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Accumulation of misfolded proteins in the cell at high temperature
may cause entry into a nonproliferating, heat-shocked state. The
imino acid analog azetidine 2-carboxylic acid (AZC) is incorporated
into cellular protein competitively with proline and can misfold
proteins into which it is incorporated. AZC addition to budding
yeast cells at concentrations sufficient to inhibit proliferation
selectively activates heat shock factor (HSF). We find that AZC
treatment fails to cause accumulation of glycogen and trehalose
(Msn2y4-dependent processes) or to induce thermotolerance (a
protein kinase C-dependent process). However, AZC-arrested cells
can accumulate glycogen and trehalose and can acquire thermo-
tolerance in response to a subsequent heat shock. We find that AZC
treatment arrests cells in a viable state and that this arrest is
reversible. We find that cells at high temperature or cells deficient
in the ubiquitin-conjugating enzymes Ubc4 and Ubc5 are hyper-
sensitive to AZC-induced proliferation arrest. We find that AZC
treatment mimics temperature up-shift in arresting cells in G1 and
represses expression of CLN1 and CLN2. Mutants with reduced G1

cyclin-Cdc28 activity are hypersensitive to AZC-induced prolifera-
tion arrest. Expression of the hyperstable Cln3–2 protein prevents
G1 arrest upon AZC treatment and temperature up-shift. Finally, we
find that the EXA3–1 mutation, encoding a defective HSF, prevents
efficient G1 arrest in response to both temperature up-shift and
AZC treatment. We conclude that nontoxic levels of misfolded
proteins (induced by AZC treatment or by high temperature)
selectively activate HSF, which is required for subsequent G1 arrest.

Eukaryotic cells respond to heat shocks by the induction of a
conserved set of proteins, the heat shock proteins, many of

which function as molecular chaperones (1). In the budding yeast
Saccharomyces cerevisiae, these inductions are caused by in-
creased transcription of the corresponding genes (2). Two tran-
scriptional control systems appear to be responsible for the
majority if not all of the profound gene expression changes that
occur upon heat shock, that involving heat shock factor (HSF)
and that involving Msn2 and Msn4 (3). HSF binds to heat shock
elements (HSEs) found upstream of many heat-inducible genes
(4). The thermal induction of these genes depends on the
activation of HSF and on the presence of the HSEs. It recently
has become clear that activation of HSF is also required for
repression of the ribosomal protein genes, although the mech-
anism is unclear (5). Msn2 and Msn4 are transcription factors
that bind to the stress response element (STRE), also found
upstream of many heat-inducible genes. The STRE and HSF
regulons appear to account for most, if not all, of the transcrip-
tional inductions caused by mild heat shock (6).

Heat-shocked yeast cells display a number of characteristic
phenotypes in addition to their transcriptional program. For
example, cells treated with a mild heat shock accumulate the
storage carbohydrates glycogen and trehalose (a process that
requires Msn2 and Msn4) (7), acquire thermotolerance [a pro-
cess dependent on activation of the protein kinase C–mitogen-
activated protein (Pkc1-MAP) kinase pathway] (8), and become

transiently arrested in the G1 phase of the cell cycle by an
unknown mechanism (9, 10).

How does heat shock trigger these changes? The activation of
HSF by heat shock is likely to result from some thermal
misfolding of cellular protein. Such misfolding proteins bind
avidly to cytoplasmicynuclear Hsp70 chaperones (11), and the
resulting titration of ‘‘free’’ Hsp70s has been proposed to activate
HSF, which is already bound to its cognate promoters (12).

Activation of the STRE regulon by heat shock requires Msn2
and Msn4, but the mechanism of activation of these trancription
factors by heat shock remains obscure (3). Whatever the primary
trigger, it is unlikely that misfolded proteins cause activation of
this system (see below).

Activation of the Pkc1-MAP kinase pathway at high temper-
ature appears to be due to thermal effects on the cell surface (8).
The cell surface proteins Hcs77yWsc1 (13, 14) and Mid2 (15–17)
are required for activation of the Pkc1-MAP kinase pathway by
heat shock and have been proposed to be sensors of the cell
surface state. Activation of this pathway by heat shock is a slow
process, taking up to 45 min, and requires protein synthesis (8).
It is therefore possible that activation of the HSF regulon by
misfolding of nascent proteins is required to generate the cell
surface defects that are sensed by Hcs77 and Mid2. Alternatively,
defects generated by the thermal misfolding of newly synthesized
membrane proteins may directly cause the cell surface defects to
which the Pkc1 pathway responds.

