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Abstract

X-band EPR spectroscopy has been employed to study the dynamic properties of magnetically aligned phospholipid bilayers (bicelles)

utilizing a variety of phosphocholine spin labels (n-PCSL) as a function of cholesterol content. The utilization of both perpendicular and

parallel aligned bicelles in EPR spectroscopy provides a more detailed structural and orientational picture of the phospholipid bilayers. The

magnetically aligned EPR spectra of the bicelles and the hyperfine splitting values reveal that the addition of cholesterol increases the phase

transition temperature and alignment temperature of the DMPC/DHPC bicelles. The corresponding molecular order parameter, Smol, of the

DMPC/DHPC bicelles increased upon addition of cholesterol. Cholesterol also decreased the rotational motion and increased the degree of

anisotropy in the interior region of the bicelles. This report reveals that the dynamic properties of DMPC/DHPC bicelles agree well with other

model membrane systems and that the magnetically aligned bicelles are an excellent model membrane system.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There are an extraordinary number of investigations of

cholesterol in lipid membrane studies that started at least 80

years ago [1–9]. Surprisingly, a complete understanding of

the function of cholesterol in membranes at the molecular

level has still not been reached. In most of the inves-

tigations, the lipid component is phosphatidylcholines

(PCs), mainly 1,2-dipalmitoyl-sn-glyecrol phosphatidylcho-

line (DPPC) or 1,2-dimyristoyl-sn-glyecrol phosphatidyl-

choline (DMPC), i.e., a lipid with saturated acyl chains has

been used [10–17]. Cholesterol is a major component of

membrane systems and is unique in its ability to cause a

wide variety of effects on the physical properties of

membranes such as phase transitions and ordering effects
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[15,18–20]. Therefore, its structural role has been the

subject of much speculation [15]. Concentration of choles-

terol in living cell membranes can be as high as 50% in

some cases [15,21,22]. Besides phospholipid molecules,

cholesterol can also be considered as one of the main

constituents of eukaryotic membranes. Therefore, inves-

tigating the properties of phospholipid/cholesterol mixed

membranes is of great interest, as it is an essential step

toward a deeper understanding of the structure and bio-

logical function of real biological membranes. X-ray,

neutron diffraction, and 2H NMR spectroscopic studies

indicate that cholesterol is embedded into the phospholipid

bilayers in such a way that its polar hydroxyl group is

located in the aqueous phase and the hydrophobic steroid

ring system is buried in the hydrocarbon chains of the

phospholipids and oriented parallel to the phospholipid

bilayer normal [23,24].

Electron paramagnetic resonance (EPR) spectroscopy

has proven to be a very useful technique in providing insight
ta 1714 (2005) 141 – 151
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into the dynamics and molecular structure of phospholipid

membranes by utilizing a variety of different spin labels

[22,25–30]. The dynamic properties of phospholipid

membranes can be extensively investigated by carefully

analyzing the hyperfine splittings and the corresponding

EPR line shapes. Spin-label EPR spectroscopy has become

a standard technique for studying not only lipid-dynamics,

but also lipid–protein interactions in membrane systems

[31–33]. EPR spectral investigations have been carried out

extensively on multi-lamellar phospholipid systems com-

posed of either DMPC/cholesterol or DPPC/cholesterol

[3,7,13,14,16,17,34,35]. Interestingly, the effects of choles-

terol incorporated into magnetically aligned phospholipid

bilayers (bicelles) have not been fully investigated.

Bicelles have emerged as an important model membrane

system [36–40]. An early work with phospholipids and bile

salt derivatives eventually led to the use of long chain

phospholipids, 1,2-dimyristoyl-sn-glyecrol phosphatidyl-

choline (DMPC), and short chain phospholipids, 1,2-

dihexanoyl-sn-glyecrol phosphatidylcholine (DHPC) to

form bicelles [41–44]. The most intriguing aspect of bicelle

behavior is that they become aligned in the presence of a

magnetic field [19,41,42,45–49]. This discovery spawned

intense interest within the solid-state NMR community to

probe the structure of integral membranes proteins [49–51].

Recently, our group reported for the first time the magnetic

alignment of bicelles using an X-band EPR spectrometer

(9.5 GHz) at low magnetic fields [5,52]. The dynamic

properties of the magnetically aligned bicelles can be

investigated by analyzing the hyperfine splittings and the

corresponding EPR line shapes directly from the perpen-

dicular and parallel aligned spectra exclusive of further

simulations [8,52–55].

