
INTRODUCTION

ACENTRAL CHALLENGE FACED BY PATHOGENIC

MICROORGANISMS in the animal host is
evading cell-mediated killing carried out by
macrophages (18). The major route of killing
invading microorganisms involves phagocy-
tosis and eventual exposure to a high dose of
reactive oxygen species. The ability of patho-
genic microbes to tolerate reactive oxygen
species challenge is a crucial feature of their
ability to cause disease.

Pathogenic fungi illustrate the linkage of
antioxidant defense genes and virulence.
Candida albicans cells engineered to lack an
endogenous catalase gene show marked re-

ductions in virulence (112). Loss of normal
oxidant-generating capabilities in neutrophils
leads to an increase in fungal virulence (13).
Understanding of the molecular basis of the
oxidative stress response in fungi is a central
issue to our understanding of fungal patho-
genesis.

The focus of this review will be on the
mechanisms of transcriptional control of ox-
idative stress defense gene induction in yeast
cells. Advances in molecular genetic tech-
nologies have led to dramatic increases in our
understanding of the oxidative stress re-
sponse in a variety of fungi, but the most
complete picture of how a eukaryotic cell re-
sponds to changes in the redox potential of its
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ABSTRACT

Amain avenue of defense against fungal infection uses oxidative killing of these and other microorganisms. Con-
sequently, the ability of fungi to withstand an oxidative challenge has important implications for their ultimate
pathogenicity in a host organism. Fungi also serve as an excellent model system for handling of reactive oxygen
species in eukaryotic cells. For these reasons, a great deal of work has been invested in analyzing pathways in-
volved in and the mechanisms regulating oxidative stress tolerance in fungi. The goal of this review is to discuss
the current state of knowledge underlying the ability of fungal cells to mount a response to oxidative stress via ac-
tivation of transcription factors. Studies in Saccharomyces cerevisiae have identified multiple transcriptional reg-
ulatory proteins that mediate tolerance to oxidative stress. Experiments focused on the fission yeast Schizosaccha-
romyces pombe have led to the discovery of protein kinase cascades highly related to mammalian stress-activated
protein kinases. Recent studies on the pathogenic yeast Candida albicans have allowed analysis of the role of a
critical oxidant-regulated transcription factor in this important human pathogen. Further understanding of oxida-
tive stress resistance pathways in fungi is an important step toward understanding the molecular pathogenesis of
these microorganisms. Antioxid. Redox Signal. 4, 123–140.
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environment is still provided by the budding
yeast, Saccharomyces cerevisiae . The facile ge-
netics available in this organism has led to S.
cerevisiae serving as a leading model of fungal
oxidative stress response. The discussion here
will be limited to the participation of S. cere-
visiae and other yeast transcriptional regula-
tory proteins in the response to oxidative
stress. The many years of study of S. cere-
visiae, coupled with the ease of genetic analy-
sis in this organism, have provided the most
complete description of the transcription fac-
tors involved in oxidative stress in any fun-
gus. However, many of these factors are also
likely to be involved in similar pathways in S.
pombe and C. albicans, but will not be dis-
cussed because direct experimentation con-
firming their participation in oxidative stress
tolerance has not yet been reported.

Although the picture of the molecular basis
of and participants in oxidant-responsive
gene transcription is most detailed for S. cere-
visiae, the fission yeast Schizosaccharomyces
pombe elaborates much better understood sig-
naling pathways that lead to oxidative stress-
activated gene expression. Recent progress
has permitted the oxidant signaling path-
ways triggering activation of gene expression
to be traced from the plasma membrane to the
nucleus of S. pombe cells (10). This is in con-
trast to S. cerevisiae in which even the pres-
ence of upstream effectors of oxidant in-
ducibility is still uncertain. Strikingly, S.
pombe expresses a basic region-leucine zipper
(bZIP)-containing protein called Atf1 that is a
homologe of the mammalian activating tran-
scription factor (ATF)/cyclic AMP responsive

element binding protein (CREB) family (92).
S. cerevisiae also produces ATF/CREB homo-
logues such as Sko1p (64, 100) and Aca1p/
Aca2p (26). Whereas Atf1 has a crucial role in
oxidative stress tolerance in S. pombe (82,
107), none of the S. cerevisiae homologues
have been found to contribute to this pheno-
type (26). Clearly, study of these different
yeasts will provide insight into the different
strategies used by fungi to respond to oxida-
tive challenge.

Study of S. pombe and S. cerevisiae oxidative
stress pathways is greatly facilitated by the
ease of genetic analysis in these organisms.
However, these species are not typically
found associated with fungal infections in
clinical settings. Two of the most common op-
portunistic pathogenic yeasts in humans are
the Candida species, Candida albicans and Can-
dida glabrata (108). Major advances in the ge-
netics and molecular biology of these patho-
genic organisms have recently provided the
first insights into the involvement of oxida-
tive stress tolerance in the virulence of these
organisms (11).

The goal of this review will be to summa-
rize current understanding of the transcrip-
tional control pathways leading to oxidative
stress-regulated gene expression. The focus
here will be on the transcription factors medi-
ating this response (see Table 1), as other re-
views have recently considered the genes ac-
tivated during oxidant challenge (39, 58).
Transcription factors that influence oxidant
tolerance primarily through their effects on
metal homeostasis, like Mac1p (42), will not
be considered here. Although similar tran-
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TABLE 1. TRANSCRIPTION FACTORS RESPONDING TO REDOX SIGNALS IN FUNGI

Protein Factor class Representative target genes Oxidant regulatory input

Saccharomyces cerevisiae
Msn2p/Msn4p Cys2-His2 zinc finger CTT1, HSP12 Nuclear localization
Skn7p Helix–turn–helix TRX2, TRR1 Unknown
Hsf1p Winged helix–turn–helix SSA1, CUP1 Phosphorylation
Yap1p Basic region-leucine zipper TRX2, GSH1 Nuclear localization

Schizosaccharomyces pombe
Pap1 Basic region-leucine zipper ctt1+, apt1+ Nuclear localization
Atf1 Basic region-leucine zipper ctt1+, pyp2+ Phosphorylation
Prr1 Helix–turn–helix ste11+, trr1+ Unknown

Candida albicans
Cap1p Basic region-leucine zipper CaGLR1, CaMDR1 Nuclear localization



scription factors are used to coordinate the
oxidative stress response in these different
fungi, important differences in the regulation
of these factors indicate that study of each
system is necessary to unravel fully the path-
ways that may be used to allow fungal eva-
sion of oxidant-based killing.

