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of the disease. It has been proposed that MB decreases the formation of 

neuritic plaques due to Aβ aggregation. However, the molecular mechanism 

underlying this effect is far from clear. In this work, we show that MB 

stimulates the Ca2+-ATPase activity of the plasma membrane Ca2+-ATPase 

(PMCA) in human tissues from AD-affected brain and age-matched controls 

and also from pig brain and cell cultures. In addition, MB prevents and 

even blocks the inhibitory effect of Aβ on PMCA activity. Functional 

analysis with mutants and fluorescence experiments strongly suggest that 

MB binds to PMCA, at the C-terminal tail, in a site located close to the 

last transmembrane helix and also that MB binds to the peptide. Besides, 

Aβ increases PMCA affinity for MB. These results point out a novel 

molecular basis of MB action on Aβ and PMCA as mediator of its beneficial 
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ABSTRACT  

The phenothiazine methylene blue (MB) is attracting increasing attention because it 

seems to have beneficial effects in the pathogenesis of Alzheimer’s disease (AD). 

Among other factors, the presence of neuritic plaques of amyloid-β peptide (Aβ) 

aggregates, neurofibrilar tangles of tau and perturbation of cytosolic Ca
2+

 are important 

players of the disease. It has been proposed that MB decreases the formation of neuritic 

plaques due to Aβ aggregation. However, the molecular mechanism underlying this 

effect is far from clear. In this work, we show that MB stimulates the Ca
2+

-ATPase 

activity of the plasma membrane Ca
2+

-ATPase (PMCA) in human tissues from AD-

affected brain and age-matched controls and also from pig brain and cell cultures. In 

addition, MB prevents and even blocks the inhibitory effect of Aβ on PMCA activity. 

Functional analysis with mutants and fluorescence experiments strongly suggest that 

MB binds to PMCA, at the C-terminal tail, in a site located close to the last 

transmembrane helix and also that MB binds to the peptide. Besides, Aβ increases 
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PMCA affinity for MB. These results point out a novel molecular basis of MB action on 

Aβ and PMCA as mediator of its beneficial effect on AD. 

 

HIGHLIGHTS 

Methylene blue activates the PMCA pump 

Methylene blue blocks the toxic effect of Aβ on PMCA 

The Aβ peptide increases MB affinity for PMCA 

 

KEYWORDS: Methylene blue; PMCA; Aβ; molecular interactions; neuronal Ca2+ 

dysregulation 

 

ABBREVIATIONS: Aβ, amyloid β-peptide; AD, Alzheimer’s Disease; MB, 

methylene blue; PMCA, plasma membrane Ca
2+

-ATPase; CaMBD, calmodulin binding 

domain 

 

1. INTRODUCTION 

Methylene blue (MB) is a cationic dye which belongs to a class of compounds known as 

phenothiazines. It has been used for over 100 years in a variety of applications, such as 

a drug in medicine (Ginimuge and Jyothi, 2010), or a  histological dye in pathology, or 

a redox indicator in chemistry. Due to its high lipophilicity, MB has a remarkably high 

blood-brain barrier permeability and can reach concentrations up to hundreds of μM in 

brain after intravenous or oral administration (O'Leary et al., 2010; Peter et al., 2000). In 

recent years, MB has attracted great interest as a potential therapeutic agent for 

improving memory impairment and cognition decline in aging and neurodegeneration 

linked to mitochondrial dysfunction (Atamna and Kumar, 2010; Zakaria et al., 2016). 

Furthermore, it has been proposed that MB may slow the progression of Alzheimer’s 

disease (AD) (Oz et al., 2009). In fact, this phenothiazine and its derivative leuco-

methylthioninium bis(hydromethanesulphonate (LMTM), also known as LMTX or 

TRx0237, have shown beneficial effects in phase II/III clinical trials in mild-moderate 

AD patients (Gura, 2008; Panza et al., 2016; Seripa et al., 2016; Wilcock et al., 2018; 

Wischik et al., 2015). Moreover, MB inhibits the in vitro aggregation of Aβ (Lee et al., 

2017; Necula et al., 2007) and tau (Taniguchi et al., 2005), partially restores 

mitochondrial dysfunction and cerebral metabolism (Lin et al., 2012), and oral MB 
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administration to APP/PS1 mouse models of AD decreases brain Aβ deposition and 

improves cognitive impairment (Mori et al., 2014; Paban et al., 2014). 

AD is the most common type of dementia among older people. It is 

characterized by the abundance of both extracellular amyloid plaques containing 

aggregates of the amyloid-β protein fragment (Aβ) and intracellular neurofibrillary 

tangles of hyperphosphorylated tau (Hardy et al., 1992; Querfurth and LaFerla, 2010). 

The presence of these hallmarks leads to disruption of metabolic processes, reduction of 

cell functions, loss of connections between cells and eventually the destruction and 

death of nerve cells.  

Intracellular Ca
2+

 dysregulation is one of the molecular mechanisms involved in 

the multiple molecular events that contribute to the progression of  AD (Bezprozvanny 

and Mattson, 2008; Brawek and Garaschuk, 2014; LaFerla, 2002; Popugaeva et al., 

2017), and it has been associated to synaptic dysfunction and Aβ production (Anand et 

al., 2014; De Felice et al., 2007; Demuro et al., 2005). In AD, raises of cytosolic 

calcium levels stimulate the aggregation of Aβ (Isaacs et al., 2006; Pierrot et al., 2004; 

Supnet and Bezprozvanny, 2010). On the other hand, Aβ oligomers disturb neuronal 

calcium homeostasis (Lazzari et al., 2015). Besides, Aβ seems to affect the function of 

Ca
2+

-regulatory proteins. Indeed, we have already shown that Aβ inhibits the activity of 

plasma membrane Ca
2+

-ATPase (PMCA), a high affinity active transporter that pumps 

Ca
2+

 ions out of the cell, but does not affect activities of intracellular 

sarco(endo)plasmic reticulum (SERCA) and secretory pathway (SPCA) Ca
2+

-ATPases 

(Berrocal et al., 2009; Berrocal et al., 2012). Despite these evidences and the 

aforementioned studies reporting effects of MB on Aβ, there is a lack of knowledge 

concerning a functional relationship between MB and systems involved in the 

regulation of intracellular Ca
2+

 homeostasis.  

