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e Cholesterol causes stiffening of membranes composed of saturated (DPPC)
and unsaturated lipids (POPC and DOPC)

e Muoniated radicals are used as local probes of dynamics at specific sites
in phospholipid bilayers
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Abstract

The physical properties of lipid bilayers are known to depend on the com-
position, but there has recently been controversy about whether cholesterol
(chol) does or does not stiffen biomembranes containing unsaturated phos-
pholipids. Herein, avoided level crossing muon spin resonance (ALC-uSR)
spectroscopy has been used to probe the local dynamics in model biomem-
branes composed of the saturated phospholipid 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), the unsaturated phospholipids 1-palmitoyl-2-oleoyl-
glycero-3-phosphocholine (POPC) and 1,2-dioleoyl-sn-glycero-3-phosphocholine
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(DOPC), and the sterol chol. The presence of chol significantly stiffens the
acyl chains as evident from the reduction of the amplitude of restricted reori-
entational motion in the acyl chain at the Cy-C;( position and the increase
of the torsional barrier for rotation about the bonds in the acyl chain. Swap-
ping POPC for DOPC slightly increases the amplitude of restricted reorien-
tational motion and decreases the torsional barrier of the acyl chains, but
the magnitude of the effect is much smaller than the inclusion of chol.

Keywords: Phospholipid bilayer, Cholesterol, Membrane dynamics, Muon
spin resonance, Spin label

PACS: 87.14.Cc, 76.75.+i1
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1. Introduction

Phospholipids self assemble to form membranes that separate the con-
tents of a cell from the outside and create compartments within the cell that
have specific biological functions. The physical properties of the membrane,
such as its fluidity, which allows embedded molecules and proteins to move
within it, depend on the composition. Cholesterol (chol) is found in all animal
cell membranes and is important for controlling membrane fluidity, organi-
zation, and other physicochemical parameters [1]. It is commonly assumed
that chol stiffens membranes composed of saturated phospholipids but does
not stiffen membranes made of unsaturated lipids, such as 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC). However, a recent study using neutron
spin-echo (NSE) spectroscopy, solid-state 2H NMR spectroscopy, and molec-
ular dynamics simulations found that chol causes local stiffening in DOPC
membranes, which could indicate that a reassessment of existing concepts is
necessary [2, 3] if not controversial [4].

The physical properties of the biomembrane are related to the motions of
the individual components. Dynamic processes occurring in biomembranes
are complex and the microscopic mechanisms are poorly understood [5]. The
motions span a broad range of length and time scales. To better understand
the behaviour of membranes it is necessary to probe the different dynamic
processes of the constituents of the membrane. There are a variety of dif-
ferent analytical techniques used to study membrane dynamics, with each
being sensitive to different ranges of length and time scales. Neutron scat-
tering is a powerful technique for probing dynamics but is averaged over the



sample [6]. One can probe the local environment and dynamics of specific
components in the membrane by spin labelling. This could be with sta-
ble isotopes such as deuterium and characterizing the molecules with NMR
[7] or stable radicals such as nitroxides and characterizing the spin probes
with EPR [8]. Muoniated radicals can be used to spin label specific compo-
nents in soft matter [9]. Muoniated radicals are formed by the addition of
muonium (Mu), which behaves chemically like a light isotope of hydrogen,
to unsaturated bonds. These in situ generated spin probes are character-
ized by a magnetic resonance technique called avoided level crossing muon
spin resonance (ALC-uSR) spectroscopy. ALC-uSR is sensitive to motion
on timescales (~ 107°% — 107 s) intermediate to that accessible by NMR
and neutron scattering [6] and the transient spin probes are considerably less
perturbing than the nitroxide radicals used in EPR and fluorescent probes
[10]. The muoniated spin probes are effectively in the infinitely dilute limit
as only a few radicals are present in a volume of a few mL at any moment.

We have used ALC-uSR to characterize muoniated spin labels introduced
into model phospholipid biomembranes. There were previous pSR studies
of the phospholipid DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) in the
solid state [11], cholesterol (chol) in the solid state [12], and a liposome
composed of a 1:1 mixture of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and chol [12] using the longitudinal field repolarization method [9].
This method is not useful for accurately measuring the hyperfine param-
eters of muoniated radicals and did not provide any relevant information
about dynamics in the membrane. ALC-uSR is a significantly more sen-
sitive method for characterizing muoniated radicals and we contend this is
the first direct observation of muoniated spin probes within phospholipid
membranes. We have been aiming to determine how the composition of
the membrane affects the local dynamics as sensed by the spin probe at
specific locations within the biomembranes. We examined five biomem-
branes composed of various combinations of DPPC, DOPC, chol and 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC): 2:1 DPPC:POPC, 2:1
DPPC:DOPC, 2:1:1 DPPC:POPC:chol, 2:1:1 DPPC:DOPC:chol, and 73:27
DPPC:chol. The structures of the phospholipids and chol are shown in Fig-
ure 1.

