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Abstract EPR spin-labeling methods were used to

investigate the order and fluidity of alkyl chains, the

hydrophobicity of the membrane interior, and the order and

motion of cholesterol molecules in coexisting phases and

domains, or in a single phase of fluid-phase cholesterol/

egg-sphingomyelin (Chol/ESM) membranes with a Chol/

ESM mixing ratio from 0 to 3. A complete set of profiles

for these properties was obtained for the liquid-disordered

(ld) phase without cholesterol, for the liquid-ordered (lo)

phase for the entire region of cholesterol solubility in this

phase (from 33 to 66 mol%), and for the lo-phase domain

that coexists with the cholesterol bilayer domain (CBD).

Alkyl chains in the lo phase are more ordered than in the ld
pure ESM membrane. However, fluidity in the membrane

center is greater. Also, the profile of hydrophobicity

changed from a bell to a rectangular shape. These differ-

ences are enhanced when the cholesterol content of the lo
phase is increased from 33 to 66 mol%, with clear brake-

points between the C9 and C10 positions (approximately

where the steroid-ring structure of cholesterol reaches into

the membrane). The organization and motion of cholesterol

molecules in the CBD are similar to those in the lo-phase

domain that coexists with the CBD.

Keywords Membrane domain � Cholesterol �
Liquid-ordered phase � Spin-labeling � EPR �
Sphingomyelin

Introduction

Discrimination and characterization of coexisting mem-

brane phases and domains are not easy tasks. We have

developed electron paramagnetic resonance (EPR) spin-

labeling methods that provide a unique opportunity to

determine the lateral organization of lipid-bilayer mem-

branes by discrimination of coexisting membrane phases

and/or domains (Ashikawa et al. 1994; Kawasaki et al.

2001; Raguz et al. 2008, 2009, 2011; Subczynski et al.

2007b; Wisniewska and Subczynski 2008). In some cases,

these methods also enable us to characterize coexisting

membrane phases and/or domains by using profiles of

alkyl-chain order, fluidity, hydrophobicity, and oxygen

diffusion-concentration product in situ, without the need

for physical separation (Subczynski et al. 2007a, 2010).

Here, we will apply these methods to obtain the above-

mentioned profiles across lipid-bilayer membranes made of

cholesterol (Chol) and egg sphingomyelin (ESM). First, we

want to obtain structural and dynamic information about

the liquid-ordered (lo) phase in ESM membranes, because

rafts can be regarded as domains of the liquid-ordered

phase (Edidin 2003; Ge et al. 1999; London 2002; Simons

and Vaz 2004) and/or domains enriched in cholesterol and

sphingolipids that compartmentalize cellular processes

(Pike 2006). Second, we want to characterize membrane

phases and domains formed in these membranes for a wide

range of cholesterol content, because sphingolipids and

cholesterol are major lipids of human eye lens membranes

(Borchman and Yappert 2010; Broekhuyse 1969; Deeley

et al. 2008; Li et al. 1987).

Investigations of membranes made from raft-forming

ternary lipid mixtures containing sphingomyelin as a sat-

urated phospholipid clearly demonstrate that the lo phase

domain is formed and coexists with the ld phase domain
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(Bunge et al. 2008; Frazier et al. 2007). However, these

domains are much smaller than the optical resolution limit

and cannot be discriminated by fluorescence microscopy

(Veatch and Keller 2003). Estimated sizes vary from 45 to

70 nm (Bunge et al. 2008). These papers also discuss

whether cholesterol–phospholipid interactions are better

described as lo and ld coexisting phases or as condensed

complexes of phospholipid and cholesterol (McConnell

and Radhakrishnan 2003). EPR spin-labeling methods do

not have the limits characteristic of optical methods, and

domains containing *20 lipid molecules can be discrimi-

nated and characterized (Ashikawa et al. 1994; Kawasaki

et al. 2001; Raguz et al. 2008, 2009, 2011; Subczynski

et al. 2007b).

Using lipid spin labels with EPR monitoring groups

(free radical nitroxide moieties) located at different depths

in the membrane, profiles of different membrane properties

across the bilayer can be obtained. Because the molecular

structures of these spin labels are similar to those of

phospholipids and cholesterol (Fig. S1 in Mainali et al.

2011c), they should, to a some extent, approximate the

distribution of phospholipid and cholesterol molecules

between membrane domains, and cholesterol–phospholipid

and cholesterol–cholesterol interactions in the membrane.

For example, phase boundaries for Chol/DMPC (dimyr-

istoylphosphatidylcholine) membranes based on measure-

ments with stearic acid (Kusumi et al. 1986) and

phospholipid spin labels (Sankaram and Thompson 1991)

overlap with phase boundaries obtained with other methods

(Almeida et al. 1992). Similarly, phase boundaries obtained

with stearic acid spin labels (Wisniewska and Subczynski

2008) overlap appropriate boundaries in the phase diagram

for Chol/palmitoylsphingomyelin (PSM), as presented by

de Almeida et al. (2003). Both phospholipid-analogue and

cholesterol-analogue spin labels are distributed between

the lo and ld phases coexisting in Chol/ESM membranes

(Fig. 1b in Mainali et al. 2011c), which enables us to dis-

criminate these phases using the discrimination by oxygen

transport (DOT) method and to obtain profiles of the

oxygen transport parameter (oxygen diffusion–concentra-

tion product) across each phase (Mainali et al. 2011c).

