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Facultéde Pharmacie, UMR-CNRS 6032, 27 BouleVard Jean Moulin, 13385 Marseille Cedex 5, France, and Centro de
InVestigaciones Biologicas, Consejo Superior de InVestigaciones Cientificas, Velazquez 144, 28006 Madrid, Spain

ReceiVed February 7, 2002

ABSTRACT: The 90 kDa heat-shock protein (Hsp90) is one of the major stress proteins whose overall
structure remains unknown. In this study, we investigated the influence of divalent cations Mg2+ and
Ca2+ on the hydrodynamic properties and quaternary structure of Hsp90. Using analytical ultracentrifugation,
size-exclusion chromatography, and polyacrylamide gel electrophoresis, we showed that native Hsp90
was mostly dimeric. The Hsp90 dimer had a sedimentation coefficient,sw,20°, of 6.10( 0.03 S, which
slightly deviated from the hydrodynamics of a globular protein. Using chemical cross-linking and analytical
ultracentrifugation, we showed that Mg2+ and Ca2+ induced a tertiary conformational change of Hsp90,
leading to a self-association process. In the presence of divalent cations, Hsp90 existed as a mixture of
monomers, dimers, and tetramers at equilibrium. Finally, to identify Hsp90 domains involved in this
divalent cation-dependent self-association, we studied the oligomerization state of the N-terminal (positions
1-221) of Hsp90, the influence of an N-terminal specific ligand, geldanamycin (GA), and the effect of
C-terminal truncation on the ability of Hsp90 to oligomerize in the presence of divalent cations. We
previously showed that GA inhibits Hsp90 heat-induced oligomerization [Garnier, C., Protasevich, I.,
Gilli, R., Tsvetkov, P., Lobachov, V., Peyrot, V., Briand, C., and Makarov, A. (1998)Biochem. Biophys.
Res. Commun. 249, 197-201], but now we observed that GA does not influence divalent cation-dependent
oligomerization of Hsp90, suggesting another mechanism. This mechanism involved the C-terminal part
of the protein since C-terminally truncated Hsp90 did not oligomerize in the presence of divalent cations.

Heat-shock protein 90 (Hsp90)1 is one of the most
abundant cytosolic proteins in eukaryotic cells, amounting
to 1-2% of soluble proteins (1, 2). This level further
increases when cells are exposed to stresses such as heat
shock, amino acid analogues, and heavy metals (3). Hsp90
is required for cell survival and plays a crucial role in many
cellular processes (4, 5) by forming transient or stable
complexes with several key proteins involved in signal
transduction, including protooncogenic protein kinases and
nuclear receptors (for a review, see ref6). Hsp90 also
interacts with cellular structure elements (7-10) and exhibits
conventional chaperone functions (11-14). The molecular
chaperone Hsp90 works in association with other proteins
in vivo and in vitro, some of them also members of the Hsp
family (15).

Two Hsp90 isoforms encoded by separate genes are
present in the cytosol of mammalian cells. These isoforms,
namelyR andâ, are highly homologous (85%) (16).Hsp90R
exists predominantly as a homodimer and Hsp90â as a
monomer (17). The dimeric state seems to be required for
Hsp90 function. The dimerization of Hsp90R is mediated
by the 200 C-terminal amino acids (18, 19), and not by the
N-terminal domains, which point in the opposite direction
(20). These well-conserved N- and C-terminal domains are
connected by a highly charged hinge region (6, 21) that
seems to play an important role in the regulation of Hsp90
function (22). Crystallographic studies have unambiguously
shown that the 25 kDa N-terminal domain contains the
common binding site for ATP and/or the ADP-Mg complex
and geldanamycin (23-25). It has been suggested that the
predominant forms of Hsp90 in cytosolic extracts are
oligomers larger than dimers (26). On the other hand, in
purified preparations of Hsp90, dimers are the major species;
oligomers are induced by heat treatment. Both processes
(dimerization and oligomerization) seem to be mediated by
the 200 C-terminal amino acids (27). The heat-induced
oligomerization is inhibited by nucleotides and geldanamycin
and is activated by various cofactors such as divalent cations
and transition metal oxyanions (28-31).

Recent studies indicated that, as the temperature increases,
the ATP-Mg complex leads to the formation of O-ring-
shaped structures. This formation is mediated by N-terminal
intramolecular interactions for low Hsp90 concentrations. For
higher concentrations, intermolecular interactions lead oligo-
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merization through N-terminal interactions (20, 21, 31). The
ATP-Mg complex induces large Hsp90 conformational
changes (32). These structural changes were attributed to the
binding of ATP. Note that all these works were done with
millimolar concentrations of Mg2+. We can easily conceive
that Mg2+ contributes to these structural changes; for
example, the thermal oligomerization of Hsp90 is induced
at lower temperatures with millimolar concentrations of Mg2+

and Ca2+ than without cations (29, 33).
So far, the influence of divalent cations (Mg2+ and Ca2+)

on Hsp90 had been described only for the temperature-
dependent oligomerization (29, 33). Moreover, as Hsp90
oligomerization is associated with Hsp90 chaperone activity
(34), it is of interest to investigate the influence of these
divalent cations on Hsp90 structure under native conditions.
Thus, using analytical ultracentrifugation, size-exclusion
chromatography, gel electrophoresis, and chemical cross-
linking, we studied for the first time the effect of divalent
cations on Hsp90 structure under native conditions. With
millimolar concentrations of Mg2+ and Ca2+, we showed that
the mainly dimeric Hsp90 underwent a conformational
change associated with a self-association process. Using
geldanamycin and equilibrium sedimentation experiments
with the Hsp90 N-terminal fragment, we also showed that
this domain was not involved in the cation-dependent self-
association process, indicating the C-terminal domain plays
a crucial role in oligomerization.

