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Protein kinase inhibitors can
suppress stress-induced dissociation
of Hsp27
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Abstract We previously showed that the aggregated form of Hsp27 in cultured cells becomes dissociated as a result of
phosphorylation with various types of stress. In order to clarify the signal transduction cascade involved, the effects of
various inhibitors of protein kinases and dithiothreitol on the dissociation of Hsp27 were here examined by means of an
immunoassay after fractionation of cell extracts by sucrose density gradient centrifugation. The dissociation of Hsp27
induced by exposure of U251 MG human glioma cells to metals (NaAsO2 and CdCl2), hypertonic stress (sorbitol and
NaCl), or anisomycin, an activator of p38 mitogen–activated protein (MAP) kinase, was completely suppressed by the
presence of SB 203580 or PD 169316, inhibitors of p38 MAP kinase, but not by PD 98059 and Uo 126, inhibitors of
MAP kinase kinase (MEK), nor by staurosporine, Go 6983, and bisindolylmaleimide I, inhibitors of protein kinase C.
Phorbol ester (PMA)–induced dissociation of Hsp27 was completely suppressed by staurosporine, Go 6983, or bisin-
dolylmaleimide I and partially suppressed by SB 203580, or PD 169316 but not by PD 98059 or Uo 126, indicating
mediation by 2 cascades. The presence of 1 mM dithiothreitol in the culture medium during exposure to chemicals
suppressed the dissociation of Hsp27 induced by arsenite and CdCl2 but not by other chemicals. These results suggest
that the phosphorylation of Hsp27 is catalyzed by 2 protein kinases, p38 MAP kinase–activated protein (MAPKAP) kinase-
2/3 and protein kinase C. In addition, metal-induced signals are sensitive to reducing power.

INTRODUCTION

Mammalian Hsp27 is a member of the a-crystallin small
Hsp family and is a stress-inducible protein like aB-crys-
tallin. Hsp27 is known to be phosphorylated at 2 (rodent)
or 3 (human) serine residues in response to various types
of stress (Landry et al 1991, 1992), this being catalyzed
by MAP kinase–activated protein (KAP) kinase-2/-3,
which itself can be phosphorylated and activated by p38
MAP kinase (Freshney et al 1994; Lee et al 1994). The
delta isoform of protein kinase C (PKC-d) also phosphor-
ylates the same serine residues in Hsp27 (Maizels et al
1998), but the physiological significance of this has not
been well elucidated.

Mammalian Hsp27 in cells is present in 2 forms: an ag-
gregated large form with a molecular mass of about 500
kDa and a dissociated form of ,100 kDa (Arrigo and Welch
1987). The aggregated form in muscles is a heteropolymer
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composed at least of Hsp27, aB-crystallin, and p20 (Kato et
al 1992, 1994a, 1994b), these coprecipitating with antibodies
to each protein and being copurified in the same fraction
until separated in the presence of 7 M urea (Kato et al 1992,
1994a, 1994b). We reported previously that the aggregated
form of Hsp27 is dissociated as a result of phosphorylation
induced by various stressful conditions with concomitant
loss of protection against heat stress (Kato et al 1994b). Re-
cently, Rogalla et al (1999) confirmed our findings by ex-
pressing a mutant Hsp27 in which the serine phosphory-
lation sites were replaced by aspartic acid residues.

In order to clarify the signal transduction cascade for
the phosphorylation of Hsp27, we have examined the ef-
fects of various inhibitors of protein kinases and dithio-
threitol on its dissociation.

MATERIALS AND METHODS

Reagents

Phenylmethylsulfonyl fluoride, anisomycin, and trypsin
inhibitor were obtained from Sigma Chemical Co (Tokyo,
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Fig 1. Arsenite-induced dissociation of Hsp27 is suppressed by
inhibitors of p38 MAP kinase but not MAP kinase kinase (MEK).
U251 MG cells were exposed to 200 mM sodium arsenite (As) at
378C for 90 minutes with or without 10 mM each of SB 203580 (SB),
PD 169316 (PD16), PD 98059 (PD98), or Uo 126 (Uo). The cells
were also exposed to each inhibitor alone under the same condi-
tions. Each cell extract was fractionated by centrifugation on a su-
crose density gradient (10–40%). The specimen in each tube was
withdrawn from the bottom as 15 fractions, and 10-mL aliquots of
each fraction were subjected in duplicate to the specific immuno-
assay described in ‘‘Materials and Methods.’’ Arrows indicate the
positions at which b-D-galactosidase from Escherichia coli (Gal 540
kDa) and bovine serum albumin (BSA, 67 kDa) sedimented. Control,
untreated cells. The data are representative of 3 separate experi-
ments.

