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Abstract

The addition of cholesterol to the monoolein-based lipidic cubic phase (LCP) has been
instrumental in obtaining high-resolution crystal structures of several G protein-coupled receptors.
Here, we report the use of high resolution magic angle spinning NMR spectroscopy to record and
assign the isotropic 13C chemical shifts of cholesterol in lipidic lamellar and cubic phases at
different hydration levels with monoolein and chain deuterated DMPC as host lipids. The
hydrogen bonding patterns of cholesterol in these phases were determined from the NMR data by
quantum chemical calculations. The results are consistent with the normal orientation of
cholesterol in lipid bilayers and with the cholesterol hydroxyl group located at the hydrophobic/
hydrophilic interface. The 13C chemical shifts of cholesterol are mostly affected by the host lipid
identity with little or no dependency on the hydration (20% vs. 40%) or the phase identity
(lamellar vs. LCP). In chain deuterated DMPC bilayers, the hydroxyl group of cholesterol forms
most of hydrogen bonds with water, while in monoolein bilayers it predominately interacts with
monoolein. Such differences in the hydrogen-bonding network of cholesterol may have
implications for the design of experiments in monoolein-based LCP.

Keywords
ab initio calculations; monoolein; NMR spectroscopy; sterol-membrane interactions; HRMAS

Introduction

Monoolein (MO) forms a range of lyotropic liquid crystal phases, depending on temperature
and hydration.} 2 The lipidic cubic phase (LCP) of MO has been used to facilitate the
crystallization of various integral membrane proteins for X-ray structural studies.3 The
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success of this approach to membrane protein crystallization, often termed the /n meso
method, has been particularly notable for its use in obtaining the structures of several G
protein-coupled receptors (GPCRs). The inclusion of cholesterol in the LCP was necessary
to stabilize the receptors and to obtain high-resolution crystal structures for several GPCRSs,
including: the B, adrenergic, the adenosine Aya, the dopamine D3, the chemokine CXCR4,
the histamine Hy, the muscarinic acetylcholine M2 and M3, the nociceptin, the -, x- and &-
opioid, and the neurotensin 1 receptors. In certain cases with the B, adrenergic and Ao
adenosine receptors, apparent cholesterol binding sites were observed in the crystal
structures, adding to rapidly growing data about the role of cholesterol in modulating the
function and stability of several GPCRs (see a recent review for references and recent
advances in the field).4

The success of using LCP for membrane protein crystallization can be rationalized by the
ability of this phase to provide a stabilizing membrane-like environment for membrane
proteins and to support type | crystal packing. Additionally, the MO-based LCP has a
relatively high stability, and is tolerant of the inclusion of the detergents used to solubilize
the membrane protein prior to incorporation in the LCP,>*7 and of other amphiphilic
additives including cholesterol and certain phospholipids.2 The maximum solubility of
cholesterol in LCPs is ~28 mol% in excess water at 20°C.8 However ~10 mol% cholesterol
is more commonly used in crystallization studies. The LCP lattice parameter increases with
increasing amounts of cholesterol,8 and the addition of cholesterol to LCP also results in a
reduction in the self-diffusion coefficient of MO.? Beyond these data describing the effect of
cholesterol on the bulk structure, lipid diffusion and phase transitions of LCPs, relatively
little is known regarding the properties of cholesterol-containing LCP at the molecular or
atomic level. However, as interest in LCP, and its use in protein crystallization, continues to
increase, there is a need for an improved knowledge of the effects of additives, such as
cholesterol, on the structure and dynamics of this phase. Equally, it is important to
understand how cholesterol interactions with membrane proteins in LCP are affected by
solvation in monoolein, as compared with cholesterol protein interactions in natural lipid
bilayers made predominately of phospholipids.