However, profiles of other properties contain unresolved

information from both phases. In ESM membranes with a

cholesterol content that exceeds the cholesterol solubility

threshold (CST, the CST in ESM membranes is 2; Epand

2003), and when the pure cholesterol bilayer domain

(CBD) coexists with the lo-phase domain, phospholipid-

type spin labels should only partition into the bulk lo-phase

domain (Fig. 1f in Mainali et al. 2011c). Thus, in addition

to the profile of the oxygen transport parameter, profiles of

the order parameter, fluidity, and hydrophobicity can be

obtained by use of these spin labels. These profiles should

only describe the properties of the bulk lo-phase domain,

without ‘‘contamination’’ from the CBD. Cholesterol ana-

logues, ASL and CSL, should distribute between both

domains. Thus, they alone can be used to detect and dis-

criminate the CBD and yield information about this domain

(for more detail see Raguz et al. 2008).

The DOT method has been successfully used to dis-

criminate domains in reconstituted membranes crowded

with integral membrane proteins (Ashikawa et al. 1994)

and in influenza-virus envelope membranes, which contain

cholesterol-rich and protein-rich raft domains (Kawasaki

et al. 2001). In model membranes made from a binary

mixture of phospholipids and cholesterol, lo, ld, and solid-

ordered phases were distinguished and characterized in

different regions of a phase diagram when they formed a

single phase or when two phases coexisted (Mainali et al.

2011c; Subczynski et al. 2007b; Wisniewska and Sub-

czynski 2008). In membranes made from a ternary raft-

forming mixture, the raft domain was also distinguished

from bulk lipids using the DOT method (Wisniewska and

Subczynski 2006a, b). In recent studies, we applied the

DOT method to discriminate the ld and lo phases and the

CBD formed in ESM membranes at different cholesterol

content (Mainali et al. 2011c).

The main focus of this paper is to complete our previous

studies (Mainali et al. 2011c) by providing detailed profiles

of the order parameter, fluidity, and hydrophobicity across

phases and domains in Chol/ESM membranes. More

broadly, we want to compare results obtained for mem-

branes made of lens lipid membranes with those obtained

for simple, two-component membranes (made of com-

mercially available lipids) that reflect the basic lipid

composition of lens membranes. This comparison gives us

an opportunity to better elucidate the major factors that

determine specific membrane properties. We have previ-

ously investigated POPC-cholesterol membranes (Sub-

czynski et al. 2003; Widomska et al. 2007a) because PC is

the major phospholipid in the eye-lens membranes of short-

lifespan animals (in mice, PC accounts for *46% of the

total phospholipid composition whereas SM accounts for

15% Deeley et al. 2008). The opposite is true for human

eyes, where sphingomyelins account for 66% of the total

phospholipid composition and PC accounts for only 11%

(Borchman et al. 2004; Deeley et al. 2008). Although

human eye-lens membranes contain *19% SM and *47%

DHSM (dihydrosphingomyelin), we made model measure-

ments using only ESM. There are two reasons for this deci-

sion. First, commercially available ESM is a natural

phospholipid that contains *86% palmitoyl SM, and, in

humans, palmitate is the most abundant alkyl chain in both SM

(*40%) and DHSM (*55%) (Deeley et al. 2008; Yappert

et al. 2003). Second, commercially available DHSM contains

only a six-carbon chain, which makes this phospholipid

irrelevant biologically (Avanti Polar Lipids, Alabaster, AL,
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USA). We performed measurements at the same Chol/ESM

mixing ratios ((a) 0, (b) 1:4, (c) 1:2, (d) 1:1, (e) 2:1, and (f) 3:1)

as we used previously in Mainali et al. (2011c). The notations

(a–f) are the same as those indicated in the phase diagram for

Chol/ESM membranes in Fig. 1 in Mainali et al. (2011c). This

figure should also be used in this paper as a guideline for

presentation and interpretation of the data obtained.

Materials and methods

Materials

Egg sphingomyelin (ESM), cholesterol (Chol), and

phospholipid spin labels (1-palmitoyl-2-(n-doxylstea-

royl)phosphatidylcholine (n-PC, where n = 5, 7, 10, 12,

14, or 16) and tempocholine-1-palmitoyl-2-oleoylpho-

sphatidic acid ester (T-PC)) were obtained from Avanti

Polar Lipids. Nine-doxylstearic acid spin labels (9-SASL),

cholestane spin label (CSL), and androstane spin label

(ASL) were purchased from Molecular Probes (Eugene,

OR, USA). Other chemicals (of at least reagent grade) were

purchased from Sigma-Aldrich (St Louis, MO, USA).

Preparation of Chol/ESM membranes

The membranes used in this study are multilamellar dis-

persions of ESM and cholesterol containing 1 mol% spin

label, and were prepared using the film deposition method

given in Kusumi et al. (1986) (for more detail see also

Mainali et al. (2011c)). Chloroform solutions of ESM,

cholesterol, and spin label were mixed to attain the desired

mixing ratio. Chloroform was evaporated with a stream of

nitrogen and with the test tube in constant rotation in order

to deposit a uniform film of lipid over the bottom of the

tube. The lipid film was thoroughly dried under reduced

pressure (0.1 mm Hg) for 12 h. A buffer solution (0.2 mL

10 mM PIPES and 150 mM NaCl, pH 7.0) was added to

and vigorously mixed with the dried lipids at 50�C. The

buffer used for samples with 9-SASL was 0.1 M borate at

pH 9.5. A rather high pH was chosen in this case to ensure

that all 9-SASL carboxyl groups were ionized in the ESM

membranes (Kusumi et al. 1982a). The properties of ESM

membranes should be insensitive to pH in the range 5–11

because ionization of the polar phosphatidylcholine head-

groups does not change in this range (Papahadjopoulos

1968).

