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Abstract
The DNA damage and replication checkpoint kinase Mec1/ATR is a member of the PI3-kinase related
kinases that function in response to various genotoxic stresses. The checkpoint clamp 9-1-1 (Rad9-
Rad1-Hus1 in S. pombe and mammals; Ddc1-Rad17-Mec3 in S. cerevisiae) executes two distinct
checkpoint functions. In S. cerevisiae, DNA-bound 9-1-1 directly activates Mec1 kinase activity, a
function that has not been demonstrated in other organisms. A second, conserved activity of 9-1-1
is that of TopBP1/Cut5/Dpb11 recruitment to stalled replication sites; subsequent activation of Mec1/
ATR is carried out by TopBP1/Cut5/Dpb11. Biochemical studies indicate that the mode of Mec1/
ATR activation by S. cerevisiae 9-1-1 is analogous to activation by S. cerevisiae Dpb11 or by
vertebrate TopBP1: activation is mediated by the intrinsically disordered C-terminal tail of each
activator. The relative contributions made by multiple activators of Mec1/ATR are discussed.

Introduction
The DNA damage checkpoint machinery is a vital cellular process that coordinates cell cycle
progression with DNA repair in response to DNA damage. The checkpoint machinery is highly
conserved in eukaryotes and defects in this machinery lead to damage-sensitivity in yeast and
to cancer-susceptibility in humans. The ATM (S. cerevisiae and S. pombe Tel1) and ATR (S.
cerevisiae Mec1 and S. pombe Rad3) Pi3-kinase-like protein kinases play important roles as
the initial sensor kinases in these signal transduction pathways that eventually result in the
transcriptional induction of repair genes and the slowing of cell cycle progression [1–3]. These
kinases are tightly regulated such that they are only activated when there is a threat to genomic
integrity. Checkpoint signal transduction pathways begin with sensor proteins that either
recognize DNA damage or DNA structures that have been formed as a result of the initial
processing of DNA damage (Table 1). Mec1/ATR and Tel1/ATM also localize to the DNA,
and have been variously designated as sensor kinases or transducer kinases, the latter because
they are the initial protein kinases in their signal transduction pathways. Mediator proteins
often function as scaffolds that bring other factors in the pathway into juxtaposition. The
effector kinases Chk1 and Rad53/Chk2 phosphorylate critical targets that promote cell cycle
arrest, transcriptional activation, and apoptosis (reviewed in [4,5]).

The appropriate DNA substrates for checkpoint initiation can be generated by several
pathways. DNA double strand breaks are processed by several nucleases and helicases to form
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single-stranded DNA regions with 3′-single-stranded DNA overhangs and 5′-single- to double-
stranded DNA junctions (5′-ss/ds-junctions) [6,7]. Damage produced by UV irradiation or by
other DNA damaging agents that elicit nucleotide excision repair (NER) is processed by the
NER machinery to form single stranded DNA gaps [8,9]. Single-stranded DNA also
accumulates at stalled replication forks [10]. These various types of ssDNA regions bind the
single-strand binding protein RPA. Both RPA-coated ssDNA and the ss/ds DNA junctions that
have been generated during DNA processing are instrumental in the recruitment of checkpoint
complexes.

In this review, we will focus primarily on the initial steps in checkpoint activation involving
the recognition of DNA intermediates by checkpoint factors, and on the activation of Mec1/
ATR by two specific activators. The first activator is the checkpoint clamp 9-1-1 that is loaded
onto 5′-ss/ds DNA junctions (5′-junctions). The second activator is TopBP1/Dpb11 that may
be recruited to the DNA by at least two distinct mechanisms, through interaction with the 9-1-1
camp, or through interaction with the leading strand DNA polymerase ε (Pol ε). The
juxtaposition of Mec1/ATR and an activator initiates the checkpoint by stimulating the kinase
activity of Mec1/ATR. Unfortunately, the nomenclature for these checkpoint factors is
extremely confusing (Table I). We will restrict our discussion wherever possible to the human
and budding yeast nomenclature while recognizing that seminal insights in checkpoint function
have also been derived from studies in fission yeast. Potential other functions of 9-1-1 in
damage-induced mutagenesis [11,12] and in base excision repair [13–16] fall outside the scope
of this review.

