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A B S T R A C T

Flavonoids are natural compounds responsible for the health benefits of green tea. Some of the flavonoids present
in green tea are catechins, among which are: epigallocatechin, epicatechin-3-gallate, epicatechin, catechin and
epigallocatechin-3-gallate (EGCG). The latter was found to induce apoptosis, reduce reactive oxygen species, in
some conditions though in others it acts as an oxidizing agent, induce cell cycle arrest, and inhibit carcinogenesis.
EGCG also was found to be involved in calcium (Ca2þ) homeostasis in excitable and in non-excitable cells. In this
study, we investigate the effect of catechins on plasma membrane Ca2þ-ATPase (PMCA), which is one of the main
mechanisms that extrude Ca2þ out of the cell. Our studies comprised experiments on the isolated PMCA and on
cells overexpressing the pump. Among catechins that inhibited PMCA activity, the most potent inhibitor was
EGCG. EGCG inhibited PMCA activity in a reversible way favoring E1P conformation. EGCG inhibition also
occurred in the presence of calmodulin, the main pump activator. Finally, the effect of EGCG on PMCA activity
was studied in human embryonic kidney cells (HEK293T) that transiently overexpress hPMCA4. Results show that
EGCG inhibited PMCA activity in HEK293T cells, suggesting that the effects observed on isolated PMCA occur in
living cells.
1. Introduction

Flavonoids are natural compounds that belong to some plant sec-
ondary metabolites. Flavonoids have polyphenolic structures that are
found in vegetables, some beverages and fruits [1]. Green tea is a
flavonoid-containing beverage that has been lately receiving most
attention as a health-beneficial agent. Particularly, green tea has been
shown to have health benefits such as antiarthritic and anti-inflammatory
effects as well as being involved in the prevention of cardiovascular
diseases and cancer, among others [2, 3, 4]. Some bioactive constituents
of green tea responsible for those effects are a subgroup of flavonoids
called catechins, namely: epigallocatechin, epicatechin-3-gallate, epi-
catechin, catechin and epigallocatechin-3-gallate (EGCG) [5, 6, 7].

EGCG is the main polyphenol of green tea and it is thought to be
responsible for its biological effects [5]. Many authors have shown that
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EGCG induces apoptosis and it has been published that in some condi-
tions it reduces reactive oxygen species, whereas in others, it acts as an
oxidizing agent [8]. Additionally, it induces cell cycle arrest, inhibits
carcinogenesis [7, 9, 10], and stimulates viability and cell proliferation
[11, 12]. Evidence has shown EGCG involvement in changes in calcium
(Ca2þ) homeostasis in excitable and non-excitable cells, which could be
associated to its effect on Ca2þ transport systems. In hippocampal
cultured neurons, incubation with EGCG induced an increase in intra-
cellular Ca2þ through the release from intracellular stores [13]. On the
other hand, in non-excitable human astrocytoma U87 cells, EGCG
increased intracellular Ca2þ by influx of extracellular Ca2þ and release
from intracellular stores [14]. Furthermore, in prostate cancer cells EGCG
induced an intracellular Ca2þ increase by a multi-step mechanism [15].
The molecular mechanisms, that involve the effects of EGCG on Ca2þ

homeostasis, are still unclear.
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Figure 1. Simplified kinetic model of the PMCA obtained from Ontiveros
et al. [17].
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Ca2þ signaling modulates many cellular processes in most cell types.
Intracellular Ca2þ levels are in the range of hundreds of nM in resting
conditions whereas in the extracellular space its concentration is in the
mM range. Although Ca2þ concentration inside the cell is very low, some
intracellular organelles have Ca2þ concentrations that are close to those
in the extracellular milieu, such as mitochondria or the endoplasmic
reticulum (ER), the latter known as the Ca2þ store in the cell [16].

Excessive increases in intracellular Ca2þ may induce irreversible
changes in cells leading them to death. To avoid those changes, cells have
active mechanisms at the cell plasmamembrane and at the ERmembrane
that maintain cytoplasmic Ca2þ concentrations at low levels. At the cell
membrane, cells have plasma membrane Ca2þ-ATPase (PMCA) and the
Naþ/Ca2þ exchanger, whereas at the ER membrane cells have the sar-
coendoplasmic reticulum Ca2þ-ATPase (SERCA). PMCA and SERCA are
2

P-type Ca2þ-ATPases that extrude Ca2þ out of the cytoplasm by
consuming ATP. Once the ER is depleted of Ca2þ, store activated Ca2þ

channels (SOCs) allow Ca2þ to enter the cytoplasm and Ca2þ pumps are
activated [17].

PMCA helps to maintain intracellular Ca2þ at very low levels by
extruding Ca2þ from the cytoplasm to the extracellular space. There are
four PMCA isoforms encoded in different genes. Among PMCA isoforms,
hPMCA4 (human isoform 4) is tightly regulated. This isoform is the most
abundant in red blood cells and is ubiquitously distributed across tissues
[18, 19]. PMCA contains 10 membrane-spanning segments with the N-
and C-termini on the cytosolic side. In the C-terminal tail, PMCA contains
an auto-inhibitory domain and a calmodulin-binding domain. Calmod-
ulin, the main regulator of PMCA [19], binds to the corresponding
C-terminal domain of the pump, modifying its activation/inactivation
state.

PMCA exists in two conformational states that can be phosphorylated:
E1 and E2 (Figure 1). E1 is phosphorylated by ATP and has high affinity
for Ca2þ, whereas E2 is phosphorylated by Pi and has low affinity for
Ca2þ [20].