FUNGALOXIDATIVE STRESS-
REGULATED TRANSCRIPTIONAL

PATHWAYS

Saccharomyces cerevisiae

Msn2p/Msn4p

Some of the earliest work dealing with the
molecular basis of oxidative stress regulation
in S. cerevisiae centered on regulation of the
cytosolic catalase gene (CTT1). S. cerevisiae
contains loci encoding two different catalase
enzymes, the cytosolic Ctt1p (88) and the per-
oxisomal Cta1p (12). Analysis of the promoter
of CTT1 identified an element called the
stress responsive element (STRE: AGGGG)
that was induced by an array of stresses in-
cluding oxidant challenge (44, 55). Identifica-
tion of the protein(s) binding to this element
led to the determination that the STRE was
bound by two homologous transcription fac-
tors, Msn2p and Msn4p (56).
MSN2 and MSN4 were originally cloned as

high-copy-number suppressors of the growth
defect on sucrose of a temperature-sensitive
snf1 mutant (21). Early analysis indicated that
these factors were capable of activating tran-
scription, but their function remained un-
known (21). Experiments aimed at examining
the role of these related proteins in the stress
response uncovered their importance in this
physiological pathway. Loss of both MSN2
and MSN4 led to a pronounced loss of viabil-
ity upon carbon starvation, heat shock, or
oxidative challenge by hydrogen peroxide
(H2O2) (56). These factors were also required
for induction of an artificial STRE reporter
plasmid by various stresses. CTT1 stress acti-
vation was also severely curtailed in the ab-
sence of Msn2p/Msn4p. Finally, DNA bind-
ing experiments confirmed that both Msn2p
and Msn4p were able to bind to the STRE that

is found in many genes activated by environ-
mental challenges, including oxidative stress
(61).

Although MSN2 and MSN4 are clearly in-
volved in a variety of stresses, their specific
contribution to oxidant exposure is still un-
clear. One of the prototypical Msn2p/Msn4p
target genes often documented to illustrate
the role of these proteins in oxidative stress is
the cytosolic catalase gene, CTT1. Interest-
ingly, in direct experiments aimed at explor-
ing the role of Ctt1p and the peroxisomal
catalase (Cta1p) in H2O2 tolerance, it was
found that these catalases contributed in only
minor ways to peroxide resistance in log-
phase cells (37). However, loss of CTT1 and
CTA1 rendered cells extremely sensitive to
H2O2 challenge in stationary-phase cells and
eliminated the adaptive response for H2O2.
Comparison of the contribution of MSN2 and
MSN4 to chronic H2O2 exposure indicated
that these transcription factors had little in-
fluence on the observed tolerance of mutant
strains (S. Coleman and W.S. Moye-Rowley,
unpublished observations). These data, cou-
pled with the large body of evidence demon-
strating a role for Msn2p/Msn4p in stress-
activated transcription (for review, see 20),
argue that these factors are more likely to be
involved in the so-called general stress re-
sponse rather than a specific activation by ox-
idative stress. Msn2p/Msn4p are activated
when cells are subjected to many different
stress treatments, and these factors act to ar-
rest growth as well as to allow survival under
harsh environmental conditions.

Genetic analysis of the interactions of
MSN2/MSN4 with the protein kinase A
(PKA) pathway in S. cerevisiae has provided
an attractive model for understanding the in-
tegration of the stress response of Msn2p/
Msn4p with cellular growth control. The
presence of at least one gene encoding the
catalytic subunit of PKA (TPK1, TPK2, TPK3)
is required to maintain viability (95). Intrigu-
ingly, Garrett and colleagues found that the
viability of a triple deletant strain (tpk1D,
tpk2D, tpk3D) could be restored by removal of
both MSN2 and MSN4 (84). This led to the
important suggestion that a major role for the
PKA pathway in transmission of a positive
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growth signal is to antagonize the activity, of
these transcriptional regulators controlling
the stress response. A model consistent with
these data is provided by Msn2p/Msn4p
being activated by a reduction in PKA activ-
ity, which presumably would occur in re-
sponse to a wide variety of stresses that act 
to inhibit growth. This could explain the
pleiotropic nature of the signals that lead to
activation of the Msn proteins. A more thor-
ough consideration of the role of Msn2p and
Msn4p in the stress response can be found in
a recent review (20).

Skn7p

A common means of environmental stress
sensing in bacterial cells is the use of two-
component signal transduction systems (90).
These systems consist of a sensor protein, typ-
ically associated with the cell membrane, that
serves to detect a signal of interest (19). This
sensor protein contains an autophosphorylat-
ing histidine kinase activity that in turn trans-
fers the phosphate residue from phosphohisti-
dine to the downstream effector or response
regulator protein on a conserved aspartate
residue (35). The aspartate phosphorylated re-
sponse regulator is often a transcription factor
that requires this phosphorylation event for
normal regulation of its activity (35).

In contrast to the prevalence of two-com-
ponent signaling systems in prokaryotes,
there are relatively few examples of this type
of regulation in eukaryotic cells. One of the
first instances of a eukaryotic two-component
regulatory pathway was found in S. cerevisiae
during analysis of genes that interact with a
ubiquitin proteolysis pathway. This gene was
shown to encode a sensor kinase called Sln1p
(71). Along with this sensor kinase, genetic
analysis of loci involved in cell-wall biosyn-
thesis uncovered a response regulator homo-
logue called Skn7p (8). Skn7p possessed two
recognizable regions of sequence similarity: a
segment homologous to the DNA-binding
domain of Hsf1p and a receiver domain
containing the conserved aspartate residue
found in other response regulators (8).

The first link between Skn7p and oxidative
stress came from screens aimed at detecting

genes that, when mutated, caused peroxide
sensitivity [POS loci (45)]. POS9 was found to
encode Skn7p, and the ability of Skn7p to
confer normal H2O2 tolerance was lost if the
conserved aspartate residue was replaced by
alanine or arginine, but maintained by intro-
duction of a glutamate (46). Later work dem-
onstrated that normal oxidative stress toler-
ance was maintained if the aspartate residue
was replaced by asparagine (60), suggesting
that phosphorylation is not obligatorily re-
quired for the oxidative stress role of Skn7p.
Other functions of Skn7p do require the pres-
ence of the conserved aspartate residue, indi-
cating that this regulation is not dispensable
for all Skn7p actions (9, 59). Strains lacking
the bZIP transcription factor Yap1p were pre-
viously known to be hypersensitive to oxi-
dant challenge (48). Genetic analysis of the
peroxide tolerance phenotypes of yap1 and
skn7 mutant strains demonstrated that these
two transcription factors appeared to act in
the same resistance pathway (46).

