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Fun30 is a Swi2/Snf2 homolog in budding yeast that has been shown to remodel chromatin both in vitro and in vivo. We report
that Fun30 plays a key role in homologous recombination, by facilitating 5=-to-3= resection of double-strand break (DSB) ends,
apparently by facilitating exonuclease digestion of nucleosome-bound DNA adjacent to the DSB. Fun30 is recruited to an HO
endonuclease-induced DSB and acts in both the Exo1-dependent and Sgs1-dependent resection pathways. Deletion of FUN30
slows the rate of 5=-to-3= resection from 4 kb/h to about 1.2 kb/h. We also found that the resection rate is reduced by DNA dam-
age-induced phosphorylation of histone H2A-S129 (�-H2AX) and that Fun30 interacts preferentially with nucleosomes in which
H2A-S129 is not phosphorylated. Fun30 is not required for later steps in homologous recombination. Like its homolog Rdh54/
Tid1, Fun30 is required to allow the adaptation of DNA damage checkpoint-arrested cells with an unrepaired DSB to resume cell
cycle progression.

Chromatin structure and modifications play central roles in the
ability of eukaryotic cells to sense and repair chromosomal

breaks. Both the Snf5 subunit of the Swi2/Snf2 chromatin remod-
eler and the Swi2/Snf2 homolog Rad54 are required in the repair
of a double-strand break (DSB) by gene conversion. In the well-
studied case of yeast mating-type (MAT) gene switching, induced
by site-specific HO endonuclease cleavage, Rad51-mediated
strand invasion of the heterochromatic HML donor sequence de-
pends on Snf5 (5). Strand invasion can occur without Rad54, but
the necessary displacement of histones, apparently to facilitate the
initiation of new DNA synthesis from the 3= end of the invading
strand, fails to occur (24, 59). Rad54 and two related proteins,
Rdh54/Tid1 and Uls1, have also been implicated in displacing
Rad51 from nonspecific associations with double-stranded DNA
to allow the recombinase protein, which is not present in abun-
dance, to bind to single-stranded DNA (ssDNA) that is produced
by exonucleases degrading the DSB ends in a 5=-to-3= direction
(9). In addition, the RSC chromatin remodeling complexes have
been shown to facilitate repair (5, 51, 55).

In budding yeast, as in mammals, the most immediate and
notable alteration in response to DNA damage is the phosphory-
lation of histone H2A (H2AX in mammals), known as �-H2AX,
which covers about 50 kb of DNA around a single DSB (30, 56). In
mammals, �-H2AX serves to recruit many DNA repair factors,
such as 53BP1, and the absence of this modification markedly
reduces recombinational repair of DSBs between sister chroma-
tids (3, 19, 69). In budding yeast, the spreading of �-H2AX is
required for the establishment of damage-induced cohesion be-
tween sister chromatids; thus, in a strain carrying the histone
H2A-S129A mutation, which prevents phosphorylation, sister
chromatid repair is reduced (58, 62). The presence of �-H2AX
also extends the time that cells remain arrested prior to anaphase
by the DNA damage checkpoint (28). The prolongation of arrest
involves the spreading of �-H2AX across the centromere of the
damaged chromosome and the activation of the spindle assembly
checkpoint (17).

Very little is known about how �-H2AX is removed from a
damaged region after repair is complete. The histones are dephos-

phorylated by the Pph3 phosphatase, but this apparently occurs
only after the histones have been displaced from DNA (28).
�-H2AX is not simply rapidly turned over, as inactivating the
Mec1 (ATR) and Tel1 (ATM) checkpoint kinases responsible for
the modification does not lead to a rapid displacement of �-H2AX
(30). Presumably this displacement requires the agency of a chro-
matin remodeler, but to date the identity of this protein has not
been established. Experiments have ruled out a role for Arp4, a
common subunit of the Ino80, Swr1, and NuA4 chromatin re-
modelers (J.-A. Kim and J. E. Haber, unpublished observation).
Similarly, we have shown that neither the Asf1 nor CAF-1 histone
chaperone is involved in removing �-H2AX (29). However, Asf1
and CAF-1 are apparently involved in the re-establishment of
chromatin after a DSB is repaired, and in the absence of both Asf1
and the CAF-1 subunit Cac1, repair at the DNA level is complete
but cells fail to turn off the DNA damage checkpoint and thus fail
to resume cell cycle progression (29).

When the DSB cannot be readily repaired, as a result of dele-
tion of the HML and HMR donor sequences that are normally
used to repair an HO-induced DSB at MAT, cells remain arrested
by the Mec1-dependent DNA damage checkpoint for 12 to 15 h,
but then they adapt, turning off the checkpoint signals (35). We
and other labs have identified several adaptation-defective muta-
tions. Adaptation fails in the absence of the PP2C phosphatases
Ptc2 and Ptc3, which are needed to dephosphorylate Rad53
(Chk2), or in the absence of casein kinase II, which in turn is
needed to phosphorylate Ptc2 (22, 37, 61). The DNA helicase Srs2
is also required for adaptation, possibly in its role to displace
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Rad51 or other damage-associated proteins from DNA after re-
pair (64, 67). Among the adaptation-defective mutations is the
chromatin remodeler Rdh54/Tid1 (36), but the reason for its de-
fect is unknown. In contrast, there is no adaptation defect when
Rad54 is absent.

In most cases, we do not know why cells fail to adapt. Initially
we postulated that increased 5=-to-3= resection generated a stron-
ger signal that kept the checkpoint active (35). Thus, cells failed to
adapt when the amount of resection was doubled or when a cell
had two unrepaired DSBs. Permanent arrest was suppressed by
deleting Mre11, which lowered the rate of resection but still al-
lowed the establishment of the checkpoint (35). The idea that the
rate of resection might regulate the persistence of checkpoint ar-
rest was supported by the demonstration that short deoxyoligo-
nucleotides—the presumed products of a helicase-endonuclease
that resects DNA ends—stimulate the checkpoint response in
Xenopus extracts (27). However, there now does not seem to be a
clear correlation between resection rate and adaptation in bud-
ding yeast. For example, in contrast to deletion of Mre11, deletion
of Sae2, which also slows resection, is adaptation defective (11,
12). Indeed, as we show below, deletion of the Sgs1 (BLM) helicase
responsible for generating deoxyoligonucleotides in yeast proves
to be itself adaptation defective.

For several reasons, then, we became interested in the possible
role of another Swi2/Snf2 homolog, Fun30, in both repair and
checkpoint signaling. Fun30 has recently been shown to be an
ATPase that can facilitate transfer of H2A-H2B dimers and sliding
of nucleosomes in vitro (1). Cells lacking Fun30 are viable, al-
though they exhibit synthetic lethality with defects in ORC pro-
teins, which are required to initiate new DNA synthesis (13, 50). In
addition, fun30� cells show a mild weakening of heterochromatin
structure at the HMR locus (68) and in maintaining budding
yeast’s centromere function (18). Fun30 also affects the distribu-
tion of the histone H2A variant, Htz1, across the genome (18). The
Schizosaccharomyces pombe homolog of Fun30 (Fft3) has also
been shown to play a role in maintaining heterochromatin in si-
lenced regions (57).