Several reports have revealed that flavonoids can inhibit P- type
ATPases. EGCG inhibits Naþ/Kþ-ATPase by reducing the transition rate
from the phosphorylated intermediate E1P to E2P [21]. Additionally,
EGCG inhibits SERCA but has a preferential interaction with the E2
conformation modifying the enzyme conformation at the catalytic site
[22]. Recently, we showed for the first time that some flavonoids, such as
quercetin and gossypin, inhibit hPMCA4 [17]; however, the effects of
catechins such as EGCG on PMCA are still unclear.
Figure 2. A-B. Effect of catechins on PMCA
activity. PMCA activity was measured in the
presence of increasing concentrations of
catechins: (-)-epicatechin and (þ)-catechin
(A) or EGCG (B). The continuous lines in
panel A represent rectangular hyperbolas
(Eq. 2). The continuous line in panel B rep-
resents a Hill equation (Eq. 3). Data in A are
representative of three independent experi-
ments. Data in B are expressed as the mean �
S.E. (n ¼ 3). C. Effect of gallic acid on PMCA
activity. PMCA activity was measured in the
presence of increasing concentrations of
gallic acid. Data are representative of two
independent experiments. The continuous
line represents a Hill equation (Eq. 3). D.
Reversibility of the PMCA inhibition by EGCG.
PMCA was preincubated with increasing
concentrations of EGCG, PMCA/EGCG mix-
tures were diluted 10 times and PMCA ac-
tivity was measured (○). As a control PMCA
activity was measured in media with the
same concentrations of EGCG as in the pre-
incubation assay (●). Data are representative
of two independent experiments. Measure-
ments were carried out at 37 �C in the
presence of 1.9 mM [Mg2þ]free and 80 μM
[Ca2þ]free. The reaction was started by the
addition of 2 mM ATP. Results were related
to PMCA activity measured in the absence of
catechins (100%).



Table 1. Effect of catechins on PMCA activity. The table indicates the name and structure of each evaluated catechin and gallic acid, as well as the best fitting values of Ki
(�standard error) obtained from data in Figures 2A, 2B and 2C.

Catechin Structure Ki (mM)

(�)-Epicatechin
((�)-cis-3,30,40,5,7-Pentahydroxyflavane)

>100

(þ)-Catechin
((þ)-trans-3,30,40,5,7-Pentahydroxyflavane)

66.6 � 11.8

(�)-Epigallocatechin gallate
((�)-cis-3,30,40,5,50,7-Hexahydroxy-flavane-3-gallate)

0.032 � 0.003

Gallic acid 48.2 � 1.6
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The aim of this study was to investigate the effect of catechins on the
activity of isolated PMCA and the mechanism through which EGCG in-
hibits PMCA activity in the isolated protein and in living cells. We found
that EGCG was the most potent reversible inhibitor of isolated PMCA by
stabilizing the E1P intermediate. EGCG also inhibited PMCA activity in
the presence of CaM. Finally, studies in human embryonic kidney cells
(HEK293T) that transiently overexpress hPMCA4 show that EGCG
inhibited PMCA activity, suggesting that the effects observed on isolated
PMCA could occur in living cells.

2. Materials and Methods

2.1. Chemicals

[γ-32P]ATP was obtained from Perkin-ElmerNEN Life Sciences (USA).
HEK293T cells were obtained from American Type Culture Collection
(ATCC, Manassas, VA). Dulbecco's Modified Eagle's Medium (DMEM),
fetal bovine serum (FBS), Lipofectamine LTX Reagent with PLUS Reagent
and cell culture supplements were purchased from Invitrogen-Thermo
Fisher Scientific (Carlsbad, CA, USA). Antibiotic/antimycotic solution
was obtained from Life Technologies Inc. (Carlsbad, CA, USA). Fluo-4-
AM probe was obtained from Molecular Probes (Eugene, OR, USA).
PVDF blot membrane was obtained from BioRad Laboratories (Reinach,
Switzerland). Dimyristoyl phosphatidylcholine (DMPC) was obtained
from Avanti Lipids (Alabaster, AL, USA). Thapsigargin (TG),
3

(-)-epigallocatechin 3-gallate (EGCG), (-)-epicatechin, (þ)-catechin,
gallic acid, polyoxyethylene (10) lauryl ether (C12E10) and all the other
chemicals used in this work were of analytical grade and were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Human blood recently drawn
at Fundaci�on Fundosol (Buenos Aires, Argentina) was used for the
isolation of PMCA. Donors provided informed consent for the donation of
blood and for its subsequent legitimate use by the transfusion service.

2.2. Purification of functional PMCA from human erythrocytes

A calmodulin (CaM) affinity chromatography column was used to
isolate PMCA from CaM-depleted human erythrocyte membranes [23].
Briefly, 0.5% C12E10-containing buffer was used to solubilize membrane
proteins, they were centrifuged, and the supernatants were loaded into a
CaM-Sepharose column with 1 mM Ca2þ. The column was washed with a
buffer containing 0.05% C12E10. PMCAwas eluted in 20% (w/v) glycerol,
0.005% C12E10, 1 mMMgCl2,120 mM KCl, 2 mM EGTA, 10 mMMOPS-K
(pH 7.4 at 4 �C) and 2 mM dithiothreitol. Isolated PMCA was assayed for
protein concentration and homogeneity by SDS-PAGE (about 10 μg/ml,
single band at Mr 134,000) and stored in liquid nitrogen. The purification
procedure preserves transport activity, kinetic properties and regulatory
characteristics of PMCA in its native milieu [24]. Human erythrocytes
contain PMCA1 and PMCA4 isoforms. hPMCA4 is the predominant iso-
form expressed (80%) [25].



Figure 3. A-C. Effect of Ca2þ on inhibition of PMCA activity by EGCG. A. PMCA activity was measured at different Ca2þ concentrations in the presence of 0 (●); 0.015
(○); 0.02 (▴); 0.03 (Δ); 0.05 (■) and 0.08 (□) μM EGCG. Measurements were carried out at 37 �C in the presence of 1.9 mM [Mg2þ]free and the CaCl2 required to
obtain the [Ca2þ]free indicated in the abscissa axis. The reaction was started by the addition of 2 mM ATP. Data are expressed as the mean � S.E. (n � 3). The
continuous lines represent rectangular hyperbolas (Eq. 4). Best fitting values of K0.5 and Vmax were obtained from Figure 3A. K0.5 and Vmax values were plotted as a
function of EGCG concentrations (Panels B and C, respectively). Inset in C: Vmax/K0.5 ratio as a function of EGCG concentration. D-F. Effect of Mg2þ on inhibition of
PMCA activity by EGCG. D. PMCA activity was measured at different Mg2þ concentrations in the presence of 0 (●), 0.015 (○), 0.02 (▴), 0.03 (Δ) and 0.04 (□) μM
EGCG. Measurements were carried out at 37 �C in the presence of 80 μM [Ca2þ]free and the MgCl2 required to obtain the [Mg2þ]free indicated in the abscissa axis. The
reaction was started by the addition of 2 mM ATP. Data are expressed as the mean � S.E. (n � 3). The continuous lines represent rectangular hyperbolas (Eq. 4). Best
fitting values of K0.5 and Vmax were obtained from Figure 3D. K0.5 and Vmax values were plotted as a function of EGCG concentrations (Panels E and F, respectively).
Inset in F: Vmax/K0.5 ratio as a function of EGCG concentration.
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2.3. Measurement of ATPase activity

