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Lysosomes are responsible for degradation and recycling of bulky cell material, including accumulated
misfolded proteins and dysfunctional organelles. Increasing evidence implicates lysosomal dysfunction
in several neurodegenerative disorders, including Parkinson’s disease and related synucleinopathies,
which are characterized by the accumulation of a-synuclein (a-syn) in Lewy bodies. Studies of lysosomal
proteins linked to neurodegenerative disorders present an opportunity to uncover specific molecular
mechanisms and pathways that contribute to neurodegeneration. Loss-of-function mutations in a lysosomal protein, ATP13A2 (PARK9), cause Kufor –Rakeb syndrome that is characterized by early-onset parkinsonism, pyramidal degeneration and dementia. While loss of ATP13A2 function plays a role in a-syn
misfolding and toxicity, the normal function of ATP13A2 in the brain remains largely unknown. Here,
we performed a screen to identify ATP13A2 interacting partners, as a first step toward elucidating its
function. Utilizing a split-ubiquitin membrane yeast two-hybrid system that was developed to identify
interacting partners of full-length integral membrane proteins, we identified 43 novel interactors that primarily implicate ATP13A2 in cellular processes such as endoplasmic reticulum (ER) translocation, ER-toGolgi trafficking and vesicular transport and fusion. We showed that a subset of these interactors modified a-syn aggregation and a-syn-mediated degeneration of dopaminergic neurons in Caenorhabditis elegans, further suggesting that ATP13A2 and a-syn are functionally linked in neurodegeneration. These
results implicate ATP13A2 in vesicular trafficking and provide a platform for further studies of
ATP13A2 in neurodegeneration.

INTRODUCTION
Lysosomes are part of essential cellular pathways responsible
for the degradation and recycling of bulky cell material and
maintaining cellular homeostasis. Dysfunction of proteins
involved in lysosomal regulation or function results in the accumulation of undigested material that can disturb other cellular
processes, including autophagy, endocytosis and exocytosis,

lysosomal pH regulation, vesicle maturation, synaptic release
and calcium homeostasis (1). Increasing evidence implicates
lysosomal dysfunction in a wide array of neurodegenerative disorders (2,3). Neurons appear to be particularly vulnerable to
lysosomal impairment, since most of the diseases characterized
by lysosomal dysfunction also exhibit neurodegeneration (1).
Neurodegenerative disorders that are caused by mutations of
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RESULTS
Novel interacting proteins of ATP13A2 identified
by MYTH screening
Since ATP13A2 is a transmembrane protein, we utilized a
yeast two-hybrid system specifically designed to identify interactors of membrane proteins (14,15). This method, the
split-Ub MYTH system, entails the reassociation of two Ub
halves by specific protein – protein interactions (16). The
protein of interest (bait) is fused in its full-length form to a
C-terminal fragment of Ub (Cub), followed by an artificial
transcription factor (TF). The putative interactor (prey) is
fused to the N-terminal fragment of Ub carrying an Ile13Gly
mutation (NubG). If the bait and prey interact, an active Ub
molecule is reconstituted. This is recognized by cytoplasmic
Ub proteases that cause the proteolytic cleavage of the TF,
allowing its translocation to the nucleus and activation of
yeast reporter genes, resulting in growth of yeast on selective
media (14,15,17) (Fig. 1A).
One of the prerequisites for a successful MYTH screen is to
establish that the full-length bait protein gets correctly
expressed and targeted to its membrane compartment, but
does not self-activate the reporter genes in the presence of a
non-specific interacting protein. To this end, the bait construct
ATP13A2-Cub-TF was tested on selective media in the presence of two commonly used non-interacting yeast integral
membrane proteins, Ost1 [a component of the oligosaccharyltransferase complex in the endoplasmic reticulum (ER) membrane] and Fur4 (an uracil permease localized to the plasma
membrane). These two proteins were fused to NubI
(Ost1-NubI or Fur4-NubI). NubI positive control constructs
activate the yeast reporter system independently of a bait

protein interaction, because of high affinity of NubI (the wildtype form of N terminus half of Ub) for Cub, resulting in
active Ub molecules (17). Activation of the reporter system
in yeast cells co-expressing ATP13A2-Cub-TF and either of
the NubI positive controls indicated that the bait protein was
expressed, correctly inserted into the membrane, and the TF
properly cleaved upon the formation of active Ub (Supplementary Material, Fig. S1). As an additional control, the same two
non-interacting yeast membrane proteins (Ost1 and Fur4) were
fused to mutant NubG (Ost1-NubG or Fur4-NubG). These
constructs served as negative controls, since they should not
interact with the human ATP13A2 bait fused to Cub. Lack
of growth of yeast cells co-expressing ATP13A2-Cub-TF
and non-interacting control prey (Ost1-NubG or Fur4-NubG)
indicated that the bait construct was not self-activating
(Supplementary Material, Fig. S1).
