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Srb11p-Srb10p is the budding yeast C-type cyclin–cyclin-dependent kinase that is required for the repression
of several stress response genes. To relieve this repression, Srb11p is destroyed in cells exposed to stressors,
including heat shock and oxidative stress. In the present study, we identified Ask10p (for activator of Skn7) by
two-hybrid analysis as an interactor with Srb11p. Coimmunoprecipitation studies confirmed this association,
and we found that, similar to Srb11p-Srb10p, Ask10p is a component of the RNA polymerase II holoenzyme.
Ask10p is required for Srb11p destruction in response to oxidative stress but not heat shock. Moreover, this
destruction is important since the hypersensitivity of an ask10 mutant strain to oxidative stress is rescued by
deleting SRB11. We further show that Ask10p is phosphorylated in response to oxidative stress but not heat
shock. This modification requires the redundant mitogen-activated protein (MAP) kinase kinase Mkk1/2 but
not their normal MAP kinase target Slt2p. Moreover, the other vegetative MAP kinases—Hog1p, Fus3p, or
Kss1p—are not required for Ask10p phosphorylation, suggesting the existence of an alternative pathway for
transducing the Pkc1p3Bck13Mkk1/2 oxidative stress signal. In conclusion, Ask10p is a new component of
the RNA polymerase II holoenzyme and an important regulator of the oxidative stress response. In addition,
these results define a new role for the Pkc1p MAP kinase cascade (except the MAP kinase itself) in transducing
the oxidative damage signal directly to the RNA polymerase II holoenzyme, thereby bypassing the stress-
activated transcription factors.

In response to oxidative damage, the cell induces enzymes
able to inactivate reactive oxygen species (ROS; e.g., superox-
ide dismutases and catalases) or that can reduce protein dis-
ulfides (e.g., thioredoxin [for a review, see reference 39]). In
addition, a more general class of stress response genes, the
heat shock genes, are also induced in response to oxidative
stress to aid in maintaining cell viability through their chaper-
one activity (10). Therefore, two critical regulatory systems
must merge for the cell to mount a successful response to
oxidative stress. First, the damage must be recognized and the
signal transduced to the nucleus. Second, transcription factor
activity must then be influenced by this signal to elicit the
proper gene expression program.

Several signal transduction pathways that initiate the proper
gene expression program in response to environmental chal-
lenges have been identified (for a review, see reference 18).
For example, activation of the mitogen-activated protein
(MAP) kinase Hog1p allows the cell to adjust to a hyperos-
motic environment (44). Similarly, Slt2p, the MAP kinase ac-
tivated by the protein kinase C Pkc1p3Bck1p3Mkk1p/
Mkk2p pathway, is necessary to maintain cell wall integrity
during growth in hypotonic medium (31). In addition to MAP
kinase cascades, a “two-component” regulatory system re-
sponds to heat shock and oxidative stress (40). The two-com-
ponent system utilizes a histidine kinase sensor and its effector
protein, which is known as a response regulator (26, 43). In
budding yeast, Ssk1p and Skn7p are response proteins of the

Sln1p histidine kinase (3, 4, 33). Skn7p is a transcription factor
that regulates cell homeostasis in response to hypertonic me-
dium and oxidative damage (27, 29, 34).

In general, signal transduction pathways alter gene expres-
sion by affecting the activity of transcription factors. For ex-
ample, Slt2p controls transcription factors that mediate cell
cycle progression (Swi4-Swi6 [37]) or the stress response
(Rlm1p [12, 24]). Similarly, stress response factors Msn2 and
Msn4p require Hog1p for activation (16, 38). However, the
role of signal transduction pathways in regulating components
of the RNA polymerase II (RNA Pol II) holoenzyme itself is
much less well understood. The Snf1p AMP kinase, which
signals switches in carbon source availability, has been shown
to associate with the Mediator complex of RNA Pol II (28),
although no substrate has been identified to date. In addition,
the yeast C-type cyclin (Ume3p/Srb11p) and its cyclin-depen-
dent kinase (Cdk) Ume5p/Srb10p (6, 35, 53) are components
of the Mediator (35). This cyclin-Cdk represses the transcrip-
tion of several stress response genes, including SSA1 (6) and
CTT1 (20). To relieve this repression, Srb11p is destroyed in
response to environmental stress, including heat shock and
oxidative stress (6, 7), suggesting that it is a target of a stress-
activated signaling pathway.

Previous studies have found that Plc1p, a homologue of the
mammalian phospholipase C� (14), is required for the oxida-
tive-stress-induced destruction of Srb11p (7). However, the
steps downstream of Plc1p controlling Srb11p destruction re-
main unknown. The present study identified the putative tran-
scription factor Ask10p as an interactor of Srb11p that is re-
quired for the rapid destruction of the cyclin in response to
oxidative stress. This destruction is important since deletion of
SRB11 suppresses the oxidative-damage hypersensitivity phe-
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notype exhibited by ask10 mutants. Finally, Ask10p is phos-
phorylated in response to oxidative stress, and this modifica-
tion requires the redundant MAP kinase kinases Mkk1p/
Mkk2p. These findings indicate that the Pkc1p MAP kinase
pathway transmits an oxidative stress signal to the RNA Pol II
holoenzyme through phosphorylation of Ask10p.

