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Oxygen metabolism and reactive oxygen species
cause chromosomal rearrangements and cell death
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The absence of Tsa1, a key peroxiredoxin that functions to scav-
enge H;0; in Saccharomyces cerevisiae, causes the accumulation of
a broad spectrum of mutations including gross chromosomal re-
arrangements (GCRs). Deletion of TSA1 also causes synthetic le-
thality in combination with mutations in RAD6 and several key
genes involved in DNA double-strand break repair. In the present
study we investigated the causes of GCRs and cell death in these
mutants. tsa7-associated GCRs were independent of the activity of
the translesion DNA polymerases £, ), and Rev1. Anaerobic growth
reduced substantially GCR rates of WT and tsal mutants and
restored the viability of tsal rad6, tsal rad51, and tsal mre11
double mutants. Anaerobic growth also reduced the GCR rate of
rad27, pif1, and rad52 mutants, indicating a role of reactive oxygen
species in GCR formation in these mutants. In addition, deletion of
TSAT or H,0, treatment of WT cells resulted in increased formation
of Rad52 foci, sites of repair of multiple DNA lesions. H,0, treat-
ment also induced the GCRs. Our results provide in vivo evidence
that oxygen metabolism and reactive oxygen species are important
sources of DNA damages that can lead to GCRs and lethal effects
in S. cerevisiae.

dsDNA break | gross chromosomal rearrangement |
translesion DNA synthesis | peroxiredoxin

M aintaining genome stability is crucial for cell growth and cell
survival. Different genetic disorders, including most human
cancers, are associated with different forms of genome instability
(1-3). One type of genomic instability observed frequently in many
cancers is gross chromosomal rearrangements (GCRs), such as
translocations, deletions of chromosome arms, interstitial deletions,
inversions, amplifications, chromosome fusions, and aneuploidy.
Multiple genes and pathways that suppress GCRs have been
characterized by using the yeast Saccharomyces cerevisiae as a model
system (4-6). These include genes involved in DNA replication,
recombination, and repair, cell-cycle checkpoints that function
during DNA replication and repair, and pathways involved in
telomere maintenance, chromatin assembly, and detoxification of
reactive oxygen species (ROS) (refs. 7 and 8 and references
therein). The importance of these pathways for suppressing genome
instability is further emphasized by their roles in preventing the
development of human cancer (7, 9, 10).

Although many pathways that function in the suppression of
GCRs have been discovered, little is known about the causes and
origin of GCRs. It is generally thought that a major cause of DNA
damage that leads to mutations is ROS, which are generated as a
normal part of oxygen metabolism but are also produced by
ionizing radiation, metabolism of exogenous compounds, and
pathological processes such as infection and inflammation (11, 12).
ROS, such as the superoxide radical, HO,, and the hydroxyl
radical, can attack almost all cell components and can induce many
types of DNA damage, including single-stranded DNA breaks and
dsDNA breaks (DSB), base and sugar modifications, and DNA-
protein cross-links (13). These lesions can exert a number of
deleterious effects including the induction of mutations, aging, and
cell death. Given the broad range of ROS sources and the highly
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reactive nature of these species, it is not surprising that ROS have
been implicated in a number of disease states (11, 14).

Aerobic organisms have a wide array of mechanisms to prevent
the negative effects of ROS. Peroxiredoxins, previously termed the
thioredoxin peroxidases, have received considerable attention in
recent years as a new and expanding family of thiol-specific
antioxidant proteins (15, 16). Peroxiredoxins are abundant, ubig-
uitously distributed peroxidases that use cysteine as the primary site
of oxidation during the reduction of peroxides. Many organisms
have more than one peroxiredoxin, including five peroxiredoxins
identified in S. cerevisiae and six in human cells. Among the five
peroxiredoxins in S. cerevisiae, Tsal possesses the most potent
ability to scavenge H,O, (17). Tsal is also the most significant
contributor to genome stability and prevents a broad spectrum of
mutations including GCRs (18, 19). Tsal is essential for cell survival
in rad6 or recombination-defective mutants and results in slow
growth when combined with mutations that cause defects in the
DNA damage and replication checkpoints, sister chromatid cohe-
sion, and postreplication repair (20). Interestingly, mice lacking
PrdxI, a homologue of Tsal, have increased erythrocyte ROS and
increased risk of malignant cancers (21).

In the present study we investigated the causes of GCRs and cell
death in tsal and other mutants with genome instability pheno-
types. Our results provide in vivo evidence that the oxygen metab-
olism and ROS are important sources of endogenous DNA dam-
ages that lead to spontaneous GCR and lethal effects in S. cerevisiae.

