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Both sporadic and autosomal dominant forms of Parkinson’s disease (PD) have been causally linked to mutations in leucine-rich repeat
kinase 2 (LRRK2), a large protein with multiple domains. The kinase domain plays an important role in LRRK2-mediated toxicity.
Although a number of investigations have focused on LRRK2 kinase activity, less is known about the GTPase function of LRRK2. The
activity of GTPases is regulated by GTPase activating proteins (GAPs) and GTP exchange factors. Here, we identify ArfGAP1 as the first
GAP for LRRK2. ArfGAP1 binds LRRK2 predominantly via the WD40 and kinase domain of LRRK2, and it increases LRRK2 GTPase
activity and regulates LRRK2 toxicity both in vitro and in vivo in Drosophila melanogaster. Unexpectedly, ArfGAP1 is an LRRK2 kinase
substrate whose GAP activity is inhibited by LRRK2, whereas wild-type and G2019S LRRK2 autophosphorylation and kinase activity are
significantly reduced in the presence of ArfGAP1. Overexpressed ArfGAP1 exhibits toxicity that is reduced by LRRK2 both in vitro and in
vivo. �64 –ArfGAP1, a dominant-negative ArfGAP1, and shRNA knockdown of ArfGAP1 reduce LRRK2 toxicity. Thus, LRRK2 and
ArfGAP1 reciprocally regulate the activity of each other. Our results provide insight into the basic pathobiology of LRRK2 and indicate an
important role for the GTPase domain and ArfGAP1 in LRRK2-mediated toxicity. These data suggest that agents targeted toward
regulation of LRRK2 GTP hydrolysis might be therapeutic agents for the treatment of PD.

Introduction
Leucine-rich repeat kinase 2 (LRRK2) is a large multifunction
protein that contains multiple domains, including an LRRK2-
specific repeat region, a kinase domain, a GTPase domain, a C
terminal of Ras of complex domain, and multiple leucine-rich
repeats (Mata et al., 2006; Cookson, 2010). Mutations in LRRK2
are a common cause of autosomal dominant Parkinson’s disease
(Paisán-Ruíz et al., 2004; Zimprich et al., 2004). The kinase activ-
ity of LRRK2 is important in the loss of dopamine neurons attrib-
utable to LRRK2 mutations, because genetic and pharmacologic
inactivation of LRRK2 kinase activity is neuroprotective (Smith
et al., 2006; Lee et al., 2010; Deng et al., 2011; Liu et al., 2011). The
role of the GTPase domain in LRRK2 toxicity is less clear. How-

ever, a recent yeast model of LRRK2 toxicity using truncated
LRRK2 constructs suggests that enhanced GTP hydrolysis leads
to reduced LRRK2 toxicity, whereas impaired GTP hydrolysis
leads to enhanced LRRK2 toxicity (Xiong et al., 2010). The role of
GTP hydrolysis in the context of full-length LRRK2 is poorly
understood.

GTPase activity is regulated by GTPase activating proteins
(GAPs) and guanine exchange factors (GEFs) (Barr and Lam-
bright, 2010; Vigil et al., 2010; East and Kahn, 2011). GAPs en-
hance hydrolysis of GTP by GTPases and GEFs promote the
release of GDP, allowing access of GTP to the GTPase (Barr and
Lambright, 2010; Vigil et al., 2010; East and Kahn, 2011). GAPs
and GEFs tend to have some specificity for their target proteins.
Little is known about the GAPs and GEFs that regulate LRRK2,
other than ARFGEF7 may be a GEF for LRRK2 (Haebig et al.,
2010). In a genome wide genetic screen to identify modifiers of
LRRK2 toxicity in yeast we identified GCS1, whose human ho-
molog is ADP ribosylation factor GTPase activating protein 1
(ArfGAP1) (Xiong et al., 2010). Here we show that ArfGAP1 is a
GAP for LRRK2 that enhances GTP hydrolysis of LRRK2 and
reduces LRRK2 toxicity both in vitro and in vivo. Unexpectedly,
LRRK2 phosphorylates ArfGAP1, resulting in inhibition of the
GAP activity of ArfGAP1 providing reciprocal regulation of
LRRK2 and ArfGAP1.

Materials and Methods
Plasmids and antibodies. Full-length human ArfGAP1, Arf1 was cloned into
the mammalian expression vector pcDNA3.1/nV5-DEST and Escherichia
coli expression vector pDEST15 with a GST tag (Invitrogen) from an entry
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clone carrying ArfGAP1 full-length cDNA (Invit-
rogen Ultimate ORF Clone IOH57771) or Arf1
(Invitrogen Ultimate ORF Clone IOH13571) by
Gateway technology. To generate ArfGAP1 single
or multiple mutants, site-directed mutagenesis
was performed using the QuickChange site-
directed mutagenesis kit (Stratagene). Deletion
mutation ArfGAP (1–64 aa) and �64–ArfGAP1
was cloned into pcDNA3.1–Myc–His vector with
an N-terminal HA tag or into pEGFP–N1 vector
with an N-terminal V5 tag. Full-length ArfGAP1
and �64–ArfGAP1 were cloned into Drosophila
expression vector pUASTattB vector with an
N-terminal HA tag. All cDNAs or mutation sites
were confirmed by DNA sequencing analysis.
Full-length wild-type (WT) and mutant LRRK2
were generated in our laboratory as described
previously (West et al., 2007). Truncated mutants
for human LRRK2 were cloned into the mamma-
lian expression vector pcDNA3.1 with three flag
tags at N terminus as described previously (Smith
et al., 2005; Ko et al., 2009).

Mouse monoclonal anti-ArfGAP1 antibodies
were obtained from Santa Cruz Biotechnology.
Rabbit polyclonal anti-ArfGAP1, rabbit poly-
clonal anti-GFP, rabbit polyclonal anti-VAMP2,
rabbit polyclonal anti-Histone H4, and rabbit
polyclonal anti-PGK1 antibodies were obtained
from Abcam. Rabbit monoclonal anti-LRRK2
was from the Michael J. Fox Foundation. Mouse
monoclonal anti-LRRK2 (clone N138/6) was
from University of California, Davis/National
Institutes of Health NeuroMab facility. Mo-
use monoclonal anti-V5 and anti-V5–HRP anti-
bodies were purchased from Invitrogen. Mouse
monoclonal anti-flag, anti-flag–HRP, anti-HA–
HRP, anti-phosphothreonine, anti-phosphoserine,
and anti-tubulin antibodies were obtained from
Sigma-Aldrich. Anti-actin antibodies were from
SungeneBiotech.Mousemonoclonalanti-Mycand
anti-HA were obtained from Roche Applied Sci-
ence. HRP-linked anti-rabbit or anti-mouse
IgG antibodies were obtained from Jackson
ImmunoResearch. Alexa Fluor-488 anti-mouse IgG and Alexa Fluor-594
anti-rabbit IgG antibodies were from Invitrogen.

