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Plasma membrane calcium ATPases (PMCA) and sarco(endo) reticulum calcium ATPases (SERCA) are key
proteins in the maintenance of calcium homeostasis. Herein, we compare for the first time the inhibition of
SERCA and PMCA calcium pumps by several polyoxotungstates (POTs), namely by Wells-Dawson phospho-
tungstate anions [P2W18062]6’ (intact, {P2W1g}), [P2W17061]10’ (monolacunary, {P2W;i7}), [P2W15056]12’
(trilacunary, {P2Wis}), [H2P2W12043]12_ (hexalacunary, {P2Wi2}), [H3P2W15V3062]6_ (trivanadium-
substituted, {PaW;5V3}) and by Preyssler-type anion [NaP5W300110]14’ ({PsW3}). The speciation in the solu-
tions of tested POTs was investigated by 3!P and °'V NMR spectroscopy. The tested POTs inhibited SERCA Ca?*-
ATPase activity, whereby the Preyssler POT showed the strongest effect, with an ICsq value of 0.37 pM. For
{P2Wi7} and {P2W;5V3} higher ICso values were determined: 0.72 and 0.95 pM, respectively. The studied POTs
showed to be more potent inhibitors of PMCA Ca%*-ATPase activity, with lower ICsg values for {PaWi7}, {PsW3o}
and {P2W15V3}.

1. Introduction

Polyoxometalates (POMs) are a well-known group of anionic poly-
nuclear oxometals consisting typically of five forming elements V¥, Ta",
NbY, WY and Mo"! with distinct and chemically changeable structures
[1]. In addition, POMs structures can include other elements such as
non-metals (e. g. PV, AsV, Si') and one or more of the addenda metal-oxo
fragments may be absent and/or substituted by transition metal ions (e.
g. Fel',; co', NiY). Due to POMs’ diversity they have shown specific

physicochemical properties responsible for discrete chemical and bio-
logical applications such as catalysis, protein crystallization, anticancer,
antibacterial and antidiabetic activities, among others [2,3,4,5,6,7,8,9].

The biological and pharmacological action of POMs is often related
to their inhibition of enzymes such as aquaporin’s [10], phosphatases
[11], polyphenol oxidases [12], glucosidases [13] and P-type ATPases
[14]. Among them, the P-type ATPases, Na'/K"-ATPase and Ca2*-
ATPase, represent important biological targets which is reflected by the
substantial number of drugs targeting these ion pumps [15]. Since 1991,
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Fig. 1. POT structures tested in this study: A) intact Wells-Dawson anion
[PoaW150621°~ ({PoWig}); B) monolacunary ~ Wells-Dawson  anion
[P,W170611'°" ({P2W1,}); C) trilacunary Wells-Dawson anion [P,W;50s6]2~
({P,W15}); D) hexalacunary Wells-Dawson anion [HyP2W12045]'2~ ({P2W12});
E) trivanadium-substituted ~ Wells-Dawson anion  [H3P;W15V35062]%~
({P2W;5V3)}); F) Preyssler anion [NaPsW300110]1"*~ ({PsW3o}). Color code:
{WOg}, grey; {VOg}, orange; P, yellow; O, red; Na, teal blue. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Aureliano and coworkers worked extensively on in vitro and in vivo
interactions of POMs, particularly polyoxovanadates (POVs) and poly-
oxotungstates (POTs), with these membrane proteins and recently also
with aquaporin’s on diverse biochemical processes that will explain

Table 1
POTs used in this study.
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POMs actions on biomedicinal applications against iter alia anticancer,
antibacterial and/or viral infections. [6,7,8,16,17,18,19,20-22]

It has been suggested that due to their large size, POMs such as
decavanadate exert their actions outside the cell by targeting P-type
ATPases [23]. In fact, a putative mechanism of POMs’ action in bio-
logical systems can involve, among others, the interaction with mem-
brane proteins such as ion pumps [7,8,14,16,21], aquaporin’s [10] as
well as hormone receptors, as recently referred, inducing directly or
indirectly activation of signaling processes [24]. Regarding POTs, very
little or even nothing is known about the POTs inhibitory capacity on
plasmatic membrane calcium ATPase (PMCA) Ca?t-ATPase activity.
This prompted us to further pursue the investigation of the effects of the
Wells-Dawson (Fig. 1A) and the Preyssler POT archetypes (Fig. 1F) on
the sarco(endo) reticulum calcium ATPase (SERCA) Ca’*-ATPase ac-
tivity localized at the sarcoplasmic or endoplasmic reticulum, already
used as a model for the study with others POTs [21], and on the activity
of the PMCA Ca?*-ATPase localized at the plasmatic membrane, that to
ours knowledge has never been studied before.

