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Summary

Predictions, based on a previously developed theory, of the radii and
asymmetric lipid distribution of mixed phosphatidylcholine/lysophosphatidyl-
choline and phosphatidylcholine/cholesterol vesicles of variable composition
are presented. The results compare well with available experimental data,
except for cis-unsaturated phosphatidylcholine/cholesterol vesicles at high con-
centrations of cholesterol. It is concluded that specific lipid-lipid interactions
need not be invoked for saturated and trans-unsaturated phosphatidylcholine
mixed with lysophosphatidylcholine or cholesterol. A discussion of the effect
of packing stresses on induced flip-flop and non-spherical vesicles is also pre-
sented.

Introduction

There are at present two different, though not necessarily incompatible,
theoretical approaches to describing the physical mechanisms governing lipid
and membrane self assembly. These may be loosely grouped into continuum
and molecular theories. The description of a membrane in terms of a two-
dimensional elastic sheet [1] or in terms of an elastic lamellar liquid crystal
[2] allows for certain macroscopic properties of membranes, such as their
overall shape and curvature, to be quantitatively analysed. These approaches are
similar in spirit to the ‘bilayer couple hypothesis’ proposed by Sheetz and
Singer [3], which has been given a quantitative theoretical framework by Evans
[1]. A different approach is to derive the structure and properties of lipid and
lipid-protein assemblies in terms of the molecular packing characteristics of the
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constituent molecules [4—6]. In this approach the concepts of the competing
effects of interaction energies, entropy, and the geometrical packing con-
straints of molecules are brought together in one general theory which has
successfully predicted many of the physical properties of one component lipid
micelles, bilayers and vesicles [5,6] and has been further extended, qualita-
tively, to biological membranes [7,61].

While continuum theories of membranes are particularly suitable for
theoretical interpretations of the macroscopic shapes of cells and other large
membranous structures [8], a molecular theory is needed for analysing smaller
structures such as micelles, vesicles, membrane pores, etc., and especially for
multicomponent systems when highly complex and specific local interactions
are present (e.g. specific lipid-lipid and lipid-protein interactions, boundary
lipids, local membrane protrusions, clustering, aggregations and phase separa-
tions [61]). So far the molecular theory has been applied to simple cases of pure
one component vesicles, and the general properties of two-component vesicles.
In this paper we apply the theory to a detailed quantitative analysis of mixed
(two-component) vesicles made up of lipids of very different packing properties
(phosphatidylcholine, lysophosphatidylcholine, and cholesterol). These lipids
also appear to have very different physiological functions: thus phosphatidy!-
choline is one of the main constituents of cell membranes (apart from plant
cells); cholesterol is another abundant lipid but is more specifically distributed
in membranes that display more rigidity, e.g. myelin; lysophosphatidylcholine
is found in cell membranes as 1—4% of total phospholipid. In particular lyso-
phosphatidylcholine is a potent fusogenic and lytic agent and can cause mem-
brane shape changes even in small amounts. It is also more abundant in some
secretory cells.

The good quantitative agreement we obtain between theory and experiment
of these mixed lipid vesicles gives much insight into why cholesterol and lyso-
phosphatidylcholine affect membranesin the way they do, and, more generally,
should give some confidence in further applying the theory to more com-
plicated multicomponent (lipid-protein) systems.

Theory

A unified theory of the self assembly of lipids into micelles, vesicles and
bilayers has been presented [5,6]. This theory incorporates the concepts of
solution thermodynamics, interaction free energies, entropy of mixing and
molecular geometry in a simple way. Since the theory has been well discussed
elsewhere we continue with the notation previously introduced and first
summarise only the results already obtained for mixed lipid vesicles which are
relevant to the present application. Further theoretical results are then derived,
A more detailed consideration of the basis and approximations of the theory
is relegated to the Appendix.

Initially we consider spherical vesicles formed by, for example, cosonication
of two lipids A and B. At equilibrium A, and B, denote the number of lipids of
each species in the outer monolayer, and A; and B; are the number in the inner
monolayer.

For convenience the lipid distributions are described in terms of the fol-
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lowing quantities

N=A,+ A; + B, + B,

F=(Aq+ AN

f=(Ao+Bo)/N,ie.f[(1 —f)= (Ao, +Bo)/(A; +By) (1)
Xo=A0/(A + By)

X; = Ai/(A; + B)) = (F— X, )/(1 — )

where N is the total number of lipids/vesicle and F is the total fraction of
lipids A in the vesicle, equivalent to the mol fraction of lipid A in the system. f
gives the fraction of lipids in the outer monolayer. For a symmetric lipid
distribution the fraction of lipid A in the outer and inner monolayers are both
equal to F. That is, for no asymmetry X, = X, = F, whereas for asymmetric
vesicles X, and X; will deviate from F. in Ref, 6, and more rigorously in the
Appendix, it is shown that at ‘equilibrium’ * all mixed lipid vesicles should be
asymmetric. Defining the asymmetry as the difference between X, and F the
condition for a minimum free energy may be written as

v _ o YA—F)F
AXy=X,—F RoET ) (2)
where
R;\?
5= [Fay + (1= Flag) (Do — Do) + (1) [FD, + (1~ F)Dgl(@a/R s — ao/Ro)t -
0
(3)
and further
_ Ro)?
AXi=Xi_F~_ f AXO (4)
i

Here R, and R; are, respectively, the outer and inner mixed vesicle radii mea-
sured at the hydrocarbon-water interfaces, R, and Ry are the outer radii of the
pure vesicles of lipids A and B defined by Eqn. 7, t = (R, — R;) is the hydrocar-
bon bilayer thickness, as and ay are the optimal surface areas of the lipids A
and B measured at the hydrocarbon-water interfaces, D, and Dg are the effec-
tive head group lengths, ¥ is the hydrocarbon-water interfacial free energy
(approx. 50 erg/cm? [5]), k is Boltzmann’s constant and T is the temperature.

