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Although several reports have indicated that eNOS is a highly
sensitive calpain substrate, the occurrence of a concomitant
Ca2�-dependent activation of the synthase and of the protease
has never been analyzed in specific direct experiments. In this
study, we have explored in vivo how eNOS can undergo Ca2�-
dependent translocation and activation, protected against deg-
radation by activated calpain. Here we demonstrate that follow-
ing a brief exposure toCa2�-loading, the cytosolic eNOS-HSP90
complex recruits calpain in a form in which the chaperone and
the synthase are almost completely resistant to digestion by the
protease. Furthermore, in the presence of the HSP90 inhibitor
geldanamycin, a significant decrease in NO production and an
extensive degradation of eNOS protein occurs, indicating that
dissociation from membranes and association with the chaper-
one is correlated to the protection of the synthase. Experiments
with isolated membrane preparations confirm the primary role
of HSP90 in dissociation of eNOS from caveolae. Prolonged
exposure of cells to Ca2�-loading resulted in an extensive deg-
radation of both eNOS andHSP90, accompanied by a large sup-
pression of NO production. We propose that the protective
effect exerted by HSP90 on eNOS degradation mediated by cal-
pain represents a novel and critical mechanism that assures the
reversibility of the intracellular trafficking and activation of the
synthase.

The endothelial form of nitric-oxide synthase (eNOS)2 is
known to be present in resting cells associated with caveolae,
interacting in an inactive form with caveolin-1 (1–6). Thus,
dissociation from caveolae is the initial obligatory step of the
overall activation process of eNOS required to remove the syn-
thase from caveolin-1 inhibition. This mechanism is triggered
by a [Ca2�]i elevation and requires interaction of eNOS with
both calmodulin (CAM) and HSP90 (7–15). These sequential

reactions have been proposed on the basis of observations
obtained mainly with immunoprecipitation experiments and
using recombinant proteins (11, 14, 15). Furthermore, it is well
known that eNOS is a sensitive calpain substrate (16–21) and
that the elevation of [Ca2�]i required for the initiation of the
eNOS activation cycle also induces the activation of this prote-
ase through its translocation to the membranes (22–25). It
must be emphasized that several reports have described the
proteolytic degradation ofNO synthases, but its occurrence has
been related to an intense intracellular Ca2� overload induced
by exocytotic conditions or the removal of incorrectly folded
NO synthase molecules. In this respect, it has been reported
that HSP90 can affect the proteolysis of eNOS by regulating
heme insertion and formation of the active dimeric enzyme
form.
At present, very little is known about the regulation of eNOS

trafficking between different subcellular compartments. How-
ever, on the basis of the above considerations, it can be assumed
that an efficient in vivo mechanism must be operating to pro-
tect the synthase in its native active state from uncontrolled
calpain-mediated proteolysis, which could markedly reduce
eNOS activity.
In previous studies (16, 17), we have demonstrated that in

the presence of Ca2�, calpain can be recruited in a ternary
complex containing eNOS, HSP90, and the protease. In this
associated form, HSP90 and NOS become resistant to cal-
pain digestion. We have also shown that in intact cells and in
rat tissues, the level of HSP90 expression is directly corre-
lated with the extent of NOS degradation. Accordingly, in rat
aorta, under conditions of calpain activation, endothelial
NOS is much more vulnerable to proteolytic degradation
than neuronal NOS (17), since HSP90 is more abundant in
brain.
In the present study, we have further explored in Ca2�-

loaded endothelial cells the role of HSP90 in: (i) the protec-
tion of eNOS from calpain digestion, (ii) the intracellular
redistribution of the synthase, and (iii) the control of NO
production.
We are now reporting that following an increase in [Ca2�]i