Here, we report and compare effects of six POTs: Wells-Dawson
phosphotungstate anions [P2W13062]6’ (intact, {abbreviated P;Wig}),
[P2W17061]10’ (monolacunary, {PaW17}), [P2W15056]12’ (trilacunary,
{PaWis}), [HoPaW1204g] 2~ (hexalacunary, {PaW12}),
[H3P2W15V3062]6* (trivanadium-substituted, {P2W;5Vs}) and by Prey-
ssler type anion [NaP5W300110]14’ ({PsW30}) (Table 1), on SERCA
Ca2*-ATPase activity, obtained from skeletal muscle, and on the pig
brain PMCA Ca?*-ATPase activity. Thus, the aims of the present study
are: i) to test and compare the extent of inhibition of six poly-
oxotungstates against SERCA and PMCA Ca’"-ATPase activities; ii) to
compare their inhibitory capacity with other POTs and POMs as well as
other metal compounds and well-known drugs that target these key P-
type ATPases on cellular ion homeostasis; iii) to characterize and
compare the POTs type of Ca"-ATPase inhibition relative to the pro-
tein’s native substrate MgATP; iv) to analyze the POTSs’s speciation and
stability under experimental conditions; v) to correlate the inhibitory
capacity with structural features of the investigated POTs.

2. Materials and methods
2.1. Polyoxotungstates

The POTs used in this study are summarized in Table 1, were syn-
thesized according to published procedures and their purity was
confirmed by infrared (Fig. S1, Table S1), 3P and 'V NMR spectroscopy
(Figs. 6 and 7, Fig. S2-S5). The POTs’ stock solutions were freshly

Sum Formula Molar Net Charge density First Synthesis ~ pH in 1 mM POM aqueous pH in 1 mM POM in HEPES' 7.0
weight charge (charge / number structural solution / Anions present in buffer solution / Anions present
of addenda atoms report in aqueous solution” in HEPES" 7.0 buffer
ratio)
Ks[a-PYWY30621-14H,0 4849.6 -6 0.33 [25] [26] PH 5.9 / [a-PoW;5062]°~ (Fig. PH 6.2 / [a-P;W150621°™ +
{PoWig) S2A) [az—P2W170611'" (Fig. S2B)
K10[P2W17061]-20H,0 4914.2 -10 0.56 [271 [26] PH 7.1 / [a2-PaW1706:1*°” (Fig.  pH 6.9 / [a2—P2W;,06,1'°~ (Fig.
{P,Wy,} S3A) S3B)
Naj3[P;W15056]-24H,0 4423.8 -12 0.80 [28] [26] PH 9.9 / [a3-P,W17,06,1'" (Fig. PH 7.1 / [a3-P2W1,06,1'°~ (Fig.
{P2W;s} S4A) S4B)
(NH4)12[HoPoW,2045]-24 3686.8 -12 1.00 [29] [26] PH 6.2 / [a2-PaW1706111%" + PH 6.7 / [a2-PaW1706:10 +
Hy0 {P,W12} [P2W19069(H20)1"* + [P2W19069(H20)1"4 +
[HyP,W;5045]'%~ (Fig. S5A) [HyP2W15045]'%~ (Fig. S5B)
[N(CH3)4]6[HsPaW15V30g2]-  4372.0 -6 0.33 [30] [30] pH 2.2 / [H3P,W,;5V3061°~ (Fig.  pH 5.7 / [H3P,W;5V30621°~ (Fig.
6H,0 {P,W;5V3} 7A) 7B)
(NH4)14[NaP5W300110]- 8264.0 14 0.47 [31] [32] PH 3.5 / [NaPsW300110]'*~ (Fig.  pH 7.2 / [NaPsW500110]** (Fig.
31H,0 6A) 6B)
{PsWso}

2 Speciation was studied by 3'P and >'V NMR spectroscopy.

b The exact composition of buffer is 25 mM HEPES (pH 7.0), 100 mM KCl, 5 mM MgCl,, 50 pM CaCl,. All solutions were incubated for 30 min at 37 °C to simulate

biological conditions.
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prepared by dissolving the solid compound in water. The pH values of
the aqueous POTs solutions varied from 2 to 5, and are also dependent
on the concencentration of each POT solution. The concentrations of the
stock solutions used were 10 mM and/or 1 mM, depending on solubility
and enzymatic inhibitory capacity. For solution stability studies 3!P and
51y NMR spectroscopy was used. 3P NMR spectra were recorded with a
Bruker FT-NMR spectrometer Avance Neo 500 MHz (Bruker, Rhein-
stetten, Germany) at 25 °C and 202.53 MHz. The chemical shifts were
measured relative to 85% H3PO4 (6 = 0 ppm). 5ly NMR spectra were
performed on a Bruker Avance II 500 MHz (Bruker, Rheinstetten, Ger-
many) instrument operating at 25 °C and 131.60 MHz (2000 scans,
accumulation time 0.05 s, relaxation delay 0.01 s). Chemical shift values
are given with reference to VOCl3 (§ = O ppm) as a standard.

