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Temperature-jump relaxation experiments on Na + transport by (221)C.:eryptand were carried out in order to study the 
influence of cholesterol and its temperature-dependence on ion transport through thin lipid membranes. The experiments were 
performed on large, negatively charged unilamellar vesicles (LUV) prepared from mixtures of dioleoylphosphatidyleholine, 
phosphatidic acid and cholesterol (mole fractions 0--0.43), at various temperatures and carrier concentrations. The initial rates of 
Na + transport and the apparent rate constants of its translocation by (221)Cn~ increased with the carrier concentration and the 
temperature. The incorporation of cholesterol into the membranes significantly reduced the carrier concentration- and 
temperature-dependence of these two parameters. The apparent energy required to activat.e the transport decreased significantly 
with increasing carrier concentrations at any given cholesterol molar fraction, and increased significantly with the cholesterol 
molar fraction at any given carrier concentration. Our interpretation of the action of cholesterol on this transport system is based 
on the assumption that the binding cavity of cryptands is likely to be located towards the aqueous side of the dipole layer. The 
results are discussed in terms of the structural, physico-chemieal and electrical characteristics of carriers and complexes, and of 
the interactions occurring between an ionizable mobile carrier and the membrane. 

Introduction 

Cholesterol is a major component of many biological 
membranes and although it is essential for normal cell 
growth, it can be lethal for the organism as a whole. In 
humans, these lethal effects take the pathological form 
of atheroselerosis, which is still the main cause of 
death in the world. Studies on the influence of choles- 
terol on the physical properties of membranes have 
indicated that this sterol modifies the packing of the 
acyl chains of phospholipids in membranes, in the gel 
state, cholesterol disrupts the regular packing of the 
acyl chains while in the liquid crystal, it restricts the 
motion of the normally mobile chains, which results in 
a decrease in the membrane fluidity. Since the lipids in 
natural membranes are mostly in the liquid-crystalline 
state, cholesterol is generally thought to restrict motion 
in biological membranes [1-10]. 

Over the past twenty years, numerous studies have 
focused on the mechanisms underlying the effects of 
cholesterol on membrane permeability to ionic species 
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[11-20]. The influence of cholesterol on the functional 
properties of membranes as far as ion transport is 
concerned has been interpreted in terms of its dual 
effects on the dipolar potential of membranes and on 
their viscosity. Depending on whether the adsorption 
plane of a probe is located towards the aqueous side or 
towards the hydrocarbon side of the dipole layer, the 
cholesterol-induced decrease in ion transport seems to 
mainly arise from dipolar potential variations or from 
fluidity effects. The former situation may apply to 
lipophilic ion transport, and the latter to mobile carri- 
ers such as valinomycin, in this case the adsorption 
plane of th~ ion-carrier complexes was assumed to be 
located towards the hydrocarbon side of the dipole 
layer and the ion transport seems to largely depend on 
the effects of cholesterol on membrane fluidity [16,17]. 
More specifically, the decrements in the translocation 
rate constants of the free carriers and complexes were 
attributed to a decrease in the membrane fluidity, 
whereas the drop in the association rate constant was 
attributed to dipolar potential effects. Since the back- 
diffusion of the free carrier was the rate-limiting ion 
transport step in these studies, it was concluded that 
cholesterol may modulate cation transport by valino- 
mycin mainly through its action on membrane fluidity. 
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To shed some light on the effects of cholesterol on 
carrier-mediated ion transport, it seemed to be of 
interest to study the cation transport induced by an- 
other type of mobile carrier, i.e., the synthetic macro- 
polycyclic agents called c.~,ptands [21]. These com- 
i;ounds form very stable complexes with various sub- 
strates, especially with monovalent and divalent cations 
[22-27] and it has been demonstrated that the (222)Ci0 
and (221)C,) lipophilic cryptands, i.e., the diaza-l,10- 
decyl-5-hexaoxa-4,7,13,16,21,24-bicyclo[8.8.8]hexacosane 
and the diaza-l,10-deeyl-5-pentaoxa-4,7,13,16,21-bi- 
cyclo[8.85]tricosane [28], act as mobile carriers induc- 
ing the transport of K + and Na + through the mem- 
brane of large unilamellar vesicles [29-31]. From the 
fundamental point of view, these ionophores are very 
interesting examples of mobile carriers. The scheme 
for cation transport by cryptands basically resembles 
that of valinomycin: a neutral carrier may form posi- 
tively charged complexes and cross the membrane. 
However, it has a higher degree of complexity than 
valinomycin, since the free carrier concentration is 
pH-dependent. In fact, due to the presence of ioniz- 
able tertiary amine groups within the intramolecular 
cavity, the carrier exists in four different states on both 
sides of the membrane within the physiological pH 
range in the unprotonated, monoprotonated, diproto- 
nated and complexed states. Obviously, the pH- 
dependent ionic selectivity of cryptands is due to the 
existence of competition for the binding of protons and 
alkali cations inside the intramolecular cavity [29,30]. 
One very specific reason for !nvestigating the effects of 
cholesterol on the ionophoric properties of cryptands 
was that they are similar in size and shape to valino- 
mycin [29] but the complexation of alkali cations inside 
their hydrophilic binding cavity may occur towards the 
aqueous side of the dipole layer [29,30] and not to- 
wards its hydrocarbon side, as occurs in the case of the 
antibiotic. In addition, when induced by cryptards, the 
transport of alkaii cations, in the exchange with pro- 
tons across membranes, is the result of a complex 
interplay between the carrier characteristics and vari- 
ous physico-chemical parameters, such as the ionic 
strength within the membrane-solution interfaces and 
the pH of the aqueous phases, which may vary during 
the transport process, and influence in turn the 
ionophoric properties of the cryptand [31]. 

The present study is the first to focus on the effects 
of cholesterol on the ionophoric properties of a syn- 
thetic mobile carrier which, in addition, possesses a 
hydrophilic intramolecular binding cavity and a positive 
net electrical charge that varies cop~iderably within the 
physiological pH range. Since all the molecular events 
responsible for cation transport, as well as membrane 
fluidity, have a variably pronounced tempera!ure de- 
pendence, the temperature-jump method was used here 
to investigate Na + transport by (221)Ct0-cryptand 

through thin lipid membranes containing various mole 
fractions Xchol of cho'.esterol. The kinetic parameters 
of the fast transpor' of Na + ions through negatively 
charged LUV men,oranes were quantified at variable 
mole fractions X~hot of cholesterol, and the tempera- 
ture-induced variations in these parameters were ex- 
amined. Applying temperature jumps of 4 to 7CO to 
liposome suspensions having internal and external 
buffers characterized by different ApK/AT resulted in 
ApH values of variable magnitude across the mem- 
brane. The pH-sensitive probe pyranine [31-34] en- 
trapped inside the liposomes was used to monitor the 
decay in the ApH. The results are discussed in terms 
of the structural and electrical characteristics of the 
carrier and complex, and the interactions occurring 
between ,m ionizable cryptand and the membrane. 

