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Hsp90 and tubulin are among the most abundant proteins in
the cytosol of eukaryotic cells.AlthoughHsp90plays key roles in
maintaining its client proteins in their active state, tubulin is
essential for fundamental processes such as cell morphogenesis
and division. Several studies have suggested a possible connec-
tion between Hsp90 and themicrotubule cytoskeleton. Because
tubulin is a labile protein in its soluble form, we investigated
whether Hsp90 protects it against thermal denaturation. Both
proteins were purified from porcine brain, and their interaction
was characterized in vitro by using spectrophotometry, sedi-
mentation assays, video-enhanceddifferential interference con-
trast light microscopy, and native polyacrylamide gel electro-
phoresis. Our results show that Hsp90 protects tubulin against
thermal denaturation and keeps it in a state compatible with
microtubule polymerization. We demonstrate that Hsp90 can-
not resolve tubulin aggregates but that it likely binds early
unfolding intermediates, preventing their aggregation. Protec-
tion was maximal at a stoichiometry of two molecules of Hsp90
for oneof tubulin.This protectiondoesnot requireATPbinding
and hydrolysis by Hsp90, but it is counteracted by geldanamy-
cin, a specific inhibitor of Hsp90.

Chaperones are essential for cell life because of their involve-
ment in the folding of newly synthesized proteins. Among the
chaperones, the heat-shock protein of 90 kDa (Hsp90)3 is one of
themost abundant and ubiquitously expressed cellular proteins
(10–50 �M (1)) with a main function of helping other proteins
maintain their conformation in an active state. Several client
proteins of Hsp90 involved in cell proliferation and apoptosis
(such as protein kinases and transcription factors) have been
described (2–5). Although Hsp90 is fundamental for the life of
normal cells, it also protects mutated proteins against cellular

degradation, thus promoting cancer cell survival (6). Therefore,
considerable efforts have been made to find inhibitors of its
activity (7, 8).
Over the past decade several studies have suggested a possi-

ble relationship between Hsp90 and the microtubule cytoskel-
eton (9–15). Tubulin is a highly concentrated cellular protein
(10–20 �M (16)) and is the building block of microtubules,
which are involved in several crucial processes such as cell divi-
sion and morphogenesis, compartmentalization, and organelle
movement. Its fundamental role in the architecture and func-
tioning of the mitotic spindle has also made this protein a clas-
sical target of antimitotic drugs. A direct interaction between
Hsp90 and tubulin has previously been described (9), butHsp90
is also known to interact with other chaperones and co-chap-
erones to perform its function (17–19). Therefore, whether
Hsp90 can protect tubulin against denaturation in the absence
of other factors remains unknown.
In this study we investigated the direct interaction between

tubulin and Hsp90, both purified from porcine brain. Tubulin
was subjected to thermal denaturation in the absence and in the
presence of Hsp90, and its capacity to assemble into microtu-
bules was analyzed by spectrophotometry, sedimentation
assays, video-enhanced differential interference contrast (VE-
DIC) light microscopy, and native polyacrylamide gel electro-
phoresis. We found that Hsp90 protects tubulin against ther-
mal denaturation and maintains it in a state compatible for
assembly. Although it is known that Hsp90 uses ATP to per-
form its functions, we demonstrate that ATP hydrolysis is not
required for tubulin chaperoning. This protection is specific
because geldanamycin, an Hsp90 inhibitor, counteracts the
protective effect of Hsp90 on tubulin.

EXPERIMENTAL PROCEDURES

Protein Purification—The 90-kDa heat shock protein was
purified from porcine brain according to Yonezawa et al. (20)
modified byGarnier et al. (21). Hsp90was dialyzed overnight in
BRB80 (80 mM K-Pipes, 1 mM MgCl2, 1 mM EGTA, pH 6.8),
centrifuged at 65,000 � g for 30 min at 4 °C, flash-frozen in
liquid nitrogen, and stored at �80 °C. Protein concentration
was determined by UV absorbance using an extinction coeffi-
cient of 124,000 M�1 cm�1 at 280 nm in BRB80 buffer assuming
that Hsp90 was present as a dimer (22). Absorption was cor-
rected for light scattering using the Beckman DU640B spectro-
photometer software.
Tubulin was purified from porcine brains in two steps. The

first step involved two cycles of assembly/disassembly accord-
ing to Ashford et al. (23). After the second polymerization,
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microtubules were sedimented at 150,000 � g for 30 min at
37 °C. The pellets were resuspended in column buffer (50 mM

