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Summary

The cytoplasmic polyamine maintains cellular homeostasis by chelating toxic metal cations,
regulating transcriptional activity, and protecting DNA. ATP13A2 was identified as a lysosomal
polyamine exporter responsible for polyamine release into the cytosol, and its dysfunction is
associated with Alzheimer’s disease and other neural degradation diseases. ATP13A2 belongs

to the P5 subfamily of the P-type ATPase family, but its mechanisms remain unknown. Here,

we report the cryoelectron microscopy (cryo-EM) structures of human ATP13A2 under four
different conditions, revealing the structural coupling between the polyamine binding and the
dephosphorylation. Polyamine is bound at the luminal tunnel and recognized through numerous
electrostatic and p-cation interactions, explaining its broad specificity. The unique N-terminal
domain is anchored to the lipid membrane to stabilize the E2P conformation, thereby accelerating
the E1P-to-E2P transition. These findings reveal the distinct mechanism of P5B ATPases, thereby
paving the way for neuroprotective therapy by activating ATP13A2.
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Graphical abstract. In brief
Tomita et al. report the cryo-EM structure of ATP13A2 in E1-ATP, E1P-ADP, SPM-bound E2P

(E2P(SPM)), and SPM-bound E2Pi (E2Pi(SPM)) states. These structures together with molecular
dynamics simulation reveal the transport mechanism of polyamine by ATP13A2.
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Introduction

Polyamines are essential organic compounds for maintaining various biological activities
in all eukaryotes (Tabor and Tabor, 1984; Marton and Pegg, 1995). Among the various
polyamine species, spermine (SPM) plays especially important roles in cells, such as
interacting with nucleic acids to regulate transcriptional activity (Kanemura et al., 2018),
stabilizing chromatin structure (Snyder, 1989; Feuerstein et al., 1990), and protecting DNA
(Briine et al., 1991; Khan et al., 1992a, 1992b). In addition, intracellular SPM protects cells
from damage caused by reactive oxygen species (ROS) (Ha et al., 1998; Li et al., 2017).
Accordingly, abnormalities in cellular SPM homeostasis lead to various diseases, including
neurological disorders (Li et al., 2017). Cellular SPM homeostasis is maintained by both
the intracellular biosynthetic pathway and SPM uptake from external sources (Minois et al.,
2011). As the amount of intracellular SPM biosynthesis decreases with aging, the pathway
for external SPM uptake is important for maintaining cellular functions (Minois et al.,
2011). Recently, the P-type ATPase of type V subfamily B (P5B-ATPase) ATP13A2 was
identified as the lysosomal poly-amine exporter that plays a crucial role in SPM release to
the cytoplasm (van Veen et al., 2020). Several mutations in ATP13A2 are also associated
with Parkinson’s disease (Ramirez et al., 2006; Dehay et al., 2012).

ATP13A2 belongs to the P-type ATPase family, which is a major group of ion and

lipid pumps found in all organisms (van Veen et al., 2014). The P-type ATPases are
classified into 5 major subtypes (P1-P5) that share a similar architecture composed of
cytoplasmic ATPase domains (A, actuator domain; N, nucleotide-binding domain; and P,
phosphorylation domain) and a transmembrane region, although their transport substrates
and physiological roles vary (Palmgren and Nissen, 2011). The P1-P3 ATPases generally
transport metal cations and protons. The P2 subtype includes a sarcoplasmic reticulum Ca2*
pump (SERCA) (Olesen et al., 2004, 2007; Toyoshima et al., 2004, 2007), Na*/K*-ATPase
(Shinoda et al., 2009; Toyoshima, 2009; Kanai et al., 2013; Nyblom et al., 2013), and
H*/K*-ATPase (Abe et al., 2018), and a considerable number of structural and biochemical
studies have elucidated their transport mechanism. Also, for the P1 and P3 subtypes, their
structures have been reported previously (Pedersen et al., 2007; Gourdon et al., 2011). The
P4 and P5 ATPases have been recently identified as non-metal-cationic, large substrate
transporters.

P4 ATPases transport lipids (Montigny et al., 2016), P5 ATPases transport a broader

range of substrates. The two subclades of the P5 ATPases, P5A and P5B, have totally
different physiological substrates: PSA ATPases catalyze the dislocation of incorrectly
delivered peptides (a helix dislocase) (McKenna et al., 2020), whereas P5B ATPases,
which include ATP13A2, transport polyamines (van Veen et al., 2020). The molecular
mechanisms of these “large substrate” P-type ATPases have been a long-standing question
since their discovery. Recent structural studies of P4 ATPases have elucidated their unique
mechanisms of lipid recognition and flipping (Hiraizumi et al., 2019; Timcenko et al.,
2019; Bai et al., 2020; Nakanishi et al., 2020a, 2020b). With regard to P5 ATPases, only
the structures of P5A ATPases are available (McKenna et al., 2020), while those of P5B
ATPases have remained unsolved; therefore, the mechanism of polyamine transport by
P5B ATPases remains unknown. Here, we report the cryoelectron microscopy (cryo-EM)
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structures of human ATP13A2 under four different conditions: the non-hydrolyzable ATP
analog AMPPCP-bound state, E1-ATP; the ADP-Pi (Pi, inorganic phosphate) analog AlF,4
~-ADP-bound state, E1P-ADP; the BeF3 ~-bound state in complex with SPM, E2P(SPM);
and the AlF,4 ~-bound state in complex with SPM, E2Pi(SPM). These structures, together
with biochemical and computational analyses, have revealed the unique mechanisms of
polyamine recognition and transport by ATP13A2.

