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SUMMARY

Damaged DNA is an obstacle during DNA replication
and a cause of genome instability and cancer. To
bypass this problem, eukaryotes activate DNA
damage tolerance (DDT) pathways that involve ubiq-
uitylation of the DNA polymerase clamp proliferating
cell nuclear antigen (PCNA). Monoubiquitylation of
PCNAmediates an error-prone pathway by recruiting
translesion polymerases, whereas polyubiquitylation
activates an error-free pathway that utilizes undam-
aged sister chromatids as templates. The error-free
pathway involves recombination-related mecha-
nisms; however, the factors that act along with poly-
ubiquitylated PCNA remain largely unknown. Here
we report that the PCNA-related 9-1-1 complex,
which is typically linked to checkpoint signaling,
participates together with Exo1 nuclease in error-
free DDT. Notably, 9-1-1 promotes template switch-
ing in a manner that is distinct from its canonical
checkpoint functions and uncoupled from the repli-
cation fork. Our findings thus reveal unexpected
cooperation in the error-free pathway between the
two related clamps and indicate that 9-1-1 plays a
broader role in the DNA damage response than
previously assumed.

INTRODUCTION

Damaged DNA templates can cause replication stalling, which in

turn can lead to genomic instability, a hallmark of cancer. In

eukaryotes, this problem is largely prevented through the acti-

vation of at least three different DNA damage tolerance (DDT)

pathways, which ensure the complete duplication of the genome

even in the presence of bulky DNA lesions. Two conserved DDT

pathways, collectively termed the postreplicative repair or RAD6

pathway, involve ubiquitylation of the DNA polymerase clamp

proliferating cell nuclear antigen (PCNA) (Hoege et al., 2002).

The first ubiquitin-dependent DDT pathway (termed the error-
536 Molecular Cell 49, 536–546, February 7, 2013 ª2013 Elsevier Inc
prone RAD6 pathway in the following) involves monoubiquityla-

tion of PCNA and triggers an error-prone mechanism through

the recruitment of dedicated translesion polymerases (Lehmann

et al., 2007; Ulrich, 2007). These enzymes can replicate across

lesions (translesion synthesis [TLS]), but sometimes incorporate

the wrong nucleotides (error-prone, mutagenic). The second

ubiquitin-dependent DDT pathway is error-free in its outcome

and involves polyubiquitylated PCNA (linked via lysine [K]-63 of

ubiquitin). Studies have shown that this pathway (termed the

error-free RAD6 pathway in the following) relies on a recombina-

tion-related mechanism and a switching of the replicative poly-

merase from the damaged to the undamaged template (template

switching) (Branzei, 2011; Branzei et al., 2008; Zhang and

Lawrence, 2005). Both ubiquitin-dependent DDT pathways are

operative in S and G2/M phases of the cell cycle and act on

single-stranded DNA (ssDNA) gaps left behind restarted repli-

cation forks (Branzei et al., 2008; Daigaku et al., 2010; Karras

and Jentsch, 2010; Lopes et al., 2006). By contrast, the third

mechanism, mediated by homologous recombination (HR)

between the newly formed sister chromatids, is believed to act

directly at stalled replication forks in S phase (Heyer et al.,

2010). Although this pathway (termed the HR pathway in the

following) rescues stalled replication, it may give rise to genome

rearrangements (Lambert et al., 2010). SUMOylation of PCNA

keeps certain potentially deleterious HR pathways in check

by recruiting Srs2, which may remove Rad51 from chromatin

(Papouli et al., 2005; Pfander et al., 2005).

Another facet of the DNA damage response is the activation of

DNA damage-induced signal transduction (checkpoint) path-

ways that trigger cell-cycle arrest. Notably, checkpoint signaling

not only provides more time for DNA repair, it also influences

repair reactions directly through posttranslational modification

of critical repair factors (Branzei and Foiani, 2008; Sancar

et al., 2004; Warmerdam and Kanaar, 2010; Zhou and Elledge,

2000). Indeed, the DNA damage sensitivity of checkpoint-

defective cells is not solely due to defects in maintaining cell-

cycle arrest (Jimenez et al., 1992; Lieberman, 1995), suggesting

that elements of the signal transduction pathway may contribute

to DDT (Branzei and Foiani, 2009). Central to the checkpoint

response pathway is the PCNA-like clamp 9-1-1 (Caspari

et al., 2000; de la Torre-Ruiz et al., 1998; Kondo et al., 1999;

Majka and Burgers, 2003; Rhind and Russell, 1998; Thelen
.
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et al., 1999; Venclovas and Thelen, 2000). In contrast to ring-

shaped homotrimeric PCNA, 9-1-1 is built from three distinct

subunits (Ddc1, Mec3, and Rad17 in S. cerevisiae, and Rad9,

Hus1, and Rad1 in humans [hence the term ‘‘9-1-1’’]; Sancar

et al., 2004). Whereas PCNA is loaded on the 30 ends of gapped

DNA (e.g., at replication forks), 9-1-1 is recruited to the 50 ends
(e.g., at damaged sites), where it serves as a sensor for check-

point signaling (Ellison and Stillman, 2003; Majka et al., 2006;

Sancar et al., 2004). Because the 50 ends also become available

after repriming at stalled forks, PCNA-dependent DDT and 9-1-

1-dependent signaling pathways could theoretically initiate in

parallel at ssDNA gaps (Parrilla-Castellar et al., 2004; Schleker

et al., 2009).