K-Pipes, 1 mM MgCl2, 1 mM EGTA, 0.2 mM GTP, 1% �-mer-
captoethanol, pH 6.8) at 4 °C and centrifuged at 150,000� g for
30 min at 4 °C. The supernatants were pooled, and microtu-
bule-associated proteins were removed from the preparation
using phosphocellulose (Sigma) chromatography (5/20 cm)
equilibrated in column buffer (50 mM K-Pipes, 1 mM MgCl2, 1
mM EGTA, 0.2 mM GTP, pH 6.8). Fractions containing tubulin
were pooled, and the buffer was converted to BRB80 using con-
version buffer (500 mM K-Pipes, 1 mMMgCl2, 1 mM EGTA, pH
6.8). MgCl2 and GTP concentrations were adjusted to 3 and 1
mM, respectively, and glycerol was added to reach a final con-
centration of 30%. Tubulin was polymerized once more, and
the microtubules were sedimented at 220,000 � g on 10 ml of
glycerol 60% cushion to remove free nucleotides. Pellets were
resuspended at 4 °C in BRB80, and tubulin with GDP bound to
its E-site was flash-frozen in liquid nitrogen and stored at
�80 °C. Tubulin concentration was determined by UV absor-
bance using an extinction coefficient of 107,000 M�1 cm�1 at
275 nm in 1% SDS, with the consideration that tubulin is a
dimer.
Tubulin Preparation for Polymerization and Incubation

Experiments—Tubulin-GDP was resuspended in BRB80 buffer
and supplemented with 0.1 mM GTP. The sample was incu-
bated 5min at 4 °C, permitting exchange of GDP forGTP in the
tubulin E-site, and then centrifuged at 32,200 � g for 10 min at
4 °C to remove altered tubulin formed during freezing. The
supernatant was taken, andGTP concentration was adjusted to
1 mM for both the polymerization and incubation experiments.
Long Term Tubulin Incubation Assay—This assay was per-

formed with and without Hsp90 at concentrations indicated in
the figure legends. Incubation was started by warming the sam-
ples to 37 °C; after 200min, samples were cooled to 4 °C. Tubu-
lin concentrations used are indicated in the figures. The turbid-
ity time course wasmonitored at 350 nm using a thermostatted
UVIKON XS spectrophotometer. Microtubule mass was mea-
sured by the variation in absorbance at the depolymerization to
subtract nonspecific polymer formation during polymerization
(i.e. aggregates) (9).
Sedimentable Tubulin and Absorbance—To correlate ab-

sorbance to sedimentable tubulin, tubulin (20.3 �M) was incu-
bated at 37 °C, each 0.2 absorbance unity sample was taken, and
the aggregation process was stopped at 4 °C. Samples were cen-
trifuged for 20min at 24,000� g at 4 °C, and supernatants were
assayed. The difference between initial tubulin concentration
and supernatant concentration was interpreted as sediment-
able tubulin.
Tubulin Preincubation—Tubulin at a concentration close to

the critical concentration (Cr, 18–23�M)was incubated for the
indicated times at 37 °C in the absence or presence of Hsp90.
Tubulin activity was then tested by spectrophotometry and
optical video light microscopy.
Spectrophotometry—Preincubated samples (60 �l) were cen-

trifuged on a 60-�l cushion (60% glycerol in BRB80, 1mMGTP)
at 24,000 g for 20min at 4 °C (TL100 centrifuge, Beckman). The
supernatantswere collected for polymerization in BRB80, 1mM

GTP, 30%glycerol, and the pellets were analyzed on 10% SDS-

PAGE gels. Polymerization was initiated by warming the sam-
ples to 37 °C, and depolymerization was induced by cooling the
samples to 4 °C. The quantity ofmicrotubules assembled is pro-
portional to the variation in absorbance at 350 nm.Microtubule
mass was measured by the variation in absorbance at the depo-
lymerization, as previously described.
Video-enhanced Differential Interference Contrast Light

Microscopy—Sampleswere prepared at 4 °C in perfusion cham-
bers made of a slide and a coverslip separated by two strips of
double-sided tape (24). Centrosomes purified fromKE-37 lym-
phoblastic human cells (25, 26) were perfused into the chamber
at a concentration of 1.8 � 107 centrosomes/ml. Preincubated
samples were centrifuged at 24,000 g for 20 min at 4 °C (TL100
centrifuge, Beckman). The surface of the perfusion chamber
was saturated by a flow of a large volume of the supernatants
containing tubulin alone or in association with Hsp90. The
mixture containing tubulin in BRB80 1mMGTP in the absence
or presence of Hsp90 was perfused into the chamber, and
microtubule assembly was observed under an Olympus BX51
microscope with its stage, objective, and condenser heated to
37 °C. Themicroscope was equipped with DIC prisms, an Apo-
chromat 60�/1.4 NA oil immersion objective, an 8-bit black-
and-white video camera (Sony, XC-ST70/CE), and an Argus 20
image processor (Hamamatsu). Images were recorded every 2 s
for periods of about 3–5min on a PCusing Simple PCI software
from Hamamatsu. Microtubule dynamics measurements
and data analysis were performed using NIH Image and
KaleidaGraph software as described previously (27). The uncer-
tainty on the slopes (tubulin alteration speed) was calculated
from the minimal and maximal regressions slopes obtained
considering the standard deviations for extreme points. Differ-
ences on the slopes between experiments were evaluated using
Student’s t test.
Hsp90 Specificity and Cofactors—Hsp90 protection specific-

ity was tested with tubulin long term incubation (200 min at
37 °C) under non-polymerization conditions (around theCr for
microtubule self-assembly). Tubulin was incubated in the pres-
ence of BSA at the same concentration as Hsp90. Moreover,
Hsp90 protection was tested in the presence of GA and of ATP.
Experiments were conducted as previously described.
Cross-linking Experiments of the Hsp90-Tubulin Complex—

