Nitration of Hsp90 induces cell death
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Oxidative stress is a widely recognized cause of cell death associated
with neurodegeneration, inflammation, and aging. Tyrosine nitra-
tion in these conditions has been reported extensively, but whether
tyrosine nitration is a marker or plays a role in the cell-death
processes was unknown. Here, we show that nitration of a single
tyrosine residue on a small proportion of 90-kDa heat-shock protein
(Hsp90), is sufficient to induce motor neuron death by the P2X7
receptor-dependent activation of the Fas pathway. Nitrotyrosine at
position 33 or 56 stimulates a toxic gain of function that turns Hsp90
into a toxic protein. Using an antibody that recognizes the nitrated
Hsp90, we found immunoreactivity in motor neurons of patients
with amyotrophic lateral sclerosis, in an animal model of amyotro-
phic lateral sclerosis, and after experimental spinal cord injury. Our
findings reveal that cell death can be triggered by nitration of
a single protein and highlight nitrated Hsp90 as a potential target
for the development of effective therapies for a large number
of pathologies.
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t is generally accepted that biomarkers of oxidative damage

such as nitrated tyrosine residues accumulate even during the
early stages of neurodegeneration, inflammation, and aging and
that scavenging of reactive oxygen and nitrogen species can
ameliorate injury in many pathological conditions (1). Tyrosine
nitration is a widely used marker for the formation of peroxyni-
trite and other reactive nitrogen species. We have shown pre-
viously that the endogenous production of peroxynitrite induces
motor neuron apoptosis, either after trophic factor deprivation or
when the cells express the amyotrophic lateral sclerosis (ALS)
mutant superoxide dismutase (SOD) in the presence of nitric
oxide (2-4). Furthermore, inhibition of tyrosine nitration pre-
vented this peroxynitrite-induced apoptosis in motor neurons and
PC12 cells (4, 5), suggesting that peroxynitrite may nitrate specific
targets responsible for activating specific signaling pathways up-
stream of caspase activation (3, 6). However, the multiplicity of
potential oxidative reactions including tyrosine nitration thus far
has precluded linking specific molecular targets of nitration with
causal mechanisms of cell death (7).

The 90-kDa heat-shock protein (Hsp90) is a member of a highly
conserved family of chaperones present in all eukaryotes (8). This
chaperone is involved in both the regulation of cellular homeo-
stasis and the stress response (9-11). As a chaperone, Hsp90
participates in folding and stabilizing client proteins, induces
conformational changes that can lead to activation or inactivation
of its clients, and prevents the unspecific aggregation of nonnative
proteins (9, 10, 12). Hsp90 has more than 200 client proteins, many
of which are involved in the regulation of cell survival and death
(13, 14). Vertebrates express two cytosolic isoforms, Hsp90a and
-p, that share 86% homology (15). Hsp90p is constitutively
expressed at high levels and generally is the more abundant iso-
form, whereas Hsp90a is inducible under stress conditions and is
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expressed at high levels in many cancers (16, 17). Because of
Hsp90’s pleiotropic functions (14), the simultaneous genetic de-
letion of both isoforms is lethal to eukaryotic cells (8, 18). Despite
the high degree of homology shared by the two isoforms, the in-
activation of Hsp90f cannot be compensated fully by Hsp90a and
is fatal during embryonic development in the mouse (19).

Here, we report that Hsp90 can be converted from a pro-
survival protein into a potent mediator of motor neuron death
after nitration of a single tyrosine residue. Moreover, the toxic
form of nitrated Hsp90 is present in vivo in pathological
conditions such as ALS and spinal cord injury. The data pre-
sented here provide conclusive evidence that selective and
limited tyrosine nitration plays a causal role in the induction of
cell death.

Results

Peroxynitrite-Treated Hsp90 Induces Cell Death. We have shown
previously that tyrosine-containing peptides prevent peroxynitrite-
induced apoptosis in motor neurons and PC12 cells (4, 5), sug-
gesting that tyrosine nitration activates cell-signaling pathways
that lead to cell death. To identify potential targets of peroxyni-
trite able to stimulate cell death upon tyrosine nitration, we first
characterized the putative nitrated proteins present in homo-
genates from PCI12 cells after treatment with peroxynitrite by
mass spectrometric analysis (Table S1). Four of the identified
proteins with the highest scores were actin, tubulin, 70-kDa heat-
shock protein (Hsp70), and Hsp90. We delivered these perox-
ynitrite-treated proteins intracellularly using the membrane-
permeating agent Chariot (Active Motif) into PC12 cells and motor
neurons before assaying for cell survival. Peroxynitrite-treated
Hsp70, actin, and tubulin were nontoxic for motor neurons and
PC12 cells (Fig. 14). In contrast, peroxynitrite-treated Hsp90 in-
duced death in ~40% of PC12 cells and 60% of motor neurons
(Fig. 1 A-D). Nitrated Hsp90 was toxic to the cells only when
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Fig. 1. Peroxynitrite-treated Hsp90 induces cell death. (A) Actin, tubulin,
Hsp70, and Hsp90 (1 mg/mL) were treated with 0.5 mM peroxynitrite
(ONOO"), decomposed peroxynitrite (reverse order addition, ROA), or 0.5 mM
H,0, and were delivered into PC12 cells and motor neurons using the per-
meating agent Chariot. PC12 cell viability was determined 24 h later using
fluorescein diacetate/propidium iodide, and motor neuron survival was es-
tablished by counting neurons with neurites longer than four soma diame-
ters after 24 h in culture. (B) Uric acid (0.5 mM) was added to Hsp90 5 min
before or after the addition of peroxynitrite, and the treated protein was
added to PC12 cells or motor neurons in the presence of Chariot. Columns
represent the mean + SD of 4-10 experiments performed in quadruplicate.
Statistical analyses were performed by ANOVA followed by Bonferroni
multiple comparison test. *P < 0.05 versus Chariot, **P < 0.05 versus ONOO™.
(C) Representative images of motor neurons 24 h after the intracellular
delivery of either Hsp90 or peroxynitrite-treated Hsp90 (Hsp90+ONOO™) and
in the presence of Chariot alone (control). The number of motor neurons per
well was counted (A and B) as described in Materials and Methods. (D)
Representative images of motor neurons 24 h after the intracellular delivery
of either Hsp90 or peroxynitrite-treated Hsp90 (Hsp90+ONOO™) and in the
presence of Chariot alone (control). The motor neurons were stained with
calcein-AM, and the images were captured with a Runner HD (Trophos). The
number of motor neurons per well in each condition was quantified
using Tina software, as described in Materials and Methods. The results were
similar to the quantitation showed in A.

