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Background: Themacrolide antibiotics oligomycin, venturicidin and bafilomycin, sharing the polyketide ring and
differing in the deoxysugarmoiety, are known to block the transmembrane ion channel of ion-pumping ATPases;
oligomycins are selective inhibitors of mitochondrial ATP synthases.
Methods: The inhibition mechanism of macrolides was explored on swine heart mitochondrial F1FO-ATPase by
kinetic analyses. The amphiphilic membrane toxicant tributyltin (TBT) and the thiol reducing agent
dithioerythritol (DTE) were used to elucidate the nature of the macrolide–enzyme interaction.
Results: When individually tested, the macrolide antibiotics acted as uncompetitive inhibitors of the ATPase ac-
tivity. Binary mixtures of macrolide inhibitors I1 and I2 pointed out a non-exclusive mechanism, indicating that
eachmacrolide binds to its binding site on the enzyme.When co-present, the twomacrolides acted synergistical-
ly in the formed quaternary complex (ESI1I2), thus mutually strengthening the enzyme inhibition. The enzyme
inhibition by macrolides displaying a shared mechanism was dose-dependently reduced by TBT ≥ 1 μM. The
TBT-driven enzyme desensitization was reversed by DTE.

Conclusions: The macrolides tested share uncompetitive inhibition mechanism by binding to a specific site in a
common macrolide-binding region of FO. The oxidation of highly conserved thiols in the ATP synthase c-ring of
FO weakens the interaction between the enzyme and the macrolides. The native macrolide-inhibited enzyme
conformation can be restored by reducing crucial thiols oxidized by TBT.
General significance: The findings, by elucidating the macrolide inhibitory mechanism on FO, indirectly cast light
on the F1FO torque generation involving crucial amino acid residues andmay address drug design and antimicro-
bial therapy.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The mitochondrial F1FO-ATPase (EC 3.6.3.14) is a bi-powered enzy-
matic engine that exploits the transmembrane proton motive force Δp
to clockwise rotate the membrane portion FO, which channels H+ and
drives ATP synthesis from ADP and inorganic phosphate (Pi) by the hy-
drophilic catalytic sector F1 through a torque generation mechanism.
Conversely, through a counterclockwise rotation driven by ATP hydro-
lysis by F1, the same enzyme complex converts the Gibbs free energy
of hydrolysis in uphill proton transport through FO, thus re-energizing
mitochondria [1–3]. The bi-functional capability of the mitochondrial en-
zyme complex, a unique example of chemo-mechanical coupling in bio-
logical systems, is long known to be specifically inhibited by oligomycins
(OLIGs) [4]. Accordingly, OLIG inhibition has been widely exploited to
study the ATPase/synthase functionality in eukaryotic cells. Conversely
OLIG, generally produced by Streptomyces diastatochromogenes and other
Streptomyces species [5] as a mixture of structurally closely related com-
pounds, is ineffective in bacterial F1FO-ATPase [6]. OLIG belongs to the
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polyketide class of macrolide antibiotics whose basic structure consists
of polymers of ketide units, featured by a macrocyclic lactone ring
bound to one or more deoxy-sugars. Some natural macrolides, such as
apoptolidin and ossamycin produced by Nocardiopsis and various
Streptomyces strains, are also known as potent inhibitors of FO. Appar-
ently, the macrolide ring confers the inhibition power, while the
deoxysugar moiety is not crucial for ATPase inhibition [7]. After
50 years of studies, the OLIG binding site has been localized on FO and
precisely on the c subunits, which by forming a sort of cylindrical pali-
sade constitutes the c-ring, a key element in the torque generation
mechanism [2]. The c-subunit number, constant for a given species
but variable among species, determines the c-ring size, in turn related
to the bioenergetic efficiency, being small rings associated with low
bioenergetic cost of ATP. This advantageous condition is apparently
favored from an evolutionary standpoint [1,8,9]. Proton flux through
the c-ring involves a carboxyl group which, approximately at the mid-
point of each C-terminal α-helix, transfers protons by switching from
the proton-locked conformation to the deprotonated open conformation
[10]. From a close insight, OLIG, by binding to two adjacent c-subunits,
would shield this carboxyl residue, block proton flux and inhibit the
F1FO-ATPase/synthase activities [11]. The OLIG molecular arrangement
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in the c-ring is thought to be shared by othermacrolide antibiotics such as
venturicidin (VENT) and bafilomycin (BAF) and to constitute the molec-
ular basis of the F1FO complex inhibition. VENT strongly inhibited H+-
translocation and both ATP synthesis and hydrolysis in mitochondrial
and in bacterial F1FO-ATPases [6]. BAF selectively inhibited V-type
ATPases by a similarmechanism to that of eukaryotic F1FO-ATPase inhibi-
tion byOLIG [12,13]. Since the c-rings in the F- andV-ATPases are thought
to stem from a common ancestor [14], the possibility that the two
enzyme rotary complexes contain a similar antibiotic binding site
seems not remote [12].

Antibiotic drug resistance can be achieved by a variety of mecha-
nisms. Accordingly, the events involved in the mitochondrial F1FO-
ATPase sensitivity loss to natural compounds such as OLIG, can be
related to structural changes, in turn involving mitochondrial bioen-
ergetics [15]. Interactions of macrolide antibiotics with the F1FO
complex are an emerging field, up to now poorly explored [11].
Accordingly, by investigating through a kinetic approach the mutual
behavior of OLIG, VENT and BAF in the mitochondrial F1FO-ATPase
inhibition and the mechanisms of enzyme desensitization to these
macrolide inhibitors, we primarily aimed at casting light on the an-
tibiotic binding sites within FO and on the energy transduction
mechanisms involved in ATP synthesis. However, the results can
also provide useful information for drug design and to exploit natu-
ral compounds as new therapeutic agents.

