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Abstract

X-band and Q-band electron paramagnetic resonance (EPR) spectroscopic techniques were used to
investigate the structure and dynamics of cholesterol containing phospholipid bicelles based upon
molecular order parameters (Spyq), Orientational dependent hyperfine splittings and line shape
analysis of the corresponding EPR spectra. The nitroxide spin label 3-B-doxyl-5-a-cholestane
(cholestane) was incorporated into DMPC/DHPC bicelles to report the alignment of bicelles in the
static magnetic field. The influence of cholesterol on aligned phospholipid bicelles in terms of
ordering, the ease of alignment, phase transition temperature have been studied comparatively at X-
band and Q-band. At a magnetic field of 1.25 T (Q-band), bicelles with 20 mol% cholesterol aligned
at a much lower temperature (313 K), when compared to 318 K at 2 0.35 T field strength for X-band,
showed better hyperfine splitting values (18.29 G at X-band vs. 18.55 G at Q-band for perpendicular
alignment and 8.25 G at X-band vs. 7.83 G at Q-band for the parallel alignment at 318 K) and have
greater molecular order parameters (0.76 at X-band vs. 0.86 at Q-band at 318 K). Increasing
cholesterol content increased the bicelle ordering, the bicelle-alignment temperature and the gel to
liquid crystalline phase transition temperature. We observed that Q-band is more effective than X-
band for studying aligned bicelles, because it yielded a higher ordered bicelle system for EPR
spectroscopic studies.
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1. Introduction

Cholesterol is an essential component of biological membranes (Yeagle, 1985). The
composition of cholesterol varies in the range of 10 — 50 mol% in a variety of different
biological membranes (Pasenkiewicz-Gierula et al., 2000). Cholesterol is needed for proper
cell growth, function and stability (Yeagle, 1985; Kurad et al., 2004). It is also implicated in
many diseases like heart disease, stroke, and Alzheimer disease etc. (Borroni et al., 2003;
Mirnov et al., 2000). Therefore, studies focusing on cholesterol-lipid interactions are needed
to better understand the effect of cholesterol on the organization of the membrane. Different
techniques have been employed in the past to study the effect of cholesterol on model
membrane systems such as electron paramagnetic resonance (EPR) spectroscopy, nuclear
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magnetic resonance (NMR) spectroscopy, Fluorescence, X-ray diffraction, differential
scanning caloriemetry (DSC), Fourier transform infrared (FTIR) spectroscopy, neutron
diffraction and thermal analysis etc. (Yeagle, 1985; Kurad et al., 2004; Nussair and Lorigan,
2005; Lu et al., 2004; Dave et al., 2005; Aussenac et al., 2003; McMullen et al., 1993; Leonard
et al., 2001; Rowe and Neal, 2003; McMullen et al., 2003).

Magnetically aligned phospholipid bilayers are an excellent model membrane system for NMR
and EPR spectroscopic studies (Nussair and Lorigan, 2005; Lu et al., 2004; Aussenac et al.,
2003). Aligning bicelles in the magnetic field offers several advantages to increase both the
spectral resolution and the signal-to-noise ratio revealing unique structural and dynamical
information when compared to unoriented samples (Aussenac et al., 2003). Bicelles are formed
by mixing a long-chain phospholipid, such as dimyristoyl phosphatidylcholine (DMPC) with
short chain detergent such as dihexanoyl phosphatidylcholine (DHPC) (Vold and Prosser,
1996). The magnetic alignment of the bicelles depends on several factors such as the magnetic
susceptibility anisotropy tensor (Ay) of the phospholipids, the strength of the magnetic field,
the molar ratio of the long and short chain phospholipids (g-ratio), the temperature of the system
and the types of the lanthanide ions used (Prosser et al., 1998). The sign and magnitude of
Ayplays amajor role in the alignment of the bicelles (Sanders et al., 1994). Normally the bicelles
align with their bicelles normal perpendicular to the direction of the static magnetic field due
to their negative Ay value. However, at lower magnetic fields used in X-band and even for Q-
band EPR, the phospholipid bilayers do not fully align at the perpendicular orientation without
the addition of alignment reagents. The addition of Dy3*which has a large negative Ay value
is needed for perpendicular alignment. Conversely, the addition of Tm3* or Yb3* with a large
positive Ay value flips the bicelle by 90°, such that the membrane normal is parallel to the
direction of the static magnetic field (Prosser et al., 1998; Cardon et al., 2001).

