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ABSTRACT We investigated ifmagic angle spinning (MAS) 1HNMRcanbeusedasa tool for detection of liquid-ordereddomains
(rafts) in membranes. In experiments with the lipids SOPC, DOPC, DPPC, and cholesterol we demonstrated that 1H MAS NMR
spectra of liquid-ordered domains (lo) are distinctly different from liquid-disordered (ld) and solid-ordered (so)membrane regions. At
a MAS frequency of 10 kHz themethylene proton resonance of hydrocarbon chains in the ld phase has a linewidth of;50 Hz. The
corresponding linewidth is;1 kHz for the lo phase and several kHz for the so phase. According to results of 1H NMR dipolar echo
spectroscopy, the broadening of MAS resonances in the lo phase results from an increase in effective strength of intramolecular
proton dipolar interactions between adjacent methylene groups, most likely because of a lower probability of gauche/trans
isomerization in lo. In spectra recordedasa function of temperature, theonset of lo domain (raft) formation is seenasa suddenonset
of line broadening. Formation of small domains yielded homogenously broadened resonance lines, whereas large lo domains
(diameter.0.3 mm) in an ld environment resulted in superposition of the narrow resonances of the ld phase and the much broader
resonances of lo.

1H MAS NMR may be applied to detection of rafts in cell membranes.

INTRODUCTION

Cholesterol is a major component of eukaryotic biomem-

branes and a known modulator of lipid phase behavior. The

concept of lipid rafts (1), lateral domains in membranes of

elevated cholesterol, and glycosphingolipid content that play

an important role in cell signaling has renewed interest in the

study of membrane lateral organization. Although biochem-

ical evidence for existence of rafts is strong, detection of the

structural equivalent of a raft in biomembranes has proven to

be extremely difficult.

It was proposed that rafts are domains of a liquid-ordered

phase, surrounded by a liquid-disordered lipid matrix. The

liquid-ordered phase concept has been put forward by Ipsen

et al. (2,3) based on the 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (DPPC)-cholesterol phase diagram determined by

deuterium NMR and DSC (4). Investigations of phosphati-

dylcholine (PC)-cholesterol phase diagrams for a number of

saturated and monounsaturated PC species including DPPC,

1-stearoyl-2-elaidoyl-sn-glycero-3-phosphocholine (SEPC),

1-palmitoyl-2-petrosenoyl-sn-glycero-3-phosphocholine
(PPetPc) (5,6), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) (7) indicated that the cholesterol-PC

phase diagram is very similar for all PCs, but phase transition

temperatures depend on lipid hydrocarbon chain length and

degree of unsaturation. In the cholesterol-containing lipid

mixtures three different lamellar phases, liquid disordered, ld,

solid ordered, so, and liquid ordered, lo, were identified.

The liquid-disordered state is characterized by rapid

gauche/trans isomerization of lipid hydrocarbon chains and

a distinct order parameter profile with high order from the

carbonyl group to the middle of the chain and rapid order

decrease to the terminal methyl group (8,9). Chain segments

perform librational motions with correlation times of pico-

seconds, gauche/trans isomerization with correlation times

in the 100 ps range, rapid lipid rotational diffusion about the

bilayer normal with correlation times of ;1 ns (10), col-

lective motions with correlation times from nano- to micro-

seconds (11), and lateral diffusion at rates of the order of

10�11 m2s�1 (12–14).

In contrast, in the solid-ordered state lipid hydrocarbon

chains are packed in a crystalline lattice, gauche/trans isom-

erization is mostly suppressed, lipid diffusional rotation

about the bilayer normal is very slow (15), and lateral dif-

fusion is lower by orders of magnitude compared to the

liquid-disordered state (16,17).

High concentrations of cholesterol in the membranes

generate a liquid-ordered state with high chain order in the

order parameter plateau region (18). In infrared and NMR

experiments conducted on DPPC with specifically deuter-

ated hydrocarbon chains, it was detected that cholesterol

strongly hinders gauche rotamer formation at carbons C4

and C6 of the chains but much less at carbon C12 (19,20).

This appears to be related to the preferred location of cho-

lesterol in the hydrocarbon chain region near the headgroup

as found in x-ray experiments conducted on equimolar

mixtures of bovine brain sphingomyelin and cholesterol

(21). By quasielastic neutron scattering on DPPC-cholesterol

mixtures, it was detected that the short alkyl chain of the

cholesterol molecules may cross the bilayer midplane at high

frequency (22). Changes of the rate of lipid rotational

diffusion about the bilayer normal are small (23), and the

reduction of lateral diffusion rates is modest (24–26).

Fluorescence microscopy studies conducted on giant

unilamellar liposomes with a lipid composition that models
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the outer monolayer of raft-forming plasma membranes

indicated formation of micrometer-size liquid-ordered do-

mains in a liquid-disordered matrix (27–33). Recently it

was argued that formation of the lo phase is a progressive

accumulation of randomly distributed sphingomyelin-cho-

lesterol condensed complexes with a short lifetime (34,35).

Indeed, rafts in real biological membranes appear to be of

submicrometer dimensions (29,36–38), making their detec-

tion very difficult.

Another common approach to raft detection is the search

for detergent-resistant membrane domains (39). Interpreta-

tion of results from triton solubilization studies, typically

conducted at a temperature of 4�C, is hotly debated. Evidence
was presented that unfavorable interactions between the

detergent Triton, sphingomyelin, and cholesterol could drive

the formation of domains that may not exist at physiological

conditions (40–42). Thus there is a profound need to develop

noninvasive tools that detect very small rafts at physiological

temperatures in model as well as biological membranes.