In this work we show for the first time that MB activates the PMCA activity and 

also prevent and revert the Aβ-induced inhibition restoring the maximal velocity of 

PMCA. These effects were observed in membranes from control and AD-affected 

human brain samples, as well as in membranes expressing human PMCA isoforms and 

in the purified synaptosomal pig brain PMCA. Activity assays performed with truncated 

human PMCA isoforms indicate that the action of the MB most likely occurs by its 

binding to a site on PMCA close to the last transmembrane domain of the pump. 

Analysis of this interaction by fluorescence quenching studies revealed that MB binding 
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to PMCA produces a significant conformational protein change. Besides, Aβ seems to 

potentiate the affinity of the dye for the protein.  

 

2. MATERIALS AND METHODS 

Phosphatidylcholine (PC) type XI-E from egg yolk, phosphatidylserine (PS), 

calmodulin-agarose, methylene blue, phenothiazine and phenazine were obtained from 

Sigma. Phenotiazines were prepared as stock solutions of 5 mg/ml (w/v) and made 

freshly for each separate experiment. The full length Aβ peptide containing 42 amino 

acid residues (Aβ1-42) was synthesized by StabVida. It was dissolved in 70 µl of 1% 

NH4OH to give a clear solution, and then diluted with 100 mM Hepes/KOH (pH 7.4) to 

prepare a 4 mg/ml stock solution. An optimal time of 2 h incubation was typically used 

(and referred as “aged” peptide). HiLyte™ Fluor 555 Aβ1-42 was from AnaSpec. Pig 

brains were obtained from a local slaughterhouse and human autopsy brain tissues 

(medium frontal gyrus, a brain region highly affected in AD) were supplied by the 

Netherlands Brain Bank (Amsterdam, The Netherlands) and obtained from 8 patients 

diagnosed as having AD (age 79±2yr, Braak stage V/VI) and from 7 age-matched non-

AD control subjects. Polyclonal anti-PMCA1, anti-PMCA2, anti-PMCA3 antibodies 

and monoclonal anti-PMCA4 antibody were from Thermo Scientific. The monoclonal 

anti-GAPDH antibody was from Santa Cruz Biotechnologies. Secondary HRP-labelled 

antibodies were from Sigma and from Santa Cruz Biotechnology. 

 

2.1. Preparation of membrane extracts from cells and human brain tissues.    

Native human PMCA4b (hPMCA4b) and two truncated hPMCA4b versions, the 

hPMCA4b-L1086* mutant, lacking 120 amino acids at the C-terminal tail, including the 

calmodulin-binding domain (CaMBD), and the hPMCA4b-R1052* mutant (lacking 154 

amino acids at the C-terminus, including its CaMBD) were expressed in COS-7 cells as 

described in (Berrocal et al., 2017; Berrocal et al., 2012). Membrane extracts were 

prepared following the protocol described by (Sepulveda et al., 2005). Briefly, tissues 

were excised and cells were scraped and pelleted. Tissues and cell pellets were 

homogenized in 10 mM HEPES/KOH, pH 7.4; 0.32 M sucrose; 0.5 mM MgSO4; 0.1 

mM phenylmethanesulfonyl fluoride (PMSF); 2 mM 2-mercaptoethanol; and protease 

inhibitor cocktail solution (Roche Diagnostics, Mannheim, Germany). Homogenates 

were centrifuged for 10 min at 1500 g, and supernatants were centrifuged for 45 min at 

100000 g. The final pellets were resuspended in 10 mM HEPES/KOH, pH 7.4 and 0.32 
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M sucrose, aliquoted and stored at -80ºC until use. The protein content was evaluated by 

the Bradford method (Bradford, 1976). 

 

2.2. Preparation of purified plasma membrane Ca
2+

-ATPase from pig brain and 

yeast. The pig brain plasma membrane Ca
2+

-ATPase (PMCA) was purified from 

synaptosomal plasma membrane vesicles as described in detail by (Salvador and Mata, 

1996). Native hPMCA4b and truncated hPMCA4b (hPMCA4b*) version (similar to 

COS hPMCA4b-L1086*) were expressed and purified from S. cerevisiae as detailed in 

(Corbacho et al., 2016). Samples were stored at -80°C until use. 

 

2.3. Western blots assays  

Brain extracts were run on 7.5% SDS-PAGE gels and subsequently transferred onto 

nitrocellulose. After blocking, membranes were incubated overnight at 4ºC with 

antibodies against hPMCA1, hPMCA2, rPMCA3, hPMCA4 and GAPDH, at 1:1000 

dilutions. Immunoreactivity was detected with anti-mouse or anti-rabbit peroxidase-

conjugates secondary antibodies (1:3000). Proteins were visualized with ECL substrate, 

with a Chemidoc
TM 

XRS+Imaging System (BioRad). 

