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Mutations in a-synuclein (aS) and parkin cause heri-
table forms of Parkinson disease (PD). We hypothe-
sized that neuronal parkin, a known E3 ubiquitin
ligase, facilitates the formation of Lewy bodies (LBs),
a pathological hallmark of PD. Here, we report that
affinity-purified parkin antibodies labeled classical
LBs in substantia nigra sections from four related
human disorders: sporadic PD, inherited aS-linked
PD, dementia with LBs (DLB), and LB-positive, par-
kin-linked PD. Anti-parkin antibodies also detected
LBs in entorhinal and cingulate cortices from DLB
brain and aS inclusions in sympathetic gangliocytes
from sporadic PD. Double labeling with confocal mi-
croscopy of DLB midbrain sections revealed that
~90% of anti-aS-reactive LBs were also detected by a
parkin antibody to amino acids 342 to 353. Accord-
ingly, parkin proteins, including the 53-kd mature
isoform, were present in affinity-isolated LBs from
DLB cortex. Fluorescence resonance energy transfer
and immunoelectron microscopy showed that aS and
parkin co-localized within brainstem and cortical LBs.
Biochemically, parkin appeared most enriched in cy-
tosolic and postsynaptic fractions of adult rat brain,
but also in purified, aS-rich presynaptic elements
that additionally contained parkin’s E2-binding part-
ner, UbcH7. We conclude that parkin and UbcH7 are
present with aS in subcellular compartments of nor-
mal brain and that parkin frequently co-localizes with
aS aggregates in the characteristic LB inclusions of PD
and DLB. These results suggest that functional parkin
proteins may be required during LB formation. (Am
J Pathbol 2002, 160:1655—-1667)

Two missense mutations in a-synuclein (aS), AS0P and
AB3T, cause rare autosomal-dominant forms of Parkinson
disease (PD),"? and a variety of mutant parkin genotypes
are linked to autosomal-recessive parkinsonism with pre-
dominantly juvenile or young adult onset.®>* Clinically, a
subset of parkin-linked cases are virtually indistinguish-
able from sporadic PD.** Neuropathologically, sporadic
and aS-linked PD share neuronal loss and Lewy body
(LB) inclusions in selective brainstem nuclei.®~8 The eti-
ology of sporadic PD remains largely unknown, but
mechanisms involving oxidative stress and mitochondrial
dysfunction have been implicated.® In the related disor-
der, dementia with LBs (DLB), both brainstem and corti-
cal neurons are affected by LB formation.’®~'? S and
ubiquitin (Ub) represent the principal known protein con-
stituents of these inclusions.'®'® In contrast, LBs are
generally absent in parkin-linked PD brains,'62° with one
recently reported exception.?’

The 465-amino acid parkin protein contains an N-ter-
minal Ub-like domain linked to a C-terminal RING box??
that contains two canonical RING-finger domains
(C5H,C,) and an imperfect, third RING finger motif
(CgH4Cy), also referred to as “in-between-RING”2® or
“double-RING-finger-linked” domain®* (Figure 1A). As
such, parkin is a likely member of a class of zinc-binding
proteins that comprises several Ub ligases.?*2° Indeed,
parkin has been shown to act as an E3 Ub ligase in
transfected cell cultures and in vitro assays, in which it
principally recruits one of two E2 Ub-conjugating proteins
at its RING box, UbcH7%227:28 or UbcH8.2° In general,
the transfer of more than four activated Ub molecules
from an E2 protein onto a substrate, a process facilitated
by an E3 Ub ligase, provides a signal for proteasomal
degradation of the substrate.®° In cell culture systems,
parkin fusion proteins have also been shown to inter-
act with the synaptic vesicle protein, CDC-rel1,2° the
aS-binding protein, synphilin-1," and actin filaments.3?
Furthermore, parkin has been found to be up-regulated
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Figure 1. Characterization of affinity-purified antibodies to human parkin. A:
Schematic diagram of human parkin and five peptide antibodies (amino acid
numbering according to Kitada et al®). B: Dot blot analysis of selected
proteins and parkin peptides. Bovine serum albumin, His-tagged Ub, human
aS (10 ng each), and synthetic peptides (50 ng) were diluted in water and
loaded horizontally. Membranes were probed with antibodies (Ab) as indi-
cated (abs., absorbed with cognate peptide; sister lanes were mock-absorbed
with noncognate parkin peptide). C: PAGE and Western blotting (WB) of
recombinant aS and Ub (20 ng), soluble extracts from control brains (CNS,
40 pg) and lysates of SH-SY5Y cells stably expressing mycParkin (cell, 10
ug). Membranes were probed with antibodies to Ub, aS (syn-1), or parkin
(HP6A, HP1A, HP1A abs., HP2A, and HP2A abs.), as indicated. Black
arrowheads indicate relative position of monomeric Ub; white arrow-
heads identify proteolytic fragments of parkin. Asterisk denotes polyubiq-
uitinated, high Mr protein smear in cell lysates. Note, anti-parkin antibodies
fail to detect recombinant or endogenous aS and Ub proteins.

during the integrated cellular response to misfolded pro-
tein-induced stress.?”

Specific targets for parkin’s E3 Ub ligase activity in vivo
include an O-glycosylated form of aS, aSp22,2® and
Pael-R, a Parkin-associated endothelin-like receptor.33
The homozygous inheritance of exonic deletions in the
parkin gene results in the accumulation of nonubiquiti-
nated forms of these two substrates in the brain.?®33
However, the extent of parkin’s physiological role in main-
taining dopaminergic neuronal function and its patho-
physiological role in LB-positive disorders, eg, PD and

DLB, are not yet known. The general absence of detect-
able aS-inclusions in cases of parkin-linked PD led us to
hypothesize that parkin promotes a critical step in LB
formation by ubiquitinating «S and other unknown sub-
strates. Therefore, we investigated the subcellular distri-
bution of parkin in normal adult brain as it relates to aS
and UbcH7, and analyzed LB-rich tissues from sporadic
PD, inherited PD, and DLB for parkin immunoreactivity
both morphologically and biochemically.

