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The effect of heat shock was s!udied on the acetylcholinesterase activity of chick muscle primary cultures. In cultlurcs transfcrrcd from 37°C to 
45°C :I sharp drop in activity was followed by rapid spontaneous recovery. The time of onset of recovery resembled the time necdcd for expression 
or he;’ 1 shock proteins. In cultures exposed to heat shock at 45°C and allowed to recover al 37°C. reappearance of acetylcholinestcrase activity 
did no: involve de novo protein synthesis since it was not prevented by cycloheximidc. Our data raise the possibility of a role for heat shock proteins 

as molecular chaperones in rescuing heat-denaturing acetylcholinesterase. 

Acetylcholinesterasc; Heat shock; Muscle culture: Protein assembly 

1, INTRODUCTION 

Acetylcholinesterase (AChE) exists in multiple mo- 
lecular forms [I]: hydrophilic asymmetric (A) forms in 
which 1-3 subunit tetramers are attached to a collagen- 
like tail, believed to be involved in the anchoring of the 
enzyme to the basal lamina; and globular (G) forms of 
AChE which exist as monomers, dimers or tetramers 
and may be either hydrophobic or hydrophilic, depend- 
ing upon the presence or absence of non-catalytic an- 
choring segments [2]. Both A and G forms of AChE 
exist as either cell-associated or secreted molecules [see 
31. Furthermore, subtle differences exist within a given 
molecular form. for example in glycosylation patterns 
[4]. The basis for these differences is at the mRNA-level, 
where alternate splicing of the product of the single 
AChE gene occurs [5.6]. Subsequent post-translational 
modifications also contribute to the enzyme’s diversity 
[2]. Much information is available concerning the mo- 
lecular biology. structure, and distribution of the vari- 
ous forms of AChE. Little is known. however. regar- 
ding the biosynthetic steps involved in their folding and 
assembly. 

Most research on AChE assembly has involved use 
of primary muscle cultures or cell lines [7-g]. Studies 
involving recovery of AChE activity after application of 
irreversible AChE inhibitors [l&l 31 suggest that the 
complex forms of AChE are derived from simpler 
forms. Moreover, globular dimers and tctramers are 
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assembled in the endoplasmic reticulum. while A forms 
of the enzyme are assembled in the Golgi apparatus 
[7-g]. However, the relationship between monomeric 
AChE and the more complex oligomeric forms is not a 
simple precursor-product relationship. as first demon- 
strated by Rotundo [7]. who showed the existence of a 
large. rapidly turning-over. catalytically-inactive pool 
of subunit monomers in cultured chick muscle. Subsc- 
quently. inactive pools were also identified in other sys- 
tems [14.15]. Conflicting reports propose either that 
such inactive pools become activated by an as yet uni- 
dentified mechanism or that much of their content is 
destined for destruction [7-g. 131. It is possible that sub- 
populations exist within the inactive pools and that both 
pathways are followed. 

In recent years. much work has focused on the roles 
of molecular chaperones in protein biosynthesis [ 16.171. 
Chaperones aid in the correct folding or oligomeric as- 
sembly of numerous proteins by encouraging proper 
folding. by discouraging undesired folding. or by un- 
folding existing protein aggregates [ 17. IS]. Amongst the 
elements shown to act as chaperones are the heat shock 
proteins (hsp), proteins which are expressed by organ- 
isms ranging from E. colt’ to man in response to heat or 
other forms of stress [Is)]. Under normal conditions, 
cells express proteins highly homologous to the hsps. 
and it is assumed that these proteins fulfil chaperone 
functions under normal growth conditions [18.20]. The 
existence of diverse multisubunit forms of AChE and 
the prcsencc of various pools of enzyme subunits raises 
the possibility that chaperones may bc involved in 
AChE assembly. This appears to bc the case for acetyl- 
choline receptor (AChR) biosynthesis, where BiP, an 
endoplasmic reticulum-associutcd mcmbcr of the 70 
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kDa hsp family, is complexed with en immature form 
of the AChR a-subunit [21]. 

