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Uncoupling of mitchondrial energy transfer by closely related
uncouplers: Relevance for the question of localized coupling

modes.
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ABSTRACT

The relationship between rate of energy-dependent transhydrogenation, membrane potential
and mode of energization has been studied in submitochondrial particles under conditions
whaere the membrans potential is the major component of the protonmotive force. Using structur-
ally similar uncouplers, it has been shown that the rate of transhydrogenation carrelates with
the magnitude of the membrane potential in a manner independent from the source of energy,
i.e., ATP hydrolysis or succinate oxidation. In contrast, with two of the four uncouplers used,
the type of supporting reaction had a quantitative influence on both inhibition of transhydro-
jenation and attenuation of the membrane potential.

The effect of a pair of uncouplers on a numb

ar of energy-dependent mitochondrial reactions

was also examined. It was found that the ratios of uncoupler concentrations necessary for

nalf-maximal inhibition were neither constant nor
sitivities of the reactions. These data are consis

a monotonous function of the uncoupler sen-
tent with a limited contribution of local

coupling modes to mitochondrial energy transduction.

INTRODUCTTON

It is generally accepted that mitechondrial
energy transduction proceeds through protonic
coupling (Westerhoff et al., 1984} . In the
chemiosmotic theory, electrogenic proton pumps
generate and utilize a delocalized electro-
chemical gradient composed of membrane poten-
tial and ApH (Mitchell, 1381}. One of the
corallaries of this concept is that the rates
of energy-dependent processes should be deter-
mined solely by the magnitude of this gradient,
and not by the means used to modify the latter.

Tn the last few years, data presented in
a number of reports appeared to be at variance
with this postulate (Rottenberg & Hashimoto,
1986, for earlier references see Kell &
Westerhoff, 1985; Westerhoff et al. 1984} .
Most recently, Rottenberg & Hashimoto {1986)
showed that changes in the P/0 ratios effected
by Fatty acids, ionopheres or classical un-
couplers correlate with the proton electro-
chemical gradient in entirely different ways.
These and other data have lead to proposals
of localized proton stores and coupling
schemes with more than one pathway of energy
transfer {Rottenberg & Hashimoto, 1986,
Westerhoff et al., 1984). In particular, the
invelvement of a proton capacitor closely
associated with the ATP synthase has been
postulated for mitochondria (Rottenberg &
btashimoto, 1986) and possibly detected in

chloropiasts (Junge et al., 1384). This might
be the molecular basis for earlier observa-
tions that, in some cases, uncoupling of
energy-dependent transhydrogenation discrimi-
nates between ATP hydrolysis and succinate
oxidation as sources of energy (Schuermann

. Hanstein, 1980).

In the present paper, we study the rela-
tionship between mode of energization, mem-—
brane potential and rate of transhydrogena-
tion as influenced by uncouplers. As a further
test for delocalized coupling, the uncoupling
characteristics of a set of energy-requir-
ing reactions has been investigated with two
closely related uncouplers. While indica-
tions for mere than cne type of energy trans-—
fer exist, our data show a relationship bet-
ween transhydrogenation rates and proton-—
motive force which is independent ofa.mode
of energization. /42S

MATERTALS AND METHODS

Rat liver mitochondria and beef heart
submitochendrial particles were prepared
by published procedures [Kaschnitz et al.,
1976; Léw & Vallin, 1963). Reverse g@lectron
transport {(Phelps & Hanstein, 1977) , ATP-Pq
exchange {Pullman, 1967}, ATP hydrolysis
{Pullman et al. 1960), ADP/O ratio, respi-
ratory control, succinate and 3-hydroxybuty-
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rate oxidase, protein concentration (Hanstein
& Hatefi, 1974}, octanol-water coeffi-
cients (Fujita et al. 1864), p¥y values
{Hanstein et al., 1979}, ACMA fluorescence
quenching and potential-sensitive shifts of
oxonol VI (Kiehl & Hanstein, 1384) were
measured as described.

