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Abstract

Despite its discovery over 95 years ago, the biological and nutritional roles of vitamin

E remain subjects of much controversy. Though it is known to possess antioxidant

properties, recent assertions have implied that vitamin E may not be limited to this

function in living systems. Through densitometry measurements and small angle X-

ray scattering we observe favorable interactions between α-tocopherol and unsaturated

phospholipids, with more favorable interactions correlating to an increase in lipid chain

unsaturation. Our data provide evidence that vitamin E may preferentially associate

with oxygen sensitive lipids - an association that is considered innate for a viable

membrane antioxidant.

Introduction

Cells have evolved to produce a staggering diversity of lipids, providing cellular membranes

with a remarkable scope of functionality. Within the plasma membrane (PM) alone, hun-

dreds of distinct lipid species organize to serve critical roles as both a barrier to the external

environment, and as a solvent for the membrane’s protein machinery.1 A deeper understand-

ing of membrane phenomena progresses the notion that cell membranes play a very active

role in biology.

Evident from its foundational roles, membrane maintenance is crucial for cellular via-

bility. Therefore, mechanisms must be present to mitigate the deterioration of lipid species

that dictate membranes structure and, in consequence, membrane function. One of the most

ubiquitous avenues of membrane damage is through reactive oxygen species (ROS), or ox-

idants. Aside from exogenous sources, endogenous ROS are regularly produced by various

enzymatic and non-enzymatic pathways as required for cellular homeostasis. Notwithstand-

ing, the introduction of ROS to cell membranes can adversely cause massive and rapid

damage.2–5

Since its discovery in 1922, the biological significance of vitamin E (α-tocopherol) has been
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mystified due to an array of conflicting reports.6 Physiologically, vitamin E deficiency has

been correlated to several health disorders including infertility,7 and neuromuscular dysfunc-

tion,8 yet clear molecular mechanisms for many of these responses remain elusive. Numerous

studies have indicated α-tocopherol (αToc) as an antioxidant in vitro, often interpreting its

function as a fat-soluble peroxyl radical scavenger,9,10 yet, others have directly opposed this

theory.11 Studies have since diverged to show that αToc may in fact have critical roles in

cellular processes such as signaling, apoptosis, protein activity, and gene regulation.8,11–13

Considering the lack of conclusive evidence, the absence of a clear antioxidant health ben-

efit from supplementation, and its significantly low physiological concentrations, skepticism

continues to surround the true biological functions of vitamin E.14

As the most generally accepted role is that of an antioxidant, there are three physical

aspects of vitamin E which are essential to justify an antioxidant mechanism: location, mi-

gration, and solubility. Vitamin E must properly orientate itself to perform as an antioxidant,

be able to translate rapidly to the site of oxidation, and associate with oxidation-sensitive

lipid environments. In fact, most recently the in vitro location of αToc has been used to

reinforce its lipid-protecting role by demonstrating that its structure is oriented precisely in

the membrane to intercept reactive free-radicals in addition to terminating chain oxidation

reactions.4,15,16

Past studies have aimed to address the migration aspect of an antioxidant role. It has

been suggested that sufficiently rapid lateral diffusion of αToc in the membrane could be a

mechanism to compensate for low in vitro concentrations. To this end, Nau and co-workers

used fluorescence quenching techniques to report that αToc does not significantly alter the

lateral diffusion of phospholipids, and moreover, that αToc does not diffuse exceedingly

fast compared to the phospholipids themselves.17–19 These results have since largely been

recapitulated in silico.20

Here, we begin to identify the interaction of vitamin E with different lipid environments

by means of small angle X-ray scattering (SAXS) and densitometry, and thereby provide
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the essential link between oxidation sensitive lipid membrane environments and the affinity

of vitamin E. By incorporating αToc into a range of lipid vesicle systems of varying de-

grees of unsaturation and measuring the molecular volume of both the lipid and αToc using

densitometry,21 we observe the excess volume of mixing αToc, with SAXS measurements

yielding barely distinguishable bilayer structures. Simply, a negative excess volume of mix-

ing is indicative of a favourable interaction and a positive excess volume is an unfavourable

interaction. Ultimately, the antioxidant hypothesis for vitamin E hinges upon a preferen-

tial association, and thereby a negative excess volume of mixing in oxygen-sensitive lipid

environments.

