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ABSTRACT We monitored the effect on function of the G-protein-coupled receptor (GPCR) rhodopsin from small, stepwise
changes in bilayer thickness induced by cholesterol. Over a range of phosphatidylcholine bilayers with hydrophobic thickness
from z21 Å to 38 Å, the metarhodopsin-I (MI)/metarhodopsin-II (MII) equilibrium was monitored with UV-visible spectroscopy
while ordering of hydrocarbon chains was probed by 2H-NMR. Addition of cholesterol shifted equilibrium toward MII for bilayers
thinner than the average length of hydrophobic transmembrane helices (27 Å) and to MI for thicker bilayers, while small bilayer
thickness changes within the range of the protein hydrophobic thickness drastically up- or downregulated MII formation. The
cholesterol-induced shifts toward MII for thinner membranes correlated with the cholesterol-induced increase of bilayer hydro-
phobic thickness measured by NMR, consistent with continuum elastic modeling. The energetic penalty of adding cholesterol to
thick bilayers caused rhodopsin oligomerization and a shift toward MI. In membranes of physiological thickness, changes in
bilayer mechanical properties induced by cholesterol potentiated the interplay between bilayer and protein thickness resulting
in large swings of the MI-MII equilibrium. In membrane containing cholesterol, elastic deformations near the protein are a domi-
nant energetic contribution to the functional equilibrium of the model GPCR rhodopsin.
SIGNIFICANCE Membrane cholesterol is an important allosteric modulator of GPCR function, but the mechanisms by
which it acts are not completely understood. In this study, we show that formation of the active MII state of the model GPCR
rhodopsin can be up- or downregulated by cholesterol depending on the hydrophobic mismatch between the protein and
the surrounding bilayer. Based on data from NMR and molecular simulation, we propose a model that could explain how a
GPCR could be turned on or off by physiological changes of bilayer properties induced by small changes in cholesterol
content in cell membranes.
INTRODUCTION

In recent decades, our understanding of the molecular basis
of G-protein-coupled receptor (GPCR) function has greatly
advanced. The determination of, by now, over 450 unique
GPCR structures by x-ray crystallography and single-parti-
cle cryo-electron microscopy (cryo-EM) has led to insight
into the molecular details of these receptors, either alone
or in complex with their signaling partners (1). The com-
plementation of these structural insights with biophys-
ical techniques (e.g., NMR, single-molecule fluorescence,
hydrogen-deuterium exchange mass spectrometry, and
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computational approaches) and functional studies using
lipid nanoparticle systems (2–5) have revealed that
GPCRs are highly dynamic, allosteric proteins that sample
complex conformational landscapes (6–9). Receptor activa-
tion and signaling pathways have been related to such land-
scapes in a ligand- and effector-dependent manner (10,11).
In addition, it is today increasingly appreciated that the
membrane environment can significantly influence the ther-
modynamic and functional equilibrium between the confor-
mational states of a GPCR through protein-lipid interactions
(12,13). These interactions range from bulk physical proper-
ties of the surrounding lipid bilayer (14,15) to specific and
stoichiometric interactions between a receptor and individ-
ual lipid molecules (16,17). Among lipids, cholesterol is,
perhaps, the most potent modulator of biological membrane
physical properties. Increasing cholesterol content subs-
tantially raises acyl chain order and increases bilayer
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hydrophobic thickness. Typically, though not universally,
cholesterol increases mechanical stiffness (as expressed by
the area compressibility and bending modulus) (18–21). In-
verse hexagonal phase experiments indicate that cholesterol
prefers negatively curved monolayers (22). Cholesterol also
reduces membrane water penetration (23). In multicompo-
nent lipid mixtures, cholesterol induces phase separations
and partitions selectively between different coexisting lipid
phases (24). The influence of cholesterol on GPCR function
appears to be very much receptor dependent, with reports of
up- and downregulation. Its nature remains ambiguous as
well, whether ascribed to changes in membrane physical
properties or binding to specific hydrophobic receptor sites
((25–30) and references therein).

