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ABSTRACT: To this day, α-tocopherol’s (aToc) role in
humans is not well known. In previous studies, we have tried
to connect aToc’s biological function with its location in a lipid
bilayer. In the present study, we have determined, by means of
small-angle neutron diﬀraction, that not only is aToc’s
hydroxyl group located high in the membrane but its tail
also resides far from the center of 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) bilayers. In addition, we
located aToc’s hydroxyl group above the lipid backbone in 1palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), and sphingomyelin bilayers, suggesting that aToc’s
location near the lipid−water interface may be a universal property of vitamin E. In light of these data, how aToc eﬃciently
terminates lipid hydroperoxy radicals at the membrane center remains an open question.

■

INTRODUCTION

abstracted from the phenolic hydroxyl group by a lipid peroxyl
radical, producing a tocopheroxyl radical.6,7
Cellular membranes are barriers that separate the inside of a
cell from its environment. The main structural component of
the cell membrane is lipids, a diverse group of molecules that
play a crucial role in the structure−function relationship of the
cell membrane. Phospholipids are a major group of membrane
lipids and come with a variety of headgroup moieties, such as
the zwitterionic phosphotidylcholine (PC) or phosphotidylethanolamine (PE) moiety, or possess a formal charge, such as in
the case of phosphotidylserine (PS).8 These diﬀerent headgroup lipids are not always colocated. For instance, PC is the
most common phospholipid headgroup and is found in most
eukaryotic cells. PE is found in membranes of the nervous
system (e.g., brain cells) and accounts for approximately half of
the phospholipid content.9 The negatively charged PS is found
as a component of cell and blood platelet membranes.9 The
highest concentration of PS lipids is found in the plasma
membrane, typically in the cytoplasmic part of the
membrane.9,10
In diﬀerent cell types or organelles, lipid headgroups exist, in
part, to modulate various biophysical properties such as the area
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Discovered in 1922 by Evans and Bishop, the biological role of
vitamin E, of which α-tocopherol (aToc) is the human active
component, remains unknown. Importantly, there is no
credible scientiﬁc evidence for the health beneﬁts of vitamin
E supplements. There are, however, several known conditions
associated with vitamin E deﬁciency, including profound
muscle weakness2 and hemolytic anemia3 to name a few.
Despite the extended list of ill eﬀects associated with vitamin E
deﬁciency, a molecular picture describing how these conditions
arise has yet to be formulated.
Vitamin E is composed of two families of molecules known
as tocopherols and tocotrienols, each with four members (i.e.,
α, β, δ, and γ). Although all eight molecules share many
similarities and are consumed by humans, only aToc is taken up
by the human body.4 The various vitamin E compounds are
known to be fat-soluble antioxidants and are commonly used as
preservatives in cosmetics and foods. When combined with
water-soluble ascorbic acid, they make for one of the most
powerful commercial preservative. In vivo, it is hypothesized
that tocopherol protects highly vulnerable polyunsaturated
phospholipids (PUPL) and polyunsaturated fatty acids
(PUFA), although this has been challenged by other
hypotheses and thus remains an open question.5 As the
oxidation of tocopherol takes place, the hydroxyl hydrogen is
© 2014 American Chemical Society
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per lipid of the membrane and, by extension, its curvature. For
example, PE lipids are known to form regions of negative
curvature in membranes because of the small neutral structure
of their headgroup. In addition, the umbrella model predicts
that the small PE headgroup is unable to shield the diﬀerent
guest molecules (e.g., cholesterol) from water, unlike its larger
PC counterpart, thus leading to a lower solubilty of cholesterol
in PE-rich portions of the membrane.11,12 The charged PS lipid
can facilitate the binding of metals to the membrane’s surface,
typically through electrostatic interactions between the
negatively charged PS and metal cations.
Beyond the fatty acid tail and headgroup compositions, the
third signiﬁcant phospholipid moiety is the glycerol backbone,
which is ubiquitous in most phospholipids. However, the
ceramide backbone is found in a class of phospholipids called
sphingolipids, with the most common, sphingomyelin,
commonly found in the myelin sheath of nerve cells, acting
as an insulator. Sphingomyelin may be best known for its ability
to solubilize cholesterol. In fact, cholesterol’s aﬃnity for
sphingomyelin is so high that they pack tightly together in
the so-called liquid-ordered phase, along with other saturated
acyl chain phospholipids, which is associated with lipid
rafts.13−15
Recently, new structural data has been obtained in the hope
that one can explain and predict the role of aToc in biological
membranes. For example, recent neutron diﬀraction studies
have located aToc’s sacriﬁcial hydroxyl group in bilayers with
diﬀerent degrees of acyl chain unsaturation. It was noted that
regardless of acyl chain unsaturation aToc resides at the lipid−
water interface.16 On the basis of that data, we proposed a
mechanism in which aToc’s antioxidant action takes place at
the lipid−water interface as a “ﬁrst line of defense” against
water-borne oxidants; the termination of lipid peroxyl radicals
relies on the intrinsic disorder of polyunsaturated fatty acid
(PUFA) chains to bring lipid peroxides to the surface, where
they can be terminated by aToc.17−22 The one exception to
aToc’s high location in the bilayer was found in the prototypical
lipid, dimyristoyl-phosphatidylcholine (DMPC).23 By means of
small-angle neutron diﬀraction, oxidation assays, and 2H NMR,
we unambiguously determined that aToc resides in the center
of a DMPC bilayer. However, we could not determine the
reasons for aToc’s unusual behavior in DMPC bilayers.
In this study, we examined the location of aToc in bilayers
made up of lipids with several diﬀerent headgroup species, with
a focus on POPC bilayers. First, we measured the tail
distribution of aToc in a POPC bilayer in order to determine
aToc’s tail structure. Figure 1 shows the 2H labeling of aToc’s
5′ and 9′ methylene positions. Second, we kept the chemical
composition of the fatty acid chains the same for all diﬀerent
headgroup bilayers so that aToc’s location in the diﬀerent
bilayers and whether there is an umbrella or charge eﬀect could
be determined. Finally, we looked for a lipid backbone eﬀect by
measuring aToc’s hydroxyl position in sphingomyelin, again
using the 2H3-labeled C5 methyl as a proxy for the hydroxyl
group.