Cells subjected to temperature up-shift (e.g., 23°C to 36°C)
become transiently arrested in the G1 phase of the cell cycle (9,
10). It is not known what parameter of the cell is monitored by
this system (e.g., misfolded proteins? membrane damage?), nor
is the mechanism by which the signal is transduced to the cell
cycle machinery understood. The G1 arrest appears to be due to
a loss of G1 cyclin function: expression of CLN1 and CLN2 is
transiently repressed by temperature up-shift, and expression of
hyperstable forms of Cln3 or Cln2 can prevent the G1 arrest (10).

In our previous work, we have exploited the imino acid analog
azetidine 2-carboxylic acid (AZC) (E.W.T., G.A.P., and J.V.G.,
unpublished work). AZC is an analog of proline that is incor-
porated into cellular protein competitively with proline and can
misfold proteins into which it is incorporated (18, 19). We found
that the AZC addition to yeast, at sublethal concentrations
sufficient to inhibit proliferation, selectively and strongly induces
the expression of genes containing heat shock elements via
activation of a heat shock factor (HSF) mutant (E.W.T., G.A.P.,
and J.V.G., unpublished work). We found that AZC treatment
selectively and strongly represses expression of the ribosomal
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protein genes. This repression and that caused by mild heat shock
are independent of known regulators of ribosomal protein gene
expression but depend on the proper activation of HSF. We
found that the STRE regulon is weakly activated, if at all, by
AZC addition. Thus, to a first approximation, AZC treatment
selectively activates only the HSF regulon. Misfolded proteins
are thus competent to be intermediates in the heat shock
activation of the HSF regulon but not the STRE regulon.

AZC affords us a unique opportunity to determine the
cellular phenotypes that result from the protein misfolding and
subsequent activation of HSF. In this paper, we examine a
number of phenotypes of cells treated with AZC. We find that
AZC treatment does not cause Msn2y4 and Pkc1 pathway-
dependent phenotypes, but that cells prearrested in AZC can
acquire these phenotypes in response to a subsequent heat shock.
Misfolded proteins are thus unlikely to be involved in the
thermal activation of the STRE regulon or the Pkc1 pathway but
are not detrimental to viability and responsiveness. We find that
AZC arrests proliferation in the G1 phase of the cell cycle by the
same mechanism as temperature up-shift. Appropriate activa-
tion of HSF is required to trigger proliferation arrest.

Materials and Methods
Chemicals, Media, and Manipulations. All chemicals were pur-
chased from Sigma. Components of growth media were from
Difco. Liquid medium was prepared as described by Ogas et al.
(21). Solid medium contained an additional 2% agar.

For drug treatments, cells were grown at 30°C to an OD600 of
0.05, unless stated otherwise. AZC was dissolved in water to a
stock concentration of 500 mM and added to growth medium
to achieve the final concentrations specified in individual
experiments.

For temperature up-shift experiments, cells were grown at
23°C to an OD600 of 0.2 and added to an equal volume of yeast
extractypeptoneydextrose (YPD) in a conical f lask preheated at
36°C in a water bath. Incubation was continued at 36°C with
agitation for the time course of each experiment.

All optical density measurements were made on a Milton Roy
Spectronic 601 spectrophotometer.

Strains and Plasmids. Strains W303–1A (wild type, WT:
MATa.ura3–1.lys2.trp1–1.leu2–3.112.his3–11.can1–100.ade2–1),
JVG961 (S288c WT: MATa.ura3–52.lys2–801.his3-D200.leu2.
ade2–101.ho::LacZ), and JVG917 (EG123 WT: MATa.
trp1.leu2.ura3.his4.can1) were from the laboratory collections.
Strains MH297 (EXA3–1 strain: MATa.leu2–3, 112.lys2,ura3–52,
his3–11, 15, trp1-D1,EXA3–1) and a corresponding WT,
DS10 (MATa.leu2, 112, lys2,ura3–52,his3–11, 15,trp1-D1,lys1),
were kind gifts from E. Craig (University of Wisconsin, Madi-
son). GAP510 (MATa.ubc4D1::HIS3.ubc5D1::LEU2.leu2–3,
112.ura3–52.trp1–1.his3-D200.lys2–801) and a corresponding
WT GAP512 (MATa.leu2–3, 112.ura3–52.trp1–1.his3-
D200.lys2–801) were kind gifts from S. Jantsch (Max-Planck-
Gesellschaft, Tubingen, Germany).