PMCA ATPase activity assay was performed in the samples by
measuring the [32P]Pi released from [γ-32P]ATP as described by Richards
et al. [26] or alternatively performed according to the method of Fiske
and Subbarow [27]. In both cases, PMCA was resuspended in micelles
containing 80 μM C12E10 and 38 μM DMPC and PMCA activity was
measured at 37 �C or 25 �C in media containing 30 mMMOPS (pH 7.4 at
the indicated temperature), 120 mM KCl, and the necessary amount of
MgCl2 and CaCl2 to obtain the desired final free cation concentration.
The indicated catechin was added to the reactionmedium in the presence
of PMCA. The reaction was started by the addition of ATP (final con-
centration of 30 μM for radioactive assays and 2 mM for non-radioactive
assays). Enzyme concentration was 0.8 μg/ml. The PMCA activity ob-
tained at 80 μM free Ca2þ concentration was considered as 100%.

MaxChelator (https://somapp.ucdmc.ucdavis.edu/pharmacology/ber
s/maxchelator/downloads.htm) was used to estimate free Mg2þ and Ca2þ

concentrations in the incubation media [28]. The free Mg2þ and Ca2þ

concentrations and some components varied according to the experiments
and are indicated in the figure legends.
2.4. Determination of phosphorylated intermediates

Phosphorylated intermediates (EP) were measured as the amount of
acid-stable 32P incorporated into the enzyme from [γ-32P]ATP after
stopping the reaction with an ice-cold solution containing 10%
4

trichloroacetic acid. The determination of EP was performed at 25 �C or
0 �C in 30 mMMOPS (pH 7.4 at the indicated temperature), 120mMKCl,
2 mMMgCl2 (final freeMg2þ concentration of 1.9 mM), 80 μMC12E10, 38
μMPC, 30 μMATP, and the necessary amount of CaCl2 required to obtain
the final free Ca2þ concentration of 80 μM. EGCG was added to the re-
action medium in the presence of PMCA and the reaction was then
initiated by adding [γ-32P]ATP. The isolation and quantification of EP
was performed according to Echarte et al. [29].

2.5. ADP-dependent dephosphorylation

ADP-dependent dephosphorylation was performed as previously
described [30, 31]. The isolated PMCA was phosphorylated for 3 min at
0 �C in 30 mM MOPS (pH 7.4 at 0 �C), 120 mM KCl, 2 mM MgCl2 (final
free Mg2þ concentration of 1.9 mM), 80 μM C12E10, 38 μM PC, 30 μM
[γ-32P]ATP, and the necessary amount of CaCl2 required to obtained the
final free Ca2þ concentration of 80 μM in the presence of 0 or 5 μMEGCG.
Dephosphorylation was initiated by adding a chase solution yielding final
concentrations of 2 mM ADP and 30 μM unlabeled ATP followed by acid
quenching at different time intervals. The isolation and quantification of
EP was performed according to Echarte et al. [29].

2.6. Data analysis

Theoretical equations were fitted to experimental data by nonlinear
regression based on the Gauss-Newton algorithm using commercial
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Figure 4. Effect of EGCG on PMCA phos-
phorylated intermediate (EP). A. PMCA
phosphorylated intermediate levels were
measured in the presence of increasing
amounts of EGCG. Measurements were car-
ried out at 25 �C for 30 s (steady state) in the
presence of 1.9 mM [Mg2þ]free, 80 μM
[Ca2þ]free and increasing amounts of EGCG.
The reaction was started by the addition of
30 μM [γ32-P]ATP. The continuous line rep-
resents a Hill equation (Eq. 5). B. PMCA ac-
tivity measurements were carried out in the
same conditions as PMCA phosphorylation
measurements. The continuous line repre-
sents a Hill equation (Eq. 3). Data are
expressed as the mean � S.E. (n � 3). C.
Residence time of EP as a function of
[EGCG]. Residence time of EP was calculated
as the ratio between the EP levels and PMCA
activity (from the fitting curves in A and B,
respectively). D. EP levels in steady state in
the absence (control) or in the presence of
500 μM LaIII or 5 μM EGCG. The EP level
obtained for control was established as
100%. Data are expressed as the mean � S.E.
(n � 3). EP levels significantly different from
controls (*p > 0.01; one-way ANOVA with
Bonferroni post-tests). N.S.: Non-significant.

Table 2. Best fitting values (�standard error) of E1P and E2P and the E1P/E2P ratio obtained from data in Figure 5.

Condition E1P (%) E2P (%) E1P/E2P

Control 35.3 � 5.9 64.7 � 4.9 0.55 � 0.13

EGCG 5 μM 188.0 � 0.4 *** 41.4 � 0.4** 4.55 � 0.05***

Significant differences from control (**p < 0.001, ***p < 0.0001, Student's t-test).
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programs (Excel and Sigma-Plot for Windows, the latter being able to
provide not only the best fitting values of the parameters but also their
standard errors). The goodness of fit of a given equation to the experi-
mental results was evaluated by the corrected AIC criterion (AICC)
defined as:

AICC ¼ N ln(SS/N) þ 2PN/(N- P-1) Eq.1

where N is the number of data, P is the number of parameters plus one,
and SS is the sum of weighted square residual errors [32]. Unitary
weights were considered in all cases and the best equation was chosen as
that giving the lower value of AICC. The AIC criterion is based on In-
formation Theory, and selects an equation among several possible
equations based on its capacity to explain the results using a minimal
number of parameters. Parameter values are expressed as the mean �
standard error (S.E.).

