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sp0020 Mutations in SNCA, PINK1, parkin, andDJ-1 are associated with autosomal-
dominant or autosomal-recessive forms of Parkinson’s disease (PD), the second
most common neurodegenerative disorder. Studies on the structural and func-
tional properties of the corresponding gene products have provided significant
insights into the molecular underpinnings of familial PD and the much more
common sporadic forms of the disease. Here, we review recent advances in our
understanding of four PD-related gene products: a-synuclein, parkin, PINK1,
and DJ-1. In Part 1, we review new insights into the role of a-synuclein in PD.
In Part 2, we summarize the latest developments in understanding the role of
mitochondrial dysfunction in PD, emphasizing the role of the PINK1/parkin
pathway in regulating mitochondrial dynamics and mitophagy. The role ofDJ-1
is also discussed. In Part 3, we point out converging pathways and future
directions.

s0005 I. Introduction

p0005 Parkinson’s disease (PD) is a neurodegenerative disorder manifested by
resting tremor, bradykinesia (slowness of movement), rigidity, and postural
instability.1–3 Some of these symptoms are attributed in large part to a loss of
dopaminergic neurons in the substantia nigra of the midbrain. A defining
neuropathological feature of PD brain is the presence in some surviving
neurons of Lewy bodies, which are cytosolic inclusions enriched with fibrillar
forms of the presynaptic protein a-synuclein (aSyn), encoded by the SNCA
gene (also known as PARK1).4,5 Autosomal-dominant mutations in SNCA have
been discovered in patients with early onset familial PD,6–10 and evidence
suggests that these mutations promote aSyn aggregation. Thus, these neuro-
pathological and genetic data suggest that aSyn aggregation is involved in PD
pathogenesis.

p0010 A second characteristic feature of PD pathogenesis is an impairment of
mitochondrial function. Biochemical studies have revealed a defect of mito-
chondrial complex I in the postmortem brains of PD patients.11,12 The decrease
in complex I activity is predicted to cause an accumulation of reactive oxygen
species (ROS) that damage proteins, lipids, and DNA.13,14 Dopaminergic neur-
ons in the substantia nigra are hypothesized to be particularly susceptible to a
buildup of ROS because they have high levels of oxidative stress (even under
basal conditions) resulting from dopamine metabolism and auto-oxidation.13,15
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Additional evidence that mitochondrial deficits play a role in PD stems from
the observation that three proteins mutated in autosomal-recessive early onset
PD (DJ-1, Parkin, PINK1) regulate mitochondrial functions.16–19

p0015 In Part 1 of this chapter, we provide an overview of current knowledge
relating to the role of aSyn aggregation in PD. Questions that are addressed
include (i) Which species are formed on the aSyn self-assembly pathway? (ii)
Which of these species are responsible for neurotoxicity? (iii) How is aSyn
aggregation modulated by cellular perturbations such as oxidative stress and
membrane binding? (iv) How are aSyn aggregation and toxicity impacted by
antioxidants and molecular chaperones? In Part 2, we review molecular
mechanisms by which mitochondrial dysfunction elicits cellular defects in
PD, with an emphasis on cellular pathways relating to PINK1, parkin, and
DJ-1. Questions addressed include (i) What is the evidence that PINK1 and
parkin function in a common pathway to regulate mitochondrial integrity? (ii)
What are cytoplasmic substrates for PINK1 and Parkin that mediate their
neuroprotective functions? (iii) How do PINK1 and Parkin identify damaged
mitochondria and mediate their removal? (iv) What is the relationship between
DJ-1 and the PINK1/parkin pathway? In Part 3, we highlight recent findings
suggesting that aSyn aggregation and mitochondrial dysfunction act as ‘‘co-
conspirators’’ to trigger dopaminergic cell death in PD. We conclude by raising
key questions that need to be answered to better understand how aSyn
aggregation and mitochondrial dysfunction contribute to PD pathogenesis,
and we suggest potential strategies to target these two toxic phenomena in
patients.

s0010 II. Role of aSyn Aggregation in PD

s0015 A. Physiological Role of aSyn
p0020 aSyn is a member of the ‘‘synuclein’’ family that also includes b-synuclein

(bSyn) and g-synuclein (gSyn).20 aSyn is expressed as multiple isoforms span-
ning 98-, 112-, 126-, and 140-amino acid residues as a result of alternative pre-
mRNA splicing.21 The 140-residue (14-kDa) isoform has been characterized
much more extensively than the other splice variants.

p0025 The sequence of the 14-kDa isoform of aSyn can be subdivided into three
domains: (i) an N-terminal domain (residues 1–67), encompassing six repeats
of the highly conserved hexamer sequence ‘‘KTK(E/Q)GV’’; (ii) a central
domain (residues 61–95; also referred to as the ‘‘non-Ab component of AD
amyloid’’ (NAC) domain), characterized by a high content of hydrophobic
residues; and (iii) a C-terminal domain (residues 96–140), characterized by a
high content of proline, aspartate, and glutamate residues. Analysis of aqueous
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solutions of aSyn by circular dichroism (CD) or nuclear magnetic resonance
(NMR) reveals a lack of stable secondary structure, and under these conditions
the protein is referred to as ‘‘natively unfolded.’’22,23 The N-terminal lysine-rich
repeats are similar to lipid-binding motifs in amphipathic helical domains of
exchangeable apolipoproteins, suggesting that the normal function of aSyn
involves binding to phospholipid membranes.24 Consistent with this idea, the
N-terminal repeat region of aSyn binds anionic phospholipid vesicles and adopts
an amphipathic a-helical structure as a result of its interaction with the mem-
brane.24–31 In addition, aSyn is thought to play a role in regulating neurotrans-
mission via interactions with synaptic vesicles32–38 or by regulating the SNARE
complex assembly.39 Data recently reported by Selkoe and colleagues40 suggest
that aSyn exists as an a-helical tetramer that remains intact when purified
from mouse cortex or mammalian cell lines under nondenaturing conditions.
A subsequent study showed that aSyn with an N-terminal 10-residue leader
sequence derived fromGSTcan be purified from a bacterial expression system as
an apparent tetramer with some degree of helical structure.41 These intriguing
findings (currently being validated by other groups) raise the possibility that the
a-helical structure of aSyn can be stabilized by contacts between neighboring
subunits in an aSyn oligomer, and not just by interactions with phospholipid
membranes.

s0020 B. Effects of Familial Mutations on aSyn Self-assembly
p0030 Two types of aSyn gene mutations have been identified in patients with

early onset familial PD: (i) substitution mutations encoding the aSyn variants
A30P, E46K, and A53T (Fig. 1)6–8; and (ii) mutations that increase the copy
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FIG. 1.f0005 Amino acid sequence of a-Syn in one-letter code. The lysine-rich repeats are enclosed
in rectangular boxes. The diagram highlights the three substitutions associated with familial PD
(A30P, E46K, and A53T) and posttranslational modifications identified in postmortem human
brain: serine phosphorylation, tyrosine nitration, tyrosine phosphorylation, and C-terminal trunca-
tion (represented by a boundary line between residues 119 and 120, one of the several proteolytic
cleavage sites in the C-terminal region42). (See color plate.)
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number of the wild-type gene, including a duplication and a triplication.9,10

The observation that Lewy bodies are enriched with fibrillar aSyn has led to the
hypothesis that aSyn gene mutations cause early onset PD by promoting the
formation of neurotoxic aggregates. In the case of the duplication and triplica-
tion mutants, the increased aSyn expression levels resulting from these muta-
tions would be expected to favor aggregation of the protein via mass action. To
address whether the three substitution mutations promote aSyn self-assembly,
a common strategy has been to monitor the aggregation of aSyn variants in cell-
free systems.

p0035 Upon prolonged incubation at 37 �C, recombinant wild-type and mutant
aSyn form fibrils with characteristic features of classic amyloid deposits, similar
to fibrillar aSyn isolated from Lewy bodies.43–47 aSyn fibrillization does not
occur as a simple two-step process, but rather involves the formation of pre-
fibrillar intermediates referred to as ‘‘protofibrils.’’48,49 The results of far-UV
CD, atomic force microscopy (AFM), and electron microscopy (EM) analyses
indicate that protofibrils consist of spheres, chains, and rings enriched with
b-sheet secondary structure.45,46,48–52 In addition, aSyn protofibrils are tran-
sient intermediates that accumulate to a maximum of�15% of the total protein
before being consumed by the formation of amyloid-like fibrils.45,46,52

p0040 A study by Lansbury and colleagues45 revealed that A53T formed fibrils
more rapidly than wild-type aSyn, whereas A30P formed fibrils less rapidly than
the wild-type protein. In contrast, A53Tand A30P both formed protofibrils more
rapidly than the wild-type protein.45 Similar results have been published by
other groups.53–55 These findings suggest that the neurotoxic effects of the
A30P and A53T substitutions result from enhanced protofibril formation rather
than accelerated fibrillization. Consistent with this idea, compounds that pro-
mote the conversion of aSyn from small aggregates to larger inclusions alleviate
the protein’s neurotoxicity in cellular and animal models relevant to PD.56

p0045 aSyn protofibrils, but not the monomeric or fibrillar protein, bind phos-
pholipid vesicles with high affinity50,57 and trigger membrane permeabiliza-
tion.50,51,58,59 Other groups have reported that oligomeric aSyn increases the
conductance across a phospholipid bilayer, although it is unclear whether this
effect involves the formation of pore-like structures.60,61 Additional evidence
suggests that oligomeric aSyn can perturb ion homeostasis by forming con-
ducting membrane channels in cells.62–64 These observations provide a ratio-
nale for why aSyn protofibrils may be toxic (perhaps even more so than the
fibrillar protein): namely, they may trigger dopaminergic cell death by permea-
bilizing lipid membranes, thus causing a disruption of ion gradients necessary
for neuronal homeostasis.48,50,58 A30P and A53T have a greater membrane
permeabilization activity per mole of protein than wild-type aSyn, and this
property may contribute to the enhanced neurotoxicity of these two familial
mutants (in addition to their increased propensity to form protofibrils).58
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p0050 Similar to A53T, E46K forms amyloid-like fibrils more rapidly than wild-
type aSyn.54,65,66 However, in contrast to A30P and A53T, E46K does not
have an enhanced propensity to form protofibrils, and protofibrillar E46K
exhibits a decreased specific membrane permeabilization activity.66 One way
to interpret these findings is to infer that E46K elicits neurotoxicity via a
mechanism that does not involve the formation of membrane-disrupting
protofibrils. Alternatively, if we presume that E46K conforms to the ‘‘toxic
protofibril hypothesis,’’ then cellular perturbations that are neglected in
current cell-free systems (e.g., posttranslational modifications) must increase
the ability of this variant to form protofibrils and/or permeabilize membranes
in vivo.

s0025 C. Modulation of aSyn Aggregation by Long-Range
Interactions

p0055 The solution structure of human wild-type aSyn has been characterized
extensively using NMR methods that combine measurements of paramagnetic
relaxation enhancement (PRE) and/or residual dipolar couplings (RDCs) with
ensemble molecular dynamics simulations.67–69 The results indicate that the
protein adopts an ensemble of conformations stabilized by long-range interac-
tions between the C-terminal region and the N-terminal and NAC domains. In
turn, the long-range interactions may result in inhibition of aSyn self-assembly
via an auto-inhibitory mechanism involving the ‘‘shielding’’ of hydrophobic
residues in the N-terminal and NAC regions by the C-terminal domain.55,67,68

