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Parkinson’s disease-associated ATP13A2/
PARK9 functions as a lysosomal H+,K
+-ATPase

Takuto Fujii 1 , Shushi Nagamori 2, Pattama Wiriyasermkul 2,
Shizhou Zheng1, Asaka Yago1, Takahiro Shimizu1, Yoshiaki Tabuchi 3,
TomoyukiOkumura4, TsutomuFujii 4, Hiroshi Takeshima 5&Hideki Sakai 1

Mutations in the human ATP13A2 (PARK9), a lysosomal ATPase, cause Kufor-
Rakeb Syndrome, an early-onset form of Parkinson’s disease (PD). Here, we
demonstrate that ATP13A2 functions as a lysosomal H+,K+-ATPase. The K
+-dependent ATPase activity and the lysosomal K+-transport activity of
ATP13A2 are inhibited by an inhibitor of sarco/endoplasmic reticulum Ca2+-
ATPase, thapsigargin, and K+-competitive inhibitors of gastric H+,K+-ATPase,
such as vonoprazan and SCH28080. Interestingly, these H+,K+-ATPase inhibi-
tors cause lysosomal alkalinization and α-synuclein accumulation, which are
pathological hallmarks of PD. Furthermore, PD-associated mutants of
ATP13A2 show abnormal expression and function. Our results suggest that the
H+/K+-transporting function of ATP13A2 contributes to acidification and α-
synuclein degradation in lysosomes.

Parkinson’s disease (PD) is one of the most common movement dis-
orders. The neuropathological characteristic of PD is a progressive loss
of dopaminergic neurons in the substantia nigra. Several disease-
causing genes such as α-Synuclein (PARK1), Parkin (PARK2), and
ATP13A2 (PARK9) were found in PD1,2. Mutations in ATP13A2 cause
Kufor-Rakeb syndrome (Parkinson’s disease9), an autosomal recessive
formof Parkinsonismwith dementia3–5. In the human brain, ATP13A2 is
significantly expressed in dopaminergic neurons of the substantia
nigra6. Its localization was found in lysosomes of the neuronal cells6,7.
ATP13A2 is a P5-ATPase belonging to the P-type ATPase family that
undergoes autophosphorylation to couple ATP hydrolysis to cation
transport during the catalytic cycle8. PD-associated mutations and
knockdown of ATP13A2 cause lysosomal dysfunction and α-synuclein
aggregation, which are pathological hallmarks of PD6,7,9,10.

Polyamines, such as spermidine and spermine, are polycationic and
aliphatic molecules participating in numerous cellular processes
including gene transcription and translation, protein synthesis, cellular

proliferation, and differentiation11. Recent reports suggest that ATP13A2
functions as a polyamine exporter in lysosomes12,13. Dysfunction of
ATP13A2 prevents the polyamine export from the lysosomal lumen,
leading to lysosomal polyamine accumulation and intraluminal alkali-
nization of lysosomes12,13. Abnormal cytoplasmic polyamine level pro-
motes the aggregation and the fibrillization of α-synuclein14. ATP13A2
plays a protective role against the aggregation of α-synuclein by main-
taining the integrity of the lysosomal membrane and also promotes the
ATPase-independent secretion of α-synuclein through nanovesicles15.

Most recently, the cryoelectron microscopy structures (cryo-EM)
of polyamine-binding ATP13A2 were clarified16–19. Based on the struc-
ture, ATP13A2 may transport H+ into the lysosomal lumen17. On the
other hand, ATP13A2 does not transport Mn2+ and Zn2+ 20, although it
contributes to reducing the toxicity of these ions21–24. In rat neurons,
modulation of ATP13A2 expression influences intracellular H+ and Ca2+

concentrations6. In humandopaminergic neurons, ATP13A2 deficiency
changes cytosolic and lysosomal Ca2+ concentrations25.
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In the present study, we show that ATP13A2 functions as an H+,K
+-ATPase in lysosomes. Interestingly, the H+/K+-transporting function
of ATP13A2 is blocked by gastric proton pump (H+,K+-ATPase) inhibi-
tors. These inhibitors induce lysosomal alkalinization and α-synuclein
accumulation.

Results
Measurement of the ATP13A2-derived ATPase activity by using
thapsigargin
First, we prepared the heterologous expression system of human
ATP13A2 in HEK293 cells (Fig. 1a, inset). In the cells, ATP13A2 largely
overlappedwith a lysosomalmarker LAMP2 (colocalization coefficient;
0.73 ± 0.03, n = 12) but not an endoplasmic reticulum marker calnexin
(colocalization coefficient; 0.13 ±0.05, n = 14) (Supplementary Fig. 1).

The ATP-hydrolyzing (ATPase) activity wasmeasured in themembrane
fractions of the cells at pH 6.5. Interestingly, ATP13A2 activity was
sensitive to thapsigargin (TG), an inhibitor of sarco/endoplasmic reti-
culum Ca2+-ATPases (SERCAs). As shown in Fig. 1a, low concentrations
of TG (<100nM) inhibited endogenous ATPase activity including Ca2+-
ATPases in both ATP13A2- and empty-vector transfected (mock) cells.
In contrast, a high concentration of TG (5μM)-sensitive ATPase activity
in ATP13A2-transfected cells was much higher than in mock cells
(Fig. 1a). Thus, thedifferencebetween 50nMTG- and 5μMTG-sensitive
activities (ΔTG-sensitive ATPase activity) includes ATP13A2 activity
(Fig. 1b). The ATP13A2-derived ATPase activity was disappeared in the
mutant (D513N) in which the consensus motif for generating ATPase
activity (513DKTGT)wasmutated (Fig. 1b). The expression level ofD513N
mutant was comparable to that of the wild-type (WT) (96.2 ± 9.6% of