Following confirmation that the ATP13A2 bait protein was
suitable for MYTH, we performed a large-scale screen using a
human brain library with cDNAs fused C-terminally to the
NubG moiety (DualSystems Biotech Inc., Zurich, Switzerland).
From a screen of 4 × 106 yeast transformants, 43 novel
ATP13A2 interactors were identified (Supplementary Material, Table S1, Fig. 2A). These interactors were specific
because they only interacted with ATP13A2 bait (Fig. 1B),
but not with the artificial bait construct MFa-CD4-Cub-TF
(Fig. 1C). Prey candidates that activate the reporter system
in the presence of the artificial bait are considered spurious
because they activate the reporter system in a manner independent of bait identity (15,18). As shown in Figure 1B,
yeast cells were selected for growth on selective medium
(SD-Trp-Leu), confirming the presence of both ATP13A2
bait and prey vectors, and for growth and development of
blue color on X-gal medium (SD-Trp-Leu-Ade-His + X-gal)
confirming the interactions. Yeast cells expressing artificial
bait and prey that did not grow on the same selective media
were considered specific interactors (Fig. 1C).
A subset of these prey candidates was then reconfirmed as
ATP13A2 interactors by co-immunoprecipitation (Fig. 1D).
Based on the availability of constructs, we selected seven candidates and expressed them together with V5-tagged
ATP13A2 in HEK293 cells. Using immunoprecipitation of
whole cell lysates with V5 antibody, we reconfirmed all
seven proteins as ATP13A2 interacting partners [histone deacetylase 6 (HDAC6), NIX (also named BNIP3L), heat shock
70 kDa protein 8 (HSPA8), synaptotagmin 11, G-associated
kinase (GAK), adaptor-associated kinase 1 (AAK1) and
Yip1 interacting factor homolog A (YIF1A)], validating the
reliability of the MYTH method.
Functional assignment of MYTH data
In order to examine the functions of the ATP13A2 interactors,
gene ontology (GO) terms were used to group the interactors
based on their biological annotations (19). First MYTHidentified interactors with related GO terms were visualized
as a network (Fig. 2A), combined with known and predicted
interactions from two online databases (see Materials and
Methods). This network demonstrates that few interactions
were previously known among the bait and 43 interactors
and that the hit proteins provide functional genetic links
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integral lysosomal proteins present an opportunity to elucidate
specific molecular mechanisms and pathways that contribute
to neurodegeneration (1,2).
Mutations in lysosomal ATP13A2 (PARK9) have been
recently identified as the cause of Kufor– Rakeb syndrome
that is characterized by juvenile parkinsonism, pyramidal degeneration and dementia (4 – 6). Moreover, ATP13A2 plays
a role in a-syn misfolding and toxicity in yeast and
Caenorhabditis elegans models of Parkinson’s disease (PD)
(7 – 9). Recent data also implicate loss of ATP13A2 function
in mitochondrial maintenance and oxidative stress, lending
further support to the importance of lysosomes for mitochondrial quality control (10,11).
The role of normal ATP13A2 in the central nervous system
is not known, but it is predicted to function as a lysosomal
P5-type ATPase that regulates cation homeostasis (12,13).
Here, we screened a human brain cDNA library to identify
ATP13A2 interacting partners as a first step toward elucidating its function. Using the split-ubiquitin (Ub) membrane
yeast two-hybrid (MYTH) system developed to identify interacting partners of integral membrane proteins (14), we identified 43 interactors that suggest the involvement of ATP13A2
in vesicular trafficking. Moreover, we found that a subset of
these interacting proteins modifies a-syn aggregation and
neurotoxicity in C. elegans, further strengthening the functional link between ATP13A2 and synucleinopathies.
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from ATP13A2 to protein transport, vesicle trafficking, cell
adhesion and cell fate.
Additionally, we used a functional annotation tool (DAVID)
that clusters related GO terms and provides a score representing enrichment (20).