We wished to know whether Fun30 would be required for any
steps in homologous recombination, whether it might be respon-
sible for the removal of �-H2AX from chromatin after DNA had
been repaired, or whether it might play a role in DNA damage
signaling. We report that Fun30 does have a distinctive role in
homologous recombination, namely, in facilitating 5=-to-3= resec-
tion of DNA ends. Fun30 acts in both 5=-to-3= resection pathways
represented by Exo1 and Sgs1, apparently by interacting with and
presumably remodeling nucleosomes around the DSB. We found
that resection is accelerated about 2-fold in a strain lacking the
�-H2AX modification and that Fun30 interacts less strongly in
vitro with histones carrying a phosphomimetic H2A-S129E. We
also report that cells lacking Fun30 are adaptation defective, much
like Rdh54/Tid1 cells.

MATERIALS AND METHODS
Yeast strains. All yeast strains used in this study are described in Table 1.
Deletions of open reading frames (ORFs) were carried out using single-
step-PCR-mediated transformation of yeast colonies as described in ref-
erence 65 or introduced by genetic crosses. Primer sequences are available
on request. FUN30 wild-type and fun30(K603R)-containing plasmids
were a kind gift from Patrick Varga-Weisz and are described in further

detail in the work of Neves-Costa et al. (50). The 2� pGAL-EXO1 plasmid
was also described in an earlier publication (34).

Viability and adaptation assays. Viability and adaptation assays were
carried out as previously described (28, 32, 38). For viability assays, the
relevant strains were grown overnight in yeast extract-peptone (YEP)-
lactate medium and then spread onto YEPD and YEP-Gal plates in trip-
licate to obtain roughly 100 to 150 cells per plate. The survival rate is
calculated by dividing the number of cells that grew on YEP-Gal plates by
those that grew on YEPD.

Nonhomologous-end joining (NHEJ) was assayed by measuring the
proportion of MAT� cells lacking HML and HMR that could survive
continuous expression of HO endonuclease by misaligned rejoining of the
4-bp 3=-overhanging HO-cut DSB ends as described previously (48).

Adaptation assays were carried out using the protocol described by
Dotiwala et al. (16). Strains were grown either on YEP-EG plates or in
liquid dropout medium containing raffinose, if a plasmid had to be main-
tained, and were then plated onto YEP-Gal plates. Single, unbudded G1

cells were micromanipulated using a dissection needle into a grid pattern
containing 50 to 100 cells in each experiment. The percentage of cells
adapted at any time point was calculated by diving the number of cells that
were beyond the 2-cell (G2/M) arrest stage by the total number of cells
arranged.

ChIP. Chromatin immunoprecipitation (ChIP) of �-H2AX was car-
ried out as described in reference 56 using an antibody against �-H2AX
purchased from ABCAM(15083). ChIP against Fun30 was carried out
using a strain expressing a C-terminally FLAG-tagged version of the pro-
tein, transcribed at the normal FUN30 locus, as described by Chen et al.
(8). Anti-FLAG antibody (M2) was purchased from Sigma.

Western blotting. Western blotting was carried out using the trichlo-
roacetic acid (TCA) protocol described by Pellicioli et al. (53). Protein
lysates were separated on 6% sodium dodecyl sulfate polyacrylamide-gel
electrophoresis (SDS-PAGE) gels, transferred to PVDF membranes, and
blotted with anti-RAD53 antibodies generously provided by M. Foaini
(IFOM, Milan, Italy).

qPCR resection assay. Cells were grown to approximately 5 � 106

cells/ml in YEP-lactate and induced with 2% galactose. Cells were har-
vested at intervals, and DNA was extracted by vortexing with glass beads
and phenol. For quantitative PCR (qPCR), dilutions of DNA from the 0-h
time point prior to galactose induction were used for calibration samples,
and values for loci at various distances from the DSB were measured
relative to these samples. Similarly, several qPCR values were acquired and
averaged for an independent locus (PHO5) and used for normalization.
All values were also normalized to the 0-h time point. Sequences of the
PCR primers are provided in the supplemental material. Resection rates
were calculated by examining each curve on the plot of distance versus
PCR signal and determining the time and distance when the PCR value
reached 0.7 (calculated by interpolating between the nearest data points).
All of the distance and time values were then analyzed by linear regression
to calculate the rate. For many strains we observed an increase in the
resection rates by the 8-h and 10-h time points, as evident by the increased
slope in the distance-versus-time graphs. This may be due to the late
activity of another factor, such as a protein, or due to a change in chro-
matin state. In view of this, we confined our analysis to the first 6 h of the
time course, since this is the period that is most relevant to DSB repair
processes.

Southern blotting. Southern blot analysis was performed as previ-
ously described (26). Briefly, genomic DNA was purified and digested
with the appropriate restriction enzyme (PstI for YMV45 derivatives,
Asp718 for YMV80 derivatives, and EcoRI for YJK17 derivatives).
Genomic DNA was also isolated from a colony that grew on a YEP-galac-
tose (YEP-Gal) plate (a survivor) for quantification of repair. For YMV80
derivatives, the membranes were first probed with the U2 flanking repeat.
Membranes were later washed and reprobed with a probe from a locus
that does not participate in the reaction (GSY1 locus) to provide a loading
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control. Bands were normalized to the loading control and then to the
survivor lane that has a repair product (100% repair).

Microscopy. For assessing nuclear division in cells, we fixed cells using
70% ethanol at various time points and stained the nucleus using DAPI
(4=,6=-diamidino-2-phenylindole) as previously described (16). Images
were acquired using a Nikon Eclipse E600 microscope.

In vitro affinity measurements of nucleosome binding. The yeast
Fun30 protein was purified by anti-FLAG immunoaffinity purification
from YWH501, in which three copies of the FLAG epitope tag were fused
to the C terminus of Fun30 (W. H. Wu, unpublished data). Procedures for
one-step anti-FLAG immunoaffinity purification were as described in ref-
erence 66. Yeast whole-cell extracts of YWH503 were incubated with anti-
FLAG M2 agarose beads (Sigma) for 4 h at 4°C, followed by six washes
with 0.5 M KCl. The Fun30 protein was eluted with the FLAG peptide.

The mutation for the S129A or S129E substitution in histone H2A was
introduced into the HTA1 gene by site-directed mutagenesis (Agilent).
Recombinant yeast histone purification, histone octamer reconstitution,
and nucleosome array assembly were performed as described in reference
47. Dynabeads M-280 (Invitrogen) coupled to 1.5 �g of pBlueScript
SK(�) DNA were used as the template. The amounts of wild-type and
mutant octamers used were normalized for the H2B histone by Western
blotting using anti-H2B (a gift from the laboratory of Carl Wu). The
nucleosome array binding assay was performed essentially as described
previously (66). Immobilized nucleosome arrays (150 ng DNA equiva-
lents) were incubated with 0.8 pmol of purified Fun30 protein for 1 h at
room temperature, followed by three 0.3 M KCl washes. The bound
Fun30 protein was eluted with SDS-PAGE sample buffer and detected by
Western blotting using anti-FLAG antibody (Sigma).

