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ABSTRACT: a-Synuclein {-syn) is a major protein component of the neuropathological hallmarks of
Parkinson’s disease and related neurodegenerative disorders termed synucleinopathies. Neither the
mechanism oft-syn fibrillization nor the degradative process toisyn has been elucidated. Previously,

we showed that wild-type, mutated, and fibril@syn proteins are substrates of calpain bitro. In this

study, we demonstrate that calpain-mediated cleavage near and within the middle region ofcsglrble
with/without tyrosine nitration and oxidation generates fragments that are unable to self-fibrillize. More
importantly, these fragments prevent full-lengtksyn from fibrillizing. Calpain-mediated cleavage of

o-syn fibrils composed of wild-type or nitrated-syn generate C-terminally truncated fragments that
retain their fibrillar structure and induce soluble full-lengtksyn to co-assemble. Therefore, calpain-
cleaved soluble-syn inhibits fibrillization, whereas calpain-cleaved fibrillarsyn promotes further co-
assembly. These results provide insight into possible disease mechanisms underlying synucleinopathies
since the formation oéi-syn fibrils could be causally linked to the onset/progression of these disorders.

a-Synuclein {-syn) aggregation is the common neuro- and a j-sheet structure in the fibrillar form. While a
pathological feature in several neurodegenerative diseasesiydrophobic stretch of amino acids (residues-82) within
such as Parkinson’s disease (PD), dementia with Lewy bodiesthe NAC region is essential for fibrillization af-syn @),
(LBs), the LB variant of Alzheimer’s disease, multiple fibrillization is influenced by many factors including mis-
system atrophy, and neurodegeneration with brain iron sense mutationgi{-14), C-terminal truncation12, 15—17),
accumulation type I, collectively known assynucleino- molecular crowding18, 19), and oxidative post-translational
pathies ). a-Syn is a 140 amino acid protein with an modifications 20, 21). Numerousin vitro studies demon-
uncertain function. The N-terminal region contains four strate thato-syn assembles into #19-nm wide amyloid
KTKEGV imperfect repeat motifs; the NAC (nonamyloid fibrils with similar biochemical and biophysical properties
component of amyloid plagues) region contains two ad- as the fibrils observed in humansyn inclusions, such as
ditional repeat motifs and comprises the middle region of LBs, and thus provide a basis for investigating molecular
the protein, amino acids 6195; and the C-terminal region  and chemical events that influence the process-syn fibril
is rich in amino acids such as aspartate, glutamate, andformationin vivo (3—5, 8).

proline @). Solublea-syn is natively unfolded, although it Although the mechanism af-syn aggregation in disease
adopts am-helical conformation in the presence of lipids js ynknown, impaired degradation of-syn by the pro-
teasome and lysosome may be involvea30). However,
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o-syn transgenic mice, as well as in neuronal cell lines, which  Fibrillization of o-Syn Proteins.o-Syn proteins were

has a putative cleavage site that correlates to our site of
vitro calpain cleavage after amino acid 122, providing

incubated in 100 mM sodium acetate (pH 7.0) at various
concentrations for 48 h at 37T with continuous shaking.

additional support to our hypothesis that calpain may be an Each sample was overlaid witk40 L of mineral oil to

a-syn-degrading proteasés).

prevent condensation of samples. After fibrillization, samples

Oxidative injury has been implicated in the pathogenesis Were centrifuged, and the pellet fraction was resuspended

of many a-synucleinopathies35). Reactive oxygen and
nitrogen species producétdvivo from cellular reactions can

in 100 mM sodium acetate or nitration buffer for use in
further studies.

form nitrating agents that convert tyrosine residues in proteins ~ Calpain-Mediated Clesage ofo-Syn ProteinsCalpain

to 3-nitrotyrosine 86). Four tyrosine residues (Y39, Y125,
Y133, and Y136) ina-syn are targets for nitration and
oxidation, generating dityrosine covalently cross-linked
dimeric and oligomeria-syn (37, 38). Antibodies specific
for nitrated a-syn label LBs containingx-syn in several
a-synucleinopathies3b). These data demonstrate tlasyn

(Calbiochem, San Diego, CA) cleavage of purified recom-
binant humaro-syn proteins (including soluble, fibrillized,
and peroxynitrite-treated wild-type and mutant species) was
carried out using methods similar to those described previ-
ously 31). Briefly, a-syn protein was incubated with calpain
| in buffer containing 40 mM 4-(2-hydroxyethyl)-1-piper-

is nitrated in human diseases, although it is not clear whetherazineethanesulfonic acid (HEPES) (pH 7.5) and 5 mM

nitration of a-syn occurs prior to or after fibrillization.
Soluble nitrateda-syn does not fibrillize, while treatment
of preformed fibrils with nitrating agents stabilizes these
fibrils through dityrosine cross-linking3@, 40). However,
co-incubation of soluble nitrated-syn at low concentrations
with unmodifieda-syn increases the rate of fibril formation
as nitrateda-syn is incorporated into the fibrils4().
Although calpain cleaves nitrated-syn in vitro, soluble
nitrateda-syn is not cleaved as readily as unmodified wild-
type a-syn, potentially accelerating fibril formatiod@).

dithiothreitol (DTT) at 37°C. Calpain-mediated cleavage was
initiated by the addition of calcium (1 mM final). In
experiments involving full-lengtle-syn, a-syn protein was
treated in parallel to cleaved proteins with the exception that
calpain was omitted from the reaction buffer. The addition
of 1 mM EDTA prior to the addition of calcium to the
reaction buffer including calpain served as another control.
For biochemical assays, aliquots were removed from the
reaction mixture and added to an equal volume of 2
Invitrogen (Carlsbad, CA) sodium dodecyl sulfate (SDS) stop

