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Abstract

Through as yet undefined proteins and pathways, the SUMO-targeted ubiquitin ligase (STUbL) suppresses genomic
instability by ubiquitinating SUMO conjugated proteins and driving their proteasomal destruction. Here, we identify a
critical function for fission yeast STUbL in suppressing spontaneous and chemically induced topoisomerase I (Top1)–
mediated DNA damage. Strikingly, cells with reduced STUbL activity are dependent on tyrosyl–DNA phosphodiesterase 1
(Tdp1). This is notable, as cells lacking Tdp1 are largely aphenotypic in the vegetative cell cycle due to the existence of
alternative pathways for the removal of covalent Top1–DNA adducts (Top1cc). We further identify Rad60, a SUMO mimetic
and STUbL-interacting protein, and the SUMO E3 ligase Nse2 as critical Top1cc repair factors in cells lacking Tdp1. Detection
of Top1ccs using chromatin immunoprecipitation and quantitative PCR shows that they are elevated in cells lacking Tdp1
and STUbL, Rad60, or Nse2 SUMO ligase activity. These unrepaired Top1ccs are shown to cause DNA damage, hyper-
recombination, and checkpoint-mediated cell cycle arrest. We further determine that Tdp1 and the nucleotide excision
repair endonuclease Rad16-Swi10 initiate the major Top1cc repair pathways of fission yeast. Tdp1-based repair is the
predominant activity outside S phase, likely acting on transcription-coupled Top1cc. Epistasis analyses suggest that STUbL,
Rad60, and Nse2 facilitate the Rad16-Swi10 pathway, parallel to Tdp1. Collectively, these results reveal a unified role for
STUbL, Rad60, and Nse2 in protecting genome stability against spontaneous Top1-mediated DNA damage.
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Introduction

Efficient DNA repair suppresses spontaneous genetic alterations

that otherwise lead to cell death or transformation. Posttransla-

tional modifications (PTMs) can enhance the efficiency of

individual repair processes and proteins and/or channel repair

through appropriate pathways (e.g. [1,2]). Among these PTMs, the

small proteins ubiquitin and SUMO have gained increasing

recognition as key guardians of chromosomal integrity [1–3].

Related enzymatic cascades covalently attach either SUMO or

ubiquitin to lysine residues within target proteins to modulate their

stability, activity and localization [3]. Each cascade employs

dedicated E1 activating enzymes, E2 conjugating enzymes and E3

ligases that contribute to substrate selection and transfer of the

modifier from the E2 to the target protein [3]. In contrast to the

numerous ubiquitin E3 ligases, there are apparently two major

SUMO E3 ligases in fission yeast called Pli1 and Nse2 [4,5].

Novel crosstalk between the SUMO and ubiquitin pathways is

provided by the recently discovered SUMO-targeted ubiquitin E3

ligases (STUbLs), which ubiquitinate and thereby target SUMO-

modified proteins to the proteasome for degradation [6–8].

Through this novel activity, STUbLs play key but largely

enigmatic roles in maintaining genome stability [9–15]. Fission

yeast STUbL was recently shown to physically interact with Nse5/

6 and Rad60, providing a potential link between STUbL activity

and DNA repair [12]. Nse5/6 are subunits of the Smc5/6 genome

stability complex that is architecturally related to the Cohesin and

Condensin complexes, but interestingly, contains the SUMO E3

ligase Nse2 [16,17].

Mimicry of SUMO was recently discovered as a function of

members of the Rad60 DNA repair protein family, which contain

two SUMO-like domains (SLDs) at their C-termini [18–20]. We

recently determined that Rad60 SLD2 mimics SUMO by

interacting non-covalently with the SUMO E2 conjugating

enzyme Ubc9 at the same interface bound by SUMO [21].

Disruption of the Rad60:Ubc9 interface via a single Rad60

glutamate 380 to arginine mutation (rad60E380R) causes genome

instability and phenotypes associated with dysfunction of the

SUMO pathway [21]. Interestingly, rad60E380R cells, like STUbL

mutant cells, are dependent on both the Holliday junction (HJ)

endonuclease Mus81-Eme1 and the RecA recombinase Rhp51

(Rad51) for viability in the absence of exogenous stress [12,21].

Given the specific role of Mus81-Eme1 in replication fork restart

[22,23], this suggests that for as yet undefined reasons, replication
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forks are prone to collapse in Rad60 and STUbL mutant cells. A

potential source of fork collapse in these mutant cells are stalled

covalent topoisomerase I (Top1)-DNA adducts that are encoun-

tered during replication [24]. In budding yeast, covalent Top1-

DNA adducts called Top1 cleavage complexes (Top1cc) are

efficiently removed by several repair factors acting in parallel,

including tyrosyl-DNA phosphodiesterase (Tdp1; [24–26]). The

corresponding fission yeast pathways and their relative contribu-

tions to Top1cc repair have not been defined. However, fission

yeast Tdp1 was found to process Top1-independent lesions arising

from oxidative stress in quiescent fission yeast [27]. In budding

yeast, Tdp1 also affects Top1-independent repair processes, such

as enhancing the fidelity of non-homologous end-joining by

producing a 39-phosphate at the exposed ends of DNA double

strand breaks [28].

Here, we determine that STUbL, together with the physically

associated DNA repair protein Rad60 and the Nse2 SUMO E3

ligase, suppresses spontaneous Top1-induced DNA damage.

When STUbL, Rad60 or Nse2 functions are compromised, cells

require Tdp1 to repair both spontaneous and induced Top1-

dependent DNA damage, which otherwise results in genomic

instability, cell cycle checkpoint activation and/or cell death. This

is a striking result because Tdp1 mutant fission yeast cells are

weakly sensitive to the Top1 poison camptothecin (CPT), due to

redundancy with as yet unknown factors (our results and [27]).

This primary finding provides mechanistic insight on how STUbL,

Rad60 and Nse2 dysfunction can negatively impact genome

stability. In addition, we show that Tdp1 is redundant with the

fission yeast Ercc1-Xpf homologs, Rad16-Swi10, and that the

absence of both pathways is lethal due to an inability to repair

spontaneous Top1cc. Epistasis analysis suggests that STUbL acts

in the Rad16-Swi10-initiated pathway for Top1cc repair.

Furthermore, we find that Tdp1 predominates in the repair of

replication-independent Top1cc lesions. Collectively, our data

support a function for the evolutionarily conserved STUbL,

Rad60 and Nse2 proteins in mitigating DNA damage caused by

covalent Top1-DNA complexes, which arise as byproducts of

normal cellular metabolism.

Results

STUbL and Tdp1 Define Parallel Pathways for the Repair
of Top1cc

To probe the cause of replication fork collapse identified in

STUbL mutant fission yeast [12], we constructed a double mutant

between the hypomorphic STUbL allele, slx8-1, and tdp1D, and

analyzed their sensitivity to CPT. The slx8-1 allele contains a

mutation of a non-conserved cysteine residue (C218) to tyrosine,

which is within the RING finger domain but is not expected to

affect zinc coordination [29]. Phenotypes of slx8-1 are normally

only apparent at the restrictive temperature of 35.5uC [12]. Tdp1

is an enzyme largely dedicated to the removal of stalled Top1cc

[25,26,30]. Whereas either single mutant exhibited wild-type

sensitivity, slx8-1 tdp1D cells were synergistically sensitive to CPT,

even at the slx8-1 permissive temperature of 25uC (Figure 1A).

