cdr

Related flavonoids cause cooperative
inhibition of the sarcoplasmic reticulum
Ca2# ATPase by multimode mechanisms

ltem Type Article
Authors Ogunbayo, Oluseye A.;Michelangeli, Francesco
Citation Ogunbayo, 0. A., & Michelangeli, F. (2014). Related flavonoids

cause cooperative inhibition of the sarcoplasmic reticulum
Ca2+ ATPase by multimode mechanisms. FEBS Journal, 281(3]),
766-777. https://doi.org/10.1111/febs.12621

DOl 10.1111/febs.12621

Publisher Wiley

Journal FEBS Journal

Download date 2026-06-13 18:19:51

Item License http://creativecommons.org/licenses/by-nc-nd/4.0/

Link to ltem http://hdl.handle.net/10034/606615



http://dx.doi.org/10.1111/febs.12621
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://hdl.handle.net/10034/606615

Related Flavonoids Cause Cooperative Inhibition Of The Sarcoplasmic Reticulum
Ca?" ATPase By Multimode Mechanisms.

Oluseye A. Ogunbayo? & Francesco Michelangeli !

1School of Biosciences, University of Birmingham, Edgbaston, Birmingham. B15 2TT, UK;

2Centre for Integrative Physiology, School of Biomedical Sciences, University of Edinburgh,
UK.

Running title: Inhibition of the Ca?* ATPase by flavonoids

To whom correspondence should be addressed: Dr F. Michelangeli, School of Biosciences,
University of Birmingham, Edgbaston, Birmingham, UK, B15 2TT; Email:
F.Michelangeli@bham.ac.uk; Tel: +44-121-4145983

Keywords: Ca?*ATPase, flavonoids, quercetin, SERCA, cooperative inhibition.


mailto:F.Michelangeli@bham.ac.uk

ABSTRACT

Flavonoids are group of plant-derived hydroxylated polycyclic molecules found in fruit and
vegetables. They are known to bio-accumulate within humans and are believed to have beneficial health
effects including cancer chemo-protection. One mechanism that has been proposed to explain this is that
they are able to induce apoptosis in cancer cells by inhibiting a variety of kinases and also the
Ca**ATPase. An investigation into the mechanism of inhibition of 3 flavonoids, quercetin, galangin and
3,6 dihydroxyflavone (3,6-DHF) was undertaken. Each inhibited the Ca?*ATPase with Ki values of 8.7
uM, 10.3 pM and 5.4 uM, respectively, showing cooperative inhibition with n~2. Given their similar
structures, the flavonoids showed several differences in their mechanisms of inhibition. All three
flavonoids stabilized the ATPase in the E1 conformation and reduced [*2P]-ATP binding. However, both
galangin and 3,6-DHF increased Ca?* affinity to the ATPase by decreasing the Ca?*-dissociation rate
constant, while quercetin had little effect. Ca?*-induced changes in tryptophan fluorescence levels were
reduced in the presence of 3,6-DHF and galangin (but not with quercetin), indicating that Ca?*-associated
changes within the transmembrane helices are altered. Both galangin and quercetin reduced the rates of
ATP-dependent phosphorylation and dephosphorylation, while 3,6-DHF did not. Modelling studies
suggest that flavonoids could potentially bind to two sites, one directly where nucleotides bind within
ATP binding site and the other at a site close by. We hypothesise that interactions of these two
neighbouring sites may account for both the cooperative inhibition and the multimode mechanisms of

action seen with related flavonoids.

INTRODUCTION

Flavonoids are the most common and widely distributed group of the phytoestrogens, which are found in
fruits & vegetables and through their consumption these compounds have been shown to reach
concentrations of several micromolar in human blood plasma [1]. These plant-derived compounds are
believed to have a range of beneficial properties including cancer chemo-protective properties [2-4]. One
reason for this is that flavonoids are able to initiate apoptosis, especially in cancer cells [5, 6]. From
recent research the action of flavonoids on cancer cells is likely to be multifaceted and complex, affecting
a variety of key molecular targets that inhibit cell proliferation and / or potentiate apoptosis [5,6]. A
number of specific targets which are inhibited by flavonoids have been identified as kinases such as

cyclin—dependent kinase 6, PI3K/Akt kinase, casein kinase 2 and aurora B kinase [7-10].



Flavonoids have also been shown to inhibit sarcoplasmic / endoplasmic reticulum Ca?*-ATPases
(SERCA) [11, 12] and also induce apoptosis via the Ca?*-dependent mitochondrial pathway that can be
activated through an exaggerated elevation of cytosolic [Ca?*] [13,14]. Consequently, one hypothesis is
that the inhibition of the Ca?*-ATPases causes ‘Ca?" overload’ of the mitochondria, leading to the opening
of the permeability transient pore (PTP) and release of mitochondrial pro-apoptotic factors such as

cytochrome c, which ultimately leads to apoptotic cell death [12-14].

Ca?*ATPase bind ATP and undertake phosphorylation, which are also common characteristics found with
kinases, and therefore an understanding of the mechanism by which flavonoids inhibit the Ca** ATPase,

may help to indicate generic modes of action with other target enzymes.

