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The kinetics of the binding of the fluorescence indicator N-phenyl naphthylamine to bilayer vesicles of C;5-methyl-
phosphatidic acid have been investigated by means of the temperaturejump relaxation technique utilizing fluorescence
light detection. Single-exponential relaxation curves were observed, with time constants in the range 0.2—3 ms. The concen-
iration dependence of the relaxation time yielded an apparent association rate constant (expressed in terms of monomeric
phospholipid) of kg = 5 X 106 M1 571 in aqueous solution at 25°. The activation energy and viscosity dependence asso-
ciated with the binding rate show that this process is actually diffusion-controlled. The theory of diffusion-controlled reac-
tions then allows a determination of the average size of the bilayer vesicles and of the true rate constant for the association
of the indicator molecules with the vesicles. Assuming spherical geometry for the vesicles, the values are: ryeg = 190 A,
which corresponds to 20000 lipid molecules per vesicle and kg = 1 X 1011 M1 571 (25°). The correctness of this size-deter-
mination was confirmed semi-gquantitatively by electron microscopy- Since in fact a distribution of vesicle sizes must be pres-
ent, a discussion is included of the relaxation function which the system is expected to take in the general case. Biological
implications of diffusion control for the transport of non-polar substances and for lipid mixing are indicated.
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1. Introduction 3 2'N-2 2
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For reasons given in the preceding paper {1], the

interaction of the neutral fluorescence indicator N- H_C-0. p”BO_CH
phenyl naphthylamine (NPN, fig. 1} with bilayer struc- 2 \Oe 3

tures of lipids is of considerable interest. This paper
deals with the kinetics of this interaction, i.e. with the

rates with which NPN binds to and dissociates from
the lipid membrane. Knowledge of these processes is
not only a prerequisite for the use of NPN as an indica- N
0O
'* Presented at the Chemical Society conference “Fast Reactions
in Solution™ (Cranfield, England) in September, 1977. Fig. 1. Structures of Cjy-MPA and NPN. In NPN there is re-

¥ Present address: Max-Planck-Institut fiir molekulare Genetik, stricted rotation about the C—N bonds; owing to steric inter-
Beslin 33. ference the phenyl and naphthyl rings are not quite coplanar.
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tor in kinetic studies of the phase transition of lipid
bilayers; it will also contribute towards a general pic-
ture of the kinetics of interaction between lipid mem-
branes and other organic molecules, a subject with ob-
vious biological significance. As in the equilibrium
studies [1], the lipid methyl phosphatidic acid (MPA,
fig. 1) was used in this investigation.

2. Materials

MPA was prepared and checked for purity as de-
scribed in the preceding paper [1], which also de-
scribes the preparation of MPA vesicles by sonicating
suspensions of the lipid. Stock dispersions of MPA
were stored at 5° without added salt. Under these con-
ditions a two-week old dispersion displayed a devia-
tion In its rate constants of only ~10% compared
with their values when the dispersion was fresh. Since,
even with these precautions, not all dispersions gave
identical kinetic results, sets of kinetic experiments
were carried out in the shortest feasible time (< 3
days) using the same stock dispersion.

NPN (Eastman), sodium chloride (Merck,
“Suprapur” grade), Na,HPO,4-2H,0 (Merck, p.a.)
and sucrose (Serva, p.a.) were used without further
purification. Water was used direct from a quartz dou-
ble still.

3. Method

The kinetic studies were carried out by means of
the temperature-jump relaxation technique with fluo-
rescence light intensity deiection. The instrument was
a version of that described before [2], improved by
C.R. Rabl. The cell had a heating volume of 0.7 ml
and an optical pathlength (along both axes) of 7 mm.
A capacitor of 0.05 microfarads charged to 15 kV
thus gave a temperature jump of 1.9 degrees. The vesi-
cles in the dispersion appeared to suffer no ill-effects
due to the temperature jump or the associated high
current and field as long as they had been prepared in
the standard manner (see sect. 2.3 of ref. [1]). The
alternative, gentler sonication procedure produced ves-
icles which appeared to be distupted if the applied
voltage exceeded 10 kV (temperature jump = 0.85°).

All kinetic experiments were carried out on disper-

sions containing 0.1 M sodium chloride (for conductiv-
ity) and 0.001 M disodium hydrogen phosphate, the
latter acting as buffer for the pH which was 7.6 0.3
in all cases. The concentration of MPA was varied be-
tween 5 X 10~5 and 5 X 104 M, that of NPN was
usually 2 X 10—5 M. In one series of experiments the
MPA dispersion further contained sucrose in order to
reveal the effect of solvent viscosity on the kinetics.

MPA dispersion and sali solutions were mixed to
make 990 ul and immediately before measurement 10
ul NPN in methanol were added. After thorough mix-
ing the solution was transferred to the temperature-
jump cell and degassed (experience showed this to be
necessary). After thermal equilibration in the cell
housing (40 minutes) measurements were completed
within a further 20 minutes. Approximately 5 shots
were made on each solution. If more than 10 shots
were made, or if the fluorescence excitation beam
was allowed to pass for a total of more than 30 seconds,
then loss of the NPN by photolysis became noticeable
(ca. 1 second of illumination was required for each
shot, with a few seconds at the beginning for manual
balancing of the amplifier).

The resistance of the cell was 350 ohms at 10°C
and 190 ohms at 45°C. The heating time-constants ex-
pected (RC/2) are thus 9 and 5 us respectively. This
accords with the heating time observed (see sect. 4.1).
The relaxation time of the reaction was always at
least two orders of magnitude higher, so no interfer-
ence was seen, even in the presence of sucrose, which
increased the resistance to 1800 ohms.

The light source was a Xxenon-mercury lamp with a
Schoeffel GM 250 monochromator. The line at 366
nm was used for excitation and a 400 nm cut-off filter
was employed to filter out the small quantity of light
scattered by the vesicles and the cell walls. The lamp
was defocussed in order to reduce the rate of photoly-
sis of the NPN, which otherwise manifested itself as a
constant slope superimposed over the exponential re-
laxation curve, making evaluation of the relaxation
times much less accurate. In order to check that pho-
tolysis was not reappearing, baseline sweeps were
made with each shot. Results were recorded using a
Tektronix 549 storage oscilloscope and photographed
onto 35 mm film.

