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DNA damage must be repaired in an accurate and timely fash-
ion to preserve genome stability. Cellular mechanisms prevent-
ing genome instability are crucial to human health because
genome instability is considered a hallmark of cancer. Collec-
tively referred to as the DNA damage response, conserved path-
ways ensure proper DNA damage recognition and repair. The
function of numerous DNA damage response components is
fine-tuned by posttranslational modifications, including ubiq-
uitination. This not only involves the enzyme cascade responsi-
ble for conjugating ubiquitin to substrates but also requires
enzymes that mediate directed removal of ubiquitin. Deubiq-
uitinases remove ubiquitin from substrates to prevent degrada-
tion or to mediate signaling functions. The Saccharomyces
cerevisiae deubiquitinase Ubp7 has been characterized previ-
ously as an endocytic factor. However, here we identify Ubp7 as
a novel factor affecting S phase progression after hydroxyurea
treatment and demonstrate an evolutionary and genetic inter-
action of Ubp7 with DNA damage repair pathways of homo-
logous recombination and nucleotide excision repair. We find
that deletion of UBP7 sensitizes cells to hydroxyurea and cispla-
tin and demonstrate that factors that stabilize replication forks
are critical under these conditions. Furthermore, ubp7� cells
exhibit an S phase progression defect upon checkpoint activa-
tion by hydroxyurea treatment. ubp7� mutants are epistatic to
factors involved in histone maintenance and modification, and
we find that a subset of Ubp7 is chromatin-associated. In sum-
mary, our results suggest that Ubp7 contributes to S phase pro-

gression by affecting the chromatin state at replication forks,
and we propose histone H2B ubiquitination as a potential sub-
strate of Ubp7.

Genome stability is constantly challenged by exogenous
agents or by DNA damage that occurs as a result of endogenous
processes such as cellular metabolism or replication (reviewed
in Ref. 1). If DNA damage is not detected and properly repaired
in a timely fashion, then it can result in cell death or, in the case
of erroneous repair, lead to mutations, chromosomal aberra-
tions, and genome instability. Preventing genome instability is
essential to human cells because it is considered an enabling
characteristic of cancer (2). Therefore, in a normal cell, multiple
complex pathways function to detect and repair diverse types of
DNA damage, collectively referred to as the DNA damage
response (DDR).3 During S phase, replicative stress activates a
signaling cascade, called the intra-S phase checkpoint, that
inhibits cell cycle progression, late-origin firing, and homo-
logous recombination (HR) while promoting the function of
specific checkpoint and replication stress response factors (1).
In budding yeast, hyperphosphorylation of the kinase Rad53 is
central for checkpoint activation and mediates the downstream
response.

The DDR and multiple other cellular pathways depend on
posttranslational modification of substrates with ubiquitin (3).
Ubiquitination is facilitated by a sequential cascade of E1, E2,
and E3 enzymes, which catalyzes the covalent attachment of
ubiquitin to a lysine residue or the N terminus of a substrate
protein (4, 5). Ubiquitination can target proteins to the 26S
proteasome for degradation, have signaling functions, alter the
subcellular localization, or change protein-protein interactions
(5). Ubiquitination, like phosphorylation, is a reversible post-
translational modification whereby ubiquitin is removed from
cellular substrate proteins by specialized ubiquitin proteases or
deubiquitinating enzymes (DUB) (6).

DUBs function in numerous cellular processes, such as the
regulation of protein stability, cell cycle control, regulation of
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gene expression, membrane trafficking, and DNA repair (6, 7).
In addition to cleaving and activating proubiquitin, DUBs recy-
cle ubiquitin and, importantly, reverse substrate ubiquitina-
tion. Regulated ubiquitination and deubiquitination is crucial
for the DDR. One well studied example is the deubiquitination
of proliferating cell nuclear antigen, which is fulfilled by bud-
ding yeast Ubp10 during S phase (8). There are five main DUB
protein families: the ubiquitin C-terminal hydrolases, ovarian
tumor, Josephin domain, JAB1/MPN/Mov34 metalloenzyme,
and the largest group, the ubiquitin-specific protease class
(reviewed in Refs. 6, 7). In budding yeast, 16 DUBs of the Ubp
family (ubiquitin-specific protease in mammals) have been
identified (9), among them Ubp7. Although overall the function
of Ubp7 is not fully understood, it has been characterized as a
late-arriving endocytic protein (10) that interacts with the
endosomal sorting complex member Hse1 (11) and can deubqi-
uitinate the early endocytic protein Ede1 (10). Additionally,
there is some evidence that Ubp7 may be involved in the DDR.
First, Ubp7 has been found to interact with the Cdc48 cofactor
Doa1/Ufd3 upon MMS treatment and to partially rescue the
DNA damage sensitivity of doa1� mutants (12). Second, UBP7
has been identified as a weak high-copy suppressor of srs2�
elg1� (13).

