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Abstract

P5A ATPases are expressed in the endoplasmic reticulum (ER) of all eukaryotic cells, and
their disruption results in pleiotropic phenotypes related to severe ER stress. They were
recently proposed to function in peptide translocation although their specificity have yet to
be confirmed in reconstituted assays using the purified enzyme. A general theme for P-type
ATPases is that binding and transport of substrates is coupled to hydrolysis of ATP in a con-
served allosteric mechanism, however several independent reports have shown purified
Spf1p to display intrinsic spontaneous ATP hydrolytic activity after purification. It has never
been determined to what extend this spontaneous activity is caused by uncoupling of the
enzyme. In this work we have purified a functional tagged version of the Saccharomyces
cerevisiae P5A ATPase Spf1p and have observed that the intrinsic ATP hydrolytic activity of
the purified and re-lipidated protein can be stimulated by specific detergents (C12ES,
C12E10 and Tween20) in mixed lipid/detergent micelles in the absence of any apparent
substrate. We further show that this increase in activity correlate with the reaction tempera-
ture and the anisotropic state of the mixed lipid/detergent micelles and further that this corre-
lation relies on three highly conserved phenylalanine residues in M1. This suggests that at
least part of the intrinsic ATP hydrolytic activity is allosterically coupled to movements in the
TM domain in the purified preparations. It is suggested that free movement of the M1 helix
represent an energetic constraint on catalysis and that this constraint likely is lost in the puri-
fied preparations resulting in protein with intrinsic spontaneous ATP hydrolytic activity.
Removal of the N-terminal part of the protein apparently removes this activity.

Introduction

P-type ATPases are active membrane pumps that are driven by ATP-dependent autopho-
sphorylation of a conserved aspartate residue during their catalytic cycle. They have a well
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characterized reaction mechanism in which transport binding and release is coupled to forma-
tion and degradation of this transiently phosphorylated intermediate. P1-P3 type ATPases are
cation transporters whereas P4 ATPases transport lipids [1]. The activity of P5-type ATPases
was for a long time obscure but they were recently shown to transport small molecule species
[2]. The human genome contains 5 genes that encodes for P5 type ATPases. ATP13A1 repre-
sents clade P5A, which is highly conserved between fungi and animals with one member in
each investigated species. ATP13A2, ATP13A3, ATP13A4 and ATP13A5 belong to clade P5B
and diversified from one isoform in fungi and primitive animals to a maximum of four in
mammals by successive gene duplication events in vertebrate evolution [3]. Loss of P5-type
ATPase function is related to severe disease conditions in humans [4-8].

The model eukaryote Saccharomyces cerevisiae contain only two P5-ATPases, the P5A
ATPase Spflp and the P5B ATPase Ypk9p. Spflp is localized in ER membranes and its genetic
deletion causes a pleiotropic phenotype characterized by ER stress, glycoprotein processing
defects, abnormal protein targeting, alterations in lipid and sterol content and distribution,
and the loss of Ca®* and Mn** homeostasis (reviewed in [9]). Although Spflp appears to dis-
play intrinsic ATP hydrolysis after purification this activity has not yet been linked to transport
of any substrate(s). Several reports have shown that ATP hydrolytic activity of the enzyme is
comparable to other low activity transport ATPases after purification [10-12]. So far, no
dependence of the intrinsic activity towards cations have been shown and in fact all data so far
show a loss of intrinsic activity at higher concentration, indicating that P5 ATPases are not cat-
ion pumps. Phosphatidylinositol-4-phosphate (PI4P) have been established to positively effect
ATP hydrolytic activity although the lipid is more likely to act as a regulator than a transport
substrate [12].

Recently the P5A subclass have been proposed to act as a transmembrane helix dislocase in
the ER with the role of extracting mistargeted proteins from the endoplasmic reticulum [13].
This was based on findings that Spflp bind to model tail anchored (TA) proteins and is needed
for ATP-dependent dislocation of these in in vitro assays. More rigorous biochemical evidence
for its involvement in this process using the purified enzyme in reconstituted assays is still
missing and substrate specificity remains to be studied in relation to ATP hydrolytic activity.
The poly-alanine peptide sequence that could be modelled into the binding site in the Cryo-
EM structure so far seems to be the most profound candidate in this respect [13]. However,
the P5A-type ATPase CATP-8 in C. elegans have also been found to remove ectopically located
mitochondrial tail-anchored (TA) and signal-anchored (SA) proteins from the ER membrane
[14], act as a key regulator controlling translocation of the DMA-1 receptor to the ER [15] and
is required for translocation of EGL-20/Wnt polypeptide in neuronal migration [16] which
lend further credit to the model that P5A ATPases could act as polypeptide translocators.

The human P5B ATPase, ATP13A2, was recently established as a polyamine transporter
needed for cellular uptake and lysosomal secretion of labelled polyamines and with a poly-
amine stimulated ATPase activity that coincides with transport in reconstituted assays [2].
Likewise, polyamine stimulated activity was later shown for human ATP13A3 [17] and for
yeast Ypk9 [18].

In this work we have tested the effect of different detergents on the spontaneous ATP
hydrolytic activity of purified Spflp reactivated in mixed lipid/detergent micelles. We identify
polyethylene glycol containing detergents (Tween20, C12E8 and C12E10) to induce highest
activity using a yeast polar lipid matrix and that the increase in activity correlates to the degree
of fluidity measured in the lipid/detergent micelles by Laurdan fluorescence. We further show
that mutation of conserved residues in M1 disrupts this effect and that an intact N-terminal
covering the two P5A specific transmembrane helixes (Ma and Mb) are required for this func-
tionality of the purified enzyme. It is speculated that the spontaneous nature of ATPase activity
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observed so far could be related to a switch in the enzyme that allosterically responds to physi-
cochemical changes in the environment surrounding the transmembrane part of the protein
and that purification of the membrane bound protein therefore results in preparations that
display spontaneous ATP hydrolysis.

Materials and methods

Expression and purification of Spflp

Expression and purification were performed as described in [12]. spfI deletant cells in the
BY4741 background (Mat:o; his3D1;leu2D0;lys2D0;ura3D0;SPF1::kanMX5) were transformed
by the lithium acetate method generating transformants that expresses Spflp or Spflp con-
structs carrying the following mutations: Spflp-D487A; Spf1-E310A; Spflp-F202A,F204A,
F207A; Spflp-F202H,F204H,F207H. Mutations were performed by PCR mutagenesis and con-
firmed by sequencing. The expression plasmids are 21 episomal plasmids with histidine selec-
tion marker, containing the SPF1 gene controlled by a galactose inducible promotor and with
a fusion sequence encoding a C-terminal FLAG-RGS10His. SDS-PAGE and western blot anal-
ysis were performed as standard procedures described in [12]. In-gel sample preparation was
performed as previously described [19]. Mass spectrometry analysis was performed using a
Thermo Fisher Orbitrap Exploris 480 system coupled to an EvoSep One nano-liquid chroma-
tography system. Briefly, a data-dependent acquisition method was utilized on the Orbitrap
Exploris 480 system running in positive mode. A top10 method with an MS1 resolution of
120,000 and the MS2 (MS/MS) resolution set to 30,000 was utilized. A 30 samples-per-day (44
minutes per sample) reversed-phase method on the EvoSep was utilized to separate peptides
extracted from in-gel trypsin digestion. The resulting data was searched against the UniProt
Saccharomyces cerevisiae fasta database using the MaxQuant software. A false discovery rate
of 1% was used at the peptide and protein level. Intensity based absolute quantitation (iBAQ)
values generated from MaxQuant analysis were utilized to determine proteome composition
of the protein bands.

