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Cholesterol is an integral component of eukaryotic cell membranes
and a key molecule in controlling membrane fluidity, organization,
and other physicochemical parameters. It also plays a regulatory
function in antibiotic drug resistance and the immune response of cells
against viruses, by stabilizing the membrane against structural dam-
age. While it is well understood that, structurally, cholesterol exhibits a
densification effect on fluid lipid membranes, its effects on membrane
bending rigidity are assumed to be nonuniversal; i.e., cholesterol
stiffens saturated lipid membranes, but has no stiffening effect on
membranes populated by unsaturated lipids, such as 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC). This observation presents a clear
challenge to structure—property relationships and to our understand-
ing of cholesterol-mediated biological functions. Here, using a compre-
hensive approach—combining neutron spin-echo (NSE) spectroscopy,
solid-state deuterium NMR (2H NMR) spectroscopy, and molecular dy-
namics (MD) simulations—we report that cholesterol locally increases
the bending rigidity of DOPC membranes, similar to saturated mem-
branes, by increasing the bilayer's packing density. All three tech-
niques, inherently sensitive to mesoscale bending fluctuations, show
up to a threefold increase in effective bending rigidity with increasing
cholesterol content approaching a mole fraction of 50%. Our observa-
tions are in good agreement with the known effects of cholesterol on
the area-compressibility modulus and membrane structure, reaffirming
membrane structure—property relationships. The current findings point
to a scale-dependent manifestation of membrane properties, high-
lighting the need to reassess cholesterol’s role in controlling membrane
bending rigidity over mesoscopic length and time scales of im-
portant biological functions, such as viral budding and lipid-protein
interactions.

area compressibility | membrane viscosity | deuterium NMR |
neutron spin echo | molecular dynamics simulations

Lipid bilayers, the underlying scaffold of cellular membranes,
consist of a rich mixture of lipids and sterols. Among sterols,
cholesterol (Chol) is uniquely linked to cell evolution (1)—it is
universally absent in prokaryotic membranes and is present in
differing amounts in eukaryotic membranes, ranging from a mole
fraction (mol%) of <5 mol% in mitochondrial membranes up to
40 mol% in plasma membranes (2). Chol plays an essential
regulatory function in many biomembrane processes (3), in-
cluding passive permeation (4), protein and enzyme activity (5, 6),
and the formation of raft-like domains (7) associated with cell
signaling and intracellular trafficking. It is also directly impli-
cated in viral infections (8), including influenza (9), HIV (10),
and, recently, coronavirus (11). Deviations from normal Chol
levels disrupt membrane functions and result in impaired im-
mune responses and numerous other health anomalies (12-14).
Given Chol’s biological importance, studies detailing its effects

www.pnas.org/cgi/doi/10.1073/pnas.2004807117

on membrane mechanics have justifiably taken center stage in
recent years (15-17). Various techniques (18, 19), including flicker
spectroscopy, micropipette aspiration, electrodeformation, and
NMR spectroscopy, have been used to examine the interdepen-
dence of structure, mechanics, and dynamics proposed by Helfrich
in the early 1970s (20, 21). While early studies performed on
single-component lipid membranes exhibited the expected de-
pendence of the bending rigidity as a function of membrane
thickness and packing density (22), later studies on Chol-
containing membranes showed striking deviations from this be-
havior, which, surprisingly, depended on the level of lipid acyl-
chain unsaturation (23, 24). Given the lipid diversity in cell
membranes and the significance of mesoscale bending energetics
in viral budding (25) and membrane—protein interactions (26), it is
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incumbent to elucidate whether the lack of Chol-induced stiff-
ening in unsaturated membranes is manifested on biologically
relevant length and time scales.

Here, we report experimental mesoscale studies of the effects
of Chol on bending dynamics of unsaturated lipid membranes
composed of 1,2,-dioleoyl-sn-glycero-3-phosphocholine (DOPC;
also abbreviated as diC18:1PC). The experiments are supple-
mented by real-space fluctuation (RSF) analysis of atomistic
molecular dynamics (MD) simulations (27, 28). Collective dy-
namics of DOPC-Chol membranes were measured by using
neutron spin-echo (NSE) spectroscopy on unilamellar vesicles
and solid-state deuterium (*H) NMR spectroscopy on multi-
lamellar dispersions. The NSE studies enabled calculations of
the effective membrane bending rigidity modulus, (29, 30), and

DOPC

DOPC-Chol

revealed a consistent increase in x with increasing Chol content, in
excellent agreement with RSF-MD simulation results. The solid-state
’H NMR measurements yielded a similar relative increase in the
bending modulus, as observed by NSE, confirming the membrane-
stiffening effect of Chol over comparable length and time scales. The
remarkable agreement between NSE spectroscopy, solid-state 2H
NMR spectroscopy, and RSF-MD simulations—all of which access
mesoscale bending fluctuations—points to a membrane-stiffening
effect of Chol over short length and time scales. This result differs
from previous experiments reporting on microscopic scales, where no
mechanical effect due to Chol was detected in DOPC membranes
(23, 24). Importantly, the changes in bending rigidity are in accord
with Chol-induced membrane structural changes obtained from
the MD simulations and confirmed by small-angle X-ray/neutron
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Fig. 1. Structural measurements indicate Chol-induced increase in membrane thickness and lipid packing. (A) Schematic of neutron scattering from lipid
vesicles with a scattering angle 26 and wavevector transfer g. (B) SANS data on vesicles of tail-perdeuterated DOPC-Chol indicate membrane thickening with
increasing Chol content, indicated by decreasing q values of the scattering intensity minimum. The lines are fits to the data, as described in S/ Appendix. (C)
Simulation snapshot of a lipid bilayer depicting membrane fluctuations and the geometry of director vectors used in 2H NMR data analysis. (D) Solid-state 2H
NMR spectra show increased Chol-induced acyl-chain ordering in multilamellar dispersion of DOPC, indicated by the increasing quadrupolar splitting of the
POPC-d3 probe with increasing mol% Chol. (E) Illustration of the structural effects of Chol on DOPC membranes, i.e., increased membrane thickness and lipid
packing. The latter is demonstrated in F, where the average area per lipid shows clear decrease with increasing Chol content, as obtained from joint SANS/
SAXS data analysis, solid-state 2H NMR lineshape analysis, and RSF-MD simulations. Error bars represent +1 SD in all figures and may be smaller than the

