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ABSTRACT 

Aluminum (Al3+) is involved in the pathophysiology of neurodegenerative disorders. The mechanisms 

that have been proposed to explain the action of Al3+ toxicity are linked to changes in the cellular 

calcium homeostasis, placing the transporting calcium pumps as potential targets.  

The aim of this work was to study the molecular inhibitory mechanism of Al3+ on Ca2+-

ATPases such as the plasma membrane and the sarcoplasmic reticulum calcium pumps (PMCA and 

SERCA, respectively). These P-ATPases transport Ca2+ actively from the cytoplasm towards the ex-

tracellular medium and to the sarcoplasmic reticulum, respectively. For this purpose, we performed 

enzymatic measurements of the effect of Al3+ on purified preparations of PMCA and SERCA.  

Our results show that Al3+ is an irreversible inhibitor of PMCA and a slowly-reversible inhibi-

tor of SERCA. The binding of Al3+ is affected by Ca2+ in SERCA, though not in PMCA. Al3+ prevents 

the phosphorylation of SERCA and, conversely, the dephosphorylation of PMCA. The dephosphory-

lation time courses of the complex formed by PMCA and Al3+ (EPAl) in the presence of ADP or 

ATP show that EPAl is composed mainly by the conformer E2P.  
 This work shows for the first time a distinct mechanism of Al3+ inhibition that involves differ-

ent intermediates of the reaction cycle of these two Ca2+-ATPases. 

Aluminum is one of the most abundant elements in the Earth’s crust. The relationship between 

aluminum exposure and neurodegenerative diseases, including dialysis encephalopathy syndrome, 

amyotrophic lateral sclerosis, Parkinsonism dementia and Alzheimer’s disease has been extensively 

reported (1). The oxidation state of aluminum is +3, and its effective ionic radius in sixfold coordina-

tion is 0.54 Å. The primary interaction of Al3+ with ligands is electrostatic and has a slow dissociation 

rate (2). In aqueous solution, aluminum is solvated with water molecules. This form is known as free 

aluminum (Al(H2O)6
3+ (or simply, Al3+) and is abundant at acidic pH. When the pH rises, aluminum is 

complexed with OH- from deprotonation of water molecules (Al(OH)n). Among others, Al3+ binds 

strongly to ATP and phosphate groups and displaces both Mg2+ and Ca2+ from their enzyme’s binding 

sites (1). Hence, changes in the Ca2+ homeostasis and protein phosphorylation/dephosphorylation 

would explain aluminum cellular toxicity (2).  

Among the most important Ca2+ regulatory mechanisms are the Plasma Membrane Calcium 

ATPase (PMCA) and Sarcoplasmic Reticulum Calcium ATPase (SERCA). These pumps belong to 

the family of P-ATPases, which share the formation of an acid-stable phosphorylated intermediate as 

part of their reaction cycle. PMCA and SERCA use the ATP hydrolysis as a source of energy to 

transport calcium from cytoplasm to the extracellular medium or the reticulum lumen, respectively. 
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PMCA is more regulated than SERCA, and through its interaction with regulatory, targeting and sig-

naling proteins, regulates both global Ca2+ homeostasis and spatially defined Ca2+ signaling (3). 

Detailed structural information about PMCA is currently lacking. Its little abundance (approxi-

mately 0.1% of the total protein in the membrane) and the presence of several isoforms hindered ef-

forts to produce suitable crystals for X-ray diffraction. Although PMCA has not been crystallized yet, 

the structures of several reaction intermediates of SERCA have been resolved (For revision, see 4). Its 

membrane-buried region is made up of 10 membrane spanning helices and is connected to a large 

cytoplasmic headpiece, which is further separated into three distinct domains, denoted A (“actuator”), 

P (“phosphorylation”), and N (“nucleotide binding”). However, unlike SERCA, PMCA is highly reg-

ulated by calmodulin (CaM), which activates this protein by binding to an auto-inhibitory region (5) 

and changes the conformation of the pump from an inhibited state to an activated one (5-7). 

The current kinetic model for PMCA and SERCA proposes that enzymes exist in two main 

conformations: E1 and E2. After the binding of intracellular Ca2+ to high affinity sites, E1 can be phos-

phorylated by ATP with formation of the intermediate E1P. The conformational transition to E2P leads 

to the release of Ca2+ to the opposite side of the membrane. The dephosphorylation of E2P to E2 and a 

new conformational transition to E1 allow a new pump cycle (8, 9). Magnesium is necessary for opti-

mal catalysis of PMCA (10) and SERCA (11). This ion accelerates the E2→E1 (11, 12) and the 

E1P→E2P transitions (13). Several ligands have been used for studying intermediates (EP) in these 

pumps. In PMCA, lanthanum (LaIII) is known to prevent the Mg2+- dependent transition E1P→E2P, 

fixing the pump in E1P (14, 15) while vanadate has been used for mimicking the E2P state (16). Fur-

thermore, beryllium fluoride (BeFx) (17), magnesium fluoride (MgFx) (18, 19) and aluminum fluo-

ride (AlFx) (20) were useful in SERCA to elucidate the mechanism of ATP hydrolysis, because these 

phosphate analogues bind to the phosphorylation site mimicking the different steps of the E2P 

dephosphorylation (21). In the presence of calcium and ADP, aluminum fluoride stabilizes the E1P 

analogue conformation (22). 

