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Rate constants and activation parameters have been determined for the transport of Pr3+ _ lens by the ionophore A231 87 
across dipalmitoyl phosphatidylcholine vesicular membranes. The novel method descriied depends on the measurement of 
changes in chemical shit of the lH-h%IR choline headezoup signals as Pr3+. IS transported from outside to inside the 

vesicles. The determined rates are directly proportional to A23187 concentration, suggesting that the rate-determining step 
involves the species [Pr(A23187)] 2+ A theoretical analysis of the initial stages of Pr3+ _ transport leads to the conclusion 
that diffusion over the image potential barrier is the rate-determining step. Calculation of the form and height of this barrier 
for the non-eqGliirium state gives results which agree well with the experimental activation energy and also correctly pre- 
dict a two-fold reduction in rate of transport when 7 mol ‘5% decane is present in the bilayer. 

I_ Introduction 

In order to gaiu insight into mechanisms by which 
me-4 cations are transported across biological mem- 
branes, extensive use has been made of the carrier 
molecules known as ionophores [l-33 _ One of these 
ionophores A231 87 [4] is specific for divalent and 
trivalent ions [SJ and has therefore been widely used 
to study Ca2* transport and function in membranes 
[63_ However, detailed knowledge of the mechanism 
of ionophore-mediated transport, even in model mem- 
brane systems, is still lacking and there are puzzling 
discrepancies concerning the stoichiometry of the 
species involved [7,8]. 

To attempt to throw further light on some of the 
possible molecular species and mechaudsms of trans- 
port we have developed a novel method using high- 
resolution NR spectroscopy. It has been shown that 
IH, 31Paud 13C-NMR can be used to distinguish the 
inner and outer surfaces of phosphatidyl choline 
vesicles by adding paramaguetic lanthauide ions to the 
vesicle solutions [9,10]. Ions such as Pr3+ or Eu3+ 

shift the ‘H signals from the extravesicular surface of 

the vesicles leaving the signal from the inner half of the 

bilayer unshifted. A preliminary publication [I 31 has 

indicated that the rate of transport of Pr3+ across 
dipalmitoylphosphatidyl choline (DPPC) vesicular 
membmnes by the ionophores A231 87 or X537A can 
be followed using the time-dependent alterations in 
the ‘=NMR spectrum. 

We now report the details of a considerable im- 
provement in the method (using shift rather than 
broadening data) from which rate constants and activa- 
tion energy parameters are calculated. We also report 
the effect of including n-decane in the phospholipid 
bilayer in order to relate our work to that based on 
the Mueller-Rudin type of lipid membrane [ 12,8]. 
A detailed theoretical analysis is made of various possi- 
ble mechanisms for the initial stages of Pr3+-A23 187 
transport in the light of the experimental data. Good 
agreement is obtained by postulating that the species 
transported is [P1-(&23187)]~+ and that its diffusion 
over the image potential barrier is the rate-determining 
process. 



2. Materials and methods 

DL-ru-dipahnitoyl phosp~tidyi choline @PPC) and 
praeseodymium chloride were purchased from Koch 
Light. The purity of the DPPC was checked by TLC; 
no traces of lysophosphatidyl choline were seen after 
sonication procedures. The ionophore A23187 was a 
gift from the Mly Research Centre. n-Decane was 
obtained from BDH. 

2.2. Preppmtion of vesicles 

The vesicles were prepared by sonicating 50 mg 

of DPPC in 2 ml D20 for 10 minutes at 50-6O”C, 
using a L)awe Soniprobe Type 573A fitted with a 
microtip, at a setting delivering approximately 25 
watts. Under these conditions it has been shown that 
a homogeneous population of small vesicles is pro- 
duced, each containig a single lipid bilayer [ 131. The 
DPPC vesicles so formed have consistent average 
diameters of 26 nm, as deduced from the ratio of the 
signal areas from the outer and inner phospholipids, 
which is 1 S in a large number of our recorded samples. 
The homogeneity of the vesicles was also checked 
using electron microscopy of freeze-fractured samples. 
In order to ensure that the condition of each vesicle 
sample was similar, they were not allowed to fall 
below SO°C before oxnrnencing the recording of 
NMR spectra. For the same reason they were not 
centrifuged, but the sonic&or probe tip was repolished 
after every few sonications, a procedure which avoided 
contamination by Ti particles from the microtip. 

incorporation of n-decane into the DPPC vesicles 
was carried out by dissolviug weighed amounts of 
DPPC and n-decane in chloroform, then removing the 
solvent under a stream of nitrogen, followed by 
evacuation. The accurate mole Fwas then based on 
the final weight of material. The DPPC-decane mixture 
was then sordcated as above. 

Exactly 1 .O ml of DPPC vesicles in D,O (prepared 
as described above) were placed in an NJ@2 tube and 
inserted in the mapetic field of the spectrometer. 

A JEOL C-6OHL ‘H NMR spectrometer was used, 
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Fig. 1. Calibration graph giving the differences in chemical 
shift (&) between the outer (0) and inner (Ii choline ‘H- 
h%%R signals obtained from DPPC vesides as a function of the 
concentration of F?r3* ions in the irmavesicular region {Pr3%. 

Extravesicular Pr3’ concentration, @r3+]o constant 2t 5 mbl. 

fitted with a calibrated temperature control. When 
the tube reached the desired temperature standard 
praeseodymium chloride solution was added to the 

tube so that the concentration of Pr3+ ions outside 
the vesicles reached 5 niM. This was achieved by adding 
to the vesicle solution 20 4 of a stock solution con- 
taining 0.426 mg PrCl, - 6H20 dissolved in 5 ml D20. 
The use of hydrated praeseodymium salt enables an 
HOD peak to be obtained whkh is useful in optimising 
the resolution of the spectrometer. The initiaJ spectrum 
of the outer 0, and inner I, choline head-group signals 
were recorded. Next, a known concentration of A23187 
was added to the same NMR tube in rnicrolitre quanti- 
ties from a stock solution containing 5 mg of A23187 
in I ml of absolute ethanol. NMR spectra in the region 
of s@nals 0 and I were then recorded at regular time 

intervals, and the difference in chemical shift, LSY be- 
tween signals 0 and I noted. 