Two important target genes mediating the
role of Skn7p in oxidant challenge were
found to be the thioredoxin-encoding gene
TRX2 and the thioredoxin reductase-encod-
ing locus TRR1 (60). Both TRX2 and TRR1
were strongly induced in response to perox-
ide challenge in a SKN7-dependent manner.
Importantly, Yap1p was also required for nor-
mal oxidant inducibility of TRX2 and TRR1,
suggesting that this convergence of Skn7p
and Yap1p on these target promoters could
explain the observed lack of increased oxi-
dant sensitivity in a yap1, skn7 double mutant
compared with single-mutant strains lacking
these factors individually (46). Loss of either
YAP1 or SKN7 blocked the oxidant inducibil-
ity of TRX2 and TRR1, arguing for a mutual
requirement for both Yap1p and Skn7p to en-
sure oxidative stress response of these redox
responsive-loci.

An elusive feature of Skn7p that is under
intense investigation is the determination of
the binding site for this factor. Gel-shift ex-
periments suggested that a region from 2164
to 2142 upstream of the TRX2 translation
start codon mediated the interaction of Skn7p
with this promoter (60). More recent experi-
ments have shown that Skn7p can interact
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with the cell-cycle transcription factor Mbp1p
(5) and the heat-shock transcription factor
Hsf1p (73). Although a number of Skn7p-re-
sponsive genes have been identified (52), no
clear consensus sequence has emerged. This
may reflect the variety of protein–protein in-
teractions in which Skn7p can participate.

Although the evidence for the role of
Skn7p in oxidative stress is very strong, little
is known of the regulation of the activity of
this factor by oxidants. Analysis of Skn7p lo-
calization indicated that the subcellular dis-
tribution of this factor does not appear to re-
spond to oxidative stress as Skn7p–green
fluorescent protein (GFP) fusions are consti-
tutively localized to the nucleus (73). Recent
experiments have identified a nuclear protein
designated Fap7p that is required for oxida-
tive stress activation of a Skn7p-dependent
reporter gene (41). The precise role of Fap7p
remains to be seen, but this protein might
participate in communication of oxidative
stress to Skn7p.

Hsf1p

The yeast heat-shock transcription factor
(Hsf1p) was first recognized by analogy with
related proteins from larger eukaryotes (85,
105). Biochemical purification of S. cerevisiae
Hsf1p allowed the cloning of its structural
gene (87, 106). Availability of the HSF1 locus
led to dissection of the domains required for
heat-shock inducibility of the protein (66, 86).

The role of Hsf1p in the heat-shock response
is the defining characteristic of this protein, but
it is clear that this transcription factor plays
roles in response to a much broader range of
stresses (for review, see 111). Thorough analy-
ses of the transcriptional control of the copper
metallothionein-encoding gene CUP1 have in-
dicated that Hsf1p-mediated regulation of this
locus is important for resistance to the metals
copper and cadmium (78, 83). Additionally, ex-
pression of Cup1p was found to substitute
functionally for the Cu/Zn superoxide dismu-
tase produced by the SOD1 gene (94). Induc-
tion of CUP1was correlated with the phospho-
rylation status of Hsf1p, although different
amino acid residues were phosphorylated, de-
pending on the stress used (54).

More recent work has extended the linkage
of Hsf1p with oxidative stress tolerance.
Hsf1p shares striking sequence similarity
with the transcription factor Skn7p (see
above) in and around its DNA-binding do-
main (8). This observation, coupled with pre-
vious implications of Hsf1p as being involved
in oxidative stress, prompted the investiga-
tion of the possible functional interaction be-
tween these two regulatory proteins (73).

Several striking findings emerged from this
study (73). First, Hsf1p and Skn7p interact
both physically and genetically. Coprecipita-
tion studies established that these two tran-
scription factors can associate in cells and loss
of the SKN7 gene exacerbates the peroxide
sensitivity of a hypomorphic HSF1 allele. Sec-
ond, several heat-shock protein loci require
Skn7p for their induction by oxidative stress,
but not heat shock. Finally, Skn7p can bind 
to heat-shock elements that are typically
AGAAN as inverted repeats (72).

These data suggest that, at least at some
promoters, oxidative stress inducibility is
provided by binding of a Skn7p/Hsf1p het-
eromer. Perhaps the differential Hsf1p phos-
phorylation seen during oxidative stress re-
quires this protein to interact with Skn7p
under these stress conditions. The altered
Hsf1p phosphorylation profile during heat
shock could remove any requirement for
Skn7p and permit Hsf1p to activate transcrip-
tion from heat-shock elements as a homo-
oligomer.

Yap1p

Arguably the central determinant for ox-
idative stress tolerance in S. cerevisiae is the
YAP1 locus. The protein encoded by this gene
(Yap1p) was first identified as a DNA-bind-
ing activity present in S. cerevisiae nuclear ex-
tracts that bound the SV-40 early enhancer in
a biochemical manner closely resembling the
mammalian activator protein-1 (AP-1) tran-
scription factor (32). A similar activity was
found in the fission yeast Schizosaccharomyces
pombe (40, 96). Production of monoclonal anti-
bodies against the purified S. cerevisiae pro-
tein allowed the isolation of the structural
gene and served to initiate studies directed
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toward illuminating the biology in which
Yap1p participated (62).

Although the biochemical properties of
Yap1p facilitated the isolation of the corre-
sponding structural gene, essentially no in-
formation was available concerning the phys-
iological function of this protein. Studies
using an artificial AP-1 recognition element
(ARE) from the SV-40 early enhancer demon-
strated that Yap1p was capable of activating
transcription from this viral DNA element in
S. cerevisiae (32). Several laboratories then
cloned genes influencing different resistance
phenotypes that were later found to be allelic
to YAP1. Working in the same institution, two
different groups found genes influencing re-
sistance to 1,10-phenanthroline (PAR1) or 4-
nitroquinoline-N-oxide (SNQ3) (33, 76) that
were allelic to each other and YAP1 (77). A
high copy screen searching for loci elevating
resistance to the drugs cycloheximide and
sulfometuron methyl recovered YAP1 and an
ATP-binding cassette transporter-encoding
gene, PDR5 (53). Genetic analysis indicated
that YAP1 and PDR5 define two separate
pathways for drug resistance (17).

