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The addition of isopropyl thio-~-D-galactoside (IPTG) to Escherichia coli cells containing multiple copies of the 

heat shock regulatory gene htpR (rpoI-l) under the control of an IPTG-inducible promoter (P-tac) induced 15 of 

the 17 polypeptides of the heat shock (HTP) regulon. The time course and magnitude of the induction closely 

resembled that caused by a shift to 42°C. Nevertheless the two means of inducing the heat shock regulon 

differed in outcome. Cultures grown at 28°C and induced by incubation at 42°C for 15 min gave significant 

protection against a challenge temperature of 50°C, but no protection was afforded by a 15-min IPTG treatment 

at 28°C. It could be shown that there was no interference by IPTG with the development of thermotolerance at 

42°C. Also, treatment of a wild strain of E. coil with various toxic agents revealed no correlation between the 

development of thermotolerance and the induction of any subset of the heat shock proteins. Thermotolerance 

appears to develop by processes other than the htpR-dependent induction of heat shock proteins. 
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Exposure to temperatures above the range that permits 

cell growth leads to progressive loss of cell viability in 

microbial populations and severe developmental abnor- 

malities (including phenocopies, which mimic the effect 

of various developmental mutants) in higher plants and 

animals. In both situations it is generally observed that 

exposure of the organism to moderately elevated tem- 

perature for brief periods provides some protection 

against the lethal or deleterious developmental effects of 

a subsequent shift to a higher temperature. This ac- 

quired thermotolerance has been observed in organisms 

as diverse as bacteria (Yamamori and Yura 1982), various 

plants (cited in Altschuler and Mascarenhas 1982), 

whole mice, Chinese hamsters, Drosophila (embryos, 

larvae, pupae and adults), and cells of higher organisms 

(including human) in tissue culture (reviewed in Craig 

1985 and Lindquist 1986). 

It has been widely concluded that thermotolerance de- 

velops during brief incubation at elevated but nonlethal 

temperature as a result of the heat shock response. The 

evidence consists of extensive correlations between syn- 

thesis of heat shock proteins and the development of 

thermotolerance. For example, in many organisms some 

chemical treatments (e.g., recovery from anoxia, expo- 

sure to ethanol, cadmium chloride, or sodium arsenite) 
are as effective as mild heat in leading to thermotoler o 

ance, and these conditions also induce the synthesis of 

heat shock proteins. However, there are also reports that 

thermotolerance can be acquired without induction of 

heat shock proteins, and that hyperproduction of them 

does not always produce thermotolerance (reviewed in 

Craig 1985; Landry 1986; Lindquist 1986). 
Particularly because the overall function of the heat 

shock response is still a matter of speculation, it would 

be useful to clarify the matter of thermotolerance. Is 

protection against heat an outcome of the induced syn- 

thesis of heat shock proteins? Is the heat shock response 

sufficient for the acquisition of thermotolerance? Is the 

heat shock response necessary for the development of 

thermotolerance ? 
In E. coli the heat shock response is governed by a pos- 

itive transcription factor, HtpR (¢32)(reviewed in Neid- 

hardt and VanBogelen 1987), and elevation of the cel- 

lular level of this factor induces the heat shock regulon 

(Grossman et al. 1987). With this as a starting point we 

have examined the relationship between induction of 

this regulon and the development of thermotolerance. 

We have found that maximum thermotolerance can be 

developed by agents that only weakly induce three or 

four of the 17 heat shock proteins, and that virtually 

complete induction of the heat shock regulon can occur 

without the concomitant development of any thermoto- 

lerance. These findings indicate that some one or more 

unknown processes outside the heat shock response are 
essential to the development of thermotolerance, and 

