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Abstract Cell membranes regulate a wide range of phenomena that are implicated
in key cellular functions. Cholesterol, a critical component of eukaryotic cell mem-
branes, is responsible for cellular organization, membrane elasticity, and other criti-
cal physicochemical parameters. Besides cholesterol, other lipid components such
as phosphatidylinositol 4,5-bisphosphate (PIP2) are found in minor concentrations
in cell membranes yet can also play a major regulatory role in various cell functions.
In this chapter, we describe how solid-state deuterium nuclear magnetic resonance
(*H NMR) spectroscopy together with neutron spin-echo (NSE) spectroscopy can
inform synergetic changes to lipid molecular packing due to cholesterol and PIP2
that modulate the bending rigidity of lipid membranes. Fundamental structure—
property relations of molecular self-assembly are illuminated and point toward a
length and time-scale dependence of cell membrane mechanics, with significant
implications for biological activity and membrane lipid—protein interactions.
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Abbreviations

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine

EFG electric field gradient

FERM protein 4.1, ezrin, radixin, moesin

LUV large unilamellar vesicles

MD molecular dynamics

NMR nuclear magnetic resonance

NSE neutron spin-echo

PC phosphocholine or phosphatidylcholine

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPC-d;;  1-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
SANS small-angle neutron scattering

SAXS small-angle X-ray scattering

7G Zilman and Granek

1 Introduction

Lipid bilayers, the primary matrix of cell membranes, serve as the cellular platform
for nutrient exchange, protein—cell interactions, and viral budding, among other vital
cellular processes. Emergent membrane properties at mesoscopic length scales, such
as lipid packing and membrane rigidity, are determined by intermolecular interac-
tions, which also drive various membrane dynamics. Lipid membrane fluctuations
correspond to the geometry of interactions and the rates of lipid motions. These
dynamics are hierarchical in nature, encompassing segmental lipid fluctuations,
molecular diffusion, and elastic membrane deformation (Fig. 1a). Phospholipids
(Fig. 1b, c) are the main components of the lipid bilayers of animal cells.
Phosphatidylinositol 4,5-bisphosphate (PIP2) is a minor phosphoinositide found in
cell membranes (Fig. 1d), which plays important roles in cytoskeletal organization,
cell motility, transduction of extracellular signals, regulation of ion channels at the
plasma membrane, endocytosis, phagocytosis, and endosome function [1]. Cholesterol,
another major lipid component in the cell, has justifiably drawn significant attention
in membrane biophysics over the last few decades. Cholesterol (Fig. le) is present in
large amounts in eukaryotic cells but is absent in prokaryotic cells [2], indicating its
important role in cell evolution. In mammalian cells, cholesterol can constitute up to
50 mol% of the total lipids of the plasma membrane [3]. The molecular fraction of
cholesterol in different cell membranes is controlled by biosynthesis, efflux from
cells, and influx of lipoprotein cholesterol into the cell [4]. Functionally, cholesterol is
involved in key biological processes such as cellular homeostasis, steroid and vitamin
D synthesis, and the regulation of membrane rigidity and fluidity [5]. Changes in
cholesterol level are commonly attributed to variations in membrane properties, sta-
bility, and pathology. There are two well-known methods by which cholesterol
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Fig. 1 Mobilities of phospholipids in lipid membranes occur at characteristic time scales. (a)
Principal axis system (PAS) of '*C—'H or C-*H bonds fluctuates due to motions of internal segmen-
tal frame (I) with respect to the membrane director axis (D). Diffusive phospholipid motions are
described by anisotropic reorientation of molecule-fixed frame (M) with respect to the membrane
director axis as described by Qyp Euler angles. The liquid-crystalline bilayer lends itself to propa-
gation of thermally excited quasi-periodic fluctuations in membrane curvature expressed by
motion of the local membrane normal (N) relative to the membrane director axis as described by
Qnxp Euler angles. Examples are shown of glycerophospholipids, (b) 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) and (c¢) 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC);
(d) PIP2; (e) cholesterol, which is the sterol component of animal biomembranes; and (f) lanos-
terol, a precursor in the sterol biosynthesis pathway

modulates cellular functions: (i) indirect regulation of membrane properties (e.g.,
molecular packing) and subsequent changes to protein—-membrane interactions [6—8],
or (ii) direct modification of cholesterol-protein interactions [9, 10]. The stiffening
effect of cholesterol on both saturated and unsaturated lipid membranes due to changes
in lipid packing has been inferred using solid-state nuclear magnetic resonance
(NMR) spectroscopy, neutron spin-echo (NSE) spectroscopy, and molecular dynam-
ics (MD) simulations [11, 12]. Changes to lipid molecular packing due to cholesterol
interactions with phospholipids such as PIP2 can thus lead to synergistic modulation
of the bending rigidity of biomembranes that may affect lipid—protein interactions and
underlie the biological functions of both types of lipids.

