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Following genotoxic insults, eukaryotic cells trigger a signal transduction cascade known as the DNA damage
checkpoint response, which involves the loading onto DNA of an apical kinase and several downstream factors.
Chromatin modifications play an important role in recruiting checkpoint proteins. In budding yeast, methyl-
ated H3-K79 is bound by the checkpoint factor Rad9. Loss of Dotl prevents H3-K79 methylation, leading to
a checkpoint defect in the G, phase of the cell cycle and to a reduction of checkpoint activation in mitosis,
suggesting that another pathway contributes to Rad9 recruitment in M phase. We found that the replication
factor Dpbl11 is the keystone of this second pathway. dotIA dpbl1-1 mutant cells are sensitive to UV or Zeocin
treatment and cannot activate Rad53 if irradiated in M phase. Our data suggest that Dpbl1 is held in
proximity to damaged DNA through an interaction with the phosphorylated 9-1-1 complex, leading to Mecl-
dependent phosphorylation of Rad9. Dpbl11 is also phosphorylated after DNA damage, and this modification
is lost in a nonphosphorylatable ddc1-T6024 mutant. Finally, we show that, in vivo, Dpb11 cooperates with Dot1
in promoting Rad9 phosphorylation but also contributes to the full activation of Mecl kinase.

The cellular response to DNA damage is based on signal
transduction mechanisms that are essential for the mainte-
nance of genome integrity. The molecules involved and the
organization of the pathway are generally conserved in all
eukaryotes (2, 29, 30, 42). A major output of this response is a
controlled delay in cell cycle progression that regulates the
G,-S transition (G, checkpoint) or the G,-M transition (G,/M
checkpoint; in budding yeast, this response does not regulate
the passage from G, to M but prevents the anaphase-to-meta-
phase transition). This is achieved by regulating Cdk kinase or
anaphase-promoting complex activities. The current model
predicts that genotoxin treatments activate the DNA damage
checkpoint response through the recruitment of the ATM and
ATR phosphoinositide 3-kinase-related kinases to damaged
chromatin (42, 51). The molecular details of the DNA damage
signaling pathway in fission and budding yeasts have been
mostly worked out by following the phosphorylation of critical
kinase substrates in appropriately mutated genetic back-
grounds (5, 25). In budding yeast, the prevalent apical kinase is
represented by Mecl, which is associated with a Ddc2 subunit.
Processing of DNA lesions by repair mechanisms generates
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single-stranded DNA (ssDNA) filaments that are rapidly
coated by replication protein A (RPA). This structure seems to
be responsible for the recruitment of Mecl-Ddc2 (24, 38, 51).
The first biochemical event in the signal transduction cascade
seems to be the direct phosphorylation of Ddc2 (33, 37). A
heterotrimeric complex (9-1-1) composed of Radl7, Mec3,
and Ddcl is loaded onto damaged DNA by a replication factor
C-like complex and is itself phosphorylated by Mecl on the
Ddcl subunit (25, 28, 34). Another Mecl target is checkpoint
factor Rad9, the orthologue of human 53BP1 and fission yeast
Crb2. Phosphorylation of Rad9, followed by its oligomeriza-
tion, allows the recruitment of Rad53 kinase and its activation;
it can be visualized as a hyperphosphorylated slower-mobility
form by Western blotting (12, 36, 40, 43). Interfering with
Rad9 recruitment prevents the activation of Rad53 and cell
cycle arrest after DNA damage. Recent work demonstrated
that histone H2B ubiquitylation, carried out by Rad6-Brel,
and histone H3 methylation on lysine 79 (H3-K79), performed
by Dotl, contribute to Rad9 recruitment to chromatin (11, 13,
14, 48). This pathway depends on an interaction between meth-
ylated H3-K79 and the Tudor domain of Rad9. Loss of these
histone modifications (e.g., in dotI A mutant cells) or mutation
of the Rad9 Tudor domain prevents Rad9 and Rad53 phos-
phorylation in G;-arrested cells and abolishes the G,-S arrest
following DNA damage (11, 13, 48). The current model pre-
dicts that Rad9 bound to histone H3 can be phosphorylated by
Mecl and then binds to phosphorylated H2A (14). Surpris-
ingly, in M cells, deletion of DOT1 is not sufficient to eliminate
checkpoint function. dot/A mutant cells are not particularly
sensitive to Zeocin or UV and, when irradiated in M, display
an apparently normal cell cycle arrest, despite a lower level of
Rad53 phosphorylation, mirrored by a slightly reduced modi-
fication of Rad9 (11). These observations suggest that the
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pathways involved in the recruitment of Rad9 to chromatin are
somehow cell cycle specific; in M cells, another mechanism,
partially redundant with the histone modification pathway,
must be active to obtain Rad9 phosphorylation and effective
checkpoint activation. In the last few years, results obtained
with fission yeast, Xenopus laevis extracts, and human cells
revealed that a new player involved in the DNA damage re-
sponse is a factor called Rad4/Cut5 in Schizosaccharomyces
pombe, TopBP1 in higher eukaryotes, and Dpb11 in budding
yeast (6-8, 21, 35). These proteins share the presence of BRCT
domains, which are involved in protein-protein interactions.
The general picture that is starting to emerge is that this factor
interacts with phosphoinositide 3-kinase-related kinases, pos-
sibly controlling their activity; it is recruited to DNA by inter-
acting with the 9-1-1 complex and facilitates downstream sig-
naling by interacting with Crb2/53BP1 (3, 9). The role played
by Dpbl1 in the DNA damage response in budding yeast has
not been described, and here we show that it is an essential
component of this new G,/M pathway which allows Rad9 re-
cruitment and checkpoint activation in the absence of histone
H3 methylation. We provide evidence suggesting that, in M-
phase cells, Rad9 can be phosphorylated by Mecl through
H3-K79 methylation or through an interaction with Dpbl1.
We also show that the functional interaction between Dpbl1
and the Ddcl subunit of the 9-1-1 complex is regulated by a
Mecl-dependent phosphorylation of a specific Ddcl C-termi-
nal threonine, which likely allows the recruitment of Dpb11 to
damaged chromatin and its phosphorylation by Mecl1. Finally,
we provide in vivo evidence that in budding yeast, Dpbll1 is
involved in directly regulating the apical kinase Mecl.

MATERIALS AND METHODS

Strains and plasmids. All of the strains used in this work are derivatives of
W303 (K699 [MATa ade2-1 trpI-1 canl-100 leu2-3,12 his3-11,15 ura3]), except
histone H4 mutants. The K20R and K59R histone H4 mutants were obtained by
plasmid shuffling with pFL17.5 and pFL19.5, respectively, in strain UCC1111
(20). These last plasmids were obtained by PCR over pMP3 (20) with mutagenic
oligonucleotides.