Thus, in the present study, we extended our previous buffer at various time points, heated in a boiling water bath,

findings by investigating the effect of nitration on proteolytic
cleavage of soluble and fibrillao-syn. In addition, we

and stored at-20 °C. Samples were then resolved on Tris-
tricine gels and analyzed by immunoblotting using antibodies

examined whether calpain-generated fragments could formdirected against wild-type and nitrateesyn @1), followed

fibrils and/or promote the fibrillization of soluble full-length

by incubation with anti-mouse horseradish peroxidase-

a-syn and whether these processes were altered by the A53EOnjugated secondary antibody (Jackson ImmunoResearch

mutation or exposure to peroxynitrite.

EXPERIMENTAL PROCEDURES

Expression and Purification of Wild-Type and Mutant
a-Syn Protein SpecieRecombinant human wild-type and
mutant A53Ta-syn were expressed and purified as previ-
ously described8). cDNAs for each of the proteins were

Laboratories, West Grove, PA), and detected with enhanced
chemiluminescence reagents (Pierce). For sedimentation and
co-incubation studies, 1 mM EDTA was added to stop the
reaction, and samples were then immediately subjected to
centrifugal sedimentation or used in co-incubation experi-
ments.
Chymotrypsin and Trypsin Cleage ofa-Syn Proteins.

Chymotrypsin and trypsin (Sigma Chemical Co., St. Louis,

subcloned into the bacterial expression vector pRK172. After MO) cleavage ofi-syn proteins was performed as described

expression in BL21 (DE3E. coli, bacterial pellets were

previously B2). a-Syn was added to trypsin (100 fmol and

resuspended in high-salt lysis buffer containing protease 1 pmol) or chymotrypsin (2 pmol) reaction buffers containing

inhibitors, boiled to 100C for 10 min, and centrifuged at
2000@ for 10 min.o-Syn proteins were further purified by

20 mM Tris-HCI (pH 7.5) and incubated at 3. SDS
sample buffer (%) was added to each reaction at the

Sephadex 200 gel filtration and Mono Q ion-exchange indicated time points, and samples were then heated to
chromatography (Amersham Biosciences, Piscataway, NJ)100°C for 5 min and stored at20 °C. These experiments

with a 0—0.5 M NaCl gradient. Protein concentrations were

determined using the bicinchoninic acid protein assay (Pierce,

Rockford, IL).
Exposure ofx-Syn Proteins to Peroxynitrit€eroxynitrite

were performed 3 times.

AntibodiesMonoclonal antibodies Syn 303 and Syn h75,
which recognize epitopes at amino acidsfand 5-20,
respectively, were used in this studdl( 42). In addition,

was synthesized from sodium nitrite and acidified hydrogen nSyn 14, which specifically recognizessyn nitrated at
peroxide. Excess hydrogen peroxide was removed by treat-tyrosine 39, was used to label nitrategsyn @35). LB509

ment with manganese dioxide. Exposureredyn to peroxy-
nitrite was described previoush\BT). Briefly, a-syn was
diluted into nitration buffer (100 mM potassium phosphate,
25 mM sodium bicarbonate at pH 7.4, and 0.1 mM

and NAC antibodies were used for immunoelectron micros-
copy recognizing the epitopes 11522 and 7591, respec-
tively (41—43).

Assessment of-Syn Polymerization by Centrifugal Sedi-

diethylenetriamine pentaacetic acid), and the concentrationmentation AnalysisReaction buffers containing 1 mg/mL
of peroxynitrite was determined spectrophotometrically at of full-length or calpain-cleaved fibrillized-syn proteins

302 nmin 2 N NaOHAzp,= 1670M 1 cm™1). Two boluses

were centrifuged at 1000Q0or 20 min. Supernatants and

of peroxynitrite were added at 10-fold molar excess of protein pellets were separated, and samples were heated t&6CLOO

immediately prior to each experiment.

for 5 min in SDS sample buffer. Proteins were separated on
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Tris-tricine gels, stained with Coomassie Blue R-250, and
quantified by densitometry. Reaction buffers containing
1 mg/mL of soluble full-length or calpain-cleavadsyn

Mishizen-Eberz et al.

Supporting Information), calpain | was used for the present
study. Activation of calpain decreased levels of both dimeric
and monomeri@-syn and generated low molecular weight

proteins were first exchanged into 100 mM sodium acetate (LMW) fragments (Figure 1A). Immunoblotting with anti-

and concentrated to 5 mg/mL using Centricon YM-3
centrifugal filters (Millipore, Bedford, MA). Samples were
then incubated at 37C for 48 h with continuous shaking.
After fibrillization, these samples were centrifuged and
treated as described above.

Electron Microscopy.To examine the ultrastructure of

bodies Syn 303 (epitope at amino acids4) and nSyn 14
(epitope at nitrated tyrosine residue 39) revealed that the
calpain-generated fragments were identical in molecular
weight for unmodified and nitratedi-syn (Figure 1A).
Cleavage of the nitrated protein also generated a species with
an apparent 32-kD mass, likely a cleavage product of the

o-syn fibrils, protein samples were adsorbed to 300-mesh oligomeric or dimeric species. Nitrated, mutant AS&Byn
carbon-coated copper grids, stained with 1% uranyl acetate,was not cleaved after amino acid 57, as observed previously
and visualized with a transmission electron microscope asin nonnitrated A53Ta-syn (Figure 1B) 81), but was

described 38). Fibril width measurements were determined
with Image-Pro Plus software (Media Cybernetics, Del Mar,
CA). For immunoelectron microscopyg;syn proteins were

otherwise cleaved similarly to wild-type-syn.

