












































































































































































































































































































































































































































































































































Communication

Zinc Can Increase the Activity of
Protein Kinase C and Contributes
to Its Binding to Plasma
Membranes in T Lymphocytes*

(Received for publication, September 15, 1987)
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and Janos Somogyit

From the }Institute of Biochemistry I, Semmelweis
University School of Medicine, Budapest POB 260, H-1444
Hungary and the §Division of Molecular Pharmacology,
Hannover Medical School, D-3000 Hannover,

Federal Republic of Germany

In the primary structure of protein kinase C, the
presence of a putative metal-binding site has been sug-
gested (Parker, P. J., Coussens, L., Totty, N., Rhee, L.,
Young, S., Chen, E., Stabel, S., Waterfield, M. D., and
Ullrich, A. (1986) Science 233, 853—-859). In the pres-
ent report, we demonstrate that the most abundant
intracellular heavy metal, zinc, can increase the activ-
ity of cytosolic protein kinase C. Zinc reversibly binds
the enzyme to plasma membranes, and it may contrib-
ute to the calcium-induced binding as well. The intra-
cellular heavy metal chelator N,N,N’,N’-tetrakis(2-
pyridylmethyl) ethylenediamine prevents the phorbol
ester- and antigen-induced translocation of protein ki-
nase C. This effect can be totally reversed by the con-
comitant addition of Zn**, while Fe** and Mn?" are
only partially counteractive. Our results suggest that
zinc can activate protein kinase C and contributes to
its binding to plasma membranes in T lymphocytes
induced by Ca?*, phorbol ester, or antigen.

The activation and translocation of protein kinase C are
well established as key steps in the signal cascade, inducing
the proliferation of T lymphocytes (1-3). Binding of protein
kinase C to membranes requires an elevated level of intracel-
lular Ca** concentration (Ca®**-induced or “reversible” bind-
ing) or the presence of diacylglycerols which can be very
effectively substituted by phorbol esters. These two factors
may also act synergistically: Ca®" may “prime” protein kinase
C (and/or its putative docking protein, receptor) for its di-
acylglycerol- or phorbol ester-stabilized binding to mem-
branes (4-8). However, the mechanism of the translocation
of protein kinase C is far from being fully elucidated.

When defining the primary structure of protein kinase C,
Parker et al. (9) suggested the existence of a putative metal-
binding site in the enzyme. We have reported earlier that 12-

* This work was supported by grants from the Deutsche For-
schungsgemeinschaft and by research grants from the Hungarian
Ministry of Health and from the Hungarian Academy of Sciences.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

THE JOURNAL OF BIOLOGICAL CHEMISTRY

Vol. 263, No. 14, Issue of May 15, pp. 6487-6490, 1988

© 1988 by The American Society for Biochemistry and Molecular Biology, Inc.
Printed in U.S.A.

O-tetradecanoylphorbol-13-acetate (TPA)! treatment of T
lymphocytes results in the translocation of heavy metals
(mainly zinc) from the nucleus and mitochondria to the
cytosol and microsomes (10-12).2 In our present report we
demonstrate that zinc may be involved in both the activation
of protein kinase C and its binding to microsomal membranes
of T lymphocytes.

EXPERIMENTAL PROCEDURES

Materials—ATP, bovine serum albumin, CHAPS, Chelex 100, 1,2-
diolein, DTT, EDTA, EGTA, Hepes, histone (type III-S), leupeptin,
B-mercaptoethanol, Nonidet P-40, phorbol-12,13-dibutyrate, phos-
phatidylserine, sodium orthovanadate, TMB-8, TPA, and Triton X-
100 were from Sigma. Cell culture media and its supplements were
Gibco products. BMA 030 anti-CD3 antibody (13) was kindly pro-
vided by Dr. F. Seiler and Dr. R. Kurrle (Behringwerke AG, Marburg,
Federal Republic of Germany). The antibody was originally referred
to as BW 264/56 (13), but was later designated as BMA 030 which is
the nomenclature used here. TPEN was obtained from Behring
Diagnostics, and H-7 was from Seikagaku America Inc. (St. Peters-
burg, FL). Polyethylene glycol (M, 6000) was purchased from Serva.
CaCl,, FeSO,, MgCl,, MnCl,, and ZnCl, were ultrapure Merck chem-
icals. [y-*?P]ATP (3000 Ci/mmol) and [20-*H]phorbol-12,13-dibutyr-
ate (18.9 Ci/mmol) were obtained from Amersham Corp. and Du
Pont-New England Nuclear, respectively.

Preparation of T Lymphocytes and Their Subcellular Fractions—
Mouse (CFLP, 6-8 weeks old, male) or rabbit (~1 kg, male) thymo-
cytes were prepared by the method of Kleiman et al. (14). Human
peripheral blood lymphocytes were obtained by centrifugation of
heparinized buffy coat on a Ficoll density gradient. Cells were kept
in RPMI 1640 medium supplemented with 10 mM Hepes (pH 7.4).
The viability of the cells was never less than 95% as judged by trypan
blue exclusion. Each experiment is shown in only one cell type but
was usually performed in all three cell types: the results were not
significantly different. After preincubation(s) specified in different
experiments, cells were suspended in an isolation buffer (consisting
of 1 mM EGTA, 2 mM EDTA, 5 mMm DTT, and 20 mM Hepes (pH
7.4), if not otherwise indicated) at a cell density of 10° cells/ml.
Disruption of cells and isolation of their cytosolic and microsomal
fractions were done as described earlier (15). Since T lymphocytes
contain a relatively small amount of endoplasmic reticulum (15), our
microsomal preparation can be regarded as a crude plasma membrane
fraction. In this way we use both terms for the designation of the
membrane preparation. Microsomes were suspended in the isolation
buffer at a protein concentration of 0.5-1.5 mg/ml. Protein concen-
tration was determined simultaneously by the method of Lowry et al.
(16) and Bradford (17), correcting the results for sulfhydryl com-
pounds, Hepes, and detergents, respectively. Protein kinase C activity
was determined immediately after isolation.

Measurement of Protein Kinase C Activity—Cytosolic protein ki-
nase C activity was measured from aliquots of the cytosolic fraction
without any further purification. Membrane-bound protein kinase C
was solubilized from microsomes by incubation with either 0.5% (v/
v) Triton X-100 or with 2 mM (2 mg/mg protein) CHAPS in isolation
buffer for 20 min at 4 °C, setting the protein concentration to 1.0 to
0.5 mg/ml, respectively. In preliminary experiments we have found
that the detergent CHAPS is much more suitable for the solubiliza-
tion of protein kinase C than Triton X-100 or Nonidet P-40 for two
reasons: 1) it does not decrease the activity of protein kinase C
significantly, even at concentrations as high as 4-5 mm which was

! The abbreviations used are: TPA, 12-O-tetradecanoylphorbol-13-
acetate; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio)pro-
panesulfonate; DTT, dithiothreitol; EGTA, [ethylenebis(oxyeth-
ylenenitrilo)tetraacetic acid; Hepes, 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid; H-7, 1-(5-isoquinolinesulfonyl)-2-methylpipera-
zine; TMB-8, 8-(N,N-diethylamino)octyl-3,4,5-trimethoxybenzoate;
TPEN, N,N,N’ ,N’-tetrakis(2-pyridylmethyl)ethylenediamine.

2 P. Csermely and J. Somogyi, J. Cell. Physiol., in press
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proved by its removal by a Pierce Extracti-Gel D column (data not
shown); therefore, we could eliminate the time-consuming DEAE ion-
exchange chromatography from our protocol; 2) CHAPS does not
significantly disturb the Bradford protein assay (18), in this way a
much more exact protein determination could be achieved. After
incubation with detergents, the nonsoluble material was removed by
centrifugation (100,000 X g, 60 min, 4 °C). Protein kinase C activity
was determined using a reaction medium containing 10 mM MgCl,,
0.4 mM EGTA, 400 pg/ml histone, 400 mM Hepes (pH 7.4), and 60
uM [v-**P]ATP (100 cpm/pmol) with or without 2 mM CaCl,, 200 ng/
ml phosphatidylserine, and 20 pg/ml 1,2-diolein. (Lipids were dis-
persed in a double-concentrated Hepes/EGTA/Mg buffer by sonica-
tion). The reaction was started by mixing 100 ul of reaction medium
with 4-6 ug of sample protein in 100 ul of isolation buffer. After an
incubation of 3 min at 37 °C, unless otherwise indicated, the reaction
was stopped by the addition of 200 ul of chilled, freshly made trichlo-
roacetic acid (10%, w/v) containing 1 mM ATP and 15 mm K, HPO,.
100 ul of bovine serum albumin (2 mg/ml) was added as a carrier,
and the precipitated proteins were collected in 0.45-um Millipore
filters. The precipitate was washed by 5 X 5 ml of chilled trichloroa-
cetic acid (5%, w/v) containing 15 mM K, HPO,, the filters were dried,
and the radioactivity was measured. The enzyme activity is expressed
as the difference between the values measured in the presence and
absence of phospholipids and Ca?* in units of nanomoles of **P
transferred per min/mg protein of the sample.

Binding of [PH]Phorbol Dibutyrate—Binding of [20-°H]phorbol-
12,13-dibutyrate was measured by modification of the method of
Leach et al. (19). Briefly, 20-100 ug of protein in 200 ul of isolation
buffer was added to 200 ul of binding medium containing 40 mM
Hepes (pH 7.4), 10 mM MgCl,, 2 mM CaCl,, and 10 nM [*H]phorbol-
12,13-dibutyrate. In preliminary experiments, we have found that the
presence of bovine serum albumin (at a final concentration of 1-10
mg/ml) in the binding medium drastically reduces the specific binding
in the case of both cytosolic and membrane samples, while the
nonspecific binding (measured in the presence of 1 uM phorbol-12,13-
dibutyrate) remains unaffected. Therefore, bovine serum albumin
was omitted from the binding medium. Measurement of phorbol
dibutyrate binding to cytosolic samples was done in the presence of
200 ug/ml phosphatidylserine. After an incubation of 30 min at 37 °C
samples were cooled to 0 °C, and 50 ul of bovine serum albumin (20
mg/ml) and 200 ul of 30% (w/v) polyethylene glycol were added.
Further steps of the binding assay were identical with those described
by Leach et al. (19). Measurements of [°’H]phorbol dibutyrate binding
were done in duplicate with a difference of less than 15%. Some
samples were analyzed after freezing in liquid nitrogen and storing
1-4 weeks at —80 °C. Preliminary experiments indicated no signifi-
cant difference in the phorbol ester binding capacity of fresh and
frozen samples.

RESULTS AND DISCUSSION

Zinc Can Activate Protein Kinase C—As seen in Fig. 1,
cytosolic protein kinase C is activated by the addition of Zn**
while the activity of “basal” kinases (measured in the absence
of calcium and phospholipids) does not change significantly.
The activation of protein kinase C ranges between 30 and
90% in different preparations at optimal total zinc concentra-
tions in the range of 0.7-1.0 mM. The activity of membrane-
bound protein kinase C cannot be increased significantly by
the addition of zinc. However, at zinc concentrations higher
than 2.0 mM, zinc sharply inhibits the activity of both cyto-
solic and membrane-bound protein kinase C (data not shown).
Under optimal conditions for the activation of protein kinase
C, zinc has a free concentration in the range of 107® M, while
the inhibition occurs at free Zn** concentrations in the mi-
cromolar range. The approximate free zinc concentrations
were estimated after Bartfai (20) using the stability constants
of EGTA, EDTA, and DTT (given in Refs. 20 and 21) cor-
rected to pH 7.4 with the corresponding oy values. We have
to note that even the estimation of free Zn** concentrations
is extremely difficult in a system that contains three chelators
(EGTA, EDTA, DTT), three divalent cations (Ca**, Mg®"*,
Zn?"), endogenous chelators (proteins), and cations of the
cytosolic fraction. In this way the values of free Zn** concen-

Zinc Activates and Binds Protein Kinase C
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Fic. 1. Activation of protein kinase C by zinc. Cytosolic
protein kinase C was isolated from rabbit thymocytes, and its activity
was measured as described under “Experimental Procedures.” In
panel A the activity of protein kinase C and in panel B the activity of
basal kinases are shown. Open symbols represent activities measured
in the absence and filled symbols in the presence of zinc at a total
concentration of 0.75 mM. At the arrows the protein kinase inhibitor
H-7 was added to aliquots of the reaction mixtures, and protein
kinase activities were measured at different time points in the absence
(O—--0O, ®——@) and presence (O, B—-M) of H-7 at a final
concentration of 100 uM. Data are representatives of four experiments
with standard errors less than 15%.

trations can be regarded only as very rough estimates.

The variation of both the optimal concentration of zinc and
the rate of activation of protein kinase C may reflect that the
metal-binding site of the enzyme is differently saturated with
endogenous heavy metals in different preparations. This pos-
sible diversity may be related to the existence of different,
genetically defined isoforms of the enzyme, as reported by
many laboratories (22, 23 and references therein). In their
early report Nishizuka and his co-workers (24) did not find
any effect of zinc on the activity of protein kinase C. However,
in their early studies they investigated the proteolytic product
of the enzyme (protein kinase M) which lacks the regulatory
domain. Since the metal-binding site has been proposed to be
part of the regulatory domain (9), this apparent discrepancy
supports the role of the putative metal-binding site in the
zinc-induced activation of protein kinase C.

The cause of the zinc-induced protein kinase C activation
is neither the effect of the Cl™ anions, since it can be dem-
onstrated by ZnSO, or zinc acetate as well, nor the effect of
Ca®* ions which are displaced by zinc in their EGTA-, EDTA-
complexes, since no activation of protein kinase C occurs if
we add equimolar excess of calcium instead of zinc (data not
shown). The activation cannot be attributed to the activation
of a Ca®*-dependent protein kinase, since no activation occurs
in the presence of both zinc and calcium (and in the absence
of phospholipids) (not shown). Zinc does not influence the
“basal” protein kinase activity (Fig. 1). This argues against
the general role of proteolysis in the zinc-induced enzyme
activation. The activation is a “real” activation of the kinase
and not the inhibition of the corresponding phosphatases,
since after the inhibition of protein kinase C by the protein
kinase inhibitor, H-7 (25), the decline in the level of phospho-
rylation has a similar rate in the absence and presence of zinc
(Fig. 1). However, zinc is known to be a better inhibitor of
phosphotyrosine protein phosphatases than those of phospho-
serine and phosphothreonine phosphatases (26). This raises
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TABLE I

Binding of protein kinase C to plasma membranes induced by calcium
and zinc

The cytosol and crude plasma membrane fraction of rabbit thy-
mocytes were isolated as described under “Experimental Procedures.”
The isolation buffer contained 20 mM Hepes (pH 7.4), 10 mM S-
mercaptoethanol, and the specific additions indicated. After isolation,
protein kinase C activity was determined as described under “Exper-
imental Procedures.” Data are mean + S.D. of three experiments.

Method of isolation Protein kinase C activity

(specific additions to the

isolation buffer) Cytosol mepnrlf:;ses
nmol *P/min/mg protein
EDTA (2 mM), EGTA (1 mM) 6.0+ 05 1.5+ 0.3
EDTA (2 mM), EGTA (1 mM), 50 6.1+0.4 1.4+04
ug/ml leupeptin
CaCl, (3.1 mMm), EGTA (1 mM), 5.1+ 0.7 20+0.3
EDTA (2 mM)
CaCl;, (0.1 mM), 50 ug/ml leupeptin 2.0+ 0.2 48+ 08
“Ca-plasma membranes” + EGTA 46+05 21+04
extraction®
ZnCl; (50 uM), 50 ug/ml leupeptin 2.5+0.3 4.5+ 0.7
“Zn-plasma membranes” + EGTA 4.8+04 2.2 +0.3

extraction®

“Plasma membranes isolated in the presence of 0.1 mM CaCl, or
50 uM ZnCl, were treated with EGTA and EDTA at final concentra-
tions of 1.0 and 2.0 mM, respectively, in the presence of 20 mM Hepes
(pH 7.4), and 10 mM B-mercaptoethanol for 60 min at 4 °C. After
incubation, membrane vesicles were separated by centrifugation. “Cy-
tosol” denotes the supernatant and “plasma membranes” the pellet,
respectively, in these cases.
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Fic. 2. The effect of the intracellular heavy metal chelator
TPEN on the translocation of protein kinase C. Human periph-
eral blood lymphocytes were isolated as described under “Experimen-
tal Procedures.” Cells were preincubated at 37 °C with TPEN (panels
B and D) at a final concentration of 50 uM or with its solvent
dimethyl sulfoxide (0.5% v/v; panels A and C) for 20 min, and the
incubation was continued with TPA (panels A and B) or with the
anti-CD3 antibody BMA 030 (panels C and D) at final concentrations
of 20 nM and 20 ng/ml, respectively. (The concentration of BMA 030
was selected as the optimum for its mitogenic activity, data not
shown.) The incubation was terminated at time points indicated by
rapid cooling to 0 °C and centrifugation of the cells. Cytosol and
crude plasma membrane fractions were isolated, and their protein
kinase C activity was measured as described under “Experimental
Procedures.” Open and closed circles represent protein kinase C activ-
ities of the cytosol and plasma membranes, respectively. Data are
representatives of three experiments.

the possibility that zinc develops a heretofore hidden induc-
tion of protein kinase C activity via tyrosine phosphorylation.
Our results demonstrate no activation of the cytosolic enzyme
after preincubation with 60 uM ATP in the absence or pres-
ence of 100 uM sodium vanadate, another known inhibitor of
phosphotyrosine protein phosphatases (27) (data not shown).
This argues against the role of tyrosine phosphorylation in
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the zinc-induced activation of cytosolic protein kinase C.

Zinc Induces the Reversible Binding of Protein Kinase C to
Microsomes—The results of Table I show that zinc induces
the binding of protein kinase C to plasma membranes simi-
larly to the reversible binding induced by calcium which was
observed by several groups (5-7, 28). The endogenous calcium
content of cytosolic and microsomal fractions can contribute
to the zinc-induced binding of protein kinase C. However, we
got very similar results after the samples had been treated
with the chelating resin, Chelex 100, to remove endogenous
calcium (data not shown). This strengthens the conclusion
that zinc can induce the binding of protein kinase C to
microsomes. The zinc-induced binding is also reversible in
the sense that protein kinase C activity can be recovered in
the supernatant after EGTA treatment. Interestingly, calcium
alone (under conditions when heavy metals are chelated) can
induce only a partial translocation of protein kinase C activity
to plasma membranes. This suggests that zinc which is usually
present in solutions as a contaminant at concentrations as
high as 0.5-1 uM (as determined by plasma emission spec-
troscopy (12)) may contribute to the “Ca**-induced” binding
of protein kinase C and thus plays a general role in the
reversible binding of the enzyme to membranes.

The Chelation of Heavy Metals Can Abolish the TPA- and
Antigen-induced Translocation of Protein Kinase C: the Effect
Can Be Reversed by the Addition of Zinc—Fig. 2 shows that
in agreement with earlier reports (see Refs. 1, 3 and references
therein), TPA causes a sustained translocation of protein
kinase C while the antibody directed against the T cell recep-
tor induces a transient change in the localization of the
enzyme activity. Fig. 2 also shows that the intracellular heavy
metal chelator TPEN, re-introduced by Arslan et al. (29), can
abolish the TPA- and antigen-induced translocation of pro-
tein kinase C in T lymphocytes. The reason for this inhibition
is not the chelation of intracellular calcium ions by TPEN
because TPEN causes no decrease in the intracellular calcium
concentration (29)? and the calcium antagonist TMB-8 is not
able to prevent the translocation of protein kinase C (Table
In.

As shown in Table II, TPEN loses its ability to prevent the
translocation of protein kinase C if it is administered together
with zinc, forming a Zn-TPEN complex. This suggests that
the reason for the inhibition is not the effect of TPEN as a
chemical compound but the effective intracellular chelation
of heavy metals (most probably zinc) during the activation of
T lymphocytes. The selectivity for zinc is further supported
by the fact that two out of the four most abundant intracel-
lular heavy metals (in the order of decreasing total concentra-
tion: zinc, copper = iron, and manganese (11, 12)), iron and
manganese, can only partially reverse the effect of TPEN
(Table II). Fe- and Mn-TPEN alone did not cause any effect
in the distribution and activity of protein kinase C (data not
shown). Copper was not examined since it has a 5 magnitudes
higher affinity for TPEN than zinc (30). In this way copper
displaces zinc from its complex with TPEN, making it impos-
sible to discriminate between their effects.

The translocation of Ca**- and phospholipid-dependent
histone kinase activity cannot be regarded as an unambiguous
sign of the translocation of protein kinase C as a protein
because of possible changes in the substrate specificity of the
enzyme (31). Therefore, we have investigated the distribution
of [*H]phorbol dibutyrate receptors simultaneously. Our re-
sults in Table II show that the distribution of phorbol dibu-
tyrate receptor is corresponding to the distribution of protein
kinase C activity in different samples. These results suggest
that the changes in the distribution of protein kinase C
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TABLE II

Zinc Activates and Binds Protein Kinase C

The effect of different agents on the TPA- and antigen-induced translocation of protein kinase C

Human peripheral blood lymphocytes and their cytosolic and crude plasma membrane fractions were isolated,
and the protein kinase C activity and [*H]phorbol dibutyrate-binding capacity were analyzed as described under
“Experimental Procedures.” Treatment of the cells with different agents was performed as described in the legend
of Fig. 2, with the exception that the time of incubation with TPA or the anti-CD3 antibody BMA 030 was 10 min
at 37 °C. Zn-TPEN, Fe-TPEN, and Mn-TPEN were produced by mixing equimolar amounts of TPEN and ZnCl,,
FeSO,, and MnCl,, respectively. The complexes were administered to get the same final concentration for TPEN
(50 uM) as in the treatment with TPEN alone. Cells were treated with TMB-8 at a final concentration of 100 uM
for 20 min at 37 °C. Data are mean * S.D. of three experiments.