In this study we focused on the polyubiquitin-dependent error-

free RAD6 DDT pathway, which remains one of the least under-

stood pathways of the eukaryotic DNA damage response. In

addition to the PCNA polyubiquitylation machinery (Rad6,

Rad18, Ubc13, and Mms2; Hoege et al., 2002), this pathway is

currently known to involve Sgs1, a yeast homolog of the human

BLM protein linked to Bloom’s disease, and DNA topoisomerase

III (Top3) (Branzei et al., 2008; Karras and Jentsch, 2010). The

two proteins, in complex with the structure-specific DNA-

binding protein Rmi1, are thought to disentangle topological

DNA structures (sister-chromatid junctions [SCJs]) that occur

during template switching (Branzei et al., 2008). Although recent

work identified different factors that bind to polyubiquitylated

PCNA, such as Mgs1 (Saugar et al., 2012) and ZRANB3 (Ciccia

et al., 2012; Yuan et al., 2012; Zeman and Cimprich, 2012), the

essential role of the conserved polyubiquitin modification of

PCNA in the error-free RAD6 pathway remains unknown. In

fact, it seems possible that, similarly to K63-linked polyubiquitin

chains in the NF-kB pathway (Liu and Chen, 2011), the K63-

linked polyubiquitin modification of PCNA may fulfill platform

functions for several proteins—not necessarily proteins directly

required for the pathway.

Here, rather than using biochemical approaches to identify

proteins that act along with polyubiquitylated PCNA in the

error-free RAD6 pathway, we designed two genome-wide

genetic screens. Interestingly, our first robot-assisted screen

identified 9-1-1 and its specific loader, Rad24. This and subse-

quent findings prompted us to design a second screen, which

additionally identified the exonuclease Exo1. Our data further

suggest that 9-1-1 operates in the error-free RAD6 pathway in

amanner that is distinct from its canonical function in checkpoint

signaling pathways and is also uncoupled from replication forks.

We conclude with a hypothetical model for how these factors

cooperate with polyubiquitylated PCNA and the template-

switching apparatus in the error-free DDT pathway.

RESULTS

Genetic Screen for Factors Involved in the Error-Free
RAD6 Pathway
To design a robot-assisted, genome-wide genetic screen for

components of the error-free RAD6 pathway, we needed to

obtain stable conditions for its activation. We previously showed

that deletion of POL32, a gene encoding a nonessential subunit

of the replicative polymerase, induces replication stress (accom-
Mo
panied by a cold sensitivity of the strain), thereby triggering

PCNA-ubiquitylation-dependent DDT (Karras and Jentsch,

2010). A pol32Dmutant background is hence a useful instrument

for specifically generating replication stress in cells (Karras and

Jentsch, 2010) while avoiding the use of DNA-damage-inducing

drugs such as methyl-methanesulfonate (MMS), which may not

affect all cells equally. Moreover, unlike MMS treatment, which

induces both error-free and TLS-mediated DDT, only error-free

DDT is induced in the pol32D mutant background, which is

deficient for TLS (Huang et al., 2000). Notably, inactivation of

Sgs1 in pol32D cells results in severe growth defects, most likely

because toxic recombination intermediates that are otherwise

resolved by the Sgs1-Top3-Rmi1 complex accumulate (Branzei

et al., 2008). Because we found that this growth defect is

suppressed by mutations in the genes of factors involved in

the error-free RAD6 pathway (Karras and Jentsch, 2010), we

screened for additional suppressors. We expected that this

screen could potentially identify components of this pathway,

or reveal other pathways involving Pol32 function (Figure 1A).

In addition to genes encoding PCNA polyubiquitylation enzymes

(MMS2, UBC13, and RAD5), which confirmed the validity of

our approach, our screen revealed two prominent classes of

suppressors.

The first class of deletion mutants that suppressed the

synthetic growth defect of sgs1D pol32D consisted of genes

encoding subunits of the 9-1-1 clamp (RAD17 and DDC1) and

of Rad24, a 9-1-1-specific subunit of the RFC clamp loader.

We also confirmed this suppression in another wild-type (WT)

background (Figure 1B). In addition, these deletions, analo-

gously to those of the error-free RAD6 pathway (Karras and

Jentsch, 2010), also suppressed the pronounced cold sensitivity

of pol32D cells (Figure 1C). Notably, inactivation of 9-1-1 or

Rad24 suppressed these pol32D phenotypes slightly more

weakly than deletion of UBC13 (Figure 1C), emphasizing that

PCNA polyubiquitylation lies at the heart of the error-free RAD6

pathway.

The second class of suppressing mutations comprised

deletions of genes that encode proteins of the Shu complex

(SHU1, SHU2, CSM2, and PSY3; Figure S1A available online),

which has been linked to error-free sister-chromatid recombina-

tion and Sgs1-mediated repair (Ball et al., 2009; Huang et al.,

2003; Mankouri et al., 2007; Shor et al., 2005). However, abolish-

ing the Shu complex (shu1D, shu2D, and psy3D) did not alter the

cold sensitivity, the Rad53 hyperphosphorylation status (check-

point activation), or the G2/M arrest caused by the pol32D

deletion (Figures S1B–S1D), indicating that the Shu complex

affects only sgs1D (and not pol32D)-linked phenotypes. We

therefore conclude that 9-1-1, but probably not the Shu complex

(see also Choi et al., 2010), operates in conjunction with polyubi-

quitylated PCNA in the error-free RAD6 pathway.