Results

tsal-Associated GCRs Are Independent of the Translesion DNA Poly-
merases. Translesion DNA synthesis (TLS) involves DNA polymer-
ase ¢, whose two subunits are encoded by REV3 and REV7, DNA
polymerase m, encoded by RAD30, and the Revl deoxycytidyl
transferase, all of which function to bypass different DNA replica-
tion blocking lesions and in some cases contribute to mutagenesis
(22). To determine whether these TLS polymerases play a role in
tsal-associated mutator phenotypes, we analyzed the dependence
of canavanine-resistant mutations (Can’) and GCRs [canavanine-
and 5-fluoroorotic acid-resistant (Can"™-5SFOA’) mutations] in a tsal
mutant on Rev3, Revl, and Rad30 activity (Table 1). As expected,
deletion of REV3 or REV1 reduced the Can' rate of a WT, whereas
the Can' rate of the rad30 mutant was similar to that of the WT
strain (23, 24). The GCR rates of these single mutants were similar
to that of a WT strain (Table 1). The Can" rate of a tsa! rev3 mutant
was reduced compared with the fsal mutant but was higher than
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Table 1. Translesion DNA polymerases and mutation formation

Strain Can' rate (X 1077) GCR rate (X 10-19)
WT 2.6 (2.2-3.0) 2.6 (2.1-9.5)
tsal 25.6 (24.1-28.8) 55.6 (36.9-80.5)
rev3 0.9 (0.5-1.6) 1.8 (0.3-8.9)
tsal rev3 11.5 (8.8-14.2) 42.7 (35.2-71.5)
revl 0.9 (0.7-1.4) 2.9 (0.8-5.4)
tsal revi 8.7 (6.8-11.8) 36.4 (18.7-50.8)
rad30 2.9 (2.0-3.5) 3.5(2.0-11.9)
tsal rad30 17.8 (14.2-19.2) 81.8 (39.2-96.3)

The numbers in parentheses indicate the low and high values for the 95%
confidence interval for each rate.

that of WT, whereas the GCR rate was similar to that of a tsal
mutant. These observations indicate that the Can" mutator pheno-
type of the fsal mutant is partially Rev3-dependent, whereas the
GCR phenotype appears to be Rev3-independent. The role of Revl
in tsal-associated phenotypes was similar to that found for Rev3.
The tsal rad30 mutant displayed a small, but significant, decrease
in the Can' rate compared with the fsa/ mutant, suggesting that
Rad30 plays a minor role in the mutations that arise in the tsal
mutant. Again, the GCR rate of the tsal rad30 mutant was similar
to that of the #sal mutant. Altogether, these results indicate that
TLS mediated by DNA polymerases ¢, ), and Revl contributes to
the Can" mutator phenotype observed in tsal mutants but does not
contribute substantially to zsal-associated GCRs.

Anaerobic Growth Conditions Decrease Can' and GCR Rates of WT and
tsa1 Cells. To further investigate the role of ROS in mutagenesis,
WT and tsal strains were grown under aerobic or anaerobic
conditions and the rates of Can' and GCRs were determined (Table
2). Overall, the rates of Can' and GCRs in the anaerobically grown
strains were significantly reduced relative to the same strain grown
aerobically (Table 2). For the WT strain, the Can' rate and the GCR
rate were reduced 3.2-fold and at least 8-fold, respectively. We were
not able to precisely determine the GCR rate of the WT strain
under anaerobic conditions because GCRs were not detected in a
large enough proportion of the cultures to allow accurate calcula-
tion of mutation rates (Table 2). A large reduction of the Can' rate
and the GCR rate was also observed in the #sa/ mutant under
anaerobic conditions, but again we were not able to precisely
determine the GCR rate of the fsal mutant under anaerobic
conditions. These results provide evidence that a significant pro-
portion of the Can" mutations and GCRs in WT and tsal strains
occurs due to oxygen metabolism under aerobic growth conditions,
suggesting that ROS is a major source of endogenous DNA damage
leading to Can" mutations and GCRs.

