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Inhibition sites in F;-ATPase from bovine heart mitochondria

Jonathan R. GLEDHILL and John E. WALKER!

Medical Research Council Dunn Human Nutrition Unit, Wellcome Trust/MRC Building, Hills Road, Cambridge CB2 2XY, U.K.

High-resolution crystallographic studies of a number of inhibited
forms of bovine F,-ATPase have identified four independent types
of inhibitory site: the catalytic site, the aurovertin B-binding
site, the efrapeptin-binding site and the site to which the natural
inhibitor protein IF, binds. Hitherto, the binding sites for other in-
hibitors, such as polyphenolic phytochemicals, non-peptidyl
lipophilic cations and amphiphilic peptides, have remained un-
defined. By employing multiple inhibition analysis, we have
identified the binding sites for these compounds. Several of them
bind to the known inhibitory sites. The amphiphilic peptides
melittin and synthetic analogues of the mitochondrial import pre-
sequence of yeast cytochrome oxidase subunit IV appear to mimic
the natural inhibitor protein, and the polyphenolic phytochemical
inhibitors resveratrol and piceatannol compete for the aurovertin
B-binding site (or sites). The non-peptidyl lipophilic cation rhoda-

mine 6G acts at a separate unidentified site, indicating that there
are at least five inhibitory sites in the F,-ATPase. Each of the
above inhibitors has significantly different activity against
the bacterial Bacillus PS3 o3 85 subcomplex compared with that
observed with bovine F,-ATPase. IF, does not inhibit the bacterial
enzyme, even in the absence of the e-subunit. An understanding of
these inhibitors may enable rational development of therapeutic
agents to act as novel antibiotics against bacterial ATP synthases
or for the treatment of several disorders linked to the regulation
of the ATP synthase, including ischaemia—reperfusion injury and
some cancers.

Key words: amphiphilic peptide, inhibitory site, mitochondrial
F,-ATPase, non-peptidyl lipophilic cation, polyphenolic phyto-
chemical.

INTRODUCTION

The mitochondrial ATP synthase (F,F,-ATPase) is a multi-
subunit, membrane-bound assembly central to biological energy
conversion. The enzyme comprises a globular F, catalytic domain
(subunit composition &3 83y ,8,€;) and a membrane-bound F, pro-
ton translocating domain, linked together by central and peri-
pheral stalks [1]. ATP synthase couples the transmembrane PMF
(proton-motive force) to the synthesis of ATP from ADP and P;.
Several covalent and non-covalent inhibitors of mitochondrial
F,-ATPase have been identified. The covalent inhibitors include
NBD-CI (4-chloro-7-nitrobenzofurazan), DCCD (N,N’-dicyclo-
hexylcarbodi-imide), 8-azido-ATP, 2-azido-ATP, 5'-p-fluorosul-
phonylbenzoyladenosine and 5'-p-fluorosulphonylbenzoylino-
sine [2,3]. The non-covalent inhibitors include non-hydrolysable
substrate analogues [4,5], the natural inhibitor protein IF, [6],
the efrapeptins [7], the aurovertins [8,9], polyphenolic phyto-
chemicals [10,11], non-peptidyl lipophilic cations and amphi-
philic peptides [12].

Four inhibitory sites have been identified from high-resolution
crystallographic studies of inhibited forms of F,-ATPase from
bovine heart mitochondria. The non-hydrolysable NTP analogues
adenylylimidodiphosphate [13], ADP aluminium fluoride [14]
and ADP beryllium fluoride [15] bind to the catalytic site. The
covalent inhibitors act by modification of residues near the cata-
Iytic sites [16,17]. The antibiotics aurovertin and efrapeptin bind
at two independent inhibitory sites in the catalytic B-subunits:
efrapeptin to a site located in the central cavity of the enzyme,
making contacts with the central y-subunit, with subunit g and
with two adjacent «-subunits [18], and aurovertin to two equi-
valent sites situated between the nucleotide-binding and C-ter-
minal domains of the Bg- and Brp-subunits [19]. The natural
inhibitor protein, IF,, binds to a fourth site at the catalytic interface

between the C-terminal domains of the app- and Bpp-subunits, and
is in contact with the y -subunit [20].