2. Materials and methods

2.1. Chemicals

Na2ATP, oligomycin (a mixture of oligomycins A, B and C, in the
proportion 64:15:17 respectively), tri-n-butyl chloride (TBT), 1,4-
dithioerythritol (DTE) and 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB)
were of the highest purity available and obtained from Sigma–Aldrich
(Milan, Italy). Venturicidin A and bafilomycin B1 were of the highest
purity available and obtained from Vinci-Biochem (Vinci, Italy). All
other chemicals were reagent grade. Protein Assay kit II was purchased
by Bio-Rad (Milan, Italy). Quartz double distilled water was used for all
reagent solutions.

2.2. Preparation of the mitochondrial fractions

Swine hearts (Sus scrofa domesticus) were collected at a local abat-
toir and transported to the lab within 2 h in ice buckets at 0–4 °C.
After removal of fat and blood clots as much as possible, approximately
30–40 g of heart tissue were rinsed in ice-cold washing Tris–HCl buffer
(medium A) consisting of 0.25 M sucrose, 10 mM Tris(hydroxymethyl)-
aminomethane (Tris), pH 7.4 and finely chopped into fine pieces with
scissors. Each preparation was made from one heart. Once rinsed, tis-
sues were gently dried on blotting paper and weighted. Then tissues
were homogenized in the homogenizing buffer (medium B) consisting
of 0.25 mM sucrose, 10 mM Tris, 0.2 mM EDTA (free acid), 0.5 mg/mL
BSA, pH 7.4with HCl. After a preliminary gentle break up byUltraturrax
T25, the tissue was carefully homogenized by a motor-driven Teflon
pestle homogenizer (Braun Melsungen Type 853202) at 450 rpm with
5 up-and-down strokes. The mitochondrial fraction was then obtained
by stepwise centrifugation (Sorvall RC2-B, rotor SS34) [16]. Briefly,
the homogenate was centrifuged at 1000 g for 5 min, thus yielding a
supernatant and a pellet. The pellet was re-homogenized under the
same conditions of the first homogenization and re-centrifuged at
1000 g for 5 min. The gathered supernatants from these two centrifuga-
tions, filtered through four cotton gauze layers, were centrifuged at
10,500 g for 10 min to yield the rawmitochondrial pellet. The raw pel-
let was resuspended in medium A and further centrifuged at 10,500 g
for 10 min to obtain the finalmitochondrial pellet. The latterwas resus-
pended by gentle stirring using a Teflon Potter Elvejehm homogenizer
in a small volume of medium A, thus obtaining a protein concentration
of 20–25 mg/mL. All steps were carried out at 0–4 °C. The protein con-
centration was determined according to the colorimetric method of
Bradford [17] byBio-Rad ProteinAssay kit IIwith bovine serumalbumin
(BSA) as standard. The mitochondrial preparations were then stored in
liquid nitrogen until the evaluation of ATPase activities.

2.3. Assay of the Mg-ATPase activity

The thawed mitochondrial fractions were immediately used for the
Mg-ATPase activity assays. The capability of enzymatic ATP hydrolysis
was assayed in a reaction medium (1 mL) containing 75 mM
ethanolammine–HCl buffer pH 8.9, 6.0 mM Na2ATP, 2.0 mM MgCl2
and 0.15 mg mitochondrial protein. After 5 min at 30 °C, the reaction,
carried out at 30 °C, was started by the addition of the substrate ATP
and stopped after 5 min by the addition of 1 mL of ice-cold 15% (v/v)
aqueous solution of trichloroacetic acid. Once the reaction was stopped,
vials were centrifuged for 15 min at 5000 rpm (ALC 4225 Centrifuge).
In the supernatant, the concentration of inorganic phosphate (Pi) hy-
drolyzed by known amounts of mitochondrial protein, which is an indi-
rect measure of ATPase activity, was spectrophotometrically evaluated
according to Fiske and Subbarow [18].

In all experiments the ATPase activity was calculated as μmoles
Pi mg protein−1 h−1. The data represent the mean ± SD (shown as
vertical bars in the figures) of at least three replicates carried out on
distinct tissue preparations.

2.4. Preincubation procedures

In selected experiments, to favor incorporation of the compounds
within the mitochondrial membranes and avoid the direct interference
between different reagents, enzymatic assays were carried out onmito-
chondria preincubated in vials for 30 min on icewith the compounds to
be tested. Accordingly, the preincubation of mitochondria with selected
TBT doses aimed at ensuring TBT incorporation within the membranes
and at evaluating the effect of the thiol reagent dithioerythritol (DTE),
ruling out a direct interaction between DTE and TBT. In detail, mito-
chondria were preincubated with 4 μL DMSO (control) or 4 μL of
appropriate TBT solutions in DMSO to yield the final 35 μMTBT concen-
trations in the reaction system. To prevent possible chemical interac-
tions between TBT and DTE, 100 μM DTE were added in the TBT-
preincubated mitochondrial suspensions only when were acclimated
at 30 °C. After this incubation time, the ATPase reaction was carried
out as described in the previous section. The DTE concentrations were
previously tested [19].

2.5. Kinetic analyses

Kinetic studies on the mutual interactions between two inhibitors
(double inhibitors) of the same enzyme activity (mitochondrial ATPase)
(Segel, 1975) were carried out to cast light on the possible binding site
ofmacrolide antibiotics. In all kinetic analyses the enzyme specific activ-
ity was taken as the expression of the reaction rate (v).

