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A new method is introduced for the detection of chain interdigitation in phospholipid bilayers. The sume method is used o
measure the hydrocarbon tilt in the dipalmitoylphosphatidylcholine membrancs as a function of the bulk concentration of the
interdigitation-inducing solutes, such as cthanol. The hydrocarbon tilt in the phosphatidylcholine bilayers is demonstrated to be
limited to sngles below approx. 51°. The nced for higher tilt values leads to bilayer interditigation. Solute-induced chain
interdigitation is shown to be a cooperative process provoked by the excessively large lateral repulsion in the interfacial region
and the concomittant cxcessive chain tilt. Ethanol-induced phosphatidylcholine interdigitation, for cxample, proceeds via
interdigitated domains formation and finally gives risc to the bilayers with fully intercalated chains tilted by at least 30° (and

sometinmes as much as 50°) with respect to the membrane normal.

Introduction

Phosphatidylglycerol, more than a decade ago [1],
was the first phospholipid proposed to be able to form
membranes with interdigitated chains. Since then, a
series of published reports has corroborated the cxist-
ence of such ‘anomalous’ bilayers for many phospho-
lipids under a varicty of cxperimental conditions.

Interdigitated bilayers form spontaneously in aque-
ous lipid suspensions, for example, if the double-chain
lipids have strongly asymmetric aliphatic tails (dif-
ference in the chainlength typically greater than 6
methylene groups) [2-7], if the phosphatidylcholine
headgroup is in the sn-2-position [8] or if an alkyl-chain
is in the sn-1-position [9-13].

The driving force of such hydrocarbon intercalation
for the phospholipids with asymmetric chains appears
to be the same in the dry [14-16] and hydrated [2-4]
systems, its source being the packing incompatibility of
the exceedingly different chain lengths (along the axis,
‘transverse mismatch effect’).

Chain intcrdigitation is also obscrved with symmet-
ric chain phospholipids, such as phosphatidylcholine,

Correspondence to: G. Cevc, Medizinische Biophysik, Urologische
Klinik und Poliklinik der Technischen Universitit Miinchen,
Klinikum r.d.l. Ismaningerstr. 22, W-8000 Miinchen 80, Germany.

after the addition of some amphiphilic substances, such
as polymyxin B [17,18], choline and acetylcholine [19],
drugs and anesthetics [20), including simple [21-23] as
well as short polyvalent [24] alcohols, hepanoids [25],
butylparabene [26,27), buffer molecules [28), and an-
ions [29,30]. High pressurc also has been reported to
provoke chain interdigitation in phosphatidylcholine
bilayers [31].

In spite of all these observations the precise mecha-
nism and the reasons for isothermal, solute-induced
chain interdigitation werc obscure to date. In this
report we resolve this question and also describe in
detail the sequence of structural transformations which
a lipid must undergo ir order to end-up in an interdigi-
tated state. We show, moreover, that the phospholipid
chains interdigitation caused by solute molecules is a
result of the ‘lateral mismatch effect’. More specifi-
cally, we argue that in consequence to the solute bind-
ing at the lipid/water interface an excessive lateral
intermolecular repulsion is created. This extra repul-
sion in the interfacial region first causes the lipid
chains to increase their tilt pernendicular to the bilver
normal, in order to conform with the large interfacial
molecular area, and once the tilt can not be increased
any more, leads to the hydrocarbon intedigition.

We introduce a simple experimental method, based
on the dynamic light scattering measurements of the
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liposome size, suitable for the rapid detection and
characterization of the lipid chain interdigitation. We
show that the latter phenomenon is cooperative and
occurs via the formation of interdigitated chains do-
mains. Last but not least, we provide estimates of the
packing properties of the phosphatidylcholine chains in
the interdigitated phases, which were not known to
date.