In turn, one would predict that a loss of long-range interactions should lead to
an increased rate of fibrillization. Consistent with this model, C-terminally
truncated aSyn variants form fibrils more rapidly than the full-length pro-
tein.55,70–73 In addition, mouse aSyn, a variant with weaker long-range inter-
actions compared to those of the human wild-type protein,74 forms fibrils more
rapidly than human wild-type aSyn or A53T.46

p0060 On the basis of PRE and RDC data, Zweckstetter and colleagues75

reported that the A30P and A53T substitutions destabilize long-range interac-
tions between the C-terminal region and the hydrophobic NAC domain, and
they inferred that this perturbation might account for the enhanced ability of
the familial mutants to form oligomers compared to the wild-type protein. In
contrast, Eliezer and colleagues76 failed to observe a loss of long-range inter-
action in A30P and A53T, and in fact they found that C-to-N contacts were
stronger in E46K compared to wild-type aSyn. Accordingly, these investigators
concluded that parameters such as net charge or secondary structure propen-
sity are more important than the strength of long-range interactions in deter-
mining relative rates of self-assembly of wild-type and mutant aSyn.
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s0030 D. Posttranslational Modifications of aSyn in Diseased
Brains and Synucleinopathy Models

p0065 Various posttranslational modifications are associated with aggregated aSyn
in patients with synucleinopathy disorders. Examples of these modifications
include tyrosine nitration,77 phosphorylation of serine 129 (S129),42,78–80 ubi-
quitylation,42,81 and C-terminal truncations resulting from the removal of
approximately 20–40 residues (Fig. 1).42,72,73,82 In contrast, phosphorylation
of tyrosine 125 (Y125), was detected in the brains of aged, nondiseased indivi-
duals, but not in the brains of patients with dementia with Lewy bodies
(DLB).83

p0070 A number of posttranslational modifications of aSyn have been detected in
cellular and animal models relevant to PD and other synucleinopathy disor-
ders, including (i) oxidation of methionine residues 116 or 127 to methionine
sulfoxide (MetSO) or methionine sulfone84 ; (ii) nitration of tyrosine resi-
dues,85–88 including Y3989,90 in the N-terminal domain and Y125, Y133, and
Y136 in the C-terminal domain (Strathearn et al., unpublished observa-
tions)84,89; (iii) phosphorylation of S129 (Strathearn et al., unpublished obser-
vations)79,80,88,91–100; (iv) phosphorylation of Y12583,84; and (v) C-terminal
truncation resulting from the cleavage of approximately 20–40 resi-
dues.72,73,101,102 One group has reported the presence of aSyn isoforms phos-
phorylated on serine 87 (S87) in the brains of synucleinopathy patients or
transgenic mouse models of synucleinopathy disorders,103 although another
group failed to detect this modification in human patients or transgenic
mice.104

s0035 E. Effects of Posttranslational Modifications on aSyn
Self-assembly and Neurotoxicity

p0075 A central question driving research in the field of synucleinopathy disor-
ders is whether posttranslational modifications are a cause of enhanced aSyn
aggregation and neurotoxicity. To address this question, a number of studies
have been carried out in cell-free systems and cellular and animal models. The
key findings from these studies are summarized below.

s0040 1. aSYN OXIDATION

p0080 Data obtained from studies in cell-free systems indicate that aSyn oligomer
formation is promoted by H2O2 and Fe2þ or Cu2þ105,106 and by dityrosine
crosslink formation involving Y125 under conditions of oxidative stress.107–109

Modification of aSyn by metal-catalyzed oxidation110 or oxidation by the lipid
peroxidation product 4-hydroxy-2-nonenal111 results in inhibition of fibrilliza-
tion and a buildup of soluble oligomers. Another lipid peroxidation product,
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acrolein, also stimulates aSyn oligomer formation.112 Oxidized cholesterol
metabolites promote the self-assembly of recombinant aSyn to protofibrils
and fibrils, apparently via a mechanism involving noncovalent interactions.113

p0085 Oxidation of all four methionine residues of aSyn (M1, M5, M116, and
M127) to MetSO results in a nearly complete suppression of fibrillizaton at
neutral pH,114,115 and the degree of inhibition increases with the number of
oxidized methionine residues.116 The methionine-oxidized protein regains its
ability to form fibrils under conditions that favor neutralization of C-terminal
negative charges – notably, when incubated in the presence of various metal
ions (e.g., Ti3þ, Zn2þ, Al3þ, Pb2þ )117 or at low pH (pH ¼ 3).115 These
observations suggest that methionine oxidation interferes with aSyn fibrilliza-
tion by favoring repulsive intermolecular interactions and/or auto-inhibitory
long-range interactions involving the C-terminal domain.115 In contrast to the
inhibitory effect of MetSO on aSyn fibrillization, soluble oligomers are found to
accumulate in mixtures of methionine-oxidized and unoxidized aSyn114,116,118,119

or in pure solutions of the methionine-oxidized protein.115

s0045 2. aSYN–DA INTERACTIONS

p0090 A number of groups have shown that aSyn reacts with oxidized derivatives
of DA, including indole-5,6-quinone, 5,6-dihydroxyindole, and dihydroxyphe-
nylacetic acid (DOPAC), and aSyn loses the ability to form amyloid-like fibrils
and instead accumulates as soluble oligomers.118,120–125 Data from other stud-
ies suggest that DA oxidation products stimulate aSyn oligomer formation and
block fibril formation, and destabilize preformed fibrils by interacting with the
protein noncovalently.122,123,126–128 DAmay also promote aSyn oligomerization
and inhibit aSyn fibrillization via oxidation of the protein’s four methionine
residues to MetSO (see above).129 Some aSyn oligomers formed in the pres-
ence of DA appear similar to protofibrils on the basis of their size and mor-
phology determined by AFM or EM120,127 or their elution behavior during gel
filtration or SDS-PAGE,49,50,118,121,130 whereas others are smaller cross-linked
multimers that lack a stable secondary structure.49,118,120,121,124,125,130,131 The
results of molecular modeling studies involving docking of DA into aSyn
conformations determined by solution NMR suggested that DA interacts
with two sites on the protein: (i) the peptide sequence 125-YEMPS-129, via
hydrophobic interactions; and (ii) residue E83, via electrostatic interactions.132

Consistent with these binding sites, the 125-YEMPS-129 segment was previ-
ously shown to play an important role in DA-mediated suppression of aSyn
fibrillization via a noncovalent mechanism,123,127 and an aSyn mutant in which
E83 was replaced with alanine (E83A) was found to be resistant to the inhibi-
tory effects of DA on aSyn fibril formation.132
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p0095 In support of the above findings from studies in cell-free systems, Ischiropou-
los and colleagues133 showed that inclusion formation by aSyn A53T is suppressed
in a neuroblastoma cell line engineered to produce high levels of intracellular DA
via TH overexpression. The inhibitory effect of DA on aSyn aggregation in cell
culture was dependent on the presence of the 125-YEMPS-129 segment.123

Moreover, detergent-insoluble aSyn aggregates and soluble aSyn oligomers
were found to be less abundant and more abundant (respectively) in nigral tissue
compared to cortical tissue isolated from aSyn transgenic mice.123 From these
results, the authors inferred that (i) aSyn oligomers formed in the presence of DA
are nontoxic, and (ii) a loss of DA in the substantia nigra may enhance aSyn
neurotoxicity in this region by promoting the protein’s conversion to amyloid-like
fibrils. The degree to which this model relates to the pathogenesis of human PD is
unclear, however, given that increased levels of aSyn expression are associated
with increased dopaminergic cell death in the substantia nigra in the brains of
patients9,10 but not in the brains of aSyn transgenic mice.133 In addition, multiple
lines of evidence suggest that interactions among cytosolic DA, aSyn, and Ca2þ

ions contribute to preferential dopaminergic cell death in PD.134–136 Nevertheless,
the apparent lack of dopaminergic cell death in response to a buildup of aSyn
oligomers in the substantia nigra of transgenic mice is an important observation
because it suggests that some aSyn assemblies formed in the presence of DA are
not intrinsically toxic. Alternatively, a set of conditions in the substantia nigra of
aSyn transgenic mice may prevent dopaminergic cell death which would normally
be triggered by toxic aSyn oligomers (and thus identification of these conditions
might reveal new strategies for treating PD).

s0050 3. aSYN NITRATION

p0100 In the presence of peroxynitrite, aSyn undergoes dimerization as a result of
O,O’-dityosine Au1formation or nitration at one or more tyrosine residues.107,108,127

Nitrated aSyn has an increased propensity to form soluble oligomers but a
decreased ability to form amyloid-like fibrils.137,138 Moreover, nitrated aSyn
oligomers (but not nitrated monomers or dimers) suppress fibrillization of the
unmodified protein.138,139 To address whether nitration plays a role in aSyn
neurotoxicity, He and colleagues140 generated a fully nitrated variant of
aSyn112 which was fused to the TAT signal peptide to enable transport across
cell membranes. Nitrated TAT–aSyn112 was found to elicit greater dopami-
nergic cell death and more pronounced motor deficits compared to the
corresponding non-nitrated fusion protein after unilateral infusion into rat
substantia nigra, suggesting that nitrated aSyn112 is more toxic than the
unmodified protein. Although these findings revealed important new insights,
they also raised questions about whether the toxicity of the nitrated fusion
protein was affected by (i) the presence of the TAT peptide, which may perturb
the subcellular distribution of its aSyn ‘‘cargo’’ compared to that of the unfused
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protein141,142; and (ii) molecular properties of aSyn112 that are distinct from
those of aSyn140. One way to address these issues would be to test the effects
of ablating one or more nitration sites via site-directed mutagenesis on the
neurotoxicity of aSyn140 expressed in a cell-culture model. Recently, we found
that an aSyn140 variant in which Y39, Y125, and Y133 were replaced with
phenylalanine (‘‘3YF’’) was substantially less toxic than the wild-type protein in
a primary midbrain culture model, suggesting that one or more of the above
tyrosine residues plays a role in dopaminergic cell death (Strathearn and
Rochet, unpublished observations). A limitation of this approach is that one
cannot be certain whether the reduced toxicity of the mutant protein results
from the disruption of nitration, dityrosine formation (see above), or tyrosine
phosphorylation (see below).

s0055 4. SERINE PHOSPHORYLATION

p0105 In an early study, Iwatsubo and colleagues78 found that recombinant
human aSyn phosphorylated by casein kinase 2 (CK2), an enzyme that phos-
phorylates aSyn at S129 and to a lesser degree S87,143 formed amyloid-like
fibrils more rapidly than the unphosphorylated protein. In contrast, a detailed
biochemical analysis of aSyn phosphorylated uniquely at S129 (aSyn-pS129),
formed by treating the S87A mutant with CK1, revealed that S129 phosphory-
lation disrupted long-range interactions in the natively unfolded monomer and
interfered with the protein’s ability to undergo oligomerization or fibrilliza-
tion.144 It is unclear why serine phosphorylation was found to affect the rate of
aSyn fibrillization differently in the two studies, although even small differ-
ences in the experimental conditions can have pronounced effects on the
kinetics of aSyn self-assembly.145 Importantly, aSyn mutants in which S129
was replaced with aspartate (S129D) or glutamate (S129E) differed substan-
tially from aSyn-pS129 in terms of their conformations in solution and fibrilli-
zation rates (S129D and S129E had unperturbed long-range interactions and a
similar ability to form fibrils as wild-type aSyn).144 These findings suggest that
the S129D and S129E substitutions are poor mimics of S129 phosphorylation,
at least in the context of the purified recombinant protein.

p0110 Considerable research efforts have focused on elucidating how S129 phos-
phorylation affects aSyn aggregation and neurotoxicity in animal models of
synucleinopathy disorders. One approach has been to investigate the impact of
replacing S129 with (i) alanine, which cannot be phosphorylated; or (ii) aspar-
tate, which may serve as an in vivo phosphoserine mimic. In one study, Chen
and Feany93 showed that the S129A mutant had a greater propensity to form
inclusions but a reduced ability to trigger dopaminergic cell death than wild-
type aSyn in a transgenicDrosophilamodel. In contrast, flies expressing S129D
exhibited more pronounced neurodegeneration than flies expressing the wild-
type protein. Contrary to these results, two groups reported that S129A and
S129D exhibited increased and decreased neurotoxicity (respectively)
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compared to wild-type aSyn when expressed from a recombinant adeno-
associated virus (rAAV) vector injected in rat substantia nigra.146,147 In one of
these studies, S129A was also shown to produce more abundant amyloid-like
(thioflavin S-positive) nigral inclusions than wild-type aSyn or S129D.147

