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ABSTRACT

While studying the quantitative relationship between hyperthermia-
induced heat shock proteins (HSPs) and thermotolerance (TT), we ob
served that heat induced a family of HSPs, particularly an HSP 70
family, that might be involved in the development of TT. When cells
were heated for 10 min at 4S.SÂ°C,they became thermotolerant to a second
heat exposure at 45.5Â°C,with a thermotolerance ratio of 5-6 at IO"3

isosurvival at 12 h after heating. In parallel, during the 12-h interval,
heat shock resulted in a 2-fold relative increase in the synthesis of three
major HSP families (M, - 110,000, 87,000, and 70,000). Rate of
synthesis was expressed relative to total protein synthesis, as studied
with one-dimensional polyacrylamide gels analyzed by counting radioac
tivity in selected protein bands. The increase of unique HSPs, if studied
with two-dimensional gels, would probably be much greater. Further
more, even though the development of TT was partially suppressed by
treatment with cycloheximide (10 MR/ml)or puromycin (100 MR/ml)at
concentrations that inhibited total protein synthesis by 96 or 99%,
respectively, a family of HSP 70 was still preferentially synthesized.
Nevertheless, when cells were labeled for 3 days, the total level of HSP
families did not change either when TT developed after a triggering heat
treatment or as the development of TT was partially inhibited by sup
pressing protein synthesis with cycloheximide or puromycin. Thus, TT
could still occur when total levels of HSP families did not change and
when synthesis of HSP families was less than in unheated control cells,
which may imply that TT is unrelated to HSPs. However, the finding
that the amount of TT increased with increased synthesis of both total
protein and HSP families, as studied with different concentrations of
cycloheximide or puromycin, suggests that heat-inducible proteins, in
particular the observed preferential synthesis of the HSP 70 family, may
be necessary for the development of TT.

INTRODUCTION

The phenomenon of thermotolerance observed in mam
malian cells by Gerner and Schneider (1) and Henle and Leeper
(2) more than 10 years ago has been substantiated by several
investigators (3-9). As cells are incubated at 37Â°Cafter an

initial heat shock, they develop thermal resistance (thermotol
erance) to a subsequent heat challenge. Although the molecular
mechanisms for the development of thermotolerance have been
studied extensively, they are still poorly understood.

One of the interesting physiological changes after heat shock
is the alteration in protein synthesis. Several investigators have
shown that heat shock causes inhibition of overall protein
synthesis (10-13) while it causes a relative increase in the rate
of synthesis of a specific set of proteins, called HSPs.3 There is

considerable evidence that acquisition of thermotolerance cor
relates with this preferential synthesis of HSPs (6-9), although
the function of HSPs is still unknown. Furthermore, this cor-
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relation needs further investigation because there are few quan
titative studies relating the amount of thermal tolerance to the
levels of HSPs or amounts of HSPs synthesized. We have
conducted such studies using cycloheximide or puromycin to
both inhibit protein synthesis and modify the development of
thermotolerance (14).

MATERIALS AND METHODS

Cell Culture and Survival Determination. Exponentially growing
CHO cells were grown in McCoy's 5A medium (GIBCO) supplemented
with 26 mM sodium bicarbonate, 10% heat-inactivated (56Â°Cfor 30

min) fetal calf serum, and the following antibiotics: neomycin sulfate
(0.1 g/liter), streptomycin sulfate (0.1 g/liter), and potassium penicillin
G (0.07 g/liter). The flasks or Petri dishes containing cells were kept
in a 37Â°Chumidified incubator with a mixture of 95% air and 5% CO2.

After various treatments, cells were trypsinized, counted, and plated at
appropriate dilutions with irradiated feeder cells (15). After 7-14 days
of incubation at 37Â°C,colonies were stained and counted.

Hyperthermic Treatment. Monolayer cells were heated in a hot water
bath as described (15).