Materials and Methods

Chemicals. 1,2-Dipalmitoyl-sn-3-phosphatidylcholine
(DPPC, purity > 99% according to HPLC) was pur-
chased from Bochringer (Mannhcim, Germany).
Ethanol (EtOH, p.a) was obtained from Merck
(Darmstadt, Germany), Water (18 M{2) was doubly
distilled in an all glass apparatus and reprocessed by a
water purification unit (Elgastat HQ) including filtra-
tion just before the preparation of the samples.

Sample preparation. For most of the measurements,
a suspension of multilamellar lipid vesicies in deubly
destilled water (50 mg DPPC/ml) was sonicated (Heat
Systems W 380) at 42°C until the average vesicle diam-
eter was approximately 50 to 60 nm. The resulting
suspensions of unilamellar liposomes were filtered
through a 0.2 pm filter and kept at room temperature.
Alternatively, small lipid vesicles were prepared by
multiple manual extrusion through a 100 nm pore
filter, using LiposoFast (Avestin, Ottawa, Canada).
Vesicle size in the resulting (sterile) preparations was
controlled prior to cach cxperiment and proved to be
stable for several weeks.

To get intermediate size vesicles an aliquot of the
original suspension of small lipid vesicles was kept at
42°C (i.e,, at the chain-melting phase-transition tem-
perature of DPPC) for a couple of days. This has
catalyzed substantial intervesicle fusion. When the av-
crage vesicle diameter has increased to approx. 100 nm
(0¢ 150 nm) the high-temperature incubation was ter-
minated and thc resulting liposomes were used for
experiments.

Scanning calorimetrv (DSC, MicroCal, Northamp-
ton, MA) was used to confirm that all investigated
vesicles were in the L, phase at 20°C.

Samples for the dynamic light scattering mcasurc-
ments were prepared by diluting 10 ul of the original
suspension in | ml of corresponding ethanol /water
mixture to yicld final lipid concentrations between 0.5
and | mM. After filtering of the resulting suspension
through a 0.2 um Millex GV13 filter each sample was
filled in an acryl, 1 cm light-path cuvette (prewashed
twice with freshly filtered water) and sealed with
parafilm. Preparation and manipulation of the samples
in the dust-free environment and free of contamina-
tions was found to be essential for the high quality and
reproducibility of all measurements!

Dynamic light scattering measurements were done
in triplicate with a Zetasizer 2C instrument (Malvern
Instruments, Malvern, UK). They were anylized by the
modified Contin programme from the Autosizer soft-
ware package. The required solvent viscosity data were
taken from Ref. 32.

For the osmotic stress experiments vesicles prepared
in 10 mM NaCl were used. After the addition of
appropriate amounts of ethanol and equilibration in
the resulting ethanolic solution the vesicle diameter
was measured for the first time. Then, cach sample was
diluted with a corresponding cthanol /water mixture to
decrease the final extravesicular salt concentration to 8
mM. This resulted in the starting transbilayer osmotic
pressurc gradicnt of 3 milliosmolcs.

Results and Discussion

Vesicle size

When mixed with an alcoholic solution the dipalmi-
toyiphosphatidylcholine (and other PC) suspensions
tend to change their properties. This is owing to the
redestribution of the amphiphilic alcohol molccules
between the aqucous and organic subphases which
leads to the accumulation of some of these molecules
in the interfacial region, encompassing polar phospho-
lipid hcadgroups, by and large.

Onc of the most striking consequences of this alco-
hoi redestribution is the change in bilayer packing
propertics; particularly prominent is the lateral bilayer
expansion and the concomittant vesicle size variation
as a function of the bulk alcohol concentration. (In the
present report we confine our interest to cthanol but
this is only for the sake of brevity and similar conclu-
sions also hold for other short chain alcohols.) Similar,
although far less strong. vesicle size variations are
induced by temperature changes (to be published). In
this contribution we therefore report only the data
obtaincd under isothermal conditions in the lamellar
lipid gel (L) phasc.

Relaxed dipalmitoylphosphatidylcholine liposomes
with a diameter of approx. 100 nm at 20°C are in such
an ordercd (gel) lamellar (L. ;) phase. This mcans that
all lipid chains are orientationally ordered (in an all-
trans configuration), tilted by approximately ¢, = 30°
relative to the bilayer normal [33].

