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PREFACE 

Organization of Dissertation 

This dissertation is arranged such that each chapter 

represents research directed at a particular problem in the biology 

of hyperthermia. Each chapter is presented in the order in which the 

research was done. 

Chapter 1, the Introduction, presents a survey of the litera

ture that is relevant to hyperthermic biology. Chapter 2 investigates 

the expression of a particular heat shock protein. in cell cultures 

which have been adapted to different initial growth temperatures. 

Chapter 3 explores the requirement of heat shock and general protein 

synthesis in the expression of thermotolerance. Chapter 4 deals with 

the regulation of expression of a particular family of heat shock 

proteins. Chapter 5, the Summary, interprets each finding in a brief 

synopsis. 
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ABSTRACT 

In response to a variety of hyperthermic treatments, rat 

embryonic fibroblasts synthesize heat shock proteins (hsps), including 

those with molecular weights of 68,000 (hsp 68), 70,000 (hsp 70) and 

89,000 (hsp 89). Hyperthermic stresses, which produce the hsps, also 

cause expression of thermotolerance. The dependence of thermotolerance 

expression on hsp synthesis was investigated in this mammalian cell 

line under different heating conditions. Temperature shift experiments 

showed that hsp synthesis and thermotolerance expression were dependent 

not only on the absolute hyperthermic temperature, but also on the 

difference between the initial incubation temperature and the hyper

thermic temperature. Small temperature differences which produced no 

cell killing did not cause detectable synthesis of hsp 68. Increasing 

the difference of the initial and hyperthermic temperatures reduced 

cell survival and increased the synthesis of hsp 68. 

Thermotolerance could be expressed by surviving cells following 

an initial heat stress even when both heat shock and general protein 

synthesis were inhibited. Cells exposed to cycloheximide were heated, 

incubated at their initial temperature for six hours and reheated in 

the presence of the drug. The inhibitor was then removed and the 

cells plated for colony formatioll. The hsps were expressed during 

this latter incubation period. 
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The regulation of hsp 70 in rat fibroblasts was investigated 

next. Hsp 70 synthesis rates correlated with the amount of hsp 70 

encoding mRNA. The time course of heat shock synthesis and general 

protein synthesis recovery were each dependent on the duration of the 

heat stress. Inhibiting protein synthesis with cycloheximide resulted 

initially in the accumulation of the RNA encoding hsp 70 but did not 

effect the normal turnover of this RNA specie~. 

The conclusions based on these findings are that thermal sur

vival adaptation can be expressed in the absence of hsp 68 synthesis. 

Hsp 68 is expressed by cells that will ultimately die (see Chapter 2). 

The hsps do not appear to protect cells against subsequent heat stress. 

They may function in a repair capacity (see Chapter 3). Hsp 70 

expression is primarily regulated by transcription in Rat-l cells. 

Hsp 70 does not act to regulate its own turnover (see Chapter 4). 



CHAPTER 1 

INTRODUCTION 

The first documentation of the use of hyperthermia in the 

treatment of cancer is found in the Edwin Smith Surgical Papyrus. 

This Egyptian manuscript, which dates back more than 5000 years, 

describes the use of hyperthermia to treat a breast tumor (Breasted, 

1930). Through the centuries the febrile response has been induced 

in patients as a treatment for many different diseases. Hippocrates, 

over 2000 years ago, stated, IIThose who cannot be cured by medicine 

can be cured by surgery. Those who cannot be cured by surgery can be 

cured by hyperthermia. Those who cannot be cured by hyperthermia are 

indeed incurable ll (Overgaard, 1985). Current interest in hyperthermia 

as a cancer treatment derives from the work of William B. Coley, who 

used bacterial toxins as pyrogens to induce whole body hyperthermia 

(Coley, 1893). This work was rapidly followed by reports from other 

investigators such as F. Westermark, who used local hyperthermia to 

treat cervical carcinomas (Westermark, 1898). The experimental 

investigation of regional and whole body hyperthermia has continued 

to the present day. Today, 5000 years after its initial application, 

the use of hyperthermia in cancer therapy has been approved as an 

accepted treatment modality, although the mechanism(s) of its cytotoxic 

action remains unresolved. 
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Heat was initially reported to kill tumorigenic cells prefer

entially (Westermark, 1927; Muckle and Dickson, 1971; Kim, Kim and 

Hahn, 1974; Giovanella, Stehlin and Morgan, 1976). Many studies were 

performed to determine whether this increased cytotoxicity was due to 

inherent differences at the cellular level or merely to differences in 

the environment of normal versus tumor tissues. Studies on numerous 

cell lines having a range of malignant potentials have demonstrated 

that variations in hyperthermic cell killing function independent of 

tumorigenicity (Raaphorst et al., 1979; Hahn, 1980; Tomasovic, Thames 

and Nicholson, 1982). The increased heat sensitivity of tumors is in 

fact accentuated by microenvironmental factors (Marmor et al., 1979; 

Kang, Song and Levitt, 1980; Song et al., 1980; Rofstad and Brustad, 

1984). Conditions of low pH (Gerweck and Rottinger, 1976; Freeman, 

Dewey and Hopwood, 1977; Gerweck, 1977; Overgaard and Bichel, 1977), 

reduced nutritional status (Hahn, 1974; Gerweck et al., 1984), and 

energy status (Nagle, Moss and Baker, 1982; Gerweck et al., 1984), or 

poor oxygenation (Hahn, 1974; Overgaard and Bichel, 1977; Power and 

Harris, 1977; Gerweck, Nygaard and Burlett, 1979) all sensitize cells 

to hyperthermia. Many of these sensitizing environmental factors are 

characteristics of tumors, due to the specific patterns of the micro

circulation in both experimental and human cancers. Other factors 

contributing to the hyperthermic sensitivity of tumors are the lower 

pH of tumor cells due to increased rates of glycolysis (Pouyssegur et 

al., 1980), increased tonicity (Henle and Dethlefsen, 1977; Raaphorst 

and Dewey, 1978), population density (Hahn, 1974) and higher growth 

fraction (Gerweck, 1985). 
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Cytotoxicity results from exposure of mammalian cells to 

temperatures greater than 40°C and is a function both of the tempera

ture and time of exposure. Cell survival sensitivity appears to be 

cell cycle dependent (Westra and Dewey, 1971; Palzer and Heidelberger, 

1973). Cells in the M and S phase of the cell cycle are sensitive 

to hyperthermia, while cells in the G1 phase are resistant. This 

cell cycle response makes adjuvant therapy with radiation very effec

tive since cells in the S phase of the cell cycle are most radio

resistant (Dewey et al., 1977). Cell inactivation by hyperthermia is 

often not immediate. While cells lethally heated in the G1 phase of 

the cell cycle generally die before completing mitosis (interphase 

death), cells in the S phase of the cell cycle die some time after 

completing at least one mitosis (proliferative death) (Coss and Dewey, 

1983). The progression of cells through the cell cycle is delayed 

following hyperthermia (Kal and Hahn, 1976; Sapareto et al., 1978; 

Tomasovic, Henle and Dethlefsen, 1979; Read, Fox and Bedford, 1984; 

Fox, Read and Bedford, 1985). Heat has pleiotropic effects on cell 

structure and function, yet the specific targets for cell inactivation 

remain unknown. At the structural level, evidence exists that is 

consistent with cytotoxicity resulting from damage to the nucleus, 

the cytoplasm, and the plasma membrane. 

Thermotolerance 

Clinical use of hyperthermia depends on fractionated regimes 

of heat alone, or in combination with radiation or chemotherapy. A 
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complication of hyperthermia is the transient expression of resistance 

to heat-induced cytotoxicity in cells exposed to heat; this induced 

resistance decreases its effectiveness as an anticancer therapy. This 

phenomenon has been termed thermotolerance and has been described for 

cells heated both in vivo and in vitro (Crile, 1963; Gerner and 

Schneider, 1975; Gerner et al., 1976; Henle and Leeper, 1976; Henle 

and Dethlefsen, 1978; Law, Coultas and Freid, 1979) for normal and 

tumor tissue (Tomasovic et al., 1984; Urano, 1986). Thermotolerance 

can be expressed by mammalian cells using a variety of different 

heating protocols and mayor may not reflect similar molecular events. 

First, pretreating cells with high temperatures (T > 42.5°C) renders 

cells resistant to further high temperature exposures following 

incubation at 37°C and is reflected as changes in the slopes of 

survival curves (Gerner and Schneider, 1975; Gerner et al., 1976). 

Second, constant exposure of cells to mild temperatures (T ~ 42.5°C) 

gives rise to biphasic survival curves indicating the development of 

thermotolerance (Dewey et al., 1977; Harisiadis, Sung and Hall, 1977). 

Third, pretreating cells with mild temperatures (T ~ 42.5°C) immedi

ately renders ce;ls resistant to higher temperature (T > 42.5°C) 

exposures and is reflected as changes in the shoulders of survival 

curves (Henle, Karamuz and Leeper, 1978; Joshi and Jung, 1979). Last, 

pretreating cells with high temperatures (T > 42.5°C) renders cells 

resistant to subsequent prolonged exposures to low temperatures (T ~ 

42.5°C) after incubation at 37°C and is reflected as changes in the 

slopes of survival curves (Bauer and Henle, 1979; Henle, Bitner and 



Dethlefsen. 1979). A number of agents other than heat shock have 

been shown to trigger the expression of thermotolerance. These 

5 

agents include sodium arsenite (Li and Werb. 1982). oxygen deprivation 

(Li and Shrieve, 1982), or ethanol (Li and Hahn. 1978; Plesset, Palm 

and McLaughlin, 1982). The expression of thermotolerance also 

decreases the sensitivity of cells to combined heat and radiation 

treatments (Law and Ahier, 1982; Campbell, Kruuv and Lepock, 1983; 

Nielsen et al., 1983). The mechanism(s) underlying thermotolerance 

in its varied forms is not known. 

Thermotolerance is produced in cells within a matter of hours 

upon exposure to hyperthermic temperatures and continues to be 

expressed for 48 to 72 hours after the initial heat exposure. After 

this period the cells resume their normal heat sensitivity (Gerner 

et al., 1976; Henle and Leeper, 1976). The amount of thermotolerance 

expressed is dependent upon the amount of thermal damage produced 

during the first exposure in a split dose heating scheme (Nielsen and 

Overgaard, 1982). Longer incubation periods are required for full 

expression of thermotolerance after more lethal initial heat doses. 

As in the case for cell killing, thermotolerance expression 

is affected by inherent differences in cell type (Hahn, 1974; Kase 

and Hahn, 1976) and by environmental factors. Acute pH change towards 

the acidic range can reduce the expression of thermotolerance and can 

cause the partial decay of expressed thermotolerance (Nielsen and 

Overgaard. 1979). Depletion of nutrients (Li and Hahn, 1980) during 

the interval of thermotolerance development blocks the expression of 



thermotolerance. This has led these investigators to propose that 

thermotolerance comprises three competing components: 

(1) The triggering event or initial stress, (2) the 
development or period of time required for the 
expression of thermotolerance, and (3) decay or the 
time required for the disappearance of thermotolerance. 

6 

In this schema, pH and nutrient conditions during the triggering event 

affect the kinetics of thermotolerance expression. Culture conditions 

during the development period influence the maximal expression of 

thermotolerance. Culture conditions during the decay period affect 

the rate of disappearance of thermotolerance. Incubation of cells at 

4°C during the development period prevents the expression of thermo

tolerance (Gerner and Schneider, 1975). This has led investigators to 

propose that macromolecular synthesis is required for the expression 

of thermotolerance. 

Sensitizing cells to hyperthermic damage with polyamines, 

during the first heat exposure of a two exposure heating experiment, 

acts to increase the expression of thermotolerance without changing 

either the temperature or the duration of the hyperthermic exposure 

(Ben Hur and Riklis, 1979). Similarly, D20 reduces cell killing and 

appears to eliminate thermotolerance expression (Azzam, George and 

Raaphorst, 1982; Li, Fisher and Hahn, 1982). 