One important feature of many of the drug
hyperresistant phenotypes seen when Yap1p
was overproduced was the lack of hypersensi-
tivity seen when the YAP1 gene was deleted
from cells (53, 110). Tolerance to 1,10-phenan-
throline, cycloheximide, and sulfometuron
methyl was not reduced upon loss of the
YAP1 locus, although 4-nitroquinoline-N-
oxide resistance was decreased (33, 53, 76,
110). Several important early observations
suggested that the response to oxidative stress
was a key role for Yap1p expressed at physio-
logical levels. Schnell et al. (77) demonstrated
that cells lacking Yap1p were hypersensitive
to a range of different oxidants and even ele-
vated levels of O2. Several groups found that
mutants lacking the YAP1 structural gene
were sensitive to cadmium (6, 34, 110). Cad-
mium is thought to attribute part of its ex-
treme toxicity to the ability to react with
sulfhydryl compounds in the cell and cause
oxidative stress (91). Structure/function stud-
ies determined that Yap1p contained two sep-
arable transactivation domains, at least one of
which was required for normal cadmium tol-

erance (102). Later, Kuge and Jones demon-
strated that expression of the thioredoxin-en-
coding TRX2 gene was induced by oxidants in
a YAP1-dependent fashion (48). Other studies
found that Yap1p regulated expression of the
gene encoding the rate-limiting enzyme in
glutathione biosynthesis, GSH1 (109), and an
ABC transporter gene (YCF1) producing a
vacuolar membrane protein critical for cad-
mium tolerance (101). Together, these data
suggested that oxidative stress would cause
induction of Yap1p target genes that, in turn,
would lead to buffering of the potentially
toxic change in intracellular redox balance.

The finding that Yap1p-dependent tran-
scriptional activation of several target genes
was increased by oxidants raised the question
of the molecular basis of this induction. A
likely site for redox regulation of Yap1p was
noted by Toda et al. (96) as a cluster of con-
served cysteine residues present in the C-ter-
minus of this protein and conserved in an S.
pombe homologue. Cysteine residues are sen-
sitive to redox potential and have been found
to be involved in oxidative regulation of other
transcription factors such as c-Jun (1) and
OxyR (115). Two complementary approaches
were used to provide insight into the modula-
tion of Yap1p during oxidant challenge. Dele-
tion mutants were constructed in the YAP1
gene and the altered proteins evaluated for
their ability to respond to oxidative stress
(103). Independently, a GFP–Yap1p fusion
was used to assay the subcellular distribution
of the protein during oxidant challenge (49).

These two approaches yielded intriguing
insight into oxidative stress control of Yap1p
activity. Use of a polyclonal anti-Yap1p anti-
serum demonstrated that steady-state levels
of Yap1p did not change during oxidative
challenge (103). The GFP–Yap1p fusion pro-
tein was found to be primarily cytoplasmic in
unstressed cells, but to recruit to the nucleus
upon oxidant exposure (49). Gene fusion ex-
periments indicated that the C-terminal re-
gion of Yap1p was sufficient to confer oxida-
tive stress-dependent nuclear localization on
a heterologous GFP reporter protein (49). Mu-
tational analyses indicated that the cysteine
residues in the Yap1p C-terminus were re-
quired for normal function of the protein (49,
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93, 103). Importantly, Yap1p contains six total
cysteine residues present as two clusters of
three cysteines each. Originally, the cysteine-
rich C-terminal domain was designated the
CRD (49). In recognition of the role played by
both cysteine-containing domains in protein
regulation, we now refer to the originally de-
fined domain as the C-terminal CRD (c-CRD)
and the N-terminally located domain as the
n-CRD (14).

An important outcome of these studies was
the finding that Yap1p exhibited an oxidant-
specific stress response. Mutations that re-
moved large internal segments of Yap1p were
still able to confer normal or even elevated
tolerance to the thiol oxidant diamide, but
were unable to complement the H2O2 hyper-
sensitivity of a Dyap1 strain (103). Addition-
ally, C-terminal truncation mutants of Yap1p
were also hyperresistant to diamide and hy-
persensitive to H2O2 (49, 93, 103). The clear
separability of these two different resistance
phenotypes strongly argued that the response
of Yap1p varied depending on the nature of
the oxidative stress experienced by the cell.

A molecular explanation for the differential
response of Yap1p to oxidants was provided by
analysis of regulation of the TRX2 gene. TRX2
is required for normal H2O2 tolerance (48), but
interestingly acts to inhibit diamide resistance
(63). Mutant forms of Yap1p that produced hy-
perresistance to diamide, but hypersensitivity
to H2O2, were found to uniformly fail to pro-
vide normal induction of TRX2 during H2O2
challenge (14). Gene fusion experiments sug-
gested that this failure to normally elevate
TRX2 expression was due to an inability to
properly act at this promoter rather than a
global defect in Yap1p-mediated regulation. An
isolated TRX2 Yap1p response element (YRE)
placed upstream of a heterologous promoter
became strongly responsive to hyperactive
forms of Yap1p, whereas in its normal TRX2
setting it was not (14). These data are consistent
with Yap1p participating in context-sensitive
promoter interactions (for review, see 24) that
vary in response to different oxidants.

Other recent experimental progress has fo-
cused on the mechanisms underlying control
of Yap1p localization by oxidative stress. Two
groups determined that a key modulator of

subcellular distribution of Yap1p was the nu-
clear export regulator Crm1p (50, 113). Crm1p
was first identified in S. pombe as a determi-
nant of chromatin structure (2). Later Crm1p
was implicated as a negative regulator of the
activity of the S. pombe Yap1p homologue,
Pap1 (97). Similarly, strains bearing mutant
forms of the S. cerevisiae Crm1p were found 
to accumulate Yap1p in their nucleus (113).
Biochemical experiments demonstrated that
Yap1p–Crm1p interaction is decreased by ox-
idative stress or by mutations in the CRD re-
gion of the factor (50, 113). These findings led
to the current model that entry of Yap1p into
the nucleus is likely to be constitutive, but its
export is regulated in a manner requiring the
C-terminus. A model summarizing key fea-
tures of control of Yap1p subcellular distribu-
tion by Crm1p is shown in Fig. 1.
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FIG. 1. Regulation of Yap1p in S. cerevisiae. Under
normal redox conditions, Yap1p is enriched in the cyto-
plasmic compartment due to its high rate of Crm1p-cat-
alyzed nuclear export. Upon oxidant challenge, struc-
tural alterations in Yap1p are believed to reduce its
ability to interact with Crm1p, and the factor accumu-
lates in the nucleus. Yap1p can then bind to target genes
and stimulate transcription. The interconversion of the
oxidized and reduced forms of Yap1p could occur in ei-
ther the nucleus, cytosol, or both. Yap1pred, reduced
Yap1p; Yap1pox, oxidized Yap1p.
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Further analysis of mutant variants of
Yap1p has argued for a more complex control
of localization of this factor. Mutagenesis of a
second cluster of cysteine residues (positions
303, 310, and 315) located in an N-terminal
segment of the protein (n-CRD) has shown
that at least one of these cysteines is critical
for normal H2O2 regulation (14, 16). Biochem-
ical experiments aimed at determining the
nature of the modification of Yap1p upon oxi-
dant exposure have suggested that a key in-
tramolecular disulfide bond must form in-
volving cysteines 303 and 598 (in the c-CRD)
if Yap1p is to localize to the nucleus and acti-
vate target gene expression (16). The forma-
tion of this putative disulfide bond was de-
tected by a reductant-sensitive shift in
molecular mass of an epitope-tagged form of
Yap1p. Interestingly, S. cerevisiae thioredoxin
proteins have been implicated both in the re-
versal of this disulfide bond and in determin-
ing the level of Yap1p that is localized to the
nucleus (38). Further work is required to clar-
ify if the TRX1- and/or TRX2-encoded thiore-
doxin proteins are the key, direct reductants
that return Yap1p to its cytoplasmic residence
following the oxidative stress response.

