Biochimica et Biophysica Acta, 333 (1974) 12-21
© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

BBA 46663

THE BINDING OF UNCOUPLERS OF OXIDATIVE PHOSPHORYLATION
TO RAT-LIVER MITOCHONDRIA

E. P. BAKKER, E. J. VAN DEN HEUVEL and K. VAN DAM

Laboratory of Biochemistry, B. C. P. Jansen Institute, University of Amsterdam, Plantage Muidergracht
12, Amsterdam (The Netherlands)

(Received August 14th, 1973)

SUMMARY

The binding of different uncouplers of oxidative phosphorylation to rat-liver
mitochondria was measured. At pH 7.2 and about 0.7 mg mitochondrial protein/ml
the percentage bound of the uncoupler added was 84 9 for 2,3,4,5,6-pentachlorophe-
nol (PCP), 40 % for carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP),
35 for 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole (TTFB), 4 % for o,a'-
bis(hexafluoroacetonyl)acetone (1799), and less than 49, for 2,4-dinitrophenol.
These percentages are constant up to amounts of uncoupler added several times
the one needed for maximal uncoupling. The values found for FCCP and TTFB are
in contradiction to the proposed stoichiometric interaction of uncouplers with the
coupling sites of the mitochondrial membrane.

From titration experiments of the rate of O, uptake by rat-liver mitochondria
in State 4 as a function of the uncoupler concentration in the presence of albumin or
of different types of liposomes the conclusion is drawn that the negative surface charge
of the mitochondrial phospholipids may be an important parameter in determining
the binding of anionic uncouplers to rat-liver mitochondria.

INTRODUCTION

According to some hypotheses concerning the mechanism of uncoupling
of oxidative phosphorylation, uncouplers act as proton conductors across the energy-
conserving membrane [1-4]. It is proposed that the uncoupler molecule, generally a
weak acid [5] or base [6], moves across the mitochondrial membrane in the opposite
direction in the charged and uncharged form, the net result being the transport of one
proton per cycle of movement [1-4].

For these hypotheses, important parameters to determine are the rate constants

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhydrazone; FCCP, carbonyl cyanide
p-trifiuoromethoxyphenylhydrazone; MES, 2-(N-morpholino)ethane sulphonic acid; PCP, 2,3,4,5,6-
pentachtorophenol; Ss, S5-chloro-3-(p-chlorophenyl)-4'-chlorosalicylanilide; S;i, 5-chloro-3-rerr-
butyl-2’-chloro-4’-nitrosalicylanilide; TTFB, 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole;
1799, o,o’-bis(hexafluoroacetonyl)acetone.
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of the movement across the membrane of the two forms of the uncoupler molecule.
As such determinations are not simple in the energy-conserving organelles, the rela-
tive lipid solubility of both forms of the uncoupler molecule may be taken as an ap-
proximate parameter. For a number of uncouplers, their lipid solubility has been in-
ferred from the partition coefficient between water and apolar media like hexane
[7-10]. However, the question arises of whether partition coefficients determined in
this way can be related to the events in biological membranes, since (i) most uncouplers
are molecules consisting of a polar and an apolar part, and accumulation, especially
of the charged form of the molecule is likely to occur on the surface of the membrane,
with its enormous area to volume ratio in comparison to the hexane-water system,
and (ii) these partition coefficient data only give information about static phenomena,
and not about dynamic ones, such as the movement of a molecule across the lipid
phase of a membrane. With respect to the first objection, it would probably be better
to determine the binding of uncouplers to the energy-conserving membrane directly.
For the phenolic uncouplers Weinbach and Garbus have reported the results of such
studies [8]. Their findings are that: (a) different phenolic uncouplers bind to beef-
heart mitochondria to a different degree, with no correlation between the amount of
uncoupler bound to the mitochondria and that needed for uncoupling, (b) the binding
of phenols to these mitochondria shows the characteristics of a simple partition, and
{c) the uncoupler probably binds to the protein part of the membrane [8].