Complementation in spfl deletant cells. Yeast cells were grown in YPD (1% wt/vol yeast
extract, 2% wt/vol bactopeptone, 2% wt/vol glucose) or YPG (1% wt/vol yeast extract, 2% wt/
vol bactopeptone, 2% wt/vol galactose) medium. Selection was performed on a synthetic
defined minimal medium (0.7% wt/vol yeast nitrogen base, 0.02 mg/ml amino acid, 50 mM
succinic acid-Tris, pH 5.5) containing the appropriate dropout nutritional supplements
(Sigma) and 2% wt/vol glucose (SD) or galactose (SG). For plates, 2% wt/vol agar was added.
For complementation tests, wild-type BY4741 yeast and transformed spfl cells were grown
overnight on YPD and selective SD plates, respectively, suspended in sterile ultrapure H20,
and diluted to OD600 = 1. A dilution series of OD600 = 1, 0.1, and 0.01 was made with sterile
H20, and 5 pl of each dilution was dropped onto YPD or YPG plates with or without inhibi-
tors at the indicated concentrations. Spotted cells were grown for 2 d at 30°C.

Detergent and lipids. Lipid reactivation of purified Spflp was performed essentially as
described in [12]. Yeast polar lipid extracts (Avanti 190001) were dissolved in chloroform
from the vial provided by the manufacturer and 1mg fractions were aliquoted into glass vials
and stored at -20°C under N,. 244,7uL Reconstitution buffer (50 mM Tris-HCl pH 7.2, 50 mM
NaCl, 0.5% wt/vol indicated detergent) was used to resuspend the lipids, resulting in a lipid
concentration of 4.086 mg/mL. Resuspended lipid/detergents mixtures were homogenized
using ultra-sonification in a water bath for at least 5 minutes. The detergents used where:
Tween 20 (Polysorbate 20, Merck 817072), n-Octyl-B-D-Glucopyranoside (Anatrace O311-1),
Deoxy Cholate (Sigma D6750), Fos-choline-13 (Anatrace F310S-1), Big CHAPS (Anatrace
B310-1), Polyoxyethylene(8)dodecyl Ether (C12E8, Anatrace APO128), (Polyoxyethylene(9)
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dodecyl Ether (C12E9, Anatrace APO129) and Polyoxyethylene(10)dodecyl Ether (C12E10,
Anatrace AP1210).

ATPase measurements. Measurement of ATPase activity was performed essentially as
described in [12]. Prior to the assay Spflp was reactivated with the solution containing lipid and
detergents described above to a defined amount of detergent determined as w/w % of the pro-
tein content. The lipid to protein ratio was 3,552 mg lipid per mg protein and 5 pg of Spflp was
used for each replicate. The mix was incubated on ice for 30 minutes prior to assay and the
assay was run at the indicated temperature in a Grant Qbd4 heater for 30 minutes and stopped
by the addition of ice-cold 300 pL stop buffer containing 0,154 M Ascorbicacid (AppliChem
A1052), 0,55 mM Ammonijum-heptamolybdate (Merck 1.01180) and 1 w/w% SDS (Sigma
L3771). The assay mixture was kept on ice for 15 minutes and of 450 pl 2% glacial acetic acid
(Merck 100063), 2% trisodium citrate (Sigma C8532) and 2% sodium arsenite (Sigma S7400)
was added to the mixture. This was left on tabletop for 1 h at room temperature and absorbance
at 860 nM was measured with a spectrophotometer (Thermo Genesys 10 Bio) using a water
sample and concentration of phosphate determined based on linear regression to a standard
curve. All determinations were carried out as technical triplicates of two biological replicates
(n = 6). For experiments at different temperatures the reaction buffer was heated to the temper-
ature the assay would be performed at and the pH was adjusted at the elevated temperature.

Laurdan fluorescence measurements. Measurements were performed on mixed YPL/deter-
gent micelles containing purified Spflp that was used for ATPase measurements using a Laur-
dan to YPL ratio of 1:1000 (w/w). A dry film was made in glass vials from a CHCl;/MeOH (1/
1) solution containing 1mg YPL and 1ug Laurdan. The film was solubilized with 1.25ml buffer
Buffer A (MOPS pH7.4 50mM, KCI 50mM) and then sonicated 5 min in a water bath. The
assay was performed in 96 microwell plates and assayed on a Multi-Detection Microplate
Reader (Biotek H2 Synergy). 50 pl detergent in water (1%) was added to each well to reach
desired concentration in final 100ul vol. and a dilution series in 1:1 ratio with H,O so that all
wells contain 50ul detergent mix with varying concentration. 25l buffer A and 25ul YPL/
Laurdan mix to each well to start the assay. Fixed excitation at 350nm was used and emission
data was collected in 5nm incremental steps between 380 and 520 nm. General Polarization
was calculated as GP = (I435- Isgo) / (Is35+ Isgo) where I = measured intensity. Measurement
was performed at 35°C. Background control and emission maxima were verified in the indi-
vidual datasets containing the 261 datapoints covering all emission wavelengths in each experi-
ment. Data is reported as the average of three biological replicates with error bars indicating
the standard error.

Bioinformatics, alignments and modelling. Alignments were performed as described in [20],
Calculation of free energy for TM helix prediction was performed using the TOPCONS pre-
diction algorithm [21]. Modelling of Spflp was performed using the SWISS-MODEL homol-
ogy modeler [22] based on a modified sequence of the Ca®" ATPase (ATP2A1: P04191) in
which the residues in M1, 2 and 4 were switched to the those found in Spflp. The modelled
structure is comparable to the structure that was later reported [13].

Results
Ethylene-glycol containing detergents increase ATPase activity of purified
Spflp in mixed lipid/detergent micelles

Spflp was expressed and purified using a protocol that was previously optimized to remove
contaminants that can interfere with Spflp activity [12, 23]. The purified preparations were
confirmed to contain mainly Spflp protein as determined by amino acid analysis and mass
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Fig 1. Detergent screen on purified Spflp in yeast polar lipid (YPL). A) Specific activity in umol Pi/min/mg when indicated detergents are included at 0.5%
detergent (w/w) in the mixed lipid/detergent micelles. B) Specific activity in pmol Pi/min/mg when detergents are titrated into the lipid micelles between 0 and
0.5% detergent (w/w). Detergents that showed a detrimental effect on activity (SDS, triton x100, Brij58 and CHAPS) is not shown. Baseline activity with no
detergent is shown as dotted line. All experiments are performed as biological replicates and technical triplicates (n = 6) and is reported as the average value of
these with error bars indicating the standard error (except cholate in 1A, n = 2 and only average value reported).

https://doi.org/10.1371/journal.pone.0274908.9001

spectrometry, although in some of the produced fractions we could identify glyderaldehyde-
3-phosphate dehydrogenase as a minor contaminant (S1 Fig).

In order to analyze how detergents affect activity of Spflp we performed a detergent screen
on the purified protein residing in mixed lipid/detergent micelles. A yeast polar lipid matrix
(YPL) which is a rich source of phosphatidylinositol-4-phosphate (PI4P) was used as the lipid
source. During reactivation the lipid matrix was doped with detergents representing different
classes of physicochemical properties (ionic state, polarity and size of hydrophic moiety). Deter-
gents were initially screened at 0.5% (w/w) (Fig 1). This initial screen allowed us to identify indi-
vidual detergents that showed either strong negative or positive effects on activity of the re-
lipidated protein as compared to addition of lipids only. Here Tween20 and C12E10 showed the
strongest stimulatory effect on ATP hydrolysis, with both detergents increasing ATPase activity
to above ~0.2 umol Pi/min/mg which is ~2x fold of what was previously reported using n-
Octyl-B-D-Glucopyranoside (OG) in a pure POPC/PI4P matrix (Fig 1A, [12]).