Rhodopsin, the GPCR responsible for dim-light photore-
ception in vertebrates, remains one of the model GPCRs
and, together with the b2-adrenergic receptor, is largely
responsible for our current understanding of GPCR-bilayer
interactions. This is because photoactivated rhodopsin exists
as a meta-stable lipid-dependent conformational equilib-
rium between metarhodopsin-I (MI) and several distinct
metarhodopsin-II (MII) states, MIIa, MIIb, and MIIb-Hþ,
yielding a conformational landscape similar to other class
A GPCRs. The equilibrium of rhodopsin can be easily
measured by ultraviolet-visible (UV-vis) spectroscopy
(31). Differences in protein shape in the equilibrium have
been inferred by sensitivity to the lipid environment
(15,32). To date, increased cholesterol has been shown to
reduce the formation of MII in native rod outer segment
disk membranes and in rhodopsin-containing model mem-
branes made with egg-phosphatidylcholine (egg-PC)
(33,34). Those experiments prompted the hypothesis that
cholesterol inhibits activation by reducing acyl chain flexi-
bility and the free volume in the core of the bilayer. In
this study we explore how addition of cholesterol to bilayers
of varied acyl chain length affects rhodopsin function. Phos-
phatidylcholine (PC) bilayers with hydrophobic thickness
ranging from 21 Å to 32 Åwere doped with increasing con-
centrations of cholesterol. Doing so, we changed bilayer
thickness by increments of z0.5–2 Å from 21 Å to 38 Å,
ostensibly with increasing mechanical stiffness of the bila-
yers. We then monitored how those bilayers deform in the
presence of rhodopsin by 2H-NMR and followed the influ-
ence of those stepwise changes of bilayer properties on
rhodopsin function by UV-vis spectroscopy. We show that,
contrary to expectations, addition of cholesterol affects the
MI-MII equilibrium differently depending on the bilayer hy-
drophobic thickness surrounding the protein. In short bila-
yers, cholesterol favors MII by thickening the bilayer
commensurate with MII’s increased height. On the contrary,
cholesterol in thick bilayers increases the energetic penalty
of monolayer deformations, promoting oligomerization of
the protein, which favors MI. We also show that addition
of cholesterol to bilayers of the approximate thickness of
rhodopsin results in sharp swings of the MI-MII equilibrium
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and that MI is strongly stabilized in bilayers hydrophobi-
cally matched to its thickness (MI match point) while MII
is favored at the MII match point. Molecular simulations
of protein-free bilayers indicate the stiffening effect of
cholesterol in the various lipid matrices. Simulations of
MI and MII over select composition points mirroring the
experiment suggest that the deformation of the bilayer
around MII near the MI match point is sufficiently severe
to cause the anomalous stabilization of MI observed in ex-
periments. This could explain the sensitivity of GPCR func-
tion to small changes of cholesterol content in cell
membranes.
MATERIALS AND METHODS

Preparation of reconstituted membranes

Sample preparation was carried out in complete darkness. The phospho-

lipids 1-perdeuteriomyristoyl-2-myristoleoyl-sn-glycero-3-phosphocholine

(14:0d27-14:1 PC), 1-perdeuteriopalmitoyl-2-palmitoleoyl-sn-glycero-3-ph

osphocholine (16:0d31-16:1 PC), 1-perdeuteriostearoyl-2-oleoyl-sn-glyc-

ero-3-phosphocholine (18:0d35-18:1 PC), and 1-perdeuterioarachidoyl-2-ei-

cosanoyl-sn-glycero-3-phosphocholine (20:0d39-20:1 PC), and cholesterol

were obtained from Avanti Polar Lipids (Alabaster, AL).

Rhodopsin was purified from bovine retinas using procedures that were

developed in the Litman laboratory (35) and rhodopsin reconstitution was

carried out as in (36). The final rhodopsin concentration in the samples

was measured by light absorption at 500 nm assuming a molar extinction

coefficient at 500 nm of 40,600 M�1 cm�1. Lipid concentration was

measured by solution 1H-NMR on a small aliquot of sample dissolved

in deuterated chloroform: methanol (2:1 v/v) before and after reconstitu-

tion. For NMR experiments on dark-adapted rhodopsin, the proteolipo-

somes were pelleted at 500,000 � g and 4�C for 12 h in a TLX-Optima

centrifuge (Beckman-Coulter, Fullerton, CA). The pellet was then

extruded through porous anodic aluminum oxide (AAO) filters (Anopore;

Whatman, Maidstone, UK) with a nominal pore diameter of 0.2 mm and a

thickness of 60 mm, which resulted in formation of tubular, rhodopsin-con-

taining bilayers supported by the pore walls of AAO as described previ-

ously (37). Extrusion was performed at ambient temperature, which is

well above the main phase-transition temperature of 14:0d27-14:1 PC,

16:0d31-16:1 PC, and 18:0d35-18:1 PC, and at 35�C in a heated glovebox

for the 20:0d39-20:1 PC membranes. For each experiment, two AAO filters

(diameter 25 mm) and one polycarbonate filter (nominal pore size 0.8 mm)

were stacked and flushed with several milliliters of piperazine-N,N0-bis-2-
ethanesulfonic acid (PIPES) buffer (10 mM PIPES, 100 mM NaCl, 50 mM

diethylenetriamine pentaacetate [pH 7.0]) before extruding the dispersion

of proteoliposomes. The 1-mL proteoliposome suspension (1 mg lipid/

mL) was then extruded 15 times through the stack of filters at a rate of

0.01 mL/s, resulting in entrapment of multilamellar bilayers inside AAO

pores. All but a single tubular bilayer covering the inner AAO pore surface

were removed by flushing the filters with 5–10 mL of PIPES buffer at a

rate of 0.2 mL s�1 as reported earlier (38).
NMR experiments

Solid-state 2H-NMR experiments were carried out on a Bruker DMX500

spectrometer equipped with a flat coil 1H X-probe (Doty Scientific,

Columbia, SC) operating at a 2H-NMR resonance frequency of 76.8

MHz. Data were acquired at 37�C with a quadrupolar echo pulse sequence,

d1-90ox-t-90
o
y-t-acq, at a relaxation delay time d1 ¼ 250 ms, a 5-ms 90�

pulse, a delay time t ¼ 50 ms, and 200 kHz spectral width. Typically,

150,000 to 200,000 transients were acquired. Order parameter profiles,
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mosaic spread of bilayer orientations, and resonance linewidth were deter-

mined by fitting the spectra with a programwritten in Mathcad (PTC, Need-

ham, MA).