Cell culture, transfections, and coimmunoprecipitation. HEK 293T cells
were cultured in OPTI-MEM media supplemented with 10% fetal bovine
serum. Transient transfection with Myc–LRRK2 or V5–ArfGAP1, V5–
�64 –ArfGAP1, and V5–ArfGAP (1– 64 aa) was performed using Fugene
HD transfection reagent (Roche) as per the instructions of the manufac-
turer. After 48 h, cells were washed by PBS once and lysed in immuno-
precipitation (IP) buffer [1% Triton X-100, 0.5% NP-40, 150 mM NaCl,
10 mM Tris, 1 mM EGTA, pH 7.4, 1� phosphatase inhibitor cocktails 1
and 2 (Sigma-Aldrich), and 1� Complete mini protease inhibitor cock-
tail (Roche)] by rotation at 4°C for 1 h. Cell lysates were centrifuged at
15,000 rpm for 15 min. Supernatants were incubated with protein-G
Dyna beads (Invitrogen) precoated with anti-V5 or anti-Myc antibodies,
followed by rotating overnight at 4°C. The Dyna beads were pelleted and
stringently washed five times with IP buffer supplemented with 500 mM

NaCl. The immunoprecipitated proteins were resolved on SDS-PAGE
and subjected to immunoblotting.

Subcellular fractionation. Subcellular fractionation was performed as
described previously (Sharp et al., 1995; Zhang et al., 2011). Briefly,
whole mouse brain was homogenized in 9 vol of ice-cold homogeniza-
tion buffer [320 mM sucrose, 4 mM HEPES, pH 7.4, 1� phosphatase
inhibitor cocktails 1 and 2 (Sigma-Aldrich), and 1� Complete mini
protease inhibitor cocktail (Roche)]. The homogenates were centrifuged
at 1000 � g for 10 min to produce the pellet including nuclei and large
debris fraction (P1) and the supernatant (S1). The S1 fractions were

further fractionated into the supernatant (S2) and the pellet (P2) by
centrifugation at 10,000 � g for 20 min. P2 contains the crude synapto-
somal fraction as well as membranous organelles such as Golgi, endo-
plasmic reticulum, and plasma membrane. The S2 fraction was further
fractionated into a light membrane/microsome-enriched part (P3) and
the cytosol (S3) by centrifugation at 165,000 � g for 1 h. The P2 fraction
was lysed and fractionated into the supernatant (LS1) and a synapto-
somal membrane fraction (LP1) by centrifugation at 25,000 � g for 20
min. LS1 was then fractionated into the synaptic vesicle-enriched frac-
tion (LP2) and the supernatant with soluble synaptosomal proteins (LS2)
by centrifugation at 165,000 � g for 2 h.

GTPase activity assay. GTP hydrolysis activity was measured by monitor-
ing the release of free �-phosphate (Pi) from GTP as described previously
(Xiong et al., 2010). Briefly, recombinant proteins GST–ArfGAP1, GST–
�64–ArfGAP1, and GST–Arf1 were expressed in E. coli BL21 and purified by
glutathione beads as per the instructions of the manufacturer. The purity of
the GST peptides was assessed with denaturing SDS-PAGE, followed by
Coomassie blue staining. The GTPase activity assay was performed by
measuring the concentration of free Pi using the colorimetric GTPase
assay kit (Innova Biosciences), and LRRK2 recombinant proteins (dele-
tion of the first 970 aa; Invitrogen) and Arf1 were incubated with or
without ArfGAP1 together as per the instructions of the manufacturer.

In vitro kinase assay. An in vitro kinase assay was performed as de-
scribed previously (West et al., 2007). WT and mutant ArfGAP1 with
GST tag were expressed in E. coli BL21 and purified by glutathione beads
as per the instructions of the manufacturer. The purity of the GST pep-

Figure 1. ArfGAP1 interacts with LRRK2. A, ArfGAP1 interacts with LRRK2 in vitro. Cell lysates from HEK 293T cells cotransfected
with LRRK2–Myc and V5–ArfGAP1 were subjected to coimmunoprecipitation with anti-Myc, followed by anti-V5 immunoblotting
or by anti-Myc to show an equivalent amount of input. B, ArfGAP1 interacts with LRRK2 in vivo. Whole-brain lysates prepared from
WT and LRRK2 KO mice were subjected to coimmunoprecipitation with anti-ArfGAP1 and anti-IgG antibodies, followed by anti-
LRRK2 and anti-ArfGAP1 immunoblotting. C, Whole-brain lysates prepared from WT and LRRK2 KO mice were subjected to
coimmunoprecipitation with anti-LRRK2 (Neuromab), followed by anti-LRRK2 and anti-ArfGAP1 immunoblotting. D, ArfGAP1
interacts with LRRK2 familial mutants. Cell lysates from HEK 293 cells cotransfected with V5–ArfGAP1 and WT or familial mutants
LRRK2–Myc (R1441C/G, G2019S, and I2020T) were subjected to coimmunoprecipitation with anti-Myc, followed by anti-V5
immunoblotting or anti-Myc to show an equivalent amount of input. E, Quantification of LRRK2 binding to ArfGAP1 relative to WT
LRRK2. Data are representative of three independent experiments. Bars represent the mean � SEM. Data were analyzed for
statistical significance by two-tailed unpaired Student’s t test relative to WT LRRK2. No significant difference was found between
WT and mutant LRRK2 in terms of binding to ArfGAP1. F, Subcellular distribution of LRRK2 and ArfGAP1 of mouse whole-brain
lysates. P1, Nuclei and large debris; S1, supernatant of the homogenate at low-speed centrifugation; P2, crude synaptosomes and
membranous organelles such as Golgi, endoplasmic reticulum, and plasma membrane; S2, supernatant of S1 subjected to
medium-speed centrifugation; P3, light membranes/microsome-enriched part; S3, cytosol, which corresponds to the supernatant
of S2 subjected to high-speed centrifugation; LP1, synaptosomal membranes; LP2, synaptic vesicle-enriched fraction; LS2, soluble
synaptosomal proteins; WB, Western blot.
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tides was assessed with denaturing SDS-PAGE, followed by Coomassie
blue staining. Forty nanograms of WT and mutant LRRK2 recombinant
proteins (Invitrogen) with or without recombinant ArfGAP1 protein or
dephosphorylated myelin basic protein (MBP) (Millipore) were sub-
jected to an LRRK2 kinase reaction in kinase buffer (20 mM HEPES, pH
7.4, 150 mM NaCl, 10 mM, EGTA, pH 8.0, 20 mM �-glycerol phosphate,
10 �M ATP, 0.5 �Ci [�- 32P]ATP, and 20 mM MgCl2). The reactions were
incubated at 30°C for 20 min, put on ice, and resolved on SDS-PAGE.