Materials and Methods

Antibody Production

Synthetic peptides of human parkin protein [HPG6A (amino
acids 6 to 15), HP7A (amino acids 51 to 62), HP1A (amino
acids 84 to 98), HP2A (amino acids 342 to 353), and
HP5A (amino acids 453 to 465); for numbering see Kitada
et al®] were purified by high pressure liquid chroma-
tography, sequence-verified (Biopolymer Laboratory,
Brigham and Women'’s Hospital), coupled to keyhole lim-
pet hemocyanin (KLH), and injected into rabbits. Sera
were pooled, affinity-purified against their resin-coupled
peptide antigens, and analyzed by enzyme-linked immu-
nosorbent assay (Research Genetics Inc, AL). The puri-
fied antibodies were used at final dilutions of 1:75 to
1:100 for immunohistochemistry, at 1:500 to 1:1000 for
Western blots, and at 1:1000 to 1:5000 for dot blots.
Purified bovine Ub was from Sigma Chemical Co. (St.
Louis, MO). Recombinant, bacterially expressed aS and
a human aS-encoding cDNA were provided by P. Lans-
bury of Brigham and Women’s Hospital.>* Anti-aS LB509
was from Zymed (South San Francisco, CA); anti-Ub from
Molecular Biological Laboratories; anti-synaptophysin
from Sigma Chemical Co., and anti-postsynaptic density
protein (PSD)-95 from Chemicon (Temecula, CA). Anti-
syn-1, anti-UbcH7, and lysates of Jurkat cells expressing
UbcH7 were from Transduction Labs (Lexington, KY).

Brain Tissue and Immunohistochemistry

All tissue was collected in accordance with Institutional
Review Board-approved guidelines. Paraffin sections of
brains and peripheral gangliocytes fixed in 10% neutral
buffered formalin were obtained from the Neuropathology
Service at Brigham and Women’s Hospital. The diag-
noses of PD (n = 3), DLB (n = 2), aS-linked PD” [(n = 1);
provided by L. Golbe and D. Dickson of Robert Wood
Johnson Medical School, New Jersey and D. Dickson of
Mayo Clinic, Jacksonville, FL] and normal cases (n = 2)
were established by standard neuropathological criteria.
Sections from a parkin-linked PD case were obtained as
described.?" Immunohistochemistry was performed with
the use of antigen retrieval buffer (BioGenex, San Ramon,
CA) and microwaving.®® For preabsorptions, 5 ug of
parkin or control peptides per ul of parkin antibody were



used. Peptides were suspended in 8% dimethyl sulfox-
ide/water and stored at 1 ug/ul.

Fluorescence Resonance Energy Transfer
(FRET) Analysis

Fresh-frozen midbrains (n = 5) from DLB were obtained
from the Harvard Brain Tissue Resource Center, fixed in 4%
paraformaldehyde, and processed as described.®¢3” An-
ti-aS (H3C; gift of D. Clayton of University of lllinois) and
anti-Ub (DAKO, Inc., Carpinteria, CA) were used for FRET
analysis. BODIPY- and cy3-conjugated secondary anti-
bodies (Molecular Probes, Eugene, OR) were used at a
dilution of 1:200. HP2A, anti-aS, and anti-Ub reactivities
were examined systematically under a x40 objective.
Images were obtained with a MRC-1024 Bio-Rad laser
confocal imaging system (Bio-Rad, Richmond, CA) as
described.®¢37 Relative distances between epitopes
were calculated by FRET analysis, in which the extent of
energy transfer is assessed by measuring the donor flu-
orescence before (D,) and after (D) photobleaching
of the acceptor.®® A positive FRET signal (the ratio of
D/D, > 1.0 being proportional to spatial proximity) was
compared to the null hypothesis value of 1.0 by one-
group t-tests, as described.*®3” The efficiency of energy
transfer is dependent on the inverse sixth power of the
distance between the two fluorophores.*6-22

Furification of Lewy Bodies

Cerebral cortical gray matter from DLB or normal brain
was obtained from the South Australian National Brain
Bank at Flinders University, homogenized, and pro-
cessed by glass wool filtration and Percoll density gradi-
ent centrifugation to obtain Lewy inclusion-rich brain frac-
tions. LBs were affinity-isolated from pooled Percoll
density gradient fractions using sheep anti-human aS
antibody and streptavidin-coated magnetic beads (50
nm). LB-rich fractions were solubilized in urea/sodium
dodecy! sulfate-containing lysis buffer, boiled, and ana-
lyzed by polyacrylamide gel electrophoresis (PAGE) or
subjected to immunoelectron microscopy.® 4"

Immunoelectron Microscopy

LB-positive samples were fixed in 0.25% glutaralde-
hyde/2% formaldehyde in 0.1 mol/L phosphate buffer (pH
7.4) for 1 hour and 0.5% OsO4 in 0.1 mol/L phosphate
buffer (pH 7.4) for 1 hour at 4°C, dehydrated in ice-cold
alcohol, and embedded in LR White resin (London Resin,
Basingstoke, UK). Ultrathin sections (80- to 100-nm thick)
were incubated for 2 hours at room temperature with
primary antibody that were detected by 12-nm gold-
conjugated donkey anti-rabbit IgG (Jackson Laborato-
ries, Bar Harbor, ME). Sections were stained for 10 min-
utes with 2% aqueous uranyl acetate and an additional
10 minutes with Reynolds lead citrate, and examined with
a Jeol JEM-1200EX electron microscope at 80 kV.4"
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Cloning, Cell Culture, and Transfection

