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ABSTRACT Membrane energization by ATP has been
measured in vesicles containing purified bovine heart mito-
chondrial H*-ATPase (ATP synthase) with the voltage-sensi-
tive dye oxonol VI. The dithiol chelator, Cd**, and the thiol
oxidant, copper o-phenanthroline, produced discharge of the
membrane potential when added at the steady state and inhib-
ited its establishment when added prior to energization by
ATP. These effects, which were reversed by dithiothreitol,
were not accompanied by an increase in the nonspecific H*
permeability of the membrane. Passive H* conduction in pro-
teoliposomes containing F, (hydrophobic segment of ATP syn-
thase) was assayed by.the quenching of 9-aminoacridine fluo-
rescence after establishing a K* diffusion potential. This con-
ductance was blocked by Cd>*, an inhibitor of coupling factor
B (Fg). Labeling of F, with 15Cd** at the concentrations that
inhibited the F, conductance followed by gel electrophoresis
yielded a single radioactive band with a molecular weight cor-
responding to Fg, the presence of which in the F, preparation
was confirmed by immunoblot staining. The data offer strong
evidence that Fy is an essential component of the H* channel
of Fy, because H* conduction through the channel is inhibited
by chemical modification of Fg.

It is well established that the mitochondrial ATP synthase or
H*-ATPase is an inner mitochondrial membrane complex
consisting of a hydrophobic segment (Fy) anchored in the
bilayer region and an extrinsic water-soluble multiprotein
complex (F;) with ATPase activity (1). F; has been charac-
terized extensively, but knowledge of the structure of F, and
the function of its subunits is far from complete. Bovine
heart F,, has four principal subunits with identifiable func-
tion; they are oligomycin-sensitivity-conferring protein, cou-
pling factor B (Fg), coupling factor 6, which, together with
oligomycin-sensitivity-conferring protein, may have a role in
linking F; to Fy, and the oligomycin and dicyclohexylcarbo-
diimide binding proteolipid. The proteolipid appears central
to the process of H* translocation (2). Recent work has also
implicated Fg in H* translocation (3), and we now provide
stronger evidence for its involvement. In addition to these
four proteins, our best F,, preparations show at least two oth-
er prominent bands in gel electrophoresis, whose role, if
any, is unknown, and there may also be traces of other un-
known components.

The properties of Fg, which may be Racker’s F,, have
been reviewed recently (3). Its coupling activity is inhibited
by Cd** and phenylarsine oxide under conditions that render
these reagents specific to vicinal dithiols—namely, in the
presence of excess monothiol (4). We now report that inacti-
vation of H*-ATPase by Cd** decreases the electrochemical
H" gradient (Auy-) generated by ATP without significant al-
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teration of the nonspecific H* permeability of the mem-
brane. Cd?** also inhibits the Fy-mediated H* conduction
measured by quenching of the fluorescence of 9-aminoacri-

dine.

EXPERIMENTAL

The preparations of H*-ATPase and F, from it by dissocia-
tion of F; in 3.5 M NaBr have been described (5, 6). Mem-
brane potential was monitored in this preparation with the
voltage-sensitive dye, bis(3-propyl-5-oxoisoxazol-4-yl) pen-
tamethine oxonol (oxonol VI), essentially as described (7).
Briefly, 100 ug of H*-ATPase and 2 ul of 1.5 mM oxonol
(dissolved in ethanol) were added to 2 ml of 40 mM Tris ace-
tate, pH 7.5/0.25 M sucrose/2 mM MgCl,, equilibrated for 2
min at 25°C, and the reaction was started by adding a solu-
tion containing ATP and ADP as shown in the figures. The
absorbance change caused by the redistribution of oxonol VI
in response to membrane energization was measured with a
Perkin—-Elmer model 557 dual wavelength spectrophotome-
ter using 594 nm and 630 nm as reference and measuring
wavelengths.

