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a-Synucleinopathies, including Parkinson’s disease,
dementia with Lewy bodies, and multiple system at-
rophy, are neurodegenerative disorders in which ab-
normal inclusions containing a-synuclein accumulate
in selectively vulnerable neurons and glia. In this
report, immunohistochemistry demonstrates ubiq-
uitin in subsets of a-synuclein inclusions in dementia
with Lewy bodies and multiple system atrophy. Bio-
chemistry demonstrates that a-synuclein in the so-
dium dodecyl sulfate-soluble fractions of diseased
brains is ubiquitinated, with mono- and di-ubiquiti-
nated species predominating over polyubiquitinated
forms. Similar immunohistochemical and biochemi-
cal characteristics were observed in an A53T mutant
human a-synuclein transgenic mouse model of neu-
rodegenerative a-synucleinopathies. Furthermore, in
vitro ubiquitination of a-synuclein fibrils recapitu-
lated the pattern of a-synuclein ubiquitination ob-
served in human disease and the A53T a-synuclein
mouse model. These results suggest that ubiquitina-
tion of a-synuclein is not required for inclusion for-
mation and follows the fibrillization of a-synuclein.
(Am J Pathol 2003, 163:91-100)

Many neurodegenerative disorders are characterized by
the presence of abnormal protein aggregates in neurons
and/or glia of the central nervous system. One set of
these disorders, characterized by pathological lesions in
which a-synuclein (a-syn) is a major component, has
been termed a-synucleinopathies.’ A genetic link be-
tween a-syn and these neurodegenerative disorders
came with the seminal discovery of point mutations in the
a-synuclein gene in families afflicted with autosomal-dom-
inant inherited Parkinson’s disease (PD).*® This stimu-
lated studies showing that the hallmark lesions of
a-synucleinopathies, such as Lewy bodies (LBs) and
Lewy neurites (LNs) in PD and dementia with Lewy bod-

ies (DLB), as well as glial cytoplasmic inclusions (GCls)
in multiple system atrophy (MSA), are comprised of
a-syn®~2 in the form of abnormal filaments.®~'" Further-
more, in vitro studies demonstrated that recombinant
a-syn forms fibrils and that a-syn mutants associated with
familial PD have a greater propensity to fibrillize." 14
Recent studies have shown that the formation of a-syn
inclusions in transgenic mice and flies overexpressing
a-syn causes neurodegeneration associated with motor
impairments.'5-2°

Mounting evidence has implicated the ubiquitin-pro-
teasomal pathway in the pathogenesis of PD. A point
mutation in the ubiquitin C-terminal hydrolase (UCH)-L1
gene has been linked to autosomal-dominant inherited
parkinsonism in one family,2" whereas autosomal-reces-
sive juvenile parkinsonism is caused by various muta-
tions and deletions in the parkin gene.??2® UCH-L1 is
thought to be critical in the recycling of free ubiquitin and
regulating the extent of ubiquitin-protein conjugation,
which is an important marker for targeting proteins to
proteasomes for degradation.?* Parkin is associated with
E3 ubiquitin-ligase activity, and several putative sub-
strates have been reported.?>=° These findings suggest
that defects in the ubiquitin-proteasomal pathway, result-
ing in the accumulation of toxic protein species, might
contribute to the pathogenesis of sporadic PD. Indeed,
proteasomal activity in the substantia nigra of patients
with sporadic PD has been reported to be decreased
compared to controls.®' Pathological inclusions com-
prised of a-syn are also immunoreactive to antibodies to
ubiquitin, 3233 although it is unclear if this reflects se-
questered free ubiquitin or ubiquitinated proteins in the
inclusions. Cell culture models, however, have pointed to
a role for proteasomal dysfunction in the formation of
intracellular a-syn-containing aggregates, which are
sometimes also ubiquitin-immunoreactive.®*3° The ag-
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gregates formed in these in vitro paradigms, therefore,
recapitulate certain properties of the aggregates found in
human a-synucleinopathies.

Nevertheless, the exact process by which ubiquitin-
positive inclusions form in a-synucleinopathies and the
temporal relationship between inclusion formation and ubi-
quitination remains unclear. In this report, immunohisto-
chemical analysis of filamentous inclusions in DLB, MSA,
and an A53T a-synucleinopathy mouse model indicate that
not all a-syn inclusions are immunoreactive for ubiquitin.
Biochemical analysis reveals that ubiquitinated a-syn is a
component of LBs and that in vitro ubiquitination of fila-
mentous a-syn more closely recapitulates the pattern of
ubiquitination observed in human disease than that of
monomeric a-syn. Together, these data suggest that
ubiquitination of a-syn is not required for inclusion formation
and that the assembly of a-syn into fibrillar aggregates may
precede their ubiquitination in a-synucleinopathies.