Drug Treatment. CHM (M, 281.3) and PUR (M, 544.4) were ob
tained from Sigma Chemical Co. Medium with drug was prepared the
day before the experiment and incubated at 37Â°C.Drug treatments

were accomplished by aspirating the medium and replacing it with
medium containing drug. The drug treatments were terminated by
aspirating the medium containing drug and rinsing twice with Hanks'

balanced salt solution.
Labeling and Gel Electrophoresis. Cells were labeled with either 0.6

(labeling for 3-3.5 days) or 10 ^Ci/ini (labeling for 6 or 12 h) of [35S]-
methionine (specific activity, 1075-1375 Ci/mmol; Amersham) in com
plete medium. After labeling, cells were washed 3x with cold Hanks'

balanced salt solution for 3 min and lysed with boiling sample buffer
(2000 cells/Ml or 0.28 Mgprotein/nl). Extracts were further boiled for
5-8 min and lysates were stored in sample buffer at -20Â°C prior to

electrophoresis. The lysates from equal amounts of protein or radio
activity were analyzed on a 10% polyacrylamide gel. The lysates applied
to gels contained 2.6-38 jig of protein. One-dimensional gel analysis
was performed as described by Laemmli (16), except that the running
gels contained 10% acrylamide. After electrophoresis, gels were fixed
in 30% TCA for 30 min, stained with Coomassie Blue G-250 in 3.5%
perchloric acid for 5 h, destained twice in 7% acetic acid for 4 h, rinsed
with water, dried with a slab gel dryer (Model SE 1150; Hoefer
Scientific Instruments, San Francisco, CA) for 1 h, and autoradi-
ographed on Kodak SB-5 X-ray film. After an exposure of about 10-
50 days for 25,000-5,100 dpm applied to the gels, autoradiographs
were developed with Kodak GBX developer and fixed with Kodak GBX
fixer. The autoradiographs of gels were scanned with an LKB soft laser
scanning densitometer.

For a quantitative measurement of the levels of HSPs, each HSP
band of the stained gel was cut and placed into scintillation vials. The
bands were hydrated for about 1 h by adding 0.1 ml of water, and then
solubilizer (0.5 ml of Packard Soluene-100) was added to each vial
before they were heated at 65"C for about 3 h. After solubilization,

vials were cooled in the cold room, 10 ml of Packard Scint-O were
added, and the vials were vortexed. One-half day later, each vial was
counted 10 min for 35Sradioactivity with a Beckman LS-7500 scintil

lation counter; the counting efficiency was 55%. For the background
correction, an edge of the stained gel was cut and the radioactivity of
the piece of gel was measured.

Determination of Protein Synthesis. After the cells were labeled with
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THERMOTOLERANCE AND HSPs

Fig. 1. Effect of healing at 45.5'C for 10
min on the incorporation of |3H]leucine (3H-
LEU) (4 jiCi/ml) or [35S]methionine ("S-
MET) (30 nCi/ml) into protein at 37Â°C.Left,
cells labeled continuously with [3H]leucine in

complete medium. Cells were incubated at
37Â°Cwithout heat (x), or were heated at
45.5'C for IO min, then returned to 37'C, with

(A) or without (â€¢)CHM (10 ng/ml). Right,
cells pulse labeled with either ("Sjmethionine
(O, A) in methionine-free medium or [3H]leu-

cine (â€¢,A) in complete medium for 10 min at
37'C at various times (0-6 h) after heating.

Radioactivity of acid insoluble (A, A) and sol
uble (O, â€¢)material was measured.

TCA SOLUBLE

TCA INSOLUBLE

HOURS AT 37Â°C

4 /jCi/ml [''Hjleucine (specific activity, 45-55 Ci/mmol; Amersham),
or 10 or 30 Â¿iCi/ml[35S]methionine (specific activity, 1075-1375 Ci/

mmol; Amersham) for a period of time, radioactivity in TCA insoluble
and soluble material was determined as described (15). The protein
content was estimated by the Lowry method (17).

Reproducibility of Experiments. Experiments were repeated at least
once; however, in order to avoid extra points, duplicate points are
shown only when the difference between duplicates can be clearly
illustrated.