symbol size.
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scattering (SAXS/SANS), solid-state ’H NMR lineshape analysis,
and electron spin resonance (ESR). Finally, the area compress-
ibility moduli, K5, of DOPC-Chol membranes were calculated by
using the modified polymer-brush model validated by RSF-MD
simulations. These K values were used in the analysis of NSE
data (31) of tail-perdeuterated DOPC-Chol membranes to esti-
mate the membrane viscosity at various Chol concentrations.
Our findings reaffirm membrane structure—property relation-
ships encompassed by the polymer-brush model (32) and indicate
length-and time-scale dependence of Chol-induced mechanical
properties in DOPC membranes. These observations impel a
reassessment of the functional role of Chol in mesoscopic
membrane functions, such as viral budding and lipid—protein
interactions.

Results

Structural Effects of Chol on DOPC Membranes. Chol-induced struc-
tural changes in unilamellar vesicles of DOPC membranes were
investigated by using SAXS/SANS (Fig. 1 4 and B and SI Ap-
pendix, Fig. S1). Joint analysis of the SAXS and SANS data
yielded the total membrane thickness (Dg), the hydrocarbon
thickness (2D¢), phosphate-to-phosphate (p-p) thickness, and the
average area per lipid (41) (SI Appendix, Tables S1 and S2). The
results showed a monotonic increase in the bilayer thickness (S/
Appendix, Fig. S2) with increasing amounts of Chol, in agreement
with the accepted picture of Chol residing in an upright position
among the hydrocarbon chains (33) beneath the lipid head groups
(33), manifesting in membrane thickening (34). The p-p thickness
obtained from fits to the SAXS data yielded values between
35.2 A for DOPC membranes and 39.9 A for DOPC-Chol
membranes at 50 mol% Chol (SI Appendix, Table S2), in excellent
agreement with X-ray diffraction studies of multilamellar stacks
and SAXS studies of DOPC-Chol unilamellar vesicles (35, 36).
This increase in p-p thickness, with increasing mol% Chol, was
accompanied by a decrease in the area per lipid (4. ) (Fig. 1F), in
good agreement with published reports (36).

Similar results were obtained from solid-state “H NMR
equilibrium lineshape measurements on multilamellar stacks of
DOPC-Chol membranes doped with 10 mol% proxy lipid,
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC)-d3;
(Fig. 1D). In these experiments, we measured the residual
quadrupolar coupling of *H nuclei (spin = 1) with the C-"H
electric-field gradient. The de-Paked (37, 38) signal showed an
increase in quadrupolar splitting with increasing Chol content,
indicating greater acyl chain ordering (see SI Appendix, Fig. S3
for peak assignments). Analysis of the H NMR equilibrium
lineshapes, following the statistical mean-torque model (39),
showed a clear Chol-induced thickening of DOPC membranes
(SI Appendix, Fig. S4 and Table S3) and a concomitant decrease
in the area per lipid (Fig. 1F), supporting the observations from
scattering experiments.

To further elucidate the effects of Chol on bilayer structure,
we performed all-atom MD simulations on model DOPC-Chol
membranes. An earlier study (28) had reported simulation re-
sults from DOPC-Chol membranes containing (0, 10, 20, and
40) mol% Chol, which we supplemented with MD simulations of
DOPC containing (30 and 50) mol% Chol. Analysis of the var-
ious structural parameters from the simulations showed that the
average area per molecule decreased steadily from ~68 A? at
0 mol% Chol to ~44 A% at 50 mol% Chol (Fig. 1F). Similarly, the
partial area of DOPC also decreased, consistent with results
from a previous report (34). As expected, membrane thickness
and acyl-chain order parameters (SI Appendix, Fig. S5) increased
as well, emphasizing the extent of structural changes induced by
Chol in DOPC membranes. These results are also in excellent
agreement with order-parameter measurements by ESR (S
Appendix, Fig. S5). Put together, the structural parameters of
DOPC-Chol membranes obtained from SANS/SAXS, solid-state
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2H NMR, and ESR closely replicate the results from MD sim-
ulations (Fig. 1F). These observations elucidate Chol-induced
ordering of DOPC acyl chains, causing the membrane to
thicken and the lipids to pack more tightly.