To examine if nitration ofa-syn changed the cleavage
pattern of other proteases, nonnitrated and nitratexyn

adsorbed onto 300-mesh carbon-coated copper grids, b|°Cke‘ﬂ)roteins were incubated with trypsin and chymotrypsin.

with 1% bovine serum albumin for 5 min, and immuno-
stained for 15 min with an affinity-purified antibody. Fibrils
were decorated with anti-rabbit IgG or anti-mouse 1gG

Because trypsin cleaves proteins at numerous sites, the Syn
h75 antibody that recognizes amino acids2® of a-syn
was used to detect the fragments. Consistent with a previous

antibodies conjugated to 5- or 10-nm gold particles and were report 37), exposure to peroxynitrite did not change the

negatively stained with 1% uranyl acetate.

Co-incubation Experimentsull-length or calpain-cleaved
solublea-syn was exchanged from the reaction buffer into

cleavage pattern ofi-syn exposed to 100 fmol/20L of
trypsin (Figure 1C). Increasing the concentration of trypsin
by 10-fold (1 pmol/2QuL) resulted in complete disappear-

sodium acetate and concentrated to 2.5 mg/mL usingance of full-length a-syn with production of unstable
Centricon YM-3 filters. These Samp|es were co-incubated fragments by 5 min (data not Shown)_ An Over-exposed

with 2.5 mg/mL of full-lengtha-syn as described above.
Soluble full-lengtho-syn samples (at 2.5 and 5 mg/mL) were

Western blot showed cleavage of full-length wild-type and
nitrateda-syn into LMW fragments (Figure 1C). Some high

incu_bated in parallel with_these. samp.les. Protein; Were molecular weight (HMW) species, although present in small
subjected to electrophoresis, stained with Coomassie Bluejgyg|s compared to full-length protein, were detected by Syn

R-250, and quantified by densitometry. The amount of full-
length a-syn was compared to that in each sample.
Fibrillized calpain-cleaved-syn proteins were exchanged
from the calpain | reaction buffer into sodium acetate using
Centricon YM-10 or YM-3 centrifugal filters to a final

concentration of 1 mg/mL. Each sample was co-incubated

with 1 mg/mL of solubleo-syn for 48 h at 37°C with

continuous shaking and centrifuged as described above.
Samples were resolved on Tris-tricine gels and stained with

Coomassie Blue R-250 for densitometric analysis. For
calpain-cleaved.-syn experiments, the amount of full-length
protein in the pellet of the calpain-cleavedsyn samples
was compared to the amount of full-length protein in the
pellet of calpain-cleaved:-syn samples co-incubated with
full-length a-syn. A total of 1 mg/mL of soluble full-length
a-syn alone and 1 mg/mL of recombinant 125a-syn co-
incubated with full-lengtho-syn were incubated in parallel
with these samples.

Statistics.All results were reported as meahn standard
deviation (SD). Unpaired two-tailettests were performed
to define differences using Statview 5.01 software (SAS
Institute Inc.). Significance was set jat< 0.05.

RESULTS

Proteolytic Cleaage of Soluble Nitrated-Syn.Treatment
of recombinanta-syn (wild type and A53T mutant) with
peroxynitrite nitrates-syn at tyrosine residues 39, 125, 133,
and 136 87, 38) and results in the formation of tyrosine

h75 in the wild-type samples and were not readily degraded
by trypsin. The abundant HMW species in the nitrated
samples were degraded significantly.

Similarly, we investigated whether exposure to peroxy-
nitrite changed the cleavage pattern cwsyn by chymo-
trypsin (Figure 1D). Chymotrypsin predominantly cleaves
after phenylalanine, tyrosine, and tryptophan residues. Be-
cause chymotrypsin could cleamesyn after Phe4 and Tyr39
residues, regions of the protein detected by antibodies Syn
303 and nSyn 14, respectively, the Syn h75 antibody, which
recognizes amino acids20 of a-syn, was used to identify
the cleaved fragments. Treatment with chymotrypsin resulted
in the disappearance of HMW species and full-lengrtyn
and caused the appearance of LMW fragments (Figure 1D).
Therefore, the fragments observed are likely9%, 4-94,
and -39 a-syn fragments based on the predicted cleavage
after tyrosine residues 39, 125, 133, and 136 and after
phenylalanine residues 4 and 94. Syn 303 detected fragments
of the same molecular weight as the putatived4 and +39
a-syn fragments but not the putative-94 a-syn fragment
(data not shown), showing that these were N-terminal
fragments. Furthermore, antibody nSyn 14 detected frag-
ments at the same molecular weight as9% and 4-94
o-syn fragments. Both antibodies nSyn 14 and Syn h75
detected considerably smaller amounts of fragmer89 of
nitrated o-syn, suggesting that the nitration of tyrosine 39
makes it a poor substrate for chymotrypsin cleavage,
consistent with the previous observation that tyrosine nitra-

nitrated monomers as well as nitrated SDS-stable dityrosinetion does not block but considerably slows digestion of
cross-linked dimers and oligomers. Because calpain | and Il proteins by chymotrypsin4d). In summary, nitration of

cleaved solublex-syn at the same sites (Figure S1 in the

soluble wild-typea-syn did not alter the cleavage pattern of
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Ficure 1: Nitration does not affect cleavage of solublesyn by proteases. (A) Representative Western blot of wild type (lanes 1 and 2)

and nitrated wild-typex-syn (lanes 3 and 4) cleaved by calpain. Syn 303 detected wild-type full-length and calpain-generated fragments
of a-syn after cleavage for 30 min. nSyn 14 detected dimeric, full-length, and calpain-generated fragmesya after 30 min of cleavage.

