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Rarely Observed Phase Transitions in a Novel Lyotropic Liquid Crystal System
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This Letter presents neutron diffraction data from a novel, biologically relevant, lyotropic membrane
system which is highly alignables(1.0° mosaic) in a magnetic field and gives rise to a number of well-
defined Bragg reflections. The system, composed of two different phosphorylcholine lipids, undergoes
a rare nematic— smectic phase transition upon doping the system with paramagnetic ions (e.g.,
2.7 wt% Tmi™). In addition, the isotropic phase occurs at a lower temperature than the smectic phase,
in contrast to other lyotropic systems and in contrast to the phase behavior predicted by the McMillan
model [Phys. Rev. A, 1238 (1971)] of smectic ordering. [S0031-9007(96)02290-9]

PACS numbers: 68.10.—m, 61.10.—i, 61.30.Eb, 64.70.Md

Liquid crystals are classified as being either ther-phosphatidylcholine, DHPC) phosphatidylcholine [12].
motropic or lyotropic [1] depending on the way by which This magnetically alignable bilayered micelle system
the mesophase is obtained. In thermotropic liquid cryshas proved to mimic the essential physical properties of
tals, the mesophase is formed by the intermolecular intebiological membranes [13] while remaining stable over a
actions while the driving force in lyotropic systems is thewide range of temperaturggH, and ionic strength [12].
hydrophobic effect. Both lipid/detergent and lipidipid bicelle systems align

Two classes of structures formed by both thermotropigreferentially with their bilayer normals perpendicular
and lyotropic liquid crystals are the so-called nematicto the applied magnetic field and have proved able to
(threadlike) and smectic (soaplike) phases, which difincorporate a variety of membrane peptides and proteins
fer primarily in their dimensional order [2]. The ne- under physiologically relevant conditions [10,12]. Fur-
matic phase has ordering in 1D, the lowest of all thether characterization of the lipidetergent system using
liquid crystal classes, while the smectic phase exhibitsmall-angle x-ray scattering resulted in the observation
2D order. Experimental evidence for the nematie  of only one broad (FWHMAQ = 0.1 A~!) diffraction
smectic phase transition in a variety of thermotropic lig-maximum [14] whose intensity was distributed over 360
uid crystal systems is commonly reported (e.g., [3]).with the meridional direction experiencing two times
However, the same cannot be said of lyotropic sysimore scattering intensity than the equatorial direction
tems. To the best of our knowledge, the nematic [15]. It was therefore demonstrated that although these
smectic transition has only been observed, as a fun@ggregates possess long-range orientational order [10,12]
tion of temperature, in the caesium perfluoro-octanoatéhey nevertheless lack positional order [14], typical of a
(CsPFO)water [4] and the ternary decylammonium chlo- lyotropic nematic phase.
ride (DACL)/wateryfammonium chloride systems [5]. In this Letter we present results for a novel system in

Lipids are amphiphilic molecules of fundamental which doping DMP@DHPC bicelles with selected para-
importance to biology as they constitute one of themagnetic lanthanide ions (e.g., Ti) cause the system
main components of biological membranes. In addito undergo a rarely observed (for lyotropic systems) ne-
tion, lipid/water systems form a variety of interesting matic — smectic transition. Moreover, the bicelles now
structures (e.g., lamellar, cubic, hexagonal, “ripple,”align with their bilayer normals parallel (Fig. 1) to the
etc.) which, for a variety of reasons, have recently beempplied magnetic field [16] instead of perpendicular to
the focus of both experimental [6—8] and theoreticalthe field prior to the addition of the paramagnetic ion
interest [9]. One such structure, consisting of phos{10,12]. Our neutron data reveal highly aligned (mosaic
pholipids and small amounts of detergent [10], is theof =1.0°) stacks of liquid-crystalline bilayers which give
disk-shaped micelle or so-called “bicelle” previously rise to distinct higher-order Bragg reflectioas = 5) in-
observed in a variety of single-chain amphiphile systemslicative of a smectic mesophase. In addition, a transition
(e.0., [4,5,11]). In this magnetically alignable system, thefrom the isotropic phase to the smectic lyophase occurs
detergent serves to stabilize the edge of the bilayer leawvith increasing temperature and in marked contrast to the
ing the two surfaces of the unilamellar bilayer populated CsPFQwater [4] and DACL/water/ammonium chloride
for the most part, with lipid molecules [10]. [5] systems.

A more pertinent system for biologists has been the sub- The bicelle system is composed of a 3.2:1 molar ratio
stitution of the detergent by a short chain (e.g., dihexanoylef DMPC/DHPC (Avanti Polar Lipids, Birmingham, AL)
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B a tenfold increase in scattered neutron intensity when
*{lﬁ T compared to the C5 spectrometer.