TABLE 1 Yeast strains used in this study

Strain Genotype

JKM179 MAT� ho� hml�::ADE1 hmr�::ADE1 ade1-100 leu2,3-112 lys5 trp1::hisG ura3-52 ade3::GAL::HO
JKM139 JKM179 isogenic, MATa
YJK17 MAT� ho� hml�::ADE1 hmr�::ADE1 arg5,6�::HPH::MATa-inc ade1-100 leu2,3-112 lys5 trp1::hisG ura3-52 ade3::GAL::HO
YMV80 ho� hml�::ADE1 mata�::hisG hmr�::ADE1 his4::[NAT-leu2(Asp718-SalI)] leu2::HOcs ade3::GAL::HO ade1 lys5 ura3-52
YMV45 ho� hml�:: ADE1 mata�::hisG hmr�:: ADE1 leu2::leu2(Asp718-SalI)-URA3-pBR322-HOcs ade3::GAL::HO

ade1 lys5 ura3-52 trp1
JRL346 mata::HOcs�::hisG ura3�851 trp1�63 sup53�::leu2�::NATMX hml�::hisG hmr�::ADE3 ade3::GAL::HO

can1,1-1446::HOcs::HPH::�AVT2 ykl215c::leu2::hisG::can1�1-289
VE1a JKM179 isogenic, fun30�::KANMX
VE2a YJK17 isogenic, fun30�::KANMX
VE3a YMV80 isogenic, fun30�::KANMX
VE5 JKM179 isogenic, chk1�::URA3 fun30�::KANMX
YAA2 JKM179 isogenic, chk1�::KANMX
VE27 JKM179 isogenic, pGAL::EXO1 LEU2
VE28 VE1a isogenic, pGAL::EXO1 LEU2
VE53 JKM179 isogenic, tel1�::TRP1 fun30�::KANMX
YFD122 JKM139 isogenic, mre11�::hisG=
VE22 JKM139 isogenic, mre11�::hisG= fun30�::KANMX
YFD318 JKM139 isogenic, tel1�::TRP1
VE51 VE3a isogenic, pFUN30-FLAG URA3
VE52 VE3a isogenic, pFUN30(K603R)-FLAG URA3
VE70 JRL346 isogenic, fun30�::KANMX
YMT004 YMV80 isogenic, rad51�::HPHMX
YMT005 YMV80 isogenic, fun30�::KANMX rad51�::HPHMX
YMT016 YMV45 isogenic, fun30�::KANMX
VE73 tNS2548 isogenic, pGAL::EXO1 LEU2
YFD1081 JKM139 isogenic, tid1�::URA3
VE74 JKM139 isogenic, tid1�::URA3 pGAL::EXO1 LEU2
VE13 VE1a isogenic, pFA1 URA3
VE14 VE1a isogenic, pFA3 URA3
JY395 JKM179 isogenic, ptc2�::URA3 ptc3�::KANMX bar1�::TRP1
VE75 JKM179 isogenic, ptc2�::URA3 ptc3�::KANMX bar1�::TRP1 pGAL::EXO1 LEU2
VE80 VE1a isogenic, pFUN30-3X-FLAG URA3
tNS2540 JKM179 isogenic, fun30�::KANMX exo1�::TRP1
tNS2542 JKM179 isogenic, exo1�::TRP1
tNS2546 JKM179 isogenic, fun30�::KANMX sgs1�::URA3
tNS2548 JKM179 isogenic, sgs1�::URA3
R726 JKM139 isogenic, hta1-S129A hta2-S129A
SD090 JKM179 isogenic, fun30�::KANMX hta1-S129A hta2-S129A
tNS2569 JKM139 isogenic, HOcs::HPHMX inserted into Chr 6
tNS2575 JKM139 isogenic, HOcs::HPHMX inserted into Chr 6 fun30�::KANMX
tNS2577 JKM139 isogenic, HOcs::HPHMX and HMR�::LEU2 on Chr 6
tNS2580 JKM139 isogenic, HOcs::HPHMX and HMR�::LEU2 on Chr 6 fun30�::KANMX
tNS2592 JKM139 isogenic, mat�::KLURA3 and HMR�::LEU2 on Chr 6
tNS2594 JKM139 isogenic, mat�::KLURA3 and HMR�::LEU2 on Chr 6 fun30�::KANMX
YWH503 MATa ade2-1 can1-100 his3-11,15 leu2-3,112 trp1-1 ura3-1 FUN30-3Flag-KANMX4
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RESULTS
HO-induced gene conversion is not impaired in fun30� strains.
We first examined the role of Fun30 in the two major pathways of
homologous recombination induced by the site-specific HO en-
donuclease, gene conversion and break-induced replication
(BIR). In strain YJK17, a DSB induced at the MAT� locus on
chromosome 3 (Chr 3) can be repaired by ectopic gene conversion
from a MATa-inc donor situated on Chr 5 (Fig. S1A) (28, 29).
There was no significant difference between the viability of the
fun30� strain and that of the wild type after induction of HO from
a galactose-inducible promoter (Fig. 1A). Moreover, Southern
blot analysis of the kinetics of repair also showed no significant
difference when Fun30 was ablated (Fig. 1B).

We then examined BIR in the strain JRL346 (38, 40), in which
a 3= truncation of the CAN1 gene lies adjacent to an HO cleavage
site and is marked with the hygromycin resistance gene (CA-
HOcs-HPH) (see Fig. S1C in the supplemental material). A donor

sequence which carries 1 kb of overlapping homologous se-
quences and the 3= end of the gene (AN1) was inserted on Chr 11.
The DSB can be repaired by BIR to restore the CAN1 gene, making
the cells canavanine sensitive, and to create a nonreciprocal trans-
location that results in the loss of hygromycin resistance as well as
the terminal, nonessential portion of Chr 5. Deletion of FUN30
had no effect on the viability of BIR events (Fig. 1C). Similar to
observations with the wild-type BIR strain, 94.4% of the fun30�
colonies were both Cans and HPHs (data not shown). The absence
of Canr HPHs colonies indicates that there were few de novo telo-
mere additions (see Discussion). We conclude that Fun30 does
not play an important role in strand invasion or later steps in
homologous recombination.