Solid-state 2H NMR measurements on deuterated lipids

have played an important role in establishing the PC-

cholesterol phase diagrams. Coexistence of so and lo phases

is identified unambiguously from the distinct differences

in the 2H NMR spectra of both phases. However, in most

cases coexistence of ld and lo phases was only visible as

broadening of resonance peaks resulting in a loss of res-

olution (4,5,7,43). In contrast, electron spin resonance (ESR)

spectra of spin labeled lipids recorded in the phase coexis-

tence range showed superposition of signals from lo and ld
phases (44). The difference between NMR and ESR could

be related to the three orders of magnitude longer timescale

of 2H NMR in combination with small domain size. Most

likely, in the NMR experiments lipids are in a medium

rate of exchange between ld and lo, which yields broadened

spectra. The much shorter timescale of the ESR experi-

ment yields spectra that are a superposition of ld and lo res-

onances.

Ideally, experiments on lo domain detection should be

conducted using noninvasive tools, applicable to both model

and biological membranes. The method should be able to

detect domains of any size without the need for labeling.

Here we explored if magic angle spinning (MAS) 1H NMR

meets those criteria. Historically, application of 1H NMR to

lipid bilayers was limited by low spectral resolution due to

anisotropic proton-proton dipolar interactions (45,46). For

fluid lipid bilayers the broadening is mostly from superpo-

sition of spectra of bilayers with different orientation to the

outer magnetic field. Such inhomogeneously broadened

spectra convert into a well-resolved spinning centerband and

sidebands at MAS frequencies of a few kilohertz (47,48).

Recently we demonstrated that 1H MAS NMR reflects ld-so
phase coexistence as superposition of the well-resolved

resonances of the ld phase and the very broad resonances of

the so phase (49). In this work we explored if coexistence of

ld and lo phases can be detected as well.

The influence of cholesterol on appearance of lipid 1H

MAS spectra of 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC) was investigated previously by Forbes et al.

(48). At a MAS frequency of 2.6 kHz, an intensity decrease

of the chain methylene resonance at 1.3 ppm in the MAS

centerband was observed after cholesterol addition. The

authors related it to the cholesterol-induced increase of chain

order parameters in DMPC. Higher order redistributed

intensity from the spinning centerband to sidebands.

We studied the influence of cholesterol addition to several

phosphocholines at a much higher MAS frequency of 10 kHz.

We started with 1H NMR 1-stearoyl-2-oleoyl-sn-glycero-
3-phosphocholine (SOPC), a biologically relevant phospho-

lipid that has a main phase transition temperature of 6�C.
Interactions of SOPC with cholesterol were studied previ-

ously (50–52), but no detailed phase diagram was available

(53). We determined the SOPC-cholesterol phase diagram

by 2H NMR and 1HHH MAS NMR and observed distinct

difference between the MAS NMR spectra of ld, lo, and so
phases. Using 1H dipolar echo NMR spectroscopy (54,55),

we linked the spectral differences between lo and ld chain

methylene resonances quantitatively to differences in the

effective strength of proton dipole-dipole interactions be-

tween neighbored methylene groups.

The generality of this observation was confirmed in ex-

periments on DPPC for which the phase diagram was pre-

viously reported. Similar to natural sphingomyelin this lipid

has a main phase transition temperature of 41�C. At a

cholesterol concentration and temperature that corresponded

to a high concentration of lo, we detected not only the

previously reported redistribution of signal intensity from

spinning center- to sidebands but also a substantial increase

in resonance linewidth.

Finally we conducted experiments on a ternary mixture of

DPPC/DOPC (1:1, mol/mol) with 30 mol % cholesterol that

models the outer monolayer of raft-forming plasma mem-

branes (43). We observed that the onset of the lo/ld phase

coexistence is easily detected as linebroadening/decrease of

signal intensity of the chain methylene resonance at 1.3 ppm,

recorded as a function of temperature. At a temperature near

the onset of lo phase formation, resonances were homoge-

nously broadened; but at sufficiently low temperature, the lo
domains did grow sufficiently large in size that spectra are a

superposition of lo and ld states. The phase boundaries and

the lo phase content determined by MAS 1H NMR agreed

well with the fluorescence microscopy data for giant unilamellar

vesicles of the same lipid composition.

MATERIALS AND METHODS

SOPC, 1-stearoyld35-2-oleoyl-sn-glycero-3-phosphocholine (SOPC-d35),

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and DPPC were pur-

chased from Avanti Polar Lipids (Alabaster, AL). Cholesterol was

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

and 2H2O were purchased from Cambridge Isotope Laboratories (Woburn,
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MA). Multilamellar vesicles were prepared by hydration of a lipid film with

excess buffer (10 mM piperazine-N,N9-bis(2-ethanesulfonic acid) (PIPES)),

pH 7.4, 100 mM NaCl, and 50 mM diethylenetriaminepentaacetic acid

(DTPA) followed by freeze-thaw cycles for proper equilibration. For proton

NMR experiments, samples were prepared using 2H2O. Multilamellar

vesicles were concentrated and separated from extra buffer by centrifuga-

tion. From 2 to 4 mg of lipid were transferred to a 4 mm Zirconia rotor fitted

with Kel-F inserts generating a spherical sample volume of 11 mL (Bruker

Spectrospin, Billerica, MA).