Fig. 1 | Properties of cation transport of ATP13A2. a Thapsigargin (TG)-sensitive
ATPase activity in the ATP13A2- and mock-transfected HEK293 cells. (n = 4 inde-
pendent replicates).　Insert showsWestern blot images of ATP13A2 (~150 kDa) and
Na+,K+-ATPase (NaK; ~100 kDa). Statistical significance was determined by two-
tailed unpaired Student’s t test. b ΔTG-sensitive ATPase activities (the difference
between 50nM TG- and 5μM TG-sensitive activities) in the ATP13A2 WT-, D513N-
andmock-transfected cells. (n = 4–6 independent replicates). Insert showsWestern
blot images of ATP13A2 (~150 kDa) and Na+,K+-ATPase (NaK; ~100kDa). Statistical
significancewas determinedby two-tailed unpaired Student’s t test. cΔTG-sensitive
ATPase activities in the ATP13A2-expressingHEK293 cells at various concentrations
of Na+ and K+. (n = 3–5 independent replicates). Statistical significance was deter-
mined by two-tailed unpaired Student’s t test. d K+-dependent activation of ΔTG-
sensitive activity in the ATP13A2- and mock-transfected cells. (n = 4 independent
replicates). Statistical significance was determined by one-way ANOVA. e ATP-
dependent 86Rb+ efflux from lysosomes of the ATP13A2- and mock-transfected
HEK293 cells. Effect of TG (5μM) on the 86Rb+ efflux was examined. (n = 4–5

independent replicates). Statistical significance was determined by two-tailed
unpaired Student’s t test. f Time-dependence of the 86Rb+ efflux in the ATP13A2-
transfectedHEK293 cells. (n = 4 independent replicates).g pH-dependence ofΔTG-
sensitive activity in the ATP13A2- and mock-transfected cells. (n = 4 independent
replicates). Statistical significancewasdeterminedby two-tailed unpaired Student’s
t test. h, i Effects of Mn2+ (50μM), Fe2+ (50μM), Zn2+ (50μM) (h), and Ca2+ (0 and
20μM) (i) on ΔTG-sensitive ATPase activity in the ATP13A2-transfected cells. (n = 4
independent replicates). Statistical significance was determined by two-tailed
unpaired Student’s t test. NS, P >0.05. j Effect of spermidine (SPD; 1mM) on ΔTG-
sensitive ATPase activity in the ATP13A2- andmock-transfected HEK293 cells. (n = 5
independent replicates). Statistical significance was determined by two-tailed
unpaired Student’s t test.k Effect of spermidine (SPD; 1mM)on theATP-dependent
86Rb+ efflux in lysosomes of the ATP13A2-transfected HEK293 cells. (n = 4-6 inde-
pendent replicates). Statistical significance was determined by two-tailed unpaired
Student’s t test. All data are presented asmean ± SEM. Source data are provided as a
source data file.
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WT, n = 3). We also established ATP13A2-knockout HEK293 (KO) cells
by using theCRISPR-Cas9 genome-editing system. The faint expression
of endogenous ATP13A2 disappeared in the KO cells (Supplementary
Fig. 2a). In the D513N-transfected KO cells, no ATP13A2-derived ATPase
activity was detected, while the WT-transfected KO cells showed sig-
nificant activity (Supplementary Fig. 2b).

Cation-transporting properties of ATP13A2
Next, the effects of K+ and Na+ on the ATP13A2-derived ATPase
activity were examined (Fig. 1c). When K+ was replaced with N-
methyl-D-glucamine (NMDG+) in the solution (0mMK+, 5mM Na+),
the ATPase activity was dramatically reduced (Fig. 1c). In contrast,
changes in Na+ concentration had no significant effect on the activity
(Fig. 1c). The ATP13A2-derived ATPase activity was increased in a
concentration-dependent manner for K+ with an EC50 value of 2mM
(Fig. 1d). Since the K+ concentration in the lysosomal lumen is much
lower than that in the cytoplasm26, we speculated that ATP13A2
exports K+ from the lysosomal lumen to the cytoplasm. To evaluate K
+ transport by ATP13A2, the ATP13A2-transfected cells were cultured
in the medium containing 86Rb+ (a tracer for K+). Then, the cells were
treated with saponin (20 μg/ml) to permeabilize the plasma mem-
brane, and ATP-dependent 86Rb+ efflux was measured. Ouabain
(30 μM), an inhibitor of Na+,K+-ATPase, had no significant effect on
the ATP13A2-derived ATPase activity (Supplementary Fig. 3a) and the
86Rb+ efflux (Supplementary Fig. 3b) in the ATP13A2-transfected cells,
suggesting that the plasma membrane of the cells was completely
permeabilized. The 86Rb+ efflux in ATP13A2-transfected cells was
significantly higher than that in mock cells and the efflux was inhib-
ited by TG (Fig. 1e). The 86Rb+ efflux in ATP13A2-transfected cells was
increased in a time-dependent manner (Fig. 1f). These results suggest
that ATP13A2 is a K+-ATPase and exports K+ from the lysosomal
lumen to the cytoplasm.

The ATPase activity in ATP13A2-transfected cells exhibited a
unique pH dependency; acidic pH increased the ATPase activity, and
maximal activity was obtained at pH 6.5 (Fig. 1g). Interestingly, the
ATP13A2-derived ATPase activity was not observed at pH 7.4 (Fig. 1g).
Given that the 86Rb+ efflux was detected under cytosolic solution at pH
7.4 (Fig. 1e, f), we speculated that the intraluminal acidic pH of the
lysosomes facilitates K+-transport of ATP13A2. On the other hand,
Mn2+, Fe2+, Zn2+, andCa2+, which relate toATP13A2 function6,21–25, had no
significant effect on the activity (Fig. 1h, i). Besides, ATP13A2 exports
polyamines (spermidine and spermine) from the lysosomal lumen to
the cytoplasm12. Interestingly, spermidine (1mM) significantly
increased the ATPase activity in the ATP13A2-expressing cells but not
in mock cells (Fig. 1j). In addition, the 86Rb+ efflux from lysosomal
lumen was significantly enhanced by the pretreatment of spermidine
in the ATP13A2-expressing cells (Fig. 1k).

Impairment of the ATP13A2 activity by PD-associatedmutations
In PD patients, different types of point mutations of ATP13A2 have
been found3,4. Among them, we generated four mutants (R449Q,
G533R, A746T, and R980H), because these are located near the func-
tional domains that are conserved in P-typeATPases3,4,27 (Fig. 2a). In the
HEK293 cells, expression levels of R449Q and A746T mutants were
comparable to that of the WT, whereas those of G533R and R980H
mutants were markedly reduced (Fig. 2b). The ATP13A2-derived
activities of R449Q and A746T were significantly lower than the WT
(Fig. 2c). Similarly, the ATP-dependent 86Rb+ effluxes in the A746T- and
R449Q-transfected cells were significantly smaller than the WT-
transfected cells (Fig. 2d). Therefore, the loss of the ATP13A2 activity
may be associated with the pathogenesis of PD.

