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Abstract
The aim of this study was to determine if the dietary benefits of bioflavonoids are linked to the
inhibition of ATP synthase. We studied the inhibitory effect of seventeen bioflavonoid compounds
on purified F1 or membrane bound F1FO E. coli ATP synthase. We found that the extent of inhibition
by bioflavonoid compounds was variable. Morin, silymarin, baicalein, silibinin, rimantadin,
amantidin, or, epicatechin resulted in complete inhibition. The most potent inhibitors on molar scale
were morin (IC50 ~0.07mM) > silymarin (IC50 ~0.11mM) > baicalein (IC50~0.29mM) > silibinin
(IC50 ~0.34mM) > rimantadine (IC50 ~2.0mM) > amantidin (IC50 ~2.5mM) > epicatechin (IC50
~4.0mM). Inhibition by hesperidin, chrysin, kaempferol, diosmin, apigenin, genistein, or rutin was
partial in the range of 40–60% and inhibition by galangin, daidzein, or luteolin was insignificant.
The main skeleton, size, shape, geometry, and position of functional groups on inhibitors played
important role in the effective inhibition of ATP synthase. In all cases inhibition was found fully
reversible and identical in both F1Fo membrane preparations isolated purified F1. ATPase and growth
assays suggested that the bioflavonoids compounds used in this study inhibited F1-ATPase as well
as ATP synthesis nearly equally, which signifies a link between the beneficial effects of dietary
bioflavonoids and their inhibitory action on ATP synthase.
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Introduction
Membrane bound F1Fo ATP synthase from mitochondria, chloroplast, and bacteria is
responsible for ATP production through oxidative phosphorylation or photophosphorylation.
This enzyme is structurally identical and highly conserved in different species. In its simplest
form in the ~530 kDa Escherichia coli F1Fo ATP synthase contains eight different subunits
namely α3β3γδεab2c10–15. F1 corresponds to α3β3γδε and Fo to ab2c10. ATP hydrolysis and
synthesis occur on three catalytic sites in the F1 sector, whereas proton transport occurs through
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the membrane embedded Fo [1–2]. The γ subunit is part of the “rotor” which is composed of
γ, ε, and a ring of c subunits. The “stator” is composed of b2δ. The function of the stator is to
prevent co-rotation of catalytic sites as well as the a subunit with the rotor [3–4]. Proton
gradient-driven clockwise rotation of γ (as viewed from the membrane) leads to ATP synthesis
and anticlockwise rotation of γ results from ATP hydrolysis. The mechanism is essentially a
rotary motor and in fact it is the smallest known biological nanomotor. Detailed reviews of
ATP synthase structure and function may be found in references [5–11].

ATP synthase is implicated directly or indirectly in several human diseases such as Leigh
syndrome, ataxia, Batten’s diseases, Alzheimer’s, angiogenesis, and increased blood pressure
etc ([11] and references therein). This enzyme is not only implicated to many disease conditions
but is likely to contribute to new therapies for multiple diseases such as, cancer, heart disease,
mitochondrial diseases, immune deficiency, cystic fibrosis, diabetes, ulcers, and tuberculosis
that affect both people and animals [12–13]. The presence of ATP synthase on the surfaces of
multiple cell types, and its involvement in a number of cellular processes, makes this enzyme
an attractive molecular target, in the development of treatments for numerous diseases. A wide
range of natural and synthetic products are known to bind and inhibit ATP synthase [11,13–
15] and biochemical and structural studies of ATP synthase have so far revealed about ten
different inhibitor binding sites. A detailed list of known inhibitors and their actions on ATP
synthase in relation to human heath and disease is discussed in reference [11].