■

Figure 1. Chemical structures of α-tocopherol (aToc), N-palmitoyl-Derythro-sphingosylphosphorylcholine (sphingomyelin, SM), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and 1-palmitoyl2-oleoyl-sn-glycero-3-phospho-L-serine (POPS). 5′ and 9′ indicate the
locations of the 2H labels. The other label is located on the methyl
group of the 5 carbon on the chromanol ring.
nolamine (POPE), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-Lserine (POPS).
We puriﬁed 2H-labeled α-[5-2H3]tocopherol (headgroup-labeled
aToc-C 5d3), α-[5-2H2]tocopherol (tail-labeled aToc-C5′d2), and α[9′-2H2]tocopherol (tail-labeled aToc-C9′d2) from previously synthesized preparations following published protocols,16,24 and protonated
α-tocopherol (aToc) was purchased and used as received from ColeParmer (Vernon Hills, IL).
Small-Angle Neutron Diﬀraction. Mixtures of approximately 12
mg of lipid containing 10 mol % aToc (labeled or unlabeled) were
codissolved in a 1:1 chloroform/triﬂuoroethanol solution. Care was
taken to prevent exposure of the lipids to oxygen and to ensure
minimal exposure to light. Each sample was then deposited on the
surface of a 1-mm-thick silicon wafer (25 × 60 mm2) in a glovebox
ﬁlled with nitrogen. The wafer was rocked during the evaporation of
the organic solvent.25 The samples were then dried under vacuum for
several hours (no less than 6 h).
Neutron diﬀraction data were collected at the Canadian Neutron
Beam Centre’s N5 and D3 beamlines located at the National Research
Universal (NRU) reactor (Chalk River, Ontario, Canada), using 2.37Å-wavelength neutrons. The appropriate wavelength neutrons were
selected by the (002) reﬂection of a pyrolytic graphite (PG)
monochromator, and a PG ﬁlter was used to eliminate higher-order
reﬂections (i.e., λ/2, λ/3, etc.). Samples were placed in an airtight
sample cell purged with argon and hydrated to 94% relative humidity
(RH) using a series of D2O/H2O mixtures (i.e., 100, 70, 40, and 8%
D2O). RH was controlled by saturating the D2O/H2O solutions with
KNO3 salt. Experimental stability over the course of the data collection
was determined by the reproducibility of the lamellar repeat spacing
and the intensity of the Bragg peaks over time. The reproducibility
indicated that the sample chemistry and conditions remained static
throughout the measurement. Data from samples that were underwent
change were discarded, and new samples were prepared.
Data analysis was carried out in a manner similar to that in studies
determining the location of cholesterol.26,27 The diﬀraction peaks were

