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Abstract. The rate of change of internal pH and trans- 
membrane potential has been monitored in liposomes 
following the external addition of various cation salts. 
Oleic acid increases the transmembrane movement of 
H + following the imposition of a K + gradient. An ini- 
tial fast change in internal pH is seen followed by a 
slower rate of alkalinization. High concentrations of the 
fatty acid enhance the rate comparable to that seen in 
the presence of nigericin in contrast to the effect of 
FCCP (carbonyl cyanide p-(tri-fluoromethoxy)phenyl 
hydrazone) which saturates at an intermediate value. 
The ability of nonesterified fatty acids to catalyze the 
movement of cations across the liposome membrane 
increases with the degree of unsaturation and decreas- 
es with increasing chain length. Li and Na salts cause 
a similar initial fast pH change but have less effect on 
the subsequent slower rate. Similarly, the main effect 
of divalent cation salts is on the initial fast change. 
The membrane potential can enhance or inhibit cation 
transport depending on its polarity with respect to the 
cation gradient. It is concluded that nonesterified fat- 
ty acids have the capability to complex with, and trans- 
port, a variety of cations across phospholipid bilayers. 
However, they do not act simply as proton/cation ex- 
changers analogous to nigericin nor as protonophores 
analogous to FCCP. The full cycle of ionophoric action 
involves a combination of both functions. 
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Introduction 

The toxic effects of nonesterified fatty acids are well 
recognized at the physiological level. At high concen- 
trations, they can cause platelet aggregation, damage to 
cell membranes and can interfere with electrical con- 
duction in nerves and muscle (Newsholme & Leech, 
1983). For example, oleic acid rapidly and reversibly 
decreases electrical coupling between gap junctions in 
neonatal rat heart cells (Burt, Massey & Minnich, 1991). 
The rapid increase in free fatty acids following cerebral 
ischemic insult (Kidooka, Matsuda & Handa, 1987) 
may have consequences for subsequent brain damage. 
Nonesterified fatty acids also act as uncouplers of ox- 
idative phosphorylation but the mechanism is still un- 
clear. Some effect appears to be due to an increase in 
the proton conductivity of the mitochondrial membrane 
(Macri et al., 1991) but not all of the uncoupling effect 
can be explained in this way (Labonia, Muller & Azzi, 
1988; Thiel & Kadenbach, 1989; Brown & Brand, 
1991). 

The mechanism of action of fatty acids at the mol- 
ecular level in these events is not well understood. 
Nonesterified fatty acids are known to increase the pro- 
ton conductance of planar lipid membranes (Gutknecht, 
1988) despite being relatively inefficient H + carriers 
compared to classical protonophores such as FCCP 
(McLaughlin & Dilger, 1980). Their presence in trace 
amounts has even been proposed to explain the very 
much higher values (by an order of magnitude of 106) 
for the H+/OH - membrane permeability compared to 
other cations (Gutknecht, 1988). Results from planar 
lipid membranes, however, are not in agreement with 
those from l iposome systems (Deamer & Nichols, 
1989). 

An extra complication at the molecular level is that 
nonesterified fatty acids have been shown to be capa- 
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ble of translocating various cations across artificial and 
biological membranes, presumably as fatty acid cation 
soaps (Serhan et al., 1981; Simpson, Moore & Peters, 
1988). It has been suggested that some of the effects 
of fatty acids on proton electrochemical gradients result 
from their ability to catalyze an electroneutral K+/H + 
exchange (Cooper, Wrigglesworth & Nicholls, 1990; 
Wrigglesworth et al., 1990). In the present paper, we 
report the results of experiments that directly demon- 
strate the ability of nonesterified fatty acids to catalyze 
an electroneutral cation/proton exchange across lipid bi- 
layers. This is in addition to their ability to act as sim- 
ple protonophores. The resulting mixed-transfer capa- 
bility is sensitive to cation gradients and to the magni- 
tude and polarity of membrane potential. The results 
explain some of the apparent anomalies of fatty acid ac- 
tion on biological membranes. 