The polyphenolic phytochemical inhibitors resveratrol and
piceatannol inhibit the ATP synthase by targeting the F;, domain.
They exhibit non-competitive and mixed inhibition of F-
ATPase activity respectively [10,11]. A number of amphiphilic
peptide inhibitors of F,-ATPase have also been identified. They
include the bee venom peptide melittin and synthetic analogues
(SynA2 and SynC) of the mitochondrial import pre-sequence of
yeast cytochrome oxidase subunit IV [12]. All adopt cationic
amphiphilic a-helical structures [21-23]. Melittin and SynA2
exhibit non-competitive inhibition of F,-ATPase, whereas SynC
shows mixed inhibition. The non-peptidyl lipophilic cation
rhodamine 6G also acts as a mixed inhibitor of F,-ATPase [12].
It has been suggested previously that an interfacial region near
the C-terminus of «- and B-subunits might form part of the bind-
ing site for the amphiphilic peptides and non-peptidyl lipophilic
cations [24].

The modes of inhibition (mixed or non-competitive) of poly-
phenolic phytochemicals, non-peptidyl lipophilic cations and
amphiphilic peptides indicate they do not bind to the catalytic
site. However, their binding sites and inhibitory mechanisms have
remained unclear. In particular, it is not known if they bind to
unidentified sites, or whether they interact with previously charac-
terized sites. In the present study, multiple inhibition analysis has
been used to determine the sites to which the amphiphilic peptides,
non-peptidyl lipophilic cations and polyphenolic inhibitors bind
to the F,-ATPase. Several of these inhibitors bind to previously
characterized inhibitory sites, but we show that at least one ad-
ditional distinct inhibitory site is present. In addition, we investi-
gated the effects of several of these inhibitors on the bovine
mitochondrial F,-ATPase compared with their effects on the
bacterial F,-ATPase subcomplex from thermophilic Bacillus PS3.

Abbreviations used: IF;, natural inhibitor protein of the mitochondrial F;Fy-ATPase; PMF, proton-motive force.
* To whom correspondence should be addressed (email walker@mrc-dunn.cam.ac.uk).

© 2005 Biochemical Society



592 J. R. Gledhill and J. E. Walker

Each inhibitor showed significantly different activity against the
bacterial enzyme compared with the bovine F,-ATPase.

EXPERIMENTAL
Materials

Melittin (GIGAVLKVLTTGLPALISWIKRKRQQ-NH,), rhoda-
mine 6G, dequalinium, efrapeptin (F and G subtypes), aurovertin
B, resveratrol and piceatannol (> 95 % purity) were all obtained
from Sigma (St. Louis, MO, U.S.A.). The synthetic analogues of
the mitochondrial import pre-sequence of yeast cytochrome
oxidase subunit IV, SynA2 (MLSRLSLRLLSRLSLRLLSRYLL-
NH,) and SynC (MLSSLLRLRSLSLLRLRLSRYLL-NH,)
(> 95 % purity) [12] were synthesized by Jerini Peptide Techno-
logies (Berlin, Germany). The purified o385y subcomplex of F,-
ATPase from thermophilic Bacillus PS3 was a gift from Professor
William Allison (Department of Chemistry and Biochemistry,
University of California at San Diego, La Jolla, CA, U.S.A.).

Purification of F,-ATPase and IF,

The purification of bovine F,-ATPase [16] and recombinant bov-
ine IF, [25] were carried out as described previously.

Inhibition assay

The activity of F,-ATPase was measured in the presence of
various concentrations of inhibitors using an ATP-regenerating
system. ATPase activity was estimated by addition of either 1.5 ug
of purified bovine F,-ATPase or 4.0 ug of the purified Bacillus
PS3 «;8;y subcomplex to 1 ml of assay mixture at 37°C and
following the decrease in absorbance of NADH at 340 nm. Initial
rates (v) over a period of 60 s were recorded. The ATPase assay
mixture contained 50 mM Pipes/NaOH, pH 6.6, 50 mM KClI,
2mM MgCl,, 12-15 units/ml pyruvate kinase, 12—15 units/ml
lactate dehydrogenase (Sigma), 0.2 mM NADH and 1 mM phos-
phoenolpyruvate. For multiple inhibition experiments and deter-
mination of the ICsy, 2 mM MgATP was used as substrate. ICs,
values were calculated by unweighted non-linear regression fits to
the median effect equation [26]. To determine K; values for single
inhibitor steady-state kinetics, initial rates were recorded using
MgATP concentrations ranging from 0.2 to 2 mM. Characteriz-
ation of inhibition was carried out using the complementary
methods of Dixon [27] and Cornish-Bowden [28]. Separate
measurements with MgADP ensured that the inhibitors had no
effect on the coupled assay system.