Franco et al.

delivered intracellularly, as evidenced by its lack of effect on cell
survival in the absence of Chariot (Fig. 14). Similarly, no toxicity
was observed when Hsp90 was treated with hydrogen peroxide or
decomposed peroxynitrite (Fig. 14) or with peroxynitrite in the
presence of uric acid (Fig. 1B). Because uric acid does not react
with peroxynitrite directly but efficiently scavenges the nitrating
products of peroxynitrite decomposition (20, 21), these results
suggest that nitration of Hsp90 is necessary to induce cell death.
Equivalent results were obtained by counting all neurons with
neurites longer than three soma diameters (Fig. 1C) or by using
high-throughput image capture and analysis (Fig. 1D) (4, 22).

Incubation of Hsp90 with Peroxynitrite Activates a Toxic Gain of
Function. Hsp90 constitutes 1-2% of total cytoplasmic protein
(18). The previous results strongly suggest that tyrosine nitration
activates a gain of function in Hsp90, because the cells still have
the endogenous unmodified chaperone after the delivery of the
nitrated protein. The proportion of nitrated Hsp90 to the total
amount of intracellular Hsp90 in motor neurons and PC12 cells
was determined by quantitative dot blot using a monoclonal anti-
body against nitrated Hsp90 (5) (Fig. 2 A-C). Approximately 4%
of Hsp90 was nitrated in motor neurons subjected to trophic factor
deprivation. In contrast, none was detected in control cells (Fig.
2D). The proportion of peroxynitrite-treated Hsp90 released using
Chariot in Fig. 1 constituted only 2-3% of the endogenous cellular
Hsp90 (Fig. 2D). In PC12 cells treated with peroxynitrite, ~4% of
Hsp90 was nitrated (Fig. 2D). Intracellular release of peroxyni-
trite-treated Hsp90 in these proportions had no effect on protea-
some activity (Fig. S1). Because cell death was induced when
only a small percentage of total Hsp90 was peroxynitrite-modified
Hsp90, we investigated whether this toxic gain of function could
result specifically from tyrosine nitration.

Five Tyrosine Residues on Hsp90 Are Targets for Nitration. Both
isoforms of Hsp90 contain 24 tyrosine residues. By quantitative
dot blot, we determined that only five of these residues were
prone to nitration on the chaperone (Fig. 3 A-C). Mass spec-
trometry revealed the nitrated tyrosines to be 38, 61, 285, 493,
and 605 in Hsp90a and 33, 56, 276, 484, and 596 in Hsp90p (Fig.
3D). The two first tyrosine residues were located in the amino-
terminal domain of Hsp90, tyrosine 276 and 484 were located in
the middle domain, and tyrosine 596 was located in the carboxy-
terminal domain (Fig. 3E).

Functionally, the binding of ATP to the amino-terminal domain
of Hsp90 regulates a cycle of conformational changes responsible
for the chaperone activity (23). Interestingly, the two tyrosine
residues located in the amino-terminal domain, Tyr38 and Tyr61
in Hsp90a and Tyr33 and Tyr56 in Hsp90p, are required for the
intrinsic ATPase activity of the chaperone. Tyr61 and Tyr56 are
located in the ATPase-active site cleft (Fig. 3E) (24), whereas
Tyr38 and Tyr33 are necessary to stabilize the close conformation
of the chaperone needed to stimulate ATP hydrolysis (25).

Intrinsic ATPase Activity of Hsp90 Is Inhibited After Nitration. The
localization and structural function of these tyrosine residues
suggest that nitration should inhibit Hsp90 intrinsic ATPase ac-
tivity. Hsp90 ATPase activity was determined using a coupled
enzyme system that provides the high sensitivity needed to mea-
sure the inorganic phosphate produced by the ATP hydrolysis
catalyzed by Hsp90 (26). Treatment with peroxynitrite inhibited
more than 80% of geldanamycin-inhabitable Hsp90 intrinsic
ATPase activity (Fig. 3F).

Two of the other three tyrosine residues prone to nitration are
located in the middle domain, which also is the intermediate
client-binding domain. The effect of nitration on Hsp90’s ability
to interact with other proteins and prevent unfolding was de-
termined by the citrate synthase inactivation and aggregation
assay (27). Peroxynitrite treatment reduced Hsp90 capacity to
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Fig. 2. Only a small percentage of total Hsp90 is endogenously nitrated. (A)
The proportion of nitrated Hsp90 with respect to total Hsp90 in PC12 cells
and motor neurons was determined by quantitative dot blot. For the stan-
dard curves, peroxynitrite-treated Hsp90 (NO,Hsp90, green) or untreated
Hsp90 (red) purified from rat liver was loaded at the indicated amounts
(upper and lower sections of the dot blot). Samples were collected from
PC12 cells and motor neurons upon treatment as described in D and were
loaded on the dot blot (middle section). Infrared detection allowed the
merging of the two signals (yellow) (LiCor Biosciences). (B and C) Calibration
curves were blotted for Hsp90 (B) and NO,Hsp90 (C) infrared signals. The
graphs show the standard curves for Hsp90 and NO,Hsp90 from four in-
dependent experiments (R> > 0.92 for all calibration curves). The intensity of
the signal (expressed as arbitrary fluorescence units, AFU) was quantified
as the integrated intensity of fluorescence for each dot in the dot blot
using the Odyssey software. (D) The percentage of NO,Hsp90 versus total
cytosolic Hsp90 was determined in trophic factor-deprived motor neurons
(TFD), peroxynitrite-treated PC12 cells (ONOO™), and motor neurons and
PC12 cells 2 h after the intracellular delivery of nitrated Hsp90 (ID) by inter-
polating the infrared signal of the samples on the corresponding standard
curves. Columns represent the mean + SD (n = 4, in triplicate).

prevent heat-induced unfolding of citrate synthase by only 50%
(Fig. 3G), suggesting that nitrated Hsp90 still retains the ability
to interact with other proteins.