1.1 Cholesterol and PIP2 Affect Membrane
Mechanical Properties

The forces governing the nanoscopic structures of lipid membrane assemblies are
described by properties such as the membrane surface tension, area expansion mod-
ulus (lateral compressibility), bending rigidity, and the spontaneous curvature.
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Generally, lipid—protein interactions and protein function can involve chemically
specific interactions and/or nonspecific material properties of the membranes. It is
known that cholesterol and PIP2 can control the activity of membrane receptors
through specific interactions, and certain proteins have cholesterol-recognition
amino acid-consensus (CRAC) motifs [13—15] that involve specific interactions. In
addition, cholesterol decreases the activity of proteins and peptides of the innate
immune system on liposomal bilayers [16], and formation of the protein 4.1, ezrin,
radixin, moesin (FERM) domain/L-selectin complex is favored by PIP2, which
clusters about the proteins triggering a conformational transition in the cytoplasmic
domain of L-selectin [17]. The other focus is on nonspecific material properties that
affect protein-lipid interactions, as in the Fluid-Mosaic Model [18], which describes
how the molecules are self-assembled in the membrane. It assumes the lipids and
proteins are weakly coupled in the two-dimensional (2D) membrane plane, giving a
fluid-like distribution of proteins that undergo rotational and translational diffusion.
Alternatively, the lipid—protein interactions are explained by nonspecific material
properties using the Flexible Surface Model (FSM) through a balance of curvature
and hydrophobic forces [7]. The FSM considers nonspecific bilayer properties
involving a two-way elastic coupling of the lipids to the conformational energetics
of membrane proteins. The strong out-of-plane proteolipid couplings considered by
the FSM affect protein function through elastic forces described by the monolayer
spontaneous curvature (H,) and the Helfrich bending rigidity (k) [19]. As an exam-
ple, upon light absorption rhodopsin becomes a sensor of the monolayer spontane-
ous (intrinsic) curvature, which accounts for the effects of bilayer thickness,
nonlamellar-forming lipids, cholesterol, and osmotic stress on its activation [20]. In
this chapter, we consider how the average membrane structure, fluctuations, and
elastic deformations of the lipids are affected by cholesterol [5].

The structure of cholesterol facilitates the interactions with lipid membranes and
its orientation along the hydrocarbon chains of the lipids. Cholesterol orientation in
the membrane bilayer results in a more ordered state of the hydrocarbon chains, and
consequently modulates the membrane structural, dynamical, and physical proper-
ties. Biological membranes contain saturated and unsaturated lipids, where choles-
terol favorably separates into domains rich in saturated lipids, also known as lipid
rafts. Lipid rafts are important in cell signaling and pharmacology 21— 23], as well
as maintaining membrane order [24]. Cholesterol also increases lipid packing,
which lowers membrane permeability, affecting the distribution and transport of
anesthetics and other drugs in membranes [25, 26]. Therefore, cholesterol also plays
a significant regulatory role in many biophysical processes [27], including passive
permeation [28], protein and enzyme activity [29, 30], and viral infections, e.g.,
influenza [31], human immunodeficiency virus (HIV) [32], and coronavirus (severe
acute respiratory syndrome-coronavirus-2 [SARS-CoV-2]) [33].

The mechanism by which cholesterol regulates PIP2 varies based on the cell
type. For instance, cholesterol depletion in fibroblasts leads to reduced PIP2 con-
centrations in the plasma membrane, reduced membrane—cytoskeletal attachments,
and decreased lateral motility, as reported by Kwik et al. [34]. The same study
reports that cholesterol depletion in lymphoblasts results in decreased lateral
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mobility of membrane proteins [34]. Similarly, in cultured pancreatic p-cells, cho-
lesterol depletion stimulates the hydrolysis of PIP2, thus reducing the amount of
PIP2 at the plasma membrane [35]. However, in another study, Chun et al. report
contrasting findings where membrane cholesterol enrichment promoted PIP2 deple-
tion in human embryonic kidney (HEK)293 cells [36]. Likewise, PIP2 lateral mobil-
ity has been described as low in atrial myocytes and high in HEK293 cells and
fibroblasts [37], suggesting that cholesterol may regulate PIP2 differently in various
cell types. Interestingly, the upright straight structure and large headgroup size of
PIP2 implies that it may extend further into the aqueous phase than a typical phos-
pholipid [38], potentially altering the assembly or the packing of adjacent lipids.
Indeed, Shukla et al. [39] show that PIP2-containing giant unilamellar vesicles can
assume a significant spontaneous curvature. They demonstrate that this curvature
preference arises from the spontaneous development of trans-bilayer PIP2 asym-
metry. Interestingly, similar observations were reported by MD simulation studies
that show that compositional asymmetry has a significant effect on calculated mem-
brane properties. Specifically, Jiang et al. report that compared with symmetric
POPC bilayers, the addition of 20% PIP2 of negative surface charge in one leaflet
of simulated membranes has a minimal effect on the bilayer area compressibility,
surface shear viscosity, and bending rigidity [40]. However, the inclusion of 30%
cholesterol in PIP2-containing asymmetric bilayers resulted in more than a twofold
increase in all three mechanical constants. This opens a potentially interesting syn-
ergistic effect between cholesterol and PIP2, which requires further investigation.

For this purpose, the effect of cholesterol on membrane mechanics has been
investigated by various techniques, such as flickering spectroscopy [41], micropi-
pette aspiration [42-44], electrodeformation [45, 46], diffuse X-ray scattering
[47], MD simulations [48-50], solid-state ’H NMR [51, 52], and neutron spin-
echo (NSE) spectroscopy [11, 53]. Among these techniques, NSE spectroscopy,
solid-state 2H NMR spectroscopy, and MD simulations are techniques that access
mesoscale bending fluctuations. Solid-state ’H NMR spectroscopy and MD simu-
lations give atomistic information, and furthermore NSE spectroscopy directly
probes membrane dynamics over length scales ranging from tens to hundreds of
angstroms and time scales from 10 ps to 100 ns. A limitation of NSE and *H
NMR is that they cannot provide direct visualization of membrane fluctuations,
and instead require model-dependent fitting. By contrast, other biophysical tech-
niques like micropipette aspiration, electrodeformation, and diffuse X-ray scatter-
ing report on larger distance scales. An additional advantage of micropipette
aspiration [54] and electrodeformation [45] techniques is that they can provide
visualization and measure the bilayer deformation directly. In this chapter, we dis-
cuss the powerful combination of solid-state ’H NMR and NSE spectroscopy [11,
55], which uniquely access collective lipid fluctuations over length and time scales
that are commensurate with key biological processes, including protein—-mem-
brane interactions and signaling events. Here we summarize the basic principles of
the two techniques and how they can be used to study membrane fluctuations
caused by cholesterol as a framework for investigating synergistic interactions of
PIP2 with cholesterol in lipid membranes.
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2 Introduction to Solid-State NMR Spectroscopy