Anaerobic Growth Conditions Differentially Affect Spontaneous Mu-
tation Rates in DNA Repair-Deficient Cells. The observation described
above prompted us to determine the effect of oxygen tension on the
phenotypes of several representative GCR mutator mutants such as
mrell, rad27, pifl, and rad52 mutants. Inactivation of MREI1,
RAD?27, or PIFI increased the GCR rate 500- to 1,500-fold above
WT, whereas deletion of RAD52 resulted in a more modest increase

of the GCR rate (Table 3) (5, 25). Anaerobic conditions appeared
to have no significant effect on the GCR rate of the mrell mutant
(95% confidence limits), suggesting that oxygen metabolism is not
a major contributor to the elevated genomic instability found in the
mrell mutant. A similar result was found when a deletion of
RADS50, which encodes a component of Mrell complex, was
analyzed (data not shown). In the case of the rad27 mutant, the
GCR rate was reduced 4-fold under anaerobic conditions com-
pared with normal aerobic conditions. The PIFI1 gene encodes a
helicase that functions in both mitochondria and the nucleus. The
GCR rate of the pifl mutant was reduced 6-fold under anaerobic
conditions. Finally, the GCR rate of the rad52 mutant was also
reduced 6-fold under anaerobic conditions. We then analyzed
mutants with defects in DNA mismatch repair because Msh2—
Msh6-dependent mismatch repair has been implicated in the repair
of mispairs that result from oxidative damage to DNA and DNA
precursors (26, 27). To our surprise, anaerobic conditions did not
reduce the elevated Can' and hom3-10 rates of the msh2 and msh6
mutants (95% confidence limits) (Table 4). This is in contrast to the
report that the reversion of base substitution mutations in the
Cys-22 codon of the CYCI gene in mismatch repair-deficient strains
was significantly decreased under anaerobic conditions (27). How-
ever, our analysis used more general mutator assays than the
specific base substitution reversion assays used in the previous
study. Collectively, these results suggest that reduced oxygen ten-
sion differentially effects the accumulation of mutations and GCRs
in different DNA repair-deficient cells.

Anaerobic Growth Conditions Restore Cellular Viability of tsaf radé,
tsal rad51, and tsa1l mre11 Mutants. We have previously shown that
combining a tsal mutation with rad6, rad51, or mrell mutations,
among others, results in cell death (20). To evaluate the contribu-
tion of oxygen metabolism to the inviability of these double
mutants, we tested whether anaerobic conditions restore the via-
bility of tsal radb, tsal rad51, or tsal mrell mutants. Three diploid
strains (tsal/TSAI rad6/RADG, tsal/TSAI rad51/RADSI1, and tsal/
TSAI mrel1/MREI1) were sporulated and dissected, and the spore
dissection plates were incubated under either anaerobic or aerobic
conditions. As reported (20), a rad6 mutation was found to be lethal
in combination with #sa/ under normal aerobic conditions. In
contrast, all spore products grew when the dissection plates were
incubated under anaerobic conditions (Fig. 14). Genotyping of the
spore clones confirmed that tsal rad6 mutants were viable under
anaerobic conditions and appeared to have a growth rate similar to
that of rad6 mutants. Similarly, lethality of tsal rad51 and tsal mrel 1
mutants under aerobic conditions was entirely suppressed under
anaerobic conditions. Replating the tsal rad6, tsal rad51, or tsal
mell cells from anaerobic culture under aerobic conditions again
resulted in cell death. Thus, aerobic oxygen metabolism was re-
sponsible for the death of the tsal radb, tsal rad51, and tsal mrell
mutants. Additional elimination of Srs2 helicase, which probably
enhances homologous recombination, did not result in the recovery
of tsal rad6 mutants (data not shown).

The observation that anaerobic growth restores the viability of
tsal rado, tsal rad51, and tsal mrell mutants prompted us to
evaluate the effect of anaerobic condition on the inviability of the
apnl apn2 radl0 triple mutant (28, 29), thought to be due to the

Table 2. Effect of reduced oxygen metabolism on Can" and GCR mutation rates

Aerobic Can' rate Anaerobic Can' rate

Anaerobic

Aerobic GCR rate Anaerobic GCR rate Anaerobic

Strain (x 10°7) (X 10°7) suppression (x 10-10) (x 10-10) suppression
WT 2.6 (2.2-3.0) 0.8 (0.6-1.2) 3.2 2.6 (2.1-9.5) <0.3 >8.7
tsal 25.6 (24.1-28.8) 4.8 (3.6-10.0) 5.3 55.6 (36.9-80.5) <1.1 >50.5

The numbers in parentheses indicate the low and high values for the 95% confidence interval for each rate. Anaerobic suppression represents the fold
reduction of mutation rate for a given strain in anaerobic conditions relative to the same strain grown aerobically.
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Table 3. GCR rates in DNA repair mutants under aerobic and anaerobic conditions

Aerobic GCR rate Anaerobic GCR rate Anaerobic
Strains (X 10-19) (X 10-10) suppression
WT 2.6 (2.1-9.5) <0.3 >8.7
mrell 2,345.5 (2,104.6-3,085.0) 1,853.1 (1,325.0-4,025.3) 1.3
rad27 3,469 (2,153.9-3,786.2) 818.7 (328.2-1,828.8) 4.2
pif1 4,000.2 (2,712.4-5,083.2) 652.6 (419.1-941.2) 6.1
rad52 63.3 (45.0-115.2) 9.5 (2.5-23.7) 6.6