Involvement of 9-1-1 in Template Switching
A hallmark of error-free DDT pathways is the formation of SCJs

proximal to replication forks (Branzei, 2011). To confirm a

possible role of 9-1-1 in these pathways, we investigated SCJ

accumulation during replication of damaged (MMS-treated)

DNA by performing a two-dimensional (2D) gel electrophoresis

analysis of replication intermediates. Previous works showed
lecular Cell 49, 536–546, February 7, 2013 ª2013 Elsevier Inc. 537
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Figure 1. 9-1-1 Is Required for Error-Free DDT

(A) Screen for mutants that are defective in the error-free RAD6 pathway. The

error-free RAD6 pathway involves polyubiquitylated PCNA and SCJs as inter-

mediates (central diagrams). In pol32D sgs1D double mutants (which experi-

ence replication stress), toxic recombination intermediates (SCJs) accumulate,

causing a synthetic growth defect (upper row). In the mutants of the error-free

RAD6 pathway, the growth defect is suppressed (lower row). Lower scheme:

Outline of a robot-assisted screen for genes involved in the error-free RAD6

pathway. An sgs1D pol32D double mutant harboring a URA3 gene-containing

pCEN-SGS1 plasmid was mated to a library of viable deletion mutants (see

Supplemental Experimental Procedures for details). Cells contain the pCEN-

SGS1 (URA3) plasmid on plates lacking uracil, but are selected against this

plasmidon50-FOAplates. Thus, in thefinal geneticbackground (pol32D sgs1D),

only mutants that are defective in the error-free RAD6 pathway survive.

(B) Loss of 9-1-1 subunits or the Rad24 clamp loader suppresses the growth

defect of sgs1D pol32D double mutants. As in (A), selection against pCEN-
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that SCJs that promote DNA-damage bypass require Rad51 for

their formation but are dissolved by the action of the Sgs1/Top3/

Rmi1 complex (Branzei et al., 2008; Liberi et al., 2005; Vanoli

et al., 2010). Thus, in an sgs1D mutant background, replication

of MMS-damaged DNA results in the accumulation of SCJs

detectable as a spike signal after 2D gel electrophoresis (see

Branzei et al., 2008; Figure 2A, arrowhead [see lower graph for

quantification]). Taking advantage of this readout, we used

sgs1D mutants in the experiments described below to monitor

SCJ formation and hence error-free DDT activity.

Loss of PCNA polyubiquitylation by deletion of UBC13 indeed

severely reduced SCJ accumulation in MMS-treated sgs1D cells

(Figure 2A, 60–120 min panels), in agreement with the essential

role of this modification in the error-free RAD6 pathway (Branzei

et al., 2008). However, prolonged recovery from MMS treatment

resulted in a slow accumulation of SCJs in sgs1D ubc13D cells

(Figure 2A, 180–240 min panels), suggesting that a later-acting

pathway can reestablish SCJs to some extent in the absence

of PCNA polyubiquitylation. Thus, the RAD6 pathway is involved

in SCJ formation early in S phase, and a different pathway

becomes available later on. Because these two error-free

pathways appear to occupy distinct time windows during DNA

replication, we attempted to identify the roles of 9-1-1 in

template switching.

Indeed, 9-1-1 deficiency (rad17D) caused an early defect in

SCJ accumulation comparable to the deletion of UBC13 (Fig-

ure 2A), without affecting the levels of PCNA ubiquitylation

(data not shown). However, 9-1-1 mutants were additionally

defective in the formation of SCJs also at late time points (Fig-

ure 2A). Inactivation of 9-1-1 in ubc13D cells aggravated the

SCJ-formation defect late in the cell cycle (Figure 2A), thereby

revealing a second, late role of 9-1-1 in a template switching

mechanism that is independent of polyubiquitylated PCNA.

These findings therefore suggest that 9-1-1 is involved (at

least with regard to SCJ formation) in at least two different,

temporally separated mechanisms of error-free DDT: an early-

acting pathway linked to the error-free RAD6 pathway and

polyubiquitylated PCNA, and a later pathway, which is probably

an HR-mediated pathway.

To assess a possible late role of 9-1-1 in HR, we utilized

mutant strains deficient in the PCNA-SUMO-Srs2 pathway

(helicase mutant srs2D or SUMO ligase mutant siz1D). These

mutants are proficient in template switching but channel DDT

predominantly through an uncharacterized salvage HR pathway;

hence, additional inactivation of the error-free RAD6 pathway

in these mutants does not further reduce their survival upon

MMS treatment or their ability to form template switch interme-

diates (Branzei and Foiani, 2008; Branzei et al., 2008; Papouli

et al., 2005; Pfander et al., 2005). The suppression of the MMS

sensitivity of rad18D cells by the srs2D mutation required 9-1-1

(Figure 2B; compare lane 4 with lanes 5 and 6). Furthermore,
SGS1 (URA3) on 50-FOA plates reveals a growth defect of pol32D sgs1D cells

that can be suppressed by mutants deficient in PCNA polyubiquitylation

(mms2D) or 9-1-1 (rad17D or ddc1D).

(C) Loss of 9-1-1 subunits or the Rad24 clamp loader suppresses the cold

sensitivity of pol32D. Spotting of 1:5 serial dilutions of cultures on YPD plates

incubated at 30�C for 2.5 days or 17�C for 4 days is shown. See also Figure S1.

.
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Figure 2. Dual Role of 9-1-1 in Error-Free

DDT

(A) SCJ accumulation is linked to 9-1-1 early and

late in the cell cycle. Cycling (cycl) strains sgs1D,

sgs1D ubc13D, sgs1D rad17D, and sgs1D rad17D

ubc13Dwere synchronized in G1with a-factor and

then released in YPD media containing MMS

0.033% v/v. Samples for 2D gel and FACS analysis

were taken at various time points. The highest

value (sgs1D at 240 min) obtained during quanti-

fication of X molecules (SCJs; arrowheads) was

put to 100% for the quantification shown below.

(B) Suppression of the rad18D MMS sensitivity

by srs2D depends on 9-1-1. WT and indicated

mutant cells were spotted on YPD plates con-

taining different MMS concentrations and incu-

bated at 28�C for 3 days. See also Figure S2.
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the MMS sensitivity of cells deficient in Rad51 (required for both

the error-free RAD6 pathway and the HR pathway) was not

further increased by additional 9-1-1-deficiency (rad17D or

ddc1D; Figure S2A). Together, these findings suggest that 9-1-

1 participates in the salvage HR pathway, which is normally

kept in check by PCNA-SUMO. Because SUMOylated PCNA

and Srs2 repress this pathway during S phase, we assume

that this second 9-1-1-dependent pathway becomes available

only later in the cell cycle, at a time when SUMOylated PCNA

levels decline (Karras and Jentsch, 2010).

