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The heat shock transcription factor Hsfl and the general stress transcription factors Msn2 and Msn4
(Msn2/4) are major regulators of the heat shock response in Saccharomyces cerevisiae. Here, we show that
transcriptional activation of their target genes, including HSP104, an antistress chaperone gene, is obligatory
for thermotolerance. Although Hsfl activity might be necessary before the exposure of cells to high tempera-
ture, severe heat shock induced the binding of hyperphosphorylated Hsfl to its target promoters. However,
promoter-bound, phosphorylated Hsfl was inactive for transcription because RNA polymerase II was inactive
at high temperatures. Rather, our results suggest that Hsfl activates the transcription of most of its target
genes during the recovery period following severe heat shock. This delayed upregulation by Hsfl, which would
be induced by misfolded proteins that accumulate in severely heat-shocked cells, is required for the resumption
of normal cell growth. In contrast, the factors Msn2/4 were not involved in the delayed upregulation of genes
and were dispensable for cell growth during the recovery period, suggesting that they play a role before the
exposure to high temperature. These results show that Hsfl and Msn2/4 act differentially before and after

exposure to extreme temperatures to ensure cell survival and growth.

Expression of a set of proteins known as the heat shock
proteins (Hsps) is rapidly induced when cells are challenged
with elevated temperatures (48). Many of these proteins func-
tion as molecular chaperones in the synthesis, folding, traffick-
ing, maturation, and degradation of proteins (4, 12, 52). Sev-
eral Hsps are essential for cell growth and are expressed
constitutively under physiological conditions; however, they
are only slightly induced by heat shock. Others are not essen-
tial for growth at normal temperatures but play vital roles in
helping cells survive exposure to elevated temperatures; in
contrast to the previous mentioned Hsps, however, these Hsps
are strongly induced by heat shock (4, 48).

Heat-induced transcription of HSP genes in Saccharomyces
cerevisiae is governed by the transcription factors Hsfl, Msn2,
and Msn4 (46). The heat shock transcription factor Hsfl, a
protein evolutionarily conserved from yeast to humans, is in-
dispensable for cell viability at physiological temperatures (ap-
proximately 25 to 30°C), and Asf] mutations cause a growth
defect at moderately elevated temperatures (approximately 33
to 38°C) (46). Hsf1 binds to heat shock elements (HSEs) within
the promoter regions of target genes, including HSP genes.
Other target genes encode proteins involved in a broad range
of biological functions, including detoxification, protein degra-
dation, energy generation, carbohydrate metabolism, and
maintenance of cell integrity (7, 17, 51). The transcriptional
activity of Hsfl is induced by oxidative stress, ethanol treat-
ment, and glucose starvation, as well as by heat (15, 19, 26, 44,
50). In yeast cells, Hsf1 binds with low affinity to many target
promoters under physiological conditions and with high affinity
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to these targets upon stress (17, 19, 50). The active form of
Hsf1, which is hyperphosphorylated, is involved in HSE archi-
tecture-dependent gene transcription (18-20).

A pair of partially redundant transcription factors, Msn2 and
Msn4 (Msn2/4), regulate the general stress response induced
by heat shock, osmotic shock, oxidative stress, low pH, and
glucose starvation (8, 27, 37). The target genes of Msn2/4
partially overlap with those of Hsfl and encode several Hsps,
enzymes involved in carbohydrate metabolism, and proteins
involved in protection against oxidative stress (3, 5, 9, 45). The
nuclear translocation of Msn2/4 is controlled by the cyclic
AMP-dependent protein kinase and the TOR signaling path-
way (2, 13), and the binding of Msn2/4 to stress-responsive
DNA elements is regulated by the protein kinase GSK3 (21).

Although Hsfl and Msn2/4 are transcriptional regulators of
cytoplasmic and mitochondrial HSP genes, the expression of
molecular chaperones in the endoplasmic reticulum (ER) is
also activated by the Hacl transcription factor (29). In the
unfolded protein response (UPR), perturbation of the ER
folding apparatus with consequent accumulation of unfolded
proteins results in the production of active Hacl protein. In
addition to ER-resident chaperones, the UPR regulates the
expression of genes involved in the biosynthesis or secretion of
secretory organelles (32).