Materials and Methods 

Synthetic L-ot-dioleoylphosphatidylcholine and L-a- 
phosphatidic acid prepared from egg yolk lecithin were 
purchased from Sigma (St. Louis, MO). Cholesterol 
was obtained from Fluka (Buchs, Switzerland). All 
other materials were obtained as previously reported 
[a l l  

External vesicular buffer was 0.15 M Na2SO 4, 0.02 
M tris(hydroxymethyl)aminomethane (ApK/AT= 
-0.031 pH uni t /C °) (pH 7.5). Internal vesicular buffer 
was 0.15 M Na2SO 4, 0.02 M NaH2PO 4 (ApK/AT= 
-0.005 pH unit/Co) and 0.001 M pyranine (pH 7.5). 
FCCP was dissolved in absolute ethanol and (221)Ct0 
was dissolved in benzene. 

Large unilamellar vesicles (LUV) were prepared as 
described by Szoka and Papahadjopoulos [35] using 30 
p.mol lipid mixture comprising L-a-dioleoylphospha- 
tidylcholinc, L-a-phosphatidic acid and cholesterol 
(0.84 : 0.16 : 0.00, 0.77 : 0.16 : 0.07, 0.70 : 0.16 : 0.14, 
0.42:0.16:0.42, mole fractions) per ml internal buffer. 
After vesicle formation by reversed-phase evaporation 
under reduced nitrogen pressure, the external pyranine 
was removed by running the mixture through two 
Sephadex G-25 columns eluted with the external vesic- 
ular buffer. The suspension was then successively fil- 
tered through polycarbonate membranes with a pore 
size of 1 and 0.4 /zm and diluted with the external 
vesicular buffer (1:3, v/v). 

Kinetic measurements were performed with a T- 
jump spectrophotometer (Messanlagen, G6ttingen, 
Germr.ny) connected to a data storage system, and to a 
Plessey 6622 (PDP 11/23) minicomputer as previously 
reported [31]. The basic system used was pyranine 
(fluorescent pH indicator) entrapped in liposomes sus- 
pended in "Iris buffer (pH 7.5) [31,36]. The internal 
aqueous phase was a phosphate buffer (pH '7.5). The 
ApK/AT value of Tris is -0.031 pH uni t /C °, whereas 
that of phosphate is -0.005 pH unit /C °. Hence, upon 



application of a temperature jump to the system, a 
ApH (pHi,-pHou t) with a positive sign (0.026 pH 
un i t /C  p) was expected. The magnitude of this ApH 
could be estimated from that of the A T  (4, 5, 6 and 7CO 
for discharges of 20, 25, 30 and 35 kV), and the 
corresponding membrane potential (E  m) calculated. 

The change in pyranine fluorescence observed sub- 
sequent to a temperature jump in this system was 
characterized by a drop in the fluorescence followed by 
a plateau. Addition of (221)Cto-cryptand, a Na+-selec - 
tire carrier, and FCCP (proton carrier) resulted in 
another phase of fluorescence decrease, the rate of 
which increased with the (221)Cto-cryptand concentra- 
tion (Fig. 1). The unresolved fast phase was likely to 
arise from the pH titration of the pyranine entrapped 
in the liposomes, and that of the residual pyranine in 
the external buffer. This fast phase was insensitive to 
the ionophores added and its magnitude varied with 
that of the temperature jump. The slower decrease in 
fluorescence, which could only be observed in the 
simultaneous presence of the cryptand and the 
protonophore is the subject of the present paper. This 
decrease presumably resulted from the pH titration of 
the internal buffer containing the fluorescent pH indi- 
cator by protons transported from the outside to the 
inside of the liposomes by FCCP (proton influx), in 
exchange for ~odium ions transported by the cryptand 
in the reverse direction (No + effiux). 

Kinetic experiments were performed as described 
previously [31]: 0.5 ml LUV suspension was added to 

i 
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Fig. 1. Typical trace showing the decrease in fluorescence of en- 
trapped pyranine as a function of time: transport of 189 mM Na + 
ions by 104.5/~M (221)(21o through negatively charged LUV mem- 
branes containing a mole fraction xchoL of cholesterol of 0.43 after 
application of a 6C ° temperature-jump to a liposome suspension 
equilibrated at 23°C (pH 7.5). The ordinate gives the unit voltage (I.3 
V full scale), and the abscissa, the time (6 s full scale). The arrow 
indicates the origin, i.e., the level of fluorescence before the temper- 

ature jump. 
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TABLE ! 
Variations with the temperature (T. °C) in the percentage of total 
(221)C~o.Cryptand complexed with Na + ions at the external (M'S+/ 
lift) and b~temal (M"S+/ M~) membraae.solntion bzterfaees below 
transport 

In accordance wlffl the Iraasport model presented, the overall redis- 
tribution of the carrier species between and at the two interfaces 
resulted from the application of temperature jumps to lipo~me 
suspensions having phosphate as internal buffer and Tris as e~:ternal 
buffer. The initial condition was 23°C (pH 7.5). The driving force 
created (ApH = pHi,-pH,~u~), increased by about 0.026 pit unit/C ° 
and the associated membrane potential (Era negative outside) by 
about 1.6 mV/C °. 