If 9-1-1 participates in error-free DDT pathways, it is expected

to function without causingmutations. Notably, in the absence of

error-free DDT, the mutagenic TLS-mediated, error-prone RAD6

pathway becomes prominent; hence, mutants in error-free

DDT are usually associated with elevated levels of mutagenesis.
Molecular Cell 49, 536–546
When we determined spontaneous

mutagenesis rates at the CAN1 genomic

locus, we observed that mutagenesis

was �2-fold increased in strains lacking

RAD17 or RAD24 compared with the

WT, and this depended on the TLS poly-

merase Rev3 (Figure S2B). Furthermore,

UV-light-induced mutagenesis was also

slightly increased in 9-1-1-defective cells

at low doses of UV-light irradiation

(Figure S2C; see values at 10 J m�2).

However, at higher UV-light doses, the

9-1-1 mutants exhibited defects in UV-

light-induced mutagenesis (Figure S2C;

see values at 20 and 30 Jm�2), consistent

with the previously reported role of 9-1-1

in the error-prone RAD6 pathway (Pagès

et al., 2009; Paulovich et al., 1998; Phipps

et al., 1985). Further support for a role of

9-1-1 in the error-free RAD6 pathway

comes from the finding that mutants

doubly deficient in 9-1-1 and TLS poly-

merases (ddc1D rev7D, ddc1D rad30D,

or ddc1D rev1D) are more sensitive to

UV light or MMS than the respective
single mutants (Figure S2D). This additive sensitivity of the

double mutants is not caused by an inability of 9-1-1 mutants

to mediate cell-cycle arrest, because DNA damage causes

a G2/M delay (accompanied by residual Rad53 phosphorylation)

in these mutants, yet at higher DNA-damage loads than in WT

cells (data not shown). Notably, the double mutants (ddc1D

rev1D) showed an even more prominent G2/M arrest following

DNA damage than the TLS mutants (rev1D) alone (Figure S2E),

suggesting that 9-1-1 inactivation results in the accumulation

of unrepaired DNA damage. From these findings, we infer that

in addition to its previously identified role in error-prone DNA-

damage-induced TLS, 9-1-1 also operates in two different

error-free DDT pathways: the RAD6 pathway mediated by

polyubiquitylated PCNA, and the salvage HR pathway, which is

kept in check in S phase by SUMOylated PCNA and Srs2.
, February 7, 2013 ª2013 Elsevier Inc. 539
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Figure 3. Interplay between 9-1-1 and PCNA

during DDT

(A) PCNA polyubiquitylation enhances replication

stress-induced G2/M checkpoint signaling. Repli-

cation stress is induced in pol32D, and PCNA pol-

yubiquitylation is absent in ubc13D. Exponentially

growing cultures were arrested in G1 with a-factor,

released into the cell cycle by removing a-factor

by washing and pronase treatment, and grown at

14�C. At the indicated time points, samples were

collected and analyzed by FACS (lower panel) and

western blot using antibodies specific for PCNA,

Clb2, and Rad53. The Pgk1 level served as the

loading control. Modified species of PCNA (U1,

monoubiquitylated; U2, diubiquitylated; and SK164,

SUMOylated at K164) are indicated. The asterisk

denotes a cross-reacting band. The numbers

below the anti-Rad53 panel give the percentage of

phosphorylated Rad53 of the total pool of Rad53.

(B and C) Influence of PCNA polyubiquitylation on

9-1-1 chromatin binding during different cell-cycle

phases upon replication stress. Exponentially

growing cells were synchronized as in (A), and

samples for chromatin-binding analysis were

collected after 3 hr (B, S phase) or 6 hr (C, G2/M

phase) of growth at 14�C. Samples from the indi-

cated extracts (WCE, whole-cell extract; SUP,

supernatant; CHR, solubilizedbyDNasechromatin

fraction; and HS, solubilized by high-salt treatment

of the remaining insoluble fraction, which is en-

riched for histone marks such as H3K4me3) were

analyzed by western blot using the indicated anti-

bodies. A blot for the cytosolic protein Dpm1 is

shown as control. Quantifications of the 9-1-1

subunit Mec3 signal for each strain (normalized

against H2A levels) are plotted below each exper-

iment. One representative experiment is shown

from three different examples. AU, arbitrary units.
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Crosstalk between 9-1-1 and PCNA
Because 9-1-1 is best known for its activity in DNA-damage

checkpoint signaling, we next asked whether its role in the

error-free DDT pathways is also linked to checkpoint function.

To address this possibility, we assayed for Rad53 phosphoryla-

tion, an indicator of checkpoint activation. We found that replica-

tion stress induced by the pol32Dmutant largely failed to induce

Rad53 phosphorylation in cells deficient in 9-1-1-activity

(rad17D, ddc1D, rad24D) compared with 9-1-1-proficient cells

(Figure S1C). In contrast, mutation of the checkpoint proteins

Tel1 and Mrc1 (enzymes known to contribute to Rad53 phos-

phorylation in response to double-stranded breaks and replica-

tion stress, respectively) did not affect checkpoint activation in

the pol32D background (Figure S1C and data not shown). This

suggests that a specific 9-1-1-dependent checkpoint pathway

senses replication stress induced in pol32D cells.

