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ABSTRACT We report here on a 250-GHz electron spin resonance (ESR) study of macroscopically aligned model mem-
branes composed of mixtures of dimyristoylphosphatidylcholine (DMPC) and dimyristoylphosphatidylserine (DMPS), utilizing
the nixtroxide-labeled cholesterol analog cholestane (CSL). Two clearly resolved spectral components, distinct in both their
ordering and dynamics, are resolved. The major component in membranes composed mostly of DMPC shows typical
characteristics, with the long axis of CSL parallel to the bilayer normal with slow (106 # R # 107 s21) rotational diffusion rates,
as expected for cholesterol. The second component grows in as the mole fraction of DMPS increases. A detailed analysis
shows that CSL senses a local, strongly biaxial environment. Our results imply that the inefficient packing between cholesterol
and DMPS occurs probably because of the strong interactions between the PS headgroups, which provide the local biaxiality.
Such a packing of the headgroups has been predicted by molecular dynamics simulations but had not been observed
experimentally. The analysis of these spectral components was greatly aided by the excellent orientational resolution
provided by the 250-GHz spectra. This enabled the key qualitative features of this interpretation to be “read” off the spectra
before the detailed analysis.

INTRODUCTION

In this paper we present a far-infrared (FIR) electron spin
resonance (ESR) study at 250 GHz and 9 Telsa of oriented
model membranes containing mixtures of DMPC and
DMPS. The primary virtue of FIR-ESR over ESR at con-
ventional microwave frequencies is the excellent orienta-
tional resolution that it provides to studies utilizing nitrox-
ide spin labels (Budil et al., 1989; Earle et al., 1997).
However, it was very difficult in the past to study biologi-
cally relevant samples because of the relatively small FIR
wavelengths (1.22 mm in this work) and the need to keep
the lossy aqueous sample in a very small region where the
FIR electric field is negligible. Such technical problems
have now been solved (Barnes and Freed, 1997), and studies
of membranes containing spin labels as well as spin-labeled
proteins are now possible. These new techniques also enable
us to study macroscopically aligned membrane samples, for
which the orientational resolution is much greater.

The high resolution of both ordering and dynamics avail-
able with this new technique allows for a more detailed
examination of the interactions between the various com-
ponents of phospholipid membranes at the molecular level
than was previously possible. For this first study, we have
chosen a relatively simple system of DMPC/DMPS mixed
model membranes, with the cholesterol-like spin label CSL
that has frequently been utilized for studying the ordering
and dynamics of cholesterol within the bilayers (Marriott et

al., 1975; Kar et al., 1985; Shin and Freed, 1989; Shin et al.,
1993; Ge et al., 1994a,b). This enables us to conveniently
explore the new capabilities provided by FIR-ESR while
studying a biologically interesting system, as discussed below.

Understanding the physical-chemical interactions be-
tween the diverse components of a biological membrane is
important, because evidence has accumulated for their role
in the regulation of cellular processes (Adam and Delbru¨ck,
1968; Simons, 1997; McLaughlin and Aderem, 1995). Reg-
ulation can be achieved through specific, strong lipid/pro-
tein interactions or through multiple, weak lipid/lipid and
lipid/protein interactions. It is these weaker interactions that
are of interest here.

The cytosolic leaflet of the plasma membranes of many
mammalian cells are actively enriched in the negatively
charged lipid phosphatidylserine (PS) (Zachowski, 1993).
Electrostatic attraction between these PS lipids and posi-
tively charged proteins is one way to bind proteins to
membranes. This binding will also influence the membrane;
for example, upon association of protein kinase C (PKC) to
vesicles, PS has been observed by fluorescence digital im-
aging microscopy to aggregrate into domains beneath PKC
(Yang and Glaser, 1995). In some cases, these induced
domains are stable enough to be removed and purified along
with the protein that induced them (Balvers et al., 1993).
Within these domains, rotational motions of the hydrocar-
bon chains can be reduced (Kleinschmidt and Marsh, 1997)
and the phospholipid headgroup orientations can be altered
(Roux et al., 1989). Clearly, lipid/lipid interactions within a
protein-induced domain can influence the energetics of pro-
tein/membrane association. For example, if a lipid were
present that tended to prevent aggregration of PS in the
membrane (e.g., there is a negative free energy of mixing
between this lipid and PS), then the free energy of the PKC
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binding would be lowered, because the negative charge in
the membrane just below the PKC would not be as great as
in the absence of the hypothetical lipid.

A second protein/lipid interaction is the classic hydro-
phobic effect (Tanford, 1991). Many proteins are posttrans-
lationally modified by the addition of myristate to their
amino-terminal glycine. This fatty acid chain inserts itself
into the bilayer upon membrane association (Verge`res et al.,
1995). Lipids in the membrane may play a role in the
regulation of this effect as well (Simons, 1997). In fact, the
interaction between the hydrophobic moieties of proteins
and bilayer lipids has been found to be quite complex,
involving distinct binding sites for different lipids (Dreger
et al., 1997), or altering the ordering and dynamics of the
hydrocarbon chains in the bilayer for some distance around
the protein (Mou et al., 1996; Patyal et al., 1997). This last
effect may lead to a nonspecific, lipid-modulated attraction
between membrane-associated proteins (Sintes and Baum-
gärtner, 1997), although for peripheral, electrostatically
bound proteins its effect appears to be small (Heimburg and
Marsh, 1995).

The interest in the present study is how cholesterol could
influence either of these mechanisms. Cholesterol is present
in both leaflets of the plasma membrane of many mamma-
lian cells, although the degree of transmembrane asymmetry
is a matter of some debate (Zachowski, 1993; Brasaemle et
al., 1988). It is known to have many effects on membrane
properties, including inhibiting the lateral segregation of
certain mixtures of phospholipids (Silvius, 1992), inducing
a separate phase with properties intermediate between those
of the La and the gel phase (Recktenwald and McConnell,
1981; Ipsen et al., 1987) and increasing the ordering of the
hydrocarbon chains in the La phase while decreasing it in
the gel phase (Shin et al., 1993; Kar et al., 1985; Shin and
Freed, 1989; Ipsen et al., 1987). The influence of cholesterol
on the headgroup ordering/dynamics is less well character-
ized. NMR studies have been interpreted as showing the
near independence of the headgroup dynamics from the
hydrocarbon chain dynamics (Yeagle, 1991), although one
might expect the incorporation of cholesterol into the bi-
layer to have some effect, because cholesterol has been
shown to influence headgroup packing and hydration
(Wachtel et al., 1991). Any of these effects could conceiv-
ably alter protein/lipid interactions.

ESR is a very useful spectroscopic technique to examine
these effects; for example, the nonideal mixing of choles-
terol in bilayers of hydrated DMPC was measured by de-
tecting the change in the ordering of CSL and of chain-
labeled lipids as a function of added cholesterol (Shin et al.,
1993), and in unsaturated PC/PS bilayers it was found that
a greater disordering at the ends of the hydrocarbon chains
occurred for 1:1 PC:PS mixtures than for either pure PC or
pure PS, suggesting the importance of headgroup interac-
tions to hydrocarbon chain packing, even in the La phase
(Ge et al., 1994b; Feigenson, 1989). Although many studies
of the influence of a positively charged protein on PS-
containing bilayers have been performed, the influence of

cholesterol upon these induced domains has not yet been
well characterized. One model system of these domains
consists of bilayers of DMPC, progressively enriched in
DMPS, for which a small amount of cholestane is added to
act as a probe of the ordering and dynamics of cholesterol.
We have the dual goals of 1) demonstrating that high-
frequency (FIR) ESR represents a very sensitive spectro-
scopic method of determining molecular ordering and dy-
namics in membranes, and thereby reporting on lipid/lipid
interactions, and 2) reporting on an unusual dynamical
ordering of CSL in DMPS membranes not observed previ-
ously and suggesting its implications for cholesterol/lipid
interactions in PS-rich domains.

