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Multiple phosphorylation of Rad9 by CDK is

required for DNA damage checkpoint activation
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The DNA damage checkpoint controls cell cycle arrest in response to DNA damage, and activation of this checkpoint
is in turn cell cycle-regulated. Rad9, the ortholog of mammalian 53BP1, is essential for this checkpoint response and is
phosphorylated by the cyclin-dependent kinase (CDK) in the yeast Saccharomyces cerevisiae. Previous studies suggested
that the CDK consensus sites of Rad9 are important for its checkpoint activity. However, the precise CDK sites of Rad9
involved have not been determined. Here we show that CDK consensus sites of Rad9 function in parallel to its BRCT
domain toward checkpoint activation, analogous to its fission yeast ortholog Crb2. Unlike Crb2, however, mutation
of multiple rather than any individual CDK site of Rad9 is required to completely eliminate its checkpoint activity in
vivo. Although Dpb11 interacts with CDK-phosphorylated Rad9, we provide evidence showing that elimination of this
interaction does not affect DNA damage checkpoint activation in vivo, suggesting that additional pathway(s) exist. Taken
together, these findings suggest that the regulation of Rad9 by CDK and the role of Dpb11 in DNA damage checkpoint
activation are more complex than previously suggested. We propose that multiple phosphorylation of Rad9 by CDK may

provide a more robust system to allow Rad9 to control cell cycle-dependent DNA damage checkpoint activation.

Introduction

The DNA damage checkpoint has an evolutionarily conserved
role in controlling DNA damage-induced cell cycle arrest.”?
RADY was the first DNA damage checkpoint gene identified in
the yeast Saccharomyces cerevisiae and was found to control ion-
izing radiation-induced G,/M cell cycle arrest. Remarkably, a
single DNA double-stranded break (DSB) in yeast is sufficient to
activate the DNA damage checkpoint and cause a G,/M arrest,’
but how cells achieve these tasks is not fully understood. 53BP1,
the mammalian ortholog of Rad9, mediates ATM-dependent
DNA damage response in mammalian cells.®” Both Rad9 and
53BP1 are phosphorylated extensively by CDK.5!! Mutation to 18
SP/TP sites, i.e., the consensus phosphorylation motif of CDK,
of Rad9 was found to cause a defect in DNA damage-induced
Rad53 phosphorylation, a hallmark of DNA damage checkpoint
activation.'” On the other hand, mutation of Rad9 to Ser-11, a
CDK phosphorylation site, was shown to act synergistically with
mutations of histone methylation to reduce the chromatin associ-
ation of Rad9."”® More recently, Dpbl1 was found to interact with
CDK-phosphorylated Rad9 via its N-terminal BRCT domains
and two CDK phosphorylation sties of Rad9, i.e., S462 and
T474." However, there is a lack of adequate in vivo evidence for
the checkpoint functions of Dpbll and the CDK phosphoryla-
tion sites of Rad9 involved in Dpbl1-binding. The precise CDK
sites of Rad9 that are responsible for DNA damage checkpoint
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activation remain undetermined. Studies of Crb2, the Rad9
ortholog in fission yeast, suggested that its C-terminal Tudor and
BRCT domains aid in its recruitment to the site of DNA dam-
age via histone modifications.”"" Interestingly, phosphorylation
of Thr-215, a CDK phosphorylation site of Crb2, acts synergisti-
cally with its BRCT domain to control the activation of Chkl,
the fission yeast ortholog of Rad53, suggesting a redundant role
between them.'®! Similarly, Cut5, the fission yeast ortholog of
Dpbll, has also been shown to interact with Crb2,* although
the biochemical basis of this interaction has not been examined.
In light of these studies, it appears that Dpb11/Cut5 may be criti-
cal in recognizing CDK phosphorylated Rad9/Crb2 to mediate
DNA damage checkpoint activation. To examine the underlying
mechanism further, we sought the in vivo evidence for the roles