PCNA and RFC as a model for 9-1-1 and its loader
Proliferating cell nuclear antigen (PCNA) is the homotrimeric circular clamp that functions as
a processivity factor during DNA replication and repair. RFC is a heteropentameric complex
consisting of the large Rfc1 subunit and four small subunits, Rfc2–5. These clamp loading
complexes are conserved in bacteriophages such as T4, bacteria, archaea, and eukaryotes
[17]. Each Rfc subunit belongs to the AAA+ protein family with typical ATP-binding motifs
that convert the energy from ATP binding and hydrolysis to the mechanical force that mediates
the process of clamp loading. The only exception is the Rfc5 subunit, which is structurally
conserved with other AAA+ proteins but does not bind ATP. As the prototypical eukaryotic
clamp loader, yeast RFC has been most extensively studied (reviewed in [18]), and a crystal
structure of the yeast PCNA-RFC complex is available (Figure 1). Since PCNA and RFC
represent a structural model for the checkpoint clamp and clamp loader, we will first discuss
its mechanism, and then discuss similarities and differences with the checkpoint factors.

PCNA loading by RFC proceeds via an ordered mechanism requiring binding of the clamp to
the loader prior to binding of this complex to primer/template DNA. Each step in the loading
process is associated with the binding of ATP. Thus, RFC alone binds two ATPs whereas
binding of PCNA to RFC induces a conformational change that allows binding of a third ATP
[19]. At this stage, the PCNA ring can be observed as a ring-opened complex ready to engage
and encircle effector DNA [20]. The association of this ring-opened complex with template
primer DNA with a 3′-ss/ds-junction induces another conformational change that allows
binding of a fourth ATP molecule. Hydrolysis of bound ATP with concomitant closure of the
PCNA ring and release of RFC completes the process of clamp loading. With the exception of
the final step involving PCNA closure around the DNA, all steps in this sequential pathway
can be carried out with ATPγS, a non-hydrolysable analog of ATP, indicating that those steps
are solely driven by the energy derived from ATP binding. Remarkably, such an exquisite
regulation by step-wise ATP binding does not exist in prokaryotic and phage clamp loading
systems, and is therefore not a priori required. However, this stepwise mechanism should in
principle not only permit editing of the process at multiple steps, but also allow for divergence
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of the default process into more specialized modes. Indeed, multiple clamp loading systems
have evolved in eukaryotes, each system consisting of a core containing the Rfc2, Rfc3, Rfc4,
and Rfc5 subunits together with a separate large subunit that replaces Rfc1.

Currently, three alternative RFC-like clamp loaders have been identified (reviewed in [18]).
The checkpoint clamp loader Rad24-RFC will be the focus of our discussion below. The Ctf18-
RFC complex links the biochemical activities of PCNA loading and unloading to the
establishment of sister chromatid cohesion [21–24]. The Elg1-RFC clamp loader is more
enigmatic because of the pleiotropic nature of the ELG1 deletion [25–27]. So far no PCNA
loading or unloading function has been ascribed to this complex. Neither RFC nor Ctf18-RFC
or Elg1-RFC show demonstrable activity with the 9-1-1 clamp, which so far is solely targeted
by Rad24-RFC [28]. Additional Rfc1-like AAA+ proteins exist in eukaryotes that function in
DNA metabolism, e.g. yeast Mgs1 and Rvb2, and might be potential candidates for forming
alternative clamp loaders.

The heterotrimeric 9-1-1 clamp is structurally related to PCNA. Its S. cerevisiae subunits are
Ddc1, Mec3 and Rad17; they are the respective homologs of S. pombe and human Rad9,
Rad1, and Hus1, hence the designation 9-1-1 [29] (Table 1). Protein threading analyses coupled
with biochemical studies and structural modeling have provided a good working model for the
PCNA-like domains of the three subunits [29–31]. In contrast, each of the C-terminal tails of
the three subunits shows high evolutionary divergence, and can be poorly fitted to secondary
structure assignments. However, despite this apparent lack of conservation, in particular the
C-terminal tail of Ddc1/Rad9 is important for the transmission of the regulatory functions of
9-1-1 (see below). The checkpoint clamp loader is a heteropentamer of the Rfc2-5 core
assembly together with Rad24/Rad17. The Rad24 subunit of S. cerevisiae Rad24-RFC has an
ATP binding site that is essential for loading 9-1-1 in vitro and for checkpoint function in
vivo [32,33].