T Apll Em M'S*/M~ M'S+/Mt 
(°C) (pH unit) (mV) (%) (%) 

?7 0.104 6.2 52.1 41.3 
28 0.130 7.7 53.4 39.7 
29 0.156 9.3 54.5 38.0 
30 0.182 10.9 55.3 ~6.4 

1.5 ml external buffer. FCCP was added to a final 
concentration of 49.5 p.M, and (221)Ctn at various final 
concentrations. The final overall benzene plus ethanol 
concentrations never exceeded 0.9%. The sample was 
subjected to lowered air pressure for 7 rain. The cell, 
filled with 0.8 mi vesicle suspension (1.5-1.9 mg 
lipid/ml), was then equilibrated for 7 rain at 23°C. 
Transport kinetics were induced by discharging the 
high voltage capacitor. Four successive temperature 
jumps of 4, 5, 6 and 7(7' were induced in the same 
sample, using charging voltages of 20, 25, 30 and 35 
kV. The magnitude of the ApH values therefore cre- 
ated across vesicle membranes, and the corresponding 
membrane potentials (Era), were estimated to be 0.104, 
0.130, 0.156 and 0.182 pH units, and 6.2, 7.7, 9.3 and 
10.9 mV, respectively (Table 1). 

The variations with time in the fluorescence signals 
due to cation transport were fitted by the following 
equation: 

F (  f ) = ( F® - Fo) ( 1 - e - k ' )  

where k is the i apparent rate constant (in s -  ) of  cation 
transport, F=, the magnitude of the signal when trans- 
port reached the steady-state, and Fo, the magnitude 
of the fluorescence drop following the electric dis- 
charge in the sample. The experimental data were 
fitted using the simplex method [37]. The initial rates 
of sodium ions effluxes (Ji) were calculated taking the 
product of k by A®, where A= expressed in nmoles 
corresponds to the difference F®-F u expressed in volts. 

Regression lines were calculated using the least- 
squares method and compared by performing covari- 
ance analysis. Differences were taken to be significant 
at P < 0.05. 
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Fig. 2. Reaction scheme of cation transport (S + mediated by 
(221K~lo-C~ptand, a carrier possessing three ionization states: un- 
protonated (M), monoprotonated (MH + ) and diprotonated (MH 22 + ). 

Description of the transport model 

The model for cation transport by (221)C 10-cryptand 
(Fig. 2) has already been described in detail elsewhere 
[30,31]. It assumes that at the pH investigated, a carrier 
containing two ionizable tertiary amine groups exists in 
three different states of ionization: unprotonated (M), 
monoprotonated (MH +) and diprotonated (MH~ ~), 
and that only unprotonated carrier (M) is able to bind 
alkali cations (S +) [25]. 

The chemical reactions which take place at the 
interface are heterogenous equilibria between cations 
(S + and H +) from the solution (a) and the carrier (M) 
in the membrane (m) are as follows: 

M(m) + S+(a) ~ M S + ( m )  (1) 

kl 
M(m) + H + ( a ) ~ M H + ( m )  (2) 

MH+(m) + 1-1+(a)~MH~+(m) (3) 

As the partition coefficient of the cryptand binding 
cavity is very low [38], we assumed that these equilibria 
were homogeneous with respect to the binding cavities. 
in each carrier species, the interfacial concentration 
(N)  is related to the molar concentration (C) in the 
binding cavities dissolved in the aqueous phase by Eqn. 
4. 

N = C" v / s  (4) 

(v = volume of the surroundix:g aqueous phase; s = 
surface of the membrane). 

Besides the above reactio,,is, all the carrier species 
may be exchanged between the aqueous phase (a) and 
the membrane (m) according to 

MS+ (a)k~iMS+ (m) (5) 

M(a)k~M M(m ) (6) 

M n + ( a ) k ~ M n + ( m )  (7) 

MHz2+(a) ~ MH~+(m) (8) 

If we use N M, NMs, NMH, NMIt, to denote the interfa- 
cial concentrations of M, MS ~', MH +, and MH~ +, 
respectively, then the fluxes of the various carrier 
species between the external ( ' )  and the internal (") 
interfaces are given by 

@MS = khs "N~,s - k~s "N~ts (9) 

@ M f k "  N ~ - k " . N ~ = k ' (  N ~ a - N { ~ )  (10) 

q~ m t t  = k M+n " NMIt - k 'M+n " N ~ .  (11) 

~M, :  = 0 (12) 

For the neutral carrier (M), the rate constants k '  
and k" are the same (k) when the transport is not 
limited by steric obstruction in the membrane (high 
membrane saturation level in carriers). The rate con- 
stants of the charged carriers depend on the membrane 
potential. If a constant field strength is assumed in the 
membrane [39]. then 

k~s = kMs. e - ' / 2  (13) 

k~s = kMs" e t'/2 (14) 

k ' + = k + ' e  -" /2  (15) 

k "+= k +" e "/2 (16) 

(u = E m F / R T  and Era, F, R, T = membrane potential, 
Faraday, gas constant and absolute temperature). The 
highly hydrophillic nature of the diprotonated carriers 
(MH~ +) was assumed to prevent it from crossing the 
membrane (see below). 

Our qualitative interpretation of the experimental 
results presented here was based on the following 
assumptions and approximations: 

(l) (221)C.rcryptand was excluded from the aque- 
ous phases as its partition coefficient is very high: 
P = 3 '  105 in octanol/water [38]. However, since the 



binding cavity of (221)Cto-cryptand is very hydrophilic 
and relatively inflexible, it dissolved in the aqueous 
phases; the partition coefficient of the (221)-cryptand 
homologue is very low, i.e., P = 3.2 in octanol/water 
[38], and therefore, cation and proton binding to its 
intramolocular cavity was assumed to occur in water. 

(2) Before transport, (221)Cm-cryptand was exclu- 
sively located at the membrane-solution interfaces, and 
its hydrophilic cavity and aliphatic chain dissolved in 
the aqueous solutions and lipophilic region of the 
membrane, respectively. 

(3) The equilibrium constant for Na + binding to the 
(221)-cryptand homologue in water at 25°(2 was 4" 106 
M [26]. This constant was assumed to be valid for Na + 
transport by (221)Ct0. Thus, at the cation concentra- 
tion used here (189 raM), the concentration of the 
cation-carrier complexes was very high at each mem- 
brane-solution interface. 

(4) Before transport, the distribution of each carrier 
species between and at the two membrane.solution 
interfaces depended on the membrane potential (nega- 
tive outside), on the pH of the aqueous phases, and on 
the ionization constants of (221)C m, i.e., pK I = 10.53 
and pK 2 = 7.50 in water at 25°C [25]. 

(5) Creation of a pH-gradient across vesicle mem- 
branes just before transport induced an overall redistri- 
bution of the carrier species in agreement with the 
Nernst law, between and at the two interfaces. It 
seemed unlikely in view of its highly hydrophilic nature 
that the diprotonated carrier (MH~ 2+) might have 
crossed the lipophilic region of the membrane [38], and 
in fact, with a presumably effective dielectric constant 
of the hydrocarbon layer of 2, the Born energy (W a) of 
this carrier species is high (30 kcal mol -I)  [40]. More- 
over, since no transport of Na + could be detected in 
the absence of FCCP (see Results), the cat ion/H + 
exchanges through LUV membranes occurred at very 
low rates when the only proton translocation process 
was the back-diffusion of monoprotonated carrier 
(MH +) (W B = 7 kcal tool- t). Consequently, the overall 
redistribution of the carrier was assumed to proceed 
only through the back-diffusion of its unprotonated 
form (M). 

In the light of the above assumptions, it was calcu- 
lated that: (i) before the temperature jump (C~ = C~ 
and C~. = C ~ ,  i.e., the external and internal cation 
concentrations were equal, and the membrane poten- 
tial E m ~¢as 0 mV), 50% of the total carrier was located 
at the external membrane/solution interface, and the 
same at the internal interface; (ii) upon application of 
temperature jumps of 4, 5, 6 and 7C ° to the iiposome 
suspensions equilibrated at 23°C (pH 7.5), ApH values 
were created (C~ > C~; C ~  = C ~ ;  E m negative out- 
side), and overall redistribution of the carrier species 
occurred both between and at the membrane/solution 
interfaces (Table 1). 
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The cation transport driving force was the proton 
concentration gradient. Its dissipation induced an in- 
flux of protons (q~n) carried by the protonophore 
FCCP. coupled to an efflux of sodium ions (¢PN.) 
carried by the cryptand. The proton and sodium ion 
fluxes were related by 

~N. = --~H = ~MS (17) 

In terms of free energy, the cfflux of sodium ions 
was favoured by both the proton concentration gradi- 
ent and the electric field in the membrane. 

It should also be stressed that ~n the present study, 
the driving force inducing cation transport was low, 
and therefore, the rate constants for the forward and 
backward translocation of the charged carriers across 
the membrane depended only on the membrane poten- 
tial. Fig. 2 can therefore be simplified by setting k '  = 
k" = k for the neutral carrier (M), and by substituting 
for the charged carriers khs,  k~s, k '÷ and k "+ their 
expression in Eqns. 13-16. 

Results 

(a) Initial rate o f  Na + transport (J)  
An electroneutral exchange of sodium ions with 

protons across LUV membranes was induced by ensur- 
ing the simultaneous presence of (221)C,0 and FCCP, 
In the absence of (221)Cio and/or  FCCP, no transport 
occurred. To ensure that the rates of Na+/H + ex- 
changes through LUV membranes were under the sole 
control of Na + transport rates (on which this study 
focused), a FCCP concentration of 49.5 p.M was used. 
At this concentration, proton transport was not the 
rate-limiting step for the Na +/H ÷ exchr.nges occurring 
through LUV membranes [30,31]. 

The initial rates of Na + transport by (221)Cto 
through negatively charged LUV membranes (Ji) were 
determined at mole fractions Xchat of cholesterol (re- 
ferred to total lipid) varying from 0 to 0.43. In all sets 
of experiments, the mole fraction XEPA of phosphatidie 
acid was the s a m e  (XEp A m 0.16), as was the sum of 
those of cholesterol (Xchoj) and dioleoyl-phosphatidyl 
choline (XDoPC), i,e., xchot +Xoopc = 0.84. At each of 
the four cholesterol levels investigated (x~ol = f~, 0.07, 
0.14 and 0.43), the Na + concentration was 189 mM 
(CN, = 6-10 Kin) and the carrier concentration (C~) 
was raised from 26.1 to 207.1 /zM (or 10.4 to 82.7 
m M / M  lipid) at 27, 28, 29 and 30°C. 

The values determined here for the initial rates of 
Na* efflux from LUV t t.~ and consequently those of 
the H + influx into LUV ranged between 0.3 nmol s - t  
(C~ = 26.1 v~M, T = 27C °, Xcho~ = 0.42) and 50.4 nmol 
s -I (C~ = 207.1 v.M, T =  30°C, Xchol = 0). These initial 
rates increased significantly with the carrier concentra- 
tion (26.1 to 207.1 p.M) at any given temperature (27 to 
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Fig. 3. Dependence of the initial efflux of Na ÷ ions (Ji) on the 
carrier concentration (C~): transport of 189 mM Na ÷ inns by 26 to 
207 p,M ~221~21, through negatively charged LUV membranes con- 
taining a mole fraction xc~al ol cholesterol of 0.43 after applieation 
of  temperature jumps ol  4. 5, 6 and 7C ° to liposome suspensions 

equilibrated at 23°C (pH 7.5). 

30°C) a n d  mole  f ract ion Xcho~ of  cholesterol  in the 
m e m b r a n e  (0 to 0.43). Fig. 3 i l lustrates the results 
ob ta ined  at  27, 28, 29 a n d  30°C when  the mole  f ract ion 
X~ho~ of  cholesterol  in the  m e m b r a n e  was equal  to 0.43. 
Covar iance  analysis o f  the  da t a  showed that:  (i) wha t -  
ever  the  mole  f rac t ion  Xchot of  cholesterol  in the mem-  
b r a n e  (0 to 0.431, the value o f  the slope of  the  l inear  Ji 
vs. C ~  regress ions  increased  significantly with the  tem- 
p e r a t u r e  in the  27 to 30°C range  and  (it) wha teve r  the 
t e m p e r a t u r e  (27 to  30°C), the  value of  the  slope of  
these  Ji vs. C ~  regress ions  dec reased  significantly with 
increas ing  mole  fract ions xehot o f  cholesterol  in the 
m e m b r a n e s  in the 0 to 0.43 range .  Fig. 4 shows the 
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o 

o 
o 0.1 0.2 0.3 0.4 0.5 

gchol 
Fig. 4, Effects of the temperature and cholesterol level on the slopes 
of the Ji vs. C~ regressions: transport of 189 mM Na + ions by 26 to 
207 ,¢M (221)Cto through negatively charged LUV membranes con- 
taining various mole fi'aetions xCu~l of cholesterol (0-0.43) after 
application of temperature jumps of 4, 5, 6 and 712 `0 to liposome 

suspensions equilibrated at 23°C (pH 7.5). 

choles terol  d e p e n d e n c e  o f  the  s lope values o f  the Ji vs. 
C~t regress ions  at  the  four  t empera tu re s  investigated.  

(b) Apparen t  rate constant  (k)  o f  Na  + translocation 
The  values de t e rmined  here  for  the  a p p a r e n t  ra te  

cons tan t  ( k )  o f  Na  + t rans loca t ion  by (2211Ct0 th rough  
negat ively cha rged  L U V  m e m b r a n e s  of  var iable  mole  
fract ions Xch,,J o f  cholesterol  r anged  be tween  0.17 s - t  
( C ~  = 26.1 p.M, T =  27°C, xchot = 0.42) a n d  3.10 s - t  
(C~t = 207.1 p,M, T = 30°C, xchoJ = 0) (Table 111. 

TABLE ii 

lnflaence of temperature (T. °C), cholesterol (x~h,, h) and carrier concentration (C'~) on the apparent rate constant (k / s  - t) of Nu + translocation by 
(221)C1o 

Transport of 189 mM ions by 26 to 207 p.M through negatively charged LUV membranes after application of temperature jumps of 4, 5, 6 and 
7C" to liposome suspensions equilibrated at 23°C (pH 7.5). Each value is the result of one to four determinations on the same membrane. 

T (°C) xd., I Ch (~M) 

26.1 52.2 104.5 155.3 207.1 

27 0.00 11.33 0.61 0.82 I. 13 1.83 
0.07 0.27 0.33 11.63 0.95 1.50 
0.14 0.20 0.30 0.45 0.73 1.40 
0.43 0.17 0.28 0.39 0.54 0.79 

28 0,00 11.39 0.74 0.97 1.49 2.02 
0.07 0.35 0.43 11.75 1,37 1.86 
0.14 0.30 0.43 0.60 1,02 1.50 
0.43 0.23 0.37 0.48 0,71 1.03 

29 0.00 0.43 1.1)2 1.18 1.65 2.64 
0.07 0.43 0.53 0.89 1.67 2.18 
0.14 0.35 0.55 0.75 I. 17 1.90 
0.43 0.33 0.52 0.67 0.89 1.18 

30 0.00 0.73 1.22 1.56 2.13 3.10 
0.07 0.61 0.71 1.30 1.95 2.83 
0.14 0.55 0.70 1.110 1.55 2.47 
0.43 0.44 0.69 0.89 I. 19 1.72 
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Fig. 5. Dependence of the apparent translocation rate constant (k) 
on the carrier concentration (C~s): transport of 189 ram Na + ions by 
26 to 207/.~M (221)Ct0 through negatively charged LUV membranes 
containing a mole fraction xc~o I of cholesterol of 0.07 after applica- 
tion of temperature jumps of 4, 5, 6 and 7C ° to iiposome suspensions 

equilibrated at 23eC (pH 7.5). 

At any given temperature and mole fraction Xc.ol of 
cholesterol in the membrane, the apparent rate con- 
stant (k) of Na + transport increased significantly with 
the carrier concentration (C~). Fig. 5 illustrates this 
carrier-concentration dependence of the apparent rate 
constant (k) of Na + transport at 27, 28, 29 and 30°C 
when the mole fraction Xchol of cholesterol in the 
membrane was equal to 0.07. Covariance analysis of 
the data showed that: (i) whatever the mole fraction 
Xchol of cholesterol in the membrane, the slope of the k 
vs. Ch regressions increased significantly with the tem- 
perature in the 27 to 30°C range and (ii) whatever the 
temperature, the slope of the k vs. C~ regressions 
decreased significantly with increasing mole fractions 
Xchol of cholesterol in the membranes in the 0 to 0.43 
range. 

Whatever the temperature, the apparent rate con- 
stant (k) of Na + translocation by (221)C~0 decreased 
non-linearly with increasing mole fractions Xchol of 
cholesterol in the membranes at any given carrier 
concentration (C~). Fig. 6 illustrates the effects of 
cholesterol on Na + transport by 26.1 to 207.1 p.M 
(221)Cto at 30°C. At this temperature, the value of the 
ratio between the apparent rate constant (k) of Na + 
transport through membranes containing no choles- 
terol (k o) and that determined in membranes contain- 
ing a mole fraction xchol of cholesterol of 0.43 (ka.43), 
i.e., ku/kn.43, was equal to 1.7-1.8, regardless of the 
carrier concentration in the 26.1 to 207.1 /zM range 
investigated. As the temperature decreased, the values 
of ko/ko.43 increased slightly and reached values of 
1.9-2.3 at 27°C. 

At all the carrier concentrations tested, the appar- 
ent rate constant (k) of Na + translocation by (221)Cin 
decreased non-nearly with increasing mole fractions 
Xchol of cholesterol in the membranes at any given 
temperature. The effects of cholesterol on Na + trans- 
port by 104.5/zM (221)Cto are illustrated at 27, 28, 29 
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Fig. 6. Dependence of the appareDt translocation rate constant (k) 
on the cholesterol molar fraction (xchol): transport of 189 mM Na + 
ions by 26 to 207 p.M (221)Ct0 through negatively charged LUV 
membranes containing various mole fractions Xchol of cholesterol 
(0-0.43) after application of a 7C ° teniperaturc jump to liposome 
suspensions equilibrated at 23°C (pH 7.5). Each point is the result of 

one to four determinations on the same membrane. 

and 30°C in Fig. 7. The value of ttqe ratio between the 
apparent rate constant (k) of Na + transport through 
membranes containing no cholesterol (k n) and that 
determined in membranes containing a mole fraction 
Xchol of cholesterol of 0.43 (ko.43), i.e., ko/ko.43, was 
equal to 1.8 at 30°C and to 2.1 at 27°(:. A similar 
temperature dependence of ko/ko.43 was observed at 
all the carrier concentrations investigated. 

In the 27 to 30°C temperature range, the logarithmic 
value of the apparent translocation rate constant (k) of 
Na + ions, when transported by (221)Cto through nega- 
tively charged LUV membranes, varied linearly with 
the reciprocal absolute temperature ( l / T ,  K-~) at any 
given carrier concentration (Ch) and mole fraction 
Xchol of cholesterol in the membrane. Fig, 8 illustrates 
the results obtained at a mole fraction Xchol of choles- 
terol in the membrane of 0.14. 

2 CI~I = r05FM 

? 

0 0.1 0.2 o.a 0.4 0.5 

Xchol 
Fig. 7. Dependence of the apparent translocation rate constant (k) 
on the cholesterol molar fraction (xchol): transport of 189 mM Na + 
ions by 104.5 tzM (221)Cto through negatively charged LUV mem- 
branes containing various mole fractions x~o ~ of cholesterol (0-0.43) 
after application of temperature-jumps of 4, 5, 6 and 7C ~ to liposome 
suspensions equilibrated at 23°C (pH 7.5). Each point is the result of 

one to four determinations on the same membrane. 
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Fig. 8. Temperature dependence of the apparent translocation rate 
constant (k): Arrhenius plots of k for transport of 189 mM Na + ions 
by 26 to 207 pM (221)Cla through negatively charged LUV mem- 
branes containing a mole fraction X~hoj of cholesterol of 0.14 after 
application of temperature jumps of 4, 5, 6 and 7C ° to liposome 

suspensions equilibrated at 23°C (pH 7.5). 

Statistical analysis of the data  showed that  the slope 
values of  these Arrhenius  plots decreased significantly 
with increasing carr ier  concentrat ions (26.1 to 207.1 
p.M) at  any given mole fraction XchoJ of cholesterol  in 
the membrane.  Consequently,  the apparent  activation 
energy ( E  A) required for Na + t ransport  to occur at  a 
mole fraction Xcho~ of cholesterol  of zero decreased 
significantly from 44.5 +_ 7.4 kcal mol - I  at a carr ier  
concentrat ion of  26.1 # M  to 3 2 . 9 + 2 . 9  kcal mol - t ,  
when it reached 207.1 p.M (58.5 _+ 4.2 and 45.2 + 3.9 
kcai mol - ]  at  26.1 and 207.1 /zM carrier,  respectively, 
when Xchol = 0.43) (Fig. 9). Covariance analysis showed 
that: (i) the apparen t  activation energy ( E  A) increased 
significantly with increasing mole fractions Xchol of 
cholesterol  (0 to 0A3) in the membrane  at  any gi~'en 
carr ier  concentrat ion (C~) ,  i.e., the value of the y-in- 
tercept  of  the E A vs. C ~  regression lines increased 
significantly with the mole fraction x~ho~ of cholesterol  
in the 0 to 0.43 range (Fig. 10) and (it) the magni tude 

o o lOO 20o Ckll pM 
Fig. 9. Cholesterol and carrier concentraticn dependence of the 
apparent activation energy of the apparent translocation rate con- 
stunt of Ha + ions tEA): transport of 189 mM Na + ions by 26 to 207 
pM (221)Cio through negatively charged LUV membranes contain- 
ing various mole fractions Xehot of cholesterol (0-0.43) after applica- 
tion of temperature.jumps of 4, 5, 6 and 7C ° to liposome suspensions 

equilibrated at 23°C (pH 7.5). 

. f  
v 

o o.1 oi~ o~ o'~ o~ 
Xcho| 

Fig. 10. Cholesterol dependence of the apparent activation energy of 
the apparent translocation rate constant of Na + ions (E,O in the 
absence of carrier: values of EA in the absence of carrier (C~ = 0) 
are the y-intercepts of the E^ vs. C~ regressions (Fig. 9) established 
for the transport of 189 mM Na + ions by 26 to 207 #M (221)C10 
through negatively charged LUV membranes containing various mole 
fractions xchos of cholesterol (0-0.43) after application of tempera- 
ture-jumps of 4, 5. 6 and 7C ~ to liposome suspensions equilibrated at 

23°C (pH 7.5). 

of the cholesterol-induced change in the apparent  acti- 
vation energy ( E  A) for Na + transport  to occur did not 
depend significantly on the carr ier  concentrat ion,  i.e., 
the increase in the value of the slope of the E A vs. C ~  
regression lines when the mole fraction Xchol of choles- 
terol was increased from 0 to 0.43, was not significant. 

The temperature- induced changes in the apparen t  
translocation rate constant  of Na + by (221)Cto de- 
scribed above also included the effects of the concomi- 
tant  membrane  potentials  result ing from the tempera-  
ture jumps. The apparen t  translocation rate constants 
( k )  in the absence of membrane  potent ia l  (Em = 0 mV) 
were es t imated by calculat ing their  values a t '  23°C, 
from the Arrhenius  plots establ ished at  each carr ier  
concentrat ion and mole fraction Xcho~ of cholesterol  
investigated. The variat ions in these values as a func- 
tion of the cryptand concentrat ion were fairly de- 
scribed by polynomia! functions of the second or  the 
third degree  at  any given mole fraction Xchot of choles- 
terol (Fig. 11). The y-intercept  of the different curves 
gives the value of the apparen t  rate constant  of Na* 
translocated by (221)Cto through negatively charged 
LUV membrane  at  23°C (pH 7.5), in the absence of 
membrane  potent ia l  (Em = 0 mV), when the cation and 
carr ier  concentrat ions were 189 mM and zero, respec- 
tively (Fig. 12). These values corresponded to relax- 
ation t imes of about 8, 16, 26 and 64 s at  mole fractions 
x~ol of cholesterol  in the membranes  of 0, 0.07, 0.14 
and 0.43, respectively. 

Discussion 

The initial rates of  Na + transport  by (221)Cio 
through dioleoylphosphatidylcholine membranes  ob- 
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Fig. I 1. Carrier concentration dependence of the apparent transloca- 
tion rate constant (k) at 23°C: values of k in the absence of 
membrane potential (Era = 0 mV), were calculated at 23°C from the 
Arrhenius plots of k (Fig. 8) established for the transport of 189 mM 
Na + ions by 26 to 207/tM (221)(= m through negatively charged LUV 
membranes containing various mole fractions xchol of cholesterol 
(0-0.43) after application of temperature-jumps of 4, 5, 6 and 7C' to 

liposome suspensions equilibrated at 23°C (pH 7.5). 

tained here at various cholesterol contents, carrier 
concentrations and temperatures ranged between 0.3 
and 50.4 nmol s-~. They were of the same order of 
magnitude as the values determined previously on Na + 
transport through phosphatidyl-choline membranes 
[31], although the fluidity of dioleoyl-phosphatidyl- 
choline multilameI'ar dispersions [6] was found to be 
higher than that of phosphatidyi choline ones [41]. The 
present results showed that the initial rates of Na + 
transport by (221)Cju increased linearly with the car- 

0.10 

.x 

0 .0 t l  

0.1 0.,~ 0.3 0.4 0.5 
Xehel 

Fig. 12. Cholesterol dependence of the apparent translocation rate 
constant (k) in the absence of carrier, at 23°C: the values of k in the 
absence of carrier (C~ = O) and membrane potential (Em = 0 mV), 
when the t.ation concentration was 0.189 raM, are the y-intercept of 
the k vs. C~ curves (Fig. 11) established for the transport of 189 
mM Na + ions by 26 to 207p.M (221)Cla through negatively charged 
LUV membranes containing various mole fractions xehol of choles- 
terol (0-0.43) after application of temperature jumps of 4, 5, 6 and 

7(: ° to liposom¢ suspensions eqnilibxated at 2YC (pH 7.5). 

327 

rier concentration (C~) at any given temperature and 
mole fraction of cholesterol in the membrane. As dis- 
cussed previously [31], the effects of electrical repol- 
ston among the positively charged complexes in the 
lipophilic hydrocarbon region of the membrane proba- 
bly did not limit the membrane saturation in the com- 
plexes or reduce their true transloeation rate constant 
(k~s) under the present experimental conditions. 

From the results presented in the previous section, 
it can be seen that cholesterol strongly influenced the 
transport kinetics of Na + ions by (221)Cto-cuptand. 
Since the effects of cholesterol on Ji simply reflected 
those on the apparent translocation rate constants (k) 
of the ions, only the latter will be discussed. 

The apparent rate constant (k) of Na + translocation 
by (221)Ct0 through dioleoyl phosphatidylcboline 
membranes at various cholesterol contents, carrier con- 
centrations and temperatures ranged between 0.17 and 
3.10 s -t .  The values obtained in the absence of choles- 
terol were about 40 to 400 times lower than those 
obtained with the same technique on K ~ transport by 
valinomycin through pure egg phosphatidyl-choline [42]. 
A difference was expected in view of the effects on 
transport of both the type of membrane and the type of 
carrier [29]. The values obtained at a mole fraction of 
cholesterol of 0.07 were 1.1 to 1.5 times lower than 
those dete.'~nined previously on Na + transport through 
phosphatidyl-choline, phosphatidic acid and choles- 
terol membranes (0.80:0.10:0.10, mole fractions)[31]. 
Since their cholesterol molar fraction was similar, the 
only difference between the permeabilities of these two 
types of membranes was expected to be due to the 
effects of the membrane fluidity, the dielectric constant 
of the membrane [20] and the surface charge density 
on transport [43,44]. Actually, the discrepancy may 
have mainly arisen from the difference in the electro- 
static energy necessary for the cation-carrier complexes 
to desorb from the membrane interfaces before cross- 
ing the hydrocarbon layer, since the energy barrier 
increased with the phosphatic acid content of the 
membranes (which was higher in dioleoyi-phospha- 
tidylcholine membranes). 

Statistical analysis of the data showed that the ap- 
parent translocation rate constant (k) increased signifi- 
cantly with the carrier concentration at any given tem- 
perature and cholesterol molar fiaction, and that the 
value of the slope of the linear k vs. C~ regressions 
depended significantly on the temperature and on the 
cholesterol molar fraction. A similar temperature-de- 
pendence of the k vs. C~ regressions has already been 
observed and discussed in the case of Na + transport 
through phosphatidyl choline membranes [31]. The car- 
rier concentration-dependence of the apparent translo- 
cation rate constants of Na + ions may have resulted 
from changes in the concentration of the cation-carrier 
complexes at the internol interface and/or  in those of 
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tree carrier at the external interface, as well as from 
changes in the true translocation rate constants of 
cation-carrier complexes (k ~s) and /o r  in those of free 
carriers (k '  and k'+). 

Under the present experimental conditions, the 
rate-limiting parameter of  Na + transport seems to 
have been the concentration of free carriers (M')  avail- 
able at the external membrane-solution interface, en- 
suring the back-diffusion of the carrier towards the 
internal interface. This concentration was indeed very 
low, since only 0.001% of the total carrier ( M  t ) w a s  
located at the external interface under its unproto- 
hated form M'. However, the electroneutrality of the 
external and internal buffers was maintained during 
transport by a N a + / H  + exchange through the mem- 
brane, i.e., the external pH alkalinized during transport 
at an increasing rate with the initial rates of H + 
influxes and consequently with those of Na + effluxes. 
Since the concentration of unprotonated carriers (M')  
increased with the external pH, then the higher the 
initial rate of Na + effluxes from LUV, the lower the 
rate-limiting character of the back-diffusion of the free 
carrier. These events obviously occurred when either 
the (221)CI0 concentration (Fig. 3) or the temperature 
was raised, or when the mole fraction of cholesterol 
was lowered. 

The values obtained here on the apparent activation 
energy (EA) necessary for Na + transport to occur are 
in the range (15-55 kcal mol -~) of those reported in 
the literature on the temperature dependence of alkali 
cation transport by macrocyclic antibiotics [45-50] and 
eryptands [30,31]. At any given mole fraction of choles- 
terol, the values of the apparent activation energy (E A) 
decreased significantly with increasing carrier concen- 
trations (C~) (Fig. 9~, A similar carrier concentration- 
dependence of the apparent activation energy (E A) has 
already been observed and discussed in the case of 
Na + transport through phosphatidylcholine mem- 
branes [31]. 

The relevant energy terms contributing the most to 
the overall activation energy of Na + transport were 
those relating to the following molecular processes 
(Fig. 2): (i) entry of the complexed intramolecular 
binding cavity into the membrane (k~sm); (ii) cation- 
carrier complex translocation through the lipophilic 
region of the membrane (k~s); (iii) cation release at 
the external interface (kd; and (iv) free carrier back- 
diffusion (k' and k '+) [30]. The partition equilibrium 
of valinomycin between water and membrane has been 
found to have a negative temperature coefficient, i.e. 
the total number of carrier molecules in the membrane 
decreases with increasing temperatures [47,49]. It seems 
likely that this also holds in the case of cryptands. If 
the free energy of the carrier partition is purely en- 
thalpic, then the overall activation enthalpy of cation 
transport is the sum of the negative free enthalpy of 

the partition and the true electrostatic activation en- 
thalpy [50]. A carrier concentration-dependence of the 
free enthalpy of the carrier partition may have arisen 
from a variation, with the carrier concentration, in the 
energy level of the carrier species in the aqueous 
phases. The number of negatively charged phospha- 
tidic headgroups interacting with one positively charged 
carrier molecule at the surface of the membrane was 
lower at high than at low carrier concentrations. The 
energy level of the positively charged carrier species in 
the aqueous phases therefore increased with the car- 
rier concentration. As a resu' , the contribution of the 
negative free enthalpy of the carrier partitioning to the 
overall activation enthalpy increased and the activation 
energy for the entry of the cation-carrier complexes 
into the membrane decreased with increasing carrier 
concentrations. The apparent activation energy of 
cation transport thus decreased at high carrier concen- 
trations. Neither the true translocation rate constants 
of free carriers (k '  and k'+),  nor those of cation-car- 
rier complexes (k~s)  depended on the carrier concen- 
tration under experimental conditions where the ef- 
fects of  electrical repulsion among complexes were not 
rate-limiting. The other molecular process which might 
have been involved in the decrement of  the overall 
activation energy of Na + transport observed at high 
carrier concentrations, was the dissociation of cation- 
carrier complexes at the external interface. The only 
possible explanation for this decrement was that during 
transport, the higher the carrier concentration, the 
higher the number of positively charged complexes 
arriving at the external interface, and therefore, the 
higher the increase in the ionic strength induced by the 
presence of these complexes within the membrane. 
According to Perrin [51], the increase in the ionic 
strength may have induced a rise in the ionization 
constants of the amine groups of the binding cavity of 
(221)Cio (increase in pK  t and p g  2 values), thus 
favouring proton binding inside the intramolecular cav- 
ities and the release of Na + ions. The apparent activa- 
tion energy necessary for the dissociation of complexes 
at the external interface, and consequently that re- 
quired for Na + transport to occur, thus decreased at 
high carrier concentrations. 

The values of the ratio between the apparent rate 
constants (k)  in the absence of cholesterol and those 
determined at mole fractions of cholesterol of  0.43 
(ko/ko.43) ranged between 1.7 and 2.3 (Figs. 6 and 7). 
A similar dependence on the cholesterol molar fraction 
was found to exist in the case of the valinomycin-Rb + 
system as regards the translocation rate constants of 
the free carriers and complexes through the mem- 
branes as well as the association rate constant of Rb + 
ions with valinomycin [16-19]. The magnitude of the 
cholesterol-induced change in the values of this ratio 
(ko/ko.43) was found to decrease with increasing tern- 



peratures (Fig. '7). This finding is in agreement with the 
fact that at high temperatures, the effect of cholesterol 
on the membrane fluidity may have been partly coun- 
terbalanced by the effects of the temperature on this 
parameter. It has been reported in fact that the fluidity 
of multilamellar dispersions of dioleoylphosphatidyl- 
choline increased more strongly with the temperature 
at high than at low cholesterol contents [6]. 

It has been now clearly established that cholesterol 
modulates the ionic permeability of membranes mainly 
by reducing the membrane fluidity and membrane 
thickness [1], and by increasing the dipolar potential 
within the membrane (positive inside) [14,57.,53]. Since 
the binding cavity of (221)C!~-cryptand is relatively 
inflexible, then the size and shape of the various car- 
rier species (MH22 +, MH +, M, MS +) may be almost 
identical. Consequently, the magnitude of any varia- 
tions in the translocation rate constants of the free 
carriers and complexes induced by changes in the 
membrane fluidity and thickness upon incorporation of 
cholesterol is likely to be similar. A change in the 
dipolar potential of  a membrane may affect the stabil- 
ity constant of the cation-carrier complexes, the ioniza- 
tion constants of  the carrier if it is ionizable, and the 
translocation rate constants of the electrically charged 
species as well as their partition coefficient. The rela- 
tive magnitude of these effects depends on the location 
of the adsorption plane of the species concerned with 
respect to the dipolar layer. Owing to the high hy- 
drophily of the binding caviB of cryptands [38], it can 
safely be assumed that cation and proton binding into 
the intramolecular cavity occurred towards the aque- 
ous side of the dipole layer [29,30]. Consequently, the 
stability constant of the cation-carrier complexes and 
the ionization constants of the free carriers as well as 
the partition coefficient of  all these species may have 
varied only slightly when the cholesterol molar fraction 
increased in the membranes, whereas the increase in 
the dipolar potential of the membrane induced by the 
cholesterol may have reduced the translocation rate 
constants of the electrically charged species (MH~ 2+, 
MH +, MS+), since these had to surmount an addi- 
tional potential to cross the membrane. The choles- 
terol-induced decrease in the apparent rate constant 
(k)  observed here may therefore be attributable to 
effects of the fluidity on the translocation rate con- 
stants of the free carriers (k '  and k") and to effects of 
both the fluidity and the dipolar potential on the 
translocation rate constant of the complexes (k~s  and 
k~s).  The effects of  cholesterol on cation transport by 
cryptands may thus differ from those induced on the 
transport by valinomycin, mainly due to the fact that 
the adsorption plane of the valinomycin complexes has 
a different location, i.e., towards the hydrocarbon side 
of the dipole layer [16-I9]. 

The carrier-concentration dependence of the appar- 
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ent activation energy (EA) observed in this study (Fig. 
9) may be attributable to a decrease in the activation 
energy necessary for the complexes to enter into the 
membrane at the internal interface and for the dissoci- 
ation of the complexes to occur at the external inter- 
face, Since covariance analysis did not show the exis- 
tence of any significant effect of  cholesterol on the 
value of the slope of the E a vs. C~  regressions, it is 
suggested that the sterol may not have significantly 
modified the rate constant of the cation-carrier com- 
plexes partitioning between water and membrane ( k ~ )  
or the dissociation constant (k d) of these complexes. 
This would be compatible with the idea that choles- 
terol had no effect on the stability constant of the 
cation-carrier complexes. On the other hand, the ap- 
parent activation energy (E A) necessary for Na + trans- 
port to occur increased with the cholesterol molar 
fraction in the membrane at any given carrier concen- 
tration. As seen above, this increase may have been 
mainly due to an effect of the fluidity on the transloca- 
tion rate constants of  the free carriers (k '  and k") and 
from effects of both the fluidity, and the dipolar poten- 
tial on the translocation rate constants of the com- 
plexes (k~s  and k[~ s) through the membrane. 
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