of Dpbl1 and CDK phosphorylation of Rad9 in DNA damage

checkpoint activation.
Results

The interaction between Dpbl1 and Rad9 is not required for
Rad53 activation in the G,/M phase. We first confirmed the
interaction between the N-terminal BRCT domains of Dpbll
and Rad9 as reported previously (Fig. 1A).">" Further, a muta-
tion to the conserved K55 residue within the first BRCT domain
of Dpbll abrogates its binding to endogenous Rad9-3HA
derived from G,/M phase-arrested cells (Fig. 1A). The same
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Figure 1. The interaction between Rad9 and the N-terminal BRCT domains of Dpb11 is dispensable for DNA damage checkpoint activation. (A) Recom-
binant GST-Dpb11(1-260) (WT or K55E) was bound to glutathione beads and used to bind to Rad9-3HA in cell lysates derived from G,/M-arrested cells.
Bound protein was detected with anti-HA antibody. (B) Effect of the K55E mutation of full-length Dpb11-TAP on its binding to endogenous Rad9-3HA
from G,/M-arrested cells. The TAP tag consists of a 6xHIS-3xFLAG-Protein-A tag.* Dpb11-TAP was first bound to the IgG beads and then used to bind to
Rad9. (C) An N-terminally biotinylated Sld3 peptide corresponding to amino acids 588-612 (RVDSEENVQVQAT, PAVKKRTVTPNK) with the T600 residue
unphosphorylated or phosphorylated was immobilized on straptavidin beads and used to pull-down recombinant GST-Dpb11(1-260) fragments (WT
or K55E mutant). Bound proteins were detected by Coomassie blue staining. (D) Western blot analysis of Rad9-3HA and Rad53 gel mobility shift in
G,/M-arrested WT, SLD3-dpb11-AN and SLD3-dpb11-K55E cells with or without rad9-K1088E. Cells were treated with or without phleomycin. Ponceau
stain was used as a loading control. SLD3-dpb11-AN has an N-terminal truncated Dpb11 (@amino acids 253-764). (E) Western blot analysis of Rad53 gel
mobility shiftin G,/M-arrested WT, rad9A, SLD3-dpb11-AN and SLD3-dpb11-AN rad9A cells with or without phleomycin treatment.
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K55E mutation of Dpbll also eliminates the binding between
full-length Dpbl1 and Rad9 (Fig. 1B). Thus, Dpbl1 interacts
with Rad9 via its N-terminal BRCT domains as reported previ-
ously." We found that the same K55E mutation of Dpbl1 also
eliminates its interaction with a phosphopeptide that contains
phosphorylated Thr-600 of Sld3, indicating that K55 is the
critical residue involved in the phospho-recognition of Dpbll
(Fig. 1C). Next, we examined whether the interaction between
Rad9 and Dpbl1 is necessary for DNA damage checkpoint acti-
vation in vivo. Because Dpbl1 is essential for cell viability, which
interacts with Sld3 during DNA replication,?' we constructed a
SLD3-dpbl11 fusion mutant by fusing dpb11-K55E to endogenous
SLD3 and then deleting DPBII from its chromosomal locus. As
reported previously,? this fusion of Dpbll to Sld3 bypasses the
essential function of the N-terminal BRCT domains of Dpbll,
allowing us to examine its role outside of DNA replication. Next,
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we analyzed DNA damage-induced Rad9 and Rad53 phosphory-
lation using their gel mobility shifts, which are the hallmark of
DNA damage checkpoint activation.??* Unexpectedly, Rad9 and
Rad53 are still hyper-phosphorylated in the SLD3-dpb11-K55E
dpblIA mutant, similar to WT cells following phleomycin treat-
ment, which causes DNA DSBs (Fig. 1D). To more rigorously
test the role of the N-terminal BRCT domains of Dpbl1, we also
generated the SLD3-dpbl1-AN mutant, in which an N-terminal
truncated Dpb11(253-764) is fused to SLD3 with a concurrent
deletion of endogenous DPBI1. Once again, there is little defect
in phleomycin-induced Rad9 and Rad53 phosphorylation in this
SLD3-dpbl1IAN mutant (Fig. 1D). In both cases, an additional
K1088E mutation in the Rad9 BRCT domain causes little syn-
ergistic effect when combined with the dpbl1 mutations. To ask
whether the SLD3-dpb1IAN mutant could bypass the need for
Rad9 to activate the DNA damage checkpoint, we examined
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the effect of 7ad9A. As shown in Figure 1E, the SLD3-dpblIAN
rad9A fails to activate the checkpoint in the presence of phleomy-
cin during G,/M phase. Therefore, despite that the Rad9 binds
specifically to Dpbll via its N-terminal BRCT domains, elimi-
nating this interaction causes little effect on Rad9-dependent
checkpoint activation in the G,/M phase.

