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The interaction of the cationic spin probe 4-( N,N-dimethyl-N-dodecyl)-ammonium-2,2,6,6-te~amethyi- 
piperidine-l-oxyl (Cat,,) with intact mitochondria and submitochondrial particles was investigated as a 
function of salt concentration, pH and energization by ATP. In the presence of 1 mM Fe(CN);‘, which 
inhibits the probe reduction by the mitochondria, the probe signal is stable and shows both bound and free 
forms. The partition of the probe into mitochondrial membranes is decreased by various salts depending on 
the cation valency, indicating that the membrane is negatively charged (- 10 to - 15 mV at pH 7.0). The 
surface potential increases with pH from - 3 mV at pH 5.0 to - 18 mV at pH 8.0. Energization of intact 
mitochondria by ATP reduces the magnitude of both bound and free signals by more than 50%; the signal of 
the bound form slowly disappears on further incubation. The ATP effect is inhibited and also reversed by 
either oligomycin or CCCP. Similar effects of ATP were observed in mitoplasts but not in submitochondrial 
particles. In submitochondrial particles ATP, has no effect on the probe signal or binding. These results 
suggest that the formation of membrane potential in mitochondria induces uptake and internal binding of the 
probe which results in broadening of the EPR signal of the internally bound probe. It is concluded that Cat ,2 
is not a suitable probe for measurement of surface potential in energized mitochondria. 

Introduction 

Substrate oxidation or ATP hydrolysis by intact 
mitochondria generates a large negative membrane 

potential (for review see Ref. 1). In mitochondria 
the membrane potential is the major component of 

the proton electrochemical potential which is be- 
lieved to be the driving force for ATP synthesis 

[2,3]. The accurate estimation of the potential is 
crucial for the elucidation of the mechanism and 

Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhy- 

drazone; Cat ,2, 4-( N, N-dimethyl-N-dodecyl)-ammonium-2,2, 

6,6-tetramethylpiperidine-l-oxyl); Mes, 4-morpholineethane- 

sulphonic acid; Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 

sulphonic acid. 
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energetics of oxidative phosphorylation [l-4]. Re- 
cently, it was suggested that energization of intact 
mitochondria significantly increases the negative 

surface charge on the cytosolic surface of the inner 
mitochondrial membrane [5-91. This conclusion, if 
valid, has important implications concerning the 
mechanism of oxidative phosphorylation and also 

in relation to the validity of the estimation of 

membrane potential in mitochondria. Many of the 
probes used for estimation of membrane potential 
bind to the membrane and their response to A* 
would be affected by changes of surface charge 
[lO,ll]. However, recent studies in our laboratory 
do not support the conclusion that energization of 
mitochondria significantly increases the negative 
surface charge. We have rigorously tested the 



56 

suggestion that the quenching of ANS fluorescence 
in energized mitochondria is due to an increase in 

the negative surface charge [5-71 and have con- 

cluded that this is not the case [12]. We have also 

studied the binding and phosphorescence of Tb3+, 

as a measure of the surface potential, and could 
not detect a significant increase in the membrane 

surface charge [14]. 

In this study we employ the positively charged 
spin probe 4-( N, N-dimethyl-N-dodecyl)-am- 

monium-2,2,6,6-tetramethyl-piperidine-l-oxyl 
(Cat,,) to study the surface charge in mitochondria 

and submitochondrial particles. It was previously 
shown that the binding of positively charged spin 
probes to phospholipid_membranes is determined 

by both the surface charge and the membrane 
potential [lO,ll]. However, those probes which do 
not permeate the membrane respond only to the 
external surface charge. Quintanilha and Packer 

[9] have studied the binding of Cat ,2 to mitoplasts 
and have concluded that energization by ATP 
increases the negative surface potential by -20 

mV. This conclusion is based on the implicit as- 

sumption that the probe is impermeable. Our re- 
sults do not support their conclusion. We show 

that, although Cat,, responds to the surface charge 
in non-energized mitochondria, the amplitude of 
the total probe signal is reduced after the addition 

of ATP, apparently as a result of potential driven 
transport into the mitochondrial matrix. Hence, 
the probe response is determined by the mem- 
brane potential and does not allow estimation of 

the surface potential. 