H+/K+-transporting activity of ATP13A2 is blocked by P-CABs
The gastric proton pump (H+-K+-ATPase) is responsible for acid
secretion in the parietal cells of the stomach, and the pump is an

essential therapeutic target for acid-related diseases28. Potassium-
competitive acid blockers (P-CABs), such as SCH28080 and vono-
prazan (TAK-438), selectively inhibit gastric H+-K+-ATPase in a K
+-competitive manner29. Vonoprazan is clinically used for the treat-
ment of gastric ulcers and reflux esophagitis29. Interestingly, we
found that the ATP13A2-derived ATPase activity is inhibited by
SCH28080 and vonoprazan with IC50 values of 1.2 and 0.8μM,
respectively (Fig. 3a, b). In addition, the ATPase activity was inhibited
by bafilomycin A1, an inhibitor of vacuolar H+-ATPase, with an IC50

value of 0.5 nM (Fig. 3c). Another type of gastric H+-K+-ATPase inhi-
bitors (proton pump inhibitors; PPIs), such as omeprazole, lanso-
prazole, and rabeprazole, are also clinically used drugs that
covalently bind to cysteine residues at the luminal side of the
ATPase30. Unlike P-CABs, neither omeprazole nor acid-treated
omeprazole31 (30 μM) inhibited the ATP13A2-derived ATPase activ-
ity (Supplementary Fig. 3c). Valinomycin, a K+-selective ionophore,
activates gastric H+,K+-ATPase activity in tubulovesicles32. However, it
had no effect on the ATP13A2-derived ATPase activity (Supplemen-
tary Fig. 3c). We then examined the effects of SCH28080, vonopra-
zan, and bafilomycin A1 on the ATP13A2-derived K+ efflux from the
lysosomal lumen. In Fig. 3d, these drugs dramatically inhibited the
ATP-dependent 86Rb+ efflux in the ATP13A2-transfected cells. Given
that the ATP13A2 activity was blocked by the H+,K+-ATPase inhibitors
and the H+-ATPase inhibitor and that the activity was increased by
intraluminal acidic pH of the lysosomes (Fig. 1g), H+ could be a sub-
strate for ATP13A2.

To examinewhether H+ is transported by ATP13A2 in lysosomes,
the intraluminal pH of the lysosomes was analyzed with FITC-
dextran which shows a pH-dependent fluorescence. Because bafi-
lomycin A1 inhibits vacuolar H+-ATPase in addition to ATP13A2,
significant increases in lysosomal pH were observed in both
ATP13A2-transfected and mock cells (Fig. 3e). In contrast,
SCH28080 and vonoprazan significantly increased the lysosomal pH
in the ATP13A2-transfected cells but not in mock cells (Fig. 3e).
These results suggest that ATP13A2 actually transports H+ into the
lysosomal lumen from the cytoplasm.

In the proposed catalytic cycle of the gastric H+,K+-ATPase, the
active exchange of H+ and K+ is driven by ATP hydrolysis with cyclical
conformational changes between two principle reaction states (E1 and
E2) and their corresponding phosphoenzyme intermediates (E1P and
E2P). Here, we measured the phosphorylation level of ATP13A2 using
[γ-32P]ATP. In the membrane fractions of ATP13A2-transfected cells, a
phosphorylated band (~150 kDa) was detected at pH 6.5 in the absence
of KCl (Supplementary Fig. 4a). This band was not observed in the
mock-transfected cells (Supplementary Fig. 4a). The ATP13A2-derived
phosphorylated band was significantly decreased by the addition of
KCl (20mM) (Supplementary Fig. 4a, b). In the absence of KCl, the
phosphorylated level of ATP13A2 at pH 6.5 was higher than that at pH
7.4 (Supplementary Fig. 4c, d). These results are similar to the case
for gastricH+,K+-ATPase33, suggesting that ATP13A2 carries H+ from the
(H+)E1P to the (K+)E2P in its catalytic cycle.

P-CABs induce lysosomal alkalinization and α-synuclein accu-
mulation in neuroblastoma cells
We examined the properties of endogenous ATP13A2 activity in the
human neuroblastoma SH-SY5Y cell line that is widely used in PD
researchas an in vitromodel34. Knockout ofATP13A2 in the cells causes
a reduction of polyamine transport and alkalinization of lysosomes12.
Here, significant expression of ATP13A2 was observed in SH-SY5Y cells
(Fig. 4a) and the expressionwasmarkedly decreased by transfection of
siRNA forATP13A2 (Fig. 4b).We then examined the K+ andH+ transport
activity of endogenous ATP13A2 in lysosomes of the cells. TG-,
SCH28080-, and vonoprazan-sensitive ATPase activities were
observed in the membrane fractions of the control cells (Fig. 4b),
which were significantly decreased by knockdown of ATP13A2
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(Fig. 4b). The ATP13A2-dependent 86Rb+ efflux from the lysosomal
lumenwhich is estimated by ATP13A2-knockdown apparently required
the presence of ATP (Fig. 4c). In addition, SCH28080 and vonoprazan
significantly induced lysosomal alkalinization in SH-SY5Y cells
(Fig. 4d). These results suggest thatATP13A2 functions asH+,K+-ATPase
in the lysosomes of the cells.

GastricH+,K+-ATPase consists of two subunits, a catalyticα-subunit
and an auxiliary glycosylated β-subunit. These subunits did not express
in SH-SY5Y cells (Fig. 4a). To examine whether ATP13A2 (~150 kDa)
forms a complex with any β-subunit as well as gastric H+,K+-ATPase, we
performed size-exclusion chromatography using the membrane frac-
tions of the exogenously ATP13A2-expressing HEK293 cells and the
endogenously ATP13A2-expressing SH-SY5Y cells. Exogenous and
endogenous ATP13A2 were detected at the same fractions, which
correspond to a lower molecular size than clathrin heavy chain
(~200 kDa) (Supplementary Fig. 5), suggesting that ATP13A2 may not

form hetero-multimers with other subunits. These results are con-
sistent with previous reports obtained from cryo-EM structural
studies16,17.