Kinetics of inhibition of F,-ATPase activity by multiple inhibitors

A semi-generalized formulation of single-enzyme multiple inhibi-
tion by two reversible inhibitors (I;, I,) has been reported pre-
viously (Scheme 1) [29]. It is assumed that I,-I,, I,-S, I,-S
and I,-1,-S are not formed and that no other type of inter-
action, except those shown, takes place. For the binary complexes,
inhibitor dissociation constants are designated as K with the
complex name in subscript. Dissociation constants of ternary com-
plexes are represented similarly with the ligand that dissociates
from the complex written as the last subscript term. For
example, Kg,;, refers to the dissociation of I, from the E-1; - 1,
complex.

Factors « and B represent the change in substrate affinity
induced by I, and I, respectively, or, alternatively, the alteration in
the affinity for the inhibitors due to the bound substrate. Factor y
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Scheme 1 Equilibria among enzyme species in the presence of substrate
and two inhibitors [29]

represents the mutual influence of the two inhibitors on the binding
of each other. Inhibitor binding is independent when y =1,
whereas values of y lower or greater than unity denote mutual
facilitation or hindrance respectively. The rate equation for
Scheme 1 can be written as:
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where v; and v, are the velocities of the inhibited and uninhibited
reactions respectively [29].

The Yonetani-Theorell plot [30] was used to evaluate the
interaction between two inhibitors. From eqn (1) it follows that,
for situations where the binding of two inhibitors to the enzyme
is mutually exclusive (i.e. y =00), a plot of v,/v; against [I,] at
a range of fixed [I,] would give a series of parallel lines. On the
other hand, if they can bind simultaneously to the enzyme (i.e.
oo > y > 0), the slope will depend on [I,] and the series of lines
will intersect. A value for the factor y can be calculated from fits
of the kinetic data to eqn (1) for several pairs of mutually non-
exclusive inhibitors. Since factor y provides information on the
mutual influence of any two inhibitors on each other, this serves
as a useful parameter for comparison. The strength of mutual
hindrance or facilitation can be easily assessed by the size of the
numerical value for y as described above.

As a test of this approach, the Yonetani—Theorell analysis
[30] was conducted on the combination of either efrapeptin or
aurovertin B with IF,. Both plots indicated mutual non-exclusive
binding, i.e. separate binding sites (results not shown). This is
in agreement with the high-resolution crystal structures of the
F,-ATPase inhibited by efrapeptin [18], aurovertin B [19] and
IF, [20], which indicate that neither efrapeptin nor aurovertin B
bind to the same site as IF,. This confirms that our approach
is a valid way of evaluating inhibitor mutual exclusivity on the
F,-ATPase.
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Figure 1 Effect of the combination of IF; and the amphiphilic «-helical

peptides melittin (A), SynA2 (B) and SynC (C) on bovine F,-ATPase

The series of parallel straight lines evident in the Yonetani—Theorell plots [30] indicates mutually
exclusive binding. The concentrations of I; (melittin, SynA2 or SynC) are shown on the abscissa,
andthose of I (IFy) are: (@) 0 M, (O) 0.1 M, (M) 0.2 M, ((7) 0.5 M, (A) 1.0 M. Linear
regression lines are drawn through the data points. Each point on the graphs is independent of
all others. The use of at least 20 points is sufficient to determine the nature of the interaction
between multiple inhibitors. The slight deviation from absolute parallel lines at higher inhibitor
concentrations is insignificant, the data are consistent with mutual exclusivity.