In a previous study we investigated a wide range of flavonoids and showed that the number and position
of hydroxyl groups within the molecule greatly affect its ability to inhibited Ca?* ATPase activity [12].
From the flavonoids studied the 1Cso values ranged from low pM for quercetin and galangin to little or no
inhibition for primuletin and apigenin [12]. Why such closely related molecules differed so dramatically
in their potency was unclear and therefore in this study three potent flavone inhibitors were investigated

in order to further elucidate their mechanisms of action.

RESULTS

Figure 1 shows the inhibition of three potent flavonoids on the activity of the rabbit skeletal muscle SR
Ca?" ATPase. The inhibition showed relatively poor fits when assuming that the inhibition was due to
either single site inhibitor binding or 2 site independent binding. However, excellent fits to the
experimental data were achieved when cooperative inhibition was assumed where Hill coefficients were
close to 2 for all three flavonoids. Table 1 shows the kinetic parameters for the different inhibition modes.
Figure 2 shows the effect of these flavonoids on the dependency of free Ca** concentration activity of the
Ca?" ATPase. In the absence of flavonoids, a typical bell-shaped activity profile is observed which is due,
in part, to Ca?* affecting the E1 and E2 states of the Ca?* ATPase [15, 16].

As can be seen in figure 2 good fits to all the experimental data could be achieved using this equation as
they had »? values of 0.98 or better. For the Ca?* ATPase in the absence of flavonoids the data best fitted
the data assuming a Ksof 0.29 + 0.05 pM, a K; of 0.24 + 0.04 mM and a Vmax of 4.8 £ 0.2 IU/mg (figure
2A). In the presence of 3,6-DHF (6 uM) the Vmax was reduced to 3.1 + 0.2 uM but the Ksand K; were



changed little from control (0.29 + 0.05 uM and 0.21 £ 0.04 mM, respectively) (figure 2A). Quercetin (9
UM) also showed negligible changes in the activity parameters (apart from Vmax) with a Ks of 0.21 +
0.05 uM and K; of 0.14 + 0.04 mM (figure 2B), as did galangin (9 uM) which gave a good fit assuming a
K, 0f 0.36 £ 0.06 uM and a K; of 0.16 £ 0.03 mM (figure 2C).

Since the activity of the Ca?* ATPase as a function of free [Ca?'] is not simply related to Ca?* affinity,
Ca?" binding can more readily be monitored by observing Ca?*- dependent changes in tryptophan
fluorescence of the ATPase [15, 17, 18]. Figure 3 shows the effects of 3,6-DHF (15 uM), quercetin (20
uM) and galangin (20 uM) on the fluorescence changes induced by a range of Ca?* concentrations (10
nM - 0.1 mM) and table 2 shows the apparent K4 for Ca?* binding calculated from figure 3. Also of note
is the observation that the degree of tryptophan fluorescence change in the presence of 3,6-DHF and
galangin (but not quercetin) are substantially reduced compared to control. From the K values it appears
that an increase in affinity for Ca?* binding is evident in the presence of 3,6,-DHF and galangin, as the Kd
values were statistically lower than for the control with p values of less than 0.1. However although there
appeared to be an increase in the Kd value for quercetin compared to control this was not considered
significant as the p value was greater than 0.1 To further explore this, the rate constant for Ca?* binding
was measured in the presence of these flavonoids, using stopped-flow fluorescence measurements as
previously described in [15, 17]. The rate constants for Ca?* binding (kon) are given in table 2. Since the
Kg is a measure of the ratio of Kosr / kon, the kosr (Ca2* dissociation rate constant) values for this process
were calculated and given in table 2. As can be seen, changes in the Ca?* dissociation rate constants (Kof?)

in the presence of 3,6,-DHF and galangin were observed when compared to control.

Figure 4 shows the biphasic profile of activity for the Ca?* ATPase as a function of [ATP] as previously
noted in other studies [15, 19]. The kinetic parameters in the absence of flavonoids was best fitted
assuming Km and Vmax for the catalytic site of 0.19 £ 0.11 pM and 1.48 + 0.23 1U/mg, respectively and
a Km and VVmax for the regulatory site of 0.04 £ 0.02 mM and 2.6 + 0.2 1U/mg, respectively (y*= 0.98).
A notable effect of the flavonoids appeared to be on the Km value for ATP binding to the catalytic site
(likely indicating changes in ATP binding affinity), whereas in the presence of quercetin (9 pM) or
galangin (9 puM) the calculated Kmcy values both increased substantially to 3.9 £+ 2.0 uM and 24 *
0.3uM, respectively. 3,6-DHF (6 pM), however, had little effect on the Km for the catalytic site (0.21 +
0.09 uM). In addition, all three flavonoids also substantially increased the Km for the regulatory site,
compared to control (the Kmyeg for quercetin was 0.99 + 0.33 mM, for 3,6-DHF it was 0.27 + 0.07 mM

and for galangin the value was 0.98 + 0.39 mM).



In order to further investigate whether these flavonoids affected ATP binding to the Ca** ATPase, [*?P]-
ATP binding studies were undertaken with 4uM ATP. As the equivalent of 5 uM Ca?" ATPase was used
in these experiments and since this is associated with approximately 200 uM lipid, which may also bind
these lipophilic flavonoids, 50 uM of the flavonoids were used in these experiments. Figure 5 shows that
all three flavonoids were able to reduce [*2P]-ATP binding to the ATPase to some degree, with both

galangin and quercetin being substantially better than 3,6-DHF.

