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Abstract-We recently showed that A’*-prostaglandin (PG) Jz bound to the thiol groups of nuclear 
proteins and stimulated the synthesis of a 67-kDa heat shock protein (HSP) in porcine aortic endothelial 
cells, and that intracellular glutathione (GSH) blocked this binding and HSP induction (Koizumi et al., 
Biochem Pharmacol44: 1597-1602,1992). In the present study, we examined the molecular mechanism 
underlying the induction of HSP by A’*-PGJ2. Treatment of cells with A12-PGJ2 induced the activation 
of heat shock transcription factors (HSF) in a time- andconcentration-dependent manner. Cycloheximide 
pretreatment inhibited this activation. Treatment of cells with buthionine sulfoximine, an inhibitor of 
GSH synthesis, depleted the intracellular GSH and enhanced the activation of HSF by A12-PGJ2, but 
treatment with GSH increased the intracellular GSH level and thus reduced the activation. Moreover, 
the thiol-reactive agents arsenite and diethylmaleate also induced the activation of HSF, and this 
activation was inhibited by GSH treatment and enhanced by buthionine sulfoximine treatment. These 
results taken toeether sueeest that A’*-PGJ? binds to the thiol groups of nuclear proteins and activates 
HSF, leading tothe syntGsis of the 67-kDg HSP. 

9-Deoxy-A9,A12-13,14-dihydro-prostaglandin D2 
(A12-PGJ2t), one of the cyclopentenone prosta- 
glandins (PGs) and the ultimate metabolite of 
prostaglandin D2 (PGD2), is a potent inducer of 
growth inhibition and differentiation of a variety of 
tumor cells [l, 21. It is now known that A12-PGJ2 is 
actively transported into cells and accumulates in 
the nuclei, where it binds to nuclear proteins, and 
that this uptake and accumulation are closely 
correlated with its growth inhibitory effect [3-51. 
The growth inhibitory effect of A12-PGJ2 on tumor 
cells involves the induction of the syntheses of 
members of the 70-kDa heat shock protein (HSP70) 
family [6,7], which causes a block in the progression 
of the cell cycle from the Gl to the S phase [8]. Since 
A12-PGJ2 is formed naturally in the human body [9], 
it has been proposed that A12-PGJ2 physiologically 
regulates normal cell growth. We recently found 
that A”-PGJ2 preferentially induces the synthesis of 
a 67-kDa HSP and suppresses the proliferation of 
porcine aortic endothelial cells (PAEC) [lo, 111. 

A characteristic of A12-PGJ2 is that it contains a,/?- 
unsaturated ketones, and a$-unsaturated carbonyls 
arevery susceptible to nucleophilic addition reactions 
with thiols [12, 131. Recently, we revealed that A12- 
PGJ2 actively accumulates in the nuclei and binds to 
the thiol groups of nuclear proteins in PAEC, and 
that this binding of A12-PGJ2 participates in the 
synthesis of the 67-kDa HSP [14]. Furthermore, we 

* Corresponding author. Tel. 075-753-4527; FAX 075- 
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t Abbreviations: A’*-PGJ,, 9-deoxy-AY,A’*-13,14-dihy- 
dro-prostaglandin D,; PAEC, porcine aortic endothelial 
cells; GSH, glutathione; HSP, heat shock protein; HSF, 
heat shock transcription factor; HSE, heat shock element; 
and BSO, buthionine sulfoximine. 

