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Background: Genome stability is maintained in part by chromatin structure and checkpoint factors.
Results: Yeast cells harboring mutations in the Ddc1-Mec3-Rad17 checkpoint complex exhibit synthetic phenotypes with
histone chaperone mutants.
Conclusion: The Ddc1-Mec3-Rad17 complex regulates nucleosome assembly.
Significance: Checkpoint factors and histone chaperones coordinate to maintain genome integrity.

The maintenance of genome integrity is regulated in part by
chromatin structure and factors involved in the DNA damage
response pathway. Nucleosome assembly is a highly regulated
process that restores chromatin structure after DNA replica-
tion, DNA repair, and gene transcription. During S phase the
histone chaperones Asf1, CAF-1, and Rtt106 coordinate to
deposit newly synthesized histones H3-H4 onto replicated DNA
in budding yeast. Here we describe synthetic genetic interac-
tions between RTT106 and the DDC1-MEC3-RAD17 (9-1-1)
complex, a sliding clamp functioning in the S phase DNA dam-
age and replication checkpoint response, upon treatment with
DNA damaging agents. The DNA damage sensitivity of rad17�

rtt106� cells depends on the function of Rtt106 in nucleosome
assembly. Epistasis analysis reveals that 9-1-1 complex compo-
nents interact with multiple DNA replication-coupled nucleo-
some assembly factors, including Rtt106, CAF-1, and lysine res-
idues of H3-H4. Furthermore, rad17� cells exhibit defects in
the deposition of newly synthesized H3-H4 onto replicated
DNA. Finally, deletion of RAD17 results in increased association
of Asf1 with checkpoint kinase Rad53, which may lead to the
observed reduction in Asf1-H3 interaction in rad17� mutant
cells. In addition, we observed that the interaction between his-
tone H3-H4 with histone chaperone CAF-1 or Rtt106 increases
in cells lacking Rad17. These results support the idea that the
9-1-1 checkpoint protein regulates DNA replication-coupled
nucleosome assembly in part through regulating histone-his-
tone chaperone interactions.

Chromatin structure governs a number of cellular processes.
The basic repeating unit of chromatin is the nucleosome, con-
sisting of 147 base pairs of DNA wrapped around a protein
octamer of one histone (H3-H4)2 tetramer and two H2A-H2B
dimers. During DNA replication, DNA repair, and transcrip-

tion, nucleosomes must be disassembled/remodeled in order
for the machinery critical for the aforementioned processes to
gain access to the DNA. After passage of the DNA replication,
gene transcription, and DNA repair machineries, histones are
deposited, nucleosomes assembled, and higher order chroma-
tin structure restored. Nucleosome assembly is critical for epi-
genetic inheritance and the maintenance of chromatin struc-
ture (1, 2).

Histone chaperones are protein factors that regulate nucleo-
some assembly. In budding yeast the histone chaperones Asf1,
CAF-1, and Rtt106 coordinate to deposit histones H3-H4 after
DNA replication and DNA repair (3, 4). Asf1 binds newly syn-
thesized H3-H4 dimers and facilitates acetylation of H3-H4 at
histone H3 lysine 56 (H3K56ac) (5). H3K56ac promotes H3
ubiquitylation at lysine residues located close to the H3 inter-
face mediating the Asf1-H3 interaction. H3 ubiquitylation dis-
rupts the Asf1-H3 interaction and facilitates the transfer of
H3-H4 dimers to the histone chaperones CAF-1 and Rtt106 for
(H3-H4)2 tetramer formation and deposition (6). The ability of
CAF-1 to deposit H3-H4 onto replicating DNA depends on its
physical interaction with proliferating cell nuclear antigen
(PCNA),2 a DNA polymerase clamp protein complex residing
at and recruiting proteins to the DNA replication fork (7–10).
Factors involved in DNA replication-coupled nucleosome
assembly are important for the maintenance of genome stabil-
ity as revealed by genetic analyses and growth in response to
DNA damaging agents (11–14). For instance, cells lacking both
Cac1, the large subunit of the CAF-1 complex, and Rtt106 show
a dramatic increase in DNA damage sensitivity than either sin-
gle mutant alone (15), most likely as a result of nucleosome
assembly defects (3, 15).

DNA damage during S phase is recognized and repaired
through activation of two different checkpoint pathways, the
DNA damage checkpoint and the replication checkpoint.
Checkpoint activation is initiated by replication protein A
(RPA)-coated single-stranded DNA, which recruits the sensor

* This work was supported, in whole or in part, by National Institutes of Health
Grants GM72719 and GM81838.

1 To whom correspondence should be addressed: Dept. of Biochemistry and
Molecular Biology, Mayo Clinic, 200 First St. S. W. Rochester, MN 55905. Tel.:
507-538-6074; Fax: 507-284-9759; E-mail: zhang.zhiguo@mayo.edu.

2 The abbreviations used are: PCNA, proliferating cell nuclear antigen; CPT,
camptothecin; HU, hydroxyurea; TAP, tandem affinity purification; MMS,
methyl methanesulfonate; PH, pleckstrin homology.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 289, NO. 15, pp. 10518 –10529, April 11, 2014
© 2014 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

10518 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 15 • APRIL 11, 2014



checkpoint kinase Mec1 (16) and the 9-1-1 (Rad9-Hus1-Rad1
in humans, Ddc1-Mec3-Rad17 in budding yeast) clamp, a pro-
tein complex structurally resembling PCNA. The 9-1-1 com-
plex is recruited to DNA in a reaction dependent on the clamp
loader, Rad24 (16 –18). The 9-1-1 complex stimulates Mec1
activity, which in turn phosphorylates and activates the down-
stream kinase Rad53 (19). The DNA replication checkpoint uti-
lizes these same factors, except a different adaptor is used for
Rad53 activation. Rad9 serves as the adaptor for the DNA dam-
age checkpoint and Mrc1 for the DNA replication checkpoint.
Together these two branches of the S phase checkpoint main-
tain genome integrity during S phase (20, 21).

