ATP13A2 deficiency disrupts lysosomal polyamine export
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ATP13A2 (PARKY) is a late endo-lysosomal transporter of unknown function that is genetically
implicated in a spectrum of neurodegenerative disorders, including Kufor-Rakeb syndrome, a
parkinsonism with dementia' and early-onset Parkinson’s disease (PD)?. ATP13A2 offers
protection against genetic and environmental risk factors of PD, whereas loss of ATP13A2
compromises lysosomal function®. The lysosomal transport function of ATP13A2 remained
unclear, but here, we establish ATP13A2 as a lysosomal polyamine exporter with highest affinity
for spermine. Polyamines stimulate the activity of purified ATP13A2, while disease mutants are
functionally impaired to a degree that correlates with the disease phenotype. ATP13A2 promotes
cellular polyamine uptake via endocytosis and transports polyamines into the cytosol, which
highlights a role for endo-lysosomes in cellular polyamine uptake. At high concentrations,
polyamines induce cell toxicity, which is exacerbated by ATP13A2 loss due to lysosomal
dysfunction, lysosomal rupture and cathepsin B activation. This phenotype is recapitulated in
neurons and nematodes with loss of ATP13A2 or its orthologues. Thus, defective lysosomal
polyamine export is a new mechanism for lysosome-dependent cell death that may be implicated
in neurodegeneration. Our findings further shed light on the molecular identity of the elusive

mammalian polyamine transport system.

ATP13A2 is a P5B-ATPase belonging to the family of P-type ATPases, which couple ATP hydrolysis
to substrate transport while transiently forming a catalytic phospho-intermediate®. ATP13A2 is generally
described as a heavy metal transporter®, but Ca?* ® and the polyamine spermidine (SPD)"® were also
proposed. To screen for the transported substrate(s) of ATP13A2, we measured ATPase activity in the
presence of various candidate substrates in solubilized microsomal membrane fractions of SH-SY5Y
cells that overexpress human ATP13A2 wild type (WT) (WT-OE) or comparable levels of the

catalytically dead D508N mutant (D508N-OE)*°.

ATPase activity of ATP13A2 WT was significantly stimulated by the polyamines SPD and spermine
(SPM) (Fig. 1a), whereas SPM had no effect on the D508N mutant (Extended Data Fig. 1a). MnCl.,

ZnCly, FeCls, CaCl,, diamines, monoamines and amino acids exerted no effect (Extended Data Fig. la-



d). The polyamines SPM, N!-acetylspermine and SPD were able to stimulate ATPase activity in a
concentration-dependent manner (Fig. 1b, Extended Data Fig. 1e) with the highest apparent affinity for

SPM (Extended Data Table 1).

The catalytic auto-phosphorylation and/or dephosphorylation reactions of P-type ATPases occur in
response to binding of the transported substrate*. ATP13A2 forms a phospho-intermediate on the D508
residue in the absence of SPM supplementation®°, whereas SPM leads to a dose-dependent reduction
in ATP13A2 phospho-enzyme levels (Fig. 1c), which is not seen with ornithine (Extended Data Fig. 1f).
The dephosphorylation rate following a chase with non-radioactive ATP increased in the presence of

SPM (Fig. 1d), further indicating that SPM may be the transported substrate.

SPM also stimulated the ATPase activity of purified human ATP13A2 (purification: Extended Data Fig.
2a-e). However, purified ATP13A2 only presented similar properties as microsomal ATP13A2 in the
presence of the regulatory lipids phosphatidylinositol(3,5)bisphosphate (P1(3,5)P2) and phosphatidic
acid (PA), which bind to the N-terminus of ATP13A2%!! (Fig. 1le-f, Extended Data Fig. 2f, Extended
Data Table 1). SPM-induced ATPase activity was blocked by orthovanadate, a general P-type ATPase
inhibitor (Extended Data Fig. 1g). Finally, we also purified the ATP13A2 mutant E343A, carrying a
mutation in the conserved catalytic motif for dephosphorylation (3*'TGES) (Extended Data Fig. 2g). The
E343A mutant underwent auto-phosphorylation (Fig. 1g), but displayed limited SPM-induced ATPase
activity (Extended Data Fig. 2h). Importantly, when the phospho-enzyme was chased with cold ATP,
SPM clearly stimulated dephosphorylation of purified WT, but not of the E343A mutant (Fig. 1g,

Extended Data Fig. 1h and 6a).

ATP13A2 is a lysosomal polyamine exporter

Next, we performed transport assays with *H-labelled SPM (3H-SPM) in reconstituted vesicles from
solubilized yeast membranes expressing BAD-labelled ATP13A2 WT or E343A, supplemented with
the activating lipid PA. This reconstitution rendered two populations of ATP13A2 proteins that were
either inserted right-side-out (ATP-binding domain in the extra-luminal space) or inside-out (ATP-
binding domain in the lumen) (Fig. 1h-i). Uptake of ®H-SPM was only detected for ATP13A2 WT, but

not the E343A mutant, when ATP was present inside the vesicles, together with an ATP-regenerating
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system (Fig. 1j), i.e. when ATP13A2 was positioned inside-out ((2) in Fig. 1h). Extending these insights
to the cellular context, where ATP13A2 is present in the late endo-lysosomal compartment2,

ATP13A2 most likely operates as a lysosomal SPM exporter.

Interestingly, ATP13A2 functionality impacts on the cellular polyamine content. Indeed, we generated
two independent ATP13A2 knock-out SH-SY5Y cell lines by CRISPR/Cas9 genome editing (KO,
Extended Data Fig. 3a) and demonstrated via mass spectrometry that the total cell content of polyamines
was lower in KO than in control (CON) cells (Fig. 2a). Expression in the KO background of ATP13A2
WT (KO/WT) for rescue or the D508N mutant (KO/D508N) as negative control (Extended Data Fig.
3b) resulted in a significantly higher SPD and SPM content in KO/WT cells than in KO or KO/D508N

cells (Fig. 2b).

Via flow cytometry, we observed that ATP13A2 promotes the cellular uptake of BODIPY-labelled
polyamines®. WT-OE cells took up more BODIPY-SPD and BODIPY-SPM than D508N-OE or cells
expressing firefly luciferase (Fluc, Extended Data Fig. 4a-b). Similarly, KO/WT cells presented a
twofold higher BODIPY-SPM uptake than ATP13A2 KO and KO/D508N cells, which took up less than
CON cells (Fig. 2c). The comparable FITC-dextran uptake in the KO/WT and KO/D508N cells
(Extended Data Fig. 4c) demonstrated that the higher BODIPY-SPM uptake in KO/WT versus
KO/D508N is not explained by an increased endocytic rate, but depends on ATP13A2’s transport
activity. The stimulatory effect of ATP13A2 on endocytosis appears as a transport-independent

phenotype*,

Since ATP13A2 transports SPM towards the cytosol (Fig. 1j) and increases the cellular SPM content
(Fig. 2a-b), ATP13A2 may transport endocytosed polyamines into the cytosol. Indeed, endocytosis
inhibitors prevented FITC-dextran uptake (Extended Data Fig. 4c) and blocked BODIPY-SPM uptake
(Fig. 2¢). Via confocal microscopy, we confirmed the higher cellular BODIPY-SPM content in KO/WT
versus KO/D508N cells (Extended Data Fig. 1i). In the KO/D508N cells, BODIPY-SPM mainly co-
localized with LAMPL1 positive vesicles (Fig. 2d, Extended Data Fig. 1j-k), indicative for accumulation
in the late endo-lysosomes, which is not a lysosomotropic effect’®. In contrast, cells with functional

ATP13A2 displayed a broader distribution of BODIPY-SPM, which was more abundant in the cytosol
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and nucleus in agreement with the transport direction from lysosomal lumen to cytosol (Fig. 2d,
Extended Data Fig. 11). By stimulating cellular SPM uptake and transporting SPM into the cytosol,
ATP13A2 complements endogenous SPM synthesis, which depends on the enzymes ornithine
decarboxylase (ODC), SPD and SPM synthases. Indeed, KO/WT cells were protected against
pharmacological inhibition of ODC or SPD/SPM synthase, while a lack of ATP13A2 activity sensitized
KO and KO/D508N cells (Extended Data Fig. 4d-g), in line with the negative genetic interactions

between ATP13A2 orthologues and ODC in yeast!® and Caenorhabditis elegans®.
Mutations disrupt ATP13A2 SPM activity

Via mutagenesis, we confirmed that SPM-dependent activation of ATP13A2 depends on residues in the
predicted substrate binding site near transmembrane segment M4 (A467V on M4, D962N on M6 and
K1062A on M8) (Fig. 2e, Extended Data Fig. 5a-b; rationale for residue choice in methods). Indeed, the
three mutants displayed a lower SPM-induced ATPase activity and apparent SPM affinity (Fig. 2f), but
also a reduced cellular uptake of BODIPY-SPD/SPM (Extended Data Fig. 5c¢, Fig. 2h) suggesting these
residues contribute to SPM coordination in the membrane region. SPM-induced dephosphorylation is
completely abolished in the D962N mutant (Fig. 2g, Extended Data Fig. 5d and 6) indicating that D962

may couple SPM binding to the dephosphorylation reaction.

Of the more than thirty identified disease-associated mutations in ATP13A2 (Extended Data Fig. 7), we
determined the activity of, mainly lysosomal localized, point mutants linked to EOPD or KRS. The KRS
mutants T5121 and G872R did not exhibit ATPase or auto-phosphorylation activity and were SPM-
insensitive, in line with strongly reduced BODIPY-SPD/SPM uptake (Fig. 2i-1, Extended Data Fig. 5e-
g). The effect of the EOPD mutations T12M, G528R and A741T was less severe. A reduction in the
apparent SPM affinity was observed, phospho-enzyme levels were more (T12M) or less (G528R,
AT741T) sensitive to SPM, and BODIPY-SPD/SPM uptake in cells was more mildly impaired (Fig. 2i-
I, Extended Data Fig. 5e-g). Together, all tested disease mutations disturb ATP13A2-dependent
polyamine transport, and the degree of functional impact correlates with the EOPD versus KRS disease

phenotype, although the mutation type is not the sole determinant of the clinical phenotype?!’.



