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Abstract

The maintenance of cellular homeostasis by membrane transport proteins is one of the most
important properties of living organisms. In the cellular homeostasis by membrane transport
proteins, ATP plays a crucial role in two main ways: Intracellular modulatory element or energy
to drive substrate transport. In this thesis, I focused on the mechanisms behind the maintenance

of cellular homeostasis by membrane transport proteins via ATP.

Firstly, I focused on the Mg?* channel MgtE which utilizes ATP as a modulatory element to
maintain intracellular Mg** homeostasis. MgtE is a Mg?* channel involved in the maintenance of
intracellular Mg*" homeostasis, whose gating is regulated by intracellular Mg** levels. In this
thesis, I revealed that ATP binds to MgtE, regulating its Mg?*-dependent gating by functional
analysis. Moreover, I determined crystal structures of full length and cytosolic domain of MgtE-
ATP complex. In the crystal structures, ATP binds to the intracellular CBS domain of MgtE. These
structures, together with structure based mutational analysis revealed molecular basis of ATP-

dependent modulation of MgtE in Mg?" homeostasis.

Secondly, I focused on the lysosomal polyamine exporter ATP13A2, which utilizes the energy of
ATP hydrolysis to drive polyamine transport into the cytosol. As the cytoplasmic polyamines
maintain cellular homeostasis by chelating toxic metal cations, regulating transcriptional activity,
and protecting DNA, cellular polyamine homeostasis maintained by ATP13A2 is crucial for life,
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 substrate recognition
and transport mechanisms remain unknown. In this thesis, I determined cryo-electron microscopy
(cryo-EM) structures of human ATP13A2 in complex with substrate polyamine. Polyamine was
bound at the luminal tunnel and recognized through numerous electrostatic and m-cation
interactions, explaining substrate specificity. Moreover, I determined the cryo-EM structures of
human ATP13A2 in four different transport intermediates. These structures, together with
molecular dynamics simulations revealed the structural coupling between the polyamine binding
and the dephosphorylation. These findings revealed the distinct mechanism of PSB ATPases,
thereby paving the way for neuroprotective therapy by activating ATP13A2.

Through this thesis, I revealed molecular mechanism of ATP modulated Mg?* homeostasis by
MgtE and ATP dependent SPM transport by ATP13A2 from the perspective of structural biology.
These findings provide structural insights into the mechanisms behind the maintenance of cellular

homeostasis by membrane transport proteins via ATP.



Contents

YN 011 2T T O OOV PR PRRPPRTO 1
L0103111S) 1L T TP PP PP PP PPRPURTRPPRN 2
ADDIEVIATIONS ...ttt ettt ettt b e bt ek e e e b et e s et bt e s be e she e sne e bt r e b e nreenrnas 5
Chapter 1 General INtroOdUCTION .......iiiuiiiiiiiiie e sbeeenees 6
1.1 Cellular HOMEOSLASIS ....cveerieeiiiiiieiiieieest ettt neene e 6
1.2 Cellular homeostasis and adenosine triphosphate (ATP) ......cccccvviiiiiiiiiiieniieee e 8
1.2.1 Chemical and biological property 0f ATP ... 8

1.3 ATP as an Intracellular modulatory element of channels and transporters........................ 11
1.3.1 CBS OMEIN .ttt bbbttt 11
1.3.2 M@?" homeostasis DY IMOLE .........covcveuiieieeieeceeeteeee sttt 13

1.4 ATP as an energy to drive substrate transport by pumps .........ccceeveerernieniieeneeniee e 16
1.4.1 P-type ATPase SUPEITAMIlY .......c.cccviiiiiiiecse e 16
1.4.2 Transport mechanism Of P-type ATPaSE........cccceieiieiiiecere e 17
1.4.2 Diversity in P-type ATPase superfamily...........cccocoveiiiiieiiiniincsc e 20
1.4.3 Polyamine homeostasis bBY ATPL3AZ ... s 20

1.5 AT OF the theSiS...cuiiiiiiiiiii e 21
Chapter 2 X-ray crystallographic analysis of MgtE in complex with ATP ............ccccooeevrnnnn 23

AU H =Xy PARICHET 2 LEFF B ORED
o TNz, REIZOWTIIEARR




A H—=Fy MARIZET 5 LFLH BB ORE R
BoTWRWe, REIZOWTIIIEAR

Cryo-EM structures and MD simulations of ATP13A2 reveal transport mechanism of polyamines

..................................................................................................................................................... 24
0 I 13 e 18 5 o) o U PSS 24
3.2 Materials and MEthOdS .......cccvveiiiiiiiic e 25

KI5 1 [ 1211 o [OOSR 25
3.2.2 Fluorescence-detection size-exclusion chromatography analysis...........ccccccevveeennene. 26
3.2.3 Overexpression and Protein purification............cccoviiiincc e 26
3.2.4 Electron microsCopy Preparation.........cccciieeieeieieerieseseesresieeresresteesaesreenesresneene s 27
3.2.5 Electron microscopy data COHECHION ..........ccccviiiiiiiiccc e 28
3.2.6 IMAQGE PrOCESSING ... .iiveereiitiitieiteite ettt ete et e ste et e s e et e besaeesresbeessesbestaesbesbeeseenbesaeeneenes 28
3.2.7 Model building and refinemMENt ............ccoiiiiiiiiie e 29
3.2.8 ATPASE ACHIVITY BSSAY. ... iteiueeeiiteaieeriesteetesieeteeste e eeestesneeseesaeaneesaeeseeneesseeneensesaeeneenes 30
3.2.9 Molecular dynamics SIMUIALION ...........ccoouiiiiiiiiiie e 30
TR B T 1 SRS 32
3.3.1 Expression and purification of the ATPL3AZ ... 32
3.3.2 Confirmation of SPM-dependent ATPase actiVity..........cccocvrveirvenieeneieee e 34
3.3.3 Electron microscopy preparation and data collection ............cccccovoveieiiiiieeieneiene 35
3.3.4 Image processing and structural determination............ccoceveveeie e 39



3.3.4 OVETAIl SITUCTUIE ..veee ettt ettt et e ettt e e st e e s st e e e e s bt e e erb et e e srbeeeesabeeeesaarees 45

3.3.5 Ligand binding cavity and transport pathway ............ccccocevenviieie e 47
3.3.6 Polyamine Transport MeChaniSm.........ccccciveiiiiie e 53

I D T 1113 o) + W PSP PP 63
3.4.1 Comparison between P5A and P5B ATPASES .......cccceiiiieiieiieciesie e se e 63
3.4.2 SPM transport cycle and remaining iSSUES........cevvvevviieiieereseeie e se e 63
3.4.3 Limitation Of this STUAY .......c.coiiiiiiii e 67
Chapter 4 Concluding remarks.........coooveiiiiiiiiii e e 68
4.1 Summary Of the theSIS .......ciiiiiiiiii e 68
4.2 Insights from Other STUAIES ........oiviiiiiiieii e 69
4.2.1 FUNCLIONAl FOIE OF NTD ... 69
4.2.2 Transport mechanism of polyamines by ATPL3A2 ... 73

4.3 P oIS PECEIVES ...ttt ekt ettt ekttt ettt bt e she e s h ekt b e Ee bt E et eR et et b e e bt nhe e nnreenne e 75
4.3.1 ATP modulated Mg2?* ROMEOSIASIS. ........covevevererieeieeieeeeeie et 75
4.3.2 ATP dependent SPM uptake by ATPL3AZ. ... 75
4.3.3 Other remarkable studies about structural dynamics of P-type ATPases...........c....... 76
ACKNOWIEAGEIMENLS ...ttt b bbb e e e b e e sbe e sreesenesnneanne 77
G 1S3 (=) 1 (o1 SRR 79
OFIZINAL PAPETS ...ttt ettt b e sh e h bt s s bt e bt e be e sb e e st e e es b e e nbeenbeenbeesreesnneanns 91



Abbreviations

Abbreviation Full name

A600 Absorbance (measured at 600 nm)
ADP Adenosine diphosphate

AlF4 Aluminum tetrafluoride

AMPPCP B,y-Methyleneadenosine 5'-triphosphate
ATP Adenosine triphosphate

BeFs Beryllium trifluoride

CHS Cholesteryl hemisuccinate

Cryo-EM Cryogenic electron microscopy

DDM n-dodecyl 3-D-maltoside

DNA Deoxyribonucleic acid

DTT Dithiothreitol

EGFP Enhanced green fluorescent protein
FSC Fourier shell correlation coefficient
FSEC Fluorescence-detection size-exclusion chromatography
GDN Glyco-diosgenin

GTP Guanosine triphosphate

HEK293S cells Human embryonic kidney 293S cell
HEPES 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid
HRV Human rhinovirus

IPTG Isopropyl 3-D-1-thiogalactopyranoside
ITC Isothermal titration calorimetry

LB Luria-Bertani

LMNG Lauryl maltose neopentyl glycol

Ni-NTA Nickel-nitrilotriacetic acid

NTM n-nonyl-B-D-thiomaltopyranoside

MES 2-(N-morpholino)ethanesulfonic acid
MD simulation Molecular dynamics simulation

PEG Polyethylene glycol

PMSF Phenylmethylsulfonyl fluoride

RMSD Root mean square deviation

RMSF Root mean square fluctuation

ROS Reactive oxygen species

SERCA Sarco-endoplasmic reticulum Ca2*-ATPase
SPM Spermine

TEV Tobacco etch virus

Tris Tris(hydroxymethyl)aminomethane




1.1 Cellular homeostasis
Chapter 1 General introduction

1.1 Cellular homeostasis

The maintenance of intracellular homeostasis is one of the most important properties of living
organisms, and all life maintain a constant intracellular environment by interacting with the
environment inside and outside the cell'. Membrane transport proteins play a crucial role in the
maintenance of cellular homeostasis by transporting substrates across lipid bilayer>*.
Membrane transporters are classified into pumps, transporters, and channels according to the
mode of transport of substrates (Figure 1-1). Pumps actively transport substrates against its
concentration gradient formed across the lipid bilayer utilizing energy from various sources
including ATP hydrolysis, light excitation’. Both transporters and channels use substrate
concentration gradients as a driving force for substrate transport®. Transporters permeate
substrates by undergoing structural changes involving multiple steps’. On the other hand, the
channel can be closed or open, and in the open state, it forms a small pore that penetrates the lipid
bilayer and transports the substrate without undergoing major structural changes. Reflecting the
scale of structural change, the transport rate of substrates is reported to be 10°~10* per second for
transporters and 10°-108 per second for channels, channels could transport substrates faster than

transporters®.
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Figure 1-1 | Classification of membrane transport proteins

1.1 Cellular homeostasis

(A) Hydrophilic substrates cannot penetrate the lipid bilayer directly. (B) Pumps actively transport substrate

using the energy from various sources including ATP hydrolysis, light excitation. (C) Transporters permeate
g ay g ydroly ¢} p p

substrates by undergoing structural changes involving multiple steps called altering access mechanism.

(D) channels permeate the substrates without undergoing major structural changes.



1.2 Cellular homeostasis and adenosine triphosphate (ATP)

1.2 Cellular homeostasis and adenosine triphosphate (ATP)
ATP plays a crucial role in many biological processes by interacting with proteins in the cell. In
the following, I will describe the chemical and biological properties of ATP, and relationship

between ATP and the maintenance of intracellular homeostasis by membrane transport proteins.

1.2.1 Chemical and biological property of ATP

ATP is an organic compound consisting of an adenine ring with 9-nitrogen atoms attached to the
1’ carbon atom of sugar (ribose) and triphosphate group attached to the 5’ carbon atom of sugar
(Figurel-2). The three phosphate groups are called alpha (a), beta (B), and gamma (), in order of
proximity to the 5" carbon atom of sugar. Since ATP has chelating phosphate groups, it binds
strongly to metal ions. In particular, ATP binds strongly to Mg?*, which is the most abundant
divalent cations in the cell®. Therefore, ATP exists in the cell mainly as a complex with Mg?*
bound to the phosphate oxygen center® '°. ATP exists stably in aqueous solution at pH 6.8-7.4,
and ATP is rapidly hydrolyzed to ADP and phosphate under acidic conditions. The hydrolysis and
transfer of the phosphate group of ATP are energy releasing reactions that involve in decrease in
the net free energy. For such reasons, P-O-P bonds are often referred to as high-energy bonds'!.
The hydrolysis of ATP into ADP and inorganic phosphate releases 36-38 kJ/mol of free energy at
a standard state of IM ATP, 1M ADP, and 1M phosphate'?.