Bioflavonoids/polyphenols are a class of plant secondary metabolites. The beneficial effects
of many fruits, vegetables, and tea have been attributed to the presence of bioflavonoid
compounds in them. Bioflavonoids are known to exhibit antioxidants, chemopreventive, and
chemotherapeutic properties [16–20]. They have been shown to have anti-allergic, anti-
inflammatory [21], and anti-microbial activity [22–24]. Their mode of action is not clear, but
some dietary bioflavonoids are known to block the action of enzymes and other substances
that promote the growth of cancer cells by binding to the multiple molecular targets in the body
including ATP synthase [11,13,16,25–26]. For example one of the most common dietary
polyphenol resveratrol has been shown to have multiple uses, with multiple benefits in humans,
including but not limited to increased life span, anticancer/antitumor effects, and antimicrobial
activities [26]. Resveratrol was also shown to induce apoptosis via mitochondrial pathways
[25,27]. Aziz et al [28] demonstrated the chemopreventive properties of resveratrol against
prostate cancer. They found that treatment with resveratrol concentrations of up to 50μmol/L/
day resulted in stimulation of apoptosis in androgen-responsive human prostate carcinoma cells
(LNCaP). At similar concentrations resveratrol had no effect on the rate of cell death in normal
human prostate cells.

Earlier Zheng and Ramirez [15] studied the inhibitory effects of several naturally occurring
polyphenolic phytochemicals on rat brain and liver mitochondrial F1Fo ATP synthase. They
demonstrated that ATP synthase is molecular target for resveratrol and other aglycone
isoflavones. Lately, the polyphenols resveratrol, piceatannol, quercetin, quercetrin, or
quercetin-3-β-D glucoside, were shown to prevent synthetic or hydrolytic activities of E.
coli and bovine mitochondrial ATP synthase [13,16]. The proposed mode of action was binding
of polyphenols at the polyphenol binding pocket of ATP synthase and blockage of clockwise
or anti-clockwise rotation of the γ-subunit [16] (see Figure 1).

The question arises (i) whether the dietary bioflavonoids have differential inhibitory actions
on E. coli ATP synthase and (ii) what kind of effect dietary bioflavonoids have on the intact
E. coli cell growth which will be an indicate their effect on ATP synthesis. Thus we studied
the inhibitory effect of seventeen bioflavonoid/polyphenol compounds illustrated in Figure 2
on E. coli ATP synthase using both purified F1-ATPase and membrane bound F1Fo ATP
synthase preparations. This study shows that dietary bioflavonoids bind and inhibit E. coli ATP
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synthase in differential manner. Our results also reaffirm that the beneficial effect of dietary
polyphenols as antitumor or antimicrobial agents may be at least in part are through their
inhibitory action on ATP synthase.

Materials and Methods
Source of bioflavonoids and other chemicals

Ultra pure bioflavonoid compounds were purchased from Sigma-Aldrich Chemical Company.
Catalog numbers for all bioflavonoids used in this study are presented in Table 1. Silymarin
used in this study was a mixture of anti-hepatotoxic flavonolignans from the fruit of Silybum
marianum while silibinin, a pure compound, is the principal component of silymarin. Also, we
followed the supplier’s directions in the handing of all compounds such as kaempferol was
light sensitive so it was protected from light. All the compounds were resuspended in DMSO
immediately before use for the desired concentration and were stored in −20 °C. In ATPase
assays the final volume of DMSO was not more that 25%. Earlier we noted that up to 40%
DMSO has no effect on membrane bound F1Fo of E. coli ATP synthase [13]. All other
chemicals used in this study were ultra pure analytical grade, and purchased from either Sigma
–Aldrich Chemical Company or Fisher Scientific Company.

Measurement of growth yield in limiting glucose medium; preparation of E. coli membranes;
purification of E. coli F1; assay of ATPase activity of membrane bound F1Fo or purified F1

