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Parkinson disease (PD) is a common neuro-
degenerative disease with unknown etiology.
PD is commonly referred to as a “motor dis-
ease,” reflecting its clinical symptoms, includ-
ing resting tremors of extremities, muscular
rigidity, shuffling gait, stoop posture, and
bradykinesia (1). The underlying pathology
of PD is progressive neuronal loss, particu-
larly in the substantia nigra pars compacta
(SNc), and the presence of abnormal pro-
tein-rich aggregates—known as Lewy bod-
ies—in the remaining neurons (2). The loss
of dopaminergic neurons in the SNc, leading

to dopamine deficiency, is believed to be re-
sponsible for the motor and nonmotor
symptoms, including orthostatic hypoten-
sion, mood disorders, sleep disorder, and
loss of sense of smell. Dopamine replace-
ment therapy provides symptomatic relief,
but disease progression continues unabated.
Therefore, there is a need for understanding
the mechanisms of PD to aid the develop-
ment of more effective therapeutics. This
endeavor is fueled by genetic discoveries in
the past two decades that identified a number
of genes associated with rare inheritable PD,

including SNCA, Parkin/PRKN, DJ-1/Park7,
PINK1, and LRRK2 (leucine-rich repeat ki-
nase 2) (3). The push now is to understand
the functions of these gene products and
the biological pathways in which they oper-
ate. In PNAS, Beilina et al. identify a number
of LRRK2 interactors whose jobs are to pro-
cess endocytosed vesicles, thereby associat-
ing LRRK2 with the vesicle endocytosis
pathways (4).
Mutation in LRRK2 is a common cause of

PD (5). LRRK2 is a large (2,527 amino acids)
multidomain protein consisting of at least
five putative domains (Fig. 1A) (6). The cata-
lytic region consists of three of those domains:
A Ras-like GTPase domain called Ras of com-
plex proteins (ROC) followed by a domain
called C-terminal of ROC (COR), which is
in turn followed by a kinase domain (Ki-
nase). The mechanism of LRRK2 in PD
pathogenesis remains unclear; however, the
most common disease-associated mutation
in LRRK2, G2019S, shows higher kinase
activity than wild-type. Therefore, overacti-
vation of LRRK2 kinase activity might be as-
sociated with disease pathogenesis (7). The
tandem ROC-COR-Kinase arrangement sug-
gests that their activitiesmight be coupled such
that the GTPase activity of ROC might mod-
ulate the kinase activity. Indeed, several studies
have shown that GTP binding to the ROC
domain regulates the activity of the Kinase
(8, 9). Moreover, PD-associated mutation in
the ROC domain (R1441C) has been shown
to have higher kinase activity (10), thus sug-
gesting that mutations in the ROC domain
also up-regulate LRRK2’s kinase activity.
Flanking the catalytic tridomain region,

including about 1,300 residues upstream of
ROC and about 400 residues downstream of
the Kinase domain, are predicted to encode
protein–protein interaction domains, including
a leucine-rich repeat domain (LRR), a seven–
β-propeller structure called WD40, and likely
other protein–protein domains upstream of
the LRR domain. LRRK2 is equipped to per-
form multiple biochemical functions; in my
group, we refer to it as the “Swiss Army
Knife” protein. The presence of multiple pro-
tein–protein interaction domains in LRRK2

Fig. 1. (A) Cartoon presentation of LRRK2 showing multidomain structure. Termini and predicted domains labeled
along approximate domain boundaries. Cartoon of domain structures were rendered using coordinates of homology
models built based on other proteins with known structures. The N-terminus region preceding the LRR domain
consists of sequence similarity to more than one additional protein–protein interaction domain, including HEAT
[Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and the yeast kinase TOR1] repeats and
Ankyrin repeats; however, their boundaries are more difficult to approximate. (B) A simplified drawing of the vesicular
endocytosis pathway showing GAK/Hsc70 involvement in uncoating clathrin-coated vesicles. BAG5 might also be
involved in the same process by interacting with Hsc70, and Rab7L1 functions in the retromer sorting process. LRRK2
interacts with all three proteins (GAK, BAG5, and Rab7L1); thus, the process of vesicular endocytosis, sorting,
recycling, and degradation might be important in the pathogenesis of PD.
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suggests that it likely interacts with a number
of different proteins and perhaps functions in
a multiprotein complex. Therefore, knowing
the identity of its interactors could reveal the
cellular pathways in which it functions.
LRRK2 has been proposed to interact with
a number of different proteins, including the
14-3-3 family of proteins (11), microtubules
(12), dishevelled proteins (13), carboxyl ter-
minus of Hsp70-interacting protein (CHIP)
(14), and mitogen-activated protein kinase
kinase 6 (MKK6) (15). These proteins have
broad functions; thus, whether they cooperate
with LRRK2 in a common pathway is unclear.
To perform an unbiased screen for pro-