The numbers in parentheses indicate the low and high values for the 95% confidence interval for each rate.
Anaerobic suppression represents the fold change of GCR rate for a given strain in anaerobic conditions relative

to the same strain grown aerobically.

inability to repair apurinic/apyrimidinic (AP) sites or deficient
removal of 3’-blocking groups formed by the action of ROS
produced during cellular metabolism (28). An apnl apn2 mutant
was crossed with a radl0 mutant, and the resulting apnl/APNI
apn2/APN2 radl10/RADI10 diploid strain was sporulated and dis-
sected. We observed a similar proportion of spore lethality on plates
grown aerobically or anaerobically, and under both conditions no
apnl apn2 radl0 spore clones were identified by genotyping (Fig.
1B). Thus, reduced oxygen metabolism does not suppress the
inviability of the apnl apn2 radl0 mutant. In contrast, deletion of
UNG] gene encoding the uracil DNA glycosylase partially sup-
pressed the inviability of the apnl apn2 rad10 (30). This suggests
that uracil in DNA, rather than the ROS-induced DNA damage, is
a critical source of the formation of spontaneous AP sites in DNA
and that the lethality of the apn1 apn2 rad10 mutation combination
is likely due to the inability to repair such AP sites.

The Absence of TSA1 Results in Increased Rad52-YFP Focus Formation.
To further investigate the nature of tsal-associated DNA lesions
and the involvement of Rad52-dependent DNA repair and recom-
bination in response to ROS- induced DNA damage, the formation
of Rad52-YFP foci was monitored in #sal mutants. These foci are
sites of repair of multiple DNA lesions, such as DSBs (31).
Unsynchronized exponential growing WT cells showed diffuse
nuclear localization of Rad52-YFP with few cells (6.6%) containing
spontaneous Rad52-YFP foci (Fig. 2 A and B). Quantification of
the appearance of Rad52-YFP foci for each phase of the cell cycle
revealed that these foci occurred in 0.4% of Gy, 10.1% of S, and
2.9% of Go/M phase cells (Fig. 2C). Spontaneous repair foci were
observed primarily in S phase, implying that DNA lesions were
being recognized and repaired during replication. Deletion of 7547
caused an increased incidence of Rad52 foci (22.5%) (Fig. 2.4 and
B). These foci occurred predominantly in S and G»/M phase cells
with 2.7% of Gy, 40.6% of S, and 16.2% of GyM phase cells
showing foci (Fig. 2C). Furthermore, the frequency of cells with
more than one Rad52-YFP focus increased from 0.38% in W'T cells
to 3.6% in tsal cells (Fig. 2D). These observations suggest that the
absence of Tsal results in DNA damages that require Rad52-
dependent recombinational repair during DNA replication, con-
sistent with the synthetic lethality of tsal and rad52 mutations.

H20, Treatment Increases Rad52-YFP Focus Formation. We then
investigated the involvement of RADS52-dependent DNA repair in
response to exogenous H,O, treatment. DNA damage was induced
in the Rad52-YFP strain by exposure to 0.5, 1, 2, and 4 mM H,0,
for 1 h, resulting in 74%, 50%, 41%, and 23% cell survival,
respectively. A significant increase in the proportion of cells con-
taining Rad52 foci was observed (Fig. 34), with the greatest
increase in Rad52-YFP foci in S phase cells (Fig. 3 4 and B). The
proportion of cells with foci increased with increasing H,O, con-
centration up to 2 mM H,0, and with increasing time of exposure
to H,O, (Fig. 3 B and C). The proportion of cells with Rad52 foci
and H,O; dose were not directly proportional; this may be because
of the fact that one focus may be the site of multiple repair events
(31) and also that the higher concentrations of H,O, (>2 mM)
induced higher levels of cell death. Altogether, exogenous H,O»-
induced DNA damage, like endogenous ROS in the absence of
Tsal, resulted in a significant increase of Rad52 foci in S-phase cells.