Materials and Methods 

Liposomes containing the entrapped pH probe pyranine (8-hydroxy- 
1,3,6-pyrene trisulfonate, trisodium salt; Molecular Probes, Eugene 
OR) were prepared by detergent dialysis, essentially according to 
Wrigglesworth et al. (1987). Basically, 0.25 g of dry asolectin (L-eL- 
phosphatidylcholine, Sigma type IV-S) was dispersed by mixing in 5 
ml of 5 mM pyranine (8-hydroxy-1,3,6-pyrene trisulfonate, trisodium 
salt, Molecular Probes, Eugene, OR) in i00 mM K+-HEPES buffer, 
pH 7.0. Cholic acid (0.1 g) was added and, after mixing, the sample 
dialyzed against 2 • 500 ml of 5 mM pyranine in 100 mM HEPES 
buffer, pH 7.0 for 4 hr periods and then overnight against 500 ml of 
100 mM HEPES buffer pH 7.0. Sonicated vesicles of the same lipid 
composition were prepared using a pulse sonicator (Dawe Ultrason- 
ics model 250/450, Dawe Ultrasonics, Hayes, Middlesex, UK) at 
30% duty cycle for 5 min according to Wrigglesworth et al. (1990). 
Excess dye was removed from the vesicle preparations by passing the 
samples through a column of G25 Sephadex equilibrated with 100 mM 
HEPES (K + or Na + as cation where appropriate) at pH 7. 

Fluorescence and absorbance changes were monitored using a 
rotating filter air-turbine spectrophotometer (University of Pennsyl- 
vania Biomedical Instrumentation Group, Philadelphia, PA). Exci- 
tation of pyranine fluorescence was at 470 nm with emission moni- 
tored at 90 ~ to the excitation beam using a 540 nm filter (10 nm band 
pass). Pyranine absorbance was monitored at 465 nm (2 nm band pass 
filter). Fluorescence changes of the membrane potential probe Ox- 
onol V (Molecular Probes, Cambridge BioScience) were monitored 
as described by Cooper, Bruce and Nicholls (1990) using a dye con- 
centration of 3 ~tM. Oxono1 V is membrane permeable and anionic 
(Bashford, Chance & Prince, 1979) and, as such, can be used to mon- 
itor membrane potential, positive inside, in closed vesicles. Aliquots 
of K + sulfate were added to a stirred 3 ml suspension from a 0.5 M 
stock solution. Freshly made stock solutions (1 N) of H2SO 4 and KOH 
were used for acid and alkali additions, respectively. Ionophores and 
fatty acids were added at the concentrations indicated from appro- 
priately diluted stock solutions in ethanol. The concentration of 
ethanol in the final mixtures never exceeded 0.03%. 

In the present experiments, association of added fatty acids with 
the liposomes was checked using 3H-oleate and 3H-palmitate. These 
were added to separate liposome suspensions at a mole fraction con- 
centration (fatty acid:phospholipid) of 15% and the mixtures frac- 
tionated on a Sephacryl S-300 column. Greater than 90% of the fat- 
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Fig. 1. Changes in the internal pH of liposomes following the exter- 
nal addition of potassium sulfate. Potassium sulfate (45 ~tmol) was 
added to 3 ml of a continuously stirred suspension of liposomes (1.2 
mg lipid/ml) in 100 mM K + HEPES, prepared by dialysis, containing 
entrapped pyranine at 22~ Internal pH was monitored by the ab- 
sorbance change of pyranine as described in Materials and Methods. 
Addition of standard acid and alkali following nigericin addition in- 
dicated that an 0.01 absorbance change was equivalent to 0.077 pH 
units. Traces are shown for separate experiments done in the presence 
of Tween-80 (0.1% v/v), FCCP (10 gM), oleic acid (200 gM and 3 
mM) and nigericin (100 p.M) as indicated. 

ty acids was found to associate with the liposomes within l min of 
mixing. To ensure maximum incorporation for the present experi- 
ments, the liposomes were preincubated with the individual fatty 
acids for a minimum of 10 min before the addition of K + sulfate. 