Intriguingly, replication-stress-induced checkpoint activation

was also defective in mutants deficient in PCNA polyubiquityla-

tion. This was indicated by the finding that in pol32D cells that

were additionally defective in PCNA polyubiquitylation (pol32D

ubc13D and pol32D mms2D; Figures 3A, S1C, and S1D; for

pol30-K164R see Karras and Jentsch, 2010), Rad53 phosphory-

lation levels were reduced (compared with pol32D alone); more-

over, the cell-cycle arrest, which was otherwise typical for
540 Molecular Cell 49, 536–546, February 7, 2013 ª2013 Elsevier Inc
pol32D mutants grown at low temperatures, was also less

pronounced. By contrast, loss of components of the HR pathway

(Rad55 and Rad57; Vanoli et al., 2010) did not reduce Rad53

phosphorylation upon pol32D-induced replication stress (Fig-

ure S1C, right lanes). Because 9-1-1 mutants and PCNA

polyubiquitylation-defective mutants exhibit similar defects in

replication-stress-induced checkpoint activation, we examined

the link between polyubiquitylated PCNA and 9-1-1 further.

9-1-1 is known to accumulate on chromatin in response to

DNA damage, where it functions as a DNA damage sensor (Kai

et al., 2001; Roos-Mattjus et al., 2002). Indeed, upon replication

stress (pol32D cells grown at low temperatures), binding of 9-1-1

to chromatin was evident already during S phase (Figure 3B).

However, the pools of chromatin-bound 9-1-1 (Mec3) in S phase

were largely unaffected by additional deletion of UBC13 (Fig-

ure 3B; pol32D ubc13D), suggesting that PCNA polyubiquityla-

tion does not influence 9-1-1’s ability to detect replication stress

under these conditions. By contrast, during the G2/M phase of

the cell cycle, chromatin binding of 9-1-1 was reduced when

PCNA polyubiquitylation was defective (Figure 3C; chromatin

fraction [CHR]: compare pol32D with pol32D ubc13D). This

functional coupling between polyubiquitylated PCNA and 9-1-1

suggests that the two factors may coexist at the same

damaged-DNA sites.
.
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Figure 4. 9-1-1-Dependent Error-Free DDT

Pathways Are Functional in G2/M

(A) G2-RAD17 cells are defective in S phase

checkpoint signaling upon replication stress. Cells

were synchronized as in Figure 3A. Cell-cycle

progression was followed by FACS analysis

(bottom panel) and western blots (upper panels)

using antibodies against Clb2 and Rad53. Pgk1

signals serve as loading control. Top left: G2-

RAD17 expression parallels the expression of

Clb2. Top right: pol32D cells experience replica-

tion stress, which results in S phase delay (see late

emergence of the 2N peak) and Rad53 phos-

phorylation at later time points (G2/M). Bottom left:

S phase is significantly shorter in cells defective in

9-1-1 (rad17D; see early emergence of the 2N

peak). Bottom right: Expression of G2-RAD17

restores Rad53 phosphorylation in pol32D in G2/

M, but does not restore the longer S phase of

pol32D cells (expressingWTRAD17). Note that the

onset of Rad53 phosphorylation occurs earlier in

G2-RAD17 pol32D cells as compared with pol32D

cells, due to the shorter S phase duration. A plot

of phosphorylated Rad53 quantification is shown

in the bottom panel.

(B) G2/M-restricted G2-Rad17 or WT RAD17 is

required for the cold sensitivity of pol32D cells

and supports WT resistance to MMS-induced

DNA lesions. Spotting of 1:5 serial dilutions on

YPD plates supplemented with the indicated

MMS concentrations and grown at 30�C for

2.5 days, or incubated at 17�C for 4 days, is

shown. See also Figure S3.
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9-1-1-Dependent Error-Free DDT Pathways Are
Functional in G2/M
In addition to its role as a DNA-damage sensor, 9-1-1 also acts

as a mediator of checkpoint signaling during every cell-cycle

phase. To address whether 9-1-1’s checkpoint mediator func-

tion is important for error-free DDT in S phase, we needed

a strain specifically defective in 9-1-1’s activities in the G1/S

and S phase checkpoint responses. We took advantage of

the G2 tag (Karras and Jentsch, 2010), which restricts tagged

proteins to the G2/M phase of the cell cycle (due to control

elements of cyclin Clb2), in order to exclude 9-1-1 activity

from G1 and S phases. When the G2-tag-containing DNA

cassette was integrated directly upstream of the RAD17
Molecular Cell 49, 536–546
open reading frame at its endogenous

genomic locus, we found that expression

of the resulting fusion protein (G2-Rad17)

was indeed restricted to the G2/M

phase of the cell cycle (Figure 4A, upper

left; compare G2-Rad17 with Clb2). To

also confirm functional G2/M restriction,

we tested whether G2-RAD17 cells ex-

hibited the expected defects in 9-1-1-

mediated G1/S and S phase checkpoint

signaling. We noticed that S phase pro-

gression (synchronous growth at low

temperatures) was faster for pol32D cells
additionally defective in 9-1-1 (rad17D) than for pol32D cells

alone (Figure 4A). This suggests that the observed S phase

delay of pol32D cells is mainly caused by an activated 9-1-1-

dependent S phase checkpoint (see also Figure 1C). Impor-

tantly, similarly to rad17Dmutants, G2-RAD17 cells were largely

deficient in delaying S phase under these conditions (Figures 4A

and S3A). Likewise, the G1/S checkpoint activation (Gerald

et al., 2002) was strongly diminished in G2-RAD17 cells, as

judged by Rad53 phosphorylation levels upon 4NQO treatment

in the G1 cell-cycle phase (Figure S3B). Thus, the G2 tag

efficiently eliminated 9-1-1’s G1 and S phase checkpoint func-

tions. By contrast, G2-Rad17 was functional (unlike rad17D) in

conducting the pol32D-triggered G2/M checkpoint response,
, February 7, 2013 ª2013 Elsevier Inc. 541
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Figure 5. 9-1-1 Operates in Error-Free DDT

Independently of Rad9

(A and B) The indicated diploid strains were

dissected, and haploid spores were grown at 30�C
for 3 days. Spores derived from the same tetrads

are presented in vertical configuration. Deletions

of RAD24 (A) orMMS2 (B) suppress the lethality of

pol32D rad9D cells.