NMR measurement

1H MAS NMR

MAS NMR experiments were carried out on a Bruker DMX500 spectrom-

eter equipped with a wide bore 11.7 Tesla magnet, a BVT-2000 variable

temperature accessory, a MAS control unit, and a triple resonance variable

temperature cross-polarization MAS probe for 4-mm rotors (Bruker

Instruments, Billerica, MA). 1H NMR experiments were carried out at a

resonance frequency of 500.13MHz using a spectral width of 25 kHz, which

included the spinning centerband and one or two orders of sidebands,

depending on the spinning frequency, 10 or 5 kHz, respectively.

The temperature was calibrated by measuring the chemical shift dif-

ference between water and choline in a micellar sample of 1,2-dicaproyl-sn-
glycero-3-phosphocholine (Avanti Polar Lipids, Alabaster, AL) loaded into

an identical 11-mL insert for 4-mmMAS rotors as above. The chemical shift

as a function of temperature was measured on the same sample in a 5-mm

tube in a high resolution probe whose temperature had been calibrated to

60.1�C with a thermocouple. We chose a MAS frequency of 10 kHz as

a compromise between acceptable spectral resolution of lo phase spectra

and reliable temperature control with temperature gradients across the

sample of ,3�C (49). MAS does not affect lipid bilayers except for mild

dehydration that depends on the difference between water and membrane

density (56,57).

The probe was tuned and matched to the resonance frequency at a

temperature corresponding to the midpoint of the investigated temperature

range (10�C for SOPC-cholesterol samples and at 20�C for DOPC/DPPC/

cholesterol samples). The maximum decrease of signal intensity due to

probe mismatch and/or a temperature dependence of the probe Q-factor was

,5% over the entire investigated temperature range.

2H NMR

2H NMR experiments were performed on a Bruker DMX300 wide-bore

spectrometer at 46.1 MHz. Spectra were acquired using the quadrupolar

echo pulse sequence (d1-90�x-t-90�y-acquire) with a repetition time d1¼ 0.3

s, a 2.7-ms 90� pulse, a 50-ms delay between pulses, and a spectral width of

200 kHz. The carrier frequency was placed exactly at the center of the spec-

trum. The free induction decay was left-shifted with a resolution of 1/10th

of a dwell time unit to ensure that the first time point of the data set used in

Fourier transformation corresponded exactly to the echo maximum. This

avoids first order phase correction of the spectra and the related distortions

of the spectral baseline. The phase transitions of lipids were followed by

the shape change of the 2H NMR spectra or by the plot of the first spectral

moment, M1, calculated according to

M1 ¼
Z N

0

vf ðvÞdv=
Z N

0

f ðvÞdv;

where the integration limit v¼ 0 corresponds to the center of the symmetric

spectra.

1H NMR dipolar echo spectroscopy

The utilization of dipolar echo experiments to measure the interpair second

moment, Mip
2i , the contribution to proton dipole-dipole interaction from

protons in adjacent methylene groups, was shown previously (54,55,58).

Briefly, experiments were conducted on a Bruker DMX300 spectrometer at

300.1 MHz using a solids probe with a solenoidal sample coil. The dipolar

echo was acquired using the pulse sequence (d1 � 90�x � t � 90�y-acquire)
with a repetition time d1 ¼ 10 s and a 4-ms 90� pulse. The delay time t was

varied from 5 to 500 ms. For data analysis the logarithm of the echo

amplitude was plotted versus t2 and the resulting decay approximated by a

superposition of exponentially decaying functions. It was shown earlier that

the decay of the echo amplitude can be approximated with good precision as

EðtÞ ¼ +
i

niexpð�1=2g
2
M

ip

2it
2Þ; (1)

where summation is over protons, ni, of lipid segments with different

interpair second moments, Mip
2i , and g is the gyromagnetic ratio of protons.

Typically values ofMip
2i are grouped into NMR signals from regions of high,

medium, and low lipid order. We could only determine Mip
2i of the lipid

region with the highest order, corresponding to the lipid glycerol group and

the hydrocarbon chain segments corresponding to the chain order parameter

plateau (55).

RESULTS

Proton MAS NMR of SOPC-cholesterol mixtures

As previously reported, SOPC spectra in the ld phase

converted from very broad to well resolved at moderate

MAS frequencies of 2–3 kHz (49). The linewidth at half-

height was in the range of 10–50 Hz. The resonances in the

centerband were flanked by a series of spinning sidebands

spaced at multiples of the spinning frequency. The chemical

shifts of resonances were close to chemical shifts in organic

solvents, which eased signal assignment (Table 1). With

increasing MAS frequency, the spectral intensity redistrib-

uted from sidebands toward the centerband. For SOPC in the

ld phase at 25�C and a MAS frequency of 10 kHz, 99% of

total signal intensity was in the centerband, permitting us to

relate centerband integral resonance intensities directly to the

number of contributing protons (Table 1).

