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Abstract

Lipid rafts are domains in biological membranes of relatively ordered (Lo) phase distributed in a
relatively disordered (Ld) phase; sterols are an important component of lipid rafts. Fenofibrate is a
hypolipidemic drug used to improve lipid profiles, particularly triglyceride and high-density lipoprotein-
cholesterol levels. Interaction of fenofibrate with lipid rafts may be of particular interest. Here, spin-
labeled analogue of fenofibrate (Feno-SL) in a raft-mimicking lipid bilayer was studied using EPR
spectroscopy. The bilayers were formed by a mixture of dioleoyl-glycero-phosphocholine (DOPC),
dipalmitoyl-glycero-phosphocholine (DPPC) and cholesterol (Chol). It is found that room-temperature
EPR spectra depend only slightly on the presence of Chol, whereas for the frozen state at 200 K EPR
spectra demonstrate a pronounced dependence on Chol content. The obtained results are explained by
magnetic dipole and spin-exchange interactions occurring at low temperatures in dense clusters of
Feno-SL molecules, which are assumed to be present in bilayers. The threshold Chol content at which
clustering appears is close to its known value for a given lipid composition required for the formation of
lipid rafts at physiological temperatures which suggests that the structure of lipid rafts during membrane
freezing differs from the structure of their environment. The observed clustering highlights the important
issue of drug accumulation and toxicity in domain-containing biological membranes.

1. Introduction

The biological membrane plays a key role in cellular function, separating it from the external environment
and enabling a number of important biochemical processes. For most drugs, regardless of their
structure, properties, or purpose, binding to lipid membranes is a necessary step in their therapeutic
action [1-5]. The interaction of drugs with the lipid bilayer can influence their penetration into the cell,
distribution in the body, metabolism and excretion, which is especially important when assessing the
toxicity of drugs.

It is known that lipid membranes segregate their components into nano- and microdomains, leading to
the formation of a heterogeneous membrane lateral structure; such segregation is supposed to play an
important role in the life processes of cells and organisms [6—11]. The resulting inhomogeneities are
classified as liquid-ordered phases (Lo) —commonly referred to as lipid rafts—capable of moving within
a relatively disordered (Ld) environment. The Lo phase consists predominantly of sterols and saturated
lipids, whereas the Ld phase is formed primarily of unsaturated lipids. In addition to these two types,
long saturated hydrocarbon chains tend to transition into solid-like gel (g) phase. Phase separation in
real biological membranes can be modeled using lipid bilayers, which typically consist of ternary
mixtures of a high-melting-point lipid (with fully saturated acyl chains), a low-melting-point lipid (with
unsaturated acyl chains), and sterol [10, 11].

The sizes of lipid domains smaller than the resolution limit of standard optical microscopy (200 nm) can
be classified as nanodomains [12]. The reviews [12, 13] discuss the possibilities of studying such
nanodomains using various experimental methods: Forster resonance energy transfer (FRET) [12-15],
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nuclear magnetic resonance (NMR) [16—19], small-angle neutron scattering (SANS) [20] and others. The
aim of these studies was to investigate the formation of nanodomains consisting of different types of
lipids (zwitterionic and anionic glycerophospholipids, glycosphingolipids, ceramides and others), as well
as the influence of chemical, electrostatic and geometric factors and the effects of membrane curvature
and asymmetry.

Spin-label EPR is capable to study molecular motion, spatial ordering and some other properties of the
molecules in the membranes [11, 21, 22]. When used at low temperatures, spin-label EPR is sensitive to
dipole-dipole (d-d) interactions of unpaired electrons of spin labels [23, 24]. Conventional continuous
wave (CW) EPR spectra are sensitive to d-d interactions for spin labels located at a distance of less than
1.5 nm from each other, while pulsed EPR techniques such as double electron—electron resonance
(DEER, also known as PELDOR) extend the capabilities of EPR to larger distances (up to ~ 8 nm or even
more). Both of these methods have been applied to study nanoclusters of spin-labeled molecules of anti-
inflammatory drug ibuprofen in the presence of lipid rafts [23, 24]. Experimental approaches to the use of
pulsed EPR in the study of nanoclusters of spin-labeled molecules, also in connection with the problem
of lipid rafts, were analyzed in a recent review [25].