For the assay of passive H* conduction, 20 mg of asolec-
tin that had been dried from CHCI; solution in a thin layer
under N, was suspended in 1 ml of 200 mM KCl/10 mM
Tricine buffer, pH 7.5, shaken in a Vortex mixer, and finally
exposed to sonic dispersion until clarity. One milligram of F,
vesicles in 10 ml of 10 mM Tricine at pH 7.5 and 1 mM di-
thiothreitol was spun down and the resulting membrane frag-
ments were resuspended with the liposomes. The mixture
was frozen in liquid N,, then thawed, sonicated for a few
seconds, and passed through a Biogel P-6 DG column that
had been swollen in 200 mM NaCl/10 mM Tricine buffer to
remove external K*. Small aliquots of K*-loaded liposomes
were assayed in 2 ml of 200 mM NaCl/10 mM Tricine buff-
er/S uM 9-aminoacridine. The fluorescence was monitored
with a Perkin~Elmer MPF-44A spectrofluorometer. The ex-
citation and emission wavelengths were 365 nm and 451 nm,
respectively. The reaction was initiated by the addition of 50
ng of valinomycin in 5 ul of ethanolic solution, which pro-
motes K* efflux and a consequent flux of protons inward
through the H* channel.

RESULTS

On the addition of ATP/ADP to the H*-ATPase, there is an
immediate increase in the bound oxonol, shown by the de-
crease in Asps_630 nm (Fig. 1, Inset). This change is indica-
tive of the establishment of a membrane potential associated
with influx of H" into the inverted vesicles. When oligomy-
cin or dicyclohexylcarbodiimide is added at the steady state,
the H* pump is inhibited and the absorbance returns to the

Abbreviations: F,, hydrophobic segment of ATP synthase; F;, wa-
ter-soluble segment of ATP synthase; Fg, coupling factor B, Auy*,
electrochemical H* gradient.
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FiG. 1.  Response of ATP-energized oxonol VI absorbance change
in H*-ATPase to Cd?*. Cd** was added to the reaction mixture
containing 100 ug of H*-ATPase and oxonhol VI, and the reaction
was started with the addition of 20 nmol of ATP and 2 nmol of ADP
dissolved in the same medium. The resulting maximal absorbance
change is shown on the ordinate. (Inset) The absorbance trace on
adding ATP/ADP and the reversal of the absorbance change
brought about by 100 uM Cd?*.

pre-energized level owing to the nonspecific leakage of H*
from the vesicle (data not shown). Cd** addition produces a
similar effect on the oxonol absorbance. If Cd** is added
before ATP, there is little or no absorbance change, and thé
effect of increasing Cd?* on the steady oxonol absorbarce
change is shown in Fig. 1. The Cd?* block is seen everi in the
presence of 2-mercaptoethanol but it is inhibited if dithiothre-
itol is present, as in the experiments on the effect of Cd*>* on
P—~ATP exchange (4). Earlier experiments have shown that
binding of Cd** does not affect the oligomycin sensitivity of
the H*-ATPase and that the site of Cd** binding is probably
Fy dithiol (4). Because Cd>* is bound with high affinity to
vicinal dithiols, it seemed feasible to show the binding direct-
ly. In fact, when H*-ATPase was treated with Cd** in the
presence of excess 2:-mercaptoethanol and NaDodSO,/
PAGE was carried out, the radioactivity was recovered in a
peak located at the position of Fg (see figure 11 in ref. 3).

The discharge of the bound oxonol on addition of Cd®* to
the energized H*-ATPase could occur either because of an
increase in H* permeability of the membrane or because of
an inhibition of the low level of continuing H* pumping ac-
tivity maintained by the residual ATP, with subsequent non-
specific slow discharge of the H*. One test to distinguish
between these two explanations is to inhibit the pump com-
pletely without affecting the H* channel and to measure the
effect of Cd** on the efflux rate. This was accomplished
with efrapeptin, an inhibitor of ATPase (8). In our éxperi-
ments, in the presence of 0.5 ug of efrapeptin, the ATP-hy-
drolyzing activity of H*-ATPase was not detectable. The
same amount of efrapeptin reduced the ATP-induced oxonol
binding by at least 98%. Fig. 2 shows that when efrapeptin is
added to H*-ATPase after establishing the membrane poten-
tial with ATP, the oxonol VI absorbance reverted to its pre-
energized level considerably faster. This decay, expressed
as the first-order rate constant, is probably close to the true
rate of nonspecific H* leakage through the membrane. Al-
though Cd?* by itself also promoted a similar absorbarice
change, any additional effect of this ion on the decay tate in
the presence of efrapeptin was barely noticeable.

