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POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPC-d3;  1-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
Ps phosphoserine or phosphatidylserine
SANS small-angle neutron scattering
SAXS small-angle X-ray scattering
7G Zilman and Granek
Introduction

Lipid bilayers form the main matrix of cell membranes and are the primary platform for
nutrient exchange, protein—cell interactions, and viral budding, among other vital cellular
processes. The intermolecular interactions at mesoscopic length scales play key roles in the
emergence of membrane physical properties, such as lipid packing and membrane rigidity.
The functioning of cell membranes leverages on their hierarchical dynamics encompassing
segmental lipid fluctuations, molecular diffusion, and viscoelastic membrane deformation.
Lipid membrane fluctuations correspond to the geometry of interactions and the rates of lipid
motions as described by their order parameters and correlation times. These phospholipid
mobilities occur at their own timescales, and various biophysical techniques can be utilized
to monitor the different dynamics in terms of an energy landscape (Fig. 1).
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FIG.1 Biophysical techniques reveal phospholipid membrane dynamics over a range of timescales. Orientational
fluctuations correspond to the geometry of interactions via Euler angles Q and correlation times 7. for the rates of
lipid motions. (A) Principal axis system of *C—"H or C—"H bonds fluctuate due to motions of internal segmental
frame (I) with respect to the membrane director (D) axis. (B) Diffusive phospholipid motions are described by aniso-
tropic reorientation of molecule-fixed frame (M) with respect to the membrane director axis (D) as described by Quip
Euler angles. (C) Liquid-crystalline bilayer lends itself to propagation of thermally excited quasi-periodic fluctua-
tions in membrane curvature expressed by motion of the local membrane normal (N) versus membrane director axis
(D) as described by Qup Euler angles. Bottom part of the figure lists techniques that offer temporal resolution appro-
priate to capturing lipid and membrane dynamics events. Adapted from Leftin, A., & Brown, M. F. (2011). An NMR data
base for simulations of membrane dynamics. Biochimica et Biophysica Acta, 1808, 818-839.
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The major classes of membrane lipids are phospholipids, glycolipids, and sterols, with
their representative chemical structures illustrated in Fig. 2. In cell membranes, lipids ex-
ist in various forms that differ in their polar head group size, charge, and capacity for hy-
drogen bonding, as well as in their nonpolar acyl chain length and degree of unsaturation
(Fig. 2A—C). Phospholipids are the main components of the lipid bilayers of mammalian cells.
The second most abundant component is cholesterol, constituting up to 50mol% of the total
lipids of the plasma membrane (Krause & Regen, 2014)—which has justifiably drawn signif-
icant attention in membrane biophysics over the last few decades. The fact that cholesterol
is present in large amounts in mammalian cells but is absent in prokaryotic cells (Mouritsen
& Zuckermann, 2004) indicates its important role in cell evolution. Its molecular fraction in
different cell membranes is controlled through biosynthesis, efflux from cells, and influx of
lipoprotein cholesterol into the cell (Simons & Ikonen, 2000). Functionally, cholesterol is in-
volved in key biological processes such as cellular homeostasis, steroid and vitamin D synthe-
sis, and the regulation of membrane order and dynamics (Craig, Yarrarapu, & Dimri, 2021).
Therefore, changes in cholesterol level are commonly attributed to variations in membrane
properties, stability, and pathology. There are two well-known methods that describe how
cholesterol modulates cellular functions: (i) by indirectly affecting membrane properties and
consequently influencing protein-membrane interactions (Brown, 1994, 2012, 2017), and (ii)
by directly affecting cholesterol-protein interactions (Liu et al., 2017; Sheng et al., 2012).

Structurally, cholesterol is a 27-carbon compound characterized by a hydrocarbon tail, a cen-
tral sterol nucleus made of four hydrocarbon rings, and a hydroxyl group (Fig. 2D) (Craig et al.,
2021). This structure facilitates the incorporation of cholesterol into lipid membranes and its
alignment along the hydrocarbon chains of the lipids (Fig. 2B and C). The orientation of choles-
terol results in a more ordered state of the hydrocarbon chains, and consequently modulates the
membrane structural, dynamical, and physical properties. In membranes with saturated and
unsaturated lipids, cholesterol preferentially segregates into domains rich in saturated lipids,
also known as lipid rafts, which may include glycolipids (Fig. 2E). These raft domains play an
important role in cell signaling and pharmacology (Brown & London, 1998; Klose, Surma, &
Simons, 2013; Simons & Gerl, 2010), as well as maintaining membrane order (Zhang, Barraza, &
Beauchamp, 2018). Notably, the increase in lipid packing due to cholesterol can lower the mem-
brane permeability, and it can affect the distribution and transport of anesthetics and other drugs
in membranes (Auger, Jarrell, & Smith, 1988; Siminovitch, Brown, & Jeffrey, 1984). Therefore,
cholesterol also plays a significant regulatory role in many biophysical processes (Maxfield &
van Meer, 2010), including passive permeation (Corvera, Mouritsen, Singer, & Zuckermann,
1992), protein and enzyme activity (Cornelius, 2001; de Meyer, Rodgers, Willems, & Smit, 2010),
and viral infections, e.g., influenza (Sun & Whittaker, 2003), HIV (Prasad & Bukrinsky, 2014),
and coronavirus (Meher, Bhattacharjya, & Chakraborty, 2019).

Beside the central role of cholesterol in naturally occurring membrane processes, it also
poses as a key component in drug development and drug delivery applications. For exam-
ple, the presence of cholesterol in renal cell membranes is a critical factor in improving the
membrane resistance against damage inflicted by nephrotoxic antibiotics (Khondker et al.,
2017). This is attributed to increased membrane stabilization and suppression of lipid and
peptide mobility imparted by cholesterol. Such modifications of membrane properties by
cholesterol have also been utilized in the design of liposomal formulations, resulting in sig-
nificant advances in the use of liposomes as drug carriers (Allen & Cullis, 2013). Specifically,
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FIG. 2 There are three major classes of membrane lipids. Structures of (A) the polar lipid head groups vary in their
size, capacity for hydrogen bonding, e.g., the zwitterionic phosphocholine (PC) and phosphoethanolamine (PE) head
groups, and the anionic phosphoserine (PS) head group. Examples are shown for glycerophospholipids (B) POPC
and (C) DOPC, (D) cholesterol, which is the sterol component of animal membranes, and (E) glycolipids with a car-
bohydrate moiety attached by a covalent bond.

the inclusion of cholesterol in liposomal membranes results in stable and long-circulating
liposomes in vivo, a necessary feature for the protection of the drug cargo from degradation
and premature release (Allen & Cullis, 2013; Leeb & Maibaum, 2018). In addition, cholesterol
reduces the activity of proteins and peptides (part of the innate immune system) on liposomal
bilayers (Zasloff, 2002), thus prolonging the liposome circulation time. Such findings point to
the importance of cholesterol-induced modifications of membrane structural, dynamical, and
mechanical properties in determining the efficacy of membrane-interacting drugs and in the
developing of robust liposomal drug carriers.