Ibuprofen is a relatively small molecule with a single benzene ring in its structure, its size is about half
that of a cholesterol molecule. In this work, we study the spin-labeled analog of the hypolipidemic drug
fenofibrate. The fenofibrate molecule is significantly larger than ibuprofen, it has two separate benzene
rings in its structure, and its size is comparable to that of a cholesterol molecule - see Fig. 1.

The hypolipidemic drugs are widely used to correct lipid metabolism disorders. Fenofibrate is a selective
agonist of the peroxisome proliferator-activated receptor (PPARQ) [26]. In patients with dyslipidaemia,
fenofibrate improves the lipid profile, particularly triglyceride and high-density lipoprotein-cholesterol
levels [27]. Studying interaction of fenofibrate with lipid rafts—of which cholesterol is an important
component—may be of particular interest. It should be noted that in addition to the lipid-lowering effect,
fenofibrate may have other therapeutic properties, in particular, its anticancer activity has also been
suggested [28, 29].

As model raft-mimicking lipid bilayers, different compositions can be used consisted of high- and low-
melting-point lipids, and sterols (see above) [10, 11]. The bilayers studied in this work were prepared of
equimolar amounts of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) with the addition of cholesterol (Chol) in various proportions; that is, the molar
ratio in the DOPC/DPPC/Chol mixtures was (50—x/2):(50-x/2):x (with 0 < x < 30). As has been
established in studies of these compositions at physiological temperatures using various experimental
approaches [11, 30—32], by varying the value of x it is possible to transition at x = ~ 12 mol% from
bilayers without rafts to bilayers containing rafts. (At x < 12 mol%, the bilayers consist of Ld and g phases
[30]). For this study, it is important to note that low-frequency Raman scattering experiments performed
at cryogenic temperatures [33] have shown that fluid-state raft-containing bilayer structures freeze upon
cooling.
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To enable the use of EPR spectroscopy, a spin-labeled analogue of fenofobrate (Feno-SL) was
synthesized [34], see Fig. 1B. Feno-SL molecules have been shown to integrate into biological
membranes [34], apparently due to their amphiphilic nature. It should be noted that from a purely
structural point of view (see Fig. 1), the addition of a spin label to the original fenofibrate molecule does
not change its amphiphilicity.

2. Experimental

2.1 Materials and Samples

DOPC was from Avanti Polar Lipids, DPPC was from Aladdin Scientific, Chol was from Sigma-Aldrich.
Feno-SL was synthesized using the method described earlier [34]. Briefly, the synthesis involves
iodination, Sonogashira cross-coupling, and peroxidation steps; the nitroxyl spin label ((4-hydroxy-2,2,6,6-
tetramethylpiperidin-1-yl)oxidanil or TEMPOL) is linked to the benzene ring of the parent fenofibrate
molecule via an acetylene bridge. The chemical structures of the substances are shown in Fig. 1 (along
with parent fenofibrate).

A mixture of DOPC, DPPC and Chol in different molar proportions (50-x/2):(50-x/2):x (0 < x < 30) with
the addition of Feno-SL at different molar concentrations x (equal to either 0.5 mol%, 1 mol% or 2 mol%)
was dissolved in chloroform. The solvent was then removed by evaporation in the nitrogen stream. The
obtained films were stored under vacuum for 4 h. An excess of phosphate-buffered saline (pH 7.0) was
then added at a ratio of 10:1, the sample was mixed, and incubated for 2 hours at room temperature.
Samples were centrifuged at 14,000 g for 4 minutes. The final lipid-to-water ratio was 1:3, w/w. This
protocol results in the formation of multilamellar vesicles (MLVs). For low-temperature studies, samples
were rapidly frozen by immersion in liquid nitrogen.

2.2 Measurements

An X-band Bruker ELEXSYS E580 EPR spectrometer was employed, with a Bruker ER 4118X-MD5
dielectric resonator equipped. The modulation amplitude was 0.01 mT, the output microwave power was
200 mW, with its attenuation adjusted to avoid the saturation effects. The sweep time and the
spectrometer time constant were 10.49 s and 20.48 ms, respectively. For low-temperature
measurements, the resonators were immersed in an Oxford Instruments CF-935 cryostat cooled by a
flow of cold nitrogen, the temperature was stabilized by a Bruker ER4131VT temperature controller.