NSE Spectroscopy Reveals Chol-Induced Stiffening of DOPC Membranes.
Our NSE spectroscopy measurements were performed on uni-
lamellar vesicles of DOPC-Chol membranes in deuterated buffer to
examine changes in the membrane bending rigidity as a function of
increasing Chol content. NSE directly probes membrane dynamics
over length scales ranging from tens to hundreds of Angstroms and
time scales from 10 ps to 100 ns. For lipid membranes, the dynamics
in this spatiotemporal range are mainly collective thermal fluctua-
tions in the form of bending- and thickness-fluctuation modes (30).
To separate the two fluctuation modes, we employed different lipid-
deuteration schemes, as described hereafter. Bending fluctuations
were selectively measured by using protiated forms of lipid vesicles
and by tuning the NSE spectrometer to length scales that are in-
termediate between the bilayer thickness and the vesicle size. The
NSE dynamic structure factor (Fig. 24 and SI Appendix, Fig. S6) is
described by a stretched-exponential function: 1(q.)/I(g,0) = exp
[—(Fbcnd(q)t)z/S], where ['bena(q) is the decay rate of the bending
fluctuations. Our measurements showed that the dynamic structure
factor at all wave vectors, g, decays more slowly for DOPC-Chol
membranes compared to DOPC membranes (Fig. 24). This model-
free observation is a clear indication of a Chol-induced slowdown in
collective membrane dynamics over the accessed NSE length and
time scales. Quantitative assessment of changes in membrane
stiffness associated with the observed reduction in bending dy-
namics was obtained from the analysis of I',ena(g), which showed
the typical ¢° dependence for thermally undulating elastic thin
sheets predicted by Zilman and Granek (40) (Fig. 2B). Further
theoretical refinements by Watson and Brown (41), following the
Seifert-Langer model (42), which takes into account the nature of
the finite thickness of coupled monolayers, yielded a renormalized
bending rigidity ¥ = « + 2h%ky, where h is the height of the neutral
surface from the midplane and k; is the monolayer area
compressibility modulus.

Using this refinement and defining the neutral plane to be at
the interface between the hydrophilic headgroups and the hy-
drophobic tails results in a modified expression of the Zilman—
Granek decay rates, I'venda(q), namely (31):

Iﬂbcnd(q) = 0.0069 kBT\/@q3. [1]
M50l K

Here, kgT is the thermal energy, 75, is the solvent (i.e., DO or
H,0) viscosity, and the wavevector transfer, g, is given by the
neutron wavelength, A, and the scattering angle, 26, as g =
4zsinf/A. Fits of I'hena(g) to Eq. 1 enabled calculations of the
effective bending rigidity modulus, k, for DOPC-Chol mem-
branes at different mol% Chol—i.c., 0 to 50 mol%. Our results
indicate a noticeable increase in x with increasing Chol content
(SI Appendix, Table S4). Specifically, x for DOPC membranes
(100-nm-diameter vesicles) was found to be (19.05 + 0.65)kgT or
(7.8 £0.3) x 1072 J, in close agreement with previously reported
values obtained from diffuse X-ray scattering (x ~ 8 x 107 J)
(23) and electrodeformation (k ~ 9 x 1072 J) (24) measurements.
On the other hand, measurements with 10 mol% and 20 mol%
Chol resulted in bending rigidity values of (22.46 + 1.77)kgT and
(30.34 + 2.47)kgT, respectively, indicating a noticeable increase in
k. Additional measurements on 50-nm-diameter vesicles with an
extended Chol range showed similar trends in the relative
bending-rigidity modulus, x/ko (Where « is the bending modulus
of DOPC), up to an ~3-fold increase at 50 mol% Chol (SI Ap-
pendix, Table S4). As shown in Fig. 2B, the slope for I'tena(q) of
DOPC membranes is greater than DOPC-Chol membranes.
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Fig. 2. NSE spectroscopy studies on DOPC-Chol vesicles indicate decrease in local fluctuation dynamics with increasing Chol content. (A) Intermediate
scattering functions, /(q,t)//(q,0), of protiated DOPC bilayers with no Chol (Left) and 50 mol% Chol (Right) show clear slowdown in the measured dynamics in
DOPC-Chol membranes. Solid lines are fits to the data using the Zilman-Granek model for membrane bending fluctuations (S/ Appendix, Eq. S8). (B)
g-dependence of the decay rates (q) for protiated DOPC-Chol vesicles in D,O (Inset). The solid lines depicting linear fits according to Eq. 1 follow the classical
q° behavior of bending undulations. A decrease in the slope of the solid lines with increasing Chol content indicates an increase in the effective bending

modulus. Error bars represent +1 SD.

Keeping in mind that I',epq(g) is proportional to 4/1/k, one can
thus appreciate the large effect that the observed differences
would have on the effective bending-rigidity moduli. It is also
worth noting here that NSE is sensitive to internal dissipation
mechanisms, as shown by Watson and Brown (41)—we will ex-
plore this later in Discussion.

Solid-State 2H NMR Spectroscopy Shows Chol-Induced Reduction
in Elastic Deformations in DOPC Bilayers. Solid-state “H NMR
nuclear-spin-relaxation experiments (19, 43, 44) provide atom-
istically resolved information about collective membrane dy-
namics, such as elastic deformations of the acyl-chain region
within the membrane (SI Appendix). Perturbation of the mag-
netization away from the equilibrium state allows for the ob-
servation of time-resolved magnetization recovery (Fig. 34 and
SI Appendix, Fig. S7), leading to an experimentally measurable
spin-lattice (Rg%) relaxation rate for each deuterated segment ().
Relaxation rates in the limit of small-amplitude director fluctu-
ations often follow a square-law dependence on the segmental
order parameter, S@D, as predicted by Brown (45), with a slope
that is inversely related to the membrane stiffness (19). Fol-
lowing this model-free interpretation of spin-lattice relaxations,
where the slope decreased with increasing Chol content, our
measurements indicated unambiguous Chol-induced stiffen-
ing of DOPC bilayers, as shown in Fig. 3B. For quantitative

A
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Frequency (kHz)

estimates of «, the viscoelastic constant = 3kBT\/ﬁ/57rS§\/ 2K3,
(where K is a single elastic constant, 5 is the bilayer viscosity
coefficient, and S is the order parameter for slower motions)
was directly obtained from the slope of the square law plots
(46-48) (Fig. 3B). The values of x were then calculated from the
viscoelastic constant and the bilayer thickness ¢ = 2D, such that
k ~ Kt. Notably, the calculated bending-rigidity moduli showed
~3.5-fold relative increase for DOPC-Chol membranes with
50 mol% Chol, i.e., k/kg ~ 3.5 (Fig. 44), in excellent agreement
with our NSE results. These results are also consistent with a
recent report on protiated DOPC membranes using a relatively
low-resolution proton NMR relaxation dispersion method (49).