MATERIALS AND METHODS

Media and strains. The yeast strains used in these studies are listed in Table
1. Strains SKY191 and SKY473 used in the two-hybrid studies are described
elsewhere (48). The hog1, slt2/mpk1, fus3, and kss1 mutants were obtained from
the Research Genetics deletion collection. Cultures were grown in synthetic
dextrose (SD) medium (20 g of dextrose, 1.7 g of yeast nitrogen base, 5 g of
ammonium acetate, and 15 g of agarose [if necessary] per liter, supplemented
with an amino acid mix plus 1% tryptophan, 1% uracil, and 1% histidine as
needed). Two-hybrid plates were prepared by omitting dextrose from the SD
medium and adding 2% galactose, 1% raffinose, 0.02% X-Gluc (5-bromo-4-
chloro-3-indolyl-�-D-glucuronic acid; Diagnostic Chemicals, Ltd.), and 100 �g of
G418/ml (final concentration) as indicated. All time course cultures were grown
in SD medium lacking leucine to select for the maintenance of LEU2-marked
plasmids.

Plasmids. pLR101 and pLR102 contain the myc epitope-tagged wild-type
SRB11 allele or the A110V mutant under the control of the ADH1 promoter (6)
inserted into pRS315 (50), respectively. The SRB11 two-hybrid DNA-binding
domain fusion gene was constructed by treating the 1.5-kbp EcoRI fragment
from pKC239 (6) containing the myc-tagged SRB11 allele with Klenow polymer-
ase to produce blunt ends and inserting this fragment into the PvuII site of
pGBS9A (48). Srb11p can activate transcription when fused to a DNA-binding
domain due to its ability to associate with the RNA polymerase II (RNA Pol II)
holoenzyme (6). Therefore, the holoenzyme interaction domain was mutated
(pKC227) (8) prior to fusion to the cI DNA-binding domain under the control of
the ADH1 promoter (pTC300). The myc epitope-tagged SRB11 allele was placed
under the control of the GAL1 promoter in pYES2 (Invitrogen, Inc.), yielding
pKC333. pJG-45 (19) contains the GAL1 promoter driving the expression of a
yeast genomic library fused to a cassette consisting of a nuclear localization
signal, a transcription activation domain, and a hemagglutinin (HA) epitope tag.
The cIop-GusA and cIop-LYS2 reporter constructs are described elsewhere (48).
An HA epitope-tagged derivative of ASK10 was constructed by first integrating
the 3HA-his5 cassette (36) at the 3� end of a genomic ASK10. This genomic allele
was then amplified by PCR and inserted into pRS316 (50), yielding pAK3.

Chromosomal deletion/epitope tagging. The generation of a deletion, chro-
mosomally HA epitope-tagged, or GAL1-inducible ASK10 allele was accom-
plished by using PCR-mediated strategies with plasmids pFA6a-TRP1, pFA6a-
HA-TRP1, or pFA6a-TRP1-PGAL-3HA, respectively, as a template (36). The
YAP1 deletion strains were constructed by an identical method utilizing pFA6a-
His3MX6. These modified alleles were verified by PCR analysis of genomic
DNA (data not shown). The HA epitope-tagged Ask10p derivative was func-
tional, as determined by complementation assays using oxidative stress hyper-
sensitivity as the assay.

Stress sensitivity assays. The strains with the indicated genotypes were grown
to mid-log phase (5 � 106 cells/ml) and serially diluted 1:10. The dilutions were
spotted onto rich plates or a onto rich plate freshly prepared containing 0.4 mM
H2O2. The H2O2 and heat shock plates were incubated for 2 days at 30 and 37°C,
respectively, and then photographed.

Western blot analyses. Heat shock and oxidative-stress time course experi-
ments were conducted, and protein extracts were prepared as previously de-
scribed (6, 7). Srb11p-myc or Ask10p-HA levels were monitored by Western blot
analysis of immunoprecipitates from 250 �g of soluble protein. Coimmunopre-
cipitation studies were conducted with 1 mg of soluble protein with the antibod-
ies, as indicated. Holoenzyme immunoprecipitations with Rpb1p and TFIIS were
performed as described previously (8). Antibodies directed against Rpb1p and
TFIIS were generous gifts of J. Jaehning (University of Colorado Health Sci-
ences Center, Denver). Ask10p-HA or Srb11p-myc signals were visualized with
an anti-mouse secondary antibody conjugated to alkaline phosphatase and
chemiluminescence by using the CDP-star reagent (Tropix). Signal quantitation
was obtained by using the LAS-1000 chemiluminescence system (Fuji, Inc.) and
Image Pro software. Lines were generated by linear regression analysis with r �
0.9.