MATERIALS AND METHODS

Purification of Hsp90 and Its Recombinant Domain

The 90 kDa heat-shock protein (Hsp90) was purified from
porcine brain according to the method of ref35 modified as
described in refs10 and 29. Samples were stored at-80
°C. Protein concentrations were determined by UV absor-
bance with an extinction coefficient of 124 000( 6000 M-1

cm-1 in 10 mM Tris-HCl buffer (pH 7.0) (10, 29). The
absorption was corrected for light scattering by the Beckman
DU7400 spectrophotometer software. The amino-terminal
domain (N-Hsp90) (positions 1-221) was obtained and
purified as described by Garnier et al. (36).

Analytical Ultracentrifugation

Sedimentation Equilibrium.The experiments were per-
formed with a Beckman Optima XL-A analytical ultracen-
trifuge equipped with absorbance optics, using an An55Ti
rotor. Hsp90 was equilibrated in 10 mM Tris-HCl buffer (pH
7.0) without and with MgCl2 (1, 2, and 5 mM). A short
column sedimentation equilibrium experiment (60 mL of
Hsp90, loading concentration from 0.05 to 2 mg/mL in the
six-channel centerpieces of charcoal-filled Epon) was carried
out at two successive speeds (6000 and 10 000 rpm) by
taking scans at the appropriate wavelength (230, 250, or 280
nm) when sedimentation equilibrium was reached. The
equilibrium temperature was 4°C. High-speed sedimentation
was conducted afterward for baseline correction. Average
molecular masses were determined by fitting a sedimentation
equilibrium model for a single sedimenting solute to
individual data sets with XLAEQ and EQASSOC [supplied
by Beckman (37)]. Data analysis was also performed by
global analysis of several data sets obtained at different

loading concentrations using MULTEQ3B and NONLIN,
which provided similar results. The partial specific volume
of Hsp90 was 0.735 mL/g, calculated from its amino acid
composition (ANTHEPROT version 4.0 by G. Deleage).

Sedimentation Velocity. The experiments were carried out
at 40 000 rpm and 20°C in the same XL-A instrument, using
12 mm double-sector centerpieces. Hsp90 (loading concen-
trations from 0.1 to 4 mg/mL) was equilibrated in 10 mM
Tris-HCl buffer (pH 7.0) with the appropriate divalent cation
concentration. Apparent sedimentation coefficients were
determined using SVEDBERG (38) and SEDFIT (39)s;
similar values ofSapp were obtained and were corrected to
standard conditions using SEDNTERP (40). The distribu-
tions, g(s*), were generated by least-squares boundary
modeling of sedimentation velocity data by DCDT (41, 42).
Similar results were found using SEDFIT. These distributions
were then fitted with Gaussian distributions, and the maxi-
mum (representing the sedimentation coefficient of the
sample) was calculated. A single Gaussian distribution is
expected for each monodisperse species in an experiment.
The solvent density and the viscosity were calculated with
SEDNTERP; they were 0.99851 g/cm3 and 0.010008 P,
respectively (at 20°C). A gross estimation of the shape of
Hsp90 species was determined as follows. The translational
frictional coefficient (f) was calculated from the molecular
mass and the sedimentation coefficient of Hsp90 determined
by equilibrium and velocity analytical ultracentrifugation
experiments. The frictional coefficient of the equivalent
hydrated sphere (fo) was estimated using an estimated level
of hydration of 0.3 g of H2O/g of protein (43). From these
coefficients, the translational frictional ratio (f/fo) of Hsp90
was determined, and we used Perrin’s equation [ELLIPS 1
software (44)] to relate the measured values off/f0 to axial
ratios of the equivalent molecular prolate ellipsoidal model
(45).

Determination of the ReVersibility of the Effect of Mag-
nesium.The Hsp90 sample (5 mg/mL) was incubated with
5 mM Mg2+ and then analyzed by sedimentation velocity
ultracentrifugation experiments. An identical sample (5 mg/
mL with 5 mM Mg2+) was equilibrated in 10 mM Tris-HCl
buffer (pH 7.0) through a 15 cm G-25 column to remove
the added magnesium. Protein fractions were pooled and
separated into two fractions. We added 5 mM Mg2+ to one
fraction, and the two samples were analyzed by a sedimenta-
tion velocity experiment. The protein concentration was
∼1 mg/mL in all the samples.