In contrast to the relatively limited knowledge of the physical-chemical properties of
cholesterol containing LCP, there is a wealth of data describing the effect of cholesterol on
the properties of lipidic lamellar phases, at least in part as a result of the ‘lipid raft’
hypothesis.10-12 Consequently, a wide variety of biophysical techniques have been
developed and used to study the properties of cholesterol-containing lamellar phases in both
synthetic and biological systems (see references!!: 13 for recent reviews). Many of these
methods can also be adapted to characterize LCP samples. For example, fluorescence-based
techniques have been used to measure diffusion and clustering of membrane components
within bilayers,14-16 and methods such as fluorescence recovery after photobleaching
(FRAP) have been applied to LCPs.17- 18 Small- and wide-angle X-ray scattering has been
used to measure bilayer thickness and inter-chain packing distances,!® and again, these
methods have been applied to the study of LCPs.8: 20 Finally, a range of NMR spectroscopic
tools have been used to analyze structural and dynamic properties of lipid bilayers. These
methods include the use of 2H NMR of lipids with deuterated chains to measure acyl chain
order?! and bilayer fluctuations,?2 the use of 31P NMR to investigate the head-groups of
phospholipids,23 24 and the use of the 13C chemical shifts to investigate the hydrogen-
bonding partners of cholesterol.25: 26

The application of methods that require the interpretation of anisotropic NMR parameters,
such as 2H quadrupolar splitting and 31P chemical shift anisotropy, is not possible in LCP,
because the rapid reorientation of the lipid molecules within the isotropic phase leads to an
averaging of these values. However, various laboratories have begun to extend and apply
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NMR methods that rely on parameters accessible in isotropic systems, such as polarization
transfer rates,2’ relaxation times28 and line-shapes,?® to LCP. There are certain advantages
to conducting NMR experiments in LCP, because the rapid isotropic reorientation of the
lipid components leads to almost liquid-like spectra in terms of line-width and intensity, and
the NMR spectra of LCP samples have even been recorded in a solution state probe3°,
although the use of an HR-MAS probe presents a definite advantage by removing
inhomogeneous line broadening effects.

Here, we report the first quantification of H-bond partners of cholesterol in LCP, using
cholesterol 13C isotropic chemical shifts. We use a methodology previously established to
describe the hydrogen bonding of cholesterol in chain deuterated DMPC (DMPC-dsy4)
bilayers.2> This approach uses the exquisite and quantitative sensitivity of cholesterol carbon
chemical shifts to the local environment and hydrogen bonding partners of the hydroxyl
group. The results for four different systems are presented: DMPC-ds4 multi-lamellar
vesicles (MLVs) with 10 mol% cholesterol at low (20 w/w%) and moderate (40 w/w%)
hydration; and MO with 10 mol% cholesterol in a lamellar phase (20 w/w% hydration) and
in an LCP (40 w/w% hydration). These hydration levels for MO were chosen because 40 w/
w% is the hydration typically used for forming LCP in X-ray crystallography of GPCRs,
while 20 w/w% hydration of MO gives lamellar phases and allows a direct comparison with
DMPC-ds4 and among the two MO major phases. These results are compared and discussed
with reference to their implications for the /n meso crystallization of membrane proteins.

Experimentals

Materials

Cholesterol and 3,4-13C,-cholesterol (used in parameter optimization) were purchased from
Sigma-Aldrich Chemie Sarl, Saint-Quentin Fallavier, France and Euriso-Top-SA, Saint-
Aubin, France, respectively. Monoolein (MO) was obtained from Nu-Chek Prep Inc,
Elysian, MN, USA and 1,2-dimyristoyl(ds4)-sm-glycero-3-phosphocholine (DMPC-dsy)
from Avanti Polar Lipids Inc, Alabaster, AL, USA. D,0 (99.85 atom%) and 2H-depleted
water were from Euriso-Top SA, Saint-Aubin, France, and chloroform (used in sample
preparation) from VWR, Fontenay sous Bois, France. All materials were used without
further purification.