Tyrosine Nitration Is Necessary for the Conversion of Hsp90 into
a Toxic Protein. In addition to tyrosine residues, peroxynitrite can
cause oxidative modifications to other amino acids such as cyste-
ine, methionine, histidine, and tryptophan (28-31) and also can
lead to lysine formylation (31). To investigate whether tyrosine
nitration is required for the induction of Hsp90 toxicity or other
oxidative modifications are responsible for the conversion of the
chaperone into a toxic protein, the five tyrosine residues prone to
nitration were replaced by phenylalanine (5xPhe-Hsp90). Phe-
nylalanine is the most conservative substitution for tyrosine and
also is resistant to nitration (29). The replacement was made in the
highly conserved sequence of human Hsp90p (Fig. S24), the more
abundant isoform in normal cells (16, 17). Recombinant wild-type
Hsp90p was nontoxic to motor neurons when delivered with
Chariot at the concentrations previously described for purified
Hsp90 but became toxic when treated with peroxynitrite (Fig. 44).
In contrast, 5xPhe-Hsp90 remained nontoxic to motor neurons
after incubation with peroxynitrite (Fig. 44), demonstrating that
tyrosine nitration is necessary for peroxynitrite-treated Hsp90
toxic gain of function.

Nitration of One Tyrosine Residue on the Amino-Terminal Domain of
Hsp90 Is Sufficient for the Toxic Gain of Function. The previous
results reveal that nitration of Hsp90 is necessary for the toxic
activity of the chaperone. However, oxidation of other residues on
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Hsp90 also may play a role in the toxic gain of function. To de-
termine the relevance of tyrosine nitration in the conversion of
Hsp90 into a toxic protein, we performed recombinant expression
using site-specific unnatural amino acid replacement to encode
nitrotyrosine genetically in the positions prone to nitration (32,
33). Five different Hsp90p proteins were produced containing
a single nitrotyrosine at position 33, 56, 276, 484, or 596 as the sole
oxidative modification on the protein. The incorporation of
nitrotyrosine in these positions of Hsp90 was verified by Western
blot (Fig. 4B) and mass spectrometry (Fig. S2 B-G). The in-
tracellular delivery of the recombinant protein with nitrotyrosine
in either position 33 or 56 induced motor neuron death, repro-
ducing the effects of peroxynitrite on Hsp90 (Fig. 4C). In contrast,
the release of Hsp90 with nitrotyrosine in position 276, 484, or 596
had no effect on motor neuron survival, but these proteins became
toxic after incubation with peroxynitrite (Fig. 4C).

The role of tyrosine 33 and 56 on the toxic gain of function was
confirmed by intracellular delivery of Hsp90 with tyrosine at
positions 33 or 56 and phenylalanine in the other four positions.
Both proteins became toxic to motor neurons after treatment with
peroxynitrite (Fig. 4E). Conversely, peroxynitrite-treated Hsp90 in
which tyrosine 33 and 56 had been replaced by phenylalanine had
no effect on motor neuron survival (Fig. 4E). These results dem-
onstrate that nitration of tyrosine 33 or 56 in the amino terminal
domain of Hsp90 is both necessary and sufficient to induce the
toxic gain of function responsible for motor neuron death.

Nitrated Hsp90 Induces Activation of the Fas Pathway in Motor
Neurons. Trophic factor deprivation-induced motor neuron apo-
ptosis requires activation of the Fas death receptor (34, 35). The
activation of Fas leads to the activation of two parallel pathways.
One involves the activation of Fas-associated protein with death
domain FADD and caspase 8, followed by release of cytochrome
¢ from the mitochondria. The other pathway has been shown to
be exclusive for motor neurons and involves activation of the
Fas-associated protein, death-associated protein 6 (DAXX), which
leads to the activation of apoptosis signal-regulating kinase 1
(Askl) and p38 MAPK and the expression of the neuronal iso-
form of nitric oxide synthase (NOS), which in turn leads to
production of nitric oxide and peroxynitrite (3, 34, 36, 37).

To investigate the role of the Fas pathway in the motor neuron
death induced by the intracellular delivery of peroxynitrite-trea-
ted Hsp90, the cells were cultured for 24 h in the presence of the
chimeric fusion protein Fas:Fc, which acts as a Fas ligand decoy
competing with Fas. In the presence of Fas:Fc, motor neurons
were completely protected from cell death induced by peroxyni-
trite-treated Hsp90 (Fig. 5A4), suggesting that the Fas pathway is
activated downstream of the toxic protein.

We next examined the role of the two pathways downstream of
the Fas receptor, the DAXX and FADD components of the Fas
pathway. After intracellular delivery of peroxynitrite-treated
Hsp90, motor neurons were incubated with inhibitors of caspase
8,9, and 3 (IETD-fmk, LEHD-fmk, and DEVD-fmk, respectively,
from Sigma-Aldrich, St. Louis, MO), which are activated down-
stream of FADD. All the inhibitors completely prevented
motor neuron death (Fig. 5B). Conversely, incubation of motor
neurons with either the p38 inhibitor SB253580 (5 uM) or the
NOS inhibitor 1-NG-nitroarginine methyl ester (100 uM) after
intracellular delivery of nitrated Hsp90 was not protective (Fig.
S3 A and B). These results suggest that the DAXX component of
the Fas pathway is not activated downstream of peroxynitrite-
treated Hsp90.