Here we demonstrate that deletion of UBP7 sensitizes yeast
cells toward the DNA-damaging agents hydroxyurea (HU) and
cisplatin, suggesting that Ubp7 plays a role in the DDR. Further-
more, we find that ubp7 mutants have evolutionary and genetic
interactions with the DNA repair subpathways of HR and
nucleotide excision repair (NER). Finally, we provide evidence
that Ubp7 is involved in the control of S phase progression
following HU treatment and the intra-S phase checkpoint,
likely by contributing to replication fork speed through altera-
tion of the surrounding chromatin state.

Experimental Procedures

Yeast Strains and Plasmids—The yeast strains used in this
study are listed in supplemental Table S1. Unless noted other-
wise, all strains were derivatives of W303 (14, 15). Media and
plates were prepared according to standard protocols but
with twice the amount of leucine (16). Yeast transformation
and epitope tagging were carried out as described previously
(17, 18).

Stress Plates and Serial Dilutions—The indicated amounts of
hydroxyurea (Sigma-Aldrich) were added directly to SC-agar,
whereas cisplatin (Sigma-Aldrich) was dissolved at 100 mg/ml
in DMSO prior to addition to cooled SC-agar (pH 5.8). Cultures
of the indicated yeast strains were grown at 30 °C in SC (for
dilution on SC plates) or YPD to log phase and diluted to a
starting A600 of 0.2. 5-Fold serial dilutions in H2O were plated
on the appropriate plates and incubated at 30 °C for 2 (YPD) or
3 (SC � HU) days. UV and � irradiation were performed after
dilutions of yeast cultures had been spotted on plates. Cisplatin
plates were stored in the dark.

Cell Viability Assay—WT, ubp7�, and rad51� cells were
grown overnight to stationary phase in 3 ml of YPD medium at
30 °C, diluted to an A600 of 0.2, and grown for 4 h at 30 °C. The
culture was diluted to an A600 of 0.5 and subsequently diluted
1:2000. 250 �l was plated onto YPD medium or YPD medium

containing 10, 50, or 100 mM HU. The plates were incubated at
30 °C for 48 h and photographed. The surviving colonies were
counted and compared with their corresponding untreated
YPD control plates. The experiment was done in triplicate, with
three individual clones per genotype analyzed per trial.

Evolutionary Rate Covariation (ERC) Analysis—ERC values
compare sequence evolution rates for two proteins along all
branches of a multispecies phylogenetic tree. Specifically, the
ERC statistic is calculated between each protein pair as the cor-
relation coefficient of their branch-specific rates. Rate of
change is calculated using a projection operation to normalize
branch lengths against the underlying species tree (19). ERC
values were calculated using protein sequences from 18 yeast
species (20). The Ubp7 protein was compared with genes
within diverse DNA repair pathways by calculating the ERC
values between it and their constituent genes as annotated in
the Gene Ontology through YeastMine (19, 21). The ERC val-
ues for these pathways can be found in their entirety in supple-
mental Table S2. Statistical significance of a relationship
between Ubp7 and a pathway was determined by comparing
Ubp7 ERC values with a specific DNA repair pathway to the
background genome distribution using the non-parametric
Wilcoxon rank-sum test.

Mitotic Recombination and CAN1 Mutation Frequency
Assays—The direct repeat assay was performed as described
previously (22, 23). In brief, nine single yeast colonies of each
strain were grown in 2 ml of SC medium and plated on SC plates
and SC plates lacking leucine. The average recombination rate
and standard deviation over five independent trials were calcu-
lated according to Ref. 24. The assays with HU (35 mM) and
cisplatin (10 �g/ml) treatment were conducted in an identical
fashion, but the cultures were treated with the indicated drug
doses for 26 h before plating. The experiments were performed
in quadruplicate. For the CAN1 mutation assay, five individual
colonies of each genotype were grown in 2 ml of SC medium
and plated on SC plates and SC plates lacking arginine supple-
mented with 60 mg/liter L-canavanine (Sigma-Aldrich). The
median mutation frequency per trial was used to determine the
depicted mean frequency � S.D. from three independent trials.