Dysfunction of ATP13A2 impairs degradation of lysosomal sub-
strates, lysosomal-mediated clearance of autophagosomes, and lyso-
somal exocytosis in dopaminergic neurons, leading to α-synuclein
aggregation7,24,25,35,36.More than90%of aggregatedα-synuclein in Lewy
bodies of PDpatients is phosphorylated at residue serine 129 (pS129)37.
Here, we investigated the effects of P-CABs and bafilomycin A1 on the
phosphorylated α-synuclein level in SH-SY5Y cells using an anti-
phosphorylated α-synuclein (pS129) antibody (pSyn#64)38–41. First, the
cells were transiently transfected with an α-synuclein expression vec-
tor and recombinant α-synuclein fibrils42. As shown in Fig. 4e, the
accumulation of phosphorylated α-synuclein was significantly
increased by SCH28080, vonoprazan, and bafilomycin A1. In addition,
Western blotting using an anti-pan-α-synuclein antibody (MJFR1)
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Fig. 2 | Effects of PD-associated mutations on ATP13A2-derived activity.
a Topology model of human ATP13A2. PD-associated mutations (R449Q, G533R,
A746T, and R980H), phosphorylation domain (P), and nucleotide-binding domain
(N) are indicated. b Western blotting for ATP13A2 (~150 kDa) and Na+,K+-ATPase
(~100kDa) in the ATP13A2 WT- and mutants-transfected HEK293 cells. Expression
level of ATP13A2 was normalized to that of Na+,K+-ATPase. The expression level of
ATP13A2 inWT-transfected cells was taken as 100%. (n = 4 independent replicates).
Statistical significance was determined by two-tailed unpaired Student’s t test.

cΔTG-sensitive ATP13A2 activitiesweremeasured in themembrane fractions of the
ATP13A2 WT-, A746T, and R449Q-transfected HEK293 cells. (n = 7 independent
replicates). Statistical significancewasdeterminedby two-tailed unpaired Student’s
t test.dThe 86Rb+ effluxes in theATP13A2WT-, A746T- andR449Q-transfected cells.
(n = 5–8 independent replicates). Statistical significance was determined by two-
tailed unpaired Student’s t test. All data are presented as mean ± SEM. Source data
are provided as a source data file.
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showed a significant increase in total α-synuclein level by SCH28080,
vonoprazan, and bafilomycinA1 (Fig. 4f). Next, the SH-SY5Ycells stably
expressing α-synuclein were established (Fig. 5a). In the cells,
SCH28080, vonoprazan, and bafilomycin A1 markedly accelerated the
phosphorylated α-synuclein accumulation (Fig. 5b). Finally, SH-SY5Y
cells were differentiated to a neuron-like phenotype using retinoic
acid and brain-derived neurotrophic factor (BDNF) as previously
reported43 (Fig. 5c). The endogenous accumulation of phosphorylated
α-synuclein was significantly increased by SCH28080, vonoprazan,
and bafilomycin A1 in the differentiated cells (Fig. 5d). Thus, P-CABs-
induced inhibition of H+/K+-transport by ATP13A2 causes lysosomal
alkalinization and α-synuclein accumulation (Fig. 5e).

Discussion
Our study revealed that ATP13A2 has H+/K+-transporting activity in
lysosomes and that gastric H+,K+-ATPase inhibitors (P-CABs), a SERCA
Ca2+-ATPase inhibitor (thapsigargin), and a V-type H+-ATPase inhibitor
(bafilomycin A1) block the ATP13A2 activity. The P-CABs caused in the
lysosomal alkalinization and α-synuclein accumulation in human
neuroblastoma cells. In addition, the PD-associated mutants of
ATP13A2 (A746T and R449Q) significantly reduced the ATP13A2
activity. Thus, the H+/K+-transport function of ATP13A2 regulates
lysosomal homeostasis and its inhibition may contribute to the
pathogenesis of PD (Fig. 5e).

Like other P-type ATPase families, ATP13A2 has several functional
domains such as the nucleotide domain, phosphorylating domain, and
actuator domain in the large intracellular loop between transmem-
brane TM4 and TM544. Autosomal recessive mutations near the func-
tional domains of ATP13A2 have been identified in PD patients3–5.
Here, we examined the effects of four mutations on the function and
expression of ATP13A2; G533R and A746T mutations are located
between TM4 and TM5, the R449Qmutation is near the TM4, and the
R980H mutation is near TM5. Interestingly, the R449Q and A746T
mutations impaired the K+-transporting activity of the pump without
affecting their expression, while the G533R and R980H mutations
reduced ATP13A2 expression (Fig. 2). A decrease in ATP13A2
expression by mutation may be due to impaired protein stability and
proteasomal degradation45. Inhibition of the K+-transporting activity
of ATP13A2 by P-CABs caused lysosomal dysfunction and phos-
phorylation of α-synuclein (Figs. 4 and 5). These results suggest that
the loss of function of ATP13A2 caused by mutations leads to the
pathogenesis of PD.

In the present study, we found that ATP13A2 transports K+ from
the lysosomal lumen to the cytoplasm and that the activity was
inhibited by P-CABs (Figs. 1e, 3a, b). ATP13A2 activity was increased at
intraluminal acidic pH of the lysosomes (Fig. 1g) and P-CABs leads to
lysosomal alkalinization of the ATP13A2-expressing cells (Fig. 3e),
suggesting that ATP13A2 transports H+ from the cytoplasm to the
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Fig. 3 | Effects of inhibitors of gastric H+,K+-ATPase (P-CABs) and vacuolar H
+-ATPase on exogenous ATP13A2 activity in HEK293 cells. a–c Concentration-
dependent effects of SCH28080 (a), vonoprazan (b), and bafilomycin A1 (c) on the
ΔTG-sensitive ATPase activity in the ATP13A2- and mock-transfected HEK293 cells.
(n = 3–6 independent replicates). Statistical significance was determined by one-
way ANOVA. d Effects of SCH28080 (SCH; 10μM), vonoprazan (Vono; 10 μM),
bafilomycin (BFA; 5 nM) on the ATP-dependent 86Rb+ efflux from lysosomes of the
ATP13A2-transfected HEK293 cells. (n = 4–5 independent replicates). Statistical

