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Abstract

In Saccharomyces cerevisiae, destabilizing telomeres, via inactivation of telomeric repeat binding
factor Cdc13, induces a cell cycle checkpoint that arrests cells at the metaphase to anaphase transition
—much like the response to an unrepaired DNA double-strand break (DSB). Throughout the cell
cycle, the multi-domain adaptor protein Rad9 is required for activation of checkpoint effector kinase
Rad53 in response to DSBs and is similarly necessary for checkpoint signaling in response to telomere
uncapping. Rad53 activation in G1 and S phase depends on Rad9 association with modified
chromatin adjacent to DSBs, which is mediated by Tudor domains binding histone H3 di-methylated
at K79 and BRCT domains to histone H2A phosphorylated at S129. Nonetheless, Rad9 Tudor or
BRCT mutants can initiate a checkpoint response to DNA damage in nocodazole-treated cells.
Mutations affecting di-methylation of H3 K79, or its recognition by Rad9 enhance 5' strand resection
upon telomere uncapping, and potentially implicate Rad9 chromatin binding in the checkpoint
response to telomere uncapping. Indeed, we report that Rad9 binds to sub-telomeric chromatin, upon
telomere uncapping, up to 10 kb from the telomere. Rad9 binding occurred within 30 min after
inactivating Cdc13, preceding Rad53 phosphorylation. In turn, Rad9 Tudor and BRCT domain
mutations blocked chromatin binding and led to attenuated checkpoint signaling as evidenced by
decreased Rad53 phosphorylation and impaired cell cycle arrest. Our work identifies a role for Rad9
chromatin association, during mitosis, in the DNA damage checkpoint response to telomere
uncapping, suggesting that chromatin binding may be an initiating event for checkpoints throughout
the cell cycle.
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Introduction

In metazoans, unrepaired DNA double strand breaks (DSBs) are a deleterious form of DNA
damage that can lead to inactivation of tumor suppressors, activation of oncogenes and the
promotion of carcinogenesis. In response to DSBs, cells initiate a checkpoint response that
senses DNA lesions and signals to downstream effectors to induce cell cycle arrest and DNA
repair. Signal transduction in response to DNA damage has been reviewed extensively and
many of the checkpoint signaling proteins are conserved from yeast to humans [1-3]. In
Saccharomyces cerevisiae, DSB induction recruits the Mrel1-Rad50-Xrs2 complex (MRE11-
RAD50-NBSL1 in humans) and Tell (ATM) to breaks [1,4] where Tell may phosphorylate
histone H2A (H2AX) at S129 [5,6]. Next, the multi-domain adaptor protein Rad9 (53BP1,
MDC1, BRCAL) localizes to chromatin adjacent to DSBs [7-10] and DNA ends undergo 5' to
3' resection in the late S and G2/M phases. The Rfal-Rfa2-Rfa3 heterotrimer (RPA) binds to
ssDNA and recruits the Rad24 (RFC) clamp loader to assemble the Rad17-Mec3-Ddc1 clamp
(Rad9-Rad1-Hus1l) at the junction of ssSDNA and dsDNA [11]. The RFA, Rad24 and Rad17
complexes recruit Ddc2 (ATRIP) and the Mec1 (ATR) kinase to breaks [4,12-15]. Mec1
phosphorylates Rad9, which recruits Rad53 (CHK?2) to DSBs and leads to Mec1-dependent
phosphorylation and auto-phosphorylation of Rad53 [16-18]. Finally, Rad53 kinase activity
propagates a DNA damage signal that leads to cell cycle arrest and DNA repair.

The nucleosome, the basic unit of chromatin, is an octameric DNA-protein complex consisting
of histones H3, H4, H2A, H2B and 146 bps of DNA [19,20]. Histones can be modified by
ubiquitination, phosphorylation, methylation and acetylation [21]. These chromatin
modifications alter the interaction among histones, DNA and other proteins, and thereby play
significant roles in the DNA damage response [1,22-27]. For example, the mammalian
phosphoinositide-3-kinase-related protein kinases (PIKKs) ATM, ATR and DNA-PK,
phosphorylate H2A variant H2AX in response to DNA damage [28-30]. In budding yeast,
histone H2A is phosphorylated by Mec1 and Tell kinases to form a chromatin domain that
extends up to 50 kb from DNA lesions and recruits chromatin modifiers including NuA4, Ino80
and SWR [23,31-33]. H2A phosphorylation may lead to changes in chromatin structure [34,
35] but also mediates recruitment and retention of checkpoint proteins, including Rad9
homologs 53BP1, MDC1 and BRCA1, at DNA lesions [36]. Recruitment of MDC1, like
Schizosaccharomyces pombe homolog Crb2, is mediated by direct binding to phosphorylated
H2A via tandem BRCA1 carboxyl-terminal (BRCT) domains [37,38]. Moreover, htal, 2-
S129A point mutants are sensitive to DSB-inducing agents, deficient in non-homologous end
joining and have G1 and S phase checkpoint defects [9,10,35].