The magnetic alignment of bicelles depends upon the

magnetic susceptibility anisotropy tensor (Dv) of the

phospholipid bilayers. At low magnetic fields, the bilayers

cannot spontaneously align at either the perpendicular or the

parallel alignment. The association of paramagnetic lantha-

nide ions with the bicelles changes the sign and the value of

the magnetic susceptibility anisotropy tensor (Dv) of the

bicelles [54]. The negative value of Dv is increased by the

addition of Dy3+ to the sample and causes the bicelles to

align with their bilayer normal (n) oriented perpendicular to

the direction of the static magnetic field. Tm3+ with a large

positive magnetic susceptibility anisotropy Dv can cause the

bicelles to flip 90- and align with their bilayer normal (n)

oriented parallel to the direction of the static magnetic field

[5,6,52,56].

The presence of lanthanides could affect the electron

spin-lattice relaxation rate and cause significant paramag-

netic line broadening and complicate detailed analysis of

spin-label EPR spectra of magnetically aligned bicelle

samples. Power saturation studies have been performed by

Caporini et al. to explore the possibility of a potential

drawback of the magnetically aligned bicelle system. The

report demonstrated that the addition of Tm3+ or Dy3+ to the
bicelle system has a very small effect on the spin-lattice

relaxation rate [55]. In addition, Dave et al. confirmed that

the addition of Tm3+ or Dy3+ to DMPC/DHPC bicelles does

not significantly alter the EPR spectral line widths [57].

Thus, the presence of Ln3+ ions in the bicelle samples will

not change the hyperfine tensor values.

Previously, Dave et al. discussed extensively the effects

of temperature variation on the dynamic properties of the

acyl chain bicelles containing cholesterol and the effect of

different spin labels, n-PCSL (n =5, 7, 12, and 14) where the

doxyl group is attached to different positions on the acyl

chain [57]. Thus, spectral parameters of oriented n-PCSL,

plotted as a function of position (n) of the nitroxide group,

were used to assay the profiles of ordering and molecular

mobility of the acyl chains of the membrane lipids. In the

present work, the experimental EPR spectra have been

analyzed systematically to investigate the structural and

dynamic properties of magnetically aligned DMPC/DHPC

bicelles containing phospholipid spin labels, 1-Palmitoyl-2-

[n-(4,4-dimethyloxazolidine-N-oxyl) stearoyl]-sn-glycero-

3-phosphocholine (n-PCSL). In this paper, we are focusing

on the effects of cholesterol, embedded inside DMPC/

DHPC magnetically aligned bicelles, on the phase transition

temperature, alignment temperature, degree of anisotropy,

molecular order parameters, and rotational correlation times.
2. Materials and methods

1,2-dimyristoyl-sn-glyecrol phosphatidylcholine (DMPC),

1,2-dihexanoyl-sn-glyecrol phosphatidylcholine (DHPC),

and 1-Palmitoyl-2-[n-(4,4-dimethyloxazolidine-N-oxyl)

stearoyl]-sn-glycero-3-phosphocholine (phosphocholine spin

labels, n-PCSL) were purchased from Avanti Polar Lipids

(Alabaster, AL). All phospholipids were dissolved in chloro-

form and stored at 253 K prior to use. Thulium (III) chloride

hexahydrate (TmCl3I6H2O), Dysprosium (III) chloride hex-

ahydrate (DyCl3I6H2O) and HEPES (N-[2-hydroxyethyl]

piperazine-NV-2-ethanesulfonic acid) were obtained from

Sigma-Aldrich (St. Louis, MO). Deuterium-depleted water

was obtained from Isotec (Miamisburg, OH). Cholesterol

powder was purchased from Alfa Aesar (Ward Hill, MA).

Aqueous solutions of HEPES buffer and lanthanide ions

were prepared on the day of sample preparation and were

adjusted to pH 7. All aqueous solutions were prepared fresh

with deuterium-depleted water. Several bicelle samples

were prepared with the cholesterol content varied from 0

up to 20 mol% with respect to the long chain DMPC

phospholipid. Bicelle samples containing more than 20

mol% cholesterol were opaque and viscous, which made it

difficult to homogenize and align for the X-band EPR

spectroscopic studies. Specific details on the preparation of

the bicelle sample and magnetic alignment procedure for

the bicelle samples in the weak magnetic fields used in X-

band EPR measurements can be found in previous papers

[52–55,57].
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2.1. EPR spectroscopy

All EPR experiments were carried out on a Bruker EMX

X-band EPR spectrometer consisting of an ER 041XG

microwave bridge and a TE102 cavity coupled with a BVT

3000 nitrogen gas temperature controller (temperature

stability of T0.2 -C). All EPR spectra were gathered with

a center field 3350 G (0.3350 T), sweep width of 140 G, a

microwave frequency of approx. 9.39 GHz, modulation

frequency 100 kHz, modulation amplitude of 1.0 G, and at a

power of 2.0 mW.