The relaxation times and amplitudes were evaluated
with an exponential simulator built by C.R. Rabl. A
facility for correcting slightly-sloping baselines was
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Fig. 2. Typical relaxation curves seen following the tempera-
ture jump. (2) Fast heating effect and slow chemical relaxation.
Horizontal scale 500 ps/div., vertical 200 mV/div. (b) Delayved
triggering reveals chemical effect alone. Horizontal scale 500
ps/div., vertical 100 mV/div., time offset 20 us.

also built into the simulator. Relaxation times mea-
sured on one solution were mutually consistent to 5%
accuracy in most cases.

Temperatures given were measured within the tem-
perature-jump cell and are accurate to £0.2 degrees.

4. Results
4. 1. Kinetics of NPN binding to C 12-MPA

The binding of NPN below the transition tempera-
ture of the lipid bilayers is weak and of uncertain na-
ture [1]. Kinetic studies were therefore carried out
with C,,-MPA vesicles in the fluid state, since bilayers
of this lipid have a transition temperature of 5°C; this
is sufficiently low to allow a wide temperature range
to be covered. At issue were the rate law, the number
of steps, the effect of temperature, the effect of solvent
viscosity, and the relaxation amplitude.

Some representative relaxation curves are shown in
fig. 2.

The number of relaxation times was investigated by
varying the deflection speed of the oscillograph from
ca. 5 us per division (full scale = 10 divisions) to ca. 50
ms per division. At high deflection speeds a rapid
change in the fluorescence signal was observed which
correlated well with the heating time of the solution
(a few us, see sect. 3). Since the absolute quantum
yield of the dye is temperature-dependent (e.g. fig. 2
of ref. [1]), this rapid change was attributed to the
change in quantum yield O during the heating time.

In support of this assignment, the sign of the rapid ef-
fect corresponded to a decreasing fluorescence inten-
sity with increasing temperature, as it should do (loc.
cit.). Furthermore, since the output of the amplifier
through which the fluorescence signal was fed was
kept by adjustment of the gain at 20 V, this output
was independent of the amount of NPN bound and of
its quantum yield. Consequently the amplitude of the
fast change in fluorescence should be given in volts by
(20 AQ/Q), which is independent of concentration.
(The contribution of free NPN to the fluorescence sig-
nal is negligible.) In a typical series of experiments,
over which the MPA concentration was varied by a fac-
tor of ten, the fast signal remained constant at 582
mV % 3%, and variations in it showed no correlation
with the MPA concentration. From table 1 of ref. [1]
(AAF . /dT)/AF, . at 30°C is ~0.0168 deg~1, pre-
dicting a fast signal change, due to heating, of 638 mV.
This consistency confirms our assignment of the fast
change to a heating effect alone.

Following the heating effect in the relaxation spec-
trum came a smaller change in fluorescence output
which we attributed to the binding of NPN to the
MPA. In almost all of the curves fitted with the expo-
nential simulator, the correspondence of the slower ef-
fect with a single exponential function was good. In a
very few cases it was possible to find a slightly better
fit to the observed relaxation using two exponential
functions than using one; however the relaxation times
were close together and a resolution of these, or even a

* confident assertion of the presence of systematic devia-

tion from the single exponential function, was not pos-
sible. In the evaluation of results the best-fitting single
exponential was taken in all cases. The accuracy of fit-
ting was greatly increased by electronic suppression of
the rapid heating effect; the fluorescence signal was cut
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Fig. 3. Reciprocal relaxation time of NPN/MPA binding as a
function of MPA conceniration and temperature. ([NaCl],
0.1 M; [NPN],2 X 10~5 M; pH 8) (circles, 48.6°C; squares,
36.5°C; diamonds, 26.5°C; hexagons, 14.2°C; open symbols
were omitted from the statistical analysis, as the amplitudes
were very small in these cases. The lines are from one-param-
eter least-squares refinement (sect. 5.1.1).

off for several (usually 20) us after the temperature
jump and the signal at the moment of cut-on used as
the zero point for the oscilloscope trace. Thus the
smaller, slower effect could be amplified to fill the
oscilloscope screen (fig. 2b).

No further, slower relaxation effects were found.

The rate/concentration law of the slow effect is in
fact extremely simple, as fig. 3 shows; the reciprocal
relaxation time is linearly related to the concentration
of MPA. Equating pro tern. the gradient and intercept
with an apparent association and dissociation rate con-
stant respectiively, we observe as expected that both
of these increase with increasing temperature.

In fig. 4 2 similar family of curves is shown, mea-
sured at one temperature in the presence of varying
concentrations of sucrose. The sucrose raises the vis-
cosity of the solution and reduces the rate of the reac-
tion.

/ /n/

-

&

- '/0/./
I/z P

°,,_-—°‘
L~ —_—
o—©

-

o 2 s :
0 2 4

0% [MPA]  [mote/t]

Fig. 4. Reciprocal relaxation time of NPN/MPA binding as a
function of MPA and sucrose concentrations. ([NaCl], 0.1 M;
[NPN}, 2 X 1075 M; pH 8; 31.9°C). (Circles, no sucrose;
squares, 30% sucrose; diamonds, 40%; hexagons, 50%; open
symbol was omitted from the statistical analysis.)

In most experiments the relaxation amplitude was
not measured accurately since this required additional
shots. However in one series both the amplitude and
the time of the relaxation were measured, and fig. 5
shows that they are directly proportional to one anoth-
ex.

o
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Fig. 5. Relaxation amplitude plotted against relaxation time.
([NaCl], 0.1 M; [NPN],2 X 1075 M; [MPA], varied from 4
X 1075 to 4.4 X 1072 M; 32°C, pH 8).
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Fig. 6. Typical eleciron micrograph of C;2-MPA vesicles pre-
pared in the standard manner.

