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Yeast cells begin to bud and enter the S phase when growth
conditions are favorable during the G, phase. When subjected
to some oxidative stresses, cells delay entry at G, allowing re-
pair of cellular damage. Hence, oxidative stress sensing is co-
ordinated with the regulation of cell cycle. We identified a
novel function of the cell cycle regulator of Saccharomyces cer-
evisiae, Swibp, as a redox sensor through its cysteine residue at
position 404. When alanine was substituted at this position,
the resultant mutant, C404.A, was sensitive to several reactive
oxygen species and oxidants including linoleic acid hydroper-
oxide, the superoxide anion, and diamide. This mutant lost the
ability to arrest in G, phase upon treatment with lipid hy-
droperoxide. The Cys-404 residue of Swi6p in wild-type cells
was oxidized to a sulfenic acid when cells were subjected to
linoleic acid hydroperoxide. Mutation of Cys-404 to Ala abol-
ished the down-regulation of expression of the G, cyclin genes
CLN1, CLN2, PCL1, and PCL2 that occurred when cells of the
wild type were exposed to the lipid hydroperoxide. In conclu-
sion, oxidative stress signaling for cell cycle regulation occurs
through oxidation of the G,/S-speicific transcription factor
Swi6p and consequently leads to suppression of the expression
of G, cyclins and a delay in cells entering the cell cycle.

The cell cycle consists of a series of coordinated events that
ensure duplication of genetic material, chromosome segrega-
tion, cell growth, and cytokinesis, producing two daughter
cells. In eukaryotes, cell cycle events are governed by phase-
specific cyclins that complex and activate cyclin-dependent
kinase (CDK)? for activation of phase-specific events. Cell
division is regulated in part by the periodic expression of
genes specific to each of the four phases (G, S, G,, and M) (1,
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2). In Saccharomyces cerevisiae, the single CDK, Cdc28, can
complex with nine cyclins that are transcribed distinctly in
the four stages of the cell cycle. Cells enter the cell cycle to
undergo division when both intrinsic and extrinsic require-
ments are met. In S. cerevisiae, when cells attain a critical size
in the presence of sufficient nutrients in the late G; phase,
they reach an interval called “Start,” at which the bud begins
to emerge, DNA replication is initiated, and cells duplicate
their spindle pole body preparing for mitosis and cytokinesis
(3).

Cell cycle initiation and progression are tightly regulated to
ensure that cell division does not take place under unfavor-
able conditions (4, 5). In proliferating cells, oxidative stress
can arise from reactive oxygen species that are generated
from incomplete reduction of oxygen from the electron trans-
port chain. Environmental factors, including heat and other
stresses, ionizing radiation, metal ions, herbicides such as
paraquat, and the vitamin K precursor menadione, can also
induce reactive oxygen species production in cells (6). Reac-
tive oxygen species are highly toxic because of their ability to
directly damage nucleic acids, proteins, and lipids (6). In par-
ticular, oxidation of membrane lipids generates lipid hy-
droperoxides, which may be involved in the pathogenesis of
human diseases such as atherosclerosis and neurodegenera-
tive disorders (7, 8). Upon lipid peroxidation and oxidative
stress, cells respond by delaying exit from G, so that cellular
damage can be removed or repaired to avoid irreparable dam-
age being passed on to daughter cells (9, 10). Some of these G,
arrest responses are conserved from yeast to human (11, 12).

At cell cycle checkpoints, cells monitor the internal and
environmental redox conditions to initiate the appropriate
responses to oxidative stress. In mammalian cells, p53 partici-
pates in major checkpoints for DNA damage (10). In S. cerevi-
siae, DNA damage caused by hydrogen peroxide activates the
Rad53p checkpoint via the RADY signaling pathway in re-
sponse to DNA damage (9). However, G, delay in response to
lipid hydroperoxides operates independently of the RAD9
pathway (13, 14). From a genome-wide screen of S. cerevisiae
deletion mutants to identify genes needed to maintain resis-
tance to a range of different oxidative stresses, 259 deletants
were found to be sensitive to the lipid hydroperoxide, linoleic
acid hydroperoxide (LoaOOH) (15). Because LoaOOH in-
duces G, arrest in yeast, the LoaOOH-sensitive mutants were
subjected to a second screen to identify genetic factors that
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may be involved in signaling and regulation of G, arrest in
response to LoaOOH (16). Deletion of SW16, which encodes
the G,/S phase-specific transcription factor, resulted in the
loss of the G, delay phenotype in response to LoaOOH (16).

Swi6p is a cell cycle transcription factor that activates the
periodic expression of G, cyclins required for the G, to S
phase transition. Swi6p forms two heterodimeric complexes,
SBF and MBF, with Swi4p and Mbp1p, respectively (17, 18)
and relies on its partner protein for DNA interaction (19, 20).
Swi6p has also been shown to regulate cell cycle arrest upon
DNA damage through phosphorylation by Rad53p (21). How-
ever, the mechanism of its involvement in regulating cell cycle
arrest in response to oxidative stress is largely unknown and is
not dependent on the DNA repair pathway (9). Here, we re-
port how Swi6p can regulate cell cycle delay by functioning as
a sensor for oxidative stress through an intrinsically reactive
cysteine residue.

EXPERIMENTAL PROCEDURES

Strains and Plasmids—Yeast strains and plasmids are listed
in supplemental Table S1. All of the strains are isogenic with
the haploid BY4741 background and were cultured in syn-
thetic complete medium (SC) with the omission of leucine
where necessary for plasmid maintenance. SWI6 coding se-
quence and its flanking sequences (1 kb upstream and 0.5 kb
downstream) were cloned into the centromeric plasmid
pRS415, and the resultant plasmid pSW16 was transformed
into the swi6A mutant (16). This complemented wild-type
strain was designated SWI6 to differentiate it from the wild-
type strain BY4741 carrying the empty vector pRS415. The
Cys-404 in Swi6p was mutated to alanine using pSW16 (16) as
a template by site-directed, ligase-independent mutagenesis
(22, 23). Primers used for site-directed mutagenesis are listed
in supplemental Table S2. For immunoprecipitation of Swi6p
or its C404Ap variant, the N-terminal His, tag was added to
the SWI16 or C404A coding sequence by PCR and cloned into
pAG416GPD-ccdB from the S. cerevisiae Gateway Cloning
vector suite (24, 25) for expression under the glyceraldehyde-
3-phosphate dehydrogenase (T’DK3) promoter. The resulting
plasmids were pGPD-9HisSW16 and pGPD-9HisC404A (sup-
plemental Table S1).