MATERIALS AND METHODS

Phospholipids were purchased from Avanti Polar Lipids (Alabaster,
AL) and after experimentation were evaluated for degradation by thin
layer chromatography. The lipids studied were sphingomyelin (from
chicken eggs), which is predominately N-palmitoyl-D-erythro-sphingosylphosphorylcholine (SM), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoetha4465
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obtained from θ − 2θ scans when the Bragg condition was satisﬁed,
where θ and 2θ are the angles of the sample and the detector,
respectively. Corrected form factors were then applied in a cosine
Fourier sum to produce a real-space map of the neutron scattering
length density (NSLD, ρ), analogous to an electron density map
determined by X-ray scattering.
F
2
ρ= 0 +
d
d

Table 1. Measured and Calculated Structural Parameters for
Diﬀerent Membranes Containing 10 mol % aToc
lipid/aToc
label
POPC/
aToc-C
5d3a
POPC/
aToc-C
5′d2
POPC/
aToc-C
9′d2
POPE/
aToc-C 5d3
POPS/
aToc-C 5d3
SM/aToc-C
5d3

h

⎛ 2πhz ⎞
⎟
∑ Fh cos⎜⎝
d ⎠

(1)

h=1

d represents the repeat spacing of the unit cell, h is the diﬀraction
order, and F0 is the total scattering length of the unit cell (calculated).
The diﬀerence in scattering length density between samples (Δρ) is
determined by cosine reconstruction using the diﬀerence between
labeled and unlabeled corrected form factors, FLh and FUh , respectively.
Δρ =

F0L − F0U
2
+
d
d

h

⎛ 2πhz ⎞
⎟
d ⎠

∑ (FhL − FhU)cos⎜⎝
h=1

(2)

As a test of the quality of our model, we introduce the commonly
used idea of a crystallography R factor.28 However, our model is
constructed from Δρ (eq 1), which relies on the diﬀerence in labeled
and unlabeled form factors, so we modify the standard R factor to what
we call the modiﬁed R factor, Rmod,
R mod =

a

d
spacing
(Å)

bilayer
thickness
(Å)

label depth
(Å)

label width
(Å)

53.2

35.72(0.7)

24.2(0.03)

4.22(0.04)

0.29

53.3

36.4(0.3)

20.8(0.2)

5.3(0.2)

0.11

53.3

36.4(0.3)

18.7(0.2)

8.7(0.2)

0.005

51.5

40.3(0.3)

20.7(0.1)

6.4(0.10)

0.19

53.5

43.7(0.3)

18.7(0.1)

5.6(0.10)

0.0965

60.7

44.2(0.1)

20.8(0.1)

3.1(0.10)

0.6

Rmod

Data is reproduced from Marquardt et al.16

∑ ||(FhL − FhU)| − |ΔFhcalc||
∑ |(FhL − FhU)|

(3)

Fcalc
h

represents the form factors generated from our model.
where
Thus, the quality of the models can be compared between samples.
Diﬀerential Scanning Calorimetry. Lipid/aToc mixtures were
prepared by mixing appropriate amounts of lipid/chloroform solution
with aToc/chloroform solution to yield lipid mixtures with 0.3 and 10
mol % aToc. A pure lipid sample was also prepared to create a
consistent point of reference. The mixtures were placed under vacuum
overnight to ensure that all residual chloroform was removed. The
samples were then hydrated with ultrapure water to a concentration of
0.05 g/mL and subjected to ﬁve freeze/thaw cycles with vortex mixing.
Thirty microliters of solution was loaded into Shimadzu aluminum
hermetic pans and crimp sealed. The thermograms were collected at a
scan rate of 2 °C/min and a sampling rate of 1 s using a Shimadzu
DSC-60 and a TA-60WS thermal analyzer.

■

Figure 2. Raw (unnormalized) data of SM bilayers containing 10 mol
% aToc-5d3 and hydrated with 8% 2H2O, resulting in ﬁve lamellar
Bragg reﬂections. The inset to the ﬁgure is a schematic diagram of
Bragg scattering from an oriented sample.