This result indicates that STUbL and Tdp1 define parallel or non-

overlapping pathways for the repair of Top1cc. Importantly, slx8-1

tdp1D cells were as sensitive to the replication fork stalling agent

hydroxyurea (HU) as the slx8-1 single mutant (Figure 1A),

indicating that the genetic interdependency of slx8-1 and tdp1D
is specific to Top1-dependent lesions.

To distinguish between stabilization of Top1ccs or a repair

defect downstream of Top1 removal in slx8-1 tdp1D cells, we

utilized chromatin immunoprecipitation (ChIP) of Top1 in the

absence of formaldehyde crosslinking, followed by quantitative

PCR (qPCR) to specifically detect Top1cc. To avoid propagating

the sick slx8-1 tdp1D cells and possible selection of suppressors, we

placed Top1 under the repressible nmt41 promoter at its

Figure 1. STUbL mutant tdp1D cells are synergistically sensitive
to CPT and have increased spontaneous Top1cc levels. (A) Serial
dilutions of the indicated strains were spotted onto media with or
without the indicated drugs. (B) ChIP-qPCR assays of an nmt41-
inducible Top1-FLAG in the indicated strains, at the subtelomeres of Chr
2 (telo2R), the centromeric inner repeats of Chr 2 (cnt2), the rDNA
(rDNA2), and upstream of mes1 on Chr 1. The data represents the
average DNA recovery compared to the input DNA samples with
standard deviations from four independent experiments. ChIP-qPCR
data of nmt41-Top1-FLAG slx8-1 tdp1D cells grown in repressing media
(+B1) acts as a negative control. Cells were grown at 25uC.
doi:10.1371/journal.pgen.1001320.g001

Author Summary

The failure of cellular DNA repair mechanisms can lead to
cancer, neurodegeneration, or premature aging. Although
much is known about specific DNA repair mechanisms, an
understanding of how these processes are critically
orchestrated by post-translational modifiers such as SUMO
and ubiquitin is in its infancy. We identified an intriguing
family of E3 ubiquitin ligases called STUbLs that act at the
interface between the SUMO and ubiquitin pathways, and
through undefined proteins and pathways maintain
genome stability. Here we show that dysfunction of
STUbL, an associated SUMO-like protein called Rad60, or
the Nse2 SUMO E3 ligase converts the normally benign
topoisomerase I (Top1) activity into a genome destabiliz-
ing genotoxin. Normally, Top1 transiently introduces a
break in one strand of the DNA duplex allowing DNA to
unwind. However, these transient breaks are converted
into recombinogenic DNA lesions when STUbL, Rad60,
Nse2, and parallel pathways that we identify are compro-
mised. This study reveals important regulatory circuits
reliant on STUbL, Rad60, and Nse2 that insulate the
genome from the potentially harmful effects of Top1,
which may otherwise promote cancer or neurodegenera-
tion. Furthermore, Top1 is a major chemotherapeutic
target, and so our findings may aid in the development of
more efficacious Top1-based therapies.

STUbL and Rad60 Facilitate Genome Lesion Repair
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endogenous locus and included the FLAG epitope for ChIP

analyses. With Top1 expression induced, a significant elevation of

Top1cc was detected in the slx8-1 tdp1D double mutant at 3 out of

4 loci tested (Figure 1B). As ChIP-qPCR in the absence of

formaldehyde crosslinking is a novel application for high-

sensitivity detection of Top1cc, we performed key controls to

verify its utility. First, the low background signal under conditions

that repress Top1 expression support the specificity of the assay

(Figure 1B and Figure S1A). Furthermore, to control for the

contribution of non-catalytic Top1 DNA-binding to the ChIP-

qPCR signal, we generated and expressed a Top1 catalytic mutant

(Top1 Tyrosine 773 mutated to Phenylalanine, Top1Y773F) to

compare with the otherwise identical wild-type FLAG-Top1 allele.

Despite equivalent levels of protein expression, Top1Y773F

generated a weak ChIP-qPCR signal, significantly below that

observed for wild-type Top1 in a wild-type background (Figure

S1B and S1C). Importantly, the Top1Y773F ChIP-qPCR signal did

not change, irrespective of the genetic background e.g. slx8-1

tdp1D (Figure S1B). In addition, slx8-1 tdp1D top1Y773F triple

mutant cells were as insensitive to CPT treatment as slx8-1 tdp1D
top1D triple mutant cells, demonstrating the specificity of the slx8-1

tdp1D genetic interaction for Top1cc (Figure S1D and S1E).

Finally, because CPT-induced Top1cc would be expected to

reverse rapidly under our assay conditions, we measured Top1cc

in the presence or absence of CPT. As expected for reversible

CPT-induced Top1cc, we did not detect a significant difference in

ChIP-qPCR signal between the CPT treated or control samples

(Figure S1F). Thus, our controls confirm that in slx8-1 tdp1D
double mutants there are increased spontaneous covalent Top1-

DNA adducts and furthermore, reveal that these Top1cc are not

readily reversible, unlike those induced by CPT.

Top1-Dependent DNA Damage Checkpoint Activation in
slx8-1 tdp1D Cells

Next, we wanted to determine whether STUbL activity was also

required to prevent Top1cc-dependent DNA damage during

unchallenged growth in Tdp1-deficient cells. Whereas single slx8-1

and tdp1D mutants exhibit near wild-type growth, the slx8-1 tdp1D
double mutant cells are synthetically sick and highly elongated

even at the permissive temperature for slx8-1 (Figure 2A).

Strikingly, an slx8-1 tdp1D top1D triple mutant is wild-type in

appearance, demonstrating that the sickness of slx8-1 tdp1D cells is

Top1-mediated (Figure 2A). Consistent with the evolutionary

conservation of STUbL function, expression of the human STUbL

RNF4 suppresses the slx8-1 tdp1D phenotype to a similar extent

observed with fission yeast Slx8 (Figure S2; [12]).

The elongated phenotype of slx8-1 tdp1D cells is reminiscent of

fission yeast following exposure to genotoxic agents, activation of

the DNA damage checkpoint and consequent delay in cell cycle

progression [31]. We therefore assessed checkpoint activation in

slx8-1 tdp1D cells by monitoring Chk1 phosphorylation and also,

abrogated the checkpoint by deleting Chk1. Western analysis of

Chk1 revealed no detectable checkpoint activation in slx8-1 single

mutant cells, low level activation in tdp1D cells and an apparent

increase in slx8-1 tdp1D double mutant cells (Figure 2B). Deleting

Chk1 in slx8-1 tdp1D cells dramatically reduced their length,

similar to the effect of deleting Top1 (Figure 2A). Deletion of an

upstream activator of Chk1, Rad3 (ATR), in slx8-1 tdp1D cells also

suppressed cell elongation (Figure 2A). The highly elongated cell

phenotype of slx8-1 tdp1D cells is thus due to activation of the

DNA damage checkpoint, indicating the presence of spontaneous

DNA lesions in these cells.