While certain phases of the cell cycle are more resistant to 

heating than others as previously discussed, it does not appear that 

thermotolerance is the result of selection for cells accumulated 

within a resistant phase of the cell cycle. Both plateau phase cells 

(Armour, Li and Hahn, 1985; Gerner, Holmes and McCullough, 1979) and 



synchronous (Dewey et al., 1977) or asynchronous (Armour et al., 

1985) proliferating cells can express thermotolerance. And since 

thermotolerance can be triggered by nonlethal heat doses, it is 

unlikely that it is due to selection of a resistant population. 

Thermotolerance has been reported to be expressed through 4 to 5 

generations after heating (Majima and Gerweck, 1983). This finding 

is controversial, however. Following the delays in the cell cycle 

produced by heat, thermotolerance rapidly decays in HeLa and CHO 

cells (Gerner et al., 1976; Gerner et al., 1979; Fox et al., 1985). 

Heat Shock Proteins 

Processes of gene regulation can be triggered in a variety 

7 

of normal and transformed eukaryotic cell systems by an increase in 

temperature (heat shock) and by the same stimuli which produce thermo

tolerance. This genetic control appears to be exerted at both the 

transcriptional and translational levels. The heat shock response 

can aid in the general understanding of the molecular events involved 

in gene regulation. 

In Drosophila melanogaster, where heat shock protein synthesis 

has been most intensively investigated, the heat shock response 

(reviewed by Ashburner and Bonner, 1979) is brought about by raising 

the temperature from 25° to 37°C. The chromosomal puffs of larval 

salivary glands present before heat shock regress following treatment, 

while a new set of puffs appear (Ritossa, 1962; Ashburner, 1970). 

These heat shock-induced changes can occur during different phases of 

D. melanogaster development (Ritossa, 1964). The size and duration of 
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the puffs induced by heat shock are proportional to the rise in 

temperature (Ashburner, 1970; Spradling et al., 1977). The sites of 

chromosomal puffing are actively transcribed to RNA (Tissieres, 

Mitchell and Tracy, 1974). These mRNAs are unstable, with a half-life 

of approximately 2.5 hours (Spradling, Pardue and Penman, 1977). The 

heat shock mRNAs have been mapped to specific chromosomal puffs by ~ 

situ hybridization and with the use of genetic mutants (McKenzie, 

Henikoff and Meselson, 1975; Spradling et al., 1977; Petersen, Moller 

and Mitchell, 1979). Each of the heat shock genes contains a region 

of homology found upstream of the TATA box. This common sequence, 

CT-GAA-TTC-AG, confers heat shock inducibility on a chimeric herpes 

simplex virus thymidine kinase gene (Pelham and Bienz, 1982). A 

similar sequence, identical in 12 of 14 positions has been found in 

the human hsp 70 promoter (Hunt and Morimoto, 1985). This sequence 

may be part of the mechanism which allows the heat shock inducibility 

of a chimeric chloramphenicol acetyltransferase gene in human 293 

cells (Wu, Hunt and Morimoto, 1985). 

The shift in transcription from normal to heat shock mRNAs in 

D. melanogaster is controlled by a mitochondrial protein (Sin, 1975). 

Inactive heat shock genes of isolated nuclei are induced to be 

transcriptionally active by an extract of heat shocked cells. This 

extract has no effect on the transcription of histone genes (Craine 

and Kornberg, 1981). Since blocking protein synthesis with cyclo

heximide does not affect chromosomal puffing (Ashburner, 1970), it 

is inferred that this transcriptional activating protein (heat shock 



9 

transcription factor(s)) is a normal cell product which is activated 

by heat shock. Two specific heat shock transcription factors have 

been identified which bind to the consensus sequence of different 

heat shock genes with differing efficiencies (Parker and Topol, 1984; 

Wu, 1984). These factors are present within the cell prior to heat 

shock and are not increased in response to cell stress. 

The heat-induced alterations in transcription are reflected 

by rapid shifts in the translation products. Heat shock increases 

the synthesis of new proteins while drastically reducing the synthesis 

of the proteins synthesized prior to heat shock. The new heat shock 

polypeptides are made in a variety of tissues during many develop

mental phases of the D. melanogaster life cycle (Tissieres et al., 

1974). These hsps have relative molecular weights of 82k, 72k, 70k, 

68k, 27k, 26k, and 23k. Each protein has been mapped to its encoding 

chromosomal puff. While the hsps are induced by similar stimuli, 

they are not coordinately regulated (Ashburner and Bonner, 1979; 

Lindquist, 1980). 

Heat-induced changes in translation are also evident in ~ 

melanogaster. Polysomes disaggregate in response to heat and reform 

with the newly synthesized heat shock RNA (McKenzie et al., 1975). 

Translation of hsp 22 requires the first 26 nucleotides from the 

transcript (Hultmark, Klemenz and Gehring, 1986). The mRNA that was 

present before heating, although not translationally active, is not 

degraded (Mirault et al., 1978; Petersen and Mitchell, 1981). In 

vitro translation studies with the rabbit reticulocyte system confirm 
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that the non-heat shock mRNA is still present in heat shocked cells. 

Translational control in D. melanogaster is at the initiation sequence 

(McKenzie et al., 1975). 

Mammalian cells synthesize heat shock proteins in response to 

a rise in the temperature from 37°C to 42°-46°C or by exposing cells 

to a number of chemical agents. These include exposure to serum 

stimulation (Wu and Morimoto, 1985), arsenite (Burdon et al., 1982; 

Li and Werb, 1982), ethanol (Landry and Chretien, 1983), amino acid 

analogs (Hightower, 1980), transition metals (Levinson, Idriss and 

Jackson, 1980) and reoxygenation of anoxic cultures (Sciandra, Subjeck 

and Hughes, 1984). The proteins are also synthesized in the absence 

of heat stress during the course of normal development in the mouse 

(Bensaude et al., 1983; Wittig et al., 1983; Morange et al., 1984). 

The molecular basis for the heat shock response in mammalian cells 

is more elusive than in D. melanogaster. This is partially because 

chromosomal puffing of polytene chromosomes allows experimental 

approaches in D. melanogaster that are not feasible in mammalian cells. 

Following cellular stress, the synthesis of normal (37°C) 

proteins and their encoding RNAs is decreased in mammalian cells and 

the synthesis of hsps is increased. Actinomycin D blocks the synthesis 

of hsps indicating that RNA synthesis is required for the mammalian 

heat shock response (Kelley and Schlesinger, 1978; Levinson et al., 

1980; Slater et al., 1981; Tsukeda et al., 1981). Results from in 

vitro translation studies in rabbit reticulocyte lysates indicate that 

heat shock mRNAs have a short half-life (Hickey and Weber, 1982). A 
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cloned sequence of the D. melanogaster 70k hsp was expressed in 

response to heat stimulation of the host in mouse L cells (Corces et 

al., 1981) and in Rat-1 cells (Burke and Ish-Horowicz, 1982), suggest

ing that transcriptional regulation of gene expression in mammalian 

cells may be simi"lar to that of D. melanogaster. 

Hsps are expressed both in cell culture and organized tissue 

systems (Kelley and Schlesinger, 1978; Currie and White, 1981). The 

molecular weights reported for the hsps from various mammalian cell 

lines are well conserved. These proteins have been purified from 

avian and mammalian cells (Kelley and Schlesinger, 1982; Welch and 

Feramisco, 1982; Lai et al., 1984). Antibodies raised against chicken 

embryo fibroblast hsps 70 and 89 cross react with hsps from X. laevis, 

mouse, human, and D. melanogaster. Fluorescent antibodies to hsp 70 

localize it within the cytoplasm with some staining of the stress 

fibers in chicken embryo fibroblasts (Kelley and Schlesinger, 1982). 

In rat embryo fibroblasts and mouse L cells, hsp 70 has been found 

both in the cytoplasm and associated with the nucleolus within the 

nucleus (La Thangue, 1984; Pelham, Lewis and Lindquist, 1984; Welch 

and Feramisco, 1984). D. melanogaster hsps have been localized 

within the nucleus associated with the nuclear scaffold (Velazquez, 

DiDomenico and Lindquist, 1980; Sinibaldi and Morris, 1981). Hsp 85 

has been localized to the cytoplasm and does not appear to be associ

ated with organelles in HeLa cells (Lai et al., 1984). Hsp 100 

localizes to the Golgi apparatus and the nucleus of a number of 

mammalian cell types (Lin et al., 1982). 
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As in D. melanogaster, heat shock causes the disaggregation 

of polysomes, followed by their reformation predominantly on the new 

heat shock mRNA (McCormick and Penman, 1969). The presence of actino

mycin D blocks the reformation of polysomes (Hickey and Weber, 1982). 

The normal (37°C) mRNA can be translated in vitro and is therefore 

not degraded by heating. Analysis of intermediary reactions in recon

stitution experiments implicate an inhibition of eIF-2, eIF-(3+4F) 

and eIF-4B activity, possibly through reversible modifications (Duncan 

and Hershey, 1984) resulting in a reduction in the concentration of 

40S initiation complexes (Hutchison and Moldave, 1981; Panniers and 

Henshaw, 1984) and therefore a decrease in the initiation of protein 

synthesis on normal mRNAs. Some of these modifications may be due to 

the heme-regulated eIF-2 a kinase (De Benedetti and Baglioni, 1986). 

Others have reported that the normal mRNAs continue to associate with 

polysomes which have a reduced elongation rate upon heating (Thomas 

and Matthews, 1982). In chicken reticulocytes, increases in hsp 70 

synthesis are due to the preferential utilization of hsp 70 mRNA in 

the absence of transcriptional regulation (Banerji, Theodorakis and 

Morimoto, 1984). 

While advances are being made in determining the regulation 

of gene expression in response to heat shock, the function of many 

of the hsps is still unknown. The hsps appear to be well conserved 

across species barriers. Hybridization shows homology between the 

gene encoding hsp 70 in D. melanogaster and that of the archeobac

terium, M. barkeri. The DNA sequence for hsp 70 in D. melanogaster 



shows a predicted amino acid homology to the dnaK gene of the 

prokaryote, E. coli (48%) and the lower eukaryote, S. cerevisiae 

(72%) (Bardwell and Craig, 1984). There is also a 70% homology 

between the D. melanogaster DNA sequence and that of rat (O'Malley 

et al., 1985) and human (Hunt and Morimoto, 1985; Voellmy et al., 

1985; Mues, Munn and Raese, 1986). 
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Since the hsps are conserved across species barriers, studies 

on prokaryotes and lower eukar'yotes may aid in our understanding of 

their function in mammalian systems. Much of our knowledge of the 

function of the hsps comes from work done on E. coli and S. cerevisiae 

and more recently from chicken embryo fibroblasts (Table I). In 

addition to these known functions, many hsps have been tentatively 

assigned functions by the nature of their cellular associations. In 

chicken embryo fibroblasts hsp 90 has been found associated with the 

progesterone receptor (Schuh et al., 1985) and with the Rous sarcoma 

virus transforming protein, pp60src (Brugge et al., 1981; Oppermann, 

Levinson and Bishop, 1981). It has been suggested that hsp 90 may be 

involved in processing these other proteins before they can be active 

(Courtneidge and Bishop, 1982; Brugge, Yonemoto and Darrow, 1983; 

Binart, 1986). Hsp 70 shows self-degradative proteolytic activity 

(Mitchell, Petersen and Buzin, 1985) and has been structurally related 

to the uncoating protein which releases clathrin triskelia from coated 

vessicles (Ungewickell, 1985). Hsps 68 and 70 have been found in a 

complex with the transforming protein, p53, in Rat-1 cells and may 

playa role in cell cycle progression (Pinhasi-Kimhi et al., 1986). 
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Tab 1 e I 

Known Functions of Heat Shock Proteins 

Gene Protein 
(product) Mr Organi sm Function Reference 

hin,htpR, 32k E. col i promotes Landick et a 1 • , 
or r~oH transcription 1984 
(0 3 ) of heat shock Neidhardt & Van 

promoters Bogelen, 1981 
Yamamori & Yura, 
1982 

Grossman et al., 
1984 

rpoD 70k E. co 1 i i nhi bits Grossman et a 1. , 
(0 70) transcription 1985 

from heat shock 
promoters 

dnaK 66-70k E. coli autophosphorylated Zyl i cz et al., 
(protein ATPase required 1983 
kinase) for DNA replication 

dnaJ 37k E. col i required for Bardwe 11 et a 1. , 
bacteri ophage 1986 
rep 1 i cat ion 

groE 56k E. col i required for Neidhardt et al., 
or mup normal E. col i 1981 

growth and Ti lly et a 1 • , 
bacteri oph age 1983 
morphorgenesis 

lysU 60k E. coli required for Neidhardt & Van 
( lysyl protein synthesis Bogelen, 1981 
RNA 
synthetase) 
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Table I, Continued 