The program reported a smoothed order parameter profile of lipid hydro-

carbon chains, the orientational distribution function of bilayer normals

(assumed to be Gaussian), and the resonance linewidth of all resolved quad-

rupolar splittings.
Measurement of MII/MI ratio after photoactivation

The equilibrium constant Keq ¼ [MII]/[MI] was determined from rapidly

acquired spectra of the MI-MII equilibrium as previously described (39).

In brief, vesicles were diluted to a rhodopsin concentration of z0.25 mg/

mL in PIPES buffer (pH 7.05) and equilibrated at 37�C in a thermally

regulated sample holder. A set of four absorption spectra were collected

sequentially in an Agilent 8453 diode array spectrophotometer. These

included the spectra acquired: 1) after the sample was equilibrated in

the dark at 37�C; 2) 3 s after the sample was bleached 15%–20% by a

520-nm flash; 3) 10 min after addition of 30 mM hydroxylamine to

convert bleached rhodopsin to opsin and retinal oxime; and 4) after com-

plete bleach of the sample. Individual MI and MII spectra were decon-

volved from spectra of their equilibrium mixture; [MI] and [MII] were

determined using extinction coefficients at their absorbance maxima of

44,000 and 38,000 cm�1, respectively (40).
FIGURE 1 Average sn-1 chain order parameters (<Srho�>) in mem-

branes without rhodopsin as a function of cholesterol mole fraction,

measured at 37�C. 14:0d27-14:1 PC (purple circles), 16:0d31-16:1 PC (green

triangles), 18:0d35-18:1 PC (blue triangles), and 20:0d39-20:1 PC (brown di-

amonds). To see this figure in color, go online.
Molecular simulation

The simulation force field was CHARMM C36 (41,42). Starting protein

conformations for MI and MII were built as in (43). Approximately 87

lipids per leaflet (175 total), either cholesterol, 14:0-14:1 PC, 16:0-16:1

PC, or 18:0-18:1 PC, were built using the workflow from CHARMM-

GUI (44). The water layer was z18 Å thick on both sides of the bilayer

(z13,000 water molecules). All simulations were run at 310 K and 1 atm

isotropic pressure, with the box area maintained at zero surface tension.

Particle-mesh Ewald, with an approximately 1 Å grid spacing, was used

to compute long-range electrostatics. Force-based switching of Lennard-

Jones interactions was applied between 10 and 12 Å. The time step was

2 fs. Initial simulations were run in NAMD. Pressure was maintained

with the Langevin piston algorithm, using standard coupling parameters

(a piston oscillation period of 50 ps and decay time of 25 ps). Simulations

with cholesterol were later extended with AMBER to collect cholesterol

enrichment around the proteins more completely. With AMBER, a Monte

Carlo semi-isotropic barostat was used to control pressure. Simulations of

MI in 14:0–14:1 PC þ 15 mol % cholesterol were run for z1.8 ms, while

all other cholesterol/lipid/rhodopsin simulations were run between 2.6 and

2.9 ms. Lipid traces and leaflet hydrophobic surfaces, indicating the curva-

ture and thickness of the lipids around the protein, are plotted as in (45).

The hydrophobic surface is computed by the average height of the

CHARMM C36 C23 atom histogrammed radially. The surface is cut off

at a radius of 10, below which the surface could not be sampled

adequately. For lipid ‘‘traces,’’ the average height and radius of each heavy

atom of the phospholipid was computed, averaging radially outward. That

is, the radius of each atom relative to the center of the mass of the protein

is computed and sorted by radius. For a particular frame, averages of the

height and radius of the first five of such atoms are computed before mov-

ing to the next set of five, yielding shell-by-shell averages of position and

height. The shell-based quantities are further averaged over the entire tra-

jectory. Relative enrichment of cholesterol is computed as in (46). In brief,

a Voronoi diagram is constructed from the positions of individual lipids

and a set of atoms from the protein. The lipid shell is assigned by the num-

ber of ‘‘hops’’ away from the central protein—those lipids directly neigh-

boring the protein by Voronoi analysis are assigned to the first shell.