EPR measurements

The membranes were centrifuged briefly, and the loose

pellet was used for EPR measurements. The sample was

placed in a 0.6 mm i.d. capillary made of gas-permeable

methylpentene polymer, called TPX (Hyde and Subczynski

1989). Samples were thoroughly deoxygenated, yielding cor-

rect EPR line shapes and values of the spin–lattice relaxation

time.

Conventional EPR spectra were obtained at 40�C with a

Bruker EMX spectrometer with temperature-control

accessories. A temperature of 40�C was chosen to ensure

that measurements were done above the phase transition

temperature of ESM membranes (de Almeida et al. 2003;

Quinn and Wolf 2009; Wisniewska and Subczynski 2008).

EPR spectra were recorded with a modulation amplitude of

1.0 G and an incident microwave power of 5.0 mW. A
0

k and

A
0
? values were measured directly from the EPR spectra as

indicated in Fig. 1. The order parameter was calculated as

described in detail by Marsh (1981). Because of the

sharpness of the EPR lines and the method of measure-

ments, A
0

k and A
0

? values could be measured with an

accuracy of ±0.1 G, and the order parameter could be

evaluated with an accuracy of ±0.015. Also, maximum

splitting values could be measured with an accuracy

of ±0.1 G, and the mobility parameter h?/h0 values with

an accuracy of ±5%. To measure hydrophobicity, the z-

component of the hyperfine interaction tensor of the n-PC

or 9-SASL, AZ, was determined from the EPR spectra for

samples frozen at -165�C and recorded with a modulation

amplitude of 2.0 G and an incident microwave power of 2.0

mW (Subczynski et al. 1994). 2AZ values were measured

with an accuracy of ±0.25 G.

The T1s of the spin labels were determined by analyzing

the saturation-recovery (SR) signal of the central line

obtained by short-pulse SR EPR at the X-band (Subczynski

et al. 1989; Yin and Subczynski 1996) and used to draw

fluidity profiles across membranes. The SR spectrometer

used in these studies has been described elsewhere (Yin

and Subczynski 1996). A relatively low level of observing

power (8 lW, with a loop-gap resonator delivering an H1

field of 3.6 9 10-5 gauss) was used for all experiments to

avoid microwave power saturation (which induces artificial

shortening of the apparent T1). Accumulations of the decay

signals were carried out with 2,048 data points on each

decay. SR signals were fitted by use of single-exponential

or double-exponential functions. When a single-exponen-

tial fit was satisfactory, the uncertainties in the measure-

ments of decay time from the fits were usually less than

0.05%, whereas the decay times determined from sample to

sample (for samples prepared totally independently) were

within an accuracy of ±3%. When a double-exponential fit

was necessary, and satisfactory, the decay times were

usually evaluated with standard deviations less than ±5

and ±10% for longer and shorter recovery time constants,

respectively. Larger standard deviations for shorter com-

ponents are because of the difficulty of measuring very
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short T1s (because of the presence of molecular oxygen) in

the current setting of the instrument. It is also possible that

the available pump power cannot saturate the signal when

the T1 is very short.

Results and discussion

Order and fluidity of alkyl chains

Conventional EPR spectra were recorded for each spin

label and for all cholesterol content of the ESM membranes

indicated in the ‘‘Introduction’’ and in the phase diagram in

Mainali et al. (2011c). Remarkably, these spectra contained

no clearly visible conventional features indicating the

presence of two components. This is consistent with our

earlier conventional EPR studies of PC/cholesterol mem-

branes (Subczynski et al. 2007b), suggesting that, without

special analysis, the features of two coexisting domains

cannot be evaluated separately. In this work, the problem

of unresolved EPR spectra for n-PC and n-SASL exists

only for one cholesterol content in the ESM membrane—

for membranes made with a Chol/ESM mixing ratio of 1/4.

At this cholesterol content, the lo phase coexists with the ld
phase (Fig. 1b of Mainali et al. 2011c), and spin labels are

distributed between these domains. However, when the

lo-phase domain coexists with the CBD, the EPR spectra

from phospholipid-type spin labels located in the lo-phase

domain are not ‘‘contaminated’’ from the pure CBD (see

the ‘‘Introduction’’ for more explanation).

Figure 1 shows a set of conventional EPR spectra

obtained from 5, 10, and 16-PC in ESM membranes with

different cholesterol content. Figure 2 shows profiles of the

order parameter obtained across ESM membranes with

different cholesterol content. All profiles have an inverted-

bell shape and show that alkyl-chain order gradually

decreases with depth in the membrane. Values of the order

parameter measured at the same depth are always

significantly greater for ESM membranes containing cho-

lesterol than for those measured for pure ESM membranes.

Thus, the ordering effect of cholesterol is observed at all

depths from the membrane surface to the membrane center.

At a Chol/ESM mixing ratio of 1/4, the order parameter

already increases significantly at all depths. According to

the phase diagram shown in Fig. 1 of Mainali et al.

(2011c), at 40�C variations in the overall cholesterol content

between *7.5 and *30 mol% affect fractions of the ld and lo
phases (each phase contains a constant concentration of 7.5

and 30 mol% cholesterol, respectively). Thus, at a Chol/ESM

mixing ratio of 1/4, approximately 51% of ESM molecules is

in the ld-phase, and 49% is in the lo-phase. Knowledge of the

partitioning of phospholipid spin labels into both phases

would enable us to evaluate the contribution of EPR signals

from the lo and ld phases. Although we were unable to evaluate

these partition coefficients, even without this knowledge we

were able to draw correct profiles for the oxygen transport

parameter across coexisting domains (Mainali et al. 2011c).