Phosphatase assays. The ASK10-HA strain was grown to mid-log phase (5 �
106 cells/ml) and treated with H2O2 (0.4 mM), and samples were harvested at the
times indicated in the text. Extracts were prepared, and 1 mg of soluble protein
was immunoprecipitated overnight at 4°C with anti-HA antibodies. The immu-
noprecipitates were collected on protein A-Sepharose beads and washed four
times with buffer 3 (50 mM Tris-HCl [pH 7.4], 250 mM NaCl, 5 mM EDTA,
0.1% NP-40), followed by a final wash with phosphatase buffer (50 mM Tris-HCl
[pH 7.5], 0.1 mM Na2EDTA, 5 mM dithiothreitol, 2 mM MnCl2). After the last
wash, the pellet was divided in two; one half was treated with 2 U of lambda
phosphatase (New England Biolabs), and the other half was treated with phos-
phatase plus inhibitors (5 mM EDTA, 5 mM Na2EGTA, 10 mM sodium pyro-
phosphate, and 0.1 mM sodium orthovanadate). Samples were incubated at 37°
for 30 min, and protein A-Sepharose beads were collected by centrifugation.
Ask10p phosphorylation was assayed by mobility shift using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and Western analysis as described
above.

RESULTS

Srb11p associates with Ask10p in vivo. To identify proteins
that regulate Srb11p destruction, two-hybrid analysis was per-
formed (19). A cI-SRB11 bait plasmid (pTC300) was intro-
duced into the haploid strain SKY191 and mated to SKY473,
which harbored a galactose-inducible genomic library fused to
a synthetic activation domain (a gift from E. Golemis, Fox
Chase Cancer Center). The diploids were tested for activation
of two reporter genes (cIop-LYS2 and cIop-GusA) on medium
supplemented with galactose to induce the library plasmid
(48). In two successive searches, Ask10p, was isolated from the
screen as a protein that activated both reporter genes (Fig.
1A). Ask10p is a 127-kDa protein that was originally identified
as a high-copy enhancer of Skn7-dependent transcription (42).
Sequence analysis revealed that Ask10p is a member of a gene
family with predicted family members found in budding
(Ynl1215p and Ypr115p) and fission (NP_5946315P) yeast.
Comparing Ask10p to the database did not reveal any specific
functional motifs. The amino half of the protein contains a
predicted coiled-coil domain; a motif known to mediate pro-
tein-protein interactions (Fig. 1B). Sequence analysis of the
three interacting clones revealed that only the amino-terminal

TABLE 1. Yeast strains used in this study

Straina Genotype

RSY471 ........................MAT� ade2-1 his3-1 leu2-3,112 2lexAop::LEU2
trp1-1 ura3-1

RSY867 ........................MAT� ade2–1 his3–1 leu2–3,112
2lexAop::LEU2 trp1–1 ura3–1 ask10::TRP1

RSY868 ........................MAT� ade2–1 his3–1 leu2–3,112
2lexAop::LEU2 trp1–1 ura3–1 ask10::TRP1
srb11::URA3

RSY869 ........................MAT� ade2–1 his3–1 leu2–3,112
2lexAop::LEU2 2 trp1–1 ura3–1
ASK10::3HA::TRP1

RSY797 ........................MAT� ade2–1 his3–1 leu2–3,112
2lexAop::LEU2 trp1–1 ura3–1 srb11::TRP1

RSY940 ........................MAT� ade2–1 his3–1 leu2–3,112
2lexAop::LEU2 trp1–1 ura3–1 yap1::his5�

RSY941 ........................MAT� ade2–1 his3–1 leu2–3,112
2lexAop::LEU2 trp1–1 ura3–1 yap1::his5�

srb11::TRP1
RSY870 ........................MAT� ade2–1 his3–1 leu2–3,112

2lexAop::LEU2 trp1–1 ura3–1 srb11::URA3
ASK10::3HA::TRP1

RSY903 ........................MAT� ade2–1 his3–1 leu2–3,112
2lexAop::LEU2 trp1–1 ura3–1
KAN::GAL1::ASK10::3HA::TRP1

a All strains were from the present study.
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portion of the protein (amino acids 1 to 276) was always
present, suggesting that Ask10p binds Srb11p through its
coiled-coil domain.

To verify the Srb11p-Ask10p interaction in vivo, coimmuno-
precipitation studies were performed. A strain containing a
chromosomally HA epitope-tagged ASK10 allele (RSY869)
and the parental control strain (RSY471) were transformed
with pLR101 (myc epitope-tagged ADH1-SRB11 expression
plasmid). The transformants were grown to mid-log phase and
harvested, and protein extracts were prepared (see Materials
and Methods for details). The extracts were immunoprecipi-
tated with HA monoclonal antibodies, and the immunoprecipi-
tates were analyzed by Western blot analysis probing for
Srb11p with the myc antibody. A band specific for myc-tagged
Srb11p was observed in the strain containing pLR101 (Fig. 2A,
lane 2) versus the control lacking the epitope-tagged ASK10
(lane 1). These findings, in combination with the two-hybrid
results, indicate that Ask10p and Srb11p associate in vivo.

Ask10p associates with Rpb1p and TFIIS in vivo. Previous
studies in our laboratory and others have found that Srb11p
associates with the RNA Pol II holoenzyme (8, 35). The asso-
ciation of Ask10p with Srb11p prompted the question of
whether Ask10p is also a holoenzyme component. To test this
possibility, extracts prepared from RSY869 containing the HA-
tagged ASK10 allele were immunoprecipitated with antibodies
directed against two components of the RNA polymerase ho-
loenzyme: Rpb1p and TFIIS (17). The immunoprecipitates
were collected with protein A-Sepharose beads and subjected
to Western blot analysis probing for Ask10p. These experi-

ments revealed the presence of Ask10p in both Rpb1p and
TFIIS immunoprecipitates (Fig. 2B) but not in control ex-
tracts, indicating that Ask10p is complexed with these proteins
in vivo. These results indicate that Ask10p is a previously
unknown component of the RNA Pol II holoenzyme and are
consistent with the previous report that Ask10p regulates tran-
scription (42).