Prior induction of the heat shock response enables cells to
survive subsequent exposure to lethal high temperatures. When S.
cerevisiae cells are grown at physiological temperatures and then
subjected to mild heat shock (37°C), the fraction of the cells that
is able to survive exposure to 50°C increases markedly (31, 33).
Thermotolerance requires expression of an antistress chaperone
Hsp104, which intervenes in cellular protein homeostasis by me-
diating the renaturation of aggregated proteins (25, 35). Both
Hsfl and Msn2/4 are positive regulators of HSP104 expression (1,
14). The expression of several Hsps, including Hsp104, is robustly
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FIG. 1. Changes in mRNA levels under various heat shock conditions. (A) Schematic representation of the thermal treatments. (B) RT-PCR
analysis of various mRNAs. Wild-type cells (strain HS170T) bearing the HSE4Ptt-CYCI-lacZ reporter gene were grown in ESD medium lacking
uracil and were heat-shocked as shown in panel A. Control cells (C) were grown at 28°C, and heat-shocked cells (HS) were incubated at 37 or 39°C
for 15 min. Total RNA prepared from the cells was subjected to RT-PCR analysis. Transcription factors that activated the mRNA synthesis from
each gene are shown to the left of each panel. The ADHI gene encoding alcohol dehydrogenase was used as a control.

induced in cells recovering from severe heat shock. This type of
regulation, called delayed upregulation, is suggested to be neces-
sary for the refolding of heat-denatured proteins and thus for
survival (39, 40).

In the present study, we analyzed the relationship between
thermotolerance and the transcriptional activities of Hsfl and
Msn2/4. Cells with an Asfl mutation that inhibits heat-induced
transcription of Hsfl target genes were unable to survive short
exposures to extreme temperatures, while cells with msn2/4
null mutations had reduced survival rates when exposed for
longer time periods. The transcriptional activity of Hsfl, but
not that of Msn2/4, was induced in cells recovering from severe
heat shock. Hence, it is conceivable that Hsfl and Msn2/4
differentially function to cope with heat-induced damage.

MATERIALS AND METHODS

Yeast strains and media. Strain HS170T (MAT« ade2 his3 leu2 trpl ura3 canl
hsfl::HIS3 YCp-TRPI-HSF1), which contains a null mutation of the chromo-
somal HSFI gene and bears wild-type HSFI on a TRPI-containing centromeric
plasmid, was used as the wild-type cell (50). Strain YAY21 is a derivative of
HS170T harboring YCp-TRPI-hsfI-R206S-H220R instead of YCp-TRPI-HSFI
(49). The hsfI-R206S-H220R mutation contains amino acid substitutions in the
DNA-binding domain: arginine to serine at residue 206 and histidine to arginine
at residue 220. Cells with null mutations in both MSN2 and MSN4 (strain HS176)
were derived from HS170T (50). Cells with a null mutation in ERG6 (strain
W303ergbA) were kindly provided by T. Inada (22). Cells were grown in rich
glucose (YPD) medium as described previously (49, 50). The reporter gene
YEp-URA3-HSE4Ptt-CYCI-lacZ, which contains a 4Ptt-type HSE oligonucleo-
tide upstream of the CYCI-lacZ construct, was introduced into strain HS170T,
and transformed cells were grown in enriched synthetic glucose (ESD) medium
lacking uracil (20). The coding region of HSP104 was cloned downstream of the
ADH] promoter in plasmid pK538 (YCp-URA3-P4p-T 4pp;), @ derivative of

pRS316 containing the ADHI promoter-terminator fragment (34). The plasmid
was introduced into strains HS170T, HS176, and YAY21, and transformed cells
were grown in ESD medium lacking uracil.

RNA analysis. nRNA levels were analyzed by reverse transcription-PCR (RT-
PCR) as described previously (18, 20, 50). The amounts of PCR products were
compared after normalizing RNA samples to the levels of control ADHI mRNA
(encoding alcohol dehydrogenase). The experiments were performed at least
three times with similar results.

Immunoblot analysis. Cell extracts were prepared and subjected to immuno-
blot analysis with an anti-Hsfl serum as described previously (18). The experi-
ments were performed at least twice with similar results.

