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An accumulation in cells of unfolded proteins is believed to be the common signal triggering the induction
of heat shock proteins (hsps). Accordingly, in Saccharomyces cerevisiae, inhibition of protein breakdown at 30°C
with the proteasome inhibitor MG132 caused a coordinate induction of many heat shock proteins within 1 to
2 h. Concomitantly, MG132, at concentrations that had little or no effect on growth rate, caused a dramatic
increase in the cells’ resistance to very high temperature. The magnitude of this effect depended on the extent
and duration of the inhibition of proteolysis. A similar induction of hsps and thermotolerance was seen with
another proteasome inhibitor, clasto-lactacystin b-lactone, but not with an inhibitor of vacuolar proteases.
Surprisingly, when the reversible inhibitor MG132 was removed, thermotolerance decreased rapidly, while
synthesis of hsps continued to increase. In addition, exposure to MG132 and 37°C together had synergistic
effects in promoting thermotolerance but did not increase hsp expression beyond that seen with either stimulus
alone. Although thermotolerance did not correlate with hsp content, another thermoprotectant trehalose
accumulated upon exposure of cells to MG132, and the cellular content of this disaccharide, unlike that of
hsps, quickly decreased upon removal of MG132. Also, MG132 and 37°C had additive effects in causing
trehalose accumulation. Thus, the resistance to heat induced by proteasome inhibitors is not just due to
induction of hsps but also requires a short-lived metabolite, probably trehalose, which accumulates when
proteolysis is reduced.

Exposure of cells or organisms to elevated temperatures
triggers the synthesis of heat shock proteins (hsps), which help
protect cells against high temperatures and a variety of other
potentially toxic agents (39, 51). Many of these hsps function as
molecular chaperones that help prevent the accumulation of
unfolded or aggregated polypeptides (21). In growing cells, the
hsps catalyze the proper folding of nascent polypeptide chains,
and upon heat shock, these chaperones prevent protein aggre-
gation and promote the refolding of damaged polypeptides
(15). Another important function of certain hsps is to promote
the rapid degradation of such abnormal proteins (28, 32, 47).
In eukaryotes, ubiquitin and certain ubiquitin-conjugating en-
zymes are hsps that function in the rapid breakdown of dena-
tured proteins (39). In addition, certain molecular chaperones
have been shown to serve as cofactors in the selective degra-
dation of abnormal polypeptides (28, 32).

The induction of heat shock response can lead to increased
tolerance of cells to otherwise lethal, high temperatures. For
example, when yeast cells growing at 25°C are shifted to an
intermediate temperature, e.g., 37°C, to cause induction of
hsps, the fraction of cells able to survive a subsequent exposure
to 50°C increases markedly. This increase in thermotolerance
is generally believed to require the induction of hsps (39),
although this requirement has been questioned (3, 20, 48). The
induction of the heat shock response can also protect cells
against a variety of other toxic insults, such as ethanol and
hydrogen peroxide (42, 49). In fact, in experimental animals,
the exposure to 42°C to induce hsps has been shown to protect
heart and brain against subsequent anoxic injury (36). Conse-

quently, there has been appreciable medical interest in the
possibility of inducing this response in patients. Because ele-
vating body temperatures is an inconvenient and potentially
dangerous procedure, the identification of pharmacological
agents that could elicit this protective response would be highly
desirable.

Hsps are also induced by a variety of other insults to the cell,
such as ethanol, heavy metals, and oxidants (42). One common
feature of these various conditions is that they damage or
denature cell proteins. Other treatments that prevent the
proper folding of newly synthesized proteins (e.g., incorpora-
tion of amino acid analogs) or introduction of unfolded pro-
teins into bacterial or vertebrate cells also causes the induction
of hsps (1, 22, 40). Thus, it is widely believed that the common
feature of the various conditions that elicit this response is the
accumulation of abnormal polypeptides in cells. Similarly, it is
now well established that the accumulation of unfolded pro-
teins in the endoplasmic reticulum (ER) signals the induction
of many ER-specific molecular chaperones (8, 35).

The cells’ capacity to degrade rapidly such unfolded proteins
is therefore likely to be one important determinant influencing
the expression of hsps. The major pathway for the selective
degradation of abnormal proteins in the cytosol and nucleus is
the ubiquitin-proteasome pathway (7, 18). A failure of function
of this degradative system should lead to the induction of hsps.
In fact, increased thermotolerance was observed in a yeast
mutant in which genes encoding the ubiquitin-conjugating en-
zymes UBC4 and UBC5 were deleted (45).

A major goal of the present study was to test whether phar-
macological agents that block proteasome function, by causing
an accumulation of abnormal proteins, might increase the ex-
pression of hsps and thermotolerance. The magnitude and
rapidity of such a response should depend on the extent of
inhibition of protein breakdown and the frequency of produc-
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tion of abnormal polypeptides in normal cells. Recently, sev-
eral selective inhibitors of the proteasome that can enter mam-
malian cells and inhibit the ubiquitin-proteasome pathway
(e.g., the reversible peptide aldehydes such as MG132 or the
irreversible modifiers lactacystin and clasto-lactacystin b-lac-
tone) have been identified (11, 14, 25, 41). Certain of these
inhibitors also selectively block the degradation of short-lived
and abnormal proteins in intact Saccharomyces cerevisiae cells
(31). In yeast cells, unlike in mammalian cells, these protea-
some inhibitors do not affect the breakdown of bulk of cell
proteins, which are long-lived and degraded in the vacuole
(31). In related studies of MDCK cells, we have recently found
that exposure to proteasome inhibitors can cause an induction
of hsps (4). The present study of yeast not only establishes the
generality of this effect but also systematically investigated the
mechanism of this response and its physiological conse-
quences. We demonstrate here that proteasome inhibitors at
concentrations that do not appear harmful, through their in-
hibition of protein degradation, cause an induction of hsps in
yeast and concomitantly cause an increase in the cells’ resis-
tance to high temperature. However, this protection against
high temperature could not be explained simply by the buildup
of hsps. We present evidence that proteasome inhibitors also
cause the accumulation of another thermoprotectant mole-
cule, the disaccharide trehalose, whose content correlates with
the cells’ resistance to high temperature.