To extend the analysis we proceeded by analyzing individual detergents more closely by
titration of the detergents into the mixed lipid/detergent micelles (Fig 1B). Here we observed
that the effect of Tween20 could be further increased at lower concentrations resulting in an
apparent ~10x fold increase in ATPase activity reaching a maximum of ~0.6 pmol Pi/min/mg
at around 0.38% (w/w). C12E10 showed a maximal activity of ~0.22 pmol Pi/min/mg at 0.5%
(w/w) and the shorter C12E8 showed a maximal activity of ~0.4 pmol Pi/min/mg at 0.25% (w/
w). A shared feature of the detergents that increased ATPase activity of Spflp is the presence of
polyethylene glycol ethers in the hydrophilic part of the detergents. Tween20 is characterized
by the presence of branched polyethylene glycol ethers while C12E8 and C12E10 both contains
polyethylene mono glycol ethers. The stimulatory effect was absent for detergents that had no
ethylene glycol moieties (Deoxy-Cholate, Deoxy-CHAPS, Octyl glucoside and Fos-13, Fig 1B).

We show that inclusion of the ethylene-glycol containing detergents (Tween20, C12E10
and C12E8) increase spontaneous ATPase activity of purified Spflp in mixed polar lipid/deter-
gent micelles with Tween20 inducing the largest increase in activity.
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Detergent induced activity is not the result of an altered state transition of
Spflp

P-type ATPases undergoes a cyclic reaction mechanism by oscillating between substrate
bound and substrate free states (E1-E2 reaction mechanism), binding of ligands such as trans-
port substrates, regulatory ligands and nucleotides can modify catalytic turnover of the cycle
by binding to specific intermediate states [1]. A classical way to probe shifts in state transition
of P-type ATPases is by measuring sensitivity towards vanadate which block enzymatic activity
by acting as a phosphate leaving group mimic in the E2 state. To test if addition of detergents
increased activity of Spflp by introducing a shift in state equilibrium, we measured ATPase
affinity and performed a vanadate sensitivity experiment on the enzyme prepared in YPL
micelles containing either OG or Tween20 at 0.35% (w/w) (Fig 2). ATP affinity decreased in
the presence of Tween20 while vanadate sensitivity was unaffected, which leads us to conclude
that state equilibrium of Spflp is similar in the two preparations and that Tween20 induced
activity of Spflp is not the result of an altered state transition of the enzyme.

Tween20 and C12ES8 increase fluidity of lipid/detergent micelles carrying
Spflp

Temperature, lipid composition and detergents affect fluidity and disordering of lipid phases. A
commonly applied approach to measure these effects is by measuring the fluorescent properties
of intercalating probes which respond to the dipole changes in water molecules close to surface
of the lipid environment. One such molecule is Laurdan (6-dodecanoyl-2-dimethylamino-
naphthalene). Its fluorescence is usually expressed in terms of a “generalized polarization” (GP)
parameter, that is calculated by the fluorescence intensities at two predetermined wavelengths
(435 nm and 500 nm) where GP varies between 1 (no solvent effects) and -1 (complete exposure
to bulk water). Since the presence and mobility of water molecules depends on the mobility of
lipid molecules in the lipid phase, the GP value of Laurdan can be used to report changes in
lipid phase transitions from ordered to more disordered phases [24-26].

B
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Fig 2. ATP affinity and vanadate sensitivity of purified Spflp in mixed YPL/detergent micelles (0.35% w/w). A) ATP affinity of Spflp in YPL/OG micelles
(open circles, dotted line with K, = 0.1332 + 0.0189 mM ATP and V,,,,, = 0.3065 + 0.0969 pmol Pi/min/mg) and in YPL/Tween20 micelles (black circles, black
line with K, = 0.2977 £ 0.02569 mM ATP and V,,,,, = 1.072 £ 0.0270 umol Pi/min/mg). Curve fittings was performed using Michaelies-Menten kinetics. B)
Vanadate sensitivity of Spflp in mixed YPL/OG micelles (open circles, dotted line with K; = 10.30 + 0.7471 uM) and YPL/Tween20 (black circles, black line
with K; = 10.30 + 0.7471 uM). Curve fittings was performed using Substrate inhibition kinetics. All experiments are performed as technical triplicates (n = 3)
and is reported as the average value of these with error bars indicating the standard error.

https://doi.org/10.1371/journal.pone.0274908.9002
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Fig 3. Laurdan fluorescence experiment on mixed YPL/detergent micelles containing Spflp at different concentration of detergent (0-0.5% w/w) and
temperature (25-40°C). Generalized Polarization was calculated based on the fluorescent intensities of Laurdan using the equation GP = (I435nm—Isgonm) /
(Is3snm+ Isoonm)> where I = measured intensity. Decreasing GP values indicate increasing lipid phase disorder. Different detergents were used in the mixed
lipid/detergent micelles; OG (orange), C12E8 (grey) and Tween20 (blue). Data is shown as the average of 3 biological replicates with error bars indicating the
standard error.

https://doi.org/10.1371/journal.pone.0274908.g003

When analyzing Laurdan fluorescence of mixed lipid/detergent micelles carrying Spflp
protein we observed that Tween20 and C12E8, were able to sharply increase lipid phase disor-
der as indicated by a decrease in the GP value of Laurdan. In contrast lipid phase disorder for
OG was much less pronounced (Fig 3). Moreover, this followed an inverse relationship with
the ATP hydrolytic activity. Addition of C12E8 result in a rapid decrease in Laurdan GP which
stabilized at around 0.125-0.25% (w/w). The ATP hydrolytic activity of Spflp at the same con-
ditions also show an optimum at around 0.25% (w/w) (refer to Fig 1B). Increased lipid phase
disorder hereby correlates with Spflp ATP hydrolytic activity. A similar relationship between
lipid phase disorder and activity was also observed for Tween20 —i.e. a steady decrease in Laur-
dan GP value up to 0.25% (w/w) which correlates with an increase in ATP hydrolytic activity
up to 0.4% (w/w) detergent. In contrast, OG resulted in a much less pronounced change in
lipid phase anisotropy as indicated the overall stable GP value of Laurdan, which also coincides
with an overall stable ATP hydrolytic activity at all tested detergent concentrations (Figs 1
and 3).
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The data hereby suggest that the effect of Tween20 and C12E8 on Spflp activity is corre-
lated to the concentration at which these detergents to increase fluidity of the lipid
environment.

N-terminal domain is required for functionality of purified Spflp

When analyzing the purified fractions on SDS-PAGE gels, full length Spflp was found to migrate
as a double band with one band at the expected molecular size and one at approximately twice the
expected size (S1 Fig), suggesting persistent dimerization of the protein even under strongly dena-
turizing conditions. The N-terminal part of Spflp contain a signature domain with P5A specific
transmembrane helixes (Ma and Mb) preceding the M1 transmembrane helix found in other P-
type ATPases [20]. We therefore proceed to remove the first 158 amino acids from the N-terminal
of the expression construct and purified the resulting protein (AN158-Spflp). This truncation
caused the protein to run as a single band, suggesting that the dimerization happens in this region
(Fig 4). AN158-Spflp further failed to show activation of ATPase activity when reactivated in
mixed lipid/detergent micelles. The expression construct encoding AN158-Spflp and a similar
expression construct encoding another N-terminally truncated protein (AN87-Spflp) were also
both not able to show cellular rescue in genetic complementation experiments when high expres-
sion was induced with galactose, although the same constructs allowed survival during glucose
repression of the promotor. These data indicate that the N-terminal part of Spflp is required for
functionality of the purified enzyme produced during high expression conditions.