Typical consequences of the ethanol addition to a
suspension of lipid vesicles with a diameter of 106 nm
in the L. phase, as studied by the photon correlation
spectroscopy, are illustrated in Fig. 1. From this pic-
ture, vesicle size upon increasing ethanol concentration
is seen first to increase gradually to approx. 119 nm;
this is the case until the bulk concentration exceeds
approx. 0.4 mol EtOH per litre. An increase in the
bulk alcohol concentration gbove this value diminishes
the measurable vesicie size significantly. An absolute
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Fig. 1. Etfect of the changing bulk cethanol concentration on the

diameter of dipalmitoylphosphatidylcholine unilamellar vesicles, as

measured by the dynamic light scattering at 20°C in the gel phase.

Error bars give typical standard deviations, which are ncarly concen-
tration independent Ginset),
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Fig. 2. Relative size increase (top) and the degree of chain interdigi-
tation (bottom) for the DPPC vesicles as a function of the bulk
ethanol concentration. Middle panel shows schematically the corre-
sponding sequence of phases. Inset: estimated lipid amount involved
in the phase transition ( = d0 /d[EtOH)). Vertical dashed-lines indi-
cate the position of phase boundarics; horizontal dashed line in the
top panel corresponds to 2r, = 22 r.. To estimate the degree of
phase transition, 6, the points at 0.4 M EtOH and the first point in
the pure interdigitated, L phase were connected and the resulting
difference curve of the measured and expected size was integrated.
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size minimum is rcached for ethanol concentrations
between 0.65 and 1.0 mol EtOH per litre, where the
vesicle size is approx. 88 nm. For the bulk ethanol
concentrations between 1.0 and 1.3 mol/I the vesicle
diameter increases rapidly to approx. 142 nm. This is
by a factor of V2 greater than in pure water and a sign
of lipid chain interdigiiation (if the initial and final
chain tilts are the same; see further discussion). Fi-
nally, at concentrations higher than 1.3 mol EtOH per
litre, vesicle size becomes rather insensitive to further
increase in the bulk ethanol concentration.

The strongest ethanol-induced vesicle size variation
is thus observed in the concentration range between
1.1 and 1.3 mol EtOH per litre (cf. Fig. 1). This is in
good agreement with the results of the lipid phase
transition [34] and X-ray diffraction measurements [21],
which suggest that the chains in DPPC bilayers inter-
digitate in the same concentration range. The non-mo-
notonous vesicle size variation with the changing bulk
solute concentration is not a conscquence of the vesicle
non-sphericity: the fact that sample-polidispersity and
standard deviation of the vesicle diameter are ncarly
concentration independent suggest this (Fig. 1, inset)
[35].

Dipalmitoylphosphatidylcholine vesicles thus react
in a complex way to the addition of ethanol. In a scrics
of experiments with liposomes of different size, ranging
from 60 to 150 nm to cate, we have becn repcatedly
and reproducibly observing that within one day after
the cthanol addition to the DPPC suspension vesicle
size varies with the bulk alcoho! concentration in a
highly non-monotonous manncr, as shown in Fig. 1 *.
Initial vesicle size affects this variation quantitatively
but not qualitatively (Fig. 2).

Large lipiu vesicles (2r,, = 150 nm) at 20°C show a
simijlar size-sensitivity to the bulk cthanol concentra-
tion as vesicles with an initial diameter of approx. 70
nm (cf. Fig. 2). In contrast to this, the size of very big
lipid vesicles (2r,, = 230 mn) at 20°C is nearly indc-
pendend of the bulk ethanol concentration. This is true
immediately after the addition of an cthanolic solution
to the liposome suspension as well 24 h later. Even
after two days of equilibration the final-to-initial vesi-
cle size ratio (r,/r,) is not grcater than 1.10; this