This analysis resulted in 18 clusters (Fig. 2B; see Supplementary Material, Table S2, for a complete list of clusters of

GO terms) with one of the top scoring clusters (referred to
as ER in Fig. 2B) that included proteins involved in ER transport, ER-to-Golgi trafficking and protein folding [SEC61B,
HSPA8, LMAN2, YIF1A, FK506-binding protein 8
(FKBP38), PDIA6, SPCS2, UBE2J2, LRP6].
Other notable functional categories included clathrinmediated endocytosis (HSPA8, GAK, AAK1), vesicular
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Figure 1. Verification of ATP13A2 interactors. (A) Flowchart of MYTH describing general steps to identify interactors of membrane-based proteins. The
ATP13A2 bait was generated and tested for expression and self-activation of reporter genes by the ‘NubG/I test’ which uses negative and positive control
preys; cDNA library was introduced in the ATP13A2-Cub-TF expressing yeast strain and putative interactors were selected on selective media; prey plasmids
were extracted and amplified. A ‘bait dependency test’, which employs an artificial bait protein, was used to identify spurious preys and to finalize a list of
interactors that were sequenced and further analyzed. (B) Representative pictures of yeast strain THY.AP40 containing interacting bait–prey pairs grown on
selective plates with X-gal. (C) The specificity of the interactions was determined with a bait dependency test using the artificial bait construct
MFa-CD4-Cub-TF as a negative control. Yeast strain THY.AP40 carrying this artificial bait was transformed with the same NubG-hemagglutinin (HA)
preys used in the screen in (B). Interactors incapable of non-specifically activating the reporter system in this strain were considered for further analysis. To
confirm the correct expression and lack of self-activation of both bait and artificial bait constructs, Ost1-NubI and Ost1-NubG were used as positive and negative
controls, respectively. Selection medium was supplemented with 20 mM 3-AT to increase the stringency of the selection. (D) Co-immunoprecipitation of
HEK293FT cells co-transfected with ATP13A2-V5 and selected interactors. Cell lysates were immunoprecipitated (IP) with V5 antibody that recognizes
tagged ATP13A2-V5. Samples were immunoblotted and probed with antibodies against tags of the constructs carrying the indicated protein. In each case,
the proteins of interest were fused at the N terminus with epitope tags [FLAG, enhanced green fluorescence protein, HA, as labeled], except the ATP13A2
that had the V5 tag on C terminus. Specificity of the interaction between the candidates and ATP13A2 can be observed by comparing total cell lysate
(TCL) lanes with the immunoprecipitation lanes (IP V5, beads). EV, empty vector.
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Figure 2. Functional assignment of ATP13A2 interactors. (A) The interactome of ATP13A2 identified using the MYTH technology was visualized using the
NAViGaTOR graph visualization software. Edges indicate the source of interaction data, while the node colors reflect manual assignment of each gene into
functional categories based on GO annotations (see Materials and Methods). Blue node highlights indicate genes annotated by GO to be intrinsic to the
plasma membrane. (B) Graph represents clusters of GO terms obtained by a DAVID functional annotation tool.

trafficking and fusion [SYT11, vesicle-associated membrane
protein 2 (VAMP2), NRXN1] and cell migration and adhesion
(CXCR4, CXCR7, ICAM2 and PCDHB10). Also, the fourthhighest scoring cluster is consisted of interactors involved in
ion homeostasis (CXCR4, NPY1R, F2R, CCKBR), emphasizing the previously suggested involvement of ATP13A2 in
cation homeostasis (8,13,21). The prominence of cellular processes such as ER translocation, ER-to-Golgi trafficking,

vesicular transport and fusion in this analysis suggested the involvement of ATP13A2 in vesicular trafficking.
Deficiency of ATP13A2 interactors exacerbates a-syn
misfolding in C. elegans
ATP13A2 was recently identified as a modifier of a-syn toxicity and misfolding in yeast (8,9) and C. elegans (9,10).