Results 

To determine the effects of nonesterified fatty acids on 
membrane permeability to cations, a K + concentration 
gradient was created across phospholipid vesicles con- 
taining the entrapped pH indicator pyranine. The sub- 
sequent rate of change of the internal pH could then be 
used as a monitor for the transmembrane movement of 
H +. Addition of K2SO 4 to a suspension of the vesicles 
can be seen to induce a slow change in internal alkalinity 
(Fig. 1). This rate of change of internal pH increases 
on the addition of FCCP but only to an intermediate val- 
ue compared to that seen in the presence of nigericin. 
Saturating concentrations of FCCP did not affect the rate 
further. It would appear that the imposition of a K + gra- 
dient induces a K+/H + exchange across the liposome 
membrane. In the absence of FCCP, this rate is limit- 
ed by H + counter-ion flux. The permeability of H + is 
known to be many orders of magnitude higher than that 
for K +, around 10 - 4  c m  X s e c  -1  compared with 10 - t~  
cm • sec - t  (Deamer & Bramhall, 1986). However, the 
flux of any ion across a membrane is a function of the 
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Fig. 2. Effect of valinomycin on the rate of change in internal pH (k') 
of dialyzed liposomes following the addition of potassium sulfate 
(0)  or sodium hydroxide (A). The pH changes were monitored by 
pyranine fluorescence changes using a 3 ml suspension of liposomes 
(0.4 mg lipid/ml) in the presence of increasing concentrations of vali- 
nomycin, The changes were initiated by either the addition to the sus- 
pension of potassium sulfate (45 gmol) or sodium hydroxide (26 
gmol). Fluorescence changes were used instead of absorbance changes 
because of the lower liposome concentrations in these experiments. 
Other conditions as described in the legend to Fig. 1. 

permeability and the ion concentration gradient as well 
as AW. 

Under the present conditions, a K + gradient of ap- 
proximately 15 mM is sufficient to increase the flux of 
K + to a value greater than that for H + (at pH 7). 
FCCP increases H + flux until H + counter-ion movement 
no longer limits the exchange. Under these conditions, 
H + movement is now limited by K + movement. This 
interpretation is supported by the results of adding vali- 
nomycin to the system. In the absence of FCCP, small 
concentrations of valinomycin have no effect on inter- 
nal alkalinization when an external pulse of O H -  (as 
sodium salt) is added (Fig. 2). It is only at higher con- 
centrations (>  100 nM), where the protonophoric action 
of valinomycin becomes apparent (Wrigglesworth et 
al., 1990), that the rate of internal alkalinity increases. 
This is in contrast to the findings when external K + 
(with sulfate as the anion) is added. Here, the movement 
of K + across the membrane is faster than any com- 
pensating H + movement and a diffusion potential forms, 
positive inside, which increases H + efflux. Valino- 
mycin, even at low concentrations, enhances the effect. 

Oleic acid added to the vesicle suspensions in- 
creases the rate of internal pH change following the im- 
position of a K + gradient (Fig. 1). There is a small rapid 
initial alkalinization immediately following the addition 
of the cation salt, followed by a slower rate of dye ab- 
sorbance increase. However, unlike the classical un- 
coupler FCCP, increasing concentrations of oleic acid 
do increase the pH changes to a rate commensurate 
with that seen with nigericin. A detergent-like action 
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Fig. 3. Relative efficacies of different fatty acids on the internal pH 
changes of dialyzed liposomes following the external addition of 
potassium sulfate. Palmitate (16:0), stearate (18:0) oleate (18: l), and 
linoleate (18:2) were added to the suspension of liposomes to a final 
concentration of 200 gM at least 15 min before the addition of potas- 
sium sulfate to the suspension. Other conditions as in Fig. 1. 

