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Abstract. Sarcoplasmic reticulum Ca2+-ATPases (SERCAs) regulate cellular calcium homeostasis 
and are targeted for age-related diseases. Among 14 SERCA mRNA splice variants, SERCA1a is 
specific to adult fast-twitch skeletal muscle. Quercetin derivatives (monochloropivaloylquercetin 
(CPQ), IC50 = 195.7 µM; 2-chloro-1,4-naphthoquinonequercetin (CHNQ), IC50 = 60.3 µM) were 
studied for their impact on SERCA1a using molecular modeling and enzyme kinetics. While there 
were some similarities in kinetic parameters and molecular modeling, the compounds exhibited di-
verse actions on SERCA1a. Quercetin reduced activity by 48% at 250 μM by binding to the cytosolic 
ATP-binding pocket with increased ATP affinity. CPQ bound near the Ca2+-binding site, possibly 
altering the transmembrane domain. CHNQ significantly reduced activity by 94% at 250 μM without 
binding to substrate sites. It was proposed that CHNQ induced global protein structure changes, 
inhibiting Ca2+-ATPase activity.
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Highlights

•	 Quercetin	and	its	derivatives	affected	Ca2+-ATPase activity by different mechanisms
•	 Quercetin	interfered	with	the	ATP	pocket	of	SERCA1
•	 Monochloropivaloylquercetin	decreased	activity	by	altering	Ca2+-binding pathways
•	 2-chloro-1,4-naphthoquinonequercetin	caused	extensive	impairment	of	SERCA1	conformation

Gen. Physiol. Biophys. (2023), 42, 457–468

doi: 10.4149/gpb_2023020

Correspondence to: Petronela Rezbarikova, Centre of Experimen-
tal Medicine, Institute of Experimental Pharmacology and Toxicol-
ogy, Slovak Academy of Sciences, Bratislava, Slovakia
E-mail: petronela.zizkova@savba.sk

Introduction

Sarcoplasmic reticulum Ca2+-ATPase isoform 1 (SERCA1) is 
a P-type ATPase that is predominantly expressed in skeletal 
muscle. This enzyme actively transports Ca2+ from the cy-

tosol into the sarcoplasmic reticulum (SR), thus maintaining 
Ca2+ homeostasis and creating an intracellular Ca2+ store. 
Once its activity inhibition occurs, basal intracellular Ca2+ 

concentration ([Ca2+]i) is elevated (Wray and Burdyga 2010; 
Aguayo-Ortiz and Espinoza-Fonseca 2020).

Proteins are flexible molecules that undergo confor-
mational changes as part of their interactions with other 
proteins or drug molecules (Haspel et al. 2010). The ba-
sic model of the transportation cycle of P-ATPases was 
proposed by Albers (1967) and Post et al. (1972), and to 
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this day structural biology has covered almost the entire 
sequence with high-resolution snapshots (Toyoshima et al. 
2000, 2003; Zhang and Zhang 2019). SERCA1 undergoes 
several conformational transitions, which are important 
for the active transport of two ions of calcium from the 
cell cytoplasm into SR. The transport cycle comprises at 
least six different states with two major E1 and E2 confor-
mations (Fig. 1) (Wang et al. 2021). Their phosphorylated 
counterparts, E1P and E2P, link ATP hydrolysis to Ca2+ 
transport via different affinities and specificities for ATP 
and Ca2+ (Mahaney et al. 1995).

The transport cycle starts at the E1 state where ATP-
binding sites and Ca2+-binding sites are To measure the 
kinetic parameters of SERCA1a in the presence of quercetin 
and its derivatives. accessible and ready for substrate binding 
(Rui et al. 2018). This state is characterized by a high affinity 
toward Ca2+. On the contrary, in the E2 state, the affinity 

toward Ca2+-binding sites is low, which enables the release 
of Ca2+ into the lumen of SR (Wray and Burdyga 2010; Inesi 
and Tadini-Buoninsegni 2014).

SERCA1 expresses biphasic kinetics when the reaction 
rate is calculated as a function of ATP (Coll and Murphy 
1991). The membranous Ca2+-ATPase is first activated at low 
micromolar concentrations of ATP (usually 1–100 μM), fol-
lowed by the modulation of the E2→E1 transition (Jensen et 
al. 2006) at higher millimolar concentrations (Kosk-Kosicka 
et al. 1983).

