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Oxidative Damage Linked to
Neurodegeneration by Selective
a-Synuclein Nitration in
Synucleinopathy Lesions

Benoit I. Giasson,’* John E. Duda,’* lan V. ). Murray,’
Qiping Chen,® jJosé M. Souza,® Howard 1. Hurtig,?
Harry Ischiropoulos,® John Q. Trojanowski,’ Virginia M.-Y. Lee'}

Aggregated a-synuclein proteins form brain lesions that are hallmarks of neu-
rodegenerative synucleinopathies, and oxidative stress has been implicated in
the pathogenesis of some of these disorders. Using antibodies to specific
nitrated tyrosine residues in a-synuclein, we demonstrate extensive and wide-
spread accumulations of nitrated a-synuclein in the signature inclusions of
Parkinson’s disease, dementia with Lewy bodies, the Lewy body variant of
Alzheimer's disease, and multiple system atrophy brains. We also show that
nitrated a-synuclein is present in the major filamentous building blocks of these
inclusions, as well as in the insoluble fractions of affected brain regions of
synucleinopathies. The selective and specific nitration of a-synuclein in these
disorders provides evidence to directly link oxidative and nitrative damage to
the onset and progression of neurodegenerative synucleinopathies.

Oxidative injury has been implicated in the
pathogenesis of neurodegenerative disorders
including Alzheimer’s disease (AD) (1), Par-
kinson’s disease (PD) (2, 3), dementia with
Lewy bodies (DLB) (4), amyotrophic lateral
sclerosis (5), and Huntington’s disease (6).
Oxidative injury occurs when the compensa-
tory antioxidant capacity of cells is over-
whelmed by excess production of reactive
species that damage lipids, nucleic acids, pro-
teins, and other cellular components. Both
reactive oxygen and nitrogen species are pro-
duced in vivo and may act synergistically to
form nitrating agents that modify proteins as
well as other biomolecules such as thiols,
aldehydes, and lipids (7, &). For example,
superoxide reacts with nitric oxide to gener-
ate peroxynitrite that forms biologically ac-
tive nitrating agents in the presence of CO,, or
other catalysts (redox active metals, or met-
alloproteins) (9, 10), which can convert na-
tive tyrosine residues in proteins into 3-nitro-
tyrosine (3-NT).

Initially described over 10 years ago (/1),
a-synuclein (a-syn) is a 140—amino acid, high-
ly conserved protein that is abundant in neu-
rons, especially presynaptic terminals (12, 13).
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Two mutations in the a-syn gene have been
shown to be pathogenic for familial PD in rare
kindreds (14, 15), and it has been demonstrated
that a-syn is the major component of Lewy
bodies (LBs) and Lewy neurites (LNs) in PD,
DLB, and the LB variant of AD (LBVAD)
(16-18). Moreover, a-syn also appears to be a
major component of glial and neuronal cyto-
plasmic inclusions (GCIs and NClIs) in multiple
system atrophy (MSA) brains (19, 20), as well
as of the LB-like inclusions, neuraxonal sphe-
roids, and LNs in neurodegeneration with brain
iron accumulation type 1 (NBIA1), a rare dis-
order previously termed Hallervorden-Spatz
disease (19, 21).

Immunoreactive 3-NT was detected in LBs
of the PD brain and appears to be a common
feature of a-syn lesions in many synucleinopa-
thies (22), but no protein building blocks of
disease-specific lesions that are modified with
3-NT have been identified in any neurodegen-
erative disorder. Thus, to determine if a-syn in
the hallmark lesions of synucleinopathies are
specifically nitrated, we raised monoclonal an-
tibodies (mAbs) to nitrated a-syn (23) and
screened them by enzyme-linked immunosor-
bent assay (ELISA) to identify anti-nitrated
a-syn mAbs using nitrated and unmodified
a-syn as well as other nitrated proteins, i.e.,
recombinant human {-syn, ribonuclease A
(RNase A), cytochrome c, bovine superoxide
dismutase-1 (SOD-1), and phospholipase A,
(PLA,). Several mAbs (e.g., nSyn 8, 14, and
24) specifically recognized nitrated a- and
B-syn but not nonnitrated a-syn or any other
nitrated proteins tested (Fig. 1A). mAb nSyn 12
reacted with nitrated a-syn, as well as with