Microscopy—The respective yeast cultures were grown in SC
with adenine (100 mg/l) at room temperature and, when appli-
cable, treated with 100 mM HU (Sigma-Aldrich) for 2 h. Prior to
microscopy, 1 ml of yeast culture was harvested (1500 g, 2 min,
room temperature), mixed with an equal volume of liquid 1.4%
agarose (in SC medium), and mounted on slides. Images were
acquired using a Nikon TiE inverted live-cell system with a
�100 oil immersion objective (1.45 numerical aperture), a Pho-
tometrics HQ2 camera, and motorized Prior Z stage. For indi-
vidual strains, stacks of 11 0.3-�m sections were captured using
the following exposure times for the respective fluorophore:
differential interference contrast, 60 ms; Rfa1-YFP, 1 s. Nikon
Elements software (Nikon Instruments) was used for acquisi-
tion and analysis. Images were exported from Nikon Elements
as 8-bit RGB TIF files and enhanced for contrast and brightness
using Photoshop (Adobe Systems Inc.). All images depicted in
one panel were adjusted in an identical fashion. For analysis of
focus formation, all 11 z slices of each image (3 �m in total)
were analyzed manually for foci. To be counted as a focus, the
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signal had to be visible in at least two to three consecutive
planes. Single z slices are depicted in the figures.

Western Blotting Analyses—Yeast whole-cell lysates were
prepared by TCA precipitation as described in Ref. 18. Lysates
were loaded on 8%, 10%, or 15% Tris/glycine gels or 4 –12%
BisTris gradient gels (Invitrogen) in MOPS buffer and trans-
ferred to a PVDF membrane (Millipore). Membranes were
blocked in 5% skim milk and incubated with primary antibody
overnight. Exposed films of Western blotting analyses were
scanned and adjusted for contrast and brightness using Photo-
shop (Adobe Systems Inc.). Alternatively, the chemilumines-
cent signal was captured with a charge-coupled device camera
(Bio-Rad, Geldoc XR�). Quantification of the scanned images
was performed using ImageJ (25).

Antibodies—The following antibodies were used at the indi-
cated dilutions: Myc (mouse monoclonal, Santa Cruz Biotech-
nology, catalog no. sc-40, 1:500, WB), Clb2 (rabbit polyclonal,
Santa Cruz Biotechnology, catalog no. sc-9071, 1:2000, WB),
HA (rabbit polyclonal, catalog no. sc-805, and mouse monoclo-
nal, catalog no. sc-7392 Santa Cruz Biotechnology, 1:1000,
WB), histone H3 total (rabbit polyclonal, Cell Signaling Tech-
nology, catalog no. 9715, 1:1000, WB), histone H2B total (rabbit
polyclonal, Active Motif, catalog no. 39237, 1:5000, WB), ubiq-
uityl-histone H2B (rabbit polyclonal, Cell Signaling Technol-
ogy, catalog no. 5546, 1:1000, WB), Kar2 (rabbit polyclonal,
Santa Cruz Biotechnology, catalog no. sc-33630, 1:5000, WB),
Adh1 (rabbit, Chemicon, catalog no. Ab1202, 1:20,000, WB),
GAPDH (mouse monoclonal, UBP Bio, catalog no. Y1040,
1:1000), anti-mouse HRP (Jackson ImmunoResearch Laborato-
ries, catalog no. 115-035-003), anti-rabbit HRP (Jackson Immu-
noResearch Laboratories, catalog no. 111-035-045), and anti-
goat HRP (Jackson ImmunoResearch Laboratories, catalog no.
705-035-003).

Chromatin-binding Assay—Essentially, this assay was per-
formed according to Refs. 26, 27. Cultures of an UBP7–3HA
strain were grown to log phase and, for the cell cycle-synchro-
nized samples, arrested for 3 h with 10 �M � factor (Gene-
script), 200 mM HU (Sigma-Aldrich), or 15 �g/ml nocodazole
(Enzo Life Sciences). Approximately 30 A were harvested,
resuspended, and incubated in prespheroplast buffer (100 mM

PIPES/KOH (pH 9.4), 10 mM DTT, and 0.1% NaN3) for 10 min
at room temperature. The pellet was then spheroplasted using
Zymolyase (20 mg/ml, 100T, Amsbio) in spheroplast buffer (50
mM K2HPO4/KH2PO4 (pH 7.5), 0.6 M sorbitol, and 10 mM DTT)
for 40 min at 37 °C. Harvested spheroplasts were washed, resus-
pended in an equal volume of extraction buffer (50 mM HEPES/
KOH (pH 7.5), 100 mM KCl, 2.5 mM MgCl2, 0.4 M sorbitol, 1 mM

DTT, protease inhibitors (Roche complete), and 2 mM PMSF)
and lysed on ice by increasing the Triton X-100 concentration
to 1% and vortexing. A sample for the whole-cell extract was
taken prior to adding the extract on the half volume of sucrose
cushion (extraction buffer, 0.25% Triton X-100, and 30%
sucrose). Soluble and chromatin fractions were separated by
centrifugation (20,000 � g, 20 min).