The strong structural parallels between the RFC+PCNA and the 9-1-1+Rad24-RFC systems
suggest an analogous loading and operating mechanism for the checkpoint clamp. Key
characteristics of the RFC+PCNA system are the requirement for ATP for loading, the
requirement for a 3′-ss/ds-junction as an entry site for the RFC-PCNA complex, and the ability
of PCNA to slide across dsDNA after loading. Indeed, proper loading of the 9-1-1 clamp also
requires the energy of ATP hydrolysis [34–37]. Like PCNA, the yeast 9-1-1 ring has the ability
to slide across dsDNA [35]. However, sliding by 9-1-1 was only observed when the clamp was
loaded onto naked DNA, and it was strongly inhibited when the ssDNA adjoining the ss/ds
junction was coated with RPA. Presumably, the protein-protein interactions between RPA and
the loader, between RPA and 9-1-1, and between the loader and 9-1-1 serve to stabilize this
complex of three factors at the site of loading [36,38]. These properties suggest that 9-1-1 may
act primarily at the very site where it is loaded by the loader.

Some disagreement existed in the literature regarding the exact DNA substrate for loading of
the checkpoint clamp, that with a 3′-ss/ds-junction, a 5′-ss/ds-junction, or either junction. In
both the yeast and human systems, indiscriminate 9-1-1 loading was observed onto either the
3′- or 5′-junction of naked DNA [35,36]. However, another study with the human factors
concluded that a marked preference existed for a RPA-coated DNA substrate with a 5′-junction
[37]. From a study with the yeast factors, it was concluded that these differential loading results
could be reconciled if the role of RPA was taken into account [38]. Under conditions of
complete coating of the ssDNA by RPA, 9-1-1 loading onto 3′-junctions was inhibited, thereby
endowing a unique specificity of the checkpoint loader for 5′-junctions (Figure 2).
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Recruitment of 9-1-1 to sites of damage
Genetic and cell biological studies in mammals and in both yeast models, S. cerevisiae and S.
pombe, have been instrumental in identifying pathways in which 9-1-1 functions, and in
suggesting biochemical functions that these complexes should carry out in order to fulfill their
proposed pathway functions. The DNA damage checkpoint in both organisms is abrogated
when any of the three subunit genes of 9-1-1 is deleted, or the Rad24/Rad17 subunit of the
clamp loader [39–42]. Since the clamp loader is required for the known functions of 9-1-1, this
indicates that the clamp only shows checkpoint activity when loaded onto DNA. The loaded
9-1-1 clamp is involved in the recruitment of the replication initiator protein Dpb11/Cut5/
TopBP1, which activates Mec1/ATR kinase activity. Since both the recruitment and
deployment of Dpb11/Cut5/TopBP1 varies between organisms, this factor will be discussed
in a separate section below.

During the G1 phase of the cell cycle, the processing of DNA damage by the nucleotide excision
repair (NER) machinery is a required step for checkpoint activation in S. cerevisiae and human,
suggesting that the gaps generated during NER may form loading sites for 9-1-1 [8,9].
Checkpoint activation in human G0 and G2/M fibroblasts, but not in S phase cells, depends on
several NER components. The processing of lesions by the global genome NER repair
machinery rather than the transcriptionally coupled machinery is required for triggering the
DNA damage checkpoint after UV radiation [9]. Furthermore, the S. cerevisiae Rad14 protein
(human XPA) was shown to bind 9-1-1, suggesting a model for NER-facilitated recruitment
of 9-1-1 to sites of active repair [8]. When replication forks stall because of DNA damage or
nucleotide precursor depletion, for instance in hydroxyurea treated cells, the uncoupling of
helicase and polymerase activities generates long stretches of ssDNA. Given the loading
specificity of Rad24/Rad17-RFC, we hypothesize that the 5′-ends of Okazaki fragments are
the preferred loading sites for 9-1-1.