From a biological point of view, ATP is essential compound for all living cells and maintenance
of ATP homeostasis is crucial of life. All living cells have mechanism to maintain concentration
of ATP in the range of 1-10 mM, with a normal ratio of ATP/ADP of approximately 5-10 (Figure
1-3)13-20,

In bacteria and eukaryotes, ATP is synthesized mainly by F-type ATPase, while ATP is synthesized
mainly by A-type ATPase in archaea. Both F-type ATPase and A-type ATPase share similar
structures®'%°, F-type and A-type ATPases catalyze the synthesis of ATP from ADP and inorganic
phosphate utilizing the energy of an electrochemical gradient of proton or Na* (refs 2'"%) (Figure
1-3).

The electrochemical potential of protons and Na* is formed by the active transport of protons and
Na". The pathway of formation of the electrochemical potential differs depending on the species.
The electrochemical potential is formed mainly by following three pathways.

Active transport of protons by the respiratory-chain enzymes of mitochondria, inner membrane
of aerobic bacteria and aerobic archaea. Active transport of protons by the light-driven proton
pumps from plants or phototrophic bacteria. Active transport of Na® utilizing the energy of

decarboxylation reactions in some anaerobic bacteria®' > (Figure 1-3).



1.2 Cellular homeostasis and adenosine triphosphate (ATP)

Intracellular ATP maintained at such a high concentration is utilized by membrane transporters in
two main ways: Intracellular modulatory element of channels/transporters/pumps or energy to

drive substrate transport by pumps.



1.2 Cellular homeostasis and adenosine triphosphate (ATP)
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Figure 1-2 | Chemical property of ATP
The chemical structure of ATP is illustrated for each component. Adenine ring is colored blue, ribose is
colored green, phosphate group is colored red. The three phosphate groups are called a-, -, and y-

phosphate, respectively, as shown in the figure.
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Figure 1-3 | ATP synthesis in all kingdoms of life

The major ATP synthesis pathways from prokaryotes to eukaryotes are illustrated. Electro chemical
gradients of protons and Na* are stored (A—C) and ATP is finally synthesized by F-type or A-type ATPases
(D). (A) In the eukaryotes and aerobic bacteria and archaea, proton gradient is stored by respiration chain
in mitochondrial inner membrane or prokaryotic inner cell membrane. (B) In the plants and phototrophic
bacteria, proton gradient is stored by photosynthetic electron transport system in the thylakoid membrane
or bacterial inner cell membrane. (C) In the anaerobic bacteria, Na* gradient is stored by decarboxylase
Na* pump in the bacterial inner cell membrane. The N side indicates the negatively charged side of the
membrane, and the P side indicates the positively charged side of the membrane. Ay represents stored

electrochemical potential.
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1.3 ATP as an Intracellular modulatory element of channels and transporters

1.3 ATP as an Intracellular modulatory element of channels and transporters
ATP serves as an intracellular modulatory element in some proteins, regulating functional role to
maintain intracellular conditions suitable for life. In the study of ATP-mediated functional

modulation, proteins containing CBS domains have long been studied.

1.3.1 CBS domain

CBS domain was first reported as a conserved sequence in 1997 and the name "CBS domain" is
derived from Cystathionine Beta Synthase (CBS), one of the proteins it is found in?®. CBS domain
is an evolutionarily conserved nucleic acid binding domain widely spread among prokaryotes and
eukaryotes®. CBS domain is found in enzymes and membrane transport proteins. CBS domain in
the enzymes and membrane transport proteins regulates enzyme and substrate transport activities
in response to binding nucleic acids including ATP?’. CBS domain is composed of a B-a-B-o
secondary structure pattern and exists in pairs (CBS1, CBS2) within the protein sequence, with
each pair tightly bound together in a pseudo-dimeric sequence via the B-sheet*” > (Figure 1-4A).
The function and structure of membrane proteins with CBS domains have long been studied for
the Cl- channels/transporters CIC family and the Mg** channel MgtE***. CIC-5 is a CI
transporter responsible for maintenance of pH and ion homeostasis in the endosome?®***,
Functional and structural analyses revealed that nucleotides including ATP regulates CI°
permeability of CIC-5°%3% (Figure 1-4). MgtE is Mg** channel responsible for intracellular Mg**
homeostasis. Similar to CIC-5, the functional role of the CBS domain in MgtE has been well
studied. However, the functional role of the CBS domain in MgtE is different to the CIC-5. In the
next section, I will describe the mechanism of Mg”*" homeostasis by MgtE regulated by CBS

domain, and remaining issues about Mg?" homeostasis by MgtE.
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1.3 ATP as an Intracellular modulatory element of channels and transporters
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Figure 1-4 | CBS domain regulates Cl- permeability of CIC-5

(A) Crystal structure of CBS domain of CIC-5 in complex with ATP (PDB ID: 2J9L). ATP was bound
between CBS1 and CBS2. (B) | modeled the structure of ATP-bound CIC-5 as proposed by previous
study®°. The Cryo-EM structure of chicken CLC-7 (PDB ID: 7JM6) was used to model the transmembrane
domain3. (C-D) CI- permeation mechanism of CIC-5 mutant regulated by binding of ATP to the CBS
domain as proposed by mutational analysis of CIC-5. In the ATP-bound state, the conformation is
stabilized to allow CI- ions flow equally in both directions (C). In the mutant with compromised ATP-binding
ability, CBS domains induce conformational change of the transmembrane domain through the regulatory

helix (colored green), reducing the flow of CI- ions from the cytosolic side (D).
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1.3 ATP as an Intracellular modulatory element of channels and transporters

1.3.2 Mg? homeostasis by MgtE

Mg?*" is the most abundant divalent cation in the cell and an essential element for numerous
physiological activities, such as catalysis by hundreds of enzymes, cell membrane stabilization,
and ATP utilization*”-*. Therefore, abnormalities in Mg?" homeostasis are associated with various
diseases including diabetes, obesity, and cardiovascular disease, and maintenance of Mg*"
homeostasis by Mg?* channels and transporters is crucial for life>3%4,

MgtE is a Mg?* channel widely distributed from prokaryotes to eukaryotes*'. The bacterial MgtE
channels are highly selective for Mg?*, and are involved in the maintenance of the intracellular
Mg*" homeostasis***. Likewise, the eukaryotic homologs of MgtE, the solute carrier 41 (SLC41)
family proteins, also permeate Mg*" ions and are implicated in Mg** homeostasis***’. For the
MgtE and SLC41 family proteins play crucial role in Mg?* homeostasis, several mutations in the
SLC41 genes are related to Parkinson’s disease*®, diabetes*, and nephronophthisis™®.

Previous studies reported the crystal structures of the full-length Thermus thermophilus MgtE
(TtMgtE, referred to simply as MgtE in the following) in the presence of Mg?", its transmembrane
domain in the presence of Mg*", and its cytosolic domain in the presence and absence of Mg?*
(refs. 31431 (Figure 1-5). The full-length structure in the presence of Mg?* revealed that MgtE
forms a homodimer, consisting of five transmembrane helices, one plug helix, and the cytosolic
region composed of the N-terminal domain and the tandemly repeated CBS domains (Figurel-
5A). Structural comparison of the Mg**-bound and Mg*'-free cytosolic domain structures,
together with molecular dynamic simulations®, revealed that Mg*" binding to the cytosolic
domain stabilizes the closed conformation of MgtE, suggesting a Mg?" homeostasis mechanism
in which the MgtE cytosolic domain acts as a Mg*" sensor to regulate the Mg?* influx (Figurel-
5B-D). Consistently, the subsequent electrophysiological analysis demonstrated that intracellular
Mg** binding to the cytosolic domain of MgtE inhibited the channel opening of MgtE®.
However, in the previously reported electrophysiological analysis of MgtE, the threshold of
intracellular Mg** for the channel gating was between 5 and 10 mM, which is much higher than
the physiological intracellular Mg** concentration (~1 mM)*-2. Therefore, this discrepancy
implied the existence of additional regulatory factors for the Mg>*-dependent channel gating of

MgtE under physiological conditions.

The CBS domain in the cytosolic domain of MgtE possesses regulatory sites for Mg?* (refs. *'4%)
and includes a probable nucleotide binding sequence to regulate the activity of associated
enzymes or transporters. Therefore, the CBS domain of MgtE may utilize ATP or other
nucleotides as modulatory element to regulate channel gating, such as the human CIC-5 CI”
transporter which regulates the Cl- permeability in response to the binding of ATP or other

nucleotides®®. However, it remains unclear whether and how Mg?* channels are modulated by ATP

13



1.3 ATP as an Intracellular modulatory element of channels and transporters

or other nucleotides for Mg?* homeostasis, further functional and structural analysis of MgtE in

complex with ATP or other nucleotides are needed.
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1.3 ATP as an Intracellular modulatory element of channels and transporters

A B

Periplasm

TM domain

Cytoplasm
e >
N domain ; :
CBS domain
D
[Mgz']In =0~1mM [Mgz’]in =5~10 mM
N - R ()
Mg* ° Periplasm o °

Cytoplasm

N domain

Open Mg?* Closed

Figure 1-5 | Crystal structures of MgtE and Mg?* sensing mechanism by MgtE

(A-C) Crystal structure of full length MgtE in the presence of Mg?* (A), cytosolic domain of MgtE in the
presence of Mg?* (B), cytosolic domain of MgtE in the absence of Mg?* (C). (D) Mg?* sensing mechanism
proposed by a comparative analysis of the Mg?*-bound and Mg?*-free cytosolic domain structures,
together with molecular dynamic simulations. Further electrophysiological analysis proved Mg?* binding to

the cytosolic domain stabilizes the closed conformation of MgtE when [Mg?*]in = 5-10 mM.
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1.4 ATP as an energy to drive substrate transport by pumps

1.4 ATP as an energy to drive substrate transport by pumps

One of the well-known roles of ATP in the cell is driving active transport of substrates by pumps
via serving energy of ATP hydrolysis. The active transport of substrates using ATP hydrolysis is
mainly conducted by ABC transporters, V-type ATPases, and P-type ATPases>*,

ABC transporters export toxic compounds and import nutrients to maintain cellular environment
suitable for life’*. V-type ATPases are mainly expressed in acidic intracellular organelles, such as
lysosomes, and use the energy from ATP hydrolysis to uptake protons to maintain intracellular
organelles in acidic conditions>. P-type ATPases transport various substrates into and out of the
cell, contributing to the maintenance of intracellular homeostasis>®>’. I will describe the biological

property and molecular mechanism of the P-type ATPases in detail below.

1.4.1 P-type ATPase superfamily

The P type ATPase super family is a large group of ion and lipid pump widely conserved among
bacteria, archaea, and eukaryotes®’.

The first report of a P-type ATPase was the discovery of Na'/K* ATPase in 1957, and Dr. Jens
Christian Skou was awarded the Nobel Prize in 1977 for the discovery of Na*/K* ATPase™.
P-type ATPases are composed of transmembrane domain (TM domain) with at least six
transmembrane helices (M1-M6) and ATPase domain consist of Nucleotide binding domain (N
domain), Phosphorylation domain (P domain) and Actuator domain (A domain) 3°7>° (Figure 1-

6). Some P-type ATPase have additional regulatory element at N- and C-termini®® %2,

il ATPase
{0 “ domain

\ Additional element

Figure 1-6 | Topology diagram of common domain architecture of P-type ATPases

Conserved domains and transmembrane (TM) helices are schematically illustrated. In the cytoplasmic
regions, the A, N, and P domains, are colored yellow, red, blue, respectively. M1-M2 and M3-M6 are pink

and orange, respectively. Additional elements at the N- and C-termini are indicated in gray.
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1.4 ATP as an energy to drive substrate transport by pumps

1.4.2 Transport mechanism of P-type ATPase

The name "P-type ATPase" is derived from its substrate transport mechanism. P-type ATPases
utilize ATP for autophosphorylation (P) and following dephosphorylation to transport the
substrate, hence the name P-type ATPase>*%. The typical transport mechanism of P-type ATPase
is described by Post-Albers scheme®®. 1 will illustrate the Post-Albers scheme using the most
well-studied SERCA as a representative. In this cycle, ATP and Ca’" dependent
autophosphorylation and proton dependent dephosphorylation alternately induce the transition of
the different enzymatic states, referred as E1 and E2, and consequently allow substrate transport®®-
! (Figurel-7).

