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Saccharomyces cerevisiae Skn7p is a stress response transcription factor that undergoes aspartyl phosphor-
ylation by the Sln1p histidine kinase. Aspartyl phosphorylation of Skn7p is required for activation of genes
required in response to wall stress, but Skn7p also activates oxidative stress response genes in an aspartyl
phosphorylation-independent manner. The presence of binding sites for the Yap1p and Skn7p transcription
factors in oxidative stress response promoters and the oxidative stress-sensitive phenotypes of SKN7 and YAP1
mutants suggest that these two factors work together. We present here evidence for a DNA-independent
interaction between the Skn7 and Yap1 proteins that involves the receiver domain of Skn7p and the cysteine-
rich domains of Yap1p. The interaction with Yap1p may help partition the Skn7 protein to oxidative stress
response promoters when the Yap1 protein accumulates in the nucleus.

Approximately half of the 71 proteins induced by oxidative
stress depend on Yap1p, a well-characterized oxidative stress-
responsive B-ZIP transcription factor whose subcellular local-
ization is under redox control (9, 20), while the other half,
including TRX2, TRR1, GPX2, and CCP1, for example, are
regulated by both Yap1p and a second oxidative stress re-
sponse transcription factor, Skn7p (24). The codependence of
this large set of oxidative stress response (OXR) genes on the
activity of both transcription factors has been studied in some
detail (4, 14, 24, 30, 41). In contrast, only two OXR genes
(DNM1 and OLA1) are reported to depend on Skn7p alone
(24). This raises the question of whether the role of Skn7p in
oxidative stress is distinct from that of Yap1p.

Two types of Skn7p response elements and two types of Yap1p
response elements have been identified (14, 25, 26, 31). The
preferred Yap1p response element (YRE) is T(T/G)ACTAA
consisting of a pair of inverted TTA half-sites or a TGA/TTA pair
(11, 21, 49), but we identified an alternative YRE [T(T/G)
ACAAA] in YAP1-dependent genes such as TSA1 that lack the
preferred sequence (14). The function of the alternate YRE was
confirmed for the TSA1 gene and others using reporter assays and
DNA-binding studies (14, 24). In the present study we consider
whether Yap1p is also able to associate indirectly with OXR
promoters via interactions with other DNA-binding proteins such
as Skn7p.

The Yap1 protein is regulated by subcellular localization.
Under non-stress conditions the export receptor, Crm1p, binds
to the Yap1p nuclear export signal and escorts Yap1p from the
nucleus to the cytoplasm (20, 22, 50). Hydrogen peroxide stress
leads to disulfide bond formation between cysteines within the
C-terminal cysteine-rich domain (c-CRD; C598, C620, and

C629) and the N-terminal cysteine-rich domain (n-CRD; C303,
C310, and C315) (9, 50), causing conformational changes that
prevent the interaction with Crm1p and result in nuclear ac-
cumulation of Yap1p (9, 10, 20, 35, 46). Both C303-C598 and
C310-C629 disulfides have been documented in cells chal-
lenged with hydrogen peroxide (32, 46, 47) (Fig. 1A). More
recently, proper folding of Yap1p in the presence of hydrogen
peroxide has also been shown to be required for transcriptional
activation via recruitment of the mediator protein, Rox3 at
some promoters (13).

The hydrogen peroxide signal is initially sensed by the Gpx3p
peroxidase (10). Gpx3p transduces the signal to Yap1p via for-
mation of a transient Yap1p-Gpx3p disulfide intermediate that
involves Yap1p C598. The Yap1p-Gpx3p disulfide resolves into
intramolecular Yap1p disulfides (10). In some strain back-
grounds, the Yap1p binding protein Ybp1p is also required for
hydrogen peroxide activation of Yap1p. The Gpx3p-Yap1p inter-
mediate cannot be formed in the absence of Ybp1p (42).

In contrast to the redox-based regulation of Yap1p localiza-
tion, current data indicate that Skn7p is constitutively nuclear
(2, 28, 34) and able to associate with OXR promoters inde-
pendent of oxidative stress. The Skn7 protein has two highly
conserved domains, an N-terminal DNA-binding domain that
is related to the DNA-binding domain of heat shock factor and
a C-terminal receiver domain (Fig. 1B). The receiver domain
contains the aspartic acid residue (D427) required for carrying
out the aspartate-based phosphoacceptor function of Skn7p in
SLN1-SKN7 His-Asp-based signal transduction (2, 3, 18, 25).
Sln1p-dependent aspartyl phosphorylation of Skn7p is trig-
gered by cell wall stress (36) and is distinct from the OXR
function of Skn7p. The skn7 D427N mutation, which abolishes
the aspartyl phosphoaccepting activity of the receiver domain,
does not affect expression of OXR genes, nor does it cause the
oxidative stress sensitivity seen in the skn7� mutant (15, 30).

Although the aspartate residue is dispensable, both the
DNA-binding and the receiver domains are required for the
OXR function of Skn7p. Certain receiver domain mutants
exhibit sensitivity to oxidants (OxS), including hydrogen per-
oxide and tert-butyl hydroperoxide (t-BOOH) (15) and SKN7
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constructs encoding fusions of the receiver domain to heterol-
ogous DNA-binding domains, are capable of mediating an
oxidative stress response (4, 14, 19, 33).

We previously used electrophoretic mobility shift assays
(EMSAs) to show Skn7p and Yap1p codependent complexes at
various OXR gene promoters (14, 15). The Yap1p�Skn7p�
DNA complex is disrupted by specific mutations in the receiver
domain of SKN7 that do not affect the Skn7p�DNA complex but
do cause an OxS phenotype (14, 15). These observations suggest
that Skn7p�Yap1p complex formation requires more than both
transcription factors binding to the promoter in close proximity
and lead to the hypothesis that the two proteins interact directly.

