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Abstract

The effect of a-tocopherol on the structure and phase behaviour of 1-palmitoyl-2-oleoyl-phosphatidylcholine was examined by real-time

synchrotron X-ray diffraction and freeze-fracture electron microscopic methods. X-ray scattering intensity was recorded from mixed aqueous

dispersions of phospholipid with 2.5, 5, 10 and 20 mol% a-tocopherol during temperature scans at 3j/min between � 25 and 10 jC. A ripple

structure is induced by the presence of a-tocopherol that coexists with the ripple phase characteristic of the pure phospholipid in mixtures

containing 2.5 mol% a-tocopherol but completely replaces it in mixtures containing greater proportions of a-tocopherol. Freeze-fracture

replicas of dispersions containing 5 mol% a-tocopherol indicate a ripple phase with a periodicity of about 9 nm. Increasing amounts of a-

tocopherol result in a progressive reduction in temperature of the gel to liquid–crystal phase transition and broadening of the transition. Two

lamellar phases coexist in the liquid–crystal state, one with a spacing of 6.4 nm assigned to an a-tocopherol-enriched lamellar structure and

the other with a lamellar repeat of 6.1 nm corresponding to bilayers of pure phospholipid.
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1. Introduction

a-Tocopherol is believed to have two primary functions

in cells. Its major role is regarded to be to act as an

antioxidant to prevent free radical damage to tissues and

specifically to unsaturated lipids of membranes [1–5]. The

second function is to stabilize the structure of membranes by

forming complexes with lipid hydrolytic products such as

lysophosphatides and free fatty acids [6]. A number of

studies [7–13] have attempted to probe the location and

function of a-tocopherol in membranes by determining its

molecular interaction with phospholipids. These studies

concluded that a-tocopherol has its hydroxyl group located

near the polar interface of the lipid bilayer with the prenyl

side chain extending into the hydrocarbon interior. Interca-

lation of the molecule between the phospholipids affects the

thermotropic phase behaviour of the phospholipid such that

increasing proportions of a-tocopherol progressively

broaden the temperature range of the gel to liquid–crystal-

line phase transition of phosphatidylcholines. It has been

consistently observed in the thermal studies of mixtures of

a-tocopherol with saturated phosphatidylcholines that the

presence of a-tocopherol apparently eliminates the pretran-

sition enthalpy [8,14–18]. Furthermore, evidence from

synchrotron X-ray diffraction and freeze-fracture electron

microscopy have shown that different ripple structures are

induced by a-tocopherol and which extend to temperatures

well below the main transition of the pure phospholipids

[19].

The effect of a-tocopherol on phospholipid structure and

phase behaviour differs depending on the headgroup, the

length and extent of unsaturation of the carbon chains of the

phospholipids [19–23]. In biological membranes, most

phospholipids possess mixed acyl chain composition includ-

ing fatty acyl residues with one or more cis double bonds

[24]. To more closely mimic the lipid matrix of biological

membranes, bilayer dispersions of 1-palmitoyl-2-oleoyl-
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phosphatidylcholine were used to examine the effects of the

presence of a-tocopherol. The use of synchrotron X-ray

diffraction methods has allowed us to characterise the phase

behaviour of mixed aqueous dispersions of the phospholipid

with a-tocopherol as well as identify an induced ripple

phase. Of particular relevance to biological membranes is

the finding that phase separated domains of phospholipid

enriched in a-tocopherol coexist with pure phospholipid

bilayers in the fluid phase.

2. Materials and methods

1-Palmitoyl-2-oleoyl-sn-phosphatidylcholine (POPC)

was purchased from Avanti Polar Lipids (Alabaster) and

a-tocopherol from Acros Organics (Geel, Belgium). The

lipids were dissolved in chloroform and mixed in appro-

priate proportions to achieve the desired molar fractions

(mol% = 100%�mol a-tocopherol/(mol a-tocopherol +mol

POPC)). The solvent was evaporated under a stream of

oxygen-free dry nitrogen and stored for 24 h under vacuum

to remove any remaining traces of solvent. The lipid

mixtures were hydrated with an equal weight of water at

80 jC for at least 1 h and dispersed by a rotamixer until

homogeneous dispersions were obtained. The lipid disper-

sions were stored at 4 jC for 24 h before examination. The

method of preparation and storage gave reproducible phase

behaviour when samples prepared at different times were

examined by X-ray diffraction.

