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ABSTRACT: Autosomal dominant mutations in leucine rich repeat kinase 2 (LRRK?2) are the most common
genetic cause of Parkinson’s disease (PD). Despite the presence of multiple domains, the kinase activity of
LRRK2 is thought to represent the primary function of the protein. Alterations in LRRK2 kinase activity are
thought to underlie the pathogenesis of its PD-linked mutations; however, many questions regarding basic
aspects of LRRK2 function remain unclear, including the cellular mechanisms of LRRK?2 regulation and the
importance of its unique distribution within the cell. Here, we demonstrate for the first time that the
subcellular localization of wild-type LRRK2 is associated with changes in four distinct biochemical properties
likely crucial for LRRK2 function. Our data demonstrate for the first time that the wild-type LRRK2 dimer
possesses greater kinase activity than its more abundant monomeric counterpart. Importantly, we show that
this activated form of LRRK2 is substantially enriched at the membrane of cells expressing endogenous or
exogenous LRRK?2, and that the membrane-associated fraction of LRRK?2 likewise possesses greater kinase
activity than cytosolic LRRK2. In addition, membrane-associated LRRK2 binds GTP more efficiently than
cytosolic LRRK2 but demonstrates a lower degree of phosphorylation. Our observations suggest that
multiple events, including altered protein—protein interactions and post-translational modifications, con-
tribute to the regulation of LRRK?2 function, through modulation of membrane association and complex
assembly. These findings may have implications for the sites of LRRK2 function within the cell, the
identification and localization of bona fide LRRK2 substrates, and efforts to design small molecule inhibitors
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of LRRK2.

Parkinson’s disease (PD)' is the second most common neuro-
degenerative disorder, affecting ~2% of the population over the
age of 50, with ~1.5 million patients in the United States alone (/).
Mutations in multiple genes are now known to cause familial
PD (2, 3), paving the way for molecular approaches to studying
the disease. The most common mutations in PD are found in
leucine rich repeat kinase 2 (LRRK2). They account for between
5 and 40% of familial parkinsonism and for 0.5—2.0% of sporadic
PD cases (2, 4—6). The vast majority of cases with LRRK2
mutations present pathologically with a-synuclein inclusions, as in
classic idiopathic PD (4, 6), establishing the likelihood that
studying LRRK2 may shed light on the pathogenic mechanisms
underlying all PD cases. Although mutations in LRRK?2 demon-
strate an autosomal dominant inheritance pattern, their pene-
trance is age-dependent and incomplete (7—10). These obser-
vations suggest the existence of regulatory pathways that control
LRRK2 activity, as is true for most kinases. However, little is
known about how cells might regulate LRRK2 activity and what
biochemical events would be responsible.
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LRRK2 encodes a large protein of 2527 amino acids with PD-
linked mutations spanning the entire protein, including its kinase
and Roc (GTPase) domains (5, 6, /). The kinase domain is
homologous to other MAPKKKSs, and its activity is believed to
be crucial for its function and may also be important for the
pathogenic processes in PD (/2—20). Immunohistochemical and
electron microscopic analyses of LRRK?2 revealed the presence of
the protein in the proximity of numerous membrane structures
in mammalian brain (2/), and biochemical studies have vali-
dated the membrane association of LRRK?2 (22). Interestingly,
LRRK2 has been implicated in diverse cellular processes, most
of which either involve membrane dynamics or occur at the
membrane, such as maintenance of neurite morphology (23, 24),
vesicle endocytosis (25), autophagy (24, 26), and Wnt signal-
ing (27). However, the importance of this subcellular localization
on the biochemical properties of LRRK2 or its function has not
been previously examined.

LRRK2 recently has been suggested to form a dimer (28—30)
inintact cells. Furthermore, an in vitro study using a recombinant
ROC domain fragment of LRRK?2 indicated that the R1441C
mutation destabilizes the LRRK2 dimer (3/), implying a poten-
tial role for altered dimerization of LRRK2 in PD pathogenesis.
However, there are several outstanding questions to be addressed
with regard to the LRRK2 dimer, including the respective
activity of monomeric and dimeric LRRK?2 and whether the
LRRK?2 dimer possesses a specialized distribution within the cell.

Although LRRK2 is present both in the cytosol and at the
membrane (21, 22), it is not known whether the presence of
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LRRK?2 in different subcellular compartments is associated with
meaningful consequences for LRRK?2 function or activity. In this
study, we show that the LRRK2 dimer is substantially enriched
at the membrane, which coincides with greater in vitro kinase
activity of the membrane-associated pool of LRRK2 compared
to cytosolic LRRK?2. We also demonstrate that the less abundant
LRRK2 dimer is more active (per molecule) than the more
abundant LRRK?2 monomer. We have established further bio-
chemical distinctions between membrane-bound and cytosolic
LRRK2. Membrane-associated LRRK2 studied from multiple
systems was found to bind GTP more efficiently and was
also found to be phosphorylated to a lesser extent than cyto-
solic LRRK2. Our data suggest that subcellular localization of
LRRK?2 is important for its activity, complex formation, and
function, and that the membrane-associated LRRK2 dimer may
represent the physiologically active form of the protein.

MATERIALS AND METHODS

Cell Culture. GFP-LRRK2 and myc-LRRK2 constructs
containing the entire ORF of LRRK2 (generous gifts of M.
Cookson) were transiently transfected into HEK293FT cells
(Invitrogen) using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. Cells were harvested in ice-
cold PBS approximately 24 h after transfection. HEK293FT cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM),
10% fetal bovine serum, 100 units/mL penicillin, 0.1 mg/mL
streptomycin, 0.5 mg/mL geneticin, 2 mM L-glutamine, 0.1 mM
MEM nonessential amino acids, and 1 mM MEM sodium
pyruvate. Lymphoblasts (Coriell ID ND06358) were cultured
in RPMI 1640, 2 mM vr-glutamine, 100 units/mL penicillin, 0.1
mg/mL streptomycin, and 15% fetal bovine serum. The rodent
midbrain dopaminergic MES23.5 (MES) cells were cultured as
previously described (32).

Generation of Cytosol and Membrane Fractions. Cells
were mechanically disrupted in lysis buffer [S0 mM HEPES,
150 mM NaCl, PMSF, protease inhibitors, and phosphatase
inhibitors I and II (Sigma), 2 mM EDTA, 2 mM EGTA, 10 mM
NayP,05-10H,0, 20 mM NaF, 2 mM Na;VO, (Sigma)] by using
20 gentle strokes of a Potter-Elvehjem homogenizer. The resulting
homogenate was then drawn with an 18.5 gauge needle and
expelled through a 27.5 gauge needle five times. Homogenates
were subsequently centrifuged at 1000g for 10 min; the pellet was
discarded, and the supernatant was further centrifuged at 100000g
for 1 h. The 100000g supernatant was used as the cytosol, while the
100000g pellet represented the membrane fraction. For Western
blot analysis, this 100000g pellet was resuspended in 2x Laemmli
buffer and sonicated. For all other analyses (e.g., in vitro kinase
assay and chemical cross-linking), the 100000g pellet was first
extracted for 30 min on ice using the same lysis buffer supple-
mented with Triton X-100 (Sigma) to a final concentration of 1%,
unless mentioned otherwise, and then centrifuged at 10000g for
10 min. The Triton-soluble supernatant constituted the mem-
brane fraction. Following fractionation, and prior to separa-
tion with a glycerol velocity gradient (see below), Triton X-100
was supplemented to the cytosol samples to the same final
concentration as the membrane fractions.