Materials and Methods 

Isolation of liver mitochondria from male 
Sprague-Dawley rats by differential centrifugation 
[13] and preparation of mitoplasts and sub- 

mitochondrial particles by Yeda press disruption 
[14] were as previously described. Protein was 
determined by the biuret method [15]. All EPR 
spectra were obtained with a Varian E-9 spectrom- 
eter. In most experiments the probe concentration 
was 50 PM and the mitochondrial content 8-10 
mg protein/ml. Experiments with non-energized 
mitochondria were carried out at a low tempera- 
ture (4-7°C) to minimize probe reduction. Experi- 
ments with ATP were carried out at 25°C with 1 

mM K,Fe(CN), to minimize probe reduction. 
Total signal intensity is calculated from the height 

of the midfield line and normalized for signal 

amplification. The ratio of bound-to-free probe is 

estimated from the heights of the upfield ‘hump’ 

and upfield line as described previously [16]. Cat I1 
was obtained from Molecular Probes. All other 

chemicals were of reagent grade. 

Results 

Incubation of the cationic spin probe Cat,, 
with mitochondria resulted in a progressive reduc- 

tion of the probe and disappearance of the EPR 

signal [17]. The rate of reduction depends on the 
mitochondrial concentration and has a very high 
temperature coefficient, suggesting that an en- 
zymatic activity of the mitochondria is responsible 
for the probe reduction. While we observed similar 

reduction with neutral probes such as doxyldecane 
(5NlO) and anionic probes such as doxyl stearic 
acid, the rate of reduction of the cationic probes is 

I 1 I I 
10 20 30 40 

t,min 

Fig. 1. The effect of K,Fe(CN), on the amplitude (h,) and the 

rate of reduction of the EPR signal of Cat,, in mitochondrial 

suspensions. Mitochondria (10 mg/ml) were incubated in 0.25 

M sucrose/l0 mM Hepes (pH 7.0)/50 pM Cat,, at 25°C. with 

the following concentration of K,Fe(CN),: zero (0); 100 pM 

(0): 1 mM (A); 10 mM (0); and 50 mM (H). 



57 

much greater. At temperatures above 25°C and 
with mitochondrial content of 10 mg protein/ml ,  
50 nmol of probe will be reduced within a few 
minutes. This problem is even more pronounced in 
energized mitochondria. Added substrate oxida- 
tion leads to extremely rapid reduction of the 
probe [17]. Energization by ATP also enhances 
probe reduction. However, this reduction can be 
inhibited by oxidants. Ferricyanide effectively in- 
hibits the rate of probe reduction, but also broad- 
ens the EPR signal of the free probe and therefore 
could not be used at high concentration. Fig. 1 
shows the effect of increasing concentrations of 
K3Fe(CN)6 on the signal amplitude and rate of 
reduction of Cat12 by mitochondria. At a con- 
centration of 1 mM and above the reduction was 
effectively inhibited. However, the signal was con- 
siderably broadened, as expressed in the lowering 
of the signal amplitude. At 1 mM K3Fe(CN)6, the 

amplitude was lowered by only 10-15%, while the 
signal remained stable for more than 1 h. The 
slight rise in amplitude with time may reflect the 
slow reduction of Fe(CN)6 3 itself. In all of the 
experiments with ATP-induced energization we 
have included 1 mM Fe(CN)6 3 to inhibit probe 
reduction. 