* In order .o reach equilibrium, lipid bilayers must be exposed to
identi . solutions on both sides. It therefore takes time after the
~.tattion of ethanol to the vesicle exterior before perfectly cquili-
brated bilayers are observed. Consequently, we have never seen
any evidence of chain interdigitation immediately after the addi-
tion of alcohol. Depending on the bulk ethanol concentration and
initial vesicle size it took several minutes, hours or even days for
the intravesicle concentration to reach the critical level at which
massive bilayer reorganization sets in. For the vesicles with
diameter of approximately 100 nm it is sufficient to wait for some
24 h, however.
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Fig. 3. Variation of the vesicle diameter (top) and hydrocarbon

tili-angle (bottom) with the bulk cthiac! concentration for DPPC at

20°C. Tilt values in the Ly and Ly, phases were calculated from
Eqns. 1 and 2, respectively.

corresponds to an area increase of only 209 (data not
shown). A detailed discussion of this phenomenon will
be given in a separate paper.,

Molecular mechanism of the hydrocarbon interdigitation

The observed cthanol-induced variations of the
DPPC vesicle size in the gel lamellar phase can be
explained by the following simple model of the L. —
L, phase transition (Fig. 2, middlc pancl).

The first cthanol molecules to interact directly with
the phosphatidylcholine headgroups lcad to an cxpan-
sion of the lipid/water intcrface. Owing to the strong
inter-chain attraction this can only be achicved by
simultancously increasing the hydrocarbon tilt from a
starting angle of approx. 30° [33] to 50-51°. This latter
value is similar to the estimated upper limit for the
tilt-angle of the aliphatic-chains, owing to sterical rea-
sons (Fig. 3, bottom).

Vesicle size and the hydrocarbon tilt for standard
dipalmitoylphosphatidylcholine bilayers are maximal
when the bulk cthanol concentration is approximatcly
0.4 M (Fig. 3, lower panctl).

The actual value of the hydrocarbon tilt angle in the
ordered lipid lamellae (this is, in the L, phase) can be
calculated from the following phenomenological ex-
pression:

by, = arccos{(r3, /7 Yoos 30°) )

which is based on the assumption that the bulk lipid
compressibility is negligibly low and that the total num-

ber of the lipid molecules in each individual vesicle is
conserved. The above equation, moreover, implies that:
dn(water) = 30°.

Increasing the bulk - and consequently the interfa-
cial - ethanol concentration beyond 0.4 M keeps on
expanding the interfacial region. Owing to the maxi-
mum-tilt limitation this can be accomplished only if
some of the lipid molecules give way and form interdig-
itated structures. Consequently, lipid lamellae are
formed in which L. and L. phases co-exist.

The thickness of the lipid bilayers in the L ; and L,,
phases differs appreciably, however. This causes in-
compatibility and separation of such phases. In ethano-
lic solutions containing more than 0.4 M EtOH one
thercfore must expect lipid domains to form which
contain (ncarly) pure L, and L. phasc and give risc
to vesicle surface undulations (sec the middle panel in
Fig. 2). It is such surface undulations which change the
optically measurable vesicle surface by a sort of ac-
cordcon phenomenon (sce further discussion).

The co-cxistance of L and L‘,; phases in DPPC
bilayers first leads to a vesicle-arca decrcase and then
to a vesicle-arca increasc, as the L domains grow at
the cxpensc of the L, domains (sec upper panel in
Fig. 3). To monitor thc progress of the lipid chain
interdigitation it thercfore suffices to determine the
rclative change in the lipid vesicle arca between the
purc L, and L. phases. The bottom pancl in Fig. 2
which shows the progression of lipid interdigitation,
demonstrates this. The size minimum, which for the
DPPC small unilamellar vesicles is observed in 0.65-1
M cthanol solutions, consequently is indicative of the
existence of lipid bilayers in which half of the arca is in
the Ly and half of the area is in the L, phase.