While Eqns. 2—4 provide a convenient theoretical description of the
asymmetry, it appears that the quantity experimentally accessible is the ratio
of the number of lipids of one species (A or B) in the outer monolayer to the
number in the inner monolayer. These quantities are defined by
Ao Xof
A X(1—7)
Bo_ (1= Xo)f

B, A—-X)A—1 ®)

* By ‘equilibrium’ we do not imply that vesicles are the thermodynamically most favoured state of phos-
pholipid suspensions (ef. p. 1557 of Ref. 5, and p. 200 of Ref. 6).
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Unless the asymmetry is large we find that, to a good approximation f/(1 —f) =
(Ao + By)/(A; + By) ~ (Ro/R;)?; combining Eqns. 2—5, the equilibrium outside/
inside ratio of lipid A is then given by

pa YFA—F)
AoJA, ~ (_R_o)2 RkT (6)
0/ 433 Ri P (&)271;"(1_1?)«6
R;) RokT

where 8 is defined in Eqn. 3. Similarly, B,/B; follows from Eqn. 5. When the
lipids are symmetrically distributed X,=X;=F, and so A¢/A; =B/B; =f/
(1 —f) = (Ro/R;)* as expected from a consideration of the ratio of the outer
and inner surface areas.

The equilibrium outer vesicle radius R, is governed by geometric constraints
imposed by lipid packing, and is given to a good approximation by the
geometric ‘packing equation’ [6]:

e [3+V/3(40fal, — 1)]

Ro 61— v/al.] (7)
where

a=Xoas +(1— Xolag (8)
U=Xova+ (1— X,)ug (%)

Here @ and 0 are the mean outer monolayer lipid surface area and hydrocarbon
volume, respectively, v, and vy are the hydrocarbon volumes of lipids A and B,
I, is the critical hydrocarbon length (assumed to be the same for both lipids).
The inner vesicle radius is then readily obtained by use of volume and area con-
servation equations (cf. Refs. 5 and 6 and Eqns. A2—A5).

For any given lipid system we can specify a,, ag, va, Up, Da, Dg, and [,
(the large number of variables involved is at first sight daunting but they are
all either experimentally accessible or readily estimated (cf. next section)). For
any mol fraction F the above equations can be readily solved to obtain all the
relevant (i.e. experimentally measurable) quantities.

Finally we mention that the theory indicates that vesicle radii are not
discrete but rather have a Gaussian distribution about the mean R, value with
standard deviation

R,/ kT

7o —— — 0
Or l. ¥V 8wy (10)

This is usually a few percent of R, but can increase sharply as a consequence of
finite head group length [6] and the distribution of asymmetry (see below).
The asymmetry is likewise not discrete but is also Gaussian distributed about
the mean value of X,. The standard deviation is

R, {/FO—F
Oxy> F?,Zi |/ ———(N) (11)

The 1/+/N dependence means that the distribution in X, is sharply peaked.
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Typically, for N 2 10° and F ~ 0.5 means that ox, 2 3%. However the distribu-
tion of Ay/A; values about the mean value will be more broad. The standard
deviation is

F + R}/R})
Oagia; > (—-—“Ff 0%, (12)

Typically 044/4, can be 5—10 times larger than ox,. Thus we find that the
spread in the transbilayer distribution can be fairly large, and is particularly
large when N is small (small vesciles) and/or when F is small.

The theory has successfully described phosphatidylcholine/phosphatidyl-
ethanolamine mixed vesicles at a single composition: F = 0.48 [6]. We shall
proceed now to describe phosphatidylcholine/lysophosphatidylcholine and
phosphatidylcholine/cholesterol mixed vesicles (in which lipid A will be phos-
phatidylcholine). Since lysophosphatidylcholine and cholesterol are very
different from both phosphatidylcholine and phosphatidylethanolamine these
mixed vesicles display a wide variety of observed properties and the present
application should then provide a more stringent test of the theory. First, how-
ever, we must consider the relevant geometrical variables (a,, ag, Ua, los Da,
etc) that characterise phosphatidylcholine, lysophosphatidylcholine and
cholesterol. This is the topic of the next section.

Geometrical description of lipid molecules

The results of the previous section are all expressed in terms of quantities
that are readily accessible from experiment (interfacial energy v, hydrocarbon
surface areas a, and volumes v, etc.) though there is some disagreement on their
exact numerical values. These differences are usually small and do not greatly
affect the quantitative theoretical predictions. We consider now the geometrical
characterisation of each lipid in turn. The hydrocarbon chain length I, is
discussed separately since it is a sensitive variable.