Flavonoids are dietary compounds that exert protec-
tive effects in several disease conditions, including cancer 
(Abotaleb et al. 2018), cardiovascular diseases (Vazhappilly 
et al. 2019), and neurodegenerative disorders (Devi et al. 
2021). Flavonoids can interact with the ATP-binding sites of 
different proteins, including mitochondrial ATPase, calcium 
plasma membrane ATPase, protein kinase A, protein kinase 
C,  and topoisomerase (Williams et al. 2004; Ontiveros et 
al. 2019). Flavonoids were reported to inhibit SERCA1 and 
induce apoptotic cell death via the intrinsic (mitochondrial) 
pathway, which is associated with [Ca2+]i overload (Ogun-
bayo and Michelangeli 2014).

Quercetin (3,3’,4’,5,7-pentahydroxyflavone) belongs to 
the most studied flavonoids. A molecule of quercetin con-
tains five hydroxyl groups whose presence determines the 
compound’s reactivity, biological activity, and the possible 
number of derivatives (Materska 2008); however, bioavail-
ability in humans is very low (~ 2%) and its absorption varies 
from 3% to 17%, which means that its medical use is limited 
(Iside et al. 2020; Alizadeh and Ebrahimzadeh 2022).

Therefore, we tried to improve this drawback via the 
structural modification of the quercetin molecule (Veverka 
et al. 2013). The synthesized novel structures are depicted 
in Figure 2.

Figure 2. Novel quercetin derivatives mono-
chloropivaloylquercetin (CPQ) and 2-chlo-
ro-1,4-naphthoquinonequercetin (CHNQ) 
were synthesized via selective protection 
procedures of quercetin and acylation with 
respective acyl chlorides according to Veverka 
et al. (2013). Highlighted positions on the 
quercetin B-ring depict the preferential bind-
ing of substituents.

Figure 1. Schematic representation of the reaction cycle of the 
sarcoplasmic reticulum Ca2+-ATPase (SERCA1a). SERCA1a ex-
ists in two main forms, E1 and E2, and several intermediate states. 
E1 conformation is defined by binding of two Ca2+ ions from the 
cytoplasmic side of the membrane, whereas E2 is characterized by 
dephosphorylation after releasing calcium ions into the lumen of SR.
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Previously published studies have indicated that these 
novel quercetin analogs possess higher bioavailability and 
solubility as well as altered antioxidant/prooxidant properties 
compared to the parent molecule quercetin (Kuniaková et 
al. 2015; Milackova et al. 2015; Enayat et al. 2016; Soltesova-
Prnova et al. 2016; Zizkova et al. 2017).

The aims of this study are as follows:
1. To measure the kinetic parameters of SERCA1a in the 

presence of quercetin and its derivatives.
2. To utilize molecular modeling techniques to gain insights 

into the preferential binding sites of these compounds 
within the enzyme molecule and assess their impact on 
ATP and Ca2+ binding sites.

3. To enhance our understanding of the distortion of the 
SERCA1a molecule, which could aid in the design of 
new drug-like compounds with a desirable effect on the 
enzyme for the management of diseases.

Material and Methods

Chemicals

All chemicals were at least reagent grade and were purchased 
from Merck/MilliporeSigma (Denmark) unless otherwise 
indicated.

Isolation of SR

SR vesicles were isolated from the spinal region of the fast-
twitch skeletal muscle and from the hindlimbs of a female 
New Zealand rabbit (about 2.5 kg) according to Warren et al. 
(1974a, 1974b) and modified by Andriamainty et al. (1997).

Ca2+-ATPase activity measurement

SERCA1a activity was measured spectrophotometrically by 
a NADH-coupled enzyme assay, as outlined by Warren et al. 
(1974a, 1974b). The final amount of SR vesicles was 12.5 μg 
protein/cuvette. The assay mixture containing Hepes (40 mM, 
pH 7.2), KCl (0.1 M), MgSO4 (5.1 mM), ATP (2.1 mM), 
phosphoenolpyruvate (0.52 mM), EGTA (1 mM), NADH 
(0.15 mM), pyruvate kinase (7.5 IU), and lactate dehydroge-
nase (18 IU) was incubated at 37°C for 2 min with their re-
spective flavonoids (quercetin, monochloropivaloylquercetin 
(CPQ), or 2-chloro-1,4-naphthoquinonequercetin (CHNQ)). 
A concentration range of 10–150 μM was used for activity 
measurement, and a single concentration of 50 μM for kinetic 
study. The reaction was started by the addition of 1 mM CaCl2, 
while the reaction rate was determined by measuring the de-
crease in NADH absorbance at 340 nm on a SPECORD 40 at 
37°C (Analytik Jena, Denmark). Corresponding graphs were 
created using the GraphPad Prism 8 program.