Ask10p is required for Srb11p destruction in response to
oxidative stress but not heat shock. Ask10p was originally
identified by its ability to stimulate Skn7p-dependent transcrip-
tion (42). Skn7p activates genes that respond to environmental
changes, including oxidative stress and heat shock (40). We
have previously demonstrated that Srb11p is destroyed in re-
sponse to both types of stress (6, 7). Therefore, we tested
whether Ask10p is required for Srb11p destruction in cells
subjected to either oxidative damage or heat shock. Wild-type
(RSY471) and ask10	 deletion strains (RSY867) containing
the myc-tagged SRB11 expression plasmid (pKC333) were
grown to 5 � 106 cells/ml and then exposed to 0.4 mM hydro-
gen peroxide. Previous studies in our laboratory have demon-
strated that overexpression of Srb11p has no impact on its
regulation compared to the normally expressed protein (6).
Samples were taken prior to, and after, H2O2 treatment, and
Srb11p levels were monitored by Western blot analysis. Similar
to previous results (7), Srb11p levels were significantly reduced
in the wild-type control after a 2-h exposure to H2O2 (Fig. 3A,
quantitated in 3C). However, in the ask10 mutant strain, the
decay rate of Srb11p levels was approximately threefold slower
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FIG. 1. The coiled-coil domain of Ask10p associates with Srb11p in
a two-hybrid analysis. (A) The activation domain fusion library plasmid
containing Ask10p (ASK10-Act), negative control (activation domain
alone), or positive control (synthetic activation domain fused to cI
DNA-binding domain) was introduced into a strain expressing cI-
Srb11p, along with the cIop-LYS2 and cIop-GusA reporter genes. Ac-
tivation of the reporter genes allows growth on medium lacking lysine
(
Lys) and cleaves the chromergic agent X-Gluc. (B) Ask10p inter-
action region. Schematic of Ask10p illustrating a predicted coiled-coil
domain (stripped region). The region required for Srb11p binding is
indicated. Amino acid boundries of these domains are indicated.

FIG. 2. Ask10p binds Srb11p and the RNA Pol II holoenzyme in
vivo. (A) Extracts were prepared from cultures under nonstress con-
ditions (lanes 2, 4, and 6) or 30 min after oxidative stress (lanes 3 and
5) and contained Srb11p-myc, Ask10-HA (�), the Srb11pA110V mutant
(A110V), or vector control (
) as indicated. Srb11p-myc immunopre-
cipitation (lane 6) serves as a size standard, and lane 1 controlled for
nonspecific association of Srb11p-myc to protein A-Sepharose beads.
(B) Extracts prepared from the ASK10-HA strain RSY869 (�) or
parental control (
) were immunoprecipitated with the antibodies
specific for RNA Pol II holoenzyme components Rpb1p and TFIIS as
indicated. The Ask10p-specific signal and a nonspecific band (asterisk)
are indicated. The negative control for nonspecific interaction of
Rpb1p antibodies in a strain lacking Ask10p-HA (right panel) was
overexposed to detect even minor cross-reactivity. Molecular weight
markers are indicated (in kilodaltons) on the left sides of both panels.
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than in the wild type (3 h versus 0.9 h, respectively). The
half-life for Srb11p under “normal” growth conditions was
calculated to be 1.5 h (6). These results indicate that Ask10p is
required for normal Srb11p destruction in response to oxida-
tive stress.

We next determined whether Ask10p is also required for the
heat-induced destruction of Srb11p. The wild type and ask10	
mutant harboring pLR101 were grown to mid-log phase at
30°C and then transferred to 37°C, and time points were taken.
As previously observed (6), Srb11p levels declined quickly after
heat shock in the wild-type culture, going below the limits of
detection by 10 min (Fig. 3B, quantitated in 3C). Similar to the
wild type, the ask10	 mutant efficiently destroyed Srb11p, in-
dicating that Ask10p is not required for the rapid destruction
of this cyclin in response to heat shock. These results indicate
that Ask10p is required for Srb11p degradation in response to
oxidative stress but not in response to heat shock. These find-
ings suggest that the oxidative stress and heat shock response
pathways are separate but converge at Srb11p.