(B) Representative Western blot of A53Fsyn (lanes 1 and 2) and nitrated A53Fsyn (lanes 3 and 4) cleaved by calpain. Syn 303
detected nonnitrated A533-syn, and nitrated A53®-syn was detected by nSyn 14. (C) Representative Western blot after trypsin cleavage

of soluble and nitrated wild-type-syn, immunolabeled with Syn h75. (D) Representative Western blot after chymotrypsin cleavage of
soluble and nitrated wild-type-syn, immunolabeled with Syn h75. Fragmentsxe$yn generated by chymotrypsin cleavage are marked

with arrows. A pre-existing band in nitratedsyn is labeled with an arrowhead. Asterisks show migration of calpain-cleaggd fragments

relative to trypsin- and chymotrypsin-cleaved fragments. Experiments were performed 3 times with similar results obtained in each experiment.

calpain and trypsin and only changed that of chymotrypsin parts A and B of Figure 2; lanes3 in parts C and D of
slightly. Figure 2).

Proteolytic Cleaage of a-Syn Fibrils. Calpain cleaves Characteristics of Calpain-Generated Fragments from
fibrillized o-syn in the C terminus, resulting in two major  Solublea-Syn.To determine whether the calpain-generated
N-terminal fragments+114 and +1220-syn (lanes 1 and  fragments of soluble-syn proteins were able to form fibrils,

2 in parts A and B of Figure 2)3(). Nitration/oxidation of full-length or calpain-cleaved-syn proteins were incubated
preformed fibrils did not alter their cleavage by calpain, at 5 mg/mL for 48 h with continuous shaking. After
demonstrated by the presence of two C-terminally truncated sedimentation, the majority of full-length wild-type and A53T
fragments that migrated at the same molecular weight asa-syn proteins were recovered in the pellet fraction, con-
those fragments of cleaved, nonnitrated fibrils (lanes 3 and sistent with the formation of fibrils (Figure 38). In contrast,

4 in parts A and B of Figure 2). the mixture of soluble nitrated-syn monomers, dimers, and

We also investigated whether nitration of prefornoedyn oligomers did not fibrillize, con§i§tent with previous studies
fibrils changed the proteolytic susceptibility to chymotrypsin (38, 40). Under the same conditions, calpain-cleaved frag-
and trypsin. Nonnitrated fibrillized-syn was cleaved inthe ~ ments from all solubler-syn forms were recovered in the
C terminus by chymotrypsin, resulting in two major frag- supernatapt fraction (Flg_urg 3), indicating thgt cleavage after
ments after 30 min, identified by antibody Syn h75 (Figure @mino acid 57 and within the NAC region generates
2C). Similarly, trypsin cleaved fibrillized-syn, producing ~ fragments that do not readily form fibrils.
one major N-terminal fragment that migrated just below full- ~ Characteristics of Calpain-Generated Fragments Gener-
lengtha-syn (Figure 2D). Nitration of fibrils did not affect  ated fromo-Syn Fibrils Sedimentation analysis and electron
the cleavage pattern by trypsin or chymotrypsin. Interestingly, microscopy (EM) were used to determine whether the
both proteases cleaved full-lengtthsyn (lanes 1 and 2 in  calpain-cleaved fragments of fibrillized-syn remained
parts A and B of Figure 2; lanes=% in parts C and D of fibrillar or became soluble. Centrifugal sedimentation analy-
Figure 2) but did not readily degrade nitration-stabilized sis of full-length fibrillizeda-syn detected full-length-syn
dimeric and oligomeric forms ofi-syn (lanes 3 and 4 in  fibrils of wild-type (59.7+ 10.9%), A53T (61.3t 9.5%),
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Ficure 2: Nitration does not affect cleavage of preformed fibrils
of a-syn by proteases. (A) Representative Western blot of fibrillized
and fibrillized then nitratedx-syn cleaved by calpain at 0 and
30 min after cleavage. Syn 303 immunolabeled fibrillized wild-
type a-syn and nSyn 14 immunolabeled fibrillized then nitrated
a-syn fibrils. (B) Representative Western blot of fibrillized and
fibrillized then nitrateda-syn cleaved by calpain and immunola-
beled with Syn h75. (C) Representative Western blot of fibrillized
nonnitrated and nitrated-syn cleaved by chymotrypsin, immu-
nolabeled with Syn h75. (D) Representative Western blot of
fibrillized nonnitrated and nitrated trypsin-cleavedsyn fibrils,
immunolabeled with Syn h75. Experiments were performed 3 times
with similar results obtained in each experiment.

and fibrillized then treated with peroxynitrite (574214.6%)
a-syn in the pellet (P) as identified by Coomassie Blue stain
of the Tris-tricine gels (parts AC of Figure 4). After
incubation with activated calpain, calpain-cleaved truncated
fragments were recovered in the pelleted fraction after
sedimentation for wild-type (87.2 4.6%), A53T (75.9+
4.6%), and fibrillized then nitrated (76.& 8.9%) a-syn
(Figure 4D). Truncated forms were not noted in the soluble

Mishizen-Eberz et al.

mSoluble full-length o-syn

8 Soluble cleaved o-syn

40

% of protein in pellet

20

-

Nitrated ct-syn
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Wild type a-syn  AS53T o-syn

Ficure 3: Calpain-generated fragments of solublesyn do not
fibrillize under conditions favorable for full-lengttx-syn fibril-
lization. Quantitative sedimentation analysis of full-length and
calpain-cleavedxr-syn incubated at 5 mg/mL at 37C for 48 h
with continuous shaking. Data are results from 2 to 4 experiments
with similar results.

length a-syn (Figure 4D). These data show that calpain-
cleaveda-syn fibrils were pelletable.

