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Prodigiosins Uncouple Mitochondrial and Bacterial F-ATPases:
Evidence for Their H*/Cl- Symport Activity®
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Prodigiosin, metacycloprodigiosin, and prodigiosin 25-C all inhibited the acidification
activity of submitochondrial and bacterial (Escherichia coli) F-ATPases (F,F,-ATPases)
strongly (IC;, =20-30 and 24-30 pmol/mg protein, respectively), without affecting signifi-
cantly the ATP hydrolysis activity. Their effect on the acidification activity was rapid and
reversible, showing non-competitive apparent K; values of the order of nM to sub-nM.
However, unlike FCCP (an ordinary uncoupler of oxidative phosphorylation), they showed
no protonophoric activity, as demonstrated by the absence of acceleration of ATP hydroly-
sis. Prodigiosins also inhibited the acidification of proteoliposomes reconstituted from
phospholipids and purified F-ATPase of E. coli, suggesting that their acidification-
inhibitory effect is not due to the inhibition of anion channels. They did not, however,
inhibit the ATP-dependent formation of membrane potential of F-ATPase vesicles.
Furthermore, they inhibited and quickly reversed acidification by F-ATPase only in the
presence of chloride, and not in the presence of gluconate anion. Finally, they induced
swelling of liposomes and submitochondrial particles in isotonic solution of ammonium
chloride but not ammonium gluconate, suggesting that intravesicular entry of Cl- is
promoted by prodigiosins. These results suggest that prodigiosins uncouple F-ATPases
through promotion of H*/Cl~ symport (or OH~/Cl~ exchange) across vesicular membranes.
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Energy transduction in biological membranes is as impor-
tant as signal transduction. In recent years, several impor-
tant findings have been made regarding the mechanism of
energy transduction in membranes (1-3), particularly in
structural biology (4-6): X-ray crystallographic studies on
bovine F,F,-ATPase (4) revealed structural interactions
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between subunits and supported a proposed rotational
binding change model of H*-transport triggered ATP
synthesis (7), and these were followed by direct observa-
tion of the actual rotation of F, (8). Similarly, a proton
translocation pathway has been proposed for the cyto-
chrome oxidase complex, also based on X-ray crystallogra-
phic studies (5, 6). Nevertheless one important aspect of
the model, namely, “energy coupling,” remains to be
clarified. The study of energy coupling can be approached in
several ways, for example, in terms of molecular biology
(mutagenesis) or biochemistry (using specific modifiers of
energy transduction). From a biochemical point of view,
specific modifiers of energy transduction would open the
way to clarifying the energy transduction mechanism, just
as uncouplers opened the way to confirming the chemios-
motic hypothesis proposed by Mitchell in 1961 (9).
Prodigiosins are candidates for such reagents: we report-
ed previously that prodigiosin 25-C, a red pigment pro-
duced by microorganisms including Streptomyces and
Serratia, uncouples lysosomal H*-ATPase (V-ATPase)
(10). Subsequently, we found that all the prodigiosins
tested (prodigiosin, metacycloprodigiosin, and prodigiosin
25-C) inhibit the acidification mediated by lysosomal
H*-ATPase (V-ATPase), probably by facilitating the sym-
port of H* and Cl- (equivalent to OH~/Cl~ exchange) and
resulting in the uncoupling of acidification and ATP hydro-
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lysis (and membrane potential formation) activities (Oh-
kuma et al., manuscript in preparation).

In the present paper, we present evidence that pro-
digiosins also uncouple the acidification mediated by F-type
H*-ATPases (F-ATPases) of both submitochondrial and
Escherichia coli inverted membrane vesicles from both
ATP hydrolysis and membrane potential formation, in
contrast to conventional uncouplers like FCCP that inhibit
both acidification and membrane potential formation and
stimulate ATP hydrolysis. Prodigiosins seem to uncouple
F-ATPases through their activity to promote H*/Cl~ sym-
port across the membranes. But they do not inhibit ATPase
activity, unlike TBT (a traditional OH~/Cl~ exchanger),
suggesting that they are a new group of H*/Cl~ symporters
that uncouple both V- and F-ATPases. A preliminary
account of this work was given at the 22nd Meeting of the
Japan Bioenergetics Group (Nagoya, 1996).

EXPERIMENTAL PROCEDURES

Materials—Rats (Wistar, male) were obtained from
Sankyo Labo Service (Tokyo). E. coli strain DK8/
pBWU13 (DK8 (duncB-C, ilv::Tn 10), lacking the unc
operon and harboring a recombinant plasmid pBWU13
(carrying the wild-type unc operon) (11), was supplied by
Professor M. Futai (Institute of Scientific and Industrial
Research, Osaka University). Prodigiosin was prepared
from the culture broth of Serratia marcescens (HY-3) as
described (12). Metacycloprodigiosin and prodigiosin 25-C
were prepared from the culture broth of Streptomyces
hiroshimensis as described previously (13). E. coli phos-
pholipid was obtained from Avanti Polar Lipids (Alabaster,
AL). n-Octyl-D-glucoside was purchased from Dojin
Chemicals (Kumamoto), acridine orange was from Wako
(Tokyo) and bis(3-phenyl-5-oxoisoxazol-4-yl)pentameth-
ine oxonol (Oxonol-V) was from Nippon Kanko-Shikiso
(Okayama). Other reagents were purchased as commercial
products, mostly from Sigma (St. Louis, MO), and used
without further purification, except that soybean phos-
pholipid (a so-called ‘asolectin’) from Sigma (Type II-S)
was further purified according to Newman (14) as de-
scribed (15, 16).