Bothe membrane bound F1Fo and purified F1 were isolated from the E. coli strain pBWU13.4/
DK8 [29]. Growth yield in limiting glucose was measured as in [30]. E. coli membrane bound
F1Fo or purified F1 were prepared as in [31]. It should be noted that this procedure involves
three washes of the initial membrane pellets. The first wash is performed in buffer containing
50 mM TES pH 7.0, 15% glycerol, 40 mM 6-aminohexanoic acid, and 5 mM p-
aminobenzamidine. The following two washes are performed in buffer containing 5 mM TES
pH 7.0, 15% glycerol, 40 mM 6-aminohexanoic acid, 5 mM p-aminobenzamidine, 0.5 mM
DTT, and 0.5 mM EDTA. Prior to experiments, membranes were washed twice more by
resuspension and ultracentrifugation in 50 mM TrisSO4 pH 8.0, 2.5 mM MgSO4. F1 was
purified as described in Ref [32]. Prior to the experiments, F1 samples (100μl) were twice
passed through 1-ml centrifuge columns (Sephadex G-50) equilibrated in 50mM TrisSO4 pH
8.0, to remove catalytic site bound-nucleotide. ATPase activity was measured in 1 ml of assay
buffer containing 10 mM NaATP, 4 mM MgCl2, and 50 mM TrisSO4, at pH 8.5 and 37 °C.
Reactions were started by addition of 1 ml of assay buffer to the purified F1 or membranes,
and stopped by addition of SDS to a 3.3% final concentration. Pi released was assayed as in
[33]. For membrane bound F1Fo (30 – 50 μg protein), reaction times were 20–30 min. For
purified F1 (20μg protein), reaction times were 2–5 min. All reactions were shown to be linear
with time and protein concentration. SDS-gel electrophoresis on 10% acrylamide gels was as
in [34]. Immunoblotting with rabbit polyclonal anti-F1-α and anti-F1-β antibodies was as in
[35].

Inhibition of ATPase activity by bioflavonoid compounds
Membrane bound F1Fo or purified F1 (0.2–1.0 mg/ml) were preincubated with varied
concentrations of bioflavonoid compounds for 60 min at room temperature, in 50 mM
TrisSO4 pH 8.0. The volume of bioflavonoid compounds added was in the ranged from 0–
20μl in a total reaction volume of 550μl. Then 1 ml of ATPase assay buffer was added to
measure the enzyme activity. Inhibitory exponential decay curves were generated using
SigmaPlot 10.0. The best fit lines and IC50 values for the curves were obtained using a single
3 parameter model. The range of absolute specific activity for membrane bound F1Fo was 20–
26 and for purified F1 was 28–42μmol/min/mg at 37 °C for different preparations. These
absolute values were used as 100% bench mark to calculate the relative ATPase activity.
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Reversal of purified F1 or membrane bound enzyme ATPase activity from the inhibition of
bioflavonoid compounds

Reversibility experiments were performed by dilution of the membrane enzyme and by passing
the inhibited purified F1 through centrifuge columns. For the measurement of reversibility by
dilution, membranes were first reacted with inhibitory concentrations of bioflavonoids for 1
hour at room temperature. These concentrations were used based on the maximal observed
inhibition of the ATP synthase (see Figure 3–5). 50 mM TrisSO4, pH 8.0 buffer was then added
to bring the concentrations down to non inhibitory levels and incubation continued for 1
additional hour at room temperature before the ATPase assay. Reversibility was also tested by
passing the bioflavonoid inhibited purified F1 enzyme through 1 ml centrifuge columns twice
before measuring the ATPase activity. Control samples without bioflavonoids were incubated
for the same time periods as the samples with bioflavonoids.

Results
Complete inhibition of ATPase activity of purified F1 or F1Fo ATP synthase in membranes by
morin, silymarin, baicalein, silibinin, rimantadin, amantidin, or, epicatechin

Polyphenol bound X-ray structure has shown the bioflavonoid/polyphenols bound in the
polyphenol binding pocket of ATP synthase. This binding pocket located at the interface of α,
β, and γ-subunits [16] (Figure 1). 1 The bound bioflavonoids can form hydrophobic interactions
with γGln274 (γLys-260), γThr-277 (γIle-263), βAla-264 (βAla-278), or βVal-265 (βVal-279),
and additional non polar interactions with residues γAla-270 (γAla-256), γThr-273 (γThr-259),
γGlu-278 (γGlu-264), αGly-282 (αGly-290), or αGlu-284 (αGlu-292) which are within 4Å of
the bound compounds (Figure 1). E. coli residue numbers are used throughout. Bovine
mitochondrial residue numbers are shown in parentheses. Polyphenol binding pocket residues
of E. coli ATP synthase are identical to the bovine polyphenol binding pocket residues except
for two changes, namely γQ274K and γT277I, where Gln is replaced by Lys and Thr is replaced
by Ile in bovine. The seventeen bioflavonoids used in this study (Fig. 2, Table 1) are dived into
three groups: (I) potent inhibitors (~0% residual activity), (II) partial inhibitors (~40–60%
residual activity), and (III) weak inhibitors (~80–100% residual activity).