Factors involved in nucleosome assembly and the DNA dam-
age response exhibit physical and genetic interactions, suggest-
ing that checkpoint proteins and nucleosome assembly are
linked together. For instance, Rad53 interacts physically with
Asf1 in budding yeast, and the Asf1-Rad53 interaction nega-
tively regulates the interaction between Asf1 and free histones
H3-H4 (22, 23). It is proposed that the Rad53-Asf1 interaction
is regulated by Mec1, which in turn regulates the function of
Asf1 and Hir1, a histone chaperone involved in DNA replica-
tion-independent nucleosome assembly, in the maintenance of
chromatin integrity (24). In addition, deletion of RAD9 or
RAD24 in cac1� mutant cells dramatically increases the gross
chromosomal rearrangement accumulation rate (25), suggest-
ing that cac1� mutant cells require the DNA damage check-
point to maintain genome stability. Despite many documented
interactions, it remains unclear how proteins involved in
nucleosome assembly coordinate with DNA damage response
proteins to maintain genome and chromatin integrity during S
phase.

In an attempt to identify novel regulators of nucleosome
assembly and the maintenance of genome integrity during
DNA damage stress, we performed a synthetic genetic array
analysis for factors that function in parallel to RTT106 in the
response to the DNA damaging agent camptothecin (CPT), a
topoisomerase I inhibitor. Here we describe a web of genetic
interactions between subunits of the 9-1-1 complex and factors
involved in nucleosome assembly, including RTT106, CAC1 (a
subunit of CAF-1), and marks of newly synthesized histones.
The DNA damage sensitivity phenotype of cells harboring
mutations in RTT106 and the 9-1-1 complex depends upon the
histone chaperone function of Rtt106. Importantly, cells lack-
ing a functional 9-1-1 complex exhibit defects in the deposition
of H3K56ac onto replicating DNA and altered interactions
between histones and histone chaperone proteins. Together,
our results suggest a novel role for the 9-1-1 complex in DNA
replication-coupled nucleosome assembly.

EXPERIMENTAL PROCEDURES

Yeast Strains and Materials—Yeast strains for the synthetic
genetic array analysis were of a BY4741 background. All other
strains were of W303 background. Yeast strains and plasmids
were constructed using standard methods.

Synthetic Genetic Array—The synthetic genetic array screen
was performed according to published reports (26 –28). After
selection of double mutants, cells were dotted onto medium
containing low concentrations of CPT. Double mutants were

scored to identify those mutants with no growth defects on a
control plate (0 �g/ml CPT) but a pronounced growth defect in
medium containing CPT. First round hits were verified by a
second round of screening comparing single and double
mutants in a 384-well plate setting. Candidates from the second
round of large-scale screening were verified by tetrad dissection
and a standard DNA damage sensitivity dot assay. Finally, can-
didates were verified by analysis in the independent W303
background strain.

DNA Damage Sensitivity Spot Assay—Freshly grown yeast
cells were diluted to A600 0.6. A 10-fold serial dilution was per-
formed, and cells were spotted to regular growth medium or
medium for plasmid selection with or without the indicated
concentration of DNA damaging agent. Images were recorded
at various time points, and select images are shown.

Whole Cell Extraction—Yeast cells were grown to A600 0.8 –
1.0 and harvested. Cell pellets were washed once, and the pellets
were boiled for 3 min. Cells were resuspended in buffer (25 mM

Tris, pH 8, 100 mM NaCl, 1 mM EDTA, 10 mM MgCl2, 0.01%
Nonidet P-40, 1 mM DTT, 1 mM PMSF, 1 mM benzamidine) and
subjected to beads beating. The collected lysate was prepared
for SDS-PAGE analysis by the addition of 1� volume of 2� SDS
sample buffer. Proteins were resolved by SDS-PAGE, and pro-
teins of interest were detected by Western blot using the indi-
cated antibodies. Alternatively, to detect checkpoint activation
after DNA damage treatment, extracts were prepared as
described (27). Briefly, cell pellets were boiled briefly followed
by resuspension with buffer (1.85 M NaOH, 7.4% 2-mercapto-
ethanol) and protein precipitation with 20% trichloroacetic
acid. The resultant pellets were washed with acetone, dried, and
resuspended in 0.1 M NaOH and 2� SDS sample buffer. Pro-
teins were resolved by SDS-PAGE and detected by Western
blot.

Cell Cycle Analysis—Cell were arrested at G1 phase with
�-factor followed by release into fresh medium or medium con-
taining the indicated concentration of DNA damaging agent.
Samples were taken at various time points, prepared for pro-
pidium iodide staining, and analyzed by flow cytometry.

Rad52-YFP Foci Formation—Cells expressing Rad52 tagged
with YFP were grown to an A600 of 0.6 – 0.8 at 25 °C and treated
for 30 min with the indicated concentration of CPT. Cells were
prepared for live cell imaging by washing, once with water and
three times with synthetic complete medium lacking trypto-
phan. Cells were imaged using a Zeiss fluorescence microscope,
100� oil lens, with Z-stack images (bright field and GFP) taken
at 0.4-�m intervals. Only the percentage of S/G2/M phase cells
containing foci was reported.

Chromatin Immunoprecipitation (ChIP)—ChIP assays were
performed as previously described (12). Briefly, cells were
arrested at G1 using �-factor and then released into medium
containing 0.2 M hydroxyurea (HU). Cells collected at the indi-
cated time points after release from G1 phase were fixed with
1% paraformaldehyde and quenched with glycine. Cells were
harvested, washed twice, and homogenized by bead beating.
Chromatin DNA was sheared using a bioruptor (Diagenode) to
a size of 0.5–1 kb. Chromatin immunoprecipitation was per-
formed using antibodies against H3 and H3K56ac as indicated,
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and ChIP DNA was analyzed using real time quantitative PCR
as previously described (12).

Tandem Affinity Purification (TAP)—TAP purification was
performed as previously described (15). Proteins from soluble
cell extracts and immunoprecipitated samples were resolved by
SDS-PAGE and detected by Western blot using antibodies
against the indicated proteins.