Tubulin (18 �M) was incubated in BRB80 buffer for 5 min at
39 °C in the absence or presence of increasing Hsp90 concen-
trations (16.5, 33, 49.6, and 66 �M). After incubation, samples
were diluted 2-fold in BRB80, 0.1% glutaraldehyde, at room
temperature. Samples were run on a 6% native PAGE and blot-
ted onto polyvinyl difluoride membranes. Blots were first
stained with Ponceau red solution (0.5% Ponceau red, 1% acetic
acid) and probed with mouse anti-�-tubulin monoclonal anti-
body from Sigma. The primary antibody was detected using
horseradish peroxidase-conjugated antibody and an enhanced
chemiluminescence assay (ECL, PerkinElmer Life Sciences).
After film exposure, relative luminescence intensity was deter-
mined using a Bio-Rad imager. Then Ponceau red staining and
relative luminescence were aligned and superimposed.
Electrophoresis—PAGE under denaturing conditions (SDS)

was carried out using 1.5-mm-thick 8% acrylamide slab gels
(28). Gels were run using the Mini-Protean III apparatus from
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Bio-Rad. PAGE under native conditions was performed on 6%
acrylamide slab gels (29).

RESULTS

Characterization of the Thermal Aggregation of Tubulin—
Tubulin of mammalian origin reassembles in vitro into micro-
tubules when incubated at 37 °C in the presence of GTP. The
polymerization process can be followed by measuring the vari-
ations in absorbance at 350 nm, providing a fair indication of
the polymer mass assembled (30). However, because of the fra-
gility of the protein, which rapidly denatures, these polymeri-
zation experiments do not usually exceed �1 h (31, 32). To
determine whether Hsp90 could protect tubulin, we first inves-
tigated the optimal conditions for tubulin denaturation. Tubu-
lin at 45�Mwas incubated at 37 °C for times ranging from 40 to
220 min and further cooled to 4 °C to assess the presence of
products that cannot be depolymerized (Fig. 1A). Incubation of
tubulin for 40 min (Fig. 1A, curve a) revealed a classic polymer-
ization curve characterized by a sigmoid assembly phase fol-
lowed by a plateau at which the polymer mass remained con-
stant. At this state, microtubules are known to alternate
between growing and shrinking states as a result of their intrin-
sic dynamic instability (33). Cooling the sample to 4 °C allowed
the turbidimetric trace to return to a value close to its original
level, confirming the depolymerization of almost all the species.
Increasing the incubation time to 100 min (b), 160 min (c), and
220 min (d) induced a second increase in turbidity, indicating

formation of new polymeric species. Cooling of the specimens
to 4 °C showed that these new species do not depolymerize and,
thus, are likely tubulin aggregates. This process appeared to be
time-dependent because the amount of aggregates increased
with longer incubation times, whereas the quantity of microtu-
bules decreased concomitantly (Fig. 1B). Regarding the sample
polymerized for 220min, the difference in absorbance attribut-
able to aggregation was 1, which corresponded to 6.3 �M sedi-
mentable tubulin, indicating that around 39 �M tubulin should
have been available for polymerization. Thus, considering the
tubulin Cr of 20 �M, the quantity of microtubules formed
should have been 19 �M instead of 25 �M for the sample incu-
bated 1 h, or a theoretical decrease of 24%, whereas the micro-
tubule decrease observed was 34%.
The soluble form of tubulin is highly sensitive to denatur-

ation, but it is protected when incorporated into microtubules
(31, 32). Thus, we asked whether tubulin aggregation would be
reduced in the presence of microtubules. To address this ques-
tion, tubulin was incubated for 200 min at concentrations
below and above the Cr leading to microtubule self-assembly,
which was determined to be 21 �M in our conditions (Fig. 2C).
Fig. 2A shows a series of long term incubations at different
tubulin concentrations. Below the Cr for microtubule self-as-
sembly (�21 �M), the turbidimetric curves remained stable
after cooling of the specimens to 4 °C, showing that only aggre-
gation occurred. At 30.9 �M, only a few microtubules assem-
bled, as emphasized by the slight turbidity decrease upon cool-
ing. Increasing the initial tubulin concentration to 41.1, 51.4,

FIGURE 1. Characterization of tubulin aggregation. A, tubulin (45 �M) was
assembled into microtubules at 37 °C in BRB80 buffer, 1 mM GTP. Depolymer-
ization was induced by cooling the samples to 4 °C after 40 min (a), 100 min
(b), 160 min (c), and 220 min (d). The solid and dashed vertical lines with arrow-
heads indicate the level of microtubule assembly and tubulin aggregation,
respectively. B, variation of absorbance at 350 nm due to microtubules (Mts)
and aggregates (Ags) as a function of time.