Protein kinase C activity

[*H]}Phorbol dibutyrate binding

Treatment
Cytosol Plasma membranes Cytosol Plasma membranes
nmol **P/min/mg protein fmol/mg protein

Control 34 %06 0.7+ 0.3 1200 + 120 150 + 30
+ TPA 04 +0.2 1.8 +04 80 + 10 560 % 60
+ BMA 030 antibody 1.6 £0.3 1.5+ 0.2 700 £ 110 510 + 90
+ TPEN 3.56+04 0.6 +0.2 1010 + 30 180 + 40
+ TPEN, TPA 2905 0.6 £0.1 950 + 50 230 + 20
+ Zn-TPEN, TPA 03+0.1 1.5+0.2 ND* 470 £+ 50
+ TPEN, BMA 030 31+04 0.8 £0.2 1130 + 70 ND*

+ Zn-TPEN, BMA 030 1.7+ 04 1.6 £ 0.3 760 £ 80 360 + 60
+ Fe-TPEN, TPA 1.8+ 0.2 0.8 £0.2 750 + 20 150 £+ 40
+ Mn-TPEN, TPA 1.5+0.7 1.1+0.3 580 + 20 250 = 20
+ TMB-8 3.6 £03 0.8 +0.3 1350 + 140 200 + 20
+ TMB-8, TPA 0.3 £0.05 1.6 £ 0.3 40 + 20 570 £+ 40
+ TMB-8, BMA 030 1.7+ 0.3 1.6 £ 0.2 800 + 50 540 = 20

2 ND, not detectable.

activity reflect real changes in the distribution of the enzyme
in our system.

Addendum—While this manuscript was being reviewed, Murakami
et al. (32) published similar results regarding the biphasic activation
and inactivation of protein kinase C by Zn*™".

—

10.
11.
12.
13.

14.
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In the primary structure of the major phorbol ester receptor, protein ki-
nase C the presence of putative metal (zinc) binding sites has been sug-
gested. We have demonstrated earlier that zinc activates protein kinase C
and contributes to its binding to plasma membranes in T lymphocytes. Here
we report that zinc increases the phorbol ester binding affinity of cyto-
solic protein kinase C, The effect of zinc on the membrane-bound enzyme is
much less pronounced. Our results raise the possibility that cytosolic
protein kinase C is a mixture of isoenzymes with different sensitivity to-

wards zinc ions, © 1988 Academic Press, Inc.

Six years ago Castagna et al (1) have discovered that tumor promoter
phorbol esters specifically and directly activate protein kinase C. After
their initial studies numerous reports have demonstrated that indeed, the
phorbol ester receptor is protein kinase C (2-4).

Defining the primary structure of protein kinase C Parker et al (5) have
found cysteine-repeating sequences in the regulatory domain of the enzyme
which often appears as a matif of Zn2+- and DONA-binding domains (6,7). Ex-
amining the possible role of these "zinc-fingers" we have found that zinc
can activate protein kinase C at nanomolar free concentration (8,9). Simul-
taneously Murakami et al (10) also demonstrated a zinc-induced activation
of the enzyme. Besides the activation of protein kinase C zinc seems to

2+

contribute to the Ca” -, phorbol ester- and antigen-induced binding of the

enzyme to plasma membranes in T lymphocytes (8,9).

In the present report as a next step in the elucidation of interactions be-
tween protein kinase C and zinc we examine the effect of zinc on binding of
radioactive phorbol ester to its cytosolic and microsomal receptors in T
lymphocytes.

0006-291X/88 $1.50
Copyright © 1988 by Academic Press, Inc.
All rights of reproduction in any form reserved. 578



Vol. 154, No. 2, 1988 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

MATERIALS AND METHODS

Materials: bovine serum albumin, dithio-treitol, EDTA, EGTA, Hepes, phor-
bol dibutyrate, phosphatidyl serine and Triton X-100 were from Sigma. Cell
culture media were Gibco products. N,N,N}N’-tetrakis-(2-pyridylmethyl)-
~ethylenediamine (TPEN) was obtained from Calbiochem. Polyethylene glycol
(M.w.: 6000) was purchased from Serva. CaCl,, MgCl, and ZnCl, were ultra-
pure Merck chemicals. [20-?H]phorbol-12,13-dibutyrate (*H-pdbu), 18.9 Ci/
mmol) was obtained from Du Pont-New England Nuclear,

Preparation of microsomes and cytosol of T lymphocytes: Rabbit

( 1 kg, male) thymocytes were prepared by the method of Kleiman et al (11)
in Eagle’s Minimal Essential Medium supplemented with 10 mM Hepes (pH 7.4).
Cells were suspended in isolation buffer (consisting of 1 mM EGTA, 2 mM .
EDTA, 5 mM dithio-treitol and 20 mM Hepes, pH 7.4) at a cell density of 10
cells/ml. Disruption of cells and iseclation of their cytosolic and micro-
somal fractions were done as described earlier (12). Microsomes were sus-
pended in isolation buffer at a protein concentration of 0.5-1.5 mg/ml.
Protein concentration was determined by the method of Bradford (13).

Binding of [®H}phorbol-dibutyrate: Binding of [20-3H]phorbol-12,13-
~-dibutyrate was measured by modification of the method of Leach et al (3)
as described earlier (9). Measurements of [?H]phorbol-dibutyrate binding
were done in duplicates with a difference of less than 15 %. Data are ex-
pressed as a difference of [®H]phorbol-dibutyrate binding in the absence
and presence of 1 uM unlabeled phorbol-dibutyrate (specific binding).

RESULTS

Figure 1. shows the dependence of [°H]phorbol-12,13-dibutyrate (°H-pdbu)
binding on the total concentration of zinc ions, Zinc increases the cyto-
solic binding of phorbol-dibutyrate to approximately 2-fold, while it af-
fects only slightly the membrane binding of the phorbol ester. Zinc pro-
duces its maximal effect on the cytosolic phorbol ester receptor at a final
concentration of 0.35-0.4 mM which corresponds to a free concentration of
zinc in the range of 10_9 M. The approximate free zinc concentration was
estimated after Bartfai (14) using the stability constants of EGTA, EDTA
and dithio-treitol --given in refs. 14 and 15-- corrected to pH 7.4 with
the corresponding oy values. We have to note that this value can be re-
garded only as a very rough estimate, since even the estimation of free
Zn2+ concentration is extremely difficult in a system which contains three
chelators (EGTA, EOTA, dithio-treitol), three divalent cations (CaZ+, Mgz+
2+
)

and Zn“"), endogenous chelators (proteins) and cations of the cytosol.

The aspecific binding of the cytosolic and membrane samples were 39 + 6
and 58 + 8 fmol respectively in the experiments of Figure 1. Zinc did not
influence significantly the aspecific binding of [3H]phorbol—dibutyrate
throughout the whole concentration range tested. Without phosphatidyl ser-
ine zinc had no effect on 3H-pdbu binding to membrane samples while it had
only a very slight effect on the cytosolic binding of phorbol-dibutyrate.
The effect of zinc was similar if we tested it at other protein concentra-
tions (data not shaown).
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Figure 1. The effect of zinc on the binding of {®H]}pborbol-dibu-
tyrate. Cytosolic (e—s) and microsomal (o - - - o) fractions
of rabbit thymocytes were isolated and their £3HIphorbol-dibuty-
rate (3H-pdbu) binding was analysed as described in "Materials
and Methods". The binding medium contained 10 nM [3HIphorbol-di-
butyrate, 50 ug of cytosolic and 100 pg of microsomal protein,
respectively and ZnClg at final concentrations indicated. Data
are means + SOs of three separate experiments.

Figure 2. Concentration dependency of [3H]phorbol-dibutyrate
(®H-pdbu) binding in zinc depleted and supplemented
cytosol (a) and microsomes (b). The cytosol and micro-
somes of rabbit thymocytes were isolated and binding of 3H-pdbu
was measured as described in "Materials and Methods". Binding
medium contained 50 ug of cytosolic and 200 pg of microsomal
protein, respectively; ZnClp at final concentration of 0.7 mM
(e—-e), 100 uM TPEN (0 - - - 0) or no addition (A). 3H-pdbu
was added at final concentrations indicated. The insets show
the Scatchard analysis of the binding. Data are means + SDs of
three separate experiments.

Figure 2. shows the difference in the concentration dependency of [3ijhor—
bol-dibutyrate binding in the presence (filled circles) and absence of zinc
(open circles). The removal of endogencus zinc was enhanced by the addition
of the hydrophobic chelator of heavy metals, N,N N3;N’-tetrakis-(2-pyridyl-
methyl)-ethylenediamine (TPEN, 16). TPEN has 7 and 2 orders of magnitude
higher affinity for zinc than EGTA and EDTA, respectively (15,17) and it
can penetrate to hydrophobic environment as well. In this way TPEN may have
a much higher efficacy in removal of zinc from its binding sites than EGTA
or EOTA. In the zinc depleted cytosol the binding curve of phorbol-dibuty-
rate and its Scatchard analysis (see inset in Figure 2., panel a) suggests
the presence of at least two binding sites for [3H]phorb01-dibutyrate of
different affinity for the phorbol ester. After the addition of zinc (fill-
ed circles) the binding of pharbol-dibutyrate can be characterised only
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with one, "high-affinity" binding site. The binding constant of the high
affinity site is in the range of 3-5 nM while the "low affinity" site of
the zinc-depleted sample has a binding constant =27 nM. The high affinity
binding in the zinc depleted cytosol corresponds to approximately 1/3 of
the overall binding sites. Phorbol ester binding in the presence of only
EGTA and EOTA is similar to that of the TPEN treated samples (see trian-
gles).

Zinc has a much slighter effect on the phorbol-dibutyrate binding of micro-
somal samples (Figure 2., panel b). Microsomal samples show only a "low af-
finity" binding. Their binding constants are =21 and =28 nM in the pre-
sence or in the absence of zinc, respectively. The difference in the bind-
ing constant of high affinity cytosolic and microsomal phorbol ester recep-
tors is in good agreement with the results of several other laboratories
(4,18). The overall increase in the binding constant of microsomal phorbol-
-dibutyrate binding compared to the high affinity binding sites aof the cy-
tosol may reflect the reduced accessibility of phorbol ester binding sites,
a possible occupation of the binding sites by endogenous diacyl-glycerals

or simply the "dilution" of hydrophobic phorbol ester by the membrane lipids.
y Yy
DISCUSSION

Our present report demonstrates that zinc markedly increases the Ginding
affinity of cytosolic phorbol ester receptors while it has only a slight
effect on the phorbol-dibutyrate binding of microsomal samples. The effect
of zinc can not be a simple aspecific aggregation of the polyethylene
glycol precipitated proteins since zinc does not increase the aspecific
binding of phorbol-dibutyrate and it has markedly different effects on cy-
tosolic and microsomal samples.

Calcium is known to increase the binding affinity of phorbol ester to its
receptor (17,19,20). Zinc having a higher affinity tc EDTA and EGTA than
calcium excludes Ca2+ from its complexes with these chelators. However,

the effects of zinc were specific since the addition of eguimglar CaCl2
did not cause a significant increase in the binding of 3H—pdbu (data not
shown). The free Ca2+ concentration in our binding medium was approx. 110
UM while Sando at Young (18) have demonstrated that 3H—pdbu binding has a
saturation above a free Ca2+ concentration of 10 M. The effects of zinc

are different from those of Ca2+

. Calcium induces a marked increase in the
affinity of 3H—pdbu binding of particulate fractions (19,20). On the
contrary, zinc has only a slight effect on the microsomal phorbel ester

binding.

If endogenous zinc is depleted from the cytosol by the addition of N,N,N:N’-
-tetrakis-(2-pyridylmethyl)-ethylenediamine (TPEN) the cytosolic phorbol-
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-dibutyrate binding can be characterised by multiple (at least twa) binding
sites with different affinities. Our results are similar to the data of
Ashendel (4) who also demonstrated the presence of a high and a low affinity
binding site of 3H—tetradecanoyl—phorbol—acetate in the cytosol. This phe-
nomena may reflect the presence of isoenzymes of protein kinase C which
were discovered just recently (21-23). Taken these data together it can be
supposed that cytosol contains various isoforms of phorbol ester receptor/
/protein kinase C which are different in respect of their zinc content. The
addition of zinc may "prime" the "low affinity"” cytosolic phorbol ester re-
ceptor and "convert" it to a "high affinity" one. Further experiments are
needed to clarify whether TPEN-treated cytosolic protein kinase C represents
a partially or totaly zinc-depleted enzyme. If TPEN deplets only a part of
the zinc content of protein kinase C the existence of phorbol ester recep-
tors with even lower affinity may be anticipated.

Zinc has a much smaller effect on the affinity of membrane-bound phorbol
ester receptors. Our recent studies suggested that zinc is necessary for
the binding of phorbol ester receptors to microsomal membranes (9). Mem-
brane-bound protein kinase C may be saturated with zinc --as a possible
preequisite of membrane binding-- and therefore additional zinc causes on-
ly a slight increase in its binding affinity towards phorbol esters. The
zinc binding site(s) of protein kinase C may be buried after membrane
binding and/or the affinity of these sites may be higher than that of TPEN.
This may explain the slight difference between phorbol ester binding of
TPEN- and zinc-treated microsomal preparations. However, to strengthen
this hypothesis numerous further evidences are needed. The investigation
of interrelationships between zinc and the isoforms of protein kinase C is
in progress in our laboratory.

In recent studies we demonstrated that phorbol ester treatment causes an
intracellular translocation of zinc from the nucleus and mitochondria to
the cytosol and microsomes of T lymphocytes (24,25). The phorbol ester-in-
duced increase in the zinc conentration of the cytosol was supported fur-
ther by the observation that phorbol ester (or diacyl glycerol) treatment
impairs the C32+—transporting ability of Ca-ionophores most probably by
enhancing the formation of stable Zn-ionophore complexes (26). This effect

Z+ in a number of C32+—binding

can be generalised: zinc can substitute Ca
sites (27). In this way zinc may be involved in the phorbol ester (protein

kinase C)-induced attenuation of Ca2+ signals.

On the other hand the intracellular translocation of zinc after phorbol
ester treatment activates protein kinase C, supports its binding to plasma
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membranes (9) and enhances the affinity of cytosolic protein kinase C to-
wards phorbol-dibutyrate. These effects may take place at a later period
of T lymphocyte activation (approximately after 1.5 hours, see ref. 26).
Thus zinc may be involved in the prolonged activation of protein kinase C
under conditions when the initial activators of the enzyme (mostly: diacyl
glycerols) have been already metabolised. In this way the zinc-induced in-
crease in phorbol ester binding affinity may have a physiological impor-

tance in the activation of T lymphocytes.
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Tumor Promoter 12-0-Tetradecanoyl-Phorbol-
13-Acetate (TPA) Can Reduce the
Ca-Transporting Ability of Ca-lonophores in
T Lymphocytes: The Involvement
of Intracellular Heavy Metal lons

PETER CSERMELY* AnD JANOS SOMOGYI
Institute of Biochemistry 1., Semmelweis University, School of Medicine,
Budapest H-1444, Hungary

12-0-tetradecanoyl-phorboi-13-acetate (TPA) can significantly reduce the Ca-
ionophore-induced rise in the intracellular calcium concentration (Ca;) of T
lymphocytes measured by quin2 or fura-2 fluorescence. This counteraction
of TPA is maximal at a preincubation of 90 min at TPA concentrations higher
than 20 nM. *Ca uptake and efflux measurements directly indicate that TPA
does not activate the calcium extrusion systems in thymocytes but impairs
the Ca-transporting ability of Ca-ionophores. TPA causes no immobilization
of the Ca-ionophores as it is demonstrated by the lack of significant changes
in fluorescence and fluorescence polarisation of A23187 during TPA incuba-
tion. Similarly the energy transfer between the Tyr, Try groups of membrane
proteins and A23187 shows no significant difference in control and TPA
treated thymocytes. This indicates that A23187 is not in a membrane protein-
bound form after TPA preincubation. The intracellular heavy metal chelator,
N,N,N’ N’-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) restores the iono-
phoretic ability of Ca-ionophores in TPA pretreated cells to the control level.
Diacyl-glycerols also impair the Ca-transporting ability of Ca-ionophores. TPEN
prevents this effect as well. These findings suggest that TPA and diacyl-
glycerols may cause an increase in the availability of intracellular heavy metal
ions. Our results may reflect a new, physiologically important mechanism of

the action of diacyl-glycerols and phorboi esters.

The tumor promoter 12-0-tetradecanoyl-phorbol-13-
acetate (TPA) is mitogenic for T lymphocytes of wide
origin (Whitfield et al., 1973; Mastro and Mueller, 1974;
Wang et al., 1975; Mastro and Smith, 1983; Gelfand et
al., 1985) and synergistically enhances the mitogenic
effects of lectins (Mastro and Mueller, 1974; Wang et al.,
1975; Gelfand et al., 1985) or calcium ionophores (Wang
et al., 1975; Mastro and Smith, 1983). However, in the
past years several reports have demonstrated that TPA
can inhibit the DNA synthesis of mitogen activated T
lymphocytes. The exact mechanism of this antiprolifer-
ative effect of TPA is not known (Gescher, 1985; Droge,
1986).

The presence of extracellular calcium is an important
requirement for T lymphocyte activation (Alford, 1970;
Imboden et al., 1985). In the past years it has been
proved that, indeed, a rise in the intracellular calcium
concentration (Ca;) is one of the earliest events of the
activation process (Tsien et al., 1982; Hesketh et al,
1983; Imboden et al., 1985). Recently numerous reports
have demonstrated that TPA is able to block the agonist-
induced rise in Ca; in various cell-types (Rickard and
Sheterline, 1985; Poll and Westwick, 1986; Mendoza et

© 1989 ALAN R. LISS, INC.

al.,, 1986 and references therein), Mastro and Smith
(1983) have shown that the synergistic, co-mitogenic ef-
fect of TPA depends on the duration of TPA incubation
and on the sequence of addition of TPA and the calcium
ionophore, A23187.

In the light of these findings the possibility arises that
the antiproliferative and “Ca-blocking” effect of TPA
can be linked. However, in case of antigens or lectins
several other changes also occur besides the rise in Ca;
(Imboden et al., 1985). Therefore the aim of this study
was to investigate the effect of TPA in a “model-sys-
tem”, where only a rise in the intracellular calcium

Received May 20, 1987; accepted December 4, 1987.

Abbreviations used: Ca;, intracellular calcium concentration; Ca,,
extracellular calcium concentration; DMSO, dimethy! sulfoxide;
EGTA, ethylene-glycol-bis(8-aminoethyl ether)N,N,N’,N'-tetraacetic
acid; OAG, oleoylacetyl-glycerol; TPA, 12-0-tetradecanoyl-phorbol-13-
acetate; TPEN, N,N,N'N’-tetrakis(2-pyridylmethyl)-ethylene-diamine.
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concentration served as an initial signal for increased
cell proliferation. In this way we have studied whether
TPA can affect the Ca-ionophore-induced rise in Ca;. In
the present paper we report that TPA can greatly reduce
the Ca-ionophore-induced rise in Ca; of thymocytes. This
effect is not due to the TPA-induced activation of Ca-
extrusion processes or immobilization of Ca-ionophores.
The counteraction of TPA can be explained mostly by an
increased availability of intracellular heavy metal ions.
These findings have been published earlier in a prelim-
inary form (Csermely and Somogyi, 1986).

MATERIALS AND METHODS
Materials

A23187, ionomycin, TPEN and fura-2 acetoxymethyl
ester were from Calbiochem. Calmidazolium (R24571),
dioctanoyl-glycerol, Hepes, oleoyl-acetyl-glycerol, quin2
acetoxymethyl ester and TPA were Sigma products. Tri-
ton X- 1OO wasg from Serva, dimethyl-sulfoxide from
Fluka. 3H-quin2 acetoxymethyl ester (370 MBg/mmol)
was an Amersham product. 4°CaCl, (4.3 GBq/mmol) was
from the National Institute of Isotopes (Budapest, Hun-
gary). Cell culture media and the supplements used
were from Gibco. Diphenyl-oxazole and 1,4-di(2-(5-
phenyl)-oxazoyl)benzene were from Koch-Light Labora-
tories (Colnbrook, Berks, England). CaCly and MgCl,
were Merck ultrapure products. All the other reagents
used were of best analytical purity.

Isolation of mouse thymocytes and TPA-incubation

Mouse (CLFP, 6-8 weeks old, male) thymocytes were
prepared by the method of Kleiman et al. (1984), After
isolation, cells were incubated with TPA (at concentra-
tions and times indicated) or with the solvent dimethyl
sulfoxide (DMSO) at a final concentration less than 0.2%
(vAv). Cell density was 5 x 10° cells/ml, the incubation
was performed at 37°C in Eagle’s minimal essential
medium supplemented with 10 mM Hepes (pH 7.4), es-
sential amino acids, streptomycin and penicillin 100 U/
ml each. In the experiments viability was never below
95% as judged by trypan blue exclusion.

Measurement of intracellular caleium concentration

Loading of quin2 and measurement of its fluorescence
was carried out as described earlier (Csermely and Som-
ogyi, 1987). Briefly, thymocytes were incubated with
quin2 acetoxymethyl ester or with fura-2 acetoxymethyl
ester at a final concentration of 20 M or 2 pM respec-
tively at 37°C. The medium of incubation contained 143
mM NaCl, 1 mM NaySO,, 5§ mM KCl, 1 mM NaH,PO,,
0.5 mM MgClz, 1 mM CaCly, 5 mM glucose and 10 mM
Hepes, pH 7.4 (standard medium). In the first 20 min of
incubation, the cell density was 5 x 107 cells/ml, then
the cells were diluted to tenfold with standard medium
and incubated further for 20 min. The amount of extra-
cellular indicator was routinely checked by the method
of Hesketh et al. (1983) and Pollock et al. (1986). The
1ntracellular concentration of quin2 was determined us-
ing H-quin2 acetoxymethyl ester. The intracellular vol-
ume of mouse thymocytes was taken as 104 {1 (Hlesketh
et al., 1983).