Candida albicans

Cap1p

The major human fungal pathogen is the
yeast Candida albicans (22). This opportunistic
organism is associated with ,70% of all fun-
gal infections and poses a significant clinical
risk to immunocompromised patients (22).
The ability of this organism to tolerate oxida-
tive stress is likely to have important implica-
tions for its ultimate pathogenicity because,
as mentioned above, this is a major route for
elimination of invading microorganisms as
indicated by the prevalence of candidemia in
patients with neutropenia (99). Although a
detailed understanding of the oxidative stress
response of C. albicans represents an impor-
tant experimental goal, the current picture of
how this yeast deals with oxidants is quite
limited. The most available data have focused
on a C. albicans homologue of S. cerevisiae

Yap1p. This C. albicans protein was desig-
nated Cap1p.

Cap1p was originally isolated by virtue of
high-copy-number plasmids carrying the C.
albicans CAP1 gene leading to high-level re-
sistance to the antifungal azole drug flucona-
zole in S. cerevisiae (4). The initial isolate of
CAP1 corresponded to a truncated allele ex-
pressing only 334 amino acids out of a total of
499. This N-terminal fragment of Cap1p was
able to confer high-level tolerance of flucona-
zole, cycloheximide, and 4-nitroquinoline-
N-oxide when produced from a high-copy-
number plasmid in S. cerevisiae. However, the
truncated factor failed to confer enhanced tol-
erance to cadmium or H2O2 in S. cerevisiae .
This work also led to the identification of a
new target gene for Yap1p in S. cerevisiae, the
major facilitator superfamily member FLR1
(4). FLR1 was identified based on its strong
sequence similarity with a known mediator
of fluconazole resistance C. albicans, CaMDR1
(75).

These first experiments on Cap1p were
performed exclusively in the heterologous
host, S. cerevisiae . Later, a homozygous dis-
ruption strain of C. albicans was constructed
and used as a host to evaluate the contribu-
tion of both wild-type and the truncated
CAP1 locus to a wide range of resistance phe-
notypes (3). Expression of the truncated
Cap1p in C. albicans led to a dramatic increase
in fluconazole resistance with an associated
elevation in CaMDR1 mRNA levels. How-
ever, deletion of the CAP1 locus from a flu-
conazole hyperresistant strain also led to an
increase in CaMDR1 mRNA, making the pre-
cise role of Cap1p in CaMDR1 expression
somewhat mystifying.

More recent data focused on the regulation
of Cap1p during oxidative stress in C. albicans
(114). One of the striking features of the
Cap1p amino-acid sequence was the conser-
vation of the c-CRD of Yap1p in the C. albicans
protein (4). All the cysteine residues present
in the c-CRD of Yap1p are maintained in the
analogous domain in Cap1p. This observa-
tion, coupled with previous data demonstrat-
ing a role for CAP1 in tolerance to both di-
amide and H2O2 (3), suggested that this
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transcription factor might be regulated by ox-
idative stress in C. albicans as Yap1p is in S.
cerevisiae . Exploration of the redox regulation
of Cap1p was facilitated by identification of
the CaGLR1 locus, encoding the C. albicans
glutathione reductase protein. GLR1 in S.
cerevisiae is known to be regulated by Yap1p
during oxidative stress (29), and CaGLR1 con-
tains two potential YREs in its promoter (114).
CaGLR1 was induced by treatment with ei-

ther diamide or H2O2, and this induction re-
quired the presence of CAP1 (114). Western
blot analysis demonstrated that although
CaGLR1 expression increased, Cap1p levels re-
mained constant during the course of the oxi-
dant exposure. Finally, use of a Cap1p–GFP fu-
sion gene provided evidence that nuclear
localization of Cap1p was increased by oxi-
dant exposure.

These data provide a compelling case for
the mechanistically similar regulation of
Cap1p and Yap1p by oxidative stress. To de-
termine if similar structural features of Cap1p
were required for oxidant regulation, a single
amino acid substitution was prepared in
CAP1 that led to the ultimate cysteine residue
(C477) being replaced by an alanine. This cys-
teine residue in Cap1p is analogous to C629
in Yap1p, a critical determinant of the func-
tionality of the S. cerevisiae factor (14, 49).
Analysis of the C477A form of Cap1p indi-
cated that this protein behaved in a very simi-
lar fashion to that of C629A Yap1p. Both mu-
tant proteins were constitutively localized to
the nucleus, supported high-level diamide re-
sistance, but were defective in allowing
growth on H2O2-containing medium. To-
gether, this information is most consistent
with Cap1p and Yap1p being regulated by
similar mechanisms in these two organisms.

Although both Cap1p and Yap1p are regu-
lated at the level of nuclear localization dur-
ing oxidative stress, there are species-specific
requirements for this modulation. Heterolo-
gous expression of Cap1p in a Dyap1 back-
ground complemented the cadmium hyper-
sensitivity of this strain, but failed to correct
the oxidative stress-sensitive phenotypes
(114). Additionally, heterologous expression
of Cap1p failed to produce oxidant inducible

expression of a YRE-containing reporter plas-
mid, although Cap1p was capable of activat-
ing this gene at a constitutive level. These
data indicate that although Cap1p can func-
tion as a transcriptional regulator in S. cere-
visiae, its normal redox control cannot be reca-
pitulated in this foreign environment.