FIGURE 2. Characterization of aggregation as a function of tubulin con-
centration. A, tubulin was incubated at 37 °C at the indicated concentrations
in BRB80 buffer, 1 mM GTP and cooled to 4 °C after 200 min. B, residual absor-
bance at 350 nm after cooling at 4 °C as a function of sedimentable tubulin
(see “Experimental Procedures” for details) is shown. The linear relationship is
expressed as [tub]Ags � 3.07 � absorbance � 3.25. C, shown is quantification
of microtubules (solid line) and of aggregates (dashed line) with tubulin con-
centration. The presented experiment is representative of a set of 7.
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and 61.7 �M resulted in classical turbidimetric assembly curves
followed by a progressive increase in turbidity that revealed the
formation of aggregates. One remarkable effect we noted was
that the aggregation decreased with increasing tubulin concen-
trations and, thus, with the quantity of microtubules. To quan-
tify the aggregation process, we measured the concentration of
sedimentable tubulin as a function of the variation in absor-
bance for a sample that did not formmicrotubules (Fig. 2B).We
found that the quantity of aggregates varied linearly with the
absorbance. We used this relationship throughout the rest of
the studies to convert the residual absorbance after cooling the
samples to 4 °C to micromolar values of aggregated tubulin.

Tubulin aggregation at 37 °C was
maximal around the Cr for self-as-
sembly and then rapidly decreased
as more microtubules assembled
(Fig. 2C). These results confirmed
that tubulin in its soluble form is
more prone to aggregate than when
incorporated into microtubules.
Hsp90 Inhibits Thermal Aggrega-

tion of Tubulin—Having fixed the
optimal conditions for tubulin
aggregation, we asked whether
Hsp90 could inhibit this process. In
a first set of experiments, tubulin
was incubated at 18 �M in the pres-
ence of increasing concentrations of
Hsp90 (Fig. 3A). In the absence of
Hsp90, aggregation was maximal,
whereas the addition of increasing
concentrations of Hsp90 inhibited
this behavior up to a concentra-
tion of 25.1 �M. Increasing the
Hsp90 concentration to 41.9 �M

did not significantly enhance inhi-
bition of tubulin aggregation. Yet
it should be noted that we could not
obtain complete protectionof tubulin
against aggregation, suggesting that
tubulin is not tightly associated with
Hsp90 and that the protective
effect is more likely directed by an
equilibrium between association and
dissociation.
In a second set of experiments,

tubulin was polymerized at 45 �M

for 200 min in the presence of
increasing concentrations of Hsp90
(Fig. 3B). Under these conditions,
once the plateau was reached, tubu-
lin alone aggregated with time. In
the presence of increasing Hsp90
concentration, the plateau tended
to remain stable; after cooling of the
samples, the residual absorbance
decreased in an Hsp90 concentra-
tion-dependent manner. These

experiments showed that Hsp90 inhibited the aggregation
phase observed at the plateau. Again, inhibition of aggregation
was not complete because the turbidimetric traces did not
return to their basal level upon cooling. Protection was also
maximal for a free tubulin:Hsp90 ratio of about 1:2.2 (Fig. 3B,
inset).
Hsp90 Maintains Tubulin in an Assembly-competent State;

Quantification of the Protective Effect—Previous experiments
showed that Hsp90 effectively protects tubulin against thermal
denaturation. Yet, it was unclear whether the tubulin that was
kept in its soluble form in the presence of Hsp90 could poly-
merize. Because aggregation was maximal for free tubulin con-

FIGURE 3. Effect of Hsp90 on tubulin aggregation below (A) and above (B) the critical concentration for
self-assembly. A, tubulin (18 �M) was incubated in BRB80 buffer, 1 mM GTP, in the absence or presence Hsp90
at the indicated concentrations. Aggregation was stopped by cooling the samples to 4 °C after 200 min of
incubation. B, tubulin (45 �M) was assembled in BRB80 buffer, 1 mM GTP in the presence of increasing concen-
trations of Hsp90, and depolymerization was induced by cooling the samples to 4 °C after 200 min of incuba-
tion. The insets in A and B indicate the concentration of sedimentable tubulin as a function of Hsp90 concen-
tration calculated from the remaining absorbance at 350 nm after depolymerization. The presented
experiment is representative of a set of 4.
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centration below the Cr, we used two protocols to test the
capacity of tubulin to polymerize at low concentrations after
preincubation (Fig. 4).
MacroscopicApproach by Spectrophotometry—In the first set