Additionally, we note that the solid-state “H NMR studies of
protiated DOPC-Chol mixtures introduced a deuterated POPC-
ds; proxy lipid probe (10 mol%) to detect the properties of the
host lipid bilayer. This was a reasonable alternative to using
DOPC-dgs with perdeuterated chains, which posed a challenge
to data interpretation due to the considerable overlap of the
quadrupolar splittings from the two unsaturated acyl groups in
DOPC. Control studies (SI Appendix, Fig. S8) showed that the
use of 10 mol% POPC-d;; adequately sampled the structure and
dynamics of the host POPC membrane. For instance, order pa-
rameters and relaxation rates were statistically indistinguishable
from those of pure POPC-d3; multilamellar dispersions. More
importantly, when 10 mol% POPC-d3; was incorporated in a
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Fig. 3. The 2H NMR relaxometry on multilamellar stacks of DOPC-Chol membranes indicates a decrease in membrane elasticity with higher Chol content. (A)
Inversion recovery spectra of 2H nuclear magnetization for DOPC multilamellar dispersion using 10 mol% POPC-d3; probe. (B) The 2H NMR relaxometry

measurements show primarily linear dependence of the relaxation rate Rﬁ’}

2
on the squared-order parameters, ‘52?3‘ . The decrease in the square law slopes

indicates a reduction in DOPC bilayer elasticity with increasing Chol fraction. Error bars represent +1 SD from the mean.
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Fig. 4. NSE spectroscopy, 2H NMR relaxometry, and MD simulations show almost identical increases in the bending modulus of DOPC membranes with
increasing Chol. (A) Relative bending rigidity moduli (x/xo) calculated from nanoscale bending fluctuations sampled by NSE spectroscopy, ?H NMR relaxometry,
and RSF analysis of MD simulations. All three techniques show up to an ~3-fold increase in DOPC-Chol membranes with Chol content approaching 50 mol%.
ko is the bending rigidity of DOPC membranes measured by the respective technique. (B) Plots of x/ko vs. the area per lipid show consistent trends between
mechanical and structural parameters obtained from NSE and SAXS/SANS and from RSF-MD simulations. The results suggest that Chol-induced stiffening in
DOPC membranes, on the length and time scales of NSE and MD, is driven by Chol inducing lipids to pack more closely. The dashed lines are a guide to the eye.

Error bars represent +1 SD from the mean.

host DOPC membrane, the resulting relaxation rates indicated a
“softer” membrane environment relative to POPC (SI Appendix,
Fig. S8), as expected from the known structural properties of
POPC and DOPC bilayers (50, 51). We also note that solid-state
2H NMR analysis (45, 52, 53) is based on the assumption that the
time scales of distinct motional components are sufficiently dif-
ferent to distinguish them as either fast or slow motions,
i.e., statistically independent with no cross-correlations. Only the
segments that are not strongly coupled to the slow motions are
considered in the analysis of the square-law plots. For lipid
membranes like DOPC, the time scales of fast collective lipid
motions may overlap with nematic-like director fluctuations,
leading to nonlinear behavior of the square-law plot for higher
parameters, i.e., closer to the polar head groups (Fig. 3B). We
thus limit our current analysis to the segmental order parameters
that show the typical square-law behavior of the relaxation rates.

Stiffening Effect of Chol on DOPC Membranes Quantified from
Atomistic MD Simulations. Our MD simulations offered another
means for studying membrane mechanics by analyzing the ther-
mal fluctuations of a relatively flat membrane patch (54-57).
Having validated the series of DOPC-Chol simulations with
structural measurements, we examined the stiffening effect of
Chol on bilayers in an expanded set of simulations with Chol
content between 0 mol% and 50 mol%. The membrane bending
rigidity was obtained from analyzing the local fluctuations in the
lipid-splay degrees of freedom (27, 28)—that is, how the orien-
tation of neighboring DOPC and Chol molecules varied with
respect to one another over the course of the simulation tra-
jectories. As shown elsewhere (27), this type of local RSF anal-
ysis has been effectively used to quantify the elastic properties of
a wide range of membranes. Notably, the RSF approach closely
resembles the NSE and solid-state ?H NMR lipid membrane
data. The three approaches access local membrane fluctuations
over similar time scales and can thus be directly compared. For
example, previous simulations of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) membranes at 30 °C reported an RSF
value of k ~ 34.7kgT, which is in excellent agreement with NSE
studies of DMPC vesicles (k ~ 35kgT) (31). Analogous simula-
tions of DOPC membranes at 25 °C yielded x = (18.3 = 0.3)kgT
(28), a result in close agreement with the NSE results from the
100-nm-diameter DOPC vesicles. More importantly, the simu-
lations clearly showed an increase in relative membrane bending
rigidity with increasing Chol content (Fig. 44 and SI Appendix,
Table S5), up to «/kg ~ 3.5 for DOPC-Chol membranes with
50 mol% Chol. Summarized in Fig. 44, the results from simulated
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membranes agree with the relative bending moduli obtained ex-
perimentally by both NSE spectroscopy and solid-state “H NMR
relaxometry, lending yet another piece of evidence for the strong
stiffening effect of Chol on DOPC membranes over the length
and time scales accessed by these three different techniques.

