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The physico-chcmical properties and uncoupling activity of eight derivatives of N-phcnyl~2-pyridinamincs related lo the 
fungicide fluazinam were analyzed using r~.t liver mitochondria. The uncoupling activity of these compounds relics on the 
dcprotonable secondary amino group. One of the derivatives tested (B-3) was slightly more efficient than fluazinam By 
phase-distribution analysis we could show that the N-phenyl-2-pyridinamincs arc chemicals with moderate hydroohobieity. 
Deprotonation of the compound reduces the water/oetant-I partition coefficient by about one order of magnitudc. Thc pK a 
value of the dcprotonablc group is affected equally by clcetr~n withdrawing substitucnts of the phcnyl- and the pyridinyl-ring, 
and could be predicted simply from the sum of tbe Hammett coefficients. The. uncoupling efficiency was not dcpendent on the 
hydrophohieity of the compound, hut appeared to be governed by the ok'.. of the deprotonable group. This structure/uncou- 
pling characteristic is different from that of the generally more hydrephobie uncouplers of the salicylanilidc-typc.Thc pK A 
resulting in the most efficient uncoupling was found to lie in the range of the pH of lhc reaction medium. A model based on a 
~lution eomplexation mechanism, which describes this bchaviour, is presented. Wc conclude that thc N-phcnyl-2-pyridinamincs 
uncoupled the mitochondria by a simple protonophoric cycle invoking protonation/deprotonation in the bulk phase, and that 
the kinetics of uncoupling were primarily governed by the total concentration of the limiting uncoupler species. 

I n t r o d u c t i o n  

Uncoupling of oxidative phosphorylation has bccn 
an important method of testing implications of the 
chemiosmotic hypothesis [1]; this approach has been 
used to analyze the generation of protonmotive force 
by the respiratory chain and its utilization for ATP- 
synthesis as well as secondary active transport  across 
biological membranes.  Weak acids are thought to act 
as uncouplers if they are hydrophobic enough to cross 
the membrane in a protonated and deprotonated state 
[2]. However, it is still a matter  of dcbate whether  
uncoupling of respiring mitochondria occurs exclusively 
by diffusion of the uncoupler between the bulk phases 

Abbreviations: FCCP, carbonyl-cyanidc-p-trifluolohydrazon: IC, in- 
terracial complexation; P,,a, octanol/water partition coefficient; SC, 
solution complexation; Us0, concentration of uncoupler required for 
halfmaximal uncoupling of state 4 respiration: ~r, sum of Hammen 
coefficients fo, the individual substituents. 

Correspondence: U. Brandt, Dartmouth Medical School, Deparl- 
ment of Biochemistry, 308V, Hanover, Nit 03755-3844, USA. 

of the two compartments;  involvement of specific inter- 
actions of thc uttcoupling compound with the respira- 
tory chain complexes [3,4] and of "localized" protons, 
which do not equilibrate rapidly with the bulk phase 
[5,6], arc discussed. Furthermore alternate concepts of 
uncoupler action based on perturbation of the mito- 
chondrial membrane,  rather than pro tona t ion /depro-  
tonation of the uncoupler, have to be considcrcd [7]. 

Therefore, it is of interest to analyze the mechanism 
of uncouplers with respect to their uncoupling effi- 
ciency and physico-chcmical properties. Guo et al. [8] 
recently described a n c w  type of uncoupler, fluazinam, 
which is an N-phenyl-2-pyridinamine substituted with 
several electron-withdrawing substituents. Fluazinam 
has been shown to uncouple rat liver mitochondria 
even more efficiently than the most potent uncoupler 
described in earlier studies, namely SF6847 [9]. 

Using a similar approach described recently for 
derivatives of the salicylanilides It0], we studied the 
uncoupling activity of eight derivatives of fluazinam 
and correlated it with the pK^  value of the deproton- 
able group, as well as the partition coefficients of the 
protonated and dcprotonated form of the uncoupler. A 
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mathcmalical model describing the experimental data 
is presented. 

