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Mixtures of sn-1 (D) and sn-3 (L) enantiomers of fully hydrated dipalmitoylphosphatidyicholine (DPPC)
were studied with differential scamning calorimetry and freeze-fracture microscopy. The pretramsition
temperature of racemic mixtures of DPPC was 1.8 C° below that of either pure sz-1 or su-3 enantiomers,
which had similar pretransition temperatures. The main transition temperature of racemic mixtures was aiso
depressed, but to a lesser extent, 0.8 C°. Freeze-fracture images of liposomes of sa-1, sn-3, and racemic
mixtures of DPPC frozen from the P, phase showed well-defined ripples of wavelength 13 om. Lipid
stereoconfiguration had no effect on ripple wavelength, configuration or amplitude, or on the number and

nature of surface defects.

Intreduction

Saturated phospholipids, notably dimyrisioyi-
phosphatidylcholine (DMPC), dipalmitoylphos-
phatidylcholine (DPPC) and distearoylphosphati-
dylcholine (DSPC), undergo as many as three
distinct, reversible thermal transitions when dis-
persed in water: a subtransition, pretransition,
and main transition as the temperature is raiscd,
separating the phases L., Lg, Py and L, respec-
tively [1-3). The temperatures and enthalpies of
these transitions depend on the acyl chain length
[4), pressure [5], the phospholipid headgroup [6,7]
and the pH and ionic strength of the aqueous
phase [8,9].

In excess water (> 30% by weight [10]) the

Abbreviations: DMPC, dimyristoylphosphatidylcholine;
DSPC, distearoylphosphatidylcholine; DSC, differential scan-
ning calorimetry.
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main, or gel-liquid crystalline transition is be-
lieved to be caused by the two-diminished melting
of the acy! chains of the phospholipids [10,11]. In
the L phase, the intermolecular order in each half
of the bilayer is short-range and liquid-like and
the intramolecular trans—gauche rotational order
of the acyl chains is low [10,11]. The bilayers are
smooth and the molecules on average are per-
pendicular to the bilayer. The symmetry is similar
to a Smectic-A.

In the P, phase, the hydrocarbon chains are
frozen into a nearly all-trans configuration [12],
the molecules in each bilayer are packed into a
two-dimensional hexagonal lattice with long-range
correlations [13,14], and the iniralayer self-diffu-
sion coefficient is small 715]). There still eaists
some disagreement as to whether the molecules
are tilted [10] or perpendicular to the bilayer [4].
The bilayers in the P, phases are characterized by
regular corrugations, hence the common name of
ripple phase X-phase diffraction [3,10,11] and
freeze-fractuie electron microscopy [13,14,16,17]
find the ripple wavelength in excess water to be
12-16 nm. Frceze-fracture images also show re-
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gions of a second rippie shape and wavelength of
about 23-25 nm [13,17], although these longer
wavelength ripples are not apparent in X-ray dif-
fraction. The structural details of the ripples are
still not completely determined. Some theoretical
models predict a sinusoidal modulation [10,11,18],
while others predict a sawtooth modulation
[13,17,19,20]. The reported ripple amplitudes range
from 8 [10] to 25 A [11}. The most direct measure-
ments by scanning tunneling microscopy of
freeze-fracture replicas of DMPC show an asym-
metric sinusoidal modulation of peak to trough
height 4.5 nm and wavelength 12.0 nm [32].

Below the pretransition temperature is the Lg
phase, characterized by smooth, flat bilayers with
the acyl chains fully extended (all-trans configura-
tion) and titled with respect to the bilayer normal
[2]. This phase is similar to the Smectic-G. The
low-temperature Lg — L, transition involves a
modification of the hydrocarbon chain packing
and dehydration of the phosphocholine head-
groups [2].