In the last decade many new, highly effective uncouplers have been introduced
[11, 12]. For two of these ,carbonyl cyanide p-trifiuoromethoxyphenylhydrazone
(FCCP) and 5-chloro-3-tert-butyl-2'-chloro-4'-nitrosalicylanilide (S,;), a stoichio-
metric interaction with the energy-conserving system has been proposed [13-19]. We
have, therefore, determined the binding not only of FCCP, but also of other uncoup-
lers to rat-liver mitochondria. This was done both with an indirect method described
by Nicholls and Wenner [20, 21] and with a new, more direct one. Furthermore, we
have determined the uncoupling effectiveness of different uncouplers, which bind to
different degrees to rat-liver mitochondria, in the presence of bovine serum albumin,
and in the presence of phospholipids with no net surface charge (lecithin) or with a
net negative surface charge (soybean phospholipids).

MATERIALS AND METHODS

Rat-liver mitochondria. These were isolated from the livers of 2-3-month-old
rats according to the method of Hogeboom [22] as described by Myers and Slater
[23].

Egg phosphatidyicholine (lecithin). This was isolated according to the method
of Pangborn [24]. Soybean phospholipids were obtained from asolectin according
to the method of Kagawa and Racker [25].

Bovine serum albumin. This was used without further purification (Sigma;
Cohn Fraction V).

Liposomes. These were made from egg lecithin or soybean phospholipids and
were prepared at a concentration of 5-10 mg/ml in the same medium as that in which
the O, uptake of the mitochondrial suspension was measured (see below). The method
of preparation of the liposomes has been described before [26]. To form smaller
vesicles, the liposomal suspensions were exposed to sonic oscillations under argon
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atmosphere for six times 30 s [26].

O, uptake. O, uptake by the mitochondrial suspension was measured at 25 °C
in a medium at pH 7.2 containing 200 mM sucrose, 10 mM succinate, 10 mM phos-
phate, 2 mM MgCl,, 1 mM EDTA, 1 ug/ml rotenone and rat-liver mitochondria.
A Clark oxygen electrode (Yellow Spring Instruments) was used to monitor the O,
uptake.

The binding of uncoupler to rat-liver mitochondria. This was determined in the fol-
lowing way: the titration curve of the rate of O, uptake by the mitochondria in State 4
as a function of the concentration of the particular uncoupler used was determined.
Then, under identical conditions, mitochondria at the same concentration were
incubated for 1 min in the presence of uncoupler in 1.5-ml Eppendorf plastic centri-
fuge cups, and spun down in 1.5 min in an Eppendorf 3200 centrifuge. The concentra-
tion of mitochondria was low to prevent the solution from becoming anaerobic in
2.5 min. The supernatant was used (if necessary: after dilution) as the medium to
measure O, uptake by fresh mitochondria. On the titration curve mentioned above,
the amount of uncoupler left in the medium could be read out from the rate of O,
uptake. Since except for S, ;, the centrifuge cups do not adsorb uncoupler and, since
with this procedure no uncoupling activity is liberated from mitochondria incubated
without uncoupler, the amount of uncoupler bound to the mitochondria can be
calculated.

The partition coefficients of uncoupler between mitochondria and the medium.
These were calculated according to the formula

— ¢bound/Vm
¢free/V

where .. is the amount of uncoupler left in the medium after incubation with
mitochondria, ¢y, is the difference between the amount of uncoupler added and
Sécces Ve is the volume of the mitochondrial membranes, estimated as 1 ul/mg pro-
tein [8], and ¥ the volume of the medium.

Uncouplers. These were obtained from the following sources: carbonyl cyanide
m-chlorophenylhydrazone (CCCP), FCCP and «,«'-bis(hexafluoroacetonyl)acetone
(1799) were gifts of Dr P. Heytler, E. I. DuPont de Nemours and Co., Wilmington
(U.S.A.). 5-chloro-3-(p-chlorophenyl)-4'-chlorosalicylanilide (S¢) and S, ; were gifts
of Dr P. Hamm, Monsanto Company, St. Louis (U.S.A.). 4,5,6,7-Tetrachloro-2-tri-
fluoromethylbenzimidazole (TTFB) was a gift of Dr R. B. Beechey, Woodstock
Agricultural Research Centre, Sittingbourne (U.K.). 2,3,4,5,6-Pentachlorophenol
(PCP) and 2,4-dinitrophenol were obtained from Koch and Light Laboratories.

0

RESULTS

The effectiveness of different uncouplers at different mitochondrial protein concentra-
tions

The rate of succinate oxidation by rat-liver mitochondria in State 4 can be
stimulated by an uncoupler of oxidative phosphorylation. With successive additions
of uncoupler a titration curve is obtained, linear up to a rate equivalent to a 5-fold
stimulation of the O, uptake rate in State 4; at higher concentrations of uncoupler,
the curve bends off until a maximal rate equivalent to an 8- to 10-fold stimulation
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of the rate in State 4 is obtained. At still higher concentrations of uncoupler, inhibi-
tion with respect to this maximum is observed [27].