Glycerol Velocity Gradients. Whole-cell extracts for glycerol
velocity gradients were prepared by lysing cells on ice for 30 min
in 0.5% Triton X-100, 50 mM HEPES (pH 7.4), 150 mM NaCl,
PMSF, protease inhibitors (Sigma), phosphatase inhibitors I and I1
(Sigma), 2 mM EDTA, 2 mM EGTA, 10 mM Na4P,O- - 10H,0,
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20 mM NaF, 2 mM Na;VO, (Sigma), and 2 mM DTT. The
lysates were subsequently centrifuged at 10000g for 10 min, and
the supernatant was used for further analysis. Comparison
between centrifugation of the sample at 10000g for 10 min and
100000g for 1 h revealed no differences in LRRK?2 distribution
across the gradient (not shown). Cytosol and membrane fractions
were prepared as described above; a final concentration of 0.5%
Triton X-100 was used in both cytosol and membrane fractions.
Addition of 0.5% Triton X-100 to the cytosol revealed no dif-
ferences in LRRK2 distribution across the gradient (not shown).
Glycerol gradients were prepared in 25 mM HEPES (pH 7.4),
0.5% Triton X-100, and 1 mM DTT. Samples were layered on top
of the glycerol gradient and centrifuged at 100000g for 16 h at4 °C.
Equal volumes of each glycerol fraction were analyzed by Western
blot. For quantifications of the relative amount of LMW and
HMW LRRK2, the boundary between these fractions was defined
as the fraction with the lowest intensity and fractions with the
lower molecular weight (typically 15—21% glycerol) were con-
sidered as LMW and fractions corresponding to the higher
molecular weight (typically 25—35% glycerol) HMW LRRK2.
Glycerol gradients were calibrated using commercially available
standards of known molecular weights: BSA (67000), LDH
(140000), catalase (232000), ferritin (440000) (GE Healthcare),
and urease (Sigma) which occurs natively as a trimer and hexamer
with molecular weights of 272000 and 545000, respectively. The
distribution of LRRK?2 across the glycerol gradients was verified
in at least three independent experiments for each condition. To
determine which glycerol fractions contained y secretase complex
and mitochondrial complex I subunit, cells were lysed in 1%
CHAPS (to retain the native assembly state for both protein
complexes) and subsequently analyzed using glycerol gradients
containing 1% CHAPS.

Heterologous Co-Immunoprecipitation (co-1P). The ex-
pression levels of myc-LRRK2 were matched to the expression
levels of GFP-LRRK2 in an independent experiment by titrating
the amount of myc-LRRK2 cDNA used during transfection (for
each set of plasmid DNA). The amount of DNA per transfection
was kept constant by using an empty vector (pcDNA 3.1). Cell
lysates were protein normalized and analyzed by Western blot
using an anti-LRRK2 antibody (see below). Cytosol and mem-
brane fractions in 0.1% Triton X-100 were immunoprecipitated
(IPed) using agarose-conjugated anti-c-myc resin (Vector
Laboratories), followed by five washes using lysis buffer supple-
mented with 0.1% Triton X-100. The resin was heated to 65 °C in
2x Laemmli buffer with f-mercaptoethanol for 5—10 min, and
samples were analyzed by Western blot. In each experiment, cells
transfected with GFP-LRRK?2 and empty vector were used as a
control for nonspecific binding of GFP-LRRK?2 to the myc resin.
Three independent experiments were performed to quantify
relative LRRK?2 dimer levels.

In Vitro Kinase Assays. LRRK2 was IPed using anti-c-myc
agarose affinity resin (Sigma, catalog no. A7470), followed by
two washes in lysis buffer with 500 mM NaCl, three washes with
lysis buffer (150 mM NaCl), one with lysis buffer with no
detergent, and one with kinase buffer (see below) without
ATP. Kinase reactions were performed in 25 mM Tris (pH
7.5), 5 mM pB-glycerophosphate, 0.1 mM sodium vanadate, 10
mM magnesium chloride, 50 uM cold ATP, and 10 uCi of
[y-**P]ATP for 30 min at 30 °C. The reaction was stopped via
addition of 4x Laemmli buffer with f-mercaptoethanol. A small
aliquot was analyzed by Western blot using the Odyssey infrared
imaging system (LI-COR Biosciences). The remainder of the
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reaction mixture was loaded onto 6% Tris-glycine gels (Invi-
trogen), dried, and exposed to autoradiography film (Kodak).
LRRK2 kinase activity was quantified by measuring the intensity
of [PJLRRK2 on the autoradiograph and normalizing it to the
amount of LRRK2 protein by Western blot. Three independent
experiments were performed to determine the relative activities of
cytosolic and membrane-associated LRRK2. Detailed experi-
ments revealed that the occasional doublet pattern of LRRK2 on
SDS—PAGE indeed represents two bands both corresponding to
full-length LRRK2. Therefore, both bands were considered for
quantitative analysis, if present. The presence of the doublet did
not correlate with any specific condition and was observed in
both membrane and cytosol fractions.

For in vitro kinase assays from the glycerol gradients, the
distribution of LRRK?2 across each glycerol gradient was first
verified by Western blot, and LMW (15—19%) and HMW
(25—35%) fractions from multiple gradients were then pooled
and used for myc IP. Six independent experiments were conducted
to assess the relative activities of LMW and HMW LRRK2. To
ensure optimal IP conditions, we then diluted each fraction to a
final concentration of 10% glycerol and concentrated each using
Amicon Ultra centrifuge devices with a 100000 cutoff. We did not
observe any loss of LRRK?2 following concentration, indicating no
appreciable binding of LRRK2 to the filter. Of note, we observed
similar results (increased kinase activity from HMW vs LMW
LRRK?2) without concentrating the samples, ruling out artifacts
from the concentration procedure itself.

Chemical Cross-Linking. Live cells were cross-linked with
DSS, DST, SATP, BMOE, or BMH (Pierce) at room tempera-
ture for 30 min in PBS with 10 mM EDTA, according to the
manufacturer’s instructions. Control samples were incubated
with the vehicle (DMSO) at the same time. Cytosol and mem-
brane fractions (final concentration of 1% Triton X-100) were
protein normalized prior to cross-linking, with equal volumes
used. Each experiment was repeated three times. For cross-
linking of glycerol gradient fractions, 15 and 29% glycerol
fractions were used as the LMW and HMW forms, respectively.