Enrichment is computed by dividing the fractional occupancy of choles-

terol by the bulk fraction.
RESULTS

Ordering of bilayers of different thickness by
cholesterol

We first monitored how cholesterol orders bilayers of
different thickness without rhodopsin. To do so, we incor-
porated cholesterol at mole fraction up to 30 mol % into
PC membranes with saturated and perdeuterated sn-1
acyl chains and mono-unsaturated sn-2 acyl chains of
14, 16, 18, and 20 methylene segments in length. 2H-
NMR spectra were acquired at 37�C on single oriented
lipid bilayers in the fluid phase supported by porous
AAO substrates as described previously (37). Fig. 1 shows
the average order parameter of the sn-1 chain (<Srho�>;
here rho� indicates a bilayer without rhodopsin) as a func-
tion of cholesterol concentration for each lipid chain
length. Cholesterol raises hydrocarbon chain order regard-
less of chain length. This is in agreement with cholesterol
residing in an upright position among the hydrocarbon
chains beneath the lipid headgroups, manifesting in mem-
brane thickening (47). The slope of <Srho�> as a function
of cholesterol concentration indicates that longer acyl
chains are more susceptible to ordering. This suggests
that the tilt of the cholesterol long axis and/or cholesterol
wobbling motions differ depending on bilayer thickness.
Order increases linearly with cholesterol concentration
in 14:0-14:1 PC, 16:0-16:1 PC. and 18:0-18:1 PC bilayers
but levels off at 15 mol % cholesterol in 20:0-20:1 PC bi-
layers. Effective hydrophobic thicknesses obtained as a
function of cholesterol concentration for each lipid chain
length and calculated as in (36) and references therein
changed continuously from 21.0 Å to 23.5 Å for
14:0d27-14:1 PC, from 24.6 Å to 29.6 Å for 16:0d27-16:1
PC, from 28.3 Å to 33.5 Å for 18:0d27-18:1 PC, and
from 32.3 Å to 37.5 Å (15 mol % cholesterol) for
20:0d39-20:1 PC before plateauing at larger cholesterol
concentration (Table S1).
Biophysical Journal 122, 1–11, March 21, 2023 3
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Deformations of cholesterol-containing bilayers
in the presence of rhodopsin

The same series of phospholipid-cholesterol mixtures
(except for bilayers with more than 15 mol % cholesterol
in 20:0-20:1 PC) was then used to measure changes in order
in the presence of rhodopsin (Fig. 2 A). To do so, we incor-
porated dark-adapted rhodopsin at a rhodopsin/lipid ratio of
1:1000. This ratio was chosen because it minimizes receptor
oligomerization in pure PC membranes (48).

In rhodopsin-containing membranes, a 2H-NMR experi-
ment will report lipid order, averaged over lipids both near
the protein and in the bulk, on a timescale of 10�4–10�5 s
according to Eq. 1:

<Srhoþ > ¼ cf < Sf > þ �
1 � cf

�
< Sb > ; (1)

where <Sf> is the order parameter of free lipids away from
rhodopsin, <Sb> is the order parameter of lipids in the
FIGURE 2 (A) 2H-NMR spectra of 14:0d27-14:1-PC þ 15 mol % choles-

terol bilayers (a) with rhodopsin at a P/L 1:1000 and (B) without rhodopsin

(only the left half of the spectra are shown). The AAO-supported sample of

tubular lipid bilayers was oriented such that the pores are aligned parallel to

the static magnetic field of the NMR instrument, resulting in a preferential

perpendicular orientation of the bilayer normal to the magnetic field. (B)

Difference between average sn-1 chain order parameters, <DSdiff> ¼
<Srhoþ> � <Srho�>, of 14:0d27-14:1 PC (top left, purple), 16:0d31-

16:1 PC (top right, green), 18:0d35-18:1 PC (bottom left, blue), and

20:0d39-20:1 PC (bottom right, brown) as a function of bilayer hydropho-

bic thickness of bilayers with increasing cholesterol concentration. Note

that the y-axis scale for data in 20:0d39-20:1 PC is larger than for data in

shorter bilayers. Experiments were conducted at 37�C. Duplicate prepara-
tions were analyzed to determine the error for the fitted order parameters.

To see this figure in color, go online.
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boundary layer surrounding rhodopsin, and cf is the fraction
of free lipids away from rhodopsin. For simplicity, it was
assumed that the boundary layer consists of lipid molecules
surrounding every rhodopsin molecule as a first layer only,
which is a simplification (49,50).

The difference <DSdiff> between the average acyl chain
order parameters measured in rhodopsin-containing
(<Srhoþ>) and in rhodopsin-free membranes (<Srho�>) de-
pends on the average order parameter in the boundary layer
and on the fraction of boundary lipids (1 � cf) according to
Eq. 2:

<DSdiff > ¼ <Srhoþ > � <Srho� >

¼ �
1 � cf

��
<Sb > � <Sf >

�
: (2)
Without oligomerization or lipid demixing, (1 � cf) is in-
dependent of the lipid composition and <DSdiff> is propor-
tional to the extent of the lipid deformation near the protein.
Chain ordering near rhodopsin results in a positive<DSdiff>
while disordering results in a negative <DSdiff>; if oligo-
merization occurs, the fraction of lipids that interact the pro-
tein (1 � cf) is reduced and <DSdiff> decreases. If lipid
demixing occurs, <Sb> changes drastically and large
<DSdiff> values are expected (see below).