To understand the effect of cholesterol on membrane mechanics, various techniques have
been used, including flickering spectroscopy (Duwe, Kaes, & Sackmann, 1990), micropipette
aspiration (Bassereau, Sorre, & Lévy, 2014; Dimova, 2014; Evans & Rawicz, 1990), electrode-
formation (Gracia, Bezlyepkina, Knorr, Lipowsky, & Dimova, 2010; Niggemann, Kummrow,
& Helfrich, 1995), X-ray diffusivity (Pan, Tristram-Nagle, & Nagle, 2009), molecular dynamics
(MD) simulations (Doktorova, LeVine, Khelashvili, & Weinstein, 2019; Khelashvili & Harries,
2013; Khelashvili, Johner, Zhao, Harries, & Scott, 2014), deuterium nuclear magnetic reso-
nance (2H NMR) (Brown, Ribeiro, & Williams, 1983; Molugu & Brown, 2016), and neutron
spin echo (NSE) spectroscopy (Arriaga et al., 2009; Chakraborty et al., 2020). Among these
techniques, MD simulations, solid-state “H NMR and NSE spectroscopy uniquely access col-
lective lipid fluctuations over length and time scales that are commensurate with fast biologi-
cal processes, including protein-membrane interactions and signaling events. In this chapter,
we discuss the powerful combination of solid-state “H NMR and NSE spectroscopy in non-
invasively investigating membrane mechanics using spin labeling methods. In solid-state
*H NMR, this approach involves studying the relaxation of deuterium spin labels along the
hydrocarbon chain of the lipid molecules under the influence of a magnetic field. In NSE
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spectroscopy, the experiments involve the change in spin polarization of an incident neutron
beam as it exchanges energy with the measured lipid membrane. To illustrate the mode of
operation of the two techniques, we summarize their basic principles and their use in studies
of membrane fluctuations. Application to lipid bilayers give a powerful and unique approach
to determining their mechanical or viscous membrane properties and how they emerge from
atomistic-level forces that affect cholesterol- and drug-membrane interactions.

Neutron spin echo spectroscopy of lipid membranes

Neutron spin echo (NSE) spectroscopy is a high-resolution quasi-elastic scattering tech-
nique which measures neutron energy changes on the order of a few meV (or kgT), making it
ideally suited for directly detecting thermal fluctuations in lipid membranes. As mentioned
above, the molecular motions of the lipids and their collective membrane dynamics are man-
ifested over a broad range of length and time scales. For the length scales accessible by NSE,
i.e.,, 1-100nm, the membrane dynamics include collective lipid motions such as bending un-
dulations (asymmetric deformations), breathing modes (symmetric deformations), as well
as diffusive lipid dynamics (Gupta, De Mel, & Schneider, 2019; Katsaras & Gutberlet, 2001;
Woodka, Butler, Porcar, Farago, & Nagao, 2012). Importantly, the bilayer physical chemis-
try underlies both molecular fluctuations and collective membrane dynamics (Brown et al.,
1983). Thus, the ability to measure different membrane dynamics is crucial to understanding
the fundamental biophysical properties of cell membranes, developing next generation bio-
materials and extending our knowledge beyond the capabilities of current theory or simu-
lations. Neutron spin echo spectroscopy has proven to be particularly valuable in accessing
selective membrane dynamics over well-defined spatial and temporal scales, helping answer
a number of open questions in membrane biophysics as discussed in the subsequent sec-
tions (Ashkar et al., 2015; Chakraborty et al., 2020; Gupta et al., 2018; Nagao, Kelley, Ashkar,
Bradbury, & Butler, 2017; Woodka et al., 2012).

Neutron spin echo principles

Neutron spin echo spectroscopy measures the dynamic structure factor S(Q, ) as a func-
tion of momentum transfer vector, Q, and Fourier time, ¢, the latter of which can vary up to
several hundred nanoseconds. For a system composed of N, nuclei of type a and g, the dy-
namic structure factor is defined as:

Se s (Q,t)=Nifera,ﬂ (r,t)exp(iQ-r) (1)

p

where G, 4(r, t) represents the density-density pair-correlation or the Van Hove function (van
Hove, 1954) at different times and is given by:

G, (rt)=IdRp, (R+1t)p; (R,0) )

3. Pharmacological considerations and perspectives



776 29. Cholesterol stiffening of lipid membranes

It describes the probability of finding a nucleus of type « at Fourier time ¢ at a distance R+r
if another particle of type f was at position R at time 0. Another feature of NSE is the ability
to directly measure the intermediate scattering function S(Q,t) as the Fourier transform of

S(Q,w), ie.,

S (Qw)= TO dtS, ,(Q,t)exp(—iwt) 3)

However, because of the two-third probability of spin-flip for spin incoherent scattering on
NSE spectrometers, we measure the normalized total signal as:

1
I(Q/t) _ S(Q,t) _ O-COhSCOh (Q’t)_gdincsinc (Q/t)

_ _ 4)
I(Q’O) S(Q,O) Gcthcoh (QIO)_%GincSinc (Q’O)

Here, Scon(Q, t)and Sin(Q, t) correspond to the coherent and incoherent intermediate scatter-
ing functions, and 6., and oy, are the coherent and incoherent scattering cross-sections which
depend on the neutron scattering length, b, of scattering nuclei, as 6¢oh/inc =4nb> /inc- We note
that the remarkably distinct neutron scattering lengths of protium and deuterium isotopes
of hydrogen (—3.74fm and +6.67 fm, respectively) present a unique capability in biological
sciences (Ashkar et al., 2018). Indeed, this difference in scattering length enables the visual-
ization of different moieties in biological systems through simple substitution of hydrogen
(or protium) with deuterium.

Neutron spin echo technique

Neutron spin echo (NSE) spectrometers probe sample dynamics by using neutron spin
coding to measure the energy exchange between neutrons and the sample during scattering
events. The Larmor precession of the neutron spin, within the magnetic coils of the spec-
trometer, serves as a timer for each neutron and allows the detection of tiny velocity changes
(Av/v <107 in a scattering event, measured as a change in the final beam polarization
(Mezei, 1972; Mezei, Pappas, & Gutberlet, 2002; Monkenbusch & Richter, 2007).

The schematic setup of an NSE instrument can be seen in Fig. 3. Neutrons enter the in-
strument after passing a velocity selector that admits a velocity distribution with a width of
10% to 20%. Since the spin is used as a timer for each individual neutron, the initial velocity
is of no importance for the actual measurement of the energy transfer, which facilitates the
use of a broad-wavelength band of incident neutron energies. The incoming neutron beam is
polarized by using a magnetic multilayer mirror which aligns the spins along the direction of
the beam (x-direction). A n/2 flipper then flips the spin in the direction perpendicular to the
beam axis, i.e., upwards (z-direction). Spin flippers work by applying a sharp magnetic field
change to reorient the neutron spin. After passing the n/2 flipper, the neutron enters the first
precession coil of length, /, and magnetic field, B, along the neutron beam. The neutron spin
thus undergoes a Larmor precession such that the total precession angle, ¢, is given by the
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FIG. 3 Schematic diagram of a neutron spin echo (NSE) spectrometer. The magnetic elements of an NSE instru-
ment are designed to manipulate the neutron spin (n) which encodes information about sample dynamics. The high-
lighted neutron indicates polarization loss (or change in spin orientation) due to energy exchange with the sample.
In contrast, the transparent neutron represents a case with no energy exchange, resulting in an “echo” of the initial
spin state. Adapted from Kumarage, T., Nguyen, |., & Ashkar, R. (2021). Neutron spin echo spectroscopy: A unique probe for
lipid membrane dynamics and membrane-protein interactions. Journal of Visualized Experiments, 171, €62396.