of experiments, the ability of tubulin to assemble into microtu-
bules was assessed by spectrophotometry (see “Experimental
Procedures” and Fig. 4A). Fig. 5 presents the results. In the
absence ofHsp90, the quantity ofmicrotubules formeddramat-
ically decreased with tubulin preincubation times (Fig. 5A),
whereas the quantity of aggregated tubulin increased accord-
ingly (Fig. 5A, inset). In the presence of a 1.9-fold excess of
Hsp90, the spectrophotometric curves obtained after 60 min
and 120 min of preincubation were similar to that obtained in
the absence of preincubation (dashed lines in Fig. 5B). This
result was confirmed by an analysis of the pellets showing no
substantial increase in aggregation with incubation time (Fig.
5B, inset).
In agreementwith the previous results, a stoichiometric ratio

of tubulin:Hsp90 of 1:0.9 induced only a partial protection (dot-
ted lines in Fig. 5B). Results obtained for the three tubulin:
Hsp90 ratios are summarized in Fig. 5, C and D. Experiments
performed at substoichiometry, i.e. tubulin:Hsp90 1:0.5,
showed that the protective effect of Hsp90 was very low.
Indeed, after a preincubation timeof 120min, fewmicrotubules
were formed, i.e. slightly more than what was observed for
tubulin alone. The protective effect of Hsp90 started to become
notable at stoichiometry and was maximal for a 1.9-fold excess
of Hsp90 (Fig. 5C).
Similar conclusions could be deduced from the measure-

ment of the global polymerization rate (Fig. 5D). Nevertheless,
regarding this parameter, the Hsp90 protective effect was less
spectacular. Indeed, for the preincubation time of 120 min in
the presence of a 1.9-fold excess of Hsp90, we observed that
even if the quantity of microtubules was poorly affected, the
polymerization rate decreased by 40%.

To summarize, these results con-
firm that Hsp90 inhibits tubulin
aggregation and maintains it in a
conformational state compatible
with its polymerization activity. The
protective effect was maximal when
tubulin was preincubated in the
presence of a 1.9-fold excess of
Hsp90. Under these conditions, the
quantity of microtubules formed
was not affected; thus, the binding
of Hsp90 to tubulin did not modify
the tubulin-microtubule equilib-
rium. Nevertheless, a significant
decrease of the tubulin polymeriza-
tion rate depending on preincuba-
tion time was observed.
Quantification of theHsp90Protec-

tive Effect by VE-DIC Light Micros-
copy—In a second set of experiments,
we studied the ability of tubulin to
assemble into microtubules after
the preincubation step and quanti-

fied it using VE-DIC light microscopy (see “Experimental Pro-
cedures” and Fig. 4B). Considering the previously obtained
results, we studied two tubulin:Hsp90 concentration ratios
(1:0.9 and 1:1.7); see Fig. 6. Moreover, we increased preincuba-
tion times because the Cr was 3 �M in the presence of centro-
somes (data not shown (27)). Fig. 6A shows typical images of
microtubule-nucleated frompurified centrosomes after sample
preincubations of 0, 225, and 450 min. Tubulin alone (control)
and tubulin incubated in the presence of a 1.7-fold excess of
Hsp90 are shown. For tubulin alone, we observed that the num-
ber of microtubules decreased with increasing preincubation
time. For 450 min of preincubation, no microtubules were
observed. On the other hand, in the presence of a 2-fold excess
of Hsp90, we observed microtubules at all preincubation times
tested.
To follow tubulin alteration, we analyzed tubulin polymeri-

zation mean rates because this parameter is linearly related to
the active tubulin concentration (34, 35). Table 1 shows a sum-
mary of the results. For tubulin alone, after 150 and 300 min of
preincubation, the mean rate assembly of tubulin decreased by
50 and 75%, respectively. Tubulin became inactive between 300
and 450min of preincubation. In the presence of Hsp90 at stoi-
chiometry (1:0.9), the loss of tubulin activity was slower: �33%
after 150 min of preincubation and �55% after 300 min. The
protective effect was even stronger for the Hsp90 1.7-fold
excess, with a decrease of �54% after 450 min. Tubulin poly-
merization rates gave a precise idea of tubulin activity; the lin-
ear regression of the plot showing the evolution of the activity
as a function of preincubation time allowed us to calculate a
new parameter; that is, the slope, which corresponds to the
tubulin aggregation rate (Fig. 6, B and C). The mean aggrega-
tion rate was 7.8 � 3.1 10�3 �m�min�2 for tubulin alone and
4.8 � 2.6 10�3 and 2.3 � 2.1 10�3 �m�min�2 in the presence of
Hsp90 at 1:0.9 and 1:1.7 stoichiometric ratios, respectively.