EXPERIMENTAL

Sample preparation

The phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
(DMPC) and 1,2-dimyristoyl-sn-glycero-3-phosphatidylserine (DMPS,
Na1 salt) were both obtained from Avanti Polar Lipids and were used
without further purification. Stock solutions of DMPC in CHCl3 and of
DMPS in a 1:1 (v/v) mixture of CHCl3 to CH3OH were used to prepare
solutions for ultracentrifugation. The spin probe 3b-doxyl-5a-cholestane
(CSL) was obtained from Sigma Chemical Company and was used without
further purification. A stock solution of CSL in CHCl3 was used through-
out this study.

Macroscopically aligned model membranes were made by the method
of isopotential spin-dry ultracentrifugation (ISDU) (Clark et al., 1980; Ge
et al., 1994a). Aliquots of the stock solutions were mixed to produce
solutions with known molar fractions of DMPC to DMPS. Finally, an
aliquot of the stock solution of CSL was added to create a 3:97 CSL-to-
phospholipid ratio. We found no concentration-dependent line broadening
from electron spin-spin interactions in our samples for CSL concentrations
of 3 mol% or less, implying that the solutions are sufficiently dilute to
prevent significant interactions between CSL molecules. Concentrations
above 3 mol% CSL do, however, lead to an observable broadening of the
9-GHz ESR spectra, but not the 250 GHz spectra, because of spin-spin
interactions. The rest of the sample preparation is as described previously
(Ge et al., 1994a).

After ultracentrifugation, and again after recording ESR spectra, the
samples were checked by polarizing microscopy to determine their degree
of alignment. We searched for both a uniform texture (Asher and Pershan,
1979) and the presence of birefringence as determined by an interference
pattern (Powers and Clark, 1975). Because the samples were 20–50mm
thick, the interference patterns had a low contrast, but could still be
observed and always indicated the presence of a uniaxial phase (Powers
and Clark, 1975). After warming the samples to above 45°C in theC 5 0°
resonator, polygonal defects were sometimes observed (cf. below). Warm-
ing to above 35°C in theC 5 90° resonator for which the samples are in
a vertical position often created oily streaks, indicating that some flow had
occurred. Thus we mainly studied the gel phase.

Samples with defects observed immediately after ISDU alignment were
rejected from further study. Occasionally, small crystals;10 mm in
diameter were observed after ISDU alignment, presumably because of
excess salt from the DMPS. ESR spectra were still collected for these
samples because the crystals appeared to create no misalignment, they
never amounted to more than a few percent of the total surface area of the
aligned membranes, and they did not dissolve upon warming of the
samples to 30°C. The ESR data were always recorded starting at 10°C and
as the samples were warmed to higher temperatures, so that the gel-phase
ESR spectra would be trustworthy, even if the samples spontaneously
disordered at the higher temperatures.

The borosilicate glass coverslips used for past 9-GHz ESR studies of
ISDU aligned model membranes were found to be too lossy for 250-GHz
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ESR. Instead, 12-mm-diameter quartz coverslips (ESCO Products) were
used. The more fragile quartz always cracked when it was pressed against
the curved bottom plate of the ISDU apparatus during ultracentrifugation.
It was necessary to fabricate a flat-bottom plate to produce the ISDU
samples. The ISDU sample radius is 0.377 cm, and the isopotential surface
of the spinning bucket has a radius of curvature of 13.97 cm, so using a
flat-bottom plate results in the bilayers being tilted upward at the sample’s
edge by 1.6°, which is not considered significant for these studies.

After samples were removed from the ultracentrifuge and checked
under the microscope, they were weighed and then placed in a 100%
relative humidity chamber at 20°C. For DMPC-rich membranes, the sam-
ple weight reached equilibrium after less than 24 h, at which point there
were;40 H2O/phospholipid. Samples rich in DMPS could not be humid-
ified for more than 48 h, because they would continue to collect water until
they formed unilamellar vesicles (Hauser, 1984). Instead, these samples
were allowed to absorb water for 24–48 h. The greatest hydration observed
for any sample was 64 H2O/phospholipid, for which the bilayer structure
still exists (Hauser, 1984). The average degree of hydration for the samples
used is shown in Table 1. After hydration, a quartz coverslip with an
etched-in circular depression to accommodate the membrane was placed
over the top of the sample. The sides of the quartz plates were sealed with
a thin ring of (Dow Corning) silicone high-vacuum grease, which never
touched the membrane sample. The top quartz plate also did not touch the
membrane surface, to prevent the formation of defects. The samples were
then kept in the dark at 10°C until they could be examined by ESR, but
were allowed to sit at 20°C for at least 2 h toavoid the possibility of being
in the pseudocrystalline-laminar (or Lc) phase (Marsh, 1988).

Spectrometer

The quasioptical techniques that have been utilized to construct and suc-
cessfully operate an ESR spectrometer at 250 GHz at Cornell have been
reviewed elsewhere (Budil et al., 1989; Earle et al., 1996). The design and
implementation of the sample holder used for hydrated samples for high-
frequency ESR have also been discussed (Barnes and Freed, 1997).

ESR spectra were recorded with the membrane normal (the directionn̂)
parallel and then perpendicular to the static magnetic fieldBW0 (the case of
C 5 0° and 90°, respectively). The first orientation was obtained in a
Fabry-Perot transmission-mode resonator (Barnes and Freed, 1997). For
the second sample configuration, a “shunt” Fabry-Perot resonator was used
in which the cylindrical axis of symmetry of the beam mode in the
resonator was perpendicular to the axis of the optiguide. The details of this
resonator are discussed elsewhere (Barnes and Freed, 1998). The same
sample was used for both resonators as well as for 9-GHz ESR, as long as
it was judged to have remained aligned by polarizing microscopy after the
ESR data were collected. In general, however, thermal cycling destroyed
the alignment of these samples.

A small degree of contamination of the DMPS with Mn21 was detected
with 250-GHz ESR. The splitting of the Mn21 lines is 92 G, with a
peak-to-peak linewidth of 9 G, which can be compared with a splitting of
92 G and a linewidth of 8 G found for a room-temperature aqueous solution
of 0.6 mM MnSO4, suggesting that most of the Mn21 exists in, or

exchanges rapidly with, the aqueous space between the bilayer surfaces.
The concentration is,2 3 1024 Mn21 per phospholipid, which is low
enough that the change in the average headgroup orientation of the phos-
pholipids due to the Mn21 would be nearly undetectable by2H NMR (see
figure 6 of Roux and Bloom, 1990). In fact, the sharp signals from Mn21

were found to be very useful as field markers, and they can be cleanly
subtracted when necessary.

RESULTS

Fig. 1 shows a series of 250-GHz ESR spectra of ISDU
membranes, fully hydrated, forC 5 0°, obtained at 10°C
for which the membranes are in the gel phase. 250-GHz
ESR spectra withC 5 90° under otherwise identical con-
ditions are shown in Fig. 2. In Fig. 3, we show the 250-GHz
ESR spectra for a DMPC-rich (top) and a DMPS-rich (bot-
tom) membrane atC 5 0° out to 60°C. In passing through
the gel to liquid-crystal phase temperature (Tm 5 23°C for
DMPC and 45°C for DMPS), a sharpening of the linewidth
of CSL in DMPC can be observed for theC 5 0° spectrum.
However, the main features of the lineshapes for either
membrane composition do not change, suggesting that
much of what we learn from the gel phase is applicable to
the liquid crystalline phase, a matter we hope to confirm in
future studies.

In Fig. 4 are shown the 9-GHz ESR spectra at 10°C of
CSL in an 80:20 mol% DMPC:DMPS sample (top) and in
a 20:80 mol% DMPC:DMPS sample (bottom), recorded for
both C 5 0° and 90°. The lineshape from the DMPS-rich
sample is broad and would be difficult to interpret by itself.
The reason for this will be discussed after the analysis of the
250-GHz ESR lineshapes.

ANALYSIS AND INTERPRETATION

We divide this section into two parts. In the first part we
discuss how to interpret the high-frequency ESR spectra

TABLE 1 The waters of hydration per phospholipid and the
populations of the two distinct motional/ordering modes of
CSL as a function of membrane composition

Composition
% DMPC

Hydration
H2O:PC1PS

% DMPC-like
component

Linewidth
(Gauss)

% DMPS-like
component

80 45 94 4 6
63 60 57 6 43
40 65 39 8 61
20 50 28 7 72
0 40 7 4 92

The width of thegyy peak of the DMPC-like component was measured to
see if exchange between the two components could be detected.