Energy—dependent transhydrogenation was
measured at 30° essentially according to
Lee et al. (1964) in a medium containing
200 mM sucrose, 50 mM Tris-sulfate pH 7.5,
10 mMm Mg504, 0.5 mM NADH, 0.25 mM NADP,
1 mM oxidized glutathion, 0.3 U/ml gluta-
thione reductase, submitochondrial partic-
les (0.2-0.4 mg/ml), and 5 pg/ml rotenone.
The energized reacticon was started by the
addition of 5 mM succinate or 2.5 mM ATP.

Membrane potantial and pH-gradient in
submitochondrial particles were determined
from the distribution of [14-C]-thiocyanats
and [14-C]-methylamine, respectively, across
the vesicle membrane at raoom temperature
essentially as described (Rottenberg, 1973).
To 2.9 mg submitochondrial particles
suspended in 495 pl buffer containing 200 mM
sucrose, 10 mg MgSO4, 50 mM Tris sulfate
pH 7.5, 2.5 pg rotenene, 2.5 pCi [3-H]-=u-
crose, 1.25 pCi [14-C] -methylamine, 10 pH
methylamine (or 1.25 pCi {14-C]-KSCN, 12.5
uM KSCN} and 1 pg catalase were added 5 il
succinate {1 M} containing 2% H303, or 5 gl
Na—-ATP (0.5 M). At the concentrations of
succinate, oxydgen and protein used, the .
membrane potential as measured by the oxonol
response was constant for B-9 minutes., After
2 minutes, duplicate aliquots of 175 pl
sach were sedimented in anairfuge {Beckman)
at maximum speed (160,000 g). The superna-
tant was mixed with 50 pl sodium dodecylsul-
fate {10%) and 10 ml of a dioxane-based
seintillation cocktail, allowed to stand
overnight and analyzed in a two—channel
scintillation counter. The pellet was dis-
solved in 50 pl sodium dodecylsulfate (10%)
and, tegether with a 160 pl rinse, mixed
with 10 ml of the counting cocktail and
counted as above. After qurection of the
14-C/3-4 spill-over and the contribution
of the interstitial volume (4.7 * 0.2 pl/mg
protein} ,determined from the [14-C]-sac-
charose distribution in pellet and super-
natant, Ay and ApH were calculated from the
concentrations of SCN- and CH3NH, inside
and outside, using an internal volume of
0.75 pl/mg protein (Sorgato et al., 19B2).
oxonol VI (Kiehl & Hanstein, 1984} and 2-
azido—-4-nitrophenol {NPA) (Hanstein et al.,
197%) were synthesized as described. 2,4-
Dinitro-6 {2 '~hydroxyethyl)phenol (HE-DNP) and
2,4-dinitro-8 (2'-acetoxyethyl} phencl (AE-DNP}
were prepared according to Dutton et al.
{1953) . 3-Amino-6-chlor-2-methoxyocacridine
{ACMA} was a gift of Dr. E.P. Bakker, Uni-
versity of Osnabriick, and glutathione reduc-
tase {type III, yeast} was purchased from
Sigma. All other reagents were of the
highest gommercially available purity.

12
RESULTS

The influence of the mode of energiza-
tion on energy-dependent reactions can be
studied most ezsily in the transhydrogenase
reaction of submitochondrial particles be-
cause electron transport or ATP hydrolysis
support this process equally well {Lee et al.,
{964). Fig. 1 shows the effect of four

structurally similar nitrophenois on trans-
hydrogenation driven by succinate or ATP
under otherwise identicazl conditions.
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Fig. 1

Effect of nitrophenolic uncouplers on the rate
of transhydrogenation supported by ATP hydro-
lysis (o) or succinate oxidation (4). The ra-
tes in the absence of uncouplers (Vo) were
0.202 + 0.017 and 0.190 + 0.016 pmoles NADH/
min-mg submitochondrial protein in the pre-
sence of succinate and ATP, respectively.