The mechanism of the pretransition is poorly
understood. Many theories have suggested that
the ripples are caused, at least in part, by the
mismatch between the projected area of the hy-
drocarbon chains and the polar hecadgroups
[15-21]). To accommodate the mismatch, the mole-
cules tilt in the L, phase and ripple in tne Py
phase. However, it is also well known that the
nature of the polar headgroup and its interaction
with neighboring molecules and the solvent also
influence the pretransition. Removing a single
methyl group (or more) from phosphocholine re-
sults in the elimination of the ripple phase [7];
saturated phosphatidylethanolamines also do not
show a pretransition. Mixtures of N-methyldi-
myristoylphosphatidylethanolamine with DMPC
show a pretransition only for DMPC fractions
above 85% [13]. Adding salts or ethylene glycol to
the aqueous phase also eliminates the pretransi-
tion [8,9,22] as does changing the pH [8]. To
explain these results, several authors [18,20,23)
have suggested that the pretransition involves an
order—disorder transition of the lipid headgroups.
Further evidence of the role of the headgroup
configuration on the pretransition was given by
Eklund et al. [6], who showed that the pretransi-
tion of a racemic mixture of sn-1 and sn-3 DMPC

occurred approx. 2 C° below that of either the
pure sn-1 or sn-3 enantiomers, McConnell and
co-workers [24,33,34] have also shown the in-
fluence of stereochemistry on the phase behavior
of monolayers of DPPC at the air/water interface.
The handedness of solid domains of the mono-
layer was related to tih enantiomorphic configura-
tion of the lipids composing the monolayer. This
suggests that the chiral center of the headgroup
induces a long-range orientational order within
the monolayer.

If this same long-range chiral orientational
order were present between the molecules in the
bilayers of the P,- phase, an order—disorder transi-
tion might induce a cholesteric liquid crystal-like
arrangement of ine headgroups. A regular twist
induced by *ne chiral sn-2 carbon of DPPC could
define the :egular periodicity of the ripple correga-
tions, just as it defines the helical pitch of a
typical thermotropic cholesteric [25]. Natural
DPPC is purely left-handed (sn-3). Neighboring
DPPC molecules could rotate around their long
axes by a given amount along a direction per-
pendicular to the ripples.

This rotation might also result in the ¢ vertical’
displacement of the molecules out of the bilayer
plane by the following argument. The average
displacement of a single DPPC molecule in the
ripple phase is on the order of 2.5 A, or about one
or two CH, groups per molecule [3,11,32). This
vertical offset is similar to the difference in
penetration into the bilayer between acyl chains in
symmetric saturated phosphatidylcholines [2,8,26,
27). For any of the saturated phosphatidylcho-
lines, the sn-2 acyl chain protrudes sideways from
the glycerol axis and bends over at the second
carbon, so that the extended length of the chain is
two to three carbons shorter tha: in the sn-3
position (sn-1 in the enantiomer). The electron
density maps of bilayers determined by X-ray
diffraction show a lower electron density toward
the center of the bilayer that can be ascribed to
some space around the methyl end of the phos-
pholipid. While the tilt of the molecules in the gel
state can compensate somewhat for the difference
in penetration, it is not sufficient to fill the voids
[3). The principle interaction between the mole-
cules in a bilayer is the van der Waals attraction.
Because this interaction falls off as »~¢ with sep-



aration, it can be truncated and treated as a
short-range interaction between nearest neighbors
[20}. Under the action of the attractive van der
Waals forces, the molecules in a bilayer will tend
to peak as closely as their geometry allows. To
attain the maximum contact between adjacent acyl
chains, the molecules might stack with a vertical
offset of a CH, group because of the difference in
penetration depth [11,20]. An alternate explana-
tion for the offset is the headgroup-tailgroup
cross-sectional area mismatch, which might pre-
vent close chain packing unless the molecules were
offset vertically by 2-3 A.

This offset, when combined with the rotation
induced by a chiral headgroup, could produce a
regular rippled modulation of the bilayer. The
‘twisting power’ of the chiral center (rotation per
molecule) determines the wavelength, P, of the
ripples; the amplitude of the ripples would be
about PO/2W, in which W is the width of the
DPPC molecule, about 10 A, and O is the vertical
offset. about 2.5 A. For DPPC, P is about 13 nm,
hence the ripple amplitude is about 16 A and the
total bilayer displacement is about 32 A, well
within the limits published in the literature
[10,11,32]. Such an order—disorder tramsition cf
the molecules would be of low enthalpy and small
volume change compared to the main gel-liquid
crystalline transition, also in agreement with ex-
perimental data [5]. A detailed treatment of a
similar model of the ripple phase (without consid-
ering the chiral center) is given by Pearce and
Scott [20].

If the ripples are simply related to the chiral
nature of DPPC, modifying the twisting power by
changing the ratio of left handed (sn-3) to right
handed (sn-1) DPPC should alter both the ripple
wavelength and amplitude. This effect is observed
in thermotropic cholesterics in which the pitch is a
sensitive function of enantiomorphic composition
[25]. The ripples should disappear entirely for a
racemic mixture of sn-1 and sn-3 DPPC, just as
the cholesteric pitch disappears in racemic raix-
tures [25].