FIGURE 4. Experimental protocols developed to test tubulin activity after preincubation at 37 °C. Tubulin
at a concentration near the critical concentration for self- assembly (18 –23 �M) was incubated in BRB80 buffer
at 37 °C in the absence or presence of Hsp90 for times ranging from 0 to 450 min. A, samples were centrifuged
onto 60% glycerol cushions in BRB80, GTP 1 mM (v/v). The supernatants were collected and homogenized to
give a final glycerol concentration of 30%. The capacity of tubulin to polymerize was then assessed by spec-
trophotometry (see Fig. 5). The pellets were analyzed on an 8% SDS-PAGE to evaluate the quantity of aggre-
gated tubulin (Fig. 5, A and B, insets). B, samples were centrifuged, and the supernatants were collected to test
tubulin polymerization activity in the presence of purified centrosomes using video-enhanced differential
interference light (see Fig. 6).
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FIGURE 5. Hsp90 keeps tubulin soluble and preserves its capacity to assemble into microtubules. Tubulin at 22.3 �M was preincubated for times ranging
from 0 to 180 min in the absence or presence of Hsp90. The samples were then prepared as indicated in Fig. 4A. Supernatants were used to test tubulin capacity
to form microtubules after tubulin preincubation in the absence of Hsp90 (A) and in the presence of Hsp90 (B) at 20.7 �M (dotted lines) and 41.3 �M (dashed lines).
Pellets were analyzed on an 8% SDS-PAGE (A and B, insets). Preincubation times are indicated at the top of the gels; T and H correspond to tubulin and Hsp90,
respectively. The quantity of microtubules formed (C) and the apparent polymerization rate (D) are reported as a function of the preincubation time for tubulin
alone (bold lines) and for tubulin preincubated in the presence of Hsp90 at 10.3 (thin lines), 20.7 (dotted lines), and 41.3 �M (dashed lines). The presented
experiment is representative of a set of 5.
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Geldanamycin Inhibits the Protection of Tubulin by Hsp90—
To test whether tubulin protection by Hsp90 is specific, we
incubated tubulin in the presence of GA alone (first control), in
the presence of BSA (second control) at the same concentration
as Hsp90, and with Hsp90 with or without GA (Fig. 7). For
control experiments, the turbidimetric curves display typical
aggregation profiles, indicating that BSA did not influence
tubulin aggregation. In the presence of Hsp90, the increase in
turbidity was very weak compared with the controls. The addi-
tion of GA to the tubulin-Hsp90 sample partially inhibited the
Hsp90-protective effect on tubulin. After centrifugation, SDS-
PAGE analysis showed that the amounts of tubulin present in
the supernatants were identical in both controls but higher in
the presence of Hsp90 (Fig. 7, inset). Pellets analysis by SDS-
PAGE reinforced this result; nevertheless, four to five times

more tubulin aggregates were found
in the tubulin-Hsp90-GA pellet
compared with tubulin-Hsp90 (Fig.
7, inset). Taken together, these
results clearly demonstrate that
Hsp90 specifically protects tubulin
from thermal denaturation.
Native-PAGE Tubulin Profile In-

duced upon Heating Is Modified in
the Presence of Hsp90—To delin-
eate a tubulin-Hsp90 complex, we
heated tubulin and Hsp90 at 39 °C
for 5 min separately and at increas-
ing ratios of Hsp90 versus tubulin.
The protein complexes formed
were cross-linked by using 0.1%
glutaraldehyde and then analyzed
by electroblotted native-PAGE.
Ponceau red staining showed that
Hsp90 appears predominantly as a
dimer and oligomers, as indicated
by left arrows 1 and 2 in Fig. 8A,
respectively, whereas we observed
three bands for warmed tubulin
alone (Fig. 8A). Anti-�-tubulin anti-
body revealed five bands for heated
tubulin alone (1, 2, 3, 4, and 6; Fig.
8B, right arrows). The migration
pattern of heated tubulin was differ-
ent in the presence of Hsp90. The
intensity of bands 2, 3, and 6
decreased with increasing Hsp90
concentrations, and band 6 com-
pletely disappeared. In addition,
regardless of the Hsp90 concentra-
tion tested, the tubulin band 4 was
not detected. On the other hand,
the intensity of tubulin band 1
increased in the presence of
Hsp90. A new band (band 5) was
detected only in the presence of
Hsp90 and just above the Hsp90
dimer band. This new band was

assigned to a tubulin-Hsp90 complex.

DISCUSSION

In a first set of experiments, we characterized tubulin ther-
mal denaturation and found that the tubulin alteration proc-
ess is dependent on preincubation temperature
(supplemental Fig. 1), on tubulin concentration, and on the
presence of microtubules. Indeed, the increase of tubulin
concentration above the Cr led to the multiplication of
nucleation sites and, thus, microtubule number. In a con-
comitant way, the probability of tubulin dimer incorporation
into microtubules increased, accelerating its turnover at
microtubule ends and, thus, producing an autostabilization
effect. At the steady state, the tubulin aggregation led to a
decrease in the quantity of microtubules depending on incu-

FIGURE 6. Loss of tubulin activity and the Hsp90 protective effect quantified by video light microscopy.
A, shown are video microscopy snapshots of microtubules during polymerization after 0, 225, and 450 min of
preincubation. Tubulin alone at 21.9 �M (control) and tubulin incubated in the presence of Hsp90 at 37 �M are
shown; see the protocol detailed in Fig. 4B. The indicated time at the top left corner corresponds to the time
elapsed from the initiation of the video microscopy record. Results presented in graphs B and C were obtained
from two independent experiments and show the evolution of microtubule polymerization rate as a function
of preincubation time for tubulin alone (bold lines) and stoichiometric ratios of tubulin:Hsp90 of 1:0.9 (dotted
line) and 1:1.7 (dashed line).
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bation time. The real quantity of microtubules was lower
than the theoretical quantity deduced from the concentra-
tion of sedimentable tubulin. This discrepancy highlights
that in addition to aggregates, some soluble tubulin does not
participate in the polymerization process. For tubulin con-
centrations below the Cr, the aggregation process increased
with tubulin concentration; it was maximal for concentra-
tions slightly higher than the Cr for assembly.

