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In eukaryotic cells, HSP90 is associated with several protein kinases and regulates their
activities. HSP90 was also reported to possess an autophosphorylase activity. In this study,
we examined in vitro autophosphorylation of HSP90, which was purified from chick
muscle. We show that HSP90 was not phosphorylated in vitro, but an 84-kDa protein (p84)
was highly phosphorylated. P84 was neither HSP90 nor its degradative product, as it was
not detected by an antibody (BF4) specific to HSP90 in denaturing immunoprecipitation and
Western blot analysis. Phosphorylation of a protein similar to p84 was also detected with
purified human brain and HeLa HSP90, indicating that p84 is present in many different
types of cells. P84 appeared to exist as large complexes, as determined by HPLC and native
gel electrophoresis. Native immunoprecipitation using anti-HSP90 (BF4)-conjugated Affi-
gel revealed that this phosphoprotein is specifically associated with HSP90. The interaction
of p84 and HSP90 was not affected by p84 phosphorylation. In addition, p84 phosphoryla-
tion was prevented by the presence of divalent cations such as Mg?** and Mn?*. In contrast,
p84 phosphorylation was significantly activated by addition of exogenous Ca** between 100
and 500 1M, although it was blocked by higher concentrations ( >1 mM) of Ca**. HSP90, but
not p84, could be phosphorylated by casein kinase II. Finally, p84 phosphorylation was
specifically prevented by hemin, but not by other kinase inhibitors, indicating that p84

phosphorylation may be regulated by heme-regulated protein kinase.
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Heat shock protein 90 kDa (HSP90) is ubiquitously present
in prokaryotic and eukaryotic cells. HSP90 is an abundant
cytosolic protein in normal cells and further synthesized in
stressful conditions such as exposure to elevated tempera-
tures. HSP90 has been suggested to play an important
role(s) in both stressed and normal cells. In normal cells,
HSP90 is found in association with a number of regulatory
proteins including steroid receptors (1), retinoid receptor
(2), helix-loop-helix transcriptional factor such as MyoD
(3), HSF (4), p53 (5), cytoskeletal proteins (6, 7), cal-
modulin (8), and By subunit of G proteins (9). HSP90 also
forms complexes with several protein kinases, including
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casein kinase II (10), double-stranded DNA-activated
protein kinase (11), heme-regulated eIlF-2a kinase (HRI)
(12), retroviral transforming viral protein pp60~= (13),
CDK4 (14), and Weel (15). HSP90 has been suggested to
play a role(s) in the regulation of activities of these target
proteins to stabilize and maintain the proteins in an in-
active, partially unfolded, or unassembled state. Despite
this information, the exact function of HSP90 is incom-
pletely understood.

Of HSP90-associated kinases, HRI was originally found
in reticulocytes and has been subsequently identified in
other types of cells such as murine erythroleukemia (MEL)
cell, K562 and Hel.a cell (16, 17). HRI is a serine/threo-
nine kinase and is implicated in the translational regulation
in eukaryotic cells by phosphorylating « subunit of eIF-2 at
serine-51 (18, 19). Phosphorylation of elF-2a by HRI
results in the accumulation of inactive elF-2- GDP complex,
thus inhibiting the formation of the elF-2a GTP:Met-
tRNA, ternary complex and arresting initiation of protein
synthesis (18, 19). HRI can be phosphorylated and activat-
ed by casein kinase II (18, 19). In addition, HRI phosphor-
ylation and activation is regulated by hemin, sulfhydryl
oxidant, and a wide variety of stressful stimuli, including
exposure to heat shock, oxidative stress, and glucose
starvation (12, 18, 19). The enzymatic activity of HRI is
also regulated by HSP90 (20, 21).

In cells, HSP90 exists as both phosphorylated and
nonphosphorylated forms. HSP90 can be phosphorylated
by casein kinase II that is associated with HSP90 (10).
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Recently, it was demonstrated that HSP90 possesses an
ATP-binding site and ATPase activity, like such heat shock
proteins as HSP70 and HSP60 (4, 22-24). In addition,
HSP90 is known to possess an autophosphorylase activity
(23). HSP90 undergoes changes in secondary and tertiary
structures in the presence of ATP (25-27). The confor-
mational change of HSP90 may be important in the regula-
tion of functions of its associated proteins (22-29).