The biology of telomeres, specialized chromatin domains that protect chromosome ends, has
been reviewed extensively [39-43]. When the telomere is “uncapped” by loss of one or more
protein components that bind to G;_3T::C1_3A repeats, the resulting structure resembles one
end of a natural DSB and activates a checkpoint response during mitosis. Cdc13 [44], a
telomere-specific protein in yeast that binds to single stranded G,_3T::C1_3A overhangs, plays
a key role in the recruitment of telomerase [45] and telomere capping [46]. The temperature
sensitive cdc13-1 P371S allele binds single stranded telomeric repeats at permissive
temperatures (< 25 °C) but dissociates at restrictive temperatures (>26 °C). When held in G1
with a-factor and shifted to non-permissive temperature, cdc13-1 mutants do not activate
Rad53 [47]. However, with the accumulation of Cdc28 activity in late S or G2/M phases,
uncapped telomeres undergo 5' to 3'resection to generate long regions of ssDNA [46],
activating Rad53 and a sustained mitotic checkpoint arrest at the metaphase to anaphase
transition. Thus, the characteristic changes in gene expression and cell cycle progression in
cdc13-1 mutants at non-permissive temperature resemble the response to ionizing radiation
[46,48-50]. As such, the cdc13-1 mutation has served as a powerful tool to elucidate molecular
mechanisms mediating the G2/M checkpoint response to DNA damage [39,44,51-53].
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Seminal work characterizing the DNA damage checkpoint in budding yeast identified Rad9
as a key mediator in signaling [54,55]. When challenged with genotoxic agents or ionizing
radiation, mutants deleted for the RAD9 gene display DNA damage sensitivity, fail to activate
Rad53, and display checkpoint defects at each phase of the cell cycle. Similarly, rad9A
cdc13-1 cells fail to arrest, instead dividing to form microcolonies of inviable cells after
temperature shift [44,51,56-60]. Rad9, 53BP1 and Crb2 share a domain structure characterized
by tandem BRCT and Tudor domains at the carboxyl terminus. Although the Rad9 BRCT
domains have been implicated in oligomerization [61,62], the Rad9 BRCT domains also
interact with phosphorylated H2A peptides in vitro and disrupting this interaction leads to G1
and intra-S phase checkpoint defects [9,10,61]. Consistent with dual recognition of chromatin
by Rad9, chromatin immunoprecipitation studies demonstrate that H3 K79 di-methylation and
H2A S129 phosphorylation are both necessary for Rad9 chromatin association [9,10,61]. The
Rad9, 53BP1 and Crb2 Tudor domains have been shown to bind di-methylated histone H3 at
K79 and/or H4 K20 in vitro [7,63]. Yeast strains deficient in the conserved H3 K79 methyl-
transferase Dotl or expressing the Tudor domain mutant rad9 Y798Q display G1 and intra-S
phase checkpoint defects after ionizing radiation [8]. In addition, rad9A, rad9-Y798Q Tudor
domain mutants and dot1A strains harboring the cdc13-1 mutation also have an increased rate
of ssDNA accumulation at uncapped telomeres [51,56,57,59].

While Rad9 is necessary for checkpoint signaling in response to telomere uncapping, a role
for Rad9 chromatin association in signaling damage to telomeres remains unclear. In this study,
we targeted the putative Rad9 phospho-H2A binding site to analyze the role of H2A
phosphorylation in checkpoint signaling at uncapped telomeres. Comparative protein modeling
was used to identify residues in the Rad9 BRCT domains that define a phospho-H2A binding
pocket. As expected, mutation of these residues resulted in checkpoint defects in G1 and S
phase after ionizing radiation. However, contrary to nocodazole-based assays, rad9 BRCT
mutants displayed an attenuated or impaired checkpoint response to telomere uncapping. In
addition, chromatin immunoprecipitation analysis shows that Rad9 binds to sub-telomeric
chromatin and this interaction is dependent on both chromatin-binding domains. Taken
together, these results demonstrate that Rad9 chromatin association at sub-telomeric chromatin
is important for DNA damage checkpoint activation in the response to telomere uncapping
during mitosis.