The YFP20 (dpb11-1) and YMAGGO (dpbl11-1dotlA) strains were obtained by
Pstl-directed integration of YlIplac211-dpb11-1 (1) into K699 and YFL234, re-
spectively (11). Plasmid pop-out events were selected on 5-fluoroorotic acid
plates, and the presence of the dpbll-1 allele was confirmed by checking the
temperature-sensitive phenotype and by PCR analysis to confirm the presence of
the mutation. All of the other DPB11 mutant strains were obtained by crossing;
myc-tagged DPBI1 mutant strains were obtained by using the one-step PCR
system (27) to allow detection by Western blotting; however, tagged Dpbl1l
cannot be immunoprecipitated, likely because the tag is hidden in the native
protein.

DDCT1 site-specific mutations were obtained by PCR with mutagenic oligonu-
cleotides by using the pML89 plasmid (26). Multiple round of mutagenesis over
these plasmids allowed the construction of the pLD12, pLD26, and pLD31
plasmids, carrying the ddcl-M3 (S4134, S436A, T444A), ddcI-M8 (T3424,
S469A, S471A, S495A, T529A, 5324, S580A, T602A), and ddc1-M11 (containing
a combination of all of the above-mentioned point mutations) alleles, respec-
tively. All of these plasmids were transformed into ddcIA mutant strain YLL244
(26) to obtain ddcl mutant yeast strains. Plasmid pFP9 carrying the ddc1-T602S
mutation was obtained by PCR with mutagenic oligonucleotides by using the
pMLS89 plasmid as the template.

Strains carrying a Dpbl1 degron tag, YIT70 (dpbl1'®) and Y1812 (dpb11'
DPBII), were a kind gift from J. F. X. Diffley.

All of the strains used in this study are described in Table 1.

DNA damage sensitivity assay. In order to assess cell survival after UV irra-
diation, yeast strains were cultured overnight to stationary phase. Cells were then
diluted, and approximately 200 cells were plated on petri dishes, which were
irradiated with different UV doses. After 3 days, the total number of colonies
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that formed on each plate was determined. Alternatively, overnight cultures were
diluted to 1 X 10° cells/ml and then 10-fold serial dilutions were prepared and
10-pl volumes of the suspensions were spotted onto plates, which were either UV
irradiated or mock treated. To assess survival of Zeocin treatment, exponentially
growing cells were treated for 30 min with different concentrations of the drug.
After Zeocin removal, cultures were diluted to 1 X 10° cells/ml and then 10-fold
serial dilutions were prepared and 10-wul volumes of the suspensions were spotted
onto YPD plates (31). Images were taken 3 days later.

SDS-PAGE and Western blotting. Protein extracts obtained with trichloroace-
tic acid (31) were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) in 10% acrylamide gels; for analysis of Rad9 phos-
phorylation, NuPAGE Tris-acetate 3 to 8% gels were used by following the
manufacturer’s instructions. Western blotting was performed with anti-Rad53,
anti-myc (9E10), antihemagglutinin (anti-HA; 12CAS), anti-Ddcl, and anti-
Rad9 antibodies by using standard techniques. For more efficient detection of
phosphorylated Dpb11 isoforms, 7.5% acrylamide gels supplemented with Phos
tag-conjugated acrylamide were used according to the manufacturer’s instruc-
tions (NARD Institute Ltd.).

Cell cycle blocks and DNA damage treatment. Cells were grown in YPD
medium at 28°C (25°C in the experiments with strains harboring the dpbl11-1
mutation) to a concentration of 5 X 10°/ml and arrested with nocodazole (20
pg/ml). Fifty-milliliter volumes of cultures were spun, resuspended in 500 pl of
fresh YPD plus nocodazole, and plated on a petri dish (14-cm diameter). Plates
were quickly irradiated at 75 J/m?, and cells were resuspended in 50 ml of YPD
plus nocodazole. A 25-ml sample was taken immediately and processed for
protein extract preparation, while a second 25-ml sample was taken 30 min
afterward. For analysis of the double-strand break (DSB) checkpoint response,
nocodazole-arrested cells were treated with 100 pwg/ml Zeocin. Samples were
taken from the culture every 15 min and processed for protein extraction.

G,/M checkpoint assay. Yeast cells were synchronized in M by treating expo-
nentially growing cultures with 5 pwg/ml nocodazole. UV treatment was per-
formed as described previously (10), except that 6 pg/ml a-factor was added to
the resuspension medium. Cells were then stained with 4’,6'-diamidino-2-phe-
nylindole (DAPI), and nuclear division was monitored by microscopic analysis.

Use of the dpb11™ allele. As previously described (44, 49), the dpb11' mutant
strain (YJT70) contains the Dpb11-td fusion under the control of tTA and the
tetO2 promoter, the E3 ubiquitin ligase gene UBRI under the control of the
inducible GALI promoter, and three copies of pCM244 harboring a mutated Tet
repressor-SSN6 fusion (fetR'-SSN6) gene integrated at the LEU2 locus. Y1812
(dpb11* DPBII) is isogenic to strain YJT70, but it also contains a copy of the
DPBI11 gene under the control of its own promoter. YMAG78/4b and YMAGS2/
15a are derivatives of YJT70 and Y1812, respectively, carrying an HA-tagged
version of Ddc2.

These strains were grown in YP plus raffinose at 28°C to a concentration of 5 X
10° cells/ml and arrested with nocodazole. Twenty-five milliliters of arrested cells
was immediately processed for protein extraction with trichloroacetic acid. The
rest of the culture was shifted to 37°C in the presence of galactose (2%) and
tetracycline (50 wg/ml) for 2.5 h. This treatment leads to Dpb11-td degradation
and represses dpb11 transcription, inducing the dpb1I-encoded phenotype. A
150-ml volume of cells was spun, resuspended in 1.5 ml of the same medium, and
UV irradiated as described previously. After treatment, cultures were shifted to
28°C. A 25-ml sample was taken immediately and processed for protein extract
preparation, and a second 25-ml sample was taken 30 min later.

RESULTS

We have previously shown that ubiquitylation of histone
H2B by the Rad6/Brel complex and methylation of histone H3
on the K79 residue, mediated by Dotl, are prerequisites for a
functional response to DNA damage in the G, phase of the
Saccharomyces cerevisiae cell cycle (11). This requirement
seems to be ascribed to the capacity of the Rad9 checkpoint
protein to bind methylated H3-K79 through its Tudor domain.
In fact, in the absence of H3-K79 methylation or if the Rad9
Tudor domain is mutated, yeast cells damaged in G, do not
exhibit Rad9 loading onto DNA and are deficient in transmit-
ting the checkpoint signal from the ATR-like kinase Mec1 to
the Chk2-like kinase Rad53 (11, 13, 14, 18, 48). Surprisingly, if
dotlA mutant cells are treated with Zeocin or UV light in the
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TABLE 1. Strains used in this study

MoL. CELL. BIOL.