The partitioning of the cationic spin-probe Catt2 
into the mitochondrial membrane depends on the 
surface potential [10-12]. The surface potential 
can be screened by various salts in a characteristic 
manner as described by the Gouy-Chapman the- 
ory [18]. Fig. 2 shows the effect of various salts on 
the partitioning of the probe and the calculated 
change of surface potential due to the salt addi- 
tion. In the upper panel we show the ratio of 
bound to free probe in the suspension as de- 
termined from the composite EPR spectra [11]. As 
can be observed, all salts are effective in reducing 
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Fig. 2. The effect of salts on the partitioning of Cab2 in mitochondrial suspensions and the calculated effect on surface potential. 
Mitochondria, 8.1 mg /ml  protein, were incubated in 0.25 M sucrose/10 mM Tris-Cl (pH 8.0)/4 #M rotenone/0.3 # g / m l  antimycin. 
Probe concentration was 50 #M. Temperature 7°C. The following salts were added: NaCI (0); KCI (O);  CaCI 2 (11); MgCI 2 (I);  
LaCI 3 (zx) (A) Apparent partitioning ( P )  as calculated from the upfield amplitudes of the bound (hm) and free (hw) species. (B) 
Surface potential was calculated from the apparent partition with (P2) and without salt (Pl )  according to the relation A,/% = 
( R T / F )  log( P1/P2). 

Fig. 3. The effect of pH on the partition of Catl2 in mitochondrial suspension and the calculated surface potential. Mitochondria, 8.1 
mg /ml  protein, were suspended in 0.25 M sucrose/10 mM Mes or Hepes buffer at the indicated p H / 5  /.tM rotenone/0.3 #g 
antimycin/ml.  No other salt was added in one experiment (©), in a second experiment 5 mM MgCI 2 was included (e). Temperature 
4°C. The partitioning ( P )  and the surface potential A,tV are calculated as in Fig. 2. 
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the binding of Cat12. The trivalent cation La +3 
appears to be most effective followed by the diva- 
lent cations Mg 2+ and Ca 2+, while K + and Na + 
are the least effective. Qualitatively, this depen- 
dence on valency is expected from the Gouy- 
Chapman theory, and it is therefore reasonable to 
assume that the salt effect is due to the screening 
of the surface potential. The change in surface 
potential can be calculated from the change in the 
partition coefficient according to the relationship 
AvP~=(RT/ZF) ln(P1/P2). The results of these 
calculations are shown in the lower panel. If the 
effect of the cations was entirely due to screening, 
all salt titrations should approach, at high con- 
centration, the same limiting value. This is clearly 
not the case. This discrepancy is probably due to 
the binding of multivalent cations to the 
mitochondrial membrane. La 3+ is known to bind 
to the mitochondrial membrane with high affinity 
and may change the net charge of the membrane 
to positive values. Ca 2+ and Mg 2+ also bind to the 
membrane, with lower affinity and may also change 
the net charge of the membrane [12]. Hence, the 
change in surface potential produced by multiva- 
lent cation is due both to screening and binding. 
From the change induced by monovalent salts, the 
surface potential estimated for these conditions is 
about - 1 0  to - 1 5  mV, in fair agreement with 
previous determination [5-9,12,14]. 

Fig. 3 shows the pH dependence of the parti- 
tioning and the calculated surface charge in the 
presence and absence of salt. Increasing the pH 
increases the surface potential of mitochondria. 
However, the potential is screened by the addition 
of salt. These results are in good agreement with 
the results of Quintanilha and Packer with Cat12 
[9] and our previous results with ANS [12] and 
Tb 3+ [14]. Quintanilha and Packer [9] also re- 
ported that ATP increased the negative surface 
charge of mitoplasts. This conclusion was based 
on the observation that the amplitude of the signal 
of the free probe is reduced by ATP. Fig. 4 shows 
the EPR spectra of Cat12 in mitochondrial suspen- 
sion without ATP (a), with ATP (b), and with 
ATP and oligomycin (c). It is observed that in the 
presence of ATP the height of the signal of the free 
form (sharp peak at upfield position) is diminished 
as reported [9]. But, the total signal (centerfield 
peak) is diminished to a larger extent and, most 
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Fig. 4. The effect of ATP on the EPR spectrum of Cat12 in 
mitochondrial suspensions. The suspension comprised 10 mg/  
ml mitochondrial protein/2 #M rotenone/0.25 M sucrose/10 
mM Hepes (pH 7.0)/1 mM K3Fe(CN)6/50 /~M Cab2. ATP 
(when added) was 10 mM and oligomycin 1 p.g/mg protein. 
Temperature 25°C. Spectral scan, 100 G; microwave power, 5 
mW; time constant, 0.128. Spectra shown are averaged of four 
scans. (a) No substrate; (b) + ATP; (c) + ATP + oligomycin. 
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Fig. 5. Time-course of the effect of ATP on total probe signal 
in mitochondria. Conditions as in Fig. 4. CCCP (when added) 
was 1 #M. e ,  Control; I ,  ATP+ol igomycin ;  A A T P + C C C P ;  
(i), ATP. 