of the fatty acid on membrane structure is excluded by 
pH changes being induced by a potassium sulfate solu- 
tion at neutral pH. No pH changes are seen in the ab- 
sence of liposomes (data not shown) or in the presence 
of liposomes disrupted by the detergent Tween 80 (Fig. 
1). The latter result also indicates that the internal pH 
of the liposomes matched that of the external buffer (pH 
7.0). It would seem that an intact vesicular system is 
required for the salt-induced pH changes to occur. The 
effects of oleate were also seen using liposomes pre- 
pared by sonication as well as with liposomes made 
from phosphatidyl choline plus phosphatidyl ethanol- 
amine (egg phospholipids at a weight ratio of 2:1). The 
latter preparations showed increased light scattering 
compared with the asolectin vesicles but an effect of 
oleate on internal pH change following K+-sulfate ad- 
dition could be detected at oleate:phospholipid ratios of 
5% and greater. 

Other nonesterified fatty acids have the ability to 
mimic oleate but with differing efficacies (Fig. 3). The 
ability to affect the rate of internal pH change increas- 
es with the degree of unsaturation and decreases with in- 
creasing chain length. A possibility exists that the dif- 
fering abilities of the fatty acids to catalyze internal pH 
changes is a reflection of their efficiency of incorpora- 
tion from bulk solution into the bilayer after their ad- 
dition to the liposomal suspension. However, there are 
indications that this transfer is rapid. Fast (seconds) 
rates of transfer of long chain fatty acids have been 
shown to occur between phospholipid vesicles and al- 
bumin (Daniels et al., 1985; Hamilton & Cistola, 1986; 
Spooner et al., 1990). In the present experiments, added 
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Fig. 4. Effect of oleate concentration on the initial fast change in in- 
ternal pH in dialyzed liposomes (0.4 mg lipid/mI) following the ad- 
dition of potassium sulfate (45 gM) (O) or sodium hydroxide (26 MM) 
(A). pH changes were monitored by fluorescence as described in 
Materials and Methods. Other conditions as in Fig. l. 

oleate and palmitate associated with the vesicles with- 
in 1 rain. To maximize fatty acid incorporation, the fat- 
ty acids were added and incubated with the liposomes 
for a minimum of 10 rain before the imposition of the 
ion gradients. The possibility remains, however, that the 
lack of effect with stearate could still be a result of 
nonincorporation into the bilayer. 

As reported previously (Wrigglesworth et al., 1990) 
and noted in the present experiments, there is a small but 
fast initial jump in internal alkalinity on the addition of 
potassium sulfate before the slower changes in internal 
pH occur. This initial change is not affected by repeated 
passing of the liposomes through a gel column but does 
increase as the concentration of oleate increases. The 
magnitude of the change is directly proportional to the 
amount of oleate added (Fig. 4) and increases with in- 
creasing oleate/phospholipid ratio. 

Valinomycin concentrations that have little effect 
on internal pH in the absence of oleate, enhance the rate 
of internal pH change when oleate is present (Fig. 5a). 
This effect is observed when external K + is added to the 
suspension to initiate the changes but not when a OH-  
pulse is used (Fig. 5b). As expected, a combination of 
valinomycin and FCCP, in the absence of fatty acid, en- 
hances the rate of the internal pH change commensurate 
to that seen with nigericin (results not shown). 

The influence of cation type on the ability of oleic 
acid to catalyze cation/H + exchange is shown in the 
Table. Both Li § and Na + salts cause a similar initial 
fast change in alkalinity but have less effect than K + on 
the subsequent rate of internal alkalinity change. Sim- 
ilarly, the main effect of divalent cation salts is on the 
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Fig. 5. Effect of valinomycin on oleic acid induced pH changes in di- 
alyzed liposomes (0.3 mg lipid/ml) following the external addition of 
(a) potassium sulfate (30 gmol) or (b) sodium hydroxide (17.5 gmol). 
Oleate concentration was 50 ~tM and valinomycin was added to a fi- 
nal concentration of 10 riM. pH changes were monitored by pyranine 
fluorescence. Other conditions of measurement as in Fig. 1. 

initial fast pH change. Ni 2+ and Mn 2+ in particular 
cause large changes in the initial pH jump with signif- 
icant changes in the control liposomes also. It is known 
that negatively charged phospholipids in liposomes have 
the ability to bind divalent cations (Eisenberg et al., 
1979; McLaughlin, 1982), including Ni 2+. Binding of 
cations to the fraction of negatively charged lipid in 
asolectin ]around 20% (Casey, 1984)] would appear to 
occur in the present case even in the absence of added 
fatty acid. However, changing the cation, with the ex- 
ception of K + and Mg 2+, has little effect on the slow 
rate of pH change. 