In this study, to examine the autophosphorylase activity
of HSP90, we have purified HSP90 from chick muscle by
conventional column chromatography (DEAE, hydroxyl-
apatite, and Sephacryl S-300) and heparin-affinity chro-
matography (30, 31). Here we show that HSP90 is not
autophosphorylated, but an 84-kDa protein (p84) that is
specifically associated with HSP90 is highly phosphorylat-
ed. Phosphorylation of a protein similar to p84 was also
detected with purified human brain and HeLa HSP90. We
further show that the phosphorylation of p84 is regulated
by divalent cations such as by Ca?*, Mg?*, and Mn?*.
Finally, p84 phosphorylation was specifically prevented by
hemin, but not by other kinase inhibitors, indicating that
p84 phosphorylation may be regulated by heme-regulated
protein kinase.

EXPERIMENTAL PROCEDURES

Materials—(y-*P]JATP (>185 TBq/mmol) and West-
ern blotting detection system were purchased from Amer-
sham. DEAE-Sepharose CL-6B and Sephacryl S-300 HR
were from Pharmacia LKB Biotechnology (Sweden).
Bio-Gel HT hydroxylapatite resin, Affi-Gel Hz immuno-
affinity kit and all other chromatography media and appara-
tus were obtained from Bio-Rad. Protein Pak 300SW
column and HPLC system were from Millipore. Sepharose
CL-4B, heparin-agarose (type I), chelerythrine chloride,
ovalbumin, BSA, DBR, hemin, H-7, tyrphostin Al, and
tyrphostin A63 were purchased from Sigma. Geldana-
mycin, calphostin C, staurosporine, genistein, herbimycin
A, tyrphostin A25, and wortmannin were obtained pur-
chased from Calbiochem. Purified human brain and HeLa
HSP90 were from StressGen. Monoclonal anti-HSP90
antibody (BF4) and purified casein kinase II were kindly
provided by Dr. Etienne-Emile Baulieu (Lab. of Hormones,
94276 Le Kremlin-Bicetre Cedex, France) and Dr. Young-
Seuk Bae (Kyungpook National University, Korea), re-
spectively.

Purification of HSP90—HSP90 was purified as de-
scribed previously by Welch et al. (1982) and Yonezawa et
al. (1988). Chicken skeletal muscle was excised, and about
200 g of muscle was homogenized on ice with a blender in 5
volumes of buffer BT (20 mM Tris-HCl, pH 7.5, 20 mM
NaCl, 0.1 mM EDTA, 15 mM g-mercaptoethanol, 0.5%
Triton X-100) containing 0.1 M KC], 1 #M aprotinin, 1 4 M
leupeptin, 1.5 4M pepstatin A, and 1 mM PMSF. The
homogenate was passed through a layer of cheesecloth. The
filtered mixture was centrifuged at 10,000 X ¢ for 20 min,
and the supernatant was applied to a DEAE Sepharose
CL-6B (2.5X10cm) that had been preequilibrated in
buffer BT. After washing the column with buffer BT, the
adsorbed proteins were eluted by a linear gradient of 20 to
300 mM NaCl in Buffer BT. Fractions containing HSP90
were applied to a hydroxylapatite column (2.5X10 cm)
equilibrated with buffer CT (20 mM K.HPO,, pH 7.4, 20
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mM NaCl, 0.1 mM EDTA, 3 mM S-mercaptoethanol, 0.1%
Triton X-100). After washing the column with buffer CT,
the proteins were eluted by a linear gradient of 20 to 300
mM K,HPO, in Buffer CT. Fractions containing HSP90
were pooled and concentrated to 5 ml with Amicon YM30.
The concentrated sample was applied to gel filtration
through a Sephacryl S-300 column (1 X 100 cm) equilibrat-
ed with buffer B, then fractions containing HSP90 were
pooled. To eliminate the activity of casein kinage II, the
pooled sample was incubated with heparin-agarose gel
(type I) equilibrated with buffer B containing 90 mM KCl at
4°C for 2h. After spinning down, the supernatant was
stored at —70°C.