2.2. Preparation of sarcoplasmic reticulum Ca® -ATPase (SERCA)
vesicles

The sarcoplasmic reticulum (SR) Ca?t -ATPase vesicles were isolated
from rabbit skeletal muscles as described elsewhere [21,22,33,34] sus-
pended in 0.1 M KCl, 10 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) pH 7.0, diluted 1:1 with 2.0 M sucrose
and frozen in liquid nitrogen for storage at —80 °C. The protein con-
centration was determined by Bradford method at 595 nm [35], in the
presence of 0.125% of sodium dodecyl sulphate. As analyzed by SDS-
PAGE the sarcoplasmic reticulum Ca®"-ATPase-1 (SERCA-1) was the
predominant isoform in our SR preparations. The rabbit SR protocols
were performed under a “Group C" license from the Direccao-Geral de
Veterinaria, Ministério da Agricultura, do Desenvolvimento Rural e das
Pescas, Portugal.

2.3. Effects of POTs on SERCA activity

SERCA Ca®'-ATPase activities were measured spectrophotometri-
cally at room temperature (22 °C) using the coupled enzyme pyruvate
kinase/lactate dehydrogenase assay, as described elsewhere [20,22].
The following medium conditions were used: 25 mM HEPES (pH 7.0),
100 mM KCl, 5 mM MgCl,, 50 pM CaCly, 2.5 mM ATP. For the coupled
enzyme assay 0.42 mM phosphoenolpyruvate, 0.25 mM NADH, 18 IU
lactate dehydrogenase and 7.5 IU pyruvate kinase, were added to the
medium. The experiments were initiated by the addition of 10 pg/ml
SERCA, and followed for 3 min, as briefly described below. Freshly
prepared POTs solutions were added to the medium referred above
immediately prior to sarcoplasmic reticulum Ca?*-ATPase vesicles
addition. After the addition of the enzyme, the absorbance at 340 nm
was recorded for about 1 minute (basal activity) and then 4% (w/w) of
calcium ionophore A23187 was added to the cuvette and the decrease in
absorbance was measured for 2 minutes (uncoupled ATPase activity).
The ATPase activity and the inhibition were measured taken into
consideration the decrease in absorbance per minute in the absence
(100%) and in the presence of the inhibitor under the applied condition
of uncoupled ATPase activity, as described elsewhere [20,21,22]. All
experiments were performed at least in triplicate. The inhibitory power
of the investigated POTs was evaluated by determining ICsy values
(POTs concentration inducing 50% of Ca%*-ATPase activity inhibition).

2.4. Effects of POTs on PMCA activity

2.4.1. Preparation of purified synaptosomal PMCA

The PMCA was purified from pig brain (obtained from a local
slaughterhouse), as described by Salvador and Mata [36]. Briefly, fresh
cerebrum (~80 g) obtained from a local slaughterhouse, was homoge-
nized in 10 vol of 10 mM HEPES/KOH, pH 7.4; 0.32 M sucrose; 0.5 mM
MgSO04; 0.1 mM phenylmethylsulfonyl fluoride; and 2 mM 2-mercaptoe-
thanol. After two centrifugation steps at 1500xg and 20,000xg, the
pellet was subjected to 40-20% (w/v) discontinuous sucrose gradient,
and synaptosomes were obtained at the interface and resuspended in 10
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Fig. 2. Inhibition of SERCA Ca®*-ATPase activity by POTs: A) {PsW30}; B)
{P2Wis}; C) {P2W;7}; D) {P2W;5V3}, that was measured spectrophotometrically
at 340 nm and 25 °C, using the coupled enzyme pyruvate kinase/lactate de-
hydrogenase assay. The experiments were initiated after the addition of 10 pg/
mL calcium ATPase. Data are plotted as means + SD. The results shown are the
average of triplicate experiments.

mM HEPES/KOH, pH 7.4, and 0.32 M sucrose. Synaptosomes were lysed
to obtain synaptosomal plasma membranes that were further solubilized
with 0.6% (w/v) Triton X-100 and loaded onto a calmodulin affinity
column. The fraction containing PMCA was eluted free of lipids with a
buffer containing 15% glycerol, 0.06% Triton X-100, and 2 mM EDTA.
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Fig. 3. Inhibition of PMCA Ca®"-ATPase activity by POTs. The activity was
measured spectrophotometrically at 340 nm and 37 °C, using the coupled
enzyme pyruvate kinase/lactate dehydrogenase assay, as describe in the
Methods, using 2.5 pg/mL of purified protein. The experiments were initiated
after the addition of 1 mM ATP and subsequent additions of increasing con-
centration of the indicated POTs. Data are plotted as means + SD. The results
shown are the average of triplicate experiments.

