
Parkinson’s disease (PD), originally described by

James Parkinson in 1817, is one of the most common and

very widespread neurodegenerative diseases in humans.

About 1% of the population over 65 and 4�5% of the pop�

ulation over 85 year old suffers from this disease [1, 2].

Typical symptoms of PD include bradykinesia, tremor,

muscle rigidity, and total decrease in mobility.

Appearance of these symptoms is attributed to selective

loss of dopaminergic neurons in the substantia nigra; this

results in critical decrease in striatal dopamine [3].

Replacement therapy with dopamine precursors usually

has palliative effect on manifestation of movement disor�

ders, and in most cases PD gradually progresses up to

death of patients [4].

Although clinical manifestations and neuropatho�

logical causes of various forms of PD are quite similar,

this is rather heterogeneous disease. Most cases are obvi�

ously sporadic, but genetic predisposition to PD also

exists. Development of PD caused by some inherited

genetic defect represents less than 10% of all cases of PD

[5]. However, identification of genes responsible for the

development of this disease may give new insights into

pathogenesis and also into investigation of putative role of

the expressed proteins [4, 6, 7]. The parkin gene identi�

fied by Japanese scientists in 1998 is one of these genes.

Its protein product is involved in proteasome degradation

of intracellular proteins.

There are diagnostic signs of PD: dystrophic neuritis

also known as Lewy neuritis and characteristic

eosinophilic oval inclusions, Lewy bodies, found in cyto�

plasm [8]. The Lewy bodies are detected in remaining

neurons of substantia nigra, brain cortex neurons, and

forebrain basal ganglia [9]. The Lewy bodies contain pro�

tein fibrils of 10�15 nm in diameter surrounding lipopro�

tein core formed by granules and filaments. The major

constituent of these bodies is the presynaptic protein α�

synuclein. Lewy bodies are immunoreactive with respect

to ubiquitin, a protein playing the key role in processes of

proteolytic degradation of intracellular proteins. It is pos�

sible that formation of cytoplasmic protein aggregates

associated with damaged ubiquitin−proteasome system is

the cause underlying the appearance of Lewy bodies and

neuritis [3].
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STRUCTURE AND FUNCTIONING

OF PROTEASOMES

Proteasomes are complex supramolecular structures

performing most of the nonlysosomal energy�dependent

proteolysis (Fig. 1). These multisubunit complexes have

been found in cytoplasm, perinuclear space, and nucleus

of all eukaryotic cells [10].

In proteasomes polyubiquitinated proteins undergo

proteolytic cleavage into peptides and amino acids;

polyubiquitin chain is cleaved off and released ubiquitin

molecules may be then involved into the next ubiquitina�

tion cycle.

26S proteasome contains two regulatory 19S com�

plexes, which cap catalytic 20S core proteasome; the lat�

ter consists of subunits exhibiting proteolytic activity and

also structural and regulatory subunits possessing ATPase

activity [10]. 20S proteasome is composed of 28 distinct

subunits, which form four stacked heptameric rings.

They form a hollow cylinder structure where proteolysis

occurs [11, 12]. 20S proteasomes contain more than ten

types of various subunits, which are subdivided into two

families, α� and β�subunits. The external rings are

formed by α�subunits, whereas the internal rings are

formed by β�subunits. In vitro experiments revealed that

active sites of each of seven β�subunits are characterized

by different primary substrate specificity: chymotrypsin�,

trypsin�, and caspase�like active sites. All these active

sites contain catalytic N�terminal threonine residues

[13].

In cytoplasm, proteasomes are associated with cen�

trosomes, cytoskeletal network, and the outer surface of

endoplasmic reticulum (EPR); in the nucleus they have

identified in nucleoplasm but not in the nucleolus [12].

When proteasome activity is impaired, they form aggre�

some�like structures in these cell compartments and pro�

voke apoptosis [14].

The ubiquitin–proteasome system plays a crucial

role in maintenance of cell viability and normal function�

ing because proteasomes are involved into ubiquitin�

dependent degradation of most cell proteins [15, 16].

Only membrane and extracellular proteins undergo lyso�

somal degradation after endocytosis [10]. Proteasomes

are involved in degradation of abnormal (misfolded

and/or mutant) proteins. Proteins damaged by toxins,

heavy metal ions, heat shock, or oxidative stress also

undergo proteasome degradation provided that their

native structure cannot be restored by chaperones [12].

Thus, the ubiquitin–proteasome system is as important as

chaperone families in protection of eukaryotic cells

against accumulation of insoluble aggregates of defective

proteins [10].