induced by Ca2�-ionophore or acetylcholine treatment, eNOS
dissociates from caveolin-1 and translocates to the cytosol.
Under these conditions, no changes in the intracellular distri-
bution of HSP90 occurred because the bulk of the chaperone
remained largely diffused in the cytosol. Disruption of the
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eNOS-caveolin-1 interaction was accompanied by its activa-
tion and by NO production. In isolated membrane prepara-
tions, the release of eNOS required the presence of HSP90;
Ca2�-CAM alone is significantly less efficient. In the presence
of the HSP90 inhibitor geldanamycin, NO production was
largely decreased, and the synthase was extensively degraded.
Immunoprecipitation of HSP90 from cell lysates revealed that
only in Ca2�-loaded cells, cytosolic diffusion of eNOS was
accompanied by the formation of an eNOS-HSP90-calpain het-
erotrimeric complex.
Taken together, these results indicate a novel role of HSP90

that operates in vivo in protecting eNOS from calpain-medi-
ated degradation in the course of the intracellular dynamic
redistribution that accompanies the enzyme activation andNO
production.
We are herewith proposing that HSP90 participates in the

eNOS activation cycle, not only through its role in dissociation
and stabilization of the active synthase form, but also for its
crucial effect in preserving the enzyme from proteolytic degra-
dation by calpain.

EXPERIMENTAL PROCEDURES

Materials—Leupeptin, aprotinin, phosphatase inhibitor
mixture I and II, calmodulin, 4,5-diamino-fluorescein diacetate
(DAF-2DA), Ca2�-ionophore A23187, N-nitro-L-arginine
methyl ester (L-NAME), calpain inhibitor-1, ATP, phos-
phoenolpyruvate, pyruvate kinase, and acetylcholine chloride
were purchased from Sigma Aldrich. 4-(2-aminoethyl) ben-
zenesulfonylfluoride (AEBSF) and geldanamycin were
obtained from Calbiochem. ECL� Detection System was
obtained from GE Healthcare. t-Boc-Leu-Met-CMAC flu-
orogenic calpain substrate (26) was purchased from Molec-
ular Probes (Invitrogen).
Antibodies—Monoclonal mouse IgG1 eNOS and HSP90

antibodies and polyclonal rabbit caveolin antibody were pur-
chased fromBDTransductionLaboratories,Milan, Italy; serum
�-calpain (mAb 56.3) antibody was produced as described in
Ref. 27.
Cell Culture—bEnd5 cells were kindly provided by L. Riboni

(Department ofMedical Chemistry, Biochemistry and Biotech-
nology, University of Milan, LITA-Segrate, Milan, Italy) and
maintained in continuous culture at 37 °C (5% CO2) with Dul-
becco’s modified Eagle’s medium growth medium containing
10% fetal bovine serum, 10 units�ml�1 penicillin, 100 �g�ml�1

streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, all
purchased from Sigma Adrich.
Immunofluorescence Confocal Microscopy and Fluorescence

Quantification—bEnd5 cells grown on glass slides (8 � 104
cells) were fixed and permeabilized by the Triton/paraformal-
dehyde method, as described in Ref. 28. Cells were treated with
2.5 �g/ml eNOS, or HSP90 or caveolin antibodies diluted in
phosphate-buffered saline solution containing 5% (v/v) fetal-
calf serum. After incubation for 3 h at room temperature, cells
were washed three times with phosphate-buffered saline and
treated with 4 �g/ml chicken anti-mouse Alexa fluor 488 con-
jugate or 4�g/ml chicken anti-rabbit Alexa fluor 568 conjugate
(Molecular Probes) secondary antibodies for 1 h. Images were
collected by a Bio-Rad MRC1024 confocal microscopy, using a

60� Plan Apo objective with numerical aperture 1.4. Sequen-
tial acquisitions were performed to avoid cross-talk between
color channels. The fluorescence intensity in each collected
image was quantified using LaserPix software (Bio-Rad) and
followed the procedure described in Ref. 29.
Immunoprecipitation and Immunoblot—bEnd5 cells (1 �

106 cells) treated as described elsewhere in this report were
lysed by three cycles of freezing and thawing in 500 �l of ice-
cold 20 mM Tris/HCl, 2.5 mM EDTA, 2.5 mM EGTA, 0.14 M
NaCl, 10 �g/ml aprotinin, 20 �g/ml leupeptin, AEBSF 10
�g/ml, phosphatase inhibitor mixture I and II 10 �g/ml, pH 7.4
(immunoprecipitation buffer). Cell lysates were centrifuged at
12,000 � g for 15 min at 4 °C, and protein quantification of the
supernatants was performed using the Lowry method (30). To
perform the immunoprecipitations, 500 �g of soluble protein
(crude extract) has been precleared with protein G-Sepharose,
and then incubated in the presence of 2 �g of anti-HSP90mAb
at 4 °C, overnight. Protein G-Sepharose was then added to each
sample and incubated for an additional 1 h. The immunocom-
plexes were washed three times with immunoprecipitation
buffer without enzyme inhibitors, heated in SDS-PAGE loading
buffer for 5 min, and run on 6% SDS-PAGE (31). Proteins were
then transferred by electroblotting onto a nitrocellulose mem-
brane and saturated with phosphate-buffered saline, pH 7.5,
containing 5% skim milk powder. The blots were probed with
specific antibodies, followed by a peroxidase-conjugated sec-
ondary antibody as previously described and then developed
with an ECL detection system (32). The immunoreactive mate-
rial was detectedwith a Bio-RadChemiDocXRS apparatus and
quantified using the Quantity One 4.6.1 software (Bio-Rad).
The procedure was quantitated using known amounts of pro-
teins submitted to SDS-PAGE and detected with the appropri-
ate antibody. The bands obtained were scanned and used to
create a calibration curve.
Determination of NO Production with DAF-2DA—bEnd5

cells (2 � 104 cells) grown on a 96-well microplate were incu-
bated at 37 °C for 30min in 200�l of ice-cold oxygenated phys-
iological salt solution having the following composition: 10mM
HEPES, 0.14 MNaCl, 5mMKCl, 5mM glucose, 1mMMgCl2, pH
7.4 (HEPES buffer) containing 100 �M L-arginine and 5 �M
DAF-2DA. This compound is non-fluorescent but reacts
with NO in the presence of oxygen to form the highly fluo-
rescent derivative DAF-2 triazole (33, 34), whose intensity is
proportional to NO levels. The cells were then rinsed twice
with HEPES buffer and after the addition of 1 �M calcium
ionophore A23187 in 200 �l of HEPES buffer containing 2
mM CaCl2 in the absence or presence of 1 mM L-NAME, the
fluorescence (excitation wavelength 485 nm; emission wave-
length 535 nm) was continuously measured using the top
reading mode in the fluorescence multilabel reader LB 940
Mithras, Berthold, Germany.
Assay of Intracellular CalpainActivity—bEnd5 cells (2� 104

cells) grownon a 96-wellmicroplatewere incubated at 37 °C for
20 min in 200 �l of ice-cold oxygenated HEPES buffer contain-
ing 50 mM t-Boc-Leu-Met-CMAC fluorogenic calpain sub-
strate and 2 mM CaCl2. Cells were then washed twice with
HEPESbuffer to remove excess substrate, and after the addition
of 1 �M calcium ionophore A23187 in 200 �l of HEPES buffer
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containing 2 mM CaCl2, the fluorescence emission was contin-
uously monitored with aMithras LB 940 plate reader (Berthold
Technologies). The excitation/emissionwavelengths were 355/
485 nm, respectively.

Detection of eNOS from Isolated
Endothelial Cell Membranes—
bEnd5 cells (1 � 106 cells) were
collected and lysed with three
cycles of freezing and thawing in
500 �l of ice-cold immunoprecipi-
tation buffer. Cell lysates were
centrifuged at 100,000 � g for 15
min at 4 °C, and the particulate
material was washed 3-fold with
HEPES buffer, adding 0.01% Tri-
ton X-100 in the last washing.
After centrifugation at 100,000 �
g for 5 min, membranes were incu-
bated (100 �l) under different
conditions for 30 min at 4 °C and
centrifuged again at 100,000 � g
for 15 min. The supernatants and
the membranes of each sample
were heated in SDS-PAGE loading
buffer for 5 min, and aliquots (30
�l) were submitted to 6% SDS-
PAGE (31). Proteins were then
transferred by electroblotting
onto a nitrocellulose membrane,
and eNOS was detected as de-
scribed above.