Integrity of the a-helical nature of M1 is important for functionality of
purified Spflp

P-type ATPases display a large degree of conformational rearrangement during transport with
movements in the cytoplasmic domain being coupled to opening and closing of an access
channel for transport substrates between M1, M2 and M3 in the TM domain. Especially M1
appears to display a large degree of movement where it alternates between being fully kinked
in the substrate free state to being almost fully unwound in the substrate bound state [27]. The
P5A subclass (including Spflp) contain highly conserved residues in this region (M1 shown in
Fig 4A, for region M2-M3 see [20]). In contrast to other model P-type ATPases like the Ca**
ATPase (P2B class) most of these residues are hydrophobic in nature with phenylalanine being
the most pronounced. A highly conserved proline is also identified in M1 of Spflp (Fig 5A)
which in other P-type ATPases acts as a helix breaking motif in the substrate free E2 form of
the enzyme. In situ topology prediction suggests that partial removal of the hydrophobic char-
acter in the triple histidine mutant removes the ability of M1 to fold into a proper o-helix
structure as indicated by the increased energetic requirement (AG) for folding (Fig 5B).

As the N-terminal part of Spflp seemed to be important for function we proceeded to fur-
ther test the effect altering M1 integrity by mutating the three conserved phenylalanines into
either alanine or histidines. Although highly conserved, the three phenylalanines in M1 are
not required for functionality, as indicated by the ability of a triple alanine mutated version of
the enzyme (Spflp-F202A, F204A,F207A) to sustain both ATP hydrolytic activity in YPL/OG
micelles and to show cellular rescue in genetic complementation experiments. In contrast the
histidine mutated version of the enzyme (Spflp-F202H,F204H,F207H) display complete loss
of both ATP hydrolysis and cellular rescue activity (Fig 5C and 5D) indicating that the hydro-
phobic nature of the sidechain residues is preferred over the more hydrophilic variants.

These data suggest that integrity of the helical nature of transmembrane helix M1 is impor-
tant for the function of Spflp although the role of conserved phenylalanine residues in this
region is somewhat unclear.
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truncated version of SPF1, but high expression conditions on galactose (YPG) hinders survival.

https://doi.org/10.1371/journal.pone.0274908.9004

Three conserved phenylalanines in M1 are required for the Tween20 and

C12E10 induced activity of Spflp

The specific response to detergents that influence lipid disordering and an apparent high opti-
mum temperature of Spflp ATP hydrolytic activity at ~45°C [12] prompted us to further
investigate the effects of mutating residues in the M1 region. As a control, measurements were

PLOS ONE | https://doi.org/10.1371/journal.pone.0274908 October 20, 2022

9/18


https://doi.org/10.1371/journal.pone.0274908.g004
https://doi.org/10.1371/journal.pone.0274908

PLOS ONE ATPase activity of purified Spf1p correlate with micellar lipid fluidity and is dependent on residues in TM1

NZSIRS!
A) Yy <Y B) TM1TM2 TM1 TM2 TM1 TM2
188 M1 * * * B R
S. cerevisicge  TEFMELFKEHAVAPIIFVEOVEEVALWLL }‘2‘
Y. lipolytica TFSELFYQHAVAPHFVFQIFLVALWCL ’—g‘ 70 1
C. albicans TFMELFKEHAVAPHFVFQIFLVALWCM = 4
K. lactis TFLELFKEHAVAPHFIFQLFLVALWLE £ g
A. thaliana TEQKLMKENCMEPHFVFQVFEVGLWCL © 4
H. sapiens DFSELFKERATAPHFVEQVFLVGLWCL 2 |
M. musculus DESELFKERATAPHFVEQVFLVGLWCL 0
* o Kk o . K, ok e kk ok * * % '2’
skaon L, skekkak Kk he Ala H| .
@) D) F202/F204/F207
— 0.10-
ev. | =
e.w. 0.08
(2]
£
SPF1 = 0.06-
SPF1D487A E
S & 504
Q = i
SPF1E31°A by %
SPF‘] F202A/F204A/F207A 0.024
SPF‘I F202H/F204H/F207H
0.00-
;\V’ \QV' 6\?' 6\’2‘
& & & &
")Q (\Q (\Q Qﬁv' ,»Q&b\
R KR o
¢ § &
E & 4 NS
) &é < <<°“ <<\0° < KR
kDa Q¥ & & & & K

vYH X 9 06

/\
o \\’1, -0°\)o oo*\&\o oo(\&\oo &
& \0 TR N
170 N DR % QS
— —
130 e > - - — - - <Spfip
100
72
55 P ——

gg-ﬁ- > 5%
o AL AL
35 - ---"l

Fig 5. Viability of Spflp and M1 mutated Spflp. A) Alignment of M1 region of Spflp and similar P5A ATPase sequences. Conserved residues F202, F204 and
F207 indicated by star and predicted a-helical structure shown in blue. B) Calculated AG (kcal/mol) for folding of M1 and M2 in Spflp and M1 mutated spflp.

PLOS ONE | https://doi.org/10.1371/journal.pone.0274908 October 20, 2022 10/18


https://doi.org/10.1371/journal.pone.0274908

PLOS ONE ATPase activity of purified Spf1p correlate with micellar lipid fluidity and is dependent on residues in TM1

Introduction of histidines, but not alanines, increase the calculated energetic requirement for proper folding into the o-helical structure. C) Complementation
in spfl deletant cells using the expression constructs used in this study. The catalytic dead mutations D487A and E310A and the empty vector was used as a
control. Complementation was tested on 10 mM caffeine plates as described in [12]. D) Specific activity of purified Spflp mutants in mixed YPL/OG micelles.
All experiments are performed as biological replicates and technical triplicates (n = 6) and is reported as the average value of these with error bars indicating the
standard error. E) Expression analysis of the constructs used in this study, SDS-PAGE show expression of a ~130 kDa band corresponding to Spfl and M1
mutated Spflp. A western blot against the FLAG-tag using Anti-FLAG AB is shown for reference. F) SDS-PAGE gels of a typical purification showing relatively
pure and homogenous preparations comparable to those presented in [12]. Fractions containing Spflp were pooled for recovery of purified Spflp.

https://doi.org/10.1371/journal.pone.0274908.9005

performed in the absence of any added detergent and at fixed concentrations of either
Tween20, C12E10 or OG where each detergent had stable optimal activity. The resulting data
can be plotted as both specific activities (Fig 6A-6D) and as relative activities as percent of
maxima in the temperature response plots for each experiment, which more clearly show the
difference across the temperature span (Fig 6E-6H).

In confirmation of previous studies purified Spflp display a temperature optimum at 45°C
when reactivated with OG (Fig 5, specific activity ~0.37 umol Pi/min/mg). A similar tempera-
ture response curve with optimum at 45°C is found in the absence of added detergent although
at these conditions the enzyme has a lower activity (Fig 5, specific activity ~ 0.14 umol Pi/min/
mg). Addition of detergent hereby seems to be required for activation of some latent activity of
Spflp in the YPL matrix but otherwise OG appears to have no effect on the temperature
response curve of the enzyme. The triple alanine mutated enzyme (Spflp-F202A,F204A,
F207A) behaves similarly to Spflp, both in the absence of detergent and in the presence of OG
with comparable specific activities and temperature response curves, while the triple histidine
mutated control (Spflp-F202H,F204H,F207H) displays complete loss of activity at all condi-
tions suggesting that disruption of o-helix formation in M1 result in complete loss of activity.

In contrast, reactivation of Spflp with C12E10 or Tween20 result in a dramatic effect on
both the maximal specific activity and the temperature response. Both detergents increase spe-
cific activity in the physiological range around 30-35°C raising it either 4-fold for C12E10 (Fig
6, from ~0.10 to ~0.37 pmol Pi/min/mg) or 10-fold for Tween20 (Fig 5, from ~0.1 to
~1.05 umol Pi/min/mg) when compared to the enzyme in the absence of added detergent.
This response is associated with a shift in the temperature response curve which reaches an
optimal temperature already at 35°C as compared to 45°C for the enzyme activated with OG
or in the absence of detergent. The optimum temperature furthermore appears to be compara-
ble between Tween20 and C12E10 indicating that the effect relates to a common characteristic
between the detergents which is not found in OG. Although the triple Spflp-F202A,F204A,
F207A mutated enzyme behaves similar to Spflp when activated with OG, mutation of the
conserved phenylalanines in M1 removes the effect of Tween20 and C12E10 in the triple ala-
nine mutant. Spflp-F202A,F204A,F207 A hereby retains its temperature optimum at 45°C in
the presence of both Tween20 and C12E8 and fail to show high activity as observed for Spflp
at 35°C at these conditions. The increased turnover observed at elevated temperature can
hereby be removed by mutation of specific conserved hydrophobic residues in the M1 domain
of the enzyme.