In a series of cycles, kinking of the M4 helix and large movements of the M1-2 helix are known
to play a major role in substrate transport in P-type ATPases in general. The phosphoreceptor is
the carbonyl oxygen of aspartic acid in the DKTG motif, which is universally conserved in the P
domain; dephosphorylation of the P domain occurs by direct hydrolysis with water molecule

activated by the conserved TGES motif in the A domain® (Figure 1-7).

17



1.4 ATP as an energy to drive substrate transport by pumps

E1-ATP(Ca?") ~Hz—§_“‘< E1P-ADP(Ca?) NH{\\{
o
OH

E2Pi(H*)

E2Pi(H*) E2P

Figure 1-7 | Post-Albers scheme in SERCA (continued, see next page for caption)
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1.4 ATP as an energy to drive substrate transport by pumps

Figure 1-7 | Post-Albers scheme in SERCA

A schematic picture of Post-Albers scheme in SERCA is shown. The crystal structures corresponding to

the E1-ATP, E1P-ADP, E2P, E2Pi(H*) states are captured using non-hydrolyzable analogs of ATP

(AMPPCP), ADP+phosphate analog (ADP+AIF4), covalently-bonded phosphate analog (BeFs"), phosphate

analog (AlF4) respectively. For intermediates in the phosphorylation and dephosphorylation processes, the

active sites of the ATPase domain in the crystal structures and the corresponding structural formulas are
shown in the figure. A step-by-step overview of the transportation cycle follows the process below.

1. The cycle starts in the E1(apo) state. Ca?* binds to the TM domain, ATP binds to the N domain to
bridge the N and P domains.

2.  Gamma-phosphate of ATP is transferred to conserved aspartate in the P domain.

3. ADP is released and the A domain moves closer to the P domain. The entire TM domain moves
significantly according to the movement of the ATPase domain, resulting the luminal gate opens to
release Ca?".

4.  The proton binds.

5.  Proton binding to the luminal gate facilitates closing of the luminal gate. A domain rotates slightly
according to the closing of the luminal gate, resulting dephosphorylation of the P domain by direct
hydrolysis with water molecule activated by the conserved TGES motif in the A domain.

6. Phosphate and the proton are released to return to the E1(apo) state.

19



1.4 ATP as an energy to drive substrate transport by pumps

1.4.2 Diversity in P-type ATPase superfamily

Based on many biochemical, genetic, and bioinformatic studies of the P-type ATPases until
recently, P-type ATPases are divided into five classes, P1-P5 ATPases’ .

The P1-P3 ATPases are well studied subtypes and generally transport metal cations and protons.
P1 ATPases transport heavy metals and their structures have been reported previously’*74. The P2
ATPases are the most studied subtype and transport metal cation and proton as substrate’*’>%2,
The P2 subtype includes a sarcoplasmic reticulum Ca?* pump (SERCA)’*7>77, Na*"/K*-ATPase’®
81 and H'/K'-ATPase®?, and a considerable number of structural and biochemical studies have
revealed their transport mechanism. P3 ATPases generally transport proton and Mg?* and their
structures have been reported previously®* .

The P4 and P5 ATPases have been recently identified as large substrate transporters, whose
substrates are very different from those of P1-P3 ATPases. The molecular mechanisms of these
“large substrate” P-type ATPases have been a long-standing question since their discovery. P4
ATPases transport lipids as substrate. Structural and biochemical analysis of P4 ATPases have
revealed their unique mechanisms of lipid recognition and flipping®*°. P5 ATPases can be
divided in two subclades, P5A and P5B, which have totally different physiological substrates.
P5A ATPases probably catalyze the dislocation of incorrectly delivered peptides (o helix
dislocase)’!. Structural and biochemical analysis suggested substrate peptides recognition
mechanisms unique to P5A ATPases”'. For PSB ATPases, their substrates are unknown for long
time. Among the P5SB ATPases, ATP13A2 has been the most studied. Recently, biochemical and
in vivio analysis reported ATP13A2 transports polyamines to maintain intracellular polyamine

homeostasis®®. T will describe importance and remaining issues of polyamine homeostasis by

ATP13A2 in the next section.

1.4.3 Polyamine homeostasis by ATP13A2

Polyamines are essential organic compounds for various biological activities in all eukaryotes®**4,
Among the various polyamine species, spermine (SPM) plays especially important roles in cells,
such as interacting with nucleic acids to regulate transcriptional activity®®, stabilizing chromatin

structure’®®’

, and protecting DNA”*'%_ In addition, intracellular SPM protects cells from
damages caused by toxic heavy metals and reactive oxygen species (ROS)'*'1%, Accordingly,
abnormalities in cellular SPM homeostasis lead to various diseases, including neurological
disorders'®?. Cellular SPM homeostasis is maintained by both the intracellular biosynthesis and

SPM uptake from external sources'%

. As the amount of intracellular SPM biosynthesis decreases
with aging, external SPM uptake is important for maintaining SPM homeostasis in the long run'%,
Recent biochemical and in vivo analysis reported that SPM is transported to lysosome via

endocytosis in the SPM uptake pathway®?. Furthermore, the P-type ATPase of type V subfamily
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1.5 Aim of the thesis

B (P5B-ATPase) ATP13A2 was identified as the lysosomal polyamine exporter that plays a
crucial role in SPM release to the cytoplasm®? (Figure 1-8). For such importance, several
mutations in ATP13A2 are also associated with Parkinson’s disease!%>:1%.

As described in the previous section, structural and biochemical property of P1-P5A ATPase have
revealed recognition and transport mechanism of small ions and large hydrophobic substrates’’*
%!, However, recognition and transport mechanism of large hydrophilic polyamines by ATP13A2

has remained unsolved due to lack of structural information of P5B ATPases including ATP13A2.

ATP . ADP+Pi

ATP13A2

Caciel
&’? ,;":’j .
Lysosome

C el

7

Endocytosis

Intracellular [ 052209
SPM

Extracellular

Figure 1-8 | Polyamine uptake by ATP13A2.

Schematic picture of SPM uptake by ATP13A2. In the SPM uptake, SPM is transported to lysosome via
endocytosis. After uptake into the lysosome, SPM is exported to cytosol by ATP13A2, which belongs to the
P-type ATPase superfamily.

1.5 Aim of the thesis

In this study, I aimed to obtain structural insights into the ATP-dependent cellular homeostasis
mechanism through functional and structural analyses of the following two membrane transport
proteins that utilize ATP in different ways. Specifically, I focused on ATP modulated Mg*"
homeostasis by MgtE, and ATP dependent SPM uptake by ATP13A2. These membrane transport
proteins play important roles in cellular homeostasis in ATP dependent manner, but are poorly
understood at the molecular levels. Therefore, I performed structural, functional, and

computational studies on these membrane transport proteins, by using X-ray crystallography,
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1.5 Aim of the thesis

cryo-EM single particle analysis, biochemical and in vivo assays, and molecular dynamics

simulation.
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Chapter 2 X-ray crystallographic analysis of MgtE in complex with ATP

Chapter 2 X-ray crystallographic analysis of MgtE in complex
with ATP
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3.1 Introduction

Cryo-EM structures and MD simulations of ATP13A2 reveal
transport mechanism of polyamines

3.1 Introduction

As discussed in Chapter 1, polyamines are essential organic compounds for life and spermine
(SPM) plays especially important roles in cells®>**%¢-102_ the P-type ATPase of type V subfamily
B (P5B-ATPase) ATP13A2 is the lysosomal polyamine exporter that plays a crucial role in SPM
uptake to the cell®>. ATP13A2 belongs to the P-type ATPase family, which is a major group of ion
and lipid pumps conserved among all kingdom of life'?3. P-type ATPases are divided into 5 major
subtypes (P1-P5), which share the similar architecture composed of cytoplasmic ATPase domains
(N, P, and A-domains) and a transmembrane region, while their transport substrates and
physiological roles vary among the subtypes®’. As described in the Chapter 2, structural and
biochemical property of P1-P5SA ATPase have revealed recognition and transport mechanism of

small ions and large hydrophobic substrates’®73:82-91.74-81

. However, recognition and transport
mechanism of large hydrophilic polyamines by ATP13A2 has remained unsolved due to lack of
structural information of PSB ATPases including ATP13A2.

In this thesis, I determined the cryo-electron microscopy (cryo-EM) 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 AIF4s-ADP-bound state (E1P-ADP),
the BeFs-bound state in complex with spermine (E2P(SPM)), and the AlFs-bound state in
complex with SPM (E2Pi(SPM)). These structures, together with Molecular dynamics simulation

and biochemical analyses, have revealed the unique mechanisms of polyamine recognition and

transport by ATP13A2.
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3.2 Materials and methods

3.2 Materials and methods

3.2.1 Cloning

The human ATP13A2 transcription variant 2 (Uniprot: QINQ11-2) cDNA was purchased from
Kazusa DNA Research Institute. The human ATP13A2 c¢cDNA was first cloned into the pEG
BacMam vector, with an N-terminal Hisg tag and EGFP followed by a tabaco etch virus protease
(TEV protease) recognition site. In the optimization process of purification system, tabaco etch
virus protease (TEV protease) recognition site was replaced by a human rhinovirus 3C protease

(HRV3C protease) recognition site by QuikChange (Figure 3-1).

HRV3C recognition site
ATP13A2

e
His6 |[GFP

pEG BacMam vector

Figure 3-1 | Expression and Purification Construct of ATP13A2

Expression and purification construct of human ATP13A2.
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3.2 Materials and methods

3.2.2 Fluorescence-detection size-exclusion chromatography analysis

The GFP-based screening and optimization were performed based on published protocols. The
plasmids outlined in Section 3.2.1 were transformed into HEK293T cells (American Type Culture
Collection, catalog no. CRL-3216) using Lipofectamine® 3000 Reagent (Thermo Fisher
Scientific) following manufacturer’s protocol. Transformed cells were grown in a Dulbecco’s
Modified Eagle’s Medium (Sigma, catalog no. D5786) containing 10% fetal bovine serum
(Sigma), at 37°C in the presence of 8% CO, for 48h. The cells were collected by centrifugation
(5,000 x g, 10 min, 4°C) and lysed in buffer, containing 50 mM Tris (pH 8.0), 150 mM NacCl, 5
mM DTT, and 20% (v/v) glycerol.

Expression levels and solution behaviors of human ATP13A2 were evaluated by the following
procedure. Collected cells were solubilized in a 300 uL buffer containing 50 mM Tris (pH 8.0),
150 mM NacCl, 5 mM DTT, and 1-2% (w/v) of specified detergents. After solubilization for 60
min at 4°C, insoluble materials were removed by ultracentrifugation. 70 puL of supernatants were
subjected to a fluorescence-detection size-exclusion chromatography on a ENrich™ SEC 650 10
x 300 Column (Bio-Rad Laboratories), equilibrated with a buffer containing 10 mM Tris-HCL, pH
8.0, 150 mM NaCl, and 0.03% DDM. The elution profile was monitored by a fluorescence
detector RF-20Axs (Shimadzu) with the excitation wavelength at 480 nm and emission

wavelength at 512 nm.

3.2.3 Overexpression and Protein purification

For large-scale protein purification, human ATP13A2 was overexpressed in BacMam system. The
recombinant baculovirus of human ATP13A2 was prepared using the Bac-to-Bac baculovirus
expression system (Invitrogen). HEK293S GNTI (N-acetylglucosaminyl-transferase [-negative)
cells (American Type Culture Collection, catalog no. CRL-3022) were infected at a density of 3.0
X 10° cells ml! 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 X 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% (w/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-

26



3.2 Materials and methods

diosgenin (GDN), 5 mM DTT, and 20% (v/v) glycerol, and then gently suspended overnight with
HRC3C Protease to cleave the Hisg-EGFP tag. After HRV3C protease digestion, the flowthrough
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 column (Superose 6 Increase 10/300 GL, GE Healthcare) equilibrated with gel
filtration buffer, containing 20 mM Tris (pH 8.0), 150 mM NaCl, 0.06% (w/v) glyco-diosgenin
(GDN), and 5 mM DTT. The peak fractions of the protein were pooled and concentrated to ~10
mg ml! with a centrifugal device (Millipore 30 kDa MW cutoff).