Preparation of Mitochondria and Submitochondrial
Particles (SMPs) from Rat Liver—Mitochondria and SMPs
were prepared according to a published procedure (17, 18).
Briefly, livers from rats (Wistar, male, 200-400 g in body
weight, starved overnight) were homogenized (at 1,500
rpm, 2 strokes) with a Potter-Elvehjem type homogenizer
in 220 mM mannitol, 70 mM sucrose, 2 mM N-2-hydroxy-
ethyl-piperazine- N’-2-ethanesulfonic acid (Hepes)-KOH
(pH 7.4), and 0.5 mg/ml bovine serum albumin (BSA), and
centrifuged at 1,100 g for 3 min. The precipitate was
rehomogenized and recentrifuged. The combined super-
natant was then centrifuged at 2,000 X g for 10 min, and the
precipitate was resuspended and centrifuged at 3,000X g
for 3 min. The combined original and washed supernatant
was again centrifuged at 2,000 X g for 15 min, and the fluffy
layer was removed. The resultant precipitate was homog-
enized and centrifuged at 20,000Xg for 20 min. The
precipitate (heavy mitochondrial fraction) was adjusted to
100 mg protein/ml and, after addition of digitonin (final
0.75%), incubated at 4°C for 15 min, diluted with 3 volumes
of the same buffer, then centrifuged at 9,500 X g for 10 min.
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The precipitate was resuspended in distilled water, centri-
fuged under the same conditions, rehomogenized, centri-
fuged again at 9,500 X g for 15 min, then sonified for 15 s
(8-cycles) at 50% duty in ice-water. The supernatant
obtained after centrifugation at 9,500 X ¢ for 10 min was
again centrifuged at 210,000Xg for 30 min to obtain
inverted membrane vesicles. These SMPs were resuspend-
ed in the isotonic buffer and stored at —80°C until use.

Preparation of Inverted Membrane Vesicles from E.
coli—E. coli strain DK8/pBWU13 (11) grown in a rich
medium (L broth) was cultured to late log phase in a
minimal medium containing thymidine (50 zg/ml), thia-
mine (2 zg/ml), asparagine (50 zg/ml), isoleucine (50 xg/
ml), valine (50 zg/ml), and 0.5% glycerol as the sole carbon
source. Membrane vesicles were prepared by passing the
cells (1 g, resuspended in 5 ml of TKDG buffer consisting of
10 mM Tris-HC], pH 8.0, 140 mM KCl, 1 mM DTT, 10%
glycerol) through a French press (1,500 kg/cm?), and
centrifuging first at 12,000X ¢ for 10 min, and then the
supernatant at 100,000X g for 30 min. The resultant
precipitate was resuspended in TKDG buffer, recentri-
fuged, and the resultant precipitate was resuspended in
TKDG buffer at 20 mg/ml and stored at —80°C. This
suspension was used as inverted membrane vesicles.

Purification and Reconstitution of E. coli H*-ATPase
into Proteoliposomes—Purification of E. coli H*-ATPase
and reconstitution of proton pump activity from purified
H*-ATPase into proteoliposomes was performed as de-
scribed (11) with slight modifications. Briefly, the inverted
membrane vesicles (40 mg protein/ml in TMEDG buffer
consisting of 50 mM Tris-HCI, pH 8.0, 2 mM MgCL, 0.5
mM EDTA, 1 mM DTT, 10% glycerol, 2 ml) were applied
onto a stepwise sucrose density gradient consisting of 30,
35, 40, and 45.5% (w/w) sucrose and centrifuged at
112,000 X g for 16 h 20 min at 4°C. The 30-35% interface
was collected and diluted in MMG buffer consisting of 5
mM MES-Tricine (pH 7.0), 2 mM MgCl,, 5 mM monothio-
glycerol, then centrifuged at 4°C for 1 h. The precipitate
was resuspended in MMG buffer at 40 mg/ml and used as
the inner membrane. One milliliter of the inner membrane
preparation was mixed with 20% (w/w) octylglucoside
(final 0.8%) and centrifuged at 200,000% g at 4°C for 1 h.
The precipitate was resuspended in 1 ml of MMG buffer,
mixed with 20% (w/w) of octylglucoside (final 2.0%), and
recentrifuged at 200,000 X g at 4°C for 1 h. The resultant
precipitate was applied onto the glycerol gradient (10-30%
glycerol in 10 mM 2-(N-morpholino)ethanesulfonic acid
(Mes)-N-tris(hydroxymethyl)methylglycine (Tricine)
(pH 7.0), 1% octylglucoside, 0.5 mM MgCl,, and 5 mM
monothioglycerol) and centrifuged at 330,000 X g at 4°C for
5h. After centrifugation, fractions of 400-500 u1 were
collected from the bottom of the tube. Fractions 1-3 with
the highest ATPase activity were combined and used as the
purified F,F,.