In case of TPA preincubation up to 90 min, cells were
first loaded with quin2 then incubated with TPA. In case
of incubations longer than 45 min the experiments were
(also) done under conditions when TPA preincubation
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Fig. 1. The effect of TPA preincubation on the A23187-induced rise in
Ca; of mouse thymocytes. Mouse thymocytes were incubated with
DMSO (panel A, C) or with TPA at a final concentration of 50 nM (panel
B) for 90 min as described in Materials and Methods. In case of panels
A and B quin2 loading and measurement of Ca; was done as described
in Materials and Methods. Parel C shows the autofluorescence of cells
before and after the addition of A2187. At the arrows A23187 (in the
final concentrationg indicated), Triton X-100 (0.05% v/v) and MnCl, (10
#M) were added. The fluorescence scales in panels A-C are identical.
The traces shown are representatives of six separate experiments. The
intracellular quin2 concentration was in the range of 0.8-1.2 mM.

included the quin2 loading procedure. (In this case TPA
concentration was maintained at a constant throughout
the incubation.) At time points where the two experi-
mental protocols were overlapping (45, 60 and 90 min)
there was no significant difference in the results (not
shown).

Fluorescence measurements were performed in a Spec-
trofluo JY3 (Jobin Yvon, Longjumeau, France) spectro-
fluorimeter. The excitation/emission wavelength pair
was 339/492 nm in case of quinZ measurements and
340/510 nm in case of fura-2 measurements, respectively
(4 nm slits). The samples were measured in 1 cm square
quartz cuvets thermostatted to 37°C. The calibration of
the fluorescence signal and the calculation of the intra-
cellular calcium concentration was done as described
earlier (Pollock et al., 1986, Csermely and Somogyi,
1987).

%Ca uptake and efflux measurements

45Ca uptake was measured by incubation of mouse
thymocytes in Eagle’s minimum essential medium sup-
plemented with 10 mM Hepes (pH 7.4), essential amino
acids, streptomycin and pemcﬂlm 100 U/ml each and 40
kBq/ml (2-2.5 x 10% cpm/ml) 4°CaCl,. Incubation was
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Fig. 2. The time and concentration dependence of the effect of TPA
preincubation on the A23187-induced rise in Ca;. Treatment of mouse
thymocytes with TPA, measurement and calculation of Ca; was done
as described in Materials and Methods. The fluorescence signal of
quin2 was followed for 5-10 min after each addition and the Ca; was
calculated from the final, steady-state value. Data points are values
after serial additions of A23187. However remeasurement of some data
points after prompt addition of A23187 in appropriate concentration

done in Eppendorf tubes at a cell density of 5 x 10°
cells/ml at 37°C for the times indicated. The final vol-
ume of the sample was 1 ml. After the incubation cells
were centrifuged in a microfuge. After the removal of
the supernatant the tips of the Eppendorf tubes were
cut and placed into scintillation vials. Radioactivity was
determined by liquid scintillation; the scintillation cock-
tail contained 5.9 g/l diphenyl-oxazole, 160 mg/l 1,4-
di(2-(5~phenyl)-oxazoyl)benzene, 30% (v/v) Triton X-100
and 70% (v/v) toluene.

For 45Ca efflux measurements cells were loaded with
1Ca by incubation with 160 kBg/ml (107 cpm/ml)
15CaCl, for 30 min. Other conditions of incubation were
the same as described for #*Ca uptake measurements.
The excess of °Ca was removed by centrifugation (400
g, 5 min, 4°C) and cells were washed twice with the
same volume of Eagle’s medium. Cells were resus-
pended in the same medium (with no 4°Ca added) at a
cell density of 5 x 108 cells/ml. At times indicated 0.5
ml aliquots of the cell suspension were withdrawn and
centrifuged in a microfuge. Radioactivity of 2 x 0.2 ml
of the supernatant was determined.

Measurement of A23187 fluorescence and fluorescence
polarisation

A23187 fluorescence was measured after Pfeiffer et al.
(1974). The excitation-emission wavelength pair was 370
nm and 430 nm, respectively. Fluorescence polarisation
measurements were made using polarization filters. (Or-
iel Co., Stamford, CT, USA) by the general procedure of
Chen and Bowman (1965). For the calculation of the

resulted in no significant differences in Ca;. Samples were incubated
with DMSO for 150 min (O—Q); or with TPA (at a final concentration
of 20 nM) for 15 min (A—A), 30 min (ll—M), 45 min (®—®), 90 min
(+—+), 120 min (*—*) or 240 min (x—x). The inset shows the TPA
concentration dependence of A23187 concentrations necessary to reach
calcium equilibration (incubation time: 90 min). Data are representa-
tive of three separate experiments. The intracellular quin2 concentra-
tion was in the range of 0.6-1.3 mM.

emission anisotropy we used the formula of Jablonski
r = TG %X Ly + 2G X% L) where I, and I, is
the fluorescence intensity at vertical-vertical or vertical-
horizontal filter positions respectively. The grating fac-
tor (G, the ratio of the fluorescence intensities measured
at horizontal-vertical and horizontal-horizontal filter po-
sitions) was 0.90 in our experiments.

Energy transfer measurements

Energy transfer measurements were done after Hyono
et al. (1985). Excitation wavelength was 270 nm and the
emission spectra were recorded after serial addition of
A23187 at final concentrations indicated. Both the exci-
tation and emission slits were 4 nm, cell density was set
to 2 x 10° cells/ml. Emission spectra were corrected to
the fluorescence of A23187 observed at 270 nm excita-
tion. A23187 fluorescence was measured in the presence
of soybean lecithin liposomes mimicking the hydropho-
bic environment of plasma membranes. Liposomes were
prepared by sonication using a Sonic 300 dismembrator
(Artex Inc. Co., Farmingdale, NY, USA). The optimal
density of liposomes (0.2-2 pg/ml) was set to get the
same increase in A23187 fluorescence (measured at dif-
ferent A23187 concentrations) ag by addition of mouse
thymocytes at a cell density of 2 x 108 cells/ml.

RESULTS
TPA can reduce the A23187-induced rise in the
intracellular calcium concentration

In Figure 1 the effect of TPA preincubation on the
A23187-induced rise in the intracellular calcium concen-
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Fig. 3. The effect of TPA preincubation on the A23187-induced *5Ca-
uptake. Mouse thymocytes were incubated with DMSO (open circles)
or with TPA at a final concentration of 20 nM (closed circles) for 90
mn. **Ca uptake measurements were done as described in Materials
and Methods. Preliminary experiments indicated maximal **Ca up-
take at 2 min of incubation in the presence of A23187 (not shown).
Therefore this incubation time was chosen for 3Ca uptake measure-
ments in the presence of Ca-ionophores. Data are means + SDS of
three separate experiments done in triplicates.
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tration (quin2 fluorescence) is shown. Control cells were
incubated with the solvent of TPA, dimethyl sulfoxide
(less than 0.2% v/v, panel A). Panel C shows the autoflu-
orescence of cells before and after the addition of A23187.
(The fluorescence of A23187 was identical if we mea-
sured it in TPA-preincubated cells, data not shown.) If
panel A and C are compared it can be seen that after
the addition of 20 nM of A23187 the increase in the
fluorescence in panel A is due to the autofluorescence of
A23187. The addition of Triton X-100 does not cause a
further increase in quin2 fluorescence. Thus Ca; is equil-
ibrated with the extracellular calcium concentration
(Ca,) at A23187 concentrations higher than 20 nM.

The preincubation of mouse thymocytes with TPA (50
nM, 90 min) markedly reduces the ionophoretic ability
of A23187 (panel B). The minimal A23187 concentration
sufficient to equilibrate Ca; with Ca, is increased to 200
nM which is tenfold of the control value.

In Figure 2 the time and concentration dependence of
the TPA-induced attenuation of the Ca-ionophoretic
ability of A23187 can be seen. As it has been already
shown in Figure 1, in control cells (O—0O) Ca; is equili-
brated with Ca, (=1 mM) at A23187 concentrations
higher than 20 nM. After 9 min preincubation with TPA
at a final concentration of 20 nM (+—+) this equilibrat-
ing, “minimal effective concentration” of A23187 was in
the range of 200-400 nM. This TPA-induced increase in
the minimal effective concentration of A23187 is time
dependent and transient: it can be hardly detected if the
preincubation time is less than 30 min and it declines if
mouse thymocytes are preincubated with TPA for more
than 90-120 min.

Examining the concentration dependence of this TPA-
induced increase in the minimal effective concentration
of A23187 (inset in Figure 2) it can be seen that it is
maximal at TPA concentrations higher than 20 nM
where protein kinase C is fully activated (Castagna et
al., 1982).

TPA reduces the ionophore-induced uptake of **Ca

In Figure 3 the uptake of *°Ca can be seen as the
function of A23187 concentration. If the cells were prein-
cubated with TPA (20 nM, 90 min) the uptake of 45Ca is
markedly decreased compared to the values measured
in untreated cells. The data of Figure 3 give direct

TABLE 1. **Ca uptake and efflux in control and TPA trcated mouse thymocytes!

*5Ca uptake
(cpm x 10 35 x 10 cells)

“5Ca efflux
(cpm x 10 %5 x 108 cells)

TPA TPA
Incubation time Control treated Control treated
uptake/efflux cells cells cells cells
5 min 40+ 04 3.94+03 nd.2 n.d.
10 min 79+08 6.0 + 04 1.5 + 03 1.5 +04
+10 uM calmidazolium 17.2 + 1.4 18.0 + 0.6 0.8 + 0.3 0.8 + 0.2
20 min 13.1 + 1.0 10.2 + 0.8 35+ 03 23+ 04
60 min 18.1 + 2.0 153 + 1.3 7.8 + 0.8 7.0 + 0.9
+10 uM calmidazolium n.d. n.d. 25+ 05 23 +04

.'Iso]ation of cells, TPA preincubation (20 nM TPA, 90 min), **Ca uptake and efflux measurements were done as described
in Materials and Methods. The values of **Ca efflux correspond to the radioactivity that appeared in the supernatant.
Data arc corrected to the value of “O min incubation” and expressed as means + SDs of three separate experiments run

in triplicates.
“n.d. = not determined.
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Fig. 4. The effect of TPA and TPA preincubation on the fluorescence
of A23187 in mouse thymocytes. A23187 fluorescence was measured
as described in Materials and Methods. Traces show the A23187 fluo-
rescence in Ca®* and Mg?" free standard medium. Thymocytes were
incubated with DMSO (traces b, ¢) or TPA (50 nM final concentration,
90 min; traces d,e) as described in Materials and Methods. After incu-
bation cells were centrifuged at 200 xg for 5 min and resuspended in
Ca2?* and Mg®* free standard medium at a cell density of 5 x 107
cells/ml. The fluorescence scales of traces a—e are identical. Traces are
representatives of five experiments.

evidence for the assumption that TPA changes not only
the steady state value of Ca; but it impairs the Ca-
transporting ability of Ca-ionophores, too. TPA treat-
ment cannot totally abolish the A23187-induced in-
crease in the uptake of %°Ca. On the other hand, a
significant inhibition can be observed in any concentra-
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tion of A23187 tested. This shows that TPA diminishes
the activity of some/all of the A23187 molecules.

TPA does not alter the uptake and efflux of %*Ca

The attenuation of the A23187-induced rise in the Ca;
after TPA treatment can also be explained (on the anal-
ogy of neutrophils, Rickard and Sheterline, 1985) by the
activation of Ca-extrusion systems. Therefore we have
investigated the effect of TPA on the *°Ca uptake and
efflux in thymocytes (Table 1).

Our data show no significant differences between the
45Ca uptake and efflux of control and TPA treated cells.
The changes are insignificant, even in the case when
the plasma membrane calcium pump is blocked with
the selective calmodulin-antagonist, calmidazolium
(R24571). Thus neither the calmidazolium inhibited, nor
the remaining Ca-extrusion systems are activated after
TPA treatment.

Fluorescence properties of A23187 after TPA treatment

The TPA-induced impairment of the activity of Ca-
ionophores can be a consequence of their immobilization
in the plasma membrane after TPA treatment. This
possibility can be examined most easily utilizing the
fluorescent properties of A23187,

Figure 4 shows the fluorescence of A23187 in buffer,
in control and TPA treated cells. In trace a A23187 is
added to Ca?* and Mg2?* free medium. Apolar environ-
ment is known to enhance the A23187 fluorescence to
severalfold (Pfeiffer et al., 1974). This might be the rea-
son why the addition of the hydrophobic TPA enhances
the fluorescence intensity of A23187 in standard me-
dium (Fig. 4, trace a). TPA has no autofluorescence un-
der these conditions (not shown) thus in a polar solvent
a direct interaction between TPA and A23187 may occur
showing the mutual exclusion of TPA and A23187 from
the structure of water, Manganese quenches the fluores-
cence of A23187 (traces a—e); this is in agreement with
earlier data of Pfeiffer et al. (1974).

In Figure 4 traces b and ¢ show the fluorescence of
A23187 in control (DMSO incubated) mouse thymocytes.
The increase in the fluorescence upon addition of the
cells is due to the insertion of A23187 to the hydrophobic
plasma membrane. Upon addition of Ca?* either in
absence (trace b) or in presence (trace c¢) of Mg2+ a
transient increase of the A23187 fluorescence can be
seen. Under these conditions there is no fluorescence
change upon the addition of TPA,

Traces d and e were recorded in the presence of TPA
preincubated (50 nM, 90 min) mouse thymocytes. The

TABLE 2. The emission anisotropy of A23187 fluorescence in standard medium, in control and TPA

incubated mouse thymocytes

Emission anisotropy

A23187 Cells + DMSO Cells + TPA
concentration (nM) Standard medium (90 min) (20 nM, 90 min)
50 0.141 + 0.021 0.215 + 0.018 0.204 + 0.023
100 0.129 + 0.020 0.208 + 0.029 0.191 + 0.020
200 0.118 + 0.025 0.176 + 0.016 0.164 + 0.014
400 0.126 + 0.017 0.169 + 0.010 0.151 + 0.009

ICells were incubated with DMSQ or TPA and the emission anisotropy was measured as described in Materials and
Methods. Clell density of the samples was 5% 10° cells/ml. Data are means + SL) of five separate experiments.
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increase in the A23187 fluorescence after addition of the
TPA preincubated cells is not significantly different from
the increase observed at the addition of control cells
(compare traces d and e with traces b and ¢). Extending
the investigations we could not find any difference be-
tween the A23187 fluorescence (from 20 nM to 800 nM)
in control and TPA preincubated cells (data not shown).
This indicates that there is no significant change in the
“hydrophobicity” of the environment of A23187 during
TPA incubation of mouse thymocytes.

TPA preincubation prevents, or greatly diminishes the
Ca®*—induced transient rise in A23187 fluorescence
(compare traces d and e with traces b and ¢). The preven-
tion of the Ca®'—induced rise in A23187 fluorescence
can also be achieved by the previous addition of 10 uM
calmidazolium (R24571), a known inhibitor of the plasma
membrane Ca®*—pump (not shown). This suggests that
the Ca®*-induced transient increase in the A23187 flu-
orescence might be related to the Qa2+—induced activa-
tion of the plasma membrane Ca?*—pump. Therefore
the Ca?¥—induced transient increase in A23187 fluores-
cence might be regarded as an “active-state” of the Ca-
ionophore, A23187. This “active-state’” does not occur
after TPA preincubation of mouse thymocytes, which
can be regarded as an additional sign of the TPA-in-
duced impairment of Ca-ionophoretic activity.

Mn?* quenches the A23187 fluorescence. Examining
the concentration dependence of this quenching effect
we have found that there is no difference between the
“quenching activity” of Mn2* in control and TPA-prein-
cubated cells. Half-maximal quenching occurs in both
cases at 0.3 uM Mn? T concentration in the presence of 1
mM Ca?" (not shown). This means that the relative
affinity constant of A23187 in T lymphocytes for Mn2*
versus Ca2* remains approximately 3 x 107 if cells are
incubated with TPA. Thus TPA preincubation does not
shift the preference of A23187 to heavy metal ions com-
pared to Ca?* in T lymphocytes.

Table 2 shows the emission anisotropy values of
A23187 fluorescence. The emission anisotropy is a sen-
sitive marker of the rotational mobility and so the pos-
sible immobilization of any fluorophore. The emission
anisotropy of A23187 significantly increases upon addi-
tion of mouse thymocytes in any A23187 concentrations
tested. This indicates a significant immobilization of
A23187 upon insertion into the plasma membrane. How-
ever, there is no further increase in the emission aniso-
tropy if the cells have been preincubated with TPA. On
the contrary a slight (P < 0.2 in case of 50-200 nM
A23187, P < 0.025 in case of 400 nM A23187) decrease
in the emission anisotropy can be demonstrated. This
might reflect an increased membrane fluidity after TPA
preincubation. Thus the fluorescent properties of A23187
demonstrate that no major immobilization of A23187
occurs after TPA incubation of mouse thymocytes.

Energy transfer measurements indicate no
immobilization of A23187

A23187 can be immobilized not only by a decrease in
the overall membrane fluidity but by binding to certain
proteins in the plasma membrane. This possibility may
be examined using the phenomenon of the energy trans-
fer. Energy transfer may occur hetween two fluoro-
phores if the fluorescence emission spectrum of the first
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Fig. 5. Energy transfer between the Tyr, Try groups of membrane
proteins and A23187 in mouse thymocytes. Mouse thymocytes were
incubated with DMSO (panel 4) TPA (20 nM final concentration, 90
min; panel B) as described in Materials and Methods. After incubation
cells were resuspended in standard medium at a cell density of 2 x 10°
cells/ml. The Ca-ionophore, A23187 was added at final concentrations
of 100, 200 and 500 nM as indicated. The energy transfer measure-
ments were done as described in “Materials and Methods”. Emission
speclra were corrected to the fluorescence of A23187 and the spectra
are representatives of five separate experiments. The fluorescence
scales of panels A and B are identical.

(the donor) is overlapping with the fluorescence excita-
tion spectrum of the other (the acceptor), At the emission
maximum of the Tyr, Try fluorescence (330 nm) A23187
can be excited; its secondary emission occurs at 430 nm.
The rate of this energy transfer strictly depends on the
average distance between the two fluorophores (Tyr, Try
and A23187); as the fluorophores are getting closer and
closer the rate of energy transfer dramatically increases.
Thus changes in the energy transfer indicate very sen-
gitively the binding of A23187 to membrane proteins
after TPA treatment.

In Figure 5, the energy transfer between the Tyr, Try
groups of membrane proteins and A23187 is demon-
strated. Since spectra of Figure 5 were carefully cor-
rected for the autofluorescence of A23187 (see Materials
and Methods) the secondary emission of A23187 indi-
cates a real energy transfer in the system. This is sup-
ported by the fact that the overall decrease in the Tyr,
Try emission intensity is roughly corresponding to the
overall increase in the secondary emission of A23187
(Fig. b). Thus the insignificant differences between the
energy transfer occurring in control (panel A) and TPA
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Fig. 6. Intracellular heavy metal chelator, TPEN restores the TPA-
reduced ionophoretic ability of Ca-ionophores to the control level. Mouse
thymocytes were incubated with DMSO (traces “control”), with TPA
(20 nM final concentration, 90 min; traces “+TPA”), or with oleoyl-
acetyl-glycerol (50 ug/ml final concentration, 20 min; traces “+0AG").
The cells were loaded with fura-2 and Ca; was measured as described
in “Materials and Methods”. Panels A and C show the Ca-lonophoretic
effect of A23187 without, panels B and D with TPEN. At the arrows
A23187 and TPEN were added as indicated at final concentrations of
20 nM and 50 gM respectively. Traces are representatives of three
separate experiments. The fluorescence scales of panels A-D are
identical.

preincubated cells (panel B) indicate a roughly equiva-
lent energy transfer, i.e,, average distance between
membrane proteins and A23187 in these cells.

Involvement of intracellular heavy metal ions in the
effect of TPA and oleoyl-acetyl-glycerol (OAG)

Figure 6 demonstrates the involvement of intracellu-
lar heavy metal ions in the TPA-induced attenuation of
the Ca-ionophoretic ability of A23187. In panel A the
effect of 20 nM A23187 can be seen in control and TPA
preincubated (20 nM, 90 min) mouse thymocytes. Panel
C shows that preincubation with oleoyl-acetyl-glycerol
(OAG) also diminishes the A23187-induced rise in Ca;.
In preliminary experiments the maximal effect of oleoyl-
acetyl-glycerol was observed after 20 min preincubation
(data not shown). However the effect of OAG is signifi-
cantly smaller than the effect of TPA (compare panels A
and C in Fig. 8), It seems plausible that OAG has been
metabolised by the time its effect would be fully devel-

599

oped. (This requires 90 min preincubation in case of
TPA.) In panels B and D the intracellular heavy metal
chelator TPEN (reintroduced by Arslan et al., 1985) was
added to the thymocytes preincubated with either TPA
(panel B) or with OAG (panel D). In the presence of this
chelator the efficiency of A23187 was restored to the
control level. These results can be essentially repro-
duced using the ten-hundredfold more efficient Ca-iono-
phore, ionomycin (Csermely and Somogyi, 1987; not
shown). We have gotten similar results using rabbit
thymocytes instead of mouse thymocytes (not shown).

The data of Table 3 indicate that the intracellular
heavy metal chelator, TPEN restores the ionophore-in-
duced *°Ca uptake to the control level after TPA treat-
ment. Oleoyl-acetyl-glycerol induces similar changes as
TPA in the uptake of *°Ca, these effects can be antago-
nized by TPEN as well. These results give further evi-
dence for the assumption that intracellular heavy metal
ions play a role in the counteraction of TPA, diacyl-
glycerols and Ca-ionophores.