Japan); SB 203580, PD 169316, PD 98059, Go 6983, and
bisindolylmaleimide I from Calbiochem-Novabiochem
(La Jolla, CA, USA); Uo 126 from Promega (Madison, WI,
USA); staurosporine, phorbol 12-myristate 13-acetate
(PMA), okadaic acid, and calyculin A from Wako Pure
Chemicals (Osaka, Japan); and Pefabloc SC from Boehrin-
ger Mannheim GmbH (Mannheim, Germany). Pepstatin
A was obtained from Peptide Institute Inc (Osaka, Japan).

Culture and treatment of cells

U251 MG human glioma cells were grown at 378C in Ea-
gle’s minimum essential medium (Nissui Pharmaceutical
Co, Tokyo, Japan), supplemented with 10% fetal bovine
serum (Equitech-Bio Inc, Ingram, TX, USA) in a humid-
ified atmosphere of 95% air, 5% CO2. Cells were seeded
on 60-mm dishes, and the medium was changed every 2
or 3 days. The cells at confluence were exposed to various
chemicals, including 200 mM NaAsO2, 200 mM CdCl2, 0.15
M NaCl, 0.4 M sorbitol, 4 mM H2O2, 10 mg/mL aniso-
mycin, and 1 mM PMA in the presence or absence of pro-
tein kinase inhibitors. After incubation at 378C for 90 min-
utes in a CO2 incubator, cells in each dish were washed
twice with 5 mL of phosphate-buffered saline (PBS, con-
taining 8 g of NaCl, 0.2 g of KCl, 1.15 g of Na2HPO4, and
0.2 g of KH2PO4 in 1000 mL of H2O) and frozen at 2808C
for a few days. The frozen cells on each dish were col-
lected and suspended in 0.3 mL of 0.1 M Hepes-NaOH
buffer, pH 7.5, containing 0.1 M NaF, 100 nM okadaic
acid, 100 nM calyculin A, 0.3 mg/mL Pefabloc SC, 0.1
mg/mL trypsin inhibitor, 250 mg/mL Pepstatin A, and 1
mM phenylmethylsulfonyl fluoride. Each suspension was
sonicated for 10 seconds and centrifuged at 125 000 3 g
for 20 minutes at 48C. The supernatants were immediately
subjected to centrifugation on sucrose density gradients.

Sucrose density gradient centrifugation of extracts

Each cell extract (0.2-mL aliquots) was layered on a 3.5-
mL linear gradient of sucrose (10–40%) in 50 mM Tris-
HCl, pH 7.5, containing 0.1 M NaF and 5 mM EDTA, and
centrifuged at 48C at 130 000 3 g for 16 hours in a swing-
ing bucket rotor (RPS56T; Hitachi, Tokyo, Japan). After
centrifugation, each sample was fractionated into 15 test
tubes, unless otherwise specified, into which 0.25 mL of
10 mM sodium phosphate buffer, pH 7.0, containing 0.1%
(w/v) bovine serum albumin had been introduced.

Immunoassay and Western blot analysis of Hsp27

Concentrations of Hsp27 were estimated by a specific im-
munoassay as described previously (Kato et al 1992). Each
fraction, collected without 10 mM phosphate buffer con-
taining bovine serum albumin, was also subjected to

SDS-PAGE (12.5% polyacrylamide) and subsequent West-
ern blot analysis with antibodies against Hsp27, as de-
scribed previously (Kato et al 1992).

Other methods

Concentrations of protein in extracts of cells were esti-
mated with a protein assay kit (Bio-Rad) with bovine se-
rum albumin as the standard. Human Hsp27 was puri-
fied from skeletal muscle, and affinity purified rabbit an-
tibodies against human Hsp27 were prepared as detailed
earlier (Kato et al 1992).

