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Protein aggregation as primary and characteristic cell reaction to various stresses 
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Abstract. Ehrlich carcinoma and EL-4 thymoma ascites cells were subjected in vitro to heat shock, ATP depletion, 
oxidative stress, Ca 2+ overloading and iodoacetamide treatment. After the transient stresses, Triton (X-100)-insol- 
uble (TIS) fractions were isolated from the cells and analysed by electrophoresis and immunoblotting. All stresses 
used caused rapid aggregation of cell proteins. This was manifested in a signficant rise in protein content in the TIS 
fractions. The protein increase was mostly due to an increase in the insolubility of actin, 57 kDa protein of 
intermediate filaments, 70 kDa heat shock protein (HSP 70), and some specific proteins whose insolubilization was 
a characteristic sign for each type of cell injury. Different survival rates in the cell lines after either stress correlated 
well with differences in their TIS protein accretion. Possible mechanisms for stress-induced protein aggregation and 
its relationship with cell viability are suggested. 
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'Heat shock proteins' (HSP) play an important role in 
mechanisms of cell adaptive reactions ~,2. It has been 
shown that synthesis of HSP is activated not only by 
heat shock, but also by a variety of other cell-stressing 
factors 3 7. This may be due to the fact that many 
stresses, as well as heat shock, cause protein denatura- 
tion and aggregation, which is accompanied by associa- 
tion of 70 kDa HSP (HSP 70) with aggregates of 
denatured cell proteins. A decrease in the level of free 
HSP 70 in stressed cell leads to activation of the heat 
shock transcription factor (HSF) and HSF binding to 
the regulatory DNA sequence that triggers HSP gene 
transcription 8. It should be noted that practically all 
cell-stressing factors are 'proteotoxic' and can promote 
protein aggregation inside affected cells 9. Thus, stress- 
induced protein aggregation may be one of the key 
points in regulation of HSP expression and, therefore, 
in the mechanism of cell responses to various injuries. 
However, some questions arise. Which cell proteins can 
initiate the aggregation and are mainly involved in it? 
Does the mechanism of the aggregation depend on the 
type of stress? Does a correlation exist between protein 
aggregation in cells and their sensitivity to a particular 
kind of stress? In the present report, we make an at- 
tempt to answer these questions. Stress-induced protein 
aggregation can be easily assessed by measuring the rise 
in Triton (X-100)-insoluble (TIS) cell protein 1~ The 
aim of our study was to compare TIS protein composi- 
tion from two different kinds of cells in vitro after 
various short-term stresses. 

Methods 
Cell treatments. Ehrlich carcinoma and EL-4 thymoma 
ascites cells were grown in the peritoneal cavities of 
mice, isolated, washed and resuspended in Hank's 

balanced salt solution (HBSS) with 20 mM HEPES 
(pH 7.4) and without glucose. Control cells were incu- 
bated in this medium at 37 ~ Aliquots of the cells 
were exposed at 44 ~ (heat shock), or at 37 ~ but 
in the presence of 2 gM rotenone (ATP depletion), 
or 5 m M H 2 0 2  (oxidative stress), or 101aMCa 2+- 
ionophore A23187 (Ca 2+ overloading), or l mM 
iodoacetamide (SH-group modification) for 30min. 
The percentage of dead cells was evaluated microscopi- 
cally by Trypan blue staining; cells stained after 5 min 
incubation with 0.04% Trypan blue were considered as 
non-viable. 
Preparation of Triton-insoluble cell fractions. The cells 
(10 7 in 1 ml of HBSS) were mixed with 1 ml of 40 mM 
Tris-HC1 (pH 7.5) containing 2% Triton X-100, 10 mM 
EDTA, 2 mM PMSF, aprotinin and leupeptin (30 gg/ 
ml each). The mixture was incubated for 20 min on ice. 
Then the extracts were centrifuged at 6000 g for 10 min 
and the pellets were washed twice in the extracting 
solution1 i. 
Eleetrophoresis and immunoblotting. The pellets (TIS 
fractions) from 2.106 cells were run in gradient (5 -  
15%) polyacrylamide gels 12 under reducing conditions. 
Immunoblotting was performed as described 13 using 
anti-HSP 70 monoclonal antibodies N27 (kindly pro- 
vided by Prof. W. J. Welch, University of California, 
San Francisco, USA), anti-mouse IgG peroxidase con- 
jugates (Sigma) and 0.01% H202 with 0.05% 4-chloro-1- 
naphtol as substrates. The relative amount of each 
protein was assessed by measuring the intensities of 
Coomassie R250- or peroxidase-stained bands on an 
Ultroscan XL laser densitometer (LKB). 
Measurement of A TP. Aliquots of the cell suspensions 
were fixed with 2.5% trichloroacetic acid in the presence 
of 2 mM EDTA on ice, centrifuged, and the superna- 
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tant  was used for ATP determination. ATP level in the 
cells was evaluated by the luciferine-luciferase method 
with a Calbiochem ATP assay kit 11. 