Phosphatidylcholine (lipid A)

We have previously [5,6] modelled phosphatidylcholine vesicles using mea-
sured values of v, = 1063 A?, a, = 71.7 A? [9,10] and I, ~ 17.5 X. The theory
then predicts Ry ~ 105 &, t ~ 30 &, N ~ 2600, and A,/A; = 2.0, in good agree-
ment with experiment [11,12]. Note that in our theory R, a, and t refer to
the hydrocarbon-water interface and so take values slightly different from
those measured since these are usually referred to the ends of the head groups.
Thus, the experimental values for R, will be greater than the theoretical value
of 105 A by approx. D,, or a few angstroms; similarly the measured bilayer
thickness t should be larger than 30 & (cf. experimental values of 37 + 2 & and
35 & [11—14]), and a, should be larger than 71.7 A? on the outer monolayer
and smaller on the inner monolayer (cf. 74 A? and 61 4?2, respectively, for egg
phosphatidylcholine [12], and 76 &? and 68 A? for dipalmitoylphosphatidyl-
choline [15]). For example, using the above-mentioned experimental results
for egg phosphatidylcholine, and taking the length of the polar region to be
approx. 4 A we find the thickness of the hydrocarbon region for egg phos-
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phatidylcholine to be approx. 29 &, and that a, ~ 68 A? and 69 A2, respec-
tively, at the outer and inner hydrocarbon-water interfaces, i.e. both areas are
about the same, as expected theoretically [5].

The difference in lipid surface areas measured at the inner and outer polar
regions is important since some authors [16] have used their measurements of
/(1 —f) (i.e. outside/inside lipid distribution) together with independently
measured values of the total bilayer thickness (i.e including the head group
lengths) to calculate values of R,. They have further assumed that the area/lipid
at the ends of the head groups is the same for both monolayers which, as we
have seen, is not the case [12,15]. If, however, we take the head group areas to
be at the hydrocarbon-water interfaces, and use f/(1 —f) data along with a
hydrocarbon region thickness of approx. 29—30 A, then we find that (i) the
inner and outer head group areas are the same, and (ii) the value of Ry~ 120 A
deduced from some experiments [16] becomes R, ~ 103—107 &, which is also
in agreement with more direct measurements [11,12]. We adopt this as the
‘experimental’ value with which we compare our theory.

For the sake of continuity with the earlier work [5,6] we use the values
noted above for vy, a5 and I, (Table I). It should be borne in mind that differ-
ences of a few percent in v, and a, do not significantly affect our results.

Lysophosphatidylcholine (lipid B)

By comparison with phosphatidylcholine the geometrical properties of lyso-
phosphatidylcholine have been less extensively studied. The only difference in
molecular structure is that lysophosphatidylcholine has one hydrocaron chain
whereas phosphatidylcholine has two which suggests that we take a hydro-
carbon volume, vy, for lysophosphatidylcholine equal to half that of phos-
phatidylcholine (vg =} v,) while the head group area, ag, and I, should be
essentially the same as for phosphatidylcholine. Thus we use vg = 531 A3 a5 =
71.7 A? and I,=17.5 & for lysophosphatidylcholine, whence vg/agl. = 0.42.
The theory predicts (cf. Ref. 5, section 5) that non-spherical micelles should
form when v/al, lies between 0.33 and 0.50. In addition the predicted aggrega-
tion number (cf. Fig. 8 of Ref. 5) is approx. 4.4[(47l2)/(3v)] ~ 186, and we
expect that the micelles should be toroidal or dimpled spheroids with an axial
ratio of about 2.3. These results compare very well with the experimentally
determined [17] aggregation number of 181 for lysophosphatidylcholine
micelles and the observation that there was significant deviation from spher-
icity although the exact shape could not be determined. This good agreement
gives us confidence in our geometrical characterisation of lysophosphatidyl-
choline.

Cholesterol (another lipid B)

In mixed egg phosphatidylcholine/cholesterol monolayers [60] and myelin
phosphatidylcholine/cholesterol bilayers [37] cholesterol initially behaves as a
lipid of area approx. 19 A? up to a mol fraction of about 0.5. This reflects the
condensing effect of cholesterol on phosphatidylcholine. Previous theoretical
work [4] on the packing of phosphatidylcholine and cholesterol in mixed
vesicles used this hydrophilic surface area (defined at the hydrocarbon-water
interface) of 19 &2 for cholesterol to accurately fit experimental R, vs. com-
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position data. It also emerged that the cholesterol molecule behaves as if it has
a frayed shape (i.e. a truncated cone) whose hydrophilic head group area
(approx. 19 A?) is smaller than its hydrophobic end area (approx. 38 &A?) found
when a pure cholesterol monolayer is compressed. The assumption of a frayed
shape for cholesterol (as opposed to the tapered shapes of phosphatidylcholine,
lysophosphatidylcholine and phosphatidylethanolamine molecules) facilitates
the quantitative explanation [4] of the condensing effect of cholesterol in
terms of molecular geometry without invoking specific interactions. It also
explains why pure cholesterol does not form micelles or bilayers.

We choose the hydrocarbon volume of cholesterol so that the molecule has
packing properties consistent with earlier results [4], viz. vg ~ 400 A?, ap =
19 &? and I, =17.5 A. Other combinations, viz. higher ag and vg [4], yield
similar results.

Hydrocarbon length, 1., and head group length D

The theoretical predictions are relatively insensitive to the exact values of v
and a but are strongly dependent on the choice of [, and, to a lesser extent, of
D. The maximum value of /, can be estimated from a knowledge of the hydro-
carbon chain length [5] and more closely determined by fitting the measured
radii of pure phosphatidylcholine vesicles. The I, value turn out to be about
80% of the fully extended hydrocarbon chain length [18]. This reflects the
large unfavourable entropy associated with hydrocarbon chains adopting non-
optimal configurations [19], e.g. by being extended too much.