Chiang et al. (2005) and Swamy et al. (2006) successfully

carried out a nonlinear least-squares analysis of conventional

EPR spectra, found coexisting lo and ld phases in model

membranes made from ternary lipid mixtures, and evaluated

partition coefficients for 5, 7, 10, 12, 14, and 16-PC between

these phases. These coefficients increase with an increase in

the depth of the location of the nitroxide moiety in membranes

from 0.4 to 1.1. Partition coefficients were found to differ for

the different compositions of coexisting phases (Chiang et al.

2005). In a binary mixture of dipalmitoyl-PC and cholesterol,

the partition coefficient of 16-PC was shown to be slightly

greater than unity, indicating that 16-PC favors the lo phase

slightly over the ld phase (Chiang et al. 2007).

A major increase in the order parameter occurs when the

lo phase already occupies the entire membrane (at a Chol/

ESM mixing ratio of 1/2). We were able to show that

further addition of cholesterol causes a shift of order-

parameter profiles to higher values, indicating increased

ordering of the lo phase when the cholesterol content in this

Fig. 1 EPR spectra of 5, 10, and 16-PC in membranes made of Chol/

ESM mixtures with Chol/ESM mixing ratios from 0 to 3. Spectra

were recorded at 40�C. Measured values for evaluating the order

parameter are indicated. The positions of specific peaks were

evaluated with high accuracy by monitoring them at 10 times higher

receiver gain and, when necessary, a higher modulation amplitude

150 Eur Biophys J (2012) 41:147–159
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phase increases from the minimum value (at a Chol/ESM

molar ratio of *1/2) to the maximum value (at the CST).

These changes are pronounced close to the membrane

surface and negligible at the membrane center. Our order

parameter data are in agreement with data obtained for

PSM and Chol/PSM membranes using solid-state 2H NMR

spectroscopy (Bartels et al. 2008). At a Chol/ESM mixing

ratio higher than 2/1 (higher than the CST), the lo-phase

domain contains 66 mol% cholesterol; the excess of cho-

lesterol will form the immiscible pure CBD. EPR spectra

(Fig. 1) and order parameter profiles (Fig. 2e, f) show that

the presence of the CBD does not change the order

parameter in the lo-phase domain.

Profiles of the order parameter, which are routinely used

as a measure of membrane fluidity, describe static mem-

brane properties—namely, amplitudes of the wobbling

motion of alkyl chains. Therefore, we have also used T1

here as a convenient quantitative measure of the rate of

alkyl-chain motion of n-PC and n-SASL in the ESM lipid

bilayer. This parameter depends primarily on the rate of

motion of the nitroxide moiety within the lipid bilayer and

describes the dynamics of the membrane environment at

the depth at which the nitroxide fragment is located. Thus,

T1 can be used as a convenient quantitative measure of

membrane fluidity that reports on the rate of motion of

phospholipid alkyl chains (or nitroxide free-radical moie-

ties attached to those chains; Mainali et al. 2011a). Smaller

T1 values indicate a greater rate of motion and higher

membrane fluidity. Figure 3 shows representative SR sig-

nals of 5-PC in ESM membranes for different cholesterol

content. SR measurements were carried out systematically

as a function of the location of spin labels in the membrane

(showing that all SR signals can be satisfactorily fit to

single-exponential functions). All SR measurements were

performed for deoxygenated samples.

Fluidity profiles (T1 vs. depth in the membrane) are

presented in Fig. 4. As expected, membrane fluidity

(membrane dynamics) increases toward the center of all

membranes (which is indicated by a decrease in T1). As

shown by comparing profiles for the pure ESM membrane

and ESM membranes containing cholesterol, cholesterol

reduces membrane fluidity close to the membrane surface

(5 and 7-PC positions) and increases it in the membrane

center (14 and 16-PC positions). The breaking point

between the rigidifying and fluidizing effects of cholesterol

lies around the C9 and C10 positions, the depth at which

the ring-structure of cholesterol is immersed into the

bilayer. The order parameter (which describes a static

membrane property) cannot differentiate the effects of

cholesterol at different depths, whereas the oxygen trans-

port parameter—a dynamic parameter—clearly shows

differences between the membrane region where the cho-

lesterol ring-structure is located and the dipper region

where the isooctyl chain of cholesterol is located (Subczynski

et al. 1989). These results reveal new characteristics of the lo
phase compared with the ld phase without cholesterol, indi-

cating that the dynamics of alkyl chains are slightly sup-

pressed close to the membrane surface when the lo phase is

formed (T1 of 5-PC increases by *3%) and significantly

increased in the membrane center (T1 of 16-PC decreases

by *25%). Further addition of cholesterol enhances the dif-

ferences between the lo phase and the pure ESM membrane.

Also, it shows that the lo phase saturated with cholesterol

(Chol/ESM mixing ratio of 2/1) becomes less fluid close to the

membrane surface and more fluid in the membrane center than

the lo phase with a minimum cholesterol concentration (Chol/

ESM mixing ratio of 1/2).

Hydrophobicity of membrane interior

Hydrophobicity profiles were constructed by plotting 2AZ

values as a function of the position of the nitroxide moiety

across the ESM membrane (Subczynski et al. 1994). Fig-

ure 5 contains representative EPR spectra of 14-PC in a

Fig. 2 Profiles of the order parameter across Chol/ESM membranes

obtained at Chol/ESM mixing ratios of a 0, b 1:4, c 1:2, d 1:1, e 2:1,

and f 3:1 (schemes for membrane structures are shown in Fig. 1 of

Mainali et al. 2011c). Approximate locations of nitroxide moieties of

spin labels are indicated by arrows
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frozen solution of ESM membranes and shows the method

of measuring 2AZ values. Smaller 2AZ values indicate

higher hydrophobicity. Thus, changes in spectra of 14-PC

(Fig. 5) indicate that the membrane interior becomes more

hydrophobic in the presence of cholesterol. For brevity, we

relate the local hydrophobicity as observed by 2AZ to the

hydrophobicity (or e) of the bulk organic solvent by

referring to Fig. 2 in Subczynski et al. (1994).