N-terminal CDK consensus sites of Rad9 are involved in
checkpoint activation. Rad9 contains C-terminal Tudor and
BRCT domains, a cluster of TQ sites that are phosphorylated
by Mecl and Tel1*? and 20 SP/TP sites that are targets of CDK
(Fig. 2A). Previous studies have identified S462 and T474 of
Rad9 to be involved in binding to Dpb11;" however, there is a
lack of significant checkpoint defect when these Ser/Thr resi-
dues are mutated into Ala. To further understand the interaction
between Dpbll and Rad9 and, more importantly, how CDK
phosphorylation of Rad9 controls its checkpoint function, we
introduced a number of Ser/Thr-to-Ala mutations to eliminate
various CDK sites of Rad9 in its chromosomal locus (Fig. 2B).
First, we examined the role of N-terminal 11 SP/TP sites of
Rad9. As shown in Figure 2C, neither rad9—10AP nor rad9—
11AP shows a noticeable defect in phleomycin-induced Rad53
and Rad9 phosphorylation in the G,/M phase. However, there is
a small but appreciable reduction in phleomycin-induced Rad9
and Rad53 phosphorylation in the r2d9-11AP,K1088E mutant,
indicating a synergistic role between CDK phosphorylation and
the BRCT domain of Rad9. This synergistic effect is not sur-
prising considering that CDK phosphorylation of Crb2 in fission
yeast also functions synergistically with its CDK phosphoryla-
tion of T215.1¢1 Since Rad9 and Mrcl function redundantly to
control Rad53 activation during the cell cycle,** we next ana-
lyzed these rad9 mutants in the mrcIA smlIA background. As
expected, the mrcIA rad9A mutant is hypersensitive to genotoxic
agents, including as little as 2 mM hydroxyurea (HU) (Fig. 2D).
Among the rad9 mutants analyzed, only the rad9—-11AP,K1088E
mrelA mutant shows a sensitivity comparable to that of mrcIA
rad9A (Fig. 2D), suggesting a defective DNA damage check-
point. Consistent with this notion, phleomycin-induced Rad9
and Rad53 phosphorylation in asynchronous cells is greatly
impaired in the rad9-11AP,KI088E mrcIA mutant, whereas it
is much less affected in the rad9—-10AP, KIO88E mrcIA mutant
(Fig. 2E).

Considering that a single CDK phosphorylation site, i.e.,
T215, of Crb2 is involved in its checkpoint activity,"'*! we asked
whether this difference between the rad9—10AP and rad9—-11AP
mutants is attributed to T348 of Rad9 specifically. As shown in
Figure 2F and H, the 72d9-T348A4 single mutant does not have a
significant defect in Rad53 activation when combined with r2d9-
K1088E, mrcIA or both. Interestingly, the 7ad9-T348A mutation
does cause an elevated sensitivity to methyl methane sulfonate
(MMS) when it is combined with mrcIA and/or rad9-K1088E,
indicating that T348 of Rad9 has an unspecified role in the DNA
damage response (Fig. 2G). Taken together, these results show
that the N-terminal SP/TP sites of Rad9 act redundantly to regu-
late its checkpoint activity.