RESULTS

Relationship between Protein Synthesis and Development of
Thermotolerance. When cells were heated for 10 min at 45.5Â°C,

protein synthesis, as determined by continuous labeling, was
inhibited by 96% 0.5-1 h later and by 85% 6 h later (Fig. 1).
As determined by 10-min pulse labeling, the rate of total uptake
of [3H]leucine or [35S]methionine by heated cells was enhanced
1.2-fold or decreased 0.8-fold, respectively, relative to that of
unheated cells between 0 and 6 h after heating (data not shown;
with 40-60% of the radioactivity being acid soluble in the
control). The amount of TCA soluble radioactivity increased
1.5-1.9-fold relative to that of unheated cells (Fig. 1, right).
However, the rate of incorporation of [3H]leucine and [35S]-

methionine into protein was reduced by 97% immediately after
heating and gradually returned to about 50% of the control rate
by 6 h after heating (Fig. 1, right). Since similar results were
obtained with [35S]methionine at 0.03 n\\ and [3H]leucine at

300 /Â¿M,the inhibition of incorporation into protein by heat
shock must be due to inhibition of protein synthesis and not
due to either a reduction in transport into the cells or significant
changes in intracellular pools of un labeled amino acids. Figure
I, left also shows that if CHM (10 Mg/ml) was added after heat,
protein synthesis was inhibited by 95% during the entire 12-h
period that CHM remained on the cells. PUR (100 Mg/ml)
inhibited protein synthesis even more (illustrated later in Fig.
6).

As shown in Fig. 2, considerable thermotolerance developed
by 6 h after heating even though protein synthesis was inhibited
by 85% during the 6-h period, but treatment with CHM or
PUR that reduced protein synthesis by 96% after the triggering
heat treatment greatly reduced thermotolerance. The same re
sults (Fig. 3) were observed when the cells were challenged 12
h after the triggering heat treatment, except that for all treat
ments, the amount of thermotolerance increased between 6 and
12 h. Thus, these data suggest that development of thermotol
erance may be related to protein synthesis. For example, the
amounts of thermotolerance and [3H]leucine incorporation ob

served at 6 h without CHM treatment were only slightly greater
than the amounts of thermotolerance and [3H]leucine incorpo

ration observed at 12 h with CHM treatment. Additional studies

10"

10

10'

10

PUR PUR

PUR

20 40 60 80 100 120 20 40 60 80 100 120

MINUTES AT 45.5 C

Fig. 2. Effect of CHM (10 >.g/ml) or PUR (100 Mg/ml) on the development
of thermotolerance when cells were first heated at 45.5'C for 10 min, incubated
at 37'C for 6 h, and then heated a second time for variable periods at 45.5'C (â€¢).

Left, the development of thermotolerance was partially suppressed by CHM or
PUR when the drug was added after the first heating and kept on for 6 h at 37'C,

and then either left on (V, O) or removed (A, D) before the second heating. X,
survival curve of control cells heated at 45.5'C. Right, little heat protection was

observed when CHM or PUR was added 6 h before and left on during heat (V,
*) or removed before heat (A, â€¢)at 45.5'C. Survival was normalized for killing
from 10 min at 45.5'C (survival = 50%) and/or for drug toxicity (survival =

57%).
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Fig. 3. Effect of CHM (10 >ig/ml) and PUR (100 ng/ml) on the development
of thermotolerance when cells were first heated at 45.5'C for 10 min, incubated
at 37'C for 12 h, and then heated a second time at 45.5'C. See legend of Fig. 2

for further details.

will be described later to investigate the amount of thermotol
erance relative to synthesis of HSPs.

Note in Figs. 2 and 3 that the heat protective effect observed
at 43Â°Cwhen CHM or PUR is added before and during a single
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THERMOTOLERANCE AND HSPs

45.5 -10 MIN
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â€¢45.5-30MIN
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Fig. 4. Kinetics of thermotoierance illustrated in Figs. 2 and 3, left, and the
kinetics of the small amount of heat resistance illustrated in Figs. 2 and 3, right.
Cells were incubated with or without drug treatment (CHM, 10 *ig/ml or PUR,
100 /ig/ml) at 37'C for various times after the first heating (10 min at 45.5'C),
and then exposed to a second treatment of 45.5'C for 30 min, or cells were treated
with drug for various times before a single heat treatment at 45.5*C for 30 min.