Figure 1 shows a schematic of a thulium doped magnet-
ically aligned stack of unilamellar bilayers. The morphol-
ogy of the oblate lipid bilayers, as depicted in Fig. 1, is
consistent with nuclear magnetic resonance (NMR) stud-
116 A ies which suggest that the bilayer aggregate consists of a
disk-shaped patch rich in DMPC and which is edge stabi-
lized primarily by the short-chained DHPC lipid [12].

In the absence of a magnetic field and at a temperature of
315 = 1 Kthe DMPC/DHPC/Tm?* bicelle system forms
a poorly aligned (mosaie=90°) smectic phase having a
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FIG. 1. Schematic of the diffraction geometry used to study Y p——
magnetically aligned unilamellar DMPOHPC bilayers con- CER - | ~
taining Tm'*. The liquid-crystalline lipid bilayers are highly S oy
aligned (mosaic=1°) with their bilayer normals parallel to the : , — . !
magnetic field(B = 2.6 T). 65 is the Bragg angle while the 000 005 00 015 020 025 03 035
repeat distance o&116 A is denoted byd. 0 [A7]

and thulium chloride hexahydrate (Aldrich Chem. Co., b
Milwaukee, WI) suspended in high purity,D such that
the composition of DO/ lipid is 3.3:1 by weight while the
DMPC/Tm?* molar ratio is 7.5:1. The transparent liquid
mixture was placed in a thin-walled aluminum cylinder BO00

(diameter=0.5 ¢ m, length= 6 cm) and was aligned us- ;} -

ing a horizontal 2.6 T field supplied by a superconducting =

magnet. The experiments were carried out at the NRU 5 2000 -
reactor, Chalk River Laboratories, using the C5 and N5 3 ,&

triple-axis spectrometers which have a thermal flux of
~5.4+03x10° neutrons cm?s™! at the monochro- .
mator position. Neutrons of wavelength 2.37 A were 0047
selected using the (002) reflection of a pyrolytic-graphite Q4 4
monochromator (mosaic 6£0.4°) while a graphite filter

was used to eliminate higher-order neutrons. The instruFIG. 2. (a) Q scan at a temperature 6fl5 + 1 K and no
mental resolution for the C5 spectrometer was defined bgpplied magnetic field of the bicelle system containing®Tm:
three slits leading to an overall calculata®) (FWHM) ions using the N5 spectrometer. The inset contains the rocking

-1 L . scan of the first-order peak and corresponds to a mosaic
of 0.0033 A~'. AQ was the result of finite beam colli- {"_g)° (b) Q scans of the first-order diffractiofn — 1)

mation while the contribution oAA/A remained small  maximum plotted as a function of magnetic field using the C5
(AQ =0.00032n A~") even at the largest scattering spectrometer. At a field of1 T, unilamellar lipid bilayers
angles. The N5 spectrometer was set up using Sollegtarted rapidly to align with their bilayer normals parallel to the
collimators for both the incident and diffracted beams@PPlied magnetic field. A1 T no distinct Bragg reflection

S 1 - is discernable due to poor counting statistics. The lyotropic
yielding an overall calculatedQ of 0.0083 A~!. This smectic phase exists in the presence or absence of a magnetic

factor of 2.5 coarser resolution and a wider incident beanfield. The magnetic field was ramped at a rate of 0.0@#if
(compared to C5) resulted in the N5 instrument havingrom 0to 1.5 T and from 1.5 to 2.6 T at a rate of 0.13ain.
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did not seem to have any effect on the intensity of theobserved in an analogous lipid/detergent system [14].
first-order Bragg peak until a field k1 T was reached In the absence of both the paramagnetic ion and the
[Fig. 2(b)]. At that point, the system began to rapidly applied magnetic field the scattering pattern was again
align with the most intense Bragg reflection occurring atsimilar to that presented in Fig. 3(b). Thus the high-
the highest magnetic field (2.6 T). At a constant magnetiguality diffraction patternf = 5, mosaic= 1.0°) shown
field of 2.6 T the peak intensity remained unaltered ovein Fig. 3(a) is indicative of an aligned sample with a well-
a period of days. Removal of the magnetic field causediefined interlayer spacing. Consequently, the addition
the system to relax back to its initial state (mos&i20°) of a paramagnetic causes the bilayers to undergo a
giving rise to a diffraction pattern similar to that presentedphase transition from a lyotropic nematic [Fig. 3(b)] to
in Fig. 2(a). a lyotropic smectic [Fig. 3(a)] while the applied magnetic
In Fig. 3(a) we present the diffraction pattern obtainedfield acts to align the smectic phase [Figs. 2(b) and 3(a)].
from the aligned unilamellar bilayer stacks. The repeafinally, we observe that the Bragg peaks are lying on
spacingd was found to be 116 A&15 + 1 Kand 2.6 T. a rapidly decreasing background which is adequately
It is interesting to note that in the absence of Tnbut  accounted for by the small-angle scattering resulting from
the presence of the magnetic field (2.6 T), the system islightly misaligned disks having a “contrast” thickness
characterized by a single broad peak [Fig. 3(b)] resultinggf =25 A. This is a reasonable hydrophobic thickness

