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Molecular Chirality and the “Ripple” Phase of Phosphatidylcholine Multibilayers
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We present small- and wide-angle x-ray diffraction data of chiral and racemic dimyristoylphos-
phatidylcholine bilayers in the “ripple”Pb0 phase. In both cases, this phase is found to be characterized
by asymmetric ripples. This result differs from that of Lubensky and MacKintosh [Phys. Rev. Lett.71,
1565 (1993)], whose model predicts symmetric ripples in achiral systems.

PACS numbers: 61.30.Eb, 64.70.–p, 87.15.By, 87.15.He
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Lipid molecules are of great scientific interest fo
various and often very different reasons. They are t
major component of biological cell membranes and, sin
the proposal of the “fluid mosaic model” of the latte
[1], much effort has been expended in understanding th
structure and function. Moreover, lipids are also lyotrop
liquid crystals which exhibit a variety of interesting
structures (e.g., lamellar, hexagonal, cubic, etc.) a
serve as prototype models for certain 1D and 2D pha
transitions [2–4].

In a landmark study, Tardieu, Luzzati, and Reman [4
described a variety of novel phases formed by lipid
water systems. One of these phases which has rece
attracted much attention is the periodically modulate
lamellar Pb0 phase [4–7] observed in many syntheti
lecithin-water systems between theLb0 andLa phases and
associated by Janiak, Small, and Shipley with a structu
transformation from a 1D lamellar to a 2D monoclinic
lattice [7]. The high temperatureLa phase has the same
symmetry as a liquid crystalline smectic-A phase while
the low temperatureLb0 phase is characterized by bond
orientational order [8].

In a recent Letter, Lubensky and MacKintosh [5
describe many symmetric and asymmetricPb0 phases
using a continuum Landau theory. They show that thr
distinct ripple phases may be found in achiral system
all of which are symmetric. On the other hand, in th
case of chiral bilayers some of these ripple phases beco
asymmetric. Since ripple asymmetry is associated w
unit cell obliquity [9], it can be detected directly by x-ray
diffraction on oriented bilayers. The phenomenologic
model of Lubensky and MacKintosh [5] is in agreemen
with some x-ray data in the literature, which show
a chiral dimyristoylphosphatidylcholine (DMPC) system
having an oblique unit cell withg  97.5± [2] and
a racemic [10] dipalmitoylphosphatidylcholine (DPPC
system whose ripple structure forms an orthorhombic un
cell sg  90± 6 2±d [6]. However, freeze-fracture images
show asymmetric ripples in thePb0 phase of both chiral
and racemic DPPC [11], in disagreement with the abo
model.

Although many x-ray diffraction data concerning the
Pb0 phase have been reported, it is not always clear as
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whether or not a chiral system was used (e.g., [4,12,13
In light of this situation, we have studied the influenc
of molecular chirality on the ripple symmetry by using
x-ray diffraction on oriented bilayers of chiral and racemi
DMPC-water systems, under identical conditions. We fin
that both these systems are characterized by oblique u
cells sg  99± 6 2±d indicative of asymmetric ripples. In
addition, both samples experience a significant reduction
the hydrocarbon chain tilt angle with respect to the lay
normal, during theLb0 ! Pb0 phase transition.

The chiral enantiomer,l-DMPC, and the racemic mix-
ture,dl-DMPC (purity.98%), were obtained from Fluka,
and their optical activity was checked using a Perkin
Elmer 241 polarimeter. The lipids were oriented on
curved glass surface, 150mm thick, using a concentrated
solution of DMPC in methanol which was pipetted ont
the glass surface. After evaporation of the methanol
clear film of the lipid was left adhering to the glass plate
The remainder of the methanol was evaporated by pla
ing the samples under a vacuum for 24 h, after whic
time they were hydrated in a 100% relative humidity (RH
environment for a few days. This procedure produces
stack of about 2000 highly oriented (,5± mosaic spread)
bilayers and allows thesimultaneous observation of both
the in-plane and lamellar structures,with an incident
x-ray beam tangential to the curved substrate. It should
noted here that in thePb0 andLb0 phases, which are char-
acterized by the ordering of the hydrocarbon chains in t
bilayer, the diffracting sample is well aligned only in the
direction normal to the layers. Within each layer it con
sists of domains of differing orientations. Consequentl
the reciprocal lattice structure has cylindrical symmetr
about the direction of the layer normal. As we are usin
a two-dimensional detector, this makes it possible to g
the whole diffraction pattern with just a single setting o
the sample and the detector.

