Volume 50, number 2

FEBS LETTERS

February 1975

CHARGE TRANSFER BETWEEN WATER AND OCTANE PHASES BY SOLUBLE
MITOCHONDRIAL ATPase (F,), BACTERIORHODOPSIN AND RESPIRATORY
CHAIN ENZYMES

L. I. BOGUSLAVSKY, A. A. KONDRASHIN, I. A. KOZLOV, S. T. METELSKY,
V. P. SKULACHEV and A. G. VOLKOV

Institute of Electrochemistry of the USSR Academy of Sciences and Department of Bioenergetics,
Laboratory of Bioorganic Chemistry, Moscow State University, Moscow, USSR

Received 18 November 1974
Revised version received 2 December 1974

1. Introduction

According to Mitchell’s chemiosmotic theory of
energy coupling, there are special enzymic systems
carrying out translocation of electrons or protons across
biological membranes [1]. Such a translocation should
include the stages of electron (proton) transfer
through a water-lipid interface, the processes being
catalyzed (a) by certain enzymes operating in the
energy coupling sites of the respiratory and photosyn-
thetic redox chains, and (b) by H'—ATPase.

In this paper, we shall report a method of investi-
gation of the enzyme-mediated charge transfer across a
water-lipid interface. The method consists in the mea-
surement of the Volta potential difference between
an octane and water solution, containing the enzyme
system studied. Positive charging of the octane phase
was found to be induced by soluble mitochondrial
ATPase (F;) in an ATP-dependent fashion, or by
bacteriorhodopsin from Halobacterium halobium in a
light-dependent fashion. In both cases, a lipid-soluble
proton acceptor proved to be necessary. Cytochrome
oxidase and succinate-cytochrome c-reductase were
shown to carry out negative charging of octane if a
lipid-soluble electron acceptor and water soluble elec-
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DNP, 2,4-dinitrophenol

FCCP, trifluoromethoxycarbonylcyanidephenylhydrazone
MANQ, 2-N-methylamino-1 ,4-naphthoquinone

F,, coupling factor F, (soluble mitochondrial ATPase)
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tron donor were added. Succinate-cytochrome c-reduc-
tase catalyzed the positive charging of octane if a lipid-
soluble electron donor and water-soluble electron
acceptor were used.

2. Methods

Coupling factor F, was isolated from beef heart
mitochondria according to Horstman and Racker [2],
bacteriorhodopsin sheets after Oesterhelt and
Stoeckenius [3], the cytochrome oxidase after
Yonetani [4], and the succinate-cytochrome c-reduc-
tase after Erecinska [5].

The system for Volta potential measurements
included the following components: Au/air/octane/
water/sat.KCl/Hg,Cl,/Hg. The vibrating gold electrode
was connected to a mechanical vibration generator
(the electrode vibrates at a distance of 0.2—-1 mm from
the surface of the octane). The vibration of the gold
electrode resulted in periodical changes in the capaci-
tance of the part of the system which was situated
between the gold electrode and the water surface.

The displacement current, generated in this circuit

due to capacitance changes, was counterbalanced by

an external battery. The potential of the latter, which
was equal to the Volta potential in the above system,
was measured by a voltmeter (for details see [6]). Any
redistribution of the charges between water and oc-
tane changed the Volta potential. It should be mention-
ed that chemical ingredients presented in high concen-
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trations in the experimental system (e.g., buffers) must
be extremely pure. The best results were obtained
with Tris from ‘Sigma’.

3. Results and discussion

In the first series of experiments, soluble ATPase
from beef heart mitochondria (coupling factor F,) was
studied. F; was added to the water phase supplement-
ed with Mg?* and DNP. Then the ATPase reaction
was initiated by addition of ATP. As the measurements
showed, ATP induced a strong Volta potential change
indicating the positive charging of the octane phase.
Further experiments showed that the value of the
potential change did not depend on whether ATP,
Mg?* or F, was the reaction-initiating component.

A lipid-soluble proton acceptor was found to be abso-
lutely necessary for the above effect to take place. Its
amplitude was shown to vary depending on the type
of the proton acceptor (table 1). The Volta potential
change as a function of DNP concentration is shown
in figd.

It is noteworthy that the protonated form of
some of the proton acceptors used is neutral (DNP and
FCCP), whereas that of the others is positively
charged (anizidin and methyl ester of phenylalanine).
In special experiments it was shown that 1 mM anizi-
din does not increase the proton conductance of the
artificial phospholipid membranes.

The effect observed was of a non-equilibrium nature.