A third group reported that wild-type aSyn, S129A, and S129D were essentially
indistinguishable in terms of their neurotoxic effects in a rat rAAV model (the
outcomes of this rAAV study may have differed from those of the other two
outlined above because of differences in experimental conditions—e.g., rAAV
serotype, rat strain, and duration of study).148

p0115 Together, these findings indicate that S129 substitutions have opposite
effects on aSyn neurotoxicity in transgenic Drosophila versus rAAV-infected
rats: the rank order of toxicities is S129D>wild-type aSyn>S129A in flies,
whereas it is S129A>wild-type aSyn>S129D in rats. Because the S129A mutant
has an increased propensity to form amyloid-like fibrils compared to wild-type
aSyn in cell-free systems,144 it is not a reliable variant to determine the con-
sequences of ablating S129 phosphorylation on aSyn neurotoxicity (in order to
serve as a meaningful negative control, such a variant should have the same
fibrillization propensity as the wild-type protein). It is unclear why the expression
of S129D had opposite effects in rats versus flies. As one possibility, interactions
between the human and rat proteins may modulate aSyn neurotoxicity in the rat
rAAVmodel, whereas these interspecies effects are absent inDrosophila because
flies do not express an endogenous aSyn homolog.46,147 It should also be noted
that S129D (or S129E) may not faithfully reproduce the conformational proper-
ties or aggregation behavior of aSyn-pS129 in vivo, which is a limitation that has
been demonstrated in cell-free systems (see above).144

p0120 Kinases potentially involved in phosphorylating aSyn at S129 include
casein kinase 2,95,97,98,104,143,149–151 G-protein coupled receptor kinases
2 and 5 (GRK2, GRK5),152,153 and polo-like kinases (PLKs),151,154,155 where-
as aSyn-pS129 dephosphorylation is mediated by phosphoprotein phospha-
tase 2A (PP2A).156 Experiments designed to modulate the activity or
expression level of these enzymes may provide insight into the impact of
S129 phosphorylation on aSyn aggregation or neurotoxicity. In one study,
Chen and Feany93 reported that the neurotoxicity of wild-type aSyn was
enhanced upon coexpression of GRK2 in their transgenic fly model. In
another study, expression of PLK2 was found to mitigate aSyn-mediated
dopaminergic cell death in a Caenorhabditis elegansmodel and in rat primary
midbrain cultures.157 A third study revealed that activation of PP2A with
eicosanoyl-5-hydroxytryptamide, an inhibitor of PP2A demethylation, inter-
fered with S129 phosphorylation, aSyn aggregation, dendritic degeneration,
glial activation, and motor dysfunction in aSyn transgenic mice.156 A caveat in
interpreting the results of these three studies is that modulation of kinase or
phosphatase activity may affect aSyn aggregation or neurotoxicity via
mechanisms independent of S129 phosphorylation.
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p0125 Finally, aSyn-pS87 was recently shown to have a decreased ability to form
oligomers or fibrils compared to wild-type aSyn.103 The S87D and S87E
variants had similar aggregation propensities as aSyn-pS87, suggesting that
aspartate and glutamate are better phosphoserine mimics at position 87 than
at position 129. Phosphorylation of S87 (but not S129) lowers the affinity of
aSyn for phospholipid membranes and alters the conformation of the
membrane-bound protein, suggesting that this modification may interfere
with the protein’s normal functions (e.g., modulation of neurotransmission).103

Kinases implicated in S87 phosphorylation include CK1103,143 and the dual-
specificity tyrosine-regulated kinase DYRK1A.158

s0060 5. TYROSINE PHOSPHORYLATION

p0130 An early study revealed that the nonreceptor tyrosine kinase p72syk sup-
pressed aSyn aggregation in a cell-free system by phosphorylating residues
Y125, Y133, and Y136 in the C-terminal tail.159 In contrast, phosphorylation of
Y125 alone by Lyn kinase had no effect on aSyn self-assembly. More recently,
Feany and colleagues83 reported that Y125F exhibited enhanced oligomeriza-
tion and neurotoxicity compared to wild-type aSyn in transgenic flies, whereas
coexpression of the tyrosine kinase shark (a Drosophila homolog of Syk) inter-
fered with the ability of wild-type aSyn and S129D to form oligomers or elicit
neurodegeneration in this model. The authors also showed that levels of aSyn-
pY125 were lower in postmortem brains from old versus young individuals or
from DLB patients versus age-matched controls. From these data, the authors
inferred that (i) phosphorylation of Y125 antagonizes suppresses the formation
of neurotoxic aSyn oligomers by antagonizing the pathologic effects of S129
phosphorylation; and (ii) a reduction in this protective effect of Y125 phosphor-
ylation in older individuals may contribute to the increased risk of PD with
aging. Our recent finding that the ‘‘3YF’’ mutant exhibits reduced neurotoxicity
compared to wild-type aSyn in primary midbrain cultures (Strathearn and
Rochet, unpublished observations) is inconsistent with the enhanced neuro-
toxicity of Y125F in transgenicDrosophila. The reasons for this discrepancy are
unclear but may relate to obvious differences between the two experimental
systems (e.g., presence of human and rat aSyn in midbrain cultures versus only
human aSyn in fly brain; mutation of Y125/Y133/Y136 in cell-culture model
versus mutation of just Y125 in Drosophila model).

s0065 6. C-TERMINAL TRUNCATION

p0135 Recombinant C-terminal truncation mutants spanning residues 1–110 or
1–120 of wild-type aSyn, similar to truncated aSyn variants identified in Lewy
bodies,42,72,73,82 undergo fibrillization and/or oligomerization more rapidly
than the full-length protein.47,55,70–73,160 In addition, substoichiometric levels
of the truncation mutants accelerate the aggregation of full-length aSyn, and
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this seeding effect is more pronounced in the case of truncated A53T than the
truncated wild-type protein (paired with full-length A53T and wild-type aSyn,
respectively).72,73 The stimulatory effect of C-terminal truncation on aSyn self-
assembly is thought to involve the disruption of auto-inhibitory long-range
interactions, a mechanism that may also account for the enhanced aggregation
of full-length aSyn upon binding of metal ions or polyamines to the negatively
charged C-terminal region of Au2.55,67,68

p0140 A question of central importance to the field is whether aSyn neurotoxicity is
enhanced as a result of C-terminal cleavage. In one study, Feany and colleagues161

showed that transgenicDrosophila expressing a truncationmutant of human aSyn
spanning residues 1–120 (aSyn1–120) underwent a more pronounced accumula-
tion of aSyn oligomers and inclusions and a more severe loss of dopaminergic
neurons than flies expressing the full-length protein. In another study, Spillantini
and colleagues162 showed that expression of aSyn1–120 in transgenic mice lacking
the endogenousmouse protein triggered the formation of fibrillar aSyn inclusions,
swelling of striatal neurites, loss of striatal dopamine, and motor deficits. Similarly,
expression of aSyn1–119 in a conditional transgenic mouse model induced a loss of
striatal dopamine and dopamine metabolites.163 Transgenic mice expressing
human aSyn1–130 exhibited more extensive dopaminergic cell death in the sub-
stantia nigra and more striking behavioral deficits than mice expressing the full-
length protein.164 Coexpression of full-length human aSyn and aSyn1–110 from
AAV vectors stereotactically injected into rat substantia nigra (each at a multiplicity
of infection below the toxic threshold determined for that virus alone) resulted in a
pronounced neurodegenerative phenotype.165 In contrast, stereotactic injection of
an AAV vector encoding A53T1–93, a product of matrix metalloproteinase-3
(MMP-3) cleavage, in rat substantia nigra resulted in a similar degree of neuro-
degeneration as injection of AAV encoding full-length A53T.102 Collectively, these
results imply that C-terminally cleaved aSyn isoforms generally elicit greater
neurotoxicity than full-length aSyn, and/or they may enhance the toxicity of the
full-length protein. However, the effects of truncation on aSyn-mediated neuro-
degeneration are likely to vary with the site of cleavage (e.g., residue 110, 120, or
130 versus residue 93) and the aSyn sequence context (e.g., wild-type versus A53T
sequence).

p0145 C-terminal truncation may enhance aSyn-mediated neurodegeneration by
promoting fibrillization (e.g., perhaps by disfavoring interactions with DA via
removal the 125-YEMPS-129 segment123,133) and/or the formation of poten-
tially toxic oligomers.160 If C-terminally cleaved aSyn variants are indeed more
toxic than the full-length protein, then one would infer that proteases respon-
sible for cleaving aSyn may be reasonable therapeutic targets for PD and other
synucleinopathy disorders. Several proteases are known to cleave aSyn in the
C-terminal region, including calpain,166–168 the 20S proteasome,73,160 cathep-
sin D,169 and MMP-3.102
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s0070 F. Effects of Phospholipids on aSyn Self-assembly
p0150 Because aSyn readily associates with cellular membranes, a high priority in

the field of synucleinopathy diseases is to understand how the protein’s inter-
actions with phospholipids affect its self-assembly behavior. In an important
study, Lee and colleagues170 showed that aSyn formed SDS-resistant oligomers
more rapidly in incubated membrane fractions versus cytosolic fractions of rat
brain homogenates via a mechanism dependent on oxidative stress. The forma-
tion of membrane-bound aSyn oligomers was stimulated by the addition of
cytosolic aSyn to membrane fractions, implying that the cytosolic protein was
recruited into membrane-bound assemblies. aSyn was also shown to readily
form oligomers in cells enriched with lipid droplets171 and to undergo accel-
erated oligomerization and fibrillization in the presence of long-chain polyun-
saturated fatty acids.172–174 In addition, aSyn fibril formation was stimulated in
the presence of anionic detergent micelles, phospholipid vesicles, or synapto-
somal membranes.175–178 aSyn self-assembly occurred readily in these systems
at a high protein–lipid ratio, whereas aggregation could be suppressed in the
presence of excess phospholipids.176,179

p0155 Upon interacting with phospholipid membranes, aSyn adopts a conforma-
tion in which the N-terminal repeat region is folded into an amphipathic
a-helical domain (either bent or extended) that binds the membrane surface,
whereas the C-terminal region is disordered and exposed to the aqueous envi-
ronment.24–29,31,176,180–184 We and others have hypothesized that aSyn aggrega-
tion may be stimulated by interactions among a-helical molecules bound to the
membrane surface.49,185–188 The underlying rationale is that neighboring aSyn
conformers may interact more readily in a two-dimensional space at the mem-
brane surface compared to the less geometrically constrained three-dimensional
space of the bulk solution.189,190 Consistent with this hypothesis, we showed that
aSyn formed clusters upon binding to a supported lipid bilayer consisting of a
mixture of the anionic phospholipid phosphatidylglycerol (PG) and the zwitter-
ionic phospholipid phosphatidylcholine (PC).191–193 The ability of aSyn to form
membrane-bound clusters increased with increasing anionic lipid (PG) content
and/or protein concentration, and regions on the bilayer where aSyn was clus-
tered were also enriched in PG. From these data, we inferred that (i) aSyn
induces separation of phospholipids into regions enriched in anionic and zwit-
terionic lipids in order to neutralize charges on helical aSyn and/or relieve
unfavorable lipid–lipid interactions; and (ii) aSyn forms clusters associated
with regions enriched with anionic lipids on the membrane surface in order to
bury hydrophobic residues exposed when the protein adopts a helical structure.