Hsp90 Cross-Linking Experiments

Chemical cross-linking of Hsp90 was performed using
N-[3-(dimethylamino)propyl]-N′-ethylcarbodiimide hydro-
chloride (EDC) (Sigma-Aldrich Chemical). The optimal EDC
concentration, determined by titration, was 1.5 mM. Hsp90
(1 mg/mL) was incubated for 10 min in 10 mM Tris-HCl
buffer (pH 7.0) at room temperature with and without cations.
An EDC stock solution (32 mM) in 10 mM Tris-HCl buffer
(pH 7.0) was added (5% of the Hsp90 sample volume), and
samples were incubated for 30 min at room temperature. The
reaction was stopped by 3-fold dilution with buffer (an excess
of amine-containing buffer is enough to quench the reaction).
Then samples were submitted to polyacrylamide gel elec-
trophoresis (native and SDS-PAGE) or eluted via size-
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exclusion chromatography. For experiments in which divalent
cations were added after the cross-linking reaction, samples
were incubated for an additional 30 min, and then the reaction
was stopped as described above.

Polyacrylamide Gel Electrophoresis

PhastSystem (Amersham Pharmacia Biotech) was used for
polyacrylamide gel electrophoresis (PAGE). For SDS and
native conditions, we used 12.5 and 7.5% homogeneous gels
and 4 to 15% gradient gels. Molecular mass markers were
from the HMW electrophoresis calibration kit (669, 440, 232,
140, and 67 kDa) for native PAGE (Amersham Pharmacia
Biotech) and from the SDS 6H electrophoresis calibration
kit (205, 116, 97, 66, 45, and 29 kDa) for SDS-PAGE. Gels
were stained with Coomassie Brilliant Blue.

Size-Exclusion Chromatography

Samples of 12µM Hsp90 (200µL) in appropriate buffers
were loaded on a Sephacryl S-300 High Resolution column
(Amersham Pharmacia Biotech) at a flow rate of 20 mL/h;
experiments were carried out at 25°C. The elution buffer
was 10 mM Tris-HCl (pH 7.0) with or without cations. The
elution was followed at 280 nm; fractions of 500µL were
collected and analyzed on 4 to 15% native PAGE using the
PhastSystem (Amersham Pharmacia Biotech). The column
was standardized as follows; the calibration curve (Stokes
radius vs the partition coefficientKav) was obtained with a
standard calibration kit of proteins with known molecular
masses and Stokes radii (Amersham Pharmacia Biotech) (46,
47). The standards were thyroglobulin (Mr ) 669 kDa,Rs

) 85 Å), ferritin (Mr ) 440 kDa,Rs ) 61 Å), and catalase
(Mr ) 232 kDa, Rs ) 52.2 Å). Blue Dextran 2000
(Amersham Pharmacia Biotech) was used to determine the
column exclusion volume.

Preparation of the Cross-Linked Hsp90 Dimer for
Sedimentation Velocity Experiments

Hsp90 (3.5 mg/mL) was cross-linked in 10 mM Tris-HCl
buffer (pH 7.0) over the course of 30 min at room
temperature. Excess EDC was removed by running the
sample through a PD10 column (Amersham Pharmacia
Biotech) equilibrated with 10 mM Tris buffer (pH 7.0).
Protein fractions were pooled and analyzed by analytical
ultracentrifugation (cf. previously) with and without 5 mM
Mg2+.

RESULTS

Hydrodynamic Properties and Quaternary Structure of
NatiVe Hsp90. To gain insight into the conformational
properties and state of association of Hsp90, a combination
of size-exclusion chromatography (SEC) and analytical
ultracentrifugation experiments was used. Without divalent
cations, SEC analysis showed that Hsp90 eluted from a
Sephacryl S-300 column as a single and almost symmetrical
peak (Figure 1A, profile a) with a Stokes radius of 62 Å
(inset of Figure 1A, arrow a). However, the Stokes radius
was too large for a globular dimer with a theoretical
molecular mass of 169 286 Da; it corresponded in fact to
the molecular mass of a globular protein of∼440 kDa
(Figure 1A). SEC cannot be used directly for the estimation

of the molecular mass of proteins; it is suitable only for a
rigid globular protein (47). Thus, to determine the molecular
mass and the association state of Hsp90, sedimentation
equilibrium experiments were performed using three initial
loading concentrations of Hsp90 and three rotor speeds,
resulting in nine data sets. The analysis of each data set
separately gave weight-average molecular masses within
144000-175700 Da over a large concentration range (from
0.05 to 0.5 mg/mL), indicating the protein was essentially
dimeric in solution. Fitting the three concentration data sets
at 10 000 rpm simultaneously by monomer-dimer or single-
ideal species models (Figure 1B) showed that the latter model
gave the best distribution of residuals and the minimum
square root of variance (see residual distribution b of Figure