Materials and Methods

Western Blot Analysis

For Western blot analysis, ODggg of yeast cultures were measured and volumes corresponding
to 2—-2.5 ODggg units were collected. Cell pellets were treated with 0.2 N NaOH for at least 5
min and resuspended in 100 pl of 1X SDS sample buffer (125 mM Tris-HCI pH 6.8, 20%
glycerol, 4% SDS, 1.43 M B-Mercaptoethanol). Samples were incubated at 95 °C for 5 min
and centrifuged at 16,100 x g for 1 min to clarify the lysate. 15 ul of cell lysate was fractionated
with NUPAGE 3-8% TA gels (Invitrogen) and transferred to nitrocellulose. Rad53-FLAG
blots were probed using M2 mouse anti-FLAG (Sigma, 1:1000), and Rad9-13Myc blots using
9E10 mouse anti-MYC (1:200, Santa Cruz), and detected with goat anti-mouse 1gG HRP
conjugate secondary antibody. Phospho-H2A Western blotting was performed with rabbit anti-
yeast histone H2A phospho-Ser129 (Millipore 1:100 in 1X PBS) and tubulin was detected
using 1:500 Y'L1/2 rat anti-tubulin (Millipore) and HRP conjugated goat anti-rat IgG secondary
antibody. Figures are representative of 2 or more replicate experiments.

cdc13-1 Checkpoint Assays

Rad53 activation and flow cytometry analysis—Strains carrying the cdc13-1 allele
were incubated at 25 °C in a-factor ( WHWLQLKPGQPNIeY) [64] for 1 h, transferred to 37
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°C for 1 h and then released into 37 °C media for an additional 3 h. Samples were collected
hourly and analyzed for Rad53 activation and DNA content.

Microcolony analysis—Sonicated and serially diluted cdc13-1 strains were plated and
incubated at 25, 30 or 37 °C for 6.5-7 h. Next, plates were transferred to 4 °C until scored, as
previously described [55]. Briefly, microcolonies with < four cell bodies were scored as
arrested and microcolonies with > four cell bodies were scored as cycling. The data shown are
the average of 3 replicates, mean + SD.

Chromatin Immunoprecipitation Assays

Results

Chromatin immunoprecipitation (ChlP) assays were performed as described previously [8]
with minor modifications. Briefly, overnight cultures grown in minimal media were pelleted,
washed with sterile water and grown in YPD to ODgqgg 0.3-0.4 at 20 °C. a-factor was added
to the final concentration of 15 pg/ml and the culture was grown for one hour at room
temperature and then shifted to 37 °C for 30 min. Cells were pelleted and washed once with
sterile water and twice with pre-warmed media. Cells were resuspended in 200 ml YPD and
grown at 37 °C. Samples were collected at 30 min, 1 h and 2 h time points and cross-linked
with 1% formaldehyde for 20 min at 20 °C. Cross-linked chromatin was sonicated (Diagenode
Bioruptor) to yield DNA fragments of an average size of 500 bp, 100 pg of sonicated sample
was used for immunoprecipitations with 9E10 antibody (Babco). Primers used in the PCR
reactions were analyzed for linearity range and efficiency with a LightCycler (Roche) in order
to evaluate protein occupancy (% of IP/input). All PCR reactions were performed at least as
duplicates, and variation was less than 15%. The numbers presented with standard errors are
based on two independent experiments.