Overall structure

To understand the molecular mechanisms of P5B ATPases, we performed a cryo-EM
analysis of the human P5B ATPase poly-amine exporter ATP13A2 (Figure 1). The N-
terminally GFP-tagged, full-length human ATP13A2 was expressed in human embryonic
kidney 293 (HEK293) cells, and the microsomes prepared from the cells showed SPM-
dependent ATPase activity (Figure 1C). The ATP13A2 protein was purified in glycol
diosgenin (GDN) and subjected to cryo-EM single-particle analyses under several different
conditions, in the presence of AMPPCP, AlF, ~-ADP, BeF3 ~, and AlF, ~ (Figures S1-

S4; Table 1). The acquired videos were motion corrected and processed in RELION 3.1
(Zivanov et al., 2018), which eventually provided cryo-EM maps at overall resolutions of
3.54-3.92 A, according to the gold-standard Fourier shell correlation (FSC) 0.143 criterion
(Figures S1-S4). The cytoplasmic ATPase domains are well resolved in the AMPPCP-and
BeF3 ~-bound states, thus allowing de novo modeling of the almost entire ATP13A2
structure, except for some minor disordered regions (residues 1-33; 114-160; 587-595;
611-617; 798-819; and 1,174-1,180 in the BeF3 ~-bound state and residues 1-179;
590-595; 611-617; 798-819; and 1,174-1,180 in the AMPPCP-bound state), and these
models were used as the template for the modeling of other states (Figure 1B; Figure S5;
Data S1). The overall structure shows the typical P-type ATPase fold, composed of three
large cytoplasmic domains (A, N, and P) and ten membrane-spanning helices (M1-M10)
(Figures 1A and 1B). ATP13A2 has extra C-terminal and N-terminal domains (CTD and
NTD, respectively), which are not present in other P-type ATPases. The CTD adopts a
short a helix that lines and stabilizes the P domain, whereas the NTD is extended from the
A domain and anchored to the lipid membrane (Figure 1B). According to the hydropathy
plot, the NTD contains a pair of short membrane-embedded helices (Holemans et al.,
2015), but density of this region is weak and almost disordered in the AMPPCP- and AlF,4
~-ADP-bound states. A similar NTD structure was also observed in a yeast P5SA-ATPase
(McKenna et al., 2020), and the NTD structure is likely to be a common feature in the P5
ATPases, based on the amino acid sequence alignment (Data S1).

Ligand-binding cavity and transport pathway

ATP13A2 generally follows the Post-Albers scheme (Albers, 1967; Post et al., 1969)
(Figure 2A). In this model, ATP-dependent autophosphorylation and polyamine-dependent
dephosphorylation alternately induce the transition of the different enzymatic states, referred
as E1 and E2, and consequently allow polyamine transport. The cryo-EM maps revealed the
densities of the respective inhibitors at the catalytic site, which stabilize the ATPase domains
in respective conformations (Figures 2A and 2B). The AMPPCP-and AlF, ~-ADP-bound
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structures, which correspond to the E1-ATP and E1P-ADP states, respectively, represent the
ATP-dependent autophosphorylation step in the Post-Albers scheme (Figure 2A). The ATP
analog is recognized by the conserved motifs.

The adenine ring interacts with Phe630 of the N domain, whereas the y-phosphate

group interacts with Asp513 and Thr515 (DKTG motif), Asn881, and Asp878 at the
phosphorylation site of the P domain, in cooperation with a Mg?* ion (E1-ATP and E1P-
ADP in Figure 2B). All of these domains adopt the same rearrangement in the AlF, ~-ADP-
bound structure, but the N and P domains are more tightly bridged by ADP and AlF, ~.

The two structures are almost identical, with a 0.99 A root-mean-square deviation (RMSD)
and both represent the E1 state (Figure S5E), which is defined as a low-affinity state to the
substrate polyamines. By contrast, the two phosphate analogs, BeF3 ~and AlF, ~, captured
ATP13A2 in the substrate-bound E2P(SPM) (modeled as a likely substrate) and E2Pi(SPM)
states, respectively (Figures 3A-3C; Figures S5C and S5D). BeF3 ~is covalently attached

to the carboxylate side chain of Asp513, in coordination with a Mg2* ion, and tethers

the A domain to the phosphorylation site through the backbone carbonyls of Thr346 and
Gly347 in the conserved TGES motif (E2P(SPM) in Figure 2B). AlF, ~similarly occupies
the phosphorylation site (E2Pi(SPM) in Figure 2B). Because of the moderate resolutions of
the two structures, it was difficult to determine the exact coordination of BeFs ~and AlF, ~.
Therefore, we modeled these analogs according to the previous high-resolution structures of
other P-type ATPases bound to the same analogs. The two structures are almost identical,
with a 0.80 A RMSD and both represent the E2 state (Figure S5G), which is defined as a
high-affinity state to the substrate polyamines.

In both E2P(SPM) and E2Pi(SPM) structures, a long tunnel is created between the M1-M2
and M4-Mb5 segments, in which an elongated density probably corresponding to substrate
polyamine was observed (Figure 3A; Figure S6A). This tunnel is rendered electronegative
by several carboxylate residues, such as Asp254, Asp463, Asp960, and Asp967, and
polyamine is directly recognized by these residues and additionally by aromatic residues,
such as Trp251, Tyr256, Tyr940, and Phe963 (Figures 3B and 3C). The observed elongated
density is likely SPM added to the specimen, as similarly observed in the recently reported
structure of yeast homologous protein (Li et al., 2021). However, we cannot exclude the
possibility of SPD or other endogenous poly-amines contaminated in the sample. The
substrate-binding cavity of ATP13A2 is larger than those of P2-type ATPases, such as
SERCA (Sgrensen et al., 2004), and a P4-ATPase (ATP8AL) (Hiraizumi et al., 2019), but
rather smaller than that of P5A ATPase (yeast Spfl) (McKenna et al., 2020), which is
suggested to catalyze the translocation of a-helical peptides (Figures S6B-S6E).