Chromatin immunoprecipitation analysis. Cells were treated with 1% form-
aldehyde for 6 to 10 min at the culture temperature. Glycine was added to reach
a final concentration of 175 mM, and incubation was continued for 5 min at 28°C.
Cells were collected, and chromatin samples were subjected to immunoprecipi-
tation analysis with an anti-Hsf1 antiserum, as described previously (19, 50). For
immunoprecipitation of RNA polymerase II, an anti-Rpb3 antibody (NeoClone)
and protein G Sepharose (Sigma) were used. The primers for PCR analysis were
described previously (19, 50) except for those for the PHOS5 promoter (GGTC
CCTGTTTTCGAAGA and GCTTGCTCTATTTGTTGTTG) and those for the
telomere on the right arm of chromosome VI (GCACTAGTTGCACTAGGC
and GCCGCTTGTTAACTCTCC). The experiments were performed at least
twice with similar results.

RESULTS

Transcription of Hsfl target genes under various heat shock
conditions. To study the changes in the transcriptional activity
of Hsfl, we cultured cells under various heat shock conditions
(Fig. 1A) and analyzed the mRNA levels of Hsf1 target genes
by RT-PCR. Hsfl-mediated transcription was also evaluated
by measuring lacZ mRNA levels of the HSE4Ptt-CYCI-lacZ
reporter gene, whose expression is directed by the HSE (20). A
temperature shift of the cell culture from 28°C to 39°C induced
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a rapid accumulation of transcripts of HSE4Ptt-CYCI-lacZ,
SIS1, RPN4, CPR6, and SSA3, which are all Hsf1 target genes
(Fig. 1B, lanes 2 and 9). A shift back to 28°C resulted in a
dramatic decrease in the mRNA levels (condition 1; lanes 3 to
7), indicating the cessation of mRNA synthesis and the degra-
dation of the transcripts. In contrast, mRNA levels remained
elevated for at least 30 min when the culture was kept at 39°C
(condition 2; lanes 10 to 14). Therefore, transcriptional acti-
vation by Hsf1 reflected shifts in the growth temperature of the
cultures.

Cells cultured under condition 3 (Fig. 1A) acquired thermo-
tolerance upon mild heat shock at 37°C for 60 min (precondi-
tioning) and were subsequently able to survive at an extreme
temperature (48°C) (see below). In severely heat-shocked cells
(0 min recovery), the mRNA levels of HSE4Ptt-CYCI-lacZ
were reduced to those of the control cells grown at 28°C (Fig.
1B; compare lanes 15 and 17). After a 30- to 60-min recovery
period at 28°C, however, the mRNA levels robustly increased
to levels that were higher than those of the preconditioned
cells, indicating de novo synthesis of mRNA (lanes 18 and 19).
Delayed upregulation was also observed for SISI, RPN4,
CPRO6, and SSA3, the Hsfl target genes. Exposure to extreme
temperatures is required for delayed upregulation, as shown by
the absence of delayed mRNA accumulation under condition
4 (Fig. 1A and B, lanes 24 to 28). In delayed upregulation,
therefore, transcriptional activation by Hsfl does not reflect
that of the temperature shift and occurs at normal growth
temperatures.

Requirement of Hsfl for thermotolerance. The role of Hsfl
in thermotolerance was analyzed by using hsf1-R206S-H220R
cells. R206S and H220R substitutions in the DNA-binding
domain of Hsfl reduce its binding affinity for HSEs in vitro,
and cells expressing Hsfl with these mutations are defective in
both heat-induced transcription of various target genes and
growth at temperatures above 35°C (49). When hsfI-R206S-
H220R cells were preconditioned at 37°C for 1 h and then
exposed to 48°C for various periods of time, the cells died at
early exposure times (Fig. 2A). The survival rate of the mutant
cells was significantly lower than that of wild-type cells at every
time point. It has been shown that Hsp104 plays an important
role in the induced thermotolerance of S. cerevisiae cells (35).
The introduction of a plasmid harboring a constitutively tran-
scribed HSP104 gene did not affect the survival rate of the
wild-type cells, suggesting that Hspl04 was adequately ex-
pressed in these cells (Fig. 2A). The expression of HSP104
improved the survival of Asfl1-R206S-H220R cells but was not
enough to restore wild-type thermotolerance. In wild-type cells
expressing HSP104, the mRNA levels of various Hsfl target
genes were increased in the preconditioning period and in the
recovery period after a 15-min exposure to 48°C (Fig. 2B, lanes
1 to 7). However, transcriptional activation was significantly
inhibited by the AsfI-R206S-H220R mutation (lanes 8 to 14).
These results show that cell survival requires expression of
Hsf1 target genes, including HSP104, prior and/or subsequent
to exposure to severe heat shock.