 

2.5. Ca
2+

-ATPase activity assays 

The activity was measured with a coupled enzyme assay, as described in (Salvador and 

Mata, 1996), in 20 µg of membrane enriched fractions isolated from post-mortem brain 

tissue of Alzheimer's disease patients and control subjects and from COS-7 cells 

overexpressing hPMCA4b isoform, or 2.5 µg of delipidated purified PMCA from pig 

brain and reconstituted with 13.5 µg of PC/PS (at a 80/20 weight ratio). The effect of 

Aβ1-42 on ATPase activity was evaluated by preincubation of membranes or purified 

protein for 2 min at 37ºC with 30 µM Aβ1-42, in a final volume of 25 µl. The mixture 

was then diluted directly into the assay medium (50 mM Hepes/KOH (pH 7.4), 100 mM 

KCl, 2 mM MgCl2, 5 mM Na3N, 3.16 µM free Ca
2+

 (pCa 5.5), 0.22 mM NADH, 0.42 

mM phosphoenolpyruvate, 10 IU pyruvate kinase, and 28 IU lactate dehydrogenase) in 

1 ml final volume. The medium assay used for membrane vesicles included 0.01% 

saponin (to disrupt both the plasma and intracellular membranes, allowing the access of 

substrates to all protein molecules in membrane vesicles). Total Ca
2+

-ATPase activities 

or specific PMCA, SERCA and SPCA activities were determined in membrane 
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fractions as described in (Sepulveda et al., 2007). Briefly, the reaction was started with 

1 mM ATP, followed by addition of MB when required. Subsequent activity 

measurements were done after independent additions of 100 nM thapsigargin (to inhibit 

SERCA activity), 2 μM vanadate (to selectively inhibit PMCA activity) and 3 mM 

EGTA (to measure Mg
2+

-ATPase activity). The activity of purified pig brain PMCA 

was directly measured after triggering the reaction with 1 mM ATP and, when 

indicated, after addition of MB at the indicated concentrations.  

 

2.6. Fluorescence quenching assays. Fluorescence measurements were performed with 

a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies) at 25 ºC in 1 cm 

quartz cells with both excitation and emission slits of 10 nm. MB titrations were 

performed with 10 µg of purified pig brain PMCA or purified hPMCA4b from 

S.cerevisiae or the truncated form hPMCA4b* previously incubated with A1-42 

during 2 min when indicated. The assay was performed in a buffer containing 50 mM 

HEPES-KOH (pH 7.4), 100 mM KCl, 2 mM MgCl2, and 3.16 µM free calcium and 1 

mM ATP or AMP-PNP when indicated. The fluorescence emission spectra were 

acquired with excitation wavelength of 270 nm for A1-42 or 290 nm for PMCA. Inner 

filter effects were corrected as indicated in (Lakowicz, 2006). Briefly, the absorbance at 

excitation and emission wavelengths (ODExc and ODEm, respectively) of the solutions 

used in fluorescence measurements were measured, and then the corrected fluorescence 

intensity (Fcorr) was calculated from the observed fluorescence intensity (Fobs) with the 

following equation:  

Fcorr = C · Fobs, where C = antilog [(ODExc+ODEm)/2].  

In titrations with MB the sum of the increase of absorbances (ODExc+ODEm) was 

always kept lower than 0.3 for all the measurements reported in this work.    

Titrations of 10 nM HiLyte™-Fluor555-A1-42 with MB were performed in a 

buffer containing 50 mM HEPES-KOH (pH 7.4), 100 mM KCl, 2 mM MgCl2, 100 M 

CaCl2 and 1 mM ATP. The fluorescence emission spectra were acquired with excitation 

wavelength of 525 nm. No inner filter corrections were needed in titration data, because 

the increase of absorbance at excitation and emission wavelengths were always <0.002.  

The fluorescence intensity data were corrected for volume changes during titrations, 

which were always <3%. Each experiment was performed in quadruplicate. 
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2.7. Statistical analysis 

Significant differences were determined by an unpaired Student t-test with the 

SigmaPlot v10 software (SPSS Inc, Chicago, IL). Non-linear regression fits, statistical 

analysis and plotting of fluorescence assays data were done with the OriginPro 8 

software. A p≤0.05 value was considered statistically significant. 

 

3. RESULTS  

3.1. Methylene blue activates the PMCA in human brain membranes affected by 

Alzheimer’s disease and matched controls, and protects the inhibitory effect of Aβ. 

We have previously reported that addition of Aβ to control brain membranes results in an 

altered Ca
2+

 dependence of PMCA activity that looks like that observed in AD-affected 

brain samples (Berrocal et al., 2009). Likely this effect could be due to the presence of 

toxic Aβ in the AD brain. In the present study we have investigated the effect of MB on 

total Ca
2+

-ATPase activity on membranes from AD-affected human brain membranes 

and age-matched control samples, in the presence and in the absence of Aβ1-42 at the 

concentration that produces about 50% of ATPase inhibition. As shown in Fig. 1A, MB 

increased the ATPase activity in human control and AD brain samples in a 

concentration-dependent manner. The activating effect of MB was significantly higher 

in control (603%) than in AD (24.5±1.5%) samples. Remarkably, this phenothiazine 

could completely reverse the inhibitory effect (39.47.4%) exerted by 0.75 µM A on 

ATPase activity in control-membranes, reaching the same activity plateau as in the 

absence of the peptide. The maximal activation was achieved with 75-100 µM MB and 

the MB concentration required for the half-maximal increase in activity was ~555 µM.      

In this figure we also observed the lack of inhibitory effect of Aβ1-42 on AD brain 

samples. Fig.1A also shows the lack of effect of Aβ in total Ca
2+

-ATPase on AD 

membranes as previously published (Berrocal et al., 2009). Besides, AD human brain 

samples always display higher Ca
2+

-ATPase activity (+33 ± 10%) than control samples, 

as previously reported in Berrocal et al., 2009 (Berrocal et al., 2009). Additional control 

experiments performed in the absence of ATP excluded the possibility that this could be 

due to an enhanced contribution of NADH oxidase activity in AD brain samples (results 

not shown).  