2.2. Molecular order parameter calculations

The chemical structures and the magnetic principal axes

of the phospholipid spin labels, n-PCSL, used in the present

study as EPR probes, have been clearly revealed in the

literature [57]. The magnetic principal axes have the x-axis

along the nitroxide N–O bond, the z-axis is along the 2p k
orbital of the nitrogen, and the y-axis is perpendicular to the

other two. The Smol molecular order parameter correspond-

ing to the long molecular axis can be calculated from the

following equation [56]:

Smol ¼ S33 3cos2h � 1
� �

=2
� ��1 ð1Þ

where h denotes the angle between the long molecular axis

and the corresponding z-axis. The order parameter S33 can

be determined by measuring the resultant hyperfine split-

tings of the aligned spectra using the following equation

[56]:

S33 ¼ ½ðA)) � A8Þ=ðAZZ � AXXÞ� aN=aVNð Þ ð2Þ

where, aN=1/3 (AXX+AYY+AZZ), is the isotropic hyper-

fine splitting constants in a rigid molecular frame and is

sensitive to the solvent polarity, aVN=1/3 (A))+2A–) is the

solvent polarity correction factor for the hyperfine splitting

[56]. The hyperfine tensoral components AXX=AYY=5.0 G

and AZZ=33.0 G were taken from a previously reported

analysis in the rigid limit [58,59]. The hyperfine splittings

A)) and A– were measured between the mI =+1 and 0

spectral lines from the parallel and perpendicular oriented

EPR spectra, respectively. In our case, the z-axis is always

collinear to the long molecular axis (h =0-); thus,

Smol�S33 [56].

2.3. Rotational correlation time

In the rapid motional regime, the rotational correlation

time (sr) can be obtained from the corresponding spectral

linewidths using the following equation [60]:

sr ¼ 6:5� 10�10DH 0ð Þ h0=h�1ð Þ1=2 � 1
h i

sec ð3Þ

where, h0 and h�1 is the peak-to-peak heights of the central

and high field line, respectively and DH(0) is the peak-to-
peak linewidth of the central line (MI=0). The above

equation is used to calculate the sr value for 12 and 14-

PCSL based on the assumption that 12-PCSL and 14-PCSL

are in an isotropic medium. In order to verify the anisotropy

of the motion of 12-PCSL and 14-PCSL inside the DMPC/

DHPC bicelle, rotational correlation times were calculated

using two different formulas based upon linear and

quadratic terms of the spectral linewidth. The following

equations were used:

sB ¼ 6:5� 10�10DH 0ð Þ h0=hþ1ð Þ1=2 � h0=h�1ð Þ1=2
h i

sec

ð4Þ

sC ¼ 6:5� 10�10DH 0ð Þ

� h0=hþ1ð Þ1=2 þ h0=h�1ð Þ1=2 � 2
h i

sec
ð5Þ

Where, h+1 is the peak-to-peak height of the low field line.

If sB=sC, then this is an indication of isotropic motion of

the spin label. In the case of anisotropic motion, sBmsC. The
difference between sB and sC can be used to evaluate the

degree of anisotropy [60].
3. Results and discussion

The bicelle system under investigation is composed of a

long chain phospholipid (DMPC) and short chain phospho-

lipid (DHPC) at a molar ratio of 3.5:1 ( q ratio=3.5, DMPC/

DHPC) [53,61]. The EPR spectral investigations are carried

out for the bicelle system containing different amounts of

cholesterol (0, 5, 10, 15, and 20 mol% cholesterol with

respect to DMPC) as a function of temperature (308 K to

348 K). The goal is to systematically analyze the EPR

spectral data in terms of line shapes of the EPR spectra,

hyperfine splitting values, molecular order parameters, and

rotational correlation times utilizing n-PCSL as an EPR

probe incorporated into magnetically aligned DMPC/DHPC

bicelles.