that the 17-protein bacterial heat shock response has 

function(s) other than protection against the lethal ef- 

fects of high temperature. 
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Figure 1. Synthesis of individual proteins resolved on two-dimensional gels from a strain of E. coli (CG690) containing the wild-type 
allele of htpR both on the chromosome and fused to P-tac on a plasmid. The autoradiograms show the incorporation of [3sS]methio- 
nine for 15 min: (A) at 28°C; (B) at 28°C beginning immediately after addition of IPTG (5 raM); (C) beginning immediately after a shift 
to 42°C; and (D) beginning immediately after a shift to 28°C to 42°C of a culture that had been pretreated for 15 min at 28°C with IPTG 
(5 mM). The arrow indicates the position of the htpR gene product, ~32. The protein spots in boxes, numbered in A, are the heat shock 
proteins (Neidhardt and VanBogelen 1987): (1) B25.3 (GrpE); (2)B56.5 (GroEL); (3)B66.0 (DnaK); (4) C14.7; (5) C15.4 (GroES); (6) C62.5; 
(7) D33.4; (8) D48.5; (9) D60.5 (LysU); (10) F10.1; (11) F21.5; (12) F84.1; (13) G13.5; (14)G21.0; (15) H94.0 (Lon). Not shown are (r 7° and 
DnaJ. 

R e s u l t s  

Induction of the heat shock regulon by IPTG and heat 

in strains containing htpR fused to P-tac 

Cultures  of E. coli strain CG690 were grown at 28°C and 

then either (1) shifted to 42°C for 15 rain, (2) treated wtih  

IPTG at 28°C for 15 min, or (3) shifted to 42°C for 15 min  

after p re t rea tment  wi th  IPTG at the lower temperature  

for 15 min.  Each culture was labeled for the 15-min test 

period wi th  radioactive methionine .  Extracts were pro- 

cessed by two-dimensional  gel electrophoresis, and auto- 

radiograms were used to examine the pa t t em of protein 

synthesis  (Fig. 1). 

Addit ion of IPTG at 28°C resulted in a high rate of 

product ion of the htpR gene product, F33.4 (o~2), and vis- 

ible induct ion of all but three of the heat  shock proteins 

(proteins C14.7, D60.5, and G13.5 being the exceptions) 

seen on two-dimensional  gels (cf. Fig. 1A wi th  Fig. 1B). 

The induct ion appeared visually to be as intense as that  

produced by a shift to 42°C (Fig. 1C). The induct ion of 

some HTP proteins by a shift to 42°C was somewhat  en- 

hanced by preincubat ion of the cells wi th  IPTG for 15 

min  at 28°C (cf. Fig. 1 B with  Fig. 1D). 
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H e a t  s h o c k  a n d  t h e r m o t o l e r a n c e  

These exper iments  were repeated wi th  strain CSH26 

containing plasmid pDS2 with htpR fused to P-tac. The 

results (not s h o w n ) w e r e  virtually identical. 

Curiously, o a2 seemed not  to be hyperproduced at 

42°C, despite the presence of IPTG (Fig. 1D). This result 

would be expected if the tac promoter  were t ransient ly 

repressed at high temperature,  or if the more rapid degra- 

dation reported for cr a2 at high temperature  (Grossman et 

al. 1987)were  sufficient to prevent its accumula t ion  to 

the level seen at 28°C. These possibilities were exam- 

ined by labeling the cells in the presence of IPTG at 42°C 

and then chasing the label with nonradioactive methio-  

nine for 0, 1, and 3 rain. The results (not shown) indi- 

cated that  the 3-min chase employed in the exper iment  

of Figure 1 was sufficient to permit  degradation of HtpR 

at this temperature .  

To confirm the impression that  IPTG induces a nearly 

normal  heat  shock response in strain CG690 at 28°C, the 

exper iment  presented in Figure 1 was repeated, but with 

a labeling protocol that  permit ted  quant i ta t ive measure- 

men t  of the synthesis  of individual proteins. The results 

(Table 1) indicate that, of 15 heat  shock proteins sam- 

pled, 10 were induced by IPTG at 28°C as well as or 

better  than by a shift to 42°C. The exceptions were B56.5 

and C15.4 (induced half as well), C14.7 and D60.5 (not 

induced), F84.1 (induced one-third as well), and G13.5 

T a b l e  1. Induction of proteins in strain CG690 by IPTG 

and heat 

Differential rate of synthesis b 

Protein a IPTG (28°C) 42°C IPTG (28°C and 42°C) 