LRRK2 autophosphorylation, ArfGAP1 phos-
phorylation, and MBP phosphorylation were
imaged using a Typhoon Phosphoimager and
quantified using NIH Image J. Input levels of
protein were determined by Coomassie blue
staining or immunoblotting. The reactions incu-
bated without radioisotope were subjected to
mass spectrometric analysis for ArfGAP1 phos-
phorylation sites by LRRK2.

Mass spectrometric analysis. Mass spectrom-
etry analysis was performed by the Taplin Bio-
logical Mass Spectrometry Facility (Harvard
Medical School, Boston, MA).

Primary cortical neuronal cultures and viability
assay. Primary cortical neuronal cultures were
prepared from embryonic day 15–16 CD1 fetal
mice or LRRK2 WT and KO fetal mice and tran-
siently cotransfected with LRRK2 and GFP–Arf-
GAP1 constructs as described previously (West et
al., 2007; Xiong et al., 2010). Briefly, cortices were
dissected and dissociated by TrypLE (Invitro-
gen). The cells were seeded into 12-well plates
precoated with poly-L-ornithine and were main-
tained in Neurobasal media (Invitrogen) supple-
mented with B27 supplement and L-glutamine.
The glial cells were inhibited by adding 5-fluoro-
20-deoxyuridine (30 �M; Sigma) at days in vitro
(DIV) 4. Half of the growth medium was re-
placed every 3–4 d. At DIV 10, neurons repre-
sented �90% of total cells in the culture. To
assess LRRK2 and ArfGAP1-induced toxicity,
neurons at DIV 10 were transiently cotrans-
fected with LRRK2 and GFP, ArfGAP1–GFP,
or �64 –ArfGAP1–GFP constructs at a molar
ratio of 10:1, respectively, using Lipo-
fectamine 2000 reagent (Invitrogen) as per
the instructions of the manufacturer. At 48 h
after transfection (DIV 12), neurons were
fixed with 4% paraformaldehyde (PFA). Im-
munostaining with GFP antibody and
TUNEL staining were performed with these
neurons. Fluorescent images were collected
on a Carl Zeiss Automatic stage microscope
with Axiovision 6.0 software. Neurons with
no obvious neurite process and positive
TUNEL staining were counted as nonviable
cells. For each independent experiment, the per-
centage viability of GFP-positive neurons (n �
200) was determined and normalized to the con-
trol neurons transfected with GFP and
pcDNA3.1 empty construct. LRRK2 expression
was confirmed in �95% of GFP-positive neu-
rons by performing immunocytochemistry with
anti-Myc and anti-GFP antibodies and appropri-
ate fluorescent secondary antibodies.

TUNEL staining. Neurons were fixed in 4%
PFA after 48 h transfection. TUNEL staining
was performed using the In Situ Cell Death De-
tection Kit (Roche) as per the instructions of
the manufacturer.

Immunocytochemistry. Neurons were fixed
in 4% PFA for 20 min after 48 h transfection

before being permeabilized and blocked for 1 h with PBS containing 10%
goat serum and 0.3% Triton X-100. After washing with PBS, the neurons
were incubated with mouse anti-Myc and rabbit anti-GFP antibodies at
4°C overnight. After washing with PBS, the neurons were incubated with
goat anti-mouse IgG conjugated to Alexa Fluor-594 or goat anti-mouse
IgG conjugated to Alexa Fluor-405 and goat anti-rabbit IgG conjugated
to Alexa Fluor-488 at room temperature for 1 h. The coverslips were

Figure 2. LRRK2 interacts with the ArfGAP domain of ArfGAP1, and ArfGAP1 interacts with the WD40 and kinase domain of
LRRK2. A, LRRK2 interacts with the ArfGAP domain of ArfGAP1. Cell lysates from HEK 293T cells cotransfected with LRRK2–Myc and
V5–ArfGAP1, V5–�64 –ArfGAP1, or V5–ArfGAP (1– 64 aa) were subjected to coimmunoprecipitation with anti-Myc, followed by
anti-V5 immunoblotting or by anti-Myc to show an equivalent amount of input. A schematic representation of ArfGAP1, �64 –
ArfGAP1, and ArfGAP (1– 64 aa) is shown. B, ArfGAP1 interacts with the WD40 and kinase domain of LRRK2. Cell lysates from HEK
293T cells cotransfected with V5–ArfGAP1 and flag-tagged full-length (FL) LRRK2 and LRRK2 fragments (F1–F8) were subjected to
coimmunoprecipitation with anti-V5, followed by anti-flag immunoblotting or by anti-V5 to show an equivalent amount of input.
A schematic representation of the different LRRK2 fragments used is shown. C, ArfGAP (1– 64 aa) domain interacts with the WD40
and kinase domain of LRRK2. Cell lysates from HEK 293T cells cotransfected with V5–ArfGAP (1– 64 aa) and flag-tagged LRRK2
fragments were subjected to coimmunoprecipitation with anti-V5, followed by anti-flag immunoblotting or by anti-V5 to show an
equivalent amount of input. WB, Western blot.
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mounted onto slides using Vectashield mount-
ing medium (Vector Laboratories). The imag-
ing was conducted on a Carl Zeiss Automatic
stage microscope with Axiovision 6.0 software.

ArfGAP1 lentiviral shRNA preparations. To
knock down ArfGAP1, four shRNA pGIPZ
clones were purchased from Open Biosystem
(catalog #RMM4532-NM_145760). The second-
generation lentiviral packaging system was used
for high-titer viral preparations for effective trans-
duction in primary neuronal cultures. Briefly,
pGIPZ lentiviral vectors were transfected into HEK
293FTcellsalongwithviralpackagingplasmids(ps-
PAX2 and pMD2G) using FuGene HD transfec-
tion reagent (Roche). After 48 h, the culture
media were collected, and viral particles were pre-
cipitated by centrifugation at 25,000 � g for 2 h.
Viral particles were resuspended into serum-free
medium and stored at �80°C.