MATERIALS AND METHODS

Measurement of the synthesis of hsps. The S. cerevisiae ise1 strain used in this
study, which is permeable to several proteasome inhibitors (31), is JN 284
(MATa his7 leu2 ura3 ise1; kindly provided by J. C. Wang, Harvard University).
This strain was grown exponentially in methionine-free glucose minimal (SD)
medium at 30°C. At different times after exposure to the proteasome inhibitors,
the cells were incubated with 200 mCi of [35S]methionine (Tran35S-label; 1,000
Ci/mmol; ICN) for 5 or 30 min. Preparation of cell extracts and immunoprecipi-
tation were carried out as described previously (32).

Measurement of protein breakdown in vivo. The ise1 cells grown exponentially
in methionine-free SD medium were incubated with proteasome inhibitors or
phenylmethylsulfonyl fluoride (PMSF) for 90 min prior to labeling. These cells
were then labeled for 5 min with 100 mCi of [35S]methionine. After two washes,
cells were resuspended in fresh SD medium containing methionine (0.5 mg/ml)
and cycloheximide (0.5 mg/ml) to prevent reincorporation of radioactive amino
acids released from proteins. At different time intervals, aliquots of cells were
taken and mixed with 100% trichloroacetic acid to give a final concentration of
10%. After incubation at 4°C for 1 h, the samples were centrifuged, and the
radioactivity in the trichloroacetic acid-insoluble material (precipitates) was
measured. The rate of protein degradation is expressed as the percentage of
incorporated radioactivity that is converted into acid-soluble fragments from the
cells during the chase period (means 6 standard deviations [SD]).

Assay of cell resistance to heat. Thermotolerance assays were carried out as
described elsewhere (44), with some modifications. Prior to heat treatment, ise1
cells growing exponentially at 30°C in SD medium were incubated with protea-
some inhibitors for 2 h (except in Fig. 3C) and then shifted to 52°C for the
indicated time. Cells were then diluted 200-fold and plated onto YPD medium
to determine the number of viable colonies.

Extraction and assay of trehalose. Trehalose was extracted from yeast cells
and assayed as described previously (29), with some modifications. Exponentially
growing yeast cells were collected by centrifugation and then washed twice in
cold water to remove free glucose. Cells were resuspended in 10 to 20 volumes
of ice-cold water and incubated at 95°C for 20 min, and then the supernatant was
collected by centrifugation. The amount of trehalose was measured by treatment
of this supernatant with trehalase (20 mU/sample; Sigma Chemical Co.), which
hydrolyzes trehalose to glucose. After 6 to 8 h of incubation at 37°C, the amount
of glucose generated was assayed with a glucose assay kit (Sigma) containing
hexokinase and glucose-6-phosphate dehydrogenase. The preexistent glucose in
each sample (usually less than 5% of the amount generated by trehalase) was
assayed in a parallel tube without trehalase and was subtracted from total
glucose. The total amount of proteins in each sample was also measured by the
Bradford method (Pierce) for the calibration. The cellular content of trehalose
was expressed as the nanomoles of trehalose per microgram of cell protein.

RESULTS

Induction of hsps by the inhibitor of proteasome. To test
whether the inhibition of proteasome function influences the
synthesis of various hsps, yeast cells growing at 30°C were
exposed to [35S]methionine for a 30-min pulse in the presence
or absence (dimethyl sulfoxide [DMSO] control) of a potent
inhibitor of proteasomes, MG132 (Cbz-LLLal). We then mea-
sured the rates of incorporation of 35S into four different hsps
(hsp104, hsp70, Ydj1p, and Sis1p) after isolation of each by
immunoprecipitation. Because these inhibitors fail to pene-
trate into wild-type cells (31), we used an ise1 permeability
mutant strain (38). Upon incubation with 50 mM MG132,
[35S]methionine incorporation into all of these hsps increased
within 1 h and continued to increase linearly for 3 h (Fig. 1).
Synthesis of hsp104 showed the largest relative increase (three-
to fourfold) after exposure to MG132. The DnaJ homologs
Ydj1p and Sis1p also showed a 2- to 3-fold increase in synthetic
rates, while incorporation into hsp70 seemed to rise only 1.5-
to 2-fold, perhaps because the antibody used cannot distin-
guish the heat-inducible species from the several constitutive
species of hsp70 (Fig. 1). These findings clearly indicate
steadily increasing rates of labeling of multiple hsps during a
30-min pulse of [35S]methionine with longer exposure to
MG132. To ensure that these findings represent increased
rates of synthesis and are not complicated by changes in deg-
radation of the labeled hsps in the presence of MG132, cells
were exposed to MG132 for 2 h and then to the 5-min pulse of
[35S]methionine. The data shown in Fig. 1C also indicated two-
to threefold more rapid labeling of hsps under these condi-
tions. Control studies showed that MG132 did not stimulate
the synthesis of these hsps in wild-type yeast, where this agent
does not penetrate and thus cannot affect protein breakdown
(data not shown). Therefore, these data must reflect increased
rates of synthesis and cannot be explained by the inhibitor’s
preventing degradation of hsps (especially since hsps are rather
stable proteins). Also, these findings are in accord with obser-
vation in mammalian cells, where this inhibitor causes hsp
accumulation through enhanced gene expression (4, 52).