In order to determine whether these flavonoids could alter the rate of ATP-dependent phosphorylation (ie
El + ATP — E1~P + ADP), experiments were undertaken with 5 uM ATP at 3°C to reduce the rate of
this fast step [18]. For each flavonoid (30uM), two time points were measured (10 sec and 30 sec), and
the level of phospho-enzyme formation of the ATPase determined for each. Figure 6A shows that in the
absence of flavonoids by 10 sec the steady state levels of phospho-enzyme formation had been reached
since the E~P level was similar to that at the 30 sec time point. A similar result was also observed for 3,6-
DHF. However, for both galangin and quercetin the phospho-enzyme levels at 10 sec were considerably
lower compared to the values observed at 30 sec, indicating that in the presence of galangin and quercetin
the rate of ATP-dependent phosphorylation of the Ca?* ATPase had been significantly reduced.

Dephosphorylation of the Ca?* ATPase in the E2 state (ie E2~P — E2 + Pi) has been shown to be one of
the rate limiting steps of the enzymatic cycle. Figure 6B shows the effects of the flavonoids on the
dephosphorylation rates. In the absence of flavonoids the dephosphorylation rate constant was calculated
to be 0.24 + 0.02s, which was little affected in the presence of 30 uM 3,6-DHF (Ko»s = 0.26 + 0.02s).
However, both galangin (30 uM) and quercetin (30 uM) substantially reduced the dephosphorylation rate
compared to control (Kops = 0.14 + 0.01 s and 0.10 + 0.02 s, respectively).

ADP-sensitive and ADP-insensitive forms of the Ca?* ATPase can be studied by allowing the ATPase to
be phosphorylated by ATP to a steady state level after which excess ADP is added and a portion of
phosphorylated ATPase is able to transfer the phosphate group to ADP and reconvert it back to ATP [11,
18]. The ADP-sensitive form is considered to be that form which is able to undertake the reversal of
ATP dependent phosphorylation (ie E1~P.ADP — E1.ATP), while the ADP-insensitive form is either due
to the fraction of the ATPase in the E2~P state or due to a state blocked in a E1~P. ADP conformation
and unable to reverse back to EL.ATP. Figure 7 shows that under the experimental conditions used and in
the absence of flavonoids, the majority of the phosphorylated enzyme can be dephosphorylated back to
E1.ATP (ie 94% ADP-sensitive and 6% ADP-insensitive). Little effect, compared to control, is noted
with 3,6-DHF (30 uM) and galangin (30 uM). However, in the presence of 30 UM quercetin, the majority



of the phosphorylated ATPase is ADP-insensitive and is little changed upon ADP addition (ie 12% ADP-

sensitive and 88% ADP-insensitive).

The E1 — E2 step has been identified as a step which is influenced by many inhibitors such as
thapsigargin and BHQ and which stabilize the ATPase in an E2 conformation [20, 21]. One method
commonly used to measure this step is where the Ca?* ATPase is covalently labelled with FITC at
position Lys 515 within the nucleotide binding domain of the ATPase [21, 22]. By monitoring the
fluorescein fluorescence changes when the Ca?*-ATPase is shifted into the E1 conformation by Ca?* or
the E2 conformation by vanadate [16, 22], in the presence of the flavonoids, the position of the E1 and E2
equilibrium can be determined [16, 22]. The changes in fluorescence induced by Ca?* and vanadate at pH
6.0 were monitored as under these conditions where the ATPase would predominantly be in an E2 state
(ie E1/E2 ratio has been calculated to be 0.14) [22]. Table 3 shows that in the absence of flavonoids the
largest change in fluorescence induced by Ca?* is in the absence of the flavonoids as in their presence the
fluorescence changes is substantially reduced for all three. However, upon addition of vanadate the
opposite effect is observed, with the largest change in fluorescence occurring in the presence of the
flavonoids. Taken together these data indicate that all the flavonoids (at 20 uM) cause the Ca?*ATPase to
be shifted substantially towards the E1 conformational state, with the E1/E2 ratio increasing substantially
compared to control (table 3).

DISCUSSION

Flavonoids occur naturally in a variety of foods, for instance quercetin is found in relatively high levels in
watercress, red onions and kale, while galangin is abundant in galangal root. Much research has been
focussed on flavonoids recently due to their potent chemo preventative properties in cancer [2-4].
Although the mechanisms by which flavonoids cause these affects both in-vivo and in-vitro is likely to be
multifaceted [23], an understanding of how they interact with and influence the activity of proteins such
as the Ca?" ATPase which undertakes a number of molecular processes typically found in many enzymes
that regulate key cellular processes such as; Ca?" binding, ATP binding, phosphorylation,
dephosphorylation and membrane transduction, may shed some light upon their more generic

mechanisms of action with other enzyme targets.