Fig. 2 B shows the influence of increasing bilayer thick-
ness by increasing cholesterol concentration on <DSdiff>.
Rhodopsin increased acyl chain order in membranes thinner
than 27 Å (<DSdiff> is positive) and decreased order in
thicker membranes (<DSdiff> is negative). The switch
from a positive<DSdiff> value to a negative<DSdiff> value
occurred between 15 mol % and 22.5 mol % of cholesterol
in 16:0-16:1 PC membrane (i.e., between bilayer
thickness ¼ 26.9 Å and 28.4 Å, respectively; see Fig. 2 B,
top right). This is in very good agreement with the value
of the average rhodopsin hydrophobic thickness of 27 Å
determined in pure PC lipid bilayers (48). Noticeably, the
magnitude of <DSdiff> is larger in membranes containing
cholesterol than in cholesterol-free membranes. In partic-
ular, large negative<DSdiff> values are observed in bilayers
of hydrophobic thickness of 30 Å and upward (Fig. 2 B, bot-
tom left and right), with values ranging from �0.005 to
�0.1 when averaged over all lipids. This corresponds to a
much larger reduction in thickness than would be expected
from hydrophobic matching when converted to a change in
only the first layer (z25 lipids). For instance, the <DSdiff>
observed in 18:0-18:1 PC and 15 mol % cholesterol
(�0.007) would correspond to a thickness of z18 Å in
the first layer surrounding rhodopsin, much smaller than
the protein thickness. Measurement of ratios between lipids
and rhodopsin validated that the final lipid sample composi-
tion of membranes with and without rhodopsin was identical
within experimental error. Hence, such reductions indicate
lateral separation of cholesterol and lipids, which is by for-
mation of rhodopsin/cholesterol oligomeric clusters.



FIGURE 4 Natural logarithm of the MII/MI ratio as a function of the

mole fraction of cholesterol in 16:1-16:1 PC bilayers (purple symbols). Hy-

drophobic thickness of bilayers composed of lipids with two unsaturated

hydrocarbon chains is slightly lower compared with thickness of mixed

saturated/unsaturated chain bilayers of equal hydrocarbon chain length.

For comparison, data obtained in 16:0-16:1 PC bilayers are also shown

(green triangles). Data are expressed as means5 SD from triplicate exper-

iments measured on the same preparation. Data from two independent prep-

arations were analyzed. To see this figure in color, go online.
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Cholesterol up- or downregulates MII formation
depending on membrane thickness

The influence of changes in bilayer thickness on rhodopsin
function was then followed by measurements of the MI/
MII equilibrium (Keq ¼ MII/MI) by UV-vis spectroscopy.
Assuming a Boltzmann distribution, the logarithm of Keq is
proportional to the difference in free energies between the
photointermediates MII and MI, DDG(MI/MII) f lnKeq.
The experimental results are reported in Fig. 3. Increasing
cholesterol concentration in 14:0-14:1 PC bilayers raised
the MII concentration while adding cholesterol to either
18:0-18:1 or 20:0-20:1 PC membranes shifted the equilib-
rium toward the inactive MI. Of particular interest were the
changes over the physiological relevant thickness range of
26–29 Åwhere the results were more complex and measured
with smaller increments of cholesterol. For 16:0-16:1 PC and
cholesterol concentrations in the membrane from 0 to 18.75
mol %, a rapid decrease of lnKeq was observed. Then, from
18.75 to 30 mol %, lnKeq increased rapidly. The fraction of
MII formed after photoactivation goes from 0.53 in 16:0-
16:1 PC to 0.45 in bilayers containing 18.75 mol % of choles-
terol before rising back to 0.62 at 30 mol % cholesterol, i.e.,
withinz3 Å. For comparison, the fraction of MII formed in
14:0-14:1 PC and 18:0-18:1 PC (i.e., within z8 Å) is 0.48
and 0.62, respectively. Additional experiments were then per-
formed by adding cholesterol to di-unsaturated 16:1-16:1 PC.
Fig. 4 shows that a biphasic behavior is also observed in those
bilayers. The minimum is shifted to slightly higher choles-
terol concentration (22.5 mol %), consistent with unsaturated
hydrocarbon chains being less thick than mixed saturated/un-
FIGURE 3 Natural logarithm of the ratio of concentrations of photointer-

mediates MII and MI, lnKeq ¼ ln[MII]/[MI] as a function of bilayer hydro-

phobic thickness modulated by cholesterol concentration. 14:0-14:1 PC

(purple circles, cholesterol mole fraction 0, 0.075, 0.15, 0.225, and 0.3

from left to right), 16:0-16:1 PC (green triangles, cholesterol mole fraction

0, 0.075, 0.15, 0.225, and 0.3 from left to right), 18:0-18:1 PC (blue trian-

gles, cholesterol mole fraction 0, 0.0375, 0.075, 0.1125, 0.15, 0.1825,

0.225, 0.2625, and 0.3 from left to right), and 20:0-20:1 PC (brown

diamonds, cholesterol mole fraction 0, 0.075, 0.15, and 0.225 from left to

right). Rhodopsin/lipid ratio was 1:1000. Data are expressed as means 5

SD from triplicate experiments measured on the same preparation. Data

from at least two independent preparations were analyzed. To see this figure

in color, go online.
saturated chains of equal hydrocarbon chain length. There-
fore, this suggests that a complex interplay between bilayer
thickness, bilayer stiffness, and rhodopsin conformations
may be responsible for the up- and downregulation of MII
formation.
Molecular simulations indicate cholesterol
depletion near rhodopsin