Long term incubation experiments clearly demonstrated
that Hsp90 inhibited tubulin aggregation for tubulin concen-
trations under and above the Cr; this effect was maximal for an
Hsp90 excess around 2-fold. In addition, no change was
observed in the presence of ATP (supplemental Fig. 2). The
Hsp90-protective effect on tubulin is ATP-independent, as has
already been reported (36, 37), orHsp90 can useGTPpresent in
solution as previously suggested (38).
Using spectrophotometry, we demonstrated that Hsp90

maintains tubulin in an assembly-competent state. After a pre-
incubation step in the presence of 1.9-fold Hsp90 excess, the
microtubule quantity remained almost constant, whereas the
tubulin polymerization rate was affected. This was probably
the result of a sequestering effect of the tubulin dimer by the
chaperone. This result suggests that the tubulin-Hsp90 equilib-
rium is progressively displaced.
Tubulin polymerization activity was alsomonitored by video

light microscopy after preincubation.We detailed values of the
dynamic instability parameters for all conditions tested. In
contrast to our expectations, regardless of whether or not the
sample containedHsp90,we identified no evidence of anymod-
ification of the catastrophe frequency compared with non-pre-
incubated tubulin alone at various concentrations (data not
shown). Indeed, the catastrophe frequency is closely linked to
polymerization rate and, thus, to tubulin concentration (39).
This suggests that altered tubulin does not participate in the
polymerization process. For non-preincubated samples, it is
interesting to note that tubulin polymerization was slower in

FIGURE 7. Specificity of the Hsp90 protective effect on tubulin. Shown is
alteration of tubulin (16.3 �M) in the presence of geldanamycin (143 �M) (1),
Hsp90 (20 �M) (2), Hsp90 and geldanamycin (20 and 143 �M, respectively) (3),
and BSA (20 �M) (4). After incubation, samples were centrifuged, and super-
natants (S) and pellets (P) were analyzed on an 8% SDS-PAGE. T, B, and H
correspond to tubulin, BSA, and Hsp90, respectively. The presented experi-
ment is representative of a set of 5.

TABLE 1
VE-DIC light microscopy analysis; influence of Hsp90 on tubulin polymerization rate after preincubation at 37 °C (see Fig. 4B)
The protein concentrations during preincubation were 22.8 �M for tubulin and 20 �M for Hsp90 (A) and 21.9 �M for tubulin and 37 �M for Hsp90 (B). C, comparison of
tubulin denaturation speeds is shown. Asterisk indicates p � 0.2 level of significance; double asterisk indicates p � 0.02 level of significance.
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the presence of Hsp90 than in its absence. This Hsp90 inhibi-
tion effect on tubulin polymerization was previously observed
under conditions in which the tubulin polymerization rate was
very slow and Hsp90 excess higher (9). The longer the preincu-
bation time is, the stronger the Hsp90 inhibition is, and the
higher the affinity of Hsp90 for tubulin should be. This relation-
shipclearlydemonstrates that thedecrease in tubulinactivitymea-
sured in the presence ofHsp90 byVE-DIC lightmicroscopy is not
only the consequence of a potential tubulin alteration but also of
increased tubulin sequestration by Hsp90. Thus, the Hsp90 pro-
tective effectmeasured by this protocol would be underestimated.
Nevertheless, this speed was reduced by more than 3-fold in the
presence of a 1.7-fold excess of Hsp90.
Experiments performed in the presence of a large GA excess

have shown that tubulin protection by Hsp90 was partially
inhibited. This observation reinforces the idea that the protec-
tive effect highlighted here is N-terminal nucleotide binding-
independent. Nevertheless, the binding of GA at the N-termi-
nal domain is known to induce conformational changes in the
Hsp90 middle and C-terminal domains (40). These conforma-
tional long range structural effects arising fromcommunication
among the Hsp90 domains would be expected to modify the
Hsp90 structure, explaining why GA only partially inhibited its
activity. The Hsp90 middle and/or C-terminal domains would
be implicated in tubulin thermal protection, as has been previ-
ously proposed (41–43). This simple experiment in the pres-
ence of GA will be useful to probe new potentially antitumoral
molecules that target Hsp90 chaperone function.
As revealed byNative-PAGE, in the presence of Hsp90, tubulin