As STUbL degrades certain SUMO conjugated proteins and

the slx8-1 tdp1D phenotype is Top1-dependent, we tested whether

STUbL regulates Top1 itself. We first determined that Top1 is

sumoylated in a manner dependent on the major E3 SUMO ligase

Pli1 (Figure S3). We then assayed Top1 sumoylation in slx8-1,

tdp1D and slx8-1 tdp1D cells versus wild-type at the permissive

temperature, or in slx8-1 cells at the restrictive temperature. No

detectable change in the sumoylation status of Top1 was observed

under any of the conditions tested (Figure S3). However, we

cannot exclude deregulation of a minor fraction of sumoylated

Top1, such as that on chromatin in the form of Top1cc.

Spontaneous Top1-Dependent DNA Damage in slx8-1
tdp1D Cells

To assay the presence of DNA damage in slx8-1 tdp1D cells, we

analyzed Rad52 (S. pombe Rad22) and RPA (S. pombe Rad11) DNA

repair foci by live cell fluorescence microscopy in strains that either

express YFP-tagged Rad22 or Rad11 from their endogenous loci.

Compared to wild-type, both slx8-1 and tdp1D exhibited elevated

levels of repair foci (Figure 3A). Strikingly, greater than 60% of

slx8-1 tdp1D double mutant cells contained Rad22-YFP foci

Figure 2. STUbL mutant tdp1D cells activate the DNA damage
checkpoint in a Top1-dependent manner. (A) Upper: graph
depicting the average cell length of the indicated strains grown in
liquid media at 25uC. The error bars represent 95% confidence intervals
between three independent experiments. Lower: representative images
of the indicated genotypes are shown. (B) Western blot analysis of
whole cell lysates from the indicated strains expressing HA-tagged Chk1
from the endogenous locus (long and short exposures are shown). The
uppermost bands (asterisk) in the top panel are phosphorylated Chk1.
Ponceau is shown as a loading control.
doi:10.1371/journal.pgen.1001320.g002

STUbL and Rad60 Facilitate Genome Lesion Repair
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(Figure 3A). As activation of the G2 DNA damage checkpoint in

slx8-1 tdp1D double mutants is Top1-dependent (Figure 2A) we

analyzed the effect of deleting Top1 on the observed DNA repair

foci. Cells deleted for Top1 have a characteristic increase in

double Rad22-YFP foci that are associated with nucleoli and likely

represent the rDNA loci (Figure 3A). Double mutant slx8-1 tdp1D
cells that exhibit a profound cell cycle delay have elevated levels of

large single Rad22-YFP foci as compared to wild-type and the

single mutants, which exhibit no checkpoint-dependent delay in

cell cycle progression (Figure 3A). Notably, slx8-1 tdp1D top1D
triple mutant cells have a similar spectrum of Rad22-YFP foci as

the top1D single mutant and consistently, show no cell cycle delay

(Figure 2A and Figure 3A). This observation suggests that the

excess of large single DNA repair foci evident in slx8-1 tdp1D cells

is responsible for checkpoint activation. Furthermore, these results

demonstrate that Top1 causes physical DNA damage in slx8-1

tdp1D cells. The number and type of Rad22-YFP foci in slx8-1

tdp1D was not affected in the chk1D background (Figure 3A).

The hyper-elongated phenotype of slx8-1 tdp1D cells may reflect

a role for Slx8 (STUbL) in normal resumption of the cell cycle

following checkpoint activation. However, when challenged with

the DNA damaging agents CPT or methyl methanesulfonate

(MMS), slx8-1 cells showed a wild-type profile of cell cycle arrest

(checkpoint activation) and release (checkpoint inactivation;

Figure 3B).

Top1cc Stimulates Recombination in slx8-1 tdp1D Cells
When STUbL activity is attenuated and Tdp1-based repair is

absent, our data indicate that spontaneously occurring Top1cc’s

generate DNA damage and activate the DNA structure check-

points. Such DNA damage would be anticipated to be

recombinogenic. Therefore, we measured recombination rates in

Figure 3. STUbL mutant tdp1D cells exhibit elevated Top1-dependent DNA damage and spontaneous genomic instability. (A) Upper
left: live cell images of the indicated strains expressing Rad22-YFP (Rad52). Upper right: graph depicting the percentage of nuclei containing one,
two, or multiple Rad22-YFP foci using live-cell microscopy in the indicated genotypes. Error bars represent the standard deviations from three
independent experiments. Base: Table depicting the percentage of nuclei containing one or more Rad22-YFP or Rad11-YFP (RPA) foci in the indicated
genotypes. Standard deviations are derived from three independent experiments. (B) Log phase cultures of slx8-1 and wildtype cells were treated
with 40 mM CPT or 0.008% MMS. G2 checkpoint arrest and recovery was monitored through determining the percentage of septated cells at the
indicated times. (C) Table depicting frequency of spontaneous mitotic recombination between tandem adenine heteroalleles in the indicated strains.
Rates represent the mean of the means, between at least three independent assays per strain. All experiments were incubated at 25uC.
doi:10.1371/journal.pgen.1001320.g003

STUbL and Rad60 Facilitate Genome Lesion Repair
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the slx8-1 tdp1D double mutant versus the single mutants using an

ade6 heteroallele system [32]. We observed a 12-fold increase in

recombination in the slx8-1 tdp1D double mutant versus 1.5 and 5-

fold for slx8-1 and tdp1D, respectively (Figure 3C). Notably, the

increased recombination rate in the slx8-1 tdp1D double mutant is

Top1-dependent, consistent with the Top1-dependency of excess

DNA repair foci in these cells (Figure 3A, 3C). In addition, we

found that slx8-1 tdp1D cells depend on the major HR factor

Rad51 (Rhp51) for viability (Table 1). Thus, consistent with the

accumulation of HR foci and elevated spontaneous recombination

in slx8-1 tdp1D cells (Figure 3A, 3C), unrepaired Top1cc generates

a recombinogenic substrate that requires Rhp51-dependent HR

repair.

Functional Intersection of DNA Repair Protein Rad60 with
STUbL

We have previously shown that Rad60 physically interacts with

STUbL and shares several mutant phenotypes with the STUbL

slx8-1 allele [12,21]. In particular, a Rad60 mutant unable to

interact with the SUMO E2 Ubc9, rad60E380R makes cells prone to

replication fork collapse [21]. Thus, we also tested the dependency

of rad60E380R cells on Tdp1, and found that the rad60E380R

mutation is synthetically lethal with Tdp1 deletion (Figure 4A).

Consistent with Top1cc being the major target of Tdp1, the

lethality of rad60E380R tdp1D double mutants is suppressed by

concomitant deletion of Top1 (Figure 4A). We extended this tetrad

analysis using a random spore approach that allows many meiotic

progeny to be analyzed in one experiment. The genotypes of more

than 1000 progeny from a cross between rad60E380R top1D and

tdp1D were analyzed. Importantly, the single mutants, the

rad60E380R top1D and top1D tdp1D double mutants, and the

rad60E380R tdp1D top1D triple mutant were all readily recovered.

However, no rad60E380R tdp1D double mutants were identified

indicating that rad60E380R cells require Tdp1 for viability as

observed in our tetrad analysis. To further analyze this

phenomenon, we used the nmt41-Top1 system to regulate Top1

levels, and constructed an nmt41-top1 rad60E380R tdp1D strain under

conditions that repress Top1 expression. With Top1 expression

repressed, rad60E380R tdp1D, rad60E380R and tdp1D strains all grew

similarly in the absence or presence of a low dose of CPT

(Figure 4B). Notably however, upon induction of Top1, rad60E380R

tdp1D cells grew poorly as compared to either single mutant and

exhibited synergistic hypersensitivity to CPT (Figure 4B). These

Table 1. Summary of genetic interactions of tdp1D cells.