FACS and Two-dimensional Gel Electrophoresis—FACS and
two-dimensional gel analysis were performed as described pre-
viously (28) following treatment of yeast cultures with 200 mM

HU as indicated.

Results

UBP7 Is Linked Evolutionarily and Genetically to the DNA
Damage Response—To investigate the role of Ubp7 in the DDR,
we first used ERC to infer which DNA repair pathways have
evolutionary histories resembling Ubp7 (Fig. 1a). ERC is a sta-
tistic of correlation between the species-specific evolutionary
rates of two proteins as measured across several species (20, 29).
Typically, functionally related protein pairs, such as those in a
shared pathway or complex, have elevated ERC values relative
to random pairs, and such ERC signatures have guided DNA
repair research in previous studies (30, 31). We compiled sets of
proteins participating in specific DNA damage response path-
ways: HR, NER, base excision repair, mismatch repair, and non-
homologous end joining. We also analyzed endocytosis because
of the reported role of Ubp7 in this process. When comparing
the evolutionary rates of Ubp7 to these gene sets across 18 yeast
species, it is clear that Ubp7 has a strong evolutionary associa-
tion with proteins involved in HR and NER (Fig. 1a; HR, p �
6.01 � 10�5; NER, p � 9.92 � 10�5; Wilcoxon rank-sum test;
supplemental Table S2).

Because Ubp7 is evolutionarily correlated with the HR and
NER DNA repair pathways (Fig. 1a), we next tested whether
deletion of UBP7 would sensitize yeast cells to different forms
of DNA damage. Although ubp7� mutants are HU-sensitive,
they do not exhibit a pronounced growth defect on plates con-
taining MMS (Fig. 1b). The HU sensitivity of ubp7-null cells
was also evident in viability assays (Fig. 1d) and by decreased
colony size (Fig. 1e). Interestingly, HU and MMS interfere with
replication fork progression differently. HU is thought to cause
prolonged stalling and reduce replication fork speed, whereas
MMS is an alkylating agent (reviewed in Ref. 32). This suggests
that Ubp7 may be involved in the cellular response to replica-
tion fork stalling but not to other forms of replicative damage
that could also induce double strand break formation. In line
with a specific function of Ubp7 in a DNA damage response
subpathway is our finding that the ubp7-null strain is also not
sensitive to � or UV radiation (Figs. 1b and 2a).

In cells, HR, NER, and translesion synthesis (TLS) function
together to enable the repair of complex types of DNA damage
such as intra- and interstrand cross-links. Because we found
that UBP7 coevolved with two of these particular pathways, we
determined the sensitivity of ubp7� toward a DNA cross-link-
ing agent. Indeed, we found that ubp7� is modestly sensitive to
cisplatin (Fig. 1c). Overall, these observed sensitivities support
the in silico evolutionary analysis and suggest that Ubp7 affects
specific DNA damage response and/or repair pathways.

Ubp7 Is Not an NER or HR Factor—Given the role of NER in
repairing cisplatin-induced DNA lesions, we next tested
whether Ubp7 is a component of the NER pathway. To do so,
we analyzed the UV sensitivity of a UBP7 deletion (Fig. 2a) and
the genetic interactions of ubp7� with two mutants of the NER
pathway: rad4� and rad7� (Fig. 2b). Rad4 (Xeroderma pigmen-
tosum complementation group C) and Rad23 comprise the
nuclear excision repair factor 2 (NEF2) complex, which func-
tions to detect and repair UV-damaged DNA (33, 34). NEF2 is
required for the early incision step of NER, and, consistently,
rad4� mutants are very sensitive to UV irradiation (35, 36) (Fig.
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2a). Rad7, together with Rad16, forms the NEF4 complex,
which binds to NEF2 and enhances its activity. In contrast to
NEF2, NEF4 is not strictly required for the incision step of NER
and likely acts on post-incision steps (37), consistent with its
less pronounced UV sensitivity (36) (Fig. 2a).