RESULTS

Effects of protein kinase inhibitors on dissociation of
Hsp27 induced by various chemicals

Extracts of confluent cultures of U251 MG human glioma
cells contained about the same amounts of the aggregated
large form and the dissociated small form of Hsp27, de-
tected by the specific immunoassay of each fraction sep-
arated by sucrose density gradient centrifugation (Fig 1).
Cells exposed at 378C for 90 minutes to 200 mM sodium
arsenite, 200 mM CdCl2, 10 mg/mL anisomycin, 0.15 M
NaCl, 0.4 M sorbitol, 4 mM H2O2, or 0.1 mM PMA con-
tained Hsp27 mostly in the dissociated form (Figs 1–3).
When cells were exposed to the chemicals together with
the inhibitor of p38 MAP kinase, SB 203580 (Lee et al
1994), or PD 169316 (Kummer et al 1997), the dissociation
of Hsp27 inducible by arsenite, CdCl2, anisomycin, NaCl
(not shown), sorbitol, or H2O2 was completely sup-
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Fig 2. Dissociation of Hsp27 induced by sorbitol, CdCl2, anisomy-
cin, or H2O2 is suppressed by PD 169316, an inhibitor of p38 MAP
kinase. Cells were exposed to 0.4 M sorbitol, 200 mM CdCl2, 10 mg/
mL anisomycin (AMC), or 4 mM H2O2 at 378C for 90 minutes with
or without 10 mM PD 169316 (PD16). Each cell extract was frac-
tionated by centrifugation, and the concentrations of Hsp27 were
determined as described in the caption to Figure 1. Control, untreat-
ed cells. The data are representative of 2 separate experiments.

Fig 3. Phorbol 12-myristate 13-acetate (PMA)–induced dissocia-
tion of Hsp27 is suppressed partially by an inhibitor of p38 MAP
kinase and completely by inhibitors of protein kinase C. Cells were
exposed to 1 mM PMA at 378C for 90 minutes with or without 10 mM
PD 169316 (PD16), 10 mM PD 98059 (PD98), 10 mM Uo 126 (Uo),
100 nM staurosporine (STP), 5 mM bisindolylmaleimide I (BIM), or
5 mM Go 6983 (Go). Each cell extract was subjected to sucrose
density gradient centrifugation, and the concentrations of Hsp27
were determined as described in the caption to Figure 1. Control,
untreated cells. The data are representative of 2 separate experi-
ments.

Fig 4. (A) Inhibitors of protein kinase C do not suppress the ar-
senite-induced dissociation of Hsp27. U251 MG cells were exposed
to 200 mM sodium arsenite at 378C for 90 minutes with or without
100 nM staurosporine, 5 mM bisindolylmaleimide I (BIM), 5 mM Go
6983 (Go), or 10 mM PD 169316 (PD16). (B) Effects of protein ki-
nase inhibitors on the dissociation of Hsp27 in HeLa cells. HeLa cells
were exposed at 378C for 90 minutes to 1 mM PMA with or without
5 mM bisindolylmaleimide I (BIM) or to 200 mM sodium arsenite (As)
with or without 10 mM PD 169316 (PD16). Each cell extract was
subjected to sucrose density gradient centrifugation, and the con-
centrations of Hsp27 were determined as described in the caption
to Figure 1. Control, untreated cells. The data are representative of
2 separate experiments.

Fig 5. Western blot analysis of Hsp27 in fractions separated by
centrifugation. U251 MG cells were exposed to sodium arsenite with
or without protein kinase inhibitors, and extracts were fractionated
by centrifugation on a sucrose density gradient as described in the
caption to Figure 1. The 7.5-mL aliquots of each fraction were sub-
jected to SDS-PAGE and subsequent Western blot analysis with
antibodies against human Hsp27 and peroxidase-labeled antibodies
against rabbit IgG as second antibodies as described in ‘‘Materials
and Methods.’’ (A) Peroxidase activity on nitrocellulose sheets was
visualized on X-ray film. (B) The relative density of each band in
each treatment shown in (A) was estimated by the NIH Image pro-
gram. Control, untreated control cells. The data are representative
of 2 separate experiments.

pressed, and the sedimentation profiles of Hsp27 were
almost identical to those obtained with untreated cells
(Figs 1 and 2). However, the dissociation of Hsp27 in-
duced by arsenite (Fig 1) and other chemicals described
previously was barely suppressed by PD 98059 (Dudley
et al 1995) or Uo 126 (Favata et al 1998), inhibitors of MAP
kinase kinase (data not shown).