FIGURE 1: Hydrodynamic properties and quaternary structure of
native Hsp90. (A) Size-exclusion chromatography. Elution profile
of 200µL of Hsp90 (12µM) through a Sephacryl S-300 HR column
equilibrated with Tris-HCl buffer. Arrows indicate the elution
volumes of blue dextran 2000 (BD) and of molecular mass markers.
In the inset, proteins with known molecular masses and Stokes radii
were used for the calibration curve; the circles represent the Stokes
radii as a function of the partition coefficient (Kav). The arrow
denotes the partition coefficient of Hsp90. (B) Sedimentation
equilibrium analysis of Hsp90. The symbols show the experimental
radial distribution of Hsp90 at sedimentation equilibrium at 0.05
(4), 0.1 (0), and 0.5 (O) mg/mL. The solid lines represent the best-
fit curves of the global analysis of multiple sedimentation equilib-
rium data with the single-ideal species model as described in
Materials and Methods at 4°C. Of six fitted data sets (the three
previously indicated protein concentrations at 6000 and 10 000 rpm),
only three (10 000 rpm) are shown. The radial distance at the
meniscus (rmen) for.05 mg/mL Hsp90 is 6.03 cm;rmen (0.1 mg/
mL) ) 6.52 cm, andrmen (0.5 mg/mL)) 7.01 cm. The residuals
representing the variation between the experimental data and those
generated by the fit with a monomer-dimer (a) or a single-dimer
species model (b) are shown.
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1B). With the single-species model, we found a value of
164( 10 kDa, in agreement with the theoretical molecular
mass of the dimer (169 286 Da).

Sedimentation velocity experiments confirmed the mono-
disperse nature of Hsp90 as indicated by the presence of a
single sharp boundary. The Hsp90 sedimentation coefficient
decreased with concentration [Figure 2 (b)], as expected for
a nonassociative single particle, and anS20,w° of 6.10( 0.03
S was obtained at infinite dilution. Using this sedimentation
coefficient value, we calculated the frictional coefficient ratio
(f/fo) of the Hsp90 dimer to be 1.40 (Table 1), which agrees
with that of Iannotti et al. (48). Moreover, the time derivative
method used in sedimentation velocity experiments and
developed by Stafford (41) showed an apparent distribution
function ofg(s*) versuss* (inset of Figure 2, curve a) with
a single symmetrical peak, confirming the presence of one
species. Solution of theg(s*) plot in terms of a single
Gaussian curve gave ans value of 4.77( 0.01 S for 3.7
mg/mL Hsp90. Using the error in the Gaussian to obtain
the diffusion coefficient, and hence the mass of the species,

gave a value of 170 700 Da, corresponding to the mass of
the dimer of Hsp90.

Effects of DiValent Cation on Hsp90 Structure.In a
previous study, we showed that Hsp90 oligomerized irrevers-
ibly around 50°C (29). In the presence of divalent cations,
oligomerization occurred around 40-45 °C, suggesting that
divalent cations modified Hsp90 structure. Thus, it was of
interest to study the effects of Mg2+ and Ca2+ on Hsp90
structure by sedimentation velocity experiments (Figure 2).
Both divalent cations increased the Hsp90 apparent sedi-
mentation coefficient, which rapidly reached 8-9 S. Experi-
ments performed with 2 mM Mg2+ gave an intermediate
result, between the absence and presence of 5 mM cations
(Figure 2). As already mentioned, the presence of 5 mM
Mg2+ increased the sedimentation coefficient of Hsp90 (1
mg/mL) from ∼5.70 to ∼7.72 S (Figure 2 and Table 1).
Running the Hsp90 sample containing Mg2+ through a G25
column equilibrated with a magnesium-free buffer to remove
the added cation led to an apparent sedimentation coefficient
(7.95 S) similar to that of Hsp90 alone (Table 1). This result
showed that the Mg2+ effect was reversible. These results
were not observed with monovalent cations, indicating that
divalent cations are specific (data not shown). The sedimen-
tation velocity of a macromolecule depends on its mass,
frictional coefficient, and buoyancy (density relative to that
of the solvent). Because buoyancy does not change in the
presence of divalent cations, the increase in the apparent
sedimentation coefficient induced by divalent cations could
be due to a self-association process and/or a conformational
change. To reveal the distribution of sedimenting species,
we used ag(s*) representation, which is very sensitive for
the detection of multiple species. Theg(s*) distribution (inset
of Figure 2) of Hsp90 alone (3.7 mg/mL) and with 2 and 5
mM Mg2+ showed a large shift toward higher sedimentation
coefficients (∼6.67 and∼8.37 S, respectively) with a large
increase in peak width. This peak was not described by a
single Gaussian curve, indicating it did not correspond to a
single species.

