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To establish the stability critena of flat and undulated (phospho)-lipid (mults) bilayers, the main free energy contribu-
tions are analysed Any flexible system of layers interacting via water-mediated forces will tend to undulate One possible
explanation is thus obtained for the existence of rippled water—phospholiptd mixtures which agrces with most of the data

on the pretransition i lipid bilayers.

The pretransition in phospholipid bilayers (Lg = Py

or smBo = smBg, at T,) {11 is generaily thought of
as mvolving a change in the membrane surface struc-
ture. This change 1s observed as a transformation from
a planar (hexagonal lateral packing symmetry) to a
nppled surface (monochnic lateral packing symmetry)
[2]. However, recent reports argue in favour of the
exsstence of undulated bilayers even below the T
[3—51, these ripples being distinct in form from those
observed between the pretransition and the main,
order—disorder phase transition. The pretransition in
lipid biayers thus remains far less understood and ex-
plored than the main transition of lipid bilayers {6].
It has now been observed 1n bilayers formed from
most common dacyl glycerophospholipids, although
often only under restricted expernimental conditions:
in fully hydrated zwitterionic phosphatidylcholine
[7—91, anionic phosphatidylethanolamine [10] and
phosphatidylglycerol [11], and in doubly ionized
phosphatidylserine [12] and phosphatidic acid [13].
No pretransition was seen in large umlamellar vesicles
{14,151 and in bilayers with tilted chains but with rel-
atively small degrees o hydration [16,17]. The pre-
transition was further found to disappear when ions
at high concentration or water structure affecting
molecules were added to the water subphase, both of
which affected the main transition width and tempera-
ture only slightly [18,19].

None of the four models for the occurrence of the
nppled bilayer phase introduced so far [3,20—22]
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could fully account for the experimental data, which
are even contradicted by some of them. It is therefore
our aim to show that the surface of hydrated phospho-
lipid bitayers may be tippled because of the water-
mediated interlamellar coupling. We propose that the
pretransition should be considered as a transformation
which is at least partly due to the change of the in-
tnnsically generated tension to which the bilayers are
exposed (phenomenologically resembling the undula-
tion of the smectic hquid crystals under external ten-
sion, i.e. the Helfrich—Hurault effect [23]).

Let us estimate the interaction energy of two lat,
infinite bilayers immersed in excess water and separat-
ed by a water layer of thickness d,. The repulsive part
of the free energy/layer/ unit area of bilayer, ggR(d. ),
can be determined by a Landau expansion in power
series using the orientational polarization of water di-
poles as a parameter [24] *_If the orientational polari-
zation changes sign at each subsequent water—hpid
interface, this repulsive free energy density can be
written as

£58(d,) = P2elacy(e — 1)[cth(d,, /2£) — 1]

= 2748 exp(—d,,/5),

with £, denoting the absolute value of the orientationsal
polanzation at the bilayer surfaces, & the correlation

* We should note that regardless of its smplicity this approach
gives excellent agreement with experiment.
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length of this orientational order within the water, and
£, £g the dielectric constants of the water and free
space, respectively We should note here, that one
ngor) part of the free energy of bilayer hydration,
¥ cannot be deternmuned in the above procedure
It corresponds to the free energy of the phospholipid
polyhydrate formation This energy 1s hughly negaive
[25] and nearly independent of the water layer thick-
ness once the full occupancy of the inner hydration
shell(s) has been achieved [261 (which must anyhow
be the case if the Landau expansion 1s to be justified)
The matching attractive part of the interbilayer
mnteraction energy has been shown to be g‘m d)=
—M{d /1 2.-d' (=~ -«ﬁf/d“ . since M{d ) s nearly a
constant provided that d, < 3 nm) {27] If we denote
the free energy of chains/layer/unit area by g
gCh(d“), we can write the total surface density of
the free energy of interacting flat bilayers as

gm\(dw) = h\d e\p(—-d“ /I‘:) ]”/'d
Qgh + gh_\d

Alternatively. this energy can also be expressed in
terms of the displacements of the neighbounng hipid
surfaces perpendicufar to their average plane,1e of
u(z) At gven gl d,, . and &, the total free energy
of flat bilayers is then mimmum when the layers are
at 4y (z) =dy and uy(c) = 2d; +d , (d bemg the
bilayer thickness) whereupon the parameter M can be
determuned from

M=(@d3,/6)gM exp(—d, o /E). §))

because in the stable state

(@84, /3y, Vg =gy =0

We proceed to calculate the free energy of the
nppled system by assuming that the bilayers become
unidirectionally undulated, u(z) - u(x, 2). In thus case,
g4 1s not affected and g{i(dy) s only slightly af-
fected by the surface corrugations This 1s because the
former depends solely on the local head-group—water
mteractions of quantum ongin and the latter 1s due to
the rather long range van der Waals forces which are
nearly msensitive to the shape of the interacting sur-
faces at small distances [28,29]. But gi (d, ) becomes
smaller. Thus 1s so because of the high directional amso-
tropy of the bilayer—bilayer repulsion (this can be
readily seen from the generalization of eq. (2) of ref.
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Fig 1 Schematfic representation of the (ipwd)bilayer-—-water—
(bpid) bilayer system with undulated surface The non-shaded
area symbolizes the interbilayer space 1n which the bidayvers
lost their repulsive, water-mediated contact, u, {x, z), u3(x,2)
denote the bpid surface displacements