3 Results
3.1 EPR Spectra at Room Temperature

EPR spectra taken at room temperature (25°C) are shown in Fig. 2. These spectra are typical for nitroxide
spin labels in biological membranes which experience slow (in the EPR time scale) orientational motion
[35]. The spectra are normalized by constant second integral—this normalization equalizes the number
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of molecules for samples with different concentrations and volumes. Figure 2A shows that for Chol-free
bilayers, EPR spectra depend only slightly on the Feno-SL concentration x. For Chol-containing bilayers
(Fig. 2B) however some dependence on x appears: with its increasing, there is some line broadening,
which is manifested by a decrease in the intensity of the central line. This broadening can be explained
by an increase in the transverse spin relaxation rate T,”', which affects all three lines equally, but is most

noticeable for the central one due to its smallest width. Furthermore, at x =2 mol%, a slight increase in
line splitting is observed in Fig. 2B. This increase is typical upon the addition of cholesterol to lipid
bilayers for spin labels located in the upper half of the hydrophobic interior of the membrane [11, 21, 22,
36).

It should be noted that the EPR spectra of spin-labeled lipids at room temperature [11, 21, 22] show a
much more pronounced dependence on Chol concentration than that shown in Fig. 2 for Feno-SL. For
spin-labeled lipids, the main source of this dependence is molecular motion in the surrounding medium;
therefore, this difference may be due to the more rigid molecular structure of Feno-SL, which makes it
less sensitive to the motion.

3.2 EPR Spectra at 200 K

Figure 3 shows the EPR spectra obtained at 200 K. These spectra exhibit a much more pronounced
Feno-SL concentration dependence than the spectra at room temperature (cf. Figure 2). In all cases, an
increase in the concentration of Feno-SL x leads to a broadening of the spectra. For spectra in Fig. 3A,
this broadening is easily explained by the emerging of the d-d interaction between the spin labels. (This
interaction at room temperature averages out to zero due to its anisotropic nature and rapid molecular
motion.) On the presence of Chol (Fig. 3B), the broadening becomes much more noticeable and even
changes the overall shape of the spectrum. This effect indicates that the d-d interaction is enhanced in
the presence of Chol.

3.3 The Effect of Chol Concentration

The influence of Chol content on the spectral shape at 200 K was studied in more detail for the
DOPC/DPPC/Chol bilayers with Feno-SL concentration x =2 mol% — see Fig. 4. One can see that the
lineshape here experiences two abrupt changes — between 0 and 5 mol% of Chol content and between
15 and 20 mol%.

The change in the EPR lineshape of the Feno-SL for the Chol concentrations x between 0 and 5 mol% can
be explained by the possible influence of Chol on the vertical position of the Feno-SL molecule, which
would lead to a change in the proton environment of the spin label: if this environment becomes denser,
it would lead to a line broadening observed in Fig. 4. A denser proton environment will arise if the Feno-
SL molecule moves somewhat deeper into the membrane, which is accompanied by a denser
environment of methylene groups. Meanwhile, the change in Fig. 4 in the lineshape Chol concentrations
x above 15 mol% may have another cause, which is discussed below.
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It was also found that after warming the frozen samples to room temperature, their spectral shape was
completely restored — see Fig. S1 in the Supporting Information.

3.4 Simulations of the Spectra

In the simulations of the EPR spectra obtained at 200 K, it was assumed that Feno-SL molecules were
completely immobilized, and the standard EasySpin program [37] was used. For a Feno-SL concentration
of 0.5 mol% in the absence of cholesterol (cf. Figure 3A), the following best-fitted simulation parameters
were found: gy, = 2.0096, g, = 2.0067, g,, = 2.0025, Ay, = 6.6 G, Ay, = 6.0 G, A,, = 34.4 G, the initial line
shape was Lorentzian with a peak-to-peak line width ABp-p = 5.0 G; the results of simulation are shown in
Fig. 5A. For Feno-SL concentrations of 1 mol% and 2 mol%, this spectrum in simulations was convoluted
with an additional Lorentzian line with ABp-p equal to 0.9 G and 1.5 G, respectively. It can be seen that in
all the cases there is a good agreement between the experimental and calculated spectra.

Results of simulation of EPR spectra for Chol-containing bilayers presented in Fig. 3B are given in

Fig. 5B. The simulation was performed by summing two spectral shapes: one of them represented the
narrow triplet, which closely resembles the spectrum for 0.5 mol% of Feno-SL in the absence of Chol (cf.
Figure 3A), with parameters gyy = 2.0093, gyy = 2.0068, g, = 2.0026, Ayy = 6.4 G, Ay, = 6.0 G, A,, = 35.8
G, with a peak-to-peak line width AB,,_, = 5.4, 6.4, and 6.9 G for 0.5 mol%, 1 mol%, and 2 mol%,
respectively; the second was a broad Voigt singlet with AB,,_, = 26 G and g-factor equal to 2.0069 (for
clarity, this singlet line is shown in Fig. S2).

