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Abstract Protein kinase B (PKB, also named as Akt or RAC-
protein kinase), that is activated by cellular stress such as heat
shock and hyperosmotic treatment, was revealed to be activated
by oxidative stress and by chemical stressors of CdCl, and
NaAsQO2 by measuring the activity of the enzyme immunopre-
cipitated from the transfected COS-7 cells. Upon stress
treatment, a 30-kDa phosphoprotein was co-immunoprecipitated
with PKB from the cells metabolic labeled with [*2P]ortho-
phosphate. The phosphoprotein was identified as Hsp27, a small
heat shock protein, by immunoblot analysis and co-immunopre-
cipitation. The association of Hsp27 was specific to PKB as the
heat shock protein was not co-immunoprecipitated with other
protein kinases such as protein kinase C and PKN. When the
cells were treated with H,O2, PKB was activated gradually and
the association of Hsp27 with PKB increased concurrently with
the enhancement of PKB activity. In heat-shocked cells,
activation of PKB and the association of Hsp27 were detected
immediately after the treatment, and the association of the heat
shock protein decreased while PKB kept stimulated activity when
the cells were further incubated at 37°C. These results suggest
that Hsp27 is involved in the activation process of PKB in the
signal transduction pathway of various forms of stress.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Protein kinase B (PKB, also named Akt or RAC-protein
kinase) is a family of serine/threonine protein kinase having a
pleckstrin homology (PH) domain and a catalytic domain
closely related to cAMP-dependent protein kinase and protein
kinase C (PKC) in its amino- and carboxyl-terminal regions,
respectively, and three subtypes of o, B and 7y, have thus far
been identified [1-7]. PKB has been indicated to be activated
by various growth factors as a direct downstream target of
phosphatidylinositol 3-kinase (PI1 3-kinase), and it has also
been reported that phosphorylation of PKB by a putative
PKB kinase is necessary for activation of the enzyme [for
reviews, [8,9]]. Thus, the precise mechanism of activation of
PKB by growth factors is not yet fully understood. In the
meantime, PKB has revealed to be activated by cellular stress
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such as heat shock and hyperosmolarity [10]. As activation of
PKB by cellular stress is insensitive to wortmannin, a potent
inhibitor of PI 3-kinase, it is plausible that PKB is activated
by the growth factors and by cellular stress alternatively in
manners dependent on and independent of PI 3-kinase, re-
spectively, and that the enzyme is located in the different path-
ways of the intracellular signal transduction. On the other
hand, it is well known that heat shock and other environ-
mental stress stimulate synthesis of several heat shock proteins
including Hsp27 [for a review, [11]]. In this study, we report
that PKB is activated by oxidative stress and by chemical
stressors of CdCl; and NaAsQOs, and this enzyme associates
with a small heat shock protein, Hsp27, in the cells stimulated
by various extracellular stress.

2. Materials and methods

2.1. Cells and transfection

COS-7 cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal calf serum at 37°C in a
5% COy incubator. Expression vectors of PKBa [6] and FLAG-epi-
tope tagged PKBa, -B, -y [10], PKCa [12] and PKN [13] were em-
ployed. Cells were transfected with each expression vector by electro-
poration using Gene Pulser (Bio-Rad), cultured for 48 h, and treated
as described in each experiment. Where indicated, transfected COS-7
cells were further cultured for 1 h in phosphate-free DMEM supple-
mented with dialyzed fetal calf serum, and then incubated for 3 h with
[32P]orthophosphate (18 MBq/6 cm dish) before treatment.