RESULTS

Subcellular Translocation of
eNOS in Ca2�-loaded Cells—Previ-
ous reports (14, 35, 36) have indi-
cated that dissociation of eNOS
from caveolae is an essential step
in the synthase activation process.
To better define the biochemical
relevance of this process, we have
analyzed by confocal microscopy
the changes in eNOS localization
under conditions of an increased
[Ca2�]i, also promoting activation
of the enzyme. In resting cells, co-
immunolocalization experiments
revealed that eNOS is mostly asso-
ciated with caveolin-1 protein,
present in both plasma mem-
branes and the Golgi apparatus
(Fig. 1A). Following an increase in
[Ca2�]i induced by cell treatment
with the Ca2� ionophore, eNOS
dissociates from membranes and
becomes detectable as a diffused
cytosolic enzyme, no longer co-lo-
calized with caveolin-1 (Fig. 1B).

Identical results were also obtained by stimulation with the
natural agonist acetylcholine, which promotes an increase in
free [Ca2�]i through its mobilization from intracellular
stores (Fig. 1C).

FIGURE 1. Effect of an increase in intracellular free calcium on eNOS and HSP90 localization in bEnd5 cells.
A and B, bEnd5 cells grown on glass slides (8�104 cells) as described under “Experimental Procedures” were treated
in the absence (A) or presence (B) of 1 �M Ca2�-ionophore A23187 for 5 min. In C, the cells were treated in the
absence (C) or presence of 1 �M acetylcholine (Ach) for 30 min. In D, the cells were treated in the absence (C) or
presence of 1 �M Ca2�-ionophore A23187 for 5 min (Ca2�). After treatment, eNOS, caveolin, and HSP90 localizations
were determined by confocal microscopy using the specific antibodies as described under “Experimental Proce-
dures.” In the third image of panels A and B (merge), the yellow staining indicates co-localization of the two proteins
detected. The images are representative of six different experiments. E, bEnd5 cells (1 � 105) were left untreated (C)
or treated in the presence of 1 �M Ca2�-ionophore A23187 for 5 min (Ca2�) or 1 �M acetylcholine (Ach) for 30 min
were lysed in 100 �l of SDS-PAGE loading buffer, heated for 5 min at 95 °C, and aliquots of each sample (30 �l) were
submitted to SDS-PAGE (6%) and Western blot analysis. HSP90 and eNOS were detected using the specific antibod-
ies. The immunoreactive bands were quantified as described under “Experimental Procedures” (gray bars). The
cytosolic fluorescence of eNOS and HSP90 derived from the images reported in A, B, C, and D was quantified as
described under “Experimental Procedures” (black bars). The values of each quantification are the arithmetical mean�
S.D. of three different experiments. F, bEnd5 cells (2 � 104 cells) were loaded for 30 min at 37 °C with DAF-2 DA and
incubated with 1 �M Ca2�-ionophore A23187. eNOS activity was assessed as the L-NAME-dependent increase in fluores-
cence (see “Experimental Procedures”) at the indicated times of incubation. The values are the arithmetical mean of three
determinations. G, bEnd5 cells (2 � 104 cells) were loaded for 20 min at 37 °C with the cell-permeable fluorogenic t-Boc-
Leu-Met-CMAC calpain substrate and incubated with 1 �M Ca2�-ionophore A23187. Fluorescence was recorded as
described under “Experimental Procedures.” The values are the arithmetical mean of three determinations.
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In both resting and Ca2�-stimulated cells, the bulk of HSP90
remains preferentially distributed in the soluble cytosolic frac-
tion without changes in its protein level (Fig. 1, D and E). Dis-
sociation from the membranes and diffusion of eNOS into the
cytosol is not accompanied by changes in the total level of
eNOS protein (Fig. 1E) and therefore the large increase in the
fluorescence can be attributed to the large fraction of eNOS
molecules translocated from caveolae to cytosol.
During a brief period of Ca2�-loading, eNOS activity