(C) Schematic description of a robot-assisted

screen for deletion mutant suppressors of rad9D

pol32D’s synthetic lethality.

(D) Deletion of EXO1 suppresses the synthetic

lethality of rad9D pol32D.

(E) Deletion of EXO1 or mutation of its nuclease

active site suppresses the cold sensitivity of

pol32D. Strains bearing the indicated plasmid

(right) were spotted on SC plates lacking leucine

containing MMS or no drug and were incubated at

the indicated temperature.

(F) Increase in spontaneous mutagenesis at the

CAN1 locus by deletion of EXO1 is comparable

and epistatic to deletion of MMS2. Averages and

standard deviations were obtained from three

independent experiments.

(G) Expression levels of WT Exo1 and mutants

expressed exogenously in cells lacking EXO1were

detected using an anti-Exo1 antibody. Pgk1 was

used as loading control.
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as indicated by normal levels of Rad53 phosphorylation during

the G2/M phase of the cell cycle (Figure 4A, lower right; see

quantification data below). Furthermore, G2-RAD17 behaved

like WT RAD17 with respect to sensitivities to MMS and the

cold sensitivity of pol32D cells (Figure 4B), indicating that the

error-free DDT pathways are functional in this strain. It is of

note that the above findings are not limited to the Rad17 subunit

of 9-1-1, as we obtained similar results when we used strains

expressing G2-DDC1 and G2-RAD24 (data not shown). Taken

together, these findings suggest that the participation of 9-1-1

in error-free DDT pathways is independent of its canonical

function in the G1/S and S phase checkpoints. By extension,

the data also suggest that not only the polyubiquitylated

PCNA-dependent error-free RAD6 pathway (Karras and

Jentsch, 2010) but also the 9-1-1-dependent HR pathway
542 Molecular Cell 49, 536–546, February 7, 2013 ª2013 Elsevier Inc.
acts postreplicatively at ssDNA gaps

left behind restarted replication forks.

Uncoupling the Function of 9-1-1
in Error-Free DDT from the G2/M
Checkpoint Response
Because we inferred from our data ob-

tained by the G2 tag experiment that the

role of 9-1-1 in the error-free DDT path-

ways is most likely not linked to G1/S

and S phase checkpoints, we next asked

whether it might instead be linked to

the G2/M checkpoint pathway. We ad-

dressed this option genetically by using

mutants deficient in the G2/M checkpoint
mediator Rad9. Notably, Rad9 is not only critical for DNA

damage-induced Rad53 phosphorylation and G2/M arrest

(Paulovich et al., 1998; Sun et al., 1998; Weinert and Hartwell,

1988) but is also essential for the viability of pol32D cells (Pan

et al., 2006; Figure 5A). This phenotypemay reflect a requirement

in cells that experience replication stress (pol32D) for G2/M

checkpoint signaling in order to delay cell-cycle progression

and thus facilitate replication completion and repair.

Because 9-1-1 and Rad9 have additive effects on the check-

point response (de la Torre-Ruiz et al., 1998), one would expect

the additional 9-1-1-deficiency in pol32D rad9D mutants to be

further detrimental, and hence the triple mutant to also be lethal.

However, we rather found that 9-1-1-deficiency (rad24D or

rad17D) suppressed the synthetic lethality of the pol32D rad9D

double mutant (Figure 5A). This result suggests that 9-1-1
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regulates error-free DDT in a manner independent of its (Rad9-

dependent) G2/M checkpoint function. Because pol32D rad9D

and pol32D sgs1D double mutants are both synthetically lethal,

we tested whether the lethality of the pol32D rad9D double

mutant might be suppressed not only by a deficiency in 9-1-1

but also by a deficiency in PCNA polyubiquitylation. Indeed,

we found that absence of PCNA polyubiquitylation activity

(mms2D) or of the modification site (PCNA-K164R) suppressed

the lethality of pol32D rad9D (Figure 5B; data not shown).

This similarity in phenotypes again indicates that 9-1-1 and

polyubiquitylated PCNA collaborate in the error-free RAD6

pathway. Importantly, it also suggests that the role of 9-1-1 in

error-free DDT pathways is noncanonical, because it seems

to function independently of not only G1/S and S phase check-

point signaling but also the Rad9-mediated G2/M checkpoint

pathway.

Exo1 Participates in Error-Free DDT
Prompted by the finding that mutants in the error-free DDT

pathways (9-1-1 mutants or mutants defective in PCNA polyu-

biquitylation) suppress the synthetic lethality of pol32D rad9D,

we conducted a second genetic screen for error-free DDT

components. We took advantage of our findings that rad9D

pol32D cells expressing G2-POL32 are viable, and that the

expressed fusion protein is quickly degraded upon loss of the

plasmid containing the G2-POL32 allele by counter selection

(plating cells on 50-FOA; data not shown). When we conducted

a robot-assisted screen for surviving mutants (Figure 5C), we

found, in addition to mutants of Mms2 and 9-1-1 (confirming

the validity of our screen), a deletion mutant of EXO1 (Figure 5D).