Analysis of Swi6p Structure—The Protein Data Bank (26)
was mined to identify proteins with potentially reactive sur-
face-exposed cysteine residues that form covalent dimers dur-
ing crystallization.® The Protein Quaternary State Web server
(27) was used to determine whether the reactive Swép Cys
residue might be involved in physiological dimer formation or
be susceptible to other forms of modification such as gluta-
thionylation or nitrosylation. Protein Quaternary State deter-
mines whether dimer formation is likely to be physiological or
an artifact of crystallization by assessing the amount of sol-
vent-accessible surface buried during covalent dimer forma-
tion. For Protein Data Bank entries where the quaternary
state is known, the solvent-accessible surface buried per chain
ranges from ~370 —4750 A2 for homodimers and from
~640-3230 A2 for heterodimers (28). A threshold of 400 A2

3 M. A. Wouters, unpublished results.
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of buried solvent-accessible surface/chain was used to predict
physiological oligomers. Oligomers with less than this value
are unlikely to be physiologically relevant. Protein Quaternary
State also identifies residues buried at the interface.

Sensitivity to Oxidants—Linoleic acid hydroperoxide was
synthesized as described (29) and stored at —20 °C for up to 4
months. LoaOOH (in HPLC grade methanol) was added to
molten agar medium to the required concentrations, and the
plates were poured. Other oxidant/reductant stocks (1 m
menadione, 0.8 M H,0,, 0.5 M diamide, and 1 M dithiothreitol)
were freshly prepared in water prior to addition to molten
agar. The plates were left to dry for 1 h. Overnight cultures
were serially diluted using fresh medium, and 5 ul of each
dilution was spotted onto the LoaOOH-containing plates.
The plates were dried and incubated at 30 °C in the dark for
3 days.

Cell Cycle Analysis—The strains were cultured in SC-Leu
medium at 30 °C to A, 0.2. a-Mating factor (Zymo Re-
search, Orange, CA) was added to a final concentration of 3
pg/ml, and cultures were synchronized at 30 °C for 2 h. The
cells were washed once, resuspended in PBS, and split into
equal portions. LoaOOH (15-20 mM in methanol) was added
to a final concentration of 30 uM in one culture, and an equal
volume of methanol was added to the other culture as control.
The cultures were incubated with shaking at 30 °C for 45 min
and were washed once with PBS. The cells were released into
fresh SC-Leu medium, and 1 ml of culture was sampled at the
indicated time intervals. The cell samples were centrifuged,
fixed with 1 ml of ice-cold 70% (v/v) ethanol, and resuspended
in 1 ml of water. The cells were subsequently sonicated in a
M250 Branson digital sonifier (Branson, Danbury, CT) for
20 s at 30% amplitude to disperse clumps, washed once with 1
ml of 50 mm Tris-HCI, pH 7.5, and resuspended in 20 ul of
the same buffer. The budding index was determined by fluo-
rescence microscopy as described (11). To examine the cellu-
lar DNA content by flow cytometry, the samples were fixed
with 70% (v/v) ice-cold ethanol and resuspended in 1 ml of
water. The samples were subjected to sonication to disperse
clumps, centrifuged, and resuspended in 100 ul of Tris-HCI,
pH 7.5, containing RNaseA (100 ug/ml) for digestion for 2 h
at 37 °C. The samples were stained overnight in 10 ug/ml pro-
pidium iodide as described previously (16). DNA content of
samples was analyzed as described by Haase and Lew (30) on
a Cell Lab Quanta™ SC flow cytometer (Beckman Coulter
Australia, Gladesville, Australia).

Immunoprecipitation and Detection of Sulfenic Acid in
Proteins—To detect the presence of cysteines converted to
sulfenic acid residues, cells expressing Swi6p from the glycer-
aldehyde-3-phosphate dehydrogenase (TDK3) promoter were
grown in SC-Ura to Ay, of 0.4 and split into equal aliquots
for treatment with and without LoaOOH (30 um) for 5 min.
Cells were collected by centrifugation at 4 °C and were resus-
pended in PBS. Each culture was divided into two equal ali-
quots, and dimedone (1 M stock in dimethyl sulfoxide) was
added to a final concentration of 50 mM to one aliquot. The
cells treated with dimedone were incubated with shaking at
30 °C for 15 min and collected by centrifugation at 4 °C. The
cell pellets were stored at —80 °C until lysis. For detection of
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sulfenic acid formation in Swi6p during the cell cycle, the cells
were grown in 500 ml of SC-Ura to A, of 0.2 and synchro-
nized as described above. The cells were resuspended in 500
ml of PBS buffer, and 50 ml was collected as zero time.
LoaOOH was then added to the culture to final concentration
of 30 um, and 50 ml of cells was collected at intervals. The
collected cells were immediately subjected to dimedone treat-
ment as described above. The remaining 250-ml culture from
LoaOOH treatment was centrifuged, washed once in PBS, and
released into 250 ml of fresh SC-Ura medium. The cells (50
ml) were collected at indicated intervals and subjected to
dimedone treatment as described above.