Most deletion mutants of NER pathway members are UV-
sensitive to varying degrees. We did not detect any UV sensi-
tivity of ubp7� alone (Fig. 2a), indicating that Ubp7 is likely not
a central component of UV-induced NER. However, rad4�
ubp7� and rad7� ubp7� mutants do exhibit a very slight
but reproducible synthetic sensitivity on cisplatin-containing
medium (Fig. 2b). Therefore, Ubp7 may function in an addi-
tional pathway required for processing cisplatin-induced dam-
age in the absence of Rad4/Rad7.

One of the complex lesions that arise from cisplatin treat-
ment is interstrand cross-links (ICLs). In contrast to humans,
where the Fanconi anemia pathway has been well characterized
to act on this type of DNA damage, yeast has fewer known
factors that are specialized in repairing this type of lesion (38).
However, in both yeast and humans, HR plays an important role
in the repair of interstrand cross-links. Therefore, we next
tested whether Ubp7 is a functional component of the HR path-
way, to which Ubp7 is related evolutionarily (Fig. 1a). Deletion
of HR genes often leads to an alteration of recombination,
which can result in increased utilization of other repair path-
ways such as TLS and, therefore, increased mutation rates (23,
39). We analyzed direct repeat recombination rates and the
CAN1 mutation frequency in an ubp7� background. The direct
repeat recombination assay strain contains a functional URA3
gene flanked by two differently mutated versions of leu2.
Recombination can yield a functional LEU2 gene either via
Rad51-dependent gene conversion or single-strand annealing
(22, 23, 31). Using this assay, we did not find a significant
increase in the overall recombination rate in ubp7� compared
with wild-type cells in either untreated cultures or those treated
with HU or cisplatin (Fig. 2c). Similarly, when we determined
the spontaneous CAN1 mutation frequency in ubp7�, we
did not observe a significant alteration of the mutation fre-
quency (Fig. 2d). Surprisingly, even when we tested an ubp7�
rad51� strain, in which HR is greatly reduced, we did not
observe a significant increase in the spontaneous CAN1 muta-
tion frequency (Fig. 2d). In contrast, the mutation frequency is
reduced compared with the rad51 single mutant. In a rad51�
cell, the elevated mutation frequency (40) is likely attributed to
increased utilization of error-prone TLS because multiple path-
ways such as HR, TLS, NER, and base excision repair all con-
tribute to the repair of spontaneous damage in wild-type cells
(41). The contribution of each pathway likely depends on sev-
eral cellular factors, including the cell cycle stage and the con-
text of the lesion (41). Therefore, it is possible that deletion of
UBP7 in the rad51-null background reduces the relative con-
tribution of TLS to repair.
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This raises the possibility that, although Ubp7 is not a direct
NER or HR pathway component, deletion of UBP7 may none-
theless affect the DNA damage sensitivity of HR deletion
mutants. Therefore, we next tested the genetic interaction of
ubp7� with rad51� and sgs1� (Fig. 2e). Rad51 is the central HR
filament protein that facilitates strand invasion during HR-me-
diated repair of double strand breaks (42, 43). Sgs1, on the other
hand, is a budding yeast RecQ-like helicase that functions at
several steps during HR, including initial long-range resection,
processing of recombination intermediates, and dissolution of
D-loops and double Holliday junctions (44, 45). Surprisingly,
ubp7� mutants exhibited a strong negative genetic interaction
with sgs1� on HU, whereas the ubp7� rad51� double mutant
did not (Fig. 2e). This intriguing result suggests that the func-
tion of Ubp7 may be required in the absence of a Rad51-inde-
pendent role of Sgs1. In addition to its role in HR, Sgs1 also

functions to stabilize the replication fork and to promote
checkpoint signaling upon HU treatment (46 – 48). Interest-
ingly, we also observed a negative genetic interaction of ubp7�
with deletion of the endonuclease MUS81, which is also
involved in mediating replication fork restart (49) (Fig. 2f).
Taken together, we hypothesize that Ubp7 may affect replica-
tion fork stalling and stability. One possible explanation for our
findings is that, in the absence of Ubp7, factors that stabilize the
replication fork are required upon fork stalling; for example,
because of HU treatment. Replication is monitored by the
intra-S phase checkpoint, and, therefore, we wanted to investi-
gate whether Ubp7 directly affects S phase progression and/or
intra-S phase checkpoint signaling.