Induction of Apoptosis by Nitrated Hsp90 Is Calcium Dependent and
Involves Activation of the P2X7 Receptor. Trophic factor deprivation
in motor neurons causes inactivation of the phosphatidylinositol
3-kinase (PI3K)/Akt pathway with the subsequent dephosphory-
lation and translocation to the nucleus of the transcription factor
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Fig. 3. Tyrosine nitration is necessary and sufficient for the conversion of Hsp90 to a toxic protein. (A) The number of nitrated tyrosine residues on Hsp90 was
assayed by quantitative dot blot. Nitrated BSA (NO,BSA) was used as the standard for nitrotyrosine, and Hsp90 purified from rat liver was the standard for
Hsp90. NO,BSA and Hsp90 were loaded at the indicated amounts. Purified Hsp90 was treated with peroxynitrite and loaded at different amounts in the linear
range of detection (middle of the dot blot, Hsp90+ONOO™). The dot blot was probed with antibodies against Hsp90 (in red) and nitrotyrosine (in green). (B
and C) The standard curve regressions for nitrotyrosine (B) and Hsp90 (C) were performed in duplicate and were repeated three times (R? > 0.91 for all
calibration curves). The molar ratio of nitrotyrosine to Hsp90 was 5.3 + 0.5 nitrated residues per Hsp90 molecule. (D) Table showing the positions of the
nitrated tyrosine residues on peroxynitrite-treated Hsp90 as determined by mass spectrometry analysis. (E) Model of the crystal structure of human Hsp90p
[based on the yeast Hsp82 structure PDB 2CG9 (24)] showing the location of the tyrosine residues prone to nitration (red) including the two tyrosine residues
located in the amino terminal domain (bright red). CD, carboxy-terminal domain; MD, middle domain; NTD, amino-terminal domain. (F) Treatment with
peroxynitrite inhibits the intrinsic ATPase activity of Hsp90. Geldanamycin (5 pM), a specific inhibitor of Hsp90 ATPase activity, was used to verify Hsp90 ATP
hydrolysis. Columns show the mean + SD (n = 5). ***P < 0.05 versus ROA. (G) Treatment with peroxynitrite reduces 50% of Hsp90 activity to prevent heat-

induced aggregation of citrate synthase (CS) at 43 °C.

Forkhead box O3a (FOXO3a), which induces the expression of
Fas ligand (FasL), activating the Fas pathway (35). There were no
differences in the expression of Fas receptor or FasL in motor
neurons up to 16 h after intracellular delivery of either the un-
modified Hsp90 or the peroxynitrite-treated chaperone (Fig. S3 C
and D).

Several mechanisms control FasL expression in the cell mem-
brane. Mobilization of lysosomes containing FasL from the Golgi
network to the membrane is one such mechanism (38, 39). To
investigate the possible role of the mobilization of FasL to the
plasma membrane in peroxynitrite-treated Hsp90-dependent acti-
vation of the Fas pathway, motor neurons were stained with anti-
bodies to FasL. Peroxynitrite-treated Hsp90 induced the trans-
location of FasL immunofluorescence from a perinuclear vesicular
distribution to the plasma membrane (Fig. 5C). Further evidence
for this mechanism was obtained by using N-ethylmaleimide
(NEM), the inhibitor of the NEM-sensitive factor, to prevent
the last steps of exocytosis (40, 41). The incubation with NEM
completely prevented motor neuron death induced by peroxyni-
trite-treated Hsp90 (Fig. 5D). Membrane fusion during exocytosis
is calcium dependent (42). The intracellular calcium chelator
1,2-Bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic acid tet-
rakis(acetoxymethyl ester) (BAPTA-AM) decreased the mobili-
zation of FasL to the cell membrane (Fig. S3E) and prevented
the death of motor neurons after the intracellular delivery of
peroxynitrite-treated Hsp90 (Fig. 5D).

In neurons and in the immune system, the ATP-gated ion
channel P2X7 is responsible for calcium influx upon activation
and can initiate the early steps of exocytosis (43, 44). The P2X7
receptor is present in motor neurons (Fig. S3F), and the cells
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incubated with the P2X7 inhibitors Brilliant Blue G (BBG) and
KN-62 were protected from apoptosis induced by peroxyni-
trite-treated Hsp90 (Fig. SE). Similar results were obtained by
knocking down the expression of the P2X7 receptor in motor
neurons with shRNA before the intracellular delivery of the
peroxynitrite-treated chaperone (Fig. 5F and Fig. S3 G and H).
There were no changes in P2X7 expression upon delivery of
peroxynitrite-treated Hsp90 (Fig. S37).

Together, these results suggest that peroxynitrite-treated Hsp90
stimulates the P2X7 receptor to induce an influx of calcium that
in turn mobilizes FasL-containing intracellular vesicles to transfer
FasL to the cellular membrane and thereby activates cell death.
Immunoprecipitation studies of P2X7 with nitrated Hsp90 further
support the association of P2X7 receptors in nitrated Hsp90-
induced motor neuron apoptosis (Fig. 5G).

