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The effect of cholesterol on rod outer segment disk
membrane structure and rhodopsin activation was in-
vestigated. Disk membranes with varying cholesterol
concentrations were prepared using methyl-p-cyclodex-
trin as a cholesterol donor or acceptor. Cholesterol ex-
change followed a simple equilibrium partitioning
madel with a partition coefficient of 5.2 = 0.8 in favor of
the disk membrane. Reduced cholesterol in disk mem-
branes resulted in a higher proportion of photolyzed
rhodopsin being converted to the G protein-activating
metarhodopsin II (MII) conformation, whereas enrich-
ment of cholesterol reduced the extent of MII formation.
Time-resolved fluorescence anisotropy measurements
using 1,6-diphenyl-1,3,5-hexatriene showed that increas-
ing cholesterol reduced membrane acyl chain packing
free volume as characterized by the parameter f,. The
level of MII formed showed a positive linear correlation
with £, over the range of 4 to 38 mol % cholesterol. In
addition, the thermal stability of rhodopsin increased
with mol £ of cholesterol in disk membranes. No evi-
dence was observed for the direct interaction of choles-
terol with rhodopsin in either its agonist- or antagonist-
bound form. These results indicate that cholesterol
mediates the function of the G protein-coupled receptor,
rhodopsin, by influencing membrane lipid properties,
i.e. reducing acyl chain packing free volume, rather
than interacting specifically with rhodopsin.

Cholesterol modulates the function of a variety of membrane
proteins including receptors and channels (1-6); this effect can
be either inhibitory (1, 3) or stimulatory (2, 5). Currently, two
mechanisms are generally discussed regarding the effect of
cholesterc]l on membrane protein function. These are either a
specific cholesterol-membrane protein interaction {(3-5) or a
cholesterol-induced alteration of lipid acyl chain interactions
inducing domain or “raft” formation or otherwise affecting bi-
layer physical properties (3, 4, 7, 8). Discrimination between
these two mechanisms requires concomitant characterization
of the influence of cholesterol on membrane bilayer structural
properties and protein function.

In this study, the visual system, a prototypical G protein-
coupled receptor system, is studied to determine the effect of
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varied cholesterol content in the native ROS? disk membrane
on receptor activation. In visual transduction, rhodopsin serves
as the receptor, and light activates rhodopsin by converting its
covalently bound antngonist, 11-cis retinal, to its agonist, all-
trans retinal (8). Within milliseconds of light absorption, MI1,
the photointermediate that binds and activates the visual G
protein transducin, is formed and exists in a metastable equi-
librium with its inactive precurser, MI. Previous studies in
reconstituted systems clearly demonstrate that the formation
of MII is strongly dependent on the physical properties of
bilayer lipids (7, 8, 10).

One unique feature of ROS disk membranes is that the’
cholesterol concentration exists as a gradient running along
the long axis of the rod cell (11). The basal disks, which are
newly formed, contain 30 mol % cholesterol, whereas the apical
disks contain only 5 mol % cholesterol {11). The physiological
role of the cholesterol gradient is unclear, although it may be
important to visual signal transduction because higher choles-
terol is linked to reduced phosphodiesterase activity down-
stream in the visual cascade (12). The disk membrane is also
unusual in that approximately 50% of the phospholipid acyl
chains are derived from docosahexanoic acid (DHA), making
the disk one of the most polyunsaturated membranes in the
human body (13, 14). The major lipid classes in the disk mem-
brane are phosphatidylcholine (PC), phosphatidylenthano-
lamine, and phosphatidylserine at 40, 41, and 12.5 mol %,
respectively (13, 14). The disk also contains low levels of phos-
phatidylinositol, phosphatidic acid, and diacylglycerol and in-
significant amounts of sphingomyelin. The major protein in
disk membranes is rhodopsin, which accounts for >90% of the
total membrane protein (15, 16). Rhodopsin is the best charac-
terized G protein-coupled receptor in terms of structure and
funetion (17, 18), which makes the disk membrane an ideal
system for investigating the mechanism whereby cholesterol
modulates receptor function.