RESULTS

IF; and the cationic amphiphilic peptides bind to the same site
in F;-ATPase

Three amphiphilic peptides were studied: melittin, SynA2 and
SynC. The combinations of each peptide and IF, were analysed
by means of the Yonetani—Theorell plot [30] (Figure 1). For each
peptide, the plots of vy/v; against peptide (I;) concentration
at various concentrations of IF, (I,) gave a series of parallel
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Figure 2 Effect of the combination of aurovertin B and the polyphenolic
phytochemicals resveratrol (A) and piceatannol (B) on bovine F;-ATPase

The series of parallel straight lines evident in the Yonetani—Theorell plots [30] indicates mutually
exclusive binding. The concentrations of 14 (piceatannol or resveratrol) are shown on the abscissa,
and those of I, (aurovertin B) are: (@) 0 M, (O) 0.05 M, (M) 0.125 M, (CJ) 0.25 uM,
(A) 0.625 M (data using 0.625 M aurovertin B in combination with resveratrol were not
determined). Linear regression lines are drawn through the data points; for further details, see
the legend for Figure 1.

straight lines, indicating mutually exclusive binding to F,-ATPase
(y =00).

Resveratrol and piceatannol bind to the same site
as aurovertin B

Each combination of efrapeptin, aurovertin B and IF, with re-
sveratrol was analysed as above to determine whether polypheno-
lic phytochemical inhibitors compete with other inhibitors for
the known inhibitory sites or whether they act at a separate
site. The Yonetani—Theorell plot [30] obtained for aurovertin B
and resveratrol gave a series of parallel lines (Figure 2A). All
other combinations gave intersecting lines (results not shown).
Parallel lines were also observed in a similar plot for piceatannol
with aurovertin B (Figure 2B).

Rhodamine 6G binds to a distinct site in F;-ATPase

Each combination of efrapeptin, aurovertin B and IF, with
rhodamine 6G was analysed as above to determine whether non-
peptidyl lipophilic cations compete with other inhibitors for the
known inhibitory sites or whether they act at a separate site. All
combinations gave a series of intersecting lines (oo > y > 0),
indicating simultaneous binding to the enzyme (mutually non-
exclusive binding). A representative plot is shown (Figure 3).
Consequently, thodamine 6G and other structurally related non-
peptidyl lipophilic cations appear to bind to a site distinct
from the four inhibitory sites characterized by X-ray crystallo-

graphy.

© 2005 Biochemical Society
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Figure 3 Effect of the combination of efrapeptin and rhodamine 6G on
bovine F;-ATPase

The series of intersecting straight lines evident in the Yonetani-Theorell plot [30] indicates
mutually non-exclusive binding. The concentrations of I; (efrapeptin) are shown on the abscissa,
and those of I, (rhodamine 6G) are: (@) 0 M, (O) 10.4 1M, (M) 26 M, () 52 uM,
(A) 78 M. Linear regression lines are drawn through the data points; for further details, see
the legend for Figure 1.

Table1 Mutual influence of IF;, efrapeptin, aurovertin B (1;) and rhodamine
6G (l,) on the binding of each other

Values for the mutual influence factor, y, were calculated by unweighted non-linear regression
fits to eqn (1). Kinetic parameters derived from single inhibitor steady state kinetic experiments
were assigned for the fits toegn (1): IFy (Kg = 0.25 uM, o = 0.72), efrapeptin (Kg = 0.12 uM,
a = 1.4), aurovertin B (o = 0.05) and rhodamine 6G (Kg = 91 uM, a = 0.29). Kg represents
the inhibition constant for the competitive component. Factor « represents the change in
substrate affinity induced by inhibitor binding, or, alternatively, the alteration in the affinity for
the inhibitor due to the bound substrate. The inhibition constant for the uncompetitive component
Kes = aK. A mean value of 370 .M was obtained for Ks. The K value for aurovertin B could
not be determined accurately, since the inhibition was predominantly uncompetitive and hence
it was not included as a fixed parameter in the double inhibition non-linear regression fits to
eqn (1). The data are expressed as the means + S.D.