4.2. Electroi microscopy

This was carried out by K. Harlos. Fig. 6 shows a
typical electron micrograph of a dispersion of C{5-
MPA prepared in the standard manner. Two prepara-
tions with sodium chloride at the working concentra-
tion for the kinetic experiments (0.1 M) were ex-
amined and two without sodium chloride. In no case
were large multilayered structures observed such as
have been seen with unsonicated MPA [3]. The par-
ticle radius may be estimated from the pictures, but
the error will be high, since the shadowing tends to
exaggerate the size of some particles, while partial em-
bedding in the ice will make others appear too small.

5. Discussion
5. 1. Kinetics of binding of NPN to MPA

In this section we shall adduce evidence that the en-
try of NPN into a fluid MPA bilayer and its exit ihere-
from can be described as occurring in a single step and
that the binding rate is determined by diffusion
through the external, aqueous medium.

5.1.1. The rate law

It has already been shown (sect. 4.1) that the asso-

ciation—dissociation reaction is characterised by a sin-
gle observable relaxation time, the reciprocal of which
is linearly related to the total concentration of MPA in
the concentration range studied (fig. 3) and which is
sensitive to the viscosity of the solution (fig. 4). To
interpret the kinetic law we require a model for the
binding reaction.

To express the amount of lipid membrane in solu-
tion one can use either the concentration of vesicles,
[Ves], or the concentration of lipid molecules, [MPA],
If the number of lipid molecules in each vesicle is 7,
then [MPA] =# [Ves]. In this section we shall assume
that all the vesicles are of the same size, i.e., n is con-
stant. When a distribution of sizes is present in a dis-
persion the situation becomes more complex (see
appendix II). Since [MPA] is known accurately and »
(and therefore [Ves]) is not, we shall adopt the con-
vention that rate and equilibrium constants based on
[Ves] are denoted with a prime and those based on
[MPA] are not.

Since the binding sites are present in the aggregated
form of vesicles, the latter species are the particles
actually encountered by the indicator molecules, and
we may write eq. (1), in which the forward and re-
verse reactions, with rate constants denoted by k;n
and k¢, describe respectively the association of an
NPN molecule with a vesicle and the dissociation there-
from. Each vesicle has a very large number

Eon
NPNg oo + Ves = NPNp .4 )
Koff

of binding sites, so it is not ““used up” by a binding
step as shown in eq. (1), i.e. the vesicle concentration
is constant during the relaxation process. Therefore the
reciprocal relaxation time is given simply by eq. (2a)
[4.5],

7l =k, [Ves] + &k ¢r (2a)

1=k, [MPA] + Kk ¢¢ (2b)

which may be rewritten in the experimentally acces-
sible form eq. (2b) (k[ = nky,; koee = kogr). the pa-
rameters of which are the gradient and intercept of a
plot such as fig. 3.

A schematic model of the mechanism of the bind-
ing process may be formulated in the following way:
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k"l k'2
D O — O
k*_g ko
EC
An NPN moiecule approaches a vesicle, whose binding
sites are partially occupied, and forms an encounter
complex EC which then reacts to give NPNy una- AP-

plying the steady-state approximation to the concen-
tration of EC yields eq. (3) for the rate of reaction.

d [NPNbou_nd]

dr €))

_k'_1+k'2[ free] [Ves ’_k'_l_,,k'z[ bound ]
With [Ves] constant, the expression for 71 calcu-
lated from this rate equation takes the form of eq.
(2a), with &k, =k k5/(k"_; +k5)and k. s =k 1Kk 5/
(k"3 + k5). The value of & is expected to depend on
the degree of occupation of the vesicle, at least at
higher degrees of occupation, and the same might ap-
ply to the reverse rate constant k_, if the rate with
which an NPN molecule leaves the vesicle depends on
whether the neighbouring sites are occupied or not.

As long as k5 > k4, the diffusion-controlled en-
counter of the reactants is rate-determining, so that
eq. (4a) applies (K7 =k3/k"_1; K5 = k5/k’ 5). We may
also write eq. (4b), in analogy with eq. (2b).

71 =%} [Ves] + k_/K5 (4a)

71 = (&} /n) IMPA] +&__1/K; (4b)

However, if k__; > k5, the entry of NPN is rate-de-
termining and the binding is activation-controlled.
This condition leads to egs. (52) and (5b).

71 =LK [Ves] +&_, (5a)

71 = (k5K /n)[MPA] +&'_, (5b)

Both expressions, (4b) and (5b), are consistent with
the experimental observations which have been plotted
in fig. 3 and are kinetically indistinguishable, so anoth-
er criterion must be used to show whether the associa-
tion is diffusion-controlled. It may be noted at this
stage that possible variations of k5 and k’_, at high oc-
cupation densities might affect the rates of association

and dissociation in the case of activation-controlled
binding (eq. (52)) and that of dissociation in the case
of diffusion-conirolled reaction (eq. (4a)). Thus the
linear relation between 7—1 and [MPA] could break
down at high degrees of occupation. However, al-
though the equilibrium data show that under the con-
ditions of the kinetic studies a large fraction of all
binding sites is occupied by NPN (about 13—60%, de-
pending on concentrations and assuming 7z = 4 (ref.
[11, sect. 4.3), there is no significant deviation from
linearity in the plots (fig. 3) corresponding to egs. (4b)
and (5b).
It is easily shown that the binding and rate con-

stants are linked by eq. (6)
KKy, Fon _ KiE

n Ky kogenm Kk onm

K= 6)

where the experimentally accessible quantities are X,
kon and X . In using eq. (2b) (or (4b) or (5b)) to
evaluate the experimental results in fig. 3, therefore,
either one may assume the values of K yielded by the
titration experiments [1] and carry out a one-parame-
ter fit, or else one may use the gradient and intercept
in a two-parameter fit to find both %, and k¢ and
then compare the ratio of these with the titrimetrically-
determined K values. Table 1 shows the results of a
one-parameter evaluation in which the expression k¢
= kon/K was substituted into eq. (2b) and then &,
adjusted to give the best fit to the points of fig. 3 by
the criterion of least squares; k, ¢y Was then calculated
from &£,/K. In table 2 the resulis of a two-parameter
evaluation are shiown and the k,,/k¢f ratios are com-

Table 1

One-parameter evaluation of Agp and A off

Temperature 107> K ) 10 %k0n @ koee ©
cC) (6.5 ot s ™
48.6 11.2 9,19+ 5% 821
36.5 15.1 7.58 = 5% 502
26.5 19.7 5.09 = 3% 259
14.2 27.9 3.37 £ 6% 121

2) Calculated from AH = —4.88 keal/mole and A S = 3.36 cal/
deg-mole, determined in ref. [1], sect. 4.1.

b) Obtained from the data points in fig. 3. Errors are standard
deviations.