Nitrated Hsp90 Is Found in Vivo in Pathological Conditions. We
sought to characterize the relevance of nitrated Hsp90 in vivo.
Protein nitration in motor neurons correlates with the progressive
degeneration in ALS in human patients as well as in SOD-
transgenic animals, whether measured by immunohistology (45—
49) or by mass spectrometry (50, 51). The presence of nitrated
Hsp90 in human and animal pathology was investigated using
a monoclonal antibody we developed against nitrated Hsp90 (5).
This antibody specifically recognizes nitrotyrosine-56 and thus
identifies one of the toxic forms of nitrated Hsp90 (Fig. S4 A-C).
Immunohistology with this antibody revealed intensely stained
motor neurons for nitrated Hsp90 in spinal cords from sporadic
ALS patients (Fig. 6 A and B) and disease-affected ALS SOD-
mutant mice (Fig. 6C).
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Fig. 4. Nitration of a single tyrosine residue of Hsp90 is sufficient to induce
cell death. (A) The replacement of the tyrosine residues prone to nitration on
Hsp90 (WT) by phenylalanine (5xPhe) prevented peroxynitrite-treated Hsp90
toxicity. (B) The presence of nitrotyrosine (3NT) in the recombinant proteins
carrying a single nitrated residue was assayed by Western blot probed with
antibodies against myc-tag (green) and nitrotyrosine (red). The merged
image is shown in yellow. (C) Assay for the toxicity of Hsp90 with nitro-
tyrosine at position 33, 56, 276, 484, or 596 with (yellow bars) or without
(blue bars) peroxynitrite treatment. Nitrotyrosine at positions 33 or 56 was
sufficient to induce motor neuron death. (D and E) The relevance of tyrosine
nitration was confirmed by directed mutagenesis of the relevant residues.
Peroxynitrite-treated Hsp90 remained toxic with tyrosine only at position
33 or 56 and the other four residues replaced by phenylalanine [4xPhe(Y33)
and 4xPhe(Y56)] (D), whereas replacement of residues 33 and 56 of Hsp90p
by phenylalanine (Y33F + Y56F) prevented toxicity induced by peroxynitrite
treatment (E). *P < 0.05 versus WT, **P < 0.05 versus WT + ONOO™ by
ANOVA followed by Bonferroni multiple comparison test.

Spinal cord trauma is another condition in which the presence
of nitrotyrosine is well documented (52-54). Nitrated Hsp90
immunoreactivity also was found in the spinal cords of rats 6 and
24 h following experimental spinal cord contusion injury, but the
staining was absent in uninjured animals (Fig. 6D). These results
show that nitrated Hsp90 is present in vivo both in the cell type
more affected in conditions of chronic degeneration, such as
ALS, and after acute damage of the nervous tissue.

Discussion

Many types of stress including trophic factor deprivation or ex-
posure to nitric oxide when the cells are expressing mutant SOD,
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result in motor neurons producing peroxynitrite before un-
dergoing apoptosis (2, 3). Peroxynitrite decomposes to form the
strongest oxidants known to be produced in biology and is well
documented to oxidize and nitrate many different cellular targets
(1). Tyrosine nitration has been reported in a discrete number of
proteins and leads to functional inactivation in a limited number of
specific residues (1, 55). The site specificity for tyrosine nitration
results from differences in the ionization and solvent exposure of
the tyrosine residues as well as surrounding neighbors that stabilize
the tyrosyl radical intermediate (55, 56). Although the intracellular
concentration of a protein and the content of tyrosine are not
predictors of the level of nitration (55, 57-59), certain abundant
proteins in the cells, such as actin, tubulin, neurofilament L, my-
osin, and manganese-SOD, are preferred targets for peroxynitrite
(1). The nitration of a small fraction of Hsp90 may be explained by
its abundance, which accounts for 1-2% of total cytosolic protein
(18). We found that nitrated Hsp90 was among the proteins
nitrated by peroxynitrite in PC12 cells and in motor neurons de-
prived of trophic factors (5). Nitrated Hsp90 also was one of ~20
nitrated proteins identified in a proteomic survey of spinal cords of
both ALS SOD-mutant mice and ALS patients (51). Here we show
that only a small fraction (less than 5%) of the total chaperone was
nitrated by exogenous peroxynitrite in PC12 cells and by endoge-
nous peroxynitrite in trophic factor-deprived motor neurons.

In most cases, inactivation of a small fraction of a protein might
have little or no biological significance, unless tyrosine nitration
could lead to the activation of a gain of function responsible for
the induction of cell death. The challenge then is to distinguish
nitrated proteins acting as causal drivers of pathology from col-
lateral damage. Our results demonstrate that nitration of a spe-
cific protein can induce a gain of function that causes cell death.
The intracellular delivery of a small amount of exogenous nitrated
Hsp90 is sufficient to induce cell death even though the endoge-
nous prosurvival Hsp90 is still fully active. These results strongly
suggest that a toxic function is activated in Hsp90 upon tyrosine
nitration and that this gain of function cannot be overcome by the
unmodified Hsp90. Indeed, although complete genetic deficiency
of Hsp90p is lethal during embryonic development in the mouse,
the heterozygous animals appear normal despite a 50% decrease
in Hsp90p levels (19).

Several tyrosines on Hsp90 are particularly prone to nitration.
The replacement of two tyrosine residues near the ATP binding site
by phenylalanine demonstrated that the nitration of these residues
is necessary for Hsp90 to become toxic after treatment with per-
oxynitrite. However, other amino acids, such as cysteine and tryp-
tophan, also are targets for oxidation and could participate in the
activation of the toxic gain of function (29, 30). Indeed, nitro-
tryptophan is found in Hsp90a after treatment of PC12 cells with
peroxynitrite (60). The use of unnatural amino acid mutagenesis to
encode nitrotyrosine genetically (32) allowed the direct examina-
tion of the consequences of nitration at specific tyrosine residues on
Hsp90 in the absence of any other oxidative modification. Using
this approach, we demonstrated here that nitration of a single ty-
rosine residue on the amino-terminal domain of Hsp90, as the sole
modification on the protein, is both sufficient and necessary to in-
duce motor neuron death (Fig. 4). These results also validate the
use of unnatural amino acid mutagenesis as a powerful tool for
the identification of mediators of oxidative damage and make
possible the screening new therapeutic agents directed to specif-
ically modified targets found in pathology. Moreover, the toxic
form of nitrated Hsp90 was present in motor neurons in patho-
logical conditions such as ALS and spinal cord injury (Fig. 6),
suggesting that the identification of specific inhibitors of nitrated
Hsp90 may have therapeutic relevance.