The contribution of the broad line to the total EPR spectrum was 14%, 45%, and 63% at concentrations x
of 0.5 mol%, 1 mol%, and 2 mol%, respectively. It should be noted that the A,, value found, 35.8 G, is

somewhat higher than that for bilayers without Chol (A, = 34.4 G, see above). As noted above, this

increase of hyperfine splitting in the presence of Chol is characteristic of spin labels located in the upper
half of the membrane’s hydrophobic interior—this phenomenon has been observed both at physiological
temperatures [36] and in the frozen state [38].

4 Discussion

The additional broadening in Fig. 5A for Chol-free bilayers as the Feno-SL y concentration increases is
obviously explained by increasing the d-d interaction between the unpaired electrons of the spin labels.
The Lorentzian type for this additional broadening for x =1 mol% and x = 2 mol% can be interpreted
basing on the assumption of a random spatial distribution of spin labels (in three dimensions). Note that
this simple model can be applied in this case only approximately, because in a bilayer structure, the
spatial distribution is expected to be closer to two-dimensional. Modeling of spectra for a two-
dimensional spatial distribution is easy to achieve [23], but the small values of the observed broadening
make a more detailed analysis of the line shape impractical.

The appearance in Fig. 5B of a broad singlet line instead of the original triplet of narrow lines is
apparently due to the magnetic spin-exchange interaction between the spins of closely located unpaired
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electrons. It is known [39] that for four interacting nitroxide spin labels located in a rigid tetramer at a
distance of 0.5—-1 nm from each other, a broad singlet-like line indeed appears. This fact suggests that
Feno-SL molecules in the studied DOPC/DPPC/Chol bilayers form dense aggregates (clusters), with the
minimum number of molecules estimated at four.

Figure S2 shows the EPR spectrum of pure Feno-SL powder, measured at 200 K, along with the broad
line used to model the data in Fig. 5B. The line width for the bilayer is noticeably narrower than for the
powder, which suggests that its appearance in the bilayer is not the result of a simple release of Feno-SL
into a separate phase.

The found g-factor of the broad singlet line, equal to 2.0069, is somewhat larger than the isotropic value
for the narrow-line triplet, g;s, = (gxx * 9yy *+ 977)/3 = 2.0063. This difference indicates that, during cluster
formation, the long axes of the Feno-SL molecules orient themselves approximately parallel to the
membrane normal.

For spin exchange to affect EPR spectra, direct contact between molecules is necessary. At room
temperature, molecular motion disrupts these direct contacts, and due to the strong dependence of spin
exchange interaction on the distances between unpaired electrons, this interaction may become
insignificant — which explains the absence of the broad line at room temperature (see Fig. 2B).

To explain the abrupt change in the EPR spectra observed in Fig. 4 at Chol concentrations x > 15 mol%
(the appearance of broad singlet), it should be noted that at physiological temperatures in bilayers of the
composition under study, lipid rafts form at x > 12 mol% [11, 30-32] (below 12 mol%, the bilayer phase is
a mixture of Ld and g phases [30]). The proximity of these two values suggests that the appearance of
the broad singlet may be related to raft formation. This hypothesis also assumes that lipid rafts (the Lo
phase) freeze during the freezing process. Note that this assumption is consistent with the results of
Raman studies of frozen lipid bilayers of the same composition [33]. Also, this assumption may imply
that the frozen g and Lo phases differ from each other (similar to the Ld and Lo phase).

In our previous studies employing DEER spectroscopy of spin-labeled ibuprofen (ibuprofen-SL) in lipid
bilayer of the same DOPC/DPPC/Chol raft-mimicking compositions [24], aggregates of these molecules
were observed. This aggregation did not result in the appearance of the EPR line narrowed by spin
exchange. Some conclusions were also drawn about the structure of these clusters: they consist of 6
molecules arranged in a prismatic configuration. It was also suggested that these clusters form in voids
created by subdomains approximately 30 nm in size that were supposed to present in the structure of
lipid rafts. Note that the formation of subdomains of approximately similar size was suggested in the
studies using FRET - see review [12]. Since the size of the clusters was about 4 nm (this is also the size
of the voids between the subdomains)—which is significantly larger than the size of the spin-labeled
ibuprofen molecules—these clusters certainly contain lipid molecules in their internal structure.