Materials and Methods
Antibodies

LB509, Syn208, and Syn211 are mouse monoclonal an-
tibodies (mAbs) specific for human a-syn, whereas
Syn102 is a mouse mAb that detects both a- and g-syn.3¢
Syn303 is a mouse mAb that specifically detects patho-
logical a-syn inclusions.®” SNL-4 is a rabbit antibody
raised to a synthetic peptide corresponding to amino
acid residues 2 to 12 in a-syn.*® A mouse mAb (1510) to
ubiquitin was purchased from Chemicon International,
Inc. (Temecula, CA), whereas rabbit anti-ubiquitin anti-
body Conj8, generated as described,*® was kindly pro-
vided by Dr. C. Pickart (Johns Hopkins University, Balti-
more, MD).

Immunohistochemical Staining and
Quantification of Pathological Inclusions

The harvesting, fixation, and further processing of the
tissue specimens used in this study were conducted as
previously described.3°4° Briefly, tissue blocks of cingu-
late cortex from DLB or cerebellum from MSA brains were
fixed with 70% ethanol with 150 mmol/L of NaCl and
infiltrated with paraffin. The diagnostic assessment of all
DLB and MSA cases was performed in accordance with
published guidelines.*'42

Immunohistochemistry was performed using the avi-
din-biotin complex detection system (Vector Laborato-
ries, Burlingame, CA) and 3,3’-diaminobenzidine (DAB)
as described.*° Briefly, sections were deparaffinized and
rehydrated, endogenous peroxidases were quenched
with 5% H,O, in methanol for 30 minutes and sections
were blocked in 0.1 mol/L of Tris with 2% donor horse
serum for 5 minutes. Primary antibodies were incubated
overnight at 4°C. After washing, sections were sequen-
tially incubated with biotinylated secondary antibodies for
1 hour and avidin-biotin complex for 1 hour. Bound anti-
body complexes were visualized by incubating sections
in a solution containing 100 mmol/L Tris, pH 7.6, 0.1%

Triton X-100, 1.4 mmol/L 3,3’-diaminobenzidine, 10
mmol/L imidazole, and 8.8 mmol/L H,O,. Sections were
then lightly counterstained with hematoxylin.

The percentage of cortical LBs or GCls that are ubig-
uitin-positive was determined using published meth-
ods.*® Consecutive 6-um sections from DLB (cingulate
cortex) or MSA (cerebellum) brains were immunostained
with either anti-syn antibody Syn303 or anti-ubiquitin mAb
1510. Three adjacent photomicrographs were taken from
the DLB cingulate cortex or MSA cerebellar white matter
tissue sections and immunoreactive inclusions were
counted. The percentage of LBs or GCls labeled with
anti-ubiquitin was determined as a ratio of ubiquitin in-
clusion counts over a-syn inclusion counts.

Double-labeling immunofluorescence analyses were
performed as previously described** using Alexa Fluor
488- and 594-conjugated secondary antibodies (Molec-
ular Probes, Eugene, OR) and coverslipped with
Vectashield-DAPI mounting medium (Vector Laborato-
ries, Burlingame, CA).

Sequential Biochemical Fractionation

Gray matter from cingulate cortex (DLB, NL) was dis-
sected and weighed. Tissue was homogenized in 10 ml/g
of low-salt (LS) buffer [10 mmol/L Tris, pH 7.5, 5 mmol/L
ethylenediaminetetraacetic acid (EDTA), 1 mmol/L dithio-
threitol, 10% sucrose, and a cocktail of protease inhibi-
tors] and sedimented at 25,000 X g for 30 minutes at 4°C.
Supernatants were saved as the LS fraction and pellets
were washed by re-extraction in LS buffer. Resulting
pellets were subjected to two sequential extractions in 10
mi/g of Triton-X (TX) buffer (LS + 1% Triton X-100 + 0.5
mol/L NaCl) and sedimented at 180,000 X g for 30 min-
utes at 4°C. Supernatants from the first of these TX buffer
extractions were saved as the TX fraction. Pellets were
then homogenized in 10 ml/g of sarkosyl buffer (LS + 1%
N-lauroyl-sarcosine + 0.5 mol/L NaCl) and incubated at
22°C on a shaker for 1 hour before sedimentation at
180,000 X g for 30 minutes at 22°C. Supernatants were
saved as the sarkosyl-soluble fraction. Remaining pellets
were extracted in 2.5 ml/g of sodium dodecyl sulfate
(SDS) buffer (2% SDS, 50 mmol/L Tris, pH 7.6, and a
cocktail of protease inhibitors) before centrifugation at
25,000 X g for 30 minutes at 22°C. Supernatants were
saved as the SDS-soluble fraction. Fresh mouse brain
and spinal cord were sequentially extracted in a similar
manner, except 3 ml/g of LS buffer, 3 ml/g of TX buffer, 2
mil/g of sarkosyl buffer, and 1 ml/g of SDS buffer were
used. For the mouse spinal cord, an additional step with
homogenization in TX buffer containing 30% sucrose fol-
lowed by centrifugation was inserted after the TX buffer
extractions to float and remove myelin. SDS sample
buffer (10 mmol/L Tris, pH 6.8, 1 mmol/L EDTA, 40
mmol/L dithiothreitol, 1% SDS, 10% sucrose) was added
to samples of LS, TX, and sarkosyl-soluble fractions, and
sample buffer without SDS (10 mmol/L Tris, pH 6.8, 1
mmol/L EDTA, 40 mmol/L dithiothreitol, 10% sucrose)
was added to SDS-soluble samples, followed by heating
to 100°C for 5 minutes.