nitrated B-syn, RNase A, and PLA,, but not
with nonnitrated a-syn. Western blots were
used to further characterize mAbs that recog-
nized nitrated synucleins by ELISA, and nSyn
24 bound specifically to nitrated a- and B-syn,
but not to nonnitrated a-syn or other nitrated
proteins (Fig. 1B). Indeed, nSyn 24 did not
cross-react with these other proteins even after
longer Western blot exposure times. However,
nSyn 24 also recognized dimerized nitrated
a-syn with an apparent molecular mass of
about 35 kD (Fig. 1B). In contrast, anti-a-syn
mAb LB509 (18) recognized nitrated and non-
nitrated a-syn, whereas polyclonal anti-3-NT
(24) recognized all the nitrated proteins tested.
However, because the cytochrome ¢ and PLA,
immunoreactive bands were weak, these pro-
teins may be nitrated to a lesser extent, or the
antibody may have less affinity for 3-NT in
these proteins.

The epitopes recognized by the anti—nitrated
o/B-syn mAbs were characterized by Western
blot performed on nitrated full-length and trun-
cated recombinant human a-syn proteins, as
well as on nitrated recombinant a-syn proteins
that were mutagenized to substitute Phe for one
or more of the four Tyr (Y) residues in human
a-syn (ie., Y39, Y125, Y133, and/or Y136).
These studies showed that mAbs nSyn 8, nSyn
12, and nSyn 24 recognized the COOH-termi-
nal region of a-syn because none recognized
nitrated a.-syn amino acids 1 to 110 or 1 to 120;
however, the substitution of any single Tyr
residue with Phe was not sufficient to abolish
the binding of these antibodies to nitrated a-syn
(Fig. 1C) (25). The binding of nSyn 12 was
dependent on nitration of either Y125 or Y136,
but the recognition of nitrated Y136 dominated
that of nitrated Y125 (Fig. 1C). The epitope
recognized by nSyn 24 also was dependent on
nitration of two Tyr residues, and Y133 ap-
peared to be the dominant protein, with the
reactivity for nitrated Y133 being more robust
than nitrated Y125. The epitope recognition of
nSyn 14 is dependent on the nitration of Y39 in
a-syn or B-syn (Fig. 1C). The conservation of
all four Tyr residues and the amino acid se-
quences proximal to them in human a- and
B-syn may explain the recognition of both ni-
trated synuclein proteins by all the mAbs re-
ported here, as verified by Western blot analysis
and ELISA.

In immunohistochemical studies, numer-
ous LBs, LNs, GCIs, NCIs, LB-like inclu-
sions, and neuraxonal spheroids in brains
with different synucleinopathies were robust-
ly labeled by the mAbs nSyn 8, 12, and 24,
which recognize the nitrated COOH-terminal
region of a-syn (Fig. 2). For example, in
DLB and LBVAD brains, staining with nSyn
8 detected abundant cortical and nigral LBs
(Fig. 2, A to C), but LNs were not as exten-
sively labeled, whereas many GClIs and oc-
casional NCIs were detected by this mAb in
MSA brains (Fig. 2D). Further, many LB-like
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Fig. 1. Characterization of mAbs to nitrated a-syn. (A) ELISA assessment of the specificities of
representative mAbs with unmodified human recombinant a-syn and nitrated (n) human recombi-
nant w-syn, human recombinant B-syn, RNase A, cytochrome c (cyto c), bovine superoxide
dismutase-1 (SOD-1), and phospholipase A, (PLA2). All nitrated proteins were prepared as described
(37); 25 ng of each protein was immobilized onto ELISA plates and the binding of mAbs to antigens
was detected with 3,3',5,5'-tetramethylbenzidine. (B) Specificity of mAb nSyn 24 as determined by
Western blot analysis. Fifty nanograms of each protein were loaded in each lane of 12% polyacryl-
amide gels, separated by electrophoresis, and transferred to nitrocellulose membranes that were
probed with either mAb nSyn 24, mAb LB509, or rabbit anti-3-NT antibody and developed by
enhanced chemiluminescence. (C) Epitope mapping of anti-nitrated o/B-syn mAbs. Fifty nanograms
of full-length wild-type or truncated recombinant human «-syn or mutagenized species thereof were
resolved on 15% polyacrylamide gels and probed with each antibody for Western blot analysis.
Recombinant a-syn proteins were expressed in Escherichia coli and purified as described (36).