DISCUSSION

Our initial question has been whether TPA can affect
the Ca-ionophore-induced rise in the intracellular cal-
cium concentration (Ca;). We have found that TPA is
able to diminish greatly the Ca-ionophore-induced rise
in Ca; (Fig. 1). This observation is surprising since it
cannot be explained by the common assumption that
protein kinase C (the major phorbol ester receptor) phos-
phorylates and thus inactivates the putative receptor-
linked Ca-channels, or enzymes (receptors) of the inosi-
tol trisphosphate pathway (Poll and Westwick, 1986;
Mendoza et al., 1986),

On the basis of Figures 1 and 2 we cannot conclude
that TPA preincubation impairs the Ca®**—transporting
ability of Ca-ionophores since the reduction of the fluo-
rescence signal (apparent Ca;) can be the consequence of
the quenching of quin2 induced by heavy metals (Hes-
keth et al,, 1983). However, the same phenomenon can
be observed using fura-2 (Fig. 6). Fura-2 is known to be
much less sensitive to heavy metals than quin2 (Gryn-
kiewicz et al., 1985). Therefore the reproducibility of the
data of quin2 measurements (Figs. 1 and 2) by fura-2
(Fig. 6) indicates that TPA treatment causes real changes
in the Ca-ionophore-induced rise in Ca;.

Data of Figures 1, 2 and 6 suggest that TPA treatment
diminishes the Ca?*'-transporting ability of A23187.
However to prove this hypothesis direct measurements
of the Ca® " —fluxes are necessary. Figure 3 gives a direct

TABLFE 3. The effect of the heavy metal chelator, TPEN on the uptake of 45Cal

A23187

~_*5Ca uptake (cpm x 1073)

concentration Control + TPA, 0AG,
(nM) _thymocytes + TPA TPEN + OAG + TPEN
0 37 +03 35 +04 32403 3.6 +02 3.8+ 04
100 116 + 0.8 74 + 0.7 11.1 + 0.9 81+ 0.9 10.7 + 1.3
200 149 + 1.3 81+ 1.0 139+ 1.5 102 + 1.2 13.1 + 1.1

Tselation of mouse thymaocytes, preincubation and 1°Ca uptake measurements were done as described in Materials and
Methods. Cells were preincubated with DMSO (control cells), with TPA at a final concentration of 20 nM for 90 min,
with OAG at a final concentration of 50 ug/m] for 20 min or with TPEN at a final concentration of 100 M for 90 or 20
min respectively as indicated. The uptake of *°Ca was terminated after £ min (sce legend of Fig. 6). Data are means +

SDs of three separate experiments run in triplicates.



600

evidence that TPA indeed impairs the Ca2+—transport-
ing ability of Ca-ionophores since a marked decrease in
the uptake of °Ca can be demonstrated after TPA treat-
ment at various A23187 concentrations.

Thinking about the possible explanations of the phe-
nomenon observed at least five different reasons can be
suspected: (1) the Ca®?* extrusion systems are activated
and so the increased Ca?* —efflux is also responsible for
the impaired ability of Ca-ionophores to raise Ca;; (2)
TPA directly interacts with the Ca-ionophores and thus
blocks their action; (3) the membrane fluidity is drasti-
cally reduced upon TPA treatment, Ca-ionophores be-
come “frozen” in the membrane; (4) the Ca-ionophores
are immobilized by binding to certain membrane pro-
teins and finally (5) the availability of intracellular
heavy metal ions increases and the excess of heavy
metals is able to block the Ca-ionophores.

Tsien et al. (1982) have reported a TPA-induced de-
crease of quin2 fluorescence in mouse and pig lympho-
cytes. The TPA-induced decrease in quin2 fluorescence
has been regarded as a sign showing the TPA-induced
activation of Ca-extrusion systems by several authors
(see e.g., Rickard and Sheterline, 1985). Some reports
have directly shown a TPA-induced increase in the Ca-
efflux in neutrophils (Rickard and Sheterline, 1985 and
references therein). However, this observation can not
be generalized since in astrocytoma cells (Orellana et
al., 1985) and in two secretory cell lines (PC 12 and
RINmb5F, Di Virgilio et al., 1986) TPA does not effect the
efflux rate of *°Ca.

The results of Table 1 show that in mouse thymocytes
there is no significant difference between the 4°Ca up-
take and efflux in control and TPA treated cells, These
data are in agreement with the results of Grubbs and
Maguire (1986) who report also an unchanged °Ca up-
take and efflux after TPA treatment of S49 lymphoma
cells. The effect of TPA is also insignificant if we com-
pare the calmidazolium-induced increases in *5Ca up-
take or calmidazolium-induced decreases in *°Ca efflux
(Table 1). TPA does not activate the calmidazolium-de-
pendent or calmidazolium-independent Ca efflux, this
makes explanation 1 (“TPA activates the Ca-extrusion
systems”) unlikely and so TPA prevents the rise in Ca;
solely by the attenuation of Ca?*-uptake in T
lymphocytes.

TPA is able to block the effect of 5-10-times higher
A23187 concentrations the effect is time dependent,
being maximal after 90 min of preincubation (Fig. 2).
TPA changes the fluorescence of A23187 in aqueous
solutions while it fails to do so in mouse thymocytes
(Fig. 4). These observations make explanation 2 (.e.,
“TPA directly interacts with the Ca-ionophores”) un-
likely, because no direct interaction between TPA and
A23187 can be demonstrated.

There are conflicting data about the effect of TPA on
the membrane fluidity. Stocker et al. (1982) report a
TPA-induced decrease in the membrane fluidity in poly-
morphonuclear leukocytes while in rat embryo cells
(Fischer et al., 1974) and in artificial membranes (Dee-
lers et al., 1981) a TPA-induced increase in the mem-
brane fluidity has been observed. A recent report
(Goppelt-Striibe and Resch, 1987) demonstrates that the
fluorescence polarisation value of a certain fluorescent
probe is greatly different in isolated plasma membranes
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from that measured in whole cells. In this way the
differences of the literary data may arise from the un-
even distribution of the hydrophobic fluorescent probe
in the different membranes of whole cell systems.

Our results show that if we use the Ca-ionophore
(A23187) itself as a “fluorescent probe” its fluorescence
polarisation remains essentially unchanged (or slightly
decreased) upon TPA treatment (Table 2). This finding
shows a slightly increased rotational mobility of the Ca-
ionophore. Figure 5 shows an unchanged average dis-
tance between A23187 and membrane proteins upon
TPA incubation. These observations render explana-
tions 3 and 4 (i.e., “Ca-ionophores are ‘frozen’ in the
plasma membrane or bound to membrane proteins’)
unlikely.

In Figure 6 and Table 3 it is shown that the intracel-
lular heavy metal chelator TPEN (reintroduced by Ar-
slan et al., 1985) can restore the ionophoretic ability of
A23187 to the original level which is observed without
TPA or OAG treatment. This suggests that TPA or OAG
can increase the availability of intracellular heavy metal
ions and so the “excess” of heavy metals could block a
part of the Ca-ionophores.

Heavy metals (Mn?*, Zn?* | etc.) have 100-1,000 times
higher affinities for A23187 than Ca®?* (Pfeiffer and
Lardy, 1976). Mn®" ions block the A23187-induced in-
flux of Ca?* in lymphocytes (Resch et al., 1978). In the
presence of extracellular Mn2+ ions A23187 raises Cag;
only at much higher concentrations than in the absence
of Mn?* (P. Csermely and J, Somogyi unpublished obser-
vations). Thus heavy metal jons are able to impair the
Ca?* —transporting properties of Ca-ionophores.

What is the heavy metal responsible for the effects
observed? We have demonstrated earlier that the most
abundant cytosolic heavy metals are (in the order of
decreasing concentrations) Zn, Fe and Cu (Csermely et
al.,, 1987b). Since the fluorescence of A23187 is un-
changed upon TPA treatment (Fig. 4) and of these heavy
metals only Zn does not quench the fluorescence of
A23187 (Pfeiffer et al., 1974; and data not shown) Zn is
the most likely candidate as a TPA-induced Ca-blocker.

Qur present results are in good agreement with our
findings that TPA induces a heavy metal (mainly Zn)
translocation from the nucleus and mitochondria to the
cytosol and microsomes of thymocytes measured by X-
ray fluorescence (Csermely et al., 1987a) and plasma
emission spectroscopy (Csermely et al., 1987b). Our re-
sults are supported by the earlier observations (Arslan
et al., 1985 and references therein) that the Ca%* _trans-
porting ability of A23187 is impaired in ascites tumour
cells which have an extraordinarily high availability of
heavy metal ions in their cytosol (Arslan et al., 1985).

Our data show that not only TPA, but diacyl-glycerols
can also attenuate the Ca®*—transporting ability of Ca-
ionophores (Fig. 6 and Table 3). Since TPEN can restore
the original efficiency of Ca-ionophores after diacyl-glyc-
erol treatment (Table 3) it seems plausible that diacyl-
glycerols induce similar changes in the subcellular dis-
tribution of heavy metals like TPA. However to prove
this hypothesis direct measurements are necessary
which are in progress in our laboratory.

On the basis of our results presented it seems obvious,
that TPA and diacyl-glycercls increase the availability
(relative amount) of heavy metals in the cytosol and
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these heavy metals are able to block Ca-ionophores.
These findings have a number of consequences: (1) TPA-
induced heavy metals may be partly responsible for the
TPA-induced block of changes in intracellular calcium
concentration; (2) Heavy metals exhibit a higher affinity
for a number of calcium binding sites (see e.g., Haber-
man and Richardt, 1986). Therefore an excess of heavy
metal ions can occupy some of the calcium binding sites
of different proteins (enzymes, receptors, channels, etc,)
influencing their functions; (3) The primary structure of
several receptor proteins, e.g., that of cortisol, ocestradiol,
thyrotropic hormone (Weinberger et al., 1986) or protein
kinase C itself (Parker et al., 1986) show the existence
of putative Zn-binding sites. The increased availability
of heavy metals (mainly Zn) in the cytosol might change
the behaviour of these proteins; (4) Our analytical stud-
ies (Csermely et al., 1987a,b) have revealed that the
source of heavy metals appearing in the cytosol (and
microsomes) is not extracellular but a decrease in the
heavy metal (mainly Zn) content of the nucleus and
mitochondria accompanies the TPA-induced increase of
heavy metals in the cytosol. Zinc seems to be essential
for the function of several proteins, e.g., enzymes in-
volved in RNA and DNA synthesis (Bertini et al., 1986).
Therefore the TPA-induced depletion of zinc in the nu-
cleus might be related to the antiproliferative activity
of TPA, the arrest of G; — S phase transition (Gescher,
1985; Droge, 1986). In this way the TPA-induced changes
in the availability and distribution of heavy metals ob-
served might show a new way of action of TPA. The fact
that diacyl-glycerols have very similar effects like TPA
probably reflects the physiological significance of this
phenomenon.
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redistribution of heavy metals in subcellular fractions of rabbit
thymocytes as measured by plasma emission spectroscopy
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Prolonged (90 min) incubation with the tumor promoter 12-0-
tetradecanoylphorbol-13-acetate (TPA) causes no significant
changes in the elemental composition of whole rabbit thymo-
cytes (25 elements included). The only exception is the amount
of magnesium, where a significant increase can be detected.
However TPA preincubation elicits the redistribution of heavy
metals (mainly Zn and to a much lesser extent Fe and Cu)
from the nuclear and large granular (mitochondrial —lyso-
somal) fraction to the cytosol and microsomes. A significant
translocation of cakcium and phosphorus from the large
granular fraction mainly to the nucleus can also be observ-
ed. The TPA-induced heavy metal depletion of the nucleus
might play a role in the antiproliferative activity of TPA, the
arrest of G;— S phase transition. On the other hand the in-
creased amount of heavy metals in the cytosol might be link-
ed to the TPA-induced block of intercellular communication
and the desensitization of TPA-treated cells towards extra-
cellular calcium which are wellknown properties of neoplastic
cells.

Introduction

12-O-Tetradecanoylphorbol-13-acetate (TPA") is a very potent,
well-known tumor promoter (1 —3). Since the discovery reported
by Castagna et al. (4) that active phorbol esters can directly ac-
tivate protein kinase C, TPA is considered to exert its effects
via protein kinase C-induced protein phosphorylations. However,
the mechanism of the action of TPA is far from being fully
elucidated.

The block of intercellular communication and the desensitiza-
tion towards changes in the extracellular calcium concentration
are well-known properties of tumor cell growth (1-3). TPA
elicits such effects in several cell types tested (5,6). On the other
hand, TPA is reported to block agonist-induced Ca-fluxes via
the phosphorylation of Ca-channels or the receptor — N protein—
phospholipase C system (7,8). The TPA-induced block of inter-
cellular communication and the desensitization towards changes
in calcium concentration of the medium might be linked to the
ability of TPA to block calcium signals and/or Ca-fluxes.

In previous work we have investigated the effect of TPA on
the Ca-ionophore-induced rise in intracellular calcium concen-
tration (9). It was found that prolonged incubation with TPA
sharply decreases the ionophoretic activity of Ca-ionophores. The
optimal conditions of this TPA-induced desensitization needed
a 90 min preincubation with TPA concentrations higher than
10 nM. This finding was surprising since it can not be explain-
ed by assuming TPA-induced protein phosphorylation. Looking

“Abbreviatlons: TPA, 12-O-tetradecanoylphorbol-13-acetate; TPEN,
NN, N’ N tetrakis(2-pyridylmethyl)ethylenediamine.

© IRL Press Limited, Oxford, England

for possible explanations, mechanisms of the phenomenon we
have observed that the intracellular heavy metal chelator, TPEN
restores the ionophoretic activity of Ca-ionophores after TPA
treatment. This observation led to the hypothesis that TPA may
cause changes in the heavy metal content of different subcellular
fractions. To test this hypothesis and to examine which heavy
metal ion(s) are responsible for the diminution of the effect of
Ca-ionophores in this work the changes in heavy metal content
of subcellular fractions upon previously optimalized (90 min,
20 nM) TPA treatment were investigated by plasma emission

spectroscopy.

Materials and methods

Materials

TPA and Hepes were from Sigma. Dimethyl-sulfoxide was obtained from Fluka.
Cell culture medium ingredients were Gibco products. HNO; was a Carlo-Elba
ultrapure product. All other chemicals used were of best analytical purity.
Isolation and TPA treatment of cells

Rabbit thymocytes were isolated by the method of Kleiman ez al. (10). Cells were
incubated with 20 nM of TPA or with the solvent, dimethyl-sulfoxide at a final
concentration of 0.05% (v/v; coatrol cells) at 37°C for 90 min at a cell density
of 107 cells/ml in Eagle’s minimum essential medium supplemented with 10 mM
Hepes (pH 7.4), essential amino acids, streptomycin and penicillin (100—100
U/ml). Viability of the cells was never <95% as judged by trypen blue exclusion.
Isolation of subcellular fractions

After incubation cells were centrifuged and resuspended in the isolation buffer
containing 140 mM KCl, 025mMMgC12md20mMHcpcspH7Oalaccll
density of 5 x 10® cells/ml in a final volume of 10 ml. Isolation of four sub-
cellular fraction (nuclear pellet, large granules, mirosomes and cytosol) of rabbit
thymocytes disrupted by nitrogen cavitation was performed as described earlier
(11—13). Considering the lipid composition of different subcellular fractions and
the distribution of various marker enzyme activities (11,13) we can say that in
our preparetions the nuclear pellet contains only trace amounts of large granules
and microsomes (derived from a minor population of partially disrupted cells),
in the large granular fraction there is a very small amount of aggregated micro-
somes and the microsomal and cytosolic fractions contain no cross-contaminations.
Afier centrifugation the nuclear pellet was suspended in 5 ml, the large granular
and the microsomal fractions ezch in 1 ml of isolation buffer.

Plasma emission spectroscopy measurements

Whole cell suspensions and the subcellular fractions were lyophylized and digested
with 2 ml of concentrated HNO, at 120°C for 2 h in quartz tubes. Thcdlgwwd
samples were diluted with distilled water to 5 ml and their elemental composi-
tion was determined using an ICAP-9000 simultaneous ICP spectrometer (Fischer
Scientific Co.). Data have been corrected for the amount of different elements
in appropriate ‘blank’ samples. (The appropriate amount of isolation buffer plus
HNO, in case of whole cells, nuclear pellet, large granules and microsomes; and
the isolation buffer carried through all the steps of isolation in case of cytosol.)
The correction was never > 10% of the total amount of the actual element with
three exceptions. In the case of Fe the correction was approximately 50% of the
total Fe content of the samples because of the relatively high Fe content of
HNO,. In the case of Ca and Mg content the correction was 10-20% and
40—80% of the total value respectively because of the Ca-impurities and the Mg
content of the isolation buffer.

Results

Examining the elemental composition of rabbit thymocytes and
their subcellular fractions we could not detect any significant
amount of As, Co, Ga, Hg, Li and Se. Al, B, Ba, Cd, Cr, Mn,
Mo, Ni, Pb, Sr, Ti and V were present in trace amounts in our
samples and TPA did not cause significant (P > 0.05; Student’s
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Table I. The amount and distribution of different elements in control and TPA-treated rabbit thymocytes

Element  Elemental composition (nmol/5 % 10° cells)® Recovery (%)°
Whole cell Nuclear fraction Large granules Microsomes Cytosol
Control +TPA Control +TPA Control  +TPA  Control +TPA Control  +TPA  Control  +TPA
Ca 2010 2000 238 45T 451 198¢ 81 79 1020 1056 89 90
(180) (190) (20) (53) (58) a9 (10) (13) (70) 59
Cu 177 177 65 59 20 13 18 13 54 70 89 88
(12) (12) (6) @) @) (0)] m 0.6 3) 3)
Fe 165 138 9 81¢ 15 12 1.3 3.6 25 19 85 84
(6))] (59) @ @ m 1) ©0.4) ©0.6) ©6) ()]
Mg 2100 22307 483 481 175 140 96 171° 1080 1170 87 88
(40) (70) (24) 22) (18) (15) @) 3) 60) (70)
2 40 000 39 300 22 600 23 800° 6300 3660 2200 3200 7190 7220 96 96
(900) (1000) (500) (500) (160) (190) (50 (60) (140) (120)
Za 1060 1000 700 469° 64 31 20 35° 153 395° 88 93
(60) (100) @2 (36) 3) )] 2) @) 0 (10

*Preparation of the samples and mesurement of their elemental composition was done as described in Materials and methods. Data are means and (in paren-

theses) + S.D.s of five separate experiments.

bPercent of recovery was calculated summarizing the amount of different elements in the four subcellular fractions (columns 2—5) and expressed as a percen-

tage of the total amount of the same element in whole cells (column 1).

c~dgignificant difference between control and TPA treated sample; level of significance; P > 0.001, 9P > 0.01.

t test) changes in the amount of elements listed. K and Na were
present in great amounts, however, their total concentration and
subcellular distribution did not change significantly upon TPA
incubation (20 nM, 90 min, 37°C) (data not shown).

Table I shows the amount of Ca, Cu, Fe, Mg, P and Zn (ex-
pressed as nmol/5 X 10° cells) in whole cells and subcellular
fractions of rabbit thymocytes. From the data showing the amount
of different elements in control and TPA-treated whole cells
(Table I, first column) it can be seen that there is no significant
change in the concentration of Ca, Cu, Fe and Zn upon TPA
incubation. (This result is not obvious since the cell culture
medium contained substantial amounts even from Cu, Fe and
Zn corresponding to 12, 148 and 220 nmol metals respectively
in medium containing 5 x 10° cells; not shown. Thus in our
conditions not only an efflux but an uptake of different elements
would also have been possible.)

Mg is the only element of which total concentration is increased
during TPA incubation. The increased amount of Mg can be
found mainly in the microsomal fraction. Furthermore, from the
data of Table I it can be see that there is a significant difference
between the Ca-content of nuclear and large granular (mito-
chondrial-lysosomal) fractions of control and TPA-treated cells.
The distribution of phosphorus shows similar changes with the
addition that phosphorus content of microsomes has been also
increased during TPA incubation.

The distribution of heavy metals (Cu, Fe and Zn) changes
similarly after TPA treatment: a translocation from the nuclear
and large granular fractions to microsomes and cytosol can be
observed. The changes are less dramatic (though significant) in
case of Cu and Fe and mostly expressed in case of Zn.

From the last column of Table I it can be seen that the recovery
(i.e. the summarized amount of a given element in subcellular
fractions expressed as the percentage of the total amount of the
same element in whole cells) is all the time >80% and the dif-
ference between the recovery of TPA treated and corresponding
contro] samples never exceeds 5% . Therefore the changes observ-
ed can not be attributed to the loss of the appropriate element.

Discussion

Our results, indicating that during TPA incubation a substantial
Mg uptake occurs, are in good agreement with the results of
1664

Fig. 1. Translocation of different clements after prolonged TPA incubation
of rabbit thymocytes. The numbers were calculated from the data of Table I
denoting the amounts of elements translocated in nmol/S X 10° cells. For
the sake of clarity in the figure the elemental content of the large granular
fraction and microsomes is attributed solely to the mitochondria and plasma
membrane respectively, the lysosomes and endoplasmic reticulum are not
indicated.

Grubbs and Maguire (14). They have observed that TPA induces
a significant Mg uptake in S49 lymphoma cells while the Ca-
fluxes remained essentially unchanged upon TPA treatment.
The increase in phosphorus content of nucleus and microsomes
might reflect (among others) the increased phosphorylation of
the proteins in these subcellular compartments. The fact that the
calcium content of microsomes is not affected during TPA in-
cubation is consistent with the results of Cox and Carroll (15)
who showed that TPA has no effect on the Ca-induced fluor-
escence of chlorotetracycline, i.e. the amount of mainly plasma
membrane-bound calcium. The total calcium content of the cells
is in good agreement with the value reported by Waller ez al. (16).
In Figure 1 the data of Table I are rationalized, showing the
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redistribution of different elements in subcellular fractions of rab-
bit thymocytes during TPA incubation. Figure 1 shows that a
substantial redistribution of heavy metals (mainly Zn) occurs from
the nucleus and mitochondria (+ lysosomes) to the microsomes
and cytosol during TPA incubation. Figure 1 also summarizes
the TPA-induced decrease in the calcium content of large granules
with the parallel increase of Ca in the nucleus. The TPA-induced
‘exchange’ of zinc to calcium in the nuclear fraction might ac-
tivate certain DNA-endonucleases which are Ca-dependent and
can be inhibited by zinc (17). The activation of endonucleases
might play a role in the biological action of TPA.