3.2.4 Electron microscopy preparation

The purified ATP13A2 was mixed with inhibitor at the following final concentrations (Figure 3-
2): E1-ATP, 5 mM MgCl, and 2 mM AMPPCP; E1P-ADP, 5 mM MgCl,, 5 mM NaF, 1 mM AICl;,
and 5 mM ADP; E2P(SPM), 5 mM spermine, 5 mM MgCl,, 10 mM NaF, and 2 mM BeSOs;
E2Pi(SPM), 5 mM spermine, 5 mM MgCl,, 10 mM NaF, and 2 mM AICl;. 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 4s under 99% humidity conditions, and then the grids were plunge-frozen in liquid ethane.

| E1-ATP [ | E1P-ADP [ | E2P(SPM) [ | E2Pi(SPM) |

| Purified ATP13A2 |

|

|

|

|

+5 mM MgClz +5 mh MgClz +5 mh SPM +5 mM SPM
+2 mM AMPPCP +5 mM ADP +5 mM MgClz +5 mM MgClz
+5 mM NaF +10 mM NaF +10 mM NaF

+1 mh AICI; +2 mM BeS0, +2 mM AICI,

|

l

|

| Incubate for 1h onice | | Incubate for 1h onice | | Incubate for 1h onice | | Incubate for 1h onice |

|

|

|

|

| Grid preparation

Grid preparation

Grid preparation

Grid preparation

Figure 3-2 | Flowchart of electron microscopy preparation of ATP13A2
Flowchart of electron microscopy preparation of ATP13A2 in E1-ATP, E1P-ADP state, E2P(SPM), and

E2Pi(SPM) states are shown. Concentrations in the figure are shown as final concentrations.
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3.2.5 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 seconds and subdivided into 48 frames. The electron flux was set to 14 e”/s at
the detector, resulting in an accumulated exposure of 50 e/A? at the specimen. The data were
automatically acquired by the image shift method using the SerialEM software!*, 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 3-1.

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 seconds 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/A? at the specimen. The
data were automatically acquired by the image shift method using the SerialEM software'*4, with
a defocus range of -0.8 to -1.6 pm. More than 3,000 movies were acquired for each grid condition,

and the numbers of total images are described in Table 3-1.

3.2.6 Image processing

For all datasets, the dose-fractionated movies were subjected to the beam-induced motion
correction implemented in RELION-3.1'%, and the contrast transfer function (CTF) parameters
were estimated using CTFFIND4%¢,

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%%,
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'®’, 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'*®. The local resolution was estimated by RELION-3.1.
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3.2 Materials and methods

The processing strategy is described in Figure 3-6A-C. For the E1P-ADP state dataset in the
presence of AlF4; 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
classification 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 Figure 3-7A-C. 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 1.34 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 Figure 3-8A-C. For the E2Pi(SPM) state in the presence of AlFy4,
1,958,257 particles were initially picked from the 3,834 micrographs, and extracted with a pixel
size of 3.37 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 1.34A/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 Figure 3-9A-C.

3.2.7 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"°. These models were used as the template for the modeling of other
states. The model building was facilitated by the crystal structure of the sodium-potassium pump
(PDB ID: 2ZXE)'" and previous crystal structures of SERCA (PDB IDs: 3B9B, 3B9R)* and
cryo-EM structures of PSA ATPase Spfl (PDB IDs: 6XMQ, 6XMT)’!. The model building was
also facilitated by maps postprocessed by deepEMhancer'#!, a deep learning-based post-
processing tool. For the NTD, the model predicted by RaptorX'** was fitted into the map and
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manually adjusted with COOT. After manual adjustment of the models, structure refinement was
performed with phenix.real space_refine ver. 1.18'%. The refined models were further processed
using Refmac5'* and servalcat'*® with ProSMART'#® distance restraints generated from the cryo-
EM structures of PSA ATPase Spfl (PDB IDs: 6XMQ, 6XMT)’! as the templates. The sequence
alignment was generated using HHpred'¥’ server and the models were prepared using
phenix.mr_model preparation. The statistics of the 3D reconstruction and model refinement are
summarized in Table 3-1. AIl molecular graphics figures were prepared with CueMol

(http://www.cuemol.org) and UCSF ChimeraX'#®,

3.2.8 ATPase activity assay

The ATPase activity assay was performed mainly performed by Dr. Daiho, in collaboration with
Dr. Daiho from the Asahikawa Medical University. The rate of ATP hydrolysis was determined at
37 °C for 30 min in 10 uL of a mixture containing 0.8 pg of microsomal protein, 1 mM [y-*>P]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 **P; was quantified as described previously'*. The SPM dependence (Fig. 3-5) was
calculated by the least fitting of ATPase activities to the complex Hill equation.

1 1
V=Vnax| ——F 7 1-
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To measure the amount of EP formation at steady state without substrate, phosphorylation of
ATP13A2 in microsomes with [y->*P]ATP was performed under conditions described in the figure
legends essentially as described previously'*. The amount of EP was determined by acid
guenching. 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.

3.2.9 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 MODELLER', using the cryo-EM structure of ATP13A2 in E1-ATP state (for
El(apo) condition), E2P(SPM) state (for E2P and E2P(SPM) condition) or E2Pi(SPM) state (for
E2Pi(SPM) condition) as the template. Since the NTD is a regulatory domain and ATP13A2
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lacking the NTD has the same SPM-dependent ATPase activity as the wild type, the NTD was

excluded in the initial model for MD simulation'>!

. The missing hydrogen atoms were built with
the program VMD'"2. The protein was embedded into the POPC membrane, using the
MemProtMD pipeline'*®. The net charge of the simulation system was neutralized through the
addition of 150 mM NaCl. The simulation system was 120 x 120 x 144 A3 and contained 195,442
atoms for El(apo) condition, 195,136 atoms for E2P condition, 195,166 atoms for E2P(SPM)
condition, 195,180 atoms for E2Pi(SPM) condition. The molecular topologies and parameters
from the Charmm36 force field'**!55 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'>®!1>7,

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
' A2 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' A~ 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'*®. The long-range electrostatic interactions were calculated by the
particle mesh Ewald method'**. The simulations were performed twice each for the E1 apo state,
E2P state in the absence of SPM, E2P state in the presence of SPM, and E2Pi state in the presence

0

of SPM. The simulation results were analyzed and visualized with mdtraj'®®, seaborn'®' and

CueMol (http://www.cuemol.org).
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3.3 Results

3.3.1 Expression and purification of the ATP13A2

Since the functional role of ATP13A2 has only been identified in humans, I limited my study to
human ATP13A2. To confirm the expression of ATP13A2 and to examine the detergent conditions
suitable for purification, I conducted fluorescence-detection size-exclusion chromatography
(FSEC) analysis. Our construct contained ATP13A2, N-terminal Hiss tag and enhanced green
fluorescent protein (EGFP) for purification. As a result of FSEC analysis, I confirmed ATP13A2
expressed in HEK293T cells, monodisperse profile was observed when solubilized with DDM-
CHS and GDN, while broad and polydisperse profile was observed when solubilized with
LMNG-CHS (Figure 3-3).

After optimization, I succeeded in obtaining purified ATP13A2 by following procedure described
in 3.2.3 (Figure 3-4). Moreover, I confirmed our expression and purification construct of
ATP13A2 maintain SPM dependent ATPase activity, in collaboration with Dr. Daiho from the

Asahikawa Medical University, as detailed in the next section (Figure 3-5).
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Figure 3-3 | FSEC profiles of ATP13A2
Superposition of fluorescence traces of ATP13A2 solubilized with DDM-CHS(red), LMNG-CHS(blue), GDN

(green) in size exclusion chromatography. ENrich™ SEC 650 10 x 300 Column (Bio-Rad Laboratories)

was used for chromatography.
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Figure 3-4 | Purified ATP13A2
(A) Final gel filtration profile of the ATP13A2. Superose 6 Increase 10/300 GL (GE Healthcare) was used
for gel filtration.

(B) SDS-PAGE gel of peak fraction indicated by red square in (A).
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3.3.2 Confirmation of SPM-dependent ATPase activity

To confirm that our constructs maintain SPM-dependent ATPase activity, | performed ATPase
assay using ATP13A2-expressing microsomes, in collaboration with Dr. Daiho from the
Asahikawa Medical University. The N-terminally GFP-tagged, full-length human ATP13A2 was
expressed in human embryonic kidney—293 (HEK293) cells. Microsomes prepared from the cells
showed SPM-dependent ATPase activity (Figure 3-5).
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Figure 3-5 | Functional analysis of ATP13A2

Chemical structural formula of spermine (SPM) (upper panel) and dose-response curves (lower panel)
showing the SPM-dependent ATPase activities of ATP13A2-expressing microsomes. Phosphatidic acid
and phosphatidylinositol 3,5-bisphosphate (Ptdins(3,5)P2, PIP2) 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 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 (v) to the complex Hill
equation (Methods). The obtained K1, K2 and Hill coefficients n1, nowere 1.7 £ 0.5,4.5+ 0.1 mMand 1.2 +
0.2, 5.9 + 0.5, respectively. Vimax is 20.0 = 3.7 nmol mg™" min-"'.
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3.3.3 Electron microscopy preparation and data collection

To understand the molecular mechanisms of SPM transport by PSB ATPase, I performed a cryo-
EM analysis of the human P5B ATPase polyamine exporter, ATP13A2 (Figures 3-6-3-9). The N-
terminally GFP-tagged, full-length human ATP13A2 was expressed in human embryonic kidney—
293 (HEK293) cells. The ATP13A2 protein was purified in glyco-diosgenin (GDN) and subjected
to cryo-EM single-particle analyses under several different conditions, in the presence of
AMPPCP, AIF4-ADP, BeFs, and AlFs (Figures 3-6-3-9, Table 3-1).
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Figure 3-6 | Data processing of ATP13A2 in complex with AMPPCP.

(A-C) Data processing of ATP13A2 in complex with AMPPCP. (A) Representative cryo-EM image of
ATP13A2 in the presence of AMPPCP. (B-C) Data processing workflow of image processing (B), and local
resolution analysis (C) of ATP13A2 in the presence of AMPPCP.
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Figure 3-7 | Data processing of ATP13A2 in complex with AlIF4-ADP.

(A-C) Data processing of ATP13A2 in complex with AIF4-ADP. (A) Representative cryo-EM image of
ATP13A2 in the presence of AlF4-ADP. (B-C) Data processing workflow of image processing (B) and local
resolution analysis (C) of ATP13A2 in the presence of AIF4ADP.
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Figure 3-8 | Data processing of ATP13A2 in complex with BeFs-
(A-C) Data processing of ATP13A2 in complex with BeFs". (A) Representative cryo-EM image of ATP13A2
in the presence of BeFs". (B-C) Data processing workflow of image processing (B) and local resolution

analysis (C) of ATP13A2 in the presence of BeFs.
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Figure 3-9 | Data processing of ATP13A2 in complex with AlF 4.
(A-C) Data processing of ATP13A2 in complex with AlF4. (A), Representative cryo-EM image of ATP13A2
in the presence of AlF4+". (B-C) Data processing workflow of image processing (B) and local resolution

analysis (C) of ATP13A2 in the presence of AlF4-.
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3.3.4 Image processing and structural determination

The acquired movies were motion-corrected and processed in RELION 3.1'3, which eventually
provided cryo-EM maps at overall resolutions of 3.54 to 3.92 A, according to the gold-standard
Fourier shell correlation 0.143 criterion (Figures 3-6-3-9). The cytoplasmic ATPase domains are
well-resolved in the AMPPCP- and BeFs-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, 1174—1180 in the BeF3;™-bound state, residues 1-179, 590595,
611-617, 798-819, 1174-1180 in the AMPPCP-bound state), and these models were used as the
template for the modeling of other states (Figures 3-10, 3-11).
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Figure 3-10 | Cryo-EM maps and structures of ATP13A2 in complex with AMPPCP, AlF4-
ADP, BeF3 and AlFy.