Homog\.m.ous L, structures for the dipalmitoyl-
phosphatiaylcholine blldycrs arc unlikely to cxist be-
fore the vesicle radii ratio has reached a characteristic
value of r(L,,:)/r(L,,')=\/5 . This happens for the
DPPC vesicles between 1.1 and 1.3 mol EtOH per litre
and is illustrated in the lowest pancel of Fig. 2 and in
the inset to this figure.

Intermediate size vesicles in the fully interdigitated
phasc apparently have a constant tilt angle. For the
dipalmitoylphosphatidylcholine molecules, this tilt is
nearly identical to the value measured in the lamellar
gel phase (not shown). This can be seen from expres-
sion

by = arecos[(2r3) /rd) cos 3°) Q)

which is an appropriate modification of Eqn. 1 for the
L ;.-phase systems.

It is worth to note that it is not necessary, albeit very
helpful, for the detection and identification of lipid
chain interdigitation if the hydrocarbon tilt in the ordi-
nary and interdigitated lamellae is identical. By all



means, the deviations from this rule are expected for
the lipids with other chain lengths. Some variability in
the hydrocarbon tilt-angle in the interdigitated phase is
observed even with small lipid vesicles. Lower panel in
Fig. 3 documents this by suggesting that the tilt-angle
value, as calculated from the measured vesicle radii by
means of Eqn. 2, in fact, may reach 51 degrees in the
highly concentrated ethanol solutions, for some vesicles
at least.

Tencsiva effects

To confirm such a sccnario of the lipid interdigita-
tion we have attempted to prove directly that the
surface of each lipid vesicle in the mixed phase region
(L + L) is, indeed, corrugated. For this purpose we
have exerted an inside-out transmembrane pressure on
the vesicles suspended in different ethanolic solutions
(0.4-1.1 M) and dctermined the vesicle size at differ-
ent times after the induction of such tension.

The required transbilayer pressure difference was
created by diluting the original suspension in a NaCl
solution (10 mM) with an appropriate salt-frce
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Fig. 4. Diameter (top) and degree of chain interdigitation (bottom)
for the DPPC vesicles at 20°C as a function of the bulk ethanol
concentration before and after the generation of a transbilayer
osmotic tension. Open symbols represent the data obtained with fully
equilibrated samples prepared in 10 mM NaCl. Full symbols were
measured in an independent series of experiments right after the
sample dilution to a final salt concentration of 8 mM. Dashed line
represents the tentative, extrapolated functional dependence, as has
been used in Fig. 2 to calculated the value of 6. Bullets in the lower
picture give the corresponding directly measured results. Error bars
denote typical standard deviation of the individual data points.
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ethanol /water mixture. Such a dilution gave rise to a
small transbilayer salt concentration gradient (2 mM)
and to a transbilaycr osmotic pressure difference of the
order of a few milliosmoles. This led to a solvent inflow
into the lipid vesicle interior. If vesicles were spherical,
this inflow would result in only a small vesicle surface
(and thus radius) expansion, due to the rather low lipid
lateral compressibility modulus [36). For corrugated
vesicles, conversely, the corresponding area increase
should be much greater, as only little effort is required
o make an undulated vesicle surface flatter and larger
[37].

Data shown in Fig. 4 clearly indicate that only the

latter supposition is correct: for a period of 6 to Y min,
vesicles under tension increase their size. Such a tran-
sicnt diameter increcase makes vesicles nearly exactly as
large as they would have to be for cach given ethanol
concentration if the maximum tolerable chain tilt-angle
was not limitcd by the sterical intermolecular con-
straints (compare full symbols in panel a with dashed
line). :
Fig. 4 also vindicates the cxtrapolation procedure
used in Fig. 2 to obtain the results presented in the
panel 4b: the sum of the actually measured vesicle size
deficits (upper curve minus lower curve from Fig. 4a)
and the difference between the size of tensionless
vesicles (lower curve in Fig. 4a) and the extrapolated
vesicle sizes (dashed line in Fig. 4a) are nearly the
same (bullets and line in Fig. 4b). The calculated
progression of the isothermal lipid phase transition,
shown in the lowest panel of Fig. 2 for three different
systems as a function of the bulk ethanol concentra-
tion, consequently, is quitc reliable.

