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Cholesterol is an essential component of eukaryotic cellular membranes that regulates
the order and phase behaviour of dynamic lipid bilayers. Although cholesterol performs
many vital physiological roles, hypercholesterolaemia and the accumulation of
cholesterol in atherosclerotic plaques can increase the risk of coronary heart disease
morbidity. The risk is mitigated by the transportation of cholesterol from peripheral
tissue to the liver by high-density lipoprotein (HDL), 6-20 nm-diameter particles of lipid
bilayers constrained by an annular belt of the protein apolipoprotein A-I (apoA-I).
Information on the dynamics and orientation of cholesterol in HDL is pertinent to its
essential role in cholesterol cycling. This work investigates whether the molecular
orientation of cholesterol in HDL differs from that in the unconstrained lipid bilayers of
multilamellar vesicles (MLVs). Solid-state NMR (ssNMR) measurements of
dynamically-averaged '3C-3C and '3C-'H dipolar couplings were used to determine
the average orientation of triple 13C-labelled cholesterol in
palmitoyloleoylphosphatidylcholine (POPC) lipid bilayers in reconstituted HDL (rHDL)
nanodiscs and in MLVs. Individual '3C-13C dipolar couplings were measured from
[2,3,4-13C3]cholesterol in a one-dimensional NMR experiment, by using a novel
application of a method to excite double quantum coherence at rotational resonance.
The measured dipolar couplings were compared with average values calculated from
orientational distributions of cholesterol generated using a Gaussian probability
density function. The data were consistent with small differences in the average
orientation of cholesterol in rHDL and MLVs, which may reflect the effects of the
constrained and unconstrained lipid bilayers in the two environments. The calculated
distributions of cholesterol in rHDL and MLVs that were consistent with the NMR data
also agreed well with orientational distributions extracted from previous molecular

dynamics simulations of HDL nanodiscs and planar POPC bilayers.

Key-words: Solid-state NMR; Dipolar coupling; molecular dynamics; double-quantum

NMR; cardiovascular disease.
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1. Introduction DOI: 10.1039/D2CP02393H

Cholesterol is an important and fascinating building block of mammalian cell
membranes that performs the essential roles of reinforcing membrane integrity and
controlling membrane fluidity under physiological conditions and temperature.! In
plasma membranes, cholesterol represents 30 - 50 % of total lipid content,? but
excessive accumulation in the vasculature in the form of atherosclerotic plaques can
increase the risk of coronary artery disease and heart attacks. Consequently,
cholesterol levels are subject to tight and complex physiological regulatory
mechanisms.? One important component of the regulatory toolkit is high-density
lipoprotein (HDL), a heterogeneous ensemble of discoidal and spheroidal
nanoparticles composed of bilayer phospholipids, triglycerides and
cholesterol/cholesteryl esters surrounded by a belt of a-helical proteins, chiefly

apolipoprotein A-I (apoA-I).

Nascent, lipid-poor discoidal (pre-f3) HDL particles are formed when the ATP-
binding cassette transporter A1 (ABCA1) facilitates the transfer of cholesterol and
lipids from peripheral tissue to circulating apoA-I. Mature spherical HDL particles bind
to the hepatocyte scavenger receptor SR-B1 and transfer cholesterol and its esters to
the liver for excretion. Whilst the behaviour of cholesterol in model phospholipid

membrane systems has been studied in depth, little is known about the properties of

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

cholesterol in HDL particles. The morphological plasticity of HDL influences their lipid-

binding properties and metabolism, and the surface curvature of the lipid cargo

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

regulates interactions with cholesterol-handling enzymes.5>8 Consequently,

(cc)

information on the dynamics and orientation of cholesterol in HDL is pertinent to its

essential role in cholesterol cycling.*

A wealth of information on the physical properties of cholesterol and its effect
on phospholipid bilayers has been gained by using solid-state NMR (ssNMR)
spectroscopy with model membrane systems such as multilamellar vesicles (MLVs).%-
12 Wide-line and oriented 2H NMR of deuterated cholesterol has been used extensively
to study the effects of cholesterol on membrane ordering,’® membrane deformation®
and dynamics.'* 15 Additionally, natural-abundance 3C-'H NMR and 3'P NMR have
been used to study the segmental motions of cholesterol and phospholipids'® and the
effects of cholesterol on the phase behaviour of lipid bilayers.'?- '® Cholesterol adopts,

on average, an upright orientation approximately parallel with the lipid bilayer normal

3


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2CP02393H

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

Page 4 of 28

with the 3-OH group situated in the vicinity of the phospholipid glyceryl backbonge atids;, o5

pointing toward the interface between the bilayer surface and the aqueous phase.%-21
The molecule undergoes fast axial rotation in lipid bilayers and the amplitude of
motions are described by a molecular order parameter, S,,,,;, which takes values from
zero, indicating isotropic reorientation, to 1.0, indicating rotation about a single axis.
NMR studies on cholesterol in model membranes typically report S,,, values of
between 0.80 and 0.95,' 12 dependent on temperature and physicochemical
properties of the phospholipids. These values are consistent with limited random

motional excursions from an average orientation.