B25.3 (GrpE) 5.11 2.22 3.76 
B56.5 (GroEL) 2.65 5.71 7.90 
B66.0 (DnaK) 3.99 2.95 3.35 
C14.7 1.25 6.56 1.85 
C15.4 (GroES) 2.75 3.97 7.91 
C62.5 5.70 7.84 11.8 
D33.4 5.73 6.45 9.86 
D48.5 5.40 2.65 1.17 
D60.5 (LysU) 0.87 2.3 7 3.86 
F10.1 7.40 2.46 3.56 
F84.1 4.90 14.1 28.6 
F21.5 3.78 1.17 1.36 
G13.5 3.38 18.0 3.02 
G21.0 5.14 2.65 2.75 
H94.0 (Lon) 4.09 3.00 3.19 
Control: 

E42.0 (EF-Tu) 0.91 0.84 0.78 

aproteins and their identifications are described in Neidhardt 
and VanBogelen ( 1987). 
bThe differential rates of synthesis are based on 15-min incorpo- 
ration periods, as described in Materials and methods, and are 
expressed relative to the differential rates of synthesis during 
steady-state growth at 28°C in the absence of IPTG. IPTG 
(28°C), labeling was from 0 to 15 rain after addition of IPTG (5 
mM) to a culture in steady-state growth at 28°C; 42°C, labeling 
was for 0-15 min after shifting a culture from steady-state 
growth at 28°C to 42°C; IPTG (28°C and 42°C), labeling was 
from 0 to 15 min after shift of a culture to 42°C that had re- 
ceived IPTG (5 mM) 15 min earlier during steady-state growth 

at 28°C. 
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Figure 2. Induction of thermotolerance to 50°C in E. coli 

strain CG690 containing the wild-type allele of htpR both on 
the chromosome and fused to P-tac on a plasmid. Cultures were 
grown in glucose-rich medium at 28°C and shifted to the chal- 
lenge temperature of 50°C after: no treatment (Q), treatment 
with IPTG (5 mM)for 15 min at 28°C (0); treatment for 15 rain 
at 42°C (I); and treatment consisting of incubation with IPTG 
(5 mM)for 15 min at 28°C and 15 min at 42°C jr]). Duplicate 
samples of each culture were diluted and plated at 30°C to de- 
termine the number of viable cells at each time point. The ex- 
periment was typical of several done at slightly different chal- 

lenge temperatures. 

(induced one-fifth as well). A curious, but reproducible, 

result  was that  three heat  shock proteins were induced 

less well by a combinat ion  of heat plus IPTG than by 

IPTG or heat  alone. 

Effect of IPTG and incubation at 42°C on 

thermotolerance 

Strain CG690 was grown in glucose-rich med ium at 

28°C, and subcultures were treated as described in 

Figure 1 to induce the HTP regulon. These cultures were 

then exposed to the lethal temperature  of 50°C, and the 

loss of viabili ty was followed by plate counts. 

Incubat ion at 42°C, wi th  or wi thout  prior addition of 

IPTG for 15 min  at 28°C, induced thermal  protect ion as 

usual, but induct ion of the HTP regulon by IPTG at 28°C 

failed to provide any protect ion at all (Fig. 2). The same 

results were obtained using the other htpR fusion 

plasmid, pDS2, in strain CSH26. 

The failure of IPTG to induce thermotolerance  could 

be explained if the heat  shock proteins induced at 28°C 
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by IPTG require  some  sort  of ac t iva t ion  tha t  can occur  at 

42°C but  no t  at 28°C. To test  this poss ibi l i ty  the cells 

were  t rea ted  w i th  IPTG at 28°C for 15 min,  then  shifted 

to 42°C wi th  the s i m u l t a n e o u s  addi t ion of chloram- 

phen ico l  to b lock pro te in  synthesis .  After 15 min  the 

cells were  shif ted to 50°C and viabi l i ty  was followed. 

The  t r e a t m e n t  at 42°C failed to al ter  the suscept ib i l i ty  of 

the  cells to hea t  (results no t  shown). 