M a t e r i a l s  a n d  M e t h o d s  

Preparation of  N-phenyl-2-pyridinamines (Fig. 1, Table 
i) 

In a typical reaction 0.1 tool of the 2-aminopyridine 
(-quinoline) and 0.1(15 tool of the chlorobcnzcnc were 
dissolved in 3011 ml of THF/tert-butylalcohol (2:11. To 
this solution (or suspension) a solution of 0.22 tool 
sodium-tert-butylatc in tert-butylalcohol was added 
dropwise at [)°C. After about 30 min the addition was 
complete and the reaction mixture was allowed to 
warm up to room temperature by stirring it for another 
30 min without cooling. 

The deep red or black solution was acidified with 
acetic acid to pH 4-5 ,500 ml water was added and the 
mixture was extracted with ether (3 × 400 ml). The 
combined extracts were dried over MgSO4 and evapo- 
rated to dryness. 

Work up procedures: A: the residue was rccrys- 
tallised from ethanol. B: the residue was purified by 
chromatography (silicagcl, cyclohexane/ethyl acetate 
/~:2 to 1:1). 

All reagents and substrates (or suitable precursors) 
arc commercially available. 

l)etermination of p K,4 t'ah,'s 
The pK A values of the fluazinam derivatives in 

water:dimcthylsulfoxide 1:1 were determined by di- 
rect titration of lhe pure compound and by monitoring 

the pH-dependent  change between the absorption 
spectra of the protonated and deprotonated form. 
Spectra were recorded on a Hitachi U3210 dual-beam 
spcctrophotomctcr. The PKA was taken either as the 
inflection point of the titratiqn curve at half neutralisa- 
lion of the acid or as the pH value at half-maximal 
absorption change. 

The influence of the aromatic substituents (cf. Table 
I) on the pK A value was further analyzed by means of  
the Hammett equation. The Hammett coefficients were 
taken from [11]. As no steric hindrance was antici- 
pated, p-coefficients were also used for the o-position. 
Eo" is the overall Hammett coefficient. 

Determination o f  partition coefficients 
Partition coefficients between n-octanol and water 

(P,,c,) were determined by the shaking flask method: 
approx. 5 ml of a solution of 1 mM uncoupler in 
n-octanol was equilibrated with 100 ml of 5 mM sodium 
phosphate buffer by vigorous shaking. The pH value of 
the phosphate buffer was 2-4  for the protonated and 
8-12 for the deprotonated form, depending on the 
OKA of the deprotonab!c group. The concentration of 
uncoupler in octanol was determined spectrophotomet- 
rically after appropriate dilution with 0.1 M HCI in 
ethanol. The aqueous phase was lyophilized and the 
uncoupler re-dissolved in a defined volume of octanol. 
The relative amount of compound was determined 
spectrophotometrically after dilution with 0.1 M HCi in 
ethanol. 

The partition coefficients were calculated according 
to equation (11 in [10]. 

Isolation o f  coupled rat liter mito~qzondria 
Coupled ~itochondria were isolated from rat liver 

according to [12]. The preparation was resuspended in 
250 mM sucrose. 20 mM triethanolamine-HCI, 1 mM 
EDTA, pH 7.2, and stabilized by addition of 50 mM 
sodium glutamate and 40 mM sodium malate. 

' [A [:11.t'.' I 

.~vothe.~i~ o( [Ii~azttltlm deriratiro 

Numbering of Ihc Stll0MllUellls refers to Fig. 1. See melhods fi~r details of work up procedvres A and B. 

Compound Substitucnts m.p. 

2 3 4 6 3' 5' q~' (o(,) 
Yield Work-up proc. 

Fluazinam NO, ('1 CF, NO, CI cF~ It 113 
B-I NO, II NO, ('l ('1 NO, tt 134 
B-2 NO, l-t NO, (q CI CF~ It 126 
B 3 NO, H NO 2 CF~ CI CF~ It 90 
B-[S] NO, It NO, CF~ NO 2 NO~ t[ 180 (dec,) 
13-5 NO, II NO 2 CF~ CI NOz l] 98 
B-6 N(), H NO, ('F) CI CI H 105 
B-7 NO, t] NO 2 ('F~ CN CN CH 3 125 
B-S NO., H NO, (.'F~ ('N benzo 212 (dec.) 