In order to investigate a possible role for hsps in 
folding and assembly of AChE, the effect of heat shock 
was examined on AChE activity in chick muscle pri- 
mary cultures. Our results suggest a relationship be- 
tween the heat shock response and the recovery of heat- 
denatured AChE. 

2. MATERIALS AND METHODS 

2. I . Marcrids 3. RESULTS 
Chickembryos were obtained from Kfar Bilu hatcheries (Kfar Bilu, 

Israel). Horse serum was supplied by Biotck Industries (Jerusalem, 
Israel) and penicillin, streptomycin and neomycin by Biological In- 
dustries (Kibbutz Beit Haemek, Israel). Diisopropylfluorophosphate 
(DFP). bacitracin. benzamidine. aprotinin and cycloheximide came 
from Sigma (St. Louis. MO). and gelatin from Difco Laboratories 
(Detroit, Ml). [‘HlAcetylcholine and [“Slmethioninc were supplied by 
Amersham (Buckingham. UK). 

Primary breast muscle cultures were prepared from l2-day-old 
chick embryos as previously described [22]. The growth medium con- 
sisted of Dulbecco’s modified Eagle’s medium (DMEM). supplemen- 
ted with 10% horse serum. 1% chicken embryo extract and 1% of 
penicillin (IO 000 U/ml)lstreptomycin (IO mg/ml)/neomycin (IO mg/ 
ml). Cells were plated in g-cm Nunc tissue culture plates (2 x IO” 
cells/plate) or in I5-cm Falcon tissue culture plates (5 x I Oh cells/plale). 
previously coated with 0.1% gelatin. Cultures were grown in a 37°C 
incubator containirtg 8% CO:. Medium was changed on the second 
and fifth days after plating. Experiments wcrc performed on ‘I-day-old 
cultures 

Cultures were subjected to a continuous heat stress by 
transfer to 45.5 & 0.5’C, and their AChE activity was 
monitored at 20 min intervals. Fig. 1 shows the activities 
obtained. expressed as a percentage of the activity in 
cultures maintained at 37°C. An initial small increase 
in activity was followed by a marked decrease to below 
60% of control levels 40 min after the temperature had 
been raised. This was followed by a significant recovery 
to 80-85% of control levels. This situation was main- 
tained for up to 60 min, after which enzyme activity 
began to fall again, presumably due to maintained heat 
stress. The observed increase in AChE activity was not 
an artifact associated with the introduction of fresh 
medium into the cultures. since control experiments 
comparing AChE activity in cultures fed with fresh 
medium with that of cultures taken from a 37°C stock 
revealed no difference in AChE activity. 

2.3. Hurt ,slrock 
Cultures were subjected to a heat shock of4546”C by replacing the 

culture medium with DMEM containing IO% horse serum. preheated 
to 46°C. followed by transfer to an incubator set at that temperature. 
for up to 100 min. In some casts, cultures were rernovcd after 45 min, 
their medium cxchangcd for DMEM containing 10% horse serum at 
37°C and then returned to the 37°C incubator. 

A similar experiment was performed in vitro in cellu- 
lar extracts prepared by homogenization in AChE ex- 
traction buffer. These extracts, containing almost all of 
the AChE activity, were transferred to a 45°C incuba- 
tor. Their AChE activity decreased rapidly. falling to 

Culture plates were rinsed twice with mcthionine-free DMEM sup- 
plemented with 10% horse serum previously dialyzed against PBS. 
Cells wcrc collected and pellctcd for IO min in an Eppendorf centrifuge. 
The pcllct was rcsuspcnded in the ahovc medium to which [“Slmcthio- 
nine (5 PCi) was added. After a 45 min incubation at 37°C. lysates 
were prcparcd as previously dcscribcd 1231, The lysatcs were left at 4°C 
overnight bcforc being frozen in liquid h:: and stored at -70°C. La- 
bcllcd lysatcs were subjcctcd to SDS-PAGE on S-l 5% gels [24]. Auto- 
fluorography was pcrformcd as dcsc:ibed [25], cxccpt that 0.4% in 
acetic acid/xylcnc/cthanol (I 8: I :I. v!vlv) replaced 20% PPO in 
DMSO. 

