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ABSTRACT a-tocopherol (atoc; vitamin E) is an essential nutrient sufficiently acquired through a balanced diet. This fat-sol-
uble vitamin is most known for its antioxidative properties; however, its fundamental mechanism of action in cellular membranes
remains unknown. To this end, we use time-resolved small-angle neutron scattering and a contrast matching scheme to deter-
mine the intervesicular exchange (kex) and intrabilayer flip-flop (k) rates of atoc in 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
vesicles. Moreover, we investigate the role of vesicle concentration and various types of cyclodextrins in affecting these rates.
For a 25 mg/mL sample concentration, it was determined that ke, and ks were 1.35 + 0.03 x 103 and 0.54 + 0.10 x 1073
min~", which represent half-lives of 513.4 += 11.7 and 1285.1 + 242.7 min, respectively. Differential scanning calorimetry
confirmed the observed timescales of atoc movement.

SIGNIFICANCE Being the only vitamer of vitamin E actively retained following digestion, a-tocopherol must serve an
important biological role in the body. Based on its lipophilic structure and antioxidative nature, a reasonable assumption is
that it rescues the membrane from lipid peroxidation. Here, in saturated vesicles, we find atoc flip-flop to be slow,
suggesting that it may itself not be the peroxidation-rescuing molecule but rather the rate-determining step in a broader
cellular response. These results provide a foundational understanding of atoc movement in membranes, allowing future
variables to be examined, such as temperature, various lipid environments, varying states of lipid oxidation, and rates of

movement for the oxidized product a-tocopherolquinone.

Vitamin E, obtained by consumption, was observed to pre-
vent rat reproduction when absent from the diet (1). More
than a century after Evans and Bishop made this discovery,
the biological role of vitamin E remains fervently debated.
Vitamin E consists of two molecular families known as to-
copherols and tocotrienols, each with four members pre-
fixed with «, 8, v, and 0, referring to varying substitutions
on the chromanol ring. Despite their similarities, a-tocoph-
erol (atoc) is the only vitamer that is preferentially taken up
and retained by the human body for use, a mystery that a
century’s worth of research has sought to resolve (2,3).
Much of the data collected to date have used techniques
that require the presence of nonbiological lipids and probes,
known to alter the system under investigation, resulting in
conflicting and confusing data (4). As such, in recent
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decades, many experiments have focused on using probe-
free scattering techniques to study atoc’s interaction with
the membrane (5).

Historically, vitamin E has been viewed as a biological
“antioxidant and nothing more” (6,7), but this simple notion
has been deemed antiquated by some (8—10). Much remains
to be explained, including whether or not vitamin E is sim-
ply an antioxidant, as well as the biophysical implications of
vitamin E’s oxidation products and their possible role as
signaling molecules that modify gene transcription (11).
However, aside from the tocopherol transport protein
responsible for atoc uptake, there are no known proteins
for which atoc serves as a ligand, making its lipid affinity,
dynamics, and intermolecular organization within mem-
branes key to understanding its possible biological functions
(12-14).

Dynamics is a broad term used to refer to different lipid
diffusive properties (lateral, transverse, and interbilayer)
and the mechanical properties of the membrane itself.
Reported values of the diffusion coefficient of vitamin E
vary by orders of magnitude within the same saturated lipid

All rights are reserved, including those for text and data mining, Al training, and similar technologies.

590 Biophysical Journal 124, 590-596, February 18, 2025

.......


mailto:drew.marquardt@uwindsor.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2025.01.008&domain=pdf
https://doi.org/10.1016/j.bpj.2025.01.008

systems (15). As for intervesicular and transverse transfer,
these values largely remain experimentally unreported.
Given recent implications that atoc and its oxidized prod-
ucts may play a role in the oxidative stress response pathway
by interacting with domains (16,17), a flip-flop rate signifi-
cantly slower than the several-second lifetime of hydroper-
oxyl lipid radicals (18) would strengthen the idea of vitamin
E as a supporting molecule for a broader cellular response
rather than being the sole molecule responsible for terminat-
ing oxidation.