Previous studies in our lab have shown that magnetically aligned phospholipid bilayers doped
with either Dy3*, Tm3* or Yb3* have been successfully aligned at perpendicular and parallel
orientations with respect to the magnetic field (Nussair and Lorigan, 2005; Lu et al., 2004;
Cardon et al., 2001; Inbaraj et al., 2004; Tiburu et al., 2004). Nussair et al. and Lu et al. studied
the effect of cholesterol on bicelles using EPR spectroscopy with a series of 5-, 7-, 12-and 16-
doxy! stearic acid and cholestane spin probes and also with solid-state 2H NMR spectroscopy
(Nussair and Lorigan, 2005; Lu et al., 2004). Both of these EPR studies by Nussair et al. and
Lu et al. were carried out at X-band.

The purpose of this paper is to have a comparative study of the effects of cholesterol on the
bicelle model membrane systems using magnetically alignable DMPC/DHPC phospholipids
at both X-band (9.5 GHz, 0.35 T) and Q-band (35 GHz, 1.25 T). EPR spectroscopy is highly
sensitive to the rate of motion and degree of organization of the phospholipids due to exact
matching of characteristic time scale of the nitroxide spin-label to the rates of molecular rotation
of the lipids within the membranes (Moser et al., 1989). This paper attempts to effectively
characterize a cholesterol-bicelle system using the corresponding molecular order parameters,
hyperfine splitting values, and the change in the spectral line shapes of cholestane containing
bicelles at different temperatures. The X-band versus Q-band experimental results will be
compared to better understand the effectiveness of the two magnetic fields and frequencies.

2. Materials and Methods
2.1. Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC), and 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy-(polyethylene glycol)-2000] (PEG2000PE) were purchased from Avanti Polar
Lipids (Alabaster, AL). The cholesterol was obtained from Avocado Research Chemicals
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(Ward Hill, MA). Thulium (I11) chloride hexahydrate, dysprosium (I11) chloride hexahydrate,
3p-doxyl-5-a-cholestane [cholestane] and N- [2-hydroxyethyl] piperazine-N'-[2-
ethanesulfonic acid](HEPES) were obtained from Sigma-Aldrich (St. Louis, MO). Deuterium-
depleted water was obtained from Isotec (Miamisburg, OH). All phospholipids were dissolved
in chloroform and stored at —20°C prior to use. Aqueous solutions of (N-2 [Hydroxyethyl]
piperazine-N'-[2-ethanesulfonic acid]) (HEPES) buffer and lanthanide ions in deuterium-
depleted water were prepared fresh each day.