significance was determined by two-tailed unpaired Student’s t test. e Effects of
SCH28080 (SCH; 50μM), vonoprazan (Vono; 50 μM), and bafilomycin A1 (BFA;
5 nM) on the lysosomal pH. In theATP13A2- andmock-transfectedHEK293 cells, the
lysosomal pHwasmeasuredat0 and20minafter treatment of eachdrug. Then, the
pHdifference (ΔpHlyso) between0and20minwas calculated. (n = 3–6 independent
replicates). Statistical significancewasdeterminedby two-tailed unpaired Student’s
t test. All data are presented as mean ± SEM. Source data are provided as a source
data file.
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lysosomal lumen as a counter-cation of K+. Our phosphorylation assay
using [γ-32P]ATP suggests that the E1 conformation carries H+ into the
lysosomal lumen and the E2 conformation transports K+ to the cyto-
plasm in the catalytic cycle of ATP13A2 (Supplementary Fig. 4). Tillin-
ghast et al. suggested from their cryo-EM structure that ATP13A2
carries H+ in the E1→ E2P transition17. These findings suggest that the
enzymatic cycle of ATP13A2 is basically similar to that of gastric H+,K
+-ATPase. In the cryo-EMstructure ofgastricH+,K+-ATPase, P-CABs bind
to a luminal-facing conduit that extends to the K+-binding site in the
E2P state of H+,K+-ATPase46,47. P-CABs may bind to the E2P state of
ATP13A2 as well as with the gastric H+,K+-ATPase. In addition, we found
that nanomolar concentrations of bafilomycin A1 inhibited the
ATP13A2 activity (Fig. 3). On the other hand, several dozen μM of
bafilomycin A1 inhibit the enzyme activities of other P-type ATPases
such as Na+,K+-ATPase and SERCA Ca2+-ATPase48. Given that bafilomy-
cin A1 binds to the c subunits of the Vo domain and inhibits the H+

translocation of V-type H+-ATPase49, it may block the H+ transport of
ATP13A2.

ATP13A2 functions as a polyamine exporter in lysosomes and
regulates the cellular polyamine content12,15,50. Cryo-EM structures of
ATP13A2 revealed the polyamine-binding sites and proposed the
polyamine transport mechanism16–19. In the E2P state of ATP13A2, a
long tunnel (channel-like cavity) is created between TM1-TM2 and
TM4-TM5 segments. The tunnel exhibits a negative electrostatic

potential bymultiple aspartic and glutamic acid residues. Polyamine is
directly recognized by these residues during the initial polyamine-
binding steps. However, Sim et al. showed that the cavity in the E2P-Pi
state is too narrow (less than ~2 Å) for the polyamine molecule to
readily pass and is blocked on the cytosol side16. Tomita et al. also
suggest that polyamine is stuck at the central kink in the M4 helix and
the polyamine-permeating tunnel is sealed on the cytoplasmic side19.
Although these reports suggest that the binding of the N-terminus of
ATP13A2 to membrane lipids may facilitate the polyamine release
process, the polyamine transport mechanism has not yet been fully
elucidated. Interestingly, K+-dependent ATPase activity and 86Rb+

effluxofATP13A2were significantly increasedby spermidine (Fig. 1j, k).
Thus, the K+ transport of ATP13A2 is functionally associated with
polyamine transport and may regulate cellular and lysosomal poly-
amine levels in neurons.

The expression and function of several K+ channels have been
discovered in lysosomes. Big-conductance Ca2+-activated K+ (BK)
channels (SLO1) are functionally expressed in lysosomes51,52. The lossof
BK channels leads to abnormal lysosomal storage51,52. Transmembrane
protein 175 (TMEM175) is also a K+ channel located in lysosomes, reg-
ulating lysosomal membrane potential, pH stability, and lysosomal
fusion53. Deficiency of TMEM175 causes α-synuclein aggregation54 and
a loss of dopaminergic neurons55. A TMEM175 loss-of-function variant
is nominally associatedwith anaccelerated rate of cognitive andmotor
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Fig. 4 | Effects of inhibitors of gastric H+,K+-ATPase (P-CABs) and vacuolar H
+-ATPase on endogenous ATP13A2 activity in SH-SY5Y cells. a Expression of
ATP13A2, H+,K+-ATPase α- and β-subunits (HK-α and HK-β), and β-actin in SH-SY5Y
cells and human gastric mucosa (GM). Typical Western blot images in three inde-
pendent experiments are shown. b Effects of TG (5μM), SCH28080 (SCH; 10 μM),
and vonoprazan (Vono; 10μM) on the ATPase activity in the ATP13A2 siRNA- (si-A2)
or negative control siRNA (si-NC)-transfected SH-SY5Y cells. (n = 4 independent
replicates). Insert shows Western blot images for ATP13A2 and β-actin in the cells.
Statistical significance was determined by two-tailed unpaired Student’s t test.
cTheATP13A2-dependent 86Rb+ efflux from lysosomes in the presence and absence
of ATP. The ATP13A2-dependent component was assessed as the difference
between the 86Rb+ efflux in the ATP13A2-siRNA- and negative control siRNA-
transfected SH-SY5Y cells. (n = 4 independent replicates). Statistical significance
was determined by two-tailed unpaired Student’s t test. d Effects of bafilomycin A1
(BFA; 5 nM), SCH28080 (SCH; 50 μM), and vonoprazan (Vono; 50μM) on the