[24] to three dimensions) but also because of the very
short range of this force The repulsive contact between
the adjacent surfaces 1s thus partially lost (schematically
represented by the unshaded nterbilayer space m fig 1)
The decrease of g5g(d,, ) 1s n the first approximation
proportional to the tilt angle of the local bilayer surface
with respect to the average bilayer plane, n, = {ou(x, z)/
dx|, and to the reciprocal (wave) length of the periodi-
cal undulation, & = 2z/X, formally corresponding to a
second-order term in n, (fig. 1) The resulting gamn mn
energy 1s partly cancelled by the compression of the bi-
layer interior brought about by the surface undulaticns
The elastic free energy required for this compression,

g (nx) can be assumed to account for most of the
change mn g© [30] The mterlamellar interaction modi-
fications due to the curvature effects and to the inter-
bilayer distance changes are of lugher orders and can

be shown to yield essentially the results that were obtain
ed for flat bilayers. In fact, no other terms below the
fourth order need be mcluded and the total free energy/
layerfunmit area of the interacting bilayers s

&°dy, ny, k) = 28T exp(—d,, [E)(1 — 2dn, \k|[T)
— MJdE + gl (n,) + g + g9

Here, g"’l(n ) is proportional to the product of the bi-
layer elastic constant (whuch is by our choice u(z)

- u(x, z) K& K, <€K,) and the surface curvature,
(anx/ax) f30]. Gwen that uk <1 [2], the other ener-
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gy terms are of the same form for the triangular and
the sinusoidal undulation of amplitude « and after
averaging with respect to x the total free energy of the
corrugated mteracting bilayers system/layer/unit area
can be wntten as

g’“t(dw, u, k)=~ 2gjf‘3(’§l exp(—d /(1 — Zquk2 Jm)

- M/dgv + Kuk? ]2 + const. )

In dernving the above equations we have omitted
the hugher-order terms. Therefore, from the minimiza-
tion condition,

3g'°'/ad,, = 9g""fau =9z jak =0,

only the optimal dy,, and the product 2,k can be

determined. The optimal d,, of eq. (2) 1s nearly equal
to the one used mn eq. (1). But the solution

k2 = ad, g exp(—dy,olE)/muK

shows that the stable state of interacting bilayers 15 one
which 1s undulated wath a pennod

Ao = m[me K exp(dy,o/E)dy gt 12 @)

The experiments suggest the following values of
the parameters of eq (3) for the case of phosphatidyl-
cholmes at T< Ty. dy, = 24, ~ 1.6 nm”, g% ~ 0 28
Im™2, £ ~0.2 nm ¥. Unfortunately no experimental
data are available on K at 7'<< 7. An estimation based
on the approximate relation between the interfacial
energy/umt area, v, and the constant K- K =~ d%'y [34],
as well as on the data for the changes at T, of 7y #and
of dy [2] suggests that K(T < T )/K(T>T;)~2-3.
Using the measured value for KgT> T,) [37] we then
get 4 X107 J< K <ax1071% Jat T, <7< T,
The calculated nipple periods, 22 nm < Ao <220 nm,
compare well with those determuned experimentally,

* Theoretical considerations suggest that gl}:‘bd (T = Tt)/g}ﬂ‘éd

(Tlf'>h 7&) = 1 3 {31] but experimentally no phase dependence
0 gL

b for phosphatidylcholines could be established [321.
Our value for glﬂg‘ 18 the best fit to the data from ref. [32]
after the suppression of the data pomtsatdg, < 1 nm, for
which the Landau expansion cannot apply &7 > Ty)f
£(I' < Ty), on the other hand, was found to be =1 25 [33].

# The change of v at T, ¢ is probably (3—4) X107% T m™ since
the lateral pressure of chains then increases from =20 mN
m™! [35] to 50—-60 mN m™! (the latter value corresponds
the phase Lg; see ref [36]).
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13.5 nm [2] <., < 100 nm [38]. In licht of the
fact that eq. (3) contains no free parameters this quali-
tative agreement thus yields strong support to our
starting assumption that it is the water-mediated bilayer
—bilayer interactions [24,34] which is mainly respons-
ible for the lipid bilayer undulations. It should be
borne m mind, however, that other strains such as
those due to tilted chains (which were in part consider-
ed already with our choice u(2) ~> u(x, z) may assist

m the creation of surface npples but cannot be the
sole factor.

Besides yielding A, alike to A, the model intro-
duced n thus work explains why the surface undula-
tions are seen in muiti- (at least bi-) lamellar systems
only [14,15] but not a fortion m all systems with
tilted chains [16,17] and a first-order main transition.
It elucidates the disappearance of the pretransitzon in
systems in which the water-mediated mterbilayer
forces are largely changed because of the water struc-
ture affecting molecules [12,18,19}. Eq. (3) further
suggests, also in accord with the experimental findings,
that only those lipid systems which are sufficiently
elastic (no intermolecular bonds and full hydration
{2—5, 7—~13]) and consist of rotationally asymmetric
molecules to possess a small value of K=K, <K
will have observable npples at T < T,. (The pretrans:-
tion and the change of the nipples size at T, could
then be associated with an abrupt alteration of X at
this temperature.) At 7> T, on the other hand,

K, =~ K,, <K and the bilayer surface will be jumbled
rather than nippled [3~—5]. Our formahism cannot be
stnictly applied to this case; still using eq. (3) with the
parameter values of phase L, we conclude that the
Iateral size of the L, phase humps should be $J\Q. Ths
has been also established expenimentally [9—11].

In summary, we are able to explain most of the
firmly established facts about the rippling (and the
existence of a pretransition) in phospholipid bilayers.
However, the actual contribution to g'°t from chain
alt, and the correlation between the parameters used
mn our model and the thermodynamic data on the pre-
transition of lipid multibilayers, remain to be estabhished.
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