It is seen that HE-DNP and, as shown before
(van Dam & ter Welle, 1966), 2,4-dinitrophenocl
(DNP} do not significantly discriminate bet-
ween the two energy sources, while AE-DNA and
NPA lower the succinate-driven activity 3 to
5 times more effectively than the ATP-suppor-
ted reaction. Among severzl possible reason
for this unexpected finding, we investigated
whether the generation of the protonmotive
force or its use in transhydrogenation showed
any dependence on the type of energy supply.
Membrane potential changes in submitochon-
drial particles can be spectroscopically moni-
tored with potential-sensitive dye such as
oxonol VI (Bashford & Smith, 1979). Fig. 2
shows a linear relationship between the spec-
tral response of this probe and the steady-
state membrane potential determined by the
distribution of {14~C]-thiocyanate acraoss
the vesicle membrane.
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Fig. 2 ) . .
The spectral response of oxonol VI in submito-

chrondrial partieles as a function of the mem-—
brane potential maintained by ATP hydrolysis
(o) or succinate oxidation (A). Increase of
absorbance at 630 nm - 602 nm were measursd

in the absence (~.=--} or presence of un-—
couplers [HE-DNP; ~ - —; AE-DNP:.....}.
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In this calibration, hydrogen peroxide and
catalase were present to insure that suffi-
cient oxygen was available to support succi-
nate oxidation until sedimentation of the par-
ticles was complete. When the distribution of
[14-Cl-methylamine was determined, no signi~
ficant pH-gradient could be detected even
though uncoupler-sensitive quenching of ACMA
fluorescence was ohserved. This confirms the
finding of others that the membrane potential
is the major component of the protonmotive
force in this system (Branca et al., 1981).
The effects of uncouplers on the membrane po-
tential as measured by the oxonol response
[Fig. 3) are very similar to those on trans-—
hydrogenation (Fig. 1),
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Fig. 3

Effect of the source of energization on the
effectiveness of uncouplers in decreasing
the membrane potential. The absorbance dif-
ferences at 630 nm - 602 nm were normalized
to the response in the ahsence of uncoup-
lers. ATP (o}, succinate (A).

With AE-DNP, the succinate-supported membrane
potential is more easily diminished than
that generated by ATP, while a much lesser
effect is seen with HE~-DNP.

The relationship of transhydrogenation ra-
tes with the membrane potential attenuated
by AE-DNP and HE-DNP is seen in Fig. 4. It
is apparent that neither source of energy
nor uncoupler structure have any systematie
influence. The curve in Fig. 4 is similar in
shape to that found in the correlation of
ATP synthesis rates and membrane potential
(Sorgato et al., 1985). However, the slope
at high memhrane potential and the apparent
abscigsa intercept are much smaller than in
phosphorylation, presumably because of the
lower energy requirement of transhydrogena-
tion {Earle & Fisher, 1980).

Delocalized protonic uncoupling in enerqy
transduction requires that rate of enerqgy
linked reactions such as reverse electron
flow, transhydrogenation and ATP synthesis
depend, apart from their own kinetic con-
straints, only on the magnitude of the pro-—
ton electrochemical gradient, and not on the
mode by which it is changed. Therefore, the
ratio of concentrations of two uncouplers in-
hibiting the reaction to a certain extent,
e.g. 50%, should be the same, provided the
two uncouplers decrease the proton-motive
force in a similar way. Under less ideal

circumstances, the isceffective uncoupler
concentration ratio can be expected to change
monotonously as a function of the uncoupler
sensitivity of the reaction. Data relevant

to this postulate were obtained with HE-DNP
and AE-DNP, two uncouplers with similar
structure and molecular properties.
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Fig. 4

The rate of energy-dependent transhydrogena-
tion as a function of the membrane potential
in submitochondrial particles. ATP {0},
succinate (4A). The curve represents a least-
squares fit to the power curve y=ax({exp]b.