Plasmids pmyc~parkin and p*“'parkin were obtained

by subcloning an EcoRI-Sall fragment from pGEM-T-Easy
parkin (containing wild-type human parkin ¢cDNA3) in
frame and out of frame, respectively, into the mammalian
expression vector pCMV-Tag3 (Stratagene, La Jolla, CA).
The pAYP'parkin cDNA construct reinitiates translation at
Mg, after a stop codon following the in-frame translation
of the myc tag (see Results). All constructs were con-
firmed by sequencing from both ends and expression in
in vitro translation assays as per the manufacturer (T3;
Promega, Madison, WI). Site-directed mutagenesis of the
cDNA-encoding full-length mycParkin was performed as
per the manufacturer’s instructions (Stratagene; the
primer sequences are available on request). HEK293,
COS, and SH-SY5Y cells were cultured in 10-cm dishes
and transiently transfected with 10 ug of plasmid DNA
using Lipofectamine 2000 (Life Technologies, Inc., Grand
Island, NY). Cells were collected after 24 hours in STEN/
0.2% Nonidet P-40 lysis buffer containing an ethylenedia-
minetetraacetic acid-free protease inhibitor cocktail
(Boehringer Mannheim, Indianapolis, IN). Lysates of cells
(and brain homogenates) were precleared at 13,000 X g
and added to 2X sodium dodecy! sulfate-Tris glycine
sample buffer (Novex) containing 10 mmol/L of dithiothre-
itol (Sigma Chemical Co.) or to 4x Laemmli buffer,® then
boiled and cleared again. PAGE was performed on 10%,
8 to 16%, or 4 to 20% gradient Tris-glycine gels (Invitro-
gen, Carlsbad, CA). Proteins were transferred to polyvi-
nylidene difluoride membranes (0.4 um; Immobilon) and
visualized by SuperSignal (Pierce, Rockford, IL) or en-
hanced chemiluminescence (New England Nuclear, Bos-
ton, MA). Stable clones expressing mycParkin—derived
from transiently transfected SH-SY5Y cells were selected
by the addition of G418 (0.2 umol/L; Life Technologies,
Inc., Los Angeles, CA) to the culture medium.

Subcellular Fractionation

Pooled homogenates of five adult Sprague-Dawley rat
forebrains were processed as described*?* to generate
purified pre- and postsynaptic elements. Briefly, after the
removal of cytosol (100,000 X g supernatant) from pel-
leted crude synaptosomal preparations, the latter were
separated from myelin-rich fractions on sucrose density
gradient no. 1 to yield purified synaptosomes. These
were then extracted in 0.5% Triton X-100 (Sigma Chem-
ical Co.)-containing buffer and centrifuged at 28,000 X g.
Triton supernatants were respun at 165,000 X g to yield
highly purified presynaptic elements (PRE) in the super-
natant.*> The Triton pellet was subjected to discontinu-
ous sucrose density gradient no. 2; the 1.5- to 2.1-mol/L
sucrose interface (crude PSD preparation) was re-ex-
tracted in 0.5% Triton X-100 and subjected to sucrose
density gradient no. 3. The 1.5- to 2.1-mol/L sucrose
interface contained highly purified postsynaptic elements
(PSD).*®
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Figure 2. Immunohistochemistry with antibodies to parkin, &S, and UbcH7 in sections of the central and peripheral nervous system. Brainstem Lewy bodies (LB,
arrows) are detected by HP2A (a and b), HP1A (c and d), HP7A (e and f), LB509 (g and h), and UbcH7 (t) in substantia nigra sections from PD (a, c, e, g, 1,
and t) and DLB (b, d, f, h, and m) but not control brain (i, j, and k). Open arrowhead depicts granular staining of perikaryon in a dopaminergic neuron (i);
cells of cranial nerve III (j) and neurites (arrowheads) in control nigra (k) stained by HP1A. Competition with respective antigen [HP2A abs. (1) and HP1A abs.
(m)] abolishes LB staining but not the appearance of surrounding melanin granules. In entorhinal (n and o) and cingulate cortex (p) sections from DLB brain
(n, o, and p), cortical LBs are detected by HP2A (n), HP1A (o), and LB509 (p). In sympathetic gangliocytes from PD (q, r, and s), peripheral LBs are stained

by HP2A (q), HP1A (r), and LB509 (s). Scale bar, 20 um.

Results

To examine parkin’s pathophysiological role, we raised
affinity-purified antisera to various peptides of human
parkin (Figure 1A) and characterized their specificity.
Parkin antisera were first tested by dot blotting under
nonreducing, nondenaturing conditions (Figure 1B), and
subsequently by Western blotting under both reducing
and denaturing conditions (Figure 1C). In these assays,
anti-parkin antisera recognized their cognate antigens in
a specific manner and failed to cross-react with other
peptides of human parkin, bovine serum albumin, recom-
binant aS, or Ub (Figure 1B), as expected. Rather, they
specifically reacted with the ~53-kd parkin protein of
human brain extracts and the ~54-kd mycParkin fusion
protein stably expressed in SH-SY5Y neuroblastoma

cells, as shown for HPBA (to amino acids 6 to 15), HP1A
(to amino acids 84 to 98), and HP2A (to amino acids 342
to 353) (Figure 1C). These antibodies did not detect
either recombinant or endogenous forms of aS and Ub
from human brain and SH-SY5Y neuroblastoma cell ex-
tracts (Figure 1C).