We address here two important questions pertaining to the
activation of OXR genes by the Skn7p and Yap1p transcrip-
tion factors. First, does the joint activity of the Skn7p and
Yap1p transcription factors depend on the presence of DNA
containing both Skn7p and Yap1p response elements? Second,
which domains of Skn7p and Yap1p are required for activating
OXR genes that depend on both factors? In brief, we demon-
strate that joint regulation of OXR genes by the two transcrip-
tion factors requires only one binding site because the two
factors are able to interact. We find that this interaction re-

quires the receiver domain of Skn7p and the cysteine-rich
domains of Yap1p.

MATERIALS AND METHODS

Media and growth conditions. Rich medium (yeast extract-peptone-dextrose
[YPD]) and synthetic complete medium lacking one or more amino acids (e.g.,
leucine) were prepared as previously described (37). t-BOOH (Acros Organics
catalog no. 180342500) was a 70% (wt/vol) solution. All yeast strains were grown at
30°C.

Strains and plasmids. Strains (Table 1) designated JF are isogenic derivatives
of S288C from the Fassler laboratory collection. The YBP1 and GPX3 deletion
strains were obtained from the BY4742 MAT� deletion collection (Research
Genetics) (16), and the SKN7-TAP-tagged strain was obtained from the C-ter-
minally TAP-tagged collection in the BY4741 MATa background (Open Biosys-
tems) (12). Bacterial strain BL21 Star (DE3) (Invitrogen) was used for the in
vitro protein coprecipitation assay.

The plasmids used in the present study are listed in Table 2. pXH1853 contains
SKN7 (�1293/�1866)–2�MYC–SKN7 3� untranslated region (3�UTR; �1870/
�2173) in the CEN plasmid, pRS316 (CEN, LEU2) (15, 38). This plasmid and
its derivatives were constructed by using NotI and XhoI sites to clone SKN7 into
the pRS316 backbone. The SKN7 sequence was amplified from JF1565 (Table 1).
The myc epitope tag was cloned at the 3� end of SKN7 by amplifying the myc
sequence from pU6 H2myc (7). The SKN7 3�UTR sequence was amplified from
the JF1565 genome. The sequences of the primers used to amplify these and other
sequences are available upon request. pXH1854 (skn7 T437A), pXH1856 (skn7
T449A), pXH1858 (skn7 D427N), and pXH1928 (skn7 I428A/V429A) and
pXH1939 (skn7 T449A in pRS425, 2�, LEU2) have been described previously (15).

The one-hybrid plasmid, pXH1957, was constructed by ligating PCR-amplified
SKN7 (�1051/�1572)�2�MYC from the pXH1853 template into BamHI and
HindIII sites downstream of GAL4-DBD in the plasmid pGBD-C2 (17).

The His6 plasmids pSD2013 to pSD2017 were constructed by introducing
PCR-amplified SKN7 fragments (�1/582 [HSF domain only]; �1/1045 [HSF and
CC domains]; and �1/1870 [full length]) using the JF1565 genomic template with
added BamHI and SalI sites into BamHI/SalI-digested pSD2012, a pET-28a(�)
vector with a 3�MYC tag inserted at unique HindIII and XhoI sites. The
resulting plasmids express Skn7–3� myc–His6 fusion genes under the control of
a T7 promoter.

Northern blot analysis. Yeast strains JF1565, JF1904, JF2081, and JF2312
were grown in YPD at 30°C to 1 � 107 to 2 � 107 cells/ml. Log-phase cultures
were treated with 0.5 mM t-BOOH for 10, 20, 30, and 40 min at 30°C. Cells were
harvested by centrifugation at 5,000 rpm for 5 min, and the resulting pellets were
frozen at �80°C. RNA was prepared using hot acidic phenol (1). A portion (10
�g) of each RNA sample was analyzed on a 1.2% agarose–1� morpholinepro-
panesulfonic acid (MOPS)–3.7% formaldehyde gel and transferred to a Nytran
membrane in 10� saline sodium citrate (SSC). Hybridization was performed in
Perfect Plus Pre-Hybridization solution (Sigma) at 68°C overnight in the pres-
ence of �-32P-labeled DNM1 (�929/�1348), OLA1 (�878/�1205), TRX2 (�160/
�324), or PGK1 probes. The blot was then washed twice in 2� SSC–0.1%
sodium dodecyl sulfate (SDS) and twice in 0.5� SSC–0.1% SDS before being
exposed to a PhosphorImager screen. Values were normalized to PGK1, and
induction was calculated relative to the value of the untreated culture.

FIG. 1. Domain organization of the Skn7p and Yap1p transcription
factors. (A) Schematic diagram of major domains of the Yap1 protein,
including the positions of the two cysteine-rich domains (n-CRD and
c-CRD) and the nuclear export sequence (NES). Disulfide bonds
formed in response to hydrogen peroxide stress are also shown.
(B) Domain organization of the Skn7 transcription factor, showing the
heat shock factor like DNA-binding domain (HSF), the coiled-coil
domain (CC), the receiver domain (Receiver), and the glutamine-rich
(Q) domains. Amino acid positions of domains and of critical residues
mentioned in the text are indicated above both drawings.

TABLE 1. Strains used in this study

Strain Genotype Notes Source or
reference

JF1565 MAT� canR cyhR his3�200 leu2�1 ura3-52 trp1�63
lys2�202

40

JF1904 MAT� skn7�::TRP1 canR cyhR his3�200 leu2�1 ura3-
52 trp1�63 lys2�202

skn7�::TRP1 one-step disruption in JF1565

JF2081 MATa yap1� canR cyhR his3�200 leu2�1 ura3-52
trp1�63

yap1� disruption in JF1562

JF2312 MAT� skn7�::TRP1 yap1� canR cyhR his3�200 leu2�1
ura3-52 trp1�63 lys2�202

skn7�::TRP1, yap1� derivative of JF2217
with URA3 removed with 5-FOA

JF2413 MATa yap1�::KanMX trp1-901 leu2-3,112 ura3-52
his3�200 gal4� gal80� lys2::GAL1-HIS3
met2::GAL7-lacZ ade2::GAL2-ADE2

yap1�::KanMX one-step disruption in
pJ69-4A

17

YHR206W (SKN7)-TAP MATa his3�1 leu2�0 met15�0 ura3�0 YHR206W-TAP TAP-tagged collection Open
Biosystems
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One-hybrid assays. Yeast strain JF2413 containing a UASG-lacZ reporter
gene was transformed with pXH1957 (Skn7-RD�1051/�1572) and individual
YAP1 plasmids. Transformants were grown at 30°C in synthetic complete me-
dium lacking the appropriate amino acids to 1 � 107 to 2 � 107cells/ml. Log-
phase cultures were treated with 0.5 mM t-BOOH at 30°C for 30 min. Treated
and untreated cells were harvested by centrifugation at 5,000 rpm for 5 to 10 min,
and the resulting pellets were frozen at �80°C. The beta-galactosidase activity
was measured in modified Miller units (29) and normalized to the protein
concentration. The data represent average values � the standard deviations for
triplicate assays. Oxidative stress induction was determined by comparing the
average value for the treated samples to the average value for the untreated
samples of the same strain.