Western Blot. Samples were mixed with 4x Laemmli buffer
with 20% p-mercaptoethanol, heated at 65 °C for 5 min, and
loaded onto Novex (Invitrogen) or Criterion (Bio-Rad) Tris-
Glycine precast gels. The proteins were subsequently transferred
onto polyvinylidene fluoride (PVDF) membranes (Millipore)
and probed with the anti-myc antibody (polyclonal Al4 or
monoclonal 9E10, 1:1000 or 1:500, respectively; Santa Cruz
Biotechnology), anti-LRRK2 (custom affinity-purified polyclo-
nal LRRK2 antibody raised against the C-terminus, antigen
sequence of EKHIEVRKELAEKMRRTSVE), monoclonal
anti-actin (1:50000; Sigma), or the monoclonal anti-transferrin
receptor (1:1000; Zymed), monoclonal anti-GAPDH (1:20000;
Chemicon), monoclonal anti-NDUFA9 (1:1000; Mitosciences),
polyclonal anti-nicastrin (1:1000; Sigma, N1660), and polyclonal
presenilin 1 NTF (1:1000; Calbiochem). Secondary antibodies
(1:2000 to 1:10000) and ECL-plus were purchased from GE
Healthcare. Following ECL application, blots were exposed to
HyBlot Cl autoradiography film (Metuchen). Densitometry was
conducted using AlphaEase Automatic Image Capture (Alpha
Innotech). Some Western blots were developed using the Odyssey
infrared imaging system (LI-COR Biosciences), including those
used to quantify LRRK2 levels from in vitro kinase reactions.
The Odyssey system was used in conjunction with an infrared
anti-mouse secondary antibody (1:5000, Rockland Immuno-
chemicals).
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Phosphoprotein Analyses. Cytosolic and membrane frac-
tions were prepared and IPed using the high-affinity anti-c-myc
agarose resin (Sigma, catalog no. A7470), as described above for
in vitro kinase assays. Samples were separated by SDS—PAGE
and the gels then fixed and stained with Pro-Q Diamond
Phosphoprotein gel stain (Invitrogen), according to the manu-
facturer’s instructions. The gel was visualized using FLA-9000
(FujiFilm, excitation at 532 nm, LPG filter). Subsequently, the
same gel was stained for total proteins using SYPRO Ruby
(Invitrogen) and visualized either using FLA-9000 (FujiFilm,
excitation at 473 nm, LPG filter) or a UV transilluminator
(Alpha Innotech). The relative levels of LRRK2 phosphor-
ylation were quantified by normalization of the intensity of
the phosphoprotein signal to the levels of total LRRK2
(SYPRO Ruby stain or Western blot). Cytosolic and mem-
brane fractions of both untransfected cells and myc-LRRK2-
transfected cells were analyzed in parallel. Three indepen-
dent experiments were performed to quantify the relative
phospho-LRRK?2 levels in the cytosolic and membrane
fractions.

GTP Binding. GTP binding was performed as previously
described (33—35) with minor modifications. Samples were
prepared as described above, and the cytosolic fraction was
supplemented with Triton X-100 to a final concentration of 1%,
to match the buffer conditions of the corresponding membrane
fraction. The volume of all samples was kept constant within a
given experiment, and we ensured that the protein levels re-
mained below the saturating capacity of the GTP resin. Prior to
GTP binding, the GTP-agarose resin was blocked with 100 ug/
mL BSA in PBS for 1 h. Cell lysates were incubated for 1 h at
4 °C, followed by three washes in lysis buffer with 1% Triton
X-100, and then specifically bound LRRK2 was eluted with
2 mM GTP for 90 min. Three independent experiments were
performed using both cytosol and membrane fractions.

Size Exclusion Chromatography. Size exclusion chroma-
tography was conducted at 4 °C using an AKTA-FPLC system
(GE Healthcare). Samples were injected onto a Superdex 200 10/
300 GL column (GE Healthcare) equilibrated in 50 mM HEPES
(pH 7.4) and 150 mM NaCl (unless mentioned otherwise) and
eluted using the same buffer at a flow rate of 0.2 mL/min.
Fractions (0.25 mL) were analyzed by Western blot, as described
above. The column was calibrated using the following standards
and corresponding elution volumes: thyroglobulin (669000,
9.5 mL; Bio-Rad), apoferritin (440000, 11.32 mL; Sigma), cata-
lase (232000, 12.97 mL; Sigma), aldolase (158000, 13.37 mL; GE
Healthcare), conalbumin (75000, 14.67 mL; GE Healthcare),
ovalbumin (44000, 15.63 mL; Bio-Rad), and myoglobin (17000,
17.59 mL; Bio-Rad). Blue dextran was used to confirm the void
volume (8.79 mL; GE Healthcare).

Blue-Native PAGE. Blue-Native PAGE was performed
according to the manufacturer’s instructions (Invitrogen) using
3 to 12% Bis-Tris native gels. After electrophoresis, the gel was
incubated in transfer buffer containing 0.1% SDS for 10—15 min
and subsequently transferred to PVDF in the presence of 0.01%
SDS to improve the transfer efficiency of HMW protein com-
plexes. Two independent molecular weight standards were pur-
chased from GE Healthcare and Invitrogen. To determine the
relative migration of LRRK2, these standards were run on
adjacent lanes along with LRRK?2 samples and analyzed both
on the gel itself (Coomassie staining) and on the membrane
(after transfer on the PVDF membrane and staining with
Ponceau S).
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FiGURE 1: Analysis of HMW and LMW pools of LRRK?2 and their associated kinase activity from whole-cell lysates. (A) Transiently transfected
myc-LRRK?2 from whole-cell lysates is present in two distinct pools, as assessed by glycerol velocity gradients: LMW and HMW. Glycerol
gradients were calibrated using commercially available proteins with known molecular weights. Western blots from glycerol gradient fractions
show that LMW LRRK?2 migrates at ~230000, likely representing a monomer, while HMW LRRK2 is found at approximately double the
molecular weight (~440000), consistent with a dimer. Addition of 0.5% SDS prior to glycerol gradients collapses HMW LRRK2. (B)
Endogenous LRRK2 from human lymphoblasts is present in two distinct pools (LMW and HM W), similar to transfected LRRK2. Western blots
from glycerol gradient fractions were probed with anti-myc (A) and anti-LRRK2 antibodies (B). (C) Endogenous y-secretase complex, a protease
of 230000—250000, is present in the same glycerol gradient fractions (15—19%) as LMW LRRK2. Cell lysates of HEK293FT cells transfected
with myc-LRRK?2 were separated using glycerol velocity gradients and analyzed using Western blots for endogenous components of the y-
secretase complex. Immature nicastrin (iNCT) undergoes further glycosylation to generate mature nicastrin (mNCT); only mNCT is part of the
fully assembled y-secretase complex. The N-terminal fragment of presenilin (NTF) is also selectively present in the fully assembled y-secretase
complex. Mitochondrial complex I (980000) is found in 35% glycerol, as evidenced by the presence of one its subunits, endogenous NDUFA9. (D)
Chemical cross-linking of live cells leads to the formation of HMW complexes of endogenous LRRK2. Live lymphoblasts expressing endogenous
LRRK2 were cross-linked with increasing concentrations of DSS, leading to a dose-dependent formation of SDS-stable HMW LRRK?2
complexes. (E) HMW LRRK?2 is more active than LMW LRRK?2. Wild-type myc-LRRK2 from transfected HEK293FT cells was separated into
LMW and HMW pools using glycerol gradients, IPed using myc resin, and subjected to an autophosphorylation assay of kinase activity. An
autoradiograph of an SDS—PAGE gel separating the LRRK2 kinase reaction products shows increased levels of incorporation of radioactive *>P
into HMW LRRK2 compared to LMW LRRK2. Similar levels of LRRK?2 were present in both reaction mixtures, as analyzed by Western blot.
The relative kinase activity of HMW LRRK2 is 8.4-fold greater than that of LMW LRRK2 (mean =+ standard error of the mean, p = 0.03,n = 6,
unpaired 7 test). The asterisk indicates p < 0.05.