Results 

Various stresses were applied to cells in vitro. After 
30 min, when the plasma membrane began to show 
blebs, but  all cells were viable, the ATP level was 
determined and TIS nuclear-cytoskeletal  fractions were 
prepared for electrophoresis. Fur ther  port ions of  the 
stressed cells were incubated for a further 1�89 hours in 
HBSS at 37 ~ and the percentage of  dead cells evalu- 
ated at 1 h and 2 h. The data  represented in figure 1 and 
in the table show that all stresses increased total  TIS 
protein. The most abundant  43 kDa  and 57 kDa  protein 
bands correspond to actin and a major  protein of  inter- 
mediate filaments respectively. These cytoskeletal 
proteins are known to be main components  of  the TIS 
cell pellet; their content was increased several times in 
TIS fractions from the affected cells. Except in the case 
of  Ca 2+ overloading, the rise in TIS actin directly corre- 
lated with subsequent cell death (correlat ion coefficient 
(r) between TIS actin accretion and percentage of dead 

cells after 1 h = 0.94), In the case of  Ca 2+ overloading, 

the TIS protein rise was not so large, while the cell 
death rate was high. This fact points to a specific 
mechanism of Ca2+-mediated cell injury in which 
protein aggregation occurs but does not  play a main 
role in cell death. Under  all other harmful condit ions 
used the level of  aggregation of  the cytoskeletal proteins 
correlated with the percentage of dead cells (stained by 
Trypan blue) as well as of  damaged cells (unstained 
cells with blebs on the surface). Hence, both the insolu- 
bilization of cell proteins and blebbing are characteristic 
signs of  the cells 'being affected. 
The data reveal that  Ehrlich carcinoma cells were much 
more resistant than thymoma cells to most of  the 
stresses employed, and the level of stress-induced 
protein aggregation was lower in the former than in the 
latter. However, Ca 2§ overloading was equally toxic to 
both cell lines and induced similar increases in TIS 
protein. The protein insolubilization under condit ions 
of  Ca 2+ overloading may be part ly due to the 3 - 4  fold 
ATP decrease that  was found in the ionophore- treated 
cells (table). Such ATP diminution could be connected 
with A23187-mediated suppression of  cell respiration 

A B 

Figure 1. Electrophoresis and immunobloning with anti-HSP 70 
antibodies of TIS fractions from A Ehrlich carcinoma and B EL-4 
thymoma cells. The gels were stained with Coomassie R250 and 
the nitrocellulose filters by the peroxidase reaction. The samples 
contained TIS protein from the same quantities of the control cells 
(lines IA, 1B) or from the cells subjected to ATP depletion (lines 
2A. 2B). heat shock (lines 3A, 3B), oxidative stress (lines 4A, 4B), 