We take I, to be in the range 17—17.5 A for all the lipids. This gives radii for
pure phosphatidylcholine vesicles in the range 105—120 & consistent with the
experimentally observed range [7,11,12,20]. The size of pure lysophospha-
tidylcholine micelles is also successfully predicted, as already noted. Our choice
of 1, is also acceptable for cholesterol: Crowfoot [21] quotes 20 A for the fully
extended length of cholesterol and we expect that the terminal chains in the
fluid-like bilayer interior to be somewhat less extended.

Though the problem of different chain lengths is clearly important it is
theoretically much more difficult to handle and is unlikely to have a large
effect in the present application. That lateral phase separations can occur when
the hydrocarbon chain lengths differ by more than two carbons [22] further
highlights the point.

The effective head group length, D, is the distance above the hydrocarbon-
water interface at which the repulsive forces (steric, electrostatic, hydration)
act. This distance is expected to be of the order of the polar region or head
group thickness. For phosphatidylcholine the head groups appear to lie almost
parallel to the surface [23—26] so that D should be less than the fully extended
headgroup length (approx. 10 &) or the distance between the charges of the
zwitterionic headgroup (7.7 A [27]),and will be taken to be about 4 A for both
phosphatidylcholine and lysophosphatidylcholine. For cholesterol, since the
position of the molecule in a phosphatidylcholine bilayer is with the terminal
hydroxyl group at the hydrocarbon interface [28,29], we take D = 0.

This completes the choice of lipid areas, volumes and lengths needed for
analysing the properties of mixed lipid vesicles. These are summarized in
Table 1.
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TABLEI

Our choice of hydrocarbon volume v, chain length I, head group area a, and effective head group length
D for the lipids. For a more detailed discussion see above.

Lipid v(&3) a(d?) 1.(R) D)
Phosphatidylcholine 1063 71.7 17.0-17.5 4
Lysophosphatidylcholine 531 71.7 17.0—-17.5 4
Cholesterol 400 19 17.0—17.5 0
Results

We now apply the theory outlined previously to phosphatidylcholine/lyso-
phosphatidylcholine and phosphatidylcholine/cholesterol mixed vesicles, com-
paring the results, where possible, with experiments. We then discuss the
general fea1:ure/su of the behaviour of these systems.

Phosphatid/lcholine/lysophosphatidylcholine

Using the appropriate values for v, a, I, and D from Table I, we obtained the
results shown in Fig. 1 for the variation of mixed vesicle radius R,, and trans-
bilayer distributions for both phosphatidylcholine (A4,/4;) and lysophospha-
tidylcholine (B,/B;), as the fraction of lysophosphatidylcholine in the vesicles is
increased. We now compare these calculations with experimental results.

De Kruijff et al. [16] measured the inside/outside ratio of total phospholipid
of cosonicated phosphatidylcholine/lysophosphatidylcholine vesicles con-

0 5 10 15 20‘l
% LPC
Fig. 1. Vesicle ratiius Rg. and outer/inner lipid distributions (Ag/Aj and Bg/Bj) in mixed phosphatidyl-
choline/lysophosphatidylcholine vesicles as a function of composition. The radius is given by Eqn. 7 while
the distributions are calculated from Eqn. 6. The shaded regions indicate the range of theoretical predic-
tions. Note that for no asymmetry the curves for Ag/A; and Bg /B would coincide. Experimental values:
®, vesicle radii Ro {11,12,201; ®, Ag/A; [12,16,32]; 4, Bg/B; [32]; see also Results.
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taining 10% lysophosphatidylcholine (i.e. F = 0.9). The found [(A, + Bo)/(4; +
B)] =f/(1 —f)=2.4+0.05. Our calculated value is in the range 2.25—2.52 for
[, in the range 17.0—17.5 A, in agreement with their value. However, they then
calculate R, by taking a total bilayer thickness of 35 A and so obtain R, =
107 A. As shown above this procedure is not correct since the headgroup areas,
taken at the ends of the polar groups, are different in the outer and inner
monolayers. Using a hydrocarbon thickness of approx. 29 A, their measured
value of [(Ao + By)/(A; + B;)] yields Ry~ 82 2\, which then agrees with our
values of 78—86 A.

Mandersloot et al. {30] measured a thickness decrease in phosphatidylcholine/
lysophosphatidylcholine liposomes as the fraction of lysophosphatidylcholine
increased. They found a decrease in total bilayer thickness from 39 A (pure
phosphatidylcholine) to 35 A (25% lysophosphatidylcholine). For a planar
bilayer the hydrocarbon thickness, given by 2i/a, should equal 2 X 1063/
71.7 ~ 30 A for pure phosphatidylcholine, and 2(1063 X 0.75 + 531 X 0.25)/
71.7 ~ 26 & for 25% lysophosphatidylcholine. This decrease of 4 & is in agree-
ment with that measured. We find a similar decrease (results not shown) of the
hydrocarbon thicknes in phosphatidylcholine/lysophosphatidylcholine vesicles.
Mandersloot et al. [30] also report that vesicles with more than 50% lysophos-
phatidylcholine do not form. We find similar behaviour in that for vesicles with
more than a critical fraction of lysophosphatidylcholine packing constraints
cannot be fulfilled and a spherical vesicle cannot form (i.e. the theory predicts
that they will shrink to micelles probably of cylindrical shape [31]). This
critical fraction is very sensitive to I, but should be close to 30—40% lysophos-
phatidylcholine.