Strain Relevant genotype Source
K699 MATa ade2-1 trpI-1 leu2-3,112 his3-11,15 ura3 canl-100 K. Nasmyth
K700 MATo ade2-1 trpl-1 leu2-3,112 his3-11,15 ura3 canl-100 K. Nasmyth
YFLA448/1a K700 dot1::kanMXG6 tell::HIS3 This work
YFLA38 K699 dotl::kanMX6 mecl-1 smil This work
YFLA499/3d K699 dot1::kanMX6 chkl::kanMX6 This work
YFL224 K699 brel::kanMX6 M. Giannattasio
YFL236 K699 set2::kanMX6 This work
YMG203 K699 brel::kanMX6 set2::kanMX6 This work
UCCI1111 MATo ade2::his3A200 leu2A0 lys2A0 met1SA trpl A63 ura3A0 adh4::URA3-TEL (VII-L) D. E. Gottschling

hhf2-hht2::METI15 hhfl-hht]::LEU2(pRS412-ADE2 CEN ARS-HHF2-HHT2)
YFL287 UCCI1111(pMP3) This work
YFL288 UCC1111(pFL17.5 [H4-K20R]) This work
YFL290 UCCI1111(pFL19.5 [H4-K59R]) This work
YFL292 UCCI1111 dotl::kanMX6(pMP3) This work
YFL294 UCCI111 dot1::kanMX6(pFL17.5 [H4-K20R]) This work
YFL296 UCC1111 dotl::kanMX6(pFL19.5 [H4-K59R]) This work
YFP20 K699 dpbli-1 This work
YFL234 K699 dot1::kanMX6 M. Giannattasio
YMAG6 K699 dot!::kanMX6 dpbll-1 This work
YMIC4F6 K699 mec3::TRPI rad9::URA3 This work
YLL683.8/3B K699 ddc2::DDC2-3HA:URA3 M. P. Longhese
YFP24/6b K699 dpbl11-1 ddc2::DDC2-3HA:URA3 This work
YFL403/10b K699 dot1::kanMX6 ddc2::DDC2-3HA:URA3 F. Lazzaro
YFL687/2b K699 dot1::kanMX6 dpbli-1 ddc2::DDC2-3HA:URA3 This work
YFL211/3a K699 RAD9-13myc:TRPI ddcl::DDCI-HA:LEU2 This work
YMAG48/5b K700 dpb11-1 RAD9-13myc:TRP1 ddcl::DDCI-HA:LEU?2 This work
YMAG34/4a K699 dotl::kanMX6 RAD9-13myc:TRP1 ddcl::DDCI-HA:LEU2 This work
YMAGS52/3d K699 dotl1::kanMX6 dpbl1-1 RAD9-13myc:TRPI ddcl::DDCI-HA:LEU?2 This work
YMIC4ES K699 rad9::URA3 F. Lazzaro
YMAG149/7B K699 htal-htbl::LEU2 hta2-htb2::TRPI1(pSAB6 [HTA1-HTBI]) This work
YMAG168 K699 htal-htb1::LEU2 hta2-htb2::TRP1(pJD151 [htal-S129A-HTBI]) This work
YMAGI150/4A K699 dotl::kanMX6 htal-htb1::LEU2 hta2-htb2::TRP1(pSAB6 [HTAI-HTBI]) This work
YMAG170 K699 dotl::kanMX6 htal-htb1::LEU2 hta2-htb2::TRPI1(pJD151 [htal-S1294-HTBI1]) This work
YLDN25 K699 ddc1::kanMX4(pML89) This work
YLDNI17 K699 ddcl::kanMX4(pLD12) This work
YLDN23 K699 ddcl::kanMX4(pLD26) This work
YLDN24 K699 ddcl::kanMX4(pLD31) This work
YFP27 K699 ddcl::kanMX4 dotl::HIS3(pML89) This work
YFP28 K699 ddcl::kanMX4 dotl::HIS3(pLD12) This work
YFP29 K699 ddcl::kanMX4 dotl::HIS3(pLD26) This work
YFP30 K699 ddcl::kanMX4 dotl::HIS3(pLD31) This work
YLDN9 K699 ddcl::kanMX4(pLD9) This work
YFP37 K699 ddcl::kanMX4 dotl::HIS3(pLD9) This work
YFP148 K699 ddcl::kanMX6(pFP9) This work
YFP149 K699 ddcl::kanMX6 dotl::HIS3(pFP9) This work
YFP38 K699 dpb11::DPBI11-13myc:HIS3 This work
YFP48/3a K699 dpb11::DPBI11-13myc:HIS3 mecl-1 smll-1 This work
YFP49/1d K699 dpb11::DPBI11-13myc:HIS3 rad53::kanMX6 smll::HIS3 This work
YFP55/6¢ K699 ddcl::kanMX6 dpbl1::DPB11-13myc:HIS3 This work
YFP56 K699 ddcl::kanMX6 dpbl1::DPB11-13myc:HIS3(pMLS89) This work
YFP57 K699 ddcl::kanMX6 dpbl1::DPB11-13myc:HIS3(pLD9) This work
YFP63 K699 ddcl::kanMX6(pMLS89) This work
YFP64 K699 ddcl::kanMX6(pLD9) This work
YFP65 K699 ddcl::kanMX6 dpbl1-1(pML89) This work
YFP66 K699 ddcl::kanMX6 dpbl1-1(pLD9) This work
YFP 152 K699 ddcl::kanMX6 [Ycplacl11) This work
YFP 142 K699 dot1::HIS3 dpbl1-1 ddcl::kanMX6(pML89) This work
YFP 144 K699 dotl::HIS3 dpbl1-1 ddcl::kanMX6(pLD9) This work
YFP50 EGY48(pSH18.34/pFP1/pFP2) This work
YFP52 EGY48(pSH18.34/pFP1/pFP4) This work
YFP113 K699 mecl-1 smil(pSH18.34/pFP1/pFP2) This work
YFP114 K699 meclI-1 sml1(pSH18.34/pFP1/pFP4) This work
YFP86 EGY48(pSH18.34/pJG4-5/pFP2) This work
YFP54 EGY48(pSH18.34/pFP1/pEG202) This work
YFP153 EGY48(pSH18.34/pFP1/pFP10) This work
YMAGT78/4b Y1812 ddc2HA-URA3 This work
YMAGS82/15a YJT70 ddc2HA-URA3 This work
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M phase of the cell cycle, residual phosphorylation of Rad53
can be observed and the G,/M checkpoint response is partially
proficient, allowing dot1 A mutant cells to survive the treatment
(11). This finding suggests that a different mechanism of Rad9
recruitment can compensate for the loss of H3-K79 methyl-
ation in M cells.

To define the nature of this second pathway, active in the M
phase of the cell cycle, we first verified whether the activation
of Rad53 observed in the absence of H3-K79 methylation (i.e.,
dotl A mutant cells) was due to the unscheduled activation of a
pathway dependent upon the apical kinase Tell and/or Chkl.
dotlA, dotlA tellA, dotlA chkIA, and dotlA mecl-1 mutant
cells were arrested with nocodazole and UV irradiated to trig-
ger the DNA damage checkpoint. Phosphorylation of Rad53
was evaluated as a mobility shift of Rad53 on SDS-PAGE.
Cells with a DOT1 deletion still exhibit significant Rad53 phos-
phorylation when irradiated in the M phase of the cell cycle;
deletion of TELI or CHKI does not affect this residual Rad53
phosphorylation, which is instead abolished in a mecI-I back-
ground (see Fig. S1A in the supplemental material; data not
shown).