ATP13A2 protects against polyamine toxicity

We further investigated whether defective lysosomal polyamine export explains the lysosomal
phenotype in ATP13A2 KO cells®. SPM and SPD are abundant organic polycations that support cell
function, but at high concentrations, become toxic?®. Indeed, high levels of SPM or SPD reduced the
viability of CON cells after 24 h (Extended Data Fig. 8a-b), which was paralleled by an increased cell
death (Fig. 3a), whereas ornithine and putrescine were not cytotoxic (Extended Data Fig. 8c-d).
Importantly, loss of ATP13A2 activity exacerbated SPM/SPD toxicity (Fig. 3a, Extended Data Fig. 8a-
b), which may be a direct consequence of lysosomal polyamine accumulation (Fig. 2d), leading to
lysosomal dysfunction. Indeed, at a time point preceding cell death (4 h, Extended Data Fig. 8e),
lysosomal acidification was compromised in KO and KO/D508N cells, which was aggravated upon
SPM exposure (Fig. 3b). This pH neutralizing effect of SPM was absent in CON and KO/WT cells (Fig.

3b).

Lysosomal alkalization may explain the diminished lysosomal degradation potential (Fig. 3c) and
cathepsin D (CTSD, Extended Data Fig. 8f) activity observed in KO and KO/D508N cells. Surprisingly,
cathepsin B (CTSB) activity was elevated at toxic SPM levels (Fig. 3d) in line with its higher pH
optimum, and most likely due to impaired lysosomal membrane integrity’®, which is a driver of
lysosome-dependent cell death?. Indeed, we confirmed via an acridine orange (AO)-based assay that
lysosomal membrane integrity in ATP13A2 KO and KO/D508N cells was impaired, which was more
prominent following SPM challenge, a phenotype that was absent in CON and KO/WT cells (Fig. 3e).
SPM treatment also increased the number and size of endogenous galectin 3 (Gal-3) punctae only in KO
and KO/D508N cells, which is representative for lysosomal rupture (Fig. 3f). This was further confirmed
by the loss of endo-lysosomal FITC-dextran punctae and a more diffuse, cytosolic CTSB staining in the
KO and KO/D508N cells (Extended Data Fig. 8g-h). In line with reported findings?, exposure to acidic
nanoparticles restored lysosomal pH and functionality (Fig. 3b-c), prevented CTSB activation (Fig. 3d)
and recovered lysosomal membrane intactness (Fig. 3e) ultimately reducing SPM-induced cell death
(Fig. 3g). Moreover, pharmacological CTSB inhibition significantly reduced SPM toxicity in the KO

and KO/D508N cells (Fig. 3h).



ATP13A2 protects in higher disease models

Lysosomal polyamine toxicity may be relevant in the context of neurodegeneration, since isolated mouse
cortical neurons with miRNA-mediated Atp13a2 knockdown (Fig. 4a) were more susceptible to SPM-
induced cell death than control neurons (miR-Fluc, miRNA targeted to Fluc) (Fig. 4b). Interestingly,
increased SPM sensitivity of neurons with Atp13a2 knockdown was attenuated either by inhibition of
CTSB (Extended Data Fig. 9); or by rescue with human ATP13A2 WT, but not the D508N mutant (Fig.

4b).

Finally, SPD exposure hampered growth capacity in C. elegans N2 (wild-type) animals, which was
marked by developmental delay and, hence, reduced worm length. This was exacerbated in animals with
deficiency in ATP13A2 orthologues (catp-5(0), catp-6(0) or catp-7(0)?) (Fig. 4c). The phenotype of
CATP-6- and CATP-7-deficient strains was rescued by CATP-6 or CATP-7 WT, but not a catalytically

dead variant, showing that the transport activity is required (Fig. 4c).

Discussion

Polyamines are physiologically important polycations that are tightly regulated by a complex interplay
of import, export, synthesis and degradation®®. As a polyamine transporter that controls the cellular
polyamine content, ATP13A2 emerges as a member of the elusive mammalian polyamine transport
system®®, Extracellular polyamines most likely bind to plasma membrane heparan sulphate
proteoglycans? and enter the cell via endocytosis?* prior to transport into the cytosol by ATP13A2 (Fig.
4d). Also the other P5B-ATPases ATP13A3-5 residing in the endosomal system, share high sequence
similarity in the substrate binding region®?, and may belong to the mammalian polyamine transport

system.

Genetic insights point to a major role of lysosomal dysfunction in PD, contributing to a-synuclein
aggregation and mitochondrial dysfunction?®. Here, we demonstrate that impaired lysosomal polyamine
export represents a novel lysosome-dependent cell death pathway that may be implicated in ATP13A2-

associated neurodegeneration. In addition, defective ATP13A2 diminishes cellular polyamines, which



may potentiate the disease phenotype, since polyamines are scavengers of reactive oxygen species?,
heavy metals, and regulate autophagy?’. The dual impact of ATP13A2 on both lysosomal and cytosolic
polyamine levels may explain the broad phenotype associated with ATP13A2 loss of function®. Other
PD related genes may also impact on ATP13A2 functionality or may be affected by disturbed polyamine
homeostasis. Polyamine levels decline with age, whereas polyamine supplementation increases life span
in several model organisms?’. Conversely, defective SPM synthase causes Snyder-Robinson syndrome,
a form of X-linked intellectual disability?®, and reduced SPD/SPM N1-acetyltransferase 1 (SAT1)
expression has been implicated in PD?. Modulation of polyamine homeostasis may therefore be

considered for neuroprotective therapy.

In conclusion, ATP13A2 dysfunction prevents late endo-lysosomal polyamine export and sensitizes

cells to lysosomal disruption by exogenous polyamines.
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Figure legends

Figure 1 — ATP13A2 is a polyamine transporter. (2) Chemical structures of ornithine (ORN),
putrescine (PUT), spermidine (SPD) and spermine (SPM). (b-d) Measurements on solubilized SH-
SY5Y microsomes overexpressing ATP13A2 WT-OE. (b) Dose-response curves of SPM, SPD, PUT
and ORN on ATP13A2 ATPase activity. (c) Phospho-enzyme (EP) levels of WT-OE in the presence of
increasing SPM concentrations. Upper panel: representative autoradiogram; lower panel: EP
quantification. (d) WT-OE microsomes pulse ([y-*?P] ATP) chase (cold ATP) of dephosphorylation +/-
1 mM SPM. (e) ATPase activity of purified ATP13A2 under increasing concentrations of SPM (+/- PA
and/or PI(3,5)P2). (f) Dose-response curves of SPM, SPD and PUT on purified ATP13A2 ATPase
activity supplemented with PA and PI(3,5)P2 (as a reference, SPM + PA/PI(3,5)P2 from e). (g) Purified
ATP13A2 (WT or E343 A mutant) pulse ([y-3?P] ATP) chase (cold ATP) of dephosphorylation measured
+/- 1 mM SPM. (h) Illustration of vesicle reconstitution and the *H-spermine (3H-SPM) transport assay.
(i) Immunoblot of reconstituted vesicles. (j) Uptake of 3H-SPM in reconstituted vesicles derived from
yeast overexpressing BAD-tagged ATP13A2 (WT or E343A mutant) supplemented with
phosphatidylcholine and PA, +/- intraluminal ATP and an ATP-regenerating system. Data are presented
as mean + S.E.M. (b-g) or box and whisker plots with overlaid individual data points representing
replicates (j, horizontal line = median, 25/75 percentiles). Values of N (independent biological
experiments) were N = 3: b (ORN, SPD), d-g (E343A), i, j (WT ATP outside; E343A); N =4:c, e (no
lipid); N =5: b (PUT), g (WT); N=6:j (WT no ATP), b (SPM); N = 8: j (WT ATP inside). Analysis

by two-way ANOVA with Tukey’s (g) or one-way ANOVA with Tukey’s (J). Fitted lines: nonlinear
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allosteric sigmoidal (b, e-f) or two phase decay (c, d, g). For gel source data, see Supplementary Figure

1.

Figure 2 — ATP13A2 transport affects cellular polyamine uptake, which is impaired by catalytic
and disease mutations. (a-b) Metabolomics of cellular polyamines in ATP13A2 KO (KO) vs. SH-
SY5Y controls (CON) (a), or vs. rescue cell lines with expression of ATP13A2 WT (KO/WT) or DS08N
(KO/D508N) (b). (c) BODIPY-SPM uptake +/- endocytosis inhibitors (Dynasore, Genistein and/or
Pitstop 2), alone or in combination (combo). (d) Confocal microscopy of BODIPY-SPM distribution
(as described in methods). Scale bar = 5 um. Arrow represents expanded region in upper panels, dashed
line analysed in Extended data Fig. 1j. Immunoblotting (e) and SPM-induced ATPase activity (f) of
microsomes expressing ATP13A2 WT, D508N or catalytic mutants in M4 (A467V), M6 (D962N), and
M8 (K1062A)%. (g) Representative autoradiogram of ATP13A2 WT vs. mutant auto-phosphorylation
(EP) +/- 1 mM SPM. (h) Cellular BODIPY-SPM uptake in the indicated cell lines. Immunoblotting (i)
or SPM-induced ATPase activity (j) of SH-SY5Y microsomes overexpressing disease associated
mutants (Kufor-Rakeb syndrome (T5121 and G872R) or early-onset Parkinson’s disease (T12M,
G528R, A741T)). SPM dose-response curve from Fig. 1b is shown as reference in (f) and (j). (k)
Representative autoradiogram of ATP13A2 WT vs. disease mutant auto-phosphorylation (EP) +/- 1 mM
SPM. (I) BODIPY-SPM uptake in indicated cell lines. MFI, mean fluorescence intensities; (-), vehicle
treated sample. Data are presented as individual data points (representing replicates) overlaid on box
and whisker plots (a-b, horizontal line = median, 25/75 percentiles) or mean (c, h, I), or mean = S.E.M.
(f, J)- The values of N (independent biological experiments) were N = 3: d-f, g (D508N, A467V, D962N,
K1062A (SPM)), h, j (T12M, T5121, G872R), k (T12M (-), T12M, T512I, G528R, A741T, G872R
(SPM)), I: N = 4: a-c (KO, KO/WT, KO/DN), g (D508N, A467V, D962N, K1062A (-)), i, j (A741T,
G528R), k (WT, T5121, G528R, A741T, G872R (-)); N=5: ¢ (CON), g (WT (-)); N = 6: g (WT (SPM)),
k (WT (SPM)). Analysis by one-way ANOVA with Tukey’s (a-c) or Dunnett’s (h-1). Fitted lines:
nonlinear allosteric sigmoidal (f (D962N, D508N), j) or one-phase association (f (A467V, K1062A)).