Electron Microscopic kzaluation of the Calpain-Clezed
o-Syn Fibrils. Direct observation by EM of the calpain-
cleaveda-syn fibrils recovered in the pellet fraction follow-
ing sedimentation confirmed that the fibrils retained a fibrillar
structure. The increase in the amount of insoluttsyn
following calpain-mediated cleavage raised the possibility
that treatment with calpain might alter the structure of the
fibrils as well as its sedimentation properties. Fibrils gener-
ated from full-length wild-typea-syn fibrils had a mean
width of 11.42+ 0.35 nm (meant SEM; n = 50) (parts A
and C of Figure 5), whereas morphologically similar calpain-
cleaved fibrils had a significantly smaller width, 8.92
0.25 nm (meant SEM; n = 66) (parts B and C of Figure
5). The stability of the calpain-cleaved fibrils exposed to
peroxynitrite was also confirmed by EM analysis. However,
in contrast to calpain-cleaved nonnitrated fibrils, the mean
width of calpain-cleaved nitrated preformed fibrils was
11.544+ 0.2 nm (meant SEM;n = 99), comparable to that
of both unmodified full-length and nitrated-syn fibrils
11.964+ 0.19 nm (meant SEM; n = 124) (parts B-F of
Figure 5). Therefore, although nitration did not affect the
cleavage pattern of fibrillized-syn, it did change the fibril
ultrastructure following cleavage by calpain.

Immuno-EM of Calpain-Clegd a-Syn Fibrils.To identify
additional ultrastructural changes created by exposure to
peroxynitrite or calpain-mediated cleavage, we used immuno-
EM of a-syn fibrils with antibodies to the C terminus
(LB509) and the NAC region ofi-syn. LB509 decorated
the fibrils in all samples (partsAD of Figure 6), indicating
that the epitope of amino acids 11522 of o-syn was
exposed. The NAC antibody also labeled the full-length
fibrils of nonnitrated and nitrated fibrillized-syn (parts E
and G of Figure 6). Although this antibody also labeled
calpain-cleaved, nitrated preformed fibrils, this antibody did

fraction (S). The truncated fragments in the pellets of these not label the fibrils of calpain-cleaved unmodified wild-type
samples were cleaved in the C terminus as determined bya-syn (parts F and H of Figure 6). These results suggest

recognition with an N-terminal antibody but not a C-terminal
antibody (data not shown, see B4). A significantly greater

amount of wild-typea-syn was recovered in the pellet
fraction following calpain cleavage as compared to full-

that this epitope (amino acids #91) is less accessible in
the calpain-cleaved fibrils of nonnitratedsyn than in other
o-syn fibrils. This correlates with the decreased fibril width
of nonnitrated calpain-cleavesyn fibrils (parts B and C
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A. Fibrillized Wild type c-syn B. Fibrillized A53T ct-syn
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Ficure 4: Fibrillized forms of full-length and calpain-cleavedsyn are recovered in the pellet fraction following sedimentation. Sedimentation
analysis of fibrillized wild-typeo-syn, fibrillized A53T a-syn, and fibrillized then nitrated-syn in the presence (calpain-cleaved) and
absence (full-length) of calpain. Supernatants (S) and pellets (P) were resolved on Tris-tricine gels and stained with Coomassie Blue R-250
stain. (A) Coomassie Blue stained gel of fibrillized wild-typesyn, calpain-cleaved, and full-length samples. (B) Coomassie Blue stained

gel of fibrillized A53T a-syn, calpain-cleaved, and full-length samples. (C) Coomassie Blue stained gel of fibrillized ritrayeccalpain-

cleaved, and full-length samples. The bar graph in D shows percentages of peltetjieproteins recovered after centrifugation.

(*) p = 0.048 compared to fibrillized full-length wild-type-syn. Data are results from 2 to 5 experiments with similar results.
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Ficure 5: Calpain-cleaved fibrils have fibrillar ultrastructure. EM was used to assess fibril formation of (A) full-length and (B) calpain-
cleaved wild-typen-syn after incubation with shaking for 48 h. The bar graph in C shows fibril width (in nanometers) of full-length and
calpain-cleavedt-syn fibrils. (#)p < 0.0001. (D) Assessment of nitrated full-length preforneedyn fibrils by EM. (E) Assessment of
calpain-cleaved nitrated preformedsyn fibrils. The bar graph in F shows fibril width (in nanometers) of full-length and calpain-cleaved
nitrated preformeadx-syn fibrils. Scale bar equals 500 nm. The inserts aresdftware magnification of individual fibrils. Data are mean

+ SEM of results from 50 to 124 measurements.

of Figure 5) and suggests that the decrease in fibril width  Calpain-Cleared Solublen-Syn Co-incubated with Full-
lessened the accessibility of this regioncebyn. Lengtha-Syn.We then investigated whether calpain-cleaved
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LB509 Antibody (epitope 115-122 c.-syn) a significantly smaller amount of full-lengtt-syn protein

A. Fibrillized wild type B. Fibrillized wild type was recovered in the pellet fraction compared to full-length
a-syn full-length a-syn cleaved o-syn alone. This suggested that co-incubation of calpain-

B e - cleaved fragments of solubte-syn did not promote fibril-
lization of full-length a-syn but instead inhibited fibril-
lization. This effect was greatest with the co-incubation of
calpain-cleaved soluble A53T and full-length wild-tygpesyn
(Figure 7B and bar graph).