As we have mentioned in ‘Materials and methods’ minor cross-
contaminations of the nuclear and large-granular fractions can
not be avoided during isolation. However, these contaminations
do not change the validity of comparative data showing dif-
ferences between the subcellular fractions of TPA-treated and
control thymocytes, because these traces of cross-contaminations
are dependent mainly on the method of isolation [appearing very
similarly in the case of T lymphocytes of different origin (11,13)
or in the case of EL, lymphoma cells (18)] and TPA preincuba-
tion does not change their appearance significantly (data not
shown).

The TPA-induced redistribution of heavy metals is in accor-
dance with our earlier data (9) which suggest an increased avail-
ability of heavy metals surrounding the plasma membrane after
prolonged incubation with TPA. In an independent study we have
detected changes in the heavy metal content of subcellular frac-
tions of control and TPA-treated rabbit thymocytes using X-ray
fluorescence. The qualitative evaluation of the X-ray fluorescence
spectra and the semi-quantitative data calculated from the spec-
tra recorded show very similar heavy metal redistribution to our
present data (19). Our results showing the total Zn and Cu con-
tent of rabbit thymocytes are in the range of data published prev-
jously; 340—2450 and 20— 185 nmol/5 X 10° cells respectively
(reported mainly from human peripheral blood lymphocytes,
20-28).

The ‘zinc depletion’ from the nucleus by incubation with the
tumor promoter TPA resembles to the results of numerous studies
demonstrating diminished nuclear Zn content in malignant
lymphocytes compared to normal ones (29,30). The decrease of
the Zn content in the nucleus and large granules may cause signifi-
cant changes in the activity of several enzymes.

Besides its mitogenicity TPA has a well-documented anti-
proliferative effect too, which can be explained mostly with the
arrest of G;—S phase transition (31). On the other hand, Zn
seems to be essential for the activity of several enzymes necessary
for RNA, DNA synthesis such as RNA, DNA polymerases and
thymidine kinase (29). Zinc was shown to be necessary for the
proliferation of lymphocytes (32) and zinc-deprivation leads to
the arrest of G, — S phase transition (33). Therefore the TPA-
induced depletion of zinc from the nucleus might be related to
its antiproliferative activity.

As well as the zinc-depletion from nucleus and large granules
there is a significant increase in the zinc content of microsomes
and cytosol. Giinther et al. (34) have found several Zn-binding
proteins in the cytosol of normal and malignant lymphocytes.
In recent reports it has been proved that the primary structure
of several receptor proteins e.g. that of cortisol, oestradiol,
thyroid hormone (35) and the phorbol ester receptor protein
kinase C itself (36) shows the existence of putative Zn-binding
sites. The increased availability of Zn in the cytosol might change
the behaviour of these proteins.

Heavy metals exhibit a higher affinity for several calcium bind-

TPA-elicited redistribution of heavy metals in rabbit thymocytes

ing sites than calcium itself (37). Therefore an excess of heavy
metal ions in the cytosol and microsomal fraction might occupy
some of the calcium binding sites, channels attenuating the
calcium fluxes essential in signal transduction. In this way the
TPA-induced heavy metal redistribution might be linked to the
TPA-induced block of the intercellular communication (5) and
the desensitization of the TPA-treated cells towards extracellular
calcium (6).

These complex changes in the heavy metal distribution upon
TPA incubation might indicate a new route of action of TPA and
help to explain the conflicting data about the need of heavy metals
(mainly Zn) in tumor growth (30).
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The 90-kDa heat shock protein (hsp-90) is an abun-
dant cytosolic protein believed to play a role in main-
tenance of protein trafficking and closely associated
with several steroid hormone receptors. Incubation of
highly purified hsp-90 with [y-32P]ATP results in its
autophosphorylation on serine residues. There are sev-
eral lines of evidence which suggest that this activity
is due to a kinase intrinsic to hsp-90 rather than some
closely associated protein kinases: 1) the phosphoryl-
ation persists after the removal of casein kinase Il by
heparin chromatography and after immunoprecipita-
tion of hsp-90 with anti-hsp-90 antibodies. 2) The
approximate ky for ATP of the reaction is 0.16 mMm,
higher than that of many other protein kinases. 3)
Phosphorylation is not affected by a number of acti-
vators and inhibitors of other known kinases which
might associate with hsp-90. 4) The phosphorylation
displays a unique cation dependence being most active
in the presence of Ca%* and practically inactive with
Mg?*, although the autophosphorylation in the pres-
ence of Mg?* is activated by histones and polyamines.
5) The activity is remarkably heat-stable; incubation
of hsp-90 for 20 min at 95 °C results in only a 60%
decrease in autophosphorylation. 6) Finally, and most
importantly, purified hsp-90 can be labeled with azido-
ATP and it is able to bind to ATP-agarose. The binding
shows similar cation dependence to the autophosphor-
ylation. These data are in agreement with the presence
of a consensus sequence for ATP binding sites in the
primary structure of the protein similar to that ob-
served in the 70-kDa heat-shock proteins. Our data
suggest the 90-kDa heat shock protein possesses an
enzymatic activity analogous in many respects to the
similar activity of the 70-kDa heat shock proteins. This
may represent an important, previously unrecognized
function of hsp-90.

Heat shock proteins are a set of predominantly cytoplasmic
proteins universally expressed in organisms in response to
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temperatures above their natural range and to various other
environmental stresses (1-4). The major heat shock proteins
can be grouped into three size classes based on their approx-
imate molecular weights and degrees of homology. One class
is composed of proteins with molecular size between 15 and
30 kDa; members of the second and most highly conserved
group have molecular sizes of approximately 70 kDa; and the
third class consists of heat shock proteins with molecular
sizes ranging between 80 and 105 kDa.

A member of the latter group, the 90-kDa heat shock protein
(hsp-90),' is present in most, if not all, prokaryotic and
eukaryotic cells and may constitute up to 1-2% of the total
cytosolic protein. hsp-90 is associated with most steroid hor-
mone receptors in their non-ligand-bound state and is be-
lieved to act as a “molecular chaperone” preventing the pre-
mature association of steroid receptors with DNA (2-5). hsp-
90 also forms complexes with a number of protein kinases,
including casein kinase II, double-stranded DNA-activated
protein kinase, heme-regulated elF-2« kinase, protein kinase
C, and various tyrosine kinases (4, 6-12). In addition, hsp-90
assoclates with the microfilamental and microtubular net-
work, raising the possibility that it may use these cellular
trajectories in targeting the steroid receptors and other pro-
teins to the nucleus (13-15). Despite this information, the
exact function of hsp-90 is incompletely elucidated.

In the present report we present evidence that hsp-90
possesses an ATP binding site and the ability to phosphoryl-
ate itself on serine residues. These findings represent the first
demonstration of an apparent enzyme activity associated with
this abundant cellular protein and may help to understand its
function in normal and stressed cells.

EXPERIMENTAL PROCEDURES

Chemicals—Butyl-Sepharose 4B, DEAE-Sepharose Fast Flow, and
Sepharose S-200 resins were purchased from Pharmacia LKB Bio-
technology Inc. Spectragel HA hydroxylapatite resin was from Spec-
trum Medical Industries (Los Angeles, CA). Bio-Gel P-6DG resin and
all the chemicals used for polyacrylamide gel electrophoresis were
from Bio-Rad. The rabbit (AC88 and D7a) and sheep anti-hsp-90
antibodies were kindly provided by Drs. David O. Toft (Mayo Medical
School, Rochester, MN) and Michael J. Welsch (University of Mich-
igan, Medical School, Ann Arbor, MI), respectively. AC88 recognizes
“free” hsp-90, i.e. hsp-90 which is not complexed with steroid hormone
receptors, whereas D7a and the goat anti-hsp-90 antibodies react with
both the free and “bound” hsp-90 (16, 17). Anti-phosphotyrosine
antibodies were a gift of Dr. Morris F. White (Joslin Diabetes Center).
Protein A-acrylamide beads, constant boiling 6 N HCI, and Triton
X-100 were obtained from Pierce Chemical Co. The tyrosine kinase
inhibitor tyrphostin (18) was kindly provided by Dr. Joseph Schles-

! The abbreviations used are: hsp-90, 90-kDa heat shock protein;
TPCK, L-1-tosylamido-2-phenylethyl chloromethyl ketone; Hepes, 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, [ethylene-
bis-(oxyethylenenitrilo) Jtetraacetic acid; DTT, dithiothreitol; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

4943

9002 ‘£z isnfny uo |DIIN 40 AINN SIAMTIWINIS e 610 og["mmm woly papeojumod


http://www.jbc.org

Downloaded from www.jbc.org at SEMMELWEIS UNIV OF MEDICI on August 27, 2006


http://www.jbc.org

hsp-90-associated Kinase Activity

GTP

ATP

I 2|0 1
1/concentration (1/mM)

Fic. 2. Double-reciprocal plot of the ATP and GTP depend-
ence of hsp-90 autophosphorylation. 5 ug of heparin affinity
purified hsp-90 was phosphorylated by various concentrations of [y-
2ZP1ATP (O—Q) or [y-**P]GTP (®- - -@) in the presence of 10
mM Ca®* for 20 min at 30 °C as described under “Experimental
Procedures.” Preliminary experiments indicated that the autophos-
phorylation was a linear function of time up to 30 min in the
concentration range tested. Samples were analyzed by SDS-PAGE
and the amount of incorporated **P was calculated by measuring the
radioactivity of the hsp-90 bands. Data represent the mean of two
separate experiments.

1/v (1/[pmol 32-P/mgq protein x min])

Since it is well known that the 90-kDa heat shock protein
forms complexes with a number of serine, threonine, and
tyrosine protein kinases (4, 6-12), we examined the effect of
known inhibitors and activators of these enzymes on the
phosphorylation of hsp-90. The phosphorylation of hsp-90 in
the presence of Mg?* was strongly inhibited by both heparin
and 5,6-dichlorobenzimidazole riboside suggesting that casein
kinase II was present at this step of purification. By contrast,
the phosphorylation of heparin affinity purified hsp-90 in the
presence of Ca®* was not significantly affected by 50 pg/ml
double-stranded DNA, 5 pg/ml heparin, 5 mMm 5,6-dichloro-
benzimidazole riboside, 200 uM hemin, 100 yMm H-7 (1-(5-
isoquinolinesulfonyl)-2-methylpiperazine, 100 ug/ml phos-
phatidylserine plus 10 ug/ml diacylglycerol, and 100 uM of the
tyrosine kinase inhibitor tyrphostin (18) which modify the
activity of the double-stranded DNA-activated protein kinase,
casein kinase II, heme-regulated eIF-2a kinase, protein kinase
C, and various tyrosine kinases, regpectively (4, 6-12, 18; data
not shown). Thus, it seemed unlikely that a contaminating
protein kinase was responsible for the observed phosphoryl-
ation of hsp-90.

Covalent Labeling of hsp-90 with [«a-**P]8-Azido-ATP—
Observing the phosphorylation of hsp-90 in highly purified
preparations of the protein and gaining some evidence that
none of the kinases known to be associated with hsp-90 seem
to be involved in this process, we examined whether hsp-30
could be covalently labeled with radioactive azido-ATP. Fol-
lowing incubation and UV radiation of hsp-90 with the ATP
affinity reagent the 90-kDa band was heavily labeled. This
labeled band was immunoprecipitated with anti-hsp-90 anti-
bodies (Fig. 1, lanes i and k). ATP (10 mM) effectively com-
peted for labeling by radioactive azido-ATP in both the non-
immunoprecipitated and immunoprecipitated samples (lanes
Jjand ).

Binding of hsp-90 to ATP-Agarose—In addition to labeling
with azido-ATP, 30 and 76% of the heparin affinity purified
hsp-80 was able to bind to ATP-agarose in the presence of
Ca®* and Mn?*, respectively, both ions which support auto-
phosphorylation (Table I, and see below). The binding of hsp-
90 was negligible in the presence of Mg®*, without divalent
cations or without covalently attached ATP. These results
provide further evidence that hsp-90 has a nucleotide binding
site.
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TaBLE I
Binding of hsp-90 to ATP-agarose

50 pg of purified hsp-90 was applied to a 50-ul ATP-agarose (A4793,
Sigma) or agarose (A0169, Sigma) microcolumn equilibrated with a
buffer containing 50 mM Hepes, pH 7.4, and 10 mM of the divalent
cation indicated. The column was washed with 4 x 0.2 ml of the same
buffer, and the bound hsp-90 was eluted with 4 x 0.2 ml of Hepes,
pH 7.4, 10 mM EDTA solution. The amount of hsp-90 was quantified
by determination of protein content of each fraction collected. The
percentage of hsp-90 bound represents the relative amount of protein
in the EDTA elution as a percentage of total hsp-90 recovered. Data
are the mean of two separate experiments.

hsp-90 in the presence of % bound o
Mg?*-(ATP-agarose) 5
Ca®*-(ATP-agarose) 30
Mn?*-(ATP-agarose) 76
EDTA, EGTA-(ATP-agarose) 4
Mn?**-(agarose) 10

s A . :

£ £

< 200 ca 3

£ €

> S

% o/ Mn [

S 100 %

© 9 o

§ oo S :

£ 0.1 1 10 3 0.1 1 10

[Metal] (mM) [Metal] (mM)

Fic. 3. Divalent cation dependence of the autophosphory-
lation and azido-ATP labeling of hsp-90. 5 ug of heparin affinity
purified hsp-90 was phosphorylated by 200 uM [y-*P]ATP for 20
min at 30 °C (A) or labeled with 4 uM [«-**P)azido-ATP using 5-min
UV illumination at 4 °C (B) as described under “Experimental Pro-
cedures.” The phosphorylation or labeling was carried out in the
presence of Ca** (filled circles) or Mn** (open circles) at indicated
final concentrations. The bars represent experiments done in the
presence of 25 mM Mg?*, Samples were analyzed by SDS-PAGE. The
amount of incorporated **P or bound azido-ATP was calculated by
measuring the radioactivity of the hsp-90 bands. Data represent the
mean of two separate experiments.

Metal Dependence of the Phosphorylation and Azido-ATP
Labeling of hsp-90—The autophosphorylation of hsp-90 was
supported by Ca®* and, to a lesser extent, by Mn>* at final
concentrations higher than 1 mM (Fig. 3A). The azido-ATP
labeling of heparin affinity purified hsp-30 displayed similar
dependence on Ca® and Mn®* (Fig. 3B). In contrast, there
was virtually no autophosphorylation or azido-ATP labeling
in the presence of Mg** even at final concentrations as high
as 256 mM (Fig. 3, A and B). Neither the phosphorylation nor
the azido-ATP labeling reached saturation in the concentra-
tion range tested. In our experiments, however, some precip-
itation of the samples occurred if the concentration of the
divalent cations was raised above 25 mM; therefore, we did
not extend the concentration range above this value. Calmod-
ulin, a modulator of the association of hsp-90 with actin (14),
did not induce any significant changes in the level of hsp-90
phosphorylation in the presence of either micromolar or mil-
limolar Ca** (data not shown). From the data of Fig. 3 it can
be calculated that under our normal assay conditions (10 mM
Ca’" and 0.2 mM ATP), 1-2% of the total hsp-90 became
phosphorylated or covalently labeled after 20 min at 30 °C
using an hsp-90 concentration of 0.1 mg/ml.

The metal dependence of the phosphorylation of hsp-90 in
standard hsp-90 preparations displayed a markedly different
pattern than the highly purified hsp-90. For “standard” hsp-
90, Mg®* was the most active among the three divalent cations
tested, while Ca’* and Mn*" induced a much slighter effect
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90, by the purified hsp-90 preparation (data not shown).

Thus, the data strongly suggest that hsp-90 itself possesses
an intrinsic autophosphorylating activity.

Consistent with this observation, hsp-90 possesses an ATP
binding site. hsp-90 can be labeled with 8-azido-ATP and can
bind to ATP-agarose. Examination of the primary sequence
of the protein (33) and comparison of it to the consensus
sequence for ATP binding sites in other heat shock proteins
(34-37) reveals that hsp-90 contains homologous regions for
both the “A” and “B” sequences associated with ATP binding
(Table IV). Although this is a different type of ATP binding
site than that of other serine or tyrosine kinases, it is highly
homologous with the ATP binding sites of the 70-kDa heat
shock proteins. hsp-90 can also utilize GTP for its autophos-
phorylation. GTP has a similar efficiency as ATP in compet-
ing with azido-ATP binding (data not shown). However, hsp-
90 does not have an ideal sequence match with the GTP
binding consensus sequence (38), and the ky for GTP (0.44
mM) is too high to permit GTP as the preferred substrate
over ATP in vivo. The almost identical metal dependence of
the autophosphorylation and azido-ATP labeling further sup-
ports our conclusion that hsp-90 is a kinase capable of auto-
phosphorylating itself.

The ability of hsp-90 to undergo autophosphorylation de-
pends on the pre-existing phosphorylation state of the protein.
The somewhat unexpected finding that dephosphorylation of
hsp-90 actually decreases its successive autophosphorylation
suggests that phosphorylation in vivo on a specific residue(s)
may be necessary for the autophosphorylation reaction. A
similar phenomenon has been observed in reticulocytes where
hsp-90 is not able to stimulate the heme-sensitive elF-2«
kinase in its dephosphorylated form (39).

Under our experimental conditions relatively minor
amounts (1-2%) of the total hsp-90 became phosphorylated.
This extent of autophosphorylation is significantly smaller
than the stoichiometric, or almost stoichiometric autophos-
phorylation of most protein kinases (40). However, in the
case of the dnaK protein of Escherichia coli, which shows an
extensive analogy with hsp-90 (see below), the extent of
autophosphorylation is similarly low, 1-4% (41). It is also

hsp-90-associated Kinase Activity

possible that only a subpopulation of hsp-90 (isoform, mon-
omer, prephosphorylated hsp-90, or otherwise different hsp-
90) is participating in the autophosphorylation and this sub-
population incorporates stoichiometric amounts of phosphate.
Further experiments are needed to resolve this question.

The autophosphorylation and ATP binding of hsp-90 show
many similarities with the properties of the 70-kDa heat shock
proteins (hsp-70) and the related dnaK protein of E. coli. The
hsp-70 family is highly conserved through evolution and dis-
plays an ATP binding consensus sequence similar to that of
hsp-90. Likewise, the dnaK protein, which is highly homolo-
gous with the eukaryotic hsp-70 proteins, possesses a similar
ATP binding sequence and is also able to autophosphorylate
itself (41-43). Autophosphorylation of dnaK has properties
almost identical to those we have observed for hsp-90. Both
hsp-90 and dnaK have similar metal ion dependence for
autophosphorylation with Ca** > Mn?** > Mg®* (43). The
concentration dependence of the autophosphorylation with
Ca?" is also similar (41, 43). Both proteins display a remark-
able heat stability being still significantly active even after a
treatment at 95 °C (41-43) both hsp-90 and the dnaK protein
are able to utilize GTP as a substrate (41), and the overall
fraction of the protein being autophosphorylated is similar,
about 1-4% (41). The analogy, however, is not complete. hsp-
90 autophosphorylates predominantly on serine, whereas
dnaK phosphorylates on threonine. dnaK protein also pos-
sesses an ATPase activity which we could not detect in hsp-
90. This latter difference might be anticipated by analyzing
the primary structures of the two proteins. The ATPase
activity of the dnaK protein has been found to be associated
with its highly conserved amino-terminal portion which shows
no homology whatever with hsp-90 (44).

One attractive hypothesis for a physiological function of
hsp-90-associated kinase activity would relate to the associa-
tion of hsp-90 with various steroid hormone receptors. Most
steroid hormone receptors are multiply phosphorylated on
serin residues, and hsp-90 is a component of the “nontrans-
formed” (8 S) form of steroid receptors which is observed in
the absence of ligand binding (2-5). About 10 years ago a
calcium-dependent protein kinase activity was also reported

TABLE IV
ATP binding sequences of hsp-90 and related proteins
Protein Residues Sequence®
Type A sequence’
Consensus sequence (34, 35)° A/G-X-X-X-X-G-K-T/S-X-X-X-X-X-X-I/V
Rat hsp-70 (36) 131-144 A-E-A-Y-L-G-K-T---V-T-N-A-V---V
E. coli dnaK (37) 127-140 A-E-D-Y-L-G-E-P---V-T-E-A-V---V
41-54 A-Y-T-Q-D-G-E-T---L-V-G-Q-P-A
Murine hsp-90-« (33) 534-549 L-K-E-F-E-G-K-T---L-V-S-V-T-K-E-G
hsp-90-3 (33) 526-541 L-K-E-F-D-G-K-S---L-V-S-V-T-K-E-G
Type B sequence®
Consensus sequence (34, 35) H/R/K---- X5.8y ----¢-X-¢-¢-D/E?
Rat hsp-70 (36) 56~69 K-N-Q-V-A-M-N-P-T-N-T-V-F-D
187-199 K-K-V-G-A-E-R-N---V-L-I-F-D
387-395 K-S-G-N-V-Q-D-----L-L-L-L-D
E. coli dnaK (37) 84-98 R-D-V-S-I-M-P-F-K-I-I-A-A-D
151-164 R-Q-A-T-K-D-A-G-R-I-A-G-L-E
447-460 R-A-A-D-N-K-S-1L.-G-Q-F-N-L-D
Murine hsp-90-a (33) 363-373 K-L-Y-V-R-R-------V-F-I-M-D
513-524 R-K-H-G-L-E-V-----1I-T-M-1I-E
hsp-90-8 (33) 354-364 K-L-Y-V-R-R-------V-F-I-M-D

? Gaps are marked with hyphens and consensus sequences are in boldface.
¢ “Type A” and “Type B” sequences denote the putative triphosphate and adenine binding sequences, respectively

(34, 35).

¢ The numbers in parentheses denote the appropriate references.
¢ In the “Type B” consensus sequence “¢” stands for hydrophobic residues.
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to be associated with the purified, nontransformed form of
glucocorticoid and progesterone receptors (45-47), although
subsequently one of these studies was retracted (48) and two
other studies have shown no protein kinase activity associated
with either the highly purified, “transformed” (4 S) form of
the glucocorticoid receptor or with the associated 90-kDa
protein (which turned out to be hsp-90 in the subsequent
studies) (49, 50). Kost et al. (51) were also unable to show
azido-ATP labeling of the progesterone receptor-associated
hsp-90.