Statistical Analyses. Data were analyzed either by a fractions were prepared from brains of C57BL/6 mice that were
two-tailed Student’s ¢ test (Figures 2 and 3) or by an un- 16 months of age, as described above.
paired two-tailed ¢ test with unequal variance (Figures 1, 4,

and 7). The latter was used when data were normalized to con- RESULTS

trol (36). Two Pools of LRRK2 with Distinct Molecular Weights
Mice. All animals were housed and cared for under the Are Observed from Whole-Cell Extracts. To biochemically

guidelines established by Harvard University’s Institutional separate independent forms of LRRK2, we employed glycerol

Animal Care and Use Committees in compliance with federal velocity gradients (37), which separate native proteins on the

standards and fed standard chow. Cytosolic and membrane basis of relative buoyancy (molecular weight and hydrodynamic
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used as controls for proteins in the cytosol and membrane fractions,
respectively. (B) Glycerol gradients of cytosol and membrane
extracts from HEK293FT cells transfected with myc-LRRK?2
reveal a 20-fold enrichment of HMW LRRK2 at the membrane
compared to the cytosol (p = 0.02). A higher proportion of LMW
LRRK?2 is found in the cytosol than in the membrane compart-
ment (mean + standard error of the mean, p = 0.004, n = 4, Student’s
t test). One asterisk indicates p < 0.05, and two asterisks indicate p <
0.01. (C) Analysis of endogenous LRRK?2 from human lymphoblasts
reveals an enrichment of its HMW complex at the membrane, similar
to that observed in panel B with transfected LRRK?2. The levels of
HMW LRRK2 are 15-fold higher in membrane than cytosolic
fractions (mean + standard error of the mean, p = 0.01, n = 4,
Student’s ¢ test). One asterisk indicates p < 0.05, and two asterisks
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FIGURE 3: PD-linked mutants do not influence the subcellular loca-
lization or oligomerization state of LRRK2. (A) PD-linked LRRK?2
mutants and wild-type LRRK?2 show similar distributions across the
cytosol and membrane compartments when expressed in HEK293FT
cells. (B) Glycerol gradients of cytosol and membrane fractions from
HEK?293FT cells transfected with PD-linked LRRK2 mutants. The
distribution of LMW and HMW LRRK2 in either cytosol or
membrane fractions is not significantly changed by the introduction
of PD-linked LRRK?2 mutations (G2019S, R1441C, and Y1699C)
(mean =+ standard error of the mean, n = 3, Student’s 7 test, all p >
0.05).

radius). Analysis of total extracts from HEK293FT cells trans-
fected with human wild-type full-length LRRK2 (myc-tagged)
revealed a biphasic distribution of LRRK2 across the gradient
(Figure 1A). We termed these two distinct pools low-molecular
weight (LMW) and high-molecular weight (HMW) LRRK2.
LMW LRRK?2 migrates at ~230000, likely representing a monomer,
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FIGURE 4: Heterologous co-immunoprecipitation confirms an enrichment of the LRRK2 dimer at the membrane. (A) To optimize the
heterologous co-immunoprecipitation (co-IP) system, the amount of myc-LRRK2 DNA was titrated to match the expression levels of GFP-
LRRK2. Transfection with 0.5 ug of myc-LRRK?2 led to similar levels of LRRK?2 protein as 5 ug of GFP-LRRK2. (B) Schematic depicting
possible LRRK?2 dimers after transfection with GFP-LRRK2 and myc-LRRK?2 plasmids. Co-IP of heterologously tagged constructs allows
quantification of the GFP-LRRK2—myc-LRRK?2 heterodimer, which at equal levels of both proteins will likely represent 50% of the total dimer.
(C) Cytosol and membrane fractions from cells co-expressing GFP-LRRK2 and myc-LRRK?2 (lanes 1 and 2) or GFP-LRRK?2 and an empty
vector (lanes 3 and 4) were used for IP using a high-affinity myc resin. GFP-LRRK2 is co-IPed only in the presence of myc-LRRK2 (lanes 5—10),
confirming the specificity of IP. Higher levels of GFP-LRRK2 are pulled down from membrane extracts (lane 7), despite lower levels of myc-
LRRK2 in the same IP, suggesting an enrichment of the LRRK?2 dimer at the membrane. Identical results from two independent samples (C; and
C,) using the same total cytosolic fraction (Cr) illustrate the low variability of this assay. (D) Levels of LRRK2 heterodimers are 5.7-fold higher in
membrane extracts (mean + standard error of the mean, p = 0.01, n = 3, unpaired ¢ test). The relative dimer levels were quantified by
measurement of the band intensity of co-IPed GFP-LRRK2 divided by the intensity of [Ped myc-LRRK?2. The value for cytosol was arbitrarily set

to 1. Asterisks indicate p < 0.01.

while HMW LRRK2 is found at approximately double the
molecular weight (~440000), consistent with a LRRK?2 dimer
(Figure 1A). The apparent migration of the LRRK2 monomer
and dimer slightly below their predicted molecular weights is
likely due to the dependence of sedimentation velocity on the
hydrodynamic radius of the protein.