To assess the functional roles of the residues constituting the substrate-binding cavity

of ATP13A2, we measured the ATPase activities of their mutants. Almost all ATP13A2
mutants showed decreased SPM-dependent ATPase activity, while retaining the ability to
form EP (phosphoenzyme) (Figures 3D and 3E), confirming the integrity of the mutant
proteins and thus revealing their substantial contributions to the ATPase activity. In general,
the transport substrate of P-type ATPases is recognized by specific interactions near the
central TM4 kink (Toyoshima et al., 2000; Shinoda et al., 2009; Nyblom et al., 2013; Abe
et al., 2018; Hiraizumi et al., 2019). By contrast, in ATP13A2, SPM is recognized by
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broad interactions through several negatively charged and aromatic residues surrounding the
luminal tunnel (Figure 3B). This recognition manner is unique in ATP13A2 and explains its
broad specificity, with the preference for longer poly-amine species (van Veen et al., 2020).

Polyamine transport mechanism

The structural comparison of the E2P (SPM) (BeF3 ~) and E1P-ADP (AlF4 ~-ADP) states
revealed the conformational changes upon the E1-to-E2 transition: a large dislocation of
the N domain, an inclination of the P domain against the membrane plane, and upward
(toward the cytoplasmic side) and rotational movements of the A domain (Figure 4A,;
Figure S5F; Video S1). The rearrangement of these cytoplasmic domains induces extensive
rearrangements in the TM region; specifically, a slight inclination of the cytoplasmic
portions of the M5 and M4b segments and a large upward and rotational movement of the
M1-M2 segments (Figure 4B). The latter changes in the M1-M2 segments directly induce
the luminal gate opening, by creating a tunnel between the M1-M2 and M4-M5 segments
and thereby allowing SPM entry (Figures 5A and 5B).

In most P-type ATPases, substrate binding from the extracellular/luminal side (protons

in SERCA, phospholipids in P4-ATPase) involves sequential steps (Figures 5C and 5D)
through the E1P, E2P, and E2Pi intermediates, which structurally involve the A domain
rearrangement toward the phosphorylation site, and the binding of substrates. While the first
step is coupled to (or induced by) the phosphorylation, the extracellular/luminal substrate
binding in the second step is coupled to the dephosphorylation reaction (Figure 6) (Olesen
et al., 2004, 2007; Toyoshima et al., 2007). The two phosphate analogs, BeFz ~and AlF,4

~, have different coordination geometries, which accordingly allow the enzyme to be
captured in different intermediate states; namely, the phosphorylated E2 state (E2P) and
its hydrolyzed intermediate (E2Pi) (Figures 6C and 6D) (Olesen et al., 2007; Toyoshima
et al., 2007; Hiraizumi et al., 2019). In SERCA, the dephosphorylation reaction during
this E2P-to-E2Pi transition is coupled to the luminal proton binding (and simultaneous
Ca?* release into the lumen), which involves the rearrangement of the hydrogen-bonding
network in the substrate-binding site (Figures 5C and 6C) (Olesen et al., 2007; Toyoshima
et al., 2007). In P4-ATPase (ATP8AL), phospholipid binding only induces the sliding of the
M1-M2 segments, which is coupled to the A domain rear-rangement and thus facilitates
dephosphorylation (Figures 5D and 6D). However, in ATP13A2 the current BeF3 ~- and
AlF, ~-stabilized SPM-bound structures are essentially the same, including the A domain
orientation toward the P domain (Figures S5C and S5D). Furthermore, Glu348 (TGES
motif) is in the proximity of the phosphoryl group attached to Asp513 (DKTG motif) in
both structures, which is a signature coordination for dephosphorylation (E2P(SPM) and
E2Pi(SPM) in Figure 2B). Considering the SPM-dependent ATPase activity of ATP13A2,
it is most likely that the substrate binding stabilizes the M1-M2 segments and the A
domain in their current positions, to facilitate the dephosphorylation reaction (Figures 6A
and 6B). MD simulations using the structure of the E2P(SPM) state as the initial model
revealed that the M1-M2 segments adopt flexible conformations in the absence of SPM,
but become stabilized with the SPM in the positions observed in the cryo-EM structures
(Figure S7), further supporting our notion. It should also be noted that, in ATP13A2,
Tyr259 on the M2 segment, participating in the hydrogen-bonding network in the E1 state,
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dislocates upon the E2 transition and constitutes the luminal tunnel for the SPM binding
(Figures 5A and 5B), suggesting that it plays an essential role in the SPM-dependent
dephosphorylation. Consistently, the mutation of Tyr259 greatly decreases the ATPase
activity of ATP13A2 (Figure 3D). These results together indicate that the M1-M2 segments
serve as the “connector” that enables the structural coupling between the polyamine binding
and the A domain rearrangement in ATP13A2. This mechanism somewhat resembles that
of ATP8AL, as it also induces the M1-M2 shift upon phospholipid binding (Figure 6D),
consistent with the evolutional relationship between the P4 and P5 subfamilies (Videos S2
and S3).

ATP13A2 has a unique NTD and CTD, which are both likely to contribute to the structural
stability. However, while the NTD deletion severely affects the EP formation, the CTD
deletion only moderately affects the EP formation (Figure 3E), suggesting their distinct
roles. The NTD contains several clusters of positively charged residues, which presumably
constitute binding sites for PA and PIP, (Data S1) (Holemans et al., 2015). The current
structures reveal the proximity of these residues to the lipid boundary (Figure 7A).
According to the previous study, phosphorylated ATP13A2 preferentially adopts the E1P
conformation, but supplementation with these lipids advances the reaction cycle to the E2P
conformation (Holemans et al., 2015). Therefore, the binding of specific lipids, such as

PA and PIP,, probably stabilizes the interaction of the NTD with the lipid membrane and
thereby affects the E1P-to-E2P transition upon phosphorylation (Figure 7B). Consistently,
the NTD is visible only in the E2P conformations (BeF3 ~“and AlF4 7), whereas it is almost
completely disordered in the E1 conformations (AMPPCP and AlF, ~-ADP) (Figure S5),
indicating the role of the NTD in the stabilization of the E2P conformation, although we
cannot rule out the possibility that it is merely an artifact derived from the GDN micelles.