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In order to further examine the link between a-syn and
ATP13A2, we tested the ability of our ATP13A2 interactors
to modify a-syn aggregation in C. elegans. We focused on
22 interactors that had well-defined worm orthologs and
were available in the C. elegans RNA interference (RNAi)
library (22). However, two of the 22 human candidates had
two different worm orthologs, bringing the total number of
gene candidates available for screening in C. elegans to 24
(Supplementary Material, Table S3). RNAi was used to
knockdown each of the candidate genes, in duplicate, in
C. elegans to examine whether depletion enhanced a-syn misfolding. This nematode model consists of overexpression of
human a-syn fused to green fluorescence protein (GFP) at
the C terminus, wherein the expression of this construct in
the body wall muscle cells (Punc-54::a-syn::GFP) of the

animal (7) exhibits age-dependent a-syn misfolding in the
cytoplasm (Fig. 3A). Moreover, the co-expression of a chaperone, TOR-2, reduces a-syn::GFP misfolding, wherein the majority of the muscle cells exhibit diffuse GFP (Fig. 3B). These
animals provide a genetic background in which the enhancement of a-syn misfolding is easily visualized. Using this
model, RNAi was conducted to knockdown the worm orthologs of 24 ATP13A2 interactor candidates. Depletion of C.
elegans catp-6 (ATP13A2) resulted in increased misfolding
of a-syn, as described previously (8), and served as a positive
control (Fig. 3C). The depletion of 8 of 24 candidate genes by
RNAi also significantly enhanced a-syn misfolding (Fig. 3
table). Representative images of enhanced a-syn misfolding
in worms expressing a-syn::GFP + TOR-2 with RNAi targeting candidate genes are shown in Figure 3D–F.
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Figure 3. Knockdown of specific gene targets using RNAi enhances misfolding of a -syn in C. elegans. (A) Isogenic worms expressing the a -syn::green fluorescence protein (GFP) transgene alone in body wall muscle cells of C. elegans (Punc-54::a-syn::GFP) display a misfolded protein as indicated by the GFP puncta.
(B) In the presence of TOR-2 (Punc-54::a-syn::GFP + Punc-54::tor-2), a protein with chaperone activity, the misfolded a-syn protein is attenuated and puncta are
no longer visible. (C) When worms expressing a-syn::GFP + TOR-2 are exposed to catp-6 (ATP13A2) RNAi, the misfolded a-syn::GFP returns. (D –F) Misfolded a-syn::GFP also returns when worms expressing a-syn::GFP + TOR-2 are depleted, via RNAi, for specific candidate genes that interact with ATP13A2.
Representative images of genes that are knocked down are displayed in this image [yif-1 (D), sel-5 (E) and F41H10.6 (F)]. The corresponding human orthologs
are YIF1A, AAK1 and HDAC6, respectively. The listing below summarizes the ATP13A2 interactors that, when knocked down via RNAi, caused a-syn misfolding in C. elegans body wall muscle cells. The human orthologs corresponding to these eight interactors are also provided.
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a-syn-induced dopaminergic neurodegeneration is
enhanced when ATP13A2 interactors are depleted
in C. elegans
Having discovered a set of ATP13A2 interactors that modify
a-syn misfolding, we hypothesized that these eight candidates
might also have an effect in the toxicity of dopamine (DA)
neurons. We previously established that the overexpression
of wild-type human a-syn cDNA under the control of a DA
transport-specific promoter [Pdat-1:: a-syn+ Pdat-1::GFP]
results in age- and dose-dependent degeneration of DA
neurons in comparison to neurons expressing GFP alone
(23) (Fig. 4A and B). By day 6 of adulthood most animals
are missing at least one anterior DA neuron (Fig. 4B). We

wanted to examine the eight positive candidates in this
a-syn-induced degeneration model, via RNAi knockdown, to
determine if candidate depletion would modulate the amount
of degeneration. However, until recently, DA neurons in
C. elegans have been notoriously refractive to RNAi, an experimental challenge that has limited the direct evaluation of
genetic effectors of DA neurodegeneration by this otherwise
powerful methodology (24). For RNAi silencing in neurons,
we utilized a new method (25) where worms exhibited selective RNAi silencing pan-neuronally. These worms were
crossed into our Pdat-1:: a-syn+ Pdat-1::GFP strain which
allowed the impact of candidates knocked down via RNAi
to be examined exclusively in the DA neurons.