p0160 An elegant series of NMR analyses by Bax and colleagues182,194 revealed that
vesicle-bound aSyn adopts multiple conformations in which the N-terminal
a-helical domain spans segments of different lengths along the polypeptide
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chain. Two prominent long-lived conformations—referred to as the ‘‘SL1’’ and
‘‘SL2’’ states—had immobilized, membrane-bound helical domains spanning
residues 1–25 and 1–97, respectively. Data reported by Beyer and colleagues195

suggested that aSyn initially binds the membrane in the SL1 state, which then
converts to the SL2 state via amechanism inwhich theN-terminal helical domain
spanning residues 1–25 nucleates the helical folding of the segment spanning
residues 26–100. Consistent with these findings, residues 2–11 (and in particular,
an aspartate residue at position 2) were found to play an important role in aSyn
membrane binding and toxicity in a yeast model.196 Because the SL1 state has a
more extensive disordered region (spanning residues 26–140, including the
hydrophobic NAC domain), this membrane-bound conformer should have a
higher propensity to engage in intermolecular contacts compatible with the
formation of b-sheet-rich, potentially toxic oligomers. The proportion of wild-
type aSyn molecules existing in the SL1 state increased with increasing protein/
lipid ratios,182 and all three familial PD mutants (A30P, E46K, and A53T)
populated the SL1 conformation to a greater extent than the wild-type protein.194

p0165 From these observations, we propose a model in which membranes enriched
with anionic phospholipids promote the formation of neurotoxic aSyn oligomers.
An initial step in this process involves the clustering of neighboring aSyn
molecules via helix–helix contacts in membrane domains enriched with anionic
phospholipids. Next, nonhelical segments of clustered aSyn molecules (particu-
larly SL1 conformers) interact to form assemblies with increased b-sheet content
and stability. Environmental perturbations may trigger aSyn self-assembly at the
membrane surface by intervening at various stages of the pathway outlined
above. For example, an increase in relative levels of anionic phospholipids in
the brains of PD patients197 may promote the clustering of membrane-bound
helical conformers during the early stages of self-assembly.191 Nitration of the
C-terminal tyrosine residues (Y125, Y133, and Y136), which was recently shown
to lower the affinity of aSyn for phospholipid vesicles via an allosteric mecha-
nism,198 could potentially promote the formation of membrane-bound aSyn
oligomers by increasing the proportion of aSyn molecules in the SL1 state,194

or by increasing the lifetime of this conformation.195 Interactions between non-
helical segments of membrane-bound aSyn may be favored by the presence of
Ca2þ ions, which promote interactions of the C-terminal tail with the bilayer and
induce an increase in overall b-sheet content.199 The aggregation of membrane-
associated aSyn may also be triggered by C-terminal truncation, based on
evidence that the three familial mutants (and to a lesser extent the wild-type
protein) undergo accelerated oligomerization when incubated in the presence of
liposomes and the 20S proteasome, but not either agent alone.160 Finally,
strategies to interfere with the clustering of helical membrane-bound aSyn
conformers or subsequent interactions between nonhelical segments may
prove beneficial for the treatment of PD and other synucleinopathy disorders.
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s0075 G. Characterization of aSyn Fibrillar Structure
p0170 The structural properties of aSyn amyloid-like fibrils were closely examined

using various biophysical methods, including electron paramagnetic resonance
spectroscopy,200,201 hydrogen exchange-mass spectrometry,202 and solid-state
NMR (SS-NMR).203–205 These studies revealed that fibrillar aSyn consists of a
structured core domain encompassing residues �30–110, flanked by an
N-terminal, conformationally heterogeneous region and a C-terminal disor-
dered region. The core region of fibrillar aSyn comprises five b-strands
arranged as strand–loop–strand motifs that project along the fibril axis.200–204

This arrangement yields a five-layered structure in which each layer is com-
posed of an extended b-sheet with parallel, in-register strands. The five-layered
structure constitutes a protofilament, and two protofilaments are aligned in a
straight or twisted fashion to form a fibril.204 Data obtained from a recent
SS-NMR study suggested that the core region of fibrillar aSyn adopts a different
structure consisting of two repeats of a motif encompassing a long b-strand
followed by two shorter b-strands (Fig. 2).205 Together, these structural insights
may have a profound impact on drug discovery efforts by stimulating the design
of aSyn fibrillization inhibitors using structure-based methods.206–208

s0080 H. Structure-Based Approaches to Assess Relative
Toxicities of aSyn Oligomers and Fibrils

p0175 A central problem in the field of PD and other synucleinopathy disorders is
whether aSyn neurotoxicity is mediated by prefibrillar intermediates (oligo-
mers, protofibrils) or mature amyloid-like fibrils. To address this question, two
groups have used the innovative approach of characterizing the neurotoxic
properties of aSyn variants with a high propensity to form oligomers or proto-
fibrils but not fibrils.209,210 In both cases, the aSyn variants were designed using a
rational approach based on the structure of fibrillar aSyn described above. In
one study, the engineered aSyn mutants A56P and A30P/A56P/A76P (‘‘TP’’)
were found to undergo less rapid fibrillization than wild-type aSyn, and SS-NMR
analysis of fibrils formed by the mutant proteins revealed a decrease in b-sheet
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FIG. 2.f0010 Structural model of fibrillar a-Syn determined from a recent solid-state NMR study.
The core domain spans residues 38–96 and consists of two repeats of a b-sheet motif encompassing
one long strand followed by two shorter strands. The three familial substitutions (A30P, E46K, and
A53T) are shown in a larger font size. This figure (adapted from Ref. 205) was generously provided
by Dr. Chad Rienstra (University of Illinois-Urbana/Champaign).
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content.209 In addition, both proline variants (and especially the ‘‘TP’’ mutant)
had an enhanced propensity to accumulate as oligomers in a cell-free system and
exhibited increased neurotoxicity compared to wild-type aSyn when expressed in
primary cell cultures, C. elegans, or Drosophila. In the second study, the aSyn
variants E35K and E57K, designed on the basis of the rationale that these
substitutions might disrupt salt bridges involved in stabilizing b-sheet structure
in fibrillar aSyn, were found to have a decreased propensity to form amyloid-like
fibrils but an increased ability to form oligomers, including ring-like struc-
tures.210 Strikingly, E35K and E57K exhibited enhanced neurotoxicity compared
to wild-type aSyn and A53T when expressed from a lentiviral construct in rat
substantia nigra, and both variants formed SDS-resistant oligomers (particularly
trimers) which were detected by immunoblot analysis of membrane fractions
from rat midbrain homogenates. In contrast, an engineered aSyn mutant span-
ning residues 30–110 with an enhanced fibrillization propensity exhibited sub-
stantially reduced neurotoxicity in the rat lentiviral model.210 Collectively, these
findings support the hypothesis that aSyn oligomers, rather than amyloid-like
fibrils, are the major aSyn species involved in neurodegeneration in PD.

s0085 I. A Role for Cell-to-Cell Transmission of aSyn in
PD Pathogenesis

p0180 Emerging evidence over the past 5 years has led to the intriguing hypothe-
sis that the spread of neuropathology in PD involves cell-to-cell transmission of
aSyn.211 A number of groups have shown that monomeric and oligomeric
forms of aSyn are secreted into the conditioned media of mammalian cell
cultures, apparently via a nonclassical mechanism that depends on the pres-
ence of intracellular Ca2þ and involves the release of exosomes derived from
multivesicular bodies.212–217 aSyn secretion is stimulated by various cellular
stresses, including proteasomal inhibition and lysosomal impairment, and se-
creted aSyn has higher levels of oxidative damage than the intracellular pro-
tein.214,215 Oligomeric aSyn is internalized by mammalian cells via an endocytic
mechanism and eliminated from recipient cells via lysosomal clearance path-
ways.218 Additional studies have revealed that aSyn is transmitted between
cells in culture or from host neurons to engrafted neuronal cells in aSyn
transgenic mice, resulting in inclusion formation and activation of apoptosis
in recipient cells.216,217,219 These findings are important because they suggest
that cell-to-cell transmission of aSyn may contribute to the spread of neuropa-
thology in PD described by Braak and colleagues.220 Moreover, the activation
of astrocytes or microglia by extracellular aSyn (via mechanisms involving
receptor binding and/or internalization) may contribute to neuroinflammatory
pathways characteristic of the disease.221–225
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s0090 J. Cellular Mechanisms to Suppress aSyn Aggregation
and Neurotoxicity

p0185 Various cellular mechanisms are in place to inhibit the accumulation of
neurotoxic, aggregated forms of aSyn. Examples of proteins involved in these
‘‘surveillance’’ mechanisms include antioxidant proteins, molecular chaper-
ones, and proteins involved in cellular clearance mechanisms (Fig. 3). Each
of these types of proteins is reviewed in greater detail below.

s0095 1. UPREGULATION OF ANTIOXIDANT RESPONSES

p0190 Evidence that oxidative stress favors the formation of potentially toxic aSyn
aggregates has prompted the hypothesis that aSyn-mediated neurodegenera-
tion may be alleviated by proteins with antioxidant activity.226,227 In support of
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FIG. 3.f0015 Model illustrating cellular phenomena that promote or inhibit a-Syn self-assembly. A
loss of mitochondrial function (e.g., impairment of complex I) or an increase in cytosolic dopamine
levels triggers a buildup of ROS in dopaminergic neurons. In turn, ROS and/or dopamine oxidation
products react with a-Syn, converting the protein to oxidized forms with a high propensity to
aggregate. a-Syn self-assembly is promoted under some conditions by binding of the protein to
phospholipid membranes. a-Syn aggregation and neurotoxicity may be mitigated by (i) cellular
clearance mechanisms, including the 26S proteasome and lysosomal autophagy; (ii) cellular antiox-
idant responses, including Nrf2-mediated transcription, resulting in increased glutathione (GSH)
synthesis, and MsrA-dependent repair of oxidized a-Syn; and (iii) molecular chaperones, including
Hsp70, Hsp27, aB-crystallin, and DJ-1. (See color plate.)
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this hypothesis, expression of the antioxidant repair enzyme methionine
sulfoxide reductase A (MsrA) was shown to inhibit aSyn aggregation and
neurotoxicity in cellular and animal models relevant to PD (Fig. 3).228,229

MsrA reduces the S-stereoisomer of MetSO, including protein-bound
MetSO, back to methionine. MsrA carries out its antioxidant function by (i)
repairing oxidatively damaged proteins, thereby helping to preserve their
activities; and (ii) depleting ROS by participating in cycles of methionine
oxidation and reduction.230,231 In one study, overexpression of bovine MsrA
was found to alleviate aSyn-mediated dopaminergic cell death and cause a
decrease in the abundance of aSyn oligomers in primary midbrain cul-
tures.229 In contrast, the ROS scavenger N-acetyl cysteine had a much less
pronounced inhibitory effect, suggesting that MsrA interferes with aSyn
aggregation and neurotoxicity by repairing oxidized aSyn rather than by
depleting free radicals. Consistent with this interpretation, MsrA was shown
to repair methionine-oxidized aSyn in a cell-free system.229 In another study,
coexpression of bovine MsrA was found to rescue dopaminergic cell death
and motor deficits induced by the expression of human aSyn in a transgenic
Drosophila model.228 A similar protective effect was observed when the flies
were fed S-methyl-L-cysteine (SMLC), a methionine analog that presumably
triggered ROS depletion by undergoing cycles of oxidation and reduction
catalyzed by endogenous MsrA in the fly brain.228

p0195 Collectively, these findings suggest that MsrA prevents a buildup of oxi-
dized aSyn isoforms that readily form toxic oligomers in PD models.228,229 The
neuroprotective effect of MsrA may involve direct repair of aSyn and/or ROS
scavenging (the relative importance of each of these mechanisms may vary
from one model to another). Cycles of oxidation and MsrA-catalyzed repair of
membrane-bound aSyn are likely to play an important role in suppressing the
oxidation of unsaturated membrane lipids.232 Because MsrA is abundant
throughout the brain including the substantia nigra,233 these observations imply
that the enzyme may be involved in protecting nigral dopaminergic neurons
against PD-related insults. If this is true, then the reported age-dependent
decrease in MsrA activity234 may contribute to the increased risk of PD with
aging.

p0200 The antioxidant enzyme Cu/Zn superoxide dismutase (SOD1) has also
been shown to alleviate dopaminergic cell death and motor deficits when
coexpressed in aSyn transgenic Drosophila.235 Moreover, activation of the
Nrf2/Keap1 signaling pathway, resulting in increased expression of genes
encoding enzymes involved in the cellular antioxidant response,236–238

rescues motor deficits and dopaminergic neuronal loss in aSyn-expressing
flies (Fig. 3).239 These observations further substantiate the idea that aSyn
neurotoxicity can be alleviated by the expression of proteins with antioxidant
activity.

Comp. by: SNijam Stage: Proof Chapter No.: 5 Title Name: PMBTS
Page Number: 19 Date:4/1/12 Time:19:33:36

B978-0-12-385883-2.00011-4, 00011

PMBTS, 978-0-12-385883-2

MOLECULAR INSIGHTS INTO PARKINSON’S DISEASE 19

To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter SPi. It is not allowed to publish this proof online or in
print. This proof copy is the copyright property of the publisher and is confidential until formal publication.