The protein concentration was determined by the Bradford method [35].

2.4.2. PMCA Ca?*-ATPase activity

Steady-state assays of the PMCA activity were measured spectro-
photometrically at 37 °C, using the coupled enzyme pyruvate kinase/
lactate dehydrogenase assay, as described elsewhere [37], under the
following conditions: 50 mM HEPES (pH 7.4), 100 mM KCl, 2 mM
MgCl,, 5 mM NaNs, 3.16 pM free Ca%", 0.42 mM phosphoenolpyruvate,
0.22 mM NADH, 28 IU lactate dehydrogenase and 10 IU pyruvate ki-
nase. Briefly, delipidated purified PMCA (2.5 pg) containing 0.06%
Triton X-100 was mixed with 13.32 pg of phosphatidylcholine type IIS
(PCIIS, from Sigma) previously dried under a Ny atmosphere. The
mixture was incubated for 2 min at 37 °C and then diluted to 1 ml assay
medium. Activities were measured after subsequent additions of 1 mM
ATP (to start the reaction) and increasing concentrations of POTs
[37,38]. All experiments were performed at least in triplicate and with
three different preparations.

2.5. Statistical analysis

Calculations of ICsy values were performed using Microsoft Office
365 Excel (2019) (Microsoft, Redmond, WA, USA). All values shown are
presented as averages and standard deviations of measurements taken
from triplicate measurements, using three distinct and independent
Ca?*-ATPase preparations. The statistical significance of the data was
assessed using the Student’s t-test. Differences from controls were
considered significant at p < 0.05.

3. Results and discussion
3.1. Inhibition of SERCA activity by POTs

In the present study, we explore the inhibitory potential of POTs
regarding the SERCA Ca®-ATPase inhibition previously described [21]
and we are now continuing the studies using others POTs. All the
investigated POTs inhibited Ca2"-ATPase activity, which is expressed as
percentage of the control enzymatic activity value obtained without
inhibitor, in a concentration dependent manner (Fig. 2). The Preyssler
anion {P5Wso} showed a higher potency to inhibit the SERCA Ca®'-
ATPase activity with ICs¢ values of 0.37 uM (Fig. 2), while the Well-
—-Dawson POTs, {P2W;s}, {PoW17} and {PoW;5V3} showed higher ICsq
values: 0.55, 0.72 and 0.95 pM, respectively (Fig. 2).
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Table 2

SERCA and PMCA ICs, values of Ca>"-ATPase inhibition by POTs. SERCA values
for {PosWio} and {P,Wig} were previously determined [21]. n.d. is not
dertermined.

POT ICso (1M)
SERCA PMCA

{PaWig} 0.60 [21] 0.30
{P2Wi7} 0.72 0.10
{PW;s} 0.55 n.d.
{PaW12} 11.0 [21] 0.25
{P2Wi5V3} 1.00 0.23
{PsWso} 0.37 0.18

Note that the compounds were added to the medium seconds before
the reaction was initiated. Moreover, following the addition of POTs, the
rates of the reactions in the presence of different inhibitor concentra-
tions were measured within the following 2-3 min. While {P5sW3},
{P2W;5V3} and {Pa3W;7} remain intact under experimental conditions
(Figs. 6 and 7), {P2Wig} partially hydrolyzes into monolacunary anions,
{PaW;s5} rearranged into monolacunary species, and in solution of
{PaW12}, mixture of  hexalacunary, monolacunary and
[P2W19069(H20)]14* anions are present (Figs. 6 and 7, Fig. S2-S5, see
more details in section 3.6). Therefore, the inhibitory effects determined
can be deduce to the POTs added to the reaction medium.