TABLE 1 SOPC 1H MAS NMR resonances assignment and

comparison of spectral integral intensity measured at 25�C
at a MAS frequency of 10 kHz with the number of protons

per resonance

Peak integral intensity

Peak assignment Peak position, ppm Theory Measured

-CH3 0.88 6 6.58

(CH2)n 1.3 48 45.5

CH2-CH2-CO 1.6 4 4.24

CH2-CH¼CH-CH2 2.05 4 4.01

CH2-CO 2.3–2.4 4 3.93

N(CH3)3 or CH2-NH3 3.28 9 9.02

CH2-N(CH3)3 3.68 2 1.99

CH2-OP (glycerol) 4.05 2 1.82

PO-CH2 (choline) 4.3 2 3.05*

OCO-CH2 (glycerol) 4.2 1 3.05*

4.44 1 0.98

-CH¼CH- and OCO-CH in

glycerol

5.3 3 3

*Superimposed.
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For SOPC-cholesterol mixtures spectral changes with

decreasing temperature and increasing cholesterol content

were more complex due to lo phase formation and fast

exchange of lipids between ld and lo phases. At higher

temperatures, the broadening of SOPC centerband reso-

nances with increasing cholesterol concentration was insig-

nificant (Fig. 1 A). In particular, at 37�C addition of 15 mol

% cholesterol broadened the chain methylene resonance at

1.3 ppm by 5–10 Hz and addition of 30 mol % cholesterol by

10–15 Hz. The cholesterol resonances were visible in the

spectral centerband as broad peaks at the base of lipid peaks

in the 0.6–1.8 ppm range. The cholesterol-induced increase

in acyl chain order of SOPC was reflected as intensity

increase of MAS sidebands (Fig. 1 A, inset).
At lower temperatures and cholesterol concentrations of

15 mol % and higher, we observed a temperature-dependent

decrease of SOPC signal height over a wide temperature

range (Figs. 1, B and C, and 2 A). The changes in lineshape

of the choline resonance at 3.25 ppm as well as other

headgroup and glycerol resonances in the spectral range

from 3.6 to 4.6 ppm could be reasonably well approximated

as superposition of broad and narrow spectra as is evidenced

by the presence of isosbestic points in the superimposed

spectra. In contrast, the chain methylene resonance at 1.3

ppm displayed a narrow component with a linewidth that

increased from ;50 to 150 Hz over the temperature range

from 45�C to 6�C and a superimposed broad component with

a linewidth of a 1,000 Hz that appeared toward the low

temperature end of the transition. Before the transition mid-

point, the signal height of the narrow component decreased

primarily because of signal broadening, whereas below the

transition midpoint signal intensity loss was primarily due to

appearance of a superimposed, kHz-wide resonance. The

resulting non-Lorentzian line shape is visible both in

spinning center- and sidebands (Fig. 1 C).
The temperature-dependent spectral changes above are in

agreement with expectations based on the general appear-

ance of PC-cholesterol phase diagrams (2,5). Let us discuss

appearance of chain methylene resonances first. At suffi-

ciently high cholesterol content, published phase diagrams

indicate that the mixture changes from pure ld to an ld-lo
phase coexistence and then to an lo-so coexistence as tem-

perature is lowered. According to 2H NMR, the domains in

the ld-lo coexistence are in a size range that yields spectra that

are broadened by medium rate exchange of lipids between

phases (vide infra). Because the differences in 1H NMR

resonance linewidth between spectra of ld and lo phases are

somewhat smaller than the differences in 2H NMR

quadrupolar splittings, the 1H MAS NMR spectra of SOPC

with ld-lo exchange are likely to be in the range of fast

exchange. Therefore resonances are expected to be homo-

genously broadened, with a linewidth that increases with

increasing lo content, as it was observed. Over the phase

transition, with decreasing temperature the ld phase disap-

pears and so appears. Lipids in the so phase are in slow

FIGURE 1 (A) Spectra of SOPC, SOPC/cholesterol 85:15 mol %, and

SOPC/cholesterol 70:30 mol % at 37�C. The first order spinning sidebands

are shown in the inset with 20-fold magnification. (B) Temperature-

dependent changes of 10 kHz 1H MAS NMR spectra of SOPC multilamellar

vesicles. Superimposed spectra are shown to emphasize the presence of

isosbestic points in the course of the gel-to-liquid crystalline phase

transition. Bold lines show spectra taken at the highest (37�C) and at the

lowest (2�C) temperatures. The first order spinning sidebands are shown in

the inset with 20-fold magnification. (C) Temperature-dependent changes of

10 kHz 1H MAS NMR spectra of SOPC/cholesterol 70:30 multilamellar

vesicles. Superimposed spectra are shown to emphasize the presence of

isosbestic points in the phase coexistence region. Bold lines show spectra

taken at the highest (37�C) and at the lowest (2�C) temperatures. The first

order spinning sidebands are shown in the inset with 20-fold magnification.
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exchange with lo and ld. They are seen as a kHz-wide res-

onance that is superimposed on the homogeneously broad-

ened signal of the combined signal of ld and lo phases.

Signal broadening of glycerol and headgroup resonances

upon transition from ld to ld-lo phase coexistence is much

smaller than for the chain methylene protons, and spectral

differences are less distinct. At lower temperatures the broader

resonances of lipids in the so phase are superimposed. Choline

headgroup signals are similar in lo and so phases but are

sensitive to headgroup dehydration (49).

Appearance of 1H MAS spectra is in agreement with

calorimetric measurements on SOPC-cholesterol mixtures

(50,51). By calorimetry two partially superimposed transi-

tions were identified, a broad transition at higher tempera-

ture, which has been tentatively assigned to entering ld-lo
phase coexistence and a narrower transition at lower tem-

perature most likely related to so phase formation. The

temperatures of both DSC transitions agree with the tem-

perature ranges of spectral changes in the proton MAS NMR

spectra.