Loss of Fun30 affects 5=-to-3= resection and delays single-
strand annealing. Another important pathway of DSB repair is
single-strand annealing (SSA). We examined SSA using two well-
characterized strains, YMV45 and YMV80 (64). In YMV45, the
flanking homologous sequences are separated by 5 kb; repair and
viability were equivalently efficient in both wild-type and fun30�
strains (Fig. 1D and data not shown). However, when we exam-
ined repair in YMV80, in which one of the flanking repeats of part
of the LEU2 gene (U2) is separated from the DSB by 25 kb (see Fig.
S1B in the supplemental material), we found that viability of the
fun30� derivative was reduced to about 40%, which is consistent
with the observation that only 40% of fun30� cells can efficiently
repair the DSB, as measured by a Southern blot (Fig. 1D and 2A).
Our previous work had established that repair in strain YMV80
can occur either by SSA or by BIR, with similar kinetics. To deter-
mine if one of these pathways was specifically disabled in the
fun30� mutant, we knocked out RAD51, which is required for BIR
but is not required for SSA (26). We discovered that the fun30�
rad51� strain was nearly inviable, and product formation was
almost completely abolished (Fig. 1D and 2A). In addition, the
persistence of the HO-cut DNA was prolonged, as would be ex-
pected if 5=-to-3= resection was reduced. These data suggested that
Fun30 might play a role in regulating 5=-to-3= resection and that a
significant delay in resection prevented SSA between such distant
flanking homologies, as has been shown for other mutations that
slow resection (12).

Neves-Costa et al. (50) found that a mutation in the Walker A
motif of the ATPase binding domain of Fun30 rendered it inactive
in a gene silencing assay. We asked whether the ATPase mutant
was also required for resection and SSA. First, we monitored
YMV80 fun30� cells microscopically 6 and 24 h after HO induc-
tion on YEP-Gal plates. Consistent with the viability data, at 24 h
approximately half of the cells remained arrested at the dumbbell
stage indicative of G2/M arrest (Fig. 1E). When the strain was
transformed with a plasmid carrying wild-type FUN30, it fully
complemented the repair defect of the fun30� strain; nearly 100%
of cells escaped the initial G2/M arrest. In contrast, in strains trans-
formed with a plasmid carrying the fun30(K603R) ATPase muta-
tion, cells continued to behave as the null mutant, with 40% of the
cells permanently arrested as large budded cells.

Fun30 is required for normal 5=-to-3= resection of DSB ends.
To assess the effect of Fun30 on resection, we monitored the fate of
DSB ends in strain JKM179, in which a DSB was created at MAT�
and the normal donor sequences that would repair the break were
deleted (35, 48). We measured the progress of resection by a quan-
titative PCR (qPCR) assay by isolating DNA at different time in-
tervals after inducing the DSB and using primer pairs that created

FIG 1 FUN30 does not affect interchromosomal gene conversion, break-in-
duced replication, or single-strand annealing. (A) Viability of ectopic recom-
bination strain YJK17 and its fun30� derivative on YEP-galactose plates rela-
tive to YEPD plates (see Materials and Methods). (B) Quantification of gene
conversion kinetics based on Southern blot analysis. (C) Viability in BIR strain
JRL346. (D) Viability in the SSA/BIR strains YMV80 and YMV45. (E) Micro-
colony assay of YMV80 strains harboring wild-type FUN30 or fun30 ATPase-
defective mutant on plasmids. Data are means and standard errors of the
means (SEM) from at least three independent experiments.
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100- to 300-bp amplicons at many sites on both sides of the DSB.
As shown in Fig. 3A, one can follow the progressive reduction in
PCR amplification over many hours. Resection removes only one
strand of the PCR template, so the signal is reduced to about half
of the initial amplification, although with more time, further loss
of signal can be seen. We converted the data to rate measurements
by plotting the time and distance it took for the PCR signals to
reach 70% of their initial value (Fig. 3D, E, and F). The rate of
resection over the first 6 h proved to be about 4.0 kb/h (Table 2),
which is very similar to previous measurements (20, 46, 71). In the
absence of Fun30, however, there was a marked reduction in re-
section (Fig. 3A) to a rate that was approximately 1/3 that of the
wild type (1.2 kb/h) (Table 2 and Fig. 3D).

There are two major 5=-to-3= resection pathways that act once
the MRX complex and Sae2 have initiated resection close to the
DSB ends: the exonuclease Exo1 and the helicase-endonuclease
complex containing Sgs1-Top3-Rmi1 and Dna2 (21, 46, 71). The

sgs1� and exo1� deletions each cause a partial reduction in resec-
tion, while sgs1� exo1� eliminates nearly all resection. We asked if
fun30� was epistatic with one or both of these pathways. We con-
firmed that the sgs1� mutant had a reduced rate of resection—
about 3.0 kb/h (Fig. 3B and Table 2)— but found that the sgs1�
fun30� double mutant had an even greater reduction in resection
(1.8 kb/h), similar to that of the strain carrying fun30� alone (Fig.
3B and Table 2). This suggested that Fun30 plays a role in the
remaining Exo1-mediated resection. When we compared exo1�
and exo1� fun30�, we saw a similar epistatic effect, with exo1�
reducing resection to 2.1 kb/h and the rate in the double mutant
being 1.2 kb/h (Table 2). Thus, Fun30 functions in both resection
pathways, as would be expected if Fun30 facilitates resection
ahead of the exonucleases by altering nucleosome structure.

As a further exploration of the role of Fun30 in resection, we
asked if Fun30 might be especially important if resection had to
cross a heterochromatic sequence with strongly positioned

FIG 2 fun30� forces cells to undergo BIR in YMV80. (A) GAL::HO was induced at 0 h, and DNA was harvested at the time points shown. The Southern blot
shows the repair kinetics in wild-type (YMV80), fun30�, rad51�, and fun30� rad51� strains using a probe specific to the repeated sequence, U2 (see Materials
and Methods for details). (B) Quantification of the blots presented in panel A.
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FIG 3 Quantitation of DNA resection by qPCR. (A to C) PCR products were amplified using primers located at different distances from the DSB. Template DNA
was isolated from GAL::HO-induced cells at the times shown. All values were normalized to that for an independent locus on Chr 2 and then normalized to that
for the 0-h time point. Resection was measured by qPCR in wild-type and fun30� strains (A), sgs1� and sgs1� fun30� strains (B), and exo1� and exo1� fun30
strains (C). (D to F) Resection rates were calculated by examining each curve and determining the time and distance when the PCR signal fell to 0.70. These values
were plotted on time-versus-distance graphs, and the slopes (rates) were determined by linear regression analysis. PCR data using primers to the right of the DSB
from one time course are illustrated using wild-type (WT) and fun30� (D), sgs1� (E), and exo1� (F) strains.
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nucleosomes. However, we first needed to determine the degree to
which Fun30 might affect HMR chromatin structure, as Fun30 has
been reported to slightly weaken the silencing of a mutated HMR
locus (68). Thus, the HO cleavage site that is normally inaccessible
in HMR might become open to HO cleavage in the absence of
Fun30. To address this question, we inserted a cloned HMR� se-
quence (30) into the middle of the left arm of Chr 6 in a strain
lacking the normal HML, MAT, and HMR sites. We determined
that the normally inaccessible heterochromatic HO cleavage site
within the HMR locus was not accessible in the fun30� mutant, by
measuring the loss of amplification of a PCR product that spans
the cleavage site. Cutting within HMR was not observed in either
the wild type or fun30� strain (Fig. 4C), indicating that HMR was
largely protected. The presence of a cleavable HO cutting site
within HMR was confirmed by adding the SIR2 inhibitor nicoti-
namide to desilence HMR (4) prior to inducing HO (Fig. 4C). HO
clearly cuts within the desilenced HMR, although less efficiently
than what we generally observe at the unsilenced MAT locus (24,
59).