C-terminal CDK consensus sites of Rad9 also act redun-
dantly to control checkpoint activation. Next we examined

3794

Cell Cycle

whether the C-terminal six SP/TP sites of Rad9 regulate its
checkpoint function (Fig. 2B). Mutation of all six SP/TDP sites of
Rad9 compromises but does not eliminate phleomycin-induced
Rad9 and Rad53 phosphorylation in the G,/M phase (Fig. 3A).
Interestingly, the rad9—6AP, KI088E mutant is almost completely
defective in phleomycin-induced Rad53 and Rad9 phosphoryla-
tion in the G /M phase (Fig. 3A), indicating a loss of checkpoint
activity. Consistent with this notion, the rad9-6AP,KI088E
mrcIA mutant is hypersensitive to various genotoxic agents, simi-
lar to the 7ad9A mrcIA mutant, whereas rad9—6AP mrcIA or
rad9-K1088E mrcIA shows only modest sensitivity (Fig. 3B).
Moreover, phleomycin-induced Rad53 phosphorylation in
asynchronous cells is greatly reduced but not eliminated in the
rad9—6AP, K1088E mrcIA mutant (Fig. 3C), although the phos-
phorylation of Rad9 is reduced to a lesser extent. Further muta-
genesis of Rad9 shows that neither 7ad9-2AP-1 nor rad9-2AP-2
has a defect in phleomycin-induced Rad53 and Rad9 phosphory-
lation, regardless of the rad9-K1088E mutation (Fig. 3D). The
rad9—-2AP-1 mutant contains the same mutations to S462 and
T474 of Rad9, as reported previously." Interestingly, the rad9—
3AP,K1088E mutant does show a slight reduction of phleomy-
cin-induced Rad53 phosphorylation, albeit to a lesser extent
compared with 72d9-6AP,K1088E (Fig. 3D). Additionally,
neither 7ad9-2AP-1 nor rad9-2AP-2 shows an elevated sensitiv-
ity when combined with 72d9-KI1088E and mrcIA (Fig. 3E). In
contrast, the rad9-3AP,K1088E mrcIA mutant shows a slightly
higher sensitivity to MMS, although it is less than that of rad9A
mrcIA and rad9-6AP,KIOS8E mrcIA. Phleomycin-induced
Rad9 and Rad53 phosphorylation in asynchronous cells is essen-
tially unaffected in the 7ad9-2AP-1 and rad9-2AP-2 mutants;
however, it is moderately reduced in the rad9-3AP,KI088E
mrcIA mutant (Fig. 3F). Taken together, multiple SP/TP sites
in this region of Rad9 are also involved in the regulation of its
checkpoint activity.