FIGURE 1 250-GHz ESR spectra of theC 5 0° case for various
compositions of the ISDU aligned and fully hydrated model membranes.
All spectra were recorded at 10°C in the gel phase.
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from a qualitative point of view. That is, we consider the
features of the 250-GHz ESR lineshapes that provide qual-
itative insights on the ordering and rotational diffusional
rates of CSL. The physical model suggested by these in-
sights is then used as a starting point for a quantitative,
least-squares fit to the ESR lineshape (Budil et al., 1996). In
the second part, we give the details of several motional
models that implemented, in varying degrees, the physical
model developed in the first part, and discuss how success-
ful they are in fitting the experimental lineshapes. In addi-
tion, we discuss how to improve the existing motional

models contained in our simulation package, to better ac-
count for the features of the physical model. In the follow-
ing discussion section we review some of what is known
about the structure and dynamics of phospholipid mem-
branes, with the goal of determining which interactions are
primarily responsible for the unusual ordering of CSL in the
DMPS-containing model membranes.

Qualitative lineshape analysis

First, observe the illustrative models of both cholesterol
(Shieh et al., 1981) and the CSL molecule shown in Fig. 5.
The CSL model was constructed by superimposing two
structures determined by x-ray diffraction (Bordeaux et al.,
1974; Ishida et al., 1981), consistent with the known con-
figuration of CSL (Marriott et al., 1975). The four fused
hydrocarbon rings that form the rigid body of CSL occupy
a box of relative dimensions;1:2:3.6. If we also include
the methyl groups sticking out from the broad face of CSL,
the extended tail, and the doxyl ring, then the dimensions of
CSL are;1:1.3:4, close to being cylindrically symmetrical.
The rigid body of CSL differs only slightly in shape from
that of cholesterol, with the most significant difference
being the addition of the doxyl ring in place of the hydroxyl
group of cholesterol. We consider this further in the
Discussion.

To keep track of the orientation of CSL in the bilayers
and with respect to the applied static magnetic fieldBW0, it is
useful to refer to several different coordinate systems
(Schneider and Freed, 1989). The principal axes of the
diffusion tensor, denoted (x9, y9, z9), are fixed to the molec-
ular frame of CSL. The principal axes for theg and A
tensors are denoted (x-, y-, z-). For the purpose of a
qualitative analysis, we can ignore the small tilt between

FIGURE 2 250 GHz ESR spectra of theC 5 90° case for various
compositions of the ISDU aligned and fully hydrated model membranes.
All spectra were recorded at 10°C in the gel phase.

FIGURE 3 A comparison of how the 250-GHz ESR spectra of two of the
ISDU-aligned model membranes change when passing from the gel to the
liquid-crystal phase, for theC 5 0° case. Note the features in the more
ordered component of CSL that appear for the La phase, which represent
the partly resolvedAyy component of the hyperfine coupling. The biaxial
environment that CSL senses in the DMPS membranes persists in the La

phase, although for reasons given in the text we present no detailed fit to
the data here.

FIGURE 4 9.1-GHz ESR spectra at bothC 5 0° and 90° for ISDU-
aligned model membranes prepared in the same way as the 250-GHz ESR
samples and held in the same sample holder. The two compositions show
some differences, but interpreting these without the 250-GHz data would
be difficult (see text for details).
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these two coordinate systems. Thex9 axis lies along the N-O
bond, normal to the broad face of the CSL molecule, and the
y9 axis lies along the long axis of the CSL molecule. The
director frame (x0, y0, z0) describes the macroscopically
aligned multibilayers. Thez0 axis lies parallel to the normal
to the bilayer surfaces,n̂. The director tilt angleC is the
angle betweenBW0 and n̂.

Cholesterol is known to insert itself into a lipid bilayer
with its long axis,y9, parallel to the bilayer normal,n̂, to
minimize steric overlap with the hydrocarbon chains. We
denote the orientation withy9\n̂ as the “upright” orientation,

as labeled in Fig. 6. As is dramatically shown by the
250-GHz ESR spectra (Fig. 1,top), CSL, like cholesterol,
orients in an upright position in the aligned and hydrated
DMPC bilayers. This confirms the results of previous
9-GHz ESR studies (Shin et al., 1993; Shin and Freed, 1989;
Ge et al., 1994b) that, however, required detailed simula-
tions. The most probable orientations of CSL in the DMPC
bilayers can be determined from the 250-GHz ESR line-
shape by simple inspection, because the lineshape is dom-
inated by the influence of the rhombicg tensor. Specifically,
when BW0 is parallel to the N-O bond (BW0\x9), then g '
2.0088 and CSL absorbs 250-GHz radiation at a field
strength of;88,920 G. WhenBW0 is parallel to the long axis
of CSL (BW0\y9), g ' 2.0059 and absorption occurs at
;89,050 G. ForBW0 parallel to thep orbital of the nitrogen
atom (BW0\z9), g ' 2.0022 and absorption occurs at;89,210
G. With this in mind, we can conclude from the position of
the single sharp feature in the top spectrum of Fig. 1 that
most of the CSL probes in the sample havey9\BW0, which in
turn is parallel ton̂ for C 5 0°, i.e., the upright orientation.
No features in theC 5 0° ESR lineshape are observed at
higher or lower fields. Thus the probability of finding CSL
oriented with eitherz9\n̂ or x9\n̂, which we will denote as the
“sideways” and “facedown” orientations of CSL, respec-
tively (see Fig. 6), must be very small.

Another important observation is available from theC 5
90° ESR spectra for whichBW0 lies in the bilayer planes (Fig.
2, top). Based on the integrated spectral intensity, a nearly

FIGURE 5 A comparison between the structures of cholesterol, shown
as the top two structures, and CSL, shown as the middle two structures (see
text for details). The contour around the wire frame structures, with a 2.0-Å
radius, approximates their van der Waals surfaces. They9 principal diffu-
sion axis of CSL is nearly parallel to the long axis of the molecule. At the
bottom of the figure in a box is shown a cross section, normal to the bilayer
surface, of the hydrocarbon chain packing in the gel phase of DMPC or
DMPS. The circles are the van der Waals surfaces of the lipid hydrocarbon
chains. Note that the cross-sectional area of CSL for looking down its long
axis (y9) occupies a slightly larger area than two of the hydrocarbon chains.

FIGURE 6 Some orientations of CSL with respect to the director frame
as a function of the Euler anglesb andg are shown, rotated from an initial
orientation of CSL with the diffusion axes aligned with the director axes.
The normal to the bilayer surface is given byn̂. Because the uniaxial
potential is independent ofa, we can plot the relative probability of
orientation on the two-dimensional surface ofb andg, but it should be kept
in mind that each direction in these plots actually represents a collection of
orientations with 0# a # 2p. This is indicated by the circle traced out by
the long axis of CSL asa varies. The orientations described in the text are
the sideways orientations, at (b,g) 5 (0°,0°) or z0\n̂, the upright orienta-
tions at (90°,90°) ory9\n̂, the facedown orientations at (90°,0°) orx9\n̂, and
the barrier orientations at (45°,90°).
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equal superposition of orientations of CSL corresponding to
x9\BW0 or z9\BW0 is observed. Note that the hyperfine coupling
with the I 5 1 14N nucleus can be easily observed when
z9\BW0, for which the coupling is at its largest value of;33
G. The fact thatx9 or z9\BW0 are equally likely orientations
confirms that the DMPC bilayers are not macroscopically
biaxial. It is not hard to imagine how the packing of the
hydrocarbon chains on a hexagonal lattice in the gel phase
or a similar regular packing of the phospholipid headgroups
could create a microscopically biaxial environment that the
rhomboidal CSL could sense (Freed et al., 1994). Such
crystal-like order could only be short-range, given the spec-
tral observations. But so far we have presented a static point
of view. When we also take into account dynamics, then it
is possible for a microscopic biaxiality to strongly influence
the ESR lineshapes, even when these environments are only
short-range. To the authors’ best knowledge, there have
been no previous reports of the influence of a local biaxi-
ality on the ordering of cholesterol in either model or
biological phospholipid membranes.

