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Mutations in leucine-rich repeat kinase 2 (LRRK2) are common causes of familial Parkinson’s disease (PD).
LRRK2 has been shown to bind peroxiredoxin-3 (PRDX3), the most important scavenger of hydrogen peroxide
in the mitochondria, in vitro. Here, we examined the interactions of LRRK2 and PRDX3 in Drosophila models by
crossing transgenic LRRK2 and PRDX3 flies. As proof of principle experiments, we subsequently challenged
LRRK2 and LRRK2/PRDX3 flies with a peroxidase mimic, Ebselen. We demonstrated that co-expression of
PRDX3 with the LRRK2 kinase mutant G2019S in bigenic Drosophila ameliorated the G2019S mutant-induced
reduction in peroxidase capacity, loss of dopaminergic neurons, shortened lifespan and mitochondrial defects
of flight muscles in monogenic flies expressing the G2019S alone. Challenges with Ebselenrecapitulated similar
rescue of these phenotypic features in mutant-expressing Drosophila. The peroxidase mimic preserved neuron-
al and mitochondrial and neuronal integrity and improved mobility and survival in mutant-expressing
Drosophila. Taken together, our study provides the first in vivo evidence to suggest that phosphoinhibition of
endogenous peroxidases could be a mechanism in LRRK2-induced oxidant-mediated neurotoxicity. Our thera-
peutic experiments also highlight the potential of thiol peroxidases as neuroprotective agents in PD patients
carrying LRRK2 mutations.

INTRODUCTION

Parkinson’s disease is characterized by progressive loss of dopa-
minergic (DA) neurons in the substantia nigra and deposition of
Lewy bodies and neurites in surviving neurons (1–3). Important
risk factors include age and mutations in disease-linked genes
such as LRRK2, which 51 exons encoding a 278-kDa protein
with multiple domains including a GTPAse and kinase region
(2,4,5). A common LRRK2-G2019S mutation in the kinase
domain that increases both kinase and apoptotic activities (6),
is present in up to 40% in certain populations with ethnic-specific
polymorphic risk and protective variants (7).

The cytotoxic role of oxidant-mediated damage has been
recognized in the pathogenesis of familial Parkinson’s disease

(PD) (8). In fact, mutations in a number of PD-associated
factors have been shown to increase vulnerability to oxidative
stress (9). For example, mutation in Parkin T240R reduced its
ubiquitin ligase function and ability to protect against oxidative
stress while mutation in the kinase region of PTEN-induced pu-
tative kinase 1 inhibited its activity on HSP75 that compromised
protection against oxidative stress (10,11). Recently, we have
shown that mutant LRRK2 enhanced the phosphorylation of
peroxiredoxin-3 (PRDX3) in cell cultures which resulted in the
suppression of cellular peroxidase activity and exacerbated tox-
icity (12). This presents a possible mechanistic link between
LRRK2-induced oxidative stress and neuronal death, although
physiological implications of these interactions are unclear
and in vivo evidence is lacking.
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Several classes of enzymes such as catalases and peroxidases
that act on hydroperoxides have been conserved across species.
These include the thiol-specific peroxidases that belong to the
peroxiredoxin (Prx) and glutathione peroxidase (Gpx) families.
Aside from their peroxidative functions, thiol peroxidases are
involved in oxidative signaling and regulation of gene expres-
sion via redox transcription factors (13). Specifically, the
potent H2O2 scavenger, Prxs, has been reported to play an im-
portant role in redox regulation (14). Significantly, Prxs are dys-
regulated in a number of medical diseases.