The mechanism of the enzyme inhibition by OLIG, VENT and BAF
was explored by the aid of the graphical methods of Dixon [20] and
Cornish-Bowden [21] which complement one another.

A series of parallel lines at the different ATP concentrations tested is
typical of uncompetitive inhibition. In this case, according to the Dixon
equation:

1
v
¼ 1

K ′
i V max

I½ � þ 1
V max

1þ Km

S½ �
� �

ðIÞ

the slope corresponds to 1/K′iVmax, whereK′i is the dissociation constant
of the enzyme–inhibitor–substrate complex (EIS), and the intercept on
the y axis corresponds to (1 + Km/[S])Vmax

−1.
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According to the Cornish–Bowden equation:

S
v
¼ S½ �

K ′
i V max

I½ � þ Km þ S½ �
V max

ðIIÞ

if the straight lines intersect above the x axis, namely in the y pos-
itive half-plane, the compound tested behaves as uncompetitive
inhibitor [20]. In this case the abscissa of the intersection point
corresponds to −K′i, while the ordinate corresponds to Km/Vmax

[21].
The inhibition mechanism of the three antibiotics under study

was further investigated by testing binary mixtures of inhibitors,
namely by plotting 1/v vs. [I1] at different fixed [I2] and constant [S]
to build Dixon plots [22]. This experimental approach aimed at
eliciting possible interactions between the compounds under study
in their binding to the mitochondrial complex. Thus, on considering
OLIG, VENT and BAF as three mitochondrial ATPase inhibitors (I1, I2,
I3), the enzyme activity was evaluated in the presence of increasing
concentrations of the macrolide I1 at fixed concentrations of the
macrolide I2 and at 6 mM ATP. The protocol described for I1 and I2
was also applied by testing the binary combinations I1 + I3 and
I2 + I3. According to this diagnostic test, the simultaneous enzyme
inhibition by the two inhibitors I1 and I2 fits Eq. (III) for synergistic
uncompetitive inhibitors:

1
v
¼ 1

K ′
i1 V max

1þ I2½ �
αK ′

i2

 !
I1½ � þ 1

V max
1þ Ks

S½ � þ
I2½ �
K ′
i2

 !
: ðIIIÞ

This situation implies that I1 and I2 simultaneously combinewith the
enzyme–ATP complex.

By fitting data according to Eq. (III), namely 1/v as a function of [I1],
the abscissa of the point of intersection of the two straight lines obtain-
ed in the presence and absence of I2 corresponds to −αK′i1, while the
ordinate is 1/Vmax(1−α + KS/[S]).
Fig. 1.Mitochondrial ATPase inhibition by oligomycin, venturicidin and bafilomycin. The enzym
oligomycin, venturicidin and bafilomycin, respectively. Each point represents the mean ± SD
The value ofαK′i2was calculated from the slopes of the straight lines
obtained in the presence (slope I1 + I2) and in the absence of I2 (slope
I1) according to the following relation:

αK ′
i2 ¼ I2½ �

slopeI1 þ I2
slopeI1

−1
: ðIVÞ

For each macrolide antibiotic, once obtained the values of αK′i from
the Dixon plot of mutual interactions between two inhibitors and of K′i
from the Cornish–Bowden plot, the interaction constant (α) was directly
obtained from the ratio:

α ¼ αK ′
i

K ′
i

: ðVÞ

In all plots, the correlation coefficientswere always higher than 0.97,
thus confirming the linearity of the graphs.

The IC50 values of the antibiotics under studywere graphically inter-
polated from the inhibition curves of the mitochondrial ATPase, which
followed the equation for a single exponential decaywith offset, namely
to a non-zero value:

y ¼ A0 � e−kx þ offset: ðVIÞ

The enzyme activity data showing the decrease in the Mg-ATPase
sensitivity to macrolide antibiotics in the presence of TBT fitted to the
exponential equation:

y ¼ A0 � e−kx
: ðVIIÞ

In both equations A0 corresponds to the enzyme activity value in the
absence of inhibitor, namely to the intercept of the plots with y axis,
while k is a constant related to the curve gradient.
e activities are expressed as percentage of the enzyme activity detected in the absence of
(vertical bars) from 3 determinations carried out on distinct pools.
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2.6. Quantitative evaluation of SH groups

Mitochondrial thiol concentrations under various experimental condi-
tionswere colorimetrically quantifiedbyEllman's reagent [23]. Thiswide-
ly usedmethod is based on the capability of 5,5′-dithiobis(2-nitrobenzoic
acid) (DTNB) to react with free thiol groups by forming disulphide bonds
with thionitrobenzoic acid (TNB). Since the ratio of protein thiol to TNB
formed is 1:1, TNB formation was used to assess the number of thiols
present [24]. After the addition of 15% v/v trichloroacetic acid solution
(250 μL/0.15 mg protein) to precipitate proteins, the mitochondrial sus-
pension was centrifuged at 12,000 g for 5 min at 4 °C, the supernatant
removed and the mitochondrial pellet carefully resuspended with potter
Eppendorf pestle. Then, 400 μL of DTNB solution containing 0.5 M
phosphate buffer (KH2PO4/K2HPO4, pH 7.4), 0.2 mM DTNB, 5 mM
EDTA, was added to the suspension and incubated for 15 min at 4 °C. Ab-
sorbance at 412 nm (maximum TNB absorption wavelength) of the su-
pernatant from a second centrifugation at 12,000 g for 5 min at 4 °C
was read on a Perkin-Elmer lambda 45 spectrophotometer. Thiol groups
inmitochondriawerequantitatively evaluated by interpolating the absor-
bance values in a calibration curve built by employing known cysteine
concentrations as –SH standard. In each experiment set, data were
Fig. 2.Mitochondrial ATPase inhibition by oligomycin, venturicidin and bafilomycin. Dixon (A, B
Section 2.5. All points represent the mean ± SD (vertical bars) of four distinct experiments car
expressed as percentage of the 100% free –SH groups in TBT freemedium
which was considered as control [25].