Eq. (2) was fitted to the experimental data from PMCA activity vs
[(-)-epicatechin] or [(þ)-catechin] (section 3.1), which were described
by a decreasing rectangular hyperbola.
5

v¼ Vmax Ki

Ki þ ½Catechin� Eq. 2
where Vmax is the PMCA activity when the catechin concentration
([(-)-epicatechin] or [(þ)-catechin]) tends to 0, and Ki represents the
catechin concentration ([(-)-epicatechin] or [(þ)-catechin]) at which the
half-maximum effect is achieved.

Eq. (3) was fitted to the experimental data from PMCA activity vs
[ligand] ([EGCG] or [Acid gallic]) (section 3.1), which were described by
a Hill equation:

v¼Vmin þ ðVmax � VminÞ
1þ

�
½Ligand�

Ki

�n Eq. 3

where Vmax is the PMCA activity when the EGCG concentration tends to
zero, Vmin is the PMCA activity when the EGCG concentration tends to
infinity, “n” is the Hill coefficient and Ki represents the EGCG concen-
tration at which the half-maximum effect is achieved.



Figure 5. Time course of ADP-dependent dephosphorylation. PMCA phos-
phorylation measurements were carried out at 0 �C in the presence of 1.9 mM
[Mg2þ]free, 80 μM [Ca2þ]free and 5 μM EGCG or in the absence of EGCG (inset).
The reaction was started by the addition of 30 μM [γ32-P]ATP. After 3 min of
reaction, when the phosphorylated intermediates reached a steady-state level,
dephosphorylation was initiated by adding a chase solution yielding final con-
centrations of 2 mM ADP and 30 μM unlabeled ATP followed by acid quenching
solution at different time intervals. Data are expressed as the mean � S.E. (n ¼
3) and are shown as a percentage of the steady-state EP level obtained after 3
min of phosphorylation (100%). The continuous line represents a bi-exponential
time function (Eq. 7). The best fitting values for E1P and E2P are shown
in Table 2.
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Eq. (4) was fitted to the experimental data from PMCA activity vs
[Cation] (section 3.2), which were described by the rectangular
hyperbola:

v¼Vmax ½Cation�
K0:5 þ ½Cation� Eq. 4

where Vmax is the PMCA activity when the cation concentration ([Ca2þ]
or [Mg2þ]) tends to infinity, and K0.5 represents the [Cation] ([Ca2þ] or
[Mg2þ]) at which the half-maximum effect is achieved.

Eq. (5) was fitted to the experimental data from EP vs [EGCG] (section
3.2), which were described by following Hill equation:

EP¼EP0 þ ðEPmax � EP0Þ½EGCG�n
K0:5

n þ ½EGCG�n Eq. 5

where EP0 and EPmax are the amounts of PMCA phosphorylated in the
absence of EGCG and in the presence of non-limiting concentrations of
the inhibitor, respectively, “n” is the Hill coefficient, and K0.5 is the
concentration of EGCG at which EP¼ (EPmax þ EP0)/2.

One-way analysis of variance (ANOVA) followed by Bonferroni post-
test and Student's t-test were performed using GraphPad Prism version
6.00 for Windows, GraphPad Software (San Diego, CA, USA). A proba-
bility (P) value <0.05 was considered statistically significant. The num-
ber of independent experiments (n) is indicated in each figure legend.
2.7. Docking experiments

The homology model of PMCA4 was obtained using Modeller 9.22
[33]. A homology model of hPMCA4b was made using human PMCA
isoform 1 (hPMCA1) structure [34] as template (PDB ID: 6A69).
6

Phospholipid binding domain (294-349) and C-terminal (1076- 1241)
were not included in the model (these sections are not defined in the
template). Template and PMCA4b sequences were aligned using Mod-
eller alignment algorithm. Protein and ligand structures were prepared
using AutoDock Tools [35]. The grid box was set to include all the
cytoplasmic domains of PMCA and more than 50 trials were conducted
for each ligand using AutoDock Vina [36]. The lowest energy confor-
mations were regarded as the best binding conformations of each
flavonoid. Visualization was performed using Chimera [37].

2.8. Cell culture and overexpression of hPMCA4

HEK293T cells were cultured as monolayers in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% (v/v) FBS and 1% (v/
v) antibiotic/antimycotic solution at 37 �C in a 5% CO2 atmosphere. Cells
were transfected with EGFP-hPMCA4b plasmid [38] using Lipofectamine
LTX with Plus Reagent as described in the manufacturer's protocol
(Thermo-Fisher Scientific). HEK293T-mock cells (cells transfected with
the empty vector) were cultured in parallel as control of expression and
activity. hPMCA4 overexpression was verified by Western blot.

2.9. Dynamics of cytoplasmic Ca2þ measurements

HEK293T cells were seeded on sterile 96-well black-walled, clear-
bottom plates (Corning Inc., Corning, NY, USA) at a density of 1.5 � 104

cells/well. After 18 h, cells were transfected with mock or EGFP-
hPMCA4b plasmid, and the dynamics of [Ca2þ]CYT was assayed 18 h
after transfection using Fluo4-AM. Cells were loaded for 1 h at 37 �C with
5 μM of the fluorophore in reaction buffer (RB) composed of 10 mM
Hepes (pH 7.4 at 37 �C), 120 mM choline chloride, 5 mM KCl, 1 mM
MgCl2 and 5 mM D-glucose. This buffer contained choline chloride
instead of NaCl to minimize the effect of the Naþ/Ca2þ exchanger. After
dye loading, the plates were washed twice and 100 μl of RB was added to
the samples. Cells were then incubated with EGCG or RB for 30 min. The
EGCG concentration used was the maximum at which cells maintained
their adherence and shape. Fluorescence was measured at λ excitation
485 � 20 nm (λ emission: 528 � 20 nm) in a fluorometric plate reader
(Synergy HT. Biotek, BioTek Instruments Inc., Winooski, VT, USA).
Fluorescence signals were analyzed using software Gen 5.2.01. Stable
baseline values were established for at least 3 min then 2 μM TG was
added and the fluorescence was recorded for at least 5 min. TG specif-
ically inhibits SERCA, which induces depletion of ER Ca2þ stores leading
to a rise in intracellular Ca2þ [39]. Traces showing the time course of
fluorescence intensity were normalized to the baseline and expressed as
relative [Ca2þ]CYT. EGCG did not interfere with FLUO4 fluorescence
(data not shown). The area under the curve (AUC) is the integral of
[Ca2þ]CYT from TG addition until basal levels are reached or until the end
of measurements. Activity of hPMCA4was calculated using the AUCs and
Eq. (6), as described by Dalghi et al. [40].