Mechanism of Chol Stiffening in DOPC Membranes Relates to the
Increase in Bilayer Packing Density and Area Compressibility. To
further investigate the mechanisms by which Chol affects local
membrane mechanics, we hypothesized that the changes in «
observed by NSE and solid-state ’H NMR are due to Chol in-
ducing the lipids to pack more closely. To test this idea, we
plotted the bilayer «/ko values against Ay and found that the
relationship between bending rigidity and lipid packing was the
same from the MD simulations and NSE experiments (Fig. 4B).
This finding suggests that the primary mechanism by which Chol
increases the stiffness of DOPC membranes is by reducing the
average area per lipid. The simulations also provided insights
into the compression-bending relationship and illustrated the
role of chain unsaturation on the mechanical properties of
DOPC-Chol membranes. The simulations were thus used to
calculate the area-compressibility modulus in relation to the
bending rigidity and the bilayer’s p-p thickness. To this end, we
used the polymer-brush model proposed by Evans and coworkers
(32) to describe the coupling between the two leaflets in a lipid
bilayer. The significance of the model is that it relates K to k via
the membrane mechanical thickness and a f parameter that
represents the strength of coupling of the two leaflets; for lipid
bilayers, # = 24. Interestingly, the model was shown to work well
for single-component lipid bilayers, but not for unsaturated lipid
membranes containing Chol, such as DOPC-Chol (23). How-
ever, recent studies by Doktorova et al. (28), using extensive
simulations and data comparisons, showed that redefining the
mechanical thickness of DOPC-Chol membranes by excluding
the incompressible regions around the double bonds in contact
with Chol restored the standard K vs. k dependence predicted
by the polymer-brush model. Here, we applied the same ap-
proach in the analysis of NSE data on tail-perdeuterated lipid
membranes, as discussed below.

NSE Studies of Thickness Fluctuations Show that Chol Increases the
Viscosity of DOPC Membranes. In addition to bending fluctuations,
NSE experiments using tail-perdeuterated membranes (i.e., DOPC-dg
and Chol-d,) in deuterated buffer give access to another collec-
tive dynamic mode in lipid membranes, namely, thickness fluctu-
ations (58-60). Contrast matching the tail region of the bilayer to
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the solvent amplifies head-head correlations in the scattering
signal, facilitating studies of membrane-thickness fluctuations.
Measurements of this mode are facilitated by NSE’s ability to si-
multaneously access the length scales (on the order of the mem-
brane thickness) and time scales (on the order of a few hundred
nanoseconds) over which thickness fluctuations occur (30, 61). In
such measurements, thickness fluctuations manifest themselves as
enhanced dynamics that appear in addition to bending fluctua-
tions, as shown in Fig. 54. The dynamics are most pronounced at
q values that correspond to the membrane thickness, as was re-
cently corroborated in coarse-grained MD simulations (62). To fit
the observed excess dynamics, we follow the recent approach of
Nagao et al. (31), which enables the extraction of biophysical
membrane parameters following the theoretical framework of
Bingham et al. (63). In this approach, the thickness-fluctuation
signal is given by:

I'  Then KakgT
3 = b3 ‘ + 3 e 2 [2]
q q ﬂquBT + 4,uq0KAAL(q - qo)

where g is the peak g value obtained from SANS, y is the in-
plane membrane viscosity, and K4 is the area-compressibility
modulus obtained from independent NSE measurements of
the bending rigidity on fully protiated membrane analogs using
the modified polymer-brush model proposed by Doktorova et al.
(28) (SI Appendix, Table S4). Subsequently, Eq. 2 only assumes
one fitting parameter; i.e., the membrane viscosity, p. By apply-
ing this to NSE data on 100-nm DOPC-dg vesicles with (0, 10,
and 20) mol% Chol-d4y, we were able to quantify the effects of
Chol on membrane viscosity, as shown in Fig. 5B.

Strikingly, the viscosity value obtained from NSE thickness-
fluctuation studies of DOPC membranes [ = (16.7 + 1.1)
nPa-s-m] is in excellent agreement with recent results [p = (15.3 +
3.4) nPa-s'm] from tracer experiments that probed both rotational
and translational diffusion coefficients of membrane-linked parti-
cles (64). In comparison, membranes with (10 and 20) mol% Chol
exhibited higher viscosity values, namely, 26.3 and 31.9 nPa-s:m,
respectively (SI Appendix, Table S4). The correlated increase in
membrane viscosity and bending rigidity is in line with the effect of
Chol on local viscoelastic membrane properties and its molecular-
level suppression of elastic fluctuations. This result was shown both
in NSE studies of POPC membranes (29) and in solid-state *H
NMR experiments of DMPC-ds, membranes (19, 48).

Discussion

NSE and solid-state “H NMR experiments, coupled with RSF
MD simulations—all of which access comparable length and

A 30 ® DOPC-dg
A DOPC-d, +10% Chal
DOPC-d,; + 20% Chol

Tail Perdeuterated
Vesicles in D;0

I'/g® (A%n

004 008 012 016
q (A"

time scales—yield similar trends of increasingly stiffer DOPC
bilayers with increasing Chol content (Fig. 44). The observed
changes in membrane mechanics are commensurate with Chol-
induced structural changes in DOPC membranes obtained from
solid-state ’H NMR lineshape analysis, as well as SAXS/SANS
and spin-label ESR measurements. These changes are charac-
terized by increased molecular packing and membrane thickness,
in agreement with previous studies of phosphatidylcholine—Chol
membranes (36). The synergistic changes in the structural and
dynamical membrane properties indicate that Chol affects un-
saturated DOPC membranes through a lipid-packing mechanism
similar to what has been seen in saturated lipid membranes (23).
The current observations reaffirm structure—property relations in
lipid membranes (65, 66) and show that, with a modified me-
chanical membrane thickness, the polymer-brush model holds
for a wide range of membrane types, including unsaturated lipid
membranes enriched with Chol.