Methods and Materials

Phospholipids were purchased from Avanti Polar Lipids (Alabaster, AL) and used as re-

ceived. The lipids examined include 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, di-

16:0PC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, 16:0-18:1PC), 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC, di-18:1PC), 1,2-dilinoleoyl-sn-glycero-3-phosphocholine

(DLiPC, di-18:2PC). Sunflower phosphotydilcholine (SPC) extract was obtained from the

American Lecithin Company (Oxford, CT). RRR-α-tocopherol was purchased from Sigma

Aldrich (Milwaukee, WI) as an oil and was used as received.

Small Angle X-ray Scattering

For X-ray experiments, lipid stock solutions (DPPC, POPC, DOPC, and DLiPC) were pre-

pared by dissolving predetermined amounts of dry lipids in chloroform. Phospholipid stock

concentrations were verified by inorganic phosphate assay.22

Dry films were hydrated using 18 MΩcm−1 water by incubation for 2 h above the lipid

melting temperature, with vortex mixing every 15 min. The final lipid concentration for

each sample was ≈ 40 mg/mL.
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Multilamellar vesicles (MLVs) were probed via small angle X-ray scattering (SAXS) to

determine the bilayer structure. SAXS data were taken at the EMBL-BioSAXS P-12 beam-

line at DESY (Hamburg, Germany)23 using 20 keV photons from the Petra U29 undulator

and 2D photon counting Pilatus 2M pixel X-ray detector (Dectris). SAXS data were plotted,

averaged, and background subtracted using ATSAS.24

Data were analyzed using the GAP framework and program put forward by Pabst et al..25

In short, the transverse bilayer electron density profileis described by three Gaussian curves,

producing a scattering amplitude that takes the form:

F (q) = 2

[√
2πσhρ̄He

−σ2
Hq

2

2 cos(qzH)

]
+
√

2πσC ρ̄Ce
−σ2

Cq
2

2 (1)

where ρ̄H and ρ̄C are the electron densities of the PC headgroup and the hydrocarbon

tails relative to the electron density of a CH2 group, respectively. The bilayer thickness

(dB = 2(zH + σH)), water layer thickness (dw = d − dB), and the headgroup-headgroup

distance (dHH = 2zH) were recoverable from the modeled data. We encourage the reader to

review the work by Pabst et al.. for a more detailed derivation.25,26

Fityk was used to assist in indexing and refining the structural parameters of data ex-

hibiting a modulated phase.27

Volume Measurements

Lipid dispersion for volume measurements were prepared by hydrating ≈ 25 mg of the desired

lipid:αToc mixtures (0, 1, 2, 5, 10 and 20 mol% αToc) with≈1.5 g of degassed ultrapure H2O,

obtained from a High-Q purification system (Wilmette, IL). Exact masses were carefully

determined at each stage of the procedure. The lipid suspensions were then incubated at

50◦C and gentle sonication was applied until the dispersion was uniformly “milky”. SPC

was used as a DLiPC surrogate for dilatometry measurements.∗ Neat α-tocopherol oil was

also measured to complete the series.

∗SPC is 85% 18:2 fatty acid chains.28
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The temperature-dependent densities of water (ρw) and of the lipid dispersions (ρs), in

the presence and absence of αToc, were determined by a temperature controlled Anton-Paar

DMA5000 (Graz, Austria) vibrating tube densitometer. The temperature readout of the

densitometer is within ±0.001◦C. Data from samples demonstrating bubble formation at

high temperature measurements were discounted. The partial molecular volumes of lipid

(VL) and αToc (VαToc)at a given temperature were calculated as previously established:29

NAmL

MWL

VL +
NAmαToc

MWαToc

VαToc =
mL +mαToc +mW

ρs
− mW

ρw
(2)

where MWL and MWαToc are the molecular weights of lipid and αToc, receptively, NA

is Avogadro’s number, and mL, mαToc, and mW are the masses of lipid, αToc, and water in

the sample, respectively. In the absence of αToc, we see that the expression for a single lipid

system is recovered. Given the mole fraction of αToc is:

χ =

(
mαToc

MWαToc

)(
mL

MWL

+
mαToc

MWαToc

)−1

(3)

what is determined in the lipid–αToc binary systems is the average volume per molecule

(Vχ).