We have found that swapping POPC for DOPC has little effect on the
dynamics at the Cy-Cyo position of the acyl chains while including chol in
the biomembrane dramatically slows the dynamics and restricts the motions
of the acyl chains. This supports the finding that chol can stiffen membranes
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Figure 1: Structures of DPPC, POPC, DOPC, and chol.

made of unsaturated lipids.

2. Experimental

The synthetic lipids DPPC, DPPG, POPC, and DOPC were purchased
from Avanti Polar Lipids (Alabaster, AL). Cholesterol was purchased from
Sigma-Aldrich (Oakville, ON). All water used was from a Milli-Q Direct Wa-
ter Purification System in order to ensure ultrapure water with a resistivity
of 18.2 MQ-cm. Prior to use, the water was degassed by sonication in vacuo
at 50 °C for 30 minutes. Vacuum was broken by argon purge and the water
was stored in an airtight container with little headspace only briefly before
use.

All samples were created with extreme precaution to ensure samples were
not exposed to oxygen during the preparation. The presence of molecular
oxygen can affect Mu addition and lead to quenching of the spectra. For
this reason, the majority of the preparation was conducted in a glovebox
purged with argon gas with oxygen levels monitored by an oxygen detector.
All samples were made from the same lipid stock solutions in chloroform.
Note, all samples were doped with the negatively charged DPPG to ensure
unilamellarity [13]. Stoichiometric mixtures of lipids were combined as chlo-
roform stocks, then solvent was evaporated in vacuo for at least 12 h to
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form a thin lipid film. To remove the samples from the vacuum oven, the
chamber was purged and blanketed with argon. Inside the glovebox, samples
were hydrated to a concentration of 20 mg/mL using freshly degassed water.
Samples were sealed inside the box with a headspace of argon prior to five
freeze-thaw-vortex cycles -80 and 60 °C. Multilamellar vesicles were extruded
to unilamellar vesicles (ULV) by 31 passes through a hand-held mini-extruder
(Avanti Polar Lipids) equipped with an 100 nm pre-diameter polycarbonate
filter. ULV were studied so that rotation of vesicles was slow enough to
not contribute to broadening of the ALC resonances as has been previously
observed in C1oE4 micelles [14]. The extruders were assembled on the bench-
top but were purged with degassed water and loaded with sample inside the
glove box to create an airtight seal. The efficiency of the extrusion was de-
termined with dynamic light scattering using a Malvern ZetaSizer Nano ZS
(Malvern Panalytical, Malvern, UK). In the glovebox, completed samples
were dispensed into aluminum sample cells with 50 pgm thick titanium foil
windows, allowing for no headspace before being sealed by Teflon plugs and
cyanoacrylate glue, which did not come into contact with the solution.

ALC-uSR measurements were performed using the HELIOS spectrom-
eter on the M15 beamline at TRIUMF. There is a significant non-linear
background due to changes in the beam spot and positron spiraling in the
applied magnetic field. It is very sensitive to the size, density, and position
of the sample in the spectrometer, and is affected by temperature. The non-
linear background makes it difficult to measure broad resonances where the
width is comparable to the curvature of the background. Raw data were
corrected for the field dependent background by subtracting a polynomial
from the experimental data. Least square fitting of multiple Lorentzians was
applied to the corrected data using a procedure based on the Minuit function
minimization library, and the fits to the background corrected and raw data
were visually compared in addition to obtaining an acceptable minimized x?
value for the least squares fit.

DFT calculations were performed with Gaussian 09 [15] using the unre-
stricted BSLYP density functional. The 6-311G*(d,p) basis set was used for
calculations on a fragment of the acyl chains and the 6-31g(d,p) basis set was
used for calculations of chol with a methyl group replacing the hydrocarbon
tail. Muonium was treated as an isotope of H with a magnetic moment of
8.890597 pn. The light mass of the muon was mimicked by increasing the
C-Mu bond length by a factor of 1.076 from its optimized value, fixing it,
and partially optimizing the rest of the radical. The empirical factor is based



on the quantum calculations of Bohm et al. for the muoniated ethyl radical
[16].