Figure 6 shows traces of simultaneous changes in 
membrane potential (A~) and internal pH following 
the imposition of a K + gradient to vesicles prepared and 
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Table 1. Relative cation specificity of oleic acid-induced pH changes in liposomes following the external addi- 
tion of cation-sulfate salts 

25 

Cation 

Control Plus oleate 

Initial phase Final rate Initial phase Final rate 
amplitude of pH change amplitude of pH change 
(%) (sec -1 X 103 ) (%) (sec -1 X 103 ) 

K + 0 5 29 21 
Li + 13 5 29 6 
Na + 12 <1 30 8 
Ni 2+ 50 < i  80 8 
Co 2+ 9 <1 43 I0 
Mn 2. 20 <1 58 12 
Mg 2+ 0 10 29 60 

The dialyzed liposomes (l .2 mg lipid/ml) contained entrapped pyranine in 100 mM K + HEPES. The fast initial 
change and subsequent slower change in internal pH was monitored by pyranine absorbance change following 
the addition of the sulfate salt of various cations to a final cation concentration of 15 mM in the absence or pres- 
ence of oleate (200 tXM). The results are expressed as a percentage of the final pH change induced by the addi- 
tion of nigericin or the divalent-cation ionophore A23187. 

suspended in Na + HEPES. Preparing the vesicles in 
Na + rather than K + allows for the imposition of K+-in - 
duced membrane potential under appropriate conditions 
when external K + sulfate is added. Little change in ApH 
or A~  is seen in control vesicles (Fig. 6a). The lack of 
any significant A ~  generation is in agreement with the 
earlier conclusion (Fig. 2) that H + flux is rate limiting 
for K+/H + exchange in these vesicles. In the presence 
of oleate (Fig. 6b), a K + pulse induces a small but sig- 
nificant potential. This decays slowly at a rate that ap- 
proximately matches the rate of internal alkalinity in- 
crease. The alkalinity change was found to be marked- 
ly less in these vesicles compared to vesicles prepared 
and suspended in K + medium. Competition between 
Na + and K + for oleate appears to be taking place with 
the Na + associated form of oleate being unable to in- 
duce the internal alkalinity changes (see the Table). 
With vaIinomycin plus oleate present, the magnitude of 
the potential is enhanced (Fig. 6c). In addition, an im- 
mediate rise in internal pH occurs, followed by a slow 
decay (Fig. 6c). This effect can be compared to the 
changes seen with valinomycin in the absence of oleate 
(Fig. 6d). Here, the internal pH rises to a constant lev- 
el as the imposed diffusion potential rapidly decays. 

Discussion 

The experiments described above indicate that nones- 
terified fatty acids have the capability to translocate a 
variety of cations including protons across phospho- 
lipid bilayers. However, they do not act simply as 
K+/H + exchangers like nigericin nor as protonophores 
analogous to FCCP. The full cycle of ionophoric action 

is a combination of both abilities and is sensitive to the 
membrane potential and cationic gradients across the 
membrane. 