In contrast to the detailed level of understanding of cholesterol gained from
model membrane systems, there is a scarcity of information on the orientation and
order of cholesterol in the lipid bilayer environment of HDL-like particles. Structural
studies of discoidal, reconstituted HDL (rHDL) composed of lipids, cholesterol and
apoA-l have focused largely on the topology and registration of the apoA-I double
belt,?2- 22 but the behaviour of cholesterol in the particles has been neglected.
Molecular dynamics simulations of assemblies representing nascent, discoidal HDL
have been reported,?* including an atomistic simulation over a 20 us trajectory,?® but
the orientation and distribution of cholesterol in the simulations lack experimental
verification. Considering the fundamental role of HDL in facilitating cholesterol uptake
and recycling, it would be useful to know if the annular protein belt that surrounds the
lipids in HDL, and constrains the size and shape of the particles, influences the
orientational distribution of cholesterol as compared to when it diffuses freely in

unconstrained lipid vesicles.

Here, we use ssNMR to examine the orientation of cholesterol in discoidal rHDL
resembling nascent pre-f particles, and in MLVs. Deuterium ssNMR is a powerful tool
for probing molecular orientations in lipid bilayers, and has been used study the
cholesterol analogue estradiol in rHDL particles,?¢ but the 2H nucleus is low sensitivity
and ambiguities can occur in spectral assignments of multiple-labelled molecules. We
therefore use '3C cross-polarisation magic-angle spinning (CP-MAS) ssNMR methods
to observe [2,3,4-3C;]cholesterol (Figure 1a) in the rHDL and MLV preparations.
Whilst the relative insensitivity of 2H NMR or '3C at natural abundance can be
challenging at low sample concentrations, 3C NMR peaks for '3C-enriched cholesterol

are detected rapidly and assigned unambiguously.?’” Selective measurements of
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dynamically-averaged, residual dipolar couplings between C3 and the three borided:; co5)
nuclei, C2, C4 and H3, are used to estimate the average orientation of cholesterol
about the bilayer normal. The '3C-'3C dipolar couplings are measured selectively in
a novel application of a one-dimensional experiment that observes the mechanical

excitation of zero-quantum coherence at rotational resonance.?? 2°
2. Results and Discussion
2.1 Initial characterisation of rHDL

Nanoparticles of rHDL were prepared by detergent dialysis3® from a mixture of
palmitoyloleoylphosphatidylcholine (POPC), [2,3,4-'3C;]cholesterol and recombinant
apoA-l in a molar ratio of 200:20:2 (these proportions denoting the average ratio of
lipid, cholesterol and protein per particle). For NMR analysis, the particles were
precipitated from aqueous solution by polyethylene glycol (PEG) as described
previously.3! Visualisation by transmission electron microscopy (TEM) confirmed the
expected rHDL discoidal morphology with a mean diameter of 12.6 nm (2.3 nm SD)
(Figure 1, b and c). Proton-decoupled 3C CP-MAS NMR spectra of rHDL revealed
peaks for the three enriched carbon sites, C2 (32.6 ppm), C3 (72.5 ppm) and C4 (43.4
ppm), distinct from the background peaks from the lipid/cholesterol 3C nuclei at

natural abundance (Figure 2a). Rapid anisotropic motions of cholesterol, combined

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

with MAS at 9 kHz, render the peaks narrow enough to measure one-bond '3C-'3C J-

coupling constants of 33 Hz.

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

2.2 Calculation of average dipolar couplings for cholesterol in rHDL and in MLVs
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The well-known rotational resonance condition32 was exploited to observe 13C-
13C dipolar couplings between C2 and C3, and C3 and C4. When the MAS frequency
vk matches the difference of the C2 and C3 frequencies (7010 Hz), the peaks for C2
and C3 broaden selectively; similar broadening of the peaks for C3 and C4 is observed
when vg matches the frequency difference of C3 and C4 (5113 Hz) (Figure 2, b and
c). This broadening occurs because the n = 1 rotational resonance conditions with
respect to C2 - C3 and C3 - C4 are satisfied at the two MAS frequencies, whereupon
the dipolar interactions between the pairs 13C nuclei are re-introduced selectively. The
peak broadening is considerably less than would be expected for the rigid limit '3C —
13C dipolar coupling constants of 2250 Hz calculated from the crystal structure, and

this is because of scaling by the anisotropic motions of cholesterol in the bilayer. The
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dipolar coupling constants are therefore defined as dynamically-averaged yalyes:had:: oo

for C2 — C3 and b3} for C3 — C4. Peak fitting to the spectra at rotational resonance
obtained reasonable agreement for residual 3C-13C dipolar coupling constants of |b23
= |b34| = 250 Hz (Figure 2, b and c). Note that absolute values are given because the

sign of the averaged couplings cannot be determined experimentally.