The cells were lysed using a bead beater with acid-washed
glass beads in lysis buffer containing 50 mm Tris-HCI, pH 7.5,
5mMm EDTA, 1% (v/v) Triton X-100, 5 mm PMSF, fungal pro-
tease inhibitor mixture (Sigma-Aldrich), phosphatase inhibi-
tor mixture (Roche Applied Science), and 70 mm iodoacet-
amide. Cell debris was removed by centrifugation, and
supernatant-containing soluble protein was transferred to
fresh tubes. Immunoprecipitation was performed using 500
pg of soluble protein and diluted 5-fold (final volume of 1 ml)
in dilution buffer containing 50 mm Tris-HCIl, pH 7.5, 5 mMm
EDTA, 5 mm PMSEF, fungal protease inhibitor mixture, phos-
phatase inhibitor mixture, and 70 mm iodoacetamide. The
proteins were precleared by adding 10 ul of Dynabeads (In-
vitrogen), and the mixture was incubated with rotation at 4 °C
for 1 h prior to separation of Dynabeads from the protein so-
lution using a magnet. The protein solution was transferred to
new tubes, and 1 ug of polyclonal anti-Swi6 yN-19 antibody
was added (Santa Cruz Biotechnology, Santa Cruz, CA). The
mixture was incubated with rotation at 4 °C for 1 h before the
addition of fresh Dynabeads to the antibody-protein mixture
and incubation with rotation at 4 °C overnight. The protein
was separated from the Dynabeads using a magnet, and the
beads were washed three times in 1 ml of wash buffer con-
taining 50 mm Tris-HCI, pH 7.5, 5 mM EDTA, and 0.1% (v/v)
Triton X-100. Bound proteins were eluted using 2X SDS sam-
ple loading buffer containing 0.1 M DTT at 75 °C for 10 min.
The protein eluates were subjected to SDS-PAGE, and the
proteins were subsequently transferred on to a 0.45-um nitro-
cellulose membrane. Immunoblotting was carried out using
anti-cysteine sulfenic acid antibody (Millipore, Billerica, MA)
to detect sulfenic acid, and Swi6p was detected by anti-Swi6p
antibody.

RNA Extraction and Microarray Analysis—For microarray
analysis, asynchronous populations were used. The cultures
(200 ml) were grown to Agq, of 0.4 at 30 °C and split into
equal aliquots for treatment with and without LoaOOH (30
uM) for 45 min. Each culture was collected in tubes contain-
ing 20 g of —80 °C crushed ice, and the cells were pelleted by
centrifugation (4000 X g, 3 min) and washed once in PBS be-
fore storage at —80 °C. Frozen cell pellets were resuspended
in 1 ml of TRIzol® reagent (Invitrogen) and lysed in a bead
beater with acid-washed glass beads. RNA was extracted as
described by the RNA labeling, and hybridization according
to the Affymetrix® GeneChip® yeast genome 2.0 array proto-
col (Affymetrix, Santa Clara, CA) was carried out at the Ra-
maciotti Centre for Gene Function Analysis (University of
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New South Wales, Sydney, Australia). Data analysis was per-
formed with Partek Genomics suite software (version 6.4).
Probe set data were normalized using the robust multi-array
average method and were analyzed as described previously
(32). For identification of differentially expressed genes, two-
way analysis of variance and a false discovery rate with a 0.05
threshold was used. The microarray data set is deposited at
Gene Expression Omnibus under accession number
GSE18334. Hierarchical clustering for potentially co-regu-
lated genes was performed using the open source TM4 mi-
croarray software suite (33, 34). The web-based program Fun-
Spec was used for analysis of functional enrichment of genes
in the gene clusters (35), and the YEASTRACT database was
used for search of genes and transcription factors association
(36, 37). Upstream sequences (—1000 to —1 bp) of genes were
retrieved and subjected to motif search using the oligo-analy-
sis tool from regulatory sequence analysis tools (38).

Real Time PCR—For analysis of transcripts in asynchro-
nous populations, cultures were grown in 60 ml of SC-Leu to
Agoo 0f 0.4 at 30 °C and treated with 30 um LoaOOH as de-
scribed above. For analysis of changes in G, cyclin transcripts
in the cell cycle, the cultures were grown in 400 ml of SC-Leu
medium to A, of 0.2, synchronized, and split into equal por-
tions with one portion treated with LoaOOH treatment as
described above. The cells were then released in fresh SC-Leu
medium (200 ml), and 20-ml aliquots were collected in 5 g of
—80 °C crushed ice at indicated intervals. The cells were col-
lected by centrifugation (4000 X g, 3 min) and washed once in
PBS before storage at —80 °C. RNA was extracted as de-
scribed above. For RT-PCR, 1 ug of RNA was taken for cDNA
synthesis using the SuperScript™ III first strand cDNA syn-
thesis kit (Invitrogen). Gene-specific primers used in RT-PCR
assays are listed in supplemental Table S3. PCR was carried
out using the Platinum® SYBR® Green RT-PCR SuperMix-
UDG kit (Invitrogen) on a Rotor-Gene RG-3000A (Qiagen)
with the following parameters: 50 °C for 2 min, 95 °C for 2
min, and 40 cycles of 95 °C for 15 s and 60 °C for 30 s. The
threshold cycle (C,) value for each gene at the log phase was
determined, and normalization of specific genes against refer-
ence genes (AC, values) was performed according to Pfaffl
et al. (39).

RESULTS

Swi6p Has a Potentially Reactive Cys-404 Residue—The
involvement of Swi6p in the cell cycle delay in response to
oxidative stress was initially identified from a screen of mu-
tants sensitive to LoaOOH (15). It was therefore of interest to
identify the mechanism whereby the Swi6p transcription fac-
tor is involved in sensing oxidative damage. Swi6p could re-
spond to activation of the cell integrity signaling pathway via
the protein kinase Slt2p, which phosphorylates Swi6p directly
(40). Although deletion of either SLT2 or SWI6 led to sensitiv-
ity to LoaOOH, only the swi6A mutant lacked the ability to
delay in G, indicating that transduction of oxidative stress
signal is likely to occur via Swi6p and that the MAPK cell in-
tegrity signaling cascade (16, 41) is unlikely to be involved.
Deletion of either SWI4 or MBP1I did not result in a loss of
cell cycle delay (16), indicating the critical role of Swi6p in
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oxidative stress signaling. Preliminary analysis of the protein
was therefore performed to examine whether stress signal
transduction could result from its structure. Swi6p contains
an ankyrin repeat motif and on closer examination of its crys-
tal structure (42), a potentially reactive cysteine residue at
position 404 was identified (supplemental Fig. S1A4).

The ankyrin motif in Swi6p is also found in its partner pro-
teins Swidp and Mbplp (42); however, Cys-404 is a noncon-
served residue found only in Swi6p (supplemental Fig. S1B).
Therefore, Swi6p may function as the cellular oxidative stress
sensor that detects oxidative stress signals via its potentially
reactive Cys-404 residue for regulation of cell cycle delay.
Therefore, Cys-404 was mutated to an alanine to assess its
role in the cell cycle response to redox stress.