Kinetic parameters of Ca2+-ATPase activity

a) Analysis of the ATP dependence of Ca2+-ATPase activity: 
ATP dependence of Ca2+-ATPase activity was measured 
by a NADH-coupled enzyme assay, as described above. 
The pre-incubated samples contained SR vesicles and an 
assay mixture without ATP. The individual concentrations 
of ATP in the range from 0.1 µM to 2.1 mM were incubated 
separately at 37°C in Hepes (40 mM, pH 7.2). The respective 
concentration of ATP was added to the assay mixture with 
SR, and the reaction was started by the addition of 1 mM 
CaCl2. The dependence of Ca2+-ATPase activity on ATP 
could be modeled assuming a bi-Michaelis-Menten process 
where ATP independently reacted with high affinity (Hi) 
and low affinity (Lo) sites. Parameters for Vmax and Km were 
calculated based on non-linear two-site specific binding with 
excluded outlier values using GraphPad Prism 8 software: 
high-affinity binding site (E1) = VmaxHi*[Mg.ATP]/KmHi 
+ [Mg.ATP], low-affinity binding site (E2) = VmaxLo*[Mg.
ATP]/KmLo + [Mg.ATP], Total activity: Y = E1 + E2; where 
Vmax is the activity at saturating concentrations of the sub-
strate and Km is the Michaelis constant. The indices Hi and 
Lo mean high- and low-affinity binding sites, respectively. 
Calculated biphasic dose-response curve is the intersection 
of two points, one at low ATP concentrations yielding VmaxHi 
and KmHi in the catalytic state (E1), and the second at high 
ATP concentrations with corresponding VmaxLo and KmLo in 
the modulatory state (E2). Error bars were calculated as the 
standard deviation (SD) of three independent measurements.

b) Analysis of the Ca2+ dependence of Ca2+-ATPase activity: 
The Ca2+ dependence of SERCA1a activity was measured in 
a wide range of calcium concentrations (0.024–13.5 µM) and 
analyzed as mentioned in the above section. The SR sample 
was pre-incubated with an assay mix containing 2.1 mM 
ATP. The reaction was started by addition of individual 
Ca2+ concentrations. Concentrations of Ca2+

free ([Ca2+]
free) were calculated by the Maxchelator program and using 
the binding affinities described by Gould et al. (1986).The 
kinetic parameters Vmax, Km, and cooperativity coefficient 
(Hill coefficient) were calculated based on non-linear least 
squares fitting of the activity data to the specific binding with 
Hill slope: Activity = Vmax*[Ca2+]h/Km

h + [Ca2+]h; where 
Vmax is the activity of Ca2+-ATPase at saturating concentra-
tions of the substrate, Km is the [Ca2+]free corresponding to 
one-half of Vmax, and h is the Hill coefficient, an indicator 
of the steepness of the curve. All computations were done 
with GraphPad Prism 8 software. Error bars were calculated 
as SD of three independent measurements.

In silico study

In order to model the SERCA1a interactions with quercetin, 
CPQ, and CHNQ, we used the crystal structures from protein 
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data bank (PDB) with PDB ID 4xou and 3w5c for the E1 and 
E2 states, respectively. Starting geometries of the compounds 
were obtained by a  Monte Carlo equilibrium conformer 
search – (MMFF94) through the program SPARTAN’08 
(Wavefunction Inc., USA). The structures of protein were 
treated in order to correct the bonds and hydrogens using 
the protocol Clean in the software Yasara (www.yasara.org). 
Then a global docking search was performed using the AM-
BER14 force field. The AutodockLGA method was chosen, 
with maximum runs = 25, rmsdmin = 5.0 for identifying 
complexes in different clusters. Complexes with the best score 
(given by the value of binding energy) were fully optimized 
using the Energy Minimization protocol, which consists of 
the combination of gradient optimization, molecular dynam-
ics, and simulated annealing, and was subsequently taken as 
the representative of the predicted geometry.

Statistical evaluation

Statistics were performed with one-way ANOVA using the 
Dunnett test. Values are mean ± SD of at least three inde-
pendent experiments, where each sample was measured 
by two or more duplicates (details given under the specific 
figure). Statistical significance was set at * p < 0.0331, ** p < 
0.0021, *** p < 0.0002, **** p < 0.0001.

Results

SERCA1 possesses two substrate-binding sites in the cyto-
solic region and the transmembrane region in order to bind 

ATP and two Ca2+ ions, respectively. To understand the 
mechanisms of SERCA1 inhibition by quercetin derivatives, 
Ca2+-ATPase activity was studied in relation to increasing 
concentrations of the individual substrates ATP (Fig. 3A) 
and free Ca2+ (Fig. 3B). The selected concentration of 50 µM 
evoked changes in both the cytosolic and the transmembrane 
domain of SERCA1, as indicated by our previous experi-
ments (Žižková et al. 2014).