inclusions and neuraxonal spheroids, as well as
occasional GClIs, were detected by nSyn 8 in
the NBIAL1 brain (Fig. 2E). Similarly, the nSyn
12 mAD labeled large numbers of LBs (Fig. 2F)
and GClIs (Fig. 2G) in DLB and MSA brains,
respectively. The nSyn 24 mAb robustly
stained cortical and nigral LBs, LNs, and neur-
axonal spheroids in PD and DLB brains (Fig. 2,
K to 0), GClIs in MSA brains (Fig. 2, P and Q),
and LB-like inclusions and neuraxonal sphe-
roids in the NBIA1 brain (Fig. 2R). In addition,
staining with the nSyn 14 mAb detected nigral
LBs (Fig. 2H), and cortical LBs (Fig. 2I) in
LBVAD and GClIs in MSA (Fig. 2J), although
not as robustly as the antibodies directed
against COOH-terminal epitopes. Because the
nSyn 8, nSyn 14, and nSyn 24 mAbs detect
nitrated a- or B-syn and previous studies dem-
onstrated a-syn but not B-syn in the lesions
mentioned above (16-20, 26), we conclude that
these mAbs detect only nitrated o-syn in these
lesions. Staining with the mAbs labeled the
peripheral region more intensely than the cen-
tral core of classical LBs. In sharp contrast,
none of these mAbs stained AD amyloid
plaques, neurofibrillary tangles (NFTs), or any
lesions in progressive supranuclear palsy, cor-
ticobasal degeneration, or Pick’s disease brains
(Fig. 2S) (27). As an additional control for
antibody specificity, nSyn 24 was preincubated
with 5 pg of either an unnitrated or nitrated
synthetic polypeptide corresponding to amino

acids 115 to 140 of human a-syn. Preincuba-
tion with the nitrated peptide almost completely
eliminated staining (Fig. 2T), compared with
antibody absorbed with the unnitrated peptide
(Fig. 2U). Collectively, these studies show that
nitration of a-syn in synucleinopathies occurs
at both the Tyr residues within the COOH-
terminal region and at Y39 located within the
KTKEGYV repeat region.

Using double-label immunofluorescence,
we analyzed the abundance of a-syn lesions
detected with anti-nitrated o/B-syn mAbs—
for example, white-matter GCIs in MSA cer-
ebellum were double-labeled with nSyn 24
and anti—a-syn rabbit antibody SNL 4 (28),
which was subsequently visualized separately
(Fig. 3, A and B) or simultaneously (Fig. 3C).
Cortical LBs also were double-labeled with
these antibodies (Fig. 3D). Because more ex-
tensive analysis revealed that most LBs,
GClIs, and spheroids were labeled by both
antibodies, nitrated a-syn is a widespread and
abundant component of these lesions.