The effectiveness of different uncouplers is given by the slope of the linear part
of the titration curve and will be expressed as natoms O, taken up by the mitochondri-
al suspension/min per nmole of uncoupler.

The effectiveness of some uncouplers varies with the amount of mitochondrial
protein used in the incubation [20, 21]: the effectiveness of 2,4-dinitrophenol is
proportional to, but that of S, ; is independent of the amount of protein used. This
result is explained by a quantitative binding of S, ; and negligible binding of 2,4-dini-
trophenol to the mitochondria [20, 21]. Thus, by studying the variation of the effec-
tiveness of different uncouplers at different protein concentrations, a qualitative
impression can be obtained of the degree of binding of these uncouplers to rat-liver
mitochondria.

Such experiments were done with eight different uncouplers. Table I shows
that at low protein concentration the relative order of the effectiveness of the different
uncouplers is: S, ;, FCCP, CCCP, S, TTFB, PCP, 1799 and 2,4-dinitrophenol. At a
relatively high protein concentration, however, the order of S,; and FCCP and that
of PCP and 1799 is reversed. This effect is caused by the relatively strong binding of
S, 3 and PCP to the mitochondria.

The data given in Table I are plotted in Fig. 1, to compare the degree of binding
of the different uncouplers to the mitochondria. In this figure the effectiveness of
the uncoupler relative to that at the highest amount of protein used is given as a func-
tion of the amount of protein relative to that of the highest amount of protein used.
A proportionality of the two variables indicates that no uncoupler is bound to the
mitochondria. This situation is observed for 2,4-dinitrophenol and almost for 1799
(Fig. 1). A line parallel to the abscissa indicates quantitative binding of the uncoupler
to the mitochondria. This situation is observed for S, ; and to a smaller extent for Sg.
For the other uncouplers tested, the relationship between the two variables lies be-
tween these extremes. The order of binding of different uncouplers to rat-liver mito-

TABLE I

THE EFFECTIVENESS OF DIFFERENT UNCOUPLERS AT DIFFERENT MITOCHON-
DRIAL PROTEIN CONCENTRATIONS

Expt Uncoupler Effectiveness of uncoupler (natoms O/min
per nmole uncoupler) at protein
concentrations (mg/ml) of

0.39 0.65 1.30 0.66 133 2.00

1 Si3 2900 2950 2950 - - -
PCP 46 71 65 - - -
1799 38 54 95 - - -
2,4-dinitrophenol 2.4 4.65 9.3 - — -

2 Se - - - 730 810 820
FCCP - - - 1860 3340 4180
CCCP - - - 1360 2300 2580

TTFB - - - 435 610 670
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Fig. 1. The relative effectiveness of different uncouplers at different concentrations of mitochondrial
protein. The rate of O, uptake by rat-liver mitochondria was determined as a function of the uncou-
pler concentration with succinate as a substrate; For explanation of the values, see text. O-O, S;3;
9-@,Ss; A-A,PCP; -+, TTFB; m-®, CCCP; [1-[, FCCP; x-x, 1799; -, 2,4-dinitro-
phenol (DNP).

chondria deduced from Fig. 1 is: S, 3, S, PCP, TTFB, CCCP, FCCP, 1799 and 2,4-
dinitrophenol, which show quantitative to almost no binding, respectively.

Direct binding studies of uncouplers to rat-liver mitochondria

To verify the conclusion drawn above, and to obtain more quantitative data
about this binding, a method of studying the binding more directly was devised.
Mitochondria were incubated with the State-4 medium plus uncoupler and spun
down. The supernatant was tested for uncoupling activity (see Materials and Me-
thods).

The results of such experiments at pH 7.2 with the uncouplers FCCP and TTFB
are shown in Fig. 2 and those with PCP and 1799 in Fig. 3. It can be seen that a con-
stant percentage of the uncoupler added is bound to the mitochondria. This percen-
tage is 84 % for PCP, 40 %, for FCCP, 35 % for TTFB and 4 9, for 1799. For 2,4-dini-
trophenol no binding could be detected in this way. This result is in accordance with
the conclusion drawn above about the order of binding of uncouplers to the mito-
chondria, except that that of FCCP and TTFB is reversed.