(A-D) Cryo-EM maps (upper) and atomic models (lower) of ATP13A2 in complex with AMPPCP (A), AlF4-
ADP (B), BeFs (C), and AlF4 (D), viewed from the two opposite sides. Colors are according to Figure 3-
12A. (E-G) Structural comparison of ATP13A2 between E1-ATP and E1P-ADP states (E), E1P-ADP and
E2P(SPM) states (F), E2P(SPM) and E2Pi(SPM) states (G). Structures are shown in the backbone-trace

representation.
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Table 3-1 | Cryo-EM data collection and refinement statistics

3.3 Results

E1ATP E1P-ADP E2P(SPM) E2Pi(SPM)
Data collection and processing
EMDB-ID EMD-32066 { EMD-32067 { EMD-32068 { EMD-32069
PDB ID 7VPI 7VP] 7VPK 7VPL
Inhibitor AMPPCP AlF,-ADP BeFs- AlFy
Microscope Titan Krios G3i
Detector Gatan K3 Camera with Quantum LS energy filter
Data acquisition mode Counting mode | CDS counting mode
Magnification 105,000
Voltage (kV) 300
Electron exposure (e /A?) 50 {50 ) {60
Defocus range (um) -0.8t0-1.6
Pixel size (A) 0.83
Symmetry imposed Cl
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 (A?) -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
R.m.s deviations
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
Favoured (%) 95.58 95.48 95.98 96.94
Allowed (%) 4.00 4.10 3.92 2.97
Outliers (%) 0.42 0.42 0.10 0.10

41



3.3 Results

N terminal domain

— W

1 1
r4 1
3 1
4 1
5 1 5K
& 1 I\I\I\A'\"GNZ‘VPCGJ\RPCGVRPDGQPKPGPQPRLLLJ\I\GPALI .......... Roo.. ... NGDEL‘JM VWEYRRLALLRRLTVLPFAGLLYPAWLGAR
T 1 TKKSFVSSPT LSTLLVPKSLIAKPYVLPF. LFPLYATF.
B 1
k] 1
10 ¢ 1
_______________ TTD  — —_—
1 46 oLl ] v G s .NLAHAETLVIETRDKEEDS. WO'IMT'JOVOTFA'IFFGCT.F'P
2 A6 ... .. ... ... ... . RATGYHAAVWMLAGTPUWTL.TERWKPLUGVRLRLEPC . . . . . SLAHARRTLVTIRETKDKFRGS . ,RQIMT‘VQVGT‘F‘AVV()F@TF‘L,,,P
3 2B e, WR ATKDCEVVLLRTTDEFKMWFCAKTRVLEL FVESE
1 31 e e H > SLQEADT"L RTTDEE‘QI‘{SHKK»’INIYLS .......
5 b 32 K# / S
& 83 AAL:(.N(zI'JL:.‘:SWVQLPLAALLVLAELLLAHAL
7 40 AQLYFQQYDRYIKGPEWTEVYLGTLVSLNIL.
8 RATPEAL i i i i ea e e aaa e
9 Na-K-ATPase 10 -
10 SERCA = i it s s s s s aesesasasasean .
N terminal domain
—_— TT 000000 £
1 121 PQSQAEDGRSQMLAVGAVPEGAW.KDT.AQLH SAFYQVSLLD.HGRSCDDVHER
2 121 PQAQALEDGRSQAAVEVTPEGTW.QDT. SELI Ao, JAFCQVSLLD.IUGRTCDDVIC
3 99 PKSMSNEKLSNGHAVCLI.ENFTEENR.HRIS .. .NFDFLKGLD.EGVSCTSIYEKH
4 103 _.P'DLK\/'RCIKVQK'[R'I'J\\‘N'VLEG QFQXTGSLE .DWLSSAKTHQRFGS. . . .
5 104 . .PELELRCMEVQKTRYVWNDLEK.RF VGLLFE . TJ‘-‘N”(‘CHTHOTFIJ‘,,,,
a 147 3 . .DGLEVLSFEFQKTKYSYDALEKKQFLPVAFPV (‘NAF‘%VYQ -R.
73&,3}1[1 100 o TPHNGS. Db[ VEIQRVTEA....GSLQO.TFFQFQKKRFLWHENEQ.VFSSPKFLVDESPKIC HFQKC
B hATP3AL 10 e LR.SRAEGYE KTDDVEEK . .. ...
9 Na-K-AlPase T4 A‘l‘S.hNA.'l‘KSK<Kl: .......... e . -1 . ULLHNK YGTDL
10 SERCA 5 HSKSTEECLAYFGVSE

IFLISSIST
LlFLLS

IVVMSIVSL

IIIMSIIS
IIILTVISI
ITLSHLVAFE
.NLFMTISME

Semumne Wl
@

£ fea . FILAVAR

FT"""‘T‘F‘WTVF‘FRQ E‘J\TT(‘F‘TAV’(‘.TQLLTFHFT’Z\NWNT.rT. LETVVIVTG

1 ,F‘RGRSIHF‘I'\I'IFTQF‘ ,,,,,, EDLLVRILLLAACISFVLAWFERECEET. . . ITA LLILTANA
A AL A A A
TGES motif
00000000000000000 T T — —_— — —

1 272 CLSLYKTREQSQTLRDMVET . PGNCLVLPQ . . EGGTLMEC
2 267 TALYXTREQST.TLRDMVKT. . £ VPGNCTVTLPQ . . RGGVMRC
3 207 VBELYSTRKQYVMLHDMVATHSETVRY JCRY EIE 1F‘HTDT.‘..‘[ DVMVIPL..NGTTMEC
4 238 YDLEECSVKLHHLVESHNS ITVSVCGREA Rv‘L.v,’LUL.LlL.lu.,NKVL.M(
5 h 239 [DLRQKva HNLVLUH[\FVQ‘ Lll\lKDK PG. .|
& 278 LUlvsl RSFQENL
R 233 L SITRTREES ’|
L 114 I . . . LWE IVIIWEK VGEIVEVIN...GEHLEM
9 150 cr_,Y Dai}K.’_] DSI‘KNMV.PQQnL"I. LEKSTINAELV VEG...GDRIJgAl
10 03 PEMGK\I{.PDDRKSVQRT(ARDT PEGOIVEVAV. . . GDEVigA|

2000 - TT — 000 000000000 a0
1 KGGLWSSILHP. ... LYK
2 AKGGLVSSILIP. ... LYK
3 SKGQLVRSILYF....KPTDFKL...YR
4 H W ( .KPVNFQL.._.YR
5 .RPLNFKT...VS§S
a LQKARTTOLKPR.VDS .VKRVTAN...NL
T .VEHKSUIPI’P PDLCnLA <. AERVSVD...NK
G ha' [KLMONSTS ... P..... PLELSNVERLT
9 Na-K-AlPase (VMGRLATL LEVGRTIPIAIEL.EHEIL
10 SERCA EIGKIRDOMAATEQDKTPLQQKL.DEFG

PPXLP motif

1 hATP13AZ
2 mATP13AZ
3 hATPL3AZ
4 hATP13nd
5 hATP13AL CLGVMGEFYRLGVY
& hATPL3A1l LVFAIAAALYVWIEG
[ Sespfl TLIFAVTIASWY VWV
B hATPER] MSTV...CEVGSA
9 Na K- ATFase S FFITLST
100 SERCA A.....

AA

Figure 3-11 | Sequence alignment of human and mouse ATP13A2, P5 ATPases and P4

ATPases with known structures, and canonical P2 ATPases (see next page for caption)

42



3.3 Results

1 hATP13AZ L PEPR .
2 mATPL3AZ L PEP .
3 haTP13A3 . VCN B
4 hATP13A4 +ASG .
5 hATP13AS +MASG .
6 hATPL3Al . BV .
T SeSptl ..5A. . -
B hATPHR1 .SDSSLLENLQN
9 Na-K-RTFase ~ABFDEK
10 SERCR -EVLKN
00000008 | =T e 2000000000 = -

1 hATP13A2 H44 R. .. RLPVGPLLRALATCHARTLSRTLQ. - VGDFMDLKMVESTGWVLEEEPDADSAFGTQV LAVMRPFLWEPQLQ B
2 mATP13A2 539 C... HLPLGPLLRATLATCHATSQTH . . . VGDPMDTLKMVESTGWVIEEGPAAGSAPGSQV . TVUVMRPPPGGP. .R. .

3 hATP13A% 531 F... MLVKSQFVACMATCHELTRTE . - .SCDELODTKMFEATGWITEEATERETALRNRTMPTYVVRPPK . - QLLPESTPAG
4 hATP13A4 519 Q... ALPFWGPLCAAMASCHSLILLD. - QGDPLOLKMFEATTWEMAFSGDDFHIKGVPAHAMYWKPCR . - .
5 hATP13AS 519 Q... AVFWSPLCAAMASCHSLLILLN, W QGUPLULKMEEGTAWKMEDCIVDSCKEGTSV . SNLLKPGE . ..K. .
& hATP13A1 561 8... SIPVE.THRALASCHSLMQLD. .. WEDPLEKAMLTAVDWTLTKDEKVFP.R .
T 5cspfl 519 e EAPES.TILVIGAARHALVKLE. e s JNVWGDPMEKATLKAVGWAVERKNSNYR.E ..
& hATPSAL 470 NHPT APLICEFLTMMAVCHTAVPER. EGDKIIYQAASFDEGALVRAAKQLN. .
9 Na-K-NTPase 419 WSALSRIAALCNRAVEFQAGQDNVPILKRSV. .. .AGDASESALLKCIELCC. B
10 SERCR 399 DKPIRSGQFDGLVELATICALCNDSSL'DFNETKG VY..EX....VGEATETALTTLVEKMN. .

hATP13A2 614 .PVPVSVLHRFPESSALOR.MSVVVAWP. .
mATEL3AZ 607 ..Q...Q. .....PVPV¥SVLCRFPESSALQR.MDVVVTWPE..
hATP13A3 606 NQEMELE.ELP..... ATYEIGIVRQFPESSALQR.MSVVARVL. .
RATP13A4 L5 . .A...S.QVP......VEGTATLHQFPEISSATLOR.MTVIVQEM. .
hATP13A5 564 ..A...S.KSP......VEATITLCQFPRISSSLOQR.MSVTAQLA. .
NATP13A1 612 -TQGTLKTHQRFHQASATLKR . MESVLASYEKLGST
Sespll 570 TGKLDIIRRFQ| SSALKR.SBSIASMN..D,.
hATPOAL 527 ..P...D. SVIIDSLGQEERYELLNVLE MSVIVRTP..SG
Ha—K-ATPase < RDRNEKLIVELP Nh NKY(JLSLIH:.N E..KSS K
SERCA  ROLHKKEFTLEBSRDORKS.MSVYCSPA.  KSSRAAVGNKNEY

.TVPTSFVSELQIYT.
.TVPKNFPQRELRSYT.
<QCFPDYHHTHTETS. .
.DIPKNYDEIYKSFT. .

- . JSKYKEITLKHLEQFA. .

i 1LLNGAEEPLKEDMKEAFQNAYLELG. .
RPEGVIDRCHYVRVGTTRVPMTGEVKEKILEVIKEWGTG

Demadn e wN e

o

TGD motif

hATP13A2 [V ALASKPLPTVPSLEAA . .D

mATPL13AZ lVYALAGKPLPLAPSLARA . o R.DIVERELSLL
hATP13A3 [V IALAHRKLESKLTWHKY . . . DAIENNMDEN]
hATP13Ad [VIALAYKKLEND. ..HHA. a .ETVESDLIFL
RATRL3AG [VIALLOKTLKMG.NLSEV. a .EKVESELTFL
RATPL3AL [VLALGYKELGHL . THQQR . . .EALECSLKFY]
SeSptl 3 VLATLASKSLPEM.SQSKT... .D .DDVESELTFH
hATPER] rcFAVARTSES . DFQEWRAVYQRASTSVQNRLLKLEESY. ELTEKNLQLY,
Ma K RTPase E [VL.GFCHFALPED . KYNFEGY . . -PFDADEPNFPTTOT.CHV]
SERCR 55 ICLALATRDTPPK . REEMV. . . LDDSSRFMEYETDLTE V|

Semumnewne

-

hATP13A2
MATPT 347
hATP13A3
hATP1341
hATP13AS
hATP13A1
SeSptl
hATPSRL
Ha-K-MTPase
SERCR

SEmameaa N

-

hATPL3A2Z
MATPL3A2
hATP13A3
hATP13A4
hATP13A5
hATP13A]
Sespll
hATPEAL
Na-K-AlPase
SERCA

TS .

"

haTP13AZ h.l,vr‘mv 1.

mATP13A2 VBTV .
hATP13A3 SEVPNLJ .
hATPL13Ad CCVPHLI.
RATPL3AL QCVPNLI.
hATP13A1 7 QCICHVI.
ScSptl SAVTNTIT.
hATPEA] HYTLENTTM
Na-K-ATPase RSTVTGV .
SERCA VAAV .