Immunoelectron microscopy revealed that
the nSyn 24 mAb labeled filamentous struc-
tures in the major a-syn lesions (Fig. 4). For
example, nSyn 24 intensely labeled most fila-
ments in the GCIs of MSA (Fig. 4A). More-
over, although nSyn 24 labeled filaments more
intensely in the periphery than in the core of
LB-like inclusions in NBIA1 (Fig. 4B), cortical
LBs (25), spheroidlike inclusions (Fig. 4C), and
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LN-like inclusions in NBIA1 (Fig. 4D) were
labeled throughout. The immunolabeling of
these lesions was restricted to tubular, fil-
amentous profiles and rare straight filamen-
tous structures (Fig. 4D, inset). Thus, ni-
trated a-syn is an integral component of the
a-syn filaments that form the defining le-
sions of diverse synucleinopathies.
Because previous studies showed that nor-
mal a-syn isolated from control brains is
soluble in high-salt (HS) and Triton X-100
buffers, but abnormal forms of a-syn are
recovered from HS/Triton X-100-insoluble
fractions of synucleinopathy brains (18, 19,
29), we examined whether nitrated a-syn was
present in soluble and insoluble extracts of
LBVAD and control brains. In Western blot
studies with the nSyn 24 mAb to detect ni-
trated a-syn, an immunoreactive band with
the same electrophoretic mobility as a-syn
was present in the HS/Triton-insoluble frac-
tion of the LBVAD brains, but not in control
brain or in any of the HS-soluble fractions
(Fig. 5). We confirmed and extended these
findings by using an anti—o-syn mAb Syn
208 (28) to demonstrate a-syn in the HS-
soluble fractions of control and LBVAD
brains as well as monomeric and aggregated
a-syn in the HS/Triton-insoluble fractions of
the LBVAD brain (Fig. 5). Further, an anti-
body specific for B-syn (Syn 207) (19, 28)
detected B-syn in the HS fraction of LBVAD
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Fig. 2. Immunostaining
of diverse synucle-
inopathy lesions with
anti-nitrated o/B-syn
mAbs as described
(37). Immunostaining
by the nSyn 8 mAb of
nigral LBs in DLB (A)
and LBVAD (B), corti-
cal LBs in LBVAD (C),
GCls and NCls in MSA
(D), and LBs and neur-
axonal spheroids of
NBIAT (E). Staining
with the nSyn 12 mAb
labels cortical LBs in
DLB (F, with high pow-
er view in inset), as
well as GCIs in MSA
(G). Staining with the
nSyn 14 mAb labels ni-
gral LBs (H), and corti-
cal LBs (), in LBVAD
and GClIs in MSA ()).
Immunostaining  with
the nSyn 24 mAb la-
bels LBs and LNs (K)
and a neuraxonal
spheroid (L) in PD, and
nigral LBs (M), hip-
pocampal CA2/3 LNs
(N), and cortical LBs
(O) in DLB. nSyn 24
also labels GCls in MSA
(P and Q) and LB-like
inclusions and neurax-
onal spheroids in
NBIA1 (R). Staining of
AD hippocampus with
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nSyn 24 reveals no immunoreactivity (S), and preabsorption of nSyn 24 with nitrated a-syn COOH-terminal peptide (amino acids 115 to 140) substantially
reduced immunostaining (T) compared to absorption with nonnitrated peptide (U). Bar, 10 um (A to D, F inset, G, H, ] to N, Q, and R) and 30 um (E, F, 1,

O, P, and S to U).

and normal control brains, but not in HS/
Triton-insoluble fractions (30). The higher
molecular mass o-syn immunoreactive bands
detected with the Syn 208 antibody were not
apparent in blots probed with nSyn 24, and
we speculate that these bands are dityrosine—
cross-linked a-syn polymers (31).

The experiments described here provide ev-
idence that a-syn is a specific target of nitrating
agents in several diverse neurodegenerative
synucleinopathies. We demonstrated this by
showing that mAbs specific for nitrated o/3-
syn (i) stain numerous LBs, LNs, GCIs, NClIs,
LB-like inclusions, and neuraxonal spheroids in
synucleinopathies but not in NFTs or senile
plaques; (ii) label the filamentous a-syn struc-
tures that form these lesions; and (iii) detect
nitrated a-syn only in HS/Triton-insoluble frac-
tions of LBVAD brain tissue. Although these
mAbs recognized both nitrated a-syn and
B-syn, previous observations have shown that
B-syn does not accumulate in these lesions
(16-20, 26). Thus, our study provides evidence
that nitrated o-syn is present in these lesions.
Because previous studies only used antibodies
specific for 3-NT to detect 3-NT immunoreac-
tivity in NFTs in AD and LBs in PD brains (22,
32, 33), the exact molecular target of tyrosine

Fig. 3. Double-label immu-
nofluorescence of GCls
with the SNL 4 and nSyn
24 antibodies. Detection
of GCIs from MSA with
the mouse anti-nitrated
o/B-syn mAb nSyn 24
(A), affinity-purified rab-
bit anti-a-syn antibody
SNL 4 (B), or both (C)
with a goat anti-mouse
immunoglobulin G (IgG)
Alexa Fluro 488-conju-
gated antibody and a goat
anti-rabbit IgG Alexa
Fluro 594—conjugated an-
tibody (Molecular Probes,
Eugene, Oregon). The sec-
tions were covered with
Vectashield-DAPI (4',6'-

diamidino-2-phenylindole) mounting medium (Vector Laboratories, Burlingame, California). Most
GCls are double-labeled. (D) Double-label immunofluorescence demonstrating colocalization of
SNL 4 and nSyn 24 immunoreactivities in a cortical LB. Bar, 30 um (A to C) and 10 pm (D).

nitration in these pathological lesions had not
been identified. However, by using the mAbs
specific for nitrated o/B-syn described here, we
demonstrated that a-syn is indeed a target of
nitration in the hallmark lesions of diverse
synucleinopathies.