We have also recently studied the inactivation of purified
Fpg by the relatively specific thiol-oxidizing reagents, copper
o-phenanthroline and iodosobenzoate. The inactivation fol-
lowed pseudo-first-order kinetics with respect to Fp protein,
which suggests intramolecular disulfide formation (data not
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Fi1G. 2. Effects of Cd®* and efrapeptin on the rate of oxonol re-
lease. The experiment was carried out as in Fig. 1 (Inset). When the
steady state was reached, the discharge of bound oxonol was effect-
ed by the addition of 1.25 ug of efrapeptin in 25 ul or by 500 nmol of
CdCl, in 25 ul (or both in 30 ul) of buffer. Note the change in chart
speed. At the end, the membrane potential was completely dis-
charged by the addition of 5 ul of 0.5 mM carbonylcyanide m-chlor-
ophenylhydrazone in ethanol and the resuilting reading served as the
reference point for measuring the decay rate. The first order rate
constants (k) were determined from a log absorbance vs. time plot.

shown), and is consistent with the presence of a vicinal dithi-
ol in Fg. These reagents also inhibited the P—ATP exchange
activity of H*-ATPase and blocked the membrane potential-
dependent binding of oxonol VI with ICsy values of 25-40
pm for the copper chelate. The ATPase activity, however,
was unaffected, an effect similar to that of Cd**. Experi-
ments similar to those shown in Fig: 2 using copper o-phen-
anthroline instead of Cd>* also showed that thiol oxidation
produced a slow discharge of bound oxonol. The decay rates
for efrapeptin and efrapeptin together with copper o-phen-
anthroline, iowever, were practically the same, again in-
dicating that disulfide formation in Fg did not produce any
significant increase in the H* permeability of the mem-
brane. .

The above results, however, differ from the observations
with intact mitochondria. It is known that Cd?* uncouples
mitochondrial oxidative phosphorylation, inhibits P—ATP
exchange, and stimulates ATPase activity (3). All these ef-
fects can be explained on the basis that Cd®>* produces an
increase in the proton permeability of the mitochondrial
membrane. The data in Fig. 3 show that Cd?* does in fact
produce rapid discharge of the pH across the membrane of
respiring rat liver mitochondria. Oligomycin does not affect
this discharge rate; the #;, values for Cd**-induced decay
with and without oligomycin were 16.2 and 16.4 sec, respec-
tively. It may be noted that Cd?* is not a protonophore in
liposomes (3). Because the experiments with the purified
H*-ATPase show that Cd?* does not alter membrane per-
meability by interaction with Fg, it would seem that Cd?*
must react with some other unknown membrane protein in
the mitochondria and produce a rapid H* leak. 1°Cd?*-
binding experiments in the presence of a 10-fold excess of 2-
mercaptoethanol show that rat liver mitochondria bind =2.6
ng equivalents of Cd>* per mg of protein or about 8 times the
cytochrome a content (unpublished data). There are clearly
several unidentified Cd?* binding sites that could account
for the increase in the H* permeability.

A more direct method for testing the role of Fg in the H*
pump involves the use of F, for the study of passive H* con-
duction driven by a K* diffusion potential (9). On adding
valinomycin to K*-loaded liposomes containing F,, theére is
K™ efflux and a counter movement of H*, which is measured
by the quenching of the fluorescence of 9-aminoacridine.
Both oligomycin and dicyclohexylcarbodiimide blocked this
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Fi1G. 3. Discharge of the H* gradient in respiring mitochondria
by Cd?*. Rat liver mitochondria (RLM) were in 0.25 M sucrose/0.02
M KCl/3 mM Hepes buffer, pH 7.1. Succinate (Succ.) and valino-
mycin (Val) and then the reagents indicated in the figure were add-
ed. Oligomycin was 2.5 ug and carbonylcyanide p-trifluorome-
thoxyphenylhydrazone (FCCP) was 2 uM. The pH was monitored
with a glass electrode. The #,/, for the discharge was determined
from a log [H*] vs. time plot, which was linear for >75% of the

response.