For gel source data see Supplementary Figure 1.
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Figure 3 — ATP13A2 protects against lysosome-dependent SPM toxicity. (a) SPM-induced cell
death (PI, propidium iodide) in SH-SY5Y control (CON), ATP13A2 KO (KO) and rescue cell lines with
WT (KO/WT) or D508N (KO/D508N). (b-f) Impact of SPM (10 UM, 4 h) and acidic nanoparticles (NP,
100 nm diameter; Extended Data Fig. 8j) on lysosomal functionality. (b) Lysosomal pH measured by
ratiometric FITC-dextran (standard curve, Extended Data Fig. 8i). (c-d) Lysosomal degradation capacity
analysed by (c) DQ-BSA or (d) cathepsin B (CTSB) activity. (e-f) Assessment of lysosomal membrane
integrity via acridine orange (AO) staining (e), or galectin-3 (Gal-3) punctae formation (lysosomal
rupture) (f). Confocal images depict representative images (DAPI staining for nuclei reference, scale
bar, 2.5 um). The box and whisker plots depict the size (left) and number (right) of punctae. (g-h) The
effect of NP (g) or the CTSB inhibitor CA-074 (h) (25 uM) on SPM-induced cytotoxicity. MFI, mean
fluorescence intensities. (-), vehicle treated sample. Data are presented as individual data points
(representing replicates) overlaid on box and whisker plots (b-f, horizontal line = median, 25/75
percentiles) or means (g-h), or the mean + S.E.M. (a). The values of N (independent biological
experiments) were N = 3: a, b-d (NP, NP + SPM), f-h; N=4: e, (NP, NP + SPM), N = 6: b-d ((-), SPM),
N = 7: e ((-), SPM). Analysis by two-way ANOVA with Dunnett’s test (a); one-way ANOVA with

Tukey’s (b-e, g-h) or Sidak’s test (f). Fitted lines: nonlinear log(inhibitor) vs. response (variable slope)

().

Figure 4 — Loss of ATP13A2 orthologues exacerbates polyamine toxicity in primary neurons and
C. elegans. (a) Lentiviral knockdown of Atp13a2 in isolated murine cortical neurons (miR-3 or miR-5)
was confirmed by qRT-PCR relative to Gapdh. miR-Fluc (miRNA against Firefly luciferase), negative
control. (b) miR-Fluc and Atp13a2 knockdown neurons were transduced with Fluc, human ATP13A2
WT or D508N. SPM-induced cytotoxicity was assayed via TUNEL staining. Left, representative
confocal images; right, box and whiskers plot depicting TUNEL positivity. (c) The indicated worm
strains were assessed for SPD toxicity. Worm lengths were determined as a read-out for toxicity. Scale
bar = 100 pum. Top: quantification; bottom: representative images. (d) Illustration of the proposed
mechanism of endo-lysosomal polyamine uptake and transfer into the cytosol via ATP13A2. (-), vehicle

treated. Data are presented as mean (a) or as box and whisker plots (b-c, horizontal line = median, 25/75
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percentiles) with individual data points representing replicates. The values of N (independent biological

experiments) were N = 2: (a), N = 3: (b-c). Analysis by one-way ANOV A with Tukey’s (b-c).

Methods

Materials — The following reagents were purchased from Sigma-Aldrich: sodium orthovanadate
(56508), CaCl, (C3881), ZnCl; (20152), MnCl, (M3634), FeClsz (157740), SPM (S3256), SPD (S2626),
Ni-acetylspermine trihydrochloride (01467), N!-acetylspermidine hydrochloride (9001535-1), Né-
acetylspermidine dihydrochloride (A3658), putrescine dihydrochloride (P7505), L-arginine (A5006), L-
ornithine monohydrochloride (02375), histamine (H7250), agmatine sulfate salt (A7127), dopamine
hydrochloride (H8502), cadaverine (D22606), yeast nitrogen base without amino acids (Y0626), yeast
drop-out mix without uracil (Y1501), glucose (G8720), streptavidin sepharose (GE17-5113-01),
thrombin (GE27-0846-01), DMSO (276855), DFMO (D193), Dynasore (D7693), Pitstop 2 (SML1169),
4-methylumbelliferyl heptanoate (MUH, M2514), Pl (P4170), CA-074 (C5732), fluorescein
isothiocyanate-dextran (FITC-dextran, 46945), DAPI (D9542), anti-ATP13A2 antibody (A3361), anti-
GAPDH antibody (G8795), Resomer® RG 503H (719870) and SigmaFast protease inhibitor (S8820).
In addition, 18:1 PI(3,5)P2 [1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol-3',5'-bisphosphate)
(ammonium salt); 850154], 18:1 PA [1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt); 840875] and
egg phosphatidylcholine (840051) were obtained from Avanti Polar Lipids. Bovine serum albumin
(BSA; 3854.3) was obtained from Carl Roth. Yeast extract (103753.0500) was purchased from VWR,
and n-dodecyl-p-D-maltopyranoside (DDM; 1758-1350) was purchased from Inalco. We obtained Bio-
Beads SM-2 resin (1523920) from Bio-Rad. *H-SPM (ART 0471) was ordered from ARC. APCHA (sc-
202715) and 4MCHA (sc-272662) were purchased from Santa Cruz Biotechnology. Genistein
(ab120112), anti-galectin-3 antibody (ab2785), anti-LAMP1 antibody (Abcam, ab24170) and anti-
cathepsin B antibody (ab58802) were purchased from Abcam. TRYPLE (12604021), AO (A1372) and

DQ-Green BSA (D12050) were ordered from Life Technologies.

Compound/inhibitor preparation — All polyamines, diamines, monoamines and amino acids were
prepared to a final stock concentration of 500 mM (200 mM in the case of SPM) in 0.1 M MOPS-KOH
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(pH 7.0). DFMO was prepared to a final stock concentration of 500 mM in mQ H2O. The inhibitors
4MCHA and APCHA were dissolved in DMSO to a final stock concentration of 200 mM. The
endocytosis inhibitors Dynasore, genistein and Pitstop 2 were dissolved in DMSO to final
concentrations of 50 mM, 25 mM and 25 mM, respectively. The cathepsin B inhibitor CA-074 was

dissolved in DMSO to a final concentration of 25 mM.

Generation of SH-SYS5Y cell models — SH-SY5Y human neuroblastoma cells were transduced with
lentiviral vectors to obtain stable overexpression of firefly luciferase (Fluc) or human ATP13A2
(isoform 2, WT (ID: NP_001135445), indicated disease or catalytic mutants) and maintained as
described previously®!. Catalytic mutants; A467V on M4, D962N on M6 and K1062A on M8 were
generated by mutagenesis. P5 type ATPases were discovered by genome sequence analysis 20 years ago
and contain highly conserved motifs for function and substrate binding®.. The A467V mutation converts
PPALP of the predicted substrate binding site in transmembrane segment M4 into PPVLP that is present
in ATP13A5%%, Also neighbouring membrane helices contribute to substrate coordination in P-type
ATPases, which often relies on conserved and charged residues, such as D962 in M6 and K1062 in M8
of ATP13A2%). Furthermore, mutants associated with Kufor-Rakeb syndrome (T51213223% and G872R%*)
or early-onset Parkinson’s disease (T12M?, G528R?, and A741T%%") were generated. All cell lines were

produced at varying viral vector titres and assessed for equal expression to ATP13A2 WT.

For CRISPR/Cas9-mediated KO of ATP13A2, the lentiviral vector lentiCRISPRv2 (Addgene:
#52961) was used. First, the Cas9 cassette was transformed into a high-fidelity Cas9 (Cas9-HF) by
Gibson assembly with a gBlock gene fragment (Integrated DNA Technologies) of the Cas9 portion
encoding a protein product with HF mutations (N497A/R661A/Q695A/Q926A). This Cas9 variant
triggers less off-target events while retaining its on-target activity®®. A single-guide RNA (sgRNA)
targeted to Atp13a2 was designed taking into account a high on-target efficiency, using SgRNA Designer

ps://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design)*, and a low off-targe
(https://portals.broadinstitut /gpp/public/anal tools/ d )40 d I ff-target

efficiency, via CRISPR Design (http://crispr.mit.edu/). A lentiviral CRISPR/Cas9 HF expression
plasmid was created by inserting fragments that contained an sgRNA sequence of ATP13A2 (F: 5°-

CACCGGTCAGGGTCCCATAACCGGT; R: 5>-AAACACCGGTTATGGGACCCTGACC) into the
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lentiCRISPRv2 vector. The generated CRISPR-Cas9 HF-ATP13A2 plasmid (1,000 ng), the packaging
plasmid pCMV-ARS8.91 (900 ng), and the envelope plasmid pMD2G-VSV-G (Addgene, 12259) (100
ng) were mixed together with 200 pl of JetPrime buffer and 4 pl of JetPrime reagent (Polyplus-
transfection) for transfection of HEK-293T cells according to the manufacturer’s protocol. After 4 hours
(h) at 37°C and 5% CO, the serum-free medium was replaced with DMEM/F12 (Dulbecco's modified
Eagle’s medium, Nutrient Mixture F-12) supplemented with 10% fetal calf serum (heat-inactivated). 48
h later, the lentiviral vectors were collected by passing the medium through a 0.45 um filter, and 0.5 ml
of this medium was used to transduce SH-SY5Y cells supplemented with 8 pug/ml polybrene (Sigma-
Aldrich). 24 h after transduction, cells were selected in 3 pg/ml puromycin (Sigma-Aldrich) and
passaged three times before single clones were isolated via serial dilution. The resulting cells were
examined by gRT-PCR (F: 5’-ACCGGTTATGGGACCCTGAC; R: 5’-
GTGATAGCCGATGACCCTCC) and Western blotting. For rescue experiments, ATP13A2 KO cells
were stably transduced with lentiviral vectors expressing ATP13A2 WT or D508N mutant in which both
cDNAs were modified with synonymous mutations at the sgRNA target site. All cell lines were routinely

assessed for mycoplasma and cultured for a maximum of 20 passages.

Membrane fractionation — SH-SY5Y cells were seeded in 15 cm dishes at a density of 6 x 10° cells
per plate. 24 h later, the cells were harvested following trypsinization and brief centrifugation (300 x g,
5 min). Subcellular fractionation was performed by differential centrifugation, as described previously®
11 The microsomal protein concentration was measured using the bicinchoninic acid assay (Thermo

Fischer Scientific, Pierce) according to the manufacturer’s instructions.