HPLC Analysis—HPLC analysis was performed by
using Protein-Pak 300SW column (0.75 X 30 cm, Millipore)
equilibrated with buffer M (50 mM Mes-NaOH, pH 7.0, 5
mM S-mercaptoethanol). The flow rate was 1 ml/min and
0.25-ml fractions was collected. The column was calibrated
with the following proteins (Sigma): carbonic anhydrase
(29 kDa), bovine serum albumin (66 kDa), alcohol dehy-
drogenase (150 kDa), S-amylase (200 kDa), apoferritin
(443 kDa), and thyroglobulin (669 kDa). Excluded volume
(V,) and total volume (V) values were determined by the
elution peak of blue dextran (Sigma). Standard curves were
plotted according to the relation of the logarithm of
molecular weight to elution volume (V) of the protein
being studied or the logarithm of molecular weight to the
distribution coefficient K, which is defined as the ratio
(Ve— Vo) /(Vi— Vo).

In Vitro Phosphorylation of Purified HSP90 Prepara-
tion—In vitro phosphorylation of HSP90 preparation was
carried out at 37°C for 1 h in 40 x] of buffer M containing 4
pg HSP90 and 2 uM [vy-**P]JATP (>185 TBq/mmol,
> 5,000 Ci/mmol) (23, 32). In some experiments, divalent
cations and protein kinase inhibitors were added in the
reaction mixture. The reaction was stopped by boiling for
10 min in 1 Xx LSB (40 mM Tris, pH 6.8, 7.5% glycerol, 1%
SDS, 2.5% S-mercaptoethanol, and 0.006% bromophenol
blue), and the proteins were analyzed by SDS-PAGE and
autoradiography (33). Quantitation of phosphorylated
bands was carried out using a Molecular Dynamics Phos-
phorimager (Molecular Dynamics) and Imagequant soft-
ware.

SDS-PAGE and Two-Dimensional Gel Electropho-
resis—Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) was carried out on 10% polyacryl-
amide gel as described by Laemmli (33). To prepare
samples for SDS-PAGE, the proteins in 1xXLSB were
heated at 100°C for 10 min and quantified by the Bradford
method (Bio-Rad). After electrophoresis, the gels were
stained with Coomassie Brilliant Blue. Molecular weight
calibration of protein markers (Sigma) was performed
using SigmaPlot (Jandel).

For two-dimensional gel electrophoresis, the proteins
were solubilized in native electrophoresis sample buffer (40
mM Tris, pH 6.8, 7.5% glycerol, 2.5% S-mercaptoethanol,
and 0.006% bromophenol blue) and applied 7.5% native
slab gels without SDS, then electrophoresed in the first
dimension at 4°C. The native gel was treated with LSB, laid
onto SDS-polyacrylamide gel, and electrophoresed. Gels
were then stained with Coomassie Brilliant Blue and
analyzed by autoradiography.

Preparation of Anti-HSP30 Coupled Affi-Gel—Prior to
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coupling to Affi-Gel Hz gel, antibody solution was desalted
by using Econo-Pac 10DG column (Bio-Rad). Anti-HSP30
antibody (BF4) was oxidized with NalQ, in the dark. The
mixture of 4 ml of BF4 (1-5 mg/ml) and 400 g1 of 20 mg/
ml NalO, was incubated at room temperature for 1 h, then
NalO, was completely removed by using a desalting col-
umn. Antibody-coupled gel slurry was washed with PBS
(80 mM Na,HPO,, 20 mM NaH,PO,, pH 7.0, 100 mM
NaCl) containing 500 mM NaCl, then adjusted to buffer M.
The antibody-coupled gels were stored at 4'C until im-
munoprecipitation.

Immunoprecipitation—For native immunoprecipitation,
purified HSP90 preparation (4 xg) was precleared in 30 1
of Sepharose CL-4B (25% (w/v)] in buffer M at 4°C for 1 h.
The precleared supernatants were mixed with either rat
preimmune serum-coupled protein G or anti-HSP90 Affi-
Gel (40 gl) in buffer M and incubated at 4°C for 2h.
Immunocomplexes and supernatants were then separated
by centrifugation, and the immunocomplexes were washed
five times with 400 «1 of buffer M. The immunocomplexes
and supernatants were phosphorylated with [ y-*2P]JATP at
37°C for 1h as described above. Adsorbed HSP90 and
associated proteins were eluted by boiling in 1 X LSB at
100°C for 10 min, then analyzed by SDS-PAGE and auto-
radiography.

In some cases, purified HSP90 preparation was first in
vitro phosphorylated, then native and denaturing immuno-
precipitation were carried out with either protein G, rat
preimmune serum-coupled protein G, or anti-HSP90
(BF4) conjugated Affi-Gel as described above. In denatur-
ing immunoprecipitation, phosphorylated HSP90 prepara-
tion was boiled in 2 X LSB at 100°C for 10 min, adjusted to
0.1% SDS, then immunoprecipitated. The immunopre-
cipitates were washed five times with either buffer M. The
resulting pellets were analyzed by SDS-PAGE and fluoro-
graphy.