The straight lines in Figs 2 and 3 show that the percentage binding of uncoupler
is constant, independent of the amount of uncoupler added, whether this amount
causes submaximal or maximal uncoupling, or is several times the amount needed
for maximal uncoupling. The importance of this result for the proposed stoichio-
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Fig. 2. The binding of FCCP (A) and TTFB (B) to rat-liver mitochondria. Conditions as described in
Materials and Methods. O, uptake and binding of uncoupler were measured in a medium of 1.5 ml.
Protein: 1.0 mg for FCCP and 0.7 mg for TTFB.

metric interaction of S, ; and FCCP with the energy-conserving system of the mito-
chondria [13-19] will be discussed below.

The uncoupler S, 3

We tried to determine the binding of S, ; to rat-liver mitochondria in the same
way as that of the other uncouplers. Indeed, as Fig. 1 suggests, we found a strong
binding of this uncoupler (96 %;). However, control experiments revealed that this
uncoupler in a water solution strongly binds to the plastic cups, used for these experi-
ments, and also to pyrex glass. This binding is irreversible and cannot be reversed
by the addition of mitochondria. Therefore, one has to be very careful with the addi-
tion of this uncoupler to incubations before mitochondria are added.

The partition coefficient of uncoupler between the mitochondria and the medium in
relation to the effectiveness of the uncoupler

Since a constant percentage of the added uncoupler is bound to the mitochon-
dria (Figs 2 and 3), this binding can be described with a partition coefficient. In Fig. 4
a comparison is made between the partition coefficient of the different uncouplers and
their uncoupling effectiveness at an amount of mitochondria of 1 mg (see Table I).
For this figure we used the perhaps doubtful value of 96 ¢/ for the binding of S, ;
(see above). Although we could not detect any binding for 2,4-dinitrophenol we assu-
med a binding of 2 9 for this uncoupler, as it is reported that 2 nmoles of the 100
added are bound to the mitochondria [28]. Fig. 4 shows that the two variables show
some correlation, according to the coefficient of 0.75. In our opinion this correlation
is accidental and due to the uncouplers chosen.

If in Fig. 4 a line is drawn between the points for the uncouplers S,; and



18

T T T T
101 4
R correfation coefticient 0.75
7 =
/ :
8k / - E
55 Fece 2513
- — s
T a2 0o TTFB
B 8% °
56 [
~ 33
° v £ P PCP
€ £ & . A
350 1 =28 LI
3 5 € 1799,
v &F @ E -2k s
2 ¢ c p
3 c e »
¢ o
S > 5 DNP
£ 3 c =
3 $ ° -3 4
£ v
2F }/ mg
/ o S _4f p
| ¢ ~ E
o L ]
PP ST L N " . R
2 4 6 8 10 12 1% 16 1 2 3 4 5
uncoupler added(nmoles) log partition coetficient

Fig. 3. The binding of PCP and 1799 to rat-liver mitochondria. Conditions as described in Materials
and Methods. In 1.5 ml medium 1.1 mg mitochondrial protein was present for PCP and 0.8 mg for
1799. Symbols: O-O, PCP; @-@, 1799.

Fig. 4. Correlation between the uncoupling effectiveness of an uncoupler and its partition coefficient
between the mitochondria and the medium. For the latter variable the data are derived from the per-
centage of binding, for the former the data are taken from Table 1.

2,4-dinitrophenol, the points for FCCP, TTFB and 1799 fall above and that for PCP
falls below this line. This means that FCCP, TTFB and 1799 are more effective un-
couplers than S, ; and 2,4-dinitrophenol on the basis of their partition coefficients,
and PCP less effective.

The interaction of different uncouplers with bovine serum albumin or liposomes added
o the miitochondria