Oxidative stress spot assays. Yeast strain JF1904 was transformed with
pXH1853 (SKN7�), pXH1854 (skn7 T437A), or pXH1928 (skn7 I428A/V429A)
and various YAP1 plasmids. Cells were grown at 30°C in synthetic complete
medium lacking the appropriate amino acids to 107cells/ml. Serial dilutions of
each culture were then spotted onto plates with YPD plus 0, 0.375, 0.5, 0.75, or
1 mM t-BOOH, starting with 106 cells/ml. All plates were incubated at 30°C for
3 days with growth scanned after 2 and 3 days. The best images are shown.

Coimmunoprecipitation. Yeast strain JF1904 transformed with pXH1853
(SKN7�), pXH1854 (skn7 T437A), pXH1941 (skn7 I428A/V429A), or pXH1939
(skn7 T449A) and pSEY18-R2.5 (YAP1, 2�), and yeast strain JF2117 (yap1�)
transformed with pXH1853 were grown at 30°C in synthetic complete medium
lacking the appropriate amino acids to 1 � 107 to 2 � 107 cells/ml. Protein
extracts were prepared as described previously (27) and precleared by incubation
with 50% Sepharose G-beads (4 Fast Flow; GE Healthcare) at 4°C for 20 min
prior to incubation with �-Myc antibody (UI Hybridoma; 1:100) overnight at 4°C.
After the addition of a 50% Sepharose G-bead slurry, the beads were collected
by centrifugation, washed four times in HNTG (20 mM HEPES, 150 mM NaCl,
0.1% Triton X-100, 10% glycerol), incubated at 95°C for 5 min in 2� Laemmli
buffer (0.125 M Tris [pH 6.8], 3% SDS, 20% sucrose, 0.02% bromophenol blue,
20% bovine serum albumin), and loaded on SDS–10% PAGE gels for Western
blot analysis with �-Myc (1:1,000 to 1:2,500 in 5% milk) and �-Yap1p (a gift from
S. Moye-Rowley; 1:2,000 in 5% milk). The secondary antibodies were horserad-
ish peroxidase (HRP)-conjugated goat anti-mouse (Jackson Immunoresearch;
1:3,000 in 5% milk) and goat anti-rabbit (Sigma catalog no. A4914; 1:3,000 in 5%
milk). The signal was detected by chemiluminescence using a SuperSignal West
Pico kit (Pierce).

For immunoprecipitation experiments with TAP-tagged Skn7, the SKN7-TAP
strain (from the TAP strain collection) and the skn7� yap1� strain JF2312 were
transformed with the HA-YAP1 (CEN) plasmid, and cultures were treated with
2 mM t-BOOH for 20 min. Cells were collected by centrifugation, and pellets

were stored at �80°C prior to being resuspended in 30 mM Tris-HCl (pH 8.0),
5 mM EDTA, 3 mM dithiothreitol, and 5% glycerol supplemented with phos-
phatase and protease inhibitors (sodium fluoride, phenylmethylsulfonyl fluoride
[PMSF], protease inhibitor cocktail (PIC), and sodium orthovanadate) for ex-
tract preparation by glass bead lysis. Precleared extracts were mixed with �-TAP
antibody (0.5 �g/�l; Open Biosystems) and incubated at 4°C overnight prior to
addition of a 50% Sepharose bead-protein G slurry and 1 h of further incubation.
Beads were collected by centrifugation, washed once in HNTG plus 1 M NaCl
and three times in HNTG buffer, resuspended in 2� Laemmli buffer (23) with
20% 	SA, and heated to 95°C prior to being loaded on long-format (to resolve
hemagglutinin [HA]-Yap1p from a nonspecifically associated protein) 10% SDS-
polyacrylamide gels. After transfer, the blots were blocked in 1� Tris-buffered
saline–Tween with 5% milk and incubated overnight with �-TAP (Open Biosys-
tems, 1:2,500 in 5% milk) or �-HA antibody (12CA5; 1:1,500 in 0.5% milk) and
for 2 h with goat anti-rabbit (Sigma catalog no. A4914; 1:3,000 in 5% milk)
(TAP) or goat �-mouse secondary antibodies (Jackson Immunoresearch; 1:3,000
in 5% milk) (HA).

Induction and purification of Skn7-His6 protein from Escherichia coli. Re-
combinant Skn7-His6 protein was expressed from plasmid pSD2015 in BL21 Star
(DE3) cells after treatment with 0.4 mM IPTG (isopropyl-
-D-thiogalactopyra-
noside) at 16°C for 20 h. Cultures were harvested by centrifugation and stored at
�20°C. The pellets were resuspended in 1� bind buffer (Novagen His-Bind kit,
catalog no. 70239-3) supplemented with 1 mM PMSF, PIC, and RNase. Ly-
sozyme was added to 100 �g/ml, and the cells were incubated for 15 min at 30°C,
followed by 10 freeze-thaw cycles in a dry ice-ethanol bath. Lysates were cleared
by centrifugation prior to incubation with the His-Bind resin for 30 min at room
temperature. Washes were performed by using the batch method described in
the manufacturer’s instructions. The extent and quality of the recovered protein
was evaluated by SDS–10% PAGE, followed by Coomassie blue staining (1).