In this study, disk membranes varying in cholesterol concen-
tration were prepared using methyl-g-cyclodextrin (MBCD) as
a cholesterol donor or acceptor. The influence of cholesterol on
rhodopsin activation was characterized by examining the con-
formational equilibrium between MI and MII. The effect of
cholesterol on membrane acyl chain packing was characterized
using the time-resolved decay of the fluorescence anisotropy of
DPH (18, 20). Examining the cholesterol dependence of the
absorption spectrum of the dark-adapted and light-activated

! The abbreviations used are: ROS, rod outer segment; DHA, docosa-
hexanoic acid; DPH, 1,6-diphenyl-1,3,6-hexatriene; DSC, differential
scanning calorimetry; £,, phospholipid acyl chain packing free volume;
MBCD, methyl-g-cyclodextrin; MI, metarhodopsin I; MII, metarhodop-
sin I; K_,, MI-MII equilibrium constant; PC, phosphatidylcholine; TBS,
Tris-buffered saline; PIPES, 1,4-piperazinediethanesulfonic acid.
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states of rhodopsin allowed an assessment of any cholesterol-
induced structural perturbation in the intrahelical binding
pocket of the retinal chromophore. Perturbation of the overall
structural stability of rhodopsin by cholesterol was assessed
using DSC to measure the thermal denaturation of rhedopsin.
Our results demonstrate that cholesterol inhibits rhedopsin
activation by reducing the equilibrivm concentration of MII in
the absence of direct interaction with rhodopsin; however, this
effect is linked directly to cholesterol-induced reductions in
membrane acyl chain packing free volume. These results indi-
cate that cholesterol modulates rhodopsin activation by influ-
encing membrane phospholipid acyl chain packing rather than
via direct interaction with rhodopsin.

EXPERIMENTAL PROCEDURES

Sample Preparation—Cholesterol and MBCD were purchased from
Sigma. Chelesterol-MBCD complex was prepared by premixing choles-
tercl and MBCD as solids (weight ratio of 1:20) followed by solubiliza-
tion in degassed TBS buffer consisting of 10 mM Tris, 60 mM NaCl, 30
mm KCI, 50 pn dicthylenctrinmine pentaacetic acid, pH 7.5. The solu-
tion was sealed in argon and shaken at room temperature overnight.
The final solution was filtered through a 0.45-um filter and assayed for
final cholesterol concentration (21). Cholesterol CII assay kit was from
WAKO (Richmond, VA). BCA protein assay kit and Coomassie Plus
protein assay kit were from Pierce. ROS were isolated from frozen
bovine retinas (James and Wanda Lawson, Lincoln, NE) as described by
Miller et al. (22). Intact disk membranes were prepared using the Ficoll
floatation method (15). Unless otherwise stated, all disk manipulations
and measurements were conducted under argon in the dark with the
aid of night vision pgogples.

Membrane Cholesterol Manipulation Using MBCD—Cholesterol-de-
pleted disk membranes were prepared by incubating disk membranes
with various concentrations of MBCD (0—-40 mn} in TBS buffer, pH 7.5,
Samples were incubated at room temperature in the dark for 2hon a
shaker. Measurements of disk cholesterol content at several time points
indicated that 2 h was a suificient incubation time to reach equilibrium
for cholesterol exchange between disk membranes and MBCD (data not
shown). The MBCD-treated disk membranes were then separated from
MBCD by centrifugation followed by two additional washes in TBS
buffer. The membrane pellet and MBCD-containing supernatant were
assayed for cholesterol (21), phospholipids (23), and rhodopsin (24, 25),
and the mole percentage of cholesterol to total phospholipids in disk
membranes was determined. Cholesterol-enriched disk membranes
were prepared similarly, exeept that disk membranes were incubated
with cholesterol-loaded MBCD (0-1.2 mM cholesterol in 10 mm MBCD).
The mole percentage of cholesterel in samples prepared in this study
were used as follows: 4, 12, 16, and 38 mol %, where the 15 mal %
cholesterol sample wae the native disk membrane without MBCD
treatment.