Proteasome inhibitor induces hsps without reducing cell
growth. Most treatments that cause induction of hsps (e.g.,
incorporation amino acid analogs, puromycin, or heavy metals)
are themselves harmful to cells and can rapidly reduce growth
rate or viability. Surprisingly, MG132, at concentrations that
caused induction of hsps, had no or very little effect on the
growth of yeast at 30°C (Fig. 2). Incubation of growing cells
with increasing concentrations of MG132 (20 to 100 mM) for
2 h did not significantly reduce the number of colonies on YPD
plates (Fig. 2A), even though this agent caused a marked
inhibition of intracellular proteolysis (Fig. 3B). Also, in liquid
cultures, exposure to 50 mM MG132 did not reduce cell growth
for 3 h, and by 24 h, the optical density of the treated culture
was only 15 to 30% lower than that in the control (Fig. 2B).
These experiments all used the ise1 strain, whose growth rate
was about 50% lower than those of typical wild-type strains,
e.g., W303 (data not shown), presumably because of the defect
in its cell membrane (19).

These findings indicate that the increases in hsp production
are not due to nonspecific toxic effects of the inhibitor; other-
wise, growth would have been reduced. This continued growth
at normal rates in the presence of the proteasome inhibitor was
an unexpected finding, since progression through multiple
stages of the cell cycle requires degradation of cyclins and
other regulatory proteins by the ubiquitin-proteasome pathway
(7). Presumably, the residual activity of the proteasome under
these conditions, which allowed protein degradation to pro-
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ceed at 20% of the normal rate (Fig. 3B), is sufficient for the
selective degradation of these important proteins.

Inhibition of proteasome function induces thermotolerance.
To test if exposure to proteasome inhibitors also increases the
cells’ resistance to high temperatures, we incubated exponen-
tially growing ise1 cells at 30°C with different concentrations of
MG132 for 2 h and then exposed them to 52°C for 5 to 20 min.
To measure the number of cells still viable and able to form
colonies, the cells were then diluted 200-fold and plated in
medium lacking the inhibitor. After dilution of the treated
cells, rates of protein breakdown should have returned to con-
trol level, since MG132 is a reversible inhibitor, and its effects
on proteolysis in vivo are rapidly reversed upon removal of this
inhibitor (31). After a 5-min exposure to 52°C, less than 0.1%
of control cells could form colonies. However, the cells incu-
bated with MG132 showed 5- to 100-fold-greater survival, de-
pending on the concentration used. Similarly, after 20 min at
52°C, when less than 0.01% of control cells survived, the
MG132-treated cells showed 10- to 50-fold-higher survival
rates (Fig. 3A). The ise1 strain was two to three times more
sensitive to killing at 52°C than typical wild-type strains (e.g.,
W303), presumably due to its defect in the biosynthesis of
principal membrane sterol (19). Nevertheless, MG132 caused
a 50- to 100-fold increase in thermotolerance, such that this
mutant strain became much more resistant to high tempera-
ture than wild-type cells. These results are also consistent with
the finding for mammalian cells, where this same inhibitor also
increased thermotolerance dramatically (4).

If this response is signalled by the accumulation of nonde-
graded proteins, it should depend on the degree of inhibition
of protein breakdown. Upon incubation with increasing con-

centrations of MG132, the extent of inhibition of intracellular
proteolysis increased, as did the resistance of cells to high
temperature (Fig. 3A). In fact, the number of surviving cells
increased almost in parallel with the extent of the inhibition of
intracellular protein breakdown (Fig. 3B). A significant (about
10-fold) increase in thermotolerance was also seen when over-
all proteolysis was reduced by only 20 to 30%, which corre-
sponds to about a 30 to 40% reduction in the proteasome-
mediated breakdown of short-lived proteins (since MG132

FIG. 1. MG132 increases the synthesis of hsps in yeast cells. ise1 cells were incubated during growth at 30°C with either 50 mM MG132 (dissolved in DMSO) or
0.1% DMSO (control). (A) The rates of synthesis of several hsps (hsp104, hsp70, Ydj1p, and Sis1p) were then measured by pulse-labeling cells with 200 mCi of
[35S]methionine for 30 min at different times. Shown are the times at the end of the 30-min pulse (1, 2, or 3 h after MG132 was added). After cell lysis,
immunoprecipitation with antibodies against these hsps was performed with equal amounts of radioactive proteins in control or MG132-treated cells. (B) Relative
induction rates of these four hsps based on data in panel A. Data shown are the mean values 6 SD from three independent experiments. (C) To show that these effects
of MG132 were due to enhanced synthesis of hsps, the ise1 cell were incubated with either 50 mM MG132 or 0.1% DMSO (control) for 2 h and then labeled with 200
mCi of [35S]methionine for 5 min. The synthesis of hsp70, Ydj1p, and Sis1p was measured as for panel A.