Our observation that nitrated o-syn is

present only in the HS/Triton-insoluble frac-
tions of LBVAD cortex suggests that the
solubility of a-syn may be reduced by ty-
rosine nitration and that this modification
may promote the fibrillogenesis of a-syn and/
or its aggregation into hallmark lesions of
synucleinopathies. Alternatively, nitration of
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a-syn may occur only after it has assembled
into filamentous structures. Nitration may
render a-syn more resistant to proteolysis or

Fig. 4. Silver enhanced
immunoelectron  mi-
croscopy of synucle-
inopathy lesions with
anti-nitrated o/p-syn
mADb, nSyn 24. (A) Im-
munopositive GCl fila-
ments in MSA. The ar-
row indicates the nu-
cleus of the oligoden-
drocyte. Classical LB-
like (B), spheroidlike
(€), and LN-like (D)
inclusions in NBIA 1.
(Insets)  Immunola-
beled tubular, fila-
mentous structures at
higher magnification.
The inset in (D) de-
picts a rare straight fil-
amentous structure in
spheroid and LN-like
inclusions. Bar, 2 pm
for low-magnification
images and 200 nm
for insets. Immunopo-
sitive structures visu-
alized with DAB were
silver-enhanced as de-
scribed (38).
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alter other properties of this synaptic protein,
thereby playing a mechanistic role in the
formation and/or stability of a-syn lesions, as

well as in the onset and progression of
synucleinopathies.

Although we detected nitrated a-syn in

the major signature lesions of diverse

synucleinopathies, the extent of this nitration
remains to be determined. Further, because
nitrating agents also can oxidize tyrosine res-
idues to form o0-o’-dityrosine, and this can
result in the covalent cross-linking of a-syn
and the formation of stable a-syn polymers
(31), more than one nitrating process may
contribute to the pathogenesis of a-syn le-
sions. Because the formation of 3-NT and
0-0'-dityrosine can occur simultaneously un-
der oxidative and nitrative conditions, species
of a-syn that have been modified by o-o'-
dityrosine cross-linking as well as by 3-NT
modification may contribute to the pathogen-
esis of synucleinopathies.

Our findings suggest that impairment of

cellular antioxidative mechanisms or over-
production of reactive species may be a pri-
mary event leading to the onset and progres-
sion of neurodegenerative synucleinopathies.
Thus, elucidation of the role of oxidative and
nitrative injury in mechanisms underlying
these and other neurodegenerative disorders
may lead to the identification of therapeutic

targets to prevent or reverse these diseases.

ton-insoluble fraction of LBVAD brains. Higher molecular mass species detected by nSyn 24 mAb
are nonspecific bands because they are present in both control and LBVAD samples.
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Role of BAX in the Apoptotic
Response to Anticancer Agents

Lin Zhang, Jian Yu, Ben Ho Park, Kenneth W. Kinzler,
Bert Vogelstein*

To assess the role of BAX in drug-induced apoptosis in human colorectal cancer
cells, we generated cells that lack functional BAX genes. Such cells were partially
resistant to the apoptotic effects of the chemotherapeutic agent 5-fluorouracil,
but apoptosis was not abolished. In contrast, the absence of BAX completely
abolished the apoptotic response to the chemopreventive agent sulindac
and other nonsteroidal anti-inflammatory drugs (NSAIDs). NSAIDs inhibited
the expression of the antiapoptotic protein Bcl-X, resulting in an altered
ratio of BAX to Bcl-X, and subsequent mitochondria-mediated cell death.
These results establish an unambiguous role for BAX in apoptotic processes
in human epithelial cancers and may have implications for cancer chemo-

prevention strategies.