In this study, we use time-resolved small-angle neutron
scattering (TR-SANS) and a contrast matching scheme to
determine the rates of atoc movement, specifically interve-
sicular exchange (k.,) and intrabilayer flip-flop (ky), in fluid
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) vesi-
cles. The strategy presented herein is adapted from previous
work (19-24). The effect of vesicle concentration and
cyclodextrins (CDs) on atoc movement are also studied.
Differential scanning calorimetry (DSC) was used to sub-
stantiate the observed timescales. A more detailed descrip-
tion of the procedure, experimental techniques, derivation
of the TR-SANS model, and vesicle characterization can
be found in the supporting materials and methods.

As highlighted in Fig. 1, atoc movement by exchange and
flip-flop resulted in a quantifiable decrease in neutron scat-
tering intensity from T, to the Tsg,y. Although the total
amount of atoc in the sample is constant throughout the
experiment, the decrease in scattering intensity is quantita-
tively related to the concentration of atoc in the donor and
acceptor vesicle leaflets through the four coupled differen-
tial equations detailed in Eqs. S1-S10. By integrating the in-
tensity under the I(g) scattering curves from 0.0027 to
0.02 A, (?_ ;?0227 I(q)dg, and normalizing the change
in the integrated intensity to the initial (T = 0) and final
(T = o) integrated intensities, the k., and k; were deter-
mined for various experimental conditions (see Tables |1
and 2). The uncertainties of the reported rates are derived
from the fits iterated by a Levenberg-Marquardt algorithm.
In order to more reliably extract flip-flop rates, two margin-
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ally different approaches were used when analyzing the
normalized neutron scattering decays: 1) scattering decay
curves for each concentration sample were fit independently
and 2) the decay curve of each sample was corefined, where
both k., and k; remained free parameters but one global k¢
value was derived for the four samples. Assuming that the
rate of flip-flop is constant despite changes in vesicle con-
centration is reasonable because flip-flop occurs within the
bilayer and should, therefore, be independent of the amount
of vesicles in solution or their proximity to each other, un-
like exchange. By cofitting the k¢ parameter, we were able
to use each concentration dataset to supplement the other
and overcome the limited amount of data points measured
toward the end of the decay period (see Fig. 2 A) or when
not enough time had elapsed for a full decay to occur (see
Fig. 2 B). This twofold approach enabled each dataset to
be analyzed independently and then in combination to
improve the overall robustness of the parameter fits, specif-
ically k.

For the various sample concentrations, the k. values
remain relatively consistent among both fitting approaches
(see Table 1). This stands to reason, as k., remains a free
parameter in both strategies. With the exception of the
10 mg/mL sample, their k; values are in agreement when
fit independently. Interestingly, there is a direct relationship
between sample concentration and the rate of exchange.
Although the sampled concentration space is limited, the in-
crease in ke, with increasing sample concentration suggests
that atoc exchange is likely governed by a collision-based
mechanism rather than one that requires atoc’s bilayer
dissociation and diffusion through solution (25,26). This
matches the activation-collision mechanism that is also pre-
dicted for cholesterol and long-chain phospholipids, which
have low aqueous solubilities (27).

Using the second fitting method, which assumes that the
flip-flop rate of atoc remains constant regardless of sample
concentration, a shared k¢ and Ty, ¢ of 0.54 = 0.10 x 1073
min~! and 1285.1 + 242.7 min were determined, respec-
tively. This reasonable assumption allows the relative
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FIGURE 1 The experimental method by
which atoc movement rates were deter-
mined. (A) Initially (T = 0), all of the atoc
is within the donor (D) vesicles, and the
acceptor (A) vesicles are matched to the
solvent. As time progresses (T = x), atoc
movement causes a decrease in scattering
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TABLE 1 a-Tocopherol ke, and k; rates and half-lives for various sample concentrations at 50°C

[Lipid] (mg/mL) kex (1072 min™") Ti/a. ex (min) ke (1072 min ™) T/, ¢ (min)
Free fit

25 1.34 += 0.02 517.3 + 8.4 0.59 = 0.12 1165.6 + 229.5
20 1.09 = 0.02 6359 + 113 0.53 = 0.13 1298.2 + 320.6
15 1.13 = 0.03 6134 + 15.7 0.32 = 0.12 2181.3 + 828.6
10 0.66 + 0.02 1050.2 + 31.8 284.27 + 0.18 2.438 + 0.002
Constrained fit