We thus trust that the general reason for the solute
(or solvent) induced hydrocarbon interdigitation of
symmetric-chain phospholipids is the cxcessive lateral
expansion in the interfacial region. In a previous paper
[38] we have argued that at higher temperatures the
excessive intrinsic lateral repulsion and expansion in
the interfacial region, caused by the strongly hydrated
and rapidly rotating lipid heads, will lead to the bilayer
undulations and lipid pretransition. At relatively low
temperatures (T < T,,) investigated in this work a suf-
ficiently strong repulsion can only be induced by the
addition of extrinsic (e.g., ethanol) molecules. These
tend to first expand the lipid area by increasing the
hydrocarbon tilt; when the tilt-value has reached its
highest possible value an additional area increasc is
realized by the progressive chain interdigitation; once
all lipid molecules are in the interdigitated state a
secondary tilt-increcase may occur. From this, wc de-
duce that the necessary condition for the DPPC chains
interdigitation is that the tilt angle exceeds 50°, approx-
imatcly. Any cxternal system modification that will
fulfill this requirement is thus prone to induce chain
interdigitation.
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Fig. 5. Curtoon thought to represent the sequence of events associated with the transformation of standard unilamellar lipid vesicles into the
interdigitated state,

We speculate that for the asymmetric chain phos-
phatidylcholines c¢ven lower amounts of inducer will
suffice for the chain interdigitation owing to the larger
spontaneous tilt of such lipids. On the other hand, for
the lipids with a smaller starting tilt-angles higher
critical concentration of the interdigitation-inducers are
needed. In subsequent papers we will show how these
conditions are affected by the lipid chain-length and
headgroup type.

Our view of the events which are involved in the
interdigitation of phospholipids with symmetric chains
is summarized in Fig. S. More specifically, this cartoon
represents the sequence of bilayer surface modifica-
tions which we belicve to occur upon the addition of
cthanol to a suspcnsion of the phosphatidylcholine
vesicles. In Fig. § we show schematically why the vesi-
cle size first decreases, then attains a minimum value,
and subscquently increases due to this repulsion as the
bulk ethanol concentration is increased to more than
0.4 M (for DPPC). The same figure also demonstrates
how the vesicle surface corrugations, which are a con-
sequence of the coexistence and formation-cooperativ-
ity of the L. + Lg: phases, can be eliminated by the
transbilayer concentration (and thus pressure) gradi-
ents.

In summary, we have introduced a ncw method for
the detection of lipid chain interdigitation. We have
shown that doubling of the vesicle surfacc area (or an
increase of the vesicle radius by a factor of v2), is
indicative of hydrocarbon inderdigitation. (For differ-
ent final chain-tilt angles (0-50°), r,/r,, values be-
tween 1.27 and 1.68 are possible.) We have determined
for the first time the whole sequence of events which
precede hydrocarbon interdigitation and have suc-
ceeded in measuring the precise values of the hydro-
carbon tilts as a function of the bulk alcohol concentra-
tion and/or lipid phase state. Last but not least, we

have shown that chain tilts greater than 50° are a
prercquisitc for the hydrocarbon iaterdigitation, for
the symmetric-chain phosphatidylcholines at least.

Vesicle size determination method complements
nicely — and often can replace ~ the previously known
techniques for the identification of L, phases. X-ray
diffraction measurements [21] are stralghtforward both
in experiment and interpretation, but require expen-
sive cquipment and highly concentrated lipid samples.
Electron spin resonance experiments using spin labels
[5.39.40), on the other hand, can provide no direct
means for quantitative determination of the lipid pack-
ing parameters.

We trust that our approach will prove to be valuable
for further investigations on the lipid polymorphism,
most notably for the studies on the interdigitated phases
formed by lipids other than DPPC or provoked by
inducers other than ethanol.
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