The C404A Mutation Affects Cellular Responses to Some
Oxidants and Dithiothreitol—To test whether mutation of the
Cys-404 residue led to any phenotype under redox stress, the
SWI6 gene or its C404A mutant copy was expressed from its
own promoter from a centromeric plasmid in the swi6A mu-
tant; the resulting strains were denoted SW16 and C404A,
respectively. The control strain was the wild type transformed
with the vector lacking an insert. Although the swi6A deletant
grew, it had enlarged cells with irregular shape (supplemental
Fig. S2) like some other cell cycle mutants (43). When pSW16
or pC404A was transformed into the swi6A mutant, the wild-
type morphology was restored completely with the wild-type
gene and partially with the C404A variant. Moreover, the
SW16 and C404A strains expressed levels of Swi6p that were
comparable with that of the wild-type strain (Fig. 1A4).

The wild-type, swi6A, SW16, and C404A strains were
grown to stationary phase, and appropriate dilutions were
tested for sensitivity to LoaOOH, hydrogen peroxide, menadi-
one (which leads to generation of superoxide anion), the thiol
oxidant diamide, and dithiothreitol. The swi6A mutant was
sensitive to all of the compounds except dithiothreitol (Fig.
1B), but its resistance was restored on introducing the SWI6
gene. The C404A strain grew as well as the wild type in the
absence of redox stress but was more sensitive to LoaOOH,
diamide, and menadione, indicating that the Cys-404 residue
is not important for growth under normal aerobic conditions
but is functionally important for protection against certain
reactive oxygen species. The C404A strain was very resistant
to dithiothreitol compared with the other strains and was not
sensitive to H,O,. Therefore, the C404A mutant Swi6p pro-
tein is active in the absence of redox stress but leads to an
altered cellular response to particular reactive oxygen species,
including LoaOOH and the superoxide anion, both of which
are known to cause cell cycle delay at G, (9, 11). Because the
effect of diamide on cell cycle progression is not known, we
studied the response of wild-type (SW16), swi6A, and C404A
strains to diamide by flow cytometry. After diamide treatment
of cells synchronized with a-factor, all three strains entered S
phase as shown by an increase in the 2N DNA peak, and there
was no indication of cell cycle delay at G, (supplemental Fig.
S3). In all of the strains, progression of the S phase was found
to be slower than in the untreated control, indicating that
diamide may induce a delay in the S phase rather than in the
G, phase. Despite the more pronounced sensitivity of C404A
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FIGURE 1. Sensitivity of the wild-type and swi6 A and C404A mutant
strains to LoaOOH. A, Swi6p and Swi6 C404A mutant protein expression.
The wild-type SWI6 and mutant C404A sequences under the control of SWI6
promoter and downstream regulatory elements were expressed in the
swi6A strain. Cell extracts were prepared, and the Swi6p and Pgk1p (as
loading control) levels were determined by Western blotting. B, spot test of
sensitivity to LoaOOH. Cultures of BY4741, swi6A, and swi6A carrying SWI6 or its
Ala mutant copy on a centromeric plasmid were grown to stationary phase,
and 2-fold serial dilutions from cultures with the same cell density were spotted
on media containing oxidants (2 mm menadione, 0.1 mm LoaOOH, 1.2 mm
H,0,, 1.5 mm diamide) or reducing agent (2 mm dithiothreitol).

strain to diamide, LoaOOH was used in subsequent studies
for oxidant treatment because lipid hydroperoxides cause G,
arrest and are products generated from lipid peroxidation that
normally occurs in cells, whereas diamide is a synthetic thiol
oxidant not usually encountered by cells.

The C404A Mutant Did Not Delay Cell Division on
LoaOOH Treatment—To test whether Cys-404 is involved in
cell cycle regulation, cells of SW16, swi6A, and C404A were
synchronized by arresting at the G, phase with a-mating fac-
tor. After washing with buffer, the cells were treated with
LoaOOH or methanol as control before a further wash and
resuspension in fresh medium. Because bud emergence and
DNA replication take place when cells enter the S phase, the
timing of these events post release from pheromone (control)
or LoaOOH treatment was compared in the strains to deter-
mine whether there was delay in passage to the S phase in
response to LoaOOH.

In the SWI6 strain expressing the wild-type gene, bud
emergence commenced 10 min post release in the absence of
LoaOOH but was delayed by a further 15-20 min after treat-
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FIGURE 2. Cell cycle delay phenotypes of the wild-type and swi6A and
C404A mutant strains in response to LoaOOH. Cultures were synchro-
nized with a-factor and were treated with LoaOOH for 45 min. Aliquots
were sampled every 15 min post treatment, and the cells were fixed for bud
counting or for FACS analysis of DNA content. For bud counts, 400-600
cells/sample were counted under a fluorescent microscope. A, SWI6 wild
type; B, swi6A mutant; C, swi6 A mutant with C404A construct. The data plot-
ted are the averages of three independent experiments, and the error bars
represent = S.E. *, p value < 0.05, determined using the paired, two-tailed
Student’s t test. For FACS analysis, 25,000 cells were analyzed per sample.
1N represents a single copy of DNA per cell, and 2N represents two copies
of DNA. A representative example of three independent experiments is
shown.

ment with LoaOOH, as found previously (11, 16) (Fig. 2A4).
DNA replication was also delayed in the SWI6 strain in re-
sponse to LoaOOH; compared with the control in which 2N
cells appeared 45 min post release from pheromone, treat-
ment with LoaOOH delayed the appearance of 2N cells until
75 min (Fig. 2A4). Deletion of SWI6 led to an extended G,
phase, and bud emergence was only observed 45 min after
release from pheromone (Fig. 2B). When treated with
LoaOOH, swi6A cells entered the S phase without further
delay at G, at the same time as the control (45 min after re-
lease). This was confirmed by measuring cellular DNA con-
tent: 2N cells appeared after an extended 90-min delay re-
gardless of whether the cells were treated with LoaOOH or
not (Fig. 2B).