Drosophila genetics. Fly lines for the tyrosine
hydroxylase–galactosidase-4 (TH–GAL4), Glass
Multiple Reporter (GMR)–GAL4, and UAS–GFP
were obtained from Bloomington Stock Center.
Human ArfGAP1 cDNAs with an HA tag were
subcloned into pUASTattB plasmid, sequenced,
and microinjected into Drosophila embryos
(Bestgene). The transgenic ArfGAP1 flies were
crossed with flies carrying either WT LRRK2 or
G2019S LRRK2 (Liu et al., 2008). The resulting
bigenic flies carrying both ArfGAP1 and WT

Figure 3. ArfGAP1 is a GAP for LRRK2 that regulates LRRK2 toxicity. A, ArfGAP1 increases GTP hydrolysis of WT and mutant
LRRK2. GTP hydrolysis was determined by measuring the concentration of free Pi release from GTP for recombinant WT, G2019S (GS),

4

R1441C (RC) LRRK2, and Arf1 incubated with recombinant Ar-
fGAP1 or �64 –ArfGAP1. Arf1 is a positive control. GTP hydro-
lysis activity is expressed as Pi release as a percentage of WT
LRRK2 activity, with each bar representing the mean � SEM
from three independent experiments (*p � 0.05, **p �
0.01). B, ArfGAP1 and LRRK2 protect against each other’s neu-
ronal toxicity. Representative high-power fluorescent images
(GFP) showing mouse primary cortical neurons cotransfected
with LRRK2 and ArfGAP1–GFP or �64 –ArfGAP1–GFP at a
10:1 molar ratio. Neuronal viability was analyzed at 48 h after
transfection (DIV 12) with nonviable neurons exhibiting no
obvious neurite process and positive TUNEL staining (arrow).
C–E, Quantification of neuronal viability. Bars indicate the vi-
ability of GFP-positive neurons (n � 200) for each transfection
condition expressed as a percentage of control neurons
cotransfected with GFP and pcDNA3.1. Data represent the
mean � SEM from three independent experiments. Data
were analyzed for statistical significance by two-way ANOVA
(*p � 0.05, **p � 0.01). F, Exogenous LRRK2 expression lev-
els were not significantly changed with overexpression of Arf-
GAP1. Cell lysates from primary cortical neurons cotransfected
with LRRK2–Myc and ArfGAP1–GFP or �64 –ArfGAP1–GFP
were subjected to immunoblotting with anti-Myc or with anti-
actin to show an equivalent amount of input. Data represent
the mean � SEM from three independent experiments. ns,
Nonsignificant. G, Exogenous LRRK2 cellular localization was
not significantly changed with overexpression of ArfGAP1. Pri-
mary cortical neurons cotransfected with LRRK2–Myc and Ar-
fGAP1–GFP or �64 –ArfGAP1–GFP were stained with anti-
Myc and anti-GFP antibodies, followed by detection of
secondary antibodies conjugated to Alexa Fluor-488 (GFP,
green) and Alexa Fluor-594 (LRRK2, red). Enlarged images
(highlighted by the white dashed box in the left LRRK2 panels)
for exogenous LRRK2 staining are shown on the right panel for
LRRK2. Scale bars: 20 �m; high-power images, 5 �m. WB,
Western blot.
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LRRK2 or G2019S LRRK2 were crossed with
TH–GAL4�UAS–GFP or GMR–GAL4 driver
flies and therefore induced the coexpression of
ArfGAP1 and WT LRRK2 or G2019S LRRK2 in
dopamine neurons or fly eyes.

Climbing assay. The climbing assay was per-
formed as described previously (Ng et al., 2009).
Briefly, six groups of 20 flies of either sex from
each genotype were subjected to the assay every 2
weeks from 1 to 10 weeks. The tested flies were
anesthetized and placed in a vertical plastic col-
umn (length, 10 cm; diameter, 1.5 cm). After a 1 h
recovery from CO2 exposure, flies were gently
tapped to the bottom of the column. The per-
centage of flies reaching the 6 cm height in 15 s

Figure 4. Knockdown of ArfGAP1 expression reduces LRRK2 toxicity. A, Total cell lysates from NIH 3T3 cells transduced by
GFP-tagged LV.shRNA GAPDH, LV.shRNA ArfGAP1-1, LV.shRNA ArfGAP1-2, and LV.shRNA ArfGAP1-3 for 5 d were subjected to

4

immunoblotting with anti-ArfGAP1 and anti-tubulin antibod-
ies. B, Quantification of ArfGAP1 levels normalized (nano-
grams) to the percentage of cells treated with LV.shRNA
GAPDH. Data are representative of three independent experi-
ments. Bars represent the mean � SEM. Data were analyzed
for statistical significance by Student’s t test (*p � 0.05).
LV.shRNA–ArfGAP1-2 was chosen for future studies. C, Repre-
sentative fluorescent images (red) showing mouse primary
cortical neurons transduced with GFP-tagged LV.shRNA
GAPDH or LV.shRNA ArfGAP1 for 3 d (�95% neurons are GFP
positive) before cotransfection with LRRK2 and mCherry at a
10:1 molar ratio. Neuronal viability was analyzed 48 h after
transfection (DIV 12) with nonviable neurons exhibiting no
obvious neurite process (arrow) (GS, G2019S; DA, D1994A). D,
Quantification of neuronal viability. Bars indicate the viability
of mCherry-positive neurons (n � 200) for each transfection
condition expressed as a percentage of control neurons
(mCherry with pcDNA3.1 empty vector). Data represent the
mean � SEM from three independent experiments. Data
were analyzed for statistical significance by the Student’s t test
(*p � 0.05). E, Exogenous LRRK2 expression levels were not
significantly changed with downregulation of ArfGAP1. Cell
lysates were collected from primary cortical neurons trans-
duced with LV.shRNA GAPDH or LV.shRNA ArfGAP1 for 3 d be-
fore cotransfection with LRRK2 and mCherry at a 10:1 molar
ratio for 48 h. Cell lysates were subjected to immunoblotting
with anti-Myc or with anti-actin to show an equivalent
amount of input. Data represent the mean � SEM from three
independent experiments. ns, Nonsignificant. F, Exogenous
LRRK2 cellular localization was not significantly changed with
downregulation of ArfGAP1. Primary cortical neurons trans-
duced with LV.shRNA GAPDH or LV.shRNA ArfGAP1 for 3 d be-
fore cotransfection with LRRK2 and mCherry at a 10:1 molar
ratio for 48 h were stained with anti-Myc and anti-GFP anti-
bodies, followed by detection of secondary antibodies conju-
gated to Alexa Fluor-488 (GFP, green) and Alexa Fluor-405
(LRRK2, blue). Enlarged images (highlighted by the white
dashed box in the left LRRK2 panels) for exogenous LRRK2
staining are shown on the right panel for LRRK2. Scale bars: 20
�m; high-power images, 5 �m. G, No significant difference
was observed on ArfGAP1 toxicity in WT and LRRK2 KO neu-
rons. Representative high-power fluorescent images (GFP)
showing WT and LRRK2 KO mouse primary cortical neurons
transfected with ArfGAP1–GFP. Neuronal viability was ana-
lyzed at 48 h after transfection (DIV 12) with nonviable neu-
rons exhibiting no obvious neurite process and positive TUNEL
staining (arrow). H, Quantification of neuronal viability. Bars
indicatetheviabilityofGFP-positiveneurons(n�200)foreachtrans-
fectionconditionexpressedasapercentageofcontrolneuronscotrans-
fected with GFP alone. Data represent the mean � SEM from three
independentexperiments.WB,Westernblot.
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was counted. Each group was repeated three
times.

Statistical analysis. Two-way ANOVA and
two-tailed unpaired Student’s t test were used
for data analysis. Data represent mean � SEM,
and p � 0.05 was considered statistically
significant.