!
magnetic field integral, | = fo | B| dx, where | B | =B is the modulus of the magnetic induction.
In other words, the precession angle is given by:

A 1
¢=%£de )

where y~—1.83x10° rad s™' T™' is the magnetogyric ratio of the neutrons and v,=h/Am, is
the neutron velocity, with m,, denoting the mass of the neutron, / the Planck constant, and 1
the neutron wavelength. The change in polarization at the sample position is directly related
to the normalized intermediate scattering function, S(Q,t), expressed as a function of Fourier
time t=yBlh/m,v° (Ashkar, 2020; Mezei, 1972; Ohl et al., 2012).

Neutron spin echo spectrometers around the world are located at research reactors
and pulsed neutron sources, e.g., BL-15 SNS-NSE at Oak Ridge National Laboratory (Ohl
et al., 2012), CHRNS-NSE at the NIST Center for Neutron Research (Rosov, Rathgeber, &
Monkenbusch, 1999), J-NSE at Heinz Maier-Leibnitz Zentrum (Holderer & Ivanova, 2015),
and IN-11 and IN-15 at Institute Laue-Langevin (Farago, 1999). Most NSE spectrometers op-
erate with energy resolutions, A fw, on the order of 10neV (~ 100ns), over length scales on
the order of 1 to 250A (Monkenbusch & Richter, 2007; Monkenbusch, Schitzler, & Richter,
1997). In the previous expression, # is the reduced Planck constant and w is the neutron fre-
quency. Notably, recent advances in the IN-15 NSE spectrometer at Institute Laue-Langevin
have achieved energy resolutions as high as Aiiw = 0.7 neV, yielding a maximum Fourier
time, tma = 1ps (Farago et al., 2015). These developments open new possibilities in explor-
ing the dynamical hierarchy in membranes over extended timescales corresponding to vital
membrane processes.

3. Pharmacological considerations and perspectives
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Membrane undulations

The stability and shape of membranes, and how they interact with cholesterol, proteins, or
other foreign particles, such as drug molecules, depends on membrane undulations. These
undulations are governed by membrane elastic properties, primarily the bending rigidity
modulus, k. Early NSE measurements provided direct experimental evidence that membrane
bending undulations follow the elastic sheet model (Yamada et al., 2005). As predicted by
Zilman and Granek (ZG), the signatures of such undulatory motions are manifested in relax-
ation spectra with stretched exponential decays given by (Zilman & Granek, 1996):

S2(Qt) = Aexp| (T yt)”” | (6)

Here, A is the amplitude of the fluctuations and the parameter I'zg is a Q-dependent decay
rate which is directly related to the bending rigidity modulus. Indeed, stretched exponential
decays of this form are typically observed in NSE relaxation spectra of vesicular membranes
(Fig. 4A). The extraction of the bending rigidity modulus in these measurements entails re-
finements of the ZG theory (Watson & Brown, 2010) which take into account interleaflet fric-
tion to interpret the bending relaxation rate in terms of the effective bending modulus, « .
In this notation, x is related to the bilayer bending modulus,k, by x =« + 2d°k,, , (Watson &
Brown, 2010) where ki, is the monolayer area compressibility and 4 is the distance between
the neutral surface and the bilayer midplane.

Considering the neutral surface (where the cross-sectional area per lipid molecule remains
constant) to be at the interface between the hydrophilic head group and the hydrophobic fatty
acid chains, the ZG relaxation rate for bending fluctuations can be expressed as (Hoffmann

et al., 2014; Nagao et al., 2017):
r f
L3 = LSG = 0_0069kB_T kB_T (7)
Q Q n, VK

where 7 is the solvent viscosity, kg is the Boltzmann constant, and T is the temperature on
an absolute scale. A demonstration of the Q’-dependence of 'y is shown in Fig. 4B. Using
this approach, the bending rigidity moduli x have been reported for various phospholipid
membranes in liquid-disordered and liquid-ordered states, yielding a direct measurement
of membrane mechanics on nanoscopic scales (Arriaga et al., 2009; De Mel et al., 2020, 2021;
Gupta et al., 2019; Gupta & Schneider, 2020; Lee et al., 2010; Sharma, Mamontov, Ohl, &
Tyagi, 2017; Woodka et al., 2012). Although lipid membranes above their gel transition tem-
perature are anticipated to have x = 20 kT, a recent study (Gupta et al., 2018) showed that
the membrane « values strongly depended on the choice of solvent viscosity in Eq. (7), and
deviated with increased viscosity of the suspending medium. Another study (Nagao et al.,
2017) showed that while the bending rigidity of phospholipid membranes approached 20 kgT
well above their transition temperature, the bending rigidity exhibited a linear increase with
temperature on approaching the gel transition. These observations are consistent with the
temperature-dependent structural changes in the membrane measured by small-angle neu-
tron scattering (SANS) and small-angle X-ray scattering (SAXS) (Kucerka, Nieh, & Katsaras,
2011), where the increase in temperature was found to linearly correlate with an increase in the
area per lipid. Put together, these observations indicate that the decrease in molecular packing

3. Pharmacological considerations and perspectives



Neutron spin echo spectroscopy of lipid membranes 779

A DOPC B DOPC + 50% Chol
1.0r Q=0039 A~ )
0.9} i
S
g
< o8- i
5
0 0.7} B
06l ¢ - { i
1 0 100 7 7o T00
t/ns t/ns

FIG. 4 Exponential decays observed in neutron spin echo (NSE) relaxation spectra of vesicular membranes capture
membrane dynamics. (A) Normalized intermediate scattering functions, S(Q,t)/S(Q,0), of DOPC liposomal membranes
with 0 and 50 mol% cholesterol, along with stretched exponential fits (solid lines) given by Eq. (6). (B) The suppressed
decays in DOPC/cholesterol membranes indicate slowdown in the measured dynamics. Adapted from Chakraborty, S.,
Doktorova, M., Molugu, T. R., Heberle, F. A., Scott, H. L., Dzikovski, B., et al. (2020). How cholesterol stiffens unsaturated lipid
membranes. Proceedings of the National Academy of Sciences of the United States of America, 117, 21896-21905.

with temperature also affects the membrane elastic properties. Such a structure-property
dependence was further verified by recent NSE experiments on binary lipid membranes
demonstrating that elastic membrane properties, including the membrane bending rigidity
and the area compressibility moduli, scale with the area per lipid (Kelley, Butler, Ashkar,
Bradbury, & Nagao, 2020).