Vχ =

(
NAmL

MWL

+
NAmαToc

MWαToc

)−1 (
mL +mαToc +mW

ρs
− mW

ρw

)
(4)

Finally, the molecular volumes VL and VαToc were determined by extrapolation of the

linear fit to Vχ(χ). We further quantified the effect of temperature on lipid and αToc vol-

ume by determining the thermal volume expansivities, αTV =
(
∂V
∂T

)
Π
V −1, where Π refers to

constant surface pressure.21
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Results

Bilayer Structure

SAXS data from fluid bilayers containing 10 mol% αToc indicate the existence of only

a single lamellar phase. For this reason, a global small angle X-ray analysis of the MLVs

suspensions was performed to assess membrane structural properties.25,26 Data with GAP fits

overlayed, equivalent to Fig. 1A, are provided in section S1 of the Supporting Information.

Structural parameters determined for fluid Lα DPPC (50◦C), POPC (20◦C), DOPC (20◦C),

and DLiPC (20◦C) in the presence and absence of 10 mol% αToc are summarized in Table 1

and expanded upon in Table S1. Modulated phases were observed in measurements from gel

phase DPPC (20◦C) in the presence of αToc. For this sample, Bragg scattering is indexed to

identify coexisting phases and is in agreement with previous literature (SI Fig. S4).30,31 The

structural parameters for pure DPPC, POPC, and DOPC are in agreement with generally

accepted structural parameters previously put forward; dHH of DPPC, POPC, and DOPC

have been reported as 38.4 Å, 37.4 Å, and 36.7 Å, respectively.32–34

For the unsaturated lipid samples, very minor changes are observed upon the addition

of αToc, which are quantified by changes in structural parameters (Table 1) and can be

visualized as deviations in the transbilayer electron density profiles provided in Fig. 1.

For example, addition of αToc drives a slight increase in membrane lamellar periodicity d,

except for DOPC. The increase in d does not greatly influence the bilayer thickness dB, but

is instead largely accounted for by an increase in the interlamellar water layer thickness dW .

A large dW for DPPC in comparison to the other samples was expected due to the elevated

temperature required for Lα measurements. The exception to these observations is DOPC,

which experiences bilayer thickening with decreased interbilayer hydration.

Of particular interest is the observable increase in the Caillé fluctuation parameter η upon

addition of αToc to all fluid bilayers, although the changes for DOPC are within error (Table

S1). In the Modified Calillé Theory (MCT) model, the fluctuation parameter accounts for
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the decay of positional correlations as a result of membrane bending fluctuations.35,36 This

measurement of microviscosity is a convolution of both the membrane elastic bending and

compression moduli and can thus vaguely comment on membrane rigidity. An increase in η

across all lipids suggests that Lα phase bilayers become more fluid, or softer, in the presence

of αToc, or a decrease of the compression modulus due to a softening of the bilayer interaction

potential.

Table 1: Structural parameters determined from GAP analysis of SAXS data for
Lα phospholipid bilayers in the presence and absence of 10 mol% αToc. Typical
error for d is ± 0.01 Å for all measurements, and is . 1.5% for dHH and . 2.5%
for dW . For more detail on structural parameters derived from GAP analysis,
including specific error, consult Table 1. of the SI.

d (Å) zH (Å) σC (Å) dHH (Å) dW (Å) η (×10−2)
DPPC 65.2 18.8 5.6 37.6 21.7 8.2
+ αToc 66.2 18.5 6.2 36.9 23.3 9.5

POPC 63.7 18.4 6.7 36.8 14.9 6.4
+ αToc 65.0 18.8 6.7 37.6 15.5 7.3

DOPC 62.3 18.1 5.9 36.1 14.2 5.3
+ αToc 62.3 18.7 5.3 37.4 12.9 5.5

DLiPC 61.4 17.1 6.2 34.2 15.2 8.7
+ αToc 62.8 17.1 7.0 34.3 16.6 9.8

Lipid Volumes and Thermal Expansion

Our determined volumes of pure lipid systems are in agreement with previously reported

values and are summarized and compared in Table S2 of the SI.33,37 In fact, values extracted

from densitometry readings are within < 1% of the values determined via the centrifugation

method outlined in Greenwood et al., thereby reinforcing the validity of this technique.37