Rad53 phosphorylation correlates with Rad9 phosphoryla-
tion also in the absence of methylated H3-K79 (11); we thus
tested whether other histone modifications known to be some-
how involved in the DNA damage response might be redun-
dant with H3-K79 methylation and cooperate in Rad9 recruit-
ment. The Setl and Set2 histone methyltransferases are
required for H3-K4 and H3-K36 methylation, respectively
(22). Moreover, Setl has been suggested to play a partial role
in the intra-S DNA damage checkpoint (11). Abolishing the
function of Setl and Set2 did not affect Rad53 phosphorylation
in wild-type (WT) cells, nor did it reduce the residual Rad53
activation detected when dot/A mutant cells were UV irradi-
ated in M phase (see Fig. S1B in the supplemental material)
(13). In the structure of the nucleosome, H3-K79 is very close
to H4-K59 (50), and in S. pombe, methylated H4-K20 binds
Crb2, the Rad9 orthologue (39). We thus tested the contribu-
tion of these residues by analyzing Rad53 phosphorylation in
cells carrying H4-K20R or H4-K59R mutations in a dotIA
mutant background. When these strains were treated with UV
in M phase, they displayed the same level of Rad53 phosphor-
ylation as the isogenic dotIA mutant cells (see Fig. S1C in the
supplemental material); similar results were obtained when
the deletion of DOTI was combined with a point mutation in the
histone H2A tail, preventing the damaged-induced phosphoryla-
tion of serine 129 (see Fig. S1D in the supplemental material).
These observations suggested the existence of a different, histone-
independent, pathway involved in Rad9 recruitment.

In S. pombe, Crb2 can be recruited to chromatin through an
interaction with Cut5/Rad4 to fulfill its function in the check-
point response (7). We analyzed whether Dpb11, the budding
yeast orthologue of Cut5/Rad4, might be involved in recruiting
Rad9 to chromatin and possibly be responsible for the activa-
tion of Rad53 observed in UV-irradiated dot/A mutant M-
phase cells.

In order to address this question, we generated strains car-
rying a temperature-sensitive dpbll-1 mutation in a dotiA
mutant background and monitored the cellular response to
UV. The dpblI-1 mutant at permissive temperature grows
normally (1). Under our experimental conditions, when ex-
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posed to different levels of UV light, the dpbl1-1 and dotIA
mutant strains are slightly more sensitive than WT cells. Inter-
estingly, the dotIA and dpblI-1 mutations exhibit synergistic
effects on sensitivity to UV; indeed, the dotIA dpb11-1 double
mutant is noticeably more sensitive than either one of the
single mutants and closely resembles a rad9A mutant strain
(Fig. 1A). In order to test their capacity to delay cell cycle
progression following UV irradiation, the WT and mutant
strains were arrested with nocodazole, treated with UV light,
and released into the cell cycle. Nuclear division was moni-
tored by DAPI staining and microscopic analysis. As shown in
Fig. 1B, UV-treated dpbl1-1 and dotlA mutant cells exhibit a
nuclear division profile which is very similar to the profile of a
WT strain, suggesting an almost normal checkpoint response
after UV damage. On the other hand, the double mutant
completely loses the delay and behaves almost identically to
mec3A rad9A mutant, checkpoint-null control cells.

We then analyzed the phosphorylation cascade that is trig-
gered by UV, monitoring the phosphorylation state of the
Ddc2, Rad9, and Rad53 factors, which act sequentially in the
checkpoint cascade. Figure 1C shows that in M phase, dotIA
mutant cells partially maintain the capacity to activate the
checkpoint after UV irradiation and to significantly phosphor-
ylate both Rad9 and Rad53. This residual response to UV
damage, observed in the absence of H3-K79 methylation, is
dependent upon DPBI11. Indeed, Rad9 and Rad53 do not
exhibit any DNA damage-induced modification in the dotIA
dpbl1-1 double mutant, while Mec1 activity, as measured by
Ddc2 phosphorylation, does not seem to be significantly re-
duced. The data described so far indicate that the role of
DPBI1 in this pathway is to facilitate Rad9 phosphorylation,
possibly by providing an alternative way for its recruitment to
chromatin, suggesting that DPBI11 and DOTI may be working
in two parallel pathways leading to Rad9 and Rad53 phosphor-
ylation. If UV irradiated in G, dot/A mutant cells are unable
to delay entry into S phase and budding, and Rad53 phosphor-
ylation is grossly defective (11). Under these conditions, a
minor phosphorylation of Rad53 can be detected in dotIA
mutant cells only if cultures are held in G, for at least 30 min
after the genotoxic treatment, and this residual checkpoint
activity is DPB11 dependent, being lost in dotIA dbpl1-1 mu-
tant cells (Fig. 1D).

We then analyzed whether this mechanism is UV specific or
is also involved in the response to DSBs. Nocodazole-arrested
cells were treated with the DSB-inducing agent Zeocin; sur-
vival and Rad53 activation were then monitored in WT and
dotlA, dpbll-1, and dotlA dpbl1-1 mutant cells. Even in re-
sponse to DSBs, a mutation in DPB11 is synthetic with the loss
of H3-K79 methylation; in fact, the dot/A dpbli-1 double
mutant is more sensitive than either single mutant (Fig. 2A)
and Rad53 phosphorylation is grossly defective in double-mu-
tant cells (Fig. 2B).

Previously published evidence indicates that Dpb11 interacts
physically and genetically with the Ddcl subunit of the 9-1-1
checkpoint clamp; this interaction seems to involve the last
BRCT domain of Dpbl1, which is a phosphoprotein binding
motif (47). Since Ddcl is subject to cell cycle-dependent and
DNA damage-dependent phosphorylation (26, 34), we tested
whether Ddcl phosphorylation plays any role in controlling
this Dpbll-dependent pathway. The deduced protein se-
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FIG. 1. Dpbl1 function is required for the Dotl-independent checkpoint activation pathway in response to UV irradiation. (A) UV survival
assay. Strains K699 (WT), YMIC4ES (rad9A), YFP20 (dpbl1-1), YFL234 (dotiA), and YMAG®6 (dotIA dpbli-1) were grown overnight to
stationary phase and then diluted and plated on YPD plates, which were irradiated with the indicated UV doses. Survival was assayed by
determining the number of colonies that formed on the plates after 3 days. (B) UV checkpoint assay. Yeast strains K699 (WT), YFP20 (dpb11-1),
YFL234 (dot1A), YMAGS6 (dotIA dpbl1-1), and YMIC4F6 (mec3A rad9A) were synchronized in M phase with nocodazole, UV irradiated at 40
J/m?, and released in YPD plus a-factor. Every 15 min, samples were taken and scored for the presence of binucleated cells. (C) Analysis of the
phosphorylation of checkpoint factors. WT and dpb11-1, dotIA, and dotlA dpbl1-1 mutant cells carrying Ddc2-HA and Rad9-myc were arrested
with nocodazole and either mock or UV irradiated (75 J/m?); 30 min after irradiation, Ddc2, Rad9, and Rad53 phosphorylations were analyzed
by SDS-PAGE and Western blotting. (D) Strain K699 (WT), YFP20 (dpb11-1), YFL234 (dot1A), and YMAG®G (dotl A dpbl11-1) cells were cultured
to mid-log phase, arrested in G, with 20 pg/ml a-factor, and either mock or UV irradiated (75 J/m?); 30 min after irradiation, Rad53

phosphorylation was analyzed by SDS-PAGE and Western blotting.