importantly, the peak of the bound probe (hump 
at upfield position) disappears almost completely. 
Oligomycin partly prevents the ATP effect and 
can also reverse the effect if added after ATP (not 
shown). The time-course of the changes in the 
total signal intensity due to ATP addition is shown 
in Fig. 5. In the presence of 1 mM K3Fe(CN)6 the 
signal is stable over a 30 min period. Addition of 
ATP decreases the signal immediately by 40% and 
a further slow decrease of 15% is observed within 
the next 10 min. Oligomycin inhibits the ATP 
effect almost completely. CCCP markedly inhibits 
the effect, and after 10 min (probably due to 
depletion of ATP) the signal recovers further. 
Oligomycin and also CCCP reversed the signal 
decrease if added after ATP (not shown). The 
addition of salts does not affect the magnitude of 
the ATP effect; however, valinomycin (in the pres- 
ence of K ÷) abolishes the effect (not shown). These 
results indicate that the signal disappearance is 
due to energization and is reversible. Thus, it is 
not due to a chemical reduction of the probe. Most 
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Fig. 6. Time-course of the effect of ATP on the bound/ f ree  
ratio ( B / F )  of Cat 12 mitochondria. The ratio was calculated as 
in Fig. 2. Results are from the same experiments shown in Fig. 
5. Symbols as in Fig. 5. 

likely, the formation of a membrane potential, 
which may be prevented or reversed by inhibition 
of ATP hydrolysis or by uncoupling, leads to the 
broadening of the signal. Fig. 6 shows the ratio of 
bound to free probe as a function of time. ATP 
lowered the ratio immediately by more than 60% 
and further lowering took place slowly until no 
bound form could be detected. Both oligomycin 
and CCCP inhibited the effect of ATP on the ratio 
but to a lesser extent than the inhibition of the 
effect on the total signal. 

We have also tested the ATP and salt effect on 
mitoplasts, and the results are essentially the same 
as in mitochondria (not shown); apparently the 
outer membrane does not contribute significantly 
to probe binding. To test the effect of membrane 
polarity (and the polarity of the membrane poten- 
tial) on the partitioning of the probe we have 
studied the effect of ATP on probe partition in 
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Fig. 7. The effect of ATP on Cab2 partition in sub- 
mitochondrial particles, hp/hw-= B/F. Conditions are as in 
Fig. 4. O, Control; O, ATP. 

submitochondrial particles. Fig. 7 shows the time- 
course of probe partitioning in the presence and 
absence of ATP in submitochondrial particles. No 
significant effect of ATP on probe partition is 
observed in this system. ATP also has no effect on 
the amplitude of the total signal in sub- 
mitochondrial particles (not shown). In control 
experiments with these particles the addition of 
ATP generated a substantial membrane potential, 
as measured by the fluorescent probes ANS and 
oxanol (not shown). Since the membrane potential 
in submitochondrial particles is positive inside and 
the probe is positively charged, no uptake of probe 
is expected to result from energization in this 
system. 