Calpain-Cleaed Fibrillized a-Syn Co-incubated with
Full-Length Solublea-Syn. The ability of calpain-cleaved
fibrillar fragments to promote co-assembly of soluble full-

C. Fibrillized then nitrated D. Fibrillized then nitrated Iength a-syn was also examined. In this experiment a
o-syn cleaved )

Py

___a-syn full-length
) F o

concentration of soluble full-lengtha-syn was used
(1 mg/mL) that does not polymerize after 48 h at°&7with
continuous shaking (13.2= 2.6% of the total protein
recovered in the pellet; parts D and F of Figure 8). This
protein was co-incubated in a 1:1 ratio with calpain-cleaved
wild-type, A53T, or nitrated (preformed) fibrillar fragments,
in which <20% of full-length a-syn remained following
cleavage (not significantly different than the amount of full-
length a-syn in 1 mg/mL incubations). After 48 h, the
samples were centrifuged and the amount of insoluble full-
E. Fibrillized wild type ¥ Faxiliznd wildtine lengtha-syn was measured by densitometry (partsEA\of
L L e Figure 8). In this assay, under conditions in which full-length
= o-syn does not polymerize alone, incubation of full-length
soluble a-syn with calpain-cleaved fibrillar fragments in-
creased the amount of full-lengtlisyn in the pellet fraction
compared to the amount in the incubation of calpain-cleaved
a-syn alone. This suggests that the calpain-cleaved fibrillar
fragments promoted the co-assembly of full-lengtsyn.
This effect was noted for calpain-cleaved wild-type, A53T,
and nitrated fibrils. Additionally, incubation of full-length
solublea-syn with fibrillized recombinant £125a-syn also
promoted the co-assembly of soluble full-lengtsyn (parts
E and F of Figure 8). Full-length fibrils also promoted the
co-assembly of soluble full-lengtl-syn when co-incubated
(Figure 8F and Figure S2 in the Supporting Information).
Although this experiment was designed as a qualitative rather
than quantitative observation, fibrillized full-lengtiesyn
_— —_— promotes soluble full-lengtl-syn assembly slightly more
e e Cae0s st e i leaue rlzed oy o 0,047 Figur 80)
(A) Tulllength fibrillized wild-type a-syn. (B) calpain-cleaved 1€ Percent of full-length wild-type and A53T-syn in the
fibrillized wild-type a-syn, (C) full-length fibrillized nitrated-syn, ~ Pellet fraction of the co-incubation conditions did not
and (D) calpain-cleaved fibrillized nitrated-syn. The NAC significantly differ from full-length fibrillizedo-syn alone
antibody was used to label (E) full-length fibrillized wild-type (Figure S2 in the Supporting Information). This observation
a-syn, (F) calpain-cleaved fibrillized wild-type-syn, (G) full- indicates that fibrillizeda-syn-induced polymerization of

length fibrillized nitratedx-syn, and (H) calpain-cleaved fibrillized f . .
nitrgted a-syn. Scale bar ){aquals (10)0 nfn. Gold particles (5 or solublea-syn reaches a steady-state phase in which the fibrils

10 nm) conjugated to the secondary antibody on the fibrils appear @nd solublea-syn are at equilibrium. In contrast, co-
as black dots. incubation of nitrated preformed fibrils with full-length

solublea-syn resulted in a significantly smaller percentage
solublea-syn fragments promoted the fibrillization of full-  of the total protein recovered in the pellet fractigr 0.037)
length a-syn. As shown in Figures 3 and 7, 5 mg/mL of compared to nitrated preformed fibrils alone (Figure S2 in
calpain-cleaved soluble-syn did not form fibrils indicated ~ the Supporting Information). This suggests that nitration of
by recovery of the LMW fragments in the supernatant preformed full-lengtha-syn fibrils inhibits the ability to
fraction. In contrast, 2.5 or 5 mg/mL concentrations of full- polymerize solublex-syn protein.
length a-syn protein alone fibrillized as demonstrated by
recovery of 62.9 9.2 and 54.6t 5.8% of the total protein, DISCUSSION
respectively, in the pellet fraction following sedimentation In the present study, proteolytic cleavage by calgain
(Figure 7). These data are consistent with other reportsvitro alters a-syn fibrillogenesis in a manner that could
demonstrating statistically similar sedimentation results after modulate the pathophysiology of synucleinopathies. Calpain-
48 h (38, 45). However, when full-lengtho-syn was co- generated fragments of solubke-syn (nonnitrated and
incubated with calpain-cleaved solulalesyn in a 1:1 ratio, nitrated) do not fibrillize when incubated alone and inhibit

NAC Antibody (epitope 75-97 c-syn)

G. Fibrillized then nitrated H. Fibrillized then nitrated
L. oesyn futl—leggth
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A. Cleaved Wild type B. Cleaved A53T C. Cleaved Nitrated D. Full-length soluble ot-syn
soluble o-syn soluble a-syn soluble c-syn _ _
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Wild type AS53T Nitrated 2.5 mg/ml 5 mg/ml
o-Syn o-syn O-syn Ol-syn o-Syn
Soluble cleaved o-syn 5 mg/ml
O Soluble cleaved c-syn co-incubated with soluble full-length (SFL) in a 1:1 ratio