MI-MIl Equilibrium Measurements—Disk membranes were ex-
truded through 0.2-pm membranes using a LipssoFast extruder (Aves-
tin, Ottawa, Canada) to reduce light scattering. The final sample was
suspended at 0.3 mg/ml in pH 7.5 TBS buffer for UV.visible absorption
measurements. Briefly, 110-u] samples were cquilibrated in a quartz
cuvette for 5 min at 37 °C in the dark. Four spectra of each sample were
recorded at the foilowing time points: 1) after temperature equilibration
in the dark; 2) 3 s afier the sample was partially bleached (20-30%) by
a flash lamp equipped with a 520-nm broad bandpass filter; 3) after
incubation with 30 mm hydroxylamine for 10 min; 4) after the sample
was fully bleached. The first absorption spectrum is of dark-adapted
rhodopsin, Within milliseconds, photoexcited rhodopsin exists in a me-
tastable equilibrium between MI and MIIL The equilibrium spectra of
MI and MII and associated K, were determined by taking appropriate
difference spectra as previously deseribed (26).

Fluorescence Measurements—Samples for fluorescence measure-
ments were made immediately prior to use by diluting a concentrated
disk solution to 100 uMm phospholipid and adding 0.3 ul of DPH in
tetrahydrofuran to yield a final phospholipid/DPH ratio of 300:1. Argon
was strenmed into the cuvette during this entire process, and the added
tetrahydrofuran was allowed io evaporate by continuing the argen
stream for several minutes following addition of DPH. All samples were
incubated at 40 °C in darkness for 1 h before being brought to 37 °C for
measurement. Total optical density (scatter plus absorption) at the
wavelength of fluorescence excitation was less than 0.1. Fluorescence
lifetime and differential polarization measurements were performed
with a K2 multifrequency cross-correlation phase fluorimeter (ISS,
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Urbana, IL). Excitation at 351 nm was provided by an Innova 307 argon
ion laser {Coherent Radiation, Palo Alto, CA). Lifetime and differential
polarization data were ncquired at 15 modulation frequencies, logarith-
mically spaced from 5 to 200 MHz using decay acquisition software from
1SS as previously described (20). Both total intensity decay and differ-
ential polarization measurements were repeated with each cholesterol
composition a minimum of three times,

Total fluoreseence intensity decays were modeled as the sum of two
discrete exponential decays. To compare the effects of cholesterol con-
tent on the average fluorescence lifetime, the intensity-weighted aver-
age fluorescence lifetime <> was caleulated. Measured polarization-
dependent differentinl phases and modulation ratios for each sample
were combined with the measured total intensity decay to yield the
anisotropy decay, #{t). An empirical description of all anisotropy decays
was obtained via analysis in terms of a simple sum of exponentials of
the form shown in Equation 1,

Ft)=(r,=rXBiexp{—tidy }+ Bexp(—t/dy)) +r

where r, is the fluorescence anisotropy at t = 0, r. is the non-
decaying anisotropy remaining at the longest time measured in the
experiment, ¢, is the rotational correlation time, and B, is the func-
tional contribution of each exponential term.

The empirical sum of exponentials model provides information about
flucrophore rotational correlation times and the extent to which the
fluorescence anisotropy can decay to zero. However, it provides mo
information regarding the range of equilibrium angular orientations to
which DPH is restricted by the surrounding matrix of phosphotipid acyl
chains. Therefore all data were also analyzed using the Brownian
rotational diffusion model as previously described (20). It is useful to
calculate a single parameter that corresponds to the extent to which the
equilibrium orientational freedom of DPH is restricted by the phospho-
lipid acyl chains. Such a parameter is f,, which is directly proportional
to the extent to which DPH is randomly oriented in the membrane (19,
27), All analyses of differential polarization data were performed with
NONLIN (10, 28), and subroutines specifying the fitting function were
written by the authors.

DSC Measurements—DSC measurements were performed in a Nano-
scan II calorimeter (Calorimetry Sciences, Provo, UT). Disk membranes
at a concentration of 1.0 mg/ml rhodopsin in pH 7.0 PIPES basic salt
(PIBS) buffer containing 10 mm PIPES, 60 my KCl, 30 my NaCl, and 50
uM diethylenctriamine pentaacetic acid were degassed and loaded into
sample cells in complete darkness, The cell was sealed under a strecam
of argon and pressurized to 2.8 atm. Afier temperature equilibration
was reached, samples were scanned at 0.5 °C/min, and the data were
anelyzed using Cp-Cal 2.1 provided by Calerimetry Sciences.