We then asked if resection through heterochromatin was de-
pendent on Fun30. We inserted an HO cleavage site 3 kb centro-
mere proximal to HMR on Chr 6 (Fig. 4A) and then examined
resection as it progressed into the silent locus (Fig. 4B, compare
top and bottom panels). The resection profile shown in Fig. 4B
indicates that in a wild-type strain, there is a small delay in resec-
tion to the left of the DSB where HMR is located. This is evident
from the asymmetry in resection on the left and right sides of the
DSB that was not observed in the absence of HMR. This is the first
evidence that heterochromatin imposes a tangible impediment to
resection of DSB ends. Deletion of FUN30 caused a reduction in
overall resection that makes it difficult to discern whether there
was a small decrease in resection in the 3-kb region embracing
HMR compared to the wild-type strain. However, it is apparent
that fun30� does not significantly increase the barrier to resection.

�-H2AX plays a role in governing resection that may involve
Fun30. If Fun30 interacts with nucleosomes near a DSB, it should
encounter �-H2AX. We wondered if this chromatin modification
affects the rate of resection and if Fun30 specifically responds to
this chromatin modification. We first measured resection in a
donorless strain (R726), in which both histone H2A genes carry
the S129A mutation that eliminates �-H2AX formation (62). We
report that �-H2AX noticeably slows 5=-to-3= resection, so that
the rate is increased 1.7-fold in a strain carrying histone H2A-

S129A mutations, from 4 kb/h to 6.8 kb/h (Fig. 5B and Table 2).
We then investigated how fun30� affected this increased resec-
tion. The rate of resection in the fun30� H2A-S129A mutant was
2.4 kb/h (Fig. 5C and Table 2). Thus, the reduction was roughly
proportional to that seen in wild-type cells; that is, fun30� caused
a 3-fold drop in resection in both wild-type and H2A-S129A
strains, but the rate in the fun30� H2A-S129A strain was still twice
that seen in the fun30� strain. We interpret these data as indicat-
ing that Fun30 plays an important role in nucleosome remodeling
to facilitate resection but that this activity is not solely dependent
on the �-H2AX modification.

Fun30 is recruited to a DSB. The effect of Fun30 on resection
implies that it should associate with a DSB. We created a FLAG-
tagged derivative of Fun30 in the donorless strain JKM179 and
induced an unrepairable DSB, as described above. Figure 6A
shows that Fun30 is significantly recruited to a region about 2 kb
from each side of a DSB within 1 h and that the ChIP signal is
enriched 30-fold by 2 h. We conclude that Fun30’s role in resec-
tion involves its direct association with DNA near the DSB ends.

The interaction of Fun30 with nucleosomes in vitro is influ-
enced by modifications at H2A-S129. Fun30 has previously been
shown to bind and remodel nucleosomes in vitro (1). To examine
if Fun30’s interaction with nucleosomes was influenced by
�-H2AX, we assembled nucleosome arrays on an immobilized
linear pBlueScript SK(�) DNA, using reconstituted wild-type-
H2A-, H2A-S129A-, or H2A-S129E-containing histone octamers.
The assembled wild-type and mutant nucleosome arrays showed
similar micrococcal-nuclease-digested DNA ladders with size in-
crements of approximately 150 bp (see Fig. S2 in the supplemental
material). The result indicates that most of the DNA is assembled
into nucleosomes packaged with either wild-type or mutant his-
tone octamers.

We then examined interactions between Fun30 and immobi-
lized wild-type-H2A-, H2A-S129A-, or H2A-S129E-containing
nucleosome arrays. We found that Fun30 was associated with the
wild-type nucleosome array in the presence of 0.15, 0.3, and 0.4 M
KCl (Fig. 6B). In contrast, while Fun30 showed binding to the
S129E nucleosome array in 0.15 M KCl, this binding was substan-
tially reduced in 0.3 and 0.4 M KCl (Fig. 6B). Compared to its
binding to wild-type nucleosomes, Fun30 showed equal or stron-
ger binding to a S129A-containing nucleosome array under the
same conditions. We have confirmed that, in vitro, H2A-S129E is
phosphomimetic, as it reacts with antibodies against �-H2AX
(Fig. 6C). The observation that the phosphomimetic H2A-S129E
inhibits the binding of Fun30 to nucleosomes indicates that Fun30
binds preferentially to H2A over �-H2AX.

Fun30 does not facilitate the removal of �-H2AX after DSB
repair. In the ectopic gene conversion strain YJK17, described
earlier, the induction of a DSB (29) results in the extensive spread-
ing of �-H2AX around the DSB. This modification persists until
after the break is repaired and then it is removed, apparently by
H2A-H2B exchange or displacement, prior to its being dephos-
phorylated by Pph3 (28, 29). How �-H2AX is removed from chro-
matin is not yet known, but it is likely that some chromatin re-
modeler carries out this activity. Because Fun30 has the ability to
exchange H2A-H2B dimers in vitro (1), we hypothesized that
Fun30 could have a role in promoting the removal of �-H2AX. To
analyze the persistence of �-H2AX in the 30-kb region on either
side of the DSB, we used an antibody against �-H2AX to carry out
chromatin immunoprecipitation (ChIP) using strains YJK17 and

TABLE 2 Resection rates for mutants

Strain genotype
Rate of DNA resection
(kb/h)a

Wild type 4.0 � 0.7b

fun30� 1.2 � 0.1c

sgs1� 3.0 � 0.2b

sgs1� fun30� 1.8 � 0.7b

exo1� 2.1 � 0.4c

fun30� exo1� 1.2 � 0.2b

H2A-S129A 6.8
fun30� H2A-S129A 2.4
a 5=-to-3= resection rates from an HO-induced unrepaired DSB in strain JKM179 and
its derivatives were measured as described in the legend to Fig. 3 and in Materials and
Methods. Resection rates were calculated from qPCR values as described in the text.
b Average of three time courses (� standard deviation).
c Average of two time courses (� range).

Fun30 Regulates 5=-to-3= Resection

November 2012 Volume 32 Number 22 mcb.asm.org 4733

http://mcb.asm.org


Eapen et al.