Mec1/ATR is the transducer kinase required for checkpoint initiation in response to some forms
of DNA damage and in response to stalling of the replication fork. The Mec1/ATR kinase is
recruited by its subunit Ddc2/ATRIP to damage sites through interactions between RPA and
Ddc2 [43,44]. Although earlier studies in S. cerevisiae reported that 9-1-1 and Mec1-Ddc2 are
recruited to double strand DNA breaks independently of each other [45,46], recent studies
suggest that 9-1-1 may also participate in recruiting Mec1-Ddc2 to double strand breaks [47,
48]. This could partly be due to one proposed function of 9-1-1, its ability to recruit a 5′-
exonuclease [49]. Multiple nucleases such as Exo1, Dna2, Sae2 and Mre11-Rad50-Xrs2 seem
to play a role in the generation of 5′-junctions at double strand breaks, and it remains to be
determined which of these nucleases, or perhaps an additional nuclease, are regulated by the
9-1-1 clamp [6,7]. The enhanced generation of ssDNA that is coated with RPA would provide
increased loading sites for Mec1/ATR [50]. Genetic studies of the checkpoint at dysfunctional
telomeres in S. cerevisiae indeed shows that the regulated 5′-exonucleolytic resection of DNA
is in part dependent on the presence of 9-1-1 [49].

The S. cerevisiae 9-1-1 clamp activates Mec1
Mec1 has a low basal kinase activity that phosphorylates its partner Ddc2 during G2 [51].
Phosphorylation of the other known targets of Mec1 requires its activation. A biochemical
analysis of the S. cerevisiae checkpoint machinery shows that loading of the 9-1-1 clamp onto
DNA is both required and sufficient for the activation of Mec1 [28]. Mec1 activation by the
9-1-1 clamp requires that it is loaded onto ss/ds junction DNA by the Rad24-RFC clamp loader.
Alternative clamp loaders like Elg1-RFC and Ctf18-RFC do not substitute for Rad24-RFC in
loading 9-1-1 onto DNA and hence do not mediate activation of Mec1. The polarity of the ss/
ds junction plays a decisive role in clamp loading and subsequent Mec1 activation. As discussed
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above, in the absence of RPA, Rad24-RFC loads 9-1-1 on either 3′- or 5′-junctions and either
complex can activate Mec1, suggesting that the mere encircling of DNA by 9-1-1 suffices for
activation. However, when the effector DNA is coated with RPA, Mec1 activation occurs only
with 5′-junction substrates and not with 3′-junction substrates that are inactive for loading 9-1-1
(Figure 2). In addition, RPA enhances Mec1 activation by the 9-1-1 clamp, likely by bringing
Mec1 into juxtaposition with the clamp through RPA-Ddc2 interactions [28,44]. Studies in
Xenopus egg extracts are consistent with this specificity for 9-1-1 loading as the initial step in
ATR activation [52]. Addition of primed ssDNA to Xenopus extracts suffices for ATR
activation. By blocking either the 5′-junction or the 3′-junction, it was determined that
accessibility to the 5′-junction is essential for checkpoint activation, consistent with a model
of checkpoint initiation through loading of 9-1-1 at 5′-junctions.

The activation of Mec1 appears to be global in nature in which all targets examined are
phosphorylated at a greatly increased rate (Figure 3). Among these are the Rad24 subunit of
the loader and the Mec3 and Ddc1 subunits of the clamp, the Rpa1 and Rpa2 subunits of RPA,
and the effector kinase Rad53 [28]. All of these proteins fulfill essential checkpoint functions
and their phosphorylation is important in mediating protein-protein interactions, in the DNA
repair process itself, and in propagating the checkpoint signal transduction pathway. Rpa2
phosphorylation by ATR in human cells is critical in slowing down the DNA replication and
in the redirection of RPA to DNA repair [53,54]. Phosphorylation of the human and S.
pombe checkpoint clamp subunit Rad9 and the homologous S. cerevisiae Ddc1 subunit by
Mec1/ATR is instrumental in further checkpoint activation by linking 9-1-1 to TopBP1/Cut5/
Dpb11, discussed below. Rad53 phosphorylation by Mec1 is crucial in mediating cell cycle
arrest and transcriptional induction of repair genes in response to genotoxic stress [55–57]
(Figure 3). In addition, activated Rad53 and Mec1 function in the stabilization of stalled
replication forks [58,59].