2.7. Statistics

Thedata represent themean ± SD (shown as vertical bars in thefig-
ures) of the number of experiments reported in figure captions and
table legends. In each experimental set, the analyses were carried out
on different pools of animals. The differences between data obtained
in the presence and in the absence of the inhibitors to be tested in the
ATPase reaction mixtures were evaluated by one way ANOVA followed
by Dunnett's test or Students–Newman–Keuls' test, when F values indi-
cated significance (P ≤ 0.05).
3. Results

3.1. Inhibition of the mitochondrial Mg-ATPase activity

As shown in Fig. 1, the sensitivity ofmitochondrial ATPase activity to
OLIG, VENT and BAFwas evaluated by testing increasing concentrations
, C) andCornish–Bowden (D, E, F) plots drawn at 6.0 (●) and 3.0 (○)mMATP as detailed in
ried out on distinct pools. Data were fitted to straight lines by linear regression (R N 0.97).

image of Fig.�2


Table 1
IC50 and K′i values for the mitochondrial ATPase inhibition by oligomycin (OLIG),
venturicidin (VENT) and bafilomycin (BAF).

IC50 (μM) K′i (μM)

OLIG 0.092 ± 0.003 a 0.056 ± 0.004 a
VENT 0.105 ± 0.005 a 0.081 ± 0.003 a
BAF 28.7 ± 2.8 b 22.1 ± 4.0 b

Data are themean ± SD from 3 determinations on distinct pools. Different letters indicate
significantly different values between the mitochondrial ATPase activity (P ≤ 0.05),
evaluated by one-way ANOVA, followed by Students–Newman–Keuls' test.

Table 2
αK′i values (μM) for the quaternary complex ESI1I2 by the non-exclusive inhibitors
oligomycin (OLIG), venturicidin (VENT) and bafilomycin (BAF) as binary combinations.

ES I2 + I1 αK′i1 Fig. 3 panel

ES VENT + OLIG 0.058 A
ES BAF + OLIG 0.021 B
ES BAF + VENT 0.017 C

ES I1 + I2 αK′i2

ES OLIG + VENT 0.083 A
ES OLIG + BAF 14.0 B
ES VENT + BAF 1.5 C

αK′i1 and αK′i2 refer to the reaction equilibria of Fig. 4; αK′i1 values were graphically
obtained from the Dixon plots in the named Fig. 3 panel; αK′i2 values were calculated
by Eq. (IV) from the Dixon plot slopes in the named Fig. 3 panel.
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of the compounds under study individually. The maximal enzyme inhi-
bition was attained at different macrolide concentrations, namely 100%
inhibition at approximately 1.3 μM OLIG (Fig. 1A), 98% at 1.0 μM VENT
(Fig. 1B) and 90% at 180 μM BAF (Fig. 1C).

The inhibition mechanism was further explored by testing increas-
ing concentrations of OLIG, VENT and BAF at the two constant concen-
trations of 3 and 6 mM ATP. The resulting Dixon plots consisted of
two parallel straight lines, one for each of the two employed ATP con-
centrations (Fig. 2 A,B,C). By building the Cornish–Bowden plots
(Fig. 2 D,E,F), the two straight lines obtained intersected above the x
axis, namely in the y positive half-plane. Therefore both Dixon and
Cornish–Bowden plots, which provide complementary information,
were consistent with uncompetitive inhibition mechanism [22] for all
the compounds tested.

The dose–response profiles (Fig. 1), the IC50 values, graphically inter-
polated, and the K′i values, obtained from the Cornish–Bowden plots
(Table 1), lead to think that the inhibition efficiency followed the
order OLIG ≥ VENT NN N BAF.
3.2. Multiple inhibition analysis

Once assessed that all the macrolide tested behaved as uncompeti-
tive inhibitors of the F1FO-ATPase, the graphical method detailed in
Fig. 3. Multiple inhibitor analysis by Dixon plots for the F1FO-ATPase inhibition by oligomycin (
presence of 6 mMATP andA)OLIG (○) orOLIG + 125 nMVENT (●); B)OLIG (○) or OLIG + 35
(vertical bars) of three distinct experiments carried out on distinct pools. (R N 0.97).
the Section 2.5. was applied to discriminate if two macrolide antibiotics
interacted with themitochondrial complex, and presumptively with FO,
by the same site or by different sites. This method, by exploring the
effect of binary mixtures of inhibitors of the same enzyme activity to
build the corresponding Dixon plots, also provides a tool to calculate
the interaction constant (α) between two compounds under study in
the formation of the enzyme–substrate–inhibitor/s complex [22]. By
plotting the reciprocal of the ATPase activity as a function of increasing
OLIG concentrations in the presence and in the absence of fixed VENT
concentrations (Fig. 3A), two straight lines intersecting above the x
axis were obtained. The graphically obtained αK′i1 value is the product
of the interaction constantα per dissociation constant (K′i1) of OLIG from
the enzyme–substrate–venturicidin complex (ES VENT) (Table 2). Simi-
larly, by employing adequate binary mixtures of macrolides, namely
increasing [OLIG] and constant [BAF] (Fig. 3B), and increasing [VENT]
and constant [BAF] (Fig. 3C), the graphically obtained αK′i values are re-
lated to the dissociation constants of the ES BAF OLIG complex and of the
ES BAF VENT complex, respectively. Accordingly, the two values could be
taken respectively as indicators of OLIG (Fig. 3B) and VENT capability
OLIG), venturicidin (VENT) and bafilomycin (BAF). ATPase assays were carried out in the
μMBAF (●); C)VENT (○) or VENT + 35 μMBAF (●). All points represent themean ± SD

image of Fig.�3


Fig. 4.Reactions involved in the synergistic uncompetitive inhibition by the non-exclusive
inhibitors I1 and I2 [22].