The strain MH297 (EXA3–1) contains a mutation in the
HSP104 gene (22). The plasmid pYS104 containing HSP104 in
pRS316 was kindly supplied by E. Craig. Transformants con-

taining pYS104 were grown in SD-ura overnight and transferred
to YPD 3–4 h before heat shock or AZC treatment.

The following mutants in the S288C strain background
were kindly provided by J. P. Ogas (University of California,
San Francisco). The genotypes were as for JVG961 (see above),
except as follows: JVG1052 (trp1D63.cln1D::TRP1.cln2D::LEU2),
JVG1022 (cdc28–1.HIS3.tyr1), JVG1023 (cdc28–9), and JVG1041
(cdc28–1N.HIS3).

pJO96 (CLN3–2 in YCp50) was a kind gift from J. P. Ogas.

Glycogen and Trehalose Assays. Extraction and estimation of car-
bohydrate levels were performed as described by Sullivan et al.
(22). For both glycogen and trehalose determinations, cells were
chilled quickly by the addition of crushed ice, collected by
centrifugation at 4°C, and washed three times with distilled water
at 4°C. The cell pellets were frozen and stored at 220°C.

For trehalose measurements, the pellets were thawed in 3 vol
of 500 mM trichloroacetic acid and extracted for 40–60 min at
room temperature. After centrifugation and a second extraction
of the pellets, the combined supernatants were assayed for
anthrone-positive material.

Glycogen content was determined by enzymatic hydrolysis for
the combined supernatants prepared as described above. Two
milliliters of amyloglucosidase (1 mgyml in 0.2 M acetate buffer,
pH 4.8) and 0.3 ml of neutralized carbohydrate sample were
incubated for 2 h at 37°C. The incubation was terminated by
heating to 100°C for 10 min. Denatured protein was removed by
centrifugation. Total sugar liberated was estimated spectropho-
tometrically with p-hydroxybenzoic acid hydrazide reagent, with
the use of glucose as a standard. Amyloglucosidase is known to
release more than 98% of the glucose from a glycogen sample
when incubated as described.

Glucose standards were used for both trehalose and glycogen
determinations. All determinations were made at least three
times. Heat shocks (42°C for 30 min, 1 h, or 2 h) were used as
positive controls.

Acquired Thermotolerance Assays. Cells (JVG961: S288c WT) were
grown in YPD medium at 23°C to midlogarithmic growth.
Samples, either pretreated or not with 10 mM AZC in YPD for
3 h, were incubated at 23°C or 37°C for an additional hour before
heat shock to 50°C by a 1:40 dilution into preheated medium at
50°C. Samples were incubated at 50°C for the times indicated in
Table 1 before transfer to iced water. Cells were diluted into
fresh YPD and immediately plated on YPD plates and incubated
at 30°C for 3 days. The number of colonies on each plate was
quantitated. The experiment was performed three times inde-
pendently, yielding qualitatively similar results. The qualitative
results for one replicate are shown in Table 1.

Northern Probes. Probes were amplified from yeast amplified
ORFs (Research Genetics, Huntsville, AL) using universal yeast
primers (Research Genetics) by PCR using Reddy-load PCR mix
(Advanced Biotechnologies, Surrey, U.K.) according to the
manufacturer’s instructions. The genes that were probed (and
their ORF numbers) are as follows: ACT1 (YFL039c), CLN1
(YMR199w), CLN2 (YPL256c), and CLN3 (YAL040c).

Table 1. AZC does not induce thermotolerance

Treatment before heat shock

# Colonies formed after heat shock to 50°C for:

0 min 10 min 30 min

23°C 3,504 0 0
23°C 1 AZC (20 mM) for 3 h 3,232 0 0
23°C to 37°C for 1 h 3,600 2,160 308
23°C 1 AZC (20 mM) for 2 h then to 37°C for 1 h (still in AZC) 3,040 936 244

7314 u www.pnas.orgycgiydoiy10.1073ypnas.121172998 Trotter et al.