Fig. 1 illustrates a series of X-band EPR spectra of the

spin labels 7-PCSL and 12-PCSL, respectively, incorporated

into DMPC/DHPC bicelle samples containing 5 mol%

cholesterol (with respect to DMPC) as a function of

temperature. The black solid line spectra represent the

randomly dispersed DMPC/DHPC bicelles in the absence of

lanthanide ions. The dotted line and the gray solid line

spectra represent the Dy3+-doped perpendicular aligned and

Tm3+-doped parallel aligned bicelles, respectively. The EPR

spectra of 7-PCSL and 12-PCSL in the presence of

lanthanide ions, either Tm3+ or Dy3+, are all characteristic

of well-aligned bicelles. The addition of Dy3+ helps to

achieve perpendicular alignment in the low magnetic fields

(0.64 T) used in EPR studies (dotted line spectra) [52].

Conversely, the addition of Tm3+ causes the bicelles to flip



Fig. 1. EPR spectra of (A) 7-PCSL and (B) 12-PCSL incorporated into DMPC/DHPC bicelle samples containing 5 mol% cholesterol with respect to DMPC as

a function of temperature. The black solid line spectra represent unoriented bicelles in the absence of lanthanide ions. The dotted line spectra and the gray solid

line spectra represent the perpendicular and parallel aligned bicelles in the presence of Dy3+ and Tm3+, respectively.
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90- such that the average bilayer normal is collinear with the

direction of the magnetic field (gray solid line spectra) [52].

In the absence of lanthanide ions, the bicelle system has no

orientational characteristics in the weak magnetic field (0.64

T) used for this X-band EPR study (solid line spectra).

Similar EPR spectral line shape analysis has also been

observed previously upon magnetic alignment of bicelles

when cholestane and n-doxylstearic acid spin labels are

incorporated into bicelles [5,6,52,54,56].

Inspection of Fig. 1 indicates that the hyperfine splittings

of the parallel and perpendicular spectra approach the

hyperfine splitting of the randomly dispersed spectra as

the nitroxide moiety is transferred from position 7 (7-PCSL)

at the lipid polar head group region toward position 12 (12-

PCSL) near the bottom of the acyl chains in the interior part

of the bicelles. EPR data for 5-PCSL and 14-PCSL

incorporated into DMPC/DHPC bicelles have also been

carried out in the presence and absence of lanthanide ions

(data have not shown). The EPR spectra for 5-PCSL and 14-

PCSL spin labels incorporated into DMPC/DHPC bicelle

system reveal similar spectral line shapes as the 7-PCSL and

12-PCSL data, respectively. Analysis of the EPR spectral

line shapes of the 5-PCSL and 7-PCSL spin labels

incorporated into the bicelles indicates more anisotropic

motion. In this case, the nitroxide group attached to

positions 5 and 7 (5-PCSL and 7-PCSL) of the acyl chain

of the phospholipid spin labels incorporated into the bicelles

are situated closer to the lipid polar head group region where
molecular motions are more restricted. In contrast, the EPR

spectral line shapes corresponding to the nitroxide groups

attached to positions 12 and 14 (12-PCSL and 14-PCSL) are

less anisotropic [5,57]. This is a result of the nitroxide group

that is attached near the end of the acyl chains and

experiences considerable motional freedom.

The parallel oriented EPR spectrum (gray solid line

spectra) of 7-PCSL spin label has a small shoulder located

between the low (mI=+1) and the center (mI=0) field peaks

at 308 K in Fig. 1A as pointed out with the arrow. In

addition, the EPR spectral line of the parallel oriented

spectrum (gray solid line spectra) of 12-PCSL spin label

splits into two lines in the high field (mI =�1) at 308 K in

Fig. 1B as pointed out with the arrows. Similar spectral

features have also been observed previously for mechan-

ically oriented multibilayers at temperature ranges from 293

to 296 K [4,62]. These characteristic EPR line shapes

suggested the presence of an intermediate transition phase

from the fluid to liquid crystalline phase. In the present

study, the bicelles are in the nematic phase at 308 K and

may not be in the perfectly aligned smectic phase [54]. The

intensity of the three EPR spectral lines at 318 K and above

increases and the mobility of the acyl chains increases as the

temperature increases. These results clearly reveal that the

magnetically aligned bicelles are in the smectic liquid

crystalline phase, which has been described as perforated

lamellar sheets with DHPC lining the edges of the sheets

and pores [54].
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The principle magnetic tensor values were obtained from