2H NMR experiments on SOPC-d35-cholesterol

The onset of so phase formation is more conveniently

detected by 2H NMR experiments on SOPC-d35 with a

perdeuterated stearic acid chain. Characteristic spectra of

SOPC-d35-cholesterol mixtures as a function of temperature

are shown in Fig. 3. The formation of the so phase is reflected

by appearance of the much broader so resonance that is

superimposed on the narrower spectrum from liquid phases.

The transition is also visible as a discontinuity in the plot of

the first spectral moment, M1, versus temperature (Fig. 3 C).
The midpoint of the ld-so phase transition of plain SOPC-

d35 bilayers was at 3.5�C 6 0.5�C. Addition of 15% cho-

lesterol significantly increased lipid quadrupolar splittings

of the lo phase, decreased the temperature at which the so
phase appeared to 2.0�C 6 0.5�C, and broadened the

transition. The molar ratio of SOPC-d35 in lo and so phases

was determined by spectral analysis as described earlier

(4,59,60). Briefly, a judiciously determined fraction of the

spectrum obtained at the higher cholesterol concentration

that is enriched in lo is subtracted from the spectrum at lower

cholesterol content to yield the spectrum of a pure so phase.

The upper and lower sterol concentrations at which pure so
and lo states are formed are then calculated by the lever rule

from the fractional intensities of superimposed lo and so
spectra. We applied this approach to the spectra of SOPC-

d35-cholesterol mixtures at molar ratios 85:15 and 70:30 and

obtained phase boundaries at cholesterol concentrations of

7–9% for the transition from the so phase to so/lo phase
FIGURE 2 (A) Temperature dependence of the methylene resonance

intensity at 1.3 ppm in the spinning centerband for SOPC, SOPC/cholesterol

85:15 mol %, and SOPC/cholesterol 70:30 mol %. (B) Plot of the first

spinning sideband/centerband intensity ratio for SOPC, SOPC/cholesterol

85:15 mol %, SOPC/cholesterol 70:30 mol %, and DPPC/cholesterol 70:30.

(C) 1H MAS NMR spectra of SOPC, SOPC/cholesterol 85:15 mol %,

SOPC/cholesterol 70:30 mol %, and DPPC/cholesterol 70:30 (from top to

bottom) at the low temperature end of the transition at 4�C, �2�C, �4�C,

and 35�C, respectively. The first order spinning sidebands are shown in the

inset with 20-fold magnification. The SOPC spectrum corresponds to the so
phase; SOPC/cholesterol 85:15 mol % represents coexistence of so and lo,

and SOPC/cholesterol 70:30 mol % is mostly the lo phase.

1H MAS NMR of Rafts 2055
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coexistence and 35–38% for the transition from so/lo to a

single lo phase (Fig. 4). The spectral subtraction procedure

worked reliably over the temperature range from �2�C
to �11�C. Due to temperature-dependent changes in the

spectra of lo and so phases, the distinction between the

phases at lower temperatures became uncertain. Previously

those temperature-dependent changes were related to a

continuous slowdown of diffusive axial rotation of lipids

(15,61,62).

Deuteration of the sn-1 chain lowered the ld-so phase

transition of pure SOPC by 2.5 degrees. To be able to

combine results of 1H MAS NMR and 2H NMR experiments

in one phase diagram, we also recorded the 1H MAS NMR

spectra of the SOPC-d35/cholesterol mixture 70:30 mol %

as a function of temperature. The phase behavior of the

deuterated SOPC-cholesterol was indistinguishable from

protonated SOPC-cholesterol after adding 3�C to all phase

transition temperatures.

SOPC-cholesterol phase diagram

The SOPC-cholesterol results presented above are consis-

tent with the phase diagram shown in Fig. 4. The onset of the

decay 1H MAS NMR intensity of the methylene signal

of hydrocarbon chains at 1.3 ppm correlated well with the

onset of the high temperature transition seen by DSC (50).

According to the phase diagram this is a transition from the ld
phase to the ld-lo phase coexistence. The dashed line on the

phase diagram represents the boundary of the ld-lo phase

coexistence region. Because of the low number of experi-

mental data points, this boundary is only a visual guide. The

Gibbs phase rule applied to a binary lipid mixture predicts

that coexistence of ld, lo, and so phases can only be observed

at one specific temperature (3�C) in the phase diagram. At

lower temperatures the spectra of SOPC/cholesterol 85:15

mol % and 70:30 mol % correspond to coexistence of lo and

so phases and at higher temperature to coexistence of ld and

lo. Our results provide strong evidence for this phase diagram

at temperatures below �2�C but could be consistent with

other diagrams that do not show immiscibility of lo and ld
phases at high temperature.

Based on the SOPC-cholesterol phase diagram it is fea-

sible to determine the SOPC spectra of pure ld, lo, and so
states (Figs. 1 A and 2 B). At 30 mol % cholesterol in SOPC

in the mixture, the lo phase content is 85–90% at low tem-

perature. Therefore the spectrum of the SOPC/cholesterol

70:30 mol %mixture below 3�C is very close to the spectrum

of a pure liquid-ordered phase (Fig. 2 C). Spectra of the

pure ld phase are detected at sufficiently high temperature,

and spectra of the pure so phase are detected at low tem-

perature and low cholesterol content. There are distinct dif-

ferences in the linewidth of the methylene proton resonance

FIGURE 3 (A) Deuterium NMR spectra

of SOPC-d35 recorded at �24�C, �14�C,
�9�C, �1�C, 1�C, 2�C, 3�C, 6�C, and

26�C. (B) Deuterium NMR spectra SOPC-

d35/cholesterol 70:30 mol % recorded at

�33�C,�23�C,�13�C,�8�C,�3�C, 2�C,
7�C, 17�C, and 27�C. (C) Temperature

dependence of first moments, M1, of deu-

terium NMR spectra of SOPC-d35 (s),

SOPC-d35/cholesterol 85:15 (n), and

SOPC-d35/cholesterol 70:3 (:).