85 B 
I(! A 
61) A 
71) A 
15 A 
45 A 
50 A 
40 B 
61) B 
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Measurement of uncoupling efficiency 
The uncoupling activity was determined as stimula- 

tion of state 4 respiration on glutamatc/malatc of 
coupled rat liver mitochondria. The rate of respiration 
was monitored by a Clark-type oxygen micro-electrode. 
The volume of the cuvette was 7011 ~1. Buffer: 20 mM 
triethanolamin-HCI, 250 mM sucrose, 2.5 mM sodium 
phosphate, pH 7.4. Substrate was added to a final 
concentration of 7 mM sodium glutamate and 6 mM of 
sodium malate. Rat liver mitochondria were used at a 
concentration of 0.5-(I.9 g/ I .  

To compare the uncoupling efficiency of the various 
fluazinam derivatives a concentration for half-maximal 
uncoupling (Us0) was determined. The coneentratkm 
required for maximal uncoupling of mitochondria was 
about 3-4-times higher than Uso. 

Respiration rate of fully uncoupled mitochondria 
was approx. 10(I nmol O mg i min ~. 

Results 

Requirement o]" the depromnable secondary amine for 
uncoupler actirity 

The fact that all compound~'; were found to have a 
single pK A in the range between 4 and 9 (of. Table II 
and below) suggested that they uncoupled mito- 
chondria by acting as protonophores. However, we 
adressed this important question, namely whether in- 
deed the deprotonable secondary amino group made 
these compounds act as very potent uncouplers, by 
testing an N-methylated derivative of B-3 (cf. Table !) 
for uncoupling activity. This tertiary amine had no 
uncoupling activity (data not shown) and it showed a 
pH-independent log P,,,-t of 3.50, which is close to that 
of B-3 (Table ll). These results strongly supported a 
protonophoric mechanism for the group of uncouplers 

TABLE II 

pKa-t'alues, P,,,, and U~. t ahw.~ of fluazmam derii atit'es 

pK A, Err. P,,'t and U~, values were dett'lmined :is described in 
methods. The compounds are listed in the ~)rdcr of increasing pK A 
values. Eo', sum of Hammer) coefficients; P.~.v octanol/watcr parti- 
tion coefficienl; Us 0' uncoupler concentrlUion required for half-maxi- 
mal uncoupling. 

Compound p K  A Err log P,~ U~ 

protonaled deprotonated (nM) 

B-4 4.3 3.62 2.06 2.14 2911 
B-7 4.6 3.33 2.80 1.65 290 
B-5 6.0 3.(18 2.80 2.21 11 
Fluazinam 6.3 3.17 3.27 2.h7 
B-I 7.t 2.82 2.60 1.54 7 
B-8 7.3 3.88 2.18 1[I 
B-3 7.4. 2.8 3.52 1.90 4 
B-6 7.6 2.54 3.47 2.52 7 
B-2 8.5 2.54 3.74 2.56 30 

• .0 2.5 3.0 3.5 4.0 

E6 

Fig. 2. IlammcU phil ot the dependen~:c of pKs on x~r ft)r the 
fluazinam derivatives. The data were taken from Table II. l h c  line 
has a slope of 3.8 per Err and extr:tpolatcs to pK:, = [ 7.8 for V~r = tl. 

Y~r, sum of 1 lammcn coefficients. 

under study. In addition, the absence of a pKx in the 
moderate acidic and basic pH range for the N-mcthyl- 
ated compound confirmed that lhc pK,x wducs deter- 
mined for the other compounds rcflccted the protona- 
lion and deprolonatitm of the secondary amino group, 

pK A t'alues of N-phenyl-2-pyridinan#nes 
For fluazinam and its eight derivatives pKx values 

between 4.3 and 8.5 were determined (Table ll). A plot 
of the pK A valucs against the Eo" values showed a 
lincar dependence of the experimentally determined 
pK,x values on the electron withdrawing effect of the 
aromatic substituents, as expected from the Hammer) 
equation (Fig. 2). No )..]~r value is given for B-8 as this 
derivative bad a quinolinc instead of the pyridinc moi- 
ety. A given substituent had the same effect via the 
pyridine- as via the phenyl-ring on lhc pK A of lhe 
amino-group. Only the values for fluazinam rcvcalcd 
somc deviation from those of thc other compounds, 
which could be explained by steric hindrance between 
the subtituents in positions 2, 3 and 4 of the phenyl 
ring. The extrapolated pK A for the unsuhstilutcd N- 
phcnyl-2-pyridinaminc was 17.8. dccrcasing 3.8 pcr E~r. 

