin is closest to the free DNA end.
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Results

To assess the stability of different populations of MCM complexes on circular and
linear DNA templates, we formed pre-RCs and either washed the pre-RCs with high-salt
buffer, to isolate the loaded Mcm2-7 population, or washed the pre-RCs with low-salt
buffer, leaving both loaded and associated MCM complexes on the DNA (Fig 1A).

These in vitro assembled pre-RCs contain anywhere from 30-50% loaded MCM
complexes, therefore salt extraction of the pre-RC removes 50-70% of the MCM
complexes associated with the DNA (Bowers et al., 2004). To normalize the amount of
MCM complexes on the DNA after high-salt wash to the amount of MCM complexes on
the DNA after the low-salt wash, we initially started with three times the amount of pre-
RC:s for the high-salt washed samples. After pre-RCs were washed, they were returned to
a low-salt buffer and their dissociation from the DNA measured (Fig 1A).

The different DNA templates (Fig 1B) had different amounts of pre-RC formation
(Fig 2). At this time, it is not clear whether this is due to differences in the amount of
DNA used or whether different templates have different efficiencies of pre-RC formation
(or both). Because each sample had different amounts of MCM complexes binding to the
DNA, we determined the percentage of MCM complexes dissociating from the DNA for
each individual sample. We determined the percentage of MCM complexes dissociating
into the supernatant by dividing the amount of MCM complexes in the supernatant by the
total amount of MCM complexes in the sample (supe/(supe + DNA)).

Only small changes were observed in the association of the mixed population of
MCM complexes (no salt extraction) with the different DNA templates used (Table 1).
For example, ~26% of MCM complexes dissociated from the circular DNA template
whereas ~29% dissociated from SacllI linearized template and ~20% from the Xhol linear
template. Similar small differences were observed in both experiments performed,
however, further reiterations of the experiments will be required to determine the
significance of the different stability of the mixed population of MCM complexes.

More significant changes in dissociation were observed with the different DNA
templates when only loaded MCM complexes were bound to the DNA. The lowest
amount of MCM dissociation was observed in the sample containing loaded MCM
complexes on circular DNA (Table 1 and Fig 2) in which ~13% of the MCM complexes
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dissociated from the DNA. Interestingly, about 2.5 times that amount of loaded MCM
molecules dissociated from the linear"™' DNA template (~34%). The results of the
linear®*" DNA template were intermediate with ~24% of the MCM complexes
dissociating into the supernatant. These data suggests that loaded MCM complexes are
more stable on circular than linear DNA templates, however, their stability on linear
DNA templates is dependent on which side of the origin is closest to the free end of the
DNA.

We can also compare the amount of MCM complexes dissociating from the same
template, but in non-salt- versus salt-extracted samples (Table 1). More MCM
complexes dissociated from the circular DNA in the non-salt washed as compared to the
salt-washed samples (26% vs 13%) suggesting that both loaded and associated MCM
complexes dissociate from the DNA in the non-salt washed samples. The same was true
for linear™*" DNA template except only about 5% more MCM complexes dissociated
from the DNA in the non-salt extracted samples (29% vs 24%). This result was not the
same when the experiment was performed with linear™™" template. In this case, less
MCM complexes dissociated from the non-salt-washed pre-RCs (20% vs 34%).
Although we do not know the percentage of loaded MCMs dissociating from the DNA in
the non-salt-washed sample, it must be less than in the case where only loaded MCM
complexes are associating with DNA. These results suggests that loaded MCM
complexes associate more stably on the linear™* DNA template when the pre-RCs are

not salt-extracted.
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Figure 1.

A.

1. Incubate in buffer (H+/150mM KGlut)
2. Separate DNA from Supernatant




Figure 1.
B.

Uncut

Xhol (973)
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*
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- 3kb Cut Plasmid
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Figure 1. Experimental outline and template used in experiments. (A) An outline of the experiment performed in Fig 2. Pre-

RCs were assembled and washed in either low-salt buffer (300mM KGlut) or high salt buffer (500mM NaCl). The proteins
remaining associated with the DNA were then incubated in buffer containing 150mM KGlut. The DNA and supernatant were

separated and analyzed by western blot with Mcm2-7 antibody. (B) The pKS-ARS1wt plasmid showing the sites of linearization
in relation to the ARS1 origin (785-854) with the orientation of the A, B1 and B2 elements shown. (C) Cut and uncut plasmid

separated on 1% agarose gel. The amounts shown are not equivalent to the amounts used in the described experiments.