Ask10p-dependent destruction of Srb11p is important for
cell survival in response to oxidative stress. Previous studies
indicated an important role for Srb11p destruction for cell
viability when cells are exposed to oxidative stress (7). Al-
though Ask10p has been implicated in the Sln1-Ssk1 two-com-
ponent system (42), which is also required for normal viability
in response to H2O2 (51), its requirement for maintaining cell
viability after exposure to oxidative damage has not been de-
termined. A plate assay was used to test the sensitivity of each
strain to oxidative damage (see Materials and Methods for
details). Wild-type and ask10	 strains were spotted onto rich
medium containing 0.4 mM H2O2, and cell viability was as-
sessed after a 2-day incubation at 30°C. These experiments
indicate that cell survival was reduced at least 10-fold in
ask10	 mutants compared to the control (Fig. 4A). If the
failure to destroy Srb11p is responsible (at least partially) for
the hypersensitivity of ask10	 mutants to H2O2, then deleting
the cyclin should suppress this growth defect. Indeed, the
ask10	 srb11	 double mutant exhibited H2O2 sensitivity to a

FIG. 3. Ask10p is required for Srb11p destruction in response to
oxidative stress. (A) Oxidative stress. Wild-type (RSY471) and ask10	
(RSY867) strains harboring the SRB11-myc expression construct
pKC333 were grown to mid-log phase (0 h), H2O2 was added to 0.4
mM, and time points taken as indicated (in hours). Srb11p levels were
monitored (arrow) in extracts prepared from these samples (see Ma-
terials and Methods for details). (B) Heat shock. This experiment was
performed as described above except the cultures were shifted to 37°C
and time points were taken (minutes). (C) Quantitation of Srb11p
decay kinetics. The chemiluminescent signals derived in Panels A and
B were quantitated and plotted on log scale versus time. Decay curves
were generated by linear regression analysis (r � 0.9). The asterisk
indicates a nonspecific cross-reacting protein.

FIG. 4. Ask10p is required for the cellular response to oxidative
stress and heat shock. (A) Ask10p regulates the oxidative stress re-
sponse through Srb11p. Wild-type (RSY471), ask10	 (RSY867),
srb11	 (RSY870), ask10	 srb11	 (RSY868), yap1	 (RSY940), and
yap1	 srb11	 (RSY941) strains were grown to mid-log phase, diluted,
and spotted onto rich medium containing 0.4 mM H2O2 as indicated.
The plates were incubated for 2 days at 30°C and then photographed.
(B) Ask10p and Yap1p function independently. The strains (listed in
panel A) with the indicated genotypes were treated as described above
(C) Ask10p is required for growth at elevated temperature. The strains
described in panel A were diluted (1:10) and spotted onto rich me-
dium, followed by incubation at 30 or 37°C for 2 days prior to being
photographed.
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level observed for the wild-type control. One interpretation of
these results is that the Ask10p-dependent destruction of
Srb11p is important to maintain cell viability after ROS-in-
duced stress. Alternatively, deleting SRB11 could nonspecifi-
cally enhance viability in response to oxidative damage. To
address this question, Yap1p, a transcription factor required
for ROS-responsive gene induction, was deleted in an srb11
mutant. As previously reported (52), yap1 mutants are hyper-
sensitive to oxidative stress (Fig. 4B). However, the yap1	
srb11	 double mutant did not exhibit enhanced viability on
H2O2-containing plates, suggesting that srb11 mutations do not
provide general protection from oxidative stress. These results
indicate a new role for Ask10p in the oxidative stress response
and suggest that the Ask10p-dependent destruction of Srb11p
is important for protecting the cell from reactive oxygen dam-
age.

Ask10p is required for cell survival in response to heat
shock independent of Srb11p. Ask10p has been implicated in
enhancing Skn7p-dependent activation and, as shown here, is
required for the oxidative stress response. In addition to ROS,
Skn7p is involved in responding to several types of stress,
including heat shock. To test whether Ask10p plays a more
general role in cellular response to stress, the viability of an
ask10	 mutant under heat shock conditions was determined.
Wild-type and ask10	 mutant strains were grown at 30°C in
rich medium to mid-log phase, serially diluted (1:10), and spot-
ted onto duplicate rich solid medium. These plates were incu-
bated at 30 and 37°C overnight and then inspected for growth.
Interestingly, the viability of the ask10	 mutant at 37°C was
reduced by 4 orders of magnitude compared to the wild-type
control (Fig. 4C). No difference in plating efficiency was ob-
served on the 30°C plate, indicating that the growth defect was
due to the increased temperature. Consistent with our earlier
finding that Ask10p is not required for heat-induced destruc-
tion of Srb11p, deleting SRB11 was not able to rescue the
temperature sensitivity of the ask10 mutant. Taken together,
these experiments indicate that Ask10p is also required for
growth at a high temperature. However, this requirement is
independent of the Srb11p status, suggesting that Ask10p does
not solely function to mediate cyclin destruction.

Ask10p association to Srb11p is independent of the stress-
activated degron. Ask10p is required for the destruction of
Srb11p in response to oxidative stress but not heat shock. Our
previous studies identified an element defined by two separate
single amino acid substitutions (A110V and E170K) that me-
diates oxidative stress-induced destruction of Srb11p (7).
To determine whether the increased stability observed
with Srb11pA110V was due to a defect in Ask10p binding, co-
immunoprecipitation experiments were performed. The
Srb11pA110V-myc expression plasmid was introduced into the
strain harboring the HA-tagged ASK10 allele, and extracts
prepared from this culture were immunoprecipitated with HA
antibody. The immunoprecipitates were blotted and probed
with the myc antibody recognizing Srb11pA110V-myc. These
experiments showed that Srb11pA110V, like the wild-type cy-
clin, associated with Ask10p under normal growing conditions
(Fig. 2A, lane 4). We conclude that the A110V mutation does
not significantly alter the association of Ask10p under non-
stress conditions. We next determined whether the A110V
mutation affected the association of the cyclin to Ask10p after

exposure to oxidative damage. Extracts were prepared from
cultures after a 30-min oxidative stress treatment and sub-
jected to coimmunoprecipitation studies as just described. Im-
munoprecipitating Ask10p-HA retained similar amounts of
Srb11pA110V-myc, as observed prior to stress treatment (Fig.
2A, lane 5). These results suggest that Ask10p functions
through another element on Srb11p or that the coimmunopre-
cipitation experiments are unable to detect more subtle
changes in Ask10p-Srb11p interactions.