The biochemical analysis of these checkpoint factors has allowed the utilization of assay
conditions that permit additional insights into checkpoint activation, but that may not be of
relevance in the cell. Thus, at very low NaCl concentrations, a modest activation of Mec1 by
9-1-1 was observed in the absence of Rad24-RFC or DNA [28]. This activation potential was
shown to reside in the Ddc1 subunit of 9-1-1. The Rad17 and Mec3 subunits of 9-1-1 were
neither required for low-salt activation nor could they activate Mec1 under these conditions.
Consistent with these results, the Ddc1 subunit binds Mec1-Ddc2. The Mec1 activation domain
maps to the unstructured C-terminal tail of Ddc1 (Navadgi-Patil and Burgers, unpublished
results).

In a remarkable validation of the biochemical approach to checkpoint studies, all essential
conclusions derived from these biochemical studies were confirmed by an in vivo fusion
approach that short-circuits the checkpoint pathway. In this approach, the Ddc1 subunit of the
clamp and the Ddc2 subunit of the Mec1-Ddc2 complex were brought into juxtaposition by
fusing the genes to the LacI protein in a strain harboring a large array of Lac operator sequences
[60]. This juxtaposition sufficed to cause some activation of the checkpoint in the absence of
DNA damage. This activation relied neither on Rad24-RFC nor on the other clamp subunits.
Substituting LacI-Ddc1 for another 9-1-1 fusion subunit, LacI-Rad17 or LacI-Mec3, failed to
cause gratuitous activation in a ddc1Δ deletion mutant indicating a requirement for Ddc1.
Therefore, both the biochemical and genetic studies agree that the critical step in Mec1
activation is accomplished by bringing Ddc1 and Mec1 into close proximity.

TopBP1/Cut5/Dpb11 is an essential replication and checkpoint protein
Vertebrate TopBP1, S. pombe Cut5/Rad4, and S. cerevisiae Dpb11 are multiple-BRCT domain
(breast cancer 1 C-terminal domain) containing proteins that are essential for replisome
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assembly and for the DNA replication checkpoint (reviewed in [61]). The mechanistic details
of the essential replication role of this protein have recently been elucidated in budding yeast.
The BRCT repeats in Dpb11 interact with the Sld2 and Sld3 initiator proteins that have
previously been phosphorylated by the S-phase CDK/cyclin kinase complex, and the formation
of a stable Sld2-Dpb11-Sld3 complex is a crucial step in the initiation of DNA replication
[62,63]. S. cerevisiae Dpb11 also interacts with Pol ε and loading of Pol ε onto the pre-
replication complex is dependent on Dpb11 [64,65]. A C-terminal truncation mutant of
DPB11 shows replication defects at elevated temperatures and is defective for the replication
checkpoint in hydroxyurea-treated cells [64]. Similar to Dpb11, S. pombe Cut5/Rad4 and
human and Xenopus TopBP1 are also essential proteins that function in DNA replication and
in the replication checkpoint [66–69].

Once the replisome has been assembled and replication initiated, TopBP1/Cut5/Dpb11 does
not appear to remain with the replication fork machinery during elongation. In S. cerevisiae,
Dpb11 is not found as a component of the Replication Progression Complex that contains many
other replication factors associated with the MCM helicase, as well as the replication
checkpoint mediator protein Mrc1, and several chromatin- and cohesion-associated proteins
[70,71], nor could Dpb11 be detected at replication forks by chromatin immunoprecipitation
analysis [65]. Similarly, in human cells, TopBP1 does not localize to PCNA-containing
replication foci [67]. However, when replication forks are stalled by hydroxyurea treatment,
TopBP1 foci co-localize with PCNA foci. If this mode of localization prevails in other
organisms, TopBP1/Cut5/Dpb11 needs to be recruited back to stalled replication forks.
TopBP1/Cut5/Dpb11 interacts with the Rad9/Ddc1 subunit of the 9-1-1 clamp in all model
organisms in which this has been studied. One function of 9-1-1 is to recruit Cut5/TopBP1/
Dpb11 to stalled DNA replication forks.