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

s0100 2. UPREGULATION OF CHAPERONE FUNCTION

p0205 Molecular chaperones contribute to protein quality control by facilitating
the refolding of misfolded polypeptides, interfering directly with protein ag-
gregation, or directing misfolded or aggregated polypeptides to cellular clear-
ance pathways (e.g., UPP, lysosomal autophagy).227,240 Heat shock proteins (e.
g., Hsp27, Hsp40, Hsp70, and Hsp90 in eukaryotes) are a major class of
chaperones upregulated in response to elevated temperatures and other stres-
ses that cause a buildup of misfolded polypeptides. Examples of molecular
chaperones that have been characterized in terms of their ability to suppress
aSyn aggregation or toxicity include Hsp70, Hsp27, aB-crystallin, and DJ-1
(Fig. 3).

s0105 3. HSP70

p0210 Hsp70 was found to inhibit aSyn fibril formation in cell-free systems via a
mechanism involving binding of the chaperone to various species on the aSyn
self-assembly pathway, including early oligomers and higher order protofi-
brils.241–243 The interaction of aSyn with Hsp70 led to the formation of soluble
amorphous aggregates that were devoid of permeabilizing activity or cytotoxic-
ity.241,242,244 Dobson and colleagues244 reported that Hsp70 and oligomeric
aSyn formed a more compact complex in the presence of ATP or ADP, yielding
toxic protofibrils that sequestered the chaperone via coaggregation. The stimu-
latory effects of nucleotides on aSyn protofibril formation and Hsp70 depletion
were abrogated by co-incubation with Hip (ST13), a co-chaperone that is
downregulated in PD patients,245 and siRNA-mediated knockdown of Hip
induced an Hsp70-dependent increase in aSyn-YFP inclusions in a transgenic
C. elegans model. In another study, stable b-sheet-rich aSyn oligomers were
found to inhibit Hsp70/Hsp40-mediated unfolding/refolding of protein
substrates, apparently via weak hydrophobic interactions with the Hsp40
co-chaperone.246 Together, these findings suggest that Hsp70-mediated sup-
pression of aSyn neurotoxicity involves a balance between productive and
nonproductive interactions among Hsp70, its co-chaperones, and various aSyn
intermediates, resulting in the conversion of aSyn into nontoxic aggregates or
in inhibition of the chaperone machinery, respectively.

p0215 Hsp70 has also been shown to modulate aSyn self-assembly and neurotox-
icity in cellular and animal models. Groundbreaking studies by Bonini and
colleagues247,248 revealed that Hsp70 overexpression or upregulation alleviated
aSyn neurotoxicity without altering the degree of inclusion formation in aSyn
transgenic flies, whereas inactivation of the constitutive Hsp70 isoform Hsc4
resulted in accelerated dopaminergic cell death in this model. These results
suggested that Hsp70 facilitates the conversion of aSyn to nontoxic aggregates in
the fly brain. Hsp70 expression was also shown to inhibit aSyn oligomerization
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and toxicity in H4 human neuroglioma cells249,250 and primary midbrain cul-
tures.251 Hsp70 was also found to suppress aSyn aggregation in the brains of
aSyn transgenic mice,249 although data from another study suggested that the
chaperone had no impact onmotor deficits or aSyn oligomerization in transgenic
mice expressing A53T aSyn.252 Finally, Hsp70 was recently shown to suppress
the accumulation of extracellular aSyn oligomers in the H4 neuroglioma cell-
culture model, potentially via a mechanism involving Hsp70 secretion.216 Col-
lectively, these data suggest that Hsp70 plays a major role in mitigating aSyn
aggregation and toxicity in synucleinopathy disorders.

s0110 4. aB-CRYSTALLIN AND HSP27

p0220 The small heat shock proteins aB-crystallin and Hsp27 are composed of
low molecular weight subunits assembled into large oligomeric complexes. aB-
crystallin was found to inhibit the fibrillization of recombinant aSyn via a
mechanism in which the chaperone binds prefibrillar forms of aSyn (e.g.,
partially folded monomeric species) and promotes their conversion to amor-
phous aggregates.253,254 A recent study revealed that aB-crystallin also inter-
acts with amyloid-like aSyn fibrils, thereby blocking their elongation and
promoting their dissociation to monomeric subunits.255 The inhibitory effect
of aB-crystallin on aSyn fibrillization is mimicked by peptides derived from the
conserved a-crystallin core domain256 and is augmented by phosphorylation of
the chaperone at three serine residues (S19, S45, and S59).257 Finally, evidence
suggests that aB-crystallin and Hsp27 attenuate aSyn aggregation and/or tox-
icity in various cell-culture models.258,259 These findings, together with neuro-
pathological data showing that aB-crystallin and Hsp27 are present in
synucleinopathy inclusions,259,260 suggest that both small heat shock proteins
may play a role in mitigating aSyn aggregation and toxicity in the brain.

s0115 5. DJ-1

p0225 Mutations in the gene encoding DJ-1 (PARK7) cause very rare autosomal-
recessive forms of PD.261–266 DJ-1 appears to function as a homodimer of �20-
kDa subunits, each of which has an a�b fold.267–271 The protein is a member of
the large DJ-1/PfpI superfamily and has orthologs in most organisms.272,273 Many
activities have been proposed for DJ-1 (outlined in greater detail in Part 2 of this
chapter), and there is currently no consensus on what its functions are.274,275

p0230 The crystal structure of human DJ-1 reveals the presence of a readily
oxidized cysteine residue (cysteine 106) located at the subunit interface, and
the protein exhibits a decrease in pI under conditions of oxidative stress due to
the conversion of cysteine 106 to the sulfinic acid.271,276,277 DJ-1 has a con-
served domain that is also shared by the heat shock protein Hsp31, and several
groups have observed that DJ-1 exhibits molecular chaperone activity in cell-
free systems.269,278–280 In one study, wild-type DJ-1, but not the familial mutant
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L166P, was found to suppress the fibrillization and heat-induced oligomerization
of aSyn.278 DJ-1 exhibited a markedly diminished chaperone activity with the
substrate citrate synthase after preincubation with the reductant dithiothreitol
(DTT) or as a result of replacing cysteine 53 with alanine, although the effects of
DTTreduction and C53 substitution on the ability of DJ-1 to suppress aSyn self-
assembly were not investigated. A study by Fink and Petsko279 revealed that
human wild-type DJ-1 inhibits aSyn fibrillization via a mechanism driven by the
‘‘2O’’ form of DJ-1, in which cysteine 106 is oxidized to the sulfinic acid. DJ-1
isoforms oxidized to a greater or lesser extent than the 2O form had a substan-
tially decreased ability to suppress aSyn fibril formation. Another group reported
that two mutant forms of DJ-1 associated with early onset PD, namely, M26I and
A104T, had a decreased ability to inhibit aSyn fibrillization than wild-type DJ-1,
and the chaperone activity of the wild-type and mutant proteins was augmented
by introducing a disulfide bond at the subunit interface.280

p0235 Collectively, these findings suggest that homodimeric DJ-1 in the ‘‘2O’’ state
suppresses aSyn fibrillization, and this activity may be at least partly responsible
for DJ-1-mediated neuroprotection. Presumably, DJ-1 must exist as a dimer to
carry out this redox-sensitive chaperone function because (i) a hydrophobic
patch that is predicted to interact with aSyn and other protein substrates is
located at the dimer interface,269 and (ii) an ‘‘active site’’ pocket that appears to
favor the oxidation of C106 to the sulfinic acid is lined with polar residues from
both subunits.270,271,276,281 The DJ-1 chaperone activity is expected to be dis-
rupted by primary structure alterations that destabilize the native dimeric struc-
ture, including mutations involved in early onset PD280,282–288 and oxidative
modifications associated with sporadic PD and aging.286,289,290 Surprisingly,
attempts to demonstrate a physical interaction between 2ODJ-1 andmonomeric
aSyn using a variety of biophysical approaches have been unsuccessful.279

However, DJ-1 may carry out its chaperone function by forming a complex
with oligomeric or protofibrillar aSyn (Hulleman and Rochet, unpublished
observations), similar to the mechanism proposed for Hsp70241,242 (see above).

p0240 Finally, we and others have reported that DJ-1 suppresses aSyn neurotox-
icity and aggregation by inducing an increase in Hsp70 expression in cell-
culture models.291–293 Recent evidence that DJ-1 promotes the folding of a
chaperone-dependent fluorescent biosensor in a human neuroblastoma cell
line294 is consistent with the idea that DJ-1 can enhance the function of other
chaperones, in addition to carrying out its own chaperone function.

s0120 6. UPREGULATION OF PROTEIN DEGRADATION

p0245 Cellular clearance systems play a key role in protein quality control by
ensuring the removal of misfolded or damaged polypeptides.227,240 Two clear-
ance systems have been extensively characterized in terms of their ability to
modulate intracellular aSyn levels: proteasomal degradation and lysosomal
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autophagy, including chaperone-mediated autophagy (CMA) and macroauto-
phagy. In general, aSyn overexpression results in inhibition of each of these
catabolic pathways. Conversely, upregulation of these pathways results in
enhanced aSyn degradation and thus suppression of aSyn aggregation (Fig. 3).

s0125 7. PROTEASOMAL DEGRADATION

p0250 A number of studies have revealed that aSyn accumulates in cells exposed
to proteasome inhibitors,295–298 suggesting that the proteasome plays an im-
portant role in aSyn clearance. More recently, the proteasome was shown to
preferentially degrade aSyn-pS129.98,299 Because polyubiquitylated aSyn spe-
cies were not detected in cells subjected to proteasome impairment, it was
inferred that aSyn degradation occurred via a ubiquitin-independent mecha-
nism in these models.296,299 Other groups have reported that aSyn levels are
not affected by interfering with proteasome function.300–302 A potential expla-
nation for these discrepancies is that soluble aSyn may be eliminated by the
proteasome, whereas aggregated aSyn may be degraded by macroautophagy,
and the distribution of the protein between soluble and aggregated forms may
vary in different cell-culture models.298 aSyn overexpression results in disrup-
tion of the UPP in various cell lines,301,303,304 and oligomeric aSyn interferes
with the enzymatic activity of the 26S proteasome.305–308 aSyn neurotoxicity
was found to be attenuated by overexpression of components of the UPP,
including (i) parkin, an E3 ubiquitin ligase (described in greater detail in Part
2 of this chapter) in mouse primary midbrain cultures301 and (ii) ubiquitin
variants compatible with the formation of lysine-48 linkages in a Drosophila
model.309

s0130 8. AUTOPHAGY

p0255 In a landmark paper, Cuervo and colleagues310 reported that aSyn is a
substrate for CMA in primary neurons and in a cell-free system containing
purified lysosomes. Consistent with these data, a later study revealed that aSyn
turnover was disrupted in mammalian cell lines and primary neuronal cultures
by introducing two amino acid substitutions (D98A and Q99A) that disrupt the
aSyn CMA recognition motif (95VKKDQ99) or via RNAi-mediated knockdown
of the lysosomal LAMP2A receptor, a central player in the CMA pathway.302

CMA has also been implicated in the removal of aSyn from the brains of
transgenic mice.311 The familial mutants A30P and A53T and dopamine-
modified wild-type aSyn have been shown to elicit CMA impairment, appar-
ently via interactions with the LAMP2A receptor that interfere with lysosomal
uptake and degradation of aSyn and other substrates.310,312,313 The inhibitory
effects of the mutant and dopamine-modified proteins on CMA may be related
to the high propensity of these variants to form prefibrillar oligomers.45,118
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p0260 Several lines of evidence suggest that aSyn is also a substrate for macro-
autophagy. The macroautophagy inhibitor 3-methyladenine induces aSyn
accumulation in dopaminergic PC12 cells and in cultured neurons.298,302

A recent in vivo study showed that macroautophagy plays an important role
in aSyn clearance when the protein is expressed at high levels in transgenic
mouse brain, whereas at lower expression levels (i.e., in nontransgenic animals)
the protein is eliminated primarily via proteasomal degradation.314 Data
obtained by the Rubinsztein group315 suggest that aSyn overexpression inhibits
macroautophagy by disrupting the formation of AP precursors termed ‘‘omega-
somes.’’ Another group reported that aSyn overexpression results in a buildup
of the AP marker protein LC3-II,316 suggesting that aSyn may also disrupt
macroautophagy downstream of AP formation (e.g., perhaps at the AP–lyso-
some fusion step). Importantly, aSyn clearance is stimulated in cells and
transgenic mice exposed to pharmacological inducers of macroautophagy,
including rapamycin,298,317–321 suggesting that stimulation of this clearance
mechanism may be a reasonable strategy to alleviate aSyn aggregation and
neurotoxicity in PD.

s0135 III. Role of Mitochondrial Dysfunction in PD

s0140 A. Parkin, A Multifunctional E3 Ubiquitin Ligase
p0265 Mutations in PARKIN, the product of the PARK2 locus, were first discov-

ered in Japan in multiple families with a syndrome known as ‘‘autosomal-
recessive juvenile parkinsonism’’ (AR-JP).322,323 Mutations in PARKIN may
also play an important role in some sporadic cases of PD.324,325 Parkin is
primarily localized to the cytoplasm, but as discussed further below, it also
translocates to the mitochondria in response to various signals, where it plays
important roles in mitochondrial homeostasis. Parkin has an N-terminal
ubiquitin-like domain (Ubl), followed by a recently described zinc-
coordinating motif termed RING0, and two RING-finger motifs separated
from each other by a cysteine-rich in-between-RING (IBR) motif.