In fact, we shall have to invoke local biaxiality to find an
adequate interpretation for the ESR spectra associated with
CSL in DMPS bilayers. First, note that linear superpositions
of the distinctive lineshape of the top and bottom spectra in
Figs. 1 and 2 could reasonably describe the rest of the
lineshapes for mixtures of DMPC and DMPS. A small
amount of the “DMPC-like” component is present in the
ESR lineshape for CSL, even in pure DMPS bilayers. Also
note that because theC 5 0° and 90° ESR spectra for the
pure DMPS samples are very different, defects in the sam-
ple alignment cannot account for this lineshape unless the
defects were uniformly directed in the sample with respect
to the ESR spectrometer, and they were undetectable by
polarizing microscopy, an unlikely event. Finally, we can
ignore the small peaks at 89,030, 89,120, 89,210, and
89,300 G, which are due to a small amount of Mn21 present.
We will also ignore in the following fits the small feature at
88,980 G, which is most prominent in the 60:40 DMPC:
DMPS spectrum. It is difficult to simulate this feature, but
it might be related to forbidden transitions associated with
the 14N hyperfine coupling.

The dominant feature of theC 5 0° 250-GHz ESR
spectrum of CSL in pure DMPS bilayers is a single, broad
spectral “line” atg ' 2.004, midway between the lines due
to CSL in the upright or sideways orientations (cf. Fig. 6).
In a simplified analogy to the “two-site” model (Abragam,
1961), this feature suggests that CSL exchanges its orien-
tations between the upright and sideways orientations at a
greater rate than the ESR resonant frequency difference
between the two orientations,;480 MHz. This exchange is
described by the parameterRx, the rotational diffusion rate
of CSL about its broad face. When 108 , Rx , 109 s21, the
separategyy andgzz peaks begin to coalesce, as observed in
theC 5 0° 250-GHz ESR spectrum. However, for theC 5
90° spectrum, the sharp line atg 5 2.009 indicates a
population of CSL withx9\BW0 that remains in this orienta-
tion for times that are long compared to the inverse fre-

quency separation between the different orientations. This
suggests thatRy andRz # 107 s21.

We illustrate the intuitive model that emerges with Fig. 7.
CSL is relatively free to reorient between the upright (y9\n̂)
and sideways (z9\n̂) positions by a rotation about itsx9 axis,
but it is hindered from having a facedown orientation (x9\n̂).
The effect is one of bringing the long axis of CSL down into
the membrane (y9\n̂3 y9'n̂) along the sharpest edge of the
body of CSL. This motion is analogous to that of a knife
initially held vertically and free to pivot about its broad face
so that its edge cuts downward, although with a diffusive
type of motion. Rotation of CSL about itsy9 or z9 axes is
slow or hindered. This picture also describes the other major
feature in theC 5 90° ESR spectrum, that of the sharp peak
atg 5 2.004. To see this, note that every CSL, regardless of
the orientation of itsx9 axis in the membrane plane, should
have the same kind of ordering and dynamics, because the
sample possesses no macroscopic biaxiality. For theC 5
90° spectrum, an equal number of CSL molecules will have
x9'BW0 in comparison to those withx9\BW0, which create the
peak atg 5 2.009. The rapid jumps betweeny9\n̂ andz9\n̂
for these former molecules then leads to the single feature
midway between the upright and sideways orientations,
which should be of an intensity similar to that of the feature
at g 5 2.009. This is indeed observed in theC 5 90° ESR
spectra of CSL in pure DMPS bilayers.

The fact that motions that would rotate the broad face of
CSL into its surrounding environment are slow or hindered
is consistent with the notion that the interactions of the rigid
core of CSL with the surrounding environment strongly
influence the ordering and dynamics of this spin probe
(Earle et al., 1997). In this case, CSL is still clearly sensing
an ordered environment in the DMPS bilayers, although it is
less hindered than is the case for the DMPC bilayers.

Using this motional/ordering model for CSL, we can
determine what the general features of the 9.1-GHz ESR

FIGURE 7 A simplified illustration of the motion of CSL in fully
hydrated DMPS bilayers. The normal to the bilayer surface is given asn̂.
The two centermost boxes depict the upright ory-ordered orientation of
CSL, the most probable orientation of CSL and cholesterol in DMPC
bilayers. In DMPS bilayers, this orientation rapidly exchanges with the
sideways, orz-ordered, orientations, as indicated by the arrows. Rotational
diffusion of CSL about they9 andz9 axis of CSL, or alternatively aboutn̂,
are hindered. The different local axis frames, Lx0 and Ly0 for the left-hand
pair and the right-hand pair are also shown.
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lineshapes should be. The experimental spectra for CSL in
80:20 and in 20:80 mol% DMPC:DMPS bilayers are shown
in Fig. 4. They are centered at;3240 Gauss for the fre-
quency of 9.08 GHz used. For the DMPC-like component of
CSL (top two spectraof Fig. 4), we expect that forC 5 0°
we would see features centered atgyy and split by the
hyperfine tensor componentAyy ' 5 Gauss. ForC 5 90°
we expect features centered atgzz with a splitting ofAzz '
33 Gauss and centered atgxx with a splitting of Axx ' 5
Gauss. For 9.1-GHz ESR lineshapes, however, the shift in
going fromgxx to gyy or from gyy to gzz is ;5 Gauss, so the
g tensor fails to dominate the spectrum, unlike the case at
250 GHz. This is clearly demonstrated in Fig. 8, which
shows the positions of the resonant ESR absorptions for the
canonical orientations of CSL in a powder simulation at 9.1
and 250 GHz. Thus the extra intensity seen between 3230
and 3240 Gauss in theC 5 90°, 9.1-GHz ESR spectra is a
superposition of absorption from those CSL molecules with
x9\BW0 andz9\BW0. The distinctive features of higher and lower
fields seen in theC 5 90°, 9.1-GHz ESR lineshape, and not
in theC 5 0° lineshape, are due to the relatively large size
of Azz. For 9.1-GHz ESR, the shapes of these features as a
function ofC are important indicators of the dynamics and
ordering of nitroxide spins (Schneider and Freed, 1989).
However, we must conclude that there is much poorer
orientational resolution at 9.1 GHz than at 250 GHz.

For the DMPS-like component of CSL, the rapid rota-
tional diffusion between the upright and sideways orienta-
tions of CSL will partly average theg and A tensors,
resulting in a broad feature with an averageA ' 20 Gauss
for theC 5 0°, 9.1-GHz ESR spectra. A similar feature will
exist for the C 5 90° spectra, along with the sharper
features centered atgxx with a splitting of Axx ' 5 Gauss
due to those CSLs constrained to keepx9\BW0. The bottom

two 9.1-GHz ESR lineshapes of Fig. 4 are in qualitative
agreement with these observations. TheC 5 0° spectrum
does show intensity, suggesting a range of splittings be-
tween 10 and 30 Gauss, whereas theC 5 90° spectrum
could be represented by a superposition of these same broad
features with extra intensity at;3230 Gauss. However,
there is a significant overlap between these different fea-
tures, and thus significant loss of resolution in the 9.1-GHz
spectra as compared with the 250-GHz spectra. This re-
duced resolution implies considerable ambiguity, i.e., dif-
ferent sets of motional/ordering parameters in addition to
the ones that fit the 250-GHz ESR spectra may also ade-
quately fit the 9.1-GHz spectra in a least-squares sense. If
we had only the 9.1-GHz ESR spectra and no further
physical insights into the system, then we would have a
number of motional/ordering models of CSL in DMPS from
which to choose. The much greater orientational resolution
of the 250-GHz ESR spectra is clearly very significant in
determining a unique model for CSL in the DMPS bilayers.