Role of the 9-1-1 clamp in recruiting TopBP1/Dpb11/Cut5 to stalled replication
forks

Although S. pombe Cut5 is required for phosphorylation of the downstream effector kinases
Chk1 and Cds1 after DNA damage, it is not required for phosphorylation of the 9-1-1 clamp
subunits and Rad26/ATRIP, suggesting that Cut5/TopBP1 does not function in the very early
steps of checkpoint activation [72]. In order for S. pombe Cut5 to form a complex with Rad3/
ATR and activate it, Cut5 has to bind to phosphorylated serines/threonines in the C-terminal
tail of Rad9 (Figure 4). Substitution of these critical residues with alanine leads to checkpoint
defects and reduced cell survival after hydroxyurea treatment [73]. This type of
phosphorylation-mediated Rad9-TopBP1 interaction is conserved in the other model
organisms, S. cerevisiae, X. laevis, and human [74–78].

BRCT repeats I and II of Xenopus and human TopBP1 are involved in the interaction with
Rad9 [77], while in S. pombe and S. cerevisiae BRCT repeats III and IV perform this function
[73,74]. In addition to its phosphorylation after DNA damage, Ddc1/Rad9 is also
phosphorylated during S phase [73,79], suggesting that 9-1-1 may form a complex with Dpb11/
Cut5 throughout S phase. This would facilitate the loading of Dpb11/Cut5 at stalled replication
forks through stable interactions with 9-1-1.

In S. pombe and metazoan cells, the 9-1-1-mediated recruitment of Cut5/TopBP1 appears to
be the dominant mechanism. No significant S phase damage checkpoint activity remains in a
Rad9 mutant in S. pombe and in avian DT40 cells [40,80], nor in a Rad9-depleted Xenopus
extract [77]. The checkpoint defect of avian Rad9−/− cells could be suppressed by fusion of
the ATR-activation domain of TopBP1 to either PCNA or to histone H2A, thereby bypassing
the requirement for 9-1-1 in localizing TopBP1 to stalled replication forks [76]. In contrast, in
S. cerevisiae, a functional replication checkpoint remains in ddc1Δ cells defective for 9-1-1,
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although the presence of 9-1-1 does mediate a more robust checkpoint [74]. In ddc1Δ cells,
Dpb11 may be recruited to stalled replication forks by an alternative mechanism (Figure 4).
One likely candidate for recruitment is Pol ε that is known to bind Dpb11 [64,65]. Apparently,
in other eukaryotes this mode of recruitment is either lacking or inefficient. Interestingly,
mutations in the catalytic POL2 gene for S. cerevisiae Pol ε are defective for the replication
checkpoint, whereas mutations in the S. pombe Pol2 gene fail to show a checkpoint defect
[81,82].

Mec1/ATR activation by TopBP1/Dpb11
So far, there are no reports that the 9-1-1 clamp from higher eukaryotes can activate the ATR
kinase though it is required for checkpoint activation through its TopBP1 recruitment function.
Progress in this field came from the discovery that Xenopus TopBP1 activates ATR kinase
[83]. In these in vitro studies, purified Xenopus TopBP1 was incubated with ATR/ATRIP that
had been immunoprecipitated from Xenopus egg extracts and the activation of ATR kinase
activity observed. Activated ATR phosphorylated several targets at a greatly increase rate
including Mcm2, Chk1, and human PHAS-1. The latter is a general substrate for PI3-kinase-
like kinases, and is in fact also phosphorylated by 9-1-1-activated yeast Mec1 [28,84].
Remarkably, Xenopus TopBP1 can directly activate ATR without the necessity of either DNA
or RPA [83]. The 1513 a.a. long Xenopus TopBP1 has eight BRCT domains. The ATR
activating domain (AAD) lies between BRCT6 and BRCT7, and this single, bacterially
expressed 215 a.a. domain suffices for activation. Consistent with the strong conservation
between Xenopus and human TopBP1, human TopBP1 was also found to activate human ATR
[85]. However, in this study it was reported that the presence of DNA further stimulated the
activation of ATR by TopBP1. Protein mapping studies and mutational studies showed that
the activation of ATR by TopBP1 is mediated by interactions with both ATR and ATRIP, the
regulatory subunit of ATR [86].