Results
ArfGAP1 interacts with LRRK2
To determine whether ArfGAP1 interacts
with LRRK2, V5–ArfGAP1, and LRRK2–
Myc were transfected into HEK 293 cells.
IP with anti-Myc coimmunoprecipitates
V5–ArfGAP1 (Fig. 1A). ArfGAP1 and
LRRK2 interact in vivo because IP of Arf-

Figure 5. LRRK2 phosphorylates ArfGAP1, resulting in inhibition of the GAP activity of ArfGAP1. A, LRRK2 phosphorylates
ArfGAP1. A total of 40 ng of WT, G2019S (GS), and D1994A (DA) LRRK2 recombinant proteins were incubated with or without

4

recombinant ArfGAP1 or MBP protein and subjected to an in vitro
kinaseassay.EquivalentinputisshownbyCoomassiebluestaining
forLRRK2,ArfGAP1,andMBP.B,QuantificationofrelativeArfGAP1
phosphorylation level by LRRK2 via densitometric analysis. Bars
indicate ArfGAP1 phosphorylation level as a percent of ArfGAP1
phosphorylation level by WT LRRK2, with each bar representing
the mean � SEM from three independent experiments (*p �
0.01). C, Quantification of LRRK2 autophosphorylation level via
densitometric analysis. Bars indicate LRRK2 autophosphorylation
level incubated with or without ArfGAP1 or MBP as a percentage of
WT LRRK2 alone, with each bar representing the mean � SEM
from three independent experiments (*p � 0.05). D, Quantifica-
tion of relative MBP phosphorylation level by LRRK2 with or with-
out ArfGAP1 via densitometric analysis. Bars indicate MBP
phosphorylation level as a percentage of MBP phosphorylation
level by WT LRRK2, with each bar representing the mean � SEM
from three independent experiments (*p � 0.05). E, ArfGAP1 is
phosphorylated by LRRK2 at serines (S155, S246, and S284) and
threonine (T189, T216, and T292). Mass spectrometric analysis re-
veals 95.3% sequence coverage of ArfGAP1. Phosphorylated sites
are indicated in red. F, Mutations of three, five, or all six phospho-
amino acids to alanine (ArfGAP1-3A, ArfGAP1-5A, and ArfGAP1-
6A) substantially reduce LRRK2-mediated phosphorylation of
ArfGAP1. A total of 40 ng of recombinant G2019S LRRK2 protein
was incubated with recombinant WT or mutant ArfGAP1 proteins
and subjected to an in vitro kinase assay. Equivalent input is shown
by Coomassie blue staining. G, Quantification of relative ArfGAP1
phosphorylation level by LRRK2 via densitometric analysis. Bars
indicate ArfGAP1 phosphorylation level as a percentage of WT
ArfGAP1, with each bar representing the mean�SEM from three
independent experiments (*p�0.05). H, LRRK2 phosphorylation
of ArfGAP1 inhibits the ability of ArfGAP1 to enhance ARF1 GTP
hydrolysis. Glutathione beads bound with WT or six-point muta-
tion ArfGAP1 (ArfGAP1-6A) recombinant proteins were incubated
with WT, G2019S, and D1994A LRRK2 recombinant proteins and
subjected to an in vitro kinase assay without [�- 32P]ATP, followed
by stringent washes to remove LRRK2. The beads were subse-
quently incubated with Arf1 recombinant protein and subjected to
an in vitro GTPase assay by measuring the concentration of free Pi
release from GTP for Arf1. �64 –ArfGAP1 was incubated with Ar-
fGAP1 and Arf1 and subjected to an in vitro GTPase assay as well.
GTP hydrolysis activity is expressed as Pi release as a percentage of
Arf1 alone, with each bar representing the mean � SEM from
three independent experiments (*p � 0.05, **p � 0.01). I, Arf-
GAP1 has significantly lower phosphorylation levels in LRRK2 KO
mouse brain (29.64 � 13.34) versus WT mouse brain (100 �
10.54). Whole-brain lysates prepared from WT and LRRK2 KO mice
were subjected to IP with anti-ArfGAP1, followed by anti-phos-
phoserine/phosphothreonine and anti-ArfGAP1 immunoblotting.

3882 • J. Neurosci., March 14, 2012 • 32(11):3877–3886 Xiong et al. • Reciprocal Regulation of ArfGAP1 and LRRK2



GAP1 pulls down LRRK2 in WT mouse
brain but not LRRK2 knock-out (KO)
brain (Fig. 1B), and IP of LRRK2 pulls
down ArfGAP1 in WT mouse brain but
not LRRK2 KO brain (Fig. 1C). There is
no significant difference in binding be-
tween ArfGAP1 and WT LRRK2 or the
familialmutationsR1441C,R1441G,G2019S,
or I2020T LRRK2 (Fig. 1D,E). Subcellular
fractionation was performed to deter-
mine whether LRRK2 and ArfGAP1 re-
side in similar cellular compartments.
As reported previously, LRRK2 is en-
riched in the LP1 and LP2 fraction
(Biskup et al., 2006; Shin et al., 2008),
which also contains high levels of Arf-
GAP1. The integrity of our subcellular
fractionation was verified by immuno-
blotting with PGK1, Histone, and
VAMP2, which segregate into appropri-

Figure 6. ArfGAP1 and LRRK2 genetically interact and regulate each other’s toxicity in vivo. A, Diagram of dopaminergic
neuronal clusters in the posterior areas of the adult fly brain. Green box shows the area selected for the images shown in B. B,