Synchrotron X-ray diffraction experiments were per-

formed using a monochromatic (0.15405 nm) focused X-

ray beam at station 8.2 of the Daresbury Synchrotron

Radiation Laboratory, UK. The camera configuration

allowed detection of small-angle and wide-angle X-ray

scattering with a minimum of parallax error [25]. The beam

line generates a flux of 4� 1010 photons per second with a

focal spot size of 0.3� 3 mm2 (V�H) when the synchro-

tron radiation source is operating at a nominal 200 mA. The

samples were mounted in a slot (1� 5 mm) cut in a 1-mm-

thick copper plate sandwiched between a pair of thin mica

sheets. The sandwich was clamped to the silver block

containing the temperature sensing and modulating elements

of a cryomicroscope stage (Linkam Scientific Instruments,

UK). Temperature scans in heating and cooling modes were

performed at 3j/min. X-ray scattering intensities at small

angles (2h = 0.043–7.9j) were recorded using a multiwire

quadrant detector. X-ray scattering intensities at wide angles

(2h = 8–60j) were recorded using an INEL curved linear-

wire detector (INstrumentation Electronique, France). Data

were acquired in 400 consecutive time frames of 5 s and

separated by a dead time between frames of 50 ms.

Experimental data were analysed using the OTOKO soft-

ware (EMBL, Hamburg, Germany) programme [26]. Scat-

tering intensities at low-angles (SAXS) were corrected for

fluctuations in beam intensity and detector response

recorded from an 55Fe source. Spatial calibrations were

obtained using 21 orders of wet rat-tail collagen (d = 67

nm) [27]. The scattering intensities recorded at wide angles

(WAXS) by the INEL detector were corrected for scattering

from an empty cell and spatial calibrations were established

from high-density polyethylene (0.4166, 0.3780, 0.3014

nm) [28]. The reciprocal spacing S = 1/d = 2 sin(h)/k, where
d, k, h are the repeat distance, X-ray wavelength and the

diffraction angle, respectively.

Freeze-fracture electron microscopy: Samples and tools

used for sample manipulation were equilibrated at the

desired temperature for at least 15 min. For cryofixation,

a small drop of the suspension was sandwiched between

two copper plates and manually plunged into liquid pro-

pane. Fracturing and shadowing were performed at � 150

jC in a BAF 400D freeze-etching device (Balzers, Liech-

tenstein). The replicas were cleaned with chloroform and

examined using a CEM 902A (Zeiss, Germany) electron

microscope.

3. Results and discussion

The effect of a-tocopherol on the phase behaviour of

POPC was examined by synchrotron X-ray diffraction

methods. Plots of X-ray diffraction intensity vs. scattering

angle were recorded from aqueous dispersions of the pure

phospholipid and codispersions of phospholipid with a-

tocopherol during a heating scan from � 25 to 10 jC at

3j/min. Data were collected simultaneously in the SAXS

and WAXS regions, respectively. The result of a heating

scan of a dispersion of the pure phospholipid is shown in

Fig. 1. At temperatures less than � 12 jC, a lamellar phase

is observed with a d-spacing of 6.2 nm; there is a sharp

symmetrical peak in the WAXS region centred at 0.43 nm

indicating that the hydrocarbon chains are packed in a gel

phase configuration and oriented close to perpendicular to

the plane of the bilayer. Two sharp peaks centred at spacings

of 0.39 and 0.37 nm represent reflections from hexagonal

ice. Upon heating above � 12 jC, there is a progressive

expansion of lattice spacings for both SAXS and WAXS

regions and appearance of a peak at about 16.5 nm. This is

shown more clearly in a plot of the logarithm of scattering

intensity presented in Fig. 1c and is assigned as a repeat

spacing of a ripple phase (Ph). Evidence of a transition to an

La phase first appears in the SAXS region as a shoulder on

the first-order lamellar repeat of the Ph phase at about � 2

jC and continues throughout the ice melting at 0 jC. The
transition coincides with a decrease in intensity of the sharp