In this work, we study the effect of aluminum on PMCA purified from human erythrocytes -

about 90% PMCA4 and 10% PMCA1 (23)- and SERCA isolated from skeletal muscle -mostly SER-

CA1 (24)-. Our results show that Al3+ can bind quickly and strongly to both pumps inhibiting the 

Ca2+-ATPase activity. This binding is affected by Ca2+ in SERCA, but not in PMCA. In SERCA, Al3+ 

prevents the phosphorylation, while in PMCA it prevents the dephosphorylation of the pump. Our 

results suggest that, in the presence of calcium and ATP, Al3+ fixes PMCA in an E2P analogue con-

formation. This is the first evidence of an inhibitor that stabilizes an E2P analogue conformation with 

the phosphate covalently bound.  

MATERIALS AND METHODS 

Reagents - All chemicals used in this work were of analytical grade and purchased mostly from Sig-

ma. Recently drawn human blood for the isolation of PMCA was obtained from the Hematology Sec-

tion of Fundación Fundosol (Argentina). Blood donation in Argentina is voluntary, and therefore the 

donor provides informed consent for the donation of blood and for the subsequent legitimate use of 

the blood by the transfusion service. 

Purification of PMCA from Human Erythrocytes - PMCA was isolated from calmodulin-depleted 

erythrocyte membranes by the calmodulin-affinity chromatography procedure (25). Protein concentra-

tion after purification was about 15µg/ml. No phospholipids were added at any step along the purifi-

cation procedure. The purification procedure described preserves transport activity and maintains the 

kinetic properties and regulatory characteristics of the enzyme in its native condition (25). 

SERCA Preparation-SERCA was directly solubilized with C12E10 (0.5%) from sarcoplasmic reticulum 

membranes prepared from rabbit skeletal muscle as described in Mangialavori et al. (24).   

Measurement of Ca2+-ATPase Activity - Ca2+-ATPase activity was measured by following the release 

of inorganic phosphate from ATP as described previously by Fiske and Subbarrow (27) or by measur-

ing the [32P]Pi released from [γ32P]ATP as described by Richards et al. (28). In each condition, the 

quantity of Pi released in the absence of calcium was subtracted from the Pi released in its presence. 

The reaction medium contained 120 mM KCl, 30 mM MOPS-K (pH 7.2 at 37°C), 120 µM C12E10, 35 

µM DMPC and 30 µM EGTA. Optimal Ca2+-ATPase activities of PMCA and SERCA in the men-

tioned medium were determined in the presence of 1.8 mM free Mg2+ and 80 µM free Ca2+ or 1 mM 

free Mg2+
 and 10 µM free Ca2+, respectively. When indicated, an aqueous five-fold concentration so-
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lution of AlCl3 was added to the reaction medium (named pre-incubation medium hereafter) contain-

ing PMCA or SERCA and was allowed to equilibrate for 5 min. The addition of AlCl3 solutions does 

not change the pH of the pre-incubation medium. When necessary we dissolved AlCl3 in an acidic pH 

and employed HEPES-acetate. The reaction was started by the addition of ATP-Mg2+ (final concen-

tration of 2 mM for the non- radioactive assay and 30 μM for the radioactive one). The experimental 

set-up was adjusted to ensure that PMCA and SERCA (10 nM) initial velocity conditions were met. 

Measurements were carried out at 37ºC (non-radioactive assay) or 25ºC (radioactive assay). 

For the time course experiments, the AlCl3 the AlCl3 solutions were added to the pre-incubation 

medium containing PMCA or SERCA and optimal concentrations of free Mg2+ and Ca2+ for each 

pump. After pre-incubation, Ca2+-ATPase activity was started with 2 mM ATP-Mg. Due to the higher 

affinity of Al3+ for ATP, all the remaining aluminum binds to ATP, leaving free aluminum in the reac-

tion medium (29). 