3. Methodology

The ALC-uSR technique has been extensively reviewed [9], so only a brief
summary is given here. The technique involves measuring the time-integrated
asymmetry as a function of the applied magnetic field. Resonances, which
correspond to a loss of muon spin polarization, occur when spin states are
mixed through the isotropic or anisotropic components of the hyperfine inter-
action. We typically observe two types of resonances, which are characterized
by the selection rule AM = 0 and +1, where M is the sum of the m, quan-
tum numbers of the muon, electron, and nuclear spins. The resonances are
referred to as Ay and A; resonances, respectively.

The A, resonance field depends on both the isotropic muon hyperfine
coupling constant (hfcc), A,, and the isotropic proton hfcc, A, and is given
by:

BrAegzl Au_Ap_Au+Ap : (1>

2 T — Vp Ve

where 7, 7, and 7, are the muon, proton, and electron gyromagnetic ratios,
respectively. There can also be A, resonances from other nuclei with non-
zero spins such as N and '3C. In fact, there are as many 4\, resonances as
there are nuclei with non-zero spin in the radical, but in practice we focus
on protons that have large hfccs as these result in the large A, resonances.
This is due to the limited amount of beam time available. The isotropic hfccs
provide information about the structure and conformation of the muoniated
spin probe.

A resonances are only observed when radicals are undergoing anisotropic
motion where the muon dipolar hyperfine interaction is not completely aver-
aged. In the present context, the mere presence of a A; resonance is taken as
a sensitive indicator of small anisotropy of the radical reorientational motion
on a time scale of typically 50 ns. The A; resonance field is given by:

1A A
BI%SI = |-+ ) (2)
2 [V Ve

The muon dipolar hyperfine interaction can be described as a tensor with
three principal components. Rapid rotation about an axis generates an axi-
ally symmetric dipolar hyperfine tensor. It can be described in terms of the
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parallel muon dipolar hfcc (D,'L) and the perpendicular muon dipolar hfcc
(D;;). Wobbling of the rotation axis will further average the dipolar cou-
pling. We denote this by the use of angled brackets and refer to this as the

motionally-averaged muon dipolar hyperfine coupling constant (<Dﬂ>) We

assume that the rotation axis wobbles randomly within a cone of half-angle
Oc (restricted random walk model) [17]. The vibrationally-averaged muon
dipolar coupling constant becomes:

cos O + cos? O
(D)) = o) (2Pt ®

The total change of the time-integrated muon polarization as a function of
applied magnetic field due to a A; resonance is given by:

I (4he/N)(v)?
AP(B,6) = /0 (A/2m)2 + ()2 +92(B — Bred)?

sin 60do (4)

hr is the fraction of muons forming the muoniated radical, N is the dimension
of the Pauli spin operator matrix, which depends on the number of spins with
I > 0 in the radical, X is the on-resonance damping rate, and 6 is the angle
between the unique axis of the axial dipolar tensor and the magnetic field.
The frequency on resonance (v21) is

r

vAT = Z <Dﬂ> sin 6 cos 6 (5)

If the A resonance has an asymmetric lineshape, <DlHL> can be determined by

fitting the resonance with the preceding two expressions derived by Roduner
[18]. If the A; resonance has a Lorentzian-like lineshape, we have recently

shown the magnitude of <D,‘L> can be determined if a Ay resonance is also

observed. <D1|L> is obtained from the A; amplitude (A;), A; width (I'y),
muon hfce, Ay amplitude (Ag), Ap width (I'g), and proton hfcc [19].

‘<D;”»>‘%cl-x—|—62~x2+03-x3 (6)

where ¢; = 1.114(1) x 102 MHz ™, ¢ = 6.5(22) x 1076 MHz "2, ¢3 = 3.1(8) x
1078 MHz 3, and
ALA, AT,

"= A, — 4\ Ao/ T, @)
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¢ has a value of y/n where n is the number of protons contributing to the A
resonance.
Since we measure | <D1L> |, we can determine ¢ if D,‘L, the value for pure

uniaxial rotation, is known. We cannot measure Dﬂ, so we estimate it using
DFT calculations and the method described by Weil and Bolton [20]:

Dl =[n"-A-A".n)"" - 4, (8)

where n is the rotation axis, n' is its transpose, A is the hyperfine tensor,

and A" is its transpose. The rotation axis is transformed from the molecular
coordinate system to the coordinate system of the muon hyperfine tensor.