The C404A strain also entered the S phase at the same time
as the wild-type SW1I6 strain, but its cell cycle response to
LoaOOH treatment differed markedly (Fig. 2C). On LoaOOH
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treatment, bud emergence in SWI6 cells was delayed, but
C404A cells began budding 10 min after LoaOOH treatment
and progressed into the S phase at the same time as the con-
trol with no LoaOOH treatment. There was a short delay in
DNA replication upon LoaOOH treatment but not to the
same extent as seen in SWI6. This indicated that regulation of
the S phase events of bud emergence and initiation of DNA
replication may have been partially uncoupled because of the
C404A mutation.

These results show that deletion of SWI6 led to a delay in
cells entering the S phase, but there was no further delay fol-
lowing LoaOOH treatment. The C404A mutation did not af-
fect the timing of entry into S phase (determined by bud
emergence) under normal conditions but abolishes the ability
of the strain to respond to LoaOOH by delaying entry into the
S phase. The Cys-404 residue in Swi6p is therefore critical in
the cell response to this oxidant, and it might act as a sensor
of oxidant damage through its modification by oxidants such
as LoaOOH.

Cys-404 of Swi6p Is Oxidized to a Sulfenic Acid upon
LoaOOH Treatment—Because the cell cycle delay required
the presence of the thiol group at position 404 in Swi6p, we
sought to identify how Swi6p is modified in response to
LoaOOH. Although Swi6p crystallizes as a dimer via disul-
fides at Cys-404 residues, only 425 A is buried per chain dur-
ing dimer formation, which is above the theoretical cut-off for
a likely physiological dimer. Moreover, the energy gain upon
complex formation is only —4.5 kcal/mol, and no residues
buried by dimer formation were detected during the analysis,
whereas a true oligomer would be expected to have at least
some residues of this type. Thus, it is unlikely that Swi6p
forms a homodimer under physiological conditions, and the
reactive cysteine may be oxidatively modified in some other
way. Lack of dimer formation was shown by subjecting cell
extracts of S. cerevisiae exposed to LoaOOH to nonreducing
SDS-PAGE and immunoblotting using anti-Swi6p antibody.
No dimer was detected on LoaOOH treatment (supplemental
Fig. S4A). Because cysteine residues can be glutathionylated
to protect against further cysteine oxidation (44), Swi6p was
precipitated from extracts of LoaOOH-treated cells using
anti-Swi6p antibody and tested for glutathionylation using the
anti-GSH antibody. No evidence for glutathionylation of
Swi6p was found (supplemental Fig. S4B).

Protein thiols can also be serially oxidized to form sulfenic,
sulfinic, and sulfonic acid residues, and oxidation to sulfenic
acid in particular can serve as a signal for oxidative stress and
damage (45). Hence, the cells were treated with dimedone,
which reacts specifically with sulfenic acids, and the extracts
were examined using an antibody that recognizes the adduct
of dimedone (46). Because the level of oxidized protein was in
low abundance compared with the reduced form, a construct
was used in which Swi6p was expressed at higher levels from
the glyceraldehyde-3-phosphate dehydrogenase (TDK3) pro-
moter. The cells were subjected to LoaOOH treatment fol-
lowed by the addition of dimedone, and Swi6p was immuno-
precipitated from cell extracts and immunoblotted to detect
the presence of sulfenic acid residues. Under normal growth
conditions, a low level of sulfenic acid could be detected in
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FIGURE 3. Oxidation of the Cys-404 residue to sulfenic acid in LoaOOH-
treated cells. A, detection of sulfenic acid in Swi6p in LoaOOH-treated cells.
The cells were exposed to LoaOOH (30 um, 5 min) and were subsequently
treated with dimedone as under “Experimental Procedures.” The cells were
lysed, and Swi6p or C404Ap was immunoprecipitated (/P) from cell extracts
and subjected to immunoblotting (IB) for the presence of sulfenic acid.

B, time course of sulfenic acid formation in Swi6p in a synchronous popula-
tion on LoaOOH treatment and post release from treatment. The cells were
arrested at G, using a-factor, washed, and resuspended in PBS followed by
treatment with 30 um LoaOOH. The samples were taken at the indicated
time intervals and treated with dimedone. Additionally LoaOOH-treated
cells were washed and released in fresh medium to initiate cell division, and
the samples were taken again at intervals as indicated. The cell extracts
were prepared, and Swi6p was immunoprecipitated for detection of sul-
fenic acid as described above.

Swi6p in an asynchronous cell population, indicating that the
transcription factor had a basal level of oxidation to the sul-
fenic acid. Within 5 min of LoaOOH treatment, substantially
more Swibp became oxidized to sulfenic acid. No sulfenic acid
was detected in C404A cells grown normally or after exposure
to LoaOOH, showing that it was the Cys-404 in Swi6p that
was oxidized (Fig. 3A4).

The above data were obtained with asynchronous cultures.
To determine whether formation of the sulfenic acid in Swi6p
in response to LoaOOH was relevant to cell cycle delay, a-fac-
tor-synchronized cells were treated with LoaOOH, and cul-
ture samples were collected during the 45-min treatment and
for 60 min post treatment. Swi6p was then precipitated and
tested for sulfenic acid formation (Fig. 3B). A low basal level
of sulfenic acid in Swi6p was present at zero time, but this
increased markedly after 5 min of treatment with LoaOOH.
Sulfenic acid formation peaked at 10 min and then decreased
gradually after 20 min of treatment. This decrease could be
due to further oxidation to the sulfinic or sulfonic acid or to
reduction of the sulfenic acid residue by a redox repair system
induced by the oxidant (31). After transfer to fresh medium
without LoaOOH, the level of sulfenic acid decreased further,
and by 30 min, which corresponded to when buds began to
emerge, sulfenic acid was barely detectable in Swi6p. At 60
min post treatment when budding was maximal, sulfenic acid
was at a similar basal level as the zero time control. The tim-
ing of changes in sulfenic acid formation in Swi6p was there-
fore consistent with the view that transition to the S phase is
dependent on the oxidation status of the Cys-404 residue of
Swi6p.
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The C404A Mutation Affects Expression of Many Genes,
Including Those of G, Cyclins—Entry into the S phase re-
quires transcription of cell cycle genes by the Swi6p/Mbplp
(MBF) and Swi6p/Swidp (SBF) complexes (18). The transcrip-
tional response of the SW16, C404A, and swi6A strains to
LoaOOH was determined by microarray analysis to investi-
gate the effects of Cys-404 oxidation on Swi6p activity. SWI6,
C404A, and swi6A strains were grown to mid-exponential
phase and exposed in parallel to control and LoaOOH-treated
conditions. RNA samples were prepared from biological trip-
licates and subjected to microarray analysis.