Modeling and mutagenesis of the Rad9 BRCT domain

A rad9 BRCT domain mutant, K1088M, disrupted H2A phosphopeptide binding and altered
G1 and S phase checkpoint responses [9]. These data are consistent with prior observations in
H2A phosphorylation mutants [10]. We sought to further characterize the interaction between
the Rad9 BRCT domains and phosphorylated H2A by examining the role of H2A binding in
G2/M checkpoint activation. We therefore performed a sequence alignment of BRCT domains
from Rad9, MDC1, BRCA1 and Crb2 using the T-Coffee algorithm [65] and comparative
protein modeling to identify a region in Rad9 that corresponds to the phospho-H2A binding
pocket of the MDC1 BRCT domains. Next, we generated a Rad9 BRCT model using the crystal
structure of MDCL1 [66]. Then the Rad9 BRCT domain was modeled with I-Tasser software
[67-69] and visualized with Swiss-PDBviewer (http://www.expasy.org/spdbv/) [67-70]. In
the sequence alignment, Rad9 residues R1085 and K1088 were highly conserved (Fig. 1A).
Furthermore, the orientation of residues analogous to R1085 and K1088 in Rad9 are conserved
in the crystal structures of MDC1 (R1933/K1936) (Fig. 1B) and Crb2 (R616/K619) [71] (Fig.
1C). In Rad9, R1085 was of particular interest because of its potential to form contacts with
the carboxyl terminus of H2A. In turn, K1088 was positioned to contact the phosphorylated
H2A 5129 residue. Thus, we mutated residues R1085, K1088, and the other residues identified
in the sequence alignment in order to better characterize the potential phospho-H2A binding
pocket. The mutations R1085E, S1086A, L1087A, K1088E, Y1089A, L1090A and E1091K,
which lead to charge reversal, the exchange of large hydrophobic residues for alanine, or the
removal of potential phosphorylation targets were constructed to disrupt an interaction with
phosphorylated H2A. We focused on R1085E and K1088E, where charge reversal may
eliminate favorable interactions with the H2A carboxyl terminus and phosphorylated S129
respectively. The R1085E and K1088E mutants as well as most of the other BRCT point
mutants phenocopied the rad9A mutant by failing to perform a G1 checkpoint delay after
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ionizing radiation (Supplemental Figs. S1, S2). However, when cells were irradiated in early
S phase, the R1085E allele progressed through replication more slowly than rad9A strains but
faster than the RAD9 wildtype strain. K1088E phenocopied the S phase defect of the htal, 2-
S129A mutant and completed replication faster than rad9A cells (Supplemental Fig. S3). When
cells were arrested in nocodazole, irradiated and then released from nocodazole-induced arrest,
rad9A reentered G1 immediately but the R1085E and K1088E mutants activated a DNA
damage checkpoint and displayed a large budded arrest (data not shown). Like htal, 2-
S129A mutant, the rad9-R1085E and rad9-K1088E mutations remain checkpoint competent
when tested in nocodazole. Although it is possible that the R1085E and K1088E mutations
might disrupt Rad9 domain structure or oligomerization, analytical gel filtration
chromatography of the analogous S. pombe Crb2 R616E and K619E charge reversal mutants
revealed no effects on dimer formation [71]. Thus, like the K1088M allele [9], the R1085E and
K1088E mutant phenotypes may result from altered binding to the phosphorylated H2A tail.

rad9 BRCT mutants have a G2/M checkpoint defect in response to uncapped telomeres

While H2A is rapidly phosphorylated after DNA damage at each stage of the cell cycle, H2A
phosphorylation has not been ascribed a role in mediating G2/M checkpoint arrest [9,10]. Thus,
we sought to examine the integrity of the G2/M checkpoint response in the htal, 2-S129A and
rad9 BRCT mutants. G2/M checkpoint assays in yeast commonly use nocodazole, a
benzimidazole drug that destabilizes tubulin dimers [72]. Nocodazole treatment disrupts
mitotic spindle formation and arrests cells prior to anaphase by activating the mitotic spindle
checkpoint [73]. Previous analysis of the response to ionizing radiation in nocodazole-treated
htal, 2-S129A, dot1A, and rad9-Y798Q strains showed that each strain fully activates Rad53
and exhibits a characteristic large budded arrest [8,10,74,75]. As predicted, irradiation of
nocodazole-arrested R1085E and K1088E mutants led to full Rad53 activation (Fig. 2A),
suggesting that the G2/M checkpoint remains intact in these mutants. Similarly, Hammet et al.
(2007) found that the K1088M mutant exhibited a competent G2/M response when subjected
to bleomycin-induced damage in nocodazole-treated cells. However, nocodazole may
introduce confounding factors in these experiments. There is crosstalk between the mitotic
spindle and DNA damage checkpoints [76]. In addition, nocodazole induces phosphorylation
of Rad53 and Rad9 independently of Mec1 and Tell in the absence of DNA damage [77,78].
Studying rad9 mutants in response to telomere uncapping provides an alternative method to
examine the G2/M checkpoint arrest in response to DNA damage . Given that sub-telomeric
H2A is constitutively phosphorylated on chromosome 111 in a cdc13-1 background [79,80],
this modification may play a significant role in the checkpoint response to telomere uncapping.
First, we determined whether H2A phosphorylation was necessary for Rad9-dependent
checkpoint signaling after telomere uncapping. The htal, 2-S129A mutant activated a G2/M
checkpoint that was more robust than wildtype controls in a cdc13-1 background (Figs. 2B,C
and E). On the other hand, rad9 BRCT and Tudor domain mutants displayed divergent
checkpoint phenotypes (Figs. 2B-E, Supplemental Figs. S4, S5). While the rad9 K1088E
mutant displayed an attenuated checkpoint response, the R1085E mutant displayed a G2/M
checkpoint defect that resembled the rad9A mutant. In response to ionizing radiation and HO-
induced DSBs the htal, 2-S129A mutant displayed a competent checkpoint response, while
the rad9-K1088E and rad9R1085E mutants exhibited partial checkpoint responses
(Supplemental Fig. S6). These data suggest that the requirements for the Rad9 BRCT domain
may differ in the G1 and S phases. Beyond facilitating interactions with the phosphorylated
H2A carboxyl terminus, the R1085E mutation may disrupt binding to other unknown protein
partners or chromatin modifications in response to telomere uncapping.