4. Results and discussion

4.1. Muoniated Radicals and Assignment of ALC-uSR Spectra

ALC-uSR spectra of 2:1 DPPC:POPC, 2:1:1 DPPC:POPC:chol, and 73:27
DPPC:chol ULVs at 40 °C are shown in Figure 2. There are two resonances
in the 2:1 DPPC:POPC spectrum at 1.1142(5) and 1.2538(6) T, three res-
onances in the ALC-uSR spectrum of 2:1:1 DPPC:POPC:chol at 1.145(2),
1.284(3) T, and 1.591(3) T, and a single resonance at 1.596(3) T in the
ALC-puSR spectrum of 73:27 DPPC:chol.

The first step is to assign the resonances. The resonances are due to
muoniated radicals that are produced by Mu addition to the C=C bonds
of POPC, DOPC, and chol. The dilute nature of Mu means that only one
muoniated radical will be produced by reaction with DOPC. Mu addition to
C=0 and P=O0O bonds is much slower than addition to C=C bonds and so
does not result in the generation of spin probes at those sites [9].

The Lorentzian resonances at ~1.12 and ~1.26 T are present only in the
samples containing POPC, so they must be due to the Mu adducts of POPC.
The assignment of these resonances is made in part based on the similarity of
the measured hyperfine parameters with those of the Mu-sec-butyl radical,
which is formed by Mu addition to either cis-2-butene or trans-2-butene [21].
In the case of POPC, we cannot distinguish between Mu addition at carbons
9 and 10. The resulting radicals are both alkyl radicals in the middle of a
long chain thus making their contributions to the signal indistinguishable.
The structures of the radicals are shown in Figure 3 and are referred to as
Muy-POPC and Mu,o-POPC, respectively. We will collectively refer to these
radicals as the Mu adducts of POPC. These radicals have structures very
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Figure 2: Background-subtracted ALC-uSR spectra of the 2:1 DPPC:POPC, 2:1:1
DPPC:POPC:chol, and 73:27 DPPC:chol unilamellar vesicles at 40 °C. The spectrum
of 2:1 DPPC:POPC has been scaled by a factor of 0.363 so the amplitude of the Ag res-
onance is the same as in the 2:1:1 DPPC:POPC:chol spectrum. The 73:27 DPPC:chol
spectrum has been offset vertically for clarity.
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Figure 3: Structures of the Mu adducts of POPC and a stable nitroxide spin probe, 1-
palmitoyl-2-stearoyl-(10-doxyl)-sn-glycero-3-phosphocholine (16:0-10 doxyl PC). The rad-
ical centres of the muoniated radicals are shown in blue while the 8 nuclei (adjacent to
the radical centres) are shown in red. The Mu adducts of DOPC have similar structures
except that there is a double bond in the other chain. The stable nitroxide substituent of
16:0-10 doxyl PC is highlighted in green.

similar to DPPC, with the only difference being they are missing an H, and
are much smaller perturbations than the bulky, commonly used nitroxide spin
probes. The peak at 1.12 T is the A; resonance of the Mu adducts of POPC
and A, is 303.49(15) MHz in 2:1 DPPC:POPC and 311.9(5) MHz in 2:1:1
DPPC:POPC:chol. The peak at ~1.26 T is a Ay resonance due to hyperfine
coupling with the g proton of the CHMu group and the two 8 protons of
the CHy group on the opposite side of the radical centre. A, is 69.15(14)
MHz in 2:1 DPPC:POPC and 72.0(5) MHz in 2:1:1 DPPC:POPC:chol. The
hyperfine parameters of the muoniated spin probes depend strongly on the
conformation of the acyl chain and are larger in the biomembranes containing
chol.

The resonances at ~1.59 T are present only in the samples containing
chol, so we can conclude that they are due to a muoniated radical formed by
Mu addition to chol. The assignment was made by comparing the ALC-uSR
spectrum with that of the chiral nematic liquid crystal cholesteryl nonanoate
[22]. The observed radical was formed by Mu addition to the secondary
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Figure 4: Structure of the observed Mu adduct of chol (Mu-68-chol) and 33-doxyl-5c-
cholestane, the cholestane spin label (CSL). The radical centre of the muoniated radical is
shown in blue while the 8 nuclei (adjacent to the radical centres) are shown in red. The
stable nitroxide substituent of CSL is highlighted in green.

carbon of the C=C bond from the so-called “rough” or g face. We re-
fer to this as the Mu-6(-chol radical based on the position of Mu, and its
structure is shown in Figure 4. The muoniated radical is a much smaller
perturbation than commonly used nitroxide radicals such as 33-doxyl-ba-
cholestane. The peak at ~1.59 T is a A; resonance and the corresponding
A, values are 434.7(8) MHz in 73:27 DPPC:chol and 433.4(8) MHz in 2:1:1
DPPC:POPC:chol. Addition of Mu from the “smooth” or « face results in
a radical with a much smaller A, value and this was not observed.