Rotational diffusion of cholesterol in lipid bilayers scales the dipolar couplings
in a defined way and the observed values may be used to determine the average
orientation of cholesterol in the bilayer. Although values of |b23| and |b3}| were
estimated from the NMR lineshapes at rotational resonance, measurements of weak
dipolar couplings directly from NMR peaks can be prone to errors, particularly in the
presence of 13C - 13C J-coupling. A novel approach was therefore used for verification
of the estimated values, using an experiment that mechanically (through sample
rotation) excites zero quantum (ZQ) coherence between C2 — C3 and C3 — C4 spin
pairs at n = 1 rotational resonance. The DQ coherence is converted first to double
quantum (DQ) coherence and then to observable magnetization by reversing the ZQ
excitation process?8 2° 33 (Figure 3a and Supporting Information, Figure S1a). A series
of DQ-filtered spectra were collected at different excitation intervals, 7z, and the

summed integrated peak intensities for the selectively recoupled spins initially

increase and reach a maximum at an optimal interval given approximately by 7 = o
,28 where bY, is expressed in Hertz. The data were compared with curves simulated
for different values of b, and the zero quantum relaxation term, Tzq, to find the values
in closest agreement. The simulated curves fit both sets of data closely when |bZn3, =
|p3%| = 230 £ 50 Hz and Tzq = 11.5 ms (Figure 3b, left, and Table 1). These values are
close to those determined by NMR line shape analysis. The build-up of DQ coherence
for [2,3,4-13Cs]cholesterol in POPC MLVs are consistent with |b23| = |34 = 320 + 30
Hz and Tzq = 5.5 ms (Figure 3b, right, and Table 2). The different extent of scaling of
the 13C-13C dipolar couplings in rHDL and MLVs suggest differences in the dynamic
behaviour of cholesterol in the two lipid bilayer environments. This conclusion was
supported by measurements of residual C3 — H3 dipolar couplings using the 'H-'3C
DIPSHIFT NMR experiment,3* which yielded values of b33 of 3500 + 100 Hz for
cholesterol in rHDL and 4300 + 100 Hz for cholesterol in MLVs (Figure 3c and Tables
1 and 2). In Figure 3c it can be seen that the '3C transverse magnetization refocuses

6
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fully over one rotor period, implying that cholesterol does not undergo intermedidtés;, o:
motions that interfere with MAS time dependence that disrupt the coherence of the

time domain signal.3®

2.3. Analysis of the average dipolar couplings to determine the orientation of

cholesterol

The dynamic behaviour of cholesterol in lipid bilayers involves rapid
reorientation about a principal rotational axis, R. The experimentally-determined
values of bZ3, b3 and b33 hold information about the average orientation of cholesterol
in the rHDL and MLV lipid bilayers, relative to R and to the bilayer normal, N. The
dynamically-averaged dipolar couplings, bZ, depend on the maximum, rigid-limit

couplings, b4, according to:
g g 1 y 1
b, = bY 4. X E(Scos2 O4r — 1) x 5 < 3cos? Ogy > [1]

where 0% are the angles between the jj internuclear vectors and the rotational axis;
these angles are assumed here to be invariant in the rigid ring system of cholesterol.
Ory is the angle between the rotational axis R and N. The term in brackets < ... >,
which is equivalent to the molecular order parameter, S., is averaged over a

distribution of angles because the rotational axis undergoes random angular

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

excursions from its average orientation along the bilayer normal.

It is convenient to specify a molecular axis system within which the orientation

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

of R can be specified by azimuthal angle ayr and polar angle fur (Figure 4, Steps 1

(cc)

and 2). For cholesterol, we chose a molecular frame with the z-axis directed along the
C3-03 bond and y-axis in the O3-C3-H3 plane. In this molecular frame, the orientation

of each internuclear vector ij, defined by angles 64, can be calculated for any values

of ayr and fur using equations of the form
cos B4r = xYcos aypsin fyr + yYsin aygsin Byr + z7cos Lur [2]

where x”,y7 and zY are the cartesian coordinates in the molecular frame of the
internuclear unit vectors passing through the origin at C3 (C3 being common to all

three couplings measured).

We assessed whether combinations of angles ayr and fur could be found that

are consistent with the measured values of b23, b3% and b33 for cholesterol in rHDL and

7
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icle Online

MLVs. To do so, an initial state was established in which the rotational axis R, 185:,205 .

parallel with the bilayer normal N and one particular orientation of cholesterol relative
to R was specified by a pair of [avr, fur] angles, where each angle can take a value
of 0° to 180° (Figure 4, Step 2). A distribution function was then selected to represent
the spread of orientations of R about N, defined by angles 6py. The cholesterol
molecular coordinates and rotational axis R were rotated away from N by a set of n
randomly-generated angles, 8y, weighted as a Gaussian distribution with 8y = 0° as
the fixed mean and oy as a variable standard deviation (Figure 4, Step 3). For each
new orientation of R, a series of cholesterol rotamers was generated by revolving the
molecule about R in equal increments by angle yr, where 0° < ygr < 360° (Figure 4,
Step 4). The three variables in the simulation were therefore oy, fur and opr and a
distribution of 5 x 10° cholesterol orientations was generated for different combinations
of these variables. The values of b33, b3% and b33 were then calculated from each
distribution generated (Figure 4, Step 5). This was done by first determining the
orientations of the jj internuclear vectors with respect to the bilayer normal, given by

angles 6%y, for each cholesterol orientation, where

g 1 y
cos HBN(%N) = 5(1 — cos Pr)sin 20gysin (BEN + Bb'R)