Effects of ethanol, puromycin, H202, CdC12, amino acid 

starvation, and nalidixic acid 

The  fai lure of IPTG to induce  t h e r m o t o l e r a n c e  could 

conce ivab ly  have  been the resul t  of failure to induce 

hea t  shock  pro te ins  C14.7 and D60.5, or the failure to 

achieve  some  cri t ical  level  of one or more  of the o ther  

three  poor ly  induced  hea t  shock proteins.  To explore 

these  possibi l i t ies ,  we examined  t h e r m o t o l e r a n c e  in 

cells subjected to a n u m b e r  of t r e a t m e n t s  previous ly  

used  in a s tudy  of i nduc t ion  of the hea t  shock response 

(VanBogelen et al. 1987). These  t r e a t m e n t s  vary widely  

in the  n u m b e r  of hea t  shock  prote ins  they  induce, and in 

the  m a g n i t u d e  of the induc t ions  (Table 2). 

The  resul t s  (Fig. 3 ) w e r e  tha t  exposure  to e thanol  and 

to CdC12 for 15 min,  and to H202 for 60 min,  led to the 

same degree of p ro tec t ion  to a chal lenge at 50°C as did 

incuba t ion  at 42°C for 15 min,  whi le  exposure to nali  o 

dixic acid, to puromycin ,  to valine, and to H202 for 15 

m i n  led to no protec t ion .  Combined  wi th  the informa- 

t ion  in Table  2, these  resul ts  indicate  tha t  the rmoto le r -  

ance can develop in response  to chemica l  t r e a t m e n t s  

tha t  induce  fewer than  half of the hea t  shock proteins.  

Also, s ince pro te ins  C14.7, D60.5, and G13.5 were in- 

duced by at least  one agent  (puromycin  or nal idixic  acid) 

tha t  did no t  produce  the rmoto le rance ,  and failed to be 

induced  by one agent  (H202) tha t  did produce the rmoto -  

lerance,  the  failure of the IPTG- induced  heat  shock re- 

sponse to confer t h e r m o t o l e r a n c e  seems unre la ted  to 

fai lure to induce  these  three  proteins.  

D i s c u s s i o n  

As expected  f rom the work  of others  (Grossman  et al. 

1987; C. Georgopoulos ,  pers. comm.),  overproduc t ion  of 

o -32 f rom an htpR gene fused to P-tac induced  the syn- 

thesis  of hea t  shock  proteins.  To pe rmi t  physiological  

a s s e s smen t  of the func t ion  of this response,  it was nec- 

essary for us to examine  syn thes i s  of each of the heat  

shock  pro te ins  fo l lowing IPTG addit ion.  The  two inde- 

penden t  cons t ruc t ions  of P-tac-htpR yielded s imilar  re- 

s u l t s m h e a t  shock  prote ins  were induced in n u m b e r  and 

m a g n i t u d e  similar ,  but  not  identical ,  to wha t  occurs 

upon  shift  to 42°C (Table 1). 

Since no t h e r m o t o l e r a n c e  was genera ted  by the IPTG- 

induced  response  at 28°C (Fig. 2 ) (even  after a l lowing in- 

cuba t ion  at 42°C in the absence of prote in  synthesis),  

one m u s t  conc lude  tha t  the bacter ial  heat  shock re- 

sponse does no t  produce the rmoto le rance ,  or else tha t  

the few differences be tween  IPTG induc t ion  and hea t  

i nduc t ion  of hea t  shock prote ins  are crucial.  

The  la t ter  poss ib i l i ty  is rendered un l ike ly  by several 

observat ions .  The  poorest  induc t ions  by IPTG rela t ive  to 

hea t  were  those  of prote ins  C14.7, D60.5, and G13.5. 