Role of delayed upregulation in the recovery of severely
heat-shocked cells. When wild-type cells were directly exposed
to 48°C without preconditioning, the survival rate sharply de-
clined (Fig. 3A). As shown previously (25), expression of
HSP104 improved basal thermotolerance (Fig. 3A). In order to
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FIG. 2. Effects of transcription factor mutations on induced ther-
motolerance. (A) Induced thermotolerance of wild-type and mutant
cells. Wild-type, hsfI-R206S-H220R, and msn2A msn4A cells (open
circles) were grown in ESD medium at 28°C. For analysis of cells
harboring the ADHI1-HSP104 expression plasmid (filled circles), ESD
medium lacking uracil was used. Cell cultures were shifted to 37°C for
60 min and then to 48°C. At the indicated times, aliquots of cells were
diluted into ESD medium and plated onto YPD medium to determine
cell survival rates. Values represent the means and standard deviations
of the results of at least three experiments. (B) RT-PCR analysis of
various mRNAs. Wild-type HSFI cells (lanes 1 to 7) and hsfI-R206S-
H220R cells (lanes 8 to 14) expressing HSP104 were grown in ESD
medium lacking uracil under condition 3. Total RNA prepared from
the cells was subjected to RT-PCR analysis. C, control cells; HS,
heat-shocked cells.

analyze the transcriptional changes, cells expressing HSP104
were subjected to a 6-min heat shock pulse at 48°C and were
then allowed to recover at 28°C for various periods of time
(condition 5; Fig. 3B). The mRNA levels of Hsfl target genes
gradually increased during these periods, and their levels
peaked after 30 to 60 min of recovery (Fig. 3C, lanes 1 to 7).
Essentially the same results were obtained when cells without
the HSPI104 expression plasmid were subjected to the heat
shock pulse (data not shown). The kinetics of transcriptional
activation under these conditions were slower than those of the
heat shock response, in which mRNA levels peak within 15 min
(46). The hsfl1-R206S-H220R mutation almost completely in-
hibited basal thermotolerance, and only half of the mutant
cells expressing HSP104 survived a 6-min exposure to 48°C
(Fig. 3A). The mRNA levels of Hsf1 target genes in these cells
were not significantly increased during the recovery period
compared to the mRNA levels of these genes in wild-type cells
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FIG. 3. Effects of transcription factor mutations on basal thermo-
tolerance. (A) Basal thermotolerance of wild-type and mutant cells.
Cell survival was analyzed as described for Fig. 2A except that cells
were directly exposed to 48°C without preconditioning. Values repre-
sent the means and standard deviations of the results of at least three
experiments. (B) Schematic representation of the thermal treatments.
(C) RT-PCR analysis of various mRNAs. Wild-type HSFI cells (lanes
1 to 7) and hsf1-R206S-H220R cells (lanes 8 to 14) expressing HSP104
were grown in ESD medium lacking uracil and were heat-shocked as
shown in panel B. Total RNA prepared from the cells was subjected to
RT-PCR analysis. C, control cells. (D) Growth of wild-type and mutant
cells after severe heat shock. Wild-type (open circles), hsfI-R206S-
H220R (filled circles), and msn2A msn4A (open squares) cells express-
ing HSP104 were grown in ESD medium lacking uracil at 28°C. Cell
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(Fig. 3C, lanes 8 to 14). Therefore, severe heat shock without
preconditioning induces delayed upregulation by Hsfl.

As delayed upregulation is expected to be an important
component of recovery from severe heat shock, cells express-
ing HSP104 were exposed to 48°C for 6 min and then incubated
at 28°C for various periods of time. Changes in the number of
viable cells during the recovery period were then determined
by plating the cells on solid medium (Fig. 3D). In the case of
the wild-type cells, exponential growth resumed after a slight
increase in cell number during the first 3 to 4 h of recovery,
indicating that cell division was inhibited for approximately 3 h
after return of the cells to 28°C. In contrast, hsf1-R206S-H220R
cells resumed logarithmic growth only after 6 h. These results
show that delayed upregulation by Hsfl is necessary for the
resumption of normal growth after the exposure of the cells to
high temperatures.