Figure 2.
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Figure 2. Raw data of Experiment described in Fig 1. Experient was performed as described in Fig 1A. C =
circular DNA; LS = circular DNA linearized with Sacll restriction enzyme; LX = circular DNA linearized with Xhol
restriction enzyme.



Table 1.

% MCM protein in % MCM protein in

Sample Supernatant (Expt 1)2  Supernatant (Expt 2)2

No Salt Extraction

Circular 27 26
LinearSacll 30 29
LinearXhol 24 20

Salt Extraction

Circular 15 13
LinearSacll 2l 24
LinearXhol 36 34

a The results of two independent experiments are shown



Discussion

Our preliminary investigation into the stability of pre-RC-linked MCM complex
association with different DNA templates yielded some potentially interesting results.
We found that binding of high salt-washed (loaded) MCM complexes to the DNA was
more stable on circular DNA than on linear DNA. Moreover, more loaded and associated
MCM complexes (no-salt-extraction) dissociated from circular DNA than just loaded
MCM complexes (salt-extraction), suggesting that associated MCM complexes
dissociated from the DNA as well during the buffer incubation. The same result occurred
with linear®*" DNA template, although only slightly more loaded and associated MCM
complexes dissociated from the DNA as compared to just loaded MCM complexes.
These data are consistent with previous findings showing that the high-salt extraction
causes the dissociation of loosely associated DNA binding proteins (including ORC and
associated MCM complexes). Interestingly, the opposite result occurred using the

linearX™!

template. The amount of dissociation of the loaded and associated MCM
complexes from linear™™' DNA template was less than the amount of loaded MCM
complexes dissociating from the same DNA template. Below we propose a model to
explain these preliminary results.

We have previously hypothesized that loaded MCM complexes encircle duplex
DNA (Randell et al., 2006), resulting in relative resistance to DNA dissociation during
high salt-extraction. One explanation for our results is that loaded MCM complexes are
encircling duplex DNA and are sliding off the ends of the linear DNA molecule. This
hypothesis could also explain why, in the case of linear™' DNA, less loaded MCM
complexes dissociate from non-salt-extracted pre-RCs. The DNA-binding proteins,
which are stably bound to the DNA in the non-salt extracted samples, may be hindering
the movement of the loaded MCM complexes along the DNA molecule. However,
washing the DNA with high-salt buffer disrupts the interaction of most proteins with
DNA, therefore, the absence of DNA-bound proteins (besides MCM complexes) in the
salt-extracted samples could afford loaded MCM complexes greater movement along the
DNA. It is not clear why this result is not the same for the linear’*" DNA template,
however, only 5% more MCM complexes are dissociating from the DNA in the samples

containing both loaded and associated MCM complexes as compared to loaded MCM
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complexes. Therefore, it is possible that some stabilization of loaded MCM complexes
on DNA is occurring, just not to the same extent.

The data described here suggests there are differences in MCM dissociation from
the DNA depending which side of the origin is closest to the free end of the DNA. For
example, when the DNA was linearized on the side closest to the A element (Sacll),
loaded MCM complexes were more stable than if the DNA was linearized on the side
closest to the B2 element (Xholl). This difference is puzzling but could be very
interesting. One of the unanswered questions in the literature is whether ORC directs
loading of MCM complexes onto both sides of the origin or only one side. ORC is an
asymmetrical protein complex, but it must somehow direct the formation of a
symmetrical, bidirectional replication forks. If our hypothesis is correct and loaded
MCM complexes are destabilized from linear DNA by sliding off the ends, then the

S2¢ll and linear™™" DNA templates may suggest that

differences in dissociation from linear
more loaded MCM complexes are closer to Xhol (B2 side) than Sacll (A side).
Interestingly, this idea is supported by other studies that have shown that mutations in the
B2 element of ARS1 interfere with MCM association with the origin (Lipford and Bell,
2001; Zou and Stillman, 1998).

As discussed in the introduction of this Appendix, it is thought that Mcm2-7
helicase function is not activated until the later stages of replisome formation, therefore,
it is not clear whether the MCM complex has helicase activity or moves along DNA at
the early stage of pre-RC formation. In the experiments described here, no ATP was
included in the incubating buffer, and other experiments suggest that, after initial pre-RC
formation, the presence or absence of ATP in the incubating buffer does not affect MCM
association with the DNA (Ch II, Supp Fig. 1). DNA helicase activity requires ATP
hydrolysis, therefore, it is likely that if MCM complexes are moving along DNA, they are
not doing so by activating their helicase activity in these experiments. A relatively small
percentage of MCM complexes are dissociating from the DNA during the buffer
incubation, therefore, if MCM complexes are moving along the DNA, they may only be
traveling small distances.