The change in chemical shift difference AV is not 
directly proportional to the concentration of Pr3+ 
arriving on the inside of the vesicles, ~~3i- Hence, in 
order to determine the rate constants a calibration plot 
was obtained of .&v against C~3i. This was obtained by 
sonieating DPPC in the presence of varying concentra- 
tions of Pr3’ and then adding e ions to the outside 
of the vesicles so that the total concentration in the 
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extravesicular region was 5 mM. The calibration plot 
used in these kinetic experiments is shown in fig. 1. It 
is important to note that in preparing vesicles con- 
taining known concentrations of Pz* in the intra- 
vesicular space, the DPPC was shaken with the D20 
solution of Pr3+ at the required concentration for at 
least one hour at 50-60°C prior to son&&ion. 

Kinetic experiments were carried out at various 
temperatures between 50°C and 75”C, i.e. above the 
gel to liquid-crystal transition of DPPC (42°C) and at 
different concentrations of A23 1.87. 

Recently Iawaczeck et al_ [143 have reported that 
DPPC vesicles become appreciably permeable to 
pammagnetic ions at elevated temperatures. We have 
held sampies of DPPC vesicles at temperatures up to 
90” for 3 hours (which is considerably longer than 
the time scale used in the transport experiments) and 
there was no change in the signal ratio of signals O/I 
and no change in Av. This indicated that the vesicles 
remained impermeable to Pr3’ alone. The discrepancy 
with Iawaczeck’s results cannot be explained but 
may be due to trace amounts of other lipids, below 
the concentration detectable by TIC, occurring in the 
different commercial samples of DPpl used. In any 
.case, Iawaczeck does not observe the gradual down- 
field shift of signal I, which is characteristic of the 
ionophore-mediated transport. Rather he observes an 
increase in signal 0 and loss of signal-I so that a quite 
different mechanism must be postulated for the 
presence of Pr3+ inside the vesicles_ The results reported 
here thus remain valid since they are concerned olzly 
with the ionophore-mediated transport of Pr3+. 

3. Results 

The rate of transport of Pr3+ is then determined by 
measuring the change in chemical shift of the choline 
signal (1) from the inside of the vesicles. As the iono- 
phore A23187 transports the Pr3+ ions from the out- 
side to the inside of the vesicles, the inner peak I is 
shifted downfield towards outer peak 0, as shown in 
fig. 2. The outer signal 0 does not shift during transport 
because of the excess I?r3+ in the extravesicular region. 
Using the call&ration plot in fig. 1, the concentration 
of Pr3+ arriving in the intravesicular space IPr3+)i, 
can be determined. 

-, 
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Fig. 2. ’ H NhlR spectra at 66°C of the choline signals of 
DPPC vesicles containing 5 mM Pr3+ in the extravesicular region. 
The spectra show the result of transport of Pr3* *to the intra- 
vesicular region by A23187 (10 &~g/25 mg DPPC) after (a) 0, 
@) 2.5, (c) 4.75, (d) 7.25, (e) 10.25, (f) 17, (g) 32.5 and (h) 
54 min. 

3.1. Rate comtan ts 

Plots of {Pr3’}i against time enable the rate con- 

stants for transport to be calculated from the slopes 
of the straight lines obtained_ The linearity of the 

plots during the initial stages of the transport indicates 
that the rare u, at which Pr3+ ions arrive in the intra- 
vesicular space is zero order with respect to the intra- 
vesicular concentration {Pr3’)i. That is, u = 
d{Pr3+}Jdt = k, the zero order rate constant. The extra- 

vesicular concentration {Pr3+] o, remains effectively 

constant at 5 mM since’{Pr3+)o S iA23187). Fig. 3 
shows a typical plot of {Pr3’}i against time. 

3.2. Activation energy 

Rate constants were obtained at various tempera- 
tures between 50°C and 75”C, keeping the concentra- 
tion of ihe ionophore, {A23187), constant. The 
activation ener,7 E, for the transport of Pr3+ was then 
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Fig. 3. Kinetic plot of concentration of Pr3’in the intra- 
xGzuiar region {pIa+}; as a function of time, t. at 66°C for 
10 ~19 A231 P7f25 mg DPPC Extravesicular P? concentra- 
tion, {Pr3+}, = 5 n-&f _ 

obtained from the Arrhenius plot and is shown in fig. 
4. The value of 116 k J mol-’ (27.7 k cal mol-‘) 
agrees quite well with the theoretical prediction. 

3.3. Depe&alce of mte of rramporr OH A 23187 con- 
centration 

The order of the rate of transport of Pr3* with re- 
spect to A23 157 was determined from the slope of 
the straight line obtained by plotting log k,, against 
log {A23187). This plot is shown in tig_ 5(a) and the 
slope was found to be 1 .I. On plotting kobs against 
{A23187} a straight line is obtained passing through 
the origin as seen in fig. 5(b). The rate of transport is 
hence first order in A23 187. 

2-8 

Fig. 4. Arrhenius plot for transport of Pr3* by A23187 (10 WI 
25 mg,DPPC) with extravesicular Pr3+ concentration, @r”*], 
= 5 mM. 

(b) 

Fig. 5. (a) Plot of the log of the observed rate constants of 
transport of Pr3+ by A23187 through DPPC vesicles at 60°C 
as a function of the log of the weight of A231 87. (II) Plot of 
the observed rate constants of transport of Psj by A23187. 
through DPPC vesicles at 60°C as a function of the weight of 
A23187 in micrograms 

3.4. Dependence of mte on presence of decane in the 
bilayer 

The results are summarised in table I_ It is clear that 
the presence of n-decane considerably lowers the note 
of transport. The result is similar to the effect of 
n-decane on the rate constant of translocation, Kms, 
for the valinomycin-Rbi complex throu& glycerol- 
monooleate planar membranes, as reported by Benz 
et al. [12]. 