For fluazinam wc have found a PK.x of 6.3 which is 
0.8 units Iowcr than the value given in [8]. Wc suppose 
lhat this deviation can be explained by the fact that wc 
determined the oK A in 50'7~ dimcthylsulfoxidc. Unlor- 
tuna)ely, in the work of Gap c ta l .  [8] the mclhod and 
conditions for determining the pK~ of fluazinam were 
not given. 

Partition coefficients of N-pkenyL 2-pyridinamhu, s 
Table II gives a list of the log P,,~) values for the 

nine compounds tested, determined for the protonated 
form at acidic pH and the dcprotonated form at alka- 
line pH. The log P, ct values varied over about one 
order of magnitude between 2.6 and 3.9 for the pn)to- 
nated and 1.5 and 2.7 for the deprotonated form. The 
decrease of the partition coeffieicnt induced by dissoci- 
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ation of the proton was in lhe range of one order ol 
magnitude. 

Thus. comparcd to the salicylanilidcs which have log 
P,,tt values in the range of 2.9 to 5.5 in the protonatcd 
form [10]. the N-phcnyl-2-tyridinamines are markedly' 
less hydrophobic. 

CTtaract('risation of rat liter mitochondria 
The concentration of total protein of the resus- 

pended rat liver mitochondria was typically about 50 
g / I  as determined by the biuret method using bovine 
serum albumin as a standard. The preparations con- 
tained approx. 0.2 tamol haem a/g  protein. The phos- 
pholipid content was 1).3 m m o l / g  protein i .c 0.2 g 
phospholipid/g protein. 

Typically, complete uncoupling of the mitochondria 
showed an 8-fldd s t imuhtion of state 4 respiration 
when tested immediately after isolation ~not shown). 
When the mitoehondria were stabilized by g lu tamate /  
malatc, this value decayed to 6-fold stimulation over 6 
h 

Lhwouphng effich'nty of N-phenyL 2.1Lvridinammes 
The uncoupling efficicncies (Usa) of the derivatives 

tested varied between 4 nM for B-3 and 290 nM for 
B-4 and B-7. To compare tmr results with those from 
earlier studies we also dctermined L~0 for FCCP 
(carbonyl-cyanide-p-trifluorohydrazone), which was 
found to have a 0'5~ ~ of 25 nM. This means that the 
fluazinam derivative B-3 was 6-timcs more efficient in 
tmcoupling rat liver mitochondria than FCCP, and that 
five of the eight derivatives were at least 2-times more 
efficient. 

For fluazinam we observed the same inactivation 
phenomenon as reported by Guo el al. [8]. No Usn 
value for this compound is given because 2,4-di- 
nitrochlorobcnzcne was not used to prevent degrada- 
tion. However, as our result for FCCP is in ,,.ood 
agreentcnt with those obtained by other  authors [2L wc 
could deduce that B-3 has an efficiency similar to or 
slightly better  than fluazinam. 

Correlalio~ bciween physico-chemk:al parameters attd 
ttncouuling efficiency 

Despite their moderate hydrophobicity the N.- 
phenyl-2-pyridinamines are very potent uncouplers. A 
comparison of B-I and B-6, which were found to have 
pK A values comparably close to the physiological pH 
value of 7.4, revealed that even a difference of one 
order of magnitude for the partition coefficients of the 
protom,'"d as well as for the dcpvotonated form was 
not reflected in the uncoupling efficiency (Table 11). 
Note that even a log P,~.t as low as 1.5 for the deproto- 
natcd form (B-l)  had no limiting effect on the 
protonophoric activity of the uncoupler. 

1 0 0 0  

1 0 0  

g 
:~ 1 0  

1 i i i i 
5 6 7 8 

p~ 

Fig. 3. Dependence of  the uncoupling efficiency U~,. on the pK A of 
the dcprot(mable group. Data were taken from Table II. Experimen- 
tal conditions are as described m Materials and Methods. The line is 
calculated ac cording 1o equati~,n ( l id  using a = 1}.3 nmol / I  and b = 8. 