ATPase assay — The ATPase activity of ATP13A2 was assessed using a commercially available
luminescence assay (ADP-Glo Max assay, Promega) that monitors the production of ADP via luciferase
activity. Substrate screen was designed to include candidates previously postulated in the literature®84%-
5, The reactions were performed for 30 min (37°C) in a final volume of 25 pl. The assay reaction
mixture contained 50 mM MOPS-KOH (pH 7), 100 mM KCI, 11 mM MgCl;, 1 mM DTT, 195 pM
DDM, various concentrations of the indicated compound, and either microsomes (5 pg) harvested from

SH-SY5Y cells overexpressing ATP13A2 (WT or mutants) or purified ATP13A2 (0.3-0.5 pg). When
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purified ATP13A2 was used, we included 125 pM PA, 125 uM PI(3,5)P, and 19.5 yM DDM in the
reaction buffer. The assay was started by the addition of 5 mM ATP and was terminated by adding 25
pl of ADP-Glo Reagent. The 96-well plate was then incubated for 40 min at room temperature, followed
by the addition of 50 ul of ADP-Glo Max Detection Reagent. After 40 min, luminescence was detected
using a FlexStation 3.0 system (Molecular Devices). Dose-response curves and n/Km/Vmax values were

calculated using GraphPad Prism Software (GraphPad Software Inc.).

Auto-phosphorylation assay — The auto-phosphorylation activity of ATP13A2 on the conserved D508
residue was measured as described previously®'#Y’. Briefly, microsomes (20 pg) or purified ATP13A2
(1 ng) were incubated with radioactively labelled ATP in the presence of the indicated SPM or ornithine
concentrations, and after 1 min, the reaction was stopped. In case of purified ATP13A2, 125 pM PA
and 125 uM PI(3,5)P2 were included in the reaction mixture. To determine the sensitivity of the
ATP13A2 phospho-enzyme to ATP or a combination of ATP and SPM, 30 s after adding *?P-ATP,
samples were incubated with non-radioactive ATP (5 mM in experiments using microsomes, 1 mM
when purified ATP13A2) and SPM (1 mM) before the reaction was stopped at the indicated time points.
The incorporation of 2P was visualized following SDS-PAGE under acidic conditions and subsequently
detected by autoradiography (microsomes) or liquid scintillation counting (purified ATP13A2) (Liquid

Scintillation Analyzer TRI-CARB 2900TR).

Transformation and overexpression of ATP13A2 in yeast — The S. cerevisiae W303-1B/Gal4-APep4
strain (leu2-3, his3-11,15, trp1-1::TRP1-GAL10-GAL4, ura3-1, ade2-1, canr, cir*, APep4 MAT; a kind
gift from Rosa Lopez Marques) was transformed according to the lithium acetate/single-stranded carrier
DNA/polyethylene glycol method*®, with the pYeDP60 vector containing a yeast codon optimized
version of human ATP13A2 variant 2 (WT or the catalytically dead E343A mutant) followed by a
thrombin cleavage site and a C-terminal Biotin Acceptor Domain (BAD) tag*“¢. The transformation
mixture was grown for 48 h at 30°C on minimal medium agar plates lacking uracil (0.54% yeast nitrogen
base without amino acids, 0.12% yeast drop-out mix without Ura, 2% glucose, and 2% agar) to select
yeast colonies that acquired the plasmid. These colonies were then cultured in 20 ml of MM-Ura medium

(0.67% yeast nitrogen base without amino acids, 0.19% yeast drop-out mix without Ura, and 2%
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glucose) and grown for 24 h at 28°C and 200 rpm. The MM-Ura yeast pre-culture was used to inoculate
100 ml of MM-Ura medium to a final ODego 0f 0.2, followed by a 12 h incubation period (28°C and 200
rpm). The second pre-culture was inoculated into 4.5 | of YPGE2X medium (2% yeast extract, 2%
bactopeptone, 1% glucose, and 2.7% ethanol) to a final ODggo 0f 0.05 and grown for 36 h (28°C and 175
rpm). ATP13A2-BAD expression was induced with 2% galactose, followed by a second galactose

induction 12 h later. After another 12 h, the pellet was collected (1,000 x g; 10 min; 4°C).

Yeast membrane preparation — Yeast cells were broken with glass beads using a BeadBeater (BioSpec
products). The lysis buffer contained 50 mM Tris-HCI (pH 7.5), 1 mM EDTA, 0.6 M sorbitol, 1 mM
phenylmethylsulfonyl fluoride and SigmaFast protease inhibitor. To remove cell debris and nuclei, the
crude extract was centrifuged at 2,000 x g for 20 min (4°C). The supernatant (S1) was centrifuged at
20,000 x g for 20 min (4°C) to pellet the heavy membrane fraction (P2), and the resulting supernatant
(S2) was further centrifuged at 200,000 x g for 1 h (4°C). The resulting pellet (i.e., the light membrane
fraction, P3) was resuspended in 20 mM HEPES-Tris (pH 7.4), 0.3 M sucrose and 0.1 mM CaCl,. The

total protein concentration was determined using a Bradford assay (B6916, Sigma-Aldrich).

ATP13A2-BAD purification — The method used to purify ATP13A2 was based on the purification of
overexpressed Drs2p from yeast membranes*’. Yeast P3 membranes were diluted to 5 mg of total
protein/ml in SSR buffer (50 mM MOPS-KOH (pH 7), 100 mM KCI, 20% glycerol, 5 mM MgCl,, 1
mM DTT, and SigmaFast protease inhibitor cocktail) and solubilized using DDM, with a detergent to
protein ratio of 1:1. The samples were stirred on ice for 30 min, followed by centrifugation (100,000 x
g; 1 h; 4°C) to pellet non-solubilized membranes. The solubilized material was incubated with
streptavidin beads for 4 h (4°C) to allow binding of BAD-tagged ATP13AZ2 to the resin. To eliminate
unbound material, the resin was washed four times with three resin volumes of SSR buffer supplemented
with 0.5 mg/ml DDM. Subsequent cleavage by thrombin (0.0625 U/mg total protein) allowed the release
of ATP13A2 from the beads by overnight incubation at 4°C. Finally, a Vivaspin Turbo 4 concentrator
(100 kDa MWCO, Sartorius) was used to concentrate the sample. The protein concentration was
determined using a Bradford assay. The quality of the purification was evaluated via SDS-PAGE

followed by Coomassie staining or immunoblotting, as described previously®!. Furthermore, the
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purified ATP13A2 sample was analyzed by linear mode MALDI-TOF MS (Applied Biosystems 4800
Proteomics Analyzer) in the presence of a-Cyano-4-hydroxycinnamic acid as matrix and after C4 omix

(Agilent) pipette tip purification.

Reconstitution of yeast membranes — To reconstitute yeast membranes, we followed a similar strategy
as described before*®. P3 membranes from the yeast membrane preparation expressing the ATP13A2-
BAD construct were solubilized in buffer T (10 mM Tris-HCI (pH 7.4) and 1 mM EDTA) supplemented
with 1.4% DDM. After removing the insoluble fraction by ultracentrifugation (30 min; 200,000 x g),
the detergent extract was supplemented with 4.5 mM egg phosphatidylcholine and 0.5 mM 18:1 PA (in
buffer T containing 0.7% DDM). The extract was then treated with Bio-Beads to remove the DDM and
reconstitute proteoliposomes (i.e., “no ATP inside” condition). To generate proteoliposomes that
contained intraluminal ATP (i.e., “ATP inside” condition), we added 5 mM ATP and an ATP-
regenerating system before incubation with the Bio-Beads. Finally, the vesicles were recovered by
ultracentrifugation (1 h; 200,000 x g) and resuspended in buffer T. The protein concentration was

determined using a Bradford assay.

Transport assay using reconstituted vesicles — ®H-SPM uptake into freshly prepared vesicles was
measured within 60 min. The above-described vesicles (“no ATP inside” or “ATP inside”) were diluted
to 1 pg/ul in buffer T. The reactions were performed for 10 min (30°C) in a final volume of 1 ml. The
assay reaction mixture contained 50 mM MOPS, 100 mM KCI, 11 mM MgCl;, 1 mM DTT and
reconstituted vesicles (45 pg). The reaction was started by adding 1 mM ®H-SPM. For the condition “no
ATP inside”, 5 mM ATP and an ATP-regenerating system were added after Bio-Bead treatment, prior
to the addition of 3H-SPM. The reaction was stopped by filtering the samples through Millipore filters
(0.45 pm). Following washing of the filters with assay buffer, radioactivity retained on the filters was

counted using a liquid scintillation counter (Liquid Scintillation Analyzer TRI-CARB 2900TR).

Cellular transport assay and endocytosis assessment — BODIPY-SPD and BODIPY-SPM were
synthesized as described previously (compounds 14 and 15, respectively)®®. The cells were seeded in
12-well plates (1.0 X 10° cells per well) and the next day, the cells were incubated with 5 uM BODIPY -

SPM or BODIPY-SPD for 2 h before harvesting. To assess endocytosis, the cells were pre-treated (30
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min) with the endocytosis inhibitors Dynasore (100 uM), genistein (50 uM) and/or Pitstop 2 (50 uM)
prior to the addition of either 20 pg/ml FITC-dextran or BODIPY-SPM (2 h and 37°C). The cells were
then collected (300 x g, 5 min), washed and resuspended in PBS containing 1% BSA. Finally, an Attune
Nxt (Thermo Fischer Scientific) flow cytometer was used to record the mean fluorescence intensities

(MFI) of 10,000 events per treatment.

Metabolomics — Cells were grown into a 6-well plate and extracted as described previously®. Briefly,
the medium was removed and cells were washed with a 0.9% NaCl solution. The washing solution was
removed and 150 pl of a 6% trichloroacetic acid (TCA, Sigma) was added for the extraction. Using a
cell scraper, the full extract was transferred into an eppendorf and incubated for 30 min on ice.
Insolubilities such as precipitated proteins were removed by centrifugation for 20 min at 20,000 x g at
4°C. To 100 pl of the supernatant, 900 pl of a 100 mM sodium carbonate buffer (pH 9.0) was added.
Next, 25 ul of isobutyl chloroformate (Sigma) was added and the mixture was incubated for 30 min at
35°C. 800 pl of the reaction mixture was transferred to a 2 ml eppendorf tube and 1 ml of diethylether
(Sigma) was added. The mixture was vortexed vigorously and placed for 15 min at 25°C. 900 pl of the
upper phase was transferred into an eppendorf and dried using a vacuum centrifuge. Finally, the dried
extract was dissolved in 125 pl of a 50% acetonitrile (LC-MS grade, Merck) solution in water containing
0.2% acetic acid. Medium samples were extracted by adding 100 ul of 4% TCA to 100 pl of medium.

The subsequent modifications were similar as described above.