spectral analysis of aligned membranes in the rigid limit

[58,59]. These values, Axx, Ayy, Azz=5, 5, 33 G, are

obtained from the literature at 138 K [58,59]. Thus, the

isotropic hyperfine splitting (A iso) is equal to (Axx+

Ayy+Azz)/3=14.33 G. The dynamics of the n-PCSL is

complicated because of the rapid segmental motion that

occurs due to a large number of the gauche-trans inter

conversions of the acyl chain of the phospholipid spin label

as well as rotational motion along the lipid long axis. This

motion will partially average the hyperfine tensor anisotropy

differently for a perpendicular or parallel bicelle alignment

with respect to the direction of the applied magnetic field.

The hyperfine splitting values of the perpendicular aligned

bicelles with respect to the direction of the static magnetic

field are less than Aiso (14.33 G). In contrast, the hyperfine

splitting values of the parallel aligned bicelles with respect

to the direction of the static magnetic field are greater than

the Aiso (14.33 G), irrespective of the positions of the spin

labels to the acyl chains. Interestingly, the z-axis is co-linear

with the bilayer normal (n) when the bicelles are perpen-

dicular or parallel aligned with respect to the direction of the

static magnetic field. This clearly reveals that the contribu-

tion from the z-tensoral component is higher for the parallel

aligned bicelles and lower for the perpendicular aligned

bicelles [52,57].

Fig. 2 summarizes the X-band EPR results from Fig. 1

by plotting the hyperfine splittings for the 7-PCSL and 12-

PCSL spin labels, respectively, incorporated into the aligned

DMPC/DHPC bicelle system versus temperature. The data

indicate that as the temperature increases from 308 to 348 K,

the hyperfine splittings of the Tm3+-doped parallel aligned

spectra decrease and the hyperfine splittings of the Dy3+-

doped perpendicular aligned spectra increase. These data

indicate that increasing the temperature of the bicelle system
Fig. 2. Temperature dependence of the hyperfine splittings gleaned from the

EPR spectra of 7-PCSL and 12-PCSL (Fig. 1) incorporated into the

perpendicular aligned and parallel aligned bicelles with respect to the static

magnetic field in the presence of Dy3+ and Tm3+, respectively.
increases the rotational motion of the nitroxide group as a

result of increasing the motion of the phospholipid acyl

chains. The EPR spectral line shapes and the hyperfine

splittings, as illustrated in Figs. 1 and 2, approach the

isotropic value (Aiso) as the temperature increases from 308

K to 348 K. The hyperfine splittings for the parallel oriented

bicelles decreases in the order of 5-PCSL>7-PCSL>12-

PCSL>14-PCSL, respectively. Conversely, the hyperfine

splittings for the perpendicular oriented bicelles increases in

the order of 5-PCSL<7-PCSL<12-PCSL<14-PCSL. This

observation confirms that the molecular motion of the

phospholipid acyl chains in the bicelle system increases as

the nitroxide group is transferred from the rigid polar head

group region towards the flexible hydrophobic acyl chain

region [57].

The behavior and physical properties of bicelles in the

presence of cholesterol are of significant importance in the

biophysical research [20]. Therefore, we have investigated

the effect of cholesterol incorporated into magnetically

aligned bicelles. The cholesterol concentration varies for

different types of membrane systems. For example, plasma

membranes contain 45–50 mol% cholesterol, endoplasmic

reticulum membranes contain 10–12 mol% cholesterol,

while sarcoplasmic reticulum membranes contain 6–7 mol%

cholesterol [20,63]. In the present study, up to 20 mol%

cholesterol with respect to the DMPC has been incorporated

into the bicelle membrane system to better mimic a natural

membrane system.

Fig. 3 represents the X-band EPR spectra of 7-PCSL and

12-PCSL incorporated into DMPC/DHPC bicelles at 318 K

as a function of cholesterol concentration. The cholesterol

concentration ranges from 0% to 20 mol% with respect to

the long chain phospholipid DMPC. The black solid line

spectra represent the randomly dispersed DMPC/DHPC

bicelles in the absence of lanthanide ions. The dotted line

and the gray solid line spectra demonstrate the Dy3+-doped

perpendicular and Tm3+-doped parallel aligned bicelles,

respectively. As the mol% of cholesterol with respect to

DMPC increases, the EPR line shapes and the hyperfine

splittings of the parallel and perpendicular aligned spectra

gradually deviate from the line shapes and the hyperfine

splittings of the randomly dispersed spectra. In addition, the

deviation of the line shapes and the hyperfine splittings of

the parallel and perpendicular aligned spectra from the

randomly dispersed spectra is more pronounced in the 7-

PCSL spectra when compared to the 12-PCSL spectra at a

particular mol% of cholesterol.