As depicted as linear regressions to Fig. 2A, molecular volumes of each lipid species in

the presence of αToc are extrapolated and tabulated in Table 2. When compared to neat

lipid bilayers, data show no significant alteration in lipid volume upon the incorporation of
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αToc, including DPPC at temperatures below the main phase transition. In fact, the lipid

volume in the presence of αToc deviates less than 0.5% from the measured volume of pure

lipid. Figure 2B illustrates the temperature-dependent linear increase in the lipid molecular

volume VL in the presence of αToc. Also highlighted in this figure is the prevalent volume

expansion that occurs when DPPC undergoes its main Lβ → Lα phase transition, which

is observed in the region one would expect the pure lipid (≈ 42◦C)38,39 and has previously

been demonstrated using dilatometry.40

Table 2: Temperature dependence of lipid and αToc partial vol-
umes (A3) for different PC bilayers containing αToc. A volume
uncertainty of 0.3% was estimated based on replicate densitome-
try measurements before and after sample dilution.

DPPC POPC DOPC SPC
VL VαToc VL VαToc VL VαToc VL VαToc

20 ◦C 1132.1 985.6 1238.6 741.2 1291.7 722.7 1245.0 724.7
30 ◦C 1144.9 911.7 1248.9 743.5 1300.7 733.3 1251.2 727.7
40 ◦C - - 1258.7 748.2 1311.1 738.5 1256.0 727.5
50 ◦C 1219.1 763.1 1268.8 752.1 - - 1259.5 727.7

Bolded values indicate measurements taken in the Lβ phase.

Isobaric thermal expansivities of phospholipids αTVL and expansion rates ∂V
∂T

in the pres-

ence and absence of αToc are derived from the slope of linear fits to Fig. 2B and collected in

Table 3. For fluid phase bilayers, the introduction of αToc imposes a dramatic suppression

of the expansion of increasingly disordered bilayer environments. No difference is observed

in the expansion behaviour of POPC, but the volume expansion rate of DOPC (two degrees

of unsaturation per lipid) is decreased by ≈ 20% and SPC (DLiPC surrogate; > 3 double

bonds per lipid) is nearly halved in the presence of αToc. The thermal expansion rate of

αToc oil was measured directly to be 0.55 ± 0.01 Å3 K−1.

Partial Volume of α-Tocopherol

By extrapolating the data of Fig. 2A toward the unity of αToc, the partial molecular volume

of αToc is extracted. Unlike the phospholipids examined, the partial molecular volume of
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Table 3: Fluid phase isobaric volume thermal expansivity αTVL (×10−4 K−1) at 40◦C

and expansion rate ∂V
∂T

(Å3 K−1) different PC bilayers in the presence and absence
of αToc.

Neat + αToc Literature
∂V
∂T

αTVL
∂V
∂T

αTVL
∂V
∂T

αTVL
DPPC 1.10 ± 0.03 9.03 ± 0.24a 1.10 ± 0.08 9.02 ± 0.66a (1.30)b 10.50b

POPC 0.98 ± 0.01 7.74 ± 0.32 1.00 ± 0.01 7.98 ± 0.29 1.00 ± 0.04c 8.02 ± 0.34c

DOPC 1.21 ± 0.06 9.23 ± 0.73 0.97 ± 0.04 7.40 ± 0.53 1.22 ± 0.03d 9.40 ± 0.21d

SPC 0.96 ± 0.01 7.61 ± 0.27 0.49 ± 0.03 3.86 ± 0.38 - -

a Calculated at 50◦C.

b Derived from reference Raudino et al. at 70◦C and 100mM NaCl.41 Note that the rate is estimated based on our thermal expansion parameter.