15 pl of the extract was loaded onto a Thermo Scientific Liquid Chromatography QQQ (Quantiva,
Thermo Scientific) equipped with an ACQUITY UPLC BEH C18 (1.7 um, 2.1 x 100 mm) column from
WATERS. Solvent A consisted of ultrapure H>O with 0.2% acetic acid while solvent B was acetonitrile
(Merck) with 0.2% acetic acid; all solvents used were LC-MS grade. Flow rate remained constant at 250
pl/min, and the column temperature remained constant at 30°C. A gradient for the separation of modified
polyamines was applied as follows: from 0 to 2 min 20% B, from 2 to 10 min a linear increase to 85%
B was carried out and remained at 85% B until 17 min. At 18 min the gradient returned to 20% B. The
method stopped at 22 min. The MS operated in positive ion mode (3500 V); the source settings were as

follows: Sheath gas at 50, Aux Gas at 10. lon Transfer tube was heated at 325°C and Vaporizer
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temperature was set at 350°C. The MS operated in MRM mode and used the following transitions:
ornithine (parent m/z at 333.2 --> fragment 315.2, collision energy at 10.25V), putrescine (parent m/z
at 289.2 --> fragment 215.2, collision energy at 10.25V), SPD (parent m/z at 446.4 --> fragment 198.2,
collision energy at 23.6V) and SPM (parent m/z at 603.4 --> fragment 455.1, collision energy at 19.91V).

Peak area was integrated using the XCalibur Quan tool (version 4.2.28.14, Thermo Scientific).

Preparation and characterization of acidic nanoparticles — Acidic nanoparticles were prepared as
previously described?!. Briefly, 31 mg of Resomer® RG 503H (lactide to glycolide ratio 50:50,
molecular weight 24-38 kDa) was dissolved in 3.1 ml of THF and subsequently 200 ul of this solution
were added to 20 ml of ultrapure water under sonication. The suspension was then concentrated at the
rotary evaporator to a final volume of approximately 12 ml, resulting in a concentration of 0.167 mg/ml.
The size distribution of prepared nanoparticles was measured using a Wyatt DynaPro DLS plate reader
(Wyatt, Santa Barbara, USA), employing an 830 nm laser in a flat-bottom 384-well plate (Greiner,

Frickenhausen, Germany) at 25 °C and 10 measurements were averaged per experiment.

MUH cytotoxicity assay — SH-SY5Y cells were seeded in 96-well plates (1 X 10* cells per well) and
allowed to adhere overnight. The cells were subsequently treated with increasing doses of the indicated
compounds for 24-48 h. Following exposure, the cells were washed with PBS and stained with 300
pg/ml MUH (prepared in DMSO, dissolved in PBS) for 30 min at 37°C. Cytotoxicity was read using a
FlexStation 3.0 multi-well plate reader (Molecular Devices; excitation 360 nm, emission 460 nm, and

cut-off 455 nm). Data were expressed relative to control.

PI exclusion assay — Cells were seeded in 12-well plates (1.0 X 10° cells per well) and the next day, the
cells were treated with increasing doses of SPM, alone or in combination with the CTSB inhibitor CA-
074 (25 UM, 1 h pre-incubation) or acidic nanoparticles (180 ng/ml, 1 h pre-incubation), and incubated
for 24 h at 37°C. Thereafter, the cells were harvested following trypsinization and a brief centrifugation
(300 x g; 5 min), washed with PBS and stained with 1 pg/ml P1 (in PBS containing 1% BSA). An Attune
Nxt (Thermo Fischer Scientific) flow cytometer was used to determine the proportion of Pl-positive

cells (10,000 events per treatment).
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FITC-dextran based lysosomal pH — Adapted protocol from®%2, SH-SY5Y cells were seeded in 12-
well plates (1.0 X 10° cells per well) and allowed to adhere overnight. Cells were exposed to 50 pg/ml
FITC-dextran for 72 h. Samples were then washed, placed in fresh media for 2 h prior to treatment with
SPM (10 uM) alone or in combination with acidic nanoparticles (180 ng/ml, 1 h pre-incubation) for a
further 4 h. Samples were then collected by centrifugation (300 x g, 5 min) and washed in PBS. Cells
were finally re-suspended in 500 pl of PBS containing 1% BSA and FITC dual emission was assessed
by flow cytometry (excitation 488 nm, emission 530 nm (BL1) and 600 nm (BL2)) of 10,000 events per
condition using an Attune NXT flow cytometer (Thermo Fisher Scientific). The emission ratio
(BL1/BL2) of all samples were compared to a standard curve, whereby signals were obtained from
untreated cells resuspended in monensin (100 uM) containing Britton Robinson buffer with increasing

pH (3.0-8.0).

Lysosomal degradative capacity — Cell lines were seeded in 12-well plates (1.0 X 10° cells per well)
and the next day, the cells were pre-treated with SPM (10 uM) for 1 h at 37°C. For samples requiring
acidic nanoparticle exposure, cells were treated with 180 ng/ml 1 h prior to SPM addition. Subsequently,
5 pg/ml DQ-Green BSA was added to the cells for a further 3 h (37°C). Finally, the cells were collected
(300 x g, 5 min), and the MFI of 10,000 events were assessed using an Attune Nxt (Thermo Fischer

Scientific) flow cytometer.

Cathepsin activity assays — SH-SY5Y cells were seeded in 10 cm plates (2 X 10° cells per plate) and
allowed to adhere overnight prior to treatment with 10 uM SPM for 4 h at 37°C. For samples requiring
acidic nanoparticle addition, 180 ng/ml nanoparticles were added 1 h prior to SPM addition. Next, the
samples were harvested using TRYPLE and a brief centrifugation (300 x g; 5 min). CTSB (ab65300)
and CTSD (ab65302) activities were assessed using commercially available kits (Abcam) according to
the manufacturer’s instructions. MFI were acquired using a FlexStation 3.0 multi-well plate reader

(Molecular Devices).

Lysosomal membrane integrity — SH-SY5Y cells were seeded in 12-well plates (1.0 X 10° cells per

well) and the next day, the cells were incubated with 5 pg/ml AO (dissolved in media) for 15 min at
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37°C. Thereafter, the medium was discarded, the cells were washed, and fresh medium was added. For
samples requiring acidic nanoparticles, cells were treated with 180 ng/ml 1 h prior to SPM addition. The
cells were then treated with 10 uM SPM for 4 h at 37°C. Finally, the cells were collected and
resuspended in PBS containing 1% BSA. The MFI of 10,000 events was captured using an Attune Nxt

(Thermo Fischer Scientific) flow cytometer.

BODIPY-SPM localization and lysosomal rupture analysis — For all immunofluorescent stainings
SH-SYS5Y cell lines were seeded in 12-well plates (0.25 X 10° cells per well on coverslips) and the next
day, the cells were incubated with the indicated compounds for 4 h at 37°C. For BODIPY-SPM analysis,
cells were pulsed with 5 uM SPM for 15 min, washed and chased in fresh media for a further 105 min
at 37°C. Following treatments, the cells were washed twice in PBS, fixed in 4% paraformaldehyde for
30 min (37°C), washed in PBS and stored at 4°C. For immunofluorescence staining, the cells were
washed in PBS containing 0.5% Tween 20 (PBS-T), permeabilized in PBS containing 0.1% Triton X-
100 (30 min) and blocked first in 0.1 M glycine (1 h) and then in PBS-T containing 1% fetal calf serum
and 10% BSA (30 min). Gal-3-, LAMP1- and cathepsin B-specific antibodies were used at a dilution of
1:100-200 (in PBS-T containing 1% BSA) overnight at 4°C. Subsequently, the samples were washed
and incubated with Alexa Fluor™ secondary antibody (1:1,000; 30 min). To assess FITC-dextran
release, cells were loaded with 50 pg/ml FITC-dextran for 72 h, cells were then washed and placed in
fresh media for 1 h prior to SPM (10 uM) addition. To visualize the nucleus, all samples were stained
with DAPI (200 ng/ml, 15 min). Following staining, the samples were fixed to slides, and images were
acquired using an LSM780 or LSM880 confocal microscope (Zeiss). For the acquisition of BODIPY -
SPM, images were taken with equal settings to confirm uptake potential of ATP13A2 (Extended data
Fig. 1i). To assess the intracellular distribution of BODIPY-SPM (Fig. 2d and Extended data Fig. 1j-1),
microscope settings were optimized per cell type to allow a comparable assessment of BODIPY-SPM

localization in KO/WT and KO/D508N cells.

Neuron isolation — Primary cortical neurons were derived from E16 FVB/N mice embryos. Pregnant
mice were sacrificed on gestation day 16 by cervical dislocation. E16 mice pup brains were collected

and placed in a dish containing calcium- and magnesium-free Hanks’ Balanced Salt Solution (HBSS,
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Life Technologies, 14180-046) on ice. Both cerebral hemispheres were separated from the cerebellum.
Meninges were removed from the cerebral hemispheres and the brain cortices dissected. Brain cortices
were collected, washed twice and digested with 0.05% trypsin (Life Technologies, 25300-054, 10 min
at 37°C). Trypsin reaction was terminated by the addition of 7 ml HBSS and 1 ml of horse serum. Cells
were separated by pipetting and filtration through a cell strainer (40 pm, Falcon, 352340). Cells were
centrifuged at 1,000 rpm for 5 min (4°C), the supernatant discarded and the pellet suspended in 5 ml
Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich, D6546) containing GlutaMAX (Life
Technologies, 31966-021) containing 5% horse serum (Life Technologies, 26050-088) and 20 mM
glucose (Sigma-Aldrich, 8270). Primary cortical neurons were plated in 12 well plates, on cover slips
coated with poly-D-lysine (Sigma-Aldrich, P6407). After an overnight incubation, cell medium was
exchanged for Neurobasal medium (Life Technologies, 21103-049) supplemented with 2 mM L-

glutamine (Life Technologies, 25030-24) and 2% B27 (Life Technologies, 17504-044).

Atpl3a2 knockdown and rescue in isolated cortical neurons — For knockdown, microRNA (miR)
based short-hairpin lentiviral vectors were generated as described®. The two most potent miR’s against
mouse Atpl3a2 (mouse miR-3: CCACGCCGAAACACTCGTTATA and mouse miR-5:
CGCCGAAACACTCGTTATAGAA) were used to induce knockdown in mouse primary neurons. A
miR  targeting  firefly luciferase = (Fluc) was used as a control (miR-Fluc,
ACGCTGAGTACTTCGAAATGTC). Primary neurons were transduced 4 days after isolation, 72 h
prior to experimentation. For rescue of ATP13A2 expression in knockdown conditions, neurons were
subjected to a second round of transductions with either human WT or D508N variants of ATP13A2,
24 h post miR addition. Fluc was used as an overexpression control. At day 7 post-isolation, cells were
treated with 10 uM SPM for 24h. To test the contribution of CTSB in SPM-induced cell death, neurons
were pre-treated (30 min) with 10 uM CA-074. Knockdown efficiency was validated with gRT-PCR on
mMRNA levels 72h after transduction using the following primers (Atpl3a2 Fw:
CATGGCCCTCTACAGCCTGA; Atpl3a2 Rv: CTCATGAGCACCGCAACCGT) with Gapdh as
internal control (Fw: TGTGTCCGTCGTGGATCTGA; Rv: CCTGCTTCACCACCTTCTTGA). All

mouse primary neuron experiments were carried out in accordance with the European Communities
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Council Directive of November 24, 1986 (86/609/EEC) and approved by the Bioethical Committee of

the KU Leuven (Belgium) (ECD project P185-2014).