Quercetin 

Quercetin exhibited a concentration-dependent decrease in 
SERCA1a activity within the range of 0–50 µM (Fig. 4A). 
However, determining the exact IC50 value was challenging 
due to an unusual concentration response, which is likely 
attributed to the complex and multimodal mechanism of ac-
tion of quercetin. We will delve into this topic in subsequent 
discussions. To further investigate the enzyme’s behavior, we 
conducted preincubation experiments with the enzyme in 
the absence of Ca2+ and varying concentrations of ATP. The 
relationship between enzyme activity and ATP concentra-
tion, spanning from 0.1 µM to 2.1 mM, was fitted using the 
bi-Michaelis-Menten equation. This equation was deemed 
more appropriate for our enzyme model than the standard 
Michaelis-Menten equation, as it better accommodates 
the characteristics of our experimental system (Taylor and 
Hattan 1979).

The biphasic model of SERCA1a assumes that ATP in-
teracts independently with both high-affinity catalytic sites 
and low-affinity modulatory sites (Ogunbayo et al. 2008). 
By employing this model, we gain a more comprehensive 

Figure 3. Changes in the activity of SERCA1a as a function of ATP (A) and Ca2+ (B) in the presence of quercetin and its derivatives 
CPQ and CHNQ (all 50 μM). SERCA1a activity was determined as described in the section “Materials and Methods” and through the 
dependence of increasing ATP and Ca2+ concentrations. Values are mean ± SD of six independent measurements. Kinetic parameters 
were calculated with the bi-Michaelis-Menten equation for ATP and with the Hill equation for Ca2+ using GraphPad Prism 8. pCa2+, 
natural logarithm of Ca2+ concentration; pATP, natural logarithm of ATP concentration.

A B



461Quercetin and derivatives on SERCA: Kinetics and modeling

understanding of the intricate dynamics of SERCA1a and 
its interactions with ATP. 

We considered the SERCA1a E2 conformation a ground 
state (free from all ligands), and our results are presented/de-
scribed according to this layout. Quercetin exhibited notable 
effects on the enzymatic activity of the protein. Specifically, at 
the modulatory E2 step, quercetin led to a decrease in the kinetic 
parameter Vmax(ATP) from a control value of 3.32 ± 0.17 IU/mg 
to 2.95 ± 0.19 IU/mg. Additionally, we observed an increase 
in Km(ATP) from 0.43 ± 0.1 µM to 0.57 ± 0.17 µM (Table 1). 

Through molecular docking analysis, we discovered that 
quercetin formed hydrogen bonds with four amino acids 
(Gln 244, Asp245, Ser338, and Gln692) within the cytosolic 
domain of the enzyme, near the stalk region (Fig. 5). 

In Table 1, it can be observed that quercetin did not have 
an impact on the maximal rate (Vmax(ATP)) in the E1 state. 

However, during the catalytic step, we observed an approxi-
mately 2-fold decrease in the affinity of SERCA1a for ATP, as 
evidenced by the increase in Km(ATP) values (control = 2.07 
± 0.48 µM, quercetin = 4.33 ± 0.95 µM). Notably, molecular 
modeling analysis revealed that quercetin interacted with 
six specific amino acids (Arg489, Arg560, Cys561, Asp627, 
Arg678, and Glu680) in the E1 conformation, which are lo-
cated near the ATP-binding pocket (Fig. 5). According to Ta-
ble 2, quercetin did not alter the affinity of SERCA1a for Ca2+.

Novel quercetin derivatives: CPQ and CHNQ

The pivaloyl derivative of quercetin – CPQ demonstrated 
a concentration-dependent reduction in SERCA1a activity, 
with an IC50 value of 195.7 µM (Fig. 4B). In the presence 
of CPQ at the modulatory E2 state, we observed a decrease 

Table 1. SERCA1 affinity for ATP in the presence of quercetin and its derivatives

Modulatory (E2) mode Catalytic (E1) mode r2

Vmax (IU/mg) Km (mM) Vmax (IU/mg) Km (µM)
C 3.32 ± 0.17 (1) 0.43 ± 0.1 (1) 1.75 ± 0.13 (1) 2.07 ± 0.48 (1) 0.97
Quercetin 2.95 ± 0.19 (0.88) 0.57 ± 0.17 (1.3) 1.85 ± 0.14 (1.06) 4.33 ± 0.95 (2.1)** 0.96
CPQ 2.56 ± 0.13 (0.77)** 0.32 ± 0.04 (0.74) 1.33 ± 0.10 (0.76)** 1.85 ± 0.61 (0.89) 0.93
CHNQ 2.15 ± 0.15 (0.65)**** 0.15 ± 0.11 (0.34)* 0.85 ± 0.14 (0.48)**** 0.21 ± 0.13 (0.1)* 0.91

SERCA1 activity was determined as mentioned above and dependent on increasing ATP concentrations. Values are mean ± SD of six 
independent measurements. Numbers in brackets represent relative values. * p < 0.0331, ** p < 0.0021, **** p < 0.0001 are significant 
differences between control (C) and samples pretreated with quercetin and its derivatives. Vmax, activity at saturating concentrations of 
the substrate; Km, Michaelis constant.