From the pK values of 4.2 and 4.0, and their
octancl-water partition coefficients of 17
and 47, respectively (Schuermann, 1982) , the
ratio of concentrations necessary to achieve
the same degree of uncoupling can be predice-
ted. According to several correlations (Hansch
et al., 1965}, it should be in the range of
1.5 to 2.4. The actual ratios for a set of
reactions are higher on the average, extend-
ing from 2.1 to 14.4 (¥ab. 1). The large dis-
persion is in part due‘to the inelusion of
values for mitochondria which, becanse of the
larger contribution of the pH gradient, may
not be strictly comparable to uncoupling in
submitochondrial particles. Using only data
ohtained with thq latter, the average uncoup-
ler concentration ratio (4.1 + 1.7) still

has a large standard deviation. More import-
antly, as seen in Fig. 5, there is no corre-
lation between the uncoupler conecentration
ratios and the susceptibility of energy~de-
pendent reactions towards uncoupling.
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Fig. &
Absence of correlation of the relative p--
coupler effectivenesss with the uncoupl- n—

centrations necessary for half-maxima. .
fects. AE-DNA: r?=0.044: HE~-DNP: r?=0.214.
bata for submitochondrial particles from Tab. 1
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Table 1 Concentrations of uncouplers necessary for half-maximal effect on
energy-dependent reactions

Reaction vesicle HE-bNP* aE-pNe* concentration
ratio

reverse electron transport SMP 40 7 5.7

transhydrogenation, SMP 126 28 5.2

succinate-supported

transhydrogenation, ATP-supported SMP 112 38 3.0

ATP-Pi exchange SMP 175 35 5.0

activation of ATPase SMP 29 14 2.1

aztivation of succinate oxidase SMP 30 14 2.1

ACMA fluorescence quenching SMP 230+* 98* 2.3

ATP~supported

oxonol VI absorbance change SMP 305 47 6.5

succinate-supported

oxonol VI absorbance change SMP 430 85 5.1

ATP-supported

ADP/O0 ratio, 3-hydroxybutyrate- mit 128 14 5.1

supported

respiratory control, 3-hydroxy- mit 173 12 14.4

butyrate oxidase

respiratory control, succinate mit 130 9 14.4

oxidase

Abbreviations: SMP, beef heart submitochondrial particles;

mit, rat liver mitochondria:

*concentration pecessarv for half-maximal inhibition or

stimulation
*extrapolated values

DISCUSSTON

In the present paper, gquantitative rela-
tionships between uncoupling and uncoupler
concentrations have been studied in order
to test whether, under controlled conditions,
attentuation of energy-dependent reactions
depends solely on the decrease of the pro-
tonmotive forece, or also on the source of
energy or the type of reaction.

In energy-dependent transhydrogenation,
two of the four uncouplers studied (AE-DNP,
NPA} discriminate significantly between
succinate and ATP as energy sources while
HE~-DNP and DNP do not (Fig. 1}. It is appa-
rent from the results in Fig. 3 that in these
experiments the decrease of membrane poten-—
tial mediated by uncouplers is influenced by
the reaction used to generate the potential.
The reason for this may such as pre-
ferential inhibition of eléctron transport
by AE-DNP and NPA. However, this is unlikely
since there is considerable activation of
succinate oxidase activity by uncouplers
(Table 1), and more so with AE-DNE and NPA
than with HE-DNP and DNP. Furthermore, this
activation persists im all cases up to con-
centrations considerably higher than those
used in this study (data not shown}.

In the last several years, evidence has
been presented that, in addition to the pro-
ton-electrochemical gradient across the inner
mitochondrial membrane, directly coupled pro-
ton pumps {Westerhoff et al., 1984) or loca-
lized proton capacitances (Rottenberg, 1983;
Rottenberg & Hashimote, 1986) might be invol-
ved in energy transduction. Our data suggest
that with some uncouplers,* attentuations of

the membrane potential appear to depend on
the type of proton pump which provides ener-
gization (Fig. 3}. This and the failure of
uncouplers to inhibit a set of energy-de-
pendent reactions in a guantitatively similar
manner {Table 1, Fig. 5) are consistent with
concepts of localized energy transfer modes
which may be loosely coupled to the bulk
phase process and therefore subject to simi-
lar, but quantitatively different uncoupling.
As for the energy~dependent transhydrogena-
tion, however, it is clear from the data in
Fig. 4 that the rate of this reaction is in-
dependent of the primary energy source and
can be related directly to the magnitude of
the proton-motive foree.
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