FIG. 2. MG132 does not affect the overall growth of yeast cells. (A) After
incubation with different concentrations of MG132 for 2 h, ise1 cells were diluted
200-fold and then inoculated onto YPD plates to determine the numbers of
surviving colonies. (B) For measurement of cell growth in the presence of 50 mM
MG132 (up to 24 h) or with 0.1% DMSO (control), we took aliquots at the
indicated times and measured their optical densities at 600 nm (OD600). Data
shown here are the mean values 6 SD from three independent experiments.
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does not affect the vacuolar degradation of long-lived proteins
[31]).

If the development of thermotolerance results from the ac-
cumulation of abnormal or short-lived proteins, this effect
should also depend on the duration of the inhibition of protein
breakdown. To determine how the length of the exposure to
MG132 actually influences this response and to learn how
rapidly thermotolerance rises after the inhibitor is added, we
incubated ise1 cells with 50 mM MG132 for different periods,
shifted them to 52°C for 5 min, and measured cell survival.
Within an hour after MG132 addition, cell survival began to
rise and increased linearly with the duration of incubation for
up to 4 h, which was the longest time studied (Fig. 3C).
These findings support the conclusion that the rise in ther-
motolerance was triggered by the accumulation of short-lived
protein(s), which would otherwise be rapidly degraded. The
buildup of such a short-lived regulatory component(s) would
require continued protein synthesis, and blocking synthesis by
addition of cycloheximide (100 mg/ml) together with MG132
for 2 h prevented the rise in thermotolerance (Table 1). Al-
ternatively, this requirement for protein synthesis may also
indicate that new protective proteins have to be synthesized for
the thermotolerant state.

To confirm that the increase in thermotolerance induced by
MG132 is really due to the inhibition of protein breakdown by
the proteasome, we examined whether other proteasome in-
hibitors or inhibitors of other cell proteases also could increase
thermotolerance in ise1 cells. NAc-LLnLal (calpain inhibi-
tor-1, MG101) is also a hydrophobic peptide aldehyde but is a
much weaker inhibitor of proteasomes than MG132 (41), and
in intact yeast, this agent does not block protein degradation
(31). Accordingly, incubation of cells with this inhibitor (50
mM) did not induce thermotolerance (Fig. 4). The irreversible
inhibitor lactacystin covalently modifies the active-site threo-
nine residues on the proteasome’s b subunits and thus blocks
multiple peptidase activities (14). However, lactacystin is quite
impermeable to yeast, even to ise1 cells, and therefore is inef-
fective in reducing proteolysis in intact cells (31). As expected,
this agent did not enhance thermotolerance (Fig. 4). The active
derivative of lactacystin that actually reacts with the protea-
some is the spontaneous hydrolysis product, clasto-lactacystin
b-lactone (11), which enters yeast cells readily (31). Like
MG132, the b-lactone is highly effective in reducing the deg-
radation of short-lived and abnormal polypeptides by the ubiq-
uitin-proteasome pathway (Fig. 4). Incubation of cells for

2 h with the b-lactone (20 mM), which reduced proteolysis
by about 40%, increased cell survival 100-fold, similarly to
MG132 (Fig. 4).

The inhibitors that increased cell survival at 52°C were also
the only ones that enhanced the expression of hsps. Like
MG132, the b-lactone increased two- to threefold the expres-
sion of hsps, such as hsp104 and Ydj1p, while the inhibitors
that do not affect proteasome function in intact yeast and did
not increase thermotolerance (e.g., MG101 and lactacystin)
also did not induce hsps (Fig. 4). Thus, the ability of these
agents to increase hsps and thermotolerance appears to be
directly related to their ability to inhibit proteasome function.
We also tested whether the effect of the b-lactone on thermo-
tolerance, like that of MG132, also depends on the duration of
the inhibition. Upon incubation for 1 to 2 h with the b-lactone,
thermotolerance increased progressively, and at 2 h, cell sur-
vival at 52°C was 20- to 100-fold higher than that in control
cells. With longer exposure, however, thermotolerance fell,
and after 4 h, the cell survival was similar to that of control
(data not shown). Presumably thermotolerance did not con-
tinue to increase with the b-lactone, because it caused irrevers-
ible inhibition of proteasome function which eventually
blocked viability.

The bulk of cell proteins are long-lived components that are
degraded in yeast by the vacuolar system and not by the ubiq-
uitin-proteasome pathway (31) (which degrades such proteins
in mammalian cells [41]). PMSF is a serine protease inhibitor
which inhibits multiple vacuolar proteases but not the protea-
somes (12, 26). In growing yeast, this agent blocks vacuolar
protein breakdown and autophagic body formation (50) but

FIG. 3. MG132 increases thermotolerance in yeast cells. (A) ise1 cells growing at 30°C were incubated with different concentrations of MG132 or with 0.1% DMSO
(control) for 2 h and then exposed to 52°C for the indicated times. The cells were diluted 200-fold and plated onto YPD medium, and the fraction of viable cells was
measured as the number of colonies formed. (B) The ability to block the breakdown of short-lived proteins by MG132 is proportional to its ability to increase
thermotolerance. Degradation of cell proteins after 5-min pulse-labeling with [35S]methionine was measured in the presence or absence of MG132 as described
previously (32). (C) Time course for the increase in thermotolerance by MG132. The ise1 cells were incubated at 30°C with or without 50 mM MG132 for the indicated
times. After exposure to 52°C, cell survival was measured. Data are mean values 6 SD from four independent experiments.