In the current SPM-bound structures, SPM is stuck at the central kink in the M4 helix

and still exposed to the lumen (Figures 3B and 3C). According to our simulation, the

water solvent access cavity is discrete near the M4 kink, and the polyamine-permeating
tunnel is sealed on the cytoplasmic side by several lipid molecules (Figures SBA-S8D).
Therefore, further conformational changes are required to transport SPM completely to the
cytoplasmic side. ATP13A2 has two sequential Pro residues, which create a larger M4 kink,
whereas other P-type ATPases have only a single Pro residue at the corresponding position
(Figures S9A-S9C). Yeast P5A ATPase (Spfl) similarly has two Pro residues and undergoes
a large sliding of the cytoplasmic M4b segment upon substrate transport (Figure S9D). Our
mutation analysis has illustrated the cytoplasmic exit pathway of ATP13A2 (Figure 3D;
Figure S8). For example, mutations of the hydrophilic and aromatic residues on the M2
helix, such as Tyr241 and GIn244, decreased the SPM-dependent ATPase activity (Figure
3D). Altogether, these results suggest that SPM is transported along the cleft between the
M1-M2 and M4-M6 helices, and this transport is probably associated with the sliding of
the cytoplasmic M4b segment that restricts the exit pathway in the current E2P and E2Pi
structures (Figures S8E and S8F).
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Discussion

ATP13A2 consists of a general P-type ATPase fold and additional NTDs and CTDs. While
the overall architecture is similar to that of yeast P5SA-ATPase (Spfl), there are significant
differences between the two P5 ATPase clades, P5A and P5B. First, each transporter adopts
the suitable binding-cavity conformation for the respective substrate. ATP13A2 has a long
negatively charged tunnel for polyamine permeation, whereas Spfl would have a wide
cavity beside the TM segments, which enables the translocation of incredibly large a-helical
peptide substrates (Figure S6) (McKenna et al., 2020). Most notably, the current structures
of ATP13A2 revealed that the NTD adopts a stable conformation only in the E2P state with
its hydrolyzed intermediate, E2Pi, thus highlighting its role in facilitating the E1P-to-E2P
transition. The NTD is likely to activate the transport activity by stabilizing the high-affinity
state for the polyamines. Furthermore, the facilitating role of the NTD is accelerated by the
binding of specific lipids, such as PA and PIP,, and the activation switching by these lipids
is implicated in the protection from mitochondria stress and thus in Parkinson’s disease
(Holemans et al., 2015). While the NTD is commonly conserved in the P5 ATPases, this
regulatory role of the NTD is only proposed in the P5B ATPases, including ATP13A2,

and not in the P5A ATPases, indicating the distinct functions between the two subclades.
Furthermore, the current findings may offer a rational strategy for neuroprotective therapy,
by activating ATP13A2.

Limitation of the study

First, our assay of the SPM-dependent ATPase activity in microsomes showed an
unexpected inhibition by high-concentration SPM, which is not reported previously. It seems
that the transport and/or ATPase activity of ATP13A2 could be affected by several factors,
such as specific lipid binding to the NTD. The result might also suggest unidentified
regulators contaminated in the microsomes sample. Complicated regulation in cellular
context would be the remaining issues in the studies of P5-ATPases.

Second, probably due to the flexible nature of ATP13A2 in GDN micelles, only the two
distinct conformations could be captured, even under four different conditions. Most notably,
the two phosphate analogs, BeF3 ~and AlF, ~, capture ATP13A2 in the almost same
conformations, corresponding to the SPM-bound hydrolyzing intermediate, indicating the
high flexibility of ATP13A2 in the E2P conformation without polyamines. In addition, the
elongated shape of the density in such moderate resolution maps is not sufficient to identify
detailed interactions and to understand precise mechanism for the polyamine recognition.
Particularly, the structural information upon substrate release to the cytosol is completely
lacking. Therefore, further investigation of structural and biochemical studies is required.
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Resource Availability

Lead contact

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Osamu Nureki (nureki@bs.s.u-tokyo.ac.jp).

Experimental Model and Subject Details

Cell lines

Sf9 cells (GIBCO Thermo Fisher, Loughborough, UK, Cat. No. 11496-015) were cultured
in Sf9-900 11 SFM (GIBCO Cat. No. 10902-088) at 27°C. These cells were used for
production of baculovirus. HEK293S GnTI- (N-acetylglucosaminyl-transferase I-negative)
cells (American Type Culture Collection, Teddington, UK, Cat. No. CRL-3022) were
cultured in FreeStyle 293 expression medium (GIBCO Cat. No. 12338-018) supplemented
with 2% (v/v) heat-inactivated fetal bovine serum (NICHIREI, Tokyo, Japan, Cat. No.
174012).

Method Details

Expression and purification of the ATP13A2

The human ATP13A2 transcription variant 2 (Uniprot: Q9NQ11-2) cDNA was purchased
from Kazusa DNA Research Institute. The human ATP13A2 cDNA was cloned into the

pEG BacMam vector, with an N-terminal Hisg tag and enhanced green fluorescent protein
(EGFP), followed by a human rhinovirus 3C protease (HRV3C protease) recognition site.