To assess parkin immunoreactivity in LB-rich regions
of the central nervous system, we first probed midbrain
sections from sporadic PD, DLB, and normal brains by
conventional immunohistochemistry. HP2A strongly la-
beled the cores of classical intracellular LBs in pig-
mented neurons of the substantia nigra in PD and DLB
(Figure 2, a and b). HP1A and HP7A (amino acids 51 to
62) strongly labeled cytoplasmic parkin in a granular
pattern in cell bodies and proximal neurites of dopami-



nergic neurons in both diseased and normal brains (Fig-
ure 2, i and k); these two antibodies occasionally identi-
fied the cores of LBs within nigral neurons in PD and DLB
(Figure 2; ¢ to f). Thus, the staining profile of HP1A and
HP7A was very similar to that of a reported antiserum
raised against human parkin amino acids 293 to 306
(referred to as M74 in Shimura et al'®). As expected,
brainstem LBs were immunoreactive for aS (Figure 2, g
and h) and Ub (not shown). The staining of LB inclusions,
cytoplasm, and neuronal processes by anti-parkin anti-
bodies was abolished by preabsorption with the respec-
tive antigen (Figure 2, | and m). In the brainstem,
perikarya of other neurons were also labeled by anti-
parkin antibodies, sometimes more intensely than dopa-
minergic cells. These included neurons of cranial nerve
nuclei Il (Figure 2j), V, VII, X, and XllI; central raphe
nuclei; locus coeruleus; peri-aqueductal gray; and infe-
rior olive (data not shown). We did not observe staining of
glial, ependymal, or meningothelial cells. There was no
labeling of dystrophic Lewy neurites by anti-parkin under
these conditions. Anti-parkin HP6A and HP5A (to amino
acids 453 to 465) detected neuronal parkin weakly; their
staining of LBs did not differ from that of the background
neuropil (data not shown). When we probed midbrain
sections from PD with a specific monoclonal antibody to
UbcH?7, parkin’s previously identified E2-binding partner
in human brain,?® we observed staining of neuronal cy-
toplasm and perinuclear structures, as expected,®* and
of the cores of LBs (Figure 2t).

To examine if parkin epitopes are present in LBs found
elsewhere in the nervous system, we next probed sec-
tions of anterior cingulate and entorhinal cortices from
cases of DLB brain. Both HP2A and HP1A recognized
cortical LBs (Figure 2, n and o) in a distribution similar to
that of anti-aS (Figure 2p) and detected neuronal parkin
(eg, Figure 2n). HP7A detected fewer cortical LBs than
HP2A and HP1A (data not shown). In normal and DLB
cortices, anti-parkin reactivity was associated with gran-
ular structures throughout the cytoplasm of many pyra-
midal neurons in layer IV and their apical dendrites.®?
Anti-parkin immunoreactivity in these cortical sections
was completely abolished by absorption with cognate
antigens (not shown).

To determine whether parkin immunoreactivity can
also be detected in LBs outside the central nervous sys-
tem, we probed serial sections of thoracic sympathetic
ganglia from a sporadic PD case, a site routinely affected
in PD. Anti-aS revealed numerous, intensely stained LB-
like inclusions of variable sizes and forms in tyrosine
hydroxylase-positive sympathetic gangliocytes (Figure
25).84445 |n parallel sections, HP2A and HP1A specifi-
cally recognized the center of many club-shaped and
elliptical inclusions (Figure 2, g and r), and strongly re-
acted with parkin in the soma of tyrosine hydroxylase-
positive cells. No inclusions were detected by anti-aS or
anti-parkin in thoracic sympathetic ganglia from a normal
patient, as expected. Cross sections of exiting nerve
bundles of these thoracic ganglia revealed diffuse axonal
parkin staining (not shown). We conclude from these
immunohistochemical data collected from sections of
sporadic PD, DLB, and control brains that parkin
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epitopes can be found in LBs at three distinct sites of
the nervous system. Throughout these studies, we ob-
served a distinct gradient of parkin immunoreactivity,
with more intense central (core) than peripheral (rim)
staining (eg, Figure 2; a to f). This immunoreactivity
within the LB core is similar to that observed for Ub, as
reported in immunoelectron microscopic and immuno-
fluorescence studies.*’

To determine whether parkin immunoreactivity could
also be detected in the brainstem LBs of inherited PD
cases, we first stained sections from the case of a patient
who had been an affected member of the North American
branch of the Contursi kindred (IX/56)*¢ carrying a het-
erozygous mutation that resulted in an «SA53T substitu-
tion (Figure 3)."*7 In the substantia nigra, despite the
extensive cell loss and reactive gliosis observed, rare
cytoplasmic LBs and numerous nonsomatic inclusions
(representing either axonal spheroids or large intraneu-
ritic LBs) were stained by anti-aS (Figure 3, a and c). Both
of these neuropathological abnormalities were also de-
tected by anti-parkin HP2A (Figure 3, b and d). In an
adjacent section, nonsomatic inclusions were also
strongly reactive with HP1A, although no cytoplasmic
LBs were present (not shown).