In a later paper, de Kruijff et al. [32] measured the transbilayer distribu-
tions of phosphatidylcholine and lysophosphatidylcholine in cosonicated
vesicles containing 15% lysophosphatidylcholine (F = 0.85). They found the
outside/inside ratio of lysophosphatidylcholine (Bo/B;) to be about 4.9. This
agrees with our values of 5.0—5.8 though it should be noted that the theoreti-
cal value for B,/B; is very sensitive to the values chosen for [, and D. The
experimental value of By/B; is likewise very sensitive to the error in measuring
B;, since B, is so small (about 3% of the total lipid). A less sensitive measure is
the fraction of total lysophosphatidylcholine in the outer monolayer [By/(B, +
B))]. De Kruijff et al. [32] find 83% lysophosphatidylcholine outside, comp-
pared with our values of 83—85%. Another experiment [33] found 80—90%
lysophosphatidylcholine outside. In the same paper, de Kruijff et al. give results
which indicate the outside/inside ratio of phosphatidylcholine (A,/4;) in these
same vesicles (F = 0.85) to be approx. 0.44/0.41 = 1.07. We calculate A/A; =
2.3—2.6, in disagreement with this experimental result. Taken together, de
Kruijff’s two results give [(Ao+Bo)/(A; +By)]=f/(1—f)=1.3 which is
irreconcilable with their earlier [16] value of 2.4, which admittedly used 10%
lysophosphatidylcholine rather than 15% lysophosphatidylcholine. Further,
taking the most charitable choice for the hydrocarbon thickness of t = 29 A
together with their value of f/(1 — f) = 1.3 yields R, ~ 200 & in contradiction
with the observation that vesicle radii decrease as lysophosphatidylcholine is
added [16]. '

We now discuss the general features of our results and see how they can be
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explained using simple ideas. From Fig. 1 we see that the radius of the vesicles
decreases as the amount of lysophosphatidylcholine increases. This is simply a
result of the different packing properties of lysophosphatidylcholine and phos-
phatidylcholine. The former can pack into highly curved micellar structures,
while phosphatidylcholine can only pack into a much less curved vesicular
structure. A mixture of these lipids will therefore pack into a structure of inter-
mediate curvature, in this case, a vesicle of smaller radius than that for phos-
phatidylcholine.

There are two effects that determine the outside/inside distribution of the
lipids: one due to vesicle size and the other due to asymmetry. We discuss these
in turn. Since the radius decreases with increasing lysophosphatidylcholine and
the head group areas are roughly the same for the two lipids, the outside/
inside ratio even for a symmetric distribution will increase, since the ratio of
outer to inner vesicle surface areas increases as R, falls. In addition, any asym-
metry in which one species preferentially packs into, say, the outer monolayer
will further effect the distributions. o

For the phosphatidylcholine/lysophosphatidylcholine system the meore
tapered shape of lysophosphatidylcholine causes it to go preferentially to the
outside, which gives more lysophosphatidylcholine and less phosphatidyl-
choline in the outer monolayer than would otherwise be the case. For phos-
phatidylcholine these two effects (radius decrease leading to an increase in A,/
A;, and asymmetry leading to a decrease in A,/A;) almost cancel out; the net
effect is that the outside/inside ratio of phosphatidylcholine (4,/A4;) increases
only slowly as more lysophosphatidylcholine is added (Fig. 1). But for lyso-
phosphatidylcholine both effects work in the same direction so that the
outside/inside ratio of lysophosphatidylcholine (B,/B;) increases very rapidly
(Fig. 1). It is worth noting that if there were no asymmetry but only a vesicle
size change the values of Ao/A; and B,/B; would be equal at all mol fractions F
and vesicle radii R,.

Phosphatidylcholine/cholesterol

Our calculations for phosphatidylcholine/cholesterol vesicles are shown in
Fig. 2 which exhibits the variation of vesicle radius R, and transhbilayer distri-
bution of both phosphatidylcholine (A4/4;) and cholesterol (By/B;) as the mol
fraction of cholesterol is increased to 50%. Again the geometric properties of
the molecules were taken from Table I. -

As can be seen, the values for the mixed vesicle radii agree well with the
varied experimental values shown. Johnson [11] used hydrodynamic methods
to obtain the vesicle radius (note that his vesicles contained a small amount,
approx. 4%, of phosphatidic acid which may have changed the vesicle size
slightly). Gent and Prestegaard [20] used gel partition chromatography and
obtained slightly larger radii. Newman and Huang [34] obtained values for R,
of 102 &, 105 A& and 111 & for 0%, 9.5% and 22.5% cholesterol, respectively,
using hydrodynamic methods, slightly less than Johnson'’s values.

The behaviour of the transbilayer distribution of phosphatidylcholine
depends on the type of phosphatidylcholine used. For phosphatidylcholine
with cis-double bonds (egg phosphatidylcholine, soy phosphatidylcholine,
18 : 1,/18 : 1, phosphatidylcholine) there is an abrupt increase in A,/A; above
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Fig. 2. Vesicle radii Rg and distributions Ag/A; and Bg/B; for mixed phosphatidylcholine/cholesterol
vesicles; details as in Fig. 1. Experimental values {20,111 shown for radii R only (e, 0). See also Fig. 3.