TABLE 1. Effect of cycloheximide treatment on MG132-induced
thermotolerance in ise1 cellsa

Treatment Survival (%)

None (0.1% DMSO) ...............................................................0.08 6 0.01
MG132 (50 mM) ...................................................................... 2.5 6 0.3
Cycloheximide (100 mg/ml)..................................................... 0.1 6 0.02
MG132 1 cycloheximide......................................................... 0.2 6 0.02

a Exponentially growing ise1 cells at 30°C were treated with MG132 (50 mM),
cycloheximide (100 mg/ml), or MG132 plus cycloheximide for 2 h and then
shifted to 52°C for 5 min to measure the cell survival as described in Materials
and Methods. Data presented are mean values 6 SD from three independent
experiments.
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does not affect the breakdown of short-lived proteins (31).
When cells were treated with 1 mM PMSF for up to 24 h, no
significant effect on thermotolerance was seen (Fig. 4). Thus,
this increase in thermotolerance appears to be a specific con-
sequence of the reduction in degradation by the proteasomes
of abnormal or short-lived, normal proteins. The finding that
inhibition of proteasome function leads to an increased resis-
tance to high temperature suggested that certain mutant
strains with defects in the 20S proteasome might also show
greater thermotolerance than wild-type cells. We therefore
examined thermotolerance of several mutant strains (kindly
provided by M. Hochstrasser), in which the active-site threo-
nine residues were mutated to alanines. A strain lacking the
chymotryptic activity exhibited severe defect in growth even at
30°C, and therefore any effects seen upon heat shock and
subsequently plating at 30°C could not be interpreted. How-
ever, the strain lacking the tryptic site grew normally at 30°C
and showed two- to threefold greater survival at 52°C for 5 min
than did isogenic wild type (data not shown). While the results

might support the present findings with proteasome inhibitors,
further experiments with these mutant strains were not pur-
sued since the use of selective inhibitors offered many experi-
mental advantages (e.g., the effects could be reversed or the
degree of inhibition could be altered).

Dissociation of thermotolerance from hsp production. When
yeast (or other) cells are preincubated at a high but not lethal
temperature (e.g., 37°C), hsps are induced, and a larger frac-
tion of cells survive a subsequent exposure to 50°C than when
they are switched directly from 28 to 50°C (39). If the induction
of hsps and induction of thermotolerance at 37°C are in fact
signalled by the generation of abnormal proteins, these effects
should be greater in the presence of proteasome inhibitors,
which prevent the rapid breakdown of such proteins. To test if
the protective effects of preincubation at 37°C and proteasome
inhibitors are additive or synergistic, we incubated exponen-
tially growing ise1 cells at 30°C with MG132 for 2 h and then
exposed them to 37°C for another 30 min prior to the shift to
52°C for 5 to 20 min. As expected, incubation with either
MG132 or 37°C increased cell survival 10- to 50-fold (Fig. 5).
However, the cells pretreated with MG132 and then incubated
at 37°C showed an additional 3- to 10-fold-greater survival than
that induced by incubation at 37°C alone (Fig. 5). As a result of
the combined treatment, 25 to 30% of cells survived exposure
to 52°C for 10 min, while only 0.1% of control cells did. Even
after 20 min at 52°C, 8 to 10% of cells preincubated with
MG132 and 37°C survived, while less than 0.01% of control
cells and 1% of those preincubated only at 37°C were viable
(Fig. 5). Thus, these two stimuli are clearly synergistic in en-
hancing thermotolerance.

Additional experiments were carried out to test whether this
marked increase in cell survival, when 37°C and MG132 were
combined, resulted from a similarly large increase in the syn-
thesis of hsps. Since all hsps appeared to be induced in simi-
larly by MG132 (Fig. 1), we focused on hsp104 and Ydj1p,
which are particularly important for thermotolerance in yeast
(5, 43) and showed large relative increases upon inhibitor
treatment (Fig. 1). Surprisingly, the total amount of these two
hsps (assayed by Western blotting) in yeast treated with both
MG132 and 37°C was not significantly greater than that in cells
exposed to 37°C alone or incubated only with MG132 at 30°C,
despite their 3- to 10-fold greater survival at 52°C (Fig. 5). In
other words, these experiments failed to show additive effects

FIG. 4. The ability of different protease inhibitors to induce thermotolerance
and hsps correlates with their ability to inhibit degradation of short-lived pro-
teins. ise1 cells were incubated with MG101 (50 mM), MG132 (50 mM), lacta-
cystin (20 mM), or b-lactone (20 mM) for 2 h or PMSF (1 mM) for 2 to 24 h and
exposed to 52°C for 5 min, and then cell survival was measured. In parallel, cells
were pulse-labeled for 5 min with [35S]methionine to measure the degradation of
short-lived proteins as described previously (32) and labeled for 30 min to
measure the content of hsp104 and Ydj1p as described for Fig. 1. Data presented
are the mean values 1 SD from three independent experiments.

FIG. 5. Effects of combined exposure to MG132 and 37°C on thermotoler-
ance and the level of hsps. Exponentially growing ise1 cells were preincubated for
2 h with 50 mM MG132 or with 0.1% DMSO (control). The cultures were then
divided in half, and one half was incubated at 37°C for an additional 30 min. The
cells were then exposed to 52°C for 5 to 20 min, and survival was measured. In
parallel, equal volumes of these cells were collected before the exposure to 52°C,
and their hsp104 and Ydj1p contents were determined by Western blotting. For
quantitation, the blots were incubated with 125I-protein A for 2 h and subse-
quently subjected to autoradiography. Data presented are the mean values 6 SD
from four independent experiments.
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on hsp contents, and the dramatic increase in thermotolerance
with the combined treatment is not due to an increased content
of these hsps.