[3]
+ [(1 — CoS l/JR)COSZ Orn + cos lpR]cos (BEN + HBR)
The average dipolar couplings over the distribution of 84, values according to
bY, =< (3cos? 8Yn(gpy) — 1)/2 > [4]

where < ... > indicates a weighted average over all the possible values of 84y. The

distributions of individual dipolar couplings measured from each cholesterol orientation
are given in Figure S2. The distribution of cholesterol orientations generated by this

procedure is represented by angles, ayy and By, Which define the orientation of each

cholesterol molecular axis frame relative to the bilayer normal N (Figure 4, Step 6).

An iterative process was used to calculate the values of b33, b3 and b33
corresponding to different orientational distributions of cholesterol generated from the
three variables according to Figure 4 (see Section 5.2 for further details). Steps 2 to

6 in Figure 4 were repeated for different combinations of ayr and fur values within
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their allowed ranges (0 — 180°), and for app values of 0° to 40° in 1° increments, Atas;as
values of b23, b3% and b33 were calculated for each set of [awr, Aur opgrl] Values.
Combinations of the three variables that yielded dipolar couplings that were all within
the experimentally-determined ranges were captured. These experimentally-
consistent values of ayr and fyr are represented by the contoured regions in Figure
5 (aand b). The [aur, Sfur] combinations are confined to only a limited range of values
in both cases, being [90 £ 3°, 155 + 3°] for cholesterol in rHDL and [91 £ 4°, 163 + 3°]
for cholesterol in MLVs. The value of ~90° for ayr is a consequence of the near
degeneracy of the dipolar couplings b%3 and b3%. No other combinations of angles
satisfied all three measured dipolar coupling values. For rHDL, values of aur and fur
that were consistent with the data were only found when ory assumed values of 34 +
3°; for MLVs the spread of orientations was slightly lower at ory = 28 + 2°. Hence, the
dipolar couplings measured from cholesterol in rHDL and MLVs are consistent with
slightly different orientations of cholesterol relative to the principal rotational axis and
suggest that the distribution of cholesterol orientations is different in the two

environment.

2.4. Comparison of the experimental data with molecular dynamics simulations

To validate the interpretation of the NMR-determined dipolar coupling values,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

we analysed previously published atomistic molecular dynamics (MD) simulations of

a 200:20:2 (mol:mol:mol) POPC:cholesterol:apoA-I discoidal assembly?®> (analogous

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

in composition to the rHDL formulations here) and of 200:22 (mol:mol)

(cc)

POPC:cholesterol in square planar bilayers of surface area ~56 nm?2 (Figure 6, a and
b).36 The planar bilayers were considered to be a satisfactory approximation of MLVs,
which are typically > 500 nm in diameter and therefore have < 5° curvature over the
simulation dimensions in the outermost lamellae. We selected 10 frames at random
from the later stages of the simulation trajectories (20 us for POPC:cholesterol:apoA-
| and 100 ns for POPC:cholesterol) and from these snapshots determined the
distribution of cholesterol orientations relative to the bilayer normal N, defined by
angles oyn and Bun (Figure 6, b and c, discrete bars). The mean oyn and Bun values
and standard deviations for cholesterol in the two MD simulation environments are
summarised in Table 3, and indicate that cholesterol adopts slightly different

distributions of orientations in the two environments. The 3C2-13C3, 3C3-13C4 and
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13C3-'H3 dipolar couplings were calculated for each cholesterol molegule, insthéss o

distributions (Figure S3) and averaged across the ensemble of cholesterol molecules.
The experimentally-determined average dipolar couplings are in excellent agreement
with the values measured from cholesterol in both simulation environments (Tables 1
and 2). The different average coupling values measured from the
POPC:cholesterol:apoA-I and POPC:cholesterol simulations originates from the
slightly different distribution profiles of cholesterol in the two bilayer environments.
Finally, we compared the cholesterol orientations in the two environments as
determined from the MD simulations and as generated by the Gaussian distribution
function described in Figure 4, using the mean parameters tabulated in Figure 5
(Figure 6, b and c, solid lines). The distribution profiles generated by the Gaussian
function agree very well with the histograms calculated from the MD snapshots, with

the mean values, @y and S,y and standard deviations oy, being very similar for the