from bilayers lacking positional order and similar to thatfor DMPC bilayers in thel, phase [17].
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From the diffraction pattern presented in Fig. 3(a), we
observe that as a function of increasi@ghe Bragg reflec-
tions decrease rapidly in intensity and broaden (FWHM)
linearly with n, characteristic of 2D and 3D systems.
Lipid bilayer systems are generally characterized as 2D
structures with no interbilayer correlations [6,8,18]. Af-
ter accounting for the instrumental resolution, we ob-
serve peak widths which vary a[$AQlength)2 + (n X
AQain)*]'/? giving an out-of-plane correlation length
(D = 27 /AQjengm) Of =1400 A. The peak widths due
to A Qrain (fluctuations ind) are consistent witli., phase
bilayers in which rapid molecular reorientations along
with fluctuations of the membrane as a whole are taking
place [19].

To a very good approximation, both the Bragg and
total scattering intensities are unaffected by the ori-
enting paramagnetic thulium ion. The proportions of
Tcoh Tm“/a'coh lipid and of O paramag Tm”/a'incoh lipid are
about 3 X 107* and 2 X 1074, respectively. Hence
no additional corrections need be applied to structural or
inelastic measurements when using this system.

Figure 4(a) shows a series of temperature-dependent
Q scans of the first-order Bragg reflection at 2.6 T.
Below 305 K no distinct diffraction maximum is ob-
servable. This is consistent with the isotropic spectrum
(snl chain of DMPC perdeuterated) obtained using
deuterium quadrupole echo NMR at 8.5 T [Fig. 4(b)] and
which differs from the NMR spectrum of the smectic
lyophase [Fig. 4(c)] at 317 K. In contrast, as a function
of increasing temperature, both the CsRPR@ter [4] and
DACL /water/fammonium chloride [5] systems undergo a

FIG. 3. (a) Diffraction pattern from the DMPOHPC unil- X : : L :
amellar b(ila)lyer stack sttem containing 31*maﬁ15 + 1K Smectic to isotropic phase transition predicted by the theo-

and 2.6 T obtained using the C5 spectrometer. The FwHMetical model described by McMillan [20]. Such a model
of the Bragg peaks increases linearly with increasing scatteringf smectic ordering used to describe the CsPFater [4]
angle indicative of a 2D “fluid” system. The diffraction geom- and DACL/watey/ammonium chloride [5] systems does

etry was such that atfz = 0 the incident beam was to B. not hold true for the DMPZDHPC/water system
(b) Q scan of the DMPZDHPC system in the absence of Tm . .
and under conditions of 315 K and 2.6 T. Note the absence of In summary, we have shown that the biologically rele-

Bragg reflections present in the lyotropic smectic phase (). Avant DMPG/DHPC/water system undergoes, upon the ad-
205 = 0 the incident beam wal$ to B. dition of Tm**, a rarely observed nematie> smectic
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FIG. 4. (a)Q scans of the first-order Bragg reflection as a

function of temperature at a magnetic field of 2.6 T. The onseL13]

of Bragg scattering occurs at temperatures above 305 K whil
the repeat spacingl changes as a function of temperature.

There was a 30 min. equilibration period between successive

scans. 2H-NMR spectra of perdeuteratet-1 chain DMPC in
the bicelle system containing P at (b) 285 K and (c) 317 K.

transition. This transition, although common in ther-

motropic systems, has to the best of our knowledge been

observed, as a function of temperature, in only two other

lyotropic systems. In addition, the present system differg14]

from the two others by having an isotropic phase occur-
ring at a lower temperature than the smectic phase. F
nally, application of an external magnetic field aligns the
smectic layers (mosaic a£1.0°) giving rise to multiple

Bragg peaks necessary for detailed structural studies wh 6]
the systemis used as a substrate to align a variety of macro-

molecules.
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