3.2. Inhibition of PMCA activity by POTs

The effects of five POTs on the activity of the purified PMCA were
investigated. The POTs were added to the assay after triggering the re-
action with ATP, as indicated in the Materials and Methods section. As
shown in Fig. 3, all the POTs studied; {P2W;7}, {PsW30}, {P2aW15V3},
{P,W15} and {P,W;g} inhibited the Ca’*-ATPase activity of PMCA, in a
concentration dependent manner. The inhibitory capacity of the inves-
tigated POTs compounds was evaluated by the half maximal inhibitory
concentration (ICsg) values. The ICsy values were calculated using
Microsoft Office 365 Excel (Microsoft, Redmond, WA, USA), and ranged
from 0.10 £ 0.01 pM to 0.32 + 0.01 pM. The POTs {P,W;7} and
{PsW3} showed higher inhibitory capacity with the lowest determined
ICsp values: 0.10 and, 0.17 puM, respectively, whereas the others 3 POTs
{PaW;5V3}, {P2Wiy} and {P2W;g} showed ICsg values around 0.3 pM
(Table 2).

Thus, the studied POTs with high affinity for these P-type ATPases
can be observed to be more potent inhibitors of PMCA Ca?*-ATPase
activity, once lower ICsg values for {PoW;7}, {PsW3o} and {P,W15V3}
were received: 0.10 (x7 fold lower), 0.17 (x2 fold lower) and 0.25 pM
(x4 fold lower), respectively, compared to SERCA Ca?*-ATPase inhi-
bition (Table 2).

3.3. SERCA and PMCA inhibitory potential of POTs, inorganic and
organic compounds

Indeed, in previous SERCA Ca"-ATPase studies, using exactly the
same experimental conditions as in the present study, Ca’*-ATPase ICso
inhibition values below 1 pM, have previously been determined for
others POTs, such as intact Wells-Dawson anion [P2W18062]6’ {P,W1g}
(0.6 pM) and {SeaWag} (ICs0 = 0.3 pM) [21]. ICsp values for P-type
ATPase inhibitory activity of POMs ranging from 1 to 35 pM, have been
determined for decaniobate [Nb;gO2g]®~ {Nbyg} (ICso = 35 puM), Keg-
gin-based POTs such as mono-substituted {CoWi;} (ICs9 = 4 pM), tri-
lacunary {SiWg} (IC50 = 16 pM) and {AsWy} (20 pM), lacunary Dawson
type {PaW12} (11 pM), and also for {AsyWi9} (28 pM) [21]. Regarding
POVs, ICsg values ranging from 5 to 35 pM, were also determined for
{PV14} (IC50 = 5 pM) and for {MnVi3} (ICso = 31 pM) [22,33]. Lower
inhibitory potency was also determined for some POVs and POTs, such
as for {MnVy;} (ICsp = 58 pM) and for {TeWg} (ICs59 = 200 pM) [21,33].
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Fig. 4. Lineweaver-Burk plots of SERCA Ca®>"-ATPase activity in the absence
(blue) and in the presence (orange) of POTs. A) {PsWso}; B) {P2W;s}; C)
{P2Wi7}; D) {P2W;5V3}. The plots were used for determining the type of
enzyme inhibition. Data are plotted as means + SD. The results shown are the
average of triplicate experiments. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Further studies with SERCA Ca*-ATPase, described that besides POV,
such as decavanadate {V1o} (ICso = 15 pM), monomeric vanadate {V;}
(ICs0 = 80 pM), monomeric tungstate (ICso = 400 pM), oxidovanadium
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Table 3
Kpm and Vi, values of SERCA Ca®"-ATPase inhibition by POTs.
POT K (mM) Vinax (MM Type of
ATP-min~ ") inhibition

0 (pM) g(lﬁiai 38.02 + 6.85%

(Pathe 0.6 0.239 = 18.69 + 3.31° Hived
(uM) 0.021° ) :
0 (pM) g'gi‘f 36.50 + 7.38%

P ’ Mi

(o) 0.6 0.146 = 13.91 + 2.32¢ e

(M) 0.015¢ ) :
.079 +

0 (pM) 0 079c 41.32 + 8.87°

{PsW3o} 0.016 Mixed

o 0.6 0.200 & 11.95 + 1.78¢
(M) 0.018f : )
104 +

0 (pM) (0)0(2)38 53.24 + 3.38°

{P2W;5V3} ’ non-competitive
1.0 0.097 & 14.52 + 1.25°
(M) 0.0208 ) ’

“EAverages + S.D. in same column with different letters are significantly
different (p<0.05).

compounds such as bis(maltolato)oxovanadium(IV) (BMOV) (ICso = 80
uM), and very recently gold compounds (ICsp = 0.4-16.3 pM) are also
SERCA Ca?'-ATPase inhibitors [20,34,39]. In the present study, the
PMCA ICsp value of inhibition for decavanadate (50 pM) was also
determined, which was 3 times higher than the one referred for SERCA.