Total Ca
2+

-ATPase activity involves the contribution of plasma membrane 

PMCA and intracellular SERCA and SPCA pumps. In order to analyse if the activating 
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effect of MB is extensive to all Ca
2+

-ATPases or it is just specific for PMCA, functional 

assays were performed with MB  in AD and control human brain membranes, in the 

presence of selective inhibitors of each Ca
2+

 pump, as described in Sepulveda et al. 

(Sepulveda et al., 2007). As shown in Fig. 1B, MB was able to activate the PMCA 

pump, reaching maximal levels of 531% when the protein was previously inhibited by 

Aβ1-42, as observed in control human samples. However, the dye did not affect the 

activity of both SERCA and SPCA, independently of the presence of Aβ, which does 

not inhibits intracellular Ca2+ pumps, as previously reported (Berrocal et al., 2009).  

 

3.2. Methylene blue activates all brain PMCA isoforms expressed in COS cells and 

deletion of the cytosolic C-terminal domain abolishes this activation.  

Western blots performed in human brain membranes with isoform-specific anti-PMCA 

antibodies (Fig. 2) showed that these membranes contain a mixture of PMCA isoforms, 

being PMCA2 and 4 more abundant than the other isoforms. In order to analyse the 

sensitivity of these isoforms to MB, functional assays were performed in COS 

membranes expressing human PMCA2 and 4 isoforms (Fig. 3). In the presence of Aβ, 

the hPMCA2b activity remained without any change whereas hPMCA4b activity 

decreased down to 40.6%, as previously reported in (Berrocal et al., 2009). However, 

MB increased the hPMCA2b activity up to 75.65%, independently of the presence of 

Aβ, with an EC50 value around 20-25 μM. Similar activation was observed for 

hPMCA4b in the absence of peptide. Remarkably, MB completely reversed the Aβ 

inhibitory effect on hPMCA4b, reaching the same Vmax than in the absence of peptide. 

Analogous effects were found for isoforms hPMCA1 and rPMCA3 (results not shown).  

In order to shed light on the PMCA domain involved in its interaction with MB 

in the absence and presence of Aβ we have focused on hPMCA4b, because it is the 

more abundant brain PMCA isoform sensitive to inhibition by Aβ. Kinetic experiments 

were performed in membrane vesicles from COS cells expressing the native hPMCA4b 

or truncated isoforms lacking the CaMBD (hPMCA4b-L1086*) and the entire cytosolic 

C-domain (hPMCA4b-R1052*). As shown in Fig.4 only the intact protein was inhibited 

to about 59.7% by Aβ1-42 peptide, as previously reported (Berrocal et al., 2012). 

However, MB increased the activities of both the full-length hPMCA4b pump and the 

hPMCA-L1086* mutant, up to the Vmax obtained in the absence of peptide, but it did 

not stimulate the activity of the shortest hPMCA4b-R1052* variant lacking the full 
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cytosolic C-domain. These results suggest that cytosolic C-terminal tail of PMCA is 

involved in its functional interaction with MB. 

 

3.3. Methylene blue also activates the purified and reconstituted synaptosomal 

PMCA and protect against its inhibition by Aβ.  

Functional assays were also done with purified synaptosomal PMCA from pig brain 

(Fig. 5) which has been widely characterized by our group. As already published, the 

purified protein is obtained in a delipidated inactivated state, but the activity is 

recovered after been reconstituted in phospholipids (Salvador and Mata, 1995). A 

mixture of PC/PS (weight ratio, 80:20) was used in this study to keep a similar 

composition than that of intact membranes. As sown in Fig. 5, the Ca
2+

-ATPase activity 

was also stimulated (up to 43.50.5%) by MB with an EC50 between 20 and 25 μM, and 

the 39.52 % inhibition produced by Aβ1-42 was completely reversed by the 

phenothiazine, reaching the same Vmax that in the absence of peptide. Addition of BSA 

(negative control) to the cuvette before or after MB and A did not affect the ATPase 

activity and did not prevent the stimulatory effect of MB (results not shown).   

In contrast to phenotiazine derivative MB, the pure phenothiazine and its 

derivative phenazine did not alter the purified PMCA activity, but they were also able to 

completely reverse the inhibitory effect of Aβ on PMCA activity and restore the activity 

to Vmax values (Table I).  

 

3.4. Analysis of methylene blue-PMCA interaction by fluorescence. 

The kinetic studies shown in sections 3.1, 3.2 and 3.3, strongly suggest that MB 

interacts with the PMCA. However, since the PMCA undergoes cyclic changes between 

different conformational states during catalysis, the dissociation constant of this 

interaction cannot be simply derived from the activation constants obtained with the 

kinetic experiments. In addition, these kinetic studies cannot allow us to determine 

conclusively whether the ability of MB to revert the inhibition of PMCA by Aβ is due 

to MB-Aβ complexation or to a MB-induced conformational shift in PMCA-Aβ 

complexes. To answer these points, we have performed fluorimetric studies of the 

interaction of MB with purified PMCA, with Aβ1-42 and with purified PMCA in the 

presence of Aβ1-42. The PMCAs used in these assays were purified from pig brain 

(which contains a mixture of isoforms, as shown earlier in this work) and from yeasts 
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expressing full-length hPMCA4b or its truncated variant, lacking the CaMBD 

(hPMCA4b*).  