RESULTS
Oriented membrane multilayers were adsorbed onto silicon
single-crystal substrates and hydrated in a 94% relative humidity
environment. In monochromatic neutron beam, these samples
produce four to six quasi-Bragg peaks, with lamellar repeat
spacings of d ≈ 50−60 Å for the diﬀerent membranes studied;
the results are summarized in Table 1. Figure 2 shows a
representative data set for SM bilayers containing 10 mol %
aToc-C 5d3 and hydrated with 70% 2H2O.
Figure 3 shows rocking curves collected for samples
containing protiated aToc. These data are a measure of the
sample’s orientational quality and are collected by rotating (θ)
the sample in the incident neutron beam while keeping the
detector angle ﬁxed. We see a sharp, narrow peak at the Bragg
angle (centered at 0° for ease of presentation) accounting for
76−96% of the total scattering intensity (indicative of wellordered bilayer stacks), sitting on top of a broad shoulder. The
broad shoulder is the product of misaligned bilayers within the
sample and contributes little to the reconstruction of the
scattering-length density proﬁle. The width of the central peak
also happens to be narrower than the instrumental resolution.
The central peaks of POPC, POPE, and POPS account for 96,
92, and 85% of the scattering intensity, respectively. SM has the
broadest central peak of all samples (i.e., 76% of the scattered

intensity), which we attribute to the use of egg sphingomyelin
extract with up to 15% of the sphingmyelin having acyl chains
other than 16:0, thus making these bilayers more diﬃcult to
align.
aToc’s Tail Distribution in POPC. The dashed line in
Figure 4 is the 1D neutron scattering length density (NSLD)
proﬁle along the direction of the bilayer normal for POPC
bilayers containing 10 mol % protiated aToc and hydrated with
8% 2H2O. Here, the water layer is “invisible” as it is contrast
matched, and the NSLD is solely the result of the lipid and
aToc. The lipid phosphates and backbone are the main
contributors to the NSLD peaks, and the trough in the middle
of the bilayer is attributed to the CH3 terminal methyls.
The blue curve in Figure 4 indicates the water distribution
between bilayers, which is determined by subtracting the
diﬀraction data at 8% 2H2O from that at 70% 2H2O. We see
that the 1/e level of water penetration occurs before the peak in
the NSLD proﬁle of the 8% 2H2O data, indicating that water
does not penetrate past the glycerol backbone, which is typical
for POPC bilayers.8 These parameters (d spacing, bilayer
4466
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thickness, and water distribution) are also in agreement with
the protiated aToc in POPC measured in Marquardt et al.16
See Tables 1 and 2 for a complete list of the structural
parameters.
Table 2. Water Distribution for Membranes Containing 10
mol % aToc at 94% RH

a

lipid

depth (Å)

width (Å)

Rmod

POPCa
POPE
POPS
SM

26.6(1.1)
25.9(0.1)
26.76(0.03)
30.3(1.1)

7.71(0.4)
8.7(0.1)
10.5(0.8)
7.3(0.4)

0.15
0.056
0.11
0.078

POPC data is reproduced from Marquardt et al.16

The solid black line in Figure 4 is an example of a POPC
bilayer containing 2H-labeled aToc, speciﬁcally the NSLD
proﬁle for POPC bilayers with 10 mol % aToc-C9′d2 hydrated
with 8% 2H2O. The d spacing and bilayer thickness for both
aToc-C9′d2 and aToc-C5′d2 (data not shown) agree with the
sample containing protiated aToc, which allows for a direct
subtraction of the 8% 2H2O hydration data, yielding the 2H
aToc label distribution. A Gaussian distribution is assumed for
the distribution of the 2H label, and its Fourier transform is
ﬁtted to the corrected data in reciprocal space.16 We perform
the subtraction in reciprocal space because in real space such
subtractions are subject to ﬂuctuations as a result of having only
four or ﬁve terms (quasi-Bragg reﬂections) sampling the
Fourier series. In addition, the eﬀects of the repeating
centrosymmetric unit cell are not present in reciprocal space,
and thus we can draw the label distributions near the edges (or
center) of the unit cell and they are not distorted by those from
adjacent unit cells.
Figure 4 shows Gaussian ﬁts for aToc-C 5d3 (from
Marquardt et al.16), aToc-C5′d2, and aToc-9′d2 (this work).
The label distributions appear to become more localized as the
label position gets closer to the lipid headgroups; we will
discuss this observation below. The ﬁt parameters for the label
distributions are also listed in Figure 1.
Location of aToc’s Hydroxyl in Bilayers with Diﬀerent
Lipid Headgroups. In a previous report we examined aToc’s
location in PC bilayers with diﬀerent acyl chain lengths, degrees
of unsaturation, and acyl chain combinations.16 It was
determined that aToc’s overall location in diﬀerent bilayers
was invariant, the exception being DMPC.23 Here we present
the approximate location of aToc’s hydroxyl in phospholipid
bilayers whose chain composition is 1-palmitoyl-2-oleoyl but
with diﬀerent headgroups. We do so by labeling the hydrogen
of the adjacent C5 methyl group and measuring its location.
The dashed curves in Figure 5 show bilayers containing 10
mol % protonated aToc. The NSLD proﬁles have a shape that
is similar to that of POPC; however, the height of the
headgroup peaks diﬀer because of the diﬀering headgroup
compositions that, as expected, possess diﬀerent scattering
length densities. There is also a diﬀerence in water distribution
(outermost, blue lines in Figure 5) compared to that in PC.
The water penetrates more deeply past the lipid headgroup
peak, especially in the case of POPS bilayers. PS is a charged
headgroup, rich in oxygen, and thus more hydrophilic than the
others studied. The repeat spacing of POPE and POPS bilayers
is comparable to that of POPC (±2 Å); however, the peak-topeak distance is signiﬁcantly greater for POPS and POPE
bilayers. The thickness of POPE bilayers with 10 mol % aToc is