Cultures wcrc washed with 3 x S ml Hank’s balanced sah solution 
(HBSS) on ice and incub;ltcd with IO-’ M DFP in HBSS. at room 
tcmpcraturc. for 20 min. Under such conditions, >95% inhibition of 
AChE activity is achicvcd [I I]. The cultures wcrc rinsed with 4 x 10 
ml HBSS, to rcmovc free DFP. Medium was rcapplicd to the cultures. 
which wcrc rcturncd to the incubator. 

2.G. Irrlribifim7 of proleirt .syrtdrc.si.s 
Protein synthesis was inhibited by including 100 j@mI cyclahcxi- 

midc in the culture medium [I I]. 

Plates wcrc washed with 3 x 5 ml cold HBSS. This was performed 
on ice to diminish AChE secretion. Cells were scraped, collected and 
pelleted. The pellet was homogenized in a glass homogenizer in AChE 
extraction buffer (I M NaCI, I% Triton X-100.0.01 M EDTA. 0.01 
M Tris, pH 7.0.0. I mg/ml bacitracin. 2 mM bcnzamidincand I. 1 U/ml 
aprotinin). The homogenate was centrifuged (100 000 xg. IO min) in 
a Beckman airfuge. AChE activity in the supernatant was determined 
radiometrically [26]. In some casts. the homogcnatc was frozen in 
liquid Nz and stored at -70°C overnight before ccntrifugation. This 
did not affect AChE activity. 

0 20 40 60 80 100 120 
time (min) 

Fig. I, AChE activity in hcilt shocked myoculturcs. 7-day-old chick 
embryo muscle cultures wcrc subjcctcd to a 45°C heat shock. hftcr 
45 min, the culture dishes wcrc cithcr maintained at 45T or allowed 
to rccovcr ;{I 37°C. AChE activity is cxprcsscd as a pcrccrttngc ol’thc 
activity of control cultrrrcs. Each point rcprcscnts the avcragc (*SE) 
of 4-6 cxpcrimcnts involving duplicate or triplicate samples. (.‘,,) 
AChE activity in cultures maintitinsd at 45%; (I:) ACtiE activily in 

cultures ~llowcd to rccovcr at 37T after 45 min at 45T 
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Fig. 2. Metabolic labelling of muscle cultures subjected to heat shock. 
Cultures were maintained at 37°C or exposed to a 45% heat shock 
for various times, metabolically labelled with [“Slmethionine, and 
examined by SDS-PAGE. In heat-shocked cultures, proteins of 81,66 
and 23 kDa are preferentially expressed. beginning at 30 min (shown 
by arrows). Each lane contains 20 000 cpm: (Lane a) 37°C culture; 
(lanes b-0 cultures experiencing heat shock for 5, 15. 30, 60, or 100 

min. respectively. Molecular weight markers are on the left. 

half its initial value within 60 min (not shown). Thus, 
it appears that some intact intracellular ma.zhinery is 
required for the observed recovery of AChE activity in 
heat-shocked cultures. 

In a second set of experiments, the effect of transient 
heat shock on AChE activity was examined. Cultures 
were transferred to 45.5”C for 45 min and then returned 
to 37°C (Fig. 1). A time of 45 min was selected for the 
transient heat shock since this period caused maximum 
heat-induced reduction of AChE activity. Furthermore, 
this is a sufficient time for expression of heat shock 
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Fig. 3. Recovery of AChE activity following DFP Inhibition. Cultures 
wcrc trcatcd with 10e4 M DFP to block AChE activity. Reappearance 
of AChE activity in the cultures was followed al 37T or 45°C. AChE 
activity is expressed as a percentage of the AChE activity of control 
cultures. AChE activity in cultures maintained a~ 45’C after DFP 
Ircatmcnt: (0) AChE activity in cultures allowed to rccovcr at 37’C 
after DFP trcatmcnt; (m) AChE activity in cultures allowed to rccovcr 
in rhc prcscncc of cyclohcximide (lOO/dml). Each point rcprcscnts 
the avcrirgc (&SE) of 2-3 expcrimcnts involving duplicate or lriplicalc 

samples. 