The experiments were carried out with an 18 kW
Rigaku Rotaflex RU300 rotating anode generator and
2D Marresearch imaging plate detector having a pla
diameter of 180 mm and pixel size of150 mm 3 150 mm.
Monochromation of the Cu radiation was achieved u
ing a flat graphite crystal having a mosaic sprea
of 0.4± 6 0.1± FWHM(002) and the sample-to-film
© 1995 The American Physical Society
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distance was186 6 1 mm. The spot size, as defined
by three sets of vertical and horizontal slits, was a
proximately 0.5 mm 3 0.5 mm. The sample holder
(volumeø 300 cm3) was designed to monitor and contro
both the RH and the temperature.

Figure 1 shows schematics of the rippled bilayers in th
Pb 0 phase and of the corresponding diffraction pattern. A
mentioned earlier, the diffracting sample consists of ma
domains in the plane of the bilayer. The reciprocal spa
structure is, therefore, cylindrically symmetric and i
obtained by rotating Fig. 1(b) about theqz axis. In Fig. 2
we present 2D diffraction patterns ofl-DMPC [Figs. 2(a)
and 2(b)] anddl-DMPC [Figs. 2(c) and 2(d)] multilayers
at 25±C and 98% RH. Figures 2(b) and 2(d) are ident
cal, except for different contrast, to Figs. 2(a) and 2(c
respectively. From these patterns (Fig. 2) we fin
the lamellar periodicityd to be 56.5 Å for l-DMPC
and 57.8 Å for dl-DMPC. Both these samples have
a ripple wavelengthl of about 145 Å. Interestingly,
these diffraction patterns of the two DMPC system
under identical experimental conditions are practical
indistinguishable. In particular, both these systems a
characterized by asymmetric ripples, indicating th
molecular chirality is not essential to produce rippl

FIG. 1. Schematics of the (a) rippled bilayers in thePb0 phase
and (b) corresponding small-angle diffraction pattern. Th
main Bragg reflections are denoted byd while the satellites
due to the ripple are given byj. The characteristic X pattern
arises from the combination of the obliquity of the unit cell an
the cylindrical symmetry of the diffracting sample about th
z axis.
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asymmetry. The observation of asymmetric ripples
the Pb0 phase of DMPC is consistent with earlier x-ray
diffraction [2,4,9], freeze-fracture [11], and scannin
tunneling microscopy (STM) [14] data.

The occurrence of asymmetric ripples indl-DMPC can
be accounted for by the Lubensky-MacKintosh model
the racemic mixture were to phase separate into doma
of d and l enantiomers within each bilayer. Though
such spontaneous chiral resolution has been observed
monolayer made up of rigid amphiphilic molecules [15
it is by no means common. As described below, we fin
the repeat spacing and in-plane structure ofLb0 phase
l-DMPC multibilayers to be slightly different from those
of dl-DMPC. The structures of phospholipid monolayer
are also known to be influenced by the chirality of th
system [16]. In addition, differential scanning calorimetr
and freeze-fracture electron microscopy using a varie
of DPPC enantiomer mixtures, including a racemat

FIG. 2. (a) 2D diffraction pattern ofl-DMPC bilayers in the
Pb0 phase at 25±C and 98% RH. (b) The same pattern at
lower contrast to resolve the intense reflections.d  56.5 6
0.3 Å, l  144 6 5 Å, and g  99± 6 2±. (c) Diffraction
pattern ofdl-DMPC bilayers in thePb0 phase under identical
conditions. (d) The same pattern at a lower contrast.d 
57.8 6 0.3 Å, l  147 6 5 Å, andg  99± 6 2±.
2023
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demonstrated ideal solid and liquid mixing of thed
and l enantiomers [11]. These observations indicate t
stability of racemic mixtures of phospholipids agains
spontaneous phase separation. Hence we may concl
that the formation of asymmetric ripples in thePb0 phase
cannot be attributed to the chirality of the bilayers.