These findings suggest that the increase in cell resistance to
high temperature is not simply due to the enhanced production
of hsps. To further examine the relationship between the ex-
pression of hsps and the induction of thermotolerance, we
studied the changes in both parameters upon the removal of
MG132. The inhibition of protein degradation by MG132 is
rapidly reversed upon inhibitor removal (31). We therefore
compared the changes in hsp production and the cells’ resis-
tance to 52°C at different times after washing to remove
MG132. When the function of the proteasome was restored,
yeast cells began to lose thermotolerance very rapidly (with an
apparent half-life of 30 min), and by 2 h, their ability to survive
at 52°C was similar to that of control cells (Fig. 6).

Surprisingly, after MG132 removal, there was no corre-
sponding decrease in the levels of hsp104 and of Ydj1p (as
determined by Western blotting). In fact, under this condition,
production of these hsps continued at a rate similar to that in
the cells maintained in the presence of MG132 (Fig. 6). Thus,
after proteolysis was reinitiated, thermotolerance fell rapidly,
while the content of hsps remained high and continued to
increase for at least 2 h. Interestingly, a similar rapid loss of
thermotolerance without a loss of hsps has been seen when
heat-shocked yeast and bacterial cells are shifted back to the
normal temperature (6, 33). These results indicate that block-
ing proteasome function leads to an increased cell resistance to
high temperature not simply through the induction of hsps but
also through some additional protection mechanism involving
a short-lived component.

Rapid accumulation of trehalose upon inhibition of protea-
some function. One other molecule that has been shown to
accumulate during heat shock in yeast and other microorgan-
isms is the nonreducing disaccharide trehalose (2, 10, 37).
Moreover, its accumulation has been shown to correlate with
cellular resistance to heat and dessication (2, 10, 37), and
trehalose and hsp104 appear to have synergistic effect in pro-
tecting yeast cells from heat (13). As an attempt to identify
additional mechanisms by which proteasome inhibitors pro-
mote thermotolerance, we tested whether MG132 may cause
an accumulation of trehalose in yeast. Upon incubation of
growing ise1 cells with 50 mM MG132 at 30°C, the level of
trehalose in the cells increased markedly. After 3 h, a two- to

threefold increase in its level was observed (Fig. 7A). A similar
buildup of trehalose was seen when part of the culture was
shifted from 30 to 37°C to induce heat shock, in accord with
prior reports (10, 13). Furthermore, treatment of the cells with
a highly specific and irreversible inhibitor of the proteasome,
clasto-lactacystin b-lactone, at a concentration (20 mM) that
inhibited protein breakdown by 40 to 50% (Fig. 4) caused an
increase in the cellular level of trehalose similar to that seen
with MG132 (Table 2).

These observations with the b-lactone confirmed that the
buildup of the disaccharide was a specific consequence of the
inhibition of proteasome function and not any nonspecific
effect of MG132. Moreover, when the reversible inhibitor
MG132 was removed from the medium, the cellular level of
trehalose decreased very quickly, and after 1 h, almost no
trehalose was detected (Fig. 7B). Thus, its content fell (unlike
that of hsps) under conditions where thermotolerance also
decreased rapidly (Fig. 6). In addition, when cells were ex-
posed to MG132 and 37°C together, the content of trehalose
increased to higher levels than in cells exposed only to 37°C or
incubated only with MG132 at 30°C (Fig. 8). In fact, increasing
temperature and MG132 had either additive or synergistic
effects (depending on the experiment) in causing accumulation
of trehalose.

These observations together strongly suggest that trehalose
is the short-lived metabolite which is essential for thermotol-
erance induced upon exposure to proteasome inhibitors: (i) it
has thermoprotective effects, (ii) it accumulates when protein
breakdown is inhibited, (iii) its cellular content, unlike that of
hsps, decreases rapidly after MG132 removal (when proteoly-

FIG. 6. Effects of MG132 removal on thermotolerance and the level of hsps.
After a 2-h incubation with 50 mM MG132, ise1 cells were washed with fresh
medium to remove the inhibitor. Half of the cells were then resuspended in
medium containing 50 mM MG132 (MG132), and the other were incubated with
0.1% DMSO alone (MG132 removed). These cells were incubated for an addi-
tional 2 h. At the indicated times, aliquots were taken and assayed for resistance
to 52°C for 5 min. In parallel, the contents of hsp104 and Ydj1p in these aliquots
were assayed by Western blotting as described for Fig. 5. Data are mean values 6
SD from four independent experiments.

FIG. 7. Effect of MG132 on the cellular content of trehalose. (A) Exponen-
tially growing ise1 cells were treated with or without MG132 (50 mM) or incu-
bated at 37°C. At indicated times, aliquots of cells were collected and their
trehalose contents were measured. (B) After 2 h of incubation with MG132 (50
mM), the inhibitor was removed by washing cells with fresh medium. These cells
were then resuspended in the medium without MG132 and further incubated for
2 h. At the given times, cells were collected and trehalose contents were mea-
sured. Data are mean values 6 SD from three independent experiments.