FIGURE 4 Schematic phase diagram of a SOPC-cholesterol binary

mixture as discussed in the text. The lines connecting the points are guides to

the eye. The following points were determined from DSC data (¤, onset;),

completion of the phase transition) (43), from protonMASNMR (n, onset;h,

completion), and from deuterium NMR (d,s). Phase transition temperatures

measured by 2H NMR on sn-1 chain deuterated SOPC were raised by 3�C
to compensate for the difference in phase transition temperatures between

deuterated and protonated lipids.
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of hydrocarbon chains at 1.3 ppm between the ld phase,

50–100 Hz, the lo phase, 500 Hz to 1 kHz, and the so phase,

1–3 kHz (Fig. 2 C).
The temperature-dependent changes in the 1H MAS NMR

spectra of the SOPC/cholesterol70:30 mol % sample reflect

the onset of the lo phase in the membrane as temperature is

lowered. Although this transition is very well detected in the
1H MAS spectra as significant broadening of the 1.3 ppm

resonance, the 2H NMR spectra of the deuterated lipid do not

show a distinct discontinuity. In contrast, appearance of the so
phase resulted in large spectral changes in the 2HNMR spectra

(M1, Fig. 3 C), whereas the 1H MAS NMR spectra showed

only additional broadening that was difficult to distinguish

from the already broadened resonances of the lo phase.

The appearance of a gel phase is detected in the 1H MAS

spectra as well by following the intensity ratio of center- to

sideband intensity (Ic/Is) of chain methylene resonances. The

chain order parameters in the so phase are much higher,

resulting in a lower Ic/Is ratio. The discontinuity in the plot of

the Ic/Is versus temperature is a sensitive measure for ap-

pearance of the so phase, as seen in the spectra of the SOPC/

cholesterol 85:15 mol % mixture (Fig. 2 B). The so phase

content in the 70:30 mol % spectra is very low. Conse-

quently, both the temperature dependence of the Is/Ic ratio of

the 1H MAS NMR and the M1 temperature dependence of

the 2H NMR spectra do not show a distinct discontinuity.

How general are the spectral characteristics of the lo phase

in 1HMASNMRspectra? To address this questionwe studied

aDPPC/cholesterol 70:30mol%mixture that is in the lo phase

according to the phase diagram reported by Vist and Davis

(4). After correction for the difference in phospholipid phase

transition of temperatures (41�C vs. 6�C), the spectra of the
DPPC-cholesterol (Fig. 2C, the bottom spectrum) and SOPC-
cholesterol mixtures are very similar. The temperature

dependence of the Is/Ic intensity ratio of theDPPC/cholesterol

70:30 mol % also resembles behavior of the SOPC/choles-

terol 70:30 mol % mixture (Fig. 2 B).

1H-1H interpair dipolar interactions

MAS is capable of averaging spatial anisotropic tensors with

axial symmetry, e.g., the 1H-1H dipole-dipole interaction

between the two protons in a methylene group. The resulting
1H MAS spectra have excellent resolution in the spectral

centerband. However, those favorable tensor properties may

get lost when strong fluctuating ‘‘interpair’’ dipolar interac-

tions from protons of neighbored methylene groups are

superimposed on intrapair dipolar couplings. It was inves-

tigated if the transition to the lo phase is related to an increase

of interpair dipolar interactions.

In dipolar echo spectroscopy (54,58) stronger interpair

dipolar interactions result in a faster echo decay. For lipids in

the so phase the echo decay is a superposition of a fast decay

arising from sections of the aliphatic chains and the glycerol

and a slower decay from the polar headgroups (55). The

interpair dipolar interactions in the ld phase are strongly

reduced due to rapid gauche/trans isomerization of hydro-

carbon chains resulting in a much slower decay of dipolar

echo amplitudes. Also fewer protons contribute to the lipid

regions of highest interpair moment, seen as a decrease of

fractional intensity of fastest decay.

We studied the dipolar echo decay for plain SOPC and the

SOPC/cholesterol, 70:30 mol % mixture above and below

the phase transition temperature (Fig. 5) to determine if the

interpair moment increases with lo phase formation. Exper-

imental values of highest Mip
2iwere compared with calculated

values. A rigid hydrocarbon chain in all-trans conformation

that performs rapid diffusional motions about its long axis

FIGURE 5 (A) Delay time dependence of the dipolar echo maximum for

SOPC (solid symbols) and SOPC-d35/cholesterol 70:30 (open symbols),

measured at temperatures of 17�C (circles), 4�C, and�13�C (triangles). The
curves were shifted along the y axis to reduce overlap. (B) Interpair dipolar

moments determined from the slope of curves at short delay times as shown

in panel A.
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has an interpair moment of 2.32 3 10�8 T2 (55). At low

temperatures the highest Mip
2i values for both SOPC and

SOPC/cholesterol 70:30 mol % samples are slightly lower

than the values calculated for a chain in all-trans configu-

ration. Therefore, in both the lo and so phase, the probability

of gauche/trans isomerization of lipid acyl chains is very

much reduced. In addition to an increase in the strength of

interpair interactions, we also observed an increase in the

number of lipid protons in the membrane regions with

highest interpair moments. This suggests that fluctuating,

strong dipolar interactions between neighbored methylene

groups of hydrocarbon chains are responsible for the sub-

stantial increase of linewidth of chain lo phase resonances in

the 1H MAS NMR spectra.