4

Representative fluorescent images (GFP) of dopamine neurons in
PPM1/2 clusters from 7-week-old flies of the indicated genotypes
(green dots are neuron cell bodies). UAS–WT–LRRK2 or UAS–
G2019S (GS) LRRK2, UAS–ArfGAP1 or UAS–�64 –ArfGAP1 along
with UAS–GFP were expressed in dopamine neurons by the TH–
GAL4 driver. TH–GAL4�UAS–GFP was used as the control. C, Av-
erage numbers of dopamine neurons per DA cluster in 7-week- old
flies of the indicated genotypes. Data represent the mean � SEM
from three independent experiments. Data were analyzed for sta-
tistical significance by two-way ANOVA (*p � 0.05). D, Average
numbers of dopamine neurons in PPM1/2 cluster of the flies of the
indicated genotypes at different ages. Data represent the mean�
SEM from three independent experiments. Data were analyzed for
statistical significance by two-way ANOVA (*p � 0.05 statistically
significant differences between the control and ArfGAP1, WT–L-
RRK2, or GS–LRRK2; #p � 0.05 statistically significant differences
between GS–LRRK2 and ArfGAP1�GS–LRRK2, GS–LRRK2 and
�64 –ArfGAP1�GS–LRRK2, ArfGAP1 and ArfGAP1�GS–
LRRK2, WT–LRRK2 and ArfGAP1�WT–LRRK2, WT–LRRK2 and
�64 –ArfGAP1�WT–LRRK2, ArfGAP1 and ArfGAP1�WT–
LRRK2, and ArfGAP1 and �64 –ArfGAP1). E, Six groups of 20 flies
from each genotype were subjected to the climbing assay every 2
weeks from 1 to 10 weeks. Data represent the mean � SEM from
three independent experiments. Data were analyzed for statistical
significance by two-way ANOVA (*p � 0.05 statistically signifi-
cant differences between the control and all other lines as indicated;
#p�0.05 statistically significant differences between GS–LRRK2 and
ArfGAP1�GS–LRRK2, GS–LRRK2 and �64 –ArfGAP1�GS–LRRK2,
ArfGAP1andArfGAP1�GS–LRRK2,WT–LRRK2andArfGAP1�WT–
LRRK2, WT–LRRK2 and �64 –ArfGAP1�WT–LRRK2, ArfGAP1 and
ArfGAP1�WT–LRRK2, ArfGAP1 and �64 –ArfGAP1). F, Eye mor-
phology of 1-week-old flies of the indicated genotypes. UAS–WT–
LRRK2 or UAS–GS–LRRK2, UAS–ArfGAP1 were expressed in fly
eyes by GMR–GAL4 driver. GMR–GAL4 is uses as the control. G,
Coexpression of LRRK2 and ArfGAP1 in fly does not have significant
effects on LRRK2 or ArfGAP1 expression levels. Lysates prepared
form whole heads of 1-week-old flies of the indicated genotypes
were subjected to immunoblotting with anti-flag–HRP, anti-HA–
HRP, and anti-fly tubulin. H, Quantification of exogenous LRRK2
expression levels in fly heads. Data represent the mean � SEM
from three independent experiments. I, Quantification of exoge-
nous ArfGAP1 expression levels in fly heads. Data represent the
mean�SEM from three independent experiments. WB, Western
blot.
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ate subcellular fractions (Fig. 1 F). To determine the domain of
ArfGAP1 that interacts with LRRK2, coimmunoprecipitation
of LRRK2–Myc was performed with V5–ArfGAP1 and com-
pared with ArfGAP1 lacking the ArfGAP domain (�64 –Arf-
GAP1) and the ArfGAP (1– 64 aa) domain alone. LRRK2–Myc
fails to interact with �64 –ArfGAP1 (Fig. 2 A). To ascertain the
domain of LRRK2 that interacts with ArfGAP1, different do-
mains of the LRRK2 spanning the entire LRRK2 protein were
evaluated for their ability to interact with V5–ArfGAP1. The
WD40 of LRRK2 predominantly interacts with ArfGAP1, and
the kinase domain of LRRK2 also interacts with ArfGAP1 to a
small extent (Fig. 2 B). The ArfGAP (1– 64 aa) domain alone is
sufficient for binding to LRRK2 and binds to the same LRRK2
fragments as full-length ArfGAP1 (Fig. 2 A, C).

ArfGAP1 is a GAP for LRRK2 that regulates LRRK2 toxicity
To ascertain whether ArfGAP1 acts as a GAP for LRRK2, the
effect of ArfGAP1 on LRRK2 GTP hydrolysis was measured by a
colorimetric assay for free Pi release after GTP hydrolysis (Xiong
et al., 2010). For these studies, we used recombinant LRRK2 to
avoid the potential copurification of LRRK2-associated GAPs
and GEFs that may be present after IP of LRRK2 (Xiong et al.,
2010). Under these conditions, recombinant ArfGAP1 enhances
the GTP hydrolysis of recombinant WT LRRK2 by 	2.5-fold. As
reported previously, GTP hydrolysis activity of recombinant
R1441C LRRK2 is reduced compared with recombinant WT
LRRK2 (Lewis et al., 2007; Li et al., 2007). Surprisingly, ArfGAP1
enhances the GTP hydrolysis of R1441C LRRK2 by almost two-
fold. Unexpectedly, recombinant G2019S LRRK2 also has re-
duced GTP hydrolysis activity that is also enhanced nearly
twofold by ArfGAP1. As expected, ArfGAP1 enhances the GTP
hydrolysis activity of ARF1 (Fig. 3A). �64 –ArfGAP1, which fails
to bind LRRK2, has no effect on WT, R1441C, or G2019S LRRK2
or ARF1 GTP hydrolysis (Fig. 3A). The effect of ArfGAP1 on
LRRK2 toxicity was monitored by transient transfection of Arf-
GAP1 and LRRK2 into primary murine cortical cultures. Toxicity
was assessed by measuring neuronal morphology and TUNEL
labeling (Fig. 3B–E). Toxicity of WT, R1441C, and G2019S
LRRK2 are rescued by coexpression of ArfGAP1, whereas �64 –
ArfGAP1 is mildly protective. Unexpectedly, ArfGAP1 itself has
intrinsic toxicity to cortical neurons. �64 –ArfGAP1 blocks Arf-
GAP1 toxicity (Fig. 3B–E). Coexpression of LRRK2 and ArfGAP1

did not have significant effects on exogenous LRRK2 expression
levels, and the coexpression did not lead to any substantial cellu-
lar redistribution (Fig. 3F,G). Thus, LRRK2 and ArfGAP1 ex-
pressed individually are toxic to cortical neurons, but, when
coexpressed, LRRK2 and ArfGAP1 protect against each other’s
neurotoxicity. The partial rescue of LRRK2 toxicity by �64 –
ArfGAP1 suggests that LRRK2 toxicity may involve ArfGAP1. To
test this hypothesis, ArfGAP1 was knocked down by lenti-shRNA
to ArfGAP1 (LV.shRNA–ArfGAP1). The levels of ArfGAP1 are
reduced by 	90% by LV.shRNA–ArfGAP1 (Fig. 4A,B). WT
LRRK2 and G2019S LRRK2 toxicity are significantly reduced af-
ter knockdown of ArfGAP1 expression (Fig. 4C,D). Exogenous
LRRK2 expression levels and the cellular localization are not sig-
nificantly changed with downregulation of ArfGAP1 (Fig. 4E,F).
To assess the effect of LRRK2 deficiency on ArfGAP1 toxicity,
ArfGAP1 was overexpressed in WT and LRRK2 KO neurons. No
significant difference was observed on ArfGAP1 toxicity in WT
and LRRK2 KO neurons (Fig. 4G,H). Thus, ArfGAP1 toxicity is
unlikely to directly involve LRRK2.