2.2 Sample Preparation

The standard bicelle sample consists of 25% (w/w) DMPC/DHPC phospholipids (molar ratio
3.5:1) in HEPES buffer along with PEG200-PE, cholestane, and various amounts of cholesterol
(0, 5, 10, 15 and 20 mol% with respect to DMPC). For bicelles with 10 mol% cholesterol,
DMPC, DHPC, PEG2000-PE, cholesterol and the spin-label cholestane were mixed together
in a flask at the molar ratios of 3.5/1/0.035/0.35/0.0196 respectively. Cholesterol
concentrations were used from 0 to 20 mol% in 5 mol% increments. The chloroform in the
flask was evaporated under a stream of nitrogen gas and the flask was placed under high vacuum
overnight. The following day, 100 mM HEPES buffer at pH 7 was added to the flask so that
the amount of lipid in the sample was 25% (wt%). The sample was vortexed and chilled on ice
bath periodically until all of the lipids were solublized. In contrast, for the samples containing
high cholesterol content (15 and 20 mol%) samples were vortexed at room temperature without
ice and then kept in ice bath for 20 minutes until the sample became clear and homogeneous.
All samples were then sonicated with a Fisher Scientific FS30 bath sonicator (Florence, KY)
for about 30 min with the heater turned off and ice added to the bath. The sample was subjected
to 4 freeze thaw (at 77 K in liquid nitrogen) cycles at room temperatures to homogenize the
sample and remove air bubbles if any. Finally, at 0°C (ice bucket), a 20 mol% (molar ratio to
DMPC) of either DyCl3 or TmCl3 was added and mixed into the EPR sample. The total mass
of each sample was approximately 200 mg. For X-band EPR experiments, 50 uL of sample
was drawn into a 1 mm inner diameter capillary tube via a syringe. Both ends of the capillary
tube were sealed with a Cristoseal (Fisher Scientific) and placed inside standard quartz EPR
tubes (Wilmad, 707-SQ-250M) filled with the mineral oil. For Q-band measurements, the
bicelles samples were placed in quartz capillaries, with an inner diameter of 0.3 mm (CV3040)
from Vitro Com (Mountain Lakes, NJ). The ends of the capillaries were sealed with Cristoseal.
The capillary with the sample was introduced into a Vitro Com quartz tube with a 1.5mm i.d.
(CV1518Q) and sealed at one end. The typical sample volume inside the Q-band EPR tubes
was about 3-5puL.

2.3. EPR spectroscopy

For X-band EPR studies, experiments were carried out on a Bruker EMX CW-EPR
spectrometer consisting of and ER041xG microwave bridge and ER4119-HS cavity coupled
with a BVT 3000 nitrogen gas temperature controller (temperature stability + 0.2 K). Each spin
labeled EPR spectrum was acquired by taking a 42-s field scan with a center field of 3370 G,
a sweep width of 100 G, a microwave frequency of 9.35 GHz, a modulation frequency of 100
kHz, a modulation amplitude of 1 G, and a microwave power of 2 mW.

For Q band EPR studies, spectra were recorded at a microwave frequency of 34.18 GHz on a
Bruker EMX Q-band EPR spectrometer consisting of an ER051QG microwave bridge and a
TEO01X-mode cylindrical Q-band cavity resonator (ER 5106) coupled with a CF935 dynamic
continuous flow cryostat. Each spin-labeled EPR spectrum was acquired by taking a 42-s field
scan with a center field of 12,120 G, a sweep width of 100 G, a modulation frequency of 100
kHz, and a microwave power of 2 mW.
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2.4. Molecular order parameter (Smo)) calculations

3. Results

The EPR spectra of a nitroxide spin label consists of three lines as a result of an unpaired S=1/2
electron coupled to a N (I=1) nucleus. In a Cartesian coordinate system, the magnetic
principal axes have the x-axis along the nitroxide N-O bond, the z-axis is along the 2p = orbital
of the nitrogen and the y-axis is perpendicular to the xz plane. The order parameter S33 can be
determined by measuring the resultant hyperfine splitting of the aligned spectra using the
following equation:

Ss=[(A) — AL)/(Az — Ax)l(ay/ay") (1)

Where A and A, are the observed hyperfine splitting values measured between the M = +1
and 0 spectral lines from the parallel and perpendicular oriented EPR spectra, respectively.
The tensoral values Ay = 6 G and Ayy = 6 G and A,; = 32 G were taken from a spectrum
previously reported for the cholestane spin label (Sanders et al., 1994; Moser et al., 1989).
an = (AxxtAyy+Az;)/3 represents the isotropic hyperfine splitting constant and is sensitive to
solvent polarity. an= (A+ 2A1)/3 is the solvent polarity correction factor for the hyperfine
splitting. The molecular order parameter (Sm) corresponding to the long molecular axis can
be calculated from the following equation:

-1
Smoi=S33[ (3cos?d — 1)/2] @)

Where 6 denotes the angle between the long molecular axis and the 2p z orbital of the nitrogen.
For the cholestane spin label, 6 = 90°and Sy, = —2S33

and Discussions

EPR spectra of randomly dispersed bicelles are needed to directly compare the subsequent
parallel and perpendicular aligned bicelle EPR spectra. The orientation and motional behavior
of the spin labeled bicelles in EPR spectroscopy can be defined with a simple molecular
coordinate system. In an aligned spectrum, the orientation that the spin label makes with respect
to the magnetic field and the motion about its molecular axis will determine the corresponding
hyperfine splitting. The principal hyperfine tensors for the cholestane spin probe are Ay, =6
G, Ayy =6 G and Az, = 32 G (Lapper et al., 1972; Smith and Butler, 1976). At the parallel
orientation, the normal to the bicelles and the long molecular axis of cholestane are parallel to
the static magnetic field and the EPR spectrum consists of 3 lines separated by 6 G (Ayy). If
the bicelles are aligned with their bilayer normal perpendicular to the magnetic field, the
hyperfine splitting should equal the average of the value of A,; and Ay, [(Azz+Ax)/2 =19
G].

Figure 1 shows the superimposed EPR spectra of bicelles of varying cholesterol concentration
(0, 5, 10, 15 and 20 mol%) in the liquid crystalline phase at 318 K (dashed line: unaligned
bicelles, solid line: Dy3*- doped perpendicular aligned bicelles and dotted line: Tm3*-doped
parallel aligned bicelles). The corresponding intensities of the EPR spectra were normalized
to 1. As shown in Figure 1, there are variations in the line shapes and hyperfine splitting values
of bicelle spectra with different amounts of cholesterol.

The cholesterol-bicelle spectra at two frequencies (9.5 GHz at X-band and 35 GHz at Q-band)
look fairly similar in parallel orientation; however, they appear quite different in perpendicular
orientation. At X-band, the M| = —1 linewidth is the broadest followed by the M, = +1 and

M, = 0 lines. However, at Q-band, the spectral linewidth increases according to the following:
M| =+1<M;=0<M,=-1. The asymmetric line broadening at Q-band results from relaxation
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theory parameters associated with the cross product of the g-tensor and hyperfine tensor
anisotropies (Kivelson 1960; Stone et. al. 1965; Lapper et al., 1972). At the perpendicular
orientation, the rotation of the cholestane spin label about its long steroid axis involves large
modulation of the g-value at Q-band unlike at X-band where the hyperfine anisotropy tensor
has the major modulating effect. This indicates that any factors that decrease the rotational
correlation rate of the spin label about its molecular axis would result in large asymmetric line
widths.

The average rotational correlation times calculated from the best-fit experimental simulations
(Budil et al., 1996) were 1.8 ns and 3.0 ns at X-band and 2.0 ns, 3.6 ns at Q-band for 0 mol %
and 20 mol % cholesterol concentration respectively. These values of rotational correlation
times are comparable to Smith and Butler 1976 which reports that the addition of 30 mol% of
cholesterol to hydrated egg lecithin film increased the correlation time characteristic of the
probe motion from 1.8 ns to 3.8 ns. We observe a decrease in the rotational motion (increased
rotational correlation time) as the cholesterol concentration increases. For the same
composition of cholesterol-bicelle system, the rotational correlation times at Q-band were
longer than at X-band.