hPMCA4activityð%Þ¼ ðAUCmock;treatment � AUCPMCA4;treatmentÞ
ðAUCmock:control � AUCPMCA4;controlÞ � 100 Eq. 6

2.10. Detection of PMCA expression in HEK293T cells

The collected cells were directly solubilized in sample buffer con-
taining 150 mM Tris-HCl (pH 6.8), 4 % SDS, 5% DTT, 20% glycerol, urea
(125 mg/ml) and bromophenol blue. The ladder was Precision Plus
Protein™ Dual Color Standards (BioRad). Samples were separated using
a 10% SDS gel (50 μg protein per lane), and proteins were transferred to a
PVDF blot membrane (BioRad). After blocking, the blot was incubated
with the anti-PMCA primary mouse monoclonal antibody 5F10 [41]
(1:2000; Pierce) or anti-GADPH (1:1000, Cell signaling) overnight at 4
�C. Anti-mouse IgG, horseradish peroxidase-linked whole antibody
(1:20000; Amersham, Buckinghamshire, UK) or anti-rabbit IgG, horse-
radish peroxidase-linked whole antibody (1:1000; Amersham,



Figure 6. Docking experiments on the hPMCA4 structure. A. The cytoplasmic domains of PMCA are depicted, the N-domain in green, the A-domain in yellow, the P
domain in blue and the transmembrane domain in grey. Two binding sites were found for EGCG, one in the A-domain with higher binding energy, and the other in the
N-domain with lower binding energy as shown in the figure. The N-domain binding site was also the binding site for (þ)-catechin and (-)-epicatechin ((þ)-catechin is
shown in the site). B. The binding conformation of EGCG in the A-domain is shown. The PMCA amino acids that form hydrogen bonds with the ligand are depicted. C.
The scheme shows the proposed binding mechanism of EGCG based on the kinetic data and docking simulations.
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Buckinghamshire, UK) were used as the secondary antibody. Immuno-
reactive bands were visualized using the enhanced chemiluminescence
method (Kalium Technologies, Buenos Aires, Argentina). Digital images
were quantified using GelPro Analyzer version 4.0. Protein density was
normalized to the GAPDH loading control.

3. Results and discussion

3.1. Effect of catechins on PMCA activity

The effects of three catechins on PMCA activity were evaluated using
isolated PMCA from human erythrocytes. Figures 2A and 2B show PMCA
activity measured in the presence of different concentrations of (-)-epi-
catechin, (þ)-catechin (Figure 2A) and EGCG (Figure 2B). The best fitting
values of the apparent constant of inhibition (Ki) are shown in Table 1.
Results indicate that the three catechins affected PMCA activity; how-
ever, EGCG induced a strong inhibition of PMCA activity. Studies with
Naþ/Kþ-ATPase have shown that EGCG is a potent inhibitor of ATPase
activity with a Ki of 1 μM [21].

Since one of the structural differences between (-)-epicatechin and
EGCG is the gallate group, the effect of gallic acid on PMCA activity was
studied. Figure 2C shows that gallic acid inhibited PMCA activity with a
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low apparent affinity (Ki ¼ 48.2 � 1.6 μM), suggesting that the flavonoid
base structure is necessary for the strong inhibition by EGCG and
therefore, the gallate ring structure alone could not be responsible for the
effects of EGCG on PMCA.

Next, the reversibility of PMCA inhibition by EGCG was evaluated
(Figure 2D). Results show that upon a ten-fold dilution of EGCG, PMCA
activity tended to recover the original values, indicating that EGCG is a
reversible inhibitor.

Recently, we studied the inhibitory effect of flavonoids on PMCA
activity and we demonstrated that the presence of a double bond be-
tween C2-C3 and the hydroxylations in the B ring were critical for fla-
vonoids to inhibit PMCA activity (i.e. quercetin and gossypin) [17].
Catechins do not have a keto group or a double bond between C2-C3;
then, C2 and C3 are two chiral centers that generate different configu-
rations. The two isomers, (-)-epicatechin (cis configuration) and
(þ)-catechin (trans configuration), showed differences as PMCA activity
inhibitors, with the former showing less affinity. Therefore, the config-
uration of catechins would be important for the inhibition of PMCA ac-
tivity, in particular, the orientation of –OH in C3. On the other hand,
EGCG (the most potent catechin) has the same configuration as (-)-epi-
catechin (less active catechin), but EGCG has a gallic acid conjugated in
C3 and one more –OH group in the B ring. Results obtained with gallic



Figure 7. Effect of different concentrations of EGCG on PMCA activity in
presence of CaM. PMCA activity was measured as a function of EGCG concen-
trations in the absence (▴) or in the presence of 120 nM CaM (●). Measure-
ments were carried out at 37 �C in the presence of 1.9 mM [Mg2þ]free and 2 μM
[Ca2þ]free.The reaction was started by the addition of 2 mM ATP. Results are
expressed as the percent of PMCA activity measured in the absence of EGCG and
80 μM [Ca2þ]free (100%). The continuous lines represent a Hill equation (Eq. 3).
Data are expressed as the mean � S.E. (n ¼ 3).
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acid (Figure 2C) indicated that the flavonoid base structure, including the
galloyl group at the 3 position, is necessary for the strong inhibition
showed by EGCG. This is consistent with previous findings that suggested
that the galloyl group is relevant in the specificity of the binding of
catechins to proteins [42, 43].
3.2. Effect of Ca2þand Mg2þ on PMCA inhibition