Figure 3. Rocking curves are collected by rotating the sample, in the
incident neutron beam, through an angle (θ) while keeping the
detector ﬁxed at the Bragg scattering condition. The narrow peak at 0°
indicates highly aligned multilayers. Dips in the intensity occur when
the sample is aligned parallel to the incident or diﬀracted neutron
beam and undergoes maximum absorption.

Figure 4. Dashed black line is the NSLD proﬁle for POPC bilayers
containing 10 mol % protiated aToc and hydrated with 8% 2H2O. The
solid black line is an example of an NSLD proﬁle containing labeled
aToc, speciﬁcally, POPC containing 10 mol % aToc-C9′d2 hydrated
with 8% 2H2O (water distribution indicated by the blue curve). The
2
H distributions for the three labels examined in POPC bilayers are
shown by the colored lines: aToc-C 5d3 (red), aToc-C5′d2 (magenta),
and aToc-9′d2 (green). The aToc-C 5d3 data is from ref 16. The aToc
molecule is not drawn to scale but is enlarged to show which labels on
the molecule correspond to which distribution.
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backbone, other than glycerol, is ceramide found in
sphingolipids. Here we examined egg sphingomyelin, which
contains predominately 16:0 chains (SM in Figure 5). Again we
see an NSLD proﬁle similar in shape to POPC bilayers.
However, the repeat spacing is over 10% greater (Table 1),
something commonly seen with sphingomyelin. The ceramide
backbone is signiﬁcantly smaller than the glycerol analogue,
which results in the ordering of the hydrocarbon chains, which
has also been observed by Bartels et al.31 This eﬀect is also
reﬂected in the bilayer thickness. The egg SM bilayer thickness
and d spacing are also in good agreement with the value of 44.4
Å determined by Maulik and Shipley32 for pure 16:0 SM
bilayers. The diﬀerence between the solid and the dashed black
lines of SM bilayers containing aToc results in a red line, which
is the Gaussian distribution of the 2H label of aToc-C 5d3. Like
the other lipids examined, the aToc-C 5d3 label sits high in the
bilayer; however, in the case of SM bilayers, the distribution is
very narrow. The localized distribution of aToc can be
attributed to the rigidity and ordering eﬀect that is provided
by the ceramide backbone. Furthermore, compared to PC, PE,
and PS bilayers, there is less overlap of the water with the aToc
headgroup when in SM bilayers.
Diﬀerential Scanning Calorimetry. Figure 6 and Table 3
show the eﬀect that aToc has on the main chain melting phase
transition of the examined phospholipids over temperatures
allowable by the calorimeter. The chain melting transitions of
pure bilayers, with the exception of sphingomyelin, are in
excellent agreement with previously reported values.33−36 Note
that the value for the sphingomyelin main transition is 4 °C
lower than the reported value for pure 16:0 SM (41 °C,32),
which we can attribute to the use of egg sphingomyelin, which
is only ∼86% 16:0.
Upon the addition of naturally abundant (0.3 mol %) aToc,
the main transition for POPE, POPS, and egg SM bilayers are
signiﬁcantly broadened, but with only a modest shift in
transition temperature and enthalpy (Table 3). Moreover it is
known that POPE undergoes a transition to a hexagonal phase
at ∼75 °C. We observe this transition in both the pure lipid
sample and the sample containing a natural abundance aToc.
However, this transition is eliminated upon the addition of 10
mol % aToc (data not shown).
Interestingly, we were able to observe the main chain melting
transition for POPC (∼−5 °C) at a total lipid concentration of
50 mg/mL. However, the main transition is diminished in the
cooling thermogram with the natural abundance of aToc and is
completely obscured in the presence of 10 mol % aToc.
For DPPC, the addition of a natural concentration of aToc
(0.3 mol %) suppresses the main chain melting transition (Tm)
as well as signiﬁcantly decreasing the enthalpy of melting (ΔH).
This suppression is observed in both the heating and cooling
thermograms (Table 3). When the concentration of aToc is
increased to 10 mol %, further decreases in Tm and ΔH are
observed. This trend in DPPC is in qualitative agreement with
the observations by Quinn.37 Curiously, DMPC does not
follow this same trend; upon the addition of 0.3 mol % aToc,
there is no observable eﬀect on Tm and ΔH in the heating
thermograms and only a modest decrease in the cooling scans.
However, when 10 mol % aToc is incorporated into DMPC
bilayers, an eﬀect similar to what is seen in other lipid bilayers is
observed. This result is associated with aToc’s unusual location
in DMPC, as we will discuss below.

