
Abnormal Proteins Serve as Eukaryotic Stress Signals 
and Trigger the Activation of Heat Shock Genes 

Heat shock protein (hsp) genes, a group of ubiquitous genes, are activated by various 
metabolic stresses. The suggestion that denaturation of intracellular proteins may be 
produced by the metabolic stresses and then signal the activation of the hsp genes was 
examined by co-injection of purified proteins and hsp genes into frog oocytes. 
Activation of hsp genes was observed if the proteins were denatured prior to injection 
but not if they were introduced in their native form. Furthermore, the activation of hsp 
genes by abnormal proteins and by heat shock appears to occur by a common 
mechanism. A model for the transcriptional regulation of the genes is based on 
competition for degradation between abnormal intracellular proteins and a labile 
regulatory factor. 

T HE EXPOSURE OF CELLS TO TEM- 

peratures above the ones to which 
they are normally adapted (heat 

shock) activates a small set of genes in 
Drosophila (1 ) . The expression products of 
these so-called heat shock protein (hsp) 
genes have been identified (2) and the genes 
have been isolated (3 ) .  Recent work shows 
the existence of related genes and expressed 
protein products in mammalian, plant, and 
even bacterial cells (3);  some of these genes 
have also been cloned. The Drosophila and 
human hsp genes are transcribed correctly 
and in a heat-regulated fashion in various 
eukaryotic cells, as shown by gene transfer 
studies (4-8). 

Hsp genes are activated not only by heat 
but also by seemingly unrelated stimuli (Ta- 
ble 1). Many treatments that make the intra- 
cellular environment less physiological ap- 
pear to prompt cells to activate hsp genes. 
For this reason the genes have also been 
referred to as stress-induced genes, and the 
entire phenomenon as stress response. Cir- 
cumstantial evidence for a role of this re- 

sponse in protecting cells from damage in 
adverse situations has been presented (9) .  
The wide spectrum of situations that leads 
to the activation of these genes suggests that 
the system regulating their expression may 
be as generalized as the ones controlling, for 
example, the bacterial SOS response, the 
bacterial general amino acid regulation, or 
catabolite repression. 

It is assumed that a single mechanism 
controls the activity of the hsp genes, and 
that all the different inducing agents or 
treatments ultimately affect the concentra- 

'IOUS- tion of a common signal molecule. Ob\ ' 
ly, the identification of such a signal is 
crucial for understanding the mechanism of 
hsp gene regulation. Most of the conditions 
that induce hsp genes are known or thought 
(10, 11) to cause denaturation of preexisting 
or of newly made intracellular proteins (Ta- 
ble 1). This observation led to our efforts to 
demonstrate directly that accumulation of 
abnormal proteins of any kind signals the 
activation of hsp genes in eukaryotic cells. In 
addition, Goff and Goldberg (10) recently 

Table 1. Agents or treatments that activate hsp genes. 

Inducing agent 
or treatment 

Proposed effects References 

Group I 
Ethanol 
Amino acid analogs, puromycin 

Group I1 
Heat shock 
Various heavy metals, copper-chelating 

agents, arsenite, iodoacetamide, p- 
chloromercuribenzoate 

Return from anoxia, hydrogen 
peroxide, superoxide ions and other 
free radicals 

Ammonium chloride 
Amytal, antimycin, azide, 

dinitrophenol, rotenone, heptyl- 
hydroxy-quinoline N-oxide, 
ion0 phores 

Hydroxylamine 

Translation errors 
Abnormal proteins 

Increased unfolding of proteins (3) 27) 
Binding to sulfhydryl groups, 

conformational changes in 
(28) 

proteins 
Oxygen toxicity, free radical 

fragmentation of proteins 
(29) 

Inhibition of proteolysis (34  31) 
Inhibition of oxidative 

phosphorylation, changes in 
(32) 

redox state, covalent modifi- 
cations of proteins 

Cleavage of asparagine-glycine (31, 33) 
bonds in proteins 

demonstrated that production of large 
amounts of abnormal proteins activates 
transcription of heat shock proteins in Eschc- 
richia coli. 