Discussion 

Cat12 as a probe for surface potentml measurements 
in mitochondria 

The partitioning of charged molecules into lipids 
membranes is modulated by the membrane surface 
potential (for review see Ref. 18). In a suspension 
of vesicles, membrane impermeable amphiphiles 
will distribute, at equilibrium, between the sus- 
pending medium and the external surface of the 

vesicles. The apparent partition coefficient is a 
function of the surface potential and, since the 
surface potential may be screened by high con- 
centration of salt, the ratio of the partition coeffi- 
cient at high and low salt allows the estimation of 
the surface potential. The partition coefficient of 
charged spin probes can be estimated from their 
EPR spectra [10,19]. This method has been used to 
estimate the surface potential in liposomes [10], 
mitochondria [19] and purple membrane prepara- 
tion [20]. Castle and Hubbell [10] have measured 
the rate of membrane translocation of a similar 
probe, dimethyl-nonyl- tempoylammonium, in 
phospholipid membrane and found a half-time for 
equilibration of approx. 10 h. Thus, in liposomes, 
measurement of probe partitioning after several 
minutes of incubation essentially yields the parti- 
tion coefficient between the medium and the exter- 
nal surface. However, it is not possible to conclude 
that probes which are impermeable in liposomes 
are also impermeable in mitochondrial mem- 
branes. In general, biological membranes, and, in 
particular, mitochondria are much more permea- 
ble to ions than liposomes. Dilger et al. [21] have 
shown that this difference is due to the very low 
dielectric constant of phospholipid membrane as 
compared to mitochondria. The permeability of 
thiocyanate and perchlorate is up to 3000-fold 
greater in mitochondria than in pure phospholipid 
membranes. Thus, it is quite possible that Cat12 is 
transported across the mitochondrial membrane 
within the time scale of the EPR spectra collection. 
If the probe is equilibrating across the membrane 
within the time-scale of the experiment, the parti- 
tion coefficient will reflect both the transmem- 
brane potential and the surface charge on both 
sides of the membrane [11]. In non-energized 
mitochondria, where the transmembrane potential 
is low and the internal surface potential is mostly 
screened by the high concentration of internal salt, 
a major fraction of the probe is expected to be 
bound externally, even though the probe is free to 
equilibrate across the membranes. Thus, this frac- 
tion of the bound probe responds to the effect of 
external salt or external pH and appears to reflect 
correctly, at least qualitatively, the external surface 
charge. However, since the amount of internally 
bound probes depends on the membrane potential, 
which in non-energized mitochondria is largely 
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due to a Donnan potential, the value obtained by 
this method is not accurate. 

The effect of energization on the EPR spectra of 
Cat12 in mitochondrial suspensions 

It is not possible to study the effect of substrate 
induced energization on Catlz binding, because 
substrate oxidation results in very rapid probe 
reduction [17]. ATP also substantially increases 
the rate of probe reduction. However, by using an 
electron transport inhibitor (rotenone) and an oxi- 
dant (Fe(CN)63), we were able to inhibit probe 
reduction and maintain a stable signal (at 25 °) for 
more than 1 h even in the presence of ATP. We 
found that ATP greatly diminished the amplitude 
of the total probe signal and caused complete 
disappearance of the bound form. This change can 
be reversed by either oligomycin which inhibits the 
ATP hydrolysis or CCCP, which stimulates ATP 
hydrolysis but uncouples the mitochondria and 
collapses the membrane potential. The fact that 
the ATP effect is reversible indicates that there is 
no chemical reduction of the probe, but rather a 
change in probe binding and distribution which 
affects the amplitude of the signal. A reasonable 
explanation of the signal broading is as follows. 
Cab2 is a slowly permeable cation. When a mem- 
brane potential is generated by ATP hydrolysis, 
Cab2 is accumulated by the mitochondria, as are 
other permeable cations [1-4]. The signal from the 
internalized bound probe is broadened either by 
internal paramagnetic ions or by spin-spin interac- 
tion (see below). The magnitude of signal reduc- 
tion (greater than 50%) is expected from the mag- 
nitude of the membrane potential and the amount 
of mitochondrial protein added. At 10 mg pro- 
t e in /ml  the internal matrix volume is approx. 1% 
of the total suspension volume [1]. A potential of 
120 mV would cause the probe to be 100-times 
more concentrated in the matrix (at equilibrium), 
resulting in accumulation of about 50% of the 
probe inside the matrix. Quintanilha and Packer 
[9] have concluded from the reduction of the free 
probe signal that there is increased probe binding 
due to an increased surface charge. However, if 
their interpretation is correct we expect to see an 
increase in the bound-probe signal and no change 
in total-probe signal. In fact, we found that the 
total-probe signal is reduced while the bound-probe 