In a previous study we investigated the effects of 25 flavonoids for their inhibitory effects on the Ca?
ATPase activity and noted that only minor changes in the degree hydroxylation or the position of the

hydroxyl groups on the flavone ring was required to either make them potent inhibitors of the Ca?*



ATPase (with 1Cso values in the low UM range) or completely ineffective [12]. In this study we focussed
on the mechanisms by which three potent flavonoids, quercetin, galangin and 3,6-DHF cause their

inhibition.
Multimode Mechanisms of inhibition

Our main observation in this study is that given the great similarity in both the structure and Ki values of
these three flavonoids, their mechanisms of inhibition appeared to be quite different. All three flavonoids
exhibited sigmoidal shaped inhibition curves for Ca?* ATPase activity which were best fitted assuming
that inhibition was cooperative in nature with Hill coefficients of ~2. This would therefore suggest that
there are a number of flavonoid binding sites within the ATPase that contribute to the observed inhibition
and that binding of the flavonoid to one of these sites increases the binding of the flavonoid to the other
site(s). Although two site inhibitor binding, where two structurally different inhibitors bind to the
Ca%**ATPase in a cooperative fashion has previously been reported [24], here we indicated that two (or
more) sites exist that are able to bind the same inhibitor and interact with each other cooperatively. This
type of cooperative inhibition, where 2 or more sites are able to interact together has only been reported
for a few other enzymes [25, 26] and may well also explain why flavonoids affect different steps in the

Ca** ATPase mechanism.

All three flavonoids tested, affected the E1 to E2 conformational step to some degree by preferentially
stabilizing the Ca?* ATPase in the E1 state (table 3). All three flavonoids also appeared to affect ATP
binding to a greater or lesser degree as well (figure 5). However, in relation to Ca?* binding to the ATPase
differences were observed, with 3,6-DHF increasing the affinity for Ca?* binding to the ATPase by about
2-fold through reducing the Ca?* dissociation ‘off’ rate (figure 3 & table 2). Quercetin, on the other hand,
appeared to decrease the Ca?* affinity but this was not statistically significant (p > 0.1). The observation
that in the presence of 3,6-DHF and galangin the Ca?* -induced tryptophan fluorescence changes were
substantially reduced (figure 3) might also indicate that any associated changes within the
transmembrane region of the ATPase (where 12 out of 13 tryptophans are located) are reduced, compared
to control. A similar result was also observed when mastopan (a peptide venom) inhibited the Ca2*
ATPase [17], this showed a reduction in the eversion step (E1~P — E2~P), where appropriate re-

arrangements of the transmembrane helices are required.

The effects of flavonoids upon phosphorylation / dephosphorylation (figure 6 A & B) again showed
differences, with both galangin and quercetin reducing the rates of both ATP-dependent phosphorylation
and dephosphorylation, while 3,6-DHF had no effect upon these steps. In addition, when investigating the

reverse reaction where the phosphorylated Ca?* ATPase can donate the phosphate back to ADP, in order



to determine the steady levels of ADP-sensitive or ADP-insensitive forms, only quercetin showed any
difference compared to control, by effectively reducing the amount of the Ca?* ATPase in the ADP-
sensitive form (figure 7). It is unlikely from our other results that the ATPase in the presence of quercetin
is preferentially stabilized in a E2~P state which might be expected from this result. Rather given the fact
that quercetin reduces ATP binding and phosphorylation rates the most likely explanation is that quercetin

stabilizes The E1~P form stopping it from reversing back to the unphosphorylated E1form.

Molecular modelling predicts two hypothetical flavonoid binding sites that could account for

multimode cooperative inhibition.

All three flavonoids contain a hydroxyl group at the 3 position on ring C which has been shown to twist
ring B with respect to rings A and C giving these flavonoids a ‘kinked’ rather than planer conformation
[27]. Figure 8A shows very close structural overlap between the ‘kinked’ flavonoid and ADP (in the
conformation adopted when bound to the ATPase), with the B ring on the flavonoid superimposing well
with the adenine ring and the C ring (pyran ring) of flavonoid superimposing closely with the furan ring
(ribose) of ADP. Molegro Virtual Docker 2007 was then used to locate potential flavonoid (quercetin)
binding sites on the Ca?* ATPase using the E1.ADP bound conformational structure (PBD code 1WPE).
The most frequently predicted area for binding was within the nucleotide binding domain. Aided by
manual fine tuning, these predicted sites highlighted two potential non-overlapping locations, directly
within, and very close to, the nucleotide binding (N) site (designated sites 1 and 2 in figure 8B). At site 1
the flavonoid occupies the same space and position as ADP does within the crystal structure. Detailed
analysis of site 1 shows that the flavonoid has the potential to form hydrogen bonds (H-bonds) with a
number of key amino acid residues (figure 8C). For instance Thr441 and Arg560 may form potential H-
bonds with the C ring of quercetin, while Gly626 may form H-bonds with a hydroxyl group on the A ring
and Glu442 and Lys515 for H-bonds with the B ring. Interestingly several of these residues, from
mutagenesis and crystallographic studies, are also known to interact with ATP or ADP [28, 29]. Figure
8D shows the location of ADP with the crystal structure. In addition, aromatic ring stacking between the
B ring and Phe487 is also predicted in this model, which is again similar to that observed for the adenine
ring of ADP and Phe487 within the crystal structure (figure 8D) [28]. Arg560 interacts with the B-
phosphate group of ATP and is essential for both ATP binding, and maintaining an E1 conformation [28,
29]. In addition, mutating either Arg560 or Gly626 residues decreases ATP-dependent phosphorylation
levels [28, 29] while Gly626 also greatly affects Pi-dependent phosphorylation of the E2 state. Also
mutating Phe487 inhibits ATP binding [30]. If the interactions of these specific amino acid residues are
altered by flavonoids binding within this region of the ATPase, it would be feasible that this would have

profound affects upon ATP- binding, phosphorylation and E1 stabilization.