Ouabain, omeprazole, thapsigargin (TG) and cyclopiazonic acid
(CPA) are such drugs as SERCA Ca®*-ATPase inhibitors. Several ranges
of ICs( values can be found among these drugs for instance thapsigargin
(ICs50 = 0.001-0.029 pM), cyclopiazonic acid (ICso = 0.1-0.2 pM),
macrocyclic lactones (ICsp = 66-72 pM), and curcuminoides (ICso =
7-17 pM) among others [40,41,42,43,44]. These organic inhibitors of
the SERCA Ca®"-ATPases are used for various disease treatments, such
as heart failure, antipsychotic, anti-malaria and also as anaesthetics,
tumour promoter, antibiotic and insulin mimetic agents
[40,41,42,43,44]. Regarding the PMCA pump, polyamines, such as
spermine [45] and the antipsychotic drug thioridazine [46] have been
shown to inhibit it as well as by gold compounds [47]. Herein, POTs
were found to inhibit the PMCA pump with ICs¢ values ranging 0.1-0.3
pM. When these POTs ICsq values are compared to those found for the
organic compounds described above, it is clear that the inhibitory ca-
pacity for the POTs is much stronger with respect to the PMCA pump, i.
e., some POT is at least >770 times more efficient.

3.4. POTs mode of inhibition of SERCA calcium ATPase activity

Herein, it was determined that the Preyssler anion {PsWso}, the
trilacunary Wells-Dawson anion {P;Wjs}, the monolacunary Wells-
Dawson anion {P2Wj7} showed a mixed type inhibition, while the tri-
vanadium-substituted Wells-Dawson {P;W;5V3} presented a non-
competitive type inhibition regarding SERCA ATPase activity (Fig. 4).

In fact, for the majority of the POTs studied, their V¢ values
decrease, compared to the control, while at the time the corresponding
Kn values increase, which is typical for a mixed type inhibition
(Table 3). Thus, it can be proposed that mixed type inhibition is
observed for all POTs meaning that they interact with the Ca%*-ATPase
regardless whether or not the enzyme has already bound substrate,
suggesting two different protein binding sites for all these POTs. How-
ever, it was observed that {P;W;5V3} reduced the Vi.y, without
affecting the Ky, therefore showing the effect of non-competitive inhi-
bition, suggesting that the V3 site of the POM might contribute for a
different mode of protein binding.

A mixed type inhibition, was also previously observed for others
POTs and POVs, such as {P2W;g} and {PVi4} [21,22]. In contrast dec-
aniobate {Nb;(} and decavanadate {V(} have previously been observed
to be non-competitive inhibitors of Ca?t-ATPase [22]. These
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Fig. 5. Lineweaver-Burk plots of PMCA activity in the absence (blue symbols) and in the presence (red symbols) of POTs: A) {P2W;g}; B) {P2W;7}; C) {Pa3W12}; D)
{PsW3o}; E) {P,W;5V3}, at concentrations of 0.3, 0.1, 0.25, 0.2 and 0.25 pM, respectively. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

observations suggest that several distinct POTs can interact with the
Ca?*-ATPase regardless of whether or not the enzyme has already bound
substrate, and point to the existence of at least two different protein
binding sites for these POTs, one of which is probably the ATP binding
site. However, virtually nothing is known about the protein conforma-
tions favourable for interaction and binding sites for the interaction for
most POMs with a few exceptions studying {Vip} and {Nbjo} in-
teractions with Ca*-ATPase [17,20]. In these isopolyoxometalates
studies, it was suggested that, {V1o} could bind to all conformations
either E1 or E2, phosphorylated or not, in contrast to vanadate, which
only binds to E2 conformation of Ca®"-ATPase. [20] Conversely, the
mechanism of action and ATPases binding sites have been determined

for some drugs such as thapsigargin (TG) and cyclopiazonic acid (CPA)
[15].

For the determination of ICsy values, it was observed that after 30
min of incubation of all POTs in the medium, with or without the
enzyme, the inhibition of the enzyme did not differ from that observed
without incubation, suggesting that the compounds are stable at the
experimental conditions used. However, speciation and stability studies
were performed in the below section in order to deduce the POTs species
present at the medium conditions used in the experiments described
above.
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Table 4
K, Vinax> type of inhibition and ICsq values of PMCA inhibition by POTs com-
pounds. *P < 0.05 vs control (without any compound).