Quantitative lineshape analysis

In this section we convert the intuitive motional/ordering
model described in the last section into a quantitative model
for a least-squares lineshape analysis (Budil et al., 1996).
CSL is termed a “y-ordered probe” in lipid bilayers because
it is a nearly cylindrically symmetrical probe whose princi-
pal axes of rotational diffusion in general lie parallel and
perpendicular toy9 (see Fig. 5). For a least-squares fit, if the
magnetic tensor parameters are used in a permuted order
with gzz, gxx, andgyy entered in place ofgxx, gyy, andgzz,
and similarly forA, the result is that the long axis of CSL is
now aligned with the principal diffusion axis. That is, we
would have thatz-\x9, x-\y9, andy-\z9. This is particularly
advantageous when there is axial symmetry about they9
axis in the rotational diffusion tensor. This has proved
useful in many cases (Earle et al., 1997; Ge et al., 1994b;
Shin et al., 1993). However, the model outlined in the last
section for CSL in the DMPS bilayers suggests that using a
“y-ordering” for CSL is less helpful when discussing CSL in
the DMPS bilayers. In our present discussion, we do not
permute the magnetic tensor elements for the least-squares
fits that follow. In the absence of any diffusion tilt, this is
equivalent to settingx-\x9, y-\y9, andz-\z9. This is consis-
tent with our quantitative discussion in the previous section.
The effects of magnetic axis permutation on the ordering
parameters (cf. Eq. 1 below) are discussed in the Appendix.

To interpret the potential parameters, we show in Fig. 6
the orientations of CSL with respect to the laboratory-fixed
director frame as a function ofb andg. Recall that the Euler
angles (a, b, g) are the angles that transform from the
director frame to the diffusion frame of CSL (Schneider and
Freed, 1989). The Euler anglea is the final rotation of CSL
about then̂ axis, and it is unnecessary for the uniaxial case.

FIGURE 8 A powder simulation of CSL at 9.1 and 250 GHz. The
connected vertical dashes represent the fields where CSL will absorb when
its x9, y9, or z9 axes are parallel toBW0. Whereas at 250 GHz these occur at
well-separated spectral regions, at 9.1 GHz there is considerable overlap.
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The orientation-dependent potential used in the fits is given
by the form (Schneider and Freed, 1989)

2U~b, g! 5 c20~3 cos2 b 2 1!/2 1 c22~3/2!1/2sin2b cos 2g

1 c40~35 cos4b 2 30 cos2b 1 3!/8

1 c42~5/8!1/2~7 cos2b 2 1!sin2b cos 2g

1 c44~35/32!1/2sin4b cos 4g (1)

where the potential parametersc20, c22, c40, c42, andc44 are
given in units ofkT. Equation 1 is an expansion in Wigner
rotation matrix elements, which in the present uniaxial case
reduces to unnormalized spherical harmonics. The relative
or unnormalized probability of CSL having an orientation in
the infinitesimal rangeb 6 Db andg 6 Dg, for any a, is
given by exp(2U(b,g)/kT) sin b Db Dg. Given a set of
potential parameters, we can plot this relative probability as
a function of the spherical coordinates (b, g) and, by com-
parison with Fig. 6, identify the most and least probable
orientations of CSL.

The result of a least-squares fit to the 80:20 mol%
DMPC:DMPS model membrane using only thec20 andc22

terms in the potential and the magnetic tensor parameters in
Table 2 (cf. below) is shown in Fig. 9A, with the motional
and ordering parameters given in column A of Table 3. The
corresponding potential is plotted as Fig. 10A. It shows a
preference for havingy9\n̂. There is also a weak “rhombic
distortion” such thatz9\n̂ is slightly preferred over having
x9\n̂. Note that the potential allows a high enough probabil-
ity of finding CSL with y9'n̂ to account for the small peak
at gyy in the C 5 90° spectrum. It is also found that the
rotational diffusion rates are slow, withRy and Rz ' 107

s21. The rate forRx is significantly slower. A slower motion
may improve the fit slightly, but the basis set required for
convergence of the 250-GHz ESR lineshapes becomes im-
practically large: values ofR , 105 s21 correspond toLmax,
Kmax, and Mmax $ 50 (Schneider and Freed, 1989). In
contrast, a typical basis set size for 9-GHz ESR lineshapes
requiresLmax, Kmax, andMmax # 12.

For slow motions, the 250-GHz ESR lineshape is sensi-
tive to a tilt between the diffusion axes and the magnetic
axes of CSL. Such a tilt could arise from a small (13°) tilt
of the N-O bond with respect to the broad face of CSL
(Schneider and Freed, 1989) or from a tilt of the hydrocar-
bon chains with respect to the bilayer normal (Marsh, 1988;
Sun et al., 1994). However, the least-squares fits showed a
preference for a tilt angle of 0°. But there is no significant
change when the value of the tilt is fixed at 13° in the fitting

process, as shown in Fig. 9B, with the least-squares param-
eters given in Table 3, column B.

We determined the magnetic tensor parametersg andA
from the 250-GHz ESR spectrum of CSL in DMPC. They
are given in Table 2. The sweep field was calibrated using
TEMPONE frozen in a water-glycerol mixture at2100°C
(Budil et al., 1989). For the remaining fits, the 250-GHz
ESR lineshapes are much broader, and so as a reasonable
approximation we fixed the magnetic tensor parameters at
the values in Table 2 and varied only the motional and
ordering parameters.

The spectra from the pure DMPS bilayers show a small
“DMPC-like” component as noted above. For convenience
in the simulations we shall ignore this component initially.
After we determine a satisfactory model for fitting the
DMPS component, we then determine the admixture of
“DMPC-like” to “DMPS-like” components for the series
shown in Figs. 1 and 2. This procedure is justified a poste-
riori by the finding (cf. below) the the spectra from the pure
DMPS bilayers are composed of.90% of the “DMPS-like”
component.

The best fit for CSL in the pure DMPS bilayers achieved
by varying only the potential termsc20 andc22 and the full
rotational diffusion tensor is shown as Fig. 9C. From the
shape of the potential shown as Fig. 10C, it can be seen that
both the sideways and upright orientations are now favored,
consistent with the model of Fig. 7. The addition of the
potential termsc40, c42, andc44 yields a slightly better fit
(Fig. 9 D), resulting from the addition of a barrier to the
rotation of CSL about its broad face (thex9 axis) between
the upright and sideways orientations (Fig. 10D). A fit
using a very high barrier to the reorientation of CSL was
also tried (Fig. 9E, with the potential shown as Fig. 10E),
but it did not significantly improve the fit. We also at-
tempted to improve the fits by modeling the slow tumbling
rate of CSL about its long axis, using anisotropic viscosity
(Schneider and Freed, 1989), which incorporates an inde-
pendent rotational diffusion of CSL about the bilayer nor-
mal,R\

av, and perpendicular to it,R'
av. The result is shown as

Fig. 9F. However, it is clear that the models considered fail
to incorporate some aspect of the dynamics/ordering of CSL
in the bilayers.

For the above fits, the greatest discrepancy occurs in the
range of 88,940–89,100 G for theC 5 90°, 250-GHz ESR
spectrum. Examination of the motional model suggested by
Fig. 7 gives a possible explanation: each CSL, which in-
cludes those to the right and to the left in Fig. 7, is con-
strained by the lipids that surround it, so that interconver-
sion of a CSL between the two orientations to the left (or
right) of Fig. 7 is relatively unhindered, but interconversion
between an orientation on the left to one on the right is
hindered. Of course, Fig. 7 illustrates only two “orienta-
tional pairs,” whereas there are CSLs at every angle with
respect to the static magnetic field,BW0, for theC 5 90° case,
which would experience a similar hinderance. Simple con-
siderations, which are quantitatively verified below, indi-
cate that this will improve the fit.

TABLE 2 Magnetic tensor parameters determined from the
250-GHz ESR lineshape of CSL in the DMPC-rich bilayers

gxx 5 2.00871 gyy 5 2.00573 gzz 5 2.00210
Axx 5 4.9 Ayy 5 5.5 Azz 5 33.1

Within experimental uncertainty, these results are in agreement with pre-
vious results obtained at 9 GHz (Kar et al., 1985; Ge et al., 1994a).