Fig. 3. Outer/inner distribution of phosphatidylcholine in mixed phosphatidylcholine/cholesterol vesicles.
Theoretical values are represented by the shaded region as in Fig. 2. Experimental values {35] are: ®, for
18 : 0/18 : 0 phosphatidylcholine; ®, 16 : 0/16 : 0 phosphatidylcholine; ¢, 18 : 14/18 : 1; phosphatidyl-
choline; U, 18 : 1,/18 : 1, phosphatidylcholine, and ©, egg phosphatidylcholine. Note that the open data
points are for lipids containing cis-double bonds.

about 30% cholesterol {35,36]. For saturated phosphatidylcholines or phos-
phatidylcholines with trans-double bonds, however, there is only a small change
or even a decrease in Ay/A; as the fraction of cholesterol is increased. Our
results shown in Fig. 3, agree quite well with all cases for up to 25% choles-
terol, and with the saturated and trans-double bond phosphatidylcholine up to
50% cholesterol.

There have been no direct measurements of the transbilayer distribution of
cholesterol in these mixed vesicles. De Kruijff et al. [35] calculate the distribu-
tion indirectly, from their measured values of the transbilayer distribution of
phosphatidylcholine, assigning values for the headgroup area of phosphatidyl-
choline, cholesterol and a phosphatidylcholine-cholesterol complex. For
F = 0.5, they obtain values for B,/B; in the range 0.82—1.38 for various phos-
phatidylcholines, compared with our values in the range 1.08—1.13. These
measurements give 45—58% of the total cholesterol outside, compared with our
values of 52—53%.

The general features of Fig. 2 are explicable in much the same terms as
Fig. 1. Because cholesterol is a frayed structure [4] the vesicles increase in size
as more cholesterol is added. This is just the opposite case to that in Fig. 1, in
which lysophosphatidylcholine is more tapered than phosphatidylcholine.

Because the vesicles increase in size, both A,/A; and B,/B; should decrease as
the fraction of cholesterol is increased in the absence of asymmetry. There is,
however, some asymmetry, with phosphatidylcholine now preferentially
packing in the outer monolayer. For phosphatidylcholine this means that A,/A;
does not decrease as rapidly as it would for a symmetric distribution. For small
amounts of cholesterol it is more favourable for cholesterol to pack mostly in
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the inner monolayer (i.e. By/B; < 1). As the fraction of cholesterol increases,
the vesicles increase in size so the tendency for cholesterol to pack in the inner
monolayer decreases (cf. Eqn. 2); the net effect is that B,/B; increases slowly as
more cholesterol is added.

Our results also show a small monotonic increase in hydrocarbon region
thickness from approx. 30 & (pure phosphatidylcholine) to approx. 32 & (50%
cholesterol) consistent with experiment [37]. This thickness increase is a result
of the frayed nature of the cholesterol molecule which causes the phosphatidyl-
choline to become more tapered, i.e. the phosphatidylcholine chains are forced
to straighten out and consequently to become less fluid like [4].

Measurements of the size distribution of mixed phosphatidylcholine/choles-
terol vesicles indicate that the standard deviation in vesicle size is about 20%
[62,63]. This is significantly higher than our theoretical estimate of a few
percent (cf. Eqn. 10) which we stress gives only a lower bound for op. How-
ever, we note that different methods of vesicle preparation yield different size
distributions, In particular, vesicles prepared without sonication have a much
narrower spread in size, of the order of a few percent [64].

The sudden upturn in Ay/A; for cis-unsaturated phosphatidylcholine above
25% cholesterol (Fig. 3) could be accounted for by a small increase in the effec-
tive head group length D, of phosphatidylcholine, and we note that whereas
Brown and Seelig [39] conclude that for saturated dipalmitoylphosphatidyl-
choline there are only slight changes in headgroup conformation as the fraction
of cholesterol is increased, Verma and Wallach [38] and Oldfield et al. [58]
measured significant changes in headgroup configuration and motion of cis-
unsaturated phosphatidylcholines above 20% cholesterol. Such specific interac-
tions have also been observed in monolayer studies [40,41].

Packing, flip-flop, and bilayer shape changes

The theory and results presented above apply to equilibrium vesicles. We
now explore the possibility that vesicles can deform so as to relieve the
unfavourable packing strains introduced by the non-equilibrium incorporation
of foreign molecules (thereby reducing one of the driving forces of flip-flop
[32,42]). Qualitatively we expect packing strains to arise when the guest lipids
have a larger critical (vesicle) radius than the host lipids, for then packing con-
straints cannot be satisfied even if the vesicles deform. Such incorporation
should therefore induce flip-flop. These ideas are in agreement with observa-
tions that the incorporation of low radius of curvature lipids into vesicles
preformed with higher radius of curvature lipids (e.g. 16 : 0 lysophosphatidyl-
choline into 18 : 1./18 : 1, phosphatidylcholine vesicles [32] or dimyristoyl-
phosphatidylcholine into dioleoylphosphatidylcholine vesicles [42]) did not
increase the flip-flop rate; but when the guest lipid had the larger radius of
curvature there was more than a two-fold increase in the rate of transbilayer
lipid movement.

As an example of how unfavourable packing strains can be relieved on
incorporation of foreign lipids into vesicles, we have considered the experimen-
tal results of de Kruijff et al. [32] who found that egg phosphatidylcholine
vesicles when incubated with lysophosphatidylcholine were able to incorporate
at least 13% of lysophosphatidylcholine in the outer vesicle monolayer without
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inducing flip-flop. We have verified that if the vesicles become elongated during
incorporation of lysophosphatidylcholine, the resulting vesicles may still have
the same number of phosphatidylcholine molecules on the inner and outer
monolayers as well as an additional 10% or more lysophosphatidylcholine in
the outer monolayer. Thus, for example, a tubular vesicle with hemispherical
ends (of diameter approx. 130 Aand length approx. 400 A) could accommodate
approx. 13% lysophosphatidylcholine in the outer monolayer, mainly in the
hemispherical end regions, with no packing strains being induced on either
phosphatidylcholine or lysophosphatidylcholine in either monolayers, and
therefore with little tendency for induced flip-flop to occur for either species.
A more likely shape would be intermediate between a tubular and a prolate
ellipsoidal structure, still with an axial ratio of approx. 3. More elongated
vesicles could accommodate up to 18% lysophosphatidylcholine in the outer
monolayer before packing strains become unfavourable.