c Derived from Koenig and Gawrisch.42

d Derived from Uhŕıková et al..43

αToc is influenced by the lipid environment in which it resides. The volumes of αToc in

different lipid environments are provided in Table 2 and plotted in Fig. 2C. At physiological

temperatures (30◦C–40◦C) the data would suggest that the molecular volume decreases with

increasing unsaturation of the host phospholipid. In other words, the volume contracts in

progressively disordered bilayers. As illustrated in Fig. 3, the contraction phenomenon is

most apparent for DPPC below its chain melting transition. In this instance, the volume

of αToc is ≈ 20% larger in the gel phase relative to its volume in a fluid lipid at the same

temperature. For small mole fractions of αToc, such as ours, the extrapolated VL does not

account for the condensation effect that αToc has on the system. As outlined in Greenwood

et al. for cholesterol, our VαToc accounts for the both the neat volume of αToc as well as

the condensation (or expansion) of the lipid.37 In other words, the condensation at low

concentrations of αToc is observed in VαToc and not VL.

Discussion

Tocopherol Modifies Bilayer Properties

Many membrane components that serve a structural role exert an observable change on

the structure of the bilayer. Particularly, in fluid lipid bilayers with bulk concentrations
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that are substantially (≈ 10-100×)44 higher than in vivo we observe no significant struc-

tural perturbation caused by the presence of α-tocopherol (Fig. 1). These SAXS results

reported in Table 1 are in good agreement with previous work on similar compositions and

we reaffirm that αToc does not influence bilayer structure at the studied concentrations.30,45

Interestingly, while bilayers appear architecturally similar, the addition of αToc introduces a

more pertinent change in both the interbilayer water thickness dW and the Caillé fluctuation

parameter η.

For all fluid phase bilayers studied, an increase in η with minimal perturbation on bilayer

structure leads to speculation that the addition of αToc influences the behaviour of the acyl

chains. Introduction of tocopherol to lipid membranes has been shown by 2H NMR to reduce

the degrees of freedom in the host acyl chains, as measured as an increase in chain segment

order parameter profiles.15,46

Membrane rigidity is inversely correlated to the area per lipid, such that lower lateral lipid

density signifies softer membranes.47–49 An increase in chain thickness, as is the case with

cholesterol inclusion, produces an increase in membrane rigidity.49 This should correspond

to an increase in area per lipid; however, the reduction in molecular volume presumes a

condensation effect that theoretically increases rigidity.

Clearly, this is not correlated to our measured values of η, which increased for all studied

lipids independent of increased or decreased lipid packing densities. This suggests that

either the polymer brush model does not apply to all lipid αToc mixtures, or that eta

increases due to a softening of the bilayer interaction potential (e.g. due to decreased van

der Waals attraction). Note, Doktorova et al. recently demonstrated that the linearity of

the polymer brush model of cholesterol/lipid mixtures can be restored by redefining the

mechanical thickness of the lipid bilayer. A similar scenario might apply to αToc/lipid

mixtures.

Taken together, these observations are in line with the proposed location and orientation

of αToc in bilayers with the reducing hydroxyl moiety directed toward the interface and
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the phytyl tail penetrating into the hydrophobic core.4,45,46 For DPPC, POPC, and a PUFA

lipid, tocopherol sits at the same depth and thus imparts a similar physical distortion on the

host membrane.

The exception to these trends is DOPC, which responds to the addition of αToc with

an increase in dHH and a decrease in dW coupled to a relatively idle change in η. This

describes a slightly thicker membrane with a maintained rigidity, but reduces the hydrating

layer. These trends again align with the observation by Marquardt et al. that tocopherol sits

slightly deeper in DOPC membranes, providing an explanation where αToc has a greater

influence on intrabilayer properties and less effect on the interfacial region.4 Interestingly,

this structural influence by αToc has many parallels to the condensing effect of cholesterol

on DOPC as recently explored by Chakraborty et al..49 In spite of the similar increase in

bilayer steric thickness, η suggests that αToc does not increase membrane rigidity like was

found for cholesterol.