Sample Preparation

MO or DMPC-ds,4 and cholesterol were dissolved in excess chloroform and mixed in the
desired molar ratio. Chloroform was evaporated to dryness under a constant flow of N5 gas,
and then under vacuum overnight. LCP samples containing MO and cholesterol at 40 w/w%
hydration with D,O were prepared by mechanical mixing, according to the established
protocol.3 40 w/w% hydration for the LCP sample was selected because this level of
hydration is close to the full hydration capacity of LCP and frequently used in LCP
crystallization studies, and therefore has practical relevance. In addition, in order to facilitate
the preparation of homogeneous DMPC-ds4 MLVs for direct comparison, the use of a
sample with as much D,0 as could be incorporated without significantly disrupting the LCP
was appropriate. It was verified that the 13C chemical shifts and line-widths of cholesterol
and MO in LCP are not significantly altered by changes in hydration between 30 and 40 w/
w% (data not shown). Lamellar phase samples containing MO and cholesterol at 20 w/w%
hydration were prepared by adding D20 to the dried lipids in the desired proportion and then
mixing to homogeneity by centrifugation and freeze-thawing through at least five cycles.
Lamellar phase samples containing DMPC-ds4 and cholesterol were prepared by hydrating
the dried lipid film in excess water, lyophilizing overnight, and then re-hydrating with the
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desired quantity of 2H-depleted water to obtain the 20 w/w% and 40 w/w% hydration levels.
The samples were stored at 30 °C for 48 hours to reach the solvation equilibrium.

NMR Data Acquisition

Cubic phase experiments were performed on a Bruker DMX narrow bore spectrometer
operating at a 1H Larmor frequency of 500 MHz. Spectra were acquired using a 4 mm
Bruker double resonance HR-MAS gradient probe with a deuterium lock, at a magic angle
spinning (MAS) frequency of 2.5 kHz. Various rotational frequencies were tested to
determine the optimal frequency to obtain narrow line widths from LCP without causing
disruption of the phase (monitored by broadening/inhomogeneity in the proton peak from
residual water in the sample). Frequencies between 1 and 5 kHz were acceptable, and 2.5
kHz was chosen as a reasonable speed to obtain adequate line widths while minimizing the
presence of spinning side bands in 1H and 13C spectra. Lamellar phase experiments were
performed on a Bruker AVANCE standard bore operating at a 1H Larmor frequency of 700
MHz and equipped with a 4 mm double resonance 1H-[1°N-13C] cross polarization (CP)-
MAS probe. Lamellar phase samples containing MO and cholesterol were conducted at a
MAS frequency of 5 kHz, and samples containing DMPC-ds4 at 10 kHz. For all
experiments, the probe temperature was calibrated using ethylene glycol in dg-DMSO. 2H
NMR spectroscopy was used to check that the DMPC-ds4 chain lipid quadrupolar splittings
at 303K had standard values for hydrated MLVs. Static 2H spectra were recorded on a
Bruker Avance narrow-bore spectrometer operating at a proton Larmor frequency of 500
MHz with a 5 mm single-resonance probe equipped with a solenoid coil oriented at 90° with
respect to the magnetic field.

Cholesterol 13C chemical shifts for samples containing MO were obtained using a standard
single-pulse experiment with power-gated 1H decoupling (waltz16 with a decoupling field
of 2.5 kHz).3! Typical r/2 pulse lengths were 7 s for H, and 7.65 ws for 13C. Cholesterol
peaks were assigned with reference to published spectra of cholesterol in solution in CDCl3
and DMPC bilayers.?®. For lamellar samples containing DMPC-dsg, cholesterol 13C
chemical shifts were obtained using a standard 1D CP-MAS sequence. A typical /2 pulse
length for 1H was 2.9 ps. The 1H-13C CP magnetisation transfer step employed a linear
ramp (80 to 100% field strength) on the H channel with a contact time of 1.5 ms and a 13C
radio frequency field of 55 kHz. High-power proton decoupling was obtained using the
Spinal64 scheme32 and a decoupling field of 86 kHz.

Calculations of rotamers, hydrogen bonding, and theoretical chemical shifts

Theoretical NMR chemical shifts were calculated using a Hartree-Fock strategy, as
described in a previous publication.2® The geometry of each of the supramolecular models,
which combined the three major C3-O3 rotamer states of cholesterol (gauche (+), gauche (-),
and anti, denoted as g+, g-, and anti, respectively) and the hydrogen-bonding partners of the
hydroxyl group of cholesterol, was fully optimized at the HF/STO-3G level. Isotropic
chemical shifts were determined for all atoms at the same theoretical level using a double-C-
type basis set with a polarization function [i.e., 6-31G(d,p)]. Note that previous calculations
using a DFT approach with the same basis set did not lead to any improvement in the
calculated cholesterol chemical shifts compared with the Hartree-Fock strategy.26