bandscorresponding to thehighermolecularweightsdecreasedor
disappeared to the detriment of the band corresponding to native
tubulin. Two hypotheses can be advanced; first, Hsp90 would
interact with tubulin aggregates and dissociate them, or second,
Hsp90would bind to early unfolding intermediates and prevent
their aggregation. Using spectrophotometry, we have tested
whether Hsp90 could solubilize tubulin during aggregation; we
observed no tubulin aggregate solubilization but only a slowing
of the aggregation process after Hsp90 addition (data not
shown). This outcome clearly indicates that Hsp90 cannot

resolve tubulin aggregates and,
rather, binds early unfolding interme-
diates, preventing their aggregation.
A Western blot revealed a band just
above the Hsp90 dimer that probably
corresponded to an Hsp90 dimer-tu-
bulin complex.Hsp90 is knowntooli-
gomerize in the presence of magne-
sium (44); these oligomers would
correspond to the Hsp90 quaternary
structures having the chaperone
activity (45–47).We could not check
for thepresenceof tubulin around the
Hsp90 oligomer species. Considering
the weakness of tubulin band inten-
sity appearing just above the Hsp90
dimer and the low Hsp90 oligomer
quantity compared with the dimer, it
was unlikely that we would be able to

identify any Hsp90 oligomer-tubulin complexes.
In summary, we demonstrated here that in vitro, dimeric solu-

ble tubulin is prone to aggregate even at a physiological tempera-
ture despite the presence ofmicrotubules. This sensitivitymust be
taken into account when studying microtubule intrinsic dynamic
instability at steady state, especiallywhenusingnucleationcenters,
i.e. centrosomes or axonemes for optical videomicroscopy exper-
iments. Under these experimental conditions, the quantity of
microtubules formed is very low compared with the concentra-
tion of free tubulin, conditions that are highly favorable for
tubulin denaturation. Thus, it appears to be preferable to work
at lower temperatures (48, 49), i.e. less than 30 °C, that per se
modify microtubule dynamic instability.
Hsp90 protects tubulin against denaturation under both po-

lymerization and non-polymerization conditions with an opti-
mal ratio of two Hsp90 dimers for one tubulin heterodimer.
Furthermore, we show that Hsp90 maintains tubulin in an
assembly-competent state for several hours. In addition, we
generated evidence that tubulin protection by Hsp90 results
from transient binding to highly structured early unfolding
intermediates. Moreover, we demonstrate that the Hsp90 pro-
tective effect is specific and ATP-independent.
Hsp90 and tubulin are ubiquitous and among themost abun-

dant proteins in all eukaryotic cells (50, 51). They play crucial
roles as tubulin is indispensable to cell division and morphol-
ogy, whereas the absence of Hsp90 is lethal. In the cell, it has
been demonstrated that a significant portion of Hsp90 is asso-
ciated with a tubulin-containing complex in a hypotonic
cytosol preparation as in intact cells (12). Furthermore, Hsp90
has been shown to colocalize with the microtubules network in
both interphase andmitoticmammalian cells (11, 12, 15). After
heat stress, Hsp90 andHsp70 are found in highmolecular mass
complexes with tubulin, and the authors have suggested that
this macrocomplex may be an induced protective assembly
rather than a normal processing intermediate (10). It is well
known that in such stress conditions Hsp90 is overexpressed
(52), whereas a concomitant disruption of microtubule orga-
nization, a decrease of nucleation activity, and a partial or
total disassembly of the microtubule cytoskeleton occur,

FIGURE 8. Hsp90 modifies the native PAGE migration pattern of heated tubulin. Tubulin at 18 �M (T) and
Hsp90 at 16.5 �M (H) were heated at 39 °C for 5 min separately or together at the indicated tubulin:Hsp90
stoichiometric ratios. A, shown is Ponceau red membrane staining of transferred proteins from native PAGE;
arrows 1 and 2 on the left indicate the Hsp90 dimer and oligomers, respectively. B, labeling with anti-�-tubulin
monoclonal antibody is shown. C, superimposition of Ponceau red staining and anti-�-tubulin antibody stain-
ing. Arrows 1– 6 on the right correspond to tubulin bands.
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releasing an unstable tubulin dimer in the cytosol (53–58). In
line with our results, we propose that at the cellular level and
under stress conditions, Hsp90 would sequester soluble (i.e.
unstable) tubulin dimers to prevent their irreversible aggre-
gation and to maintain them in a conformational active state
for several hours. Once the stress conditions have ended,
tubulin would be able to form microtubules again, thus,
restoring their cellular functions.
More generally, besides stress conditions, it is well known

that themicrotubule cytoskeleton undergoes an abrupt reorga-
nization at the interphase-mitosis (G2/M) transition, leading to
the decrease of the cellularmicrotubule quantity (59). Concom-
itantly, the free tubulin cytosolic concentration temporarily
increases. At this key moment of cell cycle, Hsp90 would par-
ticipate in maintaining tubulin dimer integrity, making it avail-
able to form the future mitotic spindle.
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