showed that the most abundant intracellular 
nonprotein thiol, glutathione (GSH), suppresses 
A12-PGJ2-induced67-kDaHSPsynthesis by inhibiting 
the binding of A12-PGJ2 to nuclei in PAEC [14], 
supporting the importance of A12-PGJ2 binding to 
nuclear thiol groups in the synthesis of the 67-kDa 
HSP. However, the molecular mechanism underlying 
the HSP induction by A12-PGJ2 after binding to the 
thiol groups remained unknown. On the other hand, 
induction of HSP by heat shock involves the 
activation of a heat shock transcription factor (HSF), 
which binds to a specific region of DNA called the 
heat shock element (HSE), located upstream of the 
HSP gene promoter, and induces the transcription 
of the HSP [15]. Very recently, it was reported that 
other antiproliferative PGs, PGA, and PGA2, 
activated HSF in two tumor cell lines, human K562 
erythroleukemia cells [16] and growing HeLa S3 
cells [17], respectively. In the present work, we 
show that AL2-pGJ2 activated HSF, but in contrast 
to the case of heat shock, this activation was GSH 
sensitive and required de novo protein synthesis. 

MATERIALS AND METHODS 

Materials. [Y-~~P]ATP (3000 Ci/mmol) was 
obtained from Du Pont-New England Nuclear 
(Boston, MA, U.S.A.). A12-PGJ2 was a gift from 
the Teijin Co. (Tokyo, Japan). A’-PGAI was 
supplied by Dr. M. Suzuki of Nagoya University. 
Other PGs were purchased from Funakoshi 
Pharmaceuticals (Tokyo). L-Buthionine-S, R-sulfoxi- 
mine (BSO) and GSH were from the Sigma Chemical 
Co. (St. Louis, MO, U.S.A.) and Nacalai Tesque 
(Kyoto, Japan), respectively. All other chemicals 
were of reagent grade. 

Cell culture. PAEC were obtained from a fresh 
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Fig. 1. Effect of A’*-PGJ* on the binding of proteins to 
HSE in PAEC. PAEC were treated with (J) or without 
(C) 20 PM A’*-PGJ2 for 3 hr. Whole cell lysates (1 and 4), 
cytosol (2 and 5) and nuclear extracts (3 and 6) were 
prepared for the gel mobility shift assay using the HSE 
sequence, as described in Materials and Methods. A and 
B represent protein-HSE complexes in the nuclear extract 

and cytosol , respectively. 

porcine aortkas described by Gospodarowicz et al. 
[18]. The cells were cultured in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal bovine 
serum, glutamine (4 mM), streptomycin (0.2 mg/ 
mL) and penicillin (100 U/mL) in humidified air 
containing 5% CO* at 37”. Generally, cells at 
passages 4-8 were used for the experiments. 

Preparation of nuclear extracts and whole cell 
lysates. Nuclear extracts were prepared from 
PAEC cultured in 35-mm dishes (5 X 10s cells/dish) 
according to Schreiber ec af. [19]. The cells were 
washed twice with ice-cold phosphate-buffered 
saline, scraped from the dishes with a rubber 
policeman, and then centrifuged. The cell pellet was 
washed with 10 mM Tris, pH 7.5, containing 130 mM 
NaCI, 5 mM KC1 and 8 mM MgQ, and resuspended 
in 160 r;lL of 20 mM Hepes, pH 7.9, containing 5 mM 
KCl, 0.5 mM MgCl* and OSmM phenyl- 
methylsulfonyl fluoride by gentle pipetting. After a 
15-min incubation at O”, 1OpL of a 10% (w/v) 
solution of NP-40 was added, followed by vigorous 
vortexing for 10 sec. The mixture was centrifuged at 
10,OOOg for 5 min, and the supernatant was used as 
the cytosol. The pellet was resuspended in 40 fi of 
20mM Hepes, pH7.9, containing 25% (w/v) 
glycerol, 0.5 M NaCI, 1.5 mM MgCl*, 1SmM 
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Fig. 2. Effect of single- or double-stranded HSE on A”- 
PGJZ-induced formation of protein-HSE complexes. Cells 
were treated with (J) or without (C) 20pM A’*-PGJ2 for 
3 hr, and whole cell lysates were prepared. The gel mobility 
shift assay, using the HSE sequence, was performed in the 
absence (1 and 2) or presence of a 200-fold excess of 
unlabeled double-stranded HSE (3), sense single-stranded 
HSE (4), and antisense single-stranded HSE (5), as 
described in Materials and Methods. A and B represent 
protei*HSE complexes in the nuclear extract and cytosol, 

respectively. 