Full-length soluble o-syn 2.5 mg/ml

B Full-length soluble a-syn 5 mg/ml

Ficure 7: Calpain-cleaved soluble fragments inhibit fibrillization of soluble full-length wild-type (Sdeisyn. A total of 2.5 mg/mL of
calpain-cleaved soluble (A) wild-type, (B) A53T, and (C) nitrategyn alone ¢ SFL) or in a 1:1 ratio with soluble full-length-syn

(+SFL) was incubated for 48 h at 3T with continuous shaking. Each sample was fractionated into supernatants (S) and pellets (P) by
sedimentation at 100090for 20 min and resolved on Tris-tricine gels that were stained with Coomassie Blue R-250. (D) Full-length
solublea-syn incubated at 2.5 and 5 mg/mL alone in parallel. The bar graph depicts the percent of pelleted fulltlepgtirom each
sample. (*)p < 0.05. ($)p < 0.0001 compared to full-length solubdesyn at 2.5 mg/mL. Data are results from 2 to 5 experiments with
similar results.

fibrillization of full-length a-syn. In contrast, the calpain-

mediated cleavage of fibrillized-syn generates fragments
1-114 and 122 that remain fibrillar as examined using
sedimentation and EM analysis. Moreover, the fibrillar

tion and stability ofo-syn oligomers and fibrils. Exposure
of soluble a-syn to nitrating species promotes oligomer-
ization primarily through dityrosine cross-linking but inhibits
the formation of fibrils (Figure 337—40, 47). It does not

fragments generated by calpain induce co-assembly ofalter the proteolytic degradation pattern by calpain, trypsin,

soluble full-lengtha-syn, increasing the fraction of insoluble

or chymotrypsin, although it slows the rate of cleavagf®.(

protein in the pellet after centrifugation. These results show Nitration could increase the half-life af-syn, leading to

that calpain cleaves solubtesyn in a manner that blocks
fibrillization, while cleaving fibrillara-syn in a manner that
promotes further co-assembly of soluble full-lengtfsyn

greater amounts of soluble-syn capable of fibrillization
with unmodified or nitrated monomeric-syn @0). Exposure
of preformed fibrils to nitrating species such as peroxynitrite

(Figure 9). Because fibril formation is a potential disease- stabilizes the fibril structure through dityrosine cross-linking
generating event in synucleinopathies, these results are(37, 38). In this study, both full-length and calpain-cleaved
important for understanding the pathophysiology of these nitrated preformed fibrils were recovered in the pellet fraction

disorders.

Calpain-mediated cleavage of solublesyn generates
fragments ofo-syn that inhibit the fibrillization of soluble
a-syn, particularly fragments produced from A5&Fsyn.
Because A53Ta-syn lacks the major cleavage site after

following sedimentation (Figure 4). Although nitration did

not affect the proteolytic cleavage of preformed fibrils, it
did alter the ultrastructure of the cleaved fibrils in comparison
to the nonnitrated cleaved fibrils. Calpain-cleaved wild-type
a-syn fibrils have a reduced fibril width and sequestered

amino acid 57, this suggests that even partial destruction ofcentral region of the fibril. However, nitration of the

the NAC region alone can interfere with the fibrillization

preformed fibrils abolished this reduction in width and

process. As suggested in other studies, the NAC region mayincreased the antibody binding to the NAC regioroesyn

form the core of bothn vzitro andin vivo a-syn fibrils and
is resistant to proteinase K digestiod, @6). In addition,
mutanto-syn protein species lacking the NAC region do
not fibrillize or promote co-assembly with full-lengtirsyn
3.

Understanding the biochemical properties of nitratesi/n
is important, because nitratedsyn has been identified in
the inclusions of synucleinopathie85. Like calpain-

(Figure 6). This suggests that the calpain-mediated cleavage
pattern of fibrils is not affected by nitration, but this
modification does prevent the structural change induced by
calpain in wild-typea-syn fibrils.

In contrast, C-terminally truncated fibrils of wild-type,
nitrated, and A53To-syn generated by calpain promote co-
assembly of full-length soluble-syn (Figure 8). Analysis
of full-length fibrils and calpain-cleaved fibrils co-incubated

mediated cleavage, nitration differentially affects the forma- with soluble full-lengtha-syn suggests that fibrillized full-
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Ficure 8: Calpain-cleaved fibrillizedi-syn promotes polymerization of soluble full-lengtksyn (SFL). Calpain-cleaved preformed fibrils

of (A) wild-type, (B) A53T, or (C) nitratedr-syn were generated as described in the Experimental Procedures. These proteins were incubated
alone (SFL) or in a 1:1 ratio with soluble full-length-syn (+SFL). Samples were fractionated by sedimentation at 10@f®20 min

and resolved on Tris-tricine gels that were stained with Coomassie Blue R-250. Representative lanes of pellet sample for each experiment
are shown. (D) Full-length soluble-syn incubated at 1 mg/mL alone in parallel with co-incubated samples. (E) Recombinant fibrillized
1-125 a-syn co-incubated with soluble full-lengti-syn. (F) Bar graph represents the percentage of pelleted full-leagsm from each

sample. (#p < 0.0001. (*)p = 0.033 compared to respective calpain-cleasteslyn sample alone. ($) = 0.0003 compared to 1 mg/mL

soluble full-lengtha-syn incubated alone. (G) Bar graph represents the percentage of pelleted fulldesgthfrom each sample.