LRRK2 phosphorylates ArfGAP1, resulting in inhibition of
the GAP activity of ArfGAP1
The ability of LRRK2 and ArfGAP1 to cancel each other’s toxicity
suggested that LRRK2 could regulate the activity of ArfGAP1.
Accordingly, we determined whether LRRK2 could phosphory-
late and regulate the activity of ArfGAP1. WT LRRK2 phosphor-
ylates ArfGAP1. This phosphorylation is twofold greater with
G2019S LRRK2 (Fig. 5A,B). Accompanying the phosphorylation
of ArfGAP1 by WT and G2019S LRRK2 is a reduction in the
autophosphorylation of WT and G2019S LRRK2 (Fig. 5A,C). We
added MBP, a generic kinase substrate to assess LRRK2 auto-
phosphorylation and kinase activity compared with LRRK2 alone
and LRRK2 with ArfGAP1. We find that ArfGAP1 does not non-
specifically reduce LRRK2 kinase activity because MBP does not
affect LRRK2 autophosphorylation and kinase activity (Fig.
5A,C). ArfGAP1 also reduces LRRK2 phosphorylation of MBP
(Fig. 5A,D). The phosphorylation of ArfGAP1 by LRRK2 was
subjected to mass spectrometry to determine the sites of phos-
phorylation. There was 95.3% coverage, and serines (S155, S246,
and S284) and threonine (T189, T216, and T292) are phosphor-
ylated by LRRK2 (Fig. 5E). Mutational analysis of these serine
and threonine amino acids to alanine reveals that no single amino

Table 1. Average number of dopamine neurons per DA cluster in 7-week-old flies of the indicated genotypes

Control ArfGAP1 �64 –ArfGAP1 WT–LRRK2 WT–LRRK2 � ArfGAP1
WT–LRRK2 �
�64 –ArfGAP1 GS–LRRK2

GS–LRRK2 �
ArfGAP1

GS–LRRK2 �
�64 –ArfGAP1

PAL 4.7 � 0.79 1.6 � 1.48 3.0 � 1.40 2.1 � 0.81 4.4 � 0.63 3.3 � 0.82 1.3 � 0.91 4.6 � 0.32 2.8 � 0.5
PPM1/2 16.1 � 2.4 6.9 � 0.75 14.6 � 2.09 9.4 � 0.45 11.8 � 0.73 10.7 � 0.16 8.4 � 0.69 12.3 � 1.68 10.4 � 1.36
PPM3 8.4 � 0.51 2 � 0.24 7.5 � 0.39 5 � 0.39 5.3 � 0.47 6.0 � 0.68 6.1 � 0.40 6.0 � 0.87 6.8 � 0.57
PPL1 16.4 � 2.62 7.7 � 1.85 14.8 � 2.41 9.3 � 1.76 9.1 � 1.87 10.0 � 1.63 6.0 � 2.94 6.4 � 2.04 7.0 � 2.60
PPL2 8.4 � 0.69 6.6 � 0.85 7.7 � 0.51 8.3 � 0.99 8.1 � 0.57 8.7 � 0.73 7.1 � 1.04 7.0 � 0.60 7.5 � 1.37

Data are representative of eight independent experiments.

Table 2. p values of the data in Table 1 analyzed for statistical significance by two-way ANOVA

Control
versus
ArfGAP1

Control
versus
�64-ArfGAP1

Control
versus
WT-LRRK2

Control
versus
GS-LRRK2

ArfGAP1
versus
�64-ArfGAP1

ArfGAP1versus
WT-LRRK2 �
ArfGAP1

ArfGAP1versus
GS-LRRK2 �
ArfGAP1

ArfGAP1versus
GS-LRRK2 �
ArfGAP1

WT-LRRK2 versus
WT-LRRK2 �
ArfGAP1

WT-LRRK2 versus
WT-LRRK2�
�64-ArfGAP1

GS-LRRK2 versus
GS-LRRK2 �
ArfGAP1

GS-LRRK2 versus
GS-LRRK2�
�64-ArfGAP1

PAL p � 0.001 p � 0.05 p � 0.001 p � 0.001 p � 0.05 p � 0.001 p � 0.001 p � 0.001 p � 0.001 p � 0.05 p � 0.001 p � 0.05
PPM1/2 p � 0.001 p � 0.05 p � 0.001 p � 0.001 p � 0.001 p � 0.001 p � 0.001 p � 0.001 p � 0.001 p � 0.05 p � 0.001 p � 0.05
PPM3 p � 0.001 p � 0.05 p � 0.001 p � 0.01 p � 0.001 p � 0.001 p � 0.001 p � 0.001 p � 0.05 p � 0.05 p � 0.05 p � 0.05
PPL1 p � 0.001 p � 0.05 p � 0.001 p � 0.001 p � 0.001 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05
PPL2 p � 0.01 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05 p � 0.05
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acid is the predominant phospho-amino acid. Mutation of all six
phosphorylated amino acids is required to substantially reduce
LRRK2-mediated phosphorylation of ArfGAP1 (Fig. 5F,G). The
functional consequences of LRRK2 phosphorylation of ArfGAP1
was monitored by assessing the effects of ArfGAP1 on ARF1 GTP
hydrolysis. WT and G2019S LRRK2 significantly reduce the abil-
ity of ArfGAP1 to enhance ARF1 GTP hydrolysis activity,
whereas a kinase-dead LRRK2 has no effect. An ArfGAP1 mutant
with all six potential LRRK2 phosphorylated amino acids mu-
tated to alanine (ArfGAP1-6A) enhances ARF1 GTP hydrolysis
activity, which is not altered by WT or G2019S LRRK2 (Fig. 5H).
�64 –ArfGAP1 reduces ArfGAP1 enhancement of ARF1 GTP hy-
drolysis activity, suggesting that �64 –ArfGAP1 may function as a
dominant negative. To assess the phosphorylation state of Arf-
GAP1 by LRRK2 in vivo, the phosphorylation levels of ArfGAP1
were detected in WT and LRRK2 KO mouse brain lysates. Arf-
GAP1 has significantly lower phosphorylation levels in LRRK2
KO mouse brain (29.64 � 13.34) versus WT mouse brain (100 �
10.54) (Fig. 5I).

ArfGAP1 and LRRK2 genetically interact and regulate each
other’s toxicity in vivo
Using WT and G2019S LRRK2 Drosophila that exhibit a
parkinsonism-like phenotype (Liu et al., 2008), the effects of Arf-
GAP1 on LRRK2 were explored. ArfGAP1 and LRRK2 were ex-
pressed in dopaminergic neurons in which the UAS–WT–LRRK2 or
UAS–G2019S–LRRK2 transgene and UAS–ArfGAP1 transgene
along with UAS–GFP were driven by TH–GAL4 driver (Friggi-
Grelin et al., 2003). Dopaminergic neuron number as revealed by
GFP fluorescence was monitored in the six dopaminergic neuronal
clusters that are normally present in Drosophila adult brain hemi-
sphere (PAL, PPM1/2, PPM3, PPL1, and PPL2) (Budnik and White,
1988; Friggi-Grelin et al., 2003) (Fig. 6A). As reported previously
(Liu et al., 2008; Ng et al., 2009), overexpression of WT and G2019S
LRRK2 leads to a substantial reduction of dopamine neurons in
PAL, PPM1/2, PPM3, and PPL1 compared with the GFP control.
Coexpression of ArfGAP1 significantly prevents the loss of dopa-
mine neurons in PAL and PPM1/2 but not PPM3 or PPL1. The
expression of �64–ArfGAP1 also rescues WT or G2019S LRRK2
dopaminergic neuronal loss in the PPM1/2 but does not significantly
rescue in the other dopaminergic clusters (Fig. 6B,C; Tables 1, 2).
Similar to the results in cortical cultures (Fig. 3B–E), ArfGAP1 itself
causes dopaminergic neuronal loss (Fig. 6B,C). A time course anal-
ysis of loss of the dopaminergic neuronal cluster PPM1/2 was con-
ducted from 1 to 7 weeks of age, revealing a progressive loss of