4734 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


its fun30� derivative. As seen in Fig. 7, induction of HO robustly
promoted �-H2AX formation, with the maximum signal peaking
at 2 h for all the distances tested. We also note that the fold increase
in �-H2AX was similar in wild-type and fun30� strains; for exam-
ple, at 20 kb from a DSB, the ChIP signal increased approximately
30-fold in both cases. By 3 h, we detected loss of �-H2AX signal 10
kb away from the break site, a time that correlates with the appear-
ance of the repair product (28) (Fig. 1B). By 7 h and 9 h, we saw
loss of �-H2AX at 20 and 30 kb from the repaired DSB, respec-
tively. In the fun30� derivative, there is a peak of �-H2AX phos-
phorylation by 2 to 3 h followed by a decrease in ChIP signal at 5 h,
which decreases to wild-type levels by 12 h (Fig. 7). As noted
above, the kinetics of product formation in the fun30� mutant is
indistinguishable from that in the wild type (Fig. 1B). Thus, the
removal of �-H2AX after DSB repair is complete and does not
uniquely depend on Fun30.

Fun30 is required for checkpoint adaptation to an unre-
paired DSB. In strain JKM179, in which there is a galactose-in-
duced DSB but no homologous donor sequences, only a very
small fraction of cells (�0.2%) can repair the DSB by nonhomol-
ogous-end joining (35). Thus, nearly all cells respond to the DSB
by activating the DNA damage checkpoint and arresting as large

budded cells. This Mec1-dependent arrest persists for 12 to 15 h,
after which cells adapt and resume cell cycle progression even
though the DSB persists (53). Strain JKM179 and its fun30� de-
rivative were grown on YEP-glycerol, and then single unbudded
G1 cells were micromanipulated on YEP-Gal plates. By 8 h, 90%
appeared as large budded cells, which is characteristic of check-
point-mediated G2/M arrest (Fig. 8A). By 24 h, roughly 90% of
wild-type cells adapted and formed microcolonies of 3 to 8 cells. In
contrast, 90% of fun30� cells remained arrested as large budded
cells (Fig. 8A). This adaptation defect is similar to that seen with
the tid1� mutant previously (36).

We noted that the time to complete a cell cycle of a fun30�
strain lacking the HO cleavage site but treated in the same fashion
(4.3 h) was substantially longer than that of an isogenic wild-type
cell (2.6 h) (data not shown). This result is consistent with previ-
ous reports of delayed cell cycle progression in fun30 mutants
(50). To eliminate the possibility that the fun30 mutants are able
to adapt and complete nuclear division but unable to rebud in the
presence of DNA damage, we quantified the percentage of binu-
cleate versus mononucleate cells by DAPI staining at 24 h. As
shown in Fig. 8B, 85% of fun30� cells remain arrested as mono-
nucleate cells, indicating that these cells are unable to resume mi-

FIG 4 HMR� was inserted into Chr 6 at a position 3 kb from an HO cut site to examine whether fun30� had an effect on DNA resection through heterochro-
matin. (A) HMR� labeled with LEU2 was inserted near a HOcs marked with HPHMX. The HMR� X, Y, and Z sequences are flanked by the E and I silencers. LEU2
contains the ORF plus flanking sequences. The MATa sequences contained in the HOcs site are oriented in inverted orientation with respect to HMR�. (B) qPCR
measurements as described for Fig. 3 were made of strains containing the HOcs on Chr 6 with and without HMR. DNA resection measurements showing the
effect of fun30� on these strains are also shown. (C) A PCR product spanning the HO recognition site in HMR was used to measure the amount of HO cutting
within heterochromatic DNA in a strain containing HMR on Chr 6 and lacking any other HO cut sites. No cutting was observed in either the wild type or the
fun30� strain. These strains were also incubated in the presence of 5 mM nicotinamide for 2 h to desilence HMR and thereby confirm the presence of a cleavable
HO cut site.

FIG 5 DNA resection in H2A-S129 and H2A-S129A strains. (A) Quantities of DNA before and after induction were measured by qPCR using primers located
at different distances from the DSB, as described for Fig. 3. DNA resection was quantitated in wild-type, H2A-S129A, and fun30� H2A-S129A strains. (B) The
time and distance at which the PCR signal fell to 0.70 were determined for each curve and plotted on a distance-versus-time graph. The fun30� deletion causes
resection to become slower in a H2A-S129A strain.
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totic progression; again, this result is similar to that seen when
Rdh54/Tid1 is absent (36).

To confirm that the failure to adapt depends on the Mec1
(ATR)-mediated DNA damage checkpoint, we showed that a
fun30� chk1� double mutant suppressed the adaptation defect of
fun30�. Cells carrying chk1� arrest for approximately 12 h, about
80% as long as wild-type cells (17), and fun30� chk1� cells resume
cell cycle progression only after a similar delay. Normally, the Tel1
(ATM) kinase does not play an important role in the DNA damage
checkpoint, although its absence slightly shortens checkpoint ar-
rest (23). In addition, a Tel1-Mre11-dependent checkpoint has
been described (63); this complex is recruited to minimally re-
sected or blunt DNA ends. Given that fun30� mutants are pro-
foundly impaired in both resection and adaptation, we decided to
investigate the interaction of Fun30 with both Mre11 and Tel1.
Deletion of Mre11 suppressed the adaptation defect of fun30�,
but deletion of TEL1 did not (Fig. 8C). These results are similar to
what has been seen with tid1�, in that chk1� suppresses its per-
manent arrest whereas tel1� does not (36). We conclude that
Fun30 is required for adaptation in response to a single irreparable
DSB and that this defect is dependent on a functional checkpoint
response which is Mec1 and Mre11 dependent but Tel1 indepen-
dent.

In the case of some adaptation-defective mutants (e.g., ino80�
strains), the inability to turn off the DNA damage checkpoint

correlates with the failure to remove the histone variant Htz1 from
the region around the DSB (52). Indeed, the adaptation defect of
ino80� cells is suppressed by deleting either HTZ1 or SWR1 (the
histone chaperone which is responsible for the deposition of
Htz1). We also note that Fun30 appears to interact with Htz1,
based on the finding that there is a global increase in Htz1 across
the genome, notably near centromeres, in the absence of Fun30
(18). We deleted HTZ1 and monitored adaptation in a fun30�
strain. Deletion of HTZ1 had no effect on the adaptation defect of
fun30� cells (see Fig. S3 in the supplemental material).

Induction of an unrepairable DSB leads to the robust phos-
phorylation of the Rad53 (Chk2) kinase, and this kinase is then
dephosphorylated at the time of adaptation (53). In adaptation-
defective mutants, such as tid1�, yku70�, ptc2� ptc3�, and
cdc5-ad mutants, Rad53 remains in a hyperphosphorylated state
(37, 53). Figure 8D shows Western blots of Rad53 in wild-type,
fun30�, and tid1� cells after induction of a DSB. We found that
the absence of Fun30 prolonged Rad53 hyperphosphorylation
compared to that in the wild type, apparently to a somewhat lesser
extent than seen in tid1� cells (Fig. 8D). Hence, the failure to
adapt correlates with an inability to turn off the Rad53-mediated
checkpoint arrest, and as we showed above, prolonged checkpoint
arrest depends on Chk1.