p0270 Ubiquitin conjugation to proteins is usually effected by a series of enzymes:
an E1 that activates ubiquitin, an E2 that accepts the activated ubiquitin and
works with a third enzyme, and the E3-ubiquitin ligase that provides specificity
in determining which substrates will be ubiquitinated.326 Parkin is a RING
family E3 ligase.327–329 It undergoes autoubiquitination and can ubiquitinate a
number of different substrates. Pathogenic mutations occur throughout the
protein-coding region and many have effects on ligase activity (reviewed in
Refs. 330–332). Parkin ligase activity can also be inactivated by oxidative stress,
and following nitrosylation or covalent modification by dopamine.333–337
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Inactivation may occur through modification of residues (such as cysteines)
essential for Parkin’s ligase activity. Alternatively, and/or in addition, modifica-
tion may result in Parkin becoming insoluble, leading indirectly to a loss of
ligase activity on some or all substrates.333,335,338 a-Syn overexprerssion has also
been shown to promote Parkin insolubility.339 Much of the time, Parkin inacti-
vation through these mechanisms may be pathological; but it is also possible
that these modifications serve under some circumstances to modulate Parkin
activity for normal physiological ends, an area that remains relatively unex-
plored. Since there is evidence that each of the above insults can play a role in
PD pathogenesis in sporadic cases, it is likely that disruption of Parkin ligase
activity plays a role in at least some cases of sporadic PD (reviewed in Ref. 331).
Needless to say, an important goal in the field has been to identify substrates of
this activity.

s0145 B. Cytoplasmic Parkin Substrates
p0275 Many potential Parkin substrates have been identified. In the section

below, we discuss substrates in the cytoplasm. In a later section, we discuss
roles for Parkin ligase activity at the mitochondrial membrane. RING domain
ligases such as Parkin can catalyze K48-mediated polyubiquitination,327–329

which targets substrates for proteasome-dependent degradation (reviewed in
Ref. 326). Thus, one important hypothesis in the field has been that loss of
parkin results in the aberrant accumulation of toxic proteins. Important pre-
dictions of this model are that the substrate should accumulate in parkin
knockout mice and in patients carrying parkin mutations, and perhaps in
other contexts in which parkin has been inactivated, such as following MPTP
intoxication and/or in sporadic PD cases. Additional predictions of this model
are that decreasing expression levels of the substrate in a parkin mutant
background should prevent cell death, while overexpression should result in
toxicity. A number of Parkin binding partners and substrates have been identi-
fied, but most have not been characterized in sufficient detail to know whether
they meet these criteria (reviewed in Refs. 330–332). Several intriguing excep-
tions that meet at least several criteria are aminoacyl-tRNA synthetase
(AIMP2)340,341 and the far upstream element binding protein 1 (FBP-1).342

AIMP2 is present in the Lewy bodies, and Parkin is able to promote its
degradation, presumably via polyubiquitination and proteasome-dependent
degradation. AIMP2 also accumulates in the brains of parkin-null mice,
patients with PARKIN mutations, and in some sporadic PD patients, and is
toxic to dopaminergic neurons when overexpressed. FBP-1 also accumulates in
parkin knockout mice, patients with mutations in PARKIN sporadic cases, and
animal models of MPTP intoxication. How these proteins mediate their toxic
functions is unknown and warrants further investigation.

Comp. by: SNijam Stage: Proof Chapter No.: 5 Title Name: PMBTS
Page Number: 25 Date:4/1/12 Time:19:33:36

B978-0-12-385883-2.00011-4, 00011

PMBTS, 978-0-12-385883-2

MOLECULAR INSIGHTS INTO PARKINSON’S DISEASE 25

To protect the rights of the author(s) and publisher we inform you that this PDF is an uncorrected proof for internal business
use only by the author(s), editor(s), reviewer(s), Elsevier and typesetter SPi. It is not allowed to publish this proof online or in
print. This proof copy is the copyright property of the publisher and is confidential until formal publication.



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

p0280 Paris, a third protein recently identified as a Parkin substrate, is interesting
because a number of lines of evidence suggest that its expression is both
necessary and sufficient to mediate loss of dopaminergic neurons in cells
lacking parkin.343 Paris and Parkin can co-immunoprecipitate from cells and
brains, and Paris is ubiquitinated through a K48 polyubiquitin linkage in a
Parkin-dependent manner. Paris levels are also increased in the brains of
PARKIN patients and patients with sporadic PD, consistent with the hypothesis
that Parkin-dependent ubiquitination of Paris results in its degradation. Finally,
silencing of paris expression prevents the loss of dopaminergic neurons ob-
served in a conditional parkin knockout, while overexpression of paris results in
loss of DN neurons, which can be suppressed through coexpression of parkin.
These latter observations are particularly important because they suggest that
PD pathology critically depends on the levels of Paris.

p0285 How does upregulation of Paris lead to pathology? Paris binds the PGC-1-
alpha promoter and represses its transcription, as well as the transcription of a
PGC-1-alpha target, NRF-1. These interactions are likely to be significant
because overexpression of PGC-1-alpha prevents the death associated with
upregulation of Paris, as well as death induced in other PD models.344 Down-
regulation of PGC-1-alpha target gene expression has also been observed in
PARKIN patients345 and dopaminergic neurons from sporadic cases.344 How
might downregulation of PGC-1-alpha and its target gene NRF-1 (and perhaps
other genes as well) cause pathology? A major effect of PGC-1-alpha expres-
sion is to promote mitochondrial biogenesis and regulate the metabolism of
ROS.346–349 As discussed below, Parkin also participates in a process that
removes damaged mitochondria. Therefore, it is tempting to propose that
stress-dependent stimulation of Parkin’s ligase activity promotes the removal
of damaged mitochondria and, through downregulation of paris, promotes a
compensatory increase in mitochondrial biogenesis. In such a model, inactiva-
tion of parkin would result in a particularly toxic situation in which damaged
mitochondria (and their damaged genomes) are retained and compensatory
biogenesis fails to occur. Conversely, silencing of paris and/or activation
of PGC-1-alpha through other means may provide a therapeutic route to
maintaining mitochondrial function to some extent, even if the Parkin-
dependent removal of damaged mitochondria is unable to occur or occurs
less efficiently.

s0150 C. Parkin’s Cytoprotective Ability Involves Multiple
Forms of Ubiquitination

p0290 Parkin expression has also been shown to be neuroprotective in response to
a variety of stresses (reviewed in Refs. 330,332). This activity is generally
thought to require Parkin’s ligase activity—as implied by the fact that ligase-
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dead forms of the protein show little or no activity—but the exact mechanism of
action is unknown. K48-dependent polyubiquitination may be important in
some contexts, as discussed above. However, Parkin can also mediate mono-
ubiquitination, K63-linked polyubiquitination (reviewed in Ref. 330) as well
as a very recently described K27-linked ubiquitination,350 and perhaps even
E2-independent ubiquitination.351 These modifications can influence cellular
processes such as signal transduction, transcriptional regulation, and protein
and membrane trafficking, without promoting substrate degradation.352,353

Finally, Parkin has also been suggested to bind directly to the 19S regulatory
domain of the proteasome,354,355 activating the proteasome in an E3 ligase
activity-independent manner by increasing the affinity of 19S subunits for
each other.355 The fact that Parkin expression can provide protection from
death associated with proteasome inhibition334,356 suggests that at least some
component of Parkin’s neuroprotective activity when overexpressed—which
may or may not be the same activity lost in the absence of parkin—involves
processes other than K48-linked ubiquitin and proteasome-dependent
protein degradation. We return to some of these points in the sections below.

s0155 D. PINK1, A Serine/Threonine Kinase with Multiple
Forms and Localizations

p0295 In parallel with the above work, a number of observations demonstrate that
Parkin, together with the kinase PINK1, plays an important role at the mito-
chondrial membrane in the regulation of mitochondrial homeostasis and quali-
ty control. In the following section we outline this pathway and its significance
for PD. Mutations in PINK1 (the PARK6 locus) were first described in Spanish
and Italian families with a syndrome of AR-JP.357 As with PARKIN, a variety of
mutations have been reported in patients (though patients with PINK1 muta-
tions are less common), and the one family characterized showed Lewy body
pathology,358 as observed in some, but not all patients homozygous or trans-
heterozygous for mutations in PARKIN.322,359,360 PINK1 encodes a putative
serine/threonine kinase. The N-terminus contains a mitochondrial targeting
sequence. This is followed by a hydrophobic transmembrane domain, the
kinase domain, and a putative C-terminal regulatory domain. Expression of
PINK1 is cytoprotective in some contexts, and this activity often appears to
require kinase activity (reviewed in Ref. 361). The majority of mutations
associated with familial PD disrupt kinase activity, while others affect other
aspects of PINK1 function (see below). Multiple forms of PINK1 protein are
generated, and some, but not all PINK1, localize to mitochondria with the
kinase domain facing the cytoplasm. These features of PINK1 biology are
discussed further below.
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s0160 E. The PINK1/Parkin Pathway of Mitochondrial
Homeostasis and Quality Control in Drosophila
and Beyond

p0300 Links between parkin and PINK1 were first identified in Drosophila
(reviewed in Refs. 17,362,363). Flies lacking parkin exhibit dramatic mitochon-
drial defects—swollen mitochondria that have severely fragmented cristae—in
several energy-intensive tissues, including the male germline and adult flight
muscle.364,365 The flight muscles ultimately die, and their death shows features
of apoptosis.364 Flies lacking parkin also display a small but significant degen-
eration of a subset of dopaminergic neurons.366 Although severe defects in
mitochondrial morphology are not observed in parkin knockout mice,
these animals do display mitochondrial functional defects including reduced
mitochondrial respiratory activity.367

p0305 Flies lacking the Drosophila homolog of PINK1 show phenotypes very
similar to those of flies lacking parkin: mutants are viable but exhibit increased
stress sensitivity and mitochondrial morphological defects in testes and mus-
cle.368–370 PINK1 mutants also show reduced ATP levels and mitochondrial
DNA (mtDNA) content. Flies lacking endogenous PINK1 function but expres-
sing PD-associated mutant forms of PINK1370,371 show phenotypes similar to
those of the PINK1 null mutant, consistent with the PINK1-associated disease
being the result of a loss of PINK1 function.370,371 As in parkin mutant flies,
mitochondria in PINK1 mutant flight muscle are swollen with fragmented
cristae, and these cells ultimately undergo apoptotic death.368–370 Mitochon-
dria within dopaminergic neurons in PINK1 mutants also display aberrant
morphology, and there is a small but statistically significant loss of a subset of
these neurons with age.369,370

p0310 What is the relationship between PINK1 and parkin? Stringent genetic
studies in Drosophila allow one to construct a genetic pathway. parkin over-
expression suppresses all PINK1 mutant phenotypes tested, while PINK1
overexpression does not compensate for loss of parkin function.368–370 In addi-
tion, double mutants lacking both PINK1 and parkin have phenotypes identical
to, rather than stronger than, either single mutant.368,369 Together, these obser-
vations indicate that PINK1 and parkin act in a linear pathway to regulate
mitochondrial integrity, with parkin functioning downstream of PINK1.