There are six mammalian Prx isotypes including the human
mitochondrial PRDX3, which is a 2-cysteine thiol peroxidase
(15). In Drosophila, the mitochondria contain Prxs, dPrx3 and
dPrx5, which are crucial in maintaining redox homeostasis due
to lack of ortholog for Gpx (16). Silencing of dPrxs resulted in
deterioration of muscle and digestive tissues and decreased life-
span in flies. These effects were relieved by thioredoxin reduc-
tase but not by the mitochondrion-targeted catalase (17,18).
Ebselen or 2-phenyl-1,2-benzisoselenazol-3 (2H)-one is a
mimic of Gpx and Prxs (19). It reacts with hydroperoxide and
peroxynitrite and has been shown as a lithium mimetic in
mouse models of bipolar disorder (20). Early treatment with
Ebselen has improved conditions in patients with acute ischemic
stroke and bipolar disorder, suggestive of its neuroprotective
properties (20,21).

In this study, we examined the potential protective effect of
PRDX3 in an animal model and determined if a PRDX3
mimic could recapitulate similar effects. These questions have
significant clinical implications as peroxidase mimics have
been previously used in human disease trials (20,21).

RESULTS

LRRK2 inhibits PRDX3 in the fly brain

To examine LRRK2 and PRDX3 relations in Drosophila, we
generated transgenic flies expressing human LRRK2-WT-myc,
LRRK2-G2019S-myc or PRDX3 fused with the upstream activa-
tion sequence (UAS) that binds the yeast promoter-GAL4 tran-
scription factor for tissue-specific expression. To examine
interaction in the brain, neuronal expression of proteins was
induced by crossing with the embryonic lethal abnormal vision
(elav)-GAL4 driver line. Brain extracts were subjected to tag-
based immunoprecipitation followed by the resolution of
eluate proteins in gel. Immunoblots showed robust expression
of wild-type (WT) LRRK2 in the LRRK2-WT line (referred as
WT in the figure) and the bigenic line WT/PRDX3 while the
kinase mutant variant of LRRK2 was expressed in the
LRRK2-G2019S line (G2019S in the figure) and the bigenic
line G2019S/PRDX3 (Fig. 1A). The LRRK2 protein was not
expressed in the UAS-LRRK2-WT-encoding control line,
which was not crossed with the GAL4 driver line. In the
bigenic lines, LRRK2 proteins coprecipitated with PRDX3 in
the brain extract (Fig. 1A). Image analysis also revealed the
overlap of fluorescent signals from LRRK2 and PRDX3 staining
(Fig. 1B) suggesting an interaction.

Next we detected the level of phosphorylated PRDX3
(p-PRDX3) among monogenic and bigenic flies. The extracts
from G2019S/PRDX3 bigenic flies showed a marked increase
in the level of p-PRDX3 compared with those of WT/PRDX3

bigenic flies and PRDX3 flies expressing PRDX3 alone
(Fig. 1C) suggesting enhanced kinase activity of LRRK2-
G2019S on PRDX3. To examine the effect of PRDX3 phosphor-
ylation, we compared the peroxidase activities in the fly brain.
We found a general decrease in peroxidase activity among
LRRK2-expressing flies compared with PRDX3-expressing
flies (Fig. 1D). Notably, the LRRK2-G2019S flies showed sig-
nificant decrease in activity through age, most pronounced at
60 days post-eclosion (d.p.e.) (Fig. 1D). However, co-expression
of PRDX3 in the G2019S/PRDX3 bigenic flies exhibited perox-
idase activity that was not significantly lower than PRDX3 flies,
suggesting that LRRK2-mediated phosphorylation of PRDX3
could lower functional peroxidase capacity.

To validate the decrease in peroxidase activity of LRRK2-
G2019S flies, we compared the level of H2O2 in the fly brain.
We found that LRRK2-expressing flies have significantly
higher levels of peroxide compared with the non-expressing
control and PRDX3-expressing flies (Fig. 1E). However, the per-
oxide level in bigenic G2019S/PRDX3 flies was significantly
lower compared with LRRK2-G2019S flies (Fig. 1E), suggest-
ing that LRRK2-mediated phosphorylation of PRDX3 could in-
crease the peroxide load in brain tissues. In fact, the LRRK2
kinase mutant exhibited high level of proteins that had been
modified by oxidants to complex with carbonyl groups
(Fig. 1F). The levels of protein carbonyl were lower in bigenic
G2019S/PRDX3 compared with LRRK2-G2019S flies. To-
gether, these suggest that the LRRK2 mutant-mediated inhib-
ition of peroxidase activity could elevate oxidant level and
potentially oxidative stress.