See legend of Fig. 2 for further details and definition of symbols. These kinetics
have been observed in two experiments.

heat treatment (15) had little effect at 45.5Â°C(Figs. 2 and 3,

right). Furthermore, the kinetics (Fig. 4) for development of
thermotoierance, with or without drugs added after the trigger
ing heat treatment, were slower than the kinetics for developing
heat protection by CHM treatment before and during a single
heat treatment. The difference between them was clearly ob
served at 43Â°C.4Therefore, in these experiments, we are indeed

studying the effect of CHM and PUR on the development of
thermotoierance induced by a priming heat treatment.

Profiles of Protein Synthesis after Heat Shock. To determine
the quantitative relationship between hyperthermia-induced
HSPs and thermotoierance, cells were heated at 45.5Â°Cfor 10
min and then labeled continuously with [3SS]methionine in
complete medium at 37Â°C.The experimental protocols along
with thermotoierance ratios for 10"3 isosurvival are listed in

Table 1. Autoradiographs of gels are shown in Fig. 5, and the
counting rates for total protein and for individual HSP families
cut from the gels are shown in Fig. 6. In Fig. 7, where relative
incorporation into HSP families is plotted versus relative incor
poration into total protein, any point above the dashed line
indicates preferential synthesis of that protein family.

To begin with, the levels of newly synthesized proteins in
heated or unheated cells during the period of drug treatment
(10 ftg/ml CHM or 100 Mg/ml PUR) were 1-5% of that in
unheated control cells (Figs. 1, 6, and 7). Then profiles of
protein synthesis were altered by heat and/or the inhibition of
protein synthesis. In heated cells, the relative levels of three
HSP families (M, 70,000, 87,000, 110,000) were enhanced.
Also note in Fig. 5 (lanes 4, 10, and lia) that a M, 68,000-
band appeared after heat, with or without CHM treatment.
Furthermore, the HSP 70 family was preferentially synthesized
in heated cells treated with CHM or PUR (Fig. 7, lanes 5, lla-
d, and 12a, c, and d). Also as reported (18), the M, 43,000-
actin band was split into two components by CHM treatment
of either heated or unheated cells (Fig. 5). During PUR treat
ment (Fig. 5, lanes 3, 6, 9, and 12a), the profiles of protein
synthesis were quite different from those of unheated or heated

Table 1 Labeling protocols
Protocols for the experiments conducted for Figs. 5, 6, 7, and 8. Cells were

labeled with 10 Â¿iCi/ml[35S]methionine at 37'C without heat or after heating at
45.5'C for 10 min (A). During the 6- or 12-h labeling period, CHM or PUR was

added when indicated. The thermotoierance ratios were obtained from Figs. 2
and 3 and other data not shown at in' isosurvival by dividing the time for the

survival curve for a particular protocol by the time for the survival curve for
45.5'C only.

Lane

["SjMethionine labeling

condition
Thermotoierance ratio

for 45.5'C at 10~3

12345678910IlalibHelid12a12b12c12d37'Cfor 6h37'C
for 6 h + CHM (10ng/ml)37'C
for 6 h + PUR (100Mg/ml)A"

->-> 37'C for 6hA
-*-. 37'C for 6 h + CHM (10><g/ml)A
-â€¢-Â»37'C for 6 h + PUR (100Kg/ml)37'C

for 12h37'C
for 12 h + CHM (10^g/ml)37'C
for 12 h + PUR (100jig/ml)A

-*-> 37'C for 12hA
->-Â»37'C for 12 h + CHM (10Mg/ml)A
-â€¢-Â»37'C for 12 h + CHM (1jig/ml)A
->-Â»37'C for 12 h + CHM (0. 1ng/ml)A

-â€¢-Â»37'C for 12 h + CHM (0.015^g/ml)A

-*-. 37'C for 12 h + PUR (100Mg/ml)A
-Â« 37'C for 12 h + PUR (30Kg/ml)A
-â€¢-Â»37'C for 12 h + PUR (10ng/ml)A
-Â»-Â»37'C for 12 h + PUR (4 Mg/ml)1.01.11.12.91.71.41.0I.I5.72.44.76.65.51.62.35.06.3

4 Y. J. Lee and W. C. Dewey. Thermotoierance induced by heat, sodium
arsenite, cycloheximide. or puromycin: relationship with heat shock proteins,
submitted for publication.