Western Blot Analysis

Proteins were separated by 15% SDS-polyacrylamide gel
electrophoresis and subsequently transferred electro-
phoretically onto nitrocellulose membrane (Schleicher &
Schuell, Keene, NH), in buffer containing 25 mmol/L Tris,
190 mmol/L glycine, and 10% methanol. Membranes
were blocked with a 5% solution of powdered skimmed
milk dissolved in Tris-buffered saline (50 mmol/L Tris, pH
7.6, 150 mmol/L NaCl), incubated with primary antibod-
ies, followed with either goat anti-mouse or goat anti-
rabbit antibody conjugated to horseradish peroxidase,
developed with Renaissance Enhanced Luminol Re-
agents (NEN Life Science Product, Inc., Boston, MA),
and exposed onto X-Omat Blue XB-1 films (Kodak, Roch-
ester, NY).

Immunoprecipitation

SDS-soluble fraction from the cingulate cortex of DLB
brain was diluted 20-fold in immunoprecipitation (IP)
buffer (50 mmol/L Tris, pH 7.5, 100 mmol/L NaCl, 2
mmol/L EGTA, 50 mmol/L NaF, 1% Triton X-100, and a
cocktail of protease inhibitors) and immunoprecipitated
with anti-a-syn antibodies Syn h310, Syn h312, and Syn
h313 covalently linked to Carbolink beads (Pierce, Rock-
ford, IL) according to the manufacturer’s instructions.
Immunocomplexes were washed three times with IP
buffer, protein was eluted from the beads by boiling in
SDS sample buffer, and samples were analyzed by West-
ern blotting.

In Vitro Deubiquitination with UCH-L1

SDS-soluble fractions from the cingulate cortex of neuro-
pathologically normal (NL) or DLB brains were diluted
40-fold in UCH buffer (50 mmol/L HEPES, pH 7.8, 0.5
mmol/L EDTA, 1 mmol/L dithiothreitol) and then concen-
trated 40-fold using a MicroconYM-10 (Millipore Corp.,
Bedford, MA) to remove SDS. UCH-L1 (Boston Biochem,
Cambridge, MA) was preincubated in activation buffer
(50 mmol/L HEPES, pH 7.8, 0.5 mmol/L EDTA, 10 mmol/L
dithiothreitol) for 15 minutes at 25°C. UCH-L1 (or UCH
buffer of equal volume without UCH-L1) was then added
to samples to a final enzyme concentration of 5 nmol/L
and incubated for 1 hour at 25°C. Reactions were
stopped by adding SDS sample buffer and heating to
100°C for 5 minutes. Samples were analyzed by Western
blotting.

In Vitro Ubiquitination of Unassembled and
Fibrillar a-Syn

Bacterial expressed recombinant human a-syn was pu-
rified as previously described'® and assembled in vitro by
shaking at 37°C for 48 hours in 100 mmol/L of sodium
acetate, pH 7.0.*° Fibrillized a-syn was isolated by cen-
trifugation at 100,000 X g for 20 minutes*® and resus-
pended into ubiquitination reaction buffer (50 mmol/L
Tris, pH 7.5, 2.5 mmol/L MgCl, 2 mmol/L ATP, 1 mmol/L
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Figure 1. Ubiquitin immunostaining of a-syn pathological inclusions in DLB
and MSA. Immunohistochemistry of cingulate cortex from a DLB patient
(DLB-2) (A and B) and cerebellum from a MSA patient (MSA-6) (C and D)
stained using monoclonal anti-a-syn antibodies Syn303 (A and C) and mono-
clonal anti-ubiquitin antibody mAb 1510 (B and D). In A and B, arrows
highlight immunoreactive cortical LBs, whereas in C and D arrows indicate
stained GCls. Double-label immunofluorescence of cortical LBs in the cin-
gulate cortex of a patient with DLB (DLB-5) (E-G) and GClIs in the cerebel-
lum of a patient with MSA (MSA-8) (H-J) with rabbit anti-a-syn antibody
SNL-4 (green, E and H) and murine anti-ubiquitin antibody mAb 1510 (red,
F and D. The overlays of staining with both antibodies are shown in G and
J. In HtoJ, arrows indicate inclusions stained with antibodies to both a-syn
and ubiquitin, whereas arrowheads depict inclusions stained only with
antibodies to a-syn. Scale bars: 80 um (A, B, E-J), 40 um (C, D).

dithiothreitol). Monomeric (0.5 mg/ml) or fibrillar a-syn
(0.5 mg/ml) was ubiquitinated in vitro by incubation with
ubiquitin conjugation fractions A and B (derived from
mammalian cell lysate, each at 280 ug/ml; Boston Bio-
chem), purified bovine ubiquitin (480 wg/ml, Sigma
Chemical Co. St. Louis, MO), energy-regenerating sys-
tem (1%, Boston Biochem), and ubiquitin-aldehyde (2.5
pg/ml, Boston Biochem) for 2 hours at 37°C. Reactions
were stopped by the addition of SDS sample buffer and
heating to 100°C for 5 minutes. Samples were then ana-
lyzed by Western blotting.