lysosomal pH. In SH-SY-5Y cells, the lysosomal pH was measured at 0 and 30min
after treatment of each drug. Then, the pH difference (ΔpHlyso) between 0 and
30min was calculated. (n = 4 independent replicates). Statistical significance was
determined by two-tailed unpaired Student’s t test. e Effects of bafilomycin A1
(BFA), SCH28080, and vonoprazanon the phosphorylatedα-synuclein (α-syn) level
in SH-SY5Y cells. Scale bars, 10 µm. The size of phosphorylated α-synuclein accu-
mulation was measured. (n = 88-98 cells in three independent experiments). Sta-
tistical significance was determined by two-tailed unpaired Student’s t test.
f Western blotting for α-synuclein and β-actin in the SH-SY5Y cells treated with
bafilomycin A1 (BFA; 5 nM), SCH28080 (SCH; 10 μM), vonoprazan (Vono; 10μM).
Expression level of α-synuclein was normalized to that of β-actin. The expression
level of α-synuclein in SH-SY5Y cells with no drug (cont) was taken as 1. (n = 5
independent replicates). Statistical significance was determined by two-tailed
unpaired Student’s t test. Data in (a–d) and (f) are presented asmean± SEM.Data in
e is presented as mean ± SD. Source data are provided as a source data file.
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decline with PD55. These findings indicate the importance of K+-trans-
porting functions in lysosomal homeostasis. Although K+ concentra-
tion in the lysosomal lumen is regulated to bemuch lower than that in
cytoplasm26, a K+-transporting ATPase has not been reported. Here, we
found that inhibition of the K+-transporting ATPase function of
ATP13A2 by P-CABs causes lysosomal alkalinization and α-synuclein
accumulation (Figs. 4, 5). Actually, significant K+ efflux from the lyso-
somal lumen inducedbyATP13A2was observed in the presenceof ATP
(Fig. 4c). These findings suggest that ATP13A2 can regulate the K+

gradient across the lysosomalmembrane through the catalytic cycle of
ATP hydrolysis.

In conclusion, we revealed that ATP13A2 functions not only as a
polyamine transporter but also as H+,K+-ATPase in lysosomes and
regulates lysosomal pH. Our findings resolve a long-standing question
about the cation-transporting properties of ATP13A2. The dysfunction
of the H+/K+-transport of ATP13A2 may explain one of the pathogenic
mechanisms of PD.

Methods
Materials
Spermidine, ouabain, SCH28080, FITC-dextran, retinoic acid, brain-
derived neurotrophic factor (BDNF), and anti-β-actin antibody (AC-74)
were obtained from Sigma-Aldrich. Thapsigargin was from Cayman
Chemical. Anti-Xpress-tag antibody and lipofectamine 3000 were from
Thermo Fisher Scientific. Anti-Na+,K+-ATPase α1-isoform antibody
(C464.6) was from Santa Cruz Technology. Anti-phosphorylated α-

synuclein antibody (pSyn#64), bafilomycin A1, omeprazole, valinomy-
cin, and G-418 were from FujifilmWako. Anti-ATP13A2, anti-Lamp2, anti-
calnexin, and anti-clathrin heavy chain antibodies were from Cell Sig-
naling Technology. Anti-H+,K+-ATPase α-subunit (1H9) and β-subunit
(2B6) antibodies were from Medical & Biological Laboratories. Horse-
radish peroxidase-conjugated anti-mouse and rabbit IgGs were from
Millipore. Anti-pan-α-synuclein antibody (MJFR1) was from Abcam.
Alexa Fluor 568- and 488-conjugated IgG antibodies were from Abcam.
4’,6-Diamidino-2-phenylindole (DAPI) was from Dojindo Laboratories.
Saponin was from Nakarai Chemicals. Fetal bovine serum (FBS) was
from Nichirei bioscience. Western Lightning ECL Pro and [γ-32P] ATP
were from PerkinElmer. 86RbCl was from Polatom. All other reagents
were ofmolecular biology grade or the highest grade of purity available.

Plasmid construction
Full-length cDNA encoding human ATP13A2 was amplified by PCR
using KOD-Plus DNA polymerase (Toyobo) and the following primers
(sense primer: 5′-atagaattcatgagcgcaga-3′, and antisense primer: 5′-
aattctagactacctcaggg-3′). The PCR product was ligated into pcDNA4/
His C vector equipped with Xpress-tag by using EcoRI and XbaI
restriction sites. Site-directed mutagenesis for preparing the D513N,
A746T, R449Q, G533R, and R980H mutants was performed using the
KOD-Plus-mutagenesis Kit (Toyobo). The cDNA sequences ofwild-type
(WT) and mutants were verified using Big Dye Terminator V3.1 Cycle
Sequencing Kit (Life Technologies) and an ABI PRISM 3500 sequencer
(Applied Biosystems).

Fig. 5 | Phosphorylated α-synuclein accumulation in the undifferentiated SH-
SY5Y cells stably expressing α-synuclein and differentiated SH-SY5Y cells.
a Expression of α-synuclein (α-syn) and β-actin in the SH-SY5Y cells stably expres-
sing α-synuclein. Typical Western blot images in three independent experiments
are shown. b Effects of bafilomycin A1 (BFA; 5 nM), SCH28080 (SCH; 10μM), and
vonoprazan (Vono; 10μM) on the phosphorylated α-synuclein (α-syn) level in the
cells stably expressingα-synuclein. Scale bars, 10 µm.The size of phosphorylatedα-
synuclein accumulation was measured. (n = 40 cells in three independent experi-
ments). Statistical significance was determined by two-tailed unpaired Student’s t
test. c Typical microscopic images of differentiated and undifferentiated (control)
SH-SY5Y cells in three independent experiments. The control cells were

differentiated by treatment with 10μM retinoic acid for 3 days and 50 ng/ml of
BDNF for another 3 days. Scale bars, 10 µm. d Effects of bafilomycin A1 (BFA; 5 nM),
SCH28080 (SCH; 10μM), and vonoprazan (Vono; 10μM) on the phosphorylatedα-
synuclein (α-syn) level in the differentiated SH-SY5Y cells. Scale bars, 10 µm. The
size of phosphorylated α-synuclein accumulation was measured. (n = 40 cells in
three independent experiments). Statistical significance was determined by two-
tailed unpaired Student’s t test. e Schematic model showing the property of
ATP13A2 in the lysosome. ATP13A2 (A2) functions as an H+,K+-ATPase, and its
inhibition by P-CABs leads to lysosomal alkalinization and α-synuclein accumula-
tion. V, vacuolar H+-ATPase. PA, polyamines. All data are presented as mean ± SD.
Source data are provided as a source data file.
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Cell culture and transfection
Human embryonic kidneyHEK293 cells (kindly providedbyProf. Shinji
Asano of Ritsumeikan University33) weremaintained in DMEM (Fujifilm
Wako) supplemented with 100 units/ml penicillin, 100μg/ml strepto-
mycin, and 10% FBS. The cells were transfected with the vector by
using PEI-Max (Polysciences) and cultured for 24 h. ATP13A2 protein
having Xpress-tag at its N-terminus was expressed. The ATP13A2-
knockout HEK293 cells were created using the Guide-it CRISPR/
Cas9 system (Takara Biotechnology). The sgRNA target sequence for
human ATP13A2 (5′- CACCGGTCAGGGTCCCATAACCGGT-3′, Nippon
Gene) was cloned into the pGuide-it-ZsGreen1 Vector (Clontech), then
transfected to HEK293 cells using lipofectamine 3000. Transfected
cells were sorted by green fluorescence with a FACSAria SORP cyt-
ometer (BD Biosciences).