A mechanism for the action of fatty acids on mem- 
brane potential and cation gradients is shown in Fig. 7. 
In the absence of any imposed potential, it is proposed 
that the fatty acid can translocate a proton or cation as 
an associated acid (FH) or as a potassium (or other 
cation)-complexed salt (F-K+),  respectively. The di- 
rection of transport will be determined by the polarity 
of the ion gradient. The rate of transport will depend 
on the nature of the fatty acid and the particular cation 
in the complex (see Fig. 6 and Table). For example, the 
Na + complex will translocate much slower than the K + 
complex. It is proposed that the rate of movement of 
the associated acid is faster than both the cation com- 
plex and the dissociated fatty-acid anion. The imposi- 
tion of a O H -  (Fig. 7a) or K + (Fig. 7b) gradient to the 
system disturbs the equilibrium between protonated and 
dissociated fatty acid on the outer side of the mem- 
brane. The apparent pK a of free fatty acids incorporat- 
ed into phospholipid bilayers is known to be approxi- 
mately 7-8 (Wilschut et al., 1992). O H -  induces a fast 
dissociation of fatty acid as does K + by forming the 
cationic salt. The consequence of the drop in protonated 
fatty acid on the outer surface of the membrane is a fast 
electroneutral transfer of the lipid-soluble protonated 
form across the membrane to maintain an equal con- 
centration on both sides. A fast uptake of protons from 
the liposome interior then follows to restore the equi- 
librium between the species on the inner surface. The 
magnitude of the fast phase of pH change will be di- 
rectly proportional to the molar concentration of fatty 
acid (see Fig. 4). Subsequent (steady-state) changes in 
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Fig. 6. Simultaneous measurements of A ~  and ApH following the ad- 
dition of potassium sulfate to a suspension of sonicated liposomes (1.2 
mg lipid/ml). A ~  and ApH were monitored by the fluorescence change 
of Oxonol V and the absorbance change of pyranine, respectively, in 
a suspension of liposomes (1.2 mg lipid/ml) containing sodium 
HEPES. The liposomes were prepared by the sonication procedure and 
suspended in sodium HEPES (100 mM, pH 7.0). (a) control; (b) plus 
oleic acid (200 gM); (c) plus oleic acid (200 gM) plus valinomycin (10 
riM); (d) plus valinomycin (10 nM). 

the internal pH will depend on the rate of exchange of 
cations for protons across the membrane which will be 
limited by the rate of translocation of the potassium salt. 
In these studies, unsaturation of the fatty acid makes it 
a more potent translocator. A similar effect of unsatu- 
ration has been reported by Wilschut et al. (1992) for 
the transmembrane movement of fatty acids induced 
by pH changes. In the presence of a mixture of cations, 
transmembrane transport will be affected by the com- 
petition between the cations for the fatty acids. 

F rom me a su remen t s  of  NMR and the elec-  
trophoretic mobility of liposomes, it has been shown 
that monovatent and divalent cations can be absorbed to 
negatively charged lipids (McLaughlin et al., 1978; 
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Fig. 7. Proposed molecular mechanisms for fatty acid mediated trans- 
fer of cations and protons across phospholipid bilayers. Prior to a pulse 
of cation salt (for example, potassium sulfate), an equilibrium mix- 
ture exists of the three species of fatty acid: the protonated form, the 
dissociated form and the potassium salt complex. Following the ex- 
ternal addition of cation, the equilibrium concentration of the three 
species is perturbed, resulting in a fast transfer of the protonated 
form across the membrane and an equally fast uptake of H + from the 
inside phase. The rate of subsequent steady-state changes will be 
limited by the rate of exchange of cation for H + which in turn will be 
limited by the rate of translocation of the potassium salt complex. The 
translocation of the dissociated form will be sensitive to the magni- 
tude and polarity of any membrane potential that may be present. 