cells in that the synthesis of large-sized protein molecules was
preferentially inhibited by PUR in both heated and unheated
cells, and small sized molecules accumulated at the bottom of
the gel with many running off the end. (See Ref. 15 for other
illustrations of this phenomenon.) Thus, thermotoierance ob
served at 12 h after a triggering heat treatment (Fig. 5, lane 10)
occurred as the synthesis of HSP families 70, 87, and 110
increased to levels greater than that in the unheated cells (Fig.
5, lane 7). However, thermotoierance also occurred, although
at a reduced level, when the synthesis of HSP families was
much less than that observed in the controls; this situation
occurred for 6 h of incubation without CHM (Fig. 5, lane 4
versus lane 1) and in cells that were treated with CHM for 6 or
12 h after the triggering heat treatment (Fig. 5, lane 5 versus
lane 1 and lane Ila versus lane 7, respectively). Furthermore,
the increase in the thermotoierance ratio with an increase in
synthesis of total protein and HSP families shown in Fig. 8
clearly illustrates that thermotoierance can occur when synthe
sis of HSP families is less than in unheated control cells (x at
100). Note in Fig. 8 that very little inhibition of thermotoierance
was observed until the synthesis of HSP families was inhibited
with CHM or PUR by more than 40% relative to controls at
37Â°C,but since the amount of thermotoierance increased with

increased synthesis of both total protein and the HSP families
(Fig. 8), members of the heat-inducible HSP families that are
different or act differently from other members of the HSP
families synthesized without a heat trigger may be necessary
for the development of thermotoierance. Furthermore, since
the preferential synthesis of the HSP 70 family was always
observed (lanes 4, 5, 10, lla-c and 12c and d in Figs. 6 and 7
and lane 12a in Fig. 5) induction of HSP 70 may be necessary
for the development of thermotoierance.

Total (Constitutive and Inducible) Levels of HSP Families and
Their Turnover, with or without CHM Treatment after Heating.
To examine the total levels of HSP families and any preferential
turnover of them after a heat shock, cells were grown exponen
tially in complete medium and labeled continuously with 0.6
/tCi/ml [3SS]methionine for 3 days and then heated at 45.5Â°C

for 10 min. After heat treatment, radioactive label was either
removed or kept on with or without CHM treatment (10 /Â¿g/
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Fig. 5. Autoradiograph of a sodium dodecyl sulfate-polyacrylamide slab gel of
("Sjmethionine-labeled proteins. Each lane corresponds to the protocols outlined
in Table 1. Lysates from approximately equal cpm (2.800) with from 2.6-38 tig
of protein were loaded on the gels, and the autoradiograph was exposed for SO
days. Molecular weights (x.\0~3) are shown at the left. A, actin (M, 43,000). Lanes
for IIh-d and I2b-d (not shown) were very similar to lane Â¡la, showing the
preferential synthesis of the M, 70,000 family. However, lane 12b had more
radioactivity in low molecular weight proteins (M, <50,000) than the other lanes.

ml). As was shown in Fig. 1, heat alone or CHM after heat
inhibited protein synthesis by 95%. Nevertheless, the levels of
labeled protein were not significantly changed by heating or by
CHM after heating when cells were labeled continuously during
the 12-h period (data not shown, but see Fig. 9, top for actin).
However, when label was removed, the levels of labeled protein
decreased in unheated cells to approximately one-half by 12 h
as the synthesis of unlabeled proteins occurred (see Fig. 9,
bottom for actin). The same was observed for heated cells after
6 h when protein synthesis resumed. However, if protein syn-

TREATMENT GROUPS

Fig. 6. Incorporation of [35S]methionine into total protein and into HSP
families for the protocols numbered in Table 1. An equal amount of protein (28
fig} was loaded onto each lane of the gels, and after electrophoresis, the gels were
stained, and the bands were cut out and placed in vials for scintillation counting.
The actual counting rates on the bands varied from 50-5,000 cpm. with a
background of 40 cpm. Since the samples were counted for 10 min, the SEs of
the mean counting rates varied from 25-0.5% of the mean. Radioactivity is
expressed relative to Mgof protein applied to the gels.

thesis was inhibited by CHM after heat, protein turnover also
was inhibited. Although the rate of turnover may be underesti
mated because of reutilization of label, this should be a minor
effect because amino acids from the extracellular pool are
preferentially utilized for protein synthesis (19-21). Autoradi-

ographs of gels (data not shown) and radioactivity in HSP
bands cut from similar gels (Fig. 9, top) indicate that during 12
h after heat, the levels of HSP families 70,87, and 110 increased
very little in heated cells not treated with CHM. Furthermore
(Fig. 9, bottom), there was no preferential turnover of HSP
families during 12 h of incubation, with or without CHM
treatment, after heating.