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Figure 4. Deficiency of positive catp-6 (ATP13A2) interactors enhances a-syn-induced DA neurodegeneration. (A) The anterior DA neurons of a C. elegans
hermaphrodite are selectively illuminated using GFP driven from the DA transporter promoter (Pdat-1::GFP). The six cell bodies are indicated with arrows. (B) A
representative worm co-expressing both GFP and a-syn in DA neurons displaying neurodegeneration. An arrowhead indicates the approximate location of a
missing neuron. These worms were also treated with EV RNAi as a negative control. (C) A representative worm co-expressing GFP and a-syn in DA
neurons, treated with the positive control, catp-6/ATP13A2 (RNAi), demonstrating enhanced neurodegeneration compared with EV (RNAi) where two
neurons are missing in this representative animal (arrowheads). (D –H) Knockdown of five positive candidates also yielded significantly greater numbers of
missing DA neurons compared with the EV control RNAi. These candidates are C16D6.2 (D), F41H10.6 (E), yif-1 (F), dop-2 (G) and sel-5 (H). (I and J) Representative images of the DA neurons following the knockdown of F41H10.6 (HDAC6) and yif-1 (YIF1A) in C. elegans in a background lacking a-syn
(Pdat-1::GFP only), where the six anterior DA neurons remain intact, as indicated with arrows. (K) A graphical representation of the quantitative analysis of
worm populations exhibiting enhanced a-syn-induced DA neurodegeneration upon the RNAi knockdown of positive ATP13A2 interactors. Populations of
worms expressing a-syn with EV RNAi displayed 74% degeneration at the 6-day stage of development. The amount of degeneration is significantly enhanced
to 94% when these worms are treated with catp-6 RNAi, the positive control (ATP13A2). The five positive candidates showed similar significant levels of degeneration; these are C16D6.2, F41H10.6, yif-1, dop-2 and sel-5 (∗ P , 0.05 by one-way ANOVA). The corresponding human orthologs are NPY1R, HDAC6,
YIF1A, F2R and AAK, respectively. (L) The five candidates that enhanced a-syn-induced neurodegeneration in C. elegans were examined in the absence of
a-syn for effects on neurodegeneration (Pdat-1::GFP only). None of the five positive candidates caused significant degeneration when knocked down compared
with control RNAi (EV). Values are expressed as mean + standard deviation (SD) from three independent replicates.
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lysosomal fusion and degradation of aggregated proteins
(HDAC6), suggesting the importance of these processes in
a-syn-mediated toxicity.

DISCUSSION
In this study, we identified interacting partners of ATP13A2
using the MYTH technology that was developed to discover
interactors of integral membrane proteins (14). These newly
identified protein partners provide insights into the normal
function of ATP13A2 as well as contribute to our understanding of loss of ATP13A2 function in disease. Collectively,
these interactors suggest a putative role for ATP13A2 in vesicular trafficking and fusion. For example, one of the identified
interactors, the cytosolic chaperone HSPA8, and its
co-chaperone FKBP38 are implicated in ER-to-Golgi and
plasma membrane trafficking (26). HSPA8 also functions as
an ATPase in the uncoating of clathrin-coated vesicles
during the transport of membrane components through the
cell (27). Another example of a gene candidates identified in
the screen that are involved in clathrin-dependent vesicular
trafficking is the AAK1 and cyclin GAK (/auxilin 2) (28–
30). Notably, AAK1 also impacts a-syn aggregation and
a-syn-induced neurodegeneration in C. elegans.
Furthermore, VAMP2 (/synaptobrevin 2) is a component of
SNARE (soluble N-ethylmalemide-sensitive factor activating
protein receptor) complexes that play a role in membrane
fusion during synaptic vesicle exocytosis (31,32). SYT11 is
a member of the synaptotagmin family of transmembrane proteins (SYTs) that functions in calcium-dependent vesicular
trafficking/fusion and lysosomal exocytosis. Synaptotagmin
binds to SNAREs in Ca2+-dependent manner and triggers
membrane fusion machinery (32– 34). These interactors
suggest that, in addition to its presumable function as ion
pump (12), ATP13A2 might be involved in membrane
fusion. There are other examples of ATPases with this type
of dual functionality such as V-ATPase that primarily functions as a proton pump and also interacts with VAMP2 that
it is involved in SNARE-dependent membrane fusion (35).
In another recent study, genome-wide screens were performed
in yeast to define the cellular function of yeast homolog of
ATP13A2 (Ypk9) and the mechanism by which Ypk9 protects
cells from manganese toxicity (36). This work suggested that
Ypk9 plays a role in vesicle-mediate transport and vacuolar
fusion and organization, further supporting the notion that
ATP13A2 regulates vesicular trafficking.