Lapper etal, 1972 and Smith and Butler, 1976 have reported that increasing cholesterol content
in multibilayers increases the steric hindrance and slows down the amplitude as well as the
rotational rate of the random walk motion of the cholestane spin label. This leads to increased
rotational correlation time and hence results the line broadening effect as observed in Figure
1. The decreased rotational rate due to added cholesterol manifests a major effect on the line
shapes of the perpendicular aligned samples (more asymmetric line broadening effect) and a
relatively smaller effect on the line shapes of parallel aligned samples (less line broadening
effect). For perpendicular oriented egg-lecithin multibilayers, Lapper et al., 1972 have shown
that the amplitude of the random walk can vary from 46° at 0 mol % cholesterol to 17° at 55
mol% cholesterol, whereas in the parallel direction, the random walk amplitude limits only to
avery narrow range (<10°). This is the reason why the lineshapes of the spin label incorporated
into parallel aligned bicelles look fairly similar at both X-band and Q-band unlike the
perpendicular aligned samples.

Figure 2 shows the variation of hyperfine splitting as a function of cholesterol concentration
in bicelles at 318 K from the EPR spectra in Figure 1. The hyperfine splitting values of Dy3*-
doped perpendicular aligned spectra increases from 17.58 G to 18.29 G at X-band and from
17.62 G to 18.55 G at Q-band as the cholesterol content in bicelles increase from 0 to 20 mol
%. Conversely, the hyperfine splitting values of Tm3*-doped bicelles decreases from 10.61 G
to 8.25 G at X-band and from 10.58 G to 7.83 G at Q-band for the same increase of cholesterol
mol%. The rigid limit hyperfine splitting values for perpendicular and parallel orientations are
19 G and 6 G respectively for the cholestane spin probe (Cardon et al., 2001;Lapper et al.,
1972;Smith and Butler, 1976). If the hyperfine splitting values are closer to these rigid limit
values, then it is an indication of more ordering and better overall bicelle alignment. Thus, in
both cases, (Tm3*-doped parallel aligned and Dy3*-doped perpendicular aligned bicelles), the
results show that the hyperfine splitting values at Q-band are closer to the rigid limit values
suggesting that the bicelle ordering and alignment in the Q-band is much more effective than
the corresponding X-band. The difference in the alignment between X-band and Q-band data
is due to the increase in the magnetic field strength at Q-band (1.25 T) when compared to X-
band (0.35 T), since the bicelle alignment depends upon the square of the magnetic field
(Mangels et al., 2001;Sanders and Prosser, 1998). The experimental hyperfine splitting for the
perpendicular aligned bicelle matches very closely with the rigid limit values, but there is a
slight deviation in the experimental hyperfine splitting values (slightly higher than the rigid
limit values) for the parallel-aligned spectra. This may be due to two reasons: the long
molecular axis of the cholestane spin label may not be exactly parallel to the bicelle normal
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and the spin label undergoes a random walk motion perpendicular to the long molecular axis
within the limit of a cone (Lapper et al., 1972; Mailer et al., 1974).

The interaction between the cholesterol and the phospholipids can be defined in terms of a
molecular order parameter (Sy1). An ensemble of molecules produces Sy = 0 for unrestricted
motions of every individual molecule whereas Sy, = 1 implies that all the molecules are
perfectly aligned and motionally restricted to only one direction. Figure 3 displays the
corresponding molecular order parameters (Spop) Of the bicelles with different amounts of
cholesterol at 318 K. The ordering of the bicelle increases as the cholesterol concentration is
raised from 0 to 20 mol %. The increase in the order parameter is more pronounced at Q-band
(increases from 0.56 to 0.86) than at X-band (increases from 0.50 to 0.76) as the cholesterol
concentration is raised from 0 to 20 mol%. The increase in the bicelles ordering indicates that
the rigid sterol ring of cholesterol limits the motion of the lipid molecules in the membrane by
replacing chain-chain interactions of phospholipids with the chain-sterol interaction (Schreier-
Muccillo et al., 1973). Molecular dynamics simulations study of DMPC-cholesterol bilayers
containing 22 mol% cholesterol in the liquid crystalline phase by Rdg and Pasenkiewicz-
Gierula (2001) showed an overall increase in the molecular order parameter and a decrease in
the number of gauche rotamers/chain for DMPC’s located near the cholesterol molecules.