Figure 8E shows the predicted location of the flavonoid at site 2 which is located at the interface between
the nucleotide binding domain and the actuator domain (see figure 8A). Also shown in figure 8E is the
location of ADP. Although both sites do not overlap (and thus both could be occupied) there are clearly
some amino acid residues that are shared by both sites, and this could well contribute to cooperative
binding / inhibition. Furthermore, at this site the B ring of the flavonoid can also interact with several
amino acid residues located within the actuator domain (A-domain). As this domain is required to
undergo a substantial rotation and movement in order to cause the E1 conformation to go into the E2
conformation, it could be envisaged that the flavonoid binding at site 2 may block this motion and
therefore stabilise the E1 form. The existence of a second non nucleotide binding site can also be inferred
from the fact that previous studies have also shown that when Lys 515 is covalently modified with FITC,
ATP and other nucleotides are unable to bind [31]. However, since all three flavonoids are able to affect
Ca?" induced changes in FITC fluorescence associated with the E2 to E1 transition (table 3), this must
indicate that they can bind to sites other than nucleotide binding site (ie site 1), and site 2 is located well
away from Lys515.

In order to explain both cooperative inhibition and the multimode mechanisms of inhibition between these
structurally related flavonoids it could be hypothesised that flavonoids can bind in a cooperative fashion
to 2 (or more) neighbouring sites on the Ca?* ATPase and depending upon the order of binding to these
sites and the degree of occupation, dictated by the flavonoid structure, it can be envisaged that different
steps will be affected during the enzymatic cycle. However, proof of this hypothesis will only be

confirmed through future crystallographic studies.

In summary, some flavonoids have the ability to alter ATP binding properties, phosphorylation and
dephosphorylation of the Ca?* ATPase by binding to several sites possibly close to the ATP binding site.
The occupation of these sites is likely to be cooperative in nature and their order of occupancy or degree

of occupancy may well be dependent upon their structure, leading to altered mechanisms of inhibition.

Furthermore, the modulation of the nucleotide binding domain by flavonoids which are known to affect
kinase activity that control a wide range of important cellular processes, may also occur. Indeed a
precedent for this has recently been confirmed through enzymological, crystallographic and modelling
studies of a plant derived casein kinase 2 which was shown to bind the flavonoid luteolin within its ATP

binding domain [9].

MATERIALS AND METHODS
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Flavonoids (purity > 97 %) were purchased from Sigma/ Aldrich (St Louis, MO, USA). All other reagents
were of analytical grade. Flavonoids were also dissolved in dimethyl sulfoxide (DMSO, Sigma) and the
solution was never more than 1 % (v/v) in the assays performed. Native sarcoplasmic reticulum (SR) Ca?*
ATPase (EC 3.6.3.8) was prepared from rabbit skeletal muscle as described in Michelangeli and
Munkonge (1991) [32] and typically had a purity of approximately 80-90 %.

SERCA activity

The effects of flavonoids on SERCA activity were investigated as a function of Ca* and ATP
concentration, employing a coupled enzyme assay method at pH 7.2 as previously described in [16, 32].
Typically, between 11-22 pg/ ml of SERCA was added to a buffer containing 40 mM Hepes/KOH (pH
7.2), 5 mM MgSQOs, 0.42 mM phosphoenolpyruvate, 0.15 mM NADH, 8.0 U pyruvate kinase, 20 U
lactate dehydrogenase, 1.01 mM EGTA and 2.1 mM ATP (unless otherwise stated). In all experiments,
unless otherwise stated, a free Ca?* concentration of 6 uM (pCa 5.2) was used. Free Ca®* concentrations
were calculated as described in Gould et al. (1986) [33].

Inhibition data were fitted using the following equations:

(1 For single site inhibitor binding:

V=Vmax/ (1 +[I]/Ki)

where V is activity, Vmax is the maximal activity achieved under the experimental conditions and K the

inhibitory constant.
(i) For independent 2-site inhibitor binding:
V=[Vmax/ (1 +[1]/ Ki?*) + Vmax / (1 + [I] / Ki®)]-Vmax

where V is activity, Vmax is the maximal activity achieved under the experimental conditions and Ki*

and Ki® are the inhibitory constants for site A and site B, respectively.

(ili)  For cooperative inhibitor binding:

V=Vmax/ (1 + [I]"/ Ki")

where V is activity, Vmax is the maximal activity achieved under the experimental conditions and K; the

inhibitory constant and n is the cooperativity coefficient which can relate to the number of binding sites.

10
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The activity profiles as a function of free [Ca?*] can be adequately modelled assuming Ca?" causes

stimulation at low [Ca?] and inhibits at higher Ca?* concentrations, using the following equation:
Activity = (Vmax x [Ca?*] / (Ks + [Ca?*])) + (Vmax / (1+ [Ca*] / Kj)) — Vmax

where Vmax is the maximal activity achieved under the experimental conditions, K; is the stimulatory

phase constant and K; the inhibitory phase constant [15,16].