From SAXS studies on gel DPPC, αToc appears to have a influence on bilayer structure

at temperatures below the lipid main melting transition. Previous X-ray diffraction studies

on supported multibilayer stacks has shown co-existence between the gel phase (Lβ′) and the

symmetric ripple phase (Pβ) in DPPC bilayers containing 10 mol% αToc at 20◦C.30 In our

free floating MLVs (DPPC+10 mol% αToc) we observe three-phase co-existence in DPPC

bilayers at 20◦C. Similar to data from supported multibilayer stacks, we observe the Lβ′ and

Pβ, but in addition we observe the emergence of the asymmetric ripple phase (Pβ′). The

presence of the Pβ′ could be a result of free-floating MLVs as opposed to supported stacks,

the level of hydration, or a heterogeneous distribution of αToc among MLVs in the sample

preparation. Nevertheless, it is clear that αToc induces modulated phases of phospholipid

bilayers in non-fluid bilayers.

Other reports of αToc in DPPC at low temperatures do not specifically demonstrate the

presence of modulated phases. For example, Ausili et al. investigate DPPC MLV systems

at 20 mol% tocopherol, and suggest a superimposition of wide angle scattering peaks from
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coexisting Lβ and Lα phases, without conclusively reporting the induction of modulated

phases.45 This discrepancy could simply arise from resolution limitations of the home-source

instrumentation used to probe their system, as compared to the synchrotron radiation data

presented here. Notably, the optics configuration employs Kratky camera for a line-shaped

beam which can lead to significant smearing effects at low q, thereby obscuring observation

of modulated phases.

In di-saturated lipid bilayers, tocopherol-induced phase modulation has been proposed

to lead to lipid curvature coupling which drives enrichment of tocopherol in the vertices

of the ripple phase.51 It is worth noting that this clustering is not observed in our present

studies on Lα bilayers, nor the work of others,30,45,52 and thus it calls into questions the

significance of this behaviour in relation to an antioxidant mechanism. This behaviour does

however suggest an unfavourable mixing interaction of αToc with highly ordered gel-phase

di-saturated lipids.

Tocopherol Prefers Disordered Environments

In previous studies, the affinity of cholesterol for ordered environments was argued, in part,

from studies probing the mixing behaviour of cholesterol in progressively saturated lipid

membranes. Greenwood et al. described the contraction in molecular volume of cholesterol

relative to an idealized Vchol when incorporated into bilayers composed of the di-saturated

lipids DPPC and di-14:0PC.37 Contrarily, when mixed with more disordered lipids such

as DOPC and POPC, Vchol demonstrated a slight expansion beyond the idealized molecular

volume which indicates an unfavourable interaction. These observations have since been sup-

plemented by simulation and validated through additional thermodynamic and biophysical

studies.53–55

In this work, we describe a volumetric trend of α-tocopherol that directly contrasts the

behaviour of cholesterol. In highly ordered di-saturated lipid environments (gel phase DPPC)

αToc exhibits a dramatic expansion in VαToc. The high variability of VαToc with temperature
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in the Lβ phase (Fig. 2C; open squares) could arise from the aforementioned clustering of

tocopherol into modulated phases as observed by SAXS. Any measurement of VαToc in Lα

phase bilayers displayed a contraction in molecular volume, which was amplified in progres-

sively unsaturated bilayers. This trend with unsaturation was reflected in measurements

of thermal expansivity αTVL which is dramatically suppressed when αToc is introduced to

disordered environments (Table 3). In fact, αTVL is more than halved when doped into SPC;

a highly unsaturated natural phosphatidylcholine extract.28 This suggests that αToc has a

stabilizing influence on disordered membranes.

At 25 ◦C an idealized molecular volume of αToc is calculated to be VαToc = 753 Å3.

We report a contraction in molecular volume in progressively disordered lipid environments

which appears to approach ≈ 725 Å3 as a measure of the bare volume of αToc in lipid

bilayers (Fig. 3). These observations complement the work of others to advocate that αToc

preferentially associates with PUFA-containing lipids —an association that is inherent to its

putative function as an antioxidant.45,52,56,57

Contrasting our work, recent molecular dynamics simulations propose that αToc has

a greater affinity for a less saturated lipid (18:0-18:1PC, SOPC) as compared to a PUFA

lipid (18:0-22:6PC,SDPC).58 While this is largely based on an enthalpic benefit of binding

αToc to SOPC, the complementary parameters derived from their simulations describe a

strong entropic benefit to αToc association with SDPC-rich environments. These substantial

increases in dynamic processes such as diffusion and flip-flop not only indicate that αToc has

no aversion for the disordered environment, but are also highly conducive to an antioxidant

mechanism wherein αToc is able to transiently associate with, and thereby protect, a greater

lipid population.