RESULTS

The Histone Chaperone RTT106 Exhibits a Synthetic Genetic
Interaction with 9-1-1 Complex Components in Response to
Camptothecin—Upon DNA damage and checkpoint activa-
tion, the cell undergoes a number of changes, including changes
in gene expression, protein localization, and protein modifica-
tions (29 –33). Novel protein functions may be revealed
through analysis of genetic and physical interactions that occur
under certain conditions, including DNA damage (22, 28,
34 –36). Nucleosome assembly and disassembly, mediated by
histone chaperone proteins, is important for regulating chro-
matin structure during DNA replication, transcription, and
DNA repair as well as maintaining genome integrity (2, 37).
Rtt106 and CAF-1 are histone H3-H4 chaperones that deposit
newly synthesized histones onto DNA during S phase (15, 38,
39). Single rtt106� mutants exhibit only minor defects in
response to CPT, a topoisomerase I poison, but cells with
defects in both CAF-1 and Rtt106 are highly sensitive to DNA
damage agents, including CPT. This suggests that CAF-1 and
Rtt106 have non-overlapping functions in response to CPT
treatment and that CAF-1 and Rtt106 function in parallel to
regulate cellular growth under CPT-induced insult (15). To fur-

ther investigate Rtt106 function in the maintenance of genome
stability, we performed a yeast synthetic genetic array analysis
combining the rtt106� mutation with mutations at each of
�4700 yeast nonessential genes and testing the double mutant
sensitivity to CPT (27, 40). Although genes exhibiting a syn-
thetic growth phenotype with rtt106� were uncovered, these
genetic interactions were not validated and, therefore, are not
described in this report. Instead, our studies focused on viable
double mutant cells that were sensitive to CPT (Fig. 1A). In
particular, we were interested in those double mutant cells that
lacked obvious growth defects on normal growth medium com-
pared with single mutants and exhibited a synthetic slow
growth phenotype in medium containing CPT during subse-
quent tests. Two genes, RAD17 and MEC3, were identified as
having a synthetic genetic interaction with RTT106 in response
to CPT treatment and no growth defects in normal growth
medium. Rad17 and Mec3 are two components of the Ddc1-
Mec3-Rad17 (9-1-1) sliding clamp involved in DNA damage
response (20, 41). Further analysis confirmed that RTT106
exhibits a similar genetic interaction with all three components
of the 9-1-1 complex, DDC1, MEC3, and RAD17, in response to
CPT treatment in the W303 genetic background (Fig. 1B and
Table 1). These results suggest that Rtt106 and the 9-1-1 com-
plex have non-overlapping functions in maintaining cell sur-
vival and growth under CPT-induced genomic stress.

An in-depth analysis of the genetic interactions for RTT106
and genes encoding factors involved in the S phase DNA dam-
age and replication checkpoint response, including RAD24,
RAD9, MEC1, RAD9, MRC1, and RAD53, revealed a synthetic

FIGURE 1. RTT106 genetically interacts with each component of the RAD17-MEC3-DDC1 complex in response to the topoisomerase I inhibitor, CPT. A,
identification of RTT106 genetic interactors in response to CPT treatment using the synthetic genetic array method. Double mutants containing rtt106� and
each of �4700 nonessential deletion mutants were generated, and viable double mutants were assessed for growth defects in medium with or without low
concentrations of CPT. Candidate genes were selected in which double mutants exhibited no apparent growth defects in normal growth medium but a severe
growth defect in CPT-containing medium. B, RTT106 and the 9-1-1 complex exhibited a synthetic interaction in response to CPT. Fresh cells of the indicated
genotype (WT � wild type) were spotted onto regular growth medium or medium containing low concentrations of CPT. Growth was assessed over several
days with the representative images shown. C, the rtt106� mutant exhibited genetic interactions with mutations at genes involved in the S phase DNA damage
checkpoint but not the DNA replication checkpoint. A schematic summary of the genetic analyses performed for rtt106� in combination with mutants of each
of the factors indicated in response to CPT. Genes marked in red genetically interacted with RTT106, whereas genes marked in black did not. Genetic interac-
tions were determined using a DNA damage sensitivity spot assay and are described in Table 1.
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interaction between RTT106 and RAD24, the 9-1-1 complex
clamp loader, and checkpoint kinases MEC1 and RAD53 in
response to CPT treatment. Rad9 and Mrc1 are adaptor pro-
teins mediating Rad53 activation in the S phase DNA damage
and replication checkpoints, respectively. No synthetic interac-
tion in response to CPT treatment was observed between
RTT106 and MRC1, the DNA replication checkpoint adaptor;
however, RTT106 and RAD9 did exhibit a synthetic interaction
(Fig. 1C, Table 1). Based on these genetic interactions, we sug-
gest that Rtt106 functions in parallel to the S phase DNA dam-
age checkpoint to maintain genome stability under CPT-in-
duced insult.

Cells respond differently to DNA damage induced by distinct
DNA damaging agents (30, 36, 42). Therefore, we tested
whether the observed genetic interaction between RAD17 and
RTT106 in response to CPT held across other DNA damaging
agents, including Zeocin, HU, and methyl methanesulfonate
(MMS). MMS, an alkylating agent, and HU, an agent that
results in a reduction in dNTP levels, cause different forms of
replication stress, whereas Zeocin is a DNA intercalating agent
that leads to the generation of double-strand breaks (43– 45).
Mutant rad17� rtt106� cells exhibited pronounced Zeocin
sensitivity over single mutants. Furthermore, compared with
single mutants, rad17� rtt106� cells grew slower in response
to HU at higher concentrations, and no growth defects were
observed in response to low concentrations of MMS (Table 1,
Fig. 2A). Similar growth effects were observed for the rtt106�
mutation combined with mutations in DDC1 or MEC3, the
other 9-1-1 complex components, as well as RAD24, the 9-1-1
complex loader. These results support the idea that synthetic
genetic interactions between RTT106 and each component of
the 9-1-1 complex are limited to certain types of genomic stress.