To determine the quaternary structure of Hsp90 in the
presence of divalent cations, we performed sedimentation
equilibrium experiments. Analysis of the data for a single
species showed the weight-average molecular mass (Mw,a)
increased with Hsp90 and cation concentrations (data not
shown) to aMw,a/M1 ratio of 3 (M1 is the theoretical mass of
the monomer). Fitting three concentration data sets (0.05,
0.1, and 0.5 mg/mL; Figure 3D) for 10000 rpm simulta-

Table 1: Hydrodynamic Parameters of Hsp90 and Cross-Linked Hsp90 and the Effect of 5 mM Mg2+ a

S20,w° (S) S20,w (S) f/fo a/b Rs (Å) D20,w° (cm2/s)

Hsp90 6.10( 0.03 1.40 4.99 65.0 3.31× 10-7

Hsp90 with 5 mM Mg2+ 7.72( 0.04b

Hsp90 with 5 mM Mg2+

re-equilibrated in
10 mM Tris-HCl (pH 7)

5.70( 0.03b

without Mg2+

with 5 mM Mg2+ 7.95( 0.04b

cross-linked Hsp90 6.21( 0.03 1.38 4.68 63.8 3.36× 10-7

cross-linked Hsp90 with 5 mM Mg2+ 6.86( 0.05 1.25 2.98 57.3 3.71× 10-7

a The conformational parameters were calculated as described in Materials and Methods, using the theoretical molecular mass of the dimer
(169 286 Da) and the partial specific volume values determined from the amino acid composition.S20,w° is the corrected sedimentation coefficient
at 20°C in water.f andfo are the frictional coefficients.a/b is the axial ratio for the equivalent, hydrated, prolate ellipsoid of revolution.D20,w° is
the corrected diffusion coefficient.Rs is the Stokes radius.b Apparent sedimentation coefficients of Hsp90 studied by velocity sedimentation (see
Materials and Methods).

FIGURE 2: Effects of divalent cations on Hsp90. Plot ofS20,w values
vs Hsp90 concentrations. Hsp90 sedimentation velocities were
determined without (b) and with 5 mM Mg2+ (9), 5 mM Ca2+

(2), and 2 mM Mg2+ (0). The inset shows the apparent sedimenta-
tion coefficient distribution computed from the time derivative of
the concentration profile by the method of Stafford (41): Hsp90
at 3.7 mg/mL alone (a), with 2 mM Mg2+ (b), and with 5 mM
Mg2+ (c). The data were analyzed as described in Materials and
Methods; the solid line represents the fitted Gaussian distribution
expected for a monodisperse species.
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neously with several models (Figure 3A-C) showed that
the monomer-dimer-tetramer model gave the best distribu-
tion of residuals and the minimum square root of variance
(Figure 3C). Then the values of the dimerization constant
K1,2 [(3.0 ( 1.6) × 107 M-1] and of the tetramerization
constantK1,4 [(1.7 ( 0.7)× 1020 M-3] were determined using
three independent determinations.

EDC as a cross-linking agent was also used to check the
effects of divalent cations on Hsp90 quaternary structure.
First, we monitored the effects of EDC on Hsp90 alone.
Figure 4A shows that the cross-linked Hsp90 migrated in
native PAGE at a 170-180 kDa band corresponding to the
dimer (lane 2). Compared to that of un-cross-linked Hsp90
(lane 1), we observed a weak shift of the dimer band toward
lower molecular masses, suggesting that EDC slightly
influenced the structure of the Hsp90 dimer. SEC analysis
showed the elution profile of cross-linked Hsp90 was similar
to that of the un-cross-linked one, but slightly shifted (Figure
4B, profiles a and b). EDC did not induce nonspecific
oligomer formation and could thus be used to study the
effects of the cation on this protein. Samples treated with

EDC, after addition of 5 mM Mg2+ or Ca2+, showed two
bands in native PAGE (Figure 4A, lanes 3 and 5), corre-
sponding to dimers and oligomers with apparent molecular
masses of 180-185 and 470-510 kDa, respectively. Results
obtained from Sephacryl S-300 columns equilibrated with 5
mM Mg2+ (Figure 4B, profile c) showed that Hsp90
incubated with cations and then cross-linked with EDC eluted
as a wide peak, indicating the presence of different species.

FIGURE 3: Analysis of the effect of 5 mM Mg2+ on Hsp90 by
sedimentation equilibrium. Equilibrium sedimentation data obtained
at 4 °C and 0.05 (4), 0.1 (0), and 0.5 mg/mL (O) at 10 000 rpm
were fitted to different models. Shown are the residuals representing
the variation between the experimental data and those generated
by the fit with a single-ideal species model (A), a monomer-dimer
or monomer-dimer-trimer equilibrium model (B), and a monomer-
dimer-tetramer equilibrium model (C). In panel D, the symbols
show the experimental radial distribution of Hsp90 at sedimentation
equilibrium. The solid lines represent the best-fit curve analysis of
the global analysis of multiple sedimentation equilibrium data with
the monomer-dimer-tetramer equilibrium model [M1 was con-
strained to 84 643 Da;K1,2 ) (2.34( 1.85)× 107 M-1 andK1,4 )
(2.19 ( 0.05)× 1020 M-3 for these data].