Using solid-state 2H nuclear magnetic resonance (*H NMR) spectroscopy, we study
the spectra and relaxation times of deuterium spin labels in hydrocarbon chains of
the lipid molecules under the influence of a magnetic field. Solid-state ’H NMR
spectroscopy determines the structure and dynamics of solids and semi-solids [56]
and is one of the leading biophysical techniques applicable to lipid bilayers and
biomembranes [57]. It gives information about the molecular organization of lipids
within membranes, including the structure, ordering, and rates of molecular motions.
Atomistically resolved information about collective membrane dynamics, such as
elastic deformations of the acyl chain region within the membrane, can be investi-
gated using solid-state 2H NMR order parameter measurements in conjunction with
nuclear spin relaxation experiments. The membrane elastic deformations together
with their multiscale molecular dynamics fall in the solid-state 2H NMR time and
length scales, which allow for a detailed analysis of membrane fluctuations in the
presence of cholesterol.

The coupling interactions in solid-state 2H or *C NMR are sensitive to both ori-
entation and/or distance, and their values correspond to the average structure of the
system under study. In the case of 2H NMR spectroscopy, investigating the indi-
vidual C-*H bonds provides atomic-level details for noncrystalline amorphous or
liquid-crystalline systems. The relaxation parameters derived from solid-state H
NMR spectroscopy give important insights into the relevant molecular motions.
One of the distinctive features in solid-state 2H NMR of biomolecular systems is
that both line shape data [55] and relaxation times [58] are accessible. The informa-
tion obtained using this approach involves molecular motions over a range of time
scales. Experimental measurements of residual quadrupolar couplings (RQCs) and
relaxation rates provide information of the geometry and allow investigations of
multiscale molecular motions and their amplitudes in the membrane systems of
interest.

2.1 Principles of Solid-State ’H NMR Spectroscopy

Before we apply the technique, understanding the basics of ZH NMR spectroscopy
will guide us on the information that is derived. The 2H nucleus possesses a spin of
I = 1, which gives rise to three Zeeman energy levels. According to quantum
mechanics, the Hamiltonian H, for the interaction of the nuclear magnetic moment
with the static magnetic field gives rise to three eigenstates Im) =10) and | £1). Shifts
between adjacent spin energy levels are allowed, producing two single-quantum
nuclear spin transitions. The perturbing Hamiltonian H, represents the interaction
of the quadrupole moment of the 2H nucleus with the electric field gradient (EFG)
of the C—2H bond of the labeled lipid. For each of the inequivalent sites, two spectral
branches are seen in the experimental spectrum. In solid-state H NMR
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spectroscopy, the experimentally observed quadrupolar coupling is given by the dif-
ference in the frequencies Avé =V, —V, of the spectral lines due to the perturbing
Hamiltonian. The experimental quadrupolar splitting is thus obtained as:

3

My = 1D (00, ™

Here, yo = €*qQ/h is the static quadrupolar coupling constant, DY ( QPL) is a
Wigner rotation matrix element, and Qp; = (@pr, fpr, ¥pr) are the Euler angles [55,
59] relating the principal axis system (PAS) of the EFG tensor (P) to the laboratory
frame (L) [60-62].

In liquid-crystalline membranes, the molecular motions are often cylindrically
symmetric about the bilayer normal, an axis called the director. The rotation of the
principal axis system of the coupling tensor to the laboratory frame is described by
the three Qp; Euler angles (see above), and can thus be represented by two consecu-
tive rotations. First, the Euler angles Qpp(?) 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 [62] is helpful in this regard. Considering the
cylindrical symmetry about the director, we can then expand Eq. (1), which
now reads:

Mg =2 7 (D (00) D (€0), Ca)

= %%Q %<3 cos” By —1>%(3 cos’ By, —1). (2b)

Here, fp. = 0 is the angle the bilayer normal makes to the static external magnetic
field. The segmental order parameter Scp, is given by:

1
Sep = 5(3 cos’ By —1), 3)
where the angular brackets denote a time or ensemble average. It follows that
3
Av, = 3 XoSco Py (€08 Byy,) 4)

in which P, (cos fp.) = (3cos? iy — 1)/2 is the second-order Legendre polynomial.
The above formula shows how the quadrupolar splitting depends on the (Euler)
angles that rotate the coupling tensor from its principal axes system to the labora-
tory frame of the main magnetic field [55].

Next, the fluctuations of the coupling Hamiltonian due to the various motions of
the lipid molecules within the bilayer give rise to transitions between the various
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adjacent energy levels [62]. In solid-state H NMR relaxometry of liquid-crystalline
membrane lipids, we are typically interested in the spin-lattice (R;;) relaxation
rates. Experimental measurements of the R;; relaxation rate involve inverting (flip-
ping) the magnetization, and then following the attainment of equilibrium through
its recovery as a function of time. The observable relaxation rates are related to the
spectral densities of motion in the laboratory frame by the following expression:

3
R, :Zﬂzlé |:J1 (w0)+4‘]2 (2600)]' ®)

In this formula, R, is the spin-lattice (longitudinal) relaxation rate, J,,(@,) indicates
the spectral densities of motion, where m = 1, 2, and w, is the deuteron Larmor
frequency. The spectral densities J,,(@,) describe the power spectrum of the motions
as a function of frequency w, in terms of the fluctuations of the Wigner rotation
matrix elements for transforming the coupling (EFG) tensor from its principal axis
system within the lipid molecule to the laboratory frame. They are the Fourier trans-
form partners of the orientational correlation functions G,,(t), which depend on time
and thereby characterize the C—°H bond fluctuations of the lipids as an experimental
window into their molecular dynamics.