Ca -~+ overloading (lines 5A. 5B). or iodoacetamide treatment 
(lines 6A, 6B). The major stress-specific protein bands are denoted 
by arrows on the right: 180 kDa, 57 kDa actin (lines 2A. 2B): 
86kDa. 47kDa. actin (lines 3A. 3B): 180kDa, actin, 35 kDa, 
(lines 4A. 4B): 180 kDa, 57 kDa, actin (lines 5A, 5B): 180 kDa. 
57 kDa. actin (lines 6A, 6B). Relative amounts of actin. HSP 70 
and 57 kDa proteins are represented in the table. 
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Effect of different stress conditions on protein insolubilization, ATP level and cell death in Ehrlich carcinoma (EC) and EL-4 thymoma 
ascites cells 

Treatments Cells ATP, % of TIS proteins, % of control (0.5 h) Dead cells, % 
control, total actin 57 kDa HSP 70 1 h 2 h 
(0.5 h) 

EC 6 148" 163" 163" 212" 13 17 
Rotenone EL-4 5 253* 230* 253* 180" 22 6l 

EC 78 165" 136" 161" 227* 15 24 
Heat shock EL-4 85 474* 472* 580* 410" 44 74 

EC 6 161" 151" 141" 260* 20 69 
H 202 EL-4 5 231" 283* 220* 250* 58 89 

EC 33 165" 282* 234* 121 54 86 
A23187 EL-4 25 180" 306* 260* 142" 69 88 

Iodo- EC n.d. b 144" 116 114 196" 4 17 
acetamide EL-4 4 460* 305* 820* 245* 22 60 

aThe initial (control) ATP levels were 25 + 1.5 nM per 10 6 EC cells and 15 _+ 1 nM per 10 6 EL-4 cells respectively, bn.d. ,  n o t  determined. 
All data presented are means of 3-6 independent experiments; *significant difference from control value, p < 0.05. 

(Gabai ,  unpublished data)  and damaging effect of  Ca 2+ 

excess on mi tochondr ia  ~4. An especially dramatic  differ- 
ence in the TIS protein rise as well as in the viabili ty of  
compared  cell lines was observed with iodoacetamide 
treatment  (fig. 1 and table). The relative viability of  the 
cells correlated well with the relative total  TIS protein 
augmentat ion (r  = 0.84). This suggests that  the different 
sensitivities of  the cell lines compared  may be due to 
differences in the abili ty of  the cell proteins to form 
aggregates, i.e. to their different 'aggregabili ty ' .  
The treatments caused insolubilization of  HSP 70, but  
the levels of  TIS HSP 70 were different under various 
stresses, and the stress-induced rise in TIS HSP 70 was 
not  correlated significantly with accretion of  total  TIS 
protein (r  = 0.66). These results suggest the existence of  
certain stress-specific mechanisms of  coaggregation of  
HSP 70 with other cell proteins. The difference in the 
resistance of  Ehrlich carcinoma and EL-4 thymoma 
cells was not  related to different levels of  HSP 70 in 
these cells, since we found no significant difference in 
HSP 70 contents in the two cell lines. On the other 
hand, a high level of  TIS HSP 70 mainly coincided with 
a high cell death rate. This may be due to the stress-in- 
duced binding of  HSP 70 to cell proteins, because such 
binding reflects the level of  protein denaturat ion and 
cell injury, which was different for each cell culture. 
The spectrum of  TIS proteins was unique for each 
treatment.  Heat  shock induced the appearance of  
85 k D a  and 47 kDa  proteins in TIS fractions (fig. 1, 
lanes 3A, 3B). Rap id  insolubilization of  a major  
180 kDa  protein was observed under condit ions of  ATP  
depletion (fig. 1, lanes 2A, 2B) and Ca 2+ overloading 
(fig. 1, lines 5A, 5B). Translocat ion of  180 kDa  and 
35 k D a  proteins into the TIS fraction was typical for 
both  oxidative stress (fig. l ,  lanes 4A, 4B), and iodoac- 
etamide treatment  (fig. 1, lanes 6A, 6B). We have not  
yet identified the stress-specific protein bands,  but  anal- 