UBIQUITIN AND ITS ROLE IN PROTEASOME

DEGRADATION OF PROTEINS

Ubiquitin is one of the key components of this pro�

teolytic system. This protein of molecular mass of 8 kD

consists of 76 amino acid residues; it has been found in all

eukaryotic cells. Besides involvement in proteolysis,

ubiquitination of various protein targets is crucial for

many intracellular processes including regulation of gene

expression, regulation of cell cycle and division, response

to stress, DNA repair, protein import into mitochondria,

ribosome assembly, apoptosis, etc. [17]. However, the role

of ubiquitin in protein degradation is far better investigat�

ed and understood [7, 18].

The involvement of ubiquitin in proteasome degra�

dation of proteins consists in their targeting by covalent

attachment of a polyubiquitin chain; this contrasts with

protein monoubiquitination unrelated to proteolytic

degradation processes [12]. The polyubiquitination

process proceeds in three steps, which sequentially

involve different enzymes (Fig. 2). Initially, a ubiquitin�

activating enzyme E1 binds and activates ubiquitin by

forming a high�energy thioester intermediate with the C�

terminal glycine using ATP. Ubiquitin is then transferred

from E1 to a ubiquitin�conjugating enzyme E2 via a

trans(thio)esterification reaction. The final step involves

an E3 ubiquitin�protein ligase, which catalyzes ubiquitin

Fig. 1. Proteasome structure and its interaction with parkin. 20S

core proteasome is shown as a cylinder structure. (Proteolysis

occurs in the inner chamber of this cylinder.) 20S proteasome is

made up of four stacked rings, each of which contains seven sub�

units. The external and internal rings are formed by α� and β�sub�

units, respectively. At both ends the 20S proteasome is capped by

two multisubunit regulatory 19S complexes, and together they

form 26S proteasome. Polyubiquitinated substrates interact with

parkin within the RING�finger site whereas 19S proteasome

complex interacts with parkin at its UBL�domain (see text).

Parkin is shown as a horizontal cylinder separated into domains;

dark oval and small closed circles designate substrate and ubiqui�

tin residues, respectively.
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transfer to an ε�amino group of a lysine residue of the

protein target. Activated ubiquitin molecules are then

covalently added to Lys48 of the previously attached

ubiquitin, thus forming the polyubiquitin chain. Effective

labeling of a protein target (for its recognition by the pro�

teasome) requires attachment of at least four ubiquitin

molecules [12].

Initially ubiquitin�tagged protein substrates bind to

19S regulatory complex using their polyubiquitinated

chains. This structure contains ATPases, which unfold

globular proteins and transfer them to 20S proteasome.

When such activated protein is further subjected to degra�

dation, its polyubiquitinated chain is released and cleaved

in 19S proteasome by ubiquitin carboxyhydrolase; this

results in formation of free ubiquitin monomer mole�

cules, which can be used in a new cycle [10].

Certain evidence exists that substrate specificity of

the ubiquitin system is determined by E3 or by E3 in

combination with E2 attached to it [19]. Mammalian

cells contain hundreds of various E3; together with spe�

cific E2, they are involved in ubiquitination of various

proteins [10]. Although E3 functioning is well described,

little is known about selective recognition of certain

unfolded or damaged proteins.

Thus, there is unquestioned evidence for the role of

ubiquitin�dependent degradation of cytosolic proteins in

regulation of various intracellular processes.

UBIQUITIN INVOLVEMENT IN METABOLISM

OF MITOCHONDRIAL PROTEINS

In contrast to the well�established role of ubiquitin in

metabolism of cytosolic proteins, little is known about

ubiquitin involvement in metabolism of mitochondrial

proteins, although ubiquitin protein aggregates were also

found in these organelles [20]. Brain mitochondria have

intrinsic ubiquitin�conjugating systems [21, 22], but con�

crete ubiquitinated proteins have not been identified yet.

McCauley’s group revealed that insertion of newly

synthesized molecules of monoamine oxidases (MAO) A

and B into the outer mitochondrial membranes required

ubiquitin and ATP [23, 24]. In the central nervous sys�

tem, these mitochondrial enzymes play the key role in

catabolism of major monoamine neurotransmitters;

impairments in their turnover have been found in many

neurodegenerative diseases including PD [25�28].