Besides increasing the molecular ordering of the phospholipid acyl chains, cholesterol also
increases the minimum alignment temperature of the DMPC/DHPC bicelles and the gel to
liquid crystalline phase-transition temperature. Figure 4A reveals Tm3*-doped perpendicular
aligned bicelle spectra at X-band and Q-band without cholesterol. Figure 4A clearly shows
that Tm3*-doped bicelles without cholesterol are well aligned at the temperature of 308 K and
above at X-band. However, the same bicelle sample at Q-band is nearly aligned at 303 K
(hyperfine splitting = 10.01 G, much lower than the isotropic hyperfine splitting value, 14.67
G). The lower temperature alignment of the bicelles at Q-band is attributed to the high magnetic
field effect of Q-band (1.25 T) when compared to X-band (0.35 T). The alignment temperature
at 308 K at X-band is consistent with earlier results in the literature (Cardon et al., 2003); which
reports that bicelles start to align in the nematic liquid crystalline phase at 307 K. Similarly
nearly aligned spectra at 303 K at Q-band is in agreement with the report of Inbaraj et al.,
(2004).

Figure 4B shows the Tm3*-doped perpendicular aligned spectra of bicelles containing 15 mol
% cholesterol. The Tm3*-doped bicelles with 15 mol% cholesterol starts to align partially at
308 K and aligns completely at 313 K at X-band, whereas at Q-band partial alignment starts
at 303 K and alignment is complete at 308 K. Aligned EPR bicelle spectra are observed in the
liquid crystalline phase and not in the gel phase (Cardon et al., 2003). An increase in bicelle
alignment temperature observed in Fig. 4B when compared to Fig. 4A is due to the increased
ordering of the bicelles with added cholesterol (15 mol% as compared to 0 mol%). Thus,
cholesterol increases the bicelle alignment temperature and phase transition temperature from
the gel to nematic liquid crystalline phase. The bicelles alignment temperature increased to
318 K at X-band and 313 K at Q-band for Tm3*-doped bicelles sample with 20 mol%
cholesterol (Data not shown).

Differential scanning calorimetry studies by Ohvo-Rekila et al. (2002) on cholesterol/
phosphocholine mixtures report that cholesterol increases the phase transition temperature
(Tr) if the saturated phosphocholine hydrocarbon chain length is equal to 16 or less and
decreases the (Ty,) if the chain length is 18 and longer (Ohvo-Rekila et al., 2002). The data
indicate that cholesterol interacts to a greater extent with phosphocholines of the same
hydrocarbon chain length. Thus, cholesterol acts more specifically as a membrane stabilizing/
organizing agent (McMullen et al., 1993; Ohvo-Rekild et al., 2002) and its stabilizing effect is
uniform throughout the DMPC hydrocarbon chain (Lu et al., 2004). Solid-state 2H NMR and
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EPR spectral studies utilizing the cholestane and the 5-, 7-, 12- and 16-doxyl stearic acid spin-
label in the cholesterol-bicelle system also showed an increase in the phase transition
temperature with the addition of cholesterol (Dave et al., 2003; Lu et al., 2004; Nussair and
Lorigan, 2005). Our EPR bicelle results agree well with the results of these studies.

A potential drawback in working at X-band is the use of high concentration of the lanthanide
ions that are necessary to magnetically align the phospholipids bilayers at the low magnetic
fields used on a X-band EPR spectrometer. This high lanthanide concentration may result in
protein-lanthanide interaction, possibly causing paramagnetic line broadening (Prosser et al.,
1998). Inbaraj et al. (2004) compared the minimum amounts of lanthanide ions required to
magnetically align bicelles at X and Q-band fields. This report suggests that at Q-band, 2.5
mol% of Dy3* and 5 mol% of Tm3* with respect to DMPC is enough for proper bicelle
alignment, whereas at X-band 10 mol% Dy3* and 20 mol% of Tm3* is required for the complete
alignment in perpendicular and parallel orientations with respect to the static magnetic field.