Strain Genetic interaction with tdp1D

rad60E380R Lethal*

slx8-1 Synthetic sick*

swi10D Lethal*

rhp51D None (additive upon CPT treatment)

rhp51D slx8-1 Synthetic lethal

rad32D None (additive upon CPT treatment)

mus81D None (additive upon CPT treatment)

rad13D None

uve1D None

uve1D rad13D None

Interactions were analyzed by tetrad dissection and/or random spore analysis.
Where tested, asterisks denote phenotypes suppressed by top1D.
doi:10.1371/journal.pgen.1001320.t001

Figure 4. The Rad60:Ubc9 complex and the Nse2 SUMO E3
ligase are essential to protect tdp1D cells from Top1-induced
DNA damage. (A) A representative tetrad dissection is shown from a

STUbL and Rad60 Facilitate Genome Lesion Repair
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data indicate that in either single mutant Top1cc repair is

relatively efficient compared to the rad60E380R tdp1D double

mutant and that the lethality of rad60E380R tdp1D cells is due to

Top1 activity.

Increased Top1cc in rad60E380R tdp1D Double Mutant
Cells

We next applied the Top1cc ChIP-qPCR assay as for slx8-1

tdp1D cells, and detected low levels of Top1cc at the tested loci in

wild-type, rad60E380R and tdp1D single mutants (Figure 4C).

Consistent with a defect in the processive repair of Top1cc in

the rad60E380R tdp1D double mutant, there was a significant

increase in Top1cc at 3 out of the 4 loci tested in these cells

(Figure 4C). Specificity of the assay for Top1cc was again

confirmed by performing ChIP-qPCR on rad60E380R tdp1D cells

in which either the expression of Top1 was repressed, or the

catalytic mutant Top1Y773F was expressed instead (Figure 4C and

Figure S1B-S1D). Western analysis shows equal expression of

Top1 in these strain backgrounds and the absence of detectable

Top1 in the repressed control strain (Figure S1B-S1D and S1G).

Thus, like STUbL, the Rad60:Ubc9 complex constitutes a key

activity in the mitigation of Top1-mediated DNA damage in a

pathway distinct from that initiated by Tdp1.

Increased Top1cc in Cells Lacking Nse2 SUMO E3 Ligase
Activity and Tdp1

Rad60 and STUbL both physically and functionally interact

with the Smc5/6 complex, which contains the Nse2 SUMO E3

ligase [12,19,21]. Given the intimate association of STUbL and

Rad60 function with the SUMO pathway, we tested the potential

role of Nse2-dependent sumoylation in supporting Top1cc repair

in tdp1D cells. To do this we combined the SUMO ligase defective

Nse2 mutant, nse2-SA, with a Tdp1 deletion. Using ChIP-qPCR

with nmt41-Top1, we detected significantly elevated Top1cc that

were specific to the nse2-SA tdp1D double mutant background

(Figure 4D and Figure S1B-S1D and S1H). Furthermore, nse2-SA

tdp1D cells were poorly viable and their growth defects were

rescued by deletion of Top1 or expression of the catalytic mutant

Top1Y773F (Figure 4E and Figure S1B-S1D). We did not observe

any growth defect of cells lacking both Tdp1 and the SUMO E3

ligase Pli1 (not shown). Thus, a functionally related ‘‘hub’’ of

proteins, including STUbL, Rad60 and the SUMO E3 ligase

Nse2, is required to suppress Top1-dependent DNA damage when

Tdp1 activity is compromised.

Top1cc Repair Requires Either the Tdp1 or Rad16-Swi10
Pathway

The synthetic sickness and synergistic sensitivity to CPT observed for

rad60E380R or slx8-1 with tdp1D, indicates that these factors act in non-

redundant pathways for the repair of spontaneous and induced Top1cc.

In budding yeast, the Xpf-Ercc1 family endonuclease Rad1-Rad10

initiates a major pathway parallel to Tdp1 [33,34]. We therefore tested

the contribution of the fission yeast Xpf-Ercc1 family endonuclease

Rad16-Swi10 to the repair of spontaneous Top1cc in the absence of

Tdp1. Strikingly, tetrad analyses demonstrated that the tdp1D swi10D
double mutant is inviable due to the presence of irreparable Top1-

dependent lesions (Figure 5A). This function of Rad16-Swi10 is

independent of its nucleotide excision repair (NER) roles as deletion of

another component of NER, Rad13 (XPG) shows no genetic

interaction with tdp1D (Table 1). Similarly, deletion of the Uve1 DNA

repair endonuclease, which incises 59 to several DNA lesions, is not

synthetic sick with tdp1D (Table 1). Hence, the role of Rad16-Swi10 in

repairing/preventing Top1-induced DNA-damage is likely attributable

to its 39-flap endonuclease activity as concluded in S. cerevisiae [33,34]. It

should be noted, in budding yeast there is apparently additional

redundancy in the repair of Top1cc over fission yeast, as cells lacking

both Tdp1 and the Rad16-Swi10 homologues Rad1-Rad10 are viable,

but exhibit a Top1-dependent growth defect [34].

To examine the parallel functions of Tdp1 and Rad16-Swi10 in

fission yeast, we employed our nmt41-Top1-Flag system to

generate a viable tdp1D swi10D double mutant. When Top1

expression was repressed, the tdp1D swi10D double mutant grew

slightly slower than either single mutant, likely due to the inability

to completely shut off the nmt41 promoter (Figure 5B). Strikingly,

even under Top1-repressed conditions the tdp1D swi10D double

mutant was exquisitely sensitive to CPT, whereas the growth of

either single mutant was unaffected (Figure 5B, upper panels).

Furthermore, induction of Top1 expression in the absence or

presence of CPT rapidly killed the tdp1D swi10D double mutant,

but neither single mutant (Figure 5B, lower panels). Consistently,

elevated Top1cc were detected by ChIP-qPCR in the swi10D
tdp1D double mutant versus the single mutants (Figure S4A and

S4B). As expected, the toxicity of Top1 in tdp1D swi10D cells

depends on Top1 catalytic activity, as the double mutant is

refractory to expression of the Top1Y773F mutant (Figure S4C).

Collectively, these data indicate that Tdp1 and Rad16-Swi10

define the predominant pathways for the initiation of the repair of

spontaneous and induced Top1cc.

The fission yeast Rad32 (Mre11)-Rad50-Nbs1 (MRN) complex,

which is a central HR factor, has also been implicated in the direct

removal of Top1cc [35]. In light of the finding that Tdp1 and

Rad16-Swi10 define the essential parallel pathways for Top1cc

removal, we believe it is likely that MRN functions mainly

downstream of Top1cc removal in its well-defined HR role.

Consistent with this hypothesis and distinct from the synthetic

lethality/sickness of rad60E380R, slx8-1, nse2-SA or swi10D in

combination with tdp1D, the rad32D tdp1D double mutant grows

comparably to the rad32D single mutant (Table 1 and Figure 5C).

Similarly, the rhp51D tdp1D and mus81D tdp1D double mutants

grow as well as the rhp51D and mus81D single mutants, respectively

(Table 1 and Figure 5C). Thus, HR factors including MRN are

not essential for the response to spontaneous Top1cc in tdp1D cells.

