Biochimica et Biophysica Acta, 979 (1989) 347-351

37
Elsevier
BBA 74362
Persistence at low temperature of the F;. ripple
in dipalmitoylphosphatidylcholine multilamellar vesicles
containing either glycosphingolipids or cholesterol
Philip Rock, Thomas E. Thompson and Thomas W. Tillack
Departments of Pathology and Biochemistry, Unicersity of Virginia Health Sciences Center, Charlottesville, VA (U.S.A.)
(Received 15 September 1988)

Key words: Phase ition; G ingolipid; C Fi hing; F bilayer: Electron microscopy
The di and of the g ripple m llar lip of dipalmitoyl, hatidylcholi
(DPPC) hns been exnlnlned by !rme-elch lectro! The p of less than 10 mol% of various

ids or chol 1 in tl k the time d for ripple disapp when

tlne vesldes are cooled from 38°C to 30°C, as p to the pure ph lipid. Once the ripples have begun to

in the tw

vesicles, they do not uniformly reappear until the system is heated above the main

transition of DPPC and allowed to cool into the pretransition region. These results suggest that the long time for ripple

in the tw

systems reflects a slow molecular reorganization process which occurs when the

systems are forced to change from the Py gel to the L, gel by a temperature dewnshift.

Introduction

Phosphatidylcholines exhibit well ch tem-
perature -dependent phase transitions. Dispersions of
this class of phospholipid in excess water, examined by
a variety of methods, have been shown to exist at low
temperatures as lamellar solid phases which are crystal-
line or gel. Upon heating they undergo a variable num-
ber of phase changes ultimately forming the fluid L,
lxquld~crysla1hne phase. The number of phase states and
their are d d
length and degree of unsaturation of the esterified fatty
acids. Di d ph idylcholines exhibit a phase
wange from a Ly gel to 2 By gel at the

folding of the vesicle surface is a way of accommodat-
ing the mismatch in cross-sectional area of the
headgroup and the acyl chains while maximizing
Van der Waals interactions. Marder et al. [3] propose
alternating regions of fluid-like and gel-like phospholi-
pid. Recently, Georgallas and Zuckerman [4] have
defined a statistical model that correlates the occurrence
of one or two gauche isomers per acyl chain with the
periodic vertical displacement of phospholipid mole-
cules.

pre.ransition. The Py gel in turn gives way to an L,
liquid-crystalline phase at the temperatute of the main
ition. In the elect

replicas of multilamellar liposomes fcrmed from such
phosph widylcholine classes, quenched in ihe B, phase,
are seen (o have a long ridge system or ‘ripple’ in the
bilayer with a uniform period of approximately 150 A
.

Several models have been proposed to explain this
structure. Larsson [2] has suggested that rippling or
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on the chain Tsuchida and co-workers [5] have examined by elec-
tron py the disapp and reapp of

the ripple stru in ilamellar li of di-

lled palmitoylphosphatidylcholi (DPPC) when the tem-

p is This p calori-
metrically exhibits a prelransmon at 32.5°C and a main
transi ion (T,) at 41.5°C [6]. When liposomal disper-
sions are rapidly shified from 38°C to 30°C these
authors reported that the ripple disappears in two stages.
The first is a widening of ripple spacing, which is
maximal in about 3 min. The second is a much slower
decrease in ripple amplitude, with the ripples vanishing
in about 3 h.

In the course of our frecze-fracture electron micro-
scopic studies on the of glycosp ipid
in various phospholipid matrices, we observed that hpo-
somes composed of DPPC with relatively low mole
fractions of various glycosphingolipids exhibit the char-
acteristic Py ripple when held for periods of time much
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in excess of three hours at temperatures well below that
of the pretransition. A preliminary report of portions of
this work has appeared previously [7].

Materials and Methods

Lipids. DPPC was obtained from Avanti Polar Lipids
and was used without further purification. Asialo-G
was purified from mixed bovine brain gangliosides as
previously described [8]. Gy, was isolated as previously
described [9]. Three times recrystailized cholesterol was
a gift from L. Bar, the Forssman glycolipid was ob-
tained from the mucosa of dog small intestine as re-
ported by Sung et al. [10]. The purity of all lipids was
confirmed by the single band that appeared following
H,SO, charring of an HPTLC plate developed in chlo-
roform/ methanol/ water (60:35:8, v/v). As previ-
ously reported, Forssman glycolipid migrated as two
bands that did not resolve well, an upper representing
approximately 80% of the material and a smaller lower
band. The two bands may represent different molecular
species varying in the length of the amide-linked acyl
chains [11}.

Vesicles. Multilamellar i were d by
mixing the desired amounls of the lipids together as
chloroform/ methanol (2:1, v/v) solutions and
evaporating to dryness with N,. They were then resus-
pended in a smail amount of chloroform/methanol
(2:1, v/v) and transferred to a specially designed coni-
cal flask. Solvents were removed by rapid rotary
evaporation at reduced p and a of

tured in a Balzers freeze-etching device and repiicas
prepzred by plati carbon shadowing. Replicas were
floated! onto distilled water, cleaned in chloroform/
methanol (2:1, v/v) to remove traces of lipid, picked
up on 200 mesh grids and observed in an Hitachi HU
12A electron microscope [8].