Western Blot Analysis—Immunoblotting was carried by
transferring proteins from SDS-acrylamide gels onto
nitrocellulose filter paper. The sheet was incubated with 3%
bovine serum albumin (BSA) in PBS at 37°C for 1 h. After
washing three times with PBS, the sheet was incubated
with anti-HSP90 antibody (BF4) at room temperature for
2 h. The sheet was washed and incubated at room tempera-
ture for 2 h in the same buffer containing peroxidase-con-
jugated rabbit anti-rat IgG antibody (Sigma). After wash-
ing, the protein bands were visualized by the enhanced
chemiluminescence detection system according to the
recommended procedure (Amersham).

RESULTS AND DISCUSSION

An 84-kDa Protein (p84), but Not HSP90, Is Highly
Phosphorylated In Vitro—Both HSP90 and GRP94, an ER-
resident HSP90 homologue, were reported to possess an
autophosphorylating activity (23, 32). To examine in vitro
autophosphorylation of HSP90, HSP90 was purified from
chick muscle by sequential conventional chromatography
including DEAE-Sepharose CL-6B ion exchange, hydrox-
ylapatite, and Sephacryl S-300 gel filtration as described
previously (30, 31). Recently, it was reported that HSP90
could be copurified with and phosphorylated by casein
kinase II (10, 34, 35). Thus, to eliminate the trace activity
of casein kinase II from HSP90 preparation, we further
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purified HSP90 by heparin column as described previously
(34). As shown in Fig. 1, the purified HSP90 was seen as a
single band in Coomassie-stained gels, and the overall
purity of this preparation was over 95% (panel A, lane 1).
In vitro phosphorylation of purified HSP30 from chick
muscle was carried out in 40 g1 of buffer M containing 2 M
(y-*P]JATP at 37°C for 1h. Under these conditions,
HSP90 was not phosphorylated, but a polypeptide (p84)
that has an apparent molecular weight of 84 kDa was
intensively phosphorylated (panel A, lane 2). This 84-kDa
protein appeared to be neither HSP90 itself nor its break-
down fragment, since it migrated faster than HSP90 on
SDS-polyacrylamide gels (i.e., HSP90 was marked with
radioactive ink, and p84 was positioned below the radio-
active mark) and was not detected by anti-HSP90 antibody
(BF4) in Western blot analysis (data not shown). The
phosphorylation of p84 appeared to increase continuously
until 3h in a time-dependent manner by a saturatable
enzymatic reaction (data not shown). In addition, in vitro
phosphorylation with HSP90 from HeLa cells purchased
from StressGen also showed the phosphorylation of a
similar protein to p84 (panel B). A similar observation was
made with human brain HSP90 purchased from StressGen
(data not shown). Thus, p84 is likely to be ubiquitously
present in various types of cells. Although this p84 was
highly phosphorylated, it was co-purified with HSP90 in a
very small amount and thus could be detected by silver
staining (Fig. 1C).

To test whether HSP90 could be in vitro phosphorylated,
full-length ¢cDNA of chicken HSP90«a, cloned into the
pBlueBacHisC transfer vector (Invitrogen), was cotrans-
fected with linearized baculovirus DNA into Sf9 insect
cells, and HSP90 was purified by BF4-conjugated affinity
chromatography. The purified HSP30 was not phosphor-
ylated and the phosphorylation of p84 was not detected
(data not shown). These results suggest that HSP90 itself
may be not phosphorylated.