Similar observations were reported in another recent study by Chakraborty et al. investigat-
ing the effect of cholesterol on unsaturated DOPC lipid membranes (Chakraborty et al., 2020).
Structurally, it is well known that cholesterol increases the molecular packing and thickness
in DOPC bilayers, but, previous studies on DOPC/cholesterol membranes reported a lack of
change in membrane rigidity even at cholesterol concentrations of up to 50 mol% (Gracia et al.,
2010; Pan, Mills, Tristram-Nagle, & Nagle, 2008). In contrast, we (Chakraborty et al., 2020)
showed that, on the length and time scales of NSE, cholesterol stiffened DOPC membranes in
a way that was consistent with its effect on molecular packing. Fig. 4 shows the normalized
intermediate scattering functions, S(Q,t)/S(Q,0), measured by NSE on DOPC liposomes with
0 and 50mol% cholesterol. The solid lines are fits of the data to the expression given by Eq. (6).
The Q-dependence of the decay rates is illustrated in Fig. 5A, showing the classic Q® signature
of bending fluctuations. In this illustration, the slope for I'vs Q%is c \/1/k , hence the shal-
lower slope observed for cholesterol-containing DOPC membranes indicates an increase in x
with increasing cholesterol content. To emphasize the structural dependence of the measured
bending rigidity moduli, we (Chakraborty et al., 2020) showed that the bending rigidity mod-
ulus scales with the area per lipid, such that an increase in molecular packing with increasing
cholesterol mole fraction directly correlates to an increase in the bending rigidity modulus
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measured by NSE spectroscopy (Fig. 5B). Notably, the same conclusions were obtained by
solid-state deuterium NMR relaxometry (Molugu & Brown, 2016) and real-space fluctua-
tion analysis of MD simulations (Doktorova, Harries, & Khelashvili, 2017; Johner, Harries,
& Khelashvili, 2016b) (see section “Membrane stiffening effect of cholesterol from molecular
dynamics simulations”), confirming that similar observations persisted across these different
approaches interrogating the membrane dynamics over analogous scales.

Furthermore, we point that analogous observations have been reported in NSE studies of
monounsaturated POPC lipid membranes mixed with cholesterol (Arriaga et al., 2009, 2010).
The study combined NSE and dynamic light scattering on large unilamellar vesicles to mea-
sure the bending rigidity constant and intermonolayer friction as a function of cholesterol
content. The experiments concluded that the stiffening of POPC membranes by cholesterol
was compatible with the structural condensation caused by hydrogen-bonding complexes
between POPC and cholesterol (Arriaga et al., 2010), in line with the structure—property rela-
tions for DOPC bilayers discussed above.

Membrane thickness fluctuations

In addition to bending fluctuations, NSE can access another collective membrane fluctua-
tion mode, namely membrane thickness fluctuations, by applying selective lipid deuteration.
The hypothesis of thickness fluctuations, or breathing modes, in lipid membranes dates back
to the early 1980s (Bach & Miller, 1980; Hladky & Gruen, 1982; Israelachvili & Wennerstrom,
1992; Miller, 1984). Biologically, this dynamic mode is associated with vital membrane pro-
cesses including pore formation (Bennett, Sapay, & Tieleman, 2014; Movileanu, Popescu, Ion,
& Popescu, 2006) and passive membrane permeation (Orsia & Essex, 2010). The first direct
realization of thickness fluctuations in membranes was obtained using NSE experiments on

8FA B Q @ NSE and SANS/SAXS
71 3.5F 3 @ RSF-MD Simulation
- 6| Protiated Vesicles in D,0
»
c 5F
o
o 41
=
S~ -
I 3
2 -
1}t © DOPGC +20% Chol
A DOPC + 30% Chol
o w7 DOPC + 50% Chol
0.0000 0.0005 0.0010 40 45 50 55 60 65 70
o _ R et 22
Q%/A® area per lipid / A

FIG. 5 Increase of bending rigidity modulus directly relates to increase in molecular packing with greater cho-
lesterol mole fraction. (A) The Q-dependence of the decay rates I'(Q) follows the classic Q’ behavior of bending
undulations. (B) Fits of the decay rates to Eq. (7) yield the bending rigidity moduli, k. The plots of x vs. area per lipid
indicate structural dependence of membrane mechanics on the molecular packing state obtained from SANS/SAXS
studies. The results are confirmed by real-space fluctuation (RSF) analysis of atomistic molecular dynamics (MD)
simulations. Adapted from Chakraborty, S., Doktorova, M., Molugu, T. R., Heberle, F. A., Scott, H. L., Dzikovski, B., et al.
(2020). How cholesterol stiffens unsaturated lipid membranes. Proceedings of the National Academy of Sciences of the United
States of America, 117, 21896-21905.
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liposomal membranes prepared with chain-deuterated phospholipids (Woodka et al., 2012).
These studies were partially enabled by the commensurate length scales (i.e., on the order
of the membrane thickness) and timescales (~1-100ns) accessible by NSE and partially by
the inherent isotope sensitivity of neutrons. When chain deuterated variants of the lipids are
used for the preparation of lipid vesicles in a deuterated solvent, the difference in the neutron
contrast between the protiated lipid headgroups and the deuterated hydrocarbon chains am-
plifies the signal from changes in the membrane thickness, allowing selective measurements
of the long-proposed thickness fluctuation mode. A similar deuteration scheme was used by
Chakraborty et al. on cholesterol-containing di-monounsaturated DOPC lipid membranes
(Chakraborty et al., 2020). The chain contrast-matched liposomes were prepared by using
chain-perdeuterated DOPC-ds, and Chol-dy, the former chemically synthesized using deu-
terated oleic acid and the latter obtained from genetically modified bacteria. The correspond-
ing SANS data are illustrated in Fig. 6A, where the SANS scattering intensity is plotted as a
function of the momentum transfer vector, Q. Here the lipid chains are contrast-matched with
the solvent (*H,0) as schematically illustrated in Fig. 6B. It shows the effect of membrane
thickening with increasing cholesterol content, indicated by decreasing Q-values of the scat-
tering intensity minimum (shaded arrow).

In this type of contrast-variation experiment, the enhanced dynamics beyond bending
fluctuations are most pronounced at Q-values that correspond to the membrane thickness
(Fig. 6B). This observation has been recently corroborated by ultra-coarse-grained MD sim-
ulations (Carrillo, Katsaras, Sumpter, & Ashkar, 2017) on real-size liposomes. The thickness
fluctuation signals are schematically illustrated in Fig. 6C right-bottom corner. The data for
membrane fluctuations are modeled following the formalism developed by Nagao et al.
(2017), which connects the amplitude and rate of the fluctuations to biophysical membrane
parameters, including the membrane viscosity and area compressibility modulus. This
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FIG. 6 Small-angle neutron scattering data from selectively deuterated liposomes. (A) Data for vesicles of
chain-perdeuterated DOPC/cholesterol membranes show thickening with greater cholesterol content, indicated by
decreasing Q values of the SANS scattering intensity minimum. The data are vertically scaled for proper visualiza-
tion. The solid lines are fits using a core multishell model. Inset: geometrical illustrations of chain contrast-matched
liposomes. (B) The NSE relaxation rates measured using deuterated DOPC/cholesterol membranes in deuterated
buffer solution. These fluctuations are manifested as additional dynamics superimposed on the Q* signal arising
from bending relaxation. (C) Fits of the thickness fluctuation signals using Eq. (8) show greater membrane viscosity
with increasing mol% cholesterol. Adapted from Chakraborty, S., Doktorova, M., Molugu, T. R., Heberle, F. A., Scott, H.
L., Dzikovski, B., et al. (2020). How cholesterol stiffens unsaturated lipid membranes. Proceedings of the National Acadenty of
Sciences of the United States of America, 117, 21896-21905.
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treatment extrapolates the theoretical framework by Bingham, Smye, and Olmsted (2015). In
this approach, the thickness fluctuation signal is given by:

I _ 1“ﬁ _ K, k,T 3
Q Q .“ngBT +4pQ K, A, (Q -Q, )2 ®

where Qy is the peak Q-value obtained from SANS,  is the internal membrane bilayer viscos-
ity, and K, is the area compressibility modulus obtained from NSE bending rigidity measure-
ments. Notice that the membrane viscosity, y, is the only fitting parameter in Eq. (8). In our
study (Chakraborty et al., 2020), we used this approach to inspect the effect of cholesterol on
membrane viscosity. Our measurements were performed on DOPC-dg membranes with 0, 10,
and 20mol% of Chol-ds (Chakraborty et al., 2020), and showed that the membrane viscosity
increases with increased cholesterol content (Fig. 6C).

However, we point out that expressing the membrane viscoelastic behavior using
Eq. (8) requires an understanding of the connection between area compressibility and bend-
ing rigidity. Based on models for elastic thin-sheet deformation (Rawicz, Olbrich, McIntosh,
Needham, & Evans, 2000), the bending rigidity modulus, «, is proportional to the area com-
pressibility modulus, K,, according to: k=K At/ ¢, where t,, is the mechanical (or deformable)
membrane thickness, and ¢ is a constant describing the interleaflet coupling. According to
the polymer brush model, ¢ = 24 for lightly coupled leaflets, typical of fluid lipid membranes
(Rawicz et al., 2000). By contrast, Pan et al. (2009) have suggested that the polymer brush
model does not hold for cholesterol-containing unsaturated lipid membranes. Nonetheless
Doktorova, LeVine, et al. (2019), using MD simulations and a modified assignment of the
mechanical membrane thickness, have concluded that the polymer brush model indeed holds
for a wide range of membrane types, including unsaturated lipid membranes containing cho-
lesterol. Employing the modified polymer brush model, Chakraborty et al. (2020) compared
the membrane rigidity from fully protiated DOPC and area compressibility modulus from
chain contrast-matched lipids and found consistent effects of cholesterol on membrane vis-
cosity, i.e., the increase in cholesterol content resulted in greater membrane viscosity. Next,
we discuss how solid-state “H NMR measurements yield a similar increase in the bending
modulus, as observed by NSE, confirming the membrane stiffening effect of cholesterol over
comparable length and time scales.

Solid-state “H NMR spectroscopy of lipid membranes

Solid-state nuclear magnetic resonance (NMR) spectroscopy is an atomic-level method to
determine the structure and dynamics of solids and semi-solids (Reif, Ashbrook, Emsley, &
Hong, 2021) and is highly complementary to NSE methods. In particular, solid-state “H NMR
spectroscopy has long been regarded as one of the premier biophysical techniques applicable
to lipid bilayers and biomembranes (Brown & Chan, 1996). It is a versatile method for study-
ing the molecular organization of lipids within membranes, including the structure, order-
ing, and rates of molecular motions. Solid-state NMR investigates the biophysical properties
of lipid membranes and provides information complementary to other spectroscopic tech-
niques. By combining solid-state H NMR order parameter measurements with nuclear spin
relaxation experiments, one can obtain atomistically resolved information about collective
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membrane dynamics, such as elastic deformations of the acyl chain region within the mem-
brane. The NMR technology provides insights on membrane properties that cannot be ob-
tained with other existing methods. Because of their physiological liquid-crystalline nature,
membrane elastic deformations together with their multiscale molecular dynamics clearly
fall in the solid-state ’H NMR time and length scales, which allow for a detailed analysis of
membrane fluctuations in the presence of cholesterol.

Introducing site-specific *H labels, due to the individual C=*H bonds, allows atomic-level de-
tails for noncrystalline amorphous or liquid-crystalline systems to be obtained. As the coupling
interactions in solid-state NMR are sensitive to orientation and/or distance, their values corre-
spond with the average structure of the system under study. The relaxation parameters derived
from solid-state “H NMR spectroscopy give additional insight into the relevant molecular mo-
tions. One of the distinctive characteristics in solid-state “H NMR of biomolecular systems is that
both lineshape data (Molugu, Lee, & Brown, 2017) and relaxation times (Martinez, Dykstra, Lope-
Piedrafita, Job, & Brown, 2002) are accessible. An example for investigating structural dynamics
using “H NMR is shown in Fig. 7. The information obtained involves the molecular motions,
including a range of timescales. The combined measurements of residual quadrupolar couplings
(RQCs) and relaxation rates provide information on the geometry and allow investigations of
multiscale molecular motions and their amplitudes in the membrane systems of interest.

Solid-state “H NMR spectroscopic principles

Before we move on to the applications, knowing the basics of “H NMR spectroscopy will
be useful in understanding the information that is derived. We know that the *H nucleus has
a spin of I=1, and hence there are three Zeeman energy levels due to projecting the nuclear

-30 -20 -10 0 10 20 30 -30 -20 -10 0 10 20 30
frequency / kHz frequency / kHz

FIG. 7 Solid-state ’H NMR spectroscopy of membrane lipids provides both lineshape data and relaxation times.
(A) Experimental ’H NMR spectra, and (B) numerically inverted (de-Paked) ’H NMR spectra (0=0°) as a function
of the variable delay between the inversion pulse and spectral acquisition for DMPC-ds, in the liquid-disordered (3)
phase. The de-Paked spectra show a high degree of packing at the level of phospholipid headgroups of both leaflets
of the bilayer along with high density of the bilayer core at the leaflet interface. They correspond to single bilayer
orientation and are more highly resolved, enabling accurate determination of the spectral parameters. Data were ob-
tained at 76.8 MHz (magnetic field strength of 11.7T) using an inversion-recovery pulse sequence, (7)x—t1—(z/2)x—71—
(7/2). y—tr-acquire, with the variable delay f; ranging from 5ms to 3s. Adapted from Martinez, G. V., Dykstra, E. M.,
Lope-Piedrafita, S., Job, C., & Brown, M. F. (2002). NMR elastometry of fluid membranes in the mesoscopic regime. Physical
Review E, 66, 050902—-050906, with permission of American Physical Society.
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spin angular momentum onto the magnetic field direction. The three eigenstates | m)=| 0)
and | +£1) are given by the Hamiltonian H, for interaction of the nuclear magnetic moment
with the static magnetic field. Because shifts between adjacent spin energy levels are allowed,
this will yield two single-quantum nuclear spin transitions. Moreover, due to the quadrupo-
lar coupling the degeneracy of the allowed transitions in *HNMR is removed. The 2perturbing
Hamiltonian H comes from the interaction of the quadrupole moment of the “H nucleus
with the electrlc field gradient (EFG) of the C—*H bond. Hence, for each inequivalent site, two
spectral branches are obtained in the experimental spectrum.