Rad9 binds to sub-telomeric chromatin after telomere uncapping

Previous studies identified increased rates of sSDNA accumulation at telomeres in rad9A
cdc13-1 cells after uncapping [51,56,57,59]. This result and other studies led authors to propose
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that Rad9 checkpoint signaling may inhibit resection at telomeres. However, impaired DNA
end resection may instead reflect direct Rad9 binding to subtelomeric chromatin. Thus, we
performed chromatin immunoprecipitation (ChIP) analysis to determine whether Rad9
associates with sub-telomeric chromatin after telomere uncapping. ChlP analysis of a-factor
arrested RAD9-13MYC cdc13-1 cells, incubated at 37 °C, demonstrated Rad9 binding to sub-
telomeric chromatin which was apparent by 30 min and binding increased after 1 h (data not
shown). Similarly, Rad9 bound to sub-telomeric chromatin 30 min after being released from
a-factor into media warmed to 37 °C (Fig. 3B). At sub-telomeric regions, ~270 bps distal to
the X elements of telomere VI, Rad9 chromatin association decreased ~50% by 1 h (Fig. 3B,
top, 0.7 kb), likely reflecting resection through this region. Conversely, Rad9 chromatin
association at regions greater than 4.4 kb from the telomere remains consistent over the duration
of 2 h (Fig. 3B, see 4.4 kb, 10 kb). Given that Rad9 chromatin association is detected up to 10
kb from uncapped telomeres, it may continue to promote checkpoint signaling. Since the Rad9
BRCT mutants display checkpoint defects, we hypothesized that this might be a result of altered
chromatin association at uncapped telomeres. Indeed, mutations within either of the Rad9
chromatin-binding domains (Y798Q for Tudor domains, R1085E and K1088E for BRCT
domains) resulted in significantly decreased binding to chromatin at sub-telomeric regions and
at distal regions of the telomere (Fig. 3B). These data demonstrate that Rad9 chromatin
association is an early event and is dependent on both chromatin-binding domains.

Since Rad53 activation is Rad9-dependent [16,17,81], we wanted to determine whether Rad53
activation correlates with Rad9 chromatin association. Using the same time course as in the
ChIP assays, we assessed Rad53 activation after incubation at restrictive temperatures.
Although Rad9 binds chromatin 30 min after incubation at restrictive temperature, the
characteristic Rad53 mobility shift was not observed until 1 h after incubation at 37 °C (Fig.
3C), and full Rad53 activation required 3 h. Like rad9A, the rad9-R1085E mutant failed to
activate Rad53 while the Y798Q and K1088E mutants displayed attenuated Rad53 activation.
Nonetheless, cell cycle delay was observed during mitosis in RAD9 and the rad9-Y798Q,
R1085E and K1088E mutants by 2 h (Fig. 3D).

Additional rad9 mutants demonstrate that chromatin association and SCD phosphorylation
are necessary but not sufficient for checkpoint activation

Although Rad9 chromatin binding is necessary for full activation of Rad53, it is not sufficient.
It is possible that both Cdc28 and Mec1/Tell-dependent phosphorylation are necessary for
activation of chromatin-bound Rad9. Thus, we assayed a series of mutants to determine
whether Rad9 phosphorylation is upstream of chromatin association (Fig. 4). Previous studies
have shown that Mec1/Tel1-dependent phosphorylation [16,17,81] and Cdc28 activity are each
necessary for checkpoint activation. As expected, rad9 mutant alleles, with mutations in either
18 putative CDK consensus sites (rad9-18A) [82], 7 S/TQ Mec1/Tell consensus sites (rad9-
AQ) [81] and a mutant with both Y798Q and K1088E mutations (rad9-Y798Q/K1088E)
exhibited checkpoint defects. These mutants failed to activate Rad53 after telomere uncapping
(Fig. 4A). Furthermore, DNA content and microcolony analysis demonstrated that these
mutants also fail to arrest the cell cycle during mitosis in response to telomere uncapping (Fig.
4C-E). In addition, all three mutants failed to activate Rad53 after 300 Gy of ionizing radiation
in a-factor arrested cells, where Cdc28 is inactive (Fig. 4B). Thus, it is likely that the G1
checkpoint defect of the rad9-18A mutant is independent of Cdc28 activity. Furthermore, data
regarding rad9-AQ and rad9-Y798Q/K1088E mutants suggest that both Mec1/Tell
phosphorylation and chromatin binding via the Tudor and BRCT domains are required for G2/
M and G1 checkpoint signaling. Further analysis of Rad9 protein levels demonstrated that the
rad9-AQ, and the rad9-Y798Q and rad9-K1088E point mutants are expressed at levels
comparable to wildtype strains (Supplemental Fig. S7A and B). However, the rad9-18A and
rad9-Y798Q/K1088E mutants exhibit significantly reduced protein levels (Supplemental Fig.
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S7B). One interpretation of these results may be that the molecular consequences of the latter
mutations compromise protein stability. Alternatively, lack of CDK-mediated phosphorylation
and/or chromatin association may drive physiologic processes to promote Rad9 degradation.