2.2. Immunoprecipitation and immunoblot analysis

Expressed proteins were immunoprecipitated at 0-4°C essentially as
described [10]. Briefly, cells were washed with phosphate-buffered sal-
ine, and lysed in 20 mM Tris-HCI at pH 7.5 containing 1 mM EDTA,
1 mM EGTA, 10 mM 2-mercaptoethanol, 1% Triton X-100, 150 mM
NacCl, 10 mM NaF, 1 mM Na3;VO, and 50 pg/ml phenylmethylsul-
fonyl fluoride. The lysate was centrifuged for 10 min at 18 000 X g, and
the supernatant (500-600 ug of protein) was incubated for 1 h with
either an anti-FLAG monoclonal antibody (Kodak Scientific Imaging
Systems), a monoclonal antibody against human Hsp27 (Stressgen
Biotechnologies) or each polyclonal antibody against PKB (anti-N-
terminal and anti-C-terminal, Upstate Biotechnology), PKCo (Trans-
duction Laboratories) and PKN [14]. Then, protein A-Sepharose
beads (Pharmacia) were added to the mixture and incubated for 30
min. The immunoprecipitates were collected by centrifugation and
washed 4 times with 20 mM Tris-HCI at pH 7.5 containing 150
mM NaCl and 1% Triton X-100. The immunoprecipitates were boiled
in SDS sample buffer, and proteins were separated by SDS-PAGE [15]
and transferred onto an Immobilon P membrane (Millipore). The
monoclonal antibodies against FLAG epitope and human Hsp27
and the polyclonal antibodies against PKB and mouse Hsp25 (Stress-
gen Biotechnologies) were used as the first antibodies. The alkaline
phosphatase-conjugated anti-rabbit and anti-mouse antibodies (Prom-
ega) were employed as the second antibodies and the color reaction
was carried out using 5-bromo-4-chloro-3-indolyl-phosphate and nitro
blue tetrazolium as substrates.
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2.3. Protein kinase assay

The enzyme activity of PKB was assayed by measuring the incor-
poration of radioactivity from [y-32P]JATP to the core histone fraction
prepared from calf thymus [10]. Before assay, the immunoprecipitates
collected were washed at 0—4°C with 20 mM Tris-HCI at pH 7.5
containing 1 mM EDTA, 1 mM EGTA, 10 mM 2-mercaptoethanol,
150 mM NaCl and 50 pg/ml phenylmethylsulfonyl fluoride to remove
Triton X-100, NaF and Na3VO,. The reaction mixture (25 ul) con-
taining 20 mM Tris-HCI at pH 7.5, 10 mM MgCl,, 20 uM ATP, 15—
50 kBq of [y-3P]ATP, 200 pg/ml core histone and the immunopreci-
pitates were incubated for 30 min at 30°C. After boiling in SDS
sample buffer, phosphorylated proteins were separated by SDS-
PAGE, and the radioactivity of each protein band was analyzed by
Bio-imaging Analyzer BAS2000 (Fuji).

3. Results

3.1. Activation of PKB subtypes by extracellular stimuli

In the previous report [10], we found that cellular stress
such as heat shock and hyperosmolarity induces PKB activa-
tion, whereas protein synthesis inhibitors such as anisomycin
and cycleheximide, that activate the stress-activated protein
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kinase/c-Jun amino-terminal kinase family [16], could not en-
hance the PKB activity. Here, we studied the effects of other
cellular stress on the PKB activity by using COS-7 cells tran-
siently expressing each FLAG-epitope tagged PKB subtype
(Fig. 1). PKB activation was observed in the cells treated
with H202, CdCl; and NaAsO;. The responses of each
PKB subtype to extracellular stimuli were slightly different
one another. For example, PKBa and -B were activated by
H,0, in a dose-dependent manner among the concentrations
employed, whereas PKBy showed the highest activity in the
presence of lower concentrations of HoO2. PKBa was acti-
vated by NaCl at 700 mM, however PKBP and -y did not
show evident increase in the presence of high concentrations
of NaCl. Among the subtypes, PKBP} was less sensitive to
cellular stress than PKBo and -y. It has been reported that
tumor necrosis factor, an inflammatory cytokine, activates
stress-activated protein kinase/c-Jun amino-terminal kinase
[16], although the inflammatory cytokine did not increase
the activity of PKB expressed in COS-7 cells (data not
shown).
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Fig. 1. Activation of PKBo, -B and -y in transfected COS-7 cells. COS-7 cells transfected with the expression plasmid of either FLAG-epitope
tagged PKBa (A), PKB (B) or PKBy (C) were serum-starved for 24 h, treated as indicated, and each FLAG-epitope tagged PKB was immu-
noprecipitated by the anti-FLAG antibody. Cells without treatment are indicated as (—). Protein kinase activity in the immunoprecipitates was
measured by using core histone as substrate (upper panels). The amounts of FLAG-epitope tagged PKB in the immunoprecipitates are shown
by immunoblot analysis using the anti-FLAG antibody (lower panels). The positions of phosphorylated histone, FLAG-epitope tagged PKB
and IgG (heavy chain) are indicated by arrows. FCS and hs indicate fetal calf serum and heat shock, respectively.
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3.2. Phosphorylation of PKB in vivo