Discussion

In this work we report the effect of detergents on spontaneous activity of purified Spflp in
lipid/detergent micelles. We show that the spontaneous ATP hydrolytic activity of Spflp corre-
lates to the degree of disordering in the lipid/detergent micelles and that the correlation
depends on conserved hydrophobic residues in M1.

Different lipids and detergents have previously been used by different research groups to
confer activity to purified Spflp (summarized in Table 1). In the initial studies OG was used
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https://doi.org/10.1371/journal.pone.0274908.9006

together with an E. coli lipid extract [10]. Later C12E10 has been used together with phosphati-
dylcholine [11, 28] and OG has been used together with POPC/PI4P lipid extracts [12]. In the
current work we report the highest recorded activity so far for Spflp when the enzyme is reac-
tivated with Tween20 in a yeast polar lipid extract.

Although the purity of individual preparations needs to be considered, we believe that sev-
eral general observations can be established based on these collected efforts. First of all, it
appears that from a biological perspective, the ATP hydrolytic activity of Spflp has a high tem-
perature optimum (between 35-45°C depending on the detergent and lipids used). Secondly,
activity appears to be highest in heterogenous lipids together with polyethylene glycol contain-
ing detergents (Tween20, C12E8), where the yeast polar lipid matrix gives the highest observed
response. Thirdly, in all cases ATP hydrolytic activity appears to be spontaneous in the purified

Table 1. Specific activities reported in nmol/min/mg for purified and lipid/detergent reactivated Spflp with the conditions for individual experiments shown. Star
indicate activity measurements using radiolabeled ATP*?, C12E10: Polyoxyethylene(10)dodecyl Ether, OG: n-Octyl-B-D-Glucopyranoside, PC/POPC: phosphatidylcholine
and n.r.: not reported. For comparison polyamine stimulated activity of lipid activated ATP13A2 is ~150 nmol/min/mg [2] and for Ypk9p ~1.000 nmol/min/mg [18] both
at 37°C, phosphatidylserine stimulated activity of the lipid flippase ATP8A1 is ~100.000 nmol/min/mg at 37°C [36], the activated state of the Pmalp H" ATPase is reported
at ~12.000 nmol/min/mg at 30°C [37] and activity for SERCA and SPCA Ca** ATPases are reported at ~12.000 nmol/min/mg and ~2500 nmol/min/mg respectively in

proteoliposomes [38].

nmol Pi min™' mg’ Detergent Lipid Nucleotide/ Mg>* Temp. Protein determination Reference
36 CI12E10 PC 30uM ATP* / 2mM Mger 28°C Bradford / BSA [28]
40 oG PC 3mM ATP / $mM Mg** 30°C Bradford / y-globulin [12]
120 0G E.coli total lipid extract 50uM ATP* / 5mM Mg** n.r. BCA/n.r. [10]
120 oG Yeast polar lipid extract 3mM ATP / 8mM Mg** 30°C Bradford / y-globulin This study
160 0G POPC/PI4P 3mM ATP / 8mM Mg** 45°C Bradford / y-globulin [12]
450 C12E10 Yeast polar lipid extract 3mM ATP / 8mM Mg>* 35°C Bradford / y-globulin This study
800 C12E10 PC 3mM ATP / 5mM Mg2+ 37°C Bradford / BSA [11]
1000 Tween20 Yeast polar lipid extract 3mM ATP / 8mM Mg** 35°C Bradford / y-globulin This study
https://doi.org/10.1371/journal.pone.0274908.t001
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system and happens in the absence of any apparent transport substrate. As shown in this
report spontaneous activity correlates with the anisotropic state of the lipid environment and
this correlation relies on conserved residues in M1. This suggest that the allosteric coupling
between the TM part of Spflp and its catalytic domain is intact in our preparations, as in the
case of an allosteric uncoupling, spontaneous activity would either be expected to be released
completely or not at all (and not as observed in a graduating manner related to the state of the
lipid environment) and would further not be dependent on residues in the TM domain.
Fourth, the recorded specific activities of Spflp in both this and previous reports is well within
the magnitude of substrate stimulated activity observed for P5B-type ATPases of similar purity
[2, 18], even when accounting for the lower purity of crude Spflp fractions used in previous
studies, and certainly below the extreme activity overserved for other P-type ATPases of com-
parable purity (Table 1).

Detergents that seem to work best for preserving activity of Spflp contain polyethylene gly-
col ethers in their hydrophilic moiety (C12E10, C12E8) and preferentially in a branched struc-
ture (Tween20). Although we cannot provide a direct answer for why C9E10 show no increase
in activity above the level found for OG and thus fails to reach the same effect seen by C12E8
and C12E10, we speculate that lipid/detergent phase transitions might be limiting for specific
chain structures. In comparison if the carbon chain in the hydrophobic part of the detergent
exceeds ~10-12 residues and contain branching methyl groups (tritonX100, Brij58) it is likely
to be unfavorable for Spflp activity as well. Detergents that are based on a bile acid structure
(deoxy-CHAPS, cholate, deoxycholate) have little or no effects on activity of purified Spflp,
although the presence of a zwitterion in the hydrophilic moiety of the bile acid structure seems
to be detrimental for activity as demonstrated by sensitivity to CHAPS. In comparison, the
presence of a polar headgroup containing multiple -OH groups in deoxy-CHAPS, and a zwit-
terionic headgroup can be tolerated in the absence of a bile acid moiety as demonstrated by a
slight increase in activity that is comparable between Fos13 and OG. Further studies might
reveal more about how the physicochemical properties of these detergents affect the lipid/
detergent environment which likely would relate to changes in the lipid/detergent micelles.

Studies on perturbation of POPC lipid bilayers by solid state H>-NMR and isothermal titra-
tion calorimetry have revealed that addition of the C12E8 class of detergents produce a general
disordering at all levels of the lipid bilayer whereas addition of OG only affect the fatty acyl
chains in the inner part of the hydrophobic bilayer [29]. The effect of OG on the lipid environ-
ment is hereby drastically different from that of C12E8/C12E10 which also fit with our obser-
vations that the two detergents affect fluidity of the lipid environment differently. Due to the
long polyether ‘head-group’ and a short hydrophobic tail of these detergents, the position and
orientation of the detergent molecules along the micellar surface plane is conceivably not as
restricted as it is for the lipid molecules. This could allow for a more flexible amphipathic envi-
ronment around the protein in the mixed lipid/detergent micelles, in which the lipid molecules
can occupy a broader distribution along the surface without a significant energetic cost. Our
observations that increased micellar fluidity is associated with a higher rate of spontaneous
ATP hydrolysis by Spflp hereby converge on the model that the TM part of the enzyme is
allowed a higher degree of movement under these conditions.