Fig. 3 shows a pKA/efficiency profile for the tested 
N-phenyl-2-pyriCinamines. T t e  minimum &~n value was 
obtained for B-3, which had a pK a of 7.4. B-! (pK A = 
7.1) and B-6 (pK A = 7.6) were slightly less efficient 
(Table ii). For both more alkaline and more acidic 
pK A values, higher U.s, values were determined.  The 
same correlation is observable from the data of Guo et 
al. [8] as the stable i-propoxy analog tested by these 
authors was reported to have a higher PKa  and lower 
uncoupling efficiency than fluazinam. 

The only exception to this rule was the compound 
B-8 (pK A = 7.3), which was found to have a Us0 2.5- 
times higher than B-3 (pK A = 7.4). However, this can- 
not be due to different concentrations in the mem- 
brane, as both compou:-ds have comparable partit ion 
coefficients. Remarkably. B-8 is the only of the com- 
pounds tested which contains an unsubsti tuted quino- 
linyl- instead of the substituted pyridinyl-residue. 

Discussion 

The N-phenyl-2-pyridinamines. which are derived 
from the structure of fluazinam, appear  to be the most 
potent uncouplers known so far [2,8]. One of the 
derivatives tested (B-3) was even slightly more efficient 
than fluazinam. The uncoupling activity relies on the 
deprotonable secondary amino group (Fig. 3). This 
could be demonstrated by the fact that an N-methyl- 
ation of B-3 abolished its uncoupling activity com- 
pletely. By phase-distribution analysis we could show 
that the N-phenyl-2-pyridinamines arc chemicals of 
moderate hydrophobicity. Deprotonation of the com- 
pound shifts the partition coefficient only by about  one 
order of magnitude. The pK A value of the deproton- 
able group is affected equally by electron-withdrawing 
substituents of the phenyl- and the pyridine-ring, and 
could be predicted simply from the sum of the Ham- 
mett coefficients. 
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The uncoupling efficiency was not correlated to the 
hydrophobicity of the compound, but appeared to bc 
governed by the pK a of the depnmmable group (Fig. 
3). This is a behaviour different from that of the 
generally more hydrophobic salicylanilides. The pK A 
value as determined in 50% dimethylsalfoxidc that 
gave the lowest U~ value was found to be 7.4 (B-3). 
Although these values are not identical to those in 
aqueous solution, optimal uncoupling seemed to re- 
quire a pK^ in the range of the pH of the reaction 
medium. 

Thus, uncoupling by the N-phenyl-2-pyridinamines 
not only required the deprotonable secondary amino 
group, but its efficiency was strictly dependent on the 
pK^ of this functLm. Remarkably, this correlation was 
not affected by variations of the other relevant 
physico. ~hemical parameter, namely P,,~,, over more 
than one order of magnitude. This strongly supports a 
pro, "~ophorie mechanism of uncoupling for the 2-N- 
phenyl-pyridinamines and makes any type of proton 
conductive action based on perturbation of the mito- 
ehondrial membrane unlikely. 

Variation of the substituents in all positions of the 
two aromatic rings appeared to have no influence on 
the uncoupling efficiency other than inducing a change 
of the pK A as predicted by their Hammett coefficients. 
This makes it difficult to visualize any significant in- 
volvement of binding of the uncoupler to specific mito- 
ehondrial proteins in a protonophoric cycle. However, 
we cannot completely exclude this possibilty based on 
the physico-chemical approach presented in this work. 

We concluded that the mechanism by which the 
2-N-phenyipyridinamines uncouple mitochondria is a 
protonophoric cycle, which is most efficheat near the 
pK A, i.e. when the concentrations of both the proto- 
nated and the deprotonated form are nearly ec~uai, and 
that it is not significantly affected by hydrophobic 
partitioning or specific binding to the mitochondrial 
membrane. 

If our conclusion is correct, it should be possible to 
describe our results quantitatively using a mathemati- 
cal model based purely on protonophorie uncoupling 
over a membrane. 