It has been reported that the phosphorylation reaction of
PKB is essential for its activation [8]. To analyze the mecha-
nism of PKB activation by cellular stress, COS-7 cells express-
ing FLAG-epitope tagged PKBo were metabolically labeled
with [*?Plorthophosphate and FLAG-epitope tagged PKBo
was immunoprecipitated. PKBo was phosphorylated during
the incubation of the cells for 3 h with [**PJorthophosphate
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Fig. 2. Phosphorylation of PKB in vivo and its binding protein.
COS-7 cells transfected with FLAG-epitope tagged PKBo expres-
sion plasmid were metabolically labeled with [*’Plorthophosphate,
treated either at 45°C for 20 min (hs) or with 10 mM H,O, for 10
min (HyOs), and FLAG-epitope tagged PKBo was immunoprecipi-
tated by the anti-FLAG antibody immediately after treatment (0) or
after further incubation at 37°C for 60 min (60) in DMEM sup-
plemented with 10% fetal calf serum. Cells without treatment are in-
dicated as (—). Phosphorylated proteins were visualized after
SDS-PAGE. The position of phosphorylated FLAG-epitope tagged
PKBa is indicated by an arrow, and the position of the 30-kDa
protein associated with FLAG-epitope tagged PKBao is indicated by

an arrowhead.
-

in the presence of fetal calf serum, and the amount of the
phosphorylation increased 2-3-fold by stress stimulation
such as heat shock and HsOs (Fig. 2). The phosphorylation
of PKB did not decrease when the cells were further incubated
for 60 min at 37°C or in the absence of HyOy. On the other
hand, a phosphoprotein with an approximate M, of 30 kDa
was found to be co-immunoprecipitated with PKB in heat-
treated cells. The phosphoprotein was still detected after in-
cubation for 60 min at 37°C following the heat shock. In
H,O,-treated cells, the 30-kDa protein was not detected im-
mediately after treatment of the cells, and observed after in-
cubation for 60 min in the absence of HyO,.

3.3. Hdentification of the 30-kDa protein as Hsp27
The 30-kDa phosphoprotein was characterized since it as-
sociates with PKB activated by cellular stress. It has been
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Fig. 3. Identification of the 30-kDa PKB binding protein as Hsp27. COS-7 cells transfected with the expression plasmid of FLAG-epitope
tagged PKBa (A,B) and PKBo (C,D) were treated either at 45°C for 20 min (hs) or with 10 mM H;O; for 10 min (H30;). Cells without treat-
ment are indicated as (—). FLAG-epitope tagged PKBo was immunoprecipitated by the anti-FLAG antibody (A), Hsp27 was immunoprecipi-
tated by the anti-human Hsp27 antibody (B), and PKBo was immunoprecipitated by either the anti-PKB C-terminal antibody (anti-CT) (C) or
the anti-PKB N-terminal antibody (anti-NT) (D). Immunoblot analysis was carried out by using a mixture of the antibodies against PKB and
human Hsp27 as the first antibodies and the anti-rabbit and anti-mouse antibodies were employed as the second antibodies. The positions of
FLAGe-epitope tagged PKBo, PKBo, Hsp27 and IgG (heavy and light chains) are indicated by arrows.
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Fig. 4. The specificity of the association of Hsp27. COS-7 cells transfected with the FLAG-epitope tagged expression plasmid of either PKCo
(A), PKN (B) or PKBa (C). Cells were treated at 45°C for 20 min, 50°C for 20 min or with 5 mM H;O, for 10 min, and each protein kinase
was immunoprecipitated with the anti-PKCa, anti-PKN and anti-PKB antibodies, respectively. Cells without treatment are indicated as (—).
Immunoblot analysis was carried out by using the anti-FLAG antibody (upper panels) and the anti-human Hsp27 antibody (lower panels), re-
spectively. The positions of FLAG-epitope tagged protein kinases, Hsp27 and IgG (heavy and light chains) are indicated by arrows.