We also tested the CPT sensitivity of rad32D tdp1D, rhp51D tdp1D
and mus81D tdp1D, which all exhibited a similar degree of

additivity over the respective single HR mutants (Figure 5C).

These data are consistent with partially non-overlapping roles of

Tdp1 and the HR machinery in CPT-induced Top1cc repair.

This could indicate that either Rad51, Mus81 and Rad32 can

directly remove Top1cc, or as we suggest, the delayed removal of

cross between rad60E380R and top1D tdp1D double mutant cells. The key
depicts the genotypes present, which are denoted by various shapes
placed around each colony. Wildtype cells do not have a shape placed
around them. (B) Serial dilutions of the indicated strains expressing
Top1 under a thiamine repressible promoter were spotted onto control
or CPT containing media with (+B1) or without (-B1) thiamine to repress
or induce Top1 expression, respectively. All strains were incubated at
32uC. (C) ChIP-qPCR assays of an nmt41-inducible Top1-FLAG in the
indicated strains at the subtelomeres of Chr 2 (telo2R), the centromeric
inner repeats of Chr 2 (cnt2), the rDNA (rDNA2), and upstream of mes1
on Chr 1. The data represents the average DNA recovery compared to
the input DNA samples with standard deviations from at least three
independent experiments. ChIP-qPCR data of nmt41-Top1-FLAG ra-
d60E380R tdp1D grown in repressed media (+B1) is shown as a negative
control. Cells were grown at 25uC. (D) ChIP qPCR assays of the indicated
strains as in (C). (E) Cells of the indicated genotype were restruck
directly from tetrad dissection plates onto YES media. Cells were
incubated at 32uC.
doi:10.1371/journal.pgen.1001320.g004
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Top1cc in tdp1D cells causes fork collapse, which then engages the

HR-dependent replication restart pathway [22].

Tdp1 Pathway Protects Cells from Replication-
Independent Top1cc Lesions

The preferred pathways for the removal of Top1cc during

either transcription or replication are poorly defined [30]. In

wild-type fission yeast, CPT induces cell cycle arrest at the G2/M

boundary in a replication-dependent manner [36]. This data

indicates that the generation of DNA damage checkpoint-visible

lesions requires replication forks to collide with Top1ccs [30].

Interestingly, while testing the acute response of cells lacking

either Tdp1 or the Rad16-Swi10 pathways to CPT treatment, we

detected a striking difference in growth inhibition of each mutant.

The addition of CPT to asynchronous cultures resulted in a rapid

growth arrest of tdp1D but not wild-type or swi10D cells

(Figure 6A). This phenomenon was dependent on both Top1

and the G2/M checkpoint kinase Chk1 (not shown). Both wild-

type and swi10D cells arrested with kinetics consistent with

passage through S phase and arrest in the subsequent G2 phase

(Figure 6A). Although the growth of unchallenged tdp1D cells is

indistinguishable from wild-type (our unpublished observations

and [27]), we considered the possibility that tdp1D cells may

exhibit delayed completion of S phase and thus, addition of CPT

would cause first cycle replication-coupled DNA damage and

G2/M checkpoint activation. Therefore, we treated asynchro-

nous tdp1D and wild-type cells with the replication-blocking agent

hydroxyurea (HU) and monitored growth. As anticipated, tdp1D
and wild-type cells arrested with the same kinetics (Figure 6B),

which is consistent with the known requirement for passage into S

phase for the action of HU in fission yeast [37]. To confirm that

Tdp1 mediates replication-independent Top1cc DNA damage

repair, we co-treated wild-type and tdp1D cells with both HU and

CPT and scored growth. Again, tdp1D but not wild-type cells

arrested first-cycle, demonstrating that this is a replication-

independent phenomenon (Figure 6C). Top1 is a known SUMO

substrate in several species; however, the role of SUMO

modification is unknown. As described earlier, Top1 is SUMO-

modified in a manner solely dependent on Pli1 (Figure S3). It has

been suggested that sumoylation of Top1 might be a repair

response [38], or required for efficient Top1cc formation [39].

Either of these responses might modulate the rapid arrest kinetics

of tdp1D cells treated with CPT. However, pli1D tdp1D double

mutant cells that lack Top1 sumoylation arrest with the same

rapid kinetics of tdp1D cells (Figure 6D), whereas pli1D cells arrest

with wild-type kinetics (data not shown). Overall, these data

reveal a previously undefined dominant role for fission yeast

Tdp1 in suppressing replication-independent Top1-induced

DNA damage.

A Potential Role for STUbL in Rad16-Swi10 Initiated
Top1cc Repair

Given that STUbL is critical in the absence of Tdp1, we tested

whether it acts in the Rad16-Swi10 initiated pathway by

generating an slx8-1 swi10D double mutant and comparing it to

either single mutant. In stark contrast to slx8-1 tdp1D, the slx8-1

swi10D double mutant did not exhibit synthetic sickness and was

no more sensitive to CPT than the swi10D single mutant

(Figure 6E). In keeping with a key role in nucleotide excision

repair, Swi10 mutant cells were hypersensitive to UV irradiation,

whereas slx8-1 cells were insensitive to this agent as expected

(Figure 6E). The absence of synergistic CPT sensitivity in slx8-1

swi10D double mutant cells, coupled with the fact that Tdp1 and

Rad16-Swi10 initiate the critical Top1cc repair pathways, is

consistent with STUbL facilitating the Rad16-Swi10-dependent

pathway. Due to the sickness of swi10D tdp1D, it was not possible

to generate a triple mutant with slx8-1 to perform additional

confirmatory epistasis analyses. Further supporting their overlap-

ping functions parallel to those of Tdp1, both slx8-1 and swi10D
cells arrest with similar delayed (wild-type) kinetics in response to

CPT treatment (Figure 3B and Figure 6A).

Figure 5. Tdp1-deficient cells depend on Swi10, but not on
homologous recombination repair factors, to prevent Top1-
induced cell death. (A) A representative tetrad dissection is shown of
a cross between swi10D and the top1D tdp1D double mutant. The key
depicts the genotypes present, which are denoted by various shapes
placed around each colony. Wildtype cells do not have a shape placed
around them. (B) Serial dilutions of the indicated strains expressing
Top1 under a thiamine repressible promoter were spotted onto control
or CPT containing media with (+B1) or without (-B1) thiamine to repress
or induce Top1 expression, respectively. (C) Five fold serial dilutions of
the indicated strains were spotted onto rich media that contained
either no drug (YES), or camptothecin (CPT). Plates were incubated at
32uC.
doi:10.1371/journal.pgen.1001320.g005
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Discussion

Suppression and efficient repair of spontaneous DNA damage is

crucial to limit genetic changes that can cause cell death,

transformation, or accelerate the aging process. Understanding

the molecular basis for these defenses is thus vital to improve our

current models of disease and aid novel chemotherapeutic

strategies. Our collective results show that STUbL, the STUbL-

interacting Rad60:Ubc9 complex, and the Nse2 SUMO E3 ligase

are critical for responding to spontaneous Top1cc-mediated DNA

lesions.