In solid-state “H NMR spectroscopy, the experimentally observed quadrupolar coupling
is given by the difference in the frequencies Avs= Avé — Ay of the spectral lines due to the
perturbing Hamiltonian. The result for the quadrupolar frequencies (13) is given by:

. 3 Ui

Here, yo=¢°qQ/h is the static quadrupolar coupling constant, 57q corresponds to the asym-
metry parameter of the EFG tensor, D% (Qpp) is a Wigner rotation matrix element, where
m =0, £1, +2 and Qpp=(apy, fr, yrL) are the Euler angles (Molugu et al., 2017; Rose, 1957)
relating the principal axis system (PAS) of the EFG tensor (P) to the laboratory frame (L)
(Brown, 1996; Leftin, Xu, & Brown, 2014; Xu, Struts, & Brown, 2014). Because the static EFG
tensor of the C—"H bond is nearly axially symmetric (7o~ 0), the above result simplifies to:

. .3
ve=ty %Dl (Qpy) (10)
The experimental quadrupolar splitting is thus obtained as:
3
Avq :EZQD(()?)) () (11

where the various symbols are defined above. In liquid-crystalline membranes, the molecular
motions are often cylindrically symmetric about the bilayer normal, an axis known as the
director. Rotation of the principal axis system of the coupling tensor to the laboratory frame,
described by the three Qpp Euler angles (see above), can thus be represented by two consec-
utive rotations. First, the Euler angles Qpp(t) represent the (time-dependent) rotation from
the principal axis frame to the director frame, and second the Euler angles Qp; represent the
(static) rotation from the director frame to laboratory frame. Use of the closure property of the
rotation group (Xu et al., 2014) is helpful in this regard. Considering the cylindrical symmetry
about the director, we can then expand Eq. (11), which now reads:

Avg :EXQ<D(()§ ( PD )>D (QDL) (12a)

3 1
sz—<3cos Bop — 2(3cos BoL — ) (12b)

Here, fp. =0 is the angle the bilayer normal makes to the static external magnetic field. The
segmental order parameter Scp, is given by:
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(13)
Sep = 5 (305" i, ~1)
where the angular brackets denote a time or ensemble average. It follows that
3
Avg = EZQSCDPZ (cos By ) (14)

in which P, (cosfpr) = (3cos’pr—1)/2 is the second-order Legendre polynomial. The above
formula shows the dependence of the quadrupolar splitting on the (Euler) angles that rotate
the coupling tensor from its principal axes system to the laboratory frame of the main mag-
netic field (Molugu et al., 2017).

The process of NMR relaxation comes from fluctuations of the coupling Hamiltonian due
to the various motions of the lipid molecules within the bilayer. These fluctuations give rise
to transitions between the different adjacent energy levels (Xu et al., 2014). In solid-state “H
NMR relaxometry of liquid-crystalline membrane lipids, we are often interested in the spin—
lattice (R;z) relaxation rates. Experimental measurements of the R;z relaxation rate involve
inverting (flipping) the magnetization, and then following the attainment of equilibrium by
the magnetization recovery as a function of time. The observable relaxation rates are related
to the spectral densities of motion in the laboratory frame by:

Ry =223 [ (00) +47. (20,)] (15)
In this formula, R,z is the spin-lattice (longitudinal) relaxation rate, and J,,(mw,) denotes the
spectral densities of motion, where m=1, 2, and wy is the deuteron Larmor frequency. The
spectral densities J,(mwy) describe the power spectrum of the motions as a function of fre-
quency wy in terms of fluctuations of the Wigner rotation matrix elements for transforming
the coupling (EFG) tensor from its principal axis system to the laboratory frame. They are the
Fourier transform partners of the orientational correlation functions G,,(t), which depend on
time and thereby characterize the C—"H bond fluctuations of the lipids.

Clearly, the segmental order parameters (Fig. 8A) depend only on the amplitudes of the
C—"H bond motions, while the relaxation rates (Fig. 8B) also depend on the rates of the C—"H
bond fluctuations. According to a generalized model-free (GMF) approach of relaxation rate
analysis (Brown, 1984; Xu et al., 2014), a simple dependence of the Rz rates on the squared
segmental order parameters (Sch (square-law) along the chain would result (Fig. 8C). For
short-wavelength excitations, on the order of the bilayer thickness and less, the spectral den-
sity is written as (Nevzorov & Brown, 1997):

J (@)= §SéDDw*(2*“> [\Df?m (B )| +[D2 (B )ﬂ (16)

Here, w is the angular frequency, D is the viscoelastic constant, d is the dimensionality, and
D® indicates the second-rank Wigner rotation matrix (Rose, 1957). The spectral densities
Jm(w) depend on the square of the observed Scp order parameters, and the slope of the square-
law plot is inversely related to the softness of the membrane. For 3D quasielastic fluctua-
tions, the viscoelastic constant is given by: D =3k,T+/n / 522K S?, where a single elastic
constant K is assumed, in which # is the corresponding viscosity coefficient, Ss is the order
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FIG. 8 Cholesterol increases acyl chain ordering in unsaturated DOPC lipid membranes. (A) De-Paked solid-state
’H NMR spectra of DOPC/cholesterol membranes show greater quadrupolar splittings with increasing cholesterol
fraction. (B) Segmental order parameter versus acyl position for POPC-d3; probe lipid in DOPC/cholesterol mem-
branes with different mol% cholesterol at T=25°C. (C) Dependence of spin-lattice relaxation rate Rilz) on squared

order parameters Sé% indicating a decrease in square-law slopes due to bilayer stiffening by cholesterol. Adapted

from Chakraborty, S., Doktorova, M., Molugu, T. R., Heberle, F. A., Scott, H. L., Dzikovski, B., et al. (2020). How cholesterol
stiffens unsaturated lipid membranes. Proceedings of the National Academy of Sciences of the United States of America, 117,
21896-21905.

parameter for the relatively slow motions, and other symbols have their usual meanings. A
single elastic constant is assumed, and no distinction is made between splay, twist, and bend
deformations. In addition to the bending modulus «, the compression modulus Kz comes
into play (Nagle & Tristram-Nagle, 2000). For splay deformations, the bending rigidity is:
k=~ Kt, where t =2Dc is the bilayer thickness, giving a K 2dependence of the Ryz rates (Brown,
Thurmond, Dodd, Otten, & Beyer, 2001).