demonstrated that Hsp27, a small heat shock protein with an
apparent M, of 27 kDa, is phosphorylated upon the treatment
of the cells by various stress stimuli such as heat shock, HyOo,
CdCly; and NaAsQO; [11,17-21]. As the conditions for Hsp27
phosphorylation are similar to those for PKB activation, im-
munoblot analysis using the antibody against human Hsp27
was carried out to examine whether the 30-kDa protein is
Hsp27 (Fig. 3A). Hsp27 was detected as an endogenous pro-
tein of 30 kDa of COS-7 cells that associates with FLAG-
epitope tagged RAC-PKa in the heat-shocked cells. Hsp27
was found faintly in the immune complex in HyO,-treated
cells and was hardly detected in the control cells. The 30-
kDa protein was recognized also by another antibody against
Hsp25, a mouse homologue of Hsp27 (data not shown).
When Hsp27 was immunoprecipitated from the heat-treated
transfected cells, FLAG-epitope tagged PKBa was detected in
the immune complex vice versa (Fig. 3B). The FLAG-epitope
tag is not involved in the association with Hsp27, because the
association was observed when PKBa without the epitope tag
was expressed and immunoprecipitated by the antibodies
against the amino- and carboxyl-terminal sequences of PKB
(Fig. 3C,D). Other PKB subtypes such as  and v also asso-
ciated with Hsp27 in heat-treated cells (data not shown).

3.4. Specificity of the association of Hsp27

As PKB has a catalytic domain closely related to PKC [1-7]
and PKN [13], the association of Hsp27 to these protein kin-
ases was studied. Hsp27 was not co-immunoprecipitated with
either PKCa or PKN, whereas the small heat shock protein
associates with PKB under the conditions employed (Fig. 4).

The binding site of Hsp27 was not narrowed down in the
protein kinase molecule, as Hsp27 was shown to associate
with both the PH domain and the catalytic domain in PKB
by expressing each domain in COS-7 cells (data not shown).

3.5. Relation of PKB activation and association with Hsp27

The time courses of PKB activation and the association
with Hsp27 were compared in heat-shocked and HyOs-treated
cells (Fig. 5). When the cells were treated with 10 mM HyO,
for 10 min, PKB was activated and its activity was further
enhanced during the incubation of the cells without H2Os.
The association with PKB increased in a manner similar to
the enhancement of PKB activity. In heat-shocked cells, PKB
was activated and kept its high activity even 90 min after
incubation at 37°C, although the association of Hsp27, that
is detected immediately after the treatment, decreased gradu-
ally during the incubation at 37°C.

4. Discussion

PKB has been demonstrated to be a downstream target of
PI 3-kinase that is activated upon stimulation of the cells by
various growth factors [8,9]. Products of PI 3-kinase such as
phosphatidylinositol 3,4-bisphosphate and/or phosphatid-
ylinositol 3,4,5-trisphosphate have been suggested to interact
with the PH domain of PKB to activate the enzyme. On the
other hand, it has been reported that the phosphorylation of
PKB by a putative PKB kinase is important for its activation.
In this study, PKB was revealed to be stimulated by various
stress such as HyOq, CdCl; and NaAsQO,, in addition to heat
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Fig. 5. Stress-dependent association of PKB and Hsp27. COS-7 cells transfected with FLAG-epitope tagged PKBa expression plasmid were
treated at 45°C for 20 min (hs) or with 10 mM Hy0, for 10 min (H»05). Cells without treatment are indicated as (—). After changing the cul-
ture medium, the cells were further incubated at 37°C for 30 min (30), 60 min (60) and 90 min (90), and FLAG-epitope tagged PKBo was im-
munoprecipitated by the anti-FLAG antibody. Where indicated (0), FLAG-epitope tagged PKBo was immunoprecipitated immediately after
treatment without further incubation. Immunoblot analysis was carried out by using the anti-FLAG antibody (top panel) and the anti-human
Hsp27 antibody (middle panel), respectively. Protein kinase activity in the immunoprecipitates was measured by using core histone as substrate
(bottom panel). The positions of FLAG-epitope tagged PKBa, Hsp27, histone and IgG (light chain) are indicated by arrows.