Requirements of Msn2 and Msn4 for thermotolerance. We
analyzed the role of factors Msn2/4 in cell tolerance to thermal
stress. As shown in Fig. 1B, the mRNA levels of CTTI and
PGM2, Msn2/4 target genes, were increased by transient or
continuous incubation at 39°C (conditions 1 and 2; lanes 1 to
14). However, Msn2/4-mediated transcription was not signifi-
cantly upregulated during the recovery period at 28°C after
exposure to 48°C under conditions 3 (Fig. 1B, lanes 15 to 21)
and 5 (Fig. 3C, lanes 1 to 7). These results show that factors
Msn2/4 are not involved in delayed upregulation, although
they are potent heat-induced transcription factors.

When cells containing null mutations in both MSN2 and
MSN4 were preconditioned at 37°C for 1 h, approximately 90%
of the mutant cells survived at 48°C for 15 min (Fig. 2A).
However, longer exposures caused a sharp decrease in the
survival rate, indicating that factors Msn2/4 are necessary for
the induction of thermotolerance. The lower survival rate was
slightly improved by the constitutive expression of HSPI104. In
basal thermotolerance, most msn2A msn4A cells were unable
to survive direct exposure to a 6-min heat shock pulse at 48°C
(Fig. 3A). HSP104 expression improved the survival of mutant
cells that were exposed for short, but not for long, time periods.
Therefore, Hsp104 is essential for survival at early exposure
times. Because factors Msn2/4 are not involved in delayed
upregulation, constitutive transcription of other Msn2/4 target
genes before exposure would also appear to be needed for cell
survival at longer exposure times. However, the surviving cells
resumed growth as rapidly as the wild-type cells (Fig. 3D),
suggesting that Msn2/4 functions are dispensable for the re-
covery of normal growth.

Activator function of Hsfl in severely heat-shocked cells.
We next analyzed molecular changes in Hsfl upon heat shock.
Treatment of cells with various stresses, including heat shock,
induces the hyperphosphorylation of Hsfl, which causes the
protein to migrate more slowly than its hypophosphorylated

cultures were shifted to 48°C for 6 min and then returned to 28°C. At
the indicated times, aliquots of cells were diluted into ESD medium
and plated onto YPD medium to determine cell growth. Cell numbers
were plotted relative to those of the 28°C incubation at 0 min. Values
represent the means and standard deviations of the results of at least
three experiments.
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FIG. 4. Regulation of activator function of Hsfl. (A) Immunoblot analysis of Hsfl. Wild-type cells were grown in YPD medium under
conditions 1 (lanes 1 to 5), 2 (lanes 6 to 10), and 3 (lanes 11 to 17). Wild-type cells expressing HSP104 were grown in ESD medium lacking uracil
under condition 5 (lanes 18 to 21). Extracts were prepared from the cells and subjected to immunoblot analysis with an anti-Hsfl serum. The
positions of hyper- and hypophosphorylated Hsfl are shown to the right. C, control cells; HS, heat-shocked cells. (B) Chromatin immunopre-
cipitation analysis of Hsf1 target promoters. Wild-type cells were grown in YPD medium under conditions 3 (lanes 1 to 6 and 18 to 23) and 4 (lanes
7 to 12). Wild-type cells expressing HSP104 were grown in ESD medium lacking uracil under condition 5 (lanes 13 to 17 and 24 to 28). Chromatin
immunoprecipitation analysis was carried out with an anti-Hsfl serum (lanes 2 to 6, 8 to 12, and 14 to 17) or an anti-Rpb3 antibody (lanes 19 to
23 and 25 to 28). The input (IN) lanes (lanes 1, 7, 13, 18, and 24) show the PCR products amplified from the extracts before immunoprecipitation
(1.0% of each sample used for immunoprecipitation). For analysis of the anti-Rpb3 immunoprecipitates, the telomere on the right arm of
chromosome VI (TEL) was used as a control. (C) RT-PCR analysis of various genes in cells treated with AZC or MG132. Wild-type cells grown
in YPD medium (lanes 1 and 3) were heat shocked at 39°C for 20 min (lane 2) or were treated with 20 mM AZC for 1 h (lane 4). erg6 null mutant
cells (strain W303erg6A) were grown in ESD medium in the presence of either 50 pM MG132 (lane 6) or 0.1% dimethyl sulfoxide (lane 5) for
30 min. Total RNA prepared from the cells was subjected to RT-PCR analysis.