Schizosaccharomyces pombe

Pap1p

The first Yap1p homologue identified in
any yeast was Pap1p from S. pombe, which
was isolated as a determinant conferring re-
sistance to the protein kinase inhibitor stau-
rosporine (96). A striking feature of the amino
acid sequence of Pap1p was the presence of
two regions sharing high sequence identity
with Yap1p. The first region was in the N-
terminal segment of the proteins and corre-
sponded to the DNA-binding domain, where-
as the second was in the extreme C-terminus
of the protein in a region of previously unde-
scribed function. This second region of simi-
larity was later found to correspond to the c-
CRD domain of Yap1p and was demonstrated
to be necessary and sufficient for oxidant-
regulated nuclear export of Pap1 (47).

An important early link connecting Pap1
with nuclear export, which also influenced
studies in S. cerevisiae, came from the observa-
tion that overproduction of Pap1 or use of 
the cold-sensitive crm1 mutant led to stau-
rosporine resistance (97). The isolation of the
crm1 mutant came from a microscopic screen
of S. pombe cells for cold-sensitive cells that
exhibited abnormal chromosome structure
(2). Mutant forms of Crm1 were also found
that conferred resistance to the antifungal
agent leptomycin B (67). Work in animal and
yeast cells then showed that leptomycin B
binds to Crm1 and eliminates the ability of
the resulting complex to export proteins from
the nucleus (23, 25, 70, 89). Search for a Pap1
recognition element in a S. pombe database of
genomic sequence led to the identification of
a Pap1-regulated gene called apt1+ encoding
a protein of 25 kDa designated p25 (97). Ex-
pression of the apt1+ gene was found to be el-
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evated in response to overproduction of Pap1
or the presence of a mutant form of Crm1. In-
terestingly, introduction of a pap1D allele into
the cold-sensitive crm1 mutant background
led to a rescue of the temperature-sensitive
growth of the crm1 strain.

Later experiments showed that the c-CRD of
Pap1 was also required for normal function of
the protein by ensuring its proper stress-regu-
lated subcellular distribution (47). Strikingly,
the c-CRD of Pap1 was found to function in
animal cells (47), but not S. cerevisiae (50), as an
oxidant-responsive nuclear export signal.

Along with the implication of Crm1 in con-
trol of Pap1 function, experiments in S. pombe
have been able to link mitogen-activated pro-
tein kinase (MAPK) cascades with the regula-
tion of Pap1 activity. Control of c-Jun by
stress-activated protein kinase (SAPK) signal-
ing is an important feature of the regulation
of this protooncoprotein (for review, see 104).
A homologue of SAPK called Sty1 or Spc1
was found to be required for normal oxida-
tive stress tolerance in S. pombe (57, 80).
Sty1/Spc1 functions in a MAPK cascade in S.
pombe and becomes phosphorylated via ac-
tion of the MAPK kinase (MAPKK) Wis1
when activated by oxidative or other stress
regimens (57, 81) (Fig. 2). Mutant strains lack-
ing Sty1/Spc1 were sensitive to a range of
chemicals, including several oxidants, that re-
sembled the phenotypic effect of loss of pap1+
(15). Elimination of Sty1/Spc1 inhibited
Pap1-dependent activation of gene expres-
sion. Oxidant-dependent nuclear recruitment
of Pap1 was found to be inhibited in the ab-
sence of Sty1/Spc1, and overexpression of the
MAPKK Wis1 led to accelerated oxidant-
dependent nuclear localization of Pap1 (98).
These data were taken to indicate that
Sty1/Spc1 was required for Pap1 oxidative
stress-regulated nuclear localization and
transcriptional activation; although no evi-
dence has been obtained to indicate that Pap1
can be phosphorylated by Sty1/Spc1. The
model placing Pap1 at the bottom of a MAPK
cascade was attractive because this would
mimic the relationship of c-Jun with SAPK/
JNK (for review, see 51).

However, later experiments cast doubt on
the direct link between Sty1/Spc1 and Pap1.

A strain containing a Sty1/Spc1 derivative
that possessed noninducible kinase activity
was found to support Pap1-dependent activa-
tion of the catalase-encoding ctt1+ gene
nearly as well as wild-type Sty1/Spc1 (65).
This finding led to the hypothesis that the
loss of Sty1/Spc1 signaling might be indi-
rectly inhibiting activation of ctt1+ due to the
action of this MAPK on another transcription
factor, Atf1. Atf1 is a bZIP transcription factor
with strong sequence similarity to the mam-
malian CREB (28) and ATF family (31). Atf1 is
a known substrate for Sty1/Spc1 and is re-
quired for normal oxidative stress tolerance
(see below for details). As Sty1/Spc1 is re-
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FIG. 2. SAPK cascade regulating oxidative stress in S.
pombe.H2O2 challenge of S. pombe cells is thought to acti-
vate the histidine kinases encoded by the mak2+ and
mak3+ genes. These gene products then transfer a phos-
phate moiety to the Mpr1 phosphotransferase, which in
turn delivers this phosphate to the Mcs4 response regula-
tor protein. Phosphorylated Mcs4 then binds to and acti-
vates the Wak1 MAPKKK. Win1 is a functionally related
MAPKKK that appears to act in parallel with Wak1 (aka
Wis4). Wak1 then activates the MAPKK Wis1, which then
phosphorylates the MAPK Spc1. Phosphorylated Spc1
moves to the nucleus, then phosphorylates and activates
the CREB-like transcription factor Atf1, rendering it com-
petent to activate gene expression. 

http://www.liebertonline.com/action/showImage?doi=10.1089/152308602753625915&iName=master.img-001.png&w=228&h=300


quired for activation of Atf1, loss of this
MAPK could convert Atf1 into a repressor
protein that might block the ability of Pap1 to
normally stimulate ctt1+ expression on oxi-
dant challenge.

To test this idea, the ability to respond to
H2O2 challenge of a doubly mutant strain
lacking both Sty1/Spc1 and Atf1 was evalu-
ated (65). This strain was found to mount a
robust induction of ctt1+, whereas the iso-
genic single mutant lacking only Sty1/Spc1
was unable to elevate ctt1+ expression, sup-
porting the idea that lack of MAPK activation
causes Atf1 to behave as a repressor protein.
Together, these data are most consistent with
Atf1 lying at the end of the Wis1–Sty1/Spc1
MAPK cascade and Pap1 being regulated by a
separate mechanism. As suggested (47), it
seems reasonable to expect that S. pombe Pap1
may directly sense oxidative stress and re-
spond in a manner similar to that of Yap1p in
S. cerevisiae.