WAXS peak at 0.43 nm (� 5 jC) and its replacement by a

broad scattering band at 0.45 nm (5 jC) (Fig. 1b) indicating
disordering of the hydrocarbon chain packing associated

with transition to the liquid–crystal phase. The mid-point of

the gel to liquid–crystal phase transition is about 0.5 jC.
This is a few degrees higher than recorded for phospholipid

dispersed in aqueous media containing solutes that perturb

the temperature of ice formation and values for the main
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transition around � 2.3 jC are commonly reported [Lipidat

data base].

The results of a heating scan of a mixed aqueous

dispersion of POPC containing 2.5 mol% a-tocopherol are

presented in Fig. 2. At temperatures below 0 jC, additional
peaks are observed due to the presence of a-tocopherol.

These peaks have d-spacings of 7.60, 5.56, 3.50, 3.21 and

2.95 nm in the SAXS region, which are shown more

distinctly in the plot of the logarithm of scattering intensity

recorded at � 5 jC in Fig. 2c. The temperature dependence

of the d-spacings of these additional peaks differ from that

observed for the lamellar phase with a d-spacing of 6.20 nm

and they are assigned to reflections from a ripple phase. A

ripple phase characterised by a (1,0) reflection at 16.7 nm

(� 5 jC) was observed below the main transition (Fig. 2c);

however, the scattering intensities of this ripple phase are

reduced compared with the pure phospholipid and the

temperature range is narrowed. Judging from the temper-

ature dependence of the sharp WAXS peak from the hydro-

carbon chain, packing the mid-point of the transition from

gel to liquid–crystal phase is about � 1.5 jC. Two lamellar

phases coexist in the fluid phase; one corresponding to the

Fig. 1. Plots of SAXS (a) and WAXS (b) intensity profiles versus reciprocal

spacing as a function of temperature of a fully hydrated dispersion of POPC

recorded during a heating scan from � 21 to 9 jC at 3j/min. Each

diffraction pattern represents scattering accumulated in 10 s. (c) The profile

in SAXS recorded at 0 and � 5 jC are plotted as the logarithm of intensity

to emphasize the minor bands.

Fig. 2. Plots of SAXS (a) and WAXS (b) intensity profiles versus reciprocal

spacing as a function of temperature of a codispersion of 2.5 mol% a-

tocopherol in POPC recorded during a heating scan from � 23 to 7 jC at

3j/min. Each diffraction pattern represents scattering accumulated in 10 s.

(c) The profile in SAXS recorded at � 5 jC is plotted at the logarithm of

intensity to emphasize the minor bands.
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lamellar phase of pure POPC (d-spacing 6.10 nm) and a

more intense peak with a d-spacing of 6.36 nm assigned to

an a-tocopherol enriched phase.

Further studies were performed on mixed dispersions of

POPC containing greater proportions of a-tocopherol to

confirm the trends observed with 2.5 mol% a-tocopherol.

Fig. 3a,b shows X-ray diffraction patterns recorded during

a heating scan at 3j/min of a mixed aqueous of dispersion

of POPC containing 5 mol% a-tocopherol. The lamellar

diffraction bands centred at 6.3 nm (� 20 jC) were

considerably broadened compared with the corresponding

peaks present in the mixture containing only 2.5 mol% a-

tocopherol (Fig. 2a). These broad bands can be resolved

into two peaks with spacings corresponding to 6.33 and

6.25 nm (� 20 jC), respectively. The position of these two

peaks show different temperature dependencies upon heat-

ing suggesting they originate from different structural

features. The peak at 6.33 nm is assigned to a lamellar

structure on the basis of a higher-order reflections of the

repeat (data not shown) and the wide-angle data indicates

the presence of gel phase which must be lamellar. The peak

at 6.25 nm shows the same temperature dependency as the

peak at 7.58 nm (� 20 jC) that has been assigned to a

ripple structure and is likely to be a reflection originating

from the same structure.