The whole cholesterol molecule was used to perform calculations. To mimic the hydrogen-
bonding environment of the sterol (i.e., solvent water and either MO or DMPC-dsy), several
hydrogen-bonding partners for the cholesterol hydroxyl group were considered: namely, the
water molecules, the fatty acid ester bonds, and either the MO glycerol alcohol groups or the
DMPC-ds,4 phosphodiester. Water molecules and glycerol alcohol groups were considered
as both donors and acceptors of hydrogen bonds. The glycerol alcohol groups were modeled
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by ethanol (primary alcohol) and propan-2-ol (secondary alcohol). The fatty acid ester bonds
and the DMPC-ds4 head-group phosphate were modeled, as hydrogen-bond acceptors, by
acetone and dimethyl phosphate, respectively.2>: 26

Following the procedure described in,2 the theoretical carbon chemical shift (CS)
differences [ AS;"*(j, k)=67"° (j, k) — 67° (vacuum)] between the CS obtained for the different
models (65”""( J,k)) and the averaged CS over the three rotamers of cholesterol with no

hydrogen-bonding interaction [6§h“”(vacuum)] were calculated; 7indicates the carbon number
of the sterol, jthe C3-03 rotamer conformation, and & the type of hydrogen-bonding partner.
This difference reflects the theoretical effect of a specific hydrogen-bonding interaction with
one conformation of cholesterol that occurs in the lipid phase compared with cholesterol in

CCly solution. For each carbon 7 (from 1 to 6), linear combinations (Aéﬁ’“"’) of these CS
variations were calculated in increments of 1% over each rotamer (%j, where j=g+g- or
anti, is the percentage of each rotamer), and over the different types of hydrogen-bond
partners (%k, where k=a specific hydrogen-bond partner is the percentage each type of

interaction). The Aéj"e”( Jj, k) values are provided in Supplementary Information Table S1.

theo __ . theo ; - _ stheo
Aéi B Zj=g+sg_sunti%]zk:H*boml partners %k [ 6i (J, k) 6i (‘ acuum)] (eq 1)

Each A7 is then compared to the experimental values (A5;™)

Aéfxp =[6fo (membrane) — 6;“1) (CCIA)]  (eq.2)

Two conditions must be fulfilled for each set of solutions: Z g o ani %/ = 100% and

2 4= H-bond partners Yok < 300%, which corresponds to a maximum of three simultaneous
hydrogen-bonding interactions of the cholesterol hydroxyl group (one to the hydrogen of the
hydroxyl group and two to the oxygen lone pairs).

The results were filtered to accept only values, for each carbon, for which the difference
between the experimental and theoretical variations was less than 0.08ppm, to take into
account both experimental accuracy and non-specific solvent effects on chemical shifts.2>
The average value for the percentage of each rotamer and each H-bond partner was
calculated over the 10% of solutions presenting the lowest value of root mean square

— " xp theo\2
deviation ™4= \/Zi:]m‘sf A% )" /1) petween theoretical and experimental CS
variations.

Results and Discussion

Assignment of cholesterol 13C chemical shifts in lipid environment

The 13C chemical shifts for cholesterol (10 mol%) in DMPC-ds, and MO, each at 40 and 20
w/w% hydration, were recorded and assigned (see Table 1 and Figure 1). The use of cross
polarization sequence, together with the perdeuterated chains of the DMPC-dsy4, enabled
almost complete suppression of the lipid signal, facilitating the assignment of cholesterol
carbon peaks. Only the two quaternary carbons were not assigned. The chemical shifts of
cholesterol in DMPC-dsy4 at these two hydration levels were similar to each other, and to
values reported previously for samples containing 30 mol% cholesterol with 50 w/w%
hydration.2>
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Despite the lack of perdeuterated acyl chains, and therefore the presence of large lipid
signals in the spectra of the MO samples, the chemical shifts of all but two of the carbon
atoms of cholesterol — C7 and C8 — could be resolved at both 40 and 20 w/w% hydration.
These two unresolved carbons peaks were presumed to be situated underneath a strong lipid
peak at ~32 ppm (based on their positions in the spectra in DMPC-ds4 and in CCly). A
substantial difference between the intensity and line-width of the peaks in carbon spectra of
the MO samples at 40 and 20 w/w% hydration was observed. At 40 w/w% hydration the
sample is in an LCP, and the peaks are narrow (typical line widths of 6-12 Hz) with good
signal-to-noise. Interestingly, the standard ‘solution’-type INEPT-based NMR experiments,
including DEPT and HSQC, which were used to corroborate the assignment of the
cholesterol chemical shifts, gave good signal-to-noise and line-widths, demonstrating a
practical effect of the rapid reorientation of the lipid molecules in LCPs. In the lamellar
phase, at 20 w/w% hydration, the peaks are much broader (typically 12-24 Hz) and have
poorer signal to noise. However, the chemical shifts of cholesterol in the two MO phases do
not differ substantially.