Ask10p is hyperphosphorylated in response to H2O2 stress.
In most organisms, exposure to stress activates protein kinase
cascades that transduces the signal to the nucleus to effect
changes in the gene expression program (47). Therefore, we
sought to determine whether Ask10p itself is phosphorylated
in cells exposed to ROS. To test this hypothesis, Ask10p-HA
levels were monitored by Western blotting of immunoprecipi-
tates after H2O2 treatment as described above. The results
showed that Ask10p levels do not change in response to H2O2

treatment (Fig. 5A). However, Ask10p mobility appears to be
upshifted after H2O2 addition to the medium (asterisk). Inter-
estingly, this upshift was not observed when cells were exposed
to heat shock, suggesting that this effect is not a general prop-
erty of stressed cells. To determine whether this alteration in
mobility is due to phosphorylation, the protein A immunopre-
cipitation pellets from each time point were split and treated
with either �-phosphatase or �-phosphatase plus phosphatase
inhibitors (see Materials and Methods for details). Ask10p-HA
was recovered and analyzed by Western blot by using poly-
acrylamide gel electrophoresis conditions that enhanced the
migration difference between the two species of Ask10p. These
studies revealed that, prior to the addition of H2O2 (T � 0),
Ask10p is upshifted since treatment with phosphatase col-
lapses this band into a faster-migrating form (Fig. 5B). These

FIG. 5. Ask10p is phosphorylated in response to oxidative stress.
(A) Ask10p mobility is altered by oxidative stress. Western blot anal-
ysis of HA immunoprecipitates derived from cultures of RSY869 har-
boring a chromosomally epitope-tagged allele of ASK10 subjected to
either heat shock (37°C) or oxidative stress (0.4 mM H2O2) for the
times indicated was carried out. The Ask10p and slower-migrating
species (Ask10p*) are indicated by arrows. The vector control lane
(V) controls for nonspecific cross-reactivity of the HA monoclonal
antibody. (B) Ask10p is phosphorylated in response to oxidative stress.
The oxidative stress time course depicted in panel A was repeated, and
the Ask10p-HA immunoprecipitates were either treated with phospha-
tase or phosphatase plus inhibitor as indicated. The arrows indicate the
phosphorylated and unphosphorylated species of Ask10p.
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results indicate that Ask10p is phosphorylated even under
“nonstress” conditions. Exposure to ROS resulted in more-
extensive upshifting of Ask10p, indicating the presence of a
hyperphosphorylated species, which was confirmed by phos-
phatase treatment. These results provide evidence that Ask10p
is hyperphosphorylated specifically in response to H2O2 stress
but not in response to heat shock. Furthermore, when com-
bined with the results of the coimmunoprecipitation studies
described above, these results implicate Ask10p as a nuclear
target of an oxidative-stress signaling pathway.

Ask10p phosphorylation is mediated through an alternative
pathway for the Pkc1p MAP kinase cascade. The results pre-
sented above indicate that Ask10p is phosphorylated in re-
sponse to oxidative stress. To identify the kinase responsible
for this activity, a candidate approach was initiated. Mutants
defective for individual protein kinases that function in envi-
ronmental sensing (Pho85p [55], Mkk1/2p [22], Rim11p [1],
and Rim15p [57]), a developmental switch (Mck1p [41, 49] and
Prr1p [5]), and checkpoint/transcription (Bub1p [45] and
Ctk1p [30]) were tested. The mutant strains were transformed
with a single-copy plasmid harboring an HA epitope-tagged
derivative of ASK10 under the control of its own promoter
(pAK3). The transformants were grown to mid-log phase and
then split in half. One portion was harvested immediately for
the T � 0 control, whereas the remaining half was subjected to
oxidative stress (0.5 mM H2O2) for 30 min. Protein extracts
were prepared from these samples, and Ask10p was visualized
by Western analysis of immunoprecipitates. Of the strains
tested, only a mutant defective for the redundant pair of MAP
kinase kinases (or MEKs), Mkk1p/Mkk2p, displayed a defect

in the H2O2-induced phosphorylation of Ask10p (Fig. 6A).
Mkk1p and Mkk2p are considered redundant and therefore
were always analyzed by using the double mutant. To deter-
mine whether their activity was redundant for Ask10p phos-
phorylation, these experiments were repeated in the individual
signal mutants. No effect on oxidative-stress-induced phos-
phorylation of Ask10p was observed in either single mutant
(data not shown), indicating that either Mkk1p or Mkk2p is
sufficient for this process.