The biphasic activity profiles as a function of [ATP] can be modelled assuming a bi-Michaelis Menten
process, where ATP independently interacts with high affinity catalytic and lower affinity regulatory sites

[15,19], using the following equation:
Activity = (VmaXca X [ATP] / Kmea + [ATP]) + ([VMaXreg X [ATP] / Kmyeg + [ATP])

where VmaXca, Kmea, VMaXreg, and KMreg are kinetic parameters for the catalytic site and regulatory site,
respectively.

Intrinsic tryptophan fluorescence measurements to monitor Ca?*-induced conformational changes
of Ca?*ATPase

The conformational change induced by the addition of Ca?* to the ATPase was monitored by observing
the change in intrinsic tryptophan fluorescence as described in [15, 17]. 50 ug/ ml ATPase (in the absence
and presence of flavonoids) was added to a buffer containing 20 mM Hepes/Tris, 100 mM MgSQ4, 1 mM
EGTA (pH 7.0) and the induced-conformational change was measured as a percentage change in total
tryptophan fluorescence, over a range of free [Ca?*] (10nM — 100 uM), at 25 °C (excitation 285 nm,

emission 325 nm).
Measurement of the transient kinetics of the conformational changes associated with Ca?*-binding

Rapid Kinetic fluorescence measurements were performed using a stopped-flow fluorescence
spectrophotometer (Applied Photophysics, UK, model SX-17MV) as described in [15, 17]. The sample
handling unit possesses two syringes, A and B (drive ratio 10:1), which are driven by a pneumatic ram. In
the Ca?* binding experiments, syringe A, containing the Ca**-ATPase (1 pM) in 20 mM Hepes/Tris (pH
7.2), 100 mM KCI, 5 mM MgSOs, 50 uM EGTA was rapidly mixed with syringe B, containing 1 mM

11
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Ca?* (final concentration). Tryptophan fluorescence was monitored at 25 °C by exciting the sample at 280

nm and measuring the emission above 320 nm using a cut off filter.
FITC-labelled ATPase measurements

SR Ca?-ATPase was labelled with fluorescein 5'-isothiocyanate (FITC), according to the method
described in [18, 22] to monitor the E2 — E1 transition. The Ca*-ATPase (1.1 mg/ml) was added in
equal volume to the starting buffer (1 mM KCI, 250 mM sucrose and 50 mM potassium phosphate pH
8.0). FITC in dimethylformamide was then added at a molar ratio of FITC/ATPase of 0.5: 1. The reaction
was incubated for 1 hr. at 25 °C and stopped by the addition of 250 pl of 0.2 M sucrose, 50 mM Tris/HCI
pH 7.0, which was left to incubate for 30 min at 30 °C prior to being placed on ice until required.
Fluorescence measurements of FITC-ATPase were made in a buffer containing 50 mM Tris, 50 mM
maleate, 5 mM MgSO,, 100 uM EGTA and 100 mM KCI at pH 6.0. Fluorescence was measured in a
PerkinElmer LS50B fluorescence spectrophotometer at 25 °C (excitation 495 nm, emission 525 nm). Ca?*
(400 uM) or vanadate (100 pM) was then added to induce changes in fluorescence intensity. The E1/E2
ratio was calculated from Ca?* induced fluorescence changes as described in [22], assuming that the
E1/E2 ratio at pH 6.0 under control conditions is 0.14 [22].

[*2P]-ATP binding

These experiments were undertaken at 3 °C in a 150mM TES / Tris buffer containing 2 mM MgSOa, pH
7.0 and also containing 3mM EGTA to avoid phosphorylation. The buffer contained 4 uM ATP which
was doped with [32P]-ATP (125Ci/mol) and 0.5mg/ml Ca?* ATPase. The buffer also contained the
presence or absence of 50 uM flavonoids. 0.5 ml of this mixture were then rapidly filtered through a 0.45
pum filter and then added to 4 ml of Ultima flow scintillant and the radiation determined using liquid
scintillation spectrometry. The non-specific values were determined by filtering 0.5ml of the labelled

buffer alone and these values were subtracted from the values in the presence of the Ca?* ATPase.
ATP-dependent phosphorylation

The rate of ATP-dependent phosphorylation of the Ca?* ATPase was measured as described in [18], but at
pH 7.0 and 3 °C in order to slow down the rate. The experiment was initiated by addition of 5 uM
[*?P]ATP (specific activity 20 Ci/ mol). After 10 secs or 30 secs the samples were quenched with 250 ul
of 40 % trichloroacetic acid / 0.2 M HsPOa. The protein was then left to precipitate on ice for 30 mins,
after which it was filtered through Whatman GF/C filters, washed and left to dry. Finally, the filters were
added to 4 ml of Ultima flow scintillant and the radioactivity of each sample determined using liquid

scintillation spectrometry.