PRDX3 ameliorates kinase mutant-induced loss of
DA neurons

To examine the influence of G2019S-induced suppression of
peroxidase function, we first compared the effect on longevity
in monogenic and bigenic flies. Upon analysis, overall compari-
son showed a significant difference in survival curves at P ¼
0.0043 by log-rank test. Upon pairwise analysis, we found that
neuronal expression of LRRK2 reduced the lifespan with only
52% of LRRK2-WT and 33% of LRRK-G2019S flies living to
60 d.p.e. (Fig. 2A). The lifespans of LRRK2-WT and
LRRK-G2019S flies were significantly lower at P ¼ 0.03943
and 0.03187, respectively, compared with driver control with a
survival rate of 85.3% at 60 d.p.e. (Fig. 2A). The survival rate
of G2019S flies was also lower than PRDX3 flies which exhib-
ited 79% survival at 60 d.p.e. (Fig. 2A). At 44 d.p.e., the differ-
ence in survival between G2019-expressing and control flies was
already significant at P ¼ 0.05284, while that of WT-expressing
flies was not significant at P ¼ 0.1466. Interestingly, however,
co-expression of PRDX3 in the bigenic flies extended the life-
span of WT/PRDX3 and G2019S/PRDX3 flies by 15 and 27%,
respectively, suggesting attenuation of the lethal effects of
LRRK2 by PRDX3.

To examine if neuronal integrity is also affected by G2019S,
we compared the number of DA neurons (six-paired clusters in
each brain hemisphere). The transgene expression was first
induced by the dopa decarboxylase (ddc)-GAL4 driver line fol-
lowed by neuronal staining with antibody against a rate-limiting
enzyme of dopamine synthesis, tyrosine hydroxylase (TH) for
counting. Our results show that clusterwise differences in
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Figure 1. LRRK2 kinase mutant inhibits activity of PRDX3 in transgenic Drosophila. (A) Immunoblot of head lysates from 20 d.p.e. flies that were subjected to
immunoprecipitation using myc-specific antibody. WT refers to the LRRK2-WT line, G2019S is the LRRK2-G2019S line and the control is UAS-LRRK2 line that
was not crossed with the driver. (B) Images showing colocalization of LRRK2 and PRDX3 signals in brain whole mounts. The control was probed with anti-LRRK2
as primary antibody. (C) Representative immunoblot showing p-PRDX3 detected by phospho-specific antibody. Chart showing relative p-PRDX3 levels over total
PRDX3. ∗Significant increase from PRDX3 values at P , 0.01 by Student’s t-test. AU, arbitrary unit. (D) Chart showing peroxidase activities as percent mean
fluorescence+SEM of values in PRDX3 lysate. Data were derived from three independent crosses that were background corrected and normalized to PRDX3
lysate values. ∗∗Significant decrease from PRDX3 values at P , 0.01 by Student’s t-test. (E) Level of H2O2 as relative fulorescence unit+SEM (n ¼ 4) normalized
to PRDX3 values. ∗,∗∗Significant difference at P , 0.05 and P , 0.01 by one-way ANOVA with Bonferroni corrections. (F) Level of oxidized protein in
LRRK2-variant-expressing flies relative to loading control. ∗Significant increase from all values at P , 0.01 by one-way ANOVA. Genotypes: elav-GAL4/+,
elav-GAL4-hLRRK2 variants, elav-GAL4-PRDX3, elav-GAL4-hLRRK2; elav-GAL4-PRDX3.
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neuronal number across genotypes were not significant at
20 d.p.e. (Fig. 2B). At 60 d.p.e., however, G2019S flies
showed a significant 1.7-, 1.4- and 1.2-fold decrease in clusters
PPM1/2, PPM3 and PPL1, respectively, compared with driver
control (Fig. 2C). Although mutant LRRK2-G2385R flies,
which express mutation in the WD40 domain at the C-terminus,
showed slight reduction in the PPM3 cluster, the extent of neur-
onal loss seen in G2019S flies was not observed (Fig. 2C). In fact,
the neuronal count in LRRK2-G2385 was consistently higher
than in LRRK2-G2019S flies and was not significantly different
from control, suggesting the non-toxic effect of G2385 mutation.
These correlate with the observed reduction in kinase activity
recent report on the decreased kinase activity in G2385 and