EDTA, 0.5 mM dithiothreitol, 0.5 mM phenyl- 
methylsulfonyl fluoride, 1 pg/mL leupeptin, 1 pg/ 
mL aprotinin and 1 ,uM benzamidine, followed by 
shaking for 30 min at o”, and then centrifugation at 
12,000 g for 10 min. The supernatant was used as 
the nuclear extract. Whole cell lysates were prepared 
according to the method of Blake et al. [20]. Cells 
cultured in 35-mm dishes were suspended in 50 PL 
of the extraction buffer for the nuclear extract, 
sonicated, and then centrifuged at l~,~g for 
15 min. The supernatant was used as the whole cell 
lysate. 

Gel mobility shift assay. A complementary pair of 
DNA fragments containing the sequences, 5’- 
GATCCTCTGGAACCITCCAGAG-3’ and 5’- 
GATC~~GGAAGG~CCAGAG-3’ (corres- 
ponding to the consensus HSE sequence [21]), was 
synthesized as a probe for the gel mobility shift assay 
using an ABI 391 DNA synthesizer (Applied 
Biosystems, Inc., CA, U.S.A.), annealed, and then 
radiolabeied at the 5’ end with [Y-~*]ATP using T4 
polynucleotide kinase. The nuclear extract, whole 
cell @ate or cytosol(5 pg of protein) was incubated 
with 2 pg of poly(dI-dC) and 1 ng of the 32P-labeled 
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probe (10,000 cpm) for 45 min at 30” in 20 & of 
25 mM Hepes, pH 7.9, containing 0.5 mM EDTA, 
50 mM KC1, 10% glycerol, 0.5 mM dithiothreitol 
and 0.5 mM phenylmethylsulfonyl fluoride. For the 
competition assay, a 200-fold molar excess of the 
unlabeled probe was incubated with the sample prior 
to additioqof the labeled probe. Reaction mixtures 
were electrophoresed on native 4% polyacrylamide 
gels at 4” at 150 V for 2 hr in 50 mM Tris, pH 8.5, 
containing 380mM glycine and 2mM EDTA. The 
gels were dried on Whatman 3MM paper and 
autoradiographed with X-ray film (Fuji RX). The 
amounts of radioactive complexes were determined 
with a Fuji BAS 2000 imaging analyzer (Fuji Film 
Co., Tokyo). 

MisceZlaneous. Intracellular GSH contents were 
determined according to the method of Griffith [22] 
as described previously [14]. Protein concentrations 
were determined according to Lowry et al. [23] with 
bovine serum albumin as the standard. 

RJZSULTS 

Effect of A12-PGJ2 on the activation of HSF. To 
determine whether A12-PGJz activates HSF in PAEC, 
we performed a gel mobility shift assay using 
a synthetic oligonucleotide probe inciuding the 
consensus HSE sequence. As shown in Fig. 1, 
A12-PGJ2 markedly induced three protein-HSE 