Note that it was necessary to use perdeuterated DMPC but not perdeuterated MO in order to
obtain full assignments because the increased complexity of the carbon spectra of the DMPC
samples (with DMPC having two non-equivalent acyl chains) in comparison of the single-
chained MO. Furthermore, the cross polarization based excitation of cholesterol 13C carbons
filters out the deuterated DMPC resonances while increasing sensitivity.

Cholesterol chemical shift variations in the different lipid phases from NMR data

The differences between the chemical shifts of cholesterol dissolved in CCl, (isotropic
environment) and of cholesterol incorporated in lipidic mesophases made of DMPC-dsy4 or
of MO are shown in Figure 2. These chemical shift differences can be divided into three
broad groups. First, C7 to C19 (except C17) — that is the carbons found in rings B, C and D
of the rigid sterol structure — are relatively insensitive to changes in their environment,
reflecting their lack of conformational flexibility, and their distance from any potential
hydrogen bonding or other electrostatic interaction of the cholesterol hydroxyl group.
Second, the more flexible carbons of the cholesterol tail region — C17 and C20-27 — are
more sensitive to their environment and show distinct variations between the CCl4, DMPC-
ds4 and MO phases. Interestingly, the chemical shifts of these carbons in the MO lamellar
phase (at 20 w/w% hydration) are more similar to the chemical shifts in MO in the LCP (at
40 w/w% hydration) than to those in the DMPC-ds4 lamellar phases. The variations in the
chemical shifts of C17 and C20-27 likely result predominantly from differences in side
chain dynamics (i.e., the distribution of trans/gauche conformers along the side chain33),
implying that the dynamics of the chains in the center of the MO bilayer are different from
the dynamics of the chains in the center of the DMPC-ds4 bilayer, and are more similar to
the dynamics of the chains in the LCP. The middle part of the lipid bilayer is more
‘isotropic’ in both of the MO phases than in the DMPC-ds, bilayer, as illustrated by the
carbon chemical shifts of positions 25-27, which are closer to the values in CCly,(i.e., in an
isotropic environment) than the corresponding chemical shifts in the DMPC-dsy4 bilayer.
Because chain deuterated DMPC is used, it should be noted that the deuteration of DMPC or
the hydration with D,O has been shown to produce negligible effect on its lipid chain order
parameters.34 35 Similarly, we have controlled that DMPC-cholesterol samples give the
same 13C chemical shifts when hydrated in H,O or in D,O (supplementary information, Fig
S2). Finally, the chemical shifts of C1-6, in the A ring of the rigid sterol structure and in
close proximity to the hydroxyl group at position 3, are most sensitive to their environment,
and specifically to the nature and quantity of potential hydrogen-bonding partners for the
hydroxyl group, as was established previously in 2. There are small variations in the
chemical shift differences for C1, C2 and C4 in the four different samples. However, there is
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a significant reduction in the chemical shift differences of C3, C5 and C6 in the MO phases
compared with the differences in the DMPC-ds,4 phases. The fact that this reduction appears
in the MO samples in both the cubic and lamellar phases implies that it is the result of some
property of the MO itself, and not a function of the macromolecular organization (i.e., not an
effect of curvature, lipid packing, lateral pressure, ...).