We also determined whether the ATPase mutant was required
for adaptation. As shown in Fig. 8C, a plasmid carrying wild-type
FUN30 was able to complement the adaptation defect of a fun30�
strain, whereas the ATPase mutant was unable to restore adapta-
tion. The ATPase mutation is dominant negative, as it caused a

FIG 6 Fun30 is recruited to a DSB in vivo and has lower affinity for �-H2AX
than for unphosphorylated H2A. (A) Chromatin immunoprecipitation of
Fun30 modified by a FLAG epitope at its C terminus, after induction of an
unrepaired DSB in strain JKM179. The increase of IP signal relative to input
DNA is shown. Error bars reflect ranges from two independent experiments.
(B) Purified-FLAG-tagged Fun30 was incubated with immobilized nucleo-
some arrays at different salt concentrations. (C) Anti-�-H2AX antibody rec-
ognizes the phosphomimetic form of histone H2A.

FIG 7 Fun30 is not required for the removal of �-H2AX after DSB repair.
�-H2AX was quantitated by ChIP at 10 kb, 20 kb, and 30 kb to the right of the
DSB at MAT in the ectopic recombination strain YJK17 and in its fun30�
derivative. �-H2AX ChIP values were measured at the indicated times after
HO induction and graphed as percentages of the maximum ChIP value for
each locus.
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failure to adapt when the plasmid carrying the fun30(K603R) mu-
tation is present in a wild-type cell (data not shown).

Overexpression of EXO1 suppresses the adaptation defects
of both fun30� and sgs1� mutants. As we mentioned in the in-
troduction, it is now unclear whether the rate of resection or, more
specifically, the rate of generating deoxyoligonucleotides during
resection is required to maintain checkpoint arrest. One hypoth-
esis that we wished to address more specifically was that the heli-
case-exonuclease Sgs1-Top3-Rmi1/Dna2, by producing deoxyo-
ligonucleotides, might promote prolonged checkpoint arrest,
whereas the exonuclease Exo1, producing mononucleotides,
would not have this effect. Were this the case, we might expect that
deleting SGS1 would result in a shorter arrest after a DSB triggered
the DNA damage checkpoint, while exo1� might in fact result in a
longer arrest if Sgs1 were the only resection activity. But in fact, the
sgs1� strain proved to be adaptation defective, whereas exo1� re-

duced adaptation to about 50% (Fig. 9). Thus, the persistence of
arrest in budding yeast does not seem to be related to the produc-
tion of deoxyoligonucleotides, and again, mutants with slowed
resection can be adaptation defective (sgs1�, fun30�, and sae2�
mutants) or not (mre11� and rad50� mutants). The sgs1� fun30�
and exo1� fun30� double mutants are no more adaptation defec-
tive than the fun30� mutant (Fig. 9).

Given that there is a group of slow-resecting mutants that fail
to adapt, one can imagine that in fun30� strains, resection or a
resection by-product does not reach some threshold required to
turn on adaptation. In this context, overexpressing EXOI might
suppress the adaptation defect. We transformed fun30� and sgs1�
strains with a 2� plasmid that overexpresses EXO1 under the con-
trol of a galactose-inducible promoter, so that EXO1 is overex-
pressed at the same time as the unrepairable DSB is induced. Wild-
type cells transformed with the same plasmid showed no major

FIG 8 FUN30 is required for adaptation to a single, irreparable DNA DSB. (A) Single cells of wild-type, fun30�, and tid1� strains were plated on YEP-Gal plates
and monitored at 8 h and 24 h. The percentage of cells adapted at any time point was calculated from the number of cells that progressed beyond the two-cell stage.
Data are means and SEM from at least three independent experiments. (B) Wild-type and fun30� strains were stained with DAPI 24 h after galactose induction.
The percentages of 150 G2/M-arrested cells that had a single nucleus are provided. (C) chk1� but not tel1� suppressed the adaptation defect of fun30�. (D)
fun30� and tid1� prolong RAD53 hyperphosphorylation. Cells of the indicated strains were collected after galactose induction at the time points indicated.
Proteins were extracted, and Western blotting was carried out using anti-Rad53 antibody. The arrows indicate the phosphorylated and unphosphorylated forms
of Rad53.
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changes in the adaptation phenotype (Fig. 9), whereas the adap-
tation defects of fun30� and sgs1� were suppressed by overex-
pressing EXO1. In contrast, overexpressing EXO1 in another ad-
aptation mutant, the tid1� mutant, had no significant effect on
adaptation, although, unexpectedly, it did suppress the effect of
ptc2� ptc3�. To assess whether EXO1 overexpression suppressed
the fun30� resection defect, we measured resection by qPCR as
described earlier. EXO1 overexpression caused a higher level of
resection in both the wild-type and fun30� strains (see Fig. S4 in
the supplemental material).

Fun30 also affects camptothecin sensitivity. Finally, we re-
port that the absence of Fun30 in exo1� and sgs1� strains exacer-
bates their sensitivity to the genotoxic agent camptothecin (see
Fig. S5 in the supplemental material). However, in contrast to this
mutation’s epistatic effect on resection, the fun30� single mutant
was only mildly sensitive to camptothecin, and the sgs1� fun30�
and exo1� fun30� mutants were each much more sensitive than
the strains with sgs1� or exo1� alone. This result suggests that the
camptothecin sensitivity of these strains cannot be ascribed to
their resection defects alone. The more severe effect of fun30� in
the double mutants may reflect defects in turning off the DNA
damage checkpoint, especially in the absence of either Sgs1 or
Exo1.

Deletion of FUN30 increases the rate of nonhomologous-end
joining. Nonhomologous-end joining (NHEJ) is most efficient
when 5=-to-3= resection of DSB ends is very limited (2, 15, 25). We
assayed NHEJ by plating MAT� GAL::HO cells lacking the HML
and HMR donor sequences (strain JKM179) on YEP-Gal plates so
that HO endonuclease is constantly present and cells can grow
into colonies only if they rejoin the ends by misalignment of the
bases in the 4-bp 3= overhanging complementary HO-cut ends so
that HO cannot cleave the modified site (31, 48). This process
depends on DNA ligase 4, the yeast Ku proteins, and the MRX
complex, which not only controls the initial resection of DSB ends
but also can hold DSB ends together for end joining (14, 48). As
shown in Fig. S6 in the supplemental material, fun30� results in a

5-fold increase in NHEJ. This increase is similar to the �5-fold
increase seen in G1-arrested cells, where resection is blocked by the
lack of CDK1 activity (25), or when resection is impaired by dele-
tion of SAE2 or mutation of the nuclease domain of Mre11 (33).
The increase in NHEJ in the fun30� mutant is Ku dependent (see
Fig. S6), suggesting that Fun30 acts in the classic NHEJ pathway
rather than the Ku-independent microhomology-mediated end-
joining (MMEJ) pathway (33, 41). These results suggest that
Fun30 may act quite early in the resection process as well as con-
trolling the rate of extensive resection.