Transcript levels for genes under test conditions were ex-
pressed relative to those of the wild type (SW16) in the ab-
sence of LoaOOH. From two-way analysis of variance, 1214
genes had significantly altered expression (p < 0.05) across
the six different conditions, and the main sources of variation
came from the test conditions, genotype (39.95%) and
LoaOOH treatment (5.81%). Differentially expressed genes
were clustered hierarchically, resulting in 14 clusters (supple-
mental Fig. S5), and the functional groupings that were over-
represented in each gene cluster are given in supplemental
Table S4. Principal component analysis indicated that the
transcriptomic profile of the C404A mutant was closer to that
of the swi6A deletant than to the wild type, with the C404A
mutant and swi6A deletant showing similarly altered expres-
sion of 931 genes.

Four of the 14 gene clusters were enriched in genes related
to cell division (clusters 4, 9, 10, and 11; supplemental Table
S4). The C404A mutant had a similar expression pattern to
the wild type in response to LoaOOH treatment in three of
these clusters (clusters 9, 10, and 11), but cluster 4 comprised
genes whose expression was higher only in the C404A mutant
and not the wild type or swi6A deletant (Fig. 4A4). Cluster 4
contained cell cycle genes (CLN2, PCL1, and YOXI) that are
periodically expressed at late G; phase, which are necessary
for passage from G, to S phase (47). Despite the use of asyn-
chronous cells in the microarray study, these genes were up-
regulated in the C404A mutant with or without LoaOOH
treatment. Genes in this cluster were grouped according to
their known transcriptional regulators to identify the tran-
scription factor(s) that may account for their regulation. Both
SBF and MBF complexes had an equal number of target
genes, indicating that Swi6p activity is likely to be important
to the expression of this gene cluster (supplemental Table S5).
When promoters of these genes were analyzed for potential
transcription factor binding motif(s), the motif CGCGAAA
corresponding to the SCB motif (CGCSAAA) (48) was over-
represented (p value: 1.7 X 10~ °), indicating a possible bias of
SBF-regulated genes in relation to the function of the Cys-404
residue in Swi6p. To examine this possibility, all known targets of
SBF, MBEF, or both (49) were identified from the 1214 differen-
tially expressed genes, and 79 genes were identified as targets of
Swi6p transcriptional complexes (Fig. 4B). When expression
levels of these 79 genes were hierarchically clustered, there was
no general pattern that explicitly determined which of the two
complexes was affected because of the C404A mutation (Fig.
4C). Genes in each cluster were analyzed for functional enrich-
ment, and their functional groupings revealed important changes

JOURNAL OF BIOLOGICAL CHEMISTRY 5209


http://www.jbc.org/cgi/content/full/M110.172973/DC1
http://www.jbc.org/cgi/content/full/M110.172973/DC1
http://www.jbc.org/cgi/content/full/M110.172973/DC1
http://www.jbc.org/cgi/content/full/M110.172973/DC1
http://www.jbc.org/cgi/content/full/M110.172973/DC1
http://www.jbc.org/cgi/content/full/M110.172973/DC1
http://www.jbc.org/cgi/content/full/M110.172973/DC1

Redox Regulation of Cell Cycle Delay

A C

ﬁ
J

I
o
(@]
©
o
|
g
S
7

C404A LoaOOH

I
(®]
(@]
©
o
|
g
S
»n

Swi6A control
C404A control
C404A LoaOOH
SWI6 LoaOOH

SWi6 LoaOOH
C404A control

SWI6A control

TOS6
SVS1
HO
CLB6
YPS3
SUR2
EXG1
POL1
CAF120
YDR222W
YPR078C a
GFA1
SUR2
TOS8
GAT2
CWP1
YJR030C
TOS2
MCD1
CIS3
YBL109W
APN1
HHF1 b
YLR104W
CLN2
PCL1
YOX1
CSl2
CLN1
GIC1
GIC2
NDD1
WTM1
PCL2
SCW10
GAS1
BCM33
PMA1
RNR1
WBP1
RAX2
ALG14
UTR2 c
RML2
LSM4
ERP3
CAP1
YOL114C
PRE1
PUP3
ELO1
DSE1
PAU2
RSP5
DUN1
PRY1
SWi4
RAD51
SCW4
CcDC21
SRS2
SLM4
TOS3
DIN7

B Microarray

SBF

MBF

PLM2
YOR114W
SIM1
WSC2 d
CDC45
CLA4
GAS3
BUD9
LTE1
CLN3
YRF1-1

5210 JOURNAL OF BIOLOGICAL CHEMISTRY YASHMB\  VOLUME 286-NUMBER 7+FEBRUARY 18, 2011



Redox Regulation of Cell Cycle Delay

TABLE 1
Functional categories

Shown are the functional categories enriched in gene clusters a—d of Fig. 4C. Functional enrichment was determined using FunSpec (35). The complete list of genes in
each cluster and their functional groupings can be found in the supplemental material.

Cluster Category p value” Genes Classification source

a Sphingolipid biosynthetic process 565X 107* SUR2 SUR1 GO Biological Process
Cell wall 5.87 X 107° CWPI1 GFAI EXG1 GO Cellular Component

b Regulation of cyclin-dependent protein kinase activity 1.10 X 107° CLNI PCL1 CLN2 GO Biological Process
Cell cycle 9.69 X 10° MCDI1 YOX1 CLNI PCL1 GO Biological Process
Cell division 3.07 X 107* MCDI CLN1 PCL1 CLN2 GO Biological Process

c Reproduction 523X 107* PCL2 GIC2 RAX2 GO Biological Process
Regulation of cell shape 1.52 X 1073 GIC2 GICI GO Biological Process

d Telomere maintenance via recombination 1.95x 1073 YRFI—1 RFA2 GO Biological Process
DNA replication 9.56 X 1072 PLM?2 CDC45 RFA2 GO Biological Process

“ The p value is the probability of chance enrichment, and only genes with p < 0.005 (except for cluster d in which the cut-off is p < 0.01) are shown.

in the transcriptional response to LoaOOH because of loss of the
Cys-404 residue (Table 1, clusters a—d).