Detection of Top1cc in tdp1D cells that are also hypomorphic

for STUbL, Rad60 or Nse2 by ChIP-qPCR reveals important

information about the nature of these lesions. Top1cc induced by

CPT are normally readily reversible upon drug removal, due to

completion of the Top1 catalytic cycle [24]. This raises the

question: why are the Top1cc we detect in the absence of

crosslinking or denaturing conditions stable? The answer likely lies

in the propensity for Top1 to become irreversibly trapped at

lesions in DNA, such as nicks or larger gaps, which are potentially

common due to failed or stalled base excision repair (BER)

[40,41]. In addition to our ChIP-qPCR data, our genetic analyses

provide strong support for the formation of spontaneous and

intrinsically stable Top1ccs. For example, deleting Top1 or

mutating the Top1 catalytic site suppresses the synthetic lethality

of tdp1D and swi10D mutants (Figure 5A and Figure S4C).

Therefore, even in the absence of exogenous agents, Top1 can

form stable Top1ccs that require either Tdp1 or Rad16-Swi10-

mediated removal to prevent cell death. Thus, ChIP-qPCR is a

valuable novel application for the identification of a subset of

Top1ccs.

In contrast to budding yeast, we determined that fission yeast

lacking both Tdp1 and Rad16-Swi10 (S. cerevisiae Rad1-Rad10) are

inviable due to their inability to repair spontaneous Top1-

dependent DNA damage. In budding yeast, Tdp1 or multiple

redundant activities, including Rad1-Rad10, initiate Top1cc

repair [33,34]. Thus, the genetic dependency of fission yeast

tdp1D cells on Rad60, STUbL and Nse2 indicates that this group

of SUMO pathway regulators may facilitate Top1cc processing by

Rad16-Swi10.

We showed that the human STUbL, RNF4, is able to

functionally substitute the Slx8-based fission yeast STUbL in

Top1cc repair. Further supporting evolutionary conservation of

the STUbL-dependent Top1cc repair pathway, the strongest

negative genetic interactors of tdp1D in budding yeast are the non-

essential STUbL components slx5D and slx8D [42]. Consistent

with redundancy in the processing of spontaneous Top1cc in

budding yeast, and in keeping with our findings in fission yeast,

Tdp1 mutants show no increased dependency on HR factors

during unchallenged growth ([33,34,42]; Figure 5C).

Figure 6. STUbL facilitates Top1cc repair in the Rad16-Swi10
pathway. (A) Log phase cultures of the indicated strains were treated
with 40 mM CPT and checkpoint arrest and recovery was monitored
through determining the percentage of septated cells at the indicated
times. (B) As for (A), except cultures were treated with 15 mM HU. (C) As
for (B), except cultures were co-treated with 15 mM HU and 40 mM CPT.
(D) The indicated strains were treated with CPT and checkpoint arrest
and recovery were monitored as in (A-C). In all of these graphs, the
asynchronous septation index was set at 100% for that observed at time
zero in each strain studied. (E) The indicated strains were serially diluted
and spotted on drug-free or CPT rich media, or were UV-irradiated at
the indicated dose, and incubated at 25uC.
doi:10.1371/journal.pgen.1001320.g006
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The involvement of STUbL, Rad60 and Nse2 in Top1cc repair

is intriguing, as each factor is functionally connected with the

SUMO pathway [7,21,43], and human Top1 is extensively

SUMO-conjugated when stalled in the cleavage complex

[38,39,44,45]. SUMO conjugation to Top1 may affect many

processes including directing Top1 subcellular localization,

initiating the repair signal or enhancing Top1cc levels

[38,39,44,45]. The human Top1cc is also subject to ubiquitin-

dependent proteasomal degradation [46–48], which may allow

subsequent access of DNA repair factors to the otherwise occluded

Top1 active site tyrosyl-DNA linkage [49,50]. A recent mass

spectrometric study found that mammalian Top1cc was modified

extensively with SUMO-2/3 and ubiquitin following CPT

treatment [45]. Such modifications are consistent with SUMO-

modified human Top1cc being targeted by STUbL-dependent

ubiquitination prior to proteasomal degradation (see [6,7]). Unlike

human Top1, we find that fission yeast Top1 is not as extensively

SUMO modified, and this sumoylation is not increased upon CPT

treatment (Figure S3 and data not shown). In addition, we have

not detected hyper-sumoylated Top1 in fission yeast STUbL

mutants or STUbL tdp1D mutants (Figure S3). However, as such a

small proportion of total Top1 is sumoylated, functionally

important changes could be masked. Because a single unrepaired

Top1cc per cell could account for the checkpoint response and

death of slx8-1 tdp1D cells; STUbL-mediated degradation of

Top1cc, stimulated by Rad60:Ubc9 and Nse2 remains a

possibility.

It should be noted that cells lacking the predominant Top1

SUMO E3 ligase Pli1 are not sensitive to CPT, whereas those

lacking the Nse2 SUMO E3 ligase are hypersensitive to CPT

[4,51]. Furthermore, Rad60 and STUbL physically and function-

ally associate with the Smc5–6 complex, of which Nse2 is a core

component [12,18,19]. Thus, it is conceivable that an Nse2-

dependent sumoylation target other than Top1 is at the hub of this

Top1cc repair network. In keeping with this, we find that nse2-SA

tdp1D double mutants accumulate Top1cc that cause the observed

severe sickness of these cells (Figure 4D and 4E). Determining

whether Top1 or other potential STUbL, Rad60:Ubc9 or Nse2

targets are responsible for the observed repair defect in tdp1D cells

will require the development of novel genetic and proteomic

approaches, which will be the focus of future endeavors.

Conceptually, either Tdp1 or Rad16-Swi10 could process

Top1cc encountered during transcription, initiating single strand

break repair to heal the resulting lesion without the involvement of

HR (Figure 7). However, if a replication fork encounters a Top1cc

and collapses, HR is required to restart replication. In tdp1D cells,

the number of lesions encountered during replication may increase

due to defective Top1cc removal during transcription, and this

could explain the observed additive CPT sensitivity of tdp1D
rhp51D (and other HR factor) double mutants. This is supported

by our data indicating that in fission yeast, Tdp1 is the

predominant replication-independent Top1cc repair activity, most

likely acting in a transcription-coupled manner. However, as tdp1D
cells are dependent on Rad16-Swi10, but not HR factors for

viability, Rad16-Swi10 must be able to initiate HR-independent

Top1cc repair. Supporting replication-independent Tdp1 func-

tions, Tdp1 mutation can cause degeneration of post-mitotic cells

such as neurons [52]. In the absence of both Tdp1 and Rad16-

Swi10, the burden of unrepaired Top1cc leads to lethality. In this

scenario, neither single strand break repair nor HR can proceed.

In light of the well-characterized role of Rad16-Swi10 in budding

yeast (Rad1-Rad10) as a 39 flap endonuclease, we propose that in

tdp1D swi10D cells HR cannot engage due to the Top1cc blocking

the DNA 39 terminus (Figure 7). Within our model, STUbL,

Rad60:Ubc9 and Nse2 facilitate Top1cc removal by Rad16-

Swi10. Our data does not exclude the possibility that STUbL,

Rad60:Ubc9 and Nse2 may also act to suppress genomic lesions

that favor stable Top1cc formation. Other factors may act in the

removal of Top1cc from 39 termini such as MRN [35]; however,

in light of the synthetic lethality of tdp1D and swi10D, as opposed

to the observed epistasis between tdp1D and rad32D during normal

growth, such contributions appear minor.