We found the incorporation of exogenous ubiquitin

into brain mitochondria in vitro was accompanied by

increased sensitivity of MAOs to proteolytic degradation

[29]. Earlier studies of our laboratory also revealed that

pathological conditions characterized by activation of

oxidative processes and increase formation of ubiquitin

conjugates in mitochondria cause oxidative modification

of MAOs accompanied by increased sensitivity to trypsi�

nolysis [30�32]. Taken together these results suggest that

mitochondrial MAOs are putative targets for ubiquitin�

dependent degradation.

INHERITED FORMS OF PARKINSONISM

AND THEIR ROLE FOR CHARACTERIZATION

OF PATHOGENESIS OF THIS DISEASE

In 2000, Shimura and coworkers found that the pro�

tein product of parkin, the causative gene of autosomal

recessive juvenile form of PD, exhibits ubiquitin ligase

activity [33]. This gave a key for better understanding of

the role of impairments of the ubiquitin–proteasome sys�

tem in the pathogenesis of PD.

Recently several chromosomal loci concealing can�

didate genes for PD have been identified; their mutations

cause the development of PD. It has reliably been deter�

mined that mutations of five different genes (α�synuclein

gene, DJ�1, PINK1, LRRK2, and parkin genes) cause

inherited forms of parkinsonism [34�41]. Although muta�

tions in the first three genes of this group are rather rare,

their investigation may provide better understanding of

common molecular mechanisms responsible for death of

dopaminergic neurons in different forms of PD [42�44].

For example, mutations in the gene encoding presynaptic

protein α�synuclein recognized in several families with

PD resulted in significant progress in our understanding

of the nature of pathological formation of Lewy bodies

[45�49]. α�Synuclein was named for the place of its local�

Fig. 2. Ubiquitin and proteasome. Closed circles show ubiquitin

residues, a large oval is ubiquitinated substrate S, and small ovals

designate peptides, the products of proteolytic degradation. Open

circles show enzymes involved in the ubiquitination process: E1 is

ubiquitin�activating enzyme; E2 is ubiquitin�conjugating enzyme;

E3 is ubiquitin�protein ligase; E4 is ubiquitin carboxyhydrolase,

which cleaves the polyubiquitin chain into ubiquitin monomers,

which can be subsequently reused.

Protea�
some
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ization: it was originally discovered in synapses and

nuclei of electric eel [38]. This small protein involved in

regulation of synaptic vesicle turnover [50] readily poly�

merizes in vitro; this is accompanied by formation of fib�

rils of 10 nm. Bundles of these fibrils represent a basis of

peripheral filaments of Lewy bodies, which may also

include ubiquitin, neurofilaments, and various protea�

some elements [51]. Point mutation in the α�synuclein

gene (substitution of G209 for A) sharply increased poly�

merization capacity of the protein product of this gene

and inclusion body formation, a characteristic sign of

PD, occurred. It remains unclear whether Lewy bodies

are neurotoxic and cause neuron degeneration or their

formation represents a protective mechanism, separating

abnormal proteins from the “normal” cell content. The

hypothesis of a protector role of aggregate formation

from toxic soluble proteins has many supporters [52].

This hypothesis is also supported by observations that

parkin mutations may cause the development of PD

without Lewy body pathology [53]. It should be noted

that mutations of the α�synuclein gene can cause not

only PD but also other central nervous system disorders

such as variants of Alzheimer’s disease, multiple system

atrophy, and other diseases, which are termed α�synucle�

inopathias [54].

In contrast to the above considered mutations, the

mutations of LRRK2 and parkin gene are rather frequent

and their discovery has great clinical importance because

gene testing may soon become possible. Mutations in

LRRK2 [34] and in the gene encoding ubiquitin carboxy�

hydrolase (ubiquitin carboxy�terminal hydrolase L1,

UCL�L1) cause development of late�onset PD, whereas

mutations in the parkin gene (with a few exceptions [36])

have been found in cases of idiopathic (sporadic) and

inherited juvenile PD. Mutations of UCL�L1 were

described in two members of a German family with auto�

somal�dominant form of PD [49]. Mutations in the

parkin gene are associated with autosomal�recessive juve�

nile parkinsonism. (In reality, the term “juvenile” is inap�

propriate, because only a small percent of cases is charac�

terized by onset during the first decades of life, in most

cases symptoms of PD appear between ages from 40 to

60.) Besides symptoms typical for PD, autosomal reces�

sive juvenile parkinsonism is characterized by some char�

acteristic symptoms: foot dystonia, slow progression of

disease, and effectiveness of Levadopa treatment increas�

ing dopamine level. These patients are characterized by

degeneration of dopaminergic neurons in substantia nigra

and locus coeruleus and lack of Lewy bodies [12, 55] (with

one exception [53]).