IS 

proteins, the suspected mediators of recovery of AChE 
activity, as shown by metabolic labelling of cultures 
undergoing heat shock (Fig. 2). In these cultures, prote- 
ins of 81, 66 and 23 kDa are preferentially expressed 
within 30 min of onset of the heat stress [23]. As in the 
previous experiment, samples were collected every 20 
min for AChE determination. Following the 45 min 
heat shock, activity in the cultures had dropped to 70% 
as compared to cultures no subjected to heat stress. 
However, within 20 min of incubation under non-stress 
conditions. AChE activity had returned to >90% of 
control levels, where it remained for the duration of the 
experiment. 

To test whether the rapid recovery of AChE activity 
could be explained by de novo synthesis, cultures were 
treated with DFP and the kinetics of reappearance of 
AChE activity monitored at 37 and 45°C (Fig. 3). In 
cultures recovering at 45°C. 93% of the original AChE 
activity was blocked by DFP treatment at the onset of 
recovery. After 60 min, activity had reached 5 1% of that 
in control cultures, after which it began to slowly de- 
cline, reaching 42% at 80 min. At 37°C. 97% of the 
AChE activity was inhibited by DFP. After 2 h, activity 
had returned to 70% of the original value. This rate of 
recovery is in excellent agreement with previous studies 
[8,!0]. Confirming earlier observations, it was shown 
also that cycloheximide (lOO,@m!) completely prevent- 
ed recovery of activity. clearly showing that reappea- 
rance of AChE was entirely due to de novo synthesis 
[7.! 11. The somewhat higher initial rate of synthesis 
observed at 45°C might be due to a general tempera- 
ture-induced stimulation of cellular activities. Nonethe- 
less, the rates of de novo synthesis measured here are 
not adequate to account for the recoveries of AChE 
activity observed in cultures subjected to heat shock. 

Although our data showed that both transient reap- 
pearance of AChE activity during prolonged heat 
shock. and permanent recovery subsequent to transient 
heat shock occurred faster than might be expected from 
the rates of de novo synthesis, the data of Fig. 1 could 
not exclude some contribution of de novo synthesis to 
the reappearance of AChE activity. To examine this 
possibility, cultures were subjected to heat stress and 
either maintained at 45°C or allowed to recover at 
37’C, in both cases in the presence of cycloheximide 
(Fig. 4). Cultures experiencing co?stant heat stress at 
45”C, in the presence of cycloheximide. maintained 
their AChE levels for the first 20 min, following which 
rapid loss of AChE activity occurred. It is possible that 
cycloheximide not only prevented de novo synthesis of 
AChE, but also interfered with the enhanced expression 
of heat shock proteins, the suspected mediators of heat 
shock-associated rescue of AChE activity. If the hsp’s 
are in fact responsible for the observed recovery of en- 
zyme, existing levels of constitutively-expressed hsp ho- 
mologues may not suffice to cope with the large amount 
of heat-denatured AChE resulting from the maintained 
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Fig. 4. Effect of cycloheximide on recovery of AChE activity in heat 
shocked muscle cultures. Muscle cultures were maintained at 4YC in 
the presence of 100 @ml cycloheximide or allowed to recover at 
37°C. in the presence of cycloheximide, from a 45 min heat shock at 
45°C. In both cases, AChE activity is expressed as a percentage of the 
activity of control cultures. (& AChE activity in cultures maintained 
at 45°C in the presence of cycloheximide: (c) AChE activity in cul- 
tures subjected to a 45 min heat shock and then allowed to recover at 
37OC in the presence of cycloheximide. Each point represents the 
average (tSE) of 2-3 experiments involving duplicate or triplicate 

samples. 

heat stress. When cultures exposed to 45°C for 45 min 
were treated with cycloheximide only after being retur- 
ned to 37”C, the rate of recovery of activity was similar 
to that observed for cultures allowed to recover from 
heat shock in the absence of cycloheximide. 