Sem—anewne

=

Figure 3-11 | Sequence alignment of human and mouse ATP13A2, P5 ATPases and P4
ATPases with known structures, and canonical P2 ATPases (continued, see next page for
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Figure 3-11 | Sequence alignment of human and mouse ATP13A2, P5 ATPases and P4
ATPases with known structures, and canonical P2 ATPases

Sequence alignment of human ATP13A2 (UniProt: Q9NQ11) and mouse ATP13A2 (UniProt: Q9CTG6);
other P5B ATPases: human ATP13A3 (UniProt: Q9H7F0), human ATP13A4 (UniProt: Q4VNC1) and
human ATP13A5 (UniProt: Q4VNCO); P5A ATPases: human ATP13A1 (UniProt: Q9HD20) and
Saccharomyces cerevisiae SPF1 (UniProt: P39986); P4 ATPase with known structure: human ATP8A1;
canonical P2 ATPases: shark Na*/K*-ATPase (UniProt: Q4H132) and sarcoplasmic reticulum Ca?*-ATPase
(SERCA) isoform 1a (UniProt: P04191). The sequence alignment was generated using MSAProbs'®? and
ESPript 3.0'%3. The secondary structure, conserved domains and transmembrane helices of hATP13A2 are
indicated above the sequences. Blue boxes: the predicted PIP binding site®?, the conserved TGES motif,
PPXLP motif, phosphorylation site, and TGD motif. Red arrowheads: amino acids involved in SPM
recognition in hATP13A2. Black arrowheads: amino acids involved in the Ca?* and H* binding in SERCA.
Green arrowheads: amino acids involved in the phospholipid recognition in ATP8A1. The modeled regions
(E1-ATP state: pink line, E2P(SPM) state: blue line) and disordered region (E1-ATP state: dashed pink

line, E2P(SPM) state: dashed blue line) are indicated below the sequence.
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3.3.4 Overall structure

The overall structure shows the typical P-type ATPase fold, composed of three large cytoplasmic
domains (A, actuator; N, nucleotide binding; P, phosphorylation) and ten membrane-spanning
helices (M1 to M10) (Figure 3-12A-C). ATP13A2 has extra C-terminal and N-terminal domains
(CTD and NTD, respectively), which are not present in P1-P4 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 3-12B, C). According to the hydropathy plot,
the NTD contains a pair of short membrane-embedded helices® but density of this region is week
and almost disordered in the AMPPCP- and AlFs;-ADP-bound states. A similar NTD structure
was also observed in a yeast PSA-ATPase”, and the NTD structure is likely to be a common

feature in the P5 ATPases, based on the amino acid sequence alignment (Figure 3-11).

45



3.3 Results
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Figure 3-12 | Overall structure of ATP13A2

(A) Topology diagram of human ATP13A2. Conserved domains and TM helices are schematically
illustrated. In the cytoplasmic regions, the A, N, and P domains, N-terminal domain (NTD), and the C-
terminal regulatory domain (CTD) are colored yellow, red, blue, cyan, and green, respectively. M1-M2 and
M3-10 are pink and orange, respectively. The N-glycosylation site is shown as sticks. (B,C) Overall
structure of ATP13A2. Cryo-EM maps (B) and ribbon models (C), shown with the same color scheme as in

(A).
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3.3.5 Ligand binding cavity and transport pathway

ATP13A2 generally follows the Post-Albers scheme®® (Figure 3-13A). In this model, ATP-
dependent autophosphorylation and polyamine-dependent dephosphorylation alternately induces
the transition of the different enzymatic states, referred as E1 and E2, and consequently allows
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 (Figure 3-13A,B).
The AMPPCP- and AlF4-ADP-bound structures, which correspond to the E1-ATP and E1P-ADP
states, respectively, represent the ATP-dependent autophosphorylation step in the Post-Albers
scheme (Figures 3-10A, B, 3-13A). 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 3-13B). All of these
domains adopt the same rearrangement in the AlF4s-ADP-bound structure, but the N and P
domains are more tightly bridged by ADP and AlF4. The two structures are almost identical with
2 0.99 A RMSD and both represent the E1 state (Figure 3-10E), which is defined as a low affinity
state to the substrate polyamines. Moreover, MD simulation of E1 state in the absence of
nucleotides (E1(apo) state) showed essentially similar structures to E1-ATP state and E1P-ADP
state except fluctuation in ATPase domain, representing autophosphorylation without notable
structural changes in E1 states (Figure 3-13A). In contrast, the two phosphate analogues, BeFs
and AlF4, captured ATP13A2 in the substrate-bound E2P(SPM) (modeled as a likely substrate,
spermine: SPM) and E2Pi(SPM) states, respectively (Figures 3-10C-D, 3-13A). BeFs is
covalently attached to the carboxylate side chain of Asp513, in coordination with a Mg?" 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 3-13B). AlF4 similarly occupies the
phosphorylation site (E2Pi(SPM) in Figure 3-13B). Due to the moderate resolutions of the two
structures, it was difficult to determine the exact coordination of BeF;™ and AlF4. Therefore, 1
modeled these analogues according to the previous high-resolution structures of SERCA bound
to the same analogues (PDB IDs: 3B9B, 3B9R)®. The two structures are almost identical with a
0.80 A RMSD and both represent the E2 state (Figure 3-10G), 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-MS5 segments, in which an elongated density probably corresponding to substrate polyamine
was observed (Figures 3-14A, 3-15A). 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 (Figure 3-14B,C). The observed elongated density is likely SPM added to
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the specimen, as similarly observed in the recently-reported structure of yeast homologous

protein'®

. However, I cannot exclude the possibility of SPD or other endogenous polyamines
contaminated in the sample. The substrate binding cavity of ATP13A2 is larger than those of P2-
type ATPases, such as SERCA®’, and a P4-ATPase (ATP8A1)%, but rather smaller than that of
P5A ATPase (yeast Spfl)°!, which is suggested to catalyzes the translocation of a-helical peptides
(Figure 3-15B-E).

To assess the functional roles of the residues constituting the substrate-binding cavity of ATP13A2,
I measured the ATPase activities of their mutants in collaboration with Dr. Daiho from the
Asahikawa Medical University. Almost all ATP13A2 mutant showed decreased SPM-dependent
ATPase activity, while retaining the ability to form EP (phosphoenzyme) (Figure 3-14D,E),
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®-0828 In contrast, in ATP13A2, SPM is
recognized by broad interactions through several negatively-charged and aromatic residues
surrounding the luminal tunnel (Figure 3-14B). This recognition manner is unique in ATP13A2

and explains its broad specificity, with the preference for longer polyamine species®.
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Figure 3-13 | Conformational changes of ATP13A2 during the transport cycle.

(A) Transport cycle of ATP13A2. Respective conformations are captured by AMPPCP (E1-ATP state), AlFs4
-ADP (E1P-ADP state), BeFs (E2P(SPM) state), and AlF4 (E2Pi(SPM) state). For the E1(apo) state, the
snapshot at 200ns of the MD simulation of the E2P state in the absence of nucleotide is indicated. For the
E2P state, the snapshot at 200ns of the MD simulation of the E2P state in the absence of SPM is
indicated.

(B) Cryo-EM densities of the inhibitors are shown. AMPPCP and ADP are shown as sticks, and AlF4 and
BeFs™ are shown as spheres. Magnesium ion is shown as a small green ball. Densities are shown as

green meshes, contoured at 3.50. Residues involved in the inhibitor binding are shown in sticks.
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Figure 3-14 | SPM recognition by ATP13A2.

(A) Overall structure of ATP13A2 in the BeFs-stabilized SPM-bound state. The ribbon representation of the
BeFs-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 BeFs-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) 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 3-14E. 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 phosphoenzyme (EP) formation was measured using

microsomes expressing wild type or mutant ATP13A2. Microsomes were incubated with [y-2P]ATP at
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37 °C for 1 min without substrate polyamines, but in the presence of 0.125 mM PIP2 and 0.125 mM PA.
Under these conditions, all of the mutants, as well as the wild type, accumulate the phosphoenzyme 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 Pi. The amount of EP formation was determined as

described in the Methods section. Data represent the mean + SEM of three to five measurements.
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(A) Cryo-EM density of the bound SPM and the surrounding residues of ATP13A2. Densities are shown as

blue (ATP13A2) and green meshes (SPM). (B-E) Protein internal cavities of ATP13A2 (BeFs-bound
E2P(SPM) state) (B), ATP8A1 (PDB ID: 6K7M, AlF4-bound E2Pi state) (C), SERCA (PDB ID: 1S5T,
AMPPCP-bound E1ATP state) (D), Spf1 (PDB ID: 6XMU, BeF3-bound E2P state) (E) were analyzed by

the program HOLLOW'%5. The cavities are illustrated as cyan surface representations. Transporting

substrates are shown in yellow.
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3.3.6 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 (Figures 3-16A, 3-10F, SI Moviel in the original
paper). 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 3-16B).
The latter changes in the M1-2 segments directly induce the luminal gate opening, by creating a
tunnel between the M1-M2 and M4-MS5 segments, and thereby allowing SPM entry (Figure 3-17
A,B).

In most P-type ATPases, substrate binding from the extracellular/luminal side (protons in
SERCA, phospholipids in P4-ATPase) involves sequential steps (Figure 3-17 C,D) 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 3-18)%-7%76, The two phosphate analogues,
BeFs™ and AlF4, 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) (Figure 3-18C,D)*7%%6, 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 3-17C, 3-18C)*. In P4-ATPase
(ATP8A1), phospholipid binding only induces the sliding of the M1-2 segments, which is coupled
to the A domain rearrangement and thus facilitates dephosphorylation (Figures 3-17D, 3-18D).
However, in ATP13A2 the current BeFs;- and AlF4-stabilized SPM-bound structures are
essentially the same, including the A domain orientation toward the P domain (Figure 3-10C,D).
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 3-13B). Considering the SPM-dependent ATPase activity
of ATP13A2, it is most likely that the substrate binding stabilizes the M1-2 segments and the A
domain in their current positions, to facilitate the dephosphorylation reaction. (Figure 3-18A,B).
MD simulations using the structure of the E2P(SPM) state as the initial model revealed that the
M1-2 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 3-19), further supporting our
notion. It should also be noted that, in ATP13A2, Tyr259 on the M2 segment, participating in the
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hydrogen bonding network in the E1 state, dislocates upon the E2 transition and constitutes the
luminal tunnel for the SPM binding (Figure 3-17A,B), 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 3-14D). These results together indicate that the M1-2
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 ATP8AI, as it also induces the M1-2 shift upon phospholipid binding (Figure 3-18D),
consistent with the evolutional relationship between the P4 and P5 subfamilies (SI Movies2 and
3 in the original paper).

ATP13A2 has the unique N- and C-terminal domains (NTD and CTD), which are both likely
to contribute to the structural stability. However, while the NTD deletion severely affects the
phosphoenzyme (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, (Figure 3-11)%. The
current structures reveal the proximity of these residues to the lipid boundary (Figure 3-20A).
According to the previous study, phosphorylated ATP13A2 preferentially adopts the EI1P
conformation, but supplementation with these lipids advances the reaction cycle to the E2P
conformation®. 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 3-20B). Consistently, the NTD is visible only in the E2P
conformations (BeFs; and AlFs), whereas it is almost completely disordered in the El
conformations (AMPPCP and AIF4-ADP) (Figure 3-10), indicating the role of the NTD in the
stabilization of the E2P conformation, although I 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 (Figure 3-14B,C). 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 (Figure 3-21 A—D). 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 (Figure 3-22A—C). Yeast PSA ATPase (Spfl)
similarly has two Pro residues and undergoes a large sliding of the cytoplasmic M4b segment
upon substrate transport (Figure 3-22D). Our mutation analysis has illustrated the cytoplasmic
exit pathway of ATP13A2 (Figure 3-14D, Figure 3-21). 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 3-14D). Altogether, these results suggest that SPM is transported along
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the cleft between the M1-2 and M4-6 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 (Figure 21E,F).
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Figure 3-16 | Structural dynamics of E1P-ADP state to E2P(SPM) state transition in
ATP13A2.

(A) Ribbon model representation of the E1P-ADP state and the BeF3s-bound E2P(SPM) state are shown.
Structural changes of the A, N, and P domains and the M1-2 helices are indicated by arrows with the same
colors as the model. (B) Close-up view of the TM segments. Conformational changes of M1-6 from the
E1P-ADP state (grey) 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.
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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) Ca?*/H* binding site of SERCA in the Ca?*-bound state (top: PDB ID

1T5T) and the counter-transporting H*-bound state (bottom: PDB ID 3B9R), viewed from the same

viewpoints as in (B). Residues involved in the substrate binding are shown as ball-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 E1PADP phospholipid unbound state (top: 6K7K) and the E2Pi

phospholipid-bound state (bottom: 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.