The identification of the death pathway activated by nitrated
Hsp90 also may lead to new, effective therapeutic approaches. Our
results suggest that nitrated Hsp90 induces apoptosis by activating
the purine receptor P2X7, which triggers the calcium-dependent
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Fig. 5. Nitrated Hsp90 induces cell death through the activation of the
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the activation of the Fas pathway. (A) Incubation with the FasL decoy Fas:FC
(1 pg/mL) for 24 h completely protected motor neurons from nitrated Hsp90-
induced cell death. (B) Motor neurons were incubated for 24 h with inhib-
itors of caspase 8 (IEDT-fmk; 10 pM), 9 (LEHD-fmk; 20 uM), and 3 (DEVD-fmk;
20 uM) after the intracellular delivery of peroxynitrite-treated Hsp90. *P <
0.05 versus WT, **P < 0.05 versus WT + ONOO~ by ANOVA followed by
Bonferroni multiple comparison test. (C) Motor neurons show mobilization
of FasL to the plasma membrane upon treatment with peroxynitrite-treated
Hsp90. The motor neurons were incubated for 16 h after the intracellular
delivery of unmodified (Hsp90) or peroxynitrite-treated Hsp90 (Hsp90 +
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mobilization of FasL-containing vesicles to the plasma membrane
followed by activation of the FADD component of the Fas
pathway (Figs. 5 and 7). Tyrosine-phosphorylated Hsp90 is a
P2X7 repressor (61, 62). Nitrated Hsp90 also interacts with P2X7.
Deletion of the P2X7 receptor prevented the effect toxic effects
of nitrated Hsp90 in motor neurons. In aggregate these results
suggest that nitrated Hsp90 either may fail to repress P2X7 ac-
tivity or may activate the receptor. Interestingly, the local injection
and the systemic administration of P2X7 antagonists improve re-
covery in models of spinal cord injury (63, 64) where nitrated
Hsp90 is present (Fig. 6).

Incubation of motor neurons with Fas ligand activates two
pathways dependent on DAXX and FADD, which enhance each
other to trigger apoptosis (3). In contrast, nitrated Hsp90 activated
only the FADD-caspase 8 pathway. Blocking of the DAXX-
p38-nNOS pathway, which leads to peroxynitrite production, had
no effect on nitrated Hsp90 induced motor neuron death (Fig. 5B),
suggesting that nitrated Hsp90 is downstream of peroxynitrite
production. These results further suggest that the activation of the
DAXX component of the pathway is responsible for the endoge-
nous nitration of Hsp90. This critical step may amplify the Fas
signal to trigger cell death by activating the P2X7 receptor to in-
crease further Fas stimulation and activation of caspases (Fig. 7).

Oxidative stress traditionally is defined as an imbalance be-
tween the cellular defense mechanisms and conditions capable of
triggering oxidative reactions, resulting in damage to the mo-
lecular cellular components (65). Defining the role of oxidative
stress in neurodegeneration, and particularly the role of nitrative
stress, has been extremely difficult because of the multiplicity of
potential targets that can be damaged by oxidation and nitration.
As a consequence, oxidative stress generally is treated as a “black
box,” which includes generic damage to multiple cellular com-
ponents leading to inactivation of vital cellular functions, such as
mitochondrial activity, and finally causing cell death (66, 67). In
contrast to the concept of generalized oxidative damage, bi-
ological oxidants can attack certain targets with vastly greater
efficiency, providing specificity to the modifications and thus
leading to the concept of redox signaling (68, 69). The results
presented here demonstrate that a widely reactive oxidant acti-
vates a gain of function that leads to cell death by introducing an
apparently irreversible protein modification. The abundance of
Hsp90 and its induction under stress conditions make the chap-
erone a potential sensor for peroxynitrite. In this scenario, ni-
tration of Hsp90 over a certain threshold would mediate the
activation of death pathways to remove highly damaged and
subfunctional cells.

ONOO"). The cells then were stained for FasL (green). The cell nuclei are
stained in blue. (Upper) The white arrows in indicate the cells that are shown
magnified in the lower panels. (Lower) The white arrows indicate the cel-
lular location of FasL signal. See also Fig. S3. (D) The motor neurons were
cultured in the presence of NEM (2 uM) or the intracellular calcium chelator
BAPTA-AM (5 pM) for 24 h after the intracellular delivery of peroxynitrite-
treated Hsp90. The inhibition of the last steps of exocytosis by NEM and the
chelation of intracellular calcium by BAPTA-AM completely protected motor
neurons from peroxynitrite-treated Hsp90-induced cell death. (E and F) Both
the inhibition of the purinergic receptor P2X7 by BBG (10 pM) and KN-62 (1
uM) (E) and the receptor knockdown by lentiviral particles expressing P2X7
shRNA (F) prevented motor neuron death induced by peroxynitrite-treated
Hsp90. Motor neurons were transduced with lentiviral particles expressing
P2X7 or control shRNA for 84 h before the intracellular delivery of nitrated
Hsp90. *P < 0.05 versus Chariot, **P < 0.05 versus WT + ONOO™ by ANOVA
followed by Bonferroni multiple comparison test. (G) Nitrated Hsp90 coim-
munoprecipitated with the P2X7 receptor. Homogenates from PC12 were
incubated for 1 h with Hsp90B-myc (WT) or with Hsp90f-myc nitrated at
position 56 (3NT56), and the recombinant proteins were immunoprecipi-
tated with an anti-myc antibody before SDS/PAGE. The membranes then
were blotted for P2X7 (green) and the myc-tag (red). Brain homogenate was
used as a positive control for P2X7.
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nitrotyrosine immunoreactivity in adjacent sections (7 pm thick) of spinal cord from a human ALS patient. Black arrows show the immunoreactivity for Hsp90,
nitrated Hsp90, and nitrotyrosine in motor neurons. The star indicates a blood vessel. (B) Intense immunoreactivity for nitrated Hsp90 is present in the spinal cord
of sporadic ALS patient but not in a control patient. The lower panels at higher magnification show a motor neuron stained for nitrated Hsp90 in the ALS patient.
(C) Intense nitrated Hsp90 immunoreactivity was found in the spinal cord of fully symptomatic ALS mutant G93A mice (110 d old) but not in age-matched control
mice. Remaining large neurons in the anterior horn of G93A spinal cord sections were densely stained with the antibody recognizing nitrated Hsp90, compared
with the control spinal cord sections. (D) Nitrated Hsp90 is present in the spinal cord after spinal cord injury. (Left) Inmunoreactivity for nitrotyrosine and nitrated
Hsp90 is detected in the spinal cord as early as 6 h after spinal cord contusion injury in rat. (Right) Nitrated Hsp90 is still present at the sections indicated in the
figure 24 h after the spinal cord injury. MAP2 was used as a neuronal marker. The cell nuclei are stained in blue. As indicated by the arrows, the top section is rostral
to the injury, the middle section corresponds to the place of contusion, and the bottom section is caudal from the injury site. Nitrated Hsp90 is present in all

sections, is localized mostly in neuronal somas (upper right corners of nitrated Hsp90 panels), and is absent in uninjured control animals (Bottom Right).