Figure 6 shows hydrophobicity profiles obtained across

ESM membranes for different cholesterol content. All

profiles contain information from a single phase or a single

domain except for the profile obtained at a Chol/ESM

mixing ratio of 1/4, when the lo phase coexists with the ld
phase (Fig. 1b of Mainali et al. 2011c; explained in the

section ‘‘Order and fluidity of alkyl chains’’). Because

measurements of membrane hydrophobicity are performed

Fig. 3 Representative SR signals with fitted curves and the residuals

(the experimental signal minus the fitted curve) for 5-PC spin label in

Chol/ESM membranes obtained at Chol/ESM mixing ratios of a 0,

b 1:4, c 1:2, d 1:1, e 2:1, and f 3:1 (schemes for membrane structures

are shown in Fig. 1 of Mainali et al. 2011c). Membrane specimens

were equilibrated with nitrogen. SR signals were satisfactorily fitted

to a single exponential function with time constants of a 4.10 ±

0.01 ls, b 4.17 ± 0.01 ls, c 4.22 ± 0.01 ls, d 4.60 ± 0.01 ls,

e 4.70 ± 0.01 ls, and f 4.95 ± 0.01 ls

Fig. 4 Profiles of the electron spin–lattice relaxation time, T1,

(fluidity profiles) for n-PC spin labels across Chol/ESM membranes

obtained at Chol/ESM mixing ratios of a 0, b 1:4, c 1:2, d 1:1, e 2:1,

and f 3:1 (schemes for membrane structures are shown in Fig. 1 of

Mainali et al. 2011c). Approximate locations of the nitroxide moieties

of spin labels are indicated by arrows

152 Eur Biophys J (2012) 41:147–159
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for frozen samples, measured 2AZ values indicate the

averaged hydrophobicity of the lo and ld-phase domains.

Nevertheless, hydrophobicity in the hydrocarbon region of

the membrane at this cholesterol content is significantly

higher than that in the pure ESM membrane, but not as

high as that in the lo-phase domain containing the smallest

concentration of cholesterol (*30 mol%). However, in the

polar headgroup region, hydrophobicity (measured with

T-PC) decreases significantly. This is understandable,

because the presence of cholesterol separates polar head-

groups and extends water penetration into that region

(Subczynski et al. 1994).

The effects of cholesterol can be summarized as follows.

The profile for the pure ESM membrane is practically flat,

with membrane hydrophobicity comparable with that of

ethanol (e = *30; although it is still considerably less

polar than in the bulk aqueous phase (e = 80)). After the

first addition of cholesterol, the profile becomes trapezoidal

in shape. Membrane hydrophobicity gradually increases

from the membrane surface to the depth of C10, increasing

from a value comparable with that of ethanol (e = *30) to

that of hexane (e = *2), and stays constant at deeper

locations. Further addition of cholesterol, up to the CST,

increases the sharpness of the change in hydrophobicity.

The profile becomes rectangular, with low hydrophobicity

up to the depth of C9 and high hydrophobicity in the

membrane center. An abrupt change in hydrophobicity

occurs between C9 and C10. The profile becomes typical

for membranes saturated with cholesterol. In the polar

headgroup region, addition of cholesterol causes an

increase in polarity which stabilizes after formation of the

lo phase in the entire membrane.

Order and motion of cholesterol molecules

(with special attention paid to the CBD)

Figure 7 shows conventional EPR spectra for cholesterol-

analogue spin labels ASL and CSL in Chol/ESM mem-

branes with a mixing ratio from 0 to 3. The CST in the

ESM membranes is 2 (Epand 2003). Thus, with a Chol/

ESM mixing ratio of 3, approximately 66% of cholesterol

molecules should saturate the ESM bilayer and 33% should

form the CBD. With this assumption, we can obtain EPR

spectra of ASL and CSL from the CBD by subtracting the

signal obtained for the Chol/ESM mixing ratio of 2 (with a

weight of 0.66) from that obtained for the Chol/ESM

mixing ratio of 3. These spectra are included in Fig. 7 and

are indicated as ‘‘CBD’’. This procedure is valid only when

the distribution of cholesterol analogue spin labels between

the CBD and the surrounding ESM membrane saturated

with cholesterol is close to the distribution of cholesterol.

In our previous paper (Raguz et al. 2011), we confirmed

this assumption. Pre-exponential factors, obtained for

Fig. 5 EPR spectra of 14-PC in membranes made of Chol/ESM

mixtures with Chol/ESM mixing ratios from 0 to 3. Spectra were

recorded at -165�C. The measured 2AZ value (z-component of the

hyperfine interaction tensor) is indicated

Fig. 6 Hydrophobicity profiles (2AZ) across Chol/ESM membranes

obtained at Chol/ESM mixing ratios of a 0, b 1:4, c 1:2, d 1:1, e 2:1,

and f 3:1 (schemes for membrane structures are shown in Fig. 1 of

Mainali et al. 2011c). Upward changes indicate increases in

hydrophobicity. Dotted lines indicate hydrophobicity in the aqueous

phase. Approximate locations of nitroxide moieties of the spin labels

are indicated by arrows
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double-exponential saturation-recovery curves in the pres-

ence of relaxation agents (oxygen for ASL and NiEDDA

for CSL), indicate populations of ASL and CSL in the CBD

and the surrounding membrane. We showed that the ratio

of these populations was very close to the calculated dis-

tribution of cholesterol molecules between the CBD and

the surrounding membrane saturated with cholesterol.