quence of Ddcl reveals the presence of three consensus phos-
phorylation sites for cyclin-dependent kinases and eight puta-
tive target sites for Mecl. By site-specific mutagenesis, we
converted the phosphorylatable residues to alanine and con-
structed the ddcl-M3 allele, lacking the putative Cdk target
sites; the ddc1-M8 allele, lacking the Mecl target sites; and the
ddcI-M11 allele, lacking all sites (Fig. 3A). In order to deter-
mine the contribution of these phosphorylation sites to DNA
damage-induced Ddcl phosphorylation, the phosphorylation
state of these mutant proteins was tested after treatment with
UV light. While mutations of the Cdk consensus sites do not
affect the UV-induced phosphorylation of Ddcl, the damage-
dependent mobility shift of Ddcl is lost in ddc1-M8 and ddc1-

M11 mutant strains (Fig. 3B). The role of these phosphoryla-
tion sites in the downstream events in the DNA damage
checkpoint cascade was further investigated by analyzing the
effects of the ddc1-M3, ddc1-MS8, and ddc1-M11 mutations on
Rad9 and Rad53 phosphorylation after UV irradiation in
nocodazole-arrested cells. Our results show that none of the
DDC1 phosphorylation mutant alleles affects the checkpoint
response when H3-K79 can be methylated. On the other hand,
both ddc1-M8 and ddcI-M11 produce a synthetic phenotype
when combined with a dotlA mutation; both ddcl-M8 dotl A
and ddc1-M11 dot1A mutant strains lose the ability to hyper-
phosphorylate Rad9 and Rad53 (Fig. 4A and data not shown)
and acquire a UV hypersensitivity similarly to what we ob-
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FIG. 2. Dpb11 and Dotl cooperate in the checkpoint activation pathway in response to DSB-inducing agents. (A) DSB survival assay. Strains
K699 (WT), YFP20 (dpb11-1), YFL234 (dotl1A), and YMAG®6 (dotlA dpbl1-1) were grown to mid-log phase and then treated for 30 min with
Zeocin at the indicated concentrations. Serial dilutions were then spotted onto YPD plates and incubated for 3 days. (B) Analysis of checkpoint
activation after treatment with DSB-inducing agents. Strains K699 (WT), YFP20 (dpb11-1), YFL234 (dotIA), and YMAG®6 (dotIA dpbl1-1) were
cultured to mid-log phase and either mock treated or treated with 100 pg/ml Zeocin. At 15 and 45 min after drug addition, samples were taken

and processed for the analysis of Rad53 phosphorylation.

served in dotlA dpbl1-1 mutant cells (Fig. 4B and data not
shown). Such observations suggest that a pathway requiring
Dpbl1 and Mecl-dependent phosphorylation of Ddcl collab-
orates with methylated H3-K79 in checkpoint activation and is
required to phosphorylate Rad9 in the absence of the histone-
mediated pathway. These results are in agreement with data
obtained in other eukaryotic systems showing that the interac-
tion of TopBP1 and Cut5 with the 9-1-1 complex requires the
phosphorylation of the Ddcl orthologues (6, 8, 23).

In order to gain more insight into the mechanism of this
pathway, we investigated the individual roles of the putative
Mecl-dependent phosphorylation sites by testing the effect

of the mutation of each site on the activation of Rad9. For
this purpose, we combined dot!A with ddcl alleles carrying
different serine/threonine-to-alanine point mutations in
each of the eight Mecl target sites and monitored the acti-
vation of Rad53 and the phosphorylation of Rad9 after UV
irradiation. With this analysis, we determined that T602 is
the critical residue for the function of this pathway. In fact,
Fig. 5A shows that ddc1-T602A4 has the same synthetic ef-
fect, in combination with dotIA, as the one displayed by
ddcl-MS8; this is the only mutation, of the eight that were
tested, which was able to abolish the residual Rad53 phos-
phorylation and to prevent Rad9 phosphorylation in a dot1A

A H ddc1-M3
T342 S413T444 S471 T529 $580 I

' - 612 I ddc1-M8

J' PCNA-like domain 38I3 S436 S469 S495 S532 T602
I + | dde1-m11
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B c:\ o\s\".} 0\9‘6 0\3‘\ c:\ 0\»’5 (:\»% 0\9’\
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T . ——— - * — } Ddc1
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FIG. 3. UV-induced Ddcl phosphorylation depends upon the presence of Mecl kinase consensus sites. (A) Outline of the Cdc28 (gray) and
Mecl (black) putative phosphorylation target sites in Ddcl. Cdc28 and Mecl target sites were mutated to alanine in ddc1-M3 and ddcI-M8 mutant
strains, respectively. The ddcI-M11 mutant strain contains a combination of all of these mutations. (B) Strains YLDN25 (WT), YLDN17
(ddc1-M3), YLDN23 (ddc1-M8), and YLDN24 (ddcI-M11) were arrested with nocodazole and either UV irradiated (75 J/m?) or mock treated.
Protein extracts prepared immediately after UV treatment were separated by SDS-PAGE and analyzed with anti-Ddcl antibodies.
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FIG. 4. Phosphorylation of Ddcl and DOT1 are required for the
establishment of an effective UV response. (A) Strains YLDN25
(WT), YLDN17 (ddc1-M3), YLDN23 (ddc1-M8), YLDN24 (ddcl-
M11) YFP27 (dotlA), YFP28 (dotlA ddcl-M3), YFP29 (dotiAddcl-
MS), and YFP30 (dot1A ddc1-M11) were arrested with nocodazole and
either UV irradiated (75 J/m?) or mock treated. Rad9 and Rad53
phosphorylations were analyzed 30 min after irradiation. A protein
extract from YMIC4ES (rad9A) was loaded onto the same gel in order
to identify the anti-Rad9 cross-reacting band, indicated by an asterisk.
(B) In order to measure sensitivity to UV irradiation, 10-fold serial
dilutions of overnight cultures of the strains from panel A and strain
YFP152 (ddciA) were spotted onto plates, which were then either
mock or UV irradiated. Images of the plates were taken after 3 days to
assess cell survival.

mutant cell (Fig. SA and data not shown). To support the
hypothesis that the synthetic effect observed when we com-
bined dot1A with ddc1-T602A is due to a loss of Ddcl phos-
phorylation, we show that this phenotype is almost com-
pletely rescued by a ddcl-T602S mutation, which restores a
different phosphorylatable residue (Fig. 5B). These obser-
vations suggest that Dpbl1-mediated recruitment of Rad9
requires Mecl1 to phosphorylate Ddcl on threonine 602. The
notion that phosphorylation of Ddcl on threonine 602 and
Dpb11 act in the same pathway is supported by the fact that
ddcl-T602A and dpbl11-1 are in the same epistasis group for
DNA damage-induced Rad53 activation and sensitivity to
UV irradiation. In fact, combining the ddcl-T602A and
dpb11-1 mutations does not cause defective Rad53 phos-
phorylation (Fig. 6A). Moreover, the ddcl-T602A dpbl1-1
double mutant is as sensitive to UV irradiation as either
single mutant, while a combination of dot/A with either
ddcl-T602A or dpbll-1 is more sensitive than any single
mutant and as sensitive as the dotIA ddcl-T602A dpblli-1
triple mutant (Fig. 6B).