PMA-induced dissociation of Hsp27 was also only par-
tially inhibited by SB 203580 (data not shown) or PD
169316 (Fig 3) and was not affected by PD 98059 or Uo
126 (Fig 3). However, it was completely suppressed in the
presence of staurosporine (Tamaoki et al 1986), Go 6983
(Gschwendt et al 1996), or bisindolylmaleimide I (Toullec
et al 1991), inhibitors of protein kinase C (Fig 3), which
did not inhibit the dissociation of Hsp27 induced by ar-
senite under conditions in which PD 169316 exerted ef-
fective suppression (Fig 4). The exposure of cells to each
inhibitor alone barely affected the sedimentation profile
of Hsp27 (data not shown). Suppression of arsenite-in-
duced dissociation of Hsp27 by inhibitors of p38 MAP
kinase and of PMA-induced dissociation by inhibitors for

protein kinase C was also observed in HeLa cells (Fig 4).
Western blot analyses of each fraction after sucrose den-
sity gradient centrifugation confirmed the immunoassay
results (Fig 5).

These results suggest that the signal transduction path-
way for phosphorylation of Hsp27 induced by most
chemicals, except PMA, is mediated by p38 MAP kinase,
while PMA-induced dissociation of Hsp27 is mainly due
to phosphorylation by protein kinase C.
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Fig 6. Arsenite- or CdCl2-induced dissociation of Hsp27 is com-
pletely suppressed in the presence of dithiothreitol. U251 MG cells
were exposed at 378C for 90 minutes to 10 mg/mL anisomycin
(AMC), 200 mM sodium arsenite (As), 200 mM CdCl2, or 1 mM PMA
with or without 1 mM dithiothreitol (DTT). Each cell extract was frac-
tionated by centrifugation on a sucrose density gradient, and the
concentrations of Hsp27 were estimated by the immunoassay as
described in the caption to Figure 1. Control, untreated cells. The
data are representative of 2 separate experiments.

Effects of dithiothreitol on the dissociation of Hsp27

We previously observed arsenite-induced expression of
Hsp27 to be suppressed by a high concentration (.1 mM)
of dithiothreitol (Kato et al 1997). Phosphorylation of aB-
crystallin in response to arsenite was also decreased in
the presence of 2 mM dithiothreitol (Ito et al 1997). To
test the effects of the reducing agent on dissociation of
Hsp27, cells were exposed to various chemicals with or
without 2 mM dithiothreitol, and extracts were subjected
to sucrose density gradient centrifugation. As shown in
Figure 6, dithiothreitol suppressed completely the dis-
sociation of Hsp27 induced by arsenite and CdCl2 but not
that due to PMA, anisomycin (Fig 6), Sorbitol, NaCl, or
H2O2 (data not shown). Exposure of cells to dithiothreitol
alone did not affect the Hsp27 sedimentation profile (Fig
6). These results suggest that the phosphorylation of
Hsp27 induced by arsenite or CdCl2 is mediated by a
process that is sensitive to reducing power.

DISCUSSION

Phosphorylation of serine residues is a common post-
translational modification of a-crystallin small Hsps,
Hsp27, and aB-crystallin in cells being phosphorylated in
response to various types of stress (Arrigo 1990; Landry
et al 1992; Ito et al 1997). aA-crystallin in lenses is in part
phosphorylated (Chiesa et al 1988), but it is not known
whether this is stress related. Phosphorylation of Hsp20
in vascular smooth muscle is observed during cyclic nu-
cleotide-dependent vasodilation induced by protein ki-
nase A (Beal et al 1997).