counterpart on denaturing gels (15, 18, 26, 43). As shown by
immunoblot analysis with an anti-Hsf1 serum, a slowly migrat-
ing form of Hsfl was observed in extracts of cells that had been
transiently or continuously incubated at 39°C (Fig. 4A, lanes 2
and 7 to 10). However, in cells that had been returned to 28°C,
Hsfl migrated at the same position as that of Hsfl in un-
stressed cells, indicating temperature-dependent phosphoryla-
tion of Hsfl (lanes 3 to 5) (18, 43). Under condition 3, Hsfl
was continuously hyperphosphorylated during preconditioning
at 37°C (lane 12), severe heat treatment at 48°C (lane 13), and
recovery at 28°C (lanes 14 to 17). In cells expressing HSP104,
a 6-min heat shock pulse at 48°C led to extensive phosphory-
lation of Hsfl (lane 19), and the hyperphosphorylation re-
mained stable during early recovery periods (lanes 20 and 21).
Therefore, transcriptionally active Hsfl is hyperphosphory-
lated, although it is unable to induce transcription in severely
heat-shocked cells.

The interaction of Hsfl with target promoters was investi-
gated by chromatin immunoprecipitation analysis (Fig. 4B). In
extracts of cells grown at 28°C, an anti-Hsfl serum did not
appreciably precipitate the promoter fragment of SSA43 or that
of a nontarget gene, PHOS, suggesting that Hsfl has little
binding affinity for the SSA3 promoter in unstressed cells

(lanes 2 and 8). However, binding was notably stimulated by
mild heat shock (lanes 3 and 9). Elevated binding of Hsf1 to
SSA3 was also observed in cells exposed to 48°C for 15 min
(lane 4) and in cells that were allowed to recover at 28°C for 30
and 60 min (lanes 5 and 6). Hsfl binding was reduced when
severe heat shock was omitted (lanes 10 to 12). Even without
preconditioning (condition 5), a 6-min heat shock pulse at
48°C induced Hsfl binding (lanes 14 to 17). Similar results
were obtained with the SIST promoter, but the changes in Hsf1l
binding were less noticeable, probably because Hsfl binds with
higher affinity to the SIS promoter than to the SS43 promoter
even in unstressed cells (Fig. 4B). Therefore, hyperphosphor-
ylated Hsfl is active for HSE binding during preconditioning,
severe heat treatment, and recovery periods.

The results presented above suggested that the transcrip-
tional defects in Hsfl target genes in severely heat-shocked
cells are due to defects in factors other than Hsfl. Therefore,
we analyzed the recruitment of RNA polymerase II to various
promoters by using an antibody directed against its Rpb3 sub-
unit. In extracts of cells grown under condition 3, the binding
of Rpb3 to the $S43 and SISI promoters was slightly increased
by preconditioning (Fig. 4B, lane 20), decreased by exposure to
48°C (lane 21), and induced during the recovery period at 60
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and 30 min (lanes 22 and 23). Under condition 5, binding was
inhibited in severely heat-shocked cells (lane 26) but was ele-
vated during the recovery period (lanes 27 and 28). The re-
cruitment of RNA polymerase II to promoters correlated with
the mRNA levels of the genes. The absence of RNA polymer-
ase II binding in severely heat-shocked cells was also found to
be the case with the constitutively transcribed ADHI promoter
(lanes 21 and 26). Therefore, severe heat shock generally in-
hibits promoter-RNA polymerase II interactions.