By combining genetic, physical and mutational analyses, we

here identify a unifying and critical role for STUbL, Rad60:Ubc9

and Nse2 in DNA repair. While these factors have additional non-

overlapping roles (indicated by the Top1-independent lethality of the

rad60E380R slx8-1 double mutant [21]), they apparently collaborate

in processing potentially lethal or genome destabilizing spontane-

ous Top1cc lesions. High-throughput observations in budding

yeast (see above) and the RNF4 rescue-experiment indicate that

Figure 7. Model depicting the parallel actions of Tdp1 and
Rad16-Swi10 in Top1cc removal, potentially facilitated by
STUbL, Rad60:Ubc9, and Nse2. In wild-type cells, Tdp1 efficiently
removes Top1cc (black circle), leaving a substrate for single strand
break repair (SSBR) or homologous recombination (HR). In the absence
of Tdp1, Top1cc is converted into a checkpoint visible lesion (shaded
oval) that arrests cell cycle progression in a Chk1-dependent manner.
Top1cc can ultimately be removed by Rad16-Swi10, a process that may
be facilitated by STUbL, Rad60:Ubc9 and Nse2. SSBR or HR can then
heal the resulting lesion.
doi:10.1371/journal.pgen.1001320.g007
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the pathways we have defined in fission yeast are likely to

contribute to Top1cc repair in other species. Top1 is an important

chemotherapeutic target but acquired resistance to chemotherapy,

via up regulation of repair factors or reduction in Top1 levels, is a

common cause of therapeutic failure ([24,30,53] and refs. therein).

Thus, our data implicating the evolutionarily conserved STUbL,

Nse2 and Rad60:Ubc9 factors in Top1cc repair may aid

therapeutic strategies. Currently, the presented results characterize

a critical STUbL-Rad60-Nse2 DNA repair function acting parallel

to Tdp1, potentially in a pathway initiated by the Xpf-Ercc1

family DNA endonuclease Rad16-Swi10. More broadly, these

STUbL-Rad60-Nse2 results provide key knowledge on how cells

deal with the genotoxic effects of spontaneous Top1-induced DNA

damage.

Materials and Methods

General Yeast Techniques and Drug Treatments
Standard yeast methods were performed as described [54].

Top1 was N-terminally tagged at its endogenous locus using

nmt41-3FLAG, as described previously [55]. The Top1 catalytic

mutant was generated by site directed mutagenesis (Quikchange;

Stratagene). Drugs were obtained from Sigma–Aldrich. Table S1

lists the strains used in this study.

Microscopy
Cells were either grown on solid media at 25uC for 3 days and

resuspended in 1 x PBS before imaging, or cultured in

supplemented minimal media to mid-log phase at 25uC, and

analyzed with a Nikon Eclipse E800 microscope equipped with a

Photometrics Quantix charge-coupled device camera. Images were

analyzed with ImageJ (NIH, http://rsbweb.nih.gov/ij/). For cell

length comparisons at least 100 cells per strain were measured. Data

represents the average cell length in units defined by ImageJ with

95% confidence intervals. For indirect fluorescence at least 300 cells

were analyzed for each strain. Data represents the average of three

independent experiments with standard deviations.

Determination of Septation Index
Log phase cultures (OD600 of ,0.3–0.4) were treated with

40 mM CPT, 0.008% MMS, or 15 mM HU. Septation was

monitored using a Zeiss Axioscope 20. After 4 h, MMS was

washed out and cells were transferred to medium without drug to

allow recovery. For comparison between the slx8-1 and wild type

strain a minimum of 175 cells were scored for each data point.

Data represents the average of four experiments with standard

deviations.

S. pombe Protein Lysate Preparation and
Immunoblotting

Cultures were grown at the permissive temperature (25uC) for

the slx8-1 allele to mid-log phase for all experiments (except where

otherwise indicated). Top1-FLAG cells were cultured overnight in

minimal media containing thiamine. Cultures were then washed

and diluted into minimal media either with or without thiamine,

grown for an additional 48 h and harvested. Cells were lysed in

8 M Urea, 50 mM Tris pH 8, 50 mM NaH2PO4, 300mM NaCl,

and Complete Protease Inhibitors EDTA-free (Roche, IN). Chk1-

HA cells were grown over night in rich media, lysed in 50 mM

Tris pH 8, 150 mM NaCl, 2.5 mM EDTA, 10% glycerol, 0.2%

Nonidet P-40, 90 mM NaF, Complete Protease Inhibitors EDTA-

free, and 5 mM phenylmethylsulfonyl fluoride (PMSF). Protein

samples were separated by SDS-PAGE on 4-20% Tris-glycine gels

(Invitrogen, CA) for Top1-FLAG and 8% acrylamide gels (99%)

for Chk1-HA. Immunoblotting was performed as previously

described [21,23,56,57].

Detection of Sumoylated Top1
Top1-TAP cells were grown over night at either 30uC, or at

the permissive temperature (25uC), then cultured at the semi-

permissive temperature (30uC) on day two, and shifted to the

restrictive temperature (36uC) for 6 h on day three, to inactivate

the slx8-1 allele. Top1-TAP cells were lysed using the buffer

described above for Chk1-HA, supplemented with 60 mM N-

ethyl maleimide (NEM) that lacked glycerol. Protein extracts

were incubated with IgG-Sepharose beads (GE healthcare) at 4uC
for 2 h, washed and separated by SDS-PAGE on 4-8% Tris-

glycine gels (Expedeon, CA) followed by western blotting. For

denaturing Nickel pull downs, Top1-Myc and 6His-Pmt3

expressing strains were grown overnight in rich media at the

permissive temperature (25uC). Cells were lysed in 8 M Urea

buffer described above for Top1-FLAG, supplemented with

60 mM NEM. Equal amounts of total protein per strain were

incubated with Ni-NTA Superflow beads (Qiagen) for 1.5 hrs

rotating at room temperature. Beads were washed and analyzed

by SDS-PAGE on 4–8% Tris-glycine gels followed by anti-Myc

western blotting.

Chromatin Immunoprecipitation
ChIP experiments were essentially performed as published [57]

with minor modifications. In order to capture covalent Top1-

DNA complexes, cells were not treated with formaldehyde.

4.56108 cells were lysed by bead beating in buffer L (50 mM

HEPES KOH pH 7.4, 140 mM NaCl, 1 mM EDTA, 0.1%

Triton, 0.1% Na-Deoxycholate, Complete Protease Inhibitors

EDTA-free, and 5 mM PMSF). After bead beating the Triton-X

concentration of the buffer was brought to 1%. DNA was

sonicated to 500–800 bp using the Sonicator 3000 (Misonix, NY)

equipped with a cup horn for 3620 seconds at power level 10, in

1 minute intervals. Protein extracts were normalized to the lowest

protein concentration (1–2 mgs final) between strains. Lysates were

then incubated with Protein-G Dynabeads (Invitrogen, CA) pre-

bound with FLAG antibodies (M2, F1804, Sigma). Following a

2 h pull-down at 4uC, immunocomplexes were washed 3 times in

buffer L (1% Triton-X), 2 times in Buffer H (buffer L with

500 mM NaCl), 2 times in buffer D (10 mM Tris-HCl pH 8,

250 mM LiCl, 1 mM EDTA, 0.5% NP40, 0.5% Na-deoxycho-

late), and one time in 10 mM Tris-HCl pH 8, 1 mM EDTA. The

DNA was eluted off the Dynabeads by heating in 10 mM Tris-

HCl pH 8, 10 mM EDTA, at 70uC for 15 minutes. The protein

was digested with 0.5 mg/ml final concentration Proteinase K

(Invitrogen, CA) for 2 h at 50uC. The DNA was purified using the

PureLink PCR purification Kit (Invitrogen, CA). For each

experiment, the percentage DNA recovery of ChIP samples

relative to the DNA amount in the input was averaged over

triplicate qPCR measurements. Data represents the average of at

least three independent experiments with standard deviations.