HEK?293S GnTI™(N-acetylglucosaminyl-transferase 1-negative) cells (American Type
Culture Collection, catalog no. CRL-3022) were infected at a density of 3.0 3 106 cells
mL "1 with one-hundredth volume of a solution containing the virus encoding the above
construct. The infected HEK293S cells were incubated in FreeStyle 293 Expression medium
(GIBCO) with 2% fetal bovine serum (Sigma), at 37°C in the presence of 8% CO,. After
8-12 h, 10 mM valproic acid (Sigma) was added, and the cells were further incubated

at 30°C in the presence of 8% CO,, for 48 h. The cells were collected by centrifugation
(5,000 3 g, 10 min, 4°C) and lysed in buffer, containing 50 mM Tris (pH 8.0), 150 mM
NaCl, 5 mM DTT, and 20% (v/v) glycerol. The collected cells were solubilized for 1 h

at 4°C in buffer, containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1.5% (w/v) N-dodecyl
B-D-maltoside (DDM), 0.15% (wi/v) cholesterol hemisuccinate CHS, 5 mM DTT, and 20%
(v/v) glycerol. After ultracentrifugation, the supernatant was incubated with AffiGel 10
(Bio-Rad) coupled with a GFP-binding nanobody for 1 h at 4°C. The resin was washed
five times with four column volumes of wash buffer, containing 50 mM Tris (pH 8.0), 300
mM NaCl, 1.5% (w/v) glyco-diogenin (GDN), 5 mM DTT, and 20% (v/v) glycerol, and
then gently suspended overnight with HRV3C Protease to cleave the Hisg-EGFP tag. After
HRV3C protease digestion, the flow-through was collected, mixed with Ni-NTA Superflow
resin (QIAGEN) and incubated for 1 min at 4°C to remove the HRV3C protease. The
collected flowthrough was then concentrated using an Amicon Ultra filter (molecular mass
cut-off 100 kDa, Millipore), and further purified by chromatography on a gel filtration
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column (Superose 6 Increase 10/300 GL, GE Healthcare) equilibrated with gel filtration
buffer, containing 20 mM Tris (pH 8.0), 150 mM NacCl, 1.5% (w/v) glyco-diogenin (GDN),
and 5 mM DTT. The peak fractions of the protein were pooled and concentrated to ~10 mg
mL~1 with a centrifugal device (Millipore 30 kDa MW cutoff).

Electron microscopy preparation

The purified ATP13A2 was mixed with inhibitor at the following final concentrations:
E1-ATP, 5 mM MgCl, and 2 mM AMPPCP; E1P-ADP, 5 mM MgCl,, 5 mM NaF, 1 mM
AICl3, and 5 mM ADP; E2P(SPM), 5 mM spermine, 5 mM MgCl,, 10 mM NaF, and 2 mM
BeSQy; E2Pi(SPM), 5 mM spermine, 5 mM MgCl,, 10 mM NaF, and 2 mM AICI3. After
an incubation for 1 h on ice, the protein solutions were applied to a freshly glow-discharged
Quantifoil holey carbon grid (R1.2/1.3, Cu/Rh, 300 mesh), using a Vitrobot Mark IV (FEI)
at 4°C with a blotting time of 4 s under 99% humidity conditions, and then the grids were
plunge-frozen in liquid ethane.

Electron microscopy data collection

The grids with the E1-ATP and E1P-ADP samples were transferred to a Titan Krios G3i
microscope (Thermo Fisher Scientific), running at 300 kV and equipped with a Gatan
Quantum-LS Energy Filter (GIF) and a Gatan K3 Summit direct electron detector, operated
in the electron counting mode. Imaging was performed at a nominal magnification of
105,000 %, corresponding to a calibrated pixel size of 0.83 A/pix (The University of Tokyo,
Japan). Each movie was recorded for 2.55 s and subdivided into 48 frames. The electron
flux was set to 14 e7/s at the detector, resulting in an accumulated exposure of 50 e /A2 at
the specimen. The data were automatically acquired by the image shift method using the
SerialEM software (Mastronarde, 2005), with a defocus range of —0.8 to —=1.6 um. More than
3,500 movies were acquired for each grid condition, and the numbers of total images are
described in Table S1.

The grids of the E2P(SPM) and E2Pi(SPM) samples were transferred to a Titan Krios

G3i microscope (Thermo Fisher Scientific), running at 300 kV and equipped with a Gatan
Quantum-LS Energy Filter (GIF) and a Gatan K3 Summit direct electron detector, operated
in the electron counting CDS mode. Imaging was performed at a nominal magnification of
105,000 %, corresponding to a calibrated pixel size of 0.83 A/pix (The University of Tokyo,
Japan). Each movie was recorded for 5.96 s and subdivided into 64 frames. The electron
flux was set to 7.55 e7/s at the detector, resulting in an accumulated exposure of 60 e /A2
at the specimen. The data were automatically acquired by the image shift method using the
SerialEM software (Mastronarde, 2005), with a defocus range of —0.8 to —=1.6 um. More than
3,000 movies were acquired for each grid condition, and the numbers of total images are
described in Table S1.

Image processing

For all datasets, the dose-fractionated movies were subjected to the beam-induced motion
correction implemented in RELION-3.1 (Zivanov et al., 2018), and the contrast transfer
function (CTF) parameters were estimated using CTFFIND4 (Rohou and Grigorieff, 2015).
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For the E1-ATP state in the presence of AMPPCP, 1,989,286 particles were initially
picked from the 3,114 micrographs by using the Laplacian-of-Gaussian picking function
in RELION-3.1 (Zivanov et al., 2018), and extracted with down-sampling to a pixel size of
3.32 A/pix. These particles were subjected to several rounds of 2D and 3D classifications.
The best class contained 345,121 particles, which were then re-extracted with a pixel size
of 1.51 A/pix and subjected to 3D refinement. The resulting 3D model and particle set
were subjected to per-particle defocus refinement, beam-tilt refinement, Bayesian polishing
(Zivanov et al., 2019), micelle subtraction and 3D refinement. The final 3D refinement
and postprocessing of the three classes yielded a map with a global resolution of 3.6

A, according to the FSC = 0.143 criterion (Rosenthal and Henderson, 2003). The local
resolution was estimated by RELION-3.1.