two approaches (Table 3).
3. Conclusion

With the aid of 3C CP-MAS ssNMR methods, new insights have been gained
into the orientation of cholesterol in rHDL nanoparticles approximating the discoidal
morphology of nascent pre-f HDL. By exploiting dynamically-averaged '3C-13C and
'H-13C dipolar coupling measurements, it is shown that the average orientation of
cholesterol in rHDL is slightly different from that in MLV bilayers. The NMR data are
also consistent with a slightly larger spread of orientations in rHDL than in MLVs.
These differences in the orientational behaviour of cholesterol likely arise from the
lateral and rotational diffusion of the lipid components being constrained by the
diameter of the apoA-I double belt, which forces the bilayer to distort and ripple to
accommodate the internal strain on the lipid components. As cholesterol is added, the
overall shape and size of the cross section of the disk remains constant, but to
accommodate the cholesterol the lipid bilayer core swells and this may influence the
orientation of cholesterol.3” Such constraints are more relaxed in MLVs because the
lipids and cholesterol molecules are free to diffuse laterally unhindered. Wide-line 2H
ssNMR studies of phospholipid chain order in nanodiscs prepared with MSPAHS5, a
truncated apoA-| variant, concluded that the restricted area in the nanodiscs reduce
the cooperativity of lipid assembly during the gel-to-liquid crystalline phase transition

and increase lipid fluidity above the transition.38 Interestingly, the same study reported

10
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an ordering effect of cholesterol, although the order/disorder of cholesteral jtself.Wass;,co5)
not examined. The higher orientational disorder of cholesterol presented here could
contribute to the HDL particle plasticity observed in atomistic simulations.?> The
particle plasticity could be required to enable the particles to interact with multiple
enzymes and cell receptors in reverse cholesterol transport.# 5 3%  An important
outcome of this work is that the dipolar coupling measurements agree well with values
calculated for cholesterol in MD simulations of HDL-like nanodiscs and in planar lipid
bilayers, thereby providing hitherto unavailable experimental validation of the
simulations. Unexpectedly, the cholesterol distributions generated by a Gaussian
function with variables ayg, Burand opy, that are consistent with the NMR
measurements, also agree well with the distributions extracted from the MD

simulations.

The methodology presented here paves the way for further investigation of
cholesterol orientational order and dynamics in rHDL particles of different lipid
composition and cholesterol concentration, as well as in spherical HDL in which
cholesteryl esters penetrate deeper into the lipid core of the particles. In such particles,
which approximate “mature” HDL, it should be possible in principle to determine the

orientation of cholesterol relative to its axis of rotation.

4. Experimental procedures

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

4.1 Materials
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[2,3,4-13Cs]cholesterol was obtained from Merck. Palmitoyloleoylphosphatidylcholine
(POPC) was obtained from Avanti® Polar Lipids (Merck).

(cc)

4.2 Preparation of multilamellar vesicles

Aliquots of POPC (328.9 mM) and [2,3,4-"3Cz]cholesterol (25.7 mM) stocks in CHCI;
were combined in a round-bottom flask to a final molar ratio of POPC: [2,3,4-
13Cs]cholesterol of 10:1 (mol/mol). The CHCI; was evaporated under a stream of N
and the thin film was placed under vacuum for = 4 hours. The film was resuspended
in 0.5 mL rHDL buffer (10 mM tris base, 1 mM EDTA) pH 7.4, to form MLVs with a
final POPC: [2,3,4-13Cs]cholesterol molar ratio of 26.3:2.63 mM. The MLVs were
homogenised with 10 freeze-thaw cycles, pelleted by centrifugation (10 minutes, 13.4

krpm), and transferred into a 3.2 mm diameter MAS rotor.

11
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4.3 Production of rHDL particles O 101039 Dot b0o 3051

The rHDL particles were prepared as described previously3!' using the widely
established detergent mediated sodium cholate dialysis method.3° Briefly, a thin film
of POPC: [2,3,4-13Cs]cholesterol at a 10:1 (M/M) molar ratio was prepared as above.
An aliquot of sodium cholate (232.2 mM) stock in rHDL buffer, pH 7.4, was added to
a final molar ratio of lipid: detergent of 1:1-2 (M/M). The solution was stirred at 4°C
until clear. Recombinant WT apoA-I (2-243)*° was added to a final molar ratio of lipid:
protein of 200:2 (M/M) and the sample was stirred at 4°C for = 12 hours. The detergent
was removed by dialysis against a 500-fold excess volume of rHDL buffer, pH 7.4,
over 3 days at 4°C, with at least 5 buffer changes. The dialysis tubing MWCO was 12
— 14 kDa (Merck).

For 13C CP-MAS ssNMR the rHDL particles were spin concentrated using an
Amicon Ultra-4 device (10 kDa MWCO, Merck). The rHDL particles were precipitated
in a 2 48 hour incubation at 4°C with 24 % (w/v) PEG-6000 in rHDL buffer, pH 7.4.3":
41 The precipitated particles were pelleted at 4°C by ultracentrifugation at 41 krpm for
2 hours in an SW55 Ti rotor (Beckman Coulter). The PEG-precipitated rHDL was
transferred to a 3.2 mm diameter MAS rotor and stored at 4°C. The lipid and
cholesterol concentration were measured in duplicate using 96-well plate colorimetric
quantification assay kits (CS0001 and MAKO043, Sigma-Aldrich®). A Nanodrop™ 2000
spectrophotometer (ThermoFisher Scientific) was used to measure the protein