These  pro te ins  were  also not  induced by H202 t r e a t m e n t  

for 60 min,  yet  t h e r m o t o l e r a n c e  developed; two of t h e m  

(C14.7 and G13.5) were induced  by p u r o m y c i n  treat- 

m e n t  and the th i rd  by nal idixic  acid, ne i the r  of which  

t r e a t m e n t s  produce the rmoto le rance .  Fur thermore ,  a 

par t icu lar  m u t a n t  s t ra in  tha t  has been found not  to pro- 

duce C 14.7 and G 13.5 at 44°C does develop the rmoto le r -  

ance at this t empe ra tu r e  (R.G. Mat thews ,  this labora- 

tory, unpubl ished) .  A l though  prote ins  B56.5, B66.0, and 

F84.1 were  induced  less wel l  by IPTG than  by heat,  

IPTG t r e a t m e n t  was as effective as, or more  effective 

than,  three  o ther  t r e a t m e n t s  wh ich  did bring about  ther- 

mo to l e rance :  e thanol ,  CdC12, and H202 (for 60 min). 

T h o u g h  they  seem i r re levant  to the rmoto le rance ,  the 

differences in induc t ion  of heat  shock prote ins  by the 

three  t r e a t m e n t s  used here are interes t ing.  Specula t ion  

about  the i ndependen t  behavior  of individual  heat  shock 

pro te ins  (observed prev ious ly  as well;  VanBogelen et al. 

Table 2. Induction of thermotolerance and individual heat shock proteins in E. coli strain W3110 

Thermo- Relative increase in level of heat-shock proteins c 

Treatment a tolerance b B25.3 B56.5 B66.0 C14.7 C15.4 C62.5 D33.4 D48.5 D60.5 F10.1 F21.5 G13.5 G21.0 F84.1 H94.0 

Shift to 42°C yes + + + + + + + + + + + + + + + + + + + + + + + + 

Ethanol yes + + + + + + + + + + + + + + + + + + + + + + + + 

CdC12 yes + + 0 + + + 0 + 0 0 0 0 0 + 0 + 0 

H202 (60 min) yes 0 0 0 0 0 + 0 0 0 0 0 0 0 0 0 
Puromycin no + + 0 0 + + 0 0 0 0 + + + 0 0 0 
Nalidixic acid no + + + 0 + 0 + 0 + 0 0 0 + + 0 

H202 (15 min) no + 0 + 0 + 0 0 + 0 0 0 0 0 0 0 
lie restriction no 0 0 0 0 + 0 0 0 0 0 0 0 0 + 0 

aTreatments are described in the legend to Figs. 2 and 3. 

bThermotolerance was scored "yes" if the treatment resulted in a killing rate similar to that obtained when the culture is treated at 

42°C for 15 min prior to challenge at 50°C, and "no" if the rate of killing was similar to an untreated culture (Figs. 2 and 3). 

cRelative increases were measured as described in Materials and methods. Relative to the differential rate of synthesis at 28°C, + + 

indicates an increase > 10-fold, + indicates an increase from 2- to 10-fold, and 0 indicates no detectable increase. The individual heat 
shock proteins are described in Neidhardt and VanBogelen (1987). 
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Heat shock and thermotolerance 

50 

20 

o~' I0 
v 8.0, 
_.1 

5.0 

> 
r~ 

~ 2.0 

1.0 
0.8 

Q5 

0.2 

0.1 I I I I .... | l i l i , l I I I 

20 40 60 80 20 40 60 80 20 40 60 80 

T IME (rain) 

Figure 3. Induction of thermotolerance to 50°C in E. coli strain W3110 after various treatments. Cultures were grown in glucose-rich 
medium (A and B)or glucose minimal medium(C)at 28°C and then after different treatments (all for 15 min at 28°C unless otherwise 
specified) were exposed to the challenge temperature of 50°C with 4000-fold dilution of the toxic chemicals. The cultures in A 
received: no treatment (@); 42°C (©); ethanol (10%)([-1); CdC12 (600 ~tM)(G); nalidixic acid (172 ~M)(A); and puromycin (200 ~tg/ml) 
(11). In B the cultures received: no treatment (O); 42°C {©); H202 (70 ~tg/ml)(11); and H20 2 {70 ~tg/ml) for 60 min ([3). In C the cultures 
received: no treatment (@); valine (3.4 mM) tO restrict for isoleucine (A); and 42°C (©). Duplicate samples of each culture were diluted 
and plated at 30°C to determine the number of viable cells at each time point. Differences in the degree of thermotolerance developed 
at 42°C reflect the variation in killing in different experiments as a result of slight differences in temperature or the use of different 
media or strains; controls {no treatment and treatment at 42°C} were always run under identical conditions as the experimental 

treatments. 