Primer sequences for cnt2, telo2R, mes1 and rDNA2 have been

published [58,59].

Determination of spontaneous recombination rates
Spontaneous mitotic recombination rates between Adenine

heteroalleles were determined by fluctuation tests as described

[32], using the ade6-L469/pUC8/ura4+/ade6-M375 heteroallele

system [60]. For each assay, four independent colonies were

analyzed. Each assay was repeated independently at least three

times. Assays were performed at 25uC.

STUbL and Rad60 Facilitate Genome Lesion Repair

PLoS Genetics | www.plosgenetics.org 10 March 2011 | Volume 7 | Issue 3 | e1001320



Supporting Information

Figure S1 Top1-FLAG expression and functional analysis of

strains used for ChIP-qPCR assays. (A) Western blot analysis of

whole cell lysates from the indicated strains immunoblotted with

anti-FLAG antiserum. The strains were cultured in supplemented

minimal media that either induced (-B1), or repressed (+B1) nmt41-

Top1-FLAG expression. Cells were induced at 25uC for 48 hours

prior to harvesting. Top1-FLAG is similarly expressed in wt, slx8-

1, and slx8-1 tdp1D strains. (B) ChIP-qPCR analysis of the

indicated strains expressing either nmt41-Top1-FLAG (wildtype) or

a catalytically inactive nmt41-top1Y773F-FLAG mutant. The data

represents the average DNA recovery compared to the input DNA

samples with standard deviations from three independent

experiments when nmt41-Top1-FLAG is induced. Cells were

induced at 25uC for 48 hours prior to harvesting. (C) Western blot

analysis of whole cell lysates from the indicated strains immuno-

blotted with anti-FLAG antiserum. The strains used for the ChIP

analysis described in (B) were analysed; each strain shows similar

expression of the top1Y773F construct compared to wildtype Top1-

FLAG. (D) Five fold serial dilutions of the indicated strains were

spotted onto media that induced expression of the nmt constructs,

which contained either no drug, or 150 mM CPT. Plates were

incubated at 32uC. (E) Five fold serial dilutions of the indicated

strains were spotted onto media that induced expression of the nmt

constructs, which contained either no drug, or the indicated

concentration of CPT. Plates were incubated at 25uC. (F) ChIP-

qPCR analysis of Top1-FLAG expressing wildtype cells, either

treated or not with 50 mM CPT for 1 hour prior to harvesting.

The data represents the average DNA recovery compared to the

input DNA samples with standard deviations from three

independent experiments when nmt41-Top1-FLAG was induced.

Cells were induced at 25uC for 48 hours prior CPT treatment and

harvesting. (G) and (H) Top1-FLAG expression analysis as

described in (A) repeated for the indicated strains, except in (G)

an untagged wildtype control is also shown.

Found at: doi:10.1371/journal.pgen.1001320.s001 (1.08 MB TIF)

Figure S2 Expression of pSlx8 and Human pRNF4 suppresses

the slx8-1 tdp1D phenotype. The slx8-1 tdp1Ddouble mutants were

transformed with vectors expressing Slx8, human RNF4, or an

empty Glutathione-S-transferase (GST) control, and then grown at

25uC, either in inducing conditions (supplemented minimal media

without thiamine: left panels) or in rich media to repress

expression and allow vector loss (YES: right panels). Cells were

cultured for 20 hours until reaching mid-log phase before

photographing. The elongated phenotype of slx8-1 tdp1D is

rescued when pSlx8 and pRNF4 are present, and induced.

Found at: doi:10.1371/journal.pgen.1001320.s002 (3.59 MB TIF)

Figure S3 Pli1-dependent Top1 SUMO modification appears

unchanged in the slx8-1 background. (A) Representative anti-TAP

western blots are shown following IgG pulldowns from the

indicated strains expressing TAP-tagged Top1 from the endoge-

nous locus. The sumoylated forms of Top1-TAP are indicated by

asterisks. Left: expression of a vector containing GFP-tagged Pmt3

retards gel migration of the Top1-SUMO species by the amount

expected for a monosumoylated Top1-SUMO-GFP. Center:

Top1 monosumoylation is undetectable in pli1D cells. Right:

Top1 monosumoylation appears unaffected by STUbL inactiva-

tion. All strains in this experiment were incubated at the restrictive

temperature for slx8-1 (36uC). (B) Western blot analysis of whole

cell lysates from the indicated strains expressing Top1-Myc 6

6His-Pmt3 from their endogenous loci, after denaturing Ni-NTA

pulldowns (long and short exposures are shown). The mono-

sumoylated species of Top1 is indicated (Top1-Pmt3). All

experiments were performed at 25uC.

Found at: doi:10.1371/journal.pgen.1001320.s003 (3.01 MB TIF)

Figure S4 swi10D tdp1D have elevated levels of Top1ccs but are

not sensitive to oxidative damage caused by H2O2. (A) ChIP-

qPCR assay of the indicated strains. The data represents the

average DNA recovery compared to the input DNA samples with

standard deviations from at least three independent experiments

when nmt41-Top1-FLAG is induced. ChIP-qPCR data of nmt41-

Top1-FLAG swi10D tdp1D grown in repressed media (+B1) is

shown as a negative control. Cells were induced at 25uC for

48 hours prior to harvesting. (B) Anti-FLAG western blot analysis

of the strains used for the ChIP analysis shown in (A). (C) Cells of

the indicated genotype were restruck onto plates that either

repressed (+B1), or induced expression of the nmt promoter in the

presence or absence of the indicated concentration of CPT. Cells

were cultured at 32uC. (D) Five fold serial dilutions of the indicated

strains were spotted onto media, which either contained no drug,

H202, or camptothecin (CPT) at the indicated concentrations.

Plates were incubated at 32uC. No profound sensitivity of swi10D
tdp1D top1D cells as compared to wild-type or spc1D cells was

observed. This was anticipated due to the known robust and stress-

inducible catalase activity in fission yeast, and the key role of Apn2

phosphodiesterase in processing the 39 blocked end generated by

Nth1-dependent AP site incision e.g. [Hida Y., Ikeda S. (2008)

Base excision repair of oxidative DNA damage in a catalase-

deficient mutant of schizosaccharomyces pombe. Genes and

Environment 30, 86–91. Kanamitsu K., Ikeda S. (2010) Early

Steps in the DNA Base Excision Repair Pathway of a Fission Yeast

Schizosaccharomyces pombe. J Nucleic Acids 2010].

Found at: doi:10.1371/journal.pgen.1001320.s004 (5.73 MB TIF)

Table S1 S. pombe strains used during this study.

Found at: doi:10.1371/journal.pgen.1001320.s005 (0.08 MB

DOC)
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