The EPR line shapes displayed in Fig. 3 for the bicelle

samples containing 5%, 10%, and 15 mol% cholesterol at

318 K indicate that the bicelles are well aligned in the

smectic liquid crystalline phase in the presence of

lanthanide ions. The presence of one small shoulder

between the first (mI=+1) and the center (mI=0) EPR

spectral lines as pointed out with the arrow in the Tm3+-

doped parallel oriented bicelles containing 0 mol% choles-

terol indicate that it is not perfectly aligned at 318 K as



Fig. 4. Cholesterol dependence of the hyperfine splitting of 7-PCSL and 12-

PCSL incorporated into the perpendicular aligned and parallel aligned

bicelles with respect to the static magnetic field in the presence of Dy3+ and

Tm3+, respectively, at 318 K.

Fig. 3. EPR spectra of (A) 7-PCSL and (B) 12-PCSL incorporated into DMPC/DHPC bicelles at 318 K as a function of cholesterol concentration with respect

to DMPC. The black solid line spectra represent unoriented bicelles in the absence of lanthanide ions. The dotted line spectra and the gray solid line spectra

represent the perpendicular and parallel alignment of the bilayer normal in the presence of Dy3+ and Tm3+, respectively.
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shown in (Fig. 3A gray solid line spectra). The spectrum

indicates that the 7-PCSL spin-label is not completely

aligned in the bicelles due to the fact that the lipid system

experiences a lower degree of ordering at low cholesterol

concentrations. Additionally, the changes in the relative

intensity and the presence of one small shoulder between

the first (mI =+1) and the center (mI =0) EPR spectral lines

as pointed out with the arrow in the Tm3+-doped parallel

oriented bicelles containing 20 mol% cholesterol at 318 K

confirms that the bicelles are not perfectly aligned (Fig. 3A

gray solid line spectra).

Fig. 4 reveals the hyperfine splitting changes as a

function of cholesterol concentration for the EPR spectra

shown in Fig. 3. The observed hyperfine splittings increase

from 0 to 15 mol% cholesterol for the Tm3+-doped parallel

oriented bicelle samples with respect to the direction of the

static magnetic field. In contrast, the observed hyperfine

splittings decrease from 0% to 15 mol% cholesterol for the

Dy3+-doped perpendicular oriented bicelle samples with

respect to the direction of the static magnetic field. The

hyperfine splittings displayed in Fig. 4 for the bicelle

samples containing 5, 10, and 15 mol% cholesterol at 318 K

indicate that the bicelles are well aligned in the liquid

crystalline phase in the presence of lanthanide ions. The

slight deviation in the hyperfine splitting trends for all

bicelle samples containing 20 mol% cholesterol with respect

to DMPC reveal that the bicelles may not be perfectly

aligned at 318 K.
The EPR spectra and hyperfine splitting values of n-

PCSL as a function of 20 mol% cholesterol at 318 K shown

in Figs. 3 and 4 reveal that cholesterol plays an important

role in increasing the phase transition temperature of the

DMPC/DHPC bicelles. The bicelle sample is in the nematic

phase at 318 K and may not be in the perfectly aligned

smectic phase [54]. The data suggest that the lipid gel-to-
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liquid phase transition temperature is raised by increasing

the cholesterol concentration, and the bicelle alignment

temperature increases as well. The spectra represent bicelle

samples containing 20 mol% cholesterol were perfectly

aligned at temperature ranges from 323 K to 348 K (data not

shown). This implies that this bicelle system is in the

smectic liquid crystalline phase at temperature higher than

318 K. The EPR experiments of the 5-PCSL and 14-PCSL

have also been carried out for the bicelle samples in the

absence and in the presence of lanthanide ions with different

cholesterol concentrations (0, 5, 10, 15, and 20 mol%) as a

function of temperature (308 K to 348 K) (data not shown).

The EPR spectral features for the 5-PCSL and 14-PCSL are

similar to the 7-PCSL and 12-PCSL, respectively.