teins that interact with LRRK2, Beilina et al.
(4) used protein–protein arrays with immo-
bilized LRRK2. The authors found a number
of different interactors, including cyclin
G-associated kinase (GAK), three members
of the Bcl-2–associated anthanogene domain
cochaperones (BAG), and RAB7 member
RAS oncogene family-like1 (Rab7L1). An
exciting aspect of Beilina et al.’s findings
is that these LRRK2 interactors could func-
tion in the same cellular pathway, namely
the vesicle trafficking process (Fig. 1B).
Among the interactors identified by Beilina

et al. (4) are the following. GAK consists of
multiple domains, including a clathrin-bind-
ing domain, a kinase domain, and a J-domain
that interacts with heat-shock cognate 70
(Hsc70) (16). GAK and Hsc70 together power
the uncoating of endocytosed clathrin-coated
vesicles (17). Interestingly, GAK has been
implicated as a risk factor for PD in genome-
wide association studies (18). BAG5 is a
member of the BAG-family of proteins
known as cochaperones that interact with
Hsc70/Hsp70 and modulate their functions.
BAG proteins have been shown to interact
with the ATPase domain of Hsc70 and ac-
celerate the exchange of ATP for ADP, acting
as a nucleotide-exchange factor. BAG5 might
modulate the activity of Hsc70/GAK com-
plex by binding to the ATPase domain of
Hsc70. Interestingly, BAG5 has been previ-
ously shown to inhibit another PD-associated
protein, Parkin, and enhances dopaminergic
neuron degeneration (19). The third LRRK2
interactor identified by Beilina et al., Rab7L1,
has been shown to be a risk factor for PD
and was subsequently shown to interact with

LRRK2 (20). PD-associated mutations in
LRRK2 or Rab7L1 led to endolysomal and
Golgi apparatus sorting defects and defi-
ciency of the VPS35 component of the ret-
romer complex (20). The retromer sorting

Beilina et al. identify
a number of LRRK2
interactors whose
jobs are to process
endocytosed vesicles,
thereby associating
LRRK2 with the vesicle
endocytosis pathways.
process is downstream of clathrin-uncoating
in clathrin-mediated endocytosis (Fig. 1B);
thus, all three LRRK2 interactors identified by
Beilina et al. (4) fit in this common pathway.
It remains to be determined whether this

pathway plays a major role in the pathogen-
esis of PD; however, numerous lines of
evidence that have emerged over the past
two decades have implicated various areas of
vesicular trafficking, retromer sorting, lyso-
somal degradation, and autophagy in PD, as
well as other neurodegenerative diseases,
including Alzheimer’s disease, thus lending

support for a common pathway leading to
PD. An exciting aspect of Beilina et al.’s work
(4) is that it identifies specific players that
potentially unify these pathways. It was
hoped that studying the mechanisms of rare
familial PD might provide insights into the
etiology of sporadic PD. The data by Beilina
et al. support this notion in that the inter-
actors of LRRK2, which is associated with
familial PD, overlaps with genes identified
in genome-wide association studies.
The mechanism of PD was virtually a

“black-box” only two decades ago. We now
know a handful of genes directly involved
in pathogenesis and the cellular pathways
in which they function are beginning to un-
ravel. Much more work remains to be done
to understand the disease at depths required
for translation into therapeutic strategies. For
example: How do LRRK2 and other PD-
associated proteins perturb vesicular pro-
cessing and other cellular processes? What is
the molecular mechanisms of toxicity? What
are the functions of these PD-associated pro-
teins and how are they altered by the disease-
associated point mutations? The report by
Beilina et al. (4) paves the way for detailed
molecular and quantitative investigations
required to answer these questions.