Results

Ripple behavior in pure DPPC

‘We also observed the disappearance of ripples, as
previously described (5}, to be a two stage process. The
first, an increase in ripple spacing, occurs over a time
scale of several minutes, when the vesicles are cooled
from 38°C to 30°C. The second, a slow loss of ripple
amplitude is vu-tually complete within three hours after
the p hift. The of ripples
is a rapid process when the temperalure is raised from
23°C to 35°C. Ripples begin to appear within minutes
and the regular ripple pattern is essentially established
within 10 minutes.

Two differences between our observations and the
previous findings should be noted. Unlike Tsuchida et
al. [5], we frequently observed during the first stage of
ripple disappearance a ripple which terminates between
two continuous ripples (Fig. 1). This suggests that the
increase in ripple spacing in the first stage may be due
to a loss of ripples rather than, or in addition . the
actual physical movement of ripples away from each
other as suggested by Tsuchida et al. [S]. Also, in

55°C to minimize unmixing of the lipids. Lipids were
ded in phosphate-buffered saline (150 mM
sodium phosphate, 0.9% NaCl, pH 7.4) with 0.02%
sodium azide at 55° C with gentle vortexing, lypxcally to
a ion of 5 mM. Glycolipid
were determined by the flucrescamine assay of Higgins
[12] and phospholipid concentrations by the method of
hall-Stewart (13}, The p of gl
pids in the bilayer was conf rmed by wsualization of
specific anti-glycolipid antibodies bound to the surface
of the vesicles using the technique of freeze-etch elec-
tron microscopy (Rock and Tillack, unpublished ob-
servation).

Temperature shift experiments. Vesicle suspensions
were initially raised to 45-50°C, a temperature above
the T,, of DPPC, for at least 30 min and then allowed to
cool to 38°C in a water bath. Specimens for electron
microscopy were quenched from 38°C nr from 30°C,
after being held for various times at this temperature,
by plunging into liquid freon cooled by liquid nitrogen
and taen transferred to liquid nitrogen. Alternatively,
specimens were quenched from 28°C to be certain that
the vesicles were sufficiently below the pretransition.
The results were the same regardless of a 28°C or 30°C
quench temperature. The specimens were freeze-frac-

with these authors is our observation that
infrequent areas containing widely spaced ripples are
still apparent many days after the temperature down-
shift.

Fig. 1. Replica of a pure DPPC vesicle held for 0.5 min at 30°C after

a 38°C incubation, as described in Materials and Methods. Arrow

indicates a ripple which has wmunmed betweer: two continuous

ripples. Bar 100 nm. The ication is the same in all
figures.
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Fig. 2. Graph of ripple density vs. time heid at 30°C for DPPC
vesicles containing: @, no additions; ¢, 0.5 mol% Forssman, ¢, 7
mol% Forssman; a, 7 mol% asialo-Gy;: and @, 7 mol% cholesterol.

Effect of a second lipid component on ripple disap-
pearance

The presence of 7 mol% of either asialo-G,, or
Forssman glycolipid markedly increases the time re-
quired to detect an increase in ripple spacing when the
vesicles were cooled from 38°C to 30°C. These results
are summarized in Fig. 2. The asialo-G ,y-containing
vesicles begin to show some increase in spacing in about
one hour. The changes in ripple spacing are, however,
not uniformly distributed over the vesicle surface. Areas
on vesicle surfaces that have widely spaced ripples are
juxtaposed to areas that continue to have the high
ripple density characteristic of the initial 38°C ripple
spacing. Two weeks after the shift, there is little change
in spacing from the one hour time point (Fig. 3). The
Forssman containing vesicles exhibit an even greater
tendency for ripple persistence. Changes in ripple spac-
ing are scarcely detectable even after two weeks at
30°C (Fig. 4).

Fig. 3. Replica of a DPPC vesicle containing 7 mol% asialo-G , held
for 15 days at 30°C after a 38°C incubation. Areas of widely spaced
ripples coexist with areas of high ripple density.

Fig. 4. Replica of a DPPC vesicle containing 7 mol% Forssman held
for 15 days at 30°C after a 38°C incubation. No change from the
initial 38° C spacing is detected.

Fig. 5. Replica of a DPPC vesicle containing 0.5 mol% Forssman held
for 10 min at 30°C after a 38°C incubation. Significant widening of
ripples is apparent.

Fig. 6. Replica of a DPPC vesicle containing 7 moi% Forssmat
allowed to stow-cool from 38°C t0 30°C.
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A series of tim: points was obtained with 0.5 mol%
F -containiag vesicles. I in ripple spac-
ing are detectable within minutes of the temperature
change, however the rippies continue to perssist at a
higher density than with the pure phosphollp]d (Flg 5)

The effect of a negatively charged glycost
ganglioside Gy, on ripple persistence was also ex-
amined. The presence of 7 mol% Gy, causes the ripples
to persist in much the same way as the neutral glyco-
lipids. Two weeks after the downshift, very little change
in ripple spacing can be discerned.