Determination of Phosphorylated Intermediates - The phosphorylated intermediates (EP) were meas-

ured as the amount of acid-stable 32P incorporated into the enzyme, according to the method described 

by Echarte et al. (30). The phosphorylation was measured at 25ºC in the same medium in which the 

Ca2+-ATPase activities of PMCA and SERCA were determined. For PMCA, a condition in the pres-

ence of 100 µM LaCl3 was included as control of the maximal amount of EP intermediate. The reac-

tion was started by the addition of [γ-32P]ATP under vigorous stirring, and after 30 seconds, it was 

stopped with an ice-cold solution of TCA (10% (w/v) final concentration). The tubes were centrifuged 

at 10,000 rpm for 5 min at 4ºC. The samples were then washed once with 7% TCA, 150 mM H3PO4 

and once with double-distilled water and processed for SDS-PAGE. For this purpose, the pellets were 

dissolved in a medium containing 150 mM Tris-HCl (pH 6.5 at 14ºC), 5% SDS, 5% DTT, 10% glyc-

erol, and bromophenol blue (sample buffer). Electrophoresis was performed at pH 6.5 (14ºC) in a 

7.5% polyacrylamide gel. The reservoir buffer was 0.1 M sodium phosphate, pH 6.3, with 0.1% SDS. 

Gels were stained, dried and exposed to a Storage Phospho-Screen (Amersham Biosciences). Un-

saturated autoradiograms were scanned with Storm Molecular Image System and stained gels were 

scanned with an HP Scanjet G2410. Analysis of the images was performed with GelPro Analyzer. EP 

quantification was achieved as described by   Echarte et al. (30). 

Dephosphorylation Procedure. Phosphorylation of PMCA was carried out at 4C in the absence or in 

the presence of 25 µM AlCl3. The reaction was started by the addition of 30 µM [γ-32P]ATP under 

vigorous stirring. After 3 minutes, phosphorylation was stopped by the addition of 1 mM ADP or 0.5 

mM ATP and enough DMPC, C12E10, ATP, and Mg2+ to maintain the phosphorylation conditions. 

Dephosphorylation was carried out at 4C under stirring during the time periods described in the fig-

ures and stopped manually by adding 7% w/v TCA. After this, the samples were treated as was de-

scribed in “Determination of Phosphorylated Intermediates”.  

Data analysis - Theoretical equations were fitted to the results by nonlinear regression based on the 

Gauss-Newton algorithm using commercial programs (Excel and Sigma-Plot for Windows, the latter 

providing not only the best fitting values of the parameters but also their standard errors). The good-

ness of fit of a given equation to the experimental results was evaluated by the corrected AIC criterion 

defined as AICC = N ln(SS/N) + 2P N/(N-P-1), where N is the number of data, P is the number of pa-

rameters plus one, and SS is the sum of weighted square residual errors. Unitary weights were consid-

ered in all cases and the best equation was chosen as that giving the lower value of AICC. The AIC 

criterion is based on Information Theory, and selects an equation among several possible equations on 

the basis of its capacity to explain the results using a minimal number of parameters. 

 

RESULTS  

Inhibition of Ca2+-ATPase Activity of PMCA and SERCA by aluminum 
PMCA and SERCA were first incubated with AlCl3 in different concentrations and then 2 mM 

ATP-Mg was added. Details on the media composition are given under Experimental Procedures 

(Measurement of Ca2+-ATPase Activity). The rate of Pi release was calculated from the slopes of the 

curves in the insets for both PMCA (Figure 1A) and SERCA (Figure 1B). A decreasing hyperbolic 

equation (Eq. 1) was fitted to the experimental results (continuous lines),  
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where V0 is the Ca2+-ATPase activity in the absence of AlCl3 and KAlCl3 is the concentration of AlCl3 

needed for half-maximal effect. The values obtained for KAlCl3in PMCA and SERCA were 8.3 ± 0.5 

µM and 10.1 ± 0.7 µM, respectively. These results show that AlCl3 inhibits both pumps with similar 

apparent affinities. 

Effects of calcium and magnesium on the inhibition of PMCA and SERCA by aluminum 
We investigated the interactions of Al3+ with Mg2+ and Ca2+ binding sites in both PMCA and 

SERCA. PMCA was pre-incubated in the presence of different concentrations of Ca2+ and AlCl3, at 

1.85 mM Mg2+, or different concentrations of Mg2+ and AlCl3, at 70 µM Ca2+. After 5 minutes, Ca2+-

ATPase reaction was started by adding 2 mM ATP-Mg. Figure 2A shows the Ca2+-ATPase activity of 

PMCA under these experimental conditions. In all cases, experimental data were described by the 

rectangular hyperbola (Eq. 2),  

 

xK

xV
v

5.0 
 max

 

 

where Vmax is the Ca2+-ATPase activity when the Ca2+ concentration, x, tends to infinity and K0.5 rep-

resents the [Ca2+] at which the half-maximum effect is achieved. The best fitting values of K0.5 and 

Vmax are plotted as a function of AlCl3 concentration in Figures 2E and I.  