concentration (n = 9).
4.4 Transmission electron microscopy

The rHDL particles were imaged on formvar/carbon coated 300 mesh Cu grids (agar
scientific). To increase sample adhesion 10 yL of 0.1 % (w/v) poly-L-lysine in dH,O
was incubated on the grid for 1 minute.*? The sample (10 uL, 36 uM protein) was
incubated on the grid for 2 minutes, followed by negative staining with 10 pL of 2 %
(w/v) PTA, pH 7.0, incubated for 1 minute. Between each step the liquid was blotted
with filter paper. The reagents were kindly provided by D. Papatziamou. The sample
grid was imaged using a JEOL JEM-1010 microscope (BLS, Lancaster University) with
an 80 kV tungsten filament electron source and an AMT CCD camera at 120 k x
magnification. The images were processed using FIJI software.*> A total of 100

particles per window (n = 3) were measured on the TEM grid to determine the average
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4.5 NMR experiments

The 3C cross-polarization magic-angle-spinning (CP-MAS) NMR measurements
were conducted on a Bruker Avance Ill 700 spectrometer (operating at resonance
frequency 700.1 MHz for '"H and 175.9 MHz for 3C). A triple resonance (HXY) 3.2 mm
MAS probe was used for all measurements, at a calibrated temperature of 298 K. In
all experiments, the cross-polarization Hartmann-Hahn contact time was 2 ms at a
proton field of 66 kHz, with 90° pulse lengths of 4 us for '3C and 3 ys for 'H. To
measure 'H-13C dipolar couplings, a constant-time DIPSHIFT experiment3* was used
in which frequency-switched Lee Goldberg was used for homonuclear decoupling (at
a field of 51 kHz) over periods z of up to one rotor cycle (i.e., 0 < 7 < 2n/w,), followed
by a 180° pulse and a further period of heteronuclear decoupling (tyc = 4n/o, — tyy) to
refocus the 13C chemical shifts. The spinning frequency o,/2r was 4400 Hz. A series
of free induction decays were obtained with proton decoupling for incremented periods
of 7. After Fourier transformation of the FIDs, the evolution of 13C magnetisation was

measured from the peak intensities for C3 at the different t periods.

For the double quantum (DQ) experiments an adaptation of the pulse
sequences described by Karlsson et al. was used.?® 2° This method was chosen

because, unlike other one-dimensional dipolar recoupling methods, it allows for

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

selective measurements of the C2 — C3 and C3 — C4 couplings at rotational resonance

and so avoids ambiguities arising from multiple spin couplings involving C3. Although

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

double quantum coherence is observed in the spectra, the rates of signal build-up

(cc)

(Figure 3b) actually represent the rate of mechanical excitation of zero quantum (ZQ)
coherence. The initial rate of excitation at rotational resonance is proportional to the
magnitude of the dipolar coupling and hence is expected to be slower in dynamically
averaged systems than in rigid solids. The experiment proceeds as follows. After
cross-polarization, the transverse magnetization for the '3C — 13C spin pairs of interest,
S1and S,, are converted to longitudinal difference magnetization, S¢z-S,z. At the n =
1 rotational resonance condition the dipolar coupling between the spin pair is
reintroduced and mechanically-driven excitation of ZQ coherence occurs from the
initial S42-So7 state over a variable interval t. The ZQ coherence is then converted to
DQ coherence and immediately back to ZQ coherence and a second t interval

regenerates the longitudinal difference magnetization. A final readout 90° pulse

13
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creates transverse magnetization with the two '3C spins having opposite phase,Thes; ./

receiver phase cycle selects only the magnetization that has passed through the ZQ-
DQ-ZQ filter, and the Fourier transformed spectrum exhibits positive and negative
peaks only from the two coupled '3C spins. The sum of the absolute values of the
integrated intensities of the two peaks are plotted as a function of t to visualise the

rates of excitation and relaxation of the ZQ coherence.

5. Computational procedures

5.1 NMR simulations

Simulations of the ZQ evolution and '3C magnetization evolution under 'H dipolar
coupling measured in the DIPSHIFT experiment were carried out to find the values of
dynamically-averaged dipolar coupling constants providing the closest fit to the data.
Simulations were carried out in the SIMPSON environment.** Fixed parameters used
in the simulations were the 13C-'3C J-coupling constants (33 Hz for C2-C3 and C3-C4)
and '3C chemical shift anisotropy (CSA) parameters measured from '3C NMR spectra
of non-spinning samples to be approximately 1.1 kHz. The extensive scaling of the 3C
CSA values meant that they had little effect on the shapes of the simulated curves.
For the DIPSHIFT simulations, a series of time-domain curves representing the
evolution of '3C transverse magnetization over one rotor cycle (at a MAS frequency
o/2n = 4400 Hz) were calculated for different values of the '3C-'H dipolar coupling
constant and compared with the data to find the best fit. The proton isotropic chemical

shifts and chemical shift anisotropy were set to zero.