©) Calculated using kggr = kon/K; the standard deviations are
the same as for kgp-
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Table 2

Two-parameter evaluation of Ao and koff

Temperature 1076 zon3-©) kofr @ D) 103k D
cOo ™M1 s G ™™
48.6 9.76 =+ 3% 670 14.6

36.5 7.28+ 5% 600 12.1

26.5 5.30= 2% 200 26.1

14.2 3.25+7% 150 220

a) Obtained from the data points in fig. 3. Errors are standard
deviations.

b) Compare with the smoothed values obtained from titration
shown in table 1, second column.

©) Calculated Arrhenius activation energy, 5.9 + 0.3 kcal/mole;
cf. corresponding vaiue from one-parameter evaluation, 5.5
= 0.4 kcal/mole.

) Calculated Arrhenius activation energy 9.0 * 2.3 kcal/mole;
implies a AH for binding of 3.1 = ca. 2.3 kcal/mole; cf. AH
from titration, 4.88 kcal/mole.

pared with the K values from. titration. This compari-
son shows that within the accuracy of the determina-
tion the kinematically- and titrimetrically-determined
values of K are mutually compatible, and provide no
grounds for postulating a different rate law. The ex-
perimental error is clearly associated with kg ¢5-

Fig. 7 shows an Arrhenius plot for &, using the
data from table 1. The activation energy (¥, ) inferred
from this plot is 5.5 £ 0.4 kcal/mole. The rate con-
stants for 25°C are: kgp,, 5.0 X 108 M—1 s—1; &,
250 s—1. By combining the titration data with the ac-
tivation energy of &, the activation energy for k¢
is found to be 10.4 kcal/mole.

5.1.2. Effect of solvent viscosity

Since solvent viscosity does not enter into the rate
expression for an activation-controlled reaction [6],
the observed dependence of the reaction rate (fig. 4)
upon viscosity implies at least partial diffusion control.
If the reaction is completely diffusion-controlled [7,8]
then the rate of the “on” step will be inversely propor-
tional to the viscosity n of the solvent. That such a
relationship exists here is shown by fig. 8, based on
values taken from fig. 4 using eq. (2b) (one-parameter

fitting, k55 = kop/K; K values from table 1 of ref. [1}]).

A finite intercept indicates partial diffusion-control
(eq. 7 [8,91) and is the rate with

k~l=k5l +5/gRT (@))

15

i ] 1 1

3.2 34
0% T (deg™]

Fig. 7. Arrhenius plot of kgp. Data from fig. 3 (table 1).

which the reaction would proceed in an infinitely mo-
bile solvent, i.e., the activation-controlled value. Here
this is immeasurably high (kg1 = 0). The association
reaction is therefore diffusion-controlled in water. A
plot (not shown) of log &, versus log 7 had a gradient
of —0.95 + 0.04 (theoretical value —1.0). The factor g
(eq. (7)) is about 4 if both of the reactant molecules
and the solvent molecules are of the same size; in our
case, involving vesicles, g is expected to be appreciably
larger. A plot of 1/k, versus n, where k,, =nk,,
with # = 20 000 (see below), yields ¢ = 54. This is of
the expected magnitude considering the large differ-
ence in size between the reaction partners [10].

If k., is given by gRT/n the apparent energy of ac-
tivation is calculated to be 4.5 kcal/mole by using tab-
ulated values of 7 [11]. The experimentally-deter-
mined activation energy of the binding reaction is 5.5

F_’ o/
ol5 /

=

A

o =

8 ] 3

5 5
o o

=t /

[=4
0 L 1 1 L  { S S
0 2 4 10

n [epl

Fig. 8. Relationship between kgq and solvent viscosity. Data
from fig. 4. For interpretation, see sect. 5.1.2.
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kcal/mole, in fair agreement with the value calculated.
This provides additional support for the diffusion-con-
trol hypothesis.

If the reaction is diffusion-controlled then informa-
tion may be obtained about the size of the particles in
the dispersion. The relevant equations are derived and
discussed in appendices I and 11.

From eqs. (A4) and (A5) respectively we may calcu-
late the number of lipid molecules in one spherical or
disc-shaped vesicle. The average radius of an NPN
molecule is 4 A, so that from the Stokes—Einstein
equation, assuming a viscosity of 0.8 cp and a tempera-
ture of 300 K, the diffusion coefficient of NPN is 7
X 10—6 cm? s—1. Then, from eq. (A4) the average ra-
dius of the vesicles if they are spherical is 190 A and
the number 7 of phospholipid molecules they contain
is 20 000. If the vesicles are disc-shaped then the cor-
responding figures, from equation A5, are 490 A and
33 000 molecules. The electron micrographs showed
particles with an apparent mean diameter of ca 400—
700 A, but such estimaies are very uncertain, as dis-
cussed above (sect. 4.2 and fig. 6). However, the corre-
spondence is on the surface satisfactory.

If this estimate of particle size is correct, then &
has a value at 25°C of 1.0 X 1011 M—1 51 if the ves-
icies are spherical and 1.6 X 101! M—1 s—1 if they are
disc-shaped.