The number of cycics of these moderately lipophilic 
uncouplers is significantly higher than 1000 s -~ as 
given in [2] for unhindered Brownian motion. This 
might be illustrated by the following approximation for 
BI: at half-maximal stimulated respiration (50 nmol O 
rag- t min - n), 500 nmo; H + mg-  J min - ~ are extruded 
by the respiratory chain and transported back into the 
mitochondria by the uncoupler, if one assumes trans- 
port of 10 nmol H + per nmol O reduced to H.~O. For 
the concentration of uncoupler in the mitochondrial 
membrane an upper limit can be given if one assumes 
that all uncoupler is accumulated in the membrane. If 
one refers proton translocation via the uncoupler to 
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Fig. 4. Generalized ~cheme for I~ssihlc mcchanism~ of t~cou~]lcr 
action. "~e~ discussion for details. IIA, protonaled uncoupl.'r: A . 
deprolonated uncoupler: 1-1,~. H , ,  proton', m the outer ar d in nel 

bulk pha~,c, rc~.pcctlvcty. 

this value a I~wer limit ;'or the number of cycle,, results: 
Us. of 7 nmol/I  and a protein contcnt of 50(1 mg/I  
gives a ratio of uncoupler to protein of 1.4.10 -~ 
nmol/mg. Referring proton translocation of 54X) nmol 
H "" mg- ~ • min-  ~ to this value results in an Iowcr limit 
for the number of cyclcs of 600 s ~. which would bc in 
agreement with the upper limit as given in [2]. How- 
ever, given tnat there is no indication for specific 
binding to any component of the mitochondrial mem- 
brane for these moderately lipophilic uncouplers, the 
true concentration in the. membrane is expected to be 
much lower. From a phospholipid/protcin ratio of ().2 
and using P,,~, of 40(I (Table 11) as a fair eslimatc of 
the ,Jncoupfer distribution ratio between phosph,)lipid 
phase and aqueous phase, 7 nmol/ l  givc an uncouplcr 
conter, t in the mitochondria of 5.6.10 -4 nmol /mg 
protein resulting in a number of cycles of 1.5.10 ~ s 
which is one order of magnitude higher than the upper 
limit given by Terada [2]. 

Two basically different mechanisms can be visual- 
ized for uncoupling by weak acids, which according tt, 
the nomenclature of Benz ct al. [13] arc called intcrfa- 
cial complcxation (IC) and solution c(implcxation 
mechanism (SC) (Fig. 4). In the IC mechanism proto- 
nation and deprotonation occurs while the uncoupler 
remains.in the membrane, whereas the SC mechanism 
requires that it partitions into the bulk phase. The 
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obse~'ati~n that uncoupling is independent of the par- 
tition coefficicni generally can bc explained by both 
models. The IC mechanism would be cxpcclcd to bc 
operative t0r uncouplers with a lipophilicity high 
enough Io make the uncouplcr concentration in the 
phospholipid phase indcpcndcnt of gradu,d differences 
in distribution ratio. For the SC mechanism it was 
predicted that diffusion through the unstirred layers 
could become rate limiting if the membrane pcrmeabil- 
itics for thc anion and the undissociatcd acid arc nigh 
enough, in this case steady-state conductance is ex- 
pected to attain a nlaximum wdue at a pH close Io the 
pK A of thc dissociating group [13-15]. As the fluazi- 
ham derivatives teslcd were found to be of moderate 
lip~;philicity and showed maximal uncouplir~g efficiency 
at a pK A near the pH of the experiment, wc conclude 
that lhcsc compounds uncouplc predominantly by a SC 
mechanism A mathematical dcscri ,  ion of this situa- 
tion is fl~rmulaied in Appendix !. The formulation 
describes the pK-dcpcndcncc of U~,, as given in Fig. 3. 
Curve fitting gives tm estimate of the kinetic constants 
k x~ ~ and k A lot the transfcr of protonatcd and dcpro- 
tonatcd uncoupler from the aqueoliS outer phase across 
the phospholipid phase to the aqueous imacr phase. 
From Ihcse kinetic constants, pcrme~,bility coefficients 
P~n and Pa have been calculated: PA~I approx. 511 
c m / s  and PAll/P,~ = 11)~-104. The values determined 
appear reasonable when compared to those obtained 
for other uncouplers [15-17] (for details .,ee Appendix 
11). 