EPR spectra presented in Fig. 7 have three features:

1. there is no clear indication of the presence of two

components, even at the highest cholesterol content;

2. all spectra are characteristic of spin labels in lipid-

bilayer-like structures; and

3. changes in the overall shape of the spectra that occur

after addition of cholesterol to the ESM membrane up

to the CST indicate a significant increase in molecular

order and a decrease in the fluidity of the lipid bilayer.

Further addition of cholesterol (above the CST) hardly

affects the overall shape of the spectra. Changes in the

spectra were evaluated by use of the sets of parameters

indicated in Fig. 7 and plotted as a function of cholesterol

content in Fig. 8. These parameters are, maximum splitting

(Fig. 8a, a parameter related to the order parameter, which

indicates the amplitude of the wobbling motion of the long

axes of the ASL and CSL molecules; Kusumi et al. 1986)

and the h?/h0 ratio (Fig. 8b, a parameter that includes

contribution of both the orientation and rotational mobility

of the ASL and CSL molecules; Schreier et al. 1978).

Differences between the maximum-splitting values of

the EPR spectra of ASL and CSL in the CBD and in the

lo-phase domain saturated with cholesterol are negligible

(Fig. 8a). Similarly, the spectral parameter h?/h0, which

describes the order and dynamics of both the ASL and CSL

molecules, is the same in the CBD and in the lo-phase

domain saturated with cholesterol (Fig. 8b).

Here, we also used T1 as a convenient quantitative

measure of the rate of motion of ASL and CSL in the ESM

membrane. Figure 8c shows T1 values for ASL and CSL in

ESM membranes as a function of cholesterol content. As

we have shown previously (Mainali et al. 2011c), there is

no indication of two components in the SR signals (mea-

sured without relaxation agents), even at the highest cho-

lesterol content, when the coexisting domains, CBD, and

the lo-phase domain, are present. Thus, T1 values in both

domains must be very close, indicating a similar rate of

motion for cholesterol analogue spin labels. An increase in

T1 values that occurs after the addition of cholesterol to the

ESM membrane up to the Chol/ESM mixing ratio of 1 is

indicative of reduced motion of cholesterol analogues.

After addition of cholesterol up to the Chol/ESM mixing

ratio of 2, T1 values decrease again, practically to their

initial values. Further addition of cholesterol (up to the

Chol/ESM mixing ratio of 3) does not change T1 values,

indicating that the rate of motion of ASL and CSL should

be very similar in the coexisting lo-phase domain and CBD,

which is also in agreement with results presented in

Fig. 8b.

Because the nitroxide moiety of ASL and CSL is firmly

connected to the rigid sterol-ring structure of cholesterol,

its orientation and rotational motion reflect those of the

rigid-ring structure of cholesterol. Thus, the above results

reveal that cholesterol molecules in the coexisting CBD

and lo-phase domain behave in the same way, with similar

order and rate of rotational motion. This is the reason these

domains cannot be discriminated by use of conventional

EPR spectra of ASL and CSL, or even by SR EPR mea-

surements with these spin labels but without a relaxation

agent.

General discussion

The major result that relates to raft research is the char-

acterization of the lo phase when it is in equilibrium with

the ld phase. Previously, conventional EPR and SR EPR

Fig. 7 EPR spectra of CSL and ASL in membranes made of Chol/

ESM mixtures with Chol/ESM mixing ratios from 0 to 3. Spectra

were recorded at 40�C. ‘‘CBD’’ indicates EPR spectra of CSL and

ASL located in the CBD (see the section ‘‘Order and motion of

cholesterol molecules (with special attention paid to the CBD)’’ and

Raguz et al. 2011 for details of the subtraction procedure). Measured

values, maximum splitting, h?, h0, are indicated
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were used to indicate coexisting phases in binary mixtures

of ESM and cholesterol, providing evidence for the exis-

tence of immiscible fluid phases (lo and ld) (Wisniewska

and Subczynski 2008). More recently, coexisting phases

were characterized by use of detailed profiles of the oxygen

transport parameter in situ (Mainali et al. 2011c). In this

study, in order to gain more insight about the structure and

dynamics of ESM membranes in the lo phase, we obtained

profiles of the order parameter and hydrophobicity based

on conventional EPR measurements and profiles of mem-

brane fluidity based on SR EPR measurements of the spin–

lattice relaxation time of spin labels. Because SR is more

sensitive to membrane dynamics on longer time scales than

conventional EPR techniques, it is thought to be more

suitable for study of the dynamics occurring in the lo phase.

SR EPR spin-labeling methods (particularly the DOT

method) cover membrane dynamics in a range 0.1–100 ls

whereas conventional EPR methods are sensitive to

dynamic processes occurring on a time scale up

to *100 ns. Profiles of membrane properties carry infor-

mation that is complementary. Profiles of the order

parameter (obtained using conventional EPR) provide

information about the amplitude of the wobbling motion of

the alkyl-chain segment of ESM at a specific depth in the

membrane. This is not dynamic information, although

these profiles are frequently described as profiles of

membrane fluidity. Profiles of T1 (obtained with SR EPR)

are the real profiles of fluidity (dynamics), related to the

rate of motion of the alkyl-chain segment of ESM at a

specific depth. These two profiles describe the order and

dynamics of alkyl chains. Profiles of the oxygen transport

parameter can also be obtained by use of SR EPR (Mainali

et al. 2011c). Using the DOT method, these profiles can be

acquired in coexisting phases and domains, for example the

lo and ld phases or the lo phase domain and CBD. These are

profiles of membrane fluidity, which report on translational

diffusion of molecular oxygen (Subczynski et al. 2010).