FIGURE 4: Determination of the conformational change induced
by divalent cations. (A) Native PAGE analysis. Hsp90 was in lane
1 (6 µM). Hsp90 (6µM) complexed with EDC was in lane 2. In
the other samples, Hsp90 (6µM) was treated by EDC after and
before the addition of 5 mM divalent cations. The order of addition
of reagents is indicated below each lane. Samples were analyzed
on 4 to 15% gradient native PAGE with the PhastSystem apparatus.
D and O indicate migration of dimeric and oligomeric species,
respectively, and arrows indicate the position of the molecular mass
markers. (B) Size-exclusion chromatography. Elution profile of
Hsp90 (a) and cross-linked Hsp90 (b) in the absence of divalent
cation; the column was equilibrated with Tris-HCl buffer. (c) Elution
profile of cross-linked Hsp90 with 5 mM Mg2+; the column was
equilibrated with 5 mM Mg2+ and Tris-HCl buffer. (d) Elution
profile of 200 µL of cross-linked Hsp90 (12µM) through a
Sephacryl S-300 column. The column was equilibrated with 5 mM
Mg2+ and Tris-HCl buffer. Arrows indicate the elution volumes of
blue dextran 2000 (BD) and of molecular mass markers. In the
inset, proteins with known molecular masses and Stokes radii were
used for the calibration curve; the circles represent the Stokes radii
as a function of the partition coefficient (Kav). The arrows denote
the partition coefficient of Hsp90 (a), cross-linked Hsp90 (b), Hsp90
with Mg2+ and then cross-linked (c), and cross-linked Hsp90 before
cation addition and eluted with 5 mM Mg2+ (d). (C) Sedimentation
velocity of cross-linked Hsp90. Plots ofS20,w values vs cross-linked
Hsp90 concentrations. After cross-linkage of Hsp90 with EDC,
samples were supplemented (9) or not (b) with 5 mM Mg2+. The
lines are linear regressions to obtainS20,w° values.
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So, in the presence of Mg2+, Hsp90 was detected with EDC
as oligomers (dimers to higher-order ones). Surprisingly,
when cations were added after the cross-linking of Hsp90
with EDC, native PAGE (Figure 4A, lanes 4 and 6) and the
Sephacryl S-300 chromatogram (Figure 4B, profile d) clearly
showed that the cross-linked Hsp90 did not self-associate,
and only dimers were observed in native PAGE. Relative to
cross-linked Hsp90 alone (Figure 4, profile b), the presence
of ions shifted the elution profile to a lower apparent
molecular mass, suggesting a conformational change in the
protein.

As previously mentioned, cross-linking of Hsp90 before
addition of cations blocked Hsp90 in its dimeric state and
inhibited its divalent cation-dependent self-association. Nev-
ertheless, structural changes induced by cations remain
possible on cross-linked Hsp90. These results prompted us
to study by sedimentation velocity the hydrodynamic proper-
ties and the conformational changes induced by Mg2+ or Ca2+

on the Hsp90 dimer. Figure 4C shows thatS20,w of cross-
linked Hsp90 with and without 5 mM Mg2+ decreased in a
linear concentration-dependent manner. This decrease was
due to the hydrodynamic nonideality of Hsp90 and fitted
well the equationS20,w ) S20,w°(1 - gCT) s-1, whereg is the
nonideal correction factor,CT is the protein concentration,
S20,w is the sedimentation coefficient corrected for 20°C in
water, andS20,w° is the sedimentation coefficient at infinite
dilution. Linear regression analysis indicated that dimeric
cross-linked Hsp90 sedimented with anS20,w° of 6.21( 0.03
S without Mg2+ and anS20,w° of 6.86( 0.05 S with 5 mM
Mg2+. In both cases, theg value remained constant at 0.033
( 0.009 mL/mg. Using these sedimentation coefficient
values, we calculated (see Materials and Methods) the
corresponding translational frictional ratiof/fo and found a
slight decrease in the presence of Mg2+ (see Table 1), which
indicated a slight increase in Hsp90 compactness in the
presence of cations. In summary, cations induced tertiary
conformational changes and the oligomerization of Hsp90.

Hsp90 Domains InVolVed in the Oligomerization Process.
Since heat-induced oligomerization started concomitantly
with unfolding of the Hsp90 N-terminal domain (29, 30) and
since geldanamycin, a specific ligand of the Hsp90 N-
terminal domain, inhibited Hsp90 heat-induced oligomer-
ization, it was of interest to test the effect of GA on divalent
cation-dependent Hsp90 self-association to determine the
domains that are involved. Figure 5A (lane 1b) shows the
cross-linked Hsp90 dimer with 3.5× 10-4 M GA, as
compared to Hsp90 alone (lane 1a); no differences were
observed. With 5 mM Mg2+ (lane 2a) or Ca2+ (lane 3a), we
observed another band corresponding to oligomeric species.
GA did not modify the Hsp90 electrophoretic profile (lanes
2b and 3b), suggesting either that GA binding did not alter
the interface involved in oligomerization enhanced by cations
or that the N-terminal domain of Hsp90 did not participate
in the oligomerization. To determine the process, sedimenta-
tion equilibrium experiments were performed on the purified
N-terminal Hsp90 domain (positions 1-221). The use of
three loading concentrations at three speeds showed this
Hsp90 fragment was monomeric in solution. Global analysis
of three concentrations at one speed using the one-species
model converged to the value of 26.4( 2.3 kDa, highly
compatible with that previously found (36) and with the
theoretical molecular mass of the monomer (27.8 kDa).