Materials and Methods

sn-1 (D) and sn-3 (L) dipalmitoylphosphati-
dylcholine were purchased from Sigma Chemical
Co. (St. Louis, MO) and were used without further

237

purification. Stock solutions of 20 mg/ml sn-1
and sn-3 DPPC in chloroform were mixed in the
appropriate quantities in glass vials to form mix-
tures of 0-100 mol% sn-3 DPPC. The chloroform
was removed under vacuum by rotary evaporation
at room temperature. A measured quantity of
doubly distilled, filtered water was added to the
dried DPPC to give a final concentration of 2 wt%
lipid. The lipids were dispersed by heating to
50°C overnight in a water-bath with gentle agi-
tation. Under these conditions, phospholipids are
known to form micron-sized, multilamellar lipo-
somes [28].

Differential scanning calorimetry (DSC) was
performed using a Perkin-Elmer DSC-4 cooled by
a Perkin Elmer Intracooler. Samples of 3 mg lipid
with water were placed in stainless steel samples
pans with C-ring seals. Endotherms were recorded
at a heating rate of 5 C°/min. An average over
several cycles was taken. Endotherms were re-
producible to +0.3°C. The transition tempera-
tures were taken to be the point of maximum
deviation from the baseline.

Specimens for electron microscopy were pre-
pared by the method of Fetter and Costello [29].
Small droplets (0.1-0.5 pl) of the lipid /water mix-
ture were sandwiched between two copper
planchettes (Balzers BUO-12-056T,; Iiudson, NH)
to form a 10-50 um thick layer, Previously, the
copper planchettes had been etched for 1 s in
concentrated nitric acid to remove any contamina-
tion and roughen the planchettes surface. The
apparatus used for rapid freezing was a modified
version of a Balzers Cryojet QFD 020 jet-freeze
device. The saunple sandwiches were mounted on 2
Teflon support arm and placed in a temperature-
controlied oven located vertically over the jets of
the Balzers Cryojet. Sample temperature was ad-
justed to be in the middle of the range of the Fj
phase as measured by DSC. Temperature control
prior to freezing was better than 0.1°C. The sam-
ples were equilibrated at the appropriate iempera-
ture for a few minutes before a solenoid-actuated
mechanism opened a Teflon door at the bottom of
the oven and dropped the Teflon arm aud samples
between the opposed jets of the Balzers cryojet. A
photodiode switch initiated the high velocity flow
of liquid propane, cooled by liquid nitrogen io
—180°C, which impinged on the copper sand-
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wich from both sides, to prove a minimum cooling
rate of 10000 C°/s. The frozen copper sand-
wiches were stored under liquid nitrogen until
transfer into a spring-loaded ‘mousetrap’ carrier.
The loaded sample carrier was mounted onto the
liquid nitrogen-cooled coldfinger in a Balzers 400
freeze-etch device and the vacuum chamber was
evacuated to less than 10~7 torr. The temperature
of the sample carrier and coldfinger were adjusted
to —170°C and the spring mechanism was exter-
nally actuated, thereby fracturing the samples.
The fracture surfaces were immediately replicated
by evaporating 1.5 nm of a platinum carbon mix-
ture from an electrode at a 45° angle to the
fracture surface, followed by a 15 nm thick film of
carbon at normal incidence to increase the mecha-
nical stability of the replica. The samples and
replicas were removed from the vacuum chamber
and the samples and copper planchettes were dis-
solved in chromic acid, leaving the platinum-
carbon replicas behind. The replicas were washed
in a 50% chloroethanol /water mixture, rinsed in
doubly distilled water, and collected on
formvar-coated 50 mesh gold electron microscope
grids (Pelco, Tustin, CA). The replicas were ex-
amined inr a JEOL 100 CX scanning transmission
electron microscope in the conventional transmis-
sion mode using 80 kV electrons. Images were
recorded on Kodak electron images plates.
Shadows (absence of platinum) appear light in the
prints.