12
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Measurement of phosphoenzyme decay by pulse-chase technique

To measure the rate of phosphoenzyme decay, a pulse chase experiment based on the method described in
[16] was employed. Briefly, Ca?* -ATPase (0.15 mg/ ml) was suspended in a buffer containing 20 mM
Mops/KOH (pH 7.0), 80 mM KCI, 10 mM MgCl,, 1 mM EGTA at a temperature of 3 °C. Ca?* was added
to give a free [Ca®"] of 5 uM based on the constants given in [33]. The experiment was initiated by
addition of 5 uM [*?P]-ATP (specific activity 20 Ci/ mol). The assay was incubated for 10 secs prior to
addition of 0.5 mM non radioactive ATP. 0.5 ml of the assay was then removed and stopped at various
times (0- 20 secs) by addition of 250 pul 40% (w/ v) trichloroacetic acid/ 0.2 M HsPOs. Following this,
0.25 mg BSA was added to each assay, and the samples were placed on ice for 30 minutes to allow
precipitation. The precipitation was collected by rapid filtration through Whatman GF/C filters and
washed with 30 ml of 12 % (w/ v) trichloroacetic acid / 0.2 M H3;POs. The filters were left to dry and then
placed in scintillant and counted

Ratio of ADP-sensitive to ADP-insensitive forms of the Ca**-ATPase

The ratio of ADP-sensitive to ADP-insensitive forms of the Ca?*-ATPase was measured as described by
[18]. The experiment was performed at 3 °C in 20 mM Hepes/Tris (pH 7.2) containing 100 uM KCl, 50
uM MgSOs, 50 uM CaCl, and 0.1 mg/ ml ATPase in a total volume of 10 ml. Phosphorylation of the
ATPase was initiated by the addition of 20 uM [*P]ATP (20 Ci/mol). Following incubation for up to 40
secs, ADP solution was added (final concentration of 1.5 mM) to determine the proportion of the ADP-
sensitive enzyme. 1 ml samples were taken at regular intervals both before and after ADP addition and
quenched with 250 pl of 40 % trichloroacetic acid/ 0.2 M HsPOa. The protein was then left to precipitate
on ice for 30 mins, after which it was filtered, washed and left to dry. Finally, the filters were added to 4
ml of Ultima flow scintillant and the radioactivity of each sample determined using liquid scintillation

spectrometry.
Data fitting and statistics

Fig P (Biosoft) was used to fit the experimental data to appropriate equations, determine parameters and

constants and calculate goodness-of-fit (y?) values.
Molecular modelling

The molecular docking program Molegro Virtual Docker 2007, was used in conjunction with the E1 ADP
bound structure of the Ca?* ATPase SERCA1A (PBD code 1WPE), to predict the potential binding sites

for quercetin. This docking programme is based on the algorithm called MolDock which scores potential
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sites using differential evolution and cavity prediction, as well as the potential for hydrogen bonding and
electrostatic interactions [34]. The highest scoring and most commonly occurring poses for quercetin

binding to the Ca?" ATPase were viewed and manually refined using Swiss PBD viewer.
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Table 1: Inhibitory constants assuming single-site, two-site or cooperative flavonoid

binding
Single site inhibitor Independent 2-site Cooperative inhibitor
Flavonoid binding: inhibitor binding: binding:
3,6 DHF Ki= 4.5+ 0.6uM Ki* = 6.2 £ 1.5uM n=18=+0.2
Ki® =102 +69uM | Ki=5.4+0.3uM
(2 = 0.92) (= 0.94) (2 = 0.99)
Quercetin Ki=9.1+2.7uM Kif=159+49uM |n=2.3%0.3
Kif=21.6 + 89uM Ki=8.7 £ 0.3uM
(x*>= 0.86) (x*= 0.93) (x*= 0.99)
Galangin Ki=11.0 + 2.4uM Ki? = 38+147uM n=22+0.2
Ki® = 29+87uM Ki=10.3 + 0.5uM
(x*> = 0.85) (x> =0.93) (x*= 0.98)
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Table 2: Effects of flavonoids on Ca?* binding parameter monitored by Tryptophan
fluorescence changes of the Ca**-ATPase

Ka (LM) Kon (M's™) Koff (5)*
Control 0.6+0.1 9.9+0.4 5.9+1.2
Quercetin 1.1+0.4 7.4%0.2 8.1£3.2
(20pM)
Galangin 0.4+0.1% 5.4+0.1 2.1+0.6
(20pM)
3,6-dihydroxyflavone 0.3+0.1% 7.3x0.2 2.2+0.8

(15uM)

Values are the mean = SD of 3 determinations for the Kqvalue and the average of 8 experimental
runs for the on rate constant values.

* The Ca?* dissociation rate constant was calculated by multiplying the Kq and the kon values.

#p=0.07, " p =0.03, compared to control.
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Table 3: Changes in FITC-ATPase fluorescence to monitor the E1 to E2 step

(%) change in fluorescence of FITC-Ca?*ATPase

Control Quercetin Galangin 3,6-dihydroxyflavone
(20uM) (20uM) (20uM)
Ca* 13.6 +0.4 1.740.3 3.1+0.4 6.2+0.3
(400uM)
(E1/E2 ratio*) (0.14%) (8.1) (4.0 (1.5)
Vanadate 7.0£0.2 9.6£0.2 10.240.5 9.3£0.3
(100pM)

* E1/E2 ratio calculated from the Ca?* induced FITC fluorescence changes, assuming a value is
0.14 at pH 6.0 and using the equation described in [22].
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LEGENDS
Figure 1: Inhibition of the Ca?*-ATPase activity by flavonoids.