The induction of apoptosis, or programmed cell
death, in cancer cells is thought to be funda-
mental to the success of treatments for cancer.
The Bcl-2 family members are intimately in-
volved in the apoptosis (/, 2), but the role of
these proteins in drug-induced death has been
confusing. BAX, the prototypic death-promot-
ing member of the Bcl-2 family, provides a
good example of the complications that have
arisen. Many studies have relied on overexpres-
sion of BAX protein, conditions that may not
faithfully reproduce its normal activity, and
have yielded conflicting results (3). Drugs in-
duce endogenous BAX expression through p53-
dependent transcription in some cancer cell
lines, but not others (4). In mice, BAX plays no
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role in the most well-studied examples of drug-
or radiation-induced and p53-dependent apo-
ptosis, involving thymocytes and intestinal ep-
ithelium (5-7). Unlike the human gene, the
murine BAX gene has no p53-binding site in its
promoter (8). Nevertheless, BAX deficiency
promotes drug resistance in murine fibroblasts
by partially attenuating pS3-dependent apopto-
sis, but only when such cells are transformed
with the adenoviral £14 oncogene (3, 9). This
picture is further confounded by the finding that
BAX deficiency can promote rather than inhibit
apoptosis in some murine cell types (10).

The most important targets of chemother-
apeutic agents are human epithelial cells,
which give rise to the vast majority of natu-
rally occurring cancers. To clarify the role of
BAX in drug-induced apoptosis in such cells,
we created and studied isogenic derivatives
that differ only in the presence or absence of
the BAX gene. HCT116 colorectal cancer
cells were chosen as the parental cells be-
cause they contain normal p53 and BAX

min. The resulting pellets were reextracted with 10
ml of HS buffer-0.5 % Triton X-100 per gram of
tissue. After centrifugation, the pellets were resus-
pended in 1.0 M sucrose—HS buffer and layered on a
discontinuous 1.2 M/1.5 M/2.2 M sucrose gradient.
After centrifugation at 200,000g for 2 hours, each
fraction was assayed by Western blot analysis to
determine the presence of a-syn. Most of the a-syn
was located at the 1.5 M/2.2 M sucrose interphase
(250 wl), and this fraction was used to assay for the
presence of nitrated protein. Ten microliters of HS-
soluble fractions and 1.5 M/2.2 M sucrose-interphase
fractions, termed HS/Triton-insoluble, were loaded
on separate lanes of 12% polyacrylamide gels for
Western blot analysis.
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genes and undergo apoptosis in response to
5-fluorouracil (5-FU) and sulindac. 5-FU is
the mainstay of treatment for colorectal can-
cer and is an antimetabolite that induces cell
death in a p53-dependent manner (/7). Sulin-
dac is the prototypic chemopreventive agent
for patients with colorectal cancer predispo-
sition and is a nonsteroidal anti-inflammatory
drug (NSAID) that binds to and inhibits cy-
clooxygenases and other cellular proteins
(12-14).

To obtain isogenic cells differing in BAX
status, we first exploited the innate propensi-
ty of mismatch repair (MMR)—deficient cells
to mutate mononucleotide tracts (15). BAX
contains an unstable G, tract at nucleotides
114 to 121 (codons 38 to 41) that is often
mutated in MMR-deficient tumors (16).
Through analysis of unselected subclones
(17), we found that 2% of HCT116 cells had
two intact BAX alleles, 94% had one intact
allele (+/—, with one allele containing a
deletion or insertion of a G within the Gg
tract), and 4% had two mutant alleles (—/—
cells). Western blots confirmed the absence
of BAX protein in the BAX™"~ cells (Fig.
1A). In BAX™'* and BAX "'~ cells, there was
a slight induction of BAX protein by agents
that activate pS3 (Fig. 1A). Induction of p53
by 5-FU caused equivalent amounts of apo-
ptosis in BAX™’* and heterozygous BAX"'~
cells. The extent of apoptosis was somewhat
reduced in the BAX~"~ cells, but BAX defi-
ciency did not recapitulate the effects of p53
deficiency, which provided nearly complete
protection against 5-FU-induced apoptosis
(Fig. 1B) (11). In marked contrast, BAX de-
ficiency completely eliminated the apoptosis
induced by sulindac (Fig. 1B). In this case,
p53 deficiency had no effect, indicating that
the apoptosis induced by sulindac was p53-
independent. A similar effect of BAX defi-
ciency was observed on the apoptosis in-
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