Figure 3 shows the inhibition of ATPase activity of purified F1 or membrane bound enzyme
in presence of varied concentrations of morin, silymarin, baicalein, silibinin, rimantadin,
amantidin, or, (−)- epicatechin.. All seven bioflavonoids caused in complete (~100%)
inhibition. On molar scale morin hydrate was the most potent inhibitor. The relative potency
was morin (IC50 ~0.07mM) > silymarin (IC50 ~0.11mM) > baicalein (IC50 ~0.29mM) >
silibinin (IC50 ~0.34mM) > rimantadine (IC50 ~2.0mM) > amantidin (IC50 ~2.5mM) > (−)-
epicatechin (IC50 ~4.0mM). We consistently found that the F1 data and the membrane data
were the same for these inhibitors. This is in agreement with our previously established
interpretation that inhibition of ATPase activity can be assayed using either membrane bound
F1Fo preparations or purified F1 with equivalent results [13,36–40].

Partial inhibition of ATPase activity of purified F1 or F1Fo ATP synthase in membranes by
hesperidin, chrysin, kaempferol, diosmin, apigenin, genistein, or rutin

Figure 4 shows the inhibitory effect of hesperidin, chrysin, kaempferol, diosmin, apigenin,
genistein, or rutin. These seven bioflavonoids exert partial inhibition of about 40–60%. As
before the F1 data and the membrane bound F1Fo data were the same for all inhibitors.

1E. coli residue numbers used throughout.
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Insignificant or no inhibition by galangin, daidzein, or luteolin of ATPase activity of purified
F1 and F1Fo ATP synthase in membranes

The maximal inhibition in the presence of luteolin was ~20%, daidzein was ~10%, and galangin
showed no inhibition at all (Fig 5). Partial or slight inhibition of ATP synthase is not
uncommon. In previous studies [7,13,36–43], we have noted several instances where mutant
or wild-type ATP synthase were incompletely inhibited by inhibitors like fluoroaluminate,
fluoroscandium, sodium azide, NBD-Cl, polyphenols, or amphibian peptides. To ensure that
the maximal inhibition with bioflavonoids hesperidin, chrysin, kaempferol, diosmin, apigenin,
genistein, rutin, galangin, daidzein, or luteolin had been reached, we incubated each membrane
bound F1Fo preparation or purified F1 with hesperidin (9mM), chrysin (9mM), kaempferol (1
mM), diosmin (9mM), apigenin (1.5mM), genistein (2mM), rutin (1 mM), galangin (4mM),
daidzein (10mM), or luteolin (2mM) by the maximal inhibitory concentrations, for 1 h as in
Figure 3 and 4. This was followed by supplementary pulses of the same inhibitory bioflavonoid
concentrations and incubation was continued for an additional hour before ATPase assay. As
shown in Figure 6A very little or no additional inhibition occurred, which was consistent with
Figure 4 and 5 data. This shows that the inhibition by the above bioflavonoids was maximal,
and fully inhibited F1 or membrane bound enzyme retained residual activity. Although, we
used a 1 hour incubation time, it was observed that the maximal inhibition of purified F1 or
membrane bound enzyme was achieved within 15 minutes. Earlier resveratrol was shown to
inhibit mitochondrial F1Fo ATP synthase within 1–2 minutes[15].

Reversal of ATPase activity of purified F1 or membrane bound enzyme from the bioflavonoid
inhibition

Here we examined whether the bioflavonoid induced inhibition of ATPase is reversible or not.
Reversibility data is shown in Figure 6B. This experiment was carried out in two ways. (i) the
purified F1 or membrane bound enzyme was inhibited with the maximum inhibitory
concentrations of bioflavonoids for 1 hr at RT as in Figures 3–5. Samples were then diluted to
a non-inhibitory concentration and ATPase activity was measured. (ii) 20 μg of purified F1
samples were incubated with maximum inhibitory concentrations of bioflavonoids for 1 hr at
RT. As before the inhibitory concentrations were determined based on data from figures 3 and
4. Inhibited samples were then passed twice through 1 ml sephadex G50 centrifuge columns
and ATPase activity measured. Inhibition by all bioflavonoids was found to be fully reversible.