Amplified yeast ORFs were run on 1% agarose gels and
purified with a Concert Rapid Gel Extraction System (Life
Technologies, Grand Island, NY) according to the manufactur-
er’s instructions. Amplified yeast ORFs were labeled with
[32P]dCTP (New England Nuclear) with the use of a Prime-It II
random primer labeling kit (Stratagene) and purified with
NucTrap purification columns (Stratagene) according to the
manufacturer’s instructions.

Northern Analysis. Extraction of total RNA was performed as
described (20). For Northern analysis, 50 mg of total RNA was
denatured at 65°C for 5 min before separation on a 1.3% agarose
gel containing 10% formaldehyde. The RNA was transferred
overnight to biodyne-b (0.45 mm) membrane (Pall) in 103 SSC
(13 SSC 5 0.15 M sodium chloridey0.015 M sodium citrate, pH
7). Membranes were baked for 2 h at 200°C. Membranes were
prehybridized in 50% formamide, 103 Denhardt’s solution, 2%
SDS, 53 SSC, and 100 mgyml denatured salmon sperm DNA for
2 h. The labeled probe was boiled for 5 min before addition to
the membrane in prehybridization mix. Membranes were hy-
bridized overnight at 42°C. After stringent washing (2 3 15 min
in 1% SDS, 0.253 SSC at room temperature; 15 min in 0.1%
SDS, 0.1% SSC at room temperature; and 30 min in 0.1% SDS,
0.1% SSC at 65°C), membranes were exposed to x-ray film
(Konica, Tokyo) at 270°C with intensifying screens for an
appropriate length of time.

Flow Cytometry. Cultures were fixed in ethanol (70%) for 1 h.
Fixed cells were treated with RNase overnight, stained with
propidium iodide, sonicated, and subjected to flow cytometry
analysis, as described by Gray et al. (13).

Budding Indices. Budding indices were determined on samples
that had been fixed in ethanol (70%) for 1 h and resuspended in
TE buffer (10 mM Trisy1 mM EDTA, pH 7.5). Samples were
sonicated immediately before analysis, as described by Gray et al.
(13). At least 200 cells were counted for each sample.

Results
AZC Does Not Cause Accumulation of Glycogen and Trehalose. From
our previous studies, we found that AZC treatment at concen-
trations sufficient to inhibit proliferation strongly activates HSF
but does not robustly activate the Msn2y4-STRE regulon. It has
recently been shown that the heat shock-induced accumulation
of the storage carbohydrates glycogen and trehalose depends on
Msn2 and Msn4 (7). If AZC treatment indeed fails to signifi-
cantly activate the STRE regulon, then we expect AZC treat-
ment not to induce accumulation of these storage carbohydrates
(7). We find that AZC treatment for up to 5 h fails to stimulate
accumulation of glycogen and trehalose (data not shown).
However, the incorporation of AZC into cellular protein may
somehow prevent proper regulation of the STRE regulon. We
find that pretreatment with AZC does not preclude accumula-
tion of these carbohydrates in response to a subsequent heat
shock (data not shown). We conclude that AZC treatment does
not activate the STRE regulon, even though the regulon remains
inducible by a subsequent heat shock. Misfolded proteins are
thus unlikely to trigger the STRE regulon.

AZC Does Not Induce Thermotolerance. Activation of the Pkc1-
MAP kinase pathway by heat shock has been proposed to result
from thermal damage to the cell surface (8, 13). This heat shock
activation of the pathway requires protein synthesis (8). It is
possible that the trigger for heat shock activation of the Pkc1-
MAP kinase pathway is the misfolding of proteins at the cell
surface. In this case, AZC should induce the Pkc1 pathway. The
acquisition of thermotolerance by incubation at 37°C before a
subsequent, and otherwise lethal, heat shock has been shown to

depend on the Pkc1 pathway (8). Indeed, activation of the MAP
kinase branch of the pathway has been shown to be sufficient for
the acquisition of thermotolerance (8). We therefore monitored
thermotolerance as a sensitive readout of the state of activation
of the Pkc1-MAP kinase pathway. As shown in Table 1, we find
that AZC treatment does not lead to thermotolerance, indicat-
ing that AZC does not significantly induce the Pkc1 pathway.
However, AZC may prevent activation of the Pkc1 pathway or
the acquisition of thermotolerance by an indirect mechanism. As
shown in Table 1, we find that AZC-arrested cells are competent
to acquire thermotolerance. We conclude that AZC does not
induce thermotolerance. We infer that AZC does not cause
activation of the Pkc1-MAP kinase pathway.