dopaminergic neurons as reported previ-
ously (Fig. 6D) (Liu et al., 2008). ArfGAP1
rescues the loss of dopaminergic neurons
induced by WT or G2091S LRRK2 begin-
ning at 5 weeks of age. The expression of
�64–ArfGAP1 also rescues WT or G2019S
LRRK2 dopaminergic neuronal loss in the
PPM1/2 cluster. ArfGAP1 itself causes do-
paminergic neuronal loss, which begins at 5
weeks of age (Fig. 6D). These data indicate
that ArfGAP1 is not causing loss of dopa-
mine neurons during development.

Locomotor activity was monitored by
a climbing assay (negative geotaxis test).
Nearly all control flies (TH–GAL4�UAS–
GFP) at 5 and 7 weeks of age rapidly climb
to the 6 cm mark, whereas WT LRRK2
and G2019S LRRK2 flies have signifi-

cantly reduced climbing ability. ArfGAP1 and �64 –ArfGAP1
rescues the climbing defect in the WT and G2019S LRRK2 flies.
Expression of either ArfGAP1 or �64 –ArfGAP1 mildly reduces
the climbing ability of the flies (Fig. 6E).

To confirm that LRRK2 reciprocally regulates ArfGAP1 in
vivo, retinal degeneration was monitored by light microscopy to
reveal eye morphologies in flies expressing the GMR–GAL4
driver. Expression of ArfGAP1 leads to a profound eye phenotype
that is rescued by coexpression of WT or G2019S LRRK2 (Fig.
6F). Coexpression of LRRK2 and ArfGAP1 in fly does not have
significant effects on LRRK2 or ArfGAP1 expression levels (Fig.
6G–I).

Discussion
LRRK2 toxicity is generally thought to be driven by its kinase
activity (West et al., 2005; Greggio et al., 2006; Smith et al., 2006;
Guo et al., 2007). Using truncated fragments of LRRK2 contain-
ing the GTPase domain, we showed previously that enhancing
LRRK2 GTP hydrolysis was protective against LRRK2 toxicity,
whereas reducing LRRK2 GTP hydrolysis enhanced LRRK2 tox-
icity (Xiong et al., 2010). Although GTP binding appears to play a
role in full-length LRRK2 toxicity, the role of GTP hydrolysis in
the context of full-length LRRK2 is not known (Smith et al., 2006;
Xiong et al., 2010). We confirm and extend these findings and
show that the GTPase activity of full-length LRRK2 also plays an
important role in LRRK2 toxicity both in vitro and in vivo. The
familial mutations R1441C and R1441G, which are toxic, have
decreased GTP hydrolysis, consistent with the idea that the
GTPase activity of LRRK2 may play a role in LRRK2 toxicity
(Lewis et al., 2007; Li et al., 2007). Unexpectedly, we show here
that G2019S LRRK2 also has decreased GTP hydrolysis. More-
over, we identify ArfGAP1 as the GAP for LRRK2. Consistent
with the notion that the GTPase activity of LRRK2 plays a role in
LRRK2 toxicity is our observation that ArfGAP1 as a GAP for
LRRK2 enhances both WT and mutant LRRK2 GTP hydrolysis
and protects against LRRK2 toxicity in vitro and in vivo.

Unexpectedly, LRRK2 phosphorylates ArfGAP1 and inhibits
its GAP activity, providing a reciprocal and novel mode of regu-
lation between LRRK2 and ArfGAP1 (Fig. 7). The phosphoryla-
tion of ArfGAP1 by LRRK2 inhibits its GAP activity because the
enhancement of GTP hydrolysis of ARF1 by ArfGAP1 is reduced
in the presence of WT or G2019S LRRK2. Moreover, WT and
G2019S autophosphorylation and kinase activity are significantly
reduced in the presence of ArfGAP1. This reciprocal regulation
leads to complex effects on cellular toxicity. WT and mutant

Figure 7. Model of reciprocal regulation between ArfGAP1 and LRRK2. Individually, ArfGAP1 or LRRK2 induces cell death. When
expressed together, ArfGAP1 binds to LRRK2, promoting hydrolysis of GTP to GDP and decreased autophosphorylation and kinase
activity of LRRK2. LRRK2 phosphorylates ArfGAP1, inhibiting its GAP activity. This reciprocal regulation leads to complex effects on
cellular viability. Together, the actions of ArfGAP1 and LRRK2 promote cell survival.
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LRRK2 toxicity is reduced by ArfGAP1. In addition, �64 –Arf-
GAP1, which has no effect on LRRK2 GTP hydrolysis but inhibits
ARF1 GTP hydrolysis, partially protects against LRRK2 toxicity,
suggesting a possible direct role of ArfGAP1 in LRRK2 toxicity.
Consistent with this idea is the observation that knockdown of
ArfGAP1 partially protects against LRRK2 toxicity. In addition,
the yeast homolog of ArfGAP1, GCS1, was identified in a sup-
pressor screen in which the absence of GCS1 protects against
LRRK2 toxicity in yeast (Xiong et al., 2010). Surprisingly, over-
expression of ArfGAP1 alone was found to be toxic both in vitro
and in vivo. The mechanism of ArfGAP1 toxicity requires addi-
tional study, but coexpression of LRRK2 inhibits ArfGAP1 tox-
icity in a manner similar to its inhibition of ArfGAP1 activity.
Our findings in Drosophila confirm the reciprocal regulation of
ArfGAP1 and LRRK2 activity.

In summary, we report the identification of ArfGAP1 as the
first GAP for LRRK2 that regulates LRRK2 GTP hydrolysis and
toxicity. In addition, ArfGAP1 is a substrate for LRRK2 whose
activity is unexpectedly regulated by LRRK2. Together, our re-
sults indicate that the GTPase domain of LRRK2 contributes to
LRRK2 toxicity. In theory, agents that act to increase LRRK2 GTP
hydrolysis could be alternative therapeutic agents to kinase inhib-
itors for the treatment of Parkinson’s disease. However, because
of the complex regulation and the potential role of ArfGAP1 in
LRRK2 toxicity revealed in this study, care would need to taken in
the development of such agents.
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