Barnes and Freed 250 GHz ESR on Oriented DMPC/DMPS Membranes 2539



A biaxial potential correctly describes the motional/or-
dering model just discussed, but it results in a more com-
plicated form of Eq. 1 (Freed et al., 1994; Berggren, 1995).
However, because the above fits suggest that reorientation
about the bilayer normaln̂ is nearly frozen out on the
250-GHz ESR time scale, we can use an alternative version
of the model that has the advantage of being computation-
ally tractable. Specifically, we assume that a CSL is con-
strained by a potential such that itsx9 axis remains nearly
parallel to a local director axis,n̂L, which we will find is
equivalent to the Lx0 (e.g., the local axis systems are shown
in Fig. 7 for both the left- and right-hand pairs of orienta-
tions). Because the sample is not macroscopically biaxial,
we expect the local directors to be uniformly distributed
within the bilayer plane. Thus the ESR lineshape consists of
a sum of ESR spectra, one for eachn̂L in the membrane

plane. A simple sum is reasonable because exchange be-
tween CSLs with different local directors is taken as very
slow on the 250-GHz ESR time scale. We now use a
uniaxial potential with respect to then̂L, such that rotations
of CSL aboutn̂L are allowed, but rotations of CSL that tilt the
N-O bond with respect ton̂L are restricted (cf. Fig. 10G).

A more general version of this distribution-of-directors
kind of motion has been discussed previously (Meirovitch et
al., 1982). It is implemented as follows. Referring to Fig.
11, the sample possesses a macroscopic director axisn̂,
about which there is a distribution of local director axesn̂L

whose orientation relative ton̂ is given by the polar angles
(j,z). For generality, each orientation ofn̂L is weighted by a
probability factor of the form exp(2V(j,z)) sin j dj dz. For
our model we can chooseV 5 2dc20cos2j, wheredc20 is the
only new parameter in the fit. The ESR spectrum for a given

FIGURE 9 The results of simultaneous fits
to the C 5 0° andC 5 90° ESR spectra of
CSL in the gel phase of 80:20 mol% DMPC:
DMPS are shown inA andB, and those from
pure DMPS are shown inC–G, using different
models for the ordering and dynamics as de-
scribed in the text. The parameters from these
fits are given in Table 3.

TABLE 3 Motional and ordering parameters from least-squares fits

Parameter/model A B C D E F G

bD 0 13 0 0 0 0 0
Rx 2 z 105 2 z 105 8 z 108 2 z 109 3 z 109 5 z 106 1 z 109

Ry 7 z 106 1 z 107 9 z 105 1 z 105 5 z 107 5 z 106 6 z 107

Rz 1 z 107 2 z 107 1 z 107 5 z 106 1 z 105 5 z 106 3 z 106

R\
av — — — — — 1 z 105 —

R'
av — — — — — 5 z 108 —

c20 20.81 20.36 1.40 2.00 0.90 2.0 25.16
c22 21.47 22.00 21.17 21.50 20.84 22.6 2.13
c40 — — — 0.0 0.89 — 0.0
c42 — — — 1.0 1.15 — 22.28
c44 — — — 0.0 0.0 — 0.0
dc20 — — — — — — 220.0

The letters A–G labeling the columns refer to the ESR spectra in Fig. 9. Rotational diffusion rates are given in units of s21, and the potential parameters
are in units ofkT.
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C is then the sum over the spectra due to all possible
orientations ofn̂L,

Ĩ~B, C! 5 E
0

2p

dz E
0

p

sin j dj I~B, C, j, z!e2V~j,z!

in which I(B,C,j,z) is the ESR spectrum for a givenn̂L. This
can be evaluated by transforming to a coordinate system by
using an effective overall director tiltCeff and an azimuthal
rotation anglew, as detailed in Fig. 11. It can be shown that

cosj 5 sinC sinCeff cosw 1 cosC cosCeff

tanz 5
sinCeff sin w

cosC sinCeff cosw 2 sinC cosCeff

and the double integral becomes

Ĩ~B, C! 5 E
0

p

I~B, Ceff!SE
0

2p

e2V~C,Ceff,w!dwDsinCeff dCeff

The integration is now performed in a manner similar to that
of a microscopic order with macroscopic disorder
(MOMD)-type calculation (Budil et al., 1996), except that

the angleCeff varies from 0 top, and each spectrum is
weighted by the exponential inV over the potential term.
(For the case of true MOMD-like disorder, for example, in
the application of this model to a vesicle dispersion, we
must add a third integral overC. The resulting expression
using the cos2j form for the local director potential, how-
ever, can be shown to reduce to the standard integrand for
a MOMD-type spectrum, i.e., the double integral of
exp(2V) over C andw has noCeff dependence. Thus, for
the motional model we are employing, a macroscopically
aligned sample is essential.)

The best fit obtained with this model is shown as Fig. 9
G. It gives a satisfactory representation of all of the major
features of the 250-GHz ESR spectra for bothC 5 0° and
90°, including the slow roll-off in intensity above thegxx

peak. The large, negative value fordc20 means that the local
directors are uniformly distributed in the plane perpendic-
ular to n̂, which is the expected macroscopic uniaxial be-
havior that we have already discussed.

To fit the 250-GHz ESR lineshapes for the remaining
compositions of DMPC/DMPS, we fixed both the magnetic
and motional/ordering parameters of the DMPC-like and
DMPS-like components of CSL, and used the multicompo-
nent fitting ability of our programs to determine the weight-
ing of the two components necessary to best fit each line-
shape (Budil et al., 1996). To determine if a detectable
exchange rate between the two different motional/ordering
components of CSL could be observed, we also allowed the
linewidth parameter of the DMPC-like component of CSL
to vary as a function of bilayer composition (see Table 1).
Some increase in the linewidth was observed for the
midrange of membrane compositions, which might imply
some exchange, but this is not unequivocal. The small
percentage of the DMPC-like motional/ordering component
of CSL in the pure DMPS bilayers is accurately measured,
because of the much smaller linewidth of the DMPC-like
component.

FIGURE 11 (Left) Diagram of the relation between the lab frame (x, y,
z) and the director frame (x0, y0, n̂) with y0\y, whereC is the director tilt
angle andn̂ is normal to the bilayer surface. The dashed circle represents
the disk-shaped sample. The local director axis,n̂L, is at the polar angles
(j,z) with respect ton̂. (Right) Relation betweenn̂L and the laboratory
frame expressed in terms of the polar angles (Ceff,w). They can be written
as functions ofj,z andC. The angleC is set by the experimenter, but the
local director axesn̂L are distributed over all values of (j,z), with some
probability distribution given by [exp2 V(j,z)] sin j dj dz.

FIGURE 10 Plots of the unnormalized probability distribution,
exp(2U(b,g)/kT), correspond to the fits whose parameters are given in
columns A, C, D, E, and G of Table 3.n̂ is the normal to the bilayer plane.
The peaks along they0 axis in the probability distribution shown inA
indicate that the “upright” orientation of CSL (i.e.y9\n̂, cf. capiton to Fig.
6) is favored in the DMPC-rich bilayers. The distributions labeled asC, D,
and E show that the “sideways” orientation of CSL, as indicated by the
peaks along thez0 axis (parallel ton̂), is also a favored orientation for CSL
in the DMPS-rich bilayers. The distribution G keeps the N-O bond of CSL
aligned along the local director axis Lx0, which is constrained to lie parallel
to the bilayer plane because the local director distribution parameterdc20

was found to be large and negative.
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DISCUSSION

To summarize: CSL in the fully hydrated gel phase of a
DMPC-rich bilayer is oriented with the long axis of the
molecule,y9, parallel to the normal to the bilayer,n̂, as is the
case for cholesterol. CSL in the gel phase of a fully hydrated
DMPS bilayer, however, reorients rapidly about itsx9 axis.
This motion can be visualized as CSL cutting into the
hydrocarbon layer along its (slightly) sharper edge, as in
Fig. 7. All orientations ofx9 in the bilayer plane are equally
probable, and rotational diffusion abouty9 and z9 is rela-
tively slow. What interactions occur in the DMPS bilayers
that are so different from those in the DMPC bilayers, such
that CSL finds itself sensing a locally biaxial environment?