To further differentiate between the S phase DNA damage
and replication checkpoint response, we tested how rtt106�
rad9� and rtt106�mrc1� cells responded to different DNA
damage agents. Compared with either single mutant, rtt106�
rad9� cells were more sensitive to Zeocin, whereas deletion of
RTT106 suppressed the MMS sensitivity of rad9� cells (Table
1). In general, RTT106 and MRC1 did not exhibit any synthetic
interaction irrespective of the type of DNA damage. Similarly,

rtt106� rad17� mrc1� triple cells did not have heightened
sensitivity over double mutant rtt106� rad17� or rad17�
mrc1� cells in response to any agent tested (Table 1). Based on
this extensive genetic analysis, we suggest that RTT106 func-
tions in a non-overlapping pathway with factors of the S phase
DNA damage checkpoint to maintain genome stability when
challenged with CPT and Zeocin.

Epistasis Analysis Reveals a Link between the 9-1-1 Complex
and Nucleosome Assembly—Cells lacking both RTT106 and
CAC1, the large subunit of CAF-1, exhibit growth defects and
enhanced CPT sensitivity over either single mutant (15). Thus,
we tested the genetic interactions among CAC1, the large sub-
unit of CAF-1, and components of the 9-1-1 complex. Similar to
the interactions observed with the rtt106� mutation, cac1�
rad17� cells and cac1� ddc1� cells exhibited more dramatic
growth defects in the presence of CPT compared with the cor-
responding single mutants (Fig. 2A, Table 2). Furthermore, tri-
ple mutant cells, rtt106� cac1� rad17� and rtt106� cac1�
ddc1�, exhibited severe CPT sensitivity over single and double
mutants. This suggests that the 9-1-1 complex functions in par-
allel with both CAF-1 and Rtt106 in response to CPT-induced
genomic stress.

We also tested the genetic interactions among RTT106,
CAC1, and the 9-1-1 complex in response to Zeocin, HU, and
MMS. Compared with single mutants, enhanced growth
defects were observed for cac1� rad17� cells under Zeocin and
HU treatment (Table 2 and Fig. 2A). Although no genetic inter-
action was observed for RTT106 and RAD17 in response to
MMS, cac1� rad17� cells had a more severe growth defect in
response to MMS than cac1� or rad17� cells. Deletion of
RTT106 in cac1� rad17� cells resulted in dramatic growth
defects in response to Zeocin and HU but not MMS. Together,
these results indicate that the 9-1-1 complex functions in par-
allel to both CAF-1 and Rtt106 in response to HU and Zeocin
but not MMS-induced stress.

Newly synthesized histones H3 and H4 are acetylated at spe-
cific lysine residues, and these acetylation marks serve an
important regulatory function during replication-coupled
nucleosome assembly, including histone protein processing
and folding, histone nuclear import, and the regulation of his-
tone-histone chaperone interactions. In budding yeast, acetyla-
tion of histone H4 lysines 5, 8, and 12, histone H3 lysine 56, and
some lysine residues at the H3 the N-terminal tail (H3 K9, 14,
18, 23, 27) regulates nucleosome assembly (1, 3). To determine
whether the 9-1-1 complex exhibits genetic interactions with
these histone marks regulating nucleosome assembly, mutant
cells containing rad17� and a histone mutant preventing acety-
lation at important regulatory lysine residues (H3K56R, H3 5KR
(H3 K9R, K14R, K18R, K23R, K27R), H4K5,12R or H3K5,8,12R)
were analyzed in response to CPT, Zeocin, HU, and MMS. The
rad17� H3K56R, rad17� H4K5,12R, and rad17� H4K5,8,12R
cells were extremely sensitive to CPT, Zeocin, and HU com-
pared with the corresponding single mutant (Fig. 2B). We also
observed a similar synthetic effect in cells containing the
rad24� mutation, where rad24� cells harboring the H3K56R
or H4K5,12R mutations exhibited heightened sensitivity to
DNA damaging agents compared with single mutants (Fig. 2C).
In contrast, deletion of RAD24 or RAD17 did not increase the

TABLE 1
A summary of genetic interactions among rtt106� and different
checkpoint mutants
Cells containing mutations at the genes indicated in the left column, alone or in
combination with rtt106�, were plated in a 10-fold serial dilution onto regular
growth medium (YPD) or medium containing low concentrations of the indicated
DNA damage agent (CPT, Zeocin HU, and MMS). Cell viability and growth were
assessed over several days of incubation. A 0 represents no phenotypic growth effect
over either single mutant (no synergistic effect). A � represents a synergistic defect,
with additional �’s indicating a more severe growth phenotype. NA � not assessed.
Sup � growth defects of single mutant were suppressed in double mutants.

Mutant YPD CPT Zeocin HU MMS

rad17� 0 �� �� � 0
ddc1� 0 �� �� � 0
mec3� 0 �� �� � 0
mrc1� 0 0 0 0 0
Mrc1AQ 0 0 0 � 0
rad9� 0 � ��� 0 Sup
mec1–1 0 ��� NA NA NA
rad53–1 0 � NA NA NA
rad24� 0 ��� NA NA NA
mrc1� rad17� 0 0 0 0 0
Mrc1AQ rad17� 0 0 0 0 0

The 911 Complex and Nucleosome Assembly

APRIL 11, 2014 • VOLUME 289 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 10521



DNA damage sensitivity of H3 5KR mutant cells toward HU,
MMS, or CPT but did increase sensitivity toward Zeocin.
Therefore, in addition to two histone chaperones, CAF-1 and
RTT106, components of the 9-1-1 complex and RAD24 exhibit
synthetic genetic interactions with histone marks in response
to DNA damaging agents, suggesting that the 9-1-1 complex or
the Rad17 component tested here has a role in nucleosome
assembly.