They provide useful information on the three-dimensional

dynamic structure of the liquid-ordered domain because

collision rates between molecular oxygen and nitroxide

spin labels at specific locations in the membrane are sen-

sitive to the dynamics of gauche–trans isomerization of

lipid hydrocarbon chains and to the structural noncon-

formability of neighboring lipids (Kusumi et al. 1982b;

Subczynski et al. 1989, 1991). Hydrophobicity of the

membrane interior is largely determined by the extent of

water penetration, giving rise to a hydrophobicity (polarity)

gradient across the bilayer in which the environment

becomes increasingly nonpolar as one moves from the

membrane surface to the terminus of the lipid alkyl chains

(Griffith et al. 1974). Profiles of membrane hydrophobicity

are related to the distribution of water molecules across the

bilayer, because in the absence of water the hydrocarbon

environment of the membrane is highly nonpolar, and it

has been shown that dehydration abolishes the hydropho-

bicity gradient (Griffith et al. 1974).

To better summarize and compare our results, we cre-

ated Fig. 9, in which we plot specific membrane properties

at chosen positions on a profile as a function of cholesterol

content. With this approach, we can compare properties in

different phases and domains that are formed in ESM

membranes at different cholesterol content. We chose four

depths in the ESM membrane: close to the membrane

surface (C5 position), two depths in the middle of the alkyl

chains (C9 and C10 positions), and close to the membrane

center (C16 position). The C9 and C10 positions were

chosen because the major changes in some profiles occur

between these depths. Also, the rigid ring structure of

cholesterol is immersed to the depth of C9, and the fluid

central region of membranes with cholesterol is located at

C10 and deeper.

As shown in Fig. 9a, alkyl-chain order increases rapidly

at a Chol/ESM mixing ratio of 1/4 (when the lo-phase is

already formed). Increase in cholesterol content from a

Fig. 8 Spectral parameters, maximum splitting (a) and the mobility

parameter, h?/h0 (b), measured for the EPR spectra shown in Fig. 7

are plotted as a function of the Chol/ESM mixing ratio. Filled
symbols indicate experimental data for ASL and CSL in Chol/ESM

membranes, and open symbols indicate values obtained for CBD

spectra. c T1 values for ASL and CSL measured in deoxygenated

samples are plotted as a function of the Chol/ESM mixing ratio. The

region of the Chol/ESM mixing ratio in which the single lo-phase

exists is indicated by broken lines
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Chol/ESM ratio of 1/2 to the CST causes a small increase

in the order parameter close to the membrane surface, but

does not change the order parameter in the membrane

center. Formation of the CBD does not affect the order in

the surrounding lo-phase domain.

Changes in the rate of alkyl-chain motion (Fig. 9b) are

more complex. Formation of the lo phase, coexisting with

the ld phase, causes a small decrease in the rate of motion at

the C5 position, whereas at the C9, C10, and C16 positions

the rate of motion of the alkyl chains increases signifi-

cantly. Addition of cholesterol up to a Chol/ESM mixing

ratio of 1/1 causes a significant decrease in the rate of

motion at the C5, C9, and C10 positions, which is followed

by a gradual decrease on further addition of cholesterol up

to a Chol/ESM mixing ratio of 3/1. In the membrane center

(C16 position), addition of cholesterol from a Chol/ESM

mixing ratio of 1/4–3/1 causes mostly monotonous, but

small, increases in the rate of motion. At low cholesterol

content, the effect of cholesterol on the rate of motion at

the C9 and C10 positions resembles that in the membrane

center; at high cholesterol content it resembles that close to

the membrane surface. Unresolved SR signals at a Chol/

ESM mixing ratio of 1/4 suggest that rates of motion of

alkyl chains in the lo and ld phases should be very similar.

Thus, in the ld phase saturated with cholesterol (at a

cholesterol concentration of *7.5 mol%) the rate of

motion of alkyl chains is greater than in pure ESM mem-

branes at all depths, with the exception of the C5 position

where motions are about equal. These new results support

our earlier findings about the properties of the ld phase

(Mainali et al. 2011c), where we show that the oxygen

transport parameter is greater in the ld phase saturated with

cholesterol than in pure ESM membranes, with the

exception of the C5 position where it is approximately

equal.

Figure 9d summarizes measurements of the oxygen

transport parameter in coexisting and single ld and lo
phases. An increase in cholesterol concentration in the lo
phase causes a decrease in the oxygen transport parameter

at all depths—from the membrane surface to the depth of

C9—and an increase in the oxygen transport parameter for

locations C10 and deeper. The profile of the oxygen

transport parameter across the lo phase in ESM membranes

changes from a bell shape at a low cholesterol concentra-

tion of *30 mol% to a rectangular shape at a maximum

cholesterol concentration of 66 mol%. With increased

cholesterol concentration, the oxygen transport parameter

close to the membrane surface becomes as low as in gel-

phase membranes, and in the membrane center it becomes

greater than in the center of pure ESM membranes. The

Fig. 9 a Order parameter,

b T1, c hydrophobicity (2AZ),

and d the oxygen transport

parameter obtained at different

depth in Chol/ESM membranes

are plotted as a function of the

Chol/ESM mixing ratio. The

region of the Chol/ESM mixing

ratio in which the single

lo-phase exists is indicated by

broken lines
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transition from low to high oxygen transport, which is

gradual at a low cholesterol concentration, becomes abrupt

and occurs within the one C–C bond. Formation of the

CBD at cholesterol contents greater than the CST does not

affect oxygen transport in the surrounding lo phase.