A 
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complexes that were derived from the nuclear extract 
(A in Fig. 1). Heat shock (43”, 60 min) induced the 
same protein-HSE complexes in the nuclear extract 
(data not shown). In contrast, constitutive HSE- 
binding activity was found in the cytosol (B in Fig. 
1). We further examined the binding specificity of 
these HSE binding proteins for single- or double- 
stranded HSE. The A12-PGJz-induced formation of 
32P-labeied complex A was inhibited by an excess of 
unlabeled double-stranded HSE, but not by 
unlabeled single-stranded HSE (both sense and 
antisense strands) (Fig. 2). Furthermore, the TPA- 
response element could not inhibit the A12-PGJz- 
induced formation of complex A {data not shown). 
These results indicate that A’ -PGJ2 markedly 
activates three HSF that specifically bind to double- 
stranded HSE. On the other hand, constitutive 
protein-HSE complex B in the cytosol was displaced 
by both single- and double-stranded HSE. We then 
examined the time courses and concentration 
dependencies of A12-PGJ2-induced formation of the 
HSF-HSE complexes. As shown in Fig. 3, A12-PGJ, 
induced the formation of three HSF-HSE complexes 
with similar time courses, the levels being more than 
20-fold over the respective basal levels by 6 hr. 
A12-PGJz concentration-dependently induced the 
formation of these complexes, and they showed 
similar concentration-response curves (Fig. 4). 
These concentration dependencies were consistent 
with that of 67-kDa HSP induction by A12-PGJz ill]. 

0 3 6 
Time (hr) 

Fig. 3. Time course of the A”-PGJ,-induced activation of HSF. (A) Cells were treated with 20 PM Ai2- 
PGJz for the indicated times (hr). Nuclear extracts were prepared for the gel mobility shift assay using 
the HSE sequence, as described in Materials and Methods. (B) The amounts of three HSF-HSE 
complexes with different mobilities were determined with a Fuji BAS 2000 imaging analyzer, but only 
the results for the complex with the intermediate mobility (arrow) are shown. Values are expressed as 
fold of control (0 hr), and are representative of three independent experiments. The other two complexes 

exhibited similar time-course curves. 
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Fig. 4. Concentration dependency of the AL\‘2-PGJ2-induced activation of HSF. (A) Cells were treated 
for 3 hr with the indicated concentrations (PM) of A”-PGJ2. Nuclear extracts were prepared for the 
gel mobility shift assay using the HSE sequence, as described in Materials and Methods. (B) The 
amounts of three HSF-HSE complexes with different mobilities were determined with a Fuji BAS 2000 
imaging analyzer, but only the results for the complex with the intermediate mobility (arrow) are 
shown. Values are expressed as fold of control (OpM), and are representative of three independent 

experiments. The other two complexes exhibited similar concentration-dependent curves. 

We have already shown that A12-PGJz was 
accumulated in the nuclei and bound to nuclear 
proteins in PAEC [14]. When the nuclei of PAEC 
were incubated in vitro with [3H]A12-PGJz, several 
proteins covalently conjugated with [3H]A12-PGJz 
could be found about 30 kDa on a sodium 
dodecyl sulfat~polyacrylamide gel (data not shown). 
However, the mechanism(s) for activation of HSF 
after A’*-PGJ, binding to nuclear proteins is 
unknown. To determine whether the formation of 
the HSF-HSE complexes by A12-PGJz requires de 
novo protein synthesis, we examined the effect of 
cycloheximide on the formation. Prior treatment of 
the cells with cycloheximide almost completely 
inhibited the A12-PGJ~-induced formation of the 
HSF-HSE complexes, whereas the heat shock- 
induced formation of the complexes was not inhibited 
by cycloheximide treatment (data not shown). 

We previously reported that the induction of the 
67-kDa HSP was specific for cyclopentenone PGs in 
PAEC [lo]. We then examined the effects of various 
PGs on the fo~ation of the HSF-HSE complexes. 
As shown in Fig. 5, the complex formation was 
induced by PGs in the following order: A7-PGAI Z 
A’*-PGJ2 > PGAz > PGAl. PGD,, PGEl and PGE2 
also induced the complex formation, but the levels 
were very low. However, PGF2, and carbacyclin, a 
stable PGIz analog, had no induction activity. These 
results indicate that the induction of the HSF-HSE 

complexes is specific for cyclopentenone PGs, and 
A’-PGAI and Ai2-PGJz activate HSF more potently 
than PGAl and PGAz among the cyclopentenone 
PGs. 