Given that a single point mutation in either chromatin binding domain does not compromise

Rad9 protein levels, it is possible that chromatin association via both domains may play a role
in stabilizing Rad9 protein levels.

Discussion

In this study, we dissected the role of the interaction between H2A phosphorylation and the
Rad9 BRCT domains in response to telomere uncapping. Charge reversal mutations of Rad9
BRCT residues, predicted to disrupt recognition of either phosphorylated H2A S129 or the
carboxyl terminus, resulted in defective G1 checkpoint initiation, S phase delay and defective
checkpoint signaling during mitosis in response to telomere uncapping.

The implications of Rad9 chromatin association at telomeres

ChIP analysis revealed that Rad9 binds to sub-telomeric chromatin up to 10 kb uncapped
telomeres, and remains bound over 2 h. ChlP analysis also demonstrated that both rad9 BRCT
charge-reversal mutations, in a putative H2A phosphopeptide binding cleft, and a Tudor
domain di-methyl lysine binding site mutation similarly prevented binding to telomeres upon
inactivation of Cdc13. However, only the R1085E mutation eliminated checkpoint signaling.
Although it is possible that these mutations disrupt protein folding, analytical gel filtration
chromatography of analogous Crb2 charge reversal mutants R616E and K619E indicate that
BRCT dimerization remains intact [71].

Rad9 chromatin association drops quickly in the most telomere-proximal chromatin whereas
regions that are more distal maintained steady levels of Rad9 2 h after telomere uncapping. It
is possible that the decrease in Rad9 association, observed to be 0.7 kb 1 h after release into
media at restrictive temperature, occurs as DNA end resection extends into sub-telomeric
chromatin. Chromatin-bound Rad9 may impede resection, as evidenced by several studies
demonstrating that the rate of telomere end resection is increased in rad9A cells or mutants
affecting Rad9 chromatin association [51,56,57,59]. Analogous to Rad9 function in G1 and S
phase, full activation of Rad9-mediated checkpoint signaling requires an association with
subtelomeric chromatin that occurs before significant telomere end resection can be observed.

The implications of the interaction between Rad9 and phosphorylated H2A

Although we intended to further characterize the role of H2A phosphorylation in Rad9-
dependent checkpoint signaling, our analysis of multiple Rad9 BRCT mutants has revealed a
role for this domain in checkpoint signaling that is beyond that observed in mutants that merely
lack H2A phosphorylation. Indeed, unlike the attenuated G1 checkpoint delay observed in the
htal, 2-S129A mutant [10], the R1085E and K1088E mutants are completely defective in Rad53
activation and G1 arrest in response to irradiation. These data suggest that the Rad9 BRCT
domains facilitate interactions that are independent of H2A phosphorylation and are generally
consistent with the previous analysis of the rad9-K1088M BRCT mutant [9].

In turn, the range of phenotypes observed in the rad9 BRCT mutants described here suggests
a greater complexity for S phase checkpoint signaling than anticipated. The R1085E mutant
displays an attenuated S phase checkpoint response to irradiation. In contrast, the K1088E
mutant phenocopies the complete S phase checkpoint defect of the htal, 2-S129A mutant
observed here. Whereas the R1085E mutation may disrupt interactions required only in G1, it
appears that the K1088E mutation may disrupt interactions with phosphorylated H2A, and
potentially other phosphorylated proteins that are necessary in both the G1 and S phases.
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It is also intriguing that rad9 BRCT mutants are checkpoint competent after nocodazole
treatment, yet have variable checkpoint defects in response to telomere uncapping. Previous
reports have shown that in the absence of DNA damage, nocodazole induces phosphorylation
of Rad53 and Rad9, independently of Mec1 and Tell [77,78]. This suggests a role for Rad9 in
the mitotic spindle assembly checkpoint that may not require chromatin association.
Alternatively, other factors in the mitotic spindle assembly checkpoint may activate Rad53
independently of Rad9. These studies demonstrate that the mitotic spindle assembly checkpoint
and the checkpoint response to telomere uncapping utilize common checkpoint signaling
proteins yet diverge at the level of Rad9 chromatin association.