It should be pointed out that, although chirality seem
to have little effect on the wavelength and the symmet
of the ripples, it is well known that as a function o
increasing water content bothl and the angleg of
the oblique unit cell decrease in DMPC bilayers [4,12
As the temperature was decreased across thePb0 phase,
we observed an approximately 15 Å increase inl and
practically no change in the obliquity of the unit cell
As such, it seems that other factors play a greater ro
in determining the characteristics of the ripple rather tha
the chirality of the system.

Figure 3 shows wide-angle x-ray diffraction pattern
of l-DMPC bilayers in theLbI phase [Fig. 3(a)] and
dl-DMPC multilayers in theLbL [Fig. 3(b)] and Pb0

phases [Fig. 3(d)] [17]. A coexistence of thePb0-Lb0

phases indl-DMPC bilayers is presented in Fig. 3(c)
These reflections (Fig. 3) arise from the ordering of th
hydrocarbon chains of the lipid molecules within th
bilayers. Although both these systems form similarPb0

phases, it seems that their in-plane structures in theLb0

phase are different. Lowering the temperature results
a Pb0 ! LbI transition in l-DMPC bilayers, while the
ripple-to-gel transition indl-DMPC bilayers results in
the LbL phase. Although much work needs to be don
concerning this point, it may be mentioned here th
chirality has been shown to influence the structure
phospholipid monolayers on water [16]. The hydrocarbo
chain tilt angleu decrease from about 30± in the Lb0

phase to about 12± in the Pb0 phase [Fig. 3(d)] for both
samples. In thePb0 phase we could not clearly determine
the tilt direction with respect to the lattice [Fig. 3(d)],
unlike the case when the bilayers were in one of theLb0

phases [Figs. 3(a) and 3(b)]. It is interesting to note th
the wide-angle reflection of thePb0 phase [Fig. 3(d)] is
in the form of a diffuse arc which is probably indicative
of slightly more disordered hydrocarbon chains compar
to the Lb0 phase. This would be in agreement with
Raman spectroscopic data which indicate that theLb0 !

Pb0 transition in DPPC multilayers is accompanied b
an increase in thegauche rotamer population of the
hydrocarbon chains [18].

A recent x-ray diffraction study [6] reported that the
Lb0 ! Pb0 phase transition in oriented DPPC multibilay
ers is characterized by a change in hydrocarbon chain
direction from nearest neighbor to next-nearest neighb
Although we observe a difference of about 18± in the tilt
angle between theLb0 andPb0 phases, Hentschel and Rus
tichelli [6] observe a difference of only 2± between the
two phases. One possible explanation for this discre
ancy is that theirPb0 phase, as pointed out by the author
2024
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FIG. 3. Wide-angle x-ray diffraction patterns of (a)l-DMPC
bilayers in theLbI phase having au of 30± 6 1±, (b) dl-
DMPC bilayers in theLbL phase having au of 27± 6 2±,
(c) dl-DMPC bilayers in thePb0 -Lb0 two-phase region, and (d)
dl-DMPC multilayers in thePb0 phase having au of 12± 6 3±.
It should be noted that equatorial reflections (i.e., those
qz  0) are attenuated due to the diffraction geometry. Th
wide-angle pattern ofl-DMPC bilayers in thePb0 phase (not
shown) is similar to that ofdl-DMPC bilayers.

themselves, is not pure but coexists with theLb0 phase.
As such the wide-angle reflections are a combination
those from the two phases. Figure 3(c) is a wide-ang
diffraction pattern ofdl-DMPC bilayers in thePb0-Lb0

coexistence region, obtained from the present study. T
diffraction pattern seems to be very similar to that show
in Ref. [6].

In conclusion, we have presented high-resolution x-ra
diffraction data from oriented multibilayers of chiral and
racemic DMPC-water systems under identical experime
tal conditions. The data clearly show the occurrence
asymmetric ripples in thePb0 phase of a racemic sys-
tem and is thus in disagreement with the recent mod
of Lubensky and MacKintosh [5]. Further, the hydroca
bon chain tilt angle is found to be drastically reduced
the Lb0 ! Pb0 transition.
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