Weinbach and Garbus [8, 29] have presented evidence that phenolic un-
couplers interact with the protein part of the membrane of beef-heart mitochon-
dria. Using a different approach, we have also investigated whether the interaction
of uncouplers is with the protein or with the lipid part of the membrane of rat-liver
mitochondria. We estimated the binding of uncouplers to albumin or liposomes from
the effect that the latter have on the uncoupling effectiveness of these uncouplers. For
this study we chose S, ;, PCP and 1799, a very effective and strongly binding-, a
moderately effective and strongly binding-, and a moderately effective but weakly
binding uncoupler, respectively (see above). From Fig. 5 it can be seen that the effec-
tiveness of the three uncouplers tested is lowered by the addition of albumin or lecithin.
This is caused by the binding of the uncouplers to the added components, which in both
cases is strongest for S, ; and weakest for 1799, with PCP in between (Fig. 5). How-
ever, it is striking that 1799 does not bind to an appreciable extent to 1.0 mg rat-liver
mitochondria, as was demonstrated above, but does bind to the extent of 40 % to
0.7 mg egg lecithin. Two explanations for this discrepancy in the binding of this
uncoupler to the two types of vesicles are possible. The first is that the binding of
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Fig. 5. The relative uncoupling effectiveness of the uncouplers in the presence of albumin (A) or
egg lecithin liposomes (B). Conditions as described in Materials and Methods. 1.2 mg mitochondrial
protein was present in 1.5 ml medium. X-x, 1799; A-A, PCP; O-0O, S;i3.

1799 to rat-liver mitochondria is decreased in comparison to liposomes by the specific
protein-phospholipid interaction of the mitochondrial membrane. The second is that
the binding of the anionic uncoupler 1799 to rat-liver mitochondria is decreased by
the net negative surface charge of the phospholipids present in the mitochondrial
membranes. To test whether the surface charge of the phospholipids indeed can in-
fluence the uncoupler binding, we investigated the uncoupling effectiveness of the
three uncouplers mentioned above in the presence of soybean phospholipids, which
have a net negative surface charge at pH 7.2. From Fig. 6B it can be seen that 1799
does not bind at all to these phospholipids, in contrast to the other two uncouplers
used. We, therefore, conclude that the surface charge of the phospholipids of the
organelle is at least one of the parameters which affect the binding of the uncoupler
molecule.

o

of the uncoupier
b= f=3
N o

o
 ad

relative effectiveness

10 05 10

egglecithinliposomes(mg/ml) soy-bean phqspholipi?s
liposomes{mg/mi)

Fig. 6. The relative uncoupling effectiveness of the uncouplers in the presence of egg lecithin (A)
or soybean phospholipids (B). Conditions as described in Materials and Methods. 0.9 mg mitochon-
drial protein was present in 1.5 ml medium. X-x, 1799; A-A, PCP; O-O, Si3.

DISCUSSION

A stoichiometric interaction of uncouplers with the energy-conserving system
of mitochondria has been proposed [13-19]. Assuming one to three binding sites for
uncoupler per respiratory chain, and a value of 0.1 nmole respiratory chains/mg mito-
chondrial protein [30}, a strong binding to the mitochondria of 0.1-0.3 nmole un-
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coupler /mg protein is expected. This binding should be strong in comparison to
aspecific binding to other mitochondrial membrane components by the concept of
stoichiometry itself [17, 18]. We could not detect any such high affinity binding of
uncoupler in comparison with the binding of larger amounts of uncoupler to the mito-
chondria, neither for FCCP nor for TTFB (Fig. 2). Furthermore the binding of FCCP
and TTFB to the mitochondria is not at all strong. This result makes the concept
of a stoichiometric binding of the uncouplers FCCP and TTFB to the coupling sites
involved unlikely. However, this concept was proposed mainly on the basis of data
obtained with the uncoupler S, ;. Although we found also with this uncoupler no
specific high-affinity binding, stoichiometric with the number of coupling sites, the
interpretation of results with this uncoupler is difficult (see above).

Other arguments against the concept of stoichiometry are: the variation with
the rate of electron transport of the number of moles of uncoupler needed for maximal
effects [16-19] and the fact that the experiments with S;; have all been done at pH
7.0-7.5 [16-19], although this uncoupler is most effective at pH 7.9 [31], so that at
a pH of 7.0-7.5 a stoichiometry greater than one is expected. We, therefore, conclude
that a stoichiometric interaction of uncouplers with one or more coupling sites is
unlikely, although it cannot definitely be ruled out. We have to wait for uncouplers
which are at least as effective as S, 3, but do not have the disadvantageous properties
of this uncoupler to reach a final conclusion concerning the concept of stoichiometric
interaction of uncouplers with the coupling sites.

Since it is important to know the binding constants of both the charged and
the uncharged forms of the uncouplers (see Introduction) further experiments are at
present being carried out to determine the binding of uncouplers to rat-liver mito-
chondria at different pH values.
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