H,0; Treatment Increases Genome Rearrangements. We further in-
vestigated whether exogenous H,O, treatment would increase the
frequency of GCRs in WT cells. Exponential growing cells were
treated with 1, 2, 4, and 8 mM H»O, for 2 h, resulting in 37%, 27%,
19%, and 12% cell survival, respectively. A dose-dependent in-
crease in the frequency of Can" and Can'-5SFOA" mutations was
consistently observed. A representative experiment showing a
median H,O,-induced mutation frequency is presented (Fig. 3 D
and E). The maximum frequency of Can" mutations was induced
18-fold above that of untreated cells (Fig. 3D). The induced Can”
mutation frequency did not increase further after exposure to
higher doses of H,O,, suggesting that the maximum mutation
frequency level may represent saturation of the DNA damage-
handling capacity of the WT strain. Treatment with H,O, also
increased the frequency of GCRs (Can’-5FOA" mutants) in a
dose-dependent manner (Fig. 3E). Treatment with 8§ mM H,O,,
which resulted in ~12% survival, increased the frequency of cells
containing GCRs ~100-fold. We observed that WT cells in sta-
tionary phase were more resistant to H>O»-induced killing and
H,0,-induced mutagenesis (data not shown), paralleling the ob-
servation that H,O»-induced Rad52 foci were seen mostly in
S-phase cells. To gain further insight into the types of GCRs
induced by H,O,, the structure of the GCRs from eight indepen-

Table 4. Mutation rates of msh2 and msh6 mutants under aerobic and anaerobic conditions

Aerobic Can' rate Anaerobic Can' rate

Anaerobic

Aerobic Hom* rate Anaerobic Hom* rate Anaerobic

Strain (X 1077) (X 10°7) suppression (X 10-8) (X 10°8) suppression
WT 2.6 (2.2-3.0) 0.8 (0.6-1.2) 3.2 0.7 (0.3-1.0) 0.7 (0.5-1.2) 1.0
mshé 16.1 (13.0-25.8) 14.1 (12.1-21.0) 1.1 2.8 (2.4-4.4) 3.7 (2.3-6.3) 0.8
msh2 54.8 (50.2-63.1) 44.5 (37.0-49.6) 1.2 460.0 (360.1-595.3) 332.4 (274.9-450.4) 1.4

The numbers in parentheses indicate the low and high values for the 95% confidence interval for each rate. Anaerobic suppression represents the fold
reduction of mutation rate for a given strain in anaerobic conditions relative to the same strain grown aerobically.
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Fig. 1. Reduction of oxygen metabolism suppresses the lethality of tsa7 rad6,
tsal rad51, and tsal mrell double mutation combinations but does not
rescue the inviability of apn1 apn2 rad10 triple mutants. (A) Tetrad dissection
plates of diploids heterozygous for tsa1 and rad6, diploids heterozygous for
tsal and rad51, and diploids heterozygous for tsa’ and mre11 were grown at
30°Cunder aerobic or anaerobic conditions for 5 days. Circles indicate inferred
double mutants. (B) Tetrad dissection plates of diploids heterozygous for
apnl, apn2, and rad10 mutations were incubated under aerobic or anaerobic
conditions for 5 days. Circles indicate the apn7 apn2 rad10 triple mutants.

dent Can"™-5FOAT clones was determined as described (8). Treat-
ment with H,O, resulted in recovery of translocation, telomere
addition, and interstitial deletion classes of GCRs. None of the eight
Can'-5FOA" isolates resulted from independent point mutations in
the CANI and URA3 genes. These results indicate that H,O»-
induced DNA damages induce the formation of GCRs.

Discussion

In previous studies we demonstrated that the peroxiredoxin Tsal
plays a key role in preventing genome instability, presumably by
detoxifying H>O», and that both recombination and postrepli-
cation repair are key pathways for maintaining the viability of
tsal mutants (20). The results from the present study extend
these observations and support a number of critical findings.
First, the TLS polymerases ¢, n, and Revl do not contribute
significantly to tsal-associated GCR formation, although they do
contribute to the formation of Can® mutations, which are
primarily base substitution mutations (18). Second, decreased
oxygen tension substantially reduced GCR rates of WT and tsal
mutants. The same conditions also reduced the GCR rates of
some mutants that have elevated GCR rates such as rad27, pifl,
and rad52 mutants but not of other mutants such as mrelI and
rad50. Third, decreased oxygen tension restored the viability of
tsal rad6, tsal rad51, and tsal mrell double mutants but not that
of the apnl apn2 radl0 triple mutant, supporting the view that
recombination and postreplication repair are key pathways in
preventing the deleterious effects of oxidative damage to DNA.
Fourth, the absence of Tsal or treatment with H,O, resulted in
an increased frequency of RadS52-YFP foci, indicative of in-
creased DNA repair. And fifth, treatment of WT cells with H,O,
significantly increased the frequency of GCRs. These results