Mkk1p/Mkk2p are components of a well-characterized
MAP kinase cascade (Bck1p3Mkk1p/Mkk2p3Slt2) that is
activated by Pkc1p (reviewed in reference 18). This pathway
responds to stress, most notably hypo-osmotic conditions and
heat shock (25, 32). To determine whether Slt2p is necessary
for transducing the oxidative stress signal from Mkk1p/Mkk2p,
Ask10p phosphorylation was monitored in an slt2 mutant after
treatment with H2O2. Interestingly, Ask10p phosphorylation
was not altered in the slt2 mutant strain (Fig. 6B), suggesting
that another MAP kinase was the recipient of the signal from
Mkk1p/Mkk2p. Since the Hog1p MAP kinase is also stress
activated (2, 11), its requirement or Ask10p phosphorylation
was also tested. As observed for Slt2p, Hog1p is not necessary
for oxidative stress-induced Ask10p phosphorylation (Fig. 6B).
This experiment was repeated with mutants lacking the two
remaining MAP kinases that function in vegetative cells: Kss1p
(9) and Fus3p (13). Surprisingly, these mutants also did not
affect the phosphorylation of Ask10p (Fig. 6C). These results
indicate that, although Ask10p phosphorylation requires the
MEKs Mkk1p/Mkk2p, this reaction is independent of Slt2p or
any other known MAP kinase functioning in mitotic cells.
These findings suggest that either there are redundancies in
MAP kinase activity or that another, yet-unidentified protein
kinase is able to transmit the oxidative stress signal (see Dis-
cussion).

DISCUSSION

Srb11p-Srb10p C-type cyclin–Cdk represses several genes
required for the cellular response to stress. To relieve this
repression, Srb11p is destroyed in cells subjected to stress such
as heat shock or oxidative stress. We provide evidence here
that Ask10p is a direct mediator of the normal ROS-induced
destruction of Srb11p. First, Ask10p associates with Srb11p
and two additional components of the RNA Pol II holoenzyme
in vivo. Second, mutants lacking ASK10 display a threefold
reduction in cyclin degradation kinetics after oxidative stress.
The physiological relevance of this regulatory circuit is under-
scored by the ability of srb11 mutations to suppress the H2O2

hypersensitivity displayed in ask10 mutant strains. Interest-
ingly, heat-induced destruction of Srb11p is independent of
Ask10p, suggesting that the heat shock and oxidative stress
pathways do not converge prior to triggering cyclin degrada-
tion. In addition, Ask10p is rapidly phosphorylated in ROS-
treated cells but not in cultures after heat shock. Combined
with the results of the coimmunoprecipitation studies, these
data indicate that Ask10p directly links the ROS signaling
pathway and the basal transcription machinery. Finally, the
ROS-dependent phosphorylation of Ask10p requires the re-
dundant MEKs Mkk1p/Mkk2p but not their cognate MAP
kinase Slt2p or any of the other mitotic MAP kinases. These

FIG. 6. Ask10p phosphorylation requires Mkk1p/Mkk2p. (A, B,
and C) Strains with the indicated genotypes containing ASK10-HA
expression plasmid (pAK3) were harvested in mid-log phase (T � 0) or
30 min after treatment with H2O2 (0.5 mM). Extracts were prepared,
and Ask10p-HA was visualized as described in Materials and Methods.
The hyperphosphorylated form of Ask10p is indicated by the shaded
“p.”
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findings suggest the presence of a novel bifurcation in the
Pkc1p MAP kinase cascade that utilizes an alternative pathway
for transmitting the oxidative stress signal.

Srb11p was only partially stabilized in the ask10	 mutant
exposed to H2O2 (Fig. 3). Previous studies have identified
mutants (plc1 and doa4) that more fully protected Srb11p from
destruction under these conditions (7). These observations
suggest that Ask10p is not the only pathway able to mediate
ROS-induced Srb11p destruction. Sequence analysis identified
two additional genes in yeast that displayed homology to
ASK10 (Ynl1215p and Ypr115p). However, no difference in
Srb11p turnover was observed in strains deleted for either gene
after oxidative stress (data not shown). These results suggest
that Ask10p is the only member of this gene family that reg-
ulates Srb11p turnover in response to oxidative stress. It should
be noted that although the single mutants were readily con-
structed, double mutants of this gene family were not obtained
in any pairwise combination, suggesting that these mutations
may be synthetically lethal. Taken together, these results sug-
gest that an Ask10p-independent pathway exists that directs
Srb11p destruction in response to oxidative stress. However,
given that ask10 mutants exhibit a significant growth defect
when challenged with H2O2, Ask10p must have an important
role to play in the cellular response to ROS. Moreover, since
deleting SRB11 is able to rescue the H2O2-induced growth
defect of ask10 mutants, this arm of the ROS response is
critical for the cell to survive ROS-induced damage.