Membrane dynamics and structural properties by solid-state “H NMR
spectroscopy

In general, the deformation of a membrane bilayer can be characterized by four con-
stants: (i) the surface tension (which is zero for a bilayer at equilibrium), (ii) the area expan-
sion modulus or alternatively the compressibility modulus, (iii) the bending rigidity x, and
(iv) the monolayer spontaneous curvature. These structural quantities are fundamental to the
forces governing the nanoscopic structures of the lipid membrane assemblies. Representative
applications of solid-state “H NMR spectroscopy to lipid membranes include the influence
of cholesterol (Brown et al., 2001; Brown & Seelig, 1978; Trouard et al., 1999) as well as acyl
chain unsaturation. Here we are interested in the average membrane structure, fluctuations,
and elastic deformations due to the cholesterol. As a steroid molecule, cholesterol is amphi-
philic in nature as in the case of other lipids (Fig. 2B-E). Our emphasis is on the membrane
structural deformation and emergent fluctuations at an atomistic level. For acyl chain per-
deuterated phospholipids, we deconvolute or de-Pake the powder-type spectra of random
multilamellar dispersions to obtain more highly resolved subspectra corresponding to the
0=0° orientation (Fig. 8A). The resolved signals show a progressive increase in the splittings
with increasing mole fraction of cholesterol (Fig. 8A). Interaction with the rigid cholesterol
molecule leads to a substantial reduction of the number of degrees of freedom of the flexible
phospholipids, as evidenced by the larger residual quadrupolar splittings.
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According to Eq. (14) the observed residual quadrupolar coupling Avg is directly related
to the segmental order parameter Scp. The residual quadrupolar couplings vary substantially,
giving a profile of the absolute segmental order parameter S as a function of chain position
(index 7). This inequivalence comes from the effects of the bilayer packing on the trans—gauche
isomerizations of the acyl groups. Fig. 8B shows the segmental order parameters Sél])y plotted
as a function of the acyl position (index i) for DOPC alone and DOPC in the presence of cho-
lesterol. The plateau region in the order profiles (Fig. 8B) can be explained by the preferred
configurations of the acyl chains parallel to the membrane normal. Thus, the smaller absolute
Sé%values for DOPC in the absence of cholesterol manifest the additional degrees of freedom
of the unsaturated acyl chains.

Clearly, the segmental order parameters depend on the amplitudes of the C—*H bond fluc-
tuations while the relaxation rates depend on both the angular amplitudes and the rates of
the C—*H bond motions. Hence the ordering and rate of motion must be distinguished in
explaining the relaxation of lipid bilayers (Brown, 1979). In 2H NMR spectroscopy of mem-
branes, the measurements comprise the order parameter and the relaxation rate profiles
(Fig. 8). This dependence on the motional amplitudes gives a signature of relatively slow
bilayer motions that modulate the residual coupling tensors left over from local segmen-
tal motions (Fig. 8C). Provided a simple composite membrane deformation model applies
(Brown, Thurmond, Dodd, Otten, & Beyer, 2002; Nevzorov, Trouard, & Brown, 1998), the R;z
rates manifest a broad spectrum of 3D collective bilayer excitations together with effective
rotations of the lipids. Transverse “H NMR spin relaxation studies likewise provide evidence
for 2D collective motions of the membrane film at lower frequencies (Althoff, Frezzato, et al.,
2002; Althoff, Stauch, et al., 2002; Bloom & Evans, 1991; Bloom, Evans, & Mouritsen, 1991;
Molugu, Mallikarjunaiah, Job, & Brown, 2012, 2013).

Solid-state “H NMR studies clearly show the influence of cholesterol on the physical prop-
erties of 1,2-diperdeuteriomyristoyl-sn-glycero-3-phosphocholine (DMPC-ds,) bilayers at an
atomistic level (Fig. 9A-D). A gradual increase in the quadrupolar splittings (Avg) for the
acyl segments is observed as cholesterol concentration is increased, which reflects larger ori-
entational order of the acyl chain segments versus the bilayer normal. This finding explains
the well-known condensing effect of cholesterol at the molecular level, involving a decrease
of the area per phospholipid molecule at the aqueous interface, accompanied by greater
bilayer hydrocarbon thickness. The experimental solid-state “H NMR relaxation studies of
the effect of cholesterol on lipid bilayers further show a square-law functional dependence
of the R;z rates versus the order parameters Scp along the entire acyl chain for the multil-
amellar dispersions of DMPC-ds,/cholesterol bilayers (Fig. 9E). Notice that the square-law
functional dependence (Brown, 1982) is a model-free correlation among the experimental
observables (Fig. 8C and Fig. 9E). Here the progressive increase in the bilayer rigidity of
DMPC lipid bilayers obtained by solid-state “H NMR relaxation at various compositions
of DMPC and cholesterol is manifested by the square-law slope. Cholesterol yields a large
decrease in the square-law slopes, corresponding to a progressive reduction in bilayer elas-
ticity (Figs. 8C and 9E). By contrast, local trans—gauche isomerizations along the chain do not
yield such a square-law as indicated for DOPC/cholesterol membranes. The reduction in
the square-law slope (Fig. 9E) reflects an increase in bending rigidity « due to short-range
cholesterol-phospholipid interactions, showing how membrane mechanical properties
emerge for the local atomistic forces within the lipid bilayer.
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FIG. 9 Cholesterol reduces the conformational degrees of freedom for the acyl chain segment orientations. (A)
DMPC-ds, in the liquid-disordered (I4) phase, and (B-D) DMPC-ds4 containing various mole fractions of cholesterol
in the liquid-ordered (I,) phase. Powder type spectra (green) of randomly oriented multilamellar dispersions were
numerically inverted (de-Paked) to yield subspectra corresponding to the §=0° orientation (blue). Note that a dis-
tribution of residual quadrupolar couplings (RQCs) corresponds to the various C*H, and C*Hj groups with a pro-
gressive increase due to cholesterol. (E) Dependence of spin-lattice relaxation rates Rig on squared order parameters
S ég for resolved H NMR splittings of DMPC-ds,. Data in A-E were obtained at T=44 °C and at 76.8 MHz (11.87T).
Adapted from Martinez, G. V., Dykstra, E. M., Lope-Piedrafita, S., & Brown, M. F. (2004). Lanosterol and cholesterol-induced
variations in bilayer elasticity probed by *H NMR relaxation. Langmuir, 20, 1043-1046.

Membrane stiffening effect of cholesterol from molecular dynamics
simulations

Experimental observations of membrane structure and dynamics are invariably limited
in resolution, both spatial and temporal, depending on the biophysical method employed.
Stemming from the rapid growth of computer power, molecular dynamics (MD) simulations
are starting to play an increasingly prominent role in interpreting experimental results, fur-
ther enabling understanding of lipid membranes. Because the length and time scales probed
by MD simulations parallel those of experiments, the synergy between spectroscopic tech-
niques and atomistic models offers new avenues to exploring membrane biophysics. Acyl
chain order parameters measured with NMR have been historically used to validate sim-
ulation force fields (Vermeer, De Groot, Reat, Milon, & Czaplicki, 2007), while results from
MD trajectories have provided details otherwise inaccessible by experiment (Ballweg et al.,
2020; Doktorova, Heberle, et al., 2017, 2019). Analyses of local fluctuations in leaflet thickness
(Doktorova, LeVine, et al., 2019) and lipid splay angles (i.e., the angle between pairs of lipid
director vectors) (Doktorova, Harries, & Khelashvili, 2017; Johner et al., 2016b; Johner, Harries,
& Khelashvili, 2016a) from MD trajectories have been shown to yield the area compressibility
and bending moduli of a bilayer, providing new tools for examining cholesterol effects on
membrane mechanical properties. The latter method relies on calculating the distribution
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of splay angles of neighboring lipid molecules, converting it to a potential of mean force
(PMF) (Doktorova, Harries, & Khelashvili, 2017; Johner et al., 2016a, 2016b; Johner, Harries,
& Khelashvili, 2014), from which the bilayer bending modulus emerges. This method has
been shown to provide reliable moduli for a large number of model membranes (Doktorova,
Harries, & Khelashvili, 2017), including lipid mixtures and finite-size nanodisc membranes
(Schachter, Allolio, Khelashvili, & Harries, 2020). It was recently applied in conjunction with
our NSE and NMR measurements to probe the trends in bending rigidity of unsaturated
DOPC membranes with increasing amounts of cholesterol (Chakraborty et al., 2020). The re-
sults from the simulations are in excellent agreement with experimental methods (see Fig. 5)
and further reveal information about the length and time scale dependence of the bending
moduli. The analysis shows that cholesterol increases the orientational order in the DOPC bi-
layers, i.e., the order parameter of the splay angle between lipid pairs as a function of distance
between the lipids, in a concentration dependent manner. Even at the highest cholesterol con-
centration of 50 mol% the orientational order in the DOPC /cholesterol membrane is less than
for a sphingomyelin (SM) bilayer with 30mol% cholesterol. Similarly, the lipid splay angles
are correlated over longer time scales in the SM/cholesterol bilayer relative to all the DOPC/
cholesterol compositions. These results constitute the first steps towards our molecular un-
derstanding of the measured differences in bending moduli of lipid bilayers.