Materials and Methods

Peroxynitrite Synthesis. Peroxynitrite was synthesized by rapidly mixing acid-
ified hydrogen peroxide with sodium nitrite and quenching the reaction with
sodium hydroxide as previously described (70). Residual hydrogen peroxide was
eliminated with manganese dioxide, and the peroxynitrite concentration was
determined spectrophotometrically using &30, = 1,700 M~".cm™~". The concen-
tration of peroxynitrite was measured immediately before each experiment.

PC12 Cell Culture and Treatment with Peroxynitrite. PC12 cells were cultured
on collagen-coated dishes in RPMI medium (Gibco/Invitrogen), supplemented
with 10% (vol/vol) horse serum, 5% (vol/vol) FetalClone Il (HyClone), and
antibiotics. The treatment with peroxynitrite was performed as previously
described (71). Briefly, the cells were plated in the same medium at a density
of 1.44 x 10° per 35-mm dish and incubated overnight. Following three
washings with warm PBS, the cultures were incubated with peroxynitrite
(0.5 mM) for 3 min in 1 mL of 50 mM phosphate buffer saline. The buffer
was replaced by complete RPMI medium.

Immunoprecipitation and Mass Spectrometry Analysis of Proteins. The immu-
noprecipitation of nitrated proteins in PC12 cell (2 x107) homogenates was
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performed using polyclonal nitrotyrosine antibodies linked to AminoLink gel
(Pierce) immediately after incubation with 0.5 mM peroxynitrite as pre-
viously described (5). Briefly, after separation of the proteins by SDS/PAGE
[12% (volivol)], the proteins were transferred to nitrocellulose membranes
for Western blot analysis or stained in gel using GelCode Blue (Pierce).
Stained gels were use for mass spectrometry analysis (MALDI-TOF) of tryp-
sinized peptides at the University of Alabama at Birmingham Mass Spec-
trometry Facility. The protein was identified by analysis of the tryptic
fragments and comparison with the National Center for Biotechnology In-
formation (NCBI) database. The peptide masses were entered into Mascot
database search engine (www.matrixscience.com/), and the NCBI database
was searched to identify the protein. Molecular weight search (MOWSE)
scores above 73 were considered statistically significant. For the coimmu-
noprecipitation of Hsp90 and P2X7, homogenates from PC12 cells (1 mg/mL)
were incubated with recombinant human Hsp90-myc-tag or with Hsp90-
myc-tag with nitrotyrosine at position 56 (purified as described below) for
1 h at 4 °C. The immunoprecipitation of Hsp90-myc was performed using an
anti-myc antibody conjugated to Sepharose beads (Cell Signaling Technol-
ogy) according to the manufacturer’s instructions. The membrane was
blotted for P2X7 (1:500; Chemicon) and myc-tag (1:2,000; Cell Signaling).
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Fig. 7. Model for the induction of cell death by nitrated Hsp90 in motor neurons. Many types of stress, including trophic factor deprivation, exposure to nitric
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before undergoing apoptosis. Nitration of one of two tyrosine residues on Hsp90 is sufficient to activate a toxic gain of function involving stimulation of the
P2 P2X7 receptor. The influx of calcium through the receptor in turn mobilizes FasL to the plasma membrane and activates the FADD-mediated Fas pathway

leading to cell death by apoptosis.

Motor Neuron Isolation and Culture. Rat embryo motor neurons were purified
using a combination of cushion centrifugation and immunoaffinity and then
were cultured in Neurobasal medium enriched with glutamine, glutamate,
B-mercaptoethanol, and B27 supplement (Gibco-Invitrogen) as previously
described (2, 34, 36, 72) in the presence or absence of brain-derived neu-
rotrophic factor (BDNF; 1 ng/mL), glial-derived neurotrophic factor (GDNF;
0.1 ng/mL), and cardiotrophin 1 (CT-1, 10 ng/mL). More than 95% of the cells
were immunoreactive for p75 neurotrophin receptor and Islet1, two early
markers of motor neurons (73-75).

Purification of Rat Hsp90. Rat liver Hsp90 was purified by a combination of ion
exchange, gel filtration, and hydroxyapatite chromatography. Fractions were
collected and analyzed with SDS/PAGE. The protein was more than 90% pure
in all the preparations. Detailed methods are provided in SI Materials
and Methods.

Expression and Purification of Recombinant Human Hsp908. The human Hsp90p
sequence was optimized for bacterial expression (GenScript USA) and cloned
in a pBad/Myc-Hisx6 vector (Invitrogen). The replacement of two, four, and
five tyrosine residues by phenylalanine (Y33F+Y56F, 4xPhe(Y56), and 5xPhe-
Hsp90, respectively) was performed on the optimized wild-type human
Hsp90p sequence (GenScript). The proteins were expressed after induction of
the bacterial culture with 0.2% L-arabinose for 2 h at 37 °C and 220 rpm.
Recombinant wild-type and mutant Hsp90p were purified from the bacterial
culture using the Ni-NTA purification system (Invitrogen) according to the
manufacturer’s instructions.