(Eq. 1)

RESULTS

Manipulation of the Disk Membrane Cholesterol Content by
MBCD—The native ROS disk membrane preparation con-
tained 15 mol % cholesterol. Incubation of disk membranes
with increasing amounts of MBCD resuited in a successive
depletion of cholesterol from disk membranes (Fig. 14). In the
presence of 10 mmM MBCD mixed with 1 mm disk membrane
phospholipids, 65% of cholestercl was removed from disk mem-
branes. Higher concentration of MBCD resulted in a further
depletion of cholestero! from disk membranes. Control experi-
ments were conducted to evaluate the potential risks for co-
removal of phospholipids and rhodopsin from disk membranes
by MBCD. No rhodopsin was extracted from disk membranes
in the presence of MBCD up to 40 mu, indicating that MBCD
has no affinity for rhodopsin relative to disk membranes. How-
ever, a small fraction of phospholipids was extracted from disk
membranes at lower MBCD concentrations (Table I). The
amount of phospholipids extracted became significant at con-
centrations of MBCD above 15 mm. We used 10 mm MBCD in
all cholesterol depletion preparations to maximize the removal
of cholesterol while minimizing the extraction of phospholipids.

Analysis of the data in Fig. 1A (according to a simple equi-
librium partitioning model} resulted in a partition coefficient of
5.2 * 0.8, indicating that under conditions of equal amounts of
disk membrane and MBCD, cholesterol partitions 5.2-fold
higher into disk membranes than into MBCD. The equilibrium
partition model was tested by enriching the amount of choles-
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Fic. 1. Manipulation of disk cholesterol levels. A, disk choles-
terol depletion by MBCD. Cholesteral in MBCD-treated disks, normal-
ized to that in control disks without MBCD treatment, is plotted againat
the molar ratio of MBCD to total phosphalipids, IMBCD)/[P), in the
disk membranes. Data shown are from two sets of experiments with 1.0
mM (1) and 1.6 mM {2) disk membrane phospholipids. The solid curve
was fitted according to equilibrium partitioning of cholesterol between
MBCD and disk membranes. B, cholesterol enrichment in 1.0 mm disk
membrane phospholipids by cholesterol-MBCD complex. &, experimen-
tally determined cholesterol concentration in disk membranes; A, cal-
culated cholesterol concentration in disk membranes according to the
equilibrium partition model using a partition coefficient derived from
the data in A.

TaBLE I
Amount of phospholipide extracted from disk membranes by MBCD

phospholipids extracted from disk

IMBCD) membranes by MBCD
mM L
0 0.0(=02)
5 08(=x0.1)
10 14(=0.1)
15 1.8(x0.1)
20 43(=03)
25 80(x07)
%0 8.6 (= 0.5)

“ The number in parentheses is = S.D.

terol in disk membranes by incubating them with 10 mm
MBCD preloaded with various amounts of cholesterol. The
agreement between observed levels of cholesterol enrichment
and the levels calculated from the equilibrium partition model
as shown in Fig. 1B confirm that an equilibrium-partition
model is followed for cholesterol exchange between MBCD and
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Fic. 2. Effect of cholesterol on the MI-MII equilibrium con-
stant (K_ ). Equilibrium spectra were acquired in disk membrones
containing 4, 12, 15, and 38 mol % cholesterol in pH 7.5 TBS buffer at
37 *C. Sample containing 156 mol % cholesterol was the control disks
without MBCD treatment, whereas other samples were prepared using
MBCD as cholesterol donor or acceptor. K, was calculated from decon-
volved MI-MII equilibrium spectra as described under “Experimental
Procedures.”

disk membranes. Using the combination of MBCD and choles-
terol-MBCD complex, we were able to manipulate the choles-'
terol concentration in disk membranes in a wide range.

Cholesterol Inhibits Rhodopsin Activation—The effect of
membrane cholesterol on rhodopsin activation was investi-
gated in disk membranes by varying the membrane cholesterol
concentration. Overall, an inverse correlation between mem-
brane cholesterol content and K, for the MI-MII equilibrium
was observed at 37 °C, as shown in Fig. 2. In control disk
membranes the cholesterol concentration was 15 mol %, and
K,, was 0.81 + 0.08. In cholesterol-depleted disk membranes,
which have a cholesterol level of 4 mol %, similar to the 5 mol
% found in disks in the apical portion of the ROS, K, was
1.00 % 0.10. In disk membranes containing 31 mol % choles-
terol, which correspond to cholesterol levels of the basal disks
in the ROS, K., was reduced to 0.73 = 0.11. At physiological
temperature, the cholesterol gradient in ROS, which spans
from 5 to 30 mol %, corresponds to a shift in Gibbs free energy
(AG) associated with MI-MII equilibrium toward a more posi-
tive value by 189 cal/mol, resulting in the formation of approx-
imately 17% less MII.