DISCUSSION

Total levels of HSP families did not change either as ther-
motolerance developed after a triggering heat treatment or as
the development of thermotolerance was partially inhibited by
suppressing protein synthesis with cycloheximide or puromycin
(Fig. 9). The possibility of CHM selectively inhibiting the
turnover of HSP families was investigated because CHM has
been shown to reduce the rate of protein degradation (22).
Furthermore, thermotolerance developed as the amounts of
newly synthesized HSP families after heat shock were less than
those observed in cells incubated for the same time at 37Â°C

without a heat shock (Figs. 6-8). Thus, the development of
thermotolerance is either not related to changes in levels of
HSPs or occurs as heat induces the synthesis of relatively small
amounts of HSPs that are either different or act differently
from most of the constitutive HSPs normally synthesized at
37Â°Cwithout a heat trigger. This latter possibility is suggested

by the observation that as the amount of thermotolerance
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Fig. 7. Relationship between relative radio
activity in total protein and relative radioactiv
ity in M, 70.000. 87.000, and 110,000 HSP
families: for both the abscissa and ordinate.
the points were obtained from Fig. 6 and other
data not shown by dividing the value for each
protocol by the values for untreated-unheated
cells, i.e.. 1 or 7. Insel, expanded scale to show
relationships for low levels of radioactivity.
The lane numbers (2-12a-d) next to each sym
bol correspond to those in Table 1. For all
protocols, two points which frequently plotted
at the same position were obtained. Points
above , the particular HSP family was pref
erentially synthesized relative to total protein.
INCORP., incorporated: kDa. kilodaltons, ex
pressed as M, throughout the paper.
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Fig. 8. Thermotolerance ratio as a function of 3!S radioactivity of total protein

and three HSP families (M, 70,000, 87,000, and 110,000) relative to the radio
activity of unheated control cells (X at 100). Cells were heated for 10 min at
45.5'C and incubated at 37"C before a second heat challenge at 45.5"C. The lane
numbers (4-l2a-d) next to each symbol correspond to those in Table 1. The
thermotolerance ratios were determined at an isosurvival value at 1o ' from Figs.
2 and 3 and other data not shown. The values of relative "S incorporation
(INCORP.) during 6 or 12 h of continuous labeling with or without drug were
taken from Fig. 7. The values for PUR (100 Â¿Â¿g/ml)at 6 and 12 h (D) are about
\%. kDa, kilodaltons, expressed as \l, throughout the paper.

increased with incubation time after a heat shock, or was
reduced by treatment with CHM or PUR after the triggering
heat dose, it correlated reasonably well with the amounts of
both total protein synthesis and synthesis of HSP families (Fig.
8). In all cases (lanes 4, 5,10, lla-d, and 12a, c, and d in Figs.
5 and 7), the HSP 70 family was preferentially synthesized.
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Fig. 9. Effect of heating at 45.5'C for 10 min with and without CHM (10 ng/
ml) after heating on both turnover of protein and total levels of [3:S]methionine-
labeled proteins. Cells were previously labeled with 0.6 (iCi/ml ["Sjmethionine

for 3 days, and then continuously labeled (top) or chased (bottom) with or without
CHM (10 (jg/ml) for 2-12 h. C, CHM was added immediately after heating. A
gel was loaded with 6 *<gof protein in each track, and after electrophoresis, the
gels were stained and the bands were cut out and placed in vials for scintillation
counting. The lowest counting rates were 220 cpm with a SE of 3% of the mean.
There was no turnover of protein in the presence of either CHM or PUR in
unheated cells (data not shown). Top, label left on at 0 h. bottom, label washed
out at 0 h. kDa, kilodaltons, expressed as M, throughout the paper: INCORP.,
incorporated.
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The increase of unique HSPs, if studied with two-dimensional cells were transferred immediately to 45.0-45.5Â°C after heating

gels, would probably be much greater. Therefore, these results
suggest that thermotolerance is caused, at least in part, by heat-
induced HSPs, in particular a member of the HSP 70 family
that acts differently from much of the HSP 70 family synthe
sized constitutively without a heat trigger. Quantitative exper
iments with two-dimensional gels are needed to further explore
this possibility since two-dimensional gels show significant
differences between constitutive and induced HSP 70s (23).