Chol Increases Bending Rigidity of Unsaturated Lipid Bilayers. Chol is
known to increase the bending rigidity of saturated lipid mem-
branes (23, 24) through increased packing density and bilayer
thickness (35). Yet studies of unsaturated lipids, such as DOPC,
have shown surprisingly different trends. Despite evidence that
Chol exhibits similar structural effects on unsaturated lipid
membranes, it has been reported to have no influence on the
membrane bending rigidity (24, 67). Interestingly, elasticity
studies of DOPC-Chol membranes show a strong Chol-
dependence of the area-compressibility modulus, specifically,
up to an ~3-fold increase at a Chol content of 50 mol% (68).
This unintuitive behavior observed in DOPC-Chol membranes
challenges our general understanding of the coupling between
area compressibility and bending rigidity. For example, based on
deformation models of elastic thin sheets (32), « is proportional
to the area-compressibility modulus, K, such that x = KAtfn /B,
where 7, is the mechanical (or deformable) membrane thickness
and B is a constant that describes interleaflet coupling [i.e., f =
12 for fully coupled leaflets, § = 48 for completely uncoupled
leaflets, and § = 24 for fluid lipid membranes, according to the
polymer-brush model (32)]. To explain the contradiction in the
Ka and « trends of DOPC-Chol membranes, it has been sug-
gested that the polymer-brush model does not hold for Chol-
containing unsaturated lipid membranes (23). Instead, a differ-
ent relation between K, and x was hypothesized, albeit only
applicable to DOPC membranes with 50 mol% Chol, where ¢, is
replaced by the length of the sterol ring in the above-mentioned
expression. In contrast, MD simulations by Doktorova et al. (28)
showed that, with a modified assignment of the mechanical
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Fig. 5. NSE studies on selectively deuterated DOPC-Chol membranes show Chol-induced increase in membrane viscosity. (A) NSE relaxation rates measured
by using tail-perdeuterated DOPC-Chol membranes in deuterated buffer solution, with a neutron contrast scheme depicted in the Inset. In addition to the g°
signal from bending relaxation, there are additional dynamics attributed to thickness fluctuations, which are adequately fitted by using Eq. 2. (B) Fits of the
thickness fluctuations yield increasing membrane viscosity with increasing mol% Chol, emphasizing the effect of Chol on local lipid dynamics. Error bars

represent +1 SD from the mean.
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membrane thickness, the polymer-brush model is applicable to a
wide range of membrane types, including unsaturated lipid
membranes enriched with Chol. Following this approach, our
measurements on DOPC-Chol bilayers revealed consistent effects
of Chol on elastic membrane properties—i.e., bending rigidity and
area compressibility—in accord with current understanding of
membrane structure—property relations.

Length- and Time-Scale Dependence of Bending Rigidity of Lipid
Membranes. The current observations of mesoscale Chol-induced
stiffening in DOPC-Chol membranes are in striking contrast with
conclusions from previous studies of Chol-enriched unsaturated
lipid bilayers that used diffuse X-ray scattering from multilamellar
planar membranes (67) or micropipette aspiration and elec-
trodeformation of micrometer-sized giant unilamellar vesicles
(GUVs) (24). Unlike the present findings, those studies reported
almost no effect of Chol on the bending rigidity of DOPC-Chol
membranes over the same range of Chol concentrations, as
studied in our work. Here, we propose that these discrepancies
can be explained by differences in the accessible length and
time scales of the different measurement techniques. For exam-
ple, membrane elastic properties from diffuse X-ray scattering of
multimembrane stacks are extracted by using the Helfrich theory
(69), where the diffuse scattering signal is treated as a signature
of long-range intermembrane interactions that result in long-
wavelength fluctuations (70). More recent X-ray diffusivity
experiments (23) have accessed smaller length scales, but still
sampled membrane dynamics over acquisition times on the order
of hours to calculate the fluctuation amplitude. Correspondingly,
measurements of GUVs using micropipette aspiration or elec-
trodeformation were primarily based on the analysis of micrometer-
scale shape fluctuations taking place over millisecond time
scales. These length and time scales are orders of magnitude
larger than those accessed by NSE, solid-state ’H NMR, and RSF-
MD simulations used in this study, which probe the emergent
bending fluctuations over local lipid environments. For instance,
the g-range accessed by NSE experiments corresponds to length
scales of ~100 A and is measured over time scales of subnano-
seconds to 100 ns, emphasizing the local and rapid nature of the
probed bending fluctuations. Similarly, solid-state “H NMR and
RSF-MD analyses are based on fluctuations in the local splay of
lipid directors, as has been described (44, 45). The differences in
emergent bending fluctuations measured over different length and
time scales present an intriguing notion of hierarchical manifes-
tations of membrane dynamics, which could significantly impact
our understanding of how biological processes on the molecular
level affect macroscale properties.

To investigate this proposal further, we performed spatial and
temporal analysis of simulation trajectories on the DOPC-Chol
membranes, as well as a stearoyl sphingomyelin (SSM) mem-
brane with 30 mol% Chol, a well-studied lipid system (24).
Specifically, we investigated the length- and time-scale depen-
dence of the bending modulus by quantifying how the splay angle
between pairs of lipids changes as a function of distance between
the two lipids and over time (SI Appendix, Fig. S94). The results
show that, as Chol concentration increases, the orientational
order in the DOPC bilayer increases; however, even for the
highest Chol content (50 mol%), DOPC membranes show less
orientational order and more spatial variations compared to the
SSM bilayer with 30 mol% Chol. As the lipid-splay degrees of
freedom directly relate to the bending modulus in the simula-
tions, this analysis suggests that bending-rigidity measurements
that sample different length scales would yield similar results for
SSM-Chol membranes, but not for DOPC-Chol membranes. In
addition, we found that correlations in the lipid splay for the
SSM-Chol bilayer persist over longer time scales compared to
DOPC-Chol bilayers (SI Appendix, Fig. S9B). This could explain
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the differences in experimental measurements of bending rigidity
over different time scales.