Ask10p was originally identified as a high-copy enhancer of
Skn7p-dependent transcription (42). Skn7p is part of the two-
component histidine phosphorylation pathway that provides a
sensor to hyperosmotic conditions. The mechanism by which
Ask10p enhances Skn7p-dependent transcription is unclear.
One possible model is that Ask10p stimulates the regulatory
pathway upstream of Skn7p. Alternatively, Ask10p could en-
hance Skn7p activity at the promoter level. Our finding that
Ask10p associates with the RNA Pol II holoenzyme favors the
latter model. One simplistic mechanism to explain the data
presented here suggests that Skn7p and Srb10p-Srb11p pro-
vide antagonistic functions. For example, Ask10p’s stimulation
of Skn7p activity when overexpressed could be the result of
precocious destruction of the cyclin. However, several pieces of
data argue against this model. First, several genes induced by
Skn7p after oxidative stress (OCH1 [34] and TRX1 and TRR1
[46]) are not derepressed in srb11 mutants (21). Second, over-
expression of ASK10 did not induce Srb11p destruction in the
absence of stress (data not shown). Therefore, we can find no
evidence for a functional interaction between Srb10-Srb11p
and Skn7p. We did, however, notice that overexpression of
Ask10p induced transcription of the ADH1 promoter (T. J.
Cohen and R. Strich, unpublished results). In the initial report
of Ask10p function, Skn7p was fused to the lexA DNA-binding
domain under the control of the ADH1 promoter (42). There-
fore, the enhancement of Skn7p activation function may be
indirect and related to increased expression of the ADH1-
SKN7 fusion gene itself.

The finding that Ask10p is phosphorylated in response to
oxidative stress, but not heat shock, suggests that the two stress
signaling pathways are separable but converge at Srb11p. This
result is consistent with our earlier results that multiple cis-
acting destruction signals are present on Srb11p that appear to

respond to different stresses (6). What is the role of Ask10p
phosphorylation? One obvious possibility is that modifying
Ask10p triggers Srb11p destruction. Phosphorylation of ubiq-
uitin ligases has been shown to be a key step in activation (58).
Since Ask10p does not contain any motifs associated with
known ubiquitin ligases (e.g., ring fingers [for a review, see
reference 56]), its role may be to serve as a docking site for a
ligase or to facilitate Srb11p translocation to a different com-
partment where ubiquitination and/or destruction takes place.
Indeed, a green fluorescent protein-Srb11p fusion protein does
relocalize to the cytoplasm after stress (E. Krasely and R.
Strich, unpublished observations). Similarly, the transcrip-
tional repressor Mat�2p is transported to the endoplasmic
reticulum, where it is ubiquitinated by Doa10p prior to de-
struction (54). Further experiments are under way to deter-
mine what role, if any, localization plays in mediating Srb11p
degradation and to determine whether Ask10p is involved in
this process.

The present study demonstrates that Ask10p is phosphory-
lated in response to oxidative stress and that this modification
requires the redundant MEKs Mkk1p/Mkk2p. Mkk1p/Mkk2p
are downstream of a signaling cascade that includes the control
kinase Pkc1p and the MEK kinase Bck1p (Fig. 7). This path-
way has a well-established role in transducing changes in en-
vironmental osmolarity and heat shock (15). However, our
data indicate that this pathway, as defined by Ask10p phos-
phorylation, is activated in cells exposed to oxidative stress but
not in cells exposed to heat shock. These findings are consis-
tent with other signal transduction pathways that are able to
alter their final target depending on the impute stimulus. How-
ever, the finding that Ask10p phosphorylation is independent
of Slt2p, or any of the MAP kinases that function during
mitotic cell division, was unanticipated. One possibility is that
Slt2p and another MAP kinase, perhaps Hog1p, have overlap-
ping activities with respect to signaling oxidative stress. How-
ever, a previous report failed to detect the activation of the
MAP kinase Slt2p after exposure to oxidative stress (25).
These results argue against redundant functions and are more
consistent with the existence of a novel bifurcation in the
Pkc1p MAP kinase cascade. This model would predict that

FIG. 7. Model for oxidative stress-induced destruction of Srb11p.
H2O2 activates the Pkc1p-dependent MAP kinase cascade, including
the redundant MAP kinase kinases Mkk1/Mkk2. This pathway bifur-
cates following this step and a new intermediary (boxed question
mark) is proposed that transduces the signal to Ask10p. Phosphoryla-
tion of Ask10p triggers Srb11p degradation, thus relieving Srb10p-
dependent repression of stress response genes (SRG).
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rather than Mkk1p or Mkk2p activating a MAP kinase, an-
other intermediate is used to transduce the signal to the nu-
cleus (boxed question mark, Fig. 7).

An alternative explanation to the unknown intermediary
kinase is that either Mkk1p or Mkk2p is directly phosphory-
lating Ask10p. The possibility is unlikely for two reasons. First,
MEKs target a specific domain on MAP kinases termed the
T-loop that contains the modified resides Thr-X-Tyr (where X
is any amino acid). No other substrate recognition site has
been reported to date. Since Ask10p does not contain a T-loop
motif, the direct modification of Ask10p by Mkk1p/Mkk2p
would dictate the unlikely involvement of a novel noncanonical
recognition site. Second, although transient MEK shuttling
from the cytoplasm through the nucleus has been reported in
mammalian cells (23), this phenomenon has not been clearly
demonstrated in yeast. Therefore, we feel it is most likely that
Mkk1p/Mkk2p work through another protein kinase (or ki-
nases) that ultimately modifies Ask10p. Identifying this kinase
and its regulation may provide important new insight into how
signal transduction cascades can affect gene expression
through direct modification of the basal transcription machin-
ery.
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