57



3.3 Results

ATP
A
E1 » E1-ATP
SPM,Piq l
E2P(SPM)-E2Pi <T E2P 7— E1P-ADP
SPM ADP
B ATP13A2
—
Cyto
Lyso
E2P(SPM)-E2Pi
C
E2Pi(H")
D ATP8A1

Cyto

= « v

Exo E2Pi(PL)

P E1P-ADP

Figure 3-18 | Proposed mechanism of SPM transport by ATP13A2.

(A) Transport cycle of ATP13A2. 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. (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.
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Figure 3-19 | Stabilization of the M1-2 helix upon SPM binding.

(A-B) Close-up view of the TM segments during MD simulations of ATP13A2 in complex with SPM (A) and
in the absence of SPM (B). Conformational changes of M1-6 from the 0 ns (cream) to the 200 ns (colored)
in 200 ns non-equivalent MD simulations are represented. Structures are aligned on the M5-M10 helices.
The rearrangements of the TM helices are indicated by black arrows. (C-D) The flexible region (Y241-1271)
of the M1-2 helices is indicated in blue. These residues show high flexibility during the simulation in the
absence of SPM (C). RMFSs of the residues Y241-1271 during the 200ns MD simulations of ATP13A2 in
complex with SPM (green and red lines) and in the absence of SPM (blue and orange lines). The
simulations were performed twice for each condition. Structures are aligned on the M5-M10 helices for the
RMFS calculation. (E) Close-up view of the SPM binding site. Acidic residues involved in SPM recognition
are shown as stick models. (F-1) Distance from the nearest carboxylate oxygen is shown for four nitrogen

atoms of SPM, N1 (F), N2 (G), N3 (H), and N4 atom (I).
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Figure 3-20 | 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 PIP2, stabilize NTD to facilitate the E1P to E2P
transition upon phosphorylation. Schematic model of ATP13A2 is illustrated as in Figure 3-18B, and PA

and PIP2 are shown in brown.
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Figure 3-21 | SPM permeation pathway of ATP13A2.
(A-D) Water accessible cavity of ATP13A2 in the MD simulation under E2Pi(SPM) condition. Each picture

represents 50 ns (A), 100 ns (B), 150 ns (C), and 200 ns (D), in 200 ns MD simulations. (E) Proposed

model of the SPM exit pathway. Amino acid residues important for the SPM-dependent ATPase activity are

shown in stick representations. The predicted SPM exit pathway and the conformational change of M4b

associated with SPM transport are illustrated with gray and black arrows, respectively. (F) Schematic

model of the SPM transport by ATP13A2. The predicted SPM permeation pathway is illustrated with a grey

arrow in the current E2Pi(SPM) structure. The proposed conformational change is shown as cartoons. The

M4b shift coupled to the SPM transport is indicated by a black arrow.
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Figure 3-22 | M4 kink in ATP13A2 and other P type ATPases.
Conformational changes of the M4 helix upon the E1 to E2 transition are shown for ATP13A2 (A), ATP8A1
(E1-ATP: PDB ID 6K7J and E2P: PDB ID 6K7M) (B), SERCA (E1-ATP: PDB ID 1T5S and E2P: PDB ID
3B9R) (C), and Spf1 (E1-ATP: PDB ID 6XMQ and E2P: PDB ID 6XMU) (D). M1-6 helices are shown with
M4 highlighted in green, and the helix kink is indicated by the dashed lines.
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3.4 Discussion
3.4.1 Comparison between P5A and P5B ATPases

ATP13A2 consists of a general P-type ATPase fold and additional NTD and CTD domains.
While the overall architecture is similar to that of yeast PSA-ATPase (Spfl), there are significant
differences between the two P5 ATPase clades, PSA and P5B. Firstly, 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
3-22)°!. Most notably, the current structures of ATP13A2 revealed that the NTD adopts a stable
conformation only in the E2P state with its hydrolyzed intermediate, E2P1i, 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®?. While the NTD is commonly conserved in the P5 ATPases, this regulatory
role of the NTD is only proposed in the PSB ATPases, including ATP13A2, and not in the PSA
ATPases, indicating the distinct functions between the two sub-clades. Furthermore, the current

findings may offer a rational strategy for neuroprotective therapy, by activating ATP13A2.

3.4.2 SPM transport cycle and remaining issues

In this thesis, I determined the cryo-electron microscopy (cryo-EM) 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 AIFs-ADP-bound state (E1P-ADP),
the BeFs-bound state in complex with spermine (E2P(SPM)), and the AlFs-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 (Figure 3-23).

In the transport cycle, the M1-2 helices played an important role. The structural comparison
between the E1 and E2 states showed upward movement of M1-2 helices upon phosphorylation
in the E2 states. This upward movement of the M 1-2 helices forms a SPM binding pocket on the
luminal side of the lysosome, resulting in the formation of the E2 states with high SPM affinity.
Furthermore, 1 proposed SPM binding to the SPM binding pocket leads to the formation of
intermediates (E2P(SPM)-E2Pi(SPM)) that promote dephosphorylation, explaining SPM
dependent ATPase activity. After dephosphorylation, Phosphate and SPM were released to cytosol
and returns to the E1 state. In summary, I have elucidated the SPM transport cycle driven by the
energy of ATP hydrolysis.
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However, how ATP13A2 release SPM is still elusive due to lack of structural information of
E2 state just after release of phosphate and SPM. Considering SPM transport mechanism
described above, two types of SPM release models can be proposed. In the first model, similar to
other P-type ATPases, ATP13A2 also adopts altering access mechanism to release SPM (Figure
3-24A). In this model, ATP13A2 opens SPM binding pocket to either the lysosomal luminal side
(outward open, E2P-E2P(SPM) state) or cytoplasmic side (inward open, E2 state (model)) and
simultaneously seals the opposite side. Most transporter adopting altering access mechanism
forms an occluded state, in which substrate binding pocket is inaccessible from either side of the
transport direction'®. Considering the size of SPM and SPM binding pocket, it is difficult to form
a complete occluded state. Therefore, it is reasonable that ATP13A2 would forms partially
occluded state to achieve altering access mechanism. This altering access mechanism is consistent
with previously reported P-type ATPases, explaining uphill SPM transport mechanism’®*=!, In
the second model, unlike other P-type ATPases, ATP13A2 adopts channel-pump mechanism to
release SPM (Figure 3-24B). In this model, ATP13A2 forms open channel-like state, in which
SPM binding pocket is accessible from both lysosomal luminal side and cytoplasmic side. This
opening pore may allow continuous SPM flux to the cytosol like other cation channels. The ATP
dependent channel-pump mechanism in ATP13A2 is similar to that of the ATP-binding cassette
(ABC) transporter cystic fibrosis transmembrane conductance regulator (CFTR), a Cl- channel
gated by ATP hydrolysis'®’. However, there is a difference between the channel-pump mechanism
in ATP13A2 and channel mechanism in CFTR. ATP13A2 requires lysosomal SPM binding to
facilitate dephosphorylation and transport cycle, while CFTR does not require CI" to facilitate
transport cycle. This SPM dependency and physiological ATP conditions and membrane potential
could facilitate unidirectional transport cycle, explaining unidirectional SPM transport
mechanism. To verify which model is true, further studies on the structure and stoichiometry of

the coupling between SPM transport and ATP hydrolysis are needed.
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Figure 3-23 | Schematic picture of ATP driven SPM transport cycle by ATP13A2.

ATP13A2 follows Post-Albers scheme common in P-type ATPases. Phosphorylation induces the transition
of the two states, E1 and E2, low affinity states for SPM and high affinity states for SPM, respectively. The
upward movement of M1-2 helices upon phosphorylation forms the E2 states with high SPM affinity. SPM
binding to the E2P state leads to the formation of intermediates (E2P(SPM)-E2Pi(SPM)) that promote

dephosphorylation, facilitating transport cycle.
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Figure 3-24 | Two proposed SPM release models in ATP13A2.

Schematic pictures of two proposed SPM release models in ATP13A2 are shown. (A) SPM release model
based on Altering access mechanism. In this model, SPM binds to ATP13A2 in the outward open
E2P(SPM) state, facilitating dephosphorylation and phosphate release. Following structural changes form
partially occluded state to close luminal gate, further structural changes completely close luminal gate and
open cytosolic side to release SPM. (B) SPM release model based on channel-pump mechanism. In this
model, SPM binding to E2P(SPM) state induces structural changes to form open channel-like pore to the
SPM binding pocket. This opening pore may allow continuous SPM flux to the cytosol like other cation

channels.
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3.4.3 Limitation of this 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, BeFs;™ and AlFs, 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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Chapter 4 Concluding remarks

4.1 Summary of the thesis

In this thesis, I succeeded in obtaining structural insights into the molecular mechanism of
membrane transport proteins that maintain intracellular homeostasis by utilizing ATP in different
ways: ATP modulated Mg homeostasis by MgtE, and SPM transport by ATP13A2 driven by the
energy of ATP hydrolysis.

In this thesis, I employed various approaches including structural analysis, ITC,
electrophysiological analysis, biochemical analysis, in vivo assay, and MD simulation. In
particular, the structural analysis was performed by making the best use of the advantages of two
methods: X-ray crystallographic analysis and cryo-EM single particle analysis.

In Chapter 2, I employed X-ray crystallography to reveal the detailed molecular mechanism of
ATP modulated Mg** homeostasis by MgtE. X-ray crystallography has been used for many years
as aroyal method for structural analysis'®®. X-ray crystallography has the advantage of elucidating
molecular interactions and side chain orientations in detail using high-resolution density maps. In
addition, X-ray crystallography also has the advantage that we could obtain structural information
of specific domains at higher resolution using constructs containing specific domains of the
protein. In Chapter 2, [ combined the X-ray crystal structure analysis of the full-length MgtE-ATP
complex and the higher-resolution X-ray structural analysis of the cytoplasmic domain of MgtE-
ATP complex to discuss the detailed coordinates of ATP and Mg*" in the MgtE-ATP complex.
These structures, together with functional studies revealed that the negative charges derived from
the phosphate groups of ATP would allow the MgtE cytosolic domain to attract more positive
charges, thus tuning the affinity of the MgtE cytosolic domain for Mg?" within a physiological
range. Our findings revealed intracellular Mg?* homeostasis is modulated by ATP at the functional
and structural levels, providing significant insights into the modulatory effects of ATP on
intracellular homeostasis.

In Chapter 3, I employed cryo-EM single particle analysis to reveal recognition and structural
dynamics of ATP13A2 in SPM transport cycle. Cryo-EM single particle analysis had been used
for many years as a method to capture low-resolution structures of large proteins. However, with
the recent development including advanced detectors and software, the "resolution revolution"
was accomplished, cryo-EM is now commonly used to determine the structures of membrane
proteins with molecular a mass of ~100 kDa, such as the P-type ATPases discussed in this thesis'®’.
Compared to X-ray crystallography, cryo-EM has the advantage of being able to reveal flexible
and dynamic protein structures. In Chapter 3, I performed cryo-EM single particle analysis of

transport intermediates of ATP13A2. These structures, together with the molecular dynamics
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simulations, revealed recognition of SPM and structural dynamics of ATP13A2 in the transport
cycle of SPM. SPM was bound at the luminal tunnel and recognized through numerous
electrostatic and m-cation interactions, explaining its broad specificity. The upward (toward the
cytoplasmic side) movement of M1-2 segments upon auto-phosphorylation forms SPM binding
pocket, and following SPM binding would stabilize MI1-2 segments, facilitating
dephosphorylation. This study provides functional, structural, and molecular dynamics insights
into the ATP-dependent transport of polyamines by ATP13A2. These findings may offer a rational
strategy for neuroprotective therapy, by activating ATP13A2.

4.2 Insights from other studies

Around the same time as original paper that constitute this thesis, other groups published papers
on the functional and structural analysis of the human ATP13A2 and yeast ATP13A2 homolog
ISLIGLITONT Tn this section, I will discuss further findings and implications obtained from

comparison of our original paper with other papers.

4.2.1 Functional role of NTD

From previous studies, NTD was reported as a domain that promotes E1 to E2 transition in a
lipid-dependent manner, such as PIP, and PA®. In our original paper, I determined the cryo-EM
structures of the ATP13A2 in the transport intermediates in the absence of PIP, and PA. These
structures showed that the NTD was flexible in the E1 states while NTD was fixed in the E2 states.
Furthermore, in the E2 states, positively charged lipid binding sites were located at the interface
of the lipid membrane. From these results, | proposed that NTD would to be anchored in order to
form the E2 states, and that the binding of lipids such as PIP, and PA would promote the formation
of the E2 states by more strongly anchoring the NTD (Figure 3-20).