shock and hyperosmolarity as reported in the previous study
[10]. Tt is attractive if each PKB subtype responds to different
stimuli, since the response of PKB to cellular stress differed
slightly among the family. It was also shown that PKB is
phosphorylated during the incubation in the presence of se-
rum, and the phosphorylation of PKB was enhanced by stress
treatment. Thus, the phosphorylation seems to be important
for the regulation of the PKB activity by the growth factors
and cellular stress, even though activation by the former is
mediated through PI 3-kinase and the latter is not. It is nec-
essary to study the precise nature of PKB phosphorylation.
During the analysis of the phosphorylation of PKB, we
found that Hsp27 is associated with PKB in stress-stimulated
cells. The association with Hsp27 was specific to PKB, as
Hsp27 does not interact with other protein kinases such as
PKC and PKN that have a kinase domain closely related to
PKB. It is worth noting that PKN is translocated from the
cytosol to the cell nucleus by heat shock [22], however, this
protein kinase does not interact with the heat shock protein.
Hsp27 is speculated to be a molecular chaperone, because this
protein exists in different intracellular components, associates
with prosomal particles and actin filaments, and promotes
folding and refolding of model substrate proteins [11]. The
physiological substrates for the chaperoning function of the
small heat shock protein are not yet clear. The amounts of the
binding of Hsp27 with PKB correlated with its protein kinase
activity in the cells treated with H2O-, whereas the association
of Hsp27 decreased while the enzyme keeps a high level of
activity in heat-shocked cells. In CdCl,- or NaAsO;-treated
cells, activation and Hsp27 binding were also correlated as in
the case of HyO»-treated cells, however, Hsp27 did not asso-
ciate with PKB in the cells stimulated with serum (data not
shown). These results suggest that Hsp27 might function as a

chaperon to change the conformation of the enzyme for its
activation upon stress stimulation, rather than an indispensa-
ble factor for activation of PKB in the cells. If so, Hsp27 may
dissociate from PKB that is once fully activated in heat-
shocked cells. It seems to be also possible that PKB is acti-
vated by different mechanisms in heat-shocked and H3Os-
treated cells, as the association of Hsp27 with PKB is evident
in the former cells, but not clear in the latter cells immediately
after the treatment. It is necessary to study the phosphoryla-
tion of PKB and the activity of PI 3-kinase in stress-treated
cells.

It has been shown that Hsp27 is phosphorylated in response
to various stress [11], and MAPKAP kinase-2, the protein
kinase activated by the phosphorylation with p38 MAP kin-
ase, has been identified as an enzyme responsible for the phos-
phorylation of Hsp27 [23-25]. The phosphorylation of Thr-
308 and Ser-473 of PKBua is reported to be critical to generate
a high level of the enzyme activity, and that Ser-473 is phos-
phorylated by MAPKAP kinase-2 at least in vitro [8,26]. The
precise relationship between activation of PKB and the asso-
ciation of Hsp27 is not yet clear; however, both PKB and
Hsp27 might be phosphorylated by MAPKAP kinase-2 in
cells stimulated by growth factors or cellular stress. Hsp27
might have some role in the regulation of cell survival, be-
cause PKB has been demonstrated to prevent apoptosis [8,9].
Analysis of the interaction of PKB and Hsp27 will be helpful
to understand the mechanism of PKB activation and the role
of this protein kinase in the intracellular signal transduction.

Acknowledgements: We thank Dr. Y. Nishizuka for encouragement,
and Ms. M. Inagaki for secretarial assistance. This study was sup-
ported in part by research grants from the Scientific Research Funds
of the Ministry of Education, Science, Sports and Culture of Japan,



498

the Yamanouchi Foundation for Research on Metabolic Disorders,
and the Charitable Trust Osaka Cancer Researcher-Fund.

References

[1] Jones, P.F., Jakubowicz, T., Pitossi, F.J., Maurer, F. and Hem-
mings, B.A. (1991) Proc. Natl. Acad. Sci. USA 88, 4171-4175.

[2] Jones, P.F., Jakubowicz, T. and Hemmings, B.A. (1991) Cell
Regul. 2, 1001-1009.

[3] Coffer, P.J. and Woodgett, J.R. (1991) Eur. J. Biochem. 201,
475-481.