4. Theoretical models 

The theoretical section is devoted firstly to an attempt 



Table 1 
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Rate constants ksooc for A23187-mediated tmnsport of Ps* across DPPC vesicular membranes compared with values of k60°c 
obtained usirg membranes containins 7 mol% n-decane 

Concentration of 
A23187 added 
outside vesicles 

Rate constants, kbOOc Cm mol-’ min-’ ) X 1 O2 
-. 

vesicles con?aining vesicles containing 
no decane 7 mol% decane 

-- 

1 O&SO DPPCJ mg 
2mlD20 

2.70 1.63 

ISJ+.$SO mg DPPCf 5.36 2.64 
2 ml D20 

to establish the nature of the rate controlling mechan- 
ism for charge transport across the bilayer, and second- 
ly to attempt to model the process. 

The Stokes-Einstein relationship shows that vesicles 
of diameter 26 nm will tumble in dilute aqueous solu- 
tion at a rate of lo6 s-l _ Thus the effects of unstirred 
layers and local depletion can be neglected [16]. 
Initially the possibility will be examined that pure dif- 
fusion across the hydrocarbon region, which forms the 
bulk of the layer, is rate limiting. Although this is 
readily shown to be impossible the discussion of this 
point is taken to some length as the results are required 
later. 

4.2. Aue diffision control 

The hydrocarbon chain part of the bilayer, hence- 
forth called the residue region, is considered as a bulk 
n-alkane. As the complexed ion is large, one might 
expect it to be well described by the Stokes-Walden 
relationship [17]. This states that the magnitude of 
the measured activation energy 9, for diffusion (and 
drift mobility) is equal to the magnitude of the activa- 
tion energy 9 of the shear viscosity of the ?rost 
medium, which in 7%~ case is a bulk n-alkane. For 
small IrighIy mcbiIe ions there is some departure from 
the Stokes-Walden relationship and Grn is found to e 
closer to l-5 @,. 117.181, but for large low-mobility 
charge carriers this departure is not observed [ 191. So 
for the large A23 1 87/Pr3+ complexes, Grn is expected 
to be close to &,_ For n-alkanes 4 rises rapidly with 
chain length, up to --Cl,, but above that the rate of 
increase falls off [ 173. The resulting +m values are 
much lower than the present measured activation ener- 
gies. Even for allcanes up to C3, the Grn value would 
only be 16.4 kJ mol-’ (3.9 k cal mol-I). 

One could possibly argue that the n-alkane descrip 
tion is too over-stnplified. After all, the lipid exhibits 
liquid crystal behaviour [20], so that it is worth while 

looking at values of Qrn measured for organic liquid 
crystals. Extreme model substances might be MBBA 
(N-P-methoxybenzylidene-p-n-butylaniline) and CBOA 
(N-P-cyanobenzylidene-pn-octylaniline), for which &., 
is 29-39 kJ mole1 (6.9-9.2 k cal mol-‘) in both 
the nematic and isotropic states [2 1,22,39 ] _ For 
liquid crystals exhibiting a cholestrolic phase the 
viscosity activation energies do tend to be somewhat 
higher than for the alkanes [23] _ For example. the 
cholestrylesters of long chain fhtty acids, e.g. cholestryl 
palmitate and cholestrylstearate, have values of about 
42 and 50 kJ mol-’ respectively. These are still too 
low to account for the present activation energies. In 
any case, as with MBBA and CBOA, such substances 
are extreme case models and the alkane picture of the 
residue is more realistic. 

It is therefore unlikely that pure diffusion through 
the hydrocarbon region would exhibit a sufficiently 
high activation energy to be the rate limiting process. 
Further support for this conclusion comes from White 
[24] who provides evidence for greater overall mobility 
within the lipid’s hydrocarbon region than wouid occur 
in the appropriate bulk n-alkane. This makes it likely 

that activation energies in the residue region would be 
even lower than the bulk figures quoted. 

It is possible to reach the same conclusion rather 
more directly by making an upper-limit estimate of the 
absolute value of the diffusion coefficient De needed 
to explain the present results by a diffusion-controlled 
process and comparing it with an appropriate alkane 
diffusion coefficient Da_ 

The result for De, as would be expected from the 
comments on activation energies, is many orders of mag 
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nitude lower than a prediction of the likely diffusion 
coefficient of complexed ionophores in phospholipids, 
based on an alkane residue picture. The estimate of 
De is obtained as follows: 

The distance h travelled by diffusing entity in r 
seconds is given by 

m-9. 

Thus the order of time r, taken to reach diffusive 
equilibrium in a vesicle of diameter 200 A is given by 

‘i-, - (2 x lo- ‘0)*/D s (2) 
Eq- (2) errs on the conservative side as it assumes 

that all the vesicle is composed of phospholipid rather 
than the less viscous water- In the present experimen- 
tal situation equilibrium is not easy to define exactly, 
but certainly has not been reached in a hour- Thus: 

D 
e 

(0 x lo-8)2 z 1o-19 ,2 s-1 

3.6 x IO3 

The estimate of D, based on viscosity measure- 
ment on alkanes combined with the Stokes-Walden 
relationship mentioned previously [I 71, leads to 
Da - 10-l* m2 s-l for charge carriers of the dia- 
meter of the complex- 

Thus a comparison of the absolute values of D, 
and D, reinforces the argument that pure diffusion 
across the residue region is not the rate limiting 
process. 

4.3. Dffusion over the image barrier as the m?e 
Zimitiqg process 

Having concluded that the rate limiting step is un- 
likely to be pure diffusive transport, the effects of 
the image potential barrier are now included. The 
rate limiting step is then assumed to be the diffusion 
over this barrier of one of the species [R&4231 87)] 2+ 
or [(pr(A23187)2]+. Initially, the form of the poten- 
tial barrier is established as follows. 