C-terminally truncated forms of LRRK2 either on a WT or
G2019S background (22). Since G2385R mutation was also
observed to significantly increase LRRK2 binding to Hsp90
and decrease binding to 14-3-3 proteins, it is possible that
G2385R mutation could affect LRRK2 binding to other
protein partners including PRDX3.

When PRDX3 was co-expressed in bigenic G2019S/PRDX3
flies, we found that neuronal counts in the affected clusters
were significantly increased compared with LRRK2-G2019S
flies (Fig. 2C). In the PPM3 cluster, for example, the number
of neurons was 1.5-fold higher in G2019S/PRDX3 compared
with G2019S flies. The neuronal count in bigenic flies approxi-
mated those in PRDX3 or control flies. The preservation of

Figure 2. PRDX3 ameliorate mutant-induced DA neuronal degeneration. (A) Survival curves as percent living flies (n ¼ 3, cohort of 50). Intergenotypic differences
were analyzed by log-rank test, significant at P , 0.05. (B) Chart showing mean DA neuronal counts per cluster in the brain at 20 d.p.e. (n ¼ 3; cohort of 20). (C) DA
neuronal counts at 60 d.p.e. (n ¼ 3; cohort of 20). ∗,∗∗Significant difference at P , 0.05 and P , 0.01 by one-way ANOVA with Bonferroni corrections. The
elav-GAL4 driver line was used as control. (D) Representative images of brain whole mount at 60 d.p.e. showing the PPM3 cluster (boxed) labeled with anti-TH
antibody (red signal). Scale bar: 100 mm. (E) Dopamine level in fly brains as percent of mean absorbance+SEM (n ¼ 4) normalized to control. ∗∗Significant increase
from counts in G2019S values at P , 0.01 by Student’s t-test. PPL, protocerebral posterior lateral; PPM, protocerebral posterior medial; PAL, protocerebral anterior
lateral. Genotypes: ddc-GAL4/+, ddc-GAL4-hLRRK2, ddc-GAL4-hLRRK2; ddc-GAL4-PRDX3.
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DA neurons in bigenic flies was consistent with intensified TH
signal in immunostained brain sections (Fig 2D) and as higher
levels of dopamine in bigenic than in kinase mutant fly brain at
60 d.p.e. (Fig. 2E). These show protection from the kinase
mutant-induced loss of DA neurons by PRDX3.

PRDX3 and Ebselen ameliorate kinase mutant-induced
motor dysfunction

Since neuronal loss has been linked to abnormalities in move-
ment, we next compared the mobility in various genotypic
lines. While there was a general reduction in climbing abilities
at 40 d.p.e., G2019S flies showed marked decrease in climbing
abilities compared with PRDX3 flies at 60 d.p.e. (Fig. 3A).
However, climbing abilities of G2019S/PRDX3 flies were sig-
nificantly higher than G2019S flies. As proof of principle experi-
ment, we tested if the Prx mimic Ebselen could also protect from
the effects of LRRK2. When sustained in Ebselen-supplemented
medium, there was an �2.4-fold increase in the climbing abil-
ities of G2019S flies which are comparable with those of
bigenic flies (Fig. 3B). Conversely, parallel treatment with a
thiol-containing reducing antioxidant thiourea did not prevent
motor dysfunction in G2019S flies. These indicate improvement
in motor abilities in the presence of Prxs.