Gene Protein 
(product) Mr Organism Function Reference 

Lon or 94k E. col i degradat i on of Phillips et al. , 
capR protein 1984 
( protease Gaff et a 1 •• 
Ca) 1984 

48k S. catalyzes the Ii da & Yura, 
(enolase) cerevisiae dehydration of 1985 

2-phosphoglycerate 
to phosphoenol-
pyruvate 

S. degradation of Gross & Schultz-
(protease B) cerevisiae proteins Harder, 1986 

8k chicken degradat i on of Bond & Schles-
(ubiquitin) embryo proteins i nger, 1985 

fibroblasts 
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Heat Shock Proteins and Thermotolerance 

A number of investigators working in different organisms have 

noticed a correlation between the time course of expression of hsps 

and the expression of thermotolerance (Mitchell et al., 1979; Loomis 

and Wheeler, 1980; McAlister and Finkelstein, 1980; Landry et al., 

1982; Li and Shrieve, 1982; Li and Werb, 1982; Li et al., 1982; 

Plesset et al., 1982; Subjeck and Sciandra, 1982; Subjeck, Sciandra 

and Johnson, 1982; Berger and Woodward, 1983; Li, 1983; Tomasovic et 

al., 1983; Tomasovic et al., 1984 Li and Mak, 1985; Mivechi and Li, 

1985; Rodenhiser et al., 1985; Tomasovic and Koval, 1985). It is 

unknown how any of the known hsp functions might contribute to pro

ducing thermotolerance. 

Thermotolerance is expressed by continuous exposure to temper

atures «42.5°C) at which proteins can be synthesized. Exposure to 

higher temperatures prevents the expression of thermotolerance and 

synthesis of proteins, including hsps, unless these exposures are 

followed by incubation periods at temperatures below 42.5°C. Agents 

other than heat which lead to the synthesis of hsps also lead to the 

expression of thermotolerance. Mutants unable to synthesize the hsps 

do not express thermotolerance (McAlister and Finkelstein, 1980; 

Yamamori and Yura, 1982). Further, thermotolerance and hsps are not 

expressed during certain phases of the development of X. laevis and 

mouse. The ability to express thermotolerance through development 

correlates with the ability to express hsps (Heikkila et al., 1985; 

Muller, Li and Goldstein, 1985; Nickells and Browder, 1985). These 
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findings coupled with the diversity of organisms in which both of 

these phenomena are found have led to the hypothesis that the heat 

shock proteins cause thermotolerance (Mitchell et al., 1979; McAlister 

and Finkelstein, 1980; Li and Werb, 1982; Subjeck et al., 1982). 

Specific attention has recently focused on the accumulated amount of 

hsps 70 and 89 in mammalian cells (Li, 1983). Thermal resistant 

variants of Chinese hamster cells have been isolated which synthesize 

increased amounts of hsp 70 at constitutive levels (Laszlo and Li, 

1985; Li, 1985). While this finding is consistent with a role for 

the hsps in providing thermotolerance, inherited resistance may not 

be the same as thermotolerance. 

The relationship between heat shock protein accumulation and 

thermotolerance expression is correlative. Some studies have separated 

thermotolerance from the expression of individual hsps. Increasing the 

gene copy number of hsp 90 in S. cerevisiae does not lead to increased 

thermotolerance expression (Finkelstein and Strausberg, 1983). Muta

tions Mutations of S. cerevisiae producing nonfunctional hsp 70 gene 

products produces thermal resistance in the absence of heat stress 

(Craig and Jacobsen, 1984). Inhibitor studies using cycloheximide to 

block general and heat shock protein synthesis have in some instances 

dissociated the expression of thermotolerance from hsp and general 

protein synthesis (Hall, 1983; Landry and Chretien, 1983; Watson, 

Dunlop and Cavicchioli, 1984; Hallberg, Kraus and Hallberg, 1985). 

Different cell lines expressing thermotolerance to varying extents do 

not show differential expression of the hsps (Ferrini et al., 1984). 



CHAPTER 2 

DISSOCIATION OF SYNTHESIS OF 68,000 Mr HEAT SHOCK PROTEIN FROM 

THERMOTOLERANCE EXPRESSION IN RAT FIBROBLASTS 

Rat embryonic fibroblasts growing exponentially at either 35°, 

37°, or 39°C were exposed to 42°C at various times up to 6 hours. 

Cell survival was unaffected by this heat shock in cultures growing 

at 39°C, but survival was decreased in a temperature dependent manner 

in cells growing at 37° or 35°C. Exposure to 42°C of cells previously 

adapted to 35° or 37°C resulted in the induction of heat shock pro

teins (hsps) with apparent molecular weights of 68,000 (hsp 68), 

70,000 (hsp 70), and 89,000 (hsp 89); cells previously adapted to 

39°C expressed all hsps except hsp 68. Inasmuch as the synthesis of 

certain hsps may function to protect cells from thermal damage, these 

data indicate that hsp 68 may not be required for this adaptation

related thermotolerance survival response. Hsp 68 may only be 

expressed in cells destined to die. 

Introduction 

Exposure of cells to hyperthermia or other stressful condi

tions elicits two responses in all prokaryotic and eukaryotic species 

that have been studied to date (Ashburner and Bonner, 1979). The 

first response is the preferential synthesis of a number of polypep

tides known as the heat shock proteins (Tissieres et al., 1974). 
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Antibodies against some of these proteins (hsp 70 and hsp 89) have 

been found to react across species barriers (Kelley and Schlesinger, 

1982), indicating that their amino acid sequence has been conserved 

through evolution. The second stress-induced response is the 

expression of a transient resistance to thermal cytotoxicity. This 

phenomenon is termed thermotolerance (Gerner, 1983). The ubiquity of 

these two phenomena and their coincident expression following various 

stimuli have led many investigators to propose that the heat shock 

proteins are active in producing thermotolerance (McAlister and 

Finkelstein, 1980; Landry et al., 1982; Li and Werb, 1982; Subjeck et 

al., 1982). Thermotolerance, however, is measured from surviving cells 

using clonogenic assays, whereas the expression of hsps is measured 

within whole populations of cells in which some will live and many 

will ultimately die. 

Thermal resistance can be expressed by cells incubated at 

temperatures ~ 42.5°C (Dewey et al., 1977; Harsiadis et al., 1977; 

Henle et al., 1978; Joshi and Jung, 1979). In this study, adapting 

cells to 35°, 37°, or 39° produced varying degrees of thermal resist

ance to 42°C. To test the hypothesis that the hsps are required for 

thermotolerance, these cells were examined to determine whether the 

hsps, individually or as a group, were expressed exclusively in cells 

destined to die or by populations which will develop thermotolerance 

and maintain reproduction capacity despite the thermal stress. 
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Methods 

Colony Forming Assay 

Rat-1 embryonic fibroblasts were propogated as a monolayer in 

Dulbecco's modification of Eagle's medium containing 10% calf serum 

and 2% newborn calf serum in a 5% C02/95% 02 atmosphere incubator at 

37°C. Prior to heat shock, cells were equilibrated for 2 days at 35°, 

37°, or 39°C as indicated. The cells then were heated rapidly to 42°C 

(~ O.Ol°C) for 6 hours by submersion in a water bath. The cells then 

were trypsinized and plated at various cell densities for the clono

genic colony-forming assay (Gerner et al., 1976). Following plating, 

the cells were incubated at 39°C for 8 days at which time they were 

stained with crystal violet and those colonies with greater than 50 

cells were counted. All cells were plated at 39°C for colony forma

tion to circumvent possible effects of postincubation temperatures on 

survival. Percentage survival was then calculated as (No. experimental 

colonies formed/No. experimental cells plated)/(No. experimental cells 

plated/No. control cells plated) X 100. 

Labeling and Detection of Proteins 

Heat shock proteins were detected from 5000 Rat-1 cells grown 

as a monolayer in the bottom of upright 10 x 75 mm culture tubes. 

Protein was labeled in vivo by incubating the cells with 10 ~l 

methionine-free DMEM containing 20 ~Ci [35S]methionine and 10% dialyzed 

fetal bovine serum. Total cellular protein was extracted in SDS sample 

buffer (0.01 M sodium phosphate, pH 7.2, 1% sodium dodecyl sulfate, 
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1% 2-mercaptoethanol, 0.25 M sucrose) by heating in a boiling water 

bath for 1 minute. The percentage of label incorporated into total 

protein was determined by precipitation with trichloroacetic acid. 

The protein then was loaded onto 8.75% polyacrylamide gels containing 

0.1% SDS (Laemmli, 1970) with equal amounts of radioactivity in each 

well. Apparent molecular weights were determined by using molecular 

weight markers (Bio-Rad, Richmond, CA). Gels were fixed in ethanol

acetic acid, impregnated with fluor (New England Nuclear, Boston, 

MA), dried and exposed to Kodak X-OMAT XAR5 X-ray film at -80°C for 

fluorography. 

Results 

Different levels of thermotolerance were induced in Rat-1 

fibroblasts by equilibrating cultures for 2 days at either 35°, 37°, 

or 39°C prior to heat shock (Culver and Gerner, 1982). Incubation at 

these temperatures did not decrease survival in cells not exposed to 

heat shock. Cells were then exposed to heat shock at 42°C for up to 

6 hours. Survival under these conditions was measured by colony 

formation (Figure 1). Cells maintained at 39°C and subsequently 

exposed to 42°C were resistant to the cytotoxic action of this heat 

stress. In contrast, cultures preincubated at either 37° or 35°C 

exhibited a time-dependent increase in cytotoxicity when exposed to 

42°C. Cytotoxicity increased as the difference between the final 

temperature (42°C) and the temperatures at which cultures were main

tained prior to the experiment increased. This experiment provided 



conditions by which one could test whether hsps synthesized under 

conditions of identical thermal stress could be differentially 

expres~ed in cells destined to die or in those expressing thermo

tolerance. 

Cultures growing at 35°, 37°, or 39°C then were exposed to 

22 

42°C for a 6 hour interval during which protein synthesis was measured 

between hours 5 and 6 by labeling cells with [35S]methionine. In other 

experiments, hsps were synthesized during the 6 hour interval over a 

wide variation in thermal dose (unpublished data). A one hour interval 

was chosen for labeling since our preliminary studies indicated that 

uptake and incorporation of [35S]methionine was linear for this period 

but not for the full 6 hours at the elevated temperature (data not 

shown). Cultures exposed to heat shock at 42°C demonstrated increased 

synthesis of hsps 70 and 89 compared to unheated cells maintained at 

35°, 37° and 39°C (Figures 2A,C,E). Hsp 68 was not visible in unheated 

cells but was induced markedly in heat-treated cultures previously 

maintained at 35° and 37°C (Figures 2B,0). However, synthesis of hsp 

68 was not induced in cultures pre-equilibrated at 39°C prior to the 

42°C heat shock treatment (Figure 2F). In other experiments, by 

labeling cells between hours 1 and 5, we confirmed that hsp 68 was 

present by 2 hours at 42°C in cells previously maintained at 35° or 

37°C but was not detected at 42°C in cells previously maintained at 

39°C (data not shown). Hence, hsp 68 was not synthesized at detectable 

levels by viable cells expressing thermal resistance and was apparent 

only in cultures in which a substantial population of cells is destined 

to die. 
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~. 

2 4 6 

Hours at 42°C 

Figure 1. Survival of Rat-1 cells exposed to 42°C after equilibration 
at 35°, 37°, or 39°C. 