The experiments described here are preliminary, however, they may lead to

interesting discoveries about the nature of the MCM complex binding to DNA and to the
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origin. The differences in the amount of MCM complexes dissociated from each
template are not striking in some cases; however, the results were similar over two
different experiments with independently prepared template. These experiments will
continue to be repeated to determine how the results deviate.

In future studies, we will address some minor experimental issues. For example,
we observed that the circularized template might have been incompletely linearized (see
Fig 1C). The restriction enzyme digest was performed while the plasmids were attached
to the magnetic resin. We hypothesize that, due to the size of the resin, the restriction
enzyme may have been partially excluded from the sites of DNA cutting. To address this
potential weakness, we will perform experiments in which the DNA is digested before
attachment to the magnetic resin to try to improve the extent of DNA cleavage. This
could significantly increase the amount of MCM complexes dissociating from linear
templates. We will also address the differences in the amount of pre-RC formation on the
different templates and try to determine whether we can normalize these to a greater
extent and whether there are inherent differences in pre-RC formation on the different
DNA templates.

Once the experimental procedure is perfected, we plan to continue pursuing this line
of experiments. To determine actual dissociation rates, we will perform a time course of
incubation of DNA-bound MCM complexes in low-salt buffer. Preliminary experiments
were not performed in this way as the experiment requires large amounts of reagents;
however, since the preliminary data appears encouraging, we will perform these
experiments. We will also determine whether the same results are achieved with an
origin that is oriented in the opposite direction (i.e. Xhol site near the A element and the
Sacll site near the B2 element). This would suggest that more loaded MCM complexes
are being placed on the B2 side of the origin than the side next to the A element. We will
determine the stability of loaded MCM complexes when the free end of the DNA is
further away from the origin. We would expect that if the MCM complexes are sliding
off the free DNA end but are not moving very freely along DNA, then the rate of
dissociation would decrease with increasing distance of the free end from the origin. It is
also possible to cut the plasmid closer to the origin, however, there is data that suggests

this may compromise overall MCM loading (W. Lam, unpublished results). Finally, we
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will perform these experiments using a Cdc6 ATP hydrolysis mutant (Cdc6EG) in the
pre-RC assembly assay, as this mutant has been shown to recruit only associated MCM
complexes to DNA (Randell et al., 2006). This will allow us to compare associated
MCM populations to loaded MCM populations rather than comparing loaded MCM

complexes to a mixed population of loaded and associated MCM complexes.
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Experimental Procedures
Preparation of whole cell extracts

The WCEs used in the pre-RC assembly assays were made as described previously
(Bowers et al, 2004).
Preparation of pKS-ARSIwt DNA-coupled beads

pKS-ARS1wt plasmid was randomly crosslinked to biotin using biotin photoprobe
reagent (Vector Laboratories). Biotinylated pKS-ARS 1wt was coupled to streptavidin-
coated magnetic beads (Dynal) by incubation overnight at room temperature. Unbound
DNA was washed away by two washes with buffer H/300 (see Bowers et al, 2004). A
portion of the bead bound plasmid was linearized using either Xhol or Sacll restriction
endonucleases to generate linear derivatives of the circular templates.
Pre-RC assembly assay

Pre-RC assembly assays were performed as previously described (Randell et al,
2006) except 100 fmol of DNA was used per reaction.
MCM Dissociation assay

A 30ul pre-RC assembly reaction was performed. The assembled pre-RC were
either washed with three times with H/300mM KGlut (no salt extraction) or once with
H/300mM KGlut, once with H/500mM NaCl, and once with H/300mM KGlut (see
Bowers et al., 2004). After these washes, the proteins remaining bound to the DNA were
incubated by rotation in H/150mM KGlut for 45 min at room temp. The beads were
precipitated and the supernatant was collected. 20ul of 1X SDS sample buffer was added
to the beads/DNA and 12ul of 5X SDS PAGE buffer was added to the supernatant
fraction and the samples were incubated at 95C for 5 min. The samples were analyzed on
a 7% SDS-PAGE protein gel. Western Blots were performed as previously described
(Bowers et al, 2004).
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