MB binding to PMCA was monitored by the quenching of the intrinsic 

fluorescence of PMCA (Fig. 6), which reached values equal or higher than 40% 

quenching for purified brain PMCA and for hPMCA4b at saturation by MB, pointing 

out that MB binding induces a significant conformational change in PMCA. The data 

obtained in the titrations of the intrinsic fluorescence with MB fit very well (R
2
 >0.9) to 

the equation for one simple binding site yielding a dissociation constant of 23 µM and 

19.6 μM MB for purified brain PMCA and for hPMCA4b, respectively. Noteworthy, in 

the case of truncated hPMCA4b* the maximum extent of intrinsic fluorescence 

quenching induced by 10 µM MB decreased by 50%, whereas the dissociation constant 

of MB from the truncated hPMCA4b* isoform (21.1 μM MB) was only slightly higher 

than that obtained for full hPMCA4b. These results pointed out that cytosolic C-

terminal domain of PMCA mediate the conformational change induced by the 

interaction of MB with PMCA. We have previously showed (Berrocal et al., 2012) that 

this PMCA domain is also directly involved in the interaction of Aβ with the PMCA. 

On the basis of these facts, we studied the effect of Aβ in the quenching of the intrinsic 

fluorescence of PMCA by MB. As shown in panels A and B of the Fig. 6, in the 

presence of 2 µM Aβ, i.e. an inhibitory concentration of the PMCA, the maximum 

extent of quenching of the intrinsic fluorescence of brain PMCA and of hPMCA4b by 

MB is 27.92.2% and 29.80.9%, respectively. These values are around half the values 

obtained in the absence of Aβ. In contrast, Aβ was found to have no effect on the 

quenching of the intrinsic fluorescence of the truncated hPMCA4b* isoform by MB 

(Fig 6C), a result that is consistent with the loss of Aβ binding site in the truncated 

PMCA. Noteworthy, the preincubation of PMCA with 2 μM Aβ increased 

(approximately 10-fold) its binding affinity for MB, as the dissociation constant 

decreased from 23 to 2 μM MB for pig brain PMCA and from 19.6 to 1.9 μM MB for 

hPMCA4b. 

It seems likely that MB forms a complex with Aβ, because it has been shown that 

photo-excited MB interacts with Aβ leading to its photo-oxidation (Lee et al., 2017) and 

that MB impairs amyloid Aβ oligomerization and aggregation (Lee et al., 2017; Necula 

et al., 2007). Therefore, we experimentally assessed this possibility by performing 

titration of the fluorescence of 10 nM HiLyte™ Fluor 555 Aβ1-42 with MB. As shown 

in the Fig. 7A, MB yielded a large quenching of the fluorescence of this tagged Aβ, 
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reaching 57±12% quenching at saturation, with a dissociation constant of 0.76±0.4 μM 

MB. Since Aβ1-42 has been shown to aggregate in the micromolar range used in kinetic 

experiments, we decided to experimentally assess this dissociation constant by titration 

of the intrinsic fluorescence of Aβ with MB. The MB elicited partial quenching of the 

intrinsic fluorescence of 10 μM Aβ with a dissociation constant of 1.280.6 μM (Fig. 

7B). The inner filter effect due to the MB absorbance at 280 and 340 nm has been 

corrected as indicated in the Materials and Methods. Therefore, under the conditions 

used in Ca
2+

-ATPase assays the dissociation constant of the MB-Aβ complex is close to 

1 μM. Since preincubation of the Ca
2+

 pump with 2 µM Aβ increases its binding affinity 

for MB, in the case of purified brain PMCA (Fig. 6A) and also of the purified 

hPMCA4b (Fig. 6B), but not for the truncated hPMCA4b* isoform lacking the Aβ 

binding site (Fig. 6C), our results allowed to conclude that Aβ1-42 binding to PMCA 

potentiates the binding of MB forming a ternary complex MB-(Aβ-PMCA).  

 

3.5. ATP modulates the affinity of the PMCA for methylene blue. 

The dissociation constant value (1.9-2.0 μM) of MB from the (Aβ-PMCA) complex, 

obtained from fluorescence measurements shown in panels A and B of Fig. 6, was much 

lower than the EC50 values obtained for MB stimulation of the Ca
2+

-ATPase activity of 

purified PMCA preincubated with Aβ, which were around 20 μM (see Fig. 5). 

Considering that PMCA cycles between four major conformational states during the 

catalytic cycle, i.e. E1, E2, E1-P and E2-P (Brini and Carafoli, 2009; Padanyi et al., 

2016), we hypothesized that there are large differences of affinity for MB between these 

conformational states and we performed fluorescence experiments in the absence or 

presence of Ca
2+

, ATP and AMP-PNP to get the effects of shifts between these 

conformational states on the dissociation constant of MB from brain PMCA (Fig. 8).  In 

the presence of Ca
2+

 the PMCA is shifted towards the E1 state, while in the absence of 

Ca
2+ 

it is in the E2 state. In the absence of nucleotide, the dissociation constant (1-2 µM) 

between MB and brain PMCA reconstituted in PC/PS (weight ratio, 80:20) showed 

similar values in the absence and in the presence of Ca
2+

, i.e. it was not significantly 

different between E1 and E2 PMCA conformational states. However, in the presence of 

1 mM ATP, the dissociation constant values were higher, indicating that the affinity of 

PMCA for MB is much lower. Thus, in the presence of 1 mM ATP and the absence of 

Ca
2+

 (conditions at which the Ca
2+

-ATPase activity is negligible) the dissociation 

constant of the PMCA-MB complex is about 6-fold higher than in the absence of ATP, 
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and in the presence of 3.16 μM free Ca
2+

 (which favors a high Ca
2+

-ATPase activity) it 

raises up to 25±4 μM, i.e. it is more than 10-fold higher than in the absence of ATP and 

it is identical to the EC50 value obtained for stimulation of the Ca
2+

-ATPase activity of 

purified brain PMCA (Fig. 5). This result revealed that the decrease of PMCA affinity 

for MB was not only due to a conformational shift to the phosphorylated states E1-P 

and E2-P, and suggested that at least in part it was due to ATP binding to PMCA. To 

experimentally assess this possibility we performed titrations of the intrinsic 

fluorescence of PMCA with MB in the presence of the non-hydrolysable ATP analogue 

AMP-PNP (adenylyl-imidodiphosphate) without or with Ca
2+

. As shown in Fig. 8, in 

the presence of 1 mM AMP-PNP the dissociation constant of PMCA-MB complex is 

almost independent of the presence of Ca
2+ 

and is very close to the dissociation constant 

value for the PMCA-MB complex obtained with 1 mM ATP and in the absence of Ca
2+

.  