Variable inhibitor Fold change in inhibition 1/y

1= 28+03 0.36
Efrapeptin 038+002 26
Aurovertin B 13403 0.77

Data for the thodamine 6G double inhibition experiments were
fitted to eqn (1) by unweighted non-linear regression. For each
system, the set of data points provides sufficient information to
enable determination of four of the six unknown parameters: «, 3,
v, Ks, Ky, (efrapeptin, aurovertin B or IF,) and Ky, (thodamine
6G). Steady-state single-inhibitor kinetic parameters for IF|,
rhodamine 6G, efrapeptin and aurovertin B were determined in-
dependently and their values kept fixed during fitting to eqn (1).
All of the inhibitors exhibited mixed inhibition of F,-ATPase
activity, except aurovertin B, which exhibited uncompetitive in-
hibition. Values for factor y (representing the mutual influence of
the two inhibitors on the binding of each other) were determined
(Table 1).

These values indicate that IF, and rhodamine 6G act anta-
gonistically, hindering the binding of one another, whereas
efrapeptin and rhodamine 6G act synergistically. Aurovertin B
and rhodamine 6G appear to bind independently. The interactions
between I, and I, in the E -, - I, complex could arise from any
number of effects, including ion-dipole, interionic, interdipole,
hydrophobic and hydrophilic interactions, as well as simple steric
hindrance and protein conformational changes. A y value greater
than unity could be interpreted as two binding sites being in close
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Table 2 Comparison of inhibitory activities on bovine F;-ATPase and the
a3 B3y subcomplex of Bacillus PS3

The data are expressed as the means + S.D.

ICsp (M)
Inhibitor Bovine Fy-ATPase Bacillus PS3 a3 B3y
IF4 0.25+0.01 No inhibition
Melittin 12401 Stimulatory
SynA2 0.29+0.02 17403
SynC 0.16+0.01 16+04
Resveratrol 6.4+01 No inhibition
Piceatannol 6.1+0.1 No inhibition
Rhodamine 6G 27+1 Stimulatory
Dequalinium 46 +1 19+1

proximity and, as such, the binding of one inhibitor, while not
causing mutual exclusivity, may hinder the approach and inter-
action of a second inhibitor through binding site overlap or protein
conformational changes. Independent inhibitor binding would
suggest that the sites do not interact at all. Synergism is more
difficult to explain, and again could be a consequence of global
conformational changes in the enzyme. Any of the inhibitors
described here may lock the F,-ATPase in a conformation that
hinders or facilitates the binding of subsequent inhibitor mol-
ecules, even if they operate at distinct sites.

Comparison of inhibitory activities against bovine F,-ATPase
and the o383y subcomplex of Bacillus PS3

ICy, values were determined for each of the amphiphilic peptides,
IF,, rhodamine 6G, dequalinium, piceatannol and resveratrol
against both the bovine F,-ATPase and the bacterial o385y sub-
complex (Table 2). The order of effectiveness of the inhibitors on
bovine F,-ATPase as assessed by ICs, values was: SynC (most
effective), IF,, SynA2, piceatannol, resveratrol, melittin, rhoda-
mine 6G and dequalinium (least effective). Each of the above in-
hibitors has significantly different activity against the bacterial
a3 ;Y subcomplex compared with that observed with bovine F,-
ATPase. IF,, resveratrol and piceatannol have no inhibitory activ-
ity on the bacterial enzyme subcomplex. However, melittin and
rhodamine 6G stimulate the ATPase activity of the bacterial sub-
complex. The stimulatory effect seen for melittin is much weaker
than that observed for rhodamine 6G, which appears to stimulate
ATPase activity by more than 3-fold at low concentrations. As
the concentrations are increased, the stimulatory effect of both
melittin and rhodamine 6G decreases until, at sufficiently high
concentrations, the compounds act as inhibitors. SynA2 and SynC
have much weaker inhibitory activity on the bacterial enzyme
when compared with the bovine enzyme. The 1Cs, values deter-
mined for SynA2 and SynC on the bacterial «;8;y subcomplex
are 6- and 10-fold higher respectively than those observed on the
bovine enzyme. Dequalinium, on the other hand, shows approx.
2-fold greater inhibitory activity on the bacterial enzyme com-
pared with the bovine enzyme.