A B C

Figure 4. Effect of quercetin (A) and its derivatives CPQ (B) and CHNQ (C) on the activity of sarcoplasmic reticulum Ca2+-ATPase 
(SERCA1a). SERCA1a activity was measured by a NADH-coupled assay. Values are mean ± SD of three independent experiments, where 
each sample was measured in two parallels. *** p < 0.0002, **** p < 0.0001 are significant differences between control (0 μM) and samples 
pretreated with quercetin and its derivatives. 
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in the reaction rate of the enzyme, Vmax(ATP), from 3.32 ± 
0.17 IU/mg (control) to 2.56 ± 0.13 IU/mg (CPQ). Addition-
ally, the kinetic parameter Km(ATP) was altered from 0.43 ± 
0.1 µM to 0.32 ± 0.04 µM (Table 1).

Despite similarities in the binding sites of the compounds 
under study in the E2 conformation, there were notable dif-
ferences in their effects on the kinetic parameters and the 
amino acids involved. The compounds exhibited diverse 
impacts on these parameters and interacted with distinct 
amino acids within the enzyme structure. 

In Figure 5, the preferred binding position of CPQ in 
the E2 state is depicted, showing hydrogen bonds with the 
amino acids Glu113, Asn114, Ile116, Gln244, and Glu732. 
During the E1 mode, the reaction rate was decreased from 
1.75 ± 0.13 IU/mg to 1.33 ± 0.1 IU/mg, and the affinity for 
ATP was reduced from 2.07 ± 0.48 µM to 1.85 ± 0.61 µM 
(Table 1). CPQ was predominantly localized in the actua-
tor domain at the E1 mode and likely interacted with four 
amino acids: Glu125, Lys141, Ser210, and Gly227 (Fig. 5). 
The main interactions between SERCA1a and CPQ involved 
hydrogen bonds. The binding energies calculated for both E2 
(−9.47 kcal/mol) and E1 (−8.85 kcal/mol) states suggest that 
the E2 state was more favorable for CPQ binding. The calcu-
lated kinetic parameters for Ca2+ showed reduced Vmax(Ca2+) 
(control = 5.35 ± 0.08 IU/mg, CPQ = 4.91 ± 0.07 IU/mg) and 
changed Km(Ca2+) (control = 0.46 ± 0.02 µM, CPQ = 0.49 ± 
0.02 µM), as indicated in Table 2.

On the other hand, CHNQ exerted significant changes 
in the SERCA1a affinity towards ATP (Fig. 3A), as well as 
towards Ca2+ (Fig. 3B). We also observed a concentration-
dependent inhibitory effect on SERCA1a activity, with an 
IC50 value of 60.3 µM (Fig. 4C). It caused a decrease in all 
ATP-dependent kinetic parameters related to SERCA1a. 
In the modulatory E2 state, Vmax(ATP) decreased to 2.15 
± 0.15 IU/mg (control = 3.32 ± 0.17 IU/mg) and Km(ATP) 
decreased to 0.15 ± 0.11 mM (control = 0.43 ± 0.1 µM) 
(Table 1). The extent of inhibition induced by CHNQ in-
dicated a  pronounced impairment of SERCA1a function. 
CHNQ docked into Ca2+-ATPase revealed that the resi-
dues Gln244, Asp245, Lys246, and Lys713 were involved in 

hydrogen bonding with CHNQ in the E2 state (Fig. 5). In 
the catalytic E1 state, CHNQ reduced Vmax(ATP) to 0.85 ± 
0.14 IU/mg (control = 1.75 ± 0.13 IU/mg) and Km(ATP) to 
0.21 ± 0.13 µM (control = 2.07 ± 0.48 µM) (Table 1). In the 
E1 state, CHNQ exclusively bound to the SERCA1a actuator 
domain via Glu44, Glu45, and Glu121 (Fig. 5). The difference 
in binding energies between the E2 (−10.77 kcal/mol) and 
E1 (−9.27 kcal/mol) states was the most prominent among 
all calculated derivatives, indicating a  strong preference 
for the E2 state. Furthermore, CHNQ-mediated changes 
included a decrease in Vmax(Ca2+) from 5.35 ± 0.08 IU/mg 
to 3.12 ± 0.11 IU/mg and a decrease in Km(Ca2+) from 0.46 
± 0.02 µM to 0.32 ± 0.3 µM, indicating an uncompetitive 
type of inhibition (Table 2).