The processing strategy is described in Figures S1A-S1C. For the E1P-ADP state dataset
in the presence of AlF, “and ADP, 1,950,094 particles were initially picked from the 3,303
micrographs, and extracted with down-sampling to a pixel size of 3.32 A/ pix, as described
above. These particles were subjected to three rounds of 3D classifications. The best class
from the 3D classifi-cation contained 121,731 particles, which were then re-extracted with
a pixel size of 1.51 A/pix and subjected to 3D refinement, using a soft mask covering

the proteins and micelles. The resulting 3D model and particle set were subjected to per-
particle CTF refinement, beam-tilt refinement, and Bayesian polishing before the final 3D
refinement and postprocessing, yielding a map with a global resolution of 3.5 A according
to the Fourier shell correlation (FSC) = 0.143 criterion. Finally, the local resolution was
estimated using RELION-3. The processing strategy is described in Figures S2A-S2C. For
the E2P(SPM) state in the presence of BeFs ~, 1,762,758 particles were initially picked
from the 3,289 micrographs, and extracted with a pixel size of 3.37 A/pix, as described
above. These particles were subjected to several rounds of 3D classifications. The best
class from the 3D classification contained 22,952 particles, which were then re-extracted
with a pixel size of 1.68 A/pix and subjected to 3D refinement. The resulting 3D model
and particle set were subjected to Bayesian polishing and 3D refinement. The final 3D
refinement and postprocessing of the best particles yielded a map with a global resolution
of 3.9 A, according to the FSC = 0.143 criterion. The local resolution was estimated using
RELION-3. The processing strategy is described in Figures S3A-S3C. For the E2Pi(SPM)
state in the presence of AlF, ~, 1,958,257 particles were initially picked from the 3,834
micrographs, and extracted with a pixel size of 3.24 A/pix, as described above. These
particles were subjected to several rounds of 3D classification. The best class from the

3D classification contained 53,403 particles, which were then re-extracted with a pixel
size of 1.68 A/pix and subjected to 3D refinement. The resulting 3D model and particle
set were subjected to Bayesian polishing and 3D refinement. The final 3D refinement

and postprocessing of the best particles yielded a map with a global resolution of 3.8

A, according to the FSC = 0.143 criterion. The local resolution was estimated, and the
processing strategy is described in Figures S4A-S4C.

Model building and refinement

The quality of the density maps of the E1-ATP and E2P(SPM) states was sufficient to build
a model manually in COOT (Emsley et al., 2010). These models were used as the template
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for the modeling of other states. The model building was facilitated by the crystal structure
of the sodium - potassium pump (PDB ID 2ZXE) (Shinoda et al., 2009) and previous crystal
structures of SERCA (PDB IDs 3B9B, 3B9R) (Olesen et al., 2007) and cryo-EM structures
of P5A ATPase Spfl (PDB IDs 6XMQ, 6XMT) (McKenna et al., 2020). The model building
was also facilitated by maps postprocessed by deepEMhancer (Sanchez-Garcia et al., 2020),
a deep learning-based post-processing tool. For the NTD, the model predicted by RaptorX
(Xu et al., 2021) was fitted into the map and manually adjusted with COOT. After manual
adjustment of the models, structure refinement was performed with phenix.real_space_refine
ver. 1.18 (Afonine et al., 2018). The refined models were further processed using Refmacs
(Nicholls et al., 2018) and servalcat (Yamashita et al., 2021) with ProSMART (Nicholls et
al., 2012) distance restraints generated from the cryo-EM structures of P5A ATPase Spfl
(PDB 6XMQ, 6XMT) (McKenna et al., 2020) as the templates. The sequence alignment was
generated using HHpred (Séding et al., 2005) server and the models were prepared using
phenix.mr_model_preparation. The statistics of the 3D reconstruction and model refinement
are summarized in Table S1. All molecular graphics figures were prepared with CueMol
(http://mwww.cuemol.org) and UCSF ChimeraX (Goddard et al., 2018).

ATPase activity assay

The rate of ATP hydrolysis was determined at 37°C for 30 min in 10 mL of a mixture
containing 0.8 g of microsomal protein, 1 mM [-32P]ATP, 0.125 mM PIP,, 0.125 mM PA,
various concentrations of SPM, 200 mM KCI, 5 mM DTT, 0.03% GDN, and 20 mM MOPS/
KOH (pH 7.0). The reaction was chased by the addition of HCI, and the released 32P; was
quantified as described previously (Daiho et al., 2001). The SPM dependence (Figure 1C)
was calculated by the least fitting of ATPase activities to the complex Hill equation.

1 1

K ni K> n
1+( ) 1+(7[SPM])

To measure the amount of EP formation at steady state without substrate, phosphorylation
of ATP13A2 in microsomes with [ -32P] ATP was performed under conditions described

in the figure legends essentially as described previously (Daiho et al., 2001). The amount

of EP was determined by acid quenching. Precipitated proteins were separated by 5% SDS-
PAGE at pH 6.0. The radioactivity associated with the separated ATP13A2 was quantified
by digital autoradiography. The amount of EP for expressed ATP13A2 was obtained by
subtracting the background radioactivity determined with the microsomes from the mock-
transfected cells. The background radioactivity was less than 9% of the total radioactivity of
the microsomes expressing wild-type ATP13A2.

Molecular dynamics simulation

The system included the ATP13A2, SPM, 1-phosphoryl-2-oleoylphosphatidylcholine
(POPC), TIP3P water and 150 mM NacCl. The initial model of ATP13A2 containing amino
acids 191-1173 was created with MODELER (Sali and Blundell, 1993), using the cryo-EM
structure of ATP13A2 in E2P(SPM) or E2Pi(SPM) state as the template. The missing
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hydrogen atoms were built with the program VMD (Humphrey et al., 1996). The protein
was embedded into the POPC membrane, using the MemProtMD pipeline (Stansfeld et al.,
2015). The net charge of the simulation system was neutralized through the addition of 150
mM NaCl. The simulation system was 120 3 120 3 144 A3 and contained 185,180 atoms.
The molecular topologies and parameters from the Charmm36 force field (Klauda et al.,
2010; Best et al., 2012) were used for the protein, lipid, and water molecules. The molecular
topology and parameters for SPM were prepared using the CHARMM-GUI ligand reader
and modeler (Jo et al., 2008; Kim et al., 2017).