Endogenous LRRK?2 from human lymphoblasts displayed a
nearly identical distribution, with two distinct pools of LRRK2
(Figure 1B). Since LRRK2 in the [ymphoblasts is expressed at
several-fold lower levels than that following transient trans-
fection (Figure SI1A of the Supporting Information), these
data suggest that the distribution of LRRK2 across the
glycerol gradient is not influenced by protein expression
levels. The occasional shift in LMW or HMW LRRK2 by
one fraction is likely due to the subtle variability of manual
fraction collection. A similar LRRK?2 distribution was ob-
served in whole-cell Iysates from the dopaminergic MES cell
line transfected with LRRK?2 (Figure S1B of the Supporting
Information) as well as when using multiple nonionic deter-
gents [0.1-0.5% Triton X-100 and 0.5% DDM (data not
shown)]. The addition of the denaturing detergent, SDS, to
cell lysates prior to separation resulted in a complete collapse
of HMW LRRK?2 (Figure 1A,B, bottom panels), consistent
with HMW LRRK2 representing a dissociable, multimeric
protein complex. The relative abundance of the LMW and
HMW pools of LRRK2 observed by glycerol gradient separa-
tion is also consistent with the low levels of oligomeric LRRK2
determined using heterologous co-immunoprecipitation from

whole-cell lysates (Figure S1C of the Supporting Infor-
mation).

To confirm the calibration of the glycerol gradients that was
accomplished using commercial protein standards, we analyzed
the sedimentation of two well-characterized, endogenous pro-
tein complexes in the same glycerol gradients. The endogenous
y-secretase complex is a 230000—250000 protease as determined
by Blue-Native PAGE, glycerol gradients, and scanning eletron
transmission microscopy (38—40) and is readily identified by the
presence of both a mature glycosylated form of nicastrin (mNCT)
and presenilin N-terminal fragment (NTF) (41, 42). Fully
assembled y-secretase was found in the 15—19% glycerol frac-
tions (Figure 1C), similar to LMW LRRK2 (Figure 1A,B) and
consistent with the calibration with multiple protein standards.
Endogenous mitochondrial complex I, a 980000 multiprotein
complex (43), was detected in 35% glycerol (Figure 1C), con-
sistent with our prior calibration with the protein standards. To
further confirm that LMW and HMW LRRK2 represented
LRRK2 monomer and dimer, respectively, HEK293FT cells
were transiently cotransfected with myc-LRRK2 and GFP-
LRRK?2 and cell lysates were separated with a glycerol gradient.
LMW and HMW fractions were then IPed using a high-affinity
myc resin and probed using myc and GFP antibodies. Substan-
tially more GFP-LRRK?2 was co-IPed from the HMW than from
the LMW fractions (Figure S1D of the Supporting Information),
confirming that HMW LRRK2 represents the LRRK2 dimer.
Consistent with this observation, LRRK2 collected from the
HMW glycerol gradient fractions is efficiently cross-linked into
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covalent HMW SDS-stable complexes while LMW LRRK2 is
not (Figure S2A of the Supporting Information).

Endogenous and transfected LRRK2 has been repeatedly
observed by us (e.g., Figure 1) and others (12, 28, 29) as two
distinct bands on a Western blot. Since both bands could be
detected with antibodies against both extreme C-terminal (pro-
prietary anti-LRRK2 antibody) and two different N-terminal
antibodies (monoclonal and polyclonal anti-myc), they must
both represent the full-length LRRK?2 protein (data not shown).
Dephosphorylation did not affect the band migration, and both
bands could be observed when blotting extracts from in vitro
transcription/translation of LRRK2 using rabbit reticulocytes
(data not shown), indicating that post-translational modifica-
tions are unlikely to cause this effect. In all experiments, both
bands representing the full-length LRRK2 protein were consid-
ered and quantified, if present.

To confirm the presence of multiple oligomerization states of
LRRK2 by an independent method, we used live-cell cross-
linking, which covalently stabilizes proteins in the proximity into
SDS-stable complexes which can be readily resolved by SDS—
PAGE or Western blotting. The cross-linking of live human
lymphoblasts (using DSS) expressing endogenous LRRK?2 led to
the formation of HMW LRRK2 complexes even at relatively low
(25 uM) concentrations of DSS (Figure 1D), consistent with an
efficient cross-linking reaction. The same cross-linker had similar
effects in live MES cells transfected with LRRK?2 (Figure S2B of
the Supporting Information). SDS-stable complexes migrating at
similar molecular weights were also obtained following live-cell
cross-linking with several other reagents (BMOE, BMH, DST,
and SATP), which possess different functional groups (amine
and sulfhydryl) and various spacer arm lengths [4.1—16.1 A
(Figure S2C of the Supporting Information)]. These data show
that both endogenous and exogenous LRRK2 form multiple
HMW complexes in live cells, indicative of multiple protein—
protein interactions. These likely include interactions with other
LRRK2 molecules, as well as other proteins. The presence of
multiple complexes observed following cross-linking compared
to the biphasic distribution of LRRK?2 from the glycerol velocity
gradients may reflect the ability of cross-linkers to capture both
more transient and weaker interactions of LRRK2 (e.g., with
substrates, cofactors, and chaperones) but confirm the putative
dimer as the major HMW species.

To examine the functional consequences of these results,
we utilized a well-described LRRK2 autophosphorylation as-
say (12, 13, 15, 28). Using whole-cell lysates from transfected
cells, we observed an approximately 2-fold increase in kinase
activity of the G2019S mutation compared to WT LRRK2 and a
lack of kinase activity of the kinase-dead construct (Figure S2D
of the Supporting Information), consistent with previous re-
ports (12, 13, 15, 28) and validating the assay in our hands. To
analyze the functional consequences of LRRK?2 dimer assembly,
the same assay was used to compare the specific activity of LMW
and HMW LRRK2 extracted from whole-cell extracts, following
their separation via glycerol velocity gradients. We observed an
8.4-fold increase in relative LRRK2 activity in the HMW fraction
(Figure 1E), consistent with a recent publication reporting the
increased activity of the G2019S mutant LRRK2 dimer com-
pared to that of the mutant monomer (44).

High-Molecular Weight LRRK2 Is Enriched at the
Membrane. Previous reports have demonstrated the presence
of LRRK2 in both cytosol and membrane fractions (27, 22),
although the relative distribution has not been well characterized.
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Therefore, we fractionated cells and tissue into cytosol and
membrane pools, volume-adjusted both fractions, and deter-
mined the relative abundance of soluble or membrane-associated
LRRK2. Analysis of HEK293FT cells transfected with LRRK?2
showed that the majority of cellular LRRK2 was present in the
cytosol (~75%) with a smaller amount (~25%) at the mem-
brane. A similar distribution was observed with endogenous
LRRK2 from human lymphoblasts and primate and mouse
brain (Figure 2A). These data indicate that in our experimental
systems, the majority of LRRK2 is present in cytosol with a
smaller proportion localized to the membrane.

Next, we examined if LMW or HMW LRRK2 is preferentially
enriched in either subcellular fraction. Analysis of HEK293FT
cells transfected with LRRK?2 revealed the presence of LMW
LRRK2 in both fractions while HMW LRRK2 was almost
exclusively present at the membrane (Figure 2B). Quantification
of multiple experiments showed a 20-fold enrichment of HMW
LRRK2 at the membrane (Figure 2B). Similar results were
observed with endogenous LRRK2, with a 15-fold enrichment
(Figure 2C). To determine if PD-linked mutations exhibited
differences from the wild-type protein, we analyzed both the rela-
tive distribution in cytosolic and membrane fractions (Figure 3A
and Figure S3A of the Supporting Information) and LMW versus
HMW distribution across the glycerol gradients (Figure 3B).
Interestingly, no significant differences were observed either in
cytosol or in membrane fractions via analysis of the R1441C,
Y 1699C, and G2019S PD-linked mutations, which occur in three
distinct domains of LRRK2 (Figure 3).