Hydrophobicity profiles (Fig. 9c) behave similarly to

oxygen transport parameter profiles when cholesterol

content increases. After the formation of coexisting ld and

lo phases, hydrophobicity sharply increases at all depths; it

increases further, reaching a maximum, after formation of a

single lo phase which extends to the entire membrane (at a

Chol/ESM mixing ratio of 1/2). At higher cholesterol

content (only the lo phase is present) hydrophobicity

strongly decreases at depths from the membrane surface to

C9 and remains practically unchanged at deeper locations

(in the membrane center), which changes the hydropho-

bicity profile from a bell to a rectangular shape. The change

from the polar region to the very hydrophobic region

occurs within the one C–C bond (between C9 and C10).

These abrupt changes were not observed in the properties

of alkyl chains (Figs. 2, 4, 9a, b). However, they are clearly

seen when motion and/or distribution of small molecules is

measured (Figs. 6, 9c, d). Thus, by using different EPR

spin-labeling methods, different membrane properties in

the context of membrane depth can be studied and better

understood.

Fiber-cell plasma membranes of human lenses are

abundant in sphingolipids (Borchman and Yappert 2010;

Broekhuyse 1969; Deeley et al. 2008, 2010; Yappert and

Borchman 2004; Yappert et al. 2003) and oversaturated

with cholesterol (Borchman and Yappert 2010; Deeley

et al. 2008; Li et al. 1985, 1987). Interestingly, in lens

membranes, a highly saturated sphingolipid content is

concomitant with a large amount of cholesterol (Rujoi et al.

2003). Additionally, the CBD should occupy a significant

surface of the lipid-bilayer portion of these membranes.

Thus, characterization of the lo-phase domain and the CBD

in ESM membranes, when both domains coexist, should

contribute to better understanding of the properties of lens-

lipid membranes. We would like to emphasize two major

findings of this paper.

1. Properties of the lo-phase domain in the ESM mem-

brane, when it coexists with the CBD (which ensures

that the lo-phase domain is saturated with cholesterol),

are very similar to the properties of lens-lipid mem-

branes. The profiles presented across the lo-phase

domain are very similar to those obtained for lens-lipid

membranes from 6-month-old bovine (Widomska et al.

2007a, b) and porcine (Raguz et al. 2008) eyes, and

from 2-year-old bovine (Raguz et al. 2009) and por-

cine (Mainali et al. 2011b) eye cortex and nucleus. Our

major conclusions from previous publications are

confirmed: properties of lens-lipid membranes are

determined by the saturating amount of cholesterol and

are practically independent of phospholipid composi-

tion1, and the presence of the CBD is significant

because it ensures that the surrounding membrane is

saturated with cholesterol.

2. We have also confirmed in this study that the CBD is

highly dynamic, with motion of cholesterol molecules

similar to that in the surrounding ESM membrane

saturated with cholesterol. Thus, the exchange rate of

cholesterol molecules between the lo-phase domain

and the CBD can be quite high, which suggests that the

CBD can be actively involved in the modulation of

properties of the lipid-bilayer portion of fiber-cell

membranes.

Acknowledgments This work was supported by NIH grants
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1 A reviewer pointed out that our conclusion is in contrast with the

commonly accepted statement that membrane saturation reduces

membrane fluidity. This difference is clearly seen for lens lipid

membranes, where the phospholipid composition changes drastically

with age and with a preferential increase in saturated phospholipids,

for example sphingomyelin and dihydrosphingomyelin, which should

increase the lipid hydrocarbon chain order. Huang et al. (2005)

showed that the structural order determined by the static measure of

the trans/gauche rotamer ratio in the hydrocarbon chains increases

linearly with the sphingolipid content of the lens lipid membrane (see

also the review by Borchman and Yappert 2010). Thus, the properties

of lens lipid membranes, including membrane order (fluidity), should

change with the age of the donor, between species, and between

regions of the lens. However, molecular order, measured with lipid

spin labels in saturated membranes, strongly increases with an

increase in cholesterol concentration up to *30 mol%. Further

increase of cholesterol concentration, up to 50 mol%, causes a

decrease in the molecular order (Kusumi et al. 1986; Sankaram and

Thompson 1990; Wisniewska and Subczynski 2008). In unsaturated

membranes, the molecular order increases only weakly with an

increase in cholesterol concentration up to 50 mol% (Kusumi et al.

1986). Thus, at saturation, both orders are very close. Similar effects

were reported by Borchman et al. (1996) using the structural order

parameter as a measure of membrane fluidity. The structural order

parameter measured in membranes made from bovine nuclear

phospholipids (more saturated membranes) increased with cholesterol

concentration up to 20–30 mol%, which was then followed by a rapid

decrease in the structural order parameter up to *70 mol% choles-

terol. In cortical phospholipid membranes (less saturated membranes),

an increase in the structural order parameter induced by cholesterol

was significantly weaker. A maximum was reached at *40 mol%

cholesterol. Further increase in cholesterol content also induced a

decrease in the structural order parameter. As a result, at cholesterol

saturation, the structural order parameters in nuclear and cortical

membranes were very close. We should again note that the

phospholipid compositions of these two membranes differ substan-

tially. Borchman et al. concluded that the physiological role of

cholesterol is to increase the structural order of cortical membrane

lipids and reduce the order of nuclear lipids so that the two

membranes have a similar order, which is in agreement with our main

conclusion.
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