POT compound K, (mM) Vimax (pmol-min~  Type of ICso
(kM) Lmg™h) Inhibition (uM)
0 g:ég; £ 1884009

{P;Wig} 0.3 g:ggff * 1.17 + 0.05* Mixed gf’)li
{P2W12} 0.25 gégg * 0.980 + 0.05* cN:nI;etitive giz -
{P,W;7} 0.1 83?8 * 0.885 + 0.04* cNoo]::)etitive g:(l)l:t
{PsW3o} 0.2 gf)if * 1.03 + 0.04* Mixed g:(l)z *
{P,WysVs} 025 82(1;134 * 0870 +004% CN;’;Jeﬁﬁve g:ﬁ; -

A) PsW,, in D,O 1h after preparation

/final pH 3.5 s A€,
o g !
12 (‘/‘L
Q
S |
5 0o 5 0 45 20

Op, PPM
B) PsW,, in HEPES pH 7 recorded 1h after
30 min incubation at 37 °C /final pH 7.2

o+ -0.0

Fig. 6. 3'P NMR spectra of 10 mM {PsWso} solutions A) in D,O recorded
approximately 1 h after preparation; B) in 25 mM HEPES (pH 7.0), 100 mM
KCl, 5 mM MgCl,, 50 pM CaCl, recorded after incubation for 30 min at 37 °C.
Signals at 0 ppm correspond to free phosphate H,PO$*" (x = 0-3). The signal
at —10.1 ppm corresponds to 5 equivalent P ions in {PsW30} [32] shown in
magenta in polyhedral presentation. Color code: {WOg}, light grey; {PO4},
magenta; O, red; Na, grey. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

3.5. POTs type of inhibition of PMCA calcium ATPase activity

The type of inhibition produced by the POTs compounds was
analyzed at concentrations around the ICsq by starting the reaction with
increasing amounts of the substrate ATP. It was observed that {PoWi7},
{P,Wj5} and {PoW;5V3} reduced the V4, without affecting the K,
therefore showing the effect of non-competitive inhibition, while
{P,W1g} and {PsW3o} affected both, the Vo and the K, showing a
mixed inhibition (Fig. 5, Table 4).

The effects of POTs compounds were also examined in the human
neuroblastoma SH-SY5Y cell line to see if they could affect cell viability.
However, POTs did not reduced the cell survival at the ICsq values (re-
sults not shown), on contrary with the effects recently described for gold
compounds [48].
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Fig. 7. 3P and ®'V (insert) NMR spectra of 1 mM {P,W;5V3} solutions A) in
D0 recorded approximately 1 h after preparation; B) in 25 mM HEPES (pH
7.0), 100 mM KCl, 5 mM MgCl,, 50 pM CaCl, recorded after incubation for 30
min at 37 °C. The signal at —6.9 to —6.8 and — 14.5 — —14.4 ppm corresponds
to 2 non-equivalent P ions in {P3W;5V3} shown in yellow in polyhedral pre-
sentation. [30] The >'V shift corresponds to three equivalent V ions shown in
orange. [30] Color code: {WOg}, light grey; {VO¢}, orange; {PO4}, yellow; O,
red. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

3.6. NMR stability studies

The importance of POMs’ speciation in biological studies, although
not usually considered, is of paramount importance for determining the
dominant POM species, or combinations thereof, responsible for specific
POM activity [49]. Herein, the speciation of the respective POTs in
enzymatic test medium at pH 7.0 (25 mM HEPES pH 7.0, 100 mM KCL, 5
mM MgCly, 50 pM CaCl,) after incubation for 30 min at 37 °C and in
water is performed by 3'P and °'V NMR analysis to address cluster
species responsible for interaction in solution. After dissolving the most
promising SERCA Ca®"-ATPase inhibitor {PsWj30} in HyO (Fig. 6A) or
HEPES pH 7.0 buffer (Fig. 6B), only the intact Preyssler anion has been
detected in solution. In an aqueous solution of {P;W;g}, only the intact
Wells-Dawson [P2W18062]6’ anion was detected (Fig. S2A), which,
however, was partially hydrolyzed to the monolacunary form
[P2W17061]10’ in enzymatic assay medium (Fig. S2B). The mixed-metal
vanadium-substituted Wells-Dawson anion {P;W15V3} is stable both in
water (Fig. 7A) and HEPES pH 7.0 (Fig. 7B) as confirmed by 31p and Slv
NMR spectroscopy. >'P NMR analysis of spectra recorded from {PoW17}
and {P,Wjs} solutions in water and in HEPES buffer showed that
monolacunary anions are predominant (Fig. $3-S4). The 3!P NMR
spectra of hexalacunary POT {P,W;5} (Fig. S5) points to the presence of
a low amount of unhydrolyzed hexalacunary anion [H2P2W12048]12’
together with monolacunary anion [ag-P‘Z/W}@O(,l]lO’ and
[PYWY5060(H20)1'*~ anion, which contains two A-a-[PYWY'034]°~
halves linked via one W ion in the equatorial plane and was previously
reported as an intermediate species in phosphotungstate solutions [50].