Determination of the distribution of hydrogen-bond partners. the chemical shift variations of
cholesterol C1-6 were used to calculate the distribution of the rotameric states as described
in the Materials and Methods section. The average values of the linear combination
coefficients for the rotamers (%j) and hydrogen-bonding partners (%k) were calculated
using only the 10% of solutions presenting the lowest rmsd values between the experimental
and calculated CS variations (see below for discussion and full details in Table S2 in the
Supplementary Information).

As a verification of the accuracy of the hydrogen-bonding calculations, these averaged

values are combined with the Aéﬁhw(j, k) variations (Table S2, in the Supplementary
Information) to generate theoretical chemical shifts for carbons C1-6 in each sample using
eg. 1. As seen in Supplementary Information Figure S1, there was excellent agreement
between the experimental and theoretical chemical shifts for all six carbons in the two
DMPC-ds, samples, and for C1, C2, C4 and C5 in the MO samples. The discrepancy
between the experimental and theoretical chemical shifts for C3 and C6 in the MO samples
was within the experimental error, but was greater than for the other calculated chemical
shifts. In all of the samples, the hydroxyl group was calculated to be approximately evenly
distributed between the three rotameric states (Supplementary Information, Table S2). This
calculated distribution of rotamers provides a good indication of the accuracy of the
calculations, because the sample is isotropic and dynamic and the hydroxyl group expected
to be free to flip between the rotamers, and none of the rotamers is expected to be favored
over the others. The same observation had been made in our earlier work for cholesterol in
DMPC bilayersl.25

Cholesterol/DMPC-ds4 hydrogen-bond partner distribution

The hydrogen-bond partners of cholesterol (10 mol%) in DMPC-ds, at 40 and 20 w/w%
hydration are similar to each other, and to those reported previously for cholesterol (30 mol
%) in DMPC at 50 w/w% hydration.2> The average fraction of hydrogen bonding through
the hydrogen of the cholesterol hydroxyl group to ester bond (0.28 + 0.18, 0.27 £ 0.17 and
0.26 + 0.19 for the samples with 40, 20 and 50 w/w% hydration, respectively), to head group
phosphate (0.16 + 0.02, 0.16 + 0.02 and 0.18 + 0.03, respectively) and to water (0.17 £ 0.10
for all three samples) were within one standard deviation of each other across the three
samples (see Figure 3A and values in 2°). There was more variation in the results for
hydrogen bonding to water through the oxygen of the cholesterol hydroxyl group, with
average values of 0.89 + 0.09, 0.70 + 0.08 and 0.76 + 0.14 for the samples with 40, 20 and
50 w/w% hydration, respectively (Figure 3A). Overall, these data suggest that cholesterol
resides predominantly ‘upright’ in the DMPC bilayer, with its hydroxyl group participating
in hydrogen bonds with the ester and phosphate region of the phospholipid and with water at
the lipid-water interface. This conclusion is generally consistent with small-angle neutron
scattering data and with molecular modeling results, which suggest the perpendicular
orientation of cholesterol in PC bilayers.36: 37

Cholesterol/MO hydrogen-bond partner distribution

The main differences between the hydrogen-bonding environment of cholesterol in the
DMPC-ds,4 and in the MO phases are the absence of the phosphodiester group and the
addition of the primary and secondary alcohol groups in the MO system as donor of
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hydrogen to cholesterol (summarized graphically in Figure 4). In the MO samples, which
contained secondary and primary alcohols as potential partners instead of phosphate, the
preference for donating a hydrogen to the ester bond rather than to water or an alcohol was
much stronger (e.g., 0.82 £ 0.03, 0.01 + 0.01, 0.01 + 0.01, and 0.01 + 0.01 of 1 for the ester
bond, water, secondary alcohol and primary alcohol, respectively, in the 40 w/w% hydration
sample — Figure 3B). The average total donation of hydrogen was greater for the MO
samples (e.g., 0.84 £ 0.03, in the 40 w/w% hydration sample — Figure 3D) than for the
DMPC-ds, samples (e.g., 0.62 + 0.08, in the 40 w/w% hydration sample — Figure 3C).