Phosphorylation of aB-crystallin at 3 serine residues is
known to be catalyzed by 3 different protein kinases. Ser-
45 and Ser-59 seem to be phosphorylated by p44/42 MAP
kinase and MAPKAP kinase-2, respectively (Kato et al

1998), whereas the enzyme acting on Ser-19 has not been
identified. Phosphorylation of the 2 (rodent Hsp25) or 3
(human Hsp27) serine residues in Hsp27 is reported to
be catalyzed by MAPKAP kinase-2 (Stokoe et al 1992),
MAPKAP kinase-3 (McLaughlin et al 1996), and the d
isoform of protein kinase C (Maizels et al 1998). Selectiv-
ity of phosphorylation sites in Hsp27 or Hsp25 for these
3 enzymes has been reported to be apparently absent
(Stokoe et al 1992; McLaughlin et al 1996; Maizels et al
1998).

The present results indicate that dissociation due to
phosphorylation of Hsp27 is sensitive to protein kinase
inhibition, depending on the inducing agent. The disso-
ciation of Hsp27 in U251 MG cells induced by most chem-
icals, except for PMA, was completely suppressed when
SB 203580 or PD 169316, inhibitors of p38 MAP kinase,
was present during exposure. In contrast, the dissociation
of Hsp27 induced by PMA was completely suppressed in
the presence of Go 6983, bisindolylmaleimide I, or stau-
rosporine, known to be inhibitors of protein kinase C.
These inhibitors of protein kinase C did not influence the
dissociation induced by other chemicals, and inhibitors of
MAP kinase kinase were without effect in either case.
These results indicate that 2 signal transduction cascades
are responsible for phosphorylation of Hsp27: the p38
MAP kinase cascade, probably catalyzed by MAPKAP ki-
nase-2/3, and that involving protein kinase C, as indi-
cated by Maizels et al (1998). Since inhibitors of p38 MAP
kinase also partially suppressed the dissociation of
Hsp27 induced by PMA, there is clearly some cross talk
in this case.

Interestingly, exposure of cells to the chemicals used in
this study also induces phosphorylation of aB-crystallin,
another member of the a-crystallin small Hsp family, and
most, except for PMA, enhance the phosphorylation of its
Ser-59 selectively effected by MAPKAP kinase-2 in vitro,
by a process sensitive to inhibition of p38 MAP kinase in
vivo (Ito et al 1997; Kato et al 1998). These observations
indicate that Hsp27 and aB-crystallin can be phosphor-
ylated by the same protein kinase, MAPKAP kinase-2/-
3. In contrast, PMA-induced phosphorylation of Ser-45 in
aB-crystallin, known to be targeted by p44/42 MAP ki-
nase, was found to be suppressed by staurosporine (Ito
et al 1997), Go 6983, and bisindoylmaleimide I (unpub-
lished data) as described previously for the Hsp27-PMA
case. However, inhibition of aB-crystallin phosphoryla-
tion was also apparent in the presence of PD 98059, an
inhibitor of MAP kinase kinase in vivo (Ito et al 1997;
Kato et al 1998). These results indicate that PMA-induced
phosphorylation of serine residues in Hsp27 and Ser-45
in aB-crystallin is catalyzed by the different protein ki-
nases through different signaling cascades.

Conversion of nonphosphorylated and aggregated
form of Hsp27 to the phosphorylated and dissociated
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form results in decreased tolerance of heat stress (Kato et
al 1994b). One nonphosphorylatable mutant of Hsp27 ex-
pressed in cells formed a large polymer, as did wild-type
Hsp27, and was similarly protective against stress, and
cells blocked phosphorylation of Hsp27 with SB 203580
did not abolish the protective activity of Hsp27 against
tumor necrosis factor a cytotoxicity (Mehlen et al 1997;
Preville et al 1998). However, a mutant Hsp27, in which
the phosphorylatable serine residues were replaced by as-
partic acid, did not form polymers and showed no pro-
tective effects (Rogalla et al 1999). These results suggest
that the cytoprotective activity of Hsp27 is associated
with the large aggregate and that phosphorylation of ser-
ine residues in Hsp27 is not required for the protective
function of Hsp27 against cell insult. However, the phys-
iological significance of phosphorylation and dissociation
of Hsp27 in response to stress remains to be clarified.
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