The 9-1-1 Complex Genetically Interacts with Rtt106
Mutants That Cannot Bind H3-H4—Rtt106 recognizes and
binds (H3-H4)2 tetramers via two domains: an N-terminal
dimerization domain recognizing unacetylated H3-H4 and a
tandem PH domain that specifically binds histone H3K56ac

(39). The ability of Rtt106 to bind new (H3-H4)2 is required for
its role in nucleosome assembly and maintaining genome integ-
rity under DNA damage insult (39, 46). To provide additional
evidence that the 9-1-1 complex has a role in nucleosome
assembly, we tested whether the genetic interactions between
rtt106� and rad17� or rtt106� and rad24� depend on the
ability of Rtt106 to bind (H3-H4)2. Wild-type Rtt106 or mutant
forms of Rtt106 harboring mutations at sites important for (H3-
H4)2 binding, including the dimerization domain (I30E) or sites
within the PH domain (Y291A or Y261A) (39, 46), were
expressed in rad17� rtt106� and rad24� rtt106� cells, and the
cells were assessed for CPT sensitivity. Expression of wild-type
Rtt106 rescued the CPT sensitivity of rad17� rtt106� cells to

FIGURE 2. RAD17 and RAD24 exhibit a web of genetic interactions with nucleosome assembly factors upon DNA damage stress. A, CAC1, RTT106, and
9-1-1 genetic interactions in response to CPT, Zeocin, HU, and MMS. B and C, RAD17 (B) and RAD24 (C) exhibit synthetic interactions with histone mutants
harboring mutations at lysine residues that are acetylated on newly synthesized histones. H35KR: H3K9, -14, -18, -23, -27R. Genetic interactions in response to
CPT, Zeocin, HU, and MMS were assessed as described in Fig. 1B. The day after plating for which the recorded image was taken is reported below the image.
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that of single mutant rad17� cells, whereas expression of the
Rtt106 dimerization (I30E) or PH domain (Y291A) mutant was
unable to rescue the rad17� rtt106� CPT sensitivity pheno-
type (Fig. 3A). Expression of various forms of Rtt106 was con-
firmed by Western blot analysis using antibodies against
endogenous and exogenously expressed Rtt106 (Fig. 3B). A
similar analysis was performed in rad24� rtt106� mutants.
Consistent with the rad17� rtt106� experiment, the CPT sen-
sitivity of rad24� rtt106� cells was rescued with expression of
wild-type Rtt106 but not the Rtt106 mutants with defects in
histone binding (Fig. 3, C and D). Therefore, Rtt106 ability to
bind (H3-H4)2 and function in nucleosome assembly is impor-
tant for the growth and survival of rad17� and rad24� cells in
the presence of CPT. Together, these data provide additional
evidence linking the 9-1-1 complex to replication-coupled
nucleosome assembly.

Cell Cycle Progression, DNA Damage Response, and Repair
Protein Recruitment Are Not Altered in rad17� rtt106� Cells—
Slow growth or cell death in the presence of low amounts of
DNA damaging agents may result from defects in cell cycle
progression, altered DNA damage response, or defects in the
recruitment of repair proteins. Thus, we tested whether
rad17� rtt106� cells had defects in cell cycle progression,
repair protein recruitment, or checkpoint activation. First, cell
cycle progression was analyzed in single and double mutant
cells under normal and challenged growth conditions. Cells
were arrested at G1 phase and then released into the cell cycle in
fresh media. Cells lacking RTT106 had a slight S phase delay
compared with wild-type, rad17�, and rad24� mutant cells
(Fig. 4, A and B). Furthermore, rtt106� cells exhibited a 15-min
delay in entry into the next cell cycle at the transition from
G2/M to G1/S phase. Double mutant rad17� rtt106� and
rad24� rtt106� cells had a cell cycle profile similar to rtt106�
single mutant cells under normal conditions (Fig. 4B and data
not shown). Because rad17� rtt106� synthetic growth defects
were observed only when challenged with DNA damaging
agents, we next tested S phase progression under DNA damage
insult. After arrest at G1, wild-type, rad17�, rtt106�, and
rad17� rtt106� cells were released into S phase and media
containing a low concentration of either HU, CPT, or MMS. No
significant S phase progression defects over single mutant cells
were observed in double mutant cells released from G1 into S

phase in media containing HU (not shown) or CPT (Fig. 4C).
When released into media containing MMS, a slight S phase
delay was observed in rad17� rtt106� cells compared with
wild-type and single mutant cells (Fig. 4D). Because rad17�
rtt106� double mutant cells were not sensitive to MMS com-
pared with CPT and HU, these results suggest that the CPT
sensitivity observed for rad17� rtt106� cells is unlikely due to
altered cell cycle progression.

After a chromosome break, the repair protein Rad52 is
recruited to the double-strand break site to facilitate homolo-
gous recombination during S phase as well as DNA repair (47).
Cells with defects in nucleosome assembly factors have
increased levels of spontaneous chromosome breaks as
detected by formation of Rad52 foci (12, 13, 48). We therefore
investigated whether rad17� rtt106� cells had increased spon-
taneous damage and/or defects in repair protein recruitment
compared with wild-type and single mutant cells by detecting
Rad52 foci under normal growth conditions and DNA damage
insult. Compared with wild-type cells, rtt106� cells did not
have a significant change in the percentage of S/G2/M cells with
Rad52 foci (Fig. 5A). Consistent with published reports, rad17�
cells had roughly 20% of S/G2/M cells containing foci (48). Sur-
prisingly, we observed that the deletion of RTT106 in rad17�
cells resulted in partial rescue of the spontaneous DNA damage,
with 10% of rad17� rtt106� double cells containing Rad52 foci.
When mutant cells were challenged with CPT for 30 min,
rtt1106� rad17� double-mutant cells had a similar percentage
of cells with Rad52 foci compared with wild-type cells.
Together, these results suggest that the increased CPT sensitiv-
ity observed in rtt106� rad17� double mutant cells is not likely
due to initial recruitment of proteins to the DNA damage site in
response to chromosome breaks.