Human neuroblastoma SH-SY5Y cells (EC94030304-F0; DS
Pharma Biomedical.) were maintained in Ham’s F12/DMEM (Fujifilm
Wako) supplemented with 100 units/ml penicillin, 100μg/ml strepto-
mycin and 10% FBS. The cells were transfectedwith the ATP13A2 siRNA
(5′-gcaucuucauccucuaccgtt-3′ (sense) and 5′-cgguagaggaugaagaugctt-
3′ (antisense), NipponGene) by using lipofectamine 3000andcultured
for 48 h. For the transient expression of α-synuclein, SH-SY5Y cells
were transfected with pCMV-SNCA (α-synuclein expression vector)
and recombinant α-synuclein fibrils by MultiFectam and cultured for
4 days according to the manufacturer’s protocols of α-synuclein
aggregation assay kit (Cosmo Bio). For stable expression of α-synu-
clein, SH-SY5Y cells were transfected with the pCMV-SNCA (α-synu-
clein expression vector; Cosmo Bio) using lipofectamine 3000 and
cultured for 24 h. The transfected cellswere selected in thepresenceof
500μg/ml G-418.

Differentiation of SH-SY5Y cells
SH-SY5Y cells were differentiated as described previously43. SH-SY5Y
cells were treated with 10μM retinoic acid in Ham’s F12/DMEM con-
taining 2% FBS for 3 days, followed by replenishing with fresh medium
containing 10μM retinoic acid in 0.5% FBS for another 3 days. Then,
the cells were treated with DMEM/F12 containing 50ng/ml of BDNF
and 0.5% FBS for 3 days.

Preparation of membrane fractions
HEK293 and SH-SY5Y cells cultured in 10-cm dishes were washed with
PBS and incubated in low ionic salt buffer (0.5mM MgCl2 and 10mM
Tris-HCl, pH 7.4) supplemented with the protease inhibitor cocktail
(10μg/ml aprotinin, 10μg/ml phenylmethylsulfonyl fluoride, 1μg/ml
leupeptin and 1μg/ml pepstatin A) at 4 °C for 10min. Subsequently,
theywere homogenizedwith 40 strokes in a Dounce homogenizer and
diluted with an equal volume of a solution containing 500mMsucrose
and 10mM Tris-HCl (pH 7.4). The homogenized suspension was cen-
trifuged at 800 × g for 10min. The supernatant was centrifuged at
100,000 × g for 90min, and the pellet was suspended in a solution
containing 250mM sucrose and 5mM Tris-HCl (pH 7.4).

Western blotting
Themembrane fractions ofHEK293 and SH-SY5Y cells were solubilized
in lysis buffer supplementedwith 1.5%N-dodecyl b-D-maltoside (DDM)
and 0.3% cholesterol hemisuccinate (CHS) were mixed with electro-
phoresis buffer (50mM Tris-HCl (pH 6.8), 10% glycerol, 100mM
dithiothreitol, 2% SDS, and bromphenol blue) and separated by elec-
trophoresis on a 9% or 15% SDS-polyacrylamide gel. The gels were then
transferred to the PVDF membrane. The membranes were blocked
with the solution containing 5% skim milk and 0.1% Tween 20 in TBS
(150mM NaCl and 25mM Tris-HCl, pH 7.4) for 1 h at room tempera-
ture. For primary antibodies, Anti-Xpress-tag (1:5,000), Na+,K+-ATPase
α1-isoform (1:3,000), ATP13A2 (1:1,000), H+,K+-ATPase α- and β-
subunits (1:5,000), pan-α-synuclein (MJFR1; 1:2,000), clathrin heavy
chain (1:2,000), and β-actin (1:5,000) antibodies were used. For

secondary antibodies, HRP-conjugated anti-mouse or rabbit IgG anti-
body was used at 1:3,000 dilution. The signals were visualized using
Western Lightning ECL Pro, SuperSignal West Femto Maximum Sen-
sitivity Chemiluminescent Substrate, and a LAS-4000 system
(FujiFilm).

Immunocytochemistry
HEK293 cells cultured on collagen type1-coated coverglass (Iwaki)
were fixed with ice-cold methanol for 5min and washed with PBS
containing 0.1mM CaCl2 and 1mM MgCl2 (PBS++). The cells were
permeabilized with permeabilization buffer containing 0.3% Triton
X-100 and 0.1% bovine serum albumin (BSA) in PBS + + for 15min at
room temperature. Non-specific binding of the antibody was blocked
with a solution containing 20mM phosphate buffer (pH 7.4), 450mM
NaCl, 16.7 % goat serum, and 0.3% Triton X-100, and the cells were
incubated with the anti-Xpress-tag (1:100), anti-LAMP2 (1:100), and
anti-calnexin (1:100) antibodies overnight at 4 °C. The cells were
washed with the permeabilization buffer and incubated with the Alexa
Fluor 568-conjugated anti-mouse IgG antibody (1:100) and Alexa Fluor
488-conjugated anti-rabbit IgG antibody (1:100) for 1 h at room tem-
perature. The cells were washed with PBS++ and incubated with DAPI
(1:1,000) for visualizing DNA. Immunofluorescence images were
visualized by using a Zeiss LSM 780 laser scanning confocal
microscope.