(*) p = 0.041. Data are results from 2 to 8 experiments with similar results.

length a-syn fibrils may result in a slightly larger increase a-syn assembly alonel$). The discrepancy between that
in total amounts of assembladsyn than calpain-cleaved study and ours may reflect the difference in starting material
truncateda-syn fibrils. Li et al. report that in a cell-frem (soluble versus fibrillized-syn) between the studies. Further
vitro assembly experiment, an increase in the total amountstudies evaluating the rate of assembly as well as the effect
of aggregated full-length-syn is enhanced by the presence of varying protein concentrations under these different
of the a-syn fragment +123 compared to the full-length  conditions may help to elucidate these differences. Impor-
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Ficure 9: Potential effects of calpain-mediated cleavage and nitratioa-eyn fibrillization. Calpain-mediated cleavage of soluble (A)
wild-type, (B) A53T, and (C) nitrated.-syn near and within the NAC region abolishes it ability to fibrillize and inhibits fibrillization of
soluble full-lengtha-syn. Nitration of solublex-syn does not affect proteolytic cleavage, and calpain can cleave nitration-indesyad
dimers. Nitrated calpain-cleavedsyn fragments, like nitrated full-lengtl-syn, do not fibrillize and inhibit the fibrillization of full-length
a-syn. (D) Calpain-mediated cleavage of fibrillizeesyn after amino acids 114 and 122 generate stable C-terminally truncated fibrils with
a reduced fibril width compared to full-lengthrsyn fibrils. Similar to full-length wild-type and A53®&-syn fibrils, calpain-cleaved-syn

fibrils promote polymerization of full-length solubte-syn. (E) Nitration of preformed fibrils does not affect proteolytic cleavage sites but
does reduce the amount of calpain-mediated cleavage of nitrated-stabilized dds\W species. Nitrated preformedsyn fibrils do not
show a reduction in fibril width shown in nonnitrated calpain-cleawesyn fibrils. While full-length nitrated preformed fibrils do not
promote soluble full-lengtl-syn polymerization, C-terminal truncation by calpain abolishes this inhibition and promotes polymerization
of soluble full-lengtha-syn.

tantly, these studies are in agreement that C-terminal cleavageesidue 39 (by mutation of the C-terminal tyrosine residue
of a-syn in the amino acid region of residue 122 promotes to phenylanine) is sufficient for the formation of nitrating
co-assembly of full-lengtha-syn, providing additional  agent-inducedx-syn dimersin vitro (38). In the present
evidence that this modification of-syn plays an important  study, the retention of nitrated tyrosine 39 may be sufficient
role in the aggregation of this protein. to block the calpain-induced reduction in fibril width.
In this study, calpain-cleaved fibrillized nitratedsyn but However, our data still suggest that calpain-mediated
not full-length fibrillized nitrateda-syn fibrils promote co-  C-terminal cleavage of nitrated preformed fibrils can abolish
assembly of soluble full-lengtho-syn in co-incubation  the inhibitory effect that nitration exerts om-syn fibril
studies. This outcome is consistent with the proposed role formation 37—40, 47).
of the C terminus ino-syn aggregation and suggests that  The turnover ofa-syn and the events that lead desyn
this region, containing three of the four nitrated tyrosine accumulation remain controversial-Syn transgenic mice
residues, is responsible for the inhibition of co-assembly as well as human PD brains contain truncatedyn
caused by full-length nitrated fibrils. The cleavage of the fragments such as those produced by calp48-60). The
region by calpain containing the nitrated tyrosine residues recent study by Li et al. also identified a fragmentoefyn
does not lead to a reduction in fibril width as observed in presentin human brains, A53T humassyn transgenic mice,
wild-type cleaved fibrils, suggesting that the presence of the and SH-SY5Y cells15). The authors identify the fragment
nitrated tyrosine residue 39 may play a role in this inhibition as a C-terminally truncated fragment with a possible cleavage
of fibril width reduction. The presence of only tyrosine site between amino acids 122 and 123 or in very close
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proximity to these amino acids. At present, calpain is the
only known protease that generates limited C-terminal
cleavage ofx-syn to produce fragments similar in molecular
weight to those observed in human brains ameyn

transgenic mice models. Unlike other proteases, calpain

usually modifies but does not fully degrade its substrates
(52). Therefore, calpain may act with other protein degrada-
tion mechanisms, including the proteasor®2 @5—27), the
lysosome 28—30), or the ubiquitin-ligase E3 parkir3g),

to degradea-syn. In some systems calpain, activated by
parkin, cleavest-syn and prevents-syn-induced cell death
(33). Moreover, calpain activation is increased in the

substantia nigra of PD brains compared to controls, suggest-

ing

that pathological activation of calpain may lead to

neuropathology%2). In addition, calpain-mediated cleavage

of various proteins has been implicated in several neuro-

degenerative diseases including Alzheimer's disease

(53—55), Huntington’s disease56—58), frontal temporal
dementia and parkinsonism linked to chromosome35by, (
and PD B2, 60, 61).

Regardless of the exact role of calpairvivo, the present
study further defines the structural componente-ayn and
its breakdown products that modulate fibril formation and
stability. Depending on the solubility ef-syn (nonfibrillized
versus fibrillized), both calpain-mediated cleavage and
nitration of a-syn will affect fibril development. This study
provides evidence that the effect of protein modifications

and proteolytic processing of proteins are interdependent,

which may be relevant in elucidating the mechanism of
protein aggregation.

SUPPORTING INFORMATION AVAILABLE

Western blot analysis of wild-type--syn cleaved with
calpain Il and sedimentation analysis of full-length fibrillized
a-syn co-incubated with full-length soluble-syn. This
information is available free of charge via the Internet at
http://pubs.acs.org.
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