Discussion

Our quantitative study of mixed phosphatidylcholine/lysophosphatidyl-
choline and phosphatidylcholine/cholesterol vesicles has successfully described
the variations in vesicle radii and asymmetric lipid distributions as a function of
composition. That a theory formulated primarily in terms of lipid shapes
applies to these very different lipids indicates that specific lipid interactions
are, for the most part, not important. The unusual lipid distributions observed
with cis-unsaturated phosphatidylcholine when more than 30% cholesterol is
present is the only instance where the theory could not account for the
expermental data. However, as argued in the text and supported by some
experimental evidence, it is likely that here specific interactions involving the
bulky cis-double bond of phosphatidylcholine could cause the head group con-
formation of phosphatidylcholine to change in such a way as to bring the theo-
retical predictions in line with the measured results. The theory, therefore, has
its weakness in not being generally applicable to all types of lipid-lipid interac-
tions; but its strength lies in being able to pinpoint where specific interactions
have to be invoked as well as giving some indication of how these affect lipid
packing.

The present theory describes the equilibrium properties of mixed lipid
vesicles. For the most highly tapered lipid, lysophosphatidylcholine, it is easily
possible to find very large transbilayer asymmetries, arising solely from packing
effects. Such consideration will not always apply to biological membranes which
are essentially planar. Only when the local radius of curvature is small, as may
happen during pinocytosis and blebbing, or in microvilli and alveoli, will these
effects become important, leading to large local asymmetrics and possible
separation of lipid and protein species between the curved and planar regions of
the membranes [59]. Another important difference between lipid vesicles and
biological membranes is the existence of a resting potential across membranes
which is also likely to be correlated with the asymmetry of the charged species
[44]. Thus the asymmetries observed in biological membrane [45—47] cannot
be explained in terms of the theory. Nevertheless, the theory can at least
rationalise in terms of packing compatibilities why certain lipid species are
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often found together, while others are rarely found together, on the same side
of a biological membrane of lipid bilayer. For example, the concepts of packing
explain the preference of cholesterol for phosphatidylcholine rather than phos-
phatidylethanolamine in a mixture of these three lipids [48], since phospha-
tidylcholine, being more tapered than phosphatidylethanolamine, can more
easily accommodate the slightly frayed shape of cholesterol than can phos-
phatidylethanolamine. Further, the packing incompatability of phosphatidyl-
ethanolamine and cholesterol implies that when mixed.these should not form
vesicles, as observed [49]. Another study of preferential lipid distributions
[50] has shown that cholesterol prefers sphingomyelin most, with phospha-
tidylcholine next, and showing least preference for phosphatidylethanolamine.
This indicates that sphingomyelin is more tapered than phosphatidylcholine,
and so should form smaller vesicles, and pack preferentially into the outside of
sphingomyelin/phosphatidylcholine vesicles, as observed [43]. Finally, the
ability of cholesterol to ‘neutralise’ the lytic activities of lysophosphatidyl-
choline can be readily understood in terms of the mutual accommodation of
these two differently shaped lipids (the one tapered and the other frayed), as
can their ability to form bilayers when mixed [65].

On a final note: the assumption, adopted herein, that each lipid species in a
mixed system has the same effective chain length /, is a severe one. In fact, the
sensitivity of the theoretical results to chain length indicates its fundamental
role. We propose to incorporate hydrocarbon chain energetics into the present
formalism and so facilitate the consideration of chain length differences in a
natural way. A rigorous discussion of lateral phase separations in mixed lipid
systems may then be possible. Finally, we note that the packing of proteins in a
lipid environment may also be discussed in terms of these packing ideas [7,61],
although such applications remain, as yet, unexplored quantitatively.

Appendix

We present here more detailed discussion of the theory outlined in section 2.
To a sufficient approximation the free energy of a two component spherical
vesicle of aggregation number N is given by a slightly rearranged version of
Eqn. 31 of Ref. 6:

1 —_—
( R f) [XiDaaa + (1 — X;)Dgag]

G =Nu} = 2Ny(Fap + (1 — F)ag) + N“r(

- ITfo [XoDpap + (1— X, )DBaB]) + NRT(f[XoIn X, + (1— X,) In (1 — X,)]

+A =X InX +(1—X;)In(1—X)]) (A1)

where the notation was defined in Egn. 1.

In Eqn. Al the three contributions are, respectively, the free energy of the
two hydrocarbon-water interfaces, a correction due to finite curvature and
head group length and, last, the entropy of mixing of lipids in each monolayer,
here assumed to be ideal.

A rigorous description of vesicle sizes must follow from solution thermo-
dynamics [5,6]. The equilibrium between monomers and aggregates gives the
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mol fraction of lipids in vesicles of aggregate number N:
X =NXY exp[—N(u — u3)/kT]

Thus, choosing N (or R,), one minimises G (Eqn. Al) subject to packing con-
straints to find Xy as a function of N. Generally the distributions of Xy is
sharply peaked, N (average) ~ N (most probable) and the corresponding vesicle
radius is approx. R§. The procedure of simply minimising G with respect to all
variables, including N, yields essentially identical results, especially since the
monomer concentration is negligible, and we adopt it here.