4.4- Models for the barrier and rhe complex 

Cwing to electrical forces experienced by a charge_ 
near a polar/non-polar interface, the charged complex 
must do work in crossing the residue region. The 
presence of the two boundaries forming a single bilayer 
would result in a symmetrical barrier. However, there 

is some deformation of the symmetrical barrier pro- 
duced by the polar&&ion of the bilayer on the opposite 
side of the vesicle. (wau curvature, and its effects, 
are insignificant over most of the vesicle because of 
the large relative size of the vesicle compared to the 
complex) 

The bulk of the treatment of the barrier is present- 
ed in Appendix Al and the general conclusion is that 
it is justifable to use as a model an infinite plane slab 
of non-polar material surrounded by a polar phase- 
This is also the model generally used for Mueller- 
Rudin ‘black’ lipid biiayer transport calculations 
[12,25,26]- 

The [Pr(A23287)]2+ complex is conventionally 
modelled by an equivalent composite sphere [25]- 
The inner core region from the ionic radius to a radius 
r is assumed to be composed of the polar and hydro- 
gen-bonded groups, while the outer layer from r+ a 
corresponds to the non-polar groups (mainly CHs)- 
These outer groups will have a lower local dielectric 
constant .cI approximately equal to that of the 
saturated residue region, i-e. er a 2. As the available 
X-ray data on A23 187 complexes refers to a crystal- 
line complex with Ca [28 J it was necessary to estim- 
ate a and r using the appropriate Van der Waals 
volumes [27] _ 

To determine the charge on the complex, the 
number of and the state of iordsation of the A23187 
units participating is required- Experimentally, the 
rate constant is proportional to ionophore concentra- 
tion. Thus the simplest kinetic interpretation is assumed 
i.e. that one A23157 is unit involved- This is support- 
ed by earlier results using the n-m-r. method [l l] _ 
Since the ionophore permeates in from the aqueous 
phase the COOH group is assumed to be ion&red so 
that the most likely net charge on the complex is two 
fundamental units, corresponding to a species 
[Pr(A23187)]2+- (See also section 5.) 

The potential Q in fig. 6(a) tends to infinity as 
x + 0 and x + 21Y. This is a consequence of the use 
ofideal abrupt interfaces. Consequently it is necessary 
to examine the situation where the complex is close 
to the interface- For convenience the case is considered 
of a complex moving in the hydrotirbon residue region, 
towards rather than away from the polar head-groups- 
A detailed analysis of the behaviour of Q when the 
complex is at or within a distance equal to its own 
radius from an interface is not feasible since there is 
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Fig,. 6. Image barrier potential Q in relation to the bilayer. 
For signt%aace of redons 1, II and III see text. @) Barrier 
truncated at xa and 21Y - xc_ 

not enough information about the complex/interface 
conformation. The conventional way of overcoming 
this type of interfacial Gngularity problem is to use 
a monotonic function to join the potentials on 
either side of the interface, joining being done at points 
where these potentials are known with some confi- 
dence. Neumcke and LZuger adopt this approach in 
their analysis of the steady state conductivity of a 
black lipid membrane 1263. As an approximation they 

retain a point-charge expression for the potential of 
their spherical-ion model to within one ionic radius 
of the interface. This does not produce a large error 
in the magnitude of the potential as is shown by com- 
parison with the more realistic sphere model in _ 
Appendix Al _ (For a single interface the more 
realistic sphere model and the point potential agree 
reasonably well up to about 6 A from the interface.) 
However, the errors in the derivatives are substantial 
and would affect the joining function_ Neumcke and 
Guger estimate the energy of the ion in the polar 
phase by using the bare ionic radius in the Born model. 
This neglects the discrete and bound nature of the 
solvation shell. Examples of the errors in the Born 
model are given by Moore 1291. 

The above approach, with some minor modifications 
would appear to be the senstble one to adopt in the 
present situation. Unfortunately it is not possible to 
do so as the errors involved in joining would be far too 
large. This is because the above analysis 1261 treats 
the case of an ion transferring unchanged from the 
aqueous retion into the bilayer; there are no sudden 
potential variations involved. While in complete con- 
trast, the present situation involves large changes in 
the radius and net charge during the transfer. Any 
attempt to incorporate the resulting abrupt potential 
changes across the interface would not only be very 
complicated but would introduce an unacceptably 
large uncertainty in the potential. To circumvent this 
problem a rather more physical approach is developed 
for the present calculations. Basically this method 
serves to define a truncation point for the image 
potential; see fig- 6(b). 

In general terms one can say that for x < a the 
gradient of the potential will rapidly tend to zero as 
the complex begins to enter the polar head-group 
region. Two effects will be contributing to this. First- 
ly, the beginning of the entry of the charged complex 
into the polar phase. Secondly, and superimposed 
upon this is the positional uncertainty in the location 
of the complex centre relative to the mean interface. 
This uncertainty is due to the continuous conforma- 
tional fluctuations of the highly mobile lipid head- 
groups. Thus one would expect the potential to 
flatten out in the region where it is impossible to say 
with any confidence whether the complex is still 
wholly in the residue or whether it has begun to enter 
the polar head-group region_ Thus in moving from the 



interface to the potential maximum the complex must treatment is only valid for the initial stages of trans- 
surmount a barrier AQ whose lower bound is given by port. 

A@ > 0023 - Q(u) (3) 

An upper bound to AQ can be obtained by noting 
that when the complex ccntre is =G r from the inter- 
face 2 substantial part of the complex can with some 
certainty be said to be within the polar head-group 
region. Irrespective of the details of the process, that 
part of the complex will be destabilised laying bare 
the inner polar core. At r this polar core edge is co- 
incident with the mean inte_rface so one is forced to 
conclude that the core region is now effectively part 
of the head-group region. lbis is a sufficient condition 
to say that the complex has left the residue region. 