N-terminal and C-terminal CDK consensus sites of Rad9
can function together to control checkpoint activation. The
above results demonstrate that the CDK sites in two distinct
regions of Rad9 participate in checkpoint activation, which raises
the possibility that they could also function redundantly. To test
this, we generated the 7249—8AP mutant, which combines partial
mutations to the SP/TP sites in both regions (Fig. 2B). As shown
in Figure 4A, phleomycin-induced Rad9 and Rad53 phosphory-
lation is largely eliminated in the rad9—-8AP, K1088E mutant, but
not the 72d9-8AP mutant. Moreover, the 7rad9-8AP,KI088E
mrcIA mutant is hypersensitive to various genotoxic agents, simi-
lar to mrcIA rad9A (Fig. 4B). Phleomycin-induced Rad53 phos-
phorylation in asynchronous cells is also mostly eliminated in the
rad9—8AP,K1088E mrcIA mutant (Fig. 4C), consistent with a
loss of Rad9 checkpoint activity. Because Rad9 is known to con-
trol and induce cell cycle arrest in response to DNA damage,* we
next examined the nuclear division phenotypes of various 72d9
mutants following a transient phleomycin treatment. As shown
in Figure 4D, the percentages of bi-nucleated cells are indistin-
guishable between WT and the various 7249 mutants without
phleomycin treatment. However, following a transient phleomy-
cin treatment, wild-type cells show a strong delay in the formation
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Figure 2. The N-terminal SP/TP sites of Rad9 are involved in DNA damage checkpoint activation. (A) Schematic of Rad9 domain structure and the
consensus CDK phosphorylation sites (gray bars). (B) Summary of the Rad9 SP/TP phosphorylation sites, which are mutated as indicated in each rad9-
AP mutant. Positions of the Ser/Thr residues are indicated to their right. Parentheses indicate phosphorylation not detected by MS.® “+" indicates Ser/
Thr-to-Ala mutations. “-" indicates no mutation. Gel mobility shift assays of Rad9-3HA and Rad53 were performed in G2/M-arrested cells as indicated in
(Cand F). Plate sensitivity assays of MMS, phleomycin (Phleo) and HU with WT, mrc1A, rad9 and various double mutants of mrc1A rad9 were performed
in (D and G). Gel mobility shift assays were performed using asynchronous cells, comparing WT and various double mutants of mrc1A rad9 as indicated

in (E and H).
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Figure 3. The C-terminal SP/TP sites of Rad9 are also involved in DNA damage checkpoint activation. Gel mobility shift assay of Rad9-3HA and Rad53
was performed using G,/M-arrested cells as indicated in (A and D) and asynchronous cells as indicated in (C and F). Plate sensitivity assay of WT, mrciA,

rad9 and various double mutants of mrc71A rad9 was performed in (B and E).

of bi-nucleated cells, whereas rad9A cells display a minimal such
delay, as expected. Both the r2d9-8AP,K1088E and rad9—-8AP
cells show a mild delay, like r2d9A, while the rad9-K1088E cells
exhibit a stronger delay, similar to WT cells. Deletion of both
RADY and MRCI is lethal,**¥ which is suppressed by deleting
SMLI. Deletion of SMLI also suppresses the lethality of rad53A
and mecIA.?® This genetic interaction profile provides a useful
test of the ability of Rad9 to activate Rad53. Tetrad dissection
analysis showed that neither 7ad9-8AP nor rad9-KI1088E is
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lethal in the mrcIA background (Fig. 4E). Interestingly, rad9—
8AP,KI088E is synthetically lethal with mrcIA, which is rescued
by smlIA. Collectively, these findings show that the ability of
Rad9 to promote Rad53 activation is essentially eliminated in
the rad9-8AP, K1088E mutant.

Multiple CDK sites of Rad9 mediate its interaction with
Dpbll. Previous studies showed that Rad9 interacts with
Dpbl1 via Ser-11, Ser-462 and Thr-474."' Since mutation of
these residues of Rad9 does not eliminate its ability to mediate
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Figure 4. N-terminal and C-terminal SP/TP sites of Rad9 act redundantly to control DNA damage checkpoint activation. Gel mobility shift assays of
Rad9-3HA and Rad53 were performed using G,/M-arrested cells and asynchronous cells as indicated in (A and C), respectively. (B) Plate sensitivity
assay of WT, mrci1A, rad9A and various double mutants of mrc1A rad9. (D) Percentages of bi-nucleated cells after release from phleomycin treatment

in the G,/M phase, comparing WT, rad9A, rad9-8AP, rad9-K1088E and rad9-8AP,K1088E mutants. (E) Tetrad dissection analysis of the genetic interac-
tions between various rad9 mutants, mrc1A and sml1A. Synthetic lethality between mrc1A and either rad9A or rad9-8AP,K1088E is rescued by sm/TA. No

synthetic lethality was detected between mrc1A and rad9-8AP or rad9-K1088E. Representative tetrads are shown here for simplicity. Unmarked spores
contain RAD9 MRC1 SML].

www.landesbioscience.com Cell Cycle 3797

Do not distribute.