P84 Is Specifically Associated with HSP90—To deter-
mine whether p84 could be separated from HSP90 prepara-
tion, HPLC was carried out using a Protein-Pak 300SW
column, and the HPLC fractions were analyzed for in vitro
phosphorylation (Fig. 2). However, p84 could not be
separated from HSP90 preparation by HPLC. As shown in
Fig. 2C, the peak of p84 phosphorylation overlapped the
elution profile of HSP90. Both HSP90 and p84 were eluted
as a major peak at about 780 kDa, and two minor peaks of
approximately 320-340 kDa and 100 kDa in size, respec-
tively. The second peak migrating at about 320-340 kDa is
presumed to be close to the predicted molecular weight for
such a trimer or tetramer. The third peak eluted with an
apparent molecular mass of 100 kDa may be monomeric
form of either HSP90 or p84. Our estimated native size of
HSP90 is different from that of HSP90 reported to exist
predominantly as a dimeric form with rod-like geometry
(31). This discrepancy may be due to the exclusion of
nonionic detergents such as Triton X-100 in the buffer for
HPLC. Analysis of the densitometric data in Fig. 2C
revealed that HSP90 and p84 exist as oligomeric (including
trimeric/tetrameric) and monomeric forms in the ratio of
12:1 and 3.3:1, respectively. Thus, most of HSP90 (> 92%)
appeared to exist as large complexes with other proteins. A
significant amount (75-80%) of p84 is likely to be present in
complexes with other proteins, although the monomeric
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Fig. 1. In vitro phosphorylation of purified chick and human HSP90. (C) Purified chick HSP30 was analyzed by SDS-PAGE and

HeLa HSP90. (A and B) Purified chick and human HeLa HSP90 (4 ug)
were phosphorylated in vitro in 40 ! of buffer M containing 2 uM
{y-3*P]ATP at 37°C for 1 h. After reaction, the proteins were analyzed
with 10% SDS-PAGE gel/Coomassie Brilliant Blue staining (lane 1)
and autoradiography (lane 2). A, chick HSP90; B, human Hela

p84 was also detected. These results suggest that p84 may
be physically associated with HSP90, although it is not
feasible to determine the exact stoichiometry of the inter-
action between HSP90 and p84 since we could detect only
the phosphorylated p84, not p84 itself. It is noteworthy
that the monomeric p84 could be phosphorylated in vitro
similar to the oligomeric p84.

To examine whether p84 exists as large complexes with
HSP90, native gel electrophoresis was carried out (Fig. 3).
The purified HSP90 was in vitro phosphorylated, then
separated in the first dimension by native gel electropho-
resis in the absence of SDS. The native electrophoresed
gels were treated with 1 XLSB and laid onto 10% SDS-
polyacrylamide gel, and the gel was electrophoresed.
HSP90 complex was separated into three distinct bands
with apparent molecular masses of 700, 300, and 100 kDa
(Fig. 3, arrowheads). The native size of p84 was similar to
that of HSP90. These results are in consistent with our
HPLC data, confirming that p84 exists as large complexes
with HSP90 or other proteins. Many other reports have
revealed that HSP90 interacts with other proteins includ-
ing several steroid receptors, kinases, cytoskeleton and
other families of heat shock proteins in vivo and in vitro (1-
15). Since p84 was copurified with HSP90, p84 might be
physically associated with HSP90.

To examine the possible specific interaction of HSP90
with p84, HSP90 was immunoprecipitated using anti-
HSP90 antibody under native conditions and the resulting

silver staining. Size markers are shown in lane M (carbonic anhydrase,
29 kDa; egg albumin, 45 kDa; BSA, 66 kDa; phosphorylase b, 97.4
kDa; B-galactosidase, 116 kDa; rabbit myosin, 205 kDa). Note that
the position of HSP90 is marked with radicactive ink and that of p84
is below the radioactive mark.

immunoprecipitates and supernatants were in vitro phos-
phorylated (Fig. 4A). In the immunoprecipitation with
BF4, the phosphorylated p84 was detected along with
HSP90 in the immunoprecipitates (panel A, lane 6), but not
in the supernatants or the first wash-out (lanes 5 and 7). In
the immunoprecipitation experiment using pre-adsorbed
beads with rat preimmune serum, the phosphorylation of
p84 was detected in the supernatant and the first wash-out
(lanes 2 and 4), but not in the immunoprecipitates (lane 3).
These results suggest that the phosphorylated p84 may be
specifically associated with HSP90. It is noteworthy that in
the immunoprecipitation using preimmune serum, the
phosphorylation of p84 was observed to a similar extent in
the first wash-out as well as in the supernatants, while most
of HSP90 was found in the supernatants. This may be due
to a difference in non-specific binding affinity to beads
between free p84 and complexes of HSP90 and other
proteins including p84.

As shown in Fig. 2, p84, which exists as a monomeric
form, could be phosphorylated in the same way as HSP90-
associated p84. However, we could not detect the phosphor-
ylation of p84 as a monomeric form in the supernatants or
in the first wash-out of native immunoprecipitation with
BF4 (Fig. 4A, lanes 5 and 7). These results suggest that p84
may be phosphorylated only in association with HSP90 or
in the presence of HSP90.