To validate whether Ebselen-mediated improvement in mo-
bility was related to the preservation of neurons. We did the clus-
terwise count of DA neurons and found that there was
corresponding significant increase in the neuronal count in

G2019S flies when fed with Ebselen. There was a general in-
crease in clusters PPM1/2, PPM3 and PPL2 with the PPM3 or
PPL1 counts increased by �28% (Fig. 3C). Therefore, the
observed preservation of neurons reflected as improved climb-
ing abilities, implicating thiol-dependent peroxidases in neuron-
al protection from LRRK2 kinase mutant-induced pathologies.

PRDX3 and Ebselen ameliorate kinase mutant-induced
muscle and mitochondrial degeneration

To determine if LRRK2 mutant-induced impairment in mobility
is related to changes in muscle morphology, we induced trans-
gene expression in the thoracic flight muscles via the muscle-
specific 24B-GAL4 promoter in order to compare ultrastructure
morphologies. In 40 d.p.e. non-transgenic control flies, myofi-
brils were tightly organized in parallel stripes, while those in
age-matched kinase mutants were loosely disorganized with ir-
regular banding patterns (Fig. 4A). However, muscle structures
in Ebselen-fed kinase mutant flies showed similar morphologies
as those seen in G2019S/PRDX3 bigenic flies (data not shown)
and control flies (Fig. 4A).

Since muscles have high-energy demands, we next compared
morphologies of the mitochondria. In G2019S flies, mitochondria
were swollen, less dense with vacuolation and fragmented cristae
(Fig. 4B). However, cristae in Ebselen-fed kinase mutants exhib-
ited densely packed opaque structures, similar to those in control
flies (Fig. 4B). Accordingly, we found that the proportion of
deformed mitochondria in LRRK2-G2019S flies was �3- and

Figure 3 . PRDX3 and Ebselen ameliorate mutant-induced motor dysfunction. (A) Age-dependent climbing scores as percent of mean+SEM (n ¼ 3, cohort of 50)
normalized to control. ∗∗Significant increase from G2019S values at P , 0.01 by one-way ANOVA with Bonferroni corrections. (B) Climbing scores as in (A).
(C) DA neuronal counts by cluster (n ¼ 3, cohort of 20). ∗,∗∗Significant difference at P , 0.05 and P , 0.01 by one-way ANOVA with Bonferroni corrections.
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4.6-fold higher than Ebselen-fed and control flies, respectively.
However, deformed mitochondria in bigenic and Ebselen-fed
kinase mutants were significantly lower than in kinase mutant

flies at P ¼ 0.0281 and 0.0442, respectively (Fig. 4C). These
support the preservation of the mitochondrial morphologies in
the presence of Ebselen and PRDX3 peroxidases.