Next, we examined substantia nigra sections of the
only LB-positive parkin-linked PD case described to date
(Figure 4). The patient, referred to as index patient Pw3,
had been a compound heterozygote at the parkin locus.?’
Genotyping revealed a parkin®®2*T missense mutation in
exon 7 on one allele (resulting in a parkinR275W substi-
tution) and a 40-bp deletion of exon 3 (that nevertheless
preserved the reading frame) on the other allele, par-
kin®49 PP 21 As concerns the mutant parkinR275W protein,
the epitopes of all of our anti-parkin antibodies should be
present (Figure 1A), in the case of the shorter translation
product of the parkin®° PP allele, the epitope for HP1A
should be absent. In sections of the substantia nigra (that
showed severe cell loss and reactive gliosis), LBs were
immunoreactive with anti-parkin HP2A (Figure 4, b and d)
and faintly positive with anti-aS LB509 (Figure 4, c and e).
Both HP7A and HP2A demonstrated neuronal immunore-
activity, whereas HP1A stained neurons only weakly
when compared with sections from sporadic PD pro-
cessed in parallel. Anti-parkin HP2A-reactive LBs were
also identified in sections of the locus coeruleus and
nucleus basalis of Meynert from this compound heterozy-
gous patient (data not shown). We conclude that parkin
immunoreactivity occurs in nigral LBs of four related hu-
man disorders, sporadic PD, aS-linked PD, LB-positive
parkin-linked PD, and DLB.

To compare the frequency of parkin and oS staining
within compact cytoplasmic LBs, we first performed
semiquantitative analysis of serial sections (10 um) from
six LB-positive midbrains that had been stained immuno-
histochemically with two antibodies, HP2A and LB509.
HP2A was selected because of its robust detection of
LBs, and its ability to distinguish LB-associated from
normal neuronal parkin reactivity (eg, Figure 2). Review of
these midbrain sections demonstrated a ratio for parkin:
aS-reactive cytoplasmic LBs of 0.76 and 0.81 in sporadic
PD and DLB, respectively (Table 1). To calculate the
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Figure 3. Immunohistochemistry with antibodies to aS and parkin in sections of substantia nigra from an aSA53T PD brain.
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46.47 Cytoplasmic Lewy bodies (a and

b, arrows) and nonsomatic inclusions (¢ and d, arrowheads) are detected by LB509 (a and ¢) and HP2A (b and d). Scale bar, 20 um.

co-labeling of classical LBs within the same plane, we
used double-immunofluorescence and confocal-scan-
ning laser microscopy to analyze paraformaldehyde-
fixed, 40-um-thick sections from five DLB midbrains,3¢-2”
which have more preserved dopaminergic neurons and
higher numbers of LBs than do PD cases. Under these
conditions, 90.6% of all anti-aS-positive nigral LBs were
also stained by anti-parkin HP2A (Table 1).

After establishing the co-localization of parkin epitopes
with aS in LBs, we examined the spatial relation between
the two proteins by performing FRET analysis and immu-
noelectron microscopy (see below). Two distinct fluoro-
phore-labeled epitopes that generate a positive FRET
signal (D/D, > 1.0) after photobleaching are spatially
separated by <30 nm in situ, based on the average sizes
of fluorophores and of antibodies.*®*” Using FRET anal-
ysis, a tight intermolecular association has been reported
between functionally related proteins, eg, dystrophin and
actin.®® We recently demonstrated strong FRET signals
between aS- and Ub-epitopes within brainstem LBs, but
not between oS and other LB constituents, such as the
heat shock protein, ag crystallin.®® In support of a close
intermolecular association between parkin and oS in dou-
ble-labeled, compact brainstem LBs, we obtained statis-
tically significant FRET signals for the pairing of anti-
parkin and anti-aS (D/D, = 1.38 = 0.27, P < 0.005,n =
11). No double labeling of LBs was observed (and thus
FRET analysis was not performed) in sections stained

with pre-absorbed HP2A and anti-aS. In parallel experi-
ments, a positive FRET signal was also obtained with
anti-parkin and anti-Ub (D/D, = 1.29 * 0.14, P < 0.005,
n = 11). Thus, the human parkin sequence from amino
acid 342 to 353 was found in proximity to both aS and Ub
epitopes within classical LBs.

To extend the immunohistochemical and FRET evi-
dence of parkin epitopes within LBs to the biochemical
and ultrastructural levels, we used a previously published
protocol to affinity-isolate cortical LBs. Homogenates of
DLB or normal cortex were processed by glass wool
filtration and Percoll density gradients, as described.*’
The resultant gradient fractions were analyzed individu-
ally (not shown), pooled, and anti-human oS IgG-coated
magnetic beads were added to collect LB-positive ma-
terial from DLB brain and the corresponding LB-negative
material from normal brain (Figure 5A).4%4" After urea/
sodium dodecy! sulfate solubilization of the particulate
material that was isolated on the washed beads, LB-
negative and LB-positive samples were immunoblotted
with anti-aS, anti-Ub, and anti-parkin antibodies (Figure
5; B, C, and D). Lysates of cells transiently transfected
with pmyc~parkin cDNA were analyzed as a positive
control. In the LB-positive samples, we identified mono-
meric aS (16 kd), modified and/or oligomeric «S, and
gel-excluded isoforms of aS (Figure 5B),'® faint mono-
meric Ub reactivity (~8 kd), a strongly ubiquitinated pro-
tein band at ~23 kd, an oligomeric smear, and gel-
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Figure 4. Immunohistochemistry with antibodies to parkin (HP2A in a, b, and d) and S (LB509 in ¢ and e) in sections of substantia nigra from a compound
heterozygous, parkin-linked PD brain.?! Intracellular Lewy bodies (arrow) are seen at low power (a) and in adjacent, high power (original magnification, X40).
b to e are magnification images. Upper square in a denotes area of interest depicted in b and ¢, lower square images are depicted in d and e. Scale bar, 20 wm.