Fig. 5 reports the depletion of cholesterol near rhodopsin re-
ported from all-atom simulations in five different conditions
(14:0-14:1 PC þ 15 mol % cholesterol, 14:0-14:1 PC þ 30
mol % cholesterol, 16:0-16:1 PC þ 15 mol % cholesterol,
16:0-16:1 PC þ 30 mol % cholesterol, and 18:0-18:1
PC þ 15 mol % cholesterol). Cholesterol in the first shell
is nearly equivalent to bulk for the thinnest bilayer (14:0-
14:1 PC þ 15 mol % cholesterol) and decreases as the
thicker bulk becomes favorable for cholesterol. Generally
cholesterol favors MII, presumably because of its increased
height. As discussed below, the anomalous increase in
cholesterol enrichment of MI relative to MII for bilayers
close to the MI match point is consistent with the anomalous
stabilization of MI observed experimentally.
DISCUSSION

Previous work has shown that rhodopsin packs at lowest
membrane perturbation in pure PC bilayers with a hydro-
phobic thickness of 27 5 1 Å and that mismatch-induced
curvature stress favors the formation of MII in thicker mem-
branes (48). Here, we investigated how addition of choles-
terol affects function in bilayers that are shorter than,
thicker than, or matched to rhodopsin. To do so, we com-
bined functional data obtained by UV-vis spectroscopy
Biophysical Journal 122, 1–11, March 21, 2023 5



FIGURE 5 Relative enrichment of cholesterol in the first shell of

rhodopsin as computed by molecular simulation. Relative enrichment is

the fraction of cholesterol observed in the first shell near the protein divided

by the mole fraction in the whole bilayer. Error bars are one standard error

of the mean computed from at least twelve blocks of 100 nanoseconds. To

see this figure in color, go online.
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with structural data obtained by solid-state 2H-NMR and
computational approaches.
Addition of cholesterol to thin bilayers favors MII

For bilayers much shorter than the average height of
rhodopsin (e.g., 14:0-14:1 PC), addition of cholesterol fa-
vors formation of the active MII state (Fig. 3). This is
consistent with the expectation that cholesterol’s preference
for negatively curved monolayers and its membrane-thick-
ening properties reduce curvature-elastic energy upon MII
formation (12,13) (Fig. 6, B and C). The monotonic increase
of MII with increasing bilayer thickness implies that choles-
terol does not drastically influence the elastic properties of
14:0-14:1 PC bilayers. This is consistent with the smaller
ordering power observed by 2H-NMR (Fig.1) and the
smaller calculated increase in bending elasticity (Table S2).
Addition of cholesterol to thick bilayers favors MI

Increasing the thickness of bilayers beyond rhodopsin (e.g.,
18:0-18:1 PC and 20:0-20:1 PC) by adding cholesterol fa-
vors MI, in opposition to the well-established model for
rhodopsin monomers ((48) and Fig. 6, A and B). Instead,
this is consistent with the induction of rhodopsin oligomer-
ization, as supported by our 2H-NMR data (Fig. 2 B, lower
panels). Rhodopsin clustering in response to the energetic
constraints of a hydrophobic mismatch between lipids and
protein was reported previously. A chain-length dependence
of protein oligomerization was observed experimentally by
Ryba and Marsh (51), Kusumi et al. (52), Botelho et al. (53),
and Soubias et al. (48), and with coarse-grained molecular
dynamics by Periole et al. (54). Our previous study in
pure PC membranes showed that the onset of protein oligo-
merization occurs at a much higher protein concentration,
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but previous work has suggested that cholesterol increases
the penalty for membrane deformation under negative
mismatch, promoting peptide segregation (55). It is there-
fore not entirely surprising that rhodopsin oligomerization
occurs at much lower protein concentration in membranes
containing cholesterol. It is possible that the reduction in
MII formation upon addition of cholesterol in egg-PC model
membranes (which are mostly composed of lipids with acyl
chains of 18 carbons in length) was also due to rhodopsin
clustering. Rates, on the other hand, should solidly depend
on chain ordering (36,56). In bovine disk membranes,
cholesterol is present at 5–30 mol %, depending on the
age of the disk. Competent disks have the lowest cholesterol
concentration. From the results described here, it is possible
that rhodopsin clusters would be present in newly formed
disks before gradually disappearing upon disk maturation.
Complex equilibrium in bilayers nearly matched
to rhodopsin

Variation of the MI-MII equilibrium in 16:0-16:1 PC þ
cholesterol is again inconsistent with the homogeneous
elastic membrane model that predicts a monotonic stabiliza-
tion of MII with increasing bilayer thickness. The sharp
change in the MI population upon addition of cholesterol to
16:0-16:1 PCbilayers suggests amechanismcoupling a rapid
change of bilayer elastic properties to elastic deformations
near MI and MII. MI is sharply favored in bilayers of hydro-
phobic thicknessz27.5 Å, close to the average thickness of
rhodopsin (i.e., the MI match point). When cholesterol is
further increased, the stability of MII increases rapidly.