Phospho-Ddcl may be involved in recruiting Dpb11 to the
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FIG. 5. Phosphorylation of Ddcl T602 is required for Rad53 and
Rad9 phosphorylation in the absence of DOT1. (A) Strains YLDN25
(WT), YLDNY (ddcl-T6024), YFP37 (dotlA ddcl-T602A4), and
YFP29 (dot1A ddcI-M8) were arrested with nocodazole and subjected
to UV irradiation (75 J/m?) or mock treated. Rad53 phosphorylation
was analyzed 30 min after UV treatment. A protein extract from strain
YMICA4ES (rad9A) was loaded onto the same gel in order to identify
the anti-Rad9 cross-reacting band, indicated by an asterisk. (B) Strains
YFP37 (dotlA ddc1-T602A4), YLDN25 (WT), YFP148 (ddc1-T602S),
YFP27(dot1A), and YFP149 (dotIA ddci1-T602S) were arrested in M
phase with nocodazole and either UV irradiated (75 J/m?) or mock
treated. Rad53 phosphorylation was analyzed 30 min after treatment.

lesion, bringing it close to the checkpoint kinases. We in-
vestigated the possibility that Dpb11 itself may be phosphor-
ylated after DNA damage and whether this may be depen-
dent upon phospho-Ddcl. We used a myc-tagged version of
Dpb11 which does not affect cell viability, growth, or geno-
toxin sensitivity (not shown). After UV irradiation of no-
codazole-arrested cells, we detected a modification of
Dpb11 which is induced by DNA damage and is dependent
upon Mecl kinase and Ddcl; interestingly, under these ex-
perimental conditions, Rad53 also seems to play a partial
role in this modification (Fig. 7A). The data presented in
Fig. 7A show that in cells with a ddc1-T602A phosphoryla-
tion site mutation, the DNA damage-induced modification
of Dpbl1 described above is greatly reduced. The effect of
ddcl-T602A is even more evident when using a gel that takes
advantage of Phos tag technology, which is designed to retard the
mobility of phosphorylated proteins (Fig. 7B and C). The defec-
tive Dpb11 phosphorylation detected in this mutant background
can be explained if phosphorylation of Ddc1-T602 is required to
recruit Dpb11 in the vicinity of the lesion.

Consistent with this hypothesis, the interaction between
Dpb11 and Ddcl requires Mecl activity. The physical interac-
tion between these two factors has been previously shown by
using a two-hybrid assay and glutathione S-transferase pull-
down experiments, while it seems to be undetectable by coim-
munoprecipitation (47). We confirmed these findings and
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FIG. 6. ddc1-T602A and dpbl1-1 mutations are epistatic for UV sensitivity and effect on Rad53 phosphorylation. (A) Strain YFP63 (WT),
YFP64 (ddc1-T602A4), YFP65 (dpbl1-1), and YFP66 (dpblI-1 ddcl-T602A) cells were arrested with nocodazole and UV irradiated. Rad53
phosphorylation was assayed 30 min after treatment. (B) Strains in panel A, YFP27 (dot1A), YFP142 (dot1A dpbl11-1), YFP37 (dotl A ddc1-T602A4),
and YFP144 (dot1A ddc1-T602A dpbl1-1) were grown overnight to stationary phase, and then 10-fold dilutions were spotted onto appropriate
plates and either mock treated or UV irradiated with the indicated dosages. Images were taken after 3 days to measure cell survival.
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FIG. 7. UV-induced Dpb11 phosphorylation is mediated by Ddc1-
T602 and requires Mecl kinase. (A) Strains YFP38 (WT), YFP48/3a
(mecl-1), YFP49/1d (rad53A), YFP55/6¢ (ddciA), YFP63 (DDCI),
and YFP64 (ddc1-T602A), all expressing a myc-tagged Dpb11 protein,
were blocked in nocodazole and UV irradiated (75 J/m?). Dpbll
phosphorylation was assessed 30 min after UV irradiation by SDS-
PAGE and Western blotting. (B) The indicated strains were arrested
in either a-factor (G,) or nocodazole (M) and UV treated. Protein
extracts prepared immediately (T0) or 30 min (T30) after UV irradi-
ation were separated on Phos tag-conjugated acrylamide gels as de-
scribed in Materials and Methods. (C) Overexposure of the T30 sam-
ples from panel B.

tested whether the interaction between Dpb11 and Ddcl was
dependent upon Mecl kinase by performing two-hybrid exper-
iments with yeast cells carrying a WT or a mecl-1 mutant allele
and expressing either full-length Ddcl or a Ddcl C-terminal
fragment (amino acids 309 to 612). Figure 8A shows that a
strong positive interaction signal can be detected in WT cells
expressing both the full-length and truncated Ddcl versions;
on the other hand, this interaction is lost in a mecl-I mutant.
When we tried a two-hybrid experiment with a Ddc1-T602A
construct, we could not detect any effect on the interaction (not
shown). We then tested the interaction between Dpb11 and a
Ddcl mutant (ddcI-MS8) lacking eight consensus sites for
Mecl-dependent phosphorylation. Figure 8B shows that under
these conditions, the interaction is greatly reduced, albeit not
completely abolished, suggesting that, at least under the ex-
perimental conditions of a two-hybrid experiment, there may
be some other protein, perhaps Dpb11 itself, that is targeted by
Mecl kinase and plays a role in the interaction between Ddcl and
Dpbll. Another possibility is that, even in the absence of Ddcl
phosphorylation, the highly expressed bait and prey can produce
enough hybrid molecules to activate the reporter genes.