Table 3
Interaction constants (α) between OLIG, VENT and BAF, as non-exclusive inhibitors I1 and
I2 in the ESI1I2 complex formation.

OLIG VENT BAF

OLIG – 1.0 (b) 0.6 (b)
VENT 1.0 (a) – 0.1 (b)
BAF 0.4 (a) 0.2 (a) –

(a) Calculated from theαK′i value graphically obtained; (b) calculated fromEq. (IV). I1 and
I2 represent two out of three macrolides according to the inhibitor combination tested.

Fig. 5.Mitochondrial ATPase inhibition by oligomycin (OLIG), venturicidin (VENT) and bafilomy
with respect to theATPase activity in the absence ofmacrolides. Inhibitor concentrations equal t
Inhibitor concentrations equal to K′i were employed in the binary mixtures, namely 56.2 nM O
ferent experiments carried out on distinct pools. In each panel different letters indicate significa
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(Fig. 3C) of binding to the ES BAF ternary complex to form a quaternary
complex enclosing two inhibitors, according to the pattern depicted in
Fig. 4. In other words in all these plots, which are typical of enzyme inhi-
bition by two different inhibitors which act simultaneously on the same
enzyme [22], the product αK′i1 is somehow inversely related to the
strength by which the inhibitor assayed at varied concentrations (I1)
binds to the formed quaternary complex ESI2I1 in the reaction system.
As depicted in Fig. 4, since the αK′i1 value contains the dissociation con-
stant, the higher isαK′i1 value the less stable is the ESI2I1 complex, show-
ing that I1 is poorly efficient in binding to ESI2. Assumed that the
macrolides I1 and I2 can exchange their priority roles, namely first I1
binds to ES and I2 binds to the already formed ESI1 complex (Fig. 4), by
exploiting Eq. (IV), theαK′i2 valueswere calculated from the correspond-
ing plots in Fig. 3 using Eq. (IV).αK′i2 values can be taken as ameasure of
the tendency of I2 to dissociate from ESI1I2, to yield the ternary complex
ESI1. Consistently, high αK′i2 value means that I2 has a poor tendency to
bind to ESI1. All αK′i1 and αK′i2 values are shown in Table 2.

At this point the results suggest that, when two of the three
macrolides under study co-occur in the reaction system (Fig. 3), they
behave as uncompetitive inhibitors (I1 and I2) and can both combine
with the enzyme to form the ESI1I2 complex. For two given macrolides,
this complex can be formed by two alternative pathways, depending on
which inhibitor binds first to the ES complex (Fig. 4). The αK′i1 andαK′
i2 values (Table 2), can be helpful to trace the apparently easier pathway
for eachmacrolide couple to yield the quaternary complex, based on the
dissociation constants of the two reactions leading to the ESI1I2 complex.

Furthermore the interaction constant (α) between the two different
inhibitors bound to the enzyme, obtained from the ratio between αK′i
and K′i (Eq. (V)), (Table 3), can help to cast light on the possible recip-
rocal interference between two macrolides in their binding to ES.
Accordingly, when α = 1, the two inhibitors bind independently from
each other to yield the ESI1I2 complex. In this caseK′i1 equalsK′i2, name-
ly the stability of the quaternary complex is independent of the binding
sequence of the two inhibitors. Conversely, if 0 b α b 1, the two inhib-
itors mutually favor each other (positive attraction) in the ESI1I2 forma-
tion [22]. According to α values (Table 3) OLIG and VENT bound
cin (BAF) and bymacrolide binarymixtures. The inhibition percentage (%) was calculated
o 2×K′iwere individually tested, namely 112.4 nMOLIG, 162.2 nMVENT and 44.2 μMBAF.
LIG, 81.1 nM VENT and 22.1 μM BAF. Data are the mean ± SD (vertical bars) of three dif-
ntly different values (P ≤ 0.05) evaluated by one-way ANOVA followed by Dunnett's test.

image of Fig.�4
image of Fig.�5


Fig. 6. Effect of TBT on the F1FO-ATPase sensitivity to oligomycin (OLIG), venturicidin
(VENT) and bafilomycin (BAF). The Mg-ATPase activity, assayed in the presence of
1.3 μM OLIG (○), 1.0 μM VENT (●) and 180.0 μM BAF (□) and increasing concentrations
of TBT, is expressed as percentage (%) of the enzyme activity detected in absence of inhib-
itors. Each point represents the mean ± SD (vertical bars) of three distinct experiments.
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independently, while OLIG and BAF as well as VENT and BAF strength-
ened their binding to the ES complex.