 

4. DISCUSSION  

Our results show that micromolar concentrations of MB stimulate the PMCA 

activity in all tested membranes, independently of the presence of Aβ1-42. MB dye also 

prevented inhibition of PMCA by Aβ1-42, with an EC50 value between 20 and 25 μM 

MB. As far as we know this is the first report of PMCA activation by MB and of 

reversion of the inhibitory effect of Aβ on PMCA activity. In addition, we found that all 

major PMCA isoforms expressed in adult brain were stimulated to nearly the same 

extent by MB, a result that bears a special relevance because there are different PMCA 

isoforms whose expression patterns change during neuronal maturation (Guerini et al., 

1999) and display regional differences in the adult brain (Marcos et al., 2009). MB 

concentrations as low as 5-10 μM already elicited a significant reversion of the Aβ 

inhibition of the PMCA activity, a concentration range of MB reported to be reached in 

human blood plasma after intravenous bolus injection of 1.4 mg/kg MB (Aeschlimann 

et al., 1996). This bolus injection is within the generally accepted therapeutic bolus dose 

of MB, i.e. 1–2 mg/kg body weight over 10–20 min (Harvey, 1980). Pharmacokinetic 

studies in rodents have shown that the concentration of MB is 10–20 times higher in the 

brain than in the circulation one hour following systemic administration, indicating a 

rapid and extensive accumulation of MB in the nervous system (Kristiansen, 1989; 

Peter et al., 2000). Furthermore, MB has been shown to pass the blood-brain barrier, 

when administered intraperitoneally (O'Leary et al., 1968). On these grounds, the results 

reported in this work open new pharmacological insights for the therapeutic use of MB 
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and other phenothiazine derivatives in AD (and other amyloid neurodegenerative 

diseases), because intracellular calcium homeostasis has been shown to be disrupted in 

both sporadic and familial forms of AD (Berridge, 2014; LaFerla, 2002; Popugaeva et 

al., 2017), and PMCA activity plays a major role for the maintenance of neuronal 

cytosolic calcium homeostasis within the range required for neuronal survival 

(Berridge, 2014; Brini et al., 2017; Kurnellas et al., 2005). Moreover, the EC50 of 

PMCA stimulation by MB falls well below 100 μM, which is the lower MB 

concentration for which toxic effects have been reported in preclinical in vitro studies 

(Oz et al., 2011).  

 In this work we have found that phenothiazine or phenazine, whose structures 

do not contain a substituent on the tricyclic ring, did not affect PMCA activity but they 

completely abolished the inhibitory action of Aβ. However, the MB, which contains 

dimethyl amino groups at positions 3 and 7 of the phenothiazine ring, activated the 

PMCA activity in the absence and presence of Aβ peptide. It is worthy to note here that 

previous work performed with phenothiazine derivatives such as thioridazine, 

chlorpromazine or fluphenazine, which contain an alkyl bridge connecting the nitrogen 

atom at position 10 (N-10) of the tricyclic ring of phenothiazine inhibited the PMCA 

activity but increased Ca
2+

 transport (Palacios et al., 2004). Therefore, we conclude that 

the effects of phenothiazine derivatives on PMCA are tightly dependent upon chemical 

substituents of their chemical structures. In this respect, several authors have already 

reported that substituents on the C-2 of the tricyclic phenothiazine ring and the length of 

the alkyl bridge substituent on N-10 are determinant factors on the activity of 

phenotiazines against cancer cells (Ford et al., 1989; Jaszczyszyn et al., 2012; Pajeva 

and Wiese, 1997; Pajeva et al., 1996; Ramu and Ramu, 1992) .     

Our results also show that among the calcium pumps known to be present in 

neurons (PMCA, SERCA and SPCA) only PMCA is stimulated by MB. Noteworthy, 

the major structural difference between these calcium pumps is the long C-terminal tail 

which is present in PMCA, but not in the other calcium pumps, and in previous works 

we have shown that Aβ binds to a site within this C-terminal domain of the PMCA 

(Berrocal et al., 2012).  

The interaction of MB with PMCA has been experimentally assessed and 

quantified by quenching studies using intrinsic tryptophan fluorescence of PMCA 

purified from pig brain and of two yeast-expressed purified variants of hPMCA4b (the 

Aβ-sensitive PMCA isoform most heavily expressed in brain samples), the full-length 
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hPMCA4b and the truncated hPMCA4b* lacking the C-terminal CaMBD, which also 

have lost the sensitivity to inhibition by Aβ (Berrocal et al., 2012; Mata, 2018). Results 

showed that, at saturation, MB binding to purified pig brain PMCA or to hPMCA4b 

produced more than 40% quenching of intrinsic PMCA fluorescence. This finding 

suggests that MB binding induces a significant conformational change in these proteins, 

yielding a dissociation constant close the EC50 value obtained in each case from PMCA 

activity titration with MB, i.e. ~20-25 μM MB. The C-terminal tail of the PMCA plays 

a major role in this conformational change, because deletion of the CaMBD sequence of 

this domain produced nearly 50% reduction of the quenching of PMCA intrinsic 

fluorescence elicited by MB binding. The fact that MB activated both, the intact protein 

and the truncated form lacking the CaMBD, but not the shortest form lacking the whole 