H* translocation almost completely. Similar results have
been reported by Glaser et al. (10), but these workers only
obtained partial block with the inhibitors. If Cd?* exerts its
uncoupling effect by producing a H* leak, in this system the
fluorescence quenching would be expected to occur faster
and the extent of quenching to remain unaltered in the pres-
ence of the ion. On the contrary, the results show that Cd?*
blocked the quenching of valinomycin-induced fluorescence
(Fig. 4). Furthermore, the average t,, for the signal estab-
lishment in the presence of different concentrations of Cd**
was 23.7 + 4.4 (n = 10) sec, which was not significantly
different from the value of 22.3 + 2.4 (n = 6) sec in the ab-
sence of Cd**. No difference in ti2 would be expected if
each proteoliposome contained a single Fy complex.

Fg has been detected by immunoblot staining in the F,
Preparations used for these experiments. Moreover, when
15Cd was added to F, proteoliposomes under conditions
that inhibit quenching of aminoacridine fluorescence, the ra-
dioactivity was recovered on NaDodSO,/PAGE exclusively
at a position corresponding to Fg (Fig. 5).

Valinomycin (50ng)

T 1500 uM Cd?*

500 uM Cd?*

100 uM Cd?*

Control
30 sec

Fluorescence Intensity

FiG. 4. Effect of Cd** on passive H* conduction through F,.
Ten microliters of K*-loaded proteoliposomes, containing ~10 ug
of mitochondrial F, protein, was added to 2 ml of K *-free buffer that
contained 5 um 9-aminoacridine. Fluorescence quenching occurred
on addition of 50 ng of valinomycin. Total quenching for control
samples was 9.3%. Small aliquots (2-20 ul) of CdCl, were added 2
min prior to the addition of valinomycin.
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F1G. 5. Radiolabeling of F, with Cd. A 100-ul aliquot of F, (10
mg/ml) in Tris acetate, pH 7.5/250 mM sucrose, was incubated at
room temperature for 5 min after addition of 2 ul of 50 mM 2-mer-
captoethanol. A 20-ul aliquot of 500 uM CdCl, (0.5 uCi/nmol; 1 Ci
= 37 GBq) was added and the incubation continued for an additional
5 min. An aliquot (24 ul) of 5% NaDodS0,/20% glycerol/1 mM 2-
mercaptoethanol was added. Protein samples (50 ug) were immedi-
ately transferred to 10% polyacrylamide gels (10 x 0.5 cm) and elec-
trophoresed using a 50 mM phosphate running buffer (pH 7.0). After
electrophoresis, gels were sliced (1 mm) and extracted for 24 hr at
70°C with 1.0 ml of 20 mM EDTA (pH 7.5) before addition of scintil-
lation fluid. In the phosphate-gel system, the migration of Fpg is
somewhat behind that of cytochrome ¢ and corresponds to that of
the '°Cd** label. The total incorporation of 1*5Cd was 4.9 nmol per
mg of Fo. Assuming a molecular weight of 150,000 for F,, the incor-
poration of '*>Cd into the peak comigrating with Fg is 0.73 nmol per
nmol of F,. A, bovine serum albumin; B, carbonic anhydrase; C,
cytochrome c.

