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Valinomyein.indueed potassium diffmion potential (A~, inside negative) in the liposomes made of pl~s- 
plmttdyleholine and various anmumts of cholesterol was meastmed by uptake of aSRb+, tetraphenylplms- 
phonium U'PP +) or trlphenyhnetbyl0amOmlum (TPMP+). in any llwmane, the values of membrane 
l a ~ t i a l  ebt, lael by aRb+ eptake (M,~)  agreed well with those calculated from the imposed potassium 
mneentration madient using the Nemst equation, and were not alfeeted by the presence d cholesterol. 
However, both A~Ia, p and A ~ v w  showed smaller values than d~a b when dhe e -banderol conte~t in 
Iiposemes increased. Aq,,TeMP at a statienary state was much smaller than A~,~t,. The oHentational 
parameter of the lipids' brayer with various cholesterol content was estimated from fluorescence polarization 
of 1,6.diphenyi.i,3,~hexatrlene. The results indicated that the permeation of TPP + or TPMP* into 
I|posemes containing a large amount of ~ t e r o l  is strengly restricted by the high ordering of phosphati- 
dylcboline acyl chains. 

Introduction 

The membrane potential (A~k) of cells or 
organelles is often determined from the transmem- 
brane distribution of lipophilic cation probes be- 

Abbreviations: TPP +, tetraphenylphosphonium; TPMP +, tri. 
phenyImethylphosphonium; TPB-, tetraphenylboron; A~k, 
membrane potential; ~Tpp, A~pup and A~ab, membrane 
potentials from transng'mbraae distribution of TPP +, TPMP + 
and Rb +, respectively; PC, phosphafidylcholine; DPH, 1,6-di- 
phenyl.l,3,5.hexalriene; Hepes, 4.(2-hydroxyethyl)-l-pipera- 
zineethanesulfo~ic acid; 9-AA, 9-aminoacridine; FCCP, 
carbouyl cyanide p-trifluowmethoxyphenylhydrazone. 

Correspondence: Y. Haumo, Department of Chemistry, Ni. 
isata College of Pharmacy, 5-13-2 Kamishin'ei, Niigata 950-21, 
Japan. 

tween the interior and the exterior space. Among 
such membrane-permeable probes, ietraphenyl- 
phosphonium (TPP +) and triphenylmethylphos- 
phonium (TPMP +) have frequently been used 
[1-7]. Schuldiner and Kaback [21 measured the 
membrane potential in the vesicles of Escherichia 
coil 0y fizc u p S 6  ~f .TP.~P + and SeRb+ 
(+ valinomycin), and the values obtained with both 
probes were comparable. There have been, how- 
ever, a number of articles reporting that different 
distribution probes gave inconsistent results for 
the estimation of A¢ [5-7]. For ex~.-nple. Bakker 
[5] reported that the estimated A~, in E. coli K-12 
cells depended on the kinds of probe used. De- 
mura et al. [7] showed that a large amount of 
fipophific cations, such as TPP + and TPMP +, 
bound to the membrane surface of Halobacterium 
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halobium vesicles and this binding resulted in an 
overestimation of A@. 

The use of protein-free liposomes is significant 
for the fundamental understanding of the A~-de- 
pendent distribution behavior of the probes. In 
this study, the valinomycin-induced K + diffusion 
potential (inside negative) was measured by the 
uptake of distribution probes TIP +, TPMP + and 
S~Rb + in large unilamellar liposomes. Then the 
effects of cholesterol in liposomes and the physical 
state of liposome membrane on the A@dependent 
uptake of these probes were analyzed. The A~ 
values obtained from the distribution of TPP + or 
TPMP + were smaller than those obtained from 
S6Rb+ distribution and were dependent on the 
cholesterol content in liposomes. The results are 
discussed in terms of the restricted permeation of 
the lipophilic cation probes into liposome mem- 
brane due to an increase in acyl-chain ordering of 
PCs. 

greater than 2.5 pM. K + diffusion potential was 
generated by the addition of valinomycin (final 
concn. 7/tM) to the liposomes suspension (1-5 
/~mol PC). 2.0 ml of each dialysis buffer were 
collected, and then 1.0 ml aliquots were used for 
the radioactivity measurement with a liquid scin- 
tillation counter (Aloka LSC-700). 

A~,~p was also measured with a laboratory- 
made TPP+-selective electrode according to the 
method reported previously [9]. A liposome sus- 
pension (2 ml, 1-5 /tmol PC) was placed in a 
cuvette, and then an adequate amount of TPP + 
stock solution (1 mM in water) was added step- 
wise (final concn. 6/tM) to record a calibration 
curve for the electrode response. After the equi- 
libriura was attained, valinomycin (final concn. 
0.3 ~tM) was added, and then the A~-dependent 
uptake of TPP + was recorded. 

The valinomycin-induced membrane potential, 
A6, was calculated from the Nernst equation: 

Materials and Methods 

Large unilamdler liposomes of egg yolk PC 
containing various amounts of cholesterol were 
prepared by the reverse-phase evaporation method, 
as described previously [8]. The liposomal content 
of PC and cholesterol were determined with Phos- 
pholipid-test Wako kit and Cholesterol B-test 
Wako kit (Wako Pure Chemical Industries, Japan), 
respectively. The cholesterol content in liposomes 
ranged from 10 to 50 mol~. The potassium con- 
centration gradient was established as follows: 
liposomes prepared in a KCI buffer (150 mM 
KCI/20 mM Hepes at pH 7.4) were passed through 
a Sephadex (3-50 colanm preequ~librated with the 
isoosmotic elution buffer ([KC1] + [NaCI] = 150 
raM, 20 mM Hepes at pH 7.4). 

A flow dialysis cell was made of acryl blocks. 
The upper and lower chambers were separated by 
cellulose acetate membrane (6000-8000 molecular 
weight cutoff; Union Carbide Co.). The dialysis 
but[er was arranged to flow continuously at 0.7 
ml/min through th:. k~wer cham~r ¢0.8 ml). A 
liposome suspension (3.0 ml) was placed in the 
upper chamber, then 86Rb+ or radiolabeled probe 
([14C]TPP+ or [14C]TPMP+) was added to the 
suspension. The final concentrations of lipophilic 
cations were 6/~M and that of S6Rb+ was no 

A~(mV) ffi -591og(C~) 

Here, Ci and C O are the intravesicular and exter- 
nal concentrations of TPP +, TPMP +, S6Rb+ or 
K +. Encapsulation (~) of liposomes for each pre- 
paration was determined by the calcein cobalt 
method [1% prior to gel filtration. The encapsula- 
tion (~) of liposomes after gel filtration treatment 
was determined by comparing the turbidity of the 
liposome suspension at 600 nm before and after 
the gel filtration. Encapsulation (~) of the fipo- 
somes used in the present experiments was in the 
range of 1-5~. If not stated otherwise, all the A~ 
data were an average of the data taken from at 
least three independent experiments. The devia- 
tion from the average did not exceed :t: 10 mV. 

The steady-state fluorescence polarization of 
1.6-dipheny!-l,3,5-hexatriene (DPH) in liposomes 
was measured with a Hitachi 650-60 fluorescence 
spectrophotometer equipped with a polarization 
accessory. The e~citation wavelength and moni- 
tored fluorescence wavelength were 355 and 435 
nm, respectively. The steady-state fluorescence an,- 
isotropy (rs) was calculated from 

r s ffi 2/'/(3- P) 

Here, P is the degree of fluorescence polarization 
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of DPH embedded in liposomes. In the case of 
DPH in fiposomal membranes, r s can be resolved 
into a static part (r~) and a dynamic part (rt):  r~ 
= r r + r~. Here, r,~ is the limiting fluorescence 
anisotropy, which reflects the structural order of 
membrane [11-13]. To obtain r~ directly, a time- 
resolved fluorescence anisotropy measurement is 
necessary. However, Van Blitterswijk et al. [14] 
reported an empirical relation between r~ and r~ 
on DPH-labeled artificial membrane. Then, the 
orientational order parameter, S, can be calcu- 
lated from following equations 

' -0 .1(0 .13 < r. < 0.28), r® =~r. 

S2 . r®/'e. 

Here, r o is the maximal fluorescence anisotropy 
value in the absence of any rotational motion of 
the fluorophore and is taken to be 0.4. 

The fluorescence-decay constant was de- 
retrained by analyzing the decay curve measured 
by the single.photon counting method using an 
Ortec system with the Norland mulfichannel 
analyzer. The excitation wavelength was selected 
with a 340 nm interference f'dter (half-width of the 
exiting fight pulse was 2 ns) and the emitted 
fluorescence was detected through a 440 nm cut-off 
filter. All the measurements above were carried 
out at 200 C.  

The zeta potential of fiposomes was measured 
as follows. The electrophoretic mobility (U) of 
liposomes in the medium containing 150 mM 
NaCI, 20 mM Hepes (pH 7.4) was measured at 
25 o C with Lazer Zee Meter Model 500 (Pen-Ken). 
The measured mobility was c~nverted to zeta 
pote-dal (~') by using the Helmholtz-Smoluchow- 
ski equation, j" = 4~r ~V/~. Here, rt and ~ are the 
viscosity and dielectric constants of the medium, 
respectively. 

The d~-driven proton influx experiments whh 
9-aminoacridine (9-AA) fluorescence was carrier 
out as follows. 3 ml of 150 mM KCl-loaded iipo- 
some suspension (30 nmol PC in a buffer compris, 
ing 20 mM Hepes/149.8 mM NaCI/0.15 mM 
KCI (pH 7.4)) were placed in a cuvette, and 9-AA 
was added (final concn. 10/tM) to the liposome 
suspension. Valinomycin was added (final conch. 
0.2 ~tM) in order to generate a K + diffusion 

potential. The protonophore, FCCP, was then ad- 
ded (final concn. 1 nM) in order to induce At/,. 
driven, FCCP-mediated H + influx into liposomes. 
The change in 9-AA fluorescence intensity was 
monitored at 430 nm (excitation at 400 nm). 

Materials used were as follows: egg yolk PC 
(type IIi-F, purity 99%), gramicidin from Sigma, 
~RbCl (1 mCi/mg), H36C1 (0.1 mCi/g), 22NaCI 
(carrier-free), [14C]TPP-bromide (20 mCi/mmol), 
[t4C]TPMP-iodide (20 mCi/mmol) from New En- 
gland Nuclear ,  TPP-chloride from Dojin, 
valinomycin from P-L Biochemicals, TPB-Na, 
cholesterol and 9-aminoacridine hydrochloride, 
and other chemical reagents were purchased from 
Wako. 

Results and Discussion 

Comparison of d~Tee and d~Te.  F with A~R b in 
iiposomes containing various amount of cholesterol 

The time-course of extravesicular concentration 
change of 86Rb+ and radioactive llpophilic cations 
was followed by the flow dialysis. Fig. 1 shows a 
typical result for the liposomes covtaining 38 mol~ 

~ |. 

~o 1C 4 -z~ 

Q5 

~ . ~ [ . ,  • I I 
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Fig. 1. The typical time-course of extravesicular concentration 
chaltge of S6Rb+ or [I4~TpP÷ followed by flow dialysis. 
Upper curve is for the uptake of [ttcrrpp+ and lower curve is 
for the uptake of ~Rb*. Large unilameller PC/cholesterol 
fiposomes conVdni- 3 38 mol~ cholesterol were used. Lipo- 
somes loaded with 150 mM KC| were suspended in external 
buffer containing 0.15 mM KCl and 149.8 mM NaCI. The 
concentrations of [~4C]TPP+, segb*, valinomycin and 
8ramycidin were 6, 2.5, 7 and 3/AM, respectively. The encapsu- 
lation 9~ of liposomes to total suspension volume (3.0 nil) was 
2.5%. Arrows show the time when valinomy¢in (Val.) and 
gra~cidin (Cn'a.) were added. See Materials and Methods for 

further details. 
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Fig. 2. The values of Aq, g b in PC liposomes containing 10 and 
38 mol$ cholesterol obtained at various K + gradie.:ts. Lipo- 
somes loaded with 50 mM KCI was suspended in isoosmotic 
external buffer containing KCI and NaCI in the desired pro- 
portions. The line represents the theoretical values of Lhp 
calculated from imposed g + gradients using the Nernst equa- 
tion. (0), liposomes with 10 tool% cholesterol; (O), liposomes 
with 38 mol% cholesterol. Further details are described in 

Materials and Methods. 

cholesterol at an imposed K + gradient of 
[K+]in//[K+]out = 10 3, The probe uptake by lipo- 
somes occurred after the addition of valinemycin 
and a stationary state was attained within 30 min. 
These probes were released from the liposomes by 
a subsequent addition of gramicidin in response to 
the collapse of A6. Therefore, the accumulation of 
these probes into l i~somes  was A~-dependent. 
F i~  2 shows the observed Zhb~,, in the liposomes 
containing 10 or 38 me!% cholesterol at various 
K + gradients; it was in good agreement with A~ 
calculated from the initial K + gradient across the 
liposome membranes ,s ing the Nernst equation. 
In the 10 tool% cholesterol liposomes, A~,Tp p was 
very close to the A~ Rb, as shown in Fig. 3. How- 
ever, A~Tpp in the 38 tool% cholesterol liposomes 
was considerably smaller than the A~bab. The 
A~,Tpp obtained with the TPP+-selective electrode 
agreed well with the A~bTp p obtained by the flow 
dialysis, as shown in Fig. 3. Fig. 4 shows Zl~gb, 
A~Tpp and A~TPM P observed at the imposed K + 
gradient of [K+]in/[K+]out = 103 at various val- 
ues of cholesterol content. For the Iiposomes con- 
taining cholesterol ]ow.'.r than 21 toolS, the values 
of A~,m, and A~Tpp were comparable, while in 
the liposomes containing more than 30 tool% 
cholesterol A4,.re P d e c r ~  as the cholesterol 
content increased. When TPMP +, which has been 
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Fig, 3. The values of A~,p  in PC liposomes containing 10 
and 38 tool% cholesterol obtained at various K + gradients. 
Liposomes loaded with 150 mM KCI was suspended in iso- 
osmotic external buffer containing KCi and NaC! in the de- 
sired proportions. The line repre.s~ts the theoretical values of 
A~ calculated from imp~ed K + gradients using the Nernst 
equation. Open symbols are the data for 10 mol~ cholesterol 
liposomes obtained by flow dialysis (o) and obtained with a 
TPP+-selective electrode (A). Closed symbols are the data for 
38 mol% cholesterol liposomes obtained by flow dialysis (O) 
and obtained with a TPP+-selective electrode (A). Further 

details are described in Materials and Methods. 

considered to be less membrane-permeable than 
TPP ÷, was used as a probe, A$~MP obtained was 
smaller than A~Tpp in the liposomes containing 
cholesterol > 21 mol%. 

The cholesterol in liposomes influenced not 
oIlly A~Tpp (A~TPMP) at steady state but also the 
rate of uptake of lipophilic cations. The time- 
course of TPP + uptake by liposomes monitored 

Chol Content (tool %) 
RS. 4. The vah~ of zl~-m, (o), t , ~ M e  (~) and Z~eb ([3) 
in liposomes with various cholesterol content. All values of ~ 
weT¢ obtained under gradient [Kit a/[K]o m ffi 103, [K + ]in m 150 
mM. Conditions were the same as in Fig. 1. The concentration 
of TPMP + was 6 pM. Each point represents a single experi- 

ment. 
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~ t h  a TPP + electrode showed that the TPP ÷ 
uptake by liposomes containing 10 moi~ 
cholesterol reached a stationary state within 1 
min, whereas the maximum accumulation of TPP 
in liposomes containing 38 mol~ cholesterol took 
over 8 rain under the same conditions. The initial 
rate of TPP + uptake by the former liposomes was 
about 3-times greater than that by the later lipo- 
tomes. The influx of TPMP + into 38 moE$ 
cholesterol fipotomes occurred more slowly tha~t 
that of TPP +. On the other hand, after the ad- 
dition of vaUnomycin, the fluorescence quenching 
of 3,Y.dipropylthiodicartmcyanine, a membrane- 
potential-sensitive fluorescent dye, occurred 
rapidly within 1 rain in both liposomes (data not 
shown). This showed that A~, reached a stead, r 
state within this time range. Thus, a large amount 
of cholesterol clearly retards the uptake of lipo- 
philic cations, but does not affect the rate of A~ 
generation in each of the liposomes. This retarda- 
tion wa3 more significant in TPMP ÷ uptake *.han 
in TPP + uptake. 

The effect of TPP + on StRb+ uptake was ex- 
amined in 38 tools cholesterol liposomes, in order 
to clarify whether or not lipophilic cations would 
cause depolarization of the membrane potential. 
d~,nb in the presence of nonradioactive TPP + 
(6-20 ~"0 agreed well with A~,ab without TPP +. 
Thus, the accumulation of lipophilic cations in the 
liposomes does not dLminlsh the A~ generated 
under these experimental conditions. 

tained at the imposed K + gradient of [K+]~J 
[K+]out = 103, were independent of these anion 
species; 110 mV for Ci-, 119 mV for F-, 104 mV 
for SO 2- and 114 mV for gluconate-. Thus, it 
was concluded that the efflux of counter anions 
accompanying with TPP + uptake is not the cause 
of the unexpectedly small vahte of A~Tpp. 

Since the permeability of choline + in lipid bi- 
layer is lower than that of Na +, choline chloride 
was substituted for NaCI, but we obtained the 
same A~,Tp p value as in the system using NaCI. 
Hence, Na + influx to the lipotomes is also not the 
cause for the small value of A ~ p .  When A~, of 
177 mV was generated, the A@driven proton in- 
flux into the 38 mol~i cholesterol liposomes was 
monitored by the quenching of 9-AA fluorescence. 
The fluorescence intensity of 9-AA did not change 
after the addition of valinomycin, indicating that 
H + influx int.o liposomes was neg!,.'~b!y ~mall, 
even when large d~ was generated. However, the 
subsequent addition of the protonophore, FCCP, 
caused a significant decrease in the fluorescence 
intensity. This indicates that the acidification of 
intravesicular medium caused by A@driven H + 
influx into llposomes occurs only when protono.. 
phore is present. A similar result was obtained in 
the presence of 6 ~tM TPP ÷. Thus, transmembrane 
H + permeability in the 38 mol~ cholesterol lipo- 
somes was extremely low under large LI~, as was 
observed in the lipotomes of PC/cholesterol -- 9: I 
(mole ratio) [8]. 

Movement of Cl-, /Ca + and H + 
As one of the possible causes for the unex- 

pect~ly small A~Tpp and A~TPM p, one may point 
out that the presence of these probes increases the 
efflux of CI- from the liposomes or the influx of 
Na + or H + into the liposomes. First, we examined 
the efflux of CI- from 3°Cl--loaded liposomes 
containing 38 mol~ cholesterol. At the imposed 
K + gradient of [K+]tn/[K+]out= 10 3, the efflux 
of 36C1- was .~mall and was not affected in the 
presence of 6 pM TPP + (data not shown). Fur- 
ther, we examined whether the values of A.~-rpp in 
38 mol$ cholesterol liposomes would depend on 
anion species or not. Here, as counter anions for 
K + and Na +, SO~-, F-  and gluconate- were 
used, which are generally considered to be less 
permeable than CI-. The values of A~Tpp, ob- 

Effect of surface charge of liposomes on A~brep 
Binding of fipophilic cations to the membrane 

constituents of cells has been reported [4,7,15-17]. 
If this is the case with the lipotomes used here, 
A~,Tp P and A~TPM p must be larger than A~R b. In 
order to clarify the effect of probe binding to 
liposome membranes on d.~ estimation, we ex. 
amined whether or not the surface charge of lipo- 
some membrane would affect the values of A~Tpp, 
Here, PC/cholesterol/dicetylphosphate lipo- 
somes and PC/ cholesterol/ stearylamine lipo- 
somes were prepared, and their zeta potentials 
were measured as an index of surface charge. The 
former had more negative surface charge than the 
10 mol~ cholesterol liposomes and the latter had 
positive surface charge. Both the zeta potential 
and d~Tpp obtained are summarized in Table I. 
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TABLE I 

THE EFFECTS OF CHOLESTEROL ON A~,Tpp. A~bTeMe, THE STEADY-STATE FLUORESCENCE ANISOTROPY OF DPH 
(r~), THE ORIENTATIONAL ORDER PARAMETER (S) OF LIPID BILAYER AND ZETA POTENTIAL OF LIPOSOMES 

A6Tp p and d6yeMp are the values of A~ obtained by TPP +- and TPMP+-uptake under imposed K + gradient of [K ÷ ]t./IK ÷ loot ffi 
103 ([ K+ ]i~ = !50 raM), respectively. Details are the same as in Fig. 1. The values in brackets are Aik obtained after Ihe addition of 
60 nM TPB. All values are an average of triplicate experiments. The deviation of data values from the average did rot exceed :t: 3 
inV. DCP and £A are dicetyl phosphate and stearylamine~ respectively. 

Chol/(PC +Chol) d~,~pp d~rpMp r s " S b zeta 
(molgo) (mY) (m'~ potential ¢ 

(mY) 

I0 153 (153) 156 0.t19 0.380 - 28 
21 155 131 0.t47 0.490 - 22 
30 135 108 0.178 0.585 - 20 
38 110 (128) 70 0.224 0.705 - 19 
50 71 (135) .--" 0 0.258 0.781 

(mol ratio) 
PC/DCP/Chol ---- 5.0/0.50/1 141 0.158 0.527 - 38 
PC/SA/Chol = 4.3/0.55/I 150 b.148 0.494 31 

a The steady-state fluorescence anisotropy of DPH in liposomes at 20 ° C. Each r s value is an average from two independent 
measurements. The average error is within 4-2.5~. 

b The orientational order parameter of fipid biIayer obtained with DPH. The values of S were estimated by using equations 
described in Materials and Methods. 

c The values of zeta potenlial were obtained under following conditions: 150 mM NaCI, 20 mM Hepes, (pH 7.4) 25°C. 

The A 6 ~ p  is little affected by the surface charge, 
indicating that the TPP + binding to the liposome 
membrane is not so significant as to affect the 

A~Tp  P- 

Dependence of z31/r~, e or A~,reMe on PC acyl chain 
orde~ng in liposomes 

These observations that the A~b obtained with 
fipophilie cation probes depended both on the 
fiposomal cholesterol content and on the inherent 
permeability of probes must be explained in terms 
of other factors than those discussed above. It is 
well known that the hydrocarbon chain ordering 
in phospholipid bilayers increases as the 
cholesterol content in the membrane increases. In 
order to examine the effect of hydrocarbon chain 
ordering on the probe distribution properties, we 
measured the fluorescence polarization of DPH in 
the liposomes and evaluated the orientational order 
parameter (S)  of the lipid bilayer. The polarity of 
the environment of DPH was tittle changed by the 
presence of cholesterol, because the decay con- 
stants of DPH fluorescence were independent of 
the amount of cholesterol in liposomes (data not 
shown). TPP + (6 /zM) did not affect the ani- 

sotropy and the decay constant of DPH fluores- 
cence, indicating that the effects of TPP + on the 
physica! state of the fiposome membrane were 
negligibly small. 

The value of S increased as the cholesterol 
content in liposomes increased, as shown in Table 
I. A~Tpp and A~TPM P decreased with an increase 
in the S ,~alue. Thus, the suppressed permeation 
of TPP + and TPMP + into liposomes containin 8 a 
large amount of cholesterol is attributable to the 
decrease of acyl chain mobility of PC in the 
hposomes. This idea is further supported by the 
results as of the cholesterol effect on the rate of 
probe uptake (see above). 

Effect of  T P B -  or TPP + or TPMP + or TPMP + 
uptake of  liposomes 

The above results indicate there is a possibility 
that an equilibrium distribution of TPP + or 
TPMP + will not be attained in liposomes of high 
cholesterol content, though the distribution of the 
probe appears to reach a stationary level from the 
profile of A@dependent uptake of TPP + (Fig. 1). 
To check this, the effect of tetraphenylboron 
(TPB-) on the lipophilic cation uptake was ex- 
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Fig. 5. The effect of TPB- on A~.dependent uptake of TPP + 
or TPMP + by l/posornes with a large amount of cholesterol. 
Curves (A) and (B) are TPP+.uptake profiles for fiposomes 
with 38 and 50 mol~ cholesterol, respectively. Curve (C) is a 
TPMP+-uptake profile for fiposomes with $0 mol~ cholesterol. 
Arrows show the time when 7 FM valinomycin (Val.), 60 nM 
TPB- and 3 pM 8ramycidin (Ora.) were added. Conditions 
were the same as in Fig. 1; [K + ]tJ[K + ]~, ffi 103, [K + ]i. ffi 150 

mM. 

The TPB--induced additional uptake of TPP + 
(or TPMP +) can be explained in terms of two 
different populations of the liposomes. TPP + and 
TPMP + permeate it,:,3 hSe liposomes with low 
cholesterol content, but they permeate into those 
with very high cholesterol content only wl~en TPB- 
is added. The latter fraction becomes large with an. 
increase in the amount of cholesterol present at 
the stage of tiposome preparation. The different 
behavior of TPP ÷ and TPMP ÷ is ascribable to the 
difference in their membrane permmbility or lipo. 
philicity. Contrary to the behavior of lipophilic 
cations, ~he value of A~ obtained by uptake of 
S+Rb+, which was mediated by a cation carrier, 
valinomycin, was not affected by cholesterol. Since 
the TPB--enhanced uptake of lipophilic cation 
was independent of the amount of TPB- (60-600 
nM), and even a small amount of TPB- enhanced 
the uptake of TPP + or TPMP +, the effect of 
TPB- was due not to its charge but to its action as 
a carrier of TPP ÷ or TPMP +, as reported previ- 
ously [17,19]. 

Concluding remarks 

amined, because TPB- is known to enhance the 
value of Am ,vhen llpophilic cation is used as a A6 
probe [18]. 

An addition of a small amount of TPB- (60 
nM) caused further uptake of TPP + to a new 
stationary level in the 38 moi% cholesterol lipc~ 
somes, as shown in Fig. 5A. In the 50 mol~ 
cholesterol fiposomes, the TPP + uptake after the 
addition of valinomycin was very small, but again 
a subsequent addition of TPB- caused further 
significant uptake of TPP + to a new stationary 
level (see Fig, 5B), When TPMP + was used, we 
could not detect any uptake of the probe in the 50 
mol~ cholesterol liposomes until TPB- was added 
to the system, as shown in Fig. 5C. In the 10 mol% 
cholesterol liposomes, such TPB--induced en- 
hancement of TPP + uptake could not be observed 
(data not shown). TPB- (60 nM) did not alter the 
physical state of liposome membranes, since the 
fluorescence anisotropy and the decay constant of 
DPH were not affected by TPB-. The above re- 
sults indicate that the nonequilibrium distribution 
of lipophilic cations is caused by their restricted 
permeation across the highly ordered membrane. 

This study reveals that the abnormal distri- 
bution of the Iipophific cation probes for z~  mea- 
surement is caused mainly by the extremely 
lowered permeability of probes due to highly 
ordered state of lipid membrane caused by the 
presence of a large amount of cholesterol. So far, 
it is gcneratly accepted that the erroneous estima- 
tion of ~ in cells may result from the binding of 
lipophilic cation probes to the membrane and/or  
to the intraceUular constituents. However, our re- 
sults with regard to the effect of liposomal surface 
charge on the uptake of TPP + or TPMP + show 
that the probe binding to the liposomes is negligi- 
bly small. The present study also denies the possi- 
bility that the smaller value of /hk-r~ or ZI@~M P 
relative to that of A~a b is due to the enhanced 
p e r m e a b i ~  of Cl-, H + and Na + in the presence 
of lipophilic cation probes. The fact that A@TpMe 
was more significantly influenced than ZI@Tp e by 
the presence of cholesterol at the same K + gradi- 
ent (see Fi 8. 4) supports the idea that the probe 
permeabifity depends on acyl chain ordering of 
phospholipids, as well as on the probe's inherent 
hydrophobicity (or permeability). Thus, the erro- 
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neous estimation of A6 is caused by an inhibition 
of the probe permeation across the membrane due 
to its physicochemical structural change, that is, 
the increase in phosphofipid acyl chain ordering. 
Since cog m e m b , a ~ e s  f rom prukaryo tes  or  

eukaryotes  are composed  of  a variety of  lipids and  

conta in  a large amoun t  of  cholesterols, proteins  
and sugars, --'~':"~, ob:~.-,..oly -'- . . . . .  '--, - - ' - - - - :  Mlr I L I t l h . U  u ,,.p t ~ o .  ~ | I a X J . I ~ G  U . I  t,,. ~IL~ ~ l *  

cochemical states of their lipid membranes, special 
care must be taken in the measurement of A6 in 
cells by using lipophilic cations. 
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