Membrane Mechanics on the Mesoscale Revealed by an Integrated
Approach. The remarkable agreement between the three local
measurement modalities used in this study—and the deviation
from micrometer-scale observations of membrane bending
fluctuations—indicates the existence of a hierarchical energy
landscape in Chol-containing lipid membranes. A plausible ex-
planation for these differences entails the time scales over which
the bending dynamics manifest, as illustrated in a recent MD-
simulation approach based on the enhanced sampling of the free
energy of membrane deformations (71). The concept of sam-
pling, or scale-dependent dynamics in lipid membranes, was
theoretically introduced in the early work by Seifert and Langer
(42) that considered internal membrane dissipation, such as
monolayer density fluctuations (or area compressibility) and in-
ternal membrane dissipation (or viscous modes), together with
bending dynamics. Within this model, the dispersion relationship
of bending fluctuations depends on the length and time scales
over which molecular redistribution within monolayers can take
place. Measurements of long fluctuation wavelengths, or over
long times, sample the bending fluctuations that occur at relaxed
lipid-monolayer densities. At shorter wavelengths, or for short
relaxation times, the lipid molecules cannot redistribute fast
enough, resulting in an increase in the effective bending rigidity.
This mechanism may explain the current results, namely, that
Chol impacts molecular redistribution within the membrane, as
well as contributing to the observed bending dynamics. Analo-
gous observations were reported in recent NSE studies of
POPC-Chol membranes (72). Here, we expect a similar mech-
anism for the slowdown in bending relaxations observed in both
the NMR experiments and MD simulations. Our explanation is
reinforced by the findings of increasing membrane viscosity
with increasing Chol content, supporting the notion that Chol
strongly influences local lipid reorganization, resulting in a
slowdown of the local bending dynamics. Such a mechanism can
influence membrane proteins or other biomolecules, necessi-
tating direct experimental observations, like those reported
here, to understand cellular function on relevant length and
time scales.

Further support for the above interpretation of the effect of
Chol on membrane bending rigidity comes from the observed
increase in membrane area compressibility Ka (SI Appendix,
Table S4), which agrees well with measurements by Evans et al.
(68). In their studies, the authors reported that the area-
compressibility modulus of unsaturated DOPC-Chol mem-
branes exhibited a strong dependence on Chol content, with up
to ~3-fold increase in K at 50 mol% Chol, compared to pure
DOPC membranes. This observation lends additional validity to
the notion that the stiffening mechanism of Chol in DOPC
membranes is driven by Chol-mediated lipid packing and its ef-
fect on lipid arrangements and local monolayer densities. Our results
point to the possibility that membrane dynamics sampled over dif-
ferent scales could result in different emergent membrane properties.
On the length and time scales probed in this work, Chol-induced
mechanics in DOPC-Chol membranes follow the conventional
structure—property relations dictated by the polymer-brush model, in
which the membrane bending rigidity is primarily governed by in-
creased lipid packing and area-compressibility modulus.

The current study clarifies a long-debated mechanical picture
of Chol and its function in unsaturated lipid membranes. We
have presented data from three complementary techniques (NSE
spectroscopy, solid-state 2H NMR spectroscopy, and RSF-MD
simulations) to evaluate the effects of Chol on the local me-
chanical properties of DOPC membranes as a prototype for
(poly)unsaturated lipid bilayers (73). All three techniques
showed a monotonic increase in the bending rigidity of DOPC

PNAS Latest Articles | 7 of 10

BIOPHYSICS AND

COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004807117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004807117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004807117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004807117/-/DCSupplemental

Downloaded at University of Tennessee, Library Serials Department on August 25, 2020

bilayers with increasing levels of Chol. Elastic membrane pa-
rameters determined from NSE and solid-state “H NMR mea-
surements yielded almost identical trends, which agreed with
corresponding parameters obtained from RSF-MD simulations—
an important outcome, given that the three different methods
sample the same mesoscale fluctuation modes in evaluating
membrane mechanics. All methods indicate a strong depen-
dence of the bending rigidity on Chol content in DOPC mem-
branes, with an ~3-fold increase in membrane rigidity at 50 mol
% Chol, compared to Chol-free DOPC membranes. This increase
in bending rigidity is accompanied by an increase in the area-
compressibility modulus and packing density, measured indepen-
dently by SAXS/SANS, solid-state “H NMR relaxometry, and
ESR experiments and corroborated by MD simulations.

Biophysical Significance. The observations of local stiffening due
to the presence of Chol in unsaturated DOPC membranes have
important biological implications. Given the abundance of Chol
in cell membranes and the wide variety of lipids they host, the
current results encourage a reassessment of Chol’s effect on the
local elastic and viscoelastic properties of membranes with dif-
ferent lipid compositions. Further extrapolation to membranes
with different levels of lipid (poly)unsaturation or multicompo-
nent membranes, under various solution conditions, will shed
light on possible differences in the mechanical response of
lipid membranes in relevant biological environments, as in
the case of asymmetric lipid bilayers or domain-forming bi-
layers. Such investigations will be key to understanding the
role of local membrane mechanics in vital biological func-
tions that occur on mesoscopic length and time scales, in-
cluding viral budding and lipid—protein interactions. For
instance, how Chol affects membrane budding in the matu-
ration of viruses, such as HIV and coronavirus, remains an
urgent biological question with profound societal, economic,
and scientific impact.