Molecular dynamics simulations were performed with the program NAMD 2.13. The
simulation systems were energy minimized for 1,000 steps with fixed positions of the
non-hydrogen atoms. After minimization, another 1,000 steps of energy minimization were
performed with 10 kcal mol™ restraints for the non-hydrogen atoms, except for the lipid
molecules within 5.0 A of the proteins. Next, equilibrations were performed for 0.1 ns
under NVT conditions, with 10 kcal mol~1A 2 restraints for the heavy atoms of the
proteins. Finally, equilibration was performed for 2.0 ns under NPT conditions, with the
1.0 kcal mol~2A 2 restraints for all Ca atoms of the proteins. The production runs were
performed for 200 ns without restraints, while maintaining constant temperature at 310K
using Langevin dynamics and constant pressure at 1 atm using a Nosé-Hoover Langevin
piston (Feller et al., 1995). The long-range electrostatic interactions were calculated by the
particle mesh Ewald method (Darden et al., 1993). The simulations were performed twice
each for the E2P state in the absence of SPM, E2P state in the presence of SPM, and E2Pi
state in the presence of SPM. The simulation results were analyzed and visualized with
mdtraj (McGibbon et al., 2015), seaborn (https://zenodo.org/record/54844), and CueMol
(http://www.cuemol.org).

Quantification and Statistical Analysis

The data represent the mean SD for 3—6 independent experiments. Statistical analysis
was performed by one-way analysis of variance with Dunnett’s post hoc test using SPSS
software version 22.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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have been deposited as 7VPI, 7VPJ, 7VPK, and 7VPL, respectively. EM-maps
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for AMPPCP-, AlF, ~-ADP-, BeF3 ~-, and AlF4 ~-bound ATP13A2 have
been deposited as EMD-32066, EMD-32067, EMD-32068, and EMD-32069,
respectively.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a
completed materials transfer agreement.
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Highlights
. Cryo-EM structures of ATP13A2 under four different conditions
. Substrate polyamine is bound at the luminal tunnel
. Interactions essential for polyamine recognition are identified
. Structural dynamics during transport cycle of polyamine is revealed Authors
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Figure 1. Structural and functional analyses of ATP13A2
(A) Topology diagram of human ATP13A2. Conserved domains and transmembrane (TM)

helices are schematically illustrated. In the cytoplasmic regions, the A, N, and P domains,
N-terminal domain (NTD), and the C-terminal domain (CTD) are colored yellow, red, blue,
cyan, and green, respectively. M1-M2 and M3-M10 are pink and orange, respectively. The
N-glycosylation site is shown as sticks.

(B) Overall structure of ATP13A2. Cryo-EM maps (top) and ribbon models (bottom), shown
with the same color scheme as in (A).

(C) Chemical structural formula of spermine (SPM) (top) and dose-response curves (bottom)
showing the SPM-dependent ATPase activities of ATP13A2-expressing microsomes.
Phosphatidic acid (PA) and phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P,, PIP,)
were added to facilitate the ATPase activity of ATP13A2. Data points represent the mean

+ SEM of three to six measurements. SPM-dependent ATPase activity of ATP13A2 was
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measured by subtracting the ATPase activity in the absence of SPM. The solid line for the
SPM dependence shows the least fit of ATPase activities (1) to the complex Hill equation
(STAR Methods). The obtained K¢, K », and Hill coefficients 74, n, were 1.7 £ 0.5, 4.5
0.1 mM, and 1.2 £ 0.2, 5.9 + 0.5, respectively. V max is 20.0 + 3.7 nmol mg~! min~1. See
also Figures S1-S5 and Data S1.
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Figure 2. Conformational changes of ATP13A2 during the transport cycle
(A) Transport cycle of ATP13A2. Respective conformations are captured by AMPPCP (E1-

ATP state), AlF, ~-ADP (E1P-ADP state), BeF3 “(E2P(SPM) state), and AlF, ~(E2Pi(SPM)
state). The snapshot at 200 ns of the molecular dynamics (MD) simulation of the E2P state
in the absence of SPM is indicated for the E2P state.

(B) Cryo-EM densities of the inhibitors are shown. AMPPCP and ADP are shown as sticks,
and AlF, ~and BeF3 ~are shown as spheres. Magnesium ion is shown as a small green ball.
Densities are shown as green meshes, contoured at 3.5 o. Residues involved in the inhibitor
binding are shown in sticks.

See also Figures S1-S5 and Data S1.
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Figure 3. SPM recognition by ATP13A2
(A) Overall structure of ATP13A2 in the BeF3 ~-stabilized SPM-bound state. The ribbon

representation of the BeF3 ~-bound state is viewed parallel to the membrane. The SPM-
binding site is highlighted by a black rectangle.

(B) Close-up view of the SPM-binding site in the BeF3 ~-bound ATP13A2 cryo-EM map.
Amino acid residues involved in SPM recognition and two proline residues (Pro470 and
Pro471) in the PPAL motif are shown as stick models. Dashed black lines indicate the
hydrogen bonds between ATP13A2 and SPM.

(C) Cut-away molecular surface representation of the SPM-binding site. The molecular
surface is colored according to the electrostatic potential, ranging from blue (+20 kT/e) to
red (—20 kT/e), where KT is the thermal energy and e is the elementary charge.

(D) ATPase activities of ATP13A2 for the wild type and mutants. The SPM-dependent
ATPase activities of each mutant are normalized by the amount of the phosphoenzyme (EP)
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formation. These values show the turnover rates of the accumulated E2P in the wild type and
mutants. The amount of EP formation for each mutant is shown in Figure 3E. Data represent
the mean + SEM of three to six measurements. Statistical significance compared with the
wild type is shown: *p < 0.05; **p < 0.005.