Rat-1 cells equilibrated at 35° (II), 37° (0), or 39°C (I) were 
exposed to 42°C for times up to 6 hours. At the indicated times the 
cells were trypsinized and plated for colony formation. Cells were 
incubated at 39°C for 8 days before the result i ng co loni es \'/ere 
stained with crystal violet and counted. The percentage survival \'/as 
calculated as the (No. experimental colonies/No. experimental cells 
plated)/(No. control colonies/No. control cells plated) X 100. 
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Figure 2. Fluorographs of total Rat-1 cell protein se~arated by gel 
electrophoresis (Laemmli, 1970). 
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Cells equilibrated at various temperatures were heated to 42°C for 6 
hours. Cells were labeled with 20 ~Ci [35S]methionine for a 1 hour 
interval (hours 5-6) during heating to 42°C or in unheated cultures at 
the equilibration temperature. Each lane represents equal counts of 
acid-precipitable material corresponding to the following percentage 
of total cell extract: lane A, 16%; lane B, 30%; lane C, 22%; lane D, 
26%; lane E, 14%; and lane F, 22%. Relative molecular weight markers, 
shown at the right, are: myosin (200K), phosphorylase b (94K), bovine 
serum albumin (68K), ovalbumin (43K), and soybean trypsin inhibitor 
(21K). Using the relative molecular weight markers the calculated 
molecular weights of the hsps are shown at the left. 
Lane A: protein from cells preincubated at 35°C and labeled at 35°C 

for 1 hour; 
Lane B: protein from cells preincubated at 35°C and labeled from hours 

5-6 after shift to 42°C; 
Lane C: protein from cells preincubated at 37°C and labeled at 37°C 

for 1 hour; 
Lane D: protein from cells preincubated at 37°C and labeled from hours 

5-6 after shift to 42°C; 
Lane E: protein from cells preincubated at 39°C and labeled at 39°C 

for 1 hour; 
Lane F: protein from cells preincubated at 39°C and labeled from hours 

5-6 after shift to 42°C. 
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Discussion 

Thermotolerance or hsp synthesis can be elicited by exposure 

to nontoxic hyperthermic temperatures. Hsp synthesis can be induced 

in D. melanogaster by raising temperatures from 25° to 35°C, a non

toxic temperature shift (Ashburner and Bonner, 1979). Henle et ale 

(1978) showed that CHO cells could survive exposures to 40°C and that 

thermotolerance developing at this temperature would increase survival 

at 45°C. Joshi and Jung (1979) showed that thermotolerance developed 

at nontoxic temperatures between 38° and 40°C in CHO cells. In 

experiments reported here, thermotolerance to a 42°C heat exposure was 

expressed in Rat-1 cells equilibrated at 39°C, as was the expression 

of certain hsps (e.g., hsp 70 and hsp 89), while others were markedly 

absent (hsp 68). 

The mechanism underlying acquired thermal re~istance is not 

known. Data derived from Arrhenius plots have implicated protein 

synthesis in this process (Bauer and Henle, 1979). Inhibitor studies, 

however, present conflicting results. The induction of thermotolerance 

is expressed to a lesser extent in cells incubated at 4°C between heat 

exposures than in cells exposed to cycloheximide (Palzer and Heidel

berger, 1973). Hence metabolic processes other than protein synthesis 

appear to be involved in the induction of thermal resistance. It is 

clear from the work of Finkelstein and Strausberg (1983) that in 

Saccharomyces cerevisiae, increasing the amount of mRNA for the 

90,000 Mr hsp by introducing multiple copies of a plasmid containing 

this gene sequence does not increase the expression of thermotolerance. 



Alternatively, evidence has been presented which indicates that 

thermal resistance following temperature adaptation may involve 

changes in membrane components, such as cholesterol: phospholipid 

molar ratios (Anderson et al., 1981; Culver and Gerner, 1982), which 

affect membrane rigidity. It is not known whether the mechanism 

underlying this form of thermal resistance differs from that induced 

by higher heat doses. 
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The present study indicates that thermal resistance can be 

expressed in the apparent absence of hsp 68 under conditions of 

temperature acclimatization by small temperature shifts. Hsp 68 was 

induced by a large temperature shift in which a substantial proportion 

of the population was killed. although a cause-effect relationship 

between cytotoxicity and hsp 68 induction cannot be verified at this 

time. Hsp 68 may represent a breakdown product of hsp 70 in these 

cells. Although the homologies between D. melanogaster and rodent 

hsp 68 are unclear at this time, in D. melanogaster these two proteins 

are transcribed from different loci (Ashburner and Bonner, 1979). 

Nonetheless, these results suggest that hsp 68 may not be involved in 

thermal adaptation produced by small temperature shifts. 



CHAPTER 3 

EFFECTS OF CYCLOHEXIMIDE ON THERMOTOLERANCE EXPRESSION, HEAT SHOCK 

PROTEIN SYNTHESIS AND HEAT SHOCK PROTEIN mRNA ACCUMULATION IN RAT 

FIBROBLASTS 

A single hyperthermic exposure can render cells transiently 

resistant to subsequent high temperature stresses. Treatment of rat 

embryonic fibroblasts with cycloheximide for 6 hours after a 20 minute 

interval at 45°C, inhibits protein synthesis, including hsp synthesis, 

and results in an accumulation of hsp 70 mRNA, but has no effect on 

subsequent survival responses to 45°C hyperthermia. Hsp 70 mRNA 

levels decreased within 1 hour after removal of cycloheximide but 

then appeared to stabilize during the next 2 hours (3 hours after 

drug removal and 9 hours after heat shock). Hsp 70 mRNA accumulation 

could be further increased by a second 45°C x 20 minutes heat shock, 

6 hours after the first hyperthermic exposure in cycloheximide-treated 

cells. Both normal protein and hsp synthesis appeared increased 

during the 6 hour interval after hyperthermia in cultures which 

received two 45°C x 20 minutes. exposures, compared to those which 

received only one treatment. No increased hsp synthesis was observed 

in cultures treated with cycloheximide, even though hsp 70 mRNA levels 

appeared elevated. These data indicate that, while heat shock induces 

the accumulation of hsp 70 mRNA in both normal and thermotolerant 
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cells, neither general nor hsp synthesis is required during the 

interval between two hyperthermic stresses for Rat-1 cells to express 

either thermotolerance (survival resistance) or resistance to heat 

shock-induced inhibition of protein synthesis. 

Introduction 

A variety of organisms can be rendered transiently resistant 

to a lethal heat dose by a prior exposure to heat shock. This phenom

enon is termed thermotolerance (Gerner, 1983; Gerner and Schneider, 

1975; Gerner et al., 1976; Henle and Leeper, 1976). Conditions which 

produce thermotolerance in cells lead to the enhanced expression of 

specific polypeptides known as the heat.shock proteins (hsps) 

(Ashburner and Bonner, 1979; Tissieres et al., 1974). Hsps are ex

pressed in all organisms studied to date. Antibodies directed against 

chicken hsps have been found to cross-react with hsps in widely 

divergent species showing remarkably conserved homology (Kelley and 

Schlesinger, 1982). The genes encoding the hsps and their surrounding 

regulatory regions also show great similarity between different 

species. D. melanogaste~ clones have been used to hybrid-select for 

mRNAs from trout (Kothary. Jones and Candido, 1984), mouse (Lowe, 

Fulford and Moran, 1983) and human (Wu et al., 1985). Regulatory 

regions for the D. melanogaster hsps have been shown to be under heat 

stress control when placed in yeast (Nicholson and Moran, 1984), frog 

oocytes (Bienz and Pelham, 1982; Voellmy and Rungger, 1982), mouse 

cells (Corces et al., 1981; Lowe and Moran, 1984; Pelham et al., 

1984) and Rat-1 cells (Burke and Ish-Horowicz, 1982). 
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Similarities in the timing of onset and decay of thermotoler

ance and hsp synthesis by a multiplicity of stimulants in many organ

isms have led investigators to postulate that the hsps may have a 

functional role in the development of thermotolerance (Loomis and 

Wheeler, 1980; McAlister and Finkelstein, 1980; Alahiotis and 

Stephanou, 1982; Landry et al., 1982; Li and Werb, 1982; Subjeck and 

Sciandra, 1982). In addition, the hsps are developmentally regulated 

in mammalian cells (Bensaude et al., 1983). Embryonic cells, which do 

not express the hsps, are extremely heat sensitive, and the acquisition 

of thermotolerance correlates with the ability to synthesize the hsps 

(Heikkila et al., 1985; Muller et al., 1985). Finally, heat-resistant 

variants of Chinese hamster fibroblasts have higher basal levels of 

hsp 70 (Li, 1985). These findings show a strong correlation between 

the expression of the hsps and the development of thermotolerance; 

however, they do not ~rove that these events are functionally related, 

at least in mammalian cells. Perhaps the strongest evidence for a 

link between these two phenomena is found in the prokaryote, E. coli, 

where a mutation of the heat shock in~uction (hin) regulatory gene 

fails to synthesize hsps and is unable to acquire thermotolerance 

(Yamamori and Yura, 1982). In the lower eukaryote, D. discoideum, 

inhibition of protein synthesis by cycloheximide blocks the expression 

of t~iermotolerance (Loomis and Wheeler, 1980). The evidence in 

higher eukaryotes is less clear cut. This study considered the effect 

of a common inhibitor of protein synthesis, cycloheximide, on both 

hsp synthesis and the expression of thermotolerance in rat embryonic 
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fibroblasts, in order to determine if protein synthesis was required, 

during the interval between two heat stresses, for expression of 

thermotolerance (survival resistance) in mammalian cells. If hsps 

function to protect cells against a second heat stress, as proposed by 

some models (Li and Hahn, 1980; Minton et al., 1982), thermotolerance 

should not be expressed in the absence of hsp synthesis between the 

two hyperthermic stresses. This report showed, for one mammalian cell 

line, that partial or complete inhibition of protein synthesis during 

the interval between two heat doses did not inhibit the expression of 

thermotolerance. 

Materials and Methods 

Cell Culture 

The Rat-1 cells used in these experiments refer to the F2408 

established line from Fischer rat embryo fibroblasts (Prasad, Zouzias 

and Basilico, 1976) which were kindly supplied by J.A. Wyke. Cells 

were propagated in Dulbecco's modified Eagle's medium containing 10% 

calf serum and 2% newborn calf serum and were maintained at 37°C in a 

humidified 5% C02/95% air atmosphere. Cells were heated by submersion 

of the tissue culture flask or tube into an insulated water bath (Pre

cision Scientific, Chicago, IL)(Gerner et al., 1976). Temperatures 

were as indicated in the various experiments ± 0.1° at the cell 

monolayer. based on multiple thermocouple measurements per flask and 

temperature measurements in flasks placed at various locations within 

the bath. 
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Labeling and Extraction of Proteins 

Rat-1 cells were grown to a density of 10,000 cells per 10 x 

75 mm culture tube. Protein then was labeled by the incorporation of 

[35S]methionine (> 800 Ci/mmol, New England Nuclear, Boston, MA) in a 

volume sufficient to cover the cells. For this purpose, 2 ~Ci of 

[35S]methionine in a final volume of 20 ~l of methionine-free 

Oulbecco's modified Eagle's medium containing 10% dialyzed fetal calf 

serum was used. Total cellular protein from cultures with equal 

population densities was solubilized by the addition of sodium dodecyl 

sulfate (SDS) sample buffer (0.01 M sodium phosphate buffer, pH 7.2, 

1% SOS, 1% 2-mercaptoethanol, 0.25 M sucrose). The samples were then 

heated in a boiling H20 bath for 1 minute. 

Gel Electrophoresis 

Vertical slab gel electrophoresis was performed by the method 

of Laemmli (1970) using 8.75% acrylamide gels. Equal amounts of total 

cell protein were added to each lane. Apparent molecular weights were 

derived by using molecular weight markers (Bethesda Research Laborator

ies, Gaithersburg, MO). Following electrophoresis, the gels were fixed 

in 10% (wt/vol) trichloroacetic acid, 10% methanol. The gels then were 

impregnated with Enhance (New England Nuclear, Boston, MA), dried, and 

exposed to Kodak X OMAT XAR5 x-ray film at -80°C for fluorography. 