So far ATP hydrolysis of Spflp have in all cases been observed to be spontaneous. This
could imply that activity can be regulated by imposing forces from the lipid environment in
the ER membrane which enforces the transporter into a low activity state when activity is not
needed. Likely this repression is lost during purification of the enzyme. If this is true, it would
present a new form of autoregulation in P-type ATPases—i.e. that they can be turned on by
local physicochemical changes in the lipid environment. This would also fit with the recent
findings that P5A ATPases show interaction with TM spanning helixes which at a high local
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concentration would affect the local physicochemical properties of the ER membrane sur-
rounding the enzyme [13]. Indeed, the interplay between catalytic movements of P-type
ATPases and the lipid environment have previously been speculated to be of significance for
their activity based on molecular modelling of their action in the lipid environment [30]. It is
hereby not inconceivable that local energetic restraints could keep the spontaneous ATP con-
sumption of Spflp in check when it is not needed, and that local changes in the lipid environ-
ment induced by increased concentration of misfolded TM peptides or changes in membrane
sterol content could activate the enzyme [12, 13], although further studies are needed to exam-
ine this hypothesis. It was previously observed that deletion of the SPF1 gene results in general
dyshomeostasis of lipids and sterols, but it is still unclear if this is a compensatory mechanism
to relive stress from loss of its function or a more direct causal outcome from its deletion [12,
31].

Spflp contains a P5A specific domain in its N-terminal region that cover two transmem-
brane helices (Ma and Mb) [3, 20]. We show here that at least in the purified form, this domain
is required for spontaneous ATPase activity and that upon removal of this region the enzyme
represents a state that cannot be reactivated by re-lipidation or in mixed lipid/detergent
micelles. At least in the purified state the enzyme shows a persistent dimerization that likely
require this region.

In P-type ATPases transmembrane helixes M1-6 plays an important role in substrate trans-
location. Initial crystal structures of the Ca** ATPase showed that transport Ca** ions are
translocated via an open luminal pathway found in this part of the enzyme [32, 33]. Based on
detailed analysis of structurally determined intermediate states of the catalytic cycle, the
entrance port was later confirmed to be present between the M1/M2 and M3 transmembrane
segments [27, 34], where especially M1 appears central in lining the entrance pathway [35].
Notably M1 is highly flexible during transition between the E1 and E2 states, where it in the
substrate free E2 state forms a fully kinked o-helix in contrast to being unwound in the sub-
strate bound E1 state. As the M1-M3 transmembrane segments are part of the canonical mem-
brane domain of P-type pumps it is highly likely these helices play a similar role in Spflp.
Indeed, the same entrance pathway was recently shown to be relevant for the P4 lipid flippases
[36] which are the closest homologue class of P5 ATPases. The recently presented Cryo-EM
structures of Spflp also show movement of M1 and M2 between the inward open (E1P; AlF,-
bound) and outward open (E2P; BeF;-bound) conformations [13], although the presence of
the two additional TM helices in the N-terminal part of Spflp would conceivably put further
restraints on the requirement for coordination between the Ma/Mb and the M1-M3 trans-
membrane segments during catalytic turnover. It is possible that the detergents identified in
the study act by removing this restraint in Spflp (Fig 7).

Recent reports have made substantial advances towards a function for P5A ATPases in a
biological context, but direct biochemical evidence for their transport function and specificity
is still missing. Although it is intriguing that P5A type ATPases could act as peptide transport-
ers, or semi-transporters in the case of clearing misfolded TM helixes from the ER membrane,
substrate specificity has not yet been studied based on reconstituted biochemical activity. It is
our hope that this work will provide an advance for the development of a reconstituted trans-
port assay for a P5A ATPase as have been developed for P5B ATPases [2] and that the data can
shed light on the spontaneous nature of activity observed so far. It is proposed that the sponta-
neous nature of ATP hydrolytic activity could be related to a mechanism of autoregulation
that relates to changes the local physicochemical environment of the lipid environment sur-
rounding the transmembrane part of the protein and that this regulation might be lost during
purification of the enzyme. Further studies would be needed to prove if this hypothesis is
correct.
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Fig 7. Schematic overview of detergents and Spflp. A) Detergent structures with the amount of mono glycol ethers in each detergent indicated in red. B)
Homology model of the Spflp structure based on the apo state of the Ca®>* ATPase showing location of the conserved phenylalanines in M1 in red, M1-2 and
the A domain in yellow and the remainder of the protein (S-domain) in green. Closeup of the M1 helix show location of the phenylalanines which are
comparable to the recently published apo structure of Spflp [13]. C) Schematic overview of the phenylalanines (red dots), M1-2, A-domain (yellow) and M3-10
and S-domain (green) in the absence and presence of polyethylene containing detergents (C12E10/Tween20).

https://doi.org/10.1371/journal.pone.0274908.9007

Supporting information

S1 Fig. Analysis of purification. A-B) A fraction of purified Spfl was precipitated with TCA
and the resulting pellet was subjected to acid hydrolysis after which the individual amino acids
where quantified in triplicates using normal phase HPLC (see materials and methods). The
corresponding observed values were plotted against the expected values, showing clear linear
regression (R” = 0.93) confirming a high degree of purify. C) SDS-PAGE of purified Spflp.
The analysis showed three bands that were cut out and resuspended in a 1:1 mixture of ethanol
and 25mM ammonium Bicarbonate and subjected to mass spectrometry (see materials and
methods). D) Table of mass spectrometry analysis of the bands using a max quant orbitrap
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(thermo). Band a. and b. showed mainly Spfl, but band 3 showed a small but significant con-
tamination of glyceraldehyde-3-phosphate dehydrogenase from the cell citric acid cycle. This
is a common contaminant of proteins expressed and purified in yeast. The enzyme have no
reported no ATPase activity.

(TIF)

S1 Raw images.
(PDF)

Author Contributions

Conceptualization: Danny Mollerup Serensen.

Data curation: Johan @Qrskov Ipsen.

Formal analysis: Johan Qrskov Ipsen, Danny Mollerup Serensen.
Investigation: Johan @rskov Ipsen.

Methodology: Johan @rskov Ipsen, Danny Mollerup Serensen.
Supervision: Danny Mollerup Serensen.

Writing - original draft: Danny Mollerup Serensen.

Writing - review & editing: Johan Qrskov Ipsen, Danny Mollerup Serensen.

References

1. Palmgren MG, Nissen P. P-type ATPases. Annu Rev Biophys. 2011; 40:243-66. https://doi.org/10.
1146/annurev.biophys.093008.131331 PMID: 21351879

2. vanVeen S, Martin S, Van den Haute C, Benoy V, Lyons J, Vanhoutte R, et al. ATP13A2 deficiency dis-
rupts lysosomal polyamine export. Nature. 2020; 578(7795):419-424. https://doi.org/10.1038/s41586-
020-1968-7 PMID: 31996848

3. Serensen DM, Holemans T, van Veen S, Martin S, Arslan T, Haagendahl IW, et al. Parkinson disease
related ATP13A2 evolved early in animal evolution. PLoS One. 2018; 13(3):e0193228. https://doi.org/
10.1371/journal.pone.0193228 PMID: 29505581

4. Ramirez A, Heimbach A, Griindemann J, Stiller B, Hampshire D, Cid LP, et al. Hereditary parkinsonism
with dementia is caused by mutations in ATP13A2, encoding a lysosomal type 5 P-type ATPase. Nat
Genet. 2006; 38(10):1184-91. https://doi.org/10.1038/ng1884 PMID: 16964263

5. BrasJ, Verloes A, Schneider SA, Mole SE, Guerreiro RJ. Mutation of the parkinsonism gene ATP13A2
causes neuronal ceroid-lipofuscinosis. Hum Mol Genet. 2012; 21(12):2646-50. https://doi.org/10.1093/
hmg/dds089 PMID: 22388936

6. Estrada-Cuzcano A, Martin S, Chamova T, Synofzik M, Timmann D, Holemans T, et al. Loss-of-function
mutations in the ATP13A2/PARK9 gene cause complicated hereditary spastic paraplegia (SPG78).
Brain. 2017; 140(2):287-305. https://doi.org/10.1093/brain/aww307 PMID: 28137957

7. Spataro R, Kousi M, Farhan SMK, Willer JR, Ross JP, Dion PA, et al. Mutations in ATP13A2 (PARK9)
are associated with an amyotrophic lateral sclerosis-like phenotype, implicating this locus in further phe-
notypic expansion. Hum Genomics. 2019; 13(1):19. https://doi.org/10.1186/s40246-019-0203-9 PMID:
30992063