S Phase Progression Is Perturbed in ubp7� Cells—The intra-S
phase checkpoint ensures that replication is complete before
onset of mitosis. This checkpoint is activated upon replicative
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stress (for example, replication fork stalling), and a cascade of
phosphorylation events ultimately leads to cell cycle arrest, the
inhibition of late firing origins, and the expression of check-
point response genes such as RNR (1). As replication forks stall,
increased amounts of single-stranded DNA are exposed and
coated rapidly by the single-stranded DNA-binding protein
replication protein A. This can be visualized by assessing the
focus formation of the large subunit of RPA, Rfa1-YFP. Inter-
estingly, the percentage of cells with one or more Rfa1 foci
increases significantly in a HU-treated ubp7� strain (Fig. 3, a
and b, p � 0.005). This indicates that there is an increased
amount of single-stranded DNA in an ubp7-null cell upon HU-
induced replication fork stalling and suggests that UBP7 may be
involved in properly stalling and/or stabilizing the replication
fork.

To determine whether deletion of UBP7 alters recovery from
HU-induced replication fork stalling, we performed flow
cytometry of wild-type and ubp7 cultures synchronized in G1
phase and treated with 200 mM HU (Fig. 3c). Consistent with
the hypothesis from our microscopic analysis, upon release
from HU treatment, ubp7 mutants exhibited a delay in S phase
progression, evident at the 20- and 30-min time points (Fig. 3c).

We next tested whether the S phase delay in HU-treated
ubp7� cells is due to altered replication fork dynamics and,
therefore, analyzed replication fork fidelity by two-dimensional
gel electrophoresis (Fig. 3d). After HU treatment, we observed a

modest but reproducible increase in bubbles in ubp7� cells,
most evident after 2 h (Fig. 3d, arrowhead). This indicates
slower fork progression and, possibly, an increased amount of
single-stranded DNA upon HU treatment, which is consistent
with the increase in Rfa1 foci we observed in ubp7� (Fig. 3, a
and b). These results suggest that Ubp7 affects replication fork
dynamics and cell cycle progression after HU-induced replica-
tion fork stalling.

Epistasis Analysis of UBP7 with Intra-S Phase Checkpoint
Genes—Because we found that deletion of UBP7 affects S phase
progression upon HU treatment, we next wanted to determine
whether Ubp7 may itself be a checkpoint component. Because
we found that ubp7-null cells do not exhibit synthetic pheno-
types with a deletion mutant of RAD53 or the rad53-K227A
checkpoint activation-deficient mutant on HU (data not
shown), we tested the genetic interaction with further check-
point components. In budding yeast, replication fork stalling
and DNA damage (such as ionizing radiation, ultraviolet radi-
ation, and MMS) invoke distinct cellular responses that, how-
ever, have several common components (32), such as the acti-
vation of Mec1, Rad53, and Dun1 (Fig. 4a). Therefore, to
differentiate which part of the checkpoint pathway Ubp7
affects, we determined the phenotype of double mutants of
ubp7� with rad17�, mrc1�, and rad9� (Fig. 4b). Using this
analysis, we observe a modest synthetic growth defect only for
the ubp7� mrc1� double mutant on HU (Fig. 4b). The pheno-
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types of ubp7� rad17� and ubp7� rad9� on HU reflect the
sensitivity of the ubp7 single mutant and, therefore, do not indi-
cate a synthetic genetic interaction. Mrc1 (Claspin) is required
for unperturbed replication and checkpoint signaling (50, 51).
Therefore, one possibility is that Mrc1 is required for replica-
tion fork stabilization in the absence of UBP7. This require-
ment is consistent with the severe growth defect we observed
for ubp7� sgs1� (Fig. 2e), and we believe that this also reflects a
requirement of the function of Sgs1 in stabilizing the replica-
tion fork and not its canonical HR role.

To determine whether Ubp7 directly affects checkpoint acti-
vation at the step of Mrc1, we next analyzed Mrc1 protein levels
and phosphorylation status in wild-type and ubp7� strains. In
untreated cells, Mrc1 couples the replicative helicase and poly-
merase, whereas it forms a pausing complex with Tof1 to sta-
bilize Pol2 upon replication fork stalling. In the latter scenario,
Mrc1 is hyperphosphorylated by Mec1. When cultures are
treated with HU, Mrc1 phosphorylation is induced in both

wild-type and ubp7� cells (Fig. 4c), indicating that this stage of
intra-S phase checkpoint signaling is functional in ubp7� cells.
We therefore conclude that the intra-S phase checkpoint is
functional upon UBP7 deletion and that UBP7 likely functions
in a similar pathway.