Similar to the situation with donation of hydrogen, the overall propensity of the oxygen of
the cholesterol hydroxyl group to accept a hydrogen from a partner is greater in the MO
phases (0.98 £ 0.04 and 0.96 % 0.05 of 2 in the 40 and 20 w/w% hydration samples,
respectively — Figure 3B) than in the DMPC-ds,4 phase at the same hydration (0.89 + 0.09,
0.70 + 0.08 of 2, respectively — Figure 3A). In the same samples, the proportion of this
interaction that is with water is less in the MO phase (0.06 + 0.07 and 0.08 £ 0.05 in the 40
and 20 w/w% hydration samples, respectively — Figure 3B) compared with in the DMPC-ds4
phase at the same hydration (0.89 + 0.09 and 0.70 £ 0.08, respectively — Figure 3A). The
additional hydrogen-bonding interactions with the oxygen of the cholesterol hydroxyl group
in the MO phases (Figure 3B) are predominantly with the secondary alcohol (0.81 £ 0.18
and 0.70 £ 0.23 in the 40 and 20 w/w% hydration samples) and a little with the primary
alcohol (0.11 £ 0.16 and 0.17 + 0.21, respectively). These changes in hydrogen-bonding
partners have a significant effect on the overall distribution of hydrogen bonding, including
increasing the preference of cholesterol to form hydrogen bonds with a lipid partner rather
than with water in the MO phases (1.75 + 0.11 and 0.06 + 0.05 for MO and water in 40%
hydration sample, respectively — Figure 3D) compared with in the DMPC-ds,4 at the same
hydration (0.45 £ 0.16 and 1.06 *+ 0.15 for MO and water, respectively — Figure 3C).

These data cannot be interpreted to report on the relative penetration of water at the
polarapolar interface in the two systems, but raise an interesting question about the
penetration of water at the different interfaces, and the extent of lipid-lipid hydrogen-bond
formation that could be addressed by additional experiments and/or computer simulations.
However, the hydrogen-bonding data do indicate that the cholesterol hydroxyl group
interacts with the polar-apolar interfacial region of the MO lamellar and cubic phases to a
comparable or greater extent than in the DMPC-ds, lamellar phases, supporting the
hypothesis that cholesterol maintains a conventional ‘upright’ position in these phases, as
opposed to a ‘horizontal® position at the center of the two lipid leaflets, as has been observed
in certain systems with polyunsaturated phospholipids.3¢ A further demonstration of this
predominant orientation of cholesterol in LCPs could be obtained using the elegant strategy
developed by D. Huster and collaborators, which is based on 1H MAS NOESY and the
analysis of intermolecular cross relaxation rates. 38: 39

Taken together, the results presented in this paper have potential implications for using LCP
as a membrane mimetic matrix for biophysical studies and crystallization of membrane
proteins. The role of cholesterol in facilitating crystallization of GPCRs is well recognized
although not fully understood on a molecular level®. The exact nature of the lipid
composition is known to play a role of the structure determination process,*? both via
specific lipid protein contacts and via global physical properties such as the spontaneous
curvature and lateral pressure profiles 4143, The greater extent of cholesterol-lipid
hydrogen-bond formation in the MO membranes compared with the DMPC-ds4 membranes
may affect the equilibrium between cholesterol-lipid and cholesterol-protein interactions in
LCP in comparison with ‘native’ phospholipid membranes. Cholesterol’s side chain 13C
chemical shifts in MO were found to be close to those in an isotropic organic solvent
solution, in contrast with those in DMPC-ds, bilayers, suggesting a different lateral pressure
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profile at the acyl chain level. These considerations may be particularly important when
studying membrane proteins for which significant conformational changes or flexibility in
the transmembrane region of the protein are required for function. In such cases doping LCP
with native lipids® may help to restore the specific protein conformation and function in
LCP.