As one would expect, we are dealing in these exper-
imenis not with a dispersion of vesicles of identical
size, but with a distribution of vesicle sizes. The effect
of this on the kinetics would be unimportant if they
were not diffusion-controlled, but under diffusion con-
trol the dependence upon particle size of the rate con-
stants can influence the form of the relaxation curve.
The relationships concerned are derived in appendix
I1, with the conclusion that the relaxation curve at
high lipid concentration is exponential as usual, giving
an average relaxation time for the distribution, where-
as the relaxation curve at low lipid concentration,
where &k, ¢r predominates in the expression for 771, is
not exponential unless a single vesicle size is present.

It is normally not possible to resolve accurately two
separate relaxation times superimposed upon one
another unless they differ by a factor of ten or more,
and it is difficult even to detect the fact that they are
separate unless this factor exceeds three. Consequently
for a narrow spread of particle sizes deviation from
true exponentiality will be overlooked. In the kinetic

experiments described here the lipid was usually in rea-
sonable excess over NPN. In a very few cases there was
slight deviation from exponential decay which could
not be attributed¢ *o noise, etc. Such observations
could not by systematically obtained. It is conceivable
that these observations were due to the onset of devia-
tion from the exponential law caused by a particularly
broad distribution of vesicle radii in some dispersions.

5.1.3. Amplitude of the relaxation

For a simple equilibrium A + B= C, where Cis a
fluorescent species, the amplitude of the relaxation is
expressed as A[C]/[C] . For convenience, the static
signal before the perturbation was brought to a fixed
level by varying the gain, and the relaxation was mea-
sured relative to this. Since the equilibrium constant X
is given by [C]1/[A] [B], it may easily be shown by
differentiation that the amplitude is related by eq. (8)
to the change in equilibrium constant at the perturba-
tion.

aAlcy_1 (1 1 1)
Icr ia ([A} ‘ [B]*[C]) Alnk ®

Since the reciprocal relaxation time is given [4,5,12]
by kop ([A] + [B] + K1), and since %, equals
(ko5 K), rearrangement gives eq. (9) for the relaxation
amplitude of a simple association reaction.

(For a more general treatment, see ref. [13].) The
fluorescence signal AF is measured in mV with respect
to a quiescent signal of 20 V. Therefore, applying the
usual thermodynamic relationships, we obtain expres-
sion (10) for AF in mV.

AH
=9 . CAT-r 10
AF=20000 koge —>- AT a0)

This linear relationship has already been shown in fig.

5 whence AF/7 = 638 V/s. Inserting the values for T
(304 K), AT (1.9°C) and k¢ (378 s—1) leads to the
value for AH of —8.2 kcal/mole. This is 67% higher
than the value obtained from titration (—4.9 kcal/mole).
The agreement is not satisfactory, but we are unable

at present to account for the discrepancy. One explana-
tion of the discrepancy could in theory be the exis-
tence of a second, much slower step. However this is
implausible in view of the satisfactory agreement be-
tween the equilibrium constanis determined by static
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titraiion and by two-parameter analysis of the kinetic
data.

5.2. The mechanism of the binding reaction

Evidence that binding may be regarded as taking
place in a single step is (i) the existence of a single re-
laxation time associated with the binding process,

(ii) the direct proportionality between the time and
the ampiitude of this relaxation, (iii) the linear rela-
tionship between the reciprocal relaxation time and
the concentration of MPA, (iv) the agreement within
experimental error between statically- and kinetically-
determined binding equilibrium constants and, less
convincing, (v) the approximate agreement between
values for the enthalpy of binding determined from
the temperature dependence of the binding constant
and from the relaxation amplitude.

Evidence that the binding is diffusion-controlled
lies in (i) the relationship between rate and viscosity,
(i) the consistence of the activation energy with that
expected from diffusion control and (iii) the agree-
ment between the particle size calculated from the
rate and the approximate particle size as seen under
the electron microscope. In the following discussion
some of the consequences of diffusion control will be
exarnined.

It is unusual for a reaction to be diffusion-con-
trolled unless the amount of molecular movement and
electronic rearrangement required between collision
and attainment of the fransition state is small. Typical
diffusion-controlled reactions are protonation [14]
and the binding of strong Lewis-basic ligands to metal
ions with vacant co-ordination sites [8].

We must therefore postulate that the transition
state for the incorporation of an NPN guest molecule
into the MPA membrane is not very different from the
“collision complex” in which the two species are bare-
ly in contact with each other. This is illustrated in fig.
9, in which the transition complex is pictured as the
situation in which an incoming NPN molecule (fig. 92)
has lost some of iis surrounding water by penetrating a
very short distance into the membrane (fig. 9b). This
is a reasonable representation of the transition com-
plex, since in its formation the two main hindrances to
the binding of the guest molecuie have been overcome:
the immobilisation of NPN, which is entropically dis-
advantageous (energetically favourable loss of the
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Fig. 9. Models to account for the very rapid binding of NPN
to MPA. For explanation, see sect. 5.2.

NPN’s water sheath is yet to come), and the perturba-
tion and expansion of the liquid-crystalline lipid mem-
brane. Further penetration of the guest molecule into
the membrane will take it energetically ““downhill”,
until it takes up the position of bound NPN (fig. 9¢).

However, the two factors mentioned (immebilisa-
tion of NPN and expansion of the membrane) may be
expected to lower the probability of attaining the
transition complex, i.e., to retard the reaction. This is
difficult to reconcile with our finding that the reaction
is fully diffusion-controlled. It is therefore necessary
to examine more closely the events at the surface.