Parkin, a gene implicated in autosomal recessive

juvenile parkinsonism, is located on the long arm of chro�

mosome 6 (6q25.2�q27). By positional cloning in a

Japanese patient with a microdeletion involving marker

D6S305, which is closely linked to autosomal recessive

juvenile parkinsonism, a complementary DNA clone was

isolated in 1998 in the Mizuno laboratory. It encoded a

protein of 465 amino acid residues with moderate simi�

larity to ubiquitin at the N�terminus and a RING�finger

motif at the C�terminus [56]. The gene spans more than

500 kb and has 12 exons, five of which (exons 3�7) have

been deleted in the patient. Four other Japanese patients

with autosomal recessive juvenile parkinsonism from

three unrelated families have a deletion affecting exon 4

alone. A 4.5�kb transcript that is expressed in many

human tissues but is abundant in the brain, including the

substantia nigra, is shorter in brain tissue from one of the

groups of exon�4�deleted patients. Since mutations in the

newly identified gene appear to be responsible for the

pathogenesis of autosomal recessive juvenile parkinson�

ism, the authors named the protein product as “parkin”

[56]. Subsequently mutations of the parkin gene have

been found in individuals from families with inherited

early�onset parkinsonism all over the world. Various dele�

tions and point mutations in the parkin gene have been

observed in more than 50% of patients with autosomal

recessive juvenile parkinsonism [12, 57].

STRUCTURE AND FUNCTIONS OF PARKIN

Parkin, a protein of molecular mass of 52 kD, con�

sists of 465 amino acid residues. Its N�terminal domain

structurally related to ubiquitin is known as the UBL

(ubiquitin like) domain. The C�terminal half of parkin

comprises a specific arrangement of three zinc�finger

domains: two RING fingers flank a domain known as the

cysteine�rich in�between RING (IBR) domain (Fig. 3)

[57]. Certain RING cysteine and histidine residues coor�

dinate a structurally important zinc atom [58]. The medi�

an fragment contains cleavage sites for the pro�apoptotic

caspases 1 and 8 [59] and also cysteine�rich UPD domain

[57, 60]. The extreme C�terminus of parkin binds to the

calcium/calmodulin�dependent serine protein kinase,

thereby promoting targeting for the synaptic transport of

parkin. All of these structural elements are essential for

the functional integrity of parkin, because point muta�

tions cluster in the UBL, UPD, RING–IBR–RING,

and the C�terminus [57].

Parkin is ubiquitin�protein ligase (E3), which oper�

ates in cooperation with ubiquitin�conjugating enzymes

(E2) UbcH7 and UbcH8 [59, 61]. Structures of RING

and IBR are typical for E3 ligases. RING–IBR–RING

domain contains binding sites for substrates and E2 car�

rying activated ubiquitin; it is involved in regeneration of

E2 component in the ubiquitination mechanism [38, 62].

UBL domain is involved in proteasome organization

required for association of polyubiquitinated substrates

with the ubiquitin–proteasome system [63]. Mechanisms

responsible for involvement of parkin in initial ubiqui�

tination of substrates remain unclear due to incomplete

knowledge of parkin structure. Other E3 ligases contain�
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ing similar RING domains act as scaffolds that bind to

E2s and substrates simultaneously, bringing into close

proximity ubiquitin bound to E2 and lysine residues of

protein substrate. These E3 ligases do not form thioester

derivative, but they follow similar reaction mechanism

and can undergo self�ubiquitination as parkin [38].

Some authors believe that in contrast to wild type

parkin the mutant parkin gene protein products lack

ubiquitin�protein ligase (E3) activity in the case of auto�

somal recessive juvenile parkinsonism [33, 64, 65]. Others

suggest that low enzymatic activity of parkin rather than

total loss of biological functions causes onset of symp�

toms of autosomal recessive juvenile parkinsonism: in

patients with inherited form of this disease mutant parkin

exhibited poor binding of UbcH7 and UbcH8 and low E3

ubiquitin�protein ligase activity [12].

PROTEIN SUBSTRATES OF PARKIN

Now there is convincing evidence that parkin ubi�

quitinates various substrates, thus targeting them for pro�

teasomal degradation. Parkin deficiency or its mutations

cause accumulation of neurotoxic proteins accompanied

by onset of symptoms of parkinsonism [38, 57, 64].

Although molecular mechanisms of these processes are

not well understood, the searches driven by this hypothe�

sis have led to the discovery of aggregation�prone protein

substrates of parkin.