These latter observations seemingly contradict our results
showing the autophosphorylation and azido-ATP binding of
hsp-90. There are, however, several important differences
between these studies and the current study. First, Sanchez
and Pratt (49) and Hapgood et al. (50) studied the phosphoryl-
ation of hsp-90 primarily in the presence of Mg®* which,
under our assay conditions, does not support its activity. In
their experiments using Ca** as divalent cation, molybdate
was also present, and we find that molybdate inhibits the hsp-
90-associated kinase activity (data not shown). Kost et al.
(51) used Mn?*" as divalent cation in their experiments, a
cation which moderately supports the azido-ATP binding and
autophosphorylation of hsp-90. In these studies the source of
the hsp-90 was from the nontransformed form of the steroid
receptor complex, whereas in our studies hsp-90 was purified
directly from liver cytosol. Since only a small fraction of hsp-
90 undergoes autophosphorylation, it is also possible that this
portion of the protein represents a different pool of hsp-90
from the one which has been dissociated from the steroid
receptors. Furthermore, since prephosphorylation might en-
hance the autophosphorylation of hsp-90, it is possible that
the hsp-90 derived from the nontransformed steroid receptor
does not meet this condition. The dissociation of hsp-90 from
steroid receptors and its autophosphorylation may be linked
events. If this is indeed the case, then the in vitro autophos-
phorylation sites may already be occupied in the “steroid
receptor-derived” hsp-90.

There are some correlations between the in vitro and in
vivo phosphorylation of hsp-90 (2-5). Although autophos-
phorylation of hsp-90 in vitro requires relatively high concen-
trations of Ca®*, histones (most probably the lysine-rich his-
tone H1 and/or H2A) and protamine change the activation
pattern in favor of Mg**. This raises the possibility that the
autophosphorylation of hsp-90 might be linked to its associ-
ation/encounter with other proteins, e.g. histones. This pos-
sibility is interesting since a portion of hsp-90 is found in the
nucleus (52) which may be the place where steroid receptors
dissociate from hsp-90 (52, 53). These considerations have led
us to the hypothesis that histones may play a role in the
dissociation of hsp-90 from steroid receptors which in turn
may be linked with the autophosphorylation of hsp-90. To
test this hypothesis, further studies are needed.

If hsp-90 is indeed a kinase, does it possess phosphotrans-
ferase activity or does it exclusively phosphorylate itself as
has been suggested for the ras proteins (54)? Our preliminary
experiments have thus far revealed no significant phosphoryl-
ation of histones, protamine, casein, phosvitin, actin, Kemp-
tide, and angiotensin by hsp-90 (data not shown) and indicate
that, if hsp-90 is a protein kinase, it must have a very limited
substrate specificity. Our experiment showing no significant
increase in the radioactive label after acidic gel electrophoresis
argues against the formation of an acyl-phosphate interme-
diate which is a requirement in some phosphate transfer
reactions. On the other hand the relatively high k of the
reaction (which is similar to that of 3-phosphoglycerokinase,
glycerol kinase, hexokinase, creatine kinase, or nucleotide
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kinases (55-59)) may suggest that hsp-90 phosphorylates
substrates other than proteins.

In summary, our data indicate that hsp-90 possesses an
autophosphorylating activity and a nucleotide binding site.
This represents the first enzyme activity assigned to this
abundant cellular polypeptide. Further studies of the auto-
phosphorylation of hsp-90 may help us to understand the
function of this protein in unstressed and stressed cells.

Acknowledgments—We would like to thank Dr. David O. Toft
(Mayo Medical School, Rochester, MN), and Drs. Timothy Redmond
and Michael J. Welsch (University of Michigan, Medical School, Ann
Arbor, MI) for their kind gifts of anti-hsp-90 antibodies. P. C. is
thankful to Dr. Kazunori Yamada for his help in the phosphoamino
acid analysis and to Dr. Steve Shoelson for useful discussions.

REFERENCES

1. Lindquist, S. (1986) Annu. Rev. Biochem. 55, 1151-1191

2. Burdon, R. H. (1986) Biochem. J. 240, 313-324

3. Subjeck, J. R., and Shyy, T. (1986) Am. J. Physiol. 250, C1-C17

4. Lindquist, S., and Craig, E. A. (1988) Annu. Rev. Genet. 22, 631-
677

5. Hardesty, B., and Kramer, G. (1989) Biochem. Cell Biol. 67, 749-
750

6. Walker, A. I, Hunt, T., Jackson, R. J., and Anderson, C. W.
(1985) EMBO J. 4, 139-145
7. Dougherty, J. J., Rabideau, D. A., Iannotti, A, M., Sullivan, W.
P., and Toft, D. O. (1987) Biochim. Biophys. Acta 927, 74-80
8. Rose, D. W., Wettenhall, R. E. H., Kudlicki, W., Kramer, G., and
Hardesty, B. (1987) Biochemistry 26, 6583-6587
9. Oppermann, H., Levinson, W., and Bishop, J. M. (1981) Proc.
Natl Acad. Sci. U. S. A. 78, 1067-1071
10. Lipsich, L. A., Cutt, J. R., and Brugge, J. S. (1982) Mol. Cell. Biol.
2, 875-880
11. Adkins, B., Hunter, T., and Sefton, B. M. (1982) J. Virol. 43,
448-455
12. Ziemiecki, A., Catelli, M., Joab, 1., and Moncharmont, B. (1986)
Biochem. Biophys. Res. Commun. 138, 1298-1307
13. Koyasu, S., Nishida, E., Kadowaki, T., Matsuzaki, F., Iida, K.,
Harada, F., Kasuga, M., Sakai, H., and Yahara, 1. (1986) Proc.
Natl. Acad. Sci. U. S. A. 83, 8054-8058
14. Nishida, E., Koyasu, S., Sakai, H., and Yahara, 1. (1986) . Biol.
Chem. 261, 16033-16036
15. Sanchez, E. R., Redmond, T., Scherrer, L. C., Bresnick, E. H,,
Welsh, M. J., and Pratt, W. B. (1988) Mol. Endocrinol. 2, 756—
760
16. Brugge, J., Yonemoto, W., and Darrow, D. (1983) Mol. Cell. Biol.
3,9-19
17. Sullivan, W. P., Vroman, B. T., Bauer, V. J., Puri, R. K., Riehl,
R. M., Pearson, G. R., and Toft, D. O. (1985) Biochemistry 24,
4214-4222
18. Lyall, R. M., Zilberstein, A., Gazit, A., Gilon, C., Levitzki, A., and
Schlessinger, J. (1989) J. Biol. Chem. 264, 14503-14509
19. Yonezawa, N., Nishida, E., Sakai, H., Koyasu, S., Matsuzaki, F.,
Iida, K., and Yahara, 1. (1988) Eur. J. Biochem. 177, 1-7
20. Lees-Miller, S. P., and Anderson, C. W. (1989) J. Biol. Chem.
264, 2431-2437
21. Laemmli, U. K. (1970) Nature 227, 680-685
22. Cooper, J. A., Sefton, B. M., and Hunter, T. (1983) Methods
Enzymol. 99, 387-402
23. Shacter, E. (1984) Anal. Biochem. 138, 416-420
24, Twining, S. S. (1984) Anal. Biochem. 143, 30-34
25. Bradford, M. M. (1976) Anal. Biochem. 72, 248-254
26. Carlsson, L., and Lazarides, E. (1983) Proc. Natl. Acad. Sci. U.
S. A. 80, 4664-4668
27. Hathaway, G. M., and Traugh, J. A. (1982) Curr. Top. Cell. Regul.
21,101-127
28. Hara, T., Takahashi, K., and Endo, H. (1981) FEBS Lett. 128,
33-36
29. Fujitaki, J. M., and Smith, R. A. (1984) Methods Enzymol. 107,
23-36
30. Resch, M. D. (1982) J. Biol. Chem. 257, 6978-6986
31. Bond, J. S., and Butler, P. E. (1987) Annu. Rev. Biochem. 56,
333-364
32. Huang, K.-P., Chan, K.-F. J., Singh, T. J., Nakabayashi, H., and
Huang, F. L. (1986) J. Biol. Chem. 261, 12134-12140

9002 ‘£z isnfny uo |DIIN 40 AINN SIAMTIWINIS e B10°og["mmm woly papeojumod


http://www.jbc.org

4950
33,
34,
35.
36.
37.
38
39.
40.
41.
42,
43.
44,

45.

Moore, S. K., Kozak, C., Robinson, E. A., Ullrich, 8. J., and
Appella, E. (1989) J. Biol. Chem. 264, 5343-5351

Walker, J. E., Saraste, M., Runswick, M. J., and Gay, N. J. (1982)
EMBO J. 1, 945-951

Chin, D. T, Goff, S. A., Webster, T., Smith, T., and Goldberg,
A. L. (1988) J. Biol. Chem. 263, 11718-11728

O’Malley, K., Hauron, A., Barchas, J. D., and Kedes, L. (1985)
Mol. Cell. Biol. 5, 3476-3483

Bardwell, J. C. A, and Craig, E. A. (1984) Proc. Natl. Acad. Sci.
U. S A 81, 848-852

Dever, T. E., Glynias, M. J., and Merrick, W. C. (1987) Proc.
Natl. Acad. Sci. U. S. A. 84, 1814-1818

Szyszka, R., Kramer, G., and Hardesty, B. (1989) Biochemistry
28, 1435-1438

Edelman, A. M., Blumenthal, D. K., and Krebs, E. G. (1987)
Annu. Rev. Biochem. 56, 567-613

Cegielska, A., and Georgopoulos, C. (1989) Biochimie 71, 1071~
1077

Zylicz, M., LeBowitz, J. H., McMacken, R., and Georgopoulos,
C. (1983) Proc. Natl. Acad. Sci. U. S. A. 80, 6431-6435

Dalie, B. L., Skaleris, D. A., Koehle, K., Weissbach, H., and Brot,
N. (1990) Biochem. Biophys. Res. Commun. 166, 1284-1292

Ceigelska, A., and Georgopoulos, C. (1989) <J. Biol. Chem. 264,
2112221130

Garcia, T., Tuohimaa, P., Mester, J., Buchou, T., Renoir, J., and
Baulieu, E. (1983) Biochem. Biophys. Res. Commun. 113, 960-
965

46.
47.
48.
49.
50.
51.
52.

53.
54.

55.
56.
57.
58.
59.

hsp-90-associated Kinase Activity

Singh, V. B., and Moudgil, V. K. (1984) Biochem. Biophys. Res.
Commun. 125, 1067-1073

Miller-Diener, A., Schmidt, T. J., and Litwack, G. (1985) Proc.
Natl. Acad. Sci. U. S. A. 82, 4003-4007

Garcia, T., Buchou, T., Renoir, J., Mester, J., and Baulieu, E.
(1986) Biochemistry 25, 7937-7942

Sanchez, E. R., and Pratt, W. B. (1986) Biochemistry 25, 1378-
1382

Hapgood, J. P., Sabbatini, G. P., and von Holt, C. (1986) Bio-
chemistry 25, 7529-7534

Kost, S. L., Smith, D. F,, Sullivan, W. P., Welch, W. J., and Toft,
D. 0. (1989) Mol. Cell. Biol. 9, 3829-3838

Gasc, J., Renoir, J., Faber, L. E., Delahaye, F., and Baulieu, E.
(1990) Exp. Cell Res. 186, 362-367

Baulieu, E. (1987) J. Cell. Biochem. 35, 161-174

Shih, T. Y., Papageorge, A. G., Stokes, P. E., Weeks, M. O., and
Scolnick, E. M. (1980) Nature 287, 686-691

Scopes, R. K. (1973) in The Enzymes (Boyer, P. D., ed) Vol. 8,
pp. 335-352, Academic Press, Orlando, FL.

Watts, D. C. (1973) in The Enzymes (Boyer, P. D., ed) Vol. 8, pp.
384-432, Academic Press, Orlando, FL.

Thorner, J. W., and Paulus, H. (1973) in The Enzymes (Boyer,
P.D,, ed) Vol. 8, pp. 487-505, Academic Press, Orlando, FL.
Colowick, S. P, (1973) in The Enzymes (Boyer, P. D, ed) Vol. 9,

pp. 1-48, Academic Press, Orlando, FL.
Anderson, E. P. (1973) in The Enzymes (Boyer, P. D, ed) Vol. 9,
pp. 49-96, Academic Press, Orlando, FL.

9002 ‘£z isnfny uo |DIIN 40 AINN SIAMTIWINIS e 610 og["mmm woly papeojumod


http://www.jbc.org

THE JOURNAL OF BIOLOGICAL CHEMISTRY .
© 1993 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 268, No. 3, Issue of January 25, pp. 1901-1907, 1993
Printed in U.S.A.

ATP Induces a Conformational Change of the 90-kDa Heat Shock

Protein (hsp90)*

(Received for publication, August 7, 1992)

Péter Csermely?, Judit Kajtar§, Miklos Hollosi§, George JalsovszkyY, Sandor Holly",
C. Ronald Kahn|, Péter Gergely, Jr.}, Csaba Soti}, Katalin Mihaly}, and Janos Somogyit

From the tInstitute of Biochemistry I, Semmelweis University, School of Medicine, H-1444 Budapest, Hungary, the

§ Department of Organic Chemistry, E6tvés University, H-1518 Budapest, Hungary, the YCentral Research Institute of
Chemistry, Hungarian Academy of Sciences, H-1525 Budapest, Hungary, and the || Research Division, Joslin Diabetes Center,
Department of Medicine, Brigham and Women's Hospital and Harvard Medical School, Boston, Massachusetts 02215

The 90-kDa heat shock protein (hsp90) is a well
conserved, abundant cytosolic protein believed to be a
“chaperone” of most steroid receptors. We have re-
cently demonstrated that hsp90 has an ATP-binding
site and autophosphorylating activity (Csermely, P.,
and Kahn, C. R. (1991) J. Biol. Chem. 266, 4943—
4950). Circular dichroism analysis of highly purified
hsp90 from rat liver shows that ATP induces an in-
crease of S-pleated sheet content of hsp90. Vanadate,
molybdate, and heat treatment at 56 °C induce a simi-
lar change in the circular dichroism spectrum. Fourier
transformed infrared spectroscopy reveals an ATP-
induced increase in the interchain interactions of the
90-kDa heat shock protein due to an increase in its 8-
pleated sheet content. In further studies we found that
ATP: 1) decreases the tryptophan fluorescence of
hsp90 by 11.6 = 1.9%; 2) increases the hydrophobic
character of the protein as determined by its distribu-
tion between an aqueous phase and phenyl-Sepharose;
and 3) renders hsp90 less susceptible to tryptic diges-
tion. Our results suggest that hsp90 undergoes an “open
— closed” conformational change after the addition
of ATP, analogous in many respects to the similar
changes of the DnaK protein, the immunoglobulin
heavy chain binding protein (BiP/GRP78), and hsp70.
The ATP-induced conformational change of hsp90 may
be important in regulating its association with steroid
receptors and other cellular proteins.

Exposure of cells to a wide variety of environmental per-
turbations stimulates the synthesis of a group of polypeptides
known as the heat shock (stress) proteins (1-3). The heat
shock proteins are usually classified on the basis of their
approximate molecular masses and degrees of homology. One
class is composed of proteins with molecular sizes between
105 and 80 kDa; members of the second and most highly
conserved group have molecular sizes of approximately 70
kDa; the third class consists of heat shock proteins with
molecular sizes around 60 kDa; and there is a fourth group of
“small” heat shock proteins with molecular masses ranging

*This work was supported by Hungarian Academy of Sciences
Grants OTKA-T5534 and OTKA-1089, Hungarian Ministry of Social
Welfare Grant ETT-202/91, National Institutes of Health (NIH)
Grant DK 33201, NIH Grant DK 36836 for the Joslin Diabetes and
Endocrinology Research Center, and by the Marilyn M. Simpson
Research Program in Diabetes. The costs of publication of this article
were defrayed in part by the payment of page charges. This article
must therefore be hereby marked “advertisement” in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

between 6 and 30 kDa (4). Most stress proteins are also
synthesized constitutively in significant amounts under nor-
mal, nonstressed conditions. This raises the possibility that
heat shock proteins play an important role in the physiology
of normal cells.

Recent studies indicate that members of the 60- and 70-
kDa heat shock protein “families” cooperate in facilitating
the transport of proteins across membranes of the endo-
plasmic reticulum and mitochondria (5, 6). The 90-kDa heat
shock protein (hsp90),' is an abundant cytosolic protein be-
lieved to act as a “chaperone” by binding to nascent steroid
receptors and preventing their premature association with
DNA (2-4, 7, 8). hsp90 also modulates the activity of
pp60°* and the initiation factor-2 kinase (9, 10) and binds
to actin and tubulin, which raises the possibility of an in vive
interaction with the microfilamental and microtubular net-
work (11, 12). Despite this information, the exact function of
hsp90 is not completely understood.

In an earlier study we demonstrated that hsp90 possesses
and ATP-binding site and the ability to phosphorylate itself
on serine residue(s) (13) analogous in many respects to the
similar structure and activity of the 70-kDa heat shock pro-
teins (14-16). Recently, an ATP-induced conformational
change of the DnaK protein (17, 18) and the 70-kDa heat
shock protein (19) has been reported. These findings raised
the possibility that hsp90 undergoes similar changes in its
secondary and tertiary structure after the addition of ATP.
In the present paper, we verified this hypothesis using circular
dichroism and Fourier transform infrared spectroscopies as
well as the analysis of tryptophan fluorescence, hydrophobic
character, and limited proteolysis of hsp90.

MATERIALS AND METHODS

Chemicals—The chemicals used for polyacrylamide gel electropho-
resis were from Bio-Rad. Butyl-Sepharose 4B, DEAE-Sepharose Fast
Flow, phenyl-Sepharose 4B, and Sepharose $-200 were purchased
from Pharmacia LKB Biotechnology Inc. (Uppsala, Sweden). Spec-
tragel HA hydroxyapatite resin was from Spectrum Medical (Los
Angeles, CA). Anti-hsp90 antibody (AC-88) was purchased from
StressGen (Victoria, B. C., Canada). TPCK-trypsin was purchased
from Worthington. ATPyS was from Boehringer Mannheim. 8-
Azido-[«-**P]ATP (366 GBq/mmol) was from ICN Biomedicals Inc.
(Irvine, CA). All other chemicals used were from Sigma.

Isolation of hsp90—The 90-kDa heat shock protein was isolated

! The abbreviations used are: hsp90, 90-kDa heat shock protein;
DnakK, the hsp70 homolog of E. coli; FT-IR, Fourier transform in-
frared; grp78, the immunoglobulin heavy chain binding protein (BiP);
hsp56/59, 56-59-kDa heat shock protein; hsp70, 70-kDa heat shock
protein and its constitutive homolog, hsc70; PAGE, polyacrylamide
gel electrophoresis; TPCK, N-tosyl-L-phenylalanine chloromethyl
ketone; ATP+S, adenosine 5’-O-(thiotriphosphate).

1901

900z ‘.2z 1snbny uo 213N 40 AINN SIIMTIWNTS Ye B0 ogl-mmm wolj papeojumod


http://www.jbc.org

1902

from livers of 2-3-month-old male Sprague-Dawley rats using the
method of Yonezawa et al. (20) as described earlier (13). The purity
of this preparation was higher than 95% (usually higher than 98%)
as judged by densitometry of Coomassie Blue-stained SDS slab gels
(21). Protein concentrations were determined using the methods of
Lowry et al. (22), Bradford (23), and Udenfriend et al. (24) with
bovine serum albumin and globulin as standards. We got the highest
value with the Bradford/serum globulin method/standard pair,
whereas the protein concentration using the Udenfriend method with
bovine serum albumin was five times lower. Finally, we calculated
and used the mean of all protein determinations getting a factor of
0.57 £ 0.18 with respect to the values of the Bradford/serum globulin
method/standard pair.

Covalent Labeling of hsp90 with 8-Azido-[a-2P]JATP—Covalent
labeling of hsp90 was performed as described earlier (13). 5 ug of
hsp90 was preincubated with 4 uM (1 xCi) 8-azido-[a-**P]ATP in the
dark in separate wells of a 96-well microtiter plate at 4 °C for 15 min
in a buffer containing 50 mM Hepes pH 7.4 and 10 mM CaCl,. The
reaction mixture was irradiated with a 100-watt long wavelength UV
lamp (Black Ray, UVP Inc., San Gabriel, CA) for 5 min at 4 °C from
a distance of 10 cm. Samples were transferred to Eppendorf micro-
centrifuge tubes containing 30 ul of Laemmli buffer (21) supple-
mented with 10 mM EDTA and 20 mM dithiothreitol, boiled for 5
min, and analyzed by SDS-PAGE (21) and autoradiography. The
radioactivity of the hsp90 bands was quantitated by densitometry of
the autoradiograms.

Circular Dichroism Measurements—Circular dichroism (CD) spec-
tra were recorded on a Jobin Yvon VI dichrograph. Measurements
were made at room temperature in a 0.01-cm pathlength cylindrical
quartz cell. The concentration of the samples was 0.3-0.5 mg of
hsp90/ml in 50 mM Hepes pH 7.4 buffer. Base lines were obtained
using protein-free buffer solution with the appropriate additions. The
ligands were introduced from stock solution (200X concentrated), and
their equilibration was facilitated with gentle agitation for approxi-
mately 1 min. Longer incubation did not cause any further difference
in the CD spectra. Mean residue ellipticities were calculated based
on a mean residue molecular mass of 110 kDa. The CD spectra were
analyzed by the method of Provencher (25, 26) as a linear combination
of the CD spectra (from 195 to 240 nm) of 16 proteins whose secondary
structures are known from x-ray crystallography. Secondary structure
of hsp90 was also estimated by the predictive methods of Chou and
Fasman (27) and Garnier et al. (28) using the amino acid sequence of
murine hsp90 (29).