If we take the structure of the head-group into ac-
count, then diffusion control of the binding becomes
more plausible, as shown in fig. 9d. Here the incoming
NPN molecule first embeds itself between the MPA
head-groups, forming a loosely-held hydrophobic com-
plex in which the area of contact between dye and
membrane is quite small. Haynes and Staerk [15,16]
have shown that for the system ANS/lecithin this is
the only form of binding; the ANS, having a negatively-
charged group, does not penetrate into the chain re-
gion but remains between the large lecithin head-groups,
where its non-polar part is shielded from the water but
its negative group can interact electrostatically with
the lecithin dipole. The binding of ANS to lecithin is
diffusion-controlled [17], and this is no surprise, since
the binding consists only in diffusion of the dye into
the disordered, aqueous head-group region. Ruf [18]
has found a £, value for the binding of o-methyl red
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to the surface of lecithin vesicles which is also consis-
tent with diffusion control. Thus the firsi step in the
binding of NPN to MPA will likewise be very rapid.
Once this step has been taken (fig. 9d) the NPN has
lost most of its translational eniropy. The next step
(fig. 9¢) involves penetration of the NPN into the re-
gion between the chains, which is the second endergon-
ic and potentially rate-limiting step. However, the dis-
ruption of the lipid siructure will be accompanied by
reduction in the contact area between NPN and water,
and the latter effect will reduce and perhaps eliminate
altogether the energy barrier raised by the former. In
the subsequent penetration of the dye to reach the
bound position (fig. 9f) no further energy barrier is
met.

Our results are supported by the unpublished obser-
vation [19] of Dr. J. Crooks that interphase diffusion
in emulsions is unaffected by the presence of a fluid
interfacial monolayer, but is greatly retarded by a
monolayer in the crystalline state. This means that for
the crystalline monolayer either &, or K ¢r is greatly
reduced compared with the fluid monolayer. Our dem-
onstration (ref. [1], sect. 4.2) that K is much lower
for ordered lipid membrane than for fluid suggests
that the retardation of the interphase diffusion may
be due to a lower &, value rather than to a reduced

kofs-
3.3. Consequernices of diffusion control

If the above interpretation of the mechanism of
NPN entry into MPA membranes is correct, then it
wiil apply to the entry of any non-polar molecule and
to the non-polar part of any amphiphilic molecule
(fatty acids, detergents, mellitin, etc.) as long as their
binding does not require a major structural rearrange-
ment of the MPA. Similar considerations will also ap-
ply to lipids other than MPA, although it is to be ex-
pected that specific effects could arise with particular
head-groups (steric hindrance, specific or preferential
binding, etc.).

Ti is therefore to be expected that in general not
only the binding of guest molecules onto the outside
of a lipid membrane (as in the case of ANS and
lecithin [15,16]) but also the binding of guest mole-
cules into the membrane will be diffusion-controlled.
If this also applies in the cell — and we see no reason
why it should not — then it has two consequences,

namely, for transport, and for the maintenance of the
integrity of a membrane (which is in a sense the oppo-
site of transport).

A plausible mechanism for the facilitation of move-
ment within the cell of apolar molecules involves the
diffusion of these molecules to 2 membrane and their
subsequent free diffusion within the membrane [20].
Evidence for such a mechanism has been put forward
[21] for the biological intermediates palmitoyl CoA
and siearoyl CoA, which are synthesized by a soluble
multi-enzyme complex and react subsequently with
the aid of membrane-bound enzymes. The existence
of this mechanism depends upon the ability of the
non-polar molecules to enter the membrane rapidly,
and a quantitative description of it will require a
knowledge of the rate constants involved. If entry into
the membrane is diffusion-controlled then it will cer-
tainly be rapid; it will also be predictable if the geome-
try of the system is known, since equations for the
binding of substrates to membranes with subsequent
diffusion and reaction have already been developed
(e [22]).

Although no precise reason can yet be given for the
composition of any particular biological membrane, it
is axiomatic that the functions of biological membranes
will prove to be related to, if not determined by, their
structures. If this is so then it will be important for a
membrane to maintain its composition even in the
presence of others of different composition. Some-
times these will be in equilibrium with each other;
there is an exiensive literature on phase separation in
lipid membranes. At other times membranes of differ-
ent siructure will become mixed by the exchange of
single molecules through the intervening aqueous me-
dium. Thilo and Duckwitz-Peterlein et al. [23,24]
have shown that aithough the equilibrium concentra-
tion of lipid monomers in solution is very small, this
can be the principal mechanism for the mixing of lipid
dispersions with initially heterogeneous composition.
The rates they observed were consistent with diffusion-
controlled escape and recomoination of single mole-
cules. The haif-times for vesicle mixing are of the order
of a day or more (our unpublished observations), so
that long-lived cells containing membranes of differing
composition which are not in equilibrium with one
another must employ some means of maintaining the
integrity of the various lipid phases present.
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Appendix I
The rate of the diffusion-controlled binding reaction

A straighiforward von Smoluchowski treatment for
the rate of encounter and subsequent immediate reac-
tion of two species, one of which is immobile and the
other of which has a diffusion coefficient D, yields
[7] eq. (A1),

k_, = 4nDr L/1000 (A1)

where 7 is the radius of collision and L is Avogadro’s
number (the factor 1000 provides for the expression
of k., in M—1 s—1)._ Since the vesicle is far larger than
an NPN molecule it will in comparison be practically
immobile, so the eq. (A1) is appropriate to this system.
For the same reason, 7 in the equation is to a good ap-
proximation the radius of the vesicle, assuming it to
be spherical. However, it makes very little difference
if the vesicle is far from spherical; it has been shown
[22] that a disc-like spheroid of radius r and a cylinder-
like spheroid of length 27 are sinks almost as efficient =
as a sphere of radius . For a very thin disc, the term
47 in eq. (Al) is replaced by the factor 8.

If the vesicle is a spherical bilayer, the number of
lipid molecules in it will be given by eq. (A2), where [
is the molecular area (ca. 46 A2 [1]), and 7,y is the

* From ref. [22], if electrostatic effects on the rate of the dif-
fusion-controlled reaction are absent, then the relative effi-
ciencies are: sphere, 100%; extremely filat disc, 64%; cylinder,
33% for a length: diameter ratio of 10:1.

average radius of curvature of the vesicle (i.e.. the radi-
us of the sphere separating the outwardly- and inward-
ly-directed lipid molecules). 8, the fraction of the lipid
molecules on the outer

n= (4/6)7rr3v/f

vesicle surface, is usually close tc 0.5. To a first ap-
proximation r,y == r, since these two radii differ only
by the thickness of one monolayer of lipid, ca. 25 A.