DISCUSSION

Bovine IF, is an 84-residue protein, which inhibits ATP hydrolysis
by forming a 1:1 complex with ATP synthase. Binding of the
inhibitor protein requires hydrolysis of MgATP in the absence
of the PMF and is optimal below pH 7.0 [31,32]. In vitro, the
active form of bovine IF; is a dimer [25] associated by an
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Figure 4 High-resolution crystal structures of IF; (A) and melittin (B)

Ribbon and electron density mesh (contoured at o) representations of the structures of the
N-terminal segment (residues 4—40) of bovine IF; taken from the F4-ATPase—IF crystal structure
[20] (Protein DataBank accession code 10HH) and full-length bee venom melittin (residues 1-
26) [21] (Protein DataBank accession code 2MLT). The N- and C-termini are indicated. Both
molecules adopt a cationic amphiphilic helix—turn—helix motif. Images were produced with the
program PyMOL (DeLano Scientific, San Carlos, CA, U.S.A.).

antiparallel «-helical coiled-coil between the C-terminal regions
of monomers [33,34]. This arrangement places the N-terminal
minimal inhibitory sequences (residues 14—47) [35] in opposition,
allowing the dimeric IF, to bind two F, domains simultaneously
[20,36]. Each monomer folds into a single cationic amphiphilic
a-helix approx. 95 Ain length. Melittin, SynA2 and SynC also
adopt cationic amphiphilic «-helical structures [21-23].

In light of the structural similarity between the amphiphilic
cationic peptides and IF,, (Figure 4) it is reasonable to conclude
that their mutual exclusivity of binding is a consequence of com-
petition for the same inhibitory site in F,. Furthermore, high-
affinity binding to the IF, site must be largely dependent on
the adoption of a cationic, amphiphilic helical structure, rather
than sequence similarity to the inhibitor protein. This suggestion
is consistent with the amphiphilic nature of the F,-ATPase—IF,
binding surface [20]. Previously, it had been proposed that
the binding site for amphiphilic peptides and non-peptidyl lipo-
philic cations involves an interfacial region near the C-terminus of
the a- and B-subunits [24]. The crystal structure of the F,-ATPase—
IF, complex [20] has now identified this region as a critical part
of the IF,-binding site. These observations are in agreement with
our kinetic analysis.

Inhibitor proteins from yeast and bovine mitochondria are able
to inhibit the F,-ATPase from each other [37]. Of the 32 bovine
F,-ATPase residues involved in binding to IF,, 25 are identical
in yeast F;-ATPase. A total of 21 of the 32 IF,-binding residues
are also identical in the Escherichia coli enzyme [20], and in
Bacillus PS3 19 of them are identical. Since the IF, interface is
well conserved in both Bacillus PS3 and E. coli, it has remained

|

|

| R=H (Resveratrol)

: R = OH (Piceatannol)

fm————————

Figure 5 Chemical structures of aurovertin B (A) and resveratrol/
piceatannol (B)

Boxed areas indicate the structurally similar features of the two molecules. Aurovertin B
comprises a (left-hand side) substituted pyrone ring linked by a rigid spacer containing
conjugated double bonds to a (right-hand side) substituted dioxadicyclo[3.2.1]octane (or
aglycone) ring. Resveratrol and piceatannol consist of two phenolic rings linked by a rigid
spacer containing a double bond.

unclear why the inhibitor protein has no effect on bacterial F-
ATPases. One explanation has been that the e-subunit, which has
been shown to inhibit ATP hydrolysis in vitro, may impede the
inhibitory effect of IF, on bacterial enzymes [38—40].

The a;8;y subcomplex of Bacillus PS3 F,-ATPase used in
our present study is not inhibited by IF,. Thus the ¢-subunit is not
responsible for the lack of inhibition by IF,. Furthermore, it might
be expected that amphiphilic peptides acting at the same site as
IF, on the bovine enzyme would exhibit significantly reduced
affinity for the bacterial enzyme. Indeed, melittin, SynA2 and
SynC all show poor inhibitory activity against the bacterial o3 8y
subcomplex compared with bovine F,-ATPase, supporting the
conclusion that they compete for the same site as IF,. However,
in light of the sequence and structural similarity between Bacillus
PS3 F,-ATPase and bovine F,-ATPase [41], it remains unclear as
to why the inhibitor protein has no effect on the bacterial enzyme,
even in the absence of the e-subunit, and yet is a potent regulator
of the mitochondrial enzyme.