The proton pump was reconstituted by the freeze-thaw-
dilution method (15). Soybean phospholipid (Sigma type
I1-S, 10 mg dry weight) was suspended in 1 ml of 10 mM
Mes-Tricine buffer (pH 7.0) containing 5 mM monothio-
glycerol and sonified under argon in a bath-type sonifier
(Yamato) for 10 min. When the suspension became clear, it
was stored at —20°C. F,F,-ATPase (150 g protein, 180
1) was mixed with 600 g of the phospholipid (60 k1),
frozen at —80°C, then thawed at 37°C and diluted with 10
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mM Tricine-choline (pH 8.0), 0.1 M KCl, and 2 mM MgCl,.
Proton Pump Assay—The acidification activity of invert-
ed membrane vesicles was measured by means of the
fluorescence quenching of acridine orange (19). The assay
buffer contained 0.15 M KCl, 20 mM Hepes-TMAH (pH
7.5), and 2.5 mM MgCl, (with or without 1 uM valino-
mycin) for SMPs, and 0.14 M KC], 10 mM Tricine-choline
(pH 8.0), and 5 mM MgCl, with 1 4M valinomycin for
inverted membrane vesicles of E. coli. The reaction was
started by the addition of 2.5 mM (for SMPs) or 1.0 mM
(for E. coli vesicles) ATP-Na, in a final volume of 2.0 ml.
The concentration of acridine orange was either 1 or 2.5
uM. Fluorescence was measured with excitation at 480 (or
493) nm and emission at 540 (or 530) nm, respectively.

The formation of a membrane potential gradient (inside
positive) was measured by the fluorescence quenching of
Oxonol-V (19). The assay buffer (2 ml) contained 0.15 M
KCl, 20 mM Hepes-TMAH (pH 7.5) for SMP, and 0.14 M
KCl, 10 mM Tricine-choline (pH 8.0) for inverted mem-
brane vesicles of E. coli. After addition of inverted
membrane vesicles, 0.5-1 4M oxonol-V and 1 mM ATP-
Na,, the reaction was started by the addition of 5 mM
MgCl;, and the fluorescence measured with excitation at
580 nm and emission at 620 nm. For both measurements,
the assay temperatures were 37 and 25°C for SMP and E.
coli vesicles, respectively. The fluorescence was measured
using a Hitachi 310 or F4500 spectrofluorometer, and the
activities (acidification and membrane potential formation)
were estimated from the initial velocity (defined as AF in
60 8) of ATP-dependent fluorescence quenching.

ATPase Assay—ATPase was assayed as described (20).
The assay buffer contained 0.15 M KCl, 20 mM Hepes-
TMAH (pH 7.5), 2.6 mM MgCl,, and 2.5 mM ATP-Na, for
SMPs, and 0.14 M KCl, 10 mM Tricine-choline (pH 8.0),
and 5 mM MgCl, with 1 uM valinomycin for inverted
membrane vesicles of E. coli, both in a final volume of 1.0
ml. The incubation temperature and period were 37°C and
40 min for SMP, and 25°C and 20 min for inverted vesicles
of E. coli. The liberated phosphate was estimated spectro-
photometrically by the Malachite Green method (21). All
data shown are the averages (with deviation of less than
5%) of duplicated experiments.

Reversibility of Prodigiosin Action—For the preincuba-
tion, membrane vesicles were incubated in a total volume
of 100 y«! of solution containing valinomycin and acridine
orange, with or without metacycloprodigiosin (10 nM) for 3
min at 37°C. After preincubation, 1.9 ml of assay buffer
with or without metacycloprodigiosin (0.5 nM) was added,
acidification was started by adding ATP (1 mM), and the
change of acridine orange fluorescence was traced.

Preparation of Liposomes for Swelling Assay—Lipo-
somes were prepared from E. coli phospholipid essentially
as described (15, 16). Briefly, E. coli phospholipid was
suspended (50 mg/ml) in 20 mM Hepes-TMAH (pH 7.5)
containing 0.25 M sucrose (usually 2 ml), vortexed vigor-
ously, and sonified briefly at room temperature.

Swelling Assay—The effect of prodigiosins on the per-
meability of mitochondrial and liposomal membranes to
anions was evaluated by the swelling of mitochondria and
liposomes in isotonic ammonium salts, which was monitor-
ed by the decrease in absorbance (turbidity) at 550 nm
(Asso) (22). Briefly, mitochondria (heavy mitochondrial
fraction) and liposomes were loaded at 0.8 mg protein/ml
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and 1 mg/ml, respectively, in 0.2 M solution (pH 7.0) of
ammonium chloride (NH,Cl) or ammonium gluconate
(NH,-gluconate), and after 30s, prodigiosins (DMSO as
solvent control) were added and Ass, was monitored.

Other Analytical Methods—Protein was determined by
the Amido Black/solid phase method of Schaffner and
Weissman (23) or Coomassie Brilliant Blue/liquid phase
method of Bradford (24) using a Bio-Rad protein assay kit
according to the manufacturer’s instructions (Bio-Rad,
USA), with BSA as the standard.