Activation of Hsfl by the accumulation of misfolded pro-
teins. Transcriptionally active Hsfl is present in cells recover-
ing from severe heat shock, but not in cells recovering from
mild heat shock, suggesting that temperature shifts are not a
direct cause of delayed upregulation. It is possible that mis-
folded proteins accumulating at extreme temperatures induce
the transcriptional activity of Hsfl. To test this, cells were
treated with the amino acid analog azetidine-2-carboxylic acid
(AZC), whose incorporation into proteins in place of proline
results in protein misfolding (30, 47). The mRNA levels of
SIS1, RPN4, CRP6, and SSA3 were robustly increased by AZC,
indicating Hsfl activation (Fig. 4C, lane 4). In contrast, tran-
scription of CTT1 and PGM?2 by factors Msn2/4, which are not
subject to delayed upregulation, was not activated by AZC
treatment. Inhibition of proteasome function can also lead to
the accumulation of misfolded proteins in cells. Cells contain-
ing a mutation in ERG6 (a gene involved in ergosterol synthe-
sis) can be permeated by the proteasome inhibitor MG132
(24). Treatment of erg6 mutant cells with MG132 caused the
activation of Hsf1 target genes but not of Msn2/4 target genes
(Fig. 4C, lane 6). Therefore, only Hsfl acquires transcriptional
activity when misfolded proteins accumulate in cells.

Misfolded proteins in the ER trigger the UPR, in which
Hacl activates transcription of a set of genes, including PDII
(29). PDI1 mRNA levels were increased by treatment with
AZC and MG132 (Fig. 4C, lanes 4 and 6). However, a tran-
sient, mild heat shock had little effect on PDII mRNA levels
(see Fig. 1B, lanes 1 to 7). Importantly, exposure of cells to
48°C, irrespective of preconditioning, caused PDII activation
during subsequent recovery at 28°C (Fig. 1B, lanes 15 to 21;
Fig. 3C, lanes 1 to 7). These results suggest that delayed up-
regulation by Hsfl and Hacl is induced by the accumulation of
misfolded proteins.

DISCUSSION

Even though HSPI104 is constitutively expressed, mutations
in HSFI and MSN2/4 reduce cell survival at extreme temper-
atures. Hsfl activates the transcription of most of its target
genes during the recovery period. Delayed upregulation ap-
pears to be triggered by misfolded proteins accumulating in
severely heat-shocked cells, and this response is essential for
the resumption of normal cell growth. In contrast, factors
Msn2/4, which are not involved in delayed upregulation, are
dispensable for cell survival following short (but not long)
exposures to extreme temperatures, as well as for cell growth
during the recovery period. These observations demonstrate
that the transcriptional activities of Hsfl and Msn2/4 are dif-
ferentially regulated under various stress conditions and sug-
gest that their target genes participate in different pathways for
cell survival and growth.
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FIG. 5. Schematic representation of regulation of thermotolerance
by Hsfl and Msn2/4. Cells acquire thermotolerance upon mild heat
shock, during which Hsfl and Msn2/4 induce expression of proteins
involved in protection of cellular components against heat inactivation.
In severely heat-shocked cells, promoter-bound, hyperphosphorylated
Hsfl is unable to activate transcription because RNA polymerase 11
(RNAPII) is inactive. It is unknown whether the transcriptional activ-
ity of Msn2/4 is activated by severe heat shock. In recovering cells,
misfolded proteins appear to activate Hsfl, which induces expression
of proteins involved in reactivation and/or degradation of heat-inacti-
vated components. The transcriptional activity of Msn2/4 is not subject
to delayed upregulation. More details are described in the text.

The roles of Hsfl target genes other than HSP104 in ther-
motolerance remained obscure. In investigations using an Asf7
mutation named AsfI-m3, it has been reported that high-level
induction of Hsps is not required for the acquisition of ther-
motolerance (42). Later analysis showed that Hsp104 expres-
sion is sufficient for thermotolerance (25). Our results show
that cells containing the Asf1-R206S-H220R mutation are more
sensitive to severe heat shock than wild-type cells, even though
HSPI104 is constitutively expressed, and that target genes other
than HSP104 appear to be involved in the thermotolerance
mediated by Hsfl. Thermotolerance can be considered to be
the result of both increased protection of cellular components
at extreme temperatures and increased reactivation and/or
degradation of heat-inactivated components (Fig. 5). Genetic
analysis has shown that, in the absence of Hsp104, the Hsp70
family is very important for thermotolerance (36). In mito-
chondria, a set of chaperones is crucial for the maintenance of
respiratory competence and mitochondrial DNA synthesis (10,
38). These results suggest that Hsfl-mediated expression of
various Hsps is needed to protect proteins against thermal
inactivation and aggregation. In addition to HSP genes, Hsf1
regulates the transcription of genes involved in ubiquitination
and proteolysis (17, 51). Furthermore, RPN4 encodes a tran-
scriptional activator of genes coding for proteasome subunits,
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and heat- and AZC-induced transcription of RPN4 is depen-
dent on Hsfl (16). The genes under the control of Hsfl and
Rpn4 would be involved in the removal of inactivated and
aggregated proteins in recovering cells.