The same experimental approach was used with SERCA –at 1 mM free Mg2+-. Ca2+-ATPase 

activity is shown in Figure 2B. Values of K0.5 and Vmax, obtained are plotted in Figures 2F and J, re-

spectively. In agreement with our previous reports (31), the K0.5 for calcium of PMCA and SERCA 

reconstituted in C12E10/DMPC mixed micelles were 12.1 ± 0.5 µM and 0.92 ± 0.05 µM, respectively. 

In PMCA, when the concentration of AlCl3 increases, K0.5 for Ca2+
 is not significantly modified (Fig-

ure 2E) and Vmax decreases (Figure 2I), suggesting that Ca2+ does not protect against the binding of 

aluminum to PMCA. In SERCA, AlCl3 produces an increase of K0.5 for Ca2+ (Figure 2F), while Vmax 

remains approximately constant (Figure 2J). This result shows that Ca2+ protects SERCA from alumi-

num binding, suggesting that Al3+ binds to the Ca2+ transport site(s) of SERCA.  

Using a similar approach, we evaluated the effect of magnesium on the binding of aluminum to 

the pumps (Figures 2C and D). The K0.5 for free magnesium, Mg2+, for PMCA (G) and SERCA (H) 

are not significantly modified by the presence of AlCl3 whereas Vmax decreased (Figures 2K and L, 

respectively). These results show that Al3+ is not a competitive inhibitor of Mg2+ neither in PMCA nor 

in SERCA.  

On the reversibility of aluminum inhibition 

 The fact that inhibition by AlCl3 in PMCA is not accompanied by changes of K0.5 for Mg2+ and 

Ca2+ suggests that aluminum might be either a non-competitive inhibitor or an irreversible inhibitor of 

the pump. In order to investigate the reversibility of the inhibition, PMCA was pre-incubated with a 

concentration of AlCl3 in the K0.5 of inhibition and then diluted fifteen times. After different times, 

activity was determined by adding 2 mM ATP-Mg (Figure 3A). The pump activity remained constant 

indicating that enzyme-aluminum complex (EAl) does not dissociate in the times assayed. This be-

havior was also observed at different aluminum concentrations where PMCA activity was the same 

whether the pump was diluted or not after inhibition (Figure 3A inset). This result indicates that alu-

minum behaves like an irreversible inhibitor of PMCA.  

In agreement with the result described in Figures 2F and J, SERCA Ca2+-ATPase activity re-

covers, indicating that the EAl complex dissociates (Figure 3B). An exponential function was fitted to 

the experimental data,  

 

)1(0
kteavv          Eq. 3 

 

Eq. 1 

Eq. 2 
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where 0v
 
is the Ca2+-ATPase activity when the time after dilution tends to zero, a is the maximal 

change in Ca2+-ATPase activity and k is the rate coefficient of the Ca2+-ATPase activity recovery. The 

values of the parameters 0v , a and k were 57.2 ± 11%; 42.8 ± 16.8% and 0.02 ± 0.008 min-1, respec-

tively. The calculated half-time for the dissociation of the EAl complex is about 27 minutes, indicat-

ing that aluminum is a slowly-reversible inhibitor of SERCA. 

Time course for inhibition of PMCA and SERCA by aluminum 

To investigate the mechanisms of inhibition of the pumps by aluminum, PMCA (Figure 4A) 

and SERCA (Figure 4B) were pre-incubated at different times with increasing concentrations of 

AlCl3. Then, the Ca2+-ATPase reaction was started by adding ATP-Mg (2 mM). Note that, due to its 

combination with ATP (29), free aluminum concentration rapidly drops in the reaction medium; con-

sequently, this strategy is similar to diluting the samples. At low concentrations, the complex formed, 

ATP-Al, affects neither PMCA nor SERCA Ca2+-ATPase activities (Figure 4C). 

Experimental data were described by the sum of two decreasing exponential functions of 

time: 

tktk 21 ebeav   ..        Eq. 4 

 

where a and b are the maximal changes of the fast and slow phases of Ca2+-ATPase activity, and k1 

and k2 are the rate coefficients of each phase, respectively. 

Aluminum in aqueous solution is solvated with water molecules. This form is known as free alumi-

num (Al(H2O)6
3+ (or simply, Al3+) and is favored at acidic pH. When the pH rises, aluminum is com-

plexed with OH- from deprotonation of water molecules (Al(OH)n). Moreover, aluminum precipitates 

as hydroxides and forms dissolved complexes with different polymerization grade (Aln) (32). Then, 

hydrolysis of aluminum in aqueous solutions is extremely complex and depends, among others, on 

aluminum concentration, pH, temperature and time (33, 34). 