TABLE 2. Effects of different types of proteasome inhibitors
on the cellular content of trehalosea

Inhibitor Trehalose (nmol/
mg of protein)

None (0.1% DMSO) ........................................................... 1.76 6 0.38
MG132 (50 mM) .................................................................. 4.62 6 1.74
b-Lactone (20 mM).............................................................. 3.46 6 1.18

a Exponentially growing ise1 cells at 30°C were treated with MG132 (50 mM),
b-lactone (20 mM), or 0.1% DMSO (control) for 2 h, and then cellular trehalose
contents were measured as described in Materials and Methods. Data presented
are mean values 6 SD from three independent experiments.
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sis is reinitiated), and (iv) its level is closely correlated with
thermotolerance when cells are exposed to the inhibitor and
37°C together.

DISCUSSION

Mechanism of induction of hsps and thermotolerance. A
common feature of the diverse conditions that elicit the heat
shock response is that they cause damage to cell proteins. The
present findings provide further strong evidence that the ac-
cumulation of such abnormal proteins signals this response (1,
17, 22, 40). We found that inhibition of proteasome function by
MG132 or the b-lactone, which prevents the rapid degradation
of abnormal proteins, causes induction of all four hsps tested
and a dramatic increase in thermotolerance. The magnitude of
the increase in cell survival at 52°C was directly proportional to
the degree of inhibition of protein breakdown and its duration
(Fig. 3). Similar effects were seen in studies with a mutant
strain in which one of the peptidase activities of the protea-
some is inactivated (data not shown). Furthermore, no such
effects were seen with protease inhibitor that did not block
protein breakdown by the proteasome (e.g., inhibitor of the
vacuolar proteases) (Fig. 4). Also, high temperatures, which
should cause damage to cell proteins, and MG132, which re-
duces their degradation, had synergistic effects in promoting
thermotolerance (Fig. 6).

In almost all eukaryotic and prokaryotic cells, the heat shock
response is elicited by very similar stimuli. In Escherichia coli,
inhibition of protein breakdown also causes induction of hsps
(17), and in related studies, we have found that treatment of
MDCK cells with MG132 or lactacystin leads to a rapid induc-
tion of multiple hsps and to thermotolerance (4). In addition,
in several human cell lines, these inhibitors cause an induction
of hsps via a specific activation of heat shock transcription
factor 2 (34). A marked increase in hsp70 was also recently
found in HepG2 cells treated with proteasome inhibitors (52).
These inhibitors are now widely used by cell biologists, immu-
nologists, and biochemists to analyze the functions of the pro-
teasome in vivo. The present finding may complicate the in-
terpretation of experiments using these inhibitors, especially in
long-term studies of intact cells, where possible indirect effects
due to induction of hsps clearly have to be considered.

Exactly how the proteasome inhibitors stimulate transcrip-
tion of hsps is unclear. The simplest mechanism would be that

they cause abnormal proteins to build up and saturate the cells’
degradative machinery, resulting in a failure of the cell to
degrade a critical short-lived, positive regulator of transcrip-
tion of hsps. A similar model has been shown to activate the
transcription of hsps in E. coli (16). Their expression is regu-
lated by a specific component of RNA polymerase, s32. This
positive regulator is normally degraded with a half-life of 2 to
3 min, but is stabilized manyfold during heat shock. The rapid
degradation of s32 requires both the FtsH protease and the
molecular chaperones DnaK (an hsp70 homolog) and its co-
factors DnaJ and GrpE. During heat shock, unfolded polypep-
tides accumulate and saturate the binding capacity of these
chaperones, leading to reduced breakdown of s32 and en-
hanced transcription of hsps (16). In eukaryotic cells, no such
short-lived regulator of hsps transcription has yet been found,
although such a regulator of heat shock transcription factor 2
appears to exist and to respond to the level of abnormal pro-
teins (34).

Dissociation of thermotolerance from induction of hsps. In-
duction of hsps has been generally assumed to lead to thermo-
tolerance, especially since most hsps are either molecular
chaperones which can help prevent protein aggregation and
promote refolding or components of the degradative system
(e.g., ubiquitin and ubiquitin-conjugating enzymes) which help
eliminate such irreversibly damaged polypeptides at high tem-
peratures. Treatment with proteasome inhibitors, while induc-
ing hsps, increased up to 100-fold cell survival at 52°C. Under
these conditions, we also have found a marked increase in
cellular resistance to other toxic insults (e.g., high concentra-
tion of ethanol or oxygen radicals) (data not shown). However,
the cellular content of hsps did not correlate with thermotol-
erance, even though both responses appear to result from the
same physiological signals. The dissociation of these two re-
sponses was most dramatic after removal of MG132 when the
cells’ resistance to heat and oxygen radicals fell rapidly, while
hsp production continued to increase (presumably due to the
stability of hsps and their mRNAs). In addition, when yeast
cells were exposed to both 37°C and MG132, these stimuli had
synergistic effects in increasing cell survival, even though hsp
content did not increase appreciably above levels seen with
either stimulus alone. Thus, some component, in addition to
hsps, is necessary for tolerance to heat.