Phosphorylation of histone H2A is an early response to DNA
damage in yeast and mammals and is critical for downstream
repair factor recruitment (49, 50). We analyzed phosphoryla-
tion of histone H2A serine 129 (H2AS129ph, yeast homolog of
mammalian phosphorylation of variant histone H2A, �-H2AX)
in double mutant cells lacking a component of the 9-1-1 com-
plex and Rtt106. Epistasis analysis of �-H2AX and S phase DNA
damage checkpoint genes suggest that �-H2AX is an important
cellular response to S phase damage that is independent of the
intra S phase checkpoint (51). Double mutant mec3� rtt106�
cells were treated with Zeocin, a double-strand break agent for
which a strong genetic interaction was observed for RTT106
and each member of the 9-1-1 complex, for various times, and
whole cell extracts were prepared for analysis of H2AS129ph
(�-H2AX) by Western blot. Compared with wild-type and sin-
gle mutant cells, the appearance of �-H2AX kinetics in double
mutant cells was similar to wild-type, mec3�, or rtt106� single
mutant cells (Fig. 5B). Altogether, we present evidence that
rad17� rtt106� cells do not have obvious defects in cell cycle
progression, Rad52 recruitment, or checkpoint activation com-
pared with single mutant cells. Together, these results indicate
that the DNA damage sensitivity of double mutants containing
the rtt106� or a component of the 9-1-1 complex is due to
defects other than cell cycle progression and initial signaling of
the DNA damage checkpoint, supporting the idea that the CPT
damage sensitivity observed in cells lacking Rtt106 and compo-

TABLE 2
Summary of the genetic interactions observed among CAC1, RTT106,
and RAD17
The experiments were performed as described in Fig. 1, and representative images
are shown in Fig. 2. Growth on regular growth medium (YPD) or medium contain-
ing a low concentration of the indicated DNA damage agent was assessed after 2–5
days of incubation. A 0 indicates no phenotypic difference between the mutant and
wild type cells; a � represents a growth defect on the indicated media, with addi-
tional �’s indicating a more severe growth phenotype. Note that similar interactions
were observed among CAC1 or RTT106 with DDC1 or MEC3, two other compo-
nents of the 9-1-1 complex (Fig. 2 and data not shown).

Mutant YPD CPT Zeocin HU MMS

rtt106� 0 � � 0 0
cac1� 0 0 � � �
cac1� rtt106� � �� �� � �
rad17� 0 � 0 �� �
rtt106� rad17� 0 �� �� ��� �
cac1� rad17� 0 �� �� ���� ���
cac1� rtt106� rad17� � ��� ���� ����� ���
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nents of 9-1-1 complex is most likely due to compromised
nucleosome assembly in double mutant cells.

Rad17 Regulates the Deposition of Newly Synthesized His-
tones at Replicated DNA—Our genetic analyses along with
published studies suggest that the function of the 9-1-1 com-

plex and S phase damage checkpoint may be tightly linked with
nucleosome assembly (23–25, 52). To test whether the 9-1-1
complex has a role in DNA replication-coupled nucleosome
assembly, the deposition of newly synthesized histones, marked
by H3K56ac, was monitored at early replication origins in wild-

FIGURE 3. Rtt106 histone chaperone function is critical for the growth of rad17� and rad24� mutant cells in the presence of CPT. A and B, expression of
Rtt106 oligomerization and histone binding point mutants did not rescue the CPT sensitivity phenotype of rad17� rtt106� cells. A, double mutant rad17�
rtt106� cells were transformed with either empty vector or plasmid expressing WT or mutant forms of Rtt106 (oligomerization mutant, I30E, or PH domain
mutant, Y291A) with disrupted histone chaperone function. CPT sensitivity was assessed by spot assay as described in Fig. 1B except using selection medium.
B, WT and mutant forms of Rtt106 were expressed in rad17� rtt106� cells. The expression level of WT and mutant forms of Rtt106 was detected by Western blot
using antibodies against calmodulin binding peptide (CBP, part of the tandem affinity purification tag on the exogenously expressed Rtt106) or endogenous
Rtt106. PCNA was used as a loading control. C and D, expression of Rtt106 histone chaperone mutants did not rescue the CPT sensitivity phenotype of rad24�
rtt106� cells. Experiments were performed as described in A and B using rad24� mutants and the Rtt106 Y261A PH domain mutant. RFC3 was used as a loading
control for Western blots.

FIGURE 4. Cell cycle progression is not dramatically altered in rad17� rtt106� cells under normal conditions or DNA damage stress. A, cells with defects
in the 9-1-1 complex have normal cell cycle progression. B, similar defects in cell cycle progression are observed for rtt106� and rad17� rtt106� cells under
normal growth conditions. C, the S phase progression of rad17� rtt106� cells was not disrupted with treatment of CPT. D, mutant rad17� rtt106� cells exhibit
defects in S phase progression in the presence of MMS. Cells of the indicated genotype were arrested at G1 phase using �-factor and then released into S phase
and the cell cycle in normal medium (A and B) or medium containing the indicated amount of CPT (C) or MMS (D).
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type and 9-1-1 mutant cells by ChIP assays. Cells were arrested
at G1 phase and then released into medium containing HU, an
agent that slows down replication fork progression. Using an
antibody against H3K56ac, we detected deposition of newly
synthesized histones in wild-type cells at 30 and 45 min after
release of cells from G1 into S phase, with a peak deposition at
30 min after release. Histone deposition was detected at repli-
cated DNA surrounding early replication origins ARS607, but
not at the distal sites, ARS607� 14 kb (15) (Fig. 6A). A signifi-
cant defect in H3K56ac deposition at ARS607 was observed in
rad17� cells compared with wild-type cells at 30 min after
release into S phase. Furthermore, a more dramatic defect in
H3K56ac deposition was observed in rad17� rtt106� cells
compared with rad17� cells. Because cells lacking Rtt106
exhibit no apparent defects in H3K56ac deposition (15), the
reduction observed in rad17� rtt106� mutant cells is likely due
to inactivation of both Rad17 and Rtt106. Notably, H3K56ac
deposition at 45 min was similar to wild-type levels, suggesting
that H3K56ac deposition was delayed but not defective in
rad17� and rad17� rtt106� mutants. No H3K56ac deposition
was detected at the ARS607 � 14 kb locus in any strain or at any
time point (Fig. 6B). Similar to rad17� rtt106� cells, defects in
H3K56ac deposition were detected in rad24� rtt106� cells
compared with wild-type and single mutants (Fig. 6, C and D).
Together, these studies support the idea that Rad17 and Rad24
function with histone chaperone Rtt106 for efficient assembly
of newly synthesized H3-H4 onto replicating DNA.