TUNEL staining — TUNEL staining was assessed according to the manufacturer’s protocol for the
Click-iT Plus TUNEL assay (ThermoFisher, C10617). DAPI was used as a nuclear counterstain and

images were acquired using a Leica LSM780 confocal microscope.

C. elegans — During routine culture, nematodes were grown on NGM (nematode growth medium) using
E. coli strain AMA1004 as food source® . In order to reduce the likelihood that bacterial catabolism
and divalent cations would interfere with SPD assays, these were done using DCDA (divalent cation
depleted agar) plates, which do not permit bacterial growth. This medium contains; a) 2% agar (Carl
Roth 5210) that has been washed with 50 mM EDTA, followed by multiple washes with reverse osmosis
purified water, b) 50 mM HEPES pH 7.4 and c) 20 pug/ml kanamycin. Spermidine trihydrochloride (1
M stock solution; Sigma S2501) was added to a final concentration of 5 mM after microwaving to melt
the agar. Assays were done in 35 mm plates that contained 1 ml of DCDA. Approximately 2 pl of E.
coli was transferred to each assay plate from the lawn of a seeded NGM plate. In each case, multiple
adult hermaphrodites were added to the assay plate and allowed to lay eggs for 8 h (data sets 1 and 3)
or 15 h (data set 2) at 23.5°C, then removed. Incubation of plates at 23.5°C was continued until the 0
mM SPD N2 plates contained many mid-late stage L4s, at which point worms were rinsed off the plates
and stored in microfuge tubes at -20°C. Worm lengths were determined by mounting the thawed (dead)
animals on an agarose pad covered by a coverslip, capturing images using a Leica M205 FA microscope
equipped with digital camera plus software, and measuring the length of each worm from snout to tail
tip using Image J.

C. elegans expresses three ATP13A2 orthologues: CATP-5-7. Therefore in this study the following
mutant alleles were used, each of which was backcrossed to N2 Bristol at least three times: catp-
6(0k3473) IV, catp-7(tm4438) IV, catp-5(tm4481) X%, Each of these is a null allele, so they are referred
to in the text as catp-#(0).

Transgenic strains carrying extrachromosomal arrays with the pRF4 rol-6(su1006) plasmid were
generated by microinjection and maintained as described previously®’. Injection mixes typically
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contained 100 pg/ml pRF4, plus 30 pg/ml of the test construct. In some cases, Pmyo-2::gfp was included
at approximately 5 pg/ml as an additional method for detecting transgenic animals. To generate
transport-defective versions of catp-6 and catp-7, plasmids carrying catp-6::mKate2 and catp-7::GFP?
were modified to change the coding sequence for the conserved DKTGT autophosphorylation motif to
NKTGT. Proper expression and subcellular localization of CATP-6::mKate2 and CATP-7::GFP was
verified in the case of all transgenic strains that were used (catp-6(0);[catp-6(+)]) and catp-7(0);[catp-
7(+)] express CATP-6 and CATP-7 WT in the null background, respectively; catp-6(0);[catp-
6(D465N)] and catp-7(0);[catp-7(D503N)] express CATP-6 D465N and CATP-7 D503N in the null

background).

Statistics and Reproducibility— Data are expressed as the mean + S.E.M. or with individual data points
(replicates of multiple independent experiments) shown on group means or box whisker plots (indication
of median, 25 percentile, 75 percentile and minimum to maximum value range). Flow cytometry was
set up and gated as described in Supplementary Figure 2. GraphPad Prism 7.04 was used to plot all
graphs and to perform all of the required statistical and quantitative assessments. Statistical tests for
each graph are described in the legend. The number of independent biological experiments for each
panel is highlighted in the figure legends. For the cell biological experiments using the SH-SY5Y CON,
ATP13A2 KO, KO/WT and KO/D508N cell lines, each cell model is the sum of two independent clones,
each performed a minimum of three independent times. For the quantification of immunoblots and
radiograms, image J and Image Quant programmes were used. Experiments on various model systems
were executed by different researchers, which provided consistent results that independently confirmed

the major conclusions.

Reporting Summary — Further information on research design is available in the Nature research

reporting summary linked to this paper.

Data availability

Gel source data for immunoblots and radiograms (Fig. 1-2, Extended Data Fig. 1-3, 6) are available with

the online version of the paper (Supplementary Figure 1). All other datasets generated within this study
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are presented and analysed within this manuscript and are available from the corresponding author upon

reasonable request.
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Extended Data Figure/Table legends

Extended Data Table 1 — Apparent Ky and Vmax values for ATP13A2 in the presence of various
polyamines. Data are derived from Fig. 1b, f and Extended Data Figure 1e. Data are N = 3 (Spermidine,
N1-acetylspermine), or N=6 (Spermine) biologically independent experiments. * Estimated values

(could not be accurately determined following fitting of the curve).

Extended Data Figure 1 — ATP13A2 is a polyamine transporter.

ATP13A2 ATPase activity was measured in solubilized microsomes (5 ug) harvested from SH-SY5Y
cells stably overexpressing ATP13A2 WT (WT-OE) in the presence of (a) 100 nM CaCl,, MnCl;, ZnCl,
or FeCl; and 100 uM SPD or SPM (D508N-OE as a negative control, WT was referenced from Fig. 1b)
or in the presence of the indicated doses of (b) inorganic ions and heavy metals CaCl,, MnCl,, ZnCl; or
FeCls; (c) diamines (cadaverine, agmatine and amino-acid L-arginine); (d) monoamines (dopamine and
histamine); and (e) acetylated polyamines (N*-acetylspermine, N&-acetylspermidine, or NZ-
acetylspermidine). As a reference for (c-e), we plotted the dose-response curve of SPM from Fig. 1b. (f)
20 g of microsomes harvested from SH-SY5Y cells that overexpress ATP13A2 were incubated for 60
s with [y-*2P] ATP in the presence of 10 mM ornithine (ORN) or SPM (referenced from Fig. 1c). The
left panel shows a representative autoradiogram of the phospho-enzymes (EP), while the right panel
depicts the quantification. (g) ATPase activity of purified ATP13A2 was assessed following 1 mM SPM
+/- 0.25 mM orthovanadate (ORTH), a general P-type ATPase inhibitor (supplemented with 125 yuM
PA/PI(3,5)P2; conditions (-) and (-)/SPM refer to Fig. 1f). (h) Purified ATP13A2 was incubated with
[y-2P] ATP in the presence of 1 mM SPM, and radioactivity (phospho-intermediate) assessed by
scintillation counting. (i) Confocal microscopy comparison of pulse (5 uM, 15 min) chase (105 min,
medium) BODIPY-SPM uptake in KO/WT and KO/D508N cell lines. Cells were subsequently stained

with LAMP1 and imaged with the same laser settings by confocal microscopy. DAPI was used to
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visualize the nucleus. Scale bar = 5 um. (j) Line intensity plots of indicated dashed lines in (Fig. 2d).
(K) Pearson’s coefficient analysis of LAMP1/BODIPY-SPM of images in Fig. 2d (KO/WT; 78 images
vs. KO/D508N; 85 images). (I) Mean fluorescent intensities of BODIPY in DAPI positive regions of
samples in Fig. 2d (KO/WT; 233 nuclei vs. KO/D508N; 243 nuclei). MFI, mean fluorescence intensities.
(-), vehicle treated sample. Data are presented as the mean + S.E.M. or mean with individual data points
shown (points represent replicates), where N (number of independent biological experiments) equals N
= 3. Analysis by one-way ANOVA with Dunnett’s (f) or Tukey’s (@, g) corrections, or by two-tailed t-
test (unpaired, h or Welch’s, k-1). Fitted lines: semi-log line (b) or nonlinear allosteric sigmoidal (c-e).

For gel source data, see Supplementary Figure 1.

Extended Data Figure 2 — Streptavidin-based purification of ATP13A2 WT and catalytically dead
E343A mutant. (a) Coomassie staining showing the ATP13A2 WT purification process, starting from
solubilized yeast membrane fractions, followed by streptavidin affinity chromatography and on-column
thrombin cleavage to elute the protein. (b) Western blot analysis of ATP13A2 purification. (c) Bar graph
depicts protein purity as determined by densitometry of Coomassie-stained SDS-PAGE. (d) Mass
spectrometry analysis of the purified ATP13A2 sample. Single, double and triple charged species are
indicated. (e) To evaluate phospho-enzyme formation, yeast P3 membranes (20 ug) and purified
ATP13A2 (1 ug) were incubated for 60 s with [y-**P] ATP. As a positive control, microsomes harvested
from SH-SY5Y cells that overexpress ATP13A2 WT (20 pg) were used. The provided image is a
representative radiogram depicting the ATP13A2 phospho-enzyme (EP). (f) The ATPase activity of
purified ATP13A2 (0.3 pg) was measured in the presence of 2 mM SPM and the indicated
concentrations of the ATP13A2 regulatory lipids phosphatidic acid (PA) and
phosphatidylinositol(3,5)bisphosphate (PI(3,5)P2). (g) Coomassie staining showing the ATP13A2
E343A purification process. (h) The ATPase activity of purified ATP13A2 WT or E343A (0.5 pg) was
measured in the presence of the indicated concentrations of SPM with 125 uM phosphatidic acid and
125 pM phosphatidylinositol(3,5)bisphosphate. Data are expressed as mean with individual data points

(points represent replicates) (c, h). The values of N (independent biological experiments) equals N = 3:
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b, e-h; N =6: d; and N = 22: a, c. Analysis by one-way ANOVA with Tukey’s post hoc correction (h).

For gel source data, see Supplementary Figure 1.

Extended Data Figure 3 — Confirmation of CRISPR/Cas9-mediated ATP13A2 KO and subsequent
rescue with ATP13A2 WT or D508N. (a) The ATP13A2 KO cell lines (KO) were generated by
CRISPR/Cas9 in SH-SY5Y cells and confirmed by gRT-PCR (top) and immunoblotting (bottom).
ATP13A2 mRNA expression was normalized to HPRT and TBP, while GAPDH was used as a loading
control for the ATP13A2 protein levels. Two fragments of the same blot are depicted and separated by
a dotted line. (b) Rescue of ATP13A2 KO was performed by lentiviral transduction to express ATP13A2
WT (KO/WT) and the catalytically dead mutant D508N, which was used as a negative control
(KO/D508N). The expression of the ATP13A2 constructs was confirmed via immunoblotting. The
number of biologically independent experiments equals N = 1: a (upper panel); or N = 3: a (lower panel),

b. For gel source data, see Supplementary Figure 1.