DISCUSSION

We have investigated the roles played by the chromatin remodeler
Fun30 in various aspects of DSB repair and checkpoint responses.
Despite having been shown to facilitate H2A-H2B dimer exchange
in vitro, Fun30 does not appear to be responsible for the displace-
ment of �-H2AX-containing dimers from chromatin surround-
ing a DSB after the break has been repaired. But Fun30 does play a
highly significant role in facilitating 5=-to-3= resection from the
ends of a DSB. In the absence of Fun30, the rate of resection drops
about 3-fold. This residual resection is not slowed further by de-
leting either Sgs1 or Exo1, suggesting that Fun30 acts to facilitate
nucleosome remodeling in both major resection pathways but
that some resection can occur without Fun30. Importantly, Fun30
binds near DSB ends, supporting the idea that it directly interacts
with nucleosomes to facilitate resection. We also found that
�-H2AX impairs resection, so that a strain expressing only H2A-
S129A promotes a 1.7-fold increase in resection. Interestingly,
Fun30 binds less strongly to nucleosomes containing the phos-
phomimetic H2A-S129E mutation than to wild-type or H2A-
S129A-containing nucleosomes. Together these findings suggest
that Fun30 is restrained in promoting resection through chroma-
tin containing �-H2AX.

fun30� has a very low rate of 5=-to-3= resection of DSB ends,
though not as low as the rate of removal of the two major resection
activities encoded by EXO1 and SGS1. We have shown previously
that, in the BIR assay, a sgs1� exo1� derivative displayed a marked
increase in survivors compared to the wild type, and this increase
resulted from the appearance of a new class of events, in which
telomere sequences had been added near the end of the DSB in
50% of the survivors (39). De novo telomere addition is apparently
facilitated both by the very slow resection of the ends, so that there
is very little single-stranded DNA (ssDNA), and by the failure to
activate the (ssDNA-dependent) Mec1-dependent DNA damage
checkpoint (10, 39). Mec1 activation results in the activation of
Pif1 helicase, an antagonist of telomerase (44), so that new telo-
mere formation is inhibited (49, 70). Resection was not com-
pletely eliminated, however, as new telomeres were added up to 6
kb centromere proximal to the site of the DSB. However, in the
case of fun30�, more than 94% of the repair events proved to be
BIR, with few new telomere additions, even though resection was
impaired. One clear difference is that in the sgs1� exo1� mutant,
the DNA damage checkpoint is not strongly activated, whereas in
the fun30� strain, the DNA damage checkpoint is fully activated,
and thus Pif1 would be activated to prevent new telomere addi-
tion. Interestingly, even in the mre11� fun30� mutant, in which
resection should be reduced even further, the checkpoint is acti-
vated (cells arrest for 8 h), although arrest is not permanent.

During the course of our work we learned that similar results
had been obtained by Chen et al. (7) and Costelloe et al. (4a), who

FIG 9 sgs1� is adaptation defective and overexpression of EXO1 suppresses
the adaptation defect of fun30� and sgs1�. This assay was carried out as de-
scribed in Fig. 8A except that strains harboring plasmids were pregrown in
appropriate selective media overnight containing raffinose prior to the exper-
iment and then micromanipulated onto YEP-Gal plates. Error bars reflect
ranges from two independent experiments.
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showed that deleting FUN30 had a much more profound effect on
extensive resection than ablations of other chromatin remodelers,
such as RSC, INO80, SWR1, CHD1, and Rad54. However,
fun30l� does not fully eliminate continuing resection compared
to sgs1� exo1�, and indeed, overexpressing Exo1 overrides the
resection defect of fun30�. Hence, other chromatin remodelers
may play a role in facilitating Exo1’s progression through chro-
matin.

Previous work has shown that fun30� partially weakens the
silencing of HMR (50). Here we show that this weakening of si-
lencing does not lead to the exposure of the HO cleavage site
within HMR, even when HMR is inserted far from a telomere,
where silencing is also weakened (60). We also found that hetero-
chromatin slows resection slightly but is not an absolute barrier to
resection and, moreover, that the absence of Fun30 does not ab-
solutely prevent resection through such a region. We noted that
since heterochromatic regions such as HMR are refractory to
�-H2AX phosphorylation (30), it is possible that any decrease in
resection imposed by highly positioned nucleosomes is offset by
an increase in affinity for Fun30 in a region lacking �-H2AX.

Another significant role of FUN30 is in turning off the DNA
damage checkpoint in response to an unrepaired DSB. Thus, two
Swi2/Snf2 homologs—Fun30 and Tid1/Rdh54 — both play simi-
lar roles in regulating adaptation, but the tid1� mutation does not
result in the same resection defects as fun30�. Our finding that a
sgs1� strain is adaptation defective removes any link between
maintenance of the checkpoint signal and the extent of resection
or the production of novel degradation products, at least in bud-
ding yeast. We had advanced the idea that deoxyoligonucleotides
produced by a helicase-endonuclease (such as Sgs1-Dna2) might
be required to maintain the checkpoint (27). This idea was sup-
ported by data obtained with Xenopus and mammalian cells indi-
cating that deoxyoligonucleotides stimulated the DNA damage
checkpoint and were bound by the Mre11-Rad50-Nbs1 complex
(27). It is intriguing therefore that mre11� suppresses fun30�’s
adaptation defect. But how checkpoint adaptation is regulated
remains unclear. Several hypotheses can still be entertained. First,
it might be that some key signaling protein that binds near DSB
ends needs to be displaced and this fails to happen in several mu-
tants, so that the signaling persists or is intensified. Second, it is
possible that some of these mutations increase the signaling from
Chk1, which normally plays a modest role in the damage/arrest
response. An alternative idea is that there still is a connection to
resection, reflecting a competition between the exonucleases and
the binding of the 9-1-1 DNA damage clamp that binds to a re-
sected 5= end (42, 43). Further experiments will be needed to sort
out whether these mutants converge on a single cause of prolong-
ing arrest or if they cause arrest by activating different signals.

Finally, we note that knockdown of the mammalian homolog
of FUN30, SMARCAD1, displays many of the silencing defects
seen in fun30� mutants (54). Knockdown of SMARCAD1 in
HeLa cells results in a global increase in histone H3 and H4 acet-
ylation and a decrease in H3K9 methylation. These results suggest
that SMARCAD1 is required for the maintenance of silent hetero-
chromatin, which is similar to Fun30’s role in budding yeast. In-
terestingly a proteome-wide screen identified SMARCAD1 as be-
ing phosphorylated upon DNA damage (45), which has also been
demonstrated for FUN30 (6). Indeed, knockdown of SMARCAD1
inhibits DNA end-resection from DSBs (4a). Therefore, it would
be highly informative to investigate whether SMARCAD1 deple-

tion in human cells leads to the same DNA damage defects we
observe in budding yeast.
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