4.2. Temperature and Composition Dependence of Acyl Chain Dynamics

The size, shape, and position of the Lorentzian-like ALC resonances and
their variation with temperature can provide information about the dynamics
of the acyl chains in the model biomembranes at the Cqo-Cyy position. We
investigated how the dynamics of the acyl chains depends on composition,
with measurements looking at the effect of swapping POPC for DOPC and
the inclusion of chol. ALC-uSR spectra over a range of temperatures are
shown in Figure 5.

The spectra of 2:1 DPPC:POPC and 2:1 DPPC:DOPC at 35 °C and
above are nearly identical. The A; and Ag resonances in both samples shift
to higher magnetic fields with decreasing temperature and broaden. Where
the spectra differ is below 35 °C where there is an additional broad resonance
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Figure 5:  Background-subtracted ALC-uSR spectra of 2:1 DPPC:POPC, 2:1
DPPC:DOPC, 2:1:1 DPPC:POPC:chol, and 2:1:1 DPPC:DOPC:chol unilamellar vesicles
as a function of temperature. The spectra are offset vertically for clarity. The dashed lines
in the 2:1 DPPC:POPC spectra are the broad feature observed at 21 to 31 °C.
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in 2:1 DPPC:POPC. This is due to coexistence between L, and Lg phases of
DPPC:POPC bilayers [23]. The relatively narrow A; and A( resonances are
due to muoniated spin probes in the L, phase and the broad feature is due to
muoniated spin probes in the Lg phase where the acyl chains are frozen. The
broad feature is difficult to disentangle from the non-linear background. The
amplitude of the Ag resonance associated with the L, phase, which is related
to how much of the muoniated radical is formed, decreases with decreasing
temperature and has almost disappeared at 21 °C. This is because the vol-
ume fraction of the L, domains decrease with decreasing temperature in this
coexistence region. In 75:25 DPPC:POPC, which is close to the composition
studied here, coexistence is thought to occur below ~40 °C [23]. By 32 °C,
the domains are no longer compact and the system is near the percolation
point of the lattice (50%). The liquid domains disappear around 15-20 °C.
Coexistence between the L, and Lg phases is not observed at either 35 or
40 °C. This could either be due to the sample being completely in the L,
phase or there could be preferential partitioning of the muoniated spin probe
from the L phase to the L, at these temperatures. This would be possible,
regardless of where the parent POPC was located when the muoniated probe
was formed, because the muoniated spin probes can move a substantial dis-
tance during their lifetime of several pus. The lateral diffusion rate of DPPC
is 17.8 pm?/s at 45 °C [24], which corresponds to a displacement due to 2D
Brownian motion of ~8 nm in 1 us. We suggest that the lateral diffusion rate
of the muoniated spin probes will be of similar magnitude. No broad reso-
nance was observed in 2:1 DPPC:DOPC at low temperatures, which could
indicate no coexistence of liquid and gel domains.

The amplitude of the Ay resonance in 2:1:1 DPPC:POPC:chol is signifi-
cantly smaller than the corresponding resonance in 2:1 DPPC:POPC as the
muon polarization is spread out over more types of muoniated radical. As
is evident from Figure 2, the resonance fields of the Mu adducts of POPC,
and consequently the hfccs, have larger values than in the 2:1 DPPC:POPC
biomembrane. It is also evident from just a visual inspection of the spectra
that A; resonance is also significantly larger relative to the Ay resonance
in the presence of chol than in the 2:1 DPPC:POPC biomembrane. This
indicates that the motion of the muoniated spin probes, and by inference the
acyl chains, is more restricted in the presence of chol. The relative ampli-
tude of the A; resonance to the Ag resonance and the positive shift of the
resonances compared with the chol-free membrane is less than in the 2:1:1

DPPC:POPC:chol membrane.
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Membrane components of different nature and interface show non-ideal
mixing behavior leading to phenomena such as domain formation [25, 26].
The formation of raft-like liquid ordered (L,) domains in model membrane
systems has been investigated to great extent using confocal fluorescence
microscopy [27], calorimetry [28], NMR [29], quasi-elastic neutron scattering
(QENS) and small angle neutron scattering (SANS) [30, 31, 32, 33, 34|, and
EPR [35]. The L, domains in 2:2:1 DPPC:POPC:chol are ~7 nm across at
35 °C [34]. Based on the lateral diffusion rates discussed above and the size
of the domains, it is likely that the muoniated spin probes could partition
into the POPC rich regions, even if they are formed in the POPC deficient
and chol rich rafts.