RESULTS

Prodigiosins Inhibit Vesicular Acidification Driven by
Mitochondrial F-ATPase—The effects of prodigiosin,
metacycloprodigiosin, and prodigiosin 25-C on the acidifica-
tion and ATPase activities of F-ATPases were examined.
All three prodigiosins strongly and rapidly inhibited the
acidification activity of submitochondrial H*-ATPase (the
results for metacycloprodigiosin are shown in Fig. 1).
Figure 2A shows the dose response of the effect of the
prodigiosins on the acidification and the ATPase activities
of submitochondrial F-ATPase. The ICq,s of the inhibition
of submitochondrial acidification were 2-3 nM under these
conditions (at 100 g protein/ml), corresponding to 20-30
pmol/mg protein for 50% inhibition. However, the pro-
digiosins did not inhibit ATP hydrolysis activity at concen-
trations up to 100 nM-1 M, nearly 100 times higher than
the IC;o8 for acidification inhibition. At higher concentra-
tions, however, they showed some inhibitory activities
against ATPase activity with ICss of about 0.5-3 uM. On
the other hand, ordinary proton channel inhibitors like
N,N’-dicyclohexylcarbodiimide (DCCD) inhibited both

) TX-100
ATP FCCP ;

wou | l

Fluorescence

L~ [DMSO]
-
/ T T T T —T T ™
0 1 2 3 4 5 6
Time (min)

Fig. 1. Effects of metacycloprodigiosin on the acidification
activity of F-ATPase of SMP. The acidification activity of SMP was
estimated by the fluorescence quenching of acridine orange as
described in “EXPERIMENTAL PROCEDURES.” SMPs (about 200
K E protein) prepared from rat liver mitochondria were added to 2 ml
of incubation mixture with or without the indicated concentration of
metacycloprodigiosin (or 1% DMSO as solvent control) and incubated
at 37°C for 1 min before the addition of ATP. DMSO, 1%; ATP, 1 mM
ATP-Na,; FCCP, 1 uM; TX-100, 0.1% Triton X-100.
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Fig. 2. Effects of (A) prodigiosins as com-
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pared with (B) DCCD on the acidification 120 A' PrOdigiOS"lS 120 B' DCCD

and ATPase activities of F-ATPase of
SMPs. Acidification activity of the SMPs was
measured as described in Fig. 1 in incubation
mixture with or without the indicated concen-
trations of prodigiosin 25-C, metacyclopro-
digiosin, and prodigiosin (1% DMSO as solvent
control) or DCCD (1% EtOH as solvent con-
trol). The SMPs (200 u g protein) were added 1
min before the addition of 1 mM ATP-Na,.
ATPase activity was measured as described
under “EXPERIMENTAL PROCEDURES” in
1 ml of incubation mixture with or without the

-
L
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o
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solvent control). The reaction was started by the addition of enzyme (0.63 ug protein) and the mixture was incubated for 20 min at 37°C. A:
prodigiosins. (=, ®), prodigiosin; (O, @), metacycloprodigiosin; (4, aA), prodigiosin 25-C. B: DCCD. The specific Mg-ATPase activity of SMP

was 1.67-1.78 U/mg protein.
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Fig. 3. Effects of metacycloprodigiosin on the acidification
activity of F-ATPase of the inverted membranes of E. coli. The
acidification activity of inverted membrane vesicles of E. coli was
estimated as described under "EXPERIMENTAL PROCEDURES.”
Inverted membrane vesicles (10 g protein) prepared from E. coli
were added to 2 ml of incubation mixture with or without indicated
concentrations of metacycloprodigiosin (or 1% DMSO as solvent
control) and incubated at 37°C for 1 min before the addition of 1 mM
ATP. ATP, 1 mM ATP-Na,; Meta, metacycloprodigiosin; DMSO, 1%;
FCCP, 1 4 M.

acidification and ATP hydrolysis at similar concentrations
with ICg, of 0.6 uM (Fig. 2B).

Prodigiosins Inhibit Vesicular Acidification Driven by
Bacterial (E. coli) F-ATPase—Figure 3 shows the effect of
metacycloprodigiosin on the acidification activity of F-
ATPase on the inverted membrane vesicles of E. coli. All
three prodigiosin antibiotics strongly and rapidly inhibited
the acidification activity of inverted plasma membrane of
E. coli. Figure 4 shows the dose response of the effect of
these prodigiosing on the acidification and the ATPase
activities of inverted plasma membranes of E. coli. The
ICsos of the inhibition of the acidification activity are 120-
150 pM under these conditions (5 ug protein/ml, corre-
sponding to 24-30 pmol/mg protein for 50% inhibition).
However, the prodigiosins did not inhibit ATP hydrolysis

activity up to concentrations of 0.1 4M, nearly 100 times
higher than the ICye8 of acidification inhibition. At higher
concentrations, they showed some inhibitory activities with
ICs0 0f0.3-1 4 M. Again, ordinary proton channel inhibitors
like DCCD inhibited both acidification and ATP hydrolysis
at similar concentrations with IC,, of 30-10 M. The slight
dissociation between the two activities is partly due to the
difference in the incubation conditions, especially the
incubation period with DCCD, because DCCD requires
some time for covalent binding with enzyme to exert its
activity.