Cholesterol inclusion in DPPC liposomes has been
shown to affect ripple spacing [14]. At chol ol con-

ripple-free surfaces significantly increases. This observa-
tion suggests that the persistence of the ripples caused
by the second lipid component is a kinetic phenome-
non. That is, the second component serves to markedly
increase the relaxation time for the disappearance of the
ripple structure at low p It seems possibl
that this increase in relaxation time is due to a dif-
ference in organization of the two lipid components in
the Py rippled phase and in the Ly phase which is the
equlhbnum form at 30°C and below. In pure DPPC,
since all molecules are the same, reorganization requu'es
only cooperative confor ges of individ

les. However, in two component systems, in ad-

centrations up to 20 mol% the ripple repeat distance
increases as a function of choies*erol concentration [14].
Cholesterol at 7 mol% increases the ripple repeat dis-
tance to app: ly 300 A aul J the npple
litude. Li 7 mol% chol

show no change in ripple spacing even after two weeks
at 30°C.

In the experiments described above, the cooling rate
in going from 38°C to 30°C was greater than 8
C°/min. Experiments were also carried out using a
much slower cooling rate of about 0.008 C°/min.

dition to these conformational changes, the different
species of molecules must translate laterally and must
cross grain bound to achieve reorganiza-
tion when the phase structure alters in responsc to a
change in p Such molecular redistrit
would be expected to be very slow since both the Py
and Ly phases are gel states.

What then is known about the molecular organiza-
tion of the molecules in the various phases adopted by
the two- systems d? A linear locali-
zation for cholesterol between the P, ridges of di-

Aliquots of the sl led vesicle suspensi were
fast-frozen and replicas made as described previously.
Although ripples continue to persist, all the vesicles
containing a second component have significantly more
ripple free regions when compared to the rapidly cooled
vesicles. The ripples that do remain are more widely
spaced (Fig. 6).

Ripple reappearance

As previously reported by Tsuchida et al. [5) the P,
ripples reappear in DPPC vesicles when the temperature
is increased from 23°C to 35°C. Preliminary experi-
ments with various concenirations of Forssman glyco-
lipid in DPPC vesicles have revealed that one the rip-
ples have widened and/or begun to disappear, they do
not reappear with a regular ripple spacing unless and
until the temperature is raised above the main transition
(42°C for DPPC) for several hours and then allowed to
cool back into the Py- region (between 32°C and 42°C).

Discussion

The experiments described in this paper confirm
most of the results on pure DPPC liposomes reported
by Tsuchida and co-workers {5]. The novel finding
which we report is the observation that, in DPPC lipo-
somes containing low mole fractions of several glyco-

ingolipid: hol 1, the ripple , char-

s or
actensuc of the Py phase, persists for very long periods
when the temperature is lowered below the pretransition
temperature. When the cooling rate from 38°C to 30°C
is slowed from & to 0.008 C°/min, the fraction of

myristoylphosphatidylcholine (DMPC) has been in-
ferred by Copeland and McConnell [14] based on the
dependence of ripple spacing on cholesterol concentra-
tion. Gy, appears to adopt a dispersed organization
throughout the plane of the bilayer in P, phase DMPC
vesicles [9]. Recent freeze-etch labelling studies employ-
ing liquid helium fast-freezing have similarly demon-
strated a random distribution for Forssman and asialo-
Gy in DPPC vesicles quenched in the Py phase (Til-
lack, Thomp and Rock, blished observation).
Previous studies [8], which suggested a linear localiza-
tion of asialo-G,, between the Py ridges of DMPC, are
now believed to have been due to an artefactual redistri-
bution of the label because of the much slower freezing
process that was available at the time.

It is not known how the glycolipids are argamzed m
the gel phase, since the of a gl
increases so drastically the rate of formation of the Lg
phase. However, the phase diagrams for asialo-G, in
DPPC [15] and cholesterol in DPPC [16]} suggest that
two gel phases coexist in the Ly state in both these
systems, in the concentration range of our studies. A
similar situation appears to be true for Forssman anti-
gen in DPPC (Rock, Biltonen and Thompson, unpub-
lished observation). Calorimetric information available
for Gy, /DPPC mixtures shows this system to be com-
plex [17]. It thus seems reasonable that the long relaxa-
tion time for the ripple structure observed in the two
component systems reflects a slow molecular reorgani-
zation process that occurs when the systems are forced
to change by a temperature downshift from the By gel
to the Ly gel. If this is indeed the case, then it seems in




general that relaxation times for structural reorganiza-
tion in two or more component systems may be ex-
pected to be much longer than in one component sys-
tems even when liquid-crystalline phases are involved.
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