To verify the enrichment of HMW LRRK2 at the membrane
using an independent method, we employed co-immunoprecipi-
tation (co-IP) of heterologously tagged LRRK2 constructs.
Expression levels of myc-LRRK?2 and GFP-LRRK2 were ma-
tched in prior experiments (Figure 4A), maximizing the prob-
ability of forming GFP-LRRK2—myc-LRRK2 heterodimers
(Figure 4B). Both GFP-LRRK2 and myc-LRRK?2 were present
at higher levels in the cytosol than at the membrane (Figure 4C,
lanes 1 and 3), illustrating that LRRK2 localization is tag-
independent and again that the majority of total LRRK?2 is found
in the cytosol. The previously observed ratio of soluble to
membrane-associated LRRK?2 was preserved in the myc immuno-
precipitations (IPs) (Figure 4C, lanes 5—7), suggesting that the
high-affinity anti-myc resin exhibited a similar capture efficiency
in both fractions.

If equal amounts of the LRRK2 dimer were present in cytosol
and membrane fractions, one would expect the levels of co-IPed
GFP-LRRK?2 to mirror the pattern of myc-LRRK2: higher
levels of GFP-LRRK2 from the cytosol and lower levels from
membranes. However, the opposite was observed. The myc resin
pulled down more GFP-LRRK?2 from the membrane than from
the cytosol (Figure 4C, lane 7 vs lanes 5 and 6), consistent with a
greater abundance of the LRRK2 dimer in the membrane frac-
tion. This was observed despite lower levels of I[Ped myc-LRRK?2
in this fraction (Figure 4C, lane 7). Since the relative amounts of
the dimer can be quantified by using the GFP-LRRK2:myc-
LRRK2 ratio in the IP, an analysis across three independent
experiments revealed a 5.7-fold enrichment of LRRK2 dimer in
the membrane fraction compared to the cytosol (Figure 4D).

To further confirm that the HMW LRRK2 complexes were
enriched at the membrane, we compared the relative efficiency of
LRRK2 cross-linking in cytosol and membrane fractions using
increasing concentrations of DSS. No cross-linking of endogenous
LRRK2 was observed in the cytosolic fraction from lymphoblasts
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up to 50 uM DSS, while LRRK2 from the membrane fraction
was efficiently cross-linked into HMW complexes (Figure 5A).
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FIGURE 5: Membrane-bound LRRK2 can be cross-linked more
efficiently into HMW complexes than cytosolic LRRK2. Cross-
linking with DSS of endogenous or transfected LRRK2 leads to
formation of HMW complexes in membrane fractions (Mem), but
not in cytosol (Cyto). Extracts from human lymphoblasts (A),
HEK293FT cells transfected with LRRK2 (B), and non-human
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Efficient cross-linking of LRRK2 into HMW complexes was also
observed in membrane extracts from HEK293FT cells trans-
fected with LRRK?2 (Figure 5B), and from non-human primate
brain extracts (Figure 5C). In contrast, LRRK2 from the
cytosolic fractions consistently failed to cross-link at these
concentrations (Figure 5B,C). Thus, glycerol velocity gradients,
heterologous co-IP, and cross-linking all support the enrichment
of the HMW LRRK2 kinase complex at the membrane with both
endogenous and exogenous LRRK2 from cells and brain tissue.

There are conflicting reports about the estimated size of
LRRK2 using size exclusion chromatography (SEC). While
some groups have found LRRK2 to elute at ~600000 (28, 45),
the data of others suggest that most of LRRK2 elutes at a much
larger size (44, 46). However, one report analyzed further this
very large LRRK2 pool and concluded that it was a monomer
and that monomeric LRRK2 elutes aberrantly via SEC (46). Our
SEC analysis of LRRK2 from cytosol, which contains almost
exclusively LRRK2 monomer, suggested a molecular weight of
~1300000 (Figure 6A), consistent with this prior report. Further-
more, a similar elution profile was observed when the LMW
fraction from the glycerol gradient was subsequently analyzed by
SEC (Figure 6A). In our hands, HMW LRRK2 eluted at
~500000, consistent with the approximate molecular weight of
the LRRK2 dimer and the prior observations that LRRK2 dimer
may elute properly on SEC (46), despite the unexpected behavior
of the monomer. Since we report that most of LRRK?2 is present
as a monomer in transfected cells, most LRRK?2 from whole-cell
lysates would be expected to elute as the “abnormal” large
complex, consistent with a prior report (44). We have also con-
firmed the apparent size of LMW and HMW LRRK2 as mono-
mer and dimer, respectively, using Blue-Native PAGE calibrated
with two different commercial molecular weight standards
(Figure 6B and Figure S4A of the Supporting Information).
This indicates that SEC may uniquely report an inaccurate
weight of monomeric LRRK?2. To address the apparent discre-
pancies of LRRK2 size between multiple groups (~1300000 vs
600000) using size exclusion chromatography, we compared the
elution profiles of LRRK?2 from cytosol using our conditions
with those previously used to estimate the LRRK2 molecular
weight of ~600000 (28, 45). Comparison of the LRRK?2 elution
profile in the absence or presence of Triton-X100 revealed that
the addition of the detergent leads to a broader elution peak for
LRRK2, thus changing its estimated molecular weight (Figure
S4B of the Supporting Information), potentially accounting for
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FIGURE 6: Analysis of LRRK2 by size exclusion chromatography and Blue-Native PAGE. (A) Cytosolic LRRK2 and LMW LRRK2 (both
monomers) elute similarly from a Superdex 200 column, at ~1300000, while HMW LRRK2 (LRRK2 dimer) elutes at ~500000. (B) LMW
LRRK2 from the glycerol gradient separation subsequently migrates on BN-PAGE as a LRRK2 monomer, whereas migration of HMW LRRK?2
corresponds to a dimer. Two commercially available molecular weight standards were used on the Blue-Native PAGE to estimate the LRRK?2

molecular weight (see Figure S4 of the Supporting Information).
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some of the differences reported by various groups analyzing
LRRK?2 via SEC.