Discussion

In our study, we evaluated quercetin and its new deriva-
tives: CPQ and CHNQ, previously found to be inhibitors of 
SERCA1 (Blaškovič et al. 2013; Žižková et al. 2014), which 
indicates their affinities toward this enzyme. In addition to 
the experimental kinetic study, molecular modeling analysis 
of SERCA1a interaction with quercetin and its derivatives 
was determined.

Quercetin 

It is known that flavonoids, including quercetin, chrysin, 
kaempferol, or rutin, can directly affect proteins involved 
in cell signaling cascades by binding into their ATP-binding 
sites (Rafał et al. 2018; Chambers et al. 2020). This action may 
result in a variety of cellular effects, including modulation 
of neuronal function, cancer cell proliferation, and inflam-
mation responses (Passamonti et al. 2009). Several authors 
found a decrease in SERCA1a activity induced by querce-
tin (Shoshan 1981; Anderson et al. 1984; Ogunbayo and 
Michelangeli 2014) and the inhibitory effects of quercetin 
on Ca2+-ATPases from red platelets and plasma membrane 
(Fischer et al. 1987; Ontiveros et al. 2019).

Table 2. SERCA1 affinity for Ca2+ in the presence of quercetin and its derivatives

Vmax (IU/mg) Km (µM) h r2

C 5.35 ± 0.08 (1) 0.46 ± 0.02 (1) 1.10 ± 0.04 (1) 0.98
Quercetin 5.22 ± 0.07 (0.98) 0.48 ± 0.02 (1.04) 1.15 ± 0.04 (1.04) 0.97
CPQ 4.91 ± 0.07 (0.92)** 0.49 ± 0.02 (1.07) 1.01 ± 0.03 (0.92) 0.96
CHNQ 3.12 ± 0.11 (0.58)**** 0.32 ± 0.3 (0.70)*** 1.18 ± 0.11 (1.10) 0.90

SERCA1 activity was determined as mentioned above and dependent on increasing Ca2+ concentrations. Values are mean ± SD of six 
independent measurements. Numbers in brackets represent relative values. ** p < 0.0021, *** p < 0.0002, **** p < 0.0001 are significant 
differences between control (C) and samples pretreated with quercetin and its derivatives. h; Hill coefficient.  For more abbreviations, 
see Table 1.
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SERCA1 activity is also modulated by the oxidation/
reduction of critical amino acids and the modification of 
Cys349 by peroxynitrite, which induces the loss of the en-
zyme function (Viner et al. 1999). The presence of quercetin 
(Žižková et al. 2014) led to a notable reduction in free thiol 
content, which was correlated with a decrease in SERCA1 
activity. Experiments conducted by Fraqueza et al. (2012) 
showed that quercetin protected cysteines against oxidation 
by decavanadate but did not reverse the inhibition of SERCA 
(Fraqueza et al. 2012). On contrary to these observations, our 
study with peroxynitrite revealed that quercetin did not pro-
tect SH-groups against oxidation and even deepened effect 
of peroxynitrite (Žižková et al. 2014). The role of quercetin 
seems to depend on the nature of the oxidizing agent used.

The calcium transport cycle of SERCA1 is a very dynamic 
process, during which Ca2+-ATPase domains are relocated 
and repositioned and any ligand molecule bond could af-
fect different amino acid residues at the same time (Jensen 
et al. 2006).

Many residues from the SERCA1 cytosolic region, includ-
ing nucleotide, phosphorylation, and actuator domains, have 
been identified as participating in nucleotide binding in 
various structural stages, as determined by mutagenesis and 
crystallography (Autry et al. 2012; Páez-Pérez et al. 2016; de 
la Cruz-Torres et al. 2020). While the SERCA1 ATP-binding 
site flips between the catalytic (Ca2+E1-ATP) and modula-
tory (E2-ATP) mode (Jensen et al. 2006; Clausen et al. 2011; 
Aguayo-Ortiz and Espinoza-Fonseca 2020; Kabashima et al. 
2020), ATP serves as an interdomain-interaction mediator at 
various stages of the transport cycle. The majority of amino 
acid residues involved in ATP binding are almost identical 
for both the E1 and E2 conformation (Autry et al. 2012; 
Clausen et al. 2014; Páez-Pérez et al. 2016; de la Cruz-Torres 
et al. 2020).