Cholesterol Reduces Membrane Free Volume (f, )—Variation
in cholesterol content of disk membranes resulted in substan-
tial changes in the motional and orientational praperties of the
hydrophobic fluorescence probe DPH as well as the DPH fluo-
reseence lifetime. The intensity-weighted average fluorescence
lifetime of DPH varied directly with membrane cholesterol
content and ranged from <7> of 7.7 £ 0.1 ns for 4 mol %
cholesterol to <7 of 9.8 + 0.1 ns for 38 mol % cholesterol at
37 °C (Fig. 3A). The magnitude of the increase in DPH fluores-
cence lifetime with increased cholesterol is very similar to what
is observed in pure lipid bilayers (20), and it reflects cholester-
ol-induced reduction in water penetration. Alteration in the
rate of DPH motion with changes in membrane cholesterol
content is indicated by changes in D, , the diffusion constant for
DPH rotation about its long axis (obtained from the Brownian
rotational diffusion model). Depletion of cholesterol increased
D,, indicating more rapid rotational motion of DPH, whereas
cholestercl enrichment reduced D, as shown in Fig. 3B. A
series of studies demonstrate that the overall orientational
order of DPH in a phespholipid bilayer is well summarized by
the parameter f,, a measure of phospholipid acyl chain packing
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FIG. 3. Summary of the effects of cholestercl concentration in
the disk membrane on DPH fluorescent lifetime and anisotropy
decay. A, intensity-weighted average fluorescence lifetime, <>, B, the
diffusion coefficient for DPH rotation about its long axis. C, phospho-
lipid acyl chain packing free volume parameter, £,. Thiz parameter is
calculated from the DPH orientational distribution function that re-
sults from analysis of anisotropy decay data in terms of the Brownian
rotational diffusion model (20). Samples contained the same cholesterol
levels as described in the legend to Fig, 2. Open bars at 16 mol %
cholesterol represent the control disk sample, which received no MBCD
treatment.

free volume (19, 20). The untreated disk membranes had a
cholesterol content of 15 mol %. At 37 °C upon reduction of
membrane cholesterol to 4 mol %, f, inereased by 45%, whereas
enrichment of eholesterol to 38 mol % reduced £, by 30% as
shown in Fig. 3C. Intermediate cholesterol contents had varied
f, values within this range. Previous studies show that this
reduction in £, corresponds to a significant decrease in acyl
chain packing free volume comparable with the change in acyl
chain packing induced by a reduction in temperature of 10 °C.

Direct Rhodopsin-Cholesterol Interaction?—The absorption
spectrum of the retinal chromophore in rhodopsin is deter-
mined by its interactions with the amino acid side chains of
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Fi. 4. Effect of cholesterol on rhodopsin absorption spec.
trum. UV.visible absorption spectra of dark-ndapted rhodopsin (A) and
light-activated rhodopsin (B) from cholesterol-depleted disks containing
5 mol % cholesterol (solid curves), control disks containing 15 mol %
cholesterol (dotted curves), and cholesterol-enriched disks containing 47
mol % cholesterol (dashed curves). All spectra were acquired in TBS, pH
7.5, at 20 °C. Absorption pesks for dark-adapted rhodepsin, MI, and
MII are marked with dashed lines for comparison,

opsin and is therefore sensitive to protein conformational
changes in the intrabelical retinal-binding site (29, 30).
Changes in any rhodopsin absorption spectrum in disks with
variation in cholesterol content would reveal the structural
perturbation in the intrahelical domain of rhodopsin induced
by cholesterol. Depletion or enrichment of cholesterol in disk
membranes had no effect on the ahsorption spectrum of dark-
adapted rhodopsin, which has an absorption maximum at 488
nm (Fig. 4A). The absorption spectrum of photoactivated rho-
dopsin is established within tens of milliseconds and consists of
two absorbing species, MI (490 nm) and MII (388 nm), which
exist in a metastable equilibrium. The absorption peaks of both
MI and MII were unchanged by cholesterol depletion or enrich-
ment in disk membranes {Fig. 4B). However, relative intensi-
ties of the MI and MII absorption bands were shifted by cho-
lesterol manipulation, reflecting the modulation of K, by
cholesterol. Because cholesterol enrichment or depletion in-
duced no shift in the absorption peak position of either dark-
adapted or light-activated rhodopsin, specific interaction be-
tween cholesterol and rhodopsin could be ruled out.