Free energy minimisation

We shall return presently to discuss the approximations inherent in Eqn. Al.
First, however, we discuss the minimisation of the free energy subject to
packing constraints. These constraints, which simply express the conservation
of hydrocarbon volume and area, are

4n(RS) = Nf(Xoas + (1 — Xo)ag] = Nfa (A2)
4nR} = N(1 —N[Xias + (1 — Xy)ag] (A3)
4
"3 LRS — RY)] = N[Fos + (1 — F)ug] (A4)
4
3 [BSY — (RS — 1.)°] = NflXova + (1 — Xo)vg] = Nfo (45)

The vesicles which preferentially form are adequately described as being
those which minimise * G subject to the constraints of Eqns. A2—A5; the
expression for X; given in Eqn. 1, should also be regarded as a ‘constraint’. The
full minimisation problem is difficult since once v,, vy, aa, ag, I, Da, Dg, and F
are specified G is still a function of six variables (N, R,, R;, f, Xo, X;). An
approximate procedure follows, however, from the observations that G is most
strongly dependent upon N and X, and that asymmetries (AX, = X, — F) are
usually small. (Note that whilst AX, may be small, Ay,/A; may be very large).
Then we may expand G about Gy = G(X, = F):

(3G oG oON ) 19°G
~Gpt |t oo ) AXp + S 5 (AX) + . A6
G~ Gr (aX0 AN 3 X, Xo 2axg(= o) (A6)
"Terms omitted here, such as
3G 2Ry 3G of

R, 3X,’ f 0X,’

etc., are of secondary importance. In addition the entropy of mixing terms in G
can be linearised: In (X,) =In (F + AX,) ~ In F + AX,/F + ..., etc. This approxi-
mation is justified a posteriori by the solution to the full non-linear problem,
discussed below. The terms in Eqn. A6 can be calculated approximately using
Eqns. 1, Al and A5 directly or, more rigorously, using Jacobians. The mini-

* This could well be a local minimum; we have not considered lamellar phases which may be thermo-
dynamically preferred.
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misation condition is then simply dG/dX, = 0 and yields
0G oG oN ] /82G
—_— | —=
30X, AN aX,llaX3
from which Eqn. 2 follows.

The equilibrium vesicle size and lipid distribution are then found by solving
Egns. 2 and A2—AS5. These are a set of simultaneous non-linear equations for
N, Ry, R;, X, and f (X being given by Eqn. 1) and can be solved by iterating
from X,~ F; a few iterations yield convergence to one part in 10°. Results
given by Eqn. 6 are essentially identical. We remark parenthetically that Eqn. 7
follows from Eqgns. A2 and A5.

The rigorous minimisation procedure does not require the linearisation of
the entropy of mixing and employs the method of Lagrange Multipliers. The
resultant system of six non-linear and five linear equations must be solved
numerically. We have done this for the phosphatidylcholine/lysophosphatidyl-
choline and phosphatidylcholine/cholesterol systems and find only a few
percent difference from the approximate procedure described above and used
in the results section.

Xo~ F— [ (A7)

Approximations

The expression for the free energy given by Egn. Al includes two major
approximations: (1) optimal head group packing and, (2) ideal mixing. Con-
tributions to G due to non-optimal head group packing in the outer monolayer
produces extra terms in Eqn. Al of the form:

NfY(Xoaa0(1 —aa/aao)’ + (1 — Xp)age(1 — GB/GBO)2)

where a,o and agp are the actual head group areas of lipids in the outer mono-
layer as distinct from the optimal areas a,, ag. Such terms have been neglected
here since they are of lower order than the entropy of mixing. Their inclusion
considerably complicates the analysis yet produces little effect on the final
results and so we do not pursue this point here. The approximation R, ~ R in
Eqgns. A2, A4, and A5 is tantamount to that of optimal packing.

The assumption of ideal mixing, even for lipids as different as phosphatidyl-
choline, lyosphosphatidylcholine and cholesterol is, surprisingly, reasonable.
This follows from the neglect of specific lipid-lipid interactions which, at first
sight, might be regarded as a weak point of the theory but is, in fact, its
strength: if a reasonable description (i.e. one that agrees with experiment) of
vesicle sizes and lipid distributions follows without invoking specific lipid inter-
actions, then this provides strong evidence that such effects need not be
implicated, contrary to common assumption. The lipid tails are here assumed
to interact only via an excluded volume (‘hard sphere’ repulsion) effect. That
mean field theory descriptions [19] of the liquid-solid phase transition in lipid
bilayers are so succesful further argues for our neglect of specific lipid-lipid
interations. The experimental observation [58] that there is no evidence for
long-lived phosphatidylcholine/cholesterol complexes in mixed liposomes also
suggests that specific interactions may not be important. Given only excluded
volume interactions the assumption of ideal mixing is reasonable, even for
lipids with very different hydrocarbon and head group areas, such as those con-
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sidered herein. Computer simulation of equimolar mixtures of hard spheres
with diameters in the ratio 3 : 1 indicate near ideality [55]; non-ideal correc-
tions to the entropy of mixing are less than 5% at low pressure and never
exceed 30%, even near solidification. Calculations in two dimensions are
unavailable, but, since hard rods (i.e. hard spheres in one dimension) are exactly
ideal [56], we can safely presume hard particles to be more ideal in two
dimensions than in three. This could be easily verified using, for instance,
scaled particle theory [57] in two dimensions.
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