excluded isoforms of Ub (Figure 5C).#%“® Little
immunoreactivity was detected in the LB-negative sam-
ples, consistent with the absence of Lewy inclusions by
aS immunohistochemistry in this control brain (not
shown). All three parkin antisera we tested, HP6A (Figure
5B), HP1A (Figure 5C), and HP2A (Figure 5D), specifi-
cally labeled the 54-kd mycParkin fusion protein in cell
lysates and the 53-kd endogenous neural parkin in the
LB-positive but not in LB-negative extracts. In addition,
insoluble gel-excluded, and soluble proteolytic frag-
ments were detected by anti-parkin, including an 11- to
12-kd N-terminal fragment detected by HP6A and HP1A
(Figure 5, B and C). The high Mr, gel-excluded parkin
immunoreactivity seen in the LB-positive samples was
never observed in soluble or membrane-associated frac-
tions processed from normal or DLB brain (not shown).
Taken together with the data in Figure 1, these results
make a cross-reactivity of parkin antibodies with «S or Ub
unlikely and suggest that parkin proteins occur within
pathological aS aggregates.

Next, we subjected aliquots of the affinity-isolated cor-
tical LBs to immunoelectron microscopy with anti-aS and
anti-parkin, as described.*' Anti-parkin HP2A (Figure
6¢), but not HP2A preabsorbed with its cognate antigen
(Figure 6d), specifically decorated filamentous material in
a comparable but less frequent manner than the anti-aS
antibody (Figure 6b), as expected from the immunohis-
tochemical staining (Figure 6a). Thus, these biochemical
and immunoelectron microscopic analyses of affinity-iso-
lated aS-aggregates show that the 53-kd parkin and
related isoforms occur in cortical LBs of DLB brain.

The observation of an 11- to 12-kd, N-terminal parkin
fragment in LB-positive extracts and HEK293 cells by two
parkin antibodies, HP6A and HP1A (Figure 5, B and C),
and of a ~42-kd C-terminal parkin fragment in brain
lysates (Figure 1C) prompted us to investigate whether
mature parkin (53 to 54 kd) is physiologically cleaved to
release its Ub-like domain. In contrast to the integral
type-2 Ub-like domains, type-1 Ub-like proteins (with Ub
as the prototype) are activated by cleavage after a sig-
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Table 1. Detection of Cytoplasmic Lewy Bodies (LBs) with Anti-Parkin Antibody in Midbrains from LB Disorders
A. Conventional immunohistochemistry of serial sections examined by light microscopy
Case Clinical LB detected by anti-parkin LB detected by anti-aS Ratio anti-parkin
no. diagnosis (hemi-midbrains counted) (hemi-midbrains counted) to anti-aS
1 Sporadic PD 19 (2) 22 (2) 0.86
2 Sporadic PD 4(1) 12 (2) 0.67
3 DLB 45 (4) 43 (4) 1.05
4 DLB 119 (2) 208 (2) 0.57
5 aS-linked PD 4 (4) 1(1) 1.00
6 parkin-linked PD 3(1) 2(1) 1.50

Average ratio for sporadic Parkinson’s disease (PD): 0.76; average ratio for dementia with LB (DLB): 0.81.

B. Double immunofluorescence labeling of single sections examined by confocal microscopy

Case Clinical Hemi-midbrains LB detected by LB detected Percentage (%) of
no. diagnosis double labeled anti-parkin by anti-aS co-labeled LB

1 DLB 2 60 68 88.2

2 DLB 2 38 39 97.4

3 DLB 2 7 8 87.5

4 DLB 2 9 11 81.8

5 DLB 2 12 13 92.3

Average percentage for dementia with LB (DLB): 90.6.

nature -GG motif and then covalently bound to protein
substrates.*® Intriguingly, we identified two -NAXGG- mo-
tifs near the end of the Ub-like domain of human parkin
(Figure 7A).3 Therefore, we first engineered cDNAs en-

coding N-terminal parkin fragments with nascent C-ter-
mini of -GG84/85 or -GG93/94, and a C-terminal parkin
protein lacking the Ub-like domain (Figure 7A). When the
constructs encoding wild-type mycParkin, mycUbl,_g,,

A. Affinity isolation of Lewy B. 293 LB- LB+ 293 LB- LB+293 LB-LB+ LB- LB+ I
inclusions from DLB brain n | -

Percoll sheep anti-oS

density O
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Figure 5. Characterization of affinity-isolated cortical Lewy bodies from DLB brain. A: Schematic diagram of Percoll density gradient fractions that contained LB-rich
material (LB-positive) isolated by magnetic beads coupled to sheep anti-aS antibody.*! B-D: PAGE and Western blotting (WB) of equal volumes of extracts from normal
(LB-negative) and DLB (LB-positive) brain, and lysates (16 ug) of mycParkin-expressing transfected cells (293, CHO). Antibodies depicted are to the N-terminus of parkin
(HP6A) and to asS (LB509, syn-1) (B); to parkin’s linker domain (HP1A) and to Ub (C); and to the in-between-RING domain of parkin (HP2A and HP2A abs.) (D). Note,
in LB-positive material anti-parkin antibodies detect mature 53-kd parkin, an 11- to 12-kd fragment (open arrowheads), and gel-excluded high Mr parkin isoforms
(asterisks). Anti-aS antibodies faintly recognize an ~22-kd protein (black arrowhead). Brackets indicate oligomeric proteins.