The involvement of the Sty1/Spc1 MAPK
in S. pombe oxidative stress tolerance illus-
trates a difference in the oxidant response of
fission yeast and the budding yeast S. cere-
visiae. The kinase sharing the most sequence
similarity with Sty1/Spc1 in S. cerevisiae is the
osmotic stress-responsive MAPK Hog1p (82,
107). Disruptions of HOG1 have been found
to have no significant defects in oxidative
stress response in S. cerevisiae (S. Coleman,
unpublished observations). Additionally, al-
though S. cerevisiae has Atf1 homologues,
these proteins have been found to have no ap-
parent role in the stress response (26). These
data suggest that S. pombe may have a greater
reliance on MAPK cascade control of bZIP
factor function as in mammalian cells,
whereas S. cerevisiae seems to rely on direct
modulation of bZIP protein activity in its ox-
idative-stress response.

Atf1

Isolation of the atf1+ gene was accom-
plished by the serendipitous observation of
an open reading frame exhibiting strong se-
quence similarity with mammalian ATF2 (92).
The Atf1 factor was able to recognize
ATF/CREB sites and activate expression from

a reporter gene containing mammalian ver-
sions of these DNA elements in fission yeast.
An important observation made in the early
characterization of atf1D cells was the finding
that these mutants were sterile, and further
genetic analysis indicated that Atf1 appeared
to positively regulate entry into the station-
ary phase.

The atf1+ gene was also cloned as a high-
copy-number suppressor of the mating defect
of a strain lacking the Sty1/Spc1 MAPK (82).
Sty1/Spc1 was found to serve as an environ-
mental sensor and is activated in response to
a number of changes in the extracellular mi-
lieu, including osmotic or oxidative stress (43,
57, 80). Sty1/Spc1 is capable of phosphorylat-
ing Atf1 both in vivo and in vitro (82, 107). Ac-
tivation of Sty1/Spc1 was found to require
the action of the MAPKK protein Wis1 and
the MAPKK kinase (MAPKKK) proteins Wis4
and Win1 (15, 57, 74, 79). These data indicate
that, as for the SAPK or Jun kinase pathway
in animal cells, a MAPK cascade regulates ox-
idative stress in S. pombe. This is different
from S. cerevisiae where the MAPK sharing
the most sequence similarity with Sty1/Spc1
[Hog1p (7)] is activated in response to os-
motic stress, but not oxidative challenge (30).
Likewise, although there are ATF/CREB ho-
mologues in S. cerevisiae, there is no evidence
that these proteins contribute to oxidative-
stress resistance (26).

Recent work has provided more detail con-
cerning the likely direct sensors for oxidative
stress in S. pombe that interface with the
Sty1/Spc1 MAPK pathway. A response regu-
lator protein, Mcs4p, was found that directly
signals to the two MAPKKK proteins lying
upstream of Wis1 (Wis4 and Win1). As re-
sponse regulator proteins are invariably asso-
ciated with histidine kinase upstream regula-
tors, degenerate PCR was performed to
identify histidine kinase proteins from S.
pombe. This strategy allowed the isolation of
three different genes designated Mcs4p-asso-
ciated kinase (Mak1, Mak2, Mak3) (10). Mu-
tant strains lacking Mak2 and Mak3 are de-
fective in the ability to activate the Sty1/Spc1
MAPK pathway, whereas a mak1 mutant cell
can still signal via this MAPK pathway. Strik-
ingly, Mak1 appears to signal via the re-
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sponse regulator Prr1 (see below) with this
pathway required for normal oxidant toler-
ance. Introduction of a prr1 mutation into a
mak2, mak3 double-mutant strain causes an
additive oxidative stress hypersensitivity
(10). This is consistent with the idea that Atf1
and Prr1 define two separate and required
pathways for normal oxidant tolerance that
are regulated by Mak2/Mak3 or Mak1, re-
spectively. This arrangement again contrasts
with S. cerevisiae in which a single histidine
kinase-encoding gene is present (SLN1).
Sln1p can elicit the phosphorylation of the
Skn7p response regulator, but this phospho-
rylation event does not seem to provide a
major contribution to the role of this factor in
the oxidative stress response (60).

Prr1

The S. pombe homologue of S. cerevisiae
Skn7p is designated Prr1. Prr1 was originally
detected by inspection of the S. pombe ge-
nomic DNA sequence via its sequence ho-
mology with response regulator proteins like
Skn7p (68). Disruption of prr1+ produced a
cell that was hypersensitive to a variety of
stress conditions, including oxidant chal-
lenge. The likely explanation of this defect
was the failure to induce genes involved in
the oxidative stress response like trr1+ and
ctt1+ (68). More detailed comparisons of the
oxidant phenotype of prr1D and pap1D
strains indicated that loss of either gene pro-
duced a peroxide-sensitive phenotype, but
only the pap1D strain was sensitive to the
thiol oxidant diamide (68). As seen for Skn7p
(60), the conserved aspartate residue re-
quired for phosphotransfer function of re-
sponse regulator proteins (35) is not neces-
sary for the ability of Prr1 to mediate
oxidative stress tolerance. These data sup-
port the notion that Prr1 acts in a fashion
analogous to Skn7p in the oxidative stress re-
sponse of S. pombe.

Prr1 in S. pombe clearly has roles in addi-
tion to activation of oxidant tolerance genes.
Strains lacking prr1+ are sterile due to a fail-
ure to express the ste11+ gene (69). This defect
in ste11+ expression is shared with strains
lacking Atf1 and further illustrates the inter-

action between these two oxidant-responsive
transcription factors. It is important to note
that whereas Prr1 and S. cerevisiae Skn7p are
homologues, skn7 mutants are not sterile (9,
59). These proteins share a common structure,
but their precise function in these two yeasts
is not identical.

CONCLUSIONS

As befits the central role of oxidants in cel-
lular defense, fungi have several different ge-
netic pathways that mediate their response to
oxidant challenge. These specific pathways
are interdigitated with the more general
stress-responsive factors like Msn2p/Msn4p
and Hsf1p in S. cerevisiae, which are triggered
by many stresses, including oxidant chal-
lenge. It is the combined reprogramming of
the transcriptional profile of oxidatively chal-
lenged cells that allows their survival in times
of oxidant exposure. Direct evaluation of the
global gene expression profile during oxida-
tive stress by DNA microarray (27) has pro-
vided a complete list of loci that respond
transcriptionally to this environmental chal-
lenge. Characterization of the transcriptional
regulatory pathways that lead to the ob-
served changes in gene expression will pro-
vide insight into the molecular logic behind
response of fungi to oxidant challenge.
Analysis of the precise role of the regulated
gene products in reversing the potentially
toxic alteration in redox potential will also
shed new light on how eukaryotic cells main-
tain redox balance.