[4] Bellacosa, A., Testa, J.R., Staal, S.P. and Tsichlis, P.N. (1991)
Science 254, 274-2717.

[5] Cheng, J.Q., Godwin, A.K., Bellacosa, A., Taguchi, T., Franke,
T.F., Hamilton, T.C., Tsichlis, P.N. and Testa, J.R. (1992) Proc.
Natl. Acad. Sci. USA 89, 9267-9271.

[6] Konishi, H., Shinomura, T., Kuroda, S., Ono, Y. and Kikkawa,
U. (1994) Biochem. Biophys. Res. Commun. 205, 817-825.

[7] Konishi, H., Kuroda, S., Tanaka, M., Matsuzaki, H., Ono, Y.,
Kameyama, K., Haga, T. and Kikkawa, U. (1995) Biochem.
Biophys. Res. Commun. 216, 526-534.

[8] Hemmings, B.A. (1997) Science 275, 628-630.

[9] Franke, T.F., Kaplan, D.R. and Cantley, L.C. (1997) Cell 88,
435-437.

[10] Konishi, H., Matsuzaki, H., Tanaka, M., Ono, Y., Tokunaga,
C., Kuroda, S. and Kikkawa, U. (1996) Proc. Natl. Acad. Sci.
USA 93, 7639-7643.

[11] Ciocca, D.R., Oesterreich, S., Chamness, G.C., McGuire, W.L.
and Fuqua, S.A.W. (1993) J. Natl. Cancer Inst. 85, 1558-1570.

[12] Ono, Y., Fuji, T., Ogita, K., Kikkawa, U., Igarashi, K. and
Nishizuka, Y. (1988) J. Biol. Chem. 263, 6927-6932.

H. Konishi et al.IFEBS Letters 410 (1997) 493498

[13] Mukai, H. and Ono, Y. (1994) Biochem. Biophys. Res. Commun.
199, 897-904.

[14] Mukai, H., Kitagawa, M., Shibata, H., Takanaga, H., Mori, K.,
Shimakawa, M., Miyahara, M., Hirao, K. and Ono, Y. (1994)
Biochem. Biophys. Res. Commun. 204, 348-356.

[15] Laemmli, U.K. (1970) Nature 227, 680-685.

[16] Kyriakis, J.JM. and Avruch, J. (1996) J. Biol. Chem. 271, 24313-
24316.

[17] Landry, J., Lambert, H., Zhou, M., Lavoie, J.N., Hickey, E.,
Weber, L.A. and Anderson, C.W. (1992) J. Biol. Chem. 267,
794-803.

[18] Kato, K., Hasegawa, K., Goto, S. and Inaguma, Y. (1994) J. Biol.
Chem. 269, 11274-11278.

[19] Huot, J., Lambert, H., Lavoie, J.N., Guimond, A., Houle, F. and
Landry, J. (1995) Eur. J. Biochem. 227, 416-427.

[20] Mehlen, P., Kretz-Remy, C., Briolay, J., Fostan, P., Mirault,
M.-E. and Arrigo, A.P. (1995) Biochem. J. 312, 367-375.

[21] Trigon, S. and Morange, M. (1995) J. Biol. Chem. 270, 13091-
13098.

[22] Mukai, H., Miyahara, M., Sunakawa, H., Shibata, H., Toshi-
mori, M., Kitagawa, M., Shimakawa, M., Takanaga, H. and
Ono, Y. (1996) Proc. Natl. Acad. Sci. USA 93, 10195-10199.

[23] Rouse, J., Cohen, P., Trigon, S., Morange, M., Alonso-Llama-
zares, A., Zamanillo, D., Hunt, T. and Nebreda, A.R. (1994) Cell
78, 1027-1037.

[24] Freshney, N.W., Rawlinson, L., Guesdon, F., Jones, E., Cowley,
S., Hsuan, J. and Saklatvala, J. (1994) Cell 78, 1039-1049.

[25] Cano, E., Doza, Y.N., Ben-Levy, R., Cohen, P. and Mahadevan,
L.C. (1996) Oncogene 12, 805-812.

[26] Alessi, D.R., Andjelkovich, M., Caudwell, B., Cron, P., Morrice,
N., Cohen, P. and Hemmings, B.A. (1996) EMBO J. 15, 6541-
6551.