I0Science.

©2012 Landes B



A Input

Bound

WT 8AP
25X 25X 25X 1X

10AP 11AP T348A S462AWT 8AP 10AP 11AP T348A S462A WT Rad9-3HA
WT WT WT WT WT WT K55E GST-Dpb11(1-260)

”M-ﬂ“.um%dg

W G S S SRy Wb| GST-Dpb11 (1-260)

Ponceau

B Input

Bound

WT 2AP-1 2AP-2 3AP 6AP
1X 1X 1X 1X 25X

WT  2AP-1 2AP-2
WT  WT  WT WT  WT

3AP 6AP WT Rad9-3HA

K55E GST-Dpb11(1-260)

ST LL TN

" ” n ) ”” Ponceau

GST-Dpb11 (1-260)

Figure 5. Multiple CDK consensus sites of Rad9 are involved in binding to Dpb11. GST-Dpb11(1-260) was used to pull-down WT Rad9-3HA and various
Rad9-AP mutant proteins in (A and B), as described in Figure 1A. 2.5-fold more cell lysates of rad9-6AP, rad9-8AP, rad9-10AP or rad9-11AP were used in
the binding reactions to compensate for their reduced band intensities. GST-Dpb11(1-260) was detected by Ponceau staining.

Rad53 activation, we chose to examine the interaction between
Dpbll and Rad9 further. Because Dpbl1 binds to Rad9 via its
N-terminal BRCT domains only (Fig. 1A and B), we used Dpbl1
BRCT-pull-down assay to examine its interaction with endog-
enous Rad9 in various 72d9 mutant backgrounds. As shown in
Figure 5A, while Rad9-10AP retains a weaker interaction with
Dpbll, both Rad9-11AP and Rad9-8AP fail to show a signifi-
cant binding to Dpbll. The T348A or S462A single mutation
of Rad9 has little effect on this interaction. We also examined
the effect of mutation to the C-terminal CDK consensus sites of
Rad9. As shown in Figure 5B, mutation of either two or three SP/
TP sites of Rad9 causes only a gradual reduction in their interac-
tions with Dpbl1, a loss of binding to Dpbll is only observed
for Rad9-6AP. This observation strongly suggests that multiple
CDK consensus sites of Rad9 mediate its interaction with Dpb11.

Discussion

Rad9 has a critical role in DNA damage checkpoint activation
in yeast, particularly during the G,/M phase when CDK activity
is high.*> Previous studies have shown that a single DNA DSB
in yeast is sufficient to activate the DNA damage checkpoint in
a Rad9-dependent manner,’® indicating a highly sensitive signal
transduction system. The key question is how Rad9 mediates this
robust and sensitive checkpoint activation. Rad9 and its orthologs
are known CDK targets, and they contain multiple CDK con-
sensus sites.®!! The observations that CDK-phosphorylated Rad9
interacts with Dpbl1 and Dpbl1 can activate Mecl have led to a
model that Dpb11 may be a critical regulator of Rad9." However,
there has been a lack of in vivo evidence of such a role for Dpb11.
Additionally, mutation of the SP/TP sites of Rad9 involved in
binding to Dpbll fails to cause a strong defect in Rad53 activa-
tion," raising the question on how CDK phosphorylation of Rad9
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is involved. Here we present multiple lines of evidence, which sug-
gest that multiple phosphorylation of Rad9 by CDK is respon-
sible for its ability to control DNA damage checkpoint activation.
Several new observations were made and summarized here.