ESR studies of CSL at 9 GHz in ISDU-aligned DPPC
bilayers below 0°C (Kar et al., 1985; Ge et al., 1994a) have
demonstrated that the N-O group of CSL participates in
hydrogen bonding. Moreover, the value ofAzz for CSL
given in Table 3 for the DMPC-rich bilayers shows that the
doxyl ring is in a relatively hydrophilic environment (Earle
et al., 1993; Ge and Freed, 1998) and is thus oriented with
the doxyl ring near the bilayer surface. Thus the doxyl ring
plays a role somewhat similar to that of the hydrogen-
bonding hydroxyl group of cholesterol, which also partici-
pates in hydrogen bonding at the bilayer surface, as dis-
cussed in more detail by Ge et al. (1994a).

CSL in a phospholipid bilayer is usually observed to have
an axially symmetrical rotational diffusion tensor with the
faster diffusional rate,Ry, being about the long axis of CSL,
and withRx,Rz ' 1/5 of Ry (Earle et al., 1993, 1997). In the
La phase we expect that 108 # Ry # 109 s21 (Ge et al.,
1994b), whereas in the gel phase the motions are slower,
Ry # 107 s21 (Meirovitch and Freed, 1980). This is in
agreement with what was found for CSL in the DMPC
bilayers. However, in pure DMPS bilayers for CSL, we find
that Rx ' 109 s21, a rapid rate. In fact, it is much greater
than what is expected for the rotational diffusion rates for
the hydrocarbon chains in the gel phase, 23 106 s21 about
n̂ and 23 105 s21 perpendicular ton̂ (Yeagle, 1991). It
seems reasonable to conclude that CSL is reorienting in a
“stable void” when in the DMPS bilayer.

Because no large broadening of the DMPC-like compo-
nent is observed in DMPS, we conclude that exchange
between the DMPC-like and DMPS-like components of
CSL is slow on the 250-GHz ESR time scale, and therefore
the void in which CSL orients is stable for at least micro-
seconds. Furthermore, x-ray diffraction data on DMPS ves-
icles in the gel phase show that the hydrocarbon chains pack
on a hexagonal lattice, with no indication of a significant
population of voids (Hauser and Shipley, 1983). We con-
clude that the insertion of the cholesterol-like CSL into the
DMPS bilayers creates these voids.

No unusual ordering of CSL was found for the La phase
of mixed PC/PS multibilayers with unsaturated hydrocarbon
(Ge et al., 1994b), or for a fluorescent cholesterol analog in
bovine PS vesicles, which also contain unsaturated lipids
(Yeagle et al., 1990). This could imply that either saturated

hydrocarbon chains, or a gel-like phase, including a con-
densed phase beneath a positively charged membrane-asso-
ciated protein, is important in creating these voids. Further-
more, for the latter case, one should consider the differences
in morphology between oriented membranes and vesicles
(Ge and Freed, 1998). Dual “upright” and “sideways” ori-
entations in fully saturated PC bilayers have been observed
for both a long, rod-shaped hydrophobic fluorescent probe
(Mitchell and Litman, 1998) and a cigar-shaped nitroxide
probe (Meirovitch, 1983).

We now consider what difference between DMPC and
DMPS might lead to the unusual ordering of CSL observed
in DMPS. Aggregation (but not actual phase separation) of
DMPS in DMPC, characteristic of a nonideal solution,
probably does occur (Hinderliter et al., 1994). Phase sepa-
ration can be induced by a low pH in which PS becomes
protonated (Tokutomi et al., 1980), but in our samples the
PS headgroups are buffered by Na1, and the ISDU solutions
before ultracentrifugation had a pH of;7.8. However,
aggregration of DMPS is a reasonable explanation of the
sudden increase in the DMPS-like motional/ordering com-
ponent of CSL when the molar ratio of DMPS in the
bilayers rises above;1/3. This suggests that CSL prefers
the DMPS aggregrates. Although the misciblity of choles-
terol is higher in PC than in PS bilayers (Wachtel et al.,
1991), for low concentrations of cholesterol (and very prob-
ably CSL), it prefers to interact with hydrocarbon chains in
an extended conformation (Ipsen et al., 1987). As discussed
before, this conformation is more likely for DMPS than for
DMPC, which could represent the driving force for the
partitioning of CSL into the DMPS aggregrates.

It could be argued that the difference in the hydrocarbon
chain tilt with respect ton̂ of 20–30° for the gel phase of
DMPC (Sun et al., 1994) versus 0° for the gel phase of
DMPS (Hauser and Shipley, 1983) leads to “void forma-
tion” at the interface between the DMPC/DMPS aggregates.
However, this contradicts the fact that the voids are ob-
served even when no DMPC is present. In fact, if hydro-
carbon chain packing efficiency were the sole cause of the
void formation, then the following line of reasoning might
be applied: it is known from studies of crystallized PC lipids
that chain tilts or lateral offsets of the hydrocarbon chains,
leading to disorder or small void formation at the bottom of
the hydrocarbon chains, often occur to accommodate the
packing of the relatively large PC headgroups (Marsh,
1988). In contrast, the PS headgroup is similar in size to the
two hydrocarbon chains, leading to a more efficient packing
and a stabilization of the gel phase of DMPS as compared to
DMPC (Tm 5 45°C and 23°C, respectively; Marsh, 1988).
This occurs despite the fact that a charged phospholipid
tends to destabilize the gel phase (Boggs, 1987). This line of
reasoning suggests that significant voids should be expected
in DMPC instead of DMPS, which is inconsistent with our
results. We can also rule out the possibility that aggregation
of CSL leads to void formation in DMPS, because this
would result in an observable spin-spin broadening of the
ESR lineshapes.
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We do not believe that the voids in DMPS are a conse-
quence of the dehydration of the bilayers during the ISDU
alignment process (Takahashi et al., 1997). It is difficult to
see how small defects, on the order of the size of CSL, could
survive rehydration and even annealing into the La phase. If
larger, stable pores were to form, they would create a
distribution of local bilayer normals uniform about the
macroscopic director axis of the sample, leading to a
MOMD type of ESR lineshape (cf. Fig. 12). The addition of
a MOMD lineshape will create features independent ofC,
and such features are not observed in the spectra of Figs. 1
and 2.

We also rule out the possibility that the DMPS-rich
bilayers are distorted by the high magnetic field. Bilayers
tend to orient withn̂'BW0 because of the diamagnetic an-
isotropy of the hydrocarbon chains. However, only certain
vesicle dispersions of specific mixtures of lipids, none of
which include any PS lipids, have been shown to have large
effects (Speyer et al., 1987). Multilaminar vesicles are also
less susceptible than unilamilar vesicles (Brumm et al.,
1992). These facts suggest that the multilamilar ISDU-
aligned samples should be more resistant to the effects of
the high magnetic field. If the magnetic field were to cause
local distortions of the bilayers, it would create a distribu-
tion of directors, and thus of tilt anglesC, in the sample.
Fig. 12 shows how the 250-GHz spectrum of the DMPC-
like component of CSL changes with the tilt angle. No such
weighted sum of these spectra could account for the sharp
peak atg 5 2.004. Similarly, the absence of any features at
thegxx region for theC 5 0° spectrum places a strict upper
limit on the presence of any bilayers with locally larger
values ofC. Furthermore, any significant realignment of the
bilayers is expected to lead to disordered regions, given the
sample sensitivity, e.g., to thermal changes. However, sam-
ple immersion in the 8.9-T field for 10 or more hours did not
lead to any defects observable by microscopy. Note that if

the magnetic field had created a reversible distortion (Meir-
ovitch and Freed, 1980), then it should lead to a macro-
scopic biaxial environment, and in our fits we found no
evidence for this. Finally, note that the 9-GHz ESR line-
shapes are consistent with the proposed motional/ordering
model for CSL in DMPS, where magnetic field-induced
effects, which depend uponuBW0u2, are a factor of;770 times
lower. This would be difficult to verify by using a detailed
fitting because of the greatly reduced orientational resolu-
tion for 9-GHz ESR spectra. Furthermore, the assumption
that reorientational diffusion of CSL aboutn̂ is “frozen out”
is probably no longer valid on the longer 9-GHz time scale
(Earle et al., 1993, 1997). Thus a much more complicated
dynamical, biaxial calculation would be required. The
weight of the above evidence suggests, however, that mag-
netic field effects are not responsible for the creation of the
voids in DMPS.