Also, melittin has been shown to bind to calmodulin, inhibiting
its activation and interaction with target enzymes [42,43]. IF, also
interacts specifically with calmodulin [44]. These observations are
consistent with our proposal of amphiphilic «-helical peptides
mimicking the action of the inhibitor protein.

The mutually exclusive binding of the polyphenolic phyto-
chemical inhibitors and aurovertin B to F,-ATPase indicates that
resveratrol, piceatannol and probably other related polypheno-
lic phytochemicals bind to the aurovertin B site (or sites).
Aurovertin B binds to bovine F; at two equivalent sites on Brp
and Bg, in a cleft between the nucleotide-binding and C-terminal
domains [19]. It appears to inhibit the F,-ATPase by preventing
closure of the catalytic interfaces necessary for cyclic inter-
conversion of catalytic sites. Our kinetic data and the modest
structural similarity (Figure 5) between these two classes of

© 2005 Biochemical Society
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molecules suggest that polyphenolic inhibitors may act on the
F,-ATPase by a similar mechanism.

The Bacillus PS3 «;B;y subcomplex remains uninhibited
in the presence of the polyphenolic phytochemicals resveratrol
and piceatannol. Previously, it has been shown that Bacillus PS3
is naturally insensitive to aurovertin and does not bind the anti-
biotic [45,46]. In the structure of bovine F,-ATPase complexed
with aurovertin B [19], B-subunit(Arg-412) makes an important
hydrogen bonding interaction with the carbonyl group on the sub-
stituted pyrone ring of aurovertin B. In addition, B-subunit(Tyr-
458) forms a crucial staggered stacking interaction with the
pyrone ring. A similar structural element to the aurovertin B py-
rone ring is also present in the polyphenolic phytochemical
inhibitors. However, in Bacillus PS3, B-subunit(Arg-412) is re-
placed by a phenylalanine residue and B-subunit(Tyr-458) is
also changed to an arginine residue. Therefore, in Bacillus PS3,
this hydrogen bonding interaction and stacking interaction with
the pyrone of aurovertin B or the phenolic ring of the phytochem-
ical inhibitors cannot form. Thus the insensitivity of Bacillus
PS3 to polyphenolic phytochemicals observed in the present
study is entirely consistent with them acting at the aurovertin
B-binding site (or sites). Previously, on the basis of photo-
chemical labelling studies, it has been argued that dequalinium
might mimic aurovertin B when it inhibits the mitochondrial F,-
ATPase [47].

Rhodamine 6G appears not to share a binding site with any
of the other inhibitors. We suggest, on the basis of the mutual
hindrance observed between IF, and rhodamine 6G, that the bind-
ing site for the non-peptidyl lipophilic cations is located at the
C-terminal domain of the «-subunit close to the IF,-binding site.
In agreement with this proposal is the previous observation that
rhodamine 6G protects against photo-inactivation of F,-ATPase
by dequalinium, which binds to the C-terminal «-helical bundle
domains of both - and B-subunits [24,47]. The C-terminal region
of the Bpp-subunit forms the major part of the IF,-binding site.
However, IF, also forms limited interactions with the adjacent
C-terminal domain of the app-subunit [20] and in particular
with Phe-403, which is derivatized during photo-inactivation by
dequalinium [24]. Rhodamine 6G, being much smaller than the
inhibitor protein, may consequently bind to this region of the a-
subunit, and its binding would not exclude the binding of IF, (and
vice versa). Phe-406 is also derivatized by dequalinium [24]. The
aromatic rings of these phenylalanine residues are close enough to
allow an aromatic ring of rhodamine 6G and related cationic dyes
to stack between them. The mutual hindrance observed for IF,
and rhodamine 6G binding can then be explained by the limited
interactions the inhibitor protein forms with this region of the
a-subunit. Previously, it had been suggested that there may be
more than one binding site for rhodamine 6G [12]. Therefore, it
is possible that it binds to the C-terminal region in more than one
of the -subunits.

Medical implications

It is becoming increasingly evident that the ATP synthase plays
a crucial role in the pathophysiology of several human disorders,
including ischaemia—reperfusion injury, tumour growth and pro-
gression and cholesterol homoeostasis. Moreover, inhibitors of
mitochondrial and ectopic ATP synthase could form the basis
of effective therapeutic strategies.