Notably, the segmental order parameters depend only on the amplitudes of the
C-?H bond motions, while the relaxation rates also depend on the fluctuation rates
of the C—*H bond. We have developed a generalized model-free (GMF) approach of
relaxation rate analysis [62, 63] that results in a simple dependence of the R,; rates
on the squared segmental order parameters (SZ,) (square-law) along the chain. For
short-wavelength collective lipid excitations, about the bilayer thickness and less,
the spectral density reads [64]:

5 (2=
(@) =3 82D | DS, (Bor) 4D (B | ©

Here, w is the angular frequency, D is the viscoelastic constant, d is the dimension-
ality, and D@ indicates the second-rank Wigner rotation matrix [59]. The spectral
densities of motion J,(w) depend on the square of the observed Scp order parame-
ters, and the slope of the square-law plot is inversely related to the softness of the
membrane. For three-dimensional (3D) quasi-elastic fluctuations, the viscoelastic
constant is given by D = 3kBT\/E /52K* S}, where a single elastic constant K is
assumed. In this expression, 7 is the corresponding viscosity coefficient, S; is the
order parameter for the collective slow motions, kg is the Boltzmann constant, and
T is the absolute temperature. Here we assume a single elastic constant, and we do
not distinguish between splay, twist, and bend deformations [51]. In addition to the
bending modulus «, the compression modulus Kp comes into play [65]. For splay
deformations, the bending rigidity is: x & Kt, where ¢ = 2D is the bilayer thickness,
giving a k=¥ dependence of the spin-lattice R, rates [66], hence providing knowl-
edge of the bilayer elasticity.
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2.2 Membrane Bilayer Properties by Solid-State °H
NMR Spectroscopy

Representative applications of solid-state 2H NMR spectroscopy to lipid membranes
include the influence of cholesterol [66—68] as well as acyl chain unsaturation. To
determine the average membrane structure, fluctuations, and elastic deformations due
to cholesterol, the first-order mean-torque model (Fig. 2a) is instrumental. This model
provides two important structural parameters for lipid bilayers: the average area per
acyl chain (A), and D¢, the hydrophobic thickness of one bilayer leaflet (Fig. 2b).
Details of the theory of the first-order mean-torque model have been previously
reviewed [69]. The earlier studies by Bartels et al. [70] found striking differences in
chain packing for I-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC-d5,) upon interaction with cholesterol in binary mixtures (Fig. 2c). They
observed that acyl chains of the glycerophospholipid were not affected as strongly as
the sphingolipid by the rigid sterol backbone at low cholesterol concentrations [70].
In addition, a more continuous dependence of chain order on cholesterol concentra-
tion became observable in the case of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC). This is obviously due to the less favorable interaction of the
unsaturated acyl chain of POPC with cholesterol, as has already been shown for vari-
ous unsaturated lipids [71-73].

2.3 Membrane Rigidity by Solid-State °H NMR Spectroscopy

Cholesterol is a steroid molecule, which is amphiphilic in nature. Now let us see the
membrane structural deformation and emergent fluctuations at an atomistic level in
the presence of cholesterol. For site-specifically labeled phospholipids (or with per-
deuterated chains), we de-Pake (deconvolute) the powder-type spectra of random
multilamellar dispersions. This provides us with highly resolved subspectra corre-
sponding to the € = 0° bilayer (director) orientation (Fig. 3a). These highly resolved
signals clearly indicate a gradual increase in the splittings (Avy) with increasing
cholesterol content (mol%) where POPC-d;, is introduced as a probe lipid (Fig. 3a).
Larger residual quadrupolar splittings (Avg) indicate a smaller number of degrees of
freedom of the flexible phospholipids which is reduced due to interaction with the
rigid cholesterol molecules.

Revisiting Eq. [4], it is evident that the observed residual quadrupolar coupling
Avq is directly related to the segmental order parameter Scp. The variations of resid-
ual quadrupolar couplings give a profile of the absolute segmental order parameter
S as a function of chain position (index i). This striking inequivalence comes
from the effects of the bilayer packing on the trans—gauche isomerization of the
acyl groups. Figure 3b shows the segmental order parameters S&) , plotted as a
function of the acyl position (index i) for 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) alone and DOPC in the presence of cholesterol. The plateau region in the
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Fig. 2 Bilayer dimensions are given by the interfacial membrane area per lipid (A) and the volu-
metric thickness Dc. (a) Schematic representation of methylene chain travel from the lipid head-
group—water interface. Orientation of CH, segments and their projection onto the bilayer normal
(ny) are shown in the diagram. (b) Structural parameters (A) and D are calculated from the acyl
chain volume Vi and moments (cos ) and (cos” f3), obtained from the order parameter plateau,
where f is the angle between the virtual bond connecting two neighboring carbons of the ith seg-
ment and n,. (¢) Chain-extension profiles (cumulative segmental projections) for POPC-ds,/cho-
lesterol binary mixtures show the influence of cholesterol on the orientational order of POPC-d5,
acyl groups. The indexing (nc — i + 2) begins with the terminal methyl group (i = n¢) and ends at
the C2 carbon (i = 2). Results are shown for pure POPC-ds; (A), POPC-d;; with X =0.2 (@), and
POPC-d;; with X = 0.33 (m) at temperatures of 20, 30, 45, and 60 °C. (Figure is adapted from Ref.
[70] and redrawn)

order profiles (Fig. 3b) can be explained by the preferred configurations of the acyl
chains parallel to the membrane normal. As shown in the figure, the smaller abso-
lute S& values for DOPC in the absence of cholesterol manifest the additional
degrees of freedom of the unsaturated acyl chains.