Skn7p-His6 pull-down experiments. Portions (0.5 mg) of cleared yeast protein
extract in coprecipitation buffer (50 mM Tris-HCl [pH 7.6], 10 mM MgCl2, 140
mM NaCl, 0.1% Triton X-100, 5 mM EDTA, 1 mM dithiothreitol, and 1 mM
PMSF plus PIC [Roche]) were diluted with cold coprecipitation buffer plus 1%
bovine serum albumin to a volume of 500 �l and then mixed with 15 �l of
Skn7p-His6-bound His-Bind resin. Mixtures were incubated with rocking in the
cold for 12 to 24 h and then washed twice in coprecipitation buffer, twice in
phosphate-buffered saline (PBS) plus 0.1% Tween 20, and twice in PBS plus
0.2% Tween 20 with 5 min on ice between washes. The resin was then mixed with
5� LSB (15% SDS, 0.575 M sucrose, 0.325 M Tris-HCl [pH 6.8], 5% 
-mer-
captoethanol, 0.002% bromophenol blue) loading buffer, and the proteins were
separated by SDS–10% PAGE. Western blot analysis was conducted using
�-Yap1 primary antibody (a gift from S. Moye-Rowley; 1:2,000 in 5% milk) and

TABLE 2. Plasmids used in this study

Plasmid Description Source or reference

pXH1853 SKN7 (�1293/�1866)–MYC–3�UTR in pRS315 (CEN, LEU2) 15
pXH1854 Skn7 T437A (�1293/�1866)–MYC–3�UTR in pRS315 (CEN, LEU2) 15
pXH1855 Skn7 T455A (�1293/�1866)–MYC–3�UTR in pRS315 (CEN, LEU2) 15
pXH1928 Skn7 I428A/V429A (�1293/�1866)–MYC–3�UTR in pRS315 (CEN, LEU2) 15
pXH1939 Skn7 T449A (�1293/�1866)–MYC–3�UTR in pRS425 (2�, LEU2) 15
pXH1941 skn7 I428A/V429A (�1293/�1866)–MYC–3�UTR in pRS425 (2�, LEU2) 15
pXH1957 pGBD-C(2)-SKN7 �1051/�1572–MYC Vector (17)
pSD2012 3�MYC in pET28(�) 8
pSD2013 SKN7 (�1 to �582)–3�MYC His6 in pET28(�) 8
pSD2014 SKN7 (�1 to �1045)–3�MYC His6 in pET28(�) 8
pSD2015 SKN7 (�1 to �1870)–3�MYC His6 in pET28(�) 8
pSD2016 skn7 D427N (�1 to 1870)–3�MYC His6 in pET28(�) 8
pSD2017 skn7 D427E (�1 to 1870)–3�MYC His6 in pET28(�) 8
pSEY18-R2.5 YAP1 in pRS426 (2�, URA3) W. S. Moye-Rowley (48)
pSM58wt YAP1 in pRS316 (CEN, URA3) W. S. Moye-Rowley (44)
pJAW1 yap1 �220-335 in pRS316 (CEN, URA3) W. S. Moye-Rowley (44)
pJAW76-2 yap1 �322-469 in pRS316 (CEN, URA3) W. S. Moye-Rowley (43)
pJAW6 yap1 �220-430 in pRS316 (CEN, URA3) W. S. Moye-Rowley (43)
p951 yap1 �220-243 in pRS316 (CEN, URA3) W. S. Moye-Rowley (5)
p952 yap1 �220-307 in pRS316 (CEN, URA3) W. S. Moye-Rowley (5)
p976 yap1 C303A in pRS316 (CEN, URA3) W. S. Moye-Rowley (5)
pTYH6 HA-YAP1 in YCp50 (CEN, URA3) W. S. Moye-Rowley (39)
pSL26 HA-YAP1 in YEp351 (2�, LEU2) W. S. Moye-Rowley
pSMS38 HA-yap1 CSE598AAA in YEp351 (2�, LEU2) W. S. Moye-Rowley
pSL-C629A HA-yap1 C629A in pRS315 (CEN, LEU2) S. Lee
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HRP-conjugated goat anti-rabbit secondary antibody (Sigma catalog no. A4914;
1:3,000 in 5% milk).

RESULTS

Expression of candidate SKN7-dependent, YAP1-indepen-
dent OXR genes. Oxidative stress induction of many OXR
genes is nearly equally sensitive to the loss of SKN7 or YAP1
and is virtually the same in a skn7� yap1� double mutant as in
either single mutant (14, 15, 19, 30, 41). Hence, the prevailing
idea has been that the two transcription factors work together.
To specifically investigate whether any OXR genes are regu-
lated by SKN7 but not by YAP1, we examined two genes
(DNM1 and OLA1) previously identified in proteomic scale
two-dimensional polyacrylamide gel experiments, whose oxi-
dative stress response appeared to depend on SKN7 but not
YAP1 (24). A time course analysis of DNM1 and OLA1 expres-
sion in wild-type strains showed modest (1.5-fold for DNM1) or
no (0.5-fold OLA1) induction after treatment with 0.5 mM

t-BOOH. As a control, we found that the same cultures exhib-
ited normal 5-fold induction of the SKN7- and YAP1-depen-
dent TRX2 gene (Fig. 2) (30). The 1.5-fold induction of DNM1
expression seen at all treatment times was not affected by
deletion of skn7 or yap1 or by simultaneous deletion of both
genes. The expression of OLA1 was slightly increased by the
mutation of both skn7 and yap1. We conclude that even if
DNM1 and OLA1 were OXR genes with subtle induction prop-
erties, neither qualifies as a gene whose expression is depen-
dent on SKN7 alone. Thus far, no known OXR genes exhibit
dependence on SKN7 but not on YAP1.

SKN7 does not regulate expression of Yap1p activators.
SKN7 activation of Yap1p or genes encoding Yap1p activators
is one possible explanation for the requirement for Skn7p in
Yap1p-mediated activation of genes in response to oxidative
stress. No differences in Yap1 protein levels have been ob-
served in SKN7 versus skn7� extracts. Thus, regulation of
Yap1p expression by SKN7 is unlikely (J. S. Fassler and K. E.