The fluorescence change of Lumogallion after addition of AlCl3 (Figure S1) suggests that only 

a fraction of AlCl3 in the solutions binds rapidly to the probe, while the rest seems to form aqueous 

complexes that slowly release the species that can bind to the probe. Assuming that Al3+ is the inhibi-

tory species, this result gives support to the biphasic time courses for the inhibition of the Ca2+-

ATPase activity. 

The concentration of species that inhibit SERCA and PMCA increases at acidic pH 

In order to confirm whether the inhibition of the pumps depends on the relative amount of dif-

ferent aluminum species, the same concentration of AlCl3 was dissolved in media of different pH. In 

this way, each solution has the same amount of AlCl3 but the concentrations of the different species 

vary, e.g. the concentration of Al3+ increases at lower pH. These different solutions were incorporated 

into the pre-incubation medium at pH 7.3. A solution without AlCl3 was used to control that the addi-

tion of media with different pH does not modify the final pH (and therefore the Ca2+-ATPase activity, 

Figures 5A and B). The percentage of inhibition of the pumps depends on the pH where the AlCl3 

solution was dissolved and then added to the pre-incubation medium. These results agree with the 

increase in the amplitude of the fast phase of the time course of inhibition at lower pH values (Figure 

S2, panel C). Further, the results also demonstrate that the aluminum-enzyme complex is very stable 

since it does not dissociate upon changing the pH. 

In another experiment, we measured the Ca2+-ATPase activity at different pH values in the absence of 

AlCl3 or in the presence of 10 or 25 µM AlCl3 (Figures 5C and D). As expected, Ca2+-ATPase activity 

was maximal at neutral pH both for PMCA and SERCA (35, 36). Figures 5E and F show that the per-

centage of inhibition of the pumps by AlCl3 increases at lower pH, in agreement with the results in 

panels A and B.  

These results can be explained if we consider that: (1) Al3+ (and probably also Al(OH)2+ and 

Al(OH)2
+, hereafter referred to as Al3+, for simplicity) is the main inhibitory species of both pumps; 

(2) in the biphasic time courses observed in Figure 4, the fast phase is related to the amount of soluble 

Al3+ present in the medium while the slow phase is related to the release of Al3+ from other species 

(Figure S1); and (3) once formed the EAl complex does not dissociate significantly during the time of 
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the experiments. According to this interpretation, the inhibition of the pumps by aluminum can be 

described by the following mechanism: 

 
 

where the value of k-1 is close to zero in PMCA, while in SERCA is such that it can be measured from 

the results in Figure 3B. This means that, for the time length used in our experiments, inhibition by 

Al3+ of PMCA and SERCA can respectively be considered as irreversible and slowly reversible pro-

cesses. 

Aluminum stabilizes phosphorylated intermediates (EP) in PMCA but not in SERCA  
PMCA and SERCA form acid-stable phosphorylated intermediates, E1P and E2P that intercon-

vert during the reaction cycle. Measurement of EP, i.e. the aggregated amount of E1P and E2P, is of 

great relevance for the characterization of partial reactions of the enzyme cycle and has provided val-

uable information for the elucidation of the mechanism of its modulators. To further characterize the 

inhibition by aluminum, we studied the dependence of the levels of phosphorylated intermediates of 

PMCA and SERCA on AlCl3 concentration.  

Figure 6A shows that the amount of PMCA phosphorylated intermediates increases with the 

concentration of AlCl3 along the following hyperbolic function  

 

][

]).[(

3

30max
0

3
AlClK

AlClEPEP
EPEP

AlCl 


    Eq. 5 

 

where, EP0 and EPmax are the amounts of PMCA phosphorylated in the absence of AlCl3 and in the 

presence of non-limiting concentrations of the inhibitor, respectively, and KAlCl3 is the concentration of 

AlCl3 at which EP = (EPmax + EP0)/2. The value of EP0 was taken as 100%. The best fitting values for 

EP0, EPmax and KAlCl3 were 100.7 ± 4.8%; 199.9 ± 7.4% and 9.4 ± 1.6 µM, respectively. In PMCA, 

lanthanum (LaIII) is known to prevent the Mg2+- dependent transition E1P→E2P, producing the maxi-

mal level of EP (14, 15). Therefore, we included a control where AlCl3 was replaced by a non-limiting 

concentration of LaCl3. We found a level of EP of 172.8 ± 6.7%. In parallel experiments, we meas-

ured Ca2+-ATPase activity (Figure 6C). As expected, the KAlCl3 value obtained from Ca2+-ATPase ac-

tivity at 30 µM ATP-Mg (7.7 ± 2.3 µM) was not significantly different from that obtained from the 

EP measurement. Hereafter, we will refer to the phosphorylated intermediate of PMCA stabilized in 

the presence of AlCl3 as EPAl. 