It paralleled the rate of the ATPase reaction. Inhibi-
tion of the ATPase activity of F; by ADP caused a
decrease in the Volta potential change. Oligomycin

Table 1
The ATPase-linked Volta potential change in the octane/
water system containing different proton acceptors

Proton acceptor Concentration (M) Volta potential

changes (V)
DNP 103 1.00
FCCP 10-¢ 0.15
Anizidin 10-2 0.20
Methyl ester of
phenylalanine 2x10-® 0.35

For conditions see fig.1
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Fig.1. ATPase- and bacteriorhodopsin-mediated Volta poten-
tial changes at the octane/water interface (AA) as a function

of the DNP concentration. The composition of the water phase:
in the ATPase experiment, 10 mpM F,, 1 mM MgSO,, 10

mM Tris-HCl, pH 7.4; in the bacteriorhodopsin experiment,
bacteriorhodopsin sheets (0.02 mg protein/ml), 10 mM Tris-
HCI, pH 7.4. The process was initiated by addition of 1 mM
ATP (ATPase exp.) or switching on the light (bacteriorhodop-
sin exp.). .

was without effect. The dependence ot we potential
change upon the F; concentration showed saturation
at5X 10° M F,.

The above phenomenon was shown not to be a
result of the ATP hydrolysis-induced pH change in the
water phase. The addition of 1 mM HCI to the com-
plete or ATP-deficient system did not cause any poten-
tial change. Besides, lowering of pH from 7.3 to 6.2,
i.e. down to the level at which pH changes accompany-
ing ATP hydrolysis are negligible, affected the above
electric response only slightly. The increase in the
buffer capacity from 3 mM to 100 mM Tris-HC]
was shown not to influence the value of the ATP-depen-
dent Volta potential. Sohible inorganic triphosphatase
from Neurospora crassa hydrolysing inorganic triphos-
phate to phosphate and causing the same pH changes
in the solution as ATP hydrolysis did not affect the
Volta potential.

The data obtained are indicative of the positive
charge transfer from water to octane in conditions
of ATP hydrolysis by F;. It seems to be most probable
that F,-translocated positive charges are H' ions,
since F, is a part of the H'—ATPase complex whose
function consists in H' ion transport across the mito-
chondrial membrane at the expense of ATP energy
[1,7-11].
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In other experiments bacteriorhodopsin complex-
es (“violet sheets’) functioning as the light-dependent
electrogenic proton pump in the Halobacterium halo-
bium membranes [12—14] were studied. The bacte-
riorhodopsin sheets were added to the water phase,
and the light source was switched on. It was found
that illumination induced a Volta potential change of
the same direction as did ATP addition in the F;-con-
taining system. Switching off the light reversed the
effect. Again, a lipid soluble proton acceptor, like
DNP, was found to be necessary. Dependences of the
Volta potential changes upon DNP concentration were
very similar in samples with F; and bacteriorhodop-
sin (fig.1).

Experiments on planar phospholipid membranes,
carried out by this group, showed an important differ-
ence in the behaviour of F, and bacteriorhodopsin
sheets. The latter were found to be competent in
transmembrane hydrogen ion translocation (see [14,
15]), whereas F, was ineffective, even in the presence
of a lipid-soluble proton acceptor (anizidin). To trans-
locate H" across the phospholipid membrane in an
ATP-dependent fashion, reconstitution of F; with
hydrophobic proteins of the oligomycin-sensitive ATP-
ase complex was found to be required [15]. So, F,
seems to mediate an H' transfer through the water/
membrane interface on one of the two membrane sur-
faces (injection of H' from water into the membrane).
As to hydrophobic proteins, they may be necessary
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Fig.2. The cytochrome oxidase-linked changes in the Volta
potential (AA) at the octane/water interface at different con-
centrations of a lipid soluble electron acceptor, 2-N-methyl-
amino-1,4-naphthoquinone (MANQ). The water phase compo-
sition: 50 uM cytochrome ¢, 4 mM ascorbate, 50 ug/ml cy-
tochrome oxidase, 10 mM Tris-HCl, pH 7 4.
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Fig.3. The succinate-cytochrome c-reductase-mediated Volta
potential changes at the octane/water interface as a function
of the concentration of this enzyme. The water phase compo-
sition; curve 1: 4 mM succinate, 0.1 mM 2-N-methylamino-
1,4-naphthoquinone, 50 uM cytochrome ¢, 10 mM Tris-HCl,
pH 7.4; curve 2: 50 uM cytochrome ¢, 10 mM ferrocene, 10
mM Tris-HCl, pH 7 4.

for the H ions to cross the membrane/water interface
on the other surface of the hydrophobic barrier.

In the concluding series of experiments, an attempt
was made to use the same method for studying the
respiratory chains enzyme complexes which carry out
the charge transfer across the mitochondrial membrane.
It turned out that cytochrome oxidase and succinate-
cytochrome c-reductase are capable of catalysing the
charge transfer between water and octane if lipid-solu-
ble electron donors or acceptors are present in the
system. Cytochrome oxidase negatively charged the
octane phase when cytochrome ¢, ascorbate and 2-NV-
methylaminoaphthoquinone were added (fig.2). Cyto-
chrome c-reductase catalyzed the negative charging of
octane in the presence of succinate, cytochrome ¢
and 2-N-methylaminoapthoquinone and the positive
charging — in the presence of cytochrome ¢ and ferro-
cene (fig.3). The cytochrome oxidase-mediated effect
was abolished by cyanide, those of the cytochrome ¢
reductase by antimycin A.
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