Similar experiments were performed with 5 mM Mg2+; a
molecular mass of 26.2( 1.1 kDa was found. This result
indicated that the N-terminal domain of Hsp90 was not
involved in the oligomerization induced by cations.

With Hsp90-deleted species, Nemoto implicated the 200
C-terminal amino acids in Hsp90 oligomerization (27).
Hsp90 has an intrinsic peptidase activity, leading to a 73
kDa truncated product in which the last 150 C-terminal
amino acids are missing (49). We examined the ability of
C-terminally truncated Hsp90 to form oligomers. Figure 5B
shows SDS-PAGE comparison between Hsp90 (lane 1a)
and Hsp90 incubated for 24 h at 37°C (lane 2a). For
incubated Hsp90, in addition to the intact protein, we
observed additional bands of lower molecular masses, which
corresponded to truncated products. The two samples,
untruncated and the mixture, were incubated with 5 mM
Mg2+, treated with EDC, and then analyzed on native PAGE
(Figure 5B). As expected for untruncated Hsp90 (lane 1b),
we obtained dimeric and oligomeric species. With the Hsp90
mixture (truncated and untruncated) (lane 2b), the number
of dimers decreased by 15% and that of oligomers by more
than 70%. This indicated that truncated Hsp90 was less able
to oligomerize than untruncated Hsp90. However, the inhibi-
tion of Hsp90 oligomerization was not complete, due to the
presence of untruncated Hsp90 molecules (Figure 5B, lane
2a). Our results suggested that as for dimerization, the

FIGURE 5: Domains of Hsp90 involved in the oligomerization
enhanced by divalent cations. (A) Effects of geldanamycin. We
tested the effect of geldanamycin(GA), an N-terminal specific
ligand, on 6µM Hsp90 self-association. The presence and the
absence of reagents is indicated with+ and -, respectively.
Concentrations are indicated at the left. In all experiments, the last
compound that was added was EDC. Samples were analyzed on 4
to 15% gradient native PAGE with the PhastSystem apparatus. D
and O indicate migration of dimeric and oligomeric species,
respectively, and arrows indicate the migration position of the
molecular mass markers. (B) C-Terminally truncated Hsp90 oli-
gomerized less than the untruncated form. Homogeneous 12.5%
SDS-PAGE analysis of native (lane 1a) and truncated Hsp90 (lane
2a). Homogeneous 7.5% native PAGE analysis of untruncated and
truncated Hsp90 with 5 mM Mg2+ (lanes 1b and 2b, respectively)
and cross-linked with EDC. The Hsp90 concentration was 6µM.
SDS-PAGE and native PAGE were performed with the Phast-
System device. M, D, and O indicate migration of monomeric,
dimeric, and oligomeric species, respectively, and arrows indicate
the migration position of the molecular mass markers.
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C-terminal domain could participate in divalent cation-
dependent self-association of Hsp90.

DISCUSSION

The results give new and complementary information
concerning Hsp90 structure in solution and the effects of
divalent cations such as Mg2+ and Ca2+. Native PAGE
showed that Hsp90 was essentially a dimer. Size-exclusion
chromatography and sedimentation velocity experiments with
native and cross-linked Hsp90 showed that the hydrodynamic
behavior of the Hsp90 dimer deviated from that of a rigid
globular protein. In agreement with previous works (48, 50)
we found a sedimentation coefficient of 6.10( 0.03 S.
Moreover, sedimentation equilibrium experiments confirmed
that Hsp90 was a dimer with a molecular mass of 164 kDa.
This mass is close to the one determined by MALDI mass
spectroscopy (169.9 kDa) after cross-linking with EDC (51).

Via SEC-HPLC methods, Richter et al. (52) reported the
dissociation constant of the dimer of Hsp90 equaled 60 nM.
With this constant and for the less concentrated sample in
our sedimentation equilibrium experiments (0.05 mg/mL),
a mixture of 70% dimer and 30% monomer in equilibrium
would be found, but only dimer was observed. This minor
discrepancy could be due first to the different methods that
were used. Indeed, in analytical ultracentrifugation experi-
ments, the sample is examined in defined solution conditions
and the method allows analysis of association behavior
without the complications of possible interactions of the
macromolecules with a gel matrix or support. Second, Richter
et al. (52) used recombinant His-tagged Hsp90 instead of
the protein purified from bovine brain tissue. It has been
reported that the His tag affects the activity and the
association properties of the corresponding proteins (53-
55). Last, Richter et al. (52) used a buffer containing 150
mM KCl, and it is well-known that the ionic strength
influences the association of proteins, which implicates
electrostatic interactions (56).