Results

Pathological Inclusions in a-Synucleinopathy
Brains Are Ubiquitinated to Varying Degrees

The accumulation of ubiquitin in a-syn pathological inclu-
sions was studied by immunohistochemical analysis.
Cortical LBs in the cingulate cortex of patients with DLB
(Figure 1A) and GCls in the cerebellum of patients with
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Table 1. Summary of Study Participants

% Inclusions

Case Age (years) Sex PMI (hour) Ub+/Syn+
DLB-1 66 M 11 96
DLB-2 75 F 6 91
DLB-3 79 M 20.5 79
DLB-4 69 F 12 87
DLB-5 71 M 9 89
DLB-6 90 F 5 *
MSA-1 55 M 7 53
MSA-2 67 F 5 85
MSA-3 60 F 10.5 96
MSA-4 43 M 20 36
MSA-5 79 M 16 19
MSA-6 65 M 43 49
MSA-7 73 F 20.5 53
MSA-8 73 M 8 72
MSA-9 57 F 8 35
NL-1 69 M 11 n/a
NL-2 74 F 3.5 n/a

DLB, MSA, and neuropathologically normal (NL) patients used in
this study are numbered in the left-most column. The right-most column
indicates the percentage of LBs and GCls that were positive for
ubiquitin staining in the cingulate cortex of DLB brains or cerebellum of
MSA brains, respectively. Abbreviations: PMI, post-mortem interval; n/a,
not applicable; M, male; F, female.

*This brain was used for biochemical studies only and not for the
quantitative studies here.

MSA (Figure 1C) were labeled with the anti-a-syn anti-
body Syn303. Cortical LBs have the typical more regular
round shape, whereas the morphology of GCls is less
regular, but often showing a crescent shape. Sections
stained with the anti-ubiquitin antibody mAb 1510 dem-
onstrated that a significant number of LBs and GCls also
contain ubiquitin (Figure 1, B and D). The abundance of
ubiquitin-positive inclusions was further demonstrated by
double-labeling immunofluorescence microscopy (Fig-
ure 1; E to J). A large proportion of cortical LBs were
stained with anti-ubiquitin antibody, and the staining pat-
tern for a-syn and ubiquitin overlapped (Figure 1; E to G).
Many GCls were stained with anti-ubiquitin antibodies,
but a large subset of GCls demonstrated little or no
ubiquitin immunoreactivity (Figure 1; H to J). Moreover, in
many GCls, anti-ubiquitin labeling displayed spatial vari-
ations in intensity so that within individual inclusions,
some regions were intensely stained, while other regions
remained unstained. Quantification of the percentage of
a-syn inclusions that contain ubiquitin using adjacent
3,3’-diaminobenzidine-labeled sections indicated case-
to-case variability (Table 1). The majority (79 to 96%) of
cortical LBs in the five DLB cases examined was ubig-
uitin-positive, whereas the percentage of GCls that were
ubiquitinated in the nine MSA cases analyzed was more
variable (19 to 96%).

a-Syn Is Ubiquitinated in Pathological Inclusions
of Diseased Brains
The high percentage of ubiquitin-immunoreactive a-syn

inclusions in most DLB and some MSA brains suggests
that a-syn may be ubiquitinated in these inclusions, but it

does not exclude the possibility that other ubiquitinated
proteins accumulate in these lesions. To determine
whether a-syn within these inclusions is ubiquitinated,
sequential biochemical extractions using buffers with in-
creasing protein solubilization strengths were performed
on samples from diseased brains (see Materials and
Methods). Western blot analysis of biochemical fractions
from DLB cingulate cortex revealed the presence of
higher molecular mass (M,) a-syn-immunoreactive spe-
cies in the SDS-soluble fraction, but not in the more
soluble fractions (Figure 2A). This finding was confirmed
with the anti-a-syn antibodies LB509 and Syn208, and
bands similar to these higher M, species of a-syn also
were labeled by the anti-ubiquitin mAb 1510 (Figure 2A).
The presence of these higher M, a-syn species was
observed with antibodies to a-syn and ubiquitin in the
SDS-soluble fraction of multiple DLB brains, but not in the
SDS-soluble fraction of NL cingulate cortex (Figure 2B).
To further confirm that these higher M, species were
a-syn, the SDS-soluble fraction of a DLB brain was ana-
lyzed with additional anti-a-syn antibodies (Figure 2C).
Monomeric a-syn as well as a-syn-positive bands run-
ning at apparent M, of ~24 kd, ~32 kd, and ~40 kd were
relatively more abundant compared to a-syn species of
higher M,. Protein bands with similar gel mobility as the
higher M, a-syn species, but not monomeric a-syn, were
detected with mAb 1510 as well as another anti-ubiquitin
antibody Conj8 (Figure 2C), suggesting that these spe-
cies represent ubiquitinated forms of a-syn. Additionally,
the presence of monomeric a-syn in the SDS-soluble
fraction indicates that not all a-syn in inclusions is ubiqui-
tinated, consistent with the immunohistochemical proper-
ties of a-syn inclusions described above (Figure 1).