LRRK?2 Localization Affects Its Activity and Biochemi-
cal Properties. To examine the functional consequences of
LRRK2 localization, we utilized the well-documented LRRK?2
autophosphorylation assay. We prepared cytosol and membrane
fractions, IPed equal amounts of LRRK2 from both, and
compared their relative in vitro LRRK2 kinase activities. Ana-
lysis of three independent experiments revealed a 3.1-fold in-
crease in the relative autophosphorylation activity of membrane-
associated LRRK?2 compared to cytosolic LRRK?2 (Figure 7A).
Kinase-dead LRRK2, which was present in both cytosol and
membrane fractions (Figure S3B of the Supporting Information),
did not exhibit significant activity from either fraction (Figure
S5A of the Supporting Information), confirming the specificity of
the assay. Similar increases in membrane-associated kinase
activity were also observed in a second assay, using myelin basic
protein as a pseudosubstrate (Figure S5B of the Supporting In-
formation). However, this assay was not exhaustively employed
because of the greater variability and considerably weaker speci-
ficity for LRRK2 activity that we (not shown), and others (28),
have observed.

LRRK2 can bind GTP through its COR domain (/3, 17,
34, 47, 48), and GTP binding may influence the kinase
activity of LRRK2 (73, 49). To further biochemically character-
ize cytosolic and membrane pools of LRRK?2, we compared the
relative binding of LRRK2 to GTP-agarose beads using a
previously established assay (13, 17, 34, 47, 48). Endogenous
membrane-associated LRRK2 from lymphoblasts and primate
brain exhibited stronger binding to GTP resin than cytosolic
LRRK2 (Figure 7B,C and Figure S5C,D of the Supporting
Information). Similar results were also obtained with extracts
from dopaminergic MES cells transfected with WT-LRRK?2
(Figure SSE of the Supporting Information).

Kinases are often regulated by phosphorylation (50—52), and
indeed, multiple phosphorylation sites have been identified in
LRRK2 (53, 54). In the absence of phospho-specific LRRK2
antibodies, we evaluated the overall extent of LRRK2 phosphory-
lation in cytosolic and membrane fractions using an organic
fluorophore, Pro-Q Diamond, which binds to the phosphate
moiety in a manner independent of the protein context (355).
LRRK2 was IPed from both cytosolic and membrane fractions
and separated via SDS—PAGE, and the LRRK2 protein was
first stained with Pro-Q Diamond Phosphoprotein stain and
subsequently analyzed with a total protein stain (Figure 7D). The
levels of phospho-LRRK?2 were normalized to total LRRK2 to
obtain the relative phosphorylation levels. Quantitative analysis
of three independent experiments showed that membrane-
associated LRRK2 was phosphorylated to a lesser extent
(—31%) than cytosolic LRRK?2 (Figure 7D).

DISCUSSION

Previous studies have established that LRRK?2 is a bona fide
kinase (12, 13, 15, 28), and more recent evidence suggests that it
exists as a dimer (28—30). Here we report that the less abundant
LRRK2 dimer is more active than the more abundant monomer.
Since LRRK2 is thought to localize to membranous structures in
mammalian brain (21), we hypothesized that control over sub-
cellular localization may represent a mechanism for regulating
LRRK2 function. Here, we report that the membrane association
of LRRK2 is accompanied by a number of different but likely
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related biochemical events. These include an increased level of
dimerization, an increased kinase activity, an increased level of
GTP binding, and a decreased level of phosphorylation (com-
pared to those of cytosolic LRRK2). In summary, our data
suggest that membrane targeting and dimerization of wild-type
LRRK2 are critical biochemical mechanisms governing LRRK?2
kinase activity, and therefore its function within the cell.

The difference in activity between cytosolic and membrane-
associated wild-type LRRK2 (~3-fold) is comparable to that
between the wild type and the pathogenic G2019S mutant in
whole-cell lysates. This suggests that the association of LRRK2
with membranes may be as influential with respect to LRRK2
function as at least one pathogenic mutation and could represent
a key event in the regulation of LRRK2 activity. Also, HMW
LRRK2 is ~8-fold more active than LMW, suggesting that the
HMW pool represents an “activated” state and that the increased
kinase activity of membrane-associated LRRK2 is likely at least
partly due to an enrichment of the highly active dimer.

The increased activity of membrane-associated LRRK2 was
also accompanied by strengthened GTP binding of endogenous
LRRK2 extracted from human lymphoblasts and primate cortex.
This observation may be a result of an increased level of GTP
exchange, a tendency toward increased GTPase activity, or a rela-
tively GTP-deficient state of the membrane-associated LRRK?2
protein. However, these were not directly addressed in this work.
Future experiments will examine these possible mechanisms, as
well as the relative GTPase activities of cytosolic and membrane-
associated LRRK?2, and kinetics parameters of these biochemi-
cally distinct pools of LRRK2, as recently reported (56—258).

We report decreased phosphorylation activity of the membrane-
associated LRRK2 compared to cytosolic LRRK2, which suggests
that dephosphorylation at certain sites may represent a requisite
stepinincreased LRRK?2 activity, dimer formation, trafficking to
the membrane, or a combination of these processes. These data
are consistent with a widely accepted model in which phosphor-
ylation of kinases regulates their function (50—52). Importantly,
since LRRK2 is a large kinase with 103 predicted phosphoryla-
tion sites [77 Ser, 15 Thr, and 11 Tyr residues (http://www.cbs.
dtu.dk/services/NetPhos/)] (59), the ~30% decrease in the level
of membrane LRRK2 phosphorylation may represent a major
change in a small subset of these sites, which may correlate with
subcellular localization. Future analysis of specific LRRK2
phosphorylation sites (53, 54) using mass spectrometry or
LRRK2 phospho-specific antibodies may help identify which
amino acid residues are involved in these processes and dissect
the precise consequences of their phosphorylation on LRRK2
function.