becomes detectable, confirming that the enzyme redistribution
is part of its activation mechanism (Fig. 1F). Under these con-
ditions, the hydrolysis of a cell-permeable calpain substrate
(Fig. 1G) also occurred, indicating that the protease has under-
gone activation. However, it is interesting to note that, under
these conditions, no degradation of eNOS and HSP90 could be
detected, indicating that both proteins were protected from
Ca2�-dependent proteolysis.
eNOS Protection in Ca2�-loaded Cells—To correlate the

changes in intracellular eNOS localization with its activation
and protection from calpain digestion, the steps of the eNOS
activation mechanism involved in such a protective process
were investigated. Following the addition of the HSP90 inhibi-
tor geldanamycin (37–44) to Ca2�-loaded cells, the fluores-
cence of eNOS associated to the membranes is largely
decreased, and only a small amount of eNOS becomes detect-
able in the cytosolic fraction (Fig. 2A). Immunoblotting analysis
revealed that more than 60–70% of the total amount of eNOS
protein had been degraded (Fig. 2C). Under these conditions,
HSP90 was only 10–15% digested with respect to the initial
amount (Fig. 2C). These degradation processes occurring in
Ca2�-loaded cells in the presence of geldanamycin were medi-
ated by active calpain, as indicated by the recovery of both

FIGURE 2. Effect of geldanamycin on eNOS and HSP90 localization in bEnd5
cells. bEnd5 cells grown on glass slides (8 � 104 cells) as described under “Exper-
imental Procedures” were left untreated (C), or were treated with 100 nM geldana-
mycin alone (GA) or followed by an incubation with 1 �M Ca2�-ionophore
A23187 for 5 min (Ca2��GA). Alternatively, the cells treated with 100 nM

geldanamycin were also incubated with 1 �M calpain inhibitor-1 for 30 min, fol-
lowed by an incubation with 1 �M Ca2�-ionophore A23187 for 5 min
(Ca2��GA�CI-1). After treatment, eNOS and caveolin (A) and HSP90 (B) localiza-
tions were determined by confocal microscopy using the specific antibodies as
described under “Experimental Procedures.” The images are representative of six
different experiments. C, bEnd5 cells (1�105) were submitted to the same exper-
imental procedures carried out in A. After treatment, cells were lysed in SDS-PAGE
loading solution (100�l) under the same conditions reported in the legend to Fig.
1E. Aliquots (30 �l) of each sample were used for Western blot analysis. HSP90
and eNOS were detected using the specific antibodies. The immunoreactive
bands detected in C were quantified as described under “Experimental Proce-
dures” (gray bars). The cytosolic fluorescence of eNOS and HSP90 derived from
the images reported in A and B were quantified as described under “Experimental
Procedures” (black bars). The values of each quantification are the arithmetical
mean � S.D. of three different experiments.

FIGURE 3. Mobilization of eNOS from isolated endothelial cell mem-
branes. Isolated bEnd5 endothelial cell membranes prepared as described
under “Experimental Procedures” were incubated for 30 min at 4 °C in HEPES
buffer alone (Control) or containing 0.1 mM CaCl2 � 1 �M CAM (Ca2�-CAM) or
containing 0.1 mM CaCl2 � 1 �M CAM � 15 �g of purified HSP90 (17) in the
absence (Ca2� -CAM � HSP90) or in the presence (Ca2� -CAM � HSP90 � GA)
of 100 nM geldanamycin, and centrifuged at 100,000 � g for 15 min. The
supernatants (Released) and the membranes (Total) of each sample were sub-
mitted to SDS-PAGE and Western blot analysis and eNOS was detected using
the specific antibody. These experiments were performed in the absence
(�ATP) or in the presence (�ATP) of 2 mM Mg-ATP, together with 10 mM