To directly determine whether these a-syn immunore-
active bands correspond to ubiquitinated a-syn, a-syn
was isolated from the SDS-soluble fraction of DLB brain
by immunoprecipitation. Monomeric as well as higher M,
species were detected by Western blotting with LB509
after immunopurification of a-syn. Several of the higher
M, bands, but not the a-syn monomer, were detected by
mAb 1510, demonstrating that aggregated a-syn is ubi-
quitinated (Figure 2D). Some protein bands, with appar-
ent M, of ~24 kd and ~32 kd (Figure 2D, arrows), that
were detected with LB509 were also labeled by mAb
1510, consistent with the idea that these are mono- and
di-ubiquitinated forms of monomeric a-syn. Bands de-
tected by mAb 1510 that failed to react with LB509, such
as the ~29-kd band (Figure 2D, *) and ~40-kd band
(Figure 2D, **), may be ubiquitinated forms of a-syn
wherein ubiquitination or some additional posttransla-
tional modifications have masked the epitope recognized
by anti-a-syn antibodies. On the other hand, bands rec-
ognized by LB509, but not mAb 1510 (Figure 2D, ***),
may represent a-syn modified in a manner other than
ubiquitination.

To provide further evidence that the higher M, bands
represent ubiquitinated a-syn, the SDS-soluble fraction from
DLB brain was subjected to treatment with UCH-L1. A sig-
nificant reduction in the level of higher M, a-syn species was
observed, consistent with deubiquitination of a-syn by
UCH-L1 under these in vitro conditions (Figure 2E).
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Figure 2. Insoluble a-syn in diseased brain is ubiquitinated. A: Western blot analysis of biochemically fractionated cingulate cortex from a patient with DLB
(DLB-3). Immunoblots were developed with anti-a-syn antibodies LB509 and Syn208 as well as anti-ubiquitin antibody mAb 1510. Twenty ul of LS fraction (lane
1), TX fraction (lane 2), sarkosyl-soluble fraction (lane 3), and SDS-soluble fraction (lane 4) were loaded in separate lanes of 15% SDS-polyacrylamide gels. Note
that the SDS-soluble fraction is four times as concentrated as each of the other fractions in that 2.5 ml/g of SDS buffer was used for tissue extraction versus 10
ml/g for each of the other fractions. Arrowhead indicates a-syn monomer (aS) and bracket indicates ubiquitin monomer (Ub). Arrows depict mono-, di-, and
tri-ubiquitinated forms of a-syn. B: Western blot analysis (with antibodies Syn208 and mAb 1510) of the SDS-soluble fraction from the cingulate cortex of normal
brains (NL-1, NL-2) and DLB brains (DLB-1, DLB-2, and DLB-3). Twenty ul of SDS-soluble fraction was loaded in each lane of a 15% gel. One hundred ng of
recombinant human a-syn was loaded in the indicated lanes. C: Western blot analysis of the SDS-soluble fraction from the cingulate cortex of case DLB-1 using
various anti-e-syn (LB509, Syn102, Syn211) and anti-ubiquitin (mAb 1510, Conj8) antibodies. Arrows depict mono-, di-, and tri-ubiquitinated forms of a-syn. Dz
Immunoprecipitation followed by Western blot analysis. a-Syn in the SDS-soluble fraction of the cingulate cortex of DLB-1 was isolated by immunoprecipitation
with anti-a-syn antibodies. The sample was analyzed by Western blot analysis using anti-a-syn antibody LB509 and anti-ubiquitin antibody mAb 1510 (arrows,
mono- and di-ubiquitinated forms of a-syn; * and **, possible ubiquitinated forms of a-syn in which ubiquitin moieties may be masking the LB509 epitope; ***,
modified form of a-syn, possibly dimerized a-syn). E: Ubiquitinated a-syn from DLB brain can be deubiquitinated by UCH-L1 in vitro. SDS-soluble fraction from
the cingulate cortex of NL-1 or DLB-1 was untreated or reacted with 50 nmol/L of UCH-L1. The samples were analyzed by Western blot analysis using LB509. R
represents a lane loaded with 100 ng of recombinant human a-syn. The mobility of molecular mass markers (kd) is depicted on the left of each panel.