Effect of intracellular GSH on the formation of the 
NSF-HSE complexes. We recently reported that 
intracellular GSH suppresses the induction of the 
67-kDa HSP by Ai2-PGJ2 [14]. Thus, we examined 
the effect of intracellular GSH on the A12-PGJz- 
induced formation of the HSF-HSE complexes. To 
reduce or elevate the level of intracellular GSH, 
PAEC were exposed to 5 mM BSO, an inhibitor of 
GSH synthesis [24], for 12 hr or to 25 mM exogenous 
GSH for 4 hr. BSO treatment induced a decrease in 
the intracellular GSH level from 10 to 1.0 nmol/ 
5 x lo5 cells, and GSH treatment conversely induced 
an increase in the intracellular GSH level from 10 
to 30 nmol/5 x 10s cells. As shown in Fig. 6, whereas 
BSO or GSH treatment itself did not induce the 
complex formation, BSO treatment potentiated the 
Ah’2-PGJz-induced formation of the HSF-HSE 
complexes and, in contrast, GSH treatment reduced 
it. Short-time treatment with BSO (6 hr) itself also 
did not induce the formation (data not shown). 
These results suggest that intracellular GSH 
suppresses the induction of the 67-kDa HSP by Al*- 
PGJ2 through the inhibition of A12-PGJ,-induced 
fo~ation of HSF-HSE complexes. 

We recently reported that the thiol-reactive agents 
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Fig. 5. Effects of various PGs on the activation of HSF. 
Cells were treated for 3 hr with the vehicle (C), PGAl 
(A,), PG& (AZ), PGDz 0% PGE, (E,), PGEz @2)7 

PGF,, (F2), carbacyclin (I*), Ar2-PGJ2 (A’*), and A’-PGAI 
(A’) at 20 ,uM. Nuclear extracts were prepared for the get 
mobility shift assay using the HSE sequence, as described 
in Materials and Methods. The amounts of the HSF-HSE 
complex with the interme~ate mobility (arrow) were 
determined with a Fuji BAS 200@ imaging analyzer. Values 
are expressed as fold of control, and are representative of 

three independent experiments. 

arsenite and diethylmaleate also induced the 67-kDa 
HSP in PAEC in an intracellular GSH-sensitive 
manner [14]. Thus, we examined whether arsenite 
or diethylmaleate activates HSF, and whether 
intraceIlular GSH modulates the action of these 
compounds in PAEC. As shown in Fig. 7, arsenite 
and diethylmaleate induced the same HSF-HSE 
complexes as At*-PGJ2 did, and BSO treatment 
enhanced the formation of the HSF-HSE complexes 
by these compounds, but GSH treatment suppressed 
it. The level of intracellular GSH was reduced by 20 
and 65% in the cells exposed to arsenite and 
diethylmaleate, respectively, In contrast, arsenite 
activated HSF more potently than diethylmaleate 
(Fig. 7), suggesting that this thiol-reactive agent- 
induced activation of HSF is not due to a reduction 
in the level of intracellular GSH. Cy~loheximide 
also inhibited the fo~ation of the HSF-HSE 
complexes by these compounds (data not shown). 
These results indicate that thiol-reactive agent- 
induced activation of HSF is GSH sensitive and 
requires de novo protein synthesis. 

DISCUSSION 

It has been demonstrated in our laboratory that 
An-PGJr preferentially induces a 67-kDa HSP in 
PAEC [lo] and intracellular GSH suppresses the 
A1z-PGJz-induced 67-kDa HSPsynthesis by inhibiting 
the binding of A’*-PGJz to the nuclei (141. In the 
present study, we showed that An-PGJ2 activates 
HSF in a de novo protein synthesis-dependent 
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Fig. 6. Effect of BSO or GSH on the A’*-PGJ2-induced 
activation of HSF. Cells were treated with the vehicle for 
12 hr (N), 5 mM BSO for 12 hr (B), or 25 mM GSH for 
4 hr (G). After BSO or GSH had been removed, they were 
treated with (J) or without (C) 20pM A’2-PGJ2 for 3 hr. 
Nuclear extracts were prepared for the gel mobility shift 
assay using the HSE sequence, as described in Materials 
and Methods. The amounts of the HSF-HSE complex with 
the intermediate mobility (arrow) were determined with a 
Fuji BAS 2ooO imaging analyzer. Values are expressed as 
fold of control, and are representative of three independent 

experiments. 

manner and that intracellular GSH inhibits the A12- 
PGJ2-induced activation of HSF in PAEC. 