EPR studies of the different spin labels incorporated into

liposomes or multi-lamellar vesicles in the presence of

cholesterol have been reported previously in the literature

[4,35,64]. The data clearly indicate that the physical

properties of cholesterol can disrupt the homogeneity of

the lipid bilayers and lead to the formation of different micro

domains and alter the phase transition temperature

[4,35,64]. Differential scanning calorimetry (DSC) studies

on cholesterol/phosphatidylcholine mixtures have showed
Fig. 5. Cholesterol concentration dependence of the Smol order parameter profile

aligned DMPC/DHPC bicelles as a function of temperature.
that cholesterol progressively decreases the phase transition

temperature (Tm) of phosphatidylcholine bilayers with

saturated acyl chains of 18 or more carbon atoms [65,66].

However, cholesterol increases the corresponding Tm if the

chain length is equal to or less than 16 carbons. Magnetic

resonance studies on cholesterol containing lipid bilayers

have suggested that cholesterol increases the overall order-

ing and decreases fluidity of the phospholipids in the liquid

crystalline phase. This property is often referred to as the

condensing effect of cholesterol, which occurs at a temper-

ature above the gel-to-liquid crystalline phase transition

[19]. Solid-state NMR spectroscopic studies on magneti-

cally aligned bicelles have indicated that the addition of

10 mol% cholesterol increases the phase transition temper-

ature [18,19]. The low field X-band EPR results presented

in this study agree with the solid-state NMR results.

The molecular order parameter, Smol, describes the local

orientational and/or dynamic perturbations of the doxyl

group from its standard state due to the perturbations of n-

PCSL conformations or dynamics as a result of the

incorporation of the spin labels into the bicelle samples.

Fig. 5 depicts the molecular orientational order parameter

profiles derived from the EPR spectra of the n-PCSL
s for the 5-, 7-, 12- and 14-PCSL spin-labels embedded into magnetically
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embedded into DMPC/DHPC bicelles oriented parallel or

perpendicular to the static magnetic field as function of

temperature. Smol has been calculated using Eq. (1) as

described in Materials and methods. Fig. 5 shows the Smol

order profiles of the spin labels 5, 7, 12, and 14-PCSL

embedded into the DMPC/DHPC bicelles in the presence of

0, 5, 10, 15, and 20 mol% cholesterol with respect to the

DMPC. The Smol profile clearly indicates that the molecular

ordering of the spin labels decreases as the nitroxide spin-

label is moved further from the polar head group region

along the hydrocarbon chain (from positions 5, 7, 12, and

finally to 14) [57]. These results confirm that the acyl chain

motion increases from the more rigid head group region to

the more flexible central bilayer region. Interestingly, one

can clearly see in Fig. 5 that the values of the order

parameter for all the spin labels (n-PCSL) decrease as the

temperature increases from 308 K to 348 K due to an

increase in the motion of the phospholipid acyl chains. In

addition, the values of Smol increase for the bicelle samples

by increasing the amount of cholesterol with respect to the

phospholipids. Cholesterol decreases fluidity and increases

the overall motional order by decreasing the number of

gauche conformations for DMPC acyl chains located near

the cholesterol molecules in the bicelles. Analysis of EPR

spectra of 5- and 14-PCSL incorporated into sphingomyelin/

cholesterol mixture have been studied by Collado et al., who

described a phase diagram for bilayers and proposed that

cholesterol would induce formation of a ‘‘liquid-ordered’’

phase that coexists with the ‘‘liquid-disordered’’ phase at

323 K and a given cholesterol concentration (¨20 mol%)

[67]. The ‘‘liquid-ordered’’ phase has been described as a

liquid-crystalline phase with a high acyl-chain order. This

study implies that the ‘‘liquid-ordered’’ phase may coexist

with the liquid-crystalline phase in the magnetically aligned

bicelle system containing 20 mol% cholesterol.

Smol order parameters on cholestane, n-doxylstearic

acids, cholesterol-d6, and phospholipid molecules, DMPC-

d54 and n-PCSL from both spin-label EPR and 2H NMR

spectroscopic studies presented in this report and previous

reports on DMPC/DHPC bicelles are consistent with each

other [5,6,56,57]. The degree of ordering increases as the

amount of cholesterol in the bicelle samples increases.