UBP7 Deletion Alters Histone Modifications—Chromatin
remodeling, including the ubiquitination of histone H2B at
lysine 123, is involved in intra-S phase checkpoint signaling (52,
53). Interestingly, in our initial ERC analysis, we found a highly
significant correlation of Ubp7 with histone modification pro-
teins (p � 0.0007861, Wilcoxon rank-sum test, Fig. 5a). There-
fore, we hypothesized that Ubp7 could potentially affect the
modification of a histone or histone-associated factor during
replication. To test this, we first analyzed the genetic interac-
tions of ubp7� with deletion mutants of the histone chaperone
ASF1 and of the E2 enzyme for H2B, RAD6. Neither double
mutant exhibited a synthetic growth defect on HU (Fig. 5b and
supplemental Fig. S3). Given our finding that Ubp7 is important
for an unperturbed S phase upon HU treatment, this could
imply that Ubp7 functions in the same epistasis group as ASF1
and RAD6, factors that are also required for this pathway.

If Ubp7 acts on histones or histone-associated factors, then
its localization should be chromatin-associated. However, to
date, Ubp7 has only been found to function in endocytosis and
to localize close to the cell wall (10). Therefore, we wanted to
ensure that a fraction of Ubp7 is indeed able to access chroma-
tin. A fluorescent fusion of Ubp7 was extremely difficult to
detect using fluorescent microscopy and live-cell imaging (data
not shown), which is likely due to the very low expression level
of Ubp7 (54). To nonetheless show that Ubp7 is chromatin-
associated, we performed chromatin-binding assays using a
strain expressing C-terminally 3HA-tagged Ubp7 from its
endogenous locus. Indeed, we could clearly detect Ubp7 (Fig.
5c) in the chromatin fraction marked by histone H2B. In addi-
tion, although we observed a slight increase in overall Ubp7
protein levels upon nocodazole treatment, the chromatin asso-
ciation of Ubp7 was not dependent on the cell cycle stage or HU
treatment (Fig. 5c). This further supports our hypothesis that
Ubp7 may be acting on a histone or histone-associated factor.

Given the specific sensitivity of ubp7� cells to the replication
fork stalling agent HU and the epistasis with rad6� and asf1�
(Fig. 5b), one possible substrate of Ubp7 during replication
could be histone H2B lysine 123 monoubiquitination. Although
other DUBs have been shown to remove this modification dur-
ing transcription (Ubp8 (55)) and telomere silencing (Ubp6 (56)
and Ubp10 (57–59)), replication or replicative damage may
trigger alternative pathways. Consistent with this hypothesis,
we found that the double mutant of ubp7� and htb-K123R does
not exhibit a synergistic defect on HU (Fig. 5d).

To further test this possibility, we used modification-specific
antibodies and quantified H2B ubiquitination in asynchronous
untreated wild-type and ubp7� cultures (Fig. 5, e and f). In line
with our hypothesis, we did observe a reproducible 1.3-fold
increase in H2B ubiquitination in the ubp7� mutant (Fig. 5, e
and f). Because replication fork stalling and checkpoint activa-
tion lead to an increase in H2B ubiquitination, the observed
increased H2B-Ub levels in ubp7� could result from at least
two things. First, H2B-Ub could be a direct Ubp7 substrate, or,
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second, UBP7 deletion could indirectly lead to increased H2B
ubiquitination as a result of checkpoint activation and/or rep-
licative stress. Given our genetic analysis and the chromatin
association of Ubp7, we favor the possibility of a chromatin-
associated substrate of Ubp7, which could be H2B (Fig. 6).

Discussion

In this study, we provide the first extensive characterization
of the deubiquitinase Ubp7 in the context of the DNA damage
response and propose Ubp7 as a novel factor important for S
phase progression following replication fork stalling by HU.
Although Ubp7 has been shown previously to act during endo-
cytosis (10, 11), we provide several lines of evidence that Ubp7 is
also needed during recovery from replication stress. UBP7 dele-
tion specifically sensitizes cells to the DNA-damaging agents
cisplatin and HU, and mutant cells exhibit characteristics of an
activated intra-S phase checkpoint and recover from HU treat-
ment more slowly than wild-type cells. This is in line with our
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finding that replication fork-stabilizing factors such as Sgs1 are
required for HU tolerance in the absence of UBP7. Therefore,
we propose a model in which Ubp7 acts to ensure replication
fidelity, possibly by controlling the chromatin state around the
replication fork.