To explain the relaxation times of lipid bilayers, the ordering and rate of motion
must be distinguished as in [74]. In 2H NMR spectroscopy of membranes, the mea-
surements comprise the order parameter and the relaxation rate profiles. This depen-
dence results in a signature of collective slow bilayer motions that modulate the
residual coupling tensors of the local segmental motions. Given that a membrane
deformation model applies [75, 76], the R,, rates illuminate a broad spectrum of 3D
collective bilayer excitations along with effective rotations of the lipids. Transverse
’H NMR spin relaxation studies likewise provide evidence for 2D collective motions
of the lipid membrane at lower frequencies [77-82]. Investigations of the influences
of both cholesterol and lanosterol on the physical properties of 1,2-diperdeuterio-
myristoyl-sn-glycero-3-phosphocholine (DMPC-ds,) bilayers at the atomistic level
have been conducted using solid-state 2H NMR spectroscopy (Fig. 4a, b). As in the
case of DOPC membranes, a gradual increase in the quadrupolar splittings (Av,) for
the acyl segments is seen as the cholesterol concentration is increased, reflecting a
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Fig. 3 Interaction with the rigid cholesterol molecules increases the ordering in unsaturated
DOPC lipid membranes. (a) De-Paked solid-state H NMR spectra of DOPC/cholesterol mem-
branes containing 10 mol% of POPC-d5, as a probe lipid show greater quadrupolar splittings with
increasing cholesterol fraction. (b) Segmental order parameter versus acyl position for POPC-d5,
probe lipid in DOPC/cholesterol membranes with different mol% cholesterol at 7 = 25 °C. (¢)
Dependence of spin-lattice relaxation rate RI(Q on squared order parameters S&) indicating a
decrease in square-law slopes due to bilayer stiffening by cholesterol. (Adapted from Ref. [11])

larger orientational order of the acyl chain segments versus the bilayer normal.
Immediately 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.
Experimental solid-state ’H NMR relaxation studies of the effect of cholesterol on
lipid bilayers further show a square-law dependence of the R, rates versus the order
parameters Scp along the entire acyl chain for the multilamellar dispersions of
DMPC-ds,/cholesterol bilayers (Fig. 4a, b). Notably, the square-law functional
dependence [83] is a model-free correlation among the experimental observables
(Figs. 3c and 4a, b). The progressive increase in the bilayer rigidity of DMPC lipid
bilayers obtained by solid-state 2H NMR relaxation at various compositions of
DMPC and cholesterol is manifested by the square-law slope (Fig. 4b). According to
Fig. 4b both cholesterol and lanosterol decrease the square-law slopes, correspond-
ing to a progressive reduction in bilayer elasticity (Figs. 3¢ and 4a, b). By contrast,
local trans—gauche isomerizations along the chain do not yield such a square-law as
indicated for DOPC/cholesterol membranes. We attribute this reduction of the
square-law slope (Fig. 4b) to an increase in bending rigidity « due to short-range
cholesterol-phospholipid interactions, showing us how membrane mechanical prop-
erties begin to emerge from the local atomistic interactions within the lipid bilayer.

3 Introduction to Neutron Spin-Echo Spectroscopy

We next turn to the complementary approach involving neutron spin-echo spectros-
copy, which like solid-state 2H NMR rests upon changes in the spin state of scat-
tered neutrons. As a result, we can use a similar strategy in both cases to inform us
how the structural and dynamical properties of the lipids are connected with the
bilayer composition. Neutron spin-echo (NSE) spectroscopy involves the change in
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Fig. 4 Solid-state ’H NMR relaxation shows emergence of membrane elastic fluctuations and
their suppression by sterols. Dependence of spin-lattice relaxation rates RI(Q on squared order
parameters S35 for resolved 2H NMR splittings of: (a) DMPC-ds, showing influences of lanos-
terol and cholesterol at =55 °C. Note that the decrease in the square-law slopes is consistent with
a gradual reduction in bilayer elasticity on going from lanosterol to cholesterol (Adapted from Ref.
[84]). (b) Binary mixtures of DMPC-ds, and cholesterol at different mole ratios. Data were
obtained at 7= 44 °C and at 76.8 MHz (11.8 T). (Figure adapted and recolored from Ref. [58] with
permission of the American Physical Society)

spin polarization of an incident neutron beam as it exchanges energy with the mea-
sured lipid membrane. As a quasi-elastic scattering technique, NSE spectroscopy
measures neutron energy changes under high resolution on the order of meV (or
ksT). Therefore, it is well suited for detecting biologically relevant thermal fluctua-
tions in lipid membranes. The molecular motions of the lipids, as well as their col-
lective membrane fluctuations, manifest themselves over a wide length and time
scales. The accessible length scales by NSE spectrometers are on the order of 1 to a
few 100s of nm, making NSE an outstanding tool to probe crucial membrane fluc-
tuations and collective lipid dynamics. Examples of such motions include bending
undulations (asymmetric deformations), breathing modes (symmetric deforma-
tions), and diffusive lipid dynamics [85-87]. It is important to note that both molec-
ular fluctuations and collective membrane dynamics are determined by the bilayer
physical chemistry [51]. Measuring these different modes of membrane dynamics is
essential not only to comprehend the core biophysical properties of cell membranes,
but also to develop future biomaterials, therapeutic methods, and functional artifi-
cial cells. Indeed, to access selective membrane dynamics over specific spatial and
temporal scales, NSE spectroscopy has been successfully utilized in the field of
membrane biophysics as we discuss below [11, 87-90].