phosphoenolpyruvate and 2 �g of purified pyruvate kinase, to maintain the
level of ATP. The immunoreactive bands were quantified as described under
“Experimental Procedures.” The values of each quantification are the arith-
metical mean � S.D. of three different experiments.
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eNOS and HSP90 proteins in cells treated with the synthetic
calpain inhibitor CI-1 (Fig. 2). Thus, following inhibition of
HSP90, both diffusion into the cytosol and protection of eNOS
from calpain degradation are prevented. To better characterize
the role of HSP90 in these processes, we have evaluated the role
of the chaperone protein in dissociation of eNOS from isolated
membranes as well as in the formation of soluble protein
complexes. As shown in Fig. 3, a very low amount of eNOS
was displaced from membranes following the addition of
Ca2�-CAM, whereas in the concomitant presence of isolated
HSP90, a large release of eNOS was observed. The presence

of ATP did not modify the extent of release, but that of
geldanamycin reduced almost completely the release of
eNOS from membranes, suggesting that the ATPase activity
of HSP90 (42, 45–47) is not required for this effect of the
chaperone molecule.
These observations could be explained on the basis of the

well defined property of HSP90 to bind eNOS, forming discrete
complexes (11, 17, 19). Similarly, we have previously observed

FIGURE 4. Effect of an increase in intracellular free calcium on the associ-
ation of eNOS and calpain with HSP90. bEnd5 cells (1 � 106 cells) left
untreated (Control) or treated with 1 �M Ca2�-ionophore A23187 for 5 min at
37 °C in the absence (�Ca2�) or in the presence of 2 mM Mg-ATP, together
with 10 mM phosphoenolpyruvate and 2 �g of purified pyruvate kinase
(�Ca2��ATP) were lysed, and aliquots (500 �g of soluble protein) obtained
as described under “Experimental Procedures” were incubated overnight at
4 °C with monoclonal anti-HSP90 antibody. The mixtures were then incu-
bated for 1 h at 4 °C with protein G-Sepharose (30 �l). The particles were
collected, washed three times with the immunoprecipitation buffer, resus-
pended in SDS/PAGE loading solution (30 �l), and submitted to 6% SDS/
PAGE. The presence in the solubilized material of eNOS and calpain together
with HSP90 was established using the specific mAbs. The immunoreactive
bands of each protein were quantified as described under “Experimental Pro-
cedures.” The values of each quantification are the arithmetical mean � S.D.
of three different experiments.

FIGURE 5. Effect of geldanamycin and calpain inhibitor-1 on eNOS activ-
ity in bEnd5 cells. bEnd5 cells (2 � 104 cells) were loaded for 30 min at 37 °C
with DAF-2 DA as described under “Experimental Procedures” and incubated
with 1 �M Ca2�-ionophore A23187 in the absence (filled circles) or presence
(unfilled circles) of 100 nM geldanamycin. These experiments were also per-
formed with the addition of 1 �M calpain inhibitor-1 (�CI-1). GA and CI-1 were
added 30 min before the specific stimulus. eNOS activity was assessed as the
L-NAME-dependent increase in fluorescence (see “Experimental Procedures”)
at the indicated times of incubation.