In addition, these data indicate that the arrest in response to
AZC is reversible upon washout of the compound. Indeed, we
have found that the arrest is reversible even after 24 h in AZC
(G.A.P., unpublished observation).

AZC Treatment and Temperature Up-shift Prevent Entry into the Cell
Cycle by the Same Mechanism. AZC inhibits cell proliferation at
the concentrations used in this study. The arrested cells are
clearly viable (see previous section). Is AZC causing prolifera-
tion arrest by the same mechanism as mild heat shock? As shown
in Fig. 1A, we find that growth of a WT strain is hypersensitive
to AZC at 37°C relative to 28°C. This observation is true for
multiple strain backgrounds tested (data not shown). This find-
ing is consistent with AZC and high temperature arresting
proliferation by a common mechanism.

It is known that mutants deficient in the ubiquitin-conjugating
enzymes Ubc4 and Ubc5 are unable to efficiently degrade
misfolded and analog-containing proteins (23). ubc4D.ubc5D
mutants are unable to proliferate at 37°C, indicating that they are
hypersensitive to high temperature (23). As shown in Fig. 1B, we
find that ubc4D.ubc5D double mutants are also hypersensitive to
growth inhibition by AZC treatment. This finding is again
consistent with high temperature and AZC treatment arresting
proliferation by the same mechanism. Furthermore, this finding
strongly suggests that AZC exerts its growth-inhibitory effect via
incorporation into cellular protein.

Proliferating cells shifted from 23°C to 36°C (‘‘temperature
up-shift’’) become transiently arrested in the G1 phase of the cell
cycle (9, 10). Is AZC mimicking this effect? As shown in Figs. 2A
and 3B, we find that AZC treatment causes WT cells to
accumulate in an unbudded state with 1N DNA content. Thus

Fig. 1. AZC stops proliferation via incorporation into protein and may act by
the same mechanism as mild heat shock. (A) JVG718 (EG123 WT) was streaked
on YPD plates or on YPD plates containing 7 mM AZC. Plates were incubated
at either 28°C or 37°C for 3 days. (B) GAP510 (WT) and a congenic ubc4D.ubc5D
mutant (GAP512) were streaked on YPD plates or on YPD plates containing
AZC (3 mM). Plates were incubated at 23°C for 3 days.

Trotter et al. PNAS u June 19, 2001 u vol. 98 u no. 13 u 7315

CE
LL

BI
O

LO
G

Y



AZC treatment and temperature up-shift arrest cells at the same
stage of the cell cycle, namely G1.

Temperature up-shift is known to cause repression of the
CLN1 and CLN2 genes coincident with the transient G1 arrest
(10). Temperature up-shift does not repress expression of CLN3
(10). Does AZC also cause repression of CLN1 and CLN2?
Unfortunately, these genes did not yield high-quality signals in
our microarray analysis (E.W.T., unpublished observations). We
therefore monitored the expression of CLN1 and CLN2 in
response to AZC treatment by Northern analysis. As shown in
Fig. 2B, we find that expression of CLN1 and CLN2 is severely
reduced by AZC treatment. In contrast, CLN3 expression is not
affected by AZC treatment (Fig. 2B). Thus both AZC treatment
and temperature up-shift cause repression of CLN1 and CLN2.

Does AZC treatment therefore cause G1 arrest via limiting G1
cyclin activity? If so, we expect that mutants defective in the
G1yS transition should be hypersensitive to proliferation arrest
caused by AZC treatment. As shown in Fig. 3A, we find that
growth of a mutant lacking CLN1 and CLN2 is indeed inhibited
by a concentration of AZC that is insufficient to arrest its WT.
We find that temperature-sensitive alleles of CDC28 that arrest
in G1 at restrictive temperature (cdc28–1 and cdc28–9) are
hypersensitive to AZC at permissive temperatures (Fig. 3B). In
contrast, the cdc28–1N allele, which arrests in G2 at restrictive
temperatures, is not hypersensitive to AZC at permissive tem-
peratures (Fig. 3B). Hence, AZC-treated cells are limiting for G1
cyclin-Cdc28 activity. Expression of hyperstable forms of either
Cln2 or Cln3 have been shown to prevent G1 arrest in response
to temperature up-shift (10). As shown in Fig. 3C, we find that
expression of the hyperstable Cln3–2 (Daf1–1) prevents G1
arrest in response to both temperature up-shift and AZC
treatment. We conclude that AZC-treated cells are limited for
G1 cyclin activity.