Ripple periodicities were measured using opti-
cal diffraction from the electron microscope nega-
tives [13] using a Polaron optical diffractometer
(Polaron, Hatfield, PA). A collimated and filtered
helium-neon Jaser beam was spread to about 1 cm
diameter and passed through a selected are of the
negative. After passing the beam through a weakly
converging lens, the difiraction pattern of the
negative was recorded on Polaroid film. Absolute
spacings were calculated by comparison to equal
magnification TEM images of catalase crystals
(Balzers) of known d-spacing. Areas chosen for
optical diffraction were from large, planar lipo-
somes with well-aligned ripples. Ripple periodici-
ties were measured only from those areas that
exhibited at least two orders of reflection, indicat-
ing well-aligned, parallel ripples (see Fig. 3-5).
Periodicities were accurate to within +0.3 nm.

Experimental observations

DSC

The main transition temperatures of sn-1 and
sn-3 DPPC were the same within the experimental
accuracy (+0.3°C); 41.6°C for sn-3 (L) DPPC
and 41.8°C for sn-1- (D) DPPC, both in good
agreement with published values. The main transi-
tion of mixed sn-1 and sn-3 liposomes showed a
systematic depression which depended on the
molar proportions of the enantiomers (Fig. 1). The
maximum deviation was for a racemic (1:1) mix-
ture which had a transition temperature of 41.0°C.
Eklund et al. [6] did not observe any depression in
the main transition of mixtures of sn-1 and sn-3
DMPC. The main transitions of all mixtures were
sharp and showed no signs of broadening for any
compositions, suggesting that the enantiomers
formed ideal mixtures. This is at variance with the
results of Boyanov et al. [30], who observed a
broadening of the main transition of mixtures
compared to pure sn-3 (or sn-1) DPPC. Most
likely, these discrepancies are due to differences in
sample history or lipid purity.

The pretransition temperatures of pure sn-1
and sn-3 DPPC were also the same within experi-
mental accuracy: 35.8 and 35.7°C, respectively.
These values are in good agreement with those in
the literature. The pretransition of mixtures were
consistently shifted to lower temperatures and the
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Fig. 1. Endotherm peak temperatures of transitions in mixtures
of sn-1 and sn-3 DPPC.
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Fig. 2. Ripple wavelength measured by optical diffraction as a

function of enantiomer composition. Error in measurement is

+0.3 nm. No significant difference in ripple wavelength with
enantiomer fraction was observed.

deviation was largest for a racemic mixture; the
pretransition temperature was 34.0°C for a 1:1
mixture of sn-1 and sn-3 DPPC. This is in agree-
ment with Eklund et al. {6] who observed a 1.8°C
depression in the pretransition temperature of
racemic mixtures of DMPC compared to pure
sn-1 or sn-3 DMPC.

Freeze-fracture electron microscopy

Liposomes of all mole fractions exhibited char-
acteristic ripple textures when quenched from
temperatures beiween the pre- and main transi-
tions (see Figs. 3-5). The average wavelength of
the ripples measured by optical diffraction of mi-
crograph negatives was 13.0 nm. The wavelength
and morphology of the ripples was completely
independent of the enantiomorphic composition
of the liposomes (Fig. 2). Although the measured
wavelength varied from 12.6 nm for a 25% sn-
3/75% sn-1 mixture to 134 nm for a racemic
mixture, these values are within the +£0.3 nm
accuracy of the experiment. The racemic mixture
also had the same ripple wavelength when brought
into the F,. phase from either the La or the L
phase. No segregation or phase separation was
observed in any of the liposomes, confirming DSC
evidence that the enantiomers form ideal solid and
tiGuid mixtures. Typical micrographs and diffrac-
tograms are shown in Figures 3-5.
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Fig. 3 shows an area of well-aligned ripples
from a large planar Lposome of pure s2-3 DPPC.
Optical diffraction from the micrograph negative
(Fig. 3b) shows three distinct reflections corre-
sponding to a ripple periodicity of 13.0 nm. An
optical diffractogram of a catalase crystal (Balzers,
Hudson, NH) of identical magnification used for
calibration is shown in Fig. 3c: the bright spots
correspond to crystalline d-spacings of 6.85 and
8.75 nm. Fig. 3d shows the typical 3-fold symme-
try of the ripple directions; in any given liposome,
the ripples align along one of three directions
separated by 120°. This is a consequence of the
hexagonal packing of the DPPC molecules in the
Py. phase [2,13,14]. The individual ripples are
asymmetric, as can be seen from their two distinct
textures: thin dark gray lines separated by bands
of medium gray (Fig. 3a), and thin white lines
separated by bands of medium gray (Fig. 24
[13,17}.