Interaction of p84 and HSP90 Is not Altered by p84
Phosphorylation—The phosphorylation reaction plays a
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Fig. 2. High-performance size-exclusion chromatography
(HPLC) of HSP90 and p84. HSP30 was purified on a Protein-Pak
SW-300 column (Millipore) equilibrated with degassed buffer M. The
flow rate was 1 ml/min and proteins were detected at 280 nm. Every
second fraction was phosphorylated, as described in Fig. 1. The
phosphorylated proteins were analyzed by SDS-PAGE/Coomassie
Brilliant Blue staining (A) and autoradiography (B). Lane SM, the
starting material for HPLC. Protein amounts of HSP90 (C) and
radioactivities of the phosphorylated p84 (®) in each fraction were
plotted as a function of elution time (C). The elution time of HPLC
and HPLC size markers are shown at the down and top of the plot,
respectively. Molecular masses used are as follows: carbonic anhy-
drase, 29 kDa; BSA, 66 kDa; alcohol dehydrogenase, 150 kDa; 8-
amylase, 200 kDa; apoferritin, 443 kDa; thyroglobulin, 669 kDa. The
void volume (V) for the column was 4.86 ml, determined by the
exclusion of the initial peak of blue dextran (Sigma).

key role(s) in the regulation of enzymatic activity by
inducing the conformational change of proteins. To explore
whether p84 phosphorylation could affect the p84/HSP90
complex, HSP90 preparation was in vitro phosphorylated,
then immunoprecipitated under both native and denaturing
conditions using no antibody, rat preimmune serum, or
anti-HSP90 antibody coupled Affi-gel (Fig. 4B). Immuno-
precipitation using either no antibody (lanes 2 and 5) or
preimmune serum (lanes 3 and 6) did not show the
precipitation of either HSP90 or p84. HSP90, but not p84,
was precipitated in denaturing immunoprecipitation using
BF4 (lane 7), while the phosphorylated p84 was detected in
the supernatants of denaturing immunoprecipitation (data
not shown). These results confirmed that p84 is different
from HSP90 and that BF4 is highly specific to HSP90.
Native immunoprecipitation using anti-HSP90 coupled
Affi-gel showed the coprecipitation of the phosphorylated
p84 and HSP90 (lane 4). These results suggest that the
interaction of HSP90 and p84 may be not altered by the
phosphorylation of p84.

HSP90 possesses an ATP-binding site and binds to
ATP-agarose (22-24). Recently, geldanamycin, a benzo-
quinone ansamyecin that specifically binds to ATP-binding
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Fig. 3. Two dimensional PAGE of HSP80 and p84. HSP90 was
in vitro phosphorylated with 2 uM [y-*?P]ATP at 37°C for 1h as
described in Fig. 1. The phosphorylated sample was separated in the
first dimension under non-denaturing conditions, then the gel was
loaded on SDS-10% polyacrylamide gel and electrophoresed. The gel
was stained with Coomassie Brilliant Blue (A), then subjected to
autoradiography (B). SM, the starting material.

site of HSP90, has been shown to induce the conformational
change of HSP90, resulting in the release of associated
proteins from HSP90 and degradation of target proteins
(25, 28, 29). Thus, geldanamycin has been used as a specific
inhibitor of HSP90 and prevents the activity of associated
kinase (25, 27). To test whether geldanamyecin could affect
the phosphorylation of p84, we performed in vitro phos-
phorylation in the presence of geldanamycin (100 xg/ml)
at 37°C for 1 h (Fig. 5). The treatment with geldanamycin
did not exert any inhibitory effect on the p84 phosphoryla-
tion. Therefore, although p84 is specifically associated with
HSP90, p84 phosphorylation is not likely to be linked to the
interaction of p84 and HSP90 (panel B of Figs. 4 and 5).