The magnitude and temperature dependence of the muon hfccs provide
information about the average conformation of the acyl chain about the rad-
ical centre. The muon hfcc depends dramatically on the conformation of the
acyl chain. The observed muon hfcc is a Botltzmann-weighted average over
the various torsional states and can be affected by intermolecular interac-
tions with surrounding molecules. The muon hfccs were determined using
Eq. 1 and the values as a function of temperature are shown in Figure 6.
The motionally-averaged dipolar muon hfces provide information about the

amplitude of restricted motion of the acyl chain. | <D,|L> | was determined

using Eq. 4 and 5 and the values as a function of temperature are shown in
Figure 7.

We have performed DFT calculations on a simplified system, the Mu-
sec-butyl radical [21], which is a four-carbon-long fragment of the acyl chain
(Figure 8), in order to interpret the results described above. DFT calcula-
tions were performed as a function of the dihedral angle around C,-CgHMu
(¢). This contrasts with a previous report of DFT calculations of the Mu-
sec-butyl radical where calculations were only made at a limited number of
configurations [36]. The structure was partially optimized as a function of
this angle, and then, to account for vibrational averaging and the light mass
of Mu, the C-Mu bond has been intentionally elongated to 1.076 times the
corresponding equilibrium C-H bond length, and the structure was partially
reoptimized with the additional constraint. The calculated angular variation
of the energy and hyperfine parameters are shown in Figure 9. The angular
dependence of the hyperfine parameters is due to changes in the overlap of
the C-Mu bond with the orbital containing the unpaired electron and can be
approximated by the McConnel equation.
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Figure 6: Temperature dependence of the isotropic muon hfcc of the Mu adducts of
POPC in unilamellar vesicles of 2:1 DPPC:POPC and 2:1:1 DPPC:POPC:chol and the Mu
adducts of DOPC in unilamellar vesicles of 2:1 DPPC:DOPC and 2:1:1 DPPC:DOPC:chol.
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Figure 7: Temperature dependence of the motionally averaged dipolar muon hfcc of the Mu
adducts of POPC in unilamellar vesicles of 2:1 DPPC:POPC and 2:1:1 DPPC:POPC:chol

and the Mu adducts of DOPC in unilamellar vesicles of 2:1 DPPC:DOPC and 2:1:1
DPPC:DOPC:chol. The solid lines are a guide for the eyes.

Figure 8: Structure of the Mu-sec-butyl radical and a fragment of the Mu adducts of
POPC and DOPC.
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The calculated torsional barrier for the Mu-sec-butyl radical is 8.1 kJ mol .
We have assumed that the thermally averaged value for a parameter ‘X’ is
given by the Boltzmann factor.

D> X (p)e~AE@)/ksT

X = T AE@ T 9)

The torsional potential means that the radical was undergoing very large
amplitude torsional motion around ¢ ~ 180°. Our simulation for the Mu-
sec-butyl radical matches the experimental data of A, in the liquid state (-103
to -23 °C) if we include an additional factor of 1.136 in the muon hyperfine
coupling constant (Figure 10).

The torsional potential of the Mu-sec-butyl radical cannot account for
the temperature dependence of A, in the samples with or without chol (Fig-
ure 9). We have assumed that the torsional potential of the Mu adducts
of POPC and DOPC will have a similar angular dependence to the Mu-
sec-butyl radical, but the barrier height will be different due to the longer
chains and their interactions with neighbouring chains exerting constraints
on torsional motion. This can be approximated by multiplying the torsional
potential shown in Figure 9 by a constant factor. The torsional barrier can
be seen as a proxy for the stiffness of the acyl chains. Good agreement with
the experimental data for the model biomembranes can be achieved if we
assume that the torsional barrier depends on temperature and composition
of the membrane. The barrier heights that reproduce the experimental data
are given in Figure 11. In all samples the barrier decreases with increasing
temperature and are consistent with a decrease in chain packing. The tor-
sional barrier is larger in the presence of chol which indicates more of a trans
conformation and is consistent with NMR studies [37]. Swapping DOPC for
POPC leads to a reduction in the torsional barrier, indicating a softening of
the membrane, but the effect is smaller compared with including chol.