While htal, 2-S129A mutants activate a cdc13-1 checkpoint that is more robust than even the
RAD?9 strains, rad9 Tudor and BRCT domain mutants display a range of distinct checkpoint
responses. Specifically, the Y798Q and K1088E mutants display a partial G2/M checkpoint
response, while the R1085E mutant exhibits a completely defective checkpoint response. One
possibility is that these mutants form an allelic series, but the complex patterns suggest that
their distinct phenotypes are attributable to separate factors. Conversely, the hyper-checkpoint
phenotype of the htal, 2-S129A mutant may be due to disruption of constitutive
phosphorylation of H2A in sub-telomeric chromatin [79]. In this case, phosphorylated H2A
may serve a DNA-damage independent function that, along with telomere end binding proteins,
limits Rad9 binding or activation while telomeres are capped.

In support of an alternative role for H2A phosphorylation adjacent to telomeres, our ChlP
analysis demonstrated that Rad9 does not bind to sub-telomeric chromatin in cdc13-1 mutants
at 24 °C but is instead recruited to telomeres within 30 min of incubation at non-permissive
temperatures. It is certainly possible that H2A phosphorylation may be necessary for full Rad9
recruitment, but it is not sufficient. Constitutive H2A phosphorylation may compensate for
reduced Rad9 chromatin binding sites that might result from H3 K79 hypo-methylation at sub-
telomeric chromatin [80]. On the other hand, data from studies of 53BP1 suggest that foci
formation adjacent to DSBs, mediated by constitutive binding of Tudor domains to di-
methylated H3 K79 or dimethylated H4 K20, requires a change in chromatin structure [63,
83]. Different studies have placed H2A phosphorylation upstream, downstream or parallel to
chromatin remodeling at sites of bona fide DNA double strand breaks [10,32,84,85]. Telomeres
display a position effect, such that otherwise active promoters located in sub-telomeric
chromatin are commonly silenced. This is apparently associated with a dense, compact form
of chromatin that may limit access of Rad9 to its binding site(s), irrespective of H2A S129 and
H3 K79 modification states. Perhaps upon telomere uncapping, this repressive activity may be
relaxed, chromatin remodeling may ensue and Rad9 may then be able to access the di-
methylated H3 K79 and/or phosphorylated H2A S129, promoting stable association. Taken
together, our analysis of functional roles for rad9 BRCT phospho-H2A binding residues
reveals unanticipated roles in the DNA damage checkpoint response to telomere uncapping
during mitosis, suggesting that Rad9 chromatin association can mediate checkpoint signaling
throughout the cell cycle.
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Figure 1.

Comparative Protein Modeling for the Rad9 BRCT domain. (A)T-Coffee alignment of BRCT
sequences from multiple checkpoint adaptor proteins identified a functionally conserved
region, highlighted by a yellow box. Adaptor protein BRCT sequences include: S. pombe Crb2
(537-778), S. cerevisiae Rad9 (994-1122), Homo sapiens 53BP1 (1719-1977), H. sapiens
BRCA1 (1649-1859) and H. sapiens MDC1 (1719-1977). Conserved arginine and lysine
residues are highlighted in red. Crystal structures of MDC1 (B) and Crb2 (C) BRCT domains,
in complex with a phospho-H2A peptide [66,71]. Blue arrows denote conserved arginine
residues that may contact the H2A carboxyl-terminal tail. Red arrows denote conserved lysine
residues that may contact phosphoserine residues within the H2A tail. Backbone molecules
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are highlighted in dark blue, Nitrogen molecules are featured in light blue, oxygen molecules
are featured in red and sulfur molecules are featured in yellow.
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Figure 2.

Rad9 BRCT mutants initiate variable responses to uncapped telomeres. (A) rad9A strains were
transformed with constructs harboring wild type RAD9-MYC or MY C-tagged rad9 mutant
alleles, and analyzed for Rad53 activation in response to 300 Gy of ionizing irradiation.
Samples were treated with nocodazole, irradiated and were harvested at 0, 15 and 30 min after
irradiation. rad9A cdc13-1 strains were transformed with constructs harboring wild type RAD9-
MYC or MY C-tagged rad9 mutant alleles, and analyzed for (B) Rad53 activation, H2A
phosphorylation and (C) DNA content. (D and E) Microcolony analysis of the R1085E and
K1088E mutants with the cdc13-1 allele. The data shown are the average of 3 replicates, mean
+SD. Bar =10 um
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Figure 3.