The other group performed structural analysis of the ATP13A2 in the transport intermediates in
the presence of PIP, and PA'>!!7%!7! Those structures were essentially the same as ours for the
ATPase domain, TM domain, and CTD, except for the NTD. In the structures reported by other
groups, the structure of the NTD was fixed at the same position during all the transport cycles
from the El to E2 states (Figure 4-1). Furthermore, the position of the fixed NTD was the

essentially similar to the position of NTD in our E2 states.

In addition, cryo-EM structures of Ykp9, an ATP13A2 homologue expressed in yeast vacuoles,
was reported (Figure4-2)'%*. While the detailed molecular mechanism of substrate dependence
and lipid dependence of Ykp9 has not been elucidated, the structure of Ykp9 in the SPM-bound
state was reported in this study. Ykp9 showed the similar structures to the human ATP13A2.
However, the lipid-binding sites of human ATP13A2 were not conserved, and the NTD has a long
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loop region (auto-inhibitory tail) at the tip. The reported structure suggests that the long loop at
the tip of the NTD regulates the activity of yeast Ypk9 by self-inhibition, which would be activated
by signals such as lipids. Such a long loop involved in self-inhibition is also observed in P4-
ATPase, but not in human ATP13A2. This difference in the function of the NTD may be due to

differences in the environment and function of the yeast vacuole and human lysosome.

Since PIP, and PA are abundant lipids in normally functioning lysosomes, the role of NTD in
human ATP13A2 might be maintaining SPM transport activity of ATP13A2 only when ATP13A2
is present in lysosomes with proper function. Further studies into the lipid regulated transport

mechanism would offer insights into the neurological diseases caused by mutations in ATP13A2.
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C

4 ‘
Lysosomal lumen Lysosomal lumen

Figure 4-1 | Cryo-EM maps and structures of ATP13A2 in the presence of PIP; and PA.
(A-B) Cryo-EM maps of ATP13A2 in E1-ATP state (EMDB-ID: EMD-24219) (A) and E2Pi(SPM) state
(EMDB-ID: EMD-24217) (B) in the presence of PIPz and PA. (C-D) Ribbon models of ATP13A2 in E1-ATP
state (PDB ID: 7N74) (C) and E2Pi(SPM) state (PDB ID: 7N72) (D) in the presence of PIP2 and PA. All

models are shown with the same color scheme as in 3-14A.
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Vacuolar lumen

Figure 4-2 | Cryo-EM structures of yeast Ypk9 in the E2P-inhibited state.
Ribbon models of the thermophilic yeast Chaetomium thermophilum Ypk9 in E2P-inhibited state (PDB ID:
70P8). The autoinhibitory tail, which is unique to yeast Ypk9, is shown in light green, and other domains in

common with ATP13A2 are shown with the same color scheme as in 3-14A.
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4.2.2 Transport mechanism of polyamines by ATP13A2

In this study, I determined cryo-EM structures of ATP13A2 in the transport intermediates in the
absence of PIP; and PA. These structures were determined under GDN condition, which is more
likely to mimic physiological lipidic environment than other typical detergents including DDM,
LMNG. Moreover, I obtained structural insight into the structure of the E1(apo) state and E2P
state by MD simulation, which was difficult to determine due to their high flexibility.

Among the four groups, Sim et al. succeeded in determining the structures of the E1(apo) and
E2P states by stabilizing the structures with DDM-CHS, PIP; and PA, and introducing a mutation
to the conserved aspartic acid in P domain'!. Furthermore, it is worth noting that Sim et al. used
insect cells as the expression host for ATP13A2. Other three groups including us used human-
derived cells as the expression host as proper function of ATP13A2 is confirmed in human cells.
It should be also noted that ATP13A2 obtained by Sim et al.'s expression and purification system
was highly stable in the E2 states (E2P, E2P(SPM), E2Pi(SPM) states), resulting the structures of
E1 states (El(apo), E1-ATP, E1P-ADP states) could not be obtained in the wild type. Although
structures of ATP13A2 in El(apo) and E2P states in Sim et al. might be artifacts due to the lipids
in the insect cells and the conditions of constructs and purification, these structures provide
indispensable the structural information of the experimentally obtained E1(apo) and E2P states.
Comparing the snapshot of our MD simulations at 200ns with cryo-EM structure in Sim et al, the
structures of the E1(apo) and E2P states are similar conformations (Figure 4-3). In particular, the
flowchart of the structural analysis of the E2P state shows an equilibrium with the E2P and E2Pi
states, which is consistent with our claim that the E2P state was fluctuating, and SPM binding
stabilizes the dephosphorylated intermediate.

It is also very interesting that Tillinghast et al. claimed that ATP13A2 transport protons as a
counter ion of SPM, while other groups suggest ATP13A2 does not require any counter ions'”".
Tillinghast et al. claimed that ATP13A2 forms an occlusion pocket in El states and the proton
acceptor in the occluded pocket is protonated in the El-states. Indeed, the occlusion pocket was
also observed in our structures of ATP13A2 in E1 states and Sim et al.'s structures of ATP13A2
in E1 states. However, the pKa of the Asp967, a probable proton acceptor in the occluded pocket
is around 6.0 in our cryo-EM structures of ATP13A2 in the E1 states, indicating that Asp967 does
not need to be protonated under physiological conditions. In addition, our MD simulation of the
E1(apo) state showed that the occluded structure in the E1(apo) state is stable under unprotonated
conditions (Figure 4-4). These results support that occluded structure in the E1 states does not
require proton binding. However, further functional and structural analysis of the ATP13A2 in E1l
states under various pH conditions is necessary to reach a final conclusion on the proton pumping
activity of the ATP13A2.

In summary, the model proposed in this thesis is consistent with other studies.
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Figure 4-3 | Structural comparison of MD simulations in our original paper with cryo-EM
structures of E1(apo) and E2P states.

(A) Structural comparison of ATP13A2 between snapshot of MD simulation of E1(apo) state at 200ns
(colored) and cryo-EM structure of E1(apo) state (grey). (B) Structural comparison of ATP13A2 between
snapshot of MD simulation of E2 state at 200ns (colored) and cryo-EM structure of E2 state (gray).

Structures are shown in the backbone-trace representation.

A C
Cytosol
)
/ ¥
s A«
S A
€ t %Mdh %
€T
» B d
b -, P
b o @ VAN
See e ! o
M1 2 ’?‘ . M \1'1-2.---‘---'%_-._
P Me oy & o ‘\
»/Ma '.st € ma »-\) N5
=T s f\’ ‘M3, *
Lysosomal lumen Lysosomal lumen
Cytosol Cytosol
> z 1 R -~
) (S '\\ ':_\ ’. ﬂ '\\
Mab £ & Map
X (13 M h
oo Epd” & 0 ...l >
. =) EPL . Wy o)
2D T - B of =
¥ 4 - v o 2 "
N H X A
e
M M2 e o M1 M2 Mej
r
SN M3 5 S MR
Lysosomal lumen Lysosomal lumen

Figure 4-4 | Stably formed occlusion pocket in MD simulation of E1(apo) state.

(A) Ribbon model representation of the initial model of ATP13A2 for MD simulation under E1(apo)
condition. (B-E) Water accessible cavity of ATP13A2 in the MD simulation under E1(apo) condition. Each
picture represents 50 ns (B), 100 ns (C), 150 ns (D), and 200 ns (E), in 200 ns MD simulations.
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4.3 Perspectives

In this thesis, I have elucidated the ATP modulated Mg homeostasis mechanism by MgtE and
the SPM uptake mechanism by ATP13A2 using ATP as a driving force. In particular, several
groups reported functional and structural studies of ATP13A2 around the same time as our original
paper was published, which increased our knowledge of the recognition and transport

mechanisms of SPM by ATP13A2. However, several questions are still elusive.

4.3.1 ATP modulated Mg?* homeostasis.

At the time of publication of our original paper, the structures of full-length MgtE in Mg?* bound
closed had been reported, while the structure of MgtE in the Mg*" free open state had not been
reported®'#*3!, Therefore, it was still unclear how MgtE permeate Mg?" under low Mg*"
conditions. Recently, Jin et al. reported the cryo-EM structure of MgtE-fab complex in the absence
of Mg*" (ref '”). In the reported structure, only rigid transmembrane domain and fab was
observed. The transmembrane domain was open to the cytoplasmic side while it was closed to the
periplasmic side, indicating a partially open inactive structure. Comparison of the cryo-EM
structure of MgtE in Mg*" free partially open state with crystal structure of MgtE in Mg** bound
closed state suggested that the kink of glycine in the TM domain is important for Mg?* permeation.
However, to understand the precise mechanism of Mg*" permeation by MgtE, further structural
studies are needed to determine the structure of MgtE in the fully open active state.

In addition to MgtE, there are many other Mg?* transport proteins involved in Mg?* homeostasis
in the cell. Among them, the CorC/CNNM family has a CBS domain similar to that of MgtE and
has been reported to be involved in ATP modulated Mg?" transport''®!32, Recently, Huang et al.
reported the crystal structures of bacterial CorC transmembrane domain dimer and CorC CBS
domain'”. Huang et al. revealed Mg** recognition mechanism of CorC/CNNM family based on
the crystal structure of the transmembrane domain of CorC in the presence of Mg?* (ref '7%).
Moreover, Huang et al. reported the binding mode of ATP to the CBS domain of CorC/CNNM
family based on the crystal structure of the CorC CBS domain in complex with ATP'”3. However,
how ATP modulates the transport activity of CorC is still elusive due to lack of structural
information of full length CorC in the presence and absence of ATP. Further structural and

functional analysis of CorC/CNNM family is still needed.

4.3.2 ATP dependent SPM uptake by ATP13A2.

Our study and studies from other groups revealed SPM recognition mechanism and structural
dynamics of ATP13A2 in SPM transport cycle. However, two questions still remain.

First, the precise lipid activation mechanism is not understood as the exact binding positions of
PIP, and PA could not be determined. In the cryo-EM map of ATP13A2, many lipid-derived
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densities were observed. Since it is difficult to distinguish PIP, and PA from other endogenous
lipids in the density map, the exact binding position of PIP, and PA could not be determined.

Second, How ATP13A2 release SPM is still unknown due to lack of structural information of E2
state just after release of phosphate and SPM. Although five groups including our original paper
have reported the cryo-EM structures of human ATP13A2 and yeast ATP13A2 homolog, none of
them has succeeded in capturing the structure during SPM release. Most of them have stated that
the SPM release mechanism is not yet understood, which is one of the major remaining issues. As
I described in discussion section in Chapter 3, two types of SPM release models can be proposed.
It is noteworthy that Tillinghast et al. discussed channel-pump SPM release mechanism through
extensive comparisons with other cation channels'”!. In our original paper, I performed 200ns MD
simulation of ATP13A2 under E2Pi(SPM) condition to obtain structural insight into the SPM
release after dephosphorylation (Figure 3-21). In the MD simulation, no significant structural
changes involving SPM transport were observed. However, a water pathway was observed from
the SPM binding site to the cytosolic side, suggesting that SPM is transported along the water
pathway (Figure 3-21). Since the mutations of hydrophilic amino acids in the water pathway
reduce the SPM-dependent ATPase activity, SPM is expected to be transported along the water
pathway (Figure 3-14D). In order to obtain more detailed knowledge of SPM transport, it is
necessary to determine the structure of the E2 state just after SPM transport and perform long
time MD simulation of E2Pi(SPM) to E2 state to obtain structural dynamics of SPM release

process.

4.3.3 Other remarkable studies about structural dynamics of P-type ATPases.

MD simulations of P-type ATPase have long been studied with a focus on the Ca** pump
SERCA'"!77_Since the entire transport process of P-type ATPase is on the order of milliseconds,
it is difficult to study the entire transport cycle using standard MD simulations. Among the
transport processes, the transition between the E1 and E2 states is a rate-limiting process with
large structural changes, which is difficult to calculate in MD simulations. Recently, Kobayashi
et al. successfully sampled the structural dynamics of SERCA in E1P to E2P transition, using MD
simulations with the mean-force string method and umbrella sampling'’®. Moreover, Kobayashi
et al. successfully revealed the free energy profile in the EI1P to E2P transition. These
developments in MD simulations may provide structural insights into the working principle of
the pump common to P-type ATPases in the future. By calculating the entire transport cycle and
the associated free energy profile through MD simulations, we may be able to understand the
process by which the free energy of ATP hydrolysis is used for structural changes and substrate
transport, and the process of diffusion as heat through lipids and water molecules'”. In this way,

we may be able to understand the working principle of the pump.
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