First, despite that Dpb11 interacts with Rad9 via its N-terminal
BRCT domains,"!"* elimination of this Rad9-Dpb11 interaction
does not cause any appreciable defects in DNA damage-induced
Rad9 and Rad53 phosphorylation (Fig. 1D). One explanation
of this surprising finding is that alternative pathway(s) may exist
to mediate the function of CDK-phosphorylated Rad9, which
remain to be identified in further studies. Our observation also
does not exclude that Dpbl1 may regulate DNA damage check-
point activation via alternative mechanism(s). For example, the
C-terminal BRCT domains of Dpbl1 may be involved, consider-
ing its interaction with the Mec3-Rad17-Ddcl complex.?-?! Since
Rad9 specifically interacts with the N-terminal BRCT domains
of Dpb11 (Fig. 1B)," Dpbl1 cannot be the only protein that rec-
ognizes CDK-phosphorylated Rad9, regardless of its other roles.

Second, previous studies on the binding specificity of Dpbl1
BRCT domains showed that they bind to CDK-phosphorylated
SId2 and SId3 in a highly sequence specific manner.?"3? Indeed,
a phosphopeptide of Sld3 containing phosphorylated T600 of
Sld3 shows a robust binding to the N-terminal BRCT domains
of Dpbl1 (Fig. 1C).* Our analysis of the binding between Rad9
and the same BRCT domains of Dpbll reveals a quite differ-
ent mode of interaction, despite that Rad9 also binds to Dpbll
specifically (Figs. 1A and B)." Using the same phosphopeptide
pull-down assay, we could not detect any appreciable binding
between any individual phosphopeptide of Rad9, which contains
each of the phosphorylated SP/TP sites, with the N-terminal
BRCT domains of Dpbll (results not shown). This promoted
us to examine the binding between Dpbl1 BRCT domains and
endogenous Rad9 instead.
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As shown in Figure 5, we observed a complex interaction pro-
file between Dpbll and Rad9. Mutation of the first 10 SP/TP
sites of Rad9 reduces this interaction considerably. Despite a fur-
ther reduction of this interaction observed for Rad9—11AP, muta-
tion of T348 alone has relatively little effect on this interaction.
On the other hand, mutation of the six C-terminal SP/TP sites
of Rad9 completely eliminates its binding to Dpbll, suggesting
that these residues of Rad9 have a strong role. Once again, muta-
tion of S462 and T474 of Rad9 partially reduces its interaction
with Dpbl1, suggesting that these residues are partially involved
in their binding to Dpb11." These observations raise the question
whether there is any sequence specificity of Dpbl1 N-terminal
BRCT domains toward binding to Rad9. We reason that Rad9
and Sld3 represent two types of ligands, which are not necessar-
ily contradictory to each other. While Sld3 has one high-affinity
binding site for Dpbll, Rad9 appears to have multiple lower
affinity binding sites to interact with Dpbll. There also exists
a partial sequence-specificity among the CDK phosphorylation
sites of Rad9 for Dpbl1-binding. For example, T348, S462 and
T474 of Rad9 appear to have a relatively stronger role than oth-
ers. We emphasize here that one potential caveat is that muta-
tion of a subset of SP/TP sites of Rad9 could lead to unintended
effects on the phosphorylation of the other SP/TP sites of Rad9.
Moreover, we cannot exclude the possibility that a residual bind-
ing between Rad9 and Dpbll may exist for some Rad9-AP pro-
teins, which is below the detection limit of the binding assay used
here. Nevertheless, our results here are consistent with the notion
that multiple CDK sites, rather than any one or two sites, of Rad9
mediate its interaction with Dpbll to ensure a specific protein-
protein interaction.