Rad9 binds to sub-telomeric chromatin after telomere uncapping. (A) A schematic

Page 17

Kiosee

b

1 Tirfia #fed

C 5 release at 375

representation of the sites probed within Chromosome VI for chromatin immunoprecipitation
assays. (B) rad9A cdd13-1 strains expressing Myc-tagged RAD9 or rad9 mutant constructs
were treated with a-factor at room temperature for one hour and then shifted to 37°C for 30
minutes. Next cells were released into pre-warmed YPD and incubated at 37°C. Samples were
collected at 30 min, 1 hand 2 h time points and then used for ChIP analysis. Error bars represent
the standard deviation between at least two replicate experiments. (C) With the same time
course used in ChIP assays, Rad53 activation was detected after incubating cells at restrictive
temperature. Arrows indicate high molecular weight species that correspond to phosphorylated
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Rad53. (D) DNA content analysis of cells from figure 3C after incubation at restrictive
temperature.

DNA Repair (Amst). Author manuscript; available in PMC 2010 December 3.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Nnakwe et al.

Page 19

A.
B.
Time after
releaseat37°¢hy O 5 1 2 3 R - +

RADY e wee e @ 09 ¢— P-Rad53 RADG ‘e W9 4— P-Rad53
FAQIA ——— — — radon . e

rad9-18A e o —— rad9-18A e -

rad9-AQ o o o — - rad9-AQ e o

rad9-Y798Q, K1088E = = wwwn ww s W rad9-Y798Q, K1088E wewte =

rad9-Y798Q
84 RAD9 rad9A rad9-18A rad9-AQ K1088E
3
2
J\k 1 Time after
J\\ _/\_\ J\\ J\\ J\\ release at 37°(h)
INZN 0N
rad9-Y798Q

D. RAD9 rad9A rad9-18A  rad9-AQ K1088E

25°C

37°C

Y
o
o

a
o

% G2/M arrested microcolonies

awdi

rad9-Y798Q
RAD9 rad9A rad9-18A rad9-AQ K1088E

o

Figure 4.

Additional rad9 mutants demonstrate that chromatin association and SCD phosphorylation are
necessary but not sufficient for checkpoint activation. A series of rad9 alleles were assayed to
determine if Rad9 phosphorylation is upstream of chromatin association. rad9A cdc13-1 strains
were transformed with additional MY C-tagged rad9 alleles and assayed for (A) Rad53
activation in response to telomere uncapping. Microcolonies of cdc13-1 strains, also harboring
several rad9 alleles, were also visualized (D) and quantified (E) after telomere uncapping. The
data shown are the average of 3 replicates, mean + SD. (B) G1-arrested rad9 mutants were
also assayed for Rad53 activation in response to 300 Gy of ionizing radiation. Arrows in Figs.
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4A and B indicate high molecular weight species that correspond to phosphorylated Rad53.
Bar =10 um
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Table 1

Yeast strains used in this study
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Strain Description Source

W303-1A MATa ade2-1 can1-100 ura3-1 leu2-3, 112, his3-11, 15, trp1-1 69 Thomas et al. 1989
SKY2998 W303-1A, rad94::kanMX6 RAD53-3xFLAG This study
SKY?2999 W303-1A, rad94::kanMX6 RAD53-3xFLAG htalS129A::his3MX6 hta2S129A::TRP1 This study
SKY3000 W303-1A, rad94::kanMX6 cdc13-1 RAD53-3xFLAG This study
SKY3001 W303-1A, rad94::kanMX6 cdc13-1RAD53-3XxFLAG htalS129A::his3MX6 hta2S129A::TRP1  This study
SKY3002 W303-1A, rad94::kanMX6 cdc13-1RAD53-3xFLAG dotl4::TRP1 This study
SKY3041 MATa rad94::kanMX6 ho4 hml 4::ADE1 hmr4::ADE1 adel-110 leu2, 3-112 lys5 trpl::hisG  This study

ura3-52 ade3::GAL1,10:HO
QY375 MATa ho4 hmi4::ADE1 hmr4::ADE1 adel-110 leu2,3-112 lys5 trp1::hisG ura3-52 ade3::GAL1,Javaheri et. al 2006

10:HO RAD9-HA: :kanMX6 htal::5129" hta2::5129"
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