For simulations of the ZQ excitation at n = 1 rotational resonance, the MAS
frequency was set to the difference in the isotropic chemical shifts of the appropriate
13C spins (C2 and C3, or C3 and C4). An initial condition of '3C difference
magnetization (S, — S,,) was established and the read-out was ZQ coherence (Si" S5
+ S{ S57) as a function of excitation time. The curves generated for different '3C-'3C
dipolar coupling constants, bj”, were multiplied by an exponential zero-quantum

relaxation term and normalised to the maximum intensity. The maximum intensity (in
. e 1
the absence of relaxation) occurs at close to an excitation time t,,,, = W,zs where
i
b{¥ is in Hertz. This relationship was verified here from measurements on standard '*C

labelled compounds for which the 3C-13C distances are known.
5.2 Calculation of cholesterol orientations

14
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The values of the angles ayr and Bur, defining the allowed orientatigns ,@f thés 2051
principal rotation axis R in the pre-defined molecular frame of cholesterol were
calculated by generating a Gaussian distribution of R about the bilayer normal N, as

described in the main text, and computing the average dipolar couplings bZ, across
the distribution. For a given value of oy, representing the spread of orientations of R
relative to N, angles ayr and Byr were each varied through 180° and for every [our,
Buvr] pair were calculated angles, 0Yr, defining the orientation of each internuclear
vector of interest relative to R (Equation [2]). The values of 64, were substituted into
Egs. [3] and [4] to calculate 6%y and the average dipolar coupling constants bY, for the
entire distribution. The allowed orientations of R were those for which ayr and Bur
yielded bY, values within all three of the experimentally-measured ranges. These [aur,
Bur] pairs were saved and added to subsequent [ayr, Bur] pairs that were consistent
with the measured bY, values after each incrementation of ozy. The contoured regions
in the plots in Figure 5 (a and b) represent the frequency with which each captured
avr and Bur values occur across all values of opy from 5° to 40°, with the red areas
corresponding to the highest frequency. For each distribution, the individual

cholesterol orientations were defined by angles ayy and Byy. By representing the

bilayer normal as a unit vector N = (0,0,1) and the x- and z-axes of the cholesterol

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

molecular frame as unit vectors x and z, the orientation of each cholesterol molecule

relative to the bilayer normal may be expressed as

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

ayn = COS [— X12123 — X22273 + x3(1 — z%)] [°]

(cc)

and

Bun = acos z3 [6]

Equations [5] and [6] were also used to calculate the cholesterol orientations in the
MD simulations after, where necessary, rotating the lipid bilayer into a coordinate
system with N directed along the z-axis. All calculations were performed by a C

program written for the purpose.
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Table 1. Summary of the dynamically averaged dipolar couplings for cholesterdl;ifis;,cos)

rHDL measured experimentally by ssNMR (Figures 2 and 3), calculated using the
Gaussian distribution procedure (Figure 4) and extracted from MD simulations of
200:20:2 POPC:cholesterol:apoA-I nanodiscs (Figure 6).2°

Nuclear spin pair ij |bY,| (Hz)
experimental Gaussian MD simulation®
distribution2
13C2-13C3 230+ 50 233 257
13C3-13C4 230+ 50 245 288
13C3-H3 3500 + 100 3511 3412

aGaussian distribution generated from ayr = 90°, ayr = 155°, aygr = 34°.

bFrom Ref [21] and DOI: 10.5281/zen0do.897027. The simulations were run on the
Anton 2 supercomputer, and converted to CHARMM readable files. The trajectories
consisted of frames at every 4.8 ns and 10 frames were selected at random from the
late stages of the 2 ms simulation.
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Table 2. Summary of the dynamically-averaged dipolar couplings for c¢holestéiols;,cosy
measured experimentally in 10:1 POPC:cholesterol MLVs (Figure 3), calculated using

the Gaussian distribution procedure (Figure 4) and extracted from MD simulations of
200:22 POPC:cholesterol bilayers (Figure 6).36

Nuclear spin pair ij |bY,| (Hz)
experimental Gaussian MD simulation®
distribution2
13C2-13C3 320 £ 50 327 405
13C3-13C4 320 £ 50 326 426
13C3-H3 4300 + 100 4284 4185

aGaussian distribution generated from ayr = 91°, ayr = 163°, ayr = 28°.

bFrom DOI: 10.5281/zenodo.3243328. Cholesterol orientations were extracted from
10 frames of a 100 ns simulation of a POPC bilayer consisting of 200 lipids (100 per
leaflet) in the presence of 10 % (22 molecules) cholesterol. The Slipids model (force
field parameters downloaded from http://mmkluster.fos.su.se/slipids) was employed
for lipids, and the tip3p model for water.
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Table 3. Summary of distribution parameters (means and standard deviations) for
cholesterol in rHDL and MLVs determined from MD simulations and by generation of
a Gaussian distribution of orientations according to the procedure outlined in Figure 4.