25 1.35 = 0.03 5134 + 11.7 0.54 + 0.10 1285.1 + 242.7
20 1.01 = 0.02 686.3 + 15.0

15 1.04 += 0.02 666.5 + 14.5

10 0.75 £ 0.02 928.0 = 23.8

standard error of k¢ to be reduced from =37.5% to = 20%.
Additionally, this brings the flip-flop rate of the 10 mg/mL
sample, which was only measured long enough to have its
scattering intensity decay to 50% of the expected value, to
be more in line with the values extracted for the other sam-
ples that fully equilibrated within the measurement time. A
summary of these fit parameters and how they vary with
sample concentration is shown in Fig. 2 C. In general, ex-
change rates were faster than flip-flop rates, a trend consis-
tently seen in other studies (19,21,24). Within the context of
this study, the data are self-consistent and depict reasonably
moderate movement times for atoc. Relative to other
lipids like cholesterol and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine, which have reported exchange half-lives
of 8 = 2 and 151 min and flip-flop half-lives of 200 =

13 and 513 min in the fluid phase, respectively (19,28),
atoc moves more slowly. In contrast, atoc flip-flops rela-
tively fast compared to DPPC, which has a flip-flop half-life
of 147 =+ 9 h, and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine, with a flip-flop half-life of 5251.1 min (20,29).
As atoc 1s embedded within the membrane, an additional
area of interest is how different lipid environments affect
kex and k¢. For example, cholesterol exchanges = 5 times
slower in 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine vesicles compared to 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (30). Additionally, cholesterol has a
flip-flop rate =100 times larger in the polyunsaturated

lipid 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocho-
line than DPPC (31). Significantly faster rates of atoc move-
ment in oxidation-prone polyunsaturated lipids, as was
observed using molecular dynamics (MD) simulation (32),
could elucidate an antioxidative mechanism that is not
readily apparent when using saturated PC lipids that do
not readily oxidize.

To our knowledge, these are the first probe-free, experi-
mentally derived rates of atoc exchange and flip-flop. Previ-
ous fluorescence experiments agree with our observed
timescales, as they found atoc flip-flop to be on the order
of tens of hours to days (33,34). However, recent MD
studies have found atoc flip-flop to occur on the order of mi-
croseconds, which would suggest that our observed flip-flop
rates are extremely slow (32,35,36). For example, Boonnoy
et al. found the half-lives of atoc flip-flop to vary from 0.11
to 2.77 us in a variety of lipids (36). We believe this discrep-
ancy arises simply due to the techniques being used. The
MD simulations are estimating flip-flop rates of a single
atoc molecule based on the calculated potentials of mean
force, which describe the free energy required to get atoc
to the center of the bilayer, the main energetic barrier to
flip-flop. Conversely, SANS relies on the changes in neutron
scattering length densities caused by the average movement
of many atoc molecules. As previously demonstrated, sim-
ulations can produce results that are difficult to compare to
experimental results because they are dependent on the

TABLE2 «-Tocopherol k., and k; rates and half-lives at 50°C for 10 mg/mL vesicle mixtures in the presence of various cyclodextrins

[Cyclodextrin] (mM) Kex (1072 min ™) Ti/a. ex (min) ke (107> min™ ) T2, ¢ (min)
Free fit

0.5 y-CD 241 + 022 287 + 26.8 0.24 + 0.17 2833.2 + 19189
0.1 -CD 6.85 = 0.42 1012 + 6.1 0.55 + 0.10 1253.7 + 2333
0.5 Mg-CD 5538 + 10.25 125 +23 5.89 + 0.92 117.68 + 18.4
Constrained fit

0.5 y-CD 1.72 + 0.06 403.0 + 13.4 0.54 + 0.26 1283.6 + 606.8
0.1 -CD 6.85 = 0.42 1012 + 6.1 0.55 + 0.10 1253.7 + 2333
0.5 Mg-CD 5538 + 10.25 125 =23 5.89 + 0.92 117.68 + 18.4
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FIGURE 2 (A) Normalized intensity decay curves for various vesicle sample concentrations: 15 (o), 20 (o) and 25 (o) mg/mL. Solid
lines are fits of the data using the four coupled differential equations outlined in the supporting materials and methods. Curves
are vertically offset by 0.25 for visual clarity. (B) Normalized intensity decay curves for 10 mg/mL sample concentrations alone (0)
and in the presence of various cyclodextrins: 0.5 mM y-CD (o), 0.1 3-CD (o), and 0.5 M3-CD (o). (C) a-tocopherol k., (®) and k; (®) rates

for various sample concentrations. The consolidated k; value (---

) is shown with its corresponding standard error as shading. Error

bars depict the standard error for each parameter derived from the iterated fits by a Levenberg-Marquardt algorithm.