The use of high magnetic field has two major advantages for studying aligned membrane
systems. First, membranes are well aligned and therefore, provide resonant peaks with higher
signal to noise ratios and better spectral resolution (Freed, 2000). Second, for a given diffusion
rate of the cholestane spin label, two different frequencies at X-band and Q-band respond with
different averaging effect. Therefore, high frequency ESR spectra acts as faster snapshot of
the dynamics (Borbat et al., 2001, Gaffney et al., 1998), which yields better information on the
motion and the environment of the spin label. Besides, the orientational resolution of the
nitroxide spectrum is significantly improved at the higher magnetic field.

In conclusion, we found that Q-band EPR spectroscopy is more useful for studying the
cholesterol-bicelle membrane system when compared to X-band. Due to higher magnetic field
effects at Q-band, lipids were better aligned and the cholestane spin label possessed a higher
degree of ordering. We observed an increase in the molecular order parameter (Spq) Of the
cholestane spin label at Q-band when compared to X-band at all concentrations of the
cholesterol-bicelle system studied in our experiments. The resulting hyperfine splitting values
of the parallel or perpendicular aligned spectra matched closer to the rigid limit hyperfine
splitting values for aligned spectra at Q-band than at X-band. Additionally, bicelles were found
to align even at lower temperatures at Q-band. Increasing cholesterol concentration increased
the membrane stabilizing effect as observed by the higher molecular order parameter values.
At 318 K, Syo) Value changed from 0.56 to 0.86 at Q-band, whereas it changed from 0.51 to
0.76 at X-band when the cholesterol concentration increased from 0 mol% to 20 mol% in the
bicelle.
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Abbreviations

DMPC

1,2 Dimyristoyl-sn-glycero-3-phosphocholine
DHPC

1,2-dihexanoyl-sn-glycero-3-phosphocholine
HFS

hyperfine splitting
cholestane
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Figure 1.

A comparison between X-band and Q-band EPR spectra of cholestane incorporated into
magnetically aligned bicelles at 318 K as a function of cholesterol mol% (0,5,10,15,20) with
respect to DMPC. For the superimposed EPR spectra, the dashed line represents the randomly
dispersed spectra (without lanthanides), solid line represents the Dy3*-doped perpendicular-
aligned spectra and the dotted line shows the Tm3*-doped parallel-aligned spectra with respect
to the static magnetic field.
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Figure 2.

Diagram showing the dependence of hyperfine splitting values on the concentration of
cholesterol in the DMPC/DHPC phospholipids bilayers at 318 K. The filled circles and squares
represent the hyperfine splitting values of Dy3*-doped perpendicular aligned bicelles spectra
and open circles and squares represent the hyperfine splitting values of Tm3*-doped parallel
aligned bicelles spectra. The solid lines and broken lines represent the hyperfine splitting values
measured at Q-band and X-band, respectively.
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Figure 3.

Molecular order parameter (Sp) Values of X-band and Q-band EPR spectra at 318 K as a
function of cholesterol concentration in bicelles.
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Figure 4.

Figure 4A: A comparison of Tm3*-doped bicelle EPR spectra at X-band and Q-band without
cholesterol. The bicelle sample temperature was ramped from 298 K to 318 K for 16 minutes
time in the static magnetic field (0.64 T for X-band and 1.25 T for Q-band) and allowed to
equilibrate for 10 minutes at 318 K. The bicelle spectra were first recorded at 318 K. Then the
temperature was lowered to 313, 308, 303 and 298 K, and the spectra were taken after a 5
minutes equilibration time in each step.

Figure 4B: X-band and Q-band EPR spectra of Tm3*-doped bicelles containing 15 mol%
cholesterol as a function of temperature
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