DISCUSSION

Several reports have recognized the dicyclohexylcarbodii-
mide-binding proteolipid as the principal component of the
Fo proton channel (for a recent review, see ref. 11). Experi-
ments in liposomes (12, 13), lipid-impregnated millipore
membranes (14), and recently, planar bilayers (15) using par-
tially and extensively purified proteolipid from several dif-
ferent H*-ATPases have indicated that this hydrophobic
protein complex is capable of conducting H* through lipid
bilayers. The kinetic competence of the incorporated proteo-
lipid to account for the rates observed in intact mitochon-
dria, however, needs to be established. Schindler and Nel-
son (15) have shown discrete conductance channels with a
highly purified preparation of the proteolipid from yeast mi-
tochondria. The significance of these experiments, implicat-
ing only the proteolipid for H* channel activity, however,
may need to be reassessed in light of the results described in
this paper, showing blockage of H* translocation through
the H*-ATPase as well as F, by perturbation of Fg dithiol.
Furthermore, there is evidence that the F, prepared from
Escherichia coli unc mutants lacking the a or b subunits have
negligible H* conducting activity (16-19). Our present evi-
dence that the mitochondrial Fy is also a functional part of
the proton channel is thus consistent with recent data that
the H* channel may consist of other proteins in addition to
the proteolipid. The attractive speculation that perturbation
of Fg by inhibitors (3) may produce a controlled H* leak is
not substantiated, and it seems unlikely. Our data, however,
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clearly support the conclusion (3) that Fp is a component of
the H* channel of the bovine heart H*-ATPase, functional
in the reversible synthesis of ATP from the Auy-.

This work was supported by National Institutes of Health Grants
GM13641, ES02617, and RR05711. M.P. was post-doctoral trainee
on Grant HL07266.

bl

W

o N

Fillingame, R. (1980) Annu. Rev. Biochem. 49, 1079-1113.
Racker, E. (1977) Annu. Rev. Biochem. 46, 1006-1014.
Sanadi, D. R. (1982) Biochim. Biophys. Acta 683, 39-56.
Joshi, S. & Hughes, J. B. (1981) J. Biol. Chem. 256, 11112-
11116.

Hughes, J. B., Joshi, S., Torok, K. & Sanadi, D. R. (1982) J.
Bioenerg. Biomembr. 14, 287-295.

Joshi, S., Hughes, J. B., Shaikh, F. & Sanadi, D. R. (1979) J.
Biol. Chem. 254, 10145-10152.

Pringle, M. J. & Sanadi, D. R. (1984) Membr. Biochem., in
press.

Susa, J., Reed, P. & Lardy, H. A. (1975) Mol. Pharmacol. 11,
166-173.

10.
11.

12.

13.

14.

15.
16.

17.
18.
19.

Proc. Natl. Acad. Sci. USA 81 (1984)

Sone, N., Yoshida, M., Hirata, H. & Kagawa, Y. (1978) Proc.
Natl. Acad. Sci. USA 75, 4219-4223.

Glaser, E., Norling, B. & Ernster, L. (1980) Eur. J. Biochem.
110, 225-235.

Sebald, W. & Hoppe, J. (1981) in Current Topics in Bioener-
getics, ed. Sanadi, D. R. (Academic, New York), Vol. 12, pp.
1-65.

Nelson, N., Eytan, E., Notsani, B., Sigrist, H., Sigrist-Nel-
son, K. & Gitler, C. (1977) Proc. Natl. Acad. Sci. USA 74,
2375-2378.

Celis, H. (1980) Biochem. Biophys. Res. Commun. 92, 26-31.
Criddle, R. S., Packer, L. & Schien, P. (1977) Proc. Natl.
Acad. Sci. USA 74, 4306-4310.

Schindler, H. & Nelson, N. (1982) Biochemistry 21, 5787-5794.
Friedl, P., Bienhaus, C., Hoppe, J. & Schairer, H. U. (1981)
Proc. Natl. Acad. Sci. USA 78, 6643-6646.

Loo, T. W. & Bragg, P. D. (1981) Biochem. Biophys. Res.
Commun. 103, 52-59.

Fillingame, R. H., Mohser, M. E., Negrin, R. S. & Peters,
L. K. (1983) J. Biol. Chem. 258, 604—609.

Friedl, P., Hoppe, J., Gunsalus, R. P., Michelson, O., von
Meyenberg, K. & Schairer, H. U. (1983) EMBO J. 2, 99-103.