Colony Forming Assay 

Survival analysis, colony forming assays, and heat shock pro

cedures were measured as previously described (Gerner et al., 1976). 
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Briefly, following heat shock, all treated cells were harvested, 

counted, and then incubated at various cell densities in serum

containing medium for eight days to allow for colony growth. Colonies 

that grew from the surviving cells ( > 50 cells/colony) were stained 

with crystal violet and counted. Percent survival was calculated as 

(# of experimental colonies formed/# of experimental cells plated) 

b X 100 
(# of control colonies formed/# of control cells plated) 

Colony fonning efficiencies of untreated Rat-1 cells ranged from 

60-80%. 

Northern Gel Hybridizations 

RNA was prepared by the method of Balmain et ale (1984). Rat-l 

cells were lysed in 5 M guanidinium isothiocyanate, 50 mM Tris, pH 

7.0, 50 mM EDTA, and 5% (vol/vol) 2-mercaptoethanol. The resulting 

lysate was separated by CsCl gradient centrifugation. Poly (A+) RNA 

was purified from 50 ~g of total RNA by oligo (dT) column chroma

tography. The columns were tested for their ability to bind poly (A+) 

containing RNA by a pre-run with 3H-poly adenyl ate. All columns were 

found to consistently release 71.4 ± 1.2% of the total 3H-poly adenyl

ate in the elution buffer. The poly (A+) RNA then was electrophoresed 

on denaturing formaldehyde gels, blotted onto nitrocellulose, and 

hybridized to nick-translated probes. Hybridization patterns were 

similar for both total RNA and poly (A+) RNA. We have demonstrated 

by serial dilution dot blot analysis that the signal derived from 
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hybridization increases in a concentration-dependent manner, and that 

the assay was valid for the concentrations used in this study (data 

not shown). Following hybridization at 43°C, the filters were washed 

with 0.1 x SSC, 0.1% SDS at 55°C, dried and autoradiographed. The 

plasmid containing the probe encoding p. melanogaster hsp 70 (pPW229) 

(Livak et al., 1978; Holmgren et al., 1979) was the generous gift of 

M. Meselson. The plasmid containing the mouse skeletal actin probe 

(pAM91) (Minty et al., 1981) was a gift of A. Balmain. 

Hybrid Selection and In Vitro Translation of Rat hsp 70 Encoding RNA 

The Bgl II fragment of pPW229 (20 ~g) was fixed to nitrocellu

lose by baking for 2 hours at 80°C. Hybridization to rat cell RNA (I 

mg) was then allowed to proceed for greater than 20 hours at 43°C. 

Following hybridization, free RNA was removed from the nitrocellulose 

by washing with 0.1 x SSC, 0.1% SOS at 55°C. The RNA that remained 

bound to the probe was collected by heating the reaction mixture at 

100°C for 1 minute then snap freezing the samples in a dry ice-alcohol 

bath. The hybrid-selected RNA was translated to protein in an in vitro 

system (Bethesda Research Laboratories, Bethesda, MD). The reaction 

was performed at 30°C with 5 ~Ci [35S]methionine (> 800 Ci/mmol). 

Samples were harvested and separated on SOS polyacrylamide gels. 

Results 

In order to assess the effect of protein synthesis inhibition 

on thermotolerance expression, the survival of Rat-1 cells, treated 

with two hyperthermic treatments (45°C for 20 minutes) separated by 
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either 0 or 6 hours, was measured as a function of cycloheximide 

concentration present during the hyperthermic exposures and the 

interval at 37°C between the two heat doses. This protocol was used 

in an attempt to allow maximal thermotolerance expression while 

insuring the inhibition of protein and hsp synthesis during the 

treatment period. Cells receiving a 40 minute exposure to 45°C in 

the absence of cycloheximide had a surviving fraction of 0.1%. When 

this same hyperthermic treatment was administered in two 20 minute 

exposures separated by 6 hours of incubation at 37°C, in the presence 

or absence of cycloheximide, survival was increased 100-fold. The 

cycloheximide concentrations were chosen on the basis of previous 

work by Henle and Leeper (1982), which had suggested that 1.0 ~g/ml 

of cyclohemixide, a non-toxic dose for 7 hours. in CHO cells, partially 

inhibited protein synthesis and partially inhibited thermotolerance 

expression in those cells. A higher cycloheximide concentration, 

10 ~g/ml, inhibited protein synthesis by greater than 90%, but was 

toxic to CHO cells. Cycloheximide concentrations up to 20 ~g/ml 

were not toxic to Rat-1 cells during the 6 hour treatment interval 

used here (Figure 3). 

Survival was measured in Rat-1 cells exposed to 45°C for 

various times to determine whether cycloheximide might affect the 

kinetics of the thermotolerant survival response. As shown in Figure 

4, the survival response of Rat-1 cells exposed continuously to 45°C 

was near first order after 10 minutes of treatment. This finding was 

verified by subsequent experiments (data not shown). When these cells 
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were given a single 45°C exposure for 20 minutes, and then incubated 

for 6 hours at 37°C to allow thermotolerance to develop, the survival 

response did not become near first order until after 40-60 minutes of 

subsequent exposure to 45°C. The addition of 20 ~g/ml of cyclohexi

mide during the 6 hour incubation interval at 37°C had no significant 

effect on cell survival kinetics. 
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Figure 3. Effects of varying cycloheximide concentrations on thermo
tolerance expression. 

The survival of rat embryonic fibroblasts exposed to a variety of 
cycloheximide concentrations (0-20 ~g/ml) was determined in control 
cells (III) and in cells exposed to a split hyperthermic treatment (e). 
The split treatment involved two 20 minute 45°C heat exposures~ 
separated by 6 hours, to allow the development of thermotolerance. 
The surviving fraction of cells expos~d to a 40 minute heat dose in 
the absence of cycloheximide was also measured to determine the 
extent of cell killing in the absence of thermotolerance (A). At the 
indicated times the cells were plated at various cell densities for 
colony formation at 37°C as described in Materials and Methods. All 
values here and in Figure 2 are reported as the mean of at least three 
replicate dishes ± the standard errors, in a single representative 
experiment, in a series of three replicates. 
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Figure 4. Time course of the cell survival response to single or 
fractionated hyperthermic treatments in the presence or 
absence of cycloheximide. 

Rat-l cells were exposed to 45°C in either a continuous (A) or 
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fract i onated manner. The sp 1 it treatment in the presence (fJ ) or 
absence (e) of cycloheximide (20 pg/ml) involved an initial 45°C 
exposure for 20 minutes. After 6 hours at 37°C the cells were again 
exposed to 45°C for times up to 40 minutes. Cycloheximide was present 
during both hyperthermic treatments and for the intervening interval. 
Cells were plated for survival, which was measured by the colony 
forming assay at 37°C as described in Materials and Methods. 



38 

Since the presence of cycloheximide did not alter thermotoler

ance, the effect of cycloheximide on the expression of heat shock 

proteins was investigated. Cycloheximide inhibited general protein 

synthesis in a concentration-dependent manner in control cells growing 

at 37°C (Figure 5, lanes A1-A4). To determine the extent of expression 

of the hsps after a single hyperthermic treatment, cells were exposed 

to 45°C for 20 minutes followed by a 6 hour incubation at 37°C in the 

presence of [35S]methionine. Cycloheximide was added immediately 

before the 45°C exposure and remained on the cells throughout the 

labeling period to insure maximal inhibition of protein and hsp syn

thesis during the subsequent 6 hour interval. Protein synthesis was 

followed by labeling for the full 6 hour interval in order to observe 

the accumulation of all proteins synthesized in the presence of 

cycloheximide. Many proteins, including the hsps with apparent 

molecular weights of 68,000 (hsp 68), 70,000 (hsp 70), and 89,000 

(hsp 89), were expressed following a single heat dose (Figure 5, lane 

B1). However, hsp synthesis as well as general protein synthesis was 

inhibited by cycloheximide in a concentration-dependent manner (Figure 

5, lanes Bl-84). In the same experiment, [35S]methionine was incor

porated for a 1 hour interval (5-6 hours after heating) to determine 

whether the presence of cycloheximide affected the kinetics of hsp 

expression. Under these labeling conditions, general protein synthe

sis could be seen to be inhibited by cycloheximide to an even greater 

extent than was evident in the 6 hour labeling interval (data not 

shown). 
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Figure 5. General and heat shock protein synthesis during or 
following an exposure to cycloheximide. 

Rat-1 cells were treated with a single 20 minute exposure at 45°C. 
Replicate cultures were then incubated at 37°C for 6 hours in the 
presence of a range of cycloheximide concentrations. Some cultures 
received a second 45°C for 20 minute treatment, after which the 
cycloheximide was removed. Total cellular protein was separated by 
SOS polyacrylamide gel electrophoresis. Lanes 1, 2, 3, and 4 refer 
to cells exposed to cycloheximide concentrations of 0, 0.2, 2, and 
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20 ~g/ml, respectively, which were present during the heat shock 
interval and the 6 hours between the two exposures. Group A describes 
the effects of cycloheximide treatment on 37°C control cells, group B 
shows the effects of this treatment during the 6 hour interval after 
the first heat shock, and group C depicts the protein synthetic pro
file occurring during a 6 hour interval at 37°C in the absence of 
cycloheximide after the second heat shock. The vertical axis indicates 
the molecular weights of the hsps (x 10-3) as determined from pre
stained molecular weight standards (Bethesda Research Laboratories, 
Caithersburg, MD). 
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This finding indicated that some of the protein synthesis observed in 

the 6 hour labeling period was due to synthesis at early times, prior 

to the drug1s effect on protein synthesis. 

The possibility that the hsps were synthesized after the 

removal of cycloheximide was next investigated. Protein synthesis was 

measured during a 6 hour interval after a second 45°C treatment for 20 

minutes in cells which had previously received a single 45°C treatment 

for 20 minutes combined with a 6 hour incubation at 37°C in the 

presence of various concentrations of cycloheximide. This was the 

same treatment protocol as used to measure thermotolerance expression 

(Figure 3). Incorporation of label was linear for the 6 hour interval 

(data not shown). As shown in Figure 5 (lanes CI-C4), general protein 

and hsp synthesis recovered to apparently equal levels, independent of 

the degree of protein synthesis inhibition between the two hyperthermic 

treatments (Figure 5, lanes BI-B4). This finding was confirmed by the 

1 hour labeling interval (5-6 hours after release from cycloheximide) 

indicating that the kinetics of protein synthesis recovery was similar 

at all cycloheximide concentrations. Note that protein synthesis, 

during the 6 hour interval after the second heat stress, had recovered 

to a greater degree than had protein synthesis during a similar period 

after the first hyperthermic treatment in cultures not treated with 

cycloheximide (compare lanes Cl and Bl in Figure 5). 

The possibility remained that the accumulation of hsps through 

low synthetic rates in the presence of cycloheximide might account for 

the development of thermotolerance. To address this possibility, we 
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used two experimental procedures. First, survival was determined 

after a shorter incubation interval (2 hours), reducing the time in 

which hsps could accumulate in the presence of cycloheximide. Second, 

the cells were exposed to 45°C for various time intervals, which would 

influence the time course and the quantity of hsp expression (Li and 

Werb, 1982). Survival was first determined in cells exposed to a 

single 45°C exposure. After cells were heated to 45°C for 5, 20, 35, 

and 40 minutes before plating for colony formation, survival decreased 

(Figure 4; Table II, groups I, II, and III). Incubating the cells for 

2 hours plus the heating period in the presence of cycloheximide 

(20 ~g/ml) had no effect on survival in cells exposed to 45°C for 20 

or 35 minutes (Table II, groups I and II). These results showed that 

cycloheximide did not act to protect cells from thermal damage in a 

mechanism that operates independent of hsp synthesis. Thermotolerance 

was expressed in cells exposed to split dose heat treatments totaling 

40 minutes at 45°C with 2 hours at 37°C between the heat exposures 

(20 minutes x 45°C + 2 hours x 37°C + 20 minutes x 45°C, Table II, 

group IV; or 5 minutes x 45°C + 2 hours x 37°C + 35 minutes x 45°C, 

Table II, group V). Under these conditions, survival was affected 

only mildly by the presence of cycloheximide. The 3-fold increase in 

survival (Table II, group IV) or the 30% reduction in survival (Table 

II, group V) observed in cells exposed to cycloheximide was minor 

compared with the 250-fold increase in survival attributed to thermo

tolerance expression (compare Table II, group III with groups IV and 

V). 
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Table II. Survival of Rat-1 Cells Exposed to Single Dose or Split Dose 

Heat Treatments at 45°C in the Presence of Cycloheximide 

Group Treatment CHX % Survival 

I 45°C x 20 min 29.87 ± 1.54 

+ 35.77 ± 2.03 

I I 45°C x 35 min 0.52 ± 0.06 

+ 0.57 ± 0.10 

III 45°C x 40 min 0.04 ± 0.01 

IV 45°C x 20 min + 2 hrs 10.96 ± 0.72 

at 37°C + 45°C x 20 min + 37.03 ± 2.16 

V 45°C x 5 min + 2 hrs 10.10 ± 0.46 

at 37°C + 45°C x 35 min + 7.52 ± 0.48 

Rat-1 cells were incubated in the presence (+) or absence (-) of 
cycloheximide (CHX) (20 ~g/ml) for 2 hours at 37°C plus the indicated 
heating times at 45°C (Groups I, II, and III) before plating for 
colony formation to determine the affects of protein synthesis inhibi
tion on the hyperthermic survival response to a single heat dose. 
The split dose survival response was also measured after two inducing 
heat doses (Groups IV and V). When present, cycloheximide (20 ~g/ml) 
was added prior to the first heat shock and remained on the cells 
until the cells were plated for colony formation after the second heat 
treatment. Reported values are based on 3 or more determinations for 
each point and are expressed as the average percent survival ± the 
standard error of the mean. 