Expression of Hsp90p with Nitrotyrosine in Selected Positions. The incor-
poration of a nitrotyrosine residue in a selected position of recombinant
human Hsp90p was performed as previously described (32) but with a newly
selected orthogonal nitrotyrosine-bearing suppressor tRNA and engineered
tRNA synthase pair. Briefly the codon codifying for each of the five tyrosine
residues in the human Hsp90pB sequence optimized for bacterial expression
was replaced by an Amber stop codon (TAG), which was recognized by the
orthogonal nitrotyrosine-bearing suppressor tRNA and tRNA synthase. The
modified proteins were expressed and purified as described above for
recombinant human Hsp90p.

Intracellular Delivery of Proteins in PC12 Cells and Determination of Cell
Survival. For the intracellular delivery of Hsp90, Hsp70, actin, and tubulin,
200 pL of a mixture containing 10 pg of the protein in 100 uL PBS and 4 pL of
the lipophilic Chariot permeation agent in 100 uL of H,O was incubated for
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30 min at room temperature, according to the manufacturer’s instructions
(Active Motif). A pellet corresponding to 1 x 10° PC12 cells was resuspended
gently in the protein/Chariot mixture, and 400 pL of RPMI 1640 was added.
After 1 h incubation at 37 °C in 5% CO5/air, 1.5 mL of RPMI medium sup-
plemented with 10% horse serum, 5% FetalClone Il, and antibiotics was
added, and the cells were incubated in the same conditions for an additional
hour. After incubation, 4 x 10® cells per 35-mm dish were plated in RPMI
medium supplemented with 10% horse serum, 5% FetalClone I, and anti-
biotics to reach a final volume of 2 mL Viability was determined using
fluorescein diacetate/propidium iodide after 24 h in culture (Molecular
Probes) (71, 76, 77).

Intracellular Delivery of Proteins in Motor Neuron and Determination of Cell
Survival. For the intracellular delivery of Hsp90, Hsp70, actin, and tubulin, 100 pL
of a mixture containing 1 ug of the protein in 50 uL PBS and 1 pL of the lipophilic
permeation agent Chariot solution in 50 uL of H,O was incubated for 30 min at
room temperature, as described above. About 1,500 motor neurons were
plated in 100 uL of Neurobasal medium (Invitrogen/Gibco) per well in four-well
plates precoated with polyornithine/lamin. The protein/Chariot mixture was
added to each well, incubated for 1 h at 37 °C in a humidified CO, incubator,
and then supplements plus trophic factors (BDNF, GDNF, and CT-1) in 800 pL of
the complete neurobasal medium were added to reach a final volume of 1 mL
The cultures were incubated for an additional 24 h; then motor neuron survival
was determined by counting all neurons with neurites longer than three soma
diameters as previously described (2) or by high-throughput image capture and
analysis in 96-well plates using a Runner microscope (Trophos) as reported
previously (4). For high-throughput image capture, motor neurons plated in
black 96-well plates coated with poly-p-ornithine and laminin (Greiner Bio-one)
were treated with calcein-AM (Molecular Probes-Invitrogen) in L15 medium
(Invitrogen) for 1 h at 37 °C. Image analysis was performed using the Tina
software (Trophos) (4, 22). The survival of motor neurons cultured in the pres-
ence of trophic factors or trophic factors plus Chariot was considered 100% and
was used to standardize the experiments.

Transduction of Motor Neuron Lentiviral Particles. The transduction of motor
neurons with lentiviral particles expressing P2X7 shRNA, control shRNA, or
coGFP (Santa Cruz Biotechnology) was performed at multiplicity of infection 20.
The lentiviral particles were added to the culture medium 2 h after plating the
motor neurons. The cells were incubated for additional 84 h before the in-
tracellular delivery of the proteins. The efficiency of transduction was 90-95%.
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Proteasome Activity. The proteasome chymotrypsin-like activity was de-
termined in PC12 cells using a cell-based luminescent assay (Promega Corp.)
according to the manufacturer’s instructions.

RT-PCR. RNA was extracted from 50,000 motor neurons using TRIzol (Invitrogen)
and then was purified using PureLink RNA micro kit (Invitrogen) according to
the manufacturer’s instructions. The cDNA was synthesized using the Super-
Script Il First Strand Synthesis Supermix kit (Invitrogen). The PCRs for P2X7 and
p-actin were performed using Platinum PCR SuperMix High Fidelity (Invi-
trogen) and the following primer sequences: P2X7, sense (5-AAGGGAAA-
GAAGCCCCACGG-3') and antisense (5'-CCGCTTTTCCATGCCATTTT-3'); p-actin,
sense (5-CCCTAAGGCCAACCGTGAA-3) and antisense (5-GCCATCTCTTGC-
TCGAAGTC-3)).

Western, Slot, and Quantitative Dot Blotting Analysis. Western blots were
performed as previously described (5, 6). PC12 cells incubated with perox-
ynitrite were harvested and rinsed and process for Western blotting. All
Western blots were visualized and the bands quantified using the Odyssey
System (Li-Cor Biosciences).

Dot-blot quantification of nitrated Hsp90 was performed by harvesting
total protein from 30,000 motor neurons or from 40,000 PC12 cells plated in
a 35-mm dish for 24 h. Proteins were harvested, and samples containing equal
amounts of protein were blotted on a PVDF membrane by gravity flow using
a Bio-Blot Microfiltration apparatus (Bio-Rad) as previously described (78).
Slot blots of Hsp90 peptides synthesized to contain nitrotyrosine at selected
positions were performed by blotting the indicated amounts of peptide on
a PVDF membrane as described for dot blot. Membranes then were pro-
cessed as described for Western blotting.

Hsp90 Functional Assays. The intrinsic ATPase activity of Hsp90 was determined
as previously described for the optimized Hsp90 ATPase assay without mod-
ifications (26). Geldanamycin (5 uM), a specific inhibitor of Hsp90 ATPase ac-
tivity, was used to verify ATP hydrolysis by the chaperone. The citrate synthase
aggregation assay was performed as previously described (27).
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