Molecular modeling revealed that quercetin interacted 
with Gln244, which was located in the stalk region in the 
E2 mode. This amino acid, connected with the modulatory 
effect of ATP, was reported to be responsible for the decrease 
in SERCA1 activity if deleted (Holdensen and Andersen 
2009). Therefore, the interaction of quercetin with Gln244 
could be responsible for the SERCA1 activity drop in the 
E2 state as found in this study.

Moreover, the docking of the quercetin molecule in the 
E1 conformational state revealed interactions with amino 
acids involved in the ATP binding. The interaction of Phe487 
and Lys515 with adenine moiety is required for the catalytic 
binding of ATP in SERCA1, whereas Arg489 and Arg560 
interact with the polyphosphate tail. Modulatory binding 
was described as the binding of adenine between “pinchers” 
formed by Arg489 and Arg678 (Autry et al. 2012), although 
a few other possibilities of ATP-binding have been outlined. 
Jensen et al. (2006) published a list of the 25 amino acid resi-
dues involved in ATP binding in different functional states 

of SERCA. Molecular docking revealed a direct interaction 
of quercetin with amino acids responsible for ATP binding, 
i.e., Arg489, Arg560, Cys561, Asp627, and Arg678, whereas 
Arg489 and Arg560 belong to the group of the most critical 
amino acids needed for ATP-binding (McIntosh et al. 2003). 
As quercetin prefers to bind near catalytic and modulatory 
binding sites of ATP according to our calculations, its overall 
effect may be a sum of several partial actions, blocking both 
the catalytic and modulatory functions of ATP.

In the previous studies, we observed conformational 
changes in both SERCA1 domains, the cytosolic and trans-
membrane, respectively (Žižková et al. 2014). The commonly 
used fluorescent label FITC specifically labels Lys515 near 
the ATP binding site, and while it prevents the high-affinity 
binding of ATP, it permits enzyme phosphorylation (Coll 
and Murphy 1991).

We can thus conclude that decreased FITC fluorescence 
(Žižková et al. 2014) and changes in the kinetic parameters 
together with molecular modeling affirm that quercetin 
affected SERCA1a activity through binding into both the 
catalytic and modulatory ATP-binding pockets.

Quercetin derivatives exerted indirect effects on SERCA

CPQ

CPQ possesses pivalate incorporated through an ester link-
age at position C-3 (Blaškovič et al. 2013) and may directly 
modulate SERCA1a function through halogen bonding 
(Parisini et al. 2011; Žižková et al. 2014). SERCA1a activ-
ity decrease was confirmed by NADH-coupled assay. As 
mentioned above, a decrease in SERCA1a activity is tightly 
connected with the oxidation or nitration of critical amino 
acids. CPQ decreased cysteine SH-groups in the concentra-
tion range tested, which was used for activity measurement, 
and was able to react with protein-thiolates through the 
chloropivaloyl group (Eaton 2006). Kinetic parameters 
revealed that CPQ evoked an uncompetitive inhibition in 
the modulatory E2 step as well as in the catalytic E1 step 
of the transport cycle. Furthermore, molecular docking of 
CPQ in the E2 indicated binding to the Glu113, Asn114, 
and Gln244 in the stalk region, which is an important re-
gion for the translocation of conformational changes from 
the cytosolic domain to the transmembrane domain during 
enzyme phosphorylation. Clarke et al. (1989) reported that 
mutation of Asn114 resulted in a 50% decrease in protein 
activity due to incompetent handling of the Ca2+ after ATP 
utilization.

CPQ seems to interact mainly with the A domain, which 
is necessary for Ca2+ translocation, E1P-E2P transition, and 
their coupling (Katoh et al. 2021; Kobayashi et al. 2021). 
Conformational changes in the cytosolic domain near the 
ATP-binding pocket were confirmed by decreased FITC flu-
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orescence (Žižková et al. 2014). Lowered fluorescence could 
indicate that CPQ altered amino acids near the ATP-binding 
pocket rather than through direct interaction, as showed by 
molecular docking. Molecular modeling also revealed that 
CPQ occupied the actuator domain, which explained the 
decrease in SERCA1a activity: blocking actuator domain 
rotation could interrupt the domain movement important 
for the SERCA1a cycle. In the transmembrane domain, 
CPQ bound near Glu231, thus distorting or decreasing the 
accessibility of Ca2+-binding sites, as calculated (simulated) 
by Yasara. Also in the transmembrane domain are second 
ligand-binding sites for Ca2+. 