8. Machado RD, Welch CL, Haimel M, Bleda M, Colglazier E, Coulson JD, et al. Biallelic variants of
ATP13A3 cause dose-dependent childhood-onset pulmonary arterial hypertension characterised by
extreme morbidity and mortality. J Med Genet. 2021; jmedgenet-2021-107831. https://doi.org/10.1136/
jmedgenet-2021-107831 Online ahead of print. PMID: 34493544

9. Sgrensen DM, Holen HW, Holemans T, Vangheluwe P, Palimgren MG. Towards defining the substrate
of orphan P5A-ATPases. Biochim Biophys Acta. 2015; 1850(3):524—35. https://doi.org/10.1016/j.
bbagen.2014.05.008 PMID: 24836520

10. Cronin SR, Rao R, Hampton RY. Cod1p/Spfip is a P-type ATPase involved in ER function and Ca2+
homeostasis. J Cell Biol. 2002; 157(6):1017-28. https://doi.org/10.1083/jcb.200203052 PMID:
12058017

PLOS ONE | https://doi.org/10.1371/journal.pone.0274908 October 20, 2022 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0274908.s002
https://doi.org/10.1146/annurev.biophys.093008.131331
https://doi.org/10.1146/annurev.biophys.093008.131331
http://www.ncbi.nlm.nih.gov/pubmed/21351879
https://doi.org/10.1038/s41586-020-1968-7
https://doi.org/10.1038/s41586-020-1968-7
http://www.ncbi.nlm.nih.gov/pubmed/31996848
https://doi.org/10.1371/journal.pone.0193228
https://doi.org/10.1371/journal.pone.0193228
http://www.ncbi.nlm.nih.gov/pubmed/29505581
https://doi.org/10.1038/ng1884
http://www.ncbi.nlm.nih.gov/pubmed/16964263
https://doi.org/10.1093/hmg/dds089
https://doi.org/10.1093/hmg/dds089
http://www.ncbi.nlm.nih.gov/pubmed/22388936
https://doi.org/10.1093/brain/aww307
http://www.ncbi.nlm.nih.gov/pubmed/28137957
https://doi.org/10.1186/s40246-019-0203-9
http://www.ncbi.nlm.nih.gov/pubmed/30992063
https://doi.org/10.1136/jmedgenet-2021-107831
https://doi.org/10.1136/jmedgenet-2021-107831
http://www.ncbi.nlm.nih.gov/pubmed/34493544
https://doi.org/10.1016/j.bbagen.2014.05.008
https://doi.org/10.1016/j.bbagen.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24836520
https://doi.org/10.1083/jcb.200203052
http://www.ncbi.nlm.nih.gov/pubmed/12058017
https://doi.org/10.1371/journal.pone.0274908

PLOS ONE

ATPase activity of purified Spf1p correlate with micellar lipid fluidity and is dependent on residues in TM1

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Corradi GR, de Tezanos Pinto F, Mazzitelli LR, Adamo HP. Shadows of an absent partner: ATP hydro-
lysis and phosphoenzyme turnover of the Spf1 (sensitivity to Pichia farinosa killer toxin) P5-ATPase. J
Biol Chem. 2012; 287(36):30477—84. https://doi.org/10.1074/jbc.M112.363465 PMID: 22745129

Sgrensen DM, Holen HW, Pedersen JT, Martens HJ, Silvestro D, Stanchev LD, et al. The P5A ATPase
Spf1p is stimulated by phosphatidylinositol 4-phosphate and influences cellular sterol homeostasis. Mol
Biol Cell. 2019; 30(9):1069-1084. https://doi.org/10.1091/mbc.E18-06-0365 PMID: 30785834

McKenna MJ, Sim SI, Ordureau A, Wei L, Harper JW, Shao S et al. The endoplasmic reticulum P5A-
ATPase is a transmembrane helix dislocase. Science. 2020; 369(6511):eabc5809. https://doi.org/10.
1126/science.abc5809 PMID: 32973005

Qin Q, Zhao T, Zou W, Shen K, Wang X. An Endoplasmic Reticulum ATPase Safeguards Endoplasmic
Reticulum Identity by Removing Ectopically Localized Mitochondrial Proteins. Cell Rep. 2020; 33
(6):108363. https://doi.org/10.1016/j.celrep.2020.108363 PMID: 33176140

FengZ, ZhaoY, Li T, Nie W, Yang X, Wang X, et al. CATP-8/P5A ATPase Regulates ER Processing of
the DMA-1 Receptor for Dendritic Branching. Cell Rep. 2020; 32(10):108101. https://doi.org/10.1016/].
celrep.2020.108101 PMID: 32905774

Li T, Yang X, Feng Z, Nie W, Fang Z, Zou Y. P5A ATPase controls ER translocation of Wnt in neuronal
migration. Cell Rep. 2021; 37(4):109901. https://doi.org/10.1016/j.celrep.2021.109901 PMID:
34706230

Hamouda NN, Van den Haute C, Vanhoutte R, Sannerud R, Azfar M, Mayer R, et al. ATP13A3is a
major component of the enigmatic mammalian polyamine transport system. J Biol Chem. 2021;
296:100182. https://doi.org/10.1074/jbc.RA120.013908 PMID: 33310703

Li P, Wang K, Salustros N, Grenberg C, Gourdon P. Structure and transport mechanism of P5B-
ATPases. Nat Commun. 2021; 12(1):3973. https://doi.org/10.1038/s41467-021-24148-y PMID:
34172751

Lundby A, Olsen JV. GeLCMS for in-depth protein characterization and advanced analysis of prote-
omes. Methods Mol Biol. 2011; 753:143-55. https://doi.org/10.1007/978-1-61779-148-2_10 PMID:
21604121

Sgrensen DM, Buch-Pedersen MJ, Palmgren MG. Structural divergence between the two subgroups of
P5 ATPases Biochim Biophys Acta. 2010; 1797(6-7):846-55.

Tsirigos KD, Peters C, Shu N, Kall L, Elofsson A. The TOPCONS web server for consensus prediction
of membrane protein topology and signal peptides. Nucleic Acids Res. 2015; 43(W1):W401-7. https://
doi.org/10.1093/nar/gkv485 PMID: 25969446

Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al. SWISS-MODEL: homol-
ogy modelling of protein structures and complexes. Nucleic Acids Res. 2018; 46(W1):W296-W303.
https://doi.org/10.1093/nar/gky427 PMID: 29788355

Corradi GR, Mazzitelli LR, Petrovich GD, Grenon P, Sgrensen DM, Palmgren M, et al. Reduction of the
P5A-ATPase Spf1p phosphoenzyme by a Ca2+-dependent phosphatase. PLoS One 2020; 15(4):
e0232476. https://doi.org/10.1371/journal.pone.0232476 PMID: 32353073

Parasassi T, De Stasio G, d’Ubaldo A, Gratton E. Phase fluctuation in phospholipid membranes
revealed by Laurdan fluorescence. Biophys J. 1990; 57(6):1179-86. https://doi.org/10.1016/S0006-
3495(90)82637-0 PMID: 2393703

Harris FM, Best KB, Bell JD. Use of Laurdan fluorescence intensity and polarization to distinguish
between changes in membrane fluidity and phospholipid order. Biochim Biophys Acta. 2002; 1565
(1):123-8. https://doi.org/10.1016/s0005-2736(02)00514-x PMID: 12225860

Bagatolli LA. LAURDAN Fluorescence Properties in Membranes: A Journey from the Fluorometer to
the Microscope. In: Mély Y., Duportail G. (eds) Fluorescent Methods to Study Biological Membranes.
Springer Series on Fluorescence (Methods and Applications), vol 13. Springer, Berlin, Heidelberg.
2012. pp 3-35.