As shown in Fig. 1C, a dpbll-1 temperature-sensitive
mutant did not exhibit a significant effect on Ddc2 phos-
phorylation at permissive temperature. Under these exper-
imental conditions, the Dpbl1 protein, albeit missing its
C-terminal part, is still present in the cells and is likely to be
partially functional. In order to determine whether Dpbl1
had a possible role in activating Mecl kinase, we took
advantage of degron technology (49). Briefly, a Dpbll1 fu-
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FIG. 8. The interaction between Dpb11 and Ddc1 requires a functional Mecl kinase. Plasmids pFP1 (pJG4-5-DPBI1) and pFP2 (pEG202-DDC1)
were cotransformed with pSH18-34, a 3-galactosidase reporter plasmid, in either MECI or mecI-1 mutant yeast cells. A similar strategy was adopted for
pFP4 (pEG202-ddc1-C), which carries only the C-terminal fragment (nucleotides 309 to 612) of DDC1, containing the 11 putative Mec1 phosphorylation
target sites and for pFP10 (pEG202-ddcIM8). To assess two-hybrid interaction, these strains were patched onto 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-Gal) plates containing either raffinose (Raf; Dpb11 prey repressed) or galactose (Gal; Dpb11 prey expressed) as a carbon source.
After 3 days, the plates were analyzed. The strains in panel A are YFP50 (MECI, top), YFP52 (MEC1I, bottom), YFP113 (mecl-1, top), and YFP114
(mecl-1, bottom). A positive control in the mecl-1 mutant strain (p53 versus large T antigen [TAg]) was also used. The strains in panel B are, from left

to right, YFP50, YFP86, YFP54, and YFP153.

sion protein carrying a temperature-sensitive degron tag
(dpb11'?) is expressed in yeast cells. At 28°C, this construct
complements the complete deletion of DPBI1 and does not
exhibit any dpbl1-encoded phenotype (49; data not shown).
Once the dpb11' culture is shifted to 37°C, the degron tag
unfolds and drives the whole fusion protein to rapid degra-
dation via the ubiquitin-mediated pathway (Fig. 9A) (49),
allowing us to monitor the effect of a complete loss of the
Dpb11 protein. Cells expressing dpb11°* were grown at 28°C
and arrested with nocodazole. Cultures were shifted to 37°C
to obtain the complete depletion of Dpbl1, shifted back to
28°C, UV irradiated, and analyzed for DNA damage-in-
duced Mecl activation. Figure 9B shows that depletion of
Dpb11 before UV irradiation greatly impairs Mecl-depen-
dent phosphorylation of Ddc2. An isogenic strain, which
also expresses WT DPBI1, responds to UV irradiation with
normal Ddc2 phosphorylation. These observations suggest
that, after UV irradiation, Dpbl1l may also have a more direct
function in the robust activation of Mecl, possibly by strengthen-
ing its kinase activity, and are supported by similar results ob-
tained with multicellular eukaryotes. A physical interaction be-
tween TopBP1 (orthologue of Dpb11) and ATR (orthologue of
budding yeast Mecl) has been described in Xenopus, and it has
been linked to a role for TopBP1 in the checkpoint response,
specifically in the activation of ATR itself (21).

DISCUSSION

Loss of genome integrity is a hallmark of cancer cells, and
maintenance of genome stability is fundamental to the preven-

tion of tumor development (19). Eukaryotic cells possess a set
of complex pathways devoted to monitoring the presence of
different kinds of genomic lesions and signaling their presence
to downstream effectors. The output of these checkpoint path-
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FIG. 9. Dpbll is required for the full activation of Mecl. (A) Pro-
tein extracts from strain YMAG78/4B (dpb11'") were prepared under
different conditions to assess the presence of the Dbpl1-degron pro-
tein. Cells were cultured at 28°C in YP plus raffinose (Mock Unind.)
and then shifted to the degradation medium at 37°C (Mock Induced),
UV irradiated, and shifted back to 25°C (TO0, sample taken immedi-
ately; T30, sample taken 30 min later). The presence of Dpb11-degron
was assessed by using anti-HA antibodies. (B) The experiment was
repeated under the same conditions in parallel with strains YMAGS82/
15a (DPB11) and YMAGT78/4B (dpb11“). Ddc2 hyperphosphorylation
was monitored by SDS-PAGE and Western blotting. CTRL, control.
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ways is cell cycle arrest, DNA repair, modifications of the
transcriptional program, and apoptosis (29, 41). The DNA
damage checkpoint pathways are triggered by the activity of
apical phosphoinositide 3-like kinases, namely, Mecl and Tell
in budding yeast and ATM and ATR in higher eukaryotes.
ATM is recruited to DSBs through the Mrell-Rad50-Nbsl
(MRN) complex, while the ATR/ATRIP heterodimer (Mecl/
Ddc2 in budding yeast) seems to be recruited by RPA-covered
ssDNA filaments generated after nucleolytic processing of
damaged DNA (51). The order of function of the players in the
checkpoint signal transduction cascade has been defined by
monitoring the phosphorylation status of individual proteins.
The availability of yeast mutants affected in different factors
has greatly aided in this task (5, 25). In budding yeast, once the
Mecl kinase has been brought onto damaged DNA, it phos-
phorylates a series of targets, among which are Ddc2, the Ddcl
subunit of the 9-1-1 complex, the Rad9 mediator, and the
Rad53 downstream kinase (25, 30). Phosphorylation of Rad9,
an event that is necessary to relay the signal to the downstream
effectors, is strongly influenced by histone modifications. In-
deed, monoubiquitination of H2B and methylation of H3 on
lysine 79 are required for Rad9 phosphorylation and check-
point activation in the G, phase of the cell cycle, while they
have only a partial role in the G,/M checkpoint response,
which in budding yeast arrests the cell cycle in M phase. The
mechanism through which histones contribute to Rad9 activa-
tion seems to involve the recognition of methylated H3-K79 by
the Tudor domain of Rad9, which aids in bringing Rad9 into
proximity to the active Mecl kinase (11, 13, 14, 48). A similar
pathway has been described in fission yeast and in higher
eukaryotes (4, 7, 16, 39). Given the facts that the G,/M check-
point response is still functional in cells lacking Dotl, the
histone H3-K79 methyltransferase, and that Rad9 is still highly
hyperphosphorylated after UV irradiation of M-phase-ar-
rested cells (11, 48), a parallel, partially redundant pathway
leading to the recruitment of Rad9 to damaged chromatin
must exist in later stages of the cell cycle. We analyzed in more
detail the signaling after UV irradiation of M-phase-arrested
dotl A mutant cells and showed that the residual phosphoryla-
tion of Rad9 and Rad53 in these cells is still dependent upon
Mecl kinase and independent of Tell or Chkl checkpoint
kinases. One possible mechanism for recruiting Rad9 to dam-
aged chromatin in the absence of H3-K79 methylation could
involve the modification of some other histone residues. The
analysis of the nucleosomal structure reveals that H3-K79 is in
close proximity to H4-K59, and mutation of this residue leads
to silencing defects, similarly to mutations in DOTI (17, 50).
Moreover, in S. pombe, Crb2 is recruited through interaction
with methylated H4-K20 (39). Our results show that these
residues do not seem to be redundant with H3-K79 methyl-
ation in the G,/M checkpoint pathway leading to Rad9 activa-
tion; in fact, when mutations in H4-K59 or H4-K20 were com-
bined with dotIA, we could not detect any synthetic effect on
checkpoint activation. We obtained a similarly negative re-
sponse when we tested strains combining dot1A with the dele-
tion of the SE77 or SET2 histone methyltransferase coding
gene. We then tested the contribution of histone H2A phos-
phorylation on serine 129, which has been shown to be relevant
for Rad9 phosphorylation in G, cells (14), and we confirmed
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that in G, this histone modification plays a minor role (14,
18, 46).