These data demonstrated that thermotolerance following a mild or a 

lethal temperature exposure had developed fully by 2 hours in the 

absence of heat shock protein synthesis. 
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In D. melanogaster, protein synthesis is required for the 

turnover of the mRNA encoding hsp 70 (DiDomenico, Bugaisky and Lind

quist, 1982a). This finding led us to investigate whether hsp 70 mRNA 

turnover is similarly regulated in our mammalian cells. The effect of 

heat stress on mRNA accumulation could be determined by northern gel 

hybridizations. This procedure first was validated by in vitro 

translation of rat cell RNA that had been hybrid-selected to the D. 

melanogaster hsp 70 probe used in these studies. In vitro translation 

produced many products from endogenous RNAs (Figure 6, lane C). A band 

of 70,000 Mr not synthesized from endogenous RNA was detected from the 

hybrid selected RNA (Figure 6, lane B). 

In D. melanogaster, heat shock RNA encoding hsp 70 has been 

reported to be self-regulating (DiDomenico et al., 1982a). In the 

absence of normal hsp synthesis, the RNA continued to accumulate. To 

determine whether heat shock RNA was accumulating in Rat-l cells in 

the presence of cycloheximide, poly (A+) RNA was isolated from control 

cells and from cells exposed to 45°C for 20 minutes and incubated for 

6 hours in the presence or absence of CHX (20 ~g/ml). Following this 

6 hour interval, the cycloheximide was removed from the cells and 

poly (A+) RNA was collected 1 and 3 hours later to determine the rate 

of disappearance of heat shock RNA in cycloheximide treated cultures. 
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Figure 6. In vitro translation of RNA hybrid selected to pPW229. 
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RNA was prepared from Rat-1 cells 4 hours after a 20 minute heat shock 
at 45°C. The RNA was hybrid selected to the BGl II insert, encoding 
O. melanogaster hsp 70. The hybrid-selected RNA was then translated 
with an in vitro kit. The protein products were subsequently 
separated by SOS polyacrylamide gel electrophoresis. 

Lane A: whole cell protein from heat shocked Rat-1 cells. 

Lane B: in vitro translation products of hsp 70 hybrid-selected RNA. 

Lane C: in vitro translation products of endogenous RNA. 

The vertical axis indicates the molecular weights of the hsps (x 10-3) 
as determined from prestained molecular weight standards (Bethesda 
Research Laboratories, Bethesda, MO). 



RNA encoding hsp 70 was present at very low levels prior to heating 

(Figure 7, lane 1) and clearly was induced by 6 hours after heating 

(Figure 7, lane 2). There was a slight accumulation of this RNA in 

the presence of cycloheximide (Figure 7, lane 3). If hsp 70 feeds 

back to regulate the transcription or degradation of hsp to encoding 

RNA, release from cycloheximide, enabling the expression of hsp 70, 

should cause a dramatic decrease in RNA levels. However, the 

disappearance of this mRNA was very slow; the RNA remained at stimu

lated levels for at least 3 hours after the removal of cycloheximide 

(Figure 7, lanes 4 and 5). 
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To determine whether a second heat dose could induce further 

the synthesis of heat shock 70 RNA, poly (A+) RNA was collected from 

cells exposed to cycloheximide (20 ~g/ml) for two 45°C hyperthermic 

treatments for 20 minutes separated by 6 hours at 37°C. Immediately 

after the second heat treatment, the cycloheximide was removed from 

the cells and RNA was isolated either immediately (Figure 8, lane 1), 

1 hour later (Figure 8, lane 2) or 3 hours later (Figure 8, lane 3). 

Heat shock 70 RNA was induced further by the second heat treatment. 

Figure 8 was a light exposure compared to Figure 7, in order to 

demonstrate the increase in RNA species with time after the removal 

of cycloheximide. The doublet of hybridizable material for hsp 70 

may be due to cross-hybridization of hsp 70 with hsp 68 or alterna

tively with hsp 70 cognate genes. Resolution of two discrete bands 

is poor upon longer exposures, such as in Figure 7. 



Figure 7. Northern blot analysis of heat shock mRNA from cells during 
or after cycloheximide treatment. 

Oligo (dT) RNA was purified from Rat-1 cells as described in Materials 
and Methods. RNA was fractionated on 1% agarose formaldehyde gels 
and subsequently transferred to nitrocellulose filters. The RNA was 
then hybridized at 43°C to the Bam HI fragment of pPW229 (encoding 
hsp 70). The filter was washed in 0.1 x SSC, 0.1% SDS at 55°C, 
dried, and autoradiographed. A Hind III restriction digest of lambda 
was used as a size standard (lane S); sizes in kilobases in the range 
of interest are indicated to the left of the gel. RNA in the sample 
lanes are as follows: RNA from unheated cells (lane 1); RNA from cells 
heated to 45°C for 20 minutes and incubated at 37°C in the absence 
(lane 2) or presence of cycloheximide (20 ~g/ml) (lane 3) for 6 hours. 
After 6 hours the cycloheximide was removed from the culture medium, 
cells were washed in medium without drug, and RNA was harvested 1 hour 
(lane 4) or 3 hours (lane 5) later. 
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Figure 8. Northern gel analysis of heat shock RNA induced by a split 
dose heat regime in the pres~nce or following the removal 
of cycloheximide. 

Poly (A+) RNA was purified by the methods described in Materials and 
Methods and was hybridized to the Bam HI fragment of pPW229 (encoding 
D. melanogaster hsp 70) or to pAM91 (encoding a-actin). Cells were 
continually maintained in the presence of cycloheximide (20 ~g/ml) 
during two 20 minute heat doses at 45°C, separated by 6 hours at 37°C. 
After the second heat dose the drug was removed from the culture 
medium, and cellular RNA was either immediately harvested (lane 1) or 
was harvested 1 hour (lane 2) or 3 hours (lane 3) later. The size of 
Hind III cut lambda standards (lane 5) in the range of interest are 
indicated in kilobases to the left. 
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The actin probe was intended to be used as a noninducible 

internal control since its protein levels do not appear to respond to 

heat stress (Li, 1985). Note that the heat shock RNAs show a greater 

increase than actin in this experiment (Figure 8). Actin may simply 

be induced by cycloheximide (Elder et al., 1984). 

Discussion 

Correlations linking the expression of the hsps with thermotol

erance in mammalian cells have not determined whether these two 

phenomena are produced independently, by common regulatory mechanisms, 

or dependently in a cause/effect response. If hsp expression is 

required prior to a lethal heat stress, then the hsps may function to 

protect cells from thermal damage; however, if the hsps are not 

required until after a lethal heat stress, they may be acting to repair 

accrued thermal damage. This report showed, for one mammalian cell 

line, that partial or complete inhibition of protein synthesis during 

the interval between two heat doses (Figure 5) did not inhibit the 

expression of thermotolerance (Figures 3 and 4; Table II). During 

this same interval, heat shock mRNA accumulated (Figure 7). Following 

the removal of the protein synthetic block, the synthesis of hsps and 

general proteins recovered (Figure 5). 

Previous studies have shown that inhibition of general protein 

synthesis by cycloheximide prior to or during heat shock led to 

increased survival (Palzer and Heidelberger, 1973; Y.J. Lee and W.C. 

Dewey, Proc. Radiat. Res. Soc., Abstract Fa-6, 1985), while exposure 
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to low cycloheximide concentrations between two heat treatments 

partially inhibited protein synthesis and thermotolerance (Henle and 

Leeper, 1976). In the current study, inhibition of both general and 

heat shock protein synthesis with cycloheximide (20 ~g/ml) prior to a 

single heat exposure and produced no increment or decrement in thermal 

protection. Further, when protein synthesis was inhibited between two 

heat treatments with a range of cycloheximide concentrations (0-20 ~g/ 

ml) (Figure 5, lanes 81-84), thermotolerance expression was neither 

increased nor decreased (Figures 3 and 4: Table II). In fact, thermo

tolerance was expressed fully by 2 hours after a mild or a lethal heat 

exposure in the absence of hsp or general protein synthesis (Table II). 

These results are in agreement with observation on the expression of 

thermotolerance in Morris hepatoma cells (Landry and Chretien, 1983) 

and thermally induced ethanol resistance in yeast (Watson et al., 

1984) exposed to a single concentration of cycloheximide. Neither of 

these reports had investigated the effects of cycloheximide on RNA 

accumulation nor protein synthesis after a second stress. The reason 

for the difference between our results and those of Henle and Leeper 

(1976) is not clear at this time, and further interpretations are 

complicated by the tact that substantial protein synthesis inhibition 

was not achievable in the experiments with CHO cells. It is known 

that thermotolerance expression is inhibited when cells are incubated 

at 4°C between two heat doses (Gerner and Schneider, 1975; Gerner et 

al., 1976). It appears that some metabolic event, but not protein 

synthesis, is required between the heat treatments for thermotolerance 

expression in mammalian cells. 
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Several of the hsps have been dissociated from the expression of 

thermotolerance. We have reported previously that hsp 68 is not 

synthesized following non-lethal, small temperature shifts to an 

otherwise lethal temperature (Widelitz, Magun and Gerner, 1984; 

Chapter 2). Others also have found that under mild heat stress, hsp 

68 (designated hsp 66 by some authors) is not expressed and have 

proposed that this protein does not function to enhance survival due 

to heat stress (Sciandra and Subjeck, 1984). In S. cerevisiae two 

hsps have been dissociated from thermotolerance. First, increasing 

the gene dosage for hsp 90 did not lead to increased thermotolerance 

expression (Finkelstein and Strausberg, 1983); second, mutations in 

the two genes encoding heat-inducible hsp 70 produced thermal resist

ance in the absence of an inducing heat stress (Craig and Jacobsen, 

1984). In the latter study, hsp 90 was overproduced in the double 

mutant, so one cannot neglect the possibility that one gene product 

may compensate for the loss of another. 

A mutant of E. coli deficient in hsp production is unable to 

acquire thermal resistance (Yamamori and Yura, 1982). Many of the 

hsps in E. coli have been identified and assignerl various cellular 

functions, including growth morphogenesis (Neidhardt et al., 1981; 

Tilly et al., 1983), protein synthesis at the level of a tRNA synthe

tase (Van Bogelen, Vaughn and Neidhardt, 1983), phage replication 

(Zylicz et al., 1983), transcription (Gross et al., 1982), and protein 

degradation (Phillips, VanBogelen and Neidhardt, 1984). In eukaryotic 

cells, ubiquitin, which may also be involved in protein degradation, 



has been identified as an hsp (Bond and Schlesinger, 1985). The 

mechanism(s) by which these known protein functions might act to 

produce thermotolerance is unclear. 
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The regulation of hsp 70 synthesis was at both the transcrip

tional and translational levels (DiDomenico et al., 1982a). Heat 

shock 70 RNA was induced strongly by 6 hours after heat treatment. 