Recent data demonstrated that the overexpression of yeast
ATP13A2 (Ypk9) rescued a-syn-mediated toxicity and
a-syn-induced blockade of ER-Golgi vesicular trafficking
(8). These data suggested that ATP13A2 may play a role in
vesicular trafficking and indicated the involvement of this
pathway in a-syn-mediated toxicity. The fact that the knockdown of ATP13A2 causes a-syn aggregation and toxicity in
a C. elegans model of PD also indicated a genetic link
between ATP13A2 and a-syn (7,8). Here, we extend these
observations by demonstrating that a subset of interactors of
ATP13A2 act as modifiers of a-syn aggregation and neurotoxicity in C. elegans. These interactors/modifiers further suggest
a role for vesicular trafficking in a-syn-mediated toxicity. For
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An unequivocal advantage of C. elegans is that detailed
quantitative analyses of neurons are achievable. There are precisely six DA neurons within the anterior region of the worm
that consistently display degenerative characteristics. We
examined worms for changes in the cell bodies as well as
the neuronal processes for normal appearance versus degenerative changes (Fig. 4). Using the pan-neuronal, cell-specific
RNAi strain, expressing a-syn+ GFP in the DA neurons, we
knocked down the eight candidate genes and analyzed the
DA neurons for degeneration. A total of 30 animals, in triplicate, were analyzed per RNAi condition, for a total of 90
animals per gene knockdown. This analysis examined the
extent of neuronal damage within a population of individuals
to determine what percentage of the worm population exhibited any neuronal degeneration (i.e. if even one of the six
DA neurons was degenerating, the entire animal was considered as a mutant). This reporting method may be akin to the
clinical situation wherein a patient (or worm or rat) is
scored as affected or unaffected. When the empty vector
(EV) control RNAi was examined, 74% of the worm population displayed degeneration at day 6 of development. Within
the worm population treated with RNAi for the positive
control, catp-6, 94% displayed enhanced neuron degeneration
[Fig. 4C and K (P , 0.05 by one-way analysis of variance,
ANOVA)]. This increase in a-syn toxicity resulting from the
depletion of catp-6 was consistent with the RNAi result
obtained from the body wall muscle cells where the depletion
of catp-6 caused enhanced a-syn misfolding (Fig. 3C). These
results were also complementary to those previously described
where ATP13A2 overexpression rescued a-syn-induced DA
neuron degeneration (8).
When worm populations were depleted for the gene products of the catp-6 interactors, five of the eight candidates
resulted in significant DA neurodegeneration. These candidates were C16D6.2 (96% degeneration), F41H10.6 (95%),
yif-1 (85%), dop-2 (90%) and sel-5 (88%). The corresponding
human orthologs are NPY1R, HDAC6, YIF1A, F2R and
AAK1, respectively [Fig. 4D– H and K (P , 0.05 by
one-way ANOVA)]. From this analysis, three of the eight candidates did not significantly enhance the amount of DA neuron
degeneration observed in worms expressing a-syn. These candidates were hpo-21, R106.2 and hpk-1 (the corresponding
human orthologs are SPCS2, F2R and HIPK1, respectively).
To determine if the five positive candidates were specific to
a-syn-mediated DA neurodegeneration or if they represented a
general effect on DA neuron toxicity, we examined the knockdown of these candidates in a background lacking a-syn. For
this investigation, we utilized a pan-neuronal, cell-specific
RNAi strain expressing GFP only in the DA neurons
(Pdat-1::GFP only). Notably, DA neurodegeneration was not
observed following the knockdown of any of these five candidates when a-syn was absent, indicating that these modifiers
are indeed specific to a-syn (Fig. 4I, J and L).
The existence of ATP13A2 interactors that enhance a-syn
aggregation and a-syn-induced neurodegeneration suggests
an overlap of genetic networks between ATP13A2 and
a-syn, further strengthening the connection between these
two proteins. The modifiers of a-syn misfolding and neurotoxicity belong to groups responsible for ER and Golgi transport
(YIF1A), clathrin-mediated vesicular transport (AAK1) and
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MATERIALS AND METHODS
MYTH screen
Design and validation of the bait construct
The cDNA of full-length wild-type ATP13A2 (bait) was
cloned into the vector pTMBV-MFa-Cub-TF by in vivo recombination in yeast strain THY.AP4 (MATa leu2-3,112
ura3-52 trp1-289lexA::HIS3 lexA::ADE2 lexA::lacZ)
[detailed protocols in Snider et al. (15) and Iyer et al. (17)].