Figure 6. Light and electron microscopic localization of parkin protein in
Lewy bodies (LB) from DLB cortex. a: LB staining (white arrowhead) in
entorhinal cortex from DLB by immunohistochemistry with anti-parkin
HP2A. b to d: LBs were isolated by magnetic beads (arrows) as in Figure 5A;
only segments of whole LBs are depicted. Antibody decoration of filamen-
tous material by 12-nm gold particles (black arrowheads) using anti-aS (b)
and anti-parkin HP2A (c), but not with preabsorbed HP2A (d).

and AYP'Parkin were expressed in in vitro translation as-
says, we observed proteins of Mr 54, 12, and 42 kd,
respectively (Figure 7B), matching the Mr of the proteo-
lytic parkin isoforms observed above. To determine
whether the cleavage of mature mycParkin observed in
HEK293 cells required intact residue(s) at G85 and/or
G94, as would be expected for a type-1 Ub-like protein,*°
we engineered mycParkin cDNAs that encoded G85A or
G94A substitutions or both (Figure 7A). Transient expres-
sion of these constructs in HEK293 cells showed that
cleavage of mycParkin was neither diminished in the
single mutants nor abrogated in the double mutant (Fig-
ure 7C). Thus, in transfected HEK293 cells mycParkin
was apparently cleaved near the end of its Ub-like do-
main, a proteolysis that did not require intact -GG motifs
at amino acids 84 and 85 or 93 and 94.

To determine whether the E3 Ub ligase, parkin, its
predominant E2-binding partner, UbcH7, and S are
present within the same subcellular compartment of the
adult nervous system, we fractionated fresh rat brain
homogenates. Synaptosomal preparations were pre-
pared by a previously published protocol (avoiding a
hypotonic lysis step of synaptosomes)®° and processed
to yield purified pre- and postsynaptic elements (see
Materials and Methods). All fractions were first screened
with antibodies to synaptophysin and postsynaptic den-
sity protein-95 (PSD-95) to determine their purity and then
probed with &S, parkin, and UbcH7 antibodies (Figure 8).
The 53-kd HP2A-positive parkin protein localized pre-
dominantly to the cytosolic (CY) and postsynaptic (PSD)
fractions (Figure 8, a and d). Importantly, parkin was also
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found in the presynaptic (PRE) fractions (Figure 8a)°" that
contained synaptophysin and «S (Figure 8, b and c), two
membrane- and synaptic vesicle-associated marker pro-
teins, respectively.®%-°2 UbcH7 was detected in the cyto-
solic and presynaptic fractions, but was absent postsyn-
aptically (Figure 8e). The finding of mature parkin within
the purified presynaptic terminal fraction (PRE) was not
because of contamination with postsynaptic proteins be-
cause two abundant postsynaptic markers, PSD-95 (Fig-
ure 8d)®3 and &-catenin were undetectable. Little parkin
reactivity was detected in nuclear pellets and myelin-rich
fractions. Preabsorption of HP2A abolished the 53-kd
band (not shown). We conclude that neural parkin and its
E2-binding partner, UbcH7, physiologically co-localize
with S in at least two subcellular compartments of adult
brain, cytosol and presynaptic terminals.

Discussion

In this study, we demonstrate a close association be-
tween the two principal proteins, parkin and aS, known to
cause inherited forms of PD. A pathophysiological link
between the two proteins is supported by several lines of
evidence. First, parkin epitopes are present by immuno-
histochemistry within classical LBs of sporadic PD, inher-
ited PD, and DLB at three distinct sites in the nervous
system. Second, the 53-kd mature parkin protein is de-
tected biochemically in affinity-isolated LBs from DLB
brain. And third, parkin shows tight intermolecular asso-
ciation with the principal LB constituent, aS, by both
FRET analysis and immunoelectron microscopy.

Recently, Huynh and colleagues® reported a lack of
parkin immunoreactivity in LBs. This discrepancy could
be explained by differences in the affinity and avidity of
the parkin antibodies, the degree of unmasking of parkin
antigens within the densely packed insoluble aS fibrils of
LBs, or conformational changes and posttranslational
modifications of neuronal parkin. For example, HP6A (to
amino acids 6 to 15) (Figure 1C and Figure 5B)?® and
HP5A (amino acids 4583 to 465) (Figure 7C) show robust
binding to human parkin isoforms on immunoblots but fail
to label LBs in brain sections (pretreatment with formic
acid did not change these results). HP2A (amino acids
342 to 353) and HP1A (amino acids 84 to 98) have similar
reactivities on Western blots (Figure 1C and Figure 5) and
by immunoprecipitation®® yet differ in their neuronal stain-
ing patterns in tissue sections: HP1A recognizes more
cytoplasmic parkin (as does HP7A), whereas HP2A is
more selective for LB-associated parkin (Figures 2, 3, 4,
and 6). Consistent with this selectivity of HP2A, in our
initial screen of human parkin epitopes the parkin-2 pep-
tide sequence (amino acids 342 to 353) achieved the
highest surface probability plot value among the five
peptides we chose for antibody production (Figure 1A)
(MGS and D Teplow, unpublished observation). Notably,
HP2A’s antigen is located within the in-between-RING
domain of parkin (Figure 1A) that is essential for the
recruitment of UbcH7.22:2427

Our results demonstrate that the three proteins, parkin,
UbcH7, and Ub, which have been found to interact func-
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Figure 7. Mutational analysis of parkin’s cleavage in HEK293 cells. A: Diagram of two —NAXGG- motifs (underlined) in the sequence of human parkin
(numbering according to Kitada et al®), and of cDNA constructs encoding parkin proteins, as indicated. B: PAGE and autoradiogram of in vitro-translated cDNA
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encoding wild-type and mutant parkin proteins, as indicated. Note, generation of the 42-kd C-terminal parkin fragment was not abolished in parkin mutants, as
detected by anti-parkin HP5A. Identical results were obtained using anti-parkin HP2A. Asterisks in B and C denote nonspecific background bands.