In the presence of cycloheximide, the hsp 70 mRNA accumulated slightly, 

while protein synthesis was inhibited (Figure 7). This is consistent 

with the observation that inhibition of hsp 70 expression in D. 

melanogaster leads to an accumulation of its encoding RNA (DiDomenico 

et al., 1982a). During the first hour after release from cyclohexi

mide, hsp 70 mRNA dropped to the level observed in cells not treated 

with cycloheximide. No further decrease was observed over the next 2 

hours (Figure 7). It is not clear from this study whether cyclohex

imide acts to stabilize the heat shock mRNA or whether hsp 70 must be 

expressed prior to heat shock mRNA turnover in Rat-1 cells. It is 

evident, however, that the levels of hsp 70 mRNA are not dramatically 

different 6 hours after 45°C for 20 minutes heat shock in Rat-1 cells 

which either are or are not synthesizing proteins, and that the levels 

of these RNAs do not decrease substantially during the first 3 hours 

after cycloheximide removal. This may represent another difference 

in the regulation of heat shock responses between D. melanogaster and 

other eukaryotic cells, as have been previously reported (White and 

Hightower, 1984). A second hyperthermic treatment, 6 hours after the 

initial heat stress, further induced the production of heat shock 70 
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RNA (Figure 8). In parallel experiments, hybridization of heat shock 

RNA to the D. melanogaster probes encoding hsp 68 and hsp 83 showed a 

similar response of these mRNAs to cycloheximide after a single or 

split dose heat treatment. General and heat shock protein synthesis 

resumed following the removal of cycloheximide (Figure 5, lanes 

C1-C4), although the hsps apparently were not overexpressed. Recovery 

of protein synthesis at 6 hours was greater in cells receiving two 

hyperthermic treatments (Figure 5, lane C1), than in cells exposed 

only once (Figure 5, lane B1). These data suggest that an initial 

hyperthermic stress has some ability to affect protein synthesis after 

subsequent hyperthermic exposures, similar to its effects on cell 

survival. It will be interesting to determine in the future whether 

the initial stress reduces the ability of a second stress to inhibit 

protein synthesis, or affects the rate of recovery. Our results do 

indicate that protein synthesis between the two hyperthermic treat

ments is not required for the effect in Rat-1 cells. 

Proponents of the-causal relationship between the hsps and 

thermotolerance have proposed models for thermotolerance expression 

that imply that the hsps are acting to protect cells from subsequent 

stress (Li and Hahn, 1980; Minton et al., 1982). It is clear from 

this study that inhibition of protein synthesis prior to a second heat 

stress does not affect the expression of thermotolerance in Rat-1 

cells. Heat shock RNA accumulates during this interval such that the 

hsps can be expressed at a later time. Thus, these data question the 

hypothesis that hsps act to protect mammalian cells against subsequent 
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stresses, but do not exclude the hsps from involvement in thermotoler

ance through indirect means or alternatively by acting in a repair 

capacity after heat damage is accumulated. Although hsp and thermo

tolerance expression are extraordinarily well conserved among all 

organisms, the possible relationship between these two phenomena need 

not be constant from prokaryotes to eukaryotes. Cells may, in fact, 

use a variety of mechanisms to overcome environmental stress. 



CHAPTER 4 

ACCUMULATION OF HEAT SHOCK PROTEIN 70 RNA AND ITS RELATIONSHIP 

TO PROTEIN SYNTHESIS AFTER HEAT SHOCK IN MAMMALIAN CELLS 

Heat stress induces a set of hsps in a wide variety of species. 

In response to either a mild (5 minutes x 45°C) or severe (30 minutes 

x 45°C) heat shock, the timing of expression of the hsps and the 

recovery of general protein synthesis in rat embryonic fibroblasts 

was dependent on the duration of the hyperthermic exposure. Synthesis 

of mRNA coding for hsp 70 followed immediately after the mild heat 

shock, but was delayed after the severe heat shock. Appearance of the 

hsps paralleled the synthesis and decay of RNA and was indicative that 

new RNA synthesis was required for hsp 70 expression. Inhibition of 

protein synthesis by cycloheximide after the mild heat shock increased 

the maximal accumulation of hsp 70 encoding mRNA but did not prevent 

the subsequent decrease in this mRNA species. These results suggest 

that mammalian cells control the expression of hsp 70 primarily at 

the level of transcription, and that the normal pattern of hsp 70 

mRNA turnover after an inducing heat stress is not dependent on new 

protein synthesis. 

Introduction 

Control of hsp synthesis has been investigated widely as a 

model system of gene expression, since it appears that following heat 

54 
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stress, selective synthesis of the hsps is subject to both transcrip

tional and translational regulation. In D. melanogaster, where this 

phenomenon has been investigated most intensively, hsp synthesis is 

marked by an increase in the transcription of heat shock RNA due to 

the activation of heat shock transcription factors (Parker and Topol, 

1984; Wu, 1984). Polysomes disaggregate which subsequently reform 

predominantly on heat shock mRNA (McKenzie et al., 1975). RNA present 

prior to heat shock is stable yet rendered inactive after heating, 

possibly by the modification of translation initiation factors (Duncan 

and Hershey, 1984; Panniers and Henshaw, 1984). Recovery of general 

mRNA and protein synthesis is delayed until hsp synthesis decreases, 

due to the turnover of the short-lived heat shock mRNA (Lindquist, 

1982). 

I have been investigating the heat shock response in the 

mammalian rat embryonic fibroblast cell line. The major hsps appear

ing in Rat-1 cells correspond to similar proteins induced in widely 

divergent species (reviewed in Ashburner and Bonner, 1979). I have 

focused on the hsp 70 family of proteins, which include both hsp 68 

and hsp 70 and belong to a mUltigene family (Craig et al., 1982). 

The complexity of the heat shock response is exemplified by the 

fact that the time course of hsp expression and the recovery of 

general protein synthesis following heat shock are affected by many 

parameters. These parameters include the temperature of the heat dose 

(Lindquist, 1980; Buzin and Petersen, 1982; Aujame and Morgan, 1985) 
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the time of transition from the initial to the hyperthermic tempera

ture (Lindquist, 1980; Tomasovic, Sinha and Steck, 1985), the duration 

of exposure to the hyperthermic temperature (DiDomenico et al. 1982b; 

Li and Werb, 1982; Aujame and Morgan, 1985) the degree of temperature 

shift (Widelitz et al., 1984; Chapter 2), and the culture media condi

tions during heating (Lindquist, 1980). In this study, utilized 

differential heating times were used to produce alterations in the 

time course of hsp synthesis as a means of studying the correlation 

beween accumulation of the mRNA for hsp 70 and the synthesis of hsp 

70 proteins. Also investigated was the effect of protein synthesis 

inhibition on the induction of heat shock RNA in order to determine 

if heat shock RNA transcription and/or degradation is regulated by 

the expression of a protein product(s) in Rat-1 cells. 

Experimental Procedures 

Cell Culture 

Rat-1 cells, the F2408 established cell line derived from Fischer 

rat embryo fibroblasts (Prasad et al., 1976), were maintained as 

previously reported (Widelitz, et al., 1984; Chapter 2). Heat shock 

was produced by submersion of the tissue culture flask or tube into 

an insulated water bath at the indicated temperatures as detailed 

elsewhere (Gerner, et al., 1976). 

Northern and Dot Blot Hybridizations 

Cytoplasmic RNA was obtained from the supernatant of cells lysed 

in buffer containing 200 mM NaCl, 8 mM MgC12, 50 mM Tris-Cl, pH 7.4, 
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1% NP-40 and 10 mM vanadyl ribonucleoside complex (Ish-Horowicz, 1982). 

Cytoplasmic RNA was used for analysis by dot blot hybridization. Oligo 

(dT) purified polyadenylated RNA was electrophoresed in formaldehyde 

containing agarose gels and assayed by northern blot hybridization 

(Thomas, 1983; Meinkoth and Wahl, 1984). Nick-translated probes were 

derived from the 1050 bp Pvu II fragment containing coding sequences 

for the D. melanogaster hsp 70 gene in plasmid pPW229. Following 

hybridization at 43°C, the filters were washed with 0.1 x SSC (1 x 

SSC is 0.16 M NaCl plus 0.015 M sodium citrate) and 0.1% SDS at 55°C, 

dried, and autoradiographed. Similar results were obtained when 

either cytoplasmic or polyadenylated RNA were probed. 

Labeling and Detection of Proteins 

Labeling and detection of protein by the incorporation of [35SJ

methionine ( > 800 Ci/mmol) into Rat-1 cells and subsequent SDS 

polyacrylamide gel electrophoresis (Laemmli, 1970) were as previously 

described (Widelitz, 1984). 

Results and Discussion 

Heating Duration Affects the Kinetics of Heat Shock RNA and Protein 

Synthesis Expression 

To determine the effect of duration of heating upon heat shock 

70 mRNA accumulation and turnover, Rat-1 cells were exposed to a 

single heat treatment of 45°C for either 5 or 30 minutes. Polyadenyl

ated RNA prepared from cells 2, 4, and 7 hours after heat shock was 

analyzed for the presence of heat shock 70 mRNA by northern gel 
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hybridization to a probe encoding D. melanogaster hsp 70. This probe 

shows homology to hsp 68 and hsp 70 (Livak et al., 1978) and has been 

used to detect the family of RNAs encoding hsp 70 from many species 

including Rat-1 cells (White and Hightower, 1984; Sconzo et al., 1985; 

Widelitz, Magun and Gerner, 1986; Chapter 3). While heat shock 70 

mRNA was expressed after both a 5 and a 30 minute exposure to 45°C, 

the time course of expression of heat shock 70 mRNA appeared to be 

regulated differentially as a function of the duration of the hyper

thermic exposure (Figure 9). After a 5 minute heat treatment at 

45°C, the heat shock 70 mRNA was induced maximally by 2 hours and 

decreased at later times. Two hours after a 30 minute heat treatment, 

heat shock 70 mRNA was present at levels less than that observed in 

cells analyzed at 2 hours after a 5 minute heat shock at 45°C. 

However, heat shock 70 mRNA continued to accumulate in cells treated 

for 30 minutes at 45°C for times up to 7 hours after heat shock. 

The appearance of the hsps correlated with the heat shock 70 RNA 

accumulation and decay. Protein synthesis was monitored by [35SJ

methionine labeling of whole cell proteins at 37°C for sequential 2 

hour intervals through 8 hours after cells received a heat dose of 0, 

5, 10, or 30 minutes at 45°C. Equal amounts of total cell protein 

were separated in each lane of the polyacrylamide gels. Control 

cultures grown at 37°C displayed protein synthetic profiles typical 

of unstressed cells; hsp 70 and 89 were expressed at unstimulated 

levels while hsp 68 was not apparent (Figure 10, Group A, lanes 1-4) 

(Widelitz et al., 1984; Chapter 2). 
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Figure 9. Heat shock 70 mRNA accumulation and turnover in response to 
different treatment times at 45°C. 