Taken together, these results strongly indicate that AZC
treatment and temperature up-shift arrest proliferation by the
same mechanism.

Proper Activation of HSF Is Required for G1 Arrest in Response to AZC
Treatment and Temperature Up-Shift. The mechanism by which
temperature-up-shifted cells affect G1 cyclin activity is not well

understood. In particular, we do not know what heat-sensitive
sensor initiates the signal to cease proliferation. However, we
have shown that AZC selectively and almost exclusively activates
HSF-dependent transcriptional events (E.W.T., G.A.P., and
J.V.G., unpublished work). Is proper activation of HSF required
for G1 arrest in response to AZC treatment or temperature
up-shift?

To address this question, we exploited a mutant form of the
HSF1 gene encoding HSF, EXA3–1 (21). This mutation leads to
aberrant timing and extent of activation of HSF-dependent
transcripts in response to severe heat shocks, temperature
up-shifts, and AZC treatment (5, 22). This mutant (and its WT
equivalent) do not arrest permanently in AZC, but display a
transient activation of HSF upon AZC treatment (ref. 6; data not
shown). We tested the capacity of the WT and EXA3–1 strains
to become arrested in G1 in response to both temperature
up-shift and AZC treatment. As shown in Fig. 4, we find that the
WT strain arrests in G1 in response to both treatments. The

Fig. 2. AZC treatment causes G1 arrest and repression of CLN1 and CLN2. (A)
A midlogarithmic culture of JVG961 (S288C WT) growing in YPD at 30°C was
treated with AZC (10 mM) at 0 h. Samples were stained with propidium iodide
and analyzed by flow cytometry. Cells with unduplicated DNA or with dupli-
cated DNA are indicated by the 1N and 2N labels, respectively. (B) A midloga-
rithmic culture of JVG961 (S288C WT) growing in YPD at 30°C was treated with
AZC (10 mM) at 0 min. Total RNA was prepared from samples taken at the
times indicated. Samples (50 mg RNA) were subjected to Northern analysis.
Blots were probed for CLN1, CLN2, CLN3, and ACT1.

Fig. 3. AZC treatment limits G1 cyclin activity. (A) Strains JVG961 (WT) and
JVG1052 (cln1D.cln2D) were streaked on YPD plates containing AZC (7 mM) or
no AZC and incubated at 30°C for 3 days. (B) Strains JVG961 (WT), JVG1022
(cdc28–1), JVG1023 (cdc28–9), and JVG1041 (cdc28–1N) were streaked on
plates containing AZC (5 mM) or no AZC and were incubated at 23°C for 4 days.
(C) Midlogarithmic cultures of JVG961 (S288C WT) transformants containing
pCLN3–2 (pJO96) or a vector control (YCp50) growing in SD-URA at 23°C or
30°C were subjected to a temperature up-shift (TU: 23°C to 37°C) or were
treated with AZC (10 mM, 30°C), respectively. The percentage of unbudded
cells was determined for each culture as a function of time after treatment was
initiated.

7316 u www.pnas.orgycgiydoiy10.1073ypnas.121172998 Trotter et al.



AZC-induced arrest is transient in this strain background (data
not shown). In contrast, we find that the EXA3–1 mutant is
defective in G1 arrest in response to temperature up-shift and
AZC treatment.

We conclude that proper activation of HSF is required for
efficient G1 arrest in response to both temperature up-shift and
AZC treatment. This finding indicates that the misfolding of
cellular protein triggers G1 arrest upon temperature up-shift via
activation of HSF.

[Note: The EXA3–1 strain is deficient in HSP104 (21). How-
ever, the introduction of HSP104 on a plasmid into this strain
does not alter its capacity for G1 arrest in response to either
temperature up-shift or AZC treatment (data not shown).]