chosen force field (37). For example, slight differences
were observed in atoc’s position within bilayers derived us-
ing MD simulations and neutron diffraction experiments
(32). Although this discrepancy does not explain the sub-
stantial difference of atoc’s flip-flop half-life ranging from
microseconds to tens of hours, it does highlight the simula-
tion-experimental result mismatch. Nonetheless, the incon-
gruencies of MD-derived atoc flip-flop rates compared to
experimental results were not something that came as a sur-
prise. Previous simulation-based results have indicated that
cholesterol flip-flop occurs very quickly, on a scale of <1 s,
while a previous TR-SANS study, similar to what was em-
ployed here, found cholesterol to have a flip-flop half-life
in DPPC on the order of 200 = 13 or 433 = 108 min
(21,22). Other than using different measurement techniques
and lipids, we are unsure what could cause such a significant
difference in the determined flip-flop rates.

As a secondary experimental method, DSC was used to
estimate the time required for the system to reach equilib-
rium (see Fig. S2). Although DSC lacks the temporal reso-
lution necessary to quantitatively determine k., and kg, it
provided insights into the time required to reach a fully
mixed state because the thermogram shape and transition
temperature are dependent on atoc’s localization in the
donor and acceptor vesicles. After 24 h, there is a significant
change in the transition peak, as the peak gets smaller and
shifts to a lower temperature. This trend, though greatly
reduced in magnitude, continues for the 48 h measurement,
and no change occurs for the 72 h measurement. Based on
these thermograms, where significant changes happened in
the first 24 h, minor changes occurred in the next 24 h,
and no changes occurred in the final 24 h, it can be reason-
ably deduced that it takes between 24 and 48 h for atoc to
equilibrate between the donor and acceptor vesicles. This
calorimetry data match the TR-SANS results, where
90% of the neutron scattering intensity decays by the first
24 h and is essentially done by the 48 h mark, thus corrob-
orating that the system has reached equilibrium.

Cyclodextrins are commonly used in lipid movement ki-
netic investigations, as their hydrophobic interiors promote in-
tervesicular transfer, artificially making k., >> k. Therefore,
these cyclic oligosaccharides can be useful for determining
lipid exchange and flip-flop rates when multilamellar species
are present (20), determining rapid flip-flop rates (38), and
creating asymmetric vesicles (39,40). However, in the context
of this study, their influence on atoc movement was of interest,
as different types of cyclodextrins are used to form inclusion
complexes with atoc that confer enhanced antioxidative prop-
erties (41,42). The three cyclodextrins used in this study were
B8-CD, MB-CD, and v-CD.

The scattering intensity decay plots of the samples con-
taining cyclodextrin are shown in Fig. 2 B. Similarly to
the 10 mg/mL cyclodextrin-free sample, these cyclodex-
trin-containing samples were normalized using a separate
scramble (T = o) sample. Again, k., and k; were deter-
mined using two approaches: 1) each data set was fit inde-
pendently of the other and 2) the k., parameter remained
free but the k¢ rate was constrained, such that the flip-flop
rate would be >0.54 = 0.10 x 10> min~", the k; value
determined for the cyclodextrin-free samples (see Table
2). Previous cholesterol studies are at odds with the effect
of cyclodextrins on measured flip-flop rates, claiming it
either has no effect (43) or accelerates it rather significantly
(21). Hence, our assumption to impose a lower bound of kg
> 0.54 + 0.10 x 10> min'is fair, as it enables both out-
comes to be possible.