FIG. 2. Expression of the DNM1 and OLA1genes is largely unaffected by oxidative stress and by SKN7. RNA isolated from yeast strains JF1565
(SKN7 YAP1), JF1904 (skn7�), JF2081 (yap1�), and JF2312 (skn7� yap1�) was analyzed by Northern blot analysis for DNM1, OLA1, TRX2, and
PGK1 gene expression. All strains were treated with 0.5 mM t-BOOH for 0, 10, 20, 30, or 40 min. The probes were as follows: DNM1
(�929/�1348), OLA1 (�878/�1205), and TRX2 (�160/�324). Values were normalized to PGK1 expression. Induction, shown below each panel,
was calculated using the normalized value for the untreated (0 min) lane in the denominator.
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Mulford, unpublished results). However, regulation of the
Yap1p regulators, GPX3 and YBP1 has not been tested. To
examine the potential for indirect regulation of Yap1p activity
by SKN7, the expression of the Yap1p regulators, GPX3 and
YBP1, which are required for the Yap1p response to hydrogen
peroxide (10, 13, 42), was examined. Wild-type, skn7, yap1, and
skn7 yap1 double-mutant strains were treated with t-BOOH,
and the levels of GPX3 and YBP1 RNA were analyzed in
Northern hybridization experiments. No significant effect of
SKN7 on GPX3 or YBP1 expression was observed in t-BOOH-
treated or untreated cultures. Likewise, no effect was seen on
their expression by YAP1. Finally, there was no evidence that
the expression of either GPX3 or YBP1 was inducible by oxi-
dative stress (data not shown).

The Skn7 and Yap1 proteins interact. The formation of com-
plexes on the promoters of OXR genes that are codependent on
Skn7p and Yap1p was previously established by using EMSAs
(14, 15, 24). Such complexes are sensitive to mutations in the
receiver domain of Skn7p (e.g., skn7 T437A and skn7 I428A/
V429A) that confer an OxS phenotype but that do not affect DNA
binding or the nuclear localization of the Skn7 protein (15).

To examine the Skn7p-Yap1p interaction in cells in which
neither protein is highly overexpressed, a strain carrying a
genomic SKN7-TAP allele driven by the native SKN7 promoter
was used in conjunction with a low-copy-number plasmid ex-
pressing YAP1-HA under the control of the YAP1 promoter.
�-TAP antibody was used to precipitate Skn7p from whole-cell
extracts. Immunoprecipitates were then analyzed by using both
�-TAP antibody to detect Skn7p and �-HA antibody to detect
Yap1p (Fig. 3A). Yap1p was detected in �-TAP precipitates of
Skn7p-containing extracts whether the extracts were prepared
from oxidant treated or untreated cultures and was not de-
tected in extracts prepared from skn7� strains or from strains
lacking the YAP1-HA plasmid. This suggests that Yap1p is
specifically associated with Skn7p even when Skn7p is present
at physiological levels.

To investigate the Skn7p determinants required for the in-
teraction, His6-tagged Skn7 proteins were expressed and pu-
rified from bacteria and then added to yeast whole-cell ex-
tracts. Full-length His6-tagged Skn7p precipitated Yap1p as
expected (Fig. 3B). Yap1p was also found in association with
recombinant Skn7D427N-His6 and Skn7D427E-His6 proteins
(Fig. 3B). The skn7 D427N and skn7 D427E mutations are
known to affect the SLN1-SKN7 pathway but not the oxidative
stress pathway (15, 19, 26, 30). The association of Yap1p with
recombinant Skn7 proteins was dependent on the presence of
Skn7p since Yap1p was not present in His6 vector control
reactions (Fig. 3B, “His6”). To further examine the role of the
receiver domain in the interaction with Yap1p, two truncated
proteins were used in the same type of experiment. One lacked
the receiver domain (HSF and CC), and the other truncation
protein lacked both the receiver domain and the coiled-coil do-
main (HSF). Neither truncated protein precipitated detectable
levels of Yap1p (Fig. 3B). These results are consistent with the
need for the Skn7p receiver domain in an interaction with Yap1p.

Finally, �-Myc immunoprecipitation was used to investigate
the effect of three OxS skn7 receiver domain mutations on the
Yap1p-Skn7p association. Protein extracts were prepared from
strains expressing untagged YAP1 from a high-copy-number
plasmid and various skn7-MYC alleles from a CEN plasmid.

Immunoprecipitation of Yap1p was significantly less efficient
in extracts prepared from skn7 T437A, skn7 T449A, and skn7
I428A/V429A mutants than in the wild-type SKN7 strain. The
average recovery of Yap1p relative to that in the SKN7 strain
was 23% in the skn7 T437A mutant, 11% in the skn7 T449A
mutant, and 17% in the skn7 I428A/V429A mutant (Table 3).
Since the OxS phenotype of skn7 receiver domain mutations
correlates with the absence of a Skn7p-Yap1p complex in
EMSA experiments and is partially suppressed by high-copy
YAP1 in some cases (15), these numbers may be underesti-
mates of the effects of the skn7 mutations on the interaction
with the Yap1 protein.

FIG. 3. Coimmunoprecipitation of Yap1p depends on the Skn7p
receiver domain. (A) Coimmunoprecipitation of HA-Yap1p in extracts
expressing genomic SKN7-TAP. The presence of the TAP-tagged
Skn7p in oxidant-treated and untreated extracts is shown in the �-TAP
Western blot on the left. HA-Yap1p that immunoprecipitated with
Skn7p-TAP is shown in the �-HA Western blot on the right. A non-
specific band is sometimes seen in extracts prepared from skn7� ex-
tracts. However, prolonged electrophoresis (shown) reveals that it
migrates faster than HA-Yap1p. (B) Coprecipitation of HA-Yap1p
with recombinant full-length Skn7p-His6 (WT), full-length Skn7p-
D427N-His6 (D/N), full-length Skn7p-D427E-His6 (D/E), and trun-
cated Skn7p-His6 constructs lacking the receiver domain but including
the HSF DNA binding and the coiled-coil domains (HSF�CC) or
including the HSF DNA-binding domain only (HSF). (C) SDS–10%
PAGE and Coomassie blue staining of equivalent bead volumes (equal
to 1/5 of the total) associated with each Skn7p-His6 protein. The
remaining (4/5 total volume) beads were mixed with 0.5 mg of each
yeast extract for the pull-down experiment shown in panel B except for
wild-type beads, which were divided, with 2/5 being added to YAP1�

extract and 2/5 added to yap1� extract (first and third lanes in panel B).
The white circles on the gel are to the right of bands migrating at the
expected molecular mass of each Skn7p-His6 species.
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Identifying Yap1p determinants needed for interaction with
Skn7p: one hybrid analysis. Previously, we found that oxida-
tive stress activation of a UASG-lacZ reporter with a
GAL4DBD-SKN7 (bp �1051/�1866) fusion protein depended
on the presence of Yap1p, as well as certain amino acid resi-
dues in the receiver domain of Skn7p (15). Since the lacZ
reporter gene does not contain Yap1p binding sites and a
GAL4DBD construct lacking Skn7 sequences exhibited no ac-
tivation that could be attributed to fortuitous binding of Yap1p
to the reporter (15), these results suggest that oxidative stress
activation of the reporter requires an interaction between the
receiver domain of Skn7p and Yap1p.

In the present study, the features of Yap1 protein required
for oxidative stress activation were investigated by conducting
the assay in a yap1� strain into which plasmids bearing differ-
ent yap1 alleles were introduced. In the presence of a plasmid
carrying a wild-type YAP1 allele, expression of the lacZ re-
porter gene was induced 1.8-fold by oxidant treatment, while
strains lacking a YAP1 plasmid showed no induction (Fig. 4A).
A collection of YAP1 expression plasmids having small dele-
tions or point mutations (�220-243, �220-307, �220-335, �220-
430, �322-469, and C303A) were also assayed. These mutant
Yap1 proteins are expressed at normal levels and exhibit ro-
bust activation in response to diamide (5, 43, 44). All but the
�220-243 and �322-469 alleles were previously found to confer
sensitivity to hydrogen peroxide (5, 43). The t-BOOH pheno-
types (Fig. 4B) for these mutants were consistent with previous
reports of H2O2 sensitivity with the exception of the �322-469
mutant, which exhibits modest sensitivity to t-BOOH but not
to H2O2 (43). In the one-hybrid test, the OxR yap1 �220-243
mutant was induced normally in oxidant-treated cultures, in-
dicating that this region is not essential for the Skn7p-Yap1p
interaction (Fig. 4A). In contrast, the yap1 C303A, �220-307,
�220-335, and �220-430 mutants were not induced upon oxi-
dative stress (Fig. 4A). Thus, amino acids 243 to 307 and, in
particular, residue C303, are required for the Skn7p-Yap1p
interaction.

The yap1 �322-469 deletion also abolished induction (Fig.
4A), which is consistent with its t-BOOH-sensitive phenotype
(Fig. 4B). This deletion should not affect cysteine bond forma-
tion since neither cysteine-rich domain is eliminated. Taken
together, the data suggest that the n-CRD and amino acids 322
to 469 located between the two CRDs are important for full
Skn7p-Yap1p-mediated oxidative stress induction.

Overexpression of YAP1 suppresses the oxidative stress sen-
sitivity of skn7 I428A/V429A and skn7 T437A mutants. The

oxidative stress-sensitive phenotype of the skn7 I428A/V429A
and skn7 T437A receiver domain mutations, visible as reduced
viability on oxidant plates, is suppressed by modest overexpres-
sion of YAP1 (15). We therefore used this assay to examine the
requirement for the C303 residue and the 322-469 region of
Yap1p (Fig. 5). YAP1 overexpression plasmids (both low copy
and high copy [lc and hc in Fig. 5]) containing wild-type and
mutant forms of YAP1 were introduced into YAP1� skn7

TABLE 3. Coimmunoprecipitation of Yap1p with Skn7p

Parameter SKN7�a skn7� T455A T437A T449A I428A/V429A SKN7� yap1�

Avg Yap1/Skn7b 3.08 NDd 1.39 0.59* 0.58* 0.50* ND

SD 1.34 – 0.18 0.2 0.06 0.04 –

% Recoveryc 100 – 45.1 19.2 18.8 16 –

a Protein extracts were prepared from the skn7� strain, JF1904, carrying the SKN7-MYC plasmids pXH1853 (SKN7�), pXH1855 (skn7 T455A), pXH1854 (skn7
T437A), pXH1939 (skn7 T449A), or pXH1941 (skn7 I428A/V429A), as well as the YAP1 expression plasmid pSEY18-R2.5.

b Average Yap1/Skn7 values represent the average intensity of the Yap1p band from the immunoprecipitate relative to the intensity of the Skn7p band from the beads
in each reaction mixture in three experiments. Asterisks indicate that the ratio for the mutant is significantly different (P�0.05) from the wild-type ratio. The skn7 T455A
mutant, which is not oxidative stress sensitive, is included as a control.

c The percent Yap1p recovered is the relative amount of Yap1 protein in the immunoprecipitate of skn7 mutant extracts compared to that in SKN7 wild-type extracts.
d ND, not detectable.