Discussion
AZC Acts by Misfolding a Fraction of Cellular Protein. AZC is known
to be incorporated into cellular protein in organisms for which
the analog is growth inhibitory (18, 19). The consequence of
AZC incorporation is well understood. AZC is incorporated into
protein competitively with proline. The four-membered ring of
the analog (compared with the five-membered ring of proline)
causes a distortion of the polypeptide backbone at the point of
incorporation. The consequence is an altered protein fold,
leading to reduced thermal stability or failure to successfully fold
(24–26). AZC-containing proteins bind avidly to Hsp70 chap-
erones in vivo (11) and are prone to degradation by a ubiquitin-
dependent mechanism involving the Ubc4 and Ubc5 ubiquitin-
conjugating enzymes (23).

A number of lines of evidence suggest that the effect of AZC
on the cell is via its incorporation into proteins (and conse-
quently their misfolding). First, the expression changes induced
by AZC are closely mimicked by ethanol treatment, another
agent capable of misfolding protein (E.W.T., G.A.P., and J.V.G.,
unpublished work). Second, the relative capacity of AZC and
canavanine (an arginine analog) to induce the heat shock
transcripts correlates with their relative capacities to misfold
proteins into which they are incorporated (AZC being more
potent) (E.W.T., G.A.P., and J.V.G., unpublished work). Finally,
ubc4D.ubc5D mutants defective in the degradation of analog-
containing and misfolded proteins are hypersensitive to AZC

(Fig. 1B), consistent with the AZC-generated signal originating
from AZC-containing proteins.

To date, we have been unable to synthesize radioactive AZC
to directly determine the extent of incorporation of the analog
in our experiments. Despite this limitation, it is clear that the
extent of protein misfolding caused by AZC in our experiments
is relatively low. (Note: Proline is present in the media used for
our experiments.) First, AZC-treated cells are viable and arrest
is reversible upon washout of the compound. Second, AZC-
treated cells remain responsive to subsequent heat shocks (ac-
cumulation of glycogen and trehalose, and acquisition of ther-
motolerance) and to treatment with rapamycin (induction of
GAP1 and MEP2; E.W.T., G.A.P., and J.V.G., unpublished
work). Third, AZC treatment induces a very specific subset of
transcripts, as determined by genomewide microarray analysis
(E.W.T., G.A.P., and J.V.G., unpublished work). Such specificity
strongly argues against widespread cellular dysfunction. We
conclude that AZC misfolds a small fraction of cellular protein
to which HSF is exquisitely sensitive.

Misfolded Proteins Do Not Induce the STRE Regulon. From our
previous analysis of genomewide expression changes induced by
AZC, it is clear that the STRE regulon is not efficiently induced
by AZC treatment (E.W.T., G.A.P., and J.V.G., unpublished
work). Indeed, the STRE regulon is only very weakly induced by
treatment with ethanol, another agent capable of misfolding
cellular protein (27). These data suggest that misfolded proteins
may not the primary signal for the heat shock activation of the
STRE regulon. Our results here support this conclusion. We find
that the accumulation of glycogen and trehalose (Msn2y4-
dependent processes) does not occur upon AZC treatment (data
not shown). Misfolded proteins are thus unlikely to be the
primary trigger for heat shock activation of the STRE regulon.
The nature of that trigger is unknown.

Misfolded Proteins Do Not Activate the Pkc1-MAP Kinase Pathway.
The Pkc1-MAP kinase pathway is inducible by elevated tem-
perature (8). The MAP kinase branch of this pathway is required
for acquired thermotolerance (8). Indeed, activation of the MAP
kinase branch of the pathway is sufficient to confer acquired
thermotolerance (8). Acquired thermotolerance is thus a very
sensitive readout of the state of activation of the Pkc1-MAP
kinase pathway.

We find that thermotolerance is not induced by AZC treat-
ment, even though AZC-arrested cells competently acquire
thermotolerance in response to a subsequent heat shock (Table
1). Indeed, the MAP kinase of the pathway is not significantly
activated by AZC treatment, as determined by biochemical assay
(S.A.K., unpublished observation). We conclude that misfolded
proteins are not involved in generating the cell surface stresses
that trigger the Pkc1 pathway.