Fourier Transform Infrared Spectroscopy—Fourier transform in-
frared (FT-IR) spectra were recorded on a Nicolet 170SX spectrom-
eter (MCT detector, Ge/KBr beam splitter) using a demountable cell
with a spacing of ~50 um. For each spectrum, 1024 interferograms
were averaged and Fourier transformed to yield FT-IR spectra with
a resolution of 4 cm™'. The spectrum of the buffered D,O medium
was digitally subtracted, and absorptions due to water vapor were
removed in the same manner. In order to separate instrumentally
unresolvable infrared band contours, Fourier self-deconvolution was
applied to the spectra using 15 cm™ bandwidth and a resolution
enhancement factor of 2.0.

Fluorescence Measurements—Fluorescence measurements were
carried out in a Perkin-Elmer Cetus Instruments LS 50 spectrofluo-
rometer at 37 °C. The tryptophan fluorescence of hsp90 was measured
by using an excitation wavelength of 295 nm and an emission wave-
length of 330 nm, with 5-nm slit widths. Samples were measured in
1-cm rectangular quartz cuvettes in 2 ml of 100 mm Tris-HCI, pH
7.4, at a protein concentration of 0.1 mg/ml. Fluorescence values are
expressed as percentage of total hsp90 fluorescence obtained after
subtracting the background light intensity measured with the Tris
buffer alone. Changes of tryptophan fluorescence have been corrected
to the absorption of various ligands at 295 and 330 nm using the
formula,

1 = [em 9B+ B2 (Eq. 1
where I and I, are light intensities after and before the addition of
the appropriate ligands, respectively; d is 0.5 cm; and E, and E, are
the absorbances of the ligands at 295 and 330 nm, respectively. The
necessary correction of fluorescence data was never higher than 0.1%
of the total fluorescence.

Binding of hsp90 to Phenyl-Sepharose-——Binding of hsp90 to
phenyl-Sepharose was determined according to Yamamoto et al. (30).
25 ug of purified rat liver hsp90 in 60 ul of binding buffer containing
50 mM Hepes pH 7.4, 0.1 M NaCl, 0.2 mM dithiothreitol, 10 mM

ATP-induced Conformational Change of hsp90

CaCl,, +2.5 mM ATP; and various concentrations of ethylene glycol
were added to a 30-ul suspension of phenyl-Sepharose gel equilibrated
with the same buffer. Samples were incubated at 10 °C for 12 min.
The suspension was centrifuged at 6000 rpm for 1 min, and the
supernatant was analyzed by SDS-PAGE (21). The amount of hsp90
was quantitated by densitometry of Coomassie Blue-stained gels on
a Pharmacia Ultroscan XL laser densitometer using a standard curve
of known amounts of hsp90.

Limited Proteolysis of hsp90—Tryptic digestion pattern of hsp90
was analyzed after Lees-Miller and Anderson (31). 15 ug of hsp90
was incubated with 0.1 ug of TPCK-treated trypsin in the presence
of 20 mM Hepes pH 7.4, 0.15 M NaCl, 1 mm EDTA, 6 mMm MgCl,, 5%
(v/v) glycerol, 1 mM dithiothreitol, £2.5 mM ATP at 37 °C for the
times indicated. Digestion was stopped by the addition of 10 ug of
trypsin inhibitor, and the tryptic fragments were visualized by SDS-
PAGE (21).

RESULTS

Effect of ATP on the Circular Dichroism of hsp90—CD
spectrum of hsp90 showed an ellipticity maximum below 195
nm and two negative bands at 210 and 220 nm (Fig. 1). In the
200-270-nm range, the CD spectrum of hsp90 in 50 mM Hepes
pH 7.4 was not significantly different from that measured in
solutions with a strongly decreased buffer concentration (data
not shown). Comparison of CD spectra at various buffer
concentrations revealed that due to the intensive absorbance
of the Hepes buffer there is a +20% error in the magnitude
and position of the positive band of the spectra below 195
nm,

While the addition of MgCl, and ATP at final concentra-
tions of 10 and 0.5 mM, respectively, caused only slight
changes in the shape of the spectrum, the effect of Ca-ATP
was significant, giving rise to one single negative band at 219
nm (Fig. 1). Thus ATP induced a positive contribution to the
overall ellipticity of hsp90 in the region of 195-220 nm.
Control experiments showed no significant change in the CD
spectrum of hsp90 if MgCl, or CaCl, was added alone. Ca-
ATP~S induced changes similar to those of Ca-ATP in the
CD spectrum of hsp90 (data not shown); thus the change in
CD spectrum does not require the autophosphorylation of
hsp90.

The analysis of CD spectra of hsp90 gave an average com-
position of 36% «-helix and 46% B-structure (Table I). The
relative contribution of g-structure increased to 65% after
ATP addition, whereas the a-helical content was essentially
unchanged. Comparison of our experimental data with those

Theta x 10 (deg.cm?/dmole)

200 210 220 230 240
Wavelength (nm)

Fic. 1. Effect of ATP on the circular dichroism of hsp90.
Circular dichroism spectra of hsp90 were recorded in the absence
(solid line) or presence of 0.5 mM ATP and 10 mM CaCl, (alternating
dots and dashes) or 10 mM MgCl, (dashed line) as described under
“Materials and Methods.” Spectra are representatives of three sepa-
rate experiments.
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TABLE I
Secondary structure of hsp90
Calculation of secondary structure from CD spectra and its predic-
tion from the primary structure of murine hsp90 (29) was done as
described under “Materials and Methods.” The numbers in parenthe-
ses denote the corresponding references.

Contribution to
secondary structure

«-Helix B-Structure

% %

Experimental data
hsp90 36 46
+ ATP 33 65
hsp70 (48) 40 40

Predicted values

Chou-Fasman method (27) 37 26
Garnier method (28) 59 16
Chicken hsp90 (65) 58 11

Theta x 10 (deg.crr?/dmole)

2.0 1 : :
200 210 220 230 240
Wavelength (nm)

F1G. 2. Effect of heat treatment on the circular dichroism
of hsp90. hsp90 was subjected to heat treatment by incubating in
50 mM Hepes buffer pH 7.4 at 56 °C for 15 min and cooling to room
temperature within 3 min. Circular dichroism spectra of hsp30 were
recorded before (solid line), immediately after (alternating dots and
dashes), and 60 min after (dashed line) the heat treatment as de-
scribed under “Materials and Methods.” Spectra are representatives
of three separate experiments.

of hsp70 and with the predicted secondary structure of hsp90
revealed a similar o-helical content and a slightly higher
amount of 3-structures. The difference in the amount of §-
structures may arise both from the uncertainties of the deter-
minations/predictions and from a possible thermodynamical
unstability of hsp90, a molecular chaperone putatively in-
volved in the unfolding/refolding of other proteins.

Effect of Temperature Change on the Circular Dichroism of
hsp90—Since hsp90 is a heat shock protein and it displays
temperature-induced changes in its hydrophobicity and self-
aggregation around 40-45 °C (30, 32), we examined whether
the elevation of the temperature resulted in any change in the
CD spectrum of the protein. To avoid the distortion of the
cells due to temperature differences, hsp90 was heated at
56 °C for 15 min in separate Eppendorf tubes, and the samples
were rapidly cooled to room temperature before analysis. Heat
treatment of hsp90 induced changes in its CD spectrum
similar to those observed after the addition of Ca-ATP (cf.
Figs. 1 and 2). The effect was at least partially reversible since
leaving the samples at room temperature for 60 min partially
restored the original, double-lobed negative peak at 210 and
220 nm (Fig. 2).

Effect of Vanadate and Molybdate on the Binding of Azido-
ATP to hsp90 and on the CD Spectrum of the Protein—
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Molybdate and vanadate are known to stabilize the steroid
receptor-hsp90 complex (33, 34). Since both ions are transi-
tion state analogs of phosphate (35, 36) and since hsp90 has
an ATP-binding site (13), we wanted to examine whether
molybdate and vanadate modulate the binding of ATP to
hsp90. Indeed, both anions inhibited the affinity labeling of
hsp90 by azido-ATP (Fig. 3). Molybdate had a half-maximal
effect around 0.5 mM, whereas vanadate was more efficient,
having an EDs, around 50 uM (Fig. 3).

After verifying that molybdate and vanadate are good in-
hibitors of ATP binding to hsp90, we analyzed whether these
anions induced any change in the secondary structure of the
protein by examining the CD spectra of hsp90 in the absence
and presence of molybdate and vanadate. Vanadate induced
a similar change in the CD spectrum of hsp90 similar to that
induced by Ca-ATP or heat treatment (cf. Figs. 1, 2, and 4).
The effect of molybdate at 10 mM final concentration was
similar to that of 0.1 mM vanadate, whereas 0.5 mM molybdate
did not induce any significant changes in the CD spectrum of

. 100
& | Q
o *
= 80 5
& .
T 60 T
g . Molybdate
B2 40 S
3 o
[a) Vanadate
aa]
20 1
0

0.01 0.1 1 10
Concentration (mM)

Fic. 3. Effect of vanadate and molybdate on azido-ATP
binding to hsp90. 5 ug of hsp90 was labeled with 4 uM azido-
[«-**P]JATP in the presence of 10 mM CaCl, and various concentra-
tions of sodiumn molybdate (open circles) and sodium vanadate ( filled
circles) by illuminating with UV light for 5 min at 4 °C as described
under “Materials and Methods.” Samples were subjected to SDS-
PAGE and autoradiography. The amount of bound azido-ATP was
calculated by densitometric analysis of the hsp90 band in autoradi-
ograms with or without vanadate or molybdate. Data are means of
two separate experiments.

20

Theta x 10 (deg.cm?/dmole)

20 b
220 230 240
Wavelength (nm)

Fic. 4. Effect of vanadate on the circular dichroism of
hsp90. Circular dichroism spectra of hsp90 were recorded in the
absence (solid line) or presence of 0.1 mM sodium vanadate (dashed
line) as described under “Materials and Methods.” Spectra are rep-
resentatives of three separate experiments.
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hsp90 (data not shown). In the experiments with vanadate,
attention was paid to avoid even a transient acidification of
the samples that would cause the accumulation of the kinet-
ically stable decavanadate species distorting the CD measure-
ments due to its high absorbance (bright yellow color; Ref.
37).

Effect of ATP on the Fourier Transform Infrared Spectrum
of hsp90—The high absorbance of water in the amide I region
hides the subtle differences of FT-IR spectra induced by
conformational changes in the protein backbone. Therefore,
we analyzed the Fourier transform infrared spectrum of hsp90
in D,0. hsp90 displayed a similar autophosphorylation pat-
tern in the presence of Ca**, Mg**, and Mg®* + histone H1 in
D20 medium and in H;O indicating that deuteration is un-
likely to cause significant changes in the ATP-related func-
tioning of hsp90 (data not shown). The interpretation of
spectral changes in the amide II band is difficult in D,O, since
the extent of hydrogen to deuterium exchange varies with the
residual amount of water in different samples inducing larger
absorbance differences in this section of the spectrum than
in the amide I region. Therefore, the analysis was restricted
to the amide I band in these samples. In Fig. 5, the amide I
band of the FT-IR spectrum of hsp90 is shown before and
after the addition of Ca-ATP (dashed lines in panels A and
B, respectively). The solid lines represent the same FT-IR
spectra after Fourier deconvolution using a bandwidth of 15
cm™ and a resolution enhancement factor of 2.0. Addition of
ATP induces a significant increase at 1625-1627 cm™ and

1700 1650 1600
Wavenumber (cm™)

F16. 5. Effect of ATP on the Fourier transform infrared
spectrum of hsp90. Rat liver hsp90 was equilibrated with a Hepes-
buffered solution of D;0O by repeated cycles of dilution/concentration
using a Centricon 30 concentrator. FT-IR spectra of hsp90 were
recorded in the absence ( panel A) and presence (panel B) of 0.5 mM
ATP and 5 mM CaCl; as described under “Materials and Methods.”
Solid lines represent the same FT-IR spectra after Fourier deconvo-
lution using 15 cm™ bandwidth and a resolution-enhancing factor of
2.0. Arrows indicate changes in the spectrum after addition of ATP.
Vertical bar denotes an absorbance of 0.1. Spectra are representatives
of three separate experiments.

ATP-induced Conformational Change of hsp90

several less pronounced changes at 1660, 1670, 1680, and 1695
cm™. In control experiments, the addition of CaCl, alone did
not induce any significant changes in the FT-IR spectrum of
hsp90 (data not shown).

Effect of ATP on the Tryptophan Fluorescence of hsp90—
Murine hsp90 contains 4 tryptophan and 23 tyrosine residues
(29). At the 295/330 excitation/emission wavelength pair,
however, the only significant contribution to the intrinsic
fluorescence comes from the tryptophan residues (38). Since
tryptophan fluorescence is a sensitive marker of the confor-
mational changes of proteins (38), we examined whether ATP
induces any change in this property of hsp90. Indeed, addition
of ATP resulted in a large decrease in the intrinsic fluores-
cence of hsp90 similarly to that of the DnaK protein (Fig. 6,
panel A, trace a; Ref. 18). The ATP-induced decrease in
tryptophan fluorescence could be repeatedly observed after
several cycles of dialysis and ATP readdition (data not
shown). The change of tryptophan fluorescence was almost
identical if we used the nonhydrolyzable ATP analog, ATPyS
(Fig. 6, panel A, trace b). ATP induces a similar decrease in
tryptophan fluorescence at a final ATP concentration of 2.5
mM in the absence or presence of CaCl, or MgCl, (Table II).
At lower ATP concentrations, however, the change in tryp-
tophan fluorescence depended on the accompanying divalent
cation with an apparent K; of 1.1 or 0.2 mM ATP in the
presence of MgCl; or CaCl,, respectively (Fig. 6, panel B).

Effect of ATP on the Hydrophobicity of hsp90—ATP in-
duced a small but significant ( p < 0.1) increase in the binding
of hsp90 to phenyl-Sepharose (Fig. 7). The ATP-induced
differences increased with increasing concentration of ethyl-
ene glycol, a known modulator of interactions between hsp90
and phenyl-Sepharose (30). In control experiments, ATP did
not cause any significant change in binding of bovine serum
albumin to phenyl-Sepharose (data not shown). In contrast
to these results, ATP diminished the binding of hsp90 to
DNA-cellulose and cellulose.?

ATP-induced Changes in the Tryptic Digestion Pattern of
hsp90—Since ATP induces significant changes in the tryptic
digestion pattern of grp78 (16) and DnaK (17), we examined
if there was any change in the limited proteolysis of hsp90
after ATP addition. In the absence of ATP, trypsin (4 ug/ml)
produced a rapid proteolysis of hsp90 to fragments of 68-20
kDa. In the presence of ATP, hsp90 was less susceptible to
tryptic digestion than in its absence (Fig. 8). Besides an ATP-
induced increase in the amount of uncleaved hsp90, at later
time points of tryptic digestion there was also an increase in
the amount of peptide fragments ¢ and d in the presence of
ATP compared with control samples (Fig. 8). These latter
changes may reflect a local protection of ATP around its
binding site, which is located in tryptic fragments ¢ and d (cf.
Refs. 13, 29, and 31).

DISCUSSION

The 90-kDa heat shock protein (hsp90) is present in most,
if not all, prokaryotic and eukaryotic cells and may constitute
up to 1-2% of the total cytosolic protein (4). hsp90 is associ-
ated with steroid receptors, hsp70, hsp56/59, actin, tubulin,
and other yet unidentified proteins with molecular masses of
188, 63, and 50 kDa (7, 8, 11, 12, 39-42) and forms complexes
with a number of protein kinases such as casein kinase II,
double-stranded DNA-activated protein kinase, heme-regu-
lated initiation factor-2 kinase, protein kinase C, and various
tyrosine kinases (4, 9, 10, 43-47). Conformational changes of
the 90-kDa heat shock protein may significantly influence its

2T. Schnaider and P. Csermely, unpublished observations.
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Heat treatment induces a conformational change of hsp90
similar to the effect of ATP. The CD spectrum of hsp90
displays almost identical changes with the CD spectrum of
hsp70 after heat treatment (19). Palleros et al. (19) reported
that the heat-induced conformational change of hsp70 paral-
lels with its oligomerization. hsp90 is also known to form
oligomers at higher temperatures (32). However, the oligo-
merization of hsp90 is strongly detergent-dependent (32), so
it is not likely that oligomerization occurred in our detergent-
free samples. This may explain why the temperature-induced
changes in hsp90 conformation proved to be reversible in
contrast to those reported for hsp70 (19). Interestingly, the
temperature-induced conformational change of DnaK, the
Escherichia coli hsp70 homologue, is also reversible and does
not result in an oligomerization of the protein similar to hsp90
(18). Our results that the ATP-induced decrease in trypto-
phan fluorescence of hsp90 could be repeatedly observed after
several cycles of dialysis and ATP readdition suggest that
ATP also induces a reversible change in the conformation of
hsp90. The reversal of the ATP-induced conformational
change of hsp90 may also require the presence of other pro-
teins.

The FT-IR spectrum of hsp90 shows a significant increase
of the band at 1625-1627 cm™ after the addition of ATP.
This region is characteristic of interchain interaction of 3-
pleated or extended peptide chains (50), which seem to in-
crease in hsp90 after binding of ATP. Ethylene glycol affects
the binding of hsp90 to phenyl-Sepharose much less in the
presence than in the absence of ATP. Finally, ATP renders
hsp90 less susceptible to tryptic digestion. These results may
all reflect the fact that ATP induces a tighter folding, a change
from open to closed conformation of hsp90. This conforma-
tional change is analogous with the “closure” of grp78 (BiP,
the immunoglobulin heavy chain binding protein), hexoki-
nase, and phosphoglycerokinase after addition of ATP (16,
51, 52). Interestingly, these proteins, together with the nu-
cleotide-binding domain of hsp70 and actin, all have a bilob-
ular, hinge-type three-dimensional structure, which is similar
to the structure of hsp90 (11, 51-54). Hydrolysis of ATP
induces an opposite, closed — open conformational change of
the E. coli hsp70 homolog, DnaK (18), which may be the
reversal of the closure of hsp90 inducible by both ATP and
the nonhydrolyzable ATP analog, ATP~S.

Fig. 9 summarizes the properties of the putative open and
closed conformations of hsp90. Tryptic digestion and FT-IR
data support the induction of a closed conformation by ATP.
hsp90 is more hydrophobic in this conformation as revealed
by its increased association with phenyl-Sepharose and its
decreased binding to cellulose. CD data show that the closed
conformation of hsp90 can be induced by heating the protein
to 56 °C. The results of Yamamoto et al. (30) showing that
hsp90 is indeed more hydrophobic at this extreme temperature
fit well to the properties of the two hsp90 conformations
detailed above.

Vanadate and molybdate also induce an enrichment of the
secondary structure of hsp90 in 3-strands. The effect is similar
to the ATP-induced conformational change. Both anions
inhibit the binding of azido-ATP to hsp90, which suggests a
common mechanism of the observed changes in secondary
structure. Molybdate and vanadate are potent stabilizers of
the steroid receptor-hsp90 complex (33, 34). Their efficiency
in stabilizing the untransformed steroid receptors parallels
their half-maximal concentration in inhibiting the binding of
azido-ATP to hsp90 and in inducing a conformational change
of the 90-kDa heat shock protein, and in both cases vanadate
is more potent than molybdate. Though the effects of molyb-

ATP-induced Conformational Change of hsp90

date on steroid receptors are attributed to its inhibitory action
on various phosphatases, to a possible competition of molyb-
date for a nucleotide binding site on steroid receptors, and/or
to complex formation between molybdate and SH groups of
steroid receptors (33, 34, 55, 56), our findings raise the pos-
sibility that an interaction of molybdate and hsp90 may also
play a role in the molybdate-induced stabilization of the
nontransformed steroid receptor complex.

The effects of ATP on steroid receptors are more complex.
On the one hand, ATP is known to increase the steroid
binding capacity of the steroid receptor (“activation”) (39, 40,
55, 57); on the other hand, ATP also induces the dissociation
of the steroid receptor-hsp90-hsp70-hsp56,/59 complex “trans-
forming” the steroid receptor, thus enabling it to bind to DNA
(39, 40, 55). The ATP-induced conformational change and
autophosphorylation of hsp90 (13) may contribute to these
effects of ATP on steroid receptors. A simple mechanism
hypothesizing a role of hsp90 in the molybdate- and ATP-
induced changes of steroid receptors, however, cannot be
proposed yet, since molybdate and ATP have rather opposite
effects on steroid receptors while they induce similar confor-
mational changes of hsp90.

Proteins related to hsp70, such as grp78 (BiP), the immu-
noglobulin heavy chain binding protein, and DnakK, the hsp70
homolog of E. coli, and hsp70 itself require ATP for their
function (15, 58-63). In our previous and present studies we
demonstrated that hsp90 is similar to these proteins regarding
its nucleotide-binding site, autophosphorylation, and ATP-
induced conformational change (13-19, 64). This raises the
possibility that interactions of hsp90 with ATP are impor-
tant/necessary elements of the heretofore elusive function of
hsp90.
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Addendum—After the submission of our manuscript, Bork et al.
(66) gave further evidence for the bilobular, hinge-type structure of
both sugar kinases and heat shock proteins, and Pratt and co-workers
(67) demonstrated that molybdate and vanadate also stabilize the
complex of hsp90 and pp60* " similar to the stabilization of the
hsp90-steroid receptor complex. This latter finding raises the possi-
bility that hsp90 contains a binding site for molybdate and vanadate,
which is in agreement with our findings, demonstrating a competition
of these ions with ATP and their ability to induce a similar confor-
mational change of hsp90 like ATP.
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Insulin induces the serine phosphorylation of the
nucleolar protein nucleolin at subnanomolar concen-
trations in differentiated 3T3-442A cells. The stimu-
lation is biphasic with phosphorylation reaching a
maximum at 10 pM insulin and then declining to only
40% of basal levels at insulin concentrations of 1 uM.
These changes are rapid, reaching half-maximal after
4 min and maximal after 15 min of incubation. The
cell-permeable casein kinase II inhibitor 5,6-dichlo-
robenzimidazole-riboside prevents the insulin-stimu-
lated phosphorylation of nucleolin suggesting that cas-
ein kinase II may mediate this effect of the hormone.
Insulin-like growth factor 1 mimics the action of in-
sulin on dephosphorylation of nucleolin at nanomolar
concentrations suggesting that the latter effect may be
mediated by insulin-like growth factor 1 receptors.
Insulin treatment of 3T3-442A cells also results in a
stimulation of RNA efflux from isolated, intact cell
nuclei. The dose dependence of insulin-induced nucleo-
lin phosphorylation and insulin-stimulated RNA efflux
from intact cell nuclei are almost identical. Insulin
induces an increase in the RNA efflux at subnanomolar
concentrations in 3T3-442A adipocytes, while high
(micromolar) concentrations of insulin inhibited the
efflux of RNA. These data indicate that insulin regu-
lates the phosphorylation/dephosphorylation of nucleo-
lin, possibly via stimulation of casein kinase II, and
this may play a role in regulation of the RNA efflux
from nuclei.