Rad17 Regulates the Interactions Asf1 and Rad53 as Well as
Interactions between Histones and Histone Chaperones—De-
fects in H3K56ac deposition onto replicated DNA may reflect
alterations in the interaction between histone and histone
chaperone proteins (6, 12, 15). Histone chaperones Asf1,

CAF-1, and Rtt106 function coordinately in nucleosome
assembly (3). In addition, Asf1 physically interacts with the
checkpoint kinase Rad53, and this interaction negatively regu-
lates Asf1-histone H3-H4 interaction (22). Therefore, we tested
how the rad17� mutation affected the interaction between
H3-H4 with each histone chaperone, Asf1, Rtt106, and CAF-1.
TAP was performed using wild-type and rad17� mutant
strains expressing TAP-tagged Asf1, Rtt106, or Cac2 (subunit
of CAF-1). After immunoprecipitation, co-precipitated pro-
teins were determined by Western blot. Compared with wild-
type cells, deletion of RAD17 resulted in an increase in the
amount of Rad53 co-purifying with Asf1 with a concomitant
reduction in the Asf1-H3 interaction (Fig. 6E, left panel). These
results suggest that Rad17 regulates the Asf1-Rad53 interac-
tion, in turn impacting Asf1-histone H3 interactions.

In contrast to the reduced association of Asf1 with H3-H4 in
rad17� mutant cells, more histone H3 co-purified with histone
chaperones Rtt106 and Cac2 in rad17� mutant cells than wild-
type cells (Fig. 6E, middle and right panels). We suggest that the
observed increase in interactions between histone H3 and his-
tone chaperone CAF-1 and Rtt106 is due to free histones
released from Asf1-H3-H4 complex in rad17� mutant cells.
Therefore, the interactions among histones and histone chap-
erones are altered in rad17� mutant cells, suggesting that
Rad17 plays a role in replication-coupled nucleosome assembly
by regulating the balance of interactions between histone chap-
erone and histones.

DISCUSSION

Using a genetic screen, we found that RAD17 and MEC3
exhibit a genetic interaction with RTT106 in response to the
DNA damage agent CPT. We presented the following lines of

FIGURE 5. The DNA damage response is not altered in rad17� rtt106� cells. A, Rad52 recruitment during DNA damage was normal in rad17� rtt106� cells.
Cells of the indicated genotype were left untreated or treated with CPT for 30 min. Rad52 foci, as determined from expression of Rad52 tagged with yellow
fluorescent protein, Rad52-YFP, from S/G2/M cells were counted. B, checkpoint activation is normal in mec3� rtt106� cells after Zeocin treatment. Cells of the
indicated genotype were treated with Zeocin for the indicated amounts of time, and protein extraction was performed. Western blot was used to detect
phosphorylation of H2AS129 (�-H2AX). Sir2 and PCNA were used as loading controls.
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evidence to support the idea that the 9-1-1 complex has a role in
DNA replication-coupled nucleosome assembly. First, we
described a web of genetic interactions among CAF-1 and
Rtt106, two histone chaperones involved in DNA replication-
coupled nucleosome assembly, and components of the 9-1-1
complex. For instance, cells harboring mutations at compo-
nents of the 9-1-1 complex exhibit synthetic interactions with

mutations at RTT106 and CAC1 in response to CPT and Zeo-
cin. Second, synthetic genetic interactions are also observed
when mutations at RAD17 or the 9-1-1 complex loader, RAD24,
were combined with mutations at histone lysine residues impli-
cated in DNA replication-coupled nucleosome assembly, with
most of these genetic interactions being revealed when cells are
challenged with a DNA damaging agent. Third, expression of

FIGURE 6. The 9-1-1 complex regulates replication-coupled nucleosome assembly. A and B, the deposition of newly synthesized histone H3 is delayed in
rad17� and rad17� rtt106� cells. Cells were arrested at G1 using �-factor and then released into fresh media containing 0.2 M HU. ChIP was performed using
an antibody against H3K56ac, a mark of newly synthesized histone H3. ChIP DNA was analyzed by quantitative real-time PCR, amplifying the early replication
origin, ARS607 (A), and a region downstream, ARS607 � 14 kb (B). The percentage of H3K56ac ChIP over input DNA was shown, with error bars representing the
S.D. of three independent experiments. An asterisk represents a p value less than 0.05 compared with the WT signal as calculated using Student’s t test. A carot
(ˆ) represents a p value less than 0.05 compared with rad17� single mutant. C and D, the deposition of newly synthesized histones is compromised in rad24�
and rad24� rtt106� cells. ChIP was performed as described in A for both H3K56ac and unmodified H3. Data are shown as the ratio of H3K56ac signal to H3 signal
for each time point. One of three independent experiments, for which the same trend was observed, is shown, with error bars representing the S.D. of triplicate
quantitative real-time PCR samples. E, Rad17 regulates the interaction between histones and histone chaperone proteins regulating replication-coupled
nucleosome assembly. Cells (WT or rad17�) expressing Asf1-TAP, Rtt106-TAP, or Cac2-TAP were used for tandem affinity purification of the indicated histone
chaperone. Total (soluble cell extracts (SCE)) and immunoprecipitated (IP) proteins were detected by Western blot using antibodies as indicated. PCNA was
used as a loading control for soluble cell extracts.
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wild-type Rtt106 rescues the CPT sensitivity phenotype of
rad17� rtt106� and rad24� rtt106� cells, whereas expression
of mutant forms of Rtt106 that disrupt histone binding have no
effect, suggesting that the synthetic phenotype observed in
rad17� rtt106� and rad24� rtt106� cells is caused in part by
impaired nucleosome assembly. Fourth, we show that cells with
mutations in the 9-1-1 complex exhibit defects in the deposi-
tion of newly synthesized H3K56ac onto replicating DNA, and
this defect is further exacerbated with deletion of RTT106.
Finally, we show that the interaction between Asf1 and Rad53
as well as interactions between histones H3 and H4 with Asf1,
Rtt106 and CAF-1 are altered in rad17� cells compared with
wild-type cells.