Mgller JV, Olesen C, Winther AML, Nissen P. The sarcoplasmic Ca2+-ATPase: design of a perfect
chemi-osmotic pump. Q Rev Biophys. 2010; 43(4):501-66. https://doi.org/10.1017/
S003358351000017X PMID: 20809990

Corradi GR, Czysezon NA, Mazzitelli LR, Sarbia N, Adamo HP. Inhibition of the Formation of the Spf1p
Phosphoenzyme by Ca2. J Biol Chem. 2016; 291(14):7767-73. https://doi.org/10.1074/jbc.M115.
695122 PMID: 26858246

Wenk MR, Alt T, Seelig A, Seelig J. Octyl-beta-D-glucopyranoside partitioning into lipid bilayers: ther-
modynamics of binding and structural changes of the bilayer. Biophys J. 1997; 72(4):1719-31. https://
doi.org/10.1016/S0006-3495(97)78818-0 PMID: 9083676

PLOS ONE | https://doi.org/10.1371/journal.pone.0274908 October 20, 2022 17/18


https://doi.org/10.1074/jbc.M112.363465
http://www.ncbi.nlm.nih.gov/pubmed/22745129
https://doi.org/10.1091/mbc.E18-06-0365
http://www.ncbi.nlm.nih.gov/pubmed/30785834
https://doi.org/10.1126/science.abc5809
https://doi.org/10.1126/science.abc5809
http://www.ncbi.nlm.nih.gov/pubmed/32973005
https://doi.org/10.1016/j.celrep.2020.108363
http://www.ncbi.nlm.nih.gov/pubmed/33176140
https://doi.org/10.1016/j.celrep.2020.108101
https://doi.org/10.1016/j.celrep.2020.108101
http://www.ncbi.nlm.nih.gov/pubmed/32905774
https://doi.org/10.1016/j.celrep.2021.109901
http://www.ncbi.nlm.nih.gov/pubmed/34706230
https://doi.org/10.1074/jbc.RA120.013908
http://www.ncbi.nlm.nih.gov/pubmed/33310703
https://doi.org/10.1038/s41467-021-24148-y
http://www.ncbi.nlm.nih.gov/pubmed/34172751
https://doi.org/10.1007/978-1-61779-148-2%5F10
http://www.ncbi.nlm.nih.gov/pubmed/21604121
https://doi.org/10.1093/nar/gkv485
https://doi.org/10.1093/nar/gkv485
http://www.ncbi.nlm.nih.gov/pubmed/25969446
https://doi.org/10.1093/nar/gky427
http://www.ncbi.nlm.nih.gov/pubmed/29788355
https://doi.org/10.1371/journal.pone.0232476
http://www.ncbi.nlm.nih.gov/pubmed/32353073
https://doi.org/10.1016/S0006-3495%2890%2982637-0
https://doi.org/10.1016/S0006-3495%2890%2982637-0
http://www.ncbi.nlm.nih.gov/pubmed/2393703
https://doi.org/10.1016/s0005-2736%2802%2900514-x
http://www.ncbi.nlm.nih.gov/pubmed/12225860
https://doi.org/10.1017/S003358351000017X
https://doi.org/10.1017/S003358351000017X
http://www.ncbi.nlm.nih.gov/pubmed/20809990
https://doi.org/10.1074/jbc.M115.695122
https://doi.org/10.1074/jbc.M115.695122
http://www.ncbi.nlm.nih.gov/pubmed/26858246
https://doi.org/10.1016/S0006-3495%2897%2978818-0
https://doi.org/10.1016/S0006-3495%2897%2978818-0
http://www.ncbi.nlm.nih.gov/pubmed/9083676
https://doi.org/10.1371/journal.pone.0274908

PLOS ONE

ATPase activity of purified Spf1p correlate with micellar lipid fluidity and is dependent on residues in TM1

30.

31.

32.

33.

34.

35.

36.

37.

38.

Sonntag Y, Musgaard M, Olesen C, Schigtt B, Mgller JV, Nissen P, et al. Mutual adaptation of a mem-
brane protein and its lipid bilayer during conformational changes. Nat Commun. 2011; 2:304. https://doi.
org/10.1038/ncomms 1307 PMID: 21556058

Huang Z, Feng Z, Zou Y. New wine in old bottles: current progress on P5 ATPases. FEBS J. 2021 Aug
27. https://doi.org/10.1111/febs.16172 Online ahead of print. PMID: 34449980

Toyoshima C, Nomura H. Structural changes in the calcium pump accompanying the dissociation of cal-
cium. Nature. 2002; 418(6898):605—11. https://doi.org/10.1038/nature00944 PMID: 12167852

Olesen C, Picard M, Winther AML, Gyrup C, Morth JP, Oxvig C, et al. The structural basis of calcium
transport by the calcium pump. Nature. 2007; 450(7172):1036—42. https://doi.org/10.1038/nature06418
PMID: 18075584

Bublitz M, Musgaard M, Poulsen H, Thagersen L, Olesen C, Schigtt B, et al. lon pathways in the sarco-
plasmic reticulum Ca2+-ATPase. J Biol Chem. 2013; 288(15):10759-65. https://doi.org/10.1074/jbc.
R112.436550 PMID: 23400778

Musgaard M, Thagersen L, Schigtt B, Tajkhorshid E. Tracing cytoplasmic Ca(2+) ion and water access
points in the Ca(2+)-ATPase Biophys J. 2012; 102(2):268-77.

Hiraizumi M, Yamashita K, Nishizawa T, Nureki O. Cryo-EM structures capture the transport cycle of
the P4-ATPase flippase. Science. 2019; 365(6458):1149-1155. https://doi.org/10.1126/science.
aay3353 PMID: 31416931

Pedersen JT, Kanashova T, Dittmar G, Palmgren M. Isolation of native plasma membrane H +-ATPase
(Pma1p) in both the active and basal activation states. FEBS Open Bio. 2018; 8(5):774—783. https://doi.
org/10.1002/2211-5463.12413 PMID: 29744292

Chen J, De Raeymaecker J, Hovgaard JB, Smaardijk S, Vandecaetsbeek I, Wuytack F, et al. Structure/
activity relationship of thapsigargin inhibition on the purified Golgi/secretory pathway Ca 2+/Mn 2
+-transport ATPase (SPCA1a). J Biol Chem. 2017 Apr 28; 292(17):6938-6951. https://doi.org/10.1074/
jbc.M117.778431 PMID: 28264934

PLOS ONE | https://doi.org/10.1371/journal.pone.0274908 October 20, 2022 18/18


https://doi.org/10.1038/ncomms1307
https://doi.org/10.1038/ncomms1307
http://www.ncbi.nlm.nih.gov/pubmed/21556058
https://doi.org/10.1111/febs.16172
http://www.ncbi.nlm.nih.gov/pubmed/34449980
https://doi.org/10.1038/nature00944
http://www.ncbi.nlm.nih.gov/pubmed/12167852
https://doi.org/10.1038/nature06418
http://www.ncbi.nlm.nih.gov/pubmed/18075584
https://doi.org/10.1074/jbc.R112.436550
https://doi.org/10.1074/jbc.R112.436550
http://www.ncbi.nlm.nih.gov/pubmed/23400778
https://doi.org/10.1126/science.aay3353
https://doi.org/10.1126/science.aay3353
http://www.ncbi.nlm.nih.gov/pubmed/31416931
https://doi.org/10.1002/2211-5463.12413
https://doi.org/10.1002/2211-5463.12413
http://www.ncbi.nlm.nih.gov/pubmed/29744292
https://doi.org/10.1074/jbc.M117.778431
https://doi.org/10.1074/jbc.M117.778431
http://www.ncbi.nlm.nih.gov/pubmed/28264934
https://doi.org/10.1371/journal.pone.0274908