Several studies have analyzed the molecular weight distribu-
tion of LRRK2 by size exclusion chromatography (SEC) with
varying results. While some have reported substantial levels of
LRRK2 above 1000000, all groups have failed to observe a pool
of LRRK2 at the predicted molecular weight of a monomer.
Early studies thus concluded that most LRRK?2 exists asa HMW
complex (28, 45). However, recent work has analyzed the very
HMW LRRK2 species and concluded that it is in fact an
anomalously eluting monomer (46), consistent with our SEC
data (Figure 6 and Figure S4 of the Supporting Information) and
glycerol velocity gradient analyses (Figures 1 and 2). In addition,
our data reporting an ~8-fold greater kinase activity of the
LRRK?2 dimer compared to that of the monomer (separated by
glycerol gradients) are consistent with the work from another
group that found an ~6-fold greater kinase activity of the
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FIGURE 7: Membrane-associated LRRK2 is biochemically distinct from cytosolic LRRK?2. (A) Membrane-associated LRRK2 exhibits greater in
vitro kinase activity than cytosolic LRRK2. Cytosol and membrane fractions from HEK293FT cells transfected with wild-type myc-LRRK2 or
from untransfected cells (Untrans) were used for myc IP and the subsequent LRRK?2 autophosphorylation assay. Membrane and cytosolic
fractions were normalized to achieve similar levels of LRRK?2 in the kinase reaction mixture, shown by Western blot. An autoradiograph of an
SDS—PAGE gel separating the LRRK2 autophosphorylation reaction products shows an increased level of incorporation of radioactive **P into
LRRK2 from membrane extracts. LRRK2 from the cytosolic fraction migrates on this gel as a doublet; both bands correspond to full-length
LRRK2 and were included in the analysis. Relative LRRK?2 kinase activity is 3.1-fold greater from membrane fraction than from cytosol (mean +
standard error of the mean, p = 0.04, n = 3, unpaired ¢ test). The asterisk indicates p < 0.05. (B) Membrane-associated LRRK2 from human
lymphoblasts binds GTP more efficiently than cytosolic LRRK?2. The levels of LRRK?2 were normalized in the input, and equal volumes of inputs
were used for each analysis, with three independent experiments demonstrating similar results. (C) Membrane-associated LRRK?2 extracted from
primate brain binds GTP more efficiently than cytosolic LRRK2. LRRK2 was first eluted with GTP from the resin, and subsequently, the GTP
binding resin was boiled in Laemmli buffer. Samples used for the assay were protein and volume normalized, and a representative experiment
(n = 3) is shown. (D) Membrane-associated LRRK2 is phosphorylated to a lesser extent than cytosolic LRRK2. Cytosolic and membrane
fractions from untransfected cells (Untrans) or cells transfected with wild-type myc-LRRK2 (WT LRRK2) were [Ped with myc resin and analyzed
for phosphorylation using Pro-Q Diamond Phosphoprotein gel stain (Phospho-LRRK?2). The relative levels of LRRK?2 phosphorylation were
quantified by normalization of the intensity of phospho-LRRK?2 (phosphoprotein stain) to the levels of total LRRK2 protein by SYPRO Ruby
stain (total LRRK2 S-R). Relative LRRK?2 levels were further confirmed via analysis of a small aliquot of each fraction by Western blot (total
LRRK2 WB) (mean =+ standard error of the mean, p = 0.01, n = 3, unpaired ¢ test). Asterisks indicate p < 0.01.

LRRK2 dimer compared to very HMW LRRK2 from the SEC
void volume, which we (Figure 6 and Figure S4 of the Supporting
Information) and others have likewise defined as monomer (46).
On the basis of the data obtained from multiple separation
methods, we speculate that the LRRK2 monomer may exist as a
relatively diffuse structure whereas the LRRK2 dimer may
possess a more compacted/globular structure more amenable
to separation via SEC. This interpretation is analogous to the
aberrant migration of linear dextran standards compared to
biological protein standards. While the LRRK2 monomer was
identified by glycerol velocity gradients and Blue-Native PAGE,
and subsequently confirmed by heterologous co-IP and cross-
linking, the aberrant migration of the LRRK2 monomer ob-
served by us and others will warrant further examination.
Interestingly, the G2019S mutant shows increased kinase
activity (Figure S2D of the Supporting Information and

refs 12, 13, 15, and 28) without detectable changes in its sub-
cellular localization or LMW versus HMW distribution
(Figure 3). This is likely due to the fact that the G2019 residue
sits within the kinase domain and directly affects the kinetic
properties of the kinase moiety. While a previous study using full-
length and truncated LRRK2 species suggested that the R1441C
mutation may destabilize a LRRK2 heterodimer (37), we did not
observe any significant differences in HMW/dimer levels using
three various full-length PD-linked mutants (including R1441C),
suggesting that mutations in the context of full-length LRRK2
may not lead to substantially different dimer levels at the steady
state. Our data contrast with a previous report (44) suggesting
differences between the wild type and G2019S in the levels of their
respective dimers. These differences may be attributed to differ-
ences in the extraction protocol; we used detergents to extract
membrane-associated LRRK2 (the major source of LRRK2
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Membrane

F1GURE 8: Schematic representation of the proposed model of LRRK2 dimer assembly and kinase regulation. Using both endogenous and
exogenous LRRK?2, we have observed that membrane-associated LRRK?2 is substantially enriched for LRRK?2 dimer, whereas cytosolic LRRK?2
is present mostly as a monomer. Membrane-associated LRRK?2 possesses greater kinase activity and a stronger propensity to bind GTP and is
relatively dephosphorylated, compared to cytosolic LRRK?2. We propose a model in which LRRK?2 exists mostly as a monomer in the cytosol that
can translocate to the membrane where it dimerizes, becomes more active, and subsequently phosphorylates its substrates. The similarities of this
model to the established regulation of other kinases (and GTPases) suggest that membrane translocation and dimerization may be reversible and

tightly controlled.

dimer), while the previous report employed cycles of freezing and
thawing in a detergent-free condition, which may not completely
extract LRRK?2 from the membrane, thus accounting for the
observed differences. However, we cannot rule out the possibility
that smaller differences between wild-type LRRK?2 and mutants
exist or that other related features, such as the kinetics of dimeri-
zation or the intrinsic stability of PD-linked mutant dimers, may
differ.

Our observation of greater in vitro LRRK2 kinase activity in
membrane preparations leads us to speculate that the membrane
compartment is likely the site where LRRK2 exerts its physio-
logically relevant function in the cell. Indeed, many cellular
processes that are influenced by LRRK2 occur at the membrane
or involve membrane dynamics (23—27, 60). We suggest that
LRRK2 is predominantly found as a monomer in the cytosol but
can translocate to the membrane, subsequently dimerize, and
thus possesses greater kinase activity (Figure 8). This LRRK2
model is similar to that of a well-studied canonical MAPKKK
Raf, which can phosphorylate its target proteins at the membrane
and is regulated by dimerization, membrane association, and
phosphorylation (52, 61).

Interestingly, the relatively small proportion of LRRK?2 dimer
in whole-cell extracts implies a low level of basal kinase activity.
This interpretation is supported by the relatively low rate of **P
incorporation in various LRRK?2 kinase assays and consistent
with the relatively low basal (unstimulated) activity of other
MAPKKKs (52). Therefore, identification of events leading to
membrane translocation and/or formation of the LRRK?2 dimer
may provide critical insights into LRRK?2 biology. The discovery
of such events may help uncover differences between wild-type
and pathogenic LRRK?2 proteins, which we (Figure 3) and
others (18, 19, 22) have failed to observe at resting states with
non-G2019S mutants. It is reasonable to suggest that membrane
translocation and dimerization are reversible and regulated
events, which represent key mechanisms for the cell to regulate

LRRK2 activity. Since penetrance of the autosomally domi-
nant inherited LRRK2 mutations is incomplete and age-
dependent (7—10), regulation of LRRK2 activity is likely to be
highly complex and potentially relevant to the emergence of PD
pathogenesis.

In summary, we propose a novel mechanism of regulating
LRRK2 function through its membrane localization and dimer-
ization. Our findings have implications for the identification of
substrates, the biochemical composition and nature of active
LRRK?2, and LRRK2 function within the cell. Additional work
will be required, however, to elucidate the pathological relevance
of these findings in the context of PD-linked mutants specifically
within the neuronal environment.
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