Xenopus laevis oocytes were used because 
materials can be readily introduced into 
these large cells by microinjection. Drosophi- 
la hsp genes, and even a human hsp gene, 
were previously shown to be transcribed 
correctly and in a heat-regulated fashion in 
Xenopus oocytes (6-8) [for reasons that have 
been discussed elsewhere (12), the activities 
of the endogenous hsp genes cannot be 
measured accurately in the later stages of 
oocyte development]. It was also shown that 
the heat-induced production of (3-galacto- 
sidase by hsp-p-galactosidase hybrid gene 
constructs ~rovides a convenient and sensi- 

L 

tive assay for the transcriptional regulation 
of these hsp genes (8). This assay is used 
here. 

Coinjection of purified bovine p-lacto- 
globulin or bovine serum albumin (BSA) 
does not result in the activation of the 
Drosophila hsp70-p-galactosidase hybrid 
gene 622C (Fig. 1). When the same two 
proteins, however, are first denatured by 
reductive carboxymethylation and then in- 
iected at the s&e concentration as the re- 
spective native proteins, each causes the 
activation of the coinjected hsp hybrid gene. 
This basic experiment, which has been re- 
peated seven times with different batches of 
oocytes, clearly demonstrates that proteins 
with no known direct relation to the heat 
shock regulation system, and no physiologi- 
cal role in the cell system used, stimulate the 
expression of an hsp hybrid gene when 
denatured but not in their native conforma- 
tion. The level of hsp gene expression in 
oocytes injected with denatured proteins is 
about one order of magnitude lower than 
that reached after a 90-minute heat shock at 
36.5"C. We assume this to mean that the 
amount of intracellular protein that is dena- 
tured by heat shock is larger than the effec- 
tive amount of denatured proteins that 
could be delivered by microinjection in 
these experiments. Similar results were ob- 
tained from experiments in which DNA was 
injected first, and the proteins several hours 
later. 

The possibility that only proteins whose 
conformations had been altered dramaticallv 
by chemical modification are capable of 
inducing hsp genes has been ruled out by 
the following experiment. Components of 
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tion for the regulation of the gene by both 
heat shock a d  abnormal (the se- 
quence element responsible for heat shock 
regulation has been mapped between -48 
and -62 in previous studies (5, 6). This 
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Fig. 1. Measurements of the expression of a D. -artcr hsp70-p-gaktaidase hybrid gcnc in 
miuoiniected Xcno~w oocvtes bv the hvdrolvsis of o - n i t r o p h e n v l - 8 - ~ ~ w r a n d e .  Oocvtcs were 

and nud;u injeckons kcrr &idout as described (7): ~ a &  of20 oocytes we& injected 
with 10 ng per oocyte of plasmid 622C DNA (Fig. 2) and, where indicated, with 85 ng per oocyte of 
denatured (A) (23) or nauve (N) bovine p-hctoglobulin (BLG), bovine serum albumin (BSA), human 
globin (Gb), or hemoglob'm (Hg). One ofthe two batches that had received only DNA (HS, NHS) 
was subjected to a 90-minute heat treatment at 36.5'C (HS). All other sam* were kept a 21°C. ffi 
overnight incubation at 21%, extraas were prepared, p-gakosidase acuvitics were determined (8), 
and the reaction mixturrS were photographed (after t rader into plastic cuvettes). Relative activities, 
calculated fiom absorbance measurements at 420 and 550 nm, are indicated below. 

multimeric proteins appear to be folded less 
tightly in their monomeric hrm than when 
they form part of proper multimeric struc- 
tures, as evidenced by their increased sensi- 
tivity to proteolytic digestion (13); that is, 
they appear to be partially denatured pro- 
teins and are recognized as such by the 
cellular proteolytic system. We have pre- 
pared globin monomers by extraction of the 
heme group fkom human hemoglobin (type 
Iv, Sigma). As expected, globin but not 
hemoglobin stimulates hsp gene expression 
(Fig. 1). 