Increasing stiffness over a range of thickness spanning the
match points of both MI and MII (i.e., when bilayer deforma-
tions are minimal near MI or MII) could lead to sharply
nonlinear variation of the equilibrium. Near the match point
of MI, when the deformation of MII is greater, stiffening
destabilizes MII. Increasing thickness and mechanical stiff-
ness of the bilayer rapidly leads to the relative stabilization
ofMII as the thickness ofMI is surpassed by thematrix. A cor-
ollary is that the concentration of cholesterol nearhydrophobic
match points will reflect the energetics of the deformation:
Depletion of cholesterol in a deformed bilayer lowers the
cost of the deformation. From the logic of Fig. 6, near the
match point of MI, cholesterol will be anomalously enriched
near MI relative to MII. As thickness increases, the reverse
will hold and cholesterol will be depleted from MI. That is,
cholesterol enrichment is mirroring the stability ofMI orMII.

While simulations cannot yet quantitatively sample the
equilibrium between MI and MII, for which the timescale
of interchange is not practical to sample, they can indicate
the membrane deformation around the two structures.
Fig. S1 shows the hydrophobic surface around MI and
MII for the 14:0-14:1 PC lipid matrix, including lipid
traces indicating the orientation of nearby lipids. The
simulations hint at the increased averaged thickness of



FIGURE 6 Coupling between bilayer hydropho-

bic thickness and rhodopsin thickness and function

in membranes with and without cholesterol. (A)

Left: cartoon depicting the quadratic nature of the

elastic energy of bilayer deformation due to hydro-

phobic mismatch only around MI (DGMI) or MII

(DGMII) as a function of the bilayer thickness in

bilayer not containing cholesterol. Mechanical prop-

erties of the bilayer and curvature were not included.

A thickness of 27 Å (28 Å) was used for MI (MII).

Right: without change in mechanical properties of

the bilayer (soft bilayers), the free energy difference

between MI and MII (DDG(MI/MII)) increases

monotonically with bilayer thickness. (B) Coupling

between rhodopsin function and hydrophobic

mismatch in bilayers without cholesterol. Without

cholesterol and at low rhodopsin/lipid ratio, rho-

dopsin is monomeric. MII formation relieves a frac-

tion of the elastic energy stored in the membrane

with increasing bilayer thickness. MII concentration

increases linearly with increasing bilayer thickness.

The arrows represent which direction the equilib-

rium favors. Hb is the bilayer thickness away from

rhodopsin and Hrho the bilayer thickness of the pro-

tein. (C) Coupling between rhodopsin function and

hydrophobic mismatch in bilayers with cholesterol.

Cholesterol thickens thin bilayers and reduces cur-

vature-elastic energy upon MII formation. When

bilayers are thicker than rhodopsin, addition of

cholesterol increases the mismatch while raising

the elastic stress, promoting rhodopsin oligomeriza-

tion. Increasing stiffness over a range of thickness

spanning the match points of both MI and MII leads

to the strong stabilization of MI near the MI match

point, or MII near the MII match point. Increased

stiffness of bilayer containing cholesterol is re-

presented by increasingly thicker bilayer trace.

Increasing cholesterol concentration is represented

by lower transparency of the protein. To see this

figure in color, go online.
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MII, although the surface has been averaged around the
asymmetric protein. In simulation, the first shell fraction
of cholesterol can be quantitatively sampled given the mul-
tiple-microsecond trajectories computed here. Roughly mir-
roring the experiments by scanning over lipid matrix
thickness, simulations indicate that cholesterol is depleting
from the first shell of both MI and MII as the thicker bulk
becomes more favorable for cholesterol (Fig. 5). Preceding
16:0-16:1 PC þ 30 mol % cholesterol, the variation is
roughly linear, consistent with a linear increase in the stabil-
ity of MII. Near 16:0-16:1 PC þ 30 mol % cholesterol, the
enrichment near the shorter MI unexpectedly edges toward
MII before dropping off precipitously at 18:0-18:1 PC þ 15
mol % cholesterol. The increased enrichment of cholesterol
around MI near the match point is consistent with choles-
terol’s stiffening effect on material properties—when the
deformation becomes small, there is little penalty to choles-
terol enrichment. While the shift in cholesterol enrichment
appears small (expecting perhaps 20% cholesterol in the
first shell for MI instead of 22%), the shift reflects an ener-
getic change balancing the entropy:

Fentropy ¼ NfirstkT
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cfirst ln
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�
� �
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For example, with a 30 mol % cholesterol matrix and 40
first shell lipids, the difference in entropic free energy be-
tween 22% and 20% first shell cholesterol is �0.4 kT,
roughly consistent with the experimental anomaly at the
match point. The implication of the simulation is thus that
the deformation energy of the first shell lipids near MII is
increased relative to MI, near the MI match point. While
the simulation condition of maximum enrichment of choles-
terol near MI does not precisely match the sharply defined
experimentally determined composition favoring MI (at
18.75 mol % cholesterol), the conditions are not precisely
equivalent (e.g., the simulation protein/lipid ratio is approx-
imately five times higher), the precise location of the simu-
lation-modeled matching point may be between the
simulated values of 15 and 30 mol % cholesterol and the
observation is likely sensitive to variations in the elastic
properties set by the model force field.