Figure 5. Neutron scattering length data of aToc-C 5d3 in diﬀerent
liquid-crystalline phospholipid membranes. Solid black lines: lipid and
labeled aToc in 8% 2H2O. Dashed black lines: lipid and protiated aToc
in 8% 2H2O. Red lines: The mass distribution of aToc’s C5-methyl
label calculated from the diﬀerence between sol-5id and the dashed
black lines and scaled by a factor of 2. Blue lines: Diﬀerence between
the 8% 2H2O data and the same sample in 70% 2H2O, showing the
mass distribution of the interbilayer water.

slightly less than a previously reported value of 41.8 Å for pure
POPE bilayers,29 and our POPS with 10 mol % aToc bilayer
thickness is slightly thicker than a recently published value of
42.2 Å reported by Pan et al.30 for pure POPS. This can be
partially explained by the lower RH in our study, resulting in
some steric constraints in the lateral direction. In other words,
the acyl chains cannot “curl up” as much.
The solid black lines in Figure 5 are the NSLD proﬁles for
the phospholipid bilayer containing 10 mol % aToc-C 5d3. The
d spacing and bilayer thickness for aToc-C 5d3 agree with
samples containing protiated aToc, which allow for a direct
subtraction of the 8% 2H2O data to yield the C 5d3 label
distribution. The red lines in Figure 5 are the Gaussian
distributions of the label, which are determined by performing
the subtraction and ﬁts to the data in reciprocal space as was
discussed above. In the case of POPE and POPS bilayers, we
observe aToc sitting high in the bilayer with slightly broader
distributions than in POPC bilayers. The location and width of
these distributions are summarized in Table 1. However,
compared to POPC bilayers, aToc resides lower in POPE and
POPS bilayers.
For completeness, the water distribution in these lipid
bilayers is shown in Table 2. There is considerable overlap of
aToc’s hydroxyl group and water, with the exception being SM
bilayers, indicating that, for the most part, aToc is anchored at
the lipid/water interface in PC, PE, and PS bilayers.
Compared to headgroups, there are signiﬁcantly fewer
diﬀerent backbone moieties found in nature. A common
4468
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Figure 6. Heating (bottom curves) and cooling (top curves) scans of POPE, POPS, and egg SM MLVs prepared in the presence of (black) 0 mol %
aToc, (red) 0.3 mol % aToc, and (green) 10 mol % aToc.