Cell division control�related protein�1 (CDCrel�1)

was the first identified substrate of parkin. CDCrel�1 is a

synaptic vesicle polypeptide of molecular mass of about

44 kD [65]. It belongs to the septin family, which also

includes GTPases involved in cytokinesis. CDCrel�1 is

suggested to be involved into regulation of synaptic vesi�

cles release [66], but its role in dopamine release remains

unclear. It is possible that parkin mutations influence this

function of CDCrel�1, making a decisive contribution to

the development of PD symptoms [7].

Parkin�associated endothelial�like receptor (Pael�

R), a transmembrane polypeptide of EPR coupled to G�

protein, is one of the best�studied parkin substrates.

Overexpression of this receptor in cells is accompanied by

impairments of its folding, forming insoluble aggregates

causing cell death as the result of so�called unfolded pro�

tein reaction (UPR) [67]. UPR is a mechanism triggering

various processes of EPR response to stress such as stim�

ulation of chaperone biosynthesis in response to

increased content of unfolded or mutant proteins. (The

UPR reaction is similar to the heat shock response of

cytosolic chaperones homologous to EPR chaperones

[10].) Parkin ubiquitinates Pael�R and promotes its

degradation by means of two ubiquitin�conjugating

enzymes E2, Ubc6 and Ubc7, located in EPR. Especially

high concentrations of Pael�R have been found in neu�

rons containing tyrosine hydroxylase, the key enzyme of

catecholamine biosynthesis. In brain of patients with

autosomal recessive juvenile parkinsonism, accumulation

of insoluble aggregates of Pael�R was found [7, 68, 69].

Synphilin�1 is the other protein undergoing parkin�

dependent ubiquitination [80]. Functions of synphilin�1

remain unknown, but it has been identified and cloned as

the α�synuclein�interacting protein [71]. Synphilin�1 (as

well as CDCrel�1) is a synaptic vesicle protein, which has

also been found in Lewy bodies [71, 72]. In cell culture,

coexpression of synphilin�1 with α�synuclein resulted in

formation of Lewy�body�like aggregates containing both

these proteins; in the presence of parkin a significant pro�

portion of these aggregates underwent ubiquitination

[71]. The fact that patients with mutant parkin lack Lewy

bodies has lead to suggestion that pathogenetic mecha�

nisms induced by mutations in the parkin gene differ from

those responsible for development of sporadic PD and

PD induced by mutations in α�synuclein [73, 74].

However, the interaction of synphilin�1 with α�synuclein

and parkin suggests the existence of common mecha�

nisms of the development of different forms of PD, relat�

ed to both parkin mutations and defective α�synuclein. It

is possible that parkin is directly involved in ubiquitina�

tion of such components of Lewy bodies as synphilin�1.

Moreover, parkin isolation within such inclusions may

result in the loss of its functions. In the absence of parkin

the proteins of Lewy bodies would not undergo ubiquiti�

nation, and this accelerates formation of Lewy bodies

[18, 73]. This hypothesis is consistent with the observa�

Fig. 3. Parkin and ubiquitin−proteasome system (modification of

[4]). Parkin (E3) is a link between ubiquitinated substrates (S1 and

S2) and E2, which binds to RING finger site. Various parkin sites

can recognize various substrates. For example, UBL domain binds

α�synuclein isoform, αSp22 – S1, whereas RING finger site inter�

acts with CDCrel�1, Pael�receptor, and synphilin�1 (these proteins

are defined as S2). Ubiquitin residues (designated with closed cir�

cles) are transferred from E1 to E2 and, finally, to substrate, thus

labeling it for proteasome degradation.

Proteasome
complex

Parkin (E3)



856 BUNEEVA, MEDVEDEV

BIOCHEMISTRY  (Moscow)   Vol.  71   No.  8   2006

tion that in patients with inherited form of PD mutant

parkins cannot ubiquitinate synphilin�1.

Farrer and coworkers described a patient with muta�

tion R275W in one parkin allele and deletion of 40 base

pairs in exon 3 (Ex3∆40) in the other allele; in this

patient, Lewy bodies typical for PD were observed. The

parkin mutation R275W causes a decrease (but not total

loss) of catalytic activity [70]. The authors concluded that

this mutation represents an exception, which confirms

the rule: parkin requirement for formation of Lewy bod�

ies. These pathological inclusions contribute to neuronal

death by sequestering parkin and thus “depriving” cells of

its activity required for degradation of specific proteins

[18].