If on the other hand we are dealing with thin discs
of bilayer structure of radius 7z, the number of lipid
molecules will be given by eq. (A3).

n=2xri/f (A3)

(A2)

The approximate form of dependence upon particle
size of the rate constant based upon the number of
lipid molecules is then given by combining egs. (A1)
and (A2) and %, = k_,/n to obtain eq. (A4) in the
case of spherical vesicles (8 = 0.5), while the corre-
sponding form for discs is given in eq. (AS5).

D-f L _ 2 L
k,pn(spheres) =3, 1000 _ 2D (27{ n) 1000
(A4)

4D-f L _SD( f)l/z L_ (a5

kon(discs) - il d 1000 ~ 27N

1000
D is given by kT/6nna, where a is the radius of the
guest molecule and 7 is the solvent viscosity [4] . Al-
though it is possible to determine r approximately by
electron microscopy, light-scattering, etc., a determina-
tion sufficiently accurate to make a good prediction
of kg, is impossible. This uncertainty is increased by
the unknown shape of the particles. Consequentiy the
mere establishment of a particular value of £, does
not suffice to show that a collision reaction involving
dispersed lipid is diffusion-controlled; some other cri-
terion for this must be adopted. Eqs. (A4) and (A5)
may however be used to check the consistency of the
experimental data (see Discussion), although the check
is not a sensitive one.

It is germane at this point to draw attention to a
significant difference between diffusion-controlled and
non-diffusion-controlled kinetics in these systems. If
the binding reaction is represented as eq. (A6), where
MPA is in considerable excess over NPN, then eq. (A7)
follows (C} = concentration of lipid).
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NPNgree ¥ MPA = NPNp una (A6)

- LNM . _Ig (A7)
[NPNgc. ] Cy n

Now, since both for spherical and for disc-shaped
particles # is directly proportional to the square of the
radius, it follows that K’ is proportional to the radius
squared if X is independent of the particle’s radius.
This is in accordance with the usual qualitative pic-
tures of the binding of an organic molecule to an ex-
cess of a lipid membrane: the volume of the oil phase
into which the guest molecule can partition (or the
number of binding sites on the membrane) is propor-
tional to the area of a membrane of given constitution
(or to the number of molecules providing binding sites),
so that K, based on the number of lipid molecules, is
independent of the particle size, whereas K', based
upon the number of vesicles, is proportional to the
area (or number of molecules) of the vesicle.

In consequence of this the radius dependences of
the apparent rate constants for diffusion-—conirolled
and non-diffusion-conirolled conditions will differ
from one another. If the “on” step is not diffusion-
controlled, then k('m will be proportional to the target
area of the lipid vesicle, i.e., to 72 (see eq. (52); K is
proportional to 72), whence k¢ is independent of 7.
Under diffusion control, however, k_ , is proportional
to the radius 7 (eq. (A1)), so that invoking the rela-
tionship K’ = k[ [k ¢, we see that k[ ¢ is inversely
proportional to . For spherical vesicles undergoing
diffusion-controlled reaction the expression for the
reverse rate constant Kk ¢r is given by egs. (A8) and
(A9).

Kon _4nr2K
K' - ’on - anr A8
kogs 6f (A8)
’ 0D L
kotr = Kott =,—Kf “1000 A9

The reason for the dependence of k;ﬁ- upon 1/r is not
immediately clear, but the following considerations
provide some insight: k[ -r equals &’_; /K (egs. (2a)
and (4a)), and K’ = K1K,. It is easily shown that the
stability constant X i for formation of the encounter
complex is proportional to 72 in the absence of elec-
trostatic interactions and if 7 is large compared to the
size of a dye molecule. Since K’ is proportional to 72,

it follows that K é is independent of r (at least for the
concentrations conditions considered here) and that
the 1/r-dependence of k[ ¢ is due to &7 ;.

This is confirmed by the following calculation. If
7n(x, t) is the conceniration of dye molecules at a dis-
tance x from the cenire of the vesicle (assumed spheri-
cal, radius 7) at time 7, then the diffusion equation for
the system in polar coordinates is given by eq. (A10).

o(xn) -D 92(xn)

= P~ (A10)

D is the diffusion coefficient of the dye. This is soived
in the von Smoluchowski treatment for the association
reaction with a uniform concentration 7g at time (¢

= 0); this becomes depleted by reaction and a concen-
tration gradient is set up which reaches a steady state
(n(r, 1) = 0; 2 (=, 1) =gy (e-g- [7]))- To evaluate k¢¢
we adopt different boundary conditions: initially the
concentration of dye is zero except at the very surface
of the membrane, at a distance 7 from the cenire of
the vesicle; this concentration is denoted by 7z and
considered to be constant. Solving eq. (A10) with the
boundary conditions n(r, 1) = n(r, 0) = ng, n(x, 0) =0
for x > r and s(=>, t) = 0 yields (cf. refs. [7,25]) eq.
(A11) as an exact solution, which leads to (8n/8x), -,

= —(ng/r) —ng/NmDL.

exp(—w2) dw

(x—r)/2~/Dt
nx, 1)= nO[L 2r ]

0 (A11)

The rate of departure from the surface of one vesicle
is therefore by Fick’s law given by eq. (A12), in which
N denotes number of moles and 7, is expressed in
mole/cm3.

dN/dt = 4wr2-Dlngy/r + ng/\/aDr] (A12)

The second term on the right is negligible when ¢ is
greater than 1 us (for 7= 100 & and D = 10—5 cm?2 s~ 1).
Extending to 1 litre of our solution we obtain eq. (A13).