Figure 4 . PRDX3 and Ebselen ameliorate mutant-induced degeneration of muscle and mitochondria. (A) Transmission electron micrograph of longitudinal thoracic
muscle sections showing the effects of Ebselen on kinase mutant-induced disruption of myofibrils with diffused Z-lines (Z) and M-bands (M). Swollen and vacuolated
mitochondria (V) are also shown. (B) Transverse sections showing reduction in kinase mutant-induced fragmentation of cristae (arrows). Scale bars: 1 mm. (C) Chart
showing percent of deformed mitochondria+SEM normalized to driver control. Data were derived from the relative number of deformed over healthy mitochondria
in 20 fields of five sections for each genotypic line. ∗Significant decrease from kinase mutant values at P , 0.05 by Student’s t-test. (D) Immunoblot analysis of
extracts for the level of cytochrome c in the mitochondria treated and untreated LRRK2-G2019S and driver control. (E) Comparisonof ATP levels in the mitochondrial
extracts showing mean ATP+SEM (n ¼ 4, cohort of 20 thoraces), corrected for blank and calculated from standard curve plot. ∗∗Significant increase from kinase
mutant values at P , 0.01 by one-way ANOVA with Bonferroni corrections. Genotypes: 24B-GAL4/+, 24B-GAL4-hLRRK2, 24B-GAL4-hLRRK2;
24B-GAL4-PRDX3.
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To validate the observed conditions of the mitochondria, we
compared the integrity of the mitochondrial membrane. In
G2019S flies, the level of cytochrome c in the mitochondria is
much lower compared with the control flies (Fig. 4D) indicating
increased permeability of mitochondrial membrane in kinase
mutant flies. However, the cytochrome c levels in bigenic and
Ebselen-fed flies were markedly higher than in G2019S flies
and near the levels found in the control. We further quantified
the mitochondrial levels of adenosine triphosphate (ATP),
which we found significantly lowered by �2.4-fold in
LRRK2-G2019S flies, suggesting breach in mitochondrial in-
tegrity and function (Fig. 4E). However, the level of ATP was
significantly higher in G2019S/PRDX3 flies and those fed with
sustained doses of Ebselen than the levels in LRRK2-G2019S
flies at P ¼ 0.0085 and 0.0072, respectively. The ATP levels
of G2019S/PRDX3 and Ebselen-fed G2019S flies were not dif-
ferent from levels found in the control. Together, these suggest
Prx-mediated protection from potential compromise of the struc-
ture and function of the mitochondria induced by G2019S muta-
tion in the kinase domain of LRRK2.

DISCUSSION

A number of disease-associated mutations in the kinase domain
of LRRK2 have been shown to increase its kinase activity and ex-
acerbate the degeneration of DA neurons (23,24). However, it
remains unclear how such gain in function could lead to neuronal
death. Incidentally, mutations in PD-linked genes including
LRRK2 have been shown to mediate increased vulnerability to
oxidative stress (9,25). Moreover, oxidant-induced cell death
has been observed in sporadic PD models exposed to environ-
mental toxins (8). While enhanced kinase activity of mutant
LRRK2 and oxidative damage are involved in the pathogenesis
of PD, the unifying pathway linking these processes is not
known.

Here, we showed that the expression of the LRRK2-G2019S
kinase mutant resulted in neuronal death, increased oxidant
load, deterioration of mitochondrial integrity and decreased re-
spiratory function. These were concomitant with observed in-
crease in the levels of p-PRDX3. Such LRRK2-PRDX3
interaction is not surprising as it is consistent with separate
reports on their localization in the mitochondria (26,27). More-
over, the pathologies that we observed in kinase mutant flies
were reminiscent of the consequential abnormalities in the mito-
chondria of oxidatively stressed flies (28). Based on these find-
ings, it is possible that the LRRK2 phosphorylation site is
proximal to the redox-active cysteine of PRDX3. The charged
phosphate could pose a steric block preventing the oxidation
of Cys47-SH by H2O2 (29). Without sufficient antioxidant
defense, the mitochondria, which conduct essential respiratory
processes, becomes vulnerable to oxidative damage. Since
these events were not evident in LRRK2-WT-expressing and
control flies, we hypothesize that the enhanced phosphorylation
and inhibition of the antioxidant function of PRDX3 induced by
the kinase mutant, could be one mechanism involved in the
oxidant-related death induced by LRRK2 kinase mutants.

Previously, the inhibition of Prx3 was shown to increase ROS-
mediated damage of macromolecules, which induced the release
of toxic by-products including aldehydes hydroxyl radical, lipid

peroxide, aggregate, ubiquitinated protein and iron-catalyzed
neurotransmitter catabolite (30–32). Furthermore, the intrinsic
apoptotic pathway was triggered through the release of cyto-
chrome c and activation of caspase-3 upon knockdown of Prx3
(12). Prx3 is also downregulated in the spinal motor neuron mito-
chondria of patients with motor neuron disease, while its phos-
phorylated form is increased in the midbrain of patients with
PD (12,19). These support and highlight the importance of
Prx3, such that its co-expression in bigenic flies in this study
resulted in the amelioration of the lethal effects of the LRRK2
kinase mutant on flies.