C-terminal tail, suggests that MB binds to protein residues located in the C-terminal site 

close to the CaMBD. Consistent with this result, deletion of the CaMBD portion of the 

C-terminal domain of hPMCA4b did not significantly alter the dissociation constant of 

MB from the hPMCA4b, implying that the MB binding site on PMCA is interacting or 

structurally connected with the CaMBD and that this interaction results in a 

conformational change of PMCA. This point was confirmed by the effects of 

preincubation of PMCA with 2 μM Aβ1-42 on the quenching of the intrinsic 

fluorescence of PMCA by MB. Preincubation of the truncated hPMCA4b* with Aβ1-42 

did not alter the quenching afforded by titration with MB in contrast with the major 

alterations observed with native hPMCA4b and with pig brain PMCA. Moreover, in the 

presence of Aβ the affinity of MB for pig brain PMCA and for hPMCA4b is largely 

increased since the dissociation constant decreased approximately 10-fold in both cases, 

but not for the truncated hPMCA4b* isoform. Indeed, MB not only reversed the 

inhibitory effect of Aβ on PMCA, but it also fully activated the protein to a level similar 

to that attained in the absence of Aβ. This suggests that MB can bind simultaneously to 

both, Aβ and PMCA. While the alteration of the quenching of intrinsic fluorescence 

attained at saturation of MB by preincubation of PMCA with Aβ1-42 is an expected 

outcome if Aβ and MB binding sites are located in different but interacting or 

structurally connected domains, the increase of affinity for MB suggested the possibility 

that Aβ may provide an additional and stronger linkage to MB in the (Aβ–PMCA) 

complex. Titration of Aβ1-42 fluorescence with MB confirmed this point, as it yielded 

an average dissociation constant of 0.8-1.3 μM MB for the complex MB-Aβ which is 

close to the dissociation constant obtained for MB from the (Aβ–PMCA) complex, 
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namely, 1.9-2.0 μM MB. Thus, the presence of 2 μM Aβ leads to an increase of MB 

affinity for PMCA, therefore the amyloid-β peptide potentiates the stimulating effect of 

MB on PMCA function. It is worth noting that submicromolar to micromolar 

concentrations of Aβ have been reported to be locally reached in the brain of AD 

patients (Cherny et al., 1999), a concentration range of Aβ which leads to Aβ fibrils 

formation in vitro (Walsh et al., 1999). This suggests that in these AD patients, the 

presence of Aβ could up-modulate the stimulating effect of MB on the PMCA role as a 

fine modulator of cytosolic calcium levels.   

 The 10-fold difference between the dissociation constant (1.9-2.0 μM) of MB 

from the (Aβ-PMCA) complex obtained from titration with MB of the intrinsic 

fluorescence of PMCA and the EC50 value (~20 μM) for PMCA activity stimulation by 

MB, deserves to be rationalized. Our results have shown that the presence of millimolar 

ATP concentrations in the assay medium can account for a 10-fold decrease of the 

affinity of PMCA for MB. As the presence of ATP and absence of calcium or the 

presence of the non-hydrolyzable ATP analogue AMP-PNP can account for ~5-fold 

decrease of the affinity of PMCA for MB, we conclude that steric hindrance by ATP 

binding contributes to half of the observed decrease of PMCA affinity for MB. 

Therefore, PMCA phosphorylation should produce a further 2-fold decrease of PMCA 

affinity for MB. Then, it is likely that MB binding to a specific site on the C-terminal 

domain also implies its interaction with a place close to the nucleotide binding site in 

the catalytic region of PMCA, a domain that has been shown to be modulated by 

interactions with the CaMBD (Brini and Carafoli, 2009; Di Leva et al., 2008), a region 

which also interacts with Aβ (Corbacho et al., 2017). The cross-modulation between 

ATP and MB binding to PMCA suggests that a decrease of the cellular energy charge 

due to cellular ATP depletion can alter the EC50 of MB-stimulated PMCA activity. 

Since an altered mitochondrial bioenergetics has been shown to mediate neuronal death 

in a large number of neurodegenerative processes (Beal, 2002; Beal et al., 2000), this 

bears potential pharmacological value for the therapeutic treatment of all of them, not 

only for AD treatment.  

 

CONCLUSIONS 

In summary, the MB effect on PMCA not only on the protein itself but also 

related to the neurotoxic Aβ, opens new pharmacological perspectives due to its ability 

to induce a conformational change on the protein that enhances its function as a 
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cytosolic Ca
2+

 modulator, thus, stimulating its physiological key role to remove the 

excess of calcium accumulated in the cytosol in neurodegenerative pathologies.   
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FIGURE LEGENDS 

Fig.1: Effects of A1-42 and/or MB on Ca2+-ATPase activity in membranes from 

human control (HC,) and AD affected (HAD, ) brains samples. A) 

Membranes (10 μg) were incubated as previously described without (open symbols) or 

with (filled symbols) 30 μM Aβ1-42 in 25 µl and diluted up to 1 ml final volume with 

the assay medium which also contained 0.01% saponin (to disrupt both the plasma and 

intracellular membranes, allowing the access of substrates to all protein molecules in 

membrane vesicles). Activities were assayed after triggering the reaction with 1 mM 

ATP followed by addition of indicated concentrations of MB. B) Subsequent activity 

measurements were done after independent additions of 100 nM thapsigargin, 2 μM 

vanadate and 3 mM EGTA, in order to measure the contribution of PMCA, SERCA and 

SPCA activities to total Ca2+-ATPase activity. Data show activity values obtained with 
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100 µM of MB and are expressed in µmol/min/mg protein mean SE of four 

experiments performed with three preparations. *P<0.001 vs. control. 