FIG. 4. t-BOOH sensitivity of YAP1 alleles and their effect on
Gal4DBD-Skn7RD hybrid protein activity. (A) t-BOOH-mediated in-
duction of the Gal4DBD-Skn7RD hybrid protein in the presence of
various YAP1 alleles. YAP1 alleles were transformed into skn7� yap1�
strain JF2413 carrying the Gal4-Skn7p fusion on pXH1957. The YAP1
plasmids were as follows: YAP1�, pSM58; yap1� (vector); yap1 �220-
243, p951; yap1 �220-307, p952; yap1 �220-335, pJAW1; yap1 �220-
430, pJAW6; yap1 �322-469, pJAW76-2; and yap1 C303, p976. Fold
induction values are the averages � the standard deviations of three to
six measurements made using different transformants. Significance was
determined using an unpaired Student t test and reflects the probabil-
ity that the average induction value for the mutant yap1 allele differs
from the average induction value for wild-type YAP1. (B) A plate assay
showing t-BOOH sensitivity of yap1 alleles relative to YAP1� (WT)
and null (yap1�) strains.
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T437A and skn7 I428A/V429A mutant strains and the oxida-
tive stress phenotype of the transformants was evaluated. The
oxidative stress-sensitive phenotype of the skn7 I428A/V429A
and skn7 T437A mutants was suppressed by overexpression of
the wild-type YAP1 and the yap1 �220-243 alleles (Fig. 5, right
panel). Overexpression of other YAP1 deletion alleles or the
yap1 C303A allele did not appreciably suppress the oxidative

stress phenotype of the skn7 mutants. These results support
the conclusion from the one-hybrid assays that C303 and the
322-469 region of Yap1p each play a role in the interaction of
Yap1p with Skn7p.

Yap1p association with Skn7p depends on both cysteine rich
domains. The one-hybrid analysis described above implicated
the n-CRD of Yap1p and residues located between the CRDs
in the Skn7p-Yap1p interaction. To further investigate the
involvement of CRDs, the in vitro association of CRD mutant
Yap1 proteins with full-length recombinant Skn7p-His6 was
examined. As a control, the Yap1�220-243 mutant protein
was efficiently precipitated in this experiment (Fig. 6), which was
expected from the one-hybrid (Fig. 4) and high-copy (Fig. 5)
suppression assays. In contrast, the Yap1 C303A mutant pro-
tein exhibited substantially reduced coprecipitation with
Skn7p-His6, supporting the conclusion that the n-CRD is im-
portant for the Skn7p interaction, perhaps through disulfide
bond formation. Furthermore, neither the Yap1CSE598AAA
nor the Yap1C629A c-CRD mutant proteins were efficiently
precipitated by Skn7p-His6. Taken together, these results in-
dicate that both the c-CRD and the n-CRD are important for
a normal interaction between Yap1p and Skn7p.

DISCUSSION

A role for a Skn7p-Yap1p protein-protein interaction at
oxidative stress responsive promoters was previously hypothe-
sized based on EMSA data in which Skn7p and Yap1p code-
pendent complexes found at OXR promoters were disrupted
by OxS mutations in the Skn7 receiver domain (15). That the
two transcription factors can function collaboratively is clear
from the similar OxS phenotypes conferred by skn7� and
yap1� mutations in plate assays, the effects of single deletion
mutations on OXR gene expression in Northern analysis, and
the lack of additivity in the response of the double mutant (4,
14, 24, 30, 41). The presence of individual binding sites for
each protein in many OXR gene promoters suggests that the
two proteins may sit shoulder to shoulder on the DNA. The
question we addressed here was whether an interaction be-
tween the two proteins contributes to the OXR.

Two candidate SKN7-dependent YAP1-independent genes
(DNM1 and OLA1) were identified in two-dimensional gel anal-
ysis of the oxidative stress proteome (24). However, our analysis

FIG. 5. Overexpression of YAP1 but not yap1 C303 suppresses ox-
idative stress sensitivity of skn7 I429A/V429A (A) and skn7 T437A
(B) mutants. Oxidative stress assays of the yeast strain JF1904 con-
taining plasmids carrying SKN7 (pXH1853), skn7 I428A/V429A
(pXH1928), or skn7 T437A (pXH1854) with or without YAP1� plas-
mids (pSEY18-R25, 2� [high copy, hc], or pSM58, CEN [low copy, lc])
or yap1 mutant plasmids (pJAW1, pJAW76-2, pJAW6, p952, p976, or
p951). Tenfold serial dilutions were spotted on YPD (untreated) or
YPD plus 0.75 or 1 mM t-BOOH (treated) plates starting at 106cells/
ml. The plates were incubated at 30°C for 2 to 3 days.

FIG. 6. Yap1p coprecipitation with Skn7p depends on residues within the n- and c-CRDs of Yap1p. Shown are the results of an in vitro
coprecipitation assay in which bacterially expressed Skn7p-His6 (pSD2015) or His6 alone (pSD2012) was mixed with yeast protein extracts
prepared from a yap1� skn7� strain (JF2312) carrying plasmids expressing various YAP1 alleles, including YAP1 (pSM58), yap1 C303A (p976),
yap1 �220-243 (p951), yap1 CSE598A (pSMS38), and yap1 C629A (pSL-C629A). �-Yap1 antibody (a gift from S. Moye-Rowley) was used to detect
Yap1p in the precipitate (left) and to examine Yap1 protein levels in the extracts (right).
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revealed no oxidant or SKN7-dependent regulation of DNM1 or
OLA1 expression. One possible explanation for the discrepancy
between our results and the proteome study is that the Dnm1 and
Ola1 proteins are stabilized by Skn7p under oxidative conditions.
Stabilization of the Skn7p-associated Crz1 protein has been re-
ported (45). A more comprehensive transcriptome analysis may
reveal true Skn7-dependent Yap1-independent OXR candidate
genes, but thus far, none have come to light.

Oxidative stress-mediated activation of a UASG-driven re-
porter gene by the Gal4-Skn7RD fusion protein required YAP1
(Fig. 4). Fortuitous binding of Yap1p to UASG is unlikely
because there was no activation of this reporter by the Gal4-
DBD fusion protein (no Skn7p) when measured in a skn7�
YAP1� strain (15). YAP1 independence was reported in similar
experiments performed in another laboratory (4); however, the
same authors reported that a 16-fold induction of a lacZ re-
porter gene driven by a synthetic YAP1 dependent promoter
was eliminated in a skn7� strain (4).