Inhibition of growth on LB, limiting glucose, and succinate medium in presence of
bioflavonoid compounds

Inhibitory effects on ATP synthesis were studied by growing the wild-type E. coli strain
pBWU13.4/DK8 on succinate plates (a non-fermentable carbon source), or limiting glucose,
in the presence or absence of bioflavonoid compounds. The abrogation of growth was in
proportion to the inhibition ATPase activity (see Table 1).

Discussion
There is increasing interest in the effects of natural dietary compounds as antimicrobial and
antitumor agents. For example, polyphenols like resveratrol, piceatannol, quercetin, quercetrin,
or quercetin-3-β-glucoside were shown to bind and inhibit ATP synthase suggesting that the
dietary benefits of these polyphenols are in part linked to the inhibition of ATP synthesis in
tumor cells, thereby leading to apoptosis [11,13,15–16,44]. Thus, the ultimate goal of this study
was to examine if the antimicrobial or anticancer properties of dietary bioflavonoids are
possibly associated with the inhibition of ATP synthase. Moreover, results from E. coli ATP
synthase have added advantage in understanding the antimicrobial effects of dietary
bioflavonoid compounds.
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Bioflavonoid compounds used in this study resulted in complete, partial, slight, or no inhibition
of ATP synthase. This trend can be attributed to the interaction between the bioflavonoid
compounds and the polyphenol binding pocket residues. Compound skeleton, size, shape,
geometry, and functional group presence or position played important role in binding and
inhibition (Figure 1 and 2). For example presence of sugar moieties in hesperidin, diosmin, or
rutin might cause sterical hindrance resulting in partial inhibition. Fewer –OH group or the
extended positioning of –OH group also resulted in partial or insignificant inhibition. On the
other hand multiple –OH groups in morin, baichalein, epicatechin, silymarin, or silibinin and
presence of NH2 groups in rimantadine or amantadin resulted in complete inhibition of ATPase
activity.

Importance of position and number of –OH groups is also apparent from the differential
inhibitory effects of quercetin and apigenin. Both are reversible inhibitors of E. coli ATP
synthase and bind non-covalently at the polyphenol binding site. Quercetin was shown to
induce ~80% inhibition with IC50~33μM [13] while apigenin resulted in partial inhibition
~38% (see Figure 4). Higher affinity and potent inhibition by quercetin (IC50 ~55–65μM) in
comparison to apigenin (IC50 ~100μM) was also observed in the inhibition of mitochondrial
F1Fo ATP synthase [15]. This enhanced inhibitory effect of quercetin can be attributed to the
two additional hydroxyl groups on its flavone skeleton, facilitating its inhibitory and binding
activity to ATP synthase [13,15,45].

Earlier [15] comparative inhibitory effects of several naturally occurring polyphenolic
phytochemicals on rat brain and liver mitochondrial F1Fo ATP synthase also indicated the
importance of hydroxyl groups in a particular position. It was found that genistein, biochanin
A, and daidzein all abrogated the ATPase activity with IC50 values between ~55 – 127 but
genistin a 7-glucose derivative of genistein did not inhibit ATPase activity up to 140 μM.
Interestingly enough the inhibitory effects dietary bioflavonoids on mitochondrial F1Fo did not
yield big differences in the degree of inhibition while similar set of bioflavonoids in this study
inhibited in very differential manner. We found very different extents of maximal inhibition
(from zero to near 100%) as well as very widely different IC50 values (from 0.07 mM for morin
to 4 mM (−)-epicatechin), representing several logs difference for only subtle modification of
the chemical scaffold. Inhibitory effects of the similar set of polyphenolic compounds on
mitochondrial enzyme resulted in IC50 values between ~50–125μM [15]. This difference
between E. coli and mitochondrial enzyme results may be due to the fact that Zheng and
Ramirez [15] employed a coupled assay to determine ATPase effects (and a direct Pi
quantitation for only a few), whereas we measured Pi directly without intervening coupling
enzymes. It should be noted that our methods would not be subject to this potentially indirect
inhibition- i.e. if the coupling enzymes were inhibited, then this would be masked as a lower
activity or false inhibition. Alternatively, it is possible that subtle differences in the E. coli
enzyme are responsible- allowing a broader range of effects. Also, the use of E. coli enzyme
seems more appropriate for correlation with antibacterial activities.