Measurement of ATP-hydrolyzing activity
The ATP-hydrolyzing activity was measured as described previously56.
The activity of membrane fractions (50μg of protein) was mainly
measured in a solution containing 4mM NaCl, 160mM KCl, 2mM
MgSO4, 1mMATP, 1mMNaN3, 17mMHEPES-Tris (pH6.5, 7.0, and 7.4).
To prepare the solutions at pH 5.5 and 6.0, HEPES was replaced with
MES. After incubation for 30min at 37 °C, the reaction was terminated
by the addition of the ice-cold stop solution containing 12% perchloric
acid and 3.6% ammonium molybdate, and the released inorganic
phosphate was measured. Na+ and K+ were replaced with N-methyl-D-
glucamine (NMDG).

Measurement of 86Rb+ efflux
HEK293 cells (7 × 104 cells) were transfected with the expression vec-
tors and cultured for 24 h in the medium containing 86RbCl
(2.5 × 105 cpm/ml). For permeabilization of the plasma membrane, the
cellswere incubated for 5minwith a solution containing 120mMRbCl,
2mM MgCl2, 1mM CaCl2, and PIPES-NaOH (pH 7.2), and 20μg/ml
saponin, and washed with a wash buffer containing with 150mM RbCl
and PIPES-NaOH (pH 7.2). The permeabilized cells were then incubated
for 15min with an efflux buffer containing 150mM RbCl, 30mMNaCl,
2mMMgCl2, 1mMCaCl2, 2mMATP, 100μMouabain, andPIPES-NaOH
(pH 7.2). The incubation was stopped by cooling on ice and the plates
were washed twice with an ice-cold wash buffer, and the radioactivity
wasmeasured by liquid scintillation. Differences in the radioactivity in
the presence and absence of ATPwere evaluated as an ATP-dependent
86Rb+ efflux.

FITC-dextran-based measurement of lysosomal pH
SH-SY5Y cells and HEK293 cells were cultured with a medium con-
taining 50μg/ml FITC-dextran for 48 h. The cells were harvested with
trypsin-EDTA and washed with PBS. The fluorescence of FITC-dextran
in the cells was measured using a FACSCant II flow cytometer (BD
Biosciences). The voltages of forward scatter (FSC) and side scatter
(SSC) were set at 250 and 420mV, respectively. The fluorescence
intensity of FITC in cell groups with FSC and SSC greater than 50,000
was measured. Lysosomal pH was calculated from the fluorescence of
FITC-dextranwith the standard curve obtained fromcells resuspended
in the solution containing monensin (100μM) at pH (4.5, 5.0, 5.5, 6.0,
6.5, 7.0, and 7.5).
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Size-exclusion chromatography
Themembrane fractions of ATP13A2-transfectedHEK293 cells and SH-
SY5Ycells were solubilized in lysis buffer supplementedwith 1.5%DDM
and 0.3% CHS. Insoluble material was removed by ultracentrifugation
at 366,000× g, 30min at 4 °C. The samples were then injected into a
Superose 6 10/300 GL column (GE Life Sciences) connected to the
AKTAexplorer 10 XT FPLC system (GEHealthcare) at 4 °C, equilibrated
in a running buffer containing 50mMTris pH 7.5, 150mMNaCl, 0.03%
DDM, and 0.0015% CHS. Fractions of 1mLwere collected, precipitated
with 10% trichloroacetic acid (TCA), and analyzed byWestern blotting.

Phosphorylation assay
Membrane fractions (50 μg) were added to the reaction buffer (2mM
MgCl2, 5mMNaN3, 17mMHEPES, pH6.5 or 7.4)with orwithout 20mM
KCl. The reaction was initiated on ice by adding [γ-32P] ATP (2 μCi) and
stopped after 20 s with the stop solution (20% trichloroacetic acid and
10mMphosphoric acid). After precipitation on ice for 20min, samples
were centrifuged (20,000× g,10min, 4 °C). Thepelletwaswashedwith
ice-cold stop solution and distilled water and dissolved in sample
buffer comprising 2% SDS, 2.5% dithiothreitol, 10% glycerol, and
50mM Tris-HCl, pH 6.8, and subjected to the 5% SDS-polyacrylamide
gel under acidic conditions atpH6.057. The radioactivitywas visualized
and quantified by digital autoradiography of the dried gel using
Typhoon FLA 9500.

Detection of phosphorylated α-synuclein in SH-SY5Y cells
The undifferentiated SH-SY5Y cells transiently and stably expressing α-
synuclein and the differentiated SH-SY5Y cells by retinoic acid andBDNF
were treated with SCH28080, vonoprazan, and bafilomycin A1 for 48h.
The cells were fixed with ice-cold methanol for 5min, washed with Tris-
buffered saline (TBS), and permeabilized with permeabilization buffer
containing 0.3% Triton X-100 and 0.1% BSA in TBS for 15min at room
temperature. Non-specific binding of the antibody was blocked with 2%
BSA in TBS, and the cells were incubatedwith an anti-phosphorylated α-
synuclein antibody (pSyn#64) (1:100) in Can Get Signal immunostain
(Toyobo) for 15 h at 4 °C. The cells were washedwith TBS and incubated
with the Alexa Fluor 488-conjugated anti-mouse IgG antibody (1:100) for
1 h at room temperature. Immunofluorescence images were visualized
by using a Zeiss LSM 700 laser scanning confocal microscope. The area
(dimension) of the fluorescent signal due tophosphorylatedα-synuclein
was measured by Zen3.3 software (Zeiss).

Human tissue procurement
Human normal gastric mucosa was obtained from the dissected sto-
mach of a Japanese gastric cancer patient (Female, 67 years) in
accordance with the recommendations of the Declaration of Helsinki
and with ethics committee approval of the University of Toyama (No.
R2017085). Informed consent was obtained from the patient at
Toyama University Hospital.

Statistical analysis
Results are shown as mean± SEM. Differences between groups were
analyzed by one-way analysis of variance, and correction for multiple
comparisons was made by using Tukey’s multiple comparison test. A
comparison between the two groups was made by using two-tailed
unpaired Student’s t test. Statistically significant differences were
assumed at P < 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are available as a Source Data file. Source data are pro-
vided with this paper.
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