Fig. 4a is of a liposome of a racemic mixture of
DPPC quenched from the Pp. phase. The ripple
configuration and defect textures appear identical
to both Fig. 3, pure sn-3 DPFC, and Fig. 5, pure
sn-1 DPPC. The ripple wavelergth measured from
the optical diffractogram (Fig. 4b) is 13.4 nm. Fig.
4c shows a small area of different ripple mor-
phology with wavelength 25.0 nm (arrow). These
W-shaped ripples are incommensurate and of
larger amplitude than the smaller ripples [13] and
might be caused by a packing defect in the ripple
organization [17] or by small concentrations of
impurities [13]. The large wavelength ripples only
appeared v/hen the Fp. phase was entered from the
higher temp<rature L, phase.

Fig. 5a shows ripples of pure sn-1 DPPC lipo-
somes quenched from the P,. phase. The ripples
appear to smooilily descend by a bilayer thickness
at the arrows; these might be evidence of edge
dislocation loops on interior layers. There are
significantly more dislocation defects in liposomes
when the Py phase is entered from the low tem-
perature L, phase than from the high tempera-
ture L_ phase (see Fig. 4). The defect mobility is
much higher in the fluid L, phase and the disloca-
tions can anneal more quickly than in the senm-
crystalline Ly, or By phases [31]. The ripples also
often asscciate to form large, three-dimensional
macro-ripples such as those shown in Fig. 5c¢ [13].



Fig. 3. (a) Freeze-fracture micrograph of pure sn-3 DPPC liposome quenched from Fgr phase exhibiting characteristic ripple texture.

(b) Optical diffraction of (a) showing bright reflections corresponding to rippie periodicity of 13 nm. (c) Optical diffraction of

catalase calibration sample. Lattice spacings are 6.85 (vertical) and 8.75 nm (horizontal). (d) Freeze-fracture micrograph of pure sn-3

DPPC liposome showing typical 3-fold symmetry of ripple direction. Note the reversal of contrast (white lines on gray background)
compared to (a), indicating asymmetric ripples.




The macro-ripples are related to the defect topol- Discussion and Conclusions

ogy of the asymmetric ripples in the Pp. phase,

which only allows integer strength disclinations If the regular ripples of the Fs- phase were a
result of the chirality of the sn-2 carbon of DPPC,

Fig. 4. (a) Racemic mixture of sn-1 and sn-3 DPPC. No significant different in ripple morphology compared to pure sn-1 or sn-3. (b)
Optical diffraction of (a). (c) Defect texture of ripples showing 3-fold symmetry and small patches of symmetric, longer wavelength
ripples at the arrow.
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Fig. 5. Pure sn-1 DPPC liposome quenched from Py phase. Step traversed by ripples at arrows are indications of edge dislocation
loops on underlying layers. (b) Optical diffraction of (a). (c) Three-dimensional macro-ripples caused by defect topology of

asymmetric ripples.
the wavelength of the ripples should show a maxi- is independent of enantiomorphic composition,
mum for a racemic mixture and minimums for the P phase is not caused by the chirality of

both pure sn-1 and sn-3 DPPC. As the wavelength DPPC as proposed in the Introduction. However,



the depression of the Ly — P, transition temper-
ature measured by DSC and the monolayer ex-
periments of McConnell et al. [24] show that
chirality does play a part in the transition. The
long-range chiral order might exist in the L,
phase, giving way to a more disordered structure
in the P;. phase. The decrease in the transition
temperature is more likely to be due to the in-
creased entropy of the racemic mixture relative to
its pure enantiomeric components than any specific
effects of stereoconfiguration, as suggested by
Eklund et al. [6]. The main transition, with a large
transition enthalpy, should be less affected by the
mixing than the pretransition, which has a much
smaller transition enthalpy, as is experimentally
observed. Future freeze-fracture experiments on
the defect structures in the L. phase, especially
on the spiral defects observed by Riippel and
Sackmann [17], should reveal any long-range chiral
orientational order. The idea that the vertical dis-
placement of the molecules in the ripple phase is
caused by the natural difference in penetration of
the acyl chains in symmetric phospholipids might
be checked by synthesizing asymmetric lipids to
compensate for the unequal peneiration [3). It
seems neccssary for new theories to include details
of the molecular structure of saturated phosphati-
dylcholines in order to elucidate the nature of the
Py phase.
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