Genes up-regulated in the wild type on LoaOOH treatment
(cluster a) were involved in synthesis of cell wall components.
Their induction was probably a consequence of cell wall dam-
age from lipid oxidation, because CWP1, EXG1, and SURI are
induced by other cell wall damaging compounds (50). How-
ever, deletion of SWI6 or mutation of its Cys-404 led to re-
duced expression of these genes, and on LoaOOH treatment
their expression remained unchanged. This indicated that
Swi6p and its Cys-404 residue might also be important for
activation of cell wall genes in cells under oxidative stress.

Cluster b consisted of genes involved in the cell cycle
(CLN2, PCL1, and YOX1I) that were uniquely more highly ex-
pressed in the C404A mutant. Cluster ¢ contained genes in-
volved in cell shape, which were up-regulated in both swi6A
and the C404A mutant, which may explain the irregular and
elongated cell shape seen in swi6A (supplemental Fig. S2).
Another two G, cyclins, CLNI and PCL2, were in this cluster,
indicating that Swi6p and its Cys-404 are important for
proper regulation of G, cyclin expression. Genes in cluster d
are involved in DNA replication. As noted above, expression
of genes involved in DNA replication was reduced in both the
wild type and the C404A mutant (cluster 10). Reduced ex-
pression of DNA replication genes is consistent with the find-
ing that DNA replication was delayed on LoaOOH treatment
in SWI6 and to a lesser extent in C404A mutant cells.

From the above data, abolishing the thiol of Cys-404 in
Swi6p resulted in elevated expression of all four G; cyclins
that are important for passage from the G, phase to the S
phase. However, the C404A mutant showed reduced expres-
sion of DNA replication genes, which is consistent with the
finding that oxidant-induced delay in DNA replication was
less affected than budding by the mutation.

LoaOOH Treatment Reduces Cyclin Transcription in Syn-
chronous Cultures of the Wild Type, but Not the C404A
Mutant—To validate the data from microarray analysis, asyn-
chronous cells were subjected to LoaOOH treatment, and the

expression levels of CLN1, CLN2, PCLI, and PCL2 were quan-
tified by RT-PCR. In wild-type cells subjected to LoaOOH, G,
cyclin transcript levels were reduced by 50% compared with
the control (Fig. 54). On the other hand, their expression was
higher in the C404A mutant than in the wild type under nor-
mal unstressed conditions, and there was little change follow-
ing exposure of the cells to LoaOOH.

Because the expression of G, cyclins is dynamic and fluctu-
ates with the cell cycle (51), expression levels of CLN1, CLN2,
PCL1, and PCL2 were monitored using untreated and
LoaOOH-treated cells synchronized by a-factor (Fig. 5B). In
wild-type cells, in the first 30 min after LoaOOH treatment,
CLNI1 and PCL1 expression was significantly decreased but
subsequently increased slowly to a level similar to that of the
untreated control. However, CLN2 and PCL2 expression re-
mained low for 90 min after treatment before increasing. This
reduction of G, cyclin expression in the first 30 min post re-
lease correlated with the delay observed in cell cycle progres-
sion of the wild-type strain (Fig. 24). On the other hand, in
the C404A mutant, expression of CLN1, CLN2, and PCL1
increased in a similar manner to the control in the first 30
min post LoaOOH treatment. However, expression of these
cyclin genes continued to increase, peaking at 60 min post
treatment before coming down to a level similar to that of the
control. There was a brief induction of PCL2 transcript in the
C404A mutant 15 min after LoaOOH treatment, but this was
reduced to a similar level to the control by 30 min. Based on
these transcript profiles, the inability to oxidize Cys-404 in
Swi6bp led to up-regulation of G, cyclins in the C404A mutant,
thus driving the cells to progress into S phase despite having
been subjected to oxidative stress.

DISCUSSION

Cell division is essential to all living organisms, and the cell
cycle is tightly regulated. In response to DNA damage, yeast
cells arrest in the G, phase, initiating repair enzymes to re-
move damage before resuming cell division (21). Similarly,
when yeast cells experience lipid peroxidation, they arrest at

FIGURE 4. Microarray analysis of gene expression in the wild type and C404A and swi6A mutants subjected to LoaOOH treatment. The cultures of
each strain were grown to Ag,, = 0.4 and treated with 30 um LoaOOH for 45 min, and cell extracts were prepared for RNA extraction. Three biological repli-
cates of each strain and treatment were performed. Gene expression from other genotypes and conditions was normalized as the intensity ratio relative to
the untreated wild-type control. A, differentially expressed genes that were uniquely up-regulated in the C404A mutant with or without treatment from
hierarchical clustering. B, genes identified in the microarray study that are known targets of SBF and/or MBF complexes (highlighted in bold). C, hierarchical
clustering of the differentially expressed genes that are known targets of SBF, MBF, or both. The resulting clusters were enriched with genes in the func-
tional grouping of cell wall components (cluster a), cell cycle (cluster b), cell shape (cluster c), and DNA replication (cluster d).
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FIGURE 5. Cyclin expression in LoaOOH-treated cells. A, CLN1, CLN2, PCL1, and PCL2 transcript levels in asynchronous cultures in the presence of LoaOOH
by RT-PCR. Cells of the wild-type and C404A mutant strains were grown to Agy, = 0.4 and treated with 30 um LoaOOH for 45 min, and cell extracts were
prepared for RNA extraction. Transcript levels were quantified by RT-PCR, and their abundance was expressed relative to SIR3. The average values of four
independent experiments are shown, and the error bars represent = S.D. ¥, p value <0.05, determined using the paired, two-tailed Student'’s t test. B, quan-
tification of CLN1, CLN2, PCL1, and PCL2 expression after LoaOOH treatment in a-factor synchronized cultures. Two independent experiments were per-

formed with technical replicates, and a representative experiment is shown.