Cholesterol molecules have a higher degree of ordering

and slower motion than the corresponding phospholipid

molecules in the same sample. The dynamics of the

phospholipid membrane can be characterized by three

correlation times corresponding to the rotation about the
Table 1

Rotational correlation time for spin-labeled phosphatidylcholines, n-PCSL, in DM

318 K

Spin label 0 mol% cholesterol

sr (ns) sB (ns) sC (ns) sB–sC (n

12-PCSL 1.54T0.04 1.76T0.05 1.32T0.03 0.44T0.02

14-PCSL 0.90T0.02 0.97T0.02 0.83T0.01 0.14T0.01
principal diffusion axis of the molecule (chain rotation),

rotation about this axis (chain fluctuation or wobbling),

and a trans-gauche isomerization of the acyl chain. The

flat cholesterol molecule with cylindrical symmetry prob-

ably has relatively higher activation energy for molecular

rotation about its molecular axis than the corresponding

phospholipid molecule. The molecular rotation of phos-

pholipid molecules will slow down because of the close

contact of cholesterol molecules with slower motions. At

the same time, the rigidity of the cholesterol molecules can

also restrict the trans-gauche isomerization of the acyl

chains of the phospholipid molecules next to it. As the

temperature increases, the molecules gain more energy;

thus, both the intermolecular (chain rotation and fluctua-

tion) and intramolecular motion will increase. Therefore,

the molecular ordering decreases when the temperature

increases.

The effect of cholesterol on the degree of anisotropy

can be discussed more clearly based upon the difference in

the rotational correlation time, which is obtained from the

EPR spectral line width of the spin label at different

cholesterol concentrations. The estimated effective rota-

tional correlation times, sr, (using Eq. (3)) for 12-PCSL

and 14-PCSL from EPR spectra of unoriented DMPC/

DHPC bicelles containing 0% and 20 mol% cholesterol at

318 K are given in Table 1. The sr values are larger for

12-PCSL when compared to 14-PCSL at 318 K indicating

that 12-PCSL is undergoing additional anisotropic motion

when compared to the 14-PCSL. Additionally, the sr
values increase for 12-PCSL and 14-PCSL when the

cholesterol concentration increases from 0 to 20 mol%

cholesterol in the bicelle samples. This clearly indicates

that bicelle samples containing higher cholesterol content

undergoes a higher degree of anisotropic motion. If the

motion is not truly isotropic, then the sr values obtained

are not true correlation times. Thus, in order to evaluate

the degree of anisotropy, the effective rotational correlation

times, sB and sC (calculated using Eqs. (4) and (5)) and

the difference between these two values are presented in

Table 1. The small discrepancy in the sB and sC values

may arise from the anisotropic motion of the spin label.

The smaller difference between the two s values (sB–sC)
(Table 1) indicates that the spectra look more isotropic in

nature. Larger differences between the two s values (sB–
sC) have been observed in the bicelle samples containing

20 mol% cholesterol (0.54 and 0.34) when compared to

bicelle samples containing 0 mol% cholesterol (0.44 and
PC/DHPC bicelle sample containing 0 mol% and 20 mol% cholesterol at

20 mol% cholesterol

s) sr (ns) sB (ns) sC (ns) sB–sC (ns)

1.88T0.01 2.15T0.01 1.61T0.01 0.54T0.00

1.31T0.02 1.48T0.08 1.14T0.04 0.34T0.12
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0.14) for 12-PCSL and 14-PCSL, respectively. This result

clearly suggests a systematic increase in the spectral

anisotropy of the spin label based upon the increase in

cholesterol content in the bicelle membrane system.
4. Conclusion

In this work, we have presented spin-labeled EPR

spectroscopic studies that document pertinent structural

and dynamic information about n-PCSL (n =5, 7, 12, and

14) incorporated into DMPC/DHPC bicelles. The utilization

of Dy3+-doped perpendicular and Tm3+-doped parallel

aligned bicelles in EPR spectroscopy provides a more

detailed structural and orientational picture of the bicelles

when compared to unoriented bicelles. We have shown that

the hydrocarbon chains of the phospholipids are restricted in

motion in the region close to the polar head groups and able

to move more freely in the hydrophobic region towards the

terminal methyl group. Also, increasing the temperature

enhances the extent of this motion. Furthermore, the

addition of cholesterol increases the phase transition

temperatures, the alignment temperature, the degree of

anisotropy, and the degree of ordering of the phospholipid

chains. The bicelle data presented in this study compare well

with previous studies and indicate that magnetically aligned

bicelles represent an excellent model membrane system that

can be used for EPR as well as solid-state NMR spectro-

scopic techniques.
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