tionally to ubiquitinate substrates in vivo and in
vitro,?%24:27:28 g|| |ocalize predominantly to the core of
brainstem LBs by immunohistochemistry (Figure 2).%
This observation supports our hypothesis of an initiating
role for parkin (together with its binding partners and
substrates) in the formation of LBs. Such a function would
be lost in autosomal recessive PD brains that lack de-
tectable parkin proteins'®?® but would proceed in auto-
somal dominant, aS-linked PD (Figure 3). We speculate
that in parkin-linked PD cases with detectable mutant
parkin proteins,?' eg, patient Pw3, residual parkin func-
tion still promotes inclusion formation (Figure 4) but is
inefficient in Ub ligation®' and in maintaining dopaminer-
gic neuronal integrity. In this regard, an inclusion-promot-
ing role for another neuronal E3 Ub ligase, E6-AP, was
recently demonstrated in vivo using a mouse model of the
progressive neurodegenerative disorder, spinocerebellar
ataxia, type-1.%% Alternatively, parkin’s role in LB forma-
tion could be merely that of an E3 ligase that ubiquitinates
already aggregated proteins, as shown in an inclusion
body model of HEK293 cells that co-express aS and
synphilin-1.2" However, the absence of any detection of

aS aggregates in fully parkin-deficient PD brains to date
suggests a primary role for parkin in LB formation.

Our experiments identify the physiological co-localiza-
tion of a small pool of parkin with UbcH7 and aS in
cytosolic and presynaptic terminals of normal adult brain.
These data are consistent with parkin’s detection at syn-
aptic vesicle membranes by immunoelectron micros-
copy.®' The localization of two mainly soluble proteins,
parkin and UbcH7, to presynaptic elements (Figure 8, a
and e) may be mediated by lipid modification®® or by
association with integral membrane or membrane-bound
proteins. One candidate binding partner is CDC-rell, a
syntaxin-interacting protein®® that was shown to associ-
ate with human parkin in HEK293 cells.?® The abundance
of parkin in postsynaptic fractions of adult rat brain (Fig-
ure 8a) suggests that binding partners (including Ub-
conjugating enzymes other than UbcH7) and substrates
also exist at this site. In accord, parkin’s C-terminus has
recently been found to associate in rat brain with CASK,
a postsynaptic protein in the NMDA receptor-signaling
complex.®” The dual distribution of parkin within both
axonal (presynaptic) and dendritic (postsynaptic) com-
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Figure 8. a—e: Subcellular fractionation of adult rat brain generated total
homogenate (HO), cytosol (CY), crude synaptosomes (CS), purified synap-
tosomes (PS), crude (TS) and purified (PRE) presynaptic terminal fractions,
crude (TP), and purified (PSD) postsynaptic terminal fractions. Sixteen ug of
each sample were loaded for PAGE. Western blots were probed with anti-
bodies to parkin (HP2A, a), synaptophysin (b), aS (syn-1, ¢), PSD-95 (d),
and UbcH7 (e). Lysates of HEK293 cells (293) expressing both mycParkin
and untagged aS (a—d) or of Jurkat cells expressing UbcH7 (e) were ana-
lyzed in parallel. Note, that parkin, @S, and UbcH7 are present in the highly
purified (PSD-95-negative) presynaptic fraction, PRE (vertical arrow).

partments can also be observed in rat hippocampal neu-
rons transfected with pmyc~parkin cDNA (MGS and TO,
unpublished data).

The apparent cleavage of a subset of mature parkin
proteins just after their Ub-like domain (Figures 1 and 5)
led us to examine whether parkin’s released N-terminal
fragment was able to covalently modify protein sub-
strates, analogous to classical type-1 Ub-like proteins
(eg, Ub, SUMO-1),%° and thus contribute to LB formation.
However, our mutational analysis of mycParkin in
HEK?293 cells (Figure 7C) and the absence of any detect-
able conjugation of other proteins in nonneural cell cul-
tures by the expression of Ubl,_g, or Ubl,_g5 parkin fusion
proteins (MGS and MM, unpublished data) suggest that
parkin’s N-terminus acts in accordance with type-2 Ub-
like domains (eg, Rad23, elongin B).*° As such, its role
would mainly involve protein-protein interaction, as has
been recently demonstrated in in vitro experiments with
heterologous parkin proteins.®:°8

In summary, our data identify parkin as the second
protein that is both genetically linked to the PD phenotype
in several pedigrees®#2"%9 and a constituent of its hall-
mark neuronal inclusions. This finding is consistent with
our recent demonstration that an O-glycosylated form of
aS, aSp22, is a substrate for parkin’s Ub ligase activity
from human brain and that this interaction is absent in
autosomal-recessive PD brains that lack detectable par-
kin proteins.?® Intriguingly, we describe here a small
amount of an ~22-kd anti-aS-reactive protein in affinity-
isolated LBs (Figure 5B). Generation of glycosylation-
specific antibodies to aS that do not react with the nas-
cent 16-kd isoform may determine whether the interaction
of parkin and aSp22 helps promote LB formation in human
brain and constitutes a common biochemical pathway in
PD and related synucleinopathies. Our results do not pre-
clude an association of parkin with other cellular elements
that help mediate its interaction with oS, eg, CDCrel-1,2°
synphilin-1,2"€° lipid molecules,*'®" or actin filaments,®?
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because functional E3 Ub ligase activity in vivo frequently
requires one or more adaptor molecules.®®
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