ysis of  the TIS fraction from heat-shocked cells labeled 
with [35S]methionine suggests that  the 86 kDa  band 
corresponds to HSP 90 (da ta  not  shown). The propor-  
tion of  HSP 70 and the TIS fraction was also different 
for each stress, thus the spectra of  TIS polypeptide may 
be distinctive 'finger prints '  of  affected cells. 
One can see in figure 1 that  the TIS protein spectrum of  
the heat-shocked cells is significantly different from any 
of  the others. Fo r  example, an increase in the 180 kDa  
band was not  observed after heat  shock, whereas a 
dramatic  rise in the intensity of  this band was a com- 
mon response to all other treatments.  We suggest that  
this distinction may  be due to the different ATP levels in 
the affected cells, since heat  shock did not  cause so 
much decrease in ATP as other stresses (see table). To 
test this suggestion, we performed the extraction of  
rotenone-treated and heat-shocked cells in the presence 
of  1 m M  ATP. Added  ATP markedly  decreased the 
effect of  rotenone on the protein aggregation, especially 
for the 180 kDa  band (fig. 2A), whereas the heat  shock- 
induced aggregates were indifferent to the presence of  
ATP (fig. 2B). Addi t ion of  A D P  ( 1 - 5 m M )  to the 
extracting buffer had no effect (da ta  not  shown). Thus, 
insolubilization of  180 kDa  protein is typical for energy- 
deprived cells, and this protein may be considered as a 

marker  of  ATP deficiency. 
The insolubilization of  the 35 kDa  peptide is perhaps 
connected with oxidation or modification of  protein 
SH-groups,  since this band appeared in the TIS fraction 
mainly after oxidative stress and iodoacetamide treat- 

ment (see fig. 1). 

Discussion 
Our results demonstrate  that  any transient shock leads 
to insolubilization of  cell protein, i.e. to aggregation. 
The protein aggregation was usually accompanied by 
blebbing, and it is probably  one of  the earliest cell 
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Figure 2. Effect of ATP on protein extraction from A ATP-de- 
pleted and B heat-shocked Ehrlich carcinoma cells. The control 
(lines 1A, 1B) and affected cells (lines 2A, 2B, 3A, 3B) were ex- 
tracted with Triton (X-100)-containing buffer without ATP (lines 
2A, 2B) or in the presence of 1 mMATP (lines 3A, 3B). The 

major polypeptides (180kDa and actin) whose intensities were 
most sensitive to ATP addition are denoted by arrows. Addition 
of ADP had no effect. Analogous results were obtained with EL-4 
thymoma cells (data not shown). 

reactions to various harmful conditions. Answering the 
questions which we formulated in the introduction, we 
assert that the most common and typical sign of  the 
aggregation is a dramatic rise in TIS actin and in the 
57 kDa protein of  the intermediate filaments. Appar- 
ently, the cytoskeleton responds very sensitively to any 
stress and may not only be involved in protein aggrega- 
tion, but may sometimes initiate the aggregation, being 
a major insoluble and self-assembling structure inside 
the cell. It is known that actin is a target for the 
damaging action of  heat shock is and oxidative 
stress 16'17. Recently, we reported an association between 
the aggregation of  actin skeleton components and bleb- 
bing ~. Independently of  the type of  stress, aggregation 
of  cytoskeletal proteins may be the critical step which 
leads to destabilization of  the plasma membrane, bleb 
formation and subsequent membrane perforation, that 
is lethal injury. Thus the stress-induced protein aggrega- 
tion should be considered as a typical manifestation of  
prelethal cell changes. 

On the other hand, the mechanisms of  the aggrega- 
tion induced by various stresses can also be different. 
We assume that three different mechanisms of  aggrega- 
tion may take place in stressed cells: 1) The aggregation 
of  thermally-denatured cell proteins without ATP defi- 
ciency. Such aggregation occurs in heat-shocked cells 