Effect of Cholesterol on Rhodopsin Thermal Stability—The
thermal unfolding of rhodopsin in ROS disk membranes was
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716, 5. Effect of membrane cholesierol concentration on the
thermal denaturation of rhodopsin. Samples contained 1.0 mg/ml
rhodopsin in pH 7.0 PIBS buffer and were scanned at 0.5 *C/min.

examined via DSC. Overall, increased cholesterol levels in disk
membranes resulted in a higher transition temperature for the
thermal denaturation of rhodopsin. In control disk membranes
that had not been exposed to MBCD rhodopsin underwent
thermal unfolding at 74.2 + 0.05 °C, in close agreement with
previous investigations (31). Addition of cholesterol to 38 mol %
raised the thermal unfolding temperature of rhodopsin to
74.8 °C, and depletion of cholesterol to 4 mol % lowered the
thermal unfolding temperature to 73.7 °C as shown in Fig. 5.

DISCUSSION

Membrane Cholesterol Manipulation Using MBCD—Our re-
sults demonstrate that disk membranes can be depleted or
enriched with cholesterocl using MBCD as a cholesterol donor or
acceptor. This method has advantages of shorter preparation
time, wider ranges of cholesterol concentrations achieved in
disk membranes, and more quantitative data when compared
with the previous method of manipulating the cholesterol con-
tent of disk membranes using phospholipid vesicles (32). Cho-
lesterol exchange between disk membranes and MBCD was
found to follow an equilibrium-partition model with a partition
coefficient of 5.2 in favor of the disk membrane. The same
model may also apply to other cellular membranes in which
MBCD is used to manipulate membrane cholesterol. However,
MBCD should be used with caution because it was found to
bind phospholipids as well, especially at concentrations of
MBECD greater than 15 mM (Table I). If significant amounts of
phospholipid are extracted from membranes by MBCD, mem-
brane structure may be disturbed unintentionally, Thus, ef-
fects caused by a loss of phospholipid may inadvertently be
attributed to changes in cholesterol concentration. A general
guideline for preparation of cholesterol-depleted membranes is
to use a high molar ratio of MBCD/membrane phespholipid (up
to 10:1) to maximize the transfer of cholesterol from mem-
branes to MBCD. For preparation of cholestercl-enriched mem-
branes a low ratio of MBCD/membrane phospholipid and a
high donor cholesterol concentration should be used to maxi-
mize transfer of cholesterol from MBCD to membranes.

Cholesterol Inhibits Rhodopsin Activation—Elevated choles-
terol levels in disk membranes correlated with lower values of
K., for the MI-MIil equilibrium, which is consistent with stud-
ies in reconstituted rhodopsin-containing model membranes
(33). The highest K,,, values were observed in disk membranes
containing the lowest amount of cholesterol (4 mol %), which
infers a physiological consequence of the cholesterol gradient

20143

along the stack of disks in ROS (11). The basal disks contain
the highest amount of cholesterol (30 mol %), which should
have lower K., values. These disks are gradually depleted of
cholesterol as they move to the top of the stack. The apical
disks contain only 5 mol % cholesterol so that increased rho-
dopsin activation is achieved. Because visual signaling is trans-
ferred from rhodopsin teo phosphadiesterase via coupling to
transducin, the cholesterol effect on rhodopsin activation would
likely be propagated along the signaling cascade. Thias is con-
sistent with a study by Boesze-Battaglia and Albert (12) in
which a lower phosphodiesterase activity was observed in disks
with higher cholesterol levels.

Mechanism of Receptor Inhibition by Cholesterol—Choles-
terol alters the function of a variety of receptors and channels
(1-5). The current mechanistic views on cholesterol-induced
effects on membrane protein function fall into the following two
categories; 1) modulation by specific cholesterol-protein inter-
action and 2) modulation via cholesterol-induced changes in
phospholipid acyl chain packing. To date most studies have
focused on changes in protein function upon cholesterol re-
movat and/or enrichment (1-6). Perturbations of protein struc-
ture or membrane physical properties by cholesterol have been
largely unexamined in native membranes under physiological
conditions. A remaining challenge for those systems reported to
involve specific interactions with cholesterol is to characterize
the nature of such interaction sites.