1 Klockgether T (2004) Parkinson’s disease: Clinical aspects. Cell
Tissue Res 318(1):115–120.
2 Lang AE, Lozano AM (1998) Parkinson’s disease. N Engl J Med
339(15):1044–1053.
3 Hardy J, Cai H, Cookson MR, Gwinn-Hardy K, Singleton A (2006)
Genetics of Parkinson’s disease and parkinsonism. Ann Neurol 60(4):
389–398.
4 Beilina A, et al. (2014) Unbiased screen for interactors of
leucine-rich repeat kinase 2 supports a common pathway for
sporadic and familial Parkinson disease. Proc Natl Acad Sci USA
111:2626–2631.
5 Cookson MR (2010) The role of leucine-rich repeat kinase 2
(LRRK2) in Parkinson’s disease. Nat Rev Neurosci 11(12):791–797.
6 Mata IF, Wedemeyer WJ, Farrer MJ, Taylor JP, Gallo KA (2006)
LRRK2 in Parkinson’s disease: Protein domains and functional
insights. Trends Neurosci 29(5):286–293.
7 Greggio E, et al. (2006) Kinase activity is required for the
toxic effects of mutant LRRK2/dardarin. Neurobiol Dis 23(2):
329–341.
8 Guo L, et al. (2007) The Parkinson’s disease-associated protein,
leucine-rich repeat kinase 2 (LRRK2), is an authentic GTPase that
stimulates kinase activity. Exp Cell Res 313(16):3658–3670.
9 Ito G, et al. (2007) GTP binding is essential to the protein kinase
activity of LRRK2, a causative gene product for familial Parkinson’s
disease. Biochemistry 46(5):1380–1388.
10 West AB, et al. (2005) Parkinson’s disease-associated mutations
in leucine-rich repeat kinase 2 augment kinase activity. Proc Natl
Acad Sci USA 102(46):16842–16847.

11 Rudenko IN, Cookson MR (2010) 14-3-3 proteins are promising

LRRK2 interactors. Biochem J 430(3):e5–e6.
12 Gandhi PN, Wang X, Zhu X, Chen SG, Wilson-Delfosse AL (2008)

The Roc domain of leucine-rich repeat kinase 2 is sufficient for

interaction with microtubules. J Neurosci Res 86(8):1711–1720.
13 Sancho RM, Law BM, Harvey K (2009) Mutations in the LRRK2

Roc-COR tandem domain link Parkinson’s disease to Wnt signalling

pathways. Hum Mol Genet 18(20):3955–3968.
14 Ko HS, et al. (2009) CHIP regulates leucine-rich repeat kinase-2

ubiquitination, degradation, and toxicity. Proc Natl Acad Sci USA

106(8):2897–2902.
15 Hsu CH, et al. (2010) MKK6 binds and regulates expression of

Parkinson’s disease-related protein LRRK2. J Neurochem 112(6):

1593–1604.
16 Kanaoka Y, Kimura SH, Okazaki I, Ikeda M, Nojima H (1997)

GAK: A cyclin G associated kinase contains a tensin/auxilin-like

domain. FEBS Lett 402(1):73–80.
17 Ungewickell EJ, Hinrichsen L (2007) Endocytosis: Clathrin-

mediated membrane budding. Curr Opin Cell Biol 19(4):417–425.
18 Rhodes SL, Sinsheimer JS, Bordelon Y, Bronstein JM, Ritz B (2011)

Replication of GWAS associations for GAK and MAPT in Parkinson’s

disease. Ann Hum Genet 75(2):195–200.
19 Kalia SK, et al. (2004) BAG5 inhibits parkin and enhances

dopaminergic neuron degeneration. Neuron 44(6):931–945.
20 MacLeod DA, et al. (2013) RAB7L1 interacts with LRRK2 to

modify intraneuronal protein sorting and Parkinson’s disease risk.

Neuron 77(3):425–439.

Hoang PNAS | February 18, 2014 | vol. 111 | no. 7 | 2403

CO
M
M
EN

TA
RY