Prodigiosins, however, showed little protonophoric activ-
ity, unlike FCCP: uncoupling concentrations of prodigiosins
(10 nM 25-C and 1 nM Meta) hardly activated (104-103%
of control) the ATPase activities of SMP and E. coli
vesicles, contrary to FCCP (2 uM) (182-162% of control).

Prodigiosins Reversibly and Non-Competitively Inhibit
Acidification Activity of Inverted Membrane Vesicles
Driven by F-ATPases—The rapid inhibitory effect of
prodigiosins on the intravesicular acidification driven by
F-ATPases was also completely reversible, as shown in Fig.
5. Inhibition of acidification activity of inverted membrane
vesicles of E. coli by incubation with 10 nM metacyclo-
prodigiosin was completely reversed by subsequent 50-fold
dilution of the mixture to a final concentration of 0.2 nM
metacycloprodigiosin. Essentially similar results have been
obtained with SMP F-ATPase. Lineweaver-Burk plots of
the inhibition by prodigiosins of the acidification of inverted
membrane vesicles of mitochondria and E. coli showed that
the inhibition was of a simple non-competitive type. Dixon
plots gave single apparent K| values of 1.2, 1.6, and 2.0 nM
(at 100 ug protein/ml) (corresponding to 12-20 pmol/mg
protein) for prodigiosin, metacycloprodigiosin, and pro-
digiosin 25-C for submitochondrial particles, and 120, 130,
and 140 pM (at 5 ug protein/ml) (corresponding to 10-28
pmol/mg protein) for inverted membrane vesicles of E.
coli, respectively.

Prodigiosin Inhibits Acidification of Proteoliposomes
Reconstituted with Purified F-ATPase of E. coli—There
are several ways of inhibiting vesicular acidification with-
out inhibiting ATPase actiyvity. One is to uncouple the
H*-ATPase molecules themselves; another is to block
anion channels (e.g., the chloride channel), which results in
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Fig. 4. Effects of (A) prodigiosins as com-
pared with (B) DCCD on the acidification and

.. A, Prodigiosins
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ATPase activities of F-ATPase of the invert-
ed membranes of E. coli. Acidification and
ATPase activities of the inverted membrane
vesicles of E. coli were measured as described
under “EXPERIMENTAL PROCEDURES.” For
the acidification assay, inverted membrane vesi-
cles (10 ug protein) prepared from E. coli were
added to 2ml of incubation mixture with or
without the indicated concentration of prodigio-
sins (1% DMSO as solvent control) or DCCD (1%
EtOH as solvent control) and incubated at 25°C
for 1 min before the addition of ATP. The
ATPase activity of E. coli vesicles (0.16 ug
protein) was measured in 1ml of incubation
mixture with or without the indicated concentra- 0
tion of prodigiosins (1% DMSO as solvent con-

trol) or DCCD (1% EtOH as solvent control) and

n)

(open symbols, ATPase)

Activity (% control
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B. occo
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0 Ve rrre—rrrar—rrrer— g

0.1 1 10 100 1,000 10,000 0 o001 0.1 1 10 100 1,000
Concentration (nM) Concentration (uM)

incubated at 25°C for 20 min. The reaction was started by the addition of 1 mM ATP.Na,. A: prodigiosins. (Z, @), prodigiosin; (5, a},
prodigiosin 25-C; (C, @), metacycloprodigiosin. B: DCCD. The specific Mg-ATPase activity of inverted membrane vesicles of E. coli was 1.79

U/mg protein.

ATP FCCpP TX-100

Meta (10 nM)

preincubated with 10 nM
Meta (final 0.5 nM)

Fluorescence

Meta (0.5 nM) ||
pmso !’

M*A!
L Prelncubated with DMSO
41/
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Fig. 5. Reversibility of the effect of metacycloprodigiosin on
the ATP-dependent acidification of inverted membrane vesicles
of E. coli. The inverted membrane vesicles (10 ug protein) of E. coli
were added to 100 gl of preincubation mixture (10 mM Tricine-
choline (pH 8.0), 0.14 M KCIl, 5 mM MgCl, with or without 10 nM
metacycloprodigiosin or 1% DMSO (solvent control)] and preincubat-
ed at 25°C for 2 min. Then 1.9 ml of dilution buffer {10 mM Tricine-
choline (pH 8.0), 0.14 M KCl, 5mM MgCl,, and 1 M acridine
orange] was added to give a final concentration of 0.6 nM metacyclo-
prodigiosin, and the mixture was incubated for 1 min before the
addition of ATP. The acidification activity of membrane vesicles after
each treatment was estimated by the fluorescence quenching of
acridine orange as described under *EXPERIMENTAL PROCE.
DURES.” ATP, 1mM ATP-Nsa,; Meta, metacycloprodigiosin;
DMSO, 1%; FCCP, 2.5 4M; TX-100, 0.1% Triton X-100.