The gel mobility shift assay revealed that Ai2- 
PGJ2 markedly induced the activation of three HSF 
that specifically bind to double-stranded HSE (Fig. 
1). Since the nuclear extract of PAEC was prepared 
in the presence of various protease inhibitors, the 
three HSF appear not to be products of proteolysis 
of the highest molecular weight HSF, and thus they 
must be different proteins. Recently, it was shown 
that there are at least three HSF-related genes in 
tomatoes 1251 and two HSF genes in humans [26,27], 
but these HSF show the same binding specificity for 
HSE. In PAEC, the difference between the three 
HSF responsible for the 67-kDa HSP induction 
remains unknown. It is known that At2-PGJ2 is 
actively transported into cells and accumulated in 
the nuclei, where it covalently binds to nuclear 
proteins [3-51. We also showed that At2-PGJ2 is 
accumulated in the nuclei and bound to nuclear 
proteins in PAEC, and that this nuclear a~mulation 
is closely correlated with the induction of the 67- 
kDa HSP and the subsequent growth inhibition of 
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Fig. 7. Effect of BSO or GSH on arsenite- or diethylmaleate- 
induced activation of HSF. Cells were treated with the 
vehicle for 12 hr (N), 5 mM BSO for 12 hr (B), or 25 mM 
GSH for 4 hr (G). After BSO or GSH had been removed, 
they were treated for 3 hr with 20 PM arsenite (As) or 
150 PM diethylmaleate (DEM). Nuclear extracts were 
prepared for the gel mobility shift assay using the HSE 
sequence, as described in Materials and Methods. The 
amounts of the HSF-HSE complex with the intermediate 
mobility (arrow) were determined with a Fuji BAS 2000 
imaging analyzer. Values are expressed as fold of control 
of Fig. 6, and are representative of three independent 

experiments. 

PAEC [14]. Furthermore, we revealed that Ai*- 
PGJr covalently binds to several proteins with 
molecular masses of around 30 kDa in the nuclei of 
PAEC. The nuclear accumulation of A12-PGJ2 is 
reminiscent of the action of steroid hormones or 
dioxins, which bind to their receptors, followed by 
the binding of the liganded receptors to their specific 
DNA response elements [28,29]. In vitro treatment 
of a nuclear extract with dioxin induces the binding 
of its receptor to the corresponding response element 
[29]. The A12-PGJ*-induced activation of HSF 
required de nouo protein synthesis. Therefore, A’*- 
PGJ2 appears to induce the synthesis of a protein(s) 
that is responsible for the activation of HSF. 

It was reported recently that PGAi [16] and PGA2 
[17] activate HSF in two tumor cell lines, human 
KS62 erythroleukemia cells and growing HeLa S3 
cells, respectively, the activation of HSF being also 
dependent on protein synthesis. Only PGAi and 
PGA2 were effective in activating HSF and inducing 
HSP70 expression in these cells; PGE and PGD 
were ineffective. However, the effect of A12-PGJ2 
has yet to be determined. Among the various PGs 
tested, the activation of HSF was specific for 