Dﬂ, the value for pure uniaxial rotation, was calculated as a function of
dihedral angle for motion about the lowest moment of intertia using Eq. 6
(Figure 9). The torsional barriers shown in Figure 11 along with Eq. 7 were
used to calculate the expected value of D,'L in each sample as a function of
temperature. We then used Eq. 3 to estimate 6 based on the measured

| <Dﬂ> | values (Figure 12).
There is very little difference in ¢ between 2:1 DPPC:POPC and 2:1
DPPC:DOPC. In 2:1 DPPC:POPC, 0¢ increases from 60° at 25 °C to 77°
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Figure 9: Dependence of the relative energy (AFE), the isotropic muon hfcc (A,,), and the
muon dipolar hfcc for rapid uniaxial rotation about the axis with the smallest moment of

inertia (DH) of the Mu-sec-butyl radical on the dihedral angle. UB3LYP/6-311G*(d,p).
The dotted horizontal line corresponds to kg7 at 25 °C.
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Figure 10: Temperature dependence of the isotropic muon hfcc of the Mu-sec-butyl radical
in the liquid phases of cis-2-butene and trans-2-butene [21]. The solid line is based on the
values reported in Figure 9 with Eq. 7 and an additional factor of 1.136 for the muon hfcc.
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Figure 11: Temperature dependence of the torsional barrier for the Mu adducts of POPC
in 2:1 DPPC:POPC and 2:1:1 DPPC:POPC:chol unilamellar vesicles and the Mu adducts
of DOPC in 2:1 DPPC:DOPC and 2:1:1 DPPC:DOPC:chol unilamellar vesicles based
on the isotropic muon hyperfine coupling constants. The horizontal dashed line is the
calculated barrier for the Mu-sec-butyl radical.
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Figure 12: Temperature dependence of the half-cone angle for the Mu adducts of POPC
in 2:1 DPPC:POPC and 2:1:1 DPPC:POPC:chol unilamellar vesicles and the Mu adducts
of DOPC in 2:1 DPPC:DOPC and 2:1:1 DPPC:DOPC:chol unilamellar vesicles based on
the | D,”L | values.

at 49 °C, while in 2:1 DPPC:DOPC it goes from 64° to 76° over the same
temperature range. This would be within the error of the measurements.
fc in the membranes containing chol is considerably smaller than in those
without chol, which indicates that the motion of the acyl chains is signif-
icantly reduced in the presence of chol. The model breaks down in 2:1:1

DPPC:POPC:chol at lower temperatures as |<Dﬂ>| becomes larger than

Dﬂ. This could be due to the DFT calculations not giving an accurate value
of the dipolar coupling, but we also believe that at lower temperatures the
rotation about the long axis of the chain is not rapid enough to average the
dipolar coupling.

The full width half maximum of the A; resonance (I';) gives information
about the on-resonance damping rate (\) for the Mu adducts of POPC and
DOPC, which is caused by motion in the membrane. A is calculated from

[y and | <Dﬂ> | in the case of Lorentzian-like resonances using the following
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equation [19]:

27 2
A=m/r0? - 2 (D)) (10)
64
We expect A\ to have the classic form:
27,

Wy 2.2
14 Wy Tg

A= (11)
where w;; is the energy difference in frequency between the crossing levels
¢ and j, Wj; is the matrix element, and 7. is the correlation time for the
motion causing the damping. Based on the temperature dependence, the
system is in the motional narrowing regime where wi2j7'62 < 1. Under these
conditions A ~ 2W;;7.. We are assuming that the motion is activated, i.e.
7. = Toef/%8T where F, is the activation energy, and kg is the Boltzmann
constant. Combining these gives:

In A = In2W;;m + (5) T (12)
ks
A is larger in the biomembranes with chol at 30 °C than those without
chol, with the values indicating that the motional correlation time is ~4.5
times larger (i.e. slower) than in the DPPC:POPC and DPPC:DOPC mem-
branes. This is further evidence that chol slows down the dynamics of the
acyl chains. A plot of In(\) versus inverse temperature (Figure 13) is linear
for all samples with the slope giving F,. The activation energy is larger
in the membranes containing chol; 38(5) kJ/mol in 2:1:1 DPPC:POPC:chol
and 31(4) kJ/mol in 2:1:1 DPPC:DOPC:chol versus 16(5) kJ/mol in 2:1
DPPC:POPC and 23(2) kJ/mol in 2:1 DPPC:DOPC. The motion that is
causing the on-resonance damping is unknown.