To support the functional role of PRDX3, we further demon-
strated that treatment with the Prx mimic, Ebselen, led to a reduc-
tion in H2O2, improved peroxidase function and viability of DA
neurons and survival of flies. Ebselen-rescued LRRK2-induced
pathologies, consistent with its dependence on the thioredoxin
disulfide reductase system to catalyze the reduction of hydroper-
oxide and peroxynitrite (33). Ebselen has also been shown to
upregulate expression of Prxs by inducing transcription of the
antioxidant response element (19,34). Like PRDX3, Ebselen
has mitochondrially directed anti-apoptotic effect via its action
on membrane permeability transition (35,36). Unlike PRDX3,
however, it has a selenium core that interacts with glutathione
and other thiol compounds but without any binding site for sub-
strate (37,38). While Ebselen has a peroxidase function, there-
fore, its actions are most likely varied and not specific.

Our findings suggest that further evaluation of Ebselen and
other like compounds in LRRK2-linked PD is warranted.
Ebselen is considered clinically safe but without proven use
yet under the National Institutes of Health Clinical Collection.
In a double-blind placebo controlled trial involving 302 acute is-
chemic stroke patients, significant improvement was noted in
patients who started Ebselen within 24 h of stroke onset but
not in those who started treatment after 24 h. Ebselen has also
been shown to ameliorate neuronal toxicity in cell-culture
model of superoxide dismutase 1-related familial motor
neuron disease and 1-methyl-4-phenylpyridinium PD model
(19,39). Considering these, it is not surprising that Ebselen reca-
pitulated the activities of PRDX3.

In conclusion, we provided the first in vivo evidence that
co-expression of PRDX3 in bigenic Drosophila ameliorated
G2019S mutant-induced loss of DA neurons, shortened lifespan
and mitochondrial defects in the flight muscles. Challenge with
Ebselen led to similar rescue of these phenotypic features in
Drosophila. Clinical trials of this class of drugs in PD patients
would be useful to determine if their neuroprotective effects
are specific for the LRRK2-linked disease.

MATERIALS AND METHODS

Drosophila stocks, preparation and immunodetection

Promoter lines containing elav-GAL4, ddc-GAL4 and 24B-
GAL4 were obtained from Bloomington Stock Center (Bloo-
mington, IN, USA). The generation of human LRRK2 transgenic
lines was described previously (40). PRDX3 was amplified from
a pCDNA3.1 construct and cloned directionally into Xho1–
EcoR1 site of the pUAST vector. The sequence-verified con-
structs were microinjected into w118 embryos by BestGene
(Chino Hills, CA, USA). Flies were routinely raised at 258C
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on cornmeal media that were replaced every 3 days. The lifespan
was assessed by monitoring survival of 50 flies in five cohorts for
each genotype. Fly head homogenates were prepared and immu-
noaffinity purified as described (12). A 50-mg lysate in RIPA
buffer was precleared by centrifugation and complexed with
1 mg of antibody for 3 h at 48C in rotator. Samples were incu-
bated with BSA-blocked sepharose overnight. Equal amounts
of eluate protein were resolved by SDS–PAGE and detected
using rabbit LRRK2 (1 : 500; Novus Biologicals, Littleton,
CO, USA)-, PRDX3 (1:2000; Sigma-Aldrich, St. Louis, MO,
USA)- or rabbit p-PRDX3 (1:500; PickCell Laboratories, Am-
sterdam, Netherlands)-specific primary antibodies, whereas
host-specific Alexa Fluor 488 (Invitrogen, Carlsbad, CA,
USA) or Texas Red conjugates were used as secondary anti-
bodies. The densitometric analysis of proteins was performed
using the ImageJ software (NIH, MD, USA).