signal disappears completely. The latter effect is 
apparently due to the similar transfer of the bound 
probe from the outer surface to the inner surface 
as a result of the establishment of the transmem- 
brane potential. Since the internal and external 
surface area are about the same, most of the 
bound probe (over 99%) would be located intern- 
ally which leads to disappearance of the signal. 
The internalization of the probe may also explain 
the increased rate of chemical reduction induced 
by ATP. If the probe is taken up, most of the 
internalized probe would be located on the surface 
of the membrane because of its high partition 
coefficient and very high surface to internal volume 
ratio. Since, in the presence of ATP, the external 
concentration of the probe is 25/~M, an accumula- 
tion factor of 100 and a partition coefficient of 30 
would bring the internal surface concentration to 
75 mM, which no doubt will result in signal broad- 
ening. Is it possible that the broadening and disap- 
pearance of the signal is due to binding of the 
probe to the external surface as a result of an 
increase in the surface potential? This interpreta- 
tion [9] is rejected for the following reasons. (a) 
Salts which reduce the surface potential have no 
effect on the ATP induced change; and (b) the 
ATP effect does not depend strongly on the probe 
concentration. In most of our experiments with 
non-energized mitochondria, the signal of the 
bound form is readily detected even at a 3 n m o l /  
mg protein of bound probe. When we reduce the 
added probe to a concentration of 20 ~M the ATP 
effect was the same, even though the amount of 
probe signal that disappears corresponds to less 
than 1 n m o l /m g  protein. Hence, it appears that 
the transfer of probe across the membrane where 
it becomes highly concentrated is required for 
signal broadening. This interpretation of the dis- 
appearance of the probe signal is compatible with 
the absence of an ATP effect in submitochondrial 
particles. The generation of a membrane potential 
in these inverted vesicles does not result in cation 
accumulation. 

Surface charge in mitochondria 
In a recent investigation of surface charge in 

mitochondria [12], utilizing the negatively charged 
fluorescence probe ANS, we arrived at a similar 
conclusion, namely, that the probe is permeable 
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and hence distributes across the membrane.  The 

existence of a t r ansmembrane  potential ,  in particu- 
lar during energization, precludes an accurate de- 

terminat ion of surface potent ial  with ANS. As has 

already been pointed out [12], microelectro- 

phoretic measurements  [5,6,8] are also equivocal, 
since they may also respond to the generation of a 

t r ansmembrane  potent ial  and may reflect changes 
in particle configurat ion and charge distr ibution.  
We have recently introduced the use of Tb 3-- phos- 

phorescence to estimate surface potential  in 
mi tochondr ia  [14]. This probe does not permeate 
the mitochondrial  membranes  and it responds to 

salt and pH as expected for a surface potential  
probe. This probe does not indicate a significant 

change in surface potential  of mitochondrial  mem- 
branes on energization. In summary,  the results of 

this study indicate that it is not possible to use the 

cationic spin probe, Cat12, for the est imation of 
surface charge in energized mitochondria.  The dis- 
appearance of the free signal is most likely the 

result of a t r ansmembrane  potential  driven probe 
uptake which would mask any energy-dependent  
changes in the surface charge. 
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