FIGURE 6. Effect of a prolonged increase in intracellular free calcium on
eNOS and HSP90 protein levels. A, bEnd5 cells grown on glass slides (8 �
104 cells) were left untreated (C), or were treated with 1 �M Ca2�-ionophore
A23187 for 30 min in the absence (Ca2�) or in the presence of 100 nM geldana-
mycin (Ca2� � GA). Geldanamycin was added 30 min before the specific stim-
ulus. After treatment, eNOS and HSP90 localization was determined by con-
focal microscopy using the specific antibodies as described under
“Experimental Procedures.” B, bEnd5 cells (1 � 105) submitted to the same
experiments carried out in A, were lysed in SDS-PAGE loading solution (100
�l) under the same conditions reported in the legend to Fig. 1E. Aliquots of
each sample (30 �l) were used for Western blot analysis, and the immunore-
active bands were quantified as described under “Experimental Procedures.”
C, bEnd5 cells (2 � 104) were loaded for 30 min at 37 °C with DAF-2 DA as
described under “Experimental Procedures” and then incubated in the
absence (Control) or presence of 1 �M Ca2�-ionophore A23187 (�Ca2�) for 30
min. After treatment, eNOS activity was assessed as the L-NAME-dependent
increase in fluorescence at the indicated times of incubation.
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that in the presence of Ca2�, the eNOS-HSP90 complex can
recruit calpain generating a ternary complex in which both
eNOS and HSP90 were resistant to degradation by the endog-
enous calpain (17). Thus, the formation of such a ternary com-
plex was analyzed by means of the immunoprecipitation of
cytosolic HSP90. As shown in Fig. 4, in the soluble fraction of
resting cells, despite the high availability of HSP90, no co-im-
munoprecipitation of eNOS was detected, in accordance with
the observations shown in Fig. 1, indicating that almost all
eNOS is present in a particulate form. Following cell-loading
with Ca2�, immunoprecipitation experiments revealed the
presence in the soluble fraction of complexes containing in
addition to HSP90, eNOS and calpain. The formation of these
complexes was not affected by the presence of ATP.
Thus, HSP90 plays a dual role: (i) promoting the release of

the Ca2�-CAM-eNOS complex from caveolin-1, a step lib-
erating the synthase from its natural inhibitor, and (ii) pro-
tecting eNOS from calpain digestion in the cytosol. The
removal of eNOS from membranes and the recruitment of
calpain into the eNOS-HSP90 complexes are both involved
in the maintenance of an active synthase form.
This is supported by the results shown in Fig. 5 indicating

that in the absence of geldanamycin, intracellular NO produc-
tion is not modified by the presence of calpain inhibitor-1 (CI-
1). However, in the presence of geldanamycin, eNOS activity is
also not detectable in the presence of CI-1. These results are in
agreement with those shown in Fig. 2 indicating that in cells
treated with geldanamycin and CI-1, eNOSwas protected from
degradation and was almost completely confined onto the
membranes in association with caveolin-1.
Effect of Ca2�-loading for a Prolonged Period of Time on the

Level of eNOS and HSP90—We have previously observed
that a prolonged intracellular elevation of [Ca2�] induced a

calpain-mediated extensive degra-
dation of eNOS (17). To verify in
the present experimental model if
the protective effect of HSP90
could be overcome by prolonged
calpain activation, we have
exposed endothelial cells to Ca2�-
loading for 30 min. Under these
conditions (Fig. 6, A and B), eNOS
fluorescence as well as eNOS total
protein levels were largely reduced
both in the membrane and in the
cytosolic compartment, and fol-
lowing the addition of geldanamy-
cin, these digestive processes were
further enhanced. As expected,
after 30 min of Ca2�-loading, NO
synthase activity was also largely
decreased (Fig. 6C). As expected, a
higher intracellular calpain activ-
ity was detectable (for comparison
see Fig. 1E), further indicating the
involvement of the protease in the
digestion of eNOS and HSP90
proteins. These data could ex-

plain the observations indicating the loss of NOS activity in
dystrophic muscles (48) and the low levels of eNOS in the
aorta of hypertensive rats (17).