A striking feature that emerges from the
comparison of oxidatively regulated tran-
scription factors in the yeasts studied to date
is the range of regulatory mechanisms used to
mount an oxidative stress response. Activa-
tion of Yap1p and related proteins involves a
significant contribution from changes in sub-
cellular localization of the factor that appear
likely to be directly mediated by oxidation of
key cysteine residues in these transcriptional
regulators. This contrasts with activation of S.
pombe Atf1, which is constitutively nuclear
and is stimulated upon recruitment of the
MAPK Sty1/Spc1 into the nucleus upon oxi-
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dant challenge. S. pombe also expresses Pap1,
a Yap1p homologue important in oxidant re-
sistance, that is regulated in a fashion analo-
gous to S. cerevisiae Yap1p. Perhaps the
greater range of oxidative stress-regulated
factors in S. pombe reflects a greater need for
this yeast to deal with oxidant exposure. Pap1
and Atf1 target genes also seem to be some-
what different from the genes controlled by S.
cerevisiae Yap1p. An interesting example of
these differences is the strong dependence of
the ctt1+ gene in S. pombe on Pap1 and Atf1
for its expression, whereas CTT1 in S. cere-
visiae does not exhibit this dependence (S.
Coleman and W.S. Moye-Rowley, unpub-
lished observations).

Although our understanding of the mecha-
nisms underlying oxidative stress regulation
of gene expression has been greatly advanced
by work over the past decade, a number 
of important challenges remain. How do
changes in these redox-regulated transcrip-
tion factors communicate with RNA poly-
merase II to lead to enhanced gene transcrip-
tion? Study of Atf1 will provide a genetically
tractable model for MAPK regulation of tran-
scription factor function analogous to oxidant
signaling to c-Jun via the JNK/SAPK path-
way (for review, see 36). What is the precise
nature of the biochemical alterations that acti-
vate these oxidant-regulated signal transduc-
tion pathways? Direct oxidation of cysteine
residues in Yap1p and its homologues pre-
sents an attractive model for understanding
activation of this class of factor, but this re-
mains to be conclusively shown. Why does
activation of certain genes require the pres-
ence of two oxidant-responsive factors,
whereas others are controlled by only one?
Answers to these and related questions are
sure to be provided by the continued analysis
of redox-regulated control of gene transcrip-
tion in fungi.

ACKNOWLEDGMENTS

Work on oxidative stress in my laboratory
is supported by NIH GM57007. I thank
Sherry Rovinsky and Dr. Gisela Storz for pro-
viding critical reviews of the manuscript.

ABREVIATIONS

Aca1p/Aca2p, CREB homologue in S. cere-
visiae; AP-1, mammalian activator protein-1;
apt1+, encodes p25 in S. pombe, target of Pap1
regulation; ARE, AP-1 recognition element
from SV-40 enhancer; ATF, activating tran-
scription factor; Atf1, activating transcription
factor homologue in S. pombe; bZIP, basic re-
gion-leucine zipper; c-Jun, mammalian pro-
tooncoprotein transcription factor; CaGLR1,
C. albicans gene for glutathione reductase;
CaMDR1, C. albicans gene for membrane drug
transporter; Cap1p, C. albicans Yap1p homo-
logue; CRD, cysteine-rich domain; CREB,
cyclic AMP response element binding pro-
tein; Crm1p, protein required for nuclear ex-
port; CTA1, gene encoding peroxisomal cata-
lase in S. cerevisiae; CTT1, gene encoding
cytosolic catalase in S. cerevisiae; CUP1, S.
cerevisiae gene encoding copper metallothio-
nein; Fap7p, S. cerevisiae nuclear protein re-
quired for activation of Skn7p by oxidative
stress; FLR1, S. cerevisiae gene required for
fluconazole tolerance; GFP, green fluorescent
protein; GSH1, S. cerevisiae gene encoding
first step of glutathione biosynthetic path-
way, Yap1p target; H2O2, hydrogen peroxide;
Hog1p,  SAPK homologue in S. cerevisiae ;
Hsf1p, Heat-shock transcription factor in S.
cerevisiae ; HSP12, stress-inducible small heat
shock protein in S. cerevisiae ; JNK, Jun N-ter-
minal kinase; Mac1p, copper responsive tran-
scription factor in S. cerevisiae ; Mak1, Mak2,
and Mak3, three histidine kinase genes regu-
lating Mcs4 in S. pombe; MAPK, mitogen-acti-
vated protein kinase; MAPKK, MAPK kinase;
MAPKKK, MAPKK kinase; Mbp1p, tran-
scriptional regulator of cell cycle in S. cere-
visiae; Mcs4p, response regulator protein in S.
pombe; Mpr1, phosphotransfer protein in S.
pombe; Msn2p/Msn4p, general stress respon-
sive transcription factor in S. cerevisiae ; OxyR,
E. coli transcription factor required for H2O2
tolerance; Pap1p, S. pombe Yap1p homologue;
PAR1, allelic with YAP1; PDR5, S. cerevisiae
gene encoding ATP-binding cassette trans-
porter protein; PKA, protein kinase A; POS9,
allelic with SKN7; Prr1, Skn7p homologue in
S. pombe; pyp2+, protein tyrosine phosphatase
gene in S. pombe; SAPK, stress-activated pro-
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tein kinase; Skn7p, homologue of Hsf1p re-
quired for oxidative stress tolerance i n S.
cerevisiae ; Sko1p, CREB homologue in S. cere-
visiae; Sln1p, histidine kinase in S. cerevisiae ;
Snf1p, protein kinase regulating some aspects
of S. cerevisiae stress response; SNQ3, allelic
with YAP1; SOD1, S. cerevisiae gene encoding
cytosolic superoxide dismutase; SSA1, Hsp70
gene in S. cerevisiae ; ste11, Prr1 target gene in
S. pombe required for mating; STRE: AGGGG,
stress responsive element bound by Msn2p/
Msn4p in S. cerevisiae ; Sty1/Spc1, SAPK ho-
mologue in S. pombe; TPK1, TPK2, and TPK3,
three structural genes for catalytic subunit of
PKA in S. cerevisiae ; TRR1, thioredoxin reduc-
tase gene in S. cerevisiae ; TRX2, gene encoding
a thioredoxin in S. cerevisiae, Yap1p target;
Wak1, MAPKKK aka Wis4 in S. pombe; Wis1,
MAPKK upstream of Sty1/Spc1 in S. pombe;
Wis4 and Win1, two MAPKKKs that regulate
Wis1 MAPKK in S. pombe; Yap1p, transcrip-
tional regulator of oxidative stress resistance
in S. cerevisiae, bZIP protein; YCF1, S. cere-
visiae gene required for cadmium tolerance,
Yap1p target; YRE, Yap1p response element.
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