9750 | www.pnas.org/cgi/doi/10.1073/pnas.0703192104
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Fig.2. Analysis of spontaneous Rad52-YFP foci in exponentially growing WT
and tsaT cells. (A) A representative image shows that the tsa7 strain exhibits
an increase in Rad52-YFP foci compared with the WT strain. The fluorescence
images are maximum projections of optical sections (0.2-um intervals) span-
ning the entire volume of the cell. (B) Graph shows the percentage of cells that
contain Rad52-YFP foci. (C) Graph shows the percentage of cells in Gy, S, or
G,/M phase that contain Rad52-YFP foci. (D) Graph shows the percentage of
cells that contain more than one Rad52-YFP focus. Values reported are the
mean of three independent measurements.

demonstrate that oxygen metabolism and ROS are a major
source of DNA lesions leading to mutations, GCRs, and cell
death and that the Tsal, along with recombination and postrep-
lication repair, plays a key role in suppressing genome instability
and cell death induced by endogenous oxidative stress.

ROS-related DNA lesions, including those induced by exogenous
H,0, treatment, are mutagenic, and anaerobic growth conditions
reduce their mutagenic effects, such as point mutations and
poly(GT) tract instability (13, 27, 32-35). The work presented here
demonstrates that reduced oxygen metabolism significantly reduces
the rate of spontaneous GCRs in WT strains and tsal as well as
other mutants and that treatment with H,O, substantially induces
GCRs, indicating that the ROS-induced DNA lesions are an
important source of GCRs. Consistent with this, it has been
observed in mammalian cells that oxygen metabolism is partially
responsible for chromosome breaks and neuronal apoptosis in cells
deficient for nonhomologous DNA end joining (36).

The effect of oxygen metabolism on the GCR rate varied
depending on the genetic defect underlying increased GCR rates.
Among the mutants tested, in addition to tsal, anaerobic conditions
significantly reduced the GCR rates observed in a pif/ mutant
lacking a DNA helicase that functions in both mitochondria and the
nucleus and in a rad52 mutant lacking a key recombination protein.
This suggests that Pif1- and Rad52-dependent recombination play
important roles in either repairing or preventing aberrant repair of
ROS-induced DNA damage that has the potential to result in
GCRs. Anaerobic conditions also reduced the GCR rate of a rad27
mutant, although to a lesser extent. It is generally thought that
Rad27 functions in processing flapped DNA molecules that occur
during sealing of Okazaki fragments and during base excision repair
(37). Our results suggest that Rad27 functions to prevent GCRs
both by preventing DNA replication errors during Okazaki frag-
ment synthesis and repairing mutagenic DNA damage induced by
endogenous ROS. In contrast, anaerobic growth conditions had
little or no effect on the GCR rate of mrel1 and rad50 mutants. This
suggests that the GCRs that occur in Mrell complex-defective

Ragu et al.



Lo L

P

2N

A Phase Contrast Rad52-YFP
9 3 70
B £ 801 oo C £ 6] oat
8 s0{ WS 8 50{ mS
c 404 mG2m c 404 mGam
g 230 230
o 20 > 20
2 10 3 10
O o0 o0
0 05 1 2 4 0 20 40 60 80 100120
H,0, (mM) Time (min)
D ™, 600 E< 1200
T 500 2 1000
~ x
> 400 Z 800
c 300 § 600
S 200 T 400
o =]
© 100 g 200
LC 0 = 0
8 01 2 4 8 E:;. 01 2 4 8
H,0, (mM) G H,0, (mM)
Fig. 3. Induction of Rad52-YFP foci and genome instability by H,O, treat-

ment in the WT strain. (A) A representative image shows Rad52-YFP foci in
untreated cells and after exposure to 1 mM H,0; for 1 h. The fluorescence
images are maximum projections of optical sections (0.2-um intervals) span-
ning the entire volume of the cell. Note that one of the H,O,-treated cells
contains two Rad52-YFP foci. (B) Graph shows the percentage of cellsin Gy, S,
or Gy/M phase that contain Rad52-YFP foci after exposure to the indicated
dose of H,0, for 1 h. (C) Graph shows the percentage of cells in Gy, S, or Go/M
phase that contain Rad52-YFP foci after exposure to 1 mM H,0, for up to 2 h.
Values reported are the mean of three independent measurements. (D)
Induction of the Can™ mutation frequency by different doses of H,O,. The
median H,0,-induced Can" mutation frequency from five independent trials
is presented. (E) Induction of the Can"™-5FOA" mutation frequency by different
doses of H,0,. The median H,0;-induced Can™-5FOA" mutation frequency
from five independent trials is presented.