Using immunological methods, Shimura et al. iden�

tified in healthy human brain the O�glycosylated isoform

of α�synuclein (αSp22) [61]. Mutant parkins from

patients with inherited form of PD did not bind αSp22: in

in vitro experiments αSp22 underwent ubiquitination by

normal but not by mutant parkin. However, the presence

of αSp22 in normal brain is still questioned, because the

experiments by Shimura et al. have not been confirmed

by other laboratories. It should also be mentioned that

such type of complex glycosylation is not typical for cyto�

plasmic protein. Usually a component of brain neurons,

non�glycosylated α�synuclein is not a parkin substrate,

because in vivo and in vitro parkin does not bind and does

not ubiquitinate this protein [61, 70].

It has recently been demonstrated that the p38 sub�

unit of aminoacyl�tRNA synthetase complex, involved in

biogenesis of brain proteins, undergoes ubiquitination by

parkin [75]. Overexpression of p38 in COS7 cells resulted

in formation of aggresome�like inclusions in which

parkin was systematically sequestered. In the human

dopaminergic neuroblastoma�derived SH�SY5Y cell line,

parkin promoted the formation of ubiquitinated p38�pos�

itive inclusions. Moreover, the overexpression of p38 in

SH�SY5Y cells caused significant cell death against which

parkin provided protection. This suggests that p38 plays a

role in the pathogenesis of PD.

Synaptotagmin XI found both in Lewy bodies and

healthy neurons of substantia nigra is another synaptic

protein substrate for ubiquitination by parkin [76]. Being

located in neurotransmitter secretory granules, it is

involved in exocytosis stimulated by calcium ions. In the

case of parkin inactivation, synaptotagmin cannot be

ubiquitinated and this is the reason underlying impair�

ments of dopamine release in parkin mutant mice.

In a multisubunit ligase complex parkin ubiquiti�

nates cyclin E, which is involved in physiological regula�

tion of the cell cycle. Parkin deficiency results in accu�

mulation of cyclin E in postmitotic neurons treated with

exogenous toxicant, cainate, and development of apopto�

sis. Parkin protects neurons (including dopaminergic

neurons) pretreated with this toxin against cyclin accu�

mulation and prevents apoptosis [77].

Parkin also ubiquitinates microtubular proteins, α�

and β�tubulins [78]. Misfolded tubulin monomers are

highly toxic [79] and so have to be ubiquitinated for sub�

sequent proteolytic degradation. There are other parkin

substrates: septins SEPT5_ v2/CDCrel�2, which are

homologous to CDCrel�1 [80], and also polyglutamine

proteins (polyQ) [81]. Accumulation of aberrant polyglu�

tamine proteins in cells is typical not only for PD, but also

for some other neurodegenerative diseases such as

Huntington’s disease and spinocerebellar ataxias. Tsai and

coworkers revealed that parkin is involved in elimination

of these aggregation�prone cytosolic polypeptides. Ataxin

3 containing a polyglutamine chain (of 79 glutamine

residues) causes cytosolic stress accompanied by protein

misfolding. This triggers regulatory mechanisms mediated

by the chaperone known as 70 kD heat shock protein (Hsp

70). (This process is similar to that of endoplasmic stress

involving Pael�R.) When the number of polyglutamine

proteins exceeds chaperone capacities of Hsp 70, the lat�

ter binds to parkin interacting with its RING–IBR–

RING�domain. Parkin ubiquitinates a chaperone�bound

polyglutamine protein and targets it for proteasome degra�

dation [81]. Direct binding of UBL domain of parkin to

regulatory 19S proteasome accelerates delivery of polyglu�

tamine substrates to proteasome [63, 81].

REGULATION OF PARKIN ACTIVITY.

PROTEASOME SYSTEM AND CHAPERONES

AS TWO COMPONENTS OF A COMMON

CELLULAR SYSTEM RESPONSIBLE

FOR ELIMINATION OF MISFOLDED PROTEINS

Besides studies of effects of various mutations on the

structure and functions of parkin, certain attempts have

been made for elucidation of regulation of its activity.