The isolated PMCA activity was measured as a function of Ca2þ or
Mg2þ concentration in the presence of different concentrations of EGCG
(Figures 3A and 3D, respectively). In both cases, experimental data were
described by a rectangular hyperbola (Eq. 4). The best fitting values of
K0.5 for Ca2þ and Vmax were plotted as a function of EGCG concentra-
tions (Figures 3B and 3C, respectively). Results show that increasing
EGCG concentrations up to 0.03 μM decreased K0.5 values for Ca2þ,
whereas higher concentrations of the inhibitor did not produce signifi-
cant changes. Also, Vmax decreased as a function of EGCG concentration.
The ratio between Vmax and K0.5 for Ca2þ did not change up to 0.03 μM
EGCG but decreased at higher EGCG concentrations (inset Figure 3C).
These results suggest that, with respect to Ca2þ, EGCG may be an un-
competitive inhibitor at low concentrations (up to 0.03 μM) and a
noncompetitive inhibitor at higher concentrations.

The best fitting values of K0.5 for Mg2þ and Vmax were plotted as a
function of EGCG concentration (Figures 3E and 3F, respectively). Re-
sults show that both K0.5 for Mg2þ and Vmax decreased as a function of
EGCG concentration, leaving the ratio betweenVmax and K0.5 unchanged
(inset Figure 3F). These results suggest that EGCG is an uncompetitive
inhibitor with respect to Mg2þ.

Our results demonstrate that EGCG was a reversible inhibitor of
PMCA and did not compete with Ca2þ or Mg2þ, suggesting that EGCG
does not prevent the binding of these cations to PMCA. These results also
suggest that the EGCG binding site is different from those of Ca2þ or
Mg2þ. On the other hand, Soler et al. [22] have shown that EGCG inhibits
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Ca2þ binding to SERCA and proposed a binding site in its transmembrane
region near the cytoplasmic surface.
3.3. Effect of EGCG on steady state levels of phosphorylated intermediates

To gain insight into the inhibitionmechanism and the ATP interaction
with PMCA, we evaluated the effect of EGCG on phosphorylated in-
termediates. EP levels were measured as a function of EGCG concentra-
tion (Figure 4A).

Results show that EP levels increased with EGCG concentration and
the data were described by a Hill equation (Eq. 5). The best fitting values
for EP0, EPmax and K0.5were 128.0� 2.4 pmol/mg; 249.0� 8.2 pmol/mg
and 0.12� 0.01 μM, respectively. In parallel experiments, PMCA activity
was measured as a function of EGCG concentration under the same
conditions as for the EP measurements (Figure 4B). The best fitting value
obtained for Ki was 0.29 � 0.02 μM (Eq. 3), which was similar to that
obtained from the EP measurements.

The residence time of EP was calculated as the ratio between the EP
levels and PMCA activity (Figure 4C) at the same EGCG concentration.
Residence time is the mathematical inverse of the turnover. The resi-
dence time of EP indicates the average time spent by the enzyme in the
phosphorylated states. This figure shows that the residence time of EP
increased as a function of EGCG concentration, suggesting that the EP
breakdown rate is concomitantly decreased.

The effects of EGCG on PMCA phosphorylation were further studied
by comparing the steady-state levels of EP in the absence (control) or in
the presence of 5 μM EGCG or 500 μM LaCl3 (Figure 4D). LaIII inhibits
PMCA activity by producing an accumulation of E1P [20, 44]. The EP
level obtained for control was established as 100%. Our results show
that, in the presence of EGCG, hPMCA4 was phosphorylated at the same
level as in the presence of LaIII in conditions where the inhibition of
PMCA activity was maximal (Figure 4D).

Our results suggest that EGCG produced an increase in EP levels by a
decrease in the rate of EP breakdown rather than an increase in the
phosphorylation rate. Therefore, EGCG interacts with phosphorylated
conformations (E1P and/or E2P) and prevents hPMCA4
dephosphorylation.

As EGCG increases EP levels, it did not compete with ATP binding.
Further, the Ki values obtained for ATPase activity determinations using
2 mM and 30 μM ATP were 0.032 � 0.003 μM and 0.29 � 0.02 μM,
respectively, suggesting that EGCG may be an uncompetitive inhibitor
with respect to ATP. Since EGCG does not prevent the binding of ATP it is
possible that EGCG binds to a different site, but we cannot rule out that
EGCG interacts with hPMCA4 through the nucleotide binding site after
PMCA is phosphorylated by ATP because phosphorylated conformations
contain that site.
3.4. ADP sensitivity of the phosphoenzyme

To evaluate the effect of EGCG on the distribution of the phos-
phoenzyme between E1P and E2P, the time course of ADP-sensitive
dephosphorylation was studied. Since E1P can donate a phosphoryl
group back to ADP forming ATP, E1P is dephosphorylated rapidly by
ADP. However, E2P is ADP-insensitive and it is dephosphorylated very
slowly by ADP. The time course of dephosphorylation by ADP could be
described by a bi-exponential function of time, where the rapid and slow
components reflect the amounts of ADP-sensitive E1P and ADP-
insensitive E2P, respectively. Figure 5 shows the time course of
dephosphorylation initiated by addition of 2 mM ADP and 30 μM unla-
beled ATP to the phosphoenzyme formed previously in the presence of 30
μM [γ-32P]ATP and 5 μM EGCG or without EGCG (Figure 5, inset). For
both conditions, the time course of EP can be described by:

%EP¼E1Pe�k1 t þ E2Pe�k2 t Eq. 7



Figure 8. Effect of EGCG on hPMCA4 overexpressed in HeK293T. A. Continuous lines correspond to the time course of [Ca2þ]CYT in HEK293T-mock cells in the
presence (grey line) or in the absence (black line) of EGCG (50 μM) upon addition of TG (2 μM). Dotted lines correspond to representative traces of the time course of
[Ca2þ]CYT in HEK293T-hPMCA4 cells in the presence (grey line) or in the absence (black line) of EGCG (50 μM) upon addition of TG (2 μM). The curves are
representative of three independent experiments performed with n ¼ 6. B. AUC of [Ca2þ]CYT signal after TG (2 μM) addition for the conditions assayed. AUC were
calculated from data obtained in A. Significant differences from controls (*p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA). C. Effect of EGCG on hPMCA4
activity in HEK293T cells. Activity value was obtained from data from B as described in Materials and Methods. Data shown are mean � S.E. Significant differences
from control (***p < 0.001, Student's t-test). D. Immunoblot of total PMCA protein expression in whole lysate using the 5F10 antibody. Image is representative from
four independent experiments. GAPDH was used as a loading control (from Figure S1). E. PMCA expression from densitometric analysis normalized to the GADPH
loading control. Data shown are mean � S.E (n > 3). The PMCA value obtained for HEK293T-mock cells was established as 100%. Significant differences from control
(**p < 0.01, Student's t-test). ePMCA, endogenous PMCA in HEK293T cells; GFP-hPMCA4, PMCA overexpressed in HEK293T cells transfected with EGFP-hPMCA4b
plasmid (HEK293T-hPMCA4 cells).

D.E. Rinaldi et al. Heliyon 7 (2021) e06337
where E1P and E2P are the amounts of the ADP-sensitive and ADP-
insensitive phosphoenzyme, respectively; t is the time and k1 and k2
are rate coefficients. The best fitting values of E1P and E2P were obtained
for both conditions and the E1P/E2P ratio was calculated (Table 2).

Our results indicated that the time courses of EP dephosphorylation
by ADP in the absence or in the presence of EGCG show a biphasic
behavior indicating that EP levels are composed of both E1P and E2P
conformations (Figure 5). In the presence of EGCG, the ratio E1P/E2P
was about eight-fold higher than in the control suggesting that EGCG
favors E1P in the distribution between phosphoenzyme intermediates
(Table 2). This is in agreement with results obtained in Naþ/Kþ-
ATPase, which showed that EGCG reduces the E1P to E2P transition
rate, thus favoring the E1P conformation [21]. However, in SERCA,
EGCG induces the stabilization of a Ca2þ-free state as E2 [22]. In this
context, PMCA seems to behave as the Naþ/Kþ-ATPase rather than as
SERCA.

3.5. Docking simulations

Our experimental results indicate that EGCG is an uncompetitive
inhibitor with respect to Mg2þ, Ca2þ (at EGCG concentrations lower
than 0.03 μM) and ATP. Therefore, the binding site of the inhibitor
would be different from the binding site of these substrates and
cofactor. To gain insight into the binding site of EGCG in PMCA, we
performed docking simulations on a PMCA4b homology model based
on the structure of PMCA1 in E1 conformation [34]. EGCG,
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(-)-epicatechin and (þ)-catechin were docked using a box that included
the cytoplasmic domains of PMCA. Our results indicate that EGCG
binding site would bind with higher affinity (-8,6 kcal/mol) to a site
located in the A-domain of the protein and with lower affinity (-8,3
kcal/mol) to a site located in the N-domain near the ATP binding site.
In contrast (-)-epicatechin and (þ)-catechin would bind only to the
N-domain, at the same site that EGCG (Figure 6A and B). The binding
of EGCG to the A-domain would agree with our experimental data as
the flavonoid would not compete with the binding of substrates and
cofactors, allowing the pump to phosphorylate. Moreover, the presence
of EGCG in the binding site suggested by our simulations would
hamper the rotation of the A-domain which is critical for the E1P to
E2P transition in P-type ATPases (Figure 6C) [45, 46]. On the other
hand, the binding of EGCG to the N-domain near the ATP binding site
was also evaluated since EGCG would be near the phosphorylation site
and EGCG interacts with phosphate groups [47, 48]. However, EGCG
binding to this site would not explain why EGCG blocks the PMCA
reaction cycle in E1P, making it less likely of being responsible for
PMCA Ca2þ-ATPase activity inhibition at low EGCG concentrations.
The binding of (-)-epicatechin and (þ)-catechin in the N-domain agrees
with this hypothesis as these inhibitors have a Ki at least three orders
of magnitude higher than that of EGCG. Therefore, our docking sim-
ulations indicate that it is possible for EGCG to bind to a different site
from the ATP, Ca2þ or Mg2þ binding sites and that the binding of the
ligand would hamper the conformational change E1P to E2P, stabiliz-
ing the phosphorylated intermediate.
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3.6. Effect of EGCG on PMCA activation by calmodulin

PMCA activity was measured as a function of EGCG concentration in
the presence of CaM (Figure 7). Results show that PMCA activity in the
presence of CaM was inhibited by EGCG with an affinity (Ki ¼ 0.087 �
0.007 μM) that was similar to that found in the absence of CaM (Ki¼ 0.10
� 0.01 μM). Note that the differences observed between these values of
Ki and the value of Ki for EGCG previously reported (section “Effect of
catechins on PMCA activity”) may be due to the different Ca2þ concen-
tration used in the activity determination.

PMCA is highly regulated by CaM. When cytoplasmic Ca2þ increases,
CaM binds to the auto-inhibitory region of PMCA, inducing a confor-
mational change from an inhibited state to an activated one [49, 50].
PMCA activity inhibition by EGCG occurred in the absence and in the
presence of CaM with similar apparent affinities, indicating that EGCG
does not interact with the CaM binding site. This evidence is relevant
because the CaM-activated PMCA is in charge of expelling Ca2þ during a
transient increase of the concentration of this cation in the cytoplasm of
living cells.

3.7. Effect of EGCG on the dynamics of cytoplasmic Ca2þ in HEK293T
cells

To assess whether the effects of EGCG observed on the isolated
hPMCA4 could occur in living cells, the dynamics of [Ca2þ]CYT was
studied in HEK293T cells overexpressing hPMCA4 according to the
method previously described [17, 40].