The requirement for Yap1p in this assay could reflect re-
cruitment of Yap1p by Skn7p to the promoter. It could also
indicate a conformational change in Skn7p caused by a tran-
sient interaction with Yap1p. Alternatively, it could reflect
posttranslational modification of Skn7p requiring Yap1p. We
previously found that Yap1p does play a role in serine/threo-
nine phosphorylation of Skn7p (15). However, we also found
that the need for Skn7p phosphorylation in the oxidative stress
response can be partially bypassed by overexpressing YAP1
(15). The simplest interpretation is that it is not phosphoryla-
tion per se but rather the recruitment of Yap1p to the promoter
that is the key to activation of OXR genes. This view is sup-
ported by the observation that the Skn7 T437A receiver do-
main mutant protein is successfully phosphorylated but is
nonetheless unable to form a Skn7p-Yap1p-codependent com-
plex in EMSAs (15). In addition, the OxS phenotype of the
skn7 T437A mutant is partially suppressed by overexpression
of the YAP1 gene. A reasonable interpretation is that a weak
Skn7p-Yap1p interaction can be partially overcome by increas-
ing the concentration of Yap1p. In sum, the evidence is con-
sistent with oxidative stress activation of the UASG-lacZ re-
porter due to the recruitment of Yap1p to the promoter by the
Gal4-Skn7p protein.

Several types of coprecipitation assays provide additional
support for an interaction between Yap1p and Skn7p. First,
the Yap1-HA fusion protein was coimmunoprecipitated by the
Skn7-TAP protein (Fig. 3). In this experiment artifactual in-
teractions were minimized through the use of genomic SKN7
and low-copy-number plasmid based YAP1. Second, coimmu-
noprecipitation of Yap1p with the Skn7p-MYC protein from
yeast extracts was shown to be compromised by OxS receiver
domain mutations (Table 3). In this experiment SKN7-MYC
and various individual alleles of YAP1 were expressed from
pairs (SKN7, YAP1) of centromere-based low-copy vectors.
Third, the association of Yap1p (from yeast extracts) with
purified recombinant His6-tagged Skn7p was shown to be de-
pendent on the receiver domain of Skn7p (Fig. 3B) and the
cysteine-rich domains of Yap1p (Fig. 6).

Although these experiments do not explicitly address the
role of DNA in the interaction, we deem the involvement of
DNA to be unlikely based on the observation that receiver
domain mutations that do not affect Skn7p binding to DNA

(15) nonetheless render the cell sensitive to oxidant and simul-
taneously diminish Yap1p complex formation. In addition, our
results showing that chimeric Gal4 DBD-Skn7 receiver domain
proteins that bind to a UASG element are nonetheless sensitive
to the presence of the Yap1 protein and to Skn7p receiver
domain residues indicate that the Skn7p-Yap1p interaction
does not require specific DNA sequences.

Our initial examination of yap1 mutants leads to the conclu-
sion that the cysteine-rich domains and disulfide bond forma-
tion in Yap1p play a role in the Skn7p interaction. Deletions
that eliminate the C303 residue needed for disulfide bond
formation with C598 in response to hydrogen peroxide (9)
failed to induce expression of the lacZ reporter gene upon
oxidative stress (Fig. 4). Likewise, overexpression of these yap1
alleles failed to suppress the OxS phenotype of the skn7 T437A
and skn7 I428A/V429A mutants (Fig. 5). Finally, the Yap1
C303A, CSE598AAA, and C629A proteins precipitated poorly
with recombinant Skn7p-His6, confirming that these three cys-
teine residues are required for a normal interaction between
Yap1p and Skn7p (Fig. 6). The failure of Yap1 proteins lacking
C303, C598, or C629 to interact with Skn7p could be due to the
direct involvement of these residues in the Skn7p-Yap1p in-
teraction or to their effects on the oxidized conformation of
Yap1. Like the cysteine mutants, the Yap1 �322-469 protein
was also defective in the one-hybrid (Fig. 4) and high-copy
suppression (Fig. 5) assays, indicating that the spacing between
the two CRDs might be important. Alternatively, the region
between the CRDs may be part of the protein interface needed
for a robust interaction with Skn7p.

In vivo, the Skn7p-Yap1p complex forms only when condi-
tions permit oxidized Yap1p to accumulate in the nucleus. The
yap1 mutations used in the present study affect Yap1p local-
ization in various ways. For example, the Yap1 �220-243 pro-
tein is constitutively nuclear (6). This protein exhibits normal
resistance to hydrogen peroxide (6), interacts normally with
Skn7p-His6 (Fig. 6), responds to oxidative stress in the one-
hybrid assay (Fig. 4), and suppresses the oxidative stress sen-
sitivity of skn7 T437A and skn7 I428A/V429A mutants when
overexpressed (Fig. 5). The Yap1 �220-307 and the Yap1
C303A proteins are also constitutively nuclear (6). These mu-
tants are sensitive to hydrogen peroxide and defective in their
interaction with Skn7p. Finally, the Yap1 �220-335 protein
translocates normally to the nucleus upon oxidative stress (5)
but is nonetheless sensitive to hydrogen peroxide and defective
in interacting with Skn7p. Hence, it is clear that the Skn7p
interaction defects exhibited by various Yap1p cysteine mu-
tants is not due to aberrant Yap1p localization.

The involvement of the CRDs in the Yap1p interaction with
Skn7p, as well as for Yap1p recruitment of the Rox3p mediator
protein in transcriptional activation of TRX2 (13), suggests a
possible relationship between these two events. For example,
the cysteine-rich domains and proper folding of Yap1p may be
required for formation or stabilization of a Skn7p-Yap1p com-
plex which may be, in turn, a prerequisite for Rox3p recruit-
ment. The details of such a model require further testing.

The oxidative stress-sensitive phenotypes of SKN7 and YAP1
mutants and the presence of binding sites for both the Yap1p
and Skn7p transcription factors in many oxidative stress re-
sponse promoters suggests that the factors work together in the
oxidative stress response. We present evidence here for a pro-
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tein-protein interaction between Skn7p and Yap1p that con-
tributes to an efficient oxidative stress response. Since aspartyl
phosphorylation of the Skn7p transcription factor in response
to cell wall-activated SLN1-SKN7 signaling may cause redis-
tribution of Skn7p to wall response genes, the interaction with
Yap1p may guarantee the availability of the Skn7 protein when
the redox-sensitive Yap1 protein accumulates in the nucleus.
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