Having defined ?z one can then set up an equation 
for the ensemble average flux density, 3, within the 
residue region in terms of drift flux, .7sft, and a dif- 
fusion flux, .iais where 

J=J,,+Jd,ia 

or in terms of n 

(5) 

‘Thus the potential flattens out at a distancexo 
from the mean polar/non-polar interface somewhere in 
the range LT >xo > z It seems more likely that xo is 
closer to r because the net charge lies within the cen- 
tral region and the outer non-polar groups are almost 
indistinguishable from the residue medium. Thus it 
would appear that a reasonable first approximation 
for A@ is 

.i = -DV?r + Epz (6) 

and 

E = -VC$. (7) 

Here D is the diffusion coefficient and r.r the drift 
mobility of the complex. The flow process is thus a 
diffusion migration over the potential barrier defin- 
iilgE_ 

A@ = o(W) - Q(r). (4) 

The planar approximation used in deriving the 
barrier shape (see Appendix) means that the only 
spa&l variable appearing is x. At this point a formal 
approach to the problem would involve substituting 
JaiR 2nd .7&o into the continuity equation and solv- 
ing this for n(x. t) subject to the initial and boundary 
conditions. This is very difficult, partly because of 
the form of E(x), but mainly because of the rather in- 
compatrble nature of the initial condition 

4.5. Tmtzsport mte caicuiution 

Having established the form of the potential barrier 
it is now necessary to calculate tbe flow rate over 
this into the inner aqueous region. 

Under the prevaIing experimental conditions the 
fiow into individual vesicles is a highly discrete process 
rather than a good approximation to a continuous 
flux which could be treated by conventional continu- 
um transport theory. At the concentration of Pr3+ 
used (5 mM) the equilrbrium number of ions within 
each vesicle is only of the order of 10. However, 
provided there is negligible interaction between the 
transporting entities and those already accumulated, 
one could consider n very large number of equivalent 
systems and define a continuum ensemble average 
concentration, 22, over the population of vesicles. 

The non-interaction condition ic necessary because 
otherwise the electric field E will have an additional 
component arising from the charges which have been 
already accumulated &thin the vesicle. Hence this 

H(X, 0) = 0 forxo <x< W 

and the boundary condition at the outer polar inter- 
face of the vesicle 

n(x(-J. t) = iv, _ 

This forces one to use a stretched coordinate system 
near x = 0 and use methods similar to those used for 
boundary layers in fluid mechanics. It was not felt 
that the system was physically sufficiently precisely 
defined to warrant such an approach merely for a 
small-time solution of the problem. This is particular- 
ly so because a reasonable approxikate solution can 
be obtained very readily as follows. 

Examination of the potential barrier shows that 
there are three distinct regions (designated I + III in 
fig. 6(a)). Firstly, the flat top of the barrier, region I, 
where the electric field strength, E, is very low and 
consequently the drift flux is negligible; this requires 
that the ilow over the barrier top is diffusion controll- 
ed. The width of the region is 2h, where h is evaluated 
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subsequently. Secondly, there is the outer region. Ii, 
of the residue, i.e. W - h > x > 0. Here the direction 
of the electric field causes the drift flux to oppose 
diffusion into the vesicle. T&s region constitutes 
the sxmrce of the ion flow to the vesicle. Thirdly, 
there is the inner residue region III, (2 W > x > W + A), 
where the electric field aids the inflow. The field 
strength increases rapidly towmds the inner polar inter- 
face at x = 2W, sweeping any transporting entities 
rapidly towards the second polar interface and hence 
to the inner aqueous region. During the initial stages 
of transport there is negggiile accumulation and con- 
sequently the diffusion flux here is insignitieant. Thus 
over most of the range 2W > x > W i- X, one can say 
with confidence that region III acts as a sink for 
transporting entities crossing the barrier top and to 
a good approximation n will be zero there. This con- 
clusion is reimorced by a subsequent argument con- 
cerning the order of magnitude ofJti,_ 

Since region III acts initially as a sink then the 
flw density J into the inner regions of the vesicle 
will be equal to the diffusive flow over the barrier 
top which supplies region III. The mean value of.i 
taken over the barrier top is given by 

The problem thus reduces itselfto obtaining rea- 
sonable estimates for n( W f ii). 

Now it has already been established that over most 
of region III, zz x 0 and in the next section the value 
of zz in region II is obtained. It then remains to de- 
termine how to match the three sections together in 
order to evafuate n(W f X) at the joins. 

It was shown in section 2.1 that a pure diffusion- 
controlled process would lead to equilzbrium times 
vastly too short, In terms of the ensemble average 
fluxes this means that the diffusion tlux JdiE would 
be enormously larger than the net flux. An alternative 
to using the *T argument of section 2.1 is to use 
No/IV as a very coarse order of magnitude estimate 
of <&z/&z>. T&s leads to the same wncfusion. Re- 
membering that in region IIftifi and JtiR act in 
opposition, one must conchzde from equation (5) 
that to a very good approximation over most of the 

outer part of the bilayer (region II) 

J&ift -FJ&ff = 0. (9) 

Thus the transport is a quasi-static process. Eq- (9) 
enables eq- (6) to be integrated immediately yielding 

n(x) =No expi f Edx 

x0 
(10) 

which is simply the Boltzman distribution in terms of 
the concentrationNu at x =x0 and the electrical 
potential -IX: E dx This is more recognisable if one 
uses the Einstein relationship j17,l S] to obtain 

JZ(X) = iVo exp - c&Wk1 
kT 01) 

4. Z Cozzcerzzmtion z3z regkuz 111 

In this region diffusion and drift aid each other 
rather than act in opposition and hence neither of 
their contributions can exceed the measured flux- 
Thus to the same order of approximation as in section 
4.6 JdrXt = Jaiff = 0, wl-jch implies n = 0 within 
region III, and reinforces the previous arguments 
about this region. 

4.8. W&ith, 2A, of Uze diffisiorz cozzrrolled regbz I 

l%he next step is to calculate the width, 2X, of the 
central diffusion region_ The upper limit to h is de- 
termined by the point at which the mean drift rate 
is equal to i!x mean diffusion rate. It can easily be 
showrz that this occurs when the electrical work done 
in tranfling a distance X equals kT, thus applying 
this criterion to diffusion from W + X to the barrier 
top gives 

@(IV) - $J(W f X) = h-T (12) 

from which X can be either caIcuIated from equation 
(A2) or determined from the potential plot. 