4. DISCUSSION 

For many years, it was widely accepted that the infor- 
mation required for realization of a protein’s final struc- 
ture is contained in its primary structure [27]. However, 
this concept of self-folding and assembly has recently 
been challenged by the identification of molecular chap- 
erones which aid in protein assembly by mediating the 
folding of polypeptides and, in some cases, assist their 
assembly into oligomers [ 16.17]. Members of the chap- 
erone family include the heat shock proteins, a group 
of proteins expressed in response to various stress 
stimuli [19]. Due to its large subunit size and complex 
oligomeric diversity, it is reasonable to assume that 
AChE might enlist the aid of chaperones at various 
stages of its folding and assembly. In this study there- 
fore, the effect of heat shock on AChE activity was 
investigated. 

When the AChE activity of chick muscle cultures was 
examined under conditions of maintained or transient 
heat shock, it was seen that after an initial decrease, the 
cultures quickly recovered a substantial percentage of 
the lost AChE activity. This recovery could not be ex- 
plained solely by synthesis of new AChE molecules. 
Indeed, recovery occurred even in the absence of protein 
synthesis, Still, intact intracellular structural elements 
were required for the recovery of AChE activity, as 

reflected by the fact that when extracts of the cultured 
cells were exposed to elevated temperatures, AChE activ- 
ity dropped off rapidly, and no recovery was observed. 

It has been suggested that chaperones possess the 
ability to disentangle protein aggregates, either natu- 
rally-occurring or formed in response to cellular stress 
[l&20,28,29]. Our results may reflect the ability of 
stressed cells to rescue AChE activity lost as a result of 
aggregation caused by heat-induced denaturation. Such 
a recovery has been reported by Bensaude et al. [30], 
who monitored the activity of reporter enzymes, lucife- 
rase and /3-galactosidase, in heat shocked cells. Obvious 
candidates for mediating these effects are the heat shock 
proteins. These entities, or closely related homologues, 
have previously been implicated in disaggregation reac- 
tions, namely in the in vitro reactivation of RNA poly- 
merase Following heat-induced aggregation [29], in dis- 
assembly reactions involved in the initiation of d-bac- 
teriophage replication [283, and in disruption of clath- 
rin-coated vesicles [20]. 

Up to 70% of the cultures’ AChE content is intracel- 
lularly localized, sequestered in a variety of intracellular 
organelles including the endoplasmic reticulum, Golgi 
apparatus and within clathrin-coated vesicles [7,8]. Heat 
shock proteins or their homologues can also be localiz- 
ed to some of these organelles [16,18,19]. Thus, the 
opportunity For the two proteins to encounter one an- 
other in situ exists. The mechanism by which hsp’s, the 
putative mediators of the reaction, might enhance resto- 
ration of lost AChE activity is, however, open to specu- 
lation, The Fact that AChE activity is partially recover- 
ed even under conditions of maintianed heat stress 
suggests that some form of permanent manipulation of 
the enzyme has occurred. Such change(s) must be 
minor, as no difference is observed in the sucrose den- 
sity gradient sedimentation patterns of AChE in the 
cultures before or after recovery (not shown). 

It is still unclear whether the observed return of 
AChE activity results from refolding of heat-denatured 
enzyme, or whether heat shock-associated moieties, 
such as hsp’s, might be involved in activation of the 
large inactive pool of chick AChE previously referred 
to [8,15]. It was recently reported that BiP, the hsp70 
homologue resident in the endoplasmic reticulum, plays 
a role in assembly of another oligomeric protein involv- 
ed in cholinergic transmission, the acetylcholine recep- 
tor [21]. BiP was shown to bind preferentially to unas- 
sembled, conformationally-immature a-subunits, and 
as such assists in AChR assembly either by preventing 
aggregation of these immature subunits, or by partici- 
pating in a maturation step. With these results in mind, 
we are currently investigating a putative relationship 
between hsp’s and inactive chick AChE. 
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