1987) is premature  unti l  more is known of their pro- 

moter  structures and their mechanisms of control. 

If the heat  shock response does not produce thermoto- 

lerance, what  does? 

We propose that there are two distinct, inducible 

states of E. coli: thermotolerance and heat shock. Ther- 

motolerance is a state of resistance to thermal killing, 

and results from some unknown cellular processes that 

occur outside the o'32-related heat shock response. The 

processes leading to thermal  protection are triggered by 

such agents as moderate  heat, ethanol, CdC12, and pro- 

longed t rea tment  by H202. Possibly, the production of 

some selected heat shock proteins is necessary for pro- 

tection against lethal temperature,  although the results 

wi th  H202 treatment (Table 2 ) m a k e  even this l imited 

possibility unlikely. 

The second state, heat shock, is brought about by a 

~2-dependent  induction of 17 or so proteins, and we 

propose that  this state is necessary for cellular adjust- 

men t  to growth at elevated (nonlethal) temperature .  We 

have previously suggested cell division as one of the pro- 

cesses requiring the heat shock response for adaptation 

to growth upon a shift up in temperature  (Tsuchido et al. 

1986). 
Heat, in this scheme of things, is an inducer of two 

different states, and it is likely that the heat shock state 

may be necessary for thermal  protection only in the case 

of heat-induced (rather than toxic chemical-induced) 

thermotolerance.  
This interpretat ion of our results is not in conflict 

with existing information about thermotolerance devel- 

opment  in other organisms. The evidence supporting a 

necessary and sufficient role of the heat shock response 

in thermotolerance  is based on temporal correlation of 

the synthesis of heat shock proteins and the develop- 

men t  of thermotolerance (reviewed in Lindquist 1986; 

Landry 1986). Though instances of this correlation are 

extensive, such evidence alone cannot establish a causal 

relation, and are readily accounted for b y o u r  proposal. 

Furthermore,  the l i terature contains numerous  ex- 

amples in a wide variety of organisms in which the de- 

ve lopment  of thermotolerance appeared unrelated to the 
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induced synthesis of heat shock proteins (reviewed by 

Lindquist 1986; Landry 1986). Contradictions of this 

sort are what  one would expect if thermotolerance were 

a different state than heat  shock, though induced by 

some of the same agents. 

The interpretat ion that  heat shock and thermotoler- 

ance are separable, though related, phenomena  has been 

reached by others (e.g., Landry and Chretien 1983; re- 

viewed by Landry 1986), and is not far different from the 

views expressed by Lindquist (1986). 

Our findings, and this interpretation of them, high- 

light the need for a search in E. coli for some process 

outside the heat shock regulon for the development of 

thermotolerance.  Also, if heat shock proteins are at best 

only indirectly concerned with the development  of ther- 

motolerance,  the main function of the heat shock re- 

sponse mus t  be with other matters. 

These results have implications for eukaryotic 

systems, not because one would necessarily expect ther- 

motolerance to depend on the same processes from bac- 

teria to humans,  but because the evidence that increased 

synthesis of heat shock proteins protects embryos of 

Drosophila (Petersen and Mitchell  1982)and rats (Walsh 

et al. 1985)from thermally induced developmental  ab- 

normali t ies  is formally similar to the evidence that had 

implicated the heat shock regulon of E. coli in thermo- 

tolerance. Likewise, efforts to mainta in  the heightened 

adjuvant thermal  sensitivity of cancer cells for thera- 

peutic purposes (reviewed in Hahn 1982; Gerner 1983; 

Landry 1986; Li and Mivechi 1986)should take into ac- 

count the possibility that processes outside the syn- 

thesis of heat shock may be involved in thermotoler- 

ance. 