3.1 Principles of Neutron Spin-Echo Spectroscopy

In neutron spin-echo (NSE) spectroscopy, we probe the sample dynamics by utiliz-
ing the neutron spin as a timer for the neutron precession within the magnetic field
of the spectrometer. This feature enables precise measurement of the energy
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exchange between neutrons and the sample during scattering events. Within the
magnetic coils of the spectrometer, the Larmor precession of the neutron spin mea-
sures the time that each neutron spends in the precession field. This duration of time
is directly related to the neutron kinetic energy, or its speed. Thus, by design NSE
spectrometers can detect small changes in the neutron energy or speed (Av/v < 1079)
as a result of scattering from the sample. Experimentally, these changes are detected
as a change in the polarization of the scattered neutron beam [91-93]. Initially, the
incoming neutron beam is polarized by a magnetic multilayer mirror, which aligns
the spins along the direction of the beam. After that, a #/2-flipper rotates the spin in
the direction perpendicular to the beam axis, i.e., upward. The neutron then enters
the first precession coil of length, /, and magnetic field, B, along the neutron beam.
The neutron spin undergoes a Larmor precession with the total precession angle, ¢,
given by the magnetic field integral j— If) |B|dx _where IBl = B is the modulus of
the magnetic induction. The total precession angle is given by: ¢ = (y am/ h) [ o B,
where v = —1.83 x 108 rad s! T-! is the gyromagnetic ratio of the neutrons, and
v, = h/Am, is the neutron velocity, with m, the neutron mass, / the Planck constant,
and A the neutron wavelength. In NSE spectrometers the change in polarization at
the sample position is directly related to the normalized intermediate scattering
function, or the dynamic structure factor, S(Q,), expressed as a function of Fourier
time ¢ =yBlh/m v, [91, 94, 95]

Most NSE spectrometers operate with energy resolutions, Az, on the order of
10 neV (~100 ns), over length scales on the order of 1-250 A [93, 96]. Here, 71 is the
reduced Planck constant and o is the neutron frequency. Notable recent advances in
the IN-15 NSE spectrometer at Institut Laue—Langevin have achieved energy reso-
lutions as high as Afiw = 0.7 neV, corresponding to a maximum Fourier time of
max = 1ps [97]. These developments allow us to explore even slower dynamics over
extended time scales that correspond to crucial membrane processes.

3.2 Membrane Undulations

Membrane fluctuations are key descriptors of the stability and flexibility of mem-
branes, and how they interact with biomacromolecules like cholesterol and proteins.
The membrane undulations are dictated by the mechanical properties of the mem-
brane, such as the membrane elasticity, which is determined by the bending rigidity
modulus, k. In early NSE studies the experimental results showed that membrane
bending undulations followed the elastic sheet model [98]. Zilman and Granek (ZG)
predicted a direct correlation between the NSE relaxation spectra and such mem-
brane undulatory motions. The model is described by stretched exponential decays
of the intermediate scattering functions, with a stretched exponent of 2/3, giving a
result that reads [99]:

S0 (01) = Aexp| ~(Tet) | 7



74 F. T. Doole et al.

Here A is the amplitude of the fluctuations, ¢ is the Fourier time, and the parameter
I'z6 is a O-dependent decay rate, which involves the bending rigidity modulus. For
vesicular membranes, such stretched exponential decays have been repeatedly
observed in NSE relaxation spectra (Fig. 5a). The corresponding bending rigidity
moduli obtained from these measurements are calculated according to theoretical
models that leverage refinements of the ZG theory by Watson and Brown [100] to
include the interleaflet friction. The resultant expression yields the bending relax-
ation rates in terms of the effective bending modulus, &, which is related to the
bilayer bending modulus, «, by K =k +2d2km, [100] where k,, is the monolayer
area compressibility and d is the distance between the neutral surface and the bilayer
midplane. In this derivation, the neutral surface is defined as the membrane surface
where the cross-sectional area per lipid molecule remains constant.

Considering the neutral surface to be located at the interface between the hydro-
philic headgroup and the hydrophobic lipid tails, the ZG relaxation rates for bend-
ing fluctuations can then be expressed as [90, 101]:

L}z FZf —0.0069 " /"B—T, )
o 0 n, VK

where 7 is the solvent viscosity, kg is the Boltzmann constant, and 7 is the tempera-
ture expressed in K. The Q*-dependence of I',¢ is illustrated in Fig. 5b. This approach
has become very popular in recent years yielding a direct measurement of mem-
brane mechanics on nanoscopic scales. Accordingly, NSE has been extensively used
to determine the bending rigidity moduli « for various phospholipid membranes,
whether in liquid-disordered or in liquid-ordered states [85, 87, 102—-109]. Above
the gel transition temperature of lipid membranes, the membrane rigidity modulus
K is anticipated to be x = 20 k7. However, this is highly dependent on the solvent
viscosity (as in Eq. 8) [89]. In aqueous buffers the bending rigidity of phospholipid
membranes is found to exhibit a linear increase with temperature on approaching
the gel transition [90]. When comparing the results with small-angle neutron scat-
tering (SANS) and small-angle X-ray scattering (SAXS) [110], the observations
from NSE are generally consistent with the temperature-dependent structural
changes in the membrane, marked by a linear increase in the area per lipid with
temperature. Combining these results strongly indicates that the membrane elastic
properties are strongly dependent on molecular packing of lipids within the mem-
brane. This fundamental structure—property dependence in lipid bilayers was
recently validated in NSE studies on membranes of binary lipid mixtures. This
study further illustrated that not only the membrane bending rigidity, but also the
area compressibility modulus and membrane viscosity, scale with the area per
lipid [111].