DOPC/DPPC/cholesterol

The results above suggested that 1H MAS NMR is a

powerful method for detection of ld-lo phase coexistence. We

tested this proposition by investigating a DOPC/DPPC 1:1

mixture containing 30% cholesterol for which ld-lo phase

coexistence had been detected previously by fluorescence

microscopy on giant unilamellar liposomes (28,42). In the

fluorescence experiments, ordered states (lo and so) were

associated with domains that appeared dark in the fluorescent

microscope because of exclusion of fluorescent dye. The

regions of ld phase contained higher concentrations of the

fluorescence dye and are brighter. The circular shape of dark

ordered domains allowed their assignment as lo (28,30),

which was also confirmed by deuterium NMR (43).

It was reported that upon lowering temperature, themixture

converted from ld to ld-lo phase coexistence at 30�C. With

decreasing temperature, the lo domains grew in size until they

covered 50% of the membrane surface at 10�C (Fig. 6 B).
We detected a significant increase in linewidth of lipid reso-

nances in the 1H MAS NMR spectra that coincided with the

appearance of the lo phase (Fig. 6 A). The bold spectra were

recorded at 45�C and 8�C, the highest and lowest tempera-

tures, respectively. The superimposed spectra displayed a

series of isosbestic points indicating superposition of spectra

from two states. However, some deviations from isosbestic

behavior were observed in the spectral range covering the

chain methylene resonances 0.5–2.5 ppm at the onset of

broadening near 30�C. The latter agrees with observations

from 2H NMR experiments that were published earlier (43).

According to those results, the lo phase domains at temper-

atures near 30�Care sufficiently small to result in intermediate

exchange of lipid molecules between lo and ld phases on the

NMR timescale. Nevertheless, the onset of lo phase formation

is easily detected in the plot of the 1.3 ppm signal versus

temperature, which has a distinct break point at 30�C.
The amount of lo and ld phase at 8�C was determined by

subtraction of a judiciously determined fraction of the high

temperature spectrum recorded at 45�C, representing the ld
phase. To compensate for the minor temperature dependence

of ld phase spectra, the free induction decay was multiplied

with an exponential window function corresponding to a

spectral broadening of 100 Hz. The criterion for proper

subtraction was appearance of the difference spectrum (Fig.

6 A, bottom panel). Subtracting too much ld phase intensity

resulted in negative spikes, whereas subtracting too little

produced positive spikes. The spectrum of the pure lo state,

obtained by subtraction of 35% ld phase intensity, is shown

as a bold line in the bottom panel of Fig. 6 A. At 8�C 33 6

7% of the lipids were in lo phase. We used this subtraction

approach to determine the fraction of phospholipids in ld and

lo phases as a function of temperature and compared it with

the ld and lo phase fractions determined from the area esti-

mates in fluorescence microscopy studies (Fig. 6 B). There is
a reasonable agreement, especially with regard to the onset

FIGURE 6 (A) The top panel shows the superimposed 1H MAS NMR

spectra of DOPC/DPPC 1:1 30 mol % cholesterol, recorded as a function of

temperature. Spectra recorded at the highest (45�C) and the lowest (8�C)
temperatures are shown as bold lines. The bottom panel shows the spectrum

of the pure lo phase at 8�C. It was generated by subtraction of a judiciously

chosen fraction of the pure ld phase spectrum, recorded at 45�C. The bold

line corresponds to subtraction of 35 mol % of ld. The thin lines reflect

subtraction of smaller or larger amounts of ld. (B) Fraction of lipid in the

disordered state as a function of temperature determined from the 1H MAS

spectra (s) and the area fraction of disordered domains determined by

fluorescence microscopy (n) (S. L. Veatch and S. L. Keller, unpublished).
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temperature of lo formation. It should be noted that there can

be a systematic deviation between NMR and fluorescence

results because NMR reports fractions of proton resonance

intensity of superimposed ld and lo resonances, whereas the

fluorescence analysis reports fractions of lateral area of ld and

lo phases. Also, the procedure above does not account for

changes in the composition of ld and lo phases that may result

in minor spectral changes. This is visible for the resonance at

2.05 ppm, which is unique to DOPC. The prominence of the

2.05 ppm resonance after spectral subtraction (Fig. 6 A
bottom) is indicative for enrichment of the ld phase with

DOPC.