The architecture of the C-terminal half of TopBP1 including the AAD domain is only conserved
in vertebrate cells and cannot be identified in either yeast. Considering that S. cerevisiae Dpb11
and S. pombe Cut5 do not possess this conserved activation domain, it was questionable
whether these proteins would serve as Mec1/ATR activators. However, in analogy to
Xenopus TopBP1, the simple addition of S. cerevisiae Dpb11 to Mec1 suffices for kinase
activation towards all of its downstream targets [87.92]. Neither DNA nor RPA is required for
robust activation of Mec1. Furthermore, in agreement with the demonstrated checkpoint defect
of the dpb11-1 mutant lacking its C-terminal tail [64], this truncated form of Dpb11 also fails
to activate Mec1, suggesting that the determinants for binding and activating Mec1 reside in
the C-terminal tail of Dpb11, beyond its BRCT domains. In this biochemical assay, substantial
synergism in activation is observed when both the Dpb11 and 9-1-1 activators are present.
Dpb11-activated Mec1 and 9-1-1-activated Mec1 show very similar kinase activities; the
phosphorylation of targets such as Rad53, RPA, and PHAS-1 is dramatically enhanced by
either activator [87].

ATR activation mechanisms in different organisms
One interesting feature of Mec1/ATR checkpoint activation is that the relevant activation
domains of both activators reside in flexible C-terminal tails. In contrast to the structured
PCNA-like domains of Rad9/Ddc1 that constitute the major section of this 9-1-1 subunit, the
C-terminal tail lacks a well-defined structure and is poorly conserved. Yet, the phosphorylation
sites on Rad9/Ddc1 that mediate the interaction with TopBP1/Cut5/Dpb11 reside in this tail,
and the Mec1-activation region of S. cerevisiae Ddc1 has also been mapped to the unstructured
tail of this protein (Navadgi-Patil and Burgers, unpublished results). Dpb11 consists mainly of
well-defined BRCT motifs, yet its C-terminal tail required for activating Mec1 is also poorly
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conserved. It cannot be reliably aligned with the AAD region of vertebrate TopBP1 that
activates ATR. Both the activation region of TopBP1 and that of Dpb11 lack a well-defined
structure. The flexible nature that these protein domains likely possess may be important in
mediating the protein-protein interactions that are important for functionality.

Considering the strong conservation of checkpoint proteins in eukaryotic organisms it is
puzzling to note that both S. cerevisiae 9-1-1 and Dpb11 can activate Mec1, whereas in
vertebrates only TopBP1 has been shown to activate ATR, with 9-1-1 serving a recruitment
function. Because of the essential function of TopBP1/Cut5/Dpb11 in DNA replication, it is
difficult to approach this problem by genetic means because mutations in TopBP1/Cut5/Dpb11
that affect checkpoint function may also affect its replication function. An extensive mutational
study of S. cerevisiae DPB11 illustrates this problem. All four dpb11 alleles isolated based
upon hydroxyurea sensitivity were temperature-sensitive for growth and showed replication
defects while all seven dpb11 alleles isolated on the basis of temperature-sensitivity were
sensitive to hydroxyurea and showed checkpoint defects [74]. This study and similar studies
in S. pombe with Cut5/Rad4 suggest that the replication initiation and checkpoint functions of
TopBP1 are more closely linked than is generally assumed [61].