In an unperturbed cell, the replication fork is coupled to the
replicative helicase Mcm, thereby ensuring that only limited
stretches of DNA in front of the replication fork are unwound
(Fig. 6, top panel). One of the factors that ensures this associa-
tion and also acts as a checkpoint component is Mrc1 (Claspin
in mammals) (50, 51, 60). Among other factors, such as Mus81
(49), Sgs1 (BLM) is recruited to the stalled replication fork, and
this process is required for fork stability and to enable fork
restart (46 – 48). Sgs1 and Mrc1 function in the same genetic
pathway to mediate Rad53 activation upon replication fork
stalling by HU treatment, and, importantly, this role of Sgs1 is
Rad51-independent (46). We find that ubp7� exhibits negative
synthetic interactions with deletions of MRC1, SGS1, and
MUS81 (Figs. 2, e and f, and 4b), all components required for
replication fork stability. Therefore, we hypothesize that, upon
deletion of UBP7, there is a requirement for factors involved in
the stabilization of stalled replication forks. Further supporting
this hypothesis is our finding that an ubp7� rad51� mutant
does not exhibit a synthetic phenotype (Fig. 2e), whereas sgs1�
ubp7� does. This indicates that the function of Sgs1 that is
required upon HU treatment in a ubp7-null background is
Rad51-independent and, therefore, likely attributed to the role
of Sgs1 in maintaining replication fork stability (46). This,
together with the finding that ubp7 mutants do not display
altered rates of recombination or mutation frequencies (Fig. 2, c
and d), argues that Ubp7 is not involved in canonical HR but,
rather, functions in parallel to Sgs1 and Mus81 to stabilize
stalled replication forks. The conclusions drawn from this
genetic analysis are further supported by the fact that we
observed a significant increase in Rfa1 foci (Fig. 3, a and b) and
replication bubbles (Fig. 3d) upon HU treatment, indicating an
increase in single-stranded DNA upon replication fork stalling
in ubp7�.

An additional factor important for replication fork stability is
the histone chaperone Asf1, which also possibly acts to prevent
uncoupling of Mcm proteins from stalled forks (61). In contrast
to the genetic interactions discussed above for mrc1 and sgs1,
we did not observe a synthetic phenotype of ubp7� with a dele-
tion of ASF1 even though it is similarly important for replica-
tion fork stability (61). Because we provided several lines of
evidence showing that Ubp7 plays a role in ensuring S phase
progression upon HU-exposure, we conclude that Asf1 likely
functions in the same genetic pathway as Ubp7 to ensure rep-
lication fork stability.

Ubp7 is a deubiquinating enzyme that removes ubiquitin
from substrate protein lysine residues (9). There are several
potential substrates for Ubp7 in the context of replication and
the response to replicative stress because many factors involved
in the DDR are known to be modified posttranslationally with
ubiquitin (3). In budding yeast, H2B is ubiquitinated predomi-
nantly at lysine 123 by Rad6, Bre1, and Lge1 (62– 64), and there
are several reports that demonstrate a function of H2B ubiquiti-
nation in DNA repair (52). In the context of replication fork

stalling, H2B ubiquitination has been proposed to enable the
retention of Sgs1 at a stalled fork and to enhance Rad53 phos-
phorylation (53). Both an htb-K123R strain and sgs1� exhibit
reduced replication fork stability in HU (53). Because we only
observe a severe synthetic phenotype of ubp7� with sgs1� and
not htb-K123R (Figs. 2e and 5d), we hypothesize that Ubp7 may
act in the same genetic pathway as H2B, which, in turn, acts in
parallel to Sgs1 to ensure replication fork stability. This is con-
sistent with an Sgs1-independent role of H2B in Rad53 phos-
phorylation and checkpoint activation that has been published
previously (53) and that, in turn, raises the possibility that
monoubiquitinated H2B could be an Ubp7 substrate. We
attempted to directly address this option and used FLAG-H2B
and Ubp7–3HA purified from yeast for in vitro deubiquitina-
tion assays. Unfortunately, because of the low expression level
of endogenous Ubp7, the yield of active enzyme was too low to
reliably detect a significant change in H2B ubiquitination. Fur-
ther experiments, possibly with recombinant Ubp7, will be
required to answer this question.

A better understanding of the cellular mechanisms that reg-
ulate replication and, thereby, ensure genetic fidelity (39) is of
crucial importance to human health. Genome instability is con-
sidered a hallmark of cancer (2), and, although the importance
of coordinated ubiquitination for DNA repair has been well
studied, the role of DUBs has only shifted into focus recently
(65). Intriguingly, there have also been reports that H2B ubiq-
uitination is associated with cancer (66) and that ubiquitin
pathways, including DUBs, are potential therapeutic targets for
human diseases, including cancer (67). Future studies are
needed to identify a functional orthologue of Ubp7 in mammals
and to determine whether its role in S phase progression is
conserved from yeast to humans.
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