DISCUSSION

In resting endothelial cells, the bulk of eNOS is present in an
inactive form in the plasma membrane as well as in the Golgi
apparatus in association with caveolin-1 (2–5, 9–11, 49, 50).
Upon cell stimulation with agonists that raise the intracellular
concentration of Ca2�, the binding of Ca2�-CAM and HSP90
to eNOS promotes dissociation from the natural inhibitor
caveolin-1 and activation of the synthase in the cytosolic com-
partment (4, 9, 11, 19, 51). Following a decrease in [Ca2�]i,
most of the cytosolic enzyme translocates back to the cell
membrane (2, 8, 10, 12, 14, 52), indicating that the process is
fully reversible.
Recent experimental evidence has provided new information

on this reversible caveolin-eNOS interaction, confirming that
eNOS activation occurs in response to an increase in [Ca2�]i
and that CAM and HSP90 are required for eNOS dissociation
from the membranes and for activation of the enzyme. More-
over in reconstructed systems, it has been demonstrated that
HSP90 is more efficient than CAM in displacing eNOS from
caveolae (9, 11, 14).
We are presenting observations obtained by confocal

microscopy and using isolated membranes confirming that
translocation of eNOS from its particulate localization in the
cytosol is accompanied by activation of the synthase without
consumption of the enzyme. In fact, it has never been consid-
ered that even transient changes in the intracellular concentra-
tion of Ca2�, besides eNOS activation, also produce transloca-
tion of active calpain at the membrane level and that native
eNOS is highly sensitive to calpain digestion, which inactivates

FIGURE 7. Proposed model for the role of HSP90 in the eNOS activation cycle. A, in resting cells, eNOS is
associated in an inactive form to caveolin-1. B, following a rise in intracellular [Ca2�], interaction of eNOS with
Ca2�-CAM and with HSP90 promotes the dissociation of the synthase from caveolin-1 and its activation in the
cytosol. The reversibility of this process is assured by the formation of a HSP90-eNOS-calpain heterocomplex
resistant to proteolysis. C, in the absence of active HSP90, the complex formation does not occur, and eNOS
becomes highly susceptible to degradation by active calpain.
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the synthase by cleaving a peptide bond close to the CAMbind-
ing site (4, 17, 53). Thus, to protect eNOS from calpain diges-
tion, it is reasonable to assume that under conditions of intra-
cellular elevation of Ca2�, the presence of a protective
mechanism is required. The digestion by calpainmight be func-
tionally relevant, because the protease degrades, in contrast to
the proteasomepathway, native enzyme forms, including active
eNOS. Although digestion of NOS has been proposed as a
mechanism for regulating NO production, an extensive loss of
the synthase should be related to the onset of pathological
states, characterized by alteration in tissue Ca2� homeostasis,
such as hypertension (54–59).
In the present report, we are showing that in Ca2�-loaded

cells, this protective mechanism involves eNOS translocation
to cytosol mediated not only by Ca2�-CAM but especially by
functionally active HSP90. This subcellular redistribution of
eNOS parallels the onset of NO production, indicating that the
sequential events leading to cytosolic diffusion and subsequent
activation of eNOS are dependent on its binding to HSP90.We
have also demonstrated that the formation of complexes with
HSP90 protects eNOS from calpain digestion; an effect pro-
moted by the recruitment of the protease molecules in the sol-
uble HSP90-eNOS complexes also causing the separation of
these proteins from the active membrane-bound calpain. This
conclusion is supported by the effect of geldanamycin, which by
inhibiting HSP90 prevents the formation of the heterocom-
plexes, and thus calpain-mediated proteolysis of eNOS freely
occurs. The protection of eNOS can be attributed to two dis-
tinct effects. The first one can be ascribed to the dissociation
from the membranes that translocates the synthase away from
the active protease molecules and the second to steric con-
straints of calpain, resulting from its binding to HSP90, which
prevents degradation of both eNOS and of the chaperone pro-
tein present in the heterocomplex. All these findings are sum-
marized in the model shown in Fig. 7, which includes the novel
HSP90-based mechanism operating in the eNOS activation
cycle.
Finally, our observations indicate that the function of HSP90

cannot only be related to the recovery of misfolded proteins,
but also to the preservation of the native structures, increasing
their resistance to proteolysis. This conclusion is supported by
recent reports indicating that low molecular mass heat shock
proteins exert a protective role on calpain digestion (60–62).
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