Conversely, EP in SERCA decreases with increasing concentrations of AlCl3 (Figure 6B). A 

decreasing hyperbolic function (Eq. 6) was fitted to the experimental data  

 

][

.

3

0

3

3

AlClK

KEP
EP

AlCl

AlCl


      Eq. 6 

 

In that equation, EP0 is the amount of SERCA phosphorylated intermediate in the absence of 

aluminum and KAlCl3 is the concentration of AlCl3 for half-maximum effect. The best fitting values for 

EP0 and KAlCl3 were 102.3 ± 1.2% and 4.5 ± 0.3 µM, respectively. The value of KAlCl3 obtained from 

the measurement of Ca2+-ATPase activity at 30 µM ATP-Mg was 5.6 ± 0.9 µM (Figure 6D). 

Figures 6E and F show the residence time of EP (t(EP)) calculated as the ratio between the EP 

levels and Ca2+-ATPase activity. Under the experimental conditions tested, the residence time de-

pends exclusively on the rate of dephosphorylation of E2P and the rate of interconversion between E1P 

and E2P (10). For PMCA, an increase of AlCl3 concentration produces an increase of the residence 

time of EP (t(EP)), which indicates a decrease in the rate of breakdown of EP rather than an increase 

in the phosphorylation rate. In SERCA, t(EP) remains constant with the AlCl3 concentration suggest-

ing that the phosphorylated intermediates are not involved in the inhibition by aluminum. This result 

Al3+ EAl3+E+
k-1

k1
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is in agreement with the protective effect of calcium shown above (Figures 2, panels B, F and J) sug-

gesting that aluminum inhibition in SERCA is due to the competition for Ca2+ binding site(s). 

Effect of ADP and ATP on the EPAl dephosphorylation 

Figure 7A shows the time course of EP decay after adding 1 mM ADP. Decay presented a biphasic 

behaviour both in the absence (control) and in the presence of AlCl3 (EPAl complex). We fitted the 

sum of two exponential equations to the experimental data: 

 

𝐸𝑃 = 𝐸𝑃𝑓 . 𝑒
−𝑘1𝑡 + 𝐸𝑃𝑠. 𝑒

−𝑘2𝑡   Eq. 7 

 

where EPf  and EPs are the amplitudes and k1  and k2 are the apparent rate constants of the fast and 

slow EP decay components, respectively. Results are expressed as a percentage of the amount of EP 

in the absence of AlCl3 at time zero. The best fitting values of the parameters are detailed in Table 1. 

It is generally accepted that, in the dephosphorylation by ADP, the fast component is due to 

dephosphorylation of E1P while the slow component reflects the E2P → E1P transition. The amplitude 

of fast (EPf) and the slow (EPs) components are an estimation of the steady-state amount of E1P and 

E2P, respectively. The value of EPf decreases from 66% to 40% in the presence of AlCl3 suggesting 

that the E1P ↔ E2P equilibrium is displaced toward E2P.  Figure 2C shows that EPAl also decayed in 

a biphasic way after adding 0.5 mM ATP. Eq. 7 was fitted to the experimental data, but in this case, 

the fast component is due to dephosphorylation of E2P while the slow component reflects the E1P → 

E2P transition phase (37). The best fitting values of the parameters are shown in Table 1. According to 

the results shown in panel A, about 65% of EPAl has a conformation analogue to E2P.  

 

DISCUSSION 

Although with a different stoichiometry and regulation (35, 36, 38), PMCA and SERCA are P-

ATPases that transport Ca2+ against the electrochemical gradient using the energy of ATP hydrolysis. 

They form phosphorylated intermediates during their reaction cycles. Phosphorylation, transition be-

tween phosphoenzyme conformers and dephosphorylation steps depend on the binding of Mg2+. Our 

results show that Al3+ stabilizes a phosphorylated intermediate of PMCA whereas it binds to a 

dephosphorylated intermediate in SERCA. Both PMCA (39) and SERCA (40) bind ATP with high 

affinity in the absence of Ca2+. However, Ca2+ binding is required for the enzyme activation, even if 

Mg2+ is present. This is because Ca2+ is required for ATP γ-phosphate to reach the Asp residue, which 

allows the phosphorylation of the enzyme (40). Therefore, the fact that in PMCA the EAl complex 

becomes phosphorylated suggests that the pump acquires the correct conformation. Following a simi-

lar line of argument, the conformation of the EAl complex in SERCA is clearly not suitable for phos-

phorylation. This conclusion and the protective effect produced by Ca2+ suggest that Al3+ could bind 

in SERCA to the Ca2+ binding site. 