In this study the variation in acyl chain packing in native
disk membranes induced by cholesterol was examined using
the time-resolved decay of fluorescence anisotropy of DPH.
Cholesterol depletion or enrichment resulted in substantial
changes in the motional and orientational properties of DPH,
suggesting large structural perturbations in disk membrane
phospholipids by cholesterol, Membrane f, was reduced by
cholesterol enrichment, which is consistent with previous stud-
ies in model membranes, demonstrating that cholesterol
induces increased order in phospholipid acyl chain packing (20,
34).

The retinal chremophore of rhodopsin acts as an excellent
reporter of several important conformation changes that occur
during formation of the active MII state that binds transducin,
the visual G protein. During the activation process, rhedopsin
proceeds through a series of photointermediates with distinct
conformations, and changes in chromophore conformation and
protein-induced electrostatic environment result in distinct ab-
sorption spectra for each intermediate (29, 30). In this study
the effects of membrane cholesterol on the absorption spectra of
three important conformational states of rhodopsin were exam-
ined. Dark-adapted rhodopsin is equivalent to an antagonist-
bound state, whereas MI is an agonist-bound inactive confor-
mation, and MII is the agonist-bound active conformation that
participates in visual signal transduction. The absorption spec-
tra of these three conformational states was unaffected by
cholesterol over the entire range of membrane cholesterol con-
centrations examined as shown in Fig. 4. The lack of variation
in the absorption maxima of agonist- or antagonist-bound rho-
dopsin indicates that no protein conformational changes in the
intrahelical retinal-binding domain are induced by cholesterol.
Accordingly, specific cholesterol-rhodopsin interactions are un-
likely to be involved in the inhibition of rhodopsin conformation
changes by cholesterol.

Another line of evidence relative to rhodopsin-cholesterol
interactions comes from studies of the effects of membrane
cholesterol on acyl chain packing free volume as quantified by
f, and formation of the active MII conformation as quantified
by K., These quantities are linearly related over the entire
range of cholesterol concentrations examined, which was from

.
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Fic. 6. Correlation of the MI-MII equilibrium constant, K_,,
and the phospholipid acyl chain packing free volume parame-
ter, [, from samples varying in cholesterol concentration as
described in the legend to Fig. 2 at 87 *C. The open circle is the
control disk at 15 mol % cholesternl, which received no MBCD
treatment,

4 to 38 mol % (Fig. 6). A linear correlation between K,, and f,
with changes in bilayer cholesteral was observed previously in
studies of rhodopsin reconstituted in phospholipid membranes
(33). It is significant that the correlation shown in Fig. 6 was
obtained for measurements at 37 “C, demonstrating that at
physiological temperature cholesterol-induced changes in acyl
chain packing and rhodopsin activation are tightly coupled. A
reduction of membrane free volume would impose an energy
barrier to the MI to MII transition, which is accompanied by a
100 ml/mole volume expansion (35, 36), that would reduce the
equilibrium concentration of MII, the active conformation of
photoexcited rhodopsin. The effect of reduced free volume in
the dizsk membrane with cholesterel enrichment on rhodopsin
conformational flexibility is also demonstrated by the higher
thermal stability of rhodopsin in the presence of more ordered
acyl chain packing as shown in Fig. 5 and previously by Albert
et al. (32). Given that cholesterol had no observable structural
perturbation on rhodopsin and that K., and £, are linearly
correlated over the entire range of membrane cholesterol con-
centration, we conclude that cholesterol inhibits rhodopsin ac-
tivation via an indirect effect of cholestercl on phospholipid
acyl chain packing (i.e. by a free volume-mediated mechanism).