Eisenberg et al., 1979; Ermakov, 1990). This adsorp- 
tion is indicated in the present work by the initial fast 
pH change which also indicates a binding ability of 
some divalent cations. Fast initial pH changes are also 
seen in the control liposomes for some cations presum- 
ably reflecting the presence of negatively charged phos- 
pholipid in the asolectin mixture. Functional groups of 
lipids that could bind cations are phosphodiester, car- 
boxyl, amine and carbonyl groups (McLaughlin, 1982). 
Because of the dominance of the cation-carboxylate in- 
teraction in soaps, cation complexation strongly affects 
the packing and order of the hydrocarbon chains (Jan- 
dacek & Broering, 1989). However, the ability of a fat- 
ty acid to form a soap complex at the surface of a bi- 
layer does not directly correlate with the ability to cat- 
alyze the transmembrane movement of the complex. 
In the present results, only K + of the monovalent salts 
tested was translocated to any significant rate. Lipo- 
somes prepared in Na + medium showed less capabili- 
ty for H+/K + exchange on the imposition of a K + gra- 
dient. The competition between Na + and K + appears 
to slow down the exchange process. Serhan et al. (1981) 
report the ability of fatty acids to translocate divalent 
cations selectively and Simpson et al. (1988) have 
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demonstrated that Fe 3+ transport across biological as 
well as liposomal membranes can be mediated by the 
formation of  Fe3+/(fatty acid) 3 complexes. 

Transmembrane pH gradients have been shown to 
have a strong controlling effect on the distribution of fat- 
ty acids between the two sides of  the bilayer (Wilschut 
et al., 1992). Inward movement  of  oleic acid is ex- 
tremely fast (<1  sec) in response to changes in pH gra- 
dient (Kamp & Hamilton, 1992). According to Fig. 7, 
this effect is due to the fast equilibration of  the associ- 
ated acid. The presence of  a membrane potential will 
be expected to speed up the translocation of  the anion- 
ic species, as is well known for protonophoric uncou- 
plers. The cycle shown in Fig. 7 will then be dominat- 
ed by the "uncoupler-type" action of  the fatty acid with 
cation transport taking a minor role, Hence, a syner- 
gistic effect of  valinomycin and oleate is seen for K + 
pulses where a significant diffusion potential is pre- 
sent, but not when a potential is absent as for example 
with O H -  pulses (see Fig. 5). It can easily be predict- 
ed that the "uncoupler-type" action of  the fatty acid 
will be inhibited if the imposed potential has the oppo- 
site polarity to the cation gradient. In this case, the dis- 
sociated species will be trapped on the positive side of  
the membrane. A "nigericin-type" of  action would then 
predominate with an electroneutral exchange of  cations 
for protons. The predominant effect would be on the 
cation gradients rather than on the membrane potential. 
This can be seen in the analogous system of cytochrome 
oxidase proteoliposomes (Wrigglesworth et al., 1990) 
where the addition of  nigericin allows the internal and 
external pH to equilibrate and causes a small increase 
in A ~  as the enzyme responds to the change in proton 
gradient. Similarly, in active mitochondria where the 
internal K + concentration can be high and A ~  is posi- 
tive at the cytoplasmic surface of  the membrane,  a 
nigericin-like activity of  fatty acids would lower A pH 
with little change, or even a small increase, in A~.  
Normally, the contribution of  ion cycling to mitochon- 
drial uncoupling would be low in isolated mitochondria 
where fatty acid levels are low (Nobes, Hay & Brand, 
1990), but these so-called anomalous effects of  added 
fatty acids on mitochondria have been reported by Rot- 
tenberg and Hashimoto (1986) and Nobes et al. (1990). 
In addition, Klug et al. (1984) have observed that the 
presence of  nonesterified fatty acids increases the mag- 
nitude of  the negative surface charge of  the mitochon- 
drial membrane as might be expected if the charged 
form of the fatty acid was trapped on the outer surface 
by the positive potential. 

According to the scheme shown in Fig. 7, a sudden 
switch in potential, for example during depolarization 
of  an action potential, could initiate a fast movement  of  
any fatty acid anion to the positive potential side of  the 
membrane with subsequent disturbances of  the proton- 
associated and cation-complexed forms. The distur- 

bance would be directly proportional to the amount of  
fatty acid in the membrane and would also depend on 
the polarity and nature of  the cation gradients present. 
Such an effect may contribute to some of the uncoupling 
action of  fatty acids on cardiac cells during action po- 
tential generation (Cowan & Vaughan-Williams, 1977; 
Burt et al., 1991) when plasma fatty acid concentrations 
rise to elevated levels under conditions of  stress or ex- 
ercise (Newsholme & Leech, 1983). 
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