mutants may not originate from oxidative DNA damage but more
likely reflect S-phase defects due to an inability of Mrell complex-
defective mutants to maintain the structure of replication forks,
repair spontaneously damaged replication forks, or mount an
appropriate S-phase checkpoint response to spontaneously dam-
aged replication forks (38, 39). However, the Mrell complex must
play some role in response to oxidative DNA damage because it is
essential for the repair of tsal-associated lethal DNA damage, as is
indicated by the synthetic lethality of a fsa/ mutation in combina-
tion with mrell, rad50, or xrs2 mutations as well as by the obser-
vation that anaerobic conditions suppress this lethality; possibly
these latter effects reflect the role of the Mrell complex in
recombination similar to that of Rad52 (40). Taken together, the
difference in the effect of ROS on increased GCRs in different
mutants probably reflects the diversity of DNA lesions that can lead
to GCRs.

ROS-related DNA lesions that occur in the absence of 7SA1 are
lethal in the absence of appropriate repair, probably because the
lesions result in replication blocks or replication-associated DSBs.
A number of results are consistent with this view. The absence of
TSAI results in increased Rad52-YFP foci, predominantly during S
phase; these are thought to be sites of Rad52-dependent recombi-
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nation and DSB repair (31). Mutations in 7SA! or RADS52 result in
increased GCR rates, and these increases depend on oxygen
metabolism. #sa/ mutations cause synthetic lethality when com-
bined with rad51, rad52, mrel 1, rad50, xrs2, or rad6 mutations with
the tsal rad6 combination causing the most severe phenotype (20);
reduced oxygen tension restores the viability and growth of these
double mutants. Rad51, Rad52, and the Mrell complex all are
involved in recombinational DSB repair (40), consistent with the
view that recombination is required for repairing the lesions that
occur in tas] mutants. Interestingly, in Escherichia coli, mutation
fur,ubiH, or ubiE, most likely leading to an increased level of ROS,
causes cell death in the absence of RecA-dependent recombina-
tional repair (41). The fur recA synthetic lethality is ascribed to
elevated chromosomal fragmentation. The role of the Rad6 protein
in dealing with sal-associated lesions is less clear. Rad6 regulates
two pathways of postreplication repair, one of which is error-prone
and involves the TLS polymerases and Rad18; the other is error-
free and involves recombination or template switching and Rad5
(42-44). In addition, Rad6 plays a role in checkpoint activation
through yet a different pathway involving Brel (45). Our experi-
ments indicate that defects in TLS only partially account for
tsal-associated accumulation of Can" mutations and are unlikely to
account for GCRs, making it unlikely that RAD6-mediated TLS
alone promotes survival of a zsa/ mutant. In contrast, both rad5 and
radl8 mutations result in a slow growth phenotype and increased
GCR rates when combined with a #sa/ mutation (19, 20), suggesting
that both error-prone and error-free postreplication repair play
roles in the survival of a tsal mutant. In addition, checkpoint defects
result in slow growth and increased GCR rates when combined with
atsal mutation (20). These results raise the possibility that all three
pathways regulated by Rad6 may cooperate in promoting the
survival of fsal mutants.

Based on the data presented here, we conclude that spontaneous
GCRs and cell death observed in many mutants are substantially
due to endogenous ROS produced by oxygen metabolism. It should
be noted that intracellular generation of ROS is an inevitable and
physiologically important process (12). The true source of oxidative
stress is not ROS generation per se but rather an imbalance in ROS
production, appropriate detoxification, and repair. Thus, normal
oxygen metabolism could have deleterious biological consequences
in cells with compromised ROS defenses and DNA repair. Our
result linking intracellular ROS production and GCR or cell death
may provide insights into the understanding of the pathological
scenarios associated with chronic oxidative stress such as chronic
infection, inflammation, neurodegeneration, and hereditary ge-
nome instability syndromes.

Materials and Methods

Media and Strains. S. cerevisiae strains were grown in standard media
including yeast extract/peptone/dextrose (YPD) medium or syn-
thetic complete (SC) medium lacking appropriate amino acids.
Can" mutants caused by inactivation of the CANI gene by base
substitutions, frameshifts, small deletions, or insertions were se-
lected on SC-arginine dropout plates containing 60 mg/liter cana-
vanine. Hom™ revertants caused by reversion of a +1 insertion in
the HOM3 gene (hom3-10) were selected for on SC-threonine
dropout plates. Can'™-5SFOA’ mutants resulting from the loss of the
region including CANI and URA3 on chromosome V were selected
on SC-arginine and uracil dropout plates containing 60 mg/liter
canavanine and 1 g/liter SFOA (5, 8).