Simulations of binary cholesterol/lipid mixtures without
protein indicate qualitatively that the matrix is becoming
increasingly stiff but that the dynamic redistribution of
cholesterol enhances fluctuations, making the bilayer appear
softer. The universal stiffening effect of cholesterol is
currently controversial, with equilibrium techniques (such
as x-ray diffraction) showing no apparent stiffening of
18:1-18:1 PC (19), while short-wavelength, kinetically
determined techniques indicating stiffening (21). We take
the view that to completely consider the free energy of the
deformation, it is the bending moduli with cholesterol
‘‘frozen’’ (e.g., not considering the undulations induced by
its curvature-coupled diffusion (57,58)) that must be consid-
ered. This is discussed further in the supporting material.
Bending moduli are challenging to quantify, and various
methods have been proposed. Applying our methodology,
in which the neutral surface, spontaneous curvature differ-
ences between lipids, and the bending modulus are simulta-
neously quantified (59), we find that the bending modulus
increases by approximately a factor of two with the addition
of 30 mol % cholesterol once the effect of the dynamic redis-
tribution of cholesterol is adjusted for. Relative increases in
the bending modulus are reported in the supporting material.
It is not wholly necessary to rely on our interpretation of the
bending modulus, which may be controversial. X-ray
diffraction indicates, for example, that 18:0-18:1 PC is stiff-
ened by cholesterol over the range considered here (19).

Experimental data and simulations show that changes in
bulk membrane properties induced by cholesterol potentiate
the effect of elastic deformations near the protein to explain
the feature of the MI-MII equilibrium. Since the activation
pathway of class A GPCR is conserved, it is attractive to
extrapolate that the energetic coupling between bilayer and
protein thickness could be a strong determinant of the ener-
getic landscape for other members of the family. Neverthe-
less, many crystal and cryo-EM structures of GPCRs show
specific sites for cholesterol or cholesterol derivative interac-
tion, summarized in (60) and references therein. Those obser-
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vations have prompted the possibility that specific
interactions between cholesterol and hotspots on a GPCR
could stabilize a particular conformation, as shown for the se-
rotonin 1A receptor (61,62). The systematic functional
studies obtained in lipid bilayers as a function of cholesterol
concentration presented here do not support bound choles-
terol as a dominant mechanism controlling rhodopsin MI-
MII equilibrium. Rather, the monotonic dependence of ef-
fects and the strong correlation between hydrophobic
mismatch and function point to the dominant contribution
of elastic deformations near the protein in controlling
rhodopsin function. The window for optimal membrane
thickness for MII formation is 28–29 Å. Optimal hydropho-
bic matching remains a crucial determinant for membrane
protein function as shown recently for the rhomboid protease
GlpG function (63). This makes protein hydrophobic thick-
ness and its measurement critical parameters for interpreting
the influence of cholesterol on membrane protein function.

A word of caution needs to be added regarding rhodopsin
molecules in reconstituted proteoliposomes. Contrary to
rhodopsin in cell membranes, orientation in reconstituted bi-
layers is likely to be random. It is therefore possible that a
random orientation of rhodopsin molecules affects the pro-
pensity of rhodopsin to oligomerize. Interpreting mechanical
properties of the first lipid solvation shell near proteins is not
nearly as well established as a model of pure bilayer elastic-
ity. Furthermore, molecular simulations clearly suggested
that the length of hydrophobic segments on rhodopsin is het-
erogeneous about the circumference of the molecule (54).
This has consequences for the energetics of lipid-protein in-
teractions that may not be captured in our simulations.
CONCLUSIONS

Here, we show that membrane cholesterol affects rhodopsin
function differently depending on the degree of hydrophobic
mismatch. Cholesterol promotes rhodopsin oligomerization
in thick membranes and increases formation of the active
MII state in thin membranes, apparently with material prop-
erties of cholesterol-containing bilayers being a dominant
energetic contribution. In membranes of physiological
thickness, where bilayer and protein thickness are ‘‘mat-
ched,’’ we show that a small, local variation in cholesterol
concentration can result in large swings of rhodopsin func-
tion. We identify elastic deformations near the protein as the
main determinant of the energetic landscape of rhodopsin.
We envision that systematic studies merging functional
and structural data will further our understanding of the
role of the lipid bilayer in fine-tuning the function of
GPCRs and other membrane proteins.
SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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