the inhibition of the compensatory movement of accom-
panying anions (like chloride) (to discharge membrane
potential established by the H*-ATPase), and therefore in
the inhibition of continued acidification. To obtain direct
evidence that the target molecule of prodigiosins is not
anion channels, we performed a reconstitution experiment.
The effect of prodigiosin on the acidification activity of the
E. coli F-ATPase was measured in a reconstituted system
(11). In this system, purified E. coli H*-ATPase was
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Fig. 6. Effect of prodigiosin 25-C on the acidification activity
of reconstituted F-ATPase. Reconstituted proteoliposomes of E.
coli F-ATPase were incubated at 25°C in an assay mixture containing
10 mM Tricine-choline (pH 8.0), 0.14 M KCl, 5 mM MgCl,, 1 M
acridine orange, and the indicated concentration of metacyclopro-
digiosin {(or 1% DMSO as solvent control). Acidification activity was
measured as described in Fig. 3.

solubilized and incorporated into liposomes made from
asolectin through a freeze-thawing-sonication technique.
As shown in Fig. 6, even acidification activity in this system
was strongly inhibited, showing 1C,, of about 10 pM. This
result clearly shows that the target of prodigiosins is not
anion channel(s) (e.g., the inner membrane anion channel
(IMAC (25)]).

Prodigiosins Do Not Inhibit ATP-Dependent Formation
of Membrane Potential—Unlike ordinary inhibitors of the
proton pump, prodigiosins did not inhibit the membrane
potential (4y) formation of F-ATPases. As shown in Fig. 7,
the Ay formation (inside positive) of inverted membrane
vesicles of E. coli detected by the fluorescence quenching of
oxonol-V was not affected by prodigiosins at concentrations
ranging from 10 pM to almost 1 4M, while the ordinary
uncoupler (protonophore) FCCP inhibited both acidification
and Ay formation equally well with ICs, of about 300 nM.
The inhibition of 4y formation by higher concentrations
than 1 M of prodigiosins is probably secondary to the
inhibition of ATPase activity (see Figs. 2 and 4). Essen-
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Fig. 7. Effects of (A) prodigiosin as
compared with (B) FCCP on the ATP-
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Fig. 8. Anion requirement of the acidification inhibitory ac-
tivity of metacycloprodigiosin on SMP. Acidification activity was
measured as described in Fig. 1, but in the presence of valinomycin.
SMPs (200 ug protein) were added to 2 ml of incubation mixture (40
mM Hepes-TMAH (pH 7.5), 1 4M valinomycin and 2.5 4 M acridine
orange] containing (A) 0.15 M KCl or (B) 0.15 M K-gluconate, with
metacycloprodigiosin (or 1% DMSO as solvent control) or with
tributyltin chloride (TBT) (or 1% EtOH as solvent control) and
incubated at 37°C for 1 min before the addition of 1 mM ATP-Mg.
DMSO, 1%, EtOH, 1%; ATP, 1 mM ATP-Mg; Meta, 100 nM meta-
cycloprodigiosin; TBT, 100 sM; FCCP, 1 uM; TX-100, 0.1% Triton
X-100.

tially the same results were obtained with SMPs (data not
shown).

dependent formation of membrane po-
tential. ATP-dependent activities of acidi-
fication and membrane potential (A4y)
formation of inverted membrane vesicles
of E. coli were assayed as described under
“EXPERIMENTAL PROCEDURES.” The
inverted membrane vesicles of E. coli (10
18§ protein) were incubated for 1 min with
or without the indicated concentration of
prodigiosin (1% DMSO as solvent control)
or FCCP (1% EtOH as solvent control)
before the start of the assay. For both
panels, closed symbols represent acidifica-
tion and open symbols membrane potential
(4¢) formation.

10 100

FCCP (nM)

1,000 10,000

There are also several ways of inhibiting vesicular
acidification without inhibiting 4y formation: firstly, (i)
through inhibition of the transformation of ATP-driven 4y
into 4pH (26) on the H*-ATPase molecules themselves;
secondly, (ii) through changing the ion specificity of the
H*-ATPase from H* to another cation (e.g., K*) [like
Na-(V or F)-ATPase (27-29)]; or thirdly, (iii) through
changing the ion specificity of the ATPase from H* (or OH™)
to another anion [like the relationship between halorhodop-
gin and bacteriorhodopsin (30) or OH™/Cl- exchangers
(22)]. To test these possibilities, we next investigated the
possible ion exchanging (or co-transporting) activity of
prodigiosins on the F-ATPase membranes.

Prodigiosing Inhibit and Quickly Reverse Acidification
Driven by F-ATPase Dependent on Chloride Ions—The
inhibitory activity of prodigiosins on the vesicular acidifica-
tion driven by F-ATPases was expressed irrespective of the
cation species (data not shown). Therefore, we next looked
into the anion requirement of the acidification inhibitory
activity of prodigiosin. In Fig. 8, the inhibitory effect of
prodigiosins on the acidification of SMPs was measured in
buffers containing either chloride or gluconate as anion in
the presence of valinomycin, where acidification was cou-
pled with exchange extrusion of K*. The acidification-
inhibitory activity of prodigiosins was observed only in
chloride buffer and not in gluconate buffer, suggesting a
requirement of chloride ions for acidification-inhibitory
activity. Figure 8 includes the results for tributyltin
chloride (TBT), a well-known OH~/Cl~ exchanger with
potent H*-ATPase inhibitory activity due to irreversible
binding with the F, portion of F- (and V-) ATPases (31-
38): TBT inhibited acidification driven by F-ATPase both
in chloride and gluconate buffers.