Numerous studies have been conducted into the pathophysio-
logical significance of IF, and the ATP synthase, primarily in the
context of myocardial ischaemia and tumour growth [32]. When
a cell is deprived of oxygen, for example under conditions of
ischaemia, the PMF across the inner mitochondrial membrane
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collapses, and cellular ATP is provided by glycolysis, leading
to a drop in the pH of both the cytosol and the mitochondrial
matrix. The reduction in pH activates IF,, which binds to the
catalytic domain of ATP synthase and prevents futile hydrolysis
of ATP [31]. Ischaemic conditions may also be found in tumour
cells, where oxygen levels vary from the perivascular regions to
the anoxic necrotic centres. It has been suggested that ATPase
activity of the ATP synthase might be more tightly regulated by
IF, in tumour cells [32].

The ectopic localization of catalytically active ATP synthase has
been reported on human endothelial cells [48] and hepatocytes
[49], where ATP metabolism might be linked to the promotion
of angiogenesis and cholesterol homoeostasis respectively. This
immediately suggests a novel therapeutic use for inhibitors of the
ATP synthase for the control of cholesterol levels and the inhibi-
tion of tumour growth — fundamental issues in cardiovascular and
cancer research respectively.

Dietary polyphenolic phytochemicals interact with numerous
biological processes and have been shown to exhibit a range of
medically beneficial effects. For example, the major biological
activities of resveratrol and piceatannol include antioxidant
and free-radical scavenging properties, cardiovascular protective
activity, anti-osteoporotic and anti-inflammatory activities, anti-
cancer activity, anti-bacterial and fungicidal activities and oestro-
genic activity [50-53]. These and other polyphenolic phyto-
chemicals may exert their many effects through inhibition of ATP
synthase, both on the plasma membrane, acting as anti-angiogenic
factors, and in the mitochondrion, disrupting energy production
[10,11]. Disruption of mitochondrial function is implicated in
many medically important cellular processes [54].

Of particular interest are the differential effects of the inhibitors
studied here on the mitochondrial and bacterial F,-ATPases.
These differential effects suggest the binding sites might be quite
different in bacterial enzymes. Dequalinium, and possibly other
non-peptidyl lipophilic cations, are thought to interact at different
sites on the bovine and Bacillus F,-ATPases [55]. Through
systematic investigation we have been able to show that selective
inhibition of the ATP synthase from one species over another
is possible. The identification of inhibitors capable of acting
selectively on bacterial ATPases immediately suggests a novel
avenue for the development of antibiotics. Also, dequalinium
appears to exhibit preference for the Bacillus PS3 subcomplex
over the bovine F,-ATPase. Dequalinium is a well-known anti-
microbial and has been used for over 40 years in over-the-counter
mouthwashes, lozenges, ointments and creams. In addition, de-
qualinium has been reported to mimic the anti-carcinoma activity
of rhodamine 123 [56]. Rhodamine 6G and other non-peptidyl
lipophilic cations protect the F,-ATPase activity against photo-
inactivation by dequalinium and many are structurally similar
to rthodamine 123 [12]. Therefore, it is likely that rhodamine
6G and other non-peptidyl lipophilic cations may also exhibit
anticarcinoma activity.

Conclusions

We have identified the binding sites for a number of inhibitory
molecules that were previously uncharacterized. To date, the
number and nature of inhibitory sites present in the mitochondrial
F,-ATPase have not been systematically studied. The amphiphilic
a-helical peptides described here represent novel inhibitors that
mimic the natural inhibitor protein. In addition, we have shown
that polyphenolic phytochemical inhibitors act at the binding site
(or sites) for the antibiotic aurovertin B. Non-peptidyl lipophilic
cations, on the other hand, act at a distinct site yet to be charac-
terized. Therefore, there are at least five distinct sites for
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inhibition. Each of the above inhibitors also exhibited significantly
different activity against the bacterial Bacillus PS3 o385y sub-
complex compared with that observed with bovine F,-ATPase.
IF, does not inhibit the bacterial enzyme, even in the absence
of the e-subunit. Thus bacterial enzymes are unable to bind IF,
despite high sequence and structural similarity. It is becoming
increasingly apparent that ATP synthase inhibitors may be of
therapeutic value.
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