The only difference between DMPC and DMPS is in their
headgroups. The PS headgroups are known to interact with
one another more strongly, and with potentially more hy-
drogen bonding sites, than that of PC (Boggs, 1987). These
electrostatic interactions are enhanced by the negative
charge on PS, which is not shielded by monovalent cations
(except for the case of Li1; Cascales and de la Torre, 1997).
As a result, the PS headgroups in a pure PS bilayer are more
rigid than for the PC headgroups in a pure PC bilayer
(Kohler and Klein, 1977; Campbell et al., 1979). In fact, the
addition of Li1 to DMPS bilayers raisesTm to 90°C,
whereas the hydrocarbon chain packing becomes tight
enough so that a pseudocrystalline phase has been identified
below 15°C (Hauser and Shipley, 1983). The headgroups
adopt packing schemes that minimize their total free energy,
such that the long axis of PC tries to tilt perpendicular ton̂,
but that of PS lies parallel ton̂ (Sanson et al., 1995). In this
packing scheme, the dipole moments of both PC and of the
zwitterionic serine group of PS lie perpendicular ton̂. Al-
though no long-range order has been observed for the head-
groups in hydrated bilayers, molecular dynamics simula-
tions indicate that dipolar interactions can lead to domains
of ordered headgroups (Schneider and Keller, 1997). In the
simulated packing, the net dipole moments of the head-
groups form an antiferroelectric phase on a 2D hexagonal
lattice (Kittel, 1976). This arrangement is strongly biaxial in
character, and thus we suggest that maintaining this PS
headgroup packing arrangement is what forces the entropi-
cally unfavorable void formation for CSL in the DMPS
bilayers. This interpretation seems consistent with the ob-
servation that stronger headgroup interactions will lower the
miscibility of cholesterol in both the La and, to a greater
extent, the gel phases of pure PS bilayers (McMullen and
McElhaney, 1997).

That cholesterol may lead to void formation in the gel
phase, and possibly also the La phase, of DMPS has impli-
cations for protein/lipid interactions, as discussed in the
Introduction. It is of relevance to consider the effects of
cholesterol in the microdomains of PS below a positively
charged, membrane-associated protein such as PKC. The

FIGURE 12 A simulation of the DMPC-like component of CSL at 250
GHz, as a function of the director tilt angleC, using the parameters in
Table 3, column A.
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;30 mol% solubility limit of cholesterol in PS-rich bilayers
(Wachtel et al., 1991) seems high enough to have a signif-
icant impact on the characteristics of these domains. The
formation of voids would be expected to dilute the degree of
negative charge that can accumulate below a protein to an
even greater degree than simple packing and solubility
considerations would suggest. However, the voids also rep-
resent stable pockets into which a myristate group could
insert, and thus the cholesterol/PS void could decrease the
free energy of binding of myristoylated proteins by increas-
ing the solubility of the myristate group in the bilayers.

CONCLUSION

In summary: the use of FIR ESR spectra at 250 GHz, which
provides very good orientational resolution, has made pos-
sible an unambiguous determination of a local biaxial en-
vironment sensed by the nitroxide-labeled cholesterol ana-
log CSL in the hydrated bilayers of the gel phase of DMPS.
The locally biaxial environment provides a void that allows
CSL to cut into the hydrocarbon chain region of the bilayers
by reorienting about its broad face. The voids are postulated
to exist for DMPS but not for DMPC, because of the
stronger interactions between the PS headgroups, which
causes the PS lipids to form aggregates that pack ineffi-
ciently around CSL to maintain a local, biaxial headgroup
packing arrangement.

APPENDIX: THE ORIENTATIONAL POTENTIAL

In this section we will show how to convert between orientational poten-
tials with and without usingy-ordering in a fit (i.e., permuting the magnetic
tensor elements in the lineshape programs to achievez-\x9, x-\y9, and
y-\z9). The orientational potential given by Eq. 1 has been discussed in
several places and has recently been reviewed (Freed et al., 1994). A
complete expansion of the potential is given in terms of generalized
spherical harmonics as

U~a, b, g! 5 O
L,M,K

cMK
L $MK

L ~a, b, g!

for which U must be a real function. If we assume that the CSL molecule
has approximatelyD2 symmetry, i.e., the rectangular parallelepipid form
shown in Fig. 6, then the expansion can be simplified to

U~a, b, g! 5 O
L,M,K#

cMK#
L ~$M,K#

L ~a, b, g! 1 $M,2K#
L ~a, b, g!!

whereK# 5 0,2,4,. . . . In auniaxial environment, the potential should be
independent ofa, and thus we have

U~b, g! 5 O
L,K#

cL,K# ~$0,K#
L ~b, g! 1 $0,2K#

L ~b, g!!

The expansion in a liquid-crystalline medium is usually taken overL-even.
Although this is not strictly true in a bilayer composed of chiral phospho-
lipids unless the probe molecule truly hasD2 symmetry, it serves as a
useful approximation that is commonly used (Schneider and Freed, 1989).
As a practical matter, only the lowest order terms in the expansion are
utilized, i.e.,L 5 2 or 4. This leaves the following nonzero coefficients in
the expansion: the twoL 5 2 terms,c20 andc22, and the threeL 5 4 terms,
c40, c42, andc44. Note that we are using the notationcL,K# [ c0,K#

L for K# Þ
0, andcL0 [ c0,0

L /2.

A further property is thatc20 andc22 are the components of an irreduc-
ible tensor of second rank, and thec40, c42, andc44 are the components of
a fourth-rank irreducible tensor. Thus we can break up Eq. 1 asU(b,g) 5
U(2)(b,g) 1 U(4)(b,g), whereU(2) contains terms involving thec2,K# and
U(4) contains terms involving thec4,K# . It then follows that

2Uzz
~2! ; 2U~2!~0, 0! 5 c20

2Uxx
~2! ; 2U~2!~p/2, 0! 5 2c20/2 1 ~3/2!1/2c22

2Uyy
~2! ; 2U~2!~p/2, p/2! 5 2c20/2 2 ~3/2!1/2c22

Alternatively,c20 5 2Uzz
(2) andc22 5 (Uyy

(2) 2 Uxx
(2))/61/2. If we now permute

axes as follows:y3 ẑ, z3 x̂, andx3 ŷ, thenUyy3 Uẑẑ, etc. In the new
axis system represented by the carets, we then find from the above that

ĉ20 5 2c20/2 2 ~3/2!1/2c22

ĉ22 5 ~~3/2!1/2c20 2 c22!/2

In a similar manner, we obtain fromU(4)

2Uzz
~4! 5 c40

2Uxx
~4! 5 ~3/8!c40 2 ~5/8!1/2c42 1 ~35/32!1/2c44

2Uyy
~4! 5 ~3/8!c40 1 ~5/8!1/2c42 1 ~35/32!1/2c44

and thusc40 5 2Uzz
(4), c42 5 (2/5)1/2(Uxx

(4) 2 Uyy
(4)), and c44 5 (8/35)1/2

(2Uxx
(4) 2 Uyy

(4) 1 (3/4)Uzz
(4)). When the axes are permuted as above, we

obtain

ĉ40 5 ~3/8!c40 1 ~5/8!1/2c42 1 ~35/32!1/2c44

ĉ42 5 2~5/32!1/2c40 2 ~1/2!c42 1 ~7/16!1/2c44

ĉ44 5 c44

Note that ifc44 5 0, thenĉ44 5 0, which is the case in our analysis.
Note also that, for the orientations described in Fig. 6,U(upright) 5

Uyy [ Uyy
(2) 1 Uyy

(4), U(sideways) 5 Uzz, U(facedown) 5 Uxx, andU(bar-
rier) 5 U(b 5 p/4,g 5 p/2).
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