Conclusions

In summary, the experimentally determined 13C chemical shifts of cholesterol C1-6 were
used to calculate the hydrogen-bonding partners of cholesterol in four lipid phases: DMPC-
ds4 MLVs with 10 mol% cholesterol at low (20 w/w%) and moderate (40 w/w%) hydration,
and MO with 10 mol% cholesterol in MLVs (20 w/w% hydration) and in an LCP (40 w/w%
hydration). This original methodology based on the combination of 13C chemical shifts and
quantum chemistry, initially developed in DMPC-dsy4 lipid bilayers, proves to be efficient in
a completely different lipid phase and to afford a unique way of assessing the local
environment around cholesterol. There were significant differences observed in the 13C
chemical shifts, and hence in the hydrogen-bonding partners, of cholesterol in the MO
phases in comparison with the DMPC-ds4 phases, with a slight increase in overall hydrogen-
bond formation, a decrease in cholesterol-water hydrogen bonding and an increase in lipid-
cholesterol hydrogen bonding in the MO phases. The properties characteristic of MO
bilayers may also have implications for conformational equilibrium and crystallization of
membrane proteins in LCP. They should be kept in mind when discussing cholesterol —
GPCR interactions (or any other lipid — protein interaction) based on X-ray structures in
LCP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The structure of cholesterol with carbon atom numbering
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Figure2.

Plot of the differences between the 13C chemical shifts of assigned carbon positions in CCl4
and in various lipid phases

Comparison of chemical shift differences (A6, defined as the chemical shift in CCl, minus
the chemical shift in the conditions described) of assigned cholesterol carbons in DMPC-ds,4
at 40 w/w% (black) and 20 w/w% (dark grey) hydration, and MO at 40 w/w% (white) and
20 w/w% (light grey) hydration. All DMPC-ds4 and MO samples contained 10 mol%
cholesterol and data were recorded at 30°C. At 20 w/w% hydration the DMPC-ds4 and MO
samples were both in a lamellar phase. At 40 w/w% hydration the DMPC-ds,4 sample was in
a lamellar phase whereas the MO sample was in a cubic phase. Chemical shifts were
calibrated to C18 at 11.84ppm, and are accurate to + 0.05ppm in DMPC-ds4 and £ 0.03ppm
in MO.
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Figure 3.

Calculated hydrogen-bonding partners of cholesterol

A break-down of the interactions of cholesterol with specific hydrogen-bonding partners
(fragments of the respective lipid modeled as small molecules) is provided in A) for DMPC-
d54 and B) for MO at 40 w/w% (black) and 20 w/w% (dark grey) hydration. A summary of
the calculated hydrogen-bonding interactions of cholesterol at 40 w/w% (black) and 20 w/w
% (dark grey) hydration is provided in C) DMPC-ds4 and D) MO. In plots C and D, the data
are expressed in two different ways: left, distinguished by whether the interaction is through
the hydrogen of the cholesterol hydroxyl group — cholesterol-H — or through the oxygen of
the cholesterol hydroxyl group — cholesterol-O; and right, distinguished by whether the
interaction is with water or the lipid. The total probability of a hydrogen-bonding interaction
is shown in the center. The vertical axes in these plots represent the probability of observing
a hydrogen bond per cholesterol + the standard deviation, where the standard deviation
reflects the distribution of the results. The maximum number of hydrogen bonds per
cholesterol hydroxyl group was normalized to 1 for bonds through the hydrogen of the
hydroxyl (i.e., the hydrogen-bond partner acting as an H donor), and to 2 for bonds through
the oxygen of the hydroxyl (i.e., the hydrogen-bond partner acting as an H acceptor). The
three possible hydrogen bonds were considered independently in the calculations. The sum
of the probability of a hydrogen bond occurring is always less than the maximum because
the calculations did not constrain cholesterol to participate in a hydrogen-bonding
interaction. The experimental data on which these calculations were based were obtained
from DMPC-ds4 and MO samples containing 10 mol% cholesterol and data were recorded
at 30°C. At 20 w/w% hydration, the DMPC-ds4 and MO samples were both in a lamellar
phase. At 40 w/w% hydration, the DMPC-ds4 sample was in a lamellar phase whereas the
MO sample was in a cubic phase.
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X

Figure 4.

Summary of hydrogen-bonding interactions of cholesterol

Graphical summary of the hydrogen-bonding interactions of cholesterol in DMPC-ds, at A)
40 and B) 20 w/w% hydration, and in MO at C) 40 and D) 20 w/w% hydration. The values
represent the percentage of interactions with the cholesterol of the different partners as either
donor or acceptor of H-bond. The maximum number of hydrogen bonds per cholesterol
hydroxyl group is three. Although all the figures indicate H atoms for clarity, the MO
samples were hydrated with D,0.
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