Certain stimuli in the cells induce an increase of [Ca2þ]CYT levels,
from intracellular stores or from the extracellular medium, which must
be restored to basal stationary [Ca2þ]CYT levels. The increase in cyto-
plasmic Ca2þ is removed by the Naþ/Ca2þ exchanger and the PMCA,
exported into the ER through the SERCA, into the mitochondria and
chelated by cytosolic proteins [51]. As we previously described [17], to
enhance the role of PMCA in Ca2þ extrusion, the Naþ/Ca2þ exchanger
activity was minimized avoiding the presence of Naþ in the extracellular
media, whereas SERCA activity was inhibited using TG. As PMCA does
not have specific inhibitors and different mechanisms can produce Ca2þ

extrusion under the experimental conditions, we overexpressed hPMCA4
in the HEK293T cell line and evaluated the effect of EGCG.

The dynamics of [Ca2þ]CYT was examined by studying the changes in
[Ca2þ]CYT generated by Ca2þ release from the ER upon the addition of
TG, a SERCA inhibitor that induces a transient elevation in [Ca2þ]CYT.
Following [Ca2þ]CYT elevation, there is a recovery phase where Ca2þ is
removed from cytoplasm and restored to basal levels.

The dynamics of [Ca2þ]CYT was evaluated in HEK293T-mock and
HEK293T-hPMCA4 cells treated with and without 50 μM EGCG for 30
min (Figure 8A). This EGCG concentration, approximately three orders of
magnitude higher than the Ki value obtained in the assays with the pu-
rified enzyme, was necessary to maximize the effects observed in the
cells. Thus, it is likely that the high affinity of PMCA inhibition for EGCG
observed in vitro is offset by the low availability of the inhibitor within
the cell.

The effect on the dynamics of [Ca2þ]CYT was quantified as the AUC
representing the overall excess of [Ca2þ]CYT relative to its basal level
during the transient change. Provided that the Ca2þ uptake is not affected
by a ligand; AUC will provide a measure of the ligand effect on the
extrusion mechanism. The AUC values obtained were analyzed for
HEK293T-mock and HEK293T-hPMCA4 cells in the absence and in the
presence of EGCG (Figure 8B). The AUC value obtained for HEK293T-
mock cells in the absence of EGCG was established as 100%. Results
show that the AUC value obtained in the absence of EGCG was lower
when cells overexpressed hPMCA4, suggesting that the Ca2þ extrusion
mechanism was more effective in HEK293T-hPMCA4 cells. Figures 8D
and 8E show hPMCA4 overexpression by Western blot and its quantifi-
cation, respectively. Results indicate that hPMCA4 overexpression was
about 8-fold higher in HEK293T-hPMCA4 cells; therefore, a significantly
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enhanced Ca2þ extrusion in these cells can be explained by the presence
of more enzyme units. This enhanced Ca2þ extrusion was also found by
other authors when different isoforms were overexpressed [17, 40, 52,
53].

Treatment with EGCG on HEK293T-mock cells showed no significant
effect (~AUC values, Figure 8B), which indicates that, in these experi-
mental conditions, Ca2þ release from the ER and Ca2þ removal from the
cytosol remained unaltered. Thus, the endogenous transport systems
involved in these processes were not affected by EGCG (~AUC values).
We obtained similar results for flavonoids quercetin and gossypin [17].
Treatment with EGCG on HEK293T-hPMCA4 cells induced an increase in
the AUC value suggesting that the Ca2þ extrusion mechanism was less
effective in the presence of EGCG.

The contribution of hPMCA4 overexpression to the effect of EGCG on
the hPMCA4 activity was calculated using Eq. (6) (Figure 8C). Results
show that the treatment with EGCG significantly decreased hPMCA4
activity. Our findings suggest that EGCG inhibition of PMCA activity
observed in isolated PMCA may occur in living cells.

Our hypothesis proposes that the EGCG binding site in PMCA is in
cytoplasmic domains, for this process to occur, EGCG should be able to
enter the cells. Several studies have reported that EGCG enters the cell by
diffusion [54, 55] or by certain transporters in intestinal cells [56].
Additionally, EGCG was found in the cytoplasm of the cells after in-
cubations of minutes [54]. Based on these findings, we assumed that, in
our experimental conditions, EGCG enters HEK293T cells and interacts
with cytoplasmic domains of hPMCA4. However, considering the
complexity of cellular systems, other underlying mechanisms cannot be
ruled out.

Alterations of Ca2þ signaling can be a characteristic of certain pa-
thologies [57, 58, 59, 60]. Cancer has been associated with malfunctions
of Ca2þ signaling which may be significant and contribute to tumor
progression. Changes in the expression levels of proteins that regulate
cytoplasmic free Ca2þ concentrations were shown to be responsible for
the alterations of Ca2þ signaling in cancer cells [61, 62]. Numerous
studies have reported alterations of PMCA expression in some patho-
logical cells [59, 63, 64, 65, 66]. PMCA4 isoform is down-regulated in
human colon cancer cell lines and increases its expression with cell dif-
ferentiation [64, 66]. On the other hand, PMCA2 isoform is overex-
pressed in some breast cancer cell lines [63, 67, 68] and in clinical human
samples [69]. The increase of PMCA expression may be associated with
alterations of Ca2þ efflux that contributes to the acquisition of an
anti-apoptotic phenotype in the cancer cells [64, 68, 70]. The study of the
role of PMCA in Ca2þ signaling and cancer processes involves finding
pump inhibitors/activators as an alternative to genetic approaches. In
this sense, our findings might be a relevant contribution to this field.
Since our results indicate that the effect of EGCG is only observed when
cells overexpress hPMCA4 and considering that PMCA overexpression
has been observed in several tumor cells, further research should be
oriented to study the effect of EGCG on these cells to characterize the role
of PMCA in Ca2þ signaling, which may contribute to identify new ther-
apeutic targets.

In conclusion, this study reveals the mechanism by which EGCG in-
hibits hPMCA4 isoform and shows that EGCG can inhibit PMCA activity
in living cells. Therefore, the effects of EGCG on Ca2þ homeostasis may
involve the inhibition of PMCA among other mechanisms.
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