Based on the SC mechanism, the equations pre- 
sented hcrc sccm to bc able to describe the physico- 
chemical behaviour of the N-phcnyl-2-pyridinamincs in 
an applicable way. 

Appendix 1 

The transfer of protons by the uncoupler from the 
outer aqueous phase ( 0  to the inner aqueous phase 
tmitochondrial matrix, m)is  described by the t~)llowing 
flux equation: 

-I l l  = 3.,,li = P , , U  { [ A t  l ] ,  - 1,%1 lira} ( I I 

For the flux ofdcprolonalcd cari ic r" the folhlv.,ing equa- 
tion holds *' 

J ~ , = p . ' { l A  ] < - [ A  ] , , , ' c x p ( - F q ; / R T i i  i ",t) 

lc)r a closed system in the steady state net movement 
of uncoupler is zero: 

,/s~tl + JA = l) 13 )  

* p, ,  may d e f e n d  ~l l  m e m b r a n e  r:Lil,+nli:.il [19]: fr('~i~: I,.57 A / < 5 7 > ' ! >  I) 
rcsull,~ t >_ ( R l  r '#- ) . (h  In p.+..."7~!;'1 > I I  

The uncoupler in the aqucous phases is in ac id /base  
equilibrium: 

[A i< I I t ' ]< / IAI I }<=[A ] . , . I t I ' I . , / [Ai I I . ,=Jk'  14~ 

Hcterophasic acid base reactions between protons in 
the aqueous phases and dcprotonaled uncoupler in the 
membrane are neglected. 
Combining Eqns. 1-4 one arrives at: 

J.~lf~{P,~t~lA,,<.,] " ( l - q ) } / { ( l +  K ' ) ( l + r ' , l / K ' ) l  ( 5 )  

with: 
ratio of electrochemical activities of protons: 

q - {i l l  t ] , , . / [ t t "  k} / t :xp(  - F q t / R T i }  (6)  

relative dissociation constant of the uncoupler: 

K ' =  K / l i t "  ]< 17i 

and ratio of permcabilities: 

r = P.+',II / P A  (81 

Rearranging the equation for [A~.~],. = U~ and -'an = 
J.~.s.  gives: 

U~,l = { 1-,t1.~,~/[ P~,N "( I - q ) ]}  "( 1 + K " }'( I + r" q / K ') [q) 

Thcreli)rc, the data are described by an equation of 
the fi)llowing structure (y = Us0: x = K') :  

v - a ' ( l +  a ) - t l + h / x )  ( tO) 

with a = J~H.5,/[ PAn "( 1 - q)] and b = r" q. 

AppendE II 

Nonlinear regression of In y to x gives the following 
estimates for a and h: 

a - -  0,3 *(I.1 n m o l / I ,  h -  ~ + 2  

Assuming a pmf of approx. 200 mV one gets an 
estimate c,f approx. 10 -~ for q = {[H+],,,/[H+]~]/ 
cxp( - F q t / R T ) .  

Assuming that the uncoupler-mediated transport 
proceeds across the phospholipid component of the 
mcmbrane oac can refer the flux to phospholipid sur- 
face area. 

Assuming 0.5 nm-' surface a rea /phosphol ip id  
molecule [18], 1 cm-" surface of a phospholipid bilayer 
is equivalent to approx. 8.7- 10-H~ mol phospholipid. 
With 0.3 ~mol phosphol ipid/mg protein one can refer 
iq~:x to phospholipid surface area: 

J.~.ll = [5(~) n m o l / ( m g r , . , , - m i n ) } .  {6.7" 10 ' "  molpt ,,¢m 21 

/{I) .3 # m o l o l / m g r , , , .  } =11.5 nrnol.,. 'm " r a i n -  I 
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With a = 3 - 10 -4 nmol/cm ~ one gets: 

Pall = 50 cm/ s  

From b = 8 and q = I(I ~ one gets: 

• ~ ( P a l l  /¢PA ) -- 8" t 0  3. 

T, absolute temperature 
Us(), uncoupler concentration at halfmaximal un- 

coupling 
g'. membrane potential (matrix- cylt)~t)l) 
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