p0315 Observations on PINK1 and parkin function in flies are relevant to humans
for several reasons. First, expression of human PINK1368,370 or PARKIN in
Drosophila suppresses phenotypes caused by loss of function of PINK1 or
parkin, respectively, indicating that the human and fly proteins are functionally
conserved. Second, as noted above, PD patients who harbor mutations in
PINK1 or PARKIN are clinically indistinguishable,372 and mice lacking both
PINK1 and parkin show phenotypes no worse than those of the single
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mutants,373 consistent with the hypothesis that these genes function in a
common genetic pathway. Third, cells from patients and/or mouse knockout
models of PINK1 or parkin also show defects in mitochondrial morphology
and/or mitochondrial respiration, particularly in complex I activity in a variety
of cell types.364,367,374–388

p0320 Important clues as to the mechanism by which PINK1 and parkin regulate
mitochondrial function came from the study of mitochondrial morphology in
Drosophila mutants. Mitochondria are continually undergoing cycles of fission
and fusion. This allows them to change shape and share components. It also
plays an important role in facilitating recruitment to specific cellular compart-
ments such as synapses where ATP or Ca2þ buffering demands are high. Not
surprisingly, dysfunction of mitochondrial fission/fusion has been linked to the
pathogenesis of a number of neurodegenerative diseases (reviewed in Ref.
389). Fusion is promoted by mitofusin (mfn), which is required for outer
membrane fusion, and opa-1, which is required for inner membrane fusion,
while fission is promoted by Drp1, a predominantly cytoplasmic protein
recruited to mitochondria during fission. Recruitment and/or function of
Drp-1 depends on mitochondrial outer membrane proteins such as Fis1 and
Mff through mechanisms still being explored.389–391 During Drosophila sper-
matogenesis, mitochondria undergo significant morphological changes. Early
spermatids undergo mitochondrial aggregation and fusion, creating a spherical
structure known as the nebenkern, which is composed of two intertwined
mitochondria.392 During subsequent spermatid elongation, the nebenkern
unfurls, yielding two mitochondrial derivatives that are maintained throughout
subsequent stages of spermatogenesis. In both PINK1393 and parkin393,394

mutants, only one leaf blade is seen, suggesting a defect in mitochondrial
fission or an overabundance of fusion.393 Several other pieces of evidence
support this hypothesis. First, when mitochondria in PINK1 or parkin mutants
are visualized with mitochondrially targeted GFP, they are clumped in large
aggregates in both dopaminergic neurons and flight muscle. These phenotypes,
as well as others, such as the degeneration of flight muscle and a decrease in the
levels of dopamine in fly heads, can be suppressed by increasing the levels of
Drp1 or Fis1, and/or decreasing levels of mfn or Opa1.380,393,395,396 Finally,
heterozygosity for drp1 is lethal in a PINK1 mutant background, consistent
with the idea that PINK1 and drp1 work in the same direction to promote
fission.380,393

p0325 PINK1 and parkin also regulate mitochondrial morphology in mammalian
systems. However, in contrast to the story in Drosophila, which is consistent
across cell types and labs, in mammalian systems various effects have been
observed. Observations consistent with the Drosophila work have been
obtained in some systems. Thus, enlarged mitochondria have been observed
in PINK1 striatal neurons378 and COS7 cells in which PINK1 was silenced
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using RNAi. In the latter system, this phenotype was suppressed by overex-
pressing Fis1 or Drp1, as in Drosophila.395 Cultured fibroblasts from PARKIN
patients also contained longer and more branched mitochondria than wild-type
controls.397 Most recently, Yu and colleagues found that expression of PINK1 or
parkin in hippocampal neurons resulted in an increase in mitochondria num-
ber and a decrease in size, while silencing of PINK1 resulted in elongated
mitochondria.398 As expected, expression of Drp1 or silencing of Opa1 sup-
pressed these phenotypes. Midbrain dopaminergic neurons responded similar
to manipulations of PINK1 and parkin. In contrast, others have observed that
loss of PINK1 results in fission, with decreased levels of Drp1 resulting in
suppression of this phenotype.377,382,383,399 The reasons for these differences
are unknown, but likely to be interesting. One possibility is that loss of PINK1
or Parkin results in an increase in the amount of mitochondrial damage, and
that this leads, through other pathways, to mitochondrial fragmentation.
Screens in yeast400,401 and C. elegans402 have shown that disruption of many
genes leads to changes in mitochondrial morphology, including fragmentation
or elongation. Thus, it is likely that the final mitochondrial morphology pheno-
type observed in any particular cell type with respect to the presence or
absence of PINK1/parkin will depend on multiple variables. In any case,
what is most important is not the specific morphology observed, but the
functional state of the mitochondrial population and the ways in which this is
influenced by PINK1 and parkin, discussed below.

p0330 How could defective mitochondrial fission resulting from mutation of
PINK1 or parkin lead to defects in cell physiology? A major function of
mitochondria is to oxidize dietary reducing equivalents to generate ATP and
heat through oxidative phosphorylation, a process in which electron transport
through the respiratory chain creates a potential difference across the inner
mitochondrial membrane, which is used to produce ATP. Unfortunately, inef-
ficiencies in electron transport result in the production of ROS, making mito-
chondria the major source of free-radical production in the cell. These radicals
damage mitochondrial proteins, lipids, and DNA, which impair mitochondrial
function and can lead to further increases in free-radical production, ultimately
compromising cellular function and/or leading to cell death. Mitochondrial
cycles of fusion and fission allow content mixing, which presumably functions
to make the cellular population of mitochondria relatively homogeneous in
protein content, stabilizing overall mitochondrial function over the short term.
However, because mitochondrial genomes undergo mutation at high frequen-
cy, nonselective cycles of fusion and fission do nothing to prevent (and may
promote) the accumulation of defective genomes (there is no selective pressure
to remove them and genomes with deletions often accumulate), resulting in a
time-dependent decrease in overall cellular mitochondrial function. Therefore,
mechanisms must exist to specifically eliminate defective mitochondria and,
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presumably, any associated defective mitochondrial genomes. A number of
observations suggest that this removal occurs through the process of mito-
phagy, a specialized form of autophagy in which cellular components are
degraded following engulfment by autophagosomes (reviewed in Ref. 403).
Importantly for the purposes of this review, the process of mitophagy is
intimately linked with changes in mitochondrial size and shape brought about
through fission and fusion (reviewed in Refs. 404,405). As we will see, loss of
pink1 and/or parkin inhibits the removal of damaged mitochondria.

p0335 How are defective mitochondria selected for removal? Live cell imaging of
mitochondrial dynamics in mammalian cells shows that, while many products of
mitochondrial fission rapidly fuse again with the mitochondrial network, others,
which also exhibited a depolarized membrane potential, showed a decreased
probability of fusion and were often targeted for degradation through mito-
phagy.406,407 These and other observations (reviewed in Refs. 404,408) suggest a
general model of mitochondrial quality control in which fission allows the segre-
gation of mitochondrial components, including proteins, lipids, and genomes, into
separate mitochondrial units. These units are then ‘‘tested’’ for their ability to
acquire a hyperpolarized membrane potential, an honest signal of organelle and
genome health since many normal mitochondrial activities ultimately function to
make the inner mitochondrial compartment hyperpolarized so as to generate ATP.
Those mitochondria that fail the test are kept segregated (through mechanisms to
be discussed shortly) and are ultimately targeted for degradation through mito-
phagy. Importantly, decreased mitophagy results in the accumulation of oxidized
proteins and decreased cellular respiration, strongly suggesting that the end result
of this process is the selective removal of damaged mitochondria.407

p0340 How are dysfunctional mitochondria identified and targeted for mito-
phagy? Youle and colleagues showed that Parkin is selectively recruited to
mitochondria whose membrane is depolarized, resulting in their elimination
through mitophagy. Parkin recruitment to mitochondria is independent of
drp1, while mitophagy requires drp1, indicating that Parkin-dependent mito-
phagy requires fission. Work from a number of labs has gone on to show that
recruitment of Parkin to mitochondria is PINK1 dependent,350,409–415 includ-
ing in neurons differentiated from PINK1 mutant patient cells.416 PINK1 is a
membrane protein with its C-terminus facing the cytoplasm.417 PINK1 protein
levels are specifically upregulated on damaged mitochondria.410,411,413 In
healthy mitochondria, PINK1 is constitutively cleaved, releasing its C-terminal
kinase domain into the intermembrane space and/or cytoplasm where it is
degraded in a proteasome-dependent manner. In damaged mitochondria that
have lost their membrane potential, full-length PINK1 remains anchored to the
membrane. Outer mitochondrial anchorage of PINK1 is all that is required to
recruit Parkin, because tethering of PINK1 to the mitochondrial membrane
through other methods is sufficient to recruit Parkin.410
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p0345 How is PINK1 cleavage regulated? Early work in Drosophila showed that
PINK1 cleavage required the inner mitochondrial membrane protease rhom-
boid 7.418 This, coupled with an earlier observation that the rhomboid-7
mutant phenotype includes a loss of mitochondrial fusion,419 suggested a
model in which Pink1’s profission activity is negatively regulated through
cleavage by rhomboid-7. Early experiments in mammalian systems excluded
the rhomboid protease PARL as the protease cleaving PINK1, on the basis of
the results of RNAi knockdown.410 However, more recent observation by the
same group420 and others421–423 clearly demonstrate that PINK1 is cleaved by
PARL and that this activity is regulated by mitochondrial membrane poten-
tial. In healthy mitochondria, PINK1 is guided to the inner mitochondrial
membrane using the general mitochondrial import machinery. Here it is
cleaved by PARL, resulting in release of a cytoplasmic form that is degraded
by an MG132-sensitive protease. In contrast, when the mitochondrial mem-
brane potential is depolarized, newly synthesized full-length PINK1 is some-
how shunted onto the outer mitochondrial membrane, where it is able to
recruit Parkin. An unrelated yeast protein shows a similar mitochondrial
membrane potential-dependent shift in localization, suggesting that alterna-
tions in the mitochondrial membrane potential may be more generally used to
signal energy or health status to the rest of the cell through differential
protein localization.424

p0350 How PINK1 stabilization on the outer mitochondrial membrane recruits
Parkin is unknown. There is also evidence that recruitment of Parkin results
in an activation of its ligase activity, also through an unknown mechanism.409

What is clear is that, once recruited and activated, Parkin has a number of
effects on the mitochondria-associated proteome. Many mitochondrial pro-
teins are ubiquitinated and/or degraded in a Parkin-dependent manner.
These include Mfns,413,425–430 Milton and Miro,428 Bcl-2,431 which are com-
ponents of the TOM mitochondrial protein import complex,428,432

VDAC,350,433 and Drp-1.434 Most recently, Chan and colleagues carried out
a comprehensive analysis in HeLa cells of proteins associated with depolar-
ized mitochondria to which Parkin had been recruited.428 They confirmed
many previous findings and discovered much that is new. In particular, they
found that Parkin recruitment to the mitochondrial membrane results in the
recruitment of the proteasome and the K-48 and K63-linked ubiquitination,
and in some cases degradation, of a number of mitochondrial proteins.
Components of the autophagy pathway were also recruited. Chan et al.,428

Tanaka et al.,427 and to a lesser extent Yoshii et al.432 also found that inhibition
of the proteasome, or specifically K48-linked ubiquitination,428 suppressed
mitophagy, but not recruitment of Parkin, arguing that protein degradation
downstream of Parkin recruitment is essential for mitophagy, at least in these
contexts.
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p0355 What are the key substrates of Parkin in this context? As noted above, a
number of groups have shown that Parkin recruitment results in the degrada-
tion of Mfns. However, mitophagy still occurs in mfn null cells.428 Therefore,
the degradation of the mfns presumably serves primarily to segregate dysfunc-
tional mitochondria by preventing fusion. Voltage-dependent cleavage and
inactivation of Opa1 by the mitochondrial protease Oma1 probably serves a
similar purpose with respect to the inner mitochondrial membrane.435 Recruit-
ment of Parkin to mitochondria also results in the mitochondrial accumulation
of p97, a AAA-ATPase427 that participates in a number of processes including
endoplasmic reticulum-associated degradation in which p97 provides the
driving force required to extrude ubiquitinated membrane proteins from the
ER so that they can be degraded in the cytosol.436 Mfn degradation and
mitophagy require p97, suggesting a model in which p97 may be similarly
required to promote the extrusion into the cytoplasm and degradation of
critical substrates. VDAC, an abundant mitochondrial outer membrane pro-
tein, is ubiquitinated through a K63 linkage by Parkin and has been suggested
to be important for mitophagy.350 However, VDAC null cells still undergo
mitophagy, indicating that its ubiquitination is not absolutely required.433 It
has also been suggested that K63-linked ubiquitination of mitochondrial pro-
teins such as VDAC promotes mitophagy through recruitment of ubiquitin-
binding adaptors such as HDAC6 and the autophagy adaptor p62.350,437,438