Oligo (dT) purified po1yadeny1ated RNA was prepared from Rat-l cells 
2, 4, or 7 hours after exposure to a 5 or 30 minute 45°C heat shock 
and subjected to northern blot hybridization as described in Experi
mental Procedures. RNA from cells heated to 45°C for either 5 minutes 
(lanes 1, 3, and 5) or 30 minutes (lanes 2, 4, and 6) were collected 
after incubation at 37°C for 2 hours (lanes 1 and 2), 4 hours (lanes 3 
and 4), or 7 hours (lanes 5 and 6). The RNA size standards indicated 
to the right of the gel were based on migr~tion of E. coli 165 (1.7 
kb) and 235 (3.3 kb) and calf liver 185 rRNA (2.1 kb) and 285 rRNA 
(5.1 kb). 
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Figure 10. General and heat shock protein synthesis in response to 
different heating times to 45°C. 
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Rat-l cells grown at 37°C were labeled with [35S]methionine in 2 hour 
increments through 8 hours following exposure to 45°C for 0 (Group A), 
5 (Group B), 10 (Group C), or 30 minutes (Group 0). Total cellular 
protein was separated by SOS polyacrylamide gel electrophoresis. 
Lanes 1, 2, 3, and 4 refer to labeling times of 0-2 hours, 2-4 hours, 
4-6, hours and 6-8 hours respectively. The vertical axis indicates 
molecular weights (x lU- j ) in daltons as determined from prestained 
molecular weight standards. 
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Following heat shock to 45°C for 5, 10, or 30 minutes, the expression 

of all of the major heat shock proteins (hsps 68, 70 and 89) was 

increased. However, the time course of general protein synthesis 

recovery and hsp expression, including the hsp 70 family, was 

influenced dramatically by the duration of heating. Those cells 

receiving a 5 minute heat dose showed immediate enhancement of the 

hsp 70 family of peptides (0-2 hours) (Figure 10, Group B, lane 1), 

and by 6-8 hours after heat shock the enhanced expression had decreased 

(Figure 10, Group B, lane 4). Longer heating times delayed the onset 

and the maximum rate of synthesis of the hsp 70 family, such that 

after a 30 minute heat dose, synthesis was not enhanced until 4-6 

hours (Figure 10, Group D, lanes 1 and 2), and the rate of synthesis 

continued to increase through 6-8 hours after heating (Figure 10, 

Group D, lane 4). A comparison of the effects of heating duration 

upon the temporal expression of hsp 70 and its encoding RNA reveals 

that there is a direct correlation between these 2 parameters (compare 

Figure 9 and Figure 10). Short heat doses resulted in early expression 

of heat shock RNA and protein, while longer heat exposures produced a 

delay in both heat shock RNA and protein synthesis. This correlation 

indicates that transcriptional regulation plays a major role in the 

control of synthesis of the hsp 70 family of peptides in Rat-1 cells. 

The recovery of general protein synthesis dlso depended 

upon the duration of heating. After a short heat stress (5 minutes), 

general protein synthesis fully recovered within the initial 2 hour 

labeling interval (Figure 10, Group B, lane 1). With longer heating 



doses (10 or 30 minutes), recovery of general protein synthesis was 

delayed progressively (Figure 10, Group C, lane B; Group D, lane C). 

Increasing the duration of heating has also been reported to delay 

the recovery of general protein synthesis in MPC-11 cells (Aujame 

and Morgan, 1985), in CHO HA-1 cells (Li and Werb, 1982), and in D. 

melanogaster (DiDomenico et al., 1982b). 
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The length of exposure to 45°C did not affect the pattern of hsp 

expression, merely the timing of their synthesis. The effect on cell 

survival was more severe. Cells receiving a 5 minute 45°C heat dose 

showed nearly 100% survival, while cells receiving a 30 minute 45°C 

heat dose showed less than 1% survival (Widelitz et al., 1986). Thus, 

hsps were expressed both by cells receiving a 5 minute non-toxic heat 

treatment and by cells receiving a 30 minute toxic heat treatment. 

This suggests that if the hsps are involved in cell viability responses 

after heat stress, the timing of hsp synthesis is very important for 

the heat shock survival response. Alternatively, the expression of 

the hsps may not be required for survival. The synthesis of general 

and heat shock proteins between two heat doses is not required for 

cells to express thermotolerance. Therefore, if the hsps are involved 

in cell survival responses, they may be acting in a repair mode 

(Widelitz, et al., 1986; Chapter 3). Inhibition of protein synthesis 

does not affect the kinetics of heat shock RNA expression. 

Preliminary data indicated that inhibition of protein synthe

sis in Rat-1 cells caused a slight increase in heat shock 70 mRNA 

levels at times after heat shock (Widelitz et al., 1986; Chapter 3). 
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Removal of the protein synthetic block allowed for the expression of 

general and heat shock protein synthesis and also permitted for the 

turnover of heat shock 70 RNA. To determine the possible role of 

protein synthesis in heat shock mRNA accumulation and turnover, 

general protein synthesis was inhibited by exposing cells to 20 ~g/ml 

cycloheximide, a concentration which is not cytotoxic for intervals 

up to 6 hours (Widelitz et al., 1986; Chapter 3). Cycloheximide had 

no effect on basal levels of heat shock 70 mRNA in unheated cells 

(Figure 11, row 1, + CHX). RNA levels were assayed from cultures 

receiving a heat shock of 45°C for 5 minutes and subsequently incu

bated at 37°C in the presence or absence of cycloheximide for 5 

minutes to 7 hours. The drug was present for both the heat shock and 

subsequent incubation period at 37°C. Overall, the time course of 

RNA accumulation following 5 minutes of heating was very similar both 

in the presence and in the absence of cycloheximide (Figure 11, + CHX 

vs. - CHX). The accumulated heat shock 70 mRNA began to increase at 

30 minutes (Figure 11, Row d) and maximal induction was achieved by 

120 minutes after heating (Figure 11, Rowe). An approximate 8- to 

16-fold increase in accumulated RNA was observed at 120 minutes after 

heat shock compared to unheated controls in the absence of cyclohexi

mide. Heat shock 70 mRNA did accumulate to levels 2- to 4-fold higher 

at 2 hours after heat shock in cells treated with cycloheximide 

compared to cultures not treated with the inhibitor (Figure 11, Rowe, 

+ CHX). 
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Cytoplasmic RNA was prepared from unheated control Rat-l cells (Row 
a) or from cells grown at 37°C for 5 (Row b), 15 (Row c), 30 (Row d), 
120 (Rowe), 240 (Row f), and 420 minutes (Row g) following a 5 
minute exposure to 45°C in the presence (+ CHX) or absence (- CHX) of 
cycloheximide. The RNA was analyzed by dot blot hybridization as 
described in Experimental Procedures. The cells were exposed to 
cycloheximide (20 ~g/ml) for the 5 minute heat exposure and the 
indicated incubation period at 37°C. The unheated control cells were 
exposed to cycloheximide for 2 hours prior to RNA collection to 
determine the effect of cycloheximide on basal levels of heat shock 
70 mRNA. Each dot contains 0.625 (Column 1), 1.25 (Column 2), 2.5 
(Column 3), 5.0 (Column 4), or 10.0 ~g (Column 5) of cytoplasmic 
heat-denatured RNA as indicated. 
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It should be noted, however, that the accumulated heat shock 

70 mRNA decreased after 120 minutes whether cycloheximide was present 

or absent. If hsp 70 or any other newly synthesized protein were 

involved in the regulation of heat shock 70 mRNA accumulation in rat 

cells, inhibition of hsp 70 and general protein synthesis by cyclo

heximide should prevent decreases in RNA levels after the maximal 

induction was reached. It is thus unlikely that hsp 70 plays a strong 

role in regulating the synthesis of its encoding mRNA at either the 

transcriptional or the post-transcriptional level in Rat-1 cells. 

This result differs from that observed in D. melanogaster, where it 

has been reported that hsp 70 synthesis is required for the repression 

and destabilization of heat shock 70 mRNA (DiDomenico et al., 1982a). 

Inhibition of functional hsp 70 synthesis by the incorporation of 

canavanine, an amino acid analog, or by inhibition of protein syn

thesis with cycloheximide, causes an accumulation of heat shock 70 

mRNA that is due reportedly to either continued transcription or 

stabilization of the heat shock 70 mRNA. While the data from D. 

melanogaster are consistent with the hypothesis that hsp 70 regulates 

the accumulation of its RNA, this is not the only possible interpre

tation of existing data. The experiments with general inhibitors do 

not address whether the regulation was a specific function of hsp 70 

upon its own message, or whether it was a general effect of protein 

synthesis inhibition. mRNAs other than that encoding hsp 70 have 

also been reported to be increased by protein synthesis inhibition 

(Breindl and Gallwitz, 1974; Ernest, Delap and Feigelson, 1978; 



Ringold et al •• 1984; Mitchell et al •• 1985). In addition. RNA 

polymerase II activity has been shown to increase in response to 

protein synthesis inhibition (Lindell and Duffy. 1979). It is not 

known whether the slight increase in RNA accumulation observed here 

in heat shocked cells incubated in the presence of cycloheximide is 

due to increased transcri~tion rates or decreased degradation rates. 
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Activation of two distinct heat shock transcriptional factors 

have been reported (Parker and Topol. 1984; Wu, 1984). Both factors 

recognize the consensus sequence on heat shock genes (Pelham, 1982), 

although they bind to different heat shock genes with different 

efficiences. These factors are present prior to heat shock and are 

not increased in response to cell stress. What would account for the 

decrease in hsp 70 mRNA accumulation after 120 minutes? Two possi

bilities are that the heat shock transcription factors are either 

inactivated by some unknown mechanism or degraded. We have previously 

shown that stimulated levels of heat shock 70 mRNA can be further 

induced by a second heat shock (Widelitz et al., 1986; Chapter 3). 

These data argue against the possibility of degradation of the required 

heat shock transcription factors. The mechanisms(s) by which these 

factors are either activated or inactivated has yet to be elucidated. 

However, it is apparent from this study that turnover of heat shock 

70 mRNA can occur in the absence of hsp or even general protein 

synthesis. 



CHAPTER 5 

SUMMARY 

The first objective of these studies was to characterize the 

heat shock response of the Rat-l cells. In response to a variety of 

hyperthermic conditions, hsps with molecular weights of 68,000, 70,000 

and 89,000 were expressed by these cells. The expression of the hsps 

and of thermotolerance were dependent not only on the absolute hyper

thermic temperature, but also on the difference between the initial 

incubation temperature and the hyperthermic temperature. Hsp 68 was 

not detected in cells subjected to small temperature shifts (39° to 

42°C), but as the temperature difference increased (37° to 42°C or 

35° to 42°C), the expression of hsp 68 also increased. Hsps 70 and 

89 were expressed constitutively at all temperatures, but the rate of 

synthesis appeared to increase at hyperthermic temperatures. 

The second objective of these studies was to determine whether 

the hsps were involved in the expression of thermotolerance in these 

cells. No cell killing was obtained from cells switched from 39° to 

42°C. As the temperature shift increased (37° to 42°C or 35° to 42°C) 

cell survival decreased. Thermotolerance was expressed in the absence 

of hsp 68 (not detectable by the methods employed). Hence hsp 68 was 

either able to produce therrnotolerance at very low cellular concentra

tions or hsp 68 expression was not related to the acquisition of 
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thermal survival adaptation to small temperature differences in rat 

fibroblasts. Furthermore, inhibition of heat shock and general protein 

synthesis through times of stress did not inhibit the time course or 

the extent of thermotolerance expression. The synthesis of heat shock 

and general proteins after stress may be involved in the repair of 

hyperthermic damage, thus producing thermotolerance. Alternatively, 

heat shock and general protein synthesis may not be required for 

thermotolerance expression. 

The final question this study addressed was whether expression 

of the major hsp family, including hsps 68 and 70, was regulated by 

transcriptional mechanisms. Hsp 70 synthesis paralleled the accumula

tion of its encoding mRNA under heating conditions which dramatically 

altered the time course of expression. The time course of heat shock 

and general protein synthesis expression depended on the duration of 

the heat stress. Inhibiting protein synthesis with cycloheximide 

resulted in the increased accumulation of the RNA encoding hsp 70, 

but did not affect the normal turnover of this RNA species. These 

data indicated that the expression of hSIJ 70 in rat embryonic fibro

blasts was regulated, at least in part, by transcriptional controls 

and that the turnover of this message was not dependent on new protein 

synthesis. 

Experime/lts not part of this dissertation are currently in 

progress to further evaluate the role of specific hsps in thermotoler

ance. First, vectors have been constructed which will increase the 

gene copy number encoding hsp 70. These vectors will be transfected 
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into CHO/dhfr- cells to determine whether cells expressing elevated 

levels of hsp 70 are more thermal resistant. Second, vectors generat

ing RNA that is complementary to the mRNA encoding the hsp 70 family 

of proteins have been constructed. This anti-sense RNA technology 

has been used to decrease the expression of several protein products. 

Transfectants containing these plasmids will be tested to determine 

whether synthesis of hsps 68 and 70 is reduced and whether this 

reduction effects thermotolerance expression. Similar experiments 

are planned to determine the involvement of hsp 89 in thermotolerance 

expression. 
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