The above experiments appear to demon- 
strate that any abnormal protein triggers the 
activation of a Drarophila hsp gene, and a 
similar experiment with a human hsp gene 
construct shows that our findings are not 
restricted to any particular hsp gene (Fig. 2). 
These experiments do not indicate, howev- 
er, whether heat shock or any of the other 
inducing conditions activate hsp gcncs 

through the accumulation of abnormal pro- 
& or by other mechanisms. To obtain 
evidence that heat shock and abnormal pro- 
teins activate hsp genes by a common mech- 
anism, we determined the location of the 
signals in the promoter of a D. t ndarqm 
hsp70 gene that are involved in the regula- 
tion of the gene by the two stimuli. The 
regulated expression of a number of hsp 
hybrid geny with promoter segments of 
difFerent lengths was examined (Fig. 2). 
Cons- with 194-,88-, and 67-bp-long 
promoter regions are highly active in heat- 
shodced oocyccs; a gene with only 50 bp of 
promoter sequence, however, is less active 
by about an order of magnitude than the 
genes with longer promoter segments. Anal- 
ogous results were obtained for the abnor- 
mal protein-induced expression of the mu- 
tant genes. Thus, a short region located 50 
to 67 bp upstream fiom the capping site of 
the hsp70 gene contains essential infbrma- 

BSA (N) 

result strongly suggests that a common reg- 
ulatory sequence is b e i i  used for the activa- 
tion of the hsp70 gene by heat shock and 
abnormal proteins; that is, the two activa- 
tion mechanisms indude a common step. 

That &rent p d e d  abnormal proteins 
are capable of inducing the expression of hsp 
genes links the regulation of these genes to 
the catabolism of proteins. This finding, and 
the earlier find& that hsp gene actiGation 
occurs in the absence of protein synthesis 
(14), and that the genes are regulated in a 
positive fashion by the binding of a heat 
shodc gene-speufic factor (15) to defined 
sequences such as the above -48 to -62 
element in their promoters, lead us to pro- 
pose a model for the regulation of hsp 
genes. A somewhat different m d  has been 
suggested recently by others (1 6). 

We propose that the heat s h d  gene- 
speafic fslctor is present predominantly in an 
inactive form (1 in Fig. 3) in noninduced 
cells. Some of this factor may be converted 
at any time into an active fbnn (2 in Fig. 3) 
by an unknown modification step. The ac- 
tive factor is suggested to be labill in nonin- 
duced cells; it is rapidly inactivated proteo- 
lytically and, therefore, does not accumulate. 
However, when cells undergo a heat shock, 
or are subjected to other dratments that 
induce hsp genes, a fiaction of the intradu- 
lar pro- (3 in Fig. 3) is denatured. Such 
denatured proteins (4 in Fig. 3) are prefer- 
d a l l y  degraded and can be expected to 
compete effectively with the active fbrm 
of the factor for the limiting component of 
the intracellular proteolytic system; this lim- 
itation may be at the level of ubiquitination 
or at a later step. As a result of this 
competition, the a&ve factor can accumu- 

Fig. 2. ~ c s s i o n  of diffcrcnt hs 70 p-gaktosidase hybrid genes in fiog 
...ytp comjected with dena tu re f~ i  (A),. native BSA (N), m fbllowing 
heat trcamKnt (HS; see Fig. 1 tbr expenmental details). Assays of p- 
gakosidase were carried out as in Fig. 1. Thc values in columns A and N 
are relative to the activity in oocytes coinjccted with abnormal BSA and 

BsA (A) ns 6226 DNA, and those in HS relative to that in 622Cinjected, heat-tread 
oocytes. Readings on reaction mixtures containing extracts from hybrid 
gene-injected, non-heat-treated oocytes were used to estimate the back- 
ground of the assay and were SUW from all experkntal values. All 
h spp-gakadzu  cormucts (24) have been inserted in the same orienta- 