Because the nuclease Exo1 was also revealed by a different

assay to stimulate the template switch-mediated pathway

(Vanoli et al., 2010), we conclude that Exo1 is indeed a bona

fide component of the error-free RAD6 pathway. Notably,

EXO1 deficiency also rescued the cold sensitivity of pol32D

cells (Figure 5E, upper lane) to a similar degree as mutants

deficient in PCNA polyubiquitylation (mms2D or ubc13D). Simi-

larly to the mms2D mutant, exo1D mutants also showed

increased spontaneous mutation rates, and exo1D mms2D

double mutants had no additive increase in spontaneous muta-

tion rates compared with mms2D (Figure 5F). Furthermore, by

using exo1 mutants deficient in nuclease activity (exo1-D173A

mutation (Tran et al., 2002) or DNA mismatch repair (exo1-

FF447AA; Tran et al., 2007), we found that specifically the

nuclease activity of Exo1 is required for error-free DDT, as

only the nuclease-deficient mutant rescues the cold sensitivity

of pol32D cells (see Figures 5E and 5G for protein Exo1 protein

levels). We thus conclude that both 9-1-1 and Exo1, with its

nuclease activity, act along with polyubiquitylated PCNA in

the error-free DDT pathway.

DISCUSSION

Cellular pathways that mediate tolerance to damaged-DNA

templates are critical for genome stability and cancer suppres-

sion. Important mechanistic insight was provided by the finding

that two major DDT pathways are triggered by monoubiquityla-

tion and polyubiquitylation of PCNA, respectively (Hoege et al.,
Mo
2002). Monoubiquitylation of PCNA was found to specifically

recruit translesion polymerases, revealing the underlying mech-

anism of error-prone DDT (Lehmann et al., 2007; Ulrich, 2007).

By contrast, biochemical or genetic approaches have so far

failed to identify polyubiquitylated PCNA-binding factors that

promote error-free DDT. Previous genetic studies revealed that

recombination-related mechanisms, template switching, and

SCJ-resolving activities are involved (Branzei, 2011; Branzei

et al., 2008; Karras and Jentsch, 2010; Zhang and Lawrence,

2005); however, a coherent picture of how this major DDT

pathway operates is still lacking.

In this study, we aimed to identify DDT factors. Two critical

aspects of the screening strategy involved finding a stable

experimental condition to induce replication stress, and using

a robust assay to detect the activated DDT pathway. In fact,

our previous work indicated that the pol32D mutant might be

ideal for this purpose because it specifically activates the

error-free DDT pathway (Karras and Jentsch, 2010). Notably,

the pol32D condition is highly comparable to MMS treatment:

both delay replication forks and S phase progression via acti-

vation of the S phase checkpoint (Karras and Jentsch, 2010;

Figure 4A), induce PCNA ubiquitylation (Karras and Jentsch,

2010; Figure S1A), and trigger the G2/M checkpoint (Figures 4,

5, and S1). It is thus reasonable to assume that the two con-

ditions result in the accumulation of similar DNA structures.

Yet, the reduced stability of replication intermediates in the

pol32D background (Vanoli et al., 2010) interfered with a direct

visualization of spontaneous recombination structures in these

cells. Thus, we based our strategy on the finding that pol32D

cells require for viability the Sgs1 helicase involved in processing

error-free damage bypass structures, and designed two genetic

screens that yielded DDT components.

In our first screen, we discovered 9-1-1 as a crucial factor in

the error-free RAD6 pathway, and found that it is needed for

normal template switching. Interestingly, our genetic data and

our findings on SCJ formation (using 2D gel electrophoresis)

suggest that 9-1-1 apparently plays two roles in error-free

DDT: an early role (relative to S phase), which is functionally

linked to the polyubiquitylated PCNA-dependent error-free

RAD6 pathway, and a later role, linked to the salvage HR

pathway that is normally (in S phase) kept in check by SUMOy-

lated PCNA and Srs2. When we restricted the expression of

9-1-1 (by the G2 tag) to the G2/M phase of the cell cycle, we

found that 9-1-1 is still operational for the DDT and hence is

uncoupled from the replication fork in S phase. This finding

provides evidence of the temporal organization of the error-

free DDT pathways into a coordinated program. Notably, this

experiment also indicates that the role of 9-1-1 in the error-free

DDT pathways is apparently independent of 9-1-1’s canonical

function in the G1/S and S phase checkpoints. Furthermore,

our genetic data suggest that the function of 9-1-1 in the error-

free DDT pathways is also independent of the Rad9-mediated

G2/M checkpoint. Based on the finding that error-free DDT

mutants can rescue the lethality of rad9D pol32D cells, we per-

formed a second genome-wide screen and searched for other

deletion mutants in the library that could rescue this phenotype

as well. Indeed, this screen successfully identified Exo1 as

another crucial component of the error-free RAD6 pathway.
lecular Cell 49, 536–546, February 7, 2013 ª2013 Elsevier Inc. 543
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Figure 6. Model for the Roles of 9-1-1 in Error-Free DDT Pathways

(A) Replication of damaged DNA results in ssDNA gaps containing the DNA

lesions.

(B) 9-1-1 is loaded on the 50 ends of ssDNA gaps and facilitates S phase

elongation and stabilization of proximal replication forks.

(C and C0) In parallel, template switching is initiated at the 30 ends as a result of

the concerted action of polyubiquitylated PCNA and recombination proteins

(Rad51). Crucial components of each error-free DDT pathway are highlighted.

Exo1 may expand the sizes of the ssDNA gaps. 9-1-1 promotes RAD6-

mediated error-free DDT during S phase (C). In G2/M, 9-1-1 is required for

a fraction of the HR pathway, which is kept in check by SUMOylated PCNA and

Srs2 during S phase (C’). Delaying error-free ssDNA gap filling (e.g., by Pold

defects arising in pol32D cells) may result in increased gap size and robust

activation of the G2/M checkpoint via recruitment of Rad9.