This conclusion is consistent with several prior studies sug-
gesting that heat shock-induced thermotolerance can be dis-
sociated from hsp synthesis. For example, an increase in ther-
motolerance can be induced in yeast by incubation at 37°C
even when protein synthesis is blocked (20) and in a yeast
mutant which lacks the heat shock-specific transcription factor
(48). In addition, upon down-shift of heat-shocked yeast or
bacterial cells to 23°C, thermotolerance is lost within 1 to 2 h,
even though the amounts of hsps do not fall (6, 33). Thus,
proteasome inhibitors, like heat treatment, elicit two protec-
tive responses. First, there is an increase in expression of hsps,
which presumably is important for the enhanced viability at
52°C. Accordingly, cycloheximide treatment blocked the ability
of MG132 to increase thermotolerance (although alternative
interpretations of cycloheximide’s effect may be possible). Sec-
ond, an additional adaptation is essential for the increase in
thermotolerance. This factor must be short-lived since the re-
sistance to heat decreased to control level within 30 min after
protein breakdown was reinitiated. Recently, a short-lived
transcription factor, Hac1p, that is required for the unfolded
protein response in the ER has been identified (9). Normally,
Hac1p is rapidly degraded by the ubiquitin-proteasome path-
way, but when abnormal proteins accumulate in the ER, a
more stable transcription factor is produced by alternative

FIG. 8. Effect of combined exposure to MG132 and 37°C on the cellular
content of trehalose. Exponentially growing ise1 cells were preincubated for 2 h
with 50 mM MG132 or with 0.1% DMSO (control). The cultures were then
divided in half, and one half was incubated at 37°C for an additional 30 min.
After collecting cells by centrifugation, we measured the cellular level of treha-
lose. Data presented are the mean values 6 SD from three independent exper-
iments.
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splicing (9). Perhaps a similar short-lived regulator functions in
the cytosol or nucleus and is critical for thermotolerance.

Possibly, the rapid fall in thermotolerance when the protea-
some inhibitor was removed indicates that this state requires
protein phosphorylation or some other reversible modification,
which occurs when protein degradation decreases and abnor-
mal proteins accumulate. Several protein kinases have been
reported to be activated by heat shock (27, 30), and perhaps
they are also activated when the proteasomes are inhibited. A
membrane-associated protein kinase is activated by the accu-
mulation of unfolded proteins in the ER and plays a role in the
induction of ER chaperones (8, 35). Another possible way that
protein phosphorylation might enhance thermotolerance is ev-
ident in E. coli, where upon heat shock, the major chaperones,
DnaK and GroEL, undergo reversible phosphorylation, and
this modification markedly enhances their affinity for unfolded
proteins (46). Possibly, chaperone function is regulated simi-
larly during heat shock in eukaryotic cells so as to enhance
resistance to high temperatures.

Involvement of trehalose in the induced thermotolerance.
The present findings favor a simpler explanation, i.e., that the
resistance to high temperatures requires a short-lived, small
molecule, specifically, trehalose, which has thermoprotective
effects and accumulates when protein breakdown is inhibited.
Several conditions that induce the heat shock response in S.
cerevisiae have been found to also cause a buildup of trehalose,
in part by stimulating the expression of enzymes for trehalose
biosynthesis (13, 23, 37). Furthermore, the time course of the
accumulation of trehalose upon heat shock and the decline in
its level following the return to the normal temperature
paralleled the changes in thermotolerance (2). In the pres-
ent study, we have shown that trehalose rapidly accumulates
in cells, when the function of the proteasome is inhibited by
treatment either with MG132 or with the specific, irreversible
proteasome inhibitor, the b-lactone. It is noteworthy that very
similar results were obtained with these structurally unrelated
types of inhibitors. MG132 is a reversible peptide aldehyde
that functions as a substrate analog, and the b-lactone is an
irreversible inhibitor that covalently modifies 20S proteasome’s
active site threonine and no other cell protein (14). Together
these observations confirm that the buildup of trehalose was a
specific consequence of the inhibition of proteasome function
in the cells. Moreover, the cellular content of this disaccharide
correlated closely with changes in viability at 52°C, unlike the
cells’ content of hsps. Upon removal of the inhibitor and res-
toration of protein breakdown, the levels of trehalose fell dra-
matically within 30 min, as did cell resistance to high tem-
peratures. In addition, heat shock (37°C) and MG132 had
additive or synergistic effects in raising trehalose content and
thermotolerance. Under these same conditions, the content of
hsps did not correlate with thermotolerance.

It has been suggested that trehalose and molecular chaper-
ones, especially hsp104, function synergistically to enhance
thermotolerance in yeast in stationary phase (13). Moreover, in
vitro studies have shown that trehalose can stabilize certain
proteins against heat inactivation (24), while the various chap-
erones can help prevent the aggregation of a damaged poly-
peptide and help refold or resolubilize denatured proteins
(39). Thus, the expression of hsps and the accumulation of
trehalose appear to be complementary protective responses.
By simultaneously inducing both, the proteasome inhibitors
appear to enhance cell resistance to heat and other toxic insults
that irreversibly damage cell proteins and cause cell death.

Because induction of the heat shock response can protect
tissues against a variety of toxic conditions, including anoxia
and reperfusion injury, there has been appreciable interest in

the possible applications of this response in medicine. Like
heat treatment, the proteasome inhibitors can cause an induc-
tion of thermotolerance not only in yeast cells but also in
mammalian cells, where these agents also cause induction of
ER chaperones (4), which also help protect cells against anoxic
injury. These findings together suggest that proteasome inhib-
itors may be an effective and relatively nontoxic way to elicit
these protective responses, in contrast to other inducers of this
response, such as high temperatures or incorporation of amino
acid analogs or heavy metals, all of which can be highly
damaging and therefore are probably not appropriate for ther-
apeutic use in patients. Moreover, when the proteasome inhib-
itors are combined with these other stimuli, they have syner-
gistic effects in protecting cells. Greater understanding of the
molecular mechanisms by which these inhibitors promote re-
sistance to high temperatures and other toxic insults may lead
to practical applications of these inhibitors in medicine, agri-
culture, or biotechnology.
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