In PMCA, Mg2+ favors the conversion E1P→E2P (13) and, as in SERCA (11), it accelerates the 

phosphorylation displacing the E1-E2 equilibrium towards E1. In SERCA, Sørensen et al. (41), pro-

posed that ATP reacts by an associative mechanism mediated by two Mg2+ ions to form an aspartyl-

phosphorylated intermediate state (E1~P). Cornelius et al. (42) suggested that Al3+ can replace Mg2+ 

in its specific site in Na+/K+-ATPase. Our results show that Al3+ inhibits PMCA activity by stabilizing 

a phosphorylated intermediate, suggesting that it could replace Mg2+ and prevent the dephosphoryla-

tion of the enzyme. The possibility that Al3+ could inhibit through the binding to ATP can be ruled out 

by the experiments in this paper (see Figure 6). In PMCA, LaIII replaces Mg2+ preventing the 

E1P→E2P isomerization step thus increasing both the PMCA EP level (14, 15) and the Ca2+ occlusion 

(43). According to the fact that LaIII stabilizes the E1P conformation, EPLa is quickly dephosphory-

lated in the presence of ADP with a monoexponential behaviour (15), The time courses of EPAl 

dephosphorylation in the presence of ADP or ATP show a biphasic behaviour indicating that 

this complex is composed by both E2P and E1P. However, unlike for LaIII, 65% of EPAl is in 

the E2P conformation.  
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CONCLUSION 

In short, we show that aluminum inhibits SERCA by a slowly reversible mechanism in which 

Al3+ displaces Ca2+ from its binding site. Conversely, in PMCA Al3+ inhibits the dephosphorylation 

step fixing the pump in a very stable complex composed mainly by the conformer E2P.  
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Table 1. Effect of ADP and ATP on the EP dephosphorylation 
 

 
Best values of the parameters after fitting Eq. 7 to the experimental data shown in Figures 7A and 7C. The value of EP ob-

tained in the absence of AlCl3 at zero time of dephosphorylation was fixed as 100%. The percentages of E2P or E1P relative 

to the total amount of EPAl are shown in brackets.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EP f (%) k1 (s-1) EP s (%) k2 (s-1)

EP plus ADP 65,8  9,1 2,0  0,8 34,2  6,9 0,041  0,030

EPAl plus ADP 80,4  7,8 (39) 1,4 0,4 116,2  6,2 (61) 0,025  0,012

EPAl plus ATP 125,8  5,2 (64) 0,44  0,06 73,8  3,1 (36) 0,002  0,001
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Figure 1: Ca2+-ATPase activity of PMCA (A) and SERCA (B) as a function of AlCl3 concentration. 

Free Mg2+ and free Ca2+ concentrations were respectively 1.8 mM and 70 µM (panel A) or 1 mM and 

10 µM (panel B). Ca2+-ATPase activity was determined from the slope of the curve of Pi release as 

function of time. Inset shows a representative experiment where (from top to bottom) 0; 3; 6; 12 and 

25 µM AlCl3 were assayed. Ca2+-ATPase activity in the absence of AlCl3 was defined as 100%. In 

both panels, continuous line is the graph of Eq. 1 for the best-fitting values of the parameters. Results 

are representative of eight independent experiments performed in duplicate. 
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Figure 2: Effect of AlCl3 on apparent affinity of PMCA and SERCA for Ca2+ and Mg2+. Increasing 

AlCl3 concentrations (from top to bottom: 0; 3; 8; 15; 25 µM (A) or 0; 2.5; 5; 10; 20 µM (B)) were 

added to the pre-incubation medium containing PMCA (A) or SERCA (B) in the presence of different 

free Ca2+ concentrations. Free Mg2+ concentration was 1.85 mM in (A) and 1 mM in (B). After 5 min., 

Ca2+-ATPase activity was determined as described before. Maximal velocity (Vmax) and apparent af-

finity for Ca2+ (KCa
2+) of PMCA and SERCA were obtained from the fitting of the Eq.2 to the experi-

mental data of A and B and plotted as a function of AlCl3 concentration in E and F or I and J, respec-

tively. (C and D). Increasing AlCl3 concentrations (from top to bottom: 0; 2; 5; 10; 18 µM (C) or  0; 2; 

4; 8; 12; 15 µM (D)) were added to the pre-incubation medium containing PMCA (C) or SERCA (D) 

in the presence of different free Mg2+ concentrations. Free Ca2+ concentration was 70 µM in (C) and 

10 µM in (D). Following the experimental approach described above: G and H show the values of 

KMg
2+ and, K and L show the values of Vmax obtained for PMCA and SERCA, respectively.  Panels A 

to D are representative experiments. Panels E to L corresponds to the values obtained from four to six 

independent experiments.     
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Figure 3: Reversion of AlCl3 inhibition: PMCA (A) and SERCA (B) were pre-incubated with 10 µM 

AlCl3 . At “time zero” the pre-incubation medium was diluted 15 times, after different times, aliquots 

were taken, and Ca2+-ATPase activity was determined. For PMCA, Ca2+-ATPase activity was con-

stant (dotted line). For SERCA, Ca2+-ATPase activity values were well described by the equation Eq. 