0.8 lea tion, between the Xma III and Barn HI sites of vector pSVOd. Maps of 
relevant segments of the hybrid genes used are shown. 6226, D88,622A, 
and 622N are D. w h q q a r t c r  hsp70-p-galacddase hybrid genes contain- 

0.8 0.8 ing 194,88,67, and 50 bp, res ' dy ,  of hsp70 promoterscquence. 21s is 
an adogous human hp70 G d  gene wth 106 bp of human hsp70 

sequencc. Dark areas are D. mcbuqq- and stippled areas human 
o.l roc promoter and RNA I& sequences; blank areas qresent B. 

adi f3-galactmidasc gene sequences and thin lines pSVOd vector sequences. 
+1 refers to stare of tramaiption sites; the t r ama ip t id  orientation is 

0.2 0.3 
shown by arrows. -194, -88, and so hrth indicate the lengths in base pairs 
ofpromoter segments. Bs: Bss HII, N: Nru I, P: Pst I, X: Xho I, Xb: Xba I. 
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late, leading to the activation of the hsp 
genes. 

The model predicts that amounts of ab- 
normal proteins that are capable of mediat- 
ing hsp gene activation should reduce signif- 
icantly the rates of degradation of other 
short-lived proteins. As a test we examined 
in frog oocytes the effects of denatured and 
native BSA (injected in quantities similar to 
those used in the above expression experi- 
ments) on the degradation to acid-soluble 
material of a small amount of coinjected, 
tritiated transferrin. Indeed, with coinjected 
native BSA about 35 percent of the radioac- 
tivity in transferrin was converted to acid- 
soluble form during a 60-minute incubation 
of the oocytes, whereas with denatured BSA 
only about 25 percent of the radioactivity 
was solubilized. 

Several isolated observations are consist- 
ent with and support the above model of 
hsp gene regulation. A previously isolated 
mouse cell line, ts85, is temperature-sensi- 
tive in ubiquitin-protein conjugation 
(thought to target proteins for degradation 
in eukaryotic cells) and in the degradation of 
short-lived (abnormal) proteins; the same 
mutant also produces hsps at elevated rates 
(17). Hsps are produced constitutively in 
indirect flight muscles of certain Drosophila 
flies that produce mutant forms of actin I11 
(18). Furthermore, some normally short- 
lived polypeptides were stabilized in heat- 
shocked cells (19). Examination of hsp gene 
expression in Drosophila cells exposed to 
different temperatures has shown that at 
temperatures below 37"C, activation of the 
genes is transient (20). Thus, the heat shock 
system is self-regulating. According to the 
above model, the rate-limiting step in the 
deactivation of hsp genes is the degradation 
of large quantities of abnormal proteins. 
Increased synthesis of critical components of 

Fig. 3. Model of hsp 
gene regulation dis- 
cussed in the text. 
Groups I and I1 induc- 
ers are listed in Table 
1. 

the degradative system during and after 
periods of active expression of hsp genes 
would accelerate this deactivation process. It 
would therefore not be totally unixpected if 
components of the proteolytic system them- 
selves were encoded by hsp genes. Indeed, 
mammalian ubiquitin has recently been 
shown to be the product of a heat shock- 
induced gene (21 ). 

Finally, we would like to point out the 
similarity of the above model for hsp gene 
regulation in eukaryotes with the one 
emerging from studies of the E. coli system. 
When these cells are forced to overproduce a 
single protein that is unfolded and rapidly 
degraded (such as human tissue plasmino- 
gen activator or human serum albumin), 
expression of the bacterial hsp genes rises 
(10) and the capacity of the bacteria to 
degrade abnormal proteins increases (22). 
These findings strongly suggest that the 
bacterial hsp genes are regulated by a mecha- 
nism that is very similar to the one operating 
in eukaryotic cells. Furthermore, that one of 
the bacterial heat shock genes encodes the 
major intracellular protease, protease La 
(22), parallels the finding that ubiquitin is a 
eukaryotic heat shock protein. We are in- 
trigued by this unprecedented evolutionary 
conservation of a mechanism of gene regula- 
tion. 
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