Extended Data Figure 4 — ATP13A2 polyamine uptake complements cytosolic polyamine
synthesis. (a-¢) Flow cytometry assessment of the cellular uptake of BODIPY-labelled polyamine
analogues (a, b) or FITC-dextran (c). Uptake of BODIPY-SPD (a) or BODIPY-SPM (b) in SH-SY5Y
cells overexpressing firefly luciferase (Fluc, negative control), ATP13A2 WT (WT-OE) or the
catalytically dead mutant D508N (D508N-OE). The cells were incubated with 5 uM BODIPY-SPM or
-SPD for 2 h prior to flow cytometric analysis. (c¢) Analysis of FITC-dextran uptake (measure of
endocytic capacity) was performed in SH-SY5Y control (CON) cells with endogenous ATP13A2
expression, ATP13A2 KO cells (KO) and rescue cell lines with expression of ATP13A2 WT (KO/WT)
or the D508N mutant (KO/D508N). The cells were pre-treated (30 min) with a combination (combo) of
endocytosis inhibitors Dynasore (100 uM), Genistein (50 pM) and Pitstop 2 (50 uM). The cells were
incubated for an additional 2 h with FITC-dextran at 37°C, followed by FACS analysis. (d) Schematic
representation of polyamine synthesis. ORN, ornithine; PUT, putrescine; SPD, spermidine; SPM,
spermine; ODC, ornithine decarboxylase; SRM, spermidine synthase; SMS, spermine synthase. Specific
inhibitors are indicated in red (ODC inhibitor DFMO, D,L-alpha-difluoromethylornithine; SRM

inhibitor 4MCHA,  cis-4-methylcyclohexylamine; and SMS inhibitor APCHA, N-(3-
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aminopropyl)cyclohexylamine). CON, KO, KO/WT or KO/D508N cells were subjected to inhibition of
polyamine synthesis by DFMO (e), 4AMCHA (f) and APCHA (g) prior to measuring cell viability via
MUH (4-methylumbelliferyl heptanoate) assay. All data represent the average of two independent
CRISPR/Cas9 KO and control clones. All data are presented as means with data points overlaid (points
represent replicates) or = S.E.M. The value of N (biologically independent experiments) was N = 3: (a-
b); or N = 4: (c, e-g). According to one-way ANOVA with Dunnett’s post hoc correction (a-b) or
Tukey’s multiple comparison (C) or two-way ANOVA with Dunnett’s (e-g). Fitted lines: nonlinear

log(inhibitor) vs. response (variable slope) (e-g).

Extended Data Figure 5 — ATP13A2 catalytic and clinical mutations perturb polyamine function.
(a) Sequence alignment of predicted transmembrane helices M4, M6 and M8. The alignment was
generated using Clustal Omega. We generated mutants in M4 (A467V), M6 (D962N), and M8
(K1062A). The A467V mutation converts PPALP of the predicted substrate binding site in
transmembrane segment M4 into PPVLP that is present in ATP13A54%, Also neighbouring membrane
helices contribute to substrate coordination in P-type ATPases, which often relies on conserved and
charged residues, such as D962 in M6 and K1062 in M8 of ATP13A2% (b) Densitometry of the
expression of catalytic mutants presented in Fig. 2e. (¢) Flow cytometric analysis of cellular BODIPY -
SPD uptake in SH-SY5Y cells overexpressing ATP13A2 WT, D508N or catalytic mutants. (d)
Quantification of ATP13A2 phosphorylation levels (EP) presented in Fig 2g. (e) Densitometry of the
expression of disease related mutants presented in Fig. 2i. (f) Flow cytometric analysis of cellular
BODIPY-SPD uptake in SH-SY5Y cells overexpressing ATP13A2 WT, D508N or disease mutants. (g)
Quantification of ATP13A2 phosphorylation levels presented in Fig. 2k. All data are depicted as means
with individual data points (points represent replicates). The values of N (independent biological
experiments) were N = 3: b-c, d (D508N (SPM), A467V (SPM), D962N (SPM), and K1062A (SPM)),
e (T12M, G872R), f, g (T12M (-), T12M (SPM), T5121 (SPM), G528R (SPM), A741T (SPM), and
G872R (SPM)); N = 4: d (D508N (-), A467V (-), DI62N (-), and K1062A (-)), e (WT, T512l, G528R,

AT741T), g (WT (-), T512I (-), G528R (-), A741T (-), and G872R (-)); N = 5: d (WT (-)); N=6:d (WT

32



(SPM)), g (WT (SPM)). Analysis by one-way ANOV A with Dunnett’s (b-c, e-f) or two-way ANOVA

with Sidak’s (d, g) post hoc corrections.

Extended Data Figure 6 — ATP sensitivity of ATP13A2 mutants D962N and E343A is SPM-
independent. (a) Overview of rate constants of ATP13A2 phospho-enzyme decay following a chase
with non-radioactive ATP with or without 1 mM SPM. (b) Following 30 s of incubating D962N
microsomes (20 ug) with [y-32P] ATP, the time course of dephosphorylation after an ATP chase was
measured in the presence or absence of spermine (SPM). The upper panel shows a representative
autoradiogram of the phospho-enzymes (EP), while the lower panel depicts the quantification of
ATP13A2 phosphorylation levels. As a reference, we plotted the WT curve, shown in Fig. 1d. Data are
presented as the mean + S.E.M. N = 4 biologically independent experiments. Analysis by two-way
ANOVA with Tukey’s test (b). Fitted line: two phase decay (b). For gel source data, see Supplementary

Figure 1.

Extended Data Figure 7 — Predicted ATP13A2 topology. (a) Homology model of ATP13A2 based
on the structure of Na*/K*-ATPase (ATP1AL, PDB file 3A3Y) as a template, generated by iTASSER

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/)*®%,  (b) Predicted membrane topology of

ATP13A2 visualized by Protter® (http://wlab.ethz.ch/protter). ATP13A2 consists of 10 transmembrane

helices (M1-10) and an N-terminal membrane-associated region (Ma)®. Kufor-Rakeb syndrome [KRS]-
associated mutations are highlighted in red; early-onset Parkinson’s disease [EOPD]-associated
mutations in green; hereditary spastic paraplegia [HSP]-associated mutations in light blue; neuronal
ceroid lipofuscinosis [NCL]-associated mutations in orange. Catalytic mutations and mutations in the
predicted substrate-binding region were highlighted as dark blue. Residues that were subjected to
mutagenesis in this study are labelled. P-type ATPase signature motifs in the cytosolic domains are

indicated in pink (only in b).

Extended Data Figure 8 — Lysosomal functionality and recovery. The impact of exogenous
polyamines on cell toxicity (24 h) and lysosomal functionality (4 h) was assessed in SH-SY5Y control
cells (CON) with endogenous ATP13A2, ATP13A2 KO cells (KO) and rescue cell lines with WT

expression (KO/WT) or expression of the catalytically dead mutant D508N (KO/D508N) on the KO
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background. Cytotoxicity of spermidine (SPD) (a), spermine (SPM) (b), ornithine (ORN) (c) and
putrescine (PUT) (d) were assessed via a 4-methylumbelliferyl heptanoate (MUH) cell viability assay.
(e) Cell death of the aforementioned cells was assessed after 4 h SPM exposure (10 uM) by propidium
iodide (PI) based flow cytometry. (f) Measurement of cathepsin D activity. (g-h) Lysosomal rupture
under basal (-) and SPM (10 pM) conditions was assessed via loss of FITC-dextran (FITC-DEX)
punctae (g), or loss of cathepsin B (CTSB)/Lampl co-localization (h). Confocal images depict
representative images with or without SPM exposure (4 h, DAPI staining for nuclei was included as a
reference). Scale bar, 10 um. The box and whisker plots in (g) depict the frequency (left) and size (right)
of FITC-DEX punctae; in (h) the Pearson coefficient of co-localization of CTSB and Lampl. (i)
Lysosomal pH (Fig. 3b) was evaluated using the fluorescent probe FITC-dextran and a dual-emission
ratio-metric technique. FITC is excited at 488 nm and emission analyzed at 530 nm (BL1) and 610 nm
(BL2). A pH calibration curve was generated using FITC-dextran in cells permeabilized with 100 uM
monensin and equilibrated with calibration buffers (pH 3-8). (j) Representative size distribution of the
acidic nanoparticles used in this study. (-), vehicle treated. Data are presented as the mean £ S.E.M. (a-
d, i) or individual data points (representing replicates) overlaid on group means (€) or box and whisker
plots (f-h, line = median, 25/75 percentiles). The values of N (independent biological experiments) were
N = 3: (e-j); and N = 4: (a-d). Analysis by two-way ANOV A with Dunnett’s (a-b) or Bonferroni’s (c-
d), or one-way ANOVA with Dunnett’s (e), Sidak’s (f-g (right)) or Tukey’s post hoc corrections (g

(left), h). Fitted lines: nonlinear log(inhibitor) vs. response (variable slope) (a-b).

Extended Data Figure 9 — Inhibition of cathepsin B activity attenuates SPM-induced neuronal
death. The effect of cathepsin B inhibitor (CA-074, 10 pM) on SPM-induced (10 puM, 24 h) cell death
in control (miR-Fluc) and Atp13a2 knockdown (miR-3 and miR-5) neurons was assayed via TUNEL-
based staining. Left, representative confocal images; right, box and whiskers plot depicting TUNEL
positivity. Data are presented as box and whisker (line = median, 25/75 percentiles) plots for which
individual data points (representing replicates) are shown (N = 3 biologically independent experiments).

Analysis by one-way ANOVA with Tukey’s post hoc correction.