AZC Treatment and Temperature Up-Shift Arrest Cell Proliferation by
a Common Mechanism Dependent on HSF. It is clear from the
findings here that AZC treatment arrests cells in a viable state,
that arrest is reversible upon washout of the compound, and that
arrested cells are competent to respond normally to a variety of
stimuli. We find that this arrest occurs by the same mechanism
as that caused by mild heat shock. First, the transcript profiles of
AZC-treated cells are remarkably similar to those of tempera-
ture-up-shifted cells when they are transiently inhibited for
proliferation (E.W.T., G.A.P., and J.V.G., unpublished work).
Second, cells at 37°C are more sensitive to growth inhibition by
AZC than are the same cells at 28°C. Third, proliferation of cells
deficient in Ubc4 and Ubc5 is hypersensitive to elevated tem-
perature and to AZC-induced arrest. Fourth, both AZC treat-
ment and temperature up-shift cause a G1 arrest. Fifth, both
treatments lead to repression of CLN1 and CLN2 expression but

Fig. 4. The EXA3–1 mutation in the gene encoding HSF prevents G1 arrest
upon both temperature up-shift and AZC treatment. Midlogarithmic cultures
of DS10 (WT) and the congenic EXA3–1 mutant (MH297) growing in YPD at
23°C were subjected to a temperature up-shift (TU: 23°C to 37°C). Midloga-
rithmic cultures of the same strains growing in YPD at 30°C were treated with
AZC (50 mM) at t 5 0 without a temperature change. The percentage of
unbudded cells was determined for each culture as a function of time after
treatment was initiated.
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do not affect CLN3 mRNA levels. Sixth, expression of a hyper-
stable form of the G1 cyclin Cln3 prevents G1 arrest by both
temperature up-shift and AZC treatment. Finally, a mutated
from of HSF prevents G1 arrest in response to both treatments.

We conclude that some misfolding of cellular proteins, either
by AZC treatment or at elevated temperature, causes a G1 arrest
by limiting G1 cyclin activity via an unknown mechanism de-
pendent on the proper activation of HSF.

Note that the EXA3–1 mutation and expression of Cln3–2

prevent G1 arrest in response to AZC, but they do not make cells
resistant to AZC (data not shown). Rather, these cells arrest
randomly in the cell cycle upon AZC treatment (data not
shown). We do not know the basis for this random arrest, nor do
we know if HSF is required for it (inasmuch as the EXA3–1 allele
is not a null).

The EXA3–1 mutation leads to a delay in the timing of
induction of HSF-dependent transcripts in response to heat
shocks and AZC treatment (5). Thus the failure of the EXA3–1
mutant to arrest in G1 in response to temperature up-shift and
AZC treatment indicates that transcription induction by acti-
vated HSF is somehow required to halt cell cycle progression in
G1 by limiting G1 cyclin activity. It should be noted that the
extent of induction of transcripts by heat shock or AZC treat-
ment is also affected by the EXA3–1 mutation: some transcripts
are induced more strongly in the mutant, whereas others are not
induced as well (5, 21). Thus, it is formally possible, if unlikely,
that the mutation is preventing G1 arrest by causing the over-
expression of some target gene(s). In any event, activation of
HSF modulates the G1yS transition.

In summary, we propose that the misfolding of small amounts
of cellular proteins by AZC treatment (or mild heat shock)
selectively induces HSF-dependent events: activation of HSE-
containing genes, repression of the ribosomal protein genes, and
inhibition of the G1yS transition. HSF appears to be an exquis-
itely sensitive sensor of misfolded proteins (Fig. 5). To a first
approximation, it appears that the cellular response to mild heat
shock is the sum of the separate responses to individual heat-
induced defects, of which we can identify misfolded proteins and
cell surface stress. An unknown heat-sensitive parameter trig-
gers activation of the STRE regulon (Fig. 5).
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Fig. 5. Model for cellular response to temperature up-shift and AZC treat-
ment. AZC misfolds cellular protein into which it is incorporated. Misfolded
protein specifically activates HSF, causing induction of HSE-driven transcripts
and (by unknown mechanisms) subsequent repression of the ribosomal pro-
tein (rp) genes and G1 arrest. Temperature up-shift causes protein misfolding
and thereby triggers the HSF-dependent events. The thermal trigger for the
STRE regulon is unknown (?) but is independent of protein misfolding. The
Pkc1 pathway is activated by thermal stress to the cell surface independently
of misfolded proteins.
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