In Fig. 9, prodigiosins quickly reversed the acidification
of the intravesicular pH driven by F-ATPase of E. coli,
again only in chloride and not in gluconate buffer, without
affecting seriously the membrane potential (data not
shown). This was also the case with TBT. Essentially the
same results were obtained with SMP (data not shown).

These results are consistent with the explanation that
prodigiosing inhibit acidification due to their ability to
mediate symport of H* with Cl~ or its equivalent anion
exchange (OH~ with CI°).

Prodigiosins, Like TBT, Induce Cl~-Dependent Swelling

J. Biochem.

ZT0Z ‘T $80o100 uo A1sleAlun pezy dlwes| e /Bio'seulnolpioxo-qly:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

Prodigiosins Uncouple F-ATPases through H*/Cl~ Symport

. A. Chloride buffer

‘ PG, Meta, 25C, FocP oo
8 S— or THT ‘
g Va! ~JT8T .
[EtOH]
g 5-Ch
Te

j@;x 25ch
[DME0]

[EtOH)

25cb

Time (min)

o B. Gluconate buffer

8 c— PO,:?,.BTM, FTP TXIM

vt: ' rousc} s ::m
[,
2 —m

T T T T T T T T T

4 3 2 1 0 1 2 3 4
Time (min)

Fig. 9. Prodigiosins quickly reverse the acidification of in-
travesicular pH of inverted membrane vesicles of E. coli in (A)
chloride but not in (B) gluconate buffer. Acidification activity was
measured as described in Fig. 3, but in the presence of 0.1 xM
valinomycin. Inverted membrane vesicles (10 xg protein) were added
to 2 ml of incubation mixture [10 mM Tricine-choline (pH 8.0), and
2.5 uM acridine orange] containing (A) 0.14 M KCl or (B) 0.14 M
K-gluconate and incubated at 37°C. One minute after the addition of
0.1 M valinomycin, 1 mM ATP-Mg was added to drive vesicular
acidification. After establishment of full acidification (at 4 min), the
indicated concentrations of prodigiosins (prodigiosin, metacyclopro-
digiosin, and prodigiosin 25-C, 1% DMSO as solvent control) or TBT
(19 EtOH as solvent control) were added to the incubation mixture.
PG, 3 nM prodigiosin; Meta, 20 nM metacycloprodigiosin; 25-C*, 40
nM prodigiesin 25-C; 256-C®, 400 nM prodigiosin 25-C; DMSO, 1%;
TBT, 20 nM; ATP, 1 mM ATP-Mg; Val, 0.1 4M valinomycin; FCCP,
1 4#M; TX-100, 0.1% Triton X-100. *: The quick reduction of fluo-
rescence after addition of the highest concentration (400 nM) of pro-
digiosin 25-C is due to the quenching effect on acridine orange fluo-
rescence.

of Mitochondria and Liposomes—We finally tested if
prodigiosins have this type of ionophoric activity on
mitochondrial and liposomal membranes, using a well-
established method to detect Cl--dependent vesicular
swelling in isotonic ammonium salt solution. In this
method, anion permeability is estimated by vesicular
swelling in isotonic solution of ammonium salts of anions of
interest (22). As shown in Fig. 10, all the prodigiosins
tested, like TBT, reduced the absorbance of mitochondria
in dose- and time-dependent manner in 0.2 M NH,CI (but
not in NH,-gluconate): the effect of prodigiosin 25-C is
weaker than the other prodigiosins and that of TBT is
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steeper in dose-response. Figure 11 represents the results
with E. coli liposomes devoid of any protein constituents.
The results are almost the same as those of mitochondria
but the order of effectiveness was: TBT > metacyclopro-
digtosin = prodigiosin > prodigiosin 25-C. Essentially the
same results have been obtained with asolectin liposomes
(data not shown).

DISCUSSION

Although contrary to our original expectation, the data on
the F-ATPases are consistent with the idea that the effects
of prodigiosins are due to their ionophoric (H*/Cl~ symport-
ing) activity. One concern is that the acidification of F-type
ATPase vesicles showed very high sensitivity to prodigio-
sins with lower ICs, and apparent K, values (of the order of
sub nM) than did lysosomal V-ATPases. But, this is most
probably due to the lower concentrations of submitochon-
drial and E. coli membrane vesicle protein: when express-
ed on the basis of protein amount, the values are of almost
the same order (10-100 pmol/mg protein for ICs,) for these
experimental systems, suggesting that the target of pro-
digiosins is not a specific protein but non-specific membrane
component, for example, phospholipids. Single K, values do
not necessarily indicate specific binding: in fact, the iono-
phore nigericin showed a single K; value (approximately 1
nM at 220 xg protein/ml) of non-competitive inhibition of
vesicular acidification driven by SMP H*-ATPase (our
unpublished observation). The other concern is the rela-
tively weak activity of prodigiosin 25-C on liposomes. This
might partly be due to the multilamellar nature of the
liposomes used in this experiment, as the long alkyl side
chain on prodigiosin 25-C may well retard its trans-multi-
layer movement. Otherwise, it might be a reflection of
permeability differences (due to presence or absence of
protein components) between liposomes and inverted
membrane vesicles. The effect of TBT on liposomes is
stronger than that of prodigiosins, which may reflect
possible differences in their mode of action (e.g., OH™/Cl-
exchange versus H*/Cl- symport) and/or in their permea-
bility properties.