A[NPNgo1/d2 = 4n7-D-ng-L[Ves] (A13)

Here the question arises as to the actual value of 7.
Two assumptions might be considered:

i) It is assumed that at the surface of the vesicle a
thin layer of solution exists in which the concentration
of dye is that of an aqueous medium at equilibrium
with the bound dye, the concentration being main-
tained vig the rapid pre-quilibrium K, . This means,
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ng in eq. (Al13) is substituted by [NPNg ..} /1000.
With eq. (A7) the relationship C; =#n{Ves] and eq.
(A2), rearrangement leads to eq. (A14).

d[NPN¢,..]1  o7DL
dr ~ 7K 1000 [NPNyoung |

(A14)

Thus kgff =8 fDL/rK 1000, which is identical to the
expression derived above (eq. (A9)) by consideration
of the equilibrium.

ii) In models of diffusion-controlled separation pro-
cesses the concentration of the particies diffusing away
from the reaction centre is usually assumed to be (and
to be maintained) 1 molecule per centre [26]. Normal-
ly this corresponds to 1/%r37r molecules per cm3 or
ng = 3/4r3zL mole/cm3. In our case, however, with a
very large vesicle as centre, a molecule is considered to
be associated when it is within a certain distance d
(<< 7r) of the vesicle’s surface, i.e. within a layer of vol-
ume 4727d. In our case the concentration at x = 7 may
therefore be taken as 1/4727-d molecules per cm3 or
ng = 1/4r27d L mole/cm3. With the concentration con-
ditions of this study it is indeed most unlikely that
more than one NPN molecule is within that layer. Sub-
stituting this value of 75 into eq. (A13) yields eq.
(A15).

d[NPNg, ..]1/dt = (D/rd)[Ves]

In this expression [Ves] actually stands for the con-
centration of NPN-Ves associations, i.e. for [EC]
(sect. 5.1.1). Thus the rate constant for the diffusion-
controlled separation of these aggregates is given by
k"_; = D/rd, showing the 1/r-dependence mentioned
above. For instance, if we assume D = 10—3 cm2 s—1,
r=200Aandd =8 A, thenk’_; =6 X 107 s~1. This
expression for k'_l is also obtained, more directly, by
combining the expression for k] = k_, given by eq.
(A1) with the expression for the stability constant K ;
= k’l /k'_l of the encounter complex EC, for which a
simple statistical consideration (no electrostatic inter-

actions involved) gives eq. (A16) ([NPN_ .1 = [EC]).
K = [NPN ] _ 4727d-L
1 [NPNgee ] [Ves] 1000

(A15)

(Al16)

Appendix II

Relaxation time of dye binding in the preserice of a
distribution of vesicle sizes

For the simpie binding reaction shown by eq. (1)
in which conditions are such that the concentration
of bound NPN is always much less than that of MPA,
the expression for the relaxation time may easily be
derived, eq. (22).

It was shown above (sect. 5.1.2) that the “on™
step is a diffusion-controlled process and that in such
a situation both rate constants k;n and k'off are func-
tions of the radius of the vesicles (appendix I). There-
fore, when a size distribution of vesicles is present (as
is to be expected), the relaxation behaviour is actually
more complex than indicated by eq. (2a). The follow-
ing considerations apply to this situation.

The vesicles are considered to be “sorted’ accord-
ing to their size 7; into V groups, and the reaction of
each group with the dye is considered as a separate re-
action, eq. (A17).

ki *
I+V; = I; (A17)
ki

@G=1..N)

In this (short-hand) notation I represents free, aqueous
indicator dye (= NPN¢_..), V; represents a vesicle of
size r;, ;" represents the dye bound to a vesicle of size
7; (= NPNpounaqy)- and &; (= ko) and k_;C Kogrgy)
are the rate constants appropriate to vesicles of size r;.
This set of coupled reactions is described by the rate
equations (A18).

dlIT}/de =k [V:1[1] —%k_;[171 (=1 ..N) (A18)

The relaxation process is then characterized by a sys-
temn of differential equations for which — with the
mass balance equation AfI] + Zi]\;lA[If] =0 and
with {V;] = const (sect. 5.1.1) — expression (A19) is
obtained.

aa[r; Al
dalL D) % [V] 20 A[IF]— & _;A[L]
dr i=1 7
(A19)
Gg=1..N)
The eigenvalues of this system of differential equa-

tions are given by the solutions of the determinant
(A20),
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la;; — 28;;1=0 (A20)

where §;; is the Kronecker delta (i.e.8; =1 fori=j
and 5:-]- = 0 for i ¥j), and the terms a;; are given by a;;
=—k;[V;] — k_;5;;. Since the negative reciprocal
eigenvalues represent the relaxation times of the sys-

tem, we may write equation (A21).
1t follows that the relaxation process is characterized
by a specirum of /V relaxation times for which, how-
ever, there is no general solution.

Simple solutions are obtained only in the special
cases in which [V;] is either very high or very low, so
that of the sums (k_; + k;[V;]) either X_ ; or ;[ V;]
may be negiected, leading to eqs. {A22) and (A23).

Iki[Vi] — T_laijl =0 (A22)

(A21)

Vi1 —8;) + (F_y — 771 »Bil=0 (A23)

Eq. (A22) has (V. — 1) roois whose value is zero and
one root with a value given by eq. (A24).

A’
1= Zz)l [V, (A24)

(This becomes immediately apparent by inspection of
eq. (A19): if the k_;A[I] ] are neglected, each differ-
ential equation differs from any other only by a nu-
merical factor. Summing all equations leads directly
to (A24).) Thus a distribution of vesicle sizes will in
this extreme case show a single exponential relaxation
curve, i.e. one which corresponds to a single time con-
stant. The condition for this, &;[V;] > &_;, simply
means that the binding equilibrium (eqg. (1)) is predom-
inantly over to the right-hand side, a condition realised
when Cy > 1/K, i.e. at most lipid concentrations used
in the kinetic experiments. The lowest value of C; em-
ployed was 5 X 10—5 M, approximately equal to 1/K.
At very low lipid concentrations, eq. (A23) applies.
Each different size of vesicle, with its corresponding
k_ ; value, will produce a separate root of value 771
= k_;. Therefore, the relaxation process at very low
lipid concentrations is characterized by the superposi-
tion of V exponential functions with different time
constants. Consequently the relaxation function at low

lipid concentrations will not be exponential, even for
very small perturbations of the equilibrium.
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