The synergistic behavior of the uncompetitive inhibitors under study
was explored by comparing the effect of binary mixtures of macrolides
with the individual effect of either of the two macrolides at a twofold
concentration than that in the mixture [22]. In this diagnostic test, the
concentrations of I1 and I2 in each binary mixture should correspond
to their respective K′i values (Table 1). Accordingly, if the enzyme activ-
ity inhibition percentage produced by [I1] = K′i1 plus [I2] = K′i2 was
higher than that detected at [I1] = 2 K′i1 or [I2] = 2 K′i2, as it happened
under all the conditions tested (Fig. 5), the two inhibitors acted syner-
gistically, namely their binary mixtures produced a higher-than-
additive effect. Furthermore, it seems worthwhile noticing that under
all the conditions tested, the BAF occurrence in the binary mixture
strongly potentiated the effect of the other co-present macrolide.
Fig. 7.DTE-promoted recoveryof the F1FO-ATPase sensitivity to oligomycin (OLIG), venturicidin
(%) of the enzyme activity in the absence of macrolides, was assayed in a reaction medium cont
OLIG (A), 1.0 μMVENT (B), 180.0 μMBAF (C), 100 μMDTE, 35 μMTBT, as written under the his
OLIG (A), VENT (B) and BAF (C). The data are themean ± SD (vertical bars) of three different e
icantly different values (P ≤ 0.05) evaluated by one-way ANOVA followed by Student–Newma
3.3. Thiol involvement in macrolide inhibition

Since the mitochondrial ATPase sensitivity to OLIG and other FO
inhibitors was found to be decreased by the synthetic xenobiotic TBT
at ≥ 1 μM concentration [15], the enzyme activity was evaluated in
the presence of 1.3 μMOLIG, 1.0 μMVENT and 180 μMBAF and increas-
ing TBT concentrations to check any possible variation in the enzyme
susceptibility to the macrolide inhibitors promoted by TBT (Fig. 6).
The three selected macrolide concentrations lay in the range producing
the maximal ATPase activity inhibition (Fig. 1). As shown in Fig. 6,
increasing TBT micromolar concentrations promoted an exponential
increase in the ATPase activity refractory to the compounds tested.
Thus, since the macrolide-insensitive ATPase activity attained 100% of
the enzyme activity at the highest TBT concentration tested, the enzyme
inhibition by 1.3 μMOLIG, 1.0 μMVENT and 180 μMBAFwas complete-
ly removed. The exponential curves showed similar gradients for OLIG
(0.0525 ± 0.0043) and VENT (0.0537 ± 0.0033), both steeper than
that of BAF (0.0298 ± 0.0046). These results clearly showed that TBT
dose-dependently desensitized the ATPase activity to the three
macrolides tested and that the desensitizer efficiency of TBT was espe-
cially striking for the two powerful inhibitors OLIG and VENT.

The F1FO-ATPase desensitization by 35 μM TBT, a concentration
which caused a 50% increase in themacrolide-insensitive enzyme activ-
ity,was further investigated by carrying out assays on TBT-preincubated
mitochondria in the presence and in the absence of the reducing agent
DTE. As detailed in the Section 2.4, this protocol aimed at favoring TBT
incorporation within the mitochondrial membranes and at avoiding
any possible direct interaction betweenDTE and TBT. In Fig. 7 the height
of the histograms is indicative of the ATPase activity under the various
experimental conditions tested. In the absence of TBT the sensitivity of
mitochondrial ATPase to 1.3 μM OLIG (Fig. 7A), 1.0 μM VENT (Fig. 7B)
and 180 μM BAF (Fig. 7C), expressed as a residual ATPase activity in
thepresence of thesemacrolide inhibiting concentrations, wasunaffect-
ed by 100 μM DTE. As expected, in TBT-preincubated mitochondria the
sensitivity of the enzyme complex to the three antibiotics tested de-
creased by approximately 50%, as shown by the significant ATPase
(VENT) andbafilomycin (BAF). Themitochondrial ATPase activity, expressed as percentage
aining 0.15 mgmitochondrial protein and, according to the condition to be tested, 1.3 μM
tograms. Control: the reaction medium contained DMSO-preincubatedmitochondria plus
xperiments carried out on distinct pools. In each panel the different letters indicate signif-
n–Keuls' test.

image of Fig.�6
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Fig. 8. Available free –SH groups in mitochondrial proteins at increasing TBT concentra-
tions. Data are expressed as percentage (%) of –SH groups in control mitochondria
(in the absence of TBT). Each value is themean ± SD (vertical bars) of three experiments
carried out on mitochondria from different preparations. The asterisks indicate signifi-
cantly different values from the control at P ≤ 0.05. One-way ANOVA, Dunnett's test.
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activity rise with respect to untreated mitochondria (Fig. 7, panels A, B
and C, respectively). The enzyme desensitization by TBT was almost
completely removed by DTE, whose addition reduced the ATPase activ-
ity in the presence of OLIG (A) and VENT (B) to nearly undetectable
levels. Apparently DTE was less efficient in the removal of the ATPase
activity inhibition by BAF (C), since the enzyme activity recovery in
TBT-preincubated mitochondria was only 20% reduced by DTE.