(D) Completion of template switching results in the formation of SCJs

(detectable by 2D gel electrophoresis) that are subsequently dissolved by the

Sgs1/Top3 complex. See also Figure S4.
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Although not all pieces of the puzzle are now assembled to

form acomplete picture, our genetic screens have yielded crucial

mechanistic insights that allow us to hypothesize a model for

DDT (Figure 6). In response to replication stress, ssDNA gaps

accumulate behind stalled or damaged replication forks.

Because of its known property, 9-1-1 is likely loaded to the 50

ends of the ssDNA gap, leaving the 30 end free to engage in

DDT (Figures 6A and 6B). Close to the replication fork, 9-1-1

may be engaged in S phase checkpoint signaling and the stabi-

lization of stalled forks (Figure 6B). However, behind the replica-

tion forks (also in G2/M) 9-1-1 participates in the RAD6 pathway

and probably checkpoint signaling as well (Figure 6C). We

envision that Exo1 is involved in error-free DDT by expanding

the sizes of the ssDNA gaps, to facilitate topological DNA

transactions mediated by recombination factors (Figure 6C).

Polyubiquitylated PCNA, positioned at the 30 end, triggers DDT

via Pold-mediated DNA synthesis (Vanoli et al., 2010). S-phase-

triggered PCNA SUMOylation and Srs2 block an alternative HR
544 Molecular Cell 49, 536–546, February 7, 2013 ª2013 Elsevier Inc
pathway for sister chromatid recombination, which involves 9-

1-1 and becomes active at later stages in the cell cycle, possibly

whenPCNA-SUMOylation levels decline (Figure 6C’). Eventually,

the Sgs1-Top3-Rmi1 complex dissolves SCJs (Figure 6D).

Although our findings do not exclude possible regulation of

template switching by checkpoint pathways, as was recently

proposed (Gangavarapu et al., 2011), they suggest that the

role of 9-1-1 in template switching is largely independent of its

(G1/S, S, and G2/M) checkpoint functions and possibly direct.

Similarly to PCNA, 9-1-1 may also function as a ‘‘tool belt’’

because it has many binding partners (Eichinger and Jentsch,

2011). Indeed, previous studies showed that 9-1-1 and its

loader, Rad24, seem to bind recombination factors such as

Rad51 and Rad57 (Hong and Roeder, 2002; Pandita et al.,

2006), which indeed participate in DDT. Furthermore, human

9-1-1 was recently found in a complex with the Ubc13 and

Rad18 enzymes involved in PCNA polyubiquitylation (Cotta-

Ramusino et al., 2011), possibly indicating that 9-1-1 and

PCNA act in close proximity. Intriguingly, we also found that

Exo1 and the Mec3 subunit of the 9-1-1 clamp physically

interact, as revealed by two-hybrid assays (Figure S4). This sug-

gests that the two components we identified by the two indepen-

dent screens may cooperate intimately in the pathway. More

generally, it seems attractive to hypothesize that the two clamps

bound to DNA, together with the extended K63-linked polyubi-

quitin modification of PCNA, may fulfill scaffold functions for

the coordinated recruitment of factors directly involved in the

error-free RAD6 pathway, and perhaps also for auxiliary factors

that may facilitate or regulate certain steps of the pathway.

Finally, our finding that in addition to its canonical roles in check-

point signaling, 9-1-1 is also crucial for DDT may explain the

puzzling Janus-faced behavior of 9-1-1 in carcinogenesis as

an oncogene and tumor suppressor (Lieberman et al., 2011).

EXPERIMENTAL PROCEDURES

Detailed protocols are given in the Supplemental Experimental Procedures.

Yeast Techniques

The yeast strains used in this study are listed in Table S1. We tagged genes

at their genomic locus with the G2 tag, using plasmid pGIK43 as the template

as previously described (Karras and Jentsch, 2010). A detailed description of

strain construction is given in the Supplemental Experimental Procedures.

Forward mutation rates were measured as tolerance to canavanine by

inactivation of the CAN1 gene as previously described (Karras and Jentsch,

2010). Cell-cycle analysis and fluorescence-activated cell sorting (FACS)

were performed as previously described (Karras and Jentsch, 2010).

Analysis of Replication Intermediates by 2D Gel Electrophoresis

A detailed protocol for sample preparation and signal quantification can be

found in the Supplemental Experimental Procedures. Briefly, 2–4 3 109 cells

were arrested by sodium azide and treated with zymolase to produce sphero-

plasts. Spheroplast pellets were treated with RNase A and cetyl-trimethyl-

ammonium-bromide for 30 min at 50�C. Proteins were subsequently digested

by Proteinase K at 50�C for 1.5 hr at 30�C overnight, and DNA was extracted

with the use of chloroform/isoamylalcohol (24:1). 2D gel electrophoresis,

radioactive probe preparation, and southern blot analysis were performed

as previously described (Branzei et al., 2008).

Chromatin-Binding Assay

For Figures 3B and 3C, 3 3 108 cells were incubated in sodium azide and re-

suspended in sorbitol for zymolase (100T; Seikagaku) treatment. Spheroplasts
.
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were washed twice in sorbitol and lysed in a buffer containing 50 mM K-

acetate, 20 mM HEPES (pH 7.9), 2 mM MgCl2, 1.2 M sorbitol supplemented

with 1% Triton X-100 and protease inhibitors. Total cell extracts were

centrifuged at 12,000 3 g, and chromatin pellets were washed and digested

by DNaseI (Roche) in the presence of 150mMNaCl and 5mMMgSO4. Soluble

material containing chromatin proteins was collected (CHR), and insoluble

proteins were further extracted with 2 M NaCl (high salt [HS]). A detailed

protocol can be found in the Supplemental Experimental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures, one table, and Supplemental

Experimental Procedures and can be found with this article online at http://dx.

doi.org/10.1016/j.molcel.2012.11.016.
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