Previous reports both strengthen and weaken the hypothesis
that thermal tolerance requires the induction of HSPs. To begin
with, the development of thermotolerance is accompanied by
increased synthesis of HSPs (4-6), and as thermotolerance
decays, the levels of HSPs, in particular HSP 70, return to
control values (5, 7, 9). Also, development of thermal tolerance
and the heat resistance of a CHO variant appeared to correlate
better with levels of inducible HSP 70 than with levels of
constitutive HSP 70 (23). This observation is supported by
data5 which showed that the inducible HSP 70 was not synthe

sized in a thermosensitive CHO variant that failed to develop
thermotolerance; the constitutive HSP 70, however, was syn
thesized in both the wild type and variant lines. Furthermore,
thermotolerance induced by heat or by treatment with chemical
agents, such as sodium arsenite or puromycin (24), can be
greatly suppressed by inhibiting protein synthesis with cyclo-
heximide (14), puromycin (24, 25), D2O (26) or low tempera
ture (27). However, other studies indicate that synthesis of
HSPs may not be involved. For example, the development of
heat resistance during a slow increase in temperature apparently
did not correlate with synthesis of HSPs (28, 29), and there are
reports (30-32) which show that considerable thermotolerance
can develop in yeast without synthesis of a major amount of
HSPs. Also, HSP synthesis apparently was not required for
thermotolerance expression in rat-1 cells (33, 34). Furthermore,
no change in levels of HSPs was observed either in thermally
resistant variants compared to thermally sensitive parent lines
(35). Also, SV40-transformed cells (36) and mouse testis tissue
(37) that are thermally sensitive had both high constitutive
levels of HSPs and increased HSP synthesis following hyper-
thermia.

The redistribution of HSPs after a heat shock, however, may
be most important and possibly explain some of the observa
tions above because during or after heat treatment, HSP 84 in
mouse neuroblastoma cells (38). HSP 70 in Drosophila Kc cells
(39, 40), and HSP 72 in rat embryo fibroblast-52 cells (41, 42)
accumulated in the nucleus and often in the nucleolus. Also,
HSP 70 that moved into the nucleus after heat shock returned
to the cytoplasm 4-5 h later (43). Such redistribution, which
has been postulated to either protect or restore the structure of
critical protein molecules (41, 44) might explain why the de
velopment of thermotolerance in the presence or absence of
inhibitors of protein synthesis after treatment with heat was
not delayed appreciably during the first 6 h (Fig. 4), even though
synthesis of total protein and heat shock proteins was inhibited
by 85% or more (Fig. 1). Furthermore, the redistribution of
HSP 70 to the nucleus during heat shock was not inhibited by
cycloheximide (44, 45). We have postulated4 that this redistri

bution is why CHINI or PUR administered before and during
heating at 43Â°Cprotects cells from heat killing (15, 18) and

why CHM or PUR administered after a heat trigger did not
reduce thermotolerance to a challenge at 43Â°C,during which

the heat damage was delivered slowly over 3-5 h, unless the

*W. Harvey and J. Bedford, presented at the Eighth International Congress

of Radiation Research.

at 43Â°C.4Finally, the data in Fig. 8 suggest that a surplus of

HSP 70 needed for redistribution is synthesized after a heat
trigger since thermotolerance was not reduced until the rate of
synthesis of the HSP 70 family was reduced by about 57%
relative to that synthesized after the heat trigger. Much work
remains to be done, however, to understand the significance of
redistribution of HSPs and to determine the quantitative rela
tionship between changes in amounts of thermotolerance and
synthesis and redistribution of inducible HSPs, in particular
HSP 70. Furthermore, mechanisms of thermotolerance unre
lated to heat shock proteins should be considered.
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