Mutations may cause attenuation of parkin interaction

with other proteins, for example with CHIP, C�terminus

Hsp 70�interacting protein [82]. Imai and coworkers

demonstrated that CHIP binds to the parkin gene and this

increases ubiquitin ligase activity. CHIP, Hsp 70, parkin,

and Pael�R form a complex in vivo and in vitro [82]. EPR

stress was accompanied by 3�fold increase in CHIP con�

tent in this complex. CHIP promotes dissociation of Hsp

70 from parkin and Pael�R and thus provokes parkin�

dependent ubiquitination of Pael�R. Moreover, in vitro

CHIP facilitates parkin�dependent ubiquitination of Pael�

R in the absence of Hsp 70. CHIP also increases parkin�

dependent inhibition of cell death induced by Pael�R. All

these results suggest that CHIP is an E4�like protein reg�

ulating E3 activity of parkin [82]. Murata and coworkers

demonstrated that CHIP is a chaperone�dependent E3

ligase ubiquitinating unfolded proteins [83].

Such dual role of chaperones, which not only pre�

vent protein aggregation and cause refolding, but also

promote ubiquitination and rapid degradation of defect
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proteins, is very important for cells. Besides chaperone

Hsp 70, a similar role has also been demonstrated for

chaperone Hsp 40. Interestingly, ATPases of 26S protea�

some not only promote proteolytic degradation, they also

exhibit chaperone�like activity and may prevent aggrega�

tion of proteins; they may also act as promoters of refold�

ing of denatured proteins [10].

Yamamoto and coworkers revealed the role of post�

translational modification of parkin essential for regula�

tion of its activity. In experiments on human embryonic

cell culture HEK293 and human neuroblastoma SH�

SY5Y cells, they found parkin phosphorylation; certain

protein kinases caused parkin phosphorylation at serine

residues 101, 131, and 136 (within median site) and 296

and 378 (within RING–IBR–RING�domain). Protein

misfolding in cells reduced parkin phosphorylation, and

non�phosphorylated parkin exhibited increased capacity

for self�ubiquitination. Some authors believe that com�

plex regulation of parkin phosphorylation degree may be

involved in cell response to stress by increasing the con�

tent of unfolded proteins [60].

PARKIN LOCALIZATION IN VARIOUS CELL

COMPARTMENTS: PARKIN AND MOLECULAR

MECHANISMS UNDERLYING MITOCHONDRIAL

DYSFUNCTIONS IN PARKINSON’S DISEASE

Characterizing some substrates of parkin, we have

already mentioned its role in prevention of accumulation

of defective protein deposits in EPR and cytosol.

Parkin has been found in mitochondria [84], and

some authors suggest that impairments of mitochondrial

functions may play the key role in the pathogenesis of PD

[38, 85]. There is experimental evidence supporting this

hypothesis.

Studies of brain autopsy material obtained from PD

patients revealed damage of mitochondria [86, 87].

Mitochondrial Complex I inhibitors (1�methyl�4�

phenyl�1,2,4,6�tetrahydropyridine (MPTP), rotenone,

paraquat) cause the development of parkinsonian symp�

toms in man and various experimental models [88, 89].

Darios et al. [90] reported that parkin overproduc�

tion protected PC12 cells against ceramide�induced

death by decreasing mitochondrial swelling and release of

cytochrome c from them.

In vivo experiments using animals mutant in the

parkin gene do not contradict the hypothesis on the role

of mitochondrial dysfunctions in the pathogenesis of PD.

These studies employed mutant Drosophila [91, 92] and

mice [87, 93�95]. Drosophila mutants were phenotypical�

ly different from wild type animals; they were also char�

acterized by reduced longevity, movement disorders, and

male sterility; the latter was due to defects of spermatid

individualization at later stages of spermatogenesis.

Pathology of mitochondria of flight muscle cells and sper�

matids was a typical morphological sign of these mutants;
this was the putative reason for apoptotic death of corre�

sponding cells, which require large energy resources for

normal functioning [85]. Such tissue�specific effect may

suggest that similar mitochondrial dysfunctions may

cause selective neuronal death in the autosomal recessive

form of juvenile parkinsonism [91].

Paradoxically, mice lacking parkin were viable and

with one exception [96] were characterized by normal

brain morphology without characteristic inhibition of

substantia nigra neurons. However, there was increased

level of extracellular dopamine in the striatum of these

mice. Parkin deficient mice were also characterized by

impairments of mitochondrial respiration and decreased

resistance to oxidative stress typical for PD [94].

Employment of proteomic techniques revealed in the

ventral part of midbrain of these mice the altered ratio of

various mitochondrial respiratory chain proteins and also

some proteins protecting against oxidative stress.

Taken together, these results suggest that parkin pro�

motes degradation of mitochondrial protein substrates

required for normal functioning of brain dopaminergic

neurons. However, nature of these substrates remains

unknown.