The strains used for mutation rate assays and genetic interaction
analysis were all isogenic to the S288c strain RDKY3615 MATa,
ura3-52, leu2Al, trpl A63, his3A200, lys2ABgl, hom3-10, ade2Al,
ade8, and hxt13::URA3 (5). Gene disruptions were made by stan-
dard PCR-based methods. Double or triple mutants were usually
constructed by intercrossing and tetrad dissection. The relevant
genotypes of these strains are as follows: RDKY3615 WT;
RDKY5502 tsal::kanMX4; RDKY5521 rev3::HIS3; RDKY5678
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tsal::kanMX4 rev3::HIS3; MEHY1530 revl::HIS3; MEHY1531
tsal::kanMX4 revl::HIS3; RDKY5523 rad30::HIS3; RDKY5679
tsal::kanMX4 rad30::HIS3; RDKY4718 rad27::HIS3; RDKY4421
rad52::HIS3; RDKY3633 mrell::HIS3; RDKY4399 pifl::kanMX4;
RDKY3812 msh2::kanMX4; and RDKY5507 msh6::TRPI. The
parental strain used for the analysis of Rad52-YFP foci, UM74-3B
MATa, his3-11,15, leu2-3,112, trpl-1, ura33-1, barl:LEU2, and
RADS52-YFP, was provided by A. Nicolas (Institut Curie, Paris,
France) (46), and then the fsal::kanMX4 mutation was introduced
into this strain.

Fluctuation Analysis. The rate of accumulation of Can' mutations
and GCRs in cell populations was determined by fluctuation
analysis as described (18) except that the cell cultures were incu-
bated under aerobic or anaerobic conditions without agitation. The
number of mutant cells per culture among 15-35 parallel cultures
was calculated, and the median value was used to determine the
mutation rate of a given strain by the method of the median (47).
The 95% confidence intervals for a median rate were calculated
based on order statistics with the formula available on request and
were used to compare mutation rates.

Anaerobic Growth Conditions. YPD medium with or without agar
was supplemented with Tween 80 and ergosterol to a final con-
centration of 1.32 g/liter and 12 mg/liter, respectively. For deter-
mining mutation rates, liquid cultures in plates were placed in an
airtight jar containing a disposable hydrogen- and carbon dioxide-
generating envelope (BD BBL GasPak Plus; Becton Dickinson,
Sparks, MD) and grown anaerobically at 30°C for 5-7 days to yield
enough cells for analysis. For anaerobic growth of dissected spores,
dissection plates were placed immediately after dissection in the
anaerobic jar and grown at 30°C for 5 days. Anaerobic conditions
were monitored with the redox indicator Anaerotest (Merck,
Darmstadt, Germany) placed inside the airtight jar.

Fluorescence Microscopy. Strains of the desired genotype carrying
the RAD52-YFP fusion were grown at 23°C and harvested for
microscopy during midlog phase. In the case of monitoring Rad52-
YFP foci after DNA damage, H>O, was added to the concentra-
tions indicated and the cultures were further incubated at 23°C for
the indicated times before harvesting. Cells were washed twice in
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SC and then immobilized on a glass slide precoated by a solution
of 1% (wt/vol) low-melting agarose. Fluorescent and phase-contrast
images were captured with a Leica microscope (DMRXA)
equipped with a cooled CCD camera MicroMAX (Princeton
Instruments, Trenton, NJ) under control of MetaMorph software
(Molecular Devices, Downingtown, PA). Images were obtained at
0.2-um intervals along the z axis of each cell using a piezo-
controlled stepper. Foci were inspected and counted by examining
all of the focal planes intersecting each cell and by overlaying the
Rad52-YFP signal with the phase-contrast image processed with
software Image] (http://rsb.info.nih.gov/ij), and cells were also
classed as G; (unbudded), S (small-budded), or Gy/M (large-
budded). Three independent experiments each counting at least
300 cells were performed for each strain or condition.

Induction of Mutations by H20; Treatment. Log-phase cells in YPD
were washed twice with distilled water and resuspended in a volume
of distilled water that was equal to the starting culture volume, and
then the cells were incubated with the indicated concentration of
H,0,; for 2 h at 30°C. The treated cells were washed twice with
distilled water and resuspended in the original volume of YPD.
Aliquots were removed to determine the percentage of cell sur-
vival. Cells were also cultured overnight and plated onto YPD and
selection plates to determine the total number of viable cells and the
number of mutants, respectively. Mutation frequencies were cal-
culated as the number of mutants divided by the total number of
viable cells. Potential jackpot cultures were eliminated from the
frequency calculations. The median frequency from at least five
independent trials is reported. The structure of the GCRs from
independent Can"™-5FOA’ clones was determined as described (8).
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