Materials and Methods

Sample Preparation. Protiated phospholipids and Chol (ovine wool, >98%)
were purchased from Avanti Polar Lipids as dry powders and used as
supplied. Ultrapure H,O was obtained from a High-Q purification
system. DO (99.9%) was purchased from Cambridge Isotope Laboratories.
Perdeuterated DOPC-dgg and Chol-dso were synthesized according to the
protocol outlined in S/ Appendix. Lipid membranes were prepared in the form
of large unilamellar vesicles (LUVs) for NSE, SANS, and SAXS experiments;
multilamellar vesicles for ESR experiments; and multilamellar stacks for NMR
experiments. All samples were prepared by first dissolving lipids in chloroform
or methanol:hexane solutions, then completely evaporating the solvent
(overnight vacuum drying), followed by hydration with buffer and applying
five freeze/thaw cycles to ensure sample homogeneity. For LUV suspensions,
an additional extrusion step was performed. More details are provided in
SI Appendix.

SAXS/SANS. SAXS measurements were done by using a Rigaku BioSAXS-2000
system (Rigaku Americas) with a HF007 copper rotating anode, a Pilatus
100K two-dimensional (2D) detector, and an automatic sample changer.
SAXS data were collected at a fixed sample-to-detector distance cali-
brated by using a silver behenate standard, with a typical data-collection
time of 3 h. The one-dimensional (1D) scattering intensity was obtained
by radial averaging of the corrected 2D detector images, after back-
ground subtraction, using the Rigaku SAXSLab software. SANS experi-
ments were performed at the NGB-30m SANS instrument at the National
Institute of Standards and Technology (NIST) Center for Neutron Re-
search (NCNR). SANS data were collected on LUV suspensions over a q
range of ~0.001 to 0.5 A~". Similar to SAXS, the 1D SANS signals were
obtained from circular averaging of the 2D scattering signals after cor-
recting for resolution, empty cell scattering, and background. The 1D
SAXS/SANS data were analyzed by using the theoretical framework de-
scribed in S/ Appendix.

ESR. ESR measurements were performed on multilamellar vesicles of
DOPC-Chol membranes doped with 1-palmitoyl-2-stearoyl-(16-doxyl)-sn-
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glycero-3-phosphocholine, a lipid spin probe labeled with a nitroxide func-
tional group at the 16th carbon position. ESR spectra were recorded on a
Bruker EleXsys-1l ES00 CW ESR spectrometer operating at X-band frequency
(9.4 GHz). The spectrometer settings for all samples were as follows: center
field = 3,362.9 G, sweep width = 100 G, microwave power = 0.3170 mW,
modulation frequency = 100 kHz, modulation amplitude = 0.8 G, and resolu-
tion (points) = 1,024. Reported spectra are the average of 4 to 16 scans,
depending on the signal intensity. Normalized spectra, following a standard
protocol outlined in S/ Appendix, were used for the calculation of the order
parameter of DOPC—-Chol membranes.

NSE Spectroscopy. NSE experiments were conducted on the NSE spectrometer
at NCNR and on the NSE spectrometer at the Spallation Neutron Source (SNS)
at Oak Ridge National Laboratory (ORNL). Measurements were performed on
50 mg/mL LUV suspensions of protiated and tail-perdeuterated DOPC-Chol
membranes in D,0 buffer at 25 °C. Fully protiated membranes were used for
measurements of bending fluctuations, whereas tail-perdeuterated mem-
branes (prepared with DOPC-dgs and Chol-d,) were used for measurements
of thickness fluctuations. Experiments on the NCNR-NSE spectrometer were
performed over a q range of (0.04 to 0.1) A~ for protiated vesicles and (0.04
to 0.18) A~ for tail-perdeuterated vesicles. Experiments at the SNS-NSE
spectrometer were performed over a g range of (0.05 to 0.15) A~". In both
cases, the instrument resolution and the D,O buffer were measured under
the same configurations for data reduction and normalization. Experiments
at the SNS-NSE spectrometer were limited to DOPC vesicles with 20 mol%
Chol and yielded statistically indistinguishable results compared to NCNR-
NSE data.

Solid-State H NMR Spectroscopy. Experimental 2H NMR spectra were ac-
quired with a Bruker AMX-500 spectrometer (11.78 T magnetic field strength,
2H frequency 76.77 MHz). Powder-type spectra for the multilamellar lipid
dispersions were recorded with a phase-cycled, quadrupolar echo sequence
[i.e., (/2)x - dg — (n/2), — d7 — acquire]. A home-built solid-state probe with an
8-mm-diameter coil and high-voltage capacitors (Polyflon) was used with a
Bruker radiofrequency amplifier to generate 5-ps 90° pulses. Powder-type
spectra (Pake patterns) were obtained by Fourier transformation of quad-
rupolar echoes, starting at the echo top with a fast Fourier transform
algorithm using an in-house MATLAB routine. The 2H NMR spectra were
numerically inverted by using the de-Pakeing method to obtain equi-
librium spectra corresponding to the 6 = 0° bilayer orientation relative
to the external magnetic field. Spin-lattice relaxation times were
measured by using an inversion recovery pulse sequence, i.e., (1) — T — (t/2)x —
ds — (n/2), — d7 — acquire. Partially relaxed spectra were recorded at 14 variable
delays (t), following the inverting = pulse. The spin-lattice relaxation rates
for each resolved peak were obtained by nonlinear regression fitting (S/
Appendix).

MD Simulations. Detailed information about the setup of the all-atom sys-
tems, their simulation and analysis can be found in the S/ Appendix.

Data Availability. Experimental data can be accessed at Virginia Tech’s Data
Repository (VTechData; DOI: 10.7294/v8w6-7760).
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