Based on the resveratrol, piceatannol, or quercetin bound x-ray structure of the polyphenol
binding pocket residues γQ274, γT277, βV265, and βA264 seem to play a critical role in
forming hydrophobic interactions with the polyphenol compounds. Other proximal residues
which could form non-polar interactions with the bioflavonoid compounds are γA270, γT273,
γE278, αE284, αG282, and αE284. The polyphenol binding pocket residues are highly
conserved among different species including human, bovine, rat, and E. coli [46–47]. However,
the E. coli enzyme residues γGln-274 and γThr-277 in the polyphenol binding pocket are
replaced by γLys-274 and γIle-277 in mitochondrial enzyme. Distance measurements using
Deep View Swiss-Pdb Viewer, Version 4.01 (http://spdbv.vital-it.ch/) suggests that the –OH
group of γThr-277 generates an additional H-bond with the –OH group of γSer-281 [13] and
may form additional H-bonds with the oxygen or –OH groups of the bioflavonoid compounds.
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One important aspect of the inhibitory mechanism of bioflavonoids is their effect on rotary
mechanism of the enzyme. 2 Mutagenic analysis of polyphenol binding pocket residues
demonstrate that the hydrophobic binding pocket between the γ-subunit c-terminal tip and the
hydrophobic inside provided by the α- or β-subunit residues is essential for the binding of
polyphenol/bioflavonoid compounds.

Addition of extra pulse of compounds to the partially inhibited purified F1 or membrane bound
F1Fo did not change the level of inhibition significantly (figure 5A). This suggests that the
purified F1 or membrane bound enzyme was fully inhibited by the compounds and the observed
extent of inhibition was accurate. Also the partial inhibition is not a result of uninhibited
enzyme or degradation of the compounds with time. The process of inhibition was also found
to be completely reversible. A fully reacted F1 regained activity after being passed through the
centrifuge columns to remove the compounds. Similarly, purified F1 or membrane bound
enzyme regained activity following exposure to higher concentrations, once returned to lower
concentrations of the inhibitory compound, by dilution with buffer.

The growth pattern of E. coli in the presence of seventeen bioflavonoid compounds is presented
in Table 1. Remarkably, the loss of growth and ATPase inhibition in the presence of all the
compounds used in this study was nearly equivalent. The pUC118/DK8 (null strain) usually
grows from 40–50% of the pBWU13.4/DK8 (wild-type, Table 1). This is because the null
strain uses only glycolysis to generate ATP, whereas the wild-type uses both glyolysis and
oxidative phosphorylation. Up to 40–50% retention of growth in the presence of each of
bioflavonoid compounds is the result of intact substrate level phosphorylation, suggesting that
loss of growth (50–60%) is caused by abrogation of oxidative phosphorylation resulting from
inhibition of ATP synthesis. These results support the initial hypothesis that some of the
beneficial effects of dietary bioflavonoids may be attributable to their inhibitory effects on
ATP synthase. However, in earlier studies the degree of inhibition of F1-ATPase and ATP
synthesis in presence of some polyphenols, peptides, or antibiotic was also found to be different
[13–14,48].

The uncontrolled growth of tumor cells requires additional energy in the form of ATP generated
by ATP synthase. Thus the inhibition of ATP synthase will deprive tumor cells of required
energy and lead to cell death or apoptosis [13,16]. For example, resveratrol was shown to induce
apoptosis via a mitochondrial pathway [25,27]. Oligomycin, another specific ATP synthase
inhibitor induced an apoptotic suicide response in cultured human lymphoblastoid and other
mammalian cells within 12–18 hrs, but not in ρ° cells that are depleted of a functional
mitochondrial respiratory chain [49]. Thus inhibition of the components of mitochondrial
pathways may lead to marking of some cells, via CD14, for cell death, while allowing
commitment to differentiation to occur in the surviving population [50]. Cell death can also be
prompted through alteration of cellar bioenergetics. 1, 4-benzodiazepine (Bz-423) was shown
to bind and inhibit the oligomycin sensitivity – conferring protein subunit of F1Fo ATP
synthase. This results in significant decrease in ATP synthesis and increase in the production
of free radicals which in turn activates redox regulated apoptosis [51].