However, as with VDAC, p62 null cells still undergo Parkin-dependent mito-
phagy, indicating that p62 ubiquitination may play other roles, perhaps involv-
ing altering mitochondria location within the cell to facilitate access to the
autophagy machinery.433,439

p0360 To summarize, recruitment of Parkin to the depolarized mitochondria
results in the ubiquitination, and in some cases degradation, of a number of
proteins. In the case of the Mfns, Milton and Miro, proteins involved in
mitochondrial trafficking along microtubules, degradation probably serves
to sequester damaged organelles away from the mitochondrial network and
promote their localization to sites of mitophagy, respectively. Recruitment of
the autophagy p62 may also function to facilitate localization of damaged
mitochondria to sites of mitophagy. The proteasome and p97 are required for
Parkin-dependent mitophagy, but exactly why they are required is unknown.
They may be needed to remove inhibitors of mitophagy. If this is the case, it
may be possible to identify these substrates as genes whose silencing allows
mitophagy to occur in mfn null cells exposed to proteasome inhibitors.
Alternatively, or in addition, p97 and the proteasome may have effects on
mitophagy through action on targets in other cellular compartments. With
respect to PD, at least for those with PINK1 or PARKIN mutations, PD may
result from a failure of mitophagy—an important aspect of mitochondrial
quality control.
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p0365 As attractive as the above model of PINK1/parkin-dependent clearance of
damaged mitochondria is, it is important to note that thus far mitophagy has
only been demonstrated in cultured cells, not in vivo. Thus, an important goal
in the field is to provide evidence supporting the role of PINK1/parkin in
mediating mitophagy to clear damaged mitochondria in vivo. Also, it has
been reported that Parkin translocation to damaged mitochondria occurs
only in nonneuronal cells, not in neurons.415 Whether mitophagy occurs in
some tissues but not others awaits future studies.

s0165 F. Other Roles for PINK1
p0370 Loss of PINK1 results in defects in mitochondrial calcium handling. The

mitochondrial matrix accumulates Ca2þ to higher basal levels, as a result of a
decreased efflux capacity. Mitochondria from cell lacking PINK1 are therefore
less able to buffer cytoplasmic Ca2þ increases in response to stimuli.440–442 This
can lead to increased ROS, decreased ATP production, and opening of the
mitochondrial permeability transition pore, which can lead to death. Loss of
PINK1 is also associated with increased expression of cytokines in response to
LPS but decreased expression of cytokine-induced NF-kB, which promotes
cell survival.441 It is possible that some of these effects occur downstream of the
accumulation of defective mitochondria because of loss of mitophagy. Howev-
er, it is also possible that PINK1 has other important targets in mitochondria
and other cellular compartments that are important for maintaining mitochon-
drial homeostasis. For example, at the mitochondria, PINK1 has been reported
to phosphorylate the TNF receptor-associated protein 1 (TRAP1), a molecular
chaperone, and phosphorylation of TRAP1 by PINK1 is important for prevent-
ing oxidative-stress-induced release of cytochrome c, which promotes
apoptosis.443

p0375 A number of groups have found some fraction of PINK1 localized to the
cytoplasm.418,444–448 Importantly, expression of an N-terminally deleted ver-
sion of PINK1 lacking its mitochondrial targeting sequence protects neurons
from death induced by MPTP, and this activity requires putative PINK1 kinase
activity. This raises the possibility that, at least when overexpressed, PINK1 can
have pro survival functions outside the mitochondria.447 Recent work suggests
that one pathway through which this may work involves phosphorylation of the
mammalian Target of Rapamycin Complex 2 (TORC2) component Rictor by
PINK1, which promotes TORC2-dependent phosphorylation of the prosurvi-
val kinase AKT.449 Interestingly, it was recently reported that expression of DJ-
1 also promotes the oxidative-stress-induced phosphorylation of AKT and that
DJ-1 promotes AKT’s ability to protect cells from MPTP-induced stress.450 It
will be interesting to determine whether DJ-1’s activity in this assay requires
PINK1 kinase activity or physical interaction. Interactions between PINK1/
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Parkin and DJ-1 in the cytoplasm have been identified by one group,451 but not
by a second group,452 leaving the relationships between these proteins in the
cytoplasm unclear.

s0170 G. Links Between the PINK1/Parkin Pathway and
Other PARK Loci

p0380 Mutations in DJ-1 cause very rare autosomal-recessive forms of PD.262 DJ-
1 has also been shown to have oncogenic activity.453 The DJ-1 protein is small
(�20kDa) and probably functions as a homodimer. DJ-1 is a member of the
large DJ-1/PfpI superfamily and has members in almost all organisms. Many
activities have been proposed for DJ-1, and there is currently no consensus on
what its functions are. Suggested functions include a redox-regulated chaper-
one, a cysteine protease, a transcription coactivator, an RNA-binding protein,
and a regulator of survival signaling through interactions with Daxx or the
kinase ASK1 (reviewed in Refs. 275,454). What is clear is that DJ-1 is cytopro-
tective in a number of different contexts; this activity requires a conserved
cysteine (Cys106 in mammals). Oxidation of this cysteine to cysteine sulfonate
and cysteine sulfinate occurs under oxidative stress conditions, and oxidation of
this residue is critical for cytoprotection in a number of systems. Mutants that
mimic the oxidized form of DJ-1 but that lack Cys106 are still cytoprotective,
indicating that DJ-1 is unlikely to be cytoprotective simply because oxidation of
Cys106 consumes ROS.455,456 Importantly for the purposes of this review,
while DJ-1 is predominantly cytoplasmic,457 oxidative stress enhances its asso-
ciation with mitochondria.276,455,458–460 In addition, versions of DJ-1 targeted
specifically to mitochondria by fusing a mitochondrial localization sequence to
its N-terminus show enhanced cytoprotective functions, suggesting that the
mitochondria is one (of perhaps many) important site of DJ-1 action.461

p0385 Is there a relationship between DJ-1 and the PINK1/parkin pathway?
Lymphoblastoid cells from DJ-1 PD patients have an increased percentage of
fragmented mitochondria.DJ-1mutant mice show defects in muscle mitochon-
drial function,462 and the loss of DJ-1 in a mouse neuroblastoma cell line,
cortical neurons, or embryonic fibroblasts from DJ-1 null embryos leads to
mitochondrial membrane depolarization, accumulation of ROS, fragmentation
of mitochondria, accumulation of markers of autophagy around mitochon-
dria,452,463,464 and, in the case of the DJ-1 null cells, increased autophagic
flux. In both studies, antioxidants reversed these effects and, in the neuroblas-
toma cells, expression of DJ-1 blocked mitochondrial fragmentation in re-
sponse to rotenone, which are results consistent with the idea that DJ-1
functions to maintain mitochondrial health in the face of oxidative stress.
Expression of PINK1 or parkin could restore mitochondrial connectivity in
cells lacking DJ-1,452,464 and expression of DJ-1 could restore the connectivity
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of mitochondria in cells lacking PINK1 exposed to rotenone452 but not in
PINK1-deficient cells not exposed to rotenone.377 In short, the ability of
PINK1/Parkin or DJ-1 to protect mitochondrial function seems, most of the
time, to be independent of the presence of the other. As noted above, there are
conflicting reports as to whether PINK1, Parkin, and DJ-1 form a com-
plex,451,452 and it is intriguing that both PINK1 and DJ-1 promote the activa-
tion of AKT. But, as yet, epistasis experiments to determine if these effects on
AKT activity occur through the same pathway. Au3Finally, it is worth noting that
triple knockout mice lacking PINK1, parkin, and DJ-1 fail to show nigral
degeneration even with aging.373 This somewhat surprising result could reflect
action in a common pathway as with PINK1 and parkin. Alternatively, it could
reflect developmental compensation, the presence of which is strongly hinted
at in experiments utilizing conditional adult-specific parkin knockout mice343

(compare with Refs. 465,466). If compensation is involved, it would of course
be very interesting to know how it is brought about.

p0390 In summary, the above observations tentatively suggest that DJ-1 acts in
parallel to PINK1 and parkin, not through them. A similar conclusion is
suggested by experiments in Drosophila. While Drosophila DJ-1 mutants
show mitochondrial defects, these are in many ways distinct from those asso-
ciated with loss of PINK1 or parkin.462 In addition, while expression of DJ-1 is
capable of rescuing muscle defects due to loss of PINK1, it cannot rescue
identical-looking muscle defects due to loss of parkin. Expression of either
PINK1 or parkin in a DJ-1 mutant also has the surprising effect of causing
organismal lethality. All of these results suggest complex, not linear,
interactions.

s0175 IV. Convergent Pathways and Future Directions

p0395 Several lines of evidence suggest possible links between a-Syn and mito-
chondrial biology. Mice lacking SNCA show increased resistance to MPTP467

and reductions in the levels of the mitochondrial lipid cardiolipin.468 Mice
overexpressing a-Syn also show mitochondrial damage.87,469–472 a-Syn has
been shown to localize to mitochondria,87,473–476 with the levels of mitochond-
rially localized a-Syn increasing in the brains of PD patients.477 Recently, two
groups have shown that expression of wild-type a-Syn results in increased
fragmentation of the mitochondrial network, while decreased levels of a-Syn
resulted in increased tubulation of the network.475,476 Both studies suggest that
a-Syn promotes these effects through direct interactions with mitochondrial
lipids. Kamp and colleagues suggest that a-Syn prevents fusion, while
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Nakamura and colleagues suggest that it promotes fission, an issue that needs
to be resolved. Regardless of the exact mechanism, do these observations help
us understand a possible basis for a-Syn toxicity? This awaits future studies.

p0400 Mitochondrial fusion allows the sharing of proteins, lipids, and small
molecules, which helps to preserve the overall mitochondrial and cellular
function. In the absence of fusion, individual mitochondria are likely to diverge
in terms of their requirements for these factors depending on where they are
and the metabolic activities they are engaged in. This would be expected to
lead, over time, to increasing numbers of dysfunctional mitochondria as indi-
vidual units stochastically enter states that result in a decreased ability to
maintain a hyperpolarized membrane potential, the loss of which results in
increased dysfunction and/or increased ROS production, leading ultimately to
cell dysfunction and death.478 In support of such a model, loss of mitochondrial
fusion through mutation or loss of mfns results in mitochondrial depolarization
and cell death (reviewed in Ref. 479). Seen in this light, a-Syn’s ability to
promote mitochondrial fission may tip the balance toward mitochondrial and
cellular dysfunction by limiting opportunities for mitochondria to fuse with and
complement each other’s defects. In such a model, PINK1 and parkin would
still promote the removal of dysfunctional mitochondrial units as they arose, as
observed by Kamp and colleagues.476 However, if compensatory biogenesis
does not keep up with this removal, and/or the PINK1Parkin pathway becomes
saturated or energy-limited in its ability to promote mitophagy (see Ref. 415 for
a possible example of energy limitation), mitochondrial damage may accumu-
late over time, leading to cellular dysfunction and death. An important predic-
tion of this model is that inhibitors of mitochondrial fission, which tip the
balance back more toward the fused state, should act as suppressors of a-Syn
toxicity. It will be interesting to determine whether inhibitors of drp-1 recently
identified480 have therapeutic benefit in situations in which a-Syn is either
overexpressed or mutated.

p0405 Finally, we note that both mitochondrial quality control and a-Syn removal
involve use of the cells’ two major protein degradative systems, namely, the
proteasome and autophagy. Importantly, inhibition of autophagy can compro-
mise degradation of ubiquitin-proteasome substrates, and inhibition of the pro-
teasome inhibits some autophagic processes (such as PINK1/parkin-dependent
mitophagy) and places increased demand on the autophagic degradation sys-
tem to remove misfolded proteins and to provide essential amino acids. As
noted above, expression of a-Syn can disrupt proteasome function and autop-
hagy. In consequence, increased levels of a-Syn may, through this mechanism
alone, compromise the removal of damaged mitochondria. Conversely, pre-
venting the generation and/or removal of damaged mitochondria through
inhibition of PINK1, parkin, or DJ-1 results in cells experiencing increased
levels of cellular ROS-dependent protein and lipid damage, and decreased
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levels of ATP. This results in increased demand for proteasome and autophagy-
dependent degradation, which are energy-dependent processes, in a context in
which energy may be limiting. As a result, effective removal of a-Syn (the dose
dependence of which with respect to disease generation is exquisite) may be
compromised, resulting in the accumulation of toxic forms of the protein.
Given this interrelationship, and the fact that a-Syn accumulation and/or
damage to PINK1/parkin pathway components are probably present in many
forms of PD, therapies designed to inhibit a-Syn-dependent toxicity or defects
in mitophagy may have broad therapeutic benefit.
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