N-cyclohexyl-N’-(dimethylamino)-carbodiimide (NCD-4) 
is a probe used for detecting changes in the transmembrane 
environment of calcium-binding sites by labeling residues 
in a segment between Glu231 and Glu309 (Munkonge et al. 
1989). NCD-4 modified SERCA1a activity via the inhibi-
tion of high-affinity Ca2+-binding sites (Velasco-Guillén 
et al. 1998): although SERCA1 was able to hydrolyze ATP, 
the translocation of Ca2+ was blocked because the enzyme 
did not undergo the conformational changes coupled with 
Ca2+-binding (Pick and Weiss 1985). Moreover, we detected 
a  decrease in NCD-4 fluorescence in the previous study 
(Žižková et al. 2014). Since ATP utilization by Ca2+-ATPase 
is Ca2+-dependent (Kobayashi et al. 2021) and CPQ could 
alter Ca2+-binding sites or their neighborhood, we assumed 
that this mechanism contributed to the reduction of SER-
CA1a function.

CHNQ

1,4-naphthoquinones are common metabolites of plants 
and animals. The biological properties and effects of their 
derivatives are quite diverse and include antimicrobial, 
antifungal, antiviral, antiprotozoal, cytotoxic, antitumor 
(Aminin and Polonik 2020), neuroprotective (Menchins-
kaya et al. 2021), and other properties. CHNQ exhibited 
strong inhibitory action toward SERCA1 and acted as an 
uncompetitive inhibitor. Its inhibitory action on SERCA1a 
could be linked through a  connection to enzyme-free 
cysteine-thiol moieties.

CHNQ did not compete with either ATP or Ca2+ for 
binding sites; nevertheless, it changed their affinities toward 
enzymes and deformed the active site, thus altering SERCA1 
catalytic properties (Ouertani et al. 2019). In silico methods 
involving molecular docking are indispensable tools for re-
vealing potential molecular targets for CHNQ in relation to 
SERCA1a. Analogically to CPQ, CHNQ preferred binding 
into the actuator domain, which contributed to impaired 
SERCA1a activity because the domain rotations required for 
Ca2+ transfer were blocked. We have previously reported 
changes in the NCD-4 and tryptophane fluorescence in the 
transmembrane region near the Ca2+-binding sites (Žižková 

et al. 2014). Even though molecular modeling excluded the 
binding of CHNQ into this domain, CHNQ could affect it 
through the SERCA1 stalk region, which transfers domain 
movement from the cytosolic to the transmembrane re-
gion. Previously detected CHNQ-induced conformational 
changes in the cytosolic and transmembrane domain with 
corresponding fluorescent probes (Žižková et al. 2014) 
provided evidence supporting these findings.

Finally, the molecular modeling of CHNQ revealed inter-
actions with amino acids at the actuator domain. This do-
main is important for the rotation and movement that causes 
the E1→E2 transition. We presumed that CPQ and CHNQ 
could block this motion and lock SERCA1 in the E1 state, 
which was supported by the decrease in FITC fluorescence 
(Žižková et al. 2014). However, according to the analysis of 
the binding sites and the E2-preferred state of SERCA, we 
suggest that the most probable mechanism of action for both 
CPQ and CHNQ is the interactions with the residues Glu113 
and Glu243 for CPQ and Asp245 for CHNQ.

Conclusions 

Enzyme kinetics and molecular modeling studies helped us 
profile the interactions of quercetin and its derivatives with 
SERCA1. Different compounds showed varying degrees of 
inhibition of SERCA1a, suggesting distinct modes of bind-
ing to SERCA1a.

Quercetin decreased SERCA1a activity by binding near 
the ATP-binding sites, as validated by changes in the kinetic 
parameters, molecular modeling, and previously reported 
decreased thiol-content and FITC fluorescence (Žižková 
et al. 2014). Considering the existence of neighboring 
modulatory binding sites for ATP besides the catalytic one, 
we assume that the overall effect of quercetin could also be 
multimodal yet always connected with the binding of ATP, 
as supported by the increase of Km for ATP (E1 state) in the 
presence of quercetin.

The inhibitions of SERCA1a by CPQ and CHNQ are 
probably associated with binding to Glu113 (CPQ) and 
Glu243 together with Asp245 (CHNQ) in the E2 state, as 
those residues are involved in the initial interactions before 
Ca2+-binding (Musgaard et al. 2012).

In conclusion, these findings suggest that quercetin and its 
derivatives can modulate SERCA1a activity through different 
modes of inhibition, highlighting their potential as agents 
for the management of diseases associated with SERCA1. 
Inhibitors of natural origin can be useful in elucidating the 
underlying molecular mechanisms influencing SERCA1a 
functionality and related pathophysiological conditions. 
However, further research is needed to fully understand and 
exploit the therapeutic potential of these compounds in the 
treatment of specific diseases. 
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