In the presence of cations, sedimentation equilibrium
showed that Mg2+ and Ca2+ induced the self-association of
Hsp90 into a monomer-dimer-tetramer system. EDC, a
cross-linker agent, used before cation addition, blocked
Hsp90 in its dimeric form. In this case, the increase in the
sedimentation coefficient was due to a tertiary conformational
change in the protein. That cross-linking of the Hsp90 dimer
blocked the cation-induced oligomerization suggested that
Hsp90 needed to dissociate in monomer before its transition
into oligomeric forms. Moreover, in a previous work using
EDC (51), a species at 254 750 Da was observed by MALDI
mass spectrometry that corresponds to a trimer of Hsp90.
This species could be really present or could be the result
of the dissociation of the tetramer also observed by MALDI.
In any case, it appeared that cations induced a conformational
change in Hsp90, increasing its compactness, which caused
the dimer to dissociate and then the monomer to self-
associate into oligomers. Thus, the increase in the sedimenta-
tion coefficient induced by cations is due to both tertiary
and quaternary Hsp90 conformational changes. Now, it
becomes clear that the structural change described for Hsp90
in the presence of the ATP-Mg complex (20, 21, 31, 32)
and attributed only to the binding of ATP must be linked
also to the contributions of Mg2+ binding.

Geldanamycin, a specific ligand of the N-terminal domain,
does not modify the self-association induced by cations.
Moreover, sedimentation equilibrium shows that the N-
terminal fragment is a monomer and remains in a monomeric
state even in the presence of 5 mM Mg2+. These two results
demonstrate clearly that the first 221 amino acids were not
involved in the oligomerization induced by cations. In
contrast, a mixture of untruncated and C-terminally truncated
Hsp90 was less able to self-associate. The slight decrease in
dimer number could be explained by the inability of the two
truncated monomers to dimerize, whereas heterodimerization
(truncated and untruncated monomers) remained possible.
The greater effect on oligomerization suggested that these
heterodimers did not oligomerize. Moreover, in a previous
work, we showed a strong aggregation accompanies thermal
denaturation for both the C-terminal fragment of Hsp90
(position 446 to the end of the sequence) and the whole
protein, in the presence of Mg2+, but not for the N-terminal
domain (see Table 2 in ref36 and Figure 4B). All these
arguments show the 150 C-terminal amino acids are involved
in the divalent cation-dependent self-association of Hsp90.

Divalent cation-dependent oligomerization seems to be
different from thermally induced oligomerization on two
points. First, contrary to oligomerization by cations, which
leads to the formation of reversible oligomers, oligomeriza-
tion by temperature induces the formation of irreversible
higher-mass oligomers (29). Second, thermal oligomerization
starts during Hsp90 N-terminal melting, and GA inhibits the
process; in contrast, GA does not inhibit cation oligomer-
ization. Despite these differences, there is one common point
between these two processes. Divalent cations induce oli-
gomers with an apparent molecular mass in native PAGE
of around 500 kDa, and during thermally induced oligomer-
ization of Hsp90 alone, this oligomer is still present even at
high temperatures (>70 °C) (29). In the presence of divalent
cations, Hsp90 thermal oligomerization occurred at lower
temperatures than in their absence (i.e., 40-45 °C). This
process could result from the sum of two phenomena: (1)
an oligomerization implicating the C-terminal domain and
leading to oligomeric structures as observed in this study
and (2) a marked elevation of Hsp90 chaperone and peptide
binding activity, leading to N-terminal homotopic interactions
that concomitantly increase the degree of oligomerization.
The presence of oligomers with an apparent molecular mass
of ∼500 kDa even at high temperatures for Hsp90 alone
could be due to N-terminal intramolecular interactions.

We observed that the effect of divalent cations on
oligomerization of Hsp90 was large from 1 to 2 mM and
reached a maximum for 5 mM divalent cations. The
concentration values of resting ionized cytosolic Mg2+ in
mammalian cells converge around 0.5( 0.2 mM (57).
Moreover, the importance of fluctuations in free Mg2+ as a
consequence of hormonal stimulation has been underlined
by the observation that many enzymes in different biochemi-
cal pathways were activated or inhibited by changes in free
Mg2+ concentrations. For example, free Mg2+ affected the
activity of G-protein subunits (58-60). For the G-protein,
there are two sites with different affinities. One site has a
high affinity and is responsible for nucleotide hydrolysis,
and the second site has a lower affinity that allows the
hormonal activation of the G-protein. For Hsp90, we suggest
a similar scheme. There is a high-affinity site for Mg2+ that

11776 Biochemistry, Vol. 41, No. 39, 2002 Garnier et al.



corresponds to the ATP-Mg binding site responsible for the
binding of ATP (23, 24) and the regulation of ATPase
activity (61, 62). The second site, studied in this paper,
enhances the self-association process of Hsp90, modulates
its tertiary and quaternary structure, and may have an affinity
in the millimolar range. This second site would regulate the
chaperone function of Hsp90, favoring or inhibiting its
interaction with other polypeptides and receptors. To date,
calcium has been implicated only in the regulation of the
Hsp90 expression level (63). On the basis of our results, Ca2+

also modifies the conformation and the quaternary structure
of Hsp90. In conclusion, we found evidence of the impor-
tance of a tertiary conformational change in Hsp90 self-
association induced by divalent cations and shed light on
the role of these cations in the modulation of Hsp90
functions.
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