A Subset of a-Syn Inclusions Are as anti-ubiquitin antibody (Figure 3, B and E) in immuno-

Regionally Ubiquitinated in a Mouse Model of fluores_cence microscopic analyS|s_. By d_oubl<_e-labe||ng, it
was evident that a subset of a-syn inclusions in M83 mice

a-Synucleinopathies is ubiquitin-immunoreactive, whereas many a-syn inclu-

The M83 and M91 transgenic mouse lines that overex- sions do not contain ubiquitin (Figure 3, C and F).

press the A53T mutant human «a-syn protein under the
control of the murine PrP promoter were previously de-

scribed.™ These animals develop late-onset severe mo- a-Syn Is Ubiquitinated in Pathological Inclusions
tor impairment associated with the formation of patholog- of A53T Human a-Syn Transgenic Mice

ical inclusions containing fibrillar a-syn.'™ Inclusions in

the spinal cord and pons of M83 transgenic mice were Sequential biochemical fractionation of mouse cortex and

labeled by anti-a-syn antibody (Figure 3, A and D) as well spinal cord was performed to determine whether a-syn in
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Figure 3. Ubiquitin immunostaining of a-syn inclusions in mice expressing A53T human a-syn. Double-label immunofluorescence of a-syn inclusions in the spinal cord
(A—C) and pons (D-F) of M83 homozygous AS3T human a-syn transgenic mice with rabbit anti-a-syn antibody SNL-4 (green, A and D) and mouse anti-ubiquitin
antibody mAb 1510 (red, B and E). The overlays are shown in C and F. Arrows indicate a-syn inclusions that are not ubiquitin-positive. Scale bar, 80 um.

the inclusions of A53T human a-syn transgenic mice
(lines M83 and M91) is ubiquitinated. This analysis was
performed in parallel with nontransgenic mice (nTg) and
M7 transgenic mice expressing wild-type human a-syn,
which do not develop inclusions or display any pheno-
typic changes.' Higher M, variants of a-syn accumulate
in the SDS-soluble fraction of the spinal cord of A53T
a-Syn transgenic mice, but not in nTg or M7 transgenic
(Figure 4A). M83 transgenic mice predominantly accu-
mulate inclusions in the spinal cord compared to cor-
tex,'® which correlates with the specific accumulation of
monomeric and higher M, a-syn species in the SDS-
soluble fraction from the spinal cord of A53T a-syn trans-
genic mice. The abundance, however, of higher M, spe-
cies of a-syn varied in different transgenic mice (Figure
4B), which exhibited end-stage motor impairment at the
time that they were sacrificed. The amount of higher M,
a-syn-positive bands paralleled the amount of corre-
sponding bands detected with the anti-ubiquitin antibody
mAb 1510 (Figure 4B).

In Vitro Ubiquitination of Filamentous a-Syn
Recapitulates the Pattern of a-Syn
Ubiquitination Observed in Pathological
Inclusions

To determine whether a-syn can serve as a substrate for
ubiquitination, in vitro ubiquitination reactions were per-
formed with monomeric and fibrillized recombinant hu-
man a-syn. a-syn was reacted with ubiquitin-conjugation
fractions derived from a mammalian cell lysate and ana-
lyzed by Western blotting. Monomeric a-syn served as a
substrate for ubiquitination under these in vitro conditions,
generating a ladder of a-syn species (Figure 5) resem-
bling the classically reported pattern of protein ubiquiti-
nation.*® Polyubiquitinated forms of a-syn predominated
when a-syn monomer was ubiquitinated, as indicated by
the abundance of immunoreactive protein with molecular
mass >75 kd. Filamentous a-syn was also ubiquitinated
in vitro, but the pattern of higher M, species was distinct
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Figure 4. a-Syn is ubiquitinated in inclusions in A53T a-syn transgenic mice.
A: Western blot analysis of the SDS-soluble fractions of cortex (C) and spinal
cord (S) from 12-month-old nontransgenic (nTg) mice, homozygous trans-
genic mice expressing wild-type human a-syn (line M7), and homozygous
transgenic mice expressing A53T human a-syn (line M83) using the anti-a-
syn antibody LB509. Note the accumulation of a-syn and higher molecular
mass species in the SDS-soluble fraction of M83 transgenic mice. B: Accu-
mulation of higher molecular mass species of a-synuclein in the spinal cord
of M83 and M91 transgenic mice coincides with presence of ubiquitin im-
munoreactive bands. Ten ul of each SDS-soluble fraction was loaded in
separate lanes of a 15% polyacrylamide gel. Arrows indicate ubiquitinated
forms of a-syn in the M91 mouse. The bracket indicates ubiquitinated
proteins that are unlikely to be a-syn because they are not labeled by the
anti-a-syn antibody LB509. The mobility of molecular mass markers (kd) is
indicated on the left of each panel.

from that generated from monomeric a-syn. Protein
bands with apparent M, of ~24 kd and ~32 kd, consis-
tent with mono- and di-ubiquitinated a-syn, were the pre-
dominant species generated from ubiquitination of poly-
merized a-syn (Figure 5). This pattern of a-syn
ubiquitination resembled that seen in the SDS-soluble
fraction of DLB brains (Figures 2 and 5) and A53T mutant
mouse spinal cord (Figure 4).