Although cells lacking Msn2/4 do not exhibit temperature
sensitivity at 38°C, they do exhibit a thermotolerance defect (3,
27). The Msn2/4 function was dispensable during the early
phase of exposure to extreme temperatures but was indispens-
able later on. Because the transcriptional activity of Msn2/4 is
not subject to delayed upregulation, it would be required for
the expression of proteins which have a protective role before
exposure to high temperatures (Fig. 5). The constitutive ex-
pression of HSP104 improved basal thermotolerance in msn2A
msn4A cells (Fig. 3A), and the factors Msn2/4 are activators of
HSP104 transcription (1, 14), suggesting that one of the roles
of Msn2/4 is the transcriptional regulation of HSP104. In ad-
dition, Msn2/4 regulates the transcription of genes encoding
enzymes for metabolism of trehalose, a disaccharide that plays
a pivotal role in thermotolerance (3, 41). This implies that the
trehalose content controlled by Msn2/4 affects cell survival at
later times during exposure. In this regard, it is interesting that
Hsf1 also regulates the transcription of genes encoding treha-
lose-metabolizing enzymes (51) and that the transcriptional
activity of Hsfl is positively regulated by trehalose (6).

The transcriptional activity of Hsfl changes in response to
stress. Binding of Hsf1 to HSEs was rapidly induced by a shift
to elevated temperatures and was reduced by a shift back to
normal growth temperatures (Fig. 4B) (11). Hyperphosphory-
lation of Hsfl paralleled these temperature shifts (Fig. 4A)
(18, 43). The transcriptional activity would also be regulated by
conformational changes of Hsfl and by the cellular level of
trehalose (6, 20, 49). The exposure to extreme temperature
resulted in the activation of Hsfl with respect to both its
HSE-binding activity and its phosphorylation status. However,
activated Hsf1 failed to induce transcription because of heat-
inactivation of RNA polymerase II. In cells recovering from
severe heat shock, Hsfl was hyperphosphorylated, bound to
the HSE, and robustly induced the transcription of its target
genes. The hyperphosphorylation of Hsfl was positively regu-
lated by its C-terminal basic domain, which is required for the
heat-, ethanol-, and oxidative stress-induced phosphorylation
of Hsfl (18-20, 50) (data not shown). Exposure to extreme
temperatures results in protein misfolding. The transcriptional
activities of Hsfl and Hacl, but not of Msn2/4, were induced
under conditions that resulted in the accumulation of mis-
folded proteins, suggesting that misfolded proteins in recover-
ing cells trigger delayed upregulation by Hsfl and Hacl.

It has been shown that translocation of proteins to the ER is
blocked by severe heat shock but that translocation resumes
upon the synthesis of the ER Hsp70 protein Kar2 in recovering
cells (39). Expression of KAR2 and EROI, encoding ER oxi-
doreductin, is regulated by both Hacl and Hsfl (28, 44), sug-
gesting that the delayed upregulation of several ER proteins by
these transcription factors is necessary for recovery. The activ-
ity of mitogen-activated protein kinase Mpk1, which is involved
in regulating cell wall integrity and progression through the cell
cycle, is also implicated in thermotolerance (23). We analyzed
the mRNA levels of PSTI and SEDI, two Mpkl-controlled
genes, and found that their transcription was slightly induced
during the recovery period (data not shown). Our study find-
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ings suggest that thermotolerance results from a precise bal-
ance in the amounts and activities of various cellular compo-
nents not only just prior to but also after severe heat shock.
More studies will be required to further elucidate this issue.
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