The question whether 9-1-1 can activate ATR in organisms other than S. cerevisiae remains.
Studies in Xenopus and S. pombe have shown that the Rad1 and Rad9 subunits of the 9-1-1
clamp are phosphorylated by ATR in response to DNA damage or to inhibition of DNA
replication, and this phosphorylation is independent of TopBP1/Cut5 [72,88]. The question
raised by these studies is the following: is this phosphorylation of 9-1-1 carried out by the basal
activity of ATR, or does 9-1-1 activate ATR just to mediate phosphorylation of its own
subunits? If so, the further activation of ATR by TopBP1/Cut5 would be required for the
phosphorylation of all other targets of ATR. Biochemical studies of checkpoint factors from
these organisms should help in resolving this uncertainty.
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Figure 1. Structure of PCNA-RFC as a model for the checkpoint clamp and loader
A Rasmol representation of the complex is shown [89], looking down along the dsDNA axis.
In the S. cerevisiae PCNA-RFC complex, ATP binding to the Rfc2, Rfc3 and Rfc4 subunits
opens the RFC ring between Rfc1 and Rfc5 with associated PCNA opening between two of
the monomers [20]. In the analogous PCNA-Rad24-RFC complex, opening between the Rad24
and Rfc5 subunits is proposed to be associated with clamp opening between the Rad17 and
Mec3 subunits [31]. Note that S. cerevisiae Rad17 is a clamp subunit, whereas human Rad17
is the loader subunit (Table 1).
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Figure 2. RPA-coated DNA restricts loading of the checkpoint clamp to 5
′-junctions. The loader is Rad24/Rad17-RFC and the clamp is 9-1-1. For a full discussion of
the role of RPA in loading specificity, see [38].
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Figure 3. Model for checkpoint activation during the DNA damage response in S. cerevisiae
The loading of 9-1-1 at RPA-coated gaps, generated during NER of DNA damage, activates
Mec1. The various types of phosphorylations by Mec1 are indicated with arrows, but not all
targets are shown. The Ddc1-only bypass pathway of Mec1 activation, surrounded by a dotted
line, is only operative at low salt in vitro and appears not to operate in the cell, unless Mec1
and Ddc1 are artificially colocalized by protein fusions [60]. Multiple Mec1-phosphorylated
Rad53 proteins bind the mediator Rad9, and undergo transphosphorylation to complete full
activation of Rad53. The S. cerevisiae factors are shown. Note that S. cerevisiae Rad9 is a
mediator protein, and human Rad9 a clamp protein (Table 1).
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Figure 4. The DNA replication checkpoint
S. cerevisiae proteins that are involved in checkpoint function are shown. See Table 1 for the
homologous human proteins. Stalling of the fork results in uncoupling of the leading and
lagging strands, and in the formation of extended RPA-coated ssDNA regions that recruit
Mec1. The 9-1-1 clamp is shown loaded onto the 5′-junction of an Okazaki fragment because
of its demonstrated loading specificity, but might also load onto the leading strand after fork
restart by Pol α-primase [90]. Recruitment of Dpb11/TopBP1/Cut5 to the fork is facilitated
through interactions with 9-1-1 ((9-1-1)-dependent loading, right). In S. cerevisiae, (9-1-1)-
independent recruitment of Dpb11 may also occur, possibly through interactions with Pol ε.
Dpb11/TopBP1/Cut5 activates Mec1/ATR to phosphorylate Rad53/Chk1 and additional
factors. Mrc1/Claspin is the proposed downstream chromatin-associated mediator that
activates transphosphorylation of Rad53/Chk1 [91].
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Table 1
Nomenclature and abbreviations of checkpoint proteins in the Mec1/ATR pathway1

S. cerev. S. pombe Human Xenopus Step Function

Rpa1 Rpa1 RPA1 Initiation RPA large subunit

Rpa2 Rpa2 RPA2 Initiation RPA middle subunit, redirects RPA to DNA repair foci.

Rad24 Rad17 Rad17 Sensor Rfc1 homolog; large subunit of Rad24/Rad17-RFC

Rad17 Rad1 Rad1 Sensor Checkpoint clamp subunit

Mec3 Hus1 Hus1 Sensor Checkpoint clamp subunit

Ddc1 Rad9 Rad9 Sensor Checkpoint clamp subunit; activates Mec1; phosphorylated form binds Dpb11/Cut5/TopBP1

Dpb11 Cut5/Rad4 TopBP1 Sensor Replication initiation protein; activates ATR; binds phosphorylated clamp; associates with Pol ε.

Pol2 Cdc20 Pol2 Sensor Catalytic subunit of Pol ε

Mec1 Rad3 ATR Transducer PIKK catalytic subunit; phosphorylates Rad53/Chk1/Chk2, and factors upstream of it

Ddc2/ Rad26 ATRIP Transducer Mec1/Rad3/ATR regulatory subunit; binds RPA

Tel1 Tel1 ATM Transducer PIKK; primarily in response to dsDNA breaks

Rad9 Crb2 53BP1
MDC1

Mediator Scaffold for Rad53 or Chk1; facilitates transphosphorylation

Mrc1 Mrc1 Claspin Mediator Replication fork-associated scaffold

Rad53 Cds1 Chk2 Effector FHA kinase; phosphorylates factors in effector pathways

Chk1 Chk1 Chk1 Effector kinase; phosphorylates factors in effector pathways
1
This is the common set of checkpoint proteins, and other factors contributing to checkpoints relating to dsDNA breaks (the MRN complex, etc.), fork

pausing (Tof1, Csm3, etc.), and mitosis (cohesin, etc.) are not listed.
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