4.9. c&Zd&iOJl Of ?l?e COJZCeJZ?JUtiOJZS Ut t!Ze end pOiJZrS 

of di@%mimz-cozzfr&ed region 

It now remains to determine how to use the‘soIu- 
tions obtained for the bulk of regions III and II to 
calculate the concentrations n(W k ii) at the region III 



concentration breaks down within a few kTof the 

barrier top at (W - h), defined by equation (12), 
that is, just at the required point. However, this can 
be readily resolved by approximating the shape of 
the potential barrier over the top few kTby linear 

segments. The slope of the seggents gives the field 
value in each segment. (As the barrier height is large 
with respect to kTand in any case the experimental 
error is substantially greater than kT, such an approx- 
imation is justified.) The section spanning the barrier 
top is given zero slope, which makes .idris also zero. 
The first sections in regions I and IIl then have slopes 
of _i El respectively and consequently have fvlite 
drift terms. If a&3x increases rapidly enough for 
x<W-Xandx>W+hthenEr islargeenoughto 
justify using the bulk region 1 and III solutions over 
these segments. Simiktrly, a@J,lax should fall off rapid- 
lyforx>W-_hdx<W+htowerdsx=Wto 
justify the pure d‘ffusion solution there. Provided one 
is prepared to alb~w an error of one or two kT in the 
barrier tog valut: this requirement can always be ful- 
filled by the process of slicing off the barrier top. In 
any case expanding Q to the first few terms in a Taylor 
series about M-shows that the potential barrier itself 
satisfies these requirements quite well. 

In this linear segment 2pproximation the solutions 
used are valid right up to the joint point where E 

changes discontiuuouslyy. Continuity of n then forces 
n(W? h) in region I to take on the values defmed by 
the region Il and IIJ solutions at these points. 

The above argument has a valuable by-product iu 
that it removes some of the arbitrariness in ?L For the 
more rapidly the potential varies either side of h the 
more compressed is the distance over which the drift 
flux tends to zero and consequently the more precisely 
h is defined. 

Thus one finally arrives at the following expression 
for 3 the flux density into the inner aqueous region: 

(13) 

In eq. (13) No is the concentration at x0 _ 
The quantity observed experimentally is not J but 

an NMR shift which is initially proportional to the 
concentration ZZ~ within the inner aqueous region 
close to the inner polar groups. On the experimental 
time scale over the population as a whole diffusion 
equihbrium will exist within this inner region, so 

ni is given by 

ati,lat = a i&3 - ds)la v (14) 

where s indicates integration over the surface of the 
inner aqueous region and V is the volume. Evaluating 
(14) for the experimentally observed spherical geom- 
etry of the vesicles produces 

where R is the vesicle radius. Hence using (13), the 
initial rate v is 

30 -4 IA03 v=~R~IV~ exp7. (1% 

The process responsr%le for No have been assumed 
not to be rate limiting, i.e. quasi-equihbrium has 
been assumed for them. This demands that No will 
reflect the same dependence on the concentration of 
A23 187 as the experimental rate constant, i.e. 

hro = CII, (16) 

where C, is the A231 87 concentration and /the 
equilibrium constant. Thus the final form of the 
initial rate v is predicted as 

(17) 

5. Comparison with experiment 

The total activation energy which would be ex- 
hibited by eq. (17) is given by 

WT = W, -i- WI +qA@, (18) 

where W, is the diffusion activation energy and WI 
is the activation energy for the complexation steps. 
Au estimate of WD based on the bulk alkane values 
discussed earlier puts in it the range 29 + 6 kcal 
mol-l _ It has been assumed throughout that I is 
definitely not the rate determining parameter and 
hence to comply with this assumption WI cannot be 
a large fraction of ?VT_ Further supporting evidence 
for this assumption is to be found in the high rates 
at which the rare earths undergo complexation reac- 
tions in general [30,31]. IfIwas dominant (e-g. if 
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complexation were the rate determining step), then 
transport would be controlled by a spatially localised 
reaction which can be descriied by transition-state 
theory [15]. Using the experimental value of the 
activation energy Ea = 116 kJ mol-’ , and the experi- 
mental rate constant k,,-p, = 2.70 X 10d2 m moll-l 
mm-r , the calculated entropy of activation is AS1 = 
0.0 J K-’ mol-l_ It seems extremely unlikely that if 
processes involving Iwere dominant then AS1 would 
be close to zero. Thus it will be assumed that to within 
experimental error lU, is negligibly small, so: 

W, = qA@ + W,. (19) 

Inserting the experimental activation energy for WT 

and assuming W, to be somewhere within the range 
specified above, this requires that qA@ should be 91 
to 103 kJ mol-’ (22 to 25 k cal mol-I). 

For the single A23187 unit per Pr3+ ion, which 
the experimental results indicate, a Van der Waals 
volume calculation produces an equivalent mean 
complex radius of 6 A. The non-polar outer shell con- 
sists mainly of the methyl groups. So subtracting this 
group radius of 2 A one obtains an inner polar shell 
radius of 4 k If, as indicated earlier, this inner-shell 
tidius is used to determine the point where the 
-potential gradient becomes zero, in fig. 6(b), one ob- 
tains a predicted value for q AQ of 114 kJ mol-l 
(27 kcal mol-l). The calculation is performed by 
substituting the above value for the inner polar shell 
radius into eq. (4) which is then evaluated by eq. (A-2). 
The degree of agreement between this prediction 
and the required mean value, 97 kJ mol-’ , is probably 
fortuitously close. However, even if the agreement 
had rather been worse, this value justifies the assump- 
tion made about IUr_ Thus the modelling assumptions 
appear to be self-consistent. 

Despite the good agreement with the experimental 
activation energy no attempt has been made to 
estimate the actual value of the rate u. As with all 
models involving calculations of large activation ener- 
gies, eq. (17) is very sensitive to the error bound on 
the exponent A@q/kT. Adding to this the very coarse 
approximations which would be made for the other 
unknown parameters it is easily possible for the 
predicted range of confidence in u to span many 
orders of ma_@tude. 