34



Figure 1

a @] OH
H>N
NH, NH, H 2
ORN PUT SPD
b C d Time after addition (s)
SPM (mM) cold ATP cold ATP/SPM
&
150+ S & Q Q
Iggg’ O XTI A D ORI PP QR
125- P[0 . - EP[ e o o -
- '
>\._
ZE . 100
= 5 1001 = 125 1 — codatP TP <0001
= —_ =0 — cold ATP/SPM
© T S < 10073 S o 801
() ) 75+ < = ~
0 c E c e
< o
sz 2 o 753 =3 601
E S 501 T 2 g_g
< g E 5 50 = © 401
25 o LS £
= oo i
o g 25 L e 20
0 T T E 0 T T T m 0 T T T 1
0001 0.01 01 10 0.001 001 0.1 1 10 0 30 60 90 120
mM SPM (mM) Time after addition (s)
f g h M | @
1
1
1
right-side-out: 1
1757-e- spm 1
1
1501 120 —@— w7 (aTP) I
P =0.0001 l/ 1
> E [+ WT (ATP/SPM) l
= £ 1251 100 —k— E343A (ATP) 1
; B-) ; 2 —W— E343A (ATPISPM) !
© E 100+ 2 o 807 :
2 a 5 o inside-out: |
© 2 751 S ML - '
o — o ; -
5 2 50 x E 407 i
< s ° WT E343A
- 20 —
28 kpa -+ -+ luminal ATP
0 o T T 1
0.001 0 20 40 60 WB 120 {#% s o M | ATP13A2

Time after addition

(s)

e

ATPase activity

o

Relative *H-SPM uptake

nmol ADP/mg/min

H
H2N\/‘\/N\/\/\H/\/\NH2

SPM

1757-e- PA/PI(3,5)P2

150-+ PA
PI(3,5)P2
125_+ no |Ip|d
1004
44
751
501
251
4/!
0: T i i Ll
0.001 0.01 0.1 1 10
SPM (mM)
F e 2
S\ X
& <2°§o SR
PRSI S SR A )
B WT
N E343A
3_
2_
CELEL
P < 0.0001
0 T T T T T T T T T T
010 010 010 010 o010
Time (min)



Figure 2

Q
O

- CON K O - CON KO KO/WT KO/D508N
- - Ko KO/WT KO/D508N }
o 3 > - 00002 ° 151 350,000 P =0.0094
- - P<00001 P =0.0121 P <0.0001 =
s » - 00207 s " - 00007 = 300,000 T r P=o00128
© - © = P =0.0130 . _P=00419
o o ° o < 250,0001 -
c x 21 c x 107 s P =0.0286
zoe ze o 200,000
© @ © o (/I)
> 2 > 2 > 150,000%
(S ° 3 s =
a o1 a 2 O 100,000
- ; O
2 P =o0.0211 - m 50,000
5 : 2 ‘
2 = L4 L A ]
® 0T —T g 0 0
o 0N IR IR &S IR s <
PRAIPA RPN P R Y R Qe A
o
Y ox
e g Q N S & O3
S S v « & @ &S ¢ Q@ R e S
< S @ m ) & W N < ’Lﬁ\e\ @ « A NN G v
a IO ik + + + + + oa 30 SPM + + + + + +
ATP13A2 SPM . _I‘-----'- ATP13A2
100 EP = 100
wB WB EP
T caror B oo
.
f h J I P =0.0008
1507-M- w T P =0.0284
¥ Ase7vV 500,000 P = 0.0004 500,000 7 P -0.0330
= DpoG2N I,”i = P <0.0001 o P =0.0006
r’ — w
> = ¥ K1062A [ 4 ;400,000- - £ s 400,000 1 QP m
= Z 1001 - = 2 =2
> E = DsosN e : £ - o . .
5 s i 2 | v
o € / S 300,000 o E o 300,000 aA Wv o
o n o N )
o ° N o o > 200,000
200,000 i T
s = o : < o
a o -_ a - _
- £ ) - ° ]
< < o 100,000 7 < £ o) 100,000 7
o < o
0 - 0 T T T




Figure 3

d

o Ko W T  KoID50sN CON KO KO/WTI IKO/D508I\II
ot I 1 11 I I | | { | | | i CON KO KOMWT = KO/DSO8N
' v . lel o ' P <0.0001 } 1 I 11 11 1
- P <0.0001
[[-0- con o < 00001 P <0.0001 4000 <
- P = 0.0008 < T P <0.0001
120 [ o Kot e a0 oo P <0.0001 P<0.0001 = — P <0.0001
— ¥~ KO/D508N P <0.0001 - 20000 L L LL P <0.0001 —
100 3 10q S aaues P - 0.0061 P <0.0001 = 30004 Y
= 80 2 T —_ _ p<ogooi_P<00001 P<0.0001 =
= S 8 LL 150004 ‘;‘
o
Z 5o 5 ] é = ‘ 2 2000+
2 < & 100001 @ [ ® 1
° 40 T s
2 A 0 iT *. al 2 P<00°°1 @ 1000 .L & &
e 2o : o — P<0.0001 2
e, P <0.0001 P <0.0001 2 5000+ P<0.0001 ; O o W P <0.0001
o © T T T T T T T T T T T T T
0.0001 [ P <0.0001
w o T T T T T T T T T T T T T T T T 0 T T T T T T T T T T T T T T ®9Q®§x§ Q®§$Q ®§$Q QQ®QQ$Q
N R R N R N R A K AL L Q\Y Q R AR KR @ X @ @ @
Vet et e VeVt o T el T et e LA AR O S I A ié & & & &
>
o o o o 3 3 K & <
o)
> &
e coN . KO | KOo/wT | r|<0/D5oaN| R o 0(,,0% O$ o 4_0\$ {.0\0
| A \ ) ‘l-
I 1T 1 | 1T 1 KO/WT KO/D508N o ° oV o M
» < 0.0001 / / e L B e P<OOOO1
~ 5 P <0.0001 P 00301 — 60" P<0.0001 P=00071
z 1.5 P = 0.0091 ) P<0.0001 -
z > <0001 s - 00001 e > <0000 o
= 4 -— P <0.0001 _P <0.0001 ©
s © : £ [}
o e :1 0 %40'
P ~ B =
» ; P <0.0001 - 2 q 8
¢ s, N - >
s = o & 20
o = ° ™
= 1 —_— - = v
<t ; “ “% '.*"‘“”“‘“* © iipwame;a ©
= P <0000t © - V]
2 b= 0.0005 N
0 T T T T T T T T T T T 0.0
(O eqxeq e eqxeq O %Qxé \’;Q Qxe @(f@ O(OQ@ O(;;* @(j@
> >
2 K R o2
g KO/W T KO/D508N
CON K O KO /W T KO/D508N : = : : :
1 11 1 1
I 11 1T 1T 1 P < 0.0001
P <0000 P < 0.0001
P <0.0001 P <0.0001 P <0.0001
< 00001 P < 0.0001 P <0000t —— P<000_D1
~ oo P <0.0001 P <0.0001 P <0.0001 . 1007 ’L‘“’:‘
g P < 0.0001 T > g P < 0.0001
>
g Fco.o00t = P <0.0001 o
> - > — e
= 50 = 50 -
» s
(=} o
o a
a o
[ 0 -
(\9‘2@ QQX QQ \,\QQ@ eqx QZ \,\‘j@ gzx gz (\6‘2@ QQX g? Op«: Qﬁ\&ﬁ@ \,\'Q,\:anq\h \,\' A> Q“\%Q\» \,\' «:Q@%Q\‘*
N < < <& A, oF K3 oF K3 oF K3
A 5 o o o o I I
Ov Ov Qv O?




Figure 4
a b Fluc WT-OE D508N-OE m iR -Fluc m iR -3 m iR -5

N ° o S A ° ° S A ° °
& $’\ O% & N Qé & 8 Oé
’\3 100 g P <0.0001
S l_|l_ P=00122
< o
Z 80- - — P <0.0001
s S
E % . P <0.0001 P <0.0001 P <0.0001
% Q 601 < 100 ~
o) N on )
— @© [
o 2 40+ oc 2 I
— 75+
<z S >
S< 20 @ =
oo 1%}
‘_‘3‘ o 50 T
g o B i
N — l?
Y > m‘ 2 25 @ @ é é i i
,Q Q\Q‘((\\Q - =) @_ _— T 000t P <0.0001
\Q~ E [ PTDO(H P cogoey Peo000n P ONNO P <0.0001 P P =0.0436
@ 0 T T T T T T T T T T T T T T T L} L} T
T O O S S J e U O OIS G JE O
9 9 9 = = 9 9 9 =
— catp-6(0) catp-7(0)
C s
w
é_ [catp-6 [catp-6 [catp-7 [catp-7
= by ) (+)1  (4esn) () (+)]  (D503N)] d
HEALTHY polyamine DISEASE
: functional ATP13A2 & ATP13A2 no functional ATP13A2
s POLYAMINE £ cathepsin B POLYAMINE
. SYNTHESIS | UPTAKE SYNTHESIS | UPTAKE
1200 = b < 00001 T ‘4 pH 7 | e T
: - pZ — ye
: - ! (* o : ! (oo
P =0.0036 - ! \ J AN - \¢ ™\
—~ 1000 —_— ) P <0.0001 5. 00001 // 1 N \\ e 1 2
- P <0.0001 P < 00001 o yd : N / :
+ / 1 N\ 4 !
= P <0.0001 / : N \ / | \
- 800 - /./ . - \. \\ / o /a8
s i i o W\ e
= s00] i /[ ORN [ ¥ \/ ORN [ ¥ )
- [ \ \ | \
£ 400 ‘I \-_,: // /ﬁ " [ \\: //
- | (ol ( \ | -
. EIE' 2 . 'I' 1 EIE' : : e/ |
= 2007 P 0.0000 5 90001 = —_— I‘tl : * | I"w,‘ :
o < 00001 P <0.0001 Peo000t "‘-‘,‘ : fl I"‘-.‘ : [ ad
0 T T 1 T 1 T 1 T 1 T 1 T 1 | '\.\ : / \ : //"‘“\\ﬂ
o‘\@b Oeqo ano O%QO O«'o ° OG)QO ano \\\ : \\\\ : ( &
> N\ 1 AN 1
< - - N I \ | F IR P, V4
& > | -~2 b AleS e 1barS A . AN . =
R (ST |y | AR | ¥ Hedb Q (-) . , g ! P
= e ~_  [SURvivaL] _~ DEATH -




Extended Data Table 1

Extended Data Table 1 — Overview of the apparent K, and V., values for ATP13A2 in the presence of relevant polyamines

max

K., ¥ SEM (nM) V... ¥ SEM (nmol ADP/mg/min)

|
|
]
Microsomal ATP13A2 Purified ATP13A2 : Microsomal ATP13A2 Purified ATP13A2
|
Spermine 149 + 34 76+ 26 : 140+6 159 + 10
Nl-acetylspermine 286 + 48 not tested : 98 +5 not tested
Spermidine ~1700* 890 + 501 : ~106* 194 + 26




Extended Data Figure 1
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Extended Data Figure 2
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Extended Data Figure 3
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Extended Data Figure 4
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Extended Data Figure 5
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Extended Data Figure 6
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Extended Data Figure 8
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Extended Data Figure 9
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