■

DISCUSSION
That the distribution of the three diﬀerent tail labels on aToc in
POPC are not found at the bilayer center is reasonable
considering the disordered nature of aToc’s phytanyl tail. A
fully stretched aToc has a distance from the C5-methyl on the
chromane to the C9′ tail position of ∼15 Å, which is more than
twice the distance between the centers of their measured
distributions. It is likely then that aToc spends little time fully
extended. The conformational freedom of the labels is reﬂected
in the 1/e distribution width of each label. The distribution
becomes larger as the label is placed further down the phytanyl
side chain and consequently deeper into the membrane. If the
aToc-C 5d3 label distribution represents the local motion of
aToc in and out of the bilayer, then the excess width of the tail
labels represents the extra motion from their conformational
degrees of freedom. This increased motional freedom taking
place deeper in the bilayer is how we previously interpreted the
2
H NMR order parameters for aToc-C 5d3, aToc-C5′d2, and
aToc-9′d2.16
In addition, we previously reported the 2H NMR order
parameter of aToc labeled at the 5′ and 9′ positions16 and for
d31-POPC bilayers containing protiated aToc.23 In both cases,
we made the point that aToc resides very high in the bilayer
and that the majority of aToc’s impact on POPC’s acyl chains is

near the lipid’s glycerol backbone. In this work, the location of
the aToc-C5′d2 and aToc-C9′d2 labels near the lipid−water
interface, as determined by neutron diﬀraction, implies that
aToc’s tail is rarely fully extended. This curling of the tail near
the water interface could act as an additional barrier for
oxidants diﬀusing into the bilayer through a volume-ﬁlling
mechanism, as shown in the schematic in Figure 7.
The location of aToc in diﬀerent membranes will provide
simulators with a reference to ﬁne-tune their force ﬁelds. An
MD simulation study of aToc in diﬀerent membranes,
including POPC and POPE, reported that aToc resides much
deeper in the bilayer than our neutron results.38 In fact, we
locate the tail labels closer to the lipid−water interface of
POPC bilayers than do simulations.
Our data clearly show that aToc’s hydroxyl group sits near
the lipid−water interface in POPE, POPS, and SM bilayers,
above the lipid backbone. This result supports the previous
hypothesis that aToc’s biological function is exercised at the
bilayer surface. The fact that the bilayer’s structural properties
remain relatively unchanged in the presence or absence of aToc
suggests a structural role similar to that of cholesterol.29 Similar
to cholesterol, aToc has a signiﬁcant eﬀect on the phase
behavior of the phospholipid bilayers in which it resides in. In
addition, it is known that adding material to a lipid bilayer
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the choline methyls that remain unfrozen down to −70 °C.42
The phosphate water associated cluster is, however, not large
enough to serve as a point of nucleation, and the use of
ultrapure water enabled us to supercool the water in the
sample. Our measured Tm for POPC was consistent with the
value determined by 2H NMR.41,42
The thermotropic behavior of all of the lipids studied appears
to trend with the location of the C5-methyl of aToc in the
bilayer. In bilayers where C5-methyl is above the glycerol/
phosphate group (i.e., DPPC, POPC, and POPE; Figure 5),
there is a distinct decrease in Tm (5%) in the presence of
physiological concentrations of aToc (0.3 mol %).43 In
contrast, in those bilayers where aToc’s C5-methyl sits lower,
such as DMPC, POPS, and egg SM, there is either no decrease
in Tm or even a small increase. This observation is consistent
with categories put forward by Papahadjopoulos et al.44 for
protein−membrane interactions where the proteins are
adsorbed.
The disparate eﬀect that aToc has on the phase behavior of
DMPC could be attributed to its unexpected location in those
bilayers. The heating phase behavior observed when the natural
abundance aToc was incorporated into DMPC bilayers is
consistent with its location and other relationships put forward
in ref 44. Furthermore, the other phospholipids exhibit the
phase behavior expected for a category 2 molecular interaction,
where there is partial penetration of aToc. A category 2
interaction is described as typically no deeper than the glycerol
backbone of the lipids,44 which is in excellent agreement with
the location of the C5-methyl label determined by the neutron
diﬀraction, both in this study and in our past studies of DMPC
and DPPC.16,23 The phase behavior of DMPC with the natural
abundance aToc is consistent with the behavior exhibited by
DMPC and DPPC lipids in the presence of squalane.45,46 It is
known that squalane is located in the midplane of the bilayer,47
and studies by Castelli et al.45 and Simon et al.46 demonstrate
that squalane has no eﬀect on the phase behavior of DMPC and
DPPC multilamellar vesicles (MLV).