Discussion

Previous reports have documented that LBs, LNs, and
GCls are stained with antibodies to ubiquitin.”47~53
These studies, however, did not resolve whether the ac-
cumulation of ubiquitin in these inclusions was due to
sequestration of free ubiquitin, which is a heat shock
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250 - a
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Figure 5. [n vitro ubiquitination of monomeric and fibrillar a-syn. Left:
Unassembled or fibrillar a-syn (0.5 mg/ml) was subjected to in vitro ubiqg-
uitination as described in Materials and Methods. Equal volumes of unas-
sembled a-syn, ubiquitination reaction without a-syn, ubiquitination reac-
tion with unassembled a-syn, and ubiquitination reaction with fibrillar a-syn
were loaded in separate lanes of 15% SDS-polyacrylamide gels that were
transferred electrophoretically onto nitrocellulose and analyzed by Western
blotting with LB509. Right: Western blot analysis (using LB509) of the
SDS-soluble fraction of cingulate cortex from three DLB cases. Arrows
indicate ubiquitinated forms of a-syn. The mobility of molecular mass mark-
ers (kd) is depicted to the left of the panel.
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protein, or the ubiquitination of one or more proteins
within the inclusions. Furthermore, the exact identities of
ubiquitinated substrate(s) in the inclusions had not been
resolved. These uncertainties have become important,
because it has been proposed that ubiquitination of
a-syn may be a prerequisite for the formation of inclu-
sions.®° This proposal was based on findings that pa-
tients with null mutations in the parkin gene®? developed
autosomal-recessive juvenile parkinsonism without the
presence of a-syn pathological inclusions.?®>* Parkin is
associated with an E3 ubiquitin ligase activity,®>?7 and it
was reported that a novel O-glycosylated isoform of a-syn
(aSp22) is a substrate for ubiquitination.*°

The presence of a ladder of higher M, species of a-syn
in the SDS-soluble fraction of the cingulate cortex from
DLB patients, and the ubiquitin immunolabeling of protein
bands with a similar M, suggests that a-syn in inclusions
may be covalently conjugated to ubiquitin (Figure 2; A to
C). The anti-ubiquitin reactivity of these a-syn isoforms
immunopurified from inclusions (Figure 2D) and their sus-
ceptibility to in vitro deubiquitination by UCH-L1 (Figure
2E), demonstrate the existence of ubiquitinated a-syn in
pathological inclusions of DLB brains. This notion is fur-
ther supported by recent biochemical and protein se-
quencing results indicating that phosphorylated a-syn in
inclusions of various a-synucleinopathies is ubiquiti-
nated.®® The finding here that UCH-L1 can deubiquitinate
a-syn is consistent with the established hydrolytic activity
of UCHs.265%57 A recent study, however, has demon-
strated that under certain conditions (such as umol/L
concentrations of UCH-L1 versus the nmol/L concentra-
tions used here), UCH-L1 may exhibit an activity that
elongates ubiquitin chains in protein-ubiquitin  conju-
gates.®®

The protein bands with apparent M, of ~24 kd, ~32
kd, and ~40 kd observed in the SDS-soluble fractions of
DLB brains correspond to the relatively abundant mono-,
di-, and tri-ubiquitinated forms of a-syn, respectively,
whereas the higher M, bands that are less abundant may
represent polyubiquitinated a-syn. It is presently un-
known whether any of the 15 lysine residues within
a-syn°° are selectively targeted by the ubiquitination ma-
chinery or if ubiquitination of a-syn reflects the conjuga-
tion of monoubiquitin to various residues versus attach-
ment of complex ubiquitin chains to a single lysine
residue. The pattern, however, of closely spaced protein
bands (see Figure 5) suggests that these isoforms are
derived from the conjugation of ubiquitin chains to single
lysine residues in a-syn.

The data presented here support the hypotheses that
ubiquitination of a-syn is not required for a-syn inclusion
formation and that a-syn aggregation precedes ubiquiti-
nation. Immunohistochemical analysis of cingulate cortex
from DLB patients demonstrates that most, but certainly
not all, cortical LBs contain ubiquitin (Figure 1, Table 1),
in agreement with previous reports. 3233 An analysis of
LBs and LNs in various regions of PD and DLB brains
demonstrated that although most of these pathological
structures were immunopositive for both a-syn and ubig-
uitin, lesions stained for a-syn were more numerous than
those that contained both ubiquitin and «-syn, and no
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structures were seen to be ubiquitin-positive but a-syn-
negative.’™33 It has also been previously reported that
only a subset of pale bodies, which are a-syn-containing
inclusions that have been suggested to be LB precur-
sors, are immunoreactive for ubiquitin.®2%%¢" Further-
more, consistent with a previous study, ' it is shown here
that the number of GCls in MSA stained with anti-a-syn
antibodies exceeds that stained by anti-ubiquitin anti-
bodies (Figure 1). Quantitative analysis revealed that the
percentage of ubiquitinated a-syn containing GCls in the
cerebellum varies widely from 19 to 96% across the MSA
cases studied here (Table 1).