To provide additional information on the structure of the

ripple phase, electron micrographs of freeze-fracture repli-

cas prepared from these dispersions thermally quenched

from � 10 jC were examined (Fig. 3c). These showed

areas with a ripple structure consistent with an assignment

of these additional peaks in the X-ray diffraction pattern as a

ripple phase. The ripple phase seen in the freeze-fracture

replicas has a periodicity of about 90 nm and is clearly

different from the ripple phase formed by the pure phos-

pholipid which has a ripple repeat of the (1,0) bands in the

region of 17 nm (Fig. 1c). No (1,0) bands of a ripple phase,

however, were observed in this mixture over the temperature

range � 21 to 9 jC, indicating that the presence of a-

tocopherol prevented formation of ripple phase domains

associated with the pure phospholipid.

A cooling scan of this mixture provided further evidence

of the induction of a ripple phase by the presence of a-

tocopherol (Fig. 3d,e). A broad first-order lamellar peak can

be seen in the liquid–crystal phase at temperatures above 0

jC. The WAXS peak indicated transition to a lamellar gel

phase with a mid-point temperature of about � 5 jC. The
lamellar spacing increased from about 6.7 to 7.5 nm during

Fig. 3. Plots of scattering intensity profiles versus reciprocal spacing as a

function of temperature of a codispersion of 5 mol% a-tocopherol in POPC

recorded during a heating scan from � 21 to 9 jC (a, SAXS; b, WAXS) and

cooling from 0 to � 25 jC (d, SAXS; e, WAXS) at 3j/min. Each

diffraction pattern represents scattering accumulated in 10 seconds. (c).

Electron micrograph of a freeze-fracture replica prepared from a

codispersion of POPC containing 5 mol% a-tocopherol thermally quenched

from � 10 jC. The scale bar corresponds to 100 nm.
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the gel to liquid–crystal phase transition. The dispersion

remained in a supercooled state down to a temperature of

� 17 jC when peaks of hexagonal ice appeared. This was

associated with an appearance of a new lamellar phase with

a d-spacing of 6.2 nm and a corresponding decrease in the

residual peak at 7.5 nm. This change in the diffraction

pattern is consistent with a freeze-induced dehydration of

the lamellar phase but no significant change in the super-

imposed ripple structure.

Increasing a-tocopherol to 10 mol% in POPC results in

a change in the relative intensities of the diffraction

maxima observed in the SAXS region. A sequence of

scattering profiles recorded during heating from � 24 to

6 jC is shown in Fig. 4a,b. Two repeat spacings of 7.8 and

6.3 nm (� 20 jC) corresponding to the a-tocopherol-

induced ripple phase and the lamellar repeat spacings,

respectively, were detected. The main transition temper-

ature, as judged by the change in intensity of the sharp

WAXS peak at 0.43 nm and its replacement by a broad

peak at 0.45 nm is at about � 4 jC. Similar SAXS and

WAXS intensity patterns were observed in a mixture of

POPC containing 20 mol% a-tocopherol (Fig. 4c,d). The

main transition temperature in this mixture is observed at

about � 6 jC. It is noteworthy that the ripple structure is

preserved in the frozen dispersion despite transformation of

the lamellar structure into a liquid–crystal phase and

remnants of the ripple structure persist until reflections

from hexagonal ice disappear. This suggests that the ripple

structure is sustained by the freeze-induced dehydration and

cannot relax into the smectic phase until rehydration occurs

above 0 jC. The fluid phase of both these mixtures is

characterised by two lamellar repeat spacings at about 6.4

and 6.1 nm, respectively. Based on the relative scattering

intensities and the lamellar repeat spacing of pure POPC,

the lamellar repeat at 6.4 nm could be assigned to an a-

tocopherol-enriched lamellar phase separated from bilayers

of pure phospholipid.

Phase assignments of the ripple structure induced by a-

tocopherol are more clearly defined in plots of d-spacings

of the SAXS peaks as a function of temperature shown in

Fig. 5. The reflections arising from this ripple structure are

different from those from the ripple phase formed by the

pure phospholipid and the range of temperatures over

which the induced ripple phase is observed is greatly

extended. Of particular note is the temperature dependence

of the two peaks seen in the mixture containing 5 mol% a-

tocopherol which indicates they originate from the same

structure which differs from that of the lamellar repeat.