4.3. Temperature Dependence of Cholesterol Dynamics

In the 73:27 DPPC:chol sample there is coexistence between the liquid-
ordered (L,) and liquid-disordered (L,) phases above ~40 °C [38]. Below
this temperature the sample is completely in the L, phase. The ALC-uSR
spectra of 73:27 DPPC:chol consist of relatively narrow resonances, which we
associate with the L, phase, that are superimposed on a broad feature that
we assign to be overlapping resonances due to muoniated spin probes in the
L, phase combined with shifts in the baseline. A A resonance due to Hyg
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Figure 13: Arrhenius plot of the on-resonance relaxation rate versus inverse temperature
for the Mu adducts of POPC in 2:1 DPPC:POPC and 2:1:1 DPPC:POPC:chol unilamellar
vesicles and the Mu adducts of DOPC in 2:1 DPPC:DOPC and 2:1:1 DPPC:DOPC:chol
unilamellar vesicles.
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Figure 14: Background-subtracted ALC-uSR spectra of 73:27 DPPC:chol unilamellar vesi-
cles as a function of temperature.

was observed at ~1.7 T and above 54 °C. The A; resonance is much smaller
and narrower in 73:27 DPPC:chol than in solid cholesterol [39] indicating
substantially larger amplitude reorientational motion within the membrane.
The amplitude of the A; resonance due to spin probes in the L, phase in-
creases with temperature and the resonance become increasingly asymmetric.
The increase in the amplitude is due to the volume fraction of the L, phase
increasing with temperature. It is not observed below 40 °C due to the dis-
appearance of the L, phase. Conversely, the broad feature disappears with
increasing temperature as the volume fraction of the L, phase decreases and
is difficult to disentangle from changes in the baseline. The ALC-uSR spec-
tra are shown with the broad feature subtracted in order to focus on the
resonances from spin probes in the L, phase (Figure 14).

The A; resonance in 73:27 DPPC:chol is asymmetric so it was possible

to determine <Dﬂ> directly using Eqs. 4 and 5. The values of <Dﬂ> as

a function of temperature are shown in Figure 15. The Mu-6/-chol radical
(and by inference chol) rotating rapidly about an axis corresponding to the
smallest moment of inertia of the rigid steroid ring structure would result
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Figure 15: Temperature dependence of the motionally averaged dipolar muon hfcc of the
Mu-65-chol radical in 73:27 DPPC:chol unilamellar vesicles.

in <Dﬂ> = -4.2 MHz. This was obtained using Eq. 8 with values from

DFT calculations at the ub3lyp/6-31g(d,p) level and with the C-Mu bond
increased by a factor of 1.076 from the optimized value in order to mimic the
light mass of the muon (Figure 16). The measured values have the same sign
but are approximately 67% larger. This could be due to preferred rotation
axis not corresponding exactly with the smallest moment of inertia of the
rigid steroid ring structure. We can reproduce the measured values if the
rotation axis is approximatly 7° from the x axis shown in Figure 16. The

magnitude of <D1|L> does not change significantly with temperature in the L,

phase, which indicates that the orientation and the amplitude of the wobbling
of chol about the preferred axis is roughly independent of temperature within
the range studied.

The A; resonance of the Mu-63-chol radical in 2:1:1 DPPC:POPC:chol
is roughly Lorentzian shaped but unlike with the resonances due to the Mu
adducts of POPC, it was not possible to determine | <Dﬂ> | as the Ag res-

onance due to Hyp was not observed. The Lorentzian lineshape of the A;
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Figure 16: Structure of the Mu-65-chol radical with a methyl group replacing the hy-
drocarbon tail at the ub3lyp/6-31g(d,p) level. Grey = carbon, white = hydrogen, red =
oxygen. The blue surface is the spin density with a bounding value of 0.08. The vertical

axis, corresponding to the smallest moment of inertia, was used to calculate <D,|L> =-4.2
MHz.
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resonance in 2:1:1 DPPC:POPC:chol and that the resonance is narrower
than in 73:27 DPPC:chol, suggests that | <D,|L> | is smaller when POPC is

present, and consequently suggests chol is undergoing larger amplitude and
faster motion. The unsaturated alkyl chain of POPC is increasing the area
per molecule in the membrane, with the resulting greater space allowing for
chol to move more freely in the membrane. This results in a less stiff or softer
membrane.

5. Conclusions

ALC-uSR spectroscopy has been used to probe the nanoscale dynamics
of in situ generated spin labels located in the acyl chain and on cholesterol
in model phospholipid membranes. The presence of cholesterol significantly
reduces the amplitude of restricted reorientational motion in the acyl chain
at the Cy-Cqg position and increases the torsional barrier for rotation about
the bonds in the acyl chain. In other words, there is a stiffening of the
unsaturated bilayer in the presence of chol. Swapping POPC for DOPC has
very little effect on either the amplitude of restricted reorientational motion
in the acyl chain or the torsional barrier.
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