Characterization of the Kinase Responsible for p84
Phosphorylation—To determine which kinase activity is
responsible for the phosphorylation of p84, the effects of
protein kinase inhibitors on the phosphorylation of p84
were examined (Fig. 6A): 5 mM DBR, 1 4M calphostin C,
10 uM chelerythrine chloride, 100 M H-7, 10 nM stauro-
sporine, 100 nM genistein, 0.2 zg/ml herbimycin, 250 ¢ M
tyrphostin A25, 100 ¢ M tyrphostin A1, 500 zM tyrphostin
A63, 200 M hemin, and 100 nM wortmannin were used to
inhibit the activity of casein kinase II, protein kinase C,
protein tyrosine kinase, HRI, and PI3-kinase. The phos-
phorylation of p84 was significantly inhibited only by
hemin, and not by other kinase inhibitors. In addition,
heparin, an inhibitor of casein kinase II (10), did not affect
the phosphorylation of p84 (data not shown). These results
suggest that heme-regulated protein kinase may be respon-
sible for the p84 phosphorylation.

Typical heme-regulated protein kinase is HRI, which is
mostly present in reticulocytes (12, 16, 17). P84 may be
HRI, as the molecular weight of p84 is similar to that of HRI
(34-36). Since both HRI and HSP90 have been reported to
be specific substrates of casein kinase II, we examined
whether HSP90 and p84 are phosphorylated in vitro by
casein kinase II (Fig. 6B). The phosphorylation of a protein
by casein kinase II was detected. The position of the
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Fig. 4. Specific interaction
of p84 with HSP90. (A) Native
immunoprecipitation was car-
ried out with rat preimmune

B Phosphorylation »

Immunogmcipitation -
Immunoprecipitation

Phosphorylation

serum (lanes 2-4) or anti-HSP- IP — preimmune BF4 1 - Native Denaturing
90 (BF4) conjugated Affi-Gel “ < _ _ _
(lanes 5-7) at 4°C for 2h in QQ}’\Q' §°q'3\° ”’5 preimrgt;:r;e _ _ : g e : +
buffer M condition. The im- & & g Q 2
munoprecipitates were washed 5 CoomassiclETT
times with buffer M, then in R | «~HSP90 B - —l+HSP90
vitro phosphorylated with (y- staining . .
37PJATP as described in Fig. 1.
After reaction, the proteins were Autoradio-| : 5 o
analyzed by 10% SDS-PAGE/ graphy - ' <4p84 - - <p84
Coomassie Brilliant Blue stain- -
123 4 5617 1 2 3 4 5 6 7

ing and autoradiography. Lane
1, the starting material; lanes 2 and 5, the supernatant; lanes 3 and 6, the immunoprecipitate; lanes 4 and 7, the first wash-out. (B) HSP90
preparation was in vitro phosphorylated, then native (lanes 2-4) and denaturing (lanes 5-7) immunoprecipitation was carried out with no
antibody (lanes 2 and 5), rat preimmune serum (lanes 3 and 6), or anti-HSP90 (BF4) (lanes 4 and 7) conjugated Affi-Gel at 4°C for 2 h. The
precipitates were washed five times with buffer M. The phosphorylated proteins were analyzed by 10% SDS-PAGE and autoradiography. Lane

1, the starting material for immunoprecipitation.

A Coomassie staining B Autoradiography

GA — - — +
1 2 1 2

Fig. 5. Effect of geldanamycin, a HSP90 specific inhibitor, on
the p84 phosphorylation. In vitro phosphorylation was carried out
with HSP90 (4 ug) preparation in the absence (lane 1) or presence
(lane 2) of 100 ug/ml geldanamycin (GA) at 37°C for 1h. The
phosphorylated proteins were analyzed by SDS-PAGE/Coomassie
Brilliant Blue staining (panel A) and autoradiography (panel B).

phosphoprotein was slightly higher than that of 84 and the
same as that of HSP90. The phosphoprotein was identified
as HSP90 by immunoprecipitation of the samples with BF4
under denaturing conditions after the phosphorylation
(panel B, lane 2). Thus, p84 is not likely to be a substrate
of casein kinase II. In addition, the phosphorylation of p84
was not affected by treatment with 1 mM N-ethylmale-
imide, a known activator of HRI (data not shown). Taken
together, these results suggest that p84 may be phosphor-
ylated by an unknown heme-regulated kinase different
from HRI.

Effects of Divalent Cations on 84 Phosphorylation—
Next, we examined whether p84 phosphorylation is regu-
lated by divalent cations. As shown in Fig. 7, p84 phosphor-
ylation was significantly activated by addition of exogenous
Ca?* at 100-500 uM, but it was blocked by higher concen-
trations (> 1 mM) of Ca?* (panel A). In addition, treatment
with EGTA inhibited the p84 phosphorylation, suggesting
that a small amount of divalent cations such as Ca** is
present in purified HSP90 preparation (panel C). In con-
trast, p84 phosphorylation was prevented by the presence
of divalent cations such as Mg?* (panel B) and Mn** (panel
C) in a dose-dependent manner.