In a transgenic mouse model of a-synucleinopathies,
in which the expression of A53T human a-syn results in
motor impairment associated with formation of a-syn
inclusions,'® a subset of these inclusions are immuno-
labeled with anti-ubiquitin antibodies. The immunore-
activity of these inclusions is, at least in part, due to the
ubiquitination of a-syn, as shown biochemically in the
SDS-soluble fraction from spinal cords of diseased
AB3T a-syn transgenic mice (Figure 4). The extent of
ubiqguitination varied between animals, and the incom-
plete ubiquitination of a-syn inclusions further sug-
gests that inclusion formation does not require prior
ubiquitination.

In vitro ubiquitination of polymerized synuclein recapit-
ulated the pattern of a-syn ubiquitination seen in DLB
brains as well as in the a-synucleinopathy mouse model.
Mono- and di-ubiquitinated forms of a-syn predominated
over polyubiquitinated forms of a-syn when filamentous
a-syn was used as substrate. In contrast, the amount of
polyubiquitinated a-syn species generated was much
greater when using monomeric a-syn as a substrate in
the in vitro reaction. This finding supports the possibility
that ubiquitination of a-syn in the brains of a-synucle-
inopathy patients occurs after polymerization of
a-synuclein, and this could occur if cells contain fibril-
specific ubiquitin-ligase machinery that allows recogni-
tion of a-syn polymers for ubiquitination. Mono- and di-
ubiquitinated forms could accumulate if the conformation
of a-syn in polymerized fibrils after conjugation with one
or two ubiquitin molecules to exposed lysine residues in
a-syn sterically prevents additional ligation reactions
from occurring. Such fibrils, in turn, may be inefficiently
recognized for degradation by proteasomes because tet-
ra-ubiquitin appears to be the shortest ubiquitin chain
that binds well to proteasomes.®?

Although the data here suggest that ubiquitination
likely occurs after the formation of a-syn inclusions, it
remains possible that under certain pathophysiological
conditions, ubiquitination of inclusions may contribute to
the pathogenesis of a-synucleinopathies. For instance,
the attempts by cells to remove inclusions via the ubig-
uitin-proteasomal pathway may result in overall dimin-
ished proteasomal activity, which could have toxic effects
because of the accumulation of proteins that would nor-
mally be degraded. This, in addition to the persistence of
a-syn inclusions, could have detrimental effects on cel-
lular viability.

The existence of ubiquitinated a-syn in pathological
inclusions and the ubiquitination of a-syn by ubiquitin

conjugation fractions of mammalian cell lysates raise the
question as to whether a-syn is degraded by protea-
somes. Several recent reports examining the mode of
degradation of a-syn in cell culture models have yielded
conflicting results. Studies using HEK293 cells showed
that proteasomes did not degrade a-syn,®3%* but other
studies in SH-SY5Y and COS-7 cells suggested that pro-
teasomal inhibition leads to a increase in levels of nonu-
biquitinated synuclein,8:65-€¢ thereby implicating the 20S
proteasome in a-syn degradation. Although cell-specific
differences or epitope tagging of a-syn may underlie the
discrepancies among these studies, ubiquitination of un-
tagged a-syn has yet to be reported in cultured cells.

Several observations presented here argue against the
idea that ubiquitination of a-syn is required for inclusion
formation: 1) a significant percentage of a-syn inclusions
in human brains and a transgenic mouse model of
a-synucleinopathies do not contain ubiquitin (Figures 1
and 3, Table 1), 2) nonubiquitinated species of a-syn in
SDS-soluble fractions from diseased brains are more
abundant than ubiquitinated forms of a-syn (Figures 2
and 4), and 3) the pattern of a-syn ubiquitination ob-
served in diseased brains closely resembles the pattern
of in vitro ubiquitination obtained when filamentous rather
than monomeric a-syn is used as a substrate (Figure 5).

The ubiquitination of a-syn may be a secondary event
that occurs late in the process of inclusion formation. It is
speculated that ubiquitination reflects attempts by af-
fected cells to target misfolded proteins for proteasomal
degradation but that a-syn fibrillization and inclusion for-
mation are not ubiquitination-dependent processes. This
is consistent with the view that proteasomal dysfunction
may contribute to the pathobiology of a-synucleinopa-
thies,®' reducing the ability of cells to remove aberrant
aggregates of a-syn and further enhancing cellular dys-
function. Further work, however, is required to test these
hypotheses and improve our understanding of disease
mechanisms in a-synucleinopathies.
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