As expected, the most obvious impact of cyclodextrin on
atoc movement is the substantial increase in k.. Compared
to the cyclodextrin-free sample, (-CD increased k.x by
about a factor of 10, y-CD increased it by a factor of about
2.5, and MB-CD had a dramatic effect, increasing k.x by a
factor of 81. Since cyclodextrins are known to increase
the critical micelle concentration of lipids in water (44),
we believe that these changes occur because the cyclodex-
trins enable atoc to “spontaneously” dissociate from the bi-
layers and enter their hydrophobic cores, before moving to
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the acceptor vesicles. This hypothesis is further supported
by the observation that the increases in k., inversely mirror
the stability of the inclusion complexes formed by the cyclo-
dextrins and atoc (42), suggesting that the rate-determining
step is the release of atoc from the inclusion complex rather
than the efficiency of transfer during a donor-acceptor colli-
sion. So v-CD, which is observed to form stronger inclusion
complexes than 3-CD and M3-CD, has the smallest increase
in ke, as this stability makes it less favorable for atoc to
leave the hydrophobic interior and diffuse back into the
bilayer. By determining k., rates for a sample concentration
series in the presence of cyclodextrins, this hypothesis could
be tested. Constant k., values would strongly support the
notion that cyclodextrins enable atoc exchange to occur
by a diffusive pathway rather than a collision-based one.
As for MB-CD, it is unclear why both the rate of atoc ex-
change and flip-flop increase so dramatically. We suspect
that MB-CD is catalyzing the movement of DPPC to such
a large degree that the integrity of the vesicles is greatly
reduced, enabling rapid movement of atoc. The data show
that =50% of the decay rapidly occurs in the first 10 min.
Additionally, it has been previously reported that M3-CD
increases the transfer rate of DPPC by a factor of 250 times
and has a greater affinity for DPPC than cholesterol (43),
which already has a greater affinity than atoc. Other than
Mg@-CD, the effect of the cyclodextrins on k¢ seems to be
limited, as was observed for cholesterol by Leventis and
Silvius (43). For the y-CD sample, the “constrained-fit”
k¢ is increased by a factor of two when compared to the
“free-fit” method and brought to the minimum value estab-
lished by the cyclodextrin-free samples. While we would
not expect the v-CD sample to have a slower flip-flop rate
than the 10 mg/mL cyclodextrin-free sample, with the large
relative errors on both values, we assume that this is just a
poor fit of k¢ since 40% of the intensity decay was not
measured. In contrast, the k¢ of the 3-CD sample remained
as 0.55 + 0.10 x 1073 min_l, which is comparable to
the constrained cyclodextrin-free oatoc flip-flop rate.
This consistency, despite the 10-fold increase in ke,
underscores the validity of the experimentally determined
0.54 + 0.10 x 107> min~" flip-flop rate, as it confirms
that the slow atoc flip-flop in the absence of cyclodextrins
was not being limited by a slow rate of exchange.

Despite the limited amount of atoc present in cell mem-
branes, its biological ubiquity and antioxidative properties
provide a strong case for its ability to safeguard against lipid
peroxidation. Our findings highlight the slow movement of
atoc in DPPC membranes and suggest that atoc itself may
not be the sole molecule responsible for protecting lipids
but rather acts as a sensor for oxidative damage. Since
oxidized lipids have already been shown to be able to pro-
mote membrane domain formation (45) and a-tocopherol-
quinone has been found to further stabilize domains
(16,17), we hypothesize that atoc merely goes to the areas
where oxidized lipids are beginning to form domains, un-
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dergoes oxidation to a-tocopherolquinone, and stabilizes
the new domains, allowing for a broader cellular response
to occur. Additionally, we show that cyclodextrins generally
do not have an effect on the flip-flop rate of atoc and that the
enhancement of the exchange rate is inversely proportional
to the stability of the formed inclusion complex. Overall,
these experimental results suggest a plausible role that
atoc plays in the lipid peroxidation response, but more
work examining the influence of other factors, such as the
polyunsaturated fatty acid lipid system, the movement rates
of a-tocopherolquinone, and movement from normal donor
vesicles to oxidized acceptor vesicles, and vice versa, is
needed. Differing rates of movement would indicate that
vitamin E is not a one-dimensional molecule, and it, along
with its metabolized products, must be examined within
the context of their local lipid environment.

DATA AND CODE AVAILABILITY

All raw SANS data analyzed in this paper are available at https://doi.org/10.
5291/ILL-DATA.DIR-314.
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