Signal sequence of yeast a-mating pheromone precursor
(MFa) was added to the vector to facilitate insertion of
human ATP13A2-Cub-TF into a yeast membrane. After the
pTMBV-MFa-ATP13A2-Cub-TF sequence had been

confirmed, expression, correct insertion of the fused protein
into the membrane and non-self-activation of reporter genes
were verified with ‘NubG/I test’ as previously described in
detail (15). This assay was also used to select the optimal concentration of 3-amino-1,2,4-triazole (3-AT), a competitive inhibitor of HIS3 gene, to suppress background growth.
Screen for ATP13A2 interactors and bait dependency test
Yeast strain THY.AP4 containing pTMBV-MFa-ATP13A2Cub-TF construct was transformed with human brain cDNA
library (DualSystems Biotech Inc.) (preys) fused to the 3′
end of NubG moiety (NubG-prey orientation) by the lithium
acetate protocol (48). The library has an average insert size
of 1.5 kb and complexity of 2 × 106 independent clones
(DualSystems Biotech Inc.). The total number of transformants in this screen was of around 4 × 106. Four hundred
and eighty colonies were selected on SD-Leu-Trp-Ade-His +
X-gal plates supplemented with 10 mM 3-AT. Plasmids from
these yeast colonies were isolated by the zymolase method
(17) and amplified in Escherichia coli XL10 gold with a standard protocol (49). To assay the specificity of the interaction,
480 selected prey plasmids were transformed back into
THY.AP4 yeast strains expressing ATP13A2-Cub-TF (bait)
and artificial bait MFa-CD4-Cub-TF (MFa signal sequence,
the single-pass transmembrane domain of human T-cell
surface glycoprotein CD4 and a Cub-TF tag). Since
MFa-CD4-Cub-TF contains minimal extraneous sequence in
addition to the tag, it does not interact with other proteins.
Forty-three preys that activated ADE2/HIS3/lacZ reporter
genes in yeast-bearing ATP13A2-Cub-TF but did not grow
when co-expressed with artificial bait CD4-Cub-TF were
sequenced and further analyzed.

Co-immunoprecipitation
HEK293FT cells were co-transfected with plasmids expressing V5-ATP13A2, FLAG-HDAC6, FLAG-NIX, enhanced
green fluorescence protein (EGFP)-SYT11, EGFP-GAK,
EGFP-AAK1, hemagglutinin (HA)-YIF1A and EGFP-HSPA8
(constructs were generously provided by Christian Kubisch,
Tso-Pang Yao, Ivana Novak, Stefan Pulst, Lois Green, Sean
Conner and Hiro Nakamura, respectively; HSPA8 construct
was purchased from Addgen Inc.). Cells were lysed by incubation for 30 min at 48C on a rocking platform in lysis buffer
[50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
150 mM NaCl, 1 mM 2,2′ ,2′′ ,2′′′ -(ethane-1,2-diyldinitrilo) tetraacetic acid, 1 mM ethylene glycol-bis(2-aminoethylether)N,N,N′ ,N′ -tetraacetic acid, 10% glycerol, 1% Triton X-100,
25 mM NaF, 10 mM ZnCl2 (pH 7.5)] with protease inhibitor
cocktail (Complete Mini, Roche Applied Science). To
remove the insoluble fraction, collected cell lysates were centrifuged at 20 000g for 20 min. Supernatants were pre-cleared
with protein A-Sepharose beads (Santa Cruz Biotechnology)
for 1 h, incubated with V5 antibody (Invitrogen) overnight at
48C and with protein A-Sepharose beads for 2 h. Proteins
were detected on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis using antibodies to FLAG, EGFP, HA and
V5 tags.
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example, AAK1 regulates clathrin-mediated endocytosis (29),
YIF1A cycles between ER and Golgi to maintain the structure
of the Golgi apparatus (37) and its yeast homolog (Yip1p) is
responsible for ER-to-Golgi transport and vesicular fusion
(38,39).
We also identified HDAC6 as an interacting protein of
ATP13A2 that modifies a-syn misfolding and DA neurodegeneration in C. elegans. These results are consistent with previous studies in a Drosophila model of PD, in which depletion
of HDAC6 resulted in the accumulation of a-syn inclusions
and loss of DA neurons (40). Interestingly, HDAC6 has previously been implicated in the clearance of aggregation – prone
proteins through autophagy, by recruiting and transporting
aggresomes via the microtubule network and the dynein
motor complex (41,42). HDAC6 also mediates F-actin polymerization, which provides a platform for the fusion of autophagosomes and lysosomes (43). Taken together, the
interaction of HDAC6 with ATP13A2 suggests the involvement of ATP13A2 in the lysosomal degradation pathway
and emphasizes the importance of protein clearance in mediating a-syn aggregation and toxicity.