It is well documented that factors involved in nucleosome
assembly are linked physically and genetically to S phase DNA
damage and replication checkpoint factors. For instance, yeast
histone chaperone Asf1 physically interacts with the check-
point kinase Rad53, and this interaction is regulated by the
Mec1 checkpoint kinase (23, 24). Second, DNA damage caused
by Asf1 deletion leads to activation of both the DNA damage
and DNA replication checkpoint, whereas accumulation of
DNA damage in cells lacking CAF-1 activates only the DNA
damage checkpoint (25). Third, Asf1 and H3K56ac regulate
nucleosome assembly, and completion of nucleosome assembly
is needed for checkpoint recovery after DNA damage repair
(53). Here, we provide additional evidence supporting the link
between checkpoint activation and nucleosome assembly by
describing a web of genetic interactions between RTT106 and
factors involved in the DNA damage checkpoint, including
RAD17, RAD24, MEC3, DDC1, RAD9, MEC1, and RAD53,
upon exposure to DNA damage agents. This web of genetic
interactions was further extended to include interactions
between RAD17 and CAC1 and RAD17 and histone H3 lysine
residues documented to regulate nucleosome assembly.

There are several non-exclusive interpretations for why cells
lacking Rtt106 and a component of the 9-1-1 complex are more
sensitive to DNA damage agents. First, it is possible that
rtt106� mutant cells exhibit a low level of DNA damage, and
this effect is exaggerated when the DNA damage checkpoint is
mutated. Arguing against this interpretation, we did not
observe a synergistic increase in spontaneous chromosome
breaks as detected by the Rad52 foci assay. Second, like Asf1
and the histone acetyltransferase Rtt109 (53), Rtt106-mediated
nucleosome assembly may be required for switching off check-
point signaling after DNA damage. According to this model,
both Rtt106 and the 9-1-1 complex have a role in DNA check-
point recovery. Third, it is possible that the 9-1-1 complex reg-
ulates nucleosome assembly during DNA damage stress. In
addition to the web of genetic interactions outlined above sup-
porting this idea, we have shown that deposition of new H3 is
compromised in cells lacking RAD17 or RAD24. Furthermore,
we show that histone-histone chaperone interactions are
altered in rad17� mutant cells. These results strongly support
the idea that the DNA damage sensitivity observed in cells lack-
ing a component of the 9-1-1 complex and Rtt106 is likely due
to defects in nucleosome assembly.

How does Rad17 regulate nucleosome assembly? We suggest
that the Rad17-containing clamp regulates the Asf1-Rad53

interaction, which in turn impacts histone-histone chaperone
interactions. Consistent with this interpretation, Asf1-Rad53
interactions are increased in rad17� mutant cells. Rad53 is
known to prevent Asf1 from interacting with H3-H4 (22).
Therefore, in rad17� mutant cells, less Asf1 will function in
delivery of H3-H4 to CAF-1 and Rtt106 at replication forks,
which will lead to defects in deposition of H3-H4 at replication
forks. Consistent with idea, we observed that less H3-H4 bound
to Asf1 in rad17� mutant cells. We suggest that this will result
in more free histones H3-H4 binding to CAF-1 and Rtt106 in
the nuclear plasma in rad17� cells. This model could explain
why the apparent increase in CAF-1 and Rtt106 interactions
with H3-H4 observed in rad17� mutant cells did not lead to
increased histone deposition in these mutant cells. In human
cells, the histone chaperones NASP and Asf1a/b regulate the
pool of free histone H3-H4 seen by CAF-1 and other histone
chaperones and function to meet cellular demands for histones
under various conditions (54). For instance, in cells under rep-
lication stress, histones accumulate in NASP containing com-
plexes to stabilize histones that are unable to be incorporated
(54, 55).

In addition to regulating histone-histone chaperone interac-
tions, Rad17 may impact nucleosome assembly through other
mechanisms. First, the 9-1-1 complex may regulate the recruit-
ment of histone chaperones to DNA for nucleosome assembly.
The ability of CAF-1 to deposit new H3-H4 onto replicating
DNA depends on its interaction with PCNA (7, 8), but how
Rtt106 is recruited to DNA replication fork for histone deposi-
tion is not clear. Second, yeast cells lacking CAF-1 and Rtt106
are still viable; thus, other histone chaperones must exist to
promote nucleosome assembly of new H3 in the absence of
CAF-1 and Rtt106. Our genetic studies suggest that the 9-1-1
complex functions in parallel with both CAF-1 and Rtt106 in
response to CPT. It is possible that the 9-1-1 complex functions
to recruit a histone chaperone to damaged DNA or the replica-
tion fork to promote nucleosome assembly in the absence of
CAF-1 and Rtt106. Third, the 9-1-1 complex may function to
recruit other factors that facilitate nucleosome assembly and
regulation of chromatin structure under normal and stress
conditions.

It is known that checkpoint proteins directly interact with
the DNA replication machinery, including PCNA and ATM in
mammalian cells as well as Mrc1 and MCM helicase (56 –58).
These interactions may be important for proper recruitment of
repair factors to damaged or stalled replication forks. Recently,
Mec1 was shown to regulate chromatin accessibility at the rep-
lication fork during replication stress (59). Mec1 is activated
through recruitment of the 9-1-1 complex. Although the exact
mechanism by which Mec1 regulates chromatin accessibility is
not clear, it is suggested that Mec1 may phosphorylate chroma-
tin remodeling factors or histone modifying enzymes (59). In
mammalian cells, recruitment of the histone chaperone HIRA
to sites of DNA damage for deposition of histone H3 variant
H3.3 deposition and chromatin priming of transcriptional
restart depends on the activity of early DNA damage response
factors like Cullin 4a and DNA damage binding proteins 1 and
2 (60). Therefore, the 9-1-1 complex may regulate nucleosome
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assembly via multiple ways, including the regulation of interac-
tions between histone and histone chaperones.

It is not unprecedented for the 9-1-1 complex to have alter-
native roles in the maintenance of genome integrity beyond its
classic role in checkpoint activation. For instance, the 9-1-1
complex is known to directly interact with DNA polymerase
Polzeta, involved in translesion synthesis, and may regulate its
access to DNA (61). In addition, the 9-1-1 complex regulates
DNA damage tolerance independent of the G1/S checkpoint, a
function that is uncoupled from replication forks (62). Because
the 9-1-1 complex is one of the first complexes recognizing
DNA damage and replication stress, it is possible that 9-1-1
functions to link and coordinate checkpoint activation, DNA
replication, and nucleosome assembly during S phase to main-
tain genome integrity.
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