Materials  and m e t h o d s  

Bacterial strains and plasmids 

All bacterial strains used were K-12 type E. coll. Strain W3110 

is prototrophic (Smith and Neidhardt 1983). Strain CG690 
(kindly provided by Costa Georgopoulos) contained plasmid 

pTH, which carries a HindIII-PvuI fragment containing the 
htpR gene linked to the tac promoter (K. Tilly and C. Georgo- 

poulos, unpubl.). Strain CSH26 (Miller 1972)contained plasmid 
pDS2, which also carries the htpR gene linked to the tac pro- 
moter as previously described (Grossman et al. 1987). 

Media and growth conditions 

Cultures were grown aerobically in rotary action H20 incubator 
shakers at the indicated temperature. Liquid MOPS medium 
(Neidhardt et al. 1974)was supplemented with glucose (0.4%) 

and thiamine (10 pM) for minimal medium or with glucose 

(0.4%), 20 amino acids, and 5 vitamins (Wanner et al. 1977) for 
rich medium. 

Radioactive labeling of protein and resolution on two- 

dimensional gels for autoradiography 

Cultures were grown in rich medium (with methionine reduced 

to 0.015 mM) to an OD420 am of 0.3. A 2-ml sample was labeled 
for 15 rain by the addition of [asS]methionine (1097 Ci/mmole) 

to a final concentration of 50 ~Ci/ml, and chased for 3 min 
with nonradioactive methionine (17 mM). Extracts were pre- 
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pared and processed for resolution on two-dimensional poly- 

acrylamide gels (O'Farrell 1975) as previously modified (Blu- 
menthal et al. 1976). Gels were stained with Coomassie Bril- 

liant Blue R and exposed to Kodak XAR film for 3 days. 

Measurement of rates of synthesis of individual proteins 

Cultures were grown in glucose-rich medium (with methionine 

reduced to 0.015 m~) and portions (2 ml)were labeled for 15 

rain before and after treatment with IPTG and/or a temperature 
shift by adding [asS]methionine (1097 Ci/mmole)to a final con- 

centration of 100 pCi/ml. Nonradioactive methionine (17 mM) 

was added for a 3-min chase. To each sample was added a por- 

tion of a culture of the same strain grown in all-labeling me- 
dium consisting of glucose-rich medium containing [aH]leucine 

(4.8 mCi/mmole, 100 ~Ci/ml) and with the isoleucine and va- 
line reduced to 40 and 60 laM, respectively (one-fifth the usual 

concentrations). The mixed sample was then sonicated to pre- 

pare a cell extract for resolution on two-dimensional gels. An 
autoradiogram was prepared to permit visualization of the ass- 

labeled proteins. Protein spots chosen for quantitative assay 
were sampled from the gel with a syringe needle and processed 
as previously described (Pedersen et al. 1976)to permit mea- 
surement of their ass and aH content by scintillation counting. 

The differential rate of synthesis of a sampled protein was de- 
fined as the 35S/3H ratio of the sampled spot divided by the 

same isotope ratio of the unfractionated mixed extract. 

Measurement of viable cells after exposure to lethal 

temperature 

Cultures were grown in rich medium (except for isoleucine re- 

striction, which was accomplished by adding 400 ~g/ml of va- 

line to minimal medium) to OD42o nm of 0.3 before initiation of 
treatment. After cultures were exposed to IPTG (5 mM), ethanol 

(10%), nalidixic acid (40 ~g/ml), CdC12 (600 ~M), H202 (70 
~g/ml), 42°C, or 42°C and chloramphenicol (50 ~g/ml)for 15 

min, or to H202 for 60 min, the cultures were diluted 1 : 4000 
and shifted to 50.4 ___ 0.15°C. Samples (0.1 ml and 0.025 ml) 

taken immediately before the shift to 50°C and at various times 

after the shift were plated on Luria broth plates and incubated 

at 30°C overnight. Because of variability from day to day (e.g., 
Figs. 2 and 3), untreated controls were always run in each ex- 
periment, and all experiments were performed a minimum of 

three times. 
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N o t e  added in proof 

We noted only recently work with Tetrahymena thermophila 

(Hallberg, R.L., Mol. Cell. Biol. 6" 2267-2270, 1986) leading to 

conclusions similar to ours. 
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