The ATPase activity of the SR Ca?*ATPase activity was measured in a Hepes buffer containing 2.1mM
ATP and a free [Ca?'] of 6 uM, at 20 °C, pH 7.2. The Flavonoids; quercetin (m), 3,6, dihydroxyflavone,
3,6-DHF (A) and galangin (V) were added to the assay in DMSO, which never exceeded 1% of the final
volume. The figure also includes the structures of the flavonoids used. The solid lines through the data
points are the best fits assuming cooperative inhibition, the dotted lines are the best fits to the data
assuming a single inhibitor binding site and the dashed lines 2 independent inhibitor binding sites. The
inhibition parameters are given in table 1. The data points are the mean = SD of 3 or more determinations.

Figure 2: Effects of flavonoids on ATPase activity as a function of free [Ca®']

The ATPase activity was measured in the absence (m) and presence of flavonoids (A); (A), 3,6
dihydroxyflavone (6 uM); (B), quercetin (9 uM); and (C), galangin (9 uM). The activities were measured
in a buffer containing 2.1 mM ATP at pH 7.2 and 20 °C. The free [Ca?*] was varied from 30 nM to 1.5
mM. The data points represent the mean + SD of 3 or more determinations.

Figure 3: Effects of flavonoids on the Ca?*-induced changes in tryptophan fluorescence.

The effects of Ca?*-induced tryptophan fluorescence changes in the absence (@) and presence of 20 uM
flavonoids; quercetin (m), galangin (V) and 3,6 dihydroxyflavone ( A) were measured at pH 7.0 and 20
°C. The changes were measured over a range of free Ca?* concentrations (10 nM to 0.1 mM). The
calculated Ky values are presented in Table 1. The data points represent the mean = SD of 3
determinations.

Figure 4: Effects of flavonoids on Ca?* ATPase activity as a function of [ATP].

The ATPase activity was measured in a Hepes buffer, pH 7.2 at 20 °C, containing 6 uM free [Ca?*] and a
range of ATP concentrations (0.18 uM to 2.3 mM). The activities were measured in the either the absence
of flavonoids (e), or in the presence of quercetin (m); galangin (V) or 3,6 dihydroxyflavone (A). The
data points are the mean + SD of 3 or more determinations.

Figure 5: Effects of flavonoids on ATP binding.

ATP binding was measured at pH 7.0 and 3 °C. 0.5 mg/ml (5 uM) Ca?" ATPase was incubated in the
buffer containing [*P]JATP (125 Ci/mol) and in the absence or presence of 50 UM of galangin, quercetin
or 3,6 dihydroxyflavone (3,6DHF). The values represent the the mean + SD of 8 determinations.

Figure 6: Effects of flavonoids on the rates of phosphorylation and dephosphorylation.

(A) shows the levels of phospho-enzyme intermediate (E-P) formed when the Ca?* ATPase was incubated
in a buffer at pH 7.0, 3 °C and [*P]ATP (20 Ci/mol) added prior to stopping the reaction after 10 s and
30 s. The experiments were performed in the absence or the presence of 30 uM, quercetin, galangin and
3,6 dihydroxyflavone (3,6DHF). The values present the mean + SD of 3 determinations.

(B) Shows the phospho-enzyme intermediate decay measured at pH 7.0, 3 °C. The Ca?* ATPase (0.15
mg/ml) was allowed to reach steady state levels of phosphorylation by initiating the reaction with
[*?P]JATP (20 Ci/mol), after which excess non-radioactive ATP (0.5 mM) was added and the E-P levels
monitored by stopping the reaction at various time points (ie 0 to 20 s) following its addition. The
experiments were performed in the absence (@) of flavonoids or in the presence of 30 uM of; quercetin
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(m), galangin (V) or 3,6 dihydroxyflavone (A). The data points represent the mean + SD of 3
determinations.

7: The effects of flavonoids on the ratio of ADP-sensitive to ADP-insensitive forms of the Ca?*
ATPase.

The experiments were performed at pH 7.2 and 3 °C. Ca?*ATPase (0.1 mg/ml) was phosphorylated by the
addition of 20 uM [*?P]JATP (20 Ci/mol) for up to 40 s, following which 1.5 mM ADP was added.
Samples were taken at 5 s intervals post ADP addition (arrow) and the E-P levels measured. The
experiments were performed in the absence of flavonoids (©) or in the presence of 30 uM of; quercetin
(o), galangin ( V) or 3,6 dihydroxyflavone ( A ). The data points represent the mean + SD of 3
determinations.

8: Modelling of the flavonoid binding sites on the Ca?" ATPase.

Molegro Virtual Docker 2007 programme was used to predict the quercetin binding sites within the
E1.ADP bound form of the SERCA1 Ca?* ATPase structure (PBD 1WPE).

(A) Shows that quercetin can adopt a kinked conformation that can be substantially superimposed onto
the structure of ADP as adopted when bound to the Ca?* ATPase. (B) Shows two potential binding sites
for quercetin. Site 1 is within the nucleotide binding domain (N-domain) and site 2 at the interface
between the N-domain and a actuator domain (A-domain). (C) Shows the potential interactions of
quercetin with key amino acid residues within site 1 (H-bonds highlighted by dashed lines). (D) shows the
location of ADP within sites 1. (E) shows the predicted binding site 2 and also highlights key amino
acids that can for potentially form H-bond with quercetin.
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FIG3
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