In another independent investigation on the effect of cholesterol on unsaturated
DOPC lipid membranes, Chakraborty et al. [11] demonstrated that on the length
and time scales accessible by NSE, cholesterol stiffens the membranes consistent
with an increase in molecular packing in DOPC bilayers. This finding is in contrast
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Fig. 5 Exponential decays observed in neutron spin-echo relaxation spectra of vesicular mem-
branes capture membrane dynamics. (a) Normalized intermediate scattering functions,
S(Q,0/5(0,0), of DOPC liposomal membranes with 0 and 50 mol% cholesterol, along with
stretched exponential fits (solid lines) given by Eq. (7). (b) The decrease in decays in DOPC/
cholesterol membranes indicates slowdown in the measured dynamics. (Figure is adapted from
Chakraborty et al. [11])

with previous studies on DOPC/cholesterol membranes that have reported no sig-
nificant changes in membrane rigidity even at cholesterol concentrations of up to
50 mol% [45, 112]. The NSE results from Chakraborty et al. [11] are depicted in
Fig. 5 and illustrate the normalized intermediate scattering functions, S(Q,1)/S(Q,0),
on DOPC with 0 and 50 mol% cholesterol. The solid lines are the ZG fits of the data
as given by Eq. (7). The corresponding Q-dependence of the decay rates is shown in
Fig. 6a, illustrating the classic Q° signature of bending fluctuations. In Fig. 6a, the
shallower slopes are visible for cholesterol-containing membranes, indicating an
increased stiffness since the slope for I'versusQ”is o NS Chakraborty et al.
further demonstrated that the bending rigidity modulus scales with the area per
lipid, in accord with the increase in molecular packing with increasing cholesterol
mole fraction [11]. The study thus demonstrates a direct correlation between the
membrane bending rigidity modulus and structural membrane parameters in the
form of molecular packing (Fig. 6b). Independently, the same deductions were
obtained by solid-state deuterium NMR relaxometry [52] and real-space fluctuation
(RSF) analysis by MD simulations [113, 114].

Analogous observations were reported earlier in another NSE investigation on
asymmetric saturated and unsaturated POPC lipid membranes mixed with choles-
terol [102, 115]. To measure the bending rigidity and intermonolayer friction for
different cholesterol content on large unilamellar vesicles (LUV), NSE and dynamic
light scattering were combined. It was concluded that due to structural condensation
caused by hydrogen-bonding complexes between POPC and cholesterol, a stiffen-
ing of POPC membranes in the presence of cholesterol was observed [115]. These
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Fig. 6 Increased bending rigidity modulus corresponds to increase in molecular packing with
greater cholesterol mole fraction. (a) The Q-dependence of the decay rates T'(Q) follows the Q?
behavior predicted by Zilman and Granek for bending undulations. (b) Fits of the decay rates to
Eq. (8) yield the bending rigidity moduli, x. The plots of k versus area per lipid illustrate depen-
dence of membrane mechanics on the molecular packing as obtained from SANS/SAXS studies.
These results are further confirmed by real-space fluctuation (RSF) analysis of atomistic molecular
dynamics (MD) simulations. (Figure is adapted from Chakraborty et al. [11])

results follow similar trends as observed for DOPC bilayers. Therefore, all these
experiments involving interrogations of the membrane dynamics over similar length
and time scales emphasize the universality of the structure—property relationship
observed in cholesterol-containing phospholipids.

3.3 How Does the Membrane Thickness Fluctuate?

Membrane thickness fluctuations constitute a collective membrane deformation
mode that can be accessed using NSE spectroscopy through selective lipid deutera-
tion. Early predictions of thickness fluctuations, or breathing modes, in lipid mem-
branes came out in the 1980s [116-119]. This crucial dynamic mode has been
associated with vital biological membrane processes, such as pore formation [120,
121], as well as passive membrane permeation [122]. The first NSE realizations of
membrane thickness fluctuations were obtained on liposomal membranes with
chain-deuterated phospholipids [87]. To achieve this finding, NSE experiments
were specifically performed at the length scale of the membrane thickness and uti-
lizing the isotope-dependent variation in the neutron scattering length density. The
neutron scattering lengths of the protium and deuterium isotopes of hydrogen are
—3.74 fm and +6.67 fm, respectively. Therefore, when lipid vesicles are dispersed
in a deuterated solvent using chain-deuterated variants of the lipids, the neutron
contrast difference between the protiated lipid headgroups and the deuterated hydro-
carbon tails intensifies the dynamic NSE signal from variations in the membrane
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thickness. Measurements of the long-proposed membrane thickness fluctuation
mode were made by exploiting neutron contrast-matching experiments, the most
powerful tool in the neutron scattering arsenal. In a similar vein, Chakraborty et al.
performed NSE thickness fluctuation measurements on cholesterol-containing di-
monounsaturated DOPC lipid membranes [11]. They used acyl chain-perdeuterated
DOPC-dg, which was chemically synthesized using deuterated oleic acid, and cho-
lesterol-dy, obtained from genetically modified bacteria to prepare the chain-
contrast-matched liposomes. The corresponding SAXS electron density (ED)
profiles are illustrated in Fig. 7a, where z = 0 indicates the center of the membrane,
and =z represents the normal distance from the central plane. The electron-rich
phosphate groups show peaks in the ED profile as expected. The peak-to-peak dis-
tance is defined as the phosphate-to-phosphate thickness, which increases system-
atically with increasing cholesterol content. The NSE relaxation rates for acyl
chain-perdeuterated DOPC-dgs/cholesterol membranes are depicted in Fig. 7b,
where the lipid chains are contrast-matched with the solvent (*H,0). The effect of
membrane thickening with increasing cholesterol content is indicated by the peak in
the relaxation curves shifting toward decreasing Q-values.