Peroxide, peroxidase, protein oxidation and dopamine
assays

The levels of peroxide and peroxidase activity were measured
according to the Amplex Red Kit protocol (Invitrogen).
Briefly, reactions containing 50 mM reagent and 1 mg of fly
head lysate in Na2PO4 buffer were incubated for 30 min at
room temperature to measure peroxide level. The peroxidase ac-
tivity was measured with the addition of 1 mM H2O2 per added.
Fluorescence intensity was measured at Ex/Em 530 nm/590 nm.
To quantify protein oxidation, 5 mg of brain extract was deriva-
tized to 2,4-dinitrophenylhydrazone (DNP-hydrazone) by reac-
tion with 2,4-dinitrophenylhydrazine. The protein carbonyl was
detected by immunoblotting using anti-DNP moiety (1:150)
(Millipore, Billerica, MA, USA). Dopamine was measured by
HPLC with potentials set at E1 ¼ 2300 mV, E2 ¼ +200 mV,
EGC ¼ +350 mV and 50 nA range (Shimadzu, Japan). One
hundred microliters of head lysate in 0.5 N perchloric acid
were assayed at 0.5 ml/min flow rate for 10 min. Chromatograph
peak for DA was detected at 6 min elution time. Dopamine was
measured by HPLC with potentials set at E1 ¼ 2300 mV,
E2 ¼ +200 mV, EGC ¼ +350 mV and 50 nA range.

Mitochondrial ATP assay

The crude mitochondrial fraction was isolated from fly extracts
using sequential sedimentation as described (12). Total ATP
levels in cohorts of three 5-day-old flies were measured for
each genotype. Ten heads per cohort were dissected and homo-
genized in 200 ml of extraction buffer, snap-frozen then boiled
for 3 mins. The samples were centrifuged and the supernatants
were mixed with the luminescent reagent (Roche, Indianapolis,
IN, USA). Signals were extrapolated using standards and values
calculated relative to total protein concentration.

Behavioral assays

For longevity experiments, day-old flies were transferred to fresh
media every 3 days. The triplicate cohorts of 50 flies per geno-
type were monitored for survival daily. For comparison
between genotypes, pooled cohort scores were analyzed using
the log-rank test with P , 0.05 considered significant. For the
climbing assay, motor ability was assessed at 15 min interval

using the negative geotaxis assay as described (41). Three
cohorts of 20 female and age-matched control flies were anesthe-
tized and placed in a vertical plastic column (length, 25 cm;
diameter, 1.5 cm). After a 2 h recovery period, flies were
tapped to the bottom and the percentage of flies that climb to
or above the top column line in 1 min was calculated. Triplicate
trials were performed in each experiment at 15 min interval.

Histochemistry and transmission electron microscopy

Immunostaining was performed on whole-mount adult fly brains
as described (41,42). The dissected brains were probed with
rabbit TH (1:200; Sigma)- or rat elav (1:50; Developmental
Studies Hybridoma Bank, Iowa City, IA, USA)-specific
primary antibodies. For the DA neuron count, the number of
neurons in different clusters was scored under confocal micros-
copy. Six brain sections from cohorts of five flies per genotype
were analyzed using the Nikon NS Element AR 3.2 software.
For TEM, 20 d.p.e. adult thoraces were hemisected, fixed over-
night at 48C in 2% paraformaldehyde, 3% glutaraldehyde in 0.1
M phosphate buffer, pH 7.4. Tissues were postfixed in 2%
osmium tetroxide for 1.5 h, dehydrated in ethanol–acetone
series then embedded in araldite. Ultrathin sections were
observed under Jeol Jem1010. Ultrathin sections were picked
up onto copper slot grids, stained with uranyl acetate and lead
citrate then observed under Jeol jem1010 (Peabody, MA, USA).
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