cyclopentenone PGs in PAEC (Fig. 5). The weak 
activation of HSF by PGD2, PGEi and PGE2 may 
be mediated by A12-PGJ2, PGAi and PGA2, which 
are dehydrated metabolites of PGD2, PGEi and 
PGE2, respectively [l, 21. Good correlation was 
observed between the specificities of PGs for the 
activation of HSF and for the induction of the 67- 
kDa HSP [lo]. Furthermore, we determined that 
A’*-PGJ2 and A7-PGAi activated HSF more potently 
than PGA, and PGA2 among the cyclopentenone 
PGs. A characteristic of cyclopentenone PGs is that 
they contain cu$-unsaturated ketones, which are 
very susceptible to nucleophilic addition reactions 
with thiols [12, 131. We recently reported that the 
binding of A’*-PGJ2 to the nuclear proteins is N- 
ethylmaleimide sensitive in PAEC, indicating that 
the binding site of A12-PGJ2 in the nuclei is a thiol 
group [ 141. PGAi or PGA2 forms the mono conjugate 
with a thiol [30,31], but A12-PGJ2 or A’-PGAi can 
form the bis conjugate with two thiols [12,13]. 
Furthermore, the binding of PGAi to synthetic 
polymer-supported thiols is reversible, but that of 
Ai2-PGJ2 or A7-PGAi is irreversible.* In fact, it has 
been reported that the association of PGA2 with 
nuclei is reversible, but that of A’*-PGJ2 is irreversible 
(51. The stronger activation of HSF and the resultant 
induction of the 67-kDa HSP by Ai’-PGJ2 and A7- 
PGAi may be ascribed to their ability to form stable 
bis conjugates with a thiol group. Intracellular GSH 
plays an important role in the regulation of the 
action of anticancer drugs through direct conjugation 
with them [32]. In our previous study, we 
demonstrated that intracellular GSH suppresses the 
A12-PGJ2-induced synthesis of the 67-kDa HSP by 
blocking the binding of A12-PGJ2 to the thiol groups 
of nuclear proteins in PAEC [ 141. Intracellular GSH 
also suppressed the A12-PGJ2-induced activation of 
HSF in PAEC (Fig. 6). Thus, the inhibition by 
intracellular GSH of the A12-PGJ2-induced 67-kDa 
HSP synthesis is due to the inhibition of the A12- 
PGJ2-induced activation of HSF. The decrease in 
the level of intracellular GSH upon BSO treatment 
by itself did not activate HSF (Fig. 6). We previously 
showed that an appreciable reduction in the level of 
intracellular GSH is not detected in cells exposed to 
A12-PGJ2 [ 141, Therefore, the A’*-PGJ2-induced 
activation of HSF is not due to a secondary effect 
of a reduction in the level of intracellular GSH. 
Considering these results, it is assumed that the 
binding of A12-PGJ2 to the thiol groups of nuclear 
proteins is the trigger for the activation of HSF, and 
that the conjugate of A’*-PGJ2 with intracellular 
GSH makes A12-PGJ2 inaccessible to the thiol group. 

We recently demonstrated that the thiol-reactive 
agents arsenite and diethylmaleate also induce 67- 
kDa HSP synthesis [lo], and that intracellular GSH 
suppresses arsenite- and diethylmaleate-induced 67- 
kDa HSP synthesis [14]. Diethylmaleate forms a 
thioester conjugate with GSH [33]. Arsenite is also 
a thiol-binding molecule and can possibly bind to a 
sulfhydryl group of GSH to form a metal-GSH 
complex. Arsenite and diethylmaleate also induced 
the activation of HSF, and intracellular GSH 

* Personal communication from Dr. M. Suzuki of Nagoya 
University, cited with permission. 
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suppressed the activation of HSF by these compounds 
(Fig. 7) suggesting that their binding to the thiol 
groups of nuclear proteins induces the.activation of 
HSF. Considering the requirement of de nouo 
protein synthesis for both A’ -PGJs and thiol-reactive 
agent-induced activation of HSF, they must bind to 
the thiol groups of nuclear proteins and their binding 
may induce the synthesis of a protein(s) that is 
responsible for the activation of the HSF in PAEC. 
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