For this kind of contrast-matching experiments, at Q-values corresponding to the
membrane thickness, additional heightened dynamics (peak) outside the bending
fluctuations are observed (Fig. 7b). In agreement with these results, heightened
dynamics have also been observed by ultra-coarse-grained molecular dynamics
(MD) simulations [123] for the same-size liposomes. Following the formalism
developed by Nagao et al. [90], membrane fluctuations data can be modeled to con-
nect the amplitude and rate of the fluctuations to biophysical membrane parameters,
such as the membrane viscosity and area compressibility modulus. This model has
been developed based on the theoretical framework by Bingham et al. [124].
Therefore, the thickness fluctuation signal is given by:

K, kT
+ 7
:qukBT+ 4u0,K, 4, (Q_Qo)

(C))

r Iy
o 0
where Q, is the peak Q-value obtained from SANS, u is the internal membrane
bilayer viscosity, and K, is the area compressibility modulus obtained from the NSE
bending rigidity measurements. It should be noted that here the membrane viscos-
ity, u, is the only fitting parameter in Eq. (9). Chakraborty et al. [11] used this
approach to explore the effect of cholesterol on membrane viscosity. They per-
formed the NSE experiments on DOPC-dg membranes with 0, 10, and 20 mol% of
cholesterol-dy, [11], illustrating the increase in membrane viscosity with increased
cholesterol content (Fig. 7c).

It should be pointed out that using Eq. (9) to obtain the viscoelastic behavior of
the membrane requires explicit understanding of the correlation between area com-
pressibility and bending rigidity. Using the elastic thin-sheet deformation model
[125], the bending rigidity modulus, k, has been found to be proportional to the area
compressibility modulus, K,, according to k¥ = K Atj] /¢ , where t,, is the mechanical



78 F. T. Doole et al.

045 a ® DOPC.q, [

0.40/ T
< I
< 0.35]

o 0.30}
w
0.25} by
0.20 .
0 10
-40 -20 0.04 008 ?.12 0.16 0 5 10 15 20
QK cholesterol content / mol%

Fig. 7 Small-angle neutron scattering data from selectively deuterated liposomes reveal influ-
ences of cholesterol. (a) Electron density (ED) profiles along the membrane normal (z-axis) as
obtained from SAXS data on DOPC/cholesterol membranes. Here z = 0 indicates the central plane
of the membrane. The two peaks represent the location of the electron-rich phosphate groups in the
membrane bilayer structure. (b) NSE relaxation rates measured using tail-perdeuterated DOPC/
cholesterol membranes in deuterated buffer solution. Besides the Q° signal from bending relax-
ation, there are additional dynamics attributable to thickness fluctuations as evident by the
Lorentzian curve. (¢) Membrane viscosity calculated from fits of the thickness fluctuations (using
Eq. 9) showing greater membrane viscosity with increasing mol% cholesterol. (Figure is adapted
from Chakraborty et al. [11])

(or deformable) membrane thickness, and { is a constant describing the interleaflet
coupling. Within the polymer brush model, { = 24 for lightly coupled leaflets, which
is typical for lipid membranes in fluid states [125]. Notably, Pan et al. [47] have
proposed that for cholesterol-containing unsaturated lipid membranes the polymer
brush model does not hold. On the other hand, using MD simulations and a modi-
fied assignment of the mechanical membrane thickness, Doktorova et al. [48] have
concluded that for a wide range of membrane types, specifically for unsaturated
lipid membranes containing cholesterol, the polymer brush model indeed holds.
Chakraborty et al. [11] have used this modified polymer brush model to compare the
membrane rigidity of completely protiated DOPC to that of the area compressibility
modulus of chain-contrast-matched DOPC lipids. They reported that an increase in
cholesterol content systematically causes an increase in membrane viscosity.
Similar to the observation made by NSE, solid-state 2H NMR experiments likewise
yield an increase in the bending rigidity modulus. Taken together, the NSE and
solid-state NMR experiments point toward a universal membrane stiffening effect
of cholesterol over analogous length and time scales.

4 Biophysical Conclusions and Outlook

The specific chemical interactions of cholesterol and PIP2 with lipid membranes are
of great importance for biological function. In this chapter we have reviewed the
effects of cholesterol-induced nonspecific material properties with regard to mem-
brane deformation and lipid—protein interactions. However, there is still a gap in the
effects of PIP2 and cholesterol on nonspecific material properties of lipid mem-
branes that must be filled to unravel their synergistic influences on cellular
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membrane mechanics. Current research indicates the simultaneous increase in cho-
lesterol-induced molecular packing, membrane viscosity, and bending rigidity [11]
that entails a suppression of elastic fluctuations at the molecular level, changing the
local viscoelastic properties of both saturated and unsaturated membrane bilayers.
For lipid membranes investigated by neutron spin-echo measurements [102, 115]
and solid-state ’H NMR spectroscopy [52, 126], similar findings have been reported.
We can thus draw a clear correlation suggesting an overall increase in membrane
rigidity and molecular packing due to interactions with cholesterol. These findings
have significant implications for the role of cholesterol in drug incorporation into
cell membranes, and in formulating 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.
Stiffening of membranes by cholesterol also impacts our understanding of viral
infections, including the recent coronavirus SARS-CoV-2 pandemic. One expects
that the fusion, maturation, and budding of viral particles closely depend on the
mechanical properties of contact membrane sites, determined by their lipidic and
cholesterol content. Investigating the synergism of cholesterol with PIP2 on the
regulation of membrane lipid properties is an important future direction that will
foster our understanding of phosphoinositide intracellular functions.
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