The identification of genetic forms of PD resulting from
multiplications of the wild-type a-syn gene (44) or missense
mutations of a-syn (45) demonstrates that subtle changes in
levels of this protein correlate with clinical presentation and
identify the clearance of a-syn as a key therapeutic target.
To this end, we and others have previously shown that
impaired clearance of a-syn via the lysosomal pathway
results in accumulation of toxic a-syn moieties, and consequently, neurodegeneration (46,47). Therefore, it can be
hypothesized that loss of normal ATP13A2 function may contribute to lysosomal dysfunction and accumulation of a-syn,
with detrimental consequences for neuron survival. This conclusion is at least in part supported by our finding that loss of
ATP13A2 function results in a-syn-dependent degeneration of
dopaminergic neurons (Fig. 4).
In conclusion, our data reveal that ATP13A2 plays a role in
vesicular trafficking under physiological conditions and that
disruption of these pathways contribute to a-syn-mediated
toxicity. While further studies will be required to define the
precise contribution of ATP13A2 to lysosome-associated
neuroprotection and a-syn clearance, these results provide
a platform for further mechanistic studies of biological
function of ATP13A2, and its role in the pathogenesis of
synucleinopathies.
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Bioinformatic analysis

Caenorhabditis elegans strains
Nematodes were maintained following the standard procedures (53). Strain UA50 (baInl3, [Punc-54::a-syn::gfp,
Punc-54::tor-2, rol-6 (su1006)]) was generated as described
(23). Strain TU3401 (uIs69, [pCFJ90 (Pmyo-2::mCherry),
Punc-119::sid-1]; sid-1(pk3321)), a gift from Martin Chalfie
(25), was crossed to UA44 (baIn11, [Pdat-1:: a-syn,
Pdat-1::gfp]) to generate UA197 (uIs69, [pCFJ90 (Pmyo-2::
mCherry), Punc-119::sid-1]; sid-1(pk3321); baIn11, [Pdat-1::
a-syn, Pdat-1::gfp]). Strain UA228 (uIs69, [pCFJ90 (Pmyo-2::
mCherry)]; vtIs7, [Pdat-1::gfp]) was generated by crossing
TU3401 with BY250 (vtIs7, [Pdat-1::gfp]) (a gift from Randy
Blakely, Vanderbilt University).
Caenorhabditis elegans experiments
For a-syn misfolding studies in body wall muscles, RNAi was
conducted as described (7) by feeding UA50 worms with
RNAi clones (Geneservice, Cambridge, UK) targeting the
worm orthologs of positive candidates from ATP13A2
MYTH screen with the following modification. Worms were
grown on RNAi bacteria for an additional generation and
then analyzed for a-syn misfolding at young adult stage
(day 4; Fig. 3). Analysis was performed in duplicate, and candidates were scored as positive if RNAi significantly enhanced
misfolding (80% of worms exhibited increased size and quantity of a-syn aggregates).
Likewise, for neurodegeneration assay in DA neurons, RNAi
was conducted by feeding UA197 and UA228 worms with
RNAi clones targeting the worm orthologs of ATP13A2 and
the positive candidates from the a-syn misfolding screen with
the following modification. UA197 worms were analyzed for
a-syn-induced DA neurodegeneration on Day 6 (Fig. 4A–I)
and UA228 worms were analyzed for DA neuron degeneration
on Day 7 (Fig. 4J–L). A total of 90 animals for each gene
were analyzed (3 trials of 30 animals/trial). Worms were considered wild-type when all four cephalic and both anterior deirid
neurons were intact and had no visible signs of degeneration.

If a worm displayed at least one degenerative change (dendrite
or axon loss, cell body loss), the animal was scored as exhibiting
degenerating neurons (7,23). For statistical analysis, quantitative
data were displayed as arithmetic means + SD in triplicate, and
the one-way ANOVA followed by the Dunnett’s multiple comparison test (P , 0.05) was used to examine significance (GraphPad Prism Software, version 5.0). All images were taken by
fluorescence microscopy (7) on the same day of analysis.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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