4 (continuous line). Inset in A: Representative experiment in which the pre-incubation medium con-

taining PMCA and different AlCl3 concentration was diluted 15 times (open circles) or not (closed 

circles) with the solution containing ATP. Results show in A and B correspond to the average ± SD of 

two independent experiments.  
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Figure 4: Time course of AlCl3 inhibition of PMCA (A) and SERCA (B). The pumps were pre-

incubated with different AlCl3 concentrations (PMCA: 0; 3; 6; 10; 15 and 25 µM and, SERCA 0; 5; 

10; 15; 25 and 40 µM), then, Ca2+-ATPase activity reaction was initiated by adding 2 mM ATP-Mg. 

The continuous lines represent the fitting of Eq. 2 to experimental data. (C) Ca2+-ATPase activity of 

PMCA (open circles) and SERCA (closed square) when different AlCl3 concentrations were added 

after starting the reaction with 2 mM ATP-Mg. Figures. A and B are representative of three independ-

ent experiments and Figure C corresponds to average ± SD of two independent experiments.  
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Figure 5. Effect of pH on aluminum inhibition of PMCA and SERCA. Solutions of 40 µM AlCl3 

were made at different pH values and then added to the pre-incubation medium (pH 7.2, 25ºC) con-

taining PMCA (A) or SERCA (B) (black symbols). Ca2+-ATPase reaction also was determined at pH 

7.2. Solutions with the same pH but in the absence of AlCl3 were used to rule out a pH effect on the 

pumps (gray symbols). C and D: Ca2+-ATPase activity was measured in the absence (black symbols) 

or in the presence of 10 µM (open symbols) or 25 µM (grey symbols) AlCl3 at different pH values for 

PMCA (C) and SERCA (D). The percentage of aluminum inhibition for PMCA (E) and SERCA (F) 

was calculated from the ratio between Ca2+-ATPase activity with and without AlCl3 at each pH value. 

Results correspond to average ± SD of two independent experiments.  
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Figure 6: Effect of AlCl3 on phosphorylated intermediate (EP). (A) and (B) shows EP as a function of 

AlCl3 concentration in PMCA and SERCA, respectively. In both, EP obtained in the absence of AlCl3 

was defined as 100%. In A, dotted line represents the fitting of Eq. 5 to the experimental data obtained 

for PMCA. In B, dotted line represents the fitting of Eq. 6 to data obtained for SERCA.  (C and D) 

Ca2+-ATPase activity of PMCA (C) and SERCA (D) in the same conditions in which EP was deter-

mined (30 µM ATP, see Experimental procedures for details). For both pumps, Ca2+-ATPase activity 

in the absence of AlCl3 was defined as 100%. Dotted lines on C and D represent the fitting of Eq. 5 to 

the experimental data. Values of t(EP) obtained for PMCA and SERCA are plotted as a function of 

AlCl3 concentration in E and F, respectively. Results are representative of two independent experi-

ments.   
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FIGURE 7: Time courses of dephosphorylation of PMCA. (A) Phosphorylation of PMCA was car-

ried out at 4°C in the absence (control, empty symbols) or presence of 25 µM AlCl3 (filled symbols). 

After 3 min incubation, the reaction was stopped by adding a 1 mM ADP solution. Dephosphorylation 

was allowed to proceed during the time period detailed in each figure and then stopped by protein 

precipitation with TCA (7%). Results are plotted as the percent of the value in the absence of AlCl3 at 

zero time of dephosphorylation and these correspond to mean ± SE of 5 independent experiments. 

Continuous lines represent the fitting of Eq. 7 to the experimental data and parameters obtained are 

shown in Table 1. (B) SDS-PAGE (up) and EP autoradiography (down) of a representative experi-

ment included in (A). (C) As in (A) the pump was phosphorylated in the presence of 25 µM AlCl3 but 

the phosphorylation reaction was stopped by adding 0.5 mM ATP solution. Results are plotted as the 

percent of the value in the absence of AlCl3 at zero time of dephosphorylation and these correspond to 

mean ± SE of 6 independent experiments. Continuous lines represent the fitting of Eq. 7 to the exper-

imental data and best fitting parameters are shown in Table 1. 
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Highlights 

 

(1) Al3+ can bind quickly and strongly to PMCA and SERCA  

(2) In SERCA, the binding of Al3+ is affected by calcium but not in PMCA  

(3) In SERCA, Al3+ prevents the phosphorylation, while in PMCA it prevents the 

dephosphorylation of the pump  

(4) In PMCA, Al3+ fixes the pump in a very stable complex composed mainly by the con-

former E2P.  
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