The results obtained here for Feno-SL show that these relatively large molecules also tend to cluster in
lipid bilayers. However, this clustering leads to the formation of denser aggregates compared to
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ibuprofen-SL, in which Feno-SL molecules attach to each other in direct contact. Unfortunately, the DEER
method is not applicable to the study of dense clusters, with a distance between spin labels less than 1
nm, due to the strong d-d interaction, which makes the DEER signal unobservable.

5 Conclusions

The results of this work show that solid-state (ss) CW EPR spectra of clusters of spin-labeled molecules
in the membranes can be caused by strong spin exchange effects between the spin labels, which can
occur if these molecules are in direct contact with each other. It has previously been shown that for
molecules not in close proximity to each other, ss CW EPR provides information on d-d interactions
between them [23, 24]. At physiological temperatures, these two types of interaction disappear due to
fast molecular motion, which disrupts the direct contact between molecules necessary for strong spin-
exchange interaction and averages out the d-d interaction due to its anisotropic nature. Thus, ss CW EPR
provides additional opportunities for studying clusters of spin-labeled molecules. Of course, it should be
noted that here, compared to physiological temperatures, dynamic information is lost.

In this work, ss CW EPR is used to investigate the clustering of Feno-SL molecules in DOPC/DPPC/Chol
bilayers. The results, obtaining as a function of the Chol molar content x, showed that clusters of Feno-
SL are formed at a threshold value of x > 15 mol%. This value is close to that (x > 12 mol%) obtained in a
study of DOPC/DPPC/Chol bilayers at physiological temperature [11, 30-32] which can be explained by
the hypothesis that lipid rafts (Lo phase) formed at physiological temperatures freeze during the freezing
process. This hypothesis also assumes that the frozen g phase (existing at physiological temperatures
at x <12 mol%) do not differ from the Ld phase.

Clustering of Feno-SL molecules occurs at their threshold concentration of x > 1 mol% and is observed
only in the presence of lipid rafts. The same threshold was also found for spin-labeled ibuprofen [24]. An
important difference between these two types of the molecules is that the relatively smaller ibuprofen
molecules form well-defined, lipid-mediated clusters [24] whereas the relatively larger spin-labeled
fenofibrate molecules form more dense clusters in which the molecules are in direct contact with each
other.

Finally, we note that for both ibuprofen and fenofibrate, the observed clustering likely highlights the
important issue of drug accumulation and toxicity in domain-containing biological membranes.
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Figure 1

Chemical structures: (A) fenofibrate, (B) spin-labeled fenofibrate (Feno-SL), (C) cholesterol (Chol), (D)
DPPC, (E) DOPC
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Z =
A —— 0,5 mol%
— 1 mol%

ﬁ —— 2 mol%

2mT

Figure 2
EPR spectra at room temperature for Feno-SL at its three different concentrations . (A) DOPC/DPPC

(50/50) bilayer; and (B) DOPC/DPPC/Chol (35/35/30) bilayer. Spectra are normalized to constant second
integral.
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Z =
— 0,5 mol%
— 1 mol%
2 mol%

Figure 3

EPR spectra at 200 K for Feno-SL at its three different concentrations y. in (A) DOPC/DPPC (50/50)
bilayer; (B) DOPC/DPPC/Chol (35/35/30) bilayer. Spectra are normalized to constant second integral.
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x:

— 0 mol%
— 5 mol%
— 10mol%
— 15 mol%
—— 20 mol%
— 25 mol%
—— 30 mol%

Figure 4

EPR spectra at 200 K for Feno-SL with a concentration of x = 2 mol% in DOPC/DPPC/Chol bilayers with
different Chol contents x. Spectra are normalized to constant second integral.
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A ¥ =
0.5 mol%
1 mol%
2 mol%
B

‘;.V:
0.5 mol%

1 mol%

2 mol%

4 mT

Figure 5

EPR spectra at 200 K for Feno-SL of three different concentration x in the DOPC/DPPC (50/50) bilayer
(A) and DOPC/DPPC/Chol (35/35/30) (B) (solid black lines), as well as the results of their simulation
(dashed red lines). The parameters used in the simulation are given in the text.
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