Previous freeze-fracture electron microscopic studies of the

effect of a-tocopherol on the structure of saturated molec-

ular species of phosphatidylcholines [19] reported that a

disordered ripple structure of periodicity 50–150 nm is

superimposed on a more regular ripple structure of perio-

dicity 16–17 nm oriented perpendicular to the larger

ripples in codispersions containing about 5 mol% a-toco-

pherol. The present results indicate that although the

thermal characteristics of the a-tocopherol-induced ripple

phase is similar in saturated and unsaturated molecular

species of phosphatidylcholine the structure of the ripple

phase is different. Moreover, the ripple structure is present

Fig. 4. Plots of scattering intensity profiles versus reciprocal spacing as a

function of temperature of a codispersion of 10 mol% (a, SAXS; b, WAXS)

and 20 mol% (c, SAXS; d, WAXS) a-tocopherol in POPC recorded during

heating scans from � 24 to 6 jC at 3j/min. Each diffraction pattern

represents scattering accumulated in 10 s.
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in dispersions containing up to 20 mol% a-tocopherol in

POPC whereas in saturated phosphatidylcholines no ripple

phases were induced in codispersions containing more than

10 mol% a-tocopherol.

This is illustrated in logarithmic plots of scattering in-

tensity in the SAXS region of mixtures containing varying

proportions of a-tocopherol in Fig. 6a. The peak associated

with the ripple phase at a spacing of about 7.5 nm is seen in

all mixed dispersions at both � 5 and � 15 jC. The effect

of a-tocopherol on the hydrocarbon chain packing in the

bilayers is shown in Fig. 6b in which the scattering intensity

from the corresponding WAXS peaks are plotted. This

shows that increasing amounts of a-tocopherol caused

progressive disordering of the hydrocarbon chains in the

temperature region below the gel to liquid–crystal phase

transition of the pure phospholipid. A more detailed exami-

nation of the WAXS data was undertaken using plots of the

WAXS intensity vs. temperature and a summary of the

results is presented in Fig. 7. This shows that increasing

amounts of a-tocopherol in dispersions of POPC cause a

progressive reduction in the mid-point of the gel to liquid–

crystal phase transition temperature and cooperativity of the

transition as seen by an increase in the temperature range

over which the transition take place. This is consistent with

the effect of a-tocopherol on enthalpy changes during the

main transition of phosphatidylcholines recorded by calo-

rimetry [17,18].

The present results are consistent with a model in which

a-tocopherol molecules interpolate between POPC mole-

cules in bilayer arrangement. At temperatures lower than the

main gel to liquid–crystal phase transition temperature of

POPC, a characteristic ripple phase is induced and this is

stabilized by freeze-induced dehydration. Phase separation

of bilayers of POPC enriched in a-tocopherol from domains

of phospholipid depleted of a-tocopherol is observed in the

fluid phase. This infers that a-tocopherol is not distributed

randomly in the lipid matrix of biological membranes but

may be phase separated in a-tocopherol-enriched domains.

Fig. 6. A comparison of the X-ray diffraction profiles of codispersions of

POPC with different amounts of a-tocopherol. Logarithm scattering

intensity profiles in the SAXS region at (a) � 5 jC and (b) � 15 jC;
corresponding WAXS intensity profiles at (c) � 5 jC and (d) � 15 jC.

Fig. 5. Small-angle diffraction d-spacings versus temperature during

heating of mixed aqueous dispersions of POPC containing (a) 0 mol%;

(b) 2.5 mol%; (c) 5 mol%; (d) 10 mol%; and (e) 20 mol% a-tocopherol.

The symbols (o) and (.) indicate, respectively, the pure phospholipid and

the a-tocopherol-rich domains.

Fig. 7. Effect of a-tocopherol on the temperature of the main transition

temperature (Tm). Normalized WAXS intensity profiles were calculated as a

function of temperature. Tm (5) was determined as the temperature of half

maximum intensity and the onset and completion temperatures defined the

width of the transition (n).
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How this distribution might relate to the function of a-

tocopherol has yet to be determined.
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