DISCUSSION

It was observed that the 1H MAS NMR spectra of the liquid-

disordered, the liquid-ordered, and the solid-ordered phases

are distinctly different. At a MAS frequency of 10 kHz, the

resonance of hydrocarbon chain methylene protons at 1.3

ppm had a linewidth of ;50Hz in the ld phase, ;1 kHz in

the lo phase, and several kHz in the so phase. By
1H NMR

dipolar echo spectroscopy, it was determined that the ef-

fective strength of intramolecular 1H-1H dipolar interactions

between the protons of adjacent methylene groups increases

upon transition to the lo phase, most likely because of a lower

probability of gauche/trans isomerization. The resolution of

resonances depends on the tensorial properties of 1H-1H

dipole-dipole interactions in lipid hydrocarbon chains. If the

tensor commutes with itself at all different tensor orientations

under MAS sample rotation, then spectra are inhomoge-

neously broadened and relatively low MAS frequencies are

sufficient to convert the spectra into resonances with narrow

centerband resonances and spinning sidebands (63,64). In-

teractions between pairs of protons, like those in a methylene

group, fulfill this commutation condition. However, multi-

proton interactions, like those between adjacent methylene

groups, in combination with a low probability of chain isom-

erization, may result in homogeneous line broadening that is

not resolved at modest MAS frequencies.

This linebroadening of chain resonances in the lo phase

took place without apparent reduction of diffusional motions

of lipids about the bilayer normal. The 2H NMR spectra

of lipid hydrocarbon chains in lo clearly indicate that lipid

rotational diffusion measured on the timescale of 10�5 s is

still sufficiently fast. This is in clear distinction to the so
phase where lipid hydrocarbon chains are packed in a crys-

talline lattice and chain rotational diffusion is drastically

reduced. In the so phase not only 1H-1H dipole-dipole in-

teractions between neighbored methylene groups of the same

hydrocarbon chain but also intermolecular interactions con-

tribute to the dipolar Hamiltonian. The so phase spectra are

homogenously broadened, and resolution of the 1H MAS

resonances is even lower compared to lo.

The strong linebroadening of chain resonances upon

transition of lipids into the lo phase makes 1H MAS NMR a

sensitive tool for detection of lo-domains, irrespective of their

size. Appearance of spectra in mixed phase states depends on

the rate of lipid exchange between the domains. When do-

mains are small, lipidsmay exchange rapidly between ld and lo
states. In case of rapid exchange, the resonance lines have

Lorentzian shape with a linewidth, Dn1/2, that reflects the

fractional contributions of ordered and disordered phases

Dn1=2 ¼ poDn
o

1=2 1 pdDn
d

1=2;

where po and pd are the mol fraction of liquid-ordered and

-disordered phases, respectively, and Dno1=2 and Dn
d
1=2 are the

linewidth of resonances from those phases. Because the

linewidth of chain resonances in lo is more than one order of

magnitude larger compared to ld, even a small fraction of an

lo phase in exchange with ld increases Dn1=2significantly and

reduces signal height. This is easily detected in a plot of

signal intensity versus temperature. The graphs show a dis-

tinct break point at the onset of lo phase formation (Figs. 2 A
and 6 B).
Formation of large domains results in signal superposition

of ld and lo phase resonances, seen as isosbestic points in

superimposed spectra recorded as a function of temperature.

The onset of lo phase formation is initially seen as propor-

tional intensity loss of the ld resonance. The much broader lo
resonance has very low intensity and becomes visible only

after a substantial fraction of lipid has converted to lo.

The rate of lipid exchange, which determines NMR line

shape, depends on domain size, diffusion rates within do-

mains, and the rate of lipid transfer between phase bound-

aries. Studies on cholesterol-lipid mixtures (24–26) have

shown that lipid diffusion rates in lo are by the factor of 2–3

lower than those of ld. Recent experiments on lipid diffusion

in cholesterol-lipid mixtures conducted with MAS at this

laboratory yielded a twofold increase of activation energies

of lipid diffusion in the ld-lo phase coexistence region but no

indications for confinement of lipid diffusion to submicrom-

eter size domains (26). Thus the rate of lipid exchange

between ld and lo phases depends primarily on domain size

and shape.

Crude estimates of domain size are obtained from the

condition that NMR resonances convert from homogenous

signal broadening to signal superposition due to lo-ld ex-

change (medium rate exchange). This rate is k � pðDno1=2�
Dnd

1=2Þ � pDno1=2. For simplicity, it is assumed that the

domain diameter, d, is twice the distance traveled by diffusion
during the time t ¼ 2=k. With Dno1=2¼ 1 kHz and D ¼ 5 3

10�8cm2/s, the domain size for medium rate exchange

is d ¼ 2
ffiffiffiffiffiffiffiffiffi
4Dt

p
� 226 nm. Formation of smaller domains

results in fast exchange and homogenously broadened spectra

as observed for ld-lo phase coexistence in cholesterol-SOPC

mixtures, as well as in DOPC/DPPC 1:1 cholesterol 30%

mixture at the onset of lo domain formation near 30�C. At
somewhat lower temperatures, the domains in this mixture

became much larger, resulting in signal superposition.
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Lipid diffusion rates in the so phase are much lower,

resulting almost always in slow exchange of lipids between

lo and so phases. The 1H MAS NMR spectra are a super-

position of resonances from lo and so phases. This is difficult

to detect from spectra of chain resonances alone that are

broad for both lo and so phases, but the lower center/sideband

intensity ratios of chain resonances in lo are indicators for

lo-so phase coexistence.
1H MAS NMR has not only the advantage of detecting lo

phase formation with high sensitivity, it does so without the

need for isotopic labeling of lipid constituents. It appears to

be feasible to use this method for detection of liquid-ordered

and solid-ordered domains not only in model membrane

systems but also in biological membranes. The method has

very high sensitivity, permitting us to conduct experiments

on submilligram quantities of membrane material, including

cell membrane preparations and even tissue samples.
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