5.2. Concenfration dependence 

As the initial flow rate is predicted by equation (13: 
to be directly proportional to No the model exhrbits 
the observed concentration dependency on A23 187. 
It is interesting that Wulf and Pohl, in their study 
[8] of Ca2’ transport by A23187 in planar membranes 
also report a concentration dependence of A23 187 
consistent with a 1 : 1 complex. They found this result 
difficult to reconcile with their observation that trans- 
port was electrically silent, indicating the Ca(A23187)1 
complex. Co-trensport of anions or protons may be 
involved. In experiments to be reported eisewhere in 
full it has been found (G.R.A. Hunt, L.R.H. Tippiug 
and M.R. Belmont, unpublished results) that on in- 
corporating the A23187 into the vesicle bilayers 
during their preparation, the transport data is then 
consistent with a carrier species [H(A23187)2]-, in- 
stead of [A23187]-. 

5.3. Dependence on rz-decane in the bilayer 

Experimentally it is found that addition of 7 mol 
% decane to the lipid prior to sonication causes a 
reduction by a factor of 2 in the measured rate con- 
stant (table 1). 

The most energetically favourable location for the 
decane is in the middle of the residue region with a 
preferred orientation colinear with the residue chains. 
This has the effect of fluidising both halves of the bi- 
layer, lowering the gel to liquid-crystal transition 
temperature [32]. This will also affect the bulk residue 
properties and increase the barrier height by increasing 
the bilayer width. 

The coarsest estimate of the bilayer expansion is 
obtained by assuming an isotropic volume increase. 
However, this ignores the expected preferred orienta- 
tion of the decane. A more realistic approach is to 
assume that the presence of a decane molecul.: between 
opposing lipid molecules can further separate them 
by a distance 6, which ranges from zero to one decane 
chain-length. If there was a decane molecule associated 
with every pair of opposing lipid molecules then the 
bilayer would uniformly expand by 6, while at lower 
decane ccncentrations it is expected there would be 
iocel fluctuations up to a maximum of 6 _ However, 
the lipid is highly mobile above its liquid-crystal tem- 
perature and the decane level is not low, so the 



Table 2 
Predicted reduction in rate constant due to the raising of the 
energy barrier by bilayer expansion, S ) in presence of 7 mol 
70 of n-decane 

6 /decane length Fractional reduction irt rate am- 
stant 

0 1 
0.39 0.8 
0.37 0.7 
0.55 0.5 
0.74 0.4 
1.0 0.3 

transporting charges should see a uniform increase 
in bilayer thickness. This will be approximately equal 
to SF_ Here B is the mean chance of finding a decane 
molecule between a pair of opposing lipids and should 
be roughly equal to twice the mol fraction of the 
decane, i.e. 0.14 in the present case. 

The predicted reduction in the rate constant pro- 
duced by the bilayer expansion is given in table 2 as 
a function of aidecane length. 

As well as affecting barrier height the decane will 
increase X and Rand modify the residue region 
diffusion coefficient D. The effect on diffusion co- 
efficient is difficult to assess quantitatively, parti- 
cularly in view of the expected preferred orientation 
of the decane. However, the effect is likely to be 
negligibly small. This can be shown by adopting the 
coarse isotropic volume increase approach and apply- 
ing the mixing index technique [33] to the compo- 
nent viscosities [34]. The change in overall viscosity 
can then be made to yield the change in D by using 
the Sakes-Walden mobility relationship and the Ein- 
stein formula. The resulting change is of the order of 
170, thus a more precise approach seems unjustified 
as the effect is negligible. 

Similarly the effect on the potential barrier of 
the small change in permittivity produced by decane 
addition at 7 mol % also has a negligible effect on the 
rate constant. 

Thus the dominant effect should be the barrier 
height variation. Table 2 shows that the range of 
possible variation certainly spans the experimentally 
observed factor of 2 rate reduction_ The actual 
predicted 6 value for this reduction corresponds to 
0.55 of a decane chain length. (In other words, at 
addition levels of one decane molecule to each pair of 

opposing phospholipids the bilayer should expand by 
0.55 of a decane len,oth.) There are very good reasons 
to expect this rather large expansion. Consider the 
forces acting on the bilayer in equilibrium. There 
will be a tendency to expand deriving from the hydro- 
philic nature of the polar head-groups; this is balanced 
by the work required to produce any separation of the 
hydrocarbon tails. Any such separation of these tails 
will lower the local perrnittivity in the mid-layer 
region. However, if the local permittivity could be 
prevented from failing in this waythen far less work 
is required to expand the layer. The presence of the 
decane in this region with its expected preferred 
orientation will do just this. The residue chain ends 
can then readily move along the decane molecules 
allowing a substantial increase in the equilibrium bi- 
layer width. The expansion would cease when the 
decane and residue chains came close to separation. 
When the thermal deformation of a straight decane 
molecule is allowed for the predicted value of 0.55 
of a decane chain for the expansion parameter seems 
reasonable from this point of view. 

Further support for these arguments comes from 
the large variation in black lipid bilayer widths re- 
ported for solvent-free membranes and those con- 
taining residual decane solvent [35,35]. The factor 
two ‘Thickness variation would require approximately 
10 decane molecules per phospholipid if one adopted 
a mechanical volume swelling view. Such a large 
decane concentration makes one question whether 
such a system would be stable without further 
thinning. The present model however requires only 
3 decane molecules per lipid to achieve the same 
thickness increase. 

6. Conclusion 

The model based upon rate limitation by diffusion 
over the image potential barrier appears to be both 
qualitatively and, to a large extent, quantitatively 
successful in describing the initial stage of A23 187 
promoted P? transport into dipahnitoyl lecithin 
vesicles. 