CONCLUSION

The discovery that mutations of five different genes

(α�synuclein gene, DJ�1, PINK1, LRRK2, and parkin

gene) cause inherited forms of parkinsonism has made

the revolutionary break in the history of studies of mech�

anisms underlying the development of PD, which has

always been thought to be the neurodegenerative disease

unrelated to heredity [97]. Although these mutations

occur in a small group of the population (members of sev�

eral families) they give a tool for investigation of func�

tioning of certain genes and reveal important aspects of

pathogenesis not only of “family” parkinsonism but also

more common sporadic cases of this disease.

The parkin gene was the first discovered gene that is

responsible for manifestation of recessive PD [56]. Some

authors believe that 50% of cases of inherited forms of PD

are determined by mutations of this gene [98]. It was orig�

inally discovered in patients with juvenile parkinsonism;

however, certain evidence now exists that parkin muta�

tions also cause PD in older people as well [97]. The auto�

somal recessive juvenile form of PD is characterized by

slow progression of disease and some specific symptoms

(e.g., dystonia) and also lack of Lewy bodies (with one

exception [53]). Similar clinical symptoms are also typi�

cal for other forms of parkinsonism (e.g., MPTP�induced

parkinsonism) [99]. Many authors believe that autosomal

recessive parkinsonism is the phenocopy of sporadic PD

[38]. In any case, parkin is the most intensively investigat�

ed gene.



858 BUNEEVA, MEDVEDEV

BIOCHEMISTRY  (Moscow)   Vol.  71   No.  8   2006

The protein product of this gene, parkin, exhibits

ubiquitin�protein ligase activity and plays a key role in the

ubiquitin mediated proteasome degradation of damaged

or mutant proteins [33, 65]. Discovery of domain struc�

ture provided a better understanding of details of its func�

tioning [63]. Analysis of parkin gene mutations revealed

targets of its protein product (the neurotoxic substrates)

and some mechanisms of its control [38, 100].

Identification of subcellular localization of parkin,

employment of cell models, and mutant animals lacking

parkin activity clarified some aspects of molecular mech�

anisms underlying development of PD [12, 38].

Phenotypic changes common for all experimental animal

models consist in changes of mitochondrial morphology

and impairments of mitochondrial functions [86, 90].

This is consistent with in vitro experiments in which

parkin specifically prevented cytochrome c release from

mitochondria and apoptotic cell death [94].

However, in spite of significant progress in our

knowledge of the causes underlying selective dopaminer�

gic cell death associated with PD, there are many prob�

lems that still require further investigation. The hypothe�

sis that dopaminergic neurons are particularly prone to

mitochondrial damage is also supported by experiments

with other proteins (PINK1 and DJ�1) [38]. Mutations of

genes encoding these proteins also cause recessive parkin�

sonism [44, 101]. If we take into consideration protein�

ligase activity of parkin, death of neurons lacking this

protein suggests impairments of proteasome functioning

[102�104]. Indeed, there is certain experimental evidence

in vitro that proteasome inhibitors selectively affect cate�

cholaminergic neurons [102].

In a recent review on biochemistry of PD, M.

Cookson considers three possible modes of interactions

between mitochondrial and proteasome mechanisms

underlying onset of parkinsonism [38]. It is possible that

each of them leads to death of certain neuronal cells irre�

spectively to each other. The other mode of neuronal

death might require combination of both pathways oper�

ating independently on early stages but interacting at a

certain (later) stage. The third, the simplest mode, implies

the existence of a common metabolic pathway, in which

all three genes (PINK1, DJ�1, and parkin) are its markers.

It is difficult to separate mitochondrial and protea�

some damages of cells. Proteasome inhibitors increase

sensitivity of catecholaminergic neurons to rotenone and

MPTP in vitro [103]. Inhibitors of mitochondrial

Complex I cause the decrease in proteasome activity pos�

sibly due to sensitivity of ubiquitin�proteasome system to

deficit of ATP or due to oxidation or both these reasons

[103]. Some evidence also exists that proteasome

inhibitors cause mitochondrial damage [105]. Both these

interdependent processes (impairments of mitochondrial

and proteasome functioning) cause cell death.

Elucidation of the role of parkin and protein prod�

ucts of other recessive genes involved in protection of cells

against accumulation of toxic protein aggregates requires

further studies. Their success may culminate in the devel�

opment of new therapeutic strategies not only for symp�

tomatic treatment of rare inherited forms of parkinson�

ism, but also in the cases of common sporadic form of

Parkinson’s disease.
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