As a caveat, Wang and Quinn report that tocopherol preferentially partitions into PC

rich lipid domains rather than phosphoethanolamine, irrespective of the unsaturation.59

This headgroup dependence cannot go unnoticed when discussing vitamin E as a biological

antioxidant since it has been shown that PUFA chains are more likely to be attached to a
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phosphoethanolamine headgroup in red blood cells.60–64 Here, we did not investigate different

lipid headgroups; rather, by maintaining a constant headgroup our data clearly illustrate a

reduction in αToc volume, indicating a favorable interaction that directly correlates to chain

unsaturation.

At the chemical level, cholesterol can serve as a radical scavenger and has been associated

with an antioxidant function in early air-breathing creatures.55,65,66 From an evolutionary

standpoint, perhaps vitamin E overtook cholesterol as the choice lipophilic antioxidant of bi-

ology due to the preferential partitioning of the two molecules, wherein vitamin E sequesters

to the disordered unsaturated membrane environments provided by oxygen sensitive lipids.

This relationship between tocopherol and cholesterol is only beginning to be explored, and

perhaps the partitioning is further exasperated when dopants compete for phases.67,68 As

a launching point, our data demonstrate that αToc has increasingly favorable interactions

with lipids containing greater degrees of unsaturation.

Conclusion

The presence of αToc has a minimal impact on the structure and molecular volume of the

fluid phospholipid bilayer in which it resides. This lends credence to the argument that

vitamin E does not serve a structural role in vivo. Most significantly, an affinity between

αToc and disordered lipids was established through molecular volume measurements yielding

a negative excess volume of mixing for αToc in progressively unsaturated lipid systems.

Together, this work supports the plausibility of α-tocopherol as an antioxidant by providing

experimental evidence of an affinity of αToc toward oxidation-sensitive lipid environments.
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Figure 1: A SAXS curve of DOPC MLVs at 20◦C. The open squares are the experimental
data, and the solid line is the fit from the GAP analysis. Panels B, C and D are the
electron density profiles of POPC, DOPC, and DLiPC respectively. The black curves are
reconstructions of pure lipid and the red curves are lipid with 10 mol% αToc.
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Figure 2: A) Average molecular volumes of lipid-αToc mixtures as determined directly from
density measurements. The data are for measurements at 35◦C for POPC, DOPC, and
SPC and 50◦C for DPPC. B) Volume per lipid of DPPC, POPC, DOPC, and SPC in the
presence of αToc at different temperatures. Volumes were determined from the linear fits
from panel A at χαToc=0. Linear fits of the data are added for viewing ease. C) Volume per
molecule of αToc in DPPC, POPC, DOPC, and SPC at different temperatures. Volumes
were determined from the linear extrapolation from panel A at χαToc=1. Linear fits are
provided for viewing ease.

28



-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
715

720

725

730

735

740

745

750

755

905

910

915

920

DPPC (gel)
DPPC (fluid)
POPC
DOPC
SPC

V
α

T
o

c 
(Å

3
)

Average (-C=C-) per lipid

αToc oil

-35

-30

-25

-20

-15

-10

-5

0

5

155

160

165

E
xc

e
ss

 v
o

lu
m

e
 (

Å
3
)

Figure 3: The left ordinate represents VαToc in DPPC, POPC, DOPC, and SPC at 25◦C;
fluid DPPC values (solid square) were determined from linear extrapolation of experimental
fluid phase DPPC data. The horizontal dashed line serves as a reference representing the
VαToc determined from the density of αToc oil at 25◦C (VαToc = 753 Å3). The right ordinate
is the excess volume of αToc upon mixing in the different lipid species. The abscissa is the
average number of carbon–carbon double bonds (-C=C-), or degrees of unsaturation, per
lipid. Note the value for SPC was determined based on the fatty acid distribution of the PC
extract determined from Orsavova et al..28
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