Third, consistent with that not all SP/TP sites of Rad9 have
equivalent roles, our analysis of the 7249 mutant phenotypes indi-
cated that they exhibit varying degrees of checkpoint defects. For
example, the six C-terminal SP/TP sites of Rad9 appear to have
a stronger role than its 11 N-terminal SP/TP sites toward Rad53
activation in the G,/M phase (comparing Figs. 2C and 3A). On
the other hand, partial Rad53 activation in asynchronous cells
was still detected in either the rad9—-11AP, K1088E mrcIA or the
rad9—6AP,K1088E mrcIA mutant (Figs. 2E and 3C). We also
found that CDK sites in these two regions of Rad9 can function
redundantly. The r2d9—8AP mutant contains partial mutations
to the SP/TP sites in both regions of Rad9. We observed a near
complete failure of 72d9-8AP to activate Rad53 when it is com-
bined with 72d9-KI1088E and mrcIA. The synergistic defect in
checkpoint activation when the 7249-AP mutations are combined
with the K1088E mutation in the BRCT domain of Rad9 also
suggests that the checkpoint defects of these r2d9-AP mutants
are less likely due to a defect in protein stability caused by muta-
tions to these CDK consensus sites of Rad9. Instead, the CDK
phosphorylation and the BRCT domain of Rad9 act redundantly
to control its DNA damage checkpoint activity, which is remi-
niscent of the observations of Crb2 in fission yeast,"'*' although
the situation with CDK phosphorylation regulation of Rad9
appears to be far more complex.

www.landesbioscience.com

Finally, considering that Rad9 and its eukaryotic orthologs
invariably have a large number of SP/TP sites that are targeted
by CDK, the mechanism uncovered in the yeast Saccharomyces
cerevisiae may be conserved in other eukaryotes. By employing
multivalent interactions, rather than a single CDK phosphory-
lation event, this may enable cells to achieve the robustness in
signaling as well as an ultra-sensitive response to DNA damages
during the cell cycle, analogous to the multiple phosphorylation
of Sicl by CDK in controlling the cell cycle.**

Materials and Methods

Yeast strains. Standard yeast genetic methods were used to gen-
erate mutants. All rad9 mutants were introduced into the endog-
enous locus of RADY using PCR-based transformation method
and confirmed via DNA sequencing.® The details are available
upon request. All strains used in this study are listed in Table S1.

Analysis of bi-nucleated cells. Log-phase cells were arrested in
the G,/M phase with 15 wg/ml nocodazole for 3 h at 30°C and
were then split into two sets and shifted to room temperature.
One set was treated with 50 pg/ml phleomycin for 1 h. Then the
cells were washed and released into fresh YPD medium. Samples
were taken every 15 min, fixed with 70% ethanol, treated with
RNase and pepsin and stained with propidium iodide. The bi-
nucleated cells were counted blindly. Three independent experi-
ments were performed for quantification.

Western blot analysis of Rad9 and Rad53. Cells were grown
and arrested in the G,/M phase as described above or kept as
asynchronous and treated with 50 pg/ml phleomycin. Protein
extracts were prepared using trichloroacetic acid precipitation.
Rad9-3HA and Rad53 were probed using anti-HA (3F10) and
anti-Rad53 antibodies, respectively.

Pull-down assays. C-terminally TAP-tagged, full-length
Dpbl1 was overexpressed from the yeast strain SCY249 and was
bound to the IgG resins. The GST-tagged N-terminal BRCT
domains of Dpbl1 (amino acids 1-260) was overexpressed from
E. coli and bound to glutathione sepharose beads. The Dpbl1-
bound beads were then incubated with an equal amount of cell
lysate prepared from yeast cells arrested in the G,/M phase. The
binding was performed in TBSN buffer (50 mM Tris pH 7.2, 50
mM NaCl, 0.5% NP-40, 50 mM B-glycerophosphate, 10 mM
NaF, 10 mM EDTA, 2 mM PMSF, 2X protease inhibitor mix
and 2 mM DTT) at 4°C for 2 h, and the beads were washed with
TBSN (concentration of NaCl was increased to 100 mM during
washing) three times. The bound proteins were eluted and then
detected by western blot using anti-HA antibody or by Ponceau
staining.

Plate sensitivity assays. 10-fold serial dilutions of log-phase
cells were spotted on YPD plates with or without MMS, hydroxy-
urea (HU) or phleomycin (Phleo) at the indicated concentrations
and incubated at 30°C for 48 to 72 h.
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