MD simulations Gaussian distribution

amn (omn) Bun (omn) aun (SmN) Bun (omn)

rHDL? 89° (19°) 150° (16°) 90° (19°) 148° (16°)
MLVP 94° (17°) 157° (15°) 90° (18°) 154° (15°)

aGaussian distribution generated from ayr = 90°, ayr = 155°, ayr = 34°.

bGaussian distribution generated from ayz = 91°, ayr = 163°, ayp = 28°.
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Figure 1. Morphological analysis of rHDL containing [2,3,4-'3Cs]cholesterol. (a) The
chemical structure of cholesterol indicating the 3C-labelled sites, C2, C3 and C4. (b)
Negatively-stained TEM image of rHDL. (c) Size distribution of the rHDL nanodiscs
measured from the TEM image.
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Figure 2. 13C CP-MAS NMR analysis of rHDL and MLVs containing POPC and 10 mol
% [2,3,4-13C3]cholesterol. (a) Spectrum of rHDL at a MAS frequency (v;) of 9000 Hz
overlaid with a simulated spectrum (red) with 3C-13C J-coupling constants of 33 Hz
and a line broadening factor of 30 Hz. (b) Spectrum of rHDL at v, = 5113 Hz, which
corresponds to the n = 1 rotational resonance condition with respect to the frequencies
of C3 and C4 at the applied magnetic field of 16.3 T. (c) Spectrum of rHDL at v, = 7010
Hz, which corresponds to the n = 1 rotational resonance condition with respect to the
C2 and C3 frequencies. The blue lines in (b) and (c) are simulated spectra for '3C-13C
dipolar coupling constants b23 = b3t = 250 Hz at the two rotational resonance
conditions.
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Figure 3. Measurements of '3C — '3C and "3C — 'H dipolar couplings for cholesterol in
rHDL and MLVs determined by CP-MAS ssNMR. (a) Selective excitation of C2 — C3
and C3 — C4 3C — 13C ZQ coherences at the n = 1 rotational conditions for both spin
pairs, detected by conversion of ZQ to DQ coherence and reconversion to observable
magnetization. (b) Build-up and decay of C2 - C3 (black circles) and C3 - C4 (red
circles) '3C difference intensities as a function of the ZQ excitation period t of the NMR
pulse sequence (given in the Supplementary Information, Figure S1a). Solid lines are
the best fitting simulated ZQ build-up curves corresponding to the values of dipolar
coupling constants bZ3 and b3} and zero-quantum relaxation time, T4%, given in the
main text. The error bars indicate the level of the noise. (c) Evolution of the 3C
transverse magnetisation of C3 over one cycle of sample rotation in the presence of
C3 — H3 dipolar coupling, measured using the DIPSHIFT experiment (Figure S1b).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

(cc)

25


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2CP02393H

Open Access Article. Published on 07 September 2022. Downloaded on 9/7/2022 5:01:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

Page 26 of 28

View Article Online
NDOI: 10.1039/D2CP02393H

RN

P(try)

$06030 0 30 60 90 N
bry (deg) Cc4
N 0°< pr<360°

Figure 4. Schematic of the procedure for calculating the orientation of cholesterol
relative to the rotational axis. Step 1: A molecular axis system is defined, based on the
geometry of cholesterol (see main text for details). Step 2: Angles ayr and Bur specify
the orientation of the principal rotational axis R of cholesterol in the molecular axis
system. Step 3: Cholesterol and its rotational axis undergo random fluctuations from
the average position of R along the bilayer normal N by angles 6zy. The amplitude of
deviation from N is defined by a Gaussian distribution with standard deviation opy.
Step 4: The cholesterol molecule in each orientation undergoes rotation about R by
angle yrn to generate a set of molecular rotamers. Step 5: From each cholesterol
orientation are calculated the angles between the jj internuclear vectors and N (6%%,
63% and 03%), from which the average values of the dipolar coupling constants are
obtained according to Eq. [4]. Step 6: The orientational distribution of cholesterol
molecules generated by Steps 3 and 4 is represented by the distribution of angles aun
and Bun. Steps 2 to 6 are carried out iteratively to find he values of ayr and Pur that
are consistent with the experimentally determined values of by,
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Figure 5. Average orientation in HDL and MLVs of the rigid ring system of cholesterol
relative to the principal rotation axis R. (a) and (b) Contour plots showing the
combinations of ayr and PBur that are consistent with the three measured dipolar
coupling values. Full details of the calculation are given in the Experimental section
5.2. (c) and (d) Orientations of cholesterol (and the molecular axis system) relative to
the rotational axis R, as specified by the values of ayr and Byr corresponding to the
red central region of the contour plots. The tables give the ranges of possible angles
and standard deviation ogry consistent with the data. The average orientation of the
flexible hydrocarbon tail (circled) cannot be determined from the dipolar couplings.
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Figure 6. Analysis of the orientational distribution of cholesterol in MD simulations of
rHDL nanodiscs (200:20:2 POPC:cholesterol:apoA-l) and planar lipid bilayers (200:22
POPC:cholesterol). (a) and (b) Single frame snapshots taken from the late stages of
the simulation trajectories (2 us for (a) and 100 ns for (b)). (c) and (d) Histograms of
angles ayn (red) and Bun (blue) defining the distribution of orientations of the
cholesterol molecular frame relative to the bilayer normal N. Solid lines represent the
distribution of angles calculated using the Gaussian distribution method (Step 6 in
Figure 4). The means and standard deviations of the distributions are summarised in
Table 3.
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