Binding of insulin to its receptors in the plasma membrane
induces a wide variety of cellular responses including short
term changes in cellular metabolism and long term growth
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effects involving enhanced nuclear activity (1, 2). In spite of
our rapidly increasing knowledge about the effects of insulin
on the plasma membrane and cytosolic enzymes, the various
mechanisms mediating insulin’s nuclear function are less
clear. Insulin alters the transcription rate of a number of
genes (reviewed in Ref. 3) and has been shown to increase
transport of proteins and RNA from nucleus to cytosol (4, 5).
Some of the insulin-induced protein kinases and phospha-
tases, such as casein kinase II and protein phosphatase 1,
have been localized in the nucleus (6, 7), although a role of
insulin in regulation of these nuclear enzymes is lacking.
There is also a growing, but still very much incomplete,
number of nuclear proteins, such as lamins and numatrin
(B23) (8, 9)! which have been shown to change their phos-
phorylation status after the addition of insulin.

In our recent studies we have identified and partially char-
acterized several nuclear proteins which are able to bind to
DNA and whose phosphorylation changes upon insulin stim-
ulation. Four of the proteins were immunologically related to
lamins while the identity of the others is not known yet.! One
of the DNA-binding phosphoproteins, migrating at 94 kDa,
was dephosphorylated after the addition of high (micromolar)
concentrations of insulin. Nucleolin (C23) is an abundant
nucleolar phosphoprotein which is thought to be involved in
the synthesis, processing, and transport of preribosomal RNA
(10-13). Nucleolin is able to bind to DNA and migrates from
92-110 kDa on SDS gels (11, 13, 14). This raised the possi-
bility that the 94-kDa DNA-binding phosphoprotein observed
in the previous experiments was related to nucleolin, and
therefore, that insulin may induce changes in the phosphoryl-
ation of this protein. In the present report we have evaluated
the effects of insulin on the phosphorylation of nucleolin and
its relationship to insulin-induced changes in ribosomal RNA
transport.

MATERIALS AND METHODS

Chemicals—Cell culture media were obtained from GIBCO. Pork
insulin was purchased from Elanco Products Co. (Indianapolis, IN).
Insulin-like growth factor 1 (IGF-1)*> was from Eli Lilly Co. The
chemicals used for polyacrylamide gel electrophoresis were from Bio-
Rad. RNase was from Boehringer Mannheim. L-1-Tosyl-amido-2-
phenylethyl chloromethyl ketone-trypsin was obtained from Wor-
thington Biochemical Co. (Freehold, NJ). Protein-A acrylamide
beads, constant boiling 6 N HCI, and Triton X-100 were obtained
from Pierce Chemical Co. [**P]PQ, (carrier free) and [*H]uridine
were from Du Pont-New England Nuclear. Rabbit anti-nucleolin

' P. Csermely and C. R. Kahn, manuscript in preparation.

? The abbreviations used are: IGF-1, insulin-like growth factor 1;
DRB, 5,6-dichlorobenzimidazole-riboside; dsDNA, double-stranded
DNA; DTT, dithiothreitol; PAGE, polyacrylamide gel electrophore-
sis.
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serum was produced as described by Olson et al. (15). Rabbit v-
globulin was a product of Jackson Immunolaboratories (West Grove,
PA). Nitrocellulose filters (0.45 um) were purchased from Schleicher
& Schuell. All the other chemicals used were from Sigma.

Culture and Differentiation of 3T3-442A Cells—NIH-3T3-442A
cells were grown in Dulbecco’s modified Eagle’s medium with 10%
calf serum in 5% humidified CO, atmosphere. Cells were differen-
tiated in 10% CO; in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum for 12 days or so otherwise indi-
cated. The differentiation was accelerated by the addition of 5 ug/ml
insulin for the first 8 days. By the end of this period, 90-95% of the
cells acquired a characteristic adipocyte morphology accumulating a
large number of lipid droplets. Insulin was removed from the culture
media during the last 4 days of culture in an effort to enhance any
insulin-induced nuclear signals.

2P Labeling of 3T3-442A Cells—Cells were serum starved for 18
h, then the cell culture medium was changed to phosphate-free
Dulbecco’s modified Eagle’s medium, and cells were incubated with
0.3 mCi/ml [*?P]phosphate for 2 h. After the addition of insulin or
other stimulants at concentrations specified in the individual exper-
iments, the medium was removed, and the cells were scraped to an
isolation buffer containing 20 mm HEPES, 1 mMm ATP, 5 mMm MgCl,,
25 mM KCl, 2 mM phenylmethylsulfonyl fluoride, 0.1 mg/ml apro-
tinin, 50 pg/ml leupeptin, 1 mM sodium vanadate, 1 mM sodium
molybdate, 10 mM 8-glycerophosphate, 5 mM sodium pyrophosphate,
0.25 M sucrose, pH 7.4. In agreement with previous findings (186),
preliminary experiments showed that the addition of leupeptin to the
isolation buffer was necessary to prevent the excessive proteolysis of
nucleolin.

Cells were disrupted by the method of Lee et al. (17) passing them
four to five times through a 1-ml tuberculin-syringe with a micro-
fine-IV needle. Cell nuclei were isolated by the method of Blobel and
Potter (18). Samples were centrifuged at 3,000 X g for 15 min at 4 °C,
and the supernatants were transferred to Eppendorf tubes. Fat was
wiped from the walls of the centrifuge tubes with cotton-tipped
applicators, pellets were resuspended in 1 ml of isolation buffer, and
2 ml of isolation buffer supplemented with 1.6 M sucrose was layered
under them. After a centrifugation at 100,000 X g for 35 min at 4 °C
nuclei were resuspended in 0.5 ml of isolation buffer. The nuclear
preparation was 90-95% pure, and the nuclei were more than 95%
intact as judged by marker enzyme analysis and electronmicrography
(data not shown).

Immunoprecipitations—Proteins were extracted from aliquots of
both intact **P-labeled cell nuclei and the postnuclear supernatant
by addition of 400 units of DNase I, 500 units of RNase, 0.6 M NaCl,
and 0.5% (v/v) Triton X-100. The extracts were precleared by the
simultaneous addition of 0.1 mg of rabbit y-globulin and 50 pl of
protein A-beads. Samples were rotated overnight at 4 °C, centrifuged
in a microfuge, and the protein concentration of the supernatants
was determined according to Bradford (19). Anti-nucleolin serum (5
ug) was added to aliquots of protein extracts containing 0.5 mg of
protein, and the samples were incubated overnight at 4 °C. The
immunocomplexes were adsorbed to 30 nl of protein A-beads by slow
mixing for 2 h at 4 °C. Immunoprecipitates were washed successively
with 1 ml each of buffers containing 50 mm HEPES, pH 7.4, supple-
mented with 0.1% (w/v) SDS, 1% (v/v) Triton X-100, and 0.1% (v/
v) Triton X-100, respectively. The final pellets were eluted with
Laemmli buffer (20) containing 100 mM DTT. Samples were boiled
for 3 min, centrifuged in a microfuge, and the supernatants were
analyzed by SDS-PAGE and autoradiography. The results were quan-
tified by a Molecular Dynamics (Sunnyvale, CA) 300A computing
densitometer. The level of significance, p, was determined using the
Student’s ¢ test.

Purification of Double-stranded DNA-binding Proteins—DNA-cel-
lulose chromatography was performed as described by Alberts and
Herrick (21). Briefly, the protein concentration of 3?P-labeled cell
nuclei was determined according to Bradford (19). Nuclear proteins
were then extracted from aliquots of nuclei containing 0.5 mg of
protein each by addition of 0.6 M NaCl and 0.5% Triton X-100.
Samples were rotated for 2 h at 4 °C, centrifuged in a microfuge, and
the supernatants were removed and diluted 10 times with a buffer
containing 10 mM HEPES, pH 7.4, 0.1% Triton X-100, and 10%
glycerol. Approximately 20 mg of double-stranded DNA-cellulose
(dsDNA-cellulose) was added, and samples were rotated for 4 h at
4 °C. After washing two times with 1 ml of the same HEPES/Triton/
glycerol buffer, 30 ul of Laemmli sample buffer with 100 mM DTT
(19) was added to each sample, and the samples were analyzed with
SDS-PAGE and autoradiography.

Insulin-induced Nucleolin Phosphorylation

Phosphoamino Acid Analysis—Phosphoamino acid analysis was
carried out by the method of Cooper et al. (22). The 94-kDa nucleolin
phosphoprotein band was excised from the polyacrylamide gel, soaked
in 20% methanol, digested with the addition of 2 X 100 ug of TPCK-
trypsin in 50 mM ammonium carbonate for 24 h at 37 °C. The tryptic
digest was lyophilized and hydrolyzed in constant boiling 6 N HCI at
110 °C for 70 min. The hydrolysates were washed with 2 X 1 ml of
distilled water and subjected to electrophoresis on thin layer chro-
matography plates at pH 3.5. Plates were dried, stained with ninhy-
drin, and analyzed by autoradiography.

Measurement of RNA Efflux from Isolated Nuclei—Release of RNA
was measured according to the method of Agutter et al. (23). After
differentiation, serum-starved 3T3-442A cells were incubated with
10 «Ci/ml [*H]uridine for 30 min. In the last 15 min of incubation,
insulin was added to the dishes at various final concentrations. Cell
nuclei were isolated as described above with the only difference that
ATP was not included in the isolation buffer. After ultracentrifuga-
tion nuclei were suspended in 0.5 ml of RNA buffer containing 50
mM HEPES, pH 7.4, 25 mM KCl, 5 mM spermidine, 2 mM DTT, 5
mM MgCl,, 0.5 mM CaCl,, 0.3 mM MnClg, 300 ug/ml yeast RNA, and
0.25 M sucrose. The protein concentration of the samples was deter-
mined according to Bradford (19).

The release of RNA was measured from aliquots of nuclei contain-
ing 0.5 mg of protein each in a final volume of 0.25 ml of RNA buffer
supplemented with 2.5 mM ATP. Nuclei were incubated for 15 min
at 37 °C. Preliminary experiments showed that the efflux of RNA
was linear up to 30 min of incubation. The efflux was terminated by
pelleting the nuclei in a microfuge. To the supernatants, 0.25 ml of
50% trichloroacetic acid was added, the precipitate was centrifuged,
and the [*H]uridine in RNA was measured by liquid scintillation
counting. The level of significance, p, was determined using the
Student’s ¢ test.

Immunoblots—Non-radioactive nuclei were isolated, nucleolin was
immunoprecipitated from aliquots of the nuclear fraction, and the
postnuclear supernatant and the immunocomplexes were purified and
separated with SDS-PAGE as described above. The proteins were
transferred to nitrocellulose filters according to the method of Towbin
(24) in a transfer buffer containing 25 mM Tris, 0.192 M glycine, and
20% (v/v) methanol. Filters were soaked in a 20 mM Tris, pH 7.4,
0.15 M NaCl, 0.5% (v/v) Tween 20, 0.1% bovine serum albumin
blocking buffer for 1 h at room temperature. After overnight incuba-
tion with a 1:200 dilution of rabbit anti-nucleolin serum at 4 °C, the
immunocomplexes were visualized by means of peroxidase-conjugated
anti-rabbit antibodies and subsequent treatment with 4-chloro-1-
naphthol and H,0,.

RESULTS

Concentration Dependence of Insulin-induced Phosphoryl-
ation and Dephosphorylation of Nucleolin—Insulin induces
the phosphorylation of several nuclear proteins in 3T3-442A
cells which are able to bind to double-stranded DNA-cellulose
(dsDNA-cellulose).”? In the experiment shown in Fig. 1, there
is a marked insulin-induced phosphorylation of one 48-kDa
and four 62-66-kDa proteins. There is a faint phosphorylation
of a band at 34 and 40 kDa. The phosphorylation of these
proteins shows little variation with the differentiation of 3T3-
442A cells to adipocytes. Examination of the Coomassie Blue-
stained gel reveals no identifiable abundant proteins of these
molecular weights nor a significant change in the amount of
protein migrating in these areas after insulin addition which
suggests that the phenomenon observed is not simply due to
a change in the affinity of some abundant protein toward
dsDNA (data not shown). In separate experiments we ob-
tained evidence that a significant component of the insulin-
induced dsDNA-binding phosphoproteins around 62-66 kDa
are isoforms of lamin C*. The phosphoprotein band at 40 kDa
may correspond to numatrin (B23) which has been recently
identified as an insulin-induced DNA-binding phosphopro-
tein (9, 25).

In nuclei of non-stimulated cells which have been allowed
to differentiate for 4-8 days, there is a phosphoprotein of
about 94 kDa which binds to dsDNA (Fig. 14). Incubation of
cells with insulin (1 M) for 15 min induced a dephosphoryl-
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Fig. 5. Concentration dependence of insulin-induced nu-
clear RNA efflux. 3T3-442A cells were differentiated, serum
starved, and labeled with [*H]uridine as described under “Materials
and Methods.” Cells were incubated with insulin at final concentra-
tions indicated for 15 min. RNA efflux was measured from isolated
cell nuclei in 0.5 ml of RNA buffer containing 50 mM HEPES, pH
7.4, 25 mM KCl, 5 mM spermidine, 2 mM DTT, 5 mM MgCl,, 0.5 mM
CaCl,, 0.3 mM MnCl,, 2.5 mM ATP, 300 ug/ml yeast RNA, and 0.25
M sucrose for 15 min at 37 °C. Nuclei were pelleted by rapid centrif-
ugation, [*H]uridine-labeled RNA was precipitated with trichloroa-
cetic acid from the supernatant, and its radioactivity was measured
by liquid scintillation counting. Basal RNA efflux was 12 + 3% of
total nuclear radioactivity. Data are mean * S.D. of three separate
experiments.

A number of studies indicate that the phosphorylation and
dephosphorylation of nucleolin may play a role in the regu-
lation of these processes (12, 16, 26). In the present study we
report that insulin, which induces the activation of a cascade
of protein kinases and phosphatases (6, 7), elevates the serine
phosphorylation of nucleolin at subnanomolar concentra-
tions, while it effectively promotes the dephosphorylation of
nucleolin at the micromolar concentration range. The dose-
response of the phosphorylation and dephosphorylation of
nucleolin is almost identical with the insulin-induced effects
on the RNA efflux from isolated nuclei suggesting that insu-
lin-induced phosphorylation and dephosphorylation of nu-
cleolin may be a regulator of (ribosomal) RNA transport
through the nuclear membrane.

Insulin promotes the phosphorylation of a 94-kDa nuclear
protein in differentiated 3T3-442A cells which is recognized
by anti-nucleolin antibodies, binds to dsDNA, and in the
absence of leupeptin has proteolytic products of similar mo-
bility on SDS gels as purified nucleolin. These observations
strongly suggest that the insulin-induced 94-kDa phosphopro-
tein is identical with nucleolin (C23). During the preparation
of this article, Suzuki et al. (37) reported that insulin, epider-
mal growth factor, and dexamethasone synergistically induce
the phosphorylation of nucleolin in rat hepatocytes. However,
in these experiments, insulin was always present at high
concentrations (100 nM) and in the presence of epidermal
growth factor and/or dexamethasone. In addition, these
changes in nucleolin phosphorylation were observed only
following long term (8 h) incubations. In the present study
we have shown that insulin alone has dramatic short term
effects.

The dose-response of insulin-induced nucleolin phosphoryl-
ation and dephosphorylation is rather unusual. Half-maximal
phosphorylation of nucleolin is achieved at concentrations of
insulin below 0.01 nM. The dissociation constant of insulin
binding to its receptors in the plasma membrane is 4 nM in
the closely related differentiated 3T3-L1 cells, and insulin
induces half-maximal uptake of deoxyglucose at similar con-
centrations (28, 38). The mechanism of this marked amplifi-
cation of insulin action on the phosphorylation of this nuclear
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protein is not known; however, insulin also induces many of
its other nuclear effects, including stimulation of RNA efflux
and nucleoside triphosphatase activity and alterations of spe-
cific genes such as PEPCK, in the picomolar concentration
range (5, 39, 40).

Micromolar concentrations of insulin induce the dephos-
phorylation of nucleolin. Since IGF-1 has a similar effect at
nanomolar concentrations, insulin may be acting via IGF-1
receptors at these high concentrations. When cells are treated
with both hormones at concentrations of insulin which stim-
ulate nucleolin phosphorylation and low nanomolar concen-
trations of IGF-1, there is a net decrease in nucleolin phos-
phorylation. While insulin and IGF-1 appear to have distinct
differences with respect to phosphorylation of nucleolin, both
hormones have similar effects on the phosphorylation and
dephosphorylation of ppl160/insulin receptor substrate-1, a
primary cytosolic substrate of these receptors in 3T3-L1 adi-
pocytes (41, 51).

Insulin induces the activation of a cascade of protein
kinases including casein kinase II (6, 34). Casein kinase II
preferentially phosphorylates nucleolin both in vitro and in
vivo on serine residues (32, 33). Our observation that the cell-
permeable casein kinase II inhibitor, 5,6-dichlorobenzimida-
zole-riboside (DRB, 35) prevents the insulin-induced serine-
phosphorylation of nucleolin suggests that this effect may be
mediated by casein kinase II. Recently, the phosphorylation
of nucleolin by cdc2 kinase was also reported (42, 43). How-
ever, cdc2 kinase phosphorylates nucleolin on threonine res-
idues, and nucleolin does not seem to be a preferential sub-
strate of cdc2 kinase in whole nuclear extracts of NIH 3T3
fibroblasts overexpressing the insulin receptor (44). Further-
more, the cdc2 kinase is not involved in the insulin-induced
phosphorylation of another closely related nucleolar protein,
numatrin (9). These observations suggest that the effect of
cdc2 kinase may be restricted to mitosis, and during inter-
phase the phosphorylation of nucleolin is mediated by casein
kinase II.

Casein kinase II may be also involved in basal phosphoryl-
ation of nucleolin (32, 33). This possibility is not refuted by
the observation that the casein kinase II inhibitor, DRB
caused only a slight decrease in phosphorylation of nucleolin
in non-stimulated 3T3-442A cells (Table I), since the 15 min
of DRB incubation was much shorter than the 2 h of **P
labeling. Casein kinase II is induced during differentiation of
3T3-L1 cells (45). This induction may explain the increase of
phosphorylation of nucleolin during differentiation of the
closely related 3T3-442A cells (see Fig. 1). This assumption
is further supported by the fact that the level and activity of
casein kinase II are the limiting factors in the phosphorylation
of nucleolin (46) and casein kinase II activity changes parallel
with phosphorylation of nucleolin in growth of human cell
cultures and HelL.a cells (47).

The mechanism of IGF-1 and high concentrations of insulin
to induce the dephosphorylation of nucleolin are less clear.
We did not observe any significant recovery of the phospho-
nucleolin in the presence of okadaic acid or trifluoperoxide,
inhibitors of protein phosphatases 1, 2A, and 2B, respectively.
These results do not necessarily mean that the IGF-1- and
insulin-induced dephosphorylation of nucleolin is mediated
via different protein phosphatases since the high fat content
of adipocytes may significantly diminish the effective concen-
tration of these lipophilic inhibitors (29) and the in vitro
dephosphorylation of nucleolin is rather difficult with any of
protein phosphatases 1, 24, 2B, or 2C (48). We might observe
a decrease in the nucleolin-associated 3°P label if high concen-
trations of insulin and IGF-1 induced the proteolytic cleavage
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of a small, phosphorylated fragment of the protein from its
COOH or NH; termini. This explanation seems rather un-
likely, however, since nucleolin is phosphorylated on multiple
sites both in vitro and in vivo (32, 33, 49).

The dose-response curves of insulin-induced nucleolin
phosphorylation and nuclear RNA efflux are almost identical
(cf. Figs. 2 and 5). This suggests that insulin may regulate the
nuclear RNA efflux via changing the phosphorylation status
of nucleolin which is thought to participate in packaging and
transport of ribosomal RNA (11-13). The RNA released is
not polyadenylated and does not bind to poly(U)-Sepharose,
suggesting that it contains a significant amount of ribosomal
RNA. Picomolar concentrations of insulin have been shown
to induce the release of messenger RNA from the nucleus, an
effect which appears to be mediated by the dephosphorylation
and activation of the nuclear envelope nucleoside triphospha-
tase-mRNA carrier complex (5, 39, 50). Thus, it is possible
that insulin induces the release of mRNA and rRNA via
different mechanisms, the former by dephosphorylation of
the mRNA carrier and the latter by phosphorylation of the
“rRNA carrier” nucleolin. Alternatively, the similarity in the
nucleolin phosphorylation and RNA efflux curves simply
reflect a correlation between nucleolin phosphorylation and
the rate of ribosome assembly, including preribosomal RNA
transcription. It is likely that the RNA exiting the nucleus is
in the form of ribosome subunits. Thus, it is possible that
insulin-regulated nucleolin phosphorylation is involved with
the earlier stages of ribosome assembly rather than the later,
transport stages.

In summary, the data of this study provide direct evidence
for effects of insulin at the cell nucleus which occur through
a propagated cascade of phosphorylation and dephosphoryl-
ation. Further studies may reveal a strict subnuclear com-
partmentalization of insulin-induced nuclear protein kinases
and phosphatases and may provide insight as to the role of
these phosphorylation events in the effects of insulin on cell
growth, differentiation, and gene expression.
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