A recent study reports that rod outer segment membranes
contain detergent-resistant membranes or lipid rafts (37). This
term is generally applied to microdomains enriched in choles-
terol and sphingomyelin, which are insoluble in mild Triton
X-100 at 4 °C (38, 39). The observation relative to ROS disk
membranes is unusual in that these membranes contain insig-
nificant amounts of sphingomyelin (13, 14). The results pre-
sented in the current study demonstrate that disk membrane
cholesterol concentration is inversely correlated with rhodop-
sin activation as measured by the extent of MIl formation.
Reducing disk cholesterol from 15 to 4 mol %, which should
disrupt or reduce lipid raft formation, actually resulted in
higher levels of rhodopsin activation. These results are consist-
ent with recent reports for rhodopsin reconstituted in bilayers
formed from phosphatidylcholine and varying levels of choles-
terol (26). In these reconstituted systems it is observed that the
level (26) and rate (40} of coupling of MII to G protein was
inversely correlated with the cholesterol concentration. In the
current study a linear correlation was observed between K_, for
the MI-MII equilibrium and f,, from 4 to 38 mol % cholesterol at

Cholesterol Effect on Rhodopsin Activation

physioclogical temperature. Here again the results mimic those’

observed with single component phosphatidylcholine systems
with and without cholesterol (8, 33) in which no lipid rafts
existed. If increasing cholesterol concentration is accompanied
by lateral domain or raft formation in the digsk membrane, then
this should be manifested as a discontinuity in the cholesterol
dependence of the activation of rhodopsin. However, we ob-
served a tight linear correlation of rhodopsin activation with £,
which is a measure of the bulk or average phospholipid acyl
chain packing in the membrane. Therefore, the results of the
presentstudydonotshowtheanticipatedevidence forcholesterol-
dependent formation of lipid rafts at cholesterol levels well
below and above those of the native disk membrane.

Disk phospholipid acyl chaing are ~50% DHA, and ~25% of
the disk phospholipids contain DHA in both the sn-1 and sn-2
positions (13). In model membranes formed from di22:6PC,
di16:0PC, and cholesterol rhodopsin preferentially partitions
into a di22:6PC-rich domain, whereas cholesterol partitions
primarily into a domain rich in the saturated phospholipid (31}
This observation demonstrates that rhodopsin prefers a liquid-
disordered rather than a liquid-ordered phase. Therefore, if
lipid rafts exist in disk membranes at physiological conditions
and are in the liquid-ordered phase as was reported in other
systems then rhodopsin will likely be excluded from these
domains. In addition, the evidence from reconstituted systems
(26, 40) demonstrates that the presence of cholesterol-induced
acyl chain ordering (such as that reported for Iipid rafts) would
reduce the rate and level of rhodopsin-transducin coupling,
thereby diminishing the efficiency of signal transduction.
Given the preference of cholesterol for saturated versus poly-
unsaturated acyl chains and the presence of dipolyunsaturated
phospholipids in the disk membrane, there is the potential to
form cholesterol-enriched and cholesterol-depleted lateral do-
mains in the disk membrane (31). However, given the overall
level of polyunsaturated acyl chains in the disk membrane,
these domains will likely have very different properties from
those found in high sphingomyelin-containing membranes,
which might result in a more homegeneous distribution of
rhodopsin.

Cholesterol has been found to reduce membrane free volume
by ordering phospholipid acyl chain packing. Integral mem-
brane receptors and channels are imbedded in a lipid matrix
and need to undergo conformational changes during activation.
A simple two-state model described as an inactive state (I) and
an activated state (A) illustrates the potential effect of choles-
terol on membrane protein function. If the transition from I to
A involves a net volume expansion such as the MI to MII
transition of photoactivated rhodopsin, a more ordered phos-
pholipid acyl chain packing imposed by cholesterol would in-
hibit such a transition. Inhibition of membrane protein func-
tion would be expected by cholesterol enrichment as is observed
in this study. On the other hand, if the transition from [ to A
invelves a net volume reduction, membrane ordering by cho-
lesterol would facilitate such a transition and in turn enhance
membrane protein function. The parallel behavior for the cho-
lesterol dependence of rhodopsin activation in the native disk
membranes and reconstituted bilayer systems suggests a
mechanism of action of cholestero] that invelves its effect on
phospholipid acyl chain packing. If cholesterol-induced domain
formation does occur in disks then their presence may be man-
ifested in the coupling of the protein constituents in the signal-
ing pathway rather than in a direct effect on the conforma-
tional changes associated with the activation of rhedopsin. The
discussion of the effect of cholesterol on rhodopsin may extend
to other membrane proteins as well, including receptors and
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channels, which undergo a functioﬁal conformational change in
a region within the membrane lipid.
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