 

Fig.2: Diversity of PMCA isoforms in membrane vesicles of human brain. 

Representative western blots performed in triplicated with three different membrane 

samples from human medium frontal gyrus and stained with PMCA isoform–specific 

antibodies. The anti-GAPDH antibody was used as protein loading control to quantify 

relative PMCA levels. Data are presented as mean ± SE relative values (arbitrary units). 

 

Fig.3: Activating effect of MB on hPMCA2b and hPMCA4b isoforms. Ten µg of 

membranes from COS cells overexpressing hPMCA2b and hPMCA4b isoforms were 

incubated without (open symbols) or with (filled symbols) 30 μM Aβ1-42 in 25 µl and 

diluted up to 1 ml final volume with the assay medium which also contained 0.01% 

saponin. Activity was measured after addition of 1 mM ATP and sequential additions of 

MB as indicated. Results are expressed in µmol/min/mg protein mean SE of four 

experiments performed with three preparations.  

 

Fig.4: The activities of intact and truncated hPMCA4b isoforms are differentially 

regulated by Aβ and MB. Membranes (10 μg) prepared from COS-7 cells over-

expressing the native human PMCA4b and truncated hPMCA4b-L1086* and 

hPMCA4b-R1052* isoforms were incubated as previously described, without (white 

bars) or with 30 μM Aβ1-42 (grey bars). Activities were assayed by successive 

additions of 1 mM ATP and 100 µM MB (striped bars) as indicated and are expressed 

in µmol/min/mg protein mean SE of four experiments performed with three 

preparations. *P<0.001 vs. control. 

 

Fig.5: MB activates Ca2+-ATPase activity and reverses the inhibitory effect of Aβ 

peptide on the purified synaptosomal PMCA. Purified PMCA from pig brain (2.5 μg) 

was mixed with a 13.3 μg of PC/PS mixture in a 80/20 ratio, and incubated for 2 min at 

37 °C in the absence () or presence () of 30 µM  aged Aβ1-42, in a 25µl total 

volume, followed by addition of up to 1 ml assay medium. The Ca
2+

-ATPase activity 

was measured as described in the Methods, triggering the reaction with 1 mM ATP. 

Titrations were performed by successive additions of MB to give the indicated 
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concentrations. Activity values are expressed in µmol/min/mg protein mean SE of 

eight experiments performed with four preparations.  

 

Fig.6: Aβ modulates PMCA-MB interaction. Fluorescence quenching by titration 

with MB of 10 µg of purified PMCA from pig brain (A) or purified hPMCA4b 

expressed in S. cerevisiae as the native form (B) or as its truncated variant hPMCA4b*, 

lacking the CaMBD (C), before (open symbols) and after (closed symbols) previous 

incubation with 2 µM A1-42. Assays were performed as indicated in the Materials and 

Methods. The non-linear regression analysis of MB quenching titration data (excitation 

and emission wavelengths: 290 and 340 nm, respectively) fit well to a one binding site 

(R
2
 >0.9). The inner filter effect due to the MB absorbance at 280 and 340 nm has been 

corrected as indicated in the Materials and Methods. Data shown are means ± SE of 

titration data of three experiments performed with three preparations.    

 

Fig.7: Fluorescence quenching by MB of HiLyte™ fluor 555 Aβ1-42 (FluorAβ) and 

of non-fluorescent Aβ (Non-fluor Aβ). Non-linear regression analysis of fluorescence 

quenching of 10 nM FluorAβ (A) and 10 µM Non-fluor Aβ (B) by MB titration. Data 

were acquired with excitation and emission wavelengths of 525 and 573 nm (Panel A), 

270 nm, and 310 nm (Panel B), respectively, and fit well to one binding site equation 

(R
2
 > 0.9). Data shown are means ± SE of titration data of three experiments performed 

with three preparations. The inserts show fluorescence emission spectra of FluorAβ (A) 

or Non-fluor Aβ (B) sequentially acquired in the absence and presence of increasing 

concentrations of MB, for additional experimental details see the Materials and 

Methods. 

 

Fig.8: Effects of nucleotides and Ca
2+

 in the affinity of PMCA for MB. The 

dissociation constant (Kd) of MB-PMCA was obtained by titration of the intrinsic 

fluorescence of 10 µg purified pig brain PMCA (excitation and emission wavelengths: 

290 and 340 nm, respectively) with MB, in the absence and presence of 3.16 µM free 

calcium and in the absence or presence of 1 mM of ATP or AMP-PNP, as indicated. 

Statistical significant differences with respect to the Kd obtained in the absence of 

nucleotide (*, p<0.05) and with respect to the Kd obtained with both, ATP and Ca
2+

 (+, 

p<0.05).  
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Table 1: Effects of phenothiazine derivatives (100 µM) on 
purified pig brain PMCA activity in the absence and presence  
of 0.75 µM Aβ1-42   

  Activity                                          
(µmol.min-1.mg-1)      

            Control 1.30 ± 0.08 (100%)                                                  

 Aβ 0.64 ± 0.05 (49.2 %) 

 

Phenothiazine 
 

Aβ+ phenothiazine 

1.20 ± 0.03 (92.3 %) 
 

1.25 ± 0.06 (96.1 %) 

 

Phenazine 
 

Aβ + phenazine 

  1.40 ± 0.08 (107.7 %) 
 
  1.37 ± 0.06 (105.4 %) 

 

Methylene blue 
 

Aβ + methylene 
blue 

            1.73 ± 0.07 (133 %) 
 

1.67 ± 0.09 (128.4 %) 

Table 1
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