(E) The amount of EP formation was measured using microsomes expressing wild type or
mutant ATP13A2. Microsomes were incubated with [ -32P]ATP at 37°C for 1 min without
substrate polyamines, but in the presence of 0.125 mM PIP, and 0.125 mM PA. Under these
conditions, all of the mutants, as well as the wild type, accumulate the PE at the steady state.
The steady level of EP reflects that of the active, expressed ATP13A2. The reaction was
quenched with ice-cold trichloroacetic acid containing P;. The amount of EP formation was
determined as described in the STAR Methods. Data represent the mean + SEM of three to
five measurements.

See also Figure S6 and Data S1.

Mol Cell. Author manuscript; available in PMC 2022 February 28.



siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Tomita et al.

Page 27

(RARRRRRRRRRURRRRRURNNN]
Lysosomal lumen

Cytosol

(RRRRRRRRRRRRREREYYE ()
Lysosomal lumen

Figure 4. Structural dynamics of E1P-ADP state to E2P(SPM) state transition in ATP13A2
(A) Ribbon model representation of the E1P-ADP state and the BeF3 ~-bound E2P(SPM)

state are shown. Structural changes of the A, N, and P domains and the M1-M2 helices are
indicated by arrows with the same colors as the model.

(B) Close-up view of the TM segments. Conformational changes of M1-M6 from the E1P-
ADP state (gray) to the E2P(SPM) state (colored). Structures are aligned on the M5-M10
helices. The rearrangements of the TM helices are indicated by black arrows.

See also Figure Sb.
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(A and B) Polyamine-binding site of ATP13A2 in the SPM-unbound state (top: E1P-ADP)
and the SPM-bound state (bottom: E2Pi(SPM)), viewed from within lipid membrane (A)
and from the cytoplasmic side (B). Residues involved in SPM transport are shown as
ball-and-stick representations. Hydrogen bonds are shown as black dashed lines.

(C) Ca2*/H*-binding site of SERCA in the Ca2*-bound state (top: PDB: 1T5T) and

the counter-transporting H*-bound state (bottom: PDB: 3B9R), viewed from the same
viewpoints as in (B). Residues involved in the substrate binding are shown as ball-and-stick
representations. Hydrogen bonds are shown as black dotted lines, and the bound Ca?* ions
are cyan spheres.
(D) Phospholipid-binding site of ATP8A1 in the ELP-ADP phospholipid-unbound state
(top: PDB: 6K7K) and the E2Pi phospholipid-bound state (bottom: PDB: 6K7M), from the
same viewpoints as in (B). Residues involved in phospholipid translocation are shown as

ball-and-stick representations. Hydrogen bonds are shown as black dotted lines.

See also Figures S8 and S9 and Data S1.
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Figure 6. Proposed mechanism of SPM transport by ATP13A2
(A) Transport cycle of ATP13A2. The P-type ATPases generally follow the Post-Albers

scheme. Phosphorylation induces the transition of the two states, E1 and E2, which

are defined as high-affinity states for cytoplasmic and luminal/ extracellular substrates,
respectively. Binding of the luminal/extracellular substrate (SPM in ATP13A2) requires
sequential steps in most P-type ATPases, through E1P, E2P, and E2Pi intermediates, as
indicated in the blue rectangle.
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(B-D) Schematic models of luminal/extracellular substrate binding during the transport
cycles in ATP13A2 (B), SERCA (C), and ATP8A1 (D). Rearrangements of the cytoplasmic
domains are indicated by arrows. Domain movement is coupled to the phosphorylation and
dephosphorylation of the P domain, which alternately changes the substrate affinity of the
enzyme. Despite the overall similarity in the reaction scheme, there are variations in the
conformational changes among the members.

See also Figures S7-S9.
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Figure 7. Proposed model for lipid-facilitated transport of ATP13A2 mediated by NTD
(A) ATP13A2 embedded in a lipid bilayer, using coarse-grained simulation, is shown.

Lipids are shown in ball-and-stick representations. Amino acid residues in the predicted
lipid-binding sites are shown in thick stick representations.

(B) Proposed model for the lipid-facilitated E1P-to-E2P transition during the transport
cycles in ATP13A2. Binding of negatively charged lipids, such as PA and PIP,, stabilize
NTD to facilitate the E1P-to-E2P transition upon phosphorylation. Schematic model of
ATP13A2 is illustrated as in Figure 6B, and PA and PIP, are shown in brown.
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Table 1

Cryo-EM data collection and refinement statistics

E1ATP EIP-ADP  E2P(SPM)  E2Pi(SPM)
Data collection and processing

EMDB-ID EMD-32066 EMD-32067 EMD-32068 EMD-32069
PDB 7VPI 7VPJ 7VPK 7VPL
Inhibitor AMPPCP AlIF, -ADP  BeF3~ AlF, -
Microscope Titan Krios G3i

Detector Gatan K3 camera with quantum LS energy filter

Data acquisition mode

Counting mode

CDS counting mode

Magnification 105,000

\oltage (kV) 300

Electron exposure (e7/A2) 50 50 60 60
Defocus range (mm) -0.8t0-1.6

Pixel size (A) 0.83

Symmetry imposed C1

Number of movies 3,114 3,303 3,289 3,834
Initial particle images 1,989,286 1,950,094 1,762,758 1,958,257
Final particle images 59,432 121,731 15,602 18,347
Map resolution (A) 3.60 3.54 3.92 3.78
FSC threshold 0.143

Map sharpening B factor (A2) —-128.0 -148.0 -90.6 -93.2
Model building and refinement

Model composition

Protein atoms 7,343 7,343 8,150 8,150
Metals 1 2 2 2
Other atoms 31 44 45 46
RMSD

Bond lengths (A) 0.0172 0.0174 0.0175 0.0173
Bond angles (°) 2.37 2.38 2.29 2.29
Validation

Clashscore 3.60 3.59 2.58 2.40
Rotamer outliers (%) 29.79 28.69 19.91 14.93
Ramachandran plot

Favored (%) 95.58 95.48 95.98 96.94
Allowed (%) 4.00 4.10 3.92 297
Outliers (%) 0.42 0.42 0.10 0.10
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