The TBT interaction with mitochondrial thiol groups was confirmed
by the quantitative evaluation of the free (unbound) –SH groups in mi-
tochondria by Ellman's reagent, in the absence and presence of increas-
ing TBT concentrations. In a reaction system containing 0.15 mg
Fig. 9. Structures of oligomycins A, B and C, venturicidin A and bafilomycin B1. Th
mitochondrial protein, a significant decrease in free –SH groupswith re-
spect to the control (corresponding to 100% free thiols)was shown from
10 nmol TBT/mL onwards. The number of free thiol groups dose-
dependently decreased up to attain the maximal reduction of 26%
with respect to the control at 75 nmol TBT/mL, roughly corresponding
to 500 nmoles TBT per mg of mitochondrial protein (Fig. 8).
4. Discussion

Due to its central role in cell bioenergetics and survival, the mito-
chondrial F1FO-ATPase/synthase represents an intriguing molecular
tool to elicit wanted and unwanted effects of drugs. Up to now this en-
zyme complex has been increasingly shown to be targeted by a variety
of therapeutic molecules [26]. Among them, FO inhibitors are especially
interesting because they can be exploited as a tool to cast light on some
still poorly elucidated aspects of the F1FO-ATPase/synthase mechanism
of torque generation. From the first discovery, the F1FO complex has
gathered variegated definitions from “A splendid molecular machine”
[27] to “…one of the wonders of the molecular world, it is an enzyme,
a molecular motor, an ion pump, and another molecular motor all
wrapped together in one amazing nanoscale machine” [28]. Among FO
inhibitors, the natural macrolide antibiotics here investigated, namely
OLIG, VENT and BAF, represent a fascinating example of how structural
differences between related macrolides confer different inhibition po-
tency through a similar inhibition mechanism. The similarity of the
three structures under study only lies in the polyketide backbone
(Fig. 9) claimed to be crucial for the enzyme inhibition [7] and probably
also for the same uncompetitive mechanism. Undoubtedly the interac-
tion of OLIG with the enzyme complex is the most investigated and
known. OLIG precisely binds on two adjacent c subunits of FO (shown
as c1 and c2 in Fig. S1) [11] and, by covering the c1 binding site
e structural differences among oligomycins A, B, and C are highlighted in red.
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(Glu59) for protons of C-terminal α-helices of the hairpin structure of c
subunits, shields the carboxyl access to the aqueous environment of the
proton half channel. OLIG binding would not affect the c-ring backbone
conformation. Conversely, the side chains from Leu63 of c1 and Phe64 of
c2 subunit would rotate to accommodate between two adjacent C-
terminal α-helices the propanol residue linked to the spiro pyranose
sugar rings. This conformational change would allow OLIG to bind to
the α-helical N-terminus of the c1 subunit. As far as we are aware,
OLIG binding to the c-ring seems to involve both hydrophilic and hydro-
phobic interactions, namely a single hydrogen bond between OLIG and
Glu59 via a bridging water molecule and many van der Walls interac-
tions involving 7 amino acids of the C-terminal α-helix, 1 amino acid
of the N-terminal α-helix of c1 subunit and probably 5 amino acids of
the C-terminal α-helix of c2 subunit (Fig. S1). The region which binds
OLIG [11] and VENT [29] is localized at the level of the transmembrane
domain. Similarly, BAF binds to the transmembrane domain of the
V-ATPase [12] which both in eukaryotes and prokaryotes shows
strong homologies to FO [13]. All these macrolide compounds, by
binding to specific amino acid residues on two adjacent c subunits,
block ionic translocation by hampering the torque generation
which is essential for the enzyme machinery [30]. This mechanism
is fully consistent with the synergistic inhibition kinetics by binary
mixtures of macrolides pointed out in the present work (Fig. 3). Ac-
cordingly, macrolide binary mixtures resulted into a more striking
inhibition than that produced by each individual compound, due to
the formation of the quaternary ESI1I2 complex. As shown by the
equilibrium reactions for the uncompetitive F1FO-ATPase inhibition
by two different macrolides (I1 and I2) which can both bind to the
enzyme–substrate complex (Fig. 4), the ESI1I2 complex stability is
favored by any decrease in αK′i values. A number of factors such as
hydrophobic, hydrophilic, ion-dipole and inter-dipole bonds, as
well as steric hindrances and protein-conformational changes, may
affect the mutual interactions between I1 and I2 in the formed
ESI1I2 complex [31]. On considering α values, it is clear that the
three inhibitors tested did not behave the same way. Accordingly,
while OLIG and VENT bind independently from each other to yield
the quaternary complex, BAF and VENT as well as OLIG and BAF
interact with each other in facilitating the binding of the co-present
inhibitor, thus producing a striking synergistic inhibitory effect
(Fig. 5). The formation of a quaternary complex strongly suggests
that each macrolide among the three related compounds tested binds
to its specific site on the ES complex. On these bases, it is tempting to
speculate that each macrolide requires a different amino acid combina-
tion to bind to FO. Since BAF, whichwas apparently the less powerful in-
hibitor, enhanced the enzyme inhibition by either OLIG or VENT and
positively interacted with both macrolides, BAF binding may trigger
changes within FO. Accordingly, these changes could somehow increase
the availability/reactivity of the amino acid side-chains required to bind
the co-present macrolide. However, the possible involvement of con-
centration effects, due to the much higher BAF dose employed, cannot
be completely ruled out. As far as we are aware the number of
oligomycin or other macrolide molecules which can simultaneously
bind to FO under physiological conditions is still undefined. Even if
oligomycin was long believed to bind to FO in a 1:1 stoichiometry, at
present it seems clear that the c-ring not only may bind various
oligomycin molecules by α-helices of adjacent c-subunits, as shown
by crystallographic studies [11,15], but also multiple macrolide mole-
cules which share their binding region. Some points remain to be clari-
fied, for instance if the shared region embraces non-adjacent c-subunits
within the same c-ring and if the macrolide-specific binding sites are at
least partially overlapping. Macrolide crowdingwithin the shared bind-
ing region could also be somehow prevented by steric hindrances. The
c-ring constitution, namely the number of c-subunits containing suit-
able amino acidic anchors, may play a role in macrolide inhibition
once assessed that the number of inhibitor molecules bound to FOmod-
ulates the inhibition extent. The non-additive (synergistic) inhibition
suggests that the inhibition potency is primarily ruled by the interaction
between different macrolides. Even if multiple inhibitor molecules can
accommodate within the c-ring, the binding of a single macrolide mol-
ecule to its specific site is likely to be sufficient to promote structural
distortions which block proton flux within FO [11]. Interestingly,
macrolides such as BAF, although per se poorly effective on the ATP syn-
thase, may favor the binding of other macrolides, thus enhancing
inhibition.