G, delaying budding and S phase progression (11). The signal
for each stress or stimulus may differ, but all share a central
modulator, Swi6p, for cell cycle regulation. In S. cerevisiae,
Rad9p serves as the checkpoint protein for DNA damage and
transfers the signals to Swi6p through a phospho-relay (21).
SWI6 was identified from a genome-wide screen to be impor-
tant for cellular defense to oxidative stress induced by
LoaOOH, and deletion of SWI6 in cells led to an inability to
arrest at G, despite the presence of LoaOOH. However, oxi-
dative stress induced by lipid hydroperoxide had no apparent
sensor pathway (16). Because lipid peroxidation damages
cell wall/membranes and activates the cell integrity path-
way for cell wall repair (41), its MAPK Slt2p was examined
for its role in redox sensing for the cell cycle. Despite its
sensitivity to LoaOOH (15, 41), the s/t2A mutant retained
the ability to arrest in G;, hence making it unlikely that
SLT2 is involved in cell cycle regulation in response to oxi-
dative stress (41).

Here, we report a novel function of Swi6p that serves as a
sensor for oxidative stress through the direct oxidation of its
Cys-404 to a sulfenic acid residue, which is therefore not de-
pendent on any signal transduction cascade. This sensing
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function of Swi6p is unlikely to involve its binding partners
Swi4p or Mbplp because deletion of SWI4 or MBPI from
cells did not abolish their ability to arrest at G, in response to
oxidative stress (16).

In mammalian cells, sensitive protein thiols can be pro-
tected from oxidation to sulfenic acid by glutathionylation or
other disulfide bond formation (52). These events are reversi-
ble by cellular reducing systems when redox homeostasis is
restored (52), and this could also occur with the oxidized
Swi6p. Neither glutathionylation nor dimerization was de-
tected in Swi6p, and further irreversible thiol oxidation to
form sulfinic or sulfonic acids could also occur, probably at
higher LoaOOH doses. In mammalian cells, the severity of
oxidative stress may be monitored by the extent of oxidation
at cysteine residues in proteins (45). Moreover, in S. cerevi-
siae, a reactive cysteine in the thiol peroxidase (Gpx3p/
Orplp/Hyrlp) that senses hydrogen peroxide is oxidized to
the sulfenic acid and transduces the response to the Yaplp
transcription factor (53, 54). It is therefore possible that in S.
cerevisiae, the oxidation product of the Swi6p Cys-404 may
serve as an indicator of oxidative stress level as part of the
mechanism used by Swi6p in regulating the cell cycle.
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Besides being activated by Slt2p upon cell wall damage sig-
naled via the cell integrity pathway (41, 55), Swi6p is also
phosphorylated by Slt2p from the Pkclp pathway that pro-
motes growth to activate genes for cell cycle progression (56).
However, when challenged by oxidative stress, Swi6p can be-
come oxidized at its Cys-404 residue to sulfenic acid, resulting
in G, delay. Hence, oxidation of Cys-404 may serve as a
mechanism to antagonize the proliferation signals received.
The ability to override one signal by another on the same
transcription factor would enable cells to respond rapidly to
the change in the environment to elicit appropriate oxidative
stress responses rather than initiating cell division.

Upon oxidation of Cys-404 the G, cyclins, which would
normally be required for commitment to cell division, were
down-regulated. The mechanism by which this oxidation re-
sults in altered transcriptional activity of Swi6p remains to be
elucidated. However, because Swi6p is recruited to the Swi4p-
Slt2p complex at promoters for activation of transcription
(55), one possibility is that formation of sulfenic acid at Cys-
404 in the ankyrin motif, which is important for protein-pro-
tein interaction, may change the affinity of the transcriptional
complex for some promoters. The SBF complex primarily
activates the transcription of CLNI and CLN2, which encode
cyclins that bind to and activate Cdc28p kinase activity, as
well as PCL1 and PCL2 for binding and activation of Pho85p
CDK at late G, phase (3, 47). G, cyclin-CDK complexes have
long been proposed to be necessary in degradation of the B-
type cyclin-CDK inhibitor Siclp for initiation of S phase
events, including DNA replication, bud formation, and spin-
dle body formation (3, 57). However, recent evidence indi-
cates that the maximal cyclin-CDK activity in late G, phase
has a more specific role in the establishment of cell morpho-
genesis and budding than in the initiation of DNA replication
(43). Deletion of all four G, cyclins causes catastrophic mor-
phogenesis and enormously wide bud necks in the conditional
mutant, yet it was able to initiate DNA replication at the
proper timing, indicating that these G, cyclins play no regula-
tory role in initiation of DNA replication (43). This role for G,
cyclins is in accord with the finding that in the C404A mutant
under oxidative stress, there was elevated expression of G,
cyclins, which led to bud formation and expression of genes
involved in morphogenesis, yet DNA replication was still par-
tially delayed.

Swi6p has a regulatory role in both morphogenesis (SBF
targets) and DNA replication (MBF targets), yet the mutation
of Cys-404 to Ala affected one process, budding and morpho-
genesis involving targets of SBF complex, more than that of
DNA replication. Abolishing the Cys-404 thiol may uncouple
the regulation of budding and DNA replication by Swi6p.
However, this uncoupling is not the case for all SBF targets.
Thus, regulation by the redox-sensing residue Cys-404 is
more directed to the regulation of G, cyclins. This perhaps
could be a consequence of the timing of events that occur in
the S phase. In wild-type cells, DNA replication does not
commence until 30 —45 min after release from pheromone
(43), whereas buds begin to emerge 15 min after release. As a
result, in response to certain oxidants (those more likely to
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damage proteins and lipids than DNA), it may be more criti-
cal to prevent the induction of G, cyclins for morphogenesis.
In summary, we have identified Swi6p as an oxidative stress
sensor for the regulation of the cell cycle. This sensing func-
tion occurs via direct oxidation of the thiol group of its Cys-
404 to sulfenic acid. Oxidation of the Cys-404 residue resulted
in down-regulation of G, cyclins CLN1, CLN2, PCL1, and
PCL2, which are required for proper morphogenesis and bud
formation. DNA replication is less affected by Cys-404 oxida-
tion, and its initiation in the C404A mutant was delayed upon
oxidative stress but not to the same extent as wild-type cells.
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