Evidence coming from other eukaryotic systems has sug-
gested a role in the DNA damage checkpoint for Dpbll
(Rad4/Cut5 in S. pombe and TopBP1 in higher eukaryotes).
This factor plays different roles in DNA metabolic processes
(reviewed in reference 9), particularly in DNA replication.
Recent work showed that TopBP1 in Xenopus and mammalian
cells can activate the ATR kinase in vitro and this function is
mediated by a specific protein domain, which seems to be
missing in the fungal orthologues of TopBP1 (15, 21). More-
over, TopBP1 can also interact with the 9-1-1 checkpoint
clamp (6, 23). In S. pombe, Rad4/Cut5 cooperates in the acti-
vation of Chkl by interacting with the 9-1-1 complex and, in
the absence of H2A C-terminal phosphorylation and H4-K20
methylation, it is involved in accumulating the Crb2 mediator
at a single persistent DSB. These functions of Rad4/Cut5 are
modulated by protein phosphorylation events (7, 8). We com-
bined a dpblI-1 allele with a deletion of DOTI and analyzed
the DNA damage checkpoint response after UV irradiation
and Zeocin treatment of M-phase-arrested cells. Our results
show that, after treatment with UV or induction of DSBs,
dpbl11-1 by itself has no major effects on cellular survival; on
Ddc2, Rad9, and Rad53 phosphorylation; or on G,/M check-
point arrest. On the other hand, when dpbl1-1 is combined
with a dotIA allele, the G,/M checkpoint is not functional and
cells become quite sensitive to UV irradiation and DSB-induc-
ing agents, and the DNA damage-dependent phosphorylation
of Rad9 and Rad53 is abolished, while Mecl activity does not
seem to be significantly reduced. These data can be explained
if, in the absence of H3-K79 methylation, Rad9 can be re-
cruited through a Dpbl1-dependent pathway. Another possi-
ble interpretation is that loss of Rad9 phosphorylation may be
due to a combination of a reduction of Mecl kinase activity
and a reduction of Rad9 recruitment. In G,-arrested cells, the
importance of Dpb11 for the response to UV is minor; indeed,
dot1A mutant cells cannot arrest at the G,/S transition and a
dpbl1-1 mutation does not worsen this phenotype. Close mon-
itoring of Rad53 phosphorylation in these cells shows that
Dpb11 contributes only marginally.

How does Dpb11 mediate Rad9 hyperphosphorylation? In
fission yeast, the interaction between the two orthologous fac-
tors depends upon the activity of Cdk1 (7), possibly explaining
why this pathway is predominant in G,-M cells. Moreover,
Dpb11 contains four BRCT domains and has been reported to
interact with the Ddcl subunit of the 9-1-1 complex (32, 47). In
order to investigate the molecular details of this pathway, we
analyzed a collection of DDCI mutants. Ddcl sequence anal-
ysis revealed the presence of eight consensus sites for Mecl-
dependent phosphorylation and three consensus sites for
Cdk1-dependent phosphorylation; accordingly, Ddcl has been
reported to be phosphorylated in a cell cycle- and DNA dam-
age-dependent manner (26, 34). We generated a ddc1-M3 al-
lele lacking the three Cdkl sites, a ddc1-MS8 version lacking the
consensus sites for Mecl kinase-dependent phosphorylation,
and ddcl-M11, where all putative phosphorylation sites have
been mutated. Both ddcI-M8 and ddci-MI11 have lost the
DNA damage-dependent phosphorylation of Ddcl. While
these mutations, by themselves, do not visibly affect the check-
point response to DNA damage, when combined with dotIA,
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FIG. 10. Possible model of Dpbll function in the UV-induced
DNA damage checkpoint. Dpb11 is recruited to sites of DNA damage
through the interaction of its C-terminal BRCTs with the 9-1-1 subunit
Ddcl, phosphorylated by Mecl on T602. Once recruited, it plays a
double role in checkpoint activation. First, it enhances Mecl kinase
activity, and second, in G,/M, it participates with H3-K79 in Rad9
recruitment, likely through an interaction of its N-terminal BRCTs
with a Cdc28-phosphorylated site on Rad9. Full Mecl activity and tight
Rad9 recruitment allow rapid and full phosphorylation of Rad53,
which correlates with checkpoint activation.

these mutants also eliminate the UV-induced phosphorylation
of Rad9 and Rad53 and displayed a synthetic lethality after
UV irradiation. This phenotype can be recapitulated by the
single ddc1T6024 mutation and strongly resembles the dpb11-
I-encoded phenotype described above. Moreover, ddclT602A
and dpb11-1 appear to be in the same epistasis group, which is
consistent with the notions that phosphorylation of Ddc1-T602
by Mecl provides a means to recruit Dpbll and that the
physical interaction between Dpbl1 and Ddcl requires func-
tional Mecl. We showed that Dpbl11 is phosphorylated in a
DNA damage-dependent and MECI-dependent manner and
that this modification appears to be greatly reduced in a ddcI-
T602A mutant strain, but the functional significance of this
modification of Dpbl11 is still not clear and will be approached
in future work.

The experiments performed with the dpb11-1 allele did not
indicate defective activation of Mecl kinase following UV
damage, in contrast to the in vitro data obtained with Xenopus
and mammalian cell extracts. This could be due to a TopBP1
function which is specific for higher eukaryotes, but recent
evidence suggested that an interaction between Rad4/Cut5 and
the checkpoint sensor kinase Rad3-Rad26 also exists in S.
pombe (8, 45). We thus exploited a temperature-sensitive de-
gron version of Dpb11 (dpbl1'), which can be conditionally
eliminated from cells by a combination of transcriptional re-
pression and ubiquitin-dependent degradation (44, 49), to
evaluate a possible role for Dpb11 in controlling Mecl kinase
activity in vivo. After cells had been depleted of Dpbl1 and
irradiated with UV light, we detected a noticeable defect in
Mecl activation, as measured by the phosphorylation of its
Ddc2 subunit, suggesting that, in budding yeast, Dpbl1 can
regulate Mecl by strengthening its kinase activity, even though
there is no sequence conservation with the TopBP1 domain
required to activate ATR in higher eukaryotes.

Altogether, our data support a model (Fig. 10) in which
UV-induced lesions activate the checkpoint cascade to a basal
level, likely by bringing Mecl to damaged DNA via a Ddc2-

MoL. CELL. BIOL.

RPA interaction; full activation of Mecl seems to be supported
by the presence of Dpbl1l. Mecl-induced phosphorylation of
Ddcl allows binding of Dpbll, which may cooperate with
modified histones in the recruitment of Rad9 to damaged
chromatin, allowing signal amplification and a complete re-
sponse to DNA damage.
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