and, obviously, HSP 70, HSP 90, and a not yet iden- 
tified 47 kDa protein actively participate in it (fig. I). 2) 
The aggregation of  native cell proteins under conditions 
of  ATP depletion. This was observed with rotenone 
treatment and Ca 2+ overloading. Besides the cytoskele- 
ton, the 180 kDa protein may play an important role in 
such mechanisms of  aggregation (fig. 1). It should be 
noted that cell death induced by Ca 2+ overloading was 
not directly associated with the protein aggregation. 
This death may be due to the Ca2+-mediated necrosis, 
while the protein aggregation observed was a result of  
the decrease in cell ATP to 25-33% caused by the 
ionophore (see table). 3) The aggregation of  cell 
proteins denatured by oxidation or chemical modifica- 
tion under conditions of  strong ATP depletion. This 
third mechanism can occur under oxidative stress, 
which induces both protein denaturation and ATP de- 
pletion simultaneously. In that case, cytoskeleton aggre- 
gation is accompanied by insolubilization of  the 
! 80 kDa protein, which may be a result of  ATP deple- 
tion, and of  the 35 kDa protein, which may be due to 
SH-group damage. The effect of  iodoacetamide on EL-4 
thymoma cells was similar to the effect of  oxidative 
stress, which was not unexpected, since this reagent can 
modify SH-groups and inhibit most metabolic enzymes, 
thus causing ATP depletion. Surprisingly, Ehrlich car- 
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c inoma cells demonstra ted a high resistance to iodoac- 
etamide. This suggests that  these cells have a low rate of  
drug uptake or a high level of  glutathione compared to 
EL-4 thymoma cells. 
Involvement of  HSP 70 in the protein aggregation of  
stressed cells could be due to other mechanisms as well. 
Insolubilization of  HSP 70 in heat-shocked cells might 
be caused by active binding of  HSP 70 to denatured 
proteins. On the other hand, coaggregation of  HSP 70 
with proteins in ATP-depleted cells could be connected 
with inhibition of  the dissociation of  normally-occur-  
ring complexes of  HSP 70 with other cell proteins, in 
part icular  with nascent polypept ide chains; such inhibi- 
tion has been observed in HeLa cells under ATP defi- 
ciency condit ions is. In the case of  oxidative stress, both 
the above mechanisms may occur. 
The insolubilization of  HSP 70 under any type of  stress 
may be a universal protective cell reaction, since it will 
result in a decrease of  free (soluble) HSP 70 and H S F  
binding to DNA,  thus triggering HSP gene expression, 
as has been suggested for heat  shock s. Transient  ATP 
depletion per se may stimulate HSP synthesis in stressed 
cells. 
Finally, comparing two cell lines, we have found that  
difference in their sensitivity to a part icular  stress is 
mostly associated with differences in the level of  stress- 
induced protein aggregation. This aggregation was 
manifested in a dramatic  increase in TIS actin, 57 kDa  
protein, and some stress-specific proteins; it also corre- 
lated with the cell death rate. Hence, the level of  aggre- 
gated protein inside a cell is an impor tant  indicator  of  
the cell's status, since it reflects and/or  defines the extent 
of  cell injury. Apparent ly ,  the protein 'aggregabil i ty '  
itself depends on a variety of  factors, such as the ionic 
composi t ion and pH in the cytosol, integrity of  mem- 
brane structures, stabili ty of  protein conformations,  ac- 
tivity of  cell chaperones, etc. I t  seems likely that the first 
stage of  the stress,induced protein aggregation is a 
protective response, to activate cell chaperones and 
HSP synthesis. When a cell is affected irreversibly, 

powerful aggregation of  major  proteins in it may trigger 
apoptosis  or necrosis. 

Note added in proof Since this paper was written, we have 
identified the 180 kDa protein as the heavy chain of myosin, This 
novel fact enables us to suggest a mechanism for the protein 
aggregation observed under conditions of ATP depletion. Myosin 
is known to be a major contractile protein; it is associated with 
microfilaments and its ATP-ase activity is activated by F-actin. 
Interaction of myosin with actin filaments is ATP-dependent and 
hydrolysis of ATP is necessary for the dissociation of actomyosin 
complexes. Therefore the actomyosin system should be very sensi- 
tive to a decrease in the ATP/ADP ratio inside a cell. We 
postulate that association of myosin with the actin framework, 
occurring under conditions of ATP deficiency, may be responsible 
for the initiation of the aggregation of cytoskeletal proteins in the 
ATP-deprived cells. 
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