Table 3. Chain-Melting Temperatures and Enthalpies from
DSCa
heating

cooling

ΔH (J/g)

ΔH (J/g)

sample

Tm (°C)

POPC
+ natural aToc
+ 10 mol % aToc
POPE
+ natural aToc
+ 10 mol % aToc
POPS
+ natural aToc
+ 10 mol % aToc
SM
+ natural aToc
+ 10 mol % aToc
DMPC
+ natural aToc
+ 10 mol % aToc
DPPC
+ natural aToc
+ 10 mol % aToc

−4.8(3)
−5.2(3)

17(6)
13(9)

−7.8(3)
−5(8)

16(0)
4(6)

25.6(8)
23.7(7)
22.2(4)
10.3(2)
10.9(2)
6(9)
37.1(2)
37.5(1)

28(4)
24(5)
16(7)
37(1)
37(7)
7(6)
36(9)
15(8)

22.2(1)
19.6(6)
18.(5)
7.1(1)
7.8(2)
5(2)
34.7(3)
34.7(9)

28(7)
20(7)
10(4)
29(9)
28(3)
4(6)
36(0)
24(8)

23.32(2)
23.32(1)
20.64(3)
40.94(4)
39.14(8)
36.98(9)

35.3(2)
27.5(4)
18(8)
20.5(3)
10.1(3)
10(7)

21.64(6)
21.64(5)
18.13(3)
39.04(4)
37.2(3)
33.99(7)

29.0(2)
29(0)
21(7)
21.4(1)
11.1(0)
11(5)

Tm (°C)

a

Errors were determined through the average of multiple DSC
experiments. The DSC heating and cooling rate was 2 °C/min.

Figure 7. Schematic of the aToc location in a POPC membrane as
determined by three diﬀerent 2H labels. The zones of aToc antioxidant
action were determined in ref 16.

■

CONCLUSIONS
Recently, Li et al. have discussed the rational design of
naphthyridinol-based lipophilic antioxidants.48 One conclusion
from their data is that an improved antioxidant must be “more
reactive to peroxyl radicals than” aToc while at the same time
“at least as regenerable by phase-separated (i.e., water-soluble)
reductants as aToc”. Thus, the reducing group must be
available to both hydrophilic and lipophilic peroxyl radicals at
the same time. There is, however, no explanation on the
structural level as to how these phase-separated radicals can be
accessible to the same reducing group.
Our results demonstrate that 10 mol % aToc does not
signiﬁcantly aﬀect the structural parameters of the diﬀerent
bilayers studied, although it has a signiﬁcant eﬀect on their
chain melting temperature. Moreover, the relative location of
aToc in POPE, POPS, and egg SM bilayers is similar to that of
previously reported phospholipid bilayers.16 aToc’s invariant
location in bilayers with diﬀerent headgroup, backbone, and tail
compositions is a unique result that bolsters the notion that
aToc’s biological role is manifested at the lipid−water interface
of a bilayer.

lowers the cooperativity of the chain melting, causing the
transition to be broadened, an eﬀect that we also observe. The
loss of cooperativity and broadening of the transition peak is
often attributed to the disruption of the chain packing or
headgroup water interactions. On the basis of the present
neutron data, we attribute this loss of cooperativity to the
latter.39 Our results, however, can still be adequately descibed
by the alternative roles of aToc put forward by Traber4 and
Azzi.5
The location of aToc at the lipid−water interface in diﬀerent
membranes has implications related to the transfer to and from
the α-tocopherol transfer protein (TTP), the fatty acid binding
protein for tocopherol. It is reported that such proteins bind
directly to the membrane’s surface where they extract or deliver
their payload. Zhang et al.40 have demonstrated that the rate of
aToc transfer from TTP to diﬀerent model membranes was
unaltered with headgroup composition and charge.
Although POPC’s Tm transition is below zero, we were able
to study the main chain melting transition of the membrane
with and without the presence of aToc. Past 2H NMR work by
Lee and coworkers determined that water in lipid emulsions
remains unfrozen well below 0 °C.41 Speciﬁcally, Hsieh and Wu
believe that there are between ﬁve and six water molecules near
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Standaert, R. F.; Feigenson, G. W.; Katsaras, J. Bilayer Thickness
Mismatch Controls Domain Size in Model Membranes. J. Am. Chem.
Soc. 2013, 135, 6853−6859.
(15) Armstrong, C. L.; Marquardt, D.; Dies, H.; Kucerka, N.; Yamani,
Z.; Harroun, T. A.; Katsaras, J.; Shi, A.-C.; Rheinstädter, M. C. The
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