Before deciding whether the above conclusion on the
ionophoric activity of prodigiosins is valid, however, we
should look into a completely different proton translocation
system, for example, P-type ATPases (whose proton trans-
location is mediated by a phosphorylated intermediate,
unlike F- or V-type H*-ATPase), respiratory proton
pumps, vacuolar membrane pyrophosphatases, and go on.
We are now investigating the effect and precise mode of
action of prodigiosins on these proton pumps, as well as on
the phospholipid vesicles.

The findings and conclusions described in the present
article explain, first of all, why the prodigiosins did not
affect cellular ATP content although they inhibit mitochon-
drial H*-ATPase (F-ATPase) (10). As they do not inhibit
Ay formation of H*-ATPases, they are not expected to
affect the proton motive force driven by Mg-ATP in H*-
ATPase. In fact, this has been the case with the traditional
hydroxyl/chloride ion exchangers, tributyltin or other
trialkyl(organo)tin compounds on the generation of proton
motive force by respiration: TBT does not affect dy
formation of cytochrome ¢ oxidase (39) and therefore does
not affect the formation of the proton-motive force (nor,
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Fig. 11. Cl--dependent swelling of liposomes by prodigiosins.
Liposomes prepared from E. coli phospholipids were added at 1 mg/
ml to 0.2 M solution (pH 7.0) of ammonium chloride (NH,Cl) or
ammonium gluconate (NH,-gluconate), and the A, was monitored.
A, prodigiosin; B, metacycloprodigiosin; C, prodigicsin 25-C; D, TBT.

probably, ATP formation) driven by respiration. In fact,
TBT has been used as such a reagent (40). However,
trialkyltins bind F- (and even V-) ATPases and inhibit their
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Fig. 10. Cl--dependentswell-
ing of mitochondria by pro-
digiosins. Mitochondria (heavy
mitochondrial fraction) were
loaded at 0.8 mg protein/ml in
0.2 M solution (pH 7.0) of ammo-
nium chloride (NH,Cl) or ammo-
nium gluconate (NH,-gluconate),
and the A, was monitored. A,
prodigiosin; B, metacycloprodi-
giosin; C, prodigiosin 25-C; D,
TBT. PG, prodigiosin; Meta,
metacycloprodigiosin; 25-C, pro-
digiosin 25-C; [DMSO], 1%
DMSO (solvent control for prodi-
giosins); (EtOH], 1% EtOH (sol-
vent control for TBT). Solid
lines, NH,Cl buffer; dotted lines,
NH,-gluconate buffer.
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PG, prodigiosin; Meta, metacycloprodigiosin; 25-C, prodigiosin 25-C;
[DMSO], 1% DMSO (solvent control for prodigiosins); [EtOH], 1%
EtOH (solvent control for TBT). Solid lines, NH,Cl buffer; dotted
lines, NH,-gluconate buffer.

ATPase and ATP synthetic activities (33, 41-44). We will
show that prodigiosins, although they inhibit respiration-

induced acidification, do not inhibit respiration (and there-
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fore, 4y formation) of mitochondria and of E. coli (manu-
scripts in preparation). Secondly, these characteristics also
explain the mitochondrial swelling (10): the anion exchang-
ing property of TBT coupled with the internal alkalinization
(plus inside negative membrane potential) of living mito-
chondria driven by the respiratory proton pump will drive
the uptake of osmotically active chloride anions [through
IMAC (25)], resulting in the accumulation of osmotically
active chloride salts (e.g., KCl), which will eventually
produce mitochondrial swelling (41, 45-47).

Prodigiosins behave as H*/Cl- symporters (or OH~/Cl~
exchangers), but they inhibit acidification only and not
ATPase activity, in contrast with the conventional OH~/
Cl- exchanger TBT, which inhibits both acidification and
ATPase activities with IC;, of 5-15nM and 150 nM,
respectively (our unpublished data). Therefore, prodigio-
sins may constitute a new group of H*/Cl~ symporters (or
OH~/Cl~ exchangers) which will be useful for the study of
the biological reactions involving H* (or OH-) and/or Cl-.
At higher concentrations (approximately 1 ©M), however,
prodigiosins also inhibited the ATP hydrolysis activities of
both inverted membrane vesicles of mitochondria (SMP)
and E. coli with ICs of 0.5-3 and 0.3-1 4M, respectively.
These results indicate that prodigiosins have some affinity
for H*- ATPases, possibly to binding site(s) for lipophilic
cationic dyes (48). We are now investigating the mode of
inhibition of ATPase activity by prodigiosins.
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