The charge densities for Wells-Dawson clusters were calculated as
the ratio between the POT charge q and the number of tungsten atoms m
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and summarized in Table 1. For the mono-lacunary Wells-Dawson anion
[P2W170611'°", which is the main species in {PsW17} and {P2Wis}
systems (Fig. S3-5S4), protonation to Hg[PXWY}061]7’ has been reported
[51], resulting in a considerable decrease of the POT charge density q/m
= 0.41. The different activity for {P3W;7} and {P3W;5} can be explained
by different amounts of H3[PYWY206117~ in solution, as well as the
possible presence of some isopolytungstates as rearrangement byprod-
ucts that cannot be detected by 3'P NMR spectroscopy. Two intact Wells-
Dawson anions [P2W18062]6’ and [H3PoW; 5V3O62]6* have the same q/
m value of 0.33, but behave slightly differently due to the presence of
substituting V ions, which change the charge distribution and, maybe a
binding mode as well. The Preyssler-type anion has a comparable charge
density of g/m = 0.46, showing the highest activity (ICso = 0.37 pM)
against Ca®"-ATPases in this research, and the previously tested
[H10Se2W290103]'*~ anion with q/m = 0.48 is the most potent POT
inhibitor so far (ICsp = 0.3 pM). Recent reports on POMs as super-
chaotrops, showing that POMs with intermediate charge density (q/m ~
0.4) interact considerably strong with various surfaces of different or
mixed polarities as presented by a protein molecule [52], support our
findings.

Although strong POTs interactions do not equal to strong inhibition,
it is understandable that further discussion on this topic will require the
charge density calculations of others POMs for comparison. However,
recent studies indicate that, for example, {V1(} electrostatic interactions
play at least partial a potential role at least in part, in interfering with
SARS-CoV-2 infectivity cycle [53], whereas metformin-decavanadate
has IC59 SERCA ATPase inhibition value 6 times higher than {V;,} alone
[54]. Further studies are needed to unravel at molecular level why POTs
showed stronger inhibitory effect on PMCA Ca?"-ATPase activity than
SERCA, as previously described for the interaction of decaniobate and
decavanadate with actin [55].

4. Conclusions

In the present study, we further explore the potential of others POTs
and POVs as SERCA Ca®"-ATPase inhibitors [21,22], and we examine,
for the first time, the effects of several POTs in the PMCA Ca®"-ATPase
activity. In addition, here we compare the effects of POTs on two cal-
cium ATPases localized in different places of the cell and from different
sources, namely muscle SERCA Ca’"-ATPase and brain PMCA Ca®*-
ATPase. SERCA Ca?"-ATPase activity is inhibited by {PsW3}, with the
ICsp = 0.3 pM. This is approximately 3 to 4 times lower than the ICsg
values found for the others three POTs, {PoWi7}, {P2W;5} and
{P,W;5V3} in SERCA studies. Similarly, as described before for
[a-P2W13062]6’ and [TeW6024]6’ a mixed type of inhibition was
observed for {PsW3g}, {P2W;7} and {P;W;5} The {P,W;5Vs} type of
inhibition suggests a different mode of interaction with the Ca%*-ATPase
as the kinetic parameters indicate a non-competitive inhibitor, as
described before for {Vig} and {Nbjg}. The different POTs tested
showed higher inhibitory activity against brain PMCA Ca?-ATPase in
comparison to muscle SERCA Ca®*-ATPase inhibition, with the ICso
values between 0.1 and 0.3 pM for all the 5 POTSs tested in PMCA Ca?*-
ATPase inhibition. In fact, lower ICs¢ inhibitory values for SERCA and
PMCA Ca*-ATPases were found for the studied POTSs, in comparison to
others metals compounds and clinical drugs described as Ca%t-ATPase
inhibitors [39-47]. NMR stabiblity studies in HEPES (pH 7) buffer
indicate that one of the most promising Ca2*-ATPase inhibitor the
Preyssler-type {PsW3q} is intact under these conditions. Therefore, these
compounds may provide new potential tools to selectively inhibits
SERCA and/or PMCA in neurons as described recently for gold com-
pounds [48]. However, there is still a need for the availability of specific
PMCA inhibitors of relatively low toxicity to mammalian cells that can
potentially be used in cell cultures.
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