Csermely and Kahn demonstrated that HSP90 could be
in vitro autophosphorylated, especially in the presence of
higher concentration of Ca?* (10 mM) (23). However, we
could not detect the HSP30 phosphorylation in the presence
of 10 mM Ca?*. The reason for this discrepancy is not clear
at present. Since we could not detect the phosphorylation of

A &

v';"\b"’

(4 \s
.&\o &\0 & o & &S S &
* o‘be'o o“ ~z~ & o P <« ’\*(Q *& éo"\
am WP .. G e Tue WD e S S -.4p84
1 2 3 4 5 6 7 8 9 10 11 12 13
B
Coomassie Auto-
staining radlography
CKil: = + - &
v [ raro
1 2 1 2

Fig. 6. Effects of protein kinase inhibitors and exogenous
casein kinase II on the p84 phosphorylation. (A) In vitro
phosphorylation of p84 was performed in the absence (lane 1) or
presence of 5 mM DBR (lane 2), 1 uM calphostin C (lane 3), 10 uM
chelerythrine chloride (lane 4), 100 xM H-7 (lane 5), 10 nM stauro-
sporine (lane 6), 100 oM genistein (lane 7), 0.2 ug/ml herbimycin
(lane 8), 250 uM tyrphostin A25 (lane 9), 100 uM tyrphostin Al
(lane 10), 500 uM tyrphostin A63 (lane 11), 200 M hemin (lane
12), or 100 nM wortmannin (lane 13) in 40 1 of reaction mixture at
37°C for 1 h. The phosphorylated proteins were analyzed by SDS-
PAGE and autoradiography. (B) In vitro phosphorylation of HSP90
was performed without (lane 1) or with (lane 2) purified casein kinase
II (CKII) in the reaction mixture (20 mM Tris-HC], pH 7.5, 60 mM
KCl, 10 mM MgCl,, 5 mM DTT, 5 mM EGTA) at 37°C for 1 h, and the
phosphorylated proteins were immunoprecipitated with BF4 under
denaturing conditions, then analyzed by SDS-PAGE/Coomassie
staining and autoradiography.

chicken HSP90 which was overexpressed in Sf9 insect cells
and purified by BF4-affinity chromatography, it is not likely
to be due to a difference between the tissues from which
HSP90 was purified. It is possible that the phosphorylated
protein that Csermely and Kahn identified as HSP90 may
be p84, since p84 exhibits a very similar mobility to HSP90
in SDS-PAGE and thus could be mistaken for HSP90. In
this regard, it is interesting that p84 and Csermely and
Kahn’s protein (HSP390) share some properties: their
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Fig. 7. Effects of divalent cations on the p84 phosphorylation.
(A and B) In vitro phosphorylation of p84 was performed with various
concentrations of Ca** (A) and Mg** (B). The phosphorylated proteins
were analyzed by SDS-PAGE/autoradiography and densitometric
scanning. (C) In vitro phosphorylation was also performed with p84 in
the absence (lane 1) or presence of 100 uM CaCl, (lane 2), 500 uM
MgCl: (lane 3), 100 xM MnCl, (lane 4), or 500 uM EGTA (lane 5).
The phosphorylated proteins were analyzed by SDS-PAGE/auto-
radiography and densitometric scanning.

phosphorylation is inhibited by Mg?* and activated by Ca**
(although Ca’* concentration for maximal phosphorylation
is different as mentioned above), and both have the ability
to bind to ATP-agarose (data for p84 not shown).

In summary, our data indicate that HSP90 does not
possess autophosphorylase activity. We further identified
an HSP90-associated 84-kDa phosphoprotein that can be
phosphorylated by the activity of heme-regulated protein
kinase. The phosphorylation of p84 was detected in the
HSP90 preparation purified from chick, human brain, and

Vol. 126, No. 6, 1999

1031

HelLa cells, indicating that p84 is present in various types
of cells. The phosphorylation of p84 was controlled by
divalent cation such as Ca'*, Mg**, and Mn?*. Further
studies on the role(s) of HSP90 in the phosphorylation of
p84 may help us to understand the function(s) of HSP90.
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