The decrease in the mitochondrial ATPase sensitivity to macrolides
by TBT is another open question. In the present study, the dose-
dependent effect of TBT, first described for OLIG in mollusks [19], was
found to extend to VENT and, even if to a less pronounced extent, to
BAF (Fig. 6). The TBT-driven ATPase refractoriness to OLIG, not associat-
ed with intrinsic enzyme uncoupling, was ascribed to TBT binding to a
low-affinity site for TBT on FO [32]. TBT easily binds to sulfhydryl groups
of proteins [33], specifically interacts with those biomolecules that play
an essential role in cellular redox signaling [34] and significantly
decreases free –SH groups in mitochondria (Fig. 8). On these bases,
the enzyme desensitization to OLIG is likely to be ascribed to the onset
of covalent tin–sulphur bonds between the organotin toxicant and the
enzyme. The TBT bindingwouldmodify the oligomycin-blocked FO con-
formation leading to proton translocation recovery [15,35,36]. The
similar TBT-driven F1FO-ATPase refractoriness to OLIG, VENT and BAF
strongly suggests that TBT binding somehow modifies an enzyme re-
gion which similarly hosts and binds the three polyketide antibiotics
under study. The complete removal of the enzyme desensitization to
OLIG and VENT by DTE, which reduces thiol groups (Fig. 7), is fully con-
sistent with the hypothesized thiol involvement in the TBT binding
leading to the enzyme desensitization. However, since DTE was appar-
ently less efficient in restoring the enzyme sensitivity to BAF, it seems
likely that the steric hindrance and/or the hydrophobicity of TBT butyl
chains [35] may also play a role in modifying the protein conformation.
In this case, these TBT features would cooperate with thiol oxidation to
yield the conformational change which destabilizes the ESI complex.
Taken as a whole, the present data shoulder the hypothesis that OLIG,
VENT and BAF bind to a common FO region, which can be envisaged as
a sort of binding pocket, but specifically interact with selectively
targeted amino acids. In other words, the macrolides under study
would bind to different sites without preventing, and in the case of
BAF even favoring, the binding of other structurally related compounds,
thus leading to a synergistically enhanced enzyme inhibition. In all cases
TBT, by binding to enzyme thiols and causing their oxidation, would act
as a destabilizer of the ESI complex, resulting into the enzyme desensi-
tization to macrolides.

Assumed that TBT binds to thiols by a covalent tin–sulphur bond,
one wonders which cysteine residue could be involved in the putative
TBT binding. Strong clues coming from the finding that Cys65 substitu-
tion with serine confers oligomycin resistance to Saccharomyces
cerevisisae mutants [37], indicate this amino acid residue on the
C-terminal α-helix of the c subunit as the most likely candidate.
Since apparently cysteine thiols must be in the reduced state to con-
fer OLIG susceptibility, TBT by binding to cysteine sulphur would
cause dehydrogenation, alter the interhelical packing of protomers
and destabilize the interactions between macrolides and c subunits
(Movie S1).

A decreased oligomycin sensitivity has already been associated with
defective ATP synthases under various pathological conditions [15]
whose main symptoms are shown in high energy demanding tissues
such as the nervous tissue, muscle and heart. In human neuromuscular
diseases, such as NARP (Neuropathy Ataxia Retinitis Pigmentosa) and
MILS (Maternally Inherited Leigh's Syndrome), the impaired function
of F1FO-ATPase was found to be associated with transitions or
transversions in codons of the mtDNA ATPase 6 gene [38] which
encodes an essential subunit in proton translocation.

Interestingly, the amino acid residues of c subunits are 100%
conserved among mammals, including humans, and highly conserved
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from yeasts tomammals, however they strongly differ from the bacteri-
al homologs [1,8,11,36]. Since the c-subunit amino acid difference be-
tween bacteria and mammalian mitochondria appears to be tightly
related to the sensitivity to macrolide antibiotics, the identification of
the crucial amino acids involved in macrolide binding could be helpful
to address the synthesis/discovery of antimicrobial drugs. Accordingly,
the information coming from studies on drug/ATP synthase interactions
may bewidely exploited in the development of therapeutic strategies to
counteract mycobacterial diseases, mitochondrial dysfunctions and
cancer [26,39].

The present data, which are consistent with the existence of a com-
monmacrolide binding region on FO [11] in which each out of the three
macrolides tested would selectively bind to its specific site, strongly
suggest a putative mechanism for the overall macrolide F1FO-ATPase
desensitization by TBT. Additionally, the sensitivity to OLIG and related
compounds can be taken as a symptomof the coupled function between
the proton-driven motor FO and the ATP-driven motor F1 [40]. There-
fore, as a corollary, the understanding of the mechanistic basis of the
F1FO-ATPase desensitization to polyketide antibiotics may provide
some insight in the still poorly elucidated mechanism by which the
transmembrane proton-motive force generates the c-ring rotation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2014.01.008.
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