Cholesterol effects on drug uptake and drug delivery applications

Given the structural and mechanical effects of cholesterol on lipid membranes discussed
above, one can expect the presence of cholesterol to impact the design, uptake, and deliv-
ery of cell-targeted drugs. This includes the propensity of drug molecules to incorporate into
cholesterol-rich membranes, the resistance of membranes to lysis by drugs or pathogens, and
the stability of synthetic membranes used in liposomal drug delivery applications. For ex-
ample, solid-state ‘H NMR spectroscopy has been used for tracking and understanding the
nature of lipid—cholesterol interactions with local anesthetics. Benzocaine, a local anesthetic,
is known to reduce the ordering effect of cholesterol on the acyl chains of phospholipid mem-
branes, which helps pinpoint the interaction site of neutral anesthetics in sodium channels of
cellular membranes (Kuroda, Nasu, Fujiwara, & Nakagawa, 2000). Additional research has
studied the interactions of the local anesthetic tetracaine under charged and uncharged pH
conditions in multilamellar lipid dispersions with cholesterol (Auger et al., 1988). The higher
partition coefficients obtained at alkaline pH are indicative of hydrophobic interactions of the
uncharged anesthetic with the hydrocarbon region of the lipid bilayer. Locations of charged
and uncharged tetracaine in cholesterol-containing systems are markedly different than pure
PC bilayers (Auger et al., 1988). For bilayers containing cholesterol, the smaller partition coeffi-
cients at both acidic and alkaline pH values suggest the solubility of tetracaine is reduced by in-
creasing the order of the lipid chains (recall that “like dissolves like”). Studies of benzyl alcohol
have furthermore shown that at concentrations used for local anesthesia there is no change in
membrane thickness. At higher concentrations, disordering of the lipid chains is found that is
opposite to cholesterol (Turner & Oldfield, 1979), which could explain the cholesterol-induced
reduction in anesthetic solubility. Biophysical influences of general anesthetics also depend
on ordering of the acyl chains in the host phospholipid bilayer, as in the case of 1-octanol
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or 1-decanol, which reduce the acyl chain order only slightly in the gel (solid-ordered) phase,
yet substantially in the liquid-crystalline (liquid-disordered) phase (Thewalt & Cushley, 1987).
Hence the disordering effects of anesthetics are dependent on the presence of cholesterol in the
liquid-ordered state of the lipid dispersions (Thewalt & Cushley, 1987).

Numerous additional studies illustrate how cholesterol plays a pivotal role in drug deliv-
ery and pharmaceutical applications. These studies provide vital information about the sta-
bility of liposomes with membrane-incorporated drugs, and about variations in membrane
elasticity in diseased cells. For example, cholesterol plays an important role in drug delivery
applications involving antimicrobial peptides which are found in different life forms, includ-
ing bacteria, plants, fish, and mammals, and act as therapeutic agents against a wide range
of infections even in cancer cells (Brogden, 2005; Zasloff, 2002). Studies using solid-state H
NMR spectroscopy have shown that antimicrobial peptides tend to locate near the polar—
apolar interface of the membrane (Sandhu, Booth, & Morrow, 2020; Sherman et al., 2009),
causing a disruption in molecular packing. These observations are in alignment with neutron
spin echo measurements revealing an overall decrease in membrane rigidity (Lee et al., 2010).
Similarly, from solid-state “H NMR studies we know how charged peptides can interact and
translocate through phospholipid bilayers into the cytosol to deliver biopharmaceuticals
(Su, Li, & Hong, 2013). Notably the presence of cholesterol reduces the activity of antimicro-
bial peptides (Matsuzaki, 1999) and results in the protection of cells, such as human eryth-
rocytes, from membrane-permeating peptides like magainin 2 (Matsuzaki, Sugishita, Fujii,
& Miyajima, 1995). These studies highlight the importance of cholesterol in stabilizing the
membranes of healthy cells in therapeutic applications utilizing antimicrobial peptides for
attacking infectious cells. The membrane-stabilizing property of cholesterol also plays a pro-
tective role in therapeutic applications involving membrane disrupting drug molecules. For
example, the nephrotoxicity of “last-line” antibiotics like polymyxin B has been investigated
by a combination of X-ray diffraction and molecular dynamics (MD) simulations to track the
membrane structural instabilities leading to water intake in the membrane core (Khondker
et al., 2017). Cholesterol-rich membranes exhibit higher stability and reduced leakage, result-
ing in a considerable reduction in membrane damage in kidney cell membranes.

Conclusions

The cholesterol-induced variations in membrane dynamics from different studies pin-
point a general understanding of the underlying molecular interactions. The simultaneous
increase in cholesterol-induced molecular packing, membrane viscosity, and bending rigidity
(Chakraborty et al., 2020) indicates a molecular-level suppression of elastic fluctuations that
alter the local viscoelastic properties of the membrane for both saturated and unsaturated
bilayers. Similar results have been reported for unsaturated lipid membranes by neutron
spin echo measurements (Arriaga et al., 2009, 2010), as in the case of solid-state H NMR
spectroscopy (Martinez et al., 2002; Molugu & Brown, 2016). Therefore, from the existing
literature a clear correlation can be drawn in favor of an overall increase in membrane ri-
gidity and molecular packing due to interactions with cholesterol. These findings have sig-
nificant implications for the role of cholesterol in drug incorporation into cell membranes
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and in the formulation of stable liposomes for leak-proof stable drug delivery. This aspect is
crucial for the development of next-generation drugs and for studying their effects on live cell
membranes with different cholesterol contents. The stiffening of membranes by cholesterol
also impacts our understanding of viral infections, including the coronavirus SARS-CoV-2
pandemic. One expects that the fusion, maturation, and budding of viral particles closely
depends on the mechanical properties of contact membrane sites, determined by their lipidic
and cholesterol content.
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