Polyphenol induced inhibition of proton-translocating F1-ATPase activity of S. mutans
resulting in inhibition of biofilm formation and acid production [22,52], and inhibition of
ATPase activity as well as intact E. coli cell growth indicated that ATP synthase is a potential
molecular target for dietary bioflavonoids. Two c-subunit mutations, D32V and A63P, of
mycobacterium synthase confer resistance against the anti-tuberculosis drug diarylquinoline
[53–54]. This also supports earlier conclusions that potent ATP synthase inhibitors may

2E. coli enzyme mutants namely αR283A/Q, αE284A/Q, βS263A/Q, γT273A/Q, γQ274A/K, γT277A/Q, and γE278A/Q resulted in the
loss of inhibition by resveratrol, piceatannol and quercetin. (Dadi, P.K., and Ahmad, Z. unpublished results)
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stimulate the development of specific antibacterial drugs, and drugs that target tumor cells
without affecting normal cells [13,16].
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Figure 1.
X-ray crystallographic structure of polyphenol binding site of ATP synthase. (A) Empty and
(B) hypothetical binding of morin hydrate at the polyphenol binding pocket. Residues from α,
β, and γ subunits involved in interaction with polyphenols are identified. In bovine two variants,
Q274K and T277I, occur in the γ subunit and are identified in the figure. PDB file 2jj1 [16]
with RasMol [55] was used to generate this figure.
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Figure 2. Structures of bioflavonoids are shown in three groups
(I) exerting complete inhibition of F1-ATPase activity, (II) exerting incomplete inhibition of
F1-ATPase activity, and (III) exerting insignificant inhibition of F1-ATPase activity.
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Figure 3. Complete inhibition of ATPase activity in purified F1 or membrane-bound ATP synthase
Membranes or purified F1 were preincubated for 60 min at 23°C with varied concentration of
bioflavonoids shown in the figure and then aliquots added to 1 ml of assay buffer and ATPase
activity determined. Details are given in Materials and Methods. Each data point represents
average of at least four experiments done in duplicate tubes, using two independent membrane
or F1 preparations. Results agreed within ± 10%.
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Figure 4. Incomplete inhibition of ATPase activity in purified F1 or membrane-bound ATP
synthase
Membranes or purified F1 were preincubated for 60 min at 23°C with varied concentration of
bioflavonoids identified in the figure and then aliquots added to 1 ml of assay buffer and
ATPase activity determined. Details can be found Materials and Methods section. Each data
point represents average of at least four experiments done in duplicate tubes, using two
independent membrane or F1 preparations. Results agreed within ± 10%.
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Figure 5. Insignificant or no inhibition of ATPase activity in purified F1 or membrane-bound ATP
synthase
Membranes or purified F1 were preincubated for 60 min at 23°C with varied concentration of
bioflavonoids identified in the figure and then aliquots added to 1 ml of assay buffer and
ATPase activity determined. Each data point represents average of at least four experiments
done in duplicate tubes, using two independent membrane or F1 preparations. Results agreed
within ± 10%.
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Figure 6. Results of Extra pulses of bioflavonoid compounds and reversal of inhibition by passing
through centrifuge columns
(A), Membrane bound ATP synthase (Mbr) or purified F1 (F1) was inhibited with inhibitory
concentrations of the bioflavonoid compounds shown in the figure for 60 min under conditions
as described in Fig 3–4. Then a further pulse of identical inhibitory concentrations was added
and incubation continued for 1 h before assay. The last digits represent the compound
concentrations in [μM]. (B) Purified F1 was incubated with inhibitory concentrations of
bioflavonoid compounds for 60 min under conditions as described in Fig 2–4. Then the
inhibited samples were passed twice through 1 ml centrifuge columns and ATPase activity was
measured. The first bar is for purified F1 with no compound (F1), followed by bars in presence
of compounds.
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