Thus the initial translayer migration mechanism 
appears to have been established. However, to de- 
scrrbe later stages of transport r,me needs to consider 
several further factors. These revolve around the ac- 
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cumulation of transported ions within the vesicle. 
Qualitatively the effect is to build up a space charge 
field opposing the flow. It can be shown that to 
achieve any @&%ant fraction of the external con- 
centration an equiliirium counter-charge flux of some 
other species must occur (positive out or negative in). 
The problem then becomes a multi-carrier flow. (OH-, 
w, electrons, Cl- are all possibilities.) [S J_ The 
problem is severely aggravated by the highly discrete 
nature of the transport. The ensemble average ar- 
guments break down as soon as ion-ion interactions 
become important within individual vesicles. Only 
when the entities become large enough for continu- 
um concentrations to be meaningful within each 
vesicle can the continuum transport equations be 
applied, such as at the level of actual biological cells. 

Appendix 

Image potential coZcuZa?Zon 

The model of the phospholipid bilayer is the con- 
ventional one of a non-polar residue bounded by a 
highly polar medium on either side. 

The potential $J~ of a point charge, 4, at a distance, 
X, from the interface between two dielectrics of per- 
mittivity el and e2 is given by: 

@l=z-$i(zc+l) ’ 
(k- l)+@. (A-1) 

where k = e2/e1 and QO is the arbitrary constant po- 
tential. Eq_ (A.l) can be viewed as the potential of 
q in the presence of an image charge q(k - l)/(Zc + 1) 
at -x relative to the interface. 

Using this result the method if iterated image 
charges cau be used [4O], to calculate the total poten- 
tial Q of the charge within a layer of thickness 2 W: 

x p(n%)- en + l)P 
@n+l){(n+l)p-l}+@o’ (A-2) 

wherea=(k- 1)/&i-l)andP=2W/x.(Note:nis 
not simply the image number.) Having obtained this 
result it was discovered that a similar anaiysis had 

been previously performed [26], altbougb this is pre- 
sented in a rather different form to equation (A-2). 

The problem of a charged complex in the residue 
region of a vesicle is more complicated than the 
previous situation. Three main difficulties arise. First- 
ly, the complex is not a point charge on the relevant 
size scale when it is near an interface. Secondly, 
the interface is not an abrupt change in a continuum, 
and in addition it continuously fluctuates. Thirdly, 
the layer in the vesicle is part of an enclosure wall 
and is not an infiite plane. 

Initially, the problem of the structure of the com- 
plex is considered. Far from either interface, i.e. 
close to the mid-layer position, the point-charge 
approximation will hold because 2W > a. However, 
close to the interface one would expect that a more 
realistic picture is needed. In the text the complex 
has been modelled as a composite sphere whose inner 
region has a higher polarimbility than the outer one. 
The next simplest approximation to a point charge 
for such a structure is a conducting sphere of radius 
r carrying the charge q and this will now be consider- 
ed_ This approximation is valid because the boundary 
conditions on the electric displacement vector for a 
polar to non-polar interface are similar to those for 
a metal interface. Thus, to a first approximation, the 
situation can be modelled by a charged conducting 
sphere approaching an infinite conducting plane. 
The boundary condition arguments apply very well 
to the highly polar/non-polar interface. (There is no 
need to consider the effects of the far interface at 
small x.) The sphere/plane potential can be obtained 
by using the symmetry plane in the classical two- 
sphere problem. 

A complete solution of the Iaplace equation for 
the two-sphere problem is available as an infinite set 
of orthogonal functions [37]. However, the con- 
vergence of this solution is very poor for small sphere 
separations which is precisely the situation of interest 
here. Fortunately, however, a good approximation 
exists for this case [38] _ The resulting pctential dif- 
ference ~JJ between the sphere and the plane is given by 

’ = r(ln (r/2x) z7 + 2(ln2)3’ (A-3) 

where -y is Euler’s constant (0.577216). It is interest- 
ing to note that over the range where (A-3) holds, 
i.e. 2x/;--G 1, there is not a dramatic departure from 



Table 3. 
Variation in the ratio of the sphere/plane potential (9s) to 
the pciint/pllane potentkit($~~)withthe ratiox/r,wherexis 
the distance between the charged conducting sphere. radius 
r, and the infinite conducting plane. 

x/r b&p 

0.1 1.06 
0.05 0.87 
0.01 0.62 

the point/plane expression until 2x/r is very small 
indeed. The few values given in table 3 illustrate this 

point- Thus as the sphere model is in any case unlike- 
ly to be sufficiently realistic to give a valid descrip- 
tion at a very smah complex/interface separation 
there seems to be little point in discarding the simple 
point-charge model- In any case the potential as used 
in the text is truncated at x = r. It should be noted, 
however, that over the range x/r from table 3 the 
first and higher order derivatives of the potential 
ratio increase rapidly- This obviously presents prob- 
lems when using the joining function method men- 
tioned in the text. 

The second problem which concerns the nature 
of the interface is dealt with in the main text. 

Finally, the boundary geometry problem is con- 
sidered- The system discussed so far is a single planar 
infinite non-polar dielectric layer in a highly polar 
medium. In reality the vesicle is spherical_ A com- 
plete solution of this problem is difficult. It cannot 
be tackled by image methods because one of the 
boundaries is “Cinsideout” in terms of the equivalent 
images referenced to one of the media; this MA 
only be resolved by satistj-ing two boundary condi- 
tions simultaneously- To do so means the “geometric 
optics reflection” property of the images is lost, 
thus destroying most of the value of the method- 
Alternatively, a direct solution of Lap&e’s equation 
would involve joining across four boundaries which 
gives rise to a very complicated set of equations for 
the eigen-values. 

For these reasons it was decided to use the 
sing&slab approximation and calculate the magnitude 
and sign of the maximum possible error- This occurs 

when the second layer has the most effect, i.e. when 
the two layers are touching- The intervening polar 
region is then absent and the problem reduces to the 

single-layer one, but this time 4W wide with the com- 
plex moving from x0 to W- (The barrier ~maxirnurn 
in the two-layer case will be shifted sonewhat from 
W by the effect of the second layer, but this is ig- 

nored-) For the 40 a residue regions considered the 
resulting than 

H 
